ODESSA
ASTRONOMICAL
PUBLICATIONS

Volume 36
(2023)




Astronomical Observatory
of Odesa I. I. Mechnikov National University

ODESSA ASTRONOMICAL
PUBLICATIONS

Volume 36
(2023)

Editorial Board:
Editor-in-Chief — Andrievsky S.M., Prof., RI "Astronomical Observatory",
Odesa I.I.Mechnikov National University
Executive Secretary — Kovtyukh V.V, ScD, RI "Astronomical Observatory",
Odesa L.I.Mechnikov National University
Technical editing — Dragunova A.V., PhD; Strakhova S.L.

Advisory Editors:

Andronov LL., ScD (Ukraine); Bazey A.A., PhD (Ukraine); Eglitis I., PhD (Latvia); Ismailov N., PhD
(Azerbaijan); Kim Y., ScD (Republic Korea); Koshkin N.I., PhD (Ukraine), Kucinskas A., PhD (Lithuania),
Kudzej 1., PhD (Slovakia); Lozitskiy V.G., ScD (Ukraine); Mishenina T.V., ScD (Ukraine); Novosyadlyj
B.S., ScD (Ukraine); Panko E.A., ScD (Ukraine); Picazzio E., PhD (Brasil); Pilyugin L.S., ScD (Ukraine);
Turner D., PhD (Canada); Udovichenko S.N., PhD (Ukraine); Ulyanov O.M., PhD (Ukraine); Vavilova
L.B., ScD (Ukraine); Yushchenko A., PhD (Republic Korea); Zhuk A.I., ScD (Ukraine).

Address:
Astronomical Observatory, Odesa National University, E-mail: astronomical observatory@onu.edu.ua
T. G. Shevchenko Park, Odesa, 65014, UKRAINE http://www.astro-observ-odessa0.1gb.ua

Tel.: +38 048 722-03-96

The electronic version of the journal is on the web page: http://oap.onu.edu.ua

Opnecwki Actponomivsi [Ty6mikartii
Bunaerscs 3 1946 poxy (BumaHHs BigHOBICHO B 1993 p., Neb)

CBI1IOIITBO PO JEP’KaBHY PEECTPAILIIIO JPYKOBAHOTO 3aC00y MacoBO1 iH(OopMaIlii:
cepist KB Ne 14722-3693P Bing 30.10.2008 p.
Kypnan BritoueHo 1o cnucky MOH Yikpainu nHakazom MOHY Ne 1643 Bin 28.12.2019 p.

Hpykyetbes 3a pimensasm Buenoi pagu HII " ActpoHomiuna obcepsaTopis” OnecbKoro HalioHaIbHOTO
yHiBepcuteTy iMeHi .. Meunnkosa Bin 9 nucromana 2023 p., nporoxoin Ne5

Printed in UKRAINE
“ONU” PUBLISHING COMPANY

ISSN 1810-4215 © Astronomical Observatory of Odesa National University, 2023



CONTENTS

Cosmology, gravitation, astroparticle physics, high energy physics
Berkovskyi M., Panko E., Miroshnik N.

GALAXY CLUSTER MERGERS: THE USE OF THE COMPUTER MODELING...........ccooeviiiiieeciee e, 5
Gerasymov O.l., Kudashkina L.S.

TOWARDS THEORETICAL MODELLING OF DISTRIBUTION OF MATTER IN UNIVERSE .................. 9
Khokhlov D.L.

TRAPPED HOT DARK MATTER IN THE SHELL AROUND THE COMPACT OBJECT ......ccccvvvrvevrinnan. 12
Mrzygtod B., Godlowski W.

A NEW METHOD OF INVESTIGATION OF THE ORIENTATION OF GALAXIES IN CLUSTERS

IN LACK OF INFORMATION ABOUT THEIR MORPHOLOGICAL TYPES ....cccooiitiiieeceee e 20
Szanyi 1., Bir6 T., Jenkovszky L., Libov V.

MELTING HADRONS, BOILING QUAKRS AND GLUONS ......ccciiiiieiieese et 29
Zadorozhna L., Tugay A., Prikhodko O., Malyshev D., Sahai Y., Savchenko D., Pulatova N.

THE STUDY OF X-RAY SPECTRUM OF COMA GALAXY CLUSTER .....ccccoeitiiieeieiee e 36

Astrophysics (stellar atmospheres, interacting binary systems, variable stars)

Doikov M.D.

THE PROBLEM OF OBTAINING COMBINED GAMMA AND OPTICAL DETECTORS FOR THE

REGISTRATION OF FAST NUCLEAR PROCESSES .......cccit ittt 42
Doikov D.N., Doikov M.D.

FLAYERS IN THE PLANETS ATMOSPHERE .......cccoeitiiiietiesieie ettt sttt 51
Keir L.E.

A NEW APPROACH TO THE ANALYSIS OF LIGHT CURVES OF PULSATING RR LYRAE

STARS WITH THE BLAZHKO EFFECT ..ottt 59
Kovtyukh V.V.

NEW GALACTIC LITHIUM-RICH CLASSICAL CEPHEID: OGLE GD-CEP-0516 .........cccccoeriineninenienan 64
Mikailov Kh.M., Rustamov B.N., Rustamova A.B., Orujova A.J.

THE Ha AND HPB LINES IN THE SPECTRUM OF CH CYG IN 2016.....ccciiieiiieiiiiieieniesreesreesreee s 68
Mishenina T.V., Usenko I.A., Kniazev A.Yu., Gorbaneva T.N.

MANIFESTATION OF STELLAR EVOLUTION IN METAL-DEFICIENT STARS ..o, 73
Paunzen E., Piecka M., Supikova J.

TWO TOOLS FOR ESTIMATING STAR CLUSTER PARAMETERS ........cccooviivienrsnnessssssssss s ssssesns 77
Rustamov B.N., Mikailov Kh.M., Alisheva K.I., Mammadova S.O., Agayeva Sh.A., Maryeva O.V.

SPECTRAL OBSERVATIONS OF THE ALGOL — TYPE BINARY STAR 8 LIBRAE .....cc.ccovvviiiiieciee 82
Samedov Z.A., Rustem U.R., Hajiyeva G.M., Aliyeva Z.F.

FUNDAMENTAL PARAMETERS OF SUPERGIANT STAR HD40589(A0Iab) ....ccvevvvereereisisisieeieeeeeenennn, 86
Usenko I.A., Miroshnichenko A.S., Danford S., Turner D.G., Majaess D.J., Balam D.D.

SPECTROSCOPIC INVESTIGATIONS OF POLARIS FIELD STARS ....oviiiieiriencse e 88
Alili A.H., Alisheva K.1., Mikailov Kh.M.

DETERMINATION OF THE TEMPERATURES OF THE CENTRAL STARS OF SELECTED

PLANETARY NEBULAE ........ccct ittt ettt sttt ettt abe st e s abe st e s e ebesbeseabesbeseebesae e ebesbeseabeneereas 96

Solar system and space environment

Eglitis 1., Nagainis K., Sokolova A., Campbell G.

LIGHT CURVE ANALYSIS OF SIX MAIN BELT ASTEROIDS WITH EARTH MOID LESS THAN 1AU... 99
Kozhukhov O.M., Omelchenko Y.V., Kozhukhov D.M., Solomakha O.G., Kulichenko M.V., Shulga O.V.,
Kozyrev Y.S., Maigurova N.V.

TEST OPTICAL OBSERVATIONS OF THE COSMOS 1408 FRAGMENTS .....occviiiiiiieiese e 103
Kulichenko M.O., Kozyryev Y.S., Maigurova N.V., Shulga O.V.

COLOR-INDEX DETERMINATION OF LEO SATELLITES USING COLOR IP-CAMERAS. .........c.cc..... 107
Simon A., Troianskyi V.

FIRST REPORTED OBSERVATION OF ASTEROIDS 2017 SV39, 2017 ST39, AND 2017 TS7................. 111



4 Odessa Astronomical Publications, vol. 36 (2023)

Radioastronomy
Lozynskyy A.B., Ivantyshyn O.L., Rusyn B.P.
DIRECT IMAGE RECONSTRUCTION IN MULTI-ELEMENT INTERFEROMETRY ....ccocovvivrieiniinenenns 113

Lytvynenko O.A., Panishko S.K., Derevyagin V.G.
THE LONG-TERM OBSERVATIONS OF THE POWER COSMIC RADIO SOURCES ON THE

RADIO TELESCOPE URAN-4 AT THE DECAMETER WAVE RANGE ........cccooviiinieeneeseeneees 118
Melnik V.N., Brazhenko A.l., Frantsuzenko A.V., Dorovskyy V.V., Shevchuk M.V.
DECAMETER TYPE IV BURST WITH UNUSUAL HIGH POLARIZATION .....ccccoviiriiinneeneeneenees 122

Miroshnichenko A.P.
THE JET KINETIC LUMINOSITIES FOR THE UTR-2 SOURCES WITH THE STEEP
LOW-FREQUENCY SPECTRA ...ooii ittt sttt ettt ettt ettt st e st ba e sb e e st e e sbe et e sabeebtesbeeebeebeebesabesreesaees 127

Shepelev V., Vashchishin R., Dorovskyy V., Melnik V., Shevchuk M.
INTERFEROMETRIC OBSERVATIONS OF THE QUIET SUN AT DECAMETER
WAVELENGTHS UNDER STRONG RADIO FREQUENCY INTERFERENCE..........ccccooviniiiiiisieninn 131

Sukharev A.L., Ryabov M.I., |Galanin V.V.|, Komendant V.G.

ABOUT RESEARCH PROGRAMS AT THE RADIO TELESCOPE "URAN-4"
IRA NASU — MONITORING OF FLUXES OF POWERFUL RADIO SOURCES,
STUDY OF THE SUN'S SUPERCORONA, OBSERVATIONS OF SOLAR ECLIPSE .........cccooiiiiiis 135

Tsvyk N.O.

THE DICHOTOMY OF THE MECHANISMS OF DECAMETER RADIO EMISSION FROM JUPITER:

THE INFLUENCE OF STREAMER INHOMOGENEITIES AND MHD PERTURBATIONS

IN THE SOURCE ..ottt sttt ettt e ettt be b e s et e s e s teebesbeeRe e s e et e s beseesbesbeaneereeseneenteas 145
Vashchishyn R.V., Shepelev V.A., Litvinenko O.A., Podgorny G.S., Lozinsky A.V.

ANGULAR STRUCTURE OF THE RADIO GALAXY 3C280 AT DECAMETER WAVELENGTHS ........ 150

Zabora D., Ryabov M., Sukharev A., Bezrukovs V., Bazyey A.
MOTIONS OF THE COMPONENTS OF AGNS ACCORDING TO VLBI MOJAVE DATA AS
INDICATORS OF THE ACTIVITY AND SPATIAL STRUCTURE OF THE JET ..cooooiiiveveeeeee e 154

Sun, solar activity, solar-terrestrial relations and astrobiology

Isaeva E.A.

THE RELATIONSHIP OF THE INTENSITY OF THE SCR PROTON FLUX WITH THE

PARAMETERS OF TYPE Il SOLAR RADIO BURSTS .....ciiiiiiiiictiee e 161
Kondrashova N.N., Krivodubskij V.N.

ANOMALOUS MAGNETIC REGIONS ON THE SUN ..ottt 167

Orlyuk M.1., Romenets A A.
THE EARTH’S MAGNETIC FIELD AND THE LARGE-SCALE MAGNETIC FIELD OF
THE SUN: THE SOLAR-TERRESTRIAL CONNECTION .....ooiiiiiiiiiiiicineiecse e 172

Pasechnik M.N.
SPECTRAL STUDY LOWER SOLAR ATMOSPHERE OF THE ACTIVE REGION SITE WITH
THE ELLERMAN BOMB AND ACCOMPANYING Ho-EJECTIONS .....ocoeiiiiiieeece e 178

Sobitnyak L.1., Ryabov M.1., Orlyuk M.1., Sukharev A.L., Ryabov D.M., Romenets A., Sumaruk Yu.
COMPARATIVE ANALYSIS OF MAGNETIC STORMS IN THE ODESSA MAGNETIC
ANOMALY REGION WITH PLANETARY AND IONOSPHERIC STORMS DURING
THE MONITORING PROGRAM AT RT "URAN-4" (1987 — 2010) ....corveereririeririeienisieienesisesesisie s 183

Sumaruk T.P., Sumaruk P.V., Neska A.
SOLAR AND GEOMAGNETIC ACTIVITY IN 19-25 CYCLES ...ttt 188



Odessa Astronomical Publications, vol. 36 (2023)

COSMOLOGY, GRAVITATION, ASTROPARTICLE PHYSICS, HIGH ENERGY PHYSICS

https://doi.org/10.18524/1810-4215.2023.36.289962

GALAXY CLUSTER MERGERS:
THE USE OF THE COMPUTER MODELING
M. Berkovskyi!, E. Panko?, N. Miroshnik?®

! National Centre “Junior Academy of Sciences”,

under the auspices of UNESCO, Kamianske, Dnipropetrovsk region, Ukraine
2 Department of Theoretical Physics and Astronomy,

[.I. Mechnikov Odessa National University, Odesa, Ukraine

panko.elena@gmail.com

3 Communal institution “Anatoliy Lyhun Scientific Lyceum”
of the Kamianske City Council, Dnipropetrovsk region, Ukraine

ABSTRACT. We show the possibilities of the
methods of computer modeling of the galaxy cluster
merger process with different initial parameters for the
investigation of the features of the clusters after colli-
ding.

We considered the galaxy clusters as evolving objects
including through collisions. Computer modeling of
galaxy cluster mergers and comparing its results wi-
th observational data makes it possible to determine
the evolutionary status of real clusters with complex
internal structures. Within the study, we analyzed in
detail a series of models of the galaxy clusters’ merger
consequences by ZuHone under different initial condi-
tions like mass ratio, initial collision parameter, or
plasma coefficient 3. The considered time intervals
were from 0 to 4.8 billion years, from 0 to 6 billion
years, and from 0 to 10 billion years, depending on the
initial conditions.

Based on the images of the simulated galaxy clusters,
maps of the distribution of the total mass density
and X-ray radiation were created and compared with
observations. We showed a good perspective to use this
catalog for studying galaxy clusters having compound
inner structure.

Keywords: Galaxy clusters: morphology, inner

structure; data analysis: modeling.

AHOTAIIIA. ¥V mociigzkeHHI Ha OCHOBI KaTajory
3MO/JIe/IbOBAHNX 3iTKHEeHb CKymdueHb rajaktuk (“The
Galaxy Cluster Merger Catalog: An Online Repository
of Mock Observations from Simulated Galaxy Cluster
Merg ers”, on-line data: http://gcme.hub.yt/) Bubue-
HO MOXKJIMBOCTI METOIB KOMIT' IOTEPHOTO MOJIE/TIOBAH-
Hsl TIPOIECY 3ITKHEHHsI CKYITYEHb I'ajIaKTHK 13 PISHUMU
[TOYATKOBUMU [TapAMETPAMU JIJIsI JTOCJI1I?KEHHST OCOOJIH-
BOCTe#l CKYIMYeHb MicJsl mporecy 3auTTd. Mu posrid-
JTAEMO CKYITIEHHS TAJAKTHK IK 00’€KTH, IO €BOJIIOIIO-

HYIOTB, 30KpeMa Jepe3 3iTKHeHHsI. KoMIT joTepHe Moe-
JIIOBAHHS 3JIUTTS CKYITYeHb TaJaKTHUK 1 TOPiBHSIHHS 0~
IO Pe3yJIbTATiB 31 CIOCTEPEKHUMU JAHUMU A€ 3MOTY
BU3HAYUTHU EBOJIOMINHUI CTaTyC peasbHUX CKYITYeHb
31 CKJIaHOK BHYTPIITHBOIO Oy/I0BOIO. ¥ paMKax J0C/Ii-
JPKEHHSI MU JIeTaJbHO TPOAHAI3yBaIu cepito Mojeeit
HACJIJIKIB 3JIUTTS CKYIIeHb TaJaKTHK 3a PI3HUX MOva-
TKOBHX YMOB, TAKHUX K BiJHOIIIEHHS MaC, IOYATKOBHUI
napamMerp 3iTKHeHHs abo KoedimieHT miasmu 8. Byio
posrystHyTO YacoBi inTepsasu Big 0 o 4.8 mipj po-
KiB, Bim 0 10 6 mupa pokis i Big 0 mo 10 Mups pokis,
3aJIe’KHO BiJl MOYATKOBUX YMOB. TaKoXK ImpoaHasizoBa-
HO Ta MTOPIBHSIHO Mi»K CODOIO0 3MOJIETHOBAHI Pe3yIbTaTH
3iTKHEHDb CKYITUYe€Hb rajakTuk. Ha ocHOBI 300parkeHb
3MOJIEJTbOBAHUX CKYITYeHb TaJaKTUK MOOYIOBAHO Kap-
TU PO3MOJIIy 3arajbHOI T'YCTUHU MacU Ta PEHTIEHiB-
CBbKOT'O BHUIIPOMIHIOBaHHS, 9Ki MOPIBHSIHO 3i criocTepe-
xkenusgmu. HaBeseno npuriiagm anasisy JIBOX peajib-
HUX 30yPEeHNX CKYIIYeHb MaJIaAKTUK 33 JOIIOMOIOI0 Mall
PO3IOLTY 3arajbHOI I'yCTUHUA MacCU Ta PEHTIeHIBCHKO-
o BUIIPOMIHIOBaHHS. 3PO0JIEHO BUCHOBOK, IO ITOPiB-
HsIHHsT 00pO0JIEHNX 300paKeHb 13 pealbHIMU JIA€ 3MO-
Iy OIiHUTH [TapaMeTPH CKYITYeHb, IO 3JIMJINCS, Ta BU-
3HAYNATH 9ac I[bOro 3iTKHeHnHs. llokazano nepcrekTus-
HICTh BUKODUCTAHHSI IIHOI'O KATAJIOTy JJIsi BUBYEHHS
CKYITY€Hb TAJIAKTHUK 3i CKJIAQJIHOIO BHYTPIITHBOIO CTPY-
kryporo. Karajor Takox Oyje KOpUCHUM IIPU BHUKJIA-
nauui Kypcey “TlozaramakTuana acrpoHoMis”.

Kuro4oBi cjioBa: cKyImieHHs TaJJaKTUK: MOPMOJIOTis,
BHYTPIIIIHS CTPYKTYPa; aHAJI3 JIaHUuX: MOJIeJIFOBAHHS

1. Introduction

A common modern paradigm about galaxy clusters
forming is arising the large-scale structures according
to the primordial distribution of the adiabatic fluctua-
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tion in the early Universe, as it was studied in a lot of
works, beginning from theoretical papers (Zeldovich,
1970 and Peebles, 1969) and observed data analysis
(Wen et al., 2009, Dietrich et al., 2012, Parekh et al.,
2020). The special place in this study occupies the nu-
merical simulations which are based on the DM dis-
tribution (Springel et al., 2005, Vogelsberger et al.,
2014, Artale et al., 2017, Cui et al., 2018, Tomoaki
et al., 2021). Overdence regions evolved to the galax-
ies, galaxy groups or clusters in dependence on their
own scale. The simulations improve the accuracy of
simulations of the dynamics of gas, dark matter, and
stars in the expanding cosmological background, start-
ing from an initial state of high-redshift matter fluctu-
ations. Clusters of galaxies form in these simulations
at the junction between filaments of gas and dark mat-
ter. Depending on the physics used, stars form from
cold, dense gas and explode as supernovae, providing a
source of energy for the environment and enriching it
with metals. Some simulations include the formation
of black holes and the resulting feedback from active
galactic nuclei. The next growing of these structures
occurs, among other things, due to peculiar mowing in-
side the Hubble flow, and the interaction and collisions
of the galaxy groups and clusters appear in their inner
structure/substructures.

In the optic, we can see the complex inner structure
of galaxy clusters as the peculiarities or regular sub-
structures in the distribution of galaxies. Their main
features are reflected in the morphological classifica-
tion schemes of galaxy clusters. The idea by Strub-
ble & Rood (1987) about the connection between the
morphological type and evolutional status of galaxy
clusters was improved in the Panko (2013) classifica-
tion where the influence of the close neighbors is re-
flected as regular cluster substructures. However, the
galaxies are the smallest mass part of galaxy clusters,
and hot intracluster gas has also different features in
the distribution. In the X-ray range, the distribution
of the density and temperature is described in corre-
sponding classification schemes. Buote & Tsai (1995,
1996) developed a method to quantify cluster morphol-
ogy and substructure by “power ratios” that measure
the square of the ratio of high-order multipole moments
of the two-dimensional potential to the monopole mo-
ment. Weiimann et al. (2013), using the Buote & Tsai
(1996) approach discussed regular, intermediate, com-
plex, double as well as relaxed, mildly disturbed, and
disturbed X-ray clusters. More, the multeity in X-ray
images of galaxy clusters (tails, cold fronts, sloshing,
etc.) requires to use of the modern method of com-
paring the observed data with the models, calculated
on powerful computers or supercomputers. The DM
distribution inside the galaxy cluster is the most dif-
ficult task, but the comparison of the distributions of
all three components of the cluster is the key to galaxy
cluster evolution.

The aim of the present paper is to use the grids of
models to reproduce the effects of collisions of galaxy
clusters, to study the distribution of dark matter and
hot gas at different initial parameters of the collision on
a time scale of up to 4.8 and 10 billion years as well as
to compare the grids of models with the observed data.

2. Simulation of Galaxy Cluster Collisions

For the study of the results of galaxy cluster colli-
sions, we used “The Galaxy Cluster Merger Catalog:
An Online Repository of Mock Observations from
Simulated Galaxy Cluster Mergers” (ZuHone et al.,
2018, on-line data: http://gcme.hub.yt/). The original
set of simulations was performed using the compu-
tational resources of Argonne National Laboratory
and Lawrence Livermore National Laboratory, with
this updated and improved set performed using the
Pleiades supercomputer at NASA’s Ames Research
Center. The simulation of collisions of galaxy clusters
is represented by three types of simulations, which
are divided into one or more subtypes. They are:
N-body collisions/hydrodynamic binary collisions, hy-
drodynamic binary collisions with hard gravitational
potentials, and clusters in cosmological simulations,
which improve the accuracy of simulations of the dy-
namics of gas, dark matter, and stars in the expanding
cosmological background, starting from an initial state
of high-redshift matter fluctuations. All of them differ
in initial conditions and approximations. In each type
of simulation, certain theories are adopted and there
are parameters that make it possible to understand
the content of the simulation, namely, DM, DE in
the ACDM paradigm, Hy, metallicity Z (at usual,
Z ~ 4% near the center of galaxy clusters, and
Z ~ 0.5% on the object’s outskirts, in these models
it was assumed Z = 0.3Zg), velocity dispersion
(it allows calculation the mass of such a group by
applying the virial theorem), the critical density
of the Universe p., the radius enclosing a volume
with a mass density 200 times the critical density
pe, at cluster redshift rogg, cosmological parameter
corresponding to the mass density, which includes
baryonic mass and dark matter 2,,, cosmological
constant that corresponds to the fraction of the
effective mass of the Universe that is accounted for by
dark energy (25, the mass ratio between two clusters
R, the distance between the centers of clusters d - the
initial collision parameter in kpc or Mpc b, and the
cosmological epoch of the simulation in Gigayears t,
and also magnetic induction and Spitzer viscosity. The
typical box size for N-body/Hydrodynamic Binary
Mergers was L = 14.26 Mpc, the finest cell size was
Axpmin = 6.96kpc, and primary cluster mass was
My = 6 - 10'*M,. For sloshing of Cold Gas in
Galaxy Cluster Cores the corresponded values were:
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L = 10Mpec, Az = 4.88kpe and Mogg = 10*° M, /.
The output figure is FITS image.

3. The Grids of Models and the Comparison
with the Real Data

The catalog, which we used in the present study,
contains interactive static images that show the state
of the cluster at a particular moment of its evolution.
Depending on the needs of the study, one can use
images of various physical quantities (temperature,
X-ray radiation, total density or dark matter density,
etc.) in 3-axis projections. Since modern researchers
mostly use maps of the distribution of physical
quantities to compare images of distant space objects,
it is worth doing the same with the catalog materials
to use them in research. For a basic comparison
of several simulations with each other, the creation
of distribution maps is not necessary. Thus, after
processing the graphical elements and their distri-
bution, we get model grids, which are a good way
to conveniently compare the effects of collisions with
each other. We can compare the distributions of X-ray
emission, temperature, magnetic induction, and dark
matter density of the clusters at the beginning and
end of the simulation in the same axis projection.

3.1.

Clusters

Comparison with Typical Perturbed Galazy

To create clear isolines on the distribution maps, we
used the free online graphic editor Photopea and the
built-in Hue/Saturation, Trace Contour, and Black and
White filters with the same parameters. These filters
made the image more saturated, highlighted the tran-
sition lines between the most contrasting colors of the
images, which made it possible to highlight the grad-
ual transition between the values of the physical quan-
tities under consideration with isolines, and converted
the images to black and white for easy comparison, re-
spectively. The example of isolines is shown in Fig. 1.
The processed image (right panel), one can see isolines
separating the transitions between colors within spe-
cific values of the considered parameter for the image
which is shown in the left panel. Isolines form clear
intervals of value, which makes it easy to compare im-
ages with critical values that differ by several orders of
magnitude.

By comparing the distribution maps of simulated
and real clusters (Fig.2), it is possible to determine,
for example, the approximate time of a past or future
collision between two objects in a short time. When
comparing and extracting the data, attention is first
paid to determining the mass ratios of the interacted
clusters, which is done using the density distribution

)
— 7.0 keV) (photons/s/cm? farcsc?)

503

Figure 1: An unprocessed image of the distribution of
the X-ray photon flux density of the hot gas of the
clusters with the values of the parameters R =1 : 3
and b = 1000kpc at the end of the simulation ¢t =
10.00 Gyr in the z-axis projection, left panel; a map of
the distribution of the X-ray photon flux density after
applying filters and converting the image to black and
white, right panel

maps of the total mass or the dark matter mass. Then,
the distance between the centers of the two colliding
objects is extracted and the moment in the simulation
where this distance is equal to the distance between
the real subclumps is found. To update the results, we
take into account the distribution of X-rays, so we can
determine the degree of perturbation of the object.

Figure 2: An image of the contours of the surface mass
concentration of the MACS J0025.4-1222 cluster (red)
and the contours of the X-ray brightness (yellow), left
panel; a colored map of the distribution of the total
mass density (red) and the X-ray photon flux density
(yellow) of the simulated clusters with the values of the
parameters R =1 : 1 and b = 500 kpc at the moment of
simulation ¢ = 2.60 Gyr in the z-axis projection, right
panel

3.2.  Comparison of the Subtype “A Parameter
Space Ezxploration of Galaxy Cluster Mergers”

We compare the changes in the position of the total
mass density concentration and gas distribution with
the time of the simulated and real collisions. The dis-
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tribution of the hot gas of the galaxy cluster in the
simulation with mass ratio R =1 : 3 and b = 500kpc
is similar to that of the real colliding clusters 1E2215
and 1E2216. Comparing the changes in the gas distri-
bution with time, we can conclude that the time after
which the collision of clusters 1E2215 and 1E2216 will
begin approximately is 1.30 billion years. The same
comparison for the collision of the MACS J0025.4-1222
cluster found the collision of the MACS J0025.4-1222
cluster (Fig.2) took place 1.2-1.28 billion years ago.

We can conclude about the simulations of the cluster
collisions the next:

e Comparing the results of simulations at fixed val-
ues of the parameter R and values of b = 0, 500,
1000 kpc within the subtype “A Parameter Space
Exploration of Galaxy Cluster Mergers” it follows
that at R = 1 : 1 the effects of collisions are
the simplest — clusters of almost regular shape are
formed. At R = 1 : 3, the newly formed clus-
ters are disturbed and quite heterogeneous, and
at R = 1 : 10, the clusters are generally of the
correct shape, except for small regions of inhomo-
geneity in the distribution of baryonic matter.

e Due to the fixed values of the parameters R and
b in the subtype ”Sloshing of Cold Gas in Galaxy
Cluster Cores”, the distribution of the photon flux
density and temperature values look almost iden-
tical. However, in the simulation without taking
into account the viscosity, the distribution of hot
gas is more heterogeneous compared to the simu-
lation with the Spitzer viscosity.

e In the subtype “Sloshing of the Magnetized Cool
Gas in the Cores of Galaxy Clusters”, the simula-
tion results look almost identical at values of the
plasma coefficient 5 = 100, § = 200, 5 = 500,
B = 1000, differing only in that at higher values of
plasma — 3 the central region of the cluster has in-
creasingly higher values of the photon flux density,
temperature and magnetic induction.

4. Conclusion

The ”The Galaxy Cluster Merger Catalog: An On-
line Repository of Mock Observations from Simulated
Galaxy Cluster Mergers” (ZuHone et al., 2018) defines
a wide range of calculated parameters of the collided
galaxy clusters. Comparing the simulation results and
the created distribution maps with typical disturbed
galaxy clusters, it follows that 1.2-1.28 billion years
have passed since the collision of the MACS J0025.4-
1222 cluster, and the time after which the collision of
the 1E2215 and 1E2216 clusters will begin is approx-
imately 1.3 billion years. So, the comparison of the
calculated images with the real ones makes it possible

to assess the parameters of the collided clusters and

determine when events occurred. It is possible to use

the model grid and catalog in the academic teaching

for the “Extra-Galactic Astronomy” course.
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ABSTRACT. The description of the distribution of
matter in the universe requires not only accurate observa-
tions but also adequate approaches to their theoretical in-
terpretation. This paper proposes a method of parameteri-
zation of distributions with a morphologically complex
topology using structural invariants (for example, Euler),
based on which it is possible to distinguish clusters with
different topologies (in the observation plane). Based on
the introduced classification and appropriate scaling, it
becomes possible to estimate the distribution of matter, for
example, within the framework of the mean-field model.
To study the kinetics of the evolution of matter distribu-
tion, it is proposed to introduce the appropriate ordering
parameter, which is built based on the calibrating and cur-
rent values of the Euler-Poincaré invariants. This ap-
proach, by constructing phase diagrams for the ordering
parameter, allows you to track the details of the kinetics of
the evolution of matter distributions, studying, in particu-
lar, the temporal hierarchy of relaxation times of interme-
diate states. The temporal kinetics of this approach are
described using simple kinetic equations that describe the
relaxation of the ordering parameter field, and the values
of invariants determined with the help of appropriate
measurements (observations) appear as initial conditions.
This approach can be seen as an alternative to other ap-
proaches to parameterization of structurally complex sys-
tems, such as Voronoi methods, graphs, etc. A compara-
tive analysis of the results of various alternative approach-
es to the parameterization of topologically complex distri-
butions of matter, which will be conducted in the future,
should contribute to the deepening of existing ideas about
the nature of the distribution of matter in the Universe.

Keywords: matter distribution, Euler-Poincaré structure
invariants, order parameter relaxation.

ABCTPAKT. Onuc posnoxiny martepii y BceciTi Bu-
Marae He TUIbKH NPelU3iHHAX CIIOCTEPEeXeHb, ajle i ajek-
BaTHHX MIIXOMIIB JIO IX TEOPETHYHOI iHTepmperarii. ¥ Ha-
i poOoTi MPOMOHYETHCS METO ITapaMeTpu3allii po3mo-
JIUTIB 13 MOP(OIIOTIYHO CKIIaTHOIO TOIOJIOTIEI0 32 JIOTIOMO-
TOI0 CTPYKTYPHHX iHBapiaHTIB (HaIpWKJaJ, iHBapiaHTIB
Eitnepa-Ilyankape), Ha OCHOBI SIKOTO MOYKHA PO3Pi3HITH
KJIACTEPH 3 PI3HOIO TOMOJIOTIE0 (Y MJIOMINHI CTIOCTEPEKEH-
Hs). Ha ocHOBI Takoi kimacuikariii Ta BiIIOBiAHOTO MacII-
TaOyBaHHS 3 SIBISIETECSI MOXKIIMBICTH BUBUEHHSI PO3IOJILTY
pevoBUHH, (HAPHKIIAJ, 33 JOMOMOTOK MOJENi CEpeIHbOr0
nosist). JInist BUBUCHHSI KIHETHKH €BOJIIONIT PO3MOALTY pedo-

BUHU TIPOIIOHYETHCSI BBECTH BIJIOBIJHUI IapameTp BIIO-
pAIKYBaHHS, SIKMHA OyayeThcsi HAa OCHOBI KaJiOpyBaJIbHUX
(acUMIITOTHYHHX) Ta TIOTOYHUX 3HAYCHb iHBapiaHTiB Eiine-
pa-Ilyankape. Takwii mingxig, ouissxoM moOymoBU (a30BHX
Jiarpam JUts apaMeTpy BIOPSIKYBaHHS JO3BOJISE BiICIi-
KoByBaTH perani (i, 30KpeMa, HEMOHOTOHHHH XapakKTep)
KiHCTHKH €BOJIOIII PO3MOALUIIB MaTepii BUBUAIOYH, HAIIPH-
KJIaJl, 9aCOBY i€papXiro 4aciB pelakcarii MpOMiKHIX CTaHIB
IJI00aJIbHO HEOJHOpiHOT cucTeMu. YacoBa KiHETHKa IIpoO
BOMY MIZAXOJ1 OMHCYETHCS 33 JOMOMOTOI0 MPOCTHX KiHe-
THYHUX PIBHSHB, SIKI OMUCYIOTh PENIaKCallilo MoJIsl Tapame-
TPy BIOPSIKYBaHHS, a B IKOCTI II0YaTKOBUX yMOB (irypy-
FOTh BU3HAYECHI 3a JIOMOMOTOI0 BiJITIOBITHIX BHMIpIiB (CIIOC-
TEPEIKCHbB) 3HAUCHHS 1HBapiaHTIB. 3ampONOHOBAHUHN ITiIXi]T
MOXXE PO3IJISIATHCA SIK aJbTePHATHBHMI O 1HIIMX ITiIX0-
IiB 10 apaMeTpH3alii CTPYKTYpHO CKJIAJHUX CHUCTEM, Ta-
KHX, SIK MeToau moOynoB Bopororo, rpadis Ta iH. [Topis-
HSAUTBHUMA aHaJi3 pe3yibTaTiB Pi3HUX albTepPHATUBHHX ITif-
XOJiB JI0 TTapaMeTpH3allii TOMOJIOTIYHO CKIIATHIX PO3MOIi-
JIB PEUOBHHH, SKHU OyJe MPOBEICHO y MalOYTHEOMY Ma€e
CIIPUSITH TIOTJIMOJICHHIO ICHYIOUMX YSBJIEHb PO XapakTep
po3smoiny pedoBrHU y BeecBiTi.

KuarouoBi ciioBa: pos3mozmin wmarepii, CTPYKTypHi iH-
BapianTH Eitnepa-Ilyankape, penakcauis mojis napamerpa
BIOPSAKYBaHHS.

1. Introduction

We explore unexpected connections between cosmo-
logical objects and micromechanical systems (granular
materials), drawing attention to some common features.
To model and understand these phenomena, we focus on
using the Euler-Poincaré invariants to describe scaling
relationships.

Earlier (Gerasymov, 2015; 2022) has been considered a
simple but effective model that characterizes the kinetics
of the compaction field in granular materials. This model
related packing density to parameters such as the number
of impacts or other perturbations. We assumed that these
methods, originally developed for granular systems, can
be applied to the study of the distribution of matter in the
Universe (Gerasymov & Kudashkina, 2022).

The ultimate goal of our study is to quantitatively de-
scribe the geometric properties of materials with complex
internal structures at different scales. We draw an analogy
between the distribution of masses on a cosmic scale, such



10

Odessa Astronomical Publications, vol. 36 (2023)

as in supergalactic clusters, and the basic structure of granu-
lar materials. To do this, we use stereological methods that
allow us to qualitatively describe the morphology of objects
by analyzing sectional planes and extracting three-
dimensional information (Gerasimov & Spivak, 2020).

1) The research addresses the task of quantitatively de-
scribing the geometric characteristics of materials with
complex internal morphology at micro- and macro-scales.

2) An analogy between the distribution of masses in
large-scale systems, such as supergalactic clusters, and the
structure of granular materials is examined.

3) The application of stereology methods for qualitative
description of the morphology of objects analyzed on sec-
tional planes to extract three-dimensional information is
discussed.

2. Method of parameterization of distributions with
a morphologically complex topology

Since measurement of absolute density is often impos-
sible both in the Universe and in bulk materials, we turn to
various functions and invariants to describe changes in
relative density, compare scales, and study dependencies
between different systems. Some of the key factors we
consider include mean density, density relative to the
mean, structural patterns, Euler-Poincaré invariants, mod-
eling, and statistical distributions.

We introduce the concept of the Euler-Poincaré con-
nection as an essential stereological characteristic that
helps to describe the morphology of an object. We present
basic connectivity parameters for various spatial dimen-
sions such as 3D, 2D, and 1D. This Euler-Poincare con-
nection is the foundation for analyzing the geometric and
topological features of structures at different scales.

For example, the scaling dependence for the Universe
and granular material can be expressed in terms of the
Euler-Poincaré invariants.

Xu
— = h(py, ps)-
s (ou, ps)

Here f and g are functions that describe the dependence
of the characteristic curvature on density and volume for the
Universe (U) and for a granular system (S), respectively:

xu = f(pu, Vy),
Xs = g(ps, Vs).

The scaling dependence ceases to be a power law, that
is, limited to one specific form. The use of Euler-Poincaré
invariants makes it possible to take into account more
complex structural and geometric aspects depending on
the dependence between the densities of the objects under
consideration.

2.1. Euler-Poincaré invariants

Based on the observed external similarity of clustering,
which is characterized by the formation of specific thread-
like clusters, both in granular matter and in the distribu-
tion of matter in the Universe, it can be assumed that Eu-
ler-Poincaré invariants can be used to analyze the topolo-
gy of particle clusters both in granular materials and
groups of galaxies in the Universe.

Euler-Poincaré invariants are numerical characteristics
associated with the topological properties of spatial struc-

tures. They can be calculated for different spatial regions.
Let's consider how these characteristics can be used to
analyze the topological properties of both space structures
and structures of bulk materials.

Let's say we have a data set that represents the distribu-
tion of galaxies in a certain region of space. We can parti-
tion this space into segments and then use Euler-Poincaré
invariants to analyze the topological properties of these
segments. The relationship between the parameters in Eu-
ler's formula is expressed:

X =Ny — N; + N3,

Ni - the number of facets (cells, grid cells) that fall
within the perimeter of the object;

N2 - the number of grid lines that are cut off by the pe-
rimeter of the object and that are located inside the perim-
eter of the object;

Nz — number of points of intersection of the object’s pe-
rimeter with the grid lines.

For example, in Figure 1 the Euler characteristic is y =7.

In the context of cosmology, the following correspond-
ence can be established:

N1 — number of large galaxy clusters or superclusters;

N — void-type structures;

N3 — boundaries of large structures.

Let us have two segments: one with a high density of
galaxies and the other with a low density. For each seg-
ment, we can calculate the Euler characteristic y. If we
have a segment with a high density of galaxies, for exam-
ple, 1 component and 0 voids (if the segment is compact),
thus, C=1, H=0, then:

C—H=yxy=1.

Now, if we have two segments: one with a high density
of galaxies, and the other with a low density, then we can
compare the resulting values of the Eulerian characteristic.

Let a segment with a high density of galaxies have a
characteristic x; and a segment with a low-density y., then:

— If yu > %2, then this may indicate a more complex to-
pology of the segment with a high density of galax-
ies, possibly the presence of additional components
or voids.

— If yu < y2, then the segment with a high density of
galaxies may have a simpler topology.

| el
- (

Figure 1: N1 = 8, N> =11, N3 = 10, the Euler characteristic
isy =7.
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Quantitative differences in topological properties can
give us information about the structure and distribution of
galaxies. For example, if a segment with a high density of
galaxies has many components, this may indicate the
presence of various clusters (clusters or superclusters of
galaxies) in that region of space. If a segment with a low
density of galaxies has one component, this may indicate a
more uniform distribution of galaxies without a clear
structure. The number of voids may indicate the presence
of regions with a low density of galaxies (Luminet, 2008).

By analyzing topological properties, the presence of
filaments and different patterns in the distribution of gal-
axies can be revealed. You can also analyze the shape of
clusters, their boundaries, and relative positions.

Topological properties may change over time, which
may indicate dynamic processes of fusion or the formation
of new structures.

To assess the connectivity of components, for example,
in a flat slice, you can use the connectivity measure:

2C

V= nn—-1)"
where n is the number of galaxies in the slice.

To analyze the shape of structures, you can approxi-
mate the shape using the relationship

A=k
I
where is I and I, — the length of the axes of the ellipse
fitted to the structure.
Filaments and patterns can be identified by analyzing
the density gradient and looking for local maxima.
Euler-Poincaré characteristics are also suitable for ana-
lyzing more complex topological structures, such as
waves, which also occur in both granular materials and the
Universe (Gerasimov, 2022).

2.2. Order parameter

Euler-Poincaré invariants provide information about
the topological characteristics of a structure but do not
themselves contain a density or order parameter.

We can try to include the concept of "order” through
local characteristics of the structure, such as the ratio of
the number of neighbors to the total number of particles in
a certain region. This can serve as a measure of organiza-
tion or structural order in a given area. In the context of
granular materials, the concept of "order" may be associ-
ated with parameters describing the degree of packing of
particles or the characteristics of their interactions
(Gerasimov et al., 2021).

In its most general form, the order parameter is defined
as follows. Let us have some structure, represented by a
set of points in space P; (i=1, ..., N). You can enter a pa-
rameter that will evaluate the degree of ordering of this
structure. For example, it could be the ratio of the average
number of nearest neighbors to the total number of points:

N
1
No = Nz n,
i=1

where is nj — number of nearest neighbors of a point P;.

For a granular material, the nearest neighbors can be
considered the particles with which the particle has contact.
In the structure of the Universe, the order parameter can be
related similarly to the local organization of galaxies.

Using the Euler-Poincaré characteristics, we give a
phenomenological definition of the order parameter.

X— X1
Xas — X1

where are x — experimentally observed invariant value; y:
— some value specified in the experimental conditions; yas
— the value to which the value of the invariant asymptoti-
cally tends.

The introduced definition of the order parameter allows
us to track the kinetic stages of the evolution of a distribu-
tion parameterized in terms of Euler invariants. This
method allows us to interpret the non-monotonicity of the
corresponding phase diagram for the order parameter in
terms of the hierarchy of characteristic relaxation times of
inhomogeneous anisotropic states.

3. Conclusion

A stereological analysis methodology is presented, en-
abling the assessment of properties of materials and struc-
tures with complex morphology based on Euler-Poincaré
connectivity.

An analogy between the geometry of mass distribution
in the large-scale Universe structure and the morphology
of granular materials is identified.

The results provide opportunities for a deeper under-
standing of the Universe's structure and materials on vari-
ous scales.

The results presented allow a rough classification of the
observed mass distributions on the scale and in the observa-
tion plane. Advantages include the possibility of parameter-
izing arbitrarily complex distributions and the possibility of
large-scale extrapolation of topological invariants with al-
lowance for scaling. The disadvantages are the dependence
of the obtained results on the choice of the observation
plane and the need for aperture scanning to refine the values
of the invariants describing the observed distributions.
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ABSTRACT. The model of the compact object is
considered, being alternate to the black hole. In the
model, the accreting protons decay at the Planck scale
into positrons and hypothetical Planck neutrinos. The
energy of the particles is split in two modes, low and
high. The electrons, positrons and Planck neutrinos
with the high energy move away. The electrons and
positrons with the low energy form the compact
object. The Planck neutrinos with the low energy
form the shell around the compact object. The Planck
neutrinos moving away may be interpreted as the hot
dark matter (HDM). The Planck neutrinos in the shell
around the compact object may be interpreted as the
trapped hot dark matter (THDM). In a recent paper,
the concept of the free fall pressure was introduced.
In the effective gravity, including the Newton gravity
and the free fall pressure, the THDM is hidden for the
massive particles but makes deflection of the massless
particles. The THDM can be seen in the gravitational
interaction of two shells. The gravitational interaction
of the galaxies in the Virgo cluster (M60, M87, M84,
M86, M49) is studied. The motion of the galaxies is
defined by the THDM masses in the shells around the
compact objects in the centres of the galaxies, the
stellar masses of the galaxies and the HDM mass in
the galaxies. The velocities of M60 and M49 toward
MS87 are estimated to be 678 km s~! and 445 km s~!
which are 66% and 59% of the observational values
respectively.

Keywords: gravitation; dark matter; galaxies: ki-
nematics and dynamics.

AHOTAIIIA. Posrisaaerbess MOIEb KOMIIAKTHOI'O
ob’eKkTa, MO € AJHTEPHATHBOIO YOpHiN mipri. Y It
MOJIeJII  aKpeIipyrodi IIPOTOHH PO3NaIAI0ThCd  HA
IInankoBChKill TKaJi HA TMO3UTPOHU Ta TiMOTETUYHI
IInankoBchki mHeifiTpuuo. Emepris dwacTumHOK po3iie-
ILUTIOETHCS Ha Bl MO/IM, HU3BKY Ta BUCOKY. EjaekTponn,
nmo3uTtponn Ta IlJaHKIBCHKI HEATPUHO 3 BUCOKOIO
EHEPTIEI0 BIIAJSIIOTECS. KJIeKTPpOHN Ta IO3UTPOHU 3
HU3BKOIO EHEPIi€I0 yTBOPIOITH KOMIIAKTHUN 00 €KT.
IInankiBcbKi HEHATPWHO 3 HU3BKOIO EHEPTi€I0 YTBO-
PIOIOTH  ODOJIOHKY HABKOJIO KOMIIAKTHOTO 00’eKTa.

[InankiBCcbKI HEHTPHWHO, IO BiIATIAIOTHCH, MOXKYTh
OyTu iHTepIperoBaHi $K rapsda TeMHa MaTepis
(T'TM). IlnaskiBcbKi HEATPHHO B OGOJIOHIN HABKOJIO
KOMITAKTHOTO 06’€KTa MOXKYTh OyTH IHTEPIIPETOBAHI K
3aXOIUIEHA B IACTKY rapsda remua marepis (30TM).
Y HenapHilt cTaTTi 610 3aIIPOBAIKEHO MOHATTS TUCKY
BUIBHOIO TaiHHS. ¥ MOojesi eeKTUBHOI rpaBiTarlil,
mo BKJO4Yae rpasitarito HeioToHa i THCK BiJIBHOTO
maminasg, 3I'TM npuxoBana Jjisi MACHBHUX YaCTUHOK,
ajle BUKJNKAE BigxmieHHss 0e3MacOBUX YACTUHOK.
3I'TM moxkHa mobauMTH y rpaBiTamiifHiii B3aeMoil
JBOX 000JI0OHOK. Po3risimaeThest rpaBiTalliiina B3ae-
Mogist rajakTuk y ckymdenni Jlisu (M60, M87, M84,
M86, M49). Pyx rajakTuk BH3HAYAETHCS MacaMu
3I'TM B 060JIOHKAX HABKOJO KOMITAKTHUX O0’€KTIB
y IEHTPax TajJaKTHK, 3iPKOBHUMH MAacCaMH TaJIAKTUK
ta Macamu I'TM y ranakrukax. IIsmnkocri M60 i
M49 y manpsmxy MS87 omimioorsea B 678 kM ¢! i
445 kM ¢!, mo cranoBurs 66% i 59% 3Ha4YeHB, IO
CITIOCTEPIraroThCsl, BiIITOBIIHO.

Kuro4oBi cjioBa: rpasirtariist; TeMHa MaTepis; rasa-
KTHKW: KIHEMaTUKa Ta JAHAMIKA.

1. Introduction

General relativity (Misner et al., 1973) predicts the
formation of a black hole in the gravitational collapse
of a body with a mass above ~ 3 mg. The black hole
is bounded by the event horizon of the Schwarzschild
radius, r, = 2Gm/c?. The existence of the event hori-
zon breaking the connection of the gravitating mass
of the black hole with an outer observer questions the
usual physics.

Khokhlov (2017, 2021) developed the model of the
compact object as a thin shell near the Schwarzschi-
1d radius, being alternate to the black hole. Khokhlov
(2017, 2021) assumed that the liberated gravitational
binding (kinetic) energy of the matter (protons and
electrons) accreting onto the compact object is split
in two modes, with the low energy E, ~ Gm/2r,
and with the high energy E;" ~ 3Gm/2r, as seen in
the local frame of the compact object (hereafter we
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use the unity mass of the particle). Half the accreti-
ng matter with the low energy retains at the compact
object. The inertial force, Fi, = 2E, /r, ~ Gm/r,
balances the gravity of the compact object thus maki-
ng it stable. Half the accreting matter with the high
energy leaves the compact object overcoming the gravi-
ty of the compact object. The protons with the high
energy are assumed to decay at the Planck scale into
positron and hypothetical Planck neutrinos, the mode
of the decay of the proton was proposed in Khokhlov
(2011).

The footprints of the decay of the protons at the
compact objects may be seen in the astrophysical
observations. Annihilation of the positrons arising in
the decay of the protons at the compact object Sgr A*,
now interpreted as a black hole, may explain (Barbi-
eri & Chapline, 2012) an excess of 511 keV radiation
from the centre of the Galaxy (Prantzos et al., 2011).
The flux of Planck neutrinos may account for the di-
screpancy between the accretion rate and the lumi-
nosity of Sgr A* (Khokhlov, 2014). The spectrum of
ultra high energy cosmic rays may be explained by the
Planck neutrinos with the energy corresponding to the
decay of the proton at the compact object (Khokhlov,
2020a).

Planck neutrino is a candidate for dark matter
particle. The concept of dark matter came into bei-
ng to explain the discrepancy between the dynamical
mass and the baryonic mass in the galaxies and in
the clusters of galaxies (Trimble, 1987) and references
therein. The modern theory suggests the existence of
the cold dark matter (CDM) in the universe (Tri-
mble, 1987) and references therein. Now, the dark
matter is described within the framework of the ACDM
cosmological model (Ostriker & Steinhardt, 1995).
Several open problems of the ACDM model on galaxy
scales were under discussion, e.g. (Weinberg et al.,
2015; Kroupa, 2012, 2015) and references therein.
Planck neutrinos are assumed to be massless parti-
cles (Khokhlov, 2011). Therefore, Planck neutrino may
be thought of in terms of hot dark matter (HDM).
The model of the galaxy with HDM was developed
in Khokhlov (2018, 2020Db).

In the present paper, we shall consider the model
of the compact object based on the assumption that
all the accreting protons decay at the Planck scale
into positrons and Planck neutrinos. In this case, the
compact object consists of the electrons and positrons
with the low energy, and the Planck neutrinos with the
low energy are placed in the shell around the compact
object. We shall treat the Planck neutrinos in the shell
around the compact object as the trapped hot dark
matter (THDM).

In a recent paper (Khokhlov, 2021), the effective
gravity was considered, including the Newton gravi-
ty and the free fall pressure. We shall consider the
Planck neutrinos (THDM) in the shell around the

compact object within the framework of the effective
gravity. In this approach, the THDM is hidden for the
massive particles but makes deflection of the massless
particles. The THDM can be seen in the gravitational
interaction of two shells. The approach may be tested
in the gravitational interaction of the galaxies containi-
ng the supermassive black holes in their centres while
interpreting them as the compact objects.

In the present paper, we shall study the gravitati-
onal interaction of the galaxies in the Virgo cluster.
Specifically, we shall study the motion of the galaxies
M60 and M49 toward the central galaxy M87 caused
by the THDM mass in the shells around the compact
objects of the galaxies, the stellar masses of the
galaxies and the HDM masses of the galaxies.

2. Model of the compact object

Following (Khokhlov, 2017, 2021), consider the
model of the compact object, being alternate to
the black hole. Khokhlov (2017, 2021) think of the
compact object as a thin shell of the radius (near
the Schwarzschild radius) at which the falling protons
reach the Planck energy. The model is based on the
assumption of the decay of the proton at the Planck
scale into positron and Planck neutrinos (Khokhlov,
2011). Khokhlov (2017, 2021) assumed that the kinetic
energy of the accreting matter (protons and electrons)
is split in the high and low energy modes. The accreti-
ng matter with the low energy retains at the compact
object, with the inertial force balancing the gravity of
the compact object. The accreting matter with the hi-
gh energy leaves the compact object, overcoming the
gravity of the compact object. The protons with the hi-
gh energy decay into the positrons and Planck neutri-
nos. In what follows, we shall consider the model of
the compact object in which all the accreting protons
decay into positrons and Planck neutrinos, with the
kinetic energy of the electrons, positrons and Planck
neutrinos is split in the high and low energy modes.

The concept of the free fall pressure opposing the
gravity was introduced in Khokhlov (2021). This leads
to the effective gravity, including the Newton gravity
and the free fall pressure. The gravitational force is
established with the velocity of light ¢ while the inerti-
al force due to free fall pressure is established with a
free fall velocity v. In the case of the weak gravity, the
inertial force due to free fall pressure is suppressed. At
the Schwarzschild radius, the free fall velocity is equal
to the velocity of light, and the inertial force due to
free fall pressure balances the gravity.

Planck neutrino is assumed to be massless parti-
cle (Khokhlov, 2011). Consider an approach to
description of the gravitational interaction of the
massless particle (photon, Planck neutrino) within
the framework of the effective gravity. Consider the
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massless particle in the gravitational field. In view of
the equivalence principle, the massless particle should
possess the gravitating mass. Since the massless parti-
cle propagates with the velocity of light, the free fall
pressure of the massless particle balances its gravi-
ty. The effective potential experienced by the massless
particle, including the gravitational potential and the
inertial potential due to free fall pressure, is zero

¢>eff:¢g+q)m:G7m—GTm:0

(1)

where G is the Newton constant, m is the mass of the
source of gravity. Assume that the perturbation due to
free fall pressure comes with a time delay of the size
of the massless particle. In this case, a couple of forces
due to gravity and free fall pressure act on the massless
particle in the gravitational field. The resultant force is
zero, but the deflection of the massless particle is twice
that of the massive particle. The massless particle is
deflected in the gravitational field at an angle

_4Gm
T

(2)

where b is the impact parameter. The deflection of the
massless particle eq. (2) is the same as the deflection
of light in general relativity (Pauli, 1958).

Consider the behaviour of the electrons, positrons
and Planck neutrinos with the low energy. In view of
the foregoing reasoning, the massive particles (protons,
electrons, positrons) do not experience the gravity of
the massless Planck neutrinos. We come to the model
of the compact object, consisting of the electrons and
positrons with the low energy. The compact object
is a shell with the radius close to the Schwarzschi-
1d radius, 7., ~ 2Gme,/c®. Assume that the posi-
trons and electrons of the compact object are in the
chaotic motion in the transverse direction. In the own
frame of the compact object, the kinetic energy of
the positrons and electrons of the compact object,
E_ ~ Gmc,/2rc,, produces the centrifugal accelerati-
on of the particles, balancing their gravity. The kinetic
energy of the positron (electron) minus its gravitational
energy is B, — Ey &= —Gmco/2rc,. Therefore, the emi-
ssion of the electromagnetic radiation by the positrons
and electrons of the compact object is suppressed. The
remote observer will see the compact object as a black
region.

The Planck neutrinos with the low energy are
deflected in the gravitational field generated by the
mass of the compact object plus the mass of the Planck
neutrinos. They are placed in the shell around the
compact object. In the frame of the shell, the kinetic
energy of the Planck neutrino minus its gravitational
energy is B, — Eg = —G(mco + mgp)/2rn. Assume
that the energy (mass) of four Planck neutrinos is
m, = my — m. where m, is the mass of proton, m.

is the mass of electron. The mass of the Planck neutri-
nos in the shell around the compact object is given by

(mp —me)
2me

Mgp = Meo- (3)

In view of eq. (2), the radius of the shell is given by

(mp — me)

(4)

Tsh = Tco-

4me

The massive probe particle does not detect the mass
of the Planck neutrinos in the shell around the compact
object. The mass of the shell eq. (3) is hidden for the
massive probe particle. The massless probe particle
(photon, Planck neutrino) is deflected by the mass of
the shell at an angle eq. (2). The photon lensed by the
shell can reveal the hidden mass of the Planck neutri-
nos. When moving from infinity, the massless probe
particle cannot approach the shell closer than twice
the radius of the shell. Thus, the massive and massless
probe particles experience the Planck neutrinos in the
shell around the compact object in different way.

The Planck neutrinos in the shell around the
compact object can scatter on the accreting protons.
The process of the scattering of four Planck neutrinos
on the proton goes at the Planck scale, with the birth
of the electron-positron pair (Khokhlov, 2020a). The
probability of the scattering of the Planck neutrinos in
the shell around the compact object on the accreting
protons is given by

11 ((EVEP)1/2)7

mpy

()

x —
T tp;

where tp; is the Planck time, mp; is the Planck mass,
E, = (mymp;)*/? is the energy of four Planck neutri-
nos of the compact object, E, =~ m,, is the energy of the
accreting proton, taking into account that the relativi-
stic factor of the accreting proton is v2/c? = oo /75 ~
5.5 x 1073, The probability eq. (5) is small thus the
interaction of the Planck neutrinos in the shell around
the compact object with the accreting protons can be
neglected.

Consider the behaviour of the electrons, positrons
and Planck neutrinos with the high energy. The posi-
trons and electrons with the high energy can overcome
the gravity of the compact object. In the own frame
of the compact object, the kinetic energy of the
positron (electron) minus its gravitational energy is
E,j — E; =~ Gmey/2r¢,. This energy may be converted
into the electromagnetic radiation seen by the remote
observer. The luminosity of Sgr A* was explained
by the energy E,:r — E, of the electrons leaving Sgr
A* (Khokhlov, 2017). The positron from the decayed
proton was assumed to have the negligible kinetic
energy (Khokhlov, 2017). Later Khokhlov (2020a)
showed that the positron and Planck neutrinos share
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the energy of the decayed proton. In its own frame,
the kinetic energy of the positron is the same as that
of the electron. Then, half the energy E,j — E, of the
positrons and electrons leaving Sgr A* may explain the
luminosity of Sgr A*. The cosmic rays from Sgr A* may
carry away the other half of the energy.

The Planck neutrinos with the high energy can
overcome the gravity of the compact object plus the
shell of the Planck neutrinos. In the own frame of
the compact object, the kinetic energy of the Planck
neutrino minus its gravitational energy is E;: - B, =~
GMeotsh/2rsn. They may be thought of as the HDM
distributed in the universe. The Planck neutrinos wi-
th the low energy are trapped by the compact object
plus the shell of the Planck neutrinos thus may be
thought of as the THDM. Since the mass of the Planck
neutrinos in the shell is much more than the mass of
the compact object, the Planck neutrinos with the low
energy are mostly trapped by themselves.

Consider the gravitational interaction of two shells
of the Planck neutrinos within the framework of the
effective gravity (Khokhlov, 2021). Suppose that the
mass of the first shell is less than the mass of the second
shell. The effective gravitational potential of the shell
is a sum of the gravitational potential and the inertial
potential due to free fall pressure equal zero

q)efﬂSh = @Q,Sh + <I>in,sh = 0 (6)

In the gravitational interaction of two shells, the relati-
ve inertial potential of the shells is given by

(7)

In the frame of the first shell, the effective gravitational
potential of the second shell is given by

(I)in,sh12 = (I)in,shZ - (I)in,shb

(8)

This gives the velocity of the first shell toward the
second shell

(I)eff,shZ = (I)g,shQ + éin,shIZ = (I)g,sh1~

2Gm5“)1/2 (9)

v = (2®Bepfeno)'/? = < o

where Rq5 is the distance between the shells. In the
frame of the second shell, the effective gravitational
potential of the first shell is given by

(I)eff,shl = q)g,shL (10)

This gives the velocity of the second shell toward the
first shell

2Gmsh1 ) 1/2

Ry (11)

vy = (2®Besfon)/? = (
The relative velocity of the shells is given by

V12 = U1 + V2.

So, in the gravitational interaction of two shells of
the Planck neutrinos around the compact objects, the
inertial potentials of the shells compensate each other
by the value of the smaller inertial potential. As a
result, the mass of the Planck neutrinos in the shells
around the compact objects can be revealed. For both
the shells, the value revealed is equal to the mass of
the Planck neutrinos of the smaller shell.

3. Gravitational interaction of the galaxies in
the Virgo cluster

Consider the motion of the galaxies due to gravitati-
onal interaction of the galaxies in the Virgo cluster.
We shall interpret the black holes in the centres of
the galaxies as the compact objects, consisting of
the electrons and positrons. The compact object is
surrounded by the shell of the Planck neutrinos. In
view of eq. (3), the mass of the shell of the Planck
neutrinos around the compact object is more than the
mass of the compact object by a factor of m,/(2m.) =
0.9x103. The mass of the shell is hidden for the massive
probe particle and can be revealed in the gravitational
interaction of two shells, with the value revealed equal
to the mass of the smaller shell egs. (9),(11). Remi-
nd that we treat the Planck neutrinos of the compact
object in terms of the THDM.

We shall consider the gravitational interaction of
the galaxies defined by the THDM mass around the
compact objects in the centres of the galaxies, the
stellar masses of the galaxies and the HDM mass in
the galaxies. We shall take the stellar masses of the
galaxies as the baryonic masses of the galaxies. The
stellar masses of the galaxies can be obtained from their
luminosities in the V-band taken from NED, adopting
the stellar mass-to-light ratio, m. o/Lv,c = 6. In the
HDM model of the galaxy (Khokhlov, 2018, 2020b), the
dynamical mass of the galaxy, including the baryonic
and the HDM mass of the galaxy, is twice the baryonic
mass of the galaxy at most. We shall take the dynami-
cal mass of the galaxy twice the sum of the stellar mass
of the galaxy and the mass of the smaller shell around
the compact object.

We shall model the gravitational interaction of the
galaxies with the use of the foregoing formalism of the
gravitational interaction of the shells of the Planck
neutrinos around the compact objects. Consider two
galaxies with the compact objects in their centres. The
velocity of the first galaxy toward the second galaxy is
defined by the mass centred on the second galaxy as

oy~ <2G(mthdm + Mg + mhdm2)>1/2
R
(4G(mthdm + m*2)>1/2
Ry

(13)

where mypgm 18 the THDM mass of the smaller
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compact object, m, is the stellar mass of the galaxy,
Mpam is the HDM mass of the galaxy, Rpo is the di-
stance between the galaxies.

We shall study the motion of the galaxies M60 and
M49 toward the galaxy M87 in the centre of the Virgo
cluster, assuming that MS87 is at rest. We shall esti-
mate the velocity of M60 toward M87 due to gravitati-
onal interaction of M60 with M&87, M&84, M86, M49 and
the velocity of M49 toward M87 due to gravitational
interaction of M49 with M&87, M84, M86, M60. We shall
consider the motion of the galaxies in projection, taki-
ng the distances between the galaxies in projection and
neglecting the radial distances between the galaxies.

Consider the gravitational interaction of M60 and
MS87. The distance between the galaxies is 0.97 Mpc.
The observational mass of the black hole in the centre
of M87 is mpn sy = 6.5 x 10° mg (Event Hori-
zon Telescope Collaboration, 2019) that gives the
THDM mass of the shell around the compact object,
Myhdm, ms7 = 5.85 X 1012 mg. The observational mass
of the black hole in the centre of M60 is mpn, me0
4.5 x 10 mg (Shen & Gebhardt, 2010) that gives
the THDM mass of the shell around the compact
object, Mindm, meo = 4.05 x 10'? mg. The luminosi-
ty of M8T7 is Ly as7 = 1.34 x 10! Ly that gives the
stellar mass of M87, m. g7 = 8 x 10 mg. The
mass centred on M87 is a sum of the THDM mass
of the shell around the compact object in the centre
of M60, the stellar mass of M87 and the HDM mass,
margr = 2(4.05 x 1012 +8 x 10!) = 9.7 x 10'2 mg.
This mass gives the velocity of M60 toward M87, 294
km s~ 1.

Consider the gravitational interaction of M60 and
MS84. The distance between the galaxies is 1.45 Mpc.
The direction of M60 toward M84 is close to the di-
rection of M49 toward M87. The observational mass
of the black hole in the centre of M84 is mpp prga =
1.5 x 10 mg (Bower et al., 1998) that gives the
THDM mass of the shell around the compact object,
Mihdm, M4 = 1.35 X 10'2 mg. The luminosity of M84
is Ly arsa = 9.33 x 1010 L, that gives the stellar mass
of M84, my prga = 5.6 X 1011 mg. The mass centred
on M84 is a sum of the THDM mass of the shell
around the compact object in the centre of M84, the
stellar mass of M84 and the HDM mass, m /g4
2(1.35 x 1012 +5.6 x 10!) = 3.8 x 10'2 m. This mass
gives the velocity of M60 toward M84, 151 km s~1.
Projecting it on the direction of M60 toward M87, one
gets the same value, 151 km s~ !.

Consider the gravitational interaction of M60 and
MS86. The distance between the galaxies is 1.4 Mpc.
The direction of M60 toward M86 is close to the di-
rection of M49 toward M87. The mass of the black
hole in the centre of M86 is unknown. Adopt the value,
mpn,mse = 1.5 % 10 mg, which gives the THDM mass
of the shell around the compact object, mipdm, mse =
1.35 x 102 mg,. The luminosity of M86 is Ly as6 =

1.57 x 10! Ly that gives the stellar mass of MS6,
My vge = 9.4 X 101! mg. The mass centred on M86
is a sum of the THDM mass of the shell around the
compact object in the centre of M86, the stellar mass
of M86 and the HDM mass, masss = 2(1.35 x 1012 +
9.4x10') = 4.6 x 10'? m . This mass gives the veloci-
ty of M60 toward M86, 169 km s~!. Projecting it on
the direction of M60 toward M87, one gets the same
value, 169 km s~ 1.

Consider the gravitational interaction of M60 and
M49. The distance between the galaxies is 1.5 Mpc.
The direction of M60 toward M49 is at an angle of 62°
to the direction of M60 toward M87. The observati-
onal mass of the black hole in the centre of M49 is
Mpn. a0 = 5.65 x 108 mg (Loewenstein et al., 2001)
that gives the THDM mass of the shell around the
compact object, mMnam,pra9 = 5.1% 101! mg. The lumi-
nosity of M49 is Ly pra9 = 1.78 % 10t L that gives
the stellar mass of M49, m, pa0 = 10.7 x 10! mg.
The mass centred on M49 is a sum of the THDM mass
of the shell around the compact object in the centre
of M49, the stellar mass of M49 and the HDM mass,
marag = 2(5.1 x 10* +10.7 x 10!) = 3.2 x 10'? m.
This mass gives the velocity of M60 toward M49, 136
km s~!. Projecting it on the direction of M60 toward
MS87, one gets 64 km s~ 1.

Calculate the total velocity of M60 toward M87
due to gravitational interaction of M60 with MS7,
M84, M86, M49. The total velocity of M60 toward
MS87 is estimated to be 294 + 151 4+ 169 + 64 = 678
km s~!. The velocity of M60 toward M87, 1030 km
s~ (Wood et al., 2017), was obtained from the X-ray
data analysis. Thus, the value obtained from the gravi-
tational interaction of the galaxies may explain 66% of
the value obtained from the X-ray data. To obtain the
more accurate value one needs to include more galaxies
in the study.

Consider the gravitational interaction of M49 and
MS87. The distance between the galaxies is 1.35 Mpc.
The mass centred on M87 is a sum of the THDM mass
of the shell around the compact object in the centre
of M49, the stellar mass of M87 and the HDM mass,
margr = 2(5.1 x 101 +8 x 101) = 2.6 x 102 mg,. This
mass gives the velocity of M49 toward M87, 129 km
s—h

Consider the gravitational interaction of M49 and
M84. The distance between the galaxies is 1.55 Mpc.
The direction of M49 toward M84 is at an angle of
16° to the direction of M49 toward MS&7. The mass
centred on M84 is a sum of the THDM mass of the
shell around the compact object in the centre of M49,
the stellar mass of M84 and the HDM mass, mpsg4 =
2(5.1 x 10* + 5.6 x 10'1) = 2.1 x 10'2 mg. This mass
gives the velocity of M49 toward M84, 109 km s~1.
Projecting it on the direction of M49 toward M87, one
gets 105 km s~ 1.

Consider the gravitational interaction of M49 and
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MS86. The distance between the galaxies is 1.55 Mpc.
The direction of M49 toward MS86 is at an angle of
14° to the direction of M49 toward MS87. The mass
centred on M86 is a sum of the THDM mass of the
shell around the compact object in the centre of M49,
the stellar mass of M86 and the HDM mass, myss6 =
2(5.1 x 10" + 9.4 x 10'!) = 2.9 x 10'? mg. This mass
gives the velocity of M49 toward MS86, 128 km s~ '.
Projecting it on the direction of M49 toward M87, one
gets 124 km s~

Consider the gravitational interaction of M49 and
M60. The distance between the galaxies is 1.5 Mpc.
The direction of M49 toward M60 is at an angle of
41° to the direction of M49 toward M87. The lumi-
nosity of M60 is Ly ae0 = 1.05 x 10 Ly that gives
the stellar mass of M60, m. p60 = 6.3 x 10! mg. The
mass centred on M60 is a sum of the THDM mass
of the shell around the compact object in the centre
of M49, the stellar mass of M60 and the HDM mass,
marag = 2(5.1 x 10 + 6.3 x 10*!) = 2.3 x 10'? m.
This mass gives the velocity of M49 toward M60, 115
km s~!. Projecting it on the direction of M49 toward
MS87, one gets 87 km s™1.

Calculate the total velocity of M49 toward MS87
due to gravitational interaction of M49 with M87,
M84, M86, M60. The total velocity of M49 toward
MS87 is estimated to be 129 + 105 + 124 + 87 = 445
km s~!. The velocity of M49 toward MS87, 750 km
s7! (Gavazzi et al., 1999), was obtained from the
kinematics analysis. Thus, the value obtained from
the gravitational interaction of the galaxies may
explain 59% of the value obtained from the kinematics
analysis. To obtain the more accurate value one needs
to include more galaxies in the study.

4. Discussion

In the model considered, the mass of the shell of
the Planck neutrinos around the compact object, the
THDM mass, is hidden for the massive probe parti-
cle but may be seen in the gravitational interacti-
on of the shells of the Planck neutrinos around the
compact objects in the centres of the galaxies. We
have calculated the velocity of M60 toward M87 due
to gravitational interaction of M60 with M87, M84,
M86, M49 and the velocity of M49 toward M87 due
to gravitational interaction of M49 with M&7, M&4,
M86, M60. The gravitational interaction of the galaxi-
es is defined by the masses of the shells of the Planck
neutrinos around the compact objects in the centres of
the galaxies (THDM mass), the stellar masses of the
galaxies and the HDM mass in the galaxies.

Estimate the contribution of the DM mass, including
the THDM and HDM mass, and the stellar mass in the
gravitational interaction of the galaxies. The velocity
of M60 toward M8T is defined by the THDM mass 36%,

the stellar mass 14%, the HDM mass 50%. The velocity
of M49 toward M87 is defined by the THDM mass 20%,
the stellar mass 30%, the HDM mass 50%. In total,
the DM is responsible for 86% of the velocity of M60
toward M87 and for 70% of the velocity of M49 toward
M8&7.

The relative velocity of the Milky Way and M31
was explained by the baryonic mass and the HDM
mass in the galaxies (Khokhlov, 2020b). The observati-
onal masses of the black holes in the centres of the
galaxies are mpnyw = 4 x 10° mg (Ghez et al.,
2008; Gillessen et al., 2009) in the Milky Way and
mpn 31 = 2 % 102 mg (Bender et al., 2005) in M31.
Accordingly, the THDM masses of the shells around
the compact objects are mipgm,mw = 3.6 X 109 me
in the Milky Way and mpgm,m31 = 1.8 X 101! mg
in M31. The THDM mass revealed in the gravitati-
onal interaction of the shells is equal to that in the
smaller shell in the Milky Way which can be neglected
in comparison with the baryonic masses in the Mi-
lky Way, my yw = 10! mg (Khokhlov, 2018), and
in M31, mp ar31 = 1.3 x 10" mg (Khokhlov, 2020Db).
Thus, the THDM mass is not seen in the gravitati-
onal interaction of the Milky Way and M31. The DM
is responsible for 50% of the relative velocity of the
Milky Way and M31.

The light rays are deflected by the THDM.
Therefore, the THDM mass may be seen in the lensing
of the galaxies. One can measure the total masses of
the galaxies in the galaxy-galaxy weak lensing. van Ui-
tert et al. (2011) measured halo masses of the galaxies
in the weak lensing analysis, using data for the galaxi-
es from RCS2 and SDSS (0.08 < z < 0.48) of stellar
masses in the range m, ~ 101° — 10?2 mg. The halo
masses of the galaxies determined in the weak lensing
analysis increase with the stellar masses of the galaxi-
es. For the early type galaxies, the halo mass grows
from m§ = 1.35 x 101'A™1 mg at m, = 2.0 x 10'° mg
to m§ = 7.2 x 108h7! mg at m, = 1.2 x 10! mg.
For the late type galaxies, the halo mass grows from
ml = 5.6 x 101! mg at m. = 2.0 x 10*° mg to
ml = 2.2 x 10" mg at m. = 6.9 x 10 mg.
The lensing halo masses of the early type galaxies are
greater than those of the late type galaxies. This may
be explained by the smaller masses of the shells of the
Planck neutrinos around the compact objects (THDM
masses) in the centres of the late type galaxies.

Compare the total masses, including the stellar,
THDM and HDM masses, of the Milky Way, M31,
MS87 with the lensing halo masses, corresponding to
the stellar masses of the galaxies. Estimate the total
mass of the Milky Way, taking the stellar mass of
the Milky Way, m. prir = 10 mg, and neglecting
the THDM mass. Calculation gives myw =1+ 1 =
2 x 10 mg. The corresponding lensing halo mass of
the late type galaxy is m! = 1.4 x 10" my, which is
consistent with the total mass of the Milky Way. Esti-
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mate the total mass of M31, taking the stellar mass
of M31, my ms31 = 1.3 x 10" mg. Calculation gives
marz1 = 2(1.34+1.8) = 6.2x 10! mg,. The correspondi-
ng lensing halo mass of the late type galaxy is m! =
2.1 x 10" mg which is lower than the total mass
of M31. Estimate the total mass of M87, taking the
stellar mass of M87, m. prs7 = 8 X 10* mg. Calculati-
on gives myrsr = 2(0.8 + 5.85) = 13.3 x 10'? mg.
The corresponding lensing halo mass of the early type
galaxy is m§ = 9.4 x 10" mg which is higher than the
total mass of MST.

Consider the gravity of MS87 experienced by the
massive probe particle within the framework of the
HDM model (Khokhlov, 2018, 2020b). The THDM
mass is hidden for the massive probe particle. It can
experience the baryonic and HDM mass. In the HDM
model, the baryonic matter of the galaxy is embedded
into the HDM, with the HDM density constant wi-
th radius. At some radius rg, the HDM mass is equal
to the baryonic mass. Estimate the radius rq for the
stellar mass of M&7. For the HDM density ppam =
5 x 1073 mg pc3 (Khokhlov, 2018, 2020b), the HDM
mass is equal to the stellar mass of M87, m, ps7 =
8 x 10" mg, at the radius 79 = 34 kpc. At r < r,
the probe particle moves along the elliptic orbit. At
r > 1o, the probe particle moves along the parabolic
orbit. At r > rg, the enclosed dynamical mass is twice
the enclosed baryonic mass.

Estimate the enclosed dynamical mass of M87 at 100
kpc from the velocity dispersion profile. Longobardi
et al. (2018) used a sample of planetary nebulas to
map the velocity dispersion profile of the M87 outer
halo, subtracting the contribution of the intra-cluster
planetary nebulas. The radial velocity dispersion of the
MS87 halo at 100 kpc is o,. ~ 200 km s~! (Longobardi et
al., 2018). In the HDM model (Khokhlov, 2018, 2020b),
the enclosed dynamical mass at r > 7y is defined by
the radial velocity which is twice the radial velocity di-
spersion, v,, = 20,.. Then, the enclosed dynamical mass
of M87 at 100 kpc is mayn, ms7(< 100 kpe) = v2r/2G =
1.9 x 10'? mg. The enclosed baryonic mass of M87 at
100 kpe is mp prs7(< 100 kpe) = 9.5 x 10! mg. This
is comparable with the stellar mass of M87, m. ps7 =
8 x 101 mg,. The radial velocity dispersion of the intra-
cluster planetary nebulas at 100 kpc is o, ~ 800 km
s~! (Longobardi et al., 2018). It is reasonable to thi-
nk that the intra-cluster baryonic matter is dragged by
the motion of the galaxies.

So, the THDM mass of the shell around the compact
object in the centre of the galaxy manifests itself in
different way depending on the observation method.
It is hidden for the objects tracing the gravity of the
galaxy. It may be seen in the gravitational interaction
of the shells of the Planck neutrinos around the
compact objects in the centres of the galaxies thus
influencing the motion of the galaxies. In lensing, the
THDM mass of the shell around the compact object

in the centre of the galaxy gives contribution to the
lensing mass of the galaxies.

5. Conclusion

We have considered the model of the compact object,
being alternate to the black hole. The model is based
on the assumption that the accreting protons decay at
the Planck scale into positrons and Planck neutrinos.
The energy of the particles is split in two modes, low
and high. The compact object consists of the electrons
and positrons with the low energy. The Planck neutri-
nos with the low energy are placed in the shell around
the compact object. The mass of the shell is more
than the mass of the compact object by a factor of
my/(2me) = 0.9 x 103. The electrons, positrons and
Planck neutrinos with the high energy move away,
overcoming the gravity of the compact object and the
shell of the Planck neutrinos. The Planck neutrinos wi-
th the high energy may be interpreted as the HDM.

We have considered Planck neutrinos within the
framework of the effective gravity, including the
Newton gravity and the free fall pressure. The gravi-
tational potential of the Planck neutrinos in the shell
around the compact object is balanced by the inerti-
al potential due to free fall pressure. The mass of
the Planck neutrinos is hidden for the massive parti-
cles. The massless particles (photons, Planck neutri-
nos) are deflected by the mass of the Planck neutrinos.
In effect, the Planck neutrinos in the shell around the
compact object are trapped and may be interpreted
as the THDM. The THDM mass may be seen in the
lensing of the galaxies containing the central compact
object (black hole).

In the gravitational interaction of two shells of the
Planck neutrinos around the compact objects, the
inertial potentials of the shells compensate each other
by the value of the smaller inertial potential, revealing
the masses of the Planck neutrinos (THDM masses) in
the shells, equal to the mass of the Planck neutrinos
of the smaller shell. We have studied the gravitational
interaction of the galaxies in the Virgo cluster, M60
with M87, M84, M86, M49 and M49 with M87, M8&4,
MS86, M60. The gravitational interaction of the galaxies
is defined by the revealed THDM masses in the shells
around the compact objects in the centres of the galaxi-
es, the stellar masses of the galaxies and the HDM mass
in the galaxies. The total velocity of M60 toward M87
due to gravitational interaction of M60 with M87, M&84,
MS86, M49 is 678 km s~! being 66% of that obtained
from the X-ray data, 1030 km s~! (Wood et al., 2017).
The total velocity of M49 toward M87 due to gravi-
tational interaction of M49 with M&87, M&84, M&86, M60
is 445 km s~! being 59% of that obtained from the
kinematics analysis, 750 km s~! (Gavazzi et al., 1999).
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ABSTRACT. The problem of the formation
of structures in the universe is one of the most
important issues of modern extragalactic astronomy
and cosmology. The tool enabling the verification of
a particular formation scenario is analysis the spatial
orientation of the galaxies from deprojection of their
images. Obtaining correct analysis results obliges to
take into account the fact that galaxies are oblate
spheroids with the real axis ratio depending on the
morphological type, which, however, is not given in
most of the currently available astronomical data.
According to the approach used in the new method
of investigation, on the basis of estimated frequencies
of occurrence of given morphological types, obtai-
ned using sufficiently numerous observational data,
simulations are performed, which enable to recognize
new angle distributions used in orientation studies.
These distributions already contain information on the
frequency of the appearance of galaxies of particular
morphological types in clusters, allowing for more
accurate results of the statistical tests carried out
during the analysis. The method is an extension of
results developed in Godlowski 2012 and Pajowska et
al. 2019.

Keywords: Galaxies:
morphological types.

clusters, orientation,

AHOTAIIIA. TIpobsiema dhopMyBaHHS CTPYKTYD Yy
BcecsiTi € oanieto 3 HaliBaxK IUBimMmMX MpobIeM Cy<acHOl
Io3arajJakTHYHOl acTpoHoMil Ta KocMmosoril. [mcrpy-
MEHTOM, TIIO JIO3BOJISIE TICPEBIPUTH 3aJaHUil CIIeHAPI, €
aHaJII3 TPOCTOPOBOI OPIEHTAIIIT TAJTAKTUK HA OCHOBI Jie-
MpoeKIil X 300paxKeHb. OTpUMaHHS TPABUIBLHAX Pe-
3yJIbTATIB aHAII3y BUMAara€ BpaxXyBaHHS TOrO (axTy,
MO0 TAJAKTUKHU € CILUTIOCHYTUMHU cdepoitamu, (paKkTu-
YHE CIIBBIIHOIIEHHS OCell IKUX 3aJIEKUTh BiJ Mopdo-
JIOTIYHOTrO THUITY, IO HE MepeadadeHo B OLIBIIOCTI Ha-
ABHUX HA JAaHUH MOMEHT aCTPOHOMIYHUX JaHuX. Bis-

MOBI/THO 10 HOBOTO MiJIXOJy, BUKOPUCTAHOI'O B HOBOMY
METO/Ii, Ha OCHOBI OIlIHEHUX YaCTOT 3yCTPIYaJbHOCTI
3a1aHuX MOPQOJIOTiYHAX THUIIB, OTPUMAHUX 3 BUKO-
PHUCTAaHHSIM JIOCTATHBO BEJIMKOI KiJTBKOCTI JTaHUX CITO-
CTEPEKEHb, IPOBOJATHCA MOJIETIOBAHHS, SKi JTIO3BOJIS-
IOTH OTPUMATHU HOBi KyTOBi PO3MOJL/IN, IKi BUKOPUCTO-
BYIOTbCS B Opi€HTAITHIX Jociimkenasx. i posmomi-
JIV ByK€ MICTATH iH(MOPMAITIIO PO YACTOTY TOSBU TT€B-
HUX MOPQOJIOriYHUX THINB y CKYIYEHHAX IajaKTHK,
IO JIO3BOJISIE OTPUMYBATHU TOYHINI PE3YJbTATH CTa-
TUCTUYHUX TEPEBIPOK, MPOBEICHUX il Yac aHAJII3y.
[eit MeTon € PO3MUPEHHSIM PE3YJIbLTATIB, OTPUMAHUX
Godlowski 2012 ta Pajowska ta i 2019 pixk.

KirouoBi cioBa: [MalakTuku: CKyIr4eHHs, Opi€eHTalli,
MOPQOJIOTTYHI THIIN.

1. Introduction

The state of knowledge regarding the formation of
structures in the Universe has developed significantly,
but this problem still remains one of the most impor-
tant issues of modern extragalactic astronomy and cos-
mology. Over the years, the original theories of the
formation of galaxies and their structures have been
verified many times and have also undergone modifica-
tions, resulting in the creation of new versions of the
models. The model of hierarchical clustering has re-
mained valid and has been significantly improved.

According to the commonly accepted ACDM cosmo-
logical model, the Universe is considered to be spatially
flat, isotropic and homogeneous on an appropriately
large scale, and structures are formed from primor-
dial, adiabatic, self-scaling Gaussian fluctuations (Silk
1968, Peebles & Yu 1970, Sunyaev & Zeldovich 1970,
Stephanovich & Godlowski 2015). A standard test of
scenarios for the formation of galaxies and their struc-
tures, enabling comparison of predicted theoretical re-
sults with observations, is the investigation of galaxy
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orientation. This results from different predictions re-
garding the distributions of galaxy angular momentum
postulated by individual scenarios of the formation and
evolution of cosmic structures (Romanowsky & Fall
2012; Joachimi et al. 2015; Kiessling et al. 2015).
These analyses assume that normals to the galaxies
planes are their rotation axes, which is especially true
for spiral galaxies.

The first application of the research method that be-
came a standard tool for searching galaxy alignments
was realized in the paper of Hawley and Peebles (1975).
It consisted a statistical analysis of the galaxies angu-
lar momenta based on the observed angles of the main
axes of the galaxy image, in order to detect possible
deviations from the isotropic distribution. However,
because the direction of the angular momentum is per-
pendicular to the direction of the major galaxy axis,
the original version of the method only allowed for the
analysis of side-viewed galaxies.

The use of galaxies with all possible orientations
and locations on the celestial sphere in the study is
possible applying a method based on the deprojection
of galaxy images, proposed by Opik (1970), applied
by Jaaniste and Saar (Jaaniste 1977, Jaaniste & Sarr
1978) and significantly modified by Flin and Godlowski
(Flin & Godlowski 1986, Godlowski 2012, Pajowska,
Godlowski et. al 2019). For this purpose, this method,
in addition to the positional angles of galaxies, also
uses their ellipticities. Obtaining correct results, how-
ever, obliges one to take into account the Holmberg ef-
fect in the analysis, which consists of the fact that the
measured, especially optical, ellipticity of the image of
galaxies differs from the true ellipticity of the image
(Holmberg 1946, 1958, 1975, Fouque & Paturel 1985),
and the fact that galaxies are flattened spheroids with
the actual axis ratio depending on their morphological
type.

Nowadays, it is becoming increasingly common
practice to make high-quality, readily usable astro-
nomical data widely available. Sky surveys such as
SDSS, DESI, Euclid, and Kilo-Degree Survey provide
the opportunity to create catalogs of galaxy clusters
and then conduct studies of the orientation of their
members. Like most astronomical data currently pub-
lished, these surveys do not contain information about
the morphological types of galaxies. For this reason, in
the case of studies carried out using data that did not
contain information about the values of the actual axis
ratio of galaxies, the average value of this parameter
was used. However, in some cases this solution is
insufficient (see Godlowski 2011 and Pajowska 2012).
This paper presents a new, improved method of inves-
tigation the orientation of galaxies in clusters, allowing
for more accurate analysis results using the estimated
frequencies of occurrence of given morphological types.

2. New method of investigation of the orien-
tation of galaxies in clusters

The new method of investigation the orientation of
galaxies in clusters is an extension of the approach pre-
sented in the papers of Flin and Godlowski (1986),
Godlowski (2012) and Pajowska et al. (2019). The
method calculates two angles determining the spatial
orientation of galaxies. The first is the “polar” angle
0p - the angle between the normal to the galaxy plane
and the main plane of the coordinate system. The
second one, the “azimuth” angle 7, describes the di-
rection between the projection of this normal onto the
main plane and the direction towards the zero initial
meridian. In the case of a supergalactic coordinate sys-
tem, the main plane is the supergalactic equator, and
these angles can be expressed as the relationship be-
tween the latitude and longitude angles, B and L, the
position angle P, and the inclination angle ¢ (Figure 1).
Deprojection of galaxy images on the celestial sphere
gives four solutions for the angular momentum vector.
In the absence of information about the direction of
galaxy rotation, it is sufficient to examine only the di-
rections perpendicular to the galaxy plane. This fact
transfer into the need to take into account two possible
settings of galaxies. The formulas for calculating the
d0p and n angles are expressed by the following rela-
tionships:

(1)

sindp = — cosisin B £ sind cosr cos B,

siny = (cosdp) " [~ cosi cos Bsin L+

(2)

sini (F cosrsin Bsin L + sinr cos L)],

cosn = (coséD)*1 [— cosicos B cos L+ 3)

sini (F cosrsin B cos L Fsinrsin L)],

where r = P - Z

5+ As a result of the reduction of the
analysis into two solutions only, it is necessary to con-
sider the sign of the expression: S = —cosicosB F
sinicosrsin B and for S > 0 should be reversed the
sign of §p respectively. In the investigation is an uni-
form distribution of angles on the sphere. For this rea-
son, numerous ranges of ép and n angles should be
characterized by cosine and uniform distributions, re-
spectively. As part of the study, using statistical meth-
ods, the obtained real distributions of these angles are
confronted with the theoretical distributions.

The inclination angle can be computed from the im-
age of the galaxy using Holmberg’s formula for oblate
spheroids (Holmberg 1946)

@ - g
1-— qg ’

i=cos ! <
d

where ¢ = 5 is the ratio of the minor to the ma-
jor axis diameters, and q¢ is the ”true” axial ratio.

(4)
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Figure 1: A schematic illustration of angles ép (the
polar angle between the normal to the galaxy plane
and the main plane of the coordinate system) and 7
(the azimuth angle between the projection of this nor-
mal onto the main plane and the direction towards the
zero initial meridian). The angle of inclination 7 is the
angle between the normal to the plane of the galaxy a
observer’s line of sight, while P is the angle of the posi-
tion in the frame of reference. N7 and N, are possible
positions of the normal to galaxy plane directed line
segment inside the sphere. L and B are the longitude
and latitude of the reference coordinate system.

Each morphological type, using the Heidmann, Hei-
dmann and de Vaucouleurs (HHD) approach, can be
assigned a corresponding value of the ¢y parameter.
In the absence of information about the morphologi-
cal types of galaxies, go = 0.2 is used (described in
Pajowska et al. 2019). An alternative approach was
used by Tully in his catalogue (Tully 1988), taking this
constant value of q0 and adding 3° to the calculated
inclination angle to compensate for the failure to take
into account different morphological types of galaxies
i=cos ! (\/(q2 —-0.22)/(1 - 0.22)) + 3°.

According to the approach presented in the new
method, the lack of information about the morphology
of galaxies can be compensated by using the estimated
frequencies of occurrence of given morphological types.
Assuming an isotropic distribution of normals to the
plane of the galaxy in space, an isotropic random
distribution of inclination angles is generated. By
using the known frequencies of occurrence of given
morphological types and the HHD approach for
parameter qg, the Holmberg formula can be reversed
and a new ”isotropic” distribution of the ”observed”
axial ratio ¢ can be obtained. This allows to perform

numerical simulations for the examined clusters of
galaxies, which enable to learn new values of the
inclination angle ¢ through one of the formulas. Using
these new values of i, new values of angles dp and 7
can then be calculate. “Theoretical isotropic distribu-
tions” of angles dp and 7 contain information about
the frequency of appearance of galaxies of particular
morphological types in clusters.

3. Application of a new method of investiga-
tion

Determining the effectiveness of a new method re-
quires testing it under controlled test conditions. For
this purpose, the Tully Nearby Gaslaxies (NBG) Cata-
log (Tully 1988) was used to implement the method,
which contains all the necessary information about
galaxies, in particular about their morphological types
and affiliation to structures. It has been carefully
screened for the completeness of the sample and the
removal of non-galactic objects from it. The galax-
ies included in the catalog are devoid of background
objects and provide relatively even coverage of the en-
tire unobstructed sky (Tully 1987). The use of the
Tully’s catalog in other research works (Godlowski &
Flin 2010, Godlowski 2011, Pajowska 2012) also makes
it possible to indicate the correlation of the obtained
results.

To implement the method from the NBG Catalog, 18
groups with at least 40 members were used. The actual
coordinates of the galaxies were used to calculate the
d0p and n angles. The information on the morphology
of galaxies contained in the catalog was used to cal-
culate the estimated frequencies of occurrence of given
morphological types.

To analyze the distribution of dp and 7n angles, sta-
tistical methods described in the paper Pajowska et al.
2019 were used: the x? test, the First Autocorrelation
test, the Fourier test, the Kolmogorov-Smirnov test,
the Cramer-von Mises test and the Watson test. The
first three of these tests were originally proposed in the
paper of Hawley & Peebles 1975. The analyzed range
of the test angle theta (equal to 0p + 5 or ) is divided
into a particular number of equal to the width of bins,
in this case n = 18.

The x?2 test uses the statistic:

n

=)

k=1

(N — Npk)2
Npy

where N is the total number of galaxies in the cluster,
Pk is the probability that the selected galaxy will fall
into the k-th bin, and N, and Ny are the obtained
and expected numbers of galaxies in the k-th bin.
The First Autocorrelation test determines the corre-
lations between galaxy numbers in neighboring angle
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bins. The statistic C is given by:

(6)

where N,4+1 = Nj.

The Fourier test was significantly improved by
Godlowski (2012). In the test, deviation from isotropy
is a slowly varying function of the angle 6, according
to the relationship:

N = N()’k(l + Aqq cos 20y, + Aoq sin 20+

7
+ Ao cosdly, + Agasindly, + ...) (™)

In that case all Ny j are equal. The Fourier coefficients

are given by formulas:

Ay, — Sony (Ng — Noi) cos 2J6),
Y > r—q No i cos? 2Ty,

(8)

_ 2221 (Nt — Noj) sin 276y,

A
2/ 22:1 N()yk Sil’l2 2J0k

(9)

with standard deviations given by:

o(Ary) = (Z No cos? 2J0k>

k=1

O'(AQJ) = (Z NO,k Sin2 2]6‘k>

k=1
The probability that the amplitude

Ay = (AT, +45) 7 (12)

described by the two-dimensional Gaussian distribu-

tion, is greater than a certain chosen value is given by
the formula:

JOVEEIS (U(AA%J) ’ a(AAg%]ﬂ)) - (18

By using the auxiliary variable J = ¥,3;G;1;1;,
where G is the inverse matrix to the covariance matrix
of A;j, it is possible to write:

1
P(>A;) =exp <—2J> , (14)
where the vector I is:
A
I= . 15
(2) (15)
The probability that the amplitude
_1
A= (A% + A5 + AL +AS) ” (16)

described by the four-dimensional Gaussian distribu-
tion, is greater than a certain chosen value is given by
the formula:

pea= (1 Ja) o (~20),

where vector I has the form:

(17)

ANT!
Aoy
JAND
Ago

I= (18)

In Kolmogorov-Smirnov test, the D,, statistic is cal-
culated,

D,, = sup |F(z) — S(x)] (19)

which is the largest absolute difference between the the-
oretical distribution function F'(z) and the empirical
distribution function S(x), calculated on the basis of
an ordered sample, and then the A statistics is calcu-

lated:
A =+/nD,.

In the Cramer-von Mises test, the W? statistic is
computed:

(20)

n

2i—1\> 1
2— . JE— R
W _Z(F(xl) on ) 12,

i=1

(21)

where F(z;) again is theoretical distribution. In the
advanced modification, called Watson test, one uses

statistic:
_1\?
U2:W2—n<F—2>

where the average value F' = 13" | F(z;).

The ”theoretical isotropic distributions” simulated
as part of the new method for three examples of groups
differing in size are presented in Figure 2. During the
calculations, various variants of calculating the inclina-
tion angle were considered. The consequence of com-
paring the obtained distributions was the statement of
a noticeable deviation caused by the addition of 3° to
the inclination angle. The method used in some re-
search works (see Tully 1988) to compensate for the
failure to take into account morphological types by
adding a 3° may therefore not meet its original as-
sumption.

The results of the analysis of the distributions of §p
and 7 angles for the Tully groups, performed using the
new research method, are presented in Tables 1 and 2.
Since the data from the Tully catalog have been sub-
jected to statistical tests many times, e.g. in Godlowski
2011, Pajowska et. al. 2012, Godtowski and Mrzygtod
2023, it is possible to state that the results obtained us-
ing the new method are comparable to those obtained
for known morphological types. In the case of both

(22)
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«ll=Distribution for qO dej
° i,

pends on the morphological type.
0 depends on the morphological type, with added 3° equalization
0 equal to 0.2
0 equal to 0.2, with added 3° equalization
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Figure 2: Simulated distributions of the angle dp and 7 for groups 12 (left panels), 21 (center panels) and 52

(right panels)

Table 1: Test for isotropy of the distribution of the angle dp of galaxies, obtained using the

new method of

investigation.

Group N C SRS A A P(A) P(A) A w2 U?
11 626 59.24 23.837 -5.127 0.302 0.288 0.0000 0.0000 1.340 0.9076 0.0284
12 332 23.51 0.701 -2.590 0.209 0.195 0.0346 0.1072 0.879 0.2563 -0.2613
13 128  22.40 -2.716 -0.299 0.048 0.174 0.9304 0.8442 0.405 0.0473 -0.1276
14 426 26.87 6.327 -2.483 0.183 0.215 0.0358 0.1166 0.900 0.2252 -0.6374
15 130  9.52  -1.566 -0.042 0.082 0.142 0.7928 0.8999 0.603 0.0975 0.0884
17 80 8.26 -2.106 -0.971 0.183 0.240 0.5284 0.6738 0.722 0.1157 0.1095
21 248 2046 1.613 -0.759 0.218 0.298 0.0446 0.0695 1.267 0.7711 0.7104
22 126 6.81 -2.527 0.205 0.044 0.053 0.9384 0.9975 0.224 0.0095 -0.1159
23 100 10.41 1.246 0.471 0.073 0.160 0.8812 0.8719 0.438 0.0418 -0.0487
31 210 36.41 19.094 1.667 0.456 0.466 0.0000 0.0001 2.163 2.0593 1.5171
41 192 27.75 11.562 -0.274 0.312 0.392 0.0069 0.0017 1.804 0.9063 -0.6480
42 230 30.49 3.900 -0.431 0.188 0.333 0.1172 0.0522 1.269 0.6391 -0.9776
44 80 23.95 5304 -0.990 0.316 0.390 0.1277 0.1055 1.213 0.3297 -0.1475
51 228 30.51  7.548 0.933 0.323 0.400 0.0021 0.0013 1.901 1.3166 1.0980
52 172 32.83 9.707 -2.363 0.412 0.399 0.0006 0.0019 1.841 1.0431 1.0122
53 260 21.10 -8.961 -0.429 0.146 0.152 0.2312 0.5331 0.715 0.2149 0.1665
61 258 1447 1.584 -0.702 0.088 0.198 0.6123 0.3232 0.638 0.1630 -0.5230
64 102  15.93 0.741 0.666  0.227 0.229 0.2564 0.6032 0.904 0.2979 -0.3018
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Table 2: Test for isotropy of the distribution of the angle n of galaxies, obtained using the

new method of

investigation.

Group N C s A A P(A) P(A) A w2 U?
11 626 51.09 34.516 5.977 0.362 0.364 0.0000 0.0000 2.083 1.4864 1.4824
12 332 38.26 14.673 -0.920 0.361 0.362 0.0000 0.0002 2.096 1.5317 -0.7605
13 128 14.28 -3.196 0.739 0.141 0.279 0.5306 0.2900 0.482 0.0908 -0.0924
14 426 30.46  2.379 1.485 0.206 0.210 0.0113 0.0521 1.801 0.8471 -0.9937
15 130 14.22  -0.256 0.451 0.064 0.198 0.8737 0.6347 0.723 0.1404 0.1404
17 80 34.01 -15.640 -0.414 0.315 0.317 0.1415 0.4103 0.990 0.2576 0.2576
21 248 33.80 3.921 1.321 0.239 0.248 0.0289 0.1073 1.630 0.5451 -0.5519
22 126 18.46 7.166 2.031 0.318 0.405 0.0417 0.0353 1.357 0.4754 0.4349
23 100 27.23  5.659 -1.408 0.473 0.513 0.0041 0.0111 1.571 0.7560 0.6315
31 210 18.66  4.842 1.580 0.202 0.291 0.1164 0.0629 1.289 0.4804 0.4539
41 192 30.01 18.142  3.521 0.451 0.476 0.0001 0.0002 2.036 1.0864 0.9845
42 230 3296 6.630 -0.174 0.337 0.390 0.0015 0.0015 1.603 1.0393 -0.5294
44 80 19.60 -1.483 0.030 0.273 0.421 0.2254 0.1314 1.120 0.1952 -0.1201
51 228 26.59 -2.132 3.079 0.295 0.298 0.0070 0.0381 1.184 0.3519 0.3292
52 172 42.00 16.865 2.490 0.457 0.514 0.0001 0.0002 2.021 1.4674 1.1505
53 260 11.53 -5.162 0.520 0.047 0.050 0.8673 0.9880 0.266 0.0230 -0.1978
61 258 10.94  2.142 0.849 0.186 0.188 0.1072 0.3355 1.012 0.2731 -0.4037
64 102 52.33  2.005 3.120 0.526 0.683 0.0009 0.0001 2.149 1.5422 1.1508

Table 3: Test for isotropy of the distribution of the angle §p obtained using the values of ¢y depending on the
morphological type and Fouque and Paturel correction.

Group N C Sy A A P(A) P(A) A w2 U?
11~ 626 29.10 -5.254 -1.302 0.087 0.111 0.3443 0.4907 0.677 0.0710 -0.5891
12 332 1272 -4.261 -0.935 0.076 0.079 0.6408 0.9215 0.384 0.0455 -0.3625
13 128 27.84 2881 1.7564 0.251 0.438 0.1580 0.0280 0.786 0.2241  0.0307
14 426 1925 6.103 0.000 0.033 0.219 0.9108 0.0589 0.623 0.1024 -0.7387
15 130 2310 -7.212 0.799 0.134 0.200 0.5977 0.6819 0.789 0.0932 -0.2091
17 80 558 0.524 0.148 0.106 0.244 0.8311 0.7163 0.559 0.0890 0.0890
21 248 19.39 -6.411 0.285 0.084 0.190 0.6978 0.4134 0.889 0.1671 0.1328
22 126 14.82 3.064 0.675 0.120 0.176 0.6707 0.7872 0.707 0.1110 -0.1888
23 100 17.97 -1.012 1.602 0.264 0.318 0.2056 0.3434 0.614 0.1435 -0.0934
31 210 31.90 -0.093 1.240 0.233 0.279 0.0887 0.1243 0.966 0.2677  0.2560
41 192 11.74 5787 1044 0.179 0.269 0.2636 0.1864 0.722 0.2679 -0.4889
42 230 1749 4119 1245 0.128 0.279 0.4208 0.0946 0.786 0.1954 -0.4389
44 80 12.06 0.588 -1.046 0.328 0.330 0.1610 0.4258 0.900 0.2598 -0.2228
51 228 1744 -4.402 0.683 0.092 0.118 0.6561 0.8442 0.552 0.0833  0.0054
52 172 17.94 5950 -1.504 0.364 0.358 0.0082 0.0450 1.454 0.7803 0.7109
53 260 9.79 -0.320 -0.698 0.077 0.109 0.7056 0.8484 0.523 0.0901 -0.5060
61 258 1576 0.848 0.780 0.141 0.213 0.3385 0.2690 0.802 0.1902 0.1498
64 102 19.78 -0.098 0.481 0.172 0.226 0.5297 0.6798 0.594 0.0868 -0.1816
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Figure 3: Maps of s = Aj1/0(Aq;1) versus the chosen cluster pole supergalactic co-ordinates (L, B) for the

cluster 12.

In the maps, the results of the Tully data are shown on the left, while results obtained using

the values of gy depending on the morphological type and Fouque and Paturel correction are given on the
right. The maps are presented for ALL cluster galaxies (upper panel), for Spiral (middle panel) and Nonspiral
(bottom panel) sub-samples. In the map important directions have been indicated, as seen from the centre of

the considered cluster: 1.) three cluster poles (full star, square and triangle),
3.) the direction of the Virgo A cluster centre (open square) and 4.) the line

Supercluster centre (open circle),

2.) the direction to the Local

of sight from the Earth (asterisk). Red ellipses mark the maxima that correlate with the line of sight.

delta and eta angles, some groups showed that the dis-
tribution was non-random. However, the final result of
the papers that analyzed the studied groups was that
no significant alignment was observed.

The mere consideration of the morphological type
does not lead to "fully satisfactory” analysis results,
because there is a strong systematic effect in the NBG
catalogue data, generated by the process of galactic
axis de-projection from its optical image. This effect
makes it significantly difficult to find the real alignment
during analysis of the spatial orientation of galaxies
in clusters, but it can be analyzed in more detail us-
ing the methodology described in Godlowski and Os-
trowski 1999. For this purpose, for each angle ép for
each cluster, is computed the Aj; parameter describ-
ing the alignment of the axes galactic relative to the
selected pole of the cluster, divided by its formal error
0(A11), denoted as s A11/0(A11). Changing the
position of the pole of the coordinate system along the
celestial sphere causes the main plane of the system
to also change its position. For each such instanta-
neous coordinate system, we the parameter s is com-

puted. The maps resulted in this way can be analyzed
in terms of the correlation of their maxima with im-
portant points on the maps. This procedure makes it
possible to easily find both preferred and undesirable
alignment directions normal to the galaxy planes, if any
existed in these clusters. This is because if the rota-
tion axes of galaxies preferred to be aligned in a certain
plane, there would be a deficit in the rotation axis in
the direction perpendicular to that plane. However, if
the orientation of the rotation axes of galaxies favored
a particular direction, then there should be a surplus
of galaxies with spins pointing in that direction.

Example maps for cluster 12 are presented in
Figure 3. In the left panels, obtained for the original
NBG Catalog data, strong maxima are observed that
correlate with the line of sight. Taking into account
the morphological types of galaxies combined with
converting q to standard photometric axial ratios
according to the formulas of Fouque and Paturel
(1985) makes these maxima disappear, as shown in
the right panels. The results of the statistical analysis
for the data after taking both of these corrections into
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Table 4: Test for isotropy of the distribution of the angle 1 obtained using the values of gy depending on the

morphological type and Fouque and Paturel correction.

Group N C A5 A A P(A) P(A) A w2 U?
11 626 36.84 14.121 3.574 0.213 0.278 0.0009 0.0001 1.101 0.4450 0.0557
12 332 17.37 2464 -0.595 0.097 0.154 0.4599 0.4165 0.860 0.2365 -0.5615
13 128 17.12 6.297 1208 0.165 0.382 0.4194 0.0529 1.110 0.2416 0.2405
14 426 1496 0.338 0.469 0.112 0.144 0.2655 0.3551 0.775 0.1649 -0.5359
15 130 13.72 2092 0.132 0.115 0.278 0.6530 0.2863 0.643 0.1576 0.1575
17 80 9.10 0550 -0.135 0.118 0.229 0.7567 0.7188 0.683 0.1061  0.1052
21 248 17.35 -4.710 -0.031 0.064 0.122 0.7749 0.7616 0.564 0.0917 0.0438
22 126 1657 -2.571 0.172 0.031 0.242 0.9707 0.4506 0.535 0.0286 -0.0656
23 100 10.16 -0.820 -0.856 0.149 0.174 0.5729 0.8232 0.444 0.0477 -0.0294
31 210 17.31 -0.514 1270 0.147 0.228 0.3238 0.2418 1.104 0.3029  0.3005
41 192 2438 0375 2631 0.289 0.344 0.0181 0.0228 0.962 0.2555 0.1976
42 230 16.05 0478 -0.083 0.117 0.221 0.4551 0.2283 0.879 0.2468 -0.4326
44 80 14.05 1.000 0.407 0.096 0.393 0.8306 0.1871 0.472 0.0678 0.0524
51 228 2858 0.158 1.468 0.150 0.249 0.2769 0.1317 1.214 0.4058 0.3993
52 172 17.63 4.651 1.095 0.310 0.314 0.0161 0.0758 1.339 0.6194 0.5459
53 260 14.85 -4.192 0.113 0.121 0.136 0.3857 0.6592 0.675 0.0943 0.0221
61 258 11.86 0.977 1.316 0.133 0.195 0.3174 0.2960 0.955 0.2249 0.2211
64 102 12.71 2118 1.805 0.274 0.281 0.1482 0.4019 0.627 0.1198 0.0714

account are presented in Tables 3 and 4. The failure
to observe any significant alignment for either group
indicates that the orientation of the galaxies in the
studied Tully groups is random. These results are
therefore analogous to those in other research papers
regarding this catalog.

4. Conclusions

Data from the Tully Nearby Galaxies Catalog, com-
bined with the results of research analyzing the groups
of galaxies used, made it possible to confirm the ef-
fectiveness of the new research method. The obtained
results indicate that the method may be important in
future studies of galaxy clusters. In the case of any
astronomical data, the use of the method will involve
carrying out an analysis using the designated ”theoret-
ical isotropic distributions”, which will be previously
compared with the ”observational” distributions ob-
tained assuming the value of the parameter ¢y equal
to 0.2. Since, according to the current view, in the
case of catalogs based on automatic galaxy measure-
ments, the Holmberg effect should not be significant,
consequently the new method, unlike in the case of the
NBG Catalog, can be used without taking into account
the photometric correction. Otherwise, however, it will
be necessary to first independently estimate this type
of correction.

The results of galaxy investigations of orientation
are particularly important because they provide
information for testing scenarios of the formation of
galaxies and their structures. The result obtained in
this paper is consistent with the new version of the

hierarchical clustering model, which takes into account
tidal effects (Catelan & Theuns 1996), as well as with
the Li model (Li 1998). According to the current
state of knowledge, the ordering of galaxies in clusters
increases with their number. For this reason, in small
clusters such as Tully’s groups, alignment should not
be observed - which has been confirmed.
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ABSTRACT. Resonance spectra (Hagedorn distri-
bution) are critically revised with emphasis on the
saturation of hadron states and possible transition to
a soup of quarks and gluons. Previous studies in this
direction are extended by use of non-linear, complex
Regge trajectories whose limited real part supports
the idea of saturation of high-mass/spin resonance
production.

Keywords: hadrons, resonances, Hagedorn spectrum,
Regge trajectories, quarks, gluons.

AHHOTAIIISA. B pobori nposejieHo aHasi3 aJIpoH-
HUX clekTpiB (po3moxin XareJopHa) 3 akIEHTOM Ha
MOZKJ/IUBICTh HACHUYEHHS aJ[DOHHUX CTAHIB Ta IIE€PEXO-
JoM Tx o “Bapesa’ (Cylly) 3 KBapKiB Ta IUIFOOHIB.
OcHoOBHI pe3ysibTaTi JaHOI POOOTH TaKi:

1) nociimzxeHo criekTp Me30HIB Ta 6apioHis B obacri
BEJINKUX MAC;

2) 3’scoBaHa POJIb KPUTUIHOI TEMIIEPATYPH B CTATH-
cTu4Hit Mojiesi XarejaopHa;

3) upoaHasizoBaHi HAC/IJAKA KOHEYHOCTI CIIEKTDA
XareopHa;

4) nana craTuCTUYHA iHTepHpeTalis $haszoBoro mepe-
XOJIy BiJ 8JpPOHIB JO KBApKiB Ta TJIIOOHIB B TepMiHaxX
PIBHSHHSA CTaHy. ¥YHIKQJIbHOIO PUCOI0 OTPUMAHOTO PiB-
HAHHS CTAHY € HAsIBHICTH B HHOMY BiJ'€éMHOI Temiepa-
TYPU Ta [IEPEOXOJIOPKEHHS PEYOBUHI.

B 6igbmmocti BimoMux Teopiii Ta Momeseil Tpae-
kropii Pemxe € Jiniiiai Ta peasbHi (DYHKIH, IO He
JIOITyCKAa€ 3aCTOCYBAHHS 1X M1 PeaJbHUX PE30HAHCIB.
PesynpraTtn momepenmix anasiziB B IbOMY HAIPSIMKY
HAMU PO3IIUPEHO 3aBJISIKN 3aCTOCYBAHHIO HEIHIMHUX
KOMILJIEKCHUX TpaeKTopiit Pemxke, B aKux 3pocTaHH:
PeaJIbHOI YaCTHHY € OOMEXKeHUil, 110 MiATBEPIKYE Ha-
CHYeHHS TPOIIECY HAPOJIZKEHHS PE30HAHCIB 3 BEJIMKIMUI
macamu. IlpuBeseni KOHKpETHI MOe/i TaKuX Tpae-
KTOpIiif, a caMme: TPAE€KTOPil 3 KOPEHEBHUMHU IIOPOTaMU
Ta Taki, IO CJIIYIOTh 3 JUCHEPCIHUX CIIBBIIHOIIIEHD.
ITapamerpu npuBesieHUX MoJjieiell TpaekTopiit Pemxke
BepuiKOBaHO 3a JIOMOMOIOK IOPIBHSIHHS 3 eKCITe-
PUMEHTAJbHUMH JAHUMHM IIPO ME30HHI Ta OapioHmi

pesonancu. B 1misomy, poboTa € BHECKOM B JOCIIi-
JI?KEHHsI OJHOI 3 BaKJIMBUX Ta 3araJIKOBUX I1POOJIEeM
Gi3vKn BHUCOKMX eHepriii — KOH(paHMEHTy KBapKiB
Ta TUIIOOHIB HA MPUKJIAJ MEPEXOTy BaXKKUX aJPOHHUX
PE30HAHCIB B HOBUII arperaTHUil CTaH PEYOBUHU,
MO2KJINBO — KBapK-IVIIOOHHY IIJIA3MY, BJIACTUBOCTI SKOI
11e JI0 KiHIsl He 3’siICOBaHO.

Kurro4uoBi ciioBa: Aponu, pe3oHaHcH, CIIEKTP Xare-
JopHa, TpaekTopil Pemke, KBapKu, TIIIOOHN.

1. Introduction

The spectrum of hadron resonances is among the
central problems of high-energy physics since the
properties of highly excited resonances are intimately
connected with the problem of confinement.The idea
of the resonance gas was suggested by Belenky and
Landau, who used the Bethe-Uhlenbeck method for
non-ideal gases. The field was revitalized in a series
of papers by Rolf Hagedorn (Hagedorn), and followers
who introduced the notion of limited temperature, that
later received various modifications and interpretati-
ons . In a recent paper (Szanyi, 2023) we extended
Hagedorn’s approach by combining statistical physi-
cs with the analytic S—matrix theory, realized by the
Regge-pole model.

Here we the spectrum of hadronic resonances by
relating seemingly two different approaches: statistical
- that of Hagedorn and Regge.

The density of hadron states follows the law
f(m) exp(m/Tw), (1)
where f(m) is a slowly varying function of mass and T
is the Hagedorn temperature, originally considered as
the limiting temperature but later re-interpreted as the
temperature of the color deconfinement phase transi-
tion where hadrons "boil"transforming matter into a
boiling quark-gluon soup.

Over 50 years after the publication of R. Hagedorn’s
paper (Hagedorn) on the spectrum of resonances

p(m)
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many important details still remain open. In spite of
many efforts, the calculated value of the Hagedorn
temperature shows a surprisingly widespread from
Ty = 141 MeV to Ty = 340 MeV, depending on the
parametrization and the set of data (baryons, mesons)
used. The discrepancies may have different origin, in
particular: a) the large uncertainties in the specification
and identification of heavy resonances, b) the analyti-
cal form of the Hagedorn spectrum, in particular,
the form of the function f(m) multiplying Hagedorn’s
exponential. In the present paper, we address both
issues.

Our approach here is limited to the world of observed
resonances, summarized by the Particle Data Group
and theoretical methods based on analyticity, unitarity,
and duality.

Crucial in our paper is the identification of the
function f(m) with the derivative of the relevant
Regge trajectory. In the spirit of the analytic S-matrix
approach, Regge trajectories encode an essential part
of the strong interaction dynamics, they are building
blocks of the theory. There were many attempts to
find analytic forms of the non-linear complex Regge
trajectories, based on mechanical analogues (strings),
quantum chromodynamics etc. Below we rely on duali-
ty and constraints based on analyticity and unitarity,
constraining the threshold and asymptotic behaviour of
the trajectories. An important constraint, affecting the
spectrum near its critical point is the upper bound on
the real part of Regge trajectories’, coming from dual
models with Mandelstam analyticity. Construction of
explicit models of the trajectories satisfying the above
constraints is a non-trivial problem. In the present
paper, we propose explicit models of such trajectori-
es allowing explicit calculations and compatible with
the data on resonances.

Below we argue that while Hagedorn’s exponential
rise comes mainly from the proliferation of spin and
isospin degeneracy of states with increasing mass, that
can be counted directly, the prefactor f(m) reflects
dynamics, encoded in Regge trajectories given that
f(m) = o'(m), where o'(m) is the slope of the
trajectory.

The low-mass, m < 1.8 GeV spectra do not exhi-
bit any surprise by following Hagedorn’s exponenti-
al. The only open questions are the value of the
Hagedorn temperature Ty and possible differences
between the spectra for various particles. The spectra
beyond m = 1.8 GeV are different: on the experimental
side, the high-mass resonances tend to gradually di-
sappear, their status becoming uncertain.

The most important issue is the existence of a
“melting point"where the resonances are transformed
to a continuum of a boiling soup of quarks and
gluons. This critical region/point is studied by various
methods: statistics and thermodynamics, quantum.

2. Melting hadrons

In this Section we study the relation between the
mass density of hadronic states given by the Hagedorn
spectrum and the dynamics emerging from Regge pole
models, inspecting non-linear Regge trajectories.

In spite of the huge number of papers, the subject
remains a topical problem of hadron dynamics with
numerous open questions. We address the following
issues:

e the behavior of the meson mass spectrum in the
high-mass region;

e the role of the critical temperature and the
prefactor in p(m) in the Hagedorn model of
hadronic spectra;

e the finiteness of the Hagedorn spectrum and its
consequences.

The expression for pressure in this thermodynamic
approach in the Boltzmann approximation is given by:

Mo
p= Y gplmi) = [dmp(m)pm). (@)

7 M,

with 72,2
p(m) = 5 Ka(), (3)

where M; and M, are the masses of the lightest and
heaviest hadrons, respectively, and g;-s are particle
degenerations.

For fixed isospin and hypercharge a cubic density of
states, p(m) ~ m3, fits the data. Moreover, the cubic
spectrum can be related to collinear Regge trajectori-
es. Indeed, following the arguments of Burakovsky
and Horowitz (Burakovsky & Horowitz) , on a linear
trajectory with negative intercept, a(t) = o't — 1,
some integer values of a(t) = J correspond to states
with negative spin, J = «a(ts), with squared masses
m?2(J) = t;. Since a spin-J state has multiplicity 2J+1,
the total number of states with spin 0 < J < j at
t = m(j)? is given by

J
N@G) =D 2] +1) = (G +1)* = o*m*(j).
J=0

(4)

Hence the density of states per unit mass interval is
obtained as the derivative of this cumulative quantity,

dN(m) (5)

m) = ———> = 4a"*m?,

plm) = ——

and it grows as the cubic power of the mass.
Consequently for a finite number of collinear trajectori-
es, N, the corresponding mass spectrum is given as

p(m) = 4Nao/*m3.

(6)
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A different view on the spectra was advocated
by E. Shuryak (Shuryak), who suggested to use a
quadratic parametrization, completely different from
the conventional form:

p(m) ~ m?.

In both the statistical bootstrap model and in the
dual resonance model, the resonance spectrum takes
the form of Eq. (1). In the dual resonance model
f(m) ~ £ Ra(m?). We use non-linear complex Regge
trajectories to determine this pre-factor as discussed in
the next subsections.

The meson and baryon spectra differ, in particular
by their slopes. More important is the question of
the asymptotic behaviour of p(m) for large masses. In
theory, Hagedorn’s exponential may rise indefinitely,
however, starting from m = 2.5 GeV resonances are not
observed. The question arises whether it is a "techni-
cal"issue (the resonances gradually fade becoming
too wide to be detected) or there is a critical poi-
nt where they melt to a continuum transforming the
hadron matter to a "boiling soup". This point can
be illuminated by means of Regge trajectories, as we
demonstrate it in what follows.

We concentrate on the meson spectrum, more speci-
fically that of p and its excitations. This familiar
trajectory is chosen just as a representative example.
Other trajectories, including baryonic ones as well as
those with heavy (c and b) flavors will be studied later.
We are interested in the high-mass behavior, starting
from m &~ 1.8 GeV. Beyond this value the exponenti-
al behavior of the Hagedorn spectrum is expected to
change drastically. We concentrate on its behaviour
above 1.8 GeV.

Note that rather than comparing the density of
states p(m) to the data it is customary to accumulate
states of masses lower than m,

Nezp = Zgi@(m —my), (7)

where g; is the degeneracy of the i-th state with mass
m; in spin J and isotopical spin I, i.e.,

|

The theoretical equivalent of Eq. (7) is

(2J; + 1)(2I; + 1),
4(2J; + 1),
2(2J; +1)(2 + 1),

for non-strange mesons
for strange mesons
for baryons

Ntheo’r (m) = / p(m')dm/,

Mo

(8)

where the lower integration limit is given by the
mass of the pion. We identify f(m) in p(m) with
the slope of the relevant non-linear complex Regge
trajectory o'(m). In the next subsection we discuss
the properties of these trajectories following from the

analytic S—matrix theory and duality, and present an
explicit example of such a trajectory.

3. Regge trajectories

At low and intermediate masses, light hadrons fit
linear Regge trajectories with a universal slope, o =
0.85 GeV?2. As masses increase, the spectrum changes:
resonances tend to disappear. The origin and details of
this change are disputable.

Termination of resonances, associated with a "ioni-
zation point"was also studied in a different class of dual
models, based on logarithmic trajectories [?].

Possible links between the Hagedorn spectra and
Regge trajectories appear in the statistical bootstrap
and dual models, according to which the pre-factor
f(m) in Eq. (1) depends on the slope of the relevant
Regge trajectory, o/(m?), which is constant for linear
Regge trajectories.

We extend the Hagedorn model by introducing the
slope of relevant non-linear Regge trajectories. Anti-
cipating a detailed quantitative analysis, one may
observe immediately that a flattening of Ra(s = m?)
1 results in a decrease of the relevant slope «o'(m)
and a corresponding change in the Hagedorn spectrum.
Following Eq. (1) we parametrize

p(m) = (d‘fn%am%) < exp(m/Ta). (9)

Based on the decreasing factor Ra/ in Eq. (9) the
exponential rise of the density of states slows down
near to the melting point around m ~ 2 — 2.5 GeV.
The cumulative spectrum Egs. (7) and (8), accordingly
tends to a constant value.

Any Regge trajectory should satisfy the followings:

e threshold behavior imposed by unitarity;

e asymptotic constraints: the rise of real part
of Regge trajectories is limited, Ra(s) <
YWtint, s— oo;

e compatibility with the nearly linear behavior in
the resonance region (Chew-Frautschi plot).

The threshold behavior of Regge trajectories is
constrained by unitarity. t-channel unitarity constrains
the Regge trajectories near the threshold, ¢ — ¢y to the
form
to)ma(t0)+1/2.

Sa(t) ~ (t - (10)

Here g is the lightest threshold, e.g. 4m?2 for the meson
trajectories. Since Ra(4m2) is small, a square-root
threshold is a reasonable approximation to the above
constraint.

1'We use the (here positive) variables s or ¢ interchangeably
with crossing-symmetry in mind.
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In the resonance region below flattening near m =
Vs < 2.5 MeV the meson and baryon trajectories are
nearly linear (Chew-Frautschi plot). Fixed-angle scali-
ng behavior of the amplitude constrains the trajectories
even more, down to a logarithmic behavior.

There are several reasons why the non-linear
and complex nature of the Regge trajectories is
often ignored, namely: 1) the observed spectrum
of meson and baryon resonances (Chew-Frautschi
plot) seem to confirm their linearity; 2) in the
scattering region, ¢t < 0, the differential cross-section,
do/dt ~ exp((2a(t) — 2)Ins) is nearly exponential
in ¢; 3) Dual models, e.g. the Veneziano amplitude
are valid only in the narrow-width approximation,
corresponding to linear Regge trajectories (hadronic
strings). Deviation from linearity is unavoidable, but
its practical realization is not easy.

4. Models of Regge trajectories

Unitarity imposes a severe constraint on the
threshold behaviour of the trajectories:

Sma(t)y, ~ (t — to)Realto)+1/2,

(11)

while asymptotically the trajectories are constrained
by dual amplitude with Mandelstam analyticity

a(t)
Vilnt

The above asymptotic constraint can be still lowered to
a logarithm by imposing wide-angle power behaviour
for the amplitude.

The above constraints are restrictive but still leave
much room for model building.

While the parameters of meson and baryon
trajectories can be determined both from the scatteri-
ng data and from the particles spectra, this is not
true for the pomeron (and odderon) trajectory, known
only from fits to scattering data (negative values of
its argument). An obvious task is to extrapolate the
pomeron trajectory from negative to positive t-values
to predict glueball states at J = 2,4, ..., for which,
however, no experimental evidence exists so far. Given
the nearly linear form of the pomeron trajectory,
known from the fits to the (exponential) diffraction
cone, little room is left for variations in the region of
particles (¢t > 0).

< const. (12)

t—o0

4.1. Additive thresholds

Apart from the Pomeron trajectory, the direct-
channel f trajectory is essential in the proton-proton
system. Guided by conservation of quantum numbers,
we include two f trajectories, labelled f; and fs, with
mesons lying on these trajectories.

The real and imaginary part of the f; and fs
trajectories can be derived from the parameters of the
f-resonances.

To be consistent with the meson trajectories, the li-
near term is replaced by a heavy threshold mimicking
linear behaviour in the mass region of interest (M < 5
GeV),

ap(M?) = ag 4+ a1 (2my — \/4m2 — M?2) +
tao(\/ ME —\/M% — M?), (13)

with My an effective heavy threshold M = 3.5 GeV.

The fy(500) resonance. The experimental data on
central exclusive pion-pair production measured at the
energies of the ISR, RHIC, TEVATRON and the LHC
collider all show a broad continuum for pair masses
m,+,- < 1 GeV/c2. The population of this mass
region is attributed to the fy(500). This resonance
f0(500) is of prime importance for the understanding of
the attractive part of the nucleon-nucleon interaction,
as well as for the mechanism of spontaneous breaki-
ng of chiral symmetry. In spite of the complexity
of the fy(500) resonance, and the controversy on its
interpretation and description, we take here the practi-
cal but simple-minded approach of a Breit-Wigner
resonance

—M,T
M? = M2 + iMl"

A(M?*) =a (14)
The Breit-Wigner amplitude of Eq. (14) is used

below for calculating the contribution of the f3(500)
resonance to the Pomeron-Pomeron cross section.

4.2. Dispersion relations

Meson trajectories. The nearly linear real part of
the meson trajectory can be elated to its imaginary
part by

’

oo 1Y

Re a(s) = a(0) + fPV/ ds w.

™ 0 (s —s)

In Eq. (15), PV denotes the Cauchy Principal Value

of the integral. The imaginary part is related to the
decay width by

(15)

Sm a(M3)

F(MR> - Ozl MR

(16)

The quantity a in Eq. (16) denotes the derivative
of the real part, o = mﬁi?(s). The relation between
(M) and Sm a(s) requires Sm «(s) > 0. In a simple
analytical model, the imaginary part is chosen as a sum
of single threshold terms
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Table 1: Parameters of resonances belonging to the f; and fy trajectories.
I JPC T traj. M (GeV) M2 (GeV?) T (GeV)
£(980) [ 0T 0OFF f 0.990+0.020 | 0.98040.040 | 0.070% 0.030
f1(1420) | 0 1t f1 1.426+0.001 | 2.035+0.003 | 0.055+ 0.003
f2(1810) | 0T 2*F f 1.8154+0.012 | 3.294+0.044 | 0.1974+ 0.022
£4(2300) | 0 4+F f 2.320+0.060 | 5.3824+0.278 | 0.250+ 0.080
f2(1270) | 0 2FF fo 1.275+0.001 | 1.6256+0.003 | 0.185+ 0.003
£4(2050) | 0 4++ fa 2.018+0.011 | 4.0723£0.044 | 0.237+ 0.018
fs(2510) | 07 61T fa 2.469+0.029 | 6.09640.143 | 0.283+£ 0.040
10° ‘ ‘
—— Ntheor /’ _— em/T%mea(mz)
—-==- Ntheor (EXpONEnt only) ,/ T
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Figure 1: Hadron mass spectrum Nypeor from Eq. (8)
compared with the data. Additionally, Nypeor Obtained
from a simple exponential mass density is also shown
(dashed line).

Sma(s) _ ZCTL(S_Sn)l/Q(?)hﬁea(sn”a(s_Sn).

(17)
The imaginary part of the trajectory shown in
Eq. (17) has the correct threshold and asymptotic
behaviour. The highest threshold, higher than all the
resonance masses lying on the trajectory, is chosen as
an effective threshold. This highest threshold ensures
that Re a(s) tends to a constant value for s — oo.
Calculated mass spectra and mass densities are
shown in Fig. 1 and Fig. 2.
Baryon trajectories. The Pomeron-proton
channel, Pp — M% couples to the proton trajectory,
with the I(JF) resonances: 1/2(5/2%), Fi5, m =

m(GeV)

Figure 2: Mass density p(m) calculated by using
the derivative of the smoothed p-meson trajectory
as a prefactor. The exponential density without any
prefactor is also shown (dashed line), using the same
temperature and normalization. Above the highest
threshold the derivative, and hence the density vani-
shes (not seen due to the logarithmic scale).

1680 MeV, T' = 130 MeV; 1/2(9/2%), Hig, m =
2200 MeV, T' = 400 MeV; and 1/2(13/27%), Ky 13, m =
2700 MeV, I' = 350 MeV. The status of the first two is
firmly established, while the third one, N*(2700), is less
certain, with its width varying between 350 & 50 and
900 + 150 MeV . Still, with the stable proton included,
we have a fairly rich trajectory, a(M?).

We use the explicit form of the trajectory, ensuring
correct behaviour of both its real and imaginary parts.
The imaginary part of the trajectory can be written in
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the following way:

Tmals) = sézcn (‘S_S"yn (s —sn), (18)

where A\, = Re a(s,). Eq. (18) has the correct
threshold behaviour, while analyticity requires that
0 < 1. The boundedness of a(s) for s — oo follows
from the condition that the amplitude, in the Regge
form, should have no essential singularity at infinity in
the cut plane.

The real part of the proton trajectory is given by

Rea( ch n ) (19)
where
1=\, +1) (
n(s) = F; —§; A\
Anls) = T 5 gy

S

T(—8)T (A + 1)

sT(A\, — 6 +1)

B ”2F1<5—)\n,1;5+1;s:>}9(8—8n

The proton trajectory, also called Nt trajectory,
contains the baryons N(939) %Jr, N(1680) %+, N(2220)

%Jr and N(2700) 1—23+. In the fit, the input data are
the masses and widths of the resonances. The quanti-
ties to be determined are the parameters c¢,, 6 and
the thresholds s,. We set n = 1,2,x and s; =
(mx + mpy)? = 1.16 GeV?, 55 = 2.44 GeV? and s,
= 11.7 GeVZ.

Other parameters of the trajectory, obtained in the
fit, are summarized below: a(0) = —0.41, § = —0.46 +
0.07, ¢4 = 0.51 £0.08, c2 = 4.0+ 0.8 and ¢, = (4.6 =
1.7)-103. Taking the central values of these parameters
we obtain the following values for the A’s: A\; = 0.846,
A2 =2.082, A\, = 11.177.

A typical curve of meson mass spectrum calculated
by means of trajectory with additive threshold is shonw
in Fig. 1. The resulting mass density is shown in Fig. 1.

5. Boiling quarks and gluons

In the previous section, we inspected the spectrum
of resonances by combining two different approaches -
statistical (Hagedorn) and dynamical (Regge). We have
focused on the region of heaviest resonances, the regi-
on where hadrons may melt transforming in a boiling
"soup"of quarks and gluons. Melting may happen in
different ways, characterized by the details for a phase
transition of colorless hadronic states into a quark-
gluon soup. In terms of hadron strings this process
corresponds to breakdown (fragmentation) of a stri-
ng. Lacking any theory of confinement providing a

quantitative description of interacting string, we will
not pursue this model. Instead we use thermodynamics
adequate in this situation. To complement the previ-
ous section, we present our arguments below related
to the possible change of phase from a different,
thermodynamic perspective.

The Hagedorn exponential spectrum of resonances
Eq. (1) results in a singularity in the thermodynamic
functions at critical temperature 7' = T, and in an
infinite number of effective degrees of freedom in the
hadronic phase. Furthermore, the Hagedorn-like mass
spectrum is incompatible with the existence of the
quark-gluon phase. To form a quark phase from the
hadronic phase, the hadron spectrum cannot grow
more quickly than a power. This is possible in case
of a simple power parametrization p ~ m*, compati-
ble with k£ ~ 3, for the observable mass spectrum in

-0+ 2 — the interval 0.2-1.5 GeV. Assuming ideal contributions

An
X0 (s, — s) + {7T85_1 (S — S”) cot[n(1 -6

" /to thermodynamical quantities we hence take energy
density in the form

oo

— [ otm)

0
and obtain the corresponding pressure and sound
velocity square as follows?:

m)T4o(m/T)dm = \TF*5, (20)

Mk

k+4Tk+5, A =1/(k+4).

p= (21)

It can be shown that the existence of the forward
cone in hadronic interactions with non-decreasing total
cross sections, i.e, pomeron dominance, confirmed by
numerous experiments at high energies, results in an
asymptotic, T > m EOS p(T) ~ T® where m is a
characteristic hadron (e.g. pion) mass. The inclusion
of non-asymptotic (secondary) Regge terms produces a
minimum in the p(T") dependence at negative pressure,
with far-reaching observable consequences.

The unorthodox p ~ T% asymptotic behavior is
orthogonal to the "canonical" (perturbative QCD) form
~ T4, Still, it cannot be rejected e.g. when assuming a
screening of the action of large-distance van der Waals
forces at high temperatures and densities.

The asymptotic form ~ T° can be extended to
lower temperatures by adding non-asymptotic Regge-
pole exchanges. The resulting EOS is

p(T) = aT* — bT® + T°, (22)
where a, b, ¢ are parameters connected with Regge-
pole fits to high-energy hadron scattering. The

2Note that the definition of entropy density s, energy density
¢ and velocity of sound ¢ in case of u = 0:
dp p’ s

= (T T)=Ts — 2 _ 22 _ =
pT), e(T)=Ts—p, cs = Tp

s(T)
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remarkable property of this EOS, apart from the non-
standard asymptotic behavior, ~ T, is the appearance
of the non-asymptotic term T° with negative sign,
creating a local minimum with negative pressure. This
metastable state with negative pressure can produce
inflation of the universe.

The standard bag equation of state assuming, for
simplicity, vanishing chemical potential, © = 0:

2

v
py(T) = %qu‘* - B, (23)
7'('2 4
pn(T) = %VhT , (24)

where py(T') and py (T') are pressure in the quark-gluon
plasma (QGP) and in the hadronic gas phase, respecti-
vely, B is the bag constant, and vy, is the number of
degrees of freedom in the QGP (hadronic gas),

pe = Bup/(vg—vy), Te= [9OB/7r2(Vq —yh)]1/4. (25)

Since s(T') = dp(T)/dT, the relevant formula for the
entropy density can be rewritten as

s(T) = (2n*T3 /45)vp[1 — O(T — T.) + v,O(T — T.).

ST = S(T)/T?, st = 50/T?, s =" (vn +1y).

The above simple bag model EOS can also be modi-
fied (Boyko, 1990) by making the bag "constant"T-
dependent, B(T') = AT, to produce a metastable QGP
state with negative temperature:

po(T) = (72/90)v, T* — AT, pp(T) = (72/90)v,, T*.
(28)

Another important feature of this EOS is that for
I' — v = 0 it describes second order phase transitions,
with singular behavior of the thermal capacity at T =
T.. Really, in this case, we have T — T, ~ (As*)? near
T="T.,.
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ABSTRACT. The X-ray spectrum of the Coma
galaxy cluster was studied using the data from the
XMM-Newton observatory. We combined 7 observati-
ons performed with the MOS camera of XMM-Newton
in the 40’ x 40’ region centered at the Coma cluster.
The analyzed observations were performed in 2000-
2005 and have a total duration of 196 ksec. We
focus on the analysis of the MOS camera spectra
due to their lower affection by strong instrumental
line-like background. The obtained spectrum was
fitted with a model including contributions from the
Solar system/Milky Way hot plasma and a power
law X-ray background. The contribution of the
instrumental background was modeled as a power
law (not convolved with the effective area) and a
number of Gaussian lines. The contribution from the
Coma cluster was modeled with a single-temperature
hot plasma emission. In addition, we searched for
possible non-thermal radiation present in the vicinity
of the center of the Coma cluster, originating e.g.
from synchrotron emission of relativistic electrons on
a turbulent magnetic field. We compared the results
with previous works by other authors and spectra
obtained from other instruments that operate in the
similar energy range of 1 —10keV. Careful and detailed
spectrum analysis shall be a necessary contribution to
our future work — searching for axion-like dark matter
particles’ manifestations in the Coma cluster.

Keywords: Clusters of galaxies, intergalactic plasma,
non-thermal radiation, XMM-Newton, X-ray radiati-
on.

AHOTAIIIA. B pobori 6ysa0 MOCTIIZKEHO PEHT-
TeHIBCBKMI CIEKTP KJlacTepa rajakTuk Koma 3a
JaHUMH crocTepexkeHb obcepBaropii XMM-Newton.
Mu nogauamm 7 CrocTepeKeHb, OTPUMAHUX KaMepOoIO

MOS B perioni poamipom 40" x 40’, nenTpoBaHoMy Ha,
kiaacrepi Koma. Ili crmocrepexxkennst Oysin 3iiiicHeHi
nporgarom 2000-2005 pokiB i MalOTh 3arajbHy TPH-
Bautictb 196 kcek. OcHoBHa yBara Oysia mIpumijIeHa
anajtizy crektpiB Kamepu MOS, ockijbKu BOHU MeHIIIe
CXWIbHI [0 BIUIUBY CHJIBHOIO iHCTPYMEHTAJIHHOTO
dony y Burisi Jixid. OrTpumanuii crextp 0yJ1o
aITPOKCUMOBAHO MOJIEJLIIO, K& BPAaXOBYBaJIa BHECKU
Big rapsdol miaasmu Consgusol cucremu/MosodHOro
MUUISIXY Ta (DOHOBOTO PEHTTEHOBOTO BUIIPOMIHIOBAHHS
y ¢dopmi cTemerneBoro 3akony. Buecok incTpyMeHTa b
HOro boHY OyJIO ONMCAHO CTENEHEBUM 3aKOHOM (HE
3rIaJPKEHUM 3 €(DEKTUBHOIO ILIONIEI0) Ta JIEKLIbKOMA
raycoBuMu JiiHigmu. Brecok Bim kitactepa Koma
Oy/I0 OIMCAHO BUIPOMIHIOBAHHAM Tapsidol IIa3Mu 3
omHielo Temmeparyporo. Kpim Toro, mum mpoBoauin
IIOIIYK MOXKJIMBOTO HEJIHIHOIO BUIIPOMIHIOBAHHS
B OKOJi TmeHTpy kjacrepa Koma, nanmpukmaj, Bi
CHHXPOTPOHHOT'O BUIIPOMIHIOBAHHS PEIATHBICTCHKUX
€JIEKTPOHIB B TypOyJeHTHOMY MaraiTHOMy moJi. Mmn
MOPIBHSIIA HAI Pe3yJIbTATU 3 MTOMEPEIHIMI poboTaMu
IHIMUX BYEHUX Ta CIEKTPAMU, OTPUMAHUMU 3 iHIITUX
MIPUJIA/IIB, SIKi ONPAIbOBYIOTH MOIIOHUIT €HEePreTUIHUIT
nianazon Bijg 1 g0 10 xkeB. Perenbuuit Ta mgokjaaHmit
aHaji3 CcHekTpiB Oy/e BaXKJIMBUM [IJIsi HAINOl Maii-
OyTHBOI POOOTH - TIOMIYKY MPOSABIB AKCIOHOMOMIOHIX
YaCTUHOK, M0 MOXKYTb OyTH KaHIUJIATaMH Ha POJIb
TeMHOI MaTepii, 3i crocrepexens kKiactepy Koma.

KomouoBi cisoBa: CkyndeHHss rajakTukK, MiKra-
JIAKTUYHA IUIa3Ma, HETEILUIOBE BUIIPOMIHIOBAHHS,
XMM-Newton, peHTreHiBCbKE BUITPOMIHIOBAHHSI.

1. Introduction

Coma cluster (Abell 1656) is a hot gas galaxy cluster
well-researched at all wavelengths. The Coma cluster’s
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distance from the observer is ~ 99 Mpc, redshift z =
0.0231, it contains above 1000 galaxies. It is wviri-
alized structure, with a mass about 10'* — 10° M
and spatial extents of O(1Mpc) (Bower, 2013). Apart
from the dark matter component, which constitutes
approximately 90% of the cluster’s mass, there is an
additional approximately 10% of the mass in a hot
ionized intracluster medium (ICM). The intracluster
medium accounts for the vast majority of a cluster’s
baryonic mass and produces diffuse X-ray emission due
to thermal bremsstrahlung with a typical temperature
of T ~ 108K and number density n ~ 1071 —1072 cm—3
(Chen et al., 2007).

Coma cluster’s celestial size extends over more
than 2° on the sky. Its ICM is an extended X-ray
source which size is above 45’. As was evident from
radio observations, the Coma cluster itself was formed
through the merging of several smaller clusters. The
central gas density ng = 3.49 - 103 cm ™3 and viri-
al parameters — cluster’s mass My;, = 1.2 - 101°M©®
and radius R,;. = 2.7 Mpc were obtained in (Lokas&
Mamon, 2003).

Despite a plethora of observations, the characteri-
stics and structure of the intergalactic plasma wi-
thin clusters remain undefined. Both radio and X-
ray observations indicate that the gas within these
clusters is turbulent and disturbed (Churazov et al.,
2012; Schuecker et al., 2004). The plasma within the
clusters is weakly collisional (Zhuravleva et al., 2019),
yet its collision rate is augmented by plasma instabiliti-
es. Furthermore, the transport processes are intricately
tied to the local magnetic field’s configuration. Multi-
ple instances of X-ray and radio observations provide
evidence for the existence of wave fronts, filaments, and
bridges (Churazov et al., 2021). The substructures wi-
thin the intercluster medium of Coma, notably the gas
fluctuations caused by the collision of galaxy clusters,
underscore the complex nature of the ICM.

Magnetic fields in ICM play a crucial role in cosmic
ray emission and transport processes. The main ways to
investigate a cluster’s magnetic fields are the Faraday
rotation measures (RM) and synchrotron radiation
detection. Also, magnetic fields are interconnected wi-
th plasma and can persist in its internal structure.
But at the same time, the properties of magnetic fields
indicate their stochastic turbulent nature. Bonafede et
al. (2010) estimated the magnetic field strength By =
4.7 uG from RM for the center of the Coma cluster.
More recent radio observations from LOFAR and
the Planck Observatory report correlations between
radio synchrotron and soft X-rays, as well as radio —
Sunyaev-Zel’dovich (SZ) correlations, which may assi-
st for better identification of the areas with a regular
magnetic field (Bonafede et al., 2022).

The lowest limit of magnetic field strength was obtai-
ned by Wik et al. (2009) which is equal to B = 0.2 uG.
Generally accepted to use the beta-profile for gas densi-

ty and for a profile of the magnetic field. The anisotropy
parameter for Coma cluster 8 = —0.654 (Lokas &
Mamon, 2003) and n = 0.5 (Bonafede et al., 2010). The
electron radial distribution n,(r) = ng[1 + (1/r.)?]*#/?
and the magnetic field profile B(r) = Bg[n.(r)/no]".

For the last twenty years temperature map and
a brightnessprofile of cluster core which is relatively
homogenous (8 — 10keV) with a gradient from the
northwest to the cooler southeast (~ 7keV) have been
obtained in (Arnaud et al., 2001; Gastadello et al.,
2015).

Arnaud et al. (2001) obtained the X-ray spectrum
of the central part (~ 0.78 Mpc) of the Coma
cluster from XMM-Newton EPIC/MOS (the
European Photon Imaging Camera/Metal Oxide
Semi-conductor) camera observations with total time
173ksec (5 overlapping observations). The best fit
temperature is kT = 8.25 £ 0.1keV and an abundance
0.25 £ 0.02, the absorption hydrogen column density
ng =9.4+0.9-10"cm~2.

In the study conducted by Nevalainen and Lieu
(2003), the best-fit temperature was determined to be
kT = 9.2 + 0.7keV, considering a systematic error of
5% .

The existence of nonthermal emission in the X-
ray spectrum of the Coma cluster was first supposed
in the work of Fusco-Femiano et al. (1999) and this
idea was developed in the articles of Nevalainen &
Eckert (2004) and Rephaeli & Gruber (2002). Nevalai-
nen & Eckert (2004) give the upper limit of nonthermal
flux as 20 % of the total flux and report the hard
X-ray nonthermal electrons population in the energy
range of 15-60keV. However, Wik et al.’s (2011) later
research did not corroborate the previous findings in
the hard X-ray range, failing to identify the expected
Inverse Compton (IC) emissions. Gastadello et al.
(2015) determined the upper limit of the IC component
within the Coma cluster’s core (12’ x 12’) at the energy
range of 7—10keV, resulting in a nonthermal flux value
5.1-10" "2 ergem~2s~ L. It’s important to acknowledge
that this value lacks precision due to the intense bri-
ghtness of the thermal component at the cluster’s
center and the limited field of view (FoV).

Examination of the Rossi X-Ray Timing Explorer
dataset from 1996 and 2000 validates that the uti-
lization of thermal emission from isothermal gas
does not yield a satisfactory fit for the spectral di-
stribution of emissions within the inner 1° radial
zone Coma cluster. Although it’s feasible to achieve
spectrum alignment through emissions from gas exhi-
biting a notable temperature gradient, a more probable
scenario encompasses the existence of an additional
secondary nonthermal component. In such a scenario,
it is estimated that nonthermal emission constitutes
approximately 8% of the entire 4—20 keV flux (Rephaeli
& Gruber, 2002).

Angus et al. (2014) provided a detailed review of the



38

Odessa Astronomical Publications, vol. 36 (2023)

cluster soft X-ray excess in 0.2 — 0.4keV and gave an
alternative explanation of the phenomenon.

Consequently, the existence of nonthermal X-ray
emissions at the cluster center remains subject to
debate. However, the possibility of non-thermal emi-
ssions cannot be ruled out and necessitates further
observations.

2. Extraction and modelling of the spectrum

XMM-Newton stands as a contemporary and
advanced X-ray mission, currently in operation. It
functions within an energy range of 0.2keV to 12keV
and is equipped with two MOS and one PN cameras.
These cameras exhibit a substantial total effective area
that reaches its peak at around 2000cm? at 1.5keV,
boasting a commendable energy resolution of roughly
10% and a relatively extensive field of view spanning a
radius of approximately 15’ radius.

We analysed publicly available observation data
files for the Coma cluster from the XMM-Newton
X-ray observatory. We used observations ObsIDs:
0124711401, 0153750101, 0300530101, 0300530301,
0300530401, 0300530501, 0300530601, 0300530701 wi-
th total exposure 343.8ksec (see Fig. 1). These data
were processed utilizing the Extended Sources Analysis
Software (ESAS) package, which is accessible as part
of the Science Analysis System (SAS). Periods of
time impacted by a notably wvariable background
component, such as soft proton flares, were sieved using
ESAS scripts named mos-filter.

) 1 3 8 17 35 il 143 288 574

Figure 1: The picture of the Coma cluster is a mosaic of
8 partially overlapping pointings obtained with combi-
ned MOS1 and MOS2 cameras. Colors reflect the
number of X-ray photons in a pixel.

Table 1: The XMM-Newton background modeli-
ng incorporates the most salient instrumental and
astrophysical lines. These lines have been adopted from
the reference (Malyshev et al., 2022) (TABLE I).

Energy Line Origin
0.56 O VII  astrophysical line
0.65 O VIII  astrophysical line
0.81 O VIII  astrophysical line
0.91 Ne IX  astrophysical line
1.34 Mg XI  astrophysical line
1.49 Al-Ka  instrumental line
1.56 Al-K3  instrumental line
1.74 Si-Ka: instrumental line
1.84 Si-KB  instrumental line
2.11 Au-Ma  instrumental line
2.20 Au-MpB  instrumental line
4.51 Ti-Ka  instrumental line
5.41 Cr-Ka  instrumental line
5.89 Mn-Ka  instrumental line
5.95 Cr-KfS  instrumental line
6.40 Fe-Ka  instrumental line
6.49 Mn-KfS  instrumental line
7.06 Fe-K3  instrumental line
7.48 Ni-Ka  instrumental line
8.04 Cu-Ka  instrumental line
8.26 Ni-Kg  instrumental line
8.63 Zn-Ka  instrumental line
8.90 Cu-Kf  instrumental line
9.57 Zn-K(  instrumental line
9.68 Au-La  instrumental line

We implemented the conventional filters and cuts cri-
teria provided by the ESAS software suite. Notably, we
eliminated prominent point sources identified through
the standard SAS process edetect_chain. To deri-
ve source spectra and create corresponding response
matrices, we focused within the confines of a 14’ radi-
us circle centered around the source’s position. These
tasks were accomplished using the ESAS procedure
mos-spectra. For the purpose of analysis, the obtai-
ned spectra were binned with an interval of 60eV per
energy bin, aiming to ensure that the bins remained
statistically uncorrelated. We followed the procedure
described in the article by Iakubovskyi et al. (2015).

We modeled combined MOS spectra in Xspec
spectral package. In our spectral analysis, we avoided
the background subtraction procedure, since we are
dealing with an extended object with a size exceedi-
ng the field of view and the proper selection of the
region for the estimations of the background spectrum
is not possible. We chose the modeled energy range
0.3 — 10.0keV. To account for residual calibration
uncertainties we added 1% systematic error using
Xspec parameter systematic.

The resulting spectra consist of the Coma
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Table 2: Model parameters of MOS1/MOS2 combined spectrum extracted from Coma cluster central
region. Column Value fit 1 displays a set of parameters of the complex model apec_1 +
phabs* (powerlaw_1+apec_2+apec_3) with adding the instrumental background. The column labeled Value fit
2 presents a collection of parameters from the intricate model with additional secondary nonthermal component
apec_1 + phabs*(cflux_lxpowerlaw_1 + apec_2 + apec_3+cflux_2*powerlaw_2), including the contri-
bution of instrumental background. Please note, that in absence of the detection of non-thermal (powerlaw)
emission from the Coma cluster we present the limits on the flux of this component for the fixed to 2 powerlaw

index.
No Model Parameter Value Value
Component Unit fit 1 fit 2

1 apec 1 kT, keV 0.307 £ 0.018 0.303 £ 0.020

2 apec_1 Abundance 1.000 frozen 1.000 frozen

4 apec_1 Redshift 0.0 frozen 0.0 frozen

5 apec_1 norm, cm ™3 (8.278 £ 1.941) - 10~* | (7.156 £ 2.010) - 10~*
6  phabs ng, 10?2 atoms cm 2 (1.502 £0.491) - 1072 | (1.678 0.632) - 10~ 2
7  cflux 1 Emin, keV - 0.200 frozen

8 cflux_1 Emax, keV - 10.000 frozen

9 cflux 1 lg10Flux, flux in ergem 257! - —9.624 +0.197

7  powerlaw 1 Pholndex 1.478 £ 0.021 1.491 £ 0.165

8 powerlaw 1 norm,photonsem=2s st 1keV~! | (2.450 & 0.249) - 10~2 1.000 frozen

9 apec 2 kT, keV 1.002 £ 0.040 0.998 + 0.041

10  apec_2 Abundance 1.000 frozen 1.000 frozen

11  apec_2 Redshift 0.0 frozen 0.0 frozen

12 apec_2 norm, cm =3 (6.333 +£1.282) - 10~* | (6.213 £1.374) - 1074
13  apec_3 kT, keV 7.664 £0.139 7.656 £ 0.140

14  apec_ 3 Abundanc 0.542 + 0.063 0.628 + 0.252

15 apec_3 Redshift 0.0231 frozen 0.0231 frozen

16 apec_3 norm, cm > (7.658 £ 0.908) - 1072 | (6.628 & 2.686) - 102
7  cflux 2 Emin, keV = 0.200 frozen

8 cflux 2 Emax, keV - 10.000 frozen

9 cflux 2 lg10Flux, ergcm 257! - < —10.4

17  powerlaw 2 Pholndex - 2.000 frozen

18 powerlaw 2 norm,photonsem=2?s tsr~!keV ! - 1-1072 frozen

x?/d.o.f. 1926.78 /1895 1904.96,/1908
null hypothesis probability 30.0% 51.5%

cluster’s thermal radiation of plasma apec_3 and
the astrophysical (Solar System plasma apec_1, hot
interstellar plasma apec_2, cosmic X-ray background
powerlaw_1), the hydrogen column density for
absorption phabs and the instrumental (smooth conti-
nuum powerlaw and line-like gaussian features)
backgrounds.

We modeled the spectrum
the following Xspec syntax apec_1 +
phabs* (powerlaw_1+apec_2+apec_3) presenti-
ng contributions from the described components.
For instrumental background, we used powerlaw+
gauss+. . .+gauss, not convolved with the effective
area. We included in the instrumental background
model Gaussian lines, all were reported in (Malyshev
et al., 2022) (see Table 1). The fit parameters are
summarized in Table 2 (Column Value fit 1). The
spectrum is shown in Figure 2.

with

A nonthermal correction was introduced to the
aforementioned fitting models through the inclusion
of a power law characterized by a freely adjustable
spectral index parameter. The normalization of this
power law was set in a manner ensuring that the
nonthermal contribution to the overall flux remained
below 10%. We modeled the spectrum using the followi-
ng syntax apec_1 + phabs*(cflux_l*powerlaw_1
+ apec_2 + apec_3+cflux_2*powerlaw_2). cflux
is a convolution model to calculate the flux of other
model components. The instrumental background
was modeled similarly to the previous case. The
summary of fit parameters can be found in Table 2
(Column Value fit 2). An image of the spectrum
was not presented due to the negligible alterations in
comparison to the spectrum depicted in Figure 2.
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3. Conclusion

We merged a total of 8 overlapping observations
captured by XMM/MOS within a 40" x 40" region
around Coma cluster center. For our analysis, we
harnessed a cumulative observation time of 196 ki-
loseconds, extending across the years 2000 to 2005. The
spectrum was fitted using two distinct models: a single-
temperature thermal spectrum and a one-temperature
thermal plasma model adjusted by means of a
nonthermal correction. The inclusion of a nonthermal
spectrum correction within ~ 10% from total flux did
not yield deterioration in the fitting’s quality.
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ABSTRACT. The physical and technical aspects of the
registration of fast physical processes involving nuclear
transformations with the help of binary detectors in the y-
and optical ranges are considered We chose a
semiconducting perovskite crystal CsPbBr; as the main
element of the detector. Have been presented with
geometrical and technologically usable parameters of the
CsPbBr; crystal for its implementations in nuclear
medicine, geophysics and astrophysics. One of the objects
that allow testing of the developed high-speed
spectrographic equipment are lightning discharges in the
atmospheres of planets, including the Earth. The
thermonuclear nature of y-bursts detected during
thunderstorms was revealed by their spectra. The paper
shows the role of the corresponding channels involving
high-energy protons and a-particles, leading to the
formation of *1C, 13N, and 130 isotopes. The registration
of the y-spectrum of the flash and its evolution allowed to
estimate the character, energy and time scales of the
processes necessary for the design and manufacture of
multipurpose measuring complexes by us. The inclusion of
y-spectra in the consideration allowed to estimate the
correlation between the maximum currents of particles and
the productivity of y-rays. In the experiments planned by
us, the magnetic field fluctuations caused by currents are
simultaneously recorded by highly sensitive magnetic field
detectors. The height of the building of the Faculty of
Physics in Smolyan, Bulgaria, is 900 meters above sea
level. This makes it possible to place the measuring
complex as close as possible to the sources of hard radiation
and to carry out measurements in the immediate vicinity.
Unlike distant space objects, the perovskite detector
registers the positions themselves. This makes it possible to
use the methods of positron y-spectroscopy and accurately
determine the parameters of local currents. The
technological parameters of the device were determined.

A simulation model was created in Simulink MATLAB,
LabVIEW with synchronization of the operation of the
listed spectrographs. The characteristic shape of the signal
formed by individual y-quanta with the parameters of the
Gaussian function and the total number of these quanta are
calculated. The degree of mathematical blinding of
neighboring Gaussian functions and its influence on the
structure of the final spectrogram in the form of an
autocorrelation function is estimated.

The similarity of the time scales of thermonuclear
explosion processes on white dwarfs (WD) and the
processes of synthesis of 11C, 3N, and 130 isotopes in the
flash head is determined. It is concluded that it is expedient
to create a robotic network of lightning observation stations
similar to the meteor patrol at the 1. 1. Mechnikov National
University of Ukraine.

Keywords: y-ray spectroscopy; CsPbBr3 detectors,
ionization rays, higher speed interface, rapid nuclear
transformation diagnostics, signal-noise relation.

AHOTALISL. [TinBumeHHs 4yTIMBOCTI Ta PO3IIUPEHHS
CIIEKTPAJBLHOTO Jiana3oHy JETEKTOPIB Y-BUIPOMIHIOBAHHS
3a OCTaHHI JECATh POKIB NMPU3BENO 10 3HAYHUX YCIIXiB y
raty3l TPUPOIHMYMX 1 TeXHIUHMX Hayk. OpHielo 3
BU3HAYHUX TIIOAIH y Wil ragy3l € mosBa MNEpIIHX
MIOBiIOMJICHb TIPO CTBOPEHHS KOMEPIIHHUX KpPHCTAJiB
CsPbBr; y 2016 pori, a Takox 3asBICHA MOXJIHUBICTh iX
3aCTOCYBaHHSA B SIICpHIH MemunuHi, reodizmmi Ta
actpodizumi. Ha ceoroai Bimomo, mo kpuctanu CsPbBr; €
HaIlBIIPOBIJTHUKAMU 3  BEIIMKUM CEPeJHIM aTOMHUM
HOoMepoM 57,35 a. m. u. [llupunHa 3a60oponenoi 30uu 4,5 eB
JIETKO PETYIIIOETHCS I1iJ] YaC BUTOTOBJICHHS KPUCTAA Ta il
JIi€10 30BHILIHBOTO EJIEKTPUYHOTO 10J1s1. EHeprist yTBOpeHH:
€JIEKTPOHHO-IIPKOBOT Mapu cTaHOBHUTH 5,3 eB. 1le mo3Bosise
BUKOPHCTOBYBaTH  CHEKTPOCKOIIYHE  OOJaJHaHHSI B
eKCIIeIUIIIITHNX YMOBaxX 0e3 BUKOPHCTAHHS OXOJOJDKEHHSI.
Bucoki 3HaYeHHST JOOYTKY MIBUIKOCTI PYXJIMBOCTI 3apsliB
LL Ha Yac iX XKUTTS T CKIAJAI0Th UT = 8:10™ cM2/B. B nanwmii
Yac cepenHii po3Mip KpHcTaida cTaHoBHTH 3x3x0,9 mm. ¥V
poboTH OTpHMaHO, MO Yy pa3i NONEPEYHHX Iepepi3iB
NeTeKTopiB  S=9mm?  OTPUMYIOTBCS ~ BHCOKOTOYHI
JeTaJli30BaHi PEHTIeHIBCbKI Ta Y-CIIEKTPM B Jliara3oHi
erepriit 0,01 — 1 MeB. Y npoMy BUIaaKy KOpITyc AeTEeKTOpa
e(eKTUBHO TOTJMHAE TMAJAl0Yi KBAHTH 1 MAa€ BHCOKY
MIPOIyKTUBHICTh ENEKTPOHHO-TIPKOBHX Tap. Y pasi eHepriii,
mepeBmnrytounx 1,022 MeB, cmektp mamarodoro
BUIIPOMIHIOBAHHS ~ CIIOTBOPIOETBCS ~ CIIUIBHOIO  JI€IO0,
TIOB'SI3aHOI0 3 TIOSIBOIO  €JIEKTPOH-TIO3UTPOHHHUX Tap B
IHTEHCMBHOMY HAaBKOJIO SIEPHOMY TIOJIi KpUCTaJiYHHX
aToMiB, po3citoBaHHsAM KomnToHa y-KBaHTIB, aTOMHUM
(doToeeKTOM 1 KOrepeHTHHM pO3CISIHHAM KBaHTIB Ha

€JIEKTPOHAX, BJIaCHOIO JIFOMiHECIIEHIIIETO, oxe-
€JIEKTPOHAMHU. ABTOpOM BUKOPHUCTAHO KOJIEKITist
EeMIIIPpUYHNX  BHUMIpIOBaHb  JIHIIfHOTO  KoedimieHTa
MOTJINHAHHS ~ Y-BUIPOMIHIOBAHHS,  SIKi  JO3BOJISIOTH
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VHUKHYTH  HENOTPiOHMX  CKIQJHAX  PO3PaxXyHKiB i
eKCIIepUMEHTIB. BupaxeHa HeniHiiHICTE ke mo3BoIIsiE
BUOpaTH ONTHUMAIBHY I€OMETPI0 JIETEKTOpiB. 3po0IieHO
PO3paxyHOK i3 BiJHOWICHHS IOIJIMHEHUX JAaHOTO THILY
Y-KBaHTIB JI0 C€Heprii yTBOPEHHs OJHI€] EIEeKTPOHHO-
nipkoBoi mapu 5,3 eB. HesBakatoun Ha ysiBHI mmpoOiieMu
TEOPETUYHOTO ITiIX0/y Ta BUPOOJIEHHS KPUCTAIIIB, TOYHICTh
peecTparii pO3ITSIHYTHMH JETEKTOpAMH BXKe JOcsria
KiJIbKOX TIPOLICHTIB. B OCHOBHI 9acTHHI CTaTTi PO3TIITHYTO
pOOOTY ENEeKTPOHIKH Yy peXuMi MiIpaxyHKy IMIYNBCIB,
aHami3 (GOpMHU IMITyJBCiB 1 iX BIDIMB Ha pe3yIbTYIOUHN
CHEKTp . Y HAIIUX MOTIEPEAHIX poOOTaX MU PO3PAXOBYBAIH
MOTOKU Y-KBaHTIB Y BUOYXOBUX TEPMOSICPHHX IPOLECax.
Ha 1 cm? neTexTopa Bij actpodizuunoro o6'ekra 3a 20 MKC.
notparmuio 180 ¢oroniB 3 eHeprieto He Oinbiie 10 MeB.
Tomy HeoOXifHO, 100 ETEKTOBAaHUH Y-CIEKTP Mir' MiCTHTb
Oe3nepepBHI (JOHOBI KBaHTU Ta JiHII BUIIPOMIHIOBAHHSI.
3anponoHOBaHO AITOPUTM BHIJICHHS JIiHIH 1 HeNepepBHOTO
criekTpa. 3poOJICHO CXeMHI pIilleHHS s eMyJsuil
reHepaTopa CHUTHaJIiB HeOOXiqHOT (hOPMH, IO YTBOPIOIOTHCS
TiCJIS IPOXO/IKCHHS KBAHTIB JKOPCTKOTO PEHTI€HIiBCHKOTO
Ta M’SIKOTO Y-BHIIPOMIHIOBAaHHSA CKpi3b Kpuctan CSPbBr;
Hapnano yBary mepcrieKTHBaM pO3BUTKY TEOpil Ta IPaKTHKH
OiHapHUX JIETEKTOPiB HOBOTO IIOKOTiHHSL.

KawuoBi ciaoBa:  y-cmekrpockomis;  JletexTopu
CsPbBr3, iomizamiifHi TNpOMeHi, BHCOKOUIBUIKICHUH
iHTEepdeiic, MBUAKA NIarHOCTUKA SACPHHUX ITIEPETBOPECHB,
3B'SI30K CUTHAI-TIIYM.

1. Introduction

The increase in sensitivity and the extension of the
spectral range of y-band detectors in the last decade has led
to significant advances in the field of natural and
engineering sciences. One of the remarkable events in this
field is the appearance of the first reports on the creation of
commercial crystals of CsPbBr3 perovskite in 2016. It also
explained the possibility of their application in nuclear
medicine, geophysics, and astrophysics.

At present, it is known (Liu et al., 2022) thatCsPbBrs
crystals are semiconductors with a large average atomic
number of 57.35a. m. u. The band gap of 4.5 eV can be easily
tuned during the crystal growth and under the action of an
external electric field. The energy of electron-hole pair
formation is 5.3 eV. This allows the use of spectroscopic
instruments in the field without the need for cooling. High
values of the product of the mobility rate p of the charges and
their lifetime 1 are pt = 8-10 cm?/V. Currently, the average
crystal size is 3x3x0.9 mm. Note that the detector cross
section is S = 9 mm?. Detectors with reduced dimensions
make it possible to obtain high-precision, detailed X-rays
and y-spectra in the energy range 0.01 — 1.0 MeV. In this
case, the detector body effectively absorbs the incident
quanta and has high electron-hole pair productivity.

At energies above 1.022 MeV, the incident emission
spectrum is distorted by the combined action associated
with the appearance of electron-positron pairs in an intense
near-nuclear field of crystal atoms, Compton scattering of
vy quanta, atomic photoelectric effect and coherent
scattering of quanta by electrons, intrinsic luminescence,
Auger electrons, etc. Therefore, measurements of the linear

absorption coefficient of y radiation k; allow to avoid
unnecessary complex calculations and experiments.

The expressed nonlinear character k; (Liu et al., 2022,
Fig. 2 C) allows to choose the optimal geometry of the
detectors. In the future, we will be guided by the absorbed
energy according to the empirical values of kz. And only
for the energy intervals in which one of the above
mechanisms predominates, we will use the values of the
exact theoretical cross sections calculated in our previous
works. Calculation from the ratio of the absorbed y-quanta
of a given type to the formation energy of an electron-hole
pair of 5.3 eV. Despite the apparent roughness of the
approach, the accuracy of registration by the marked
detectors has already reached several percent (Liu et al.,
2022; Lopes et al., 2020). The operation of the considered
detectors in pulse-counting mode, saturation modes, and
their calibration in section 2. In our previous work, we
calculated the fluxes of y quarks in fast, explosive
thermonuclear processes. 180 photons with energies not
exceeding 10 MeV were fired from an astrophysical object
onto 1cm? of the detector in 20 ps (Doikov D., 2022). The
v spectrum recorded by the detector contains continuous
background quanta and emission lines. An algorithm to
select the lines and the continuous spectrum is proposed. In
section 3, circuit solutions are given for emulating the
signal generator of the required shape, formed after the
passage of hard x-ray and soft y-radiation quanta through
the CsPbBr3 crystal. The discussion is devoted to the
prospects for the development of the theory and practice of
the new generation of binary detectors.

2. The selection of the signal type from test objects

The close binary systems with white dwarfs (WD) and
companion stars with a Sun-like chemical composition. So-
called Cataclysmic Variable Stars (CVs). The accretion from
the companion star to the surface of the WD through its hard
magnetic field (1000 T) creates the conditions for the
production of the induced y-ray (Doikov D., 2022). The
theoretical background y-ray production forms 10-20 quants
at the localization point of the Earth and the space closest to
it. The possible thermonuclear explosion produced in formal
Earth detector y-ray fluxes is 100 quants/cm?/s at time
intervals At ~ 10™%s. In AM Her type CVs these events
repeat several times a year. The use of the considered
detector spectrographs in monitoring mode allows the
registration of random events of explosive origin in space. In
such conditions, the development of binary detector-
spectrographs in the y and optical spectral ranges allows for
an increase in the probability of detection of explosion
precursors. Other astrophysical objects are not considered in
this section because the physical processes in them are more
complex, both in time and in the structure of the spectra.

Relaxation times At,..,; of pulse formation limited by At.
Strictly speaking, At,.; < At/100. During this time, a y
quantum must pass through a 0.9 mm thick crystal, transfer
energy to the valence electrons, and they must pass through
the band gap. As noted in the introduction, the average
numberN,,. of electron-hole pairs from a single y-quantum
will be
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_ By(1-e”9)
Nye = 5,3 eV (1)
Where E,is the energy of the y quantum, k, is the
coefficient of linear monochromatic extinction. The
dependence of ,on y-quantum energies is presented in
(Liuetal., 2022, Fig. 2, B), using data from NIST USA (19
references in this paper). In Fig. 1 we have shown the
dependence of N, on the y-ray energy E,. The saturation
of N,.only denotes the fact that the radiation length of y-
quats is more from crestal depth.

3. Earth atmosphere

In recent years, the demand for increasing the sensitivity
of y-spectrographs for practical needs in many branches of
practical activity has increased sharply. In this work, the
main attention is paid to the selection of available
equipment and the development of software for monitoring
fast processes in plasma with the presence of reactive
electrons, protons, and a-particles. In last year's studies, it
was shown that under certain conditions, the presence of
flows of charged particles accelerated to relativistic speeds
in plasma leads to radiative losses of kinetic energy for
radiation. The article (Doikov D., 2022) describes in detail
the sequence of radiation losses as a function of time and
energy regimes. In order to develop the necessary
equipment, in our work we calculated the time frame for
the processes of induction of hard radiation and the values
of the fluxes. Testing such equipment for astrophysical
purposes is difficult due to the fact that the Earth's
atmosphere absorbs the hard radiation of interest to us.
Therefore, alternative sources were sought to calibrate the
multichannel spectrograph. A suitable source of broad-
spectrum radiation is lightning. It was found that the time
intervals for the formation of hard and optical radiation can
be divided into 3 stages.

In the first stage, y-rays appear before the onset of an
optical flare. Its duration is 1-10 ps. In the second stage,
during an optical flare, a broad spectrum of radiation is
observed within 10-100 milliseconds. In the third stage,
after the disappearance of the optical radiation, y-rays are
observed for a few more seconds. In contrast to
astrophysical problems, the measuring equipment during
such a calibration must include a magnetometer and a radio
rangefinder. The latter two devices available on the market
have a high sensitivity and a low affordable price. The main
task is to switch and synchronize the operation of the
optical and y-spectrographs. The accuracy of
synchronization of individual elements of a multichannel
spectrograph in monitoring mode should be 1-10 ns. Before
manufacturing a spectrograph, it is necessary to simulate
the registration processes with standard devices placed in
the LabVIEW environment. Each individual signal is
converted into an equivalent rectangular shape. In reality,
the actual shape of the current pulse of the generated signal
after the interaction of a hard radiation quantum with the
perovskite material is well approximated by the Gaussian
function.

E(MeV)
Figure 1: Dependence of the number of injected electrons
in the conductivity zone log10(N,,.)) from the y-ray energy
E(MeV).

The conversion to a square pulse is done in the
INTEGRATOR. As with optical and y-spectrographs, it is
necessary to know the resolution and the signal-to-noise
ratio. This year's articles have already explained that the
signal-to-noise ratio is (80pA / 20pA). And the resolution
is already approaching 1 KeV. It is also important to note
that the fight against noise when amplifying the signal by
applying a potential difference of 0.5-1 kV is carried out
exclusively by building an appropriate electronic circuit. In
this case, it is not necessary to cool this type of detectors.
This leads to the possibility of their use in normal climatic
conditions. The proposed design is also convenient for the
organization and operation of field monitoring lightning
detectors. The first experiment is planned to be carried out
near the building of the branch of the Faculty of Physics
and Technology in Smolyan. The faculty building is located
at an altitude of 900 meters above sea level. In this case, the
lightning discharge is much closer to the detectors than at
sea level. The portability of the equipment makes it easy to
carry and maintain in the field. In particular, in analogy to
tornado hunters, they should be placed on the base of a car
or a trailer for it.

The present paper consists of 1. Introduction, 3. Chapter,
5. Discussion and 6. Conclusion. Chapter 2 is devoted to the
structure and evolution of the flow of y-quants formed in
lightning. Of particular interest is the y-flare, a precursor of
the lightning itself and its structure. Chapter 3 is about signal
structure and its movement according to the electronic circuit
and the method of its processing. Chapter 4 is devoted to
spectral analysis of signals, building temporal correlations
between currents at different wavelengths. In discussion, a
comparative analysis of multichannel spectrographic of a
hard and optical radiations has been carried out. Their
importance and indispensability in monitoring of unique
explosive processes in astrophysics and geophysics is
emphasized. In the conclusion the main new results of the
article are carried out. The design and methodological
advantages of the simulation method for the design and
manufacture of the necessary electronic components of a
multichannel spectrograph are given.



Odessa Astronomical Publications, vol. 36 (2023)

45

The motion of a stream of protons, a-particles of positive
ions, and the most common ions in a strong electric field
with E is of particular interest. In lightning, the initial
velocities of both the accelerated particles and the target
molecules are close to thermal.

When an external field E is applied, the entire medium
undergoes strong polarization, the effective binding energy
of molecular electrons with shielded nuclei becomes
smaller, and the medium begins to fill with free electrons.
This process leads to the appearance of positive molecular
ions and electrons in the flash heads.

The onset of ion motion is accompanied by elastic
collisions with neutral molecules and atoms of the
atmosphere. In elastic collisions with neutral atoms, atomic
and molecular ions have a much higher energy transfer
coefficient x, z than electrons. The same ratios affect the
growth of ion velocities at the distances of their free paths.

As soon as the kinetic energy becomes comparable to the
binding energy of molecular and atomic electrons, charge
exchange reactions and detachment of electrons from
parent atoms and molecules begin.

A further increase in velocity leads to a decrease in the
cross section for the interaction of the ion current with the
resting atoms of the atmosphere. Atomic and molecular
current ions begin to maintain themselves in an ionized state.

The criteria of charge retention depending on the current
velocity are described and systematized in detail in
(Sigmund, 2014). Let the atomic number of the nucleus of
the atom participating in the current Z; and the charge of its
ion q,,, the standard Bohr velocity v, = ¢/137 and its
velocity v. Then, according to Bohr, in the hydrogen-like
approximation, by replacing the nuclear charge by the
effective charge Z, ¢, the following relation is satisfied

v
Q1 =Ziepr | 1 —exp| —— =
3

ZieffVo

= Ziers (1 — exp(-137v/Z3,)) . ()

Figure 2 shows the ionization characteristics for
hydrogen, helium, carbon, nitrogen and oxygen ions under
lightning head conditions. When a sufficient velocity v is
reached, a state of complete ionization is reached. The q,
functions shown in the figure indicate zones of spectrum
formation over a wide range for waves. In contrast to
classical plasma, here a directed ion stream collides with
atmospheric atoms that are practically at rest. And the cross
sections of all the successive collision processes make it
possible to estimate their intensities, which is important for
planning an experiment.

In contrast to the differences in particle deceleration
processes in the strong electric field of lightning, the
acceleration of positive ions and electrons is observed.
Figure 1 shows the results of calculations of the degree of
ionization of atoms during such a movement. At high
speeds, fully charged ions are formed. The velocities
marked on the graphs correspond to the kinetic energies of
the ions in the range 2.8 — 32 MeV. Collisions of ions with
resting atoms of the atmosphere produce both induced
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Figure 2: lonization degree for elements Q1 for elements:
¢—H,=—He, A—C, X—N, *-0O'in lighting.

gamma rays and proton-excess nuclei. In any case, the
appearance of a gamma-ray burst in the flash head is expected.
Several ps before the onset of the optical phase of the
discharge suggest that classical shock transitions do not
manifest themselves in the optics. The developed detector
covers the lightning spectra from optical to soft gamma
radiation. Preliminary calculations of the total radiation losses
show the highest information content in the marked region.

In 2017, slab y-ray bursts were registered with the help
of upgraded detectors installed at nuclear power plants after
the well-known Fukushima accident. The registration of
bursts coincided with the presence of a lightning storm in
the vicinity of the nuclear power plant. The physical aspects
of y-burst formation have been considered in our work
(Doikov D. & Doikov M., 2023, in press). Here we also
discuss the structure and energy of a storm's y-flares for
modeling the detector's mode of operation. The fact that the
building of the Branch of the Faculty of Physics and
Technology is located at the altitude of 900 m is also very
convenient for the sensor calibration experiment.

This leads to the fact that the detector is as close as
possible to the source of y-radiation. The source of y-
radiation of interest to us is located in the upper part of the
lightning. In the so-called upper stage with lengths reaching
1 km. In this lighting current tube, the potential differences
reach 108V and the intensity of the electrical field is
(10° — 107)V /m. The y-spectra consists slab background
continuous components and (0,511, 1,112) MeV emission
line after collisions between accelerated electrons, protons
and He ions (Doikov D. & Doikov M 2023, in press). The
average statistical values of the characteristic time of
formation of y-flares are well known, which usually occur
between 200 — 300 ps. The predicted flux of y-quanta per 1
cm? of the detector surface varies from 100 to 1000 quanta
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depending on the mutual distance between the detector
CsPbBr3 and the lightning head.

This results in the detector being as close as possible
to the source of the y radiation. The source of y-rays we are
interested in is located in the upper part of the flash. In the
so-called upper stage with lengths up to 1 km. In this
lightning tube the potential differences reach 108 V and the
intensity of the electric field is (10® — 107)V /m. The v-
spectra consist of continuous slab background components
and the (0.511, 1.112) MeV emission line after collisions
between accelerated electrons, protons and He ions
(Doikov D.& Doikov M., 2023). The statistical averages of
the characteristic y-flaring times are well known, typically
occurring between 200 and 300 ps. The predicted flux of y
quanta per 1 cm? of detector surface varies from 100 to
1000 quanta depending on the mutual distance between the
detector CsPbBr; and the flash head.

Pulse reading and counting. Unlike optical radiation,
the refractive index of y and X-ray radiation in crystals is
usually wvery close to 1. Then we can estimate the
characteristic time of its motion in the crystal body as the
ratio of quantum velocity to the thickness of the absorbing
layer d, Aty =~d/c~3-10"11s This time is much
smaller than all the other times considered before. The
minimum of the ionization relaxation time A4t;,,_ion is in
the power of At;,,, ~ 10~8s and corresponds to the times
of electron-hole pair formation. In this case, the impulse is
a rare event and available for its single account. In other
words, each quantum forms its own pulse. From Fig.1 for
E, = 0.511MeV we have N, ~ 4,3 - 10°. The CsPbBrs
electron-hole lifetime 1 is close to 10~5s. The driving
velocity v, = puE =~ 50?- 5,6- % ~ 2,8-105cm/s.
Typical external potential differences are 500 V (Liu et al.,
2022), (Doikov M., 2022).

The free path length of the electron-hole pairs in the
perovskite semiconductor is v,T = 5,6 cm Considering the
accuracy of the determination of the carrier mobility in the
considered semiconductor for the used energy range, we can
conclude that the electron-hole recombination in our
perovskite crystal CsPbBr3 is insignificant. It is important to
conclude that the current pulls do not decrease, which is
important to count the individual events. The pulling
amplitude in these conditions we estimate from formula: I =
envgS ~ 0,25-107%A. In the case of heavy element
semiconductors, we have avalanche breakdown. This type of
breakdown is based on the effect of avalanche multiplication
of carriers in the thickness of the p-n junction. At a certain
value of the reverse bias voltage, the field strength in the p-n
junction becomes so large that the minority carriers
accelerated in it acquire sufficient energy to ionize the neutral
atoms of the semiconductor in the junction. As a result of
ionization, an avalanche increase in the number of carriers
occurs, creating a reverse current. Avalanche breakdown is
typically observed at reverse bias voltages on the order of
hundreds of volts. It is typical of relatively thick p-n junctions
where each of the minority carriers is present.

Note that an avalanche-like increase in the concentration
of charge carriers in the form of electrons and the holes they
leave behind leads to an increase in current strength. The
drift velocity of the electron-hole pairs does not change
significantly. This effect is limited because only the

electrons in the outer valence shells of heavy elements have
low binding energies. The neighboring valence shells
already limit the flow of electrons into the conduction band.
Most often we are dealing with outer d- or f-shell electrons.

Part of the energy contributed by the gamma quanta is
converted to heat. The resulting shot thermal noise is
responsible for a current of amplitude i:

_ |4kpT _ 123

. 123 . 41-10
in = [T~ 210714 ©)

Were R to be ohmic resistance of CsPbBr; crystal in
normal room condition. From (Liu etal., 2022) R ~ 101°0.
Relative currents of individual y-quants depend on
geometry and material properties of this crystal, which we
get from Herst's equation in form:

1 utv ( —d—z) 0.8 —ﬁ
—=E 1 T z—(l—e 0.8). 4)
Iy d d

The saturation current I, depends on the thickness d and
corresponds to the maximum vy-ray flux that does not
change with the full current pulse. In the majority of
practical cases pt = 8:10* cm?V. V=500 —1000V. The
maximum thickness d at present is close to 1 cm. Figure 3
shows the useful currents for different d.

The maximum current pulls from y quantum with energy
before 1 MeV are produced for crystal thickness d=1 cm.
This means that the increase in crystal size must be
controlled simultaneously by adjusting the product pt and
the free path of the electron-dot pairs. It was confirmed
early on that A = 45cm. If d <A, carriers do not
recombine on crystal defects and reach the anodic contact.
Fulfillment of these conditions allows for high accuracy of
recorded signals. That is, the dispersion of individual pulses
reaches minimal values. The spectral resolution is maximal.
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Figure 3: Dependence of the relative to saturation IL useful
0
current from CsPbBr; crystal with thickness d (in cm).
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Background and line y-ray selections. During the study
of the objects listed in this section, a low-amplitude
continuous component of the y spectrum appears. Emission
lines appear against this background. Thus, guided by the
physical characteristics of the process under consideration,
it becomes possible to create a soft pulse processing
program. We build the developed software into the pulse
analyzer. According to Fig. 1, the pulse amplitude is related
to the energy of the y quantum. At the hardware level, we
create a multichannel accumulator of pulses of the same
amplitude. The time scale of these processes is limited only
by the physical properties of the objects under study. Our
research should be carried out in a monitoring mode. In this
case, the software for processing the incoming information
contains an algorithm for removing spurious signals and
taking into account the dark current. To the above, we add
that it is important to take into account and correct the
natural radioactive background. Based on its average
values, we can calibrate the detector used.

4. Emulation and selection of the type of signal from
the pulse generator

The presence of heavy elements in the design of the
detector leads to a sharp reduction of relaxation times
during the formation of a current pulse of the useful signal.
In this case, it is convenient to represent the signals as a
Lorenz, Gaussian function. For sufficiently small widths
and large amplitudes, the Dirac 6 functions are used. On the
other hand, amplitude, profile, and equivalent width are the
most important spectroscopic characteristics for specialists.
The physical mechanisms of y line broadening before the
advent of CsPbBr; y detectors usually gave values within
the error limits (Doikov D., 2022). The processing of the
spectra is further complicated by the fact that the line
broadening is much smaller than in the optical range.
According to bench studies of the instrumental profile of
semiconductors containing heavy metals, relaxation
processes take much less time than those caused by real
physical processes. The width of the instrumental profile in
most cases is close to the natural profile of the y-line. For
the convenience of modeling the shape of the current pulse,
we will use two profile formulas that are convenient for
considering dissipative processes in semiconductors. In
spectroscopy, such profiles are called Lorentz or Gaussian
emission profiles. The Lorentz contour represents the
evolution of some periodic processes in a dissipative
physical system. In our case perovskite semiconductor.

2
Ap

PO) = et ®)
For ions is shown in the form:
1 _(w-w)?®
P(w) = o 202 (6)
The dispersion o, frequencies ®, and @, contain

physical information about the equivalent width of the
signal contour. We will interpret these values later in the
next section.

Interference from useful signals. In classical signal
theory, there are three main types of interference. These are:

1. Interference with a narrow frequency spectrum of
signals caused by the operation of radio stations or sources
of natural origin at close frequencies. Directed by the power
supply.

2. Impulse interference, which is a chaotic sequence of
impulses whose frequency is such that when the next
impulse arrives, the processes caused by the previous
impulses in the system are completed.

3. Fluctuation interference in the form of internal noise
of transmission lines. Caused by the thermal motion of
electrons in the conduction band of semiconductor devices.
In our case, CsPbBr3 detectors.

These perturbations are such that the system's response
to the next perturbation does not have time to fade before
the next one arrives. Reactions from such a chaotic
sequence are superimposed to form a continuous process.
This phenomenon is often observed as a dark current.

We note that all these points are important to us. Point 1
is important for research in the presence of a densely
packed, large number of spectral lines of atomic and
molecular origin. Or when spectral studies are carried out
near wavelengths occupied by strong resonance lines of
atoms of the alkaline group of elements of the periodic table
of elements of Mendeleev. The most interesting for us is
point 2. Here, above the noise, we can expect to observe
pulses of hard radiation quanta incident on the detector,
quanta of the continuous y-spectrum and noisy dark current.
Of the considered signals represented by formulas (5) and
(6), it is more convenient to use the Gaussian function to
describe the time evolution of two successive pulses. Let us
consider these pulses in the form of two Gaussian
functions. With different mathematical expectations a4, a,
and variances oy, g,

1

(O = e (— 1)1 fo© =

Z:caz exp (_ %) '
()

The cross-correlation coefficient k,,(t) describes the
degree of magnitude in the resulting distribution, similar in
meaning to the dispersion. k;,(t) also represents the
Gaussian distribution. If a?, = a? + a2 then the integral
for calculating k,,(7) has an exact solution and is useful
for interpreting hard radiation spectral flux measurement
data.

1 72
klZ(T) - V2mag, exp (_ Za%Z) : (8)

Thus, with a rapid increase in the flux of y quanta, the
indicator of the onset of detector saturation is the cross-
correlation function k,,(z) for each of the signal pairs.
Considering that the detectors we design operate in the y
flare monitoring mode, the appearance of a non-zero cross-
correlation function is a precursor of the flare itself. The
single signal structure in the microscopic interpretation is
the result of electron cloud motion in the conductive
semiconductor zone. These electrons are injected after
interactions between energetic hard radiation quants with
heavy elements in the semiconductor (Fig. 1 and formula
(1)). In the framework of relaxation time 4t,,;, =~ 10™%s in
the considered semiconductor, we must know that
simultaneous backdown of more than 10% quants lead to
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saturation of the detector system. The electronic
architecture in Fig. 4 means that the hard radiation
spectrograph works with overlapping signals. The degree
of overlap is calculated from (8). If the inequality k;,(7) <«
1 is satisfied, the splitting of the signal contours f; (t)and
f2(t) results from the formulas (7) for the free contour
zone. In the opposite case, the increase of the dispersion
leads to a decrease in the accuracy of the final spectra of the
examined physical objects.

5. Registration of the magnetic field and distances
from lighting

The directed motion of charged particles observed in
lightning should generate local magnetic fields. If magnetic
field detectors are placed near lightning, it is possible to
measure magnetic field perturbations with sufficient
accuracy. It should be noted that modern low-cost detectors
available on the market make it possible to measure the local
magnetic field with accuracy in the nanotesla range. On the
other hand, for currents recorded by lightning, the calculated
perturbations of the local magnetic field become comparable
with the average magnetic field of the Earth. AB =~ uyl/r.
Where py = 41 - 1077 Hn/m, | is the current of the charged
particle (electron, proton or a particle). I ~ 4 - 10* — 10°A4,
r is the distance between detector and illumination r =
103 — 10* m.

To determine the distance r from the lightning. A
lightning-distance radiometer is suitable and available for
sale on Internet platforms such as Amazon or others. In the
frequency of radio waves, this device allows you to register
lightning storms over long distances.

Thus, in field experiments, the optical and hard lightning
spectra obtained as a result of work in monitoring mode can
be compared with reliably fixed distances and local
magnetic fields. In this case, we have an unambiguous
picture of local physical processes in different parts of the
lightning discharge.

6. Simulation in LabVIEW environment

First of all, we note that the present research is the pairing
of two detectors within a single instrument. It can be called a
prototype of a combined y-optical telescope. We have
divided the engineering and physical tasks of building a
layout into two parts. The first part is devoted to the physical
structure of a current pulse formed in a crystal under the
action of an incident y-quanta. A y-quantum interacts with a
crystal, and an optical quantum interacts with a CCD matrix.
Both detectors are placed in the same mount and appear to
distant objects as measuring instruments at the same point.
In this case, signal synchronization requires taking into
account the delay time caused by the operation of the devices
involved in the simulation.

To simulate the operation of the detector, we will replace
it with a standard pulse generator, and the operation of high-
speed analog-to-digital converters with an integrator of
individual signals. The resulting time spectrum is then
displayed on the third device — an oscilloscope. The most
suitable mode of operation of the pulse generator for us is the

random signal generation mode. The point is that the
processes we are considering take place in a highly turbulent
medium. Within an acceptable energy interval, the
generation of y-quants is a random background process. The
formation of a spectral emission line does not fit into the
framework of such a concept. This means using a separate
pulse generator where the waveform is given by a Gaussian
function and simply means that it is more likely to be
repeated. All of this is shown in Figure 2.

Noise suppression. The dark current of the crystal
detector under normal conditions does not exceed 20 pA
with a useful signal level of 80-100 pA. The first stage of
signal amplification and signal registration is the creation
of a significant potential difference in its working area.
However, for crystals of the CsPbBr; type, a weak
dependence of the dark current level on the temperature is
observed. This simplifies the instrumental methods of noise
treatment and brings them to the level of classical methods.
Our discussion ends when we approach the saturation state
of the detector. In this mode, these crystal degradation
processes are already actively manifested. The level of
uncontrolled noise increases here due to a decrease in the
bandgap of the semiconductor under study.

The system consists of a charge-sensitive preamplifier, a
shaping amplifier, and a multi-channel analyzer. Charges in
the detectors are directed to the charge-sensitive preamplifier,
accumulated on a capacitor, and then converted to voltage,
which is then boosted to form a stepped voltage signal. The
signal also passes through the preamplifier. One reason an
amplifier is needed is to amplify the peak voltage resulting
from the long attenuation of the signal's serial output from the
preamplifier. An amplifier is therefore essential to accurately
determine the height of each pulse. The technique involves
modifying the attenuation curve into a narrower pulse shape
while maintaining the height ratio of each pulse.

The circuit of a simple RC shaping amplifier is shown
on the following page. It is a combination of a differentiator
and an integrator. The differentiator acts as an upper pass
filter, allowing only the high-frequency component to pass
while blocking the constant component. Similarly, the
integrator acts as a low-pass filter, allowing only the low-
frequency component to pass, resulting in a gradually
increasing slope. The output of the shaper amplifier is
proportional to the signal level from the preamplifier,
which is also proportional to the energy assimilated by the
detector. It counts the number of pulses at different
intervals and heights by applying a series of pulses with a
specific shape to its input.

The multichannel analyzer (MCA) is an important
device used in the production of gamma-ray spectra. It
counts the number of pulses at different intervals and
heights by applying a series of pulses with a specific shape
to its input. The MCA consists of several channels, each
with a window. If the height of an input pulse is within the
window, the MCA records it as a single count in that
channel. After a certain amount of time, the MCA produces
a statistical output showing the number of samples and the
corresponding channel number, which ultimately forms the
final spectrum. The channel number is associated with both
the pulse height and the gamma energy. By analyzing the
spectrum against a known source, a correlation between
energy and channel number can be made.
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pulse.

In this paper, the optical part of the detector is referred
to separately and considered in many works. For our case
we used principles presented in (Rogalski & Bielecki,
2004). However, it is synchronized with the y detector
using a synchronizer. The studied physical processes are
often accompanied by the formation of y and optical
spectra. Therefore, a stabilized time scale of the processes
is crucial to avoid the loss of registration of the physical
events. Our interest in considering the detection of two
spectra simultaneously is also because peroxides can also
be used to study optical spectra. However, well-available
and highly sensitive optical spectrographs are now readily
available and inexpensive for high-quality observations.

7. Discussion

The presence of heavy elements in the structure of a
semiconductor allowed to solve several problems
simultaneously, important solutions to practical problems
of spectral diagnostics of fast processes of nuclear origin.
First of all, it turned out that perovskite-based CsPbBr3
detector spectrographs are equally good for the
construction of spectra of hard radiation and optical. In this
paper, some of them are called binary detectors. The
quantum states of the valence electrons and the
characteristic times responsible for the filling of the
conduction band by carriers under the influence of optical
and y-quanta are significantly different. However, they do
not affect the formation of a current pulse from each y- or
optical quantum. In our opinion, both detectors should be
placed in the same crystal body. The constructive part and
the schematic diagram of the device were proposed by
(Doikov M., 2022). The design features of binary detectors
located in the body of a single crystal CsPbBr3 and the
theory of current pulse formation will be the subject of our
next work. In the meantime, we will consider the formation
of the spectra of y and optical radiation in single-crystal
CsPbBr3 detectors.

8. Conclusion

Modern detector crystals made of the heavy elements
Cs, Pb, and Br CsPbBr; make it possible to
comprehensively solve the problems of studying fast
processes in plasma, in which quanta of y and optical
radiation are formed simultaneously.

The ability to easily reconfigure the bandgap of a
semiconductor makes it possible to preserve its
multichannel nature.

Several physical objects have been considered that
simultaneously generate gamma and optical spectra.
correct processing of the signals coming from the final
spectra. In the article, the characteristic times of formation
of useful current signals in ps, pulse amplitudes in pA, and
times between signals of tens of ps.

In the signal modeling phase, the above characteristics
were used. Emulation was done using a signal generator in
the LabVIEW environment. For high-speed ADCs
presented in the same environment, the supply of the
described signals from the detectors was tested.

We have found that the ADC processing of the applied
current pulses in terms of amplitude and dispersion allows
us to obtain the desired y and optical spectra without loss
and distortion of physical information.
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ABSTRACT. Planets of the Solar System or exoplanets
with atmospheres are complicated to investigate because of
the absence of sufficiently intense energy fluxes reflected by
their atmospheres. At a sufficiently high brightness of the
neighboring star, the atmosphere of the exoplanet gives the
absorption spectra of some molecules with a high
dissociation potential. If the star's surface temperature is low
enough and its activity is low, then the presence of
thunderstorm activity in the planet's atmosphere can make it
possible to identify it. We show the processes that lead to the
formation of flare spectra in the y- and optical ranges and
ways to identify them. It is important to note that current
discharges initiate intense nuclear transformations with the
formation of proton-rich C11, N13, and O15 nuclei. The
spectrum of such a medium is specific and different from the
spectra formed by the neighboring star. The statistical
irregularity of the frequency of thunderstorms and the variety
of conditions in the atmospheres of planets makes it possible
to study them due to their illumination in the optical part of
the spectrum. It is shown that the integrated optical flow and
the detailed y-spectrum make it possible to trace the time
evolution of the lightning head current cord and obtain
quantitative values of the current strength. Such fluctuations
of the current give changes in the magnetic field of the
filament, comparable with the value and even greater than
the intrinsic magnetic fields of the planets. To carry out the
proposed research, M. Doikov developed a multichannel
spectrograph consisting of a y- and optical spectrometer, a
highly sensitive magnetometer, and a radio wave recorder.
Its design is discussed in his report. We also note here that
the calculations make it possible to determine the statistical
parameter of time signals, the operating modes of the
equipment, and the selection of the necessary nodes for
designing the final working layout of the multichannel
spectrometer. The value of the choice of observation site is
indicated. In mountainous areas, these are heights of the
order of a kilometer. In this case, the devices are near
lightning.

Keywords: y- and optic ray spectra, lighting in planet and

exoplanet, rapid nuclear processes, induce y-ray
spectroscopy, positron spectroscopy.
AHOTALJIA. Ilnanetn ConsiuHOI cucTeMH — abo

€K30IUTaHeTH 3 aTMocdepaMu CKIaaHi A JOCIHIIKCHHS

4gepe3 BiICYTHICTh JOCTaTHBO IHTCHCHBHHX BJIIACHUX
MIOTOKIB €HepTii, BiOUTHX 1 po3cisauMu atMochepamu. [Tpu
JIOCHTh BHCOKIH SICKpaBOCTI CyCiHBOI 30pi aTMocdepa
€K30IUIAHETHU JIAl0Th CIIEKTPH MOTJIMHAHHS JISSIKMX MOJICKYIT
3 BHCOKHMM IOTEHIIaJoM Aucoriarii. SIkmo Temmneparypa
MOBEPXHi 30pi HHU3bKA 1 aKTHBHICTh Maja, TOJi HasBHICTh
rpo30BOi aKTHBHOCTI B arMmoc(epl IUIAHETH MOXKe
no3BonuTd 11 imeHTHdikyBaTH. IlokazaHo mporecH, IO
NPU3BO/ATH 10 (OpPMYBaHHs CIIEKTpIB cliajiaxiB B Y- Ta
ONTHYHOMY Jiara3oHax Ta crnocodM IX ineHTHdiKamil.
3po0neHo  JOCIHiIKEHHS CTPYMOBHX pO3psMiB, SKi
IHIMIFOIOTh  IHTCHCHBHI TEPMOSIICPHI IIEPETBOPEHHS 3
yTBOpeHHsIM Oaratux mportoHamu sap Cl1, N13 i Ol1S.
JloBeneHo, mo CIIEKTPH TaKOTO CEPEeIOBHINA CTICIU(IUHI i
BIZIPI3HAIOTHCS BiJl CIIEKTPiB, YTBOPEHUX CYCIAHBOIO 30PCIO.
OTpuMaHo, 10 CTaTHCTUYHA HEPIBHOMIPHICTh YaCTOTH I'PO3
i PI3HOMaHITHICTH YMOB B arMocdepax IUIaHET J03BOJISE
BUBYATH iX 3aBISIKHA IX OCBITIIEHOCTI B ONTHYHIA YacTHHI
cnekTpy. Iloka3aHo, 10 iHTETpalbHUN ONTHYHUM MOTIK i
JIeTaJbHUH Y-CIEKTP JO3BOJISIIOTH TPOCTEKUTH YaCOBY
€BOJIIOIII0 CTPYMOBOTO INHYpa OJIMCKaBKH Ta OTPUMATH
KUIBKICHI 3HAUeHHS CWJIM CTpyMy. Ha Manux mucraHIisx
¢uykTyarii cTpyMy Jar0Th 3MiHA B MATHITHOMY TOJTi HUTKA
PO3psLKEHHSI, TIOPIBHIHHI 3 BEJIMYMHOIO i HABITH OUIBIII,
HDDK BIIACHI MAar”iTHi I1oyig IutaHeT. JlJIs BUKOHAHHS
3aMPOMOHOBAHUX JOCIIKeHb, M. J[oliKOBUM PO3po0JIeHO
OaraToKaHaJBHUM CrIeKTporpad, Mo CKIAZAEThCS 3 Y- Ta
OIITUYHOTO CIIEKTPOMETPIB, BHCOKOUYTJINBOTO
MarHiToMeTpa Ta peecTparopa BiICTaHb J0 OJHMCKABOK 3a
JIOTIOMOT OO0 PazioXBuik. [1po #oro nu3aifH HaeThcs B 1HIIOT
JonoBifi. TyT TakoX 3ayBakKHMO, IO PO3PaxyHKH JalOTh
3MOI'y BU3HAYMTH CTATUCTHYHI IapaMeTpH CUTHAJIB Yacy,
pexxumu poboTn 00aiHAHHS, Ta BHOPATH HEOOXIIHI BY3/IH

JUISL  TIpOGKTYBaHHS  KiHIEBOI  pobo4yoi  cXxeMH
0araToKaHaJIbHOTO CHEKTpOMETpa. Bka3zaHO 3Ha4YeHHA
BHOOPY Micus CIIOCTEPEKECHHS. 3ampooOHOBaHO

po3MinyBaTi o0JiafHaHHS Y TIPCHKHUX paifoHax Jie BUCOTH
BCTHTAIOTh KIJIOMETpa i BHIIE. Y IIbOMY BUIAIKY MIPUCTPOI
3HAXOJUTHCS MOOMU3y ONMCKAaBKH 1 BUMIipIOBaHHI (hi3WdHi
rapaMeTpy MaJlo CIIOTBOPIOIOTHCS aTMOC(EPOIO.

Karouosi cimoBa:  y- Ta ONTHYHI CHEKTpU OJIMCKABKH,
OMMCKAaBKM Ha IHIINX IJIAaHETaX COHSYHOI cHMcTeMi abo Ha
€K30IUIaHeTaX, MIBUAKI SAEPHI MPOLECH, CIEKTPOCKOIIis
IHIYIIHHNX Y-TIPOMEHIB, HO3UTPOHHA CIIEKTPOCKOITIs.
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1. Introduction

In the history of the Earth, thunderstorms took place an
important role in the chemical reaction of light gaseous.
Until recently, it was believed that lightning had nothing to
do with the fusion of nuclei of some common isotopes but
was the product of their interaction with cosmic rays. On
the other hand, lightning is a classic, widespread source of
sharp disturbances in a wide range of radiation from local
regions of the current plasma spectrum and different parts
of the current cord. With the advent of sensitive
spectrometers, fluxes of these radiations began to be
recorded in soft y- and hard X-rays. Of particular interest
were the data from the y-spectrograph placed after control
measurements of radiation fluxes from destroyed atomic
reactors recorded fluxes of hard quanta during lightning
flashes. Moreover, the y-spectrum indicated the reactions
of synthesis of proton-rich nuclei of light elements and
contained both positron annihilation products with
electrons. It turned out that in atmospheric conditions there
are physical conditions for the acceleration of electrons,
protons, and helium nuclei — a-particles. The history of
consideration of these currents shows that questions has
been for electron current components. In our work we drew
attention positive ions component in lighting.

The cross sections of nuclear reactions involving
protons, He nuclei (a-particles), and Earth atmospheres
CNO elements are well studied and presented in the works
(Tanaka et al., 1994), (Doikov, 2020). The electrophysical
structure of lightning is well-studied. Here we can talk
about the characteristic parameters of the electric field of
thunderclouds and its structure, and characteristic energies.
Potential differences between clouds or clouds and Earth
surface are in frame of AV =~ (108 — 10°)V, E = 10° V/m,
I ~ 10°A. The given physical parameters of lighting show
conditions for the proton, a-particle, and other positive ions
acceleration. At sufficient collision energies, reactions
occur with the formation of proton-rich nuclei
11C, 13N, and 30. The half-life of the listed isotopes does
not exceed 20 minutes. Here we should observe the
afterglow in the form of y-lines from the annihilation of
positrons and electrons injected into the environment with
energy 0.511 MeV. Collisions between protons and a-
particles lead to the formation of a background
(continuous) y-spectrum (Doikov D.N.& Doikov M.D.
2023 in press). For its registration, small times registration
equipment is required. The presented processes are also
accompanied by optical flayers, bursts of radio waves, and
disturbance of the magnetic field near the lightning. The
optical spectra are recorded by the binary detector
developed in the previous work (Doikov M.D, 2022). In
this article has been discussed the integration of a
magnetometer, a lightning range finder, and a radio
recorder into the already mentioned multichannel structure.

All of the above leads to the need to develop appropriate
equipment and plan for monitoring lightning activity in the
Earth's atmosphere. In this paper, we consider the
possibility of observing lightning and its flare activity on
other planets. Especially on exoplanets. For the
identification of lightning on exoplanets, it turns out to be
useful to have a statistical collection of characteristic
parameters of their flashes and their features.

2. The physical structure of lighting

The light in the Earth's atmosphere is a combination of
the electron, proton and a-particle currents in the
conditioned cylindrical space of the corresponding
atmosphere. Under the considered physical conditions, in
the first microseconds of the discharge between clouds or
between clouds and the Earth, the electron current forms a
cylindrical structure of the plasma layer. Such a plasma is
kept in a compressed state by the pinch effect and dissipates
in a confined space. Unlike classical discharges, in our case
the electrons, protons and positive ions acquire relativistic
velocities and can initiate nuclear transformations. It is
important to note that the electron flow is directed from the
Earth towards or between the clouds, while the positive ion
flow is in the opposite direction. In the first approach, we
will calculate the kinematic properties of the plasma
components mentioned, which are important for the
following, taking into account the characteristics of the
electric field mentioned above. We will spend the
characteristic time between two successive collisions,
taking into account the external Coulomb force, which is
reduced due to the strong acceleration of the particles. The
formulae presented in the textbooks have been used only
for the estimation of the state in lighting.

2.1. The proton and a-particle flux

_ . _ qE _ap
For protons a, = qE/m,, a particles a, = =

then the binary collision time is ¢, =\/%. Under the

conditions of the Earth's atmosphere, we have t, ~ 0.45 -
1071 for protons and ¢, =~ 1071 for a particles. In the
main part of the illumination observation the full lifetime is
close to 0.1 s. Then, theoretically, each proton and a
particle undergoes 10%° collisions. The change in speed
between the collisions is 10* m/s. In other words, even
taking into account the energy loss due to the ionization of
the heavy particles, the protons and alpha particles reach
relativistic velocities. In terms of kinetic energies, energies
of 20 MeV correspond to a proton velocity of V, ~ 6 -
10”’m/s. To account for this, we use the Bethe-Bloch
formula:

- (fi—f)ion = NS . 1)

In  illumination NS = 60— 100erg/cm. The

ionization rates during energy loss are

1

(@), e (S (e, @

where N — projective ions is the number density in the
illumination plasma, z is the charge number of the particle
(in our case p or a particles), v; is the particle velocity, 3

is the relativistic term 8 = v;/c, — (ﬂ) is the specific
o ] _dx ion o
ionisation loss over the unit length, 1 is the mean ionization
potential (in eV), I= (13.5 eV) Z=94eV, and the
thermalization times t; of the fast electrons are:
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8.57 - s . (3)
Ne

In air, under normal conditions, the free path length is
[ =~ 2,65 1073cm. The maximum free path length times
of the motion ¢, ~I1/v~10"3cm/4.4-10%m/c ~
0,17 - 10~%s. The time t,,, and t; show that the transition
from the non-relativistic to the relativistic regime gives
electrons, protons and a-particles time to undergo several
thousand collisions to reach relativistic velocities. This
allows us to conclude that ionization losses are included
with some delay. In this case, we can observe a pure
combination of coincidence between inverse Compton,
Bremsstrahlung, and synchrotron effects (CBSE).

Elastic collision. Let's start by estimating the energy loss
due to elastic collisions that satisfy the Massey criterion.
The collision should be described by a formula of elastic
processes of particles o and B with masses my, mg The
kinetic energies K,,Kp are suitable to satisfy the third
condition. After each collision, energy 4K ,, is transferred

from particle o to particle f.

magmp
(mg+mp)?

AK, = (1—cosv)(Ky —Kg) ., (4)
where v is the scattering angle for the projectile particle
colliding with the target particle B, b > a. Let y,gbe:

2mam3

(ma+ml;)2 '

Xaﬁ (5)

Thex,z coefficient is called the energy transfer

coefficient (or energy exchange efficiency). If the kinetic

energy of electrons K, < 10 eV and ions K; < 10* %ev
H

for protons, then the Massey criterion for proton, o particle-
atom collisions is fairly well met. Since Earth's atmosphere
consists mainly of CNO element, some single atoms of
inert gaseous, we considered targets mainly like
12¢, 12N, and §0. The source of proton is atmospheric
water, of a-particle is single atoms of 2He At the beginning
the atmospheric gas is ideal gas. Then free path length | in

normal condition is = —— = 7.1-10~3cm, n, = 2.65 -
VZong

10%'cm™3 is numerical density of atmospheric gas, o =
3.77 - 10~ *°cm?is average geometrical cross section of
typical molecules N_2. At each distance | the homogeneous
electric field accelerated ions and added to proton velocities
AV = \/2qEl/m, where N is number of intervals after

collision with resting atoms or molecules. Then V(N)=
NAV The next step is to calculate the third multiplier in (4):

K, — Ky = %(NAV)Z _ %((N —Dav)’ =
= % (AV)2(2N — 1). (6)

After replacing in (4) we get:

AK, = ——2"N (1 — cosv)%(AV)Z(ZN -1 @

B (mp+my)

or for a-particle

MagMn

AK, = — (1- cosv)%(AV)z(ZN -1). (8)

(mg+mpy)?

The next step is averaging over the scattering angles. It
should be noted that in the case of intense electric fields,
the proton reaches AV ~ 2.45-10%cm/s or in atomic
energy unit K, ~ 6.26 eV. already on the first free path.
Then the mean value of the multiplier 1 — cosv = 0.25
The energy transfer coefficient is y,y ~ 0.104, then
4K, = 0.109-0.25-6.26 = 0.17eV when N=1. In the
following intervals after collisions with nitrogen atoms, the
proton velocity increases, which shortens the characteristic
time between collisions. Very quickly, even taking into
account the inertia of the collision processes, in a fraction
of a microsecond, the processes of acceleration and energy
transfer become like an avalanche. Let's see what it looks
like in reality. First, we estimate how many collisions must
occur to satisfy the Messi approximation. To do this, we
substitute the value of the limiting kinetic energy for ions
into the left side of the equation, taking into account that
we are moving protons and a-particles.

4 My

10* 2 eV = 0.015eV (2N — 1) . )

mp

From (9) we can see that in order to reach the limits of
energies at which the Messier approximation is still
performed, collisions must occur. This is the case for N =
6.67 - 10>, This is followed by the ionization loss modes
described by the Bethe-Bloch formula (1). However, in this
paper we will use a form that is more convenient for solving
the problem. At each further step up to proton energies of
10 MeV. The number of collisions in the light guide
N=7-10"8 acts without ionization losses. The distance
crossed by protons and a-particles along the flash head is
50-60 meters.  Crossing time. The definition of the
electron crossing time is given in the formula:

.10—10
¢ =l(l/AV) ~ 1.31-10

N (10)

Without resorting to plotting the characteristic times of
the considered relativistic phase of proton and a-particle
motion, we can conclude that all phases of their motion
occur almost instantly, compared to the time of a lightning
discharge. This means that the rest of the time, which is tens
and hundreds of milliseconds, the reactions of nuclear
transformations are continuously taking place with the
formation of characteristic y-spectra.

Heavy ions lose a lot of energy in the early stages of their
motion, interacting mainly with nitrogen atoms. After
passing through 10°-106 collisions, they begin to participate
in nuclear interactions, leading to the formation of proton-
excess nuclei. Even protons and alpha particles can excite
the radiative states of the nuclei of carbon, nitrogen and
oxygen (Sigmund, 2014). The result is stimulated gamma
radiation. The maximum radiation from the cross-section
selection in our previous works is given by the nuclear
reaction channel: @ + 3N — y + ---. presented in Table 1.
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Table 1. y-ray and neutron production cross section

E(MeV) | oy(P+*N14-> | on(atN14->
2>y+.)mbn | =>n+) mbn
7 9298 25,07
8 9635 48,18
9 10060 84,97
10 10540 126,1

2.2. The electron current in lighting

The electric current in lightning is formed in a large
spatial slice, is responsible for bursts of electromagnetic
energy in different regions of the spectrum, and forms a

magnetic field perturbation. The perturbation of the

magnetic field is AB = Bol £ 1074T ~ Bg Typical currents

-
in lighting are I ~ 10* — 10°A. The maximum time of the
magnetic field change is 10 — 100 ms, and 4B; = By =

107°T. The advantage of the detector designed by us is the
possibility of synchronized measurements of the magnetic
field with accuracy up to one pika Tesla. The induction of
electric and magnetic vortex fields generates a wide
spectrum of radio emissions. Taking into account the
observational data on lightning, in addition to the
"classical" radio emission, attention should also be paid to
the formation of radio waves of a synchrotron and
bremsstrahlung nature. In any case, we are dealing with a
continuous  spectral  distribution.  From lightning
observations, it is possible to make a realistic estimate of
the average velocity by dividing its characteristic scale h by
the process time t.

Then we have the average velocity of the electrons 1, =
h/t ~ 10°m/s. In further calculations we take into
account that the average angle between the lightning and
the direction of the Earth's magnetic field is n/4 rad. Taking
into account the non-thermal, directed flow of electrons
under the action of an external electromagnetic force, the
calculations of the energy losses of electrons for radiation
should be divided into two stages. Non-relativistic and
relativistic. Observations of lightning storms also show the
beginning of a burst of hard radiation before the onset of an
electric discharge. That is, before the onset of ionization
and the subsequent discharge. The same question arises as
in the physics of cosmic rays about the prevalence of the
corresponding energy loss mechanism for radiation. First,
we consider the strict relations for the energy losses of
electrons obtained by Bethe and Heitler (Haykava, 1974)
for each mechanism separately. Then we will answer the
question about the structure of the radiation produced by
each of the given mechanisms. In the same section we will
comment on the operation of such mechanisms

If electron energies are more than 10 eV the collisions are
ruled by quantum mechanics. However, the electron energy
will now be determined by the ratio between their energy
losses from interaction with air atoms and the increase in
kinetic energy as a result of the work of the electric field. In
this paper, we single out only those mechanisms that lead to
losses due to their radiation during their movement in the
Earth's atmosphere. In the “prequantum mechanic regime”

have been no more than 103 collisions in the air with normal
conditions. At this time no observed optical radiation. But
after this beginning concurrence between CBSE these effects
produced part of the full energetic loss of already fast
electrons including pare production, photo effect, and
ionization losses. In this and the next sections, we considered
only radiation loss and pair production haw the source of the
hard radiation from lighting.

“Runaway electrons”. The work of the known
mechanisms of energy loss of electrons accelerated by an
electric field forms the spectrum of secondary electrons. The
distribution function of secondary electrons is such that the
main part is represented by low-energy electrons. According
to (Gurevich, 2001), high-energy secondary electrons form a
stream of relativistic electrons called "runaways". The
stream of relativistic electrons, unlike the stream of ions,
undergoes an avalanche-like increase in its number.
Gurevich proposed the dominance of the Bremsstrahlung
emission in the y-quanta background continuum. Another
point of view of the statement in the work (Petrov, 2021). It
shows that y-quanta are formed due to the action of the
synchrotron mechanism. However, the proof of the operation
of such a mechanism can be only a high degree of
polarization and a narrow directivity of the radiation pattern.

Bremsstrahlung emission. Bremsstrahlung emission is
usually divided into three types of processes. Under the
conditions of a lightning discharge, the deceleration (or
acceleration) of charges can be caused either by their
attraction or repulsion when electrons and ions approach
each other, or by their centrifugal acceleration when
moving in external magnetic fields (of Earth and sounder
storms with lighting). The presence of multiply charged
ions in a lightning discharge leads to a certain probability
of the formation of quanta with energies comparable to the
binding energies of the last filled level. On the other hand,
for relativistic electrons, the time of the dipole interaction
of an electron with an ion is exactly proportional to the
velocity of the electrons. Bremsstrahlung emission of
energy from units of plasma volume within a solid angle in
a unit frequency interval in units of time (called emissivity)
for electrons with Maxwell-distributed velocities.

J,(T) = 1—36 (g)% mZle? (me)%ge_h”/”neni =544

mZc3 \KT

nyz%g —hv/kT

. 10-39
10 nen;e

N erg/(cm3s sr Hz) ,

(1)
J,(T) in units of erg/(cm® s sr Hz). Where n, is the
refractive index, Z is the ion charge, n, and n_ia are the
electron and ion concentrations, g is the so-called Gaunt
multiplier (in the optical range g = 1,, and in the radio
range g~5-6). The rate of plasma energy loss due to
bremsstrahlung is:

W =1,43-10"2"TY2n n;Z%(erg/(cm3s) . (12)

After substitution of the data plasma n, =
10%cm™3,n; = 10Y%cm™3,T =~ 10°K,Z ~ 6 we have =~
1,69 - 10%%erg/(cm3s). The rate change in specific heat
energy AU/At = 3,66 - 10 *erg/(cm3s). Thus, brems-
strahlung losses are the main source of radiation energy and
are comparable to changes in heat losses. Together with
this, the formula (11) is limited J,,(T) by hard radiation part.
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hv hv
J,(T) =~ 0,089 e %7 =~ 0,089 - e 8sev erg/(cm3s sr Hz).
(13)

The formula (13) consists of a sharp decrease of the
bremsstrahlung intensity in the X-ray region. It has been
shown that the bremsstrahlung of the electron component
of the plasma under lightning discharges does not form y-
spectra. In lightning we have a different situation. First, fast
electrons form a directed flow of fast electrons that is self-
sustaining in the combined external electric and magnetic
fields. In the lightning head, the electric field gradient is so
large that the electron flow reaches relativistic velocities in
0.1 ns, but the avalanche-like ionization has not yet begun.
The direction of the electron flow is maintained by two
independent factors. The constancy of the direction of the
electric field strength and the pinch effect. In this case, the
angle between the electric field and the mean magnetic field
will be 45 degrees. The energy loss of electrons due to
bremsstrahlung without magnetic field and with magnetic
field (magnetic bremsstrahlung) is considered separately.
In this case, the energy loss is represented by the classical
textbook relation (Sigmund, 2014):

ag\rad E-mc2 N
(%), =1 Son(E kokdk

br
—aN 2 25, (1,2E _
J =4-z%ar’E (lnmc2 1/3) (14)
2
l me? K E « 137-Z-
73
or 0,511 MeV K E < 35 MeV

and for the relativistic limit of electron energies
bremsstrahlung energy loss is:

ag\"ed N , 1 1

_ (E)br = 42 2%ar2E In (19157 )+ = .
2 .
137 -7+ K E or 35 MeV < E
73

For further calculations, we also need to know the
comparative rate of electron energy loss due to
bremsstrahlung, synchrotron radiation, and electron energy
loss due to the inverse Compton effect.

{— (%)::d = 4Z(Z + Dnavr? [ln (%) — ﬂ E (16)
0,511 MeV K E < 35 MeV

191) | 1
{_ (d_E)md _ 4Z(Z + Dnavrf [ln (ﬁ) +3l . an
4t br 35MeV < E

2
Where Z is the charge number, o = 1/137, 7, = n%z =
2.82-10"3cm, is the classical electron radius, «a
2w e?/hc = 1/137 the thin structure constant.

When studying the interaction of fast electrons with the
atmosphere, it usually turns out that the energy of the
detected bremsstrahlung quantum is limited by the time of
interaction with the atomic field and the energy of the
Coulomb field of the nucleus at distances comparable to the
de Broglie wavelength. The potential energy of the
Coulomb field near the nucleus on such scales is 1.99-2
MeV. Under lightning conditions, the electron undergoes

collisions to reach similar energies without losses due to
108 collisions. Taking into account the latter, we have an
order of magnitude greater number of collisions is 10"10.
In this case, the passage length is 1 km and we conclude
that the bremsstrahlung quantum of the electron current
forms in the lower part of the illumination. However, the
proton current generates y-quanta in the flash head, but
their origin is different and is described in the first part of
this article. The ratio of the rate of energy losses caused by
bremsstrahlung to the rate of ionization losses using the
expressions given in this article leads to the relation

dE rad e2
— _(E)br — (E>

E\TQ - w (18)
@), e

mc2

The absence of optical radiation has been observed in
classical plasma in the pre-optical period at the beginning
of the y-flash of illumination. In this case, according to the
formula, we should assume the absence of ions in the
presence of electrons that have already reached relativistic
velocities. In the atmosphere under consideration, the times
of the main radiative transitions are comparable to the times
between two successive collisions, and the excited
electronic state is removed by the impact interaction. As
shown in this section, in classical collisions the electron
loses only 0.1% of its kinetic energy for each collision. In
order to reach relativistic speeds, it has to undergo about
1000 collisions under the conditions of the Earth's
atmosphere. After that, we have optical flyers of light.

Synchrotron emission.

- (d—E):ad =65+ 107H? (-

n

2
) eV/s. (19)

dt mc?

Maximum power of synchrotron emission of an electron
in a single frequency interval and in a unit solid angle:

_ 16€e3H
), =

=17-10721 (2£), (20)

4mtmc? s'sT"Hz

where H is expressed in Ersted. The monochromatic radiation
decreases at lower frequencies and decreases exponentially at
higher frequencies (the hard radiation spectra).

1
P,~vzexp(—0,29v/v,,) . (21)
The registration of hard radiation under existing
conditions in flash synchrotron radiation according to
relation (15) is problematic.
The inverse Compton effect. The relation for this type of
energy loss rate:

ENE ) 6710714 E Y eyt
_(E)c = 2,67 th(m) eV-s71. (22)

In the high energy range, the main contribution to radiation
losses comes from the last two mechanisms. Bremsstrahlung
dominates only in the intermediate energy range.

The main result of the performed calculations is the
synthetic cumulative spectrum. In the process of energy
acquisition, the electron covers a wide range of radiation
and radio waves up to X-rays. In this sense, the question of
the nature of gamma radiation remains open. Observations
of lightning made it possible to register y quants are formed
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in a few milliseconds before the ignition. One of the
mechanisms responsible for the formation of y quanta is the
formation of electron-positron pairs. As in the case of
bremsstrahlung, it is necessary to introduce the parameter
&, where is the ratio of the energy of the emitted photon k
to the Kinetic energy E of the incident electron u = k/E
(Haykava, 1974). Then:
— me? u ,_q/3
§=100——Z / (23)
The & approximation predicts the desired ionization
calculations in the ongoing energy loss calculations. All
calculations of the interaction of fast electrons with atomic
structures and the appearance of the corresponding
radiation produced by the energy losses of electrons for
radiation begin with its preliminary evaluation.
Pair formation. In quantum electrodynamics, pair
formation is an inverse process of bremsstrahlung of fast
electrons. From Detail Equilibrium Principle

Upair(k: E) = 0,(k,E) (%)2 .

Then if v=E/k, where E is the energy of the electron
created.

(24)

Opair(k, E) = 4aZ*12G(k,v) . (25)

G (k,v) presented in readable form in (Haykava, 1974).
The full cross section after integration of the a4, (k, E) ire
in a formula:

k— 2
O-palr(k) = f e Jpair(k; E)dE = 4CZZ21”€2 "

mc?
7 2k 109

oM T e
3,423 MeV « k <« 35 MeV
7 1 1
ZIn (1912 3) -
35MeV < k

In the first formula, the left edge of the interval is bounded
by the energy values 3.423 MeV. From these relations in 1m
is produced 1 positron. In all light channel full number of
positrons is 107. If position of devices is near current tube the
y-flyers have been detected positrons and y-quants from
annihilation between positrons and electrons.

The mean cross section a,q;,-(k) of pair formation
varied in air in the illumination is 1072*cm? < 6,4 (k) <
10~2*c¢cm?. The mean distance of pair formation in air | is

l=—> ~ (10 —10") cm. We emphasize that
Upair(k)

positrons do not annihilate immediately, because they need

to experience sufficient deceleration up to thermal

velocities. In other words, it is not always possible to

attribute y-flares before a lightning discharge.

In this chapter, we presented the radiation loss of fast
relativistic electrons and pair production, and the possible
source of y-ray flashes. From the presented relations the
following conclusions can be drawn.

The presence of huge gradients of the potential of the
electric field in the places of formation of the lightning head
leads to an unusual course of the process of formation of
the radiation spectrum before the formation of the lightning
discharge itself.

. (26)

The calculations carried out in the article show that the
presence of y-radiation bursts and the simultaneous absence of
an optical manifestation before a lightning discharge indicates
that the electrons become ultra-relativistic after a thousand
collisions. During this time, the ionized fraction of the gas does
not have time to enter the recombination process.

This is possible in the absence of dust fractions and other
pollutants, which absorb the electrons that are created and
at the same time accelerate the coagulation rate. At the
same time, the formation of raindrops is accelerated.

The spectroscopic properties of media that penetrate fast
electrons are well studied, and the formulas used are simpler
for all energy loss modes considered. In contrast to the
extensive list of laboratory physical and extra-atmospheric
astrophysical media used in lightning, the applicability of the
Maxwell-Boltzmann velocity distribution is not applicable.
Namely, all electrons move in one direction in the
longitudinal direction, in the transverse direction they are
distributed according to Maxwell. At relativistic velocities,
the energy fraction of the transverse component of the
electron velocities decreases sharply, and all velocities are
already in a narrow angular opening. The bremsstrahlung
and synchrotron in the ultra-relativistic mode of electron
motion in flashes have several peculiarities. They consist in
the fact that the possibility and spectrum of synchrotron
radiation are limited by the values of the magnetic field of
the Earth (or the corresponding planets), while the
bremsstrahlung is determined by the influence of the
Coulomb field of the nucleus. In the intervals given by us,
synchrotron radiation can give rise to soft X-ray quanta. That
is, under the conditions considered, synchrotron radiation
does not produce y quanta.

3. The detection in the exoplanets

The existence of a new generation of infrared satellites
with its sensitivity is suitable for the search for exoplanets
at a new level. In exoplanets with illumination in a short
time have been IR excess production. In experiments with
exoplanet identification, we propose to use IR photometric
observation. The character of short-time IR pulses is
specific for energy losses in an exoplanet atmosphere. The
very fact of identifying the presence of planetary
atmospheres is based on the registration of specific lines of
polyatomic and diatomic molecules. These lines are of an
electronic vibrational nature. The EXOMOLE project
(Giovanna et al., 2007) used this approach and provided
valuable information about the presence of polyatomic
molecules on exoplanets. The very presence of lightning in
planetary atmospheres speaks to their multiphase nature.
That is, gas, solid particles and turbulent updrafts are
present at the same time. The work function of electrons
from the surface of solid particles of methane or its various
mixtures with other chemical components of exoplanet
atmospheres. The lower the work function emitted from the
surface of the solid particle, the higher the probability of
electron emission from its surface. In combination with
active atmospheric activity, the power of lightning
discharges has no fundamental limitations. Of great value
in lightning is the backlight, which contains a large amount
of scattered radiation. When lightning storms show
significant activity, the exoplanet begins to "shine" with
much greater intensity in the scattered radiation. The
maximum intensity of radiation produced by lightning
discharges is in the ultraviolet, as observed in the Earth's
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atmosphere. The planet Uranium can be used as a standard
for the scattering of ultraviolet radiation, the atmosphere is
practically composed of CH4 and NH3 molecules.
Scattering by other molecules and small particles of
different chemical composition is described by the classical
Mie theory. Under normal conditions, the intensity of the
scattered emission is given by the formula

I =

9n?(1-cos?8) ( n?-n3 )2 VZIO . 27)

24 on2
2r2)4 ni+2ng

The cross section registers mainly the illumination with
0 =~ m/2n; are the refractive coefficients. n, are the gas
phases, V is the molecular volume, I,is the source
illumination (from the illumination). The Rayleigh
scattering cross section has a simple form:

8m3(nt-1)>? —
C; =0 ~ 107 em? (For CH,) . (28)

Within order of magnitude, molecules CN,, NH;, C,H,,
H,0 these same cross sections lead to effective scattering
of the. The detected large exoplanets are probably
composed of H_2 molecules and He atoms. For the planets
of the solar system we used the next molecular data, which
are presented in Table 2. The column header is: p is molar
masses n is refractive index. J, S, N, U are Jupiter, Saturn,
Neptune, and Uran in percent of the corresponding
chemical composition.

Table 2. The optical parameters, percent contention, and
molecular data for big Sun System planets

w(g/mol) n J S N U

Uy = 2.06 1,00139 [86% [96% |80% |72%
Upe = 4.0026 |1,000035 [13,9% (3,26 |19% |26%
tcn, = 16,04 |1,000441 |10,1% |0,1% |0,1% |2%
Pnu, = 17,03 11,000375 |0,1% |0,1% |0,1% |0,1%
iy, = 28,013 11,000297 |0,1% |0,1% (0,1% |0,1%
Uu,0 = 18,015 |1,33 0,1% |0,1% [0,1% [0,1%

The glow of all planets without exception is due to
incoming streams of light energy from external sources. Most
of the discovered exoplanets are close to their parent star. This
causes large temperature gradients and contributes to the
occurrence of intense storms (Helling et al., 2012), (Berger et
al., 2010), (Christensen, 2009). The presence of cloud layers
in the atmospheres is associated with the upper layers of their
exospheres, where the total gas pressure is close to the pressure
at sea level on Earth. This causes large temperature gradients
and contributes to the occurrence of intense storms. The
presence of cloud layers in the atmospheres is associated with
the upper layers of their exospheres, where the total gas
pressure is close to the pressure at sea level on Earth. The
possible presence of lightning in the presence of
thunderstorms leads to additional "illumination” of the
atmosphere (Wilkins, 2022), (Neuber et al., 2019). In this case,
laboratory experiments are of interest, where spectra of spark
discharges were obtained in media with the chemical
composition shown in the table. Surprisingly, the obtained
spectra have a maximum in the ultraviolet and with the

presence and emission lines of the marked atoms and
molecules. However, the maximum of the energy distribution
is in the UV. In this case the Raleigh scattering of the present
molecules is sufficient. In order to detect an exoplanet, it is
necessary, as a contrast, to create a brightness variability on its
surface in a narrow band of the spectrum, which is not
characteristic for the variability of a star. The irregularity of the
lightning discharge variability has several peculiarities. First
of all, we notice their time interval. The structure of the flashes
requires a detailed study. In this case, it is interesting to carry
out laboratory experiments to obtain spectra of spark
discharges in media with the chemical composition shown in
the table. Surprisingly, the obtained spectra have a maximum
in the ultraviolet and with the presence and emission lines of
the marked atoms and molecules. However, the maximum of
the energy distribution is in the UV. In this case the Raleigh
scattering of the present molecules is sufficient. In order to
detect an exoplanet, it is necessary, as a contrast, to create a
brightness variability on its surface in a narrow band of the
spectrum, which is not characteristic for the variability of a
star. The irregularity of the lightning discharge variability has
several peculiarities. First of all, we notice their time interval.
The structure of flashes requires a detailed study. The
sequence of physical processes during the formation of a
lightning discharge can have its peculiarities for different
chemical compositions of the exoplanet's atmosphere. Usually
these are molecules and atoms from a Table 2. Asan example,
we can note cases of variability in the appearance of molecular
lines and bands on a time scale in optical and IR spectral
regions. This method requires the development of a new
instrumental approach and is beyond the scope of this article.

4. Discussion

Lightning discharges in the atmospheres of planets
provide an opportunity for local diagnostics of their state
and help to check and calibrate the instruments we are
developing. In particular, for a binary detector in the y and
optical ranges, the simultaneous presence of different
fluxes was important. The vy-ray lightning spectra
discovered by Japanese physicists using detectors at the
Fukushima nuclear power plant required detailed
consideration of the positron sources. We were involved in
the separation of the whole set of channels of nuclear
transformations and interactions of relativistic electrons
with atmospheric atoms considered in this work and in
(Doikov M., 2022). A big surprise was the appearance of a
v-flare, recorded by flashes several microseconds before
the start of the discharge and its glow in the optics. The
detection and study of this phenomenon required the
development of a new generation of multichannel
spectrographs. The work of (Doikov M., 2022) is devoted
to this problem. At present it has become possible to
integrate a commercial optical spectrograph into the design
of the detector manufactured by us with access to the speed
of LabView for its further synchronization with the vy-
detector. Currently, the main efforts are focused on the
development of the electronic unit of the mock-up v-
spectrograph. In order to diagnose lightning on other
planets, it is necessary to thoroughly study their spectral
and photometric variability. The structure of the variability
of the energy fluxes, their temporal evolution, and the
variability of the brightness of the spectral lines are
important for identifying exoplanets with atmospheres with
thunderstorm activity. The presence of traces of nuclear
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reactions involving protons and a-particles makes it
possible to reconsider the sources of entry into the
atmosphere of the Earth and other planets with
thunderstorm activity of isotopes of CNO — elements and
new sources of induce y-ray emissions (Doikov D., 2020)
with their participation. The role of lightning in the
formation of planetary ionospheric activity should also be
reconsidered (Doikov M., 2022). Lightning modulates
collective oscillations in the ionosphere at infrasonic
frequencies, and these oscillations are recorded by special
ground stations. The limited timescales of lightning
discharge processes and the energy intervals at which
lightning hard radiation is formed provide important
information about the environment. Despite the non-
relativistic average speed of the electrons of a lightning
discharge in the lengths of their one run, their speed quickly
reaches relativistic values. According to the second part,
the increase in velocity in the non-relativistic regime,
taking into account collisions with the main component of
the atmosphere with nitrogen molecules and atoms. In the
range of ionization and radiation losses of kinetic energy
accelerated by an external electric field of a given layer of
the atmosphere, it becomes possible to form spectral lines
and molecular bands located in the zone of maximum
sensitivity of modern spectrographic equipment. The
selection and planning of the equipment and observation
sites are due to the fact that the base stations are located at
relatively high altitudes in the mountainous terrain of the
Rhodope Mountains. In particular, the building of the
branch of the Faculty of Physics and Technology is located
at an altitude of 800 m above sea level. The well-equipped
Rozhen Observatory (1800 m above sea level) is also
located nearby. In this case, the detection equipment is
located near the lightning current, which eliminates the
influence of additional distorting factors.

5. Conclusion

This paper considers the motion of relativistic particles
in a quiescent atmosphere. Contrary to the results of
traditional lightning observations, it was considered that the
v-burst starts before the main optical flash caused by
collisions of relativistic electrons. In an external electric
field, charged particles accelerate between pair collisions,
and the loss of Kinetic energy during collisions has the
following characteristics Typically, charged particles
undergo  classical  collisions, ionization  losses,
bremsstrahlung losses, and radiation due to the inverse
Compton effect. We have also singled out the energy losses
for radiation caused by the production of electron-positron
pairs. To determine the efficiency of the kinetic energy
losses for y radiation, we considered the cross section for
the production of electron-positron pairs. In this case, the
source of y quanta is the annihilation of newly formed
thermalized positrons with thermal electrons. In contrast to
the formation of positrons as a result of the decay of proton-
rich nuclei, positrons in vapors do not have sufficiently low
initial velocities. It takes some time for them to slow down.
In our work we have obtained the following results:

1. Starting from zero, the particle moves in a non-
relativistic regime with increasing velocity up to 10°5 m/s.
y-rays quants appear only in the relativistic regime of
motion. In our case, the appearance of primary y quants
before a lightning discharge can be attributed to the
formation of electron-positron pairs and further

annihilation of positrons. The calculations performed in the
article show small values of the cross sections and the
productivity of the y-quanta.

2. Then, with the onset of a lightning discharge, radiation
arises due to the excitation of bound and correspondingly
unbound transitions. Mainly the energy distribution in
lightning spectra is UV part. Under these conditions, a plasma
channel is created along which the accelerated motion of low-
energy electrons occurs. Simultaneously, protons, and
partially helium nuclei (a-particles) are carried out.

3. After the appearance of the plasma channel, the
formation of two currents in opposite directions is shown.
Electrons usually move from the Earth's surface toward the
clouds or between the clouds. The flow of positive protons
and alpha particles toward the Earth or between the clouds.
The relativistic electron current should be a source only of
background y-ray quanta after 1 thousand collisions with
atmospheric atoms.

4. In this state, after 10 thousand collisions, protons and
a-particles acquire relativistic speed and energy and begin
to participate in the nuclear transformations of lightning.

5. The currents consisting of the mentioned positive
particles participate in nuclear transformations similar to
the fission reactions leading to the brewing of proton-rich
isotopes. Calculations of the induced y radiation, carried
out in our previous works, have shown that the isotope 3N
is formed most efficiently by the reaction «a +
UN - 13N + n + a + y. After the formation of 3N the
decay is observed in the form of the reaction BN —
13C + e*. Assuming these, we conclude that in
illumination is possible to isolate y-radiation produced by
two processes, positron annihilation and the formatted by
stimulated emission.

6. The photonuclear reaction with y-quanta we plan to
present in the next paper in volcano lighting.

It should be emphasized that lightning is of interest to us
as a natural laboratory for the calibration of monitor-type
y-spectrographs.
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ABSTRACT. We discuss the new approach for the
analysis of the long-term dense series of observations of
RR Lyr-type pulsating stars with the Blazhko effect.
The standard way, namely The frequency analysis of
the O-C values for the times of maxima does not
allow for to detection of the complex nature of the
periodic changes in the shape of the light curves,
including bi-cyclicity. We have shown the perspecti-
ves of a new approach on the example of the analysis
of FISge variable observations containing a total of
55 observational nights during a period of five years
(AZT-3 Telescope, Mayaki Observational Station, SRI
“Astronomical Observatory”, II. Mechnikov ONU).
The study is based on the data obtained by S.N. Udovi-
chenko during the 2013 and 2014 observational seasons
as well as on data obtained by S.N. Udovichenko and
the author during the 2018 observational season.

Our results show that in order to understand the
features in the shape of the light curve variations for
RR Lyr type pulsating stars with the Blazhko effect,
it is necessary to have data for full cycles of variability
over a long time, and not just the moments of maxima.

Keywords: pulsating stars: RR Lyr type: Blazhko
effect; data analysis.

AHOTAIIIA. O6roBoproloThCsi Pe3yIbTATH HOBOI'O
MiIXO/Ly JIO aHaJIi3y JOBIOTPUBAJIUX PSJIB CIOCTEPE-
KeHb Iysibcyiounx 3ip tuny RR Jlipu 3 edekrom
Braaxka. Cramgaprauit criocid, a came 9acTOTHUI aHa-
i3 3aavers O—C 118 MOMEHTIB MAKCUMYMIB, HE I03BO-
JIfl€ BUSBATH CKJIQJIHUAN XapakTep MePIOAMYIHUX 3MiH
dbopmu KpuBUX OJIUCKY, B TOMY YHCJi Oi-IUKJIIYHICTD,
TO6TO, (DOPMHU TOC/IITIOBHUX MAKCUMYMIB, IO CUCTEMa~
TUYIHO PO3PI3HAIOTHC. 7151 yTOUYHEHHS TePIOfiB My/b-
cariit Ta edpexty Biaxkka HeoOXiTHO BHKOPUCTOBYBa-
TU JIOBI'OTPUBAJI MIIJIBHI PSJIM CIIOCTEPEKEHD, 110 OXO-
ILTIOIOTH yci da3u KpuBol 6stucKy. [lasi npu anasisi ve-
00Xi/IHO BpPaxOBYBaTU BILIUB Oi-IIUK/IIIHOCTI, 8 TAKOXK
pizuuit mposiB edekry Biakka [ist MAKCHMYyMIB, IO
1epryioTbes. [lepcrekTuBHICTD HOBOTO MiIXOTy MU IIO-

Ka3aJid Ha MPUKJIJIl aHasi3y JaHuxX crocrepekenb FI
Sge, 110 OXOILTIOIOTH 3araJioM 55 CIOCTEPEKHUX HOUeH
3a 1waTh pokiB (reseckon A3T-3; crocrepexkHa crad-
mist Masikn, HJII “Acrponomiuna obcepsaropis” OHY
imeni I.I. Meunukosa). Crnocrepexenns: 2013 ta 2014
poky 6yrno orpumano C.M. Ynosudenko. Criocreperxe-
wHs 2018 poky orpumano crmiibHO aBropom Ta C.M.
YaoBueHko.

HoBuit minxinm 103BOIMB yTOYHUTH MEPiOT IIy/Ib-
camiii FI Sge. Kpim Toro, Ha mijcraBi J0Broro psiiy
CIIOCTEPEKEHD OYJI0 BUSBJIEHO HOBUI edeKT, a came,
3CYyB MOMEHTIB MaKCHMyMiB OJINCKY BOIK ITOIaTKOBOI
€roxXu. 3 HOBUM 3HAYEHHSM TEPIOAy Ta BPaXyBaHHSM
BUSBJIEHOTO edekTy Mu moOyayBaum HOBY (ha3oBy
KpUBY OJIUCKY JIJIsT TIOBHOTO Psily criocTepekenb. Hosa
dazoBa KpuBa BiJmoBimae Teopil mysbcariift s 3ip
tuny RR Jlipu 3 edpekrom Braxkka. Hamri pesyibraru
MMOKA3yIOTh, IO JJIsi PO3YMIHHS 0COOMBOCTEH (hopmu
3MiH KpuBOI O/mcKy mysbcytounx 3ip turmy RR Jlip 3
edexkToM Birazkka mHeoOXigHO MaTH HaHi IS TOBHUX
[IMKJIB 3MIHHOCTI HPOTSTOM TPUBAJIOrO dYacy, a He
JIMIITIE JIJIST MOMEHTIB MaKCUMYMiB.

KurouoBi ciioBa: mysnbeyioun 30pi: 3opi tumy RR
Lyr: edexr Braxka; anamiz qanmx.

1. Introduction

At the present time, the technique for processi-
ng observation series of pulsating variable stars
is currently established. Typically, the analysis of
observational data begins with determining the peri-
od of variability. To do this, the brightness values and
moments of brightness maxima are determined, and
then a phase curve is plotted. In this case, a period
of variability is selected such that the scatter of the
moments of brightness maxima (O — C) is minimal.
However, the way minimizing the scatter of brightness
maxima does not give both the good values of the peri-
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od and a phase curve for the RR Lyrae-type stars with
the Blazhko effect. The fact is that in pulsating variable
stars of the RR- Lyrae type, in addition to the Blazhko
effect, at least two more features of brightness changes
are possible, which are lost with this data processing
technique. They are the bi-cyclical effect and the effect
of shifting the moments of maximums. Ignoring these
phenomena leads to an incorrect determination of the
period of variability, a distortion of the position of the
observed data on the phase curve, and, ultimately, an
incorrect analysis of the physical processes occurring
in pulsating variable stars. We will look at the mani-
festations of both these effects and illustrate them usi-
ng data for the star FI Sge.

The first effect, “bi-cyclicality” was detail descri-
bed in 2016, in the review paper by Smolec (2016),
where he gave an analysis of the data available at
that time regarding observations of pulsating vari-
able stars with the Blazhko effect and highlighted the
effect of bi-periodicity (period doubling), discovered
due to observations of the Kepler space telescope.
The term “period doubling” is used to the effect when
two successive pulse cycles show systematically stable,
alternating variations in the amplitude of the maxi-
ma. These variations for RR Lyrae-type stars were fi-
rst detected in the observational data of the Kepler
telescope (Kolenberg et al., 2010), and the typical li-
ght curve is shown in Fig. 1.
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Figure 1: The bi-cyclicity (period-doubling) effect.
Average light curve of RRLyr according to Kepler
space telescope data (from Smolec, 2016)

Subsequent studies (Szabo et al., 2010 and Szabo et
al., 2014) indicated this effect could not be explained
either by two oscillation modes or by oscillations of
two different periods. In fact, the bi-periodicity effect
is a fairly well-known phenomenon that is observed
in type II Cepheids (Soszynski et al., 2011, Smolec
et al., 2016). The alternation of amplitude changes
is constant, although the pulsations themselves may
be irregular for these stars, and modelling shows bi-
periodicity may be the beginning of irregular variabili-

ty (Kovacs & Buchler, 1988). The alternation of ampli-
tude for RR Lyrae-type stars with the Blazhko effect
has a different nature. We suppose the use of the term
“bi-periodicity” for stars with the Blazhko effect wi-
Il be false, and we’ll use the term “bi-cyclicality” to
denote the above effect. Surely, the question is why, for
more than 100 years of observations of variable stars
with the Blazhko effect from Earth, the bi-cyclicality
effect was not discovered? Smolec (2016) explains this
by the “unfortunate” average pulsation period for RR
Lyrae-type stars, equal to 0.5 days. That is, due to the
selection of observations we observe the star with such
a period every night practically in the same pulsation
cycle. The next pulsation cycle occurs during daylight
hours and it is lost.

Fortunately, the pulsation periods of RR Lyrae-type
stars do not always exactly coincide with 0.5 days. For
example, for the star FISge, which was selected for
the detailed study, the period of variability noted in
the GCVS (Samus et al., 2017) is 0.5047545%. This
means that every night our observations shift along
the light curve to the earlier phase, and after 106
cycles (or 53.42 days) we can observe the “previous”
cycle. Why did never detect the bi-cyclical effect for
FISge? The difference in the amplitudes of neighbori-
ng cycles reaches 0.1 magnitude, it is not a detection
problem even for medium-size telescopes. The problem
is determined by the duration of observations and mai-
nly in the methodology for processing observational
data of pulsating variable stars with the Blazhko effect.
It has always been believed that for pulsating variable
stars the most important part of the light curves is
the region of the maxima. Determining the moments of
the maxima allows to determine the pulsation period
and combine all observations into one phase curve and
the observation programs were built in accordance wi-
th this idea. Thus, the observers themselves increased
the duty cycle of the observational data, skipping “uni-
mportan” parts of the light curve. Observations became
selective, only the maxima moments, as well as possi-
ble changes in their values and phase, were fixed. The
base reason for not detecting the bi-cyclicality effect
from the Earth is this approach: the short series of
fragmentary observations.

The Blazhko effect consists of periodic modulation of
the amplitude and period of the star brightness vari-
ability. The values of the brightness maxima change
by no more than 0.3 ~ 0.4™, and the period does
not change more than 0.2 of the period. If we place
all the observational data on one phase curve, then
even if they contain two cycles of different formats, the
bi-cyclicality effect is silted up by the Blazhko effect,
which has large changes in amplitude. Thus, it was
impossible to identify the effect of bi-cyclicality usi-
ng the short series of observations and a single-period
phase curve for all observed data to analyze the vari-
ability.
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In order not to lose the bi-cyclicality effect during
processing, we began to use double the pulsation
period when constructing the phase curve. In this
way the observational data are automatically divided
into two cycles with different formats: the “main”
cycle, with a larger maximum amplitude, and the
“neighboring” cycle, with a smaller amplitude, and the
identification of the bi-cyclical format of bi-cyclical
maximum is strongly needed.

2. Observational data and light curve building

We select FI Sge for our detailed study of the
RR Lyrae-type stars’ light curve possible variati-
ons. FI Sge (R,AQOO().O = 20h13m16.25; DeC2000_0 =
+17°30'37"; type: RRab; V = 13.2 — 14.3™ (p); F =
2428333.441¢; P = 0.5047545%; Sp = A2; P(Bl) =
22.4% according to GCVS (Samus et al., 2017) is the
star included in the program of RR Lyrae-type vari-
ables of the Scientific Research Institute “Astronomi-
cal Observatory” of Odessa I.I. Mechnikov National
University. The star was observed for a total of
55 nights during the observation seasons of 2013,
2014, and 2018, at the observation station Mayaki
of the SRI “Astronomic Observatory” using AZT-3
telescope equipped CCD Sony ICX429ALL. A total
of 5500 frames were obtained in the V photometric
band for the entire time of observations, includi-
ng 26 photometrical maxima. The comparison star
was UCAC4-538-127214 RAgpp0.0 = 20"13™14.876°,
Decagoo.0 = +17033/39.95”, V=13.36""). We also used
data from Skarka & Cagas (2017), obtained in 2017.

The basis for constructing a phase curve is the period
of variability and the initial epoch. Another value of the
initial epoch results in a uniform shift of all observed
data by a fixed value in time. On the contrary, a change
in period leads to a radical change in the location of
all observational data on the phase curve. Skarka &
Cagas (2017) found another value P= 0.5047544837¢
using times of maxima obtained in 2017. We use this
value for the building FISge light curve for our data
set (Fig. 2, left panel). One can clearly see the different
positions of the maxima relative to the zero value and
the period value is needed if the updating.

We checked the possible influence of the bi-cyclical
effect on the light curve and the result is present
in Fig. 2, right panel. The maxima positions show a
tendency to group together. In addition, we showed
the time between neighboring maxima in the bi-cycles
exactly corresponds to two pulsation periods, then the
time between the maxima of cycles varies from 0.96
to 1.04 phases of the period depending on the locati-
on of the cycles (Fig.3). Moreover, we can suppose
the presence of the Blazhko effect for both elements
of the bi-cyclisity. So, for FISge we must determine
the period taking into account both the bi-cyclical and

the Blazhko effects.

We concluded an attempt to minimize the scatter
of observational data leads to an incorrect choice of
period and, as a consequence, to a distortion of the
entire picture of the overall phase curve. Therefore,
we abandoned the generally accepted method of
determining the period and began to look for another
method based on a different period search criterion.

3. The Period Search

In our new approach, we assumed that the pulsati-
ons of RR Lyrae-type stars are a periodic, conti-
nuous process in which the light curves must smoothly
transform into each other from night to night. The
Blazhko effect should contribute to the dynamics of
changes in light curves. The bi-cyclicality effect can
be eliminated by considering the light curves of the di-
fferent parts of bi-cycles (different formats of maxima).
We took the longest continuous series of observations
in September — October 2018 (15 nights), and analyzed
changes in the amplitude, phase and shape of the bri-
ghtness maximum depending on the selected period.
The analysis showed that the best convergence of data
and dynamics of changes in light curves for the star
FISge is provided by a period of 0.50500¢. The di-
fference between this period and that taken from the
GCVS for this star is only 0.05%, however, over a large
observational interval (5 years), this radically changes
the appearance of the phase curve.

Based on the new value of the pulsating period
for the star FISge, it was possible to determine an
additional period of brightness variations equal to 58
pulsation cycles, or 29.29 days. It is impossible to
call this value the period of the Blazhko effect, since
it is not possible to fit a change in amplitude 0.3
into this time interval. The dynamic of changes in
the amplitude of the maxima for individual series of
observations shows that this is impossible. Changes
in the brightness amplitude over such a time interval
can be no more than 0.1™. The result is not typical,
but it has to be taken into account. The study of
the phase curve with a new period revealed identical,
discrete, irregular shifts of the moments of the maxima
to the initial epoch (Fig. 5). That is, in addition to
the Blazhko effect and the bi-cyclicality effect, the
star FISge has a third effect that complicates the
processing of observational data. It should be taken
into account that a shift in the moment of maximum
in any cycle leads to changes in all subsequent cycles.
Based on the above, we assumed the dependence of
such shifts on already known effects: the Blazhko
effect and the bi-cyclical effect. The bi-cyclicality
effect gives us the possibility of the existence of
two successive shifts with a difference of 29.29 days,
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Figure 2: Average light curve of FISge for the period P=0.5047544837¢ (Skarka & Cagas, 2017) for our data
set, left. Bi-cyclical light curve of FISge for the same data and period, right
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Figure 3: The difference between the tined if maxima
for bi-cyclical light curve of FI Sge

which corresponds to the maximum amplitude of
cycles of two different formats, and the Blazhko effect
gives a period of 29.29 days. However, between two
shifts in the moments of the maxima there are five
intervals of 29.29 days, when no shifts occur. It is this
periodic order that makes it possible to explain the
position of the moments of the maxima over the entire
observation interval. It is this order that makes it
possible to take into account the shift of the moments
of the maxima and to construct for all observati-
onal data a common phase curve that corresponds
to modern concepts of the theory of pulsations (Fig. 5).

4. Complex Blazhko effect

Above we noted: “The dynamics of changes in
the amplitude of the maxima for individual series of
observations shows that it is impossible to fit changes
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Figure 4: Observations of FISge 2018. Manifestation
of the effect of displacement if times of maxima to the
initial epoch for cycles of different formats

in the amplitude of the Blazhko effect (0.3 ~ 0.4™)
into the period of change in the moments of the maxi-
ma of 29.29 days”. We have to assume that during this
period there is a modulation of the amplitude up to
~ 0.1™, which has its own local minimum and its own
local maximum. Thus, the amplitude of the maximum
during three such intervals decreases by 0.3™ and
reaches its minimum, then after another three such
cycles it increases by ~ 0.3™ and reaches a maximum.
After six periods of 29.29 days, that is, after 175.74
days, the amplitude reaches its maximum possible
value and a shift maximum occurs in the next cycle.
This is a model for a cycle of one of the formats. The
same thing happens with a cycle of different formats
but with a time shift of 29.29 days. Since cycles of
different formats influence each other, displacements
occur only when each of the cycles of different formats
is at its common maximum. As a result, we observe
two consecutive shifts with an interval of 29.29 days
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Figure 5: Observations of FISge 2018. The final phase
light curve, taking into account the effect of bi-cyclicity
and the effect of shifts of the brightness maxima

and five gaps between them. Then this entire cycle of
changes is repeated periodically. Thus, we believe that
the Blazhko effect for this star is a rather complex
process, accompanied by shifts in the moments of the
maxima to the initial epoch, and its period is 175.74
days. All of the above leads us to the conclusion that
the Blazhko effect may be more complex than we
imagined, and that the methodology for processing
observations for pulsating variable stars with the
Blazhko effect needs to be slightly changed.

5. Conclusions

Our analysis of the long-time series of observations
of FISge allows to make the next conclusion:

Firstly, a much longer series of photometric
observations are needed, since the period of the
complex Blazhko effect can be more than six months.

Secondly, it is impossible to apply to pulsating stars
with the Blazhko effect the method of determining the
period by minimization (O—C') values for the moments
of maxima, since the existence of a bi-cyclicality effect
and the effect of shifting the moments of maxima is
leading to errors in determining the period using this
method.

Thirdly, to construct the phase curve of such stars,
it is necessary to use a double period to divide cycles
into formats and be sure to identify observational data
according to the bi-cyclical “phase”.

Fourthly, if the effect of shifting the moments of
maxima is detected, it is necessary to determine its
value and the order of periodicity in order to take these
shifts into account when constructing the phase curve.

Further studies of pulsating variable stars with
the Blazhko effect are very important to clarify the
essence of the processes occurring in these stars and
to construct a physical theory of the Blazhko effect.
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NEW GALACTIC LITHIUM-RICH CLASSICAL CEPHEID:
OGLE GD-CEP-0516
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ABSTRACT. We report the discovery new super-
lithium rich beat Cepheid OGLE GD-CEP-0516
which has a lithium abundance of logA(Li)a3.6 dex.
It is the sixth known Cepheid of such type in the
Galaxy. OGLE GD-CEP-0516 can be considered as
the Cepheid which is presently crossing the instability
strip for the first time.

Keywords: stars: abundances — stars: variables:
Cepheids — stars: individual: OGLE GD-CEP-0516.

AHOTANIA. V it crarti Mu NOBIIOMJISIEMO TTPO
BiIKpUTTs HOBOI GiMomaIBHOT Tiedeinu, 6araTol iTieMm,
OGLE GD-CEP-0516. BimonaJbhi 1edeinm — 1e Kia-
cuvHi 3MiHHI 30pi-1iedeinn, siki OJHOYACHO IIYJIbCYIOTh
y aBoX (200 TPHOX) PAIAIBHUX MOJIAX.

Heranbue ¢poromerpuune mgocaimkeras OGLE GD-
CEP-0516 mpoTsroM KiTbKOX POKIB IOKA3aJj0, IO Iie
raJlakTudHa 6iMomasbHa 1edeina 3 HAMKOPOTIINM Bi-
mommm epiogom (P1=0.3949599 d, P2=0.3163039 d,
P2/P1=0.801). Bona mysuncye 3 amiutiryaoio 0.30 mag
B I-miamasomi. Ii BiJIcTaHb, $Ka 3HaljeHa 3a JI0I0-
MOT'OI0 €eMIIIPUYHOTO CITiBBiIHOIIIEHHSI TI€PiOJI-CBITHICTH
(PL) noka3sye, mo BOHA 3HAXOAUTHCH Yy TAJIAKTHIHO-
My TOHKOMY Jucky, Ha 0.07 kuk Ha mromunoio ['ama-
kTukn. Jis 1miel medeinn Mu mpoaHasidyBajn CIIEKTD
UVES 3 posainbaoio 3marHicTio R = 42 300, akwii
OXOILTIOE IHTEPBAJI JOBYKIUH XBIIb 4726-6835 A, BizTHO-
urerns curnad/mym S/N=141. 1106 BusnaunTu ede-
KTHBHY T€MIIEPATypPy, MA BUKOPUCTAJIN METOIUKY, SKa
OCHOBaHAa Ha BijHOIIeHHSX rudwH jgiHil. MikpoTypOy-
JICHTHA, MBUJKICTD 1 TPUCKOPEHHS CUJIU TS2KiHHS OyJIn
3HalJIeH] 3a JIOMMOMOTOI0 CTAHJAPTHOTO AHAJI3Y.

Hosa cymepiirieBa nedeina OGLE GD-CEP-0516
JIEMOHCTPY€E HAsBHICTH CUJIBHOI pe3oHaHCHOI Jiinil Lil
6707.766 A i mae Bmicr mirio log A(Li) ~ 3.6 dex.
Bwmicr Byrsemo Ta Harpio, BuzHadenuit misi OGLE
GD-CEP-0516, 6/m3bKnii 10 COHAYHMX 3HAYEHD, I1€
BKa3ye Ha Te, IO s Iedeina me He IPOXOuia Je-
pe3 mepmuii KOHBeKTUBHUI BuHOC. lle mocta Bimoma
kiacnuHa nedeina takoro tuiy B lajnakruii. OGLE

GD-CEP-0516 mokHa BBaxkaTn 1edelion, sKa 3apas3
BIIEPIIIE TIEPETUHAE CMYTY HECTaOLIHLHOCTI.
SayBaxkuMo, IO JITiii Oyjo 3HalIeHO B pPIi3HUX
nedeinax: 1) mosronepiommuna uedeina y Benwmkiii
MaremnanoBiit Xmapi, sKa MyJabcye y QGyHIaAMEH-
TajdbHOMY Iepiomi; 2) warTh GiMomaabHuX Iedelir
Yymanpkoro Ilasxy, mo myabcyioTh abo B pPEeXKUMU
P0O/P1 a6o P1/P2; 3) rtimeku V1033 Cyg € 3BU-
JaifHuil mysibcarop ocHoBHOI Momu 3 P =~ 4.9 d. Ile
MOXKe O3HaJaTw, IO JiTiii B armocdepax 1edein
Mir BUPOOJIATHCA dYepe3 Pi3HI KaHAIM, HAIPUKJIIAJ,
qepe3 IOIVIMHAHHS IIJIAHETH, aKPeIiio Cyb30psaHux
KOMIIAHBHOHIB, 3abpymaHeHHs BiJ 30pi-CynyTHHUKA,
abo BHyTpinmmHBOro BUpOOHHUIITBA Li mmim wac cramil

RGB/RC.

Kuarouosi
KJTacu4Hi 1edeinu.

cjioBa: 30pi: XiMiyHWII CKJaj — 30pi:

1. Introduction

Pulsating stars such as classical Cepheids are not
only crucial primary distance indicators, but they are
also at the crossroad of many fundamental astrophysi-
cal problems.

Classical Cepheids are intermediate-mass and mas-
sive stars crossing the Instability Strip during the core
He-burning stage. Classical Cepheids cover a broad
range in stellar mass, namely from ~2.2 to ~14 Mg.
In an evolved intermediate-mass star one expects the
lithium abundance to be severely diluted due to the
combined effects of the mass-loss on the Main Sequence
and the subsequent first dredge-up. The sensitivity to
mass-loss stems from the fact that in B stars (the pro-
genitors of Cepheids) Li remains in only the outer 2%
of the star at the end of the Main Sequence. The stan-
dard stellar evolution predicts a dilution about a fac-
tor of ~50-60 relative to the initial value. Assuming
an initial lithium content of logA(Li) = 3.3 dex, this
means that Cepheids should have lithium abundances
logA(Li)<1.5 dex. In contrast, Li-rich Cepheids has
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Table 1: Parameters of the lithium-rich Cepheids

Star Mode  Pobs <V> Rea d 1 b  Remarks

days mag  kpc pc deg deg
Galaxy :
OGLE GD-CEP-0516 P2/P1 0.394959  12.666 7.87 2720 285.50 —1.45 This paper
ASAS 075842-2536.1 P2/P1 0.41013 12.260 9.03 2100 243.55 2.35 Kovtyukh et al. (2019)
V363 Cas P2/P1 0.546597  10.550 8.76 1155 118.46 -2.22 Catanzaro et al. (2020)
ASAS 131714-6605.0 P2/P1 0.913165 11.820 6.85 2200 305.86 -3.64 Kovtyukh et al. (2019)
V371 Per P1/P0 1.738 10.930 10.61 3200 146.02 -14.65 Kovtyukh et al. (2016)
V1033 Cyg PO 4.9375119 13.027 7.52 3429  69.94 0.49 Luck & Lambert (2011)
LMC :
HV 5497 PO 99.156076 11.930 - - 27724 -36.17 Luck & Lambert (1992)

Remarks: Rg— Galactocentric distance, d — heliocentric distance.

a strong lithium line with the deduced LTE lithium
abundance of logA(Li) = 3.3 dex (see Luck & Lam-
bert, 1992, 2011; Kovtyukh et al., 2019; Catanzaro et
al., 2020).

Six super-lithium rich Cepheids have already been
reported in the literature. Some useful parameters for
the Li-rich Cepheids in the Galaxy and Large Magel-
lanic Cloud (LMC) are gathered in Table 1.

The study of lithium content as a function of effective
temperature, rotation, and deepening of the convective
zone is a key problem for our understanding of stellar
convective mixing and evolution.

In this paper we report the discovery of new Li-rich
beat Cepheid OGLE GD-CEP-0516. Beat Cepheids
are classical Cepheid variable stars that simultaneously
pulsate in two (or three) radial modes. Most beat
Cepheid pulsates either in the first overtone and the
fundamental modes (P1/P0), or in the second and the
first overtone modes (P2/P1). Previous studies clearly
established that the period ratio (higher to lower
mode) of the P1/P0 pulsators is around 0.72, while
that of P2/P0 is closer to 0.80. The period ratios
P1/P0 can be measured very accurately and have
been found to correlate with the Cepheid masses (or
periods), and the abundances of the heavy elements
(Kovtyukh et al., 2016; Lemasle et al., 2018).

2. Beat Cepheid OGLE GD-CEP-0516

Extensive photometry of OGLE GD-CEP-0516 over
a number of years has clearly shown it to be a Galactic
beat Cepheid, with the shortest period known so far
(P1=0.3949599 d, P2 = 0.3163039 d, P2/P1 = 0.801,
see Udalski et al. 2018). It pulsates with an amplitude
of 0.30 mag in the I band. Its distance, which is
derived from the empirical period-luminosity (PL)
relation, places it in the Galactic thin disk, 0.07 kpc
above the Galactic plane (Skowron et al., 2019).
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Figure 1: The spectral region around the Li1 6707.8 A
line in the spectra of lithium-rich Cepheids. For the
sake of clarity the continuum level was shifted to arbi-
trary levels.
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3. Spectroscopic analysis

For this star we analysed UVES spectrum at R =
42 300 that have been taken using the red arm (#CD3)
and cover the wavelength interval 4726-6835 A, the
signal-to-noise ratio S/N=141 (Dekker et al., 2000).

Fig. 1 displays the spectral domain around the Lit
6707.8A feature for the all Li-rich Cepheids discovered
so far in the Milky Way and LMC.

4. Parameters and Abundance

To determine the effective temperature (Tog) for
OGLE GD-CEP-0516, we employed the method of
Kovtyukh (2007), based on Teg—line depth relations
(we used 59 relations in total, and derived Teg= 6526
+ 20, 0 = 139 K). The microturbulent velocity V; and
gravity log g were found using the standard analysis
(see, for example, Kovtyukh et al., 2016). The atmo-
spheric parameters Tog, log g and V; are listed in Table
2.

The abundances of different elements were derived
in the LTE approximation using atmosphere model in-
terpolated for the atmosphere parameter within the
grid of ATLAS9 models by Castelli & Kurucz (2004).
We discarded strong lines (with EWs>150 mA) due to
noticeable damping effects. The oscillator strengths,
log gf, were adopted from the Vienna Atomic Line
Database (VALD, Ryabchikova et al., 2015, version
2023). The reference solar abundances were taken from
Asplund et al. (2009).

The results are given in Table 2.

5. Discussion and Conclusions

We have discovered new lithium Cepheid in the
Milky Way, which brings the number of such rare ob-
jects to a grand total of seven stars (six in the Galaxy,
one in the LMC). This Cepheid (OGLE GD-CEP-0516)
shows the presence of strong resonance Lil 6707.766 A
line. The abundances of carbon and sodium deter-
mined for OGLE GD-CEP-0516, being close to the so-
lar values, indicate that this Cepheid has never been
through the first dredge-up (Adamczak & Lambert,
2014; Takeda et al., 2013, and references therein). Oth-
erwise, we should expect the abundances of these ele-
ments to have been significantly altered by the dredge-
up.

Note that lithium has been measured in a variety
of Cepheids: one very long-period LMC Cepheid pul-
sating in the fundamental mode, and five double-mode
Milky Way Cepheids pulsating either in the PO/P1 or
P1/P2 modes; only V1033 Cyg is a common P=24.9 d
fundamental mode pulsator (Table 1). This might in-

Table 2: LTE abundance in OGLE GD-CEP-0516.
Model 6526/2.4/1.4 (Teg, log g, V)

Ion  Code [El/H] o NL (ElI/H)
Lit 3.00 2.44 - 1 3.60
C1 6.00 -0.12 0.07 7 8.44
Or1 8.00 -0.00 0.07 3 8.81
Nar 11.00 -0.12 0.09 2 6.20
Mgr 12.00 -0.18 - 1 7.42
Al1 13.00 -0.20 - 1 6.10
Sit 14.00 0.02 0.14 12 7.53
Sit 14.01 0.14 - 1 7.65
S1 16.00 0.28 0.27 3 7.49
Car  20.00 0.16 0.15 7 6.54
Scim 21.01 -0.13 0.25 5 3.12
Ti1 22.00 0.14 0.16 13 5.09
Tiim  22.01 0.03 0.22 5 4.98
Vi 23.00 0.01 0.16 3 4.12
Vi 23.01 0.05 0.15 2 4.16
Cri 24.00 0.11 0.16 9 5.87
Crir 24.01 0.11 0.12 6 5.87
Mn1i 25.00 -0.21 0.12 6 5.33
Fe1 26.00 0.01 0.12 149 7.51
Ferr  26.01 0.02 0.10 19 7.52
Cor  27.00 0.08 0.30 2 5.07
Nir 28.00 -0.03 0.12 28 6.27
Yir 39.01 0.11 0.08 5 2.30
Zrii 40.01 0.02 0.34 2 2.90
Lair  57.01 -0.04 0.09 4 1.29
Celr  58.01 0.05 0.16 5 1.76
Prir 59.01 0.04 0.19 3 0.85
Ndmr 60.01 -0.28 0.10 4 1.24
Funr  63.01 0.02 0.18 2 0.98

Remark: (El/H) is absolute abundance value on the
scale where hydrogen abundance is 12.00.

dicate that Li observed in the atmosphere of Cepheids
could be produced via different channels, for instance
via accretion of sub-stellar companions, pollution from
a companion star, planet ingestion, or internal produc-
tion of Li during the RGB/RC stage (for details, see
Liu et al. 2014, Kirby et al 2016, Kovtyukh et al. 2019,
and references therein).

Acknowledgements. Based on observations collected
at the European Southern Observatory under ESO
programme ID 105.20MX.
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ABSTRACT. We present the results of spectral
observations of the symbiotic star CH Cyg, carried
out at the Cassegrain focus of the 2-m telescope of the
ShAO named after N.Tusi, by using the Shamakhy
Fiber Echelle Spectrograph (ShAFES). The spectra
of star CH Cyg were obtained with the spectral
resolution of R = 28000, between June and November
2016. We also present the results of the comparative
analysis of the brightness curve of the star with the
main parameters of Ha and HS emission lines. During
the observation period, both lines exhibited changing
profiles characterized by complex structures, predomi-
nantly with double peaks. The ratio of the intensities
of the blue and red components was typically Ig/Ig
< 1 for the Ho line and Ig/Ir > 1 for the HE line. A
quasi-period of 241 days was found in the variation of
the equivalent widths of Ha and HfB emission lines as
well as in the intensities of their components

Keywords: Symbiotic star — CH Cyg; echelle spectra;
line profile; radial velocity.

AHOTAIIIA. HaBogsarbest pe3ysibraTu CHEKTPAJIb-
HuX cnocrepexkerb cumbiornanoi 3opi CH Cyg, Buko-
Haui y dokyci Kaccerpena 2-m teneckoma IITAQO im.
H. Tyci 3a momomororo IllamaxiHCHKOrO BOJIOKOHHO-
ro eresie-cuekrporpada (ShAFES). Cuekrpu 30pi CH
Cyg GyJsiz oTpuMaHi 31 CIIEKTPAIBLHOI PO3IILHOIO 3/1a-
tHicTIO R = 28000 y mepion 3 uepBHs« 110 JiucTonat 2016
p. Takoxk BuKOpHCTOBYIOUH (HOTOMETPUUYHY Oa3y ma-
uux 3minaux 3ip AAVSO nobymoBani Kpusi GJIHCKY 30-
pi CH Cyg 3a nepioj HaIIMX CIIEKTPAJIBHAX CIIOCTEPE-
»keHb. 3a npodiisiMu emiciitaux Jiinin Ha ta HB 6ynm
BUMIPSHI HACTYIHI IIapaMeTpu: IPOMEHEBI IIBUKOCTI
CHHBOTO Ta Y€PBOHOIO MiKiB BuipoMminooBanua — RV (I
Ta IR); IPOMEHEB MBUAKOCTI HEHTPAIBLHOTO MOIJIHHA-
uust — RV (Ic4); exBiBanenTri mmupunu emiciitanx JiHiii
Ha ta HB — EW; inTeHCUBHOCTI KOMIIOHEHTIB eMiciii-
uux ainift Ho 1 HB ta 1x Bigpomenus — I5/Ig. 3a nepi-
OJ1 CIIOCTEPEKEHD JIiHIT JEMOHCTPYBAJIM MiHJIUBUH TIPO-
binb, MO XapaKTEepPU3yETbCsl CKJIAIHOK CTPYKTYPOIO,
mepeBaxkHo 3 moaBiiiunm mikom. CriBBigHOITEHHSA iH-

TEHCUBHOCTEl CHMHBOI Ta YePBOHOI KOMIIOHEHTIB 3ara-
aom cranosmwio Ip/Ip < 1 mus ninii Ha ta Ig/Ig >
1 mrst minil HB. CuisBigHOIIEHHST iHTEHCUBHOCTEH JIiHIT
Hf nme tax cunbHO Bapitoerbes, sk y Ha. 3mina Big-
wocud Ip/Ip inrencusnocreit cunboi (Ig) i yepBoHOI
(IR) emiciitnux kommnonentis Jiinii Ha xopesmoerses 3i
3MiHAMU IIPOMEHEBUX IIBUJIKOCTEN IEHTPAJIbHOIO II0-
rmHauHs (RV((Ic4))), 31 3MeHIIEHHSIM BiTHOIICHHST
I /IR pajgianbHa MBUAKICTD IEHTPAILHOTO MOLJIXHA-
HH$ 30L/IBITYETHCS.

3a 1epiof] CIeKTPAIBHUX CIIOCTEPEKEHD 3 YEPBHS 110
smucronana 2016 p. ackpasicTs 30pi y V-dinbTpi 3Men-
munacg npudsausHo Ha 1™.5. Ilpubmmsno 3 16 mo 28
ceprast 2016 poKy sicKpapicTb 30pi 301IbIINIACS TTPU-
6sm3mo Ha 0.5 i 3HOBY HodaJia 3MEHNIyBaTuCA. ¥ 3Mi-
HaX, €KBIBAJIEHTHOI IMUPUHA Ta IHTEHCUBHOCTI CHHBOI
(Ip) ra uepsonoi () emiciitaux komnounent Jiniit Ho
ta HB, y criekrpi cumbiornunoi 3opi CH Cyg, Bcranos-
JIEHO KBazimnepios 3 xapakKTepHUM dacoM 241 jHiB.

KurouoBi cimoBa: Cumbiorwani 3opi — CH Cyg;
eresie-CueKTpu; Mpodiii crueKTpaabHuX JIiHii; TpoMe-
HEBI MIBUJIKOCTI.

1. Introdution

The symbiotic system consists of two completely dif-
ferent types of stars that coexist — interacting, cold red
giant — RG (in some cases yellow) and hot compact —
WD stars. As a result of strong gravity, the substance
flowing from the red giant gathers around this star and
forms a disk. This couple is surrounded by nebula as
a whole.

By studying symbiotic stars, we simultaneously
study 3 different types of space objects: 1. Red giant;
2. White dwarf and accretion disk; 3. Star environ-
ment gas and dust nebula. In systems of this type,
a powerful flow of matter occurs through the stellar
wind from a cold Star, and an accretion disk is formed
around a hot compact star. Symbiotic stars can reflect
a transitional stage in the evolution of several types of
double systems with a powerful flow of matter from a
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large-mass star to a small-mass star. (Mikailov, 2010;
Mikolajewska et al., 2010).

Among symbiotic stars, CH Cyg is of particular in-
terest and has remained the focus of most researchers
until the present time and attracted them due to its
inherent characteristics. These features include:

1. CH Cyg is the brightest and closest symbiotic
star. The distance to the star, according to measure-
ments by Hippacrosus, is 268462 pc. Its average vi-
sual magnitude of about m, = 6™.5 at maximum, m,,
= 10™.5 at minimum, and it is brighter in infrared re-
gion, and its magnitude at a wavelength of 2mkm is my,
= —1. (Munari et al., 1997; Belczynski et al., 2000).

2. In the star CH Cyg, both optical and radio do-
main, directional jet-shaped bipolar eruptions (jets)
are observed at a speed of 1200 km/s, the length of
which reaches 750 astronomical units. To understand
such phenomena and unravel their origin, CH Cygni
is the most optimal laboratory (Karovska et al., 2010;
Kellogg et al., 2007).

3. CH Cyg pulsates with the exact period (100 and
750 days) characteristic of the cold red giant o Cet
(Mira) of the symbiotic system. As a result, the ac-
cretion regime changes, and the system shows changes
of an even more complex nature. At the same time,
such systems with different short and long orbital peri-
ods behave differently than other symbiotic stars. The
study of the evolution of such a system is of great im-
portance (Hinkle et al., 2009; Hinkle et al., 1993).

4. In the CH Cyg symbiotic system, evidence has
been increasing lately indicating the existence of the
3rd Star. Many researchers perceive it as a system of 3
stars. The 756-day short period may be the period of
the 3rd star in an invisible inner orbit of a symbiotic
pair of M gigants and hot stars with a 15.5-year long
period ( Mikailov, 2010).

5. CH Cyg is also completely different from
other symbiotic stars due to its long activity dy-
namics.  After many years of passivity, activity
began in 1963, and after the great flashing in 1977,
this activity continues to the present ( Mikailov, 2010).

2. Observations and data reduction

Spectral observations symbiotic star CH Cyg, were
carried out at the Cassegrain focus of the 2-meter
telescope at the Shamakhy Astrophysical Observatory,
named after N. Tusi, using the Shamakhy Fiber Echelle
Spectrograph (Mikailov et al., 2020) and the CCD
matrix with 4096 x 4096 pixels. The spectral res-
olution was R = 28000, and the wavelength range
was 3800-8000 A in during June — November 2016
were obtained 9 echelle spectrums of star CH Cyg.
Processing of echelle spectra was carried out accord-
ing to the standard method using the new version
of the DECH30 program developed by Galazutdinov

(http://www.gazinur.com/DECH software.html). A
list of all used spectra is given in Table 1.

For the spectral observations period between June
— November of 2016, the brightness curve of the star
CH Cyg has been constructed using the AAVSO
photometric database. As displayed of the figure, the
brightness of the star has reduced by approximately
1™.5 in the V filter. Around 16 — 28th of august
2016-time interval, the brightness of the star has
increased by about 0”.5 and started to reduce once
again.

3. Results of observations

The following parameters were measured from the
available spectra, from the Ha and HfB emission lines
profiles:

a) the radial velocities of the blue and red emission
peaks: RV(Ip and IR);

b) as well as the radial velocities of the central ab-
sorption: RV(Ica);

¢) the equivalent widths in the Ha and HS emission
lines (EW);

d) the intensities of the Ho and Hf emission lines
components (Ip and Ir) and their ratios Ig/Ig.

Results of measurements of parameters of Ha and
Hp lines is given in Table 1 and 2.

Figure 1 presents the Ho and HS emission lines pro-
files in the spectrum of CH Cyg for the period of our
spectroscopic observations (June — November 2016).
During the observation period, both lines exhibited
changing profiles characterized by complex structures,
predominantly with double peaks. The ratio of the in-
tensities of the blue and red components was typically
Ig/Ir < 1 for the He line and Ig/Ir > 1 for the HB
line. The Ha and HPB emission lines (blue and red emis-
sion components as well as the central absorption) as
a rule, is blue shifted.

As seen in Figure 1 and Table 1, 2: a) The intensity
of red (Ig) and blue (Ip) components of H alpha lines
show abrupt variations. In two nights, the intensity
ratio was Ig/Ig > 1, but for the rest of the nights was
Ip/Ig < 1 displaying strong variability. This variabil-
ity agrees with the radial velocity of central absorption
of Ha lines RV(I¢4). As the Ip/IR ratio reduces, the
radial velocity of central absorption increases. b) The
intensity ratio of blue and red components of HS was
Ip/Ig > 1 for 6 nights and for the rest 3, it was Ip/Ig
~ 1. The intensity ratio doesn’t display as much vari-
ability as it did in Ha.

A quasi-period of 241 days was found in the varia-
tion of the equivalent widths of Ha and HS emission
lines, as well as in the intensities of their components

(Fig. 2).



Figure 1: Visual light curve of the CH Cyg star in June
— November of 2016. The filled red circles indicate the
time of observations.
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Table 1: Results of measurements of parameters of profiles of Ha line.
Data JD EW (A) Rv (km/s) Int Ig/Ig
+2457000 IR Ica Ip Ig Ip
15.05.2016  524.455 15.01 -17.15  -77.00 -113.34 3.88 5.00 1.29
13.06.2016  553.444 5.07 -28.42 -72.53 -113.58 220 257 1.7
16.07.2016  586.304 8.05 -34.82  -80.01 -109.33 4.54 3.08 0.68
16.08.2016  617.233 18.21 -38.79 -90.67 -115.02 9.67 3.79  0.39
19.08.2016  620.254 13.96 -37.41 -85.58 -117.42 5.82 3.58 0.62
28.08.2016 629.21 13.76 -39.04 -84.20 -120.55 477  3.77  0.79
21.09.2016  653.198 10.27  -41.36 -87.6 -119.20 3.47 2.60 0.75
-15.96 -184.90
26.11.2016 719.186 34.27 -30.41 -91.23 -118.67 11.16 6.91 0.62
30.11.2016  723.161 41.10 -36.74 -95.65 -120.36 15.75 7.25  0.46
Table 2: Results of measurements of parameters of profiles of HS line.
Data JD EW (A) Rv (km/s) Int Ig/Ir
+2457000 Ir Ica Ip Ir Ip
15.05.2016 524.455 10.66 -8.22  -52.60 -102.46 4.81 6.41 1.33
13.06.2016  553.444 5.53 -17.10 -53.41 -107.57 2.49 3.23 1.30
16.07.2016  586.304 6.42 -22.59 -66.40 -97.90 298 3.68 1.23
-44.87 -170.40
-216.60
16.08.2016 617.233 11.82 -14.76 -28.99 -102.56 3.89 5.20 1.34
19.08.2016 620.254 11.33 -13.44 -36.06 -106.75 3.86 5.57 1.44
28.08.2016 629.21 12.08 -10.47 -39.56 -109.46 4.32 5.50 1.27
-55.36
21.09.2016  653.198 10.91 -7.85 -35.24 -103.33 4.16 4.08 0.98
-54.00 -165.41
26.11.2016  719.186 24.37  -22.94 -54.61 -110.69 9.55 9.28  0.97
-74.11
30.11.2016  723.161 25.13 -23.50 -57.75 -110.41 9.74 8.96  0.92
-79.35
4. Conclusions
ALELELELE AL AL LS BLELELELEN BLELELELE BUELELE
&0 .-.'-3: CH Cyg (2016) 1. Over the period of our spectral observations
[ = 1 (June-November 2016) of the symbiotic star CH Cyg,
- .; q the profiles of the Ha and Hf lines represent the emis-
>78F " o p files with predominantly double peaks, highl
| - .# o Y { sion profiles with predominantly double peaks, highly
g [ TN o Oy . ] variable intensities of the red (Ig) and blue (Ig) com-
60 3 ‘.b -‘;..‘.:: 5 J Dponents. The Ig/Ig ratio is < 1 for the Ha line and
X - T ) Ig/Ir > 1 for the Hp line.
- :'{‘ e 2. Changes in the Ip/Ir ratios of the intensities
85 I Jd  of the blue (Ig) and red (Ig) emission component of
[ . . R we o .'.: ] the Ho line is correlated with changes in the radial
P s i b s st el s saalaseadsasa] velocities of the central absorption (RV(Ic4); as the
500 550 600 650 700 I /IR ratio decreases, the radial velocity of the central
JD2457000+ absorption increases.

3. During the spectral observation period from June
to November 2016, the luminosity of the star in the V-
filter decreased by about 1™.5. From about August 16
to August 28, 2016, the luminosity of the star increased
by about 0.5 and began to decrease again.

4. A quasi-period with a characteristic time of
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Figure 2: Profiles of Ha and Hf lines in spectrum CH Cyg.
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Figure 3: Periodicity in the variabilities of the equivalent widths of Ha and H/f3 emission lines, as well as in the

intensities of their components.

241 days has been established in the changes in the
equivalent width and intensities of the blue (I5) and
red (Ig) emission component of the lines Ho and Hp
in the spectrum of the symbiotic star Cyg.
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ABSTRACT. Metal-poor stars allow us to establish the
early history of the Milky Way, furthermore the stars on
advanced evolution stage (e.g. giants, AGB stars etc.) give
the opportunity to research the peculiarities of stellar evo-
lution at low metallicity. On the base of the 11m Southern
African Large Telescope (SALT) spectra obtained using
HRS fibre-fed echelle-spectrograph during 2018 -2020,
the atmospheric parameters and elemental abundances of
four metal-poor stars HE 1523-0901, HD 6268, HD
121135, and HD 195636 ( [Fe/H] ~ -1.5 — -3.0) have been
obtained. The iron abundance was determined based on
the equivalent widths of absorption lines. The carbon
abundance was obtained using the molecular synthesis
fitting for the CH (4300-4330 AA) region, nitrogen from
CN at 3883 A, oxygen from [O] line at 6300 A and IR
triplet at 7770 A The relationship between the chemical
enrichment of stars and their stellar evolution is consid-
ered. It may be associated with the processes of mixing
inside the stars, and the mechanisms of matter transfer
during stellar evolution.

Keywords: stars: abundances — stars: atmospheres — stars:
Population Il — stars: stellar evolution.

AHOTANIA. 3opi 3 OigHuM BMICTOM METaJiB JO3BO-
JSIFOTH HAM BCTAHOBUTH paHHIO icTopito YymarpKoro
[nsxy, ane 30pi Ha MPOCYHYTiH cTajil eBomtowii (Hampu-
kiaj, riranth, 3opi AGB To1110) 103B0NsAIOTE HAM BUBYA-
TH OCOOJIMBOCTI €BOJIONIi 3ip MPU HU3BKIH METaJeBOCTI.
Ha ocHOBI criekTpiB, OTpIMaHHX 32 JOIIOMOTOIO eIlesure-
cnekTporpada 3 BOJIOKOHHUM kuBicHHAM HRS miBaeH-
Hoadpukancekoro Bemukoro temeckoma (SALT, 11 M) y
2018-2020 pp., mociimkeHO mapameTpu atmochepu Ta
BMICT €JIEMEHTIB 4OTHPbOX OigHHMX Ha Metanu 3ip HE
1523-0901, HD 6268 HD 121135 i HD 195636 ([Fe/H] ~
-1,5 — -3,0) mocmimkeno. BmicT 3amiza BuU3HAuYalM Ha
OCHOBI eKBiBaJIeHTHOT IIMPHHU JiHiA. Bmict Byrnemo (i
a30Ty)  BH3HAyagM 32  JONOMOTOK  HiArOHKH
MOJICKYJIIpHOTO cuHTe3y B obmacti G-cmyrn CH (4300-
4330 AA), N B o6macti monekyssapuoi cmyru CN mnpu
3883 A, kucHio, BukopuctoBytoun Jinii [O] 6300 A Ta
IY-tpummeta ©Ha 7770 A. PosrmsHyTo 3B'A30K Mik
XiMigHUM ~ 30aradeHHsSM 3ip 1 IXHBOIO  30PSHOIO
eBororiero. Lle moxke OyTH MoOB'sA3aHO 3 MpoOIlECaMH Iie-
peMmimryBaHHS BcepenuHi 3ip, TOOTO 3 MexaHi3MaMH Tepe-

South Africa, a_kniazev@saao.nrf.ac.za

HECCHHSI PEUOBHMHHU B Xomi ix eporomii. [Tapamerpu (log
L/Lo i [C/H] ) 3ip HE1523-0901, HD6269 BinnosinatTh
obiacTi KaHOHIYHOTO 3MimTyBaHHs, 30ps HD 121135 mo-
XKJIMBO HE Ma€ BIUIMBY KaHOHIYHOTO EKCTpa-3MIIIyBaHHS.
BBeneHHsT MOXKJIMBOI KOPEKIii 3a BiIXMICHHS BiJ TepMoO-
nuHamigHoi piBHoBaru NLTE s 3HaueHs BMiCTy
BYIJICII0 HE 3MIiHIOE BHUCHOBKIB TPO KaHOHIYHE €KCTpa-
3MilllyBaHHs B JociimkyBaHux 3opsx HE1523-0901,
HD6269; 30pst 195636, mBumme 3a Bce, € 30pEIO
TOPU30HTAIBHOI 200 BHUCXiMHOI T'JIKU TIFAHTIB 3 JACSIKHUMU
0COOTHMBOCTSIMH XIMIYHOTO CKJIAIy Ta BEIHUKOIO IIBHIIKIC-
TIO OOCpTaHHS.

KurouoBi ciioBa: 30pi: BMicT — 30pi: aTMocdepa — 30pi:
Hacenenns |l — 30pi: eBomortis 3ip.

1. Introduction

Metal-deficient stars ([Fe/H] <- 1.5) researches can
provide information about the early nucleosynthesis of the
Galaxy and its chemical evolution as a whole, but the stars
on advanced evolution stage (e.g. giants, AGB stars etc.)
allow us to study the peculiarities of their stellar evolution
at low metallicity. The ratios of the CNO elements, the
abundances of which changes as a result of nuclear reac-
tions in case of hydrogen burning in advanced cycles may
be associated with the processes of mixing inside the stars,
and the mechanisms of matter transfer during the course
of stellar evolution (e.g., Gratton et al., 2000; Spite et al.,
2006). When the star evolves up giant branch (RGB), the
outer convective envelope expands inward and the ensu-
ing mixing episode, called the “first dredge-up” (Iben
1964) to alter the star’s surface light element abundance.

First dredge up is expected to be less efficient in metal-
poor stars (VandenBerg & Smith 1988; Charbonnel 1994):
changes in C and N abundances are very small, and the
12C/13C ratio is expected to remain > 30. Gratton et al.
(2000) investigated the mixing along the RGB for -2 <
[Fe/H] <— 1 and found that the light elements in lower-
RGB stars are in agreement with standard evolutionary
models; but in the upper part of the RGB, additional mix-
ing ( “second dredge-up”) leads to depletion of carbon and
enrichment in nitrogen, but not any O-Na anti-correlation.
Later Khan et al. (2018) have indicated that standard stel-
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lar models underestimate the depth of efficiently mixed
envelopes and an efficiency of significant overshooting
increases with a metallicity decreasing.

Spite et al. (2006) provided LTE analysis of 32 extreme
metal-poor (EMP) giants in order to understand the CNO
abundance variations carried out, and found the C-N anti-
correlation.

Metal — poor stars with an excess of carbon (CMEP)
have aroused special interest, in particular, in the sources
of origin of excess of carbon. C underabundance and N
overabundance may be associated with canonical extra
mixing (e.g., Denissenkov & Pinsonneault, 2008; for the
CMEP and CEMP-no stars). Denissenkov & VandenBerg
(2003) have proposed to call the thermohaline mixing as
an explanation for deep mixing in the envelopes of red
giants, because of its universality, as the canonical extra
mixing (non-convective) and to use instead of rotational
one (e.g. Denissenkov & VandenBerg, 2003) for which
viable models to be difficult to construct (e.g. Palacios et
al., 2006). To account for extra mixing on the upper giant
branch, Stancliffe & Eldridge (2009) used a diffusive pre-
scription for thermohaline mixing based on the work Kip-
penhahn et al. (1980) and the same parameters choice (in-
troduced by Charbonnel & Zahn, 2007) reproduces the
observed abundance trends across a wide range of metal-
licities, for both CEMP and CEMP-no metal-poor field
stars (Stancliffe et al., 2009) and globular cluster stars
(Angelou et al., 2011). Placco et al. (2014) for the ex-
pected depletion of surface carbon abundance have
recomputed of the initial carbon abundance of the stars,
using the stellar evolution code (Eggleton, 1971; Stan-
cliffe & Eldridge, 2009). Takeda & Takada-Hidai (2013)
carried out the non-LTE analysis of C I lines at 1.068-
1.069 um for metal-poor stars and obtained the mean val-
ues of NLTE corrections for [C/Fe] about 0.3 - 0.4 dex.

The purpose of this work is to determine the atmospheric
parameters and elemental abundances (carbon, nitrogen, and
oxygen, i.e. CNO), which are important parts in the analysis
of advanced states, for the stars HE 1523-0901, HD 6268,
HD 121135, and HD 195636 ( [Fe/H] ~ -1.5 — -3.0), in order
to research the relationship between the chemical enrichment
and their stellar evolution and mixing processes.

2. Observations and spectrum processing

The main parameters of studied stars were taken from
the SIMBAD database (Gaia DR2), in particular:

HE 1523-0901: B = 12.37; V = 11.50 (SIMBAD);
7 (mas): 0.2772 [0.0434]; RV = -163.608 [0.0045] km s';

HD 6268: B = 9.725; V = 9.046 (Zacharias et al., 2012;
UCAC4); d = 705.9156 pc; = (mas): 1.4166 [0.0440]; RV
=39.52 [0.15] km s%;

HD 121135: B =10.14; V = 9.37 (SIMBAD); d = 755.00
pc;  (mas): 1.3245 [0.0532]; RV = 125.60 [0.23] km s%;

HD 195636: B = 10.13, V = 9.57 (2000, A&A, 355, 27,
UCAC4), n (mas): 1.6074 [0.0681]; RV = -258.40 [0.3]
km s

The spectra of studied stars were obtained using the
11m Southern African Large Telescope SALT (Buckley et
al., 2006; O’Donoghue et al.,, 2006) HRS fibre-fed
echelle-spectrograph (Barnes et al., 2008, Bramall et al.
2010, Bramall et al., 2012, Crause et al., 2014) during
2018-2021 with medium resolution mode (R~ 31000—
41000) and high S/N ratio near 50-220 in the ranges of
3900-8700 AA. All the data were processed using pack-
age developed by authors based on the standard system of
astronomical data reduction MIDAS. Further spectra pro-
cessing such as the continuum establishing, line depth and
equivalent width (EW) measurements, etc., was conducted
using the DECH30 software package by Galazutdinov
G.A. http://gazinur.com/DECH-software.html.

The rotational velocity projection was measured by fit-
ting of the observed spectrum with models from Coelho
(2014).

3. Atmospheric parameters determination

The effective temperature T was determined, due to
the independence of the iron abundances obtained for its
given absorption lines from the lower-level potential Ejow
of these lines. Gravity log g was obtained from the ioniza-
tion equilibrium for the Fe | and Fe Il abundances. The
microturbulent velocity V; was obtained from the condi-
tion of independence for Fe | lines abundances on their
equivalent width EW.

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.

Table 1 represents the stellar parameters of our re-
searching stars.

Table 1: Our determined stellar parameters

Star Terr | logg | [Fe/H] Vi
(K) (kms™)
HE1523-0901 4450 | 0.80 | -2.82 | 25
HD6268 4700 | 1.30 | -256 | 2.1
HD121135 4950 | 1.65 | -1.37 | 1.8
HD195636 5450 | 1.80 | -2.75 | 2.3

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 the metallic-
ity [Fe/H]. Our values of the iron abundance obtained
from the Fe | and Fe Il lines are almost similar, and we
used the Fe | abundance as the metallicity [Fe/H] value.

4. Abundances determination

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

The iron abundances were dermined using EWSs of lines
and WIDTH9 code by R.Kurucz. C, N, O abundances
were calculated employing the synthetic spectrum method
by a new version of the STARSP software (Tsymbal,
1996) and new version of the VALD3 line list (Kupka et
al., 1999). The carbon abundance were determined using
the molecular synthesis fitting in the region of the CH
G-band (4300-4330 AA), nitrogen from CN at 3883 A,
oxygen from [O] line 6300 A and IR triplet at 7770 A.

The spectrum synthesis fitting of the CH lines to the
observed profiles for star HD 6268 are shown in Fig. 1.

To determine the systematic errors in the abundance es-
timates due to uncertainties in the atmospheric parameter
determinations, we have derived the elemental abundances
for the target stars from several models with modified
parameters (6Teff= £100 K; dlog g= +0.2; dVt= £0.1).
The total uncertainty due to the parameter and EW errors
for the Fe I and Fe Il are 0.11 and 0.12, respectively. The
determination accuracy for C, N, O elements varies from
0.15t0 0.21 dex.

The elemental abundances [El/Fe] presented in Table 2.
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Figure 1: Observed (doted) and calculated (solid lines) spectra in
the region of CH lines for star HD 6268.
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Figure 2: Positions of our stars at evolutionary diagram (De-
marque et al., 2004).

5. Results and discussions

We have studied our stars from the point of view of the
advanced stages of stellar evolution of metal-poor stars.
Positions of our stars at evolutionary diagram (Demarque
et al., 2004) illustrated in Fig. 2.

5.1 Stellar evolutionary effects

Some elements abundances, such as Li, CNO, Na, Mg
and Al change during evolution and by studying them we
can assess the evolutionary effects impact on the atmos-
pheres of clusters and field giants (see, e.g. Charbonnel,
1994; Gratton et al., 2000; Spite et al., 2006). Table 2
presents the abundances of the C, N, and O, obtained in
our research.

Table 2: C, N, O abundances

Elem | HE1523 | HD6268 | HD121135 | HD195636
[CIFe] | -0.82 -0.79 -0.46 -0.79
[N/Fe] | 0.78 0.93

[O/Fe] | 0.78 0.92 1.01 1.20
[Fe/H] | -2.82 -2.54 -1.37 278

Spite et al. (2006) performed the LTE analysis of sev-
eral extreme metal-poor (EMP) giants in order to investi-
gate the CNO abundance and found out a C-N anti-
correlation that agreement the hypothesis that the surface
abundances could be modified by the CNO processed ma-
terial from the inner regions.

In case of our investigated star we found the carbon
underabundance (Table 2) that may be agreement with the
stellar evolution calculations and associated with canoni-
cal extra mixing (Denissenkov & Pinsonneault, 2008).
Figure 5 in their paper illustrated variations in the surface
C and N abundances (red curve, CEMP stars; black curve,
CEMP-no stars black curve) due to canonical extra mix-
ing, at that the extra mixing depth does not seems to de-
pend strongly on the metallicity (Denissenkov & Vanden-
Berg, 2003).

To compare our result with calculation of Denissenkov
& Pinsonneault (2008) we computed the value of log L/Le
based on the classical formula:

Log L/Le = log M*/Mo + 4logTe*/Terro - log g*/go
were Terro= 5780 K, log ge = 4.44 and assuming that all

targets have the same stellar mass M* = 0.85M¢_The val-
ues of log L/Le and [C/H] presented in Table 3.

Table 3: log L/Le and [C/H] of studied stars

Star log L/Le | [C/H]
HE1523-0901 2.42398 -3.44
HD 6268 2.43898 -3.38
HD121135 2.05406 -1.88
HD195636 1.74023 -3.54
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With these values of [C/H] and log L/Le the investigated
stars, excepted HD 195636, were located in the black curve
which corresponds to canonical extra mixing for non-C-
enhanced extremely metal-poor stars with the prediction
reported in the afore-mentioned study (their Fig. 5).

Placco et al. (2014) for the expected depletion of surface
carbon abundance have recomputed the initial carbon abun-
dance of the stars, using the stellar evolution code (Eggle-
ton, 1971; Stancliffe & Eldridge, 2009), a grid of 0.8 Mo
stellar evolution models with a range of initial composi-
tions, [Fe/H] = -1.3, -2.3, -3.3, and -4.3 and for each of
these metallicities the values of [C/Fe] = -0.5, 0.0, +0.5, 1.0,
respectively. We used their data and taken the correction A
from Placco et al. (2014), recalculated the carbon value
[C/Fe] for our targets and eventually obtained the following
initial carbon values [C/Fe]ini (Table 4).

Table 4: log L/Le and corrected [C/Fe] of studied stars

Star logL/Le | A | [C/Fe]ini
HE1523-0901 | 2.42398 | 0.90 | +0.28
HD 6268 2.43898 | 0.50 | -0.32
HD121135 2.05406 | 0.35 | -0.11
HD195636 1.74023 | 0.10 | -0.69

5.2 The individual target results

Star HE1523-0901 has a small excess of carbon,
whereas HD6269 and HD121135 have a small C deficit.
Star HD195636 has a large carbon deficit, taking into ac-
count this mixing corrections not upper part RGB.

Takeda & Takada-Hidai (2013) using NLTE analysis of
C I lines at 1.068-1.069 um have obtained the mean values
of NLTE corrections for [C/Fe] about 0.3-0.4 dex. Used
these corrections for our stars, we can see from Fig. 5 (De-
nissenkov & Pinsonneault, 2008, see their Fig. 5), that new
values will move, but remain near the calculated curve, that
it does not change our conclusions about the canonical ex-
tra-mixing in studied HE1523-0901, HD6269 stars; but the
star HD 121135 changes its position and turns out to be far
from the calculated curve.

The star HD 195636 have [C/Fe] = -0.79, [O/Fe] = 1.16;
Preston (1997) noted that “the low gravity and low metal-
licity derived from spectrum analysis, and weakness of all
CH molecular lines combine to suggest that HD 195636 is
in an evolutionary state near the transition between the hor-
izontal branch and asymptotic giant branch (RHB/AGB)”.
An additive argument by Preston (1997), is a rotational
velocity of HD 195636 (Vsini = 25 km/s), the value at 2
times greater than may be if blue horizontal branch axial
rotators in globular clusters conserve envelope angular
momentum during horizontal branch evolution. We also
have a low carbon value, initial [C/Fe] = -0.69, which is
lower than our other stars.

The position HD 195636 on the evolutionary diagram
(see Fig. 2) confirms Preston's opinion.

6. Conclusion

e The atmospheric parameters and abundances of
some key elements, as C, N, O for four target stars
were determined to analyze the mixing;

e Such parameters as log L/Lo and [C/H] for
HE1523-0901 and HD6269 correspond to the re-
gion of canonical mixing (Denissenkov & Pinson-
neault, 2008), thereas HD 121135 may not be a
subject to canonic mixing;

e The initial carbon values [C/Fe] were obtained us-
ing mean value of corrections from Placco et al.
2014;

e The introduction of a possible NLTE correction
(Takeda & Takada-Hidai, 2013) for the value of
carbon abundance does not change the conclusions
about the canonical extra-mixing in the studied
HE1523-0901 and HD6269 stars;

e The star HD195636 is more likely to be a horizon-
tal or ascending giant branch star, with some chem-
ical composition peculiarities.
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ABSTRACT. A star cluster is a composition of stars
held together by the overall gravitational field of the
whole cluster. The stars of a given cluster are born in
a giant molecular cloud and, as such, can be regarded
as objects with almost equal ages. Furthermore,
assuming that the initial material in the cloud is
perfectly mixed, we may also say that the metallicity
of all cluster members is the same. Four parameters
(distance, extinction or reddening, age, and metallici-
ty) are standardly used to describe star clusters. Their
knowledge is essential for studying galaxies’ local
and global properties (especially our own Galaxy).
However, deriving these parameters may take time
and effort. Thanks to the Gaia mission’s parallax
measurements, we can determine the distances of stars
(and clusters) within our Galaxy with unprecedented
precision. Therefore, we can remove the distance from
the list of free parameters. We developed two different
tools for estimating cluster parameters: 1) Metalcode,
an automatic tool focused on deriving metallicities of
open clusters, and 2) Stellar Isochrone Fitting Tool
(StIFT), a tool for fitting a grid of isochrones for any
photometric system available. We present both tools
in more detail.

Keywords: Galaxy: abundances; Hertzsprung-Russell
and C-M diagrams; open clusters and associations:
general; stars: abundances.

AHOTAIIIA. BaBasku ocranuim jganum GAIA Te-
Iep MOXKJIMBO OUTBIN JIeTaJbHO BUBYATU HANHOIMXKII
BIAKPUTI CKyI4ueHHs. BHYTpIITHS CTpyKTypa Ta KiHe-
MATHYHI XapaKTEePUCTUKHA BiJOMi jummie Jjsd KiTbKOX
CKyI4eHb, TakuxX gk ['iagu ta ITresau. Ognak mi xa-
PaKTEPUCTUKU € BaKJIUBUMHU SK BXiJHI ITapaMeTpH JJIs
MOJIEJi, TIIO CTOCYIOThCS (POPMYBaAHHS Ta €BOJIIOIIT 30-
psiHUX CcKyIdeHb. HemomasHi myOJrikaliil mpeacTaBuin
onHOpigHUit BUObip i3 Maitzke 8 000 ramakTUTHUX 30Psi-
uux ckyndenb (Hunt & Reffert, 2023). Onnax orinka

mapaMerpiB 30pPAHOTO CKYITUEHHS BCE II€ TPUBAE. 30-
pAHE CKYITYEHHS — I1e KOMIIO3UITis 3iPOK, sIKi yTPUMY-
IOThCS Pa30M 3arajlbHUM II0JIEM TSI?KiHHS BCHOI'O CKY-
[M9eHHs. 30pi JAHOI'O CKYITYeHHs] HAPOKYIOThCS Y Ti-
TaHTCHKIN MOJIEKYJIApHI XMapi i MOXKYTb PO3IJIsijia-
THCS K 00’€KTH MaiizKe OTHAKOBOro BiKy. Kpim Toro,
IIPUITYCKAIOYH, IO MTOYATKOBUIT MaTepiaJ y Xmapi izie-
aJIbHO 3MIIaHUil, MU TaKOXK MOXKEMO CKa3aTH, IO Me-
TAJIYIHICTD YCiX YJIeHIB CKyITueHns ogHaxkoBa. Jis omu-
Cy 30pSHUX CKYIY€Hb CTAHIAPTHO BUKOPHUCTOBYIOTHCS
qoTUpu napaMerpu (BijcTanb, MONIMHAHHSA a60 MOYep-
BOHIHHS, BIK 1 MeTaaiuHiCTD). Ix 3nanmHs HeoOXimmHi st
BUBYEHHS JIOKAJIBHUX 1 IVI00AJbHUX BJIACTHUBOCTEH Ia-
gakTuk (ocobimso Hamol BaacHol [amakrukn). OnHak
BU3HAYEHHS ITUX [TapaMETPiB MOKe 3aifHATH Yac i 3y-
cuyisi. 3aBIsIKA BUMIPIOBAHHSIM IAPAJIAKCA, [IPOBEIIEe-
M Mmiciero Gaia, MM MOKE€MO BU3HAYUTH BiIACTaHi 10
3ip (i ckynuens) y mamiii [anakruni 3 Gesupernesen-
THOIO TouHicTIO. ToMy MM MOXKeMO TTpUOPATHU BiJICTaHD
3i crucky BibHUX mapameTpiB. Mu po3pobuiiu jBa pi-
3HUX IHCTPYMEHTH JIJIsl OIIIHKHU MapaMeTpPiB KJIacTepiB:
1) Metalcode, aBromarnynuii iHCTpYMEHT, 30cepeizKe-
HUIT Ha OTPUMAHHI METAJIIIHOCTI PO3CIAHUX CKYITYeHb, 1
2) ImcrpymenT nigrouku izoxpon 3ip. (StIFT), incrpy-
MEHT I TiJITOHKHU CITKU i30XPOH st OYJIb- KOl JI0-
cTyHOI (POTOMETPUYHOT CUCTEMH.

Kuaro4uoBi caoBa: TajmakTrka: XiMigHUit CKaa;, Jia-
rpamu [epmmmpynra-Paccena ta C-M; poscisai cky-
ITYEHHS Ta acoIlallil; 30pi: XIMIYHUI CKJIa/I.

1. Introduction

Star clusters are the most essential astrophysical lab-
oratories for the formation and evolution of individual
stars (members) and the Milky Way as a global galaxy.
They are physically related groups of stars held to-
gether by mutual gravitational attraction. Therefore,
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these populate a limited region of space, typically much
smaller than their distance from the Sun, so the mem-
bers are all approximately at the same distance. They
are believed to originate from sizeable cosmic gas and
dust clouds (diffuse nebulae) in the Milky Way and to
continue to orbit the Milky Way through the disk. In
many clouds visible as bright diffuse nebulae, star for-
mation still occurs so we can observe the birth of new
young star clusters. This process of formation takes
only a short time (a few Myrs) compared to the life-
time of the cluster, so, speaking in terms of stellar evo-
lution, all member stars are of similar age. Also, as all
the stars in a cluster are formed from the same diffuse
nebula, they are all of a similar initial chemical com-
position. Hence, star clusters are of great interest to
scientists:

e The cluster members are all about the same dis-
tance from the Sun.

e They have within a few million years approxi-
mately the same age.

e The chemical composition of the members is rel-
atively homogeneous within a cluster, but the
metallicities of the various open clusters range
from about -1.5 to +0.6 dex compared to the Sun.

e The member stars have different masses, ranging
from about 120 M for the most massive stars in
very young clusters to less than 0.08 M.

The age and metallicity are, in general, not straight-
forward to determine for Galactic field stars. Star clus-
ters, on the other hand, represent samples of objects of
constant age and homogeneous chemical composition,
suited for the study of processes linked to stellar struc-
ture and evolution and to fix lines or loci in several
of the most important astrophysical diagrams, such as
the colour-magnitude diagram (CMD) or Hertzsprung-
Russell diagram (HRD). So, any astrophysical phe-
nomenon can be studied for members of star clusters
in correlation with age, distance, and metallicity.

A star cluster is a composition of stars held together
by the overall gravitational field of the whole cluster.
The stars of a given cluster are born in a giant molecu-
lar cloud, and as such can be regarded as objects with
almost equal ages. Furthermore, assuming that the ini-
tial material in the cloud is perfectly mixed, we may
also say that the metallicity of all cluster members is
the same.

However, deriving the four parameters may not al-
ways be simple. One can always use the isochrone fit-
ting technique to determine the distance, the extinction
and the age of a cluster. Furthermore, thanks to the
parallax measurements from the Gaia mission (Cantat-
Gaudin, 2022), we can determine the distances of stars
(and clusters) within our Galaxy with unprecedented

precision. Therefore, we can remove the distance from
the list of the free parameters.

Dealing with the metallicity is not as simple. While
isochrone fitting in the CMD can provide fairly precise
results (Dias et al., 2021), it is not very sensitive to
variations in metallicity and solar metallicity is often
assumed. Another approach is to measure the stel-
lar members’ spectra and determine their abundances
(Heiter et al., 2014). However, this approach can be
limited by the distances of the target stars and, there-
fore, is not suited for the distant clusters.

Here, we present two newly developed tools which
significantly improve the situation of fitting cluster
parameters and astrophysical parameters of stars.
They can be universal used including user-defined
isochrone grids, for example

2. The two tools

In the following, we present the two tools in more
detail. They have already been successfully applied to
star clusters (Paunzen et al., 2021) and individual star
groups (Faltovd et al., 2021).

2.1. Metalcode

Metalcode! is a new, fully automatic procedure capa-
ble of computing the four main cluster parameters (dis-
tance, reddening, age, and metallicity). The approach
is based on the work by Pohnl & Paunzen (2010) and
focuses primarily on determining metallicities of star
clusters. The method for determining metallicities,
presented in Péhnl & Paunzen (2010), is based on an
iterative approach. It requires a list of stars for which
a photometric brightness and a photometric colour are
included. In principle, any photometric system can be
used while the isochrones are available. Furthermore,
an initial estimate of the cluster’s distance and the red-
dening is needed before the method can be used. It is
possible to vary the values of these two cluster param-
eters during the iterations.

Another important part of the method is the
isochrone grid which consists of the (log L , log Tg)
curves for a given set of age and metallicity values.
Before the iterative process is started, the effective
temperatures in this grid need to be normalised with
respect to the zero-age-main-sequence (ZAMS) — this
step is described below.

Overall, the iterative process (Fig. 1) can be sum-
marised in four steps:

1. Assume the initial value of metallicity. In the first
iteration, this can be taken to be the solar metal-
licity value. Any solar metallicity value can be

Lhttps://github.com/mpiecka/metalcode
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Figure 1: The working flow of metalcode (Sect. 2.1.)

used, but it must be applied consistently during
the process.

2. For each of the cluster members, calculate the ef-
fective temperature T and the bolometric cor-
rection BC'. Both calibrations are generally based
on polynomial relations with the photometric
colour and metallicity. P6hnl & Paunzen (2010)
applied the calibrations from Alonso et al. (1996)
and Flower (1996). These calibrations require the
transformation between Z and [Fe/H].

3. Calculate the luminosity log L and the normalised
logarithmic effective temperature Ty for each
of the members. The normalisation is per-
formed by subtracting log7T.g from the value
on the solar-metallicity ZAMS: T\ = log T —

log Toff 7AMS o -

4. Compare the distribution of the data points in the
(log L , Ty), or shortly LTN (we will use this ab-
breviation from now on), diagram with the pre-
prepared isochrone grid. Pick the isochrone which
best fits the observed data distribution. This gives
a new estimate of the metallicity (and of the age).

At the end, the final metallicity value is compared with
the initial estimate. The iterations are terminated once
the values are the same (or differ by a certain threshold
value at most).

This method has been applied several times and
proven fairly robust (see Netopil et al., 2016). It was
mainly used for stars on the main sequence. The pro-
vided results are in good agreement with the spectro-
scopic observations.

The utilisation of the normalised temperature makes
the LTN diagram much more viable for determining
metallicities than a CMD or a classical temperature-
luminosity diagram. The reason for this is the in-

creased sensitivity to the metallicity change, as already
demonstrated in Péhnl & Paunzen (2010).

Metalcode is a procedure that could apply this
method automatically. To do so, it is important first
to analyse possible issues. For example, several factors
can influence the precision of determining metallicity
from the LTN diagram:

e A binary sequence creates an additional distribu-
tion of stars, shifting towards negative T\ values.
This does not affect the results much when the
isochrone fitting is performed manually since a
skilled researcher can easily distinguish between
the two sequences. However, it could influence an
automatic procedure.

e Differential extinction can appreciably broaden
the width of the MS in the CMD. This broad-
ens the distribution along the horizontal main-
sequence ”line” in the LTN diagram, which can
result in a higher error in the metallicity determi-
nation.

e Imperfections in the effective temperature calibra-
tions can cause luminosity-dependent systematic
offsets. The effect is further increased when com-
bined with the differential extinction.

For testing purposes, we have written a short code
which creates a data set of stars for a synthetic cluster
based on the isochrone grid. This code is used to test
the above-mentioned sub-procedures, allows us to in-
troduce a binary sequence, and gives us control of the
width of the main sequence. Therefore, the influence
of various effects can be analysed.

The code is presently equipped with a basic
isochrone fitting procedure. Its performance was
tested for Johnson BV, 2MASS JKs, and Gaia
G BpRp photometric systems.
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2.2. Stellar Isochrone Fitting Tool (StIfT)

Stellar Isochrone Fitting Tool (StIfT2.) is a multi-
platform stand-alone tool that estimates the age, ra-
dius, mass, and evolutionary phase of a star defined by
its T and log L. The computation is done by interpo-
lating isochrones from the default grid or custom data
set. The tool reacts to the demand for missing features
of currently available tools; it offers easier manipula-
tion and provides all necessary options to simplify the
work of astrophysicists.

The evolutionary tracks are defined as a parame-
ters grid for different metallicities and ages. StIfT
is a tool for interpolating within a user-defined grid
of isochrones, for example. Estimating missing char-
acteristics is described in Malkov et al. (2009) and
Sichevskij (2017). Firstly, the nearest isochrones are
found for a star (x,y) defined by effective temperature
and luminosity. Here, four stars are selected as the
nearest neighbours of the input star (as shown in Fig.
2).
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Figure 2: Nearest isochrones (upper and lower tracks)
are used for estimating missing parameters, four neigh-
bours create a figure, and a line connects the isochrones
with the input star. Credit: Malkov et al. (2009).

Secondly, a line [(Z14, Y1x), (Z2x, y2«)] is found within
this area that connects the isochrones and the input
star. The xo, coordinate comes as a root of quadratic
equation solving the position of line points. Other line
points’ coordinates are obtained by linear interpola-
tion, for example, the y1, from the following formula:

12 7o
T22 — T21
The line points are interpolated for the y coordinate
and all missing stellar parameters. They are then used
in the next step, which requires performing interpola-
tion to get the results for the input point. For example,

Y1« = Y12 + ZTox — T22).

2https://github.com/Johaney-s/StIFT

mass (u) would be obtained from line points’ masses
(115 and poy) by the following formula:

NJ2* - ,Ull*
—(

T — T14).
T2x — T1x

M= M1« +

This kind of uncertainty creates a standard deviation
(o), which can be calculated as a square root of a sum
of squared differences between the mean value (p) and
other values (z) divided by the number of used points
(N):

2 (x—p)?
N .

Besides estimating the mean value, the StIFT also
works with uncertainties. That is, during the pro-
cess of estimating the result, an error can occur. This
comes from using linear interpolation and can be cal-
culated by partial derivation. Another kind of uncer-
tainty comes from using input parameters which are
not precise. Other than linear attributes, they must
be converted to linear ones to get the correct value.
For example, age must be converted from decimal ex-
ponent format to years before calculating the deviation
and transformed back after. Further, I refer to uncer-
tainty as the combination of interpolation error and
standard deviation. The uncertainty for each parame-
ter is obtained from the following formula:

g =

uncertainty = \/error? + deviation?.

In Fig. 3, the GUI version of StIFT is shown. Cur-
rently, the tool includes the following features:

e Supported input: filling the form, clicking graph
or uploading input file

e Showing results in the result table

e Uploading custom grid data or using default grid
data

e Graph representation of grid data

e Exporting result data

e Filtering results based on the evolutionary phase
e Filtering tracks based on the evolutionary phase
e Uncertainty estimation

e Text mode, fast mode

Running the application requires Java 11.

3. Conclusions and Outlook

With the most recent Gaia data releases, study-
ing nearby open clusters in more detail is now pos-
sible. The internal structure and kinematic charac-
teristics are only known for a few clusters like the
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Figure 3: A snapshot of the GUI version of StIfT (Sect. 2.2.)

Hyades and Pleiades. However, these characteristics
are essential as input parameters for models deal-
ing with the formation and evolution of star clusters
(Piecka & Paunzen, 2021).

Recent publications presented a homogeneous selec-
tion of almost 8 000 Galactic star clusters (Hunt & Ref-
fert, 2023). However, the estimation of star cluster pa-
rameters is still not straightforward and is limited by
several observational and theoretical uncertainties. No
The homogeneous method allows the age and metal-
licity estimate for a given distance, and reddening is
available.

In this paper, we present two new tools which help
to find a solution for this problem. They are user-
friendly and can be extended to any new photometric
and isochrone set.
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ABSTRACT. The results of spectral observations
of the Algol-type binary star & Lib are presented. The
behavior of Ha and Hf lines in the star’s spectrum
during the orbital period phase is described. Based
on our measurements of the radial velocities of the
Ha and Hp lines and using published data, the radial
velocity curves of both components of the § Lib system
were constructed. In some phases of the orbital period,
an absorption component was detected in the blue, or
red, part of the Ha and Hf line profiles. The observed
Ha and HfS absorption lines are attributed to the main
component of the binary system ¢ Lib. It is assumed
that the appearance of absorption components at
these lines is associated either with suspicion of a third
component in the system, or at these phases of the Ha
and Hp lines, the primary and secondary components
of the ¢ Lib system are observed simultaneously.
Keywords: eclipsing — binaries, individual: § Lib —
stars, line spectroscopic — stars, profiles — stars.

AHHOTAIIISL. Haseneno pesysibTaTu CHEKTPasib-
HUX CIIOCTEPEXKeHb MOJIBiitHOT 30pi Tumy Asrosa ¢ Lib.
Byso Bukopucrano nsa nHabopu crekrtpis. [lepimuit 6yB
3nooyTuit y ¢okyci Kaccerpena 2-m temeckona Illa-
MaxincbKol Acrpodisuunol O6cepsaropii im. H. Ty-
ci Ha OITOBOJIOKOHHOMY errtejie-criekTporpadi ShAFES
3a moromororo 1133-marpuri y gepsai 2020 p. Cuekrpu
OTpUMaHi 31 CHEeKTPAJTHHOIO PO3ILILHOK 3/maTHICTIO R
= 56000, y miamasomi moBxkuH xBuiab A = 3900-7500
A. JIpyruit Habip CreKTpIiB OTPUMAHO HA 2-M TEJIECCKO-
mi im. JI. Ilepeka Acrpornomiunoro Incruryry Hechkoi
Axkanemil Hayk 3a momomororo ermeje-crekTporpada
Oungpeitoa (OES) y doxyci Kyau y depBHi Ta JummHi
2022 p. Jianason noBxKuH XBHIb A = 3750-9200 Ara
R = 50000. O6pobka CHeKTpiB TPOBOIMIACS 33 CTaH-
JAPTHOIO METOJINKOIO, 32 JIOIIOMOT'OI0 HOBOI Bepcil mpo-
rpamvu DECH 30. [Ijis opiBHSIJIBHOTO aHA I3y KPUBUX
IIPOMEHEBUX IMBUIKOCTEN TAKOXK BUKOPHUCTaHI OIyO0JIi-
KOBaHI JaHI MPOMEHEBUX IMBUAKOCTEH CHEKTPAJIHHUX

Jtiniit 0 Lib.

Omnucano mosexninky Jiniit Ha i HB B cmekrpi 30-
pi mporsirom a3u opOITATBHOTO TEpIoy. 38 HAITMME
JAHUMU TIpoMeHeBux ImBuiakocreil jiniit Ha 1 HB 1 3
3aJlydeHHsIM OILyOJIIKOBaHUX JAHUX, IOOYIOBaHI KpU-
Bl IIPOMEHEBUX MIBUJIKOCTEH 000X KOMIIOHEHT CHCTEMU
0 Lib. ¥ nmeskux dazax opbIiTajbHOrO mepioy BHUSAB-
JieHo abcopOiiiinuii kKomuonent y cuniii (dasu 0.62 Ta
0.75) abo uepsowniii (basu 0.18 ta 0.19) wacTuHm IPO-
dinis Jinit Ha ta HB. A6cop6iitui Jiinil Ha i HS, mo
CIIOCTEPIratOThCsT HAMHY, BIIIHOCSATHCS O OCHOBHOI KOM-
[IOHEHTHU HoABiAHOI cucremu 0 Lib.

Ilepenbauaerhest, 1O TMosiBa aOCOPOIIHHUX KOM-
MOHEHTIB y IUX JIHIA MOB’d3aHa 3 THUM, IO B IIUX
dazax y Ha i HS cmnocrepiraiorbcss nepBUHHHUI i
BTOPDUHHMIT KOMIIOHEHTH cucremu ¢ Lib omHOYacHO,
abo 3 IIiJI03POK0 IIPO TPeTiii KOMIIOHEHT CHCTEMH,
i He BHUKJIIOYEHO, IO Ieil edekT OB sd3aHumil 3 Tak
3panuM edexkrom Maxkiadmina — Poccitepa, skwmit y
MMOOJIMHOKNX BUIAJKAX CIIOCTEPITa€TbCs Y MOABIHHUX
cucremax tuiry Ausrosa. Ilomepennbo My HaJAEMO
IepeBary Iepiiiii riroresi, ajge HajaJsi BCl Tpu rirore3un
OyIyTh PETebHO JOC/IJZKEHI, B MIpy HaKOIUYEHHS
CIIOCTEPEKHOTO MaTepiaJy.

Kuro4dosi 3aTEMHIOBAHO-TIOABIMHI  30pi,
CIEKTPOJILHO-TIO/BIITHI 30pi, iHauBigyassHO: ¢ Lib.

CcJIOBa:

1. Introdution

0 Librae (= HR 5586 = HD 132742 = HIP 73473)
is one of the nearest (~90 pc) Algol systems. This
systems is a close, interacting binary made of AOV +
KOIV stars, with V ~ 4.9 mag and an orbital period
close to P = 2.327 days. The hotter and more massive
star is A0 and it is on the main sequence; we will
refer to it as star A. Its companion, which we call star
B, is a cooler and less massive KO subgiant filling its
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Figure 1: Example the profiles of the standard star and Ha line at close values of orbital phases on ¢ Lib binary

star spectrum

Roche lobe. Matter is being transferred from star B
(the donor) to star A (the recipient). (Tomkin, 1978;
Budding et al., 2005).

2. Observations and data processing

Two sets of spectroscopic observations were used
in the present study. The first one was spectral ob-
servations of the Algol-type binary star J Lib were
carried out at the Cassegrain focus of the 2-meter
telescope of the Shamakhy Astrophysical Observa-
tory named after N.Tusi, on fiber echelle spectrograph
ShAFES (Mikailov et al., 2020), by using CCD matrix
STA4150A 4x4 K elements, with an element size of 15
pm. The spectra are obtained at the resolution R =
56000, in the wavelength region A = 3900 — 7500 AA. In
June 2020, during four nights, every night two spectra
of the studied star, and a complete set of calibration
images were obtained, and two spectra of the standard
star 109 Vir (sp. AO) were also obtained.

The second set spectrum were carried out at the
Perek’s 2-m telescope of the Ondrejov observatory from
2022 June and July 2022, with the echelle spectrograph
(OES). The OES provides a wavelength range of A =
3750 — 9200 AA and a spectral resolving power of 50000
(Koubsky et al., 2004; Kabath et al., 2020).

Processing of spectra was carried out according
to the standard method using the new version of
the DECH30 program developed by Galazutdinov
(http://www.gazinur.com/DECH software.htm). A
list of all used spectra is given in Table 1.

Table 1: Circumstances of spectral observations star

0 Lib
No Date JD Phase Radial velocity
+2450000 Ha HpS
1 07.06.2020 9008.263  0.204 -118.7 -114.7
2 08.06.2020 9009.263 0.634  34.6 25.6
3 09.06.2020 9010.255  0.060 -785  -77.3
4 13.06.2020 9014.219 0.763  40.8 24.7
5 10.06.2022 9741.357 0.195 -115.0 -117.0
6 16.06.2022 9747.335 0.763  43.9 33.4
7 02.07.2022 9763.324 0.633  20.6 14.6
8 12.07.2022 9773.317 0.927  -5.0 -8.7
9 16.07.2022 9777.317 0.646  15.1 -15
10 17.07.2022 9778315 0.074 -70.3  -29.6

3. Results of observations

Orbital phases of § Lib binary system has been pro-
vided according to the date of acquisition of the spec-
trum shown in Table 1.

Phases computed with Koch’s
ephemeris:

(Koch, 1962)

Pr.Min. = 2422852.3598 4 2.32735297F.

For a comparative analysis of radial velocity curves,
published radial velocity data for spectral lines belong-
ing to both components of the § Lib binary system
were also used (Tomkin, 1978 (date 1977); Bakish, 2006
(Ondrejov, Rozhen, date: 1996, 1997 and 2003)).

The phases of the components of this star according
to radial velocities taken from the published date have
been calculated using the same formula.

The profile of Ha and HB absorption lines from
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Figure 2: The profiles of Ha lines depending on the
phase of the orbital period on § Lib binary star spec-
trum

Balmer’s series has been constructed and heliocentric
radial velocities have been calculated using Galazutdi-
nov’s DECH 30 software. The results of measurements
of the radial velocities of the Ha and Hf lines are given
in Table 1. Fig.1 presents examples of profiles of the
standard star and Ha line at close values of the orbital
phases on § Lib binary star spectrum. Fig. 2 shows
with the variations in the profiles of Ha lines depending
on the orbital phase of the binary system.

Ha and HfS lines belong to § Lib binary system’s
primary component; the radial velocity curves have
been constructed. Figure 3 shows the radial velocity
curve of the main component of the delta Lib binary
system based on our measurements from the Ha and
HpS lines and from data from the P14 line borrowed
from (Tomkin, 1978). As can be seen from Fig.3, our
measurements are in satisfactory agreement with the
measurements from (Tomkin, 1978).

Figure 4 shows the radial velocity curve of the pri-

e P,85084

® Ha

e Hp

VELOCITY (km/s)

0.8 1.0

PHASE

Figure 3: The radial velocity curve of the primary com-
ponent of the § Lib Algol type binary system based of
our measurements of Ha and Hf lines (2020-2022) and
spectrum P14 8598 A (Tomkin, 1978 (date 1977)).

mary and secondary component of the § Lib double
system based on our measurements and published data
from (Tomkin, 1978 (date 1977); Bakish V., 2006 (On-
drejov, Rozhen, date: 1996, 1997 and 2003)).

A thorough examination has revealed an interesting
detail in the spectra of the § Lib star. In some phases of
the orbit of the § Lib binary system, an absorption de-
tail (depression) is observed on the red and blue wings
of the line Ha, namely in the phases 0.18 and 0.19, red,
and in the close phases 0.62 and 0.75 in the blue wing
of the absorption line Ha an additional absorption de-
tail appears. Fig. 5 for example, shows the fragments
of Ha line region with additional absorption detail.

As seen from the radial velocity curves provided at
the Fig.4 the lines of the secondary component of the
system are not visible at the phase values 0.4 — 0.6
(Bakish et al., 2006, Ondrejov and Roshen) or 0.35
— 0.7 (Tomkin, 1978). As observed, this phase inter-
val corresponds to the period of the secondary compo-
nent’s eclipse.

In the region of the Ca II 8542 A and P15 lines
in the spectrum § Lib, in (Tomkin, 1978) a similar
picture was found at phase 0.815 on the blue wing
and at phase 0.265 on the red wing of the Paschen
line, additional absorption is observed. The authors
explain this with the appearance of Ca II 8542 A lines
also on the secondary component of the binary system
0 Lib.

4. Conclusions

The hypothesis below may be linked to the absorp-
tion element observed at the values 0.18 and 0.19 in
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Figure 4: Primary and secondary components radial
velocity curves of the § Lib star Algol type binary sys-
tem.

Primary component - full circles: dark - Tomkin
J., 1978 (date 1977); red - Bakish V., 2006 (Ondrejov,
date: 1996, 1997 and 2003); blue - Bakish V., 2006
(Rozhen, date:1996, 1997 and 2003); magenta - ShAO
+ Czech (Ha, this work); olive - ShAO + Czech (Hp,
this work); Secondary component — full rectan-
gles: dark - Tomkin J., 1978 (date 1977); red - Bakish
V., 2006 (Ondrejov, date:1996, 1997 and 2003); blue -
Bakish V., 2006 (Rozhen, date:1996, 1997 and 2003).

the direction towards red of Ha lines and at 0.62 and
0.75 towards violet of the orbital phases of § Lib binary
system:

1. The Ha and Hf lines are visible on the secondary
component at the beginning and the end of eclipse.

2. These absorption lines are linked to supposed 3rd
component.

3. In close binary star systems, namely Algol type
binary systems are related to rarely observed Mclaugh-
lin — Rossiter effect.

All three hypothesis are the discussion topics of
the Algol type binary system research. Initially the
first hypothesis is preferred, however as the observa-
tion material accumulates, all three will be widely
researched.

07-06-2020
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Figure 5: Example the fragments of Ha line region
with additional absorption detail.
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ABSTRACT. The atmosphere of HD40589(A0lab)
supergiant star of A spectral class was studied using the
model atmosphere and parallax methods. The effective
temperatures (Ter) and surface of gravity (log g) were
determined using a comparison of the observed and
calculated values of the photometric quantities [c1], Q and
the equivalent widths of the hydrogen Balmer lines and
parallax. Based on the Fe Il lines the microturbulent velocity
(&) and metallicity [Fe/H] were determined. Metallicity of
the program star is close to the metalicity of the Sun. This
shows that our program star and the Sun are formed from the
interstellar medium of a similar metallicity.

Keywords: A-type supergiants, fundamental parameters.

AHOTAIIA. VY wiii  pobori Oymu  Bu3HAuYEHI
¢byHnameHTanbHi mapamerpu 3opi-Haxririnta  HD 40589
(AOIab), a came edextuBHa Temreparypa (Tefr), IPECKOpEHHS
cwmn Tokiaas (log g), mMikpotypOynentHa mBHAKICTh (&) i
meranigHicTs [Fe/H]. Bincrass o 30pi 1734 mk. Bucorta Han
IIOIIMHOKO ["aJTaKTUKK CTaHOBUTH 67,5 TK.

Crextpu HD40589 Oymu otpumani 19 rpymus 2019
POKyY 3a TOTIOMOTOI0 criekTporpada, ocHamieroro 133, mo
XKHUBUTBCSL Bl 2-MerpoBoro Tteneckona lllamaxmHchKOl
actpodizuunoi  obOcepBaropii  (po3diIbHA  3AATHICTH
R=56000, sBigHomeHnus curHan/mym S/N=150-400).
Cnextpu HD40589 06po6uieni 3a nporpamoro DECH 30.

EdektuBHa Temneparypa i IpUCKOPEHHS CHIIH TSDKIHHS
30pi Hamoi mporpamMu OyjiM BHU3HAYEHI MOJEILIIO
atMocepr Ta METOIOM Mapaiakca. Edexrusny
TEMIIEpaTypy Ta MOBEPXHEBY CHJIY TSDKIHHS BU3HAYaJM Ha
OCHOBI TIOPIBHSIHHS CIIOCTEPEXYBAHUX Ta PO3PAXYHKOBUX
3HaueHb  (OTOMETpPUYHUX BenuuuH [Ci], Q Ta
€KBIBaJICHTHHX [IMPHH CIIEKTPAJIbHUX JIiHIH BOTHEBOI cepii
banbmepa, a TakoXk 3a JIOIOMOTOI0 METOJIY Mapaakca.

Ingexc [C1] BusHawaethes sk [Ci]= €1-0.2(b-y) y
(dboromeTpuuHiit cucteMi uvby, a iHaeKc Q BU3HAYAETHCS SIK
Q=(U-B)-0.72(B-V) y cucremi UBV. [iarpama, 1o
BusHavae Tefr i 109 g mae Ter=10750+=150K i log g=1.65+0,2.
BusnaueHHs1 MIKpOTYpOYJIEHTHOI IIBHIKOCTI IPYHTYETHCS
Ha JIOCTi/PKEHHI eKBIBAICHTHUX IIUPUH CIICKTPATbHUX JIHIN
3amiza. 3 KOXKHOI CHEKTpalIbHOI JIiHII MOXHA OTpHMAaTd
neBuuii BMicT l0g €. Binxunenus Bin LTE He BrumBae Ha
niniro Fell. Tomy MikpoTypOyIeHTHY IIBHAKICTH & 1 BMICT
3aii3a Bu3Havainu 3a gornomoror JjiHid Fell. B anamisi
BUKOPHCTOBYBAJIMCS JIMIIE MOCHTH ciaOki mimil. Ll minii
YTBOPIOIOTHCS B TIIMOOKHX IIapax aTMoc(epH.

VY Hanomy aHaizi MU BUKOPHCTOBYBAJIH CITKY MoJieJiel
atmoc¢epu Castelli and Kurucz (2003), a aromui nani
CIEKTpaIbHUX JIiHiK Oynu B3sTi 3 VALD3.

Meraniunicts 30pi [Fe/H]= -0.10. Meramiunicte HD
40589 Bu3HayaeThCS BIEpPIIE.

Koarouosi cioBa: Hanrirantu A-tumy, ¢yHAameHTalbHI
rapameTpH 3ip.

1. Introduction

In this work the fundamental parameters of our program
star HD40589 (AOlab), namely effective temperature (Tef),
surface gravity (log g), microturbulent velocity (¢;) and
metallicity [Fe/H] were determined. The distance to the
star is 1734 pc. The Galactic latitude is 2.23°. The height
above the Galactic plane is 67.5 pc. Knowing the effective
temperature and surface gravity, the atmosphere models
were calculated, and on the basis of these models the
chemical composition was determined. The evolutionary
parameters of our program star — mass, radius, luminosity,
and age were determined. Microturbulence is considered as
a broadening mechanism affecting width of the spectral
line, therefore, to determine the chemical composition, it is
necessary to know accurate value of the microturbulent
velocity. The metallicity is one of the main fundamental
parameters of stars.

2. Observation material

Spectra of HD40589 were recorded on 19 December
2019 with the help of spectrograph equipped with CCD fed
by 2-m telescope of the Shamakhi Astrophysical
Observatory of ANAS (resolving power R=56000, signal-
to-noise ratio S/N=150—400). The spectra of HD40589
were processed with DECH program (Galazutdinov, 1992).

3. Effective temperature and surface of gravity

As it was mentioned above, the effective temperature
and surface gravity of our program star were determined by
the atmosphere model and parallax method. This method is
described in detail in Lyubimkov, Rachkovskaya and
Poklad (2009), Lyubimkov, Lambert and Rostopchin
(2010). The effective temperature and surface gravity were
determined based on a comparison of the observed and
calculated values of the photometric quantities [c1], Q and
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Figure 1: log g-Tefr diagrams

the equivalent widths of the spectral lines of the hydrogen
Balmer series, as well as using parallax method.

The index [ci] is defined as [ci1]= ¢1—0.2(b—y) in the
uvby photometric system, while the Q index is defined as
Q=(U-B) -0.72(B—V) in the UBV system. The
observational values [ci] and Q are determined using the
catalogue (Hauck & Mermilliod, 1998). The calculated
values of the equivalent widths of the Balmer series lines
are given in (Kurucz, 1993). Calculated values [c1], Q can
be found in (Castelli & Kurucz, 2003). Parallax of our
program star was measured in (VizieR Online Data
Catalog, 2020). The diagram defining Tes and log g is
shown in Figure 1: Ter=10750£150K and log g=1.65+0.2.

In (Zorec, Cidale & Arias, 2009) the following value
Te=10970 K for HD40589 is given.

4. The microturbulent velocity

The determination of the microturbulent velocity is
based on the study of equivalent widths of spectral lines of
iron. From each spectral line one can derive abundance a
certain element log . Note that the deviation form LTE
does not affect the Fell line. Therefore, the microturbulent
velocity & and iron abundance were determined using Fell
lines. Only quite weak lines were used in analysis. These
lines are formed in deep atmosphere layers.

In our analysis we used Castelli and Kurucz (2003), grid
of atmosphere models, and atomic data of spectral lines
were taken from the VALD 3 (Ryabchikova et al., 2015).

In Fig.2 the dependence of the abundance log £(Fe)
determined from Fell lines on their equivalent widths W,
is shown. The slope is about zero, and this is enables us to
determine an accurate value of the microturbulent velocity.

From Fig. 2 we can derive the mean iron abundance log
g(Fe) =7.37. The abundance of iron in the Sun is log € (Fe)
=7.47 (Scott, Asplund & Grevesse, 2015). Metallicity of
star is [Fe/H]=—0.10. The coincidence between the iron
abundance in young nearby stars and that of the 4.5 Gyr old
Sun, is interesting from the viewpoint of models of the
Galactic chemical evalution (GCE). The question arises:
may this result be compatible with models of GCE? One
may cite the recent work of Spitoni et al. (Spitoni et al.,
2009), where an enrichment of the solar neighbourhood by
various metals is studied, in particular, by Fe. One sees

8 -
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Figure 2: To the determination of the microturbulent
velocity

from those results that during the Sun’s lifetime the Fe
abundances in its neighbourhood are predicted to be
incresed by about 0.15 dex. The ususal accuracy of the
derived abundances in stars seem to be insufficient to detect
such a small enrichment. Note that the metallicity of our
program star is determined for the first time, thus we cannot
compare it to the results of other authors.

5. Main results

1. The effective temperature, surface gravity, and
microturbulent velocity of HD40589 (AOlab) have been
determined using the atmosphere model, and parallax
methods. The results are following: Te=10750+150K, log
g=1.65+0.2, & = 4.4 + 0.5 km/s.

2. Metallicity of this star is log e(Fe)=7.37+0.12 (in the
scale, where the arbitrary hydrogen abundance is 12.00). It
has been found that the iron abundance [Fe/H]= —0.10 is
close to the solar abundance. This shows that our program
star, and the Sun were formed from the interstellar matter
of similar metallicity.
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ABSTRACT. We present the results of an analysis
of 28 spectra of 18 Polaris field A-G V stars obtai-
ned in 2016-2023. Derived radial velocities and T.g
along with distances and reddenings from the Gaia
DR3 catalog allowed us to calculate radii of the
stars and compare them with calibration relationships
“Specral type — Luminosity” for MS stars. As a result,
radii and distances for 9 stars were found overesti-
mated compred to those determined photometrically.
Therefore, the DR3 distances are unreliable and should
be revisited. Accordring to our data for these stars
and their photometric distances, 15 objects belong
to a possible old open cluster that is currently
dissolved in the Polarisfield at a distance ~70-110 pc,
while two objects belong to the thick disk, and one
belongs to a possible another star group located at a
distance of 130 pc.

Key words: Open clusters: Stars: Polaris field
stars; radial velocities; main-sequence stars: effective
temperatures, radii; GATA DR3 effective temperatures,
distances, reddenings, radii; spectroscopic binaries;
pusating variables § Sct type; thick disc; Individual:
HD 5914, HD 10772, HD 11696, HD 14369, HD 14718,
HD 16335, HD 66368, HD 90162, HD 163988, HD
203317, HD 209556, HD 224687, HD 224991, Polaris
B, BD +86°44, BD +87°16, BD +87°26, BD +88°75.
Cepheids: o UMi.

AHOTAIIIA. Tarorbest pesysbraTu aHamizy 28 crie-
krpiB 18 3ip [osioBHOI mMOCTIZOBHOCTI CHEKTpPATBHUX

kiacie A-G 3 mosist Tlosisiprol, Bimomol KitacuvHOT 11e-
deinu, orpumanux y 2016-2023 pp. IIpomipsui npome-
HeBi mMBUAKOCTI Ta Teg pa3oM i3 BicTaHAMU Ta TIOYEP-
BOHIHHsIMU, y3saTuMu 3 Karajory Gaia DR3, mospoJiu-
Jin HaM OOYMCIUTH PAJiyCH IUX 3ip Ta MOPIBHATH IX 3
KaJIibpyBasibHrMH criBBigHOmMenHsIMEI " CIeK TpaIbHIi
kiac — Csitnicts"myst 3ip T'Il. Cyasgum 31 crekTpis,
HD 90162 mificro € CreKTPOCKOIivIHO-TIOIBIiHOIO CH-
cremoro, Tojii stk HD 14718 i HD 163988 € moxkauBuMu
nogsiitanMvu. 61% mocnimKyBanux 06’€KTIB — HE3MIiH-
ui 30pi, a Tpu o6’ekru (HD 5914, HD 203317 i HD
224991) MOXKyTh OyTH HU3bKOAMIUITYIHUMU IIYJIbCY-
ounMu 3MinHuME Taiy dSct. Hami oninku edexkrus-
HUX TEMIIEPaTypP, OTPUMaHi 3a JJOTOMOT'0I0 CIIEKTPOCKO-
il abo poToMeTpil oKaza M IX MPUOIU3HY CXOXKICTH 3
ominkamu 3 Katagory DR3 g 3ip cnekTpaabHuX Kiia-
ciB F-G, Toxi sk jjist 611b11 rapsiaux 3ip A-TUmy pisHu-
nst cranoButh 300-500 K. Oninku pasiycis 3ip, pospa-
XOBaHI 3a 3HAYEHHAMU Tog , MIOUEPBOHIHHAMA Ta Bi-
crauamu 3 DR3 jurs mosioBrHN 31p BUSIBUJINCS 3aBUIIIE-
HUMH 1 HEBIIIOBITHUMU X clieKTpajbHUM Tunam. Ile-
pPepaxyHKU pajiiyciB i BijcTaneil Ajd 3ip 3 BUKOPUCTAH-
HIM HaImux OmiHOK Tog 13 KamibpyBanus "CrekTpaib-
Huit Tun — ceitHicTs" 11 3ip Il Takoxk migrBepau-
JIu, IO JIJIst TIOJIOBUHH 3ip oriHku Bijmcrani 3 DR3 He-
Hamiiiai. HaiiGiabim po3bizKHOCTI B OIIHKAX BiJcTamHi
Mmixk ganuvu DR3 i kagiOpyBaHHSMEU 3HAXOAATHCS HA
BimcTamax Oiapmnre 130 MK i MAOTh €KCIOHEHIATHHUIM
xapakrep. Cyasuu 3 orpuMaHux OIiHOK RV i ¢oro-
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METPUYHUX BifcTaneil, 15 3ip, IMOBIpHO, HaJIEXKATH 10
CTaporo PO3CiTHOTO CKYITYEHHS, PO3YMHEHOTI0 cepeJl 3ip
nosist [losrsiproi i po3ramoBani Ha BifcTansx ~70-110
1K, aJie IPY [OMY J[Ba, 00 €KTHU HAJIEZKATH JI0 TOBCTOTO
JIUCKA, & OJINH HAJIEKUTH 10 MOYKJIIBOI iHITOI 30PSIHOT
rpymnu, po3TamoBaHol Ha BigcTtani 130 mc.

Kirouosi cioBa: Poscisai ckymaennst: 3opi: [lossp-
Hi 30pi moJIst; pajiiajibHI MIBUIKOCTI; 30pi TOJIOBHOI I10-
caifoBHOCTI: edekTUBHI TeMeparypu, pagaiycn; GATA
DR3 edekrTuBHi Temueparypu, BifcraHi, moYepBOHIH-
Hs, PaJIlyCcH; CIEKTPOCKOIIIYHI TIO/IBITHI; BUKOPUCTAHH S
3MiHHEX 0 TuIty Sct; ToBcTuit auck; Iagusinyansai: HD
5914, HD 10772, HD 11696, HD 14369, HD 14718, HD
16335, HD 66368, HD 90162, HD 163988, HD 203317,
HD 209556, HD 224687, HD 224991, Polaris B, BD
+86°44, BD +87°16, BD +87°26, BD +88°75. Ilede-
Tm: o« UMi.

1. Introduction

This project is a continuation of our studies of Po-
laris field stars, which began earlier (Usenko et al.
2018) with the goal to discover whether these stars are
members of a sparsely populated open cluster around
the nearest Cepheid oo UMi (« (2000) = 02 31 49.09; ¢
(2000) = +89 15 50.79). The main criteria for assess-
ing whether these field stars belonged to the cluster
were: 1) proper motions are close to those of Polaris
(fa = +44.48 masyr ' s = —11.85 masyr—'); 2) ra-
dial velocities (RV) are close to that of Polaris (RV =
-16.42 kms™!' ); 3) distances are ~90-110 pc (Turner
2005). However, estimates of radial velocities and the
distances of these stars according to the Gaia DR2 cat-
alog showed a significant scatter, which gave a reason
to believe that this cluster may be dissolved among the
field stars. Usenko et al. (2018) revealed an obvious
discrepancy between the radii of some main sequence
stars and their distances from Gaia DR2.

Over the past five years the Gaia database repre-
sented in the DR3 catalog has expanded significantly
and included a number of important astrophysical pa-
rameters, such as Teg , logg and Ay, in addition to
parallaxes and RVs. This makes it possible to deter-
mine accurate distances to the stars in the Polaris field,
their spectral types, luminosities and radii as well as
the probability of their membership in the cluster men-
tioned above. Additionally, using new spectra of Po-
laris field stars it became possible to compare the ac-
curacy of the RVs and effective temperatures. These
data will allow us to assess the reliability of the Gaia
distance measurements.

As before we performed spectroscopic observations
of the Polaris cluster main-sequence stars in order to
determine their RV (to establish their membership in
the cluster) and effective temperatures (to determine
the radii and distances from known spectral types).

These objects were taken from Turner et al. (2005).

2. Studied Objects

Table 1 summarizes basic data for the 18 targets
that were taken from SIMBAD. According to these
data, the stars are located quite close to Polaris, and
the vast majority of them have noticeably large proper
motions. Nine of these stars (HD 5914, HD 10772, HD
11696, HD 14369, HD 14718, HD 209556, BD +87°16,
BD +87°26, BD +88°75) are designated in SIMBAD
as stars with a high proper motion (HPMS). The com-
ponents of their proper motion, as a rule, exceed two
dozen milliseconds per year.

However, HD 16335, HD 203317, and Polaris B
which meet these criteria are not designated as HPMS.
HD 90162 is designated as a spectroscopic binary, and
Polaris B is designated as a variable. All these objects
are main sequence stars of spectral types from A0 to
GO0. As it is stated above, the values of u, and ugs for
Polaris are also close to those of these HPMS stars
that may serve as a fact of the general spatial dy-
namics of these stars. The next steps in studying the
possible commonality of these stars will be measuring
their RVs and determining their effective temperatures.

3. Observations and reduction of spectra

Twenty eight spectra of these eighteen objects were
taken in 2016-2023 with the 0.81 m telescope of the
Three College Observatory (TCO), located in central
North Carolina, USA. They were obtained with an
échelle spectrograph manufactured by Shelyak Instru-
ments! in a spectral range from 4250 to 7800 A with
a spectral resolving power of R ~ 12000 and no gaps
between the spectral orders. The data were reduced
using the échelle package in IRAF.

The DECH30 package (Galazutdinov 2007) was
used to measure line depths and RVs. Line depths of
some metal lines in the atmospheres of cooler stars
(F5-GO V) were used to determine their effective
temperatures. The syntetic spectra method was used
for hotter stars. RVs were measured using metal (RV
(met)) and hydrogen (H,, Hg, H,,) absorption lines
(see Table 2).

4. Radial velocities

Table 2 contains the dates of spectral observations,
RV measurements from the TCO spectra, and RV data
from other authors as well as from the Gaia DR2 and
DR3 catalogs. As can be seen from the table, for more
than six years of observations, more than two spectra

Lhttp://www.shelyak.com
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Table 1: Polaris field objects. Coordinates, proper motions, visual magnitudes and color indices.

Object «@ d Lo s A% B-V Spec

(2000) (2000) (mas yr™') (mas yr ') (mag) (mag) Type
HD 5914% 01 33 50.71 489 00 56.30 +64.873 -33.038 6.46 0.10 A3V
HD 10772x 02 03 34.87 +86 55 54.48 +49.208 -13.009 8.11 0.34 F5V
HD 11696% 02 34 32.66 488 28 15.70 +52.918 -47.906 8.13 0.27 A3V
HD 14369% 03 40 54.04 +89 06 17.58 -51.778 -30.247 8.11 0.35 FoOV
HD 14718« 03 17 32.24 488 40 33.55 -158.016 +42.482 8.61 0.52 GOV
HD 16335 03 04 07.97 487 01 33.89 -26.672 +18.044 7.84 0.36 Fov
HD 66368 09 21 48.47 +88 34 13.18 -6.429 +12.384 7.13 0.14 A0V
HD 90162 SB 10 49 13.59 +87 51 32.15 -23.671 -5.108 8.78 0.50 F8V
HD 163988 16 48 43.27 +88 09 22.44 -2.222 +12.015 8.11 0.47 F5V
HD 203317 20 47 59.82 487 32 14.82 +30.650 +24.149 8.52 0.41 F2vV
HD 209556% 21 36 02.50 +87 47 02.01 +24.927 +33.472 8.37 0.45 F5V
HD 224687 23 59 30.74 486 42 23.05 +35.745 -1.381 6.74 0.06 A0V
HD 224991 00 02 27.83 487 01 57.77 +18.454 +8.299 7.84 0.30 Fov
Polaris B VS 02 30 36.09 +89 15 39.20 +41.961 -13.562 8.20 0.57 F3V
BD +86°44 03 28 35.54 487 23 40.90 -0.124 -3.805 9.14 0.50 F8V
BD +87°16x 02 48 59.14  +88 39 39.46 +47.850 -35.107 8.84 0.54 GOV
BD +87°26x 03 47 08.90 +87 53 48.25 +41.550 -44.376 8.81 0.48 GOV
BD +88°75x 12 37 42.37 +87 58 22.83 -56.249 +17.242 9.08 0.51 F5V

* — High proper motion star (HPMS), SB — spectroscopic binary; VS — variable star (VS).

were obtained for seven stars, which makes it possible
to verify the accuracy of the TCO results and compare
them with the data from other authors. Noticeable
differences between the data shown in Table 2 may in-
dicate variability or binarity of the studied stars. The
non-variable (within errors) RVs for HD 10772, HD
11696, HD 14369, HD 16335, HD 66368, HD 209556,
HD 224687, BD+87°16, BD+87°26, BD+86°44 and
BD+88°75 suggest that 61% of the studied objects are
non-variable, single stars.

A significant scatter of the RV data for HD 90162
(over 40 kms™' ), which is marked as a spectroscopic
binary in SIMBAD, confirms this status. This fact is
supported by the apperance of an additional compo-
nent in the red wing of the H,, line (see Fig.1). A sim-
ilar noticeable scatter (~20 kms™' ) in the RV data is
characteristic of HD 163988, which may also indicate
its binarity. HD 14718 has an RV data scatter within
10kms ' . These two stars show an asymmetry on the
red side of the H, line core, which may be caused by
the presence of a secondary component (Fig. 2).

Polaris B has noticeable differences between recent
measurements and those obtained several decades ago.
This is unlikely to be related to physical variability of
the object, as indicated in SIMBAD, but most likely
with its orbital motion. Judging from the minor differ-
ences in RVs and spectral types, HD 203317 and HD
224991 may be low-amplitude pulsating § Sct type vari-
ables. Also, the difference between our and earlier RVs
from that listed in the DR3 catalog for HD 5914 looks
completely unexpected, ~10 km s~1 . If the latter is
not erroneous, then HD 5914 can also be suspected of
pulsational variability.

Also, average RVs of all the stars, with the exception
of HD 14718 and HD 90162, range from +8 to —30
kms™! . This means that all but two of the 16
objects from our list may belong to the same general
group. Attention should also be paid to the large RV
differences determined from absorption lines of metals
and hydrogen for HD 5914, HD 66368, HD 203317,
HD 209556, and HD 224687.

0.8 | g

0.6 4

HD 90162
04} ]

0.2

1 1 1
6560 6570 6580

Wavelength, (A)

1 1
6540 6550

Figure 1: Fragment of the spectrum of HD 90162 in the
H, line region. Presence of the line core of the secondary
component is noticeable in the red wing.



Odessa Astronomical Publications, vol. 36 (2023)

Table 2: Radial velocities of Polaris field stars

Object <RV> RV (Other authors)
HJD 2400000+  Metals o NL Ha Hp H, <RV> Source
HD 5914 58194.6932 -9.04 337 34 -417 -3.30 -0.42 -10.0 [b]
58236.6245 -10.06 2.32 61 -4.09 -2.27  +0.25 -11.0 [c]
-1.38 (1]
HD 10772 59080.7839  +8.27 238 81 4700 +6.56 -6.06 +7.83 1]
59185.6053 +6.07 2.47 105 +3.28 +3.57 +9.54
HD 11696 59233.4995 +6.86 1.70 165 +7.69 +7.51 +7.39  48.26 il
+6.00 (1]
HD 14369 58214.5807 -8.48 214 157 -7.82 -6.38 -3.91 -6.56 k]
59186.6445 -6.16 1.77 160 -6.75 -6.25 -3.71 -6.76 1]
59267.5568 -6.66 2.18 275 -836 -5.70 -5.43
HD 14718 60219.7693  -59.78 2.60 150 -63.40 -61.05 -59.61 -62.7 [f]
-68.27 k]
-61.34 (1]
HD 16335 58182.6840  -27.07 3.02 363 -29.09 -28.79 -27.51  -24.27 k]
59225.4923  -27.79 2.78 205 -29.01 -27.14 -26.58 -24.68 ]
59267.5108  -27.72 3.02 221 -29.32 -26.31 -25.45
HD 66368 58158.7237 =790 279 8  -440 -1.99 +8.95 -8.0 [a]
-8.74 i
-10.64 W
HD 90162 59621.7604  -69.18 4.11 150 -68.49 -67.08 -65.70 -23.0 [d]
-24.97 [i]
-41.90 k]
HD 163988 57496.6113  +2.51 292 116 +46.21 +3.12  -1.59 -18.9 [b]
-18.8 [f]
-2.25 ]
-1.34 ]
HD 203317 58972.7107 -7.64 206 30 -0.68 -8.73  -4.48 -7.81 k]
-12.35 1]
HD 209556 58239.6102 -8.66 238 51 -13.53 -14.36  -3.40 -5.05 k]
-8.62 [
HD 224687 58125.5771  -16.34 2.10 30 -13.60 -839  -5.55 -17.3 [a]
59193.5733  -17.42 1.38 47  -14.28 -15.84 -17.21 -18.3 [e]
59198.5582  -16.98 1.65 54 -11.74 -14.84 -12.86 -17.3 [b]
HD 224991 58240.5511 -3.15 430 193 +0.58 +3.76  -1.22  45.99 (k]
+4.15 1]
Polaris B 59248.5809  -19.22  3.39 79 -20.58 -21.96 -20.92 -8.0 [a]
59255.5298  -19.21 2.60 138 -17.86 -20.96 -24.07 -13.0 [b]
-18.90 [h]
-22.25 K]
BD+86 44 59529.6603  -18.09 2.56 171 -19.77 -19.32 -13.32  -18.60 k]
59531.6872  -19.04 2.74 178 -17.70 -20.00 -13.57 -19.11 [
BD+87 16 59527.6368 -8.27 1.31 187 -7.54  -826  -8.20 -8.38 1]
BD+4-87 26 59523.7156 -4.48 218 217 -3.58 -6.49 -3.77 -4.10 k]
-4.45 ]
BD+88 75 59622.7052 -9.48 1.74 214 -879 -9.88 -9.25 -9.40 k]
-10.40 ]

91

a — Wilson (1953), b — Gontcharov (2006), ¢ —Young (1939), d — Wilson & Joy (1950), e — Plaskett et al. (1921),
f — Nordstroem et al.(2004), g — Pourbaix et al. (2004), h — Usenko & Klochkova (2007), i — 6m SAO RAS: HJD
2455141.1960, j — 6m SAO RAS: HJD 2455141.2975, k — Gaia DR2 Catalogue (2018), 1 — Gaia DR3 Catalogue

(2022).



92 Odessa Astronomical Publications, vol. 36 (2023)
Table 3: Effective temperatures and gravities of Polaris
18k ' ' ' g field stars.
. Star Our results Gaia DR3
' HD 14718 Teg , K logg Tew, K logg
1l : HD 5914 8800 (2)  4.00 3383 -
2L ] HD 10772 6900 (2)  4.00 6908  3.7925
o HD 11696 7614 (3) - 7514  3.9808
T ] HD 14369 6721 (3) - 6621 4.1525
08 HD 14718 5971 (3) - 5930  3.8451
06 HD 163988 HD 16335 7220 (2) 4.00 6772  3.8301
HD 66368 9700 (2) 3.80 10310  3.9897
o4r ) ) ) ] HD 90162 6175 (1)  3.90 6267 3.8558
6555 6560 6565 6570 HD 163988 6369 (1) 3.50 6509 3.3543
Wavelength (A) HD 203317 6650 (2)  4.00 6664  3.9941
HD 209556 6301 (1) 4.00 6334 4.1895
. HD 224687 9700 (2) 3.80 10055  3.7103
Figure 2: Parts of the spectra of HD 14718 and HD 163988 {1y 994991 7220 (2)  4.00 7173 3.9197
in the Ho line region. Polaris B 6900 (2) 4.30 6851 4.1529
BD +86°44 6179 (1) 3.50 6351  3.6227
BD +87°16 6095 (1) 4.20 6076 4.2384
5. Effective temperatures, reddenings, dis- Bp 187°26 6169 (1)  3.80 6277  4.1664
tances, and radii BD 488°75 6169 (1)  4.00 6236 4.2091

All the objects we study are A - G main sequence
stars, therefore, one can determine their luminosities
from their effective temperatures. Because Tog esti-
mates are independent of the star’s reddening, obtain-
ing its spectroscopic estimate through the luminosity
and radius allows determining the distance to the ob-
ject. Conversely, from knowing the star’s Teg and dis-
tance one can determine its radius and compare it with
that calculated from a calibration relationship. Since
MS stars having these spectral types, the scatter in es-
timates of their radii is insignificant. Comparing the
obtained estimates of the radius from a calibration,
one can estimate the accuracy of the distance mea-
surements. Nowadays we have a database of distances,
as well as that of effective temperatures, gravities and
reddenings from Gaia DR3, which gives us a convenient
opportunity to compare our spectroscopic estimates of
Teg with the respective Gaia data and check out the
accuracy of distances from this catalog.

Table 3 presents the results of the T,g estimates ob-
tained from our spectroscopy (as described above). Es-
timates of logg were determined either by balance of
the Fe I and Fe II abundances or by using synthetic
spectra. For two stars, T.g were determined from
Stromgren photometry. As can be seen from tables, the
largest differences between the Tog estimates (from 300
to 600 K) are more noticeable in hotter A—type stars.
In latter spectral types, these differences decrease and
do not not exceed 170 K. Estimates of logg are quite
close and typical for MS stars. This means that all
the objects we study are luminosity type V stars, for
which there are calibration relationships that connect
Teg with spectral types, colors indices, absolute mag-
nitudes and radii. In our previous study (Usenko et
al. 2018) we used calibrations by Pecaut & Mamajek

1 — Lines depths of metal lines, [2] — synthetic spec-
tra, [3] - Stromgren photometry

(2013), while in this paper we use improved ones from
Mamajek (2022)? and Turner (2023)3.

First, we decided to check how different are the stars’
radii calculated from our T.g estimates and those from
Gaia DR3, if we assume that the distances and red-
denings from DR3 are reliable. The results of our cal-
culations are shown in Table4. The results shoe that
according to DR3 all the objects are located within
the distance range from 80 to 290 pc and that their
reddenings are insignificant, with the exception of HD
66368, HD 163988, and HD 224687. The differences
in the radius estimates do not exceed 0.05 R for the
difference in Tog of 100 K. However, they reach 0.2 -
0.5 R for the T differences from 300 to 500 K.

What is more noticeable is that for the stars located
at distances greater than 140 pc, the radii may exceed
the estimates typical for MS stars of a given spectral
class by a factor of 2-3. From this fact we conclude
that the DR3 distances for these stars are erroneous.
A similar fact was noted in our previous study (Usenko
et al. 2018). To check the accuracy of these distances,
we decided to link the estimates of Tog and Ag from
DR3 to their corresponding calibrations from Mama-
jeck (2023) and Turner (2023). The calculation results
are shown in Table 5.

What one should pay attention to in this table:

1. According to the calibrations, for the majority of

2http:/ /www.pas.rochester.edu/~emamajek/
EEM_dwarf_ UBVIJHK _colors_Teff.txt
3http://ap.smu.ca/~turner/A5500.html
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Table 4: Absolute magnitudes and radii of Polaris field stars using our and Gaia DR3 T.g , distances, and

reddenings.

A4 Ay d M~ Our data DR3
Star (mag) (mag) (pc) (mag) Tew , K R(Ro ) Tew, K R(Ro )
HD 5914 6.46 0.0 101.7£0.3 1.42+0.01 8800 2.02+0.02 8383  2.22+0.03
HD 10772 8.11 0.0012 107.1+£0.6  2.96+0.01 6900 1.6340.01 6908 1.6240.01
HD 11696 8.15 0.0003 163.1£+1.1 2.09£0.02 7614  1.98+0.02 7514  2.03£0.02
HD 14369 8.10 0.0166 91.7+£0.4  3.27£0.01 6721 1.48+0.01 6621 1.5240.02
HD 14718 8.61 0.0303 102.841.6  3.5240.03 5971  1.6740.02 5930 1.69£0.02
HD 16335 7.84 0.0075 140.9£1.5  2.09£0.02 7220 1.98+0.02 6772  2.50£0.03
HD 66368 7.10 0.5474 142.3+1.7  0.79£0.03 9700 2.22+0.02 10310  1.96+0.02
HD 90162 8.78 0.0008 194.3+0.5  2.344+0.01 6175 2.68£0.03 6267  2.59£0.04
HD 163988  8.12 0.1522  275.842.5  0.77£0.02 6369 5.20£0.06 6509 4.98+0.05
HD 203317  8.52 0.0009 149.3+0.4  2.65£0.01 6650 2.01+£0.02 6664 2.00+£0.02
HD 209556  8.37 0.0014 87.24+0.2  3.67£0.01 6301 1.4040.01 6334 1.3840.02
HD 224687  6.75 0.2893 212.54+2.5 -0.18+0.02 9700  3.47£0.04 10055  3.23£0.04
HD 224991  7.84 0.0184 145.2+0.4 2.01+0.01 7220 2.274+0.03 7173 2.30+£0.03
Polaris B 8.60 0.0005 137.240.6  2.914+0.01 6900 1.6540.01 6851 1.67£0.02
BD +86°44 9.14 0.0463  283.5%0.9 1.83+0.01 6179  3.40£0.04 6351 3.22£0.04
BD +87°16 8.84 0.0027 92.4£0.1 4.014+0.01 6095 1.27£0.02 6076 1.28+0.02
BD +87°26 8.81 0.0010 108.44+0.2  3.63%+0.01 6169 1.4940.02 6277 1.4940.03
BD +88°75 9.08 0.0006 116.240.2 3.75£0.01 6169 1.4140.02 6236 1.38+0.01

the objects, the spectral types determined from
the DR3 T,g data are earlier than those given in
SIMBAD (see Tablel), or coincide with them.
Exceptions are HD 11696, HD 14369, HD 16335,
and BD +88°75.

2. Distance estimates to stars derived from the
spectral types based on the calibrations, nearly
or virtually coincide with the DR3 estimates only
for HD 10772, HD 14369, HD 209556, Polaris B,
BD +487°16, and BD +87°26. The differences
are within 20-30 pc for HD 5914, HD 11696, and
HD 66368, while this difference ranges from 40
to 170 pc for the rest of the sample (HD 14718,
HD 16335, HD 90162, HD 163988, HD 203317,
HD 224687, HD 224991, and BD +86°44) that
constitutes half of it.

3. Based on the radii calculated from the T, and
Ay taken from DR3 and distances from Table 5,
one can conclude that the differences between the
radii derived from Mamajek and Turner are in the
range of 0.05-0.2 Ry with the exception of HD
66368 and HD 224687, where this difference ex-
ceeds 1 Rg . If we compare the radii calculated
using calibrations with those determined from the
DRa3 distances, it is clear that only 8 stars coincide
within 0.3 Rg . The rest (HD 5914, HD 14718,
HD 16335, HD 66368, HD 90162, HD 163988, HD
203317, HD 224687, HD 224991, and BD +86°44)
show the differences from 0.5 to 2.9 R, .

Thus, it turns out that for 10 stars out of 18, the
radii determined from the distances, Tog and redden-
ings taken from the DR3 catalog differ significantly
from the average values ederived for the corresponding
spectral types of the luminosity type V. This means
that the DR3 distances for more than half (56%) of
the sample are erroneous and need refinement.

Figure3 shows the relationships of (O-C) in dis-
tances - Gaia DR3 distances for two different calibra-
tions from Table 5. There calculated distances (C) were
derived using data from Mamajek (2013) and Turner
(2023), while the observed (O) values come from the
Gaia DR3 catalog. As can be seen from Figure 3, both
dependences are close to one another and have an ex-
ponential character that indicates that the errors in
the distance determination to the target stars increase
with increasing DR3 distances, which are larger than
130 pc. This fact means that the Gaia DR3 distances
are unreliable.

Therefore, we decided to verify the distances to the
stars using photometric data. To do that, we used
color-indices (B-V), and thanks to the refined spectral
types, intrinsic color indices, color-excesses, and red-
denings, the absolute magnitudes for the ZAMS were
determined. The latter allowed us to determine the
distances. These data are presented in Table 6.

As can be seen from Table 6, the obtained redden-
ing estimates for individual stars differ significantly
from those shown in DR3. As for the distance es-
timates, they are closer to those obtained from the
Turner (2023) calibrations. It can be seen that most
stars are located in the distance range 70-110 pc and



94

Odessa Astronomical Publications, vol. 36 (2023)

Table 5: Comparison of absolute magnitudes, distances, spectral types, and radii of the Polaris field stars
according to the Gaia DR3 data that is converted from the Mamajek (2022) and Turner (2023) relations.

Star DR3 Mamajek Turner DR3 Mamajek Turner
\% MV d M\/ d ]\/IV d Teff R SpT R Sp R
(mag)  (mag) (pc)  (mag) (pc)  (mag) (pc) K (Ro) (Ro ) (Ro )
HD 5914 6.46 1.42 101.7 1.85 83.6 1.99 78.3 8383 2.22 A4V 1.819 A3V 1.71
HD 10772 8.11 2.96 107.1 2.88 111.1 2.98 106.1 6908 1.62 F1v 1.647 Fov 1.60
HD 11696 8.15 2.09 163.3 2.36 143.9 2.47 136.8 7514 2.03 A8V 1.747 ATV 1.71
HD 14369 8.10 3.28 91.2 3.27 91.8 3.40 86.4 6621 1.52 F4v 1.508 F3V 1.37
HD 14718 8.61 3.35 111.0 4.48 66.1 4.76 58.1 5930 1.83 GOV 1.100 Fov 0.95
HD 16335 7.84 2.09 140.9 3.05 90.5 3.15 86.4 6772 2.50 F2v 1.591 F1v 1.54
HD 66368 7.10 0.77 143.4 0.65 151.7 1.37 108.9 10310 1.99 B9V 2.417  B9.5V 1.42
HD 90162 8.78 2.35 193.5 3.83 97.7 4.11 85.9 6267 2.59 F7V 1.312 F7V 1.15
HD 163988 8.12 0.80 271.1 3.44 80.5 3.62 74.1 6509 4.91 F5V 1.449 F5V 1.34
HD 203317 8.52 2.65 149.3 3.21 115.3 3.32 109.6 6664 2.00 F4v 1.529 F2v 1.47
HD 209556 8.37 3.64 88.1 3.71 85.5 3.99 75.1 6334 1.42 Fev 1.353 Frv 1.19
HD 224687 6.75 -0.17  212.0 0.79 136.1 1.46 100.5 10055 3.23 B9V 2.325 B9.5V 1.48
HD 224991 7.84 2.01 145.2 2.61 110.2 2.70 105.8 7173 2.30 FOV 1.717 A8V 1.69
Polaris B 8.60 2.92 136.7 2.94 135.5 3.05 128.8 6851 1.71 F2v 1.630 FOV 1.58
BD +86°44 9.14 1.87 278.3 3.69 120.5 3.88 110.3 6351 3.15 Fev 1.359 Fev 1.25
BD +87°16 8.84 4.01 92.2 4.21 84.3 4.48 74.4 6076 1.28 Fov 1.178 F8V 1.04
BD +87°26 8.81 3.64 108.1 3.77 101.9 4.09 87.9 6277 1.43 Frv 1.333 Fr7v 1.14
BD +88°75 9.08 3.76 115.9 3.91 108.1 4.18 95.5 6236 1.36 F7V 1.279 F7V 1.13
T T T T T T T T T T T T T T T T T
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Figure 3: Gaia DR3 distances - (O-C) distances relation-
ship for the Polaris field stars. Filled squares show calcula-
tions using Mamajek (2022) calibration, open squares show
calculations using that of Turner (2023).

only HD 14718 and HD 11696 fall out of this interval.
If we look at the dependence of the average stars’ RVs
versus these distances, one can see that most stars form
the group in a given distance interval with RVs from
+7.4 to —26.3 kms™' . This can be seen in Figure4.
One obvious (HD 90162) and one probable (HD 14718)
drop out of the spectroscopic binaries group, and the
star with the greatest reddening, HD 11696, is much
further away.

It should be noted that with Polaris’ Eg_v = 0.™02,
Ay = 0."056, the distance is 100.7 pc. Also, SIMBAD
does not contain data on the distances from Gaia DR2
and DR3. This is probably due to difficulties in mea-
suring parallaxes for bright stars.

Figure 4: Photometric distance versus RV relationship for
the Polaris field stars. Polaris is marked with an open five-
point star.

6. Summary

1. According to the RV values, 15 target stars belong
to the same moving group.

2. Two objects, HD 14718 and HD 90162, judging by
their RVs, probably belong to the thick disk, while
HD 11696 belongs to another group of the Polaris
field stars.

3. Judging from the spectra, HD 90162 is indeed
a spectroscopic binary, while HD 14718 and HD
163988 are possible binaries.

4. 61% of the studied objects are non-variable stars,
and three objects (HD 5914, HD 203317 and HD
224991) can be low-amplitude pulsating variables
of the § Sct type. It is still unclear whether Polaris
B is a pulsating variable, as indicated in SIMBAD.
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Table 6: Color-excesses, reddenings, absolute magnitudes, and distances for the Polaris field stars.
Star A4 B-V Ep_v Vo Av My Vo-Mvy d
(mag) (mag) (mag) (mag) (mag) (mag) (mag)  (pc)
HD 5914 6.46 0.107 0.017 6.412 0.048 1.99 4.422 76.6
HD 10772 8.11 0.342 0.000 8.110 0.000 3.14 4.970 98.6
HD 11696 8.15 0.270 0.540 6.628 1.522 1.99 5.498 125.8
HD 14369 8.10 0.413 0.068 7.938  0.162 3.23 4.708 87.4
HD 14718 8.61 0.516 0.000 8.610 0.000 4.68 3.930 61.1
HD 16335 7.84 0.379  0.069  7.657  0.183 2.98 4.677 86.2
HD 66368 7.10 0.174  0.174  6.613  0.487 1.56 5.053 102.5
HD 90162 8.78 0.504 0.000 8.780 0.000 4.29 4.490 79.1
HD 163988 8.12 0.475  0.020 8.064  0.056 3.93 4.134 67.1
HD 203317 8.52 0.405 0.045 8.394 0.126 3.26 5.134 106.4
HD 209556 8.37 0.468 0.000 8.370 0.000 4.05 4.320 73.1
HD 224687 6.75 0.081 0.081 6.523  0.227 1.56 4.963 98.3
HD 224991 7.84 0.282  0.000  7.840  0.000 2.82 5.030 101.4
Polaris B 8.60 0.390 0.020 8.544 0.056 3.52 5.024 101.1
BD +86°44 9.14 0.495  0.000 9.140  0.000 4.32 4.820 92.1
BD +87°16 8.84 0.540 0.003 8.832  0.008 4.45 4.382 75.2
BD +87°26 8.81 0.480 0.000 8.810 0.000 4.31 4.500 79.4
BD +88°75 9.08 0.505  0.000 9.080  0.000 4.32 4.760 89.5
5. Our estimates of the effective temperatures ob- Strasbourg, France, and data from the Eu-
tained using spectroscopy or photometry showed ropean Space Agency (ESA) mission Gaia

their approximate similarity with the estimates
from the DR3 catalog for stars of the spectral
classes F—G, while for hotter A—type stars the dif-
ference is 300-500 K.

Estimates of the stellar radii calculated using Teg
values, reddenings and distances from DR3 catalog
for half of the stars turned out to be overestimated
and inconsistent with their spectral types.

Recalculations of the radii and distances for the
stars using our Teg estimates and “Spectral type
— Luminosity”’ calibrations for MS stars also con-
firmed that for half of the stars the DR3 distance
estimates are unreliable.

The largest discrepancies in the distance estimates
between the DR3 data and the calibrations are
found for distances lrger than 130 pc and have an
exponential character.

Judging from the derived RV estimates and pho-
tometric distances, 15 target stars probably still
belong to the old open cluster dissolved among the
stars of the Polaris field and located at distances
of ~70-110 pc.

10. The distance estimates from the DR3 catalog are
extremely unreliable and should be carefully re-

vised.
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ABSTRACT. In this work, for planetary nebulae iC
1295, IC 4191, Zanstra temperatures were calculated
using the Hpg line of the central stars. Respectively, the
temperatures 64252 K and 47663 K were determined. The
flux in the Hg radiative line used in the calculations, has
been determined from the spectra retrieved from the
archive of the European Southern Observatory. Our
results have been compared with results of the other
authors.

Keywords: planetary nebulae, central stars, temperature.

AHOTALIA. B paniit poboTi MH mocmigwinu IBi
wraneTapHi TyMaHocTi 1IC 12951 IC 41916 Ta BU3HaumIn
TEMIIEpaTypu CEpeloBHIAa 33 JOINOMOTOI0  METoja
3anctpa. Jlinist Hbeta, sika Hane:KUTh HEHTPAILHUM 30PsSIM
LUX TYMaHOCTeH, Oyiia BUKOpHCTaHa Juis Hi€ei mini. Meron
3aHcTpa MOXe OyTH 3aCTOCOBaHHMH TUNBKU y pasi, KOJH
CepelloBUIllE TYMaHOCTI € ONTHYHO TOBCTUM B
JaliMaHiBCbKOMY KOHTHHYyMi. Bci aromu [imporeny
BBa)KAIOThCSl TAKMMH, 110 NIepe0yBaOTh B HE30YIIKEHOMY
crani. Temmneparypa 30pi Moke OyTH BH3HA4YEHA LUITXOM
MOPIBHSHHA 4YMCJIa KBAaHTIB JO YHCJIa KBaHTIB, IO
BHIIPOMIHIOIOTEC Yy BHAWUMIH dYacTWHI cHekTpa. Mu
BU3HAYMIM €(EeKTHUBHI TeMIepaTypu LEHTPaJbHUX 3ip
TymMaHcTel, sk 64252 K ta 47663 K.

KoarouoBi cioBa: rmiaHerapHi TYMaHHOCTI, IEHTpalbHi
30pi, TemIeparypa.

1. Introduction

Planetary nebulae (PN) are an advanced stage of the
stellar evolution of the low and intermediate mass stars.
Central stars of PN (CSPN) are difficult to study because of
their faintness in the visible spectral region and
contamination of their spectra by the nebular emission.
CSPN undergo considerable changes in temperature over
their short lifetimes. Therefore, the temperatures of the
central stars of planetary nebulae are considered an
important quantity that directly characterizes their
evolution. The Zanstra method is the most widely used
method of the temperature determination methods. The
Zanstra method can be applied for determining the

temperature of CSPN if two quantities are known: first, the
flux in the stellar continuum (or the stellar magnitudes);
second, the amount of ionizing photons (1 < 9124), as
deduced from the total nebular flux at Hg. The ratio of the
stellar to nebula fluxes at Hg is equivalent to the
temperature of a blackbody between the UV and the visual
range, if the nebula is optically thick regarding to the
hydrogen ionizing radiations. Considering these two points,
in this work for planetary nebulae 1C 1295 and IC 4191 the
Hg flux was used to determine temperatures of the central
stars. For this we used Zanstra method. We discuss our
results and compare our values to the temperatures obtained
by other authors (Montez et al., 2015; Phillips, 2003) using
different methods.

2. Determination of the Zanstra temperature

The Zanstra method can only be applied to nebulae that
are optically thick in L. At this time, it is assumed that the
star radiates as a black body. All neutral hydrogen atoms
are assumed to be in unexcited condition (Kostyakova,
1982). Thus, each L. quantum emitted by the nucleus in the
Lyman series limit of hydrogen being swallowed up in the
nebula, produces one L, quantum and one Balmer series
quantum. In optically thick nebulae all L. quanta radiated
by the star absorbed by the nebula. In a unit time interval,
the number of Balmer quanta emitted by the nebula
determines the number of quanta emitted by the star in the
ultraviolet region. The temperature of the star can be
determined by comparing the number of quanta with
number of quanta emitted in the visible region of the
spectrum (Pottasch, 1987). If we assume that a star with
radius R, and temperature T radiates as a black body, one
can define the luminosity within frequency interval:

L,=4m?R2B(T) . (1)

Here, B, is the Planck function. Thus,

L=["Ldv=

v>v,, the number of stellar quanta will be:
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Table 1:
PN W (A) | F(H.) F(Hg) F(Hg) V. |E(B-V) | F(Hp) Referens
X107 | x 1011 /Fa x 10711

ic1295 | 474 0.166 0.39 6586 16.82 | 0.32 5,8,9

IC4191 | 500 3.3 16.5 2471 1161 | 048 1.02 5,6,8,9
Hg inunits erg-cm™2s™".

(o] 3 _ o
0= ["Wmyav="R (DY gy @ LE=ses-10mriem [PV -1 [A] ©

Here,
Gi(T) = fho?/i/kaz(e" -1 tdx . (@)

©

J‘ eX:d_Xl _ i .T'e—(n+l)xx2dx

%o n=0 x,

By subtracting Rs from formulas (2) and (3) we obtain:

156;(T)L
Q; = n;kT 5)

When the nebula is optically thick in the Layman's
continuum, the star's hydrogen-ionizing quanta will be
absorbed by the nebula. The observed F(Hg) radiation
flux of the nebula will be as follows:

4nd*F(Hp) = h(Hp) [ nen(H ) a(Hg)dv [erg/s]
(6)

Here, the frequency of the 1{Hz)- H line is the effective
recombination coefficient related to the generation of
a(Hp)- Hg quanta. Considering the (L, = 4md?F,), (5)
and (6) in L/L, expression (L, is the luminosity of the
Sun) of luminosity in terms of the star's radiation flux E,,
we get the following expression:

F(Hp) _ 15h(Hg) Loa(Hg)T3G,(T)

= ()

F, 4mSk R2TgapB,

It is convenient to use the visual region of the spectrum
to solve this equation. It can be neglected because the ratio
very weakly depends on T,-, and for calculation one can
use T, = 10*K. Instead of F,[erg:cm™2s 1Hz™'] it is
useful to express F(Hg) is [erg-cm™s™] ,  Fypis)—
m,, the radiation flux in the visible region of the spectrum
is determined by the size of the visible star:

Fy=368-10°-10 /25 [erg/(cm?-s-A)]

(8)

After taking this into account, an expression (7) takes the
following form:

Temperatures along the HI line of the central stars of
planetary nebulae IC 1295 and IC 4191 were calculated
from the last equation. In calculations Fj ;) Vs F(Hg),
an absorption in the interstellar medium was taken into
account. IC 1295 and IC 4191 spectra of planetary
nebulae gained in 2016, were retrieved from the European
Southern Observatory's archive and processed using the
DECH30 program (Galazutdinov, 1992). Obtained results
are given in the Table 1. In the 3rd column of the Tablel,
the flux in the continuum is given, and in the 8th column
the flux obtained by other authors is shown.

In the 2nd column of the Table 2, Zanstra temperature
calculated by us using the line HI is given, while in the
3d column of the Table 2 Zanstra temperature calculated

using the line Hell by other authors is given.

Table 2:
PN Tz(HI) | T(Hell) | Reference
IC 1295 | 64252 98000 1
IC 4191 | 47663 107200 2
3. Conclusion

Obtained results on F(Hg)/F, ratio as a function of
the star's effective temperature exactly coincides with the
known graphic dependence from literature. It is also
consistent with the results obtained from the atmosphere
model provided by Hammer and Mihalas (He/H=0.16)
(Phillips, 2003). This shows the accuracy of the spectrum
processing results. Since Zanstra method assumes that the
nebula is optically thick in the Lyman continuum, and
since PN change from optically thick to optically thin in H
and He at different times, this can lead to the different
estimates of the central star temperature by using either H
or He lines. The fact that stellar atmosphere are not well
approximated by the blackbody can also contribute to an
errors in the Zanstra temperatures (Kwok, 2000).
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I.Eglitis ¢, K.Nagainis*, A.Sokolova !, G.Campbell 2

Lnstitute of Astronomy, University of Latvia, Raina blvd, 19,
Riga, LV 1586, Latvia, ilgmars.eglitis@Ilu.lv-mail

2 Physica and Astronomy, Brigham Young University,
Provo, USA, ghcampbell25@gmail.com

ABSTRACT. Six main belt asteroids 1999 HK1
(11411), 1995 AM1 (30968), 1999 XC136 (53454), 1999
JN6 (70055), 1999 UQ9 (86280), 2000 SU2 (93041) with
Earth MOID less than 1AU were studied at the Baldone
Astrophysical Observatory of the Institute of Astronomy
of the University of Latvia in the time span range 2020-
2022. The obtained light curve data together with pub-
lished Minor Planet Center data in the time range 1999-
2022 were analyzed with Fourier series, Lomb-Scargle
periodogram, and Phase dispersion minimization methods.
A plan of analysis step by step is given. The results com-
puted from different observatories' data are compared and
mean-weighted periods are obtained. The rotation periods
are for asteroids: N11411 P=6.544 h, N30968 P=8.330 h,
N53454 P=4.615 h, N70055 P=74.364 h, N86280
P=1.315 or 6.658 h and N93041 P=30.645 h.

Keywords: Main belt asteroids, light curve, rotation period.

AHOTANIA. Illicte acTepoimiB TOJOBHOTO TOSCY
1999 HK1 (11411), 1995 AM1 (30968), 1999 XC136
(53454), 1999 JN6 (70055), 1999 UQ9 (86280), 2000
SU2 (93041) 3 MOID 3emni w™enme 1 a.o.
JIocTiKyBanucs B acTpodizmuHiii oocepparopii baxmone
IHctuTyTy AcTpoHOMIl JIaTBIfiCEKOTO YHIBEPCHTETY B
yacoBomy aiamazoni 2020-2022. Orpumani aaHi KpuBOi
OJUCKY pa3oM 3 OMmyOJiKOBaHUMH JaHuMU LIeHTpy Maux
IUTaHeT y YacoBOoMy miama3oHi 1999-2022 pp. Oymu
MpoaHaai30BaHi  3a  gOomoMororw  psmgie  Dyp’e,
nepiogorpamu Jlomba-Ckapriia Ta MeTOAIB MiHiMi3arlil
¢a3oBoi mucnepcii. [TogaHO MOKPOKOBHUII IUIAH aHAII3Y.
Pesynbratn, o0uncIiieHi 3a TaHUMH Pi3HHX 00CepBaTopii,
MOPIBHIOIOTECS T4  OTPUMYIOTHCSI  CepeIHbO3BaXKCHI
nepionu. [lepioau oOepTaHHS CTAaHOBIIATH IS ACTEPOiIiB:
N11411 P=6,544 romwam, N30968 P=8,330 romunwm,
N53454 P=4,615 romunu, N70055 P=74,364 roaunu,
N86280 P=1,315 abo 6,658 roauuu i N93041 P=30,645
roquau. Meton psanie Dyp'e mae mnpumatHi I
BUKOPUCTAaHHSA pPE3YyJIbTaTH aHami3y JOBIHX Cepii
CIOCTEpEeXEHb Y ACKITbKa HACTYIIHUX HOYEH, KOJIU mepiof
obepranns He mnepesuirye 7-10 roamH. Y BHmagkax
HEBEJIMKHUX Cepiil CIOCTEPEIKEeHb, PO3KUIAHUX IPOTITOM
BEJINKOTO TIEPiojly 4Yacy, 3 Pi3HOIO SICKPaBICTIO B Pi3HUX
omo3umisx, Mmerogu L-S i PDM mpamrorots Ouibmn
HaxiiHo. Metonq PDM uyTnuBHil 10 HEBETHKOI KiTBKOCTI

CIOCTEepPEe)KEHb. SIKIIO KUTBKICTh CIIOCTEPEKEHb MEHIIE
cotHi, Metog PDM 3nebinbinoro ue mpamtoe. [lokazana
METOJOJIOTiSl  JIO3BOJISIE ~ aHAN3yBaTH JAaHl, TOYHICTb
HCKpaBOCTi SAKHUX CTAHOBUTH OJJUH }IGCHTKOBI/Iﬁ 3HaK.

KurouoBi ciioBa: acTepoiqy roJoBHOTO MOSCY, KpUBA
OmuCKy, mepion obepTaHHS.

1. Introduction

The investigation of asteroid properties is important for
the development of the evolution theory of the Solar sys-
tem and the classification of small Solar system objects.
Because some of these objects can collide with the Earth,
asteroids are also important for having significantly modi-
fied the Earth's biosphere. Significantly in the past, but
now, every five years Chelyabinsk amount events take
part as seen from the observed bolids radar compilation
[NASA, 2013]. Asteroids' impact can trigger the creation
of life, especially with the delivery of heavy elements to
the Earth's surface. It is a crucial moment for the birth and
evolution of complex life [Castillo, Vance 2008] and
[Houtkooper, 2011] because the carbon-based molecules
and some heavy elements serve as the building blocks of
life. Asteroid studies will allow us to answer the ambigu-
ous question about the origins of life on Earth. On the
other hand, the next step in the human exploration of
space will be highly dependent on extracting materials
(primarily water and minerals) from the asteroids. It is
highly probable that the success and viability of human
expansion into space will depend on the ability to exploit
space resources. Therefore, a detailed physical and com-
positional assessment of the population will be required
during the next decade before human missions are sent to
these objects.

The photometric study of light curves can obtain addi-
tional information about size, rotation period, the structure
of objects, and the existence of craters and ice fields on
the surface, which is very important data for space mis-
sions. Asteroids shine due to the Sun's light reflecting on
their surface and depend on surface albedo (from surface
characteristics: chemical composition; regoliths which
cover the object). If an asteroid is not spherical its bright-
ness might vary due to the following factors: the asteroid's
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distance to the observer and to the Sun is changing; the
asteroid's phase. All of the above plus the shape of the
asteroid and its periodic rotation, as well as the precession
of the axis of rotation, determines its brightness too. All
previous aspects, show the importance and complexity of
light curve studies.

2. Data set for analysis

At the Baldone Astrophysical Observatory (IAU Code
069) astronomers operate with a Schmidt-type 1.2-meter
telescope installed with two STX-16803 CCDs.The bright-
ness limit in the visual range of the telescope without a fil-
ter is 22 magnitude at night with good transparency and
calm images. CCD parameters are quantum effectivity of
about 80 percent, the size of one pixel is 9*9 microns, and
linear size 4096*4096 pixels, which corresponds to 53*53
arcmin of the field of view. In the three last years, the ob-
servation has been devoted to the studying dynamics of
main belt asteroids in the G(RP) passband, especially those
of which the Earth MOID is less than 1 AU. Observations
also managed to use nights with a small phase of the Moon.
The list of observable asteroids was compiled using the
Minor Planet Center NEO checker [MPC, 2023] and MPC
light curve database [ALCDEF, 2023]. A sample of studied
main belt asteroids with Earth MOID less than 1 AU, with a
brightness greater than 18 magnitudes without period data
are given in Table 1.

Table 1: list of studied asteroids

Asteroid | Design. Earth Sun, | Absol.
MOID | P (y) | mag.
11411 1999 HK1 | 0.78600 | 2.50 | 15.41
30968 1995 AM1 | 0.76539 | 3.47 | 14.39
53454 1999 0.91428 | 2.71 | 15.14
XC136
70055 1999 JN6 0.67361 | 3.59 | 15.07
86280 1999 UQ9 | 0.72111 | 2.58
93041 2000 SU2 | 0.83457 | 3.68

3. Light curves analysis

The G(RP) magnitudes for reference stars were taken
from the GAIA DR2 release [Brown et al. 2018]. For
processing one series of observations were used 30-40
reference stars with colors close to the Sun; some brighter
and some dimmer, than moving objects. The images were
analyzed by calibrated and measured using Lemur soft-
ware [Savanevych, 2022]. Measurement of magnitudes of
objects was made after the application of standard proce-
dures of master flat and master dark images. For further
processing selected only that series where the reference
star's brightness errors at an average are smaller than 0.05
magnitudes. It helps to discard observations with poor sky
instant transparency. Each measurement of an asteroid
consists of a time and apparent magnitude couple.

Both values must be corrected for each measurement
series because the distance of an asteroid relative to Earth

and to the Sun changes. Time changes by reducing to the
first moment of observations were made by equation:

t;=ty + 220
where D is the asteroid's distance from the observer.

The magnitudes of all series are corrected depending on
the distance from the observer and from the Sun [Zeigler,
Hanshaw, 2016]:

DoRg
DiRi),

Am; = m; — 5log

where D is the asteroid distance from the observer and R
is the distance to the Sun and Ro, Dy is the same for the
first observation in the first series.

The last is magnitude correction by phase effect:

Ami = (Pho - Phl)k,

where K is the slope coefficient of the phase diagram for
phases in intervals 10 to 30 degrees, Ph; and Phg are i and
the first phase in series, respectively. We thus use linear
regression to fit the lightcurve amplitude-corrected data.

After time and brightness corrections, deriving asteroid
periods from their lightcurves by the Fourier series analy-
sis method [Pravec, Harris, 2000]. A detailed description
of the algorithm is given by [Kwiatkowski et al., 2009].

The Fourier method is very sensitive to gaps in obser-
vations, especially when summarizing data from a small
series of observations, as well as data from different oppo-
sitions, where there are large shifts in the brightness range.
In this situation, the Lomb-Scargle (L-S) periodogram
[VanderPlas, 2018] and Phase Dispersion Minimization
(PDM) [Stellingwerf, 1978] methods.

All brightness data from the whole in Table 2 mentions
observatories’ measurements of asteroid brightness are
analyzed with three methods in the range 0.1 to 100 hours
if the number of observations exceeds 70 in the specified
passband.

Table 2: observatories from which data are analized

Observatory (IAU Observa-tion Passhand

Code)/Space mission | period

Baldone (069) 2022.03- G(RP)
2023.03

Mauna Loa (T08) 2019.01- o,C
2022.08

Haleakala (T05) 2018.05- o,C
2022.08

Catalina Sky Survey | 2005.12- V, G

(703) 2023.05

Zwicky Transient 2014.02- r,g

Facility (141) 2022.08

Lincoln Laboratory 1999.04- c

ETS (704) 2010.09

Catalina Sky Survey | 2019.01- G

(G96) 2022.06

Ponte Uso (G45) 2014.03- r
2017.03

Transiting Exoplanet | 2018.09- G

Survey Satellite 2018.10

(C57)
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Figure 1: The power spectrum of asteroid N53454, method
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Figure 3: The power spectrum of asteroid N93041, meth-
od L-S
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Figure 2: The light curve of asteroid N93041, method L-S

According to the obtained power diagrams, peaks with
a probability greater than 20% were selected (see example
in Fig. 1).

The surroundings of these separated periods were stud-
ied in more detail within a range of plus or minus 2 hours,
in order to clarify the possible rotation period. Data from
all observatories were similarly analyzed.

Possible periods must satisfy two criteria. A)The light
curve should show two maxima and two minimum
troughs during one cycle. An example is presented in Fig.
2). B)The shape of the peak in the power spectrum must
be similar somewhat resembling a Gaussian distribution
(an example is presented in Fig. 3).

All thus allocated periods were cross-correlated.
Matching periods from whole observatories with a 3%
tolerance were extracted as true rotation period sets. Small
discrepancies in values are removed by weighted mean
methods. Period values are weighted by the number of
observations and by the value of peak probabilities in the
power spectrum. The average value is accepted as the true
rotation period of the studied asteroids and displaced in
Table 3 together with the amplitude of variation in G(RP)
passband and their types from [ALCDF, 2023].

Asteroid | Period(h) error Ampl. | Type
11411 6.544 0.006 0.8 SE
30968 8.330 0.027 0.4 S
53454 4.615 0.022 0.4 SE
70055 74.364 0.067 0.6 S
86280 1.315 6.658 | 0.005 0.4 C
0.032
93041 30.645 0.007 1.2 S
4. Conclusion

o Asteroids N70055 and N93041 have great rotation pe-
riods: 74.322 h and 30.645 h respectively.

o Asteroid N82680 has two possible rotation periods.
The first 1.315 h and 6.658 h. Small amounts of obser-
vation don’t allow unambiguously choosing the
amount of rotation period.

e The Fourier series method gives usable results analyz-
ing long series observation in multiple following
nights when the rotation period isn't longer than 7-10
hours.

e In cases of small series of observations scattered over
a large period of time, with differences in brightness in
different oppositions, the L-S and PDM methods work
more reliably.

e The PDM method is sensitive to a small number of ob-
servations. If the number of observations is less than a
hundred, the PDM method mostly does not work.

e The shown methodology allows analyzing data whose
brightness accuracy is one decimal.

Acknowledgements. Text of Acknowledgements. This
work has made use of data from the European Space Agen-
cy (ESA) mission Gaia (https://www.cosmos.esa.int/gaia),
processed by the Gaia Data Processing and Analysis Con-



102

Odessa Astronomical Publications, vol. 36 (2023)

sortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/
consortium). Funding for the DPAC was provided by na-
tional institutions, in particular, the institutions participating
in the Gaia Multilateral Agreement. This research is sup-
ported by project 2291 by a «MikroTik» donation adminis-
tered by the University of Latvia Foundation.

References

ALCDEF: 2022, Asteroid Lightcurve Data Ex change
Format, https://alcdef. org/php/alcdef-Generate
ALCDEFPage.php

Brown A.G.A, Vallenari A., Prusti T. et al.: 2018, A&A,
616, Al, 22.

Castillo J., Vance S.: 2008, Astrobiology, 8, 344.

Houtkooper J.M.: 2011, Planet Space Sci. 59, 1107.

Kwiatkowski T., Kryszczynska A., Polinska M. et al.:
2009, A&A, 495, 967.

MPC: 2023, Minor Planet Center,
https://cgi.minorplanetcenter.net/cgi-bin/checkneo.cgi.

NASA, 2013
https://www.esa.int/ESA_Multimedia/lmages/2016/06/
Bolide_airbursts_1994-2013

Pravec P., Harris A.W.: 2000, Icarus, 148, 12.

Savanevych V.E., Khlamov S.V., Akhmetov, V. S. et al.:
2022, Astronomy and Computing, 40, id. 100605

Stellingwerf R.F.: 1978, AJ, 224, 953.

VanderPlas J.T.: 2018, AApS, 236, id.16, 28.

Zeigler K., Hanshaw B.: 2016, Minor Planet Bull., 43, 199.


https://cgi.minorplanetcenter.net/cgi-bin/checkneo.cgi
https://www.esa.int/ESA_Multimedia/Images/2016/06/Bolide_airbursts_1994-2013
https://www.esa.int/ESA_Multimedia/Images/2016/06/Bolide_airbursts_1994-2013

Odessa Astronomical Publications, vol. 36 (2023)

103

https://doi.org/10.18524/1810-4215.2023.36.290222

TEST OPTICAL OBSERVATIONS OF THE
COSMOS 1408 FRAGMENTS

0.M.Kozhukhov 1, Y.VV.Omelchenko !, D.M.Kozhukhov !, O.G.Solomakha , M.V.Kulichenko 2,
0.V.Shulga 2, Y.S.Kozyrev 2, N.V.Maigurova 2

! National Space Facilities Control and Test Center, State Space Agency of Ukraine,
Kyiv, Ukraine, a.m.kozhukhov@gmail.com

2 Research Institute "Mykolaiv Astronomical Observatory",
Mykolaiv, Ukraine, nadya.maigurova@gmail.com

ABSTRACT. The non-functioning spacecraft COSMOS
1408 (NSSDCA/COSPAR ID: 1982-092A) was destroyed
as a result of tests involving Russian anti-satellite weapons
on 15 November 2021. This led to the creation of a signifi-
cant debris cloud that poses a threat to other objects in low
Earth orbit (LEO), particularly those in close orbits. More
than 1500 of these fragments reached trackable sizes. Such
events require rapid and immediate monitoring through all
available ground tracking means, including radar and opti-
cal observation. The following study presents the results of
optical observations of the selected fragments of COSMOS
1408 in Ukraine. These observations were carried out by
the telescope OES30 from the National Space Facilities
Control and Test Center of the State Space Agency of
Ukraine and the Fast Robotic Telescope (FRT) of the Re-
search Institute "Mykolaiv Astronomical Observatory"” in
February 2022. The observations demonstrated that
Ukrainian optical sensors are capable of tracking LEO
space debris objects with radar cross-sections (RCS) less
than 0.1 square meters when relatively accurate ephemeris
data is available. The astrometric reduction has been per-
formed for the acquired frames with fragments of the satel-
lite, which revealed that orbital parameters of a significant
part of the targeting objects were close to the orbital param-
eters of the original satellite before the event. Furthermore,
the results of processing the available observations indi-
cated that the range of apogee heights significantly exceeds
the range of perigee heights. These findings align with con-
clusions drawn by previous researchers. In the future, it will
be essential to assess the capabilities of sensors for observ-
ing the aftermath of object destruction in LEO, especially
during the initial hours and days following such events
when precise debris orbit data may be lacking.

Keywords: space debris, optical observations.

AHOTAILIA. Henitounii kocmiunuii amapar COSMOS
1408 (NSSDCA/COSPAR ID: 1982-092A) 6yB 3HuIIICHMI
B pe3yibTaTi BUIPOOyBaHb POCIHCHKOI MPOTHCYITYTHHKO-
BOi 30poi 15 mucromana 2021 poky. Lle mpusBeno 10 cTBO-
PEHHS BeTMYE3HO XMapH YJIaMKiB, Ki CTAHOBIISTh 3aTPO3y
JUTSL IHITMX HU3BKOOPOITATbHUX 00’ €KTIB, IO 3HAXOATHCS
Ha Onm3pkux opOirax. bimpme 1500 3 nmx ¢parmenris

MaJIi pO3MIpH, SIKi MOXHA BiicTe:KyBaTu. Taki moii BUMa-
TaloTh MIBUAKOTO Ta HErAHHOTO MOHITOPUHTY 3a JAOIIOMO-
TOI0 BCIX MIOCTYNMHHX 3ac00iB HAa3eMHOTO BiJCTEKCHH,
BKITIOYAIOYH PATiONOKAIliifHI Ta ONTHYHI CIIOCTEPEIKCHHS.
B nmpoMy nocnimkeHHI HaBEINEHO Pe3yNbTaTH ONTHYHUX
CIIOCTEPE)XEHb ~ OKpPEeMHX  ()parMeHTiB  CyIyTHHKa
COSMOS 1408, mo 0ynu oTpumaHi B Ykpaini. B cmocrte-
pekeHHsIX npuiiManu yuacth Tteneckon OEC30 cranmii
OIITHKO-EJIEKTPOHHOTO ~CIloCTepeXkeHHs1 HarioHaiapHOTO
LEHTPY YIPAaBJIiHHS Ta BUIIPOOYBAHHS KOCMIYHUX 3aCO0iB
JlepkaBHOTO KOCMIYHOTO areHTcTBa YKpainu Ta IlIBumaki-
cuuii apromatuyauii kKomiutekce (ILIAK) naykoBo-mocmin-
noro incrutyty (H/I) «MukonaiBcbka acTpoHOMIYHA 00-
cepBaTopis» y gotomy 2022 poky. CoctepekeHHS IToKa-
3aJIM, 0 YKPaiHChKI ONTHYHI 32C00U CIIOCTEPEXECHHS 3/1a-
THI crocTepiratu 00'eKTH KOCMIYHOTO CMITTS HAa HU3BKHUX
HABKOJIO3EMHHX OpOiTax 3 palioIOKAIiHHUM IMEePEeTHHOM
MeHIe 0.1 KB. M. IpX HASIBHOCTI BITHOCHO TOYHUX e(eMe-
pUIHMX AaHuX. Byna npoBeaeHa acTpoMeTpUYHA PELYKIIs
OTPUMaHUX KaJIpiB 3 OKpeMHUMHU (parMeHTaMHU CYITyTHHKA,
sIKa [oKasaja, o OpOiTalibHi TapaMeTpy 3HAYHOT YaCTHHH
00’€KTIB, 10 crIOCTEpiranucs, Oynu OJU3bKHUMHU 10 OpOiTa-
JIbHUX TIapaMeTpiB CymyTHHKa nepen nojieto. Kpim toro,
pe3ynbTaTi 00poOKH HasiBHUX CIIOCTEPEIKEHb BKAa3yIOTh Ha
Te, 110 Aiala30H BUCOT B arorei 3Ha4HO MEPEBUIIYE Jiarna-
30H BHCOT B niepurei. L{i BHCHOBKH y3ro/KyIOTbCS 3 BUCHO-
BKaMH, 3pOOJCHUMH IHIIMMHU IOCTiTHUKAaMHU. Y ManOyT-
HBOMY OyJie BayKJIMBO OL[IHUTH MO>KJIMBOCTI CIIOCTEPE)KEHb
3a HaciikaMu pyiHyBaHHS 00'ekta Ha H30, 0cobmmBO B
nepiii roAWHY Ta IHI micis NoAIOHUX TO/IiH, KOJI MOXYTh
BIZICYTHI TOYHI JjaHi PO OopOITy CMITTS.

K1o4oBi cj10Ba: KOCMIYHE CMITTSI, ONITHYHI CIIOCTEPE)KCHHSL.
1. Introduction

Spacecraft COSMOS 1408 was destroyed on 15 Novem-
ber 2021 as a result of tests of Russian anti-satellite weap-
ons and the huge cloud of debris that poses a threat to other
LEO objects in close orbits was generated. Also known that
this event was the reason for the creation of a permanent
Internal Task (IT) for the observation of LEO fragmenta-
tion events in Working Group 1 of Inter-Agency Space De-
bris Coordination Committee (IADC WG1).
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Table 1: OES30 Specifications (Romanyuk et al, 2021 as
OEO0S-2)

OES 30 FRT
Aperture,mm | 300 300
Focal length, 1500
mm 300
Camera (chip) | QHY-174M GPS Apogee Alta
(Sony 1/1.2" CMOS U9000
IMX174LLJ /
IMX174LQJ)
Size, pix. 1936x1216 3056 x 3056
Pixel size, um | 5.86 12
Scale without 1.6
bining ("/pix) | 41
FoV (deg?) . 1.96
2.89 (130'x80") (83' 83)
jlew rate, Up to 10 Upto 20
eg/s
Tracking yes no

In order to monitor the debris cloud special international
campaign for observation of fragments of this event was
organized in February 2022. The purpose of these observa-
tions was to determine whether telescopes with our receiv-
ers can observe such debris using standard observation
modes and techniques.

2. Equipment and Observation Techniques

Two instruments participated in the observations of
COSMOS 1408 debris fragmentations. These were the
Type 2 Optoelectronic Observation Station (OEOS-2 or
OES30) telescope of the National Space Facilities Control
and Test Center of the State Space Agency of Ukraine and
the Fast Robotic Telescope (FRT) of the Mykolaiv Astro-
nomical Observatory.

OES30 (or OEOS-2) located near Kyiv. Telescope was
installed in 2019 and have modified German with direct
drive mount. Standard tracking mode was used for the ob-
servations.

Fast Robotic telescope (FRT) was designed and manufac-
tured by NAO in 2004. Maksutov mirror lens and rotating
platform with photographic lenses are installed on the paral-
lactic mount telescope. Time delay and integration (TDI)
mode with rotation stage are used for the observations.

Some characteristics of the used telescopes are given in
the Table 1.

3. Proceeding resuts
3.1 OES30

The observations were made on February 13, 2022. A to-
tal of 6 fragments were observed. Observations were carried
out with an exposure of 0.3 s with tracking mode. Detailed
information about observation frames are given in Table 2,
where ID and RCS (S — Small, M — Medium) column given
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Figure 1: Residual differences (O — C) vs UTC, where O —
obtained positions, C — ephemeris data (down — USSPACE-
COM, up — FindOrb).

according unclassified USSPACECOM (previously
NORAD) catalogue (https://www.space-track.org) data.
The main orbital parameters close to the observation epoch
from USSPACECOM catalogue, are shown in Table 3. As
could be shown from tab.3 the objects have similar orbit
parameters values.

3.2FRT

FRT observations were performed on 4 and 11 February
2022. Results of astrometric reductions were shown that
positional accuracy of reference stars is about 1 arcsec in
both coordinates. The limited magnitude was 13™8 with in
exposure 1%, Detailed information about FRT observational
data are shown in table 2 and 3.

The Fig. 1 shows the trend of residual differences be-
tween the obtained positions (from FRT observations) and
the ephemeris data USSPACECOM (https://celestrak.org/
NORAD/elements/) and FindOrb software (https://www.
projectpluto.com/sat_id2.htm) for the object 49541. It can
be noted that the positional differences between the
FindOrb ephemeris and obtained observations are smaller
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Table 2: Statistics of the observational data 7150
ID COSPAR ID N RCS | Data | Tel 7100 1 -
49528 | 1982-092-R 133 | S [Feb.13[OES30| _ 7050 - |
49540 | 1982-092-AD 88 M |Feb.13] OES30 2 7000 | . | =
49582 1982-092-BX | 137 S |Feb.13 OES30 g ‘ .
49634 | 1982-092-EB | 115 | S |Feb.13/OES30| £ 0 ~ s | e
49635 | 1982-092-EC | 120 | S |Feb.13 OES30| § so00 - .SSLASSSESSE &
49662 | 1982-092-EH | 100 | M |Feb.13] OES30 so | @ JESS==d
49522 1982-092-K 3 M [Feb.04 FRT "
49530 1982-092-T 6 M |Feb.04 FRT 580"81‘5 - s o s o
49531 1982-092-U 3 M Feb.04 FRT inclination, deg
49535 1982-092-Y 1 M |Feb.04] FRT . .
49537 | 1982-092-AA | 1 M [Feb.0d FRT Figure 2: Orbital parameters of the observed fragments:
semi-major axis - inclination. The group of objects with
49538 | 1982-092-AB | 1 | M |Feb.04 FRT | i close to the COSMOS-1408 orbit before the event
49541 | 1982-092-AE | 7 M _|Feb.04 FRT | s marked with a red circle.
49576 1982-092-BR 1 M |Feb.04] FRT
49590 | 1982-092-CF 2 M |Feb.04] FRT 490 -
49626 | 1982-092-DT | 1 M |Feb.04 FRT 470 | _
49653 | 1982-092-EW | 1 M |[Feb.04 FRT | & . % .
49694 | 1982-092-GP | 2 M |[Feb.0o4 FRT | £ 01 * ="
49707 | 1982-092-HC | 2 | s [Feb0d FRT | 2 .5 | 37| * 0£05-2
49723 | 1982-092-HU | 2 M [Feb04 FRT | & : o FRT
49784 | 1982-092-JA | 1 [ s |Feb.04 FRT | & 4107 | SSss=m=s
49787 | 1982-092-1D | 1 M |Feb.04 FRT 290 , | , |
49789 1982-092-JF 1 M |Feb.04 FRT 390 550 790 990 1190
49822 | 1982-092-KD 1 M |Feb.04) FRT Apogee height, km
50010 | 1982-092-QW 1 M_|Feb.04 FRT Figure 3: Orbital parameters of the observed fragments:
50026 | 1982-092-RN | 1 M _[Feb.04 FRT | perigee heght — apogee height.
49530 1982-092-T 1 M |Feb.1l] FRT
49694 1982-092-GP 4 M |Feb.1l] FRT COSMOS 1408 Gabbard Po: il States (multile epochs)

than between the ephemeris from USSPACECOM cata-
logue and observations. However, the small number of
points and short arc of observations involved in the initial
orbit determination using FindOrb and atmosphere drug in-
fluence has not been taken into account.

4. Brief Analysis of Results

The graph (Fig. 2) clearly shows a dense group of ob-
jects, whose orbit parameters are close to those of the sat-
ellite before fragmentation. Something similar was also ob-
served in the TIRA observations obtained in November
2022. (Cerutti-Maori et al, 2023).

It is also worth noting that the difference in the perigee
heights of these objects is much smaller than the difference
in the perigee heights (Fig. 3). This is in good agreement
with other observations (Fig. 4) (Ramos et al., 2022,
Oltrogge D.L. et al. 2022).

PergoaiApages (k)
g

B E] E3 E3 160 162 162
Periad {minutes)

Figure 4: COSMOS 1408 Gabbard Plot-Initial States
(Ramos et al, 2022).

5. Conclusion

Ukrainian optical sensors are able to observe LEO space
debris objects with RCS less than 0.1 sg. m. in the presence
of relatively accurate ephemeris.

The orbital parameters of a significant part of the ob-
served objects were close to the orbital parameters of the
original satellite before the event. It can also be observed
that the range of apogee heights is much larger than the per-
igee heights. These facts are also confirmed by reports of
observations by other participants that were made earlier.
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Table 3: Main orbital parameters of objects for an epoch close to the observation epoch

ID Epoch (UTC) Inclination | Semi-major Apogee, Perigee, Tele-
2022 axis, km km km scope
49528 02-12 11:34:18 82.978° 7122 1075 413 OES30
49540 02-12 17:25:03 83.107° 6999 798 444 OES30
49582 02-12 11:04:00 82.940° 6976 744 451 OES30
49634 02-12 17:47:43 83.410° 6901 586 460 OES30
49635 02-12 10:51:29 82.938° 7113 1011 458 OES30
49662 02-12 17:47:11 83.430° 6875 540 454 OES30
49522 02-03 17:19:52 82.579° 6848 481 459 FRT
49530 02-0312:43:32 83.405° 6916 622 453 FRT
49531 02-03 17:59:31 82.874° 6 883 583 428 FRT
49535 02-03 12:38:17 82.562° 6 857 495 463 FRT
49537 02-03 18:02:16 82.564° 6952 651 457 FRT
49538 02-03 17:54:24 82.284° 6917 662 415 FRT
49541 02-03 12:16:44 82.808° 6 940 661 463 FRT
49576 02-03 17:26:56 82.598° 6 857 518 440 FRT
49590 02-03 18:27:20 82.551° 6917 622 456 FRT
49626 02-03 17:57:12 82.561° 6853 497 452 FRT
49653 02-03 19:23:44 82.551° 6880 543 461 FRT
49694 02-0317:31:11 82.580° 6 865 511 462 FRT
49707 02-03 19:38:58 82.723° 6 838 489 431 FRT
49723 02-03 21:56:30 81.969° 7015 873 402 FRT
49784 02-03 17:53:08 82.568° 6 868 513 466 FRT
49787 02-03 12:35:04 82.574° 6865 510 464 FRT
49789 02-03 12:54:33 82.613° 6914 612 460 FRT
49822 02-03 12:29:39 82.576° 6874 534 455 FRT
50010 02-03 18:05:18 82.562° 6 872 523 465 FRT
50026 02-03 18:05:21 82.577° 6838 480 439 FRT
In the future, it is necessary to evaluate the capabilities the ESA Space Safety Programme Office, Ed. T.Flohrer,
of sensors to observe the consequences of fragmentation of R.Moissl, F.Schmitz, [online] Available at: (https://con-
objects on the LEO in the absence of accurate data on the ference.sdo.esoc.esa.int/proceedings/neosst2/paper/38/
orbits of debris (the first hours and days after the event). NEOSST2-paper38.pdf) [Accessed 7 September 2023].
Ramos C., Hutchinson D., Skrehart B., Gillespie D.,
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ABSTRACT. The study is devoted to determining the
color characteristics of the structural surfaces of artificial
satellites. Observations of satellites were carried out in
automatic mode using software for detection fast moving
object, developed at RI “MAO”. The satellite observations
equipment consists of Canon EF 85mm f/1.8 USM
photographic lens and professional VIVOTEK IP816A-HP
network camera. The camera is directed to the zenith and has
a field of view (4.9°x2.8°). The camera has progressive
CMOS sensor with Bayer color filter array for producing
RGB color image. Coordinate and photometric processing
of saved images is carried out using SExtractor and
Astrometry.net software along with additional Python
scripts. In this paper, we present first results of our LEO
satellites observations using network IP-cameras with RGB
Bayer filter. To convert the instrumental magnitudes from
RGB Bayer system into standard bp/rp magnitudes of the
Gaia EDR3 photometric system, a system of equations was
solved, where the calculated magnitudes in the bp/rp
photometric system were represented as functions of
magnitudes and colors in the instrumental RGB system. The
mean differences between the calculated magnitudes and the
catalog magnitudes are (0.03£0.15)™9 and (0.01+0.16)™9
for bp and rp band, respectively. The calculated Brjb_bp and
Rrjb_rp magnitudes using obtained transformation
coefficients show a good linear correlation with the bp and
rp Gaia EDR3 magnitudes. Only main sequence’s stars in the
range of (5-13)™9 were used as reference stars for
determining the transformation coefficients. The results of
determining the color indexes (Brjb_bp - Rrjb_rp) for 8 LEO
satellites with the obtained transformation coefficients were
received. The average accuracy of the obtained values of
color indexes is about 0.2 ™9,

Keywords: RGB-cameras, Photometry Transformations,
Gaia bp/rp photometric system, color index, LEO satellite.

AHOTANIA. JocmimkeHHS TpUCBSYCHE BU3HAYCHHIO
KOJIbOPOBUX XapaKTEPHCTHK CTPYKTYPHUX IOBEPXOHb
WITYYHAX CYHNyTHHKIB. CIIOCTEpEeKEHHS 3a CYIyTHUKAMU
MPOBO/IMIIUCS B ABTOMAaTHYHOMY PEKUMI 3 BAKOPUCTAHHIM
NPOTrpaMHOro  3a0e3Me4eHHsT  BUSIBJICHHS  IIBUJIKHX
00'ektiB, po3pobneHoro B HJII «MAO». YcrarkyBaHHS
JUIS  CYNyTHUKOBHUX  CIIOCTEPEXEHb CKJIAJaeThcs 3
¢dotoob'ektuBy Canon EF 85mm f/1.8 USM Tta
npodeciitnoi mepexxeBoi kamepn VIVOTEK IP816A-HP.
Kamepa HampaBiieHa B 3eHIT Ta Mae moJe 30py (4.9°x2.8°).
Kamepa ocnamena nporpecusHoro Matpuueio CMOS i3
MaTpHLEeI0 KoJbopoBHX (inbTpiB baitepa s cTBopeHHs
KosmpopoBoro 300pakeHHss RGB. KoopaunatHa Ta

¢doromerpuyHa  00poOka  30epekeHHX  300paKeHb
3IICHIOETHCS 32 JOTIOMOTOIO ITPOTrPaMHOT0 3a0e3MeueHHs
SExtractor Ta Astrometry.net pa3oM i3 J0IaTKOBHMH
ckpurrtamu Python. V 1iif cTaTTi MH IpeIcTaBIseEMO TepIIi
pe3ympTaTH HAIIMX CHOCTepekeHb cynmyTHHKIB LEO 3
BHKOpPUCTaHHAM MepexeBux [P-kamep i3 RGB-¢insTpom
baitepa. s mepeTBOpEeHHsI iHCTPYMEHTAJIBHUX 30PSHUX
BenmuuH y cuctemi RGB 3 ¢imprpamm bBaiiepa B
CTAQHIAPTHI 30pSAHI BEJWYMHU (OTOMETPUYHOI CHCTEMH
Gaia EDRS3 bp/rp 6yna Bupimiena cucrema piBHAHb, B AKil
00YHMCIIOBaHI 30PsIHI BEJIMYMHU B OTOMETPUYHII cHCTEMI
bp/rp Gynu npencrasieni Ak GYHKIIT 30pSIHAX BETHYUH 1
KOJIbOpIB B iHCTpyMeHTadbHIH cuctemi RGB. Cepenni
3aJMIIKOBI PI3HUII MIDK pO3PaxOBaHUMH  30PSHUMH
BEIMYMHAMHU Ta BEIMYMHAMU 3 KAaTaJory CTaHOBISTH
(0.03£0.15)™9 Tta (0.01£0.16)™ mus cmyr bp Ta rp
BiAMOBIZHO. Po3paxoBaHi 3 BHKOPHCTaHHSM OTPUMAaHHX
koediieHTiB  Tpanchopmarii BemmuuHM Brjb_bp Ta
Rrjb_rp moka3yioTe Xoporry JiHIHHY KOPEJSLio 3
BenuunHaMu bp Ta rp 3 karamory Gaia EDR3. Tinbku 30pi
roJOBHOI  IOCHiZOBHOCTI B  giamaszomi  (5-13)™M9
BUKOPHCTOBYBAINCS SIK OMNOPHI 30pi /s BH3HAYCHHS
koedimienTie  Tpanchopmariiii. OOYHCICHO 3HAYCHHS
nokasHukiB komsopy (Brib_bp — Rrjb_rp) mma 8
cynytaukiB LEO 3 orpumanumu  KoedimieHTamu
neperBopeHHs. CepelHs TOUYHICTh OJIep)KaHUX 3HAYECHb
MTOKAa3HUKIB KOJIBOPY CTAHOBHUTH OJm3bK0 (.2M29.

KuarouoBi  cioBa: RGB-kamepu,  doromerpuuHi
neperBopenHs, (GoromerpuuHa cuctema Gaia bp/rp,
MOKa3HUK KONbOpy, cymyTHUK LEO.

1. Introduction

Optical observations of artificial satellites play significant
roles in obtaining orbital characteristics, monitoring and
catalogization but for object classes identification surface
materials, rotation and shape models development, besides
the orbits, additional information like physical properties is
required. Photometric colors are an important tool in the
identification of satellites manufacturers (Vananti et al.,
2017) and bus configuration, that includes size and shape of
the object, antennae, solar arrays etc. (Zhao et al., 2022)
Different photometric systems have also been used for
physical characterization of space debris, such as the (BVRI)
Johnson-Cousins, the SDSS/Sloan and the infrared bands. In
this paper we present first results of the LEO satellites color
determination based on data obtained with consumer-level
RGB cameras. Such cameras are typically not used in
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professional astronomy because of the systematic errors
present in the data as a result of the strong intra- and
interpixel variations associated with each of the three
different colors (RGB) of the Bayer color filter array (Gee et
al., 2021). Nevertheless, because the cost of such cameras
compared with traditional astronomical CCDs is so much
lower, the use of such cameras is, in our opinion, very
promising for obtaining mass photometric data. Also, recent
works have made strong efforts to produce standard
photometry in RGB bands based on high-precision
photometry of the EDR3 Gaia catalog. A new set of spectral
sensitivity curves, computed as the median of 28 sets of
empirical sensitivity curves from the literature, that can be
used to establish a standard RGB photometric system was
presented in (Cardiel et al., 2021a). This work led to creation
of the new catalogs with RGB photometric calibration of
Gaia stars (Cardiel et al., 2021b; Carrasco et al., 2023).

2. Observational facilities and technique

The satellite observations equipment consists of Canon
EF 85mm /1.8 USM photographic lens and professional
VIVOTEK IP816A-HP network camera, which provides a
shooting speed of up to 60 frames per second, a field size of
2 megapixels (1920x1080), a sensitivity of 0.03 lux (color
mode), 3D noise suppression in low light conditions, RBF
(Radial Basis Function) system for precise focus adjustment,
EIS (electronic image stabilization) to control image
stability. The camera is directed to the zenith and has a field
of view (4.9°x2.8°), pixel size — 9 arcsec. The RGB Bayer
filter system consists of a mosaic of R, G, and B filters on the
grid of the photo sensors which cameras are equipped with.
Observations of satellites are carried out with frame rate 5
fps in automatic mode using software for detection of the fast
moving object, developed at RI “MAO”.

The algorithm for detection of moving objects is similar
to algorithm for detection of meteors but modified for
processing of video stream from different kind of sources
and devices (Kulichenko et al., 2019). Another feature of
the algorithm is saving color images in standard raster-
graphics file formats (such as png) so that the data of each
color (R, G, and B) could be processed separately during
further photometric reduction.

Average duration of observations for night was 6 hours.
During 15 nights 1362 objects were detected. Total number
of frames is 41680.

3. Processing

Coordinate and photometric processing of saved images
is carried out using SExtractor (Bertin & Arnouts, 1996)
and Astrometry.net software (Lang et al., 2010) along with
additional Python scripts. Reference stars are obtained
using “track-and-stack” technique. Processing of obtained
observations included next steps:

1) Frames filtering using software for processing of the
CCD images developed in RI “MAO”;

2) Extracting stars and cross-match with catalog Tycho-
2 for obtaining reduction coefficients using Astrometry.net
software. Flux of extracted stars in ADU with subtracted
background also saved in result files. Flux values for each
color of RGB-image are obtained separately;

3) Obtaining a summary csv-table for all detected stars
with measured celestial coordinates and streams from all
processed frames using a Python script. The table also
includes coordinates and magnitudes from Tycho-2
catalogs for all cross-matching stars.

3.1. Astrometry

Cross-matching procedures with Gaia EDR3 catalog
were made by CDS Cross-Match service by TOPCAT
software (Taylor M., 2005). The cross-match results are
shown in Tab. 1. (O — C) differences and their standard
deviations in right ascension and declination are given in
column 2, 3, N1- number of common stars with Gaia EDR3
catalog. As you can see from the table, there are no
significant systematic differences between obtained
coordinates and Gaia EDR3 catalog. The accuracy is almost
the same for both coordinates in the B, G, R ranges.

Table 1: Results of cross matching between observational
arrays and Gaia EDR3 catalog

Band (O - C), arcsec N
RA DE
B -1.8+74 2.1+6.9 175
G 1.2+7.0 -1.1+£7.9 272
R 12473 -0.7+6.7 270

3.2. Photometric transformation and color index

determination

The counts from the stars with the subtracted
background were converted to the scale of instrumental
magnitudes according to the known ratio:mag = —2.5 *
log(FLUX).

Differential photometry is achieved by comparing the
flux from a target star (within a given radius or aperture)
with the flux of the reference stars. The flux measurements
of stars were calculated using isophotal mode of SExtractor
software. The photometric measure errors for B, G, R files
are shown in Fig. 1.
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Figure 1: Flux errors for B, G, R bands
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Figure: 2 Hertzsprung-Russell Diagram

To derive the conversion formula that describes the
transformation between the instrumental RGB and Gaia
bp_rp photometric systems only main-sequence stars are
selected. The Hertzsprung-Russell diagram plotted using
Gaia EDR3 Supplement data provides a way to distinguish
stars. As is clear from Fig. 2 main sequence stars are easy
visualized as strip from left to right of a HR diagram.

After identify the same stars in B, G, R images, we
compared B magnitude with bp Gaia EDR3 magnitude and
R magnitude with rp Gaia EDR3 magnitude for individual
stars. The relationship between magnitudes can be
represented in the form taking into account color
differences between Bayer filters:

bp_G =Bo+ ClBrgb + Cz(Brgb - Grgb) + CS(Grgb - Rrgb)
rp_G=Ro+ C4Rrgb + CS(Brgb - Grgb) + CG(Grgb - Rrgb),

where bp_G, rp_G — Gaia EDR3 photometric magnitude,
Brgb, Grgb, Rrgo — Bayer B, G, and R magnitudes; Bo, Ro —
the zero-points for the Bayer filters. The transformation
coefficients were derived by the iterative least square fitting
algorithm with 3-sigma clipping method. The calculated
values of transformation star coefficients and their errors
are presented in Tab. 2 As could be seen from table 2 the
accuracy of link between the two systems is 0.15™ for bp
band and 0.16™9 for rp band. The Brjb_bp and Rrjb_rp
magnitudes calculated with usage transformation
coefficients show a good linear correlation with the bp and
rp Gaia EDR3 magnitudes.

The Fig. 3 presents residual differences between RGB and
Gaia bp and rp photometric magnitudes. As is observable from
the Fig. 3 there is no significant systematic differences in
magnitudes in the observational range. The random error is
determined by the errors of the least squares method solution
and mean residual differences between the calculated
magnitudes and original catalog magnitudes, are (0.03+0.15)
™28 and (0.01+0.16) ™8 for bp and rp band respectively.

The Fig. 4 presents residual differences between (bp_rp)
Gaia color index and calculated color index (Brgb_bp —
Rrgb_rp) The mean value of the color differences is (0.02
+0.12) mag,
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Figure 3: Residuals in magnitude plots for the bp and rp
Gaia photometric bands
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Figure 4: Residuals in color index vs rp band Gaia
magnitude

We applied obtained transformation coefficients to the
RGB magnitudes of some satellites, whose images were
present in the fields with reference stars. Results of the
color index determination and identification for selected
satellites are shown in Tab. 3. It would be mentioned that 6
satellites were identified by NORAD catalog number.
Satellite light-curves for N99005 and N99008 satellites are
shown in the Fig. 5.

4. Conclusion

First results of the LEO satellites color index
determination from original observations obtained with
network RGB color IP-cameras are presented. Derived
transformation equations between the RGB instrumental
system and the photometric bp and rp Gaia EDR3
magnitudes are given. The calculated Brjb_bp and Rrjb_rp
magnitudes from the transformation equations has shown a
good linear correlation with the bp and rp magnitudes from
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Table2: Transformation coefficients

Band Bo/Ro C1/C4 Cz/Cs Cz/Cs RMS
bp 18.60+0.16 1.12£0.03 | -0.77£0.12 | -0.03+0.12 | 0.15
rp 17.39+0.17 1.05+0.03 | 0.41+0.14 1.01£0.14 | 0.16
Table3: Results of the color index determination and identification for selected satellites
UTC start | TMP |NORAD | Period, | Incl, | Apo, | Peri, rRes*| N bp, (bp-rp), Std
2023-07- ID ID min deg | km | km mag mag (bp-rp)
12 19:10:54 | 99001 | 51654 | 109.89 | 87.88 | 1223|1220 L 88 6.96 -0.3 0.2
12 19:13:32 | 99003 - - - - - U- | 194 | 6.85 -0.17 0.14
12 21:59:55 | 99004 | 52790 96.94 | 50.01 | 617 | 608 M 39 5.22 -0.24 0.07
12 23:01:45 | 99005 | 45767 95.59 | 53.05 | 548 | 546 L 25 4.93 -0.22 0.07
13 20:24:57 | 99006 | 54214 | 100.78 | 60.00 | 816 | 776 L 133 | 6.77 -0.31 0.12
13 21:06:51 | 99007 | 10730 | 103.30 |114.98 | 999 | 830 L 39 7.09 -0.43 0.19
14 19:01:00 | 99008 - - - - - U 36 5.13 -0.48 0.09
14 19:55:34 | 99009 | 31571 | 114.08 | 51.99 |1414|1413| L 50 6.86 -0.26 0.45
* L -large, M — Medium, U — Unknown
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Figure 5: Light-curves for N99005 (right) and N99008 (left) satellites

Gaia EDRS3 catalog. The average accuracy of the obtained
values of color indexes for LEO satellites is about 0.2 ™9,
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ABSTRACT. In this paper, we show the result of the
joint use of the AZT-8 telescope, the Astrometrica soft-
ware, and the Viisdld method. The paper considers in de-
tail several of the discovered (rediscovered) asteroids:
SV39, 2017 ST39, and 2017 TS7 from a long list of small
bodies of the Solar System.

Keywords: Minor planets, asteroids, observational.

AHOTAIIS. ¥V wifi crarTi MH MOKAa3yeEMO PE3YJIbTAT
CHUTFHOTO BUKOPUCTaHHS Teieckona AZT-8, mporpaMHOTO
3abe3neueHHs1 Astrometrica Ta Merony Bsiicsuis. B poboti
BKa3aHI OCHOBHI XapaKTepHCTHKH Teieckoma AZT-8, mo
3HAXO/AUTHCS B ACTpOoHOMIuHIN oOcepBaropii KuiBchkoro
HAIlIOHABHOTO YyHiBepcuTeTy iMmeHi Tapaca IlleBueHka.
JIokIagHO pO3MUCaHO METOJ BU3HAYECHHS KOOPJIWHAT 00'e-
KTIB Ha KaZpax 3a JONOMOIOI0 NPOrpaMHOro MAaKeTy
Astrometrica Ta Bka3aHO IepeBard BUKOPUCTAHHS METOLY
Bsiiicsinst Ui BU3HA4YeHHsS NEPBUHHOI OpOITH HEGECHOro
Tina. Y CTaTTi JETAIBHO PO3TIAJAFOTHCS KiIbKa TEepeBiIK-
putux acrepoinis: SV39, 2017 ST39 12017 TS7 3 noBroro
crucky Manmux Tin ComsgHoi cucremu. Actepoim 2017
SV39 cnocrepirascst 28-ro Bepechs 2017 poky, ane He OyB
MiATBepKeHUH IHIMMHU oOcepBaTopisMu. Actepoin ['omo-
BHoro mosicy 2017 ST39 crocrepirascst 28-ro BepecHs Ta
2-1o0, 9-ro, 10-ro >xoBTHsI 2017 POKY; B pe3yNbTaTi BUIBHB-
csl paHillle BIAKPUTHM acTepoiZoM miJ HoMepoM 536266.
Actepoin I'onosHoro mosicy 2017 TS7 cnocrepirasest 9-ro
ta 10-ro xoBTHsI 2017 poKy; B pe3yJbTari BUSBHUBCS paHi-
1€ BIIKPUTUM acTepoioM Imig HoMepoMm 540584,

KarouoBi ciaoBa: Maii miaHeTH, acTepoild, cIocTepe-
JKEHHS.

1. Introduction

The Kyiv Comet Station has a long history of patrol
observations as well as targeted observation campaigns.
Throughout the execution of diverse observational pro-
grams, the observatory archive has amassed a substantial
volume of scientifically valuable information.

Amidst the ongoing fascination with the exploration
and examination of Solar System entities, our endeavor is
to extract the utmost additional information from the ac-
quired observations, utilizing contemporary processing
tools. In this manuscript, we will delve into the quest for
moving objects within a sequence of panoramic images
capturing the starry sky. These images were garnered dur-
ing the observation using the AZT-8 telescope.

2. Observations and data reduction

Observations in Kyiv were made with the AZT-8 tele-
scope (Fig. 1) of the astronomical observatory of the Kyiv
Shevchenko National University, which is installed at the
Kyiv Comet Station [code: 585]. The AZT-8 reflector, a seri-
al telescope from the Leningrad Optical Mechanical Associa-
tion. As an imaging detector the FLI PL4710 camera with
63.5 mm Shutter, providing a field of view of 16.2'x16.7' and
an image scale of 0.948 arcsec/pixel, was used.

We did standard data reduction (i.e., dark subtracting
and flat-fielding); for details, see Oszkiewicz et al., (2019;
2020; 2021; 2023).

2.1. Astrometry

After all standard reductions for single images were
done, we started to combine images in order to decrease
the value of limiting magnitude on the sum image and so
to have a possibility to detect fainter objects. Preliminary
information about proper motion of possible asteroids
were taken from the Gaia Follow-Up Network for Solar
System Objects webpage and was applied during single
images stacking. Due to special conditions of observa-
tions, all frames had an exposure of 30 seconds and we
used from 10 to 100 images depending of brightness of
possible asteroid for stacking. Thus time intervals between
stacked images and asteroids positions can vary from 5 to
50 minutes.

Images stacking and further astrometrical measure-
ments were done with the use of Astrometrica software.
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2.2. Viisdld method

The Viisild method, as highlighted by Troianskyi et al.
(2023b), proves highly valuable in numerous scenarios. Its
application becomes particularly prominent when dealing
with a brief observing arc that lacks the duration necessary
to ascertain the "true™ orbit and forecast the object's posi-
tion over the ensuing week or so. Additionally, this meth-
od facilitates the derivation of a reasonably accurate pri-
mary orbit, laying the groundwork for subsequent en-
hancement through one of the iterative methods. Notably,
the method finds active utilization in the quest for the
primary orbit of small celestial bodies within the Solar
System when confronted with limited observational data
at the Minor Planet Center (MPC).

3. Results

All objects in this section were observed in the Gaia Fol-
low-Up Network for Solar System Objects. During these
observations we had a possibility clearly identify three new
asteroids. Two of these asteroids, after recalculating their
orbits, were assigned to already discovered objects.

3.1. Asteroid 2017 SV39

Firstly was observed during 28" / 29t of September
2017 night on Kyiv comet station (585). As a result, ob-
servations of 8 positions, which cover 35-minute time
intervals, were added to the MPC database. In MPS
828365 object received the designation 2017 SV39. Un-
fortunately, no other observations for this potential aster-
oid were provided and published on the MPC services.

3.2. Main-belt asteroid 2017 ST39

First observations of this asteroid were done during
28M/29™ of September 2017 night on Kyiv comet station
(585). Collected data give us a possibility to determine 18
positions of the asteroid for this night and prepared very
well for the next observations that were conducted during
02"/03 of October 2017 night with 3 more positions,
during 09"/10™ of October 2017 night with 14 positions
and during 10%/11" of October 2017 night with 7 posi-
tions. All these observations were published in MPS
891037, MPS 828365 and objects got assignation 2017
ST39. Later it appeared that we rediscovered an object
already know under assignations 2007 HU101 and 2015
CX48. This asteroid received its number 536266 and now
belongs to the asteroids from the Main Belt.

3.3. Main-belt asteroid 2017 TS7

First observations of this asteroid were done during
09"/10™ of October 2017 night with 15 positions and dur-
ing 10M/11" of October 2017 night with 9 positions
(MPS828378). After orbit recalculations by MPC 1AU
services it appeared that we had rediscovered an object
already know under assignations 2000 WN134, 2007
XY37, 2010 RD162 and 2015 DH168. This asteroid re-
ceived its number 540584 and now belongs to the aster-
oids from the Main Belt.

Additional observations (MPS 928677) of this object
were made on the OMT-800 telescope (Andrievsky et al.,
2013; Troianskyi et al., 2014).

Figure 1: AZT-8 telescope
4. Conclusion

The combined use of the AZT-8 telescope, Astrometri-
ca software, and the Viiséld method showed good results
in the search for small bodies in the Solar System (2017
SV39, 2017 ST39, 2017 TS7).

Astrometric observations are very important for further
research (numerical integration of orbits) of small bodies
of the Solar System (Troianskyi & Bazyey, 2018; Troian-
skyi et al., 2022; Troianskyi et al., 2023a).
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ABSTRACT. The Ukrainian VLBI system of decame-
ter radio telescopes URAN successfully solves many
scientific problems, but implementing aperture synthesis
technology has a number of difficulties. One of them is
significant phase distortions in this range caused by an
inhomogeneous propagation environment. Therefore, the
task arose to develop an alternative technology with the
conventional name “Interferovision”, which would allow
us to restore radio images with a limited number of anten-
nas, operate with broadband signals, not require flatness
of the objects scene, and have an extended field of view.
A method of direct image reconstruction when observing
objects in space, using a multi-element interferometer, is
proposed. This method is based on a physically based
principle that is similar to holography. The wave front is
registered by the antennas of the interferometer, and fur-
ther processing is equivalent to its playback in reverse and
registration of the resulting spatial interference image.
There are no special requirements for the radiation of
individual points of the source, except for its delta correla-
tion. A finite frequency band is considered, and each point
can be characterized by its own spectrum, that is, its own
autocorrelation function of radiation. The resolution of the
direct reconstruction method depends on its width. With
the quasi-monochromatic approximation, the autocorrela-
tion functions of the radiation of all the source points
degenerate into sinusoids, and the restoration of the image
becomes possible only with the use of the Fourier trans-
formation. A theoretical justification of the method for
spaces of different dimensions has been obtained. Inter-
ferometric systems of the same rank with many antennas
are reduced to a same canonical form with fixed number
of virtual antennas placed at the origin of the coordinates
and at unit distances on the coordinate axes. The ambigui-
ty of the obtained solution is eliminated by using an addi-
tional antenna. A simulation of the proposed method of
direct image reconstruction for two-dimensional space
was carried out. Despite the low conditionality of the
system for estimating the distance, when it increases, the
angular characteristics are preserved. Therefore, the meth-
od is promising for restoring radio images of space radio
sources.

Keywords: multi-element interferometry, image restora-
tion, wide frequency band, wide field of view.

AHOTALIA. Vxpainceka PHIB cucrema nexameTpo-
BuX panioteneckoniB YPAH ycmimuo Bupinrye Oararo
HAYKOBUX 3aj]ad, ajie IMIUIEMEHTaLlisl TEXHOJIOTIi arnepTyp-
HOT'O CHHTE3y CTHUKA€EThCS 3 PSAOM TpyaHOIiB. OHIEHO 3
HUX € 3Ha4yHi (ha30Bi CIOTBOPEHHS B IbOMY [iala3oHi,
BUKJIMKaHI HCOJHOPIJHICTIO CEPEIOBHUINA MOIIUPCHHS.
Tomy moctano 3aBiaHHS PO3POOHMTH albTEPHATHBHY TEX-
HOJIOTIIO il YMOBHOIO Ha3Boio “IHTepdepodadeHHS”, sSKa
J03BOJIIIA O BiTHOBIIOBATH Palio300paKeHHS Mpu oOMe-
JKCHI KUTBKOCTI aHTEH, OIepyBala IIHPOKOCMYTOBHUMU
CHTHAJIaMH, HEe BHMarajia IUIOIIMHHOCTI 00'€KTHOI CLeHH i
Maja 0 po3IHMpeHe MoJie 30py. 3alpOIOHOBAHO METOX
npsiMoi  PEeKOHCTPYKIIT 300pakeHHs] NP CHOCTEPEKEHHI
00’€KTIB y MPOCTOpPi 3 JOMNOMOIOK 0araToeIeMEHTHOIO
iHTepdepomerpa. Lleir mMeron ocHoBaHMi Ha (Hi3UUHO 00-
IPYHTOBaHOMY NPHHIMIN, 10 Haraaye rosorpadito. XBu-
JIbOBHH (DPOHT PEECTPYETHCS aHTEHaMH iHTepdepoMeTpa, a
MOJAJIBIITNI 0OPOOITOK €KBIBAJICHTHUI HOTO BiITBOPCHHIO
B 3BOPOTHOMY HampsIMKy Ta peecTpawii yTBOPEHOTo Ipoc-
TopoBoro iHTepdepeHmiitHoro 300paxenHs. [Ipu mpomy He
BUCYBA€TBCS CHELialbHAUX BUMOT JO BHIPOMIHIOBaHHS
OKpEeMHX TOYOK JDKepena, OKpiM  Horo  JenbTa-
KOpeJbOBaHOCTI. Po3rismaeTbesi CKiHYeHHA cMyra 4acTor,
NPUYIOMY KOXKHA TOYKA MOXKE XapaKTepU3yBaTUCS BIACHUM
CIIEKTPOM, TOOTO BJIACHOIO ABTOKOPEJISIIHHOKW (DYHKIIEO
BUIIPOMiHIOBaHHs. Bin Tl IIMPHHU 3aJIeXUTh PO3ALIbHA
3[IaTHICTh METOXy NpsAMOI peKoHCcTpykuii. [Ipu kBa3iMoHO-
XpOMAaTHYHOMY HaOJIMDKEHHI aBTOKOPEISIIHHI  QyHKIIT
BUIPOMIHIOBAHHS BCiX TOYOK JPKepesia BUPODKYIOTHCS B
CHHYCOIIY 1 BIJHOBJICHHS 300paXCHHS CTa€ MOXKJIMBUM
TIIBKU 3 BUKOPUCTaHHAM nepeTBopeHHs Pyp’e. OTpuMaHo
TeopeTHyHe OOIPYHTYBAaHHS CHOCOOY AJISI TIPOCTOPIB Pi3-
HHUX po3MipHOCTeil. [HTepdepoMeTpruyuHi CHCTEMH OJHOTO
paHry 3 OaraTbMa aHTCHAMH INPUBOISATHCS JO €JIUHOTO
KaHOHIYHOTO BUTIIAY 3 (BIpTyalbHHUMH) aHTEHAMH, PO3-
MILIEHMMH B TIOYATKy KOOPJMHAT Ta Ha OJMHUYHMX BiJia-
JSIX Ha OCSX KOOpAMHAT. JIBO3HAYHICTH OTPUMAHOTO
PO3B’S3Ky YCYBA€ThCS BBEICHHSIM JIOJIATKOBOI aHTEHH.
[IpoBeseHO MOJIETIOBAHHS  3aMPOIIOHOBAHOTO  CIIOCO0Y
MpAMOi  PEKOHCTPYKIIT 300paKeHHS U1 JBOBHMIPHOTO
npocTopy. He3Baxkaroun Ha HU3bKY OOYMOBIIEHICTD CHUCTE-
MH CTOCOBHO OLIHKH BifJaii mpu i 30UIBIICHHI, KYTOBI
XapaKTEPUCTUKH TP [IbOMY 30€piraroThesi, TOMy CIIOCiO €
MIEPCTIIEKTUBHUM JUIS BIJTHOBIICHHS Palio300paKeHb KOCMi-
YHUX PajiojLKepelt.
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KuarouoBi cjoBa: OaratoenemMeHTHa iHTEepdhepoMeTpis,
BiJTHOBJICHHSI 300pa)KCHHS, IIUPOKA CMYyra 4acTOT, IIHPO-
Ke I10JIE 30DY.

1. Introduction

Aperture synthesis technology, based on the application
of the van Zittert-Zernike theorem, has been widely used
in modern radio astronomy (Thompson et al., 2017). It
boils down to finding the values of the spatial harmonics
of the Fourier transform of the image obtained by many
two-element interferometers. For this, the antenna system
is divided into pairs and the cross correlation function is
determined (Scaife, 2019). An infinite number of spatial
harmonics is necessary for the correct solution of the
inverse problem — image restoration — which is impossible
in principle. Therefore, various methods of interpolation
and processing of incomplete data are used, for example,
compressed sounding and sparse restoration (Garsden et
al., 2015). The resolution and quality of the reconstruction
results depend significantly on the set of bases of the an-
tenna system and the applied methods. The implementa-
tion of aperture synthesis technology requires the satisfac-
tion of a number of approximation conditions, including:
approximation of a plane wave, approximation of the
delta-correlation of the source points, approximation of
the object field of view to the plane and limitation of its
dimensions, approximation of quasi-monochromaticity,
approximation of the homogeneity of the waves propaga-
tion medium, approximation of the complete filling of the
area of interferometric bases. Some of these approxima-
tions are quite difficult to ensure, and a number of meth-
ods are being developed to reduce the impact of their
violation, among them — undersampling and deconvolu-
tion, isoplanatism (Schwab, 1984), spectral behavior (Tay-
lor et al., 1999), non-coplanarity (Shopbell et al., 2005),
direction-dependent calibration effects (Bhatnagar et al.,
2013), etc. The difficulties of taking into account the in-
homogeneities of the medium of wave propagation, pri-
marily the non-stationary ionosphere, give rise to the so-
called phase problem in low-frequency radio astronomy
(Kornienko et al., 2008, 2020). In addition, reconstruction
of radio images belongs to the class of inverse problems.
Therefore, the search for new stable algorithms for its
solution is still relevant today. At the same time, despite
all the accompanying problems, the interferometers that
are functioning today and new ones that are being built or
designed are systems of aperture synthesis.

Another approach is based on the use of the longitudi-
nal correlation function (Koshovy et al., 1998) followed
by the Radon transform (Koshovy et al., 2002 & Lozyn-
skyy et al., 2023). Image reconstruction is carried out by
inverse Radon transform based on a set of received projec-
tions for pairs of antennas. With this technology, the ap-
proximation of quasi-monochromaticity becomes unnec-
essary, the resistance to the influence of the inhomogenei-
ty of the propagation medium increases, and the filling of
the area of the interferometric bases is improved. But at
the same time, to obtain a strict solution, an infinite num-
ber of projections is required, which again requires the use
of interpolation procedures.

Lozynskyy et al. (2022) considered a fundamentally
different view of the problem of image reconstruction in
multi-element interferometry, which correctly poses the
inverse problem of image reconstruction. They obtained
conclusions about the bijectivity of the transformation of
spatial (angular) and difference coordinates. In this work,
when considering the problem of positioning with the help
of a multi-element interferometer, the method of direct
image reconstruction is mentioned. But the essence of the
method is not sufficiently revealed there.

2. Direct reconstruction method

The proposed method consists in the fact that each of the
antennas of the interferometer registers the sum of wave
fronts from different points of the object in some frequency
band. At the same time, radiation from different points of
the object takes different paths and takes different delays.
Further, during processing, the recordings are played back
in the opposite direction, which provides an inversion of
these delays. At the points in space that correspond to the
positions of the object points, the corresponding part of the
radiation will interfere constructively, because the differ-
ences in the path of the rays for them become zero. The
other part will not create interference in this place.

The essential difference between the direct reconstruc-
tion method and the aperture synthesis technology is that
with its help, a real image is obtained, it physically exists,
and is not determined indirectly through the components
of the Fourier transform. It can be registered with a test
antenna placed in a suitable location, or even visualized in
a certain way.

The method of direct reconstruction resembles holog-
raphy — after recording a section of the wavefront, it can
then be playback, resulting in an image. An important fea-
ture of holography is that a small particle of the recorded
wavefront appears to carry the necessary information about
the object, but with reduced contrast. Consider a similar
principle in relation to multi-element interferometry.

2.1. Direct problem

Let us have an object consisting of elements (pixels),
the radiation of which are random processes S; (t) col-
lectively stationary in a wide sense. Let us denote by
Rij (7:) the mutual correlation function the radiation of a

pair of source elements and write down the condition of
their independence, i.e. delta-correlation:

R: (r), i=]

Rii (t)=[sit)sj(t—t)dt=1 " .
u(T) ISI()SJ( ©) { 0 ixj 1)
Let the radiation of the object be received by a multi-

element interferometer (Fig. 1). For the K -th element of
the interferometer, we write down the sum of the received

signals
X (t) =it - i) - )
|

The sum (2) obtained for all K is the starting point for
solving the inverse problem.
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Figure 1: Scheme for determining the intensity of the
image element, the resulting beam propagation delay from
the i-th element of the source to the j-th pixel of the

image through the k -th element of the interferometer is
Tikj = ik * 7

2.2. Inverse problem

For each ( j -th) pixel of the image, we will form the

sum of the signals taken in reverse time, and we will ask
whether they interfere (equivalent to playback by the
interferometer elements).

mj(t)Z%Xk(t—’ti(j). 3)

The intensity of the created signal
2
'(mj)=f{2><k(t—riq)} dt . @)
k

Let's rewrite the square of the sum through the double
sum, which will allow us to enter the sign of the integral
under the sum

m]):ZZn:Jx,(t—r,})x

After substituting (2) into (5) and noting the resulting
beam propagation delay from the i-th element of the

source to the | -th pixel of the image through the K -th

m)dt . ()

element of the interferometer by Tj; = —Tjk +r'kj , we

obtain

1(mj)= ;%f[%sa(t ~ gl )}X

X ZSB(t—’Can) dt . (6)
p

Let's use the notation of the product of sums by a dou-

ble sum again
mj)=2 XXX @
n o f
where I(-) = .[sa (t ~ Tolj )SB (t ~ TBnj )dt . Note that
this integral is similar to the integral in (1). After applying
(1), we get

( ) ZZZZRaB(TBnJ Totlj) 8
naofP
We consider that on the basis of (1) Raﬁ(r) is different

from zero only if oo =[3. This allows you to record the
result of transformations in the form

'(mj)ZZIIZZRi (xinj —itj) ©

( ) ZZZR (Tll

The content of the obtained result (10) is as follows.
The radiation of the i-th element of the source with a

delay Tj) reached the | -th element of the interferometer,
was recorded and then played back in the reverse direc-
tion. At the same time, the delay t;; changed its sign and

—rm +Tnj) (10)

became equal —Tj; . On the way to the J -th pixel of the

image, there is an additional delay Tij , and the resulting

delay will be Tjj; =—71j + Tij . Another ray, the N -th,

which corresponds to the path through the N-th element
of the interferometer, receives a delay

Tinj = ~Tin +1:'nj in a similar way. It interferes with
the previous one, since it is radiated by the same source
element, with an amplitude determined by the correspond-

ing correlation function Ri(r) based on (1) for

T = Tjpj — Tjlj- And so in pairs for all elements of the

interferometer and for all elements of the source. Note that
Rj(0) corresponds to the radiation intensity of the i-th

element of the source, that is, the image of the source is
formed pixel by pixel in this way.

2.3. Existence and uniqueness of solution

Obtaining an image can be conventionally divided into
two stages. At the first stage, signal records are obtained,
in which a set of delays corresponds to each element of
the source with its spatial coordinates. These delays can
be interpreted as difference coordinates. At the second
stage, the inverse transformation of coordinates is per-
formed.

Lozynskyy et al., (2022) considered the transformation
of spatial and difference coordinates and determined the
number of interferometer elements necessary for mutual
uniqueness in spaces of different dimensions. The number
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of interferometer elements, arbitrary but greater than or
equal to the minimum, is described by a canonical equa-
tion of the corresponding rank. That is, all interferometric
systems of the same rank with many antennas can be re-
duced to a single canonical form with (virtual) antennas
placed at the origin and at unit distances on the coordinate
axes. But as it turned out, in some cases the solution of the
inverse problem can be ambiguous - the distance from the
object to the interferometer can take two values. A de-
tailed analysis of this shortcoming is beyond the scope of
this work, it is enough to note that adding one more ele-
ment to the interferometer completely eliminates the men-
tioned problem. With a sufficient number of interferome-
ter elements, the transformation of spatial and difference
coordinates is bijective. For two-dimensional space, it is 4,
and for three-dimensional — 5 elements. If there is no need
to determine the distance to the object, but you can limit
yourself only to angular coordinates, which is quite ac-
ceptable in radio astronomy, then the minimum number of
antennas can be reduced by one.

Thus, based on the bijectivity of the transformation of
spatial and difference coordinates (displayed as sets of
signal delays in records) and the correspondence of the
autocorrelation function at zero displacement to the radia-
tion intensity of the source element, the solution of the
problem of image reconstruction exists and is unique.

3. Numerical modeling

Numerical modeling of direct and inverse problems
was carried out for the case of two-dimensional space. In
radio astronomy, such a problem arises when observing
radio sources using a 2d interferometer (Lozynskyy et al.,
2022). The numerical simulation scheme of the direct
reconstruction method is shown in Fig. 2.

Space
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Figure 2: Scheme for numerical modeling of the direct
reconstruction method
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Figure 3: Results of numerical modeling of the direct
reconstruction method; a) original image; b-d) recon-
structed by setting different autocorrelation functions of
the radiation of the object shown on the left

In the space with coordinates X and Y, 3 pixels of the
same intensity are selected, which constitute the model of
the original image of the object. 4 interferometer elements
are located at the vertices of the square. The part of the
space in which the image will be reconstructed is sur-
rounded by a frame.

In Fig. 3 shows the results of numerical modeling of
the map section.

4. Conclusion

As follows from the given theoretical reasoning and
numerical simulation, the direct reconstruction method
allows obtaining results with a limited number of interfer-
ometer elements. It is clear that with an increase in the
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number of elements, the relative intensity of artifacts will
decrease rapidly. The condition that we know the autocor-
relation functions of the object's elements is not difficult
to ensure in radio astronomy, since the radio radiation
with which radio astronomy operates is mostly broadband.
A small frequency band is allocated from it by the receiv-
ing systems, and the partial autocorrelation functions of all
signals become the same and known in advance. Howev-
er, the method does not impose any requirements on their
uniformity. Continuation of research in this direction will
make it possible to determine the individual radiation
spectra of individual parts of the image, i.e. spectral indi-
ces, or, conventionally speaking, "color". Rejection of the
quasi-monochromatic approach, besides this, gives a
number of positive consequences. For example, increasing
the frequency band is equivalent to increasing the sensitiv-
ity and immunity to interference.

Separately, it should be noted that with the quasi-
monochromatic approximation, the autocorrelation func-
tions of the radiation of all the source points degenerate
into sinusoids of the same frequency and the method
seems unsuitable in such conditions. However, the ampli-
tude and phase of the mutual correlation function of sig-
nals in pairs of interferometer elements appear, and this is
already the scope of the well-known aperture synthesis
technology.

When implementing the direct reconstruction method,
no requirements for objects distance are imposed, on the
contrary, it is determined. Moreover, there are no re-
quirements for the flatness of the object of the scene, for
the width of the field of view, the interferometer “sees"
the entire available space at once.

An important characteristic of the method is the possi-
bility of reconstruction of images of dynamic objects,
since only a portion of signals is accumulated, and then
only these instantaneous recordings are used. And this
creates the basis for observations through the medium of
wave propagation with moving inhomogeneities. In this
case, the obtained results will resemble speckles.

When observing objects that are distant compared to
the size of the interferometer, blurring is observed in the
distance estimation, but the angular characteristics are
preserved. This effect becomes clear from the analysis of
the form of the canonical equation of a multi-element
interferometer, in which the direction cosines enter direct-
ly, and the distance — inversely, as a unit divided by the

distance. The actual angular distribution of radio radiation
intensity is important for radio astronomy, so the proposed
method is promising for restoring radio images of space
radio sources.
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ABSTRACT. The radio telescope (RT) URAN-4,
located near the city of Odessa, started to work in 1987 as
a component of the radio interferometric system URAN,
which operates in the decameter range of radio waves and
whose elements are placed in several points throughout
Ukraine. The first successful VLBI observations of
compact cosmic radio sources in the URAN system were
carried out on the RT URAN-4-UTR-2 interferometer at
the end of 1987. In the same period, a program was
launched for regular observations of powerful cosmic
radio sources 3C 144, 3C 274, 3C 405, 3C 461 at
frequencies of 20 and 25 MHz in the radiometric mode.
Later, several stages of modernization of radiometric
equipment and systems for automation of observations
took place. This made it possible by 2000 to switch to
practically continuous radiometric monitoring of a group
of these radio sources. Method of measuring and
processing of the records of the radio sources passage
through RT direction pattern, statistics of the observation
records on time periods in dependence on the registration
systems of the data obtained during more 35 years
observations on the RT URAN-4 are considered in this
paper. Some results are given which related to the study of
the flux densities of the observing radio sources and
ionospheric scintillation effect which is essential at the
decameter wavelength range.

Keywords: radio astronomical observations; cosmic radio
sources; decameter radio wave range.

AHOTALIA. Pamioreneckon (PT) VPAH-4, sxuii
po3mimmeHnit nobmm3y micta Oneca, OyB BBEICHUI B CTpild
B 1987 pori SIK CKJIaJ0OBa JacTHHA
pamioinTepodepomerpuuHoi cuctemu YPAH, mo mpaitoe
B JICKAMETPOBOMY [Iiala3oHi pajioXBHJIb Ta EJICMEHTH
SIKOT pO3TaIllOBaHi B JICKUIbKOX MYHKTAaX Ha BCii TepUTOPIT
VYkpainu. Ilepuni  ycmimui PCIB  crnocrepesxeHHs
KOMIIAKTHHX KOCMIYHHX paaiomxepen B cucremi YPAH
Oynu npoBeseHi Ha inTepdepomerpi PT YPAH-4-YTP-2
B kiHm 1987 poky. B Toif xe uac Oyma 3amymeHa
nporpama  peryjisipHHX  CIOCTEPEXEHb  MOTYXKHHUX
kocMiyHuX paaiokepen 3C 144, 3C 274, 3C 405, 3C 461
Ha vactoTax 20 i 25 MI'l B palioMeTpHYHOMY DPEXHMI.
[li3Hime mpo#nUIO JAEKiIbKa eTamiB  MOJepHi3amil
panioMeTpuyHOi amapaTypu 1 CHCTEM aBTOMaTH3alii
cnoctepexxens. e mo3Bommio 1o 2000 poky mepeitu 1o
MPaKTHYHO 0e3MepepBHOTO MOHITOPHHTY TPYIH Ha3BaHUX

pamiomxepen. B po0oTi po3riAmarOTBCA METOAWKa
BUMIpiB i 0OpOOKH 3amuciB MPOXOPKEHHS paioiKeper
yepe3 miarpamy crpsimoBaHocTi PT, cratucrtrka 3amucis
CIIOCTEPE)XEHb 10 YaCOBHM iHTEpBaJlaM B 3aJIEKHOCTI BiX
CHCTEMH peecTpalii JaHuX, M0 OyIH OTpUMaHi 3a OLIBII
HiK 35 pokiB cmnocrepexxenb Ha PT  VYPAH-4.
CrnocrepexxeHHs: B JEKaMETPOBOMY  pajiojiana3oHi
CYIPOBOJUKYETHCS BEJIMKOI KUIBKICTIO Pajionepenko,
SKI BIUIMBAIOTh Ha SIKICTh BHMIiploBaHb. [Ipu 00poOii
CIIOCTEPE)KEHb KOXXKHHH 3alHC OTPUMYE OLIHKH SKOCTI,
o0 JoroMarae BHOpaTH 3amuch MOTPiOHOI SKOCTI st
KOHKPETHOI JOCHiNHHUIBKOI 3amadi. HaBemeHno mesxi
pe3ynmpTaTH, SKi CTOCYIOTBCS JOCHTIKEHb IIUIBHOCTI
MIOTOKY CIIOCTEPEKYBAaHHX JKEPEN, 30KpeMa II0Ka3aHo,
110 CEpPEHBOMICSIYHI 3HAYEHHSI LINX BEJIMYUH BapilOIOTHCS
MPOTATOM  IMKIY  COHAYHOI  aKkTuBHOCTI.  Edekr
ioHOC(epHUX  MepexTiHb €  Jy)e CYTTEBUM B
JIEKaMETPOBOMY Jiana3oHi PalioOXBUIIb. Bei
CIIOCTEPESIKYBaHI pamiomkepena MEPEXTATh Ha
HEOTHOP1THOCTSIX €JIeKTPOHHOL KOHIICHTpAIIii
ioHOC(epHOT TIa3Mu, TOMY Lie SIBHIIE JOCIIIKYBaJIOCh 3
noyatky cmoctepexxenb Ha PT. 3 gomomororo
po3pobIeHOT METOAUKH OOpOOKH IO TETEPIIIHBOTO Yacy
OTpHIMaHa BeJIMKA KUIBKICTh OIIIHOK TaKWX ITapaMeTpiB
iOHOCEepHUX  MepexTiHb K  IHICKC, Tmepioxg i
criekTpanbHUi  iHgekc. lle  mo3Boimio  mocmimuTh
CE30HHO-ZI000BY 3aJICKHICTh IMapaMeTpiB 10HOChHEepHHUX
MEpPEXTiHb, a TAKOXK IX KyTOBIi 3aJIC)KHOCTI.

KirouoBi ciioBa: pamioacTpOHOMIUHI CHOCTEPEIKEHHS,
KOCMIYHI  pagio/pkepena;  JCKaMETpPOBUN  Jiama3oH
PamioXBUIIb

1.  Introduction

The radio telescope (RT) URAN-4 is a component of
the radio interferometric system URAN whose elements
are placed in several points throughout Ukraine. The
URAN system is intended for the investigations of cosmic
objects with high resolution at the decameter range of
radio waves. Particularities of this wave range are the
essential influence of ionosphere, high level of the
background cosmic radiation, presence of the large level
of interferences which have different origin. Working
range defines characteristics of the RT antenna and
possibility to observe the different cosmic sources.
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Figure 1: The example of the observation record of the
radio source 3C 274 at the frequency 20 MHz during day

RT URAN-4 (Galanin et al., 1989) is located in the
village Mayaky near Odessa and it is a multi-element
antenna array with size 238 x 28 m. It includes antenna
with phasing system, hardware complex, and precise time
system and data registration. Direction pattern (DP) width
at half power level, frequency 25 MHz, zenith position of
the beam is (2,7 x 22)°. The observations on the RT are
carried out at four channels: at two frequencies (20 and 25
MHZz) and for two polarizations (A and B). To separate the
cosmic radio source signal from background noise the
modulation measurement mode is used — signals of two
half of the antenna array are multiplied.

RT not used most of the time in the interferometric
measurements. Therefore for greater efficiency of its work
the monitoring program of the studying of relative density
flux non-stationarity of the power cosmic source was
adopted. Four radio sources were chosen for this two of
which are the supernova remnants (3C 144, 3C 461) and
others two are the radio galaxies (3C 274, 3C 405).

The purpose of the paper is an overview of the RT
URAN-4 work over a period of more than 35 years.

2. Data of the observations and processing
2.1. Observations

The observations at the RT URAN-4 are carried out as
records of several passages of each radio source through
RT DP during day. For calibration of relative
measurements of flux densities the calibration step of the
noise generator which is recorded in the beginning and in
the end of measurement session is used (Derevyagin et al.,
2019). The example of the observation record of the radio
source on the RT is showed in the Figure 1.

2.2. Processing

The processing of each source record is carried out by the
fitting of calculating function of the RT DP to the observing
record of cosmic radio source (Panishko & Lytvynenko,
2019). As a result of processing the different characteristics
of record were measured, for example, such as record
amplitude and also the ionosphere scintillation parameters —
index, period and spectral index. Data is stored in the text
files of computer memory. The example of processing of
the radio source record which obtained on the RT is showed
in the Figure 2. The ionosphere scintillation parameters
which estimated from record are given.
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Figure 2: Example of the processing of the radio source
record: a — row obtained from observations with fitting
DP; b — high frequency part in the center of record
(observation row without fitting direction pattern) that
associated with  ionospheric  scintillations; ¢ -
autocorrelation function; d — power spectrum of the signal
scintillations
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Figure 3: The examples of radio source records with
different level of the interferences: a — record of good
quality; b — record of good quality with scintillations; ¢ —
presence of the intensive fluctuations; d — record of
satisfactory quality; e — the interferences strongly distort
the record; f — the large interferences, record is not
processed
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2.3. Accounting of the radio interferences

Observations at the decameter radio wave range are
accompanied by the presence of a large amount of
interference of various origins. To account for them
during processing, each record is evaluated as follows: 1)
quality of the fitting of DP calculating function (R: 0..3);
2) presence of the interferences in a central part of record
(S: 0..3); 3) presence of the intensive fluctuations which
distort the overall form of the record (F: 0..1). The radio
source records with different level of the interferences are
showed in the Figure 3. When analyzing data, these
ratings help select records of acceptable quality for a
particular research problem.

3. Analysis of the observation data obtained at the
RT URAN-4

3.1. Time intervals

There are some time intervals in the working of RT
URAN-4 those characterized of several systems of data
registration (Derevyagin et al., 2019):

1. From 1987-1990 regular observations of four radio
sources carried out by sessions near 10 days during
month. Measurements were written to paper tape of self-
recorder. Processing was fulfilled manually with ruler.

2. In the 90s first automatical registration was developed
that permitted to process of data using computer program
but observations carried out very sporadically.

3. Regular measurements on RT began from 1998 and
continued up to 2001. During this time new system of
automatical measurements and digital registration with time
interval 1 s was developed. From 2002 the registration
system of observations was upgraded — automatical record
of calibration step was appeared and time interval became 2
s. Measurements in such format continued up to April 2007.
This data processed by computer program.

4. From 2007 up to 2010 regular observations on RT
URAN-4 did not carried out due to technical occasions
and were resumed in 2011. In this time next version of
system of automatical measurements and digital
registration was developed, time interval 1 s. This format
uses in present time and new program of computer
processing was created for it.

3.2. Statistics of the observation data

For the entire period of work of the RT URAN-4 the
large amount of observation data was obtained. Statistics
of the radio source records which observed at the RT is
showed in the Table 1 for the above time intervals.

Distribution of the number of records depending on the
record quality is showed in the Table 2 in percentages.
When analyzing data, records with ratings 1 and 2 are
usually used, this is about 40 percent of all recorded data,
as follows from the table.

Table 1: Statistics of the radio source records which
obtained at the RT URAN-4

Time Number of
interval, | the obtained
years records
1987-1990 8712
1998-2007 198340
2011-2023 446772

Sum 653824

Table 2: Distribution PR of the observation record number
N in the dependence from a quality estimation R

R N PR, %
0 | 256993 40

1| 51623 8

2 | 201774 31

3 | 134722 21

3.3. Influence of the solar activity cycle on the
measurements of the flux densities of cosmic radio sources

Long-term observation data allows studying the
behavior of the relative flux densities of cosmic radio
sources including due to the impact of the solar activity.
During solar cycle the concentration and temperature of
the electron plasma particles in the higher atmosphere and,
particularly, in the ionosphere are changed, that leads to a
change in the nature of the interaction of radiation from
the cosmic radio sources and the earth's ionosphere
(Yakovlev, 1985). The behavior of the monthly mean
values of the relative flux densities of the observing radio
source during solar cycle at the frequency 25 MHz is
showed in the Figure 4. You can notice a decrease in these
values during maximum phase of solar cycle. The trend
(sold line) is indicated by a polynomial of the fifth degree.

3.4. lonospheric scintillations

The effect of the ionospheric scintillations is essential for
observations at the decameter radio wave range (Crane,
1977). All observing radio sources are scintillated on the
irregularities of the ionospheric plasma. The studying of
this effect is carried out at the RT URAN-4 from the
beginning of work that made it possible to obtain, in
particularly, a seasonal-daily dependence (Lytvynenko &
Panishko, 2015), which is well expressed for all ionospheric
scintillation parameters (index, period and spectral index).
Figure 5 shows the seasonal-daily dependence for a spectral
index on the monthly mean values.
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Figure 4: Absorption effect in the maximum of 23-th cycle
of the solar activity on the monthly mean values of
relative flux densities of the radio sources
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Figure 5: Seasonal-daily dependence of the ionospheric
scintillation spectral index

Figure 6 shows the dependencies for the mean values of
ionospheric scintillation parameters which calculated for
each radio source (Panishko & Lytvynenko, 2019). Figure
6a (the inversely proportional dependence of an index on a
period of ionospheric scintillations) and Figure 6b (the
dependence of a scintillation period on an angle between
direction on the radio source and a power line of the
geomagnetic field) confirm that irregularities which
caused ionospheric scintillations are stretched along

geomagnetic field lines. At the same time, the magnitude
of a spectral index depends on the height above horizon
on which radio source are observed (Figure 6c). This
connects with the reflective layer thickness (Lytvynenko
et al., 2022) which changes with height.

3C 405

3C 461

3C 144
3C 274 )
60 70 80 90
H, deg

Figure 6: The angular dependencies of the ionospheric
scintillation parameters: a — index—period; b — period—
angle between the direction on the source and
geomagnetic line; ¢ — spectral index—height above the
horizon

Conclusions

1. Using monitoring program long-term series of
observations of power cosmic sources (3C 144, 3C 274,
3C 405, 3C 461) were obtained at the frequencies 20 and
25 MHz during 1987-2023.

2. Automatical digital registration from 1998 by means
of the computer processing was allowed to get the values
of relative fluxes and ionosphere scintillation parameters
of the sources that observed. Keeping system of data with
convenient access to original observations and processing
results was designed.

3. Long-term measurements enabled the studying of
regularity in the behavior of several values for several
time intervals. In particular the effect of the absorption in
the Earth’s ionosphere of the radiation from cosmic radio
sources in the maximum of the solar activity cycle was
found. Also the seasonal-daily dependence of ionosphere
scintillation index, period and spectral index and angular
dependencies of the scintillation parameters were derived
from observation data.
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ABSTRACT. We present results of observations of
Type IV burst with unusual high polarization equalled in
maximum phase about 100%. This burst was registered
both by URAN-2 and NDA radio telescopes on 13 July
2022. 1t continued for about 5 hours and consisted of sub-
bursts with high frequency drift rates and had short dura-
tions. We associate it with the weak CME, which propa-
gated in the East direction in the form of thread-like struc-
ture. Theoretical description of sub-burst in the plasma
mechanism of radio emission allow explaining their high
polarization, high drift rates and short durations.

Keywords: Type IV bursts, CME, Sub-bursts, Frequency
drift rates, Durations, Polarization, Plasma model of radio
emission.

AHOTALIA. Mu 00roBoproeMo pe3ylbTaTd CIIOCTe-
pekeHb cruiecky |V THIly 3 HE3BHYHO BEIHMKOIO IOJISAPH-
3ami€ro, sSKa JocsArae B MakcuManbHIA ¢aszi 100%. Lleit
CIUTeCK OYI0O 3apeecTpoBaHO pamioTeneckomamu YPAH-2
(Yxpaina) Ta HJIA (®panuis) 13 munas 2022 poky. e
CIUIECK TpUBaB Ol 5 TOJMH 1 MaB TOHKY CTPYKTYpY Y
BUTJISI CYO-CIUICCKIB 3 BEJHMKOI HIBHAKICTIO Apeidy Ta
MaJo TPUBATICTIO. MU OB’ SI3y€MO 1€l CIUIECK 3 KOpO-
HajgbHUM BUKHIOM Mac (CME), sikuii po3MmOBCIOIKYBaBCS
MPaKTHYHO B CXIJHOMY HANpPSIMKY y BHIJISIII HUTKOIIOMIO-
HOI CTpyKTypHu. TeopeTHuHHit po3TiIsy BIacTHBOCTEH cyo-
CIIECKIB 3a JIOTIOMOTOIO IUIA3MOBOTO MEXaHi3My paiio-
BUIIPOMIHIOBAHHSI I03BOJISIE TIOSICHUTH 1X BUCOKY ITOJISIPH-
3allif0, BEJIHMKI MBUAKOCTI Apeidy Ta Maly TPUBAIICTh B
paMKax €IMHOTO MiIX0y.

Kurouosi cioBa: Crutecku |V tumy, cruieck 3 KOpOHaIb-
uuM BukugoM mac (CME), cy0Ocrutecku, 9acToTa HIBUAKO-
cTi Apeiidy, TpUBANICTh, MONSIPHU3ALis, TUIA3MOBA MOIEIH
PamiOBUIIPOMiHIOBaHHS.

1. Introduction

Type IV bursts were identified as a separate group of
solar bursts by Boischot in 1957 (Boischot, 1957). At
first they were observed at frequencies of meter and dec-
imetre ranges (Stewart, 1985) and later in the decametre
range (Gergely & Kundu, 1974). In the decametre range
Type IV bursts continued from tens of minutes to some
hours. They have fine structure in the form of sub-bursts
similar to usual Type Il bursts with smaller frequency
drift rates (Mel'nik et al., 2008a; Melnik et al., 2010;

Antonov et al., 2014; Bouratzis et al., 2015) and some-
times larger drift rates (Dididze et al., 2019). Durations
of these sub-bursts can be both smaller (Melnik et al.,
2010; Dididze et al., 2019) and larger (Mel'Nik et al.,
2008a) than that for usual Type Il bursts. In the meter
range Type IV bursts also have similar sub-bursts
(Bouratzis et al., 2015; Alissandrakis et al., 2019;
Bouratzis et al., 2019) so-called fiber-bursts. Radio flux-
es of decametre Type IV bursts do not exceed 1000 s.f.u.
as a rule and their polarization is about 40% (Mel'nik et
al., 2008a). At the same time observations of meter Type
IV bursts showed that polarization could be frequently
more than 85% (Smerd & Dulk, 1971) and even up to
100% (Liu et al., 2018). Historically at first a synchro-
tron mechanism of radio emission (Boischot, 1957) was
proposed for an explanation of Type IV burst properties.
Later preference was given to gyro synchrotron mecha-
nism (Kai, 1969; Dulk, 1970) and finally to plasma
mechanism offered in 1981 (Duncan, 1981).

The connection of decametre Type IV bursts with CME
was studied in (Mel'nik et al., 2008a). It was found that
among 13 Type IV bursts observed by radio telescope
UTR-2 in frequency band 10-30 MHz for the period 2003-
2006 12 of them were accompanied by CMEs. Later Hil-
laris et al. (2016) showed that 45 out of 48 decametre
Type IV bursts observed with WIND/Waves at frequen-
cies <14 MHz during 1998 — 2012. So we can conclude
that decametre Type IV bursts and CMEs are connected
with each other very closely. Moreover, it was shown
(Melnik et al., 2018a; Melnik et al., 2020) that the sources
of meter-decameter Type IV bursts observed on 2013 No-
vember 7 and 2017 September 6 were CME’s cores.

In this paper properties of Type IV burst in the frequency
band of 26 — 70 MHz with high polarization of up to 100%
are discussed. We suppose that this burst can be associated
not with a bright CME but with very weak CME. Besides
this burst consists of sub-bursts with high frequency drift
rates and small durations. Model, which agrees with the
unusual properties of this Type IV burst, is discussed in the
frame of radio emission plasma mechanism.

2. Observations

The radio telescope URAN-2 (Poltava, Ukraine) ob-
served the solar radio emission from 4:50 UT to 16:50 UT
on 13 July 2022. This radio telescope (Brazhenko et al.,
2005) is a rectangular array with an effective area of
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Figure 1: Solar disk on 13 July 2022 according to SOHO
with active regions NOAA 3053, 3057, 3055 and 3056.

28000m° operated in the frequency band of 8 — 33 MHz.
This antenna array has a size of 238m in East-West di-

rection and 118m in North-South direction and a beam
size of 3.5¢ x 7o at a frequency of 20 MHz. The signals
were recorded with a digital spectrum analyzer (DSPz)
(Ryabov et al., 2010; Zakharenko et al., 2016), which al-
lows us to carry out observations with frequency-time
resolution of 4 kHz — 100 ms, and dynamic range of 90 dB
in the working frequency band. This radio telescope can
also measure polarization of solar radio emission in the
frequency band of 8-33 MHz.

This day active regions NOAA 3053 and 3057 in the
northern hemisphere and NOAA 3055 and 3056 in the
southern hemisphere were present on the solar disk (Fig-
ure 1). Some weak flares were detected this day and three
very weak CMEs at 4:24:05, 9:36:07 and 13:25:48 were
marked as poor events by catalogue SOHO-LASCO
(https://cdaw.gsfc.nasa.gov/ICME_listt UNIVERSAL _verl
/2022_07/univ2022_07.html).

At the same time radio emissions in the decametre and
meter ranges were strong enough. From the beginning of the
observations with URAN-2 there was weak storm of Type Il
bursts with fluxes not higher than 10 s.f.u. with some single
Type Il bursts reaching up to 200 s.f.u. (Figure 2a).

The Type IV burst at the frequency range of 26 — 33
MHz began at 7:00 UT and lasted untill 12:00 UT approx-
imately (Figure 2a). The radio telescope NDA (Nancy,
France) also registered this burst in the frequency band of
26 — 70 MHz from the beginning of its observation this
day (Figure 2b).

As for the standard decametre Type 1V bursts (Mel'Nik
et al., 2008a) the flux of this burst was increasing from the
background level, which in this case was about 1-2 s.f.u., to
the maximum value approximately equalled 100 s.f.u. in 1-
2 hours (Figure 3a). After that starting from about 10:00 UT
the flux was decreasing during 2 hours to the background
level. The polarization of Type IV burst also uniformly
increased from the beginning to approximately 8:40 UT.
During about 1 hour, from 8:40 to 9:40 UT, maximum po-
larization was 100%. Then it uniformly decreased to the
end of the burst. In spite of the observations by NDA were
begun practically from the maximum phase of the burst

Figure 2c showed that its polarization was mainly left
handed and was practically 100%. Given Type IV burst has
fine structure in the form of sub-bursts similar to standard
Type 11 bursts as usual (Melnik et al., 2008a). Generally,
such sub-bursts have higher and smaller frequency drift
rates and durations compared with decametre Type IlI
bursts for which standard values are —(2-4) MHz/s and 6-12
s correspondingly (Mel’nik, et al., 2005).

Frequency (MHz)

09:45 10:30 11:15 12:00 1245 13:30 1415 15:00

S220713

Left Handed Polarization

Frequency (MHz)
2 8 5 383

3

09:45 10:30

12:00 1
Nancay Decameter Array Time (UT)

b)

Figure 2: The dynamic spectra of solar radio emission on
13 July 2022 according to URAN-2 (a) and NDA (b).
Both spectra show left handed polarization mainly and
absence of right one.

200 -100

w—Flux [5.f0.]
e« e Polarization [%]

175

150 -75

~
b

100 =50

Polarization [%]

Flux [s.fu.]
-
>

25

0

6:00:00 7:00:00 $:00:00 9:00:00

Time [UT]

11:00:00

10:00:00 12:00:00

Figure 3: Flux and polarization in the form of a hump of
the Type IV burst at frequency 32 MHz (URAN-2).
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Figure 4: Flare in active region NOAA 3057 (N15 E52) in
X-ray emission at 1-8A (upper curve) and at 0.5-4A (low
curve) at 7:30 UT.

But usually these differences are not large, up to ten
percents. In this case properties of sub-bursts distin-
guished very importantly. We measured parameters of
sub-bursts such as durations, drift rates, fluxes and polari-
zation at the rise, maximum and fall phases of Type IV
burst and found that durations, drift rates, fluxes and po-
larizations were 0.6-2.6 s, -6 — -21 MHz/s (and sometimes
positive), 50-700 s.f.u. and 90-100% (at the maximum of
Type IV burst) correspondingly. Such parameters espe-
cially durations and drift rates remind single fast decame-
tre Type Il1 bursts (Melnik et al., 2008b) whose frequency
drift rates were essentially higher and their durations were
noticeably shorter than those of standard decametre Type
Il bursts (2-4 MHz/s and 6-12 s correspondingly).
Those decametre Type Il bursts were continuation of
high frequency fast Type Il bursts (so called Type I11-like
bursts) (Young et al., 1961; Elgaroy, 1980).

As we noticed already earlier practically all decametre
Type 1V bursts were associated with bright coronal mass
ejections (CME). Most of them have standard structures
consisting of bright leading edge, a dark void and a bright
core (Aschwanden, 2004). Moreover, we put arguments
(Melnik et al., 2018a; Melnik et al., 2020) that in those
cases the sources of Type IV bursts are CME cores.

This day, as we said above, there were only weak
CMEs and only CME at 9:36:07 UT can be associated
with the Type IV burst observed by URAN-2 and NDA.
This CME could be initiated by the flare at 7:30 (Figure
4). 1t was not practically seen in the optical band it was
not seen practically but the differential optical emission
(Figure 5) showed a thread-like structure of this CME,
which had the length more than 4Rs at 11:36:00 UT. In
this case it is reasonable to suppose that electron beam
responsible for fast sub-bursts propagate along this thread-
like structure of the CME.

3. Discussion

The main property of the discussed Type IV burst is its
high polarization with maximum value of 100%. In our
point of view, it is connected with the fact that sub-bursts
of this Type IV burst are fast Type 111 bursts.

Figure 5: Differential optical radio emission according to
SOHO at three different moments 9:36, 10:36 and 11:36
UT, which coincide with weak CME with velocity of 495
km/s and angular width of 12" (https://cdaw.gsfc.nasa.
gov/CME_list/UNIVERSAL_ver1/2022_07/univ2022_07.
html).

Let us consider the possible connection of high polari-
zation of sub-bursts with their large drift rates in the plas-
ma mechanism of radio emission. In the plasma theory of
Type 11l bursts the Langmuir waves (Z-mode in plasma
with magnetic field), |, generated by fast electrons, are
transformed into O- or X- modes of electromagnetic
waves, t, in the processes of scattering on ions, I,

| +i=t+i (Ginzburg & Zhelezniakov, 1958). Accord-
ing to the conservation of energy in these processes the
frequency of electromagnetic wave equals to frequency of

Langmuir wave @, = @, . Then if the frequency of Lang-

muir wave @, is smaller than the frequency @,, + s, /2

(@, = Vaze?n/m is the plasma frequency, g, =€B/mc
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Figure 6: Dispersion curves for X-, O-, and Z-modes for
plasma in a magnetic field (Achiezer et al., 1974).

is the electron cyclotron frequency) (Figure 5), Langmuir
waves are transformed into O-mode only. At that the wave

number of Langmuir wave kI should be smaller than
k*=J@,, @, /3/V;, (corresponding phase velocity is
V=, [k*= .}3a)pe | @y, -Vy, ) (Melnik et al., 2018b). If

the frequency of Langmuir wave ¢, is larger than

@,, + g, 12 then Langmuir waves can be transformed

both into O- and X- modes. It is well known (see, for ex-
ample, Zlotnik, 1981; Melrose, 1985) that the degree of the
polarization is defined by the difference of X- and O-
waves. In the first case electromagnetic waves have prac-
tically 100% O-polarization and in the second case the
polarization is smaller.

As we said earlier sub-bursts of Type IV burst had high
negative frequency drifts and even positive ones. As was
shown in (Melnik et al., 2008b) large negative drifts and
positive drifts (Melnik et al., 2015) of Type Il1-like bursts
are explained by the approximate equality of velocity of
electron beams responsible for these bursts and group ve-
locity of electromagnetic waves generated by these beams.
In the case of propagation of these electrons to the direc-
tion to the viewer this wvelocity is equal to
v, =5-10°cm/s =0.17c (c =3-10cm/s is the speed of
light) (Melnik et al., 2008b). If electrons move under the

angle @ to the viewer then this velocity is
5.10° .

v, = cm/s. Under supposition that electron beams

> Jeoso

propagate along thread-like structure of CME the angle &
was 6=52" the velocity V was v, =6.4-10°cm/s. If

electron velocity is larger than these values then frequency
drift rates of corresponding Type I11 bursts will be positive
(Melnik et al., 2015). In the plasma mechanism of radio

emission the fast electrons with velocity V, generate
Langmuir waves with wave numbers Kk, ~ @, /v, mainly

(Drummond & Pines, 1962; Vedenov et al., 1962). Inter-
action of these waves with beam electrons leads to the

formation of a plateau on the electron distribution function
from the maximum velocity V_ to some minimum veloci-

ty V., during the time 7 according to the equation
(Vedenov & Ryutov, 1975)

V4 n'
Vo IV + NV Iv) =1+ —o, —7 (1)
A n
where n' and n are densities of fast electrons and back-
ground plasma and A is the Coulomb logarithm. In order
to the generated Langmuir waves are transformed into O-

mode it is necessary that v . is greater than v* (or
K., <k*, see Figure 5). For the very case when

Vi, =V* (K, =k*), the time 7 of establishing plat-

eau from Vv, to Vv ;. is equal approximately to sub-burst

duration 7=1S at frequency f. =30MHz , magnetic
field equal 2G we find from equation (1) that the density
of fast electrons is about n'=0.2cm™. So the beam of fast
electrons with such density and the velocity a little smaller
than v, =6.4-10°cm/s =0.21c is a source of electromag-
netic waves with 100% O-mode and high frequency drift
rate. If k., > k> some of Langmuir waves will be trans-
formed into X-mode (see Figure 5) and polarization will
be smaller. If the velocity of fast electrons will be larger
than v, =6.4-10°cm/s=0.21c then corresponding sub-
bursts will have positive drift rates and polarization will
be also high.

In (Melnik et al., 2017) analysing interferometer obser-
vations of decametre Type Il bursts we showed that
sources sizes were approximately equal to L=r7-v,,
where 7 is the Type Il duration and v, is the velocity of
Type Il electrons. Supposing that this estimate is true for
the sub-bursts we can find brightness temperatures of sub-
bursts radio emission
s A%S

® &)

pt

T, =5.5-107

where S is the flux [W/m?Hz],®, and @, are source

diameters [minutes] in equatorial and polar directions, and
A is the wavelength [ m]. So we found brightness tempera-
tures for the sub-bursts of Type IV burst, which are in the
limits from 4.10°K to 5-10YK supposing that
©, ~0O,. It means that in the plasma theory of radio

emission such temperatures can be produced due to in-
duced regime of transformation of Langmuir waves to
electromagnetic ones (Melrose, 1985; Suzuki & Dulk, 1985;
Mel'Nik & Kontar, 2003).

4. Conclusion

Type IV burst with high polarization up to 100% was
observed by radio telescopes URAN-2 and NDA on 13
July 2022. Its duration was about 5 hours and frequency
band was from 26 MHz to 50 MHz. Another peculiarity of
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this burst was fine structure in the form of sub-bursts with
high negative and sometimes even positive drift rates.
These sub-bursts were short and their durations were in
the range from 1 to 2.6 s mainly. According to these pa-
rameters these sub-bursts are similar to decametre Type
[11-like bursts (Melnik et al., 2008b). Besides these sub-
bursts have high polarization up to 100%. We propose the
interpretation of these properties in the frame of plasma
mechanism of radio emission in the processes of
I+i=t+i with the generation of O-mode of electromag-
netic waves. It allows estimating the density of fast elec-
trons, which are the sources of sub-bursts.

Interesting peculiarity of the discussed Type IV burst is
the absence of bright coronal mass ejection, CME, which
usually accompany decametre Type IV bursts. In this case
only very weak optical CME in the form of thread-like
structure accompanied this Type IV burst.
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WITH THE STEEP LOW-FREQUENCY SPECTRA
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ABSTRACT. Earlier we have determined that the
UTR-2 radio sources with steep linear spectra possess
greater jet propagation velocity and lesser characteristic
age than the UTR-2 radio sources with steep break spec-
tra. Also examined galaxies and quasars with steep break
spectra display greater mean values of the central black
hole masses and mass accretion rates, than corresponding
these for galaxies and quasars with steep linear spectra.
Besides, as we have determined, the radio structure of the
UTR-2 steep-spectrum sources is giant, its linear size has
Mpc-scale. The source’s giant structure is formed by jets
with enveloped radio lobes. So, this indicates on the pow-
erful jets of the radio sources with the steep low-frequency
spectra. Since the source jets are connected with the accre-
tion disk of the source, it is important to examine relations
of their physical characteristics. With this purpose we
obtain estimates of the jet kinetic luminosity for the UTR-
2 steep-spectrum sources on the assumption of the equali-
ty of the corresponding mass accretion rate and the jet
matter flux. Using our calculated values of the jet propa-
gation velocity and the mass accretion rate for the UTR-2
steep-spectrum galaxies and quasars, we estimate their jet
kinetic luminosities. The obtained values of the jet kinetic
luminosities are ~ 10% erg/s, pointing out the great power
of jets for the examined steep-spectrum sources. It is es-
sential, that the examined objects display the relation of
their kinetic luminosity and corresponding redshift (cos-
mological evolution).

Keywords: Steep-spectrum radio sources, jets, galaxies,
quasars, mass accretion rate, kinetic luminosity.

AHOTAIISL. Panimie Mmu OTpUMAIH, 110 PaIiopKepesa
3 karanory YTP-2, saxi MarOTh KpyTi JiHIHHI CIEKTpH,
MAalOTh OUTBITY IIBUAKICTh MOIIMPEHHS JHKETIB 1 MEHIIUH
XapakTepHH# Bik, HiX YTP-2 mkepena 3 KpyTHMH CIIEKT-
pamu 3i 3mamoM. Takoxk IOCTiIKyBaHI TalaKTHKH 1 KBa-
3apH 3 KPYTHMH CIIEKTPaMH 3i 3J1aMOM HPOSBISIOTH O17b-
o1 cepelHi BEIMYMHM Mac LEHTPAIBHUX YOPHUX Aip i
TEMITiB aKpellii MacH, HiXK BiJIMOBIAHI BEJIMIUHY JIJIS Tala-
KTHK 1 KBa3apiB 3 KPyTUMH JiHiitHUMHU cniekTpamu. Kpim
TOTO, MU OTPUMAJIH, IO pagiocTpykTypa YTP-2 mxepen 3
KPYTHUMH CIIEKTPAMH € BEJIETEHCHKOIO, ii JIIHIHHUIA po3Mip
Mae MeramapcekoBuii macmrad. Llg BelreTeHChKa CTPyK-
Typa jKepen (GOpMYeThCsl JUKETaMH Ta IXHIMU pajiorie-
moctkamu. OTxe, 1€ BKa3zye Ha IOTYXXHI JUKETH paiio-
JOKEpeIl 3 KpYyTUMH HU3bKOYaCTOTHUMH crieKTpamu. Ocki-
JBKHM JDKETH JDKepelia TOB’A3aHi 3 aKpemiiHUM JHCKOM

JUKepena, BaKIIUBO JOCIIAUTH CITIBBITHOIICHHS 1X (i3ud-
HUX XapaKTEPUCTHUK. 3 II€I0 METOI0 MU OTPUMYEMO OILIiH-
KM KIHETMYHOI CBITHOCTI JpkeTiB mist YTP-2 mxepen 3
KPYTHUMH CIIEKTPAMU, IPUITYCKAIOYH PiBHICTH BiMOBITHO-
ro TEeMIly akpelii Macu Ta MOTOKY PEYOBHHH jkera. Bu-
KOPUCTOBYIOUH OOYMCIICHI HAMH BEIMYUHHM IIBUAKOCTI
MIOITMPEHHS KETIB 1 TemIry akperii macu s YTP-2 ra-
JIAKTHK 1 KBa3apiB 3 KPYTHM CIIEKTPOM, MH OJIEPIKalH OIi-
HKY KiHCTHYHOI CBITHOCTI iXHiX JKerTiB. OTpuMaHi 3Ha-
4eHHs KiHEeTMYHOi CBITHOCTi [KETiB cTaHOBIATH ~ 104
epr/c , BKa3ylO4H Ha BENUKY MOTYXHICTh DKETIB PO3TIIS-
HYTHX JDKepel 3 KpyTUMHU CeKTpamu. BaxiuBo, mo noc-
JKyBaHi 00’€KTH MOKa3yIOTh 3aJIeXKHICTh iXHBOI KiHe-
TUYHOI CBITHOCTI BIJHOCHO BIAMOBIIHOTO YEPBOHOTO
3MIIEHHS (KOCMOJIOTIYHY €BOIIOIIIIO).

Karouosi cioBa: Pagmiomkepena 3 KpyTUM CHEKTPOM,
JDKETH, TAIAaKTHKH, KBa3apH, TEMIT akpewii Macu, KiIHeTHY-
Ha CBITHICTb.

1. Introduction

It is known that extragalactic radio sources — galaxies
and quasars contain active nuclei. In active nuclei of gal-
axies and quasars the supermassive black hole accretes the
surrounding matter. Modern studies show the structure of
the active galactic nuclei at the scales by order of some
tenth of light year (Fig. 1). This structure includes the su-
permassive black hole, accretion disk with its crown, gas-
dust torus and extended jets — narrow beams of energetic
particles. The emission of accretion disk is connected with
optical and high-frequency radio emission. The crown of
accretion disk is emitter of X-rays. The gas-dust torus is
connected with infrared emission, and jets and their radio
lobes are bright regions of low-frequency radio emission.
At the decameter wavelengths — at the lowest frequency
range for the ground radio telescopes — the jets may be
very intensive at the steep spectrum of synchrotron radia-
tion of the source. Indeed, the UTR-2 steep spectrum
sources (with value of the spectral indices @ > 1) possess
the great luminosity at the decameter wavelengths.

2. Estimate of the jet kinetic luminosities for the
UTR-2 sources with the steep low-frequency spectra

As we have derived before (Miroshnichenko, 2010 —
2021), sources with the steep low-frequency spectra from
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Figure 1: The scheme of active nucleus of radio source

the UTR-2 catalogue (Braude et al., 1978, 1979, 1981,
2003) have great monochromatic luminosity at the deca-
meter band (the monochromatic luminosity at the frequen-
cy 25 MHz is ~ 10 W/(Hzsterad), the giant radio struc-
ture (its linear size is ~ Mpc), the great characteristic age
(108 years), the sublight jet propagation velocity (~ 0.1 s ),
the great mass of the central black hole (108 — 10° Mo).
These sources have two spectral types: S (steep linear radio
spectrum) and C+ (steep break radio spectrum) (Fig. 2). For
determining of the characteristics of the steep-spectrum
sources, we examine the sample of these sources from the
UTR-2 catalogue (78 galaxies and 55 quasars with steep
linear radio spectrum, and 54 galaxies and 36 quasars with
steep break radio spectrum). Corresponding identifications
of the sample sources in the centimeter, infrared, optical,
X-ray bands have been made with the NED data base. As
the result we have composed 4 subsamples: 53 galaxies
with steep linear spectrum (Gs), 37 galaxies with steep
break spectrum (Gc+), 45 quasars with steep linear spec-
trum (Qs), 29 quasars with steep break spectrum (Qc+).

Before (Miroshnichenko, 2019) we have determined
that the UTR-2 sources with steep linear spectrum possess
greater jet propagation velocity than the UTR-2 radio
sources with steep break spectrum:

Gs <Vj>=2.97*10° (+- 0.67*10°% cm/s ;
Ge+  <Vj>=578*108 (+- 4.09*10%) cm/s ;
Qs <Vj>=3.12*10° (+- 0.31*10°% cm/s ;
Qc+ <V;>=1.65*10° (+- 0.45*10° cm/s .

Also, the examined galaxies and quasars with steep
break spectrum display greater mean values of the central
black hole masses and mass accretion rates, than corre-
sponding ones for galaxies and quasars with steep linear
spectrum (Miroshnichenko, 2018).

Since the source jets are connected with the accretion
disk of the source, it is important to examine relations of
their physical characteristics. The process of accretion on
the black hole of source is characterized by the mass ac-
cretion rate (‘Z—M) (Shakura & Sunyaev, 1973). In the

tJEdd

theory of accretion disks it is usually assumed that the lu-
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Figure 2: Examples of spectral types S (a) and C+ (b) for
steep-spectrum sources from the UTR-2 catalogue

minosity of the disk is bounded by the Eddington lumi-
nosity (Frank et al., 2002; Li, 2012). The Eddington lumi-
nosity Leqq is the limit luminosity of source when the light
pressure is balanced with the gravity force (Shakura &
Sunyaev, 1973).

We obtain the estimate of the kinetic luminosity of jets
for examined sources from the assumption about the ap-
proximate equality of the mass accretion rate and the jet
matter flux:

y 2
L — MV
k 2 '
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Figure 3: The relation of jet kinetic luminosity and redshift for Gs (a), Ge+ (b), Qs (c) and Qc+ (d).

where M is the jet matter flux, Vj is the jet propagation
velocity. Then we obtain:

de 2

< MYy

LMY :( dt Jews

kinet 2 2

The derived values of the kinetic luminosity point out

the powerful jets of source with low-frequency steep spec-
trum:

Gs (Lyine ) == 8.90(£5.58)-10 erg /s ;
Ge+ (Lgnet ) ==3.52(+3.52)-10* erg /s ;
Qs (Lgner ) = 4.41(£1.20)-10% erg /s ;
Qo: (Lyw)=—335(<1.83)-10erg/s .

Since the examined objects cover the redshift range z =
0,017 to z = 3,57, we consider the relation of the obtained
kinetic luminosities and the corresponding redshifts. The
sample objects with steep break spectrum display consid-
erable relationship from redshift in comparison with the
linear spectrum objects (see Fig. 3(a,b,c,d)):

Gs k=091
Linet = 6.82(10.42) lg (l+ Z) + 42.55(i0.11) ;

E’:" 1E45 4
'_lE
1E44 4
1E43 . ] : . ; ’ '
0,0 0,1 02 03 04 05 0,6 0,7
lg(1+z)
c)
5
1E41 : r : , .
0,1 0,2 0,3 0,4 0,5
lg(1+z)
d)
Ge+r k=091
Liinet :13.12(10.99) Ig (1+ Z)+40.09(iO.15) ;
Qs k=070
Liret = 4.62(i0.73) Ig (l+ Z)+ 43.74(i0.23) ;
Qc+ k=084

Linet = 9.54(11.17) Ig (1+ z) + 41.69(i0.35) .
3. Conclusion

To continue the study of radio sources with steep low-
frequency spectra from the UTR-2 catalogue, the esti-
mates of the jet kinetic luminosity in these sources have
been derived.

The obtained estimates of the jet kinetic luminosities
point out the great power of jets of the steep-spectrum
sources (10% erg/s).

The relationship of the kinetic luminosity of jets and
redshift (as cosmological evolution) is revealed, especial-
ly, for sources with steep break spectrum.
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INTERFEROMETRIC OBSERVATIONS OF THE QUIET SUN
AT DECAMETER WAVELENGTHS UNDER STRONG RADIO
FREQUENCY INTERFERENCE

V. Shepelev?, R. Vashchishin?, V. Dorovskyy?, V. Melnik®, M. Shevchuk!

!nstitute of Radio Astronomy of the NAS of Ukraine,
Kharkiv, Ukraine. shep@rian.kharkov.ua

2 Gravimetric Observatory of the Institute of Geophysics of the NAS of Ukraine,
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ABSTRACT. Studies of the quiet Sun radio emission
were carried out in a wide range of wavelengths from ex-
tremely short up to decameter ones. At the longest wave-
lengths, the measurements of angular sizes of the solar
corona were previously carried out using the UTR-2 radio
telescope in the scanning mode. We have developed a
simple interferometric technique for measuring the angu-
lar diameter of an extended radio source. It uses a set of
interferometers formed from the antenna sections of the
north-south and east-west arms of the UTR-2 radio tele-
scope to measure the size of the quiet Sun in the equatorial
and polar directions. The first interferometric observations
with this approach were carried out using the receivers
and software of the URAN interferometers back in 2014.
That study allowed us to determine equatorial and polar
solar sizes at the fixed frequencies of 20 and 25 MHz. To
expand the frequency range of the studies in the following
observations, we used broadband digital DSPZ receivers
in the correlation mode. However, in the daytime, broad-
band observations are complicated by radio frequency
interference of various types, which often significantly
exceed the level of wanted signals. To limit the effect of
RFI, software has been developed that automatically de-
tects and mitigates narrowband and impulse interference
in a recorded signal. The paper describes the methods of
RFI mitigation and criteria for the degree of signal clear-
ing, which are used in this software. We also present the
measurement results of the angular parameters of the quiet
Sun radio emission, which were obtained by the interfer-
ometric method in the frequency range of 10 — 30 MHz.
The observations were carried out during the minimum of
solar activity in 2018 — 2020.

Keywords: quiet Sun, interferometer, decameter range,
interferences.

AHOTALIA. MHocnijkeHHS paJioBUNPOMIHIOBAHHS
crnokiiiHoro COHI MPOBOJMIINCS B IIMPOKOMY Jliarna3oHi
JIOBXXHMH XBWJIb BiJl TPAHUYHO KOPOTKUX O JEKaMeTpo-
BrX. Ha Haii0inpmmx NOOBXKMHAX XBHJIb BUMIPIOBAaHHSI
KYTOBHX PO3MIpiB COHAYHOI KOPOHH 3a JIOTIOMOTOI0 pa-
nmioreneckorna YTP-2 paHimie npoBOAWINMCS B PEXUMI
CKaHyBaHHSA. MU po3poOuin npocTy iHTephepOMeTpUIHY
METOJUKY JUIsi BAMIPIOBAHHSI KyTOBOTO JliaMeTpa MpOTSIK-

HOTO pajiomkeperna. B Hili BUKOPHCTOBYEThCS HU3KA iH-
TeppepomeTpiB, cdopMoOBaHMX 13 CeKUiil MIBHIYHO-
MIBJCHHOT Ta CXIJHO-3aXiJHOT aHTEHH PaIioTeICCKOIa
UTR-2 ans BumiproBaHHs po3mipy criokifiHoro CoHIS B
MOJIIPHOMY Ta €KBaTopiallbHOMY HampsiMkax. [lepmri iH-
TephEepOMETPHYHI CIIOCTEPEKCHHSA 3 TaKUM IiIXOIO0M
Oyny TPOBE/CHI 3a JOTIOMOTOI0 IMPUIMAaYiB 1 MporpamMHo-
ro 3abesmeueHHs iHTepdepomerpie YPAH me B 2014
poui. I{i qocmimkeHHs M03BOJWIN BU3HAYMTH €KBaTOpia-
JIbHI Ta moJsipHi po3mipu CoHLsl Ha iKCOBaHUX 4aCTOTAX
20 i 25 MI'u. [lng po3mupeHHsT 4acTOTHOTO Jiana3oHy
JOCII/DKEHb Y HACTYIHHX CIIOCTEPEXEHHSAX BHUKOPUCTO-
BYBaJIMCSl INUPOKOCMYTroBi 1udposi npuiiMaui DSPZ vy
KopeJsiiiiHoMy pexxkumi. OHaK y AEHHHH Yac MIMPOKOC-
MYTOBI CHOCTEPEXCHHS YCKIaJHEHI paaio4acTOTHUMHU
3aBajlaMH PI3HOTO THUILY, SIKi YacTO 3HAYHO MEPEBHUIIYIOTH
piBeHb KopuCHHX curHainiB. 11[o0 oOMeXHTH BIUIMB pa-
JOYaCTOTHUX 3aBajl, 0yJI0 po3po0IieHO IporpamMue 3a0e3-
TICYCHHSI, SIKE aBTOMAaTHYHO BUSIBIISIE TA BUAAISAE BY3bKOC-
MYTOBI Ta IMITYJIbCHI 3aBaJii B 3aPEECTPOBAHUX CUTHAJAX.
VY crarTi onucaHo MeToau OOPOTHOM 3 TAKMMH 3aBaiaMu
Ta KpUTEPil CTYNEHS OYHUILEHHS CUTHAIY, IKi BUKOPUCTO-
BYIOTBCS B IIbOMY IIPOrpaMHOMY 3a0e3rnedeHHi. My Takox
HAaBOJIMMO DPE3yJbTaTH BHMIPIOBaHb KYTOBHX IapaMeTpiB
pamioBUNPOMiHIOBaHHS crnokiiHoro CoOHIL, OTpHUMaHI
iHTepepOMETPUYHIM METOJIOM B Jiama3oHi yactoT 10 —
30 MI'n. CrioctepeskeHHS MPOBOAMIMCS i Yac MiHIMY-
My COHSAYHOI akTHBHOCTI B 2018 — 2020 pokax

KurouoBi cioBa: crnokiiine Conrle, inTepdepomerp, e-
KaMETPOBHH Jliana3oH, iHTepepeHLis.

1. Introduction

Radio emission of the quiet Sun has been studied since
the 1940s in a wide range of wavelengths from millime-
ters to meters. Individual observations were also made at
frequencies close to the decameter range. Thus, in 1971,
observations were made using the Arecibo radio telescope
(Aubier et al, 1971) and the flux density, equatorial di-
ameter, and brightness temperature of the quiet Sun at the
frequencies of 29.3 and 36.9 MHz were obtained. Later, at
close frequencies, studies were performed with the Clark
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Lake (Erickson et al, 1977), UTR-2 (Abranin et al, 1986),
and Gauribidanur (Sastry, 1994) radio telescopes. It was
found that the parameters of the quiet Sun change depend-
ing on the period of solar activity. Most of these studies,
including those with UTR-2, used scanning radio helio-
graphs (Stanislavsky et al, 2013). As it is known, when an
object is scanned by a beam, the output signal is a convo-
lution of the brightness distribution of the observed radio
source and the telescope beam pattern. The true size of the
object is easily determined by the width of the response if
the angular dimensions of the source significantly exceed
the width of the beam. With their close dimensions, an-
tenna smoothing leads to an increase in the width of the
response compared to the real size and must be taken into
account. So, for example, the width of the beam pattern of
the UTR-2 radio telescope at the frequency of 25 MHz is
25" and is close to the angular diameter of the quiet Sun at
this frequency. In addition, measurements by the scanning
method are complicated by the fact that the beam patterns
of array antennas used in low-frequency radio astronomy
have a significant level of side lobes. furthermore, correla-
tion-type radiometers, which are used on UTR-2 to elimi-
nate the influence of the galactic background, have sign-
changing side lobes, the two-dimensional picture of which
is quite complex and changes noticeably depending on the
orientation of the telescope beam. All this makes it much
more difficult to take into account the effect of antenna
smoothing when determining the true size of the source.

Alternatively, an interferometric method is used to
measure the angular size of radio sources. The north-south
and east-west antenna arrays of the UTR-2 radio telescope
consist of several identical sections spaced at a distance of
225 m, which can be used to create some interferometers
with baselines of up to 1575 m in the north-south direction
and up to 675 meters in the east-west. This structure of the
radio telescope and the identical parameters of its sections
made it possible to develop a simple interferometric tech-
nique (Shepelev, 2015) for studying the angular structure of
extended sources, such as solar radiation. This technique
was used in observations of the quiet Sun conducted in
2014 (Melnik et al, 2018). In this study, we used receivers
of the URAN interferometers (Rashkovsky et al, 2012) with
a bandwidth of 250 kHz operated at fixed frequencies in the
decameter range. Note that these receivers have an effective
algorithm for suppressing narrowband interference at the
signal recording stage. This algorithm made it possible to
carry out observations during the daytime in conditions of a
large amount of radio frequency interference. In these ob-
servations, the flux density, size, and brightness tempera-
ture of the quiet Sun were measured at 20 and 25 MHz. It
was also shown that the dependence of the normalized visi-
bility function on the length of the interferometer baseline
(Fig. 1) is in good agreement with the calculation for a
source with a Gaussian brightness distribution according to
the well-known expression:

e [_j | o
2,(In(2)2

where L is the length of the interferometer baseline, € is

the angular diameter of the source at half brightness, and
A is the wavelength.

In this case, by measuring the visibility function on two
arbitrary baselines, one can determine the angular size
using the formula

In(?ﬁ/?’z)
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where L; and L; are the lengths of the interferometer base-
lines, y1, and vy, are the visibilities measured on these base-
lines.

Observations were conducted at two frequencies and
showed that it is necessary to expand the frequency range
of observation for a more accurate determination of the
model of the solar corona and to determine how parame-
ters of the quiet Sun depend on the wavelength.
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Figure 1. Normalized visibility of the quiet Sun in the
east-west direction at 25 MHz and calculated dependency
for radio source with Gaussian brightness distribution

2. Broadband observations

The UTR-2 radio telescope is equipped with broad-
band digital spectral polarimeters DSPZ (Zakharenko et
al., 2016) capable of recording signals in the range from 8
to 33 MHz which can be used for interferometric study
according technique described. These receivers have two
inputs and form at their output a complex dynamic cross-
spectrum that is the dependence of covariance of two in-
put signals on frequency and time. Two receivers connect-
ed to outputs of the sections of the arrays of the UTR-2
radio telescope form two interferometers with different
baselines and allow measuring the angular size of the qui-
et Sun according to expression (2) in the entire frequency
range. To demonstrate the possibility of such a study in a
wide frequency range we observed the Sun during the
week of April 2015 (Shepelev et al, 2017).

This experiment showed that the main problem with
broadband observations during the daytime is the large
amount of radio frequency interference, especially in the
long-wave part of the range. This problem is aggravated
by the use of individual sections of UTR-2 as interferome-
ter antennas, which have a wider beam than that of the
entire telescope. In addition, the radiation of the quiet Sun
is quite weak at decameter waves and does not have frequ-
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c)
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Figure 3: Correlation functions of the "dirty" signal (a) and after two (b), three (c), and four (d) cleaning iterations

ency-time features that make it possible to distinguish it
from the interference background.

The broadband DSPZ receivers cannot mitigate inter-
ference during observations, which is inherent in URAN
receivers, but they have a high dynamic range, which
eliminates signal distortion, so interference can be re-
moved at the signal processing stage. To solve these prob-
lems, software was developed that allows:

— select a frequency-time frame of the registered with
DSPZ  correlation dynamic spectrum  (cross-
spectrum) with a width of up to 4F =1 Mhz in fre-
quency and several minutes in time;

— carry out automatic cleaning of this area from nar-
rowband and pulse interference;

— perform coherent integration of the signal in the se-
lected frame;

— calculate the visibility functions and the size of the
radiation source;

— visualize processing and results.

The dependence of the module of the visibility function
on the differential delay of the input signals of the inter-
ferometer (correlation function) serves as an indicator of

the presence of interference and a criterion for cleaning
the signal since it is significantly different for a wide-band
signal of a radio source and narrow-band interference. As
is known, the spectrum of the signal at the output of the
interferometer and its correlation function are related by a
pair of Fourier transforms.

The width of the main lobe At of the correlation func-
tion of the useful signal is determined by the width of the

spectral window AF so that At ~ 1/AF . With the se-
lected frame band of 1 MHz, the correlation function has a
delta shape with the width At ~ 1uS. Interference has

much narrower spectra, and therefore broader correlation
functions. Hence, an obvious way to determine the contri-
bution of radio frequency interference to the signal power
of the observed source is the analysis of the entire form of
the correlation function. However, with a high level of
interference and their large quantity, it is quite difficult to
separate the contribution of the signal and interference. In
some cases, the interference contribution significantly
exceeds the level of the useful signal. Figure 2 shows
screenshots of the processing software: dynamic spectra



134

Odessa Astronomical Publications, vol. 36 (2023)

and corresponding averaged correlation functions for three

different cases. The upper row shows frames of dynamic

spectra with a width of 1 MHz (vertically) and one minute

(horizontally). The bottom row is the correlation function

of the signal and interference sum.

Here, the interference level increases from left to right,
and the correlation function changes accordingly from a
simple situation where the signal contribution can be easi-
ly determined to a case where the signal is difficult to de-
tect. It is obvious that preliminary cleaning of the dynamic
spectrum is necessary. One of the most effective filtering
methods, which was used in the URAN receivers, operates
according to the following algorithm:

— signal spectrum modules in frequency channels are in-
tegrated in a few seconds to increase sensitivity;

— statistical characteristics of the sequence of signal levels
in spectrum channels are calculated,;

— channels with signal level that exceeds the value of the
average level by more than 4 ¢ (o is a standard devia-
tion) are considered to be affected by interference and
are removed;

— this procedure is cyclically repeated a given number of
times.

It was found that in most cases two to four iterations
are enough to significantly improve the shape of the corre-
lation function, which is an indicator of the correctness of
processing. The goal is to bring it closer to the delta func-
tion characteristic of a "pure" signal. Figure 3 demon-
strates screenshots of the software, which show the corre-
lation functions of the signal with interference before and
after several iterations of the described processing. Note
that the level of the correlation function in Fig. 3a is more
than two orders of magnitude higher than the level of the
"purified” signal in Fig. 3d.

Short pulse interferences that significantly affect the
signal level during time averaging can also be removed
using a similar algorithm.

New interferometric observations of the quiet Sun and
their processing using this software were carried out in the
summer of 2018-2020 during the minimum solar activity.
Four DSPZ receivers were used to form pairs of interfer-
ometers in each direction from the NS and EW antenna
sections. Interferometer baselines were 225 and 450 m or
225 and 675 m at different times. The full receiver fre-
quency recording range of 8-32 MHz was used, but a lim-
ited range of 10-30 MHz was used for processing. The
most reliable data were obtained at frequencies from 15 to
30 MHz, except frequencies close to 27 MHz, where pow-
erful broadband interference is observed. An example of
the dependence of the angular size of the quiet Sun on the
operational frequency obtained in observations with
strong interference, which demonstrates the capabilities of
the software, is shown in Fig. 4.

3. Conclusion

Radio astronomy observations of the quiet Sun at dec-
ameter wavelengths with interferometers and broadband
DSPZ radio receivers showed a significant influence of
radio frequency interference on the data quality.
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Figure 4: Polar diameter of the quiet Sun as a function of
frequency

The software has been developed for the mitigation of
narrowband and pulsed interference of various origin.

The use of the cleaning algorithms during data pro-
cessing made it possible to determine the parameters of
the studied radio sources of continuum radio emission
under conditions of strong radio frequency interference,
which significantly exceeded the level of useful signals
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ABOUT RESEARCH PROGRAMS AT THE RADIO TELESCOPE
"URAN-4" IRA NASU — MONITORING OF FLUXES OF POWERFUL
RADIO SOURCES, STUDY OF THE SUN'S SUPERCORONA,
OBSERVATIONS OF SOLAR ECLIPSE

A.L. Sukharev, M.I. Ryabov, V.V. Galanin|, V.G. Komendant

Odessa observatory “URAN-4" Institute of Radio Astronomy of the National Academy of Sciences
of Ukraine (IRA NASU)

ABSTRACT. During 2020-2023, an initiative series of
observation programs was carried out on a radiometer
designed and manufactured by V.V. Galanin. Among them
are observations of ionospheric scintillations of powerful
radio sources Cas A, Cyg A, Vir A, Tau A, Per A, on the
URAN-4 radio telescope (IRA NASU) at frequencies of 20
and 25 MHz. The observations were carried out at various
states of Solar and geomagnetic activity and allow us to
analyze the response of the ionosphere in the region of the
Odessa Magnetic Anomaly to disturbing events. It was
found that the radio source 3C 84 (Per A) is the least noisy
at the location of the URAN-4 antenna and is well suited
for studying the ionospheric response during magnetic
storms. The recorded scintillation periods of the studied
radio sources, on "calm" days, are in the range of 1-2
minutes. During magnetic storms, the periods of
scintillations are reduced to 10-30 seconds. The paper
considers the features of the response of scintillations of
different radio sources to a magnetic storm, since they shine
through different spatial regions of the ionosphere. Of
particular interest are observations of the radio source Tau
A (3C 144), which annually, in June, shines through the
Solar Supercorona. Processing scans of such observations
of the 3C 144 source shows an increase flux variations with
an average "period" of about 5-10 seconds. Observations
were also made to record the features of radio background
variations during partial Solar eclipse. It is shown that
during a Solar eclipse, the level of background radio noise
increases significantly. At the same time, the background
level on the next day after the eclipse was still quite high. A
more detailed analysis of this effect is planned and, if
possible, repeated observations.

Keywords: ionospheric scintillations, radio sources,
antenna array, geomagnetic variations, magnetic anomaly

AHOTALIA. TIIporsrom 2020 — 2023 pokiB, Oymno
BHUKOHAHO IHIIIATHBHY CEPil0 MPOTrpaM CIOCTEPEkKEHb Ha
pamioMeTpi, CHpPOEKTOBAaHOMY Ta BHUTOTOBICHOMY B.B.
lananinuM. Cepex HHMX CIIOCTEPEXEHHS  1OHOC(HEPHUX
MepexTiHb MoTYyXHHX pagiomkepen Cas A, Cyg A, Virg A,
Tau A, Pers A, Ha paxgioteneckorni URAN-4 (IRA NASU) na
gactotax 20 i 25 MI'. CrocrepexxeHHsS MPOBOIMINCS 32
PI3HUX CTaHIB COHSYHOI Ta T'€OMArHiTHOI aKTHUBHOCTI Ta
JIO3BOJIAIOTh AHANI3yBaTH BIATYK ioHOocepu B perioHi

Opnecekoi MarnitHoi AHoManii Ha oOyprotoui moaii. bymo
BCTaHOBIICHO, o pamiomkepeno 3C 84 (Perseus A) e
HalMEHII 3allyMJICHHM, Y MIClli pO3TalllyBaHHS aHTEHU
URAN-4 i no0pe miaxoquTh Uil BUBYEHHS 10HOC(EPHOro
BIATyKy miJg 4ac MarHiTHuX Oyp. PeectpoBani mnepionn
MEPEXTiHHSI JIOCIIDKYBAaHUX DPaiojKepes], Y «CIIOKIHHI»
IHi, mepeOyBatoTh y iHTepBami 1-2 xBwimHu. [lin dyac
MarHiTHHX Oyp, Tepioi MEpeXTiHHS 3MEHIIYIOThCs g0 10-
30 cexyHn. Y po0OTi pO3IISIHYTO OCOOIHMBOCTI BIITYKY
MEpEXTiHb PI3HUX DKepel Ha MAarHiTHY Oyplo, OCKUTBKH
BOHHM TIPOCBIUYIOTH Pi3HI NPOCTOPOBI 00MAcTi ioHOC(hepH.
OcoOmuBHii ~ iHTEpeC  CTAaHOBIATH  CIIOCTCPSIKCHHS
pamiomkepena Taurus A (3C 144), sikuii 1I0pivHO, y YepBHI,
npocBiuye Hamkopory Conmg. OOpoOka CKaHIB TaKUX
cnocrepexxenb mxepena 3C 144 moka3ye MOCHICHHS
Bapiaiiii i3 cepefHiM «aepiogom» Onm3bko 5-10 cekyHn.
Takox Oys0 NMPOBECHO CHOCTEPEKEHHS ILOAO PeecTparii
ocoOnuBocTeil Bapiaiiii pagiodoHy i Yac YacTKOBOTO
Consiunoro 3ateMHeHHs1. [TokazaHo, 1m0 mijx yac COHSYHOTO
3aTeMHEHHsS piBeHb ()OHOBOTO  pamio-lyMy 3HAYHO
migBuyethes. [Ipu oMy piBeHb ()OHY HACTYITHOTO IHS
micNsl 3aTeMHEHHs OyB JOCHTb BHCOKUM. IlmaHyeThes
JNOKIAMHINMK  aHami3s Iboro epeKTy 3a HasgBHOCTI
MO>KITHBOCTEH! IPOBEACHHS TOBTOPHUX CIIOCTEPEIKEH.

Kuio4oBi ciioBa: ioHOChEpHI MEPEXTIHHS, pajioKepena,
AaHTGHHAa pelIiTKa, TEeOMAarHiTHI Bapiamii, MarfiTHa
AHOMAJTIs.

1. Introduction

During the development of the anomalous 25th solar cycle
(beginning in December 2019), the most important task is to
study the ionospheric response to extreme manifestations of
solar and geomagnetic activity. One of the most scientifically
based and widely used methods for studying the Earth’s
ionosphere and the effects of space weather manifestations is
the method of ionospheric scintillations of discrete space
radio sources [1, 2]. The main contribution to the
scintillations of signals from discrete radio sources is made
by inhomogeneities, with transverse dimensions to the line of

sight, of order of size the Fresnel zone: A, =~/ Ar , where
A —wavelength, and r — distance to the scattering layer. These
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inhomogeneities focus or defocus signals from cosmic radio
sources. At the same time, extended radio sources with
angular dimensions & which exceed the angular size of the

Fresnel zone &, =A,/r~~A/lr

scintillations, because the addition of oscillations coming to
the observation point from different areas of these sources
will be incoherent [3, 4]. lonospheric scintillations strongly
depend on the state of the Earth's ionosphere and
magnetosphere under the influence of solar activity, and
therefore are excellent indicators of space weather. Although
this method has been used since the 1950s, many unresolved
questions remain. These include the connection between
ionospheric scintillation and geomagnetic pulsations, as well
as the connection between ionospheric scintillation and
variations in cosmic ray fluxes. In addition, the influence of
large regional magnetic anomalies on the ionospheric
response during extreme space weather events is poorly
understood. This work uses data from the URAN-4 (IRA
NASU) low frequency radio telescope, operating in the 10-30
MHz range. A unique feature of this radio telescope is its
location near the Odessa regional geomagnetic anomaly. The
dome of the anomalous field of this anomaly, according to
satellite data, extends to ionospheric heights, which makes it
possible to study its response to solar activity [5].

will not have

2. Brief description of the low-frequency radio
telescope URAN-4 and processing observational data

The low-frequency decameter radio telescope, URAN-
4 (operated by the Institute of Radio Astronomy of the
National Academy of Sciences of Ukraine (IRA NASU))
(began observations in 1987) is a phased array with
electronic control of the antenna beam direction. The
antenna consists of 128 pairs of vibrators located on an
area the size 232.5 x 22.5 meters and oriented in the east-
west direction. Thus, the antenna receives a signal in two
linear polarizations A and B. The antenna beam pattern
has the size 2.7° x 22° at a frequency of 25 MHz. URAN-
4 is one of the elements of the national low-frequency
radio interferometric system URAN, Ukraine. In very-
long-baseline interferometer mode, the angular resolution
reaches 2 arcseconds. The sensitivity with a frequency
bandwidth of 14 kHz is 100 Jy (and in interferometer
mode — 10 Jy) at a frequency of 25 MHz [42]. The
hardware complex includes an upgraded antenna control
device and a radiometer for recording radio emissions,
which was developed and constructed by IRA NASU
researcher Valery Galanin. This device controls discrete
movement of the antenna’s beam pattern when observing
radio sources and sets the required observation mode.
Currently, observations are carried out at frequencies of
20 and 25 MHz. The radiometer operates in various
modes: full power, modulation mode, average power,
using the telescope design in the form of two halves of the
antenna. The radiometer is made on an ATMEL
AT90S8515 microcontroller with a communication circuit
with a control computer. The REGICEA software for
antenna control and observation planning was written in
the Delphi programming language. The resulting
observation file contains the time in Julian dates, the total
power (P) and the differences between the two halves of

the antenna (M). The main operating mode is modulation
(P—M). In modulation mode, random uncorrelated
noise is suppressed and the noise track of the signal is
significantly reduced, which is especially important when
observing weak sources (for example, 3C 84). Figure 1
shows an example of recording in modulation mode for
the 3C 405 source and in full power mode for the 3C 461
source. The program for monitoring fluxes of powerful
radio sources was started on the initiative of the authors
(M.l. Ryabov and V.V. Galanin) from the moment of
commissioning the URAN-4 radio telescope continues in
present time.

Monitoring fluxes of radio sources and their
scintillations is carried out in the mode of multiple
passage of radio sources through the antenna’s beam
pattern. Supernova remnant 3C 144 (Taurus A) and radio
galaxy 3C 274 (Virgo A) were recorded in the hour angle
interval from -120m to +120m with a step of 40 min (7
scans in total). Radio galaxy 3C 405 was recorded in the
interval of hour angles from -120m to +80m with a step of
40 min (6 scans in total). The most powerful radio source
in the northern sky in the decameter range, supernova
remnant 3C 461 (Cassiopeia A) was recorded in the hour
angle interval from -60 m +120m with a step of 60 min (4
scans in total). Thus, the total monitoring time was 13
hours 20 minutes. And as a result of this 36-year
monitoring, important data were obtained on seasonal-
diurnal variations in the fluxes of radio sources and their
scintillations over a period of 2225 solar cycles [6, 7].

The main objects for studying ionospheric scintillations
are the powerful radio galaxies 3C 274 (Virgo A), 3C 405
(Cygnus A), 3C 84 (Perseus A), as well as the remnants of
supernova explosions 3C 461 (Cassiopeia A) and 3C 144
(Taurus A). Over 36 years of observations on the URAN-
4, unique observational material was obtained on changes
in the fluxes of radio sources and their scintillations
during different cycles of solar and geomagnetic activity
in the region of the Odessa magnetic anomaly.

Radio fluxes from space sources are written to the
output file as relative values, in decibels (dB), relative to a
highly stable noise generator (calibrated in antenna
temperatures in Kelvin (K)). The amplitudes of the
calibration steps were selected experimentally for each
radio source in the sample.

Figure 2 shows a typical view of recording fragments
of radio sources 3C 405 and 3C 144 (sequential passage
through the antenna’s beam pattern) on URAN-4. This
allows us to immediately see the features, similarities and
differences in the ionospheric responses to bursts of solar
and geomagnetic activity for the entire sample of analyzed
sources, on the final flux record.

The sampling rate in the output data file with records
the sum and difference of the signals from two halves of
the antenna, at frequencies 20 and 25 MHz, is 1 Hz (1
measurement per second). As can be seen from previous
figures, ionospheric scintillation is superimposed on the
sinusoidal trend from the registration of the antenna’s
beam pattern scans radio source. To isolate ionospheric
scintillations, a semi-automatic method of data
preprocessing and subsequent construction of digital
dynamic spectra (using Short-Time Fourier Transform
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3C461 25MHz TotalPower 02.07.2021. Cubic Spline Inerp.
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9133 91588 91842 92088 92354 9261
Time (JD+244437)

3C405 25MHz ModulationChannel 01-02.07.2021. Cubic Spline Interp.
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Flux (dB)
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Time (JD+244437)

Figure 1. Examples of source scan records: A) 3C 461,
frequency 25 MHz, full power with cubic smoothing
spline interpolation; B) 3C 405, frequency 25 MHz,
modulation mode with cubic smoothing spline
interpolation. Records received 1-2 Jul 2021.

(STFT) and fast continuous wavelet transform methods)
was developed and implemented. Due to the complex
interference environment in the decameter range, the
antenna’s beam pattern (which under normal conditions is
well described by the function sin (x)/x) is deformed.
Under such conditions, data preprocessing consists of the
following steps:

1) removal of the strongest radio interference and
random outliers (manually).

2) smoothing the recording of radio source scans using
three different approaches depending on the level of data
noise. For low-noisy data, the Savitzky-Golay filter was
used (most often for sources 3C 461 and 3C 84); when the
noise was high enough, with weak impulse noise, data
interpolation using a smoothing cubic spline with cross-
validation was used, where smoothing level is
automatically determined using procedure so-called cross-
validation [9] (usually for sources 3C 405 and 3C 274).
This method allows us to draw scans of radio sources and
variations in the radio flux even in the case of noise bursts
caused by interference during tens of minutes. In the case
of strong continuous noise, which is often recorded in the
direction of the 3C 144 source, the Loess method (Locally
estimated scatterplot smoothing) implementation of the
locally-weighted least-squares procedure with Gaussian
weighting function was used [10]. This method can isolate
scintillations in the presence of fairly long-term
interference, which is not uncommon at the URAN-4
location, and was most often used for observations of 3C
144, since the noise in the direction of this source is often
greater than for the rest of the sources in the sample.

19.01.2022 3C 405 25 MHz B-Pol (averaged)
Removed some interference and random drop-out points

i Fast ionospheric | | 19 Jan 2022 ‘*”
) scintillation event "; Averaged power, CYG A .

Flux (dB)

| | ! 1150
9387 94182 9S4 94716 64008 9528
Time (JD + 245959)

3C144 01Mar2022 20MHz Pol-B Zoomed scans
Savitzky-Golay Polynomial Filter after filtration
o Win N=20 x 2 , Poly.Order=2 , Passes=2 i
| |
75 B | 1 'l

Flux (dB)

Flux (dB)

i i F @
k: 1 i - 1
25 ! i
h Original
Scans

5 -20
19.32 2018 2104 219 276 2362
Time (Hours)

Figure 2: The figure shows: A) An example of a recording
(Jan 19, 2022) of average power (the average value of the
sum and difference signals of the half-antennas) for the
radio source 3C 405 (frequency 25 MHz, linear
polarization B). The average power graph has wider scan
peaks, which is useful when recording scintillations, but is
suitable for high-power sources. This example shows a
scintillations burst with a characteristic time of about a
minute; B) Example of original and smoothed recordings
(Mar 1, 2022) modulation mode, for source 3C 144
(frequency 20 MHz, linear polarization B). Savitzky-
Golay filter was used for smoothing [8] (graphs are shifted
relative to each other for better visibility).

3) Since ionospheric scintillations are superimposed on
the sinusoidal trend, the trend is removed to isolate them
and subsequent analysis. This is complicated by the fact
that the main shape of scans of radio sources often differs
from the theoretical one due to radio-interference. In this
work, the main method for identifying scintillations was
FFT filtering with a Hamming spectral window [11].
Spectral windowing is used to reduce spectrum leakage so
that components in low spectral power data can be
selected and recovered. Thus, even weak scintillations can
be clearly distinguished from a noisy background. The
Hamming spectral window does not completely attenuate
to zero at the edges of the rolloff, and typically the filter
can recover the full range of data with 1% edge effects at
the beginning and end of the data series. An example of
FFT filtering is shown in Figure 3.

Despite the relative simplicity and effectiveness of the
FFT band-pass filtering method, in some cases it can leave
a small false wave in the data, which can be noticeable on
days with no or weak scintillation. Therefore, in 2023, the
decomposition of observational data into individual
quasiperiodic and noise-like components by the
Caterpillar-SSA method began to be used (more details
about this method are described in the work [12]), which
made it possible to significantly eliminate distortions from
filtering in recordings of weak scintillations.



138

Odessa Astronomical Publications, vol. 36 (2023)

27 Jan 2019 3C144 Pol-B 20 MHz. Cubic Spline smoothed (X2 oversampling)
FFT Time-Domain Reconstruction, Cut-Off frequency=200 cycles/day (period 7.2 min)
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31 Jan 2019 3C144 Pol-B 20 MHz. Smooth spline interpolation
FFT Time-Domain Reconstruction, Cut-Off frequency=200 cycles/day (period 7.2 min)
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Figure 3: Initial and FFT-filtered data from radio source
3C 144 (frequency 20 MHz, linear polarization B), such
that the time scale varies less than 7 minutes (cutoff
frequency 200 cycles/day). Top panel — record 27 Jan
2019, bottom panel — record 31 Jan 2019.

Flux, Relative units

4) Finally, after the above-described pre-processing of
the data and their normalization, spectrograms were
constructed. In low-frequency astronomy, standard
practice for this is to use the STFT method (for example
[13]). But this method has a number of disadvantages
(dependence of the spectrogram from the window width
and the amount of window overlap), so the method of
“continuous” wavelet transform was additionally used,
which was calculated through FFT (for analytically
specified wavelets, for example Morlet) (comparative
review in [14]). Representations were used in

visualization: ~ Magnitude: +R?+1%, PSD SSA
(Surface Integral Sum Squared Amplitude Power):
2(R? +1?), decibels (dB): 10log,,(R*+17), where
R —real part, | — imaginary part, of wavelet transform.

3. Results of observations of
scintillations of cosmic radio sources

ionospheric

The following sections discuss some results of the
study features of the manifestation ionospheric
scintillations of cosmic radio sources on geomagnetically
disturbed and calm days. As shown in Figure 4 (22-24 Sep
2021), during the days of ionospheric storm development,
the scintillation spectrum varies significantly from source
to source, and even the same source 3C 274 has
completely different types of scintillation.

It is worth noting that the band of periods 10-20
minutes corresponds to large-scale wave activity of the
ionosphere, for example, the passage of acoustic (2-4
minutes) and gravitational waves (5-20 minutes). These
waves arise not only in the F-layer of the ionosphere, but
also in the D-layer (altitude about 100 kilometers), which
is also evident from variations in the total electron content
determined from properties of the GPS signal [15]. More
details about ionospheric waves are described in the work

3C274 22Sep2021 25MHz Pol-B. FFT-Filtered data
Hi-Res Wavelet Spectrum, in periods range 24 min-24 sec (Freq. 60-3567 cycles/day)
Wavelet=Morlet, K=20, FFT N=262144, Freq N=300, Plot=Magnitude, Y=Log
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7
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Figure 4: An example of a wavelet spectrogram (frequency
25 MHz, polarization B, period band from 24 seconds to 24
minutes) of the development of ionospheric scintillations
during sequential recording of a sample of radio sources in
the time interval 22-24 Sep 2021, during weak geomagnetic
disturbances. In the graph, source 3C 274 is highlighted by
rectangles. The change in noise and quasi-harmonic
components of variability is clearly visible; as the time
scale decreases, variations in the radio flux become
completely noise. Quasi-harmonic variations here are
concentrated mainly in a band of periods 10-20 minutes.

[16]. In the period band 5 minutes — 30 seconds, in mid-
latitudes, quasi-periodic scintillations in the range 10-30
MHz appear infrequently, they are mainly recorded in
circumpolar regions (for example, according to data from
the Kilpisjarvi Atmospheric Imaging Receiver Array
(KAIRA) [17]). In  mid-latitudes, quasiperiodic
ionospheric variations, their registration and study are
significant scientific interest, since they are a consequence
of the formation of a spatial periodic structure of
ionospheric irregularities passing through the beam of the
antenna array.

3.1 Cassiopeia A (3C 461)

Supernova remnant Cassiopeia A (3C 461) together
with Cygnus A (3C 405) are the most powerful radio
sources in the Northern Hemisphere sky in the decameter
radio range and, accordingly, the most popular for
research. Figure 5 shows examples of STFT spectrograms
of source 3C 461 for Sep 27-28, 2021 (quiet geomagnetic
field) and Jul 2, 2021 (weakly disturbed geomagnetic
field). The example shows that even weak geomagnetic
disturbances often lead to a shortening of the “period” of
scintillations, from 24 seconds to 16 seconds. In general,
this is often true for other sample sources as well. During
strong magnetic storms, the “periods” of 3C 461
scintillations are shortened to 10 — 5 seconds. For 3C 461,
quasi-periodic flux variations are sometimes recorded,
with periods of several minutes. During some strong
magnetic storms of 2022, quasi-periodic variations of
about 1 minute or 30 seconds, and lasting 10 — 15 minutes,
were recorded at a frequency of 20 MHz in both linear
polarizations A and B.
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FFT filtered data set, where periods less than 7.2 min
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Figure 5: Examples of STFT spectrograms of source 3C
461 at a frequency of 25 MHz, obtained on Sep 27-28,
2021, quiet geomagnetic field (upper graph) and Jul 2,
2021, weakly disturbed geomagnetic field (lower graph),
linear polarization A. Rectangles show events of
quasiperiodic variations of radio flux of Cassiopeia A (the
range of periods is shown by flags on the figure).

3.2 Cyg A (3C 405)

The giant radio galaxy Cygnus A (3C 405) is one of the
most popular radio sources for studying the ionosphere in
the decameter radio range. The signal from it is powerful
and at the same time almost free from noise and radio-
interference. lonospheric scintillations from this source
are very intense and change rapidly over time, showing a
complex time-frequency structure. Figure 6 shows
examples of STFT spectrograms for the 3C 405 source at
frequencies of 25 MHz (1-2 Jul 2021) and 20 MHz (17
Jan 2022). On 1-2 Jul 2021 there was a weakly disturbed
geomagnetic field, and on 17 Jan 2022 there was a
magnetic storm of medium intensity. During a magnetic
storm, a significant change in the quasi-period of
variations was noted from approximately 1.3 minutes to 8
minutes, increasing with time. During weak geomagnetic
disturbances, short-lived "bursts" of quasi-periodic
scintillations are sometimes recorded in a period band of
approximately 1 — 6 minutes, as shown in this example.
Also, at source 3C 405, during some magnetic storms,
high-intensity and broadband scintillations of a noise-like
appearance are observed, occupying a band of periods in
the spectrogram, usually from 10 minutes to 4 seconds. In
the sample of sources under study, a similar type of
“noise-like” spectrogram was observed at source 3C 274.

17.01.2022 3C405 20MHz B-Pol (averaged).

Short-Time Fourier Transform Spectrum
| Filtered data set, by FFT, where periods less than 14 min
| Win=Welch, Win N=2048, Overlap=80%, FFT N=4096, Plot=dB Norm 0, dB Lim=27, Map=Contour, Y=Log
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Figure 6: Examples of STFT spectrograms of source 3C
405 at a frequency of 25 MHz, weakly disturbed
geomagnetic field, 1-2 Jul 2021 (top graph) and at a
frequency of 20 MHz, magnetic storm, 17 Jan 2022
(bottom graph), linear polarization B. Rectangles on the
graphs areas are highlighted quasi-periodic variations of
the radio flux and flags mark the ranges of changes in the
“periods” of oscillations.

3.3 Virgo A (3C 274)

Another giant radio galaxy 3C 274 (Virgo A) in the
studied sample of radio sources is similar in properties to
ionospheric scintillations to 3C 405, however, fewer
quasi-periodic manifestations of scintillations were
observed at this source. Scintillations are mostly noise-
like and broadband (example in Figure 7). Observation
sessions lasting several days, in 2020 and 2022, showed
that the maximums of the FFT power spectra of 3C 274,
during weak geomagnetic disturbances, lie in the range of
1 — 3 minutes or less. Rare quasiperiodic flux variations
with periods from 30 seconds to 1 minute, and duration 5
— 12 minutes, corresponded to geomagnetic storms caused
by geoeffective solar coronal mass ejections.

3.4 Taurus A (3C 144)

The radio source 3C 144 is one of the actively studied
objects in decameter radio astronomy. The fact is that this
powerful radio-bright object (the remnant of a supernova
explosion) annually approaching the Sun on the celestial
sphere (in June), shining through the quite dense layers of
outflowing solar wind, which are called the supercorona.
During this period, intense scattering of radio waves from
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02-Mar-2022 3C274 Pol-B 25MHz [total power].
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Filtered data by FFT, where periods range less than 7 min
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Figure 7: An example of a STFT spectrogram of source
3C 274, for a recording obtained on March 2, 2022 (weak
geomagnetic disturbances) at a frequency of 25 MHz,
polarization B. Noise-like broadband scintillations are
clearly visible here.

source 3C 144 occurs on plasma clouds of the solar wind
(interplanetary scintillation effect). However, this type of
scintillations cannot be detected on the URAN-4 antenna
array, because their period is on average about 1 second or
less. But, besides this, the high turbulence of the
supercorona plasma, caused by solar wind from flares,
coronal mass ejections [18], provides complex effects on
the radio signal of a source. An interesting effect was
observed on June 14-15, 2021, when 3C 144 approached
the minimum angular distance from the Sun. Figure 8
shows the wavelet spectrum of 3C 144. It can be seen that
on June 14 and 15 there was an extreme increase in
scintillation at 3C 144, while the rest of the sources from
the observation session scintillated much weaker (almost
“empty” spectrum between scans of 3C 144). The
amplitude of scintillations 3C 144 was 4 times greater
than the source 3C 461. This type of effect is discussed in
more detail in the article [19].

The exact nature of this effect is not known, but is
possibly related to coronal mass ejections or magnetized
plasma clouds that may provide lens-like amplification to
the observed radio emission. More details about such
effects are described in the works [20, 21, 22, 23].
Variations in the radio-flux with a period of about 20
minutes are most likely have ionospheric origin, the
passage of moving ionospheric irregularities or
ionospheric waves [24]. Therefore, studying records of the
annual passage of 3C 144 through the solar supercorona is
always with scientific interest, and such observations
continue to be carried out on the URAN-4 antenna array.

3.5 Perseus A (3C 84)

The radio source 3C 84 has the smallest flux in the
decameter range from the studied sample of radio sources.
However, there is minimal interference and distortion in the
direction to this source, which makes it important for
studying ionospheric disturbances at the URAN-4 location.

14.06.2021 Pol-A 20 MHz Modulation channel 3C144.
Continuous Wavelet Spectrum
Filtered by FFT, signal periods less than cut-off level 23 min
Wavelet=Gauss Deriv., K=40, FFT N=131072, Freq N=56, Plot=dB, dB Lim=32, Y=Log

Frequency (Cycles/Day)
1/Frequency (Cycles/Day)

49798 52412
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Figure 8: An example of extreme amplification of
scintillations of the radio source 3C 144, at an angular
approach to the Sun on June 14-15, 2021. Wavelet
spectrogram at a frequency of 20 MHz, polarization A. In
addition, on June 15, 2021, a quasiperiodic component of
variability is visible with a period of about 20 minutes and a
duration in several hours (marked with a flag in the figure).

At the same time, the properties of 3C 84 ionospheric
scintillations are somewhat different from other radio
sources in the sample. The maximums of the FFT power
spectra show that the main spectral power of the signals
falls on the period range of 40 seconds — 1.5 minutes, on
days of a quiet geomagnetic field. Figure 9 shows wavelet
spectrograms of 3C 84 for Oct 9, 2020 (quiet geomagnetic
field) and Apr 8, 2021 (weak geomagnetic disturbances).
Noise-like scintillations are predominating. However, in a
number of magnetic storms (Jun 12, 2021), fairly stable
scintillations appear on the spectrograms with periods of
about 50, 25, 16 seconds, which exist for 2 — 3 hours, and
sometimes longer. On days of a quiet geomagnetic field,
stable quasi-periodic variations are occasionally recorded
with a period of about 1.5 minutes — 40 seconds, and a
manifestation duration of 2 — 3 hours (23 Sep 2021). In
comparison with other radio sources of the studied
sample, 3C 84 has much less frequent variations of the
radio-flux in the period band of 20 — 5 minutes.

3.6 Effects of a solar eclipse on radio noise levels

Interesting observations were obtained during the
annular solar eclipse on June 10, 2021. It was not the Sun
observed on the URAN-4 antenna, but the background
cosmic noise at frequencies of 20 MHz, 25 MHz (the
antenna beam was directed to the zenith). As a result, it
turned out that the cosmic background on the day of the
eclipse and the next day, June 11, 2021, showed
noticeable noisy variations, more intensive than in the
records of the cosmic background on June 8-9, 2021.
Spectrograms of radio background recordings are shown
in the figure 10.
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Example of a wavelet spectrogram 3C 84 25 MHz Pol-A, 09 Oct 2020. Type of
variations in a day with calm geomagnetic field.
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Figure 9: Example of wavelet spectrograms for source 3C
84. The top graph is a quiet geomagnetic field, Oct 9,
2020, frequency 25 MHz, polarization A. Many irregular
bursts are visible, which is typical of ionospheric
scintillations. Bottom graph - weak geomagnetic
disturbances, 8 Apr 2021, frequency 25 MHz, polarization
A. This is an interesting example of episodic noise-like
scintillations of 3C 84.

Increase in the intensity of radio noise was also
observed by other researchers in different years of solar
eclipses [25]. This is usually associated with a decrease in
the electron concentration, a decrease in absorption in the
ionosphere, which leads to an increase in the intensity of
the noise received by the antenna [26]. However, it is
interesting that the noise level on the day after the eclipse
was still quite high. Also, there could be an increased
level of radio-interference here. This is a very strange
observational effect, showing that absorption in the
ionosphere was still low even the day after the solar
eclipse, but the reason for this effect is not clear.
Something similar was observed in work [27] when the
signal from a radio station increased during a solar
eclipse, but a noticeable increase in the signal partially
persisted the next day after the solar eclipse.

Analysis of observations showed, on June 8, 2021, two
days before the partial solar eclipse visible in Ukraine, the
amplitude of the sky background noise, when the antenna
beam was set to the zenith, was much less than during the
solar eclipse on June 10, 2021 and after it on June 11,
2021. Intensity of radio variations in the noise
background, on a time scale of less than 8 minutes, was
much weaker than on the day of the Solar Eclipse, and the
low-frequency component of the spectrum (20.6 — 8
minutes) also has a lower intensity.

9-11 Jun 2021, Pol-B 20 MHz-Cosmic Noise.

Continuous dB Spectrum, frequency spectrum width=19 min - 62 sec
Wavelet=Gauss D. (real part), K=18, FFT N=131072, Freq N=100, Plot=d8 Norm 0
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Figure 10: The figures show wavelet spectrograms of 20
MHz (upper plot) and 25 MHz (bottom plot) (B-linear
polarization) obtained on June 10-11, 2021. The cosmic
background records were cleaned of radio interference and
additionally smoothed.

3.7 Interrelation with geomagnetic field variations in
the Odessa anomaly zone

An important feature of the decameter radio range is
that the observed scintillations of cosmic radio sources are
almost completely (with the exception of some
contribution of interplanetary scintillations for individual
radio sources) determined by the dynamic processes of the
ionosphere, under the influence of solar and geomagnetic
activity. Seasonal-daily ionospheric effects during the
solar activity cycle can be so great that they even exceed
long-term intrinsic changes fluxes of the radio sources.
For example, seasonal-diurnal effects significantly reduce
the observed appearance of the secular decrease
Cassiopeia A flux in the decameter range [28, 29, 30, 31].
This makes the decameter range especially interesting for
searching and studying the interrelation between
ionospheric  scintillation and fast variations of
geomagnetic induction, during magnetic disturbances and
storms caused by different manifestations of solar activity.

Large magnetic anomalies in the Earth's lithosphere
may have a quite high height of the anomalous field dome,
which is recorded by satellites at altitudes of about 200-
300 kilometers and even higher [32]. As is known, the
most intense ionospheric scintillations are formed when
radio waves pass through the F-layer of the ionosphere at
altitudes of about 200 — 350 kilometers. Thus, large
magnetic anomalies can influence the formation and
structure of plasma irregularities, forming a special
response of the ionosphere to solar activity events. In
addition, local factors also play an important role in the
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formation of geomagnetic variations in mid-latitudes [33].
Another important feature is the location of the
seismically active Vrancea Zone in Romania,
approximately 500 kilometers (290 km in a straight line)
from Odessa. As is known, seismically active zones can
produce ionospheric waves, including those with periods
of tens of minutes (for example, [34]). Currently, this
relationship is very poorly studied, especially in Europe,
often due to the lack of large low-frequency radio
telescopes in areas of magnetic anomalies. Therefore, the
location of the URAN-4 antenna array in the area of the
Odessa regional magnetic anomaly provides a unique
opportunity to study this relationship. Conducted studies
of short-period geomagnetic variations in the Odessa
magnetic anomaly, which fall within the range of periods
of observed ionospheric variations on the URAN-4
antenna array, showed a significant difference in their
properties and structure from the variations that were
observed at the magnetic station in the Kiev region
(Dymer), where the geomagnetic field close to normal
[35, 36, 37, 38]. In the summer of 2022, to conduct
simultaneous observations of scintillations of radio
sources and geomagnetic field disturbances, the LEMI-
008 magnetometer of the Institute of Geophysics of the
National Academy of Sciences of Ukraine was installed
next to the URAN-4 antenna array. This makes it possible
to obtain data for cross-spectral FFT analysis and identify
similarities and differences in the development of
magnetic storms based on geomagnetic and ionospheric
variations. Fast geomagnetic variations are also induced in
the ionosphere, but are associated with electric currents
(field-aligned currents) and the interaction of the
ionosphere and magnetosphere Earth. These include
resonant geomagnetic variations [39]. Thus, ionospheric
activity is studied as if in two dimensions. Preliminary
results indeed showed a relationship between the
prevailing periods of ionospheric scintillations of 30
seconds — 1 — 2 — 3 minutes and geomagnetic variations,
using observations of the radio galaxies 3C 405 and 3C
274. An example of fast geomagnetic variations (Bx
component of the geomagnetic field) with periods of
about 1 minute and 30 seconds, shown in Figure 11. In
winter wartime conditions, the magnetometer worked in
the center of a magnetic anomaly in the basement on the
territory of the Astronomical Observatory of the Odessa
I.I1. Mechnikov National University. On 22 Feb 2022 there
was a weak geomagnetic storm, and on 13 Feb 2022 there
was a magnetic storm of medium intensity. The variations
shown in the example (falling in the period range Pc3 —
Pc4 [40]), during weak and medium magnetic storms,
were rarely observed in this form on spectrograms.
Observations on URAN-4 of ionospheric scintillations of
the radio galaxies 3C 405 and 3C 274, during weak and
medium geomagnetic storms, showed that the average
periods (in the bands of greatest spectral power) also had
values of about 30 seconds and 1 — 2 — 3 minutes. But in
general, since it was not possible to obtain complete
sessions of simultaneous radio-magnetometric recordings,
a clear relationship could not be detected. Solving this
problem remained the goal of further work because
placement a magnetometer in the summer 2023 in the
Mayaki village, where URAN-4 is located.

22.02.2022 Bx GeoMag Odessa.

Short-Time Fourier Transform Spectrum
Data filtered in periods range 25 - 170 cycles/hour (2.4 min - 21sec)
Win=Bartlett, Win N=1024, Overlap=80%, FFT N=2048, Plot=dB Norm, dB Lim=20, Contour, Y=Linear
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13.02.2022 Bx GeoMag Odessa.

Short-Time Fourier Transform Spectrum for data filtered in range 2.4 min - 21 sec
Win=Bartlett, Win N=1024, Overlap=80%, FFT N=2048, Plot=dB Norm, dB Lim=20, Contour, Y=Linear
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Figure 11.: Examples of rapid variations in the
geomagnetic field induction, component Bx, obtained at
the Odessa Astronomical Observatory on 22 (top graph)
and 13 (bottom graph) Feb 2022. Here you can see bands
of quasi-regular oscillations falling in the pulsation range
Pc3 (10 — 45 seconds) — Pc4 (45 — 150 seconds). Radio
sources 3C 405 and 3C 274 often show similar average
periods of ionospheric scintillations.

The interrelation between fast geomagnetic and
ionospheric variations has been observed previously [41].
But these effects, in the case of using radio scintillations
from cosmic radio sources, have been observed rarely,
especially little information about the influence of
geomagnetic anomalies on the correlation between
ionospheric and geomagnetic variations. They are quite
difficult to register, due to the fact that the decameter
radio range is often very noisy. High-intensity
geomagnetic variations appear in mid-latitudes most often
during fairly strong magnetic storms (although there are
exceptions), and moments of coincidence between the
times of intense magnetic storms and the absence of radio-
interference in the decameter range do not occur often.
Nevertheless, long-term complex observations of the radio
telescope-magnetometer system have great perspective.
They will allow us to evaluate the response and
contribution of the Odessa Magnetic Anomaly to the
manifestation of space weather effects.

4. Conclusion
The creation of a joint measuring complex radio

telescope — magnetometer IRA NASU and the Institute of
Geophysics NASU (head of department M.l. Orlyuk)
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provides a unique opportunity to identify the reaction and
contribution of the Odessa magnetic anomaly to regional
manifestations of space weather. Using a radiometer that
was designed and manufactured by V.V. Galanin conducted
many sessions of observing ionospheric scintillations of
cosmic radio sources 3C 461, 3C 405, 3C 274, 3C 144 and
3C 84 near the Odessa Regional Geomagnetic Anomaly.
The following main results were obtained:

1. A semi-automatic processing technique (data
smoothing, removal of the sinusoidal trend of the antenna’s
beam pattern, bandpass filtering, to identify frequency
bands of interest with intense ionospheric scintillation,
calculation of STFT and wavelet spectrograms) was
developed and tested on real radio sources observations on
the phased array URAN-4 IRA NASU.

2. It is shown that the program for monitoring fluxes of
powerful cosmic radio sources at URAN-4 provides an
ionospheric response in the form of different amplitude,
shape (quasi-periodic or noise), and changes in the
frequency and phase of ionospheric scintillations over
time. These indicators differ significantly for each of the
radio sources in the sample during the development of
geomagnetic disturbances.

3. The average periods corresponding to the bands of
the highest spectral power for ionospheric scintillations in
the URAN-4 location, usually vary in the range of 30
seconds — 1 — 2 — 3 minutes. On days of strong
geomagnetic disturbances, scintillations periods can be
shortened to tens of seconds or less.

4. Observations of ionospheric scintillations of radio
galaxies 3C 405 and 3C 274 and comparison of them with
fast geomagnetic variations (during magnetic storms)
showed good agreement in the period bands
corresponding to the Pc3 and Pc4 pulsations. In addition,
coincidences are also observed for periods of about 3
minutes.

5. Mostly, ionospheric scintillations have an irregular,
non-periodic structure. Nevertheless however,
quasiperiodic variations are occasionally observed (more
often during geomagnetic disturbances), with a change in
period and amplitude in the range of 1 — 10 minutes.

6. Observations of changes in the intensity of
background radio emission during the solar eclipse on
June 10, 2021 at frequencies of 20 and 25 MHz showed an
increase in background radio noise both during the eclipse
and on the following day, June 11, 2021.

7. In the period band of 10-20 minutes, quasiperiodic
variations of the radio flux predominate, probably
associated with wave activity of the ionosphere (acoustic-
gravity waves, moving ionospheric irregularities) caused
by external influences. A possible contribution to these
processes is the proximity of the Vrancea seismically
active zone in Romania.

8. An important result of this work was the successful
application of a new technique for processing ionospheric
scintillation observations of the entire set of observed
sources under the monitoring program. This allows us to
significantly expand the list of scientific tasks in which the
URAN-4 antenna array can be used. Among these tasks is
the organization of comprehensive radio astronomy and
magnetometric research together with foreign partners
from the Ventspils International Radio Astronomy Center

in Latvia) and the University of Oulu in Finland
(Sodankyla Geophysical Observatory).
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THE DICHOTOMY OF THE MECHANISMS OF DECAMETER
RADIO EMISSION FROM JUPITER: THE INFLUENCE OF
STREAMER INHOMOGENEITIES AND MHD PERTURBATIONS
IN THE SOURCE

N.O.Tsvyk

Institute of Radio Astronomy of the NAS of Ukraine,
Kharkiv, Ukraine, natalitsv69@gmail.com

ABSTRACT. There are analyzed a model of the source
of DAM radiation bursts which are activated under the
MHD waves excitation in the Jupiter lower magneto-
sphere in a presence of ionized streamer-like inhomogene-
ities of limited thickness (1-100 km). There was studied
the formation of an anisotropic kinetic distribution of elec-
trons, which leads to the generation of Jupiter DAM radia-
tion bursts under the various scenarios. It was investigated
the influence of gas-dust flows in the lo-Jupiter tube, the
ionization processes and the diffusion effects in the
streamer plasma to the creation the cone-type Kinetic dis-
tribution of electrons. On the other hand, it has been
shown that Alfven waves, due to the fluctuations of elec-
tric fields, are to form of both cone-like electron distribu-
tion (primarily on the streamer periphery) and beam-like
distribution with the beams of accelerated electrons (pri-
marily inside the streamer), which further run along the
streamers at speeds of about 0.1c and have been modulat-
ed by a "longitudinal" MHD wave with a length of about
1000 km and a period of about 1 second.

The streamer oscillations in the direction tangential to
the magnetic field lines lead to the excitation the fast
magneto-sonic waves (at about the ion cyclotron reso-
nance frequencies). The beams of accelerated electrons of
along the magnetic field lines generate the plasma waves
in the same direction (at about the electron cyclotron reso-
nance frequency). At the same time, plasma perturbations
create a stratification of the steamer-tube structure into
ultrafine threads of ionized plasma, and they contribute to
the ultrafine modulation of bursts of DAM radiation with
millisecond periods.

Finally, it is shown in detail how all these processes
lead to activate the Jupiter DAM radiation bursts in that
source at the frequency of electron cyclotron resonance by
different generation mechanisms, such as the Maser Cy-
clotron or Cherenkov mechanisms of generation, and with
different burst’s properties.

Keywords: DAM radio emission, bursts, MHD waves,
magnetosphere inhomogeneity, Jupiter.

AHOTAIIA. JocnimkeHo MOnENb JKepena JeKaMeT-
poBoro BumpoMmiHioBaHHS IOmiTepa, ske ¢GopMmyeTscs B
ymoBax 30ymkeHHss MI'Jl XBuIb B HIDKHINA MarHitocdepi
IOmiTepa B mpHUCYTHOCTI HEOIHOPIAHOCTI MarHiTochepn y

BUTJANI 10HiI30BaHMX ctuMepiB ToBmmHU 1-100 kM. IIpo-
aHaJi30BaHO MEXaHI3MH BUHUKHEHHS aHI30TPOIHOTO KiHe-
THYHOTO PO3MOMUICHHS €JICKTPOHIB, 32 AKUX BHHUKAIOThH
YMOBH /I aKTHUBHOI TeHeparlii AeKaMeTpOBOTO BHIIPOMi-
HIOBAHHS TaKOTO JDKEpeNia y BUIVII CIUIECKIB 3a PI3HUMH
cuenapismu. [lokazaHo, 1110 ra3oBi Teuii B IOTOKOBIi TpyO-
ui lo — IOmirep Ta edextn nudysii mwiasmMu B cTpuMepax
NPU3BOJSATH 10 CTBOPEHHS KIHETUYHOTO PO3IOIUICHHS
€JICKTPOHIB KOHYCHOTO THITy. 3 iHIIOrO0 OOKY, IOKa3aHo,
L0 JIbBEHIBCHKI XBWII, 3aBASKU KOJMBAHHIM €JEKTpUY-
HUX TIOJIIB, PETYJIIOIOTh YTBOPEHHSA KIHETHYHOTO PO3IOi-
JICHHS ENEKTPOHIB K KOHYCHOTO THITy (TI€peBakKHO, HA
nepudepii cTuMepa), Tak i MyYKOBOTO THITYy (BCEpeIwHi
crpumepa). B ocraHHbOMY BHIIaJKy, BUHHKAE MPHCKOPEH-
HS Iy4YKIiB €NEKTPOHIB 1o mBuakoctei Oimst 0.1¢ (me ‘c” —
IIBUKICTB CBITIIA), SIKi HAaami yOIraroTh B3IOBXK CTPHMEPIB
1 MOIYJIOIOTBCS TIPOJIOIBHOI0 AJIbBEHIBCHKOIO XBHJICIO 3
nosxuHOr0 011t 1000 KM 1 epiogom Ot 1 cexyHau.

KonuBaHHs IU1a3MU CTpUMEpIB B TOTHYHOMY /IO JIiHIH
MarHiTHOro mojsi FOmiTepa HampsIMKy MOPH3BOIATH [0
30yPKEHHS IIBUJIKOTO MarHiTHOTO 3ByKa, a NPHCKOPEHi
IYYKH €JIEKTPOHIB IEHEPYIOTh TIa3MOBI XBUIII B ILOMY K
HanpsiMKy. PosmrapoBaHa TakuM YMHOM IUIa3Ma CTpHMeE-
piB popmye mpodins cTprMepa 3 HEOTHOPIMHUM i aHI30T-
POITHMM PO3IMOJUICHHAM €JEKTPOHIB, SKHH pPyXaeThCs
pasom 3 MI'/I xBumsamu 31 mBuzakictio 6ing 0.001¢ i crae
Hajmami JpkepenoM enekTpomarHitHoro JJIKM BumpomiHio-
BaHHS. BiamoBimHuii pyx mKepena 3 TaKOK MIBHIKICTIO
NpU3BOAMTH A0 JApeddy wyacrotu cruteckiB Oinst 0.2
MI1/cek, gk i crnocrepiraetbes B L-cmmeckax IKM Bu-
npomintoBanHs FOmnitepa. [Ipu mpomy, ria3moBi XBHIIi-
30ypeHHsI CTBOPIOIOTh PO3MIAPYBaHHS CTHMEpa Ha TOHKI
HUTKU 10HI30BaHOI EJISKTPOHHOI IUIa3MH, Ta CHPUSIOTH
HAJTOHKIM MOJYJISIi elleKTpOoMarHiTHUX cruieckis JJKM
BUIIPOMIHIOBaHS, SIK B S- CIIJIeCKax.

Bci ni nponecn cripusitots reneparii JJKM Bunpominio-
BaHHs IOmiTepa y Bunmini L- ta S- croieckiB, Ta BiAOBI-
JIAl0Th PI3HUM CIEHapisM 1 MexaHi3MaM reHeparlii BUIpo-
MiHIOBaHHS. 30Kpema, L- criecku MoKyTb OyTH 1MOB’si3aH1
3 MasepHUM BHIIPOMIHIOBaHHSM aKTHBHOI IUTa3MH JDKepe-
na Ha mepudepii cTUMepiB, SKa aKTUBYETHCS NIBUIKAMU
MI'JI xBWIsIMH, @ S- CIUIECKH MOXXYTh OyTH TIOB’si3aHi 3
UepeHKOBCHKUM BUIIPOMIHIOBAHHSM IIBHAKHX  IYYKIB
EJIEKTPOHIB, sIKe 30YIKYETHCS TIEPIIOYEPTOBO 1 MEPEBAKHO



146

Odessa Astronomical Publications, vol. 36 (2023)

B BHUIUIAZ IUIa3MOBHUX XBWJIb B JDKEPENax BCEPEAUHI CTPH-
MepiB, Ta MEPETBOPIOETHCS HAJAI B CIIOCTEPEKyBaHE eJle-
KTPOMarHiTHe pajio BUIPOMIHIOBAHHS CILIECKIB.

KirouoBi cjioBa: mexaMeTpoBe pajiOBHIIPOMIHIOBAHHS,
cruteckd, MI'JI XBuii, HEOXHOPIAHICTH MarHiTocdepw,
FOmitep.

1. Introduction: the observed properties of Jupiter
DAM radio emission

Jupiter is the brightest planet of the DAM radio emis-
sion, which power gives up to 107Jy in bursts (see: Ryabov
& Gerasymova, 1990, Ryabov, et al., 2014). The dynamical
spectrum of the Jupiter’s bursts are observed of various
forms and types, and the main of that types are long (L) and
short (S) bursts in Jupiter DAM radiation, that have burst-
variation by frequency and time. So, the L bursts lasts of
0.3-5 s, and that bursts have the frequency drift of ~200
kHz/s, which may correspondent to move of this source
velocity by about 0.001c (where c is the light velocity). The
S bursts lasts of 0.002-0.03 s, and they have the fast drift of
a burst frequency, ~20 MHz/s, that correspondent to the fast
source velocity up to 0.1c (see: Ryabov, Zarka, et al., 2014,
Boev, et al., 1993, Tsvyk, 2019). All the bursts are observed
as the extra ordinary X-type polarized EM waves, and there
are radiated in the direction of near perpendicular to the
magnetic fields lines at the sources in the southern or north-
ern Jupiter hemisphere.

The Jupiter’s bursts are connected with the generation
mechanisms which work with the anisotropic electron
distribution in the source (see: Wu, 1985, Melrose, 1986,
Ryabov & Gerasymova, 1990, Boev & Luk’yanov, 1991).
So, it may be the Maser cyclotron instability with cone-
like anisotropic electron distribution, f(v, ) > f(v),
or the Cherenkov instability of plasma wave in the pre-
sents of the electron beams with the electron distribution
of f(ve ) < f(ve)). The last way of a burst radiation
must have the wave transformation processes, where the
plasma wave is converted to the EM wave by resonance
wave-coupling process, or by the linear conversion that
came in the density-inhomogeneous plasma (see: Boev &
Luk’yanov, 1991, Boev, et al., 1993).

In this report, we are represented and analyzed a model
for the source of the DAM radiation that activated the
burst under the MHD waves in the presence of ionized
streamer-like inhomogeneities in the lower magnetosphere
of Jupiter, in different generation mechanisms. The fur-
ther, by the way, we are to study the dichotomy of Jupiter
DAM radio emission that differ to the Maser Cyclotron or
Cherenkov mechanisms of generation.

2. The model of an active source and the main pro-
cesses

We will be investigated the processes in the gas-dust
flux tube such as the ionization process by streamer-like
structures, the plasma diffusing processes, and the MHD
waves of streamer oscillations, and the last one the pro-
cess of the EM wave emission by Maser Cyclotron or
Cherenkov radiation mechanisms. There are analyzed a

model of the source that give us the DAM radiation bursts
which activated by the MHD waves in the presence of the
ionized streamer-like inhomogeneities that was formed in
the lower Jupiter magnetosphere.

It is the well-known effects of the Satellite-Jupiter in-
teraction, which excites us the strong Alfven-wing with
the current pulses in the lo-Jupiter flux tubes and others as
the standing waves (see, for example, Ryabov & Gera-
symova, 1990). The current direction change with 300-
seconds-period, and it give us the 300-seconds-modulation
in Jupiter sporadic DAM radiation by Alfven-wings, that
corresponds to the shearing the Jupiter magnetosphere to
the large-scale flux-tubes of about 1000 km diameters.
The streamer which we will be considered now is not that
wing-tube structures, but they are the more fine structures
inside of these tubes.

In even and other of that wing-tubes, the gas particles
(ions, gas atoms and dust) move nearly along the magnetic
lines and fall to the Jupiter. The thermal and electric inter-
action of volcanic dust with stones, and with the low-
ionized plasma and gas, that have been ones injected by lo
(or by Sun, or by another Jupiter satellite), will be created
the ionized streamer in the form of the plasma streamer-
tubes of width of about a,~ 100 km, that is much shorter
then width of the main lo-Jupiter flux tube.

The streamer plasma may creates by Saha-Langmuir
electron ionization mechanisms (see: Smirnov, 1995,
Boev, et al. 2001), that comes when the gravity-
accelerated dust-stone fluids is interacted with gas matter
(na) and have heat the plasma high then 4000 K:

n,’/(n, —n,) o Const-T.*'? -exp(—&/k.T,)

In Jupiter magnetosphere we have T.<1000K (for gas
matter), T.~3000K (for electron matter) (see: Boev, et al.,
2001). The streamer plasma is some more hitting, pinch-
compressed and stratified matter, and the streamer struc-
ture may be justified by observations when we observe the
different frequency drifts of DAM bursts in dynamical
spectra.

There may be run the next plasma processes in that
streamer-stratified plasma: the ionization; the streamer-
pinching processes; the adiabatic effects in the streamer
flows; the plasma-rain processes; the coupling of the stream-
ers (by the current flows coupling or in the magnetic field
reconnection processes); the streamer MHD-wave excitations
(see latter); the streamer stratification effects; the plasma
diffusing out the streamer (with ambipolar flow).

So, the pinching effects are supported the streamer
formation, because of the plasma compression by the j,-
pinching effects or by the je-pinching effects (see: Ka-
domtsev, 1963, 1988). The first way, the current of j,(ry)
are supported the streamer magnetic field to grow as B ~
(Boz*+Bo), and this leads to the localization of a streamer
matter within its flux tube. The next one is the jo-pinching
effects, when the current of jo(rx) will take place at the
streamer stabilization processes with the added of an lon-
gitude streamer magnetic field of the value dB.. In addi-
tionally, the geometry of the streamer is anisotropic, due
to the fact that the magnetic field lines By, converge and
the width of the streamer decreases towards the surface of
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Jupiter (at low z;), and therefore the transverse electron
velocities in the fluxes and their distribution change adia-

2

"L _ Const (Kadomtsev, 1963). All of
BOZ(ZI‘)
these effects support the formation of a ‘static’ streamer
structure, and the other way, the streamer plasma diffusion
both and the fluxes geometry effects are leading to the
anisotropization of the electron distribution, and the fluc-
tuation of pinching current leads to the dynamical effects
by the MHD waves excitation.

The further in the section 3 we will study on the MHD-
wave excitations effects in detail, because of it leads to the
pumping dynamically of the anisotropic electron distribu-
tions, and then, that give us the arising the EM bursts
waves radiation in different ways, and it may explain us
the formation of the Jupiter DAM bursts (in the section 4).

batically as:

3. The features of MHD waves inside the streamer

Here we are studied how the MHD waves are excited
and transported in the streamers along or in transverse di-
rections to the magnetic field lines, in using the basic theory
of MHD hydrodynamic, see: Kadomtsev (1963), Akhiezer
(1974). The next study is how these waves can affect to the
kinetic distribution of electrons through fluctuations in elec-
tric fields, and we will see these effects too.

The MHD waves in the streamer matter need to see in
3D-geometry (like to the Sun streamer study, see: Appert,
et al.,, 1974, Edwin & Roberts, 1983), and in the MHD
equations there must be account the low-ionized plasma
conditions of multi-components fluids (electron, pro-
tons/ions and neutral gas atoms) (see: Braginskyi, 1963).
So, that way the equations of moving fluids in the low
frequency, for Alfven and fast magneto-sonic waves, will
have the main term in that accounted the neutral gas iner-
tia, and the Alfven wave velocity will dependent not from
ion density (ni~ne), but from the neutral gas density (na,
when na >>n,), that give us the much slowly Aflven veloc-
ity then in the classic case:

Ca_gas = +/ BOz/(4nnamp) = Cai/ n;/ng .

And then, in high frequency, the fast MHD wave velocity
grows up to the ca; value.

At this reason, in Jupiter magnetosphere it may realize
some cases on the MHD wave velocities and its disper-
sion. At first, the fast MHD wave velocity in low-ionized
plasma depends on the degree of ionization and on the
wave frequency. So, in the streamer, ca velocity at a large
wavelength (small ka) not varied in streamer width, be-
cause of ca~Ca_gas, and because that the MHD waves not
be dumping strongly. The wave field values, By, E, both
and the current density fluctuation values, j, Nwi, Vi, Vue ,
are dependent on the streamer width coordinates, ry, and
they be limited by streamer width r,~ay, because of varia-
tions of a plasma density, n; (7).

There are considered now the main properties of the 3D-
MHD waves in the in streamer-stratified plasma. We take
the wave deviation of the plasma parameters as a function
of o Fct(r,0) - exp(ik,z + im0 — iwt). These streamer
waves ware studied (for example) by Edwin& Roberts
(1983), Bembitov, et al. (2014) in solar plasma conditions,

but now we will look for E-fields and electron wave veloci-
ty oscillations which can be found by using Maxwell’s and
MHD wave equations at Akhiezer (1974).

Let us begin to consider from Alfven waves properties
in the {z, ry, 6}-geometry, which will be mainly propagate
along the magnetic lines with ky = (k,,, k-4 (my)}~Kza.
That waves may be excited at the resonance frequency in
the helical mode (my=1) with @wes<<awsi, by the Helical
instability (see Kadomtsev, 1963), where:

2
_ mkbg )1/2

- mybyg z

Wacrer = cycos 6 (1+ (sz - o ) 0.2
Here is: bg = Bga/B,o- In the Jupiter magnetosphere con-
ditions, this Helical-kink Alfven mode (m=1) are running
along the magnetic field lines, with the Aa; -lengths that are
high then streamer width (ax), and it will be compared
3000km, that is high-scales of Jupiter magnetosphere at low
z;-altitudes. That wave frequency is about ares ~1 st
(axes<<asi), and resonance Alfven wave length is Aares ~
2ay/bo~ 1000km, when the streamer width is ax~1-100 km.
It should be note that the parameters of that 3D Alfven
waves are limited by the thickness of the streamer, and
maximum of Alfven wave frequency wsi goes down out-
side the streamer. There are no wave density fluctuations
by time, alternatively, we have the static plasma density
dependence in the streamer, n;y(r,). The magnetic field
and electric fluctuations in the Alfven waves are connect-
ed with j,-pinching oscillation, and they have By (),
E,(ry), E.(r,,) components. Because of the streamer cy-
lindrical geometry, the r,-dependence of the field compo-
nents comes to zero in the streamer core, Bg(0) =
E,.(0) = 0; but E,(0) field in the streamer core is a big
value. Out in the streamer core, the Alfven waves have the
plasma (ion and electron) particle fluctuations in the
6-direction mainly with v,.4(r)~v;9(1;), Where v, =
v; —j/(en,); and they have a non-zero current fluctua-
tions jer(rx), jez(rx), and an electron velocity is differ then
ion ones in zj- and ry- directions,  v,, (1) » v, ().
Because of the streamer geometry, the r,-dependence of
current and transverse velocity components comes to zero
in the streamer core, j(0)>0 and v, (0)=

(v2.(0) + v%(0))/2>0. Alternatively, we have non-
zero z-component of electron velocity, ve(0), in the
streamer core, and that sketch of electron velocity distri-
bution within the streamer have been represented in Fig. 1.

The electric field oscillations in the Alfven wave lead to
the pumping of the electron kinetic distribution of various
types inside and outside the steamer core. Thus, the electrons
swing with velocity v, along the streamer and is accelerated
inside the streamer core to the high-velocity electron beam,
up t0 v, peam~Cai~0.1c. Alternatively, in the streamer pe-
riphery, the transverse velocities v,, 4 (1) of much number
of electrons are raised dynamically, and we have to pumping
the cone-like electron distribution in that place.

The next type of MHD waves that may be interested in
the ‘streamerring’ Jupiter magnetosphere is the fast mag-
neto-sonic (FMS, or Helicon) waves. Those waves may be
generated partly at the deep streamer core as the waves
which propagate along the magnetic field lines in added to
the Alfven waves of low-frequency fluctuations (Ams x),
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Figure 1: The sketch of the streamer at zj=const, which
show the v,-electron velocity fluctuations in the case of
Alfven wave have been excited. Thus, the electrons are
accelerated inside the streamer core to the electron beam
because of v,, oscillations, and there are pumping the
cone-like distributions in the streamer border because of
v, oscillations.

when the wave-energy is partly converted from Alfven
type to the FMS waves. The other way, the fast magneto-
sonic waves will be exited in the perpendicular direction
to the magnetic field line mainly due to the plasma diffu-
sion processes in the streamer periphery places, as the
small-size magneto-sonic waves at high frequency of
about ion-cyclotron and up to “plasma cyclotron hybrid”
frequency. The fast magneto-sonic waves have a view a
sausage radial fluctuation at k={k;k}, or a kink-surface
streamer mode (mi=1,2..) at k={k,ke} on e-plasma density
profile. The fast magneto-sonic turbulence may lead to the
fast plasma diffusion and to the streamer stratification.
The pinching effects are “joining” the plasma in the
streamer frame, to interrupt the plasma diffusion and
plasma stratification processes.

The magnetic and electric field fluctuations in the FMS
waves are connected with the jg -pinching oscillation and
they have B,(n), B.(1y), Eg(ry) field components. Be-
cause of the streamer cylindrical geometry, the field com-
ponents comes to zero at a streamer core, B,(0) =
Eg(0) = 0. These fast MS-waves have the main plasma
(ions, electrons) particle fluctuation in the 7.- and 6-
direction with v;,.(r,)~v,, (1), and they have an electron
and current fluctuations in 6- direction: v,g, jg(7;). Thus,
under the fast MS-waves influence, the transverse velocities
Ver,g OF Nnumber of electrons are raised dynamically in the
streamer periphery, and this way the cone-like type of an
electron distribution are pumping at the streamer border.

Finally, we stop briefly at the low MS waves and at the
plasma waves inside the streamer. So, the low MS waves
may be exited in the streamer at the low-frequency sau-
sage modes which have the plasma density fluctuation v;
in z-direction mainly, and this wave is transported along
the streamer. It is very slow mowing wave, because
Cs/ca<0.0001, and it be exist when the electron tempera-
ture be higher than ion ones. The magnetic oscillations in
these waves are small, so the electric field oscillations are
potentially and have the components E; Er which con-
nects with the current oscillations, j,r. So, the electron
oscillations in this wave will have v,, » v,,, V., < v, ,
and they may lightly support the injection process of elec-

tron beam together with Alfven waves, but not give us of
high velocity of beam which we observed.

The beam, that have arisen inside the streamers core,
will generate the plasma waves in Cherenkov instability at
nearly the electron Debye wave-lengths, A;~kp, ™ *~Vr,/
wpe, and at the frequency w; ~ w, = (Wpe? + W) /2.
This plasma wave has an electron density, velocity and
current oscillations, n,(7;),Veg » () jre (1), and the ion
wave oscillations are extremely small. Electric and mag-
netic fields in the plasma wave are the circular polariza-
tion modes, and the E-field component transforms to the
longitude fields E, at frequency up to the upper hybrid
resonance, w,. Plasma wave velocities at high frequen-
cies have characteristics of anomalous dispersion waves,
and it transports the energy out the streamer when the
wave velocity directed inside the streamer. The wave po-
larization change at the frequency, in which the plasma
wave comes to anomaly dispersion region.

4. The influence of MHD waves on the EM bursts
radiation

The electron Kinetic distribution in the streamer-like
magnetosphere may change by adiabatic effects in the
magnetic flux B,(z;) -tubes of in the gas-dust lo-Jupiter
flows, or by plasma diffusion in the streamer structures, or
by pumping effects at the electro-magnetic forces of MHD
waves influence. So, that is way will be formed mainly the
cone-type kinetic distribution of electrons for first of two
cases. Alternatively, under MHD waves, the fluctuations
of electric field depended on the site place in the streamer,
and it changed on the MHD wave length and period.

Thus, due to the MHD wave oscillations, the kind of
the Kinetic electron distribution is varied by streamer radi-
us as that the cone-like electron distribution form at medi-
um and high speeds, primarily on the streamer periphery,
and to the beam-like electron distributions form with an
electron beam of that have been accelerated to speeds of
about 0.1c in the streamer core. This leads to the dichoto-
my of DAM bursts that connected with activation the EM
waves by MHD waves of different types.

Here is we consider how the EM waves radiate in the
bursts in the sources (see: Wu, 1985, Melrose, 1986,
Ryabov & Gerasymova, 1990, Boev & Luk’yanov, 1991).
The EM waves are generated when it defined that reso-
nance condition in electron velocity:

mgWpe
w+———k,v,, =
r(ve) zvez

0 ’

where it is T'(v,) = (1 — v,2/c?)™"/2 | and this give us
the EM burst be excited by two ways: for m; = —1 (one
way) when it is generated the Maser DAM radiation (X-
EM), and for m; = 0 (second way) when radiation comes
in the plasma waves that will transform further to the
DAM radiation (of X-EM mode). So, when the condition
for the burst generation has been realized, the bursts radi-
ate. The type of generation mechanism depends on the e-
particles distribution, and the Maser mechanism works in
the places where is the cone-like kinetic electron distribu-
tion realized in the source, alternatively, Cherenkov radia-
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tion corresponds to the places with the beam-like electron
distribution.

Here is the Alfven wave deviate the kinetic velocities
distribution in scratch profile f{v,;z,r,6;t} that move
with ¢, velocity along the Jupiter magnetic field lines.
This is give us to observe the slow drift of the frequency
of the bursts radiation in the frequency-time dynamical
spectra df /dt ~200 kHz/s, and this drift can be seen in
the L-bursts.

Let us consider how to form the short (S) and narrow
(N) bursts of the Jupiter radiation. One way, they may
radiate by the short FMS waves (4,,,~0.1-1 km) that
modulate the streamer border surface, so, it may be give
us to observe the fast-drift of the EM radiation which var-
ied in (f-t) spectra. And, the second way, in the case of
when the electron beams are running in the streamer core
strongly along the magnetic field lines with the velocity
up to v,,~0.1c, and this may excite the Cherenkov genera-
tion of Plasma waves, and it give us the second way of S-
burst radiation with the frequency drift of df/dt ~ 20
MHz/s. So, in variation the plasma density in the streamer
may give us the finest burst profiles with splitting and
other features.

Finally, we have show that all these processes lead to
the activation of the bursts of Jupiter’s DAM radiation in
that source at the frequency close to the electron cyclotron
resonance, with different generation mechanisms and with
different bursts properties.

5. Conclusion

The streamer-like structure, that arise by ionization
process in Jupiter magnetosphere, supports the anisotropi-
zation of kinetic electrons of both as cone-type and beam-
type distributions, that further leads us to the generation of
Jupiter’s DAM burst radiation under different scenarios.
The cone-type kinetic distribution of electrons arise under
adiabatic and diffusion effects, and under the influence of
the MHD waves, due to the fluctuations of wave electric
field. That way we have the streamer to be an effective
source to DAM radiation by Maser generation mecha-
nism, that be changed dynamically.

The Alfven waves move along the streamer and pump
the electron distributions of both “cone-like” (primarily on
the streamer periphery) and “beam-like” type of accelerat-
ed electrons (with the electron beam speeds of about 0.1c,
in the streamer core). These Alfven waves have lengths of

about ~ 1000 km and periods of ~ 1 second. The stream-
er's fast magneto sonic waves (of short-lengths and mov-
ing in out or tangential to streamer direction) also support
the “cone” electron distribution, and may modulate of
DAM bursts.

The beams of accelerated electrons, that can arise in the
streamer core, will generate the plasma waves in the tan-
gential to streamer direction (at about the electron cyclo-
tron resonance frequency). This wave radiation will be
converted to EM mode and may give us to see the fast-
moved (S) bursts of DAM radiation.
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ABSTRACT. The image of the 3C280 radio galaxy at
decimeter wavelengths consists of two emission regions,
the centers of which are separated by about 13 arc seconds.
These regions are lobes of the radio galaxy with bright
compact components or hot spots embedded in them. We
present the results of a study of the source structure in the
decameter wavelength range, carried out with the URAN-1
— URAN-4 radio interferometers using a especially tech-
nique developed. We show, that at the decameter wave-
lengths, the source model contains two extended compo-
nents with the size and position as the lobes have in the
decimeter range and a compact detail corresponding to one
of the hot spots. The radio emission of other hot spots is not
detected at the decameter waves due to their low flux den-
sity. The spectra of the radio galaxy components and their
variation in the range from decameter to decimeter wave-
lengths are determined in this study. It is found, that ex-
tended lobes provide about 70% of 3C280 flux at low fre-
quencies in contrast to the high-frequency image of the ra-
dio galaxy, where compact hot spots predominate in the
source radiation.

Keywords: radio source, interferometer, decameter range,
brightness distribution, decameter model.

AHOTALIA. 306paxenns pamioraraktuku 3C280 Ha
JEIMMETPOBUX JOBKHHAX XBHIIb CKIIAAA€THCS 3 BOX 00-
JlacTei BUIPOMIHIOBAaHHSI, IEHTPH SIKMX PO3HECEHi MpHo-
nu3HO Ha 13 kytoBux cekyHz. Li obiacTi € mearocTkaMu
PamiOTATaKTUKA 3 SICKPABUMH KOMITAKTHUMU KOMIIOHCH-
Tamu a00 BOYOBAHUMH B HUX TapsiuuMu misimamu. Hase-
JIEHO Pe3yIbTAaTH JOCHTIHKEHHS CTPYKTYpH JKepera B Je-
KaMETPOBOMY Jialla30Hi JOBXHH XBWIb, O OYJIM BHKO-
HaHi Ha paaioinTepdepomerpax YPAH-1 — YPAH-4 3a
CIEIiaJbHO PO3POOJICHOI METOJUKOK. MH HOKa3yeMO,
0 Ha JEKaAMETPOBUX XBHIJISIX MOJIENb JDKEpEna MICTHTh
JIBA MPOTSDKHUX KOMIIOHEHTA 3 PO3MIPOM 1 MOJIOKCHHSIM
TIETIOCTOK, SIK Y JCIMMETPOBOMY Jiana3oHi Ta KOMIIAKTHY
JleTasb, 10 BiANOBiNae oMHIN i3 rapsuux M. PamioBu-
MPOMIHIOBAHHS I1HIIMX TapsYdX IUISIM Ha JEKaMETPOBHX
XBHJIIX HE PEECTPYETHCS Yepe3 X Majly I'YCTHHY MOTOKY. Y
IbOMY JOCTi/PKeHHI BU3HAYEHO CTIEKTPU KOMIIOHEHTIB pa-
JIIOTaJaKTUKU Ta IX 3MiHY B Jiama3oHi BiJl JeKaMETPOBUX

JI0 JICIIMMETPOBUX JIOBXKHH XBWJIb. BUsiBIEHO, 1O MpPOTS-
JKHI TICITIOCTKY 3a0e3meuyroTh 6u3bko 70% motoky 3C280
Ha HHU3BKUX YacTOTaX, Ha BIIMiHY Bill BUCOKOYACTOTHOTO
300pakeHHS palioraiakTUKH, I¢ KOMIAKTHI Tapsdi IUIIMA
MePEeBAXAIOTh Y BUNIPOMIHIOBaHHI JUKepea.

KurouoBi cioBa: pamiomkepeno, iHTepdepoMeTp, aeka-
METPOBUIA Jliana3oH, PO3MOJi SICKPaBOCTi, JI€KaMeTpOBa
MOJICITb.

1. Introduction

Radiogalaxy 3C280 is a compact FRII radio source with
a steep spectrum. It is located in a distant galaxy cluster and
has a redshift of z=0.996. A massive elliptical galaxy iden-
tified with this radio source is located at its center. (Zirm,
2003). Quite powerful, with an interesting morphology,
3C280 attracted our attention with its complex angular
structure at high frequencies (Allen etal., 1972; Clark et al.,
1966; Wraith, 1972; Wilkinson, 1972; Mullin et al., 2006;
Laing, 1981; Bovkun et al., 1981; Readhead et al., 1976)
and the almost complete absence of data about it in the dec-
ameter range. In this work, we want to conduct investiga-
tions of this source at the lowest frequencies, not limited by
the transparency of the ionosphere, and obtain the angular
brightness distribution. We also want to find out what pos-
sible changes in its structure may occur and determine their
probable causes.

From numerous radio images of 3C280 obtained at dif-
ferent times, for analysis and comparison, we chose maps
obtained with MERLIN interferometers and the VLA su-
persynthesis system (Mullin et al., 2006).

On the map obtained at the VLA at a frequency of 1.4
GHz (Xu et al., 1995) with a resolution of 1.5" (see Fig. 2),
extended regions of diffuse synchrotron radiation — lobes —
are clearly visible. They are located symmetrically to the
east and west relative to the center of the source, which con-
tains the galactic nucleus (due to low flux at these frequen-
cies, it is not visible). The eastern lobe is about 3", and the
western lobe is about 4". Hot spots on this map, due to its
low resolution, are not completely resolved. In the eastern
lobe, the hot spot has a radial shape and is located in the
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center of the lobe; in the western one, it is slightly elongated
in the northwest direction and lies closer to the edge.

On the contrary, no lobes are observed on the maps
from (Mullin et al., 2006), which have a resolution of 0.35"
and 0.06". However, hot spots are clearly visible. Several
compact brightness regions are visible in place of the elon-
gated hot spot on the map at 1.5" resolution.

So, having at our hands a system of decameter radio in-
terferometers URAN and a map obtained at VLA at 1.4
GHz (Xu et al., 1995), which have approximately the same
resolution, we decided to compare the brightness distribu-
tion of 3C280 at high and low frequencies.

2. Observations and data processing

Observations of 3C280 were carried out using the
Ukrainian decameter VLBI network URAN (Megn et al.,
1997) simultaneously at frequencies of 20 and 25 MHz. In-
terference oscillations were formed by multiplying the sig-
nals from the north-south antenna of the UTR-2 radio tele-
scope with the signals from the antennas of the URAN sys-
tem. The measurements were carried out in separate ses-
sions in the autumn-winter period for several days at hourly
angles of £240 minutes relative to the culmination. The
data obtained at each hourly angle were averaged for all
observation days, and then the weighted average value of
the visibility module and its error were calculated. An ex-
ample of the experimental values obtained and their errors
for the URAN-1 and URAN-2 interferometers are shown in
Fig. 1 by symbols 1 and 3.

As is known, the inverse Fourier transform of a similar
set of values obtained on different bases represents the
source brightness distribution. For this, the necessary con-
ditions are the availability of information about the phase,
good filling of the spatial frequency plane, and a sufficient
signal-to-noise ratio. However, at decameter waves, wave-
front distortions due to the influence of ionospheric irregu-
larities on the propagation of radio waves lead to a phase
shift of the measured visibility between antennas more than
2w radians. Also, the signal-to-noise ratio at large bases can
be about 1, and the coverage of the uv-plane in our obser-
vations is not sufficient. All this makes it impossible to use
this method of image restoration, therefore to determine the

v 1

100 -50 0 50 100 Th

Figure 1: Visibility modulus at a frequency of 25 MHz: 1,
2 — experimental and calculated for URAN-1; 3, 4 — exper-
imental and calculated for URAN-2

radio brightness distribution of sources in the decameter
range, we use a model selection method without infor-
mation about the phase of the visibility function.

Quite well known, this method has proven its effective-
ness in many ours the investigations we have conducted. It
is described in (Megn et al., 2001) and consists of repre-
senting the real source brightness distribution in the form
of a model consisting of a certain number of elliptical com-
ponents with arbitrary axes orientation and a Gaussian ra-
dio brightness distribution.

The process of obtaining a model consists of a sequen-
tial step-by-step change of the initial parameters (dimen-
sions, fluxes, coordinates, inclination, etc.) and repeated
calculations of the interferometer response. This operation
aims to minimize the sum of the least squares of deviations
between the calculated response and the experimental one.
In this way, the resulting model is consistent with the ex-
perimental dependences of the visibility modulus on the
hour angle for all bases and frequencies.

To facilitate the calculation of the decameter model, its
correctness, and accuracy, we use a priori information from
the literature to find the parameters of the initial approxi-
mation. We take such information from digital maps of the
source, obtained at frequencies as close as possible to ours,
and with an angular resolution no worse than that of the
URAN-3 radio interferometer, which has the largest base
of about 900 km. From the selected map, we calculate the
dependence of the visibility modulus on the hour angle for
interferometers with our geometry. Next, we select a simple
model using the least squares method. The interferometer
responses from this model and from the map should be as
close as possible.

In our case, to determine the initial parameters for the
search of a decameter model, we used the 3C280 digital
map, obtained at VLA at a frequency of 1.4 GHz with a
resolution of 1.5" (Xu et al., 1995). The model calculated
from this map is presented in Fig. 2, and its parameters are
summarized in Table 1.

Fitting the model to the digital map made it possible to
identify the structural components of the high-frequency
image — two lobes and two hot spots: one in the western
lobe and one in the eastern. At the same time, in the western
lobe the hot spot has a small visible extent (see Fig. 2). On

Table 1: Model from the 1.4 GHz map

Detail | o | o | S5, | o | am | e
HSe 6,34 0 0,19 15 1 0
BCAl1 | -6,34 0 0,29 1,2 1 0
2.9x2,0
BCA2 | -6,02 | 0,5 | 0,32 (2.4) 1,41 | -50
Lober | 6,34 0 | 0,07 2,4 1 0
5,3x3,3
Lobew | -39 | 0,8 | 0,13 (4.2) 1,6 72

Notes: a, 5~ coordinates of the components relative to the
conventional geometric center of the source; S/S0O — share

in the total flux; 6— size; a/b — ellipticity; y~ position an-
gle; BCA1,2 — bright compact regions in the western lobe.
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Figure 2: Radio galaxy 3C280 at 1.4 GHz: 1 — map from
(Xu et al., 1995); 2 — model

the ultra-high-resolution map from (Mullin et al., 2006), as
discussed above, in place of the elongated hot spot, several
compact brightness regions are there. To better match the
interferometric response, we modeled it as two nearby com-
pact bright regions.

3. Results

Comparison of the visibility modulus experimental de-
pendences on the hour angle with the ones fitted to the high-
frequency map for all decameter interferometers made it
possible to identify their differences. They occur due to
changes in the spectral characteristics of the source compo-
nents at low frequencies. Thus, for URAN-2 the experi-
mental visibility is about 40% instead of the calculated
75%; on URAN-4 it is 25% instead of the calculated 45%;
the response from the URAN-3 interferometer turned out to
be below 8% instead of the calculated 17% at the maximum
of fluctuations. All these changes are due to an increase in
the share of the flux of extended components, and an in-
crease in the size of compact components, including the
scattering. The experimental response from the URAN-1
interferometer is quantitatively equal to the calculated one
since the image of the radio galaxy does not contain large
formations (>20") with low surface brightness. Therefore,
URAN-1 sees all detected components in 3C280 as point
sources and does not resolve them.

To search the decameter model, we extrapolated the re-
sulting high-frequency model to low frequencies, taking
into account all our knowledge about the spectral charac-
teristics of the components and the scattering angle of radio
emission in the interstellar medium. Next, we selected the
flux ratios of the components, then their ellipticity and in-
clination. In this model (see Table 2), the sizes of the com-
ponents, compared with those given in Table 1, changed by
the value of the scattering angle. In our case, according to
(Shyshov, 2001), at 25 MHz it is 0.9", and at 20 MHz it is

T T
2h54m42s 2h54m41s
Figure 3: Model 3C280 obtained at 25 MHz

RA

1.47". Two bright compact regions in the western lobe,
which simulated an elongated hot spot at high frequencies,
are observed as one. On high-resolution maps (Mullin et al.,
2006), the position of this region in the group of spots cor-
responds to a hot spot with the highest brightness and small
size. The coordinates of the hot spots have not changed; the
eastern lobe has shifted slightly towards the center.

Comparing the fluxes of components of high-frequency
and decameter images given in Table 1 and Table 2, it
should be noted that in the decameter range, about 70% of
the flux density is formed by extended elements — lobes.
Their radiation, compared to hot spots, has a steeper spec-
trum. The western hot spot accounts for 30%. Our data are
consistent with the size and flux of the scintillating compo-
nent at 25 MHz obtained in (Bovkun, 1981). Since radiation
from the eastern hot spot is not observed at low frequencies,
we can say with confidence that in (Bovkun, 1981) and
(Readhead, 1976) the scintillating component is the west-
ern hot spot. At high frequencies, about 80% of the radia-
tion is formed by hot spots.

For example, in Fig. 1 solid curves 2 and 4 show the
calculated hourly dependencies of the decameter model for
the URAN-1 and URAN-2 interferometers, in Fig. 3 —
model that we obtained at 25 MHz. Here the radio image is
presented in isophotes on a logarithmic scale. Systematic
errors do not exceed 15%.

Fig. 4 shows the spectral characteristics of 3C280. The
data obtained in this work is shown at frequencies of 20 and
25 MHz.

The full spectrum of the source was fitted by linear ap-
proximation of literature data (Vigotti et al., 1999; Roger et
al., 1986; Kuehr et al., 1981; Herbig et al., 1992) using the
least mean squares method from 10 to 5000 MHz. In the
region from 20 to 1000 MHz, it is linear and does not have
any curvatures caused by various known mechanisms
(Herbig et al., 1992).



Odessa Astronomical Publications, vol. 36 (2023)

153

S, Ya,

100
10 -

1.0 5

10 100 1000 F, MHz
Figure 4: The spectrum of 3C280 and the probable spectra
of its components: 1 — total spectrum of the source; 2, 3 —

western and eastern hot spots; 4, 5 — western and eastern
lobes

Since we do not have information about any curvature
of the spectra of extended components, we assume them
linear in this range. Its were approximated from data taken
from digital maps obtained at frequencies of 1.658 GHz on
MERLIN ("MERLIN/e-MERLIN is a National Facility op-
erated by the University of Manchester at Jodrell Bank Ob-
servatory on behalf of STFC, part of UK Research and In-
novation™) and 1.4 GHz on VLA (Xu et al., 1995), as well
as taking into account our data at 20 and 25 MHz.

As can be seen from the figure, the change in the image
from high to low frequencies is determined by the spectra
of the components. At decimeter and especially centimeter
waves, hot spots have the greatest brightness. Extended de-
tails, and lobes, are practically not observed. With increas-
ing the length of the wave the redistribution of fluxes oc-
curs: extended regions emit long waves more intensely,
while compact regions become noticeably weaker due to
the lower values of their spectral indices. Thus, the emis-
sion intensity of the eastern hot spot at decameter waves
turned out to be insufficient for stable detection by our in-
strument.

4. Conclusion

For the first time, the angular structure of the radio gal-
axy 3C280 was studied using the interferometric method in
the decameter wavelength range. Models of the brightness
distribution at frequencies of 20 and 25 MHz were ob-
tained, and the probable spectral characteristics of the radio
source were determined. It was found that:

1) The sizes of extended components did not change
with decreasing frequency. In place of the group of com-
pact bright regions, which at 1.4 GHz formed a slight elon-
gation of the western hot spot, only one remained, the
brightest, with a flux fraction of 30%. Its size is determined
by scattering on the interstellar medium;

2) About 70% of the total flux at low frequencies is
formed by extended components - lobes, while at high fre-
quencies 80% of the radiation is provided by hot spots. The
size and contribution of the compact component to the flux
of decameter radiation are consistent with the results of
studies of 3C280 previously conducted at 25 MHz by the
scintillation method on inhomogeneities of the interplane-
tary plasma;

3) The eastern hot spot flux lies below the sensitivity
threshold of our instrument and does not affect the interfer-
ometric response.
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ABSTRACT. The system of ten radio telescopes
VLBA (Very Large Baseline Array), with a maximum
baseline of about 8,600 km, of the National Radio
Astronomy Observatory of the USA (NRAO USA) carries
out systematic monitoring observations of about 500
active galactic nuclei (AGN), the results are presented in
the MOJAVE database. The resulting angular resolution
(~0.47 arcseconds at a frequency of 15.4 GHz) is enough
to separate the close surroundings of the AGN and its jet.
The results of corresponding observations make it possible
to compare the features of movement in the jet with the
processes of activity of the AGN, as well as to study its
spatial structure.

The MOJAVE database contains the spectral densities
of the radio fluxes of the AGN, radio images for each
epoch of observations at the frequency of 15.4 GHz, and
"Separation jet" diagrams (showing the angular separation
of the jet components over time). This information makes
it possible to study the movement of these components. In
this work, a general analysis of movement patterns of the
components of the 3C 273 jet was performed. In the
published papers of the MOJAVE team, a similar analysis
wasn’t presented for all jet’s features.

Keywords: Active galactic nucleus,
Relativistic jet, 3C 273, variations.

Separation jet,

AHHOTALIA. Cucrema 3 JecaTd pagioOTEIECKOIIIB
VLBA (Very Large Baseline Array), 3 MakCHMaIbHOO
noBXKHMHOIO 0a3u  Omm3pko 8,600 kM, HamioHnansHOT
Pamioactponomiunoi O6cepsaropii CIIIA (NRAO USA)
MPOBO/INTh CUCTEMATHUYHI MOHITOPHHIOBI CIIOCTEPEKEHHS
o6mm3spko  500-ta  akTMBHHX smep Tamaktuk (AL,
pe3yabTaTH SKUX MpeacrasicHi y 6asi mannx MOJAVE.
PesynpTyrouoi kyToBOi posminbHoi 3matHocti (~0.47
THUCAYHUX KyTOBOI CekyHmu Ha yactori y 15.4 ITn)
JIOCTAaTHBO JUIsl pO3JIeHHsT O01mu3bkoro oroueHHs ASI Ta
Horo mkera. Pe3ynbTaTu BIANOBITHHMX CIIOCTEPEXEHD
JIO3BOJISIIOTH  3ICTABISITH OCOOJMBOCTI PyXy Y JDKETi 3
npouecamMu aktuBHocTi ASI, a TakoxX BHBYAaTH HOTO

MPOCTOPOBY CTPYKTYDY.

Y 06a3i ganux MOJAVE mpezacraBneHi cneKkTpajibHi
urineHOCTI  pamionotokiB AL, pamio300paxkeHHs Ha
KOXKHY €IOXy crocTepexenb Ha uactoti 15.4 I'Tn Tta
miarpamu “Separation jet” (o AeMOHCTPYIOTh KyTOBE
BiIXMJICHHS KOMITOHEHT [keTa y 4aci). Lls inpopmamis i
JIO3BOJISIE BHBYATH PyX HUX KOMIIOHEHT. Y Hid poOoTi,
Oylo TpOBENEHO 3araJbHUN aHANi3 MaTepHIB pyXy
komnoHeHT mkera 3C 273. B omyOmikoBaHUX CTaTTAX
xomaamu MOJAVE, moniOHmii mpoBeneHOMY aHaNi3 HE
OyJI0 MPEenCTaBICHO IS YCiX 0COOIMBOCTEH JIXKETIB.

KuarouoBi ciaoBa: AKTHBHI sifjpa TaNaKTHK, PO3AUICHHUN
JDKET, pensaTuBicTchkuit mxet, 3C 273, 3MiHHICTS.

1. Introduction

The high level of radiation and kinetic energy of the
Active Galactic Nuclei (AGN) jets is provided by active
processes in the "accretion disk — core — jet" system.
According to the AGN standard model (Fig. 1), the source
of its huge energy release is the gravitational energy of an
accretion disk matter, which falls on the supermassive
black hole in the center. The accretion disk is formed from
surrounding matter (gas clouds, stars) that falls on the
central supermassive black hole. The core is the region
where matter is injected into the jet. Here active processes,
that lead to the appearance of jets, are realized.

A common phenomenon for AGNs are relativistic jets
— collimated jets of relativistic plasma that are ejected in
a direction (mostly) perpendicular to the plane of
accretion disk and are observed at distances up to tens or
hundreds of kiloparsecs from the core.

Behind the disk plane there is a dust torus, which
makes a significant contribution to the IR emission of
many AGNS.

The use of aperture synthesis systems and VLBI
observations in radio astronomy (including space radio
telescopes) has made it possible to study the structure of
jets and the processes occurring there. They include the
presence of compact plasma releases from the core, shock
waves, plasma flows, standing knots, etc. Currently, the
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structure of jets is also being studied using orbital space
telescopes in the optical, X-ray, infrared and gamma-ray
bands (Hubble and Webb Space Telescopes, Chandra X-
ray Space Telescope, etc.).

The mechanism by which the matter of the accretion disk
is accelerated to relativistic speeds, leading to the formation
of jets, remains a subject of debate (especially if we are
talking about a specific source), but the most likely
mechanisms are those associated with strong magnetic fields
in the vicinity of the black hole and its rotation. Particularly
notable are the Blandford-Znajek (Blandford & Znajek,
1997) and Blandford-Payne (Blandford & Payne) processes.

The BZ process can serve as a mechanism for the
rotational energy of a black hole extraction through its
magnetosphere, while the BP process can serve as a
mechanism for extracting the rotational energy of an
accretion disk through the MHD process. However, the
processes of jet formation under various conditions of
interaction between the accretion disk and the black hole are
studied in more detail using numerical calculations within
MHD approach, generalized to the case of general relativity
(for additional information, please refer to Yosuke, 2022).

Shock waves that appear as a result of ejections of matter
into the jet and manifestation of core activity, as well as
magnetic fields in the jet, accelerate relativistic particles
that produce synchrotron radiation (mainly in the radio
band) (Marcher, 2009). Overall, all these processes form
the observed radio image of the core-jet system (Fig. 2).

Active galactic nuclei and their jets aren't isolated
systems. The surrounding galactic and extragalactic
medium have a direct influence on AGN and jets. As the
results of numerical simulations show, galactic matter
feeds the central engine, and extragalactic medium (and
galactic too) can slow down the particles of the jet’s
matter, as a result significantly shortening it or even
preventing its formation (Tanner & Weaver, 2022).

Active galactic nuclei include objects such as radio
galaxies, Seyfert galaxies, quasars and blazars. The
difference between them, in general terms, is explained by
the orientational unification AGN model due to the
different angles of disk-jet system to the observer’s line of
sight. The blazar is observed when the angle of the radio

Figure 2: Parsec-scale radio image of 3C 273 obtained
from the MOJAVE VLBI observing program database

Figure 3: Very Long Baseline Antenna Array (VLBA)

loud jet is close to the line of sight. Otherwise, if there is
the loud radio jet, a quasar (one-sided jet) or a radio
galaxy (when relativistic jets are visible from both poles
of the disk) is observed. If there is a weak jet, Seyfert (I or
Il type) is observed (Urry & Padovani, 1995).

2. VLBI program for monitoring active galactic
nuclei jets (MOJAVE)

The monitoring of relativistic jets of AGNs (MOJAVE)
program has a database of ~500 radio sources (radio
galaxies, quasars, blazars, Seyfert galaxies) observed by
the VLBA radio interferometer of the National Radio
Astronomy Observatory (NRAO USA).

VLBA is a radio interferometric network of ten 25-
meter radio telescopes of the same design. Observations
are carried out at frequencies from 0.3 GHz — 96 GHz
with the largest base of 8.611 km, which allows achieving
angular resolutions up to 0.17 — 22 thousandths of an arc
second (https://public.nrao.edu/telescopes/viba/).
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Figure 4: Diagram of Separation jet of the 3C 273

Based on the interferometric picture that is taken as a
result of observations by the VLBA network, the image is
restored by fitting Gaussian surfaces into the brightest
ejected components. The accuracy of image reconstruction
is confirmed by cross-identification between epochs and
authors. The entire process of obtaining radio images is
described in detail in the papers (Lister et al., 2009; 2019;
2021).

The MOJAVE database contains both radio images of
active nuclei with their jets at a frequency of 15.4 GHz
and “Separation jet” diagrams (for most radio sources,
Fig. 4). They represent the angular separation of
individual components (marked in different colors) from
the core over time (https://www.cv.nrao.edu/MOJAVE/
allsources.html).

3. Research results of quasar 3C 273

The subject of research in this paper is the kinematics
of jet based on the “Separation jet” diagram of the quasar
3C 273 from the MOJAVE VLBI monitoring database.
The observational data obtained by the MOJAVE team
allow a detailed analysis of the variability of the spatial
structure of its jet. In Fig. 5, VLBI radio images of 3C 273
are shown with an interval of ~4 vyears between
“neighbouring” ones. They show the ejection of bright
components into the jet, their movement and escape from
visibility over time.

The “Separation jet” diagram of quasar 3C 273 in
Figure 4 is very representative, since it contains both
moving components and slow and stationary ones.

Quasar 3C 273 is located in the constellation Virgo at
z~0.1576 redshift and is one of the most actively
studied AGNSs, as well as one of the closest and brightest
quasars (Schmidt, 1963).

A team of authors (Ryabov et al., 2016) carried out
studies of this object to identify the main periods of radio
flux variability based on monitoring observations from the
Michigan Radio Astronomy Observatory using wavelet
analysis approach. Subsequently, in paper (Zabora et al.,
2022), using observational data on variations of the core
flux of this source according to MOJAVE data, changes in
the core and jet fluxes were separated. The article (Volvach

Figure 5: Evolution of 3C 273 radio images over time

et al., 2023) considers the possibility of the presence of a
binary black hole in 3C 273, and also calculated the
masses of black holes in the binary system based on
quasiperiods of variability of radio fluxes at different
frequencies. The results of these calculations are in good
agreement with calculations based on spectroscopic
observations (Paltani & Turler, 2005).

Many works have been dedicated to the study of the
kinematics and structure of the 3C 273 jet. For example,
in work (Okino et al., 2022) the kinematics of the jet and
the break of its collimation were researched, a similar was
studied in work (Akiyama et al., 2018). In paper
(Savolainen et al., 2006), was considered the velocity
gradient in the direction perpendicular to the jet axis, and
the non-ballistic motion of certain components was also
determined. The article (Qian et al., 2001) discusses
variations of the Lorentz factor of jet 3C 273 and also
proposes descriptive models.

Also, the kinematics of the components of AGN jets of
a large sample was descripted by participants in the
MOJAVE program in a series of articles (Lister et al.,
2009; 2019; 2021). In these works, a general statistical
analysis was carried out, the methodology for constructing
radio images, “Separation jet” diagrams, etc. was
described.

4. Results of research of the “core-jet” system
kinematics of 3C 273

For the 3C 273 quasar, from the “Separation jet”
diagram, an angular distance of components (from the
core) of its jet in time were obtained. A total of 31
components were studied over a 25-year observation
period from 1995 to 2020 (Fig. 4). For each of them the
speed of their radial motion in the jet was determined. The
results are presented in Table 1.

The table shows the observation time interval for each

of the components, their average speed V' in thousandths
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of arcsec per year; average speed for the jet in the same

areset _ e S amplitude velocities for a component V.,V .. and their
units (V) relative deviation of the average for the corresponding relative deviations from the average for the
V-V V.-V
component from the average for the jet <\7<> > same component %
Table 1: Main parameters of the components of jet 3C 273.
\7, \7 < _> Vmax ! Vmin !
Observation @ — % Vmax__\7 @ Vmin__\7
Ne interval, years year < > year \Y] year V
1| 1995.57 —2000.32 0.79 -0.02 3.60 3.54 -3.22 -5.05
2 | 1995.57 —2009.56 0.78 -0.03 8.57 9.94 -7.96 -11.15
3| 1995.57 — 2000.61 1.04 0.28 3.15 2.03 -0.48 -1.47
4| 1995.57 — 1996.93 1.31 0.62 2.63 1.01 0.23 -0.83
51 1995.57 — 2000.61 1.44 0.78 2.23 0.55 0.33 -0.77
6 | 1995.84 —1996.93 1.00 0.24 1.48 0.48 0.45 -0.55
7| 1996.37 —1996.93 0.66 -0.19 1.02 0.55 0.30 -0.55
8 | 1997.65—1999.73 0.54 -0.34 151 1.80 -0.14 -1.27
9| 1998.83 —2019.28 1.06 0.31 5.42 4.09 -2.65 -3.49
12 | 2001.99 —2019.28 0.93 0.15 6.46 5.92 -2.91 -4.11
13 | 2002.74 — 2004.92 0.60 -0.26 1.45 1.41 -0.68 -2.12
15 | 2004.44 —2007.29 0.90 0.11 3.02 2.35 -0.20 -1.22
16 | 2005.37 —2007.29 0.62 -0.23 2.05 2.30 -0.27 -1.44
17 | 2006.45 —2007.29 0.30 -0.63 0.79 1.67 -0.22 -1.76
18 | 2005.87 —2007.29 0.23 -0.71 0.88 2.74 -0.03 -1.14
19 | 2008.33 —2010.89 0.73 -0.10 4.00 4.50 -0.80 -2.10
21 | 2001.99 —2006.92 0.50 -0.38 1.43 1.87 -0.65 -2.31
22 | 2009.62 —2019.28 0.92 0.14 2.18 1.37 0.26 -0.71
24 | 2008.33 —2009.93 0.71 -0.12 2.60 2.64 0.27 -0.62
25 | 2008.33 —2009.92 0.51 -0.37 2.80 4.47 -0.63 -2.23
26 | 2001.2 -2019.29 0.99 0.22 12.57 11.73 -6.27 -7.35
27 | 1997.65 —2000.61 1.18 0.45 2.64 1.24 0.18 -0.85
29 | 2008.33 —2019.29 0.72 -0.11 7.61 9.50 -2.28 -4.14
30 | 2010.07 —2014.42 0.88 0.09 2.44 1.77 0.06 -0.93
31| 2010.82 —2015.35 0.81 0.00 1.73 1.13 -0.26 -1.32
32 | 2012.33 - 2013.95 0.16 - 0.60 - -0.63 -
35| 2012.32 —2019.28 0.00 - 0.86 - -2.52 -
36 | 2016.74 —2019.28 0.98 0.21 2.20 1.26 -0.20 -1.21
37 | 2013.96 —2019.28 0.93 0.15 2.82 2.03 0.27 -0.71
38 | 2015.9-2019.28 0.83 0.03 2.80 2.38 -1.11 -2.34
39| 2015.9-2017.39 0.58 -0.28 1.38 1.36 0.21 -0.64
V. -V
— —-=0.34 min_ =222
(V)=0.81 (V) v ‘
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At the end of table, the standard deviation S; of the
average velocity of components from the average for jet,
normalized to the average speed over the jet (V), is

placed. It is indicative in the context of dispersion of the
velocities of the components in the jet.
The average absolute deviations of amplitude velocities

v =V
%D of the components are also placed.
Despite the somewhat complex concept, they are
indicative in the context of spread of velocities for one
component on average over the jet.
Stationary and slow-moving components
(V <~0.2 mas/ year ) were not taken into account when

calculating the values at the end of the table.

The results show a predominance of moving
components. Stationary and slow-moving components in
the picture plane are presented: No. 32 and 35 according
to MOJAVE numbering.

The standard deviation of the average velocities shows
significant variation in velocities between components.
However, the speed of the component varies, as a rule, by
an order of magnitude greater than the average speed of
the components in the jet.

Figure 6 shows a histogram of the distribution of
average velocities of the moving components (except for
the 32nd and 35th) in comparison with the normal

distribution with parameters (V)=0.81 and s, =0.28.

The observed distribution is close to normal. This may
indicate that the process of ejection of components into
the jet is quasi-regular.

Fig. 7, 8 show diagrams of distributions of peak
(maximum/minimum) velocities of the components of jet
3C 273. They are showing significant asymmetry

(A= ~2.1, A ~-23).
The overwhelming majority of events associated with
the achievement of maximum speed by the jet components

i mas,
are in the range of up to 4 Aear .

(V) Distribution

mas

0 5 . IL__ T —

0.4 06 0.8 1.0 1.2 14 16 year

Figure 6: Distribution of average velocities of the moving
components of jet 3C 273

Vinax Distribution

mas

.,

‘max;

0 2 4 6 8 10 12 14 year

Figure 7: Distribution of maximum velocities of the
moving components of jet 3C 273

Vin Distribution

-4 -2 0

Figure 8: Distribution of minimum velocities of the
moving components of jet 3C 273

Higher velocities occur sporadically and will be the
subject of further research.

The values of the minimum component velocities may
reflect braking processes in jets. The overwhelming
number of such events correspond to speed intervals (-2 to
+2), which may reflect the presence of a quasi-regular
structure of the jet, which determines the deceleration of
the movement of the components.

5. Features of the motion kinematics of individual
components of jet 3C 273

Farther, to determine the average values of the angular
velocity of movement of some components, a single three
points linear smoothing was performed. This allows to
reduce the influence of random errors on its values.

The 2nd component (Fig. 9) over 15 years shows a
monotonic increase in angular velocity on average 0.79

mas with an acceleration of 0.02 masz .
year

year

A smoothed diagram of the dependence of angular
velocity on time shows the variable nature of its changes:
we can suspect its three-year cyclicity. From 1996 to

1999, the angular velocity was 0.68 mas , from 2000 to
year
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Figure 9: Smoothed “Separation jet” for the 2nd

component, comparison with linear and quadratic
approximation of the initial points
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Figure 10: Smoothed “Separation jet” for the 26th
component, comparison  with  piecewise linear
approximation

2003, the angular velocity was 0.73 M3 , from 2003 to
year

2006, 0.90 22 from 2006 to 2009, 1.09 "% n 1996,
year year
1999, 2003, 2006 and 2009 there are time intervals of the
order of a month, during which the angular velocity of the
component is nearly unchanged.
The 26th (Fig. 10) component in 2001-2010 moves with a

constant angular velocity of O.SYE, then the speed
year
increases o 1.56 12> , but in 2013 it decreases to 0.65 mas
year year

The 9th (Fig. 11) component during the observation
period shows a changing angular velocity: in 2001-2003 it

was 1.09 185 , then a significant slowdown follows. Speed
year

returns to 1.09 T2 jn 2003-2009, in 2009 the component
year
almost stops. From 2009 to the end of 2012, the angular

velocity is about 112 From the end of 2012 to 2019,
year

. mas
the angular velocity decreases on average to 0.90 —— .

year

— [r=1.0873x - 21737, R* = 0.9952]

5 ” — [r= 1.1189x - 22367, R* = 0.9806]
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Figure 11: Smoothed “Separation jet” for the 9th

component, comparison  with  piecewise linear
approximation
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Figure 12: Smoothed “Separation jet” for the 37th
component, comparison with linear and quadratic
approximation of the original points

The 37th (Fig. 12) component moves with an average

speed of 0.93 185 , but throughout the entire observation
year
interval the angular velocity decreases with an
acceleration of 0.06 ma52 .
year

6. Conclusion

The MOJAVE project has unigue data from long-term
monitoring observations of a sample of ~500 active
galactic nuclei, which make it possible to study the
variability and structures of them and their jets. In this
work, the kinematics of the jet components of the quasar
3C 273 was studied. A number of results were obtained:

1. Data were obtained on the angular distances from
the core of the 31 components of jet 3C 273 on the
observation epochs for the 1995 — 2020-time
interval (~25 years) for further calculation of their
velocities and the dynamics of their changes.

2. The “Separation jet” diagram demonstrates the
presence of both stationary/slow and fast
components, the number of which predominates.
Calculations show that the average velocities of the
jet components differ significantly from each
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other. However, not as much as the velocities of
the components themselves change.

3. The average component velocities have a
distribution that is close to normal, this can reflect
quasiregular nature of core activity.

4. The nature of minimum/maximum component
velocities changes don’t correspond to the normal
distribution and correspond to episodic processes
of manifestation of AGN activity and variations in
the spatial structure of the jet.

5. The individual features of changes in velocities of
the selected components of jet 3C 273 were
analyzed. They demonstrate episodes of
acceleration, braking and stationary states. Thus,
the components of the jet are also “test bodies” that
reflect the spatial structure of the magnetic fields
in the jet.

References

Akiyama K., Asada K., Fish V. et al.: 2018, Galaxies, 6,
15. https://doi.org/10.3390/galaxies6010015

Blandford R. D., Znajek R. L.: 1977, MNRAS, 179, 433.
https://doi.org/10.1093/mnras/179.3.433

Blandford, R.D., Payne, D.G.: 1982, MNRAS, 199, 883.
https://doi.org/10.1093/mnras/199.4.883

Hiroki O., Kazunori A., Keiichi A. et al.: 2022, ApJ, 940,
17. https://doi.org/10.3847/1538-4357/ac97e5

Lister M.L., Cohen M.H., Homan D.C. et al.: 2009, AJ, 138,
1874. https://doi.org/10.1088/0004-6256/138/6/1874

Lister, M. L., Homan, D. C., Hovatta, T. et al.: 2019, ApJ,
874, 19. https://doi.org/10.3847/1538-4357/ab08ee

Lister M.L., Homan D.C., Kellermann K.I. et al: 2021,
ApJ, 923, 19. https://doi.org/10.3847/1538-4357/ac230f

Marcher ~ A.P.: 2009, eprint (arXiv:0909.2576)
https://doi.org/10.48550/arXiv.0909.2576

Paltani, S., Tirler, M.: 2005, A&A, 435, 811. https://
doi.org/10.1051/0004-6361:20041206

Qian, S., Zhang Xi., Krichbaum T.P. et al.: 2001, Chin. J.
Astron.  Astrophys., 1, 236. do0i:10.1088/1009-
9271/1/3/236

Ryabov M.I., Sukharev A.L., Donskikh A.l.; 2016, Radio
physics and radio astronomy, 21, 161.

Savolainen, T., Wiik, K., Valtaoja, E. et al: 2006, A&A, 446,
71. https://doi.org/10.1051/0004-6361%3A20053753

Schmidt, M.: 1963, Nature, 197, 1040. https://doi.org/
10.1038/1971040a0

Tanner R., Weaver K.A.: AJ, 163, 17. https://doi.org/
10.3847/1538-3881/ac4d23

Urry, C. M., Padovani, P.: 1995, Publ. Astron. Soc. Pac.,
107, 803. https://doi.org/10.1086/133630

Volvach A., Volvach L., Larionov M.: 2023, Galaxies, 11,
96. https://doi.org/10.3390/galaxies11050096

Yosuke, M.: 2022, Universe, 8, 85. https://doi.org/
10.3390/universe8020085

Zabora et al.. 2022, AApTr, 33, 89. https://doi.org/
10.17184/eac.6470


https://doi.org/10.3390/galaxies6010015
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1093/mnras/199.4.883
https://doi.org/10.3847/1538-4357/ac97e5
https://doi.org/10.1088/0004-6256/138/6/1874
https://doi.org/10.3847/1538-4357/ab08ee
https://doi.org/10.3847/1538-4357/ac230f
https://doi.org/10.48550/arXiv.0909.2576
https://doi.org/10.1051/0004-6361:20041206
https://doi.org/10.1051/0004-6361:20041206
https://doi.org/10.1051/0004-6361%3A20053753
https://doi.org/10.1038/1971040a0
https://doi.org/10.1038/1971040a0
https://doi.org/10.3847/1538-3881/ac4d23
https://doi.org/10.3847/1538-3881/ac4d23
https://doi.org/10.1086/133630
https://doi.org/10.3390/galaxies11050096
https://doi.org/10.3390/universe8020085
https://doi.org/10.3390/universe8020085
https://doi.org/10.17184/eac.6470
https://doi.org/10.17184/eac.6470

Odessa Astronomical Publications, vol. 36 (2023)

161

SUN, SOLAR ACTIVITY, SOLAR-TERRESTRIAL RELATIONS AND ASTROBIOLOGY

https://doi.org/10.18524/1810-4215.2023.36.290196

THE RELATIONSHIP OF THE INTENSITY OF THE SCR PROTON
FLUX WITH THE PARAMETERS OF TYPE Il SOLAR RADIO BURSTS

E.A.lsaeva

Institute of Radio astronomy of NAS of Ukraine, <isaevaode@gmail.com>

ABSTRACT. 112 solar proton events (SPES) were pro-
cessed for the period from November 24, 2000 to Decem-
ber 20, 2014, which were accompanied by type Il radio
bursts. For the analysis, used original records of solar radio
emission from a solar radio spectrograph in the range of
25-180 MHz, as well as original records of the flux inten-
sity proton of solar cosmic rays (SCR) protons I, with en-
ergy Epin the range > 0.8-850 MeV according to data from
the GOES series of devices. In this case, superimposed pro-
ton events were always separated and identified with the
corresponding solar proton flares, and the maximum proton
flux intensity I, of superimposed proton events was deter-
mined from the level of the previous proton event.

Based on data from the solar radio spectrograph, regres-
sion models were obtained for 91 type Il bursts that estab-
lished the relationship between the frequency drift velocity
Vi; and the frequency of type Il bursts fi;, and for 73 type
Il bursts it was possible to obtain regression models which
established the relationship between the intensity of type II
bursts I;; and type Il burst frequency fi; in the range 25-180
MHz. Detailed studies have shown that the intensity of type
Il bursts 1;j, as well as the frequency drift velocity Vij,
strongly depends on the frequency of type Il burst f;; and
monotonically changes with time t; along the harmonics of
type 11 bursts.

As a result, the relationship between the maximum val-
ues of the SCR proton flux intensity I, and the calculated
values of the frequency drift velocity V;ijand intensity of
type 1l bursts I;; was investigated. A comparative analysis
showed that the relationship between the intensity of the
SCR proton flux I, and the intensity of type 1l bursts I;; is
much stronger than with the frequency drift velocity Vij,
where the correlation coefficient r is 0.82 and 0.71, respec-
tively, for protons with energies E, > 30 MeV. The rela-
tionship between the proton flux intensity I, and the fre-
quency drift velocity V;i; and the intensity of type Il bursts
lij was also studied as a function of the proton energy E,
and the frequency fi; of type Il radio bursts. It was shown
that the strongest relationship between the intensity of the
SCR proton flux I, with the frequency drift velocity V;and
with the intensity of type Il bursts lij is observed with
subrelativistic SCR protons with energies E; in the range >
30-100 MeV and for type 1l radio bursts at a frequency fi;
in the range 40-160 MHz.

Keywords: Proton events, proton flux intensity, frequency
drift velocity, type Il burst intensity.

AHOTAIIA. OnpamsoBano 112 cOHIYHMX TPOTOHHUX
moxi#t (CIIIT) 3a mepiox 3 24.11.2000 mo 20.12.2014 poxw,
SIKi CympoBOmKyBammcs pagioctuieckamu 11 tumy. s
aHaJi3y BUKOPHCTOBYBAJIHCS OPUTiHATIBHI 3aITHCH PaTiOBU-
npoMiHioBaHHS COHIIA 3 COHSYHOTO pagiocnekTporpada B
miamazoni 25-180 MI'w, a TakoX OpWTiHANBHI 3aIlUCH iH-
TEHCHUBHOCTI MOTOKY NPOTOHIB COHAYHUX KOCMIYHHUX IIPO-
meniB (CKII) |, 3 eneprieto E, B gianazoni > 0.8-850 MeB
3a nanumu 3 anaparis cepii GOES. Ilpu upomy HaknaneHi
MIPOTOHHI NOJIT 3aBXIH MOAUISINCS Ta OTOTOXKHIOBAINCS 3
BIJIMOBITHUMHU COHSYHMMH TNPOTOHHUMH ClajiaxaMu, a
MaKCHMallbHa IHTEHCUBHICTh IIOTOKY NPOTOHIB |, HakIane-
HUX TPOTOHHUX TIOAIA BH3HAYajacs BiJ pIBHA IIOIIe-
penHBOI MPOTOHHOI MOII.

3a maHWMH i3 COHSYHOTO pamiocniektporpada mt 91
croiecky 11 turry Oy oTpuMaHi perpeciiiHi MO, 10 BCTa-
HOBJTIOIOTH 3B'SI30K MK IIBUIIKICTIO YacTOTHOTO Apeiidy Vij i
yactoToro crutecky I tumy fij, a Takox mst 73 cruteckis 11
THITY BJIQJIOCSI OTPHUMATH PErpeciiiHi MO, 110 BCTAHOBIIIO-
I0Tb 3B'SI30K MK iHTeHCUBHICTIO cruteckiB Il Tumy liji yacto-
toro cruteckiB Il tumy fijy miamasoni 25-180 MI't. Jetanbhi
JIOCITIIPKEHHSI TTOKa3aJly, 110 IHTEHCUBHICTD cruteckiB 11 Tumy
lij SIK 1 HIBUJKICTH YacTOTHOTO Jperdy Vij CUIIBHO 3aJIeKUTh
Big yactotu criecky I Tumy fij i MOHOTOHHO 3MIHIOETHCS 3
yacoM 1 B3710Bx rapMoHik cruteckis 11 Trmy.

B pesynbrati Oyno HOCHIKEHO 3B'S30K MAKCHMAJIbHHX
3HauYeHb iHTeHCHBHOCTI TIOTOKY mpoToHiB CKII I 3 po3paxyH-
KOBHUMH 3HA4YEHHSIMH IIBHIKOCTI YacToTHOTO Apeiidy Vij ta
inrercuBHOCTI  cruieckiB || Tumy lij. TopiBHsIbHMI aHAN3
TOKa3aB, IO 3B'S30K IHTEHCUBHOCTI TOTOKY npoToHiB CKIT I,
3 IHTEHCHUBHICTIO cIuTeckiB | Tuiy lij 3HAYHO CUIIBHIMINMN, HIXK
31 MIBHJIKICTIO 4aCTOTHOTO Jpeidy Vij e koediuieHT Kope-
ssiii r gopiHroe 0.82 1 0.71, BiANOBIAHO Uit POTOHIB 3
eneprieto Ep > 30 MeB. Takox Oyi10 10CiikeHo 3B'I30K 1H-
TEHCHUBHOCTI MOTOKY HPOTOHIB |p 31 NIBUIKICTIO YaCTOTHOTO
npeiidy Vij Ta iHTeHCHBHICTIO cruteckiB || Tamy |ij 3amexHO
Bijl eHeprii npoToHiB E, Ta Bix yactoru fij pamiocmeckis Il
THITy. ByIo nokasaHo, 1110 HaifOLIbII CHIIBHUM 3B'S30K 1HTEH-
cuBHOCTI NOTOKY npoToHiB CKII Iy 31 mBHIKICTIO 4aCTOTHOTO
npeiidy Vij 1 inrencusHicTio cruteckiB Il Tumy lij cmo-
crepiraerbesi 3 cyOpemstuBicTcbkumu npotoHamu CKII 3
eHeprieto Ep B gianazoni > 30-100 MeV i aust pagiociuieckis
Il Tumy wa gacrori fijB miamazoni 40 -160 MI ',

Karouosi ciioBa: npoToHHI 1oJiil, IHTEHCHBHICTH TIOTOKY

MIPOTOHIB, MIBHJKICTh YacTOTHOTO Apeiidy, IHTEHCHBHICTD
crutecky I Tumy.
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1. Introduction

It is currently believed that solar cosmic rays (SCRs) can
be accelerated either in the region of flare energy release or
at shock wave fronts, which can be generated by both flares
and coronal mass ejections (CMEs) (Reames, 1999). The
results obtained to date do not allow us to draw an unam-
biguous conclusion about which acceleration process is
dominant.

The presence of a strong connection between the flux of
SCR protons and the parameters of microwave radio bursts
(Akinyan et al., 1977, 1978; Chertok, 1982; Chertok et al.,
1987; Melnikov, Epifanov, 1979; Melnikov et al., 1986,
1991; Isaeva, 2010, 2018, 2020) definitely indicates the ac-
celeration of SCR protons in the flare region. However,
there are many indications that shock waves also play an
important role in the acceleration of solar cosmic rays (Go-
palswamy et al., 2002; Cliver et al., 2004).

Previously, in works (Tsap & Isaeva, 2011, 2012, 2013),
some questions regarding the connection between the flux
of SCR protons and the parameters of type Il radio bursts
were considered. In the course of studies of the relationship
between the frequency drift velocity of meter-decameter
type 11 bursts and the intensity of the proton flux 1, of SCRs
of different energies, two types of events were discovered,
which, according to Tsap (Isaeva and Tsap, 2011), suggests
the generation of shock waves both in the region of flare
energy release and and a moving coronal mass ejection
(CME). The works (Isaeva & Tsap, 2011; Tsap and Isaeva,
2012, 2013) present the results of a study of the efficiency
of SCR acceleration by coronal and interplanetary shock
waves, and also provide arguments in favor of a model of a
two-stage proton acceleration process (Wild et al., 1963;
Tsap & Isaeva, 2012). A comparative analysis showed that
the acceleration of protons by coronal shocks is more effec-
tive than by interplanetary shocks, and that the main accel-
eration of protons occurs in the flare region and additionally
at the shock wave fronts (Tsap & Isaeva, 2012).

A study of the fine spectral structure of meter-decameter
radio bursts of type Il showed that there is a fairly strong
connection between the intensity of the proton flux and the
relative distance bi = (fio-fi1)/fi1 between the 1-st and 2-nd
harmonics of type Il bursts at a given time ti , where the
correlation coefficient r between the studied values is =
0.70, while the relationship between the frequency drift ve-
locity Vi and the proton flux intensity I, turned out to be
weak, where the correlation coefficient r between I, and V;
does not exceed =~ 0.40 (Tsap & Isaeva, 2013) .

However, further studies of the fine spectral structure of
meter-decameter radio bursts of type Il in the range 25-180
MHz showed that if instead of the frequency drift velocity
Vi we use the parameter V; = (fo-f1)/(ti-to), which to some
extent characterizes the speed of displacement of the shock
wave front over time t;, where f, and f, are the frequencies
at the 1-st and 2-nd harmonics at a given time t;, and to is
the start time of a type Il burst at the 1-st harmonic at a
frequency of 180 MHz, then there is a fairly strong con-
nection between the proton flux intensity 1, and parameter
Vi, where the correlation coefficient r between the studied
parameters is ~ 0.79 (Isaeva, 2018), which is quite compa-
rable with what is obtained from the parameters of micro-
wave bursts (Melnikov et al., 1991; Isaeva, 2018). It should

also be noted that a strong relationship between the proton
flux intensity I, and parameter V), is observed in a narrow
frequency range of 25-60 MHz. Moreover, as a result of
detailed studies of the fine structure of type Il radio bursts,
a number of features were discovered. It has been shown
that the relative distance b; between harmonics of type Il
radio bursts varies monotonically over time (Isaeva, 2019;
Tsap, Isaeva, Kopylova, 2020). All 112 type Il radio bursts
are characterized by a monotonic decrease in the relative
distance b; between harmonics to a minimum value bmin1
with a subsequent increase (Isaeva, 2019, 2020; ). A strong
relationship was also found between the intensity of the
proton flux I, and the frequency fmin1 at the 1-st harmonic
at the time of the minimum relative distance between the
harmonics of a type I burst (Isaeva, 2018, 2019, 2020). Re-
cent studies have also been related to the study of the fine
structure of type Il radio bursts in the range 25-180 MHz.
As a result of these studies, a strong relationship was dis-
covered between the proton flux intensity I, and the fre-
quency drift velocity Vi2 and the intensity of type Il bursts
li2 at the 2-nd harmonic of type Il radio bursts.

2. Initial data

For the analysis, we used original recordings of the dy-
namic spectra of solar radio emission in the range of 25-180
MHz according to data from the Solar Radio Spectrograph
(SRS) (http://www.ngdc.noaa.gov/stp/space-weather /solar-
data/solar-features/solar-radio/rstn-spectral/), as well as orig-
inal records of the proton flux intensity I, of solar cosmic
rays (SCR) with energy E, in the range > 0.8-850 MeV ac-
cording to data from the GOES series of devices (https://sat-
dat.ngdc.noaa.gov/sem/goes/data/new_avg/).

3. Processing solar proton events

We processed 112 proton events associated with type Il
radio bursts for the period from November 24, 2000 to De-
cember 20, 2014. For the analysis, the maximum values of
the proton flux intensity I, with energy E, > 0.8-850 MeV
were used. Superimposed proton events were separated and
identified with corresponding solar flares according to pro-
tonity criteria. Then, in each channel, the maximum inten-
sity of the proton flux I, from the pre-flare level was deter-
mined. For superimposed proton events, the proton flux in-
tensity I, was determined from the level of the previous
proton event. Fig. 1 shows an example of the processing of
overlaid proton events in April 2001.
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Figure 1: Example of processing superimposed proton
events in April 2001
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4. Processing of type Il solar radio bursts in the range
of 25-180 MHz

4.1. Determination of the frequency drift velocity Vi; of
type Il radio bursts

Harmonics of type 11 bursts were approximated using lin-
ear regression model (1)

Igfi; = k1; - \Jt; +k2; 1)

where fi; is the frequency at time t;, k1; and k2; are linear
regression coefficients, i=1...n — sample number, j=1,2 —

harmonic number. Start timing for all events corresponded
to the beginning of the first harmonic at 180 MHz. This
model (1) gives a fairly good approximation for all 112 type
Il radio bursts (Isaeva, Tsap; 2017), which made it possible
to study the dynamics of the parameters of type Il radio
bursts over time ti. Therefore, having previously deter-
mined the coefficients k1 and k2; in the regression model
(1), and then differentiated expression (1) by time t;, it is
possible to determine the instantaneous values of the fre-
quency drift velocity Vi; (2) of type Il bursts in any time t;
in the range 25-180 MHz (Tsap, Isaeva, Kopylova; 2023).

v _1n10k1jfi,j_(k1jln10)2 fi,j
L 2 2 Inf;j—k2;1In10

()

4.2. Determination of the intensity of type Il radio bursts
lij in the range 25-180 MHz

Based on the original data from SRS, a dynamic spec-
trum was built on the computer screen, where all processing
took place. Using two different linear regressions, which
differed only in the values of the linear regression coeffi-
cients of type (1), the width of the 2-nd harmonic was lim-
ited, as shown in Fig. 2. When the harmonics of type Il ra-
dio bursts were visible on the background of powerful con-
tinuum radiation of type 1V, then the procedure was type
1V burst filtering.

31-05-2003 LEAR Solar Radio Spectrograph
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Figure 2: An example of identifying the width of the
2-nd harmonic of type Il radio bursts
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Figure 3: The observed intensity li, of a type Il burst at
the 2-nd harmonic is shown in red, and the calculated
intensity in black.

Then, on the time interval At; at a given frequency fi, at the
2-nd harmonic, the maximum intensity values of the type Il
burst ;> were determined. In Fig. 3 shows in red the ob-
served values of the maximum intensity l;» at a given fre-
quency fi, with filtering of type IV continuum radiation,
and in black the calculated values of the intensity I, of a
type 1l radio burst. As a result of this procedure, only 73
dynamic spectra out of 112 were processed, since against
the background of a powerful continuum type IV burst it
was not always possible to distinguish the width harmonic
of a type Il burst.

4.3. Relationship between frequency fi;j and intensity of
type Il radio bursts I;; in the range 25-180 MHz

In order to understand how the intensity of type Il bursts
lijis related to the frequency fij, a procedure was performed
to average the intensity maxima of type Il bursts Ijat a
given frequency fi; for 73 bursts. The results of this proce-
dure are shown in Fig. 4 a) and b) at the 1-st and 2-nd har-
monics, respectively. In Fig. 4 a) and b) it is clear that when
the harmonics of type Il bursts go beyond the powerful con-
tinuum burst of type IV in the frequency range 25-50 MHz,
then a clear relationship is visible between Iijand f;;. In this
regard, filtering of the continuum radiation of type IV
bursts was performed.

Solar Radio Spectrograph a).

40 1 1 )
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T T

1 1 Ll
100 120 140 160 18

=120 b)

40 Ll 1 1 1 1 L] 1 1
20 40 60 80 100 120 140 160 18
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Figure 4: Averaged intensity values of type Il bursts I;;
at a given frequency fi;jfor 73 type Il bursts at the 1-st (a)
and 2-nd (b) harmonics, respectively
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In Fig. 5 a) and b) shows the dependence of the average
intensity values of type Il bursts I;; after filtering the con-
tinuum radiation of type 1V bursts on the frequency of type
Il bursts fi;.

In Fig. 5 a) and b) it is clear that the intensity of type Il
bursts 1;; strongly depends on the frequency of type Il radio
burst f;;, where the dependence of the intensity I;;jon the fre-
quency fi;can be quite accurately approximated by equation
(3), where k1; and k2; — linear regression coefficients (3).

4.4. Elimination of a gain jump when prcessing dynamic
spectra, as well as filtering type IV continuum radiation

Fig. 6 a) shows an example of a sharp change in gain at
the boundary of two frequency bands 25-75 and 75-180
MHz for the proton event of 04.18.2001, accompanied by a
powerful type IV burst, as well as a type Il burst according
to data from LEAR (SRS), and Fig. 6 b) shows the proce-
dure for bringing the gain in both bands to the same gain
value, as well as filtering outliers, type IV continuum emis-
sion and zero values in the spectrum for the 2-nd harmonic
of a type Il burst.

5. Relationship between the intensity of the SCR pro-
ton flux Ip and the drift velocity Vizand the intensity of
type Il bursts li2 at the 2-nd harmonic in the range 25-
180 MHz

A comparative analysis has shown that there is a fairly
strong connection between the intensity of the SCR proton
flux 1, and the frequency drift velocity V.. In Fig. 7 a)
shows a scatter diagram between the frequency drift veloc-
ity Vi at a frequency fi» = 70 MHz and the proton flux in-
tensity I, with energy E, > 30 MeV for 91 proton events,
where the correlation coefficient r between the studied pa-
rameters is = 0.71. The black line in Fig. 7 a) shows the
calculated values of the proton flux intensity I, , calculated

Frequency f, MHz

Figure 6: a) An example of a sharp gain reduction in the
25-75 MHz band is shown; b) An example of bringing
the gain to one value is shown, as well as the result of
filtering outliers and zero intensity values l; at the 2-nd
harmonic.
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Figure 7: Dependence of the flux intensity of SCR pro-
tons I with energy Ep > 30 MeV on the frequency drift
velocity Vi, (2) and the intensity of type Il bursts I;» (b).
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using the regression model (4), which establishes a connec-
tion between the frequency drift velocity Vi, and the ob-
served values of the proton flux intensity I, with energy E;
> 30 MeV.

Igl, ~1glyc =3.4-1gVi; + 3.7 )

As aresult of detailed studies of the relationship between
the SCR proton flux and various parameters of type Il radio
bursts, a strong relationship was discovered between the in-
tensity of the proton flux I, and the intensity of type Il
bursts li2. Moreover, the connection between I, and I is
much stronger than with the frequency drift velocity Vi». In
Fig. 7 b) shows a scatter diagram between the intensity of
the proton flux with E, >30 MeV and the intensity of type
Il bursts Ii» at a frequency fi, = 90 MHz for 55 proton
events, where the correlation coefficient r between I, and
li2 is approximately 0.82. The black line in Fig. 7 b) shows
the calculated values of the proton flux intensity Iy, calcu-
lated using the regression model (5), establishing a relation-
ship between the intensity of type Il bursts ;2 and the ob-
served values of the proton flux intensity I, with energy E,
> 30 MeV.

lgl, ~lgl,. = 0.031- I, — 1.196 (5)

It should be noted that when studying the connection be-
tween I, and li», the heliolongitudinal attenuation of the
proton flux was not taken into account, since taking into
account the heliolongitudinal attenuation coefficient leads
to a decrease in the correlation between 1, and li2, while
taking into account the heliolongitudinal attenuation be-
tween I, and Vi leads to an increase in the correlation. It
was not possible to establish the reason for the decrease in
the correlation between the proton flux I, and the intensity
of type Il burst I;» taking into account the heliolongitudinal
attenuation coefficient of the proton flux.

The relationship between the intensity of the SCR proton
flux 1, and the frequency drift velocity Vi, and the intensity
of type Il bursts I;> was also studied depending on the pro-
ton energy E, in the range >1-850 MeV and on the fre-
quency of type Il radio bursts f; 2 in the range 25- 180 MHz.
A comparative analysis showed that the relationship be-
tween the SCR proton flux I, and the frequency drift veloc-
ity Vi and the intensity of type Il bursts l;, largely depends
on the proton energy E, (Fig. 8 a). In Fig. 8 a) red color
indicates the dependence of the correlation coefficients r
between 1, and Vi2, and blue color between I, and l;z. In
Fig. 8 a) it is clear that the strongest connection between I,
and Vizand ;2 is observed for subrelativistic protons with
E, >30-100 MeV and sharply decreases for protons with
energy E, >850 MeV.

If we consider the relationship between the intensity of
the proton flux I, with Vi2and I, from the frequency of the
type Il radio burst fi > in the range 25-180 MHz, then as can
be seen in Fig. 8 b) the connection I, with Vi, and i, re-
mains almost constant. The sharp drop at low frequencies
fi»< 30 MHz is due to the fact that at the edges of the spec-
trum it is not possible to accurately determine the behavior
of the regression model (6), which was obtained from data
in the range 25-180 MHz. In order to obtain a more accurate
model (6), data is needed at frequencies <25 MHz and >180

MHz. Thin lines in Fig. 8 a) and b) show the dependences
of the correlation coefficients I, with Vi, and I;> on the en-
ergy Ep and on the frequency fi» without taking into account
the heliolongitudinal attenuation of the SCR proton flux.

6. Conclusion

The results obtained related to the study of the relation-
ship between the intensity of the flux of SCR protons and
the frequency drift velocity and intensity of type Il bursts
definitely indicate the important role of coronal shock
waves in the acceleration of subrelativistic SCR protons.
However, a sharp decrease in the relationship between the
intensity of the flux of SCR protons I, with energy E, > 850
MeV with the frequency drift velocity Vi, and the intensity
of type Il bursts I; indicates that high-energy SCR protons
with energy E, > 850 MeV are probably accelerated in the
flare region in current layers.
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Figure 8: a) Relationship between the intensity of the pro-
ton flux 1, and the frequency drift velocity Vi (red) and
the intensity of type Il bursts I;2 (blue) from the proton
energy Ep; b) Relationship between the proton flux inten-
sity Ip and the frequency drift velocity Vi (red) and with
the intensity of type Il bursts I, (blue) from the type 1l
radio burst frequency fi, . Thin lines show the values of
the correlation coefficients without taking into account the
heliolongitudinal weakening of the SCR proton flux.
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ABSTRACT. We studied the anomalous magnetic AHOTALJISA. Mwu jgocnmignmu aHOMalbHI MAarHiTHI

regions observed near the minima of solar cycles 24 and 25.
The peculiarity of these areas was the deviation of their
configuration from Hale's law of magnetic polarity and
Joy's law about the inclination of the axes of bipolar groups
to the latitudinal direction. Therefore, they belong to the
class of so-called anti-Hale active regions. We paid special
attention to the flare activity of anti-Hale regions, as this is
important for forecasting space weather and magnetic
storms in the Earth's atmosphere.

The detected anomalies of the surface magnetism of the
active regions studied by us may indicate the influence of
the mechanisms of the deep small-scale dynamo on their
evolution. In this regard we analyzed the possible
mechanisms of the formation of anti-Hale magnetic regions.
In particular, such mechanisms can be the mechanisms of a
small-scale magnetic dynamo. In connection with this an
urgent problem today is the search for observed evidence
of the existence of the theoretically proposed by Brandenburg A.
et al. (2012) of a new physical entity —a small-scale magnetic
field hidden in the solar depths, excited by two qualitatively
different mechanisms of a small-scale dynamo (SSD).
The first mechanism is the SSD of macroscopic MHD
(SSD1), while the second is the diffusion SSD of classical
MHD (SSD2). However, the small contributions of these
sources are very difficult to distinguish observationally. To
solve this complication, Sokoloff, Khlystova and Abramenko
(2015) proposed a test for separating the contributions of
two sources based on a statistical probabilistic model.
Such an important feature of the differences between of the
two SSD is the behavior of the percentage of anti-Hail
groups of sunspots (in relation to the total number of
spots) in the minima of solar cycles. According to statistical
studies of long series of observations Sokoloff, Khlystova
and Abramenko (2015) found that the percentage of anti-
Haile groups of spots increases during minima of the solar
cycles, suggesting in favor of SSD2.

We believe that the detected magnetic anomalies of
the studied regions may be caused by the influence of a
SSD2 in the depths of the convective zone of the Sun, since
this source gives the most noticeable contribution to the
surface magnetism near cycle minima.

Keywords: solar convective zone, magnetic fields, turbulent
dynamo, magnetic activity of the Sun, sunspots, solar flares.

obmacti, IO cHoOcTepiraimcs TMOOIM3y MiHIMYMiB
COHSYHMX IMKIB 24 1 25. OcoOnmBicTh LUX oOyacTeit
mojsrana y BIOXWICHHI 1X KOHQirypamii Bim 3akoHY
MAarHiTHOI MOJIsIpHOCTI Xeiina 1 3akoHy J>kos mpo HaxuI
oceil GIMONAPHHUX TPYI 10 IIHPOTHOTO HANPSAMKY. ToMy
BOHHM HaJIeXKaTh JI0 KJacy T. 3B. aHTUXCHIIIBCHKUX aKTUBHUX
obnacteil. Mu 3BepHYNM OCOONMBY yBary Ha CHaJIaxOBY
aKTHBHICTb aAHTHUXEHIIBCBKMX 00JIacTed, OCKUIBKH II€
BaXJUBO ISl NPOTHO3YBAaHHS KOCMIYHOi IOTOAM Ta
MarHiTHHX Oyp B atmMocepi 3emii.

BusiBnieHi aHoMautii MOBEPXHEBOTO MarHeTH3MY JOCHiA-
JKEHHX HAMH aKTUBHUX 00JIacTeil MOKYTh CBITYHMTH PO BIUINB
Ha IXHIO CBOJIOLII0 MeEXaHi3MiB TIJIMOMHHOTO  Majo-
MacIITabHOTO JWHaMO. B 3B'I3Ky MM MM NpoaHATi3yBaJId
MO>KJIMBI MEXaHI3MH YTBOPEHHS aHTHXEHITIBCHKUX MarHiTHUX
obmacteil. 30KkpeMa, TaKMMH MeXaHi3MaMH MOXYTh OyTh
MEXaHi3MH MaJIoMacIITaOHOTO MarHiTHOTO TUHAMO. B 3B's3Ky
3 MM aKTyaJbHOK IPOOJIEMOI CBOTOJCHHS € TIOLIYK
CIIOCTEPEKEHUX JOKa3iB ICHYBaHHS TEOPETUYHO 3aIpo-
nonoBaHoi B poboti Brandenburg A. etal. (2012) HoBoi
(hi3MYHOT CYTHOCTI — NPHXOBAHOTO B COHSYHMX TIIMOWMHAX

MaJIoMacIITabHOrO MarHiTHOTO TI0JIs, 110 30y/KyeThesi ABOMa
SIKICHO PI3HUMH MEXaHi3MH MaloMacITabHOro  IWHAMO
(MMJ). ITepumii mexanizm — e MM]] makpockormiuroi MI'J]
(MMA1), a gpyruit — nudysiiee MMJL kmacuanoi MIJ]
(MM/I2). Onnak Mi3epHi BHECKH IMX JDKEPEN IYXE BAKKO
PO3PI3HUTH 32 JOTIOMOTOIO criocTepeskeHs. 1100 BupinmTH 1110
npobnemy Sokoloff, Khlystova and Abramenko (2015)
3aMpOIIOHYBAIIH TECT [T PO3/IUICHHS BHECKIB IBOX JDKEPEN Ha
OCHOBI CTaTHCTHYHOI IMOBIPHICHOT Mojienti. Takor BaXK/IMBOFO
0COONHMBICTIO BigMiHHOCTEH M nBomMa MMJI € moBemiHKa
BIJICOTOK aQHTUTXEHJIIBCBKMX TpPYIl COHSYHUX IUBIM (TIO
BIIHOIIICHHIO 0 3arajbHOI KUTBKOCTI IDDIM) Yy MiHIMymax
COHAYHMX LIMKIIB. BIiAMOBIAHO 10 CTATUCTUYHUX IOCIIIHKEHD
TpuBasioi cepii crnocrepexxep Sokoloff, Khlystova and
Abramenko (2015) BusiBrIM, IO BiACOTOK aHTUXEMTIBCHKHUX
TPYI UM 3pOCTAE Ml 4ac MIHIMYMIB COHSIMHHMX LUKIIIB, 1110
CBITUMTH Ha Kopucth MM/I2.

Mu BBa)ka€eMo, IO BHSABJIEHI Mar"HiTHi aHomamii
JOCIIKEHNX 00JacTeil MOXKyTh OyTH BUKIMKAHI BIUIMBOM
MM/I2 B rimuOuHaX KOHBEKTUBHOT 30HU COHIIS, OCKUIBKH
1Ie JDKEPEIo Aa€ HaiOUTBII MOMITHIH BHECOK y TIOBEPXHEBHI
MarHeTu3M MoOJIM3y MiHIMYMIB IUKIIB.

Kuaw4oBi cjioBa: coHsYyHAa KOHBEKTHBHA 30HA, MAarHiTHI
moJisi, TypOyJIeHTHEe TUHAMO, MarHiTHA aKTHBHICTH COHIIS,
COHSIYHI TUTSIMHU, COHSIYHI CTIaJIaxu.
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1. Evolution and flare activity of the anti-Hale
active regions

We selected to analysis several anomalous magnetic
regions observed near minimum of 24 and 25 cycles of the
solar activity. Anti-Hale sunspots regions NOAA 10792,
10715, 10875, 10930, 12673, 13088 are the clear examples
of violation of Hale's and Joy's laws. We used the magnetograms
obtained by the Helioseismic and Magnetic Imager (SDO)
(Scherrer et al., 2012) and the Michelson Doppler Imager
(SOHO) (Sherrer et al., 1995).

Active region (AR) NOAA 10792, first seen on 30 July
2005, in latitude N12, was typical anomalous magnetic
region. The magnetic field of this region was not regular.
The magnetic poles were rotated 180 degrees compared
other ARs in northern hemisphere (Fig. 1). Therefore, this
region belongs to the class of anti-Hale magnetic configurations.
The oppositely oriented regions occur side by side in the
same latitude zone. Therefore, they cannot be part of the
same magnetic flux system. The region evolved rapidly,
and its most complex magnetic configuration was Byo.
13 flares of C class and five M class flares occurred in it.
One X1.3 class flare was the most powerful. This flare
produced a coronal mass ejection (CME).

AR NOAA 10715 (29.12.2004 — 10.01.2005). Active
region appeared in latitude NO4. The orientation of this
anomalous magnetic region differs by 90 degrees from the
orientation prescribed by Hale's law (Fig. 2). This fact
indicates that fluctuations exist over whole range of
orientation angles. The region produced four M class
flares, 19 Cclass flares. The most powerful event was
X1.7 class flare.

AR NOAA 10875 (23.04.2006 — 6.05.2006). The region
was large and had a complex magnetic field (Fig. 3). Two
M class and 15 C class flares occurred in this region. One
M8 class flare caused a shortwave radio blackout.

AR NOAA 10930 (5.12.2006 — 18.12.2006). This
magnetic region (Fig. 4) produced very high flare activity.
There were 31 C class, four M class and three X class flares
in this region. One X9.0 class flare was the most
powerful. This flare caused a geomagnetic storm.

AR NOAA 12673 (29.08.2017 — 10.09.2017). The region
appeared on the solar disk on 29 August 2017 in latitude
S08 as unipolar spot and developed rapidly. Orientation
of the magnetic region was different by 90 degrees from
the orientation prescribed by Hale's law (Fig.5). The
number of the sunspot increased. Its magnetic configuration
became more complicated from a up to Bys. There were 39
C class, 17 M class, and four 4 X class flares in this region.
The number of more powerful flares increased over time. One
X9.3 class flare was the most powerful. X-ray and UV
radiation from this flare caused a strong shortwave radio
blackout over Europe, Africa and the Atlantic Ocean. This
magnetic region also produced several CMEs and strong
geomagnetic storms.

AR NOAA 13088 (24.08.2022 — 30.08.2022). The
region appeared on 24 August 2022 in the western part of
the solar hemisphere and developed rapidly (Fig. 6). The
number and the area of the spots increased. The configuration
of its magnetic field has become more complex up to By
class. This region produced 120 C class and 25 M class
flares, several CMEs during two transitions through the

solar disk. One M8.6 class flare was the most powerful, and
one Mi4class flare caused a shock wave through the
atmosphere of the Sun and a CME. The magnetic region
produced several CMEs and geomagnetic storms.

MDI Magnetogram 3—fug—2005 21:28:00

1000 SolarMonitor.org

1000 -500 o
X (orczoce)

Figure 1: Magnetogram of the Sun on 3 August 2005
(SOHO/MDI). In the center of the figure/disk is the anti-
Hale magnetic region NOAA 10792. White and black
colors indicate areas of positive and negative polarity of the
magnetic field, respectively.
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Figure 2: Magnetogram of the active region NOAA 10715
on 2 January 2005 (SOHO/MDI).
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Figure 3: Magnetogram of the active region NOAA 10875
on 30 April 2006 (SOHO/MDI).
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Figure 4: Magnetogram of the active region NOAA 10930
on 8 December 2006 SOHO/MDI).
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Figure 5: Magnetogram of the active region NOAA 12673
on 6 September 2017 (SDO/HMI).
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Figure 6: Magnetogram of the active region NOAA 13088
on 26 August 2022 (SDO/HMI).

2. Dynamo mechanisms of small-scale magnetic
fields

Next, we will briefly discuss the possible mechanisms
contributing to the appearance of anti-Hale active regions
[Krivodubskij and Kondrashova, 2023]. In work Sokoloff,
Khlystova and Abramenko (2015) based on the processing
of observational data for 1920 - 2004 from the Mount Wilson
Catalog, it was found that in the “royal zone™ a small number
of bipolar groups of sunspots were always observed, which
had the “wrong magnetic polarity”. Sokoloff, Khlystova and
Abramenko (2015) called them “violators of Hale's law”.
They believe that the appearance of anti-Hale bipolar groups
is related to operation of the small-scale turbulent dynamo
in the solar convective zone (SCZ).

Therefore, an urgent problem today is the search for
observed evidence of the existence of the theoretically
proposed by Brandenburg, Sokoloff and Subramanian
(2012) of a new physical entity — a small-scale (fluctuating)
magnetic field, excited by mechanism of a small-scale dynamo
(SSD), the action of which is hidden in the depths of the SCZ.

Besides, the situation is complicated by the fact that in
the depths of the SCZ can function simultaneously two
qualitatively different excitation mechanisms of fluctuating
fields (small-scale dynamo of macroscopic MHD and the
fluctuation dynamo of classical MHD).

The first mechanism ensures the generation of small-
scale magnetic fields due to the interaction of turbulent
motions with the global magnetic field (small-scale
dynamo 1 of macroscopic MHD: SSD1). Within the
framework of macroscopic MHD, in the presence of a weak
primary magnetic field, two components of magnetism are
excited in the SCZ. They are namely next: the global
magnetic field B and the fluctuating (small-scale) magnetic
field b (Krause and Rédler, 1980). The excitation of the
fluctuating magnetic field b (SSD1) is described by the
hydromagnetic equation

% =rot[((U)yxb) + (ux(B)) + G — v, rotb],
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where U is the velocity of regular differential rotation, u is
the velocity of turbulent convection, G = u x b — (u x b),
vm = C%/4nc is the coefficient of magnetic viscosity, 6 is the
gas-kinetic electrical conductivity.

While the second mechanism (diffusive small-scale
dynamo 2 of classical MHD) causes the self-excitation of
magnetic fluctuations due to turbulent pulsations of highly
conductive plasma (SSD2). Chaotic hydrodynamic
movements with velocity u excite fluctuating electric
currents j =-enu in highly conductive plasma (e is the
electron charge; n is the concentration of electrons in the
plasma). If the magnetic field is frozen in the highly
conductive plasma, these fluctuating electric currents j, in
turn, generate fluctuations of the magnetic induction
roth=j/(c/4r). The amplitude of the generated magnetic
fluctuations h can be estimated from the condition of equal
distribution of the densities of the kinetic pu%2 and magnetic
h?/8r energies of small-scale pulsations (Priest, 1982)

pu%2 = h?/8n

(here p is the plasma density).

The fundamental difference between the two quoted
small-scale dynamo mechanisms is as follows.

In the SSD1 mechanism, electric currents, which are
necessary for the excitation and subsequent reconstruction
of magnetism, are generated as a result of the interaction of
fluctuating and regular plasma movements with the primary
magnetic field.

In contrast, the SSD2 mechanism provides self-excitation
of the magnetic fluctuations in the absence of a primary
magnetic field. Generation of electric currents is provided by
turbulent movements in highly conductive plasma

The small contributions of two sources of small-scale
magnetic fields b and h, localized in the depths of the Sun,
to the surface magnetism are very difficult to distinguish
with the help of observations.

Therefore, researchers face the fundamental physical
problem of how to find tiny surface manifestations of the
small-scale action of two dynamo mechanisms in the interior
of the Sun.

3. Search for surface tracers of a deep small-scale
magnetic dynamo

Sokoloff, Khlystova and Abramenko (2015) assumed
that tracers of small-scale dynamo action in the interior of
the Sun may be hidden in the statistics of bipolar groups of
sunspots, which violate Hale's law of magnetic polarity and
Joy's law of inclination of the axes of bipolar groups to the
latitudinal direction. The essence of the proposed criterion
is that deep small-scale magnetic fields under certain conditions
can lead to violations of Hale's and Joy's laws of observed
magnetism on the surface of the Sun.

According to Hale's law of east-west magnetic polarity
orientation (Hale et al., 1919; Hale and Nicholson, 1925)
during one 11-year cycle in one hemisphere (northern or
southern), the head and tail spots of bipolar magnetic groups
always have the same opposite magnetic signs. On the other
side of the equator, the signs of the head and tail spots are
opposite. This situation persists throughout the current cycle,
and then, when a new cycle begins, the signs of the spots

are reversed. At the same time, the axes of bipolar groups
of spots are oriented at a small angle to the "east-west"
latitudinal direction (Hale et al., 1919), so that the western
head (leading in relation to rotation) spots are on average
closer to the equator than the eastern tail spots (Joy's law of
magnetic polarity orientation north-south). The average tilt
angle of the axes of bipolar groups is about 4°, increasing
from a few degrees (for groups near the equator) to 8-10° for
high-latitude groups (Howard, 1991).

Hale and Nicholson (1925) as a result of statistical
analysis of bipolar groups of spots from 1913 to 1924,
found that 2.4% of active regions do not obey the law of
magnetic polarities of groups established by them. Similar
estimates of the deviation from Hale's law were obtained in
subsequent studies by many authors over almost a century.
As for the violations of Joy's law, they are to a greater
extent characteristic of the anti-Hale bipolar groups of
spots. More 70 years ago Richardson (1948) found that in
anti-Hale groups, the tilt angles of their axes relative to the
equator are, as a rule, greater than the tilt angles of groups
of spots that comply with Hale's law.

The study of tilt angles of active magnetic regions allows
us to make assumptions about the mechanism of the
emergence of anti-Hail groups of spots and its localization in
the SCZ. In paper (Munoz-Jaramillo, Navarrete and
Campusano, 2021), the inclinations relative to the equator
of regular and anti-Hale groups covering four solar cycles
were studied. Anti-Hail groups were found to belong to a
separate population. This indicates the mechanism of their
origin, which differs from the excitation of a regular toroidal
field by the Q effect. In particular, Bekki and Cameron
(2023) found that violations of Joy's law are inherent to
bipolar magnetic regions shallowly rooted in the subphoto-
spheric convection layers. Therefore, it can be assumed that
this mechanism is a subsurface fluctuating small-scale
dynamo.

Statistical analysis of deviations from Hale's and Joy's
laws over long periods of time allows us to reveal differences
in the evolution of the observed manifestations of the two
sources of small-scale fields b and h, since the contribution of
the two deep dynamo mechanisms to the surface magnetism
changes with the phase of the solar cycle in different
ways.

Such an important feature is the behavior of the of anti-
Hail groups of sunspots during the cycles. In the case of
small-scale dynamo 1 (magnetic field b), the percentage of
anti-Hale groups is independent of cycle phase. Whereas
the percentage of anti-Hale groups associated with small-
scale dynamo 2 (magnetic field h), should reach its maximum
value at solar minima, as the global toroidal magnetic field
weakens at this time.

Therefore, the variations of magnetic anomalies make it
possible to separate the tiny contributions of deep two
small-scale dynamo mechanisms to surface magnetism. In
this connection, the task of identifying the harbingers of a
small-scale dynamo in the solar depths from observations
is gaining relevance.

With this in mind, we conducted an analysis of literature
data of statistical studies of long series of observed violations
of Hale's and Joy's laws, which can be caused by the presence
of deep small-scale magnetic fluctuations of various origins.
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In the work Sokoloff, Khlystova and Abramenko (2015)
on the basis of processing the data of different catalogs for
the period 1917 - 2004, it was demonstrated that the percentage
of anti-Hale groups of spots increases during the minima of
solar cycles. This testifies to the operation of a random
small-scale turbulent dynamo 2 (diffusive dynamo) within
the SCZ, the efficiency of which becomes noticeable near
the minima of the cycles, when the global toroidal magnetic
field weakens.

In this regard, we note the two-layer dynamo models
proposed in papers of Benevolenskaya (1998), and Popova,
Zharkova and Zharkov (2013). These models are based on
the idea of two dynamo sources separated in space. The first
dynamo source is located near the bottom of the SCZ, while
the second one operates near the solar surface. Currently, it
seems that the near-surface source of excitation in the
two-layer dynamo models is consistent with the theoretical
concept of the excitation of magnetic fluctuations by the
mechanism of the diffusion small-scale dynamo 2, which is
localized in the upper part of the SCZ.

4. Discussion and conclusions

We selected to analysis several anomalous magnetic
regions observed near minima of 24 and 25 cycles of the
solar activity. The peculiarity of these ARs consisted in the
deviation of their observed surface magnetic configuration from
Hale's law of the magnetic polarity of spot groups and Joy's
law of tilting the axes of bipolar groups to the latitudinal
direction.

In recent decades, thanks to the use of data from
observations of space vehicles, evidence has emerged that
rare superactive ARs which violated Hale's and Joy's laws
had a strong tendency to produce X-ray bursts, strong proton
events, and strong magnetic storms (Tian et al., 2002; Tian
etal., 2005; Abramenko, 2021; Xu et al., 2022). With this in
mind, we paid attention to the flare activity of anti-Hale
regions. It was established that all ARs investigated by us
generated significantly high flares activity. Considering the
relevance of detecting periods of increased levels of flares
for the purpose of space weather forecasting, the study of
Ars, characterized by violations of Hale's and Joy's laws,
becomes important.

We analyzed two qualitatively different possible
dynamo-mechanisms of formation of anti-Hale magnetic
regions. In the case of small-scale dynamo 1 (macroscopic
MHD), the percentage of anti-Hale groups is independent
of cycle phase, whereas the percentage of anti-Hale groups
associated with diffusive small-scale dynamo 2 (classical
MHD) should reach its maximum value at solar minima.

The ARs studied by us were observed near the minima
of cycles 24 and 25. Therefore, we assume that the detected
observed magnetic anomalies may indicate the influence of
the fluctuating small-scale diffusion dynamo 2 of the
classical MHD on the evolution of the studied ARs, since
this source gives the most noticeable contribution to the
surface magnetism near the cycle minima.
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ABSTRACT. The paper presents the results of a joint
analysis of the Earth's main magnetic field (core field)
Bicre and the large-scale magnetic field (LSMF) of the
Sun. Selected 11- and 22-year periods of LSMF and Bigrr
variations are well manifested in both fields and are
usually modulated by solar activity. Even 11-year cycles
for which the direction of the Sun's magnetic field
coincides with the direction of the Earth's magnetic field
are characterized by the minimum values of sanspot
numbers, and odd cycles with opposite directions of
magnetic fields have larger values of sunspot numbers.
The rotation rate of two- and four-sector structure of the
Sun source of LSMF varied with about 11-year and 22-
year cycle. Longer changes in the magnetic fields of the
Sun and the Earth with a period of about 75 years have
also been revealed.

The rotation periods of the Sun source global field
(28,0-28,5 days) were maximum at the middle of the 20th
century in the period 1940+1960 years. This maximum of
solar activity corresponds to temporal gradient of
geomagnetic field. It is shown that the gradient of the
geomagnetic field Bicrr depends on the rate of change in
the length of the day. So, according to the results of the
study, the rotation modes of the Sun and the Earth cause
different periodic changes in their magnetic fields.

Keywords: geomagnetic field, solar activity, magnetic
field of the Sun, space weather.

AHOTAIIIA. VYV crarti npeicTaBieHi pe3yJbTaTH
CIUTEHOTO aHaNi3y OCHOBHOTO MAarHITHOTO IOJIST 3eMili
(mons sanpa) Bigrr 1 BETMKOMACIITAaOHOTO MAarHITHOTO
noiss Counst (BMIIC). Tlpu upomy 11- Tta 22-piuni
nepioau Bapiaiiii BMIIC i Bigrr 100pe mposBISIOTHECS B
000X moysAXx 1 3a3BUYAll MOZYJIOIOTBCS  COHSYHOIO
aktuBHicTIO. [Tapni 11-piuHi UMKIHK, Ui SIKUX HampsSMOK
MarHiTHOTO TmoNsi CoHI 30iraeTbcss 3 HANPIMKOM
Mar”iTHOTO OJIst 3emui, XapaKTepU3yThCS
MiHIMAJIFHUMH 3HAYCHHSMH YHCENl COHSYHHX IUISIM, a
HeNapHi IHUKIH 3 TPOTWICKHUMH HaNpsIMKaMH MarHiTHUX
MOJIIB MalOTh OUTBIII 3HAYEHHS YHCEN COHSYHUX IUISIM.
IBunkicte 0o0epTaHHS JBO- Ta YOTHPUCEKTOPHOI
CTpyKTYpH coHsgHuX mkepen BMIIC 3miHoBamacs 3
npubanzHo 11-piunuM Ta 22-piyHMM 1UKIOM. BussieHo
TakoX OiNBIN TpUBami 3MiHM MarHiTHUX mojiB CoOHIA i
3emuti 3 mepiooM 6mm3bpko 75 pokis. [lepion obepTaHHs
mxepen BMIIC (28,0-28,5 mo6u) OyB MakCHMaibHUM B
cepemmni 20 cromitrs B 1940+1960 pokax. Ileit
MaKCHMYM COHSYHOi aKTHBHOCTI BIJAIIOBIia€ YacCOBOMY

rpagieHTy reoMarsiTHoro nois. IlokasaHo, mo rpamieHT
FEOMAarHiTHOro 1Mojsa Bicrr 3aeXuTh Bij IMIBUAKOCTI
3MiHH TpuBajocTi fgHA. OTXe, 3TiAHO 3 pe3ylbTaTaMu
JNOCTIDKeHHS poramiiiai pexumu CoHog Ta 3emii
3YMOBIIIOIOTh PI3HOMEPIOHI 3MiHHU TX MarHITHUX MOJIIB.

KiarwuyoBi  cjoBa: TreoMarHiTHe  IOje, COHSYHA
aKTUBHICTH, MarHiTHe noJjie CoHIg, KOCMIYHA II0T01a

1. Introduction

The study of solar-terrestrial relations is a determining
condition for forecasting short-term and long-term
changes in space weather. One of the main factors of
space weather, which affects a number of terrestrial
systems, including the biosphere, is the perturbation of the
geomagnetic field. The majority of works in this direction
are aimed at studying the relationship between
geomagnetic and solar activity in a relatively short-period
frequency range (Georgieva et al., 2022; Du, 2011,
Sukharev et al., 2022). In this regard, the authors
performed an analysis of the long-term changes of the
Bicre magnetic field of the Earth with the large-scale
magnetic field of the Sun and solar activity and proposed
a mechanism of their potential relationship.

2. Data and methodology

Digital data from sites (DGRF/IGREF...: Solar Cycle...)
and graphical data (Obridko et al., 2021; Matsakis,
McCarthy, 2023), which were partially generated into
digital data, were used for the research. For a joint
analysis of temporal changes of the Bigre, day length,
LSMF and Solar activity trend and variation components
of long-term and short-term changes were selected using
statistical analysis methods.

3. Spatio-temporal structure of the geomagnetic
field induction Bicrr

The maximum values of the main magnetic field Bicre
of the Earth for 2020 are characteristic for the negative
magnetic pole (B|GR|:,1950 =69 000 nT, B|GR|:,2020 =66 900
nT) (located near the Earth’s geographical North Pole)
and positive (located near the Antarctic coast opposite
Australia), and the minimum ones for the near-equatorial
regions of the South Atlantic (the so-called South Atlantic
Anomaly) (B|GR|:, 1950 = 24 500 nT, B|GR|:, 2020 = 22 300 I’]T)
(see Fig. 1 a, b) (Orlyuk & Romenets, 2020; 2022].
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Figure 1: The normal component of the geomagnetic field Bicrr Value for 2020 (a), and for 1950-2020-time interval

temporal changes (b)

The maximum field decreases from 1950 to 2020 (from
-5500 to —7400 nT, from —80 to —100 nT/year) are located
near the Atlantic coast of Central America, as well as in the
region the Drake Strait and between Africa and Antarctica.
Field increase maxima (2100+3500 nT, 40+60 nT/year) are
typical for Europe and the Indian Ocean (see Fig. 1b)

For the period from 1950 to 2020 the average Bicrr
value on the planet’s surface decreased by 1797 nT (from
47 603 to 45 806 nT).

The time trend of these changes seems interesting,
namely: against the background of a general decrease in
the field (at a rate of about —25 nT/year), its sharp jumps
are observed (up to —45 nT/year in 1960—1965; —58
nT/year in 1980—1985; —32 nT/year in 2000—2005) after
which over the next 15 years there was a less intensive
decrease in its changes (to —18 nT/year in 1975; -12
nT/year in 1995; -2 nT/year in 2015). From all this it can
be concluded that, starting from 1985 to the present, there
is a slowdown in the geomagnetic field decrease (Orlyuk
& Romenets, 2022).

More significant changes in the Bicre geomagnetic field
are observed for the time interval 1900-2020. The average
value of geomagnetic field induction in the epoch of 1900 is
Bicrr=49140 nT, and in the epoch of 2020 — Bicrr=45803
nT. For 120 years, the main magnetic field decreased by
3337 nT (Fig. 2) (Orlyuk & Romenets, 2023).

4. Comparison of temporal
geomagnetic field and length of day

changes of the

For the time interval 1900-2022, 3 regional extremes can
be distinguished regarding changes in the geomagnetic field
and the length of the day. The extremes of changes in the
Bicrr geomagnetic field fall on the following years:
1917.5+£2.5 (-90 nT/year); 1945.5+2.5 (-25 nT/year);
1982.5+2.5 (-70 nT/year) (Fig. 2). The regional extremes
of the change in the length of day (relative to the norm)
fall on 1905.0+2.5 (4 msec/year; 1936+2.5 (0.3
msec/year); 1972.5 +2.5 (3 msec/year). An anti-
correlation between the extreme values of changes in the
geomagnetic field and the length of the day was revealed.
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Figure 2: Changes in the average values of the geomagnetic field (a) on the Earth's surface, its temporal gradient (dashed
line — raw data; solid line — polynomial approximation)(b) and length of day for the time interval 1900-2022 year (dashed
line — raw data, solid line — polynomial approximation and trend (Matsakis & McCarthy, 2023))(c).

The extremes of the change in the length of day precede
the extremes of the change in the geomagnetic field by
approximately: 12.5 years (1917.5-1905) for the first
extreme; 9.5 years (1945.5-1936) — the second; 10.0 years
(1982.5-1972.5) — for the third.

Taking into account the accuracy of the determination
of the peaks of the corresponding extremes, it is possible
to assume an 11-year cycle of their alternation (correlation
coefficient r=-0.93 when the curve of length of the day is
shifted 11 years ahead).

5. The structure of the large-scale magnetic field of
the Sun

Solar and interplanetary large-scale magnetic fields
(LSMF) are observed in the form of the sector structure
(SS) (Fisk, 2001; Bandic et al., 2023).

5.1 Solar background magnetic field (SBMF)

The rotation rate of two-sector structure of SBMF
varied with about 11-year cycle. Four-sector structure had
about 22-year cycle of the rotation period. The maximal
rotation rate of four-sector structure was observed during
maximum of even cycles (14, 16, 18, 20, 22) and minimal
rate of the rotation was observed during maximum of odd
cycles (15, 17, 19, 21) (Leiko, 2005).

5.2 Interplanetary magnetic field.

The main rotation period (about 27-day period) of the
two-sector structure of IMF varied with about 22-year
cycle: maximal value of the rotation period of IMF was
during about 1952-1956, 1976, 1997 (Leiko, 2005).

The regional component of the rotation speed of the large-
scale magnetic field of the Sun changes from 27.5 days for
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Figure 3: The rotation period (T) as a function of the 11-
year cycle (W) (Obridko et al., 2021).

the time interval 1920-1940 to 27.0 days in 1965-1990.
During 1945-1965 the speed of rotation was 28.0-28.5
days (Fig. 3).

An analysis of the spectrums of the whole cycles
showed that during the 20th—23rd cycles the rotation
period of IMF and SMMF was greater in even cycles and
smaller in odd cycles. During the 18th-19th cycles the
rotation period of IMF was greater during odd cycle and
smaller during even cycle. Possibly, this fact is indicative
of a change of the rotation regime of IMF in the middle of
the 20th century, and this is an indirect confirmation of the
Sun’s rotation change. The rotation of the source surface
global field decelerates as the activity of the local fields
grows during both the 11-year and longer cycles. The
rotation periods were maximum at the middle of the 20th
century, i.e., in the period of the high cycles 18 and 19. At
the minimum of the cycle, the frequency increases, i.e.,
the rotation rate increases (Fig. 3).

22-year Hale cycle of the solar activity starts at the
maximum odd 11-year cycles and the change of the LSMF
sign in the maxima of even cycles. Hale cycle begins at the
maximum activity of an odd 11-year cycle LSMF at the
north pole of the directed from the Sun (positive during the
decline phase of the odd cycle and during the growth phase
of the activity of the 11-year cycle). The direction of the
LSMF is defined as positive when the magnetic field in the
northern hemisphere is directed away from the Sun, and
negative — towards the Sun (Sumaruk T. & Sumaruk P.,
2020). At the cycle minimum, the heliospheric current sheet
lies in the plane of the solar equator, while at the maximum,
it can be tilted up to 90° (Obridko et al., 2021).

Hale cycles are characterized by the following
regularity: negative Il (1957-1979) and V (2000-2021
(?)) cycles have one low-intensity cycle in its middle (20
and 24), and positive cycle IV is characterized by an
intense 11-year cycle (22). Accordingly, the odd Hale
cycles are characterized by the minimum values of the
time gradient of the Bigre field (see Fig. 4) (Orlyuk &
Romenets, 2022).

6. Discussion of results

According to the above, cyclical changes of the LSMF
and the induction module of the main magnetic field of
the Earth Bigrr are observed. First of all, we note that the
LSMF changes both in direction and in amplitude and the
Bicre field has a constant direction of the induction vector
(negative in the northern hemisphere) and an uneven
nature of its rate of decrease (see Fig. 5). Selected 11- and
22-year periods of LSMF and Bigrr Vvariations are well
manifested in both fields and are usually modulated by
solar activity (see Figs. 3, 4). Therefore, the dependence
of solar activity on the ratio of the direction of the LSMF
and Bicrr is observed. As can be seen from Fig.5, even
11-year cycles for which the direction of the Sun's
magnetic field coincides with the direction of the Earth's
magnetic field are characterized by the minimum values
of sanspot numbers, and odd cycles with opposite
directions of magnetic fields have larger values of sunspot
numbers. Odd cycles of polarity change LSMF are
characterized by a wider spectrum of values of sunspot
numbers.

Longer changes in the magnetic fields of the Sun and
the Earth with a period of about 75 years have also been
revealed.

The analysis of different periodic variations of
magnetic fields indicates their potential connection with
the rotational regime of the Earth and the Sun (Lesur et
al., 2022; Obridko et al., 2021).

The rotation rate of two- and four-sector structure of
the Sun source of LSMF varied with about 11-year and
22-year cycle. The maximal rotation rate of four-sector
structure was observed during maximum of even cycles
and minimal rate of the rotation was observed during
maximum of odd cycles. Such a manifestation of the
dependence of the speed of rotation of LSMF sources on
solar activity can be explained by the effect of "skating
rotation".

The rotation periods of the Sun source global field
(28,0-28,5 days) were maximum at the middle of the 20th
century in the period 1940+1960 years. This maximum of
solar activity corresponds to temporal gradient
geomagnetic field dBigre/dt =35-40 nT/year. For this
reason, it is worth paying attention to the close connection
of the temporal gradient of the geomagnetic field with the
change in the gradient of LOD (correlation coefficient
r=0.72), i.e. with the change in the rotation mode of the
Earth (see Fig. 5). According to the (Orlyuk & Romenets,
2022), the twentieth cycle is the axis of a kind of
symmetry with respect to changes in solar and
geomagnetic activity, and length of day, namely, cycles
21, 22, 23 and 24 are almost a mirror image of cycles 19,
18, 17 and 16 of solar and geomagnetic activity.
Therefore, it can be assumed that the 25th cycle should be
similar to the 15th cycle.

Figure 5 shows the 15th cycle of solar activity as a
dotted line, which in terms of morphology and intensity
corresponds to the solar activity of the 25th cycle.
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(b) on the Earth's surface and its time gradient (c) for the time interval 1950+2020.
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SPECTRAL STUDY LOWER SOLAR ATMOSPHERE OF THE
ACTIVE REGION SITE WITH THE ELLERMAN BOMB AND
ACCOMPANYING Ha-EJECTIONS

M. N. Pasechnik
Main Astronomical Observatory, NASU, Kyiv, Ukraine, rita@mao.kiev.ua

ABSTRACT. The results of studying in details the
features formation and development of the Ellerman bomb
(EB) and accompanying Ha-ejections arose on the NOAA
11024 active region site, are presented. This site was in the
region of emerging new magnetic flux. Spectral data with
high spatial and temporal resolution were obtained with the
French-Italian solar telescope THEMIS on July 4, 2009.
Spectra with the Ha line and with the spectral region A\ =
630 nm were used. Stokes I profiles were obtained with an
interval corresponding to 160 km on the Sun surface.

The Ha line profiles obtained for different periods of EB
development were asymmetric with an excess of emission
in the short-wavelength wing. The temporal variations of
intensity in the Ha line wings at distances +0.1 and +0.16
nm from its center indicated that two periods can be distin-
guished in EB evolution: the preheating phase and the flar-
ing phase, during which the gradual and pulse energy re-
lease occurred.

Ha-ejections (surges) are small-scale eruptions of cold
matter in the solar atmosphere. In all spectra they were vis-
ible in the absorption. The surge profiles were projected
onto the blue or red Ha line wing. Its Doppler shifts were
used to calculate the line-of-sight velocities (Vlos) of chro-
mospheric matter in surges. The velocity distribution in the
surges indicated their multi-flow structure. One of the
surges showed signs of plasma vortex motions. Most surges
occurred with a high velocity — Vlos up reached -110 km/s,
and down to 90 km/s.

We obtained temporal Vlos variations in a wide interval
(140 — 490 km) of photospheric heights for the area of EB
development and its immediate surroundings. At all photo-
spheric levels predominantly upward motions were found.
In the central part of the EB in the upper layer of the pho-
tosphere the Vlos varied between -0.5 + 0.2 km/s, in the
lower layer —-1.1 + -0.1 km/s. An increase the core inten-
sity of all photospheric lines was correlated in time with an
increase of the emission intensity in the Ha line wings.

The new observational data for the Ellerman bomb and
accompanying Ha-ejections, which have been obtained and
analyzed, can be used to verify existing and create new
theoretical models.

Keywords: Sun, chromosphere, photosphere, Ellerman
bomb, surges, line-of-sight velocities.

AHOTALIS. TlpencraBieHo pe3yiabTaTH JETAIbHOTO
BHUBYCHHS 0cO0MMBOCTEH (POPMYBaHHS Ta PO3BUTKY OOoMOU
Emnepmana ta cynyTHix i#f Ho-BukuziB, Mo BUHUKIA Ha
minsHOl akTtuBHOI oOmacti NOAA 11024, Is ninsHka
3HaXoMIacs B 00JIacTi MMOSIBM HOBOTO MarHiTHOTO MTOTOKY.
CriexTpaipHi JTaHI 3 BHCOKOIO IIPOCTOPOBOIO 1 YacCOBOIO
PO3MIBHOIO 3MATHICTIO OyJI0 OTpUMaHO Ha (ppaHIly3BKO-
iTaniiicekomy consyHomy teneckorni THEMIS 4 nunns
2009 poky. Mu Bukopucranmu cnekTpu 3 Ho-niHiero
(1eHTpanbHA YaCTHHA) Ta 3 CHEKTPAIHLHOI0 O0JIACTIO AN =
630 M. IIpodini Ctokca I Gyii0 oTpumaHo 3 iHTEpBaAIOM,
1o BiamoBigae 160 kM Ha noBepxHi COHIIS.

Ipodimi minii Ho, oTpumani mns pi3sHEX mepioniB
po3Butky BE, Oy acuMeTpUYHUME 3 HAIUIAIIIKOM eMicii
B KOPOTKOXBHJILOBOMY KpWIi. 3MiHH IHTCHCHBHOCTI B
kpunax JiHii Ho Ha Bincransax +0,1 140,16 HM Bif 1l HeHTpY
BKa3yBaJIM Ha Te, 0 B eBomonii BE MoxHa BuninmTH 1Ba
mepioan: ¢a3y MOMepeTHhOro HArpiBy i crmanaxoBy (dasy,
mil 4ac sIKMX BiOyBajocs IIOCTYNOBE Ta IMITyJIbCHE
BUJIUICHHS €HEpPTii.

Ho-Bukumu  (Cbopxki) 1€ HEBEIMKI BUBEP)KEHHS
XOJIONHOT pPEevYOBMHU B COHs4HIA aTMocgepi. Ha Bcix
CIeKTpax iX BWAHO B moriuHaHHi. [Ipodini cbhopxkei
TMPOEKTYBAJINCA Ha CHHE abo 4epBoHe Kpuio midii Ho. Ix
JIOIIEPIBCHKI 3CYBU OYJI0O BUKOPHCTAHO JUIS PO3PaxyHKY
rpoMeHeBOT IBUIKOCTI (Vpon) XpOMOCHEPHOT peUOBHHH B
chopxax. Po3monin mBuaKocTel y chbopkax CBIAYUTH PO
iX 0araTormoToKoBy cTpykTypy. OIuH 31 CBOpXKIB MaB
O3HaKH pPYyXy IUIA3MOBOIO BHUXpPY. BUNBIIICTH CHOPKIB
3°SIBJISUTNCS 3 BEJIMKOIO MIBUIKiCTIO — V10s Bropy gocsraina
-110 xm/c, a moru3y — 10 90 km/c.

Mu otpumanu uacoBi Bapiauii Vmpow y HIHPOKOMY
iarepBaii (140 — 490 kM) doTtochepHUX BHCOT LI
obmacti po3Butky BE Ta ii okomumii. Ha Bcix piBHSIX
¢dotochepn BUSABIECHO, TMEPEBAXHO, BUCXITHI pPyxXH. Y
neHrtpanbeHiii yactuni BE y BepxaboMy mapi doTtocdepu
Vlos konmuBanacs B mexax -0,5 + 0,2 km/c, y HIDKHBOMY
mapi — -1,1 = -0,1 km/c. 306iipIIEHHS IHTEHCUBHOCTI B
sapax Bcix (orochepHUX JiHIK KopemoBaio B daci 3i
30UIBIICHHSIM IHTEHCUBHOCTI eMicii B kpriax JjiHii Ho.

Hosi nani cnoctepekens st 6omOm Emnepmana ta
cymytHix 11 Ho-BukupaiB, ski Oymo oTpumaHo i
MIPOaHaJIi30BaHO, MOXKEe OyTH BUKOPUCTAHO AJIS IEPEBIPKH
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ICHYIOUHX 1 CTBOPEHHS HOBUX TEOPETUIHUX MOJIEIICH.

KoarouoBi caoBa: Conue, xpomocdepa, dorochepa,
6omb0a Emtepmana, ChOpiKi, IPOMEHEBI IBUIKOCTI.

1. Introduction

Among the many manifestations of solar activity, such
fine scale, short and impulsive events as Ellerman bombs
and chromospheric ejections play an important role. They
arise in the lower solar atmosphere as a result of magnetic
reconnection processes during the interaction between the
new emerging magnetic flux and the already existing
magnetic field. Such small-scale magnetic reconnections can
affect the energy balance of the solar chromosphere — they
effectively help inject dense plasma into the upper
atmosphere. EBs are often accompanied by small, short-term
chromospheric surges (Fang et al.,, 2006). Since their
dynamics is the movement of plasma along the force lines of
the magnetic field, surges are useful for studying the
structure of the magnetic field and its changes. Many articles
emphasize the importance of detailed studies into the
formation and development of individual chromospheric
structures such as EBs and Ha-ejections based on
observational data with high spatial and temporal resolution.
Also, special attention should be paid to how these dynamic
phenomena interact with each other (Nelson et al., 2013).

2. Observational material

Spectropolarimetric observations of the active region
NOAA 11024 were carried out with the telescope THEMIS
on Tenerife (Canary Islands) on 4 July 2009. Spectral data
with high spatial (below 1 arcsec) and temporal (about 3
seconds) resolution were obtained. During observations
from 9"52™M35° to 10"11™26°, 400 spectra were obtained. We
used two spectral regions, containing the chromospheric
line Ha (central part) and the photospheric lines Fel A
630.15, 630.25, 630.35 nm, and the Til A 630.38 nm. Figure
1 presents Hao spectrum. The field of THEMIS vision is
divided into three parts. The spectrum number and the time
it was received are given. The position of the EB (two long

L2

L1

emission bands in the Ha line wings), pore and surges (dark
details) that existed on the site at that time are indicated.
The site which we are investigating is marked L1, its length
was 10 Mm. It was located in the region of the emerging a
new magnetic flux in the form of a serpentine magnetic
field (Valori et al., 2012). The AR site without active
formations and located outside the region of the emerging
magnetic flux is marked L2. The availability of this site
spectrum gave us an opportunity to study the changes that
took place in the solar atmosphere at the L1 site under the
influence of the developing EB and chromospheric surges.

3. Ellerman bomb
3.1. Chromosphere

The spectra were used to obtain Stokes I profiles of Ha
line with an interval corresponding to the distance of 160 km
on the Sun’s surface. Figure 2 shows the Ha line profiles for
the EB central part with the maximum emission intensity
increase in the blue wing up to 73% (profile 1) and in the red
wing up to 35% (profile 2), which occurred at a distance of
approximately +0.16 nm from the line core. For comparison,
profile 3 for section L2 is shown. The work (Pasechnik,
2021) detailed the features of the EB development during our
observations. Figure 3 shows temporal variations of the
emission intensity (EB light curves) in the short-wave (blue
curve) and long-wave (red curve) Ha line wings at distances
of £0.16 nm from its center for the EB central part. The
numbers indicate the moments of intensity peaks. Two
periods can be distinguished from the obtained EB light
curves. The first period, during which the intensity changed
little, lasted approximately 8 min (9:57:05 — 10:05:21 UT).
It consisted of three intensity peaks with a time interval of 1
min 45 sec. The second period of approximately 6 min
(10:05:21 — 10:11:26 UT), during which EB brightness was
increasing, consisted of five intensity peaks (interval ~1
min). The light curves of the studied EB obtained in this
work show that we observed two phases of its evolution: the
preheating phase and the flaring phase, during which the
gradual and pulse energy releases occurred.

09:57:19U0T

Figure 1: Ha-spectrum of the AR site. EB — Ellerman bomb. L1, L2 — see text. The numbers in the fig. correspond to
the surge numbers. Vertical lines A are the photometric sections across spectra at the distances of +0.16 nm from the

line center.
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Figure 2: Profiles of the Ha line for EB region (1 and 2) and Figure 3: Temporal variations of the emission intensity

profile (3) for the AR site L2. | is given in arbitrary units. (EB light curves) in the Ha line wings at the distances of
+0.16 nm from the line core, in the short-wave (blue line)
and long-wave (red line) wings.
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Figure 4: Variations of the photospheric line central intensities along the spectrograph slit at different observation
moments: a, ¢ — 9:57:05, 9:59:41, 10:01:06, 10:02:31 UT, curves 1-4, respectively; b, d — 10:06:31, 10:07:42, 10:08:25,
10:09:22, 10:10:32 UT, curves 1-5, respectively.

3.2. Photosphere designated — Fel-1, Fel-2, Fel-3 and Til, respectively. The
central intensities of the two first and two last lines should

The spectral region of A= 630 nm was used to study the  be formed in the upper and lower photospheric layers.
changes of physical conditions at different photospheric Figure 4 shows variations of the photospheric lines central
levels in the process of EB evolution. This region includes intensities 1/lc along the spectrograph slit at different
lines that are formed in a wide range of heights: two strong  observation moments. The area where the EB was located is
Fraunhofer lines Fel A 630.15, 630.25 nm and two weak very different in the upper and lower photosphere of
lines: Fel A 630.35, Til A 630.38 nm, they are in the text increased intensity. The greatest increase I/lc (red curves)
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Figure 5: The Ha line profiles (2 -6) for AR site L1 for
the observation moment of 10:07:42 UT and profile (1)
for the AR site L2. The numbers correspond to the
surge numbers.
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Figure 6: Temporal variations of the line-of-sight
velocities matter in the EB central part in the upper (Fel-1
and Fel-2 lines) and in the lower (Til and Fel-3 lines)
photospheric layers. Negative velocity values correspond
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to motions directed toward the observer.

Figure 7: Ha-spectra of the AR site. The numbers correspond to the surge numbers.

occurred simultaneously at all photospheric levels.
Horizontal movement of matter took place near the EB area
(panel d). Figure 5 shows that an increase the central
intensity of all the studied photospheric lines was correlated
in time with an increase of the emission intensity in the Ho
line wings (Fig. 3).

We obtained temporal Vlos variations in a wide interval
(140 — 490 km) of photospheric heights for the area of EB
development and its vicinity. At all photospheric levels pre-
dominantly upward motions were found (Fig. 6). At the
same time, a noticeable decrease of the Vlos magnitudes
was observed at the EB location. In the central part of the
EB in the upper layer of the photosphere the Vlos varied
between -0.5 + 0.2 km/s, in the lower layer — -1.1 + -0.1
km/s. A similar Vlos distribution in the photosphere was
obtained in (Pasechnik, 2019). Perhaps it is characteristic
of EBs formed in the emerging magnetic flux region. The
largest changes of Vlos occurred during the Ha-ejection
formation near the EB and which had signs of plasma vor-
tex motions. At that time, downward matter flows with
Vlos of 0.2 km/s were observed in the upper photosphere.

4. Ho-ejections

The features of the formation and development of all Ha
surges that existed in the AR site during our observations
were investigated. Figure 1 shows the spectrum was
obtained at the beginning of the observations. Surges 1 and
2 occurred on different sides near the pore, surges 4 and 5
—near and above the EB area development and surge 3 —in
the middle part of the site. Surges 1, 3 and 5 consisted of
one jet. Surges 2 and 4 consisted of two jets — dark details
are visible in the blue wing and in the Ha line core. Figure
8 shows the shape of the Ha line profiles obtained for the
places of maximum intensity of various surges on the 320
spectrum (Fig. 7). Depending on whether the upflows or
downflows was observed in the serge, the serge profile was
projected onto the blue ( profiles 2a, 3a) or red (profiles 3b,
6b) Ha line wing. If the surge profile was projected onto
the line core, there was Ha profile distortion and a shift of
its central part to the red or blue side (profile 2b, 6a, 5).
Doppler shifts of these components were used to calculate
the chromospheric matter Vlos in surges. The Vlos values
in the L2 section did not exceed +2 km/s. Changes in Vlos
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Figure 8: Temporal variations of the Fraunhofer lines
central intensity, which are formed in the upper (a) and
lowers (b) layers of the photosphere for the EB central part.

of the chromospheric matter along the cross section at the
surges maximum intensity site were determined. Figure 9
shows changes in the matter movement along a cross
section in one of the surges. It can be seen that this surge
was very structured. Most of the velocities change curves
consisted of several segments. This means that the serge
consisted of several smaller jets, that is, it had a multi-flow
structure. The evolution of the serge looks like this: the
serge appears with a high upward movement velocity up to
-90 — -100 km/s, over time the it decreases, but not
uniformly, sometimes accelerating, then slowing down,
surge reaches a certain height or the top of the magnetic
loop and under the force gravity action returns along the
same trajectory or along the second part of the loop. The
380 spectrum was obtained during the 5th highest intensity
peak in the EB light curve (Fig. 7). The Ha line is very
fibrous. Surges are visible in both line wings. The Ha line
central part was completely covered by dark details, a
system of arc-shaped Ha-ejections, the so-called Arch
Filament System, was formed, under which the EB
developed.

Vlos along the cross section of the serges; followed the
formation so-called Arch Filament System and studied the
changes that occurred at the photospheric different levels
under the influence EB.

The features of the change in the Ha line wings intensity
as well as the chromospheric and photospheric matter Vios
indicate that the EB and accompanying Ha-ejections,
which arose and developed in the AR site under investiga-
tion, were the result of magnetic reconnections caused by
the emergence of a new serpentine magnetic flux and its
interaction with a pre-existing magnetic field or between
the magnetic loops of the flux itself.
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ABSTRACT. This work is a continuation of the study of
the response of the Odesa geomagnetic anomaly to the
manifestations of solar and planetary geomagnetic activity.
Not far from the territory of this magnetic anomaly there is
the geomagnetic observatory "Odesa™" and the decameter
radio telescope "URAN-4" of the Rl NASU. A catalogue
of magnetic storms for the period 1987-1994 and 2000-
2009 was compiled for the monitoring program of high-
power space radio sources at RT "URAN-4" using the
database of the geomagnetic observatory "Odesa". In this
paper, a comparative analysis of the features of the
manifestations of geomagnetic storms in the zone of the
Odesa magnetic anomaly, planetary storms and ionospheric
storms in the 22nd and 23rd cycles of solar activity is
carried out. The main results are as follows. The magnetic
anomaly amplifies the effects of regional manifestations of
planetary magnetic storms. The number of different types
of magnetic storms and the dynamics of their changes in the
Odesa anomaly differ significantly in the 22nd and 23rd
cycles of solar activity. Comparisons have shown that the
duration of magnetic storms in the Odessa anomaly is
longer than the duration of planetary magnetic and
ionospheric storms. According to the data of the «URAN-
4» radio telescope, geomagnetic storms form various
manifestations of the effects of ionospheric flickers and flux
changes for space radio sources depending on the time of
their observations. For the region of the Odesa geomagnetic
anomaly, such comprehensive studies have not been carried
out before. The conducted studies will become an important
basis for understanding the influence of magnetic anomalies
on the dynamics of the ionosphere during periods of solar
and geomagnetic activity.

Keywords: geomagnetic anomaly, geomagnetic storms,
solar activity, low-frequency radio astronomy, space
weather.

AHOTALIS. dana poboTa €  NPOJOBXKEHHSIM
JociiukeHHs peakuii Oxecbkoi reoMartiTHOI aHOMatii Ha
NPOSIBY  COHSYHOI Ta  IUIAHETApHOI  T'eOMAarHiTHOI
aktuBHOCTI. Hemanmeko Big Teputopii 1€l MaraiTHOI
aHOMaJIii 3HaXOAAThCA reoMar"iTHa obcepBaropis «Omecay

Ta JekaMeTpoBuil pamioreneckon «YPAH-4» PI HAHY.
Jns  mporpaMyu  MOHITOPHUHTY MOTY)KHHX KOCMIYHHX
pamiomkepen Ha PT "YPAH-4" 3 BukopucranHsM 0a3u
MaHUX TeoMarHiTHOi obcepBaTopii "Ompmeca" cKiTageHO
KaTaJIor MarHiTHUX Oyp 3a mepioxn 1987-1994 ta 2000-2009
pokiB. VY poOOTi TpOBeAECHO TMOPIBHAIGHUA aHAaIi3
0COOJIMBOCTEH TIPOSIBiB TeOMarHiTHUX Oyp B 30HI Onmechkol
MAarHITHOI aHOMaJIii, TUIAHETAPHHUX Ta i0HOC(EepHUX Oyp y
22-my Ta 23-My 1IMKIaX COHSYHOI akTHBHOCTI. OCHOBHI
pe3ysbTaTd Taki. MarHiTHa aHOMAJIisl TiCHJIFOE€ HACIIIKA
periOHAIBHUX TIPOSIBIB IUIAHETApPHUX MAarHiTHUX  OYp.
KinbkicTh pi3HMX THIIB MarHiTHUX Oyp Ta JWHaMika ixX
3MiHn B OfechbKiii aHOMalii CyTTEBO BiAPI3HAIOTHCA y 22-
My Ta 23-My LHUKJIaX COHSYHOI aKTUBHOCTI. [lOpiBHSHHS
MOKa3ald, IO TPHBANICTh MarHiTHHX Oyp B Omechkiit
AQHOMaJTIl TIePEeBUIYE TPUBAIICTD IUIAHETAPHUX MArHITHHX
Ta ioHOC(epHHUX Oyp. 3a maHuMu pamioteneckona «YPAH-
4», reoMmarHiTHI Oypi (OPMYIOTH pi3HI TPOSBU eQEKTiB
ioHOC(epH. MEpEeXTiHHSI Ta 3MIiHH TIOTOKY KOCMIYHHX
pazmiofKepen 3aJeXHO Bii 4Yacy iX cmocrepexeHb. [l
paitony OmechbKoi reOMarHiTHOI aHOMaTIi TaKi KOMIUICKCHI
JOCIIJDKEHHSI  paHille He TpoBoAwiIMCh. [IpoBexneHi
JIOCJIJDKEHHSI CTaHYTh BaXKJIMBOIO OCHOBOIO JIJISI PO3YMIHHS
BIUIMBY MarHiTHHX aHOMaJlii Ha AWHaMIKy ioHOcdepu B
Nepion COHSYHOT Ta FEOMArHITHOT aKTHBHOCTI.

Karo4yoBi cjoBa: reomartitHa aHOMallis, IeOMarHiTHI
oypi, COHSIYHA AKTUBHICTb, HU3bKOYACTOTHA
pamioacTpOHOMIsl, KOCMIYHA TOTO/IA.

1. Introduction

The data of the geomagnetic field disturbance records in
the area of the Odesa magnetic anomaly during the
monitoring of the fluxes powerful space radio sources at the
RT "Uran-4" from 1987-1994 and 2000-2009 were used.

Changes in the fluxes of space radio sources in the
decameter range and their flickering depend on the state of
the ionosphere and correlate with geomagnetic
disturbances. On geomagnetic observatory "Odesa"
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Institute of Geophysics NAS Ukraine since 1948
measurements of a magnetic field of Earth. Until 2009,
recordings of geomagnetic field disturbances were carried
out in analog mode with subsequent processing and
calculation of hourly K indices.

At the same time measurements of K-index and three
elements of a magnetic field (horizontal component (H),
vertical component (Z) and inducement (D)) are registered.
Basis of these data the catalog of magnetic storms in the
22nd and 23rd cycles of solar activity was compiled. The
catalog magnetic storms for period monitoring program on
RT “URAN-4” IRA NASU (1987-1994 and 2000-2009)
indicates the date and time of the beginning and end of the
storm, the duration of the storm, the amplitude for three
elements of the magnetic field: H, Z, D, the characteristics
of magnetic storms with indication of active periods. In this
edition of the catalog, sum of hourly daily values
measurements of the K-index have been added.

The magnetic station "Odesa" is located near a zone of
a magnetic anomaly. On the other hand, Odesa magnetic
anomaly located radio telescope “URAN-4” RI NANU.
To identify changes in geomagnetic activity due to the
presence of a magnetic anomaly, a comparative analysis
of the catalogs of magnetic storms was carried out. The
catalog of magnetic storms for the magnetic anomaly zone
was compared with the catalogs of planetary magnetic and
ionospheric storms.

From the beginning of observations in 1987 year at a
radio telescope "URAN-4" the fluxes monitoring of high-
power galactic and extragalactic radio sources is carried
out. A comparative analysis of the catalogs is carried out
in order to reveal the contribution of geomagnetic activity
to the change in the flux of radio sources.

2. Geomagnetic observatory «Odesa»

The geomagnetic observatory «Odesa» was founded by
the Novorossiysk Imperial University, in the territory of a
Botanical Garden, at the beginning of the XX century. It
was officially commissioned in 1896. In 1936 it was
transferred to the village of Stepanivka (near Odesa) by
the Odesa State University. World War 2th the station
became to belong to the Institute of Geophysics NAS
Ukraine. From 1948 to 2010, analog measurements of the
Earth’s magnetic field were conducted at the «Odesa»
magnetic observatory (Guglia et al., 2018). The
magnetometers are located in a deep underground room,
which makes it one of the best in Ukraine in terms of
noise immunity, and the large distance from Odesa (36
km) excludes the contribution of technogenics noise to the
measurements of the geomagnetic field induction. At the
same time measurements of three elements of a magnetic
field are registered: horizontal component (H), vertical
component (Z) and declination (D). The recorded data on
magnetic storms were presented in tabular form (Fig. 1).

3. Magnetic anomaly zone

The magnetic observatory "Odesa" is situated near the
intensive magnetic anomaly. Since the dome of the
geomagnetic field extends to an altitude of about 90 km,
into the ionosphere layer, where the variation (rapidly

Figure 1: An example of the data table of the geomagnetic
observatory "Odesa"

variable) component of the geomagnetic field is formed,
regional magnetic anomalies can affect the manifestation of
the variability of the geomagnetic field. When processing
long-term, long-term observational data, the influence of
the magnetic anomaly on the geomagnetic activity of the
Earth was revealed (Maksymchuk & Orlyuk, 2018; Ryabov
etal., 2019; Sukharev et al., 2018; Orlyuk et al., 2015).

The map of the distribution of the anomalous
geomagnetic field over the territory of Ukraine (Orlyuk et
al., 2018) is shown in Figure 2. The identification of the
magnetic anomaly influence on geomagnetic activity
comparison of characteristics of magnetic storms at
according to the magnetic observatories "Odesa",
planetary magnetic storms and ionospheric storms.

3.1. Electronic catalog of magnetic storms

On the basis of data of magnetic observatory «Odesa» the
catalog the magnetic storms is made (Sobitnyak et al.,
2018). This issue of the catalog for 1987-1995 and 2000-
2009 years include: date and time of the beginning and end of
a storm, the storm duration, and amplitude on three elements
of a magnetic field are specified: H, Z, D, the characteristic of
magnetic storms with the indication of the fissile periods
(Orlyuk et al., 2009).

5200000
5100000

5000000

6200000 6300000 6400000 6500000

Figure 2: Map of the Odesa Magnetic Anomaly Zone
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Figure 3: Radio telescope «URAN-4» IRA NASU

The catalog was compiled to identify the reasons for the
change in the level of the flux of space radio sources,
according to observations at the «URAN-4» radio telescope
at the Odesa Observatory of the Radio Astronomy Institute
of the National Academy of Sciences of Ukraine (Figure 3),
which have been carried out since 1987.

Data on changes in the fluxes of powerful radio sources
during periods of extreme states of solar activity are
presented in (Sobitnyak et al., 2017). In paper Sobitnyak et
al. (2017) also presents the results of calculating multiple
correlation analysis models, which demonstrates the
dependence of changes in the radio sources fluxes on the
main indicators characterizing the state of space weather.

The total number of minor, moderate, strong and
extreme storms shown Figure 4 (Period 22 solar cycle)
and Figure 5 (period of 23 solar cycle).

==@==minor == moderate

strong == extreme

Figure 4: The number of magnetic storms in the Odesa
magnetic anomaly in the 22nd cycle of solar activity.
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Figure 5: The number of magnetic storms in the Odesa
magnetic anomaly in the 23nd cycle of solar activity

It is interesting that the maximum number of different
types of magnetic storms in the zone of the Odesa
magnetic anomaly falls on different phases of the solar
cycle. Moreover, these trends differ in the 22nd and 23rd
solar cycles.

Thus, in the 22-nd cycle, the number of minor magnetic
storms shows a maximum in the growth phase of the cycle
in 1988 (41 storms) and in the decline phase of the cycle in
1992 (31 storms). Moderate magnetic storms show a
maximum number of them (38 storms) in the year of the
maximum of the cycle in 1989 and a consistently high level
of their number (23 — 26 storms) during the decline of the
solar cycle in 1991-1993. Strong magnetic storms in cycle
22 are characterized by changes in their number in the
range from 7 to 9 during the growth phase to the maximum
and the phase of decline. The maximum number of extreme
magnetic storms in cycle 22 was recorded during the
maximum of the cycle in 1991 (9 storms).

The 23rd solar cycle is characterized by other trends in
the distribution of the annual number of different types of
magnetic storms. Thus, for minor magnetic storms, the
maximum number of magnetic storms was observed
during the maximum cycle in 2002 (39 storms) and the
recession phase in 2003 (38 storms). The additional period
of maximum number of minor magnetic storms was in the
phase of the cycle decline in 2007 (34 storms). At the
same time, the period with an annual number of storms of
more than 30 (from 2001 to 2008) was quite long.

The number of moderate magnetic storms in cycle 23 is
characterized by the presence of three maxima: in 2001
(27 storms), 2003 (36 storms), 2005 (16 storms). Strong
magnetic storms were most severe during the maximum of
the cycle in 2000-2022 (4-5 storms per year). The number
of extreme magnetic storms peaked in 2001 (6 storms) and
2005 (4 storms).
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Figure 6: The total annual duration (in hours) of magnetic
storms in the zone of the Odesa magnetic anomaly and
planetary magnetic storms (22 cycles of solar activity).

3.2. Comparative analysis of the duration of magnetic
storms in the zone of the Odesa magnetic anomaly with
planetary magnetic storms

The peculiarities of the manifestation of magnetic
storms in the Odesa magnetic anomaly are clearly
manifested in the comparison of their total annual duration
with similar data for planetary magnetic and ionospheric
storms.

Figure 6 shows a comparison of these values for period
22-th of the solar cycle. Here, the total annual duration of
magnetic storms in the zone of the Odesa magnetic
anomaly significantly exceeds the duration of planetary
magnetic storms. The maximum annual duration of
magnetic storms in the Odesa magnetic anomaly is 5,000
hours (reached during the maximum of the 22nd solar
cycle with a separate maximum at the phase of the cycle
decline (1994 at the level of 4,000 hours). Planetary
magnetic storms are characterized by the presence of three
maxima in 1989 (3,000 hours), 1991 (3,500 hours) and the
decline phase of the cycle in 1994 (3,000 hours).

Another trend appeared in the 23rd solar cycle (Fig. 7).
Here, the maximum duration of magnetic storms in the
Odesa magnetic anomaly, planetary storms (4,000 hours)
was recorded at the phase of the cycle decline in 2003.
The same trend is characteristic of ionospheric storms
(lasting about 3,000 hours). The secondary maximum for
all storms also occurred during the decline phase of the
cycle in 2005.

In the period from 2017 to 2023, the magnetometer of
the Institute of Geophysics of NASU measured the
dynamics of geomagnetic storms and disturbances in the
center of the Odesa magnetic anomaly (territory of the
Astronomical Observatory of Odesa I.I. Mechnikov
National University) and in the location of the radio
telescope "URAN-4" of IRA NASU.

== planetary magnetic storms

lonospheric storms

Figure 7: The total annual duration (in hours) of magnetic
storms in the zone of the Odesa magnetic anomaly,
planetary magnetic and ionosphere storms (22 cycles of
solar activity)

The magnetic anomaly is strong enough for the dome
of the anomalous field to be detected at a high altitude,
about 100-150 kilometers according to high-precision
satellite observations. Thus, it can affect the formation of
ionospheric inhomogeneities, acoustic and "gravitational”
ionospheric waves. The analysis of long-term data showed
that even the classic solar-diurnal fluctuations of the
geomagnetic field in the Odesa region differ from those in
other regions, GO «Kyiv» (Dymer vill., Kyiv reg.) and
GO «Lviv» (Yavoriv vill, Lviv reg.). The Odesa
geomagnetic anomaly appears to be the only regional
anomaly where the URAN-4 low-frequency telescope and
the GO «Odesa» (Stepanivka vill., Odesa reg.) are located.
Already the first works on the analysis of long-term data
of geomagnetic variations showed that in the Odesa region
the structure and manifestation of fast geomagnetic
variations with periods of 1-2 minutes and 30-5 seconds
are much different from the Lviv and Kyiv regions. For
example, in the Odesa region, there are much more
manifestations of quasi-periodic geomagnetic variations
with periods of 1 minute - 30 seconds during geomagnetic
storms. Also, the manifestation of geomagnetic pulsations
of the Pc3 and Pc4 type during extreme magnetic storms
is much clearer in measurements in Odesa than in other
Ukrainian geomagnetic measurement points.

The range of periods of geomagnetic pulsations of the
Pc5 type is from 150 to 600 seconds. They are usually
caused by magnetospheric currents associated with
magnetic storms. Pc5 type pulsations are the strongest and
longest of regular geomagnetic pulsations. Pc5 pulsations
effectively transfer solar wind energy into the
magnetosphere and further into the ionosphere. During the
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powerful geomagnetic storms of 2022-2023, according to
the data of the LEMI-008 magnetometer, which was
installed at the Odesa Astronomical Observatory, the
structure of frequency-time changes of Pc5-type
pulsations, which have a range of periods from 150 to 600
seconds, and their amplitude of tens nanotesla, were
studied. They are commonly observed during magnetic
storms, when streams of solar wind and charged particles
reach Earth's magnetosphere. Pulsations of the Pc5 type
arise as a result of the interaction of these flows with the
Earth's magnetosphere, which leads to the formation of
electric currents. These currents, in turn, cause
disturbances in the geomagnetic field. This is a fairly new
work, and previously, there were no such detailed studies
of the dynamics of fast geomagnetic variations and the
features of their manifestation in geomagnetic storms of
different types and strengths for the Odesa geomagnetic
anomaly. In addition, dozens of manifestations of unusual
wave activity were investigated in the range of periods
from 3 hours to 1 hour, which appeared in the form of
long-lived quasi-periods with a change in the value of the
period and amplitude within 1-2 days (Sukharev et al.,
2022; Sobitnyak et al., 2014).

4, Conclusion

1. On the base of data of geomagnetic observatory
«Odesa» the catalog the magnetic storms is made. This
issue of the catalog for 1987- 1995 and 2000-2009 years
include: date and time of the beginning and end of a
storm, the storm duration, amplitude on three elements of
a magnetic field are specified: H, Z, D, the characteristic
of magnetic storms. In the latest edition, the catalog has
been supplemented with data on the daily total values of
the K- index.

2. The comparison duration of magnetic storms
according to the geomagnetic observatory "Odesa" is
longer than at planetary magnetic and ionosphere storms
in period 22 and 23 solar cycles.

3. The dynamics of the data on the number of types of
magnetic storms in the zone of the Odesa magnetic
anomaly in cycles 22 and 23 differs significantly.

4. Thus, the Odesa magnetic anomaly significantly
intensifies the ionospheric effects of solar and
geomagnetic activity.

5. It is planned to create a catalog of magnetic storms
according to the Odesa station for the entire monitoring
period of space radio sources at the RT «URAN-4» in
order to identify manifestations of geomagnetic
disturbances during radio astronomical observations and
their contribution to changes in radio source fluxes on
decameter waves.

6. These studies will be supplemented by a comparative
analysis of the characteristics of magnetic storms in the
magnetic anomaly zone (Odesa) with data from other
magnetic observatories.
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ABSRACT. The paper presents the results of the
analysis of changes solar and geomagnetic activity in
19-25 Wolf cycles. A forecast of the maximum
geomagnetic activity cycle 25 is made.

Solar activity is presented by sunspot number Rz
geomagnetic activity is expressed by the energetic index
calculated from the data of the "Lviv' and "Belsk"
geomagnetic observatories. By annual averages Rz values, the
11-year window was used to obtain the solar activity
minimum  (around 1711, 1810, 1901, and 2009). The
minimum of 2009 was one of the smallest in the observed data,
and we took it as the beginning of the 24th cycle and the 100-
year solar activity cycle. The maximum of the 24th cycle
occurred in 2014 for Rz and in 2015 for energetic index.

Cycle 25 began in 2019 according to Rz, and in 2020
according to energetic index. For cycles 19—25 solar
activity is 1—2 years ahead of magnetic activity. The
identified quasi-biennial variations over the studied period
and the lag of geomagnetic activity from solar activity
allow us to predict the magnitude of geomagnetic activity
and its maximum in cycle 25.

According to our calculations, the maximum of
geomagnetic activity will occur around 2026 and its
magnitude will be 1.5—2 times higher than the maximum
of the 24th cycle.

Key words: Solar and geomagnetic activity, solar cycle.

AHOTALIA. ¥V poboTi BUKITaJCHO pe3yIbTaTH aHAI3Y
3MiH COHSYHOI Ta TEOMArHiTHOi akTUBHOCTI y 19—25
uukinax Bomabga. 3poOieH0  MpPOrHO3  MaKCUMyMY
reOMAarHiTHOT aKTUBHOCTI y 25 IHKJII.

COHSIYHY aKTHBHICTh BHPQXEHO COHSYHUMH YHCIAMU
Rz, reoMarHiTHy aKTHBHICTh BHUPAXE€HO EHEPreTHYHUM
IHIEKCOM, BHYHMCIEHHMM 3a JaHUMH T€OMarHiTHHUX
obcepBaropiii «JIpBiB» Ta «benbcbk». YcepemHUBII BCi
HasiBHI piuHi 3HayeHHS Rz, 11-piuHuM OiXydnMm BiKHOM
OTPUMAaHO MiHIMYMH COHSYHOT aKTHBHOCTI BIKOBUX LIUKIIiB
(6mm3pko 1711, 1810, 1901, 2009).

Minimym y 2009p. OyB oOaMH 3 HaWMEHIIUX Y
CIIOCTEPE)KYBAHUX JaHUX, MPUHHATO HAMH 3a MoYaTok 24
UKy a Takok 100-TITHBOTO IUKITY COHSYHOI aKTBHOCTI.
Maxkcumym 24 mukmy HactymuB y 2014 pomi 3a Rz, tay
2015 3a eHepreTHYHUM 1HIEKCOM. 25 UK PO3MOoYaBcs y
2019 pomi 3a Rz, ta y 2020 32 eHEpreTUIHUM iHJIEKCOM.
I[porsrom  19—25 [uKIiB  COHSYHA  AKTHBHICTh

BHUIIEpEIKAa€ MarHiTHy Ha 1—2 poxu. Bumineni
KBa3iIBOpPiuHI Bapiamii 3a IOCHIIKyBaHHHA IIEepiox Ta
BIICTaBaHHSA TE€OMAr”HiTHOI AaKTHUBHOCTI BiI COHIYHOI
JIO3BOJISIFOTh HAM CIPOTHO3YBaTH BEJIMYMHY T'€OMArHiTHOT
AKTUBHOCTI Ta 1l MAKCUMYM Y 25 IHKJII.

3a HamMMH pO3paXxyHKaMH MaKCHMyM TI€OMarHiTHOL
AKTHBHOCTI HACTYIHTH 0113bK0 2026 pOKY a HOTo BeJIMIrHA
oyne y 1.5—2 pa3su Ginbia 3a MaKCUMyM 24 UKy,
KimiouoBi ciioBa: CoHsyHa 1 TeOMarHiTHa aKTHBHICTb,
COHSIUHUH UK.

1. Introduction

Solar and geomagnetic activity (SA and GA) has been
studied by many authors since the beginning of
instrumental observations of the Sun and the Earth's
magnetic field (Petrovay, 2020) for more than 500 years.
However, a strong law of the relationship between the SA
and the GA has not been established so far. Despite the use
of satellite observations by humans, which has brought us
several orders of magnitude closer to solving this problem.
The main reason is that the Sun-Earth system is a nonlinear
system. This is confirmed by the works of (Czernogor,
2008; Shuman, 2015), so there can be no single law or
model of the relationship between the SA and the GA.

To show the relationship between SA and GA in 19—25
cycles of their development patterns and, on this basis, to
make a forecast of GA for 25 SA. We used the data of SA
expressed by Rz and the values of the large-scale solar
magnetic field (SMF), GA was expressed by the energy
index describing the energy supplied from the solar wind to
the magnetosphere during the studied period.

2. Solar activity

In this paper, the SA was expressed by two
characteristics: the Rz numbers taken  from
(https://www.sidc.be/SILSO/datafiles) and the sign of the
Sun's large-scale magnetic field. It is known that the SA
varies periodically: quasi-biennial variations (QBV), 11-
year cycles (Schwabe-Wolf), 22-year cycles (Hale),
60—80-year cycles, 100-year cycles (Heisberg), 200-210-
year cycles, and others. A characteristic feature of these
cycles: for 11-year cycles, the Gnevyshev-Ohl rule, which
means that even cycles are weaker in terms of the amplitude
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Figure 1: a) Yearly averages of sunspot number Rz (black lines), and a 11-year smoothed curve of Rz (red lines) for the
interval 1700-2023; b) Yearly averages of sunspot number Rz (black lines), and a 22-year smoothed curve of Rz (red

lines) for the interval 1700-2023.

Table 1: Periods of solar activity and the nature of their changes (years of the beginning, maximum and nature of changes

in the SA cycles)

Period beginning Maximum nature of changes in the SA
11 2019 2025 increasing
80-100 2009 2059 increasing
200- 210 1850 1956 decreasing
350 —360 ~1750 ~1900 decreasing

of changes in solar numbers Rz than the odd ones that follow
them. Over the past 250 years, this rule has been violated in
4-5, 8—9, 22—23 SA, for 22-year Hale cycles, the sign of
the SMF at the north pole of the Sun is characteristic; for the
QBV the zug (duration) of oscillations is characteristic.
Table 1 shows the periods of solar activity and the nature of
their changes (years of the beginning, maximum and nature
of changes in the SA cycles).

By averaging all available Rz with an 11-year running
window (red curve), we identified 100-year SA cycles (Fig.
1a). The minima (the beginning of the cycle) were observed
in 1711, 1810, 1901, and 2009. In addition, in the 100-year
SA cycles, we distinguish two-humped maxima with
minima of 1SA, 11SA, and 20SA, which fall out of the
general rule of SA growth in terms of amplitude
(Krivodubskiy, 2016; Orliyuk & Romenets, 2023), in our
opinion, this is a manifestation of a half-century cycle with
a period of ~40—50 years. Averaging all the available Rz
with a 22-year running window (red curve), we similarly
distinguish 100-year SA cycles (Fig. 1b) with the same SA
minima (starts) as when averaging with an 11-year window.
This pattern confirms the correctness of the definition of
100-year cycles. The last of the observed 100-year cycles
began in 2009 with one of the lowest Rz=4.2 for the entire
observation period.

3. Geomagnetic activity

The geomagnetic activity in this study was expressed by
the average annual values of the energy index Y.(H — S,)
(Sumaruk & Sumaruk, 2007), determined from the data of
the mid-latitude geomagnetic observatory "Lviv" and
"Belsk™. This index is quickly calculated from the data of
mid-latitude geomagnetic observatories and characterizes
the energy supplied from the solar wind to the
magnetosphere (its corpuscular part) and correlates well
with other GA indices such as K, AE, aa etc. (Sumaruk et
al., 2012).

The physical meaning of the Y (H —S;) index is as
follows. The horizontal component (H) of the total
magnetic induction vector B best reflects external sources
of geomagnetic variations, therefore, it characterizes the
magnetosphere-ionosphere current system well and
therefore is proposed to be used to determine the GA. The
solar diurnal variation (S,) of the horizontal component (H)
characterizes the wave radiation of the Sun. The integral
sum Y. (H —S,) shows the field change caused by the
corpuscular radiation of the Sun. By integrating this value
over the required time interval, we obtain the
characterization of the field disturbance over this interval.
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Figure 2: Values of the mean annual values of the energy
(GA) entering the magnetosphere in 19-25SA (black
curve), sunspot number R; (red curve), and the sign of the
SMF are presented.

Year

Figure 3: Quasi-biennial variations (red curve) of GA and
solar activity (black curve) for 18-25 SA.

Table 2: Average monthly values of energy entering the magnetosphere during the years of minima (the beginning of

19-25 cycles) of SA and GA

Year 1955 1965 1975

1986

1996 2009 2020

E, Jeld 3830 2576 3677

3403

3007 1908 2403

Using »(H —S;) as the GA index, we can quickly
calculate the energy entering the magnetosphere from the
solar wind based on the data of the mid-latitude
observatory. The results of our calculations are in good
agreement with those of other authors (Akasofu, 1981;
Levitin, 2005; Chernogor, 2008; Echer, 2011).

Fig. 2 shows the values of the mean annual values of the
energy (GA) entering the magnetosphere in 19—25SA
(black curve), sunspot number Rz (red curve), and the sign
of the SMF are presented. The lag in the phase of the GA
maxima from the SA by 1—2 years is clearly distinguished.

Table 2 shows the average monthly values of energy
entering the magnetosphere during the years of minima (the
beginning of 19—25 cycles) of SA and GA. This energy is
directly proportional to the number of all geomagnetic
disturbances that occurred in these years. The value of the
average energy received during the 19—25 SA minima was
the lowest in 2009. A similar result was obtained by the
authors of (Hajra et al., 2014), which confirms the
conclusions of other authors about the "small Maunder
minimum" and extremely low GA in 24SA (Vaquero et al.,
2011). A similar SA minimum was observed at the end of
the nineteenth century, which is associated with the
Heisberg cycle (Echer, 2012).

The number of recurrent geomagnetic disturbances was
also characteristic for 19—24 SA. Recurrent disturbances
were considered to be those that repeated two or more times
in a 27-day cycle. The maximum recurrence for the studied
period was observed in 2378—2395 revolutions of the Sun
(according to Bartels) from November 23, 2007 to January
27, 2009. At this time, the number of solar flares was

extremely low, although perturbations of the Earth's
magnetic field were observed. Recurrent geomagnetic
disturbances were repeated in 17 revolutions of the Sun.
The disturbances occurred on days 1—4 and days 16—20 of
the Barthelian rotation. Obviously, they were caused by
recurrent long-term solar plasma flows (for example
coronal holes, etc.) located at the active longitudes of the
Sun. As shown in (Sumaruk, 2010), the ratio of the number
of recurrent storms to the number of storms with sudden
onset was maximum at the beginning of 24SA (1.5—4 times
higher than the previous minimums of 19—23SA).

4. Quasi-biennial variations of geomagnetic activity

In the spectrum of SA expressed by a number of Rz
numbers or other indices, along with the other periods
described above, the period 2—4 years is often
distinguished (Gnevyshev, 1977; Apostolov, 1985). The
same quasi-biennial variations (QBV) have been found in
the parameters of the interplanetary environment
(Okhopkov, 1998) and geophysical processes (Fadel et al.,
2002). In the initial phase of the SA, the period of
individual oscillations is more than three years, and in the
minimum SA it is less than two years.

Since the QBVs are manifested in all parameters of
solar activity, in variations of the solar wind and
ionosphere, and in meteorological phenomena (lvanov-
Kholodny et al., 2003), we attempted to identify the QBVs
in the variations of the geomagnetic field in the middle
latitudes (Sumaruk & Sumaruk, 2009b). As the initial data
of the magnetic activity measure we chose the monthly
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Table 3: A selection of early forecasts for Cycle 25(Petrovay, 2020)

Category Minimum Maximum . References
Peak amplitude
Internal precursors 2019.9 2023.8 Lietal. (2015)
175 (154-202)
External precursor
Polar precursor 117+15 Table 1 here
Polar precursor 136+48 Pesnell and Schatten (2018)
Helicity 117 Hawkes and Berger (2018)
SoDA 2025.2+1.5 120+39 Based on Pesnell and Schatten
(2018)

Rush-to-the-poles 2019.4 2024.8 130 Petrovay et al. (2018)
Model-based: SFT
SFT 124+31 Jiang et al. (2018)
AFT 2020.9 110 Upton and Hathaway (2018)
Model-based: dynamo
2x2D 2020.5+0.12 2027.2+1.0 89+14 Labonville et al. (2019)
Truncated 2019-2020 2024 £ 1 90+15 Kitiashvili (2016)
Spectral
Wavelet 2023.4 132 Rigozo et al. (2011)
decomposition tree
Attractor analysis

2024.0+0.6 103£25 Singh and Bhargawa (2017)
Simplex projection analysis
Simplex proj./time- delay 2023.2+1.1 154+12 Sarp et al. (2018)
Neural networks
Neuro-fuzzy 2022 90.7+8 Attia et al. (2013)
Spatiotemporal 2022-2023 57417 Covas et al. (2019)
Cycle 24 (comparison) 2008.9 2014.3 116

average sums of deviations of the horizontal component of
the magnetic field for a given year at the “Lviv” and
“Belsk” geomagnetic observatories from the quiet level of
the field $.(H — S, ). The quiet level is taken as the daily
course of the same component averaged over five
internationally quiet days for each month. Since the
amplitudes of S,-variations change with the season,
seasonal variations of activity caused by changes in the
ionospheric conductivity are excluded in the values
Z(H - Sq)'

To identify the QBV in GA, we used the methodology
proposed in (lvanov-Kholodny & Chertoprud, 1992) for
identifying the QBV in SA, which consists in subtracting
the value of the selected parameter for the same month in
the previous and next year from the double monthly
average value of the selected parameter.

In Fig. 3 shows the QBV (red curve) of GA and SA (black
curve) for 18—25 SA. As we can see, in each of the 11-year
cycles studied, there are 3 to 4 zigzags of GA fluctuations.
The amplitude of changes in the QBYV in the cycle depends
on the phase of the SA and the observation cycle. For
example, in 19SA and 23SA, the amplitudes of the QBV are
almost the same and amount to ~1000 e14 J, but in 18SA,
21SA, 22SA, 24SA, 25SA the amplitudes of oscillations
increase in the cycle with the QBV amplitudes at the

maximum of the cycles and at their decline being several
times larger than the QBV at the beginning and end of the
cycle, and the maximum of the QBV occurs with a delay
from the maximum of the SA, as we observe (see Fig. 2) in
the GA as well. This pattern has an explanation, since after
the maximum of the SA, the number of recurrent
geomagnetic disturbances begins to increase, which leads to
an increase in the GA. In addition, as shown in (Eher et al.,
2012), we observe the maximum values of the solar wind
speed in the phase of the SA decline. This phase of the SA is
dominated by high-speed flows coming from coronal holes
(Tsurutani et al., 1995). High-speed flows cause the growth
of the southern component (B;) of the interplanetary
magnetic field and the stretching of the Parker helix, and
hence lead to an increase in GA and an increase in the
amplitudes of the QBV at the decline of SA. According to
the aa- index, GA minima also lag behind the SA minima by
a period of ~1 year (Kane, 2002; Hathway, 2010).

As shown in (Sumaruk & Sumaruk, 2009a), there is a
clear dependence of recurrence on the sign of the SMF. The
recurrence is minimal in years of changing the sign of the
SMF, i.e., in years of large SA, and the maximum
recurrence is in years of minimum solar activity. The peaks
of recurrence were observed in 1976 and 1995. In these
years, the SMF was positive. As we can see, the 22-year
Hale cycle is clearly manifested.
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Table 3, taken from (Petrovay, 2020), shows the 25SA
forecasts - forecast method, years of minimum and
maximum, maximum R; value, and their authors (links in
the original). As we can see, most authors predict a
maximum SA in 2025+1 year.

5. Conclusions

Using the fact that the second tsug of the QBV variations
in 25SA has not yet begun the figure shows a dashed line
(see Fig. 3) and according to the above pattern, it should be
larger in amplitude than the first tsug in 25SA,; the number
of recurrent geomagnetic disturbances should be high,
since the solar SMF has a positive sign, and the 100-year
SA cycle is on the growth branch; the energy entering the
magnetosphere has now reached the maximum values of
24SA and continues to grow; analyzing table 3 on the 25SA
maxima, it can be concluded that the maximum GA in
25SA will occur around 2026+1 year and will be
comparable in magnitude to 23SA.
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