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ABSTRACT. The processes associated with the for-
mation of lightning and their spectra during atmospheric and
volcanic phenomena were considered as a means of studying
the atmospheric plasma in the X-ray and soft y-ray bands. It
was found that the time intervals, power of the processes, and
their energy make it possible to develop new generation
equipment. The lightning spectra cover the X-ray and
gamma-ray bands. Hard radiation detectors have been devel-
oped and proposed for their registration. It is shown that in a
physical system of emitter (lightning), absorber (medium be-
tween lightning and detector), and the detector itself, the
spectral structure on the detector depends on the distance to
the source and the chemical composition of the environment
around thunderstorms and volcanoes. Therefore, we have
calculated and found the intervals of quanta energies in
which the absorber response is small. Such spectral regions
are called transparency windows and are necessary for the
design of appropriate detectors. In the transparency win-
dows, the original spectra of lightning discharges are ob-
served. To conduct field work and reduce the influence of the
atmosphere during a thunderstorm, the percentage contribu-
tion of air and water extrusion in atmospheric thunderstorms
was found. For volcanic discharges, silicates and Al,O3 par-
ticles were taken. The parameters of the previously designed
high-speed electrical interface suitable for operation under
high voltage conditions, which is supplied to the CsPbBr; or
Lu(SiO)s detector-crystal, were obtained and described. The
main economic and operational advantages of the proposed
spectroscopic equipment in the field are emphasized. The op-
eration of the high-speed spectrograph in outer space was
modeled in the absence of the need for its operation without
deep cooling. The transparency windows and the structure of
the radiation field in the X-ray and y-ray bands were calcu-
lated and systematized.

Keywords: hard radiation detectors, lightning, radiation
deposition, X-ray transparent windows, diffusion emis-
sion, thunderstorm aerosol.

AHOTAIIA. IIponecu, noB'sa3aHi 3 yTBOpEHHIM OJnc-
KaBOK Ta IX CIIEKTPIB MiJ 4ac aTMOC(EepHUX Ta BYJIKaHIY-
HUX SIBUIL OyJIM PO3IIISIHYTH SIK 3aci0 BUBUEHHS aTMOc(e-
pHOI TIIa3MM Yy  PEHITEHIBCBKOMY Ta M’ SIKOMY
y-mianma3zonax. OTpUMaHO, IO iHTEPBAJHN Yacy, HOTYKHICTh

MPOLIECIB Ta X SHEPreTHKA J1a€ MOXKIIUBICTH pO3po0IIsITH 00-
JIaTHAHHST HOBOTO TOKOJIIHHA. CIIEeKTpH OJHMCKaBOK OXOTLITIO-
IOTh PEHTTEHIBCHKHI Ta raMMa-fianazoH. st ix peectparii
PO3pO0JIEHO Ta 3aMPOIIOHOBAHO JIETEKTOPH IKOPCTKOTO BH-
npoMiHroBaHHA. OTprMaHo, mo y ¢i3uysoi cuctemi Bumpo-
MiHIOBadY (6rrckaBka), [lormmaay (cepenoBmime Mix OIHCKa-
BKOIO Ta JICTEKTOPOM) Ta caM JIeTeKTop CTpYKTypa CHEKTpY
Ha JIeTeKTopi 3aJIeKUTH Bif BIICTaHI 10 [Kepena 1 XiMIYHOTO
CKJIaJTy CEpeIOBHIIA HABKOJIO TPO3 i ByJKaHiB. ToMy y po6oTi
MIPOBE/ICHO PO3PaxyHKH Ta 3HAWICHO IHTEPBAJIM CHEPTill KBa-
HTIB, Y skuX Biaryk [lormiaava manwid. Taki JUITHKH CIIEKT-
PIB € BIKHAMU TIPO30POCTI 1 HEOOXITHI TSI IPOCKTYBAHHS Bi-
JIMOBITHUX JIETEKTOpiB. Y BIKHAX MPO30POCTi crocTepira-
FOTBCS BUXITHI CIEKTPH TPO30BHX po3psiiB. st mpoBeaeHHS
TOJILOBUX POOIT Ta 3MEHIIIEHHS BILTMBY aTMOC(EpH B IPOIIECi
rpo3u OyIJio 3HAWCHO BiJICOTKOBUI BHECOK €KCTUHKIIIT TTOBi-
TpsI Ta BOIU B aTMOCQEPHUX Tpo3ax. JIJs ByJIIKaHITHUX PO3-
psiaiB Opanucs cwiikatu Ta yactku AlO3. OTprumaHni Ta ormu-
CaHI IapaMeTpy paHillle CIPOEKTOBAHOTO BHCOKOIIBHIIKIC-
HOTO EJIEKTPHYHOro iHTepdeiicy, NmpuaaTHOro s poOOTH
YMOBAaX BHUCOKOI HAalpyTH, IO MOJAETHCS Ha KPUCTAI-JIETEK-
top CsPbBrz ado Lu(SiO)s. IlinkpeciaeHo OCHOBHI €KOHOMi-
YHI Ta eKCIUTyaTaliifHi epeBary 3apornoHOBaHOTO CIIEKTPO-
CKOIIIYHOTO 00JajHaHHA y IOJBOBHX yMoBax. IIpoBemeHo
MOJICITIOBaHHS POOOTH BUCOKOIIBHIKICHOTO cieKTporpada B
YMOBaxX BIIIKPHTOTO KOCMOCY 3a BIIICYTHOCTI HEOOXiJHOCTI
Horo excrutyaTarii 6e3 rmboKoro oxoyomkeHHs. Po3paxo-
BaHi Ta CHCTEMaTH30BaHi BiKHA TIPO30POCTi Ta CTPYKTypa pa-
JUaIifHOTo TIOJIS B PEHTIeHi Ta Y-7iana3oHi.

Ku11040Bi ci10Ba: 1eTEKTOPH JKOPCTKOTO BUIIPOMiHIOBAaHHS,
OnMcKaBKa, pajialiiHi BTpaTH, PSHTTeHIBChKI BiKHA MPO30-
pocrTi, nudy3iliHe BUITPOMiHIOBaHHS, TPO30BUH aepPO30JIb.

1. Introduction

During the motion of quanta from the Emitter towards
the Detector the processes of photoabsorption, incoherent
Compton and coherent Rayleigh scattering are noticeable.
As a result of photo absorption, there is also induced (char-
acteristic) radiation. To register the latter, it is necessary to
take into account that according to the presented graphs in
the long-wave wing of the X-ray spectrum photo absorption



Odesa Astronomical Publications, vol. 37 (2024)

prevails. Photo absorption and corresponding resonance ra-
diation are directly proportional. A part of quanta with en-
ergies not falling on the resonant K-lines of carbon, nitro-
gen and oxygen can go beyond the Absorber. The exception
is the transparency window in the energy range of 280 eV
(atomic oxygen), 380 eV (atomic nitrogen) and 440 eV
(atomic carbon). Strong resonant scattering is observed
near the marked characteristic lines. Therefore, the soft X-
ray field at wavelengths of 2 nm — 4 nm is used to study
microscopic particles and biological structures. To accom-
plish such a task, the incoming or diffuse radiation field
must be sufficiently powerful. In X-ray microscopy, the
role of the Emitter is played by a source of powerful cyclo-
tron radiation. The absence of such sources can be compen-
sated by the registration of resonance scattering near the in-
dicated lines. Let us also note that even primitive photo-
graphic and visual observations of lightning show the step-
wise character of the current motion. Such curvilinear mo-
tion of relativistic electrons leads to flashes of synchrotron
radiation in the specified wavelength interval in microsec-
ond time intervals. In other words, our designed detector
should have high sensitivity in the indicated intervals of the
X-ray and gamma spectrum.

2. The energy resource of lightning

Lightning discharges of thunderstorm and volcanic
origin are formed in the zone of high potential difference
Ap=100 MV, electric field strength E=1000 V/m. In thun-
derstorm clouds, the cloud potential is formed by friction
and collision of microscopic aerosols, mainly consisting of
water. Initial inoculum charges can form showers and indi-
vidual cosmic rays. In volcanic lightning, the main poten-
tial and inoculum charges are formed by solid particles.
Mechanism of lightning formation presented in (Gurevich
& Zybin, 2001; Petrov, 2021).

The Earth's atmosphere during storms and volcanic phe-
nomena a possible to study the state of atmospheric plasma,
including various aerosols. For elements with small atomic
numbers the characteristic lines are in soft X-ray. The present
work takes water vapor as the main aerosol component. Be-
tween the clouds pure water together with atmospheric gas
are in a strong electric field with potential difference Ap ~
(10%—108) V. It has been shown that the hard radiation flux
generated by lightning is the result of transforming the initial
braking spectrum of relativistic electrons and collisions of
protons, ions of C, N, and O elements with resting atoms of
the medium. Both currents consisting of ions and electrons
are directed in opposite directions.

The gamma and X-ray radiation of lightning reaches the
detectors with strongly attenuated long-wave part. At ener-
gies less than 1 keV, practically all energy of long-wave-
length X-ray quanta is spent in photo-ionization of sur-
rounding water vapor. However, in the wavelength range
(2.34 — 4.4) nm we have bound energies (530 — 280) eV.
There is a transparency window with characteristic K-lines
of C, N, O atoms. We propose a method and compose a
model for registration of radiation fluxes in the window of
water transparency. This allows us to study the plasma in
which intensive ionization processes occur by the joint ac-
tion of photons and impact ionization of atoms by electrons

and protons. The protons and electrons experience colli-
sions with target atoms — C, N, O. It was obtained that at
sufficiently high saturation with water vapor around the
lightning. Its long-wave part is cut off in the X-ray spec-
trum. The relationship between water vapor content and ra-
diation intensity at the receiver is described. The concur-
rence of the processes of scattering, absorption of X-ray
quanta and formation of induced secondary quanta (charac-
teristic emission of C, N, O elements) is responsible for the
formation of the observed diffuse (bulk) X-ray fluores-
cence (Kozirev et al., 2011), (Doikov & Doikov, 2023).

For simulation of the process of nucleation of electron and
hadronic (p, a-particles + C, N, O - ions) currents was carried
out in the framework of the Geant4 DNA code (Inserti et. al.,
2010). Concurrently, the formation of X-ray and UV fluores-
cence was monitored. All necessary spectroscopic constants
for the media in which the processes under consideration
took place above described processes took place in a strong
electric field with a potential difference of A = (105 108)V,
which leads to the intensity E=(10° — 10° )V/m. A compari-
son with the laboratory experiments in (Kozirev et al., 2011)
has been made. On the basis of modeling of various types of
lightning using spectra of lightning in the X-ray range are
constructed and conclusions are drawn concerning the appli-
cation of this method in the study of explosive processes on
the surface of White Dwarfs (WD).

3. X-ray transport in thunderstorm clouds

Lightning generates X-ray and gamma radiation in a
wide range of the spectrum. It is caused by braking of fast
(in some cases relativistic) electrons. Appearing inside the
current cylinder, the quanta cross its surface and are di-
rected to the detector. Further quanta experience random
multiple acts of Compton and Rayleigh scattering, or expe-
rience photo absorption. In this case, the radiation field is
determined by the elemental composition of air (in the used
codes it is macro command G4_Air) and the fraction of wa-
ter vapor (G4_Water). If lightning is formed in volcanic
clouds, it is necessary to specify the distribution of silicon
and phosphorus along the propagation of quanta. In rain
clouds, the inoculum of free ions is formed as a result of
CR ionization losses. In volcanic ones as a result of mutual
friction of the solid fraction.

3.1. Formation of radiation in lightning

The current discharge in lightning has a powerful transi-
ent, mile-microsecond pulse character. The electronic com-
ponent of the current at the specified values of A has ve-
locities sufficient for the formation of braking radiation.
This leads to the formation of a continuous spectrum of
hard radiation. This spectrum is limited on the short wave-
length side by soft y-radiation. The target atoms for fast
electrons are C-N-O elements, the maximum of the spectral
distribution of the braking radiation of which is more likely
to fall in the entire X-ray range.

The electron kinetic energy spectrum W(2) is essentially
relativistic. The external electric field has a strength E =
102 — 10® V/m. The maximum current amplitude at the
peak of discharge reaches 3 - 10*A. During discharge, Ao
drops to zero. According to (Gurevich & Zybin, 2001) and
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Figure 1: Impact ionization cross section g,

(Petrov, 2023) the formation of the current pulse is deter-
mined by “fleeing” electrons. A 3-shaped peak appears in
the spectrum W()) at this moment. To determine the time
evolution of W(A), it is necessary to take into account all
channels of energy acquisition and loss by fast electrons.
As an initial approximation, we choose the Maxwell veloc-
ity distribution. Then let us apply the corresponding poten-
tial difference Ao to the cylinder in which the lightning nu-
cleates. Among the main channels of energy losses, we note
the losses on Bremsstrahlung radiation with cross section
o, and the cross section of ionization of K-level C-N-O
atoms is g.

_16me? (ze?\2 | L 2mi
90 = G2 (m_VO) In (yZezwmn) @
. 1072%cm? 2 E(E+1) Iz 2
oy =1 {z (B + D)% [P 2[5 4 2 +
+2Q2E + DinE - 2]} @
Ez

E mvg

Here I, = m—CZZE =5 Eg =537eV, Ey = 405eV.

At aquantum energy of 10 keV, the characteristic cross sec-
tion value is o, =5-10"%°cm?, a o,/0; = 1073,
Fig. 1 and Fig. 2 show the cross sections o, o, in logarithmic
scale normalized to the electron scattering cross section o7

Diffuse X-ray emission. The initial spectrum of hard ra-
diation undergoes further evolution during the discharge
process. For this purpose, the macro commands of Weber
G codes (see Weber G link) are addressed to cross sections
of characteristic processes of interaction of quanta with
matter. The structure of the nonlinear behavior of cross sec-
tions of all energy loss channels leads to a shift of the max-
imum of the spectral distribution of their energy towards
longer wavelengths. Modeling of X-ray quantum beams
shows that their spectrum is gradually filled with a diffuse
X-ray component.

0 100
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Figure 2: Bremsstrahlung cross section a,,

A similar effect occurs in observations of the intrinsic
diffuse radiation of planets caused by the Sun's radiation.
The calculations of the spectrum of hard radiation coming
from lightning suggest that its quanta at the initial moment
of time cross the walls of the current cylinder. At this mo-
ment the mechanisms of coherent and incoherent scattering
of hard radiation are switched on. Rayleigh scattering of
sunlight on molecules is replaced by the scattering of hard
radiation on atomic structures.

In this case the extinction cross section k is defined
through the cross sections of Compton scattering o (¢) and
atomic photo effect a;’f(g). Similarly to formulas (1) and
(2) for the energy of quanta we substitute & = E, /m,c?.
E, is the energy of a hard radiation photon. m,c? is the rest
energy of the electron. Let us denote by o; = 6.65 -
10~25cm? the cross section of elastic, Thomson scattering
of photons on electrons. Then we have

k= al.(e)+al(e). ()

In the framework of the adopted notations, we will write
down:
32 3/2
gy (e) = ( ) a*Z%0; (4)

&

Y(e) = 1+e (2(1+e) 1 _ 1
0! (e)—ZUT[EZ (B2 _lin(1 + 26)) - = In(1 +

(1+3¢)
(142¢)2] (5)

+2¢) —

For each individual quantum within the free path length
all its characteristics and trajectory are tracked by the
Monte Carlo method. Such quanta form secondary elec-
trons, which in turn ionize the medium along their trajec-
tory. The flux of quanta and particles formed in this way
arrives at the detector crystal. The calculation results are
presented in Fig. 3 and Fig. 4.

It follows from the results shown in Fig. 6 that in the con-
ditions of thunderstorm clouds Compton scattering takes the
highest values in the long-wave part of the spectrum.
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It follows from the results shown in Fig. 6 that in the
conditions of thunderstorm clouds Compton scattering
takes the highest values in the long-wave part of the spec-
trum. The short-wave part of the X-ray spectrum of light-
ning is practically undistorted up to energies of 50 keV. If
we consider the cloud as a fog with relative humidity, the
free path length of X-ray quanta between two acts of Cou-
lomb scattering takes the values shown in Fig. 5. During
rain, it is necessary to take into account the percentage of
drops in the thunderstorm cloud.

Let us take into account that the average concentration
of water in raindrops is three orders of magnitude higher,
then the obtained values of fpass should be on average 103
times higher and, accordingly, fpass is the same number of
times smaller. It follows from Fig. 3 — Fig. 5 that the main
type of X-ray scattering is the incoherent Compton scatter-
ing given by the formula. Moreover, at each act of scatter-
ing it is necessary to recalculate the wavelength of the
quantum after scattering — A’ . If before scattering we have
a wavelength A and a scattering angle 0, then the relation is
satisfied:

N=1+ #(1 —¢0s0) =1+ 2,4-1073um - (1 — cosO)
(6)

At the wavelength interval from 0.12 to 0.06 nm, the
peak of Compton scattering in water is noticeable and a
rapid decrease in photo absorption begins. In this interval,
the appearance of X-rays scattered mostly by oxygen and
nitrogen is expected. The quantum beam attenuation coef-
ficients due to photo absorption, Compton and Rayleigh
scattering are presented in Fig. 6. In the presented resources
we calculated scattering angles 6 were set by the Monte
Carlo method in the range from 0 to n radians. The results
of averaging cross sections of beams containing 100 X-ray
quanta each are presented in Fig. 7. The calculations were
performed for the thickness of the equivalent water layer of
1 cm. The modeling results show general trends in the de-
pendence of attenuation coefficients on the energy of
quanta predicted by the formulas. However, for spectral
analysis of the investigated objects the results of accurate

Lfpass (in m)

0 50 100 150
Photon energy in KeV

200

Figure 4: Free path lengths X-, y-rays photon in pure air (G4_Air)

“ab initio” The calculations in Fig. 6 are applicable. In the
future, we will use them for quantitative analysis of X-ray
spectra of lightning to determine the content of elements in
lightning during lightning discharge (Kozirev et al., 2011).

3.2 Characteristic radiation

Quanta of soft X-ray radiation occupy wavelengths of
0.01 nm — 10 nm. In this interval all quanta from electron
transitions to the free K-level of atoms, which are part of
air and water droplets, occur.

If the energies of the quanta are adjacent to the edge of
the lines arising in the photo effect, strong resonance scat-
tering is observed, and inside the absorption lines. Along
with elastic scattering, X-ray quanta also experience inco-
herent scattering in the form of Compton scattering.

The process of photo ionization of aerosol represented
by water droplets of carbon, nitrogen and oxygen, which
are part of air. Scattered quanta is mainly determined by
photo ionization of K-shells of atoms. Near these lines we
have resonant scattering of diffuse radiation.

Next, for air under normal conditions and for a given
concentration of raindrops, we estimate the number of such
collision acts on the path of the X-ray quantum to the de-
tector. We need to trace the shift of the X-ray spectrum in
the region of the “transparency window” of water.

4. Detector construction

The design of detectors-spectrographs of hard radiations
requires fulfillment of a number of requirements to their
operation. In particular, for diagnostics of the described
processes in thunderstorm and volcanic lightning requires
the closest possible placement of equipment to the object of
study. In high mountain conditions at altitudes higher than
1 km the distance from the Detector to the Emitter can reach
1 km on average. The thunderstorm cloud aerosol at such
scales completely absorbs the long-wave part of X-ray ra-
diation. Quanta with energies up to 100 keV experience
complete Compton scattering. In this range we have diffuse
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Figure 6: Radiation field spectra after crossing 1 cm of pure
water

X-ray luminescence. The directional flux of gamma ray
quanta is expectedly registered by the detector. The calcu-
lated shape of the lightning detector includes a thin quartz
plate and a cube with an edge of 0.5 cm — 1 cm. This geom-
etry allows for guaranteed registration of lightning radia-
tion in the range of 0.01 MeV — 1 MeV. Semiconductor
crystals have been widely studied for this purpose CsPbBr3
u Lu(SiO)s. The obtained results on design and modeling
of detectors are presented in Fig. 9 and Fig. 10. The number
of quanta in the flux is assumed to be 50. The flux defocus-
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Figure 7: Ibid after crossing of 1cm classical silicate
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Figure 8: Ibid after crossing of 1cm Al;O3

ing is carried out by incoherent Compton scattering. A part
of quanta is reflected back (by 180°). Visualization of par-
ticle trajectories is described in (Inserti et. al., 2010). To
determine the efficiency of the crystal, the fraction of the
flux energy spent on the actual ionization of the crystal sub-
stance was determined. A detailed study of these issues in
(Doikov, 2022) allows us to obtain the values of the current
pulse amplitude (1 nA — 10 nA) and the time scale of its
formation (1 ps — 100 ps).
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Figure 9: SiO2 0.1 mm and CsPbBr; 10 mm target length.
Ey =511 keV

5. Discussion

The transfer of hard radiation formed by lightning is ac-
companied by a noticeable change in its shape. The most
informative results are obtained with high-speed X-ray and
gamma-ray spectrographs at the flash peak. This means that
the equipment we are developing should operate in the
monitoring mode. This means that the electronic interface
should only be triggered when a sufficiently powerful pulse
is received that the signal-to-noise ratio is maximized. The
convenience in carrying out mass in-situ measurements of
lightning spectra and images from stationary high-altitude
observatories significantly increases the chances of obtain-
ing high-quality results.

6. Conclusion

In the present work we obtained original results neces-
sary for diagnostics of hard radiations formed at fast ther-
monuclear processes. The energy resource of lightning in
sounder stomps and volcano causes a whole chain of ther-
monuclear processes and their accompanying bursts of hard
radiation. Presented in Fig. 5 — Fig. 8 predicted the presence
of an intense component in the spectrum of scattered X-rays
and the presence of strong self-absorption near the spectral
windows of transparency. Multiple scattering of hard radi-
ation quanta creates specific images of lightning and re-
quires a separate approach to their visualization.

Figure 10: SiO2 0.1 mm and Lu(SiO)s 10 mm target
length. Ey = 100 keV
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THE DESIGN AND MODELING OF HARD-RADIATION
SPECTROGRAPHS FOR RECORDING OF THE FAST-FLOWING
PROCESSES
Marko D. Doikov
Faculty of Physics and Technologies, Plovdiv University “Paisii Hilendarski”,
Plovdiv, Bulgaria, marik.doikov@gmail.com
ABSTRACT. Hard radiation spectra are associated with AHOTAIIIA. 3pocranHs HEOOXiTHOCTI peecTparil

fast-flowing thermonuclear processes. For the registration
of hard radiation spectra, a new generation of semiconduc-
tor detectors is developed and modeled. Their main differ-
ence is the presence in their composition of chemical ele-
ments with large atomic numbers. In particular, Pb and Lu,
which are part of CsPbBr; and Lu(SiO)s crystals. The cal-
culations of the detector design were performed using Gi-
ant4 open-source codes (Geant4 — School, 2024), which is
an integrated engineering and physics constructor. The
energy range of particles and quanta accompanying light-
ning flashes has been preliminarily determined. It was ob-
tained that the totality of mechanisms of energy losses of
quanta and particles in lightning discharges points to the
energy interval (0.001 — 2) MeV. The necessary calculations
have been carried out in order to select affordable, minimize
the size and structure of the detection systems planned for
operation. The detailed tracks of quanta, the values of energy
losses, and their relation to the amplitudes of current pulses
delivered to the high-voltage preamplifier are determined.
The detailed tracks and quanta, energy loss values, and their
relation to the amplitudes of current pulses delivered to the
high-voltage preamplifier have been determined. The selec-
tion of a suitable electronic interface has been carried out,
demonstrating the cost-effectiveness of fabrication and op-
eration of the obtained detector-spectrograph. In particular,
the possibility of its operation under normal conditions,
which does not require deep cooling, was revealed. Two
varieties of detectors were modeled and constructed. A two-
layer one, with a silicon wafer of 1 mm x 1 cm x 1 cm, and
either a CsPbBr3 or a Lu(SiO)s crystal. The source of modu-
lation of current pulses of the detector is chosen to be a di-
rected radiation beam consisting of 50 X- or gamma-quanta.
The detector efficiency is estimated. All basic elementary
processes were taken into account on the basis of the Monte
Carlo method. The energy of the beam entering the detector
was set in the range from 1 kev to 1 MeV. At given time
intervals, elementary scattering acts are visualized and tracks
inside a given detector are plotted. A detailed relationship
between the absorbed energy and the current pulse of a given
detector is constructed.

Keywords: perovskite; total ionizing dose; CsPbBr3;
detector; X-ray, gamma-irradiation of lightnings.

CIIEKTPIB >KOPCTKOTO BHUIIPOMIHIOBAHHS, IIOB'S3aHOTO 3
IIBUIKOIUNIMHHUMH TEPMOSIEPHIMH TPOIECAMH, BUMAarae
PO3pOOKH Ta MOJIEIIIOBaHHS HOBOT'O TIOKOJIIHHS HariBIIpPO-
BIJTHUKOBHUX JI€TEKTOpiB. Y 0OpaHMX HaMu HPUCTPOIB
CIIOCTEPIraeThCsl MPUCYTHICTh y XIMIYHOMY CKJIaji ele-
MEHTIB 3 BEJMKHMU aTOMHHMH HOMEpaMH. 30KpeMa, po3-
[IIAaI0ThCs BKIOUeHHS atromiB Pb ta Lu. Ile € HamiBm-
posimanku-kpuctamn CsPbBrz Ta Lu(SiO)s. 3ampormono-
BaHa 3ajada Oyia BHpINIEHA 3a JOIOMOTOI0 BiIKPHTHX
koniB Giant4-DNA Bepcii 11.2 (Geant4 — School, 2024) y
BUTJISIII  BUKOPHCTAHHS  IHTETPOBAHOTO  IHXXEGHEPHO-
(i3UYHOTO KOHCTPYKTOPA. 3pO0JICHO MOAETIOBAHHS PEHT-
TeHIBCBKHX Ta Y-CHeKTporpadiB B IHTEpBali eHepTii
(0,001 — 10) MeB. BigmiueHo KOCTYMHICTD Y IPUAGAHHI,
MiHIMi3alil po3MipiB Ta CTPYKTYpH, €KCIUTyaTalii JeTek-
Tytounx cucreM. OTpUMaHO JeTaibHI TPEKH YaCTHHOK Ta
KBaHTIB, BM3HA4Y€HHI €HEPreTHYHi BTpaTH, 1X 3BSI30K 3
aMILTITYJ]JaMHd CTPYMOBHX IMIYJBCIB, IO HAIXOHISATh Ha
BUCOKOBOJIbTHUI mijcuimtoBad. Ha OCHOBI oTpuMaHHMX
pe3yIbTaTiB 3p00JICHO BUOIp BiAMOBIIHOTO EIEKTPOHHOTO
inTepdeiicy. IlepeBara 3ampomoHOBaHOT KOHCTPYKIIIT
JeTeKTopa-crekTporpada momsdrae B eKcIulyaTamii 3a
HOpPMaJIEHIMH YMOBaMH 1 He 1oTpedye rIIMOOKOTro 0X0Jo-
JDKeHHS. Y poOOTi 3MOAENbOBAHO JETEKTOD, SIKMH CKIIaaa-
€TBCA 13 IBOX mmapiB. [lepmmii map € CHIIIKaTHOIO ImIac-
THHOIO IS TIOTJIMHAHHS PEHTIeHIBCHKOTO CIIEKTPa PO3Mi-
pom 1 x 10 x 10 mm. pyruii nerexrop CsPbBrz abo
Lu(SiO)s mae posmipu 1 cM X 1 cMm X 1 cM i mornuHaE x0p-
CTKHMH PEHTTeH Ta M’sKe Y-BUIIPOMiHIOBaHHs. Mix JeTek-
TOpaMH HEMae MPOMDKKY. 3pOOJIEHO BHCHOBOK, ILIO Y
OUTBIIOCTI BWITAAKIB ONTHMANbHA TEOMETPis JeTeKTopa
ckiragaetses 3 5 mapiB CsPbBrs Ta 5 mapiB kxpeMHi€BOTO
i30J15ITOpa BUCOKOI HANpyru. Y HaBeJICHOMY NMPHUKJIAL BCi
Iapy MaroTh OJHAKOBI PO3MipH, IO IOB'S3aHO 3 HEOO-
XiJTHICTIO BUCOKOTOYHOTO KajiOpyBaHHsS eHeprii mamaro-
YMX HA HUX KBAHTIB i YaCcTHHOK. J{is Moxysawii Mu oOpa-
JIM TIOTIK, 1110 CKIIAAA€ThCs 3 20 YaCTHHOK PEHTTEHIBCHKHUX
a0o ramMma-mpomeHiB. Byno 3MojenboBaHO — cliieHapiit
B3aEMOJII IMX KBAHTIB 3 MaTepiajoM JaeTekropa. Bpaxo-
BaHO BCi OCHOBHI €JIEMEHTapHI NPOLECH 3 ypaxyBaHHIM
MeTtoxy Monre-Kapio. [l IeBHOCTI po3TisiHyTa eHepris
IMy4yKa, 10 BXOAWTH y NETeKTOp B Mexax Bix 10 xeB 1o
1 MeB. Ha obpanux iHTepBanax yacy 3a JOIOMOTOIO
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JIaHOTO METOJNY Bi3yalli30BaHO €JIEMEHTApHI aKTH PO3Cilo-
BaHHS Ta NMOOYIOBAaHO TPEKU BCEPEIUHI 33aHOTO JETEK-
Topa. [laHWii MeTOx I03BOJIMB TOOYIyBaTH HeTajIbHUH
3B'30K MK TOTJIMHYTOIO €HEPri€l0 Ta CTPYMOBHM IMITY-
JIBCOM JIAHOTO IIapy JAeTekTopa. Bizyaizaiis BCix mporie-
ciB Ta 1X CHeKTpiB € Ha Bi3yanbHUX 3D MamoHKax.

Kiro4oBi cjioBa: TepoBCHKIT; CyMapHa i0HiI3yroua [103a;
CsPbBrs;  merekTop,  peHTITCHIBCbKE Ta  ramma-
BUIIPOMIHIOBAaHHSI, OJIMCKABKH.

1. Introduction

Design features of hard radiation detectors depend on the
range of energies received by the receiver (hereinafter re-
ferred to as the Detector) and its physical and chemical
structure. Depending on the tasks to be solved, the geome-
try and types of compositions of different materials have to
be taken into account. This leads to the complication of the
design of the Detector body itself and its electronic inter-
face. There is also a qualitative dependence of the radiation
spectrum conversion processes inside the Detector (Doikov,
2022; 2023). The calculations of the spectroscopic response
of various crystals to incident hard radiation were previous-
ly carried out using the codes G. Weber (see link) and test
tasks in (Geant4-School, 2024). The calculations showed
that the entire long-wavelength wing of X-ray radiation is
effectively absorbed due to photo absorption in a 1 mm
thick layer of silicon semiconductors in the energy range
E, < 10keV. Semiconductor crystals CsPbBr3 and
Lu(SiO)s were used to register photons up to 1 MeV.

2. Energy transport in Absorber and Detector

Increasing the efficiency of the Detector required intro-
duction of additional layers with the necessary materials
into its construction. Until recently, silicon semiconduc-
tors were used in computed tomography (CT). Their wide-
spread use in such tasks was due to their availability, the
history of the development of semiconductor device re-
search. The results of my X-ray transport calculations for
silicon semiconductors are shown in Fig. 1 — Fig. 4. As
can be seen from the presented results, taking into account
multiple scattering and geometry of the Detectors (e.g.,
their thickness) significantly changes the percentage con-
tribution of the scattering and absorption mechanisms.
Despite the significant photoabsorption of the long-
wavelength wing of X-rays, a transparency window con-
venient for obtaining lightning spectra is located in the
wavelength interval 2.2 nm — 4.4 nm. For this purpose, the
Detector must be in sufficient proximity to the lightning.
In these “windows” the extinction is many times less than
in the adjacent wavelength intervals. Let's call the source
object whose spectrum is recorded by the Emitter. The
medium between the Detector and the Radiator is further
called the Absorber. Photon beams from the Emitter are
separated in this energy range. Taking into account min-
iaturization possibilities and dielectric properties of sili-
con semiconductors, the first layer of the Detector is a
receiver of soft X-ray radiation — Fig. 5 or Fig. 6. The rest
of the Detector is a combination of insulator layers and
detector material. For simplicity, this paper presents vari-

Percentage contribution

120

100

80

60

40

20

Classical silicate 10mm

Transmittion

— — — - Attenuation
———- Photoabsorption 7
SO T R N - Compton Scattering
Releygh Scattering

10

20

30 40 50 60

Photon energy in KeV

Figure 1: Radiation transport in SiO,. Target length 10
mm in different scales across axis of energies.

Percentage distribution

120

100

[s5)
(=]
T

@
o

IS
o

20

Si02 - Classical Silicate

Transmittion
— — — -Attenuation
ST Photoabsorption b
,,,,,,,,,,,,, Compton Scattering
Releygh Scattering

200 300 400
Photon energy in KeV

500 600

Figure 2: Ibid. At a four times greater energy scale

Percentage contribution

120

100

80 [

60

40+

20 [

Classical silicate 0,1mm

Transmittion
Vi — — — -Attenuation
5 ———- Photoabsorbtion
Compton Scattering
S=LS S Releygh Scattering

10 12
Photon energy in KeV

Figure 3: Ibid. Target length 0.1 mm



Odesa Astronomical Publications, vol. 37 (2024)

Classical silicate 1Tmm

120

100

80 [

Transmittion

/ — — — - Attenuation
7 SR Photoabsorption
Compton Scattering
Releygh Scattering

60

Percentage contribution

40 /

20 /

40 50
Photon energy in KeV

20 30 60 70

Figure 4: Ibid. Target length 1 mm

ants of the detector in 2 layers. Their design, physical and
chemical structure, and geometry are such that efficient sig-
nal processing is possible in the energy range 10 keV<Ey<1.3
MeV. This is due to the specificity of the flow of thermonu-
clear reactions in the objects under consideration and the
formation of their own spectrum of hard radiation.

3. Modeling of detectors. Objects of study

Lightning in thunderstorm and volcanic clouds. The
main processes occur in millisecond time intervals. The
energy resource in the peak of discharge reaches 200
MeV. The main reactions can proceed with effective ener-
gies up to 10 MeV. The rest of the energy of relativistic
electrons is spent on impact ionization and braking radia-
tion. Photo visual observations confirmed the step charac-
ter of the lightning trajectory. The observed numerous
local bends of the trajectory of relativistic electrons leads
to the formation of cyclotron radiation. Depending on the
conditions of discharge flow in the spectrum of the Emit-
ter we have a combination of braking, and in some cases
synchrotron. Thus, Following X-ray radiation transfor-
mation by the Absorber, we obtain the spectrum of the
quantum flux entering the Detector. It follows from the
obtained results that on such geometrical scales the extinc-
tion of the directed flux of quanta is due to Compton inco-
herent scattering. In this case the detector registers a wide
range of continuous X-ray spectrum. The probability of
registration of X-ray and gamma pulses increases.

X-ray and possible gamma-ray bursts in double star
systems may be rarer and shorter. Some white dwarfs
have a companion star nearby. If matter from the compan-
ion star falls out in proper amounts, a hydrogen-helium
mixture in a degenerate state form on the surface of the
white dwarf. The explosive burning of this mixture results
in a prominent flare in all ranges of the spectrum. For the
most part, this is a rare event. However, monitoring such
flares is important for understanding the conditions for the
origin of type | supernova explosions. Flares are most

common in some double systems where the magnetic field
of the white dwarf reaches 103T or more. Observations
show that several times a year there is a powerful flare in
the optical range. Our previous calculations showed that if
we take into account protons and helium nuclei, which
make up the bulk of the matter falling along the magnetic
column, the formation of X-ray and gamma-ray flares
during the near-surface explosion is expected.

In the previously proposed binary detector (Doikov,
2022; 2023), the combined use of monitoring equipment
was based on the operation of two separate detectors. In
the present work, a multilayer detector of X-ray and
gamma radiation emitted in such explosions is proposed.
Since the proposed detector consists of several, sequen-
tially alternating layers, the current pulses coming from
these layers are processed within a single electronic inter-
face. The height of each unit pulse is determined by the
quantum contribution of the corresponding energy. The
percentage quantum contribution is determined by the
absorbed energy of a given layer. The parameter of such
estimation is the percentage contribution to the total ex-
tinction called “Attenuation” and is presented in Fig. 1 —
Fig. 4.The calculation of the time interval of soft gamma-
ray and hard X-ray flares is microseconds. At the same
time, its optical component lasts about a week. At the
peak of the flare, the flux of X-ray and gamma-ray quanta
from the AM Her double system on the near-Earth detec-
tor can be 10 — 100 quanta/cm?s. This is noticeably above
its sensitivity limit.

4. Layout modeling of detectors

Thus, the use of semiconductors based on heavy ele-
ments-perovskites allows us to solve two problems at
once. The first detector must efficiently absorb gamma
and X-ray quanta and convert the energy into a current
pulse. The presented figures Fig. 5 and Fig. 6 show the
layout modeling and individual trajectories of quanta
during their motion in the Detector. The use of new engi-
neering and physical methods of modeling detectors ac-
celerates their fabrication and reduces the cost of their
bench testing. The following tasks were set and solved
during modeling and prototyping:

1. Size and geometry, chemistry composition and emis-
sion spectrum of the incoming radiation detector.

2. Graphical interface tracked each individual trajectory.

3. During the motion of the quanta, its trajectories are
generated and then its average characteristics are deter-
mined as shown in the figures.

4. In this work, the part of energy loss that forms the cur-
rent pulse of the high voltage preamplifier is highlighted.

The obtained results of modeling and prototyping of de-
tectors are presented in Fig. 5 and Fig. 6 allowed to select the
optimal size, shape and chemical composition of detectors.
Quanta with energy higher than 10 keV cross the silicon
substrate and are trapped by the second layer of the detector
up to 200 keV. Multiple scattering in the range from 200 keV
to 511 keV leads to defocusing of the directed beam of quan-
ta passing through the spectrograph aperture. Fig. 5 and
Fig. 6 show the results of such scattering.

13



14

Odesa Astronomical Publications, vol. 37 (2024)

Figure 5: Model of bilayer detector CsPbBr; 1 x 1 x 1cm
and SiO; 0.1 x 1 x 1 cm. Ey=511 KeV

5. Discussion

Long-term operation of detectors under normal condi-
tions requires elimination of surface degradation of these
crystals. Therefore, they are placed in an isolation volume
in which the air is evacuated and the high-voltage pream-
plifier can be operated. However, this leads to energy
losses in the long-wavelength X-ray wing. In an open
space environment, there is no need to resort to such pro-
cedures (Ma et al., 2023).

6. Conclusion

In the present work, the detector parameters necessary
for their design are calculated. The method of selection of
geometrical and physicochemical characteristics of used
semiconductor crystals including chemical elements with
large atomic numbers is proposed. Their operation does
not require deep cooling and the signal-to-noise ratio is
insensitive to changes in ambient temperatures. All major
elements of the detector and electronic interface are pub-
licly available.

Figure 6: Model of bilayer detector Lu(SiO)s 1 x 1 x1cm
and SiO, 0.1x1x1cm. E,=511 KeV
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THE INNER STRUCTURE OF GALAXY CLUSTERS
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ABSTRACT. The inner structure of galaxy clusters
is determined by the interaction of baryon matter wi-
th the surrounding structures and the influence of the
underlying dark matter. For the search of the results of
such interaction, we select the 18 triplets (11 elongated
and 7 rounded ones) of galaxy clusters from the triplets
founded in the PF Catalogue of Galaxy Clusters and
Groups (Panko & Flin). The shape of the all founded
triplets vary from practically regular triangle to strai-
ght chain, i.e., the ellipticity of the best-fitted ellipse of
the triplets ranged from 0.12 to 0.92. We select the tri-
plets with ellipticities in the range 0.8 — 1.0 as the first
subset and with the ellipticities in the range 0.1 — 0.4
as the second one.

The comparison the results obtained for two subsets
allowed to conclude the elongated triplets arise along
the filament. Binggeli effect was detected in a major
part of clusters. In the linear substructure L11 in
PF 0369-7499 galaxies show also perpendicular ali-
gnment in contrast to other galaxies of this cluster.
We suppose the substructures in the galaxy clusters of
our data set must be connected with the influence of
other triplet members.

Keywords: galaxy clusters: morphology: inner
structure; galaxies: orientations; data analysis

AHOTAIIIYA. BuyrpinHs cTpyKTypa CKyITYeHb Ta-
JIAKTUK BU3HAYAETHCH B3a€MOji€ro OapionHnol marepil
3 HaBKOJIUIIHIMEU CTPYKTYPaMH Ta BILJIUBOM ITiJICTUJIa-
10901 TeMHOI MaTepil. s momyky pe3yabTaTiB Takol
B3aeMozii Mu obpasu 18 rpunsteris (11 BurarmyTux i
7 OKPYIVIMX) CKy[IY€Hb TaJaKTUK 13 CIIUCKY TPUILIETIB,
o Oysio 3uadineno y Karasmosi ckymaennb i rpyn raja-
ktuk PF (Panko & Flin,2006). ®opwma Beix TpunuietTis,
mo OyJI0 3HANIEHO, BapilOETbC Bill MaiizKe TPABUIIb-
HOT'O TPUKYTHUKA IO MPAKTUIHO MPSIMOTO JIAHITIOXKKA,
TOOTO EINTUIHICTh HARKPAIOro eJIHICY /s TPUILIe-
TiB CKyITUeHb raJJaKTUK 3HAXOJIUThCS y MexKax Bix 0,12
710 0,92. Mu obpaju TpUIJIET! CKYIYeHb 3 eJTiTUIHO-
crsimu B miara3oni 0,8 — 1,0 B skocTi 1iepioro Habopy

JaHuX Ta 3 eminTuaHocTamu B gianasoni 0,1 — 0,4 B
SAKOCTI JIpyroro Habopy.

IlopiBusinas pe3yabTaTiB, OTPUMAHUX JIJIS JTBOX
HaOOPIB, TO3BONJIO T O BUCHOBKY, IO BUTSTHYTI
TPUIIETH BUHUKAIOTH Y3/I0BXK (iTaMeHTy, mo 30irae-
THCSI 3 1JIE€I0 €BOJIOLI] eJIeMEHTIB BEeJIUKOMACIITAOHOI
crpykrypu BceecBity. Edekr Binrresi 6ys BusiBjienwmii
y Oinbmrol gacTuau ckymdeHb. OcobymBO PO3IVISIHYTO
PF 0369-7499, o mae myzke By3bKy JIHITHY miacTpy-
krypy L11. TamakTtuku y giHiliai#t migcTpyKTypi 11b0ro
CKYITYeHHS I0Ka3yIOTh MEPIEHIUKY/ISIPHE BUPIBHIOBA-
HHsI BiJIHOCHO HAIIpsSMy Ha HaMbJMKYIOro cycima, Ha
BiIMIHY BiZl IHIMAX TaJIAKTHK ITHOTO CKyIdeHHs. Mun
MIPUITYCKAEMO, 0 MACTPYKTYPH B CKyTYEHHSX Taja-
KTHUK HAIIIOTO HAOOPY JAHUX MAaioTh OyTH OB sd3aHi 3
BIIMBOM IHIIIUX YJIEHIB TPUILIETY.

Ki1r0o4oBi ciioBa: cKym4eHHs rajakThK: MOpdoJIorist:
BHYTPINTHSI CTPYKTYPA; TAJAKTUKHI: OPIEHTAIlIA; aHAJII3
TAHUX.

1. Introduction

The different elements of the Large Scale Structure of
Universe (LSS) evolve in the interaction with surround.
From the base theoretical works like Silk (1968), Pee-
bles (1969), Peebles & Yu (1970), Zeldovich (1970), and
latest it is considered the LSS elements as co-evolved
objects. The fluctuations of the gravitational field and
Hubble flow produce the different kinds of LSS ele-
ments, namely, 3D contraction gives spherical or ellip-
soidal structures, 2D leads to filaments, and the walls
are formed due to 1D contraction. Some additional
overdense regions in the filaments can evolve to groups
of small galaxy clusters which form elongated higher-
level structures having two, three and more galaxy clus-
ters. In another case — in the walls higher-level struc-
tures can obtain rounded shapes. The triplets of galaxy
clusters can be good examples of both the first and sec-
ond cases of the contraction, and must be reflected in
the inner structure of the galaxy clusters belonging to
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corresponding type of the triplet.

Our approach takes into consideration the result of
the modern observations (Wen et al., 2009, Dietrich et
al., 2012, Parekh et al., 2020) as well as numerical sim-
ulations from the first (Klypin & Shandarin, 1983) to
latest (Springel et al., 2005, Vogelsberger et al., 2014,
Artale et al., 2017, Cui et al., 2018, Tomoaki et al.,
2021), where the massive gravitational bounded ob-
jects, galaxy clusters can arise on the cross of filaments
or the cross of filament and wall. We suppose the foot-
prints of such interactions we can detect as substruc-
tures in the galaxy clusters for all components, namely
DM, hot gas and galaxies. The correspondence of the
DM, hot intracluster gas and galaxies distribution in
galaxy clusters was studied (for example, Dietrich et
al., 2012) and it was shown the difference in the dis-
tributions of the cluster components arises in the col-
lisions (Markevitch et al., 2004). The features of the
distribution of galaxies give us good image for other
components — hot gas and DM for non-collided, but
for evolved clusters.

Our previous studies were directed to the detection
of substructures in galaxy clusters in fields with dif-
ferent densities, from the richest regions (Panko et al.,
2021) to isolated galaxy clusters (Panko et al., 2022).
In all cases, we detected the different kinds of regu-
lar substructures, such as linear ones from wide bands
to thin filaments, crosses and semi-crosses, and short
dense curve stripes.

The next key question is the alignment of galaxies
in the clusters or substructures. The Binggeli effect
(Binggeli, 1982) was confirmed in a lot of works on
both galaxies and galaxy clusters (Godlowski et al.,
2010; Biernacka et al., 2015; Pajowska et al., 2019).

The goals of the present study are based on the fol-
lowing points:

e the galaxy clusters are evolved objects, and the
general direction is:

e from open structure to cluster having a distinct
concentration of galaxies in the center of gravity;

e from open structure to structure having some
kinds of substructures and the final stage will be
the same distinct concentration of galaxies in the
center of gravity;

e the substructures can arise due to the gravity of
the neighbor;

e the alignment of galaxies is not random;

e the substructures in the galaxy clusters belong-
ing to elongated triplets the nonrandom alignment
must be seen.

We select galaxy clusters belonging to elongated and
rounded triplets as an object for present study.

2. Observational Data

The main base of our study is the list of galaxies ob-
tained from 216 digitized plates of the Muenster Red
Sky Survey (Ungrue et al., 2003), hereafter MRSS and
the Catalogue of Galaxy Clusters and Groups (Panko
& Flin, 2006), hereafter PF, created on the MRSS.
Both catalogs cover about 5000 square degrees of sky
with galactic latitudes b < —45° and completeness
limit in red magnitude rp = 18.3™. For each galaxy in
MRSS, the next parameters are shown: equatorial co-
ordinates, rp magnitude, the size of axes of the galaxy
image in best-fitted ellipse approximation (in arcsec),
ellipticity, and the position angle of the major axis of
a galaxy image. Unfortunately, MRSS is the last pho-
tographic sky survey with corresponding weaknesses,
and their galaxies have no redshifts.

The estimated redshifts for PF galaxy clusters were
obtained from the comparison of PF catalog with ACO
(Abell, 1989) and APM (Dalton et al., 1997) catalogs
according to logz vs. mqg relation (Biernacka et al.
2009), following Dalton et al. (1997). 1711 PF galaxy
clusters with z.s; < 0.15 and richness over 50 galax-
ies allowed to create the list of galaxy superclusters
(Panko, 2011) using FoF method in Zeldovich et al.
(1982) form. Simultaneously, for each of these clusters,
the distance to the nearest neighbor was determined.
It allows to create also the separate lists of isolated
galaxy clusters, pairs of clusters, and triplets of clus-
ters (TCl).

T T T T

f
The shapes of triplets of GC
0.2 B
0.1 F -
T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 1: The distribution of the estimated shaped of
triplets of galaxy clusters

The full list of triplets contains 56 records with TCl
identifier, the equatorial coordinates of their centers,
redshif, the full number of galaxies, the maximal size
of the triplet, and the estimated shape (ellipticity), cal-
culated using the seconds statistical moments. The dis-
tribution of the shapes is shown in Fig. 1. One can see
the main part of the triplets are elongated objects like
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the straight chain, nevertheless, the rounded triplets
with small ellipticity are present too.

The data set for the present study contains 58
galaxy clusters belonging to 18 triplets: 11 triplets
are elongated structures with ellipticities in the range
0.8 — 1.0 and 7 ones are rounded with the ellipticities
in the range 0.1 — 0.4. We supposed two subsets must
have the difference in the galaxy substructures kinds.
The estimated redshifts for our data set are from 0.06
to 0.114.

3. Cluster Mapping and Substructures De-
tection

We used the advanced version of the “Clusters Car-
tography”, hereafter CC (Yemelyanov & Panko, 2021),
for this study. The new Web version of CC was cre-
ated in JavaScript to implement dynamic data visual-
ization in a web environment. The Web version of the
CC code includes functions for processing data, calcu-
lating statistics, and plotting maps, histograms, and
graphics, which are built using different parameters,
such as the radii and widths of the rings in determin-
ing the degree of the concentration to the center, the
widths of the bands in determining of the degree of the
concentration in the linear substructures etc. we also
added to the code the possibility to study the Bunggeli
effect both for all galaxies and separated substructure.
We conserved in the new version the base functions:
the search for the position of the greatest density of
galaxies in the cluster field, the detection of the regu-
lar linear and cross-type substructures, the analysis of
the shape of the members of the cluster (Yemelyanov
& Panko, 2021). All CC maps in the new version also
have the same size 4000 x 4000 arcsec. The size, shape,
and orientation of symbols for galaxies correspond to
MRSS data: magnitude m, ellipticity F, and positional
angle of the major axis PA of the galaxy image in the
best-fitted ellipse. The size of the symbol m' is calcu-
lated from the magnitude as

m/ — 3 . 20.6(18‘57?71) + 6,

And the axes A and B of the ellipse having the same
square, as:
m’ B (m/)Z

Y (1 -2E+E?)’ A

The results of the analysis are based on the corre-
spondent distribution of the selected parameter, so,
they are statistically significant.

We studied the next parameters for 54 galaxy
clusters: the cluster type according to the advanced
morphological scheme (Panko, 2013), the presence
of the regular substructures, the distribution of the
ellipticities of the cluster’s members, the appearances

A:

Table 1: The morphology of galaxies in elongated and
rounded triplets

Type Elongated triplets Rounded triplets
Main L Y BG Main L Y BG
O 25(8) 3 4 1 16(4) 4
I 71 3 1 2 4 1
C 1 1
339) 6 5 3 21(4) 4

Figure 2: The triplet TCl 040-750 unites galaxy clus-
ters PF 0369-7499, PF 0407-7500, PF 0428-7493. Red
lines illustrate the detected substructure direction, and
blue ones correspond od the direction of the neighbor.
The position of the centers of the clusters are in the
scale, at the same time the cluster images are enlarged
for clarity.

of the Binggeli effect both all galaxies in the clusters
field and galaxies included in substructures.

4. Results and Discussion

The common results for the studied 33 galaxy clus-
ters, belonging to elongated triplets and 21 galaxy clus-
ters belonging to rounded ones are presented in Table 1.
The values in brackets in Table 1 indicate the number
of clusters with some uncertain classification of the de-
gree of concentration toward the center. That is, for
the first subset of 25 clusters of type O from the first
subset, 8 ones showed a slightly pronounced concen-
tration that can be described as OI. Similarly, in the
second subset the analogical situation: OI type of clus-
ter was detected for 4 clusters from 16. For I type in
the first subset we detected only one cluster which can
be classified as IC. In our previous studies pronounced
OI, 10, or IC types were extremely rare.

We did not detect X-type substructures in 58 se-
lected clusters, Y-type substructures are present only
in clusters belonging to elongated triples. The corre-
spondence between the direction of the substructure
and the direction of the neighbor is seen (Fig. 2). Cor-
responded acute angles are small, we can suppose the
inner substructures trace the parent filament direction.
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Figure 3: PF 0407-7500 cluster and its L11 substructure. In the upper panel, the maps are shown: a — the
cluster, b — substructure, and c — the alignment of galaxies with E;0.2 (green) in the substructure. the brightest
cluster member is shows as black symbol. In the bottom panel: d — LHB diagram with four peaks, e — normalized
galaxy densities in 11 bands, and f — alignment of galaxies as according to Binggeli effect presence

The cluster PF 0407-7500 (OL11 type) has so inter-
esting and perspective substructure (Fig. 3a). Light-
Houses Beam diagram, LHB regime in CC (fig. 3d)
notes to powerful linear substructure (two wide peaks)
as well as allows us to suppose the presence of the small
short chain (two thin peaks). The crossing points of
these substructures have the brightest galaxy, which is
shown as black in Fig. 3a,b. The linear substructure
is detected not only using LHB. Linear mode in CC
(Fig. 3e) demonstrates a significant peak in the middle
band, corresponding to the L11 type. Only galaxies in
the linear substructure are shown in Fig. 3b and the
example of Binggeli effect analysis for this substruc-
ture is shown in Fig. 3¢. The alignment of galaxies in
the L11 substructure on common is in the perpendic-
ular direction to the direction of the neighbor galaxy.
In contrast, all galaxies of the PF 0407-7500 show the
Biggeli effect in classical form (Fig. 3f). The galaxies
having an ellipticity less than 0.2 were.

Other triplets show similar peculiarities for linear
and Y-type substructures.

5. Conclusion

We analyzed the inner structure of galaxies in both
elongated and rounded triplets. About half of the clus-

ters in both subsets are open clusters without features.
For round triplets, we did not detect crosses or semi-
crosses. There are linear substructures on O type that,
are present only in four cases. Clusters of I and O types
in this subset have no regular substructures.

For elongated triplets the part of clusters having the
regular substructures, linear or semi-cross, are present
in about 30% for O-type clusters and in 57% for I-type
clusters.

The Binggeli effect was detected in a major part of
the clusters. In the linear substructure in PF 0369-
7499 galaxies show also perpendicular alignment in
contrast to other galaxies of this cluster.
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ABSTRACT. The paradox about the supposedly
instantaneous transfer of information associated with
the determination of the parameters of one of the
particles included in a quantum entangled pair is con-
sidered. It is shown that this conclusion is drawn on
the basis of not quite correctly formulated conditions
of the thought experiment underlying the imaginary
paradox.

Keywords: quantum entanglement, special relativity,
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AHOTAIIA. Posrsinyro mapajokc AfHmrraiina-
[Tomonbebkoro-Pozena npo HIOUTO MUTTEBY Hepeady
indopmariii, TOB’si3aHy 3 BU3HAYCHHSM TapaMETPIB

O/HI€T 3 YaCTUHOK, IO BXOAATH JIO KBAHTOBOL
sammyTtanol mapu. Ili ABI 9acTUHKHU TTO€THYIOTHCS
IIEBHUM YHHOM, HE3aJIe2KHO BiJ  BiacTaHi MixK
HUMH, SIKIO IXHIM CTaH 3a/UIIa€TbCd HE3MIHHUM.
dBuie  KBAHTOBOI  3aIIyTAHOCTI  MiATBEPIKEHO
€KCITePUMEHTAM.

V maitpocrimol Bepcil mapaoKCcy mapa 3aIlTy TAHUX
doTOHIB HAPOJKYETHCA Jiech y Kocmoci. Onuu i3
HUX TpUJIiTae Ha 3eMiito, jie Pi3UKKU BUMIPIOIOTH HOro
cripasnbHicTh. Ile smae 3mory mizHaTHCs CHipaJbHICTD
Japyroro poToHa, KWl y el MOMEHT 3HAXOIUTHCS
Jnech y TymanHocti Amppomenu. Bunukae nuramms
PO MOXKJIUBICTH OTpUMAaTH iHMOPMAIIITO 31 MBUAKICTIO
BUIIE CBITJIOBOI.

3alponoHOBaHO HEKBAHTOBY AHAJIOTIIO MapajoKca,
1[0 BUHUKA€E Uepe3 MOXKJUBY 3MiHy Ipoekmil cHiHy
ab0 CHipaJIbHOCTI IpH B3AaEMOIII0 3 YaCTUHKAMU
abo mossaMu. IIponemoncrpoBano, 1o copobu
VHAKHYTH TakKol 3MiHU NPU3BOAATH 10 BIUIABY HA
BEJINYUHY, 1110 BUMipioeTbes. llepina 3 MoxKImBoCTEH €
LTIocTpallist BiJOMOTO TBEP/PKEHHS KBAHTOBOI MEXAHIKHU
PO BILJIMB IIPOIIECY BUMIPIOBaHHSI, B JAHOMY BHIIAIKY
CITOCTEPEXKEHHs, Ha CTaH CIOCTEPEXKYBAHOI CHUCTEMU.
Hpyra, moB’s13amHa 31 OTOUYEHHSIM IaCTHHKN HEITPO30POIO
00O0JIOHKOIO TPU3BOAUTH JO0 3MIHH CTaHy YACTHHKHI

qepe3 edexr Kasumumpa Ta 3MmiHy nmoJasgpusartii
BaKyyMy.
BuCHOBOK 1IpO  MOXKJIMBICTB

MHUTTEBOI Ilepeadi

indopmartii 3pob/ieH0 HA OCHOBI He 30BCIM KOPEKTHO
copMyIbOBAHNX yMOB YSBHOI'O €KCIIEDUMEHTY, IO
JIEXKATH B OCHOBI HIOMTO HapajoKCy. 3allpOIOHOBAHO
MIOHSTTS 9YAaCTKOBOI KBAHTOBOI 3aILIyTAHOCTI  Ta
mapaMerp, IIOB’siI3aHMN 13 3MEHIIEHHSM KOPEJIsIiil
CTaHIB YaCTUHOK, siKi CIIOYATKY OyJIM 3aIlryTaHi.
KirouoBi  cioBa:
clierjiajibHa  Teopis BIJIHOCHOCTI,
nepejilaBantst iHGOpMAIIii.

KBaHTOBa  3allJIyTaHICTb,

HaJICBITJIOBE

1. Introduction

The discussion between Einstein and Bohr played
a important role in the process of understanding the
concepts of quantum mechanics, which was being cre-
ated at that time. Einstein proposed a number of
thought (gedanken) experiments that were supposed to
disprove the foundations of quantum mechanics, for ex-
ample, the Heisenberg uncertainty principle. However,
Bohr was able to show the falsity of these attempts
in all cases. A kind of continuation of this series of
thought experiments was the article (Einstein et al,
1935). Its ideas subsequently led to the emergence of
the concept of quantum entanglement, when two par-
ticles link together in a certain way no matter how far
apart they are in space. Their state remains the same.

The existence of quantum entanglement has been
confirmed in numerous experiments and is not ques-
tioned. The experiments described in (Storz et al,
2023) are an important stage in the study of this quan-
tum mechanical phenomenon in which the quantum
states of two or more objects are interdependent. For
example, one can get a pair of photons in an entangled
state, and measure the spin of the one of the photons.
If its helicity turns out to be positive, then the helicity
of the second should be negative, and vice versa.

In this paper I want to discuss some aspects related
to the paradox usually associated with this concept. I
do not go into details related to Bell’s inequality (Bell,
1964), etc., limiting myself to a discussion and analysis
of simple thought experiments.

The paradox associated with the existence of a pair
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of quantum entangled objects is connected with the
fact that a measurement of a parameter of one particle
is related to an instantaneous termination of the
entangled state of the other. In the simplest example,
a pair of entangled photons is born somewhere in
space. One of them arrives on Earth, where physicists
measure its helicity. This makes it possible to know
the helicity of the second photon, which is somewhere
in the Andromeda Nebula at that moment. Is this a
transmission of information at faster than the speed
of light in a vacuum? This is forbidden by the special
theory of relativity. I am going to show that the
paradoxicality of this situation has much to do with
its formulation.

2. Analysis of the paradox

2.1. Preliminary analysis of the paradoz

The presence of non-trivial and somewhat mysteri-
ous quantum entanglement may hinder understanding
of the paradox. Therefore, we start by considering
the EPR paradox counterpart for the non-quantum
classical world. This is possible for many paradoxes
related to quantum mechanics, including the famous
Schrodinger’s cat (Parnovsky, 2023).

In the case of a pair of entangled photons we can also
present a thought experiment that is close in essence
and not related to the world of quanta. We take out
two playing cards from the deck, for example, the king
of spades and the seven of clubs. We put them in two
envelopes and randomly write two recipients on them.
One of the recipients receives a letter with the king of
spades in Glasgow and realizes that the second recip-
ient in Sydney received a letter with a seven of clubs.
The situation resembles a paradox with quantum en-
tangled photons, but without the halo of mystery.

Let’s not discuss how long it takes the addressee to
draw a conclusion and compare it with the time it takes
light to travel from Sydney to Glasgow through the
globe. This is not important when analyzing a situa-
tion that has become plain and simple. The key ques-
tion is how accurate is the conclusion about the card
inside the envelope in Sydney.

In reality, all that the addressee from Glasgow sees
is an envelope with the king of spades inside. The
final conclusion is also based on additional informa-
tion, which is the result of assumptions and descrip-
tions of the organization of our thought experiment.
It is implicitly assumed that two envelopes were sent
with the specified playing cards inside, with the second
addressee being a participant in the experiment from
Sydney. The letters are not lost and not be replaced
along the way. For the EPL paradox, the entangled
particles must not interact with anything and retain
spin or helicity.

I want to add a more general remark. There is a

difference between obtaining real information and us-
ing the results of the estimates and calculations that
underlie the paradox under discussion. A predicting
the helicity of a distant photon or the projection of the
spin of a massive distant particle is like the situation
with a rocket sent to Alpha Centauri carrying a time
bomb. Observers on Earth may believe that the bomb
has exploded at a calculated point in time, but they
will not receive direct information about the explosion
until more than 4 years later. Up to this point, it is
not information, but just a guess. You never know
what could happen to the rocket, the bomb and the
clockwork.

The production of a pair of quantum entangled
particles is provided by the laws of physics, including
quantum mechanics and the law of conservation of
angular momentum of particles. But the requirement
that the state of the particle must not change during
its journey is very important. This is implicitly
assumed in the conditions of the gedanken experiment,
but how much is it admissible in reality? If an
elementary particle moves in space, it can change the
projection of its spin on a given axis while interacting
with another particle or in an external field. For
example, during interaction with photons of CMB
radiation (see the Greisen—Zatsepin-Kuzmin cutoff
(Greisen, 1966; Zatsepin, Kuz'min, 1966)).

2.2. The need for observation and its impact on par-
ticles

In order to be sure that the emitted particle has not
changed helicity or projection of spin, one must know
that it has not interacted with anything during the mo-
tion. Here it is worth remembering that in quantum
mechanics the measurement process and the observa-
tion process as a special case affects the state of the
system. This has been repeatedly illustrated by vari-
ous examples.

Say an observer wants to know if there is a black
cat in a dark room. He can use a flashlight, but this
would cause the pressure of the torch’s light to affect
the cat, naturally if it is in the room, and would change
its momentum as a result. From this it is not difficult
to obtain a constraint related to the Heisenberg uncer-
tainty principle. Corresponding estimates are given,
for example, in the book (Parnovsky, 2023).

If we place observers in space along its trajectory,
armed with torches or other means of gaining infor-
mation about the world around it, to make sure that
a receding entangled particle does not interact with
other particles, the particle may change its helicity or
spin projection due to interaction with the light from
these torches.

Let’s try to break the deadlock in another way, mak-
ing our thought experiment much more complicated.
We surround the massive particle with a sphere of
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strong opaque material, which do not let photons or
other particles near it. It flies at the same speed, es-
corting the particle and protecting it from unwanted
interactions. However, this would not solve the prob-
lem. The mere existence of the shell changes the os-
cillations of the physical fields within it, including the
electromagnetic one. This leads to a change of polar-
ization of the vacuum, i.e. to the manifestation of the
Casimir effect (Casimir, 1948; DeWitt, 2022).1ts influ-
ence can change the projection of a particle’s spin on
a chosen axis.

So, it is quite possible that the spin or helicity
of a particle moving in this medium may change.
Some mechanisms of such a change are related to
the very fundamentals of quantum mechanics, such
as the effect of a measurement process on the object
being measured. Therefore, they always work. I
note that the particle, whose state is supposedly
determined remotely, may simply not be present at
the point in space-time, where it should be according
to calculations.

3. Partial quantum entanglement

The above is sufficient to show that when using a pair
of quantum entangled particles and having received in-
formation about the spin or helicity of one of them,
we can determine the position or the very fact of the
existence and spin or helicity of the second one only
with a certain probability different from unity. This is
sufficient to consider the obtained estimate not infor-
mation, but merely an assumption.

To obtain quantitative characteristics, an approach
somewhat similar to the concept of partially coherent
light (Born and Wolf, 1999) can be used. Let us indi-
cate the basic approach. Consider the motion of one
of the particles produced as an entangled pair at dis-
tance © = 0. Let it be a fermion with spin 1/2, hav-
ing two projections on the selected axis: ‘spin up’ and
‘spin down’, or a photon with positive or negative he-
licity. The pair was born from the initial configuration
with zero angular momentum, so that the projections
or helicities of the two produced particles are initially
opposite.

The quantities py(x) and p_(z) show the probabil-
ities that the particle will show positive and negative
spin projection or helicity when measuring at distance
x < 0 from the point of birth of the pair. These quan-
tities can change due to interaction with particles and
fields during the particle’s motion, but their sum is
equal to 1.

(1)

Let us assume that the effect of external factors is ran-
dom and isotropic. Let the particle, having traveled
the path dx, change the direction of its spin with equal

pe () +p_(x) = 1.

probability from ‘spin down’ to ‘spin up’ or vice versa:

_ _dp_(x) _
dx

dp ()
dx

a(p-(z) —p+(z).  (2)

The quantity o > 0 characterizes the rate of change
of the spin component during the motion of the par-
ticle. It does not take into account the possibility of
annihilation or transformation of the particle by inter-
action or by scattering. For simplicity, we assume that
this quantity is constant. The solution to the system
of equations has the form

1 — exp(—2ax)

: 3)

If @ = 0, as is implicitly implied in the standard for-
mulation of the paradox, then p4(z) = p4(0). But for
any small non-zero value of a > 0, this value changes.
For z < a1, we get py(z) ~ p,(0), and for z > =1,
we get py(z) = 1/2.

The latter is related to the used assumption of
isotropy of interaction. In reality, it can be anisotropic
with distinguished directions determined by the direc-
tion of the fields, say, the galactic or intergalactic mag-
netic field and the speed of the used frame of reference
relative to the one in which the dipole component of
the relic radiation is zeroed. Note that in the process
of interaction with the CMB, the energy and speed of
fermions can decrease [5,6].

Any value of & > 0 makes the connection between
p+(z) and py(0), and hence between the spin projec-
tions of two partially entangled particles, not uniquely
defined but probabilistic with a correlation that de-
creases as the particles move away. The actual exper-
iments [2] were conducted at * < «~!, and the for-
mulation of the paradox not only assumes = > a~ !,
but also requires obtaining information rather than an
estimate, albeit a very probable one.

So, if the particles have to travel huge interstellar
or even intergalactic distances, then the probability
that they remain entangled is greatly reduced. As a
result, for this reason alone, registration of the state
parameters of one of the particles does not guarantee
knowledge of the state parameters of the second
particle. Accordingly, it is impossible to speak about
the transfer of information about it with superluminal
speed.

p+(z) = p1(0) exp(—2az) +

4. Conclusions

The phenomenon of quantum entanglement has
been confirmed by experiments. However, a paradox
about the supposedly instantaneous transmission of
information is associated with it. The analysis carried
out showed that in reality this paradox does not exist.
The conclusion about the possibility of instantaneous
transmission of information was made on the basis
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of not quite correctly formulated conditions of the
gedanken experiment that underlay the imaginary
paradox. An essential detail of the analysis is the
well-known statement of quantum mechanics about
the influence of the process of measurement, in this
case, observation, on the state of the observed system.
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ABSTRACT. Axion-like particles (ALPs) emerge as
predictions from various extensions of the Standard
Model, standing out as plausible candidates for dark
matter. Axions are thought to be produced when light
passes through regions of magnetic fields. This positi-
ons astrophysical environments as prime sites for their
production and subsequent detection. However, establi-
shing precise constraints on axion parameters remains
challenging, primarily due to the limited understandi-
ng of astrophysical magnetic fields. The Coma cluster
is notable for being the sole cluster where the profile of
magnetic field strength has been relatively accurately
determined using Faraday Rotation Measures. We
examined the X-ray spectrum of the Coma galaxy
cluster using data from the XMM-Newton observatory.
We combined data from eight XMM-Newton observati-
ons conducted between 2000 and 2005, spanning a 40’ x
40" area centered on the Coma cluster, totaling 343.8
ks. The X-ray spectrum of the ICM was characteri-
zed by modeling it with emissions from a single-
temperature hot plasma. Furthermore, we explored
the potential impact of photon-to-ALP conversion on
the spectrum of the Coma cluster. Our investigati-
on encompassed a range of parameters — the coupli-
ng constant and the axion mass, focusing on regions
that have not yet been excluded. For the selected axion
parameters, the primary impact on the spectrum could
occur at high energies exceeding 5 keV. Analysis of the
limited statistics gathered in this study indicates that
the excluded parameter space for ALPs, based on X-ray
observations of the Coma cluster, lies above the followi-
ng values: g,y < 5-10713GeV™! m, < 1-10712eV
with 95% probability.

Keywords: axion, clusters of galaxies, intergalactic
plasma, X-ray radiation.

AHOTAIIA. AxciononomibHi YacCTUHKY BUHUKAIOTH
JK Tepeabadenss posmupenb CraHgapTHOI MOJe,
BUOKPEMJIIOIOUUCH K MOTEHIIHI KaHIuIaTh HA POJIh
TeMHOI MaTepii. BBakaeTbcst, 1m0 akcionu GHopMyro-
ThbCd IIiJI YaC IMPOXO/KEHHS CBITJa dYepe3 MAarHiTHI
[0JIst, MO POOUTH AcTPOdi3ndHe CepeIOBUIIE KIII0YO-
BUM MiCIleM JJI IXHBOI'O yTBOPEHHS Ta MOXKJIMBOTO
BUABJICHHA. OLLH&K TOYHE BCTaHOBJICHHA O6l\le)KeHb Ha
rmapaMeTpy aKCiOHIB 3aJIMINAETHCS CKIIATHOIO 3a/1a9€r0,
[MepeBaKHO Uepe3 OOMeykeHe PO3yMiHHsI acTpodizu-
aanx MaraitHux nosiB. Ckymuennss Koma mpuseprae
yBary THM, IO BOHO €1uHe, Jie npodiab HampyKe-
HOCTi MAar"iTHOI'O IOJI BiJIHOCHO TOYHO BHU3HAYEHUIT
3a JIOIIOMOroI0 BuUMipOBaHb obepranus Papajes.
Mu fgociiunaum pEeHTTeHIBCHKUNU CIEKTP CKYITYIEHHS
raylakTuk Koma, BUKOpHUCTOBYIOUM JiaHi obcepBaTopil
XMM-Newton. dxs mporo ob’exnanu mami 8 crmocre-
pexkenb XMM-Newton 3 obsacti posmipom 40" x 40
i3 meaTpoM y ckymiendi Koma, mpoBeneHux y mepios
3 2000 mo 2005 pik, i3 3arajpHOIO0 TpUBAJIiCTIO 343,8
Kc. PeHTreniBchbkmii CIIEKTP BHYTPINMTHBOKJIACTEPHOTO
cepenoBuia OyB 3MOJETHOBAHUN K BUIPOMIHIOBAHS
OMHOTEMIIEpATYPHOI Tapadoi maa3mu. Mwu BuBYa-
JIM MOXKJIUBHII BILIUB (POTOH-aKCIOHHOI KOHBepCil Ha
criekTp kKaacrepa Koma. Mu posriisnysu napamMerpu —
KOHCTaHTY 3B’SI3KY Ta MacCy aKCIOHY, 30CEPEKYIUNCh
30KpeMa Ha THX IX BeJHIWHAX, sKi JIOCI 3aUIIAINCST
HepukJodeHi. JIag BuOpaHumx mapameTpiB aKCiOHIB
1XHilf OCHOBHUI BHECOK Y CIEKTP MOXKE CIIOCTEPIraTuCs
NP BHUCOKUX EHEPTifgX, IO IIepeBHUIlyioTh 5 KeB.
Awnaniz obmexkeHO! CTATHUCTHKHU, 3i6paHOl y IBOMY
JOCJTT?KEHH], TTOKa3ye, IO MPOCTIp HapaMeTpiB s
AKCIOHOTOMIOHNX YACTUHOK, SIKAH € BHUKIIOYCHUIM
Ha TiJICTaBl PEHTTEHIBCHKUX CIIOCTEPEXKEHDb CKYITde-
oag Kowmu, J€KuTh BUIE 3a HACTYIHI 3HAYEHHS:
Gary < 5-10713TeB™ !, m, < 1-107'2 eB 3 iimosipuicrio
95%.

Kiti040Bi cjioBa: akcioH, CKyIIYeHHS TaJaKTUK, MiXK-
raJlakTUIHA IJIa3Ma, PEHTTeHIBChbKe BHIIPOMIHIOBAHHS
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1. Introduction

1.1. Ezploring ALPs in astrophysics

Axions are hypothetical particles originally proposed
as a solution to the strong CP-problem (Peccei, 1977a;
Peccei, 1977b). Almost immediately, these particles
were identified as prime candidates for dark mat-
ter (Weinberg, 1978; Wilczek, 1978). Today, we dis-
cuss a wider family of axion-like particles (ALPs) that
share the main properties of axions: they are very light
(much lighter than even a neutrino) and interact with
photons when traversing regions of magnetic fields, via
the term (Malyshev, 2018; Raffelt, 1988):

_%g'yaFuVFNV
where a is a pseudo-scalar axion field, Fj,, is the
electromagnetic field strength, F/w = ;EIWWF P9 s
the electromagnetic dual, E and B are the electric
and magnetic field strengths, respectively, and g, is
the photon-axion coupling. Natural Lorentz-Heaviside
units with A = ¢ = 1 are used throughout this article.

A variety of search strategies can be used depending
on the ALP mass. ALPs can be detected through
astrophysical observations or laboratory experiments,
where photon-ALP oscillations occur in the presence
of a magnetic field.  These oscillations generate
distinct features in the spectra of astrophysical ob-
jects. Photon-to-ALP conversion is expected to cause
detectable energy-dependent distortions in the X-ray
or v-ray spectra of sources within or behind galaxy
clusters (Conlon, 2016; Davies, 2023; Hochmuth,
2007; Malyshev, 2018; Meyer, 2013; Mirizzi, 2008;
Reynolds, 2020). The absence of ALP imprints on
photon signals from astronomical sources has been
crucial in establishing constraints on the axion mass
and coupling constant (O’Hare, 2020).

»C'ya a:g'yaE'Bav (1)

1.2. X-ray-ALP conversion in the cluster magnetic
field

The propagation of a photon (A;, A,) with energy
E along z-axis is described by (Hochmuth, 2007; Maly-
shev, 2018)

[E_iaz _M(mavgwavBJ_)]Azov (2)
where
Ag
A=| 4, |,
a

and M(mq, gavy, B1) is the mixing matrix. The pri-
mary components of the mixing matrix, concerning
keV photons traveling through the galaxy cluster envi-
ronment are:

Ap 0 Ay cos @
M = 0 Ap Agysing |, (3)
Agycosp Agysing A,

where cos¢ =B, -e,/B; =+/1— sin® ¢. Elements of
the matrix Eq. (3) are given by:
1

Aa’y = §ga’yBJ_ =~

~ 76107 (5 . 1O_ﬁ§éevl> (fé) pe !,
2
A, = 7% ~
o ) () e
Ao = 2%1 -

~_11-10"% i o (L) o1
- keV 103em—3/P¢ >

where wgl = 4man./m. is the plasma frequency of the
medium, n. is the electron density and o = e?/(4n) =
1/137 the fine-structure constant with e the electron
charge.

1/2 1/2
o Te o —12 Te
Wpl = € (me) =1.17-10 (W) eV.

If axions exist, magnetic fields cause photons to con-
vert into them with the strength of the interaction,
controlled by gq-.

The probability of the photon-axion conversion is
proportional to the magnetic field, perpendicular to
the line of sight:

2
Y

where L is the magnetic field coherent length. Here we
have normalized the quantities to typical parameters
relevant to the galaxy cluster.

BL_L Jary
1G 10kpe 5-10-13 GeV

P,m%3~105(

1.8. Coma cluster

The Coma cluster (Abell 1656) has been extensively
studied across various wavelengths as a galaxy clus-
ter with a hot gas composition. Located approxi-
mately 99 Mpc from the observer, with a redshift of
z = 0.0231, the Coma cluster consists of over 103
galaxies. This virialized structure possesses a mass
ranging from 10'* to 10'® Mg and extends over spa-
tial scales of more than 1Mpc (Bower, 2013). The
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intracluster medium (ICM) within the Coma cluster
emits diffuse X-ray radiation primarily through ther-
mal bremsstrahlung, with a typical temperature of
T ~ 103K and a number density in the range of
ne ~ 1071 — 1073 em =3 (Chen, 2007).

The celestial size of the Coma cluster extends over
more than 2° in the sky, with its ICM being an ex-
tended X-ray source larger than 45'.

Both radio and X-ray observations suggest tur-
bulence and disruption within the intergalactic
plasma (Churazov, 2012; Schuecker, 2004). Moreover,
the behavior of transport processes is closely linked to
the configuration of local magnetic field. The presence
of substructures within the Coma ICM, particularly
gas fluctuations arising from galaxy cluster collisions,
highlights the intricate nature of the ICM.

The Coma cluster stands out as one of the few
clusters whose magnetic field strength profile has been
measured. The primary method for probing a cluster’s
magnetic fields is through Faraday rotation measure
(RM). These fields are intimately connected with the
plasma and can pervade its internal structure. Their
properties often indicate a stochastic and turbulent
nature. Generally, the beta-profile is employed for gas
density, with a corresponding profile for the magnetic
field. The radial distribution of electrons in the Coma
cluster is described by n.(r) = ng[l + (r/r.)?]~38/2,
where ng = 3.44 - 1073em™3, r. = 291kpc, and
8 = 0.75 (Bonafede, 2010; Lokas, 2003), while the
magnetic field profile follows B(r) = By[n(r)/no]",
where By = 5.2 uG and 1 = 0.67 (Bonafede, 2010).

2. Data analysis

2.1. XMM-Newton X-ray spectrum

We analyzed observation data files for the Coma
cluster from the XMM-Newton X-ray observatory.
The observations included the following ObsIDs:
0124711401, 0153750101, 0300530101, 0300530301,
0300530401, 0300530501, 0300530601, and 0300530701,
with a total exposure time of 343.8 ksec. We studied
the combined MOS1/MOS2 spectra from the central
region 40’ x 40’ using the Xspec package. In our spec-
tral analysis, we did not perform background subtrac-
tion because the object’s size exceeds the field of view,
making it impossible to select an appropriate region
for background spectrum estimation. To account for
residual calibration uncertainties in XMM-Newton ob-
servations, we added 1% systematic error.

The resulting base model fit (see Table 1) consists
of the thermal radiation from the plasma apec_3
within the Coma cluster, along with various astro-
physical components such as Solar System plasma
apec_1, hot interstellar plasma apec_2, and the
cosmic X-ray background powerlaw_1i. Additionally,

it includes the hydrogen column density for absorption
phabs, as well as instrumental backgrounds featuring
a smooth continuum powerlaw and line-like gaussian
features. Refs. (Malyshev, 2022; Zadorozhna, 2023)
provide comprehensive lists of the most significant
instrumental and astrophysical lines essential for
modeling the XMM-Newton background.

2.2. Photon-to-ALP conversion simulation

We used the publicly available A1Pro (Axion-Like
PROpagation) (Matthews, 2022) code in Python de-
signed to solve the equations of motion for a photon-
ALP beam, accounting for the mixing between photon
and ALP states.

We assumed that most of the X-ray photons that
travel a sufficient distance and in a strong enough mag-
netic field to oscillate into axions are born in the central
region of the cluster. The initial parameters for run-
ning the code were chosen as follows: the magnetic field
profile and amplitude as described in subsection 1.3,
and the cluster radius was set to 1.5 Mpc. We divided
the cluster into 50 randomly distributed domains, with
sizes ranging from 2 to 32 kpc. The magnetic field’s
orientation varied randomly in the photon polarization
plane within each domain, while the magnetic field am-
plitude remained constant in each domain. Each run
of the code generated a curve depicting the probability
of photon survival as it travels from the center of the
Coma cluster (see Figures 1, 2). Significant contribu-
tions from conversions at the given ALP parameters
occur at energies higher than 5 keV.

For the ALP parameters g,, = 5- 1073 GeV~! and
mge = 5-1072 eV, the conversion probability does not
exceed 1% as can be seen from Figure 1. Each curve
was transformed into a multiplicative ALPs model and
then multiplied by the base model (see Table 1).
The fitting results for curves with these parameters
are summarized in Table 2. In Table 1, the columns
fit 1, fit 3, fit 5, and fit 11 present the detailed
fitting results as examples. For the ALP parameters
Gay =6- 1078 GeV~! and m, = 3-107'2eV, the con-
version probability remains below 10%, as illustrated
in Figure 2.

Figure 3 presents the spectrum with various model
fits. The line colors in Figure 3 match the curve
colors in Figure 2. These colored curves were used
as a multiplicative ALPs model to fit the data and
construct the correspondingly colored lines in Figure 3.

2.3. Bounds on ALPs

Detecting photon-axion oscillations in the X-ray
thermal spectrum of a cluster is challenging due to
the presence of spectral lines and complexities in back-
ground modeling. Our analysis found no significant



27

Odesa Astronomical Publications, vol. 37 (2024)

"PUNOISYOR( [RJUSWNIISUI JO UOIINLIJUOD JY) SUIPN[OUT ‘SJTV 4((g dode+z dade+1-merremod), sqeyd
+ 17o0de) juouodwiod SJTY [UOIIIPPE Ue YHm [opouwl snotadld o) wolj siojowrered juosold TT 3 STV -+H[ePOoW aseq anfeA pur ‘G 13 sdTV-+[epout

oseq on[eA ‘¢ 1 sdTV-+iepowr aseq anfeA ‘I 1 sdTV-+[PPouWl aseq anN[eA Po[Rge[ SUWN0d dYJ,

.@QSOMMMO@Q ejuamwinrjsur ue JO UuOr}

-ippe o3 yYm (g oede+z oede+1 meraenod)xsqeyd + 7oede epowr xordwrod oyy 10 smojourered jo jos e sAe[dsip 3 [epOW 9seq oMN[eA po[eq
-e] UWN(0D Y], "I9ISN[D BWO) O} JO WOISSI [eIUOd oY) WOIj pojorIixe wmipads gGOIN/TSOIN Poulquiod o) jo siojourered [opo]N : OqRT,
%0°0€ %% €8 %1'1E %8Sz %0°0€ (0H)d
6£61/8L°9261 9£61/61 1261 6£61/8L 7261 9£61/L6'8C61 9£61/8L°9261 fop/ X
2101 -G 101G e I e - A9 P 'sdTV | 81
P} e1-0T-¢ e1-0T -G PO} - (—APD +7b 1'sdTV | L1
2-0T - (806°0 F859°L) | 0T - (8060 F 839°2) | ;0T (806°0 F8G9L) | 0T - (80670 F 859°2) | ;0T (806°0 F 859°L) ¢ U0 ‘uriou goode | 9F
uozoIy 16Z0°0 uezoly 1¢70°0 uozoIy 16Z0°0 uezoly 1€70°0 uozo1y 1£30°0 Yryspoy goode | gf
€90°0 F T¥S0 790°0 F 2¥S0 790°0 F ¥¥S°0 €90°0 F ¢¥S°0 €90°0 F 2¥S0 oouepUNqY goode | 1
68T°0 F 799°L OFT°0 F 8L9°L OFT°0 F GL9°L OFT°0 F TL9°L 0FT°0 F 8¢9°L AP I goode | ¢r
50T - (€85 TF €€ 9) | , 0T (28CTFGee9) | 01 (c8TTF16€9) | ;0T (28T TF€ee9) | ,_ 01 (382’1 F ££€'9) ¢ o ‘uiou goode | g1
QONO.& 00 Q@NO.H,« 00 G@NO.& 00 QQNO.@ 00 Q@NO.H,« 00 u,ﬂﬂm@@m N\O@Qﬁ 11
E@NO@ 000°T Q@NO.Q 000°T G@NO.@ 000°T EwNO.ﬁ 000°T Q@NO.G 000°T @QQ@UCS&< N\U@Qﬁ 01
0v0°0 F 200'T 0¥0°0 F 200°T 0v0°0 F 200'T 0¥0°0 F 200°T 0¥0°0 F 200°T A I goode | 6
2—0T - (6¥5°0 F 05¥'T) | 01 (6¥5°0F 05%°C) | ;01 (6¥20F 0¢¥°C) | ;01 (6¥&0F057'3) | .01 (6¥5°0F 05%'T) | {_ A, 18, s, woyd | 17d 8
G200 F 8LY'T 5200 F 8LY'T ae0'0 F 8LV'T 1600 F 8LF'T 120°0 F 8LY'T xopujoyd rd L
c—01 - (267°0 F 20S°T) | 0T (267°0F ¢0G'T) | 0T (2670 F ¢0G°T) | 0T (16V°0F 20S'T) | 0T (I6V°0F20S'T) | _uwodswore (Of ‘Hu sqeqd | 9
p—0T - (CV6'TF8LT'8) | 40T  (IW6'TF628) | 01 (I¥6'T F3982'8) | ;01 - (010°C F28&'8) | 0T (I¥6'T F 8LT'8) ¢ WO ‘uLIou roode | g
E@NO.@ 00 QwNO@ 00 G@NO.& 00 QQNO@ 00 QwNO,Q 00 uﬁ&wwwm M\UQQN i
Q@NO.Hm 000°'T Q@No,ﬁ 0001 Q@NO.@ 000°T E@NO@ 000°T Q@NO.Hm 000°T @UG@.@ESO_< H\U@Qﬂw e
Z8T0°0 F L0£°0 810°0 F LOE'0 810°0 F L0E°0 8T0°0 F L0E'0 810°0 F L0E'0 AP I roode | 7
11 1Y g 1y €19 119 1y U "dwop)
mﬁH‘H<.+~®ﬂvOE aseq mn._w.._”dﬂl_l—w—uog aseq mﬁﬁﬂ<+~®ﬁog Iseq mﬁﬂﬁ.m{.l_l—wﬂuog aseq [Ppowu aseq
OH——N\/ @—‘:N\/ Qz—ﬁ\/ Qﬂ:ﬂ\/ @5~ﬁ> Iojomrereq ﬁwﬂvoz ON




28

Odesa Astronomical Publications, vol. 37 (2024)

Table 2: Summary of the fitting results. The Fit col-
umn denotes the number of attempts made to approx-
imate the spectrum using the complex model with the
previously generated ALP model incorporated, corre-
sponding to the curves in Figure 1. Columns labeled
x?%/d.o.f. and P(HO) show the chi-squared test results
and the null hypothesis probability, respectively.

Fit x2/d.o.f. P(HO)
1 1928.97/1936 | 28.8%
2 1925.07/1939 | 31.0%
3 1924.78/1939 | 31.1%
4 1926.44/1939 | 30.2%
5 1921.19/1939 | 33.2%
6 1924.68/1939 | 31.2%
7 1927.34/1939 | 29.7%
8 1927.82/1939 | 29.4%
9 1928.08/1939 | 29.3%
10 1924.03/1939 | 31.6%

11-19 | 1926.78/1939 | 30.0%

20 1924.35/1939 | 31.1%

1.000 4

0.998 4

0.996

Pyy

0.994

0.992 4

0.990 1

4000 6000 8000 10000

Energy (eV)

0 2000

Figure 1: The photon survival probability when
traversing the Coma cluster is shown for 20 different re-
alizations of the cluster’s magnetic field in gray lines.
All realizations maintain the same amplitude and ra-
dial profile of the magnetic field. They differ only in
the random orientation of the magnetic field to the
photon polarization plane and the sizes of the domains
in which the field remains constant. The gray curves
fluctuate to such an extent that they nearly merge into
a continuous area. The blue line illustrates the con-
version probability averaged over these 20 realizations.
The ALP parameters used are g,, = 5- 10713 GeV~!
and m, = 5- 10712 ¢V for all curves.

deviations from the thermal spectrum, thus constrain-
ing the ALP parameter space. We scanned the pa-
rameter area for the axion-photon coupling constant
Gay € [5-1071 GeV~1;3 10712 GeV~!] and ALPs
mass mg € [1-10712 eV; 510712 eV] with a 10% step
for each parameter and conducted 20 trials for each

4000 6000 8000 10000

Energy (eV)

o] 2000

Figure 2: The photon survival probability through the
Coma cluster is shown for 20 magnetic field realiza-
tions (gray lines, green line, red line), which dif-
fer in magnetic field orientation and domain sizes but
share the same amplitude and radial profile. The aver-
age over these 20 realizations conversion probability is
depicted by the blue line. The ALP parameters used
are ggy = 6 - 10713 GeV~! and m, = 3 - 102V for
all curves.

parameter pair. The results are represented by a color
gradient in Figure 4: white indicates a 0% probability
of exclusion, while blue indicates a 100% probability
of exclusion. A parameter pair is excluded with 95%
probability if 19 out of 20 tests show degradation of
the baseline spectrum.

Our assessment is limited by a 1% systematic er-
ror from residual calibration uncertainties in XMM-
Newton observations. We did not take into account
statistical errors due to limited observation time. Addi-
tionally, our limits may be overestimated because of the
modest attempts for each pair of parameters, which we
plan to address in future work. Nonetheless, our results
are consistent with existing bounds and even improve
upon them. It is important to note, however, that ex-
isting analyses are not optimized for ALP searches.

Notably, within the above parameter range, a
significant increase in the null hypothesis probability
was observed in one of the random realizations
of the magnetic field for the ALP parameters
Jay = 610713 GeV~! and m, = 3-107'2eV. The
probability rose to 88% from the base model’s 30%.
The photon survival probability curve corresponding
to this fit is shown in Figure 2 as a red line. Addition-
ally, Figure 2 also includes a green line representing
the photon survival curve for which the fit has the
lowest null hypothesis probability of just 0.08%.
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—— Base model
—— Base model + ALPs: g,, =6 = 107Gev~!, m,=3 - 107 Vev

Base model + ALPs: g,, =6 + 10713GeV 1, m, =3+ 107 2eV

The instrumental backgrounds
Spectrum Data

10-14

counts/sec/keV

6 7 8 9 10
Energy (keV)

Figure 3: XMM-Newtom/MOS spectrum extracted from Coma cluster central region. The fitting using the
base model is represented by a black line. The base model + ALPs with parameters g,, = 6-107% GeV~! and
mq = 3-107'2eV, and the magnetic field realization that yields the highest null hypothesis probability 88%
from our trials, is shown in red. The fit using the base model + ALPs with the same parameters, but with
the realization that gives the lowest null hypothesis probability 0.08%, is depicted in green. The instrumental
backgrounds (smooth continuum powerlaw and line-like gaussian features) is illustrated by the yellow line.

Jay [LO712GeV ]
Joshx?

1 1.5 2.0 2.5 3.0 35 4.0 45 5.0
m,[10~12eV]

Figure 4: x? change and ALP exclusion regions. The colors illustrate the difference between the best-fit x? for
the base model and the base + ALPs model for the Coma cluster XMM-Newton/MOS spectrum fit.
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3. Conclusion

Based on X-ray observations of the Coma cluster,
the excluded parameter space for ALPs is constrained
t0 gay < 5 - 108 GeV~! for my, < 1-10712eV.

The study of X-ray emission from clusters and its
connection to axions is promising, as data from space
missions continue to improve. The first observational
data from XRISM (The X-Ray Imaging and Spec-
troscopy Mission) has been published, offering greater
precision with the Resolve Soft X-ray Spectrometer’s
7 eV resolution. Additionally, new radio observations
and the increased number of radio sources will en-
hance Faraday rotation measurements of galaxy clus-
ters’ magnetic fields, providing better constraints on
ALP parameters.
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DETERMINATION OF THE ZANSTRA TEMPERATURES OF
THE CENTRAL STARS OF NGC 246 AND NGC 7293
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ABSTRACT. In this work from processed the spectra of
the NGC 246 and NGC 7293 planetary nebulae we have
determined the fluxes in the Hg and Hell emission lines.
Spectra of these planetary nebulae were taken from the
archive of the European Southern Observatory. From the
determined fluxes we calculated Zanstra temperatures
according to the HI and Hell lines of the central stars of
planetary nebulae. Respectively, the temperatures of
53723.14 K and 100871.43K were found for the central stars
of NGC 246, the temperatures of 51072K and 89073.4K
were found for the central stars of NGC 7293. The results
obtained were also compared with results of other authors.

Keywords: central star, temperature, flux in the Hg
emission line, flux in the Hell emission line.

AHOTALA. [InaHerapHi TyMaHHOCTI € iJeaJbHOIO

nabopaTopiero i1 JOCHIKCHHS  B3aeMOIIl  MiX
BUIIPOMIHIOBaHHSIM 1 pe4YOBMHOW0. Bcest  eHepris, siKy
OTPUMY€  IUIAaHETapHa TYMaHHICTh, HAIXOOUTh  BiX
HEHTPATBHOI 30pi. Yactuna BHIIPOMIHIOBaHHS

HOTJIMHAEThCA TYMaHHICTIO. LIeHTpanbHa 30ps IUIaHeTapHOI
TYMaHHOCTI € TPOXYKTOM EBOJIIOII 3ip Majoi i momipHOi
Macu. Taki 30pi TPOXOmATH dYepe3 CTafdilo  30pi
ACHUMITOTHYHOI T'iku riraHtiB. Temmeparypa LEHTpaIbHOT
30pi € BaXKJIMBUM [apaMETPOM BiJ SKOTO 3aJIeXaTh
XapaKTEpPUCTUKK CaMoOi IUIaHEeTapHOI TyMaHHOCTi. BiH
3YMOBIIIOE  CTYIiHb 30y[KCHHsS Ta 10HI3allil aToMiB
pedoBMHM TyMaHHocTi. Y mid poboTi 31 chekTpiB
wianerapaux tymanHocteit NGC 246 i NGC 7293, sxi
norepeHpo  Oyau HaMu 0OpoOIIeH], MU BU3HAYWIIA ITOTOKU
B umiHiAX BumpomiHioBanHs Hpi Hell. Coektpm mmx
IDIAHETApHUX  TyMaHHOCTEH Oymm B3ATI 3 apxiBy
€pporeiicekoi  [liBmenHoi OOcepBaTopii. 3 BH3HAUCHHX
MOTOKIB B JITHISIX MH PO3paxyBajy TEMIICPATyPH 38 METOIOM
3aHCTpa BIAMOBIAHO TIO BHIIEBKA3aHMX JIiHIA IEHTPAIBHIX
3ip TUIAaHeTapHWX  TyMaHHOCTed.  BimmoBimHo — mis
neHTpanbHoi 30pi TymaHHocTi NGC 246 Oynu 3HaiineHHI
snayenns Temmeparyp 53723.14 K i 53723,14 K, a mis
neHTpanbHoi 30pi Tymannocti NGC 7293 — 51072 K i

89073,4 K. Orpumani pe3yiabTaTH TOPIBHIOIOTECS 3
pe3yabpTaTaMHy iHIIIUX aBTOPIB.

KaiouoBi ciioBa: neHTpasibHi 30pi, TeMneparypa, OTOKH
B eMiciitHux siHisx [igporeny i [eriro.

1. Introduction

Planetary nebulae (PNe) are an ideal laboratory for the
study of the interaction between radiation and matter. All
the energy of a nebula is derived from a single source, the
central star. Radiation emitted by the star is absorbed and
processed by the nebula. Central stars of planetary nebulae
(CSPN) are the final products of the evolution of low- and
intermediate-mass stars, the stars that most likely go through
the asymptotic giant branch (AGB) phase. By the time, a
star departs the AGB, it loses most of its outer envelope, and
if the remnant core evolves to high temperature before the
ejected envelope disperses it will be visible as a PN for the
rather short =~ 10000 yrs time.

As known, the temperature of the CSPN is essential
parameter for studying the evolution of these stars. The
nebula characteristics are related to the stellar temperature,
especially the level of excitation and ionization of the
nebula, and intensity of some nebular lines. Studying the
CSPN is difficult, and the standard methods for the
temperature determination cannot be applied.

We report here on the determination of the fluxes in the
Hg and Hell emission lines and the temperature
determination for NGC 246 and NGC 7293 by using the
Zanstra method based on HI and on a single ionized Hell
lines. We discuss our results and compare these values to
temperatures (Pottash, 1992; Phillips, 2003; Montez et al.,
2015; Frew et al., 2016) reported by various authors.

2. Determination of the Zanstra hydrogen Tz(H) and
helium Tz(Hell) temperatures

Zanstra (1927) developed the method to derive the central
star temperature by comparing the nebular recombination flux
with the stellar continuum magnitude. This method is based
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on the assumption that the number of Lyman continuum
photons absorbed in the nebula is equal to the total number of
recombinations to all levels excluding the ground state.

Both of Zanstra methods can only be applied to nebulae
that are optically thick in L.. In optically thick nebulae all L,
quanta are radiated by the star that absorbed by the nebula
(Gleizes et al., 1989). At this time, it is assumed that the
star radiates as a black body. It is assumed that the HI and
He++ ions in the nebula absorb all radiation in the A<912 A
and A<228 A regions from the star. Each L, quantum
emitted by the core in the Lyman series limit of hydrogen
being swallowed up in the nebula produces one L, quantum
and one Balmer series quantum. When each L. quantum is
absorbed in the limit of Layman series, during the L.
guantum recombination of Hell, it can produce the L,
quanta and Balmer continuum quantum of ionized helium.

The number of Balmer quanta emitted by the nebula
defines the number of quanta emitted by the star in the
ultraviolet region of the spectrum. The temperature of the star
can be determined by comparing these quanta with quanta
emitted in the visible region of the spectrum. In a practice, the
Hell 24686 A line is used for determination Tz(Hell).

If we assume that a star with radius R, and temperature T
radiates as a black body, the luminosity in the dv interval
will be L, dv

L, = 4n*R2B,(T) )

Here, B, is the Planck function. v>v; the number of stellar
quanta will be:
o 8m2R2 (kT3

Q= [ W/mydv="E () 6T (2)
vi—is a limit of Lyman series, the energy of this quantum is
sufficient to ionize hydrogen. v4 — is a limit of the main
series of Hell, the energy of this quantum is sufficient for
ionizing singly ionized helium.
Here,

G(T) = Juv ) XiET DT ax ®3)

For determination of the temperature we first replaced the
integral G;(T) by the sum (Alili et al. 2023):
[e’e) 2 o]
X“dx - _
Jog =2 e
e’ —1 %

Xo n=0

v, — is the boundary of the main serieses of HI and Hell. It
is enough to add up to the value n=3, even the temperatures
obtained from n=3 with n=2, they differ from each other
only by 0.01. The observed F(Hg) and F(4686) radiation
fluxes of the nebula will be as follows:
4md®F(Hp) = h(Hg) [ nen(HD)a(Hg)dv  (5)
and
47d?F (4686) = hv(4686) [ n, n(He**)a (4686 )dv (6)

Here, the frequency of the y{Hg) - Hp line is the effective
recombination coefficient related to the generation of

a(Hg) - Hp quanta. a(4686) — He™ is the effective
recombination coefficient related to the generation of
quanta. Considering (L, = 4md?F,), (5) and (6) in L/L,
expression (L, is the luminosity of the Sun) of luminosity in
terms of the stars' radiation fluxes F, we get the following
expressions:

_F(;B) =3.95-1071173G,(T) [62665% - 1] Q)
and

F(4686) =849 - 10_11T364(T) [626650/T _ 1]. (8)

Fawis)

Fywisy— My Is the radiation flux in the visible region of the
spectrum is determined by the size of the visible star:

Fy=368-107-10 /25 [erg/(cm? s-&)] (9)

m,, — is the visual magnitude. In each of the fluxes on the
left side of (7) and (8) equalitity absorption in the interstellar
medium was taken into account as follows:

F A Ep_

l A(theor.) — #5450 EB-V (10)
F)(obs) 2,5
F(Hg)(theor) _ Asge1 Ep-v (11)
F(HB)(obs.) 2,5
F A Ep_

i 4686(theor.) — 24686 EB-V (12)

Fae86(0bs.) 2,5

Here, A is the absorption coefficient in the interstellar
medium, and Egv is the extinction. F(Hg)psy and
Fyes6(0ps) Were determined from the processing of the
spectra of the 2 planetary nebulae that we have studied. We
have determined the temperatures of the central stars by the
method of successive approximation from equations (7) and
(8), and the results are given in Table 3.

3. Determination of the fluxes F(Hg ) and F(4686)

The fluxes F(HB) and F(4686) in the expression (7) and
(8) are determined from processing the spectra for each
planetary nebula. For this purpose, we studied the spectra
of nebulae. We took them from the Southern Observatory
(ESO) website. These spectra were observed in 2016, ESO-
VLT-U2 (8-meter) and ESO-3P6 (3.6-meter) telescopes.
The spectra were processed using the DECH 30 software
package (Galazutdinov, priv. comm.). According to the
magnitudes of the studied nebulae in different filters
(UBVR) energy distribution curves were constructed in
absolute flux units [erg - cm~2s~1A~1]. Using the energy
distribution curve and spectrum it is possible to estimate the
flux in any spectral line. So, the value of the flux in the
continuum near the spectral line given by multiplying the
value of the equivalent width of the line, a flux is definitely
found in any spectral line in the sphere. The flux in the
spectral line is given in [erg - cm™2s71]. In the figures you
can see the HI and Hell lines profiles of each nebula.
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Table 1:
PN \Y, W (A) F(H.) 19Fxobs) | 19Fobs(Hg) | E(B-V) | Referens
x 10713

NGC 246 11.76 980.5 0.35 -13.138 -9.6 0.02 (Frew,

2016),
SIMBAD

NGC 7293 13.52 7.18 57.85 -13.844 -10.38 0.02 (Frew,

2016),
SIMBAD

Hg in erg-cm™2s1.

Table 2:
PN W (A) | F(Hell.) | lgF,,;(4686) | A(5450) |A(4861) A(4686) Referens
x 10713
NGC 246 259.6 12.3 -10.47 3.14 3.63 3.8 (Pottash,
1992)
NGC 7293 569 0.289 -10.78 3.14 3.63 3,8 (Pottash,
1992)
Table 3:
PN T,(HI) T.(Hell) T(HI) | T(Hell) T(Hell) Ref.
NGC 246 53723 100871 42000 88600 140000 (Pottash, 1992),

(Phillips, 2003),
(Montez, 2015)
NGC 7293 51072 89073 107000 110000 (Phillips, 2003),
(Frew, 2016)

The obtained results are given in the table 1 and in the of the table 2, we give Hell line equivalent widths in each
table 2. In the 2" column of the table 1, we give the visual nebulae in the 3 column, He fluxes in the continuum
stellar magnitudes of the nebulae, in the 3 column, Hg line  (Hell,), in the 4™, 5" and 6™ columns, the coefficients.
equivalent widths in each nebulae, in the 4™ column, H In the 2" and 3™ column of the table 3, we show the Zanstra
fluxes in the continuum (H.), in the 5" column, the stars' temperature calculated with lines HI and Hell by us, in the 4™,
radiation fluxes, in the 61 column, the observed fluxes of the 5" and 6" column of the table 3, the Zanstra temperature
Hg and in the 7™ column, the extinctions. In the 2" column  calculated witrh line Hell by other authors are given.
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Figure 2: Profiles of the line Hell and Hg in planetary nebula NGC 7293

4. Conclusion

So, as it can be seen from the table 3, the temperatures we
determined by the Zanstra method are differs a little bit from
the temperatures determined by other authors before us by
this method. The reason for this is that the processed spectra
are obtained on telescopes with different resolution in
different years. The temperatures we determined according
to the HI and Hell lines of the central stars also differ from
each other. Since the Zanstra method could be applied if the
nebula is optically thick in hydrogen (respectively, helium)
in the Lyman continuum, PN change from optically thin in
H and He at different times (Kwok, 2000). The fact that
stellar atmosphere are not well approximated by blackbodies
can also contribute to the errors in the Zanstra temperatures.
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ABSTRACT. We present the result of the process-
ing of our observations of the FI Sge, the pulsating RR
Lyrae type variable with the Blazhko effect in the R-
band. The data were obtained during 36 nights in 2018
as well as during 13 nights in 2021. We used the pe-
riod and initial epoch obtained from our observations
in V-band. We confirmed the presence of the Blazhko
effect, the bi-cyclicity effect, and also the effect of dis-
crete displacement of the light curves along the phase
curve detected firstly in the V-band. We detect some
differences in the dynamic of the light curve variabil-
ity in different photometrical bands, possibly related
to the Blazhko effect.

Keywords: stars: variables: RR Lyr: individual: FI Sge.

AHOTAIIIYA. Hamu Bukitasieni pesysibratu 00poOKu
criocrepexkeHb vy GinpTpi R mysbeyiodol  3minnOT
zopi tury RR Jlipu 3 edekrom bBuaxkko FI Sge
3a 36 moueit y 2018 pomi Ta 13 moueit y 2021
pori. Mwu BHUKOPHUCTOBYBAJIM TEPiOJl Ta TOYATKOBY
emoxy mjs 1€l 30pi, ski Oyjum BXKe BHU3HAYEHI 3a
criocrepexkenuamu y V dinbrpi. Harri ciocrepeskenmst
y &imerpi R mipgrsepmxkyrors HasBHicTh y FI Sge
JBOX I1€PIOJIiB MOTYJIAII] aMILIITY/ I BCEPEJIMHI ITUKILY
Bnaxkko, BUSBIEHUX 3a CHOCTEPEXKEHHSMEU Y (DLIbTPi
V paninte. Awnajiz 3mimeHb KpuBUX OJIUCKY B3I0BIK
dazosoi kpusoi 3a 2021 pik y dimerpi R npussoguts
JI0 BHCHOBKY, IO 3HAYEHHH BEJUYUHU JIUCKPETHOI'O
amimmenns Js 30pi FI Sge morpibro 3minuTu 3 0,043
dazu nogsiiinoro nepioxy (0,50500%2 nui) ma kparHe
1t 3navenng 0,01075. Hosi cioctepexenns 2021 poky
y dinerpi R m03BOsIsiioTh mipuitycTTH, MO 9ac 3MiHA
HAIPAMKY 3MIMEHb KPUBUX OJIUCKY B3I0BXK (Pa3oBol
KPHUBOI CTAHOBUTH IMIBTOPA POKY, & IPUOIU3HUM TIepios
[UX 3MiH CTAHOBUTH TpHU POKU. llOpiBHSHHS KpUBUX
6mmcky y dinerpi R Ta dinerpi V mokazye, mo icaye
JlesiKe 3AIM3HEHHsT 9aCy MOMEHTIB 3MIIeHb y (MiIbTpi
V 1o Biggomenmio 10 dinsrpy R. Moro smauenns me
MeHte Hixk 12 7i6. 3mina mokasauka xoibopy (V-R)
BKa3y€ Ha HMOBIpHe IiJBUINEHHS TeMIlepaTypu 30pi,
abo B MOMEHT 3MIiIlleHHsI KpUBOI OJincKy, abo Bimgpasy
ITiCJIsT IIBOTO.

Cnocrepexxennss  y dinprpi R miareepmxkyrorn
masBHicTh y 30pi FI Sge edekry Buaxko, edexry
Oi-ruksriaaHocTi  Ta  edeKTy 3MIleHHsS MOMEHTIB
MaKCHUMYMIB JI0 MTOYATKOBOI €IOXW B3J0BXK (Pa30Bol
KPHUBOI.

Kitro4uoBi ciioBa: 30pi: 3minni: RR Lyr: inausinyasnmi:
FI Sge.

1. Introduction

FI Sge is a pulsating variable star of the RR Lyrae
type with the Blazhko effect. In the GCVS (Samus
et al., 2017) this star (RAQOO()‘O = 20h13m16297
Decoggoo = +17°30'37”) is described as RRab type
variable, Sp=A2, the magnitude variations are in the
range from 13.2™ to 14.3™, JDmax = (2428333.441 +
0.5047545E)4, and period of the Blazhko effect
P(BL) = 22.4% Tt is a little studied variable star.
Hoffmeister (1936), based on observations from the
Sonneberg Observatory, noted the star as a variable.
In 2017, Mainz (2017) observed FI Sge over 5 nights.
She studied the information from the literature in de-
tail. Using her observational data, Mainz determined
the FI Sge period to be P=0.50477d. This value is dif-
ferent from that given in the GCVS. Maintz studied the
(O-C) values for the maxima of the light curves based
on data from Richter (1961), Wils et al., (2006), Agerer
and Hubscher (2002). She suggested that the period
of variability changed after J.D. 2452000. She also
noted that the phase curves constructed from NSVS
and ASAS data differ in amplitude and phase. For
NSVS data, the shift of the position of the maxima on
the phase curve from the initial epoch was equal to 0.15
of the period of variability. Mainz did not discover the
Blazhko effect. Skarka and Cagas (2017) also observed
FI Sge in August, September and October 2017. Ob-
servations were made without a filter over 14 nights.
They analyzed their data and determined the Blazhko
effect period to be 22.4 days.

Thus, FI Sge is an RR Lyrae star that has the
Blazhko effect. In addition to the Blazhko effect, the
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star has a bicyclicity effect. The star also demonstrates
the effect of shifting light curves along the phase curve.
All these effects introduce changes in our final picture
of its brightness fluctuations. Our task was to separate
these changes and determine the contribution of each
of them.

Blazhko modulation changes the shape of the light
curve. Here, modulation of the amplitude of the light
curve leads to the phase modulation. When light max-
imum increases, the period becomes longer. Accord-
ingly, when light maximum decreases, the period be-
comes shorter. As a result, light maximum is slightly
shifted in phase (0.1 cycle). Negative phase shifts al-
ways occur for fainter maxima, positive phase shifts for
brighter maxima.

The next effect is the bi-cyclical effect. This is a
conditional name, since there is no established name.
The effect was described in 2010 by Smolek (2016).
It consists in the fact that for some stars of the
RR Lyrae type with the Blazhko effect, neighboring
pulsation cycles differ significantly in amplitude.
The modulation of the maxima also differs for these
cycles. We consider these cycles to be distinct and
construct a phase curve using a double period. This
technique allows you to separate cycles with differ-
ent types of pulsation activity on the phase curve.
This method is described in more detail in Keir (2023).

2. Observations

Our observations were carried out at the AZT-3 tele-
scope in the Astronomical Observatory Odesa National
University, located at the observational station N583
in Mayaki village. The AZT-3 telescope has a pri-
mary mirror diameter of 480 mm and a focal length
of the Newton optical scheme F = 2024 mm, the ex-
posure time was 90 sec. The images were registered
with CCD Sony ICX429ALL (~600x800 pixels) with
the Peltier cooling, in the V, R photometric system.
The registration complex was developed and installed
by Udovichenko (2012).

The photometry of the original frames was made
with Muniwin software (Motl, 2009). The compar-
ison star was UCAC4-538-127214 (Jago00 : RA
20M13™14.876° Dec : +17°33'39.95", V = 13.36™),
and the control star was UCAC4-538-127074 (J2000.0 :
RA : 20"12759.405°, Dec : +17°33'49.42", V =
13.73™). We determined the Julian Date with the cor-
rection to the barycenter of the Solar and instrumental
magnitudes for the variable star (V), comparison star
(C), and control star (K) for each frame.

Fig. 1 shows observations in the R filter of the star
FI Sge in 2018. They confirm the effect of shifting light
curves along the phase curve to the initial epoch, dis-
covered from observations in the V filter. The distance
between the October maxima and the July maxima

-0.4 -0.2 0.0 0.2 0.4

Figure 1: Observations FI Sge 2018 in the upper figure.
The phase curve is plotted with a period of 0.50500*2
days. In the bottom figure, the light curve of October
10, 2018 (blue) is shifted to the right by one discrete
shift (0.0430 phase value).

corresponds to one discrete shift (0.043 phases of the
double period). This is confirmed in the bottom pic-
ture. The divergence of the maxima in phase in July
is not a consequence of the Blazhko effect, since the
higher maxima (July 12, 13) are located to the left of
the weaker maximum (July 6). We consider only a
small discrepancy in the light curves in each individual
set of observations to be a manifestation of the Blazhko
effect. This slight discrepancy is also proof that we
have correctly determined the period of variability. We
did not obtain maxima for the adjacent pulsation cycle
in these observations. However, the descending part of
the light curve on the left is flatter than in the cycle
on the right. This means that the maximum of the left
cycle will be fainter than the maximum of the right
one. The difference in the amplitudes of the maxima
of two neighboring cycles confirms the bicyclicity effect
in this star. The amplitudes and moments of the max-
ima were determined by polynomials up to the seventh
degree using the MCV program, which was created by
Andronov and Baklanov(2004). Analysis of the ampli-
tudes of the maxima in October 2018 shows that, as
in the V filter, there is a statistically significant divi-
sion of maxima on those whose numbers of cycles are
multiples and those whose numbers of cycles are not a
multiple of four. This means that within the Blazhko
period there are at least two independent periods of
oscillation.
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Figure 2: Observations of FI Sge 2021 (the upper fig-
ure). In the bottom figure, the light curve of 01 August
(blue) is shifted to the right by 0.01075 phases. The
light curves for August 14 and 15 (red) are shifted to
the right by 1/2 discrete shift. All later light curves
are shifted to the right by the amount of one discrete
shift (0.0430 phase).

There were fewer observations in 2021 than in 2018.
We can see that in Figure 2 above. In the bottom
graph of Fig. 2 we have combined all the light curves
into one common phase curve. To do this, we shifted
the light curve on August 1 to the right of the initial
epoch by 0.01075 phase of the double period. This
value is equal to the discrete shift (0.043 double
period phase) divided by four. The light curves of
August 14 and 15 are shifted to the right of the initial
epoch by the same amount. All other light curves on
August 26,28,30,31, September 2,3, October 29,30 and
November 3 are shifted to the right from the initial
epoch by one discrete shift (0.043 phases of the double
period). In this way we combined them with earlier
light curves. The figure shows that in this phase curve
the period between maxima is exactly equal to the
period of variability. We made fractional shifts from
the discrete one for the first time, since there was no
need for such shifts for V-filter observations, or so we
thought. But, as we noted above, the light curve of
July 6, 2018, falls out of the general picture of discrete
shifts. However, if we shift it to the left toward the
initial epoch by 0.01075 from the double period phase,
it fits well with the light curves of July 12 and 13,
2018. Thus, in 2021 we observe discrete shifts of the
light curves toward the initial epoch. In their meaning

-0.2 0.0 0.2 0.4

Figure 3: Observations of FI Sge 2018 (red) and 2021
(black) in the upper figure. The light curve for October
10, 2018 (blue) is shifted by two discrete shifts to the
right (bottom figure).

and direction, they are similar to the shift of the light
curves in 2018.

3. Analysis of observations

The overall phase curve for all light curves is shown
in Fig. 3 in the top graph. Here we see that the ar-
rangement of the light curves of 2021 follows the light
curves of 2018 with a slight shift in time. So the light
curve of August 1, 2021 falls on the light curve of July
6, 2018. The bottom graph shows that the light curve
of October 10, 2018, shifted by two discrete shifts to
the right, complements the light curve of July 17, 2021,
and the light curves of June 2018. To check, we shifted
the light curve of October 9, 2018 to the left by four
discrete shifts. As evident in Figure 3, the peak of light
maximum coincides with zero phase..

For the data in the V filter, we were unable to esti-
mate the period of change in the direction of displace-
ments movements. A long break in observations from
2014 to 2017 prevented this. New observations in the
R filter for 2021 help reconcile this uncertainty. The di-
rection of displacement changes every year and a half.
That is, every three years the direction of movement
of the displacements is repeated. This agrees well with
observations in both filters.

Next, we looked at whether there was a difference in
the dynamics of the shifts of the light curves in the R
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Figure 4: 2018 FI Sge observations in the V(upper)
and R(bottom) filters.
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Figure 5: Value of the V-R color index on June 21,
2018 (a), and on June 23, 2018 (b).

filter and the V filter. In Fig. 4, the observations for
2018 in the V filter are shown at the top, and the ob-
servations in the R filter are below. As we can see, the
shift of the light curves, which in the filter V occurred
approximately on June 22, in the R filter it could occur
no later than June 10. It was not possible to establish
a more precise date. The lag of the shifts in the light
curves in the V filter from the shifts in the R filter
is at least 12 days. The given time interval is typical
for changes associated with the Blazhko cycle. We can
assume that the shifts of the light curves themselves
along the phase curve are associated with the mecha-
nism of the Blazhko effect.

We calculated the color index (V-R) for all data.
It is believed to better reflect changes of the star’s
temperature. This figure varies greatly depending on

what part of the light curve we are observing. The
value (V-R) behaves in a mirror manner with respect
to changes in the light curve. We show in Fig. 5 the
value of (V-R) before the shift in the light curves
on June 21, 2018 (top), and immediately after the
shift for the date June 23, 2018 (bottom). As we can
see from the figure, the index (V-R) has dropped
significantly. We infer that the surfase temperature
of the star increased during or immediately after the
light curve shift.

4. Conclusions

Our observations of the star FI Sge in the R filter
confirm the presence of a bicyclicity effect and an effect
of shifting the moments of maxima along the phase
curve in this star.

Observations in the R filter also confirm the presence
of at least two periods of amplitude modulation within
the Blazhko cycle, detected from observations in the V
filter.

An analysis of the shifts in light curves for 2021 in
the R filter leads to the conclusion that the value of the
discrete shift for the star FI Sge needs to be changed
from 0.0430 double period phase to a multiple of it
0.01075.

New observations from 2021 in the R filter suggest
that the time of change in the direction of the light
curves shifts is one and a half years, and the approxi-
mate period of these changes is three years.

A comparison of the light curves in the R filter and
the V filter indicates that there is some delay in the
time of the displacements in the V filter relative to the
R filter. This delay is at least 12 days.

A change in the color index (V-R) indicates a likely
increase in the temperature of the star, either at the
moment the light curve shifts, or immediately after
this shift.
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ABSTRACT. We collected photometric observations npubsnzuo na 0,4 30psHOl Besmauau y bigabrpi V.
of the symbiotic star V919 Sgr from the AAVSO and IIlo6 mpoananisyBarm akTuBHicTH V919  Sgr

ASAS-SN databases, as well as UBVRI observations
obtained at the Astronomical Institute of the Slovak
Academy of Sciences. This symbiotic binary star be-
longs to the Z And type. Observers paid little attention
to it until the latest outbursts that began in the 2000s
The first observed outburst was described in 1991. In
total, we found six outbursts of V919 Sgr. In partic-
ular, the star has recently shown significant activity,
including a new active phase starting in 2022 and a re-
brightening in 2023 that exceeded the previous year’s
outburst by about 0.4 magnitudes (in V passband).

To analyze the activity of V919 Sgr on short
timescales, we used a "pattern scaling analysis" with a
weighted "running parabola" (RP) approximation and
additional "bi-square" weights. An optimal window
half-width of 63 days minimized the rms statistical
errors, and the B-V, V-R, and R-I color indices were
determined. The B-V color index ranged from 0.53
at brightness maxima (10.15-10.76 in V) to 1.20 at
magnitude 13.8. A periodogram analysis was also
performed. However, due to the limited number of
observations between outbursts, the period estimates
are highly uncertain.

Keywords:
photometry.

stars; variable stars; symbiotic stars;

AHOTAIIIA. Mwu 3ibpajyu JaHi CIIOCTEPEXKEHHSI
cumbiornunol 3opi V919 Sgr 3 6a3 manux AAVSO

i ASAS-SN, a makox Bukopucraju UBVRI
CIIOCTEPEXKEHHS, orpuMani B  AcTpoHOMIYHOMY
incruryTi  CiroBampkoi  akajeMmil  HayK. IIa

cuMbioTnYHA TO/BIMHA 30ps HAJEXKUTH JIO THUILY
Z And. Coocrepirauamu npuauistig i Majo yBaru
Jo coajaxiB, mo modanucga y 2000x. [leprmmit
crajax, IMO cmocTepiraBcd, ommcanmit B 1991 porii.
Sarasjom Mu BugBWIH ciM  crnasaxis V919  Sgr.
SoKpeMa, HEIOAABHO 30PsI POJAEMOHCTPYBaJIa, 3HATHY
aKTUBHICTh, BKJIIOYAIOYN HOBY aKTHBHY dazy, IIo
mouastacd B 2022 porri, i moBTopHe mogpyanad B 2023
poIIi, siKe IEPEBUINMIO CIAajJaX IOMEPETHBOTO POKY

Ha KOPOTKHX MAacITabax dYacy, MH BHUKOPHUCTAJIHI
IIKaJIOIPAMHUN aHaJIi3 31 3BasKEHOIO allPOKCHUMAILIEIO
«koB3arunmu napabosamu» (RP) i mogarkosumu «6i-
KBaIPATHUMM» BaraMm.
BikHa B 63 mmi MiHiMIZyBajia CepeIHBOKBAIPATUYHI
CTATUCTUYHI TOXUOKM, TAKOK Oy BU3HAUEHI 1HIEKCH
kobopy B-V, V-R i R-I. Immexkc xomwopy B-V
kosmBasest By 0,53 npn Makcumymax Gumcky (10,15
10,76 y B) mo 1,20 npu Besmuuni 13,8. Takoxk Oys
poBeJieHnil mepiomorpaMunii anamis. OmgHak, depe3
0OMeXKeHy KITbKICTh CIIOCTEPEKEHD MiXK CIaJaxaMH,
OITIHKM TIePiOjy € JIysKe TMPUOTUIHUMH.

OnTuMasibHa HAIBITUPUHA,

KurouoBi ciioBa:
30pi; poromerpis.

30pi, 3MiHHI 30pi, cuMOIOTHYHI

1. Introduction

V919 Sgr (=EM* AS 337=VSX 28619) is a poorly
understood symbiotic variable star of Z And type.
Symbiotic variables of this type are close binary sys-
tems consisting of a hot star, a late-type star, and
an expanding envelope excited by the radiation of the
hot star. The total brightness shows uneven variations
with an amplitude of usually up to 4 stellar magnitudes
in the V band. This is a very heterogeneous group of
objects.

The GCVS contains 46 Z And — type stars, with
another 20 objects uncertainly classified as Z And (and
V919 Sgr is among them) and three objects labeled as
Z And+E, Z And+M, Z And+SR.

The classical representation of the symbiotic system
model is considered to be the following structure: a
giant star of spectral class M (less often G or K), with
a radius of about 100 solar radii and a hot sub-dwarf
or white dwarf (less usually a main sequence star) with
radius <0.5 solar radii and temperature 10> K. The dis-
tances between the components are from 1 to 5 AU, the
orbital periods are from 1 year to several years. Both
components are surrounded by a common gas shell (or
several shells) or disks. The red giant gives up its mat-
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ter through stellar wind or pulsations. The gas shell
can be both thin and very dense. Sometimes the sys-
tem can look like a planetary nebula with two nuclei
(Sokoloski, 2003).

Symbiotic variables are classified into several groups.
The type of Z And is included in the group character-
ized by luminosity caused by a stable hydrogen layer
of the white dwarf. The variability in brightness is
caused by variations in the rate of fall of matter onto
the hot component (Hoffmeister, 1984).

2. Symbiotic Star V919 Sgr Research

V919 Sgr is a relatively poorly studied symbiotic star
despite being known since the seventies. The star has
been observed in three active stages so far. The first
documented outburst occurred in 1991 and was ana-
lyzed by Ivison et al. (1993). The second active phase
commenced in 2007 (Munari et al., 2007) and witnessed
several rebrightenings following the initial, most promi-
nent outburst. According to the AAVSO light curve of
V919 Sgr, the system returned to its quiescent bright-
ness around 2015.

A new active stage began in 2022 (Munari et al.,
2022), approximately 15 years after the onset of the
previous one. Munari et al. classified the 2022 bright-
ening as a ’cool’-type outburst based on spectroscopic
data.
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Figure 1: Light curve of V919 Sgr in 2006-2023.

Merc et al. (2023) report on the rebrightening
of V919 Sgr observed in 2023. The ASAS-SN light
curve well illustrates the system’s brightness evolution.
The peak brightness was reached in mid-October, and
our BVRI photometric observations, available in the
AAVSO database, show that the brightness is already
decreasing. The B—V color of the system remained
about the same during the maxima in 2022 and 2023,
around 0.55 mag.
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Figure 2: The luminosity of the system changed in
comparison with the relatively quiet state in different
bands. It can be seen that in the B-band during the
last flare, the luminosity of the system increased by
approximately 36 times.
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Figure 3: Periodograms for I-data calculated with the
polynomial trends of orders m = 0,2 and 3. The largest
peaks are about 530 and 415 days.

We conduct photometric studies to analyze changes
in the light curve and identify characteristic time in-
tervals considering their evolutionary dynamics.

We used the observations of Astronomical Institute
of Slovak Academy of Science (Tatry), ASAS-SN (V
passband) and BVRI observations of AAVSO mem-
bers. B-observations are shifted by 2™ for better visi-
bility (Fig. 1).

The luminosity changes of the V919 Sgr in different
passbands since the relatively quiet state (2007) and
active state of 2022-2023 are schematically shown at
Fig. 2.

The periodogram analysis was made using the
completed mathematical model of a sinusoid with
a polynomial trend of different order (Andronov,
1994, 2020), contrary to popular simplified methods
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Table 1: Approximate times of outbursts.

data JD references
31.07-2.08.1991 2448470 Ivison et al., 1993
10.01.2005 2453380 Gromadzki et al., 2013
30.04.2006 2453856 Monard, 2007
12.08.2007 2454325 Munari et al., 2007
30.08.2022 2459822 Munari et al., 2022
19.10.2023 2460237 Merc et al., 2023

of preliminary detrending. Such a model was imple-
mented in the software MCV (Multi-Column Viewer)
by Andronov and Baklanov (2004). The software is
available at http://uavso.org.ua/mcv/MCV.zip. The
results of periodogram analysis for I-data is shown at
Fig. 3.
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ABSTRACT. Symbiotic star CH Cyg is very
different from other members of this group by the
behavior of its photometric and spectral parameters.
CH Cyg also belongs to a small subgroup of symbiotic
stars in spectra where the high velocity absorption
components have been observed — so called “Jet
Absorption Structures” in the Hydrogen lines from the
Balmer series. In this paper, the behavior of these jet
absorption structures in Ha and H lines in the spec-
trum of the symbiotic star CH Cyg during 18 nights
from July to September of the year 2015 is described.
Spectra has been obtained at the Cassegrain focus
of the 2-meter telescope at Shamakhy Astrophysical
Observatory with the help of echelle spectrograph
with spectral resolution of R = 14 000. This paper
also provides the profiles of the Ha and HS lines
with absorption components on the blue wing. Based
on the depth and the appearance, the absorption
components have changed significantly and the short
wavelength boundary reaches velocities of near 2500
km/s. The depth of absorption component on Ha is
considerably less than the one at HS.

Keywords: symbiotic star — CH Cyg; echelle spectra;
line profile; Jet Absorption Structures.

AHOTAIIIA. Cumbioruuna zops CH Cyg 3mauno
Bipi3HaAEThCA  BiA IHmMAX  WiIeHIB 1Ii€]l  Trpynn
MOBEIIHKOI0  (POTOMETPUIHUX 1  CIHEKTPATHHUAX
rapaMerpis. CH Cyg Takoxk HaJEXKUTh JI0
HEBEJUKOI TiArpynu CUMOIOTHYHHMX 3ip, B CIEKTPax
AKUX CIOCTEPIraloThbCAd KOMIIOHEHTH, TaK 3BaHi
Jet crpykTypm mnornmmHamas B Jinigx [igporemy
cepil Baabpmepa. 3 icropii doromeTpuIHOTO
BUBYEHHS TIIi€l 30pi BijjoMO, 10 TOYWHAYU 3
1967 poky Oyso 3adikcoBaHO KiJibKa MOMEHTIB 1T
doromeTrprdHOl aKTHUBHOCTI.  fK mpaBmio, y Iux
aKTUBHEX (Pa3ax CIIOCTEPIraeTbes OJIAKUTHE 3MIMEHHS
BHUCOKOIIBIIKICHUX a0COPOIIHIX KOMIIOHEHT B JIHIsIX
Tizporeny cepii Bambmepa, a inkosn, i B iHIMux JTiHigX.
[Tounnaroun npubsmsno 3 2010 poky sSCKpaBicTh 30pi
B U npoMmeHsix HOCTYIOBO 3OLIBIIYETHCS 1 BXKe [0
kiamst 2014 poky mocsrae mpubin3HO 7—8 30PSHOT
Besmunan. OIHOYACHO i3 CHHXPOHHUM 3POCTAHHSIM

sgckpaBocti B V 1 U mpomensax y 2014-2015 poxax
BiZOyBarOTHCst TTOMITHI pOTOMETPUYHI 1 CHEKTpaJbHI
3Miam. Y 1iit poboTi posrismacTbes moBeminka Jet
CTPYKTYp norimHanus B JiHisx Ha 1 HS 3 B crekrpi
CH Cyg nporsirom 18 Houeit (mpubimsro 50 mi6)
3 JymnHA 10 BepeceHb 2015 poxy.  CmekTpu 30pi
nporpaMu  Oyjd OTPHUMaHI Ha TEJECKOIl CHCTeMU
Kaccerpen 3 miameTrpoM TroOJIOBHOTO mA3epkajia 2 M
(ITamaxuncbka —acrpodizuuna obcepsaropis) 3a
JIOIIOMOT'OI0  eIlleJlyie  cieKTporpada 3 IIPOCTOPOBOIO
posainbHoio 3maTHicTIO R = 14000. ®oTtomerpudHo-
akTuBHa asa 30pi y 2015 pomi He myxKe CHIBHO
BIZpI3HSAETHCA BiJl TOMEpPEIHIX AKTUBHUX a3, aje
Taka pisnomaniTHicTe Jet cTpykTyp 3a dopmoio
i rimbunoro crocrepiraerscst Tinbku y 2015 porii.
Mu takoxx wmaBogumo mupodimi uminit Ha i Hf
3 abcopOIiiffHUMU KOMIIOHEHTAMU Y OJIAKUTHOMY
kpwri. [iubuna 1 30BHIMIHIA BUIJIS] KOMIIOHEHTH
MOTJINHAHHS CyTTE€BO 3MIHUJINCA 1 KOPOTKOXBUJIHOBA
Mexka Jocsrae  mBuakocti  6iamseko 2500 kM/c.
Tnnbuna ckiiamosol norymuandsg B jdinil Ho € 3uauno
MeHIo, HiK runbuaa JjiHil HS. Mu He 3Haiimum
3aJIe2KHOCTI  TVIMOMHU ~KOPOTKOXBUJILOBUX T'DAHUIIh
MIPOMEHEBOI MBUIKOCTI Jet CTPpyKTyp MOTJIMHAHHS Bif
OJIMCKY 30pi, a TaKOXK Bi/l BiHONIEHHS iHTEHCHBHOCTI
OJIAKUTHOI 1 IepPBOHOT eMiCiHHIX KOMIIOHEHT MpodiiB
BUINEBKA3aHUX JIiHiN cepil Baigbmepa.

Kirogosi
eleJijie CIeKTPHU.

cioBa: cumbiormuna 3o0pas CH Cyg:

1. Introduction

Symbiotic stars — binary star system the spectrally
resolved consisting of an interacting red giant and a
white dwarf surrounded by a nebula. In this system,
a strong flow of matter from the cold star to the hot
star occurs through the stellar wind, leading to the
formation of an accretion disk around the compact star.

CH Cyg star is a unique observational object, with
characteristics of spectral and photometric variability
that are very different from other symbiotic stars:

1. In 1984/85, the system showed a strong radio
outburst, during which a double-sided jet with multi-
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ple components was ejected (Taylor et al., 1986). This
event enabled an accurate measurement of the jet ex-
pansion with an apparent proper motion of 1.1 arcsec
per year. With a distance of 268 pc (HIPPARCOS)
(Crocker et al., 2001), this leads to a jet velocity near
1500 km/s. The spectral energy distribution derived
from the radio observations suggest a gas temperature
of about 7000 K for the propagating jet gas (Taylor et
al., 1986).

2. The photometric variability, such as flickering,
occur of the CH Cyg symbiotic system. The source of
these flickering’s is believed to be the accretion disk.
The disappearance of flickering’s after flashes is ex-
plained by the disintegration of the disk.

3. The cold red giant in the CH Cyg symbiotic sys-
tem pulsates with a period of 100 to 750 days, charac-
teristic of o Cet type stars. This pulsation affects the
accretion mode, resulting in more complex variations
in the system.

4. Recently, many researchers have proposed that
the 750-day periodic variation in the CH Cyg system
may be due to the presence of a third star rather than
pulsation. It is suggested that the 750-day period could
correspond to the orbital period of this third star in an
inner orbit of the symbiotic pair, which consists of the
red giant and the white dwarf, with a longer orbital
period of 5650 days.

5. One of the unique features of CH Cyg is its inclu-
sion in the small group of symbiotic stars for which jet
structures have been observed. "Jet Absorption Struc-
tures" have been detected in only 9 out of 220 stars cat-
aloged as symbiotic stars. CH Cyg, along with MWC
560, serves as a natural laboratory for study the unique
mechanism energy releaze due to the variety of shape,
spectral parameters of the observed jets.

Most researchers agree that the CH Cyg symbiotic
system consists of a pulsating red giant and a white
dwarf. Matter is accreted from the red giant to the
white dwarf, and the outflowing matter forms a disk
around the star. This system is surrounded by a com-
mon shell. The observed spectral and photometric
properties of this system are determined by the of the
interaction of these three components and the physical
accretion process.

This model, which has been sufficiently developed by
many researchers over many years, and in many cases
is in good agreement with observational results, is not
accepted by a number of researchers. They suggest
that there is a third star in this system. Although
the triple star hypothesis is generally accepted by a
number of researchers, there is no consensus on the
role played by the third star in the physical processes
taking place in this system. If a 3rd star is present,
its spectrum should be visible (in some phase) as the
red giant. Another interesting point is whether the
3rd star produced an eclipse, so far there have been no
observations signs of such an eclipse.

Two main periods were found in the variation of pho-
tometric and spectral parameters of the CH Cyg star: a
long period of 15.6 years (5400, 5600, 5800, 5900 days)
and a short period around 750 days.

1. According to the first model, the approximately
15-year period represents the orbital period of the bi-
nary system, consisting of the red giant and the white
dwarf, around their common center of mass. The short
period of 750 days is attributed to the pulsation period
of the red giant.

2. According to the second model, CH Cyg consists
of three stars: the 15-year period represents the orbital
period of the binary system, consisting of the red giant
and the white dwarf, around their common center of
mass. The short period of 750 days explained by the
presence of a third star moving in the inner orbit.

2. Observations and data reduction

The spectral observations of symbiotic star CH
Cyg have been performed at the Cassegrain focus
of 2-m telescope of Shamakhy Astrophysical Obser-
vatory. Echelle-spectrometer with the CCD array
(580530 pixels) was employed. The wavelength range
AA700-6800 AA, spectral resolution R = 14 000, dis-
persion 10.5 A/mm at Ha (Mikailov et al., 2005).
We used 18 echelle spectra obtained for the period
July—September 2015 (Table 1). Processing of echelle
spectrograms were performed using software package
DECH20T, developed at Special Astrophysical Obser-
vatory of RAS (Galazutdinov, 1992).

Data UT JD2450000+  Exposure
(day, month, year) hrs, min time, s
18.07.2015 19 32 7222.31 1200
24.07.2015 17 06 7228.21 1200
26.07.2015 17 05 7230.21 1200
27.07.2015 17 28 7231.23 1200
29.07.2015 17 05 7233.21 600
30.07.2015 16 51 7234.20 600
30.07.2015 17 09 7235.22 600
01.08.2015 16 43 7236.20 600
04.08.2015 16 51 7239.20 900
07.08.2015 17 24 7242.23 1200
10.08.2015 16 49 7245.20 1100
12.08.2015 17 42 7247.24 1000
13.08.2015 16 54 7248.20 900
16.08.2015 17 43 7251.24 900
18.08.2015 17 55 7253.25 1200
19.08.2015 18 10 7254.26 1200
03.09.2015 17 06 7269.21 1200
04.09.2015 17 40 7270.21 1200

Table 1: Journal of spectroscopic observation.

Fig. 1 shows the historical light curve of the star CH
Cyg in U and V magnitude for the period between the
years 1967 and 2015, taken from (Skopal, 2015a). As
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Figure 1: Historical light curve of the symbiotic star CH Cyg in U (dots, blue) and V (pluses, red), taken from

(Skopal, 2015).

can be seen from the figure, several episodes of pho-
tometric activity of the star were recorded during this
period (1984-1985; 1992-1995; 1998-2000; 2011-2015).
As a rule, blue-shifted high-velocity absorption compo-
nents are detected in these active phases in the lines of
the Balmer series of hydrogen and sometimes in some
other lines. Starting around 2010, the brightness of the
star in U light gradually increases slowly and reaches
a value of about 7™-8™ (Skopal, 2015a) at the end
of 2014. Along with the synchronous increase in U
and V rays, remarkable photometric (Rspaev et al.,
2014; Shugarov et al., 2015; 2008) and spectral (Rspaev
et al., 2014; Skopal, 2015b,c,d) changes occurring in
2014-2015 leave no doubt that CH Cyg is entering into
its next active phase.

Figure 2 shows the light curve in the visual region
of the star CH Cyg for the period of our spectral ob-
servations — in July—September 2015 (AAVSO data for
CH Cyg).

Vertical red lines indicate the time of spectral
observations. As can be seen from the figure, in
July—August the star’s brightness increases slightly
and at the beginning of September decreases again.

3. Results of observations

In 2015, during the spectral observations of the sym-
biotic star CH Cyg that has been conducted at the
Shamakhy Astrophysical Observatory, unique "Jet Ab-
sorption Structures" have been discovered for the first
time in the history of observations of this star. Dur-
ing the characteristic time of about 50 days, almost
all types of Jet Absorption Structures established in
symbiotic stars to date were observed.

66
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Figure 2: V light curve of the CH Cyg star in
July—September 2015. Vertical red lines indicate the
time of spectral observations
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As can be seen from Fig. 1, the photometric active
phase of the star CH Cyg in 2015 does not differ too
much in appearance from previous active phases, but
such a diversity in the shape and depth of jet structures
absorptions was observed only in 2015.

The behavior of jet absorption structures in Ho and
HpS lines in the spectrum of the symbiotic star CH
Cyg during 18 nights from July to September of the
year 2015 is described. In Provides the profiles of the
Ha and HpS lines with absorption components on the
blue wing. Based on the depth and the appearance,
the absorption components have changed significantly
and the short wavelength boundary reaches velocities
of near —2500 km/s. The depth of absorption compo-
nent on Ha is considerably less than the one at HQ.
Figure 3 shows the profiles of the Ha and Hf lines in
demonstrates temporal variations for the jet absorp-
tion structure of Ha and HS lines in the spectrum of
the symbiotic star CH Cyg. Fig. 2 and Fig. 3 shows the
type and wavelength boundaries of the "Jet Absorption
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Figure 3: Temporal variations for the jet absorption structure of Ha and Hf lines in the spectrum of the

symbiotic star CH Cyg
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Figure 4: The selected profiles line H3, with the jet
absorption in the spectrum of the symbiotic star CH

Cyg

Structures" do not depend on the brightness state of
the star. Figure 4 shows selected characteristic profiles
of line Hf3, with the jet absorption in the spectrum of
the symbiotic star CH Cyg. Fig. 5 demonstrates that
the Hf line profiles with high-speed absorption compo-
nents (Jet Absorption Structures) are not normalized
to the continuum. According to this figure, the red
emission component of the HS line practically does not
react to the notable change occurring on the blue wing
of the line. Fig. 6 displays the time dependence of the
intensity ratios of the blue (V) and red (R) emission
components of the Ho and Hf lines. As inferred from

4900

Figure 5: The profiles HS lines with jet absorption
structure the superimposed one easer other, no nor-
malized at the continuum.

this figure and Fig. 3, the shape of the "Jet Absorption
Structures" does not depend on the V/R ratios either.

Our spectral observations only cover the Ha and
Hg lines from the hydrogen lines. Therefore, there is
no information about other hydrogen lines.The given
profiles of jet structures are a characteristic or av-
eraged profile obtained on a given night of observations.

4. Conclusions

In symbiotic stars, the matter for accretion onto the
compact object is supplied from the primary compo-
nent which is the red giant. However, not every sym-
biotic star is a source of jets. It is still unclear what
parameters this depends on. The velocity in the jets
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Figure 6: Variations of ratio V/R, for the intensities of
blue and red emission components of Ho and Hf lines
in the spectrum of CH Cyg in July—September 2015.

of symbiotic stars reaches several thousand km/s. Ap-
parently, these jets operate in a pulsed mode, and in
the case of CH Cyg. The impulsive nature of the jet
producing stars of symbiotic systems suggests that the
critical mass for the formation of jets is required to get
accumulated in the accretion disk around the white
dwarf before the jets begin to form. In a binary sys-
tem, this may occur due to a change in the flow in
the stellar wind from the second component, and/or a
change in the distance between the components during
orbital motion at a significant eccentricity. Since the
white dwarf may have a strong magnetic field, its role
in the formation of collimated jets is not disregarded.

In spectroscopic observations of the symbiotic star
CH Cyg conducted at the Shamakhi Astrophysical
Observatory in July—September 2015, high-speed ab-
sorption components (Jet Absorption Structures) were
discovered on the blue wing of the Ho and Hf lines.
The short-wavelength boundary of these absorptions
reaches approximately —2500 km /s. Virtually all types
of Jet Absorption Structures found in symbiotic stars
to date were detected over the course of 18 nights
(about 50 days).
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ABSTRACT. In contrast to stars with near-solar
metallicity (Galactic disk stars), metal-deficient stars show
an abundance scatter of up to 3 dex in the enrichment with
neutron-capture elements, in particular the r-process
elements. The reasons of such a large variation in the in
the r-process nucleosynthesis is currently matter of debate.
Possible scenarios could be the presence of various r-
process stellar and mechanisms in the early unevenly
mixed Galaxy, as well as different stellar origin, either
galactic or extragalactic, that reflect entering the Galaxy
after the capture or coalescence of both individual stars
and more complex stellar associations and star formations.
In order to study differences in the enrichment with the r-
process elements, we selected 20 metal-deficient stars, the
spectra of which were collected in the UVES/VLT
archive. We employed earlier determined atmospheric
parameters to calculate the abundances of about 20
neutron-capture elements via the synthetic spectrum
method, taking into account the hyperfine structure for a
number of elements. We performed an analysis of the
enrichment with the r-process elements grounded on
multiple levels of enrichment intensity — namely, limited
r-process, r-I and r-1l — and the arrangement of stars by
their belonging to different populations of the Galaxy,
based on the stars’ spatial velocity components.

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

AHOTAIIA. Ha Bigminy Bix 3ip i3 01M35KOCOHAYHOIO
MeTaJivHICTIO (30pi qucka ["amaktukn), 30pi 3 AedinuToM
MeTalmiB JeMOHCTPYIOTh PO3KHA BMIicTiB g0 3 dex y
30aradeHHi eJeMEeHTaMH, IO 3aXOIUTIOI0Th HEHTPOHH,
30KpeMa eneMeHTaMH f-rpouecy. Ilpuunnu Takoi BeauKoi
Bapiarii B HyKJICOCHHTE31 I-IIpoliecy Hapasi € MpeaMeToM

IUCKyciii. MonmBi cIieHapii HONATaloTh B HAsBHOCTI
PI3HOMaHITHHX 3ip 1 MEXaHi3MiB [-mpoliecy B paHHIA
HepiBHOMIpHO 3MilaHiid ['amakTumi, a TakoX pi3HOTO
MOXO/IKEHHSI 3ipOK, TAJIAKTUYHOTO UM 103arajJakTHYHOTO,
mo BimoOpakae BXO/DKEHHs B [ajnaktuky micns
3aXOIUICHHS a00 3JIMTTS SIK OKPEMHX 3IpOK, Tak 1 OuIbII
CKJIaHHX. 30PSIHUAX acollialfiii Ta 30pstHuX yTBOpeHs. 1o
0 BHUBYMTH BIIMIHHOCTI y 30araueHHi eJeMEHTaMH -
mporecy, Oymo BimiOpaHo 20 3ip 3 medimUTOM METaliB,
CIeKTpU sAKUX MH oTpuManu 3 apxisy UVES/VLT. Mu
BUKOPUCTOBYBAJIM  paHille  BH3HA4YeHI  MapameTpH
aTMoc(epu A po3paxyHKy IMOIIUpPEHOCTI Omm3pko 20

CIIEMEHTIB, SKi yTBOpPEHI B TpOLEX 3aXOIUICHHS
HEWTPOHIB, 3a JIOMOMOIOK METOAYy CHHTETHYHOTO
CIIEKTpa, BpPaXOBYIOUM HAJATOHKY CTPYKTYpY Dpsdy

eJieMeHTiB. MU MpOBEIH aHami3 30araueHHs eJIeMEHTaMU
r-oporecy Ha OCHOBI KIUJIbKOX PIBHIB 1HTCHCHBHOCTI
30araveHHs, a came oOMexeHoro r-mporecy, limited-r, Ta
HaJuiMikoBoro 30aradenust r-1 Ta r-1l tumis. us 3ip
kareropii limited-r icHye @iMoBipHiCT, 30aradeHHs
eJIEeMEHTaMH 3 aTOMHHM HoMepoM Oinbine 70. ABTOpamu
3aMpOIOHOBAHO Pi3HI MEXaHI3MH Ta MPOIECcH 30arayeHHs
y BHIIAAKY 3ip, KIACU(PIKOBAHUX SK pi3HI THIOH [-
30aradyeHHs, e HamHOBi, Komamcyrooui B sapi, IIBHIKO
00epTOBI MarHiTO-TiAPOJUHAMIYHI HATHOBI, KOJAICapH,
Ta 3MUMAHHSA HEHTPOHHUX 3ip Ta YOPHHX Aip B PI3HHUX
Bapiantax. [loka3zaHo, CIHMPalOYHCh HAa  KOMIOHEHTH
MIPOCTOPOBOi  IIBUIKOCTI, o 30pi JOCHiIKyBaHOI
BHOIpKH HaJeXaTh J0 PI3HUX MOIMyNAIii ['amakTukwm, sK
IO TOBCTOTO JWCKa, TaK 1 [0 BHYTPIOIHBOTO Ta
aKpeLiiHOro rao.

KuiouoBi cjoBa: 30pi: BMicT — 30pi: atMocdepa — 30pi:
€BOJTIOIIIS 3ip.

47



48

Odesa Astronomical Publications, vol. 37 (2024)

1. Introduction

The study of neutron capture elements in metal-
deficient stars is important to understand the evolution of
the early Galaxy, the Galaxy as whole, and to search for
souses and mechanisms of their production.

Metal-poor stars in our Galaxy show marked
enrichment in r-process elements, up to 3 dex (e.g.
Roederer et al., 2014), compared to enrichment in the
Galactic disk stars. The degree of enrichment in neutron
capture elements was reviewed by Beers & Christlieb
(2005), and the following classification was proposed
dividing the stars into two main categories (Beers &
Christlieb, 2005): the r-1 stars have 0.3 < [Eu/Fe] < +1.0,
while r-11 stars have [Eu/Fe] > +1.0; both require [Ba/Eu] < 0
to avoid contamination from the s-process. Currently,
based on the work of Holmbeck et al. (2020); Cowan et al.
(2021); Farougi et al. (2022), we can talk about three
different categories of r-process: (1) limited-r stars which
have elements as heavy as Eu but no third
r-process peak elements and essentially no elements with
Z > 70. Its value for [Eu/Fe] < 0.3, but it could be reduced
to [Eu/Fe] < 0 (Farougi et al. 2022). Additional conditions
for Sr and Ba are following: [Sr/Ba] > 0.5, [Sr/Eu] > 0.
(2) r-l stars are clearly r-process enriched and show a
close to solar r-process pattern with 0(0.3) < [Eu/Fe] < 1
and [Ba/Eu] < 0, i.e. the Ba/Eu ratio being smaller than a
solar-like s-process-dominated composition. (3) r-11 stars
are highly r-process enriched with [Eu/Fe] > 1 and follow
a [Ba/Eu] constraint as in (2).

Sources (sites) of production of r-process elements are:
a weak r-process, which is associated with supernovae,
where the innermost ejecta close to the central neutron star
were supposed to be neutron-rich (e.g. Wanajo, Janka &
Kubono, 2011), a strong r-process, for which quite
different scenarios are possible, such as neutron-star
mergers (e.g. Freiburghaus, Rosswog & Thielemann,
1999), ejecta from binary neutron-star mergers (e.g.
Eichler et al., 1989; Goriely et al., 2015; Thielemann et
al., 2017; etc.), neutron star-black hole mergers (e.g.
Lattimer & Schramm, 1974; Surman et al., 2008; etc.),
certain rare classes of fast-rotating supernovae with
powerful magnetic fields (e.g. Symbalisty, Schramm &
Wilson, 1985; Nishimura et al., 2006; Winteler et al.,
2012; etc.), as well as hypernovae or collapsars (e.g.
Thielemann, Wehmeyer & Wu 2020; etc.), and perhaps to
a lesser extent the innermost ejecta of regular core-
collapse supernovae (CCSNe) (e.g. Woosley et al., 1994;
Farougi et al., 2010; Arcones & Thielemann, 2013; etc.).

The aim of this work is to determine uniformly and
highly precisely the abundances of neutron-capture
elements in a number of metal-deficient stars differing in
the degree and pattern of the enrichment, as well as to
analyse plausible causes of such differences.

2. Observations,
velocity components

spectrum processing, spatial

To study differences in the enrichment of r-process
elements, we selected 20 metal-deficient stars, and we
used spectra from the UVES/VLT archive, based on the
data obtained from the ESO Science Archive Facility

(DOI(s): https://doi.org/10.18727/archive/50): the
resolution R = 41000-60000, the range of wavelengths AA
3200-6500 AA, the signal-to-noise ratio S/N > 100. The

spectral processing, including individual spectrum
normalization to the local continuum, identification of
spectral  lines of different chemical elements,

measurements of the line depth and equivalent width
(EW), was performed for each star using the DECH30
software  package developed by  Galazutdinov
(http://gazinur.com/DECH-software.html).

Spatial velocity components (U, V, W) with respect to
the Local Standard of Rest (LSR) were computed based on
the coordinates, proper motions and radial velocities from
Gaia DR3 (Vallenari et al. 2023). We used the solar motion
with respect to the LSR by Robin et al. (2022) from Gaia
DR3: (U, V, W) sun =10.79+0.56, 11.06+0.94, 7.66+0.43
kms?. The Toomre diagram for the stars under study is
shown in Fig. 1.
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Figure 1: Toomre diagram for studied stars

3. Atmospheric and abundance

determinations

parameters

We used the atmospheric parameters determined earlier
(Table 1).

To calculate the abundance of about 25 neutron capture
elements (Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ba, La, Ce, Pr,
Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Hf, Os, Ir, Pb,
Th) we used the LTE approach and the atmospheric models
by Castelli & Kurucz (2004). The choice of model for each
star was made by means of standard interpolation for Teff
and log g. The abundances were employed the synthetic
spectrum method by a new version of the STARSP
software (Tsymbal, 1996) and new version of the
VALD2018 line list (Kupka et al., 1999). Hyperfine
structure for a number of elements (Ba, La, Eu) was take
into account the, and solar isotope composition was used
in the case of Ba. The spectrum synthesis fitting of the Ba
and Eu lines to the observed profiles for star J01293113 is
shown in Figs. 2, 3 with the values of [Ba/Fe] = 0.76 and
[Eu/Fe] = 1.66.
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Figures 2, 3: Spectrum synthesis fitting of the Ba and Eu lines to the observed profiles.

Table 1: Lists the name of stars, the parameters (effective
temperature Tefr, gravity logg, microturbulent velocity V4,
metallicity [Fe/H]) and the references of relevant papers.

Name Tett log g Vi [Fe/H] Ref

BD+174708 | 6000 | 4 07 |-156 | Misho3
BD+233130 | 5100 | 2.25 | 1 262 | Mishol
BD+233912 | 5750 | 37 | 13 | -139 | Mishoo
BD+264251 | 5860 | 35 | 17 | -L42 | Mishoo
BD+292091 | 5850 | 42 | 16 | -1.93 | Misho3
BD-185550 | 4600 | 05 | 12 | -301 | Mishol
HDO002796 | 4900 | 16 | 15 | -221 | Mishol
HDO008724 | 4600 | 15 | 15 |-1.65 | Mishol
HD 019445 | 5830 | 400 | 1.10 | -2.16 | Mish17
HD 025329 | 4850 | 425 | 15 | -173 | Mishol
HD 026207 | 4300 | 05 | 17 |-191 | Mishot
HD 084937 | 6325 | 395 | 1.4 | -2.24 | Mish17
HD 108317 | 5250 | 24 | 17 | -217 | Mishot
HD 122563 | 4570 | 11 | 12 | -242 | Mishol
HD 216143 | 4455 | 105 | 1.90 | -2.26 | Mish17
HD 221170 | 4415 | 105 | 1.9 | -2.26 | Mish17
0090 1 4s81 | 094 | 226 | 267 | Holm20
“1%%‘121%84' 4769 | 115 | 211 | 375 | Holm20
Je0ise | aaes | 092 | 249 | 235 | Holm20
oA003113 | 4g7e | 180 | 281 | 213 | Hansig
é%%%iég%' 4668 | 093 | -2.75 | -257 | Hansl8

4. Results and discussions

4.1. Analysis of the behavior of the r-process elements
in the studied stars

To consider the different various features of the r-process
of enrichment of metal-deficient stars we compare the
obtained Sr, Ba, Eu abundances for our studied stars to find

(define) indicators (types) of the r-process or, in other
words, to determine the degree of r-process enrichment
based on the Sr, Ba, Eu abundance criteria.

As we noted in the introduction, three classes (types) of
enrichment in r-capture elements are currently considered.
The first criterion is the abundance of europium, often
using [Eu/Fe], an element predominantly formed by the
r-process. Among our stars, only one is of the r-11 type, 11
stars are of the r-I type, and 8 stars are of the limited r
type. Also for classification additional criteria are used for
classes (types) r-I and r-I1, this is the ratio of [Ba/Eu], this
value confirmed the classification by [Eu/Fe]. And for
stars of the limited-r type two additional criteria are
introduced [Sr/Ba] and [Sr/Eu]. For two stars with very
low europium abundance these criteria are met
unconditionally, and for 6 stars, taking into account the
errors of determinations for [Sr/Ba].

Let us consider the behavior of the element abundances
depending on the Atomic Number for the groups (Fig. 4
upper. r-1 and r-11 stars, Figs. 5, 6 middle, bottom limited-r
stars). For all groups we see different behavior of the
r-process elements, increased for r-Il, lower, but quite
compact for r-I stars (spread about 0.5 dex), and with a
large spread for limited-r stars (from -0.5 dex to -1.5 dex).
Two figures for limited-r stars differ in the europium
abundance, if in the first case (Fig. 5) these are small
negative values of [Eu/Fe], then in the second (Fig. 6)
these are stars with a fairly low value of [Eu/Fe], less than
-0.6. As mentioned above, for limited-r stars there are
essentially no elements with AN > 70, which is what we
observe in the bottom (Fig. 6), and in the middle (Fig. 5)
such elements are present. We believe that one reason for
the presence of elements with AN > 70 may be a "shift" of
the upper limit for r-1 from 0 to -0.2 dex due to errors in
the Eu abundance determination (~0.2 dex), and this may
change the classification and transfer limited-r stars to the
r-1 category. However, this may also indicate that some
limited-r stars have the elements with atomic numbers
greater than 70, in other words, it may indicate
contributions of two or more events to their enrichment.

At the moment, it is difficult to say whether this
reflects the enrichment features of limited-r stars in
general, or only in our particular set of stars.
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Figures 4, 5, 6: Distribution of the element abundances
from the Atomic Number for these three groups (Fig. 4
upper. r-1 and r-1l1 stars, Figures 5, 6 middle, bottom
limited-r stars).

We then compared our results for one typical star of each
group with those of other authors, namely, J01293113-
1600454 (r-11) with the classical r-process star CS22892-
052 (Sneden et al., 2003) (Fig. 7), HD 221170 (r-1) with the
work of lvans et al. (2006) on this star (Fig. 8), and HD
122563 (limited-r) with the data of Honda et al., 2006
(Fig. 9), that show typical weak- r-process.

We see good agreement between the data (Fig. 7, r-11),
confirming a noticeable enrichment in the r-process, as
well as good agreement for HD 221170 (r-1), which is
moderately enriched in the r -process (Fig. 8). As for HD

AN

Figures 7, 8, 9: Comparison our results for one typical star
of each group with those of other authors.

122563 (limited-r), this is a star with a noticeable
europium deficiency, Honda et al. (2006) have found
abundance of elements with AN > 70, the upper limit of
iridium and thorium (Fig. 9). Is it caused by the errors in
determination or there is a possibility of the enrichment in
elements with AN > 70? Besides, it may also indicate that
several (some) limited-r stars have the r-enrichment, i.e.
two or more sources were involved in their enrichment.
Note, there are also other possible interpretations, as e.g.
Montes et al., 2007 (LEPP source).
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4.2. Plausible sources of r-enrichment

In analysis of r-process nucleosynthesis and chemical
evolution of Galaxy, two types of r-process sources with
different delay times are considered, a quick source (e.g.
CCSNe) and a delayed one (CBM — compact binary
mergers, common name). As shown in a number of works
(e.g9., Wehmeyer, Pignatari & Thielemann, 2015; Farougi
et al., 2022; Mishenina et al., 2024; etc.) both a quick
source (e.g. CCSN) and a delayed one (CBM) produce
r-process material. We suggest that high values of the
abundance of r-process elements in class (r-11) stars can be
provided by CBM as the main astrophysical site of the
r-process, as a result of the merger of neutron stars or
black holes. A moderate enrichment of (r-1) also can be
provided by CBM: it is still debated whether two types
(r-1 and r-I1) are produced in different sites or result from
variations within the same site (e.g. neutron star mergers)
(Farougi et al., 2022). Limited-r stars may be enriched
predominantly from different types SNe (e.g. magneto-
rotational SNe), but the presence of elements with AN > 70
substantiates the hypothesis of possible contributions from
other sources with different delay times. Different
mechanisms and sources of the r-process are responsible
for the enrichment of stars of different r-types, but the
exact yields of elements resulting from the r-processes in
the indicated stars are still highly debatable, thus requiring
additional research.

4.3. Kinematics

If we look at the space velocities and the Toomre
diagram, using the criteria of Marsakov & Borkova (2006)
to separate of different structures of the Galaxy, we can
say that our stars belong to the thick disk, as well as to the
proper and accreted halo (i.e. captured by the Galaxy).
The velocity separating the thick disk and the halo is 180
km/s. We have about 8 such stars (3 r-1, 5 limited-r). Stars
with residual velocities of 175-240 km/s belong to the
proper halo of the Galaxy, 4 stars (3 r-1, 1 limited-r). Stars
with velocities higher than 250 km/s belong to the outer
accreted halo, taking into account retrograde velocities,
there are 9 of them (1 r-11, 6 r-1, 2 limited-r). The star with
the highest V velocity is BD+23 3130, limited-r, the
second is J01293113-1600454 (r-11). Stars with different
levels of r-process enrichment belong to different galactic
populations.

5. Results and conclusions

1) The abundance of 25 r-process elements in 20 metal-
poor stars was determined.

2) The r-enrichment type was determined for all stars
and it was shown that, in general, the criteria under
consideration are quite reliable.

3) For stars of the category, type limited-r, there is a
probability of enrichment with elements with an atomic
number greater than 70.

4) The authors suggest different mechanisms and
processes of enrichment in the case of stars classified as
different r-types.

5) The stars of the studied sample belong to different
galactic structures, both to the thick disk of the Galaxy
and to the inner and accreted halo.
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ABSTRACT. After the application of the echelle
spectrograph in combinations with high sensitivity
radiation receivers during the observations of short
period Algol type binary star systems, in some cases
there is a special feature observed in their spectrum
which could indicate the presence of the potential
third component. Currently the subclass of the star is
distinguished among the Algol type stars in spectra of
which similar features have been observed. The results
of the spectral observations of two Algol type stars
that belong to the subclass § Lib and U Sge are also
included. In both stars, there is an absorption detail
that appears during the phases of the orbit (0.1 — 0.4)
in red and (0.6 — 0.8) in blue wings of the Ha line.
These phase intervals correspond to eclipse period
of the secondary component. Preliminarily, we are
suggesting that this observational fact could indicate
the presence of the third component in the system
and also provides alternative hypotheses that leads to
similar physical conditions.

Keywords: individual: Algol, line profiles, radial

velocity curve.

AHOTAIIIA. Tlicna  3acTocyBaHHsI — ermeJijie-
cuekTporpada B MOEIHAHHI 3 BHCOKOYYTJIUBUME
IpuiiMadaMu BUIIPOMIHIOBAHHS IIiJT 9acC CIIOCTEPEXKEHb
KOPOTKOIIEPIOAUIHAX IMOJABIHHUX 30PSHUX  CHCTEM
Tury AJirosisi B JIeIKMX BUIIQJKaX B 1X CIIEKTPax
CIIOCTEPIra€ThCsd OCODJIUBICTh, KA MOYXKE BKa3yBATH
HAa HAsBHICTb IOTEHIIIWHOTO TPETHOIO0 KOMIIOHEHTA.
B pmanumit gac cepen 3ip Tumy AJIroJib BUIIISIETHCS
migkiaac 3ip, B CHEKTpax $KHX CIOCTEPIraioThCs
o 1ibH1 prucu. BKJtodeHI pesysibTarTh CHEKTPAJIbHUX
criocrepexkeHb JiBox 3ip tumy Aurosib 6 Lib i U Sge,
SKiI HAJIEXKATH JI0 TIbOTO IiJIK/IaCy.

CrekrpasnbHi criocrepekents 30pi U Sge mposeieHo
y ¢doxkyci Kaccerpena 2-m teneckomna IllamaxwHchbKOT
acrpodizmanol obcepsaropil im. H.Tyci ma ShaFES
3 BukopucranHsM [133-marpuri 31 crekTpabHOIO
pozainbHoo 3marHicTIo R = 28000, B 061acTi JOBXKUH
xBuiab AA 3900-7500AA, y 2022-2023 pokax. Kpusi

paJiaJbHIX IIBUIKOCTe!l 000X KOMIIOHEHTIB CHCTEMH
6 Lib Ta U Sge Oyau mobyaoBaHi Ha OCHOBI HAIUX
BUMIPIOBaHb PATIAJBHUX MIBUIKOCTEH 1 3amo3myeHi 3
myO/TiKarii.

B cmekTpax obox 3ip € merasb TOTJIMHAHHS,
sika, 3'siByIsieThest Ha dasax opbitm (0,1 — 0,4) y
gepporomy Ta (0,6 — 0,8) y cuHbOMY Kpmiax JiiHii
Ha. 1Ii ¢dasosi iHTepBau BiAlOBiIAIOTH TEPIOLY
3aTEeMHEHHs JPYroro KomioHeHTa. llomepemubo mu
MPUILYCKAEMO, IO Ieifl (DAKT CIIOCTEPEXKEHHST MOXKE
BKa3yBaTH HAa MPHUCYTHICTH TPETHOI'O KOMIIOHEHTA B
cHUCTeMi, a TaKOXK HAaJIa€ aJbTEPHATUBHI TiNOTE3H, SKi
NPU3BOAATL 0 MOMIOHHX e(eKTiB, 30KpeMa, JiHio
Ha BumHO Ha BTOPMHHOMY KOMIIOHEHTI HA MOYATKY
Ta B KIHII 3aTeMHEHHsl, a00, MOXKJUBO, IO edeKT
Maxkmaadaina—Poccitepa pigKo CcHOCTEpIraeThes B
no/BiitHuX cucremax tuiy Asrosisi. Yci Tpu rinoresn
€ TmpeaMeToM OOrOBODIOBAHHsI B MIpy OTpUMAaHHS
JOJIATKOBUX CIIOCTEPEIKEHb.

KimrouoBi cioBa: immusinyasbhi: Auross, mpodisd
JIHIN, KPpUBA PaiaJIbHUX IIBUJIKOCTEH.

1. Introduction

The Algol-type binaries are semidetached interacting
binary systems in which the cool F-K III-IV secondary
star has expanded to fill its Roche lobe and is transfer-
ring material through a gas stream onto the hot B-A
V primary star (see Fig. 1).

As you know the prototype Algol type eclipsing bi-
naries systems star 3 Per, is a triple system. Until re-
cently, due to the weakness of the visible brightness of
the third component, the influence of this component
was not taken into account when modeling the light
curve and radial velocities of the 8 Per system. Only
in recent years, was it possible to build a satisfactory
model of this star as a triple system using observations
with many techniques and at many wavelengths.

The presense of the potential third component could
be indefinied with special features observed in the spec-
trum of short period Algol type binary star systems af-
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Figure 1: Scale model of an Algol-type binary system
showing the predicted path of the gas stream, the range
of spectral types, the spectral classes, and the lines of
sight for different orbital phases

ter the application of the echelle spectrograph in com-
binations with high sensitivity radiation receivers dur-
ing the observations. Currently the subclass of the
star is distinguished among the Algol type stars in
spectra of which similar features have been observed.
(Tomkin, 1978; Tomkin, 1979 Tomkin, 1981; Tomkin,
1983; Tomkin, 1985; Tomkin, 1992; Francis,Tomkin,
1982).

At the Shamakhy Astrophysical Observatory named
after N.Tusi is conducting a spectral study project of
Algol-type stars from this subclass. Spectral observa-
tions will be carried out at the Cassegrain focus of 2-m
telescopes of the Shamakhy Observatory over a period
of time of the orbital period on a fiber-optic echelle
spectrograph SHAFES, using a CCD matrix with a
spectral resolution of R = 28000 and 56000 (Mikailov,
2020).

The following stars have been preliminary selected:
6 Librae; U Sagittae; U Cephei; A Tauri; EK Cephei;
R Canis Majoris; V505 Sagittarii.

This paper presents preliminary results of spectral
observations of two Algol-type stars belonging to this
subclass: § Lib and U Sge.

2. Observations and data processing

Spectral observations of the stars: ¢ Librae and
U Sge were carried out at the Cassegrain focus of
the 2-meter telescope of the Shamakhy Astrophysical
Observatory named after N.Tusi, on the fiber echelle
spectrograph ShaFES (Shamakhy Fiber Echelle Spec-
trograph) (Mikailov, 2020), using a CCD matrix, with
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Figure 2: Primary and secondary components radial
velocity curves of the § Lib star Algol type binary
system. Primary component full circles: black —
Tomkin J., 1978 (date 1977); red — Baksh V., 2006
(Ondrejov, date: 1996, 1997 and 2003); blue — Baksh
V., 2006 (Rozhen, date: 1996, 1997 and 2003); ma-
genta — ShAO + Czech (He, this work); olive — ShAO
+ Czech (Hp, this work); Secondary component full
rectangles: black — Tomkin J., 1978 (date 1977); red —
Baksh V., 2006 (Ondrejov, date:1996, 1997 and 2003);
blue — Baksh V., 2006 (Rozhen, date: 1996, 1997 and
2003).

a spectral resolution R = 28000, in the wavelength
region AX 3900-7500AA, in the years 2020-2023.
Processing of echelle 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.html).

3. Results of observations

0 Librae (HR 5586, HD 132742, HIP 73473) is one of
the nearest (=90 pc) Algol systems a close, interacting
binary made of AOV + KOIV stars with V = 4.9 mag
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 Roche lobe. Mass is being transferred from
star B (the mass-donor) to star A (the mass-gainer).

Fig. 2 shows the radial velocity curve of the main
and secondary components of the binary system § Lib:
Ha and HB are our measurements, others are borrowed
from publications data. Phases computed with Koch’s
(Koch, 1962) ephemeris:

JD[Pr.Min.| = 2422852.3598 + 2.32735297F

U Sagittae (U Sge, HD181182): periods P=
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Figure 3: Velocity curves for the primary and sec-
ondary components of the U Sge Algol type binary sys-
tem. Primary component full circles: black — Pqg
(Tomkin, 1978); red — Hae (ShAO); blue — HB (ShAO).
Secondary component full rectangles: dark — DNal;
red — Call; blue — Mgl. (Tomkin, 1978)

3.381days, magnitude V=6.3 — 8.9, spectral types B7.5
(Pr.) — G4 III-1V (Sec.) or B8V (Pr.) — G2 III-1V
(Sec.), orbital inclination 89", Vo = —10 km/s, HJD
min = 2440774.4856 (Olson, 1987).

Papameters: Primary component: M = 5.7 Mg, T
= 12500 K, R= 4.20 Ry;

Secondary component: M = 1.9 Mg, T = 5500K,
R=5.50 Rg.

Fig. 3 shows the radial velocity curve of the primary
and secondary component of the U Sge binary system:
Ha and HB are our measurements, others are borrowed
from publications data.

Orbital phases were calculated based on the
ephemeris:

JD[Pr.Min.] = 2442207.8444 + 3.3806205F

borrowed from (Tomkin, 1979).

During the period of our spectral observations, both
components of the KCall resonance line are observed in
the USge spectrum — interstellar (IS) and circumstellar
(CS). Radial velocities (IS) of the KCall component
average (—23.6 km/s) in the phase range 0.1 — 0.5 and
(-15.6 km/s) from 0.6-0.9. Fig. 4 shows the profiles
of the KCall line at close values of orbital phases on
U Sge Algol type binary system. The radial velocities
of the circumstellar (CS) and/or stellar components
of the KCall line correlate with the Ha line. Fig. 5
shows example the profiles Ho and KCall lines in USge
of Algol type binary star spectrum.

The fragments of Ha line region for 0.18, 0.19 and
0.62, 0.75 values of 4 Lib binary system’s orbital phases

have been displayed on Fig. 6. As you see, the ab-
sorption element (depression) is being observed in the
direction towards red of the Ha line at values 0.18 and
0.19 and towards violet at values 0.62 and 0.75.

As seen from the radial velocity curves provided at
the Fig. 2 the lines of the secondary component of
the system are not visible at the phase values 0.4 —
0.6 (Ondrejov and Roshen) or 0.35 — 0.7 (Tomkin). As
observed, this phase interval corresponds to the period
of the secondary component’s eclipse (see Fig. 2).

Based on our measurements of the radial velocities
of the lines Ha and HB and using published data, the
radial velocity curves of both components of the U Sge
system were constructed (Fig. 3).

In some phases of the orbital motion of the U Sge
binary system, an absorption detail (depression) is ob-
served on the red and blue wings of the line Ha.

Value of phases about 0.8 in the blue and about 0.3
the red wing of the absorption line Ha an additional
absorption detail appears. As observed, phase interval
[0.3 — 0.7] corresponds to the period of the secondary
component’s eclipse (see Fig. 6).

Fig. 6 shows for example fragments of Ha line
region with additional absorption detail. Phase 0.05
corresponds to the eclipse of the primary component.

4. Conclusions

The radial velocity curves of both components of the
¢ Lib and U Sge systems were constructed based on our
measurements of the radial velocities and are borrowed
from publications data.

An absorption detail (depression) is observed on the
red and blue wings of the Ha line in certain phases of
the orbital motion of the binary systems ¢ Lib and U
Sge. An additional absorption detail appears for § Lib,
at the orbital phases 0.18 and 0.19 in the red and at
0.62 and 0.75 in the blue wing of the absorption line,
while for U Sge in value of phases about 0.3 in the
red and about 0.8 the blue wing of the absorption line
Ha. As inferred from Figs. 2 and 3, these phase inter-
vals correspond to the eclipse period of the secondary
component.

Thus, we are suggesting that this observational fact
could indicate the presence of the third component in
the system.

At the same time, we do not exclude alternative hy-
potheses that leads to similar physical conditions:

1. The H line are visible on the secondary compo-
nent at the beginning and the end of eclipse.

2. The McLaughlin—Rossiter effect is rarely observed
in Algol-type binaries systems.

All three hypothesis are the discussion topics of
the Algol type binary system research. As more
observation material is acquired, all three hypotheses
will be widely researched and evaluated.
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ABSTRACT. Based on 583 radial velocity (RV)
measurements we obtained at the Three College Ob-
servatory (TCO, North Carolina, USA) in 2015-2024,
(including 396 not previously analyzed from 2020-
2024) as well as on 236 RV data from the German
amateur R. Biicke (2011-2022), we calculated the
pulsation period and amplitude of the Cepheid Polaris
Aa system (o UMi). The analysis showed that the
pulsation period was stable within a few minutes in
2020-2024. During this time, the pulsation amplitude
was increasing and reached the 1960s level (4-6 km
s71), when its sharp decline began. Since its new
growth began after Polaris Ab, the system secondary
component, passed a periastron, we concluded that
the observed amplitude changes were due to its orbital
motion. It is clear that Polaris Aa is returning to
normal pulsating activity.

Key words: a UMi (Polaris Aa and Polaris Ab)
system: radial velocities; Polaris Aa pulsation period
and amplitude.

AHOTAIIIS. 3a JlecATUPIIHAT repiozn
cuocrepexkenb  cucremu  [loasipuol (v UMi) B
O6cepsaropii  tprox  Koseqpkis  (Three  College

Observatory, IliBuiuna Kaposina, CIIIA) 3 2015 no
2024 pokum Oyno orpuMaHO 583 OIHKH PaTiaJIbHOL
meuakocti (RV). Cepen mumx maemo 396 HOBHX,
paHille He TPOAHAJI30BAHUX OIIIHOK, OTPUMAaHUX

y mepion 2020-2024 pokis. Ileit mabip RV, pasom
3 gomaTtkoBuMu 236 OIiHKaM#, MO OyB OTpPUMAHIA
HimenbkuM amaTopom P. Bioke y mepiom 2011-2022
POKiB, CKJIaB BeJWKy 0a3y HJaHUX i PO3PAXYHKY
3Ha4YeHb MyJIbCAIliHOrO Tepiofy Ta aMIUITYIH
pamiaybaol mBuakocTi nedeinn Ilossgpraol Aa. dk
MOKAa3aB aHaJIi3, mepiof myJbcaril medeinn BUsBUBCs
JIOCUTh CTabITbHUM TPOTATOM KiJTbKOX XBUJIMH Y
2020-2024 pokax, ajie Oyau mesiKi MOMITHI 3MiHH
y 2015 Ta 2019 porkax. Xowa 3 2011 mo 2019 pik
aMILTITyma IyJabcaril Oyra HecTabiIbHOIO Ha piBHI
3-4 xm ¢!, ame 3 2020 poky BoHa modasa CTaGLIBLHO
3pocrarn i mocsrasa Bxke 4-6 kM ¢~ 1. Taki 3HadenHs
aMIUIITYIn criocTepiraauca y 60-X pokax MHHYJIOTO
cTOpivYs, Iepejl TUM, K IT0YaJIOCs 11 Pi3Ke 3HUKEHHSI.
OCKiJIbKHY 11 HOBE 3POCTaHHsI [T0YAJIOCS TICJIsl TOTO, sIK
BTOpUHHUI KoMIoHeHT cucremu [lojsipua Ab mpo-
#IoB mepuactp opbiTH, TO MW ALK JI0 BUCHOBKY,
IO IIi CIIOCTEPEXKYBaHI 3MIHM aMILITY/IM ITYJIbCAITIT
FOJIOBHOI'O KOMIIOHEHTa Oy 1oB’si3ani 3 opbiTa-
JIBHUM pPYXOM BTOPHHHOrO KOMIOHeHTa. llijmkom
3pPO3yMLJIO, IO TAKUM YUHOM IIEPBUHHUI KOMIIOHEHT
cucremu IlonsipHa Aa moBepraeThes JI0 HOPMaJbHOI
nedeinHol MyJIbCYI0Y0l aKTUBHOCTI, sika Oyjia Maiizke
60 pokiB moTomy.

Kurouosi caoBa: o« UMi: Polaris Aa i Polaris Ab;
pajianbHi mBHaKocTi; mepion mysbcarnil Polaris Aa;
aMILIITY/Ia.
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1. Introduction

In our previous paper (Usenko et al. 2020), we used
187 measurements of the Polaris radial velocity (RV),
obtained between September 2015 and April 2020 at
the TCO observatory, together with a number of ob-
servations from Anderson (2019), to study variations
of the pulsation period and amplitude of the Cepheid
Polaris Aa. In fact, all these 351 measurements turned
out to be a unique set of data (excluding amateur ob-
servations) taken between 2011 and 2020. This time
interval is interesting and important as it covers a frag-
ment of the orbit of the Polaris Ab companion that
contains passages through periastron and ascending
node. Analysis of the RV data showed that the average
pulsation period in 2015-2020 demonstrates a certain
stability, and the amplitude of Polaris Aa pulsations
demonstrates very strong changes showing an increase
to HJD 2457350 followed by a decrease, which began
even before the periastron passage. As can be seen in
Fig. 7 from Usenko et al. (2020) and Fig. 7 from
Torres (2023), the pulsation amplitude changes over
these 9 years followed a sinusoidal curve, which gave
a reason to make a forecast of the future decrease of
the amplitude beyond 2020. These amplitude changes
were explained by the influence of the orbital motion of
the secondary component, Polaris Ab. Such amplitude
changes suggested further careful observations of the
Polaris system RVs.

However Torres (2023) added RV measurements
from low-resolution spectra obtained by the German
amateur Roland Biicke in 2011-2022. It is noticeable
In Fig.7 from his paper that the pulsation amplitude
between Spring 2020 and Spring 2023 suddenly in-
creased by =~ 0.75 kms~!, which is the opposite to our
predictions. To test this important fact, we decided
to use data from our observations carried out at TCO
from July 2020 to April 2024. Additionally, our new
RV measurements can be used for refining the orbit of
Polaris Ab.

2. Observations and development of spectra

We use 396 spectra in the current data set: 74
were taken in July-December 2020, 106 in January-
December 2021, 50 in January—May 2022, 24 in
September—November 2022, 14 in January—May 2022,
87 in July—December 2023, and 41 in January—April
2024. All the observations were obtained with the
0.81m telescope of the Three College Observatory
(TCO) in North Carolina. This telescope is equipped
with an échelle spectrograph manufactured by Shelyak
Instruments '. The instrument operates in a spectral

Lhttp://www.shelyak.com

range from 3850 to 7900 A with a spectral resolving
power of R =~ 12,000 and no gaps the between 31 spec-
tral orders. The average S/N ratio in the continuum
was 150-200, while most spectral lines used in our anal-
ysis were taken from the range 49006800 A. The data
were reduced with the échelle package in IRAF. Addi-
tionally, we use 236 spectra provided to us by Roland
Biicke, who used a 0.2m and a 0.45 m telescopes and a
self-built long-slit spectrograph (R = 3,500) in 2011
20222. Some results of the latter program were pub-
lished in Biicke (2021).

To measure the RVs, cross-correlation was used in
the wavelength ranges of 50455388 A of the TCO
spectra and 60356425 A of the Biicke spectra. Since
the total number of derived RV (396 and 236) does not
allow for their publication here, they will be published
separately.

3. Pulsation, amplitudes and orbital period
analysis

In our previous studies, the spectral line positions
were measured using the DECH 30 software package®
by matching original and mirrored profiles for over 100
lines. Typical RV measurement errors with this proce-
dure were 1.0-1.8 kms™'. In this study we used the
IRAF package rvsao to calculate RVs from continuum-
normalized several spectral orders connected together
with removal the order parts, which have the low-
est signal-to-noise ratios (edges). The relative RVs
were calculated with cross-correlation with respect to
the spectrum, which was taken chronologically first
(2013/07/28 in the TCO data and 2011/02/21 in
Biicke’s data).

TCO spectra were taken in 10-20 individual 10-20
second-long exposures and summed up, while Biicke’s
spectra consisted of 4-6 individual 4-5 minute-long ex-
posures. Typical RV measurement errors were 0.05—
0.10 kms~! for the TCO data and 0.4-0.5 kms~—! for
Bicke’s data.

The measurement results were then grouped into
yearly (TCO) or 2/3-year (Biicke) data sets that are
larger than in our previous studies. The data sets were
analyzed using a python code that calculates best si-
nusoidal fits to the data as well as uncertainties of the
fit parameters (semi-amplitude, period, mean RV, and
zero-point of the pulsation phase). The fitting proce-
dure was implemented using the Monte Carlo method
on Markov chains which produces many subsamples of
each fitting parameter and allows deriving their most
probable value and statistical uncertainty (Foreman-
Mackey et al. 2013). The fitting results are shown in
Tables 1 and 2, while examples of the fits are shown in
Figs.1 and 2.

2https://www.astro.buecke.de
3http://gazinur.com/DECH-software.html
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Table 1: Pulsational periods and amplitudes of Polaris Aa in 2015-2024. TCO data.

Year HJD N Rej Period o Ampl o
2400000+ days days kms™' kms!

2015 57283-57376 20 1 3.9781 0.0014 3.42 0.08
2016 57623-57744 36 0 3.9659  0.0062 3.96 0.14
2017  57772-58109 37 3 3.9713  0.0023 3.70 0.06
2018  58120-58479 46 3 3.9711  0.0004 4.04 0.04
2019 58489-58837 28 2 3.9802 0.0036 3.84 0.20
2020 58907-59213 44 1 3.9713  0.0012 3.76 0.04
2021  59219-59575 124 3 3.9750  0.0005 4.34 0.16
2022  59583-59892 76 0 3.9721  0.0004 4.27 0.08
2023  59950-60310 97 0 3.9713  0.0005 5.02 0.04
2024 60314-60416 44 0 3.9715  0.0009 4.24 0.02

N — number of RV measurements, Rej — number of data points rejected from fitting, Period — pulsation period,
Ampl — pulsation amplitude, o — standard deviation of the corresponding parameter from the best-fit

Table 2: Pulsational periods and amplitudes of Polaris Aa in 2011-2022. Biicke data.

Year HJD N Rej Period o Ampl o
2400000+ days days kms™' kms™!
2011/02-2014/05 55624-56780 43 0 3.9734  0.0004 3.72 0.11
2014/08-2016/09 56895-57639 44 0 3.9722  0.0004 4.25 0.02
2016/09-2017/09 57657-58001 41 0 3.9720 0.0016 3.28 0.39
2017/10-2019/04 58033-58595 45 0 3.9717  0.0009 3.49 0.45
2019/07-2022/12  58688-59905 63 0 3.9730  0.0003 4.02 0.03
Column information is the same as in Table 1
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Figure 1: RVs measured from the 2024 TCO data and
the best fitting sinusoidal approximation.

The data sets analysis shows that the pulsation
period of Polaris Aa was stable within 4.7 minutes
(3.97334+0.0033 days), while the amplitude has been
rising from ~3.5 kms~! to ~3.5 kms~! in 2011-2024.
The average period is very close to that derived by
Torres (2023), but a slight decrease predicted in this
paper (see Fig.6 there) is not obvious given the mea-
surement uncertainties. The amplitude increase is con-

Figure 2: RVs measured from the 2019-2022 Biicke’s
data and the best fitting sinusoidal approximation.

sistent with the data shown in Fig. 9 from Torres (2023)
and Fig.4 from Biicke (2021). Our results are shown
in Fig. 3.

Another result from our current study is the
extension of the Polaris Aa/Ab binary orbit to the
middle of 2024 (see Fig.4). The relative TCO and
Biicke’s RVs were shifted to the heliocentric values
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Figure 3: Variations of the pulsational amplitude (top
panel) and period (bottom panel) of Polaris Aa. Sym-
bols: black circles — TCO data, red circles — Biicke’s
data.

from Anderson (2019) and compared to the orbital
solution derived by Usenko et al. (2020) and Torres
(2023). The comparison shows the RVs obtained after
the last maximum achieved in 2017 decline faster than
predicted. Since this orbital cycle is getting better and
more accurately covered, it is important to continue
monitoring the system to further improve the orbit
and thus the system physical parameters.

5. Conclusions

The 583 RV observations obtained at TCO dur-
ing the last ten years along with 164 RV data points
published by Anderson (2019) and 236 ones obtained
by Biicke (overall 983 measurements) covered a frag-
ment of the Polaris Ab orbit, which contained passages
through a periastron and an ascending node led us to
the following conclusions.

1. The mean pulsational period during last four years
has been stable within several minutes.

2. As mentioned earlier, the pulsation amplitude of
Polaris Aa shows strong changes, which contain a
growth before JD 2457350 with a subsequent de-
cline. This decline has begun before the periastron
passage, but the amplitude began increasing since
2021.

3. Our prediction (Usenko et al. 2020) that the pul-
sation amplitude would decrease after 2020 was
wrong probably due to a different method of the
data analysis. Apparently, after Polaris Ab passed
the last periastron, the pulsation amplitude of the
Polaris Aa Cepheid returns back to the pre-1960’s
level of 4 to 6 kms~! (see Fig. 7 from Torres 2023).

RV [kms ]

| | |
58000 59000 60000

JD - 2400000

|
57000

Figure 4: Updated orbit of the Polaros Aa/Ab binary
system. Black circles represent data from Anderson
(2019), blue circles show Biicke’s data, and red circles
show TCO data. Black solid line shows the orbital
solution derived by Torres (2023), while the violet solid
line shows the solution from Usenko et al. (2020).

4. Thus, we can assume that Polaris Aa is returning
to the normal pulsating life of Cepheids. Therefore
further Polaris Aa RV observations are essential
during next coming years.

5. Orbital motion of Polaris Ab most likely influ-
ences the Polaris Aa pulsational amplitude.
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ABSTRACT. Eleven lines of promethium Pm Il in the
spectra of the magnetic peculiar A0 V star HD 25354
were analysed thoroughly in order to obtain information
about how the short-lived element lines behave in spectra
acquired on different observation dates. It has turned out
that the intensity variations in time are typical for these
lines with some of them being observed as emissive or
absent at certain time intervals. The obtained list of Pm 1l
lines in the spectra of the magnetic peculiar star HD
25354 has been employed to investigate promethium
abundances in atmospheres of other stars, such as HR 465
(Terr = 111,840 K), HIP 13962 (Ter = 6,250 K) and BL
138 (Terr = 3,939 K). The investigation interval has been
limited to the spectral range of 4000-5800 A and oscilla-
tor strengths within —0.76 < log gf < 0.4.

Keywords:  stars:  abundances —  promethium:
atmospheres — stars: individual (HD25354, HR465,
HIP13962, BL138).

AHOTANIA. HdocmimKyeTbess BMICT pagioaKTHBHOTO
MpoMeTiF0 B arMocepax 3ip B Iiama3oHi e(eKTUBHHX
temnepatyp Bix 12800 mo 4000 K, a came: B aTMocdepax
MarHiTHO-IeKy sipHuX 3ip HD 25354 1 HR 465, nedeinn
HIP 13962, uyepBonoro riranty BL 138, mo HanexuTh
KyJscTii kapiukoBiil ramaktuii ®oprakc. [Tepion miBpo-
3Magy HaiTpuBaiimoro izoromy 17.7 pokiB cepex 24
HecTablIbHUX 130TOIB MPOMETIiI0 — 1ed (GakT NpUBIB 10
yIepeKEHOT0 OCHIKEHHS [[LOTO eJIEMEHTY B CHEKTpax
3ip. 3 TOSIBOIO CHJT OCIMJISITOPIB ISl TIPOMETII0, po3pa-
xoBaaux ®iBeToM Ta iH. B 2007 porri, 3’sIBUIACH MOXKIIN-
BICTH JOCHIIWUTH KIIBKICHO LIEN €JIEMEHT I10 BiJIHOIIEHHIO
JI0 aTOMIB BOJIHIO B arMocdepax 3ip. Ilepmmmu ominmim
Hienscen ta in. (2020) BMicT mpomerito B aTMocdepi
MarditHo-nekyJsipHoi 3opi HR465, sikuii BusBuBCS 10-
CHThb BHCOKMM — Tpoxu MeHue 5 deX. /lana poGota €
MepIIo0  poOOTOI0, KA JIETANBHUM YHMHOM JOCIIIKYE
JiHII TPOMETII0 B CIEKTPaXx 3ip 3 BUKOPHCTAHHIM CHHTE-
THYHOTO CHEKTPY 3ip MiCIs JETaTbHOTO JOCHIIHKEHHS
mapameTpiB ix arMocgep Ta XiMiYHOTO CKJIagy CTaliib-

HUX ejneMeHTiB. JIiHII NpOMeTiI0 PO3MIANaNKuCh JIMII Ti,
sIKi He € OJCHIOBaHUMHU HIIUMU JiHisMH. /11 crioctepe-
JKeHHs JiHIA mpomerito Pmll B cexTpax OimbIn rapsamx
3ip BMICT IIPOMETIIO TIOBHHEH OyTH OLNBIINM, HiXK B CIICK-
Tpax XoyomHux 3ip. Jliama3on BMiCTy mpomertito Bix 6 dex
10 —0,5 dex mpu temmeparypax armocdep 12800 i 4000 K.
ExBiBaJIeHTHI IIMPUHY HE MEpeBULTYI0TH 20 MiJliaHTCTpeM
B crmekTpax 3ip. JlaHa poboTa CTUMYJIIOE TOCIIIKCHHS
CHJI OCLIMJISITOPIB B OUIBII HIMPOKOMY JIialia3oHi CIIEKTPiB
Ta OUIbII HU3bKUX 3HAYCHB.

Kuro4oBi c10Ba: 30pi: KUTBKICTh — IPOMETIH: aTMOchepa
— 3opi: iHgmBimyampHi (HD25354, HR465, HIP13962,
BL138).

1. Introduction

Promethium is the only unstable element among lantha-
nides. The isotope “*Pm is the longest-lived one with a
half-live of only 17.7 years. Like other radioactive elements
with short half-lives, promethium is not an element neces-
sarily observed in stellar atmospheres. An active mecha-
nism of replenishment of this element is a precondition for
its observing in a spectrum, and it is most likely that such a
production mechanism should not be the only one. Scenari-
0s according to which promethium is likely to be produced
in amounts sufficient for its spectral observability were
considered in the study (Tjin et al., 1973), including scenar-
ios of production of this element in the atmosphere of a
binary star with a pulsar companion that emits high-energy
particle fluxes to the target star. This scenario is corroborat-
ed by the case of the Cepheid HIP 13962, a former binary
companion of a pulsar in the system that decayed just 3
million years ago, which is a too short period of time on the
scale of the star’s lifespan. Weak lines of the radioactive
actinium with a short half-life can be observed in the star’s
spectra (Gopka et al., 2022). Identification of promethium
lines in the spectra of HIP 13962 is an important substantia-
tion of such a scenario.
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According to the review of literature made in the study
(Yushchenko et al., 2024), HD 25354 is an X-ray triple
system made of three objects, including an additional 0.7
solar mass tertiary component separated by 2.246 AU with
a period of orbit of 1.5-2 years about the centre of mass of
the system that consists of the main component — HD
25354 — and a 1-2 solar mass invisible secondary compo-
nent separated by 0.3 AU with an orbital period of 26 days.
In this system of the main and secondary components a
scenario of the radioactive enrichment of the HD 25354
atmosphere through the activity of the neutron star is not
ruled out either. It bears reminding that the neutron star
(pulsar) has a mass of about 1.4 solar masses and a diameter
not greater than 30 km, which is in agreement with the
observed characteristics of the invisible component.

This paper vividly demonstrates manifestation of the
short-lived promethium lines in the spectra of HD 25354
obtained on two straight nights in 2006 as compared to the
lines in the spectrum dated 1996 from the ELODIE ar-
chive (http://atlas.obs-hp.fr/elodie/). Each line with the
maximum Pm contribution has been analysed, and the
respective results are illustrated below. It allows us to
avoid misunderstanding when using spectra obtained on
other observation dates, for which the spectral pattern is
different. Let us recall that the spectral lines intensity
variations are typical for HD 25354, which was first re-
ported by Babcock (1958). In order to compare promethi-
um abundances in the atmospheres of cooler stars, we
have considered the late-type red giant BL 138 with an
effective temperature Terr = 3,939 K that is located in the
centre of the Fornax dwarf spheroidal galaxy, which is the
most massive satellite galaxy of the Milky Way at twice
the distance to the Magellanic Clouds.

2. Investigation of the radioactive promethium lines
in the spectra of the atmospheres of HD 25354, HR 465
and BL 138

Promethium lines in the stellar spectra were identified
based on the comparison of the synthetic spectrum with
the observed one, having thoroughly examined parameters
and chemical composition of the respective stellar atmos-
pheres. Having employed the oscillator strengths for pro-
methium lines determined in the study (Fivet et al., 2007),
we identified promethium lines with the maximum contri-
bution. The synthetic spectrum was calculated using the
parameters found in our earlier study from the HD 25354
spectra covering the wavelength range of 4000-5800 A:
the effective temperature Terr = 12,800 K; the surface gravi-
ty log g = 4.0; microturbulent velocity vmi = 0.5 km s, and
chemical abundances as reported (Yushchenko et al.,
2008) in the first approximation. We used the spectra
obtained by Faik Adil oglu Musayev on two straight
nights in 2006 — namely, on the nights of November 28 to
November 29 and that one of November 29 to November
30 — with a 2-meter telescope at the Terskol Peak Obser-
vatory, as well as the ELODIE archive spectra acquired in
1996 at the Haute-Provence Observatory (OHP). Some
lines in the spectra available exhibit profile and intensity
variations even over two straight observation nights.
However, the greatest variations can be observed in the
spectrum obtained at OHP in 1996 that has narrow and

sharp lines. Spectra acquired at the Terskol Peak Observa-
tory in 2006 can be distinguished by their broad lines in
which narrow emission lines of various intensities, some-
times strong ones, appear. The description of the spectral
lines, given earlier in the study (Jaschek&Brandi, 1972)
upon the analysis of two spectrogram plates obtained one
month apart in 1957, has been completely borne out. We
identified 11 absorption lines of promethium in the spectra
of HD 25354 and determined the atmospheric promethium
abundance. The magnetic peculiar star HR 465 (Ter =
11,840 K; log g = 4.3; vmi = 1.66 km s™* as per (Fivet et al.,
2007) and the red giant BL 138 (Terr = 3,939 K; log g =
0.71; Vmi = 2.3 km s, and the metallicity [Fe/H] = —1.01)
were used to make a comparison of the respective prome-
thium abundances with that one in the atmosphere of HD
25354 with Terr = 12,800 K. We used the spectrum of BL
138 obtained by Letarte et al. (2010) with FLAMES mul-
ti-object instrument connected to GIRAFFE spectrograph
with the high-resolution setups at the European Southern
Observatory’s (ESO) Very Large Telescope (VLT). The
observation was performed with a spectral resolving pow-
er R = 30,000 in the wavelength ranges 5339-5608, 6119—
6397 and 6308-6689 A with a signal-to-noise ratio from
30 to 100 at different wavelengths.

Now let us consider fragments of the spectra of HD
25354 and BL 138 in the region of promethium lines. In
this study, we used in-process fragments of spectra from
the URAN software system (Yushchenko, 1998). The
methods and techniques of investigation of promethium
lines in the spectra of HIP 13962 are similar to those em-
ployed in the study of actinium lines (Gopka et al., 2022).

The results of the investigation of promethium lines in
the respective spectra of HD 25354, HR 465, HIP 13962
and BL 138 are given in the Table. The first column pre-
sents the identified wavelengths of the Pm Il lines. The
second column shows the degree of ionization (61.01) of
the lines that have been investigated. The third and fourth
columns give oscillator strengths and energies of lower
levels for each line. Equivalent widths for the observations
from the ELODIE archive and those obtained at the Ter-
skol Peak Observatory are listed in the fifth and sixth
columns, respectively; likewise, promethium abundances
determined from those observations are given in the sev-
enth and eight columns, respectively. The ninth and tenth
columns present the promethium abundance in the atmos-
phere of HD 25354 determined through the synthetic
spectrum technique from the mean of either four or two
observed spectra obtained at the Terskol Peak Observatory
and the percentage of promethium at the corresponding
line wavelength, respectively.

We obtained the following mean promethium abun-
dances: log N(Pm) = 5.80 + 0.15 and log N(Pm) = 5.91 +
0.12 for the observations at OHP and Terskol Peak Obser-
vatory; and log N(Pm) = 5.84 + 0.16 for the observations
at the Terskol Peak Observatory using the synthetic spec-
trum technique. Further, the Table shows the results of
our investigations of the promethium abundance in the
Cepheid HIP 13962 log N(Pm) = —0.37 + 0.15, and the
mean Pm abundance in BL 138 log N(Pm) =-0.54 £ 0.12.

The results of our investigations of promethium in the
atmosphere of HR 465 with the parameters from the ob-
servations at Bohyunsan Optical Astronomy Observatory
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(BOADO) reported in (Fivet et al., 2007): Terr = 11,840 K,
log g = 4.3 and vmi = 1.66 km s, are presented lower in
the Table. The mean promethium abundance is log N(Pm)
=5.05+0.01.

Further, the Table shows the results of our investiga-
tions of the promethium abundance in the Cepheid HIP
13962 log N(Pm) = —0.37 £+ 0.15, and the mean Pm abun-
dance in BL 138 log N(Pm) = —0.54 + 0.12.

3. Conclusions

This paper presents an analysis of the lines of the radi-
oactive short-lived promethium Pm Il whose longest-lived
isotope Pm has a half-life of only 17.7 years. We con-
sider spectra of magnetic peculiar stars HD 25354 and HR
465, the Cepheid HIP 13962, a former binary companion
of a pulsar in the system that decayed just 3 million years
ago, and the late-type red giant BL 138 that along with BL
148 are located in the centre of the Fornax dwarf spheroidal
galaxy, which is the most massive satellite galaxy of the
Milky Way at twice the distance to the Magellanic Clouds.

As expected, promethium lines can be distinguished by
the intensity variations in time. Promethium lines at a wave-
length of 5561.73 A are observed in the spectra within a
broad spectral range with Tesr from 12,800 K to 4.000 K.
Promethium abundances in hotter stars are higher than
those in the atmospheres of late-type stars. If the promethi-

um line identification is only performed based on the
coincidence of the line wavelengths in the stellar spectra
with the laboratory ones, then the number of such lines
beyond the wavelength of 5800 A would be considerably
greater. When determining stellar abundances of prome-
thium, Pm lines beyond the wavelength of 5800 A are not
observed in synthetic spectra, but they can be identified in
actual spectra, which may indicate the necessity to correct
the oscillator strengths used.
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Analysis of the HD 25354 spectral lines at the Pm wavelength of 4137.95 A

Figure 1: A fragment of the HD 25354 spectra obtained at the Terskol Peak Observatory, which are depicted in black
colour. The upper spectrum was obtained on the second observation night — from November 29 to November 30, 2006 —
while the lower one was acquired on the first night — from November 28 to November 29, 2006. The spectrum obtained
at OHP is shown in white colour; in this spectrum, the promethium line is identified at a wavelength of 4137.95 A, and
the lines are sharp. The equivalent width is 16.2 mA, which corresponds to log N(Pm) = 5.69. In the spectra obtained at
the Terskol Peak Observatory there is no Pm line at a wavelength of 4137.95 A. As is seen, compared to the spectra
obtained at the Terskol Peak Observatory, the spectrum from the ELODIE archive has stronger lines of other lantha-
nides, which are represented in the spectra by sharp lines (Ce Il, Gd Il, Dy Il and La II).

For comparison, the promethium abundance in the atmosphere of HR 465 log N(Pm) = 5.0 at a wavelength of
4137.95 A was determined from the spectra at the phase of stronger lanthanide lines with an equivalent width W = 12
mA and the following atmospheric parameters: Terr = 11,840 K; log g = 4.3, and Vmic = 1.66 km s (Fivet, 2007).

The line 4137.95 A was used in the study by (Nielsen et al., 2020) to determine the promethium abundance, which yielded
log N(Pm) < 4.2 and log N(Pm) < 4.9 at ¢ = 0.68 and 0.85 of the spectroscopic period, respectively, over the 21.5-year period.
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Analysis of the HD 25354 spectral lines at the Pm wavelength of 4157.86 A

Figure 2 represents the general appearance of the spectra in the region of the promethium line at 4157.86 A. There
are no absorption lines of promethium in the middle spectrum (obtained at OHP), the lines are sharp. Two lower spectra
of HD 25354 were acquired on the first observation night — from November 28 to November 29, 2006 — at the Terskol
Peak Observatory; they were recorded in the observation log as HD 25354-2181 and HD 25354-2182. Two upper spec-
tra were obtained on the second observation night — from November 29 to November 30, 2006 — at the Terskol Peak
Observatory; they were recorded in the observation log as HD 25253-2191 and HD 25354-2192.

The appearance of the spectra changed within the space of two straight nights: there is a strong emission line in the
first observation at the Terskol Peak Observatory (HD 25354-2181), and then there is an emission line in the second
observation on the first night as well, but it is weaker.

Figure 2a: An in-process fragment of spectra (from the URAN soft system (Yushchenko, 1998) taken when investigat-
ing the Pm line at 4157.86 A in the spectra of HD 25354; it confirms the spectral line description given by (Jaschek &
Brandi, 1972). In the spectrum obtained at OHP, plotted in white colour, the promethium line has not been identified.
Th mean of the spectra obtained at the Terskol Peak Observatory was employed to determine the promethium abun-

dance using a synthetic-spectrum technique.
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Figure 2b: The promethium abundance in the atmosphere of HD 25354 from the spectrum representing the mean of four
observations at the Terskol Peak Observatory was determined through a synthetic-spectrum technique and equal to log
N(Pm) = 5.81 + 0.5. The percentage of promethium at a wavelength of 4157.86 A is 99.8%, with the emission lines
being excluded. The figure shows chemical elements for which the percentage is greater than 50%.
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Analysis of the HD 25354 spectral lines at the Pm wavelength of 4186.03 A

Figure 3a: The observed spectra in the region of the Pm 1l line at 4186.03 A. The spectra are shifted relative to each
other along the Y axis similar to Fig. 1. Narrow emission lines can be observed within the broad lines of the spectra
obtained on the first observation night at the Terskol Peak Observatory. The Pm Il line at 4186.03 A in the spectrum
dated 2005 has an equivalent width W = 17 mA, which corresponds to the Pm abundance log N(Pm) = 5.94 on the hy-
drogen scale log N(H) = 12. In the spectrum obtained on the second observation night at the Terskol Peak Observatory,
recorded in the observation log as HD 25354-2192, which is best approximated by the Gaussian distribution, the prome-
thium line has an equivalent width W = 16.4 mA, which corresponds to the Pm abundance log N(Pm) = 5.91.
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Figure 3b: Using the mean of four HD 25354 spectra obtained at the Terskol Peak Observatory, we determined the
promethium abundance log N(Pm) = 5.76 from the Pm Il line at 4186.03 A with the promethium percentage of 80.4%.
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Analysis of the HD 25354 spectral lines at the Pm wavelength of 4216.31 A

Figure 4: The spectrum obtained at OHP is depicted in white colour; it exhibits sharp and narrow lines. The equivalent
width of the promethium line (A 4216.31 A) is 9.8 mA, which corresponds to the Pm abundance log N(Pm) = 5.60.
From the spectrum obtained during the last observation at the Terskol Peak Observatory, recorded in the observation log
as HD 25354-2192, the equivalent width W = 11.2 mA, which corresponds to log N(Pm) = 5.67.

For comparison, the promethium abundance in the atmosphere of HR 465 log N(Pm) = 5.08 at a wavelength of 4216.31

A (W =4 mA) was determined from the spectra at the phase of stronger lanthanide lines with an equivalent width W = 9
mA and the following atmospheric parameters: Terr = 11,840 K; log g = 4.3, and Vpmic = 1.66 km st (Fivet, 2007).

Analysis of the HD 25354 spectral lines at the Pm wavelength of 4297.78 A

Figure 5a: Using the Pm 11 line at 4297.78 A with an equivalent width of 11.7 mA, we determined the promethium
abundance log N(Pm) = 5.523 on the scale of log N(H) = 12 (from the ELODIE archive spectrum). Stronger lanthanide
lines (Pr III at 4297.50 A; Ce II at 4297.575 A, and Eu II at 4297.647 A) can be observed in the blue wing of the Pm
line in the spectra obtained at the Terskol Peak Observatory over two observation nights. The first observation at the
Terskol Peak Observatory (recorded as HD 25354-2181, the middle spectrum) with the least blended line in the spec-
trum yields W = 20.5 mA, which corresponds to log N(Pm) = 5.91.
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Figure 5b: Factoring in the blended lines of promethium results in an underestimated Pm abundance from the total spectrum.

Analysis of the HD 25354 spectral lines at the Pm wavelength of 4651.93 A

Figure 6: The Pm line at a wavelength A 4297.78 A in the spectrum obtained at OHP has an equivalent width of 5 mA
(the spectrum is depicted as a white line). In the synthetic spectrum, shown in light grey colour, the profile of the Pm
line is almost identical to the observed line profile in the spectrum acquired at OHP. The promethium abundance is log
N(Pm) =6.01.
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Analysis of the HD 25354 and BL 138 spectral lines at the Pm wavelength of 5546.08 A

Figure 7a: The Pm abundance log N(Pm) = 5.80 was determined from the ELODIE archive spectrum using the Pm line
at a wavelength A 5546.08 A with W = 4 mA. When using the spectrum obtained at the Terskol Peak Observatory
without emission lines, the Pm abundance is log N(Pm) = 6.00 with W = 7.3 mA.

Figure 7b: In order to compare the Pm abundance in the atmospheres of late-type stars, we took the Pm line at a wave-
length of 5546.08 A from the spectrum of BL 138 located in the Fornax dwarf spheroidal galaxy; the selected line has
an equivalent width W = 17.2 mA, which corresponds to the Pm abundance log N(Pm) = 0.76 (shown in black colour)
on the hydrogen scale log N(H) = 12. The Pm line in the BL 18 spectrum is blended; this spectrum is depicted in white
colour. We used the spectrum of BL 138 obtained by Letarte et al. (2010) with FLAMES multi-object instrument con-
nected to GIRAFFE spectrograph with the high-resolution setups at the European Southern Observatory’s (ESO) Very
Large Telescope (VLT).
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Analysis of the HD 25354 and BL 138 spectral lines at the Pm wavelength of 5561.73 A

Figure 8a: A comparison between the spectra obtained at the Terskol Peak Observatory (the lower two spectra with
broad lines) and at OHP (the upper spectrum with narrow and sharp lines). The Pm line at a wavelength of 5561.73 A
with an equivalent width W = 5 mA, which corresponds to the Pm abundance log N(Pm) = 5.65, has been identified in
the spectrum obtained at OHP. The non-extended synthetic spectrum is plotted in light grey colour while the ELODIE
archive spectrum is shown in white colour.

For comparison, according to a working hypothesis of Fivet et al. (2007) (Fivet, 2007), the promethium abundance in
the atmosphere of HR 465 log N(Pm) = 5.08 at a wavelength of 5561.73 A with an equivalent width W = 4 mA was
determined from the spectra at the phase of stronger lanthanide lines with the following atmospheric parameters: Tes =
11,840 K; log g = 4.3, and Vmic = 1.66 km s*. The effective temperature Tef is lower than in HD 25354, so is the Pm
abundance on the hydrogen scale log N(H) = 12.

Figure 8b: The Pm line at a wavelength of 5561.73 A with an equivalent width W = 11.9 A, which corresponds to the Pm
abundance log N(Pm) = —0.655 on the hydrogen scale log N(H) = 12, has been identified in the spectrum of BL 138
located in the centre of Fornax dwarf spheroidal galaxy (the line is shown in black colour). The blended Pm line in the BL
148 spectrum, depicted in white colour, is more intense as well. In the BL 148 spectrum, the Pm line at a wavelength of
5556.88 A with an oscillator strength log gf = —0.036 and the energy of a lower level of 1.131 has an equivalent width
W =21.7 mA, which corresponds to the Pm abundance log N(Pm) = —0.16 on the hydrogen scale log N(H) = 12.
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Analysis of the HD 25354 and BL 138 spectral lines at the Pm wavelength of 5576.02 A

Figure 9a: The Pm line at a wavelength of 5576.02 A with an equivalent width W = 10.5 A, which corresponds to the
Pm abundance log N(Pm) = 5.97 has been identified in the spectrum HD 25354-2181 (the lower spectrum depicted in
black colour). In the ELODIE archive spectrum, shown in white colour, the Pm line at a wavelength of 5576.02 A has
an equivalent width W = 10.5 A, which corresponds to the Pm abundance log N(Pm) = 6.05. All three spectra exhibit
strong emission lines. The Pm line identified in the upper spectrum is blended with a relatively greater contribution of
the chromium line.

Analysis of the BL 148 and BL 138 spectral lines at the Pm wavelength of 5576.02 A

Figure 9b: The Pm line at a wavelength of 5576.02 A in the spectra of BL 138 (shown in black colour) and BL 148
(depicted in white colour) exhibits a strong emission pattern.
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Promethium emission lines in the spectra of HD 25354

Figure 10: The line at a wavelength of A 4500.15 A has been identified as a blend of the Pm II at A 4500.15 A with the
line Ni I at 1. 4500.142 A of a very weak intensity given the afore-specified stellar parameters. In the actual spectrum of
HD 25354-2181, one can observe a strong emission line. The second spectrum HD 25354-2182 has a sharp emission
line at A 4500.85 A as well. In the ELODIE archive spectrum (shown as a white line), an emission line can also be ob-
served at A 4502.22 A. The synthetic spectrum lines are weak or practically absent at the wavelengths A 4500.85 A and
L 4502.2 A. Observations performed on the second night at the Terskol Peak Observatory are depicted in dark grey
colour; there are no emission lines in the respective spectra.

Figure 11: Either the absence of any line or wakening of the line intensity can be considered as a superposition of the
absorption and emission lines.
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Table: Investigation of the radioactive promethium lines in stellar spectra

HD 25354: Terr = 12,800 K, log g = 4.15, Vmic=0.23 km s’

Synthetic spectra from
The ELODIE archive The Terskol Peak the mean of the Ter-
Wave Code log of | Eiow spectra Observatory spectra | skol Peako(r?ebsservatory
0,
W(mA) | log N(Pm) | W(mA) | log N(Pm) Nzggm) ,\f()PIcrLg)
4137.95 61.01 0.30 | 0.366 16.2 5.69 — — — -
4157.86 61.01 0.36 | 0.246 - - - - 5.81 99.8
4186.03 61.01 0.00 | 0.182 17.0 5.94 16.4 5.91 5.76 80.4
4216.31 61.01 -0.06 | 0.055 9.8 5.60 11.2 5.67 5.68 96.9
4297.78 61.01 0.08 | 0.000 11.7 5.52 20.0 5.91 5.27 34.0
4615.87 61.01 -0.76 | 0.199 3.4 5.87 4.0 5.94 - -
4651.93 61.01 -0.67 | 0.331 5.0 6.01 - - - -
5546.08 61.01 —-0.26 | 0.760 4.0 5.80 7.3 6.00 - -
5556.88 61.01 -0.03 | 1.131 0.48 5.83 - - - -
5561.73 61.01 -0.04 | 0.873 5.0 5.74 — — — —
5576.02 61.01 -0.17 | 0.661 9.0 5.97 10.5 6.05 6.10 68.1
5.80+0.15 5.91+0.12 5.84 +0.16
HR 465: Terr = 11,840 K, log g = 4.3, Vmic=1.66 km s?
Wave Code log gf | Eiow The Bohyunsan Optical Astronomy Observatory spectra
W(mA) log N(Pm)
4137.95 61.01 0.30 | 0.366 12.0 5.00
4216.31 61.01 -0.06 | 0.055 9.0 5.08
5561.73 61.01 -0.04 | 0.873 4.0 5.08
5.80+0.15
HIP 13962: Tefr = 6,250 K, log g =1.2, Vmic=12.0 kms*
Wave Code log of | Eiow The Bohyunsan Optical Astronomy Observatory spectra
W(mA) log N(Pm)
4137.95 61.01 0.30 | 0.366 12.4 -0.41
4157.86 61.01 0.36 | 0.246 14.5 -.045
4186.03 61.01 0.00 | 0.182 12.2 -0.30
4297.78 61.01 0.08 | 0.00 29.4 -0.16
4216.31 61.01 -0.06 | 0.055 6.9 —0.63
5561.73 61.01 -0.04 | 0.873 3.6 -0.25
—0.37+0.15
BL 138: Terr = 3,939 K, log g =0.71, vmic=2.3 kms?, [Fe/H] =—1.01
Wave Code log gf | Eiow The Bohyunsan Optical Astronomy Observatory spectra
W(mA) log N(Pm)
5546.08 61.01 -0.26 | 0.760 17.2 -0.42
5561.73 61.01 -0.04 | 0.873 11.9 -0.65
5576.02 | Strong
emission
-0.54+£0.12
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USING SYNTHETIC LIGHT CURVES OF ARTIFICIAL SATELLITE
MODEL TO TEST THE PATTERNS METHOD FOR
DETERMINING THE ROTATION AXIS ORIENTATION
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ABSTRACT. In this paper we test a new method for
determining the rotation axis direction in space for various
resident space objects (RSOs). This method (Koshkin et al.,
2024) is based on the structural analysis of the light curves
of such RSOs and the search for similar fragments, called
"photometric patterns”, in observations obtained from one
or several observatories simultaneously or over a short
period of time. The method does not require prior
knowledge of the RSO shape and does not impose strict
requirements on the quality of observations, and this is its
main advantage. First of all, this method is certainly
applicable to rapidly rotating objects of complex shape with
smooth surfaces. As a result, such RSOs are capable to
reflect sunlight in a specular manner, when short-term
brightness flares are present in the light curves forming a
unique pattern. Identical patterns are observed when the
angle between the phase angle bisector (PAB) and the
rotation axis reaches the same values. However, the light
curves of many RSOs have a significant diffuse component
in addition to the specular flares. This diffuse component
depends on both the phase angle value and the orientation
of the phase angle plane relative to the RSO’s plane of
rotation. This paper is devoted to checking the assumption
that the structure and shape of diffuse-specular patterns will
remain similar to themselves within certain limits of
variation of the value of these two angles at moments of
equality of the PABs’ latitude. The analysis is based on
simulation using synthetic light curves of the RSO model,
observed from several points on the Earth's surface.

Keywords: space object, model, light curve, photometric
pattern, rotation axis.

AHOTAIIIS. 3HaHHS KiHEMaTHYHUX BIIACTHBOCTEH,
TaKkdX SK KyTOBa IIBHIKICTE OOEpTaHHS Ta NPOCTOPOBE
MOJIOKEHHS OCi OOepTaHHs, BEIMKHX BiJMpalbOBaHUX
CYNYTHMKIB 1 KOpHYCiB pakeT, HeoOXigHa I
MIPOTHO3yBaHH IXHBOT Opi€HTAaNii B KO)KHUI MOMEHT 4acy.
L1z indopmanis Mae BUpilaibHE 3HAYSHHS SIK, HATTPUKIIA],
JUIA YCIIXy MiCiii aKTHBHOTO BHIAJICHHS 3 OpOITH IHX
00'eKTiB, TaK 1 JJIsl MiABUILEHHS TOYHOCTI MIPOTHO3yBaHHS
iX opOiTadbHOTO pyXy Ha HHU3BKHX HAaBKOJO3EMHHUX
opbitax. BwusHaueHHs cTaHy oOepTaHHS INTYYHHUX
kocmiuHuX 00'ektiB  (KO) 3milicHIOETBCA — Pi3HUMHA

3ac00amMu, MPOTE iICTOPUYHO I1e POOMIIOCS 3a TOTIOMOTOI0
ONTHMYHUX HAa3eMHHUX JaT4uKiB ((POTOMETpIB) LUIIXOM
OTpUMaHHS KPUBHX OJIUCKY, X 00poOKHU Ta aHamizy. Y win
poOOTI MM TEcTyeMO HOBHH METON Ui BU3HAYCHHS
HampsiIMKy OCi 00epTaHHS Yy MPOCTOPI PE3UISHTHHX
KocMmiyHMX 00'ekTiB. lleli MeTon 3acHOBaHUN Ha
CTPYKTYpPHOMY aHadi3i KpHBHX OJNHCKY TaKHX O0'€KTiB Ta
momyky — cxoxux  (parmenrtiB  ("doTomMeTpraHHX
maTepHiB"), Y CIIOCTEPEIKCHHSX, SKI OTPHMaHi 3 oHiel a60
KiTbKOX  oOcepBaTopiii omHOYacHO ab0 TPOTATOM
KOpOTKOro rmepiogy uvacy. OcHOBHa IiepeBara IaHOTO
METOAy INOJISArae B TOMY, LIO HOrO BUKOPHUCTAHHS HE
BuMarae 3HaHHs popmu KO i He BUCYBa€ KOPCTKUX BUMOT
J0 SKOCTI cmocTepekeHb. Ilepmr 3a Bce, el MeETO.X
0E3yMOBHO 3aCTOCOBYETHCS N0 CKIaJHHX 3a (OPMOIO
00'eKTiB, 10 MIBUAKO 00EPTAIOTHCS, MAIOTh Y CKJIA/II TIaJIKi
MOBEPXHI 1, BHACIIOK I[bOT0, 3[1aTHI BiJOMBATH COHSIYHE
CBITJIO J3€pPKAaJIbHO, B PE3yJbTaTi 4Or0 B KPHUBHX OJHCKY
NPUCYTHI KOPOTKOYACHI cHajaxu OJNUCKY YTBOPIOIOTH
yHiKanbHUI natepH. OIHAKOBI MaTepPHH CIIOCTEPIraroThCs
TOIli, KO KyT MiX OiCeKTpHCOI0 (a30BOTO KyTa i BicCIO
obepTaHHs [OCsra€ THX caMHMX 3HadeHb. OMHAK, KpiM
J3EpKaIbHOI CKIaJ0BOi, KpHBi Osucky Oarathox KO
MaloTh 3HaUHY AUQY3HY CKIAJIOBY, SIKa 3aJEKHUTh SIK Bij
BEJIMUMHM (a30BOTr0O KyTa, TaK 1 BijJ Opi€HTALIl MJIOIUHA
(azoBoro Kyra o0 1iomuHu obdepranus. Jana pobora
HpHUCBSYEHA MEPEeBIPIL TOro MPUIYIIESHHS, IO CTPYKTYypa i
¢dopma udy3HO-I3epKaTbHIX MAaTEPHIB 3aJIHIIATHMETHCS
MOIOHOIO B JIESKUX MEXax Bapiallil BETUYWHHU IHUX TBOX
KyTIB Y MOMEHTH KOJH IIHPOTH OiCeKTpUC OyBalOTh
OJIHAaKOBMMH. AHaji3 3p00JeHO Ha OCHOBI CHHTETHYHHX
KpuBuX Oymcky wmoxeni KO, crnocrepexeHHs —sKOi
IMITYIOTBCS 3 IEKIJIBKOX IYHKTIB Ha MOBEPXHI 3eMJIi.

KuiiouoBi cjioBa: KocMiuyHME 00’€KT, MOJENb, KpHBa
6mrcKy, (POTOMETPUYHUIT ITATEpH, Bich 00EpPTaHHSI.

1. Introduction

Knowledge of kinematic properties, such as angular
velocity of rotation and spatial position of the rotation axis,
for large defunct satellites and upper stages of launch
vehicles is necessary to predict their orientation at any given
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time. This information is of crucial importance, for example,
for the success of active debris removing (ADR) missions for
these objects, as well as for improving the accuracy of
predicting the orbital motion of space objects at LEO. The
rotation state of artificial space objects (SOs) is determined
by various means, but historically it has been done using
optical ground-based sensors (photometers) by obtaining
light curves, processing and analyzing them. The period of
proper rotation of a SO around its center of mass can be fairly
easily estimated by measuring the period of brightness
variations. However, determining the SO’s rotation axis
direction in space is much more difficult if the shape of this
SO is often insufficiently known. Most studies on this topic
offer specific methods for determining the SO’s rotation axis
orientation, that are suitable only for a certain type of objects.

The attempt to solve the general problem of the so-called
"inversion" of the light curve, as well as attempts to
separate the contribution of the SO shape and the
orientation of its rotation axis to the external view of light
curves, have not been successful even for fairly simple non-
convex bodies. Nevertheless, one of the real ways to
perform the inversion of light curves (or determination the
SO’s shape and rotation axis orientation) is, first of all, the
ability to estimate the current direction of the rotation axis
in space. Therefore, the development of new approaches to
determining the rotation axis orientation, in particular,
based on photometry, remains actual.

In this paper, we use and test a new method for
estimating the SO rotation axis direction in space. This
method is based on the structural analysis of SO light
curves and the search for similar fragments, which we call
"photometric patterns”, in observations obtained from one
or several observatories (or observation points, OPs)
simultaneously or over a short period of time (Koshkin et
al., 2024). The main advantage of this method is that its use
does not require knowledge of the SO shape. In addition,
this method does not require a very high frequency of
brightness measurements and high accuracy of the timing
of photometric observations, i.e., in fact, it does not put
forward strict requirements for the quality of observations.
Nevertheless, it also has its constraints. First of all, this
method is certainly applicable to objects with complex
shapes that have smooth surfaces and, as a result, are
capable of reflecting sunlight in a specular manner. In the
structure of the light curves of such SOs, one can expect the
presence of short-term brightness flares. If several such
“specular” flares were observed in the light curve during
one rotation of the SO, they can form a unique photometric
pattern (in the sense of unique intervals between the
specular flares). A similar pattern can also be observed in
another light curve, for example, obtained at another
observatory or during another passage of the given SO. In
this case, it can be stated that the same patterns are observed
when the angle between the PAB and the rotation axis
reaches equal values in both cases (Fig. 1). However, in
addition to the specular component, the light curves often
have a significant diffuse component depends both on the
phase angle value and on the orientation of the phase angle
plane (light scattering plane) relative to the rotation plane
(6 angle in Fig. 1). We assume that within certain limits of
variation of these two geometric factors, the structure and
shape of diffuse-specular patterns will remain similar to

Figure 1: Satellite-centric position of the main vectors that
determine the conditions of its illumination and visibility.
Arc “Sun-Obs;” determines the current phase angle. Arc
“Q-PAB;” is equal (n/2 — Bi), where Bi — PAB latitude
relative to the pole of the rotation axis Q. Angle 6;
determines the current position of the light scattering plane
relative to the SO’s rotation plane.

themselves, provided that the latitudes Bi of these PABs are
equal at the moments of observation of these patterns. This
paper is devoted to check this assumption based on input data
in the form of simulated synthetic light curves of the SO
model observed from several sites on the Earth's surface.

2. Simulation technique

In the method of photometric patterns (Koshkin et al.,
2024), to find the RSO rotation axis orientation, it is
necessary to obtain photometric observations from one or
several OPs in a quantity sufficient to identify several types
of patterns on the light curves (each pattern needs to be
detected at least twice) over a sufficiently short time
interval (the desired RSO rotation axis orientation can be
considered fixed during this interval).

In order to be sure to detect the same photometric pattern
on different light curves of a given SO, it is necessary that
the mutual configurations of the three vectors mentioned
above (the rotation axis and the satellite-centric directions
to the Sun and to the observer) were identical. On the other
hand, to determine the rotation axis direction, we need the
directions of the PAB vectors in the inertial space for the
same photometric pattern have to be maximally different.
This contradiction can be overcome if the photometric
pattern can be reproduced with different configurations of
the said vectors. It is always true for “specular” patterns
and, as we will show below, it is also possible for “diffuse-
specular” patterns.

In practice, we currently do not have a sufficient number
of observations of any RSO obtained in the required
geometry, and it limits the possibility of making reliable
estimates of the direction of the RSO rotation axis in the
inertial coordinate system. However, it is possible to use
synthetic light curves of the RSO model obtained using
animation and visualization programs for three-dimensional
scenes such as Blender (Kudak et al., 2024), 3D-Max (https://
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Figure 2: A fragment of the light curve of the spacecraft 91082A (DMSP 5D-2 F11), obtained on February 1, 2024 in
Odessa on the KT-50 telescope in tracking mode. The rotation period of the spacecraft is 9.2 seconds (it is marked with

vertical lines on the light curve).

Figure 3: The spacecraft DMSP 5D3 and model used to calculate the synthetic light curves

Table 1: Optical characteristics of the spacecraft model’s individual parts specified in 3D-Max

Nomenclature Color (RGB) | Diffuse Color | Specular Level | Glossiness
Main body of model 80, 80,0 80, 80,0 15 90
Small boxes, Small | 454 150 150 | 150, 150, 150 990 100
panels, Rods
Cylinder, cone, 50, 50, 50 50, 50, 50 100 100
screen, disk
Solar Panel 0,0,170 0,0,170 10 60

help.autodesk.com/view/3ADSMAX/2023/ENU/), etc. We
have accumulated experience using the 3D-Max package
(Koshkin et al., 2018; 2019), which allows us to generate a
fairly adequate geometric shape of the RSO model using the
Max-script language, to set the required coefficients of
diffuse and specular reflection of light for each elementary
surface, as well as its color.

It is also important that in any simulator it is possible to
set the correct ratio of the distances between the light
source, the model and the radiation receiver in relation to
the model dimensions. Since the observer always sees the
RSO as a point source of light illuminated by the Sun's rays,
all rays reflected towards the observer in a narrow solid
angle (almost parallel to each other), for example, from all
areas of a large flat surface of solar panels, should
simultaneously hit the receiver. Otherwise, if the distance
to the model is comparable to its dimensions, such a panel
will be "visible" to the receiver in parts, i.e. "scanning" will
be observed and a light flare, for example, from two strictly
parallel solar panels located on both sides of the satellite
body will look like a double one, which is not observed for
real RSOs in orbit.

We used the 3D-Max package and a model whose shape
is approximately similar to a DMSP-type spacecraft
(https://space.skyrocket.de/doc_sdat/dmsp-5d2.htm)  for
our task. There are many observations of objects of this
series in our photometric database (Koshkin et al., 2017;
2021), and it can be noted that many of them often
demonstrate periodicity of light changes, have a complex
structure of light curves and the presence of a significant
number of specular flares. As an example, Fig. 2 shows a
fragment of the light curve of the spacecraft with COSPAR
ID 91082A (DMSP 5D-2 F11). Fig. 3 shows an images of
the spacecraft and model used to obtain synthetic light
curves. Table 1 contains the optical parameters that we used
to specify the optical properties of light reflection for
different surfaces of this model.

It was assumed the model rotates stably around a fixed
axis, rigidly connected to the body, which is perpendicular
to the base and longitudinal axis of the satellite. In this case,
we have a flat rotation of the model around one axis, which
also maintains its orientation in inertial space over
relatively short time intervals.
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3. Results of light curves simulation for different
observation points

Simulations of the synthetic light curves of the model
were made for several OPs located in different places in the
northern and southern hemispheres (see Table 2).

To calculate the visibility conditions of the model from
different locations, a real near-Earth orbit similar to the orbit
of the 22154B spacecraft (i = 98.75, e = 0014, n = 14.17) and
typical conditions of object observability were used. To
model the light curves, the date of 02.12.2024 was selected,
when visibility was realized from all seven selected OPs. We
considered only those passages of SO when the trajectories

of the PAB vectors fall into a common region (see Fig. 4a))
and, accordingly, the PAB latitudes can have a common
range of change. For this purpose, in subsequent calculations
of the light curves, the pole of the model rotation axis, was
taken in the direction determined by the equatorial coordina-

tes (0 Q=260°, 5 Q =+23°). The graphs of the change in the
PAB latitude over time in the coordinate system associated
with this rotation axis for all selected passages are shown in
Fig. 4b). We can see that the ranges of latitude change PAB
overlap well in groups separately for northern and southern
observation points. For the selected pole of rotation, these
groups also partially overlap each other in the latitude range
of about +24° + +38°.

Let us now consider the obtained synthetic light curves
of this model for the given observation conditions. The
rotation period of the model was 18 sec and up to 30
complete rotations were observed in different passes.
Therefore, it is possible to present all the light curves in
their entirety only on a very compressed scale. We will
present here only 5-6 fragments of each light curve, which
most fully reflect the change in their shape over time.
Figures 5a) and 5b) show sequential fragments of the light
curves for three northern and four southern OPs.

Table 2: Observation points locations used for simulation of the synthetic light curves

. Abbreviated Geographical Geographical
Site Name - :
Name latitude, deg longitude, deg
Odesa Ods 46.5 30.7
Novosilki Nov 50.6 30.6
Lviv Lvi 49.9 24.0
New Zealand NZel —44.0 170.5
Northern Australia NAus -17.6 123.8
South Africa SAfr -32.4 20.7
Argentina Arg -45.6 —69.1
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Figure 4: a) — Trajectories of PAB vectors in seven passes of the SO model over different OPs, for which synthetic light curves
were calculated. The cross indicates the selected pole of the model's rotation axis, for which two latitude circles are shown.
b) — Graphs of the change in latitude of PAB over time for these passages with the selected position of the pole of the rotation

axis (graphs are arbitrarily shifted along the time axis).



Odesa Astronomical Publications, vol. 37 (2024) 7

Lvi, 24-12-02, t =17.291 Lvi, 24-12-02, t = 17.311 Lvi, 24-12-02, t = 17.346 Lvi, 24-12-02, t = 17.433
15 1,5 15 : ; : 15 : :
\
1 1 1 1
05 0,5 05 0,5
0 0 0 0
17,2884 17,2934 17,3083 17,3133 17,343 17,4064 17,4114 17,4304
Nov, 24-12-02, t = 17.303 Nov, 24-12-02, t = 17.338 Nov, 24-12-02, t = 17.425 Nov, 24-12-02, t = 17.449
1 1 1
038 [ 08 — 1| o8 038 | 08 08 :
06 06 0,6 06 i os 0,6
04 b 04 b i 04 0,4 0,4 0,4 \/\/
02 -—/\/‘\/-/\ 02 W 02 02 \ g Mooz 02 ‘
o Y o L oo 0 oy 0 |
17,3014 17,3064 17,3362 17,3412 17,3718 17,4024 17,4074 17,4234 17,4284 17,447 17,452
0Ods, 24-12-02, t = 17.320 Ods, 24-12-02, t = 17.411 Ods, 24-12-02, t = 17.436 Ods, 24-12-02, t = 17.468
15 i . :
1 i 6 ;
05 :
0
17,3169 17,3219 17,3474 17,3524 17,3754 17,3804 17,4084 17,4134 17,4339 17,4389 17,4654 17,4704

Figure 5a): Fragments of simulated light curves for northern OPs
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Figure 5b): Fragments of simulated light curves for southern OPs
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Table 3: List of photometric patterns identified in different synthetic light curves and coordinates of the corresponding
PAB vectors

vo | oo [ Qo Tumn | By o[ B T P | | Coniue | o
1 |02122024 | NAus |12.224 | 202.23 | -21.67 5 |89 |446 | 21450 18.00
2 | 02122024 | NAus | 12249 | 20593 |-5.75 2 |g97 |564 |202.00 29.80
3 | 02122024 | NAus | 12270 | 212.92 | 7.96 6 931 |649 |190.30 | 43.00
4 | 02122024 | NAus | 12316 | 23891 | 26.95 3 1000 | 70.4 | 163.90 70.50
5 |03.12.2024 | Arg 2400 |209.71 |-11.47 2 |783 |56.2 |209.00 30.50
6 |03.12.2024 | Arg 2431 | 21538 | 3.89 6 | 841 |67.7 |19750 | 4250
7 | 03.12.2024 | Arg 2472 | 23750 | 25.44 3 |g77 |735 |168.00 69.50
8 |03.122024 | Arg 2540 | 282.09 | 23.09 4 | 1107 | 564 | 463 69.69
9 |0212.2024 | Nzel |10.619 |208.66 | -10.03 2 |g14 |563 |207.00 30.00
10 | 02.12.2024 | NZel | 10.650 | 213.39 | 4.52 6 |g8g1 |655 |19450 | 41.60
11 | 02122024 | Nzel | 10.691 | 236.38 | 28.01 3 103.2 | 66.8 | 161.00 68.50
12 | 02.12.2024 | NzZel | 10.759 | 282.28 | 25.49 4 | 1146 | 509 |12.00 69.80
13 | 02122024 | SAfr | 19.267 | 210.71 | -31.75 5 |710 |367 |227.40 17.70
14 | 02.12.2024 | SAfr | 19.313 | 213.98 | -15.42 2 |679 |563 |216.50 30.50
15 | 02122024 |SAfr | 19.334 | 21841 | 475 6 |690 |692 |209.00 | 40.90
16 | 02.12.2024 | SAfr | 19.375 | 239.47 | 17.76 3 |g8L9 |948 |19150 70.08
17 | 02.12.2024 | Ods 15.378 | 214.83 | -58.91 1 |gga |77 |248.00 0.04
18 | 02.12.2024 | Ods 15.411 | 208.44 | -29.93 5 | 744 |385 |224.60 17.50
19 | 02.12.2024 | Ods 15.437 | 21256 | -15.15 2 | 704 |554 |214.80 30.00
20 | 02.12.2024 | Ods 15.468 | 217.31 | -5.30 6 | 700 |675 |208.60 39.80
21 | 02.12.2024 | Nov 15.377 | 197.52 | —44.06 1 |951 [250 |230.20 2.00
22 | 02.12.2024 | Nov 15.405 | 203.56 | —21.75 5 |g41 |450 |214.95 19.15
23 | 02.12.2024 | Nov 15.425 | 208.32 | -12.52 2 | 799 |545 |209.60 28.20
24 | 02.12.2024 | Nov 15.449 | 213.14 | -5.26 6 |772 |629 |20580 36.00
25 | 02.12.2024 | Lviv | 15291 | 296.12 | -61.76 1 102.0 | 28.0 | 286.20 0.50
26 | 02.12.2024 | Lviv | 15311 | 281.93 | -66.52 1 |o9g2 |216 |27856 | -1.04
27 | 02.12.2024 | Lviv | 15346 | 232.18 | —63.68 1 |83 |22 |25806 0.62
28 | 02.12.2024 |Lviv | 15383 | 21241 | -33.33 5 |63 |348 |22964 17.70
29 | 02122024 |Lviv | 15409 |214.44 | -18.81 2 |e51 |530 |219.43 28.95
30 | 02122024 |Lviv | 15433 |217.23 | -10.29 6 |654 |640 |213.76 36.51

4. Similar patterns selection

Structural analysis of the obtained light curves for seven
OPs allows us to notice their sections similar to each other.
The sections of the light curves in Fig. 5a) and 5b) bounded
by dotted rectangles can be assigned to several different
groups of patterns. The numbers of the group that include a
given section are indicated in the corresponding rectangles.
First of all, it is worth to select the sections containing
series of short specular brightness flares, paying attention
to the intervals between them. These relative intervals
should be invariant with respect to changing observation
conditions, including differences in the phase angle and
orientation of the scattering plane (see Fig. 1 and Table 3).
However, the amplitude of these flares can differ

significantly due to possible differences in the degree of
obscuration for the reflecting elements of the structure by
other parts of the SO. Thus, we identified six different
photometric patterns. At the same time, two of them (types
1 and 2) can be considered more reliable since they contain
at least 3 specular flares. The third and fourth patterns
contain two flares each, following after half a period, but
considering the shape of the adjacent section of the light
curves caused by diffuse scattering of light, these patterns
can also be confidently considered similar to each other.
Finally, the 5th and 6th patterns should be classified as
mixed diffuse-specular, since they include only one mirror
flare in their structure, and are therefore less reliable.
Nevertheless, their shape and structure allow them to be
unambiguously combined into two different groups.
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Table 3 contains a list of patterns that we used to solve the
problem of determining the orientation of the rotation pole
using the method described above. For the average moment
of each pattern given in the table, the equatorial coordinates
of the PAB vectors corresponding to this moment are
indicated. The values of the phase angle and the angle 0 are
also given there, as well as the spherical coordinates of the
PAB in the coordinate system fixed with the rotation axis.

The equatorial coordinates of the PAB vectors
corresponding to the moments of registration of a particular
pattern are shown in Fig. 6a). We see that the points — traces
of the PAB vectors form groups which ideally should have
the form of arcs of small circles whose common center is
the pole of the model’s rotation axis (the pole specified in
the calculations is indicated by a cross). Fig. 6b) shows the
values of the spherical coordinates of the same PAB vectors
in a coordinate system in which the z-axis coincides with
the a priori specified axis of rotation. Here, the points
corresponding to different patterns are located at different
latitudes corresponding to the location of light-reflecting
flat smooth faces and other surfaces forming this pattern on
the surface of the spacecraft model. The numbers in the
ovals in Fig. 6 indicate the identifiers of the patterns
according to Table 3. The indicated points are located at the
corresponding latitude with some scatter. The greatest
spread is in the PAB latitude values related to the sixth, that is,
mixed diffuse-specular type of pattern. As was said above,
this scatter is caused by the non-synchronism of the change
in the latitude of the PAB and the rotation of the SO during
observations. It is the value of this scatter that determines
error in estimating the coordinates of the rotation axis pole.

5. Results of calculating the direction of the rotation axis

Based only on the average moments of registration of the
selected patterns and the corresponding equatorial
coordinates of the PAB vectors in different passes of the
simulated satellite (Table 3), we obtained a solution for the
unknown coordinates of the rotation pole using the method
described in (Koshkin et al., 2024). In this case, by
changing the set of input data, it was possible to evaluate
how this affects the resulting solution.

Using all 30 patterns from Table 3, the following
solution for the pole was obtained: RA_pole = 262.04° and
Decl pole = 19.24°. For other combinations of input data,
the solutions for the pole, residuals, and total deviation
from true pole are given in Table 4.

As we expected, the best result (in terms of residuals
with the true values of the rotation axis pole coordinates)
was obtained using all four specular photometric patterns
containing at least two specular brightness flares — the
deviation from the given true pole is about 2.6 degrees.
Also, a quite acceptable solution was obtained for all 30
selected patterns, the deviation was about 4.3 degrees. Using
only the first type of pattern (five equatorial directions of
the PAB vectors, most widely distributed in space) led to a
solution that was accurate in the RA coordinate, but had an
error of about 9 degrees in declination. The least accurate
solution was obtained when only diffuse-specular patterns
with one specular flare were used, the deviation was about
19 degrees. Apparently, this is due to increased errors in
determining the average moments of these patterns and the
corresponding PAB vectors due to the influence of
differences in the observation geometry at different OPs.

Table 4: Coordinates of the model rotation pole obtained depending on the set of photometric patterns used
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Patterns used RA pole, | Decl_pole, (O-C)_RA, (O-C)_Decl, Deviation,
deg deg deg deg deg
All patterns 262.0 19.2 2.0 -3.8 4.3
1-st patterns only 260.2 13.9 0.2 -9.1 9.1
1-4 patterns 262.4 241 24 11 2.6
5-6 patterns 249.0 7.2 -11.0 -15.8 19.2
Selected PABs position Latitude of selected PABs
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Figure 6: a) — Equatorial coordinates of the PAB vectors corresponding to the moments of pattern registration. The cross
indicates the a priori given pole of the model's rotation axis. b) — Latitude and longitude of PAB vectors at the moments
of observation of selected patterns. The numbers indicate the identifiers of the corresponding patterns.
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Consider the diagram shown in Fig. 7, which relates two
geometric parameters that influence the shape of the diffuse
component of the light curves — the phase angle and the 0
angle. Groups of similar patterns identified in different
passages are also marked there.

We see that for the 5th diffuse-specular pattern in
different passages the range of values of the angle 6 was 10
degrees, and the range of values of the phase angle was 18.6
degrees. Despite this, the scatter of individual positions of
the corresponding PAB vectors in Fig. 6a) and 6b) did not
exceed 0.5 degrees, which means that the patterns were
correctly identified on five different light curves. At the
same time, for the patterns of the 6th type, the spread of
positions of the PAB vectors in Fig. 6 is quite large, which
is apparently due to the wide range of realized values of the
phase angle: they are almost 28° (the values of the angle 0
are limited to a range of only 6.3°). For the specular types
of patterns, the values of the phase angle and the angle 6 do
not affect the presence of the flare on the light curves and,
accordingly, the shape of the pattern. It is illustrated by a
fairly wide range of realized values of these parameters, for
example, for the 1st and 3rd patterns.

It is worth paying attention to the preserved sequence of
the corresponding pattern appearance on the light curves in
different passages. It is of course determined by the shape
of the model body and the same direction of change in the
PAB latitude in the overlapping ranges.

6. Conclusions

The new method proposed in (Koshkin et al., 2024) for
estimating the direction in space of the rotation axis of a
complex-shaped SO rotating fairly quickly relative to the
duration of passage over observation point requires
verification on sets of photometric data of different types. In
this paper, synthetic light curves of the SO model are used as
input data for estimating the coordinates of the pole of the
rotation axis. The light curves of the used model have a
complex structure and contain, in addition to the diffuse
component, also a significant number of short-term “specular”
brightness flares. Over a time interval of about 14 hours, a set
of seven simulated light curves was obtained for seven OPs
located both in the northern hemisphere (within Ukraine) and
in the southern hemisphere (widely distributed in longitude).

For all calculations of these synthetic light curves, it was
assumed that the model rotates about one axis, fixed both in
the body and unchanging in space. 30 short sections (less than
the duration of one SO revolution) are identified on the light
curves, and based on their similarity they are classified into six
groups. For the average moments of their appearance on the
light curves, the coordinates of the PAB were calculated and
they were used to determine the direction (pole) of the model
rotation axis. Comparison of the estimates of the rotation axis
pole position obtained using different sets of photometric
patterns with a given pole value used to calculate the light
curves shows different values of the residuals for different sets
of input data. The best result was obtained for photometric
patterns containing at least two specular flares (types 1-4, 18
patterns in total) with a deviation from the true pole
position of 2.6 degrees. The largest deviation from the true
pole (about 19 degrees) was obtained for diffuse-specular
patterns of types 5 and 6 (4 and 8 patterns, respectively).
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Figure 7: Geometrical conditions of illumination and visibility
of the spacecraft model, realized in the described simulation
experiment, in the form of trajectories in the parameter space
“phase angle — angle 0” for the moments of appearance of
patterns identified in different passes. Different types of
patterns are depicted by different symbols, and their type
(according to Table 3) is indicated by humbers in an oval.

Thus, this numerical experiment shows that diffuse-
specular patterns similar in structure are successfully
detected, which allows them to be used to determine the
pole of rapidly rotating RSOs.

It should be emphasized once again that the change in
the pattern of the light curves is determined by the ratio of
the SO rotation speed and the rate of change of the PAB
latitude in a given passage. The latter parameter is exactly
the variable that determines which elements of the structure
at a given moment reflect light specularly in the direction
of the observer. However, the rotation of the object around
its axis is an independent process and at the moments when
the same values of the PAB latitude are reached, the same
phases of the object rotation are not necessarily observed.
This is the main fundamental reason for the errors in
choosing the optimal moments of time and the
corresponding PAB vectors, and, ultimately, in determi-
ning the orientation of the SO rotation axis by this method.
Nevertheless, the considered method of photometric
patterns can find wide application for various objects in
orbit if there is a sufficient number of light curves for such
an analysis, obtained in the tracking mode by a distributed
network of observatories over a short period of time.
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ABSTRACT. The main belt asteroids, situated between
two planets (Jupiter and Mars), are subject to a significant
influence from these planets (Mars-crossers by Mars), as
well as from other planets. This is particularly concerning
in the case of asteroids with small asteroid-Earth minimum
orbit intersection distances (MOIDs), as these have the
potential to pose a significant hazard to Earth. In this study,
we present light curves for 15 main belt and Mars-crossing
asteroids with small asteroid-Earth MOIDs, which are
smaller than 1.1 AU. These asteroids are particularly likely
to become Earth-crossing or near-Earth asteroids. In order
to obtain brightness measurements, photometry was
performed using CCD images captured by the Baldones
Schmit telescope (1.2-metre mirror, equipped with two
STX-16803 CCDs). The light curves were obtained by
comparing the brightness of the asteroids with the Sun-like
colour index of five to six stars, processed with MaxIm DL.
The remaining brightness measurements are derived from
the Minor Planet Center (MPC) database, based on data
from 18 observatories and the Transiting Exoplanet Survey
Satellite (TESS). The brightness measurements are only
complementary to the asteroid position measurements.
Therefore, these brightness measurements are typically not
very precise and are separated by different time intervals
that may be quite extensive. In order to find the asteroid
rotation period, it is sometimes necessary to employ data
correction as well as programs that are able to identify the
period in unevenly scattered data. Our analysis employed
the Lomb—Scargle method, which identified period values
for 14 of the asteroids. The method can be used to obtain
results for the simple rotations of asteroids, provided that
the asteroids are observed in phases within the range of 7
and 40 degrees, that their shape is nearly an elongated
ellipsoid, and that their rotation axes are almost
perpendicular to their heliocentric orbital planes.

Keywords: photometry, asteroids, Lomb-Scargle method,
rotation period.

AHOTAIIS. Acrepoiny roJIOBHOTO MOSICYy, pO3TaIIOBaH1
Mk aBoMa miaHetamu (FOmitepom i Mapcom), cXuibHI 10
3HaYHOTO BIUIMBY 3 OOKy IMX IUIaHET (Mapc-Kpocepu Mo
Mapcy), a takox 3 Ooky iHmmX rmiaHer. lle ocoGmmBo
BUKJIMKAa€ 3aHETIOKOEHHS y BHIIAJKY acTepoiliB 3 MalMMHU
MOID (miHiManbHMMH — BIICTaHSMH —TEPETHHY  OpOIT

actepoinmiB i 3emii), OCKUIBKM BOHH TOTEHIIHHO MOXYTh
CTAHOBHTH 3Ha4YHY HeOe3rmeKy mid 3emuni. Y miit podoti Mu
TIPECTABIIIEMO KpHBI ONMMCKyY /st 15 acTepoiniB roloBHOTO
Mosicy Ta acTepoiniB, IO IEpeTHHaITh Mape, 3 ManuMu
MOID acrepoin-3emiis, mermmmu 3a 1,1 a.o. Li actepoinu 3
BCJIMKOKO ~ WMOBIPHICTIO  CTaHyTh  acTepoimamu, IO
MePETHHAIOTL 3eMITF0 a00 HaBKoJio3eMHI. [ oTpuMaHHS
BUMIPIOBaHb SICKPAaBOCTI OyJi0 TpPOBENECHO (OTOMETpI0 3
BukopucrantsiMm CCD-300pakeHb, OTpUMaHUX TEJIECKOIIOM
Baldones Schmit telescope (1,2 M m3epkaino, ocHaiieHe
meoma [133-marpuravu STX-16803). Kpusi Omucky Oy
OTpUMaHI NUITXOM TIOPIiBHSAHHS SICKPABOCTI acTepoimiB i3
COHIIENOTIOHNM KOJTip-iHIEKCOM IT'SITU-ILIECTA 3ip,
o0pobnenmM 3a  momomororo  MaxIm DL. Pemra
BUMIPIOBaHb SICKPAaBOCTI OTpHMaHi 3 0asu naHux LleHTpy
masux ruianet (MPC) Ha ocHoBi naHux 18 obcepsaropiit Ta
cynyrauka Transiting Exoplanet Survey Satellite (TESS).
BumiproBanHs SICKPaBOCTI JMIe JIOTIOBHIOIOTh
BUMIPIOBaHHsI TIOJIOXKEHHS acTepoina. Tomy i BUMIprOBaHHSI
SICKPABOCTI, SIK TPAaBWIIO, HE JyXe TOYHI Ta PO3ALIEHI
PI3HAMH 9acOBHMH iHTEPBAIAMH, SIKi MOXKYTh OyTH JOCHTP
BeMMKIMH. J[s TOoro, mIo0 3HaWTH Tepion oOepTaHHS
acrepoima, iHOII HEOOXiTHO BHKOPHCTOBYBATH KOPEKIIIO
MaHUX, a TAaKOX NPOrpaMu, sKi 37aTHI imeHTH(DIKyBaTH
mepion y HEpiBHOMIPHO PO3KHIAHUX HaHUX. Y HAIIOMY
aHam3i BUKOpUCTOBYBaBcs Meron JlomOa—Ckapria, sKuit
BU3HAYMB 3HaueHHs nepiony /st 14 acrepoinis. Lleit meton
MO)ke OyTH BUKOPHCTaHUI A OTPUMAaHHS pe3yNIbTaTiB Ui
OpOCTUX O0EpTaHb AacTEpPOiliB 3a YMOBH, IO acTEpPOifu
criocrepiratotees 3 ¢Gazamu B jianazoni Bim 7 go 40
rpamayciB, 1o ixHs (opMa — Maike BUTSTHYTHI €JIICoin, i
o ixHi oci obepraHHs Maibke MepreHANKYISIpHI 0 TXHIX
TeIONEHTPUYHHUX OPOITATFHIX TUIOMINH.

Kuiouosi ciioBa: ¢orometpis, acrepoinu, meton Jlomba—
Ckaprira, nepiog o6epTaHHS.

1. Introduction

The influence of planets on asteroids can result in
significant alterations to their orbits. These influences
include gravitational perturbations (Nesvorny et al., 2002;
Morbidelli et al., 2002) and orbital resonances (Nesvorny
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et al., 2002). The Yarkovsky (and YORP) effect (Bottke,
2006) can assist in this process, exerting a particularly
strong influence on asteroids with a diameter of less than
40 km. It is of great importance to study those asteroids
with small asteroid-Earth MOIDs, since they are
particularly unstable and the most likely to evolve into
Earth crossers and near-Earth asteroids (NEAS) over time.

We present a method for analysing asteroids using
brightness measurements, that are available alongside
positional measurements. The principal objective of these
observations is to obtain position measurements. These
observations are typically conducted on several occasions
throughout the night, over the course of several nights,
with an inter-measurement interval of approximately 5-30
minutes. It should be noted that observations are
frequently separated by a considerable interval of time,
even spanning years and may be lacking sufficient
precision due to external factors such as weather
conditions or overexposure.

Subsequently, the data are corrected so that the resulting
light curves are dependent solely on the rotation period
(Zeigler & Hanshaw, 2016). Moreover, when constructing
phase-magnitude diagrams, any brightness values that
deviate by more than three standard deviations per night are
removed, as they are likely to be the result of an error.

A period search was conducted using the Lomb Scargle
program from the astropy package in Python (Astropy
Collaboration, 2024), which was incorporated into the
Python script written at the Institute of Astronomy. The
Lomb Scragle method was selected due to its capacity to
analyse unevenly sampled data and to perform an
analytical analysis of white noise, thereby highlighting
only those spikes that are significant. It is possible that
erroneous strikes may be observed as a result of factors
such as observation periodicity, alliance frequencies, or
other effects (VanderPlas, 2018). In order to ascertain the
correct period, a Gaussian shape spike exceeding a
significant power of 0.2 was sought.

The final period was calculated using the results from
all observatories, weighted according to the number of
observations, peak power, and deviation from the linear
phase-magnitude diagram relationship.

2. Results

18.6
=== 81752 h

N
ey

18.0

17.8 {
06

00 02 04
Phase

Figure 1: The light curve of asteroid 1205, observed at
observatory W68 in the O-band.
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Figure 2: The light curve of asteroid 1779, observed at
observatory T05 in the O-band. Pyw=22.071 £0.072 h

1375 -=- 6.0310h

Phase

Figure 3: The light curve of asteroid 1818, observed at
observatory T08 in the O-band. Py=6.031 + 0.001 h
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Figure 4: The light curve of asteroid 1951, observed at
observatory 141 in the R-band. Py=5.306 + 0.007 h
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Figure 5: The light curve of asteroid 1963, observed at
observatory M22 in the O-band. Py=18.181 £ 0.012 h

. b {
g 125 %i%{ “{ f f
R

B

E } f%
%1800 ‘ } }
Eus i
E s }
¢
00 02
Phase

Figure 6: The light curve of asteroid 2128, observed at
observatory TO5 without the use of a filter. Py=19.777 £ 0.097 h
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Figure 7: The light curve of asteroid 2134, observed at
observatory 141 in the R-band. Py=4.113 £ 0.003 h
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Figure 8: The light curve of asteroid 2150, observed at
observatory TO5 in the O-band. Pw=6.125 = 0.005 h
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Figure 9: The light curve of asteroid 2174, observed at
observatory G96 in the G-band. Py=4.785 £+ 0.006 h
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Figure 10: The light curve of asteroid 2318, observed at
observatory W68 in the O-band. Py=5.458 + 0.002 h
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Figure 11: The light curve of asteroid 2497, observed at
observatory TESS in the G-band. Py=77.760 + 0.065 h
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Figure 12: The light curve of asteroid 2503, observed at
observatory T05 in the O-band. Py=102.984 £ 0.101 h
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Figure 13: The light curve of asteroid 2538, observed at
observatory TESS in the G-band. P,= 53.401 +0.033 h
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Figure 14: The light curve of asteroid 2539, observed at
observatory T08 in the O-band. Pw= 9.789 + 0.008 h
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Figure 15: The light curve of asteroid 2583, observed at
observatory 703 in the G-band. Py= 7.790 + 0.001 h

3. Conclusion

We employed a combination of CCD photometry and
MPC brightness data to obtain brightness measurements,
which were subsequently corrected and used to derive
light curves for 15 asteroids. Subsequently, the Lomb-—
Scargle method was employed, resulting in the
determination of a period for fourteen asteroids. However,
insufficient data was available for asteroid 1205 to yield a
reliable result. Our findings were compared with those of
other authors. The periods were known for five of the
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asteroids, four of which were in agreement, but the period
of one 2174 asteroid was inconsistent with our value. This
may be due to limitations in our methodology. The
rotational periods of asteroids can be determined using
this approach, provided they exhibit simple rotation, are
observed during phases within 7 to 40 degrees, are
elongated ellipsoids, and have nearly perpendicular
rotation axes to their heliocentric plane.
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ABSTRACT. In this paper we present the result of the
combined use of the OMT-800, AZT-3, KIT telescopes,
and the Lemur software of the CoLiTec project. The paper
considers in detail several of the astrometric observations
of Jupiter Trojan asteroids: (617) Patroclus, (3548) Eu-
rybates, and (21900) Orus from a long list of small bodies
of the Solar System.

Keywords: minor planets, asteroids, observations.

AHOTALIA. Micis Lucy cknamgaeTscst 3 I'SITH MPOIIHO-
TiB MOB3 TPOSHCHKI actepoinu OmiTepa, 3 MeTOIO JOCITi-
JOKEHHS BIZIMIHHOCTEH y IOBEPXHEBUX Ta BHYTPIIIHIX
BIIACTUBOCTAX Ii€i momyisnii. Ilix gac m'sTH TPOIBOTIB
MU 3MOKEMO CIIOCTEpIraTH BiciM TPOSTHCBKUX aCTEPOiliB.

VY cTarTi AeranbHO PO3IIISTHYTO acTPOMETPUYHI CIIO-
CTepe)XeHHS TPOSIHCBKHUX acTtepoixiB IOmitepa: (617)
Patroclus, (3548) Eurybates i (21900) Orus 3 MeTOIO miaT-
BEpDKEHHS TOJI0XKEHHS (0p6iTH) acTepoiis.

ACTpOMETpHYHI CHOCTEPEKECHHS MPOBOIMINCA IPOTS-
roM 11 Houelt Ha qBOX oOcepBaropisx: obcepsaropii Oxe-
ca—Masiku Ta KniBchkili KOMeTHIN cTaHiii. Y po6oTi mpen-

CTaBJICHO PE3YJIbTATH CIIILHOIO BUKOPUCTAHHS TEJIECKOIIIB
OMT-800, AZT-3, KIT Ta cyuacHOro mporpaMHoro 3ades-
neuennss Lemur mpoekty Collection Light Technology
(CoLiTec). CranmapTHi acTpOHOMIYHI CIIOCTEpEKECHHSA Ta
00po0Ky 300pakeHh BUKOHAHO 3a gonomororo CoLiTec.

Actepoin (617) Patroclus croctepiraBest B Hid 3 16 Ha
17 xeitHa 2021 poky B obcepBaropii Oneca-Masiku. B pe-
3ynbTaTi CHOCTepeXXeHb OTPHMaHO 15 mo3miii actepoina.
Actepoin (3548) Eurybates criocrepirascs cim Houeit (312
nosuiriit) y 2021 pori teneckomamu OMT-800 ta A3T-3.
JlomaTKoBi CHOCTEPEXKEHHS IIHOTO acTepoina MPOBOTUINCS
B Hi4 3 26 Ha 27 rpyans 2021 poxy Ha KuiBchkii KOMeTHIN
ctaniii. 3i0paHi JaHi AlOTh HAaM MOXKJIUBICTh BHU3HAYUTH
58 mosokeHb acrepoina 3a o Hid. Actepoizn (21900) Orus
crioctepirascst B Hiu 3 17 Ha 18 sxoBTHs 2021 poky Teiec-
korioM AZT-3 (24 mo3uuii) Ta B HiY 3 27 Ha 28 KOBTHSA
2021 poky Teneckoriom OMT-800 (4 mo3uwif).

VY crarTi NpeACTaBIeHO acTPOHOMIUHI 300pasKeHHs acTe-
poini (617) Patroclus, (3548) Eurybates i (21900) Orus y
nporpami neperysiny 300paxkens LookSky mporpamuoro
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komriekcy Lemur. B pesynbrati 10 6a3u gannx MPC mona-
HO YCi aCTPOMETPUYHI CIIOCTEPEIKCHHS JaHUX acTePOIMiB.

KirouoBi cjoBa: Mam ImaHeTH, acTepOilH, CIIOCTEpe-
KEHHSI.

1. Introduction

The Lucy mission (Levison & Lucy Science Team,
2016) consists of five flybys of Trojan asteroids to inves-
tigate the differences in surface and internal properties
across the population of Trojan asteroids. From these five
encounters we will be able to observe eight Trojan aster-
oids: (3548) Eurybates and its small satellite Queta,
(15094) Polymele and its satellite Shaun, (11351) Leucus,
(21900) Orus, (617) Patroclus, and Meneotius.

We make astrometric observations of selected targets
((617) Patroclus, (3548) Eurybates, (21900) Orus) to con-
firm the position (orbit) of asteroids.

2. Observations

Astrometric observations were carried out for 11 nights at
the two observatories, namely the Odesa—Mayaky Observa-
tory [code: 583], and the Kyiv Comet Station [code: 585].

2.1. Odesa—Mayaky Observatory

Observations were also made on the OMT-800 and
AZT-3 telescopes (Astronomical Observatory of Odesa I.
I. Mechnikov National University), which is installed at
the Mayaky observation station:

e The OMT-800 telescope (Andrievsky et al., 2013;
Troianskyi et al., 2014) has 0.8-m main hyperbolic mirror
and effective focus ratio f = 1/2.7. As an imaging detec-
tor, the FLI ML09000 camera together with a four-lens
field corrector, is installed at the primary focus providing
a field of view of 58.6'x58.6" and has an image scale of
1.15 arcsec/pixel. All series of images were obtained in
the sensitivity band of the sensor without the use of pho-
tometric filters;

e Reflector AZT-3 (Udovichenko, 2012) is a serial tele-
scope of the Leningrad Optical Mechanical Associa-
tion. A UAI CCD detector is installed on the telescope,
which was created by the engineers of the Odesa Ob-
servatory. As a result, a field of view of 11.4'x8.58'
and an image scale of 0.864 arcsec/pixel. All series of
images were obtained with the use of R filter.

Table 1: Observation accuracy

2.2. Kyiv Comet Station

Observations in Kyiv were made with the KIT tele-
scope of the Main Astronomical Observatory of NASU,
which is installed at the Kyiv comet station. The KIT
(0.356-m, f/11; Romanyuk et al., 2012; Romanyuk &
Vidmachenko, 2015), a serial telescope with Celestron 14-
inch optical tube installed with the White Swan-240
mount made in Ukraine by Sergii Verbytskyi. As an imag-
ing detector the SBIG ST-8XME camera provides a field
of view of 12.3'x8.2' and an image scale of 1.44
arcsec/pixel. All series of images were obtained with the
use of BVRI filters.

3. Results

We did the standard astronomical observations and im-
age processing using the modern Lemur software of the
Collection  Light Technology (CoLiTec) project
(https://colitec.space) (Khlamov et al., 2024).

The Lemur software (Khlamov et al., 2023) is designed
to perform a sequence of the following main steps: pre-
processing (astronomical information collection -> worst
data rejection -> useful data extraction -> data mining
(Khlamov et al., 2022) -> classification -> background
alignment -> brightness equalization), image processing
(segmentation -> typical form analysis -> recognition pat-
terns applying -> detection of the object’s image -> as-
trometry -> photometry -> objects identification -> tracks
detection) (Savanevych et al., 2023), knowledge discovery
(Solar System objects or artificial satellites to be discov-
ered, tracks parameters for the investigation, light curves
of the variable stars, scientific reports in the international
formats) (Khlamov & Savanevych, 2020).

For the astronomical reduction of the raw data, we used
bias subtracting, dark subtracting and flat-fielding. For
details see Oszkiewicz et al. (2019; 2020; 2021; 2023),
Savanevych et al. (2022), and Troianskyi et al. (2023a,b).

In Table 1 presents the accuracy of our observations.
Where: Signal-to-Noise Ratio (SNR) - the most important
quantity for astronomical observations, the ratio of the
signal from an astronomical source to the noise, represent-
ed in ADU (Analogue-to-Digital Unit); Full Width at Half
Maximum (FWHM in units of pixel) - is a measure of the
width of an intensity distribution at the point where the
intensity is at its highest; Astrometric observation residu-
als (normalized value of the root mean squared absolute
error; RMS) are the difference between an observed and a
calculated position (this is known as an O—C residual).

Asteroid SNR [ADU] FWHM [pix] RMS Residuals | RMS Residuals
by RA [arcsec] by DE [arcsec]
(617) Patroclus 350.2 5.20 0.500 0.404
(3548) Eurybates 101.2 2.60 0.565 0.211
(21900) Orus 274.8 3.35 0.489 0.156
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Figure 2: The observed asteroid (3548) Eurybates by the KIT telescope
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Figure 3: The observed asteroid (21900) Orus by the OMT-800 telescope

3.1. Asteroid (617) Patroclus

Jupiter Trojan asteroid (617) Patroclus was observed
during 16™/17" of April 2021 night on Odesa—Mayaky
Observatory. As a result, observations of 15 positions,
which were obtained on the AZT-3 telescope, were added
to the MPC database (https://www.minorplanetcenter.net;
MPS 2117685).

An astronomical image of the detected asteroid (617)
Patroclus in the LookSky image viewer tool of the Lemur
software package is presented in Fig. 1.

3.2. Asteroid (3548) Eurybates

Jupiter Trojan asteroid (3548) Eurybates was observed
seven nights (312 positions) in 2021 by the OMT-800 and
AZT-3 telescopes at Odesa-Mayaky Observatory. All
points added to the MPC database.

Additional observations of this asteroid were done dur-
ing 26™/27" of December 2021 night on Kyiv comet sta-
tion. Collected data give us a possibility to determine 58
positions of the asteroid for this night.

An astronomical image of the detected asteroid (3548)
Eurybates in the LookSky image viewer tool of the Lemur
software package is presented in Fig. 2. All these observa-
tions were published in Minor Planet Supplement (see
details in MPS 1497901, MPS 1497902, MPS 1518978,
MPS 2118348, MPS 2118349, MPS 2118350).

3.3. Asteroid (21900) Orus

Jupiter Trojan asteroid (21900) Orus was observed dur-
ing 17™ / 18™ of October 2021 night by the AZT-3 tele-
scope (24 positions) and during 27"/28™ of October 2021
night by the OMT-800 telescope (4 positions).

An astronomical image of the detected asteroid (21900)
Orus in the LookSky image viewer tool of the Lemur
software package is presented in Fig. 3. All points added
to the MPC database (MPS 1499517, MPS 2132569).

4, Conclusion

The combined use of the OMT-800, AZT-3, KIT tele-
scopes, and the CoLiTec/Lemur software showed good
results for the astrometry of the small bodies in the Solar
System.

Astrometric observations are very important for accu-
rate calculations of ephemeris of studied objects and for
further research (numerical integration of orbits) of small
bodies of the Solar System (Troianskyi & Bazyey, 2018;
Troianskyi et al., 2022; Troianskyi et al., 2023a).

Acknowledgements. VT was supported by the National
Scholarship Programme of the Slovak Republic — academic
year 2023/2024.
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EVOLUTION OF THE JET EMISSION OF RADIO SOURCES WITH
THE STEEP LOW-FREQUENCY SPECTRA

A.P. Miroshnichenko

Institute of Radio Astronomy of the NAS of Ukraine,
Kharkiv, Ukraine, a.p.miroshnichenko@gmail.com

ABSTRACT. We suppose the relation of source emis-
sion at the decameter and infrared bands as the estimate of
the jet structure contribution relatively the central region
of the source. This relation is examined for the sample of
galaxies and quasars with steep low-frequency spectra
from the UTR-2 catalogue. We have derived the relations
of corresponding flux densities (at the frequency 25 MHz
and at the frequency 1.38:10** Hz (near-infrared band))
and their connection with source’s redshifts, characteristic
ages, jet propagation velocities. At the same value of the
jet emission relation (at the separate value of this relation)
the very close values of the characteristic age and the jet
propagation velocity are derived for the examined galaxies
and quasars with the same steep-spectrum type. So, the
evolution of the galaxies and quasars with the steep linear
radio spectrum (type S) may be similar. Analogously, one
is similar for galaxies and quasars with the steep break
radio spectrum (type C+). The considered relations have
positive correlation for the corresponding redshifts, the jet
propagation velocity. The radio sources with the steep
linear spectrum display the smaller characteristic age
(=107 years) than ones with the steep break spectrum
(~108 years). And the obtained mean values of the jet
propagation velocity for the examined galaxies and qua-
sars with the steep linear spectrum (~10° cm/s) are more
by one order than these for the examined galaxies and
quasars with the steep break spectrum (~108 cm/s). The
derived results may evidence for the cyclic activity of the
steep-spectrum radio sources.

Keywords: steep-spectrum radio sources, jets, galaxies,
quasars, characteristic age of radio sources.

AHOTALIA. Mu npumryckaemo, mo BiTHOIICHHS BH-
MIPOMIHIOBaHHS JDKEpesa B IeKaMeTpOBOMY Ta iHppadep-
BOHOMY Jlialla30HAX € OLIHKOIO BHECKY JKETOBOI CTPYK-
TypH BITHOCHO IIEHTpaJIbHOI oOmacti Jpkepena. Lle Bin-
HOIIIEHHST JOCIi/DKYEThCS JIJIsi BUOIPKU TAIAKTHK 1 KBa3a-
PiB 3 KPyTMMH HU3bKOYACTOTHHMH CIIEKTPAMHU 3 KATaJIOTy
YTP-2. Mu oTpuManu BiTHOIIEHHS BiAMOBITHUX TYCTUH
moTokiB (Ha yactoti 25 MI'1 Ta B Giim3pkoMy iH(ppadep-
BOHOMY jianasoni 1,38-10% I't) Ta iX 38’430k 3 4ePBOHUM
3MIIEHHSAM JPKepen, IXHIM XapaKTepHUM BIiKOM, IIBUAKIC-
TIO TIOIIMPEHHS JUKeTiB. [Ipu 0JfHAKOBIN BENMYHHI BITHO-
IICHHS IS BUIPOMIHIOBaHHS JDKETIB (NP BHUIIJICHOMY
3HAYCHHI I[bOTO BIJHOIICHHS) OTPUMAHO IyKe OJHM3BbKI
BEJIMYMHHA XapaKTEPHOTO BiKY 1 MIBHIKOCTI HOIIMPCHHS

JDKETIB IUIS JOCIHIKYBaHUX TaJIaKTHK 1 KBa3apiB 3 OgHA-
KOBUM THIIOM KPYTHX cIleKTpiB. OTXe, €BOIIOMisS Taiak-
THK 1 KBa3apiB 3 KPYTHM JiHIHHAM pafiocTIeKTpoM (Tun S)
MoOKe OyTH MOJiOHOI. AHAJIOTIYHO, MOI0HA EBOMIOLIS Y
rajJakTUK 1 KBa3apiB 3 KPyTHM paJlioOCIEKTPOM 31 31aMOM
(tunt C*). Po3risHyTi BiJHOIIECHHS MAIOTh MO3HUTHBHY
KOPEJISIIII0 I BIAMOBIAHUX YCPBOHUX 3MIIICHD, IIBU/-
KOCTI NOIIMPEHHS JpKeTiB. Pajiompkepena 3 KpyTHM JTiHIN-
HUM CHEKTPOM BHSBJISIOTH MEHIIMH XapakTepHUH BiK
(~107 poxkiB), HiX pamiomKepeaa 3 KPYTHM CIEKTPOM 3i
snamoMm (~10% pokiB). A oTpuMaHi cepenHi BeJIMYUHU
IIBHIKOCTI NMOIIMPEHHS JUKETIB A IOCHIPKyBaHHX TaJa-
KTHUK 1 KBa3apiB 3 KpyTUM HiHiiiHuM crextpoM (~10° cm/c)
OLUTBINI Ha MOPSAIOK, HiXK BIATIOBIAHI BETMYUHH IS TOCITi-
JDKYBaHHX TaJlaKTUK 1 KBa3apiB 3 KPYTUM CHEKTPOM 3i
snamoM (~108 cm/c). OnepsxaHi pe3yabTaTd MOXKYTh CBijl-
YUTH NPO IMKJIIYHY aKTHBHICTH pajiojkepen 3 KpyTUM
CIIEKTPOM.

Kao4oBi cioBa: pamiomkepena 3 KDyTUM CIIEKTPOM, JDKe-
TH, TaJIAKTHKHY, KBa3apH, XapaKTepHUH BiK pajio/Kepe.

1. Introduction

As we know, the theoretical and observed data prove
the central active nuclei with the supermassive black hole
as the source of energy for galaxies and quasars. Studies
of these objects at the different frequency ranges display
that their central region (accretion disk, dust torus) is more
prominent at the high frequencies (Imanishi et al., 2018).
At that time, the powerful outflows from accretion disk
(jets with cocoons) are more intensive at the low frequen-
cies, corresponding to the decameter wavelength band
(Miroshnichenko, 2023). To continue study the steep-
spectrum sources from the UTR-2 catalogue (Braude et
al., 1978, 1979, 1981, 2003) (particularly, at the frequency
25 MHz) we analyze their properties in connection with
central region of a source. We suppose the relation of
source emission at the decameter and infrared bands as the
estimate of the jet structure contribution relatively the
central region of the source.

2. Jet emission relation for the sources
From the UTR-2 catalogue we have compiled four

samples (Gs, Qs, Ge+, Qc+) of the steep-spectrum galaxies
and quasars: 78 galaxies with steep linear spectrum (radio
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spectrum type S), 55 quasars with steep linear spectrum
(radio spectrum type S), 54 galaxies with steep break
spectrum (radio spectrum type C+), 36 quasars with steep
break spectrum (radio spectrum type C+) (Miroshnichen-
ko, 2023). We have used the NED data base for the neces-
sary data. So, for samples Gs, Qs, Gc+, Qc+ the relation of
emission for examined sources at the decameter and infra-
red bands was determined as the relation 1g(Szs/Sir)
(where Sys is the flux density of source at 25 MHz , Sir is
the flux density of the source at 1.38-10%* Hz - NIR band).
One can see the distribution of the obtained jet emission
relations at the Fig. 1.

The mean values of the derived jet relations and the
corresponding redshifts are:

Gs <Ig(Ss/Sir)>=4.58 (£0.17) (n = 29)
<z>=0.694 (£0.103);

Qs <Ilg(Ses/Sir)> = 4.70(x0.14) (n = 15)
<z>=1.123(£0.100);

Ges < 1g(Ses/Sr)> = 3.67(x0.19) (n = 24)
<z>=0.298(£0.070);

Qc+ < 19(S5/Sir)>=4.30(x0.11) (n=14)
<z>=0.950 (£0.092).

Also we have determined the characteristic ages (Jam-
rozy et al., 2005) of examined steep-spectrum galaxies
and quasars (as the time of synchrotron decay of relativ-
istic electrons):

pl/2
tsyn =50.3 m [Vb(l + Z)]_l/2 y

B — is the magnetic field strength of source in 10° Gauss,
Beme = 0.32(1+2)> — is the equivalent magnetic field
strength corresponding to intensity of microwave back-
ground, in 10 Gauss, w, - is the critical frequency of the
synchrotron spectrum (in GHz). The value B we obtained
earlier, B ~ 10° Gauss (Miroshnichenko, 2012). The im-
portant characteristic of the jet structure of the source is the
jet propagation velocity and it was calculated by us for the
considered radio sources (Miroshnichenko, 2019; 2021).

So, the obtained mean values of the characteristic age
and the jet propagation velocity for the examined steep-
spectrum sources are:

Gs <tgyn>=5.22(£0.36)-10" (years)
Qs <tyn>=5.80(£0.34)-10" (years)
Go+  <toyn>=4.74(£0.41)-108 (years)
Qo+ <tgyn>=12.02(£0.25)-10% (years)

Gs <Vj>=2.97(£0.67)-10° (cm/s)
Qs <Vj>=3.12(x0.31)-10° (cm/s)
Ge+  <Vj>=5.49(+0.39)-108 (cm/s)
Qo+ <Vj>=1.65(+0.46)-10° (cm/s).

Let us consider the evolution of the jet emission contri-
bution relatively the redshift (cosmological epoch), relati-
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vely the jet propagation velocity. We obtain the positive
correlation for the jet emission contribution and the red-
shift (Fig. 2), and the same for the jet propagation velocity
(Fig. 3).

It is interesting to study properties of the steep-
~ spectrum sources at the same interval of relation
ﬁn 19(S2s/Sir). We separate the interval 1g(Szs/Sir) = 3,5+3,9
5 and obtain such parameters for the ~ examined galaxies

and quasars, corresponding to the separate value of the jet
emission relation:
3,0 4
" 0|0 0Y1 0I2 OI3 0:4 0]5 0I6 0|7 GS (n = 5)
io(1+2) <1g(Sz5/Sir) > = 3.73(+0.16)
a
) <teyn>=5.07(£2.69)-107 (year)
<Vj> = 6.63(£2.30)-108 (cm/s) ;
GC+ (n = 5)
g‘! <19(S25/Sir) > = 3.76(+0.11)
¢ <tyn> = 5.08(+2.10)-10% (year)
<Vj>=8.21(£7.32)-10" (cm/s) ;
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Figure 2: Relation of jet contribution vs redshift

Qs (n=2)
<1g(S25/Sir) > = 3.81(+0.03)
<teyn>=5.94(£1.23)-107 (year)
<vj>=1.03(£0.23)-10° (cm/s) ;

Qc+ (n=3)
<lg(Sz5/Sir) > = 3.78(0.09)
<toyn>=2.57(+0.58)-108 (year)
<Vj>=4.83(£1.246:10% (cm/s) .

3. Conclusion

1. The jet emission contribution relatively the central
region of the radio source with steep low-frequency spec-
trum displays positive correlation for the corresponding
redshift, for the jet propagation velocity.

2. At the same value of the jet emission contribution,
the examined galaxies and quasars with the same type of
radio spectrum have mutually closed values for the
source’s characteristic age and the jet propagation veloci-
ty. This may testify on the similar evolution for galaxies
and quasars with steep low-frequency spectrum.

3. It is important, that the characteristic age of sources
with the steep break spectrum (type C+) exceeds by one
order the characteristic age of sources with steep linear
spectrum (type S). This may be as manifestation of the
cyclic activity of the examined galaxies and quasars.
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S-BURSTS OF JOVIAN DECAMETRIC RADIO EMISSION STORMS
UNDER THE INFLUENCE OF LOW AND HIGH FREQUENCY MHD
DISTURBANCES IN STREAMER-LIKE SOURCES
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Institute of Radio Astronomy of the NAS of Ukraine, Kharkiv, Ukraine,
natalitsv69@gmail.com

ABSTRACT. There are analyzed a model for the
DAM-bursts radiation by maser-cyclotron generation
mechanism in the streamer-like sources that have been
activated on ionization processes and MHD waves of high
and low frequencies in Jupiter magnetosphere. It was
accounted that the ion-atom collision processes in the
magnetosphere of low-ionized plasma change the veloci-
ties and decay times of MHD waves at ultralow frequen-
cies, because of the high and low frequency MHD dis-
turbances have different properties and do different func-
tions in Jupiter magnetosphere. Thus, it is shown that the
typical periodicities of high frequency (HF) in S-burst-
storm pattern, of about 0.5 kHz and higher 1 Hz, may be
associated with HF Alfven waves, which activate the pro-
cesses of DAM burst radiations. On the other hand, the
typical low-frequency (LF) periodicities of S-storm radia-
tion, of about 5 and 20 min time-scales, may be associated
with LF Alfven waves, which activate the processes of
plasma ionization and its stratification into streamers.

There was studied the propagation process of HF and
LF MHD waves in Jupiter magnetosphere, when plasma
flux is streaming inside the lo-Jupiter tube. Then, the pro-
cess of maser generation of DAM bursts in presence of
HF MHD-waves is investigated. We show that HF-Alfven
waves perturb the electron plasma density and its velocity
distribution, which give us the conditions to emit the
DAM radiation effectively.

Finally, we discussed the particular properties of HF
Alfven and MS wave modes in the plasma streamers, and
how they form the DAM bursts, and next one, it was
shown how to fit the observational data to the plasma pro-
cesses that may be to work in this source model.

Keywords: DAM radio emission, bursts, MHD waves,
magnetosphere inhomogeneity, Jupiter.

AHOTALIA. [IIpoanamizoBaHo MoOJeidb BHIPOMi-
HIOBaHHS S-CIUIECKIB, B SIKill CIUIECKH T'€HEPYIOTHCS IIHK-
JIOTPOHHUM Ma3epOM B PO3IIAPOBAHUX HAa CTPUMEPH JIKE-
penax, mo aKTUBYIOTHCS 3aBISKH IpollecaM ioHi3amii Ta
MI'J] XBUJISIM BUCOKHX 1 HU3BKHX YacTOT B MarHitocdepi
FOmirepa.

B nocnijpkeHHSIX BpaxoBaHO, IO MPOLECH 3ITKHEHHS
iOHIB 3 aTOMaMu razy y marHirocepi 3 HU3bKO 10HI30Ba-
HOT MJIa3MU 3MIHIOIOTh IBUAKOCTI Ta yac 3aracanus MI'J]

XBHJIb Ha Ha/IHU3bKUX YaCTOTaX, OCKIJIBKH BHCOKO Ta HHU-
3bK0 YacToTHI MI'J] 30ypeHHs 1a3Mu MaroTh Pi3Hi Biac-
THUBOCTI 1 BUKOHYIOTH Pi3Hi (yHKIii B MarHiTochepi FOmi-
Tepa. [lokazaHo, IO THITOBI MEPIOAMIHOCTI S-CIUIECKIB
Bucokoi dacrotu (BY), mpubnuzno 0,5 k' i 1 'y, mo-
XKyTh OyTH TOB's13aHi 3 BU xBmmsiMu AnbBeHa, sSIKi aKTH-
BYIOTh Ma3epHy I'€Hepalilo CIUIECKIB JeKaMETPOBOTO BHU-
MPOMIHIOBaHHA. 3 1HIIOTO OOKY, THUIOBI HH3BKOYACTOTHI
(HY) nepionuuHOCTI BUIPOMIHIOBaHHS S-0ypi, 3 4aCOBOIO
mKanorw 01m3pko 5 1 20 xB, MOXKyTh OyTH 1noB's13ani 3 HY
XBWISIMH AJsb()BeHa, SIKI aKTUBYIOTh IPOLIECH 1OHI3arlil
IUIa3MHU Ta il pO31IapyBaHHA Ha CTPUMEDH.

Jocnimkeno nponec nomupenns BY i HU MI'Jl xBuib
B MarHiTochepi FOmitepa B cepennHi MOTOKOBOI TPyOKH
lo—IOmiTep, posmiapoBaHoi Ha CTpUMEpH, B SIKHX 30y-
JDKYIOTBCSI OJTHOYACHO TI0 JIEKIJIbKa MOJI XBUJIb ATTb()BEHA.
Ta mocmimkeHO mpolec Ma3epiHOi TeHepalii CIUIECKIiB
JICKaMETPOBOTO BUIIPOMIHIOBaHHS B mpucytHocti BY
MI'I-xBuis. [Tokazano, mo BY xBuni Anbdena 30ypro-
IOTh IMUIBHICTh €JIEKTPOHHOI TUIa3MH Ta PO3IMOJIIN IIBHII-
KOCTeH, 10 YTBOPIOE YMOBH 3ajuis1 €(hEeKTHBHOI TeHeparlii
JIEKaMEeTPOBOT'O BUIIPOMIHIOBaHHSI.

Hapermri, o6roopeHo ocobnusi BmactuBocti mog BY i
HY xBune AnbBeHa, 0 iCHYIOTh B IJIa3MOBHX CTpHMeE-
pax, Ta sIK BOHH (OPMYIOTh S-CILJIECKH IEKaMeTpOBOTrO
BHITPOMIHIOBAHHS, 1 TTOKAa3aHO BIAIMOBITHOCTI JaHUM CIIO-
crepexeHb. TakoX, OOroBOpeHO IHIII albTepHATHBHI
MIPOLIECH, SIKI MOXYTb IpalIOBaTH B JOCHIPKYBaHIH Mo-
Jeni Jpkepena. 30KpeMa, 3a3Ha4yeHo, 1Mo HanToHki BY
QIBBEHIBCHKI MOJM MOXYTH 30Y/IXKyBaTHCS i 4Yac 10Hi-
3aniifHoro BuOyXy mpu Bimbourti HY xBrie AnbdBena Bix
BepxHix mapiB ioHochepu FOmitepa. Came ni BU ansBe-
HIBCBKI 30ypeHHS KepyloTh pO3IMOIUIOM eNeKTPOHHOI
IUTa3MH B CTpUMepax, Ta GOpPMYyIOTh IPOMIHb JA€KaMeTpo-
BOT'O BHITPOMIHIOBaHHS, IO IMTOBEPTAETHCS Ta CIOCTEpira-
€ThCS K S-cruleckw. Takok, OOTOBOPEHO OCOOIUBOCTI
BUIIPOMIHIOBAHHS IIPU YTBOPEHHI ITyYKIiB €JIEKTPOHIB Ha
oci CTpuMepa, sIKi MOXYThb CTaTH YMHHHKOM Ma3epHOI
aKTUBAIii S-CIUIECKIB IMPOMEHSAMH i3 IUIA3MOBHX XBIJIb,
30y/KYBaHHMMH Ha YacTOTi OISl €NIEKTPOHHOTO IUKJIOT-
POHHOT'O PE30HAHCY.

KarouoBi cnoBa: nekamerpoBe pajioOBUIPOMIHIOBaHHS,
cruteckn, MI'JI XBWI, HEOTHOPITHICTH Mar"irocgepw,
Omitep.
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1. Introduction

Jupiter DAM radio emission is observed in the storms
of duration at 1-2 hr with quasi-periodic bursts of various
forms and types. The finest Jupiter bursts are S-type that
has a fast-drifting structure of dynamical spectrum with
duration of 2-10ms at frequency fixed and quasi-periodic
separation of 5-30 ms or slower quasi-periods of 1 sec
and 5-20 min. There are many DAM observations of Jupi-
ter's radio emission since 1955, for example, the dynam-
ical spectra of S-storms were observed by the UTR2 tele-
scope (in Ukraine, see: Ryabov & Gerasimova, 1990;
Ryabov et al., 2014) and by the Florida Radio Observatory
(see FRO catalog: Flagg et al., 1991). So, in this work we
take into account the typical periodicities of S-bursts that
can be associated with such frequencies of MHD oscilla-
tions: wa1.5 = 21/t a1.5, Where 74, = 0.05 S, T4, = 0.2° S,
Tuz = 18, T44 = 3005, 745 = 20 min.

These S-bursts are emitted by limb-sources on Jupiter's
surface: 10-A,B (at S-pole Jupiter) and C (at N-pole). The
lo-A,C sources are mainly associated with Jupiter's longi-
tude meridian A,;; = 180° and the lo-C: A;; = 60° (see:
Ryabov & Gerasymova, 1990; Leblanc et al., 1993). All
the bursts to be observed are mainly polarized as extraor-
dinary X-type electromagnetic waves, and they radiate in
a direction nearly perpendicular to the magnetic field lines
that located at the sources in Jupiter's southern or northern
hemisphere. In dynamical spectra we see the fast drifts of
S-bursts, and they are superposed with the slow-drifting
lanes. Typical burst drifts in the FRO catalog are df/dt ~ -,
about —20 MHz/s, which corresponds to a source moving
from the surface of Jupiter at about 0.1c at an altitude of
0.1 Rj (where c is the speed of light). The drift of lanes is
about 20 to 200 kHz/s. They can be interpreted as the ef-
fect of Jupiter's rotation or diffraction effects in the propa-
gation of DAM radiation (see: Ryabov & Gerasymova,
1990). And the other way, some lanes may be associated
with the source modulation by low velocity waves. In this
work we analyze a model in which bursts of DAM emis-
sion are triggered by MHD waves in Jupiter's lower mag-
netosphere, where streamer-like inhomogeneity arises due
to ionization. We assume that some lanes may be forming
due to wave modulation effects, and we will study haw the
S-burst generation mechanism work. This approach con-
tinues the model that was studied in the works of Boev et
al. (1991, 1993) and Tsvyk (2019, 2023).

The other way, we assume now that the DAM radiation
emits a burst under MHD waves in Jupiter's lower magne-
tosphere, in the Cyclotron Maser generation mechanism
mainly. So, Hess et al. (2007) there was proposed a good
and popular model for the generation of fast-drifting S-
bursts in current sheets of Alfvén waves. These Alfvén
waves occur during the lo—Jupiter interaction, and the
electron distribution of the loss cone appears from the
magnetically mirrored the electron population, leading to
cyclotron maser instability (CMI, see Wu, 1985; Melrose,
1986) for X-mode bursts of EM DAM radiation. In this
work we improve that model to analyze the streamer in-
homogeneity of weakly ionized plasma in Jupiter's lower
magnetosphere, which can be associated with ultralow-
frequency Alfvén modes with a period of several minutes.

The properties of high- and low-frequency MHD
waves, as well as their propagation in the Jupiter magne-
tosphere with gaseous matter, are studied. We take the
ionization processes that allow us to form the streamer and
consider how low- and high-frequency MHD waves (Alf-
vén and magnetosonic) are transported in the conditions of
this plasma, and how CMI occurs in sheets of electron
density fluctuations associated with streamer oscillations.

2. Active source model

We will analyze the source model in which S- bursts of
DAM radiation are caused by MHD waves in the presence
of streamer-like inhomogeneities formed in the lower
magnetosphere as a result of ionization processes and
MHD disturbances. This happened in lo-A,B sources that
start to emit when lo tube moves over the zones of Jupiter
with max-Bo at z=0: 4;;; = 180° with magnetic field is
By, = 14 G, and lo-C: 4;;; = 60° with By, = 10 G.

The effects of the lo-Jupiter interaction excite the
strong Alfven-wing with the current pulses in the flux
tubes as standing waves as they bounce off Jupiter's iono-
sphere (see, for example, Ryabov & Gerasymova, 1990).
The current direction changes with periods ta>300 s, and
this gives us a long-term modulation of Jupiter's DAM
emission by Alfvén wings, which to shear the Jupiter's
magnetosphere into large-scale tubes, and to start the ioni-
zation process in the lower magnetosphere in the presence
of gas and flows with lo-volcanic dust.

So, the low-frequency Alfven waves, o< w4, ~(300s)?,
support a streamer formation in wave-reflected processes,
and the electric E-field is activated due to the wave-current
passes through the Jupiter ionosphere with vi -velocity,
E>[vsc™! X By,] (see: Smirnov, 1995; Boev, et al.
2001; Boev, 2005). This streamer is directed nearly along to
the magnetic field line or with some slope to it. The e-
particle velocity distribution is anisotropic because of the
flux-mirror effects, ionized plasma diffusion in the stream-
er; and when the MHD-oscillations maintain the cone-like
electron distribution at streamer surface or accelerate an e-
beam in the streamer core (see: Tsvyk, 2023).

The MHD waves properties and its velocities in weakly-
ionizes plasma are varied by frequency, due to the MHD
equations for low-frequency waves, (wtia)<l, should be
considered in approximation of multi-components plasma
of gas mattering (see: Smirnov, 1995; Akhiezer, et al. 1974;
Braginski, 1963). Therefore, as soon as the low-frequency
Alfvén waves interact with the gas (of density N,) and they
velocity ca is greatly reduce, from cai t0 Cag, and these
waves start the process of plasma ionization with the
streamers’ formation (with ion density n;):

~ -1
Cp—>Cy =By, /[ Jdrnm ,0>1,,

Cp = Cpg =By, [ JATN,mM , 0> 7.,

where 7., =1/(v;; N,a,?), v is kinetic ion velocity
and a; ~ 1078 cm is a size of H-atom.

At frequency of w< wag=2n/tia the Alfven velocity de-
crease in a factor >(ne /Na)"? because of energy dumping,

running the ionization plasma processes and streamer cre-
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Figure 1: Plate (a) is the models for plasma n. and gas Na
density variation at Jupiter magnetosphere altitudes z; (in
Jupiter radius units). A curve (1) is model of Su et al.
(2006), (2) — Sentman, et al. (1975) and (3) — Witsers,
Vogt (2017). Plate (b) is the Alfven velocity for HF (®
>®ag), and for LF (o <wag) Streamer-modes variation from
z;-altitudes.

ation with width of ax ~ 1/kmin. The Alfven wave energy
concentrated inside the streamer ry < ay, and in this area
the value of Alfven velocity is some slower then ones in
external free space. And it needs to account the relativistic
effect in Alfven waves transport in matter of a low-plasma
density (at high magnetosphere altitudes).

3. Variation of MHD waves properties from magne-
tosphere altitudes

Now we consider the main properties of MHD waves
in the streamer-stratified plasma when the magnetosphere
altitude is varied. We take the wave deviation of the plas-
ma parameters as a function of « exp(ik,z + im;6 —
iwt). These MHD waves in streamer plasma were studied,
for example, in the works of Bembitov et al. (2014), Ka-
domtsev (1963), Tsvyk (2023). They showed that MHD
waves split into modes, their properties change depending
on the streamer radius direction, and the change in their
properties depending on the magnetosphere altitudes will
be investigated below. So, we will watch now how the
speed of the Alfvén wave changes in Jupiter's magneto-
sphere, and consider how the magnetosphere affects the
Alfvén waves at frequencies wat s, that are corresponded
to the typical quasi-periodicities of the S-spectra.

Thus, we use the models for plasma density variation in
Jupiter magnetosphere, which are presented in Fig. 1. We
can see on curve (1) the plasma density is much lower in
the model of Su et al. (2006), and on (2,3) are slightly high-
er density in models of Sentman, et al. (1975) and Witsers,
Vogt (2017). The fact that those models have a higher
plasma density may indicate the ionization processes occur-

(Hz)

100

0.01

104

Figure 2: The ion cyclotron frequency wyi and the plasma-
gas collision frequency 1/1i, are varied from z;, in compare
to the typical frequencies of Alfven waves in the S-burst
storm, maz1.5.

®(k)
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10?

10°10°10% 103k, m*

Figure 3: The typical dispersion curves wa(k) for Alfven
modes at z; is fixed.. Here we take the streamer width ay
=200 km and ne st=20 Ne ext in the model of plasma density
variation by Su et al. (2006).

ring. So, the neutral matter is present at low altitudes of
Jupiter magnetosphere only (z<0.5 R;); and at these alti-
tudes we observe the occurrence of S-bursts.

The Fig. 2 shows the typical frequencies of Alfvén
waves, which correspond to the quasi-periods in the S-
storm maz.5 in comparison with the frequency of collisions
of plasma and gas, mag=2mn/tia. And we find that wa1.3>wmag
are mostly HF modes, and wass<wag are LF modes in the
lower magnetosphere of Jupiter. The plate of Fig. 1,b
shows us the change of the Alfven velocity from z-
altitudes for these waves, and Fig. 3 shows us the typical
dispersion curves for Alfven modes at z; ~0.1R;. Here we
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Figure 4: The velocity caze of wave phase profile in z; and
0 direction from wave number ka for my= 1,6,12 Alfven
modes. And the wave length A is varied from ka for
those modes. Here is we take the streamer width of
ax=300 km at z;=0.1 R; altitude.

take the typical streamer width a, =200 km and n, g =
10 n, o in the model Su et al. (2006).

So, the last figure shows us that Alfvén waves can be
damped strongly at low frequencies, w =~ w,, = 27 ik
and streamer waves exist at k >k,,;, = az*. The disper-
sion curves for Alfven wave me-modes in the streamer are:

oK)= (K -m’/a’) "+ o)),

where axi is the cyclotron ion frequency here.

The type of MHD modes that can exist in a streamer var-
ies depending on the radius zones of the streamer, and their
properties also to vary. Thus, in the streamer core there are
modes of the Alfven-wave of LF (of m=0,1) and the elec-
tron beam is accelerated (vp~0.1 ¢). Whereas in the zone rx
< ax there are high-frequency Alfven modes (of m>1 main-
ly) and the ne-density fluctuation exists in current sheets.
Lastly, in the zone ry > ax, there are exist high-frequency
modes of fast magneto sonic waves (mx = 0,1,2...) with
fluctuations of ions and electron density.

4. The MHD wave modes of low frequencies

The Alfven wave modes of m=0 may have at low fre-
quencies strong dumping in the streamer surface. They
velocity is reduce strongly at that k>k,,;,, ~ az! in a
factor of (ne/Na)Y2. That wave oscillations are: v,, ~
Jr/€ Ne: Veg = vig; {Er, Bo}, and E-field strongly pumps
at the streamer surface which can start the ionization pro-
cess when the wave energy is high.

The Alfvén wave modes my = 1 can arise at about
k->1/ax as Helical-kink modes (see Kadomtsev, 1963),
and thus the waves interaction in streamer surface can
convert the wave energy from mode #0 to mode my=1,
with k,<< 1/ax. This mode #1 can exist at the frequency
®A2 Or ®A3, 8S @ mode with a wave-phase profile moves
slowly in z-direction, ca ~ ca (kJk)? =c,(1—
mé(a,k)™?), and the energy of MHD wave is transported
at a speed ca along the By, axis (during of tas period from
lo to Jupiter); and they gives us a good condition for the
acceleration of the electron beam (vo~ ¢, = 0.1 ¢) due to
the E, wave-fluctuation in the streamer core.

The wave modes my > 1 exist at r, = a, aria, where
this wave fluctuation get a maximum value, and k4 =~
my /a,. All wave modes with m¢ > 1 have a phase rota-
tion speed of c,y = cymy(a,k)™1(1 — m2(ak)~H)Y/?
which will move bunch of electron density maximum
around a streamer axis. There are represented in Fig. 4 the
dispersion curves of that Alfven wave modes in form of
wave velocities caz, Cap that are varied from k when wave-
phase is fixed, and A,(k) = 2w /k,. These wave modes
my > 1 may have dumping at low frequency k>k,,;,, =
myaz® in the streamer surface, and they ca-velocity are
reduce strongly here. We have: Az(Kmin)>0, and a pattern
of wave-phase moves slowly with fast rotation, and then
goes to stop state, Caz, Cap 0. Therefore, the most likely
we have LF Alfven waves' excitation (at waz.4) as the
low-number modes (mx = 1), alternatively to high fre-
quency Alfven wave (wa1) is excited at high my. The other
way, at high wa-frequency and for high k, those wave
modes move along the streamer with the same velocity of
Caz ~ Ca, away from Jupiter and with slow rotation.

5. The MHD wave modes of high frequencies

The HF Alfven waves may consider for mi > 1 modes
at frequency  ~ wa12>> Calay, and they wave pattern can
move at velocity of ca or some slower. Thus, the finest
Alfven fluctuation of w,; = 103s corresponds to the S-
burst time-width, while the burst length on frequency and
time corresponds to the low Alfven modes, waz3, which
overlap each other.

The finest HF-Alfven-wave modes may originate to
burn as an ionization fluctuation pulse at low magneto-
sphere altitudes. This pulse lasts about ze joniz < 107 s,
when low-frequency strong Alfven wave energy reached
to Jupiter ionosphere and interacted with gas (e.g., see:
Smirnov, 1995; Akhiezer, 1974; Boev et al., 2001, Boev,
2005). The HF Alfven waves at a1,z with k; >> my/ay do
not interact with gas matter and here c,, = c4. Only in
low z;-altitudes of magnetosphere this condition may be
changed (see Fig. 3). The other way, at frequencies of
wa~> wpi, MHD waves (Alfven and FMS) are dumping at
the ion cyclotron resonance, and Alfven waves here are
transformed to kinetic modes (see Akhiezer et al., 1974;
Su et al., 2006). But in Jupiter’s lower magnetosphere,
where we observe the S-burst sources, we have wa12<ai,
and only at high z; > 2R; altitudes this @y resonance is
reached.
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Figure 5: The sketch of the streamer for z; is fixed, when
the maximum of electron density zone is adjusted by su-
perposition of two Alfven wave modes, mi = (1;10), and it
is rotated in O-direction with cae velocity, corresponding
to the mode of large number (my = 10). This gives us the
CMI radiation ray rotate direction, and get to the observer.

Thus, if we represent the pattern when a phase of
Alfven wave is fixed, and correspond to the density n.=
max, this give us the wave-profile moves with ca,-velocity
in z-direction, and rotate with velocity of cpp in 6-
direction, alternatively to the Alfven wave energy trans-
ports with ca-velocity along the magnetic field lines. So,
for two or more wave discrete modes may excite at the
same moment (see Fig. 5). In this case, the highest wai-
frequency mode is responsible to S-burst ‘width’ on its
time-duration. And, when this wave mode is superposed
with the other my-modes, we have the all duration of S-
burst by time and frequency that correspond to the slow
and low-frequency MHD modes.

Here is represented in Fig. 5 the sketch of wave phase
profile for m=(1;10) Alfven modes when z; is fixed in the
streamer, that is correspond to the maximum electron den-
sity zone which is adjusted by superposition of the wave
phases, and it is rotated in 8- direction with cae velocity of
high frequency mode of larger number (my=10). In this
toy model we have two Alfven modes that are exited in
the streamer: the altitude z; ~0.1 R;, streamer width
~300km, the wave frequencies are ma1 (m;=10 mode) and
wa2 (M=1 mode); wave numbers are k; =~ 107*m*
(1, ~60 km), k, =~ 107°m™ (1,, =~ 600km); the veloci-
ties are ¢4y, = 0.1c, ¢4y, = 0.05¢; and the rotate oscilla-
tion times are 74, = 6 Ms, T4, & 60 ms. We see here as
the electron density bunches are rotate and move in lim-
ited zones that correspond to low-number Alfven modes.
But the bunch width and they drift-speed are obtained by
wa1-mode, and this way the S-bursts may radiate.

6. DAM S-burst radiation in MHD-activated mag-
netosphere with streamers

An unstable electron velocity distribution relatively to
the cyclotron-maser instability has a form of loss-cone

distribution (see: Wu, 1985; Melrose, 1986). The Maser
cyclotron resonance will be got for the extraordinary
(XEM) wave mode in velocity-resonance, when the veloc-
ities of the wave and the electron particle (v, vy) coincide,
and it has a form:

-1/2

Here T'(v) = (1 —:—j) ! , V=42 +vZ m= -1, and
the XEM-wave disperse curve wx(k) may be use a form by
Ginzburg (1970) or the other approximation, that depends
on the k-wave number and the electron cyclotron and a
plasma frequencies, wpe and wpe: UW,e = VWyZ = wy 2,
wz? - (kc)* =1 —v(1 —u)~L. The Maser cyclotron in-
stability gives us the XEM-wave generation with an in-
crement, which depends on the gradient on particle veloci-
ties distribution in velocities space, and #-distribution of
electrons and waves parameters to the magnetic field line.

CMiI-resonance condition for XEM wave and electron
velocities may be illustrated in the resonance cycles on
(vx, Vz) plates when 6 and k; = k cosé@ are fixed. Here cy-
clotron Maser instability arise when df/dv > 0 on the
resonance cycle integrated. This condition realized when
kc/ wpe < 1 and 6 = 0.4 for XEM waves, and then
XEM-ray may refract within the source and 6 > n/2. By
analyze, the radiation diagram for XEM-waves may esti-
mate as dw,./d6 <O0.

If we consider the fluctuation of the electron density
under the influence of Alfvén waves of HF and LF modes,
which have an anisotropic velocity distribution, then we
will see that the fluctuations of the wave electric field con-
trol this electron anisotropy. The extraordinary EM Maser
waves can be emitted inside the e-density bunches, so it
gives us the rays that directed nearly to streamer perpen-
dicular and straight into “free space”. When the source-ray
is turned toward the line of sight, we see these S-bursts.

When the phase profile of HF Alfven waves has a fast
speed along magnetic field line, this gives us the fast drift
in the S-burst frequency. In addition, the HF FMS-waves
may exist at the streamer surface, and they may focus the
burst ray. A picture of the burst pattern for A- and B-
storms may be some different because of a streamer slope
to magnetic field lines, and that way we see the multi-
burst train pattern in the B-storm and the pattern with long
single or long-separated S-bursts in the A-storm.

We will discuss now an additional condition for XEM
burst generation. If the e-beam is accelerated within the
streamer, it may be the source of plasma longitude (L)
waves of w~w,, = wp, by Cherenkov generation mech-
anism (see Boev et al., 1991). That L-ray may be to trans-
form latter to extraordinary EM wave-ray near the stream-
er surface, or to supervise the XEM-wave generation at
T, = Q, streamer areas on CMI.

The Cherenkov condition is: ey —Kk,v, =0,

w, (k) = (whs + k)™ + w)™V2 — vp k.

The L-waves have anomaly dispersion, so they phase ve-
locity be directed inside the streamer when the wave ener-
gy velocity directed away. The transformation L>XEM
mechanism may be connected with streamer surface pro-
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cesses, and may be supported by FMS-wave the collision
wave effect, or the linear transformation. The other way,
the linear transformation may be got with induction of
CMI process of S-burst generation in the streamer plasma
surface with anisotropy e-distribution. And this leads to
form of the bright S-burst pattern.

7. Conclusion

The LF-Alfven waves (0va<0.003 s™) arise due to the lo
rotation and they lead to the streamer formation in
Aip =60° and 180° zones of Jupiter’s lower magneto-
sphere with streamer width of a, ~ 20-500 km. This
come to the DAM bursts generation within the streamer at
the current sheets and electron density bunches on wave
lengths of 1, ~ 10 to 5000 km.

The HF-Alfven waves (oa > 1 s up to w, = 5000 s1)
cause the fast-drifting electron bunches that give us the
observed S-bursts. These fast S-pulses can occur when
there is a burst of ionization arise due to a high-energy
low-frequency (oa < 1 s) Alfvén wave interacts with and
reflects off Jupiter's ionosphere.

The DAM radiation may generated by Cyclotron Maser
instability from bunches with cone-type electrons kinetic
distribution, producing under the Alfven plasma oscilla-
tions within the streamers. In alternatively, the Cherenkov
instability inside the streamer from the sub-relativistic
electron beam (speed of ~0.1 ¢) may generate plasma
waves near wpe-frequency that will be transformed to
XEM waves at a streamer surface, or they can be caused
by the maser generation of XEM waves within the MHD-
electron-bunches near the streamer surface.

Finally, we concludes that our model of Jupiter magne-
tosphere with streamers and Alfven waves may explain
the observed S-bursts trains due to the Alfven-wave dis-
turbance of me modes. And this model is some better then
model of Hess-Zarka (2007) to explain the observed S-
burst drifts and there sub-periodicity trains.
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ABSTRACT. Using the URAN VLBI network, we
studied an angular structure of the 3C268.4 quasar at the
decameter wavelengths. It is shown, that the brightness
distribution of the source in the decameter range differs
significantly from the decimeter image of the quasar. At
low frequencies, the source model consists of two extend-
ed components and a compact feature, whose sizes and
positions coincide with the parameters of lobes and one of
the hot spots of 3C268.4 observed in the decimeter range.
The radio emission of the second hot spot at decameter
wavelengths is quite weak and does not significantly af-
fect interferometer response. The probable spectra of the
quasar components and their changes in the range from
decameter to decimeter wavelengths are determined in the
study as well. It is noted that, in contrast to the high-
frequency image, where compact hot spots predominate in
the 3C268.4 radiation, at decameter wavelengths about
65% of the source flux density is provided by more ex-
tended lobes. We have also shown that the change in the
slope of the full spectrum of the quasar at 230 MHz is
caused by synchrotron losses in its lobes.

Keywords: decameter range, brightness distribution, dec-
ameter model.

AHOTALIA. 3a monomoroto PHIIb mepexi YPAH,
OyJo IOCHTiKEHO KYyTOBY CTPYKTYpy KBazapa 3C268.4 Ha
JIeKaMeTPOBUX JOBXKMHaxX XBWiIb. [loka3zaHo, 0 pO3MOAiN
SICKPaBOCTI JKepena B JIEKaMeTPOBOMY Jlialla30Hi CyTTEBO
BiJIPI3HSETHCS BiJl AEIUMETPOBOTO 300pakKeHHS KBa3apa.
Ha HU3BKHX YacTOTax MOJENb JUKEpena CKIIAJAEThCS 3
JIBOX TPOTSHKHUX KOMIIOHEHTIB 1 OJHOTO KOMIIaKTHOTO
€JIEMEHTa, PO3MIpH 1 MOJOXKEHHS SKHX 30iratoThcs 3 Ta-
pameTpaMHy METOCTOK i oxHiel 3 rapsanx M 3C268.4,
IO CIOCTEPITraloThCs B JEIMMETPOBOMY Jiama3oHi. Pa-
JIIOBUIIPOMIHIOBaHHS JIPYTOi rapsdol IUIAMH Ha JeKaMeT-
POBHX JOBXXHHAX XBHJIb JOCHTH cla0Ke i He BIUIMBAE ic-
TOTHO Ha BIATYK iHTepdepomerpa. Y IOCHIIKEHHI TaKOXK
BU3HAYAIOTHCSI HMOBIPHI CIIEKTPHM KOMIIOHEHTIB KBa3apa
Ta iX 3MIHM B Jiama3oHi BiJ JEKaMETPOBHX IO ICIHAMET-
POBHX JIOBXKHH XBWIIb. Bi3Ha4a€eThCs, MO HA BiIMIHY BiJ
BHCOKOYAaCTOTHOTO 300pa)KCHHs, 1€ B BUIIPOMIHIOBaHHI

3C268.4 mepeBaKaroTh KOMITAKTHI Tapsdi IUISIMH, Ha Jie-
KaMETPOBUX XBWIIAX OJH3BKO 65% T'YCTHHU MOTOKY JDKE-
pena 3abe3meuyeThesl OUThIN MPOTSHKHUMH TEITIOCTKAMH.
Mu TakoX MOKa3aliy, 0 3MiHa HaXWIy TIOBHOTO CIIEKTPY
kBazapa Ha yactoti 230 MI'l BUKIIMKaHa CHHXPOTPOHHH-
MH BTpPAaTaMHU B HOTO MEIOCTKAX.

KirouoBi cJioBa: exkaMeTpoBHil [iama3oH; PO3MOILT
SICKPABOCTi; IEKaMeTPOBa MO/IENb

1. Introduction

Studies of extragalactic radio sources associated with ac-
tive galactic nuclei have shown that most such sources have a
structure in the decameter range noticeably different from
their images observed at shorter wavelengths. To investigate
this difference, we observe radio galaxies and quasars with
the URAN interferometers at the lowest frequencies.

The radio source 3C268.4 optically associated with a
quasar at a redshift of 1.4 has an FRII-type structure at dec-
imeter wavelengths (Reid et al., 1995). It consists of a weak
core and two radio lobes with hot spots at their ends spaced
10" apart. The southwestern hot spot provides about 68% of
the total source flux density while the northern-eastern one
does only 10%. Their angular sizes are about 1". The rest of
the radiation comes from the more extended lobes of the
source. The lowest frequency where the 3C268.4 structure
was earlier studied with MERLIN was 408 MHz (Lonsdale
& Morrison, 1983). The total source spectrum is bent near
the frequency 230 MHz (Herbig & Readhead, 1991) show-
ing a possibility of structure modifications at lower fre-
quencies. The source power and angular dimensions of its
components are suitable for its observation with the URAN
interferometers (Megn et al., 1997) in the decameter range
and the study of this quasar was never conducted before at
such low frequencies.

2. Observations and data reduction
Observations of 3C268.4 were carried out using the

URAN interferometer network at 20 and 25 MHz simulta-
neously. Signals were recorded in separate 10-minute
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scans at hour angles of +/-150 minutes relative to the cul-
mination moment. Interferometer pairs were formed by
multiplying the recorded signals of the north-south anten-
na of the UTR-2 radio telescope with the signals of each
URAN antenna.

It is known that the visibilities obtained at different
baselines carry information about the brightness distribu-
tion of the object under study. With good filling of the UV
plane, the source brightness distribution can be recon-
structed by the inverse Fourier transform of the set of their
complex values. However, we do not use this approach
with URAN due to the limited number of baselines and
insufficient filling of the UV plane. Besides that visibility
phases at decameter wavelengths are severely distorted by
the influence of the propagation medium which makes it
impossible to apply direct mapping methods. Therefore,
to reconstruct radio images of sources in the decameter
wavelength, we use the method of fitting the brightness
distribution models only by the visibility modules.

The method is described in (Megn et al., 2001) and
consists in representing the real brightness distribution at
the map of the source by a model consisting of a certain
number of elliptical components with Gaussian brightness
distribution. Then changing the parameters of this initial
model and calculating its interferometric response we use
the least squares method to minimize the differences be-
tween calculation and experimental data collected with the
URAN interferometers. The result of the fitting procedure
is @ model distribution of brightness at decameter wave-
lengths consistent with the URAN observational data.

We used the map obtained with the VLA at 1.69 GHz
(the NVAS can be browsed through http://www.vla.
nrao.edu/astro/nvas/) to determine the initial model for
fitting the low-frequency model of 3C268.4. The parame-
ters of the initial model are given in Table 1.

Table 1: The model of brightness distribution of 3C268.4
fitted to a 1.69 GHz map

" o S/S0,% | 6" | alb v, °
HSne 3.5 3.2 10 0.9 1 0
Lne 3.5 3.2 6 19| 1.2 90
Core 0 0 1 0.9 1 0
HSsw -2.1 -3.7 68 11| 1.7 | 128
Lsw -2.1 -3.6 15 21| 1.4 | 128
Notes:

HS — hot spot; L — lobe;

a, 6— coordinates of the components center;
60— size at a half power level;

a/b — ellipticity;

w — position angle of the component;

S/So — percentage of total flux.

As an example, measured with the URAN-2 and
URAN-3 interferometers the experimental dependences of
the visibility modules on hour angle are shown in Fig. 1
and Fig. 2 by symbols 3. Line 1 marks the response of the
initial high-frequency model at these baselines, and shows
what visibilities measured at decameter band would be if
the image of the radio source did not change with fre-
quency decreasing. A noticeable distinction between this

i

100 7h, min
Figure 1: Visibility module of the decameter model for the

URAN-2 interferometer: 1 — high frequency model; 2 —
fitted decameter model; 3 — experimental data
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Figure 2: Visibility module of the decameter model for the
URAN-3 interferometer at 25 MHz: 1 — high-frequency
model; 2 — fitted decameter model; 3 — experimental data

curve from experimental data means changes in the source
structure. A low-frequency model was then fitted based on
experimental data obtained with all interferometers of the
URAN network at frequencies of 20 and 25 MHz. The cal-
culated responses of the fitted model at 25 MHz for URAN-
2 and URAN-3 are shown in Fig. 1 and Fig. 2 by line 2.

The parameters of the decameter model at frequencies
of 20 and 25 MHz are given in Table 2.

Table 2. The decameter model at frequencies at 20 and 25
MHz

a" | 8" | SIS% | 6, | By | @D | w°
HSne | 3.5 3.2 9 11| 13 1 0
Lne 3.5 3.2 32 28 | 3.1 1 0
HSsw | —2.1 | -3.7 26 11 ] 12 | 1.7 | 128
Lsw | -2.1 | -3.6 33 41 | 43 | 14 | 128

3. The results

By comparing the two tables, it is easy to see what is
causing the discrepancies observed. At high frequencies,
the main contribution to the total flux density is made by
compact details — hot spots. Their fraction in the total flux
of the quasar is about 78%, while at low frequencies the
total source radiation is predominantly formed by extend-
ed details — lobes. Their contribution to the source total
flux in the decameter range is about 65%. Fig. 3 and Fig. 4
show the high-frequency and decameter models on a loga-
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Figure 3: Model fitted to 1.69 GHz map
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Figure 4: Decameter model overlaid on a 408 MHz map

rithmic scale of brightness. The latter model is shown
against the background of a 408 MHz map with an angu-
lar resolution of 0.9" (Lonsdale & Morrison, 1983).

Fig. 5 shows the total spectrum of the quasar — 1 and
probable spectra of its components: 2 and 4 — spectra of
the southwestern and northeastern hot spots, 3 and 5 —
southwestern and northeastern lobes. The spectral index of
each spectrum is shown in the same color above it.

Linear approximation of the total spectrum was per-
formed by the least squares method separately for the sec-
tions from 20 to 230 MHz and above 230 MHz according
to the data of (Kellermann & Paulini-Toth, 1969; Viner &
Erickson, 1975; Laing & Peacock, 1980; Roger et al.,
1986). Spectra of hot spots — according to our data, ob-
tained at frequencies of 20 and 25 MHz and data at 1.69
and 4.8 GHz.

As can be seen from the figure, a bend is observed in
the total spectrum at a frequency of about 230 MHz. This
bend is related to the behavior of the lobe spectra, typical
for synchrotron losses. The lobe spectra in this figure were
obtained by subtracting the hot spot spectra from the total
spectrum, taking into account the ratio of lobe fluxes at
20, 25 MHz, and 1.69 GHz.

Knowing the magnetic field strength in the lobe (Liu et
al., 1992) and the inflection point of the spectrum, using
formula (1) from (Liu et al., 1992), we can calculate the
synchrotron age of the quasar, i.e. the time that has passed

Figure 5: The total spectrum of 3C268.4 and the probable
spectra of its components: 1 — total spectra; 2 — south-
western hot spot; 3 — southwestern lobe; 4 — northeastern
hot spot; 5 — northeastern lobe

since the last acceleration of electrons. According to our
data, the age of the quasar is about 8.4 million years.

It should be noted here, that the ratio of the fluxes of
the source components, calculated by us at a frequency of
408 MHz, agrees well with the data of (Lonsdale & Mor-
rison, 1983).

4. Conclusion

For the first time, an investigation of the angular struc-
ture of the quasar 3C268.4 was carried out in the decame-
ter range. The most optimal model of the angular bright-
ness distribution at frequencies of 20 and 25 MHz was
obtained. It was found that:

1. The sizes of the source components increased com-
pared to high-frequency ones due to interstellar scattering
(in hot spots) and synchrotron losses (in lobes).

2. The main contribution to the total source flux at low
frequencies is made by the lobes — 65% and the southern
hot spot — 26%, which significantly differs from the high
frequencies where nearly 78% of the total flux is provided
by hot spots. The radio emission of the northern hot spot
at decameter wavelengths is quite weak and does not sig-
nificantly affect interferometer response.

3. It has been established that the bending of spectra at
a frequency of about 230 MHz is caused by synchrotron
losses. The approximate age of the source was found to be
about 8.4 million years.
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ABSTRACT. The paper deals with the application of
biophysics in astrobiology and space medicine. The
interaction between cells, bacteria, and hard radiation in
near-Earth space is calculated. We studied role of photons
on the destruction of elementary biological structures.
Depending of the spectra and intensity of X-rays and soft
y-radiation we declared, that calculations of photon energy
deposition has been practical interest from the point of
view of space flight safety and the survival of various
forms in space. It was found how radiation energy transfer
processes in cells and bacteria, changes their spectrum.
This is leads to changing the cross sections of interaction
between quanta and biological structures, i.e., membranes
and organelles of cells and bacteria. We considered only
structure of this interaction, percentage contribution in
total extinction of the photon component of solar radiation
in the standard biological structure named “Soft Tissue”.
The main standards of biological tissues and anatomical
structures were used for calculations and their
interpretation. Different biological objects are stored in
specialized standards. In particular, in the National
Institute of Standards and Technology (NIST). Radiation
field in determine survivability of some types of
microorganisms from ionizing radiation is significantly
increased by drying and freezing. Drying and freezing
significantly  increases the radiation survival of
microorganisms when used separately, and the
combination of excision and freezing significantly
increases radiation survival. Within the framework of
Astrobiology, the study of the conditions proposed for
consideration helps to understand the possibility of
transporting multi-atomic structures (sugars, amino acids,
etc.), primary bacteria in comets and some types of
meteorites. It is noted that these cosmic bodies provide
sufficient shielding from external exposure to cosmic rays
during such transportation.

Keywords: astrobiology, energy deposition in bacteria,
radiology and space medicine, cell damage.

AHOTAIIA. Y pob6oTi po3rIIHYyTO 3acTOCYBAaHHS
pamianiitHoi Oionorii B acTpoOioyiorii Ta KOCMIYHIN
MeauiuHi. 3po0NeHO  PO3paxyHKH  B3aEMOMIl  MiX
KIITHHAMH, OAKTEpisIMU Ta MKOPCTKUM BHIPOMIHIOBaHHIM
Y HaBKOJIO3eMHOMY 1poctopi. Hamu otpumaHo, 1110 BIUTUB
(GOTOHIB Ha pYyHHYBaHHS eJIEMEHTapHUX OlOJOTIYHMX

CTPYKTYp 3aJIC)KUTh BiJi IHTCHCHBHOCTI Ta TOBXKHAHH XBHJII
PEHITEHIBCHKOTO Ta M’SKOTO Y-BHIPOMIHIOBaHHS. 3TiJHO
pe3ysbTaTaM po3paxyHKiB BUHUKAE TMPAaKTUUHHUN iHTEpec
3 TOYKHU 30py O€3MeKH KOCMIUYHUX MOJBOTIB 1 BIKUBAHHS
PI3HMX TPUMITUBHHUX Oi0JOTiYHHX (OPM Yy KOCMOCI.
OTtpumaHo, o y MPOoLeCi MepeHocy paiamiiHol eHeprii B
KITHHKax Ta OakTepisix ii cCHeKTp 3MIHIOETHCS, IO
IOBOAWTH JO 3MIiH TIepepi3iB B3aeMomii KBaHTIB 3
OionoriyHuMHU CTpyKTypamu. Lle crocyeThes MeMOpaH Ta
OpraHen KIITHHOK Ta OakTepiil. Mu po3rismand IuIIe
CTPYKTYpY B3aEMOAil MiK (POTOHHUM KOMIIOHEHTOM
COHSTYHOTO BUTIPOMIHIOBaHHS Ta OiooTigHOIO
CTPYKTYPOIO sIKa MOJENIIOBaJIacs BHIJISII HapaMeTpy
«M’sika TKaHHHa». [ po3paxyHKIB Ta IX iHTepIpeTaris
OynM BHUKOPHCTaHI TOJIOBHI CTaHZapTH O0i0JOTiYHHUX
TKaHUH Ta aHATOMIYHUX CTPYKTyp. Pi3Hm OiomoriuHi
00'ekTi 30epiraloThCsi B CHELiaNi30BAHUX CTaHAApTaXx.
3okpema B HarioHanbHOMY IHCTHTYTI CTaHHAPTIB 1
texHonoriit CHIA (NIST). TonoBHI  myHKTH, sIKi
PO3TIIHYTO Y POOOTI MiATBEPIKYIOTH PaHIIIe OTPUMaHi
eKCIICpUMCHTANbHI BUCHOBKH. TOOTO — IO KHMBYYICTh

JEeSKUX  THIIB  MIKPOOPTaHi3MiB  BiJi  10HI3yIO4OTO
BUIIPOMiHIOBaHHS 3HAYHO i IBULLY€THCS npH
BHUCYIIYBaHHI Ta 3aMOPOKyBaHHI. OpHouacHe

BUCYIIYBaHHS Ta 3aMOPOXKyBaHHs 3HA4yHO 301IbIIyeE
panianiiHy BH)KHBaHICTh MIKPOOPTIaHi3MiB IIPH OKPEMOMY
3actocyBaHHI. B wMexax Actpobionorii BHBYCHHS
3alpONOHOBAHMX IS  PO3MJISILYy  YMOB  JIOTIOMArae
3pO3yMITH  MOXIIMBICT TPAHCIIOPTY 0araToaTOMHHX
CTPYKTYp (caxapH, aMiHOKHCIIOTH Ta IHIII), TMEPBUHHHUX
OakTepiii y KOMeTax Ta JAESKHUX THUIAX METEOPHTIB.
3a3HavyeHo, IO i KOCMIiYHi Tijila 3a0€3MeYyI0Th OCTATHE
eKpaHyBaHHS BiJ{ 30BHIIIHBOTO ONPOMIHEHHSI KOCMIYHUMH
MIPOMEHSIMH IIiJ] YaC TAKOTO TPAHCIOPTYBaHHS.

KurouoBi cioBa: actpo0ioioris, JemoHyBaHHS eHeprii B
OakTepisix, pamioNorii Ta  KOCMIYHA  MEIUIIMHA,
TIOIKO>KECHHSI KJIITHH.

Highlights:

1. Ionizing radiation survivability of some type micro-
organisms is greatly increased by desiccation and
freezing.

2. Desiccation and freezing greatly increased radiation
survival of microorganisms when applied separately,
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and when combined, desiccation and freezing
increased radiation survival even more so.

1. Introduction

As a first approximation, we consider the interaction of
cosmic rays (therefore CRs) with soft tissues, referred to
as “Soft-Tissue” in the NIST standard. The CR consists is
energetic particles and quanta. It was considered only the
radiation component. The pattern of exposure to ionizing
radiation depends on the shape of the radiation component
of solar flares. A significant fraction of soft X-ray
radiation mainly falls in the energy intervals 0.2 — 10 keV
In motion of X-ray quanta in “Soft-Tissue” we observe
photo absorption, Compton and Rayleigh scattering. In
the spectral interval between 0.2 keV and 10 keV the
energy transfer of X-rays is determined by strong photo
absorption. Here the striking power of the radiation is
maximal. In the interval 10 keV — 60 keV, in the given
figures one can trace also the geometrical effect. Namely,
the dependence of the calculations results of the spectrum
coming out of the absorber on the effective sizes of cells
or tissues. An increase in the percentage of scattered
radiation as the size of biological systems increases is
observed. The sizes of cells and bacteria are limited to 150
nm, This results are presented in Fig. 1.

2. X-ray energy transport in Astrobiology

By the mid 0f1970-s, a number of papers by (Hoyle &
Wickramasinghe, 1983; Wallis et al., 1992; Dayal et al.,
2019; Stancheva et al., 2002) with therein reference had
raised the question of surface reactions for the synthesis of
complex molecules on ultracold particles within gas-dust
conglomerates. Typical reaction times of macromolecule
synthesis T,.q. are much shorter than the lifetime of gas-
dust nebulae 7;,,4. In 1970s, radio astronomy began the
pursuit of recording complex molecules down to sugars,
amino acids, etc. At the same time, even small doses of
hard radiations cause the appearance of surface charge of
dust particles, which further reduces the values of the
Treac On the other hand, the survival of macromolecules
strongly depends on the spectrum of cosmic rays crossing
these conglomerates. The question about the cross
sections of cosmic ray interactions with macromolecules
is reduced to their interactions with the atoms composing
the molecule. The high-energy part of the CR distribution
mainly penetrates into gas-dust nebulae. And the
interaction of these particles gives very small cross
sections in the interaction with atomic electron shells of
the considered molecules and do not significantly affect
the formation of macromolecules. Moreover, when
solving such a class of problems and the energy ratio, we
can consider these molecules with their constituent
electrons as quiescent. To solve the above problem, it is
necessary to calculate the total energy losses for dust
particles and molecular atoms separately.

3. Direct and Non-Direct, Internal

3.1. Direct interaction

Numerical calculations of macromolecule survival in the
field of hard radiation are gained prominence and relevance
after the publication of the articles (Kyriakou et al., 2022),
and (Imserti et al., 2018). In this source the open code
version is now in widespread use Giant4-DNA 11.2. The
simplified version of these codes is G. Weber X-Ray
calculator (see link). The wvarious model studies of
protozoan bacteria in media with standard dimension 150
nm presented in Fig. 1. A main component of deposit
energy’s is Eg., for photon field includes only photo
absorption. From Fig. 1 we may get the upper limit of the
energy absorbed by the proto-bacterium has Eg,, =
0.12 eV. The presented in Fig. 1. results define only direct
interaction of quanta with bacterial and cellular structures.
It is important to note that Eg,, energy is sufficient to
excite the fluorescence of a certain type of bacteria exposed
directly to the X-ray radiation presented in Fig. 1.

3.2. Non-Direct interaction

If bacteria live in water or liquid biological substrate to
the direct effects of X-ray and y-ray radiation is added the
mechanism of radiolysis in these liquids. The general
scheme of the hard-radiation interaction processes was
consistent with the solutions adopted in open code Giant4-
DNA 11.2. Taking into account characteristic times, we
divide the chain of processes into stages: ionization >
radiolysis + free radicals - reactions between free radicals
and bacterial membranes and organelles. The given scheme
was necessary for comparative characterization of
prediction of bacteria existence in biological environment
and without it. This algorithm begin from estimation of
energy deposition in “Soft-Tissue”.

3.3. Internal interaction

Internal interaction refers to the process of penetration of
radioactive isotopes from the environment surrounding a
bacterium or cell. These may be the free radicals described
in the previous section but containing a radioactive isotope.
These events are depends from the nuclear transformations
inducing their appearance. This issue has not attracted the
attention of researchers because of its low probability
relative to other events. There is a non-zero probability that
a radioactive isotope is present in a transport molecule that
participates in metabolic processes.

3.4. Radiology and space medicine

The new opportunities now study the effects of
radioactive isotopes penetrating across cell membranes
and decaying inside cells and bacteria. The advent of PET
CT led to the use of the decaying isotope'SF, which is
part of the transport radiopharmaceuticals molecule
(hereinafter RFP)-Fluorodeoxyglucose (hereinafter FDQG),
a biological analog of glucose. Its full name is 2-fluoro-2-
deoxy-D-glucose. When 8F atom is introduced into the
preparation, the names are supplemented with its mention,
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Figure 1: Attenuation in 150 nm bacteria wth size 150 mm
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e.g. 8F -FDG. For the model experiment the medium
conventionally called "living environment" (hereinafter
referred to as LE) is chosen. The LE experiences the direct
effect of positrons and gamma-quanta formed by decay in the
RFP. The calculations of the various model studies of proto-
zoan bacteria in media filled with radiopharmaceuticals
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Figure 4: Ibid for Soft-Tissue size 300 mm

(hereinafter RFP)-Fluorodeoxyglucose (hereinafter FDG). In
this case a biological analog of glucose, were carried out. Its
full name is 2-fluoro-2-deoxy-D-glucose. When §F atom is
introduced into the preparation, the names are supplemented
with its mention, e.g. *SF-FDG. For the model experiment
the medium conventionally called "living environment"
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(hereinafter referred to as LE) is chosen. The LE experiences
the direct effect of positrons and gamma-quanta formed by
decay in the RFP. Bacteria or cell are placed inside the LE.
Having the results of measurements of hard radiation
fluxes on the PET CT, we set the field of gamma rays and
diffusely moving particles — decay products in the form of
positrons and recoil nuclei. As a result, we have two
reactions channels: *8F — 180 + e* and et +e~ > 2y.

The second case is applied to space conditions. Here
the field of hard radiations interacts directly with the
microorganism. The participation of RFP — Glucose
Fluorine in the processes of metabolism and synthesis was
considered in the form of different variants of their
placement in space. The effects of the decay products of
the isotope '8F in RFP on protozoan organisms and cells
are considered in the following cases:

— Free radicals during radiolysis arise in the bio-
solution around the bacterium and enter the intracellular
space (Kyriakou et al., 2022), and (Imserti et al., 2018).

— Decaying within the bacterium.

— Direct interaction of the cell membrane, organelle
and macromolecule with radioactive decay products.

The role of the RFP decay product 80 inside the
bacterium or cell as a result of ionization and direct
destruction of components of the internal structure of the
bacterium or cell is important because he mean free path is
drastically shorter. In consequences of this presence of 50
as a decay product of §F — 180 + e* and involved in the
damage of complex organic molecules were specificities.

4, Discussion

The calculation of the survival rate of already formed
complex molecules and possible simplest life forms is the basis
of the present work The free path lengths of positrons L,+and
180 atoms as L130 are noticeably longer than the specified size

of a bacterium or cell. Therefore, the localization of the decay
point of the radioactive isotope in or outside the cell or
bacterium is irrelevant. In this case it is necessary to solve the
problem for the case of direct interactions taking into account
chemical reactions of radiolysis.

In present time development of space technology
requires new approaches to the study of biological aspects
of prolonged stay of equipment and people in aggressive
environment. In order to model the properties of
biological systems, the program Geant4-DNA was
extended and applied to solve new biomedical problems in
the program Giant4-DNA 11.2 In some cases, Weber
codes have been used for the sake of simplicity. The
proposed codes are integrated into the NIST international
databases, on proteins and their interaction cross-section
with ionizing radiation.

The preliminary results allow us to construct inferred
spectra of radiation passing through biological tissues. In
present work, nanometer-sized volatiles and bacteria in
the X-ray radiation field form specific induced emission in
the form of classical fluorescence. The considered
macroscopic biological structures almost completely
transform the directed X-ray radiation into scattered
Compton radiation. On the other hand, the obtained
laboratory and model data are readily transferable to

Astrobiology tasks (Lifshits et al., 2005), and (Horne et
al., 2022). In particular, using Fig. 1, we can conclude that
in dense gas-dust clouds cosmic rays do not destroy
complex molecules and damage the simplest bacteria.

5. Conclusion

The calculations of X-ray and soft gamma radiation
transfer through soft tissues, cells and bacteria in space
and radiology have been carried out. Consideration has
been given to all detailed processes of energy absorption
and scattering between quanta in biological tissues are
taken into account. The yield spectra of X-ray and y-ray
emission from Soft-Tissue tissues at different geometric
sizes were determined. Percentage contribution of each
mechanism to the formation of the spectral response of
tissues is highlighted. Based on these data, conclusions are
made regarding the role of photo absorption and
incoherent Compton scattering in the formation of
absorbed dose. The calculations showed that at soft tissue
sizes larger than 10 mm these two processes compete. The
absorbed dose at quantum energies up to 10 keV is formed
exclusively due to photo absorption by atoms of biological
medium. If the size of soft tissues exceeds 100 mm, we
get an exclusive contribution of Compton scattering of X-
ray and gamma-quanta on free and weakly bound
electrons of atoms and molecules. In other words, initially
directed ionizing radiation becomes completely scattered.
Moreover, as it moves through soft tissues, the long-wave
part of the X-ray spectrum is significantly amplified,
reaching 10 keV and being completely absorbed by the
substance.
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DIAGNOSTICS OF SOLAR PROTON EVENTS AND CORONAL
SHOCK WAVES BY THE PARAMETERS OF SOLAR RADIO
BURSTS OF TYPE Il AND IV

E.A.lsaeva

Institute of Radio Astronomy of the NAS of Ukraine, isaevaode@gmail.com

ABSTRACT. This paper presents the results of a study
of the relationship between solar cosmic rays (SCR) and
coronal shock waves (CSW) with the parameters of solar
microwave continuum radio bursts of type IV (u—bursts),
as well as with the parameters of type Il radio bursts. A
total of 349 solar proton events (SPE) were analyzed for
the period from 03-02-1986 to 12-02-2018. For the anal-
ysis, we used original records of solar radio emission at 8
fixed frequencies in the range of 245-15400 MHz based
on data from the Radio Solar Telescope Network (RSTN),
original records of dynamic spectra from the SRS (Solar
Radio Spectrograph) in the range of 25-180 MHz, tabular
data for the velocity of coronal shock waves, as well as
original records of the SCR proton flux intensity with pro-
ton energies E; in the range of >1-100 MeV based on data
from the GOES series devices.

It has been previously shown that for most proton events
there is a strong relationship between the SCR proton flux
and the parameters of type IV continuum microwave
bursts, which indicates a dominant role of the SCR accel-
eration process in the flare region. However, as a result of
recent detailed studies of the fine structure of type Il radio
bursts, a strong relationship was found between the inten-
sity of the mid-relativistic SCR proton flux and certain
parameters of type Il radio bursts in the 25-180 MHz
range. The presence of a strong relationship between the
SCR proton flux and the parameters of type Il radio bursts
indicates an important role of SCR proton acceleration at
the fronts of coronal shock waves. A fairly strong rela-
tionship was also found between the velocity of coronal
shock waves and the parameters of type IV microwave
bursts, which definitely indicates that coronal shock
waves are associated with solar flares.

Keywords: proton events, proton flux intensity, type Il
radio bursts, coronal shock waves.

AHOTANIA. VY wiit poboTi npeacTaBieHi pe3yIbTaTH
JIOCHI/DKEHHST 3B'SI3KYy COHSYHHX KOCMIYHHMX ITPOMEHIB
(CKII) Ta koponansuux yaapuux xsuib (KYX) 3 mapame-
TpaMH MIKPOXBHJIbOBHX KOHTHHYaJbHUX Pa/iOCILIECKIB
IV Ty, a Takox 3 mapamerpamu pamiocruieckis |l tumy.
3aranom Oyno mpoaHamizoBaHo 349 COHSYHUX MPOTOHHUX
noxii (CIIIT) 3a nepiox i3 03—02—-1986 mo 12-02-2018
poku. Jlns aHami3zy BHKOPHCTOBYBAJIWCS OPHTiHAJIBHI 3a-
nucu pamiopunpominioBanHs CoHil Ha 8 (hikcoBaHUX
4acToTax B jianazoni 245-15400 MI'i; 3a nanumu RSTN
(Radio Solar Telescope Network), opurinanbhi 3amiucu
nuHaMivHEX criekTpie 3 SRS (Solar Radio Spectrograph) B

miamazoni 25-180 MI'm, TabnuyHi AaHi KOPOHAJIBHHX
yJapHUX XBWJIb, @ TAKOXX OPUTiHAJbHI 3allUCH IHTCHCHB-
HocTi moToky mpoToHiB CKII 3 eHepriero HpOTOHIB y
niamaszoni >1-100 MeB 3a nanumu anapatis cepii GOES.

Panime Bxe Oymo moka3aHo, MO A OUIBIIOCTI TIPO-
TOHHHMX MOl iCHy€ CHJIBHHUH 3B'I30K MOTOKY NPOTOHIB
CKII 3 mapamerpamu MIiKpPOXBHJILOBUX KOHTHHYaIbHHX
crieckiB |V tumy, mo Bka3ye Ha TOMIHYIOUY POJIb IIPOIe-
cy mpuckoperHss CKII y cmanxaxoBoi obmacti. OmgHak B
pe3ynbTaTi OCTaHHIX JAETadbHUX JOCHIIKEHb TOHKOI
CTPYKTYpH pamiocruieckiB |l Tumy Takox Oyino BHSBIEHO
CHJIbHHH 3B'SI30K MK IHTCHCHUBHICTIO MOTOKY CEPEIHBO-
penstuBicTcbkux npotoHiB CKII i neBHEMEU napamerpamu
pamiocmieckiB |l tumy B miamaszoni 25-180 MI'u. Ha-
SIBHICTB CHJIBHOTO 3B'A3Ky moToky npotoniB CKII 3 napa-
MeTpaMu pagiociuieckiB || Tuny Bka3ye Ha BasKJIMBY poJib
npuckoperHs npoTtoHiB CKII Ha (poHTaX ymapHHUX KOpO-
HaJbHUX XBHJIb. Takok OyJi0 BHSBIEHO AOCHTH CHIIBHHH
3B'A30K MIX MIBHAKICTIO KOPOHAIBHUX YAAPHUX XBHIb i
mapaMeTpaMu MIKpOXBHIBOBUX cImieckiB |V tumy, mo
0e3yMOBHO BKa3ye Ha Te, II0 KOPOHAIBHI yIapHI XBWII
TIOB's13aH1 3 COHSYHMMH ClIajlaXxaMu.

Kiarwo4oBi cioBa: mpoTOHHI MOMil, iIHTCHCHUBHICTh ITOTOKY
MIPOTOHIB, paaiociuiecku 11 THIy, KOpOHAITBHI yIapHi XBHITI.

1. Introduction

In this paper, we present the results of a comparative
analysis of the relationship between SCRs and coronal
shock waves (CSWs) with the parameters of type IV con-
tinuum radio bursts in the 245-15400 MHz range and with
the parameters of type Il radio bursts in the 25-180 MHz
range. Previously, some issues regarding the relationship
between the SCR proton flux and the parameters of type 1l
radio bursts were considered in (Tsap & lIsaeva, 2011,
2012; 2013). As a result of studying the relationship be-
tween the frequency drift velocity of meter-decameter
type Il bursts and the SCR proton flux intensity I, of dif-
ferent energies, two families of proton events were dis-
covered, which, according to Tsap (Isaeva & Tsap, 2011),
suggests the generation of shock waves both in the region
of flare energy release and by a moving coronal mass
ejection (CME). The works (Isaeva & Tsap, 2011; 2012;
2013) present the results of the study of the efficiency of
SCR acceleration by coronal and interplanetary shock
waves, and also provide arguments in favor of the model
of a two-stage process of proton acceleration (Wild et. al.,
1963; Tsap & lIsaeva, 2012). A comparative analysis
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showed that the acceleration of protons by coronal shock
waves is more efficient than by interplanetary shock
waves, and that the main acceleration of protons occurs in
the flare region and additionally at the fronts of shock
waves (Tsap & Isaeva, 2012).

2. The relationship between the intensity of the pro-
ton flux of the SCR I, and the parameters of type IV
microwave bursts

Previously, the relationship between the ntensity of the
proton flux of solar cosmic rays I, and various parameters
of solar microwave bursts
of type IV (u-bursts) was studied based on a large sample
of proton events. The studied sample contained 143 proton
events accompanied by solar continuous bursts of type IV
for the period from 06—-02-1986 to 14-10-2014.

Proton events were selected according to generally
accepted criteria of protonity. It is known that for
events with a U- or W-shaped type
of frequency radio spectrum of solar radio bursts with
maxima in the meter and centimeter wavelength ranges
and with a minimum in the decimeter range, the best
correlation between the parameters of u-bursts and the
intensity of the flux of subrelativistic electrons and
protons of solar cosmic rays is observed.

Previously, in the works (lsaeva, 2018; 2020), the
relationship between the integral flux /Fidt of type IV
radio bursts at a given frequency f and the flux of SCR
protons I, with an energy of > 30 MeV was already
investigated. It was shown that the maximum relationship
between I, and /Fidt is observed for microwave bursts (u-
bursts) and for subrelativistic protons.

In this work, the relationship between the proton flux
intensity 1, and three microwave burst parameters,
namely the maximum value Fr, , the rise time trise and
the duration of type IV w-bursts t at a frequency of
8800 MHz, was investigated simultaneously. Figures 1
a) and b) show the scattering diagrams between the
proton flux and the u-burst parameters Fn, and t, and
Figure 1c) shows the scattering diagram between the
calculated ¢ (1) and the observed values of the SCR
proton flux I,. A comparative analysis showed

logyo Iy = 1.209 - logyo F, +0.725 -
logyt, +1.110 - logg tyi5e — 4.087 1)
that the correlation coefficient r between the observed
I, and calculated values of the proton flux lpc (1) is
slightly higher (r = 0.83) than with the integral flux of
u-bursts /F,dt at a frequency of 8800 MHz (lsaeva,
2018, 2020), where the correlation coefficient r be-
tween I, and /Frdt ~ 0.80.

The presence of a strong connection between the SCR
proton flux and the parameters of microwave radio
bursts definitely indicates the acceleration of SCR pro-
tons in the flare region. However, there are many indica-
tions that shock waves also play an important role in the
acceleration of solar cosmic rays (Gopalswamy et al.,
2002; Cliver et al., 2004). In this regard, detailed studies
of the fine structure parameters of type Il radio bursts
and their connection with SCRs were carried out.
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Figure 1: a). and b). Relationship of the proton flux of

solar cosmic rays I, with the parameters of u-bursts Fr,
and t; c). scattering diagram between the calculated I,
(1) and observed values of the intensity of the proton
flux of solar cosmic rays .

3. The relationship between the intensity of the pro-
ton flux I, of the SCR and the parameters of type |1
radio bursts

The relationship between the proton flux intensity of the
solar cosmic rays I, and various parameters of type Il ra-
dio bursts has been previously studied. As a result of
these studies, a strong relationship was found between the
proton flux intensity I, and the parameters fmin: and Vi
(Isaeva, 2019; 2020). In the present work, multiple corre-
lation and regression analysis was used to study the rela-
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tionship between the proton flux 1, simultaneously with
three parameters fmin1, Vii and 1 (2),

logolp = —4.608 - logyg frmin1 + 1.707 -

10g10 ]/1[ + 0.596 - 10g10 A +11.882 (2)
fmin2=fmin
bmin = % (3)
min,1
fo=f
Vi = tzi_t; (4)
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Figure 2: a). The relationship between the proton flux
intensity I, and the frequency fmin,1; b). The relationship
between the proton flux intensity I, and the parameter of
type Il radio bursts Vy; ¢). Scattering diagram between
the observed I, and calculated values of the proton flux
intensity I, (2) with proton energy E, > 30 MeV.

where fmin1 is the frequency at the first harmonic at the
time tmin of the minimum relative distance bmin (3) (Isaeva,
2019; 2020) between the harmonics of type Il bursts, and
Vi (4) (Isaeva, 2018; 2020) is a parameter that to some
extent characterizes the shift of the shock front over time
ti, where f; and f, are the frequency of the type Il burst at
the 1-st and 2-nd harmonics, and 4 is the heliolongitude
attenuation coefficient of the solar cosmic ray proton flux
I, (Ochelkov, 1986).

Figures 2 a) and b) show the relationship of the SCR
proton flux intensity I, with the parameters fuin1 and Vy,
respectively. Figure 2a) shows that the relationship of I,
with fmin1 and Vy, is slightly worse than for the full sample
in (Isaeva, 2020). This is due to the fact that in this case
only those events were selected for which the parameters
fmin and Vy could be determined simultaneously with suf-
ficient accuracy. Therefore, the results differ somewhat
from the results presented in (Isaeva, 2020). But despite
this, the relationship of I, with three parameters fyin1, Vi
and A is much higher (see Figure 2c) than with each pa-
rameter separately. Figure 2c) shows the scattering dia-
gram between the calculated I, (2) and the observed val-
ues of the proton flux 1,.

As can be seen in Figure 2¢), the correlation coefficient
r has significantly increased from 0.73-0.76 to 0.82. The
increase in the connection of I, with two parameters fuin,1
and Vy, also indicates that the parameters fmin1 and V) are
closely related to each other.

4. The relationship between the intensity of the proton
flux of SCR Ip and the integral flux of u-bursts f/F,.dt and
with the parameter of type Il radio bursts Vi

The discovered high correlation of the intensity of the
proton flux of SCR I, with the parameters of u-bursts, as
well as with the parameters of type
Il radio bursts, does not allow us to unambiguously an-
swer the question of where and how the acceleration of
SCR protons occurs.

In this connection, the connection between the intensity
of the SCR proton flux I, and three parameters (5) was
investigated simultaneously, namely, with the integral flux
of u-bursts JF,dt at a frequency f=8800 MHz, with the
parameter Vi (4), which to some extent characterizes the
displacement of the shock wave front over time t;,

lgl,. = 0.461-1g [ f, dt + 2493 1g V,, +

0.835-1g 1 +3.216 (5)
and with the coefficient of heliolongitudinal attenuation of
the SCR proton flux A (Ochelkov, 1986).

For this purpose, only those proton events were selected
that were simultaneously accompanied by type IV micro-
wave bursts at a frequency of 8800 MHz and type |1 radio
bursts in the range of 25-180 MHz. Original records of
solar radio emission were used for the analysis. The param-
eters /F,dt and Vy were not chosen by chance, since it was
previously shown that there is a strong connection between
I, and /F.dt and Vi, (Isaeva, 2018; 2020), where the correla-
tion coefficient r between 1, and the parameters /F,dt and
V)1 = 0.80. Figure 3a) shows the scattering diagram between
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the integral flux of u-bursts /F,dt at a frequency of 8800
MHz and the intensity of the SCR proton flux I, and Fig.
3b) between the parameter Vy; and I, . In Fig. 3a) it is evi-
dent that for proton events for which a strong correlation
between the proton flux I, and the parameter of type Il Vy
radio bursts is observed (Fig. 3b), the correlation between I,
and the integral flux of u-bursts /F,dt turned out to be sig-
nificantly worse (r = 0.65) compared to what was previous-
ly established based on a large sample of proton events (N
= 147) (Isaeva, 2018; 2020), where the correlation coeffi-
cient r between /F,dt and I, = 0.80.

Thus, based on the obtained results, it can be concluded
that for the overwhelming majority of proton events (and
there were 147 of them), the main acceleration of SCR
protons occurred in the flare region in current sheets, and
for other proton events that were accompanied by meter-
decameter type Il bursts, the main acceleration of SCR
protons occurred at the fronts of coronal shock waves.
And therefore, for such events, a lower correlation is ob-
served between the integral flux of microwave bursts /F,dt
and the flux of SCR protons I,, where the correlation coef-
ficient between /F.dt and I, does not exceed 0.65. But
despite the fact that the connection of I, with /F.dt for
such events is low, nevertheless, if we consider the con-
nection of I, simultaneously with three parameters /F.dt,
Vi and the coefficient of heliolongitudinal attenuation of
the proton flux of solar cosmic rays (5) (Ochelkov, 1986),
then a significant increase in the connection between I,
and the studied parameters is observed, where the correla-
tion coefficient r increases to = 0.86 (Fig. 3c).

Figure 3c) shows the scatter diagram between the calcu-
lated Iy values of the SCR proton flux intensity (5) and
the observed I, values. The significant increase in the cor-
relation of Ipc with the parameters /F,dt and V) in model
(5) indicates that the parameters /F,dt and Vy, are related,
which in turn confirms the relationship between coronal
shock waves and solar flares.

5. Relationship between coronal shock waves and
parameters of type IV microwave radio bursts

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

Further detailed studies showed that there is a certain
connection between the parameters of microwave bursts
IV and the parameters of bursts Il type in the range of 25-
180 MHz. The original records of dynamic spectra of ra-
dio emission of the Sun in the range of 25-180 MHz were
used for the analysis.
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Figure 3: a). The relationship of the proton flux of solar
cosmic rays I, with the integral flux of x-bursts. b). The
relationship of I, with the parameter of radio bursts of
type Il bursts. c). Scattering diagram between the
calculated 1p,c (5) and the observed values of the
intensity of the proton flux of solar cosmic rays Ip.

Comparative analysis showed that there is a fairly
strong relationship between the parameter a; in the regres-
sion model (6) (Isaeva & Tsap, 2017) characterizing the
decrease in the frequency drift rate of type Il radio bursts
in the range of 25-180 MHz and the rise time of trse u-
bursts at a frequency of 8800 MHz. The correlation coef-
ficient r between trise and a; is = 0.68 (see Fig. 4a). Due to
the fact that u-bursts differ significantly in duration, the
rise time of trise is expressed as a percentage of the dura-
tion of u-bursts. In this case, the burst duration for each
event was equal to 100%.
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Figure 4: a). The relationship between the parameter g;
and the rise time t, of type IV microwave bursts at
8800 MHz; b). The relationship between the frequency
fmina and the integral flux IF,ldt of type IV microwave
bursts at 8800 MHz; c). The scattering diagram be-
tween the calculated V¢snock (7) and the observed values
of shock wave velocity Vsnock

A fairly strong connection was also found between the in-
tegral flux of u-bursts [F,dt at a frequency of 8800 MHz and
the value of the frequency fimin at the 1-st harmonic at the
moment of the minimum relative distance between the har-
monics of type Il bursts (3), where the correlation coefficient
r between the studied parameters is ~ 0.67 (see Fig. 4 b)).

log10 Ve shock = 0.197 - logyo Fy, + 0.242 -

10g10 t# - 0.243 " 10g10 trise + 2.111 (7)

In the present work, the relationship between the coronal
shock wave velocity Vsnoek (tabular data) and various pa-
rameters of type IV radio bursts was also investigated. A
comparative analysis showed that there is a strong rela-
tionship between the coronal shock wave velocity Ve shock
and the parameters of microwave bursts (7) (see Fig. 4c),
where Fr, is the maximum value, t, is the duration and trise
is the rise time of the u-burst at a frequency of 8800 MHz,
where the correlation coefficient r between the calculated
Veshock (7) and the observed values of shock waves Vnock iS
=~ 0.78. In Fig. 4c), the number of events is significantly
smaller (N=55) than in Fig. 4 a) and b). This is due to the
fact that not all type 1l bursts have original records or es-
timated values for the coronal shock wave velocity Vshock.

The presence of a fairly strong connection between the
parameters of type IV continuous microwave bursts and
the parameters of type Il meter-decameter bursts, as well
as with the velocity of shock waves, definitely indicates
that coronal shock waves are associated with flares, which
is quite consistent with the results of other authors (Wag-
ner et al., 1983; Vrsnak et al., 1995).

6. Conclusion

As a result of detailed studies, it was shown that for the
overwhelming majority of proton events, the main accel-
eration of SCR protons occurs in the flare region and for
such events, a strong relationship is observed between the
proton flux and the parameters of type IV continuum mi-
crowave bursts. For the remaining part of the proton
events, which were accompanied by type IV and type Il
radio bursts in the range of 25-180 MHz, the main or ad-
ditional acceleration of SCR protons occurs at the fronts
of coronal shock waves and for such events, a strong rela-
tionship is observed between the SCR proton flux and the
parameters of type Il radio bursts. It was also shown that
for proton events, which were simultaneously accompa-
nied by type 1V and type Il radio bursts, a sufficiently
strong relationship is observed between the velocity of
coronal shock waves and the parameters of type 1V mi-
crowave bursts, which definitely indicates that coronal
shock waves are generated by solar flares.
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ABSTRACT. We have analyzed the temporal and
spatial evolution and the flare activity of the active region
(AR) NOAA 13664 and its impact on the Earth. The large
group of sunspots that formed it definitely belonged to the
Carrington class. The region appeared in the southern
hemisphere of the solar disk on 2024 May 1. The number
of sunspots was growing rapidly and its area increased
from 40 to 2400 millionths of the solar hemisphere. The
AR had a complex multipolar configuration of the
magnetic field beginning on May 7. On May 8, solar flares
of intensity X1.0, M8.7 and M9.9 took place in it, which
caused coronal mass ejections (CMEs). These CMEs
reached the Earth on May 10, causing strong and extreme
geomagnetic storms with bright and very long-lasting
auroras. The event was classified as a G5 geomagnetic
storm, making it the most intense storm since 2003. On
May 9-11, flares of intensity X2.3, X1.5, X4, and X5.8
occurred, each of which caused a CME. The radiation
from the X5.8 flare caused a deep shortwave radio
blackout over the Pacific Ocean. On May 14, an X8.7-
class flare occurred on the western limb of the Sun, the
most powerful in solar cycle 25 at that time. The CME that
formed caused a short-wave radio blackout over America.

On May 9 during observations at the Ernest
Gurtovenko solar horizontal telescope of the Main
Astronomical Observatory of the National Academy of
Sciences of Ukraine the X2.3 flare spectrograms in its
main phase were obtained.

The active region 13664 passed beyond the solar disk
and returned on May 29. It has been renumbered as
NOAA 13697. On May 31 and June 1 AR produced three
X-flares: X1.1, X1.4, and X1.0. Each of them formed
CMEs, which reduced the power of shortwave
transmissions at all frequencies below 30 MHz. Radiation
from M9.8-class flare on June 8 ionized the upper part of
the Earth's atmosphere, causing a deep shortwave radio
blackout in the western Pacific Ocean.

On June 24 AR13664 returned again. This was its 3rd
trip across the solar disk. It was renamed as NOAA 13723.
Although the sunspot region was already fragmented to a
fraction of its former size, its magnetic component
continued to produce powerful solar flares. On June 23,
M9.3-class flare occurred in AR, CME from which caused

a moderate shortwave radio blackout in Western Europe
and Africa.

In total, AR13664 produced 198 C-class, 87 M-class,
and 17 X-class flares during its three passes across the
Sun’s disk.

By studying in detail the evolution of this hyperactive
region NOAA 13664 and its impact on Earth, we are
improving our ability to predict solar activity and warn of
the extreme space weather events it causes.

Keywords: active regions, sunspots, solar flares, coronal
mass ejections, geomagnetic storms.

AHOTAILISA. Mwu mpoaHamizyBali  9acoBy Ta
TIPOCTOPOBY EBOJIOLIO Ta CHATAXOBY AKTHBHICTH aKTHBHOT
obmacti (AO) NOAA 13664 Ta 1i BrutiB Ha 3eMitro. Bemrika
Tpylna COHSYHMX IUIIM, sKa il yTBOpHIA, OE3yMOBHO
Hanmexkanma 1o kiacy Keppiarrona. OOmacte 3'sBiiiacs B
MiBACHHIN MiBKyNi coHsYHOTO aucka 1 TpaBms 2024 p.
KinpKicTh COHSYHMX IUISIM IIBUJAKO 3pocTajia, iX IUIoma
soiemmnacd Bixg 40 1o 2400 MUTBHOHHAX YaCTUH COHSIYHOL
miBkymi. [lounmHatoun 3 7 tpaBHS AO Mana CKIAIHY
MYJIBTHITONSIPHY KOH(ITypaIlifo MarHiTHOTO 0N § TpaBHS
B HIl BiIOyIMCS COHSYHI cranaxu iHTeHcuBHicTIO X1.0,
M8.7 i M9.9, sKi BUKIMKAIA KOPOHAIBHI BHUKHIH MAach
(KBM). Lli KBM nocsirmm 3emuti 10 TpaBHS, CIpUYHHABIIN
CHIJIBHI Ta eKCTpeMallbHi TEOMATHITHI Oypi 3 SCKpaBHMH Ta
Jy’Ke TPUBAIMMH TOJISIpHAMHM csiiiBamu. Llg moxist Oyna
KIacudikoBaHa sK reoMmarHiTHa Oyps G5, mo poOuth ii
HalCHITBHIIO Oypero 3 2003 poky. 9-11 TpaBHs BinOymHcs
crianaxy iHTeHcuBHICTIO X2.3, X1.5, X4 Ta X5.8, KOXEH 3
sikux BukimkaB KBM. BunpominroBaHHA Bif crianaxy X5.8
CIIPUYUHUIIO TJIMOOKE KOPOTKOXBMIILOBE DPa/li03aTEMHEHHS
Hax Tuxum okeaHoM. 14 TpaBHs Ha 3aximHOMY JTiMO1 CoHIIs
BimOyBcsi cnaimax kimacy X8.7, Ha TOH  MOMEHT
HaWMOTYXHIIMH y 25-My consuHoMy Iwkini. KBM, sike
YTBOPWJIOCS,  CIIPUYMHWIO  KOPOTKOXBHWJIBOBE  Pajlio-
3aTEMHEHHSI HaJi AMEpPHKOIO.

9 TpaBHS Mg dYac CHOCTEPESKEHb Ha COHSYHOMY
ropu3oHTaIbHOMY Tesleckori imeHi Epnecra I'yprosenka
lomoBroi ~ actpoHomiunHOi  obcepatopii HAH  Ykpainn
OTPUMAaHO CHEKTPOrpamu criayiaxy X2.3 y Horo royoBHii ¢asi.

AxTtHBHa oOylacTh 13664 Buiiula 32 MeXi COHSYHOTO
qucka 1 moBepHynacs 29 TpaBHi. Bona Oyna
nepenymepoBana sk NOAA 13697. 31 tpaBHs T1a 1
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gepBHsI AR cTBOpma tpu X-cmanaxu: X1.1, X1.4 1 X1.0.
Koxen 3 Hux yrBopuB KBM, siki 3MEHIIMIN TIOTYKHICTh
KOPOTKOXBHJIROBHX IIepefad Ha BCiX gacrorax Hmkde 30
MI'n. Pamiamis Bim cmamaxy wmacy M9.8 8 ugepBHA
iOHI3yBaJla BEpXHI0O YaCTHHY 3E€MHOi aTmocdepw,
CTIPUYHHUBIIH rimboke KOPOTKOXBHJIbOBE
panio3aTeMHEHHS B 3aXifqHii 9acTHHI THXOro okeaHy.

24 gepHst AR13664 3HOBY moBepHynacsa. Lle Oyma ii
TpeTs MOI0PO3K TI0 COHAIHOMY JHCKY. [i mepeHyMepoBau
Ha NOAA 13723. Xoua AO Bxe Oyna ¢parMeHTOBaHa 10
YaCTKH CBOTO KOJHIIHBOTO pPO3Mipy, I MarHiTHHA
KOMITOHEHT INIPO/IOBXKYBaB CTBOPIOBATU INOTYXHI COHSYHI
cnanmaxu. 23 yepBHs B AO craBes cnanmax M9.3, KBM Big
SKOTO CIPUYMHUB ToMipHe KOPOTKOXBHIIbOBE
panioBIMKHEHH: B 3aximHiit €Bpomi Ta Adpwi.

3aramom AR13664 mix 9ac cBOiX TPhOX MPOXOIIB IO
micky Conms crBopmna 198 cmamaxiB kmacy C, 87
cnanaxiB kacy M i 17 cianaxis kimacy X.

JetanbHO BUBYAIOYHM CBOJIOLIIO IIi€i TimepakTHBHOL
obmacti NOAA 13664 Tta T BmauMB Ha 3eMII0, MH
BIOCKOHAJTIOEMO  HAlly  3[aTHICTh  IIPOTHO3YBaHHS
COHSYHOI aKTHUBHOCTI Ta MOIEPEKATH PO eKCTPEeMalbHi
SBUIIA KOCMIYHOI OTO/IH, SIKi BOHA BUKIIUKAE.

KiarouoBi cioBa:
COHSYHI  cCIajaxu,
TeOMarHiTHi Oypi.

akTHUBHI o00JlacTi, COHSYHI
BUKUIUA  KOPOHAJIBHOT

IISIMU,
MacH,

1. Introduction

The Carrington Event in early September 1859, a solar
flare with an associated geomagnetic storm, is considered
one of the most extreme space weather events in observed
history and the first direct evidence of a connection
between the Sun and Earth's environment. The Carrington
flare has become a benchmark as the earliest and brightest
solar flare ever recorded. The flare's power estimate from
~X80 to ~X14 on the GOES X-ray scale, obtained by
scientists using different methods, is given in the paper
(Hayakawa et al., 2023). On September 1, british
astronomers R. Carrington and R. Hodgson independently
observed this flare (Carrington, 1859; Hodgson, 1859),
which caused a large coronal mass ejection (CME). It
reached Earth after 18 hours. On September 1-2, the
largest geomagnetic storm in history began, which caused
the failure of telegraph systems throughout Europe and
North America. The magnetometers went off the scale.
The aurora borealis has been seen all over the world, even
by people in Cuba, Jamaica and Hawaii who have never
seen anything like it before. The Carrington event became
a benchmark of space weather impact on our planet. The
Carrington event is certainly one of the most extreme
space weather events, but it is not unique. Research
indicates that Carrington-class storms occur every 40 to 60
years. The NOAA 13664 active region studied in this
paper was one of the largest and most active solar regions
observed in the current 25th solar cycle. It rivaled the
Carrington sunspot group in size. AR produced many
powerful flares that caused strong magnetic storms on the
Earth (Hayakawa et al., 2024; Romano et al., 2024). In
present paper we analyze the evolution and flare activity

of this active region and its impact on Earth. Studying the
properties of such regions can be useful for improving
methods for predicting solar activity and extreme space
weather events.

2. Observational data

The magnetograms, continuum images and EUV-
images were provided by the Solar Dynamics Observatory
(SDO) the Helioseismic and Magnetic Imager (HMI) and
the Atmospheric Imaging Assembly (AlA). The X-ray
data were obtained at Geostationary Operational
Environmental Satellite (GOES). Data on the solar flares
are taken from the site https://www.Imsal.com/solarsoft/
latest_events_archive.html and data on SMEs and their
impact on Earth from the site https://www.swpc.noaa.gov.
NOAA'’s Space Weather Prediction Center (SWPC) is a
division of the National Weather Service. The
spectrograms for X2.3-class flare were recorded on 2024
May 9 with the Ernest Gurtovenko solar horizontal
telescope at the Main Astronomical Observatory in Kyiv.
The Ha line profiles were obtained.

3. Active region NOAA 13664

We analyzed the temporal and spatial evolution and
flare activity of the active region 13664 and its impact on
Earth. The region appeared in the southern hemisphere of
the solar disk on May 1, 2024 of the current 25th cycle of
solar activity. This AR attracted attention because its
structure was rapidly changing (Fig. 1). Figure 2 shows
how the spots number and its area changed during the first
passage of the region across the Sun's disk. It can be seen
that the maximum number of spots (N=81) in AR was
observed on May 10, and the area occupied by them
reached a maximum (S=2400 millionths of the solar
hemisphere) on May 11. In a few days the active region
not only increased significantly in size (up to = 20 Mm),
but its magnetic structure also became significantly more
complex. Figure 3 shows AR magnetograms obtained by
SDO/HMI on May 3 and 7. Starting from May 7, AR had
a complex (Byd) multipolar configuration of the magnetic
field. It contained powerful and entangled magnetic fields,
which allowed it to produce a series of moderate and
strong solar flares that began on May 8. On May 8, solar
flares of intensity X1.0, M8.7, X1.02 and M?9.9 took place
in AR, which caused powerful coronal mass ejections
(CMEs) towards the Earth. When the CME reaches Earth,
it can cause powerful effects on its magnetosphere,
causing various space weather effects. Among the possible
effects are aurora borealis, magnetic storms, malfunctions
of electrical equipment, deterioration of radio wave
propagation conditions. The three CMEs that formed on
May 8 reached Earth on May 10, causing the strongest and
most extreme geomagnetic storms in nearly 20 years. The
event was classified as a G5 geomagnetic storm, making it
the most intense storm since 2003. In 2003, the most
powerful flare on record took place, estimated at about
X18+. It created long-lasting radiation storms. The
geomagnetic storm of May 10-11, 2024 was so strong (on
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Figure 4: AR13664 May 9, 2024, flare X2.3.

May 11, the Kp index reached 9) that the US National
Oceanic and Atmospheric Administration (NOAA), which
predicts solar storms and their impact on our planet, issued
for the first time in almost two decades storm warning
After receiving the warning, NASA put at least one of its
satellites, ICESat-2, into safe mode. Geomagnetic storm
caused auroras across Europe, Asia, Mexico, and all 50
US states, even in Hawaii. Many people around the world
saw the aurora borealis for the first time in their lives, for
example, such as the residents of Puerto Rico at 18.1°
north latitude. The Northern Lights were also observed in
many regions of Ukraine at this time. Usually, such a
phenomenon can be observed at a distance of 20-35° from
the Earth's magnetic poles, and Ukraine is located at a
latitude of 52°-44°, which makes the northern lights a rare
phenomenon here.

On May 9, there were flares of intensity X2.3 (Fig. 4)
and X1.1, each of which caused a CME. Spectrograms
during the main phase of the X2.3 flare were recorded on
May 9 at the Ernest Gurtovenko solar horizontal telescope
of the Main Astronomical Observatory in Kyiv by
observers S.M.Osipov and M.l.Pishkalo. The observation
interval was 09:14:44 — 09:33:28 UT. The Ha line profiles
show a strong emission during the flare main phase. Figure
5 shows examples Ha-spectra and Ha line profiles
obtained for this flare.

Heading toward the western edge of the Sun, AR
continued to produce powerful M- and X-class flares. On
May 10 an X4.0 flare occurred in this AR. May 11,
NASA's Solar Dynamics Observatory recorded a bright
X5.8 flare. The radiation from this flare caused a deep
shortwave radio blackout over the Pacific Ocean. Loss of
signal at frequencies below 30 MHz was observed within
an hour after the peak of the flare. A solar-proton storm of
intensity S1 also occurred in the region. May 12 AR
produced flare of intensity X1. There was a geomagnetic

storm that began on May 10, but it was minor (G1). On the
May 13, AR which was approaching the western limb of
the Sun, i.e. was already leaving the zone of influence on
the Earth, created a series of M-class flares that ejected
CMEs into space. May 14 AR produced flares of intensity
X1.2, X1.7, X8.7. Since the AR was beyond the edge of
the solar disk, the strongest flare of the current solar cycle,
the X8.7, was partially eclipsed and probably even
stronger than it appeared (Fig. 6). The extreme ultraviolet
radiation from the flare ionized the upper part of the
Earth's atmosphere, resulting in signal loss at all
frequencies below 30 Mhz. May 15 AR produced flare of
intensity X3.5.

Figure 7 shows how many flares of different classes
occurred in the AO during its first passage across the Sun's
disk from May 1 to 15. In total, AR3664 produced 48 C-
class, 55 M-class and 12 X-class flares in the first half of
May. AR turned out to be one of the most powerful among
all observed on the Sun in recent years.

4. Active region NOAA 13697

Active region 13664 went beyond the edge of the solar
disk and returned on May 29 and was renumbered as
NOAA 13697. AR was collapsing: the number of sunspots
(maximum N=42) and the area occupied by them
(maximum S=420 millionths of the solar hemisphere) were
decreasing. But during its exit, the AR had an unstable
magnetic field of the Byd Hale class, which contained the
energy for powerful flares (Fig. 8). On May 27, it created
a X2.9 class flare at the eastern edge of the solar disk.
After it came into view, it also produced X1.4 class flare
on May 29. From May 31 to June 1, it produced three X-
flares: X1.1, X1.4 and X1.0. Each caused a radio blackout
on the Earth day side, with almost all longitudes affected
by one or more flares. Although AR13697 was losing
power, it produced another very strong M9.8 solar flare on
June 8, ejecting a large CME into space. Radiation from
the flare ionized Earth's upper atmosphere, causing a deep
shortwave radio blackout in the western Pacific Ocean.
The flare also caused a radiation storm category S2. On
June 10, just beyond the sun's western limb, an X1.6 flare
occurred in the AR, which was partially obscured by the
Sun edge. As a result, it was not very geoeffective. In
total, AR13697 produced 127 C-class, 30 M-class, and 6
X-class flares during its second pass across the Sun's disk
from May 27 to June 10.

5. Active region NOAA 13723

Hyperactive AR13664 returned on June 24 again. This
was its rare 3" trip across the solar disk. It was renamed as
NOAA 13723. It became much smaller compared to the
previous ones, the maximum N=12 and their area S=210
millionths of the solar hemisphere were observed on June
26. Although the sunspot region was already fragmented
to a fraction of its former size, its magnetic component
continued to produce powerful solar flares (Fig. 8). On June
23, M9.3-class flare occurred in AR. It caused moderate
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Figure 6: AR13664, flare X8.7.
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Figure 7: The number of various class flares produced in
the AR13664 during its first passage across the Sun's disk.
Blue curve — number of C-class flares,

green curve — M-class and red curve — X-class
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Figure 8: AR13697 and AR13723 magnetograms obtained with the SDO/HMI instrument on May 31 and July 1, 2024,
respectively. The positive and negative polarities are indicated by white and black colours, respectively.

shortwave radio outages in Western Europe and Africa.
Starting from June 29, AO had B Hale class magnetic field
configuration. In total, AR13723 produced 23 C-class and
1 M-class flares during its third pass across the Sun's disk
from June 24 to July 6.

6. Conclusion

The AR13664/AR13697/AR13723 belonged to the
Carrington class. It was not only one of the largest sunspot
groups rivaled Carrington's sunspot of 1859, it turned out
to be one of the most powerful among all those observed
on the Sun in the current 25th solar cycle. It was the
source of the strongest flares M- and X- class, that
triggered largest CMEs and associated geomagnetic
storms which were very geoeffective and created bright
auroras at much lower latitudes than usual, both in the
northern and southern hemispheres. The geomagnetic
storm of May 10-11, 2024 was the strongest and most
extreme in nearly 20 years and classified as a G5.

By studying in detail the evolution of this hyperactive
region NOAA 13664 and its impact on Earth, we are
improving our ability to predict solar activity and warn of
the extreme space weather events it causes, such as
powerful geomagnetic storms that affect people's quality
of life.
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ABSTRACT. Turbulent motions and convection in
cosmic plasma play a key role in the processes of
magnetic fields evolution in astrophysical conditions.
Involvement of turbulent motions in the consideration,
when studying the reconstruction of magnetic fields,
ended with the creation of the theory of
magnetohydrodynamics of mean turbulent magnetic fields,
which in the literature was called macroscopic MHD. One of
the important effects of macroscopic MHD is called
turbulent diamagnetism. The physical essence of the effect
of macroscopic turbulent diamagnetism consists in the
displacement of global (mean) magnetic fields from areas
of increased intensity of turbulent pulsations to places
with less developed turbulence along the gradient of
turbulent viscosity gradient vr with an effective macroscopic
velocity Uy,=-Vvi/2 (vr= (1/3)ul, u and | are the
effective velocity and the characteristic pulsation scale of
the velocity). We considered the role of macroscopic
turbulent diamagnetism in the formation of the magnetic
field layer in the lower part of the solar convection zone
(SCZ). We calculated the radial distribution of the
turbulent viscosity vr along the depth z for the SCZ model
of Stix (2002). It was found that the radial distribution of
this parameter has the form of a convex function v1(z)
with a maximum approximately in the middle of the SCZ
(z~ 140,000 km). Noticeable positive radial gradient of the
turbulent viscosity Vvr, which is found in the lower part
of the SCZ, causes a downward intense diamagnetic
displacement of the toroidal magnetic field, the velocity of
which reaches the value U, ~4x10° cm/s near the lower base
of the SCZ (z~180,000km). Therefore, macroscopic
turbulent diamagnetism in deep layers plays the role of
negative magnetic buoyancy. Macroscopic
diamagnetism acts against magnetic buoyancy, the
velocity of which is Ug(B) = B/(4np)*? (B is the magnetic
induction, p is the density of plasma), and contributes to
the formation of a magnetic layer of a steady state toroidal
magnetic field with a strength of
Bs = (4mp)*? v1/2 = 3000-4000 G.

Keywords: magnetic fields, turbulence, magnetic buoyancy,
macroscopic MHD, macroscopic turbulent diamagnetism.

AHOTAIIA. TypOynenTHi pyxud 1 KOHBEKHis B
KOCMIYHIH IUIa3Mi BiAIrparoTh KIFOYOBY pOJIb Yy TIponecax
€BOJIIOLi MAarHiTHUX TMOJIIB B acTpO(i3MYHHMX YMOBaXx.
3ayrydeHHst J0 po3IJIsiay TypOyJIeHTHHUX PyXiB IIPH BUBYEHHI
PEKOHCTPYKIIT MarHiTHUX TIOJIB 3aBEPIIMIIOCS CTBOPEHHIM

Teopii MATHITOTINPOJMHAMIKM CepefHIX TypOyJIeHTHHX
MarHiTHHX TOJIB, sIKa B JITEPaTypi OTpUMalla Ha3By MakKpo-
ckomuHoi MI[A. Omumn i3  BaximBHX  edexTiB
MakpockonigyHoi  MI'J  Ha3uBaeTbcs  TypOyJICHTHUM
niamarHeTn3moM. Pi3nuHa cyTh €(eKTy MakpOCKOMIYHOTO
TypOyJIEHTHOrO JliaMarHeTU3My TMOJSIrae y  3MIlCHHI
robajbHUX (CepeAHiX) MarHiTHUX MOJNIB 13 oOjacteid
MIBUIIICHOI IHTEHCHUBHOCTI TypOYJIEHTHHX MyNbcallii y
MicIi 3 MEHII PO3BHHCHOI TYpOYJIEHTHICTIO B3IOBXK
TpamieHTy TypOYJICHTHOTO TpamieHTa B’SA3KOCTI VT 3
edexTuBHOIO MakpockomiuHOW mBuakictio Uy =—Vvy/2
(vr=(1/3)ul, u Ta | — edhexTHBHA MIBUIKICTH Ta XapaKTEPHUI
MacmTald Mmynbcarii). Po3misiHyTo poih MaKpOCKOIYHOTO
TYpOYJICHTHOTO JAiaMarHeTH3My y (hOpMyBaHHI MarHiTHOTO
mapy B HIDKHIH YacTHHI COHSYHOI KOHBEKTHBHOI 30HH
(CK3). Mu  pospaxyBali  pamialbHHUH  PO3MOLT
TypOyJIeHTHOI B’SI3KOCTI VT 1O TTmOMHI Z st Moxpeni SCZ
Crikca (2002). BcraHoBneHO, IO pamiadbHUA PO3MOILT
OBOTO TIapaMeTpa Mae BHTILAI Omykiol (QyHKMii vi(z) 3
MakcumymoM nipubmm3Ho o cepeuHi CK3 (z~ 140 000 km).
[oMmiTHWMIT TO3UTHBHUNA paTialbHUNA TPamieHT TypOYICHTHOT
B’sa3KOCTI VVr, SIKH 3HaXOOUTHCA B HUbkHIKM yactrHi CK3,
BUKJIMKAE HM3XIJHE IHTEHCHUBHE [iaMar”iTHE 3MIIICHHS
TOPOIAJIBHOTO MAarHiTHOTO I10JIs1, IBHIKICTh SIKOTO JIOCSTAaE
smauenns U,~4x10%cm/c 6ina mmwxmboi ocuoBu CK3
(z~180000km). ToMy MAaKpOCKOIYHHMI TYpOyJICHTHHI
JliaMarHeTH3M y TIIMOOKHX IIapax BiAITPae Poib HeeamueHoi
MmaeHimuol  naagywocmi. MaKpOCKOIIYHUN TiaMarHeTHU3M
HPOTHUJI€ MArHITHIN IJIABYYOCTI, IBUJIKICTh KO CTAHOBUTH
Us(B) =B/(4np)'? (B~ maruiTHa iHAyKIis, p — TyCTHHA
IUTa3MH), 1 CIIPHSIE YTBOPEHHIO MarHITHOTO IIapy YCTajIeHOro

TOPOINATBEHOTO MAarHiTHOTO TOJIST HAIPY>KSHICTIO
Bs= (4mp)¥2 v1/2 = 3000 — 4000 I'c.
KarouoBi cigoBa: MarHiTHI 10N, TYpOYJICHTHICT,

MarHiTHa IUIaBYYiCTh, MakpockomigHa MIJI, Makpocko-
NiYHUN TYpOyJIESHTHHI liaMarHeTH3M.

1. The necessity to find "anti-buoyancy"" effects

According to modern ideas, the global magnetic field
of the Sun contains two components. The first component
is a weak poloidal (meridional) magnetic field, the lines of
force of which cross the solar surface at high
heliolatitudes and are therefore clearly observed in the
polar regions of the Sun. The second component is a
strong toroidal (azimuthal) magnetic field hidden in the
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deep layers, fragments of which, when floating on the
solar surface in some places, cause the appearance of
sunspots. Both magnetic components change cyclically
in time in magnitude and polarity in antiphase with a
period of about 22 years, called the Hale magnetic cycle.
When explaining the magnetic cycle of the Sun, the so-
called a©2 dynamo model, which is based on the joint
action of helical turbulence (o effect) and differential
rotation (Q effect) in the solar convective zone (SCZ),
became the most popular among researchers.

For effective excitation of the toroidal field of the Sun
as a result of the effect of differential rotation on the
poloidal field (Q effect), it is necessary that the magnetic
power tubes stay in the generation area for a long time.
However, due to the magnetic buoyancy of Parker (1979),
it is difficult to ensure significant amplification and
storage of strong fields in the entire volume of the SCZ for
a long time. The rate of magnetic emergence of the B field
according to Parker is determined by the expression

Ue(B,p) ~ B/(4np)*?, )

is determined by the expression from which it can be seen
that the value of magnetic buoyancy velocity is inversely
proportional to the plasma density p, which leads to
a limitation on the amplitude of the excited toroidal field.
In view of this, the most favorable conditions for
maintaining strong magnetic fields in the solar depths
exist near the bottom of the SCZ, where the plasma
density is the highest. And therefore, this is where the
velocity of magnetic buoyancy will be the lowest.

But even near the bottom of the SCZ, it is difficult to
ensure the strengthening and maintenance of fields with a
magnitude of more than 100 G for a time comparable to
the period of the solar cycle (due to the rapid evacuation
of strong magnetic fields from the generation zone) (Parker,
1979). Therefore, the problem of compensating the magnetic
buoyancy of strong fields and maintaining them for a long
time in the dynamo area comes to the fore with special
need. Considering this, there is an urgent need to search
for mechanisms of magnetic "anti-buoyancy" ("negative
magnetic buoyancy"). As it turned out, the macroscopic
turbulent plasma diamagnetism can play the role of such a
mechanism in SCZ.

2. Macroscopic turbulent diamagnetism of solar
plasma - against magnetic buoyancy

The effect was discovered by Zeldovich (1956) for the
case of two-dimensional turbulence and later named
macroscopic turbulent diamagnetism by Radler (1968).
The physical meaning of the latter consists in the
displacement of the initially uniform magnetic field from
areas with increased intensity of turbulent motions to
places with less developed turbulence (along the turbulent
viscosity gradient Vvr) with an effective velocity Uy

Un=-Vvr/2. @)

In the work (Krivodubskij, 2024) we calculated the radial
profile of turbulent viscosity vr(z) = (1/3) ul (u and | are
the effective velocity and characteristic size of the turbulent
convective motions, respectively). It was found that the

parameter vr(z) has the form of a convex function with a
maximum vt ~ 10 cm/s approximately in the middle of
the SCZ of z = 120000 — 140000 km (Fig. 1).

Thus, the vertical inhomogeneity of the parameter vt
that we discovered indicates the diamagnetic properties of
the solar turbulent plasma. The qualitatively physical
content of the phenomenon of macroscopic diamagnetism
is as follows. Due to the radial inhomogeneity of the
turbulence, the percolation (seepage) of the turbulent
pulsations occurs from areas of high pulsation intensity in
the directions of their lower intensity. As a result of the
freezing of magnetic lines of force in the plasma,
magnetic fields will be transferred in a similar way.

Therefore, the global azimuthal field must be pushed
out of this area in the radial direction, namely: in the
upper half of the SCZ, the magnetic field will be transferred
upwards to the solar surface, while in the lower half of
the SCZ the magnetic field transfers down to the bottom
of the SCZ.

It is relevant that the noticeable positive radial gradient
of the turbulent viscosity Vvr, which is located in the lower
part of the SCZ, should cause a downward intensive
diamagnetic displacement of the toroidal magnetic field.
Indeed, according to our calculations, the wvelocity of
downward diamagnetic displacement of the horizontal field
near the bottom of the SCZ reaches U, ~ 2-10%cm/s (Fig. 2).
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Figure 1: Radial distribution of the value of the turbulent
viscosity coefficient v1(z) ~ (1/3) ul at the depth z,
calculated for the physical parameters from the SCZ
model by Stix (2002).
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Figure 2: Radial distribution along the depth z of the

velocity U, of the macroscopic diamagnetic transfer of the

global toroidal magnetic field, calculated for the physical

parameters from the SCZ model by Stix (2002).
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Therefore, in the lower part of the SCZ, the As a result of "negative magnetic buoyancy" caused by
macroscopic  turbulent diamagnetism acts against macroscopic diamagnetism, the concentration of a powerful

magnetic buoyancy, i.e., here it performs the role of
"negative magnetic buoyancy". Since the velocity of
magnetic buoyancy depends on the magnitude of the field B,
then from the condition of mutual compensation of the

processes of buoyancy with velocity Ug (see
expression (1)) and diamagnetic  downward
displacement with velocity U, (expression (2))

tUs+ [Uy=0, 3

the value of the stationary toroidal field can be found
Bs~ Uy (4np)*?, 4)

the buoyancy of which will be completely compensated
by macroscopic turbulent diamagnetism (Fig. 3).
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Figure 3: Distribution by depth z in the SCZ model by
Stix  (2002) of the steady horizontal field
Bs=(4np)Y? v1/2, the magnetic buoyancy of which is
compensated by the macroscopic diamagnetic effect.
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Figure 4: (a) — A meridional cross-section of the
SCZ, which demonstrates the direction of the radial
transfer of the toroidal magnetic field according to our
calculations. Arrows show the direction of field transfer.
(b) — Maunder butterfly diagram (*“royal sunspots zone"),
according to observations from 1874 to 1913, showing
areas of sunspot existence depending on heliographic
latitude and phase of the solar cycle, Qt. The area of
upward transfer of the toroidal field is localized in the
range of heliolatitudes (a), which coincides with the
observed latitudinal "royal zone" of sunspots (b).

toroidal magnetic field Bs~ 3000-4000 G occurs near the
bottom of the SCZ. At the same time, thanks to the continuous
action of the Q effect, further strengthening of the toroidal
field continues. Therefore, over time, fragments of the
toroidal field, where B > 4000 G, will rise to the surface in
the "royal latitude zone" and thereby generate sunspots
here (Fig. 4).

3. Conclusion

Thus, the noticeable positive radial gradient of the
turbulent velocity Vvr near the bottom of the SCZ,
revealed as a result of our calculations, causes an intense
downward macroscopic diamagnetic displacement of
the toroidal magnetic field with the velocity U,=Vv1/2.
Acting against the magnetic buoyancy, the
macroscopic turbulent diamagnetism in the SCZ
performs the role of "negative magnetic buoyancy" and
thereby contributes to the long-term maintenance of strong
fields (Bs~ 3000 — 4000 G) in the generation zone near
the bottom of the SCZ.

Due to the continuous action of the Q effect, in the
future, fragments of the enhanced toroidal field, where
B > 4000 G, will rise to the surface in the "royal latitude
zone" and thereby generate sunspots here. At the same
time, in the polar domain, such fields remain blocked near
the bottom of the solar convective zone (there is another
effect of "negative magnetic buoyancy" (Krivodubskij,
2005). And that is why deeply rooted strong toroidal fields
in the polar domains cannot break through to the surface
to be observed at high latitudes in the form of
sunspots (Krivodubskij, 2021).
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ABSTRACT. The paper presents the results of the
analysis of magnetospheric-ionospheric  sources of
geomagnetic variations for the superstorm of May 10-13,
2024. This event occurred at the maximum of the 25th
cycle of the Wolfe solar activity and at the beginning of
the 100-year cycle of geomagnetic activity. During this
period, superstorms similar to the storms of October-
November 2003 will occur.

To analyze the sources of variations, 1-minute values
of Polish and Ukrainian geomagnetic observatories (Table
1) were used. The sources of geomagnetic variations were
identified based on the data on the indices of geomagnetic
activity Dg, Kp, AL, AU, AE and model calculations. The
influence of magnetospheric sources and auroral
ionospheric electric currents in the middle latitudes is
diagnosed. The contribution of each source is calculated.

Keywords: solar and geomagnetic activity, solar cycle,
magnetospheric-ionospheric current system.

AHOTALIA. VY poboti BHKIAIEHO pE3yJIbTaTH
aHaIizy MarHiTochepHO-i0HOChEpHUX JOKepen
TEOMarHiTHUX Bapiamiii mis cymepOoypi 10—13 TpaBHA
2024 poxy. [lana noxuis BinOynachk y MakcuMyMmi 25 IUKITY
COHSYHOT aKTHBHOCTI Bosib(ha ta Ha mouatky 100 pigHOTrO
KTy T€OMArHiTHOT aKTUBHOCTI. Y JaHu# niepion OyayTh
BinOyBatHcsi cynepOypi mofiOHi g0 Oyp JKOBTHS-
gucromaga 2003p. OCKiUIBKM T€OMarHiTHa aKTHBHICTh
BiACTae€ Big COHSYHOI Ha 1-2 pokd, 1i MaKCUMyM
ouikyeThbes 01t 2026 poky.

Jiis aHamizy 30BHIMIHIX DKEPEI Bapialliii BAKOPHCTaHO
ONHOMIHYTHI 3HAU€HHS IIOJBCBKUX Ta YKpPaiHCBKUX
TeOMarHiTHUX oOcepBaTopiii HaWOUIBII iH(pOPMATHBHOL
citkn INTERMAGNET.

InenTudikamito  mKepen TEOMarHiTHHX — Bapiamiit
NPOBEJCHO 32 JAHUMH IPO 3MiHY TOpU3aHTAIbHOI
(cximHof) KOMIIOHEHTH BEKTOpPA HaIpy>XEeHOCTI
MAar”iTHOrO IMojs 3eMji, CIOKIHHOI COHSYHO-T000BOT
Bapiarii. [Hgexcu reomarniTHOi akTuBHOCTI Dgt, AL, AU,
AE B34Ti 3 MDKHapoJHMX LEHTPiB JaHWX Ta 3a
MOJIETIBHUMH PO3PaXyHKaMH.

VY nmaniii poOOTI HAMU BHKOpHCTaHO Moaenb Mina ais
BU3HAYCHHS BIUIMBY CTPYMiB Ha MarHiTonaysi (iHmi
MOJIeNi JTAIOTh CHIBMIpHI 3Ha4YeHHs). BIumB cuctemu

KUTBIICBOTO MAarHiTOC(EpHOTO CTPYyMY, CTPYMY B XBOCTI
MarHiTochepr 1 iH. B TepmioMy  HaOJIDKEHHI
oOunciroBaBcgd 3a gormoMoror Dg — iHmekca Ta #Horo
LIMPOTHOT 3aJIGXKHOCTI (y HAIIOMY BHUIIQJIKy BUKOPHCTaHO
3aKOH KOCHHYCA LIUPOTH).

JliarHOCTOBaHO BIUIMB MAarHITOCEPHUX JKEpen Ta
aBpOpaJIbHUX  1OHOC(EPHHUX  EIEKTPOCTPYMEHIB  Ta
CTPYMIB IX pO3TiKaHHS y CepelHi MHUpOTH. BuuncieHo
BEIMYMHY BKJIAQNy KOXHOTO JDKEpeda: BelIMYMHa
MarHitochepHol CKIamoBOi [uis JaHOi Oypi CTAaHOBUTH
6mm3bko 80%, ioHOChepHOi — 20%.

KiiouoBi cioBa: COHsSYHA 1 T€OMarHiTHa aKTHBHICTb,
COHSYHUN IMKJI, MarHiTOoC(pepHO-iOHOC(EepHa CUCTEMA
CTPYMIB.

1. Introduction

On May 8, 2024, solar flares from sunspot region
3664, solar flare X1.0, which peaked at 05:09 UTC, and
solar flare M8.6, which peaked at 12:03 UTC on May 8,
2024 caused asymmetric full halo coronal mass ejections
that triggered a large geomagnetic storm on May 10-13,
2024, with a storm sudden commencement (SSC) of (Dst
=—412nT and Kp =9).

The diagnostics of the sources of geomagnetic
variations has been carried out by many authors
(Sumaruk, 2006, Laba, 2010, Grandin, 2024), since each
event in the geomagnetic field characterizes a different
influence of all sources and takes place in a special way.
The superstorm of May 2024 occurred at a time close to
the maximum of the 25th 11-year Wolfe cycle, but in our
opinion it is not the largest in this cycle, since according
to our forecasts (Sumaruk, 2023), the maximum of the
cycle is expected in 2025-2026, and superstorms occur at
the maximum and at the beginning of the decline of
cycles, for example, the superstorm of 2003-2004. One of
the reasons for this is the possible coincidence of the
directions of the Sun's and Earth's magnetic field in odd
solar cycles, the increase in recurrent geomagnetic
disturbances (Sumaruk, 2009, Orlyuk 2023) and the
beginning of the 100-year cycle (Sumaruk, 2023).
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2. Magnetospheric-ionospheric current system

To diagnose the sources of the magnetospheric-
ionospheric current system, we used one-minute data of
the horizontal (north) component H(X) of the Earth's
magnetic field induction vector (B) of the Ukrainian and
Polish INTERMAGNET observatories (data are presented

in Table 1).

Table 1: Observatories whose data were used

IAGA code | Name Geomag. lat. | Geomag. long.
[ded] [deg]
ODE Odesa 43.720 112.430
LVvV L’viv 47.84 106.8
BEL Belsk 50.18 104.750
HLP Hel 53.16 104.060

The horizontal component best reflects variations
caused by external sources. The value of irregular field
variations can be defined as (Sumaruk, 2006):

A=X-S5g 1)

where X — value of the horizontal component of the
geomagnetic field. Sq — solar diurnal variation of the
horizontal component of the geomagnetic field
characterizes the wave radiation of the Sun.  Since the
amplitudes of Sy — variations change with the season and
activity. Seasonal variations of activity caused by changes
in the ionospheric conductivity. (Sumaruk, 2004). As a
reference level for the field of irregular magnetic
variations in middle latitudes, we chose the quiet solar
diurnal variation calculated by five internationally quiet
days (Sumaruk, 2004; Sumaruk, 2005).

The irregular variation of the geomagnetic field caused
by the magnetospheric-ionospheric current system is
described by the equation (Fukushima and Kamide,
1973):

A=DR+DRP+DT+DCF+DP, )

where DR — the variation from the ring magnetospheric
current (including the partial ring current);

DRP — the variation due to the partial ring current;

DT — variation from currents in the magnetosphere tail;

DCF — variation with currents at the magnetopause;

DP — variation from the ionospheric currents in the
aurora zone and their reverse currents of spreading to the
middle latitudes.

Magnetospheric sources (DR, DT, DRP) are well
reflected by the D index of magnetic activity (Campbell,
1996). Ds data are taken from the website
(https://wdc.kugi.kyoto-u.ac.jp). As a first approximation,
the magnitude of the variation from magnetospheric
sources (4m) can be calculated by the formula:

Am = Dg-COS®, (3)

where @ —the geomagnetic latitude of the observatory.

3. DCF and DP currents

The magnitude of the variation from the currents at the
DCF magnetopause is calculated by model calculations.
The most commonly used models are the paraboloidal
magnetosphere  model, the  T02  Tsyganenko
magnetosphere model, and the Mead magnetosphere
model. The magnitude of DCF variations calculated by
different models is commensurate in magnitude. In this
work, we used the Mead model (Mead, 1964).

According to this model, the components of the DCF
field on the Earth's surface are defined as (nT):

DCF=(25150-cos®)/ry*+21000-((2sinp— 1)-cost)/ry*
DCF,=(21000-sing-sint)/r,* ©))
DCF,=(25150-sing)/ry*+(21000-sing-cose-cost)/ry*,

where r, — the geometric distance to the sub-solar point of
the magnetosphere; t — local time, which is counted from
the midnight meridian; ¢ — geomagnetic latitude.

The first term in the formulas for the DCF, and DCF,
components represents the symmetric part of the field,
and the second term represents the asymmetric part. The
contribution from the magnetopause currents can be
calculated if the distance of the sub-solar magnetopause
point to the Earth (rp) is known. The value of r, (in km)
can be found from the solar wind plasma parameters
using the model (Shue, 1998):

rb = {10.22 + 1.29 tanh [0.184 (Bz + 8.14)]} (W?) 1/6.6 (4)

where v — the velocity of solar wind, km/s; n — the
density, cm; Bz — Z-component interplanetary magnetic
field. During magnetically quiet periods, r, = (11-12) R,
Re — the radius of the Earth. We calculated the variations
of DCFx for all the studied observatories (data are given
in Table 2).

Table 2: DCFx — variations

ODE, nT LVV, nT BEL, nT HEL, nT
Max | Min | Max | Min | Max | Min | Max | Min
714 | 11.8 | 66.8 | 10.8 | 64.0 | 10.3 | 60.3 | 9.57

The variation from the auroral ionospheric currents in
the aurora zone and their return currents to the middle
latitudes (DP) is described by the auroral activity indices
AE, AU, AL. As is known (Feldstein, 1999), during very
large magnetic storms (Dg < —150 nT), the focuses of
auroral ionospheric currents are shifted to the middle
latitudes. During the onset of a magnetic storm, mid-
latitude observatories are affected by reverse ionospheric
currents. With the growth of D, the observatories come
under the direct influence of the eastern (AU) or western
(AL) electric currents, depending on the local time.

We have calculated the variation of DP (data are
presented in Fig. 1):

DP= A— An— DCF. ()
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Figure 1 a: Variations of X — Sy and Dscos® (top
diagram) and the variations of DCF and DP variations
(bottom diagram) for L’viv geomagnetic observatory.
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Figure 1 b: Variations of X — Sq and Dsicos® (top
diagram) and the variations of DCF and DP variations
(bottom diagram) for Odesa geomagnetic observatory.
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Figure 1 c: Variations of X — Sy and Dscos® (top
diagram) and the variations of DCF and DP variations
(bottom diagram) for Belsk geomagnetic observatory.
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Figure 1 d: Variations of X —Sq and Dsicos® (top
diagram) and the variations of DCF and DP variations
(bottom diagram) for Hel geomagnetic observatory.

Figure 1

4. Discussion

Fig. 1 shows the variations of X — Sq and Dscos®
(top panel) and the variations of DCF and DP variations
(bottom panel). Identification of ionospheric sources is
shown by signs: AL — variation from the western auroral
electrojet, AU — from the eastern auroral electrojet. The
upward arrow indicates the direct effect of the electric
currents, the downward arrow indicates the opposite.

At 18 h 50 min UT on May 10, 2024, the DP-variation
is positive, associated with SSC and are ODE-138.5 nT,
LVV-14.2 nT, BEL-174.4, nT, HEL-185.1 nT. At 00h
UT May 11, 2024 the western auroral electric current
sharply increases, the ring magnetospheric current
develops, the AL-index increases, and the ring
magnetospheric current develops. The Dg-variation for the
studied observatories are ODE-297.7 nT, LVV-276.5 nT,
BEL-263.8 nT, HEL-247.1 nT. The increase in the AL-
index means that the currents from the western
ionospheric electrojet increased and negative DP values
were recorded at the observatories. Further enhancement

of the ring current resulted in the movement of the auroral
electric currents to mid-latitudes and 15 UT on May 11,
2024, and we observe positive sub-storms (indicated by
AU with a upward arrow). On 12-21 UT May 11, 2024,
we observe a large positive substorm — generated by the
direct action of the eastern auroral jet (AU with an upward
arrow). But at this time, the tabulated values of the AE,
AL, and AU indices decrease sharply. This decrease is not
due to a decrease in the strength of the eastern electrojet
but to its shift to subauroral latitudes (Ds< —150 nT), the
chain of observatories from which the indices are
calculated does not record the maximum current, because
the electrojet is located in lower latitudes. Subsequently,
the ring magnetospheric current weakens, the auroral
electric jets move to the north and the magnetometer
registers positive and negative bays caused by the reverse
currents of the spreading of the eastern and western
electrojet and on May 12-13, 2024.
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5. Conclusions

1. We diagnosed the sources of geomagnetic variations,
calculated the contribution to the variation of each source,
and divided it into components relative to the sources that
generate them.

2.1t is shown that for the superstorm of May 10-13,
2024, at the studied observatories, magnetospheric sources
of variations — the ring magnetospheric current together
with the current in the tail of the magnetosphere and the
current at the magnetopause during a magnetic storm —
give the largest contribution to the field variation of 80%,
ionospheric — auroral currents and their reverse currents in
the field variation of medium latitudes do not exceed 20%.

3. For diagnostics of irregular geomagnetic variations
in the middle latitudes, the Sg-variation can be used as a
reference level, taking into account its change with the
season and the solar activity cycle, calculated by five
internationally quiet days.

4. The geomagnetic variations in the middle latitudes
can be divided into components with respect to the
sources that generate them.
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GAMOW CONFERENCE IN WASHINGTON UNIVERSITY AND
30-TH ANNIVERSARY OF GAMOW’S CONFERENCE IN
ODESA UNIVERSITY

M.I. Ryabov

URAN-4 Observatory of the Institute of Radio Astronomy of the NAS of Ukraine,
Odesa, Ukraine

ABSTRACT. George Gamow, the eminent physicist
and astrophysicist was born in Odesa in 1904. He was
educated at the Odesa University (1922-23) and at the
University of Leningrad (1923-1929).

He started at Odesa University and during the period of
his studies worked at the Astronomical observatory of the
University. Later, after he created the theory of alpha decay
(1928), he joined the first ranks of leading physicists and
took part in the conferences of Niels Bohr.The outbreak of
World War 1l in Europe made their implementation
impossible. The Gamow’s conferences at the University of
Washington were held between 1935 and 1947. Ten
conferences were held during this period. Gamow’s
conferences at Odesa University began in the year of its
90th anniversary in 1994. From the beginning, they were
held once every five years. However, due to their popularity
(since 2000), conferences have become annual. In 2024 the
Gamow’s conferences in Odesa will celebrate. This year,
the 24th annual Gamow’s conference, dedicated to the
120th anniversary of the birth of George Gamow,
successfully held its work. Even during the COVID
epidemic and wartime, Gamow’s conferences continued,
switching to an online mode of operation.

Keywords: Gamow, Gamow’s Conferences, history of
astronomy.

AHOTALIA. 120 pokiB Tomy, y 1904 pomi, B Oneci
HapojuBcst BUAaTHU# (izuk Ta actpodizuk ['eopriii ["amos.
Bin HaBuaBcs B OpmechKoMy YHIBEPCHTETI Ta B IIEPioX
HaBYaHHS TMpAlOBaB OOYMCIIOBAYEM B aCTPOHOMIYHIMN
oOcepBaropii yHiBepcuteTy. Hanami, micis cTBOpeHHs HUM
Teopii anbda posnany (1928 pik) BiH ONUHMUBCS Y MEPIINX
psnax mpoBimHUX (i3WKIB i OpaB ydacTh y KOH(EPEHIIiSNX
Hinbca Bopa. Iowatok [lpyroi csiToBoi BiliHu B €Bpomi
YHEMOXKJIMBHB X Tojaibiie nposeneHHs. Ilicns mepeizay
no CHIA Ta pobGoti y BallMHITOHCHKOMY YHiBEpCHTETI
Ieoprito 'amOBY BrHanocss OpraHi3yBaTH HpPOIOBKEHHS
KoH(epeHIiH 3 TeopeTndHOoi (i3UKH, IO TPOBOIIINCH
panime Hinscom bopom y Konenrareni. 3aranom y nepion
i3 1935 mo 1947 pik Oysno MpoBeACHO eCATh KOHPEPEHTIii.
VY 2024 pomi Big3HavaeTbest 30 poKiB BiJ 4acy NpOBEICHHS
l'amoBchkux  koH(pepenmii B Omeci.  ['aMOBCBKi
KoH(epeHii B OecbKoMy yHIBEPCUTETI pO3MOYaIIiCs Ha
pik 90-piyus I'. I'amoBa B 1994 pomi. CnowaTky BOHH
MIPOBOJIMIJIMCS OIMH pa3 Ha M'sATh pokiB. OHAK, y 3B'I3KY 3
iXHBOIO TOMyISIpHICTIO, mounHatoun 3 2000 poky,
KOH(epeHii craiy mopiuHUMH. Llporo poky ycrinrHo
mpoBena cBolo pobory 24-a Mixnapogna ['amoBchka

koH(pepeHIlis, npucBsueHa 120-pivudro BiJl THSI HAPOPKCHHS
Ieopris T'amoBa. Hasite y mepiogm emizemii Kosimy Tta
BOEHHOT'0 YacCy raMOBCHKiI KOH()EPCHIIT MPOIOBKYBAIUCH,
TIePEHIIOBIIN HA OH-JIAWH PEXKIM POOOTH.

KarouoBi caoBa: T'amoB, I'amoBCBKI

icTopist acTpoHOMIT.

KOH(epeHTIii,

2024 is the year of the 120th anniversary of the birth
of George Gamow. George Gamow was one of the most
influential physicists and cosmologists of the 20th
century. He made significant and decisive contributions to
modern physics, cosmology, and biology. His three most
notable contributions include:

1. Discovery of the quantum nature of alpha decay in

nuclear physics (1928).

2. Proposal of the Hot Universe theory (1946-1953).

3. Deciphering the genetic code in biology (1954).

George Gamow was born in Odesa on March 4, 1904,
He completed his secondary education there and was a
student at the Odesa (Novorossiysk) University for two
years. Gamow studied at Odesa University from 1921 to
1922. At the same time he worked as an evaluator at the
astronomical observatory. In his book “My World Line”,
Gamow outlined his journey in science, which began in
Odesa. His academic pursuits and the start of his scientific
career continued in Leningrad. Later, his work and travels
took him across Europe, including to world-renowned
centers of theoretical physics such as Copenhagen and
Cambridge. A significant part of his "world line" took
place in the United States, where he arrived in 1934 and
stayed there the end of his life.

Gamow Conferences in George Washington
University. When George Gamow was offered a position
at George Washington University in 1934, he set one
condition for accepting the offer: the establishment of an
annual physics conference at the university, co-sponsored
by the Carnegie Institution. At that time, Foggy Bottom,
the Washington neighborhood where GWU is located,
was not particularly known for physics. However, Gamow
aimed to bring the "spirit of Copenhagen” to this location
and to attract an international group of theorists. The
Washington Conference on Theoretical Physics was first
held in 1935 and then annually until 1947. After the tenth
meeting in 1947, Gamow’s focus shifted from nuclear
physics to cosmology, and he began working more closely
with graduate students and local collaborators. As a result
of diminished interest, the conference was no longer held.
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Figure 2: Participants Gamow’s conference (1947, 10-rd Conference)

Topics of the Gamow Conferences: ® 1941: Seventh — Elementary Particles.
¢ 1935: First Washington Conference on Theoretical ¢ 1946: Ninth — Physics of Living Matter.
Physics: Nuclear Physics. e 1947: Tenth — Gravitation and Electromagnetism.
¢ 1936: Second — Molecular Physics. Attached are photographs (Fig. 1-2) of participants in
® 1937: Third — Problems of Elementary Particles and the Gamow Conferences at the University of Washington
Nuclear Physics. in 1937 (3rd Conference) and the 1947 Conference (10th
 1938: Fourth: Stellar Energy and Nuclear Processes. ~ Conference, Halpern, 2010). Detailed information about
¢ 1939: Fifth — Low Temperature Physics and all Gamow conferences at the University of Washington is
Superconductivity. available on the website: Washington Conferences on

« 1940: Sixth — Geophysics and the Interior of the Theoretical Physics (https://www.britannica.com/topic/
Earth. Washington-Conference-on-Theoretical-Physics).


https://www.britannica.com/topic/Washington-Conference-on-Theoretical-Physics
https://www.britannica.com/topic/Washington-Conference-on-Theoretical-Physics
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6th Gamow International Conference in Odessa

“New Trends in Cosmology, Astrophysics and HEP after Gamow”

11 - 19 August, 2019, Odessa, Ukraine

Figure 4: Participants of the Odesa Gamow’s conference (2019)

Gamow’s Conferences in Odesa University. This
year marks the 7th Gamow Memorial Conference in
Odesa, following those held in 1994, 1999, 2004, 2009,
2014, and 2019. These conferences are held every five
years. Since 2000, annual Gamow’s conferences have also
been held. In 2024, this will be the 24th Gamow’s
conference. Our goal is to bring together experts in

modern astrophysics, cosmology, high-energy physics,
and biology, along with enthusiastic scientists and
students, to discuss the latest developments and challenges
related to these topics, exchange ideas, and review major
experimental and theoretical efforts.

We as followers were inspired by the "spirit of the
Gamow’s conferences" at George Washington University,
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so the topics of the Odesa Gamow’s conferences are also
quite diverse. On the wall of the main building of the
university there is a memorial plaque dedicated to
Gamow. Following the appeal of participants of the First
Gamow’s Conference in 1994 and the rector of Odesa
University to the Mayor of Odesa, a decision was made to
name one of the city's beautiful squares after Gamow. As
a result of the work of the Gamow’s conferences, the
Jubilee Gamow Medal and scholarships for students of
physics and astronomy were established at Odesa
University. More information about the Gamow
Conferences is  available on the  website:
www.gamow.odessa.ua. Publications of the history of the
Gamow conferences in Odesa in publications (Ryabov,
2004, 2006, 2010, 2020). The page of materials of all
Gamow’s conferences at Odesa University on the website
of the Scientific Library: lib.onu.edu.ua.

Gamow’s conferences in Odesa have been held for 30
years (since 2000 without a break!) thanks to the
dedicated efforts of the members of the Scientific and

Local Organizing Committee, representing the
Astronomical observatory of Odesa I.I.Mechnikov
National University, the Institute of Radio Astronomy of
the National Academy of Sciences of Ukraine, with the
unwavering support of the Ukrainian Astronomical
Association, and the active participation of the Odesa
Astronomical Society.
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ONOMASTICS AND NAMES OF THE STARRY SKY
To the 95th anniversary of Professor, Corresponding Member of
the Academy of Sciences of Ukraine Yu. O. Karpenko —
the author of the book "Names of the Starry Sky"

0.Yu.Karpenko !, M.l.Ryabov 2
1 Odesa I. I. Mechnikov National University, Odesa, Ukraine

2 URAN-4 Observatory of the Institute of Radio Astronomy of the NAS of Ukraine,
Odesa, Ukraine

ABSTRACT. In 2024, the 95th anniversary of the
outstanding scientist, encyclopedist, Professor Yuriy
Olexandrovich Karpenko is celebrated. Yu. O. Karpenko
taught for many years at the Faculty of Philology Odesa
Mechnikov National University. Yuriy Olexandrovich
Karpenko, being a philologist, expanded the object of his
research to include the entire Universe. The results of his
research are reflected in the book "Names of the Starry
Sky", which is still unique today. In the words of Yu. O.
Karpenko himself: "The human path of knowledge has
always been accompanied by words. Man denoted all his
discoveries and victories by means of language — he
named them. Without this, without such names, there
would be no point in thinking about the accumulation of
knowledge, about passing it on to subsequent
generations." The authors of the report hope that the life
of the wonderful book by Yu. O. Karpenko "Names of the
Starry Sky" will be continued by its translation into
English and Ukrainian.

Keywords: onomastics, history of astronomy, "Names
of the Starry Sky".

AHOTAIIS. ¥V 2024 pomi BigzHauaeTbes 95-piuus 3
ITHS HApOJUKEHHA BHMIATHOTO BYEHOTO CHIMKJIOIIEINCTA
mpogecopa Opis OnexcanapoBuya Kapnenxa.
1O. O. Kapnenko faraTo  pOKIB  BHKJIAJaB Ha
¢inonorivromy dakynereri OHY imeni I. I. Meunukosa.
BiH € sickpaBUM NpeICTaBHUKOM HayKHd OHOMACTHKH, IO
IOCTIKYE TAEMHUIN TOXOJKCHHS CIJiB, SIKI ONHUCYIOTH
HaBkoyminHiM cBit. lOpiit Onekcannposud Kaprerko,
Oynyuu (inosorom, po3IUPUB 00'EKT CBOIX JOCIIIKEHb,
BKIIIOYMBIIK IO HHOTO Bech BcecBiT. PesympTatu #ioro
JIOCIIZKeHb BUCBITIICHO Yy KHU31 «Ha3Bu 30psiHOrO Hebay,
sgKa 1 70 ChOTOJHI € YHIKaJbHOIO. 3a CJIOBaMH CaMOro
10. O. Kaprienka, «JIroachkuii NUIAX Mi3HAHHS 3aBXKIU
CYNpOBO/KYBaBCS CIOBOM. Bci cBoi BIiIKpuTTS Ta
NepeMory  JII0JMHA [IO03Ha4yaia 3aco0aMH MOBH —
imeHyBana. be3 mporo, 6e3 Takux iMeH He Oymo 4oro 0 i
IyMaTd TpO HAKONWYEHHS 3HaHb, PO Hepenady ix
HACTYITHUM TIOKOJIHHSAM». ABTOPH CIIOJIBAarOTHCS, IO
xuTTs gyynosoi kauru 0. O. Kapneaka «Hazsu 30psHOTO
Heba» Oyae MpoIOBXKEHO ii MepeKIagoM aHTIIHCHKOI0 Ta
YKpalHChKOX MOBAaMH.

KurouoBi ciioBa: oHOMacThka, ictopis actpoHomii, «Ha-
3BH 30pSHOTO HebOay.

Introduction

Yuriy Olexandrovych Karpenko would have turned 95
this year. He was born in 1929 and lived a full and mostly
happy life despite the hardships of his wartime childhood.
He got his master’s degree from Lviv University,
completed his PhD and doctoral programs in Chernivtsy
University, many years taught students in Odesa
University, was elected as a full member of the National
Academy of Sciences of Ukraine.

Karpenko's onomastics

The scientific contributions of Yuriy Karpenko are
impressive: he is the author of about 500 works
(http://karpenko.in.ua), and under his supervision, 62 PhD
and 5 doctoral dissertations have been defended. He
initiated the publication of many scientific collections,
including the annual collection of onomastic papers Opera
in onomastica (http://zzo.onu.edu.ua). The Odesa
Onomastic School, founded by Yuriy Olexandrovych,
continues to actively develop. Onomastics gradually
became the main interest of Yuriy Karpenko’s scientific
research. Yu. O. Karpenko developed the concept of the
toponymic system, the ratio of proper and common
names; the methodology of the futurological study of
proper names, the theory of literary onomastics, the
typology of literary proper names. He was drawn to
humorous onomastics. He was the author of the concept of
Ukrainian ethnology, including the origin of the Ukrainian
language, developed the theory of general phonology and
the phonology of the Ukrainian language.

Onomastics of the Universe

Possessing outstanding knowledge in the field of
onomastics, he wrote an unique book «Names of the
Starry Sky» (Karpenko, 1981), which has no analogues to
this day. According to the author, "the cosmos is not only
other physical states and other worlds. From galaxies and
constellations to minor planets and even meteorites, man-
made space objects have their own names. The human
path of knowledge has always been accompanied by
words. Man denoted all his discoveries and victories by
means of language — he named them. Without this,
without such names, there would be no point in thinking
about the accumulation of knowledge, about passing it on
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to subsequent generations". The coverage of topics Reference

reflected in the book is enormous: star names, galaxies, . .

constellations, asterisms, stars, planets, satellites of KaERg:L(SS o\f(l:r.;:\.s.tarlrgit )Nl\ilzvl%lna:mia i\éizdnogo neba
planets, asteroids, comets, the surface of the Moon. The Yy SKy), M., ) .

time has come to publish an edition of this book in

Ukrainian and English.
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