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A NOVEL IMAGE RECONSTRUCTION APPROACH IN
THE X- AND y-RAY DOMAIN

Dmitri Doikov', Katrin Doikova®

! Dept. of Physics, Medical Laboratory at Baruch Padeh Medical Center, Poriya, Israel,

dmitro.doikov@gmail.com
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ABSTRACT. This study examines the consequences of
high-energy radiation interactions from X-ray sources
with extended astrophysical objects. A comparative
analysis is conducted between the spectra of primary
radiation sources and those of irradiated absorbing and
scattering regions. The limitations of current diagnostic
methods are identified, and strategies for enhancing both
the sensitivity and informational value of the resulting
data are proposed. Signal-to-noise ratios are derived for a
gamma-ray detector prototype developed by the authors,
under various geometric configurations of emitting and
scattering structures. Necessary modifications to the
radiation transport equations are suggested, along with
instrumental techniques for identifying and registering
previously unrecognized astrophysical entities.

Keywords: X-ray spectroscopy and detectors,
visualization of chemical anomality’s in X-rays,
regularization algorithm, Compton spectroscopy.

AHOTALIS. Y poboTi po3risHyTO HACTIIKH B3a€EMOIIT
YKOPCTKOT'O PEHTIEHIBCHKOTO Ta TaMMa-BHIIPOMIHIOBAHHS 3
NPOTSDKHUMH  acTpo(i3MYHUMH  00’€KTaMU Ta  CcepeJio-
BUII[AMH Pi3HOI Tpupoau. [IpoBeneHo MOPiBHIHHS CIIEKTPIB
MEPBUHHOTO  BHUIIPOMIHIOBaHHS 3  XapaKTEPUCTHUKAMHU
MOTJIMHAIOYKX 1 PO3CIIOBAIbHUX 00JIACTEH, 10 MiJIAI0THCS
omnpoMineHHO. [lokazaHO, IO PEKOHCTPYKIS 300paKeHb
CepelioBHIL, 5K  3a3HAIOTh  ONPOMIHEHHS, Ta  iX
CIIOCTEPEeXKEHHSI y TNPSIMHUX 1 PO3CITHUX KOMIIOHEHTaX
BUIIPOMIHIOBAaHHSI TIOTPEOYIOTh HOBUX (DI3MYHUX MiJXOJIB,

CHemiani30BaHuX THCTpYMEHTATBHUX pimreHp i
BIIOCKOHAJICHUX aJTOPUTMIB 0OpOOKH JTaHUX.
OOrpyHTOBaHO HEOOXIIHICTh BUKOPHUCTaHHS

iH(opMAaIIfHOTO TOTEHIIAY PO3CISTHOTO BHUIIPOMiHIOBAHHSL.
JloBeneHo, 1m0, BCymeped MOIMMPEHiH IyMI Mpo BTpary
SKOCTI Ta BHHHMKHEHHS CIOTBOPEHb Y JETEKTOBAaHUX
MPOEKILIHUX 300paKEHHAX ONPOMIHIOBaHUX 00’€KTIB (X, ¥)
Ta W(X, y), ICHYIOTb CHEKTpalIbHi Jiana3oHH, ¢ JOMIHYIOTh
«aucti» ¢iznani npomecn: normuuaxasa (0,1-10 xeB) abo
poscisiHH (40-160 keB). Y NpoMibKHOMY €HEpreTHYHOMY
iatepBanmi 1040 xeB wmi mporecw koHKYpyroTh. Jlis
ITiIBUITIEHHS] HAOYHOCTI Ta 3pYYHOCTI aHai3y Oyio oOpaHo
pimki Ta TBepi a3y HAMOLIBII NOIUPSHUX CEPEIOBHILL: IS
atMoc(ep IUIAHET — BOJY Ta METaH, JUII MDK30PSHOTO

CEepeoBHINA — TBEPIi CHITIKaTH 1 kKapOoHatu. [TokazaHo, mo
3a JIif090i KOHIICHTpAIlii aTOMiB, BU3Ha4€HOI BiATIOBIAHO 0O
¢dopmyn (6), e MOMIIMBE BHKOPHCTAHHS HaOIKCHHS

OJTHOKPATHOTO PO3CISTHHS. JloBeneni MO>KJIMBOCTI
PEKOHCTPYKIii — mpoekmiii (X, y) 'y pO3CITHOMY
BUIPOMIHIOBaHHI  JO3BOJISIIOTH  OXOIUTIOBATH  3HAYHO
OLTbIIMi 3a TEOMETPUIHUMU Ta ¢hizmaHIME

XapakTepucTukamMu 00’eM mpoctopy. Lleir edekr Oymo
3a)ikCOBAHO KOCMIYHMMH arapaTtaMd Ha CHEprisx, [e
TIPEBAITIOE «UUCTE» MOTIIMHAHHS. Y TaKUX yMOBAX areHTaMH
PO3CISIHHSI PEHTI€HIBCHKOTO BHMIPOMIHIOBAaHHS € HaHO-
YaCTMHKM CHWJIIKaTiB 1 KapOoHariB. BojaHouac xapaktep
pO3CisiHHS Mae JU(paKiiHy NpUpoAy 1 BH3HAYAETHCS
MakpOCKOIIYHUMHM  HapaMeTpamyd Iy, 30KpeMa
Koe(illiEHTOM 3aJIOMJIEHHS y PEHTIeHIBCHKOMY Jiaria3oHi,
SIKWH MPAKTUYHO JIOPIBHIOE O/IMHUILIL.

Ha ocHOBI  mpoBegeHOro  aHami3y  OTPHUMAaHO
CHIBBIIHOIICHHS  CHTHAJ/IIYM I  PO3pOOICHOTO
aBTOpaMH JIETEKTOpa raMMa-BUIPOMIHIOBAHHS 3a Pi3HOI
reoMeTpii BUIIPOMIHIOBAJIFHHX 1 PO3CIFOBATBHUX 00’ €KTIB.
3ampormoHoBaHO ~ HeoOXimHi ~ Moamdikamii  piBHAHB
MEPEHOCY Ta IHCTPYMEHTAIbHI METOIW imeHThu(ikarii i
peectpanii paHime HeiNeHTH(IKOBAaHUX 00 €KTIB, IO
MiABHIY€ YyTIUBICTH Ta iIHPOPMATUBHICTh OTPHUMYBaHHUX
JIarHOCTUYHUX JIAaHUX.

KnarouoBi cjoBa: peHTreHIBCbKAa CIEKTPOCKOIIS —Ta
JNETeKTOpH,  Bi3yamizamis  XIMIiYHMX  aHOMamid y
PEHTTEHIBCHKUX IIPOMEHSX, QJITOPUTM peryispHu3alii,
KOMIITOHIBCHKA CIIEKTPOCKOTTiS.

1. Introduction

Recent advances in astronomical observations,
particularly the discovery of numerous X-ray sources,
have opened new avenues for investigating the radiative
response of the environments in which these sources are
embedded. These environments are typically rarefied
interstellar structures composed predominantly of gas and
dust. Notable examples include young supernova
remnants and active galactic nuclei (AGN). Within the
Solar System, analogous media are represented by
aerosols in the upper layers of planetary atmospheres,
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containing particles of diverse chemical composition
subjected to interactions with the high-energy component
of cosmic rays. The problem of reconstructing cosmic
structures was first introduced in the context of processing
radioastronomical images (Bracewell & Riddle, 1967).
The data recorded by detector elements (e.g., antennas)
correspond to two-dimensional projections of three-
dimensional spatial objects located within the radiation
field. For subsequent analysis, such projections are
denoted by the function f{x, y). The diversity of
geometrical configurations of both the radiation sources
and the irradiated media enables the extraction of new
information on the physical properties of these interacting
systems. In laboratory settings, studies in the soft X-ray
range are often hindered by the predominance of
photoabsorption over scattering processes. Consequently,
spectral analysis of spatially distributed objects relies
primarily on the registration of the photoelectric effect and
the resulting characteristic emission from the irradiated
medium. Notably, redistribution of spectral intensities is
observed only for allowed transitions to K-shells of atoms
starting with beryllium (Jerkstrand et al., 2011). A key
objective is to determine the minimum contrast of
inhomogeneities required to resolve structural details at a
given signal-to-noise ratio. It is observed that, for certain
astrophysical objects, the peak of the X-ray energy
distribution shifts toward higher energies. This behavior is
typical for phenomena such as nova outbursts and X-ray
sources, including pulsars in binary star systems. Among
the non-compact sources, young supernova remnants—
such as SNR 1987A—exhibit radiation from both forward
and reverse shock fronts, as well as from radioactive
decay of residual material. Emission from active galactic
nuclei (AGN) also remains a subject of considerable
interest.

In all the aforementioned cases, the radiation transport
equation must be supplemented by an integral term
accounting for the contribution of scattering. Cross-
sections for photoabsorption and scattering across various
media types are presented in detail in several previously
published studies [see references]. In dense media where
multiple scattering events are prominent, the impact of
these processes on the stability and accuracy of image
reconstruction procedures has been critically analyzed.
The present study is restricted to the energy range covered
by all modern X-ray observatories, with the exception of
Fermi LAT, and therefore does not consider photon
energies exceeding 10 MeV. Additionally, all radiation
sources under consideration are associated with
thermonuclear processes, which yield photon energies
limited to a few MeV. The structure of the article is as
follows. Section 1 provides a general introduction to the
problem and the formulation of the research objectives.
Section 2 outlines and analyzes the fundamental equations
governing X-ray radiation transport in highly absorbing
media, with particular focus on the characteristics of
atomic emission that constitute the radiative response of
the medium. Section 3 is devoted to the formation of
detector-plane images f(x, y), incorporating the effects of

multiple scattering. Section 4 presents methodologies for
reconstructing the original spatial structure of the object
from the recorded projections f(x, y). The Discussion
offers an interpretation of the results and proposes
directions for the development of third-generation
spectrographic detectors based on the findings of this
work. The Conclusion summarizes the key outcomes,
compares the derived detector characteristics with those of
first- and second-generation instruments, and highlights
the relevance of spectral color indices for probing the
chemical state of scattering media.

2. Radiation Transport Equations for X-rays

A key distinction between the interaction of high-
energy radiation fields and matter—compared to
interactions in optically active media—is the dominance of
photoionization (i.e., the atomic photoelectric effect) in
the soft X-ray range. In this regime, the process can be
described as pure absorption. In the intermediate energy
range, approximately from 30 to 130 keV, the
photoabsorption cross-section decreases significantly, and
beyond a certain energy threshold, Compton scattering
becomes the predominant interaction mechanism. In
physical media with average photon energies between 30
and 60 keV, multiple scattering events may occur. As
photon energy increases further, the Compton scattering
cross-section declines, and the probability of single
scattering becomes dominant. Taking these phenomena
into account, X-ray spectroscopy enables the formation of
radiographic images and spectral projections of the
irradiated objects. The same principles apply to the
gamma-ray domain. Fig. 1 presents a comparative
overview of modern space-based telescopes and the
energy ranges covered by their respective spectroscopic
instruments.

Energy ranges of space X-ray and gamma-ray observatories

<«Fermi LAT

Fermi GBM

INTEGRAL (IBIS)

Observatories

k » NUSTAR

" uXMM-Newton

Chandra

10° 10° 10° 100 10°
Energy (keV)

Figurel: Energy range of X- and y-ray telescopes.
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2.1. Physical Characteristics of Matter under High-
Energy Radiation Exposure

Let us consider the line integrals of X-ray attenuation
through the object.

p6,s = _Jr;f X,y 6 s—x-cos8 —y-sinf dxdy, (1)

here, f(x, y) denotes the extinction coefficient distribution,
while p(0, s) is its projection—commonly referred to as a
sinogram. Reconstruction of f(x, y) is performed using the
inverse Radon transform (Yebb, 1989), (Bracewell &
Riddle, 1967). In the ideal case:

fxy) =
(:T _+;°p 0, w we2mwt s=x-cos8=y-sind g, 49 . 2)

In practical applications, the filtered back-projection
method is used. Prior to its implementation, however, the
scattering indicatrix describing X-ray interactions with
atomic constituents of the medium must be introduced.
Accordingly, the radiative transfer equation is
reformulated in a more general framework, with particular
empbhasis on the geometric features of the target structures.

dl r,Q _
= = pe E,;rIr,Q +

Q)I(r,0)dQ' .

4T
0

4 E,rope(Q -
3
The total attenuation coefficient is given by p=u, + u,
where p, g denotes the photo absorption and Compton
scattering coefficient, and p,,(Q — Q) is the Klein—
Nishina indicatrix describing the angular probability
distribution of scattered photons, normalized over the full
solid angle 4. Physically, this quantity expresses the
probability of scattering into a direction defined by the

angle 0

12
1,2 B E
T, (E

Pgkn 0 = e

E .
+ = —sin%0),
OKN E E

“)
here, E' denotes the energy of the scattered quantum,
while ogy represents the total Klein—Nishina cross-
section for a single electron.

B
mec? 1-cosf

E'=E/(1+ ). 4)

The radiation intensity I r, ) detected by the observer
as a result of single scattering on spherical irregularities
Virreg With radius a can be expressed as

Virreg —
Jureg | He(s1+sz2)
mrz Prn(@s)e :

Is Qs ~ IOP-S E (6)

irreg

The value Ihp, E 2117 in equation (5), this quantity
S

is equivalent to the density of scattering electrons, p,,
which is correlated with the average mass density of the
medium. s;,s, denote the distances from the source to the
scattering object and from the object to the observer,
respectively. The radiative transfer equation (3) is valid
under the assumption of single scattering. To justify the
applicability of this approximation, we estimate the mean
free path 1 of an X-ray photon in water. To account for the

actual contribution from oxygen atoms, we subtract their
effect and retain the effective mean free path for hydrogen
atoms alone. Assuming a representative value of 1= 8 cm
for X-rays with average energy, we obtain the mean
effective number of atoms Nj.

(7

For most rarefied astrophysical media and the upper
layers of the Earth's atmosphere, such an approximation is
acceptable. In the following section, we compare
scattering degrees derived from modeling with those
obtained using this approximation. Having determined N, ,
we proceed to the geometry of the inhomogeneities under
investigation and relate the scattered radiation from the
source to the spatial distribution of average electron
density within these structures. It is necessary to select a
suitable function f;(x,y) analogous to the attenuation
function, which can be reconstructed from the scattered
photons. To do so, we must return to the fundamental
question: what physical quantity is actually measured
when scattering dominates? If the cone of unscattered
(ballistic) rays intersects the observer’s detector, then even
in scattering-dominated regimes, we simultaneously
record attenuation of the primary beam—described by the
first term in Equation (3), Ly, (0, s) —and the intensity of
the scattered component, I;.,; 6,5 , The latter is further
refined by specifying the kernel of the double integral:

N,=2 22N, ~8058-1023 cm~2.
9 UH

Lyrim 6,5 =1y exp[_fﬂ x,y dl]
Isca (0,5) = JJ £ () PGb(x,y = 5)) 5 dxdy

The function f; (x,y) represents the local electron
density, i.e., the number of Compton-scattering centers.
The angular distribution of scattered photons is described
by the indicatrix P ¢ x,y -5 =pgy 6 derived from
the Klein—Nishina (KN) theory. Here, R denotes the
distance from the scattering point to the detector. The
corresponding expression involves a double integral taken
over the entire volume of the medium. The scattered
signal thus constitutes a convolution-type integral. In the
absence of scattering and under dominant photo
absorption, the kernel of the direct Radon integral along
the ray connecting the primary radiation source and the
observer’s detector contains a delta function of the form
8 S —x-cosf —y-sing . Numerical results illustrating
scattering irregularities, including chemical composition
anomalies, are shown in Fig. 3 for a hydrogen—oxygen
medium with localized oxygen deficiency. Notably, when
the magnitude of the anomaly falls below 3%, the
scattered signal becomes indistinguishable from the noise
level of the detection system. The energy of the incident
photons is 130 keV.

®)

2.2. The Role of Fluorescent X-ray Emission

Essentially, when photo absorption occurs in a gas—dust
diffuse medium within the energy range up to 30 keV, all
constituent elements with atomic numbers from 1 to 4
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undergo only ionization, followed by the capture of free
electrons from the medium and subsequent recombination
through three-body collisions. The probability of such
events in a diffuse environment is extremely low. A rare
exception is found in young, dense supernova remnants,
where the presence of metals in the inner layers can lead
to an increase in electron density [Chevalier & Fransson,
2016). In such cases, photo absorption in elements starting
from boron and above results in the formation of K-shell
vacancies, the emission of high-energy electrons, and
Auger electrons. The filling of K-shell vacancies gives
rise to soft X-ray secondary radiation, which is efficiently
reabsorbed in the surrounding medium. Therefore, the
detection of such quanta provides a means for diagnosing
the outer layers of the observed objects. The energy
intervals between the absorption edges of these photons
are referred to as transparency windows. Visualization of
images  within these  ‘windows’ enables the
characterization of deeper layers through the continuous
component of the spectrum. The thermalization of X-ray
radiation primarily begins with multiple Compton
scatterings, followed by a cascade of energy loss and
subsequent photo absorption.

3. The Multiple Scattering Approximation

Multiple scattering of X-ray radiation contributes to
two principal effects. First, it reduces the contrast of the
contours of observed structures in direct transmission
images. On the other hand, in the absence of absorption in
equation (3), contrast enhancement relative to the
background noise emerges in regions of structural
irregularities, as illustrated in Fig. 2. In other words,
multiple scattering of X-ray photons gives rise to a diffuse
component of the radiation field, which is a fundamental
characteristic of the multiple scattering regime. This
occurs because the quantities P Y x,y =S =pgy 0,
derived from equations (3) and (4), can no longer
adequately describe the entire scattering system as a
whole. In such cases, the Monte Carlo method is

employed to address the problem.
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Figure 2: Spatial structure of the X-ray scattering region.
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Figure 3: Experimental modeling of multiple scattering in
oxygen-deficient liquid environments. The word hypoxic
means the oxygen deficiency.

Fig. 3 plots showing scattering angles of 30°, 60°, and
90° under conditions of multiple scattering (transport
approximation) for oxygen-deficient regions with radii
ranging from 0.5 to 4 cm. At 30°, the intensity level is
higher than at 60° and 90° due to the anisotropy of
scattering. A 10—15% increase in the scattering coefficient
Us (X, y) is observed with decreasing oxygen
concentration in water, resulting in a noticeable contrast
deviation for radii larger than 2 cm. For small regions
(less than 1 cm), such differences remain undetectable.

4. Image Reconstruction from X-ray and Gamma-
Ray Detector Readings

The inverse problem consists in reconstructing the
geometry of a scattering region based on the radiation
measured by detectors. The raw data (e.g., in the form of
RAW files) are used for the visualization of objects via
scattered radiation, a technique known as scatter imaging.
The key idea is to reconstruct local variations in the
attenuation coefficient u, (x, y) and the scattering
coefficient g (x, y) within the scattering region by
analyzing the angular distribution and intensity of lateral
scattering. To derive the relations required for solving the
inverse problem, we rewrite the second (scattering) term
in equation (3) in a more convenient form:

I, 0,1y =, Grrg,8 usr &7r dV. (9

Where @ r denotes the primary radiation fluence at
point r, associated with the local scattering coefficient
us v, and G r,r4,0 is a geometric and transport
operator that accounts for attenuation, the scattering
indicatrix pgy 6 and the propagation path to the detector.
The measurement process represents a discrete data
acquisition scheme, in which the detector readings are
recorded in sampled form. In the presence of mmm
detector channels, each channel must be mapped to its
corresponding angular and spatial coordinates:
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L% = jKpj usj + noise .

(10)

Where Kp,; is the sensitivity matrix (kernel), u; is the
parameter to be estimated—representing spatial variations
of the scattering coefficient ug, and noise denotes
statistical measurement noise.

4.1. Inverse Problem Statement

It is required to determine the fields Ap, (1), that give

rise to anomalies in the scattering intensity.
Al, = (11)

Which corresponds to the solution of a linear inverse
problem.

jKmj A s,

AI=K-A g . (12)

Structure of the Raw Data from Detectors. In X-ray
detectors, pixels are arranged in the form of a square
matrix, whose dimensions are determined by the
manufacturer. Each detector is associated with a two-
dimensional matrix and corresponding time series that
record the activation time of each pixel following the
interaction with an X-ray photon. This structure enables
dynamic monitoring of the imaged objects. In classical
detectors of the first and second generations, image
analysis and reconstruction rely primarily on object
projections formed by photon absorption. It is generally
assumed that this is sufficient for reconstructing the
density distribution of the object. In contrast, our method
utilizes projections formed by X-rays scattered by atomic
electrons within the object. As shown in Fig. 5 from
(Doikov D & Doikov M, 2024), there exists a spectral
region in  which scattering dominates  over
photoabsorption.

4.2. Reconstruction Methods

The reconstruction of astronomical images was first
introduced in the late 1960s in the context of radio
interferometric observations. The primary objective of
these studies was to determine the geometric and physical
characteristics of observed objects. By comparing regions
responsible for absorption and scattering of radio waves
during data processing, it became possible to achieve the
necessary image contrast. A subsequent development
involved obtaining high-contrast optical and infrared
images containing fine structural details in planetary
atmospheres within the Solar System. In this case, the
recorded radiation was affected by Rayleigh molecular
scattering. The variation in measured scattered radiation
as a function of planetary rotation enabled the association
of signals with the angular coordinate 6. Once the
intensity distribution of scattered radiation was obtained, a
suitable image reconstruction method could be selected.
Currently, the following reconstruction approaches are
widely used:

1. Algebraic Methods (ART, SIRT). A response
matrix K is constructed (e.g., via Monte Carlo simulation

for a given anomalous medium), and a minimum-norm
solution is obtained using a regularization parameter A:

Au, =arg min || KAug — AL II? + A || Aug Il . (13)

2. Iterative Reconstruction with Regularization.
Hcnonp3yercs Maximum-Likelihood Expectation
Maximize. An advanced class of reconstruction
techniques employs iterative schemes with embedded
regularization. One widely used algorithm is Maximum-
Likelihood Expectation Maximization (MLEM), which is
particularly effective in low-photon-count or Poisson-
limited regimes. The algorithm iteratively updates the
estimate of the scattering or attenuation distribution p(r) to
maximize the likelihood of observing the measured
detector data, while optional regularization terms may be
included to stabilize the solution and suppress noise action
(MLEM).

3. Diffusion Approximation / Transport Model Fit.
The scattering process is modeled using a diffusion
approximation or a full radiative transport model, with
spatially varying parameters Aug, and Ap, in different
regions. The model parameters are adjusted so that the
simulated lateral (scattered) signal matches the
experimentally measured data. This approach is
particularly suitable when multiple scattering dominates
and the medium can be approximated as diffusive.

4.3. Stepwise Reconstruction Algorithm

e Data preparation: Convert RAW data into sinograms
as a function of projection angle; normalize with
respect to angle and photon energy.

e Model calibration: Select a precomputed or
experimentally calibrated model using a reference
sample to obtain the system response matrix K.
Subtract the background signal (scattering from the
entire nominal model without anomalies).

e Optimization and inversion: Perform data inversion
and parameter estimation using equation (13) in
combination  with  Algebraic Reconstruction
Techniques (ART/SIRT) augmented with Total
Variation (TV) or Tikhonov regularization.

o Interpretation: Analyze the reconstructed image to
obtain a spatial map of Aug (r) .representing local
deviations in the scattering coefficient.

e Noise suppression and structural enhancement: The
highest image quality and feature resolution are
achieved using TV regularization, which effectively
suppresses noise and reconstructs smoothed or
piecewise-constant anomalies:

min, I| Kx — Al 24 ATV (x) . (14)

Depending on the nature and characteristics of the
measured data, two forms of total variation (TV)
regularization can be applied:

Anisotropic or simple form: the absolute differences
between neighboring pixel (voxel) values are summed
separately along the horizontal and vertical directions. At
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this stage, artifacts and noise in the projection signals are

partially suppressed.

The Fig. 4 demonstrates that a local chemical anomaly
is successfully recovered as a bright region, even for a

) ) o o weak perturbation (+15%). TV regularization significantly
Wx = 4 xi+lj —xij +xij+1 - improves spatial localization.
X xi,j (15a)
Coherent_\{s Compton scattering ratio
Isotropic form: enables smoothing of sharp 10° (siicate nanoparticles)

discontinuities and artifacts that may occur during image

acquisition on the detector.

TV x

ij Xxi+Lj —xij 2+ xij+1 —xij
Here, the gradient is computed at each pixel (in both x
and y directions), its norm is taken, and then the result is
summed over the entire domain. The first term in equation
(14) is based on comparison and alignment with the
measured data, while the second term suppresses
excessive oscillations. As a result, the solution becomes
piecewise constant and more effectively reveals localized
anomalies. These anomalies constitute the main objective
of the present study. Essentially, by anomalies we refer to
rapid lightning formation and various energy bursts
occurring under terrestrial and cosmic conditions.

5. Calculation Results
Many problems in astrophysics and planetary
astronomy are based on the analysis of spectral flux
measurements from extended structures that scatter X-ray
radiation originating from point-like sources.

In Fig. 4: Top Left is the baseline phantom (normal
oxygen level); Top Center is phantom with a local oxygen
deficiency (15% reduction); Top Right is differential

= (15b)
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Figure 5: Relative contribution of Compton-type

scattering for nanoparticles.

The Fig. 5 demonstrates that a local chemical anomaly
is successfully recovered as a bright region, even for a
weak perturbation (+15%). TV regularization significantly
improves spatial localization.

Discussion. In the coming years, the deployment of
next-generation (third-generation) detector-spectrographs
is anticipated. The crystals used in these detectors possess
a complex spatial structure, imposing constraints on the
dimensions of the elementary pixel cells. For applications
in X-ray and soft y-ray spectroscopy, it is essential that the

voxel length be no less than 1 cm, while the pixel width
should not exceed several tens of nanometers. A potential
difference of up to 1000 V is applied across the voxel
faces. Therefore, studying the degradation mechanisms of
semiconductors incorporating heavy elements of
significant interest.

Materials such as CsPbBr perovskites (Doikov D. &

Doikov M., 2024; Liu, Wu, Wei, 2022) fall into this
category. In third-generation detectors, the spectra of
high-energy radiation are recorded within each voxel. In
light of the discussed challenges, the availability of
detailed spectra of both scattered and characteristic
radiation enhances the resolution of structures with
chemical inhomogeneities. At the same time, the
likelihood of artifact formation is reduced. In CsPbBr3
semiconductors, the signal-to-noise ratio has reached
values of 2-3%, which improves reconstruction quality
and expands the capabilities of spectral imaging.

Spectral image reconstruction requires careful use of
existing tools. In essence, the method is based on the
analysis of scattered high-energy radiation and the
reconstruction of object structures from their scattering
signatures. Due to the well-known expression for the
scattering indicatrix pgy 6 each atomic species exhibits
a characteristic angular distribution that relates the photon
scattering angle to its post-collision energy. In other words,
the dispersion of the scattered radiation is directly linked
to the chemical composition of the medium.

sinogram Al recorded by lateral detectors. Bottom Left —
reconstruction using a SIRT-like method (without
filtering); Bottom Center — reconstruction after Total
Variation (TV) regularization (the anomaly becomes

sharper and more compact); Bottom Right — ground-truth
hypoxia mask.

is

Baseline phantom

Phantom + hypoxia

Al sinogram

SIRT-like reconstruction SIRT + TV regularization True hypoxia mask

Figure 4: Mapping of a 2D Chemical Inhomogeneity
(Shepp-Logan).



Odesa Astronomical Publications, vol. 38 (2025)

Color Indices. In some cases, the intensity of scattered
high-energy radiation is too low to allow for detailed
spectral reconstructions. For such scenarios, we propose
using integrated flux ratios across selected spectral
intervals, analogous to color indices in optical astronomy.
In stellar spectroscopy, these color indices have shown
sensitivity — and in some cases even correlation — with the
metal content of stellar atmospheres. A similar approach
may enhance the interpretability of scattering-based
chemical imaging.

Spectral Geometry. The reconstruction of investigated
objects using spectral analysis enables the extraction of
additional structural and compositional details, which are
directly related to the medium’s radiative response to
external irradiation. During the reconstruction process,
both artifacts and zones with local physicochemical
heterogeneities begin to emerge clearly, as illustrated in
Fig. 4, thereby expanding the diagnostic potential of the
proposed method.

6. Conclusion

Image reconstruction of irradiated media—based on the
analysis of both transmitted and scattered radiation—has
necessitated the development of new physical concepts,
instrumentation strategies, and computational algorithms.
This study substantiates the importance of incorporating

scattered radiation into the image reconstruction framework.

Contrary to the common belief that scattering leads only to
image degradation and loss of diagnostic value, our results
demonstrate that certain spectral regions actually provide
“clean” dominance of specific interactions:

e Pure absorption: 0.1-10 keV;

e Pure scattering (mainly Compton): 40—160 keV;

o Competitive regime (absorption and scattering): 1040 keV.

To simplify interpretation and facilitate visualization, we
selected both liquid and solid phases of the most abundant
cosmic and planetary environments: water and methane for
planetary atmospheres, and silicates and carbonates for the
interstellar medium. To date, most image reconstructions
have been carried out under the pure absorption
approximation, which assumes the radiation source is
positioned behind the irregular medium along the source—
detector axis. In this setup, the projection data corresponds
to a 2D distribution of the absorption coefficient u, (x,y),
which is commonly interpreted as the mass density map
Pa (x,y). However, our findings indicate that such a
configuration limits the amount of physical information
retrievable from the system and often reduces irregularities
to the level of noise in the detector image, thereby
compromising contrast.

In regions corresponding to very small scattering
angles 0«1, contrast loss due to scattering becomes
significant and calls for additional mathematical treatment
to restore interpretability. In cases where the effective
number of scatterers (atoms) remains within the single-
scattering regime (see equation (6)), our study
demonstrates that it is feasible to reconstruct spatial
distributions of the scattering coefficient u ((x,y) based
on scattered radiation. This approach dramatically
expands the observable volume—both geometrically and
physically — compared to absorption-only techniques.
Interestingly, such effects have also been observed by X-
ray satellites, even in energy domains typically dominated

by absorption. In these observations, nanoparticles of
silicates and carbonates serve as primary scattering agents.
However, under these conditions, scattering is primarily
diffraction-based, governed by the macroscopic properties
of the dust particles. Specifically, it depends on the
refractive index in the X-ray regime, which is typically
very close to unity. X-ray observatories have recorded
diffraction halos around novae during their peak
brightness phases (Drine, 2003). To quantify the
contributions of diffraction and Compton scattering, the
following spectral classification is applied:

e Soft X-ray halos (0.1-10 keV) dominated by

diffraction (coherent scattering, o, tipe);

e Intermediate range (10—40 keV) competitive regime

(diffraction and Compton scattering);

e Hard X-rays (>40 keV) dominated by Compton
scattering.

For an individual particle containing N electrons, the
scattering cross section must be computed accordingly to
capture the contributions of both coherent and incoherent
processes.

Ocoh N2IF g I?

16
Ocompt Nogn ( )

| F(q) I?’~exp — qR 2 ,q = 47” sin@/2 (17)

For the first time, previously invisible shells near novae
have been identified based on scattered radiation. We have
determined a wavelength interval in which diffraction-
based X-ray scattering by dust becomes comparable to—or
even exceeds — Compton scattering. By comparing the
angular scattering indicatrices associated with the two
mechanisms, pyy(0;) we found that p,,(6s) weaker
anisotropy compared to the strongly forward-peaked,
needle-like form of x pDiﬁ(Gs). The sharp angular

structure of K p; fr(HS). makes it particularly suitable for

both forward and inverse Radon transform techniques.

Author Contributions: D.D. developed the physical
model presented in Section 2-4. The Introduction,
problem Formulation, Discussion, and Conclusion were
co-written.
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DESIGN AND INVESTIGATION OF A NOVEL
GAMMA-RAY SPECTROGRAPH CONFIGURATION IN THE
ENERGY RANGE 0.511-5 MEV

Marko Doikov

Paisii Hilendarski University of Plovdiv, Faculty of Physics and Technology,
Tzar Asen St, 4000 Plovdiv, Bulgaria, marik.doikov@gmail.com

ABSTRACT. A novel composite gamma-ray detector
based on three CsPbBrs crystals is proposed for the
registration of quanta in the 0.1-5.0 MeV energy range.
The central crystal simultaneously performs two
functions: direct detection of gamma photons with
energies up to 0.6 MeV and detection of annihilation-
induced radiation in the 1.022-5.0MeV range. The
induced radiation is additionally recorded by two
symmetrically positioned side crystals.

Monte Carlo simulations of gamma-ray transport within
the primary crystal were performed to determine the
detector response function and the angular scattering
angular distribution. The secondary radiation yield and its
detectability by the side detectors were quantified.
Characteristic time constants of the detection processes and
saturation regimes were identified. Furthermore, the
economic feasibility of the proposed detector configuration
was assessed, demonstrating its potential for practical
implementation in advanced gamma-ray spectrographs.

Keywords: gamma-ray spectroscopy, CsPbBr: detector,
positron annihilation, Monte Carlo simulation, composite
detector design.

AHOTALIA. 3ampomoHOBaHO HOBUI KOMOIHOBaHUI
raMMa-feTeKTop Ha OCHOBi Tpbox kpuctamiB CsPbBrs mms
peecTpanii kBaHTIB y miama3oHi eeprii 0,511-5,0 MeB.
llenTpansHuil KpUCTam BUKOHYE OJHOYACHO [BI ()yHKII:
6e3mocepeHIo peecTpallito raMMa-(h OTOHIB 3 €HEPTisIMU J0
0,6 MeB Ta gertekuiro BUIIPOMIHIOBaHHS, I1HAYKOBAHOTO
aHirimgiero, y agiamazoni 1,022-5,0 MeB. InaayxoBane
BUIIPOMIHIOBaHHS  JIOJATKOBO  PCECTPYETHCS  BOMA
CHUMETPUYHO PO3TANIOBAHUMH OIYHHM U KPUCTATIAM .

Byno BHKOHAHO MOJEIOBaHHS TPAHCIOPTY TraMMa-
KBaHTIB y MEPBHHHOMY KpHcTaji MetogoM MoHte-Kapio
T BU3HAYeHHsA (YHKOIl BiAryKy  JeTektopa Ta
IHIMKATPUCH  KyTOBOTO  po3cisHHA.  OIHEHO  BHUXIX
BTOPHHHOTO BHIPOMIHIOBaHHSA Ta WOTO peecTpamist
OlYHMMH KpHUCTaJaMH. Bu3HA4YeHO XapakTepHi 4YacoBi
KOHCTAHTH  TPOIECIB  JCTCKTYBaHHA Ta  PEXKUMHU
Hacu4eHHA. J[0JaTKOBO TIPOBENCHO aHalli3 E€KOHOMIYHOT
JIOIUTHPHOCTI  3alPOTIOHOBaHOT KOH(Iryparmii aetekropa,
o JeMOHCTpYE€ 1 TMOTeHIial il NPaKTHIHOTO
BIPOBa/DKEHHA y CydacHIH ramma-crektporpadii. Bymm
BU3HAYCHI KPUTHYHI pEeXHMH poOOTH Ta po3paxoBaHa
peaxIis CHCTeMH y BWIJHAl IMIIyJIBCIB CIpyMy — JaHi,
HEOOX{HI JUTS MPOEKTyBaHHS €JIEKTPOHHOTO iHTEp(eHCy.

KnarouoBi  ciaoBa:  ramMMa-CIIeKTPOCKOIIS,  JETEKTOp
CsPbBrs, awiriisiiss mo3uTpoHiB, MojearoBaHHS MoHTe-
Kapio, koMOiHOBaHa KOHCTPYKILisl IETEKTOPA.

1. Introduction

Detailed gamma-ray spectra became widely accessible
to a broad range of specialists with the advent of
semiconductor crystals possessing average atomic
numbers Z in the range of 50-60 (Doikov, 2022). The
high accuracy of the acquired spectral data, combined
with the absence of a need for cryogenic cooling of
gamma spectrographs, has significantly enhanced their
availability and reduced production costs. Crystals and
powders of CsPbBrs are now commercially available.
y- radiation with energies not exceeding 0.6 MeV can be
efficiently detected using a crystal with a volume of
~len?. Under these conditions, y-quanta in the
intermediate energy range of 0.6-1.022MeV require
additional considerations for signal formation, as they are
only partially absorbed within the crystal. Consequently,
the efficiency of converting the absorbed photon energy
into a current pulse is reduced.

The dominant interaction mechanism for y-quanta, as
illustrated in the figures presented in this study, is Compton
scattering. For example, a single scattering event of an X-
ray quantum with energy 50keV results in a maximum
energy transfer of approximately 5keV. After undergoing
multiple scattering events, low-energy X-ray and y-quanta
(E, < 10keV) are subject to enhanced photo absorption
(Liu et al, 2022; Weber) For effective absorption of vy-
quanta in the range 0.6 MeV < E, < 1.022MeV, it is
necessary to increase the thickness ofthe CsPbBr3 absorber
crystal. However, this approach contradicts the
requirements for the miniaturization of gamma
spectrographs. In this energy region, Compton scattering
events become rarer, yet the resulting current pulse
amplitude is significantly larger than that produced by
absorbed photons in the lower-energy range 0.1 MeV
<E, <0.6MeV.

The present work is devoted to a novel method for
recording gamma-ray spectra in the energy interval
1.022MeV < E, < 5MeV. The implementation of this
method is structured into three main stages, described in
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Figure 1: Interaction X-ray and y-quantawith water

separate sections. Section 2 presents calculations of
Compton scattering diagrams and the resulting angular
distributions of y-quanta, based on the Klein—Nishina
formalism. Section 3 focuses on the calculation of cross-
sections for electron—positron pair production in the
vicinity of atomic nuclei in soft tissues. Importantly, the
proposed method does not require increasing the thickness
of the detector’s absorbing layer. Section 4 discusses the
detector design and its electronic interface. Sections 5
and 6 contain the Discussion and Conclusion,
respectively, including a comparison of the developed
device with previously reported detectors and the
presentation of model gamma spectra.

2. Compton Scattering of y-quanta in CsPbBr3
Crystals

The propagation of X-ray and y-quanta in matter is
accompanied by photoabsorption, collisions, andscattering
processes, primarily Compton and Rayleigh scattering on
atomic electrons (Weber; Incerti et al., 2010). Figure 1
illustrates the relative contributions of these interaction
mechanisms during photontransportin soft tissues.

Photo absorption is most effective in the soft X-ray
energy range. In the soft to intermediate gamma-ray
range, inelastic Compton scattering dominates. From the
Klein—Nishina equation, the angular scattering distribution
(angular distribution) of y-quanta can be derived.

2o _ B (2) (£ 4 2 _ ging) €

an 2 \E E E’

Here, 6 denotes the scattering angle relative to the initial
photon propagation direction. E’ and E represent the

energies of the scattered and incident photons, respectively,
while 7o is the classical electron radius. The angle 6 also
characterizes the electron scattering geometry.

The mean free path of X-ray quanta increases with
photon energy. For photons with an energy of
approximately 50 keV, the mean free path is about 8 cm.
When compared to the dimensions of the phantom-
represented here by a standard water phantom of 10° cm?®
volume — it can be concluded that, on average, a single
scattering eventoccurs.

As shown in Table 1, approximately 30-40% of the
scattered quanta possess a lateral, in particular perpendicular,
component. Forasoft-tissue thickness of 10 cm, the resulting
fractional distribution is as follows: 70-80% ofthe photons
remain unattenuated and do not interact, 10-20% undergo
photo absorption,andamong all scattered photons, 30—-40%
are deflected laterally. This corresponds to about3-8% ofthe
total photon flux With increasing photon energy E, the
scattering angular distribution E’ becomes more strongly
localized around the original photon propagation direction, as
illustrated in Figure 2.

Table 1: Single scattering in soft tissues (water) atan X-ray
energy of E =50 keV. Percentage of scattered radiation:

Scattering angle 0 (degrees) Normalized do/dQ
0° (forward) 1.0

45° 0.70

90° (lateral) 0.40

135° (backward) 0.15

180° (backward) 0.05
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Figure 2: Scattering angular distribution of photons with different energies in the soft gamma-ray and hard X-ray range.
The length of the line connecting the origin to a point on the diagram is proportional to the scattering probability.
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Figure 3: Dependence of IL on the crystal thickness d, calculated using the Hurst relation for characteristic potential
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differences V=500V and V=1000 V utV = 0.4 and 0.8 in free dimension units).

The fraction of photons scattered in the forward
direction increases with rising energy E. To calculate the
current pulse, it is necessary to determine the energy
AE, = E—E' = (5—10) keV. Let the band gap width
of the CsPbBrs semiconductor be denoted as Then,
the total number of electrons transferred frordffg,yalence
band to the conduction band after a single inelastic
scattering eventis given by the expression:

Nfr = AEC/AEforb' (2)
To calculate the amplitude of the current pulse, the

relations provided in (Doikov, 2022, 2023), which are

also relevant for the present study, were employed:

4Ec(1-exp(~kya))

AEforb

©)

fr=

In the exponent, it is more convenient to replace the
extinction coefficient of gamma or X-ray radiation k,
with the mass extinction coefficient k,(m). The value of
k, (m) allows one to evaluate the percentage contribution
of various scattering and absorption mechanisms to the
total extinction, for example, in soft tissues (see Fig. 1).
For semiconductor crystals of CsPbBrs, the effective
average atomic number is M, =57.35. The mean

mobility—lifetime product of electron—hole pairs is ut =
8- 107*cm? /V where V denotes the potential difference
between the electrodes of the CsPbBrs crystal. The signal-
to-noise ratio, in the first approximation, can be expressed
by the Hurst relation, which is useful for physical

analysis:
(1 —exp (—:T—ZV)>

I ptv

@

Io d
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or alternatively, by incorporating the semi-empirical data
reported in (Zhang,Zhou, 2020; Liu, Wu, Wei, et al,
2022; Lopez, Abia, Consuelo et al., 2020).

i = 0('1—8<1 — exp (— %))

Here, the quantity on the left-hand side of the equation, IL
0

©)

represents the relative reduction (or change) in the current
when passing through a layer of thickness d. This ratio
describes the attenuation of current (or radiation, or
signal) due to the presence of a material layer into which
charges, photons, or ions penetrate. In detector physics

(for example, in scintillation layers), the ratio IL can be
0

associated with the particle detection efficiency as a
function of the active layer thickness.

Numerous measurements of the aforementioned
parameters have demonstrated that the optimal thickness d
of CsPbBrs crystals corresponds to the values atwhich the
plotted function reaches its maximum. This fact determines
the characteristic dimensions of commercially available
detector-grade crystals. The signal-to-noise ratio in modern
CsPbBrs based detectors typically ranges from 80 to 100,
making them competitive with more expensive counterparts
based on other crystals containing heavy elements.
Asymptotic behavior:when d «< A, where A = utV, almost

the entire intensity is transmitted. For d > utV/, IL ~ KV
0

a
i.e., theintensity decreases inversely with thickness.

3.1. Quantitative estimates of elementary processes
within the specified energy range

3.1.2. Expected current response. We introduce the
following notation:

e Q — the charge of the electron cloud generated by the
passage of a single ionizing gamma or X-ray quantum.
The value of Q includes secondary electrons and holes
(the avalanche multiplication is ensured by the high
potential difference V applied to the contacts, typically
(500-1000 V).

® T4ripe — the charge drift time in the CsPbBrs crystal,
with 74,7 = 10 ns, the absorbed energy
corresponding to primary interaction
mechanisms,

Egep ~ 1.022MeV — 6 MeV ~ (1.022 — 6) - 10°eV (6)

Edep -
the four

e AE, 40t = 10 eV — 25eV — the average energy
required to generate an electron-hole pair (including
possible trapping states).

Under these assumptions, the current response induced on
the electrodes can be estimated for the given ionization
parameters as:

Ede
E;, =~ 5-10%eV;Q = L —
dep ¢ Q AEel+d0t
= 4107 QL I(vayipe) = —— ~ 4 uA )

Tdrift

The obtained results are essential for evaluating the
amplitude of the current pulse. Within a single significant
order of magnitude, the values of the maximum
amplitudes I(zq,;) vary. An analysis of the current
amplitudes shows that I(z,,;,) deviates significantly
from a symmetric signal shape (Doikov, 2023). This
demonstrates the practicality of integrating the pulse and
subsequently discretizing it by the total charge Q. In this
case, the current pulse is transformed into a standard
rectangular shape and further converted into a potential
pulse. The output values of the processed gamma
spectrumexhibit high physical reliability.

With complete absorption of a y-quantum with an
energy of 5MeV via pair production, a CsPbBrs detector
can generate a peak current on the order of 4-8 pA, with a
duration of approximately 10-20ns, depending on the
carrier mobility and the applied electric field. Let us
examine in more detail the absorption capability of
CsPbBrs crystals and soft tissues in connection with the
need to address a range of applied problems. Water-
containing aerosols in thunderclouds actively interact with
gamma radiation. The deceleration of electrons in the
fields of oxygen, nitrogen, and hydrogen atoms leads to
the emission of continuous gamma quanta of sufficiently
high energies. The electric potential of a lightning
discharge can reach about 200 MeV. Therefore, the flux of
gamma quanta is sufficient to produce electron—positron
pairs in the electric field of a thunderstorm discharge (in
water vapor). At lightning branch points, synchrotron X-
ray and, more rarely, gamma radiation have also been
observed. Thus, lightning provides conditions for bursts of
direct gamma radiation. After interacting with nuclear
fields, such gamma quanta with E, > 1.022 MeV E
vanish, resulting in the creation of electron—positron pairs.

Fig. 4 also shows the current response of a CsPbBr3
crystal in the energy range 1.022-5MeV. The following
contributions are taken into account: Direct ionization (a
gradual increase with energy); Pair production (a sharp
quadratic rise above 1.022MeV); Total signal, which
becomes increasingly dominated by the pair-production
contribution at energies above approximately 2.5 MeV.
The comparative contribution of electron—positron pair
production to the formation of the current pulse is
presented in Fig. 5. The ionization losses fromthe creation
of electron—positron pairs are formed by the beta electron
of the pair, the positron, and two annihilation y-quanta
with energies of 0.511 MeV, which in turn contribute to
the current pulse. From the law of energy conservation,
the residual kinetic energy of the produced particle pair
must also be taken into account.

The dashed curve represents the current from the two
511keV y-quanta produced during positron annihilation
(this contribution remains constant above the 1.022 MeV
threshold). The black dash-dot curve shows the total
detector response, taking into account: direct ionization,
pair production, annihilation radiation. This contribution
is particularly noticeable in the 1.5-2.5MeV region,
before the main energy losses from the electron—positron
pairs themselves become dominant.
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Pair Production Cross Section vs Energy
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Figure 4: Extinction of gamma quantawith 1.022 MeV < E,, < 5 MeV in softtissues (Water) and in CsPbBrs crystals.
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Figure 5: Relative contribution of annihilation to the resulting current response.

3.1.3. Accounting for incomplete absorption of
annihilation-induced quanta. Considera CsPbBrs_33crystal
irradiated by y-quanta with energies from 1.022 MeV to
4 MeV. The crystal volume is 1 cn?. We aim to determine
the relative fraction of emitted y-quanta generatedas aresult
of electron—positron pair production near the nuclei
constituting the crystal. To evaluate the relative yield of
annihilation y-quanta(511 keV) produced during thecreation
of electron—positron pairs in a CsPbBrs crystal of volume
1 en?, we define the percentage of y-quanta escaping the
crystal—i.e., thosenot absorbed after positron annihilation —
as a function of the energy of the primary y-quantum that
initiated the pair production process.

Material: CsPbBrs, density =~4.9 g/cm?, geometrical
shape — cube of 1 cn?. The mass extinction coefficient is
% = 0.25 cm? /g. Thus, the linear extinction coefficient

IS Ueye = 0,25-4,9 ~ 1,225 cm™%. The mean free path is

therefore A=1/u~0.816 cm. The final step is to calculate
the survival (escape) probability — P,;. of a y-quantum
with energy E, = 0,511 MeV:

Pesc = %fol exp (_ %) dx = 1(1 T exp (_%)) ~ 0,293

©)

Conclusions for this section. Approximately 29.3% of
the annihilation y-quanta generated within a 1 cn?® volume
of CsPbBr3 escape the crystal without being absorbed.

Approximately 80% of the total number of annihilated
quanta, as well as the resulting combined contribution to
the detector pulse. In the final figure, it is taken into
account that about 29.3% of the annihilation y-quanta
generated within a 1cm?® volume of CsPbBrs escape the
crystal without being absorbed. Having obtained the final
results (Fig. 7), we now proceed to the development and
modeling of a combined gamma detector.
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Figure 6: Current response of the detector accounting for direct ionization, electron—positron pair production,
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Figure 7. Current response of the detector accounting for direct ionization, electron—positron pair production, and
annihilation.
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Figure 10: Simulation of a CsPbBrs crystal detectorwith a beam of 1000 y-quanta.

4. Design of a combined detector

In this section, the most technically challenging task is
the development of a gamma detector capable of
reconstructing the spectra of investigated objects in the
energy interval 0.511-1.022 MeV. Within this range, only
ionization losses caused by Compton scattering need to be
considered. Figure 4 presents the results of quantitative
calculations of the total absorption coefficient. It should
be noted that most radioactive isotopes exhibit their
activity in the form of both discrete (line) spectra and
Compton continua, analogous to the presence of discrete
spectral lines superimposed on a continuous background
in classical optics. The graph shows the spectrum of
current pulses from a CsPbBrs — based detector with a
volume of 1cn?® when interacting with y-quanta with
energies from 10 keV to 1.022 MeV.

The key features of the normalized current pulse
dependence are determined by the efficiency of
gamma-quantum extinction mechanisms, more precisely
by the slope of the curve in Fig. 4. In particular: At low
energies (up to ~100 keV), the current is small due to the
high probability of transmission without interaction. In the
range 200-600 keV, the response increases sharply due to
more efficient absorption, primarily through the
photoelectric effect. As the energy approaches 1 MeV, the
current continues to grow but with a reduced slope, as the
interaction probability begins to decrease. This spectrum
represents not an energy-dispersive response, but rather
the current (pulse) response. When gamma spectraneed to
be studied, a practical solution would involve considering
both the intrinsic energy resolution of the detector and the
spectrum of the incident radiation.
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Figure 9: Schematic view of the gamma spectrograph for
induced radiation.

5. Discussion
The diagnostics of physical media using
next-generation  high-precision gamma and X-ray

spectrographs significantly expands the range of solvable
problems in medicine, meteorology, and astrophysics. vy-
quanta are formed by two independent mechanisms. For
example, in Fig. 6, 7 a directed flux of beta particles and
Gamma rays is emitted from a shielded cylindrical
container. The device incorporates three independent
detectors: the central detector records the direct radiation,
while the lateral crystal semiconductor detectors register
induced y-quanta of strictly defined energy - 0.511 MeV.
For the “purity” of the experiment, it is necessary to
determine the fraction of the scattered component of the
flux that reaches the lateral detectors. For this purpose, the
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results of standard modeling of multiple scattering of
quanta within a CsPbBr3 crystal are used. It should be
noted that the fraction of scattered quanta increases with
decreasing energy of the incident quanta. When the
photon energy Ey increases such that E, > 0.1 MeV, the
angular distribution becomes dominated by forward
Compton scattering, as is evident in Fig.2 for E,=

0.1 MeV. Therefore, the effect of induced emission of
gamma quanta can be considered “free” of scattered
quantafrom the direct flux

In comparison with traditional CdZnTe and LaBr:(Ce)
detectors, the proposed CsPbBrz configuration provides
the same or even better energy resolution (~1-2% FWHM
at 662 keV) and higher detection efficiency in the 0.511-5
MeV range due to active capture of annihilation photons
and operation at room temperature without cryogenic
cooling. CsPbBrs crystals are inexpensive and readily
available, and their composite geometry (central and side
crystals) allows for efficient detection of 511 keV
photons, eliminating escape peaks and expanding the
measurable energy range. Thus, this design combines the
resolution of semiconductors, the efficiency of
scintillators, and low cost, representing a new generation
of compact gamma spectrographs. The maximum
permissible  flux of gamma quanta is limited to
approximately 10°cm™2s~1. At this level, the detection
system is unable to fully relax to its initial state between
successive events. To calculate the response curve of
CsPbBrs and predict the pulse shape generated by
individual gamma or X-ray quanta, we employed the
open-source  Geant4-DNA v11.2 simulation toolkit
(Incerti et al., 2010), as utilized during participation in the
International Geant4 School, Pavia, Italy (January 11-19,
2024).The trajectory of each quantum within the CsPbBr3
crystal is governed by its chemical structure and by
fundamental processes such as absorption, scattering, and
pair production. The Monte Carlo method implemented in
Geant4 regulates the elementary interactions of
photoabsorption, Compton and Rayleigh scattering, and
electron—positron pair creation. The absorbed dose -
resulting from both the primary quanta and the secondary
photons and particles they generate — forms a current
pulse in both the primary and secondary detectors.
According to the performed calculations, the amplitude
and shape of the current pulse within the principal
operational range of radiation fluxes exhibit a linear
dependence on the absorbed dose. The proposed

combined detector allows separate construction of spectra
for primary and secondary radiation components. Solving
this problem by alternative analytical methods is
practically impossible.

6. Conclusion

The gamma spectrograph for induced radiation has
made it possible to broaden the range of applied tasks.
This work proposed new configurations, structural
elements, and physical principles that allow the
exploitation of detectors composed of atoms with high
atomic weights. The absence of a need for deep cooling
and the commercial availability of CsPbBrs crystals make
their mass production feasible and enable their wide
implementation in nuclear medicine and geophysics. A
complete set of simulations of the expected parameters of
the developed detectors was carried out with the goal of
fabricating a prototype. Critical operating modes were
determined, and the system response in the form of
current pulses was calculated—data necessary for the
design of the electronic interface.
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SINGULARITIES AND THEIR CROSSING IN GRAVITY
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ABSTRACT. We discuss the problem of singularity
crossing in isotropic and anisotropic universes. First,
we consider the so called soft or sudden singularities
and, in particular the Big Brake singularity. This
singularity was discovered in a particular tachyon
cosmological model and it was also shown that this
kind of singularity arises in a very simple model, where
matter is represented by the anti-Chaplygin gas. At
the encounter with the Big Brake singularity
the universe has a finite scale factor, a vanishing
expansion velocity and an infinite deceleration. The
Christoffel symbols also vanish the geodesics are
regular and the universe easily can cross such a
singularity. Adding to the anti-Chaplygin gas or
to the tachyon matter some amount of dust we see
that the Big Brake singularity is substituted by a
more general soft singularity, its crossing implies a
certain transformation of the properties of matter.
The crossing of the Big Bang — Big Crunch singularity
is more counter-intuitive. However, we describe it for
both Friedmann universe and Bianchi-I universe using
the field reparametrization of the variables present
in models (a scalar field and the metric). Then we
consider the Wheeler-DeWitt equation and show
that the probability for the universe to find itself at
the soft singularity is different from zero, while the
encounter with the Big Bang — Big Crunch singularity
is suppressed. We analyze the possibility to construct
Fock spaces of quantum particles at the vicinity of
different cosmological singularities and see when it
is possible and when it is not possible. Finally, we
present some attempts to develop general approach
to the connection between the field reparametrization
and the elimination of singularities.

Keywords: gravitation; cosmology; singularities.

AHOTAIIIA. Mu 06roBoproeMo podJieMy epeTuHy
CUHTYJISIPHOCTI B  I30TPONHUX Ta  AaHI30TPOITHUX
BCeCBiTax. Crnouatky MU pO3IVISHEMO TakK 3BaHi
abo pamToBi CHHTYIAPHOCTI Ta, 30KpeMa,
cunrynsapHicts Benukoro Tanmbma. Ila cunrynspricTs
Oysia BUsBJEHA B TIEBHIM TaxiOHHINt KOCMOJIOTiUHIM
OyJI0 TaKoXK I[OKa3aHo, IO Mefl Tu

M’ 4Kl

Mozemi, i

CUHTYJIAPHOCTI BUHUKAE B JIy2Ke ITPOCTIM MOJesi, Jie
MaTepisd UpeiCTaBJieHa AHTHUYAIIUIIHCBKAM T[a30M.
IIpu 3siTkHenHi 3 cuuryngpuictio Bemukoro lagbma
BcecBit mMae ckinueHHHit MacinTabHUMT KOedIIi€eHT,
3HUKAIOYY IIBUIKICTh PO3IIUPEHHS Ta HECKIHIYEHHE
VIIOBLIbHEHHSI. CumBoimm  Kpicrobdens Takox
3HUKAIOTh, T€OJAE3UIHI € peryaapuumu, i BececBiT Moxke
JIETKO TIEPETHYTU TaKy CHUHTYJIdApHicTh.  Jlonaroum
J0 aHTUYAILUIMTIHCBKOTO ra3dy abo TaxioHHOI MaTepil
MEeBHY KILJIBbKICTH MUJIy, MU OAYUMO, 1[0 CUHTYJISIPHICTH
Bemukoro Tambma 3aMiHIOETBCH OULIBIT  3araIbHOIO
M’SIKOIO CHHTYJIPHICTIO, 1T IepeTwH nepeadavae meBHy

TpaHcdopMaIliio BIACTHBOCTEN MaTepil. IlepeTnn
cunrynsgpHocti  Bemmkoro Bubyxy —  Benukoro
Crucuennst € OiIbII KOHTPIHTYITHBHUM. OjHax,
Mu ommcyemMo 1e gk i Bceecity ®pimmana,
Tak 1 gma  BceecBity B’amki-I, BukopucToByioun
penapamMerpusaliiio  1ojsd  3MIHHUX, MPHUCYTHIX ¥y
MOJIeJIsIX (CKasIsipHe TI0Jie Ta MeTpuka). 1loTiM Mu

po3rysaaeMo piBuanas Yinepa-llesiTTa i mokazyemo,
Mo WMOBIpHiICTH TOro, 1O BcecBiT onmHUTHCH B
M'{Kill CHHTYJSIDHOCTI, BiIpi3HsieTbcs Bim  Hyod,
TOmI AK 3ycTpiu i3 cuHrymgpmicTtio  Bemmkoro
BuOyxy — Besumkoro crTucHeHHs BUKIIOYAETHCA. Mu
aHAJ3YEMO MOXKJUBICTb 1OOy/0BU MpocTopiB Poka
KBAHTOBHUX YACTUHOK IMO0JIA3Y PI3HUX KOCMOJIOTIUHUX

CHUHTYJISIPHOCTE Ta 0a4mMO, KOJHM II€ MOXKJIUBO,

a KOJIM Hi. Hapemri, mMum mpencraBiasgeMo eski
cripobu  po3poOUTH 3araJbHUM TMiAXix 10 3B a3KYy
MiXK ~ pelapaMeTpu3alli€l0 IOJisi Ta  YCyHEHHSIM
CHUHI'YJIAPHOCTEN.
Kuaro4uoBi  ciooBa: rpaBiTaris; KOCMOJIOTsT;
CHUHTYJISAPHICTb.

1. Introduction

Appearance of singularities is one of the most impor-
tant phenomena in General Relativity and in its gen-
eralizations and modifications. The singularities were
first discovered in such simple geometries as those of
Friedmann and Schwarzschild and later their general
character was established in (Penrose, 1965; Hawk-
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ing, 1966; Gorini et al., 2004). The investigation of
the oscillatory approach to the cosmological singular-
ity (Belinsky, Khalatnikov & Lifshitz, 1970) known also
as Mixmaster universe (Misner, 1969) has opened the
way to the birth of a new branches of the mathemati-
cal physics — chaotic cosmology (Khalatnikov, Lifshitz,
Khanin et al., 1985) and its relation tohyperbolic Kac-
Moody algebras (Damour, Henneaux & Nicolai, 2003).
While some researchers try to exclude cosmological
singularities and singularities hidden inside black
holes, constructing some involved models, the idea
that the singularities are not a drawback of the
General Relativity but is natural and fundamental
feature becomes more popular during new millennium.
Remarkably this idea was advocated by Misner
(Misner, 1969a) as early as in 1969. Let us give some
direct citations from his enchanting paper.
“I prefer a more optimistic viewpoint (“Nature and
Einstein are subtle but tolerant”) which views the
initial singularity in cosmological theory not as a proof
of our ignorance, but as a source from which we can
derive much valuable understanding of cosmology.”
“Thus, while I presume that relativity, like other
physical theories, will be improved from time to time,
I do not see that these changes need bear directly on
the problem of cosmological singularity.”
“We should stretch our minds, find some more ac-
ceptable set of words to describe the mathematical
situation, now identified as “singular”’, and then pro-
ceed to incorporate this singularity into our physical
thinking until observational difficulties force revision
on us.”
“The concept of a true initial singularity (as distinct
from an indescribable early era at extravagant but
finite high densities and temperatures) can be a
positive and useful element in cosmological theory.
The Universe is meaningfully infinitely old because
infinitely many things have happened since the begin-
ning.”

Inspired by this spirit of treatment of the singular-
ities as something natural, one can try to study the
opportunity to cross them. In this paper, based on my
talk at the XXV Gamov International Astronomical
Conference, I shall review different aspects of the singu-
larity crossing in gravity and cosmology. The structure
of the paper is the following: the second section is de-
voted to the description of the so called soft or sudden
singularities; in the third section we treat the more tra-
ditional Big Bang — Big Crunch singularity; the fourth
section is devoted to quantum cosmology; in the fifth
section we discuss what happens with quantum parti-
cles at the singularity crossing; in the sixth section we
describe attempts to develop a general approach to the
description of the singularity crossing; the last section
contains conclusive remarks.

2. The Big Brake cosmological singularity,
more general soft singularities and their cross-

ing

We start this section with the consideration of a very
particular toy model (Gorini, Kamenshchik, Moschella

et al., 2004). A flat Friedmann universe with the metric
ds* = dt* — a*(t)dI*

is driven by the so called tachyon field (Sen 2002) with
the Lagrange density

L=-V(T)V1-T2

The energy density is

the pressure is

p=-V(T)V1-1T2

The Friedmann equation has the following form:
2
a
H? = =5 =0
a

The equation of motion for the tachyon field is

+3HT+ﬁ:0.
1-172 |4

In our model the potential is
A
sin? [$3/A(T+K) T

V(T) =

x\/1(1+k)cos2 B A(1+k)T} ,

where k and A > 0 are the parameters of the model.
The case k > 0 is more interesting. Indeed, in this
case some trajectories (cosmological evolutions) finish
in an infinite de Sitter expansion. In other trajectories
the tachyon field transforms into a pseudotachyon field
with the Lagrange density, energy density and positive
pressure (Gorini et al., 2004):

L=W(T)VT? -1,

_ W)
-1
p=W(T)VT? - 1
W(T) =

sin [gmﬂ
\/(1+k cosz[ mT—l]
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What happens to the Universe after the transformation
of the tachyon into the pseudotachyon ? It encounters
the Big Brake cosmological singularity.

The Big Brake cosmological singularity has the fol-
lowing characteristics:

t—tpp < 00,
a(t > tpp) — app < 00,
a(t - tgp) — 0,
a(t > tpp) = —o0,
R(t > tpp) — 400,
p(t = tpp) — 0,

p(t — tBB) — +o00.

If a(tgp) # 0 it is a more general soft singularity.

At the Big Brake singularity the equations for
geodesics are regular, because the Christoffel symbols
are regular (moreover, they are equal to zero). We can
ask ourselves if it is possible to cross the Big Brake sin-
gularity (Gorini et al., 2004). Let us study the regime
of approaching to the Big Brake. On analyzing the
equations of motion we find that on approaching the
Big Brake singularity the tachyon field behaves as

A 1/3 )
T=T _ t — /3,
BBt (3W(TBB)) (tzz —1)

Its time derivative s = T behaves as

4 1/3 )
_ _ —2/3
5= (81W(TBB)> (b = 1),

the cosmological radius is

3 IW2(Tep)\ >
G =app — —aBB <(2BB)> (tgp — t)*/3,

4

its time derivative is

, 9W2(Tg)\ >
a=app <(25B)> (tBB_t)l/B,

and the Hubble variable is
OW2(Tep)\ >
H = <(2 BB)) (tpp —t)'/5.

All these expressions can be continued into the region
where t > tpp, which amounts to crossing the Big
Brake singularity. Only the expression for s is singular

at t = tpp but this singularity is integrable and not
dangerous.

Once reaching the Big Brake, it is impossible for the
system to stay there because of the infinite decelera-
tion, which eventually leads to a decrease of the scale
factor. This is because after the Big Brake crossing the
time derivative of the cosmological radius and Hubble
variable change their signs. The expansion is then fol-
lowed by a contraction, culminating in the Big Crunch
singularity.

One of the simplest cosmological models revealing a
Big Brake singularity is the model based on the anti-
Chaplygin gas with an equation of state

p= é, A>0.
p
Such an equation of state arises in the theory of wiggly
strings (Carter, 1989; Vilenkin, 1990). Here

p(a)z,/a%_A.

At a = a, = (%)1/6 the universe encounters the Big
Brake singularity.

What happens in a universe filled with an anti-
Chaplygin gas and dust (Keresztes et al., 2013; Gorini
et al., 2004)? The energy density and the pressure are

o) =\ 24t M )= A
a a B _ 4
a

Due to the dust component, the Hubble parameter has
a non-zero value at the encounter with the singularity,
therefore the dust implies further expansion. However,
with continued expansion however, the energy density
and the pressure of the anti-Chaplygin gas would be-
come ill-defined. The abrupt transition from the ex-
pansion to the contraction of the universe does not look
natural. One can try to change the equation of state of
the anti-Chaplygin gas on passing the soft singularity.
There is some analogy between the transition from an
expansion to a contraction of a universe and the per-
fectly elastic bounce of a ball from a wall in classical
mechanics. There is also an abrupt change of the direc-
tion of the velocity (momentum). However, we know
that in reality the velocity is changed continuously due
to the deformation of the ball and of the wall. The
pressure of the anti-Chaplygin gas

A

B _
ab A

p:

tends to +0o when the universe approaches the soft sin-
gularity. Requiring the expansion to continue into the
region a > ag, while changing minimally the equation
of state, we assume
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A
= for a > ag.
A= s

p:

This implies the energy density

/ B

The anti-Chaplygin gas transforms itself into Chap-
lygin gas with negative energy density. The pressure
remains positive, expansion continues. The spacetime
geometry remains continuous. The expansion stops at

a = ag, where
M B 0
ag ag

Then the contraction of the universe begins. At the
moment when the energy density of the Chaplygin gas
becomes equal to zero (again a soft singularity), the
Chaplygin gas transforms itself into the anti-Chaplygin
gas and the contraction continues culminating in an en-
counter with the Big Crunch singularity. Analogous ef-
fects arise in the model with the tachyon field and dust.
The Lagrangian of the Born-Infeld like field changes its
form.

We conclude this section by mentioning that the
soft (sudden) cosmological singularities were firstly
studied in (Barrow, Galloway & Tipler 1986). The
conditions of the singularity crossing were studied in
(Fernandez-Jambrina & Lazkoz 2004). Interesting
tachyon cosmological models were suggested in (Fein-
stein 2002) and (Padmanabhan 2002).

3. Big Bang — Big Crunch singularity crossing

The idea that the Big Bang — Big Crunch singularity
can be crossed appears very counterintuitive (Gorini et
al., 2004). Some approaches to the description of this
crossing were elaborated during the last two decades
(Bars et al., 2012; Wetterich, 2014; Dominis Prester,
2016). There is an analogy with the horizon which
arises due to a certain choice of the spacetime coor-
dinates: the singularity arises because of some choice
of the field parametrization. On choosing some conve-
nient field parametrization one can provide a matching
between the characteristics of the universe before and
after the singularity crossing. One can trace an anal-
ogy to the Kruskal coordinates for the Schwarzschild
metric. On choosing appropriate combinations of the
field variables we can describe the passage through the
Big Bang — Big Crunch singularity, but this does not
mean that the presence of such a singularity is not es-
sential. Indeed, extended objects cannot survive this
passage.

Let us consider a flat Friedmann universe filled
with a conformally coupled scalar field (Kamenshchik,
Pozdeeva, Tronconi et al., 2016).

1
S = /d4x\/—g [U(U)R - 59”1/‘77#‘7# +V(o)|,

1
U(U) = UO — EUQ.
Let us apply the conformal transformation of the met-
ric

_ Ui
glLV - Ug,ul/~

A new scalar field ¢ is

dp UL(U +3U"?) VUL (U 4 30"2)
= = qb:/—U do.

d

o vV 12U0 +o
¢=v3ilihn [«m-}

_ ¢
o = /12Uy tanh {m] .

The action then becomes the action for a minimally
coupled scalar field:

5= [ dey/G [UiRG) - 30,0, + W(0)].

URV(o(4))
W)= Tatg))

This is called the transformation from the Jordan frame
to the Einstein frame.
In a flat Friedmann universe

ds® = N2dr? — o%di?,
ds? = N%dr? — a2di>.

- U, Ju i
N = U—lN,a— Ula,t—/ Udt,

where t and t are the cosmic time parameters in the
Jordan and the Einstein frames.

a=a Ulcosh( ¢ )
V Uo V1201 )

In the vicinity of the singularity in the Einstein frame:

an~13 =0, when £ — 0.

However, in the Jordan frame one has

~1

an~t3 (N% + 5_%) — const # 0.
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Meanwhile, the scalar field o crosses the value ++/12U
and the coupling function U changes its sign. Thus,
the evolution in the Jordan frame is regular, and we
can use this fact to describe the crossing of the Big
Bang — Big Crunch singularity in the Einstein frame.
If one considers the expansion of the universe from the
Big Bang with normal gravity driven by the standard
scalar field, the continuation backward in time shows
that it was preceded by the contraction towards a Big
Crunch singularity in the antigravity regime, driven by
a phantom scalar field with a negative kinetic term.

The possibility of a change of sign of the effective
gravitational constant in the model with a conformably
coupled scalar field was analyzed in (Starobinsky, 1981;
Gorini et al., 2004). It was shown that in a homo-
geneous and isotropic universe, one can indeed cross
the point where the effective gravitational constant
changes sign. However, the presence of anisotropies
changes the situation: these anisotropies grow indef-
initely when this constant is equal to zero. To de-
scribe the Big Bang — Big Crunch singularity crossing
in anisotropic universes it is necessary to use another
methods. We have done it for the Bianchi-I universe
(Kamenshchik, Pozdeeva, Tronconi et al 2017, Kamen-
shchik, Pozdeeva, Starobinsky et al., 2018). The idea
was the following. Introducing the new “radial” vari-
able
r~a’?
and treating the scalar field as an angular variable, we
obtain an effective Lagrangian

Lo

1 .
L = §T — §T2¢2,

or, in Cartesian coordinates

1 1
L=—i?— —¢%
2" T aY
Solving the equations of motion one can describe the
singularity crossing. Introduction of the anisotropy
factors for the Bianchi-I model is reduced to the modi-
fication of the kinetic term for the massless scalar field.

4. Quantum cosmology and singularities

Speaking about quantum cosmology and singulari-
ties people mean two different approaches. One can
consider a modification of the Friedmann equation,
taking into account the quantum corrections to the ef-
fective action of the theory:

a2k

? ; = Pmatter + Pquantum corrections-
One can hope that these correction change the dynam-
ics of the universe evolution, implying an appearance of

some kind of bounce and avoing an encounter with the
singularity. Another approach is based on the study of
the Wheeler-DeWitt equation and the prospective of
vanishing of the quantum state of the universe at the
singular configurations of the geometry (DeWitt 1967):

U (geometry + matter)geometry is singular = 0.

The wave function of the Universe V¥ satisfies the
Wheeler-DeWitt equation

HY =0,

where # is the so called super-Hamiltonian. There are
two major questions, concerning this equation. It looks
like the very notion of time disappears here. Then, it
is not clear how the notion of the probability can be
determined. There is rather a vast literature devoted
to treatment of these problems (see e.g. (Barvinsky
1993)). The general recipe for their treatment can be
formulated as follows: a time can be defined as a cer-
tain function of geometrical variables. After that the
wavefunction describing matter variables satisfies an
effective Schrédinger equation. The singularity is as-
sociated with such values of the matter variables when
this singularity arises in the classical theory. Our anal-
ysis of some simple models tells that the probability
of the arising of soft singularities is not suppressed by
the wave function of the universe (Kamenshchik, Kiefer
& Sandhofer 2007, Kamenshchik and Manti 2012, Ka-
menshchik, Kiefer & Kwidzinski 2016). At the same
time the probability of Big Bang — Big Crunch singu-
larity tends to zero. The suppression of the Big Bang
— Big Crunch singularity follows from the requirement
of the normalizability of the wave function of the Uni-
verse (Barvinsky & Kamenshchik 1990). Indeed, we
require that

/ d6(6) W (6) < oo,

where ¢ is a scalar field, driving the evolution of the
universe. When |¢| — oo, the probability density UW¥
should tend to zero rapidly. If |¢| — oo corresponds
to Big Bang — Big Crunch singularity, when this
singularity is suppressed.

5. Particles, fields and singularities

We can ask ourselves what happens with particles
(in quantum field theoretical sense) when the universe
passes through the cosmological singularity (Galkina
& Kamenshchik 2020). We consider only particles con-
nected with a scalar field. The scalar field in the flat
Friedmann universe satisfies the Klein-Gordon equa-
tion:

Ad+V'(¢) =0,



Odesa Astronomical Publications, vol. 38 (2025)

25

where A is the D’Alambert operator. One can consider
a spatially homogeneous solution of this equation ¢,
depending only on time ¢ as a classical background. A
small deviation from this background solution can be
represented as a sum of Fourier harmonics satisfying
linearized equations

-,

3R 1)+ 320(F.0) + o, (1)
+V" (é0(1))6 (K, () = 0.

The corresponding quantized field is

A1) = / BE@E) ulk, ) + ot (Fyu* (k, t)e~*9),

where the creation and the annihilation operators sat-
isfy the standard commutation relations:

[a(R), a* ()] = 5(F - ).
The basis functions should be normalized so that the
canonical commutation relations between the field ¢

and its canonically conjugate momentum P were sat-
isfied

[Qg(fv t)v 75(3?7 t/)} = 7'5(5 - ZJ)

1

u(k, £y (k,t) — u* (k, tya(k, t) = 0N

The linearized Klein-Gordon equation has two inde-
pendent solutions. To define a particle it is necessary
to have two independent non-singular solutions. It is
a non-trivial requirement in the situations when a sin-
gularity or other kind of irregularity of the spacetime
geometry occurs. It is convenient also to construct ex-
plicitly the vacuum state for quantum particles as a
Gaussian function of the corresponding variable. Let
us introduce an operator

F(k,t) = (2m)3(alk)u(k,t) + a* (—k)u* (k,1)).
Its canonically conjugate momentum is
Bk, 1) = a®(8)(2m)* (@(k)ik, 1) + a* (=k)i (k, 1)),
We can express the annihilation operator as

a(k) = ip(k, )u*(k, t) — ia® () f(k, t)ut (k, t).

Representing the operators f and p as

f%fa ﬁéfiéa

one can write down the equation for the corresponding
vacuum state in the following form:

(u*(Z‘ - ia?’u*f) Uo(f) =0.

Its solution is

1
Wo(f) =~

In the case of the Big Bang — Big Crunch singularity,
one of the basis functions in the vicinity of the
singularity becomes singular and it is impossible to
construct a Fock space. In the case of the Big Rip
singularity, when in finite interval of time the universe
achieves an infinite volume and infinite time derivative
of the scale factor, the Fock space can be constructed
for a spectator scalar field, but it does not exist for
the phantom scalar field driving the expansion. In the
case of the model with tachyon field, presented above,
we have considered three situations. First of them is
the non-singular transformation of the tachyon into
pseudo-tachyon. In this case both the basis functions
are regular and hence the operators of creation and
annihilation are well defined. However, at the moment
of the transformation the dispersion of the Gaussian
wave function of the vacuum becomes infinite and then
becomes finite again. In the vicinity of the Big Brake
singularity it is impossible to define a Fock vacuum.
However, if we add to the universe dust, the character
of the soft singularity is slightly changed and then the
presence of the Fock vacuum is restored.

iad(t)u* (k, t)f2>
2u*(k,t) '

6. Covariant approach to singularities

We have already told that the crossing of the Big
Bang — Big Crunch singularities looks rather coun-
terintuitive. However, it can be sometimes described
by using the reparametrization of fields, including the
metric. One can say that to do this, it is necessary to
resort to one of two ideas, or a combination thereof.
One of these ideas is to employ a reparameterization
of the field variables which makes the singular geomet-
rical invariant non-singular. Another idea is to find
such a parameterization of the fields, including, natu-
rally, the metric, that gives enough information to de-
scribe consistently the crossing of the singularity even
if some of the curvature invariants diverge. The ap-
plication of these ideas looks in a way as a craftsman
work. Our goal was to develop a general formalism to
distinguish “dangerous” and “non-dangerous” singular-
ities, considering the field variable space of the model
under consideration. In other words, we try to under-
stand when the spacetime singularities can be removed
by a reparametrization of the field variables (Casadio,
Kamenshchik & Kuntz, 2021; Casadio, Kamenshchik &
Kuntz, 2022; Kuntz, Casadio & Kamenshchik, 2022).

Our hypothesis was the following: when the geom-
etry of the space of the field variables is non-singular,
one can describe the singularity crossing. The field
space S was developed in order to treat on the same
(geometrical) footing both changes of coordinates in
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the spacetime M and field redefinitions in the func-
tional approach to quantum field theory (Vilkovisky,
1984; DeWitt, 1987).

This approach requires introducing a local metric G
in field space § and computing the associated geomet-
ric scalars by defining a covariant derivative which is
compatible with G. G is actually determined by the
kinetic part of the action and its dimension depends
on the field content of the latter. After some cum-
bersome calculations in the functional space, we have
shown that the Kretschmann scalar

K= RABCD RABCD

is finite in every theory of pure gravity

n [ n® 3n2
’C—s(4+4‘1>’

where n is the spacetime dimension. It can be inter-
preted as a statement that all the singularities in empty
universe can be crossed.

We have considered also another hypothesis con-
nected to quantum effective action and to the homo-
topy group. Let us introduce the functional

Plp] = e T,

where I'[p] is the effective action. We shall call ¢)[¢] the
functional order parameter because v plays the analo-
gous role to the order parameter in the theory of phase
transitions in ordered media or cosmology.

The field space M can be thought of as the ordered
medium itself, whereas functional singularities corre-
spond to topological defects.

The functional order parameter 1 defines the map

P M— St

from the field space to the unit circle, the latter
playing the role of the order parameter space. The
singularities can be characterized by the fundamental
group (first homotopy group). If this group is trivial
the singularity can be removed. We have checked on
the example of some simple systems with removable
singularity that the corresponding homotopy group is
indeed trivial.

7. Conclusions

In this paper we have tried to present some ar-
guments and results telling that the appearance
of the singularities in the cosmological and other
gravitational systems is not drawback of models or
theories but is instead their distinguishing feature.
Thus, to our mind rather than avoid singularities, it
is better to study how their presence influences the
non-singular quantities (just like in quantum field

theory). Further details and references can be found in
the review papers (Gorini et al., 2004; Kamenshchik,
2013; Kamenshchik, 2018; Kamenshchik, 2024).
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ABSTRACT. In our detailed study of the inner
structure of PF galaxy clusters, we found different
kinds of substructures in these objects. Most of the
detected substructures are quite common. In additi-
on to the classical filamentary features described by
Rood and coauthors’ papers, we include complex cross-
shaped substructures and short dense chains of galaxies
as regular. We suppose that regular substructures are
connected with the Large-Scale Structure of the Uni-
verse elements, which form the parent cluster node.
Our previous studies were based on the list of galaxi-
es of the Muenster Red Sky Survey, which has no
redshifts. It allowed us to study only the 2D distributi-
on of galaxies inside the cluster. Modern data, such
as the Sloan Digital Sky Survey, the VIMOS Public
Extragalactic Redshift Survey, the Euclid Wide Survey,
and others, give us the opportunity for 3D studies of
these objects.

We improved the base online versi-
on of the “Cluster Cartography 2D” tool
(https://clustercartography.github.io/) into the

“Cluster Cartography 2D+” tool. It allows to apply
the algorithms developed for 2D version to the
detection of regular substructures on a statistically
significant level for the 3D distribution of galaxies in
the rectangular projections. We tested this opportuni-
ty on artificial galaxy clusters with different kinds of
substructures. We have shown that using 2D projecti-
ons allows us to detect the 3D regular substructures,
and to restore their real shapes and directions.

Keywords: Universe, LSC: galaxy clusters:
morphology: inner structure, substructures; data
analysis.

AHOTAIIIY. B mammx monepefHix poborax, IO
IIPUCBAYEH] JIETAJIBHOMY JOCJIJI2KEHHIO BHYTPINTHBOL
Oy/I0BM CKYITUYeHb TaJlakTuk katajory PF, Oymu Buss-
JileHi pi3Hi B HiACTPYKTYp y mux o0’ekrax. Biab-
ITCTh BUABJIEHUX HiJCTPYKTYP 3YCTPIdarOThCs JOCUTH
qacto. Ha mogaTox 10 Kiaacuaaux imaMeHTapHuX 0CO-

O6amBocTeit, O OysiM OmMcaHi Ie y cTarTax Pyma Ta
CIIIBABTOPIB, MU BKJIIOYAEMO JIO PETYJIAPHUX MiJICTPY-
KTYP CKJIaJIHI XPECTOMOJIOHI yTBOPEHHS Ta KOPOTKI
IMUIbHI JIAHITIOKKKW TajJaKTUK. TaKu MiJICTPYKTYpH,
CKOpiIe 3a Bce, MOB’sA3aHi 3 egemMeHTaMu Besmkomac-
mrrabuol Ctpykrypu Beecsity, 1m0 ¢hopMioTs By30i1, B
fKOMY BUHUKAE CKyITueHHs rajakTuk. Harre mocstimxke-
HHS 0a3yBaJIOCS Ha, CHUCKY TaJaKTUK MIOHCTEPCHKOTO
oruisiy 4epsonoro ueba (Muenster Red Sky Survey),
AKWH 103BOJIst€ HAM BuB4YaTH Juire 2D posmosin rasa-
KTHK BcepeiuHi ckymdenHs. Cydaci JaHi, Taki sK
Sloan  Digital Sky Survey, VIMOS Public
Extragalactic Redshift Survey, Euclid Wide Survey Ta
iHmm, AarTh MOXKJEBICTE 3D JociimKeHb IS IIUX
06’€eKTiB.

Mu BJIOCKOHAJTUIIN 6a30By
BepCifo mporpaMu Cluster Cartography
(https://clustercartography.github.io) mo 2D pieHs
Cluster Cartography 2D+-. Ile mo3BoJisie 3acTOCOBYBa~
TH aJrOPUTMH, siKi OyJI0 pO3PODJIEHO Ta MPOTECTOBAHO
y 2D Bepcii, 10 BUSBJIEHHS PETryASpHAX CyOCTPYKTYP
Ha CTATUCTUYIHO 3HAUYIIOMY piBHI mia 3D posmomity
raJlakTuKk  y  [psIMOKYTHUX  IpoekIisix.  Mu
MEePEeBIpMWIIA 11 MOXKJMUBOCTI HA IMITYYHUX CKYITUYCH-

OHJIAITH-

HAX TaJaKTHK 3 Pi3HUMEU Bugamu cyocTpykryp. Mu
MoKa3aJId, IO BUKOPHUCTAaHHA 2D MpOeKIiiit T03BOJISIE
nam BusBaatu 3D peryaspHi mizcrpykTypm Ta
BitHOBIIOBATH TX peasibHi (hopMuU Ta OpieHTAITl.

Kumrouosi cooBa: Bceecsir, Besmkomacurrabua crpy
KTypa: CKYITIYeHHS TAJIAKTHK: MOP)OJIOTist: BHYTPIIIHS
Oy/10Ba, CyOCTPYKTYpH; aHAI3 JTaHUX.

1. Introduction

The elements of the Large Scale Structure of the
Universe (LSS) evolve in interaction with its surround-
ings. The co-evolution of LSS elements was established
in the base theoretical works like Silk (1968), Peebles
(1969), Peebles & Yu (1970), Zeldovich (1970), and
most recently. The initial fluctuations of the den-
sity and Hubble flow produce the different variants
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of expansion/contraction: 3D contraction gives spher-
ical or ellipsoidal structures, 2D leads to filaments,
and the walls are formed due to 1D contraction. Ac-
cording to modern scenarios, the evolution of the ele-
ments of LSS occurs in interaction with its surround-
ings. This co-evolution of LSS elements was established
in the base theoretical works like Silk (1968), Peebles
(1969), Peebles & Yu (1970), Zeldovich (1970), and
most recently. The initial fluctuations of the density
and Hubble flow produce the different variants of ex-
pansion/contraction: 3D contraction gives spherical or
ellipsoidal structures, 2D leads to filaments, and the
walls are formed due to 1D contraction. The numer-
ical simulations from the first (Klypin & Shandarin,
1983) to the latest (Springel et al., 2005, Vogelsberger
et al., 2014, Artale et al., 2017, Cui et al., 2018, To-
moaki et al., 2021) showed that the multi-speed ex-
pansion leads to the arising Cosmic web nodes in the
crossing filaments and walls, and the largest LSS ele-
ments, such as galaxy clusters or superclusters, occur
in the nodes of the cosmic web. It corresponds to the
results of the observations (Wen et al., 2009, Dietrich
et al., 2012, Parekh et al., 2020). Tracing the cosmic
web in the densest nodes allows us to detail the con-
straints of the cosmological models. The number of
filaments connected to a given node is attributed as
the node connectivity or multiplicity. Theory and sim-
ulations show that connectivity and multiplicity can be
expected to increase with node mass or environmental
density (Aragén-Calvo et al., 2010, Codis et al., 2018,
Gouin et al., 2021; Kraljic et al., 2022, Malavasi et
al., 2023). In observations, connectivity multiplicity in
relation to its mass, dynamical status, and galaxy pop-
ulation was explored at galaxy cluster scales in Sarron
et al. (2019), Darragh Ford et al., (2019), Lee et al.
(2019). Probably, the node’s connectivity at galaxy
cluster scales must manifest inside the cluster as corre-
sponding substructures at the same stage of evolution
according to Struble & Rood (1987).

Our previous research was directed to the study of
substructures in galaxy clusters in fields with differ-
ent 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 in the 2D distribution of galaxies
for PF galaxy clusters (Panko & Flin, 2006). Our ap-
proach was described in Panko (2025), and Yemelyanov
& Panko (2021) papers. We detected substructures in
the clusters, which are probably footprints of the fila-
ments connected to the parent cluster node.

“Cluster Cartography 2D” tool, CC 2D further,
https://clustercartography.github.io/ is used to study
substructures on galaxy clusters for 2D input data.
The improved “Cluster Cartography 2D+” tool, on
the same web page, allows us to detect substructures

in 3D data. In the paper, we discussed the perspec-
tives of the improved tool for the 3D study of galaxy
clusters, using a simulated distribution of galaxies
in the cluster. In the future, the CC 2D+ tool can
be used for modern data of the Sloan Digital Sky
Survey (SDSS, York et al., 2000),, the VIMOS Public
Extragalactic Redshift Survey (VIPERS, Scodeggio et
al., 2018), or the Euclid Wide Survey (EWS, Euclid
Collaboration: Scaramella et al., 2022).

2. “Cluster Cartography 2D+”

Web version of CC 2D tool contains functions for
processing data, calculating statistics, and plotting
maps, histograms, and graphics, which are built us-
ing different parameters, such as the radii and widths
of the rings in determining the degree of the concentra-
tion to the center, the widths of the bands in determin-
ing of the degree of the concentration in the linear sub-
structures, the presence of the Binggeli effect (Binggeli,
1982) both for all galaxies and separated substructures,
etc. (Yemelyanov & Panko, 2021). We can search for
the position of the greatest density of galaxies in the
cluster field, detect the regular linear and cross-type
substructures, study the rope of the brightest galaxies,
and analyze the shape of the members of the cluster
based on the algorithms described in Panko (2025) pa-
per. We can also create a list of galaxies forming the
regular substructures.

The difference in the CC 2D+ input file is the 3rd co-
ordinate placed in the last column. All the capabilities
of the CC 2D+ version was retained and can be used
for various projections of 3D data. The RA and Dec
data correspond to the X and Y coordinate axes, and
the distance or redshift z corresponds to the Z axis. If
we have no distance or need to analyze the 2D data,
the last column is not considered.

In the CC 2D+, the RA and Dec coordinates of
galaxies are shown as the projection of one from our
test cluster onto the celestial sphere (Fig.1la). The
2D+ tool allows us to create the 3D color map of
the cluster, where the color of the symbol illustrates
the galaxy distance from the cluster center. CC
2D+ gives the possibility to rotate the cluster and to
create cluster maps in the other projections XZ and
YZ, where Z is the distance/redshift of the galaxy
(Fig. 1b, ¢). Thus, we can study the 3D distribution
of galaxies in three rectangular projections: RA and
Dec, RA and 2z, Dec. and z. The ability to rotate the
cluster to an arbitrary angle also allows us to find
the best orientation for visibility of the substructure.
It is illustrated in Fig.2. The initial view of the
cluster is shown in Fig. 2a, while the turned cluster in
Fig. 2b shows all linear elements of the compound cross.
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Figure 1: Artificial open cluster with 3D compound cross-type substructure in the different projections: a) for
RA and Dec. axes, b) for RA and z axes, and c)for Dec. and z axes, arrow points to 2 stripes of the cross
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Figure 2: The 3D map of the artificial cluster with
components of the compound cross are clearly seen, ¢)

3. 3D substructures search discussion

For testing the CC 2D+ tool, we create a set of ar-
tificial galaxy clusters with different morphologies and
substructure’ types. We constructed the next types of
distribution of galaxies:

e the cluster open type as a base element for the
next steps;

e the cluster with the spherical or ellipsoidal core;
e the open cluster with the wall;
e the open cluster with the single filament;

e the open cluster having a compound 3D substruc-
ture cross-type.

All simulated features were constructed based on an
open cluster with additional elements. The distribu-
tions of the galaxies in a thin wall or filaments were
constructed using the Box - Miller transformation.

200 a(degrees)

¢ 7%:“";%
Lt b) 0

compound cross: a) initial view, b) turned map, all
radial LightHouseBeam diagram fir the turned map

Obviously, the degree of concentration of galaxies
toward the cluster center does not depend on the pro-
jection. Nevertheless, such clusters we must consider
in the three projections for the estimation of the real
core shape and orientation.

The filament inside the cluster looks like linear sub-
structure in all projections, except for the case of spe-
cial orientation: when the filament directs along the
line of sight, it will be seen as a concentration towards
the cluster center, and we obtain the false morpholog-
ical classification as “Concentrated cluster”. If the an-
gle between the linear substructure and the line of sight
is small, we detect it as a dense short chain. They are
rare special cases. However, we must take into account
these.

Another rare special case is the wall-type substruc-
ture, which is seen as a filament. But, in some pro-
jections, we can lose such a substructure in the back-
ground of other cluster members. The 2D+ tool allows
us to rotate the 3D cluster map. It gives the possibility
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of confident detection for all filaments and walls with
visual control.

The last test artificial cluster with the compound
cross connecting 4 different filaments, is shown in Fig. 1
in all projections. The some cross elements can be lost
in projections, as in Figlec. The initial 3D color map
of the test cluster is shown in Fig. 2a. It’s like to RA—
Dec. projection map (Fig. 1a). The optimal view of the
substructure is shown in Fig. 26, and the corresponding
radial LightHouseBeam diagram is present in Fig.2c.
The diagram was created on the 2D projection of the
rotated cluster. This diagram is the visualization of
LightHouseBeam analysis, which shows all linear ele-
ments of the compound cross.

The reliability of the real substructures identification
is confirmed by both the observed distribution of bright
galaxies in the cluster and the alignment of galaxies rel-
ative to substructures in accordance with the work of
Joachimi et al. (2015). For the PF clusters we have the
2D position and orientations for galaxies from Muen-
ster Red sky Survey (Ungrue at al., 2003) Unfortu-
nately, in 3D we have no space alignment of galaxies,
even if we have the distances. So, in the 3D case, we
can confirm the reliability of the substructure only by
the brightest galaxies’ positions.

The observational data for our further research
can be selected in the NASA/TPAC Extragalactic
Database (https://www.ipac.caltech.edu/project/ned,
https://ned.ipac.caltech.edu/), where some PF Galaxy
Clusters (Panko & Flin, 2006) are present too.

4. Conclusion

We created the “Cluster Cartography 2D+" tool,
which allows the detection of regular substructures in
3D data for galaxy clusters. All types of substructures,
such as planes, filaments, and complex crosses, can be
detected in three projections: RA and Dec., RA and
z, and Dec. and z, using corresponding well-tested
algorithms. In the CC 2D+ tool, we can also create
3D maps and turn them for an arbitrary angle for
the best visibility of the substructure. The CC 2D+
tool is advisable for estimating the central core shape
and orientation, too. We plan to create the Spherical
Density Chart (3D analog of the Polar Density Chart
in LightHouseBeam analysis) and use our tool to
study the galaxy clusters in modern 3D data.
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ABSTRACT. The Unistellar eVscope 2 represents a
new generation of compact astronomical instruments
that combine portability, automation, and digital
networking to empower both professional and citizen
astronomers. This study evaluates the telescope’s
technical performance, educational potential, and
scientific applications, particularly in exoplanet
transit photometry. Based on the comparison of our
observational data obtained within the Unistellar
global network and professional OGLE data, we
showed the great possibility of this approach. Our
results demonstrate that high-quality light curves can
be produced even under sub-optimal conditions, and
compact digital telescopes can play an essential role
in expanding observational coverage and in training
the next generation of astronomers. The Unistellar
network model, combining technological innovation,
social participation, and data integrity, stands as
a powerful example of how future astronomy will
operate at the intersection of professional and citizen
science.

Keywords: exoplanets: observations:
transits; citizen astronomy: Unistellar.

photometry:

AHOTAIIIA. Teneckonu Unistellar mpe/ictaBiisiiorTs
HOBE IOKOJIIHHS KOMIIAKTHUX aCTPOHOMIYHHMX IpPHJIa-
JiB, §KI TOETHYIOTH IIOPTATUBHICTH, aBTOMAaTHU3AIIIIO
Ta UPPOBI MepeXKi, Ta PO3MUPIOIOTH MOYKJIMBOCTI SIK
npodeciitanx, Tak i nuBlIbHUX acTporoMiB. Hare mo-
CJIJIPKEHHSI OIHIOE TEXHIYHI MOXKJIMBOCTI TEJIECKOITY
Unistellar eVscope2, fioro ocsiruiii moreniiaa Ta Hay-
KOBe 3aCTOCYBaHHS, 30KpeMa y oToMeTpil TpaH3UTIB
ek3omianeT. Ha OCHOBI MOPIBHSHHS HAIUX CIOCTEPE-
2K€Hb, OTPUMAHUX y CIIBIIPAIll 3 TVIODATHEHOIO MEPEIKEIO
Unistellar, Ta npodeciitnux mannx npoekty OGLE, mu

MIPOJIEMOHCTPYBAJIM BEJIUKUI TTOTEHITIA TAKOTO ITiTXO0-
ay. Mu mokaszajim, 1m0 CHOCTEepe:KHI JaHi, siki OTpu-
MyIOTh Tpu B3aeMmojil y croijbHoTi Unistellar Global
Network, nHaBiTh 3a HeHaHKpAITUX YMOB, JO3BOJSIOTH
Oy/lyBaTH BUCOKOSKICHI KpWBi OJUCKY TpU 3MiHAX IO
TOKY Bi 30pi Ha piBHi 1-2%, ToMy KoMmakTHi 1mudpo-
Bl TejecKomm MOXKYTH BiirpaBaTH BasKJINBY DPOJIb B
OTPUMAHHI  HAKICHUX  CIOCTEPEXXHHUX  JIaHUX, Y
HaBYaHHI  HACTYITHOTO IIOKOJIIHHST ~ aCTPOHOMIB
MiJIBUINIEHH iIHTEPECY JO0 ACTPOHOMIl Ta PO3MIMPEHH] KO-
Jna mermpodeciituux crmocrepiradie. Mwu miaTBepauim
edekTuBHICTL  €Vscope2 gk  iHCTpyMeHTa i
HAyKOBUX  JIOCJJIKEHb, OCBITHIX  IIDOEKTIB  Ta
Mi>KHaPOJTHOI CITiBIIPAITi.

OKpiM OCHOBHHX CIIOCTEpPEXKHUX MOKJuBocTeil, Uni-
stellar eVscope2 memoHCTpye mepexis 10 MOAEsl Po3-
TIOIIJIEHO] CIOCTEPEYKHOI €KOCHCTEMU, Y Me¥KaX KOl
TUCSYl MaJIX IHCTPYMEHTIB KOJIEKTUBHO CTBOPIOIOTH
HAYKOBO IiHHI PE3yJIbTATH, IO CJIYXKATh 0a30[0 JIJIsd
npodeciitHux JTocimKenb. [loeIHaHHs ClIoCTepeKeHb
Yy  PpeXuMi  peaJibHOrO  dYacy, AaBTOMATUIHOTO
po3mizHaBaHHS 1O/ 1 iHTerpamii 3 HAyKOBUMH
bazamMu JaHUX POOUTH TaKi IHCTPYMEHTH MOTY2KHIM
pecypcoM He JIHIe JJIsd JIOC/I/?KEHb TPAH3UTIB €K-
30ILIAHET, ajie i JjId OLIBIN HMIMPOKOro KPyry 3ajad,
TAKWX, AK aCTPOHOMIYHUI MOHITOPWHI 3MIiHHUX 3ip,
TEPMIHOBI CIIOCTEPEXKEHHSI HECIIOIBAHUX aCTPOHOMi-
YHUX SIBUIIN, CIIJbHI HAyKOBI CIOCTEPEXKHI KaMIIaHil
tomno. Jlemokparusyrodu moctyn 10 HeDa, TeIeCKOIN
Ta  cuisbHoTa  Unistellar  copusiiorb  HayKoBii
rPaMOTHOCTi, JIO3BOJISIIOYM HAaBITH aMaTopa 1 CTy-

JeHTaM OpaT ydacr I00AJIBHE  JIOCTILTHUIIbKUX
imimiaTmBax.  Taxkmm  9wmHOM, BIiH  CTHMYJIIOE
MIKIIOKOJIIHHY ~ coiBmparffo i ¢opMyBaHHS HOBOI

MOJIeTi HAYKOBOTO KOJIEKTUBY — CHHEPTil MiXK HayKOB-
[5IMU, OCBITSIHAMH Ta €HTy3lacTaMu, CIpSMOBAHOI HA
PO3BUTOK CyJacHOL KYJIbTYpH HAYKMH.
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PesynbraTtn Hamoro nocCiiiyKeHHS IOKA3YIOTh, IO
KOMIIAKTHI MaJoanepTypHi 1ndpoBi TETeCKONMH MO-
KYyThb BifirpaBaTu 3HAYYILy Poab y GhopMyBaHHi
MafOyTHBOTO TMOKOJIHHS ACTPOHOMIB 1 JIOCTIiIHUKIB.
Mepexxa Unistellar, sika moeHye TeXHOMOTI9H] iHHOBA-
I1il, COIa/IbHY YYacTbhb 1 IUBIIBHY HAyKy, J€MOHCTPYE
peasbHuil MPUKJIAJ] TOrO, dAK MaiOyTHsS acTpOHOMis
dyHKIioHYBaTHMe Ha MeXi npodeciitHol Ta amarop-
CBHKOI JTisIIbHOCTI.

KurouoBi ciioBa: ek3omianeTn: criocrepexkentsi: (o
TOMETpisd: Tpau3uTw; nuBiabHa acrponomis: Unistellar.

1. Introduction

The modern approach to observational astronomy
allows for obtaining significant results using small tele-
scopes. Many tasks require a large number of individ-
ual measurements of magnitudes by standard meth-
ods. The Unistellar program and community are a
great example of productive collaboration between pro-
fessionals and citizen science in the direction of exo-
planet transits observations, in particular (Bonney et
al., 2014).

The search for exoplanets is one of the most dy-
namic areas of modern astrophysics, offering insights
into planetary formation, orbital dynamics, and habit-
ability beyond the Solar System. Among the observa-
tional methods, transit photometry - the measurement
of periodic dips in stellar brightness as a planet passes
in front of its host star has proven exceptionally pro-
ductive (Winn & Fabrycky, 2015). The most interest
light curves allowed detecting compound transits, like
as VLT observations of the light curve of TRAPPIST-1
during the triple transit of 11 December 2015 (Gillon
et al., 2016), Kepler observations of the Kepler-1625b
super-Jupiter and it’s Neptune-sized exomoon, orbit-
ing of the planet (Teachey & Kippin, 2018), and exotic
light curve BD+054868 Ab, which arose due to disin-
tegration of the exoplanet (Hon et al., 2025). In the all
cases the dept of the transit is on the level of 0.05—0.12
form common flux.

While large professional surveys such as Kepler,
TESS, and PLATO dominate the field, smaller instru-
ments increasingly contribute through citizen-science
initiatives. The Unistellar eVscope2, with its inte-
grated sensor, automated pointing, and mobile-app
control, demonstrates how distributed telescope net-
works can enhance temporal coverage and community
engagement in real research.

2. Instrument Specifications and Methodol-
ogy

The Unistellar eVscope 2 is a compact digital reflec-
tor telescope with the following base parameters:

e Mirror diameter: 114 mm;

e Focal length: 450 mm (f/4);

e optical tube length 549 mm;

e Sensor: Sony IMX347, 7.7 MP;

e Limiting magnitude 18.2™;

e Field of view: 34.2 x 45.6 arcmin;
e Scale 1.33" /pix;

e Weight: ~ 9 kg;

e Motorized ALT-AZ mount;

e Slew speeds max 4°/s;

e Control: Smartphone application;

e Capabilities: battery autonomy = 9h, storage 64
GB, automatic alignment, live stacking, and tran-
sit photometry.

Observations were performed through the Unistellar
citizen-science network, which connects professional as-
tronomers, educators, and amateurs worldwide. Uni-
form optical properties of the Unistellar telescope fam-
ily provide a consistent combination of the network ob-
servations; it was studied in Perrocheau et al. (2022),
Graykowski et al. (2023), Peluso et al. (2023), and
Sgro et al. (2023).

Each participant of the Unistellar community
contributes calibrated photometric data that can
be merged and cross-validated with professional
databases. The observer can process the individual
frames (in the fits format) and obtain the light curve
by himself. However, the best results are obtained in
the centralized standard analysis, which includes the
comparison with model systems also.

Our test frames, obtained before the transit obser-
vations, showed that the limiting magnitude for our
Unistellar eVscope 2, is 16™. It agrees with the limit-
ing magnitude in the base parameters, because 18.2™
value was obtained in countryside mode with longer
exposure. Nevertheless, for our tasks 16™ is sufficient:
in the frames received at altitudes of more 45°, we de-
tected weaker stars confidently. The main part of the
program stars have magnitudes at level 12 — 14™ so
using Unistellar is valid.

Anastasia Pechko was a leading observer of our team.
We obtained transit light curves for 2 confirmed ex-
oplanets: TOI-2046b, created in 2020, and TrES-3b
(TOI-2126.01), created in 2007; transit light for 2 can-
didate planets: TOI-7343.01 TOI, created in April of
2025, and TOI-7425.01 created in May 2025-05-01.

The information about our objects from the TOI
list was obtained from the NASA Exoplanet Archive
(Street et al., 2024). For all transits, we determined the
mid-transit time, the duration and depth of the transit,
and the duration of the magnitude decrease/increase.
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Figure 1: Transition light curve for TOI-7425.01 with
the weakening of flux on the level 0.82%. The upper
panel with relative flux: individual data are shown as
grey dots with corresponded error bars, weighted aver-
age points are shown as squares and the synthetic light
curve is a solid line. The bottom panel residual flux:
the average value is zero. The legend is shown on the
right

In all four transits, the parent star magnitudes were
about 12, the individual error for current magnitude
was at the level about 0.007 of the relative flux, and
the depths of the transit were from 0.82% to 1.97% of
the full flux. The accuracy of the transit’s time frames
is on the level of 2% and is in good agreement with the
TOI forecast. The transit light curve with the least
weakening of flux for our observations (0.82%) is pre-
sented in Fig. 1.

15" on August 2025, Anastasia Pechko and our team
conducted exoplanet transit observations, later com-
bined in the Unistellar Community with independent
data from another observer. The combined light curve
was generated through weighted averaging, which effec-
tively reduced noise and increased the signal-to-noise
ratio. It is shown in Fig.2. The comparison of data
from two geographical locations confirmed consistency
within measurement uncertainties. The improvement
in curve smoothness demonstrates the power of col-
laborative photometry, where multiple observers con-
tribute to a single scientifically robust data set.

The combined light curve shows a flux decrease of
about 1 — 1.5%, typical for hot Jupiter type planets,
and a duration close to two hours. The agreement
between independently reduced data sets verifies the
reliability of the Unistellar calibration pipeline and
emphasizes the efficiency of data stacking and noise
reduction. Even under moderate light pollution, the
resulting signal-to-noise ratio was sufficient to clearly
detect the ingress and egress phases.
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Figure 2: Transition light curve for TOI-2046b, re-
duced by 2 different observers. The legend as in Fig. 1
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Figure 3: Transition light curve for OGLE-TR-~1061

3. The comparison with OGLE transits and
discussion

In our observation we obtained the typical values of
the transit light curve parameters. The OGLE data
base (https://ogledb.astrouw.edu.pl/) contains higher
quality photometry data for different variables. One
section in the OGLE contains 99 transiting planet can-
didates in the Galactic bulge (Mréz et al., 2023), with
the probability ranging from 0.80 to 1.00. We select 4
transit light curves for comparison with our results.
The typical OGLE transit for OGLE-TR-1061b is
present in Fig. 3, from https://ogledb.astrovw.edu.pl/.

We see the transit depth at about the 1% level, but
the scatter of individual points is practically the same
as in our observations. We can also point out that
the data in Fig. 3 were collected over 10 years. So, our
one-night data gives comparable results with long-time
observations. More, the OGLE data were obtained us-
ing a fully automated 1.3 m Warsaw University Tele-
scope Las Campanas Observatory, Chile. It’s an excel-
lent place for photometry, and the excellent equipment;
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however, due to modern methods of data reduction, we
have the results on eVscope 2 practically on the same
level. So, the obtained results confirm that compact
automated telescopes can achieve scientifically valuable
photometric precision even under light-polluted urban
conditions.

Over the past decade, small-aperture telescopes
have become effective tools for observing transits.
Wide Angle Search for Planets, WASP program is two
successful robotic observatories. The base equipment
of the WASP program is lenses with an aperture
of 111 mm (Pollacco et al., 2016). The Unistellar
telescopes, having practically the same aperture, can
provide wide support for professional observations.
Examples of the successful work of the eVscope are
observations of the comets 12P/Pons-Brooks and
C/2023 A3 (Tsuchinshan-ATLAS) 11, when their
magnitudes were greater than 16™ (Graykowski et al.,
2024).

4. Conclusion

The quality of the Unistellar eVscope 2 and modern
methods of data reduction allow us to use this telescope
and analogs as an effective tool for research, outreach,
and international collaboration. The hundreds of Unis-
tellar users, distributed across all continents, excluding
Antarctica, open new possibilities for:

including
and

e Long-term exoplanet
transit-timing-variation
orbital refinement.

monitoring,
(TTV) analysis

e Asteroid occultation studies, contributing to the
characterization of small Solar System bodies.

e Rapid follow-up of transient phenomena such as
supernovae and comets.

e Educational engagement, allowing students and
teachers to participate in authentic scientific re-
search.

e (Citizen science integration, supplying complemen-
tary datasets to major space missions (TESS, Ke-
pler, PLATO).

We showed the Unistellar eVscope 2 provides reliable
exoplanet light curves, validating its use in scientific
and educational contexts. Collaborative data merging
within the Unistellar community significantly improves
measurement accuracy and minimizes systematic er-
rors. The study demonstrates that citizen science
networks can meaningfully contribute to professional
astrophysical research.
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ABSTRACT. LN Hya (BS 4912; HD 112374) has
long been regarded as a post-AGB F-type supergiant,
located at a high Galactic latitude (b = +36°3).
Earlier studies relied on limited spectroscopic and
photometric material. We present a new data set
comprising 73 medium-resolution (R = 12,000) optical
spectra obtained at the 0.81-meter telescope of the
Three College Observatory (North Carolina, USA) in
2021—2025. We found regular variations in the radial
velocities (RV) of absorption lines with a period of
148.63 4+ 0.09 days. Our observations cover 10 most
recent variability cycles and suggest that LN Hya is a
binary system with an eccentric orbit (e = 0.19+£0.02).
In this paper, we describe the data reduction and
analysis process as well as some spectral features of
the system. Future plans for a deeper study of LN
Hya that include analyzing existing photometric data
and correlating them with the spectral variability are
outlined.

Keywords: post-AGB stars; binary systems; spectro-
scopic orbits; radial velocities; stellar variability.

AHOTAIIA. LN Hya (BS 4912; HD 112374)
JIOBruil ~ 4Yac BBakaBCd  HAJrirantoM  Tumy F
miciass AGB, posramoBaHuM Ha BHCOKIil TajlaKTHIHIMA
mupori (b = +36°3). Panime mociijzkeHHs: cnu-
pajmcsi Ha OOMEXKEHWil CIEKTPOCKOMYHuil Ta ¢o-
ToMeTpuaHMt MaTepias. Mu mpemcraBiisieMO HOBHIT

Habip JaHux, OO MICTUTH 73 ONTUYHI CIEKTPH
cepeniHbOl po3aiabHOI 3marHocti (R &~ 12 000),
orpuMmani Ha  Tejleckomi jiamerpom 0,81 ™
O6cepsaropil Tprox Komnemxis (TliBuiuna

Kapomina, CIIIA) y 2021—2025 pp. Mu Busgsuiu
peryuspui Bapianii pagianbaux msBuakocreil (RV)
JiHi moramHaHHA 3 nepiogom 148,63 £ 0,09 ngmis.
Hamii  coocrepeskennst  oxomoiorh 10 ocTaHHIX

NUKJIiB 3MmiHHOCTI Ta cBiguaTth, mo LN Hya €
MOABIMHOIO CHCTEMOIO 3 EKCIEHTPUIHOIO OpOiTOIo
(e = 0,19 £ 0,02). VY wiii pobori mMu ommucyemo
POTIEC PEAYKINI Ta aHaJi3y JIaHUX, & TaKOXK JesKi
creKTpaJsibHi 0cobauBocTi cucremu. OKpECIEHO ILJIAHU
TOJAJIBITIOTO  JieTasibHimmoro nociikennsa LN Hya,
0 BKJ/IIOYAIOTH AHAMI3 HAABHUX (POTOMETPUIHUX
JaHUX 1 IX  KOpeJNdrmiio 31  CHeKTPaJILHOIO
BapiabebHICTIO.

Kurouosi caoBa: 3opi micig AGB; mojsiitai cucremu;
CIIEKTPOCKOMIYHI OpOITH; paiabHi MIBUIKOCTI; 30Psi-
Ha 3MIiHHICTb.

1. Introduction

Post-AGB stars are evolved low- and intermediate-
mass objects (initial masses 0.8-8 M). They repre-
sent a short-lived (~ 103-10% yr) transitional stage
between the asymptotic giant branch (AGB) and the
planetary nebula. During this phase, the star loses
most of its extended outer envelope, which forms a cir-
cumstellar shell rich in gas and dust. As the enve-
lope disperses, the star evolves toward higher effective
temperatures on the Hertzsprung—Russell diagram. It
contracts and heats up while still retaining the lumi-
nosity characteristic of a cool supergiant. The effective
temperature (Tef) increases from ~5,000 K to as high
as 30,000-200,000 K for the hottest remnants (Miller
Bertolami 2016). Meanwhile, the core temperature re-
mains on the order of 10-100 MK. This evolutionary
stage typically ends with the star becoming the cen-
tral star of a planetary nebula and, ultimately, a white
dwarf (Van Winckel 2003; Herwig 2005).

One of the brightest stars in its class is LN Hya (BS
4912, HD 112374). Tt is located at a high Galactic



Odesa Astronomical Publications, vol. 38 (2025)

37

latitude of b = +36.4° and exhibits a noticeable metal
deficiency, which confidently places it among the old
stellar population, likely belonging to the thick disk
or Galactic halo. Its bolometric luminosity, estimated
as log(L/Lg) = 4.0, along with Tog ~ 6000 K, places
LN Hya close to the post-AGB evolutionary track with
a core mass Mcoe =~ 0.6 Mg in the models of Miller
Bertolami (2016), consistent with other similar post-
AGB objects (e.g., Klochkova, Panchuk 2012).

The optical spectrum of LN Hya corresponds to an
F-type luminous supergiant (F3 1a). It shows typical
characteristics of low-mass, post-AGB “high-latitude
supergiants”. One notable feature is the Ha line profile,
which usually displays emission components superim-
posed on a broad absorption. Among post-AGB stars,
the Ha line is commonly observed to exhibit a double-
peaked emission profile, a hallmark of a rotating cir-
cumstellar structure. In some systems, the emission
arises in material gravitationally bound to the primary
star and situated outside its orbit. It likely forms in
a circumbinary disk and varies with the orbital phase
(e.g., Nurmakhametova et al. 2025). In other cases, the
Ha profile appears as a deep absorption core partially
filled in by emission wings. Such profiles are commonly
interpreted as evidence of a long-lived reservoir of the
circumstellar gas distributed in a rotating disk or an
extended envelope (e.g., Klochkova, Panchuk 2012).

Post-AGB binaries with long-lived circumbinary
dusty disks form a well-studied class: their SEDs show
stable near-IR excesses from compact Keplerian disks,
now resolved interferometrically and modeled as dust-
sublimation-truncated rims (De Ruyter et al. 2006;
Hillen et al. 2017; Kluska et al. 2019). Their orbital
periods span ~ 102-10 days and frequently retain sig-
nificant eccentricities, likely sustained or re-excited by
disk-binary interactions (Dermine et al. 2013; Oomen
et al. 2018). In this context, LN Hya’s RV period, Ha
phenomenology, and other spectral properties place it
among the disk-bearing post-AGB binaries, where bi-
narity, mass loss, and disk dynamics are coupled.

Luck et al. (1983) found the following fundamen-
tal parameters of LN Hya: To.g ~ 6000K, a surface
gravity of logg = 0.4-0.8 and a significantly reduced
metallicity of [Fe/H] = —1.2, accompanied by a nitro-
gen overabundance of [N/Fe|] = +0.5.

Despite previous observations, LN Hya remains an
object of a considerable interest due to its atmospheric
instability, variable emission characteristics, and un-
usual chemical abundance patterns, characterized by
a significant depletion of refractory elements (e.g., Fe,
Ca, Ti) and an enhancement of nitrogen ([Fe/H] ~ —
1.2, [N/Fe| = +0.5). Such selective abundance anoma-
lies are typical of post-AGB binaries with circumbinary
disks, where refractory elements condense into dust
grains while volatile species are re-accreted onto the
stellar atmosphere. Previous investigations of LN Hya
were hampered by the scarcity of high-resolution, ho-

mogeneous spectroscopic material and the absence of
a long-term RV monitoring.

Revealing the binary nature of LN Hya is crucial
for understanding the origin of its circumstellar mat-
ter, the mass-loss mechanisms, and the role of binarity
in the post-AGB evolution. In this context, our new
multi-year spectroscopic campaign provides the first
opportunity to derive a coherent orbital solution and
directly test the binary hypothesis.

The primary aim of this work is to perform a high-
resolution spectroscopic and photometric analysis of
LN Hya, focusing on the temporal behavior of key
spectral lines, particularly Ho, as well as RV variations
that may reflect atmospheric pulsations or dynamical
instabilities. In addition, we aim to derive the orbital
parameters of the system by analyzing long-term RV
data, with the goal of verifying the possible binary
nature of LN Hya and detecting a potential secondary
component. Photometric observations will also be
used to study brightness variations and light curve
morphology, offering further insights into the physical
processes governing the evolution and variability of
this post-AGB object.

2. Observations

Spectroscopic monitoring was carried out with the
0.81m telescope at the Three College Observatory us-
ing the échelle spectrograph eShel (Shelyak Instru-
ments!) between 19 May 2021 and 2 June 2025. In
total, 73 spectra were obtained. Because the target
remains low at the site (latitude +35°56"), typical to-
tal integrations were 1-2 hours, composed of individual
25-40-minute exposures.

The data reduction did not include overscan
removal or dark-frame subtraction. Dark frames
were used only to identify and map detector pixels
that show abnormal responses, producing artificial
narrow emission-like features. These “bad” pixels were
recorded into a mask and corrected during the initial
processing using the fixpix task in the ccdproc package,
which proved to be more efficient and stable than
traditional dark subtraction. The remaining steps of
the procedure comprised scattered-light suppression,
order tracing and optimal extraction, wavelength
calibration with ThAr-lamp spectra, heliocentric cor-
rection, and continuum normalization with masking
of strong spectral features. Flat-field frames were not
applied because the detector’s pixel-to-pixel sensitivity
variations are < 1.5%, and the flat-field lamp does
not illuminate the full extracted spectral range. The
typical accuracy of the wavelength solution is on the
order of a few 10ms~! (=~ 300ms™1).

Thttps://shelyak.com
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3. Methods

RVs were measured by cross-correlation in the spec-
tral window A = 5046-5163 A, which is rich in nar-
row metallic lines and minimally affected by emission
or telluric contamination. Before computing the CCF,
residual outliers were removed, the continuum was nor-
malized, and problematic segments were masked. The
cross-correlation peak was fitted with a Gaussian; the
centroid yields the RV, while the width and contrast
provide the internal uncertainty. To account for ex-
cess scatter beyond the formal errors, we introduced
an additive jitter term, o;, as a free parameter in the
Markov-Chain Monte Carlo (MCMC) analysis. This
approach provides a robust, fully Bayesian estimation
of the orbital parameters, properly propagating non-
Gaussian uncertainties and correlations between pa-
rameters such as P, e, and K;. This method yields
posterior probability distributions rather than single
best-fit values, allowing realistic credible intervals for
each element of the orbit. This term, typically 0.4-
0.8 kms~!, absorbs additional astrophysical or instru-
mental variability. A systematic error floor of the same
order was also adopted to reflect instrumental stability.
The RV zero point was monitored via stable spectral
regions and inter-night consistency checks.

As areference template for cross-correlation, we used
our spectrum of LN Hya obtained on 2021/05/19 (see
Fig.1), which has a S/N ratio of ~ 200 in the con-
tinuum of the chosen region. The orbital RV for the
template spectrum was determined by cross-correlating
the mentioned spectral region with that of a constant
RV star o Persei (RVye = —2.1 kms™!) obtained with
the same equipment. This way the RV scale was trans-
lated into the heliocentric frame (see Fig. 2).

RVs were analysed with a reproducible analysis
pipeline implemented in Python. First, we deter-
mined the period from the RV time series using the
Lomb—Scargle algorithm, which is appropriate for un-
even sampling and highlights the dominant periodic-
ity. Next, we modelled the RV curve with a single-
lined Keplerian profile and inferred the orbital elements
by Bayesian Markov-chain Monte Carlo sampling us-
ing the affine-invariant ensemble sampler implemented
in the emcee package (Foreman-Mackey et al., 2013).

We used weakly informative priors, initialized
chains near the periodogram solution, discarded
burn-in, and checked convergence with standard
diagnostics. Final values for the period, systemic
velocity, semi-amplitude, eccentricity, and argument
of periastron are reported as posterior medians with
16th—84th percentile credible intervals. The workflow
follows our previously published RV+MCMC analyses
and is implemented in Python. This method was
also employed in Vaidman et al. (2025a) and in
Nurmakhametova et al. (2025); see also Vaidman et
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Figure 1: Part of the TCO spectrum of LN Hya in the
wavelength range 5046-5163 A obtained on 2021/05/19
and used as a template for cross-correlation.
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Figure 2: RV measurements in the heliocentric frame
as a function of HJD. The inset shows the periodogram,
indicating a detected period of 148.5 days.

al. (2025b) for methodological details.

4. Results

The LS periodogram (inset in Fig.2) shows a sin-
gle dominant peak at a period of 148.5 days with a
very low false-alarm probability; weaker aliases are neg-
ligible. Folding the RVs on this period produces a
phase-coherent curve with minimal scatter, consistent
with the modulation seen in the long-term photome-
try. This establishes the characteristic timescale of the
system and underpins the orbital solution reported be-
low. The phase-folded RV curve (Fig.3) for the first
time demonstrates that LN Hya is a spectroscopic bi-
nary. The smooth line approximating the data points
is the best-fitting single-lined Keplerian (SB1) model,
computed from the MCMC posterior-median orbital
elements listed in Table 1.

The phase—coherent RV curve establishes a well-
constrained single-lined spectroscopic orbit for
LN Hya (Table 1). The solution indicates a moderate
eccentricity with a well-constrained argument of pe-
riastron, a stable systemic velocity across all seasons,
and a precisely measured semi—amplitude of the visible
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Orbital phase

Figure 3: Radial velocity of LN Hya in the 10 latest
orbital cycles (~ 1,500 days). RVs were measured in the
TCO spectra by cross-correlation in a spectral range A
— 5046-5163 A. The colour scale indicates the year of
observation.

Table 1: Orbital parameters of LN Hya.

No. Parameter Value

1 P (days) 148.63 £ 0.09

2 Tp (HID) 2459291.31£1.83
3 e 0.19 £0.02

4 w (degrees) 106.85 + 0.23

5 v (kms™) —24.29 +0.34

6 K; (kms™1) 14.979 £ 0.44

7 f(m) (Mg) 0.049 £ 0.004

8 N 73

Notes. (1) Orbital period; (2) periastron epoch for the elliptical
orbit and time of superior conjunction (at v RV) for the circular
orbit; (3) eccentricity; (4) argument of the periastron; (5) sys-
temic RV; (6) semi-amplitude of the RV variation of the visible
component; (7) mass function; (8) number of spectra used in the
orbit calculation.

component. This is the first self-consistent orbital
solution for LN Hya solely based on a homogeneous
RV data set. It determines the system’s dynamical
timescale and geometry for subsequent analysis.

5. Conclusions and Discussion

We present the first self-consistent spectroscopic or-
bit for LN Hya based solely on medium-resolution RVs.
Our homogeneous data set and uniform Bayesian anal-
ysis yield a stable, repeatable single-lined solution; the
derived elements are internally consistent and robust,
fixing the system’s dynamical timescale and geometry
for the first time. The ~148.5 days period inferred
from the RV curve is too long for a classical pulsat-
ing Cepheid at the star’s temperature and luminosity,
favouring the orbital interpretation. The variability
can plausibly arise from geometric and atmospheric ef-
fects within the binary (e.g., shallow eclipses and/or
phase-dependent heating of the visible component).

A phase-coherent orbit enables: (i) mass-function
limits on the unseen component and a pathway to

dynamical masses once the inclination is constrained;
(ii) predictive ephemeris to phase-tag follow-up spec-
troscopy and interferometry; (iii) separation of or-
bital signals from low-amplitude atmospheric pulsa-
tions; and (iv) phase-dependent modelling of circumbi-
nary gas and dust within a self-consistent geometry.

Future directions. We will (i) extend and densify
the RV monitoring to refine the orbital elements and
mass function, especially near periastron; (ii) obtain
higher-resolution spectra to search for weak features
of the secondary and to improve line-profile modelling;
and (iii) constrain the inclination via long-baseline
(spectro-)interferometry and wvsini constraints to
enable dynamical masses. These steps will deliver
a more accurate orbital solution and provide deeper
insights into the origin of the system.
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ABSTRACT. We present the results of a detailed
spectroscopic investigation of the supergiant HD 207260
(A2 lae), based on high-resolution echelle spectra
obtained in 2018 with the 2-meter telescope at the
Shamakhi Astrophysical Observatory. The focus is on the
variability of the Ho line, which exhibits a complex and
variable profile, consisting of both an absorption and an
emission component. The intensity of the emission
component and its radial velocity were found to vary
significantly across different epochs. These changes were
accompanied by synchronous variations in the radial
velocity of the absorption and in the equivalent width of
the line. Such behavior suggests a dynamical origin for the
emission component, possibly related to instabilities in the
upper atmosphere or episodic mass loss processes.

Fourier analysis of the radial velocity variations reveals
with an approximate of 35-40 days. This periodicity is
consistent with the presence of radial or non-radial
pulsations, which may drive structured outflows in the
upper layers of the stellar atmosphere.

It is assumed that the change in the Ha line profile, the
change in the radial velocity and the equivalent width of
the absorption and emission components of the Ha line
profile occur as a result of the interaction of the stellar
atmosphere with the circumstellar envelope as a result of
the pulsation of the star.

Keywords: supergiant stars, Ho line profile, radial
velocity, spectral variability, stellar pulsations.

AHOTALIAL. Mwu  mOpeactaBIsieMO  pe3yJbTaTH
JIETAILHOTO CIHEKTPOCKOIIYHOTO IOCIDKEHHS HaIrIraHTa
HD 207260 (A2 Iae), mo 6a3yeTbcsi HA BUCOKOIMCTIEPCHUX
enIeNb-CIeKTpax, oTpuManux y 2018 pori 3a 1omoMororo 2-
MetpoBoro Teneckoma IllamaxuHCBKOi  acTpodizvuUHOT
oOcepBatopii. OcHOBHa yBara TPUAUIAETHCS — Bapi-
abempHOCTI JiHil Ho, sika neMoHCTpye cKIamHmit 1 3MIHHUH
npodifib, MO CKIATAETHCA SIK 3 a0copOUiiiHOTO sapa, TaK i3
eMiCiifHOT KOMITOHEHTH. ByJo BCTaHOBJICHO, IO IHTEHCH-
BHICTh eMicii Ta il mpOMeHeBa MIBHIKICTh 3HAYHO 3MIHIOO-
ThCsl B pi3Hi enoxu. LIi 3MiHM CynpOBOPKYBAMCS CHHXPOH-
HUMH BapialisMu pajaiaJbHOT MIBUAKOCTI Ta €KBIBAJIEHTHOT
MUPUHN TIOTIIMHAJBHOT CKiIanoBoi jiHil. Taka moBemiHka
CBITUUTH PO JUMHAMIYHE TIOXOMKEHHS  eMIiCiiiHOi
KOMIIOHEHTH, MOJIMBO IOBSI3aHE 3 HECTAOUILHOCTIMHU Y
BEepXHIX Iapax atMocdepu abo 3 em30UYHUMHU IPO-
necaMu BTpaT MacCHu.

Oyp’e-aHami3  pamiadbHOI  IIBUAKOCTI  IOKa3ye
npubmm3Huid  nepion y 35-40 muiB. Llg mepioaudHICTH
Y3TOMKY€ETHCS 3 HASABHICTIO pajialbHUX a00 HepamlialbHUX
myJbcallid, sKi MOXYTb CHOPHYMHATH CTPYKTYpOBaHi
MOTOKH Y BEPXHIX IIapax 30psHoiatMochepu.

Iepenbauaetbes, mo 3MiHa mpodimo il Ho, 3miHa
pamiambHO{  IIBHAKOCTI Ta  CKBIBAJIGHTHOI INHPHHH
MOTIMHAJIGHOT Ta eMICiifHOT ckianoBux npodimo miHii Ho
BiIOYBAalOTBCS B pe3yJbTaTi  B3a€EMOJil  30pSHOL
atMocepu 3 HaBKOJO30PSHOI OOOJOHKOI BHACHIIOK
MyJbCcarlii 3ipKu.

KanrouoBi ciioBa: HagriranTy, npodins minii Ha, pagiansHa
IIBUIKICTh, CIICKTpaIbHA BapiaOenbHICTh, 30psHI MybCcallii.

1. Introduction

B- and A-type supergiant stars represent the brightest
stellar population in both spiral and irregular galaxies that
are undergoing active star formation. These stars are
young and predominantly located within the galactic
plane. Due to their high luminosity, they can be observed
at large distances, providing a unique opportunity to study
the distribution of chemical elements and to trace the
chemical evolution of the Milky Way as well as other
galaxies. Furthermore, these stars are extensively used to
investigate the spiral structure of galaxies and to
determine their morphological parameters.

HD 207260 (A2 lae), as a typical representative of this
class of supergiants, is therefore of particular interest for
studies related to stellar evolution. To this end, high-
resolution spectra of HD 207260 were obtained with the
2-meter telescope at the Shamakhi Astrophysical
Observatory. Based on these observations, the variability
of the Ha Iline profile was analyzed, including
measurements of its characteristic parameters and changes
in the profile shape over time.

The supergiant star v Cep (HD 207260 = HR 8334) has
a visual magnitude of V=429 (Ducati, 2002) and a
spectral type of A2 lae (Gray & Garrison, 1987). In the
Galactic coordinate system, its position is =102°3,
b=+5°.93 (Pan et al., 2004), and its distance is 2083 pc
(m=0.00048; Van Leeuwen, 2007).

In the work by Samedov et al. (Samedov et al., 2020)
investigated the supergiant HD 207260. Atmospheric
parameters were determined: Ter =9200+200K; logg = 1.4
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+ 0.2; &t = 6.0£0.5 knv's; loge(Fe)=7.55+0.1; [Fe/H]=0.08.
Chemical composition analysis has revealed that the
carbon abundance in v Cep is lower than the solar value,
while nitrogen is overabundant. The abundances of Sc, Ti,
V, Cr, Fe, Ni, Sr, Zr, and Ba are close to solar values.
These results indicate that v Cep and the Sun formed from
material with similar overall chemical composition, and
evolutionary processes have modified the initial carbon
and nitrogen abundances while other elements relatively
unchanged. The observed chemical abundances are
consistent with stellar evolution theory (Hajiyeva, 2020).

2. Magnetic Field in the Supergiant Star HD 207260

Between 1975 and 1979, Scholz and Gerth (1980)
conducted observations of vCep at the Karl Schwarzschild
Observatory (Tautenburg, Germany) in the 40004600 A
spectralrange, obtaining 55 Zeeman spectra. Based onthese
observations, they investigated thestar’s magnetic field and
the line profiles of the hydrogen Balmer series, specifically
Hp and H3, as well as the radial velocity variations.

The magnetic field was found to vary weakly between
several hundred gauss during 1975-1978, but in 1978 it
increased sharply to approximately +2000 gauss. Radial
velocity variations exhibited both slow and rapid changes
similar to the magnetic field. A quasi-periodicity of 39.9
days in radial velocity was detected, which the authors
attributed to stellar rotation. Differences in radial velocity
between Hg, H,, and Hs lines were explained by the
presence of an extended circumstellar envelope.
Additionally, various neutral and ionized spectral lines
showed radial velocity variations in the range of 1-4
kms™. During 1975-1976, radial velocities displayed
inconsistent and contradictory values ranging from ~—18
to ~25 kms™. Scholz and Gerth suggested that v Cep
might be a binary system(Scholz & Gerth, 1980).

Previous studies provide some information on the
spectral and photometric parameters characterizing HD
207260. However, details regarding non-stationary
processes in the stellar atmosphere and the spectral lines
that trace these phenomena remain largely unexplored.
Therefore, investigating the Ha line of hydrogen and other
lines that characterize atmospheric non-stationary
processes is timely and of significant importance.

3. Observations, data reduction, and discussion

Spectroscopic observations of HD 207260 were carried
out between 2015 and 2019 using the 2-m telescope at the
Shamakhi Astrophysical Observatory named after N. Tusii.
Until 2016, spectra were obtained in the Cassegrain focus
with the UAGS spectrograph equipped with a 530x580-pixel
CCD camera at a spectral resolution of R=14000, covering
the 3960-6600 A spectralrange (Mikaillov et al., 2005).

After 2016, spectra were acquired using the fiber-fed
Cassegrain echelle spectrograph with a 4000x4000-pixel
CCD camera at spectral resolutions of R=28000 and
R=56000, spectral region are 3700-8500 AA. Daytime sky
spectra were used for dispersion curve calibration.
Typically, 2-3 spectra of the star were obtained per night.
Since no significant short-term variability was observed

within a single night, these spectra were averaged to
improve the signal-to-noise ratio.

The obtained spectra were reduced using the IRAF
software package (Hasanova & Rustamova, 2023;
Hasanova, 2024). It should be noted that the spectra of HD
207260 had previously been processed using the DECH
software packages (DECH-20, DECH-20T, and DECH-
30T) developed by Galazutdinov (1992). In the present
study, the spectra were reprocessed with IRAF, and the
results are in good agreement with those obtained using
DECH, confirming the reliability of the reduction and
analysis procedures. The uncertainty in the measurement of
equivalent widths does not exceed 5%, while the error in
radial velocity determinations is less than 1 km s71. A
detailed description of the observational material and the
data reduction methodology is provided in our previous
works (Hasanova & Rustamova, 2023; Hasanova, 2024).

A total of 25 high-resolution spectra of the HD 207260
star were obtained during the 2016-2019 observational
campaigns. In this study, we used the spectra obtained in
2018. A comparative analysis of the emission andabsorption
components of the Ha line profiles reveals that both the
shape and structure of the profile, as well as the spectral
parameters characterizing it, exhibit significant variability.

The Ho line profiles are observed in the following
forms (Figure 1):

a) Fully absorption profile;

b) Normal P Cyg-type profile — absorption with
emission componentin the red wing.

The Ha line profiles observed in the spectrum of the
hypergiant star HD 207260 at different epochs were
constructed (Figure 1). As seen in Figure 1, both the shape of
the Ha line profile and its spectral parameters vary over a
time interval of seven days or less. The intensity of the
emission componentobservedin the red wing of the Ha line
changes with time; occasionally, the Ha line exhibits a P
Cyg-type profile. At other times, the emission component
completely disappears, resulting in a fully absorption profile.

For instance, on 16 August 2018, the emission
component in the red wing of the Ha line in the spectrum
of HD 207260 was almost entirely absent. During this
epoch, the equivalent width of the absorption component
increased abruptly (AW = 540 mA), reaching a maximum
value of W = 1662 mA. No significant variations in the
radial velocity of the emission component were detected.

Based on the performed measurements, a plot showing
the temporal variations of the radial velocities of the
absorption and emission components of the Ha line, as
well as the equivalent width of the absorption component,
was constructed (Figure 2).

The plot demonstrates that both the radial velocities of
the absorption and emission components and the
equivalent width of the absorption component vary with a
period of approximately 35-40 days.

An increase in the absolute value of the radial velocity
of the absorption component is observed simultaneously
with a decrease in both the equivalent width and the
intensity of the emission component. In other words, these
variations occur synchronously. It is suggested that these
changes occur as a result from pulsations of the star,
leading to interactions between the stellar atmosphere and
the circumstellar envelope.
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Figure 1: Profiles of the Ha line observed at different epochs in the spectrum of the HD 207260 supergiant star. The
dashed line corresponds to the wavelength A(Ho) = 6562.816 A.
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Figure 2: Temporal variations of the radial velocities of the absorption and emission components of the Ha line profile, as
well as the equivalent width of the absorption component, observed in the spectrumof the HD 207260 supergiant star.

4. Conclusions

Based on the comparative study of the Ha line profiles
in the spectra of the supergiant star HD 207260 obtained
in 2018, the following conclusions can be drawn:

The analysis of the Ha line profiles revealed that they
generally exhibit a P Cyg-type profile, consisting of an
absorption component and an emission component in the
red wing. The radial velocities of these components, as
well as the equivalent width of the absorption component,
vary over time.

It was found that the radial velocities of the absorption
and emission components, together with the equivalent
width of the absorption component, vary synchronously
(Figure 2). These variations occur with a period of
approximately 35-40 days.

These results can be utilized
theoretical model of the star.

in constructing a
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ABSTRACT. In order to understand significant mete-
orological processes occurring in Jupiter’s atmosphere,
studies were carried out on ammonia NHs absorption
lines, whose relative amount is small but whose influence
could be comparable to water vapor in Earth's atmosphere.
These observations were performed using a high spectral
resolution échelle spectrometer installed at the Cassegrain
focus of the 2-meter telescope at Shamakhi Astrophysical
Observatory. Variations in the intensity of NHs absorption
lines in the NHs A 6475A band were studied in different
regions of Jupiter’s disk and at the center of Saturn’s
disk. In this spectral region, 20 lines were selected for
the center, 14 lines for the northern zone, and 11
lines for the southern zone. The obtained data were
processed using the DECH 95 and DECH 30 programs.
The spectrophotometric characteristics of these spectral
lines, including their equivalent widths and half-widths,
were determined. Based on the observational data
obtained, Jupiter’s rotational temperature was determined
from different line pairs. The calculated temperatures vary
between approximately 180 K and 80 K. The observed
variations in temperature could be attributed to lightning
events within these layers. Summarizing the obtained
results, the average temperature in the details of Jupiter’s
disk was determined to be approximately 127 K, aligning
well with findings reported by other authors.

Keywords: Jupiter, NHs, 16450 A absorption lines,
rotational temperature.

AHOTALIA. [ng po3yMiHHS 3Ha4yILIUMX METeOpOJOTi-
YHHUX OpoLeciB, Mo BinOyBatoThest B atMocdepi FOmitepa,
Oymu mpoBeAeHi NOCHTIDKEHHS JiHi MOTIMHAHHS aMiaky
NH;, BigHOCHA KUIBKICTh SKHX HEBEJIMKA, aji¢ BIUIMB SIKHMX
MoOXe OyTH MOPIBHAHHUM 3 BOJTHOIO Iaporo B atMocdepi
3emumi. Lli crmoctepexeHHS NMPOBOMMIMCSA 32 JOIIOMOTOIO
eIIeNb-CIICKTPOMETpa 3 BUCOKOIO CIIEKTPAIBHOIO PO3/LIh-
HOIO 3JaTHICTIO, BCTaHOBIeHOTO y dokyci Kaccerpena 2-
MeTpoBoro Teneckoma B IllamaxuHChKild acTpodi3UUHii
obOcepBartopii. Bapiarii iHTEHCUBHOCTI JiHI MOTIMHAHHSA
NH: y cmysi NHs A 6475 A nocnimkysamucss B pisHEX
obmacTax micka FOmitepa Ta B neHTpi mcka CatypHa. Y 1iit
CHEKTpalbHIA o0macti Oyno Bimibpano 20 miHiA s

ueHTpy, 14 miHid mia niBHIUHOT 30HM Ta 11 JiHiA Wit miB-
nenHol 3ouu. OTpuMaHi JaHi Oy 06poOJIeHI 3a OTIOMO-
roro nporpam DECH 95 ta DECH 30. BusnaueHo criekt-
podOTOMETpHYHI XapaKTePUCTHKUA LUX CIEKTPAIbHUX
JIHIA, BKIFOYAIOYM 1X €KBIBAJICHTHI NIMPUHU Ta HAIMIBIIH-
puHH. Ha OCHOBI OTpHMAaHHX JAaHHX CIOCTEpPEKEHBb OYyJIo
BU3HAYEHO TeMmIepaTypy obeprtanHs IOmitepa 3a pisHEMH
mapamMu JiHIA. Po3paxoBaHi TeMIepaTypH KOJUBAIOTHCS
npubmao Binm 180 K mo 80 K. CmocrepexyBaHi KOJIH-
BaHHS TEMIIEpATypH MOJKHA MOSCHUTH OJIMCKaBKAMH B
nux mapax. [lizcyMoByIOYd OTpHMaHi pe3yibTaTH: cepe-
JHS TeMIepaTypa B JeTamsix jucka IOmitepa Oyna BH3HA-
yeHa nmpubim3HO Ha piBHI 127 K, mo mo0pe y3romkyeThes
3 BUCHOBKAaMH {HIINX aBTOPiB.

Kmouosi THHI

ciaoa: [IOmitep, NHs,

HHA L6450 A, 06epTansHa TeMmepatypa.

norjmHa-

1. Introduction

The condensation of atmospheric gases and the for-
mation of clouds on Jupiter indicate that in the observable
part of its atmosphere, at least in the lower layers, temper-
ature decreases with increasing altitude. Until now, the
temperature of Jupiter's atmosphere has been determined
using various methods. For example, the rotational tem-
perature of CH4 and the saturation temperature of NHs.
These, of course, correspond to the deepest layers. The
brightness temperature determined in the infrared range,
on the other hand, characterizes the higher layers. The
distribution of temperature depends on the absorption of
solar radiation and the planet's own radiation at different
altitudes and in various spectral regions. At the observed
partial pressures and temperatures in Jupiter's atmosphere,
methane does not undergo condensation, whereas H20, on
the contrary, exists as low-pressure saturated vapor. It is
not excluded that water and ice clouds form in the deep,
unobservable layers of the atmosphere. The distribution of
temperature depends on the absorption of solar radiation
and the planet’s own radiation at different altitudes and in
various spectralregions.
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2. The calculation of the rotational temperature

The determination of rotational temperature on Jupiter
has been conducted using various molecules. For example,
Zabriskie (1962) determined a rotational temperature of
Trot= 170K based on the relative intensities of the lines in
the H> (3-0) band. Spinrad and Trafton (Spinrad,1963)
reported a range of 120-170K; however, Spinrad later
refined this value, stating that it was 120 K

The calculation of rotational temperature based on CHs
and NHs lines encounters certain difficulties. This is be-
cause these molecules are non-linear and their bands have
complex structures. For instance, due to its symmetry (tet-
rahedral), the methane molecule exhibits spherical rota-
tion. It has four fundamental frequencies, two of which (v3
and v4) are active in the infrared region. When two or
more frequencies or their overtones combine, they form
combination bands. Pure overtones are distinguishable
only for the vsand v4 frequencies.

Another challenge arises from the fact that the funda-
mental inactive frequencies are quite close to vz and v4. As
a result, rotational levels undergo Coriolis excitation, lead-
ing to the splitting of rotational lines, which further com-
plicates the bands. Unfortunately, nearly all CHs bands
located in the high-resolution spectroscopy region are
combination bands. Consequently, their fine structures are
extremely difficult to analyze. The intensity of rotational
lines depends on three quantities: transition amplitude, the
statistical weight of the upper state, and the Boltzmann
factor. If the molecule undergoes true spherical rotation,
the distribution of rotational levels is given by the follow-
ing formula:

_ Bk(k+1hc

_ 2
Ny~(2k + 1) ™ ==

@)

If the molecule undergoes spherical rotation due to
symmetry, then the ratio in equation (1) is not real, and the
statistical weight for each rotational level must be calcu-
lated taking into account the spin of the nucleus. This is
applicable in the case of CHs. The intensity of rotational
lines depends on three quantities: transition amplitude, the
statistical weight of the upper state, and the Boltzmann
factor. The intensity,

Bk(k+1)h
h~Apsge == @

Here, Ak is the transition amplitude, and Sk is the statisti-
cal weight.

A o = (K +3)Ba +2b + 3c) 3)

Here, a, b, and ¢ are the quantities of rotational levels corre-
sponding to the modifications of A, E, and F for a given K.
Using the ratios in (1) and (2), the relative intensity of rota-
tional lines in the T function can be presented in a table,
and by selecting the ratios that better match the observa-
tions, the Tr-rotational temperature can be determined.
Ouen (1968) determined that using this method, for the 3vs
band with K=3,4,5,6 lines, the Tr temperature is 200+25.
The rotational temperature determined by Ouen is close
to the melting point of NHs (195K). It is likely that the

Residual intensity ©
»
.

6450.5 6451 6451.5 Wavelenghta
Figure 1. The profile of the NHz A6451.12 A absorption
line in the spectrum of Jupiter, obtained in the SAO.
(Equatorial belt — open squares — without considering the
instrumental profile, black squares — with the instrumental
profile taken into account) and Smith's observation (Ouen
1968) (black circles at the center of the planet's disk)

lower boundary of the observable part of Jupiter's atmos-
phereis determined by the level of dense clouds composed
of liquid ammonia. Interestingly, the rotational temperature
is close to the brightness temperature in the shadow cast by
the moons. A comparison of ammonia line spectra at differ-
ent locations on Jupiter shows a strong variation in their
intensities. This indicates horizontal inhomogeneity in the
disk of Jupiter at the depths ofthe cloud layers that produce
the observed absorption lines of ammonia. This observa-
tional data allows for the calculation of rotation. For the
NH3z A6451.12 A line, according to our data, the profile of
this line has been constructed using approximate formulas,
taking into account the instrumental profile.

3. Calculation of the equivalent widths and half-
widths of spectral lines

Long-term observations show that Jupiter's atmosphere
is heterogeneous (Carlson et.al, 1987). This heterogeneity
is also unstable — it changes over time. These variations
are manifested in the changes in the intensity of the ab-
sorption bands observed in the molecular gas spectrumin
the visible and infrared regions. These absorption lines
and bands originate at different depths of the gas and
cloud layers. The formation of ammonia absorption bands
observed in the visible and near-infrared spectral regions
occurs primarily within a multilayered cloud structure
through the process of multiple scattering and in purely
gaseous gaps between cloud layers. Therefore, visible
variations in the intensity of NHz absorption bands can be
interpreted as a consequence of changes in the structural
characteristics of the clouds, as well as in the size and
concentration of cloud particles. All of these factors are
expected to influence the relative abundance of gaseous
ammonia in different regions of Jupiter. In 2023, these
variations were most clearly observed in the NHs absorp-
tion band at 6450 A (Vdovichenko et al., 2025 ) Based on
the intensity of spectral bands, it is possible to assess the
physical conditions on the planet. In planetary physics, the
study of the heterogeneity of temperature and its depend-
ence ontime is of great importance.
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Fiqure 2: Variations in the meridional course of ammonia absorption in two absorption bands at 645 and 790 nm;

ammnia absorption bands at 645 and 790 nm: (a) profiles.

Spectrograms of Jupiter in the A 5200-7000 A region
were obtained by N.B. Ibrahimov at the Shamakhi Astro-
physical Observatory, named after N. Tusi, using a two-
meter reflector with a dispersion of 6 A/mm (0.15 resolu-
tion) during 1970-71 (10 spectrograms) (Ibrahimov,
1975). These materials were processed and published for
the central disk. In this work, spectral data fromthe NH3z A
6450 A absorption band were used for the central equato-
rial zone (EZ), the northern equatorial band, and the
southern equatorial band. This spectral material was ob-
tained on 22.05.2023, using the 2-meter telescope of the
N.Tusi Shamakhi Astrophysical Observatory with a CCD-
matrix equipped Echelle spectrometer at a dispersion of 4
A/mm. For this band, 20 lines were selected for the center,
14 for the northern band, and 11 for the southern band.
The acquired data were processed using the DECH 95 and
DECH 30 (http://www.gazinur.com/DECH-software.html)
programs, and the equivalent widths and half-widths of
the spectral lines were calculated. The obtained results are
presented in the table below.

As seen, the equivalent width and half-width of the
spectral lines are the largest at the center, and are larger in
the southern region compared to the northern region.
Based on the obtained results, it is possible to assess the
physical conditions on Jupiter. For planetary atmospheres,
the absorbing atmospheric model assumes that the for-
mation of absorption bands or lines occurs in a uniformly
mixed medium of absorbing gas and scattering aerosol. In
such a medium, lines of varying intensities and different
parts of the absorption band arise at different depths. Un-
doubtedly, this corresponds to various structural forms. In
this case, the volume concentration of the gas and the vol-
ume scattering coefficient of the aerosol do not change
with depth according to the same law. Even if we use a
homogeneous atmospheric model for the analysis of spec-
trophotometric observations, in the case of actual inhomo-
geneity, we would obtain different values for the physical
characteristics of the gas-aerosol medium depending on
the intensity of the given absorption band. In real condi-
tions, the rotational temperature is one such characteristic.
The average temperature on Jupiter's disk has been deter-
mined by various authors since 1924. For instance, Za-
briskie F.R. established that the temperature at the depth
where hydrogen's S(0) and S(1) quadrupole lines form

varies within the range of T = 170-200K, based on the
intensities of these lines.

Although significant data on the study of planetary at-
mospheres can be obtained through Earth-based observa-
tions, results are also derived based on data provided by
space probes. The data obtained from space probes have
been compared with the results acquired from Earth-based
observations (Simon-Miller A. et.al, 2006). It has been
determined that temperature variations in the planet's low-
er latitudes and troposphere are associated with seasonal
changes

Due to the sharp decrease in the saturated vapor pres-
sure of ammonia, it can be assumed that the NH3z concen-
tration in Jupiter's outer atmosphere above the cloud layer
is extremely low. The observed weak lines are practically
formed within the cloud layer and are determined using
the formula

E; — Eq
T= @)
BT @i 52 E2-E1
lnﬁ2+lna2 +ln51+ To

Here, E1 and E> correspond to the energy of the first and
second spectral lines, respectively. a1 represents the Lo-
rentz half-width of the first spectral line, while a2 repre-
sents that of the second spectral line. S1 is the relative in-
tegral absorption coefficient of the first line, and S> is that
of the second line. To denotes room temperature and is
assumed to be To = 294K. f3 represents the difference be-
tween the reciprocal values of the single scattering albedo
in the line and the continuous spectrum. Based on the ob-
tained materials, the temperature has been determined for
various pairs of spectral lines and is presented in the fol-
lowing table. The selection of spectral lines with equal
intensity across different regions of the planetary disk
allows for a more accurate and stable determination of
physical parameters, particularly temperature. In the cal-
culation of rotational temperature, it is crucial that the
ratios of line intensities and the associated optical depths
(t) remain constant. If the intensities differ, the resulting
temperature will be incorrect. For temperature determina-
tion from observed spectra, selecting regions with equal
intensities is essential to correctly model the atmospheric
structure and conditions. This approach ensures that the
temperature estimations are notbiased by local variations
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Table 1: Equivalent Widths and Half-widths of Spectral Lines

center north south
AA W, A | 421/2,| A A w,A | 411/2,| A A w, A | 411/2,
A A A
6327,760( 0,053| 0,245 - - - 6327,704| 0,047| 0,264

6433,631| 0,063| 0,423 | 6433,665| 0,025| 0,222 | - - -
6435,157| 0,051| 0,445 | 6435,125| 0,018| 0,235 | 6435,139| 0,020| 0,376
6444,792| 0,070( 0,205 | - - - - - -
6445,689| 0,086 0,469 | 6445,686| 0,024| 0,21 6445,667| 0,040( 0,303
6446,574| 0,091| 0,852 | 6446,593| 0,036| 0,319 | 6446,536| 0,043| 0,304
6451,236| 0,087| 0,494 | 6451,233| 0,046| 0,299 | - - -
6454,522| 0,052 0,312 | 6454,547| 0,034| 0,366 | 6454,500( 0,040| 0,319
6457,290| 0,091| 0,574 | 6457,255| 0,064| 0,337 | - - -
6457,292| 0,087 0,574 | 6457,276| 0,075| 0,36 6457,274| 0,067| 0,324
6459,271| 0,033| 0,346 | 6459,249| 0,020| 0,335 | - - -
6460,669| 0,029| 0,285 | 6460,628| 0,016| 0,176 | 6460,634| 0,026| 0,247
6464,858| 0,019( 0,327 | - - - 6464,771| 0,018 0,277
6465,515| 0,046| 0,331 | 6465,535| 0,036| 0,262 | - - -
6470,867| 0,036 0,349 | 6470,817| 0,020| 0,244 | 6470,872| 0,025| 0,244
6474,388| 0,065| 0,366 | 6474,417| 0,045| 0,399 | 6474,366| 0,047| 0,303
6478,548| 0,021| 0,442 | 6478,552| 0,019| 0,319 | 6478,580| 0,015| 0,297
6489,965| 0,040( 0,309 | - - - - - -
6490,028| 0,041 0,306 | - - - - - -
6490,037| 0,048| 0,305 | - - - - - -
6501,852| 0,034| 0,906 | 6501,454| 0,011| 0,128 | 6501,779| 0,049| 0,277

Table 2: Calculated temperature values based on selected pairs of NH3 lines

MA) J | K | Env | hc/k A B k E a S T (K)

6444,792 ( 3 |1 |-11,7 | 1,43391 | 5,93 | 10,265 | 1,4E-16 | 162,025 | 0,178 | 3,28 | 183,09
6451,236 ( 2 | 0 |-10,1 | 1,43391 | 593 | 10,265 | 1,4E-16 | 81,0734 | 0,152 | 1,8

6444,792 ( 3 |1 |(-11,7 | 1,43391 (5,93 | 10,265 | 1,4E-16 | 162,025 | 0,178 | 3,28 | 148,8

6465515 ( 3 |3 |-13,1 | 1,43391 | 593 | 10,265 | 1,4E-16 | 111,293 | 0,176 | 3,68

6445689 | 3 | -2 [-12,7 | 1,43391 | 593 | 10,265 | 1,46-16 | 142,66 [ 0,126 |4 |79,81
6465,515 | 3 |3 |-13,1 | 1,43391 {593 | 10,265 | 14r16 | 111,293 | 0,176 | 3,68

6446,574 | 3 |3 |[-13,1 | 1,43391 (5,93 | 10,265 | 1,4E-16 | 111,293 | 0,152 | 4,8 | 116,82
6457,290 (1 |0 |9,8 1,43391 | 5,93 | 10,265 | 1,4E-16 | 36,4644 | 0,178 | 4,61

6446,574 ( 3 |3 |[-13,1 | 1,43391 (5,93 | 10,265 | 1,4E-16 | 111,293 | 0,152 | 4,8 | 78,14

6459,271 | 4 | -4 | -12,6 | 1,43391 | 5,93 | 10,265 | 1,4E-16 | 185,892 | 0,213 | 1.89
6451,236 (| 2 |0 |-10,1 | 1,43391 (5,93 (10,265 | 1,4E-16 | 81,0734 | 0,152 ( 1,8 | 104,19
6460,669 | 3 | -3 [ 13,1 1,43391 | 5,93 | 10,265 | 1,4E-16 | 130,077 | 0,158 | 1,94
6459,271 | 4 | -4 |-12,6 | 1,43391 (5,93 (10,265 | 1,4E-16 | 185,892 | 0,213 | 1,89 | 179,09
6465515 [ 3 |3 |-13,1 | 1,43391 | 5,93 | 10,265 | 1,4E-16 | 111,293 | 0,176 | 3.68
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in cloud thickness, or instrumental effects, thereby im-
proving the reliability of atmospheric diagnostics.

As can be seen, the variation in temperature for differ-
ent line pairs may be caused by lightning occurring in
those layers. Under such conditions, the amount of am-
monia gas increases, or a thin layer consisting of ammonia
ice crystals passes into a gaseous state. Calculations indi-
cate that the temperature on Jupiter’s disk is approximate-
ly 127 K, which is consistent with the results obtained by
other researchers.

4. Conclusion

1. In the presented work, the lines of the A6450A band
in the spectrum of the planet Jupiter have been stud-
ied. Spectral material obtained with a 2-meter tele-
scope at the observatory, using a CCD matrixand a 4
A/mm dispersion echelle spectrometer, was ana-
lyzed. In this spectral region, 20 lines for the center,
14 lines for the northern zone, and 11 lines for the
southern zone were selected. The obtained data were
processed using the DECH 95 and DECH 30 pro-
grams.

2. The spectrophotometric characteristics of these spec-
tral lines, including their equivalent widths and half-
widths, have been determined. The results obtained
are presented in tables.

3. Based on the obtained observational data, the rota-
tion temperature in the details of Jupiter’s disk has
been determined for various pairs of spectral lines.
As seen, the temperature varies between approx-
mately 180 K and 80 K for different line pairs. Such
temperature changes could be caused by lightning
occurring in those layers. These findings are im-

portant for understanding the dynamic and non-
homogeneous nature of Jupiter’s atmospheric layers.

4. By summarizing the obtained results, the average
temperature in the details of Jupiter’s disk is found
to be approximately 127 K, which is consistent with
the results obtained by otherauthors.
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ABSTRACT. We present the result of the analysis
of the FI Sge individual light curves constructed on
Transiting Exoplanet Survey Satellite (TESS) obser-
vations. FI Sge the RR Lyrae pulsating variable star
with bicyclicity effects and possible Blazhko effect. In
the present study, we analyzed 3603 photometric data
obtained by the Transiting Exoplanet Survey Satellite
(TESS) in the special TESS IR bandpass with a time
resolution of about 10 minutes. The observations cov-
ered a 27-day interval (BJD 2459769.90 — 2459796.12)
with a small gap of about a day. The full data set
contains 52 minima and 51 maxima of the seasonal
light curve. We suppose that for this data set, the
analysis of the light curve shapes in minima provides
more reliable results. We studied the variations of
the minima’ shapes of the individual light curves at
common and for the separate affinity groups. The last
one allowed us to detect not only classical bicyclicity,
but also secondary bicyclicity for FI Sge. This result
was obtained at first and it is atypical behavior of
light curves for pulsating variable stars.

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

AHOTATIIIA. Mu  npeiacraBisieMO — Pe3yJIbTar
aHayizy iHpmBimyanabHux KpuBunx Osmcky FI Sge,
mo0OyIOBaAaHMX Ha OCHOBI crocTepexkeHb Transiting
Exoplanet Survey Satellite (TESS). FI Sge -
myJsibcytoda 3MminHa 30pa Tuny RR Jlipu 3 BusBieHoro
GirukaignicTiIO Ta fimMoBipHEM ederToMm Braxkka. Y
bOMY JIOCJiI2KeHHI MU npoanamizysaiaun 3603 doro-
METPUYHUX TOYOK, OTpPUMaHUX cymyTHukom TESS B
indpadepsoniit doromerpuuniit cmyszi TESS 3 ga-
COBOIO PO3MIIBHOIO 3/MaTHICTIO On3bko 10 XBUIUH.
CrocTepeskeHHsT  OXOILIIOBAJM  27-JIeHHU iHTepBa

(BJD  2459769.90 — 2459796.12) 3 mnepepsoio y

CIIOCTEPE2KECHHAX

light

O6mu3bko  jgobu.  IloBHwmit Habip

JAHUX MICTATB H2 MiHIMyMH Ta 51 MaKCHMyM CE30HHOI
KPUBOI o JJsI IIbOTO
HaboOpy JaHuX aHayi3 (OpMU KpHUBOI OJIUCKY B
MiHIMyMax Jga€ Oiabmr HaTiiTHI 3HAYYIII
pesynabratn.  Mwu mpoamnasizyBasu  Bapiarmii  ¢opm
MiHIMyMIB OKpeMHUX KPUBHUX OJINCKY I IIOBHOTO
Habopy JTAHIX IJIE  OKPEeMHuX rpyn
cuopigaenocri. OcraHHiili maXix — I03BOJIMB HaM
BugButu g FI  Sge w©He Timbkm  KJACHUHY
GirukignicTs, ase @t BropuHHY OiruksaigHicTs. [leit
pe3yabTaT 6yB OTpUMAaHUil BIieplie, i BiH € HETUIIOBOIO
[TOBEJIIHKOIO KPUBUX OJIUCKY JIJISI IIYJIbCYIOUHX 3MIHHIX
3ip.

onucky. Mwn BBaxkaemo,

Ta

Ta

KirogoBi ciooBa: mysbcyroui 3o0pi: RR Lyr tum:
KpuBi 6Jincky; edert Biaxkka; GIUK/IIYHICTD; aHAJI3

JaHUX.

1. Introduction

The poorly studied pulsating variable of the
RR Lyrae type FI Sge (RAxpo = 20713™16.2%,
Decogpo.o = +17°30'37”, RRab, magnitude in the lim-
its of 13.2 — 14.3™(p), Sp = A2) in a long dense series
of observations shows atypical brightness variations for
this type of star. The variability of the star was discov-
ered in 1936 by Hoffmeister (1936) from photographic
plates of the Sonnenberg Observatory. According to
GCVS5 (and GCVS4), the initial pulsation epoch
and period of the star are: E = 2428333.441¢ and
P = 0.5047545¢ (Samus et al., 2017). Nevertheless,
some other values of the pulsating period were pub-
lished. Mainz (2017), based on her own observations,
which were carried out over 5 nights in April 2017, de-
termined the period value to be 0.50477d. She also an-
alyzed the (O—C) variations of the times of maxima us-
ing available literature sources (Richter, 1961, Wils et
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al., 2006, and Agerer & Hubscher, 2002), and suggested
that the period changed after the epoch of 2452000 J.D.
As a result, the phase light curves with the new period
value, constructed using the NSVS and ASAS data, dif-
fer from each other in amplitude and phase. The phase
shift from the initial epoch of the phase light curve ac-
cording to the NSVS data was 0.15 of the variability
period. Skarka and Cagas observed FI Sge without a
filter over 14 nights in August, September, and October
of 2017 (Skarka & Cagas, 2017). Based on these obser-
vations, they found evidence of the Blazhko effect for
FI Sge with a period of 22.4 days, in contrast to Mainz,
who did not detect this effect (Mainz, 2017). More, in
the list of 242 known Galactic field stars exhibiting the
Blazhko effect FI Sge does not present (Skarka, 2013).

In the Gaia DR2 (Gaia Collaboration, 2018) the pe-
riod for FI Sge, corresponding to the fundamental pul-
sation mode, is noted as 0.50479709%. Keir (2023) de-
termined pulsation period as 0.50500%, based on the
long-term dense series of observations, which contained
total data of 55 nights of the observation seasons of
2013, 2014, and 2018. These data also allowed detec-
tion of the bicyclicity effect for FT Sge(Keir, 2023, Keir
& Udovichenko, 2024). So, FI Sge is a star RRab type
with bicyclicity and possible Blazhko effect.

The bicyclicity phenomenon in RR Lyr stars with
the Blazhko effect was discovered in 2010 from Kepler
observations and described by Smolec (2016). For the
stars showing the bicyclicity effect, two consecutive
pulsation cycles have different amplitudes of the
light-curve maxima and different modulations of these
maxima. Nevertheless, the difference in the amplitude
of successive maxima alone cannot be a determining
feature of this phenomenon. With different modu-
lation dynamics in adjacent cycles, a situation may
arise in which the observation period coincides with
the moment when the amplitudes of consecutive
maxima will differ slightly. In this case, the effect of
bicyclicity will be smoothed out. We believe that the
phenomenon of bicyclicity is determined precisely by
the difference between two adjacent pulsation cycles.
Namely, bicyclicity manifests itself in differences in
the amplitude and shape of both minima and max-
ima, as well as in the dynamics of these differences.
Taking into consideration all these differences, the
phenomenon of bicyclicity cannot be explained by
oscillations with two different periods or two different
pulsation modes.

2. Observational data

Our observational data set contains 3603 individ-
ual photometric data obtained by the Transiting Exo-
planet Survey Satellite (TESS) in the 600 — 1000 nm
photometric bandpass. The red end of the bandpass
represents the red limit of TESS detector sensitiv-
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Figure 1: TESS observation data for FI Sge. They are
shown: a) 10 phase light curves of FI Sge, constructed
with a variability period of 0.504748¢, and b) the same
data constructed with a period of 0.50500¢

ity, and the width of 400 nm was the largest practical
choice for the cosmic IR observations. This bandpass is
centered on the traditional I~ band but is much wider.
It is comparable to the union of the R¢, I¢, and z
bands (Ricker et al., 2015). The observations span a
27-day interval (BJD 2459769.90 — 2459796.12) with a
small gap over a day. The full data set contains 52 min-
ima and 51 maxima of the seasonal light curve. The
brightness of the star varied from 12.829™ to 13.616™.

If we represent the observation data in a dot plot,
we can’t detect the relationships between individual
light curves (Fig.1la, for example). In the classical
dots’ representation, we lose the opportunity to trace
the dynamics of the light curve changes from cycle
to cycle. We assume all points are important and
reflect the individual characteristics of individual
pulsation cycles. In a dot plot, we perceive the scatter
of observational data points as variations in the light
curves due to observational errors. Using the line-dot
plots, we can trace to a change in the shape of light
curves in the individual cycles. The result we obtained
by applying the O — C minimum method to determine
the variability period is shown in Fig.la. We see
scattered data defining some mean curve.

However, for pulsating stars, modulation of the
brightness amplitude without modulation of the period
contradicts the theory of these stars’ pulsations. Using
O — C technique to determine the variability period
of FI Sge, we obtain a false value for the variability
period. Using the period determined for this star by
another method (Keir, 2023), we obtain phase curves
in which modulation of the brightness amplitude is
accompanied by modulation of the pulsation period.
Lower brightness maxima correspond to shorter
pulsation periods. Maxima with a larger brightness
amplitude correspond to longer pulsation periods
(Fig. 1b).
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Figure 2: Difference in shapes of 5 sequential light
curves’ minima. Cycle number 1 is shown as red and
others are shown as black: a) cycles 1 and 2, b) cycles
1 and 3, ¢) cycles 1 and 4, d) cycles 1 and 5

3. Light curves analysis and discussion

We approximated the light curves’ maxima and
minima by sixth-degree polynomials and determined
phases and amplitudes of the maxima and minima
(Fig. 2a,b). The amplitude of adjacent maxima changes
only slightly over this time (0.01 — 0.02™). The TESS
telescope’s time resolution is 10 minutes, so the max-
ima are recorded by 3 or 4 points only. Given that the
shape of this star’s light curve changes during pulsa-
tions, we suppose that maxima approximating do not
provide a very reliable result in this case. Therefore,
we investigated the dynamics of changes in the light
curve shapes at minima in all pulsation cycles.

We smoothed the observational data with a three-
point moving average and constructed 2D affinity di-
agrams. In these diagrams, we horizontally plotted
two light curves with two minima in the each diagram,
namely: 1+2, 143, 1+4, 1+5. Vertically, we took all
the minima in order: 1, 2, 3, ...52. We obtained an
affinity matrix consisting of 208 diagrams. The first
row of this matrix is shown in Fig. 2. The figure shows
that the plots with adjacent minima (1+2, 2+3...) and
minima separated by 2 (1+4, 2+5...) coincide with
each other much worse than the plots with minima
separated by 1 (1+3, 2+4...) and by 3 (1+5, 2+6...).
Other rows of the affinity matrix show a similar co-
incidence. Therefore, we divided all the graphs with
minima into two groups: odd (1, 3, 5,... 51) and even
(2,4, 6, ... 52). This division reflects that the shapes of
the minima of adjacent pulsation cycles are different.
Thus, the pulsation cycles are different. This behavior
of pulsation cycles is characteristic of the phenomenon
of bicyclicity.

We also compared similar affinity diagrams with
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Figure 3: The BJD moments are shown: «) for minima
for all cycles, b) for maxima for all cycles. The same
diagrams: ¢) for the minima in the affinity groups, d)
the maxima in the affinity groups, and the approxima-
tion for different affinity groups, are present as color
lines

minima at intervals of 1 and 3 cycles, that is, 1+3,
2+4..., and 145, 2+6... The similarity of the diagrams
at intervals of 3 cycles was better. Therefore, we fur-
ther divided the odd and even minima into two groups.
All odd ones at intervals of 1, 5, 9, 13,... 49 and 3, 7,
11, 15,... 51. All even ones at intervals of 2, 6, 10, ... 50
and 4, 8, 12, 16, ... 52. Thus, we obtained four groups
of the most similar light curve minimum plots. This re-
peated division of minima characterizes a phenomenon
that we conventionally call secondary bicyclicity. Next,
we divided all the minima and corresponding maxima
into four groups, accordingly to the above. In Fig. 3,
we compare the BJD times of minima and maxima for
all cycles (Fig. 3 a,b) and separately for affinity groups,
approximating their points with fourth-degree polyno-
mials (Fig. 3¢,d).

From (Fig.3¢,d), it is clearly seen that graphs
are divided according to the times of the minima
and maxima. The times of the maxima are grouped
according to the cycles’ affinity: 1 — 3 and 2 — 4.
The times of the maxima are grouped according to the
cycles’ affinity: 1 — 2 and 3 — 4. This division of the
graphs of the moments of minima suggests that several
processes overlap at the moments of minimum, and
pulsations and minima for stars of this type are not an
unambiguous criterion of their pulsation activity. The
best marker for sorting a light curve by affinity group
and secondary bicyclicity is its shape at the minimum.
We suggest that this phenomenon still requires further
study and analysis.

4. Conclusion

1. Our analysis of the FI Sge light curves’ shape in
minima indicated that, despite low pulsation ac-
tivity at the dates of observations, bicyclicity and
secondary bicyclicity were detected.

2. Dividing minima into affinity groups allows for
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analysis of changes in stellar activity dynamics
within each minima group separately.

3. Dividing minima into affinity groups allows trac-
ing the bicyclicity and secondary bicyclicity ef-
fects.

4. In the star FI Sge, at certain time intervals, a de-
crease in the amplitude of maximum brightness is
observed, accompanied by a decrease in the am-
plitude of minimum brightness, which is atypical
for pulsating variable stars.

5. For pulsating stars with amplitude modulation, it
is not recommended to determine the variability
period using the O — C minimum method. This
can lead to a false determination of the variability
period.
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ABSTRACT. We present the results of observations
of the Ha and Hp lines in spectrum of Herbig Ae star
HD 31648. Seven spectra from the Be Stars Spectra
Database, with a spectral resolution of R ~ 11,000,
were used, along with three spectra obtained using the
2-m telescope at the Shamakhi Astrophysical Obser-
vatory with the Shamakhi Fiber Echelle Spectrograph
(R = 28,000). In the spectra at our disposal, the Ho
line is predominantly observed as a P Cyg III type
profile, characterized by a line intensity ratio of Ib/Ir
<1 and in two cases it was observed as a classical P
Cyg type profile — a red-shifted emission peak with
blue-shifted absorption. There is no correlation in
the changes in the intensity of the blue (Ib) and red
(Ir) components. The blue component undergoes the
greatest changes, and variability is also present in the
intensity of the red emission peak. The Hf line profile
in the central part shows a P Cyg — type structure
with wide photospheric wings. The red emission
component of the HS line shows strong variability,
which correlated with the red emission component
of the Ha line. In general, variability in the profiles
of the Ha and Hp lines occur synchronously. In the
work, a comparative analysis of the behavior of the
Ha and Hp lines is carried out using similar data from
published data.

Keywords: pre-main sequence — stars: variables:
Herbig Ae/Be: individual: HD31648.
AHOTAIIIYA. Mwu 1peacTaBisieMo  pe3yJibTaTh

crocrepexkens JiiHilE Ha Tta HB y cuexrpi 3opi Tuimy
Ae Xepbira — HD 31648. [ns jpocsijzkeHHst GyJio
BUKOPHCTAHO CiM CIeKTpiB 13 6asu manux Be Stars
Spectra Database 31 cHeKTpaJabHOIO PO3ILIHHOIO
smaraictio R~ 11 000, a TakoxX TpU CIEKTpH,
oTpuMani Ha 2-meTpoBoMy Teseckori [IlamMaxuHCHKOT
acTpodizuanol  obcepBaTOpil 3  BUKOPUCTAHHSIM
[TaMaxuHCHKOrO BOJIOKOHHOTO  elllejib-CIeKTporpada
(R =~ 28 000). V mnHasBHux crekrpax Jinis Ha
IIEPEBAXKHO CIOCTEPIraeThCsi sk mupodias Tumy P
Cyg III, mo xapakTepu3yeTbCs CIIiBBIIHOIIEHHSIM

IHTEHCUBHOCTEN CHUHBOTO Ta YEPBOHOI'O KOMIIOHEHTIB
Ib/Ir <1, a B ABOX BUnaIKax 3abiKCOBAHO KJIACHIHUI
npodisnb Tuty P Cyg — uepBoHO3MIiIEeHUT emiciitHuit
MK i3 CUHBO3MINIEHUM TOTJInHAHHAM. Kopesdril Mizx
aminamu inreHcusHocreil cunboro (Ib) i1 wepsonoro
(Ir) xommonenriB He cnocrepiraerbed. Haiiblibrunx
3MiH 3a3Ha€ CHUHIIl KOMIIOHEHT, IIPOTe Bapiallil TaKoxXK
MIPUCYTHI B IHTEHCUBHOCT] Y€PBOHOI'O €MiCifHOTO HiKy.
[Ipodine minii HBF y menrpasbriit vacTwsi mokasye
crpykrypy tuiy P Cyg i3 mmpokumu dhorocdepanmvu
KPUJIAMHU. Yepsounit emiciitnnit KOMIIOHEHT JTiHil
HB nmemoHcTpye 3Ha4YHy 3MIHHICTB, IO KOPEJIIOE 3i
3MiHAMH YEePBOHOI'O eMiCifiHOro KOMIIOHEeHTa JIiHil
Ha. 3aramom swimnicts npodinis miniit Ha i HS
MIPOSABJISIETHCST  CUHXPOHHO. Y poboti mpoBemeHO
[OPIBHsIbHMIT aHaai3 noeminku Jinii Hoa i HB i3
BUKODPHUCTAHHAM aHAJIOTIYHUX OIyOJIIKOBAHUX JTAHUX.

Kuaro4oBi cioBa: 30pi 0 T'OJIOBHOI IOCJIAOBHOCTI —

3MiHHI ~ 30pi  JI0  TOJIOBHOI  IIOCJIJIOBHOCTI — —
Herbig Ae/Be — oxpewma 3opsa: HD 31648.

1. Introduction

The formation of stars and planetary systems is one
of the primary research topics in modern astrophysics.
Studies of young stars with small (stars T Tauri type)
and intermediate (stars Ae/Be Herbig type) masses
connected with early stages of stellar evolution are
among the priority areas of astrophysics. At the be-
ginning of the 21st century, considerable progress took
place in the study of the physical processes of the in-
teraction of a star and an accretion disk, also in the
numerical simulation of various variants of the forma-
tion of a stellar wind and star accretion of matter.

Comparison of the observed characteristics of young
stars with model calculations requires sufficiently long-
term spectral observations, which make it possible to
estimate the characteristic time of accretion and wind
variability.

According to modern astrophysical concepts, the
physics of the observed particularities of young stars
type Ae/Be Herbig, in general, is determined by the
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results of the interaction between the young star and
the surrounding circumstellar medium.

The goal of this message: based on the spectral data
of the young star type Herbig Ae HD31648, to study
the observed peculiarities of the star’s emission in the
regimes of accretion and stellar wind.

HD 31648 (MWC480) is an isolated Herbig Ae star in
the Taurus-Auriga star-forming region, spectral class
of the star is A2-A3e, one of the brightest (V ~
7"™.6) stars of this type in the northern sky. The star
HD31648 belongs to the group of photometrically quiet
young stars with signs of matter outflow in the spec-
trum. Its age is estimated 2,5-7 million years, star
mass M, = (1.65 - 2.2) Mg, luminosity L. = (11.2
- 324) Lg, Ry = 1.67 Re, Tepy = 8250 - 8710 K
(Augereau et al., 2001; Montesinos et al., 2009).

The star HD31648 has been studied in detail
spectroscopically in the optical range mainly in the
following works: Beskrovnaya and Pogodin, 2004;
Kozlova, Grinin and Chuntonov, 2003; Kozlova,
Alekseev and Shakhovskoi, 2007; Mendigutia, Eiroa,
Montesinos et al., 2011; Mendigutia, Brittain, Eiroa
et al., 2013; Tambovtseva et al., 2016.

2. Observations and data reduction

Seven spectra from the Be Stars Spectra Database,
with a spectral resolution of R ~ 11,000, were used,
along with four spectra were carried out at the
Cassegrain focus of the 2-m telescope of the Shamakhi
Astrophysical Observatory, on fiber echelle spectro-
graph (ShAFES) with the spectral resolution of R =
28,000. During the period December 2019 — January
2020 on every four nights, 2 spectra of the studied star,
also 2 spectra of a hot, rapidly rotating a standard star
A2 6 And as a standard for remove telluric lines in the
spectrum of HD31648 (Mikailov, Musaev, Alekberov et
al., 2020).

The reduction of echelle spectra was carried out
according to the standard technique using the recent
version of the DECH 30 program developed by
Galazutdinov (1992).

3. Results of observations

FEmission Ha and Hf lines in the spectrum of the
star HD31648 are formed in the sufficiently extended
circumstellar shell and show profiles of type P Cyg,
which are direct indicators of mass ejection.

In the spectrums at our disposal, the radial velocities
of the Ha and Hf line components were measured, and
their profiles were constructed (Fig. 1).

As it is known, the results of the interaction of a star
with its circumstellar matter show itself in the form of
an outflow (stellar wind) or star accretion of matter

(accretion).

It should be noted that in terms of observational
astrophysics, spectral signs of stellar wind and star ac-
cretion of matter are shown in the so-called P Cyg and
inverse P Cyg profiles, respectively, in certain diagnos-
tic lines.

As can be seen from Fig. 1 the Ha line is predom-
inantly observed as a P Cyg III type profile, charac-
terized by a line intensity ratio of Ib/Ir <« 1 and in
two cases it was observed as a classical P Cyg type
profile — a red-shifted emission peak with blue-shifted
absorption.

There is no correlation in the changes in the inten-
sity of the blue (Ib) and red (Ir) components. The
blue component undergoes the greatest changes, and
variability is also present in the intensity of the red
emission peak.

The Hp line profile in the central part shows a P Cyg
type structure with wide photospheric wings. The red
emission component of the Hf line shows strong vari-
ability, which correlated with the red emission com-
ponent of the Ha line. In general, variability in the
profiles of the Ha and HfS lines occur synchronously.
In the work, a comparative analysis of the behavior of
the Ha and Hf lines is carried out using similar data
from published data([Beskrovnaya and Pogodin, 2004,
Tambovtseva et al., 2016).

When processing echelle spectra of early spectral
type stars, in particular Herbig Ae/Be stars, one of the
main difficulties is the determination of the continuum
level, due to the broad wings of the hydrogen lines.
We constructed a continuum for orders containing the
Ha and Hp lines by interpolating the continua of two
adjacent orders. After this procedure, the continuum
shape was refined using the spectrum of the standard
star obtained under the same conditions. Fig. 2 shows
the profiles of the Ha and HS lines in the spectrum of
HD 31648 and the standard star § And (sp. A2). As a
result, we obtained a close match of the outer part of
the wings of the photospheric profiles of Ha and HS in
the spectra of HD 31648 and the standard star 8 And.

The profiles of the Ha and Hf lines in the spectrum
of the star HD 31648 presented in Fig. 1 according to
our data in appearance are generally consistent with
similar data published in the works (Beskrovnaya and
Pogodin, 2004, Tambovtseva et al., 2016).

4. Conclusions

We present preliminary results of observations of
the Ha and HS lines in the spectrum of the Herbig Ae
star HD 31648.

e In the spectra at our disposal, the Ha line is
predominantly observed as a P Cyg III type profile,
characterized by a line intensity ratio of Ib/Ir < 1 and
in two cases it was observed as a classical P Cyg type
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Figure 1: Profiles of the Ha and Hf lines in the spectrum of HD 31648
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Figure 2: Profiles of the Ha and HQ lines in the spec-
trum of HD 31648 and the standard star §And (sp.
A2)

profile — a red-shifted emission peak with blue-shifted
absorption.

e There is no correlation in the changes in intensity of
the blue (Ib) and red (Ir) components.

e The blue component undergoes the greatest changes,
and variability is also present in the intensity of the
red emission peak.

e The HfS line profile in the central part shows a P
Cyg-type structure with wide photospheric wings.

e The red emission component of the HB line shows
strong variability, which correlated with the red
emission component of the Ha line.

e In general, variability in the profiles of the Ha
and Hf lines occur synchronously. In the work, a
comparative analysis of the behavior of the Ha and HfS
lines is carried out using similar data from published
data.
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A PERSPECTIVE ON ECLIPSING BINARY STAR STUDIES IN
THE POST-GAIA ERA
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ABSTRACT. Eclipsing binary stars have intrigued
astronomers for centuries. To study them is to journey
through discoveries and innovations. One of the earliest
significant insights came in 1783 when 18-year-old John
Goodricke boldly proposed that the periodic dimming of
the star Algol, which he and his friend and mentor Edward
Pigott had carefully studied, was due to an eclipse by a
large dark body revolving about Algol. The
communication so impressed the Royal Society of London
that Goodricke was awarded the prestigious Copley medal
that same year. As observational techniques evolved and
photographic photometry developed, the quality as well as
the quantity of data increased and by the early 20t
century, gravitational physics had matured sufficiently
that Henry Norris Russell and Harlow Shapley could
provide quantitative procedures for finding the properties
of stars in eclipsing systems to capitalize on them, an
example of a path characterized by Russell (1948) as the
Royal Road of Eclipses. Over the following decades,
deeper understanding of the physics governing systems of
short-period binary stars led to more sophisticated
treatments. Zdenéc Kopal and other researchers expanded
the analytical framework and initiated more rigorous
studies of the internal and orbital dynamics of these
systems. The advent of high-speed computing in the
1970s revolutionized the field by enabling simulations of
increasing complexity.  Continued computational and
analytical improvements, coupled with the explosive
growth in observational data from wide-field surveys
culminating in the Gaia mission, are propelling eclipsing
binary research into a new era. We have now both the
computational power and the observational depth to probe
stellar structure and evolution with unprecedented
precision. This presentation highlights key milestones in
the study of eclipsing binaries, innovative capabilities in
data acquisition and modeling, and the promising role of
high-precision infrared photometry. Particular attention
will be paid to the enhanced precision attainable through
the use of improved passbands for ground-based infrared
photometry at local observatories, and to the extended
functionalities of the Wailson-Devinney modeling
framework, and complementary analytical tools and
programs.

Keywords: binary stars, eclipsing binaries, photometry,
Wilson-Devinney models and program, Gaia, TESS,
IRWG passbands.

AHOTATIIIA. 3atemHIOBaHI MOJBIHI 30pi IHTPUTYBAIU
ACTPOHOMIB YHPOJOBK CTOJITh. IX BUBYEHHS — 1€ HOJOPOXK
IUBIXOM ~ BIOKPUTTIB Ta iHHOBamid. OjHe 3 MepIInX
3HAYHUX MPO3piHb ctasocss B 1783 pori, koau 18-pianauii
xon [yapaiik CMUIMBO TpPHIyCTUB, IO TMEpPiOJUYHE
ocnabneHHst OMcKy 30pi AJroib, Ky BiH 1 Horo apyr i
HactaBHUK EmBapn IliroTr peTesbHO BUBYANM, BUKIMKAHO
3aTeMHEHHSIM TEMHHUM BEIIMKMM TiJIOM, HI0 O0epTaEThCs
HaBkoJo Auromo. lle TMOBIIOMIEHHS HACTUIBKH BpPa3miIo
JloHnOHCBEKE KOPOJIBCHKE TOBAPUCTBO, IO TOTO XX POKY
I'yopaiix OyB Haropo[KEHHI NPECTIDKHOIO MeIaJlIo
Kamm. ¥V Mipy po3BHTKY METOMB CIIOCTEPEKCHb Ta
po3BuTKy ¢otorpadigHoi GoToMeTpii SKICTh 1 KUIBKICTH
JaHUX 3pOCTaJM, 1 JI0 TOYaTKy XX CTOJITIS TpaBiTalliiiHa
¢izuka mocsmia jgoctaTHROI 3pinocti, mood ['enpi Hoppic
Paccen 1 Xapnoy Illeruti 3Morim 3amponoHyBaTH KUIbKICHI
npoleaypyd Ui BU3HAYCHHS BIACTUBOCTEH 3ip ¥y
3aTEMHEHHMX CHCTEMax 1 OTpUMAaTd 3 HHUX BHTOMdY, —
MpUKIa] 1Isxy, skuii Paccen (1948) oxapaxkrtepusyBaB sk
KopomiBceky mopory 3aTeMHeHb. Y HACTYIHI JECATHIITTS
rmbIIe pO3yMiHHA (I3HYHHX TPOIECIB, YNPABIAIOYNX
CHUCTeMaMH KOPOTKOIICPIOMYHUX MOABIHHUX 31p, IPU3BEIIO
0O TOSBUM CKIAJHINUX METOMIB JOCHIKEHHA. 3ICHEK
Koman Ta iHII JOCHIAHMKK PO3MIMPWIM aHAJITUYHI paMKu
Ta IHIiIOBaNM CYBOpIlli AOCHDKEHHs BHYTPIIIHBOI Ta
opbiTanbHOT JMHAM KU J1150.4 CHCTEM. TlosiBa
BHUCOKOMIBHKICHUX oOumcieHs y 1970-x pokax cupaBumia

peBONIOWiF0 Yy Mill Tranmy3i, MO3BOJMBIIM IPOBOJHUTH
MOJIEIOBaHHS nenani OUIBIIOT CKJIaHOCTI.
ViaockoHaleHHsT ~ OOYHCIIOBAIILHUX T4  AHATHYHUX

TeXHOJIOTIH, IO TpWBae, y TOEMHAHHI 31 CTPIMKUM
3pOCTAHHSM OO0CSTY CIOCTEPEIKHUX JAHUX, OTPUMAHHUX Y
X0/ MIMPOKOCMYTOBHX OTJIAIB, KyJIbMIHAIEIO SKUX CTasla
micis  Gaia, BHUBOIITH JOCIIDKEHHS  3aTEMHIOBAHUX
MOJBIHNX 3ip Ha HOBUH piBeHb. Temep y Hac € SK
00YHCITIOBATFHA MO TY )KHICTB, TaK i rHOWHA
CHOCTEePEKEHb, IO J03BOJSAIOTH IOCITIPKYBATH CTPYKTYPY
Ta €BOJIOII0 3ip i3 OE3MpereICHTHOI0 TOYHICTIO. Y Iiif
Mpe3eHTallil BUCBITIIOIOTHCS KIOYOBI BiXM y BHBYCHHI
3aTeMHIOBAaHUX TOJBIHHMUX 3ip, IHHOBAIHHI MOXJIUBOCTI
300py [MaHUX Ta MOJCIIOBaHHS, a TAKOXK IEPCICKTHBHA
poJb BUCOKOTOYHOT iH(pauepBoHOoi hoToMeTpii. OcoOauBy
yBary MNpUAUICHO MiIBUIICHHIO TOYHOCTI, SIKa JOCSTAETHCS
32  paXxyHOK  BHKODHUCTaHHS  IOKPAIICHUX  CMYT
MPOITyCKaHHS Ul Ha3eMHOI iHppauepBoHOT GoTOMETpii B
MiCIIeBUX  00CepBaTopisix, a TaKoX  PO3IIMPEHUM
(yHKIIOHATFHEM MOXJIMBOCTIM Mozeini Bincona-JleBinHi



Odesa Astronomical Publications, vol. 38 (2025)

Ta JI0 JaTKOBUM AHAJITHIHUM

mporpamam.

IHCTpyMeHTaM  Ta

KimrouoBi cjioBa: mosBiitHI 30pi, 3aTeMHIOBaHI ITOABIiHI
30pi, oToMeTpis, Mozeni Ta mporpama Bircona-/leBiHHi,
Gaia, TESS, cmyru nmpomyckanas IRWG.

1. Introduction

One may ask why, after centuries of study, we should
continue to observe and analyze binary stars. One may
answer: there are many of them! More than half of all
stars are in binary or multiple orbital systems. And there
are many other reasons! The Earth and every living thing
on it depends fundamentally on our local star and the
conditions around it, so we should find out a lot about
stars. That means getting fundamental data such as the
sizes, masses, luminosities (involving sizes and
temperatures), distances, and ages of the stars to find how
they change over time and why. Such changes result in
different positions on color-magnitude diagrams, on
isochrone plots, and on evolutionary tracks. Additionally,
we would like to observe and to explore the evolution of
interacting components. These include stellar wind
buffeted or magnetically coupled components as in hot,
massive binaries, or cooler RS CVn systems, respectively,
or stars undergoing common envelope evolution, or those
undergoing mass exchange at varying rates from semi-
detached binaries to over-contact W UMa systems to
cataclysmic variables and various types of nova-like
variables to type la supernovae. And then there are the
merger products such as blue stragglers (stars in clusters
that are too bright and blue, for their positions on plots of
luminosity vs. temperature or color), and which, when
found in eclipsing systems in globular clusters, may
provide clues of ancient hierarchical systems. Finally
there are binary systems involving brown dwarfs, white
dwarfs, neutron stars, and black holes in various
combinations. Milone (2003) provides more details of the
contributions to astrophysics of observations of binary
stars, anticipated especially from the Gaia mission; that
mission did not disappoint; El-Badry (2024) describes the
resulting “binary star renaissance.”

A unique contribution of eclipsing binary stars is the
information gotten by monitoring one star scanning the
surface of the other, yielding not only the radii from the
precise timings of the four contacts of a total eclipse, but
also the limb-darkening resulting from the star’s opacity
and temperature profiles, gravity brightening related to the
tidal elongation, and active region phenomena such as
spots, faculae, and prominences. Additionally, information
about other components may be seen in changes in the
timing of the eclipses and in measurements of 3" light.
These key contributions require highly precise
photometric observations. A bonus is their usefulness as
potential standard candles (once fully characterized) or,
rather, non-standard distance indicators, as each binary
system is unique so a derived distance for it does not
depend on statistical correlations such as the period-

luminosity relations for Cepheids. It does depend on
accurate standardization and flux calibration, and
distances from eclipsing binaries can be compared with
direct parallax measurements, available now from the
Gaia mission in unprecedented numbers. Finally,
eclipsing variables self-advertise and are not hard to find:
Gaia DR3 lists 2,184,447 eclipsing binaries (Mowlavi et
al., 2023), about 20% of all variable objects found thus far
in the mission.

The study of eclipsing binary stars is divisible into
observational and analytical components, both historically
and functionally. A model to be used in the analyses must
be physically accurate in order to extract the most precise
and accurate elements of the system. The historical trend
is toward more exacting data acquisition and reduction
techniques, models ever more faithful to the actual
physical circumstances of the stars and their systems, and
comprehensive analyses that make use of all, while
prioritizing the most precise and reliable, information
through careful weighting of each datum. Consequently,
the growth of understanding of binaries, and stars
generally, is inextricably linked to the development of
observational equipment and techniques to achieve higher
observational precision and accuracy, and to the
development of models that incorporate accurate physics
and analytical techniques. We begin by reviewing the
history of binary star studies and that of eclipsing systems
in particular, in the course of which we will examine test
cases from two different epochs thatillustrate these points.

2. Discoweries, Hypotheses, and Observations

By 1750 dozens of pairs of visual double stars had been
discovered. From the frequency distribution of angular
separations across the sky, J. Michell (1767) argued that
“...it is highly probable, and next to a certainty in general,
that such double stars ... do really consist of stars placed
nearly together, and under the instance of some general
law...“. Initially skeptical, William Herschel (1803, p. 340)
undertookathorough investigation ofthe claim:

“We have already shewn the possibility that two stars,

whatsoever be their relative magnitudes, may revolve,

either in circles or ellipses, round their common centre
of gravity; and that, among the multitude of the stars
of the heavens, there should be many sufficiently near
each other to occasion this mutual revolution, must
also appear highly probable. But neither of these
considerations can be admitted in proof of the actual
existence of such binary combinations. | shall
therefore now proceed to give an account of a series of
observations on double stars, comprehending a period
of about 25 years, which, if I am not mistaken, will go
to prove, that many of them are not merely double in
appearance, but must be allowed to be real binary
combinations of two stars, intimately held together by
the bond of mutual attraction.”

And he did so.
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We have already noted the 18t century origin of the
eclipsing hypothesis for Algol but names given to it in
antiquity (al ghul, Rosha ha Satan, Caput Gorgonis)
suggest that its variability had been noticed for millennia.
The first attempt to measure radial velocities of stars
based on Doppler’s (1842) discovery of the effect on
perceived frequency in relative motion was by W.
Huggins (1868) who discussed in detail his estimation of
the difference between a strong hydrogen line in the
spectrum of Sirius and a superimposed bright line from a
lamp. He attempted a challenging experiment and
provided complete details of how he did it, enabling
others to improve on it. The orbital motion of Algol’s
stars, confirming the eclipse hypothesis, was established
first by H. C. Vogel (1890), who thus inaugurated the
study of spectroscopic binary stars.

2.1. Early observations

Observationally, stellar brightness assessment began
with visual estimates by eye with or without telescopic
aid. Thus did Goodricke and Piggott determine the period
of Algol’s variation. This and their subsequent study of
Lyrae effectively marked the onset of eclipsing binary
photometry. We leave for another discussion the
discoveries of variation of & Cephei and n Aquilae; but
altogether the discoveries effectively initiated variable star
photometry.

Visual estimates of the relative brightness of stars had
been made since ancient times, as in Ptolemy’s Almagest
star catalog, where “magnitudes” (literally, “sizes™) were
assigned to stars within constellations and asterisms
alongside a description of where the stars lay among the
depictions on a celestial sphere. Thus, Algol is described
as the “bright one,” #12, of stars 12-15 in the Gorgon
head. The brightest star in a constellation could be
assigned a brightness different than 1, suggesting a
roughly uniform scale across the sky. Thus Sirius = a
Canis Majoris is of magnitude “<1” whereas both a and 3
Persei (present day designations) are of magnitude 2, and
o and B Lyrae are of magnitude 1 and 3, respectively.
Estimates of fractions of visual magnitudes were carried
outwithin brightness sequences ofstars by observers such
as William Herschel and his son John in the late 17t"-mid
18" centuries. Following attempts by other astronomers
to establish a magnitude scale, Norman Pogson (1856)
proposed a logarithmic scale in which stars differing by a
factor of 100 in brightness were defined to have a
magnitude difference of exactly 5 magnitudes. This scale
became widely adopted, and later was applied to the light
limited to specific regions of the spectrum by the use of
spectral filters and detector sensitivities, among other
factors, defining the spectral passbands. Examples are the
photographic and photo-visual passbands, and the V and B
Johnson passbands. The magnitudes in every passband
have a zero point which needs to be determined, in order
to establish a standard photometric system, to which all
observations should be reduced to provide common

understanding of the results. Drilling and Landolt (2000)
cite the flux calibrations for a star of zero magnitude and
spectral class AO V (ie., a white color, and where “V”’
stands for the luminosity class of a main sequence star) in
five Johnson passbands; for example, that for the Johnson
Bis 6.40 - 10° ergcnr2 s 1AL,

Relative brightness measurements systematically began
in the 18t century. Working with Anders Celsius, Andreas
Tulenius (1740) moved a wedge of increasing optical
density in an eyepiece to dim a star’s light systematically
until it disappeared; the distance moved correlated with the
brightness of the star. This was the first of a series of
extinction-photometry techniques, to be followed by
brightness measurements relative to artificial light sources,
dimmed by measured amounts of increasing optical density
within a movable wedge, or by use of a polarizing prism
and rotated analyzer. Procedures like these were carried out
widely, but usually yielded precision no betterthan ~5%. A
turning point came with the use of another star as the
comparison source. The history ofthese devices is reviewed
by multiple authors writing in Milone & Sterken (2011),
starting with Sterken et al. (2011).

2.2. Advancing differential photometry: visual vs.
photographic photometry

Beginning at the Harvard College and later at the
Princeton University Observatory visual comparative
devices permitted the observer to vary the brightness of a
selected comparison star to visually match the brightness
of the target variable star. Working with the Princeton
Polarizing Photometer, Russell and associates achieved
relatively high precision. John Merrill, for example,
achieved a best precision of ~2% observing eclipsing
variables RT Lac and RW Com. This exceeded the typical
4-5% best precision obtained from most photographic
plate estimates, and a bit better than those obtained from
plate measuring engines such as those designed and
constructed by H. T. Stetson (1916), and independently by
J. Schilt (1922). See Sterken et al. (2011) for a history of
these engines. Some photographic techniques made use of
jiggle plates (producing square images of stars) or extra-
focal images, to spread out the light so as to involve more
grains on the plate surfaces and improve measurement
precision. These could be accommodated by varying the
iris aperture of the measuring engines.

2.2.1. A Case Study of SZ Camelopardalis. One of the
better results from photographic photometry stemmed from
a project suggested by Ejnar Herzsprung to A. J. Wesselink,
(1941), to compare the brightness of the eclipsing variable
SZ Cam (HR 1260, ADS 2984B) with its equally bright
visual binary companion (ADS 2984A), 18 arc-sec to the
south. A further idea was to use an objective grating to
provide multiple images of known brightness ratios ofboth
stars on each exposed plate. He and colleagues obtained
367 plates containing 12,479 useful exposures of the two
stars and measured the images with the Schilt photometer.
In the systematic determination of the errors at each step,
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Wesselink was meticulous in every detail. The study
yielded an internal mean precision of ~2% in the star image
measures, the dominant source of internal errors. We
discuss the analysis of this work in Section 3.1.1.

2.3. Light curve acquisition in the photoelectric and
CCD eras

With the advent of the photoelectric cell, photoelectric
photometry (PEP) became an alternative method to
photography for recording the light of single objects or for
scanning small areas of the sky sequentially. Butler and
Elliott (1993) describe the pioneering work in the 19t
century. With a photoconductive selenium cell, Stebbins
(1910) achieved 2% precision in recording the light curve
of Algol, sufficient to reveal the very shallow secondary
minimum in blue light. Whitford (1932) designed and
built a DC amplifier to boost the weak current from those
devices, increasing the number of observable targets, and
proceeded to obtain a light curve of the prototypical short-
period eclipsing binary W UMa. John Hall (1934)
obtained the earliest near-infrared stellar observations
with the aid of a dry ice cooling chamber around the
detector housing. With the appearance of the
photomultiplier tube (Whitford & Kron, 1937), sensitivity
and precision improved again. The original techniques
involved measurement of minute currents and voltages;
photon counting was a further development that facilitated
data collection and provided excellent measurement
precision (cf. Armbruster et al., 2011).

Differential photometry with a single detection element
involving alternate observation of variable star and
comparison and check stars became the normal procedure
through the middle of the 20t century. However, strict
photometric conditions were required for such work and
this made observing in many observing sites challenging.
Although dry, clear, high-elevation sites are always
preferred, they are not always available when or as long as
needed. For this purpose, two- or more channel
photometers were devised.

2.3.1. Differential Photometry with single pixel and
array detectors. The development of pulse-counting
photoelectric differential photometry is discussed at length
in Milone, Sterken, & Young (2011). The Rapid
Alternate Detection System (RADS) developed at the
Rothney Astrophysical Observatory was inspired by the
previous work of Walraven (1953) described to the
present writer by his advisor, Adriaan Wesselink, who had
seen the two-star photometer in action in South Africa.
Like the most advanced version of Walraven’s instrument,
RADS operated in a 4-channel mode with two channels
set on the variable and comparison star and two channels
set on the sky nearby. The RADS function generator
attached to the photometer head allowed setting of the
duty cycle and positioning of each of the four channels,
usually used for variable and comparison stars and empty
sky areas near them. Although the systemwas devised and
used to obtain data even in skies impaired by light cirrus,

when conditions permitted the precision in the differential
photometry could exceed 1%.

Differential photometry is currently carried out with
CCD and CMOS arrays which are generally favored over
single-pixel detectors, and means of self-calibration have
been devised to meet the challenge of calibrating many
pixels. Howell (2011) discusses the history of array
devices. With appropriate techniques, milli-magnitude
precision is now obtainable. Software such as IRAF and
ESO-Midas have been used for image processing and,
with  DAOPHOT, for the extraction of magnitudes and
precise positions on the sky of each star in the field.

2.3.2. Photometric calibration. Typically PEP data of
variable stars and one or more selected comparison stars
are measured simultaneously, ideally, or alternately, to
provide a differential light curve. Usually one or more
comparison stars will be observed as a check on the
constancy of the comparison star. The comparison and
check stars must at some point be linked to a standard
system by observation of standard stars in the same run.
Landolt (1983) provided a list of standard stars that were
spread around the equator for the benefit of astronomers in
both northern and southern hemispheres. Procedures and
the equations of condition for least squares determinations
of extinction and transformation coefficients, can be
obtained from various sources, the most classic being that
of Hardie (1962). The subsequent modeling analysis of
the data at some point must be converted into physical
units, or at least solar values for the radii and masses, and
astronomical units for distances within the binary system.
Standardization is typically done by transforming local
system magnitudes into standard system magnitudes; this
requires observation of stars whose intrinsic magnitudes
are known for the passhands of interest, such as mpg and
mpv, the Johnson UBV, or the Stromgren uvby passbands,
for example. Establishing those standards ultimately
requires calibration. Calibration efforts for absolute
photometry are critical for tying observational data into
physical units. This effort similarly has evolved over time.

Photographic standard stars were established after
~1870 when emulsions sensitive enough to record star
images became available. A commission of the
International Astronomical Union (IAU) was established
in part to refine and coordinate efforts to do so. The North
Polar Sequence of stars which could be widely observed
from observatories in the northern hemisphere established
such standards. Leavitt & Pickering (1917) present and
discuss an early version of this important sequence for
photographic and photo-visual magnitudes. This was
subsequently replaced by other standards and in other
areas of the sky for more modern passbands. Landolt
(2011) and Sterken et al, (2011) discuss how procedures
have changed over time and affected photometric
precision and accuracy. Cohen (2011) discusses the
history of photometric calibration efforts in the ultraviolet
through the far infrared spectral regions, with relative and
absolute methods, respectively, and Adelman (2011) does
this for spectrophotometry.  Considering that filter
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photometry can be considered low-resolution
spectroscopy, it may not be inappropriate to discuss in this
section the calibration of other observables that can
contribute to eclipsing binary analyses.

Stefanik, Latham, & Torres (1999) discuss the
establishment of an absolute zero point for radial velocity
measures for the standards established by the IAU Radial-
Velocity Standard Stars group. The development of high
resolution spectrographs with calibration lamps led to the
detection of the relatively small orbital motions of stars
due the presence of massive planets (Mayor & Queloz,
1995), as well as to the improvement of precision and
accuracy of spectroscopic binaries. The development of
CORAVEL to provide radial velocity data for stars
observed with the Hipparcos mission instruments and the
subsequent development of Elodie are important
examples. One of the more recent developments for
precise calibrations is the laser comb for superimposing
precise wavelength lines along with the spectrum of
interest on the same array detector.

The bounteous data from Gaia and other scanning
space missions as well as ground-based survey
instruments can be inspected with rapid machine methods
for classification purposes and perhaps orbital information
and indications of the presence of other stars in the system
(see, for example, Kostov et al., 2025; Li et al., 2024,
Mowlavi et al, 2023; PrSa et al, 2022). As these
preliminary results will require detailed follow-up studies
involving ground-based instruments and telescopes, we
now demonstrate with an example why follow-up
observations may be needed to provide still higher
accuracy and precision of the observable curves. In
illustration, we now discuss the system HP Dra, an
eclipsing binary discovered in data obtained by the
Hipparcos mission, although the derived orbital period
that was reported (6.69309) was incorrect.

2.3.3. A Case Study of the Eclipsing Variable HP
Draconis

In the fourth paper in a series to evaluate how well Gaia
would perform in furnishing fundamental data from
eclipsing binaries, Milone et al. (2005) presented their
analysis of replicative data, the Hipparcos and Tycho
photometry and Asiago radial velocities, for three eclipsing
binaries. One of the systems selected was HP Dra, with an
EA-type light curve. For this system, a more correct orbital
period and an eccentricity were found. The masses were
determined to a precision of 2% and the radius of star 1 to
3%; however the radius of star 2 was determined to a
precision of only 10%. Each of the minima is ~0.02P wide,
and in a 10.769 period, the data acquisition in these phase
segments was so sparse it degraded the determinations of
the stellar radii and the temperature differences between the
components. Thus, the Gaia proxy photometric data from
the Hipparcos mission proved insufficient within the
eclipses to provide as fully precise and accurate stellarradii
as one could expect. Because the Gaia test case required
data comparable only with that expected of the mission’s
instrumentation as specified at that time, all available data

were not used in the Milone et al. (2005) analysis. The
situation was remedied in a follow-up study with the
inclusion of 869 ground-based BV observations from
Cracow Observatory and RV data from Haute-Province
Observatory (Kurpinska-Winiarska et al., 2000) in addition
to the Asiago RV data used in the previous study. As noted
in Milone et al. (2010), the photometry was carried out
carefully and meticulously. We discuss the analyses in
Section 3.2.2.

3. Light Curve Modeling and Analysis
3.1. Basic Modeling

By 1880, there were six known eclipsing variables and,
according to Russell (1948), E. C. Pickering (1880) made
the first precise theoretical calculation of the light
variation from a stellar eclipse. As noted, Vogel’s
confirmation of the eclipse hypothesis defined the first
discovery of a spectroscopic binary; his was also the first
attempt to determine system elements, thus the first RV
analysis of an eclipsing spectroscopic binary --- on the
basis of six photographic plate observations. The
classification of systems by light curve appearance will be
shown to require improved models to describe them
adequately. The early 20™ century Russell binary star
model assumed spherical stars for systems with Algol-like
light curves [EA], and tri-axial ellipsoids for those that
displayed B Lyrae [EB] or W UMa [EW] type light
curves. Neither shape correctly matches the true shapes of
stars in a close binary system, but were considered
adequate for most of the observations of the time. The
means to derive the elements of a system (the “inverse
problem”) and then to calculate the light curve from the
derived elements (the “direct problem™) were and are
critical stages in light curve modeling. Subsequently, more
comprehensive models became available to analyze and
model systems which had been systematically excluded
from the longer-period, far-apart systems traditionally
studied for fundamental properties such as radii, masses,
and luminosities.

3.1.1. A Case Study Analysis of SZ Cam. For one of the
better determinations of fundamental data prior to modern
light curve acquisition and analysis methods we consider
the Wesselink (1941) analysis of the EB type light curve
of SZ Cam, the acquisition of which was described in
Section 2.2.

The data were averaged in groups and once the period
was determined [P = 2.6984166(33)Y], and the data
phased, averages of ~10 contiguous averaged points were
taken to produce normal points, an essential step in an age
of hand computation. In the analysis of the light and radial
velocity curves that he obtained, Wesselink used a
spherical star model, presenting a uniform disk,
considered appropriate for stars of early spectral type at
the time. The eclipses are partial only (although Wesselink
found them nearly total, and the analyses were made of
the light curves rectified of ellipticity and reflection
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effects. He had rectified the light curve to remove the
curvature outside of the minima, and applied corrections
for limb-darkening and gravity brightening effects.
Wesselink found the ellipticity, the tidal distortion
expected from what he regarded as the Roche model
hypothesis, to be 0.04 and 0.02 for the two components.
He sought but found no evidence of the reflection effect in
the cosine term of the light curve. These procedures were
similar to those devised by Russell (1912a; 1912b) and
Russell & Shapley (1912a; 1912b). The ratio of surface
brightness (1.24 + 0.13) was determined from depths of
the minima of the rectified light curve, but the RV curve
of only the more luminous component could be measured
so that only the mass function was known for the
secondary star. Given the period and semi-amplitude of
the RV curve, visin v =100 ks,

F13= (M1 + M2)Y3.[M2/ (M1 + M2)] sint = vy sint- P13
= 0.65 =+ 0.08, @

which provides a method of determining M2 by iteration
even if it is not small, if the inclination is known or is
close to 90° and M is known accurately; see, for example,
Milone & Wilson (2014, p. 746). That was not quite the
case here. As only two of the four contact points can be
seen in primary minimum (although the secondary
provides suggestions of slope change near deep minimum
in the mpg light curve) neither the ratio of radii, k, nor the
difference in brightness, Ampg, could be determined from
the light curve alone. Therefore Wesselink computed least
squares solutions for each of five values of k over the
range 0.45 to 1, all of which fitted the primary minimum
well enough, but the secondary minimum was best fit with
his solution 5, k = Ro/Ry = 0.45. Wesselink’s solution
yielded radii r; = 0.412a and r, = 0.185a where a is the
semi-major axis. For this solution the inclination, i =
76.1°, and the difference in the component magnitudes,
Ampg = 2.00. With the best assumed values of the day for
the distance, interstellar reddening and extinction, and
other astrophysical information, Wesselink obtained radii

of 7.5 and 3.3 Re and masses of 20.0 and 8.7 Mo for stars
1 and 2, respectively, for a mass ratio q = 0.44, with the
primary minimum a transit eclipse.

The photographic light curve was held to be unusually
accurate by Kopal, who included the solution in his
catalogue (Kopal & Shapley, 1956, pp. 168-169); in
rediscussing it, Kopal obtained a mass ratio, q = 0.29,
derived from the ellipticity. Wesselink’s value for the
fraction of the area of the eclipsed disk at mid-eclipse, o =
0.96 for his favored solution and his drawing of the
system shows a near-total eclipse; Kopal considered it to
be total. Kopal’s reworking yielded radii of 10.9 + 0.9 and

45 + 05 Re and masses of 21 £+ 4 and 6 + 1 Mo,
respectively; these are the dataentered in his catalogue.
Results from modern solutions are quite different
although the overall system configuration is confirmed.
Techniques such as rectification produce light curves that
would be produced by uniform non-interacting stellar

spheres. Although capable of vyielding reasonable
parameters for some elements and parameters, a far better
course is to model the tide- and reflection-related causes
for the classical “oblateness” and “reflection” effects, as in
WD models. See Milone, Wilson, & Hrivnak (1987) for a
comparison of results from both types of methods in the
analysis of the overcontact system RW Com. The SZ Cam
system is in an open cluster (NGC 1502) and the close
proximity of ADS 2984A and fainter stars makes
photometry and spectroscopy challenging because of light
contamination, but in this case these challenges were met.
Nevertheless progress with instrumentation and modeling
techniques have enabled even more exacting results to be
obtained from this interesting system. A modern solution
is discussed in section in Section 3.2.1.

3.2. The Development of More Rigorous Binary Star
Models

Recognizing the increasing availability of photoelectric
light curves, and with the least squares element
determination method of Piotrowski (1948), Kopal (1950),
provided a more physically appropriate model for
eclipsing binaries. In doing so, he and others built on the
idea of gravitational equipotentials to describe the shapes
of the component stars in close binary systems. This work
ultimately stemmed from the treatment of the restricted
three body problem by Lagrange (1772) and the
subsequent fluid dynamic treatment of three body systems
by Roche (1849, 1850). Kopal’s (1959) equation (1-3) for
the modified Roche potential of the binary may be written
more generally as in Equation 2.

% %F?(qﬂ)ﬂuw?)

@
where r is the distance to the center of gravity ofstar1, q
is the mass ratio, M2/My, d is the separation of centers of
the two stars (taken as unity by Kopal and Wilson &
Devinney), Aand v are direction cosines, and F is the ratio
of the angular rotational to the synchronous velocity, and
is used to generalize the expression for non-zero
eccentricity cases (Wilson, 1979). In the following
decades, the basic model was turned into programming
code. The potential expression has been divided by the
factor GM1, as per the expression used in publications by
Wilson & Devinney (1971) and others who discuss his
models. Among those who developed analysis programs
to solve the inverse problem by deriving the elements of
the systems and parameters relating to the component
stars and produce synthetic light curves was Lucy (1968).
Many other modelers were similarly developing models
and methods as well, and their contributions are discussed
in detail in Kalrath & Milone (2009). Except for the
detached systems where neither star fills its inner lobe, the
basic morphological configurations can be seen displayed
in Figure 1: over-contact, semi-detached, and double-
contact models.

Qr;q,d
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Modelli
Over-contact (over-filling lobe)

Stellar Surfaces as Lagrangian E

ipotential Surfaces

Double contact (thick disk)

Semi-detached (transparent disk)

Images courtesy, J. Kallrath

Figure 1: A pastiche of shapes of stellar surfaces as equipotential surfaces, defining the types of morphological models
and informing their designations. From the top: left, an over-contact system (V728 Herculis, from Nelson et al., 1995)
shown over-filling its inner Lagrangian surface; top right, a double contact binary with semi-transparent or opaque disk
occupying one of the lobes and a lobe-filled donor star filling the other lobe; below them, on a tilt, a semi-detached
system with the donor star filling its lobe but with a thin transparent disk around the other component star. That model
is shown in a cross-sectional profile tilted to match the artful rendition of the system on the right. Individual figures,

courtesy of Josef Kallrath.

Here we have focused on the models, methods, and
programs of Wilson and his collaborators because the
Wilson-Devinney program (hereafter, WD) is the most
popular program and in more than fifty years of
development it has continued to incorporate the best
available physical models in order to determine optimum
solutions for simultaneous analysis of multiple observable
curves. Its many successive versions of accumulating
features are described by Kallrath (2022) in detail. An on-
line earlier WD program version called PHOEBE was
developed by Prsa (2018) who has now extended the

program to incorporate Al in order to evaluate and analyze
large numbers of newly discovered Gaia and TESS
eclipsing binaries as well as those from ground-based
surveys.
The current code site and source for recent versions of
the WD program are:
https://faculty.fiu.edu/~vanhamme/binary-stars/
ftp://ftp.astro.ufl.edu/pub/wilson/lcdc2015/
It should be noted that Walter Van Hamme should be
given credit for providing much of the updating over the
last 30 years. The latest 2017 WD program version
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includes 95 passbands (the 951" is for the TESS passband),
the Kurucz and Phoenix model atmospheres for high and
low temperature models, respectively, and all the other
features of previous versions. The various modes available
for use within WD constitute the WD models. The
downloadable document Binary Star Observables is
effectively the manual for the program and also contains
details about the WD models. It contains sample input
files for both the Differential Corrections (DC) and the
Light Curve (LC) program routines. The Observables
documents are updated for each new version and each
contains a list of the changes applied since the previous
version.

3.2.1. SZ Camelopardalis Revisited. Tamajo et al.
(2012) used an enhanced 1998 WD version with Kurucz
stellar models to analyze 40 high resolution RV data of
both components, and 1517 BVIc CCD observations [with
median total budget errors of 0.006, 0.001, and 0.007 for
V, and B-V & V-Ic color indices, respectively, where Ic
refers to Cousin’s passband (bluer and narrower than
Johnson’s | passband)]. They obtained an equivalent
determination of k = 0.75; and q = 0.747 + 0.006; 1 =
75.16° R1 = 891 + 0.05, Rz = 6.70 £ 0.12 Ro; and My =
14.31 + 0.54, and M2 = 10.69 + 0.38 Mo. With updated
values of reddening and bolometric corrections, they
determined the distance to be 870 + 30 pc, in agreement
with the Gaia parallax value equivalent, 849 (+69, -61) pc.
From this we conclude that Wesselink’s work, having an
abundance of relatively precise observations and using
powerful differential techniques, and uncovering the
general nature of the system -- a transit eclipse at primary
minimum — nevertheless did not succeed in determining
accurate values of the fundamental data partly because of
incomplete data suites. In addition to being limited to one
RV curve, and one photometric passband (mpg), and
having to reply on a mass-luminosity relation for a value
for My, the analysis could not include a major 3% light
contribution to the light curve --- that of a third
component, discovered by Mayer et al. (1994; 2010) and
confirmed through speckle interferometry by Mason et al.
(1998). Tamajo et al. (2012) used a spectral disentangling
technique to see the effects of the third star in the spectral
line profiles of the H,, Hp, and Hy, which were also fitted
with NLTE (non-thermal equilibrium) line profile models.
The relative contributions of the three components agrees
with the WD analysis that included the 3" light parameter
(26% in Ic), to within 0.5%. This case study thus
highlights the effects of light curve precision and
instrumentation as well as innovative techniques and
modeling tools on absolute parameter determinations. In
Section 3.5 we describe other discoveries in this system.

Next we discuss analyses of data of the relatively wide
EA type eclipsing variable HP Dra with data suite
surrogates of that expected of the Gaia mission and
subsequent analyses with a much enhanced and complete
data suite.

3.2.2. A Case Study Analysis of HP Draconis. As noted
in section 2.4, the reported analysis by Milone et al.
(2005) was followed up by another, reported in Milone et
al. (2010). Figure 2 illustrates the model fittings to the RV
and Hipparchus data and illustrates why a follow up study
was required. The latter study made use of additional 869
photoelectric BV observations and Asiago RVs
augmented by CORAVEL and Elodie spectrometer data
totaling 51 observations of each component. The Tycho
data (with ms.e. of single observation of ot = 0.11, ovr
= 0.09) were excluded from the analysis.

Even though later WD programs are even more efficient,
have more features, andallowa wider range of parameters to
be determined, it is instructiveto relate selected capabilities
of this version and how they were used for this particular
analysis. The analysis made use of the 2007 WD version
(Wilson & Devinney, 2007; Wilson, 2008), hereafter, WDO7.
WD makes use of a damped least-squares engine with
damping coefficient, A usually set to 1077, but solutions were
not significantly affected by other values. Runs were made in
mode 2, appropriate for detached binaries. We adjusted
simultaneously 13 non-curve dependent and two curve-
dependent parameters for a total of 19 of parameters. The
weighting of the data, the subsets that were run, and the
modeling procedures are recounted in detail in Milone et al.
(2010). Because WDO07 was not self-iterating, thousands of
individual runs across several series of models were carried
outin orderto explore the parameter space adequately. After
each run,the main setand allten subsetswere run, and the
parameters ofthe subset that promised the most improvement
in the sums of squares of the curve fitting residuals (SSR)
was adjusted; if the overall fitting errordid not improve, then
the next most promising was chosen, and so on until
convergence was achieved in allten subsets. The finalerrors
were taken fromthe full 19 parameter set. At the end of one
of the last series of runs, every parameter was altered, one by
one, by positive and negative increments of 1s; 20; and by
much larger increments (10-100 o). No significant changes
were found in this series of checks. The fittings for this
analysis can be seenin Figure 3.

The results: The radii, Ry = 1.371 + 0.012 and Rz = 1.052
+ 0.010 Ro, were determined to precisions of 0.88% and
0.95%; the masses, M1 = 1.133 + 0.005, M2 = 1.094 + 0.007
Me, to precisions of 0.44% and 0.64%, respectively. From
these, the mean densities of the components are 620 + 20
and 1325 =+ 47 kg/md, and the gravitational accelerations are
log g1 = 4.218 + 0.010 and log g2 = 4.433 + 0.011 (cg s) for
stars 1and 2, respectively.

No spectralanalysis was carried out for this investigation,
but the properties of the components are known wellenough
to place themon log plots of luminosity vs. temperature and
radius vs. mass. M.K.W. examined the range of models of
different ages and chemical composition on the Padova
interactive Web sitehttp://stev.oapd.inaf.it/cgi-bin/cmd based
on Marigo et al. (2008). A grid of models was explored in
steps of 0.05 in log(z), where 7 is the age in Gy, over the
compositional range 0.008 < Z < 0.030. A model with Z =
0.019 and age 4.47 Gy (i.e., an isochrone of chemical
composition and age similar to the sun) fit the components’
properties bestas revealed on two plots. See Figure 4 (Fig. 4
of Miloneetal., 2010).
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Figure 2: Phase-folded surrogate Gaia RV and light curves of HP Draconis from Milone et al. (2005). Left, from the
top: Asiago RV curves, Hipparcos (Hr), and Tycho light and color curves (Vr, Br, and (B-V)r. Right: blow-up of the Hp
light curve primary and secondary minima and model curve. Note the sparse coverage in the minima of the Hp curve
(and the large scatter in the Tycho curves) that whan used alone limit the accuracy as well as the precision of the radii
and luminosities.
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Figure 3: Phase-folded RV and light curves of HP Dra from Milone et al. (2010). Top: Asiago RV data represented by
squares, CORAVEL data by triangles, and Elodie data by circles. Star 1 data have filled symbols; star 2 data have open
symbols. Star 1 is the hotter and slightly more massive component. The discrepant point on the Star 1 RV curve just
after secondary minimum received zero weight in the analysis. The curves of the final fitting are shown. Bottom: B
(left) and V (right) full, primary minima, and secondary minima light curves of HP Dra and the fitted curves of the
adopted model. Note the completeness of coverage. See Figure 2 for the Hr minima fittings.
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HP Draconis Primary and Secondary Components and a Padova Model
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Figure 4: HP Dra components compared with the ZAMS on (a) a plot of log (L/Le) vs. log (Tes) with evolutionary
tracks for 1.0 and 1.1 Me stars, showing also the TAMS; and (b) a plot of log (R/Ro) vs. log(M/Me). The properties of
the components seem to fit best (among the Padova family of models inspected) with the 4.47 Gy isochrones. With this
model, component 2 is seen to lie within ~1o of the ZAMS. Component 1, with only 3.4% more mass than its
companion, has evolved off the ZAMS but not as far as the TAMS. From Milone et al. (2010), Fig. 7.

Finally, Cracow Observatory CCD observations at
primary minimum, were obtained following the conclusion
of the analyses and thus not used in them, are shown in
Figure 5 along with the synthetic light curve from the
model, computed for that interval of observation.
Nevertheless it is curious that the secondary lies within 1o
of the zero-age main sequence (ZAMS), whereas the
primary that has less than 4% greater mass than the
secondary is approaching the terminal age main sequence
(ZAMS). Similarly odd is the condition that the primary has
half the mean density ofthe secondary component. Perhaps
there is more to be learned fromthe solar-analogue stars in
this system. A spanking new study may help to provide
some of it.

In August, 2025, Southworth (2025), hereafter S25,
posted a preprint linked to the DEBCat website claiming a
greater precision in the mass and even more in the radii
determinations in this partial eclipse system. S25 made
use of 14 sectors of TESS data, which are abundant, used
the flux level in a narrow range on either side of the
eclipses, and used a spherical model code, JKTEBOP, to
analyze the minima. Of course use of a code that assumes
stars to be spherical is usually safe enough if the stars are
far enough apart and well within their inner Lagrangian
surfaces. The WD program computed the sizes of the
polar, inward-pointing, side, and back radii for the final
model and demonstrates that they agreed with each other
well within errors for each component, so an assumption
of sphericity itself is notinappropriate in this case.

For components 1 and 2, S25 obtained for the masses:
1.1354 + 0.0023 and 1.0984 + 0.0022 Mo and for the
radii, 12474 + 0.0046 and 11498 + 0.0049 Ro,
respectively, noting that these are among the most precise
absolute parameters for binary star components currently
available.

S25 finds a much smaller third light: 0.5% vs. ~10%,
“and this changes the measured radii significantly.” S25
analyzed the light and radial velocity curves separately,
unlike the Wilson-Devinney approach (where all data are
solved simultaneously and where all weights, including
curve weights, are carefully determined). The S25
approach provides the amplitudes of the radial velocity
curves: Ki = 61.971 + 0.056 knm/s, K> = 64.067 + 0.060
km/s where the error bars are determined not by least-
squares but by 1000 Monte Carlo simulations; this yields
g = 09673. S25 “determined the distance to HP Dra
using the BV magnitudes from Tycho, JHKs magnitudes
from 2MASS and surface brightness correlations...” from
another source. S25 “allowed an uncertainty of 0.02 mag,
for the interstellar reddening” and states “Our most
precise distance estimate is the Ks band and is 77.9 + 1.2
pc,” which agrees with the Gaia DR3 parallax result of
79.27 + 0.32 pc. S25 found a solar composition model
with 3.5 Gy age that adequately matches his results.
Finally, S25 finds evidence for magnetic cycle activity in
TESS light curve variations suggesting possible non-
synchronous rotation by one of the components and by
emission in-filling of Ca H & K line profile centers.
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HP Dra Analysis Model Verification
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Figure 5: From Milone et al. (2010, Fig. 4), CCD differential B passband observations of HP Dra, obtained at Cracow
Observatory on 2009 May 17 near phase zero, and plotted alongwith the light curve predicted fromouradopted model. These
data were not included in the analysis and thus represented an independent check on the results, including apsidal motion.

3.2.3. Comparisons of HP Draconis Models and
Results. As the system is an important one to understand
how stars like the sun evolve over time, it is important to
understand any differences in determinations.

Milone et al. (2010), hereafter, MK-WO or we, found a
distance also in agreement with the DR3 results, but with
a stated error that reflects the uncertainties in the
temperature scale (£150 K), in the absolute luminosities
relative to the sun, in the interstellar extinction A, and in
the bolometric correction. S25 assumes the same Ti =
6000 effective temperature that we did, and that value is
hardly without large uncertainty. The derived distance, 77
pc, agrees within errors with the distance previously
derived from the hip and Asiago RV data alone, 73+ 4 pc.
If we adopt, Eg-v = 0.00, as did S25, then the distance
increases slightly, to 80 = 3 pc, in close agreement with
the Gaia DR3 parallax result of 79.27 +0.32 pc

Although the S25 mass ratio is in agreement with the
MK-WO adjusted parameter, q = 0.9658 + 0.0037, and the
MK-WO and S25 masses similarly are in agreement, the
radii are not; S25 finds the primary star to be 7% smaller
and the secondary 5% larger than did we, a difference he
ascribes to a larger amount of 3 light. The claimed effect
of third light on radii determination is unclear. It would be
of interest to see the full details of how the S25 results and

uncertainties were obtained. Regarding the reality of 31
light in this system, MK-WO comment: “As part of the
exploration of the reality of the I3 quantities, runs were
made with these values set to zero, and the results
followed up through more than a dozen runs of successive
changes. In each case, the preferred adjustment was to
restore the value to the ~10% level.” The source is yet to
be determined, however. It would be of interest to see
how S25 was able to improve on the radius determination
and precision and to make a determination of third light in
the systemwith the procedures described.

If improved precision arises from differences from
averages in a large number of trials we note that such a
determination of errors does not necessarily provide an
accurate assessment of the true uncertainty. The question
needs to be asked: are the individual run determinations
truly independent? If not, one must be wary of claims of
extraordinary precision. Additionally, systematic error,
arising from sources outside the averaging process, must
be considered.

To resolve discrepancies and explore this partially
eclipsing system further, a number of systematic
adjustment of the potentials to produce a grid of sizes for
each component as suggested by D. Terrell (2025, private
correspondence), and use of features of later WD versions
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(>2013) to analyze the now further enhanced data suite,
with the eclipses timings, the Ca line profiles, and, as S25
suggests, further spectral analysis to determine more
precisely the chemical composition of the system. More
recently adjustable parameters are log d (via the direct
distance estimation), interstellar extinction, A, as well as
star spot property and aging parameters, and third body
dynamical parameters; with updated solar values and other
constants, analysis then may vyield tighter fittings and
more accurate results, and provide information about the
dynamics of any other components in the system. Given
strong confidence in the Gaia distance, the IDE (inverse
distance estimation) can be used to strengthen the
determinations of other parameters. The differences
between the Asiago assessment of approximately solar
composition, the previous lower metallicity estimates
based on Stromgren system photometry, and the
suggestion of a slight improvement in the residuals with a
higher metallicity, all point to a need for further spectral
analysis. Given the question of third light and the
apparently relevant dw/dt and dP/dt parameters despite
large internal errors, in addition to adjusting WD third
body parameters, speckle interferometry, as we note
below, could be revealing.

It is clear that the results from analysis of the initial
Gaia-simulation using Hipparcos +Tycho +Asiago proxy
data are superseded by those from larger, improved data
sets. Later results are among the most precise
determinations of fundamental stellar data that have been
made. With the discoveries of S25, even further
characterization appears possible.

And this leads us back to further opportunities for high
precision photometry and to a broader range of spectral
coverage, to uncover the spectral distribution of any third
light sources.

3.3. Disk Models and Double Contact Sytems

Beginning in 1979, Wilson turned his attention to
proposed disks surrounding an unseen companion in
systems such as B Lyrae. The basic idea was to approximate
the self-gravitation of a circumstellar disk by that of a
massive but infinitesimally thin wire-like ring concentric
with the star at the center of the disk, analogous to
conceiving of the stars in the Roche model as represented
by central massive points. This led to the expansion of
Equation 2 to include the gravitational potentials of stars 1
and 2, the centrifugal potential, and the gravitational
potential of the massive wire ring lying in the orbital plane,
resulting in the total modified potential for such a binary
starsystem(Wilson 1979, 1981, Eqn. 1) in Equation 3.
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separation of star centers, R is the radius of the wire ring
in the disk’s equatorial plane, 1is the direction cosine of
the line of centers, n is a constant so that the angular
velocity is proportional to u™ where u is the distance of a
point from the rotation axis of star 1, and us is the null
point of effective gravity for the (uniformly) rotating
primary star. It defines the outer limit of the disk; another
null point defines the inner limit. Given n, F, and uz the
angular rotation speed, the centrifugal potential and the
centrifugal force are everywhere determined.

Wilson (2018, Fig. 12) applied the accretion-decretion
(A-D) self-gravitating disk model to a differential V light
curve of B Lyrae, the prototypic EB eclipsing variable,
with a hot less-luminous supergiant (B8 Ib) component,
and a component long considered to be completely
enshrouded within a disk. B Lyrae was among the five
eclipsing binaries that Plavec & Koch (1978) reported to
have strong far ultraviolet emission lines and continua and
were later (Plavec, 1980) referred to as W Serpentis stars,
after the system with the strongest emission and a clear
view of the disk component that is far more luminous than
the donor (unlike the case with the brightest member of
the group, B Lyrae). They noted that

“The high level of ionization indicated by strong
emission lines of Si IV, C IV, and N V is remarkable. It
is not yet clear from which region or regions of the
systems these emissions come. One possibility isa high
temperature, low density plasmasurrounding the hotter
component. It should be noted that the hot component
may well be the spectrographically invisible one if it is
surrounded by an optically thick disk of gas.”

The disk in the B Lyrae system has the lower surface
brightness, enshrouding an unseen, star. B Lyrae is an
SB1 system; only the donor star’s spectral lines have been
observed. Wilson’s (2018) preliminary trial-and-error
fitting (Fig. 12) is reproduced and annotated in Figure 6.
The data are from the Villanova APT instrument; original
observations are in Abt (1995). In the deeper eclipse, the
disk is eclipsing the B8 Ib lobe-filling donor star; other
eclipse is of the disk by the donor. The light variation
between eclipses is attributed to tides in the disk and
donor. In Wilson’s basic disk model there is natural
closure of level surfaces without arbitrary disk truncation.
Tidal stretching of the disk by the donor star enhances
overall tidal brightness variation. The light curve has been
relatively stable over centuries, so the high accretion rate,
characteristic of a binary in the rapid stage of mass
transfer, requires the accreted material to be either
absorbed by the non-compact star at the disk center or, as
Wilson (2018) suggests, decreted back into the disk. In
either case it is a DbC and a strong candidate for an A-D
disk system. In some Algol systems, the emission line
features may be seen only in the deep minimum implying
that the disk is consequently thin and not massive enough
to be self-gravitating. In such systems the recipient
component readily absorbs the accreted material and can
drain the disk on shorttime scales.
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P Lyrae Preliminary Accretion-Decretion Disk model fit

]

P
ﬁ_.ﬁa ek
387
Ll
Pk
o«
g . g
. i
2 ‘.'- i
é 2] s 4 'E
Disk eclipsed by F =
the B8 Ib donor star ) gl [t
o |- R <—eclipsed by] |
i Q v/ |the disk.
bt
1 Rl
02 0 0z va o5 08

Fhasa
Credit: R E. Wilson (2018) Apl. 869, 19 (18pp). Fig. 12.

Figure 6: From Wilson (2018, Fig. 12), a preliminary trial-
and-error fitting of the A-D disk model to a differential VV
lightcurve of B Lyrae. The dataare from the Villanova APT
instrument; original observations are in Abt (1995). In the
deeper eclipse, the disk is eclipsing the B8 Ib lobe-filling
donorstar; othereclipse is of the disk by the donor, so the B8
Ib component hasa higher surface brightness than thedisk.

Whereas the B Lyrae light curve is relatively stable, that
of Cl Aquilae is not; it is a recurrent nova. Figure 7 (from
Fig. 6 of Wilson, 2018) shows a fitting for the eclipsing
cataclysmic variable (CV), Cl Aql, in quiescent state after
its eruption in 2000. The photometry dataare from Schaefer
(2011, 2014) and Wilson & Honeycutt (2014) and the RVs
are from Sahman et al. (2013), who made ingenious use of
Doppler tomography to secure velocities from the line
profile wings of the disk as proxy values for those of the
white dwarf. Wilson (2018) provides evidence that if they
are massive enough A-D disks around the nova may survive
moderate outbursts. Thatasimilar light curve is seen before
and after the last outburst of ClI Aglproves thatits disk has
doneso. In the presentinstance, the model allows the disk
to be semi-transparent so that when it eclipses the donor
star, some light is able to diffuse through the disk and the
“oblateness effect” in the maxima is due not so much to the
lobe-filling donor, but mainly due to the lobe-filling tidally
distorted disk. In this case the hidden staris a white dwarf,
spun up by the angular momentum of the disk material to
the point of decreting it back into the disk. Consequently in
this DbC case, the disk is massively self-gravitating and
undoubtedly an A-D disk system. Wilson & Hunnicutt
(2014) treatthe dynamics of the streamand disk.

The modeling of disks in double contact (DbC) systems
uncovers some interesting and even surprising results.
Aspects of the equipotential disk include its semi-
transparency to allow both attenuation and re-emission and
the irradiance of the companion star, and the reflection
functions defined in Wilson (1990) provide the efficiency to
allow multiple reflections. An inner null point defines the
inner edge of the disk; both null points are computed at
each iteration. As a consequence, there is no arbitrariness in
defining the confines of the disk; they are determinable in
the model. In their recent work, Wilson & Van Hamme
(2025) emphasize a number of details about the cases of Cl
Aquilae and U Scorpii where the disks contain 3% and 6%
of the white dwarf mass, respectively:

1. The white dwarf’s rotation is coupled analytically
to disk properties such as size and shape that affect the
photometric variation via the A-D condition;

2. The parameter F (the ratio of the white dwarf
angular rotation to the orbital angular rate) is a
parameter that can be adjusted and sois determinable;

3. The orbital rate is known from the orbital period
and size, hence the rotation rate and Period;

4. The outer disk edge parameter, x ... is found to be

close to x ,, where the effective gravity is zero, within
errors. This constitutes acheck on the model.

It is possible and may even be likely that many if not
most post-novae are double contact binaries. The DbC
model should lead to more precise determinations of the
properties of these objects. More observations are needed
of CVs and novae in quiescent states. Two eclipses are
needed for modeling and because the disks are typically
hotterthan the donor stars, IR photometry will be useful.
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Figure 7: From Wilson (2018, Fig. 6), the V passband
binned light curve (top) and radial velocity curves
(bottom) of the recurrent nova CI Agl in quiescent stage
together with the preliminary fitting to them of an A-D
disk model. The light curve data are from Schaefer (2011,
2014) and Honeycutt & Wilson (2014), the RV data from
Sahman et al. (2013). The open circles are donor RVs and
the closed circles are disk RVs; the latter are based on
emission line wings, considered proxies for the white
dwarf itself. The deeper eclipse at phase 0 is of the disk
by the donor star. The shallower, broader eclipse is of the
donorstar by the semi-transparent disk.
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3.4. Ancillary Software

Over the decades that this astronomer has been working
much ancillary software has appeared which have proven
very useful in light curve analysis. These include
algorithms to seek out the deepest minimum in parameter
space with efficiency, such as Simplex, and robustness,
such as Simulated Annealing (SA). Both are fully
referenced and discussed in Kallrath & Milone (2009). A
version of SA was implemented by Kallrath within a
package coupled directly to WDO07 (described above).
Tests of this SA version, discussed in Milone & Kallrath
(2008) was used in the analyses of newly discovered
eclipsing binaries in a field of the RAQO’s Baker-Nunn
patrol camera by Williams & Milone (2013). Currently D.
Terrell is using the algorithm in addition to the 2013 WD
version in his study of V372 Draconis.

Doppler tomography as used in Shellspec (Budaj &
Richards, 2004) is a very promising way to check the
dynamical layout of close binary systems; Janos Budaj
(2025, private communication) relates that the latest public
release is Shellspec49 but that such advanced features as
dust reddening and extinction, definition and treatment of
shadows by opaque objects, and the introduction of
ellipsoidal disk like structures is being incorporated into the
program. See Budaj, Maliuk, & Hubeny (2022) for its use
in modeling an exotic white dwarf system.

Spectrophotometry has not been mentioned thus far, but
if it can be done to avoid stray light issues, it can produce a
boonto ground-based acquisition ofa large number of light
curves across the spectrum simultaneously. Such as
instrument in fact has been designed and built for absolute
calibration purposes. Adelman (2011) discussesthe history
of spectrophotometers and scanners and a specially made
optical telescope telescope.to avoid light loss and scattering.

Polarization measurements, although challenging to
make, are also worth pursuing, given the importance of
magnetic fields in systems with compact components.
Bastien (2011) discusses the history of polarimetry and its
usefulness in discerning electron scattering envelopes in
binary components and even in the determination of
orbital elements. It may be especially useful in studying
DbC systems. One important instrument for this purpose
is ESPaDONS, a bench-mounted high resolution echelle
spectrograph/spectropolarimeter, available at the Canada
France Hawaii Telescope (CFHT). Bailey et al. (2023)
report on recent high-precision polarimetry and new
results with PICSARR (Polarimeter using Imaging CMOS
Sensor And Rotating Retarder).

Finally, speckle interferometry can confirm the
presence of additional objects within a binary star system,
as we note below.

3.5. The Study of Hierarchical Systems

With improved models, attention returns to improving
the precision and accuracy of the observables. One area
that is emerging is the extent to which binary stars are
parts of greater systems, hierarchies. This impacts the
analyses of eclipsing systems in such configurations.

Improved light curve coverage is providing accumulated
evidence of hierarchical stellar systems with binaries and a
third component having the simplest such configuration.
Pribulla & Rucinski (2006) found that a significant number
of W UMa systems had wider companions. Similarly,
Nelson et al. (2023) in searching forsolid evidence for mass
exchange in W UMa systems, found many examples of
other components in time-of-minimum analyses. Although
sixty systems were investigated, in the end only seventeen
presented sufficiently strong evidence for mass exchange.
This was due, in large part, to insufficient coverage of the
orbits of additional companions to the eclipsing binary
systems to satisfy the light time effect (LiTE) analyses of
the period variation.

Hierarchical ~components  have been  studied
spectroscopically and astrometrically by Tokovinen
(2025), who notes that the Gaia mission detection of such
systems is quite incomplete. Therefore, like systems
discovered through minimum timing in eclipsing systems,
extensive ground-based follow-up observations are needed
to provide the full picture. Starting with visual binaries, he
probes the inner components. Some of his studies are of
historical interest as well; in one case, a visual binary
separated by 3 arc-sec when discovered by John Herschel
in 1837 (HJ 4310, HIP 49442), is found to be a multiple
star system. The brighter component, A, has a companion
only 0.18 arc-sec apart as revealed by Speckle
interferometry: components Aa and Ab. But the spectrum
of A reveals three set of lines; component Ab is itself a
binary system (Abl, Ab2) separated by 0.0098 arc-sec,
making them part of a quadruple system of 3+1 hierarchy.
The masses of the A components need to be refined,
requiring more observations.

According to Tamajo et al. (2012), SZ Cam, in
addition to being the northern component of the visual
binary ADS 2984, has another component, discovered
through speckle interferometry, and it is a single-lined
spectroscopic binary system (SB1). One of the four stars
is a B Cephei pulsating variable. More recently, the
southern component of the visual binary with SZ Cam,
ADS 2984A, has been found to be an SB1 system (Gorda,
2016). If all these reports are correct, SZ Cam is in a
system of six stars, all of which would be members of the
young open cluster NGC 1502.

From an entirely different area of study, evidence for a
systemic acceleration during a black hole merger led S.-C
Yang et al. (2025) to propose that the merger occurred in
the vicinity of another, possibly supermassive, black hole.
Disks around SMBHSs have been suggested as asite where
smaller black holes could merge, creating the
unexpectedly large masses found for increasing numbers
of them from LIGO eventstudies.

4. The Promise of Precise Infrared Photometry for
Future Light Curve Analyses

Almost all the photometry discussed above was donein
the visible part of the spectrum, but the Earth’s
atmosphere also has windows in the infrared part of the
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spectrum (>1um; hereafter IR, but not to be confused with
Johnson’s “red” R, and “Infrared” |, passbands). Analyses
now are able to make use of the milli-magnitude-precision
achievable from ground-based optical photometry. Up to
the present, that has not yet been achieved to the same
extent in the infrared.

In systems with greatly contrasting components, the IR
will help to define the secondary minima so that
temperature differences, modified Kopalian potentials,
limb-darkening, albedos, and gravity-darkening
coefficients may be determinable with unprecedented
precision. The smaller contrast of cool spot temperatures
in the IR, combined with other passband data, will permit
better separation from the overall morphology to produce
improved spot temperature, longitude, size, and, for
central eclipses, perhaps also latitude.

Algol’s B and V light curves defined its EA light curve
character but its infrared light curve resembles an EB
type. A posting at the American Association of Variable
Star Observers (AAVSO) website notes the importance of
continually observing 12.99-period B Lyrae in the infrared
as that system evolves (Terrell, 2025). A DbC system in
which the disk is radiatively cooler than the donor is a
good target for IR work. Wilson (2025) notes that a B
light curve does not show a secondary eclipse in the
recurrent nova U Sco whereas an | light curve does. This
system may be a good target for photometry in the even
redder passhands discussed below. The systemDS And is
a 1-day period, double-lined eclipsing binary in an open
cluster (NGC 752), and both recent major analyses of the
system (Milone et al., 2019; Sandquist et al., 2022)
although arriving at different absolute parameters (at least
some of which may be due to the re-reduction of RV
data), find anomalies in one or both components. In such a
case, additional types of data and perhaps new stellar
models need to be considered and explored.

Now we describe the status of infrared passbands, the
challenges in carrying out photometry with them, and how
those challenges can be met.

IR Photometry can produce high photometric precision
in principle because:

1) there is little atmospheric Rayleigh scattering (oc &%)
in these wavelengths; and

2) there are now passhands that minimize the parts of
the windows with absorption bands of water vapor and
other atmospheric molecules.

The Earth’s atmosphere is not as transparent to
radiation beyond 1 um as is visible light, because of
molecular absorption bands, mainly from water vapor,
which is variable on all time scales. There are however
spectral regions where the absorption is minimal, referred
to as atmospheric windows. As part of a multi-color,
wide-band set of passbands that included UBVRI, Harold
Johnson (1964; 1966) defined for the region between 1
and 4 pm the passbands JKL (H, between J and K, was
added later), and for the >4 to 22 umregion M and N (Q
was added later). With relatively insensitive detectors and
limited options, the filters selected to sample these regions
were so broad they overlapped atmospheric windows, so

the passhands are partly defined by the varying water
vapor absorption. Several attempts were made by
astronomers to narrow the passbands somewhat to
improve the resulting problem with precision and
repeatability of the IR photometry at their sites, resulting
in many versions of the Johnson passbands, and yet all
bearing the same Johnson designations. The problemwith
contemporary IR astronomy, how astronomers dealt with
it, and how it could be improved, was discussed at length
at a joint meeting of IAU commissions 9 and 25, at the
IAU General Assembly in Baltimore in 1988 (Milone,
1989). The problem was identified and resulted in the
creation of a Working Group to fix it. The work was
described and preliminary results were reported in Young
et al. (1992). The history is summarized in Milone &
Young (2011).

Young et al. (1994) noted that the J passband included
a strong water-vapor band at 1.14 pum and proposed
replacing that J passband with two passbands on either
side of the water vapor band: a new passband we called z,
after the Kodak Z sensitization class which was useful for
this spectral region, and an improved J on the long-ward
side of the absorption band. Later we referred to the
improved J passband as “iJ” and the z passband “iZ” for
consistency. The 1 pm window we refer to as the Z
window, and that beyond it as the J window. Similarly,
we referred to the other windows with the designations
formerly accorded to the Johnson passbandsin which each
of them was most centered and we placed a lower case
letter I in front to designate the new passbands, hence iH,
iK, etc. The recommended change in usage for the
ZJHKLMNQ designations was formally approved by the
International Astronomical Union: IAU Resolution B1, on
guidelines for the designations and specifications of
optical and infrared astronomical photometric passbands,
that was put forward on behalf of Commission 25 and its
Infrared Working Group (IRWG) and passed at the 2012
Bejing General Assembly. The resolution states in part
that “the designations ZJHKLMNQ should be used
henceforth to refer exclusively to the terrestrial
atmospheric windows in the near and intermediate
infrared (see Young et al. A&AS, 105, 259-279; Milone &
Young (2005), PASP, 117, 485-502).”

As a consequence, while primes and subscripts on the
old passband names have proliferated, amid a continuing
use of the old names by some astronomers, newer
passbands have rarely been optimized for use at all
elevations and atmospheric models. Even those
designated as “short” passbands, such as Ks, though
trimmed to be less affected by water vapor absorption at
high-elevation observatories such as Mauna Kea (4.2 km),
fail to perform as well at lower sites in varying
atmospheric conditions. The IRWG-designed passbands
central wavelength placement and bandwidth were
optimized to avoid the obscuration within the windows by
minimizing the diminution of each of two Kurucz model
stellar flux bundles traversing the atmosphere. The full
methodology is presented in Young et al. (1994), and the
realization of the near-IR suite of the recommended
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passbands, through testing iZ, iJ, iH, and iK filters
manufactured within specifications by Custom Scientific
of Tucson, Arizona, is described in Milone & Young
(2005, 2007), among other references. It is necessary to
add, however, that photometry with unoptimized
passbands carried out at a high and dry site under
photometric conditions can be precise and accurate, and
astrophysical relations among color indices valid. Wing
(2011) notes that because basic information content of
three-color photometry in the JHK windows is governed
by the effects of stellar H- opacity the information content
is not expected to change with the use of the IRWG
passbandsin these windows.

The upper portion of Figure 8 demonstrates the
obscuration in atmospheric Z and J windows mainly due to
molecular absorption by water vapor. The atmospheric
transmission was computed with the MODTRAN program
(Berk et al., 1989) for a standard atmosphere and a site at 1
km elevation above sea level. Superimposed are the
passband profiles for iJ and iZ and their Custom Scientific
equivalent filters, cyJ and ciz; rJ, is a Johnson J-like
passband. The lower plots show simulated Bouguer
extinction curves for the J, iJ and iZ passbands, allwith the
same stellar flux sources for a mid-latitude summer
atmosphere at elevation of 1.3 km, the elevation of the
RAO. Note the strong Forbes effect, the curvature of the
extinction curve upward between 1 and 0 airmass for the J
passband due to molecular absorption high up in the
atmosphere. Actual extinction curves for Vega with cyJ
and ciz passbands, on a particular night are shown in the
lower right. In these passbands the extinction coefficients
are low and the extrapolations to zero airmass give
sufficiently close approximate to the outside the atmosphere
magnitudes that differential photometry with well-chosen
comparison stars, promises accurate and precise results.

A drawback in carrying out long-wavelength
photometry has been that specialized telescopes and
equipment have been needed. In the thermal IR, beyond
~3um, liquid nitrogen or liquid helium cryogens are
needed to reduce noise, and for single pixel detectors the
sky background must be measured alongside the target
stars, by rapidly chopping (oscillating) the telescope’s
secondary mirror, nodding the telescope to sample the
opposite sky area, and using a lock-in amplifier and
integrator to remove the sky signal and measure the flux
Consequently, IR work has usually been carried out only
at observing sites at high elevations to minimize water
vapor absorption and justify the expense of the operation.
The latter constraint has been eased. The former constraint
now also has a remedy.

Figure 9 shows the simulated spectral transmission of a
mid-latitude, summer atmosphere at a site elevation of 300
m. Superimposed on this are the profiles for near-IR

IRWG passbands, iZ, iJ, iH, and iK. Note that they are not
defined by the opaque edges of the windows, whereas
wider passbands would be. It can be appreciated therefore
that under such conditions the IRWG set cannot be called
“narrow-band” in any real sense, and once signal to noise
ratios, efficiency, and quality of the photometry is
considered, they can be called “improved.”

Recent work by Mishra & Kamath (2022) has confirmed
this work and demonstrated the feasibility of using the three
shortest IRWG passbhands at observatories at both high and
low elevations to obtain infrared light curves of improved
precision and accuracy. Planning is underway at one site to
realize that, in order to study population Il pulsating stars
among other targets (Mishra et al, 2024). Indeed in
pulsating stars the IR is more sensitive to radius variation.
Mishra & Kamath (2022) note the suitability and
commercial availability of InGaAs single-pixel and array
detectors and of additional filters that approximate the
specifications for the iZ, iJ, and iH profiles. They provide a
table of integration times to achieve S/N = 100 per
observation of stars with J/H magnitudes between 7.5and
12.5 with four different detectors on a 1-m telescope, with
dark currentand read noise specified for the array detectors
and NEP for the single-pixel devices.

The Mishra and Klamath work involves the non-thermal
IR, but the full suite of IRWG passband recommendation
extends much further into the IR. Just as the RAO, located
at 1.3 km elevation above sea level, found it worthwhile to
invest in thermal IR instrumentation in the 1980s into the
early part of the current century, other observatories may
find it equally worthwhile to do so. Figure 10 demonstrates
the case for observing in the N (10 um) window by
comparing the obscuration and simulated extinction curves
for old (N) and newer (coN) versions of Johnson’s
passbands in this window, and two IRWG passbands
optimized for the main part and a smaller part of the N
window, iN and in, designated here by yN and yn,
temporary designations in Young et al. (1994). The lower
four plots are simulated extinction curves forthe N and yN
passbands. Plots on the left, are computed for a tropical
atmosphere and a site of 4.2 km; plots on the right, are
computed for a mid-latitude, summer atmosphere at ~1 km
altitude. Note the decreased Forbes effect with the yN
passband even for both elevations.

Future IR discoveries made with the James Webb (JWST)
and Nancy Roman Space Telescopes likely will require
follow-up data from ground-based observatories. Experience
teaches that observing proposals seeking to monitor
individual variable stars are rarely allocated observing time at
premier observatories. Observatories at lower elevation sites
able to invest in IR infrastructure and instrumentation can
provide the opportunities tofill that need.
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Z and J atmospheric windows, J,iJ & iZ Passbhand profiles and extinction curwes
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Figure 8: The top plot shows the spectral transmission between 0.9 and 1.5 umofa standard atmosphere computed with
the MODTRAN program (Berk et al., 1989). It is plotted in wavenumber units of frequency. A value divided into 10,000
gives the wavelength in pm. The Z (~1pm) window is thus to the right and the J (~1.25um) window to the left. Also
plotted are the iz = iZ, iJ and Custom Scientific filter profiles ciz, ciJ,and an older Johnson J passband previously used at
the RAQ, rJ, designated by first letter in the plots. Three of the lower plots, showsimulated Bouguerextinction curves for
J, iJ and iZ, all with the same stellar flux sources for a mid-latitude summer atmosphere at elevation of 1.3 km, the
elevation of the RAO. Note the strong Forbes effect, the curvature of the extinction curve upward between 1 and 0
airmass, for J. Actual extinction curves for Vega with the Custom Scientific filters approximating iZ and iJ on top and iH
and iK (prefixed with “c’) onthe bottom, on Sept. 26, 2000 at the RAO, are shown in the bottomright set of four plots.
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Near-infrared Atmospheric Windows and IRWG Passband Profiles
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Figure 9: The simulated spectral transmission of a mid-latitude, summer atmosphere at a site elevation of 300 m,
computed with MODTRAN software. Superimposed on this are the profiles for the near-infrared IRWG passbands iZ,

iJ, iH, and iK. Note that the passbands fit comfortably into the atmospheric windows but are not defined by their
opaque edges even at this low elevation site.
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Figure 10: The top plot shows the spectral transmission computed with MODTRAN for a standard atmosphere and a
site at 1 km elevation above sea level for the N window spectral region. Superimposed on it are the profiles of two
IRWG passbands, here designated yN and yn (temporary designations for the profiles presented in Young et al. (1994),
and now referred to as iN and in, respectively. The original Johnson N passband, and a newer, somewhat improved one,
designated coN. The lower four plots are simulated extinction curves for the N (top two), and the yN (bottom two)
passbands. Plots on the left are computed for a tropical atmosphere and a site of 4.2 km; those on the right are computed
for a mid-latitude, summer atmosphere at ~1 km altitude. Note the decreased Forbes effect with the yN passband for
both elevations, allowing thermal infrared photometry to be carried at many photometric sites.

5. Conclusion progress in the field over the past century and with case
studies highlighted the effects of improvements in data

We have followed parallel themes of the origins and acquisition and quality as well as methods of analysis.
development of the observation, modeling, and analysis of Hopefully the exposition has shown that to study eclipsing
eclipsing variable star studies, and of the analytical tools  binary stars is to undergo a journey of adventure and
and techniques to study them. We have explored the discovery. With space-scanning missions, we now havean
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enormous collection of data, most of which will need to be
followed up at ground-based observatories. For that work,
we have the observing tools to produce the precise light &
radial velocity curves and other observables needed for
the analyses. With present modeling programs that
incorporate physically realistic stellar and system models,
the determination of ever more precise and accurate
fundamental parameters of the component stars and the
direction of their evolution seems secure. Henry Norris
Russell’s royal road even after more than a century of
progress wide-open and inviting.
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Appendix: Objectives of Two IAU Commissions:

This work has undertaken a broad view of the subject
through the perspective ofatechniques astronomer, but the
spirit of the undertaking is also in accord with that of at
least two IAU Commissions. The scientific objectives and
interests of Commission Gl — Binary and Multiple Stars
(https://iauarchive.eso.org/science/scientific_bodies/commi
ssions/Gl/) are:

o “the full range of observationaltools thatreveal
binary and multiple systems (astrometry, photometry,
spectroscopy, polarimetry, structure of cluster HR
diagrams, products of space missions including
Kepler, Gaia and LSST), and the interface of these
with concerns of other Divisions and Commissions;

o kinematics, and ultimately dynamics, of binary and
multiple systems;

o improved codes for binary and multiple systems, stellar
atmospheres, structure and evolution, yielding surface
compositions, tracks in the HR diagram, temporal
changes in systemmasses and separations, etc;

e improvements of existing binary and multiple star
system databases, regular production of publications
(online and perhaps in print on paper), sharing
databases, new codes, exciting discoveries, and

opportunities for interaction with other parts of the
astronomical community; and

e accurate knowledge of the history of the subject and
its continuing impact on astronomy in general.”

The statement of the scientific objectives of IAU
Commission B6, Astronomical Photometry and Polarimetry
(https://iauarchive.eso.org/science/scientific_bodies/commi
ssions/B6/) is:

“Commission B6 is concemed with photometric and

polarimetric techniques and their standardization for

the UV through far-IR/sub-mm spectral regions. These
are essential tools in the exploration and investigation
of astronomical objects and quantities.

Solutions to a wide range of scientific problems

require calibrated photometry and polarimetry at better

than the 1% level. Standardization is inescapable for
exchanging data or merging data from different
sources.”
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ABSTRACT. The distribution patterns of chemical
elements in the Galactic disc remain insufficiently
described. In particular, despite considerable attention to
the enrichment of disc stars with neutron-capture
elements, several questions remain unresolved and
warrant further investigation.

In this study, we examine the enrichment of disc stars
with first- and second-peak slow neutron-capture (s-
process) elements using a sample of 150 Galactic disc
giants. Their spectra were obtained with the 1.93-m
telescope at the Observatoire de Haute-Provence (France),
using the ELODIE echelle spectrograph.

Elemental abundances of the first-peak (Sr, Y, Zr) and
second-peak (Ba, La, Ce) s-process eclements were
determined using synthetic spectrum fitting under the
assumption of Local Thermodynamic Equilibrium (LTE).
The results were compared with predictions from Galactic
Chemical Evolution (GCE) models.

Our findings confirm that the enrichment in both first-
and second-peak s-process elements is driven by
contributions from both the s-process and r-process, with
a possible additional input from other nucleosynthesis
sources.

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

AHOTALIS. Mopeni ximiunoi eBosrorii I"'alakTHKH, 1110
BPaXOBYIOTh BHECOK KUIBKOX TTOKOJIHB 3ip Ta pi3HUX MO
HYKJICOCHHTE3y,  3a3BH4Yail  BHKOPUCTOBYIOTbCS  JUIS
BU3HA4YEHHs 30araueHHs Ta IOXO/DKEHHS  XIMIUYHHX
enemeHTiB y ['anmaktmunomy mucky. OmHak MU Bce e
Ma€eMO HEJOCTaTHE BiTBOPEHHS CIOCTEPEKYBAHMX MPOSBIB
30aradeHHs Ta PO3MOALTY €JIEMEHTIB y AWCKY. 30Kpema,
HE3Ba)XKAI0YM HA 3HAYHY yBary N0 IIHTaHb, IOB SI3aHUX 31
30aradeHHsAM 3ip JWCKAa ENIeMEHTaMH, YTBOPCHUMH B
mporiecax 3axOIUICHHS HEWTPOHAMH, TMTAHHS Bce I
3aMINAIOTHCS, 1 e ToTpeOye MOAANBIIOT0 PO3rILLy. Y il
PpO0OOTI MH AOCTIPKYEMO 30aradeHHs 3ip AUCKA eIeMECHTaMU
1-ro Ta 2-ro MiKiB MOBLUILHOTO 3aXOIUICHHSI HEHTPOHIB, TaK
3BaHOTO S-TIPOIIECY, CITUPAIOYNCh HA BUOIpKY 3 150 riraHTiB

lanakt4aHOrO JHcKa. BUKOPHCTOBYBAIKCS CIEKTPH 3ip-
TiralTiB, oOTpWMaHi 3a JomomMoror  1,93-merpoBoro
teneckona O6cepparopii Bepxuwsoro [Ipoancy (Ppanmis) i
emenbHoro  criektporpadga ELODIE, 110  OXOIMTHOOTH
niamaszoH noBxuH XBwib 4400-6800 A 3 posamimeHOIO
3aatHicTIO R = 42 000 Ta CrHiBBIIHOLIGHHSIM CHUTHAJI/ITYM
Bizx 130 mo 230 mpu 5500 A. Bmict enementis nepruoro (Sr,
Y, Zr) Ta nmpyroro (Ba, La, Ce) mikiB s-mporecy Oyio
OTPHUMAHO METOJIOM CHHTETHYHOTO CIEKTPY B MPUITYIICHHI
JlokaneHoi Tepmoaunamiunoi PiroBaru (JITP). Otpumani
JIaHi TIOPIiBHIOIOThCS 3 MOACTSAMH [ alaKTHIHOT XiMidHOT
esommonii (I'XE). Hammi pe3ynbratd MiATBEpIKYIOTH, IO
30aradyeHHs €JIEMEHTIB 1-ro Ta 2-r0 TIKiB S-TIPOIeCy
3YMOBJICHE SIK S-IIPOIECOM, TaK 1 r-mporecoM (IIBUAKAM
3aXOIUICHHSIM  HEHTPOHIB), HE BHKIIOYAIOUH  TAKOXK
JIOJTATKOBOTO BHECKY IHILMX JDKEPEN HyKICOCHHTE3Y.
Karouosi cioBa: 30pi: BMicT — 30pi: aTMocdepa — 30pi:
€BOITIOIIIA 3ip.

1. Introduction

Modern models of the chemical evolution of the Galaxy
at disc metallicities account for contributions from
multiple generations of stars and incorporate various
enrichment sources. However, they still fall short of fully
reproducing observational data, leaving several key
aspects of elemental enrichment insufficiently explained.
It is generally accepted that first-peak slow neutron-
capture (s-process) elements — such as strontium (Sr),
yttrium (Y), and zirconium (Zr) — are primarily produced
in the ejecta of massive asymptotic giant branch (AGB)
stars, whereas second-peak elements — such as barium
(Ba), lanthanum (La), and cerium (Ce) — are mainly contri
buted by low-mass AGB stars. This leads to a relative
enhancement of first-peak elements around [Fe/H] = -2
and of second-peak elements around [Fe/H] =~ —1.5.
Despite significant progress in modeling and
observations, the enrichment of Galactic disc stars with
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Table 1: Comparison of obtained stellar parameters with those reported by other authors for the N stars common to our

sample.

Reference AT (K) Alogg (dex) AV, (km/s) A[Fe/H] (dex) | N
Tautvaisiené et al. 2021 | —32 +86.70 -0.30+£0.29 - —-0.02 £ 0.09 88
Forsberg et al. 2019 —10.56 £57.03 -0.32+£0.08 0.00£0.12 | 0.03£0.05 89

neutron-capture elements (particularly those formed via 12
the s-process) still presents unresolved questions. In this I :lD 2;755' L

study, we address these issues by analyzing the
abundances of first- and second-peak s-process elements
in a sample of 150 disc giant stars.

2. Observations and atmospheric parameters

The spectra were observed with the 1.93-m telescope at
Observatoire de Haute-Provence (France) using the ELODIE
echelle spectrograph covering 4400-6800 A at a resolving
power of R = 42,000, with signal-to-noise ratios of 130 to
230 at 5500 A. The initial data reduction followed Katz et al.
(1998), and further analysis (continuum normalisation,
equivalent width measurement, etc.) was conducted with the
DECH30 software developed by G. Galazutdinov
(http://gazinur.com/DECH-software.html).

To determine the effective temperature Teff, we used
the calibrations of the dependence of line intensities on
Teff obtained in the work of Kovtyukh et al. (2006), with
the mean random error of a single calibration being 65-70
K (45-50 K in most cases and 90-95 K in the least accurate
cases). The use of about 70—100 calibrations per spectrum
reduces the uncertainty to 5-7 K. Spectroscopic
determinations of the gravity log g by two methods were
used: 1) a method of iron ionization equilibrium, where the
average iron abundance determined from Fe I lines and Fe
IT lines must be identical, and 2) a method that relies on the
detailed wing fitting of the Ca I 6162 A line. Turbulent
velocity V; is determined by the independence of the iron
content determined for a given line from its equivalent
width. The metallicity [Fe/H] is adopted as the iron
abundance determined from the Fe I lines. The more
details and comparisons with results of other authors, see
Mishenina et al. (2006).

In this work, we compared the parameter values with
those obtained in recent works by Tautvaishiene et al.
(2021) and Forsberg et al. (2019), as shown in Table 1.
For more details and comparisons with results of other
authors, see Mishenina et al. (2006).

The errors of the log g determination for giants are about
0.2-0.3 dex as indicated in Mishenina et al. (2006). The
comparison of our atmospheric parameters with the results
of Tautvaishiene et al. (2021) and Forsberg et al. (2019)
estimated that the accuracy of our parameter determinations
is as follows: AT =+100 K, surface gravities Alogg =+0.3
dex and microturbulent velocity AV, =+0.1 km/s.
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Figure 1: Spectrum synthesis fitting of the Zr lines to the
observed profiles.

3. Abundance and age determinations

The Sr, Zr, Ba, La, Ce abundances were derived using
the Local Thermodynamical Equilibrium (LTE) approach
applying the models of Castelli & Kurucz (2004) and the
modified STARSP LTE spectral synthesis code (Tsymbal,
1996). The oscillator strengths log gf were adopted from
the last version of the VALD data base (Kupka et al.,
1999). Hyperfine structure and isotopic composition were
considered for Ba and La. Yttrium abundances were taken
from Mishenina et al. (2007). Adopted solar abundances
follow Asplund et al. (2009). Typical abundance
uncertainties from atmospheric parameters are ~0.15 dex
for all elements.

Stellar ages were estimated using the [Y/Mg] vs. age
calibration (see, e.g. Tucci Maia et al. 2016), based on Mg
and Y abundances taken from Mishenina et al. (2006; 2007).

4. Results and discussions

We investigated the abundances of six elements
formed via neutron-capture processes: strontium (Sr),
yttrium (Y), and zirconium (Zr), classified as first-peak s-
process elements, and barium (Ba), lanthanum (La), and
cerium (Ce), associated with the second peak. To
facilitate comparative analysis, we calculated the mean
abundances for each group: ([El/Fe])i« = ([Sr/Fe] +
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[Y/Fe] + [Zt/Fe]) / 3 (first peak) and ([EUFel)snq =
([Ba/Fe] + [La/Fe] + [Ce/Fe]) / 3 (second peak).

We then plotted the average abundance of the first-
peak elements against that of the second-peak elements.

Figure 2 displays a correlation between these two
datasets, with a Pearson correlation coefficient of r =
0.656, indicating a moderate linear relationship,
underlining that AGB star contributions dominate the
sample. But not a direct proportionality suggests that the
two groups of elements may originate from distinct
nucleosynthetic processes.

This result may support the prevailing hypothesis that
first-peak elements are predominantly synthesized in

moderately massive AGB stars (4~7 Me), while second-
peak elements are mainly produced in low-mass AGB stars
(1-3 Mop), indicating different sources of enrichment.

However, the absence of a strict linear proportionality
implies the possible involvement of other production
mechanisms associated with massive stars, e.g. such as core-
collapse supernovae (CCSNe), the weak s—process (Pignatari
et al, 2010), or such as the vp-process contributions by
Frohlich et al. (2006) as well as the neutrino wind
contributions by Arcones & Thilemann (2013) etc.

Figure 3 presents the difference between the average
abundances of the second- and first-peak eclements,
normalized to the first-peak mean. The plot reveals a
weak correlation and a broad scatter of data points. If
AGB stars dominate, their difference between second
peak and first peak contributions should be close to
constant, independent of the abscissa coordinate. This is
what was found in Fig.3, combined with a large scatter.

In contrast, Figure 4, which shows the difference
between the first- and second-peak average abundances
relative to the second-peak mean, exhibits a clearer
correlation with a Pearson coefficient of r = 0.85. This
can be interpreted as the contribution of massive stars
minus AGB stars vs. the contribution of AGB stars. If
AGB stars dominate, then as their contribution increases,
this difference should obviously decrease, leading to a
moderately strong negative linear relationship between
both quantities, as we can be seen in Fig. 4 (with a
Pearson correlation coefficient of -0.85).
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Figure 2: Dependences of the average abundance of the
1-st s-process peak relative to the 2-nd-peak average.

0.4 ———r——Tr—T—"—T—"—T"T—T7
b ‘ -
| ]
0.2 = -
J
A 00 |- -
@
&
u:_|. L -
v
0.2 = -
i Slope 0.23928 +- 0.15749 7
_0.4 '} l 'l ' 'l | 'l ' Il l I} l 'l ' 'l
04 -03 -0.2 -01 0.0 0.1 0.2 0.3 0.4

<[El/Fe]> (1-peak)

Figure 3: Difference between the average abundances of
the 2-nd and 1-st s-process peaks relative to the 1-st-peak
average.
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Figure 4: Difference between the average abundances of
the 1-rst and the 2-nd peaks relative to the 2-nd peak
average.

Both figures (3 and 4) further support the view that
these two groups of elements originate from different
stellar sources, and suggest a non-negligible role of
additional enrichment processes.

Figure 5 illustrates the relationship between the
average abundances of first- and second-peak elements
and stellar age. Although no strong trends are apparent,
the second-peak elements show a notably larger scatter.
This may reflect differences in production sources or
inherent uncertainties in abundance determinations.
However, the uncertainties are comparable across all
studied elements, which implies that the observed scatter
is likely of astrophysical origin. If the larger scatter in
second peak elements is not due to uncertainties in
abundance determinations, it might reflect the metallicity
dependence of a secondary s-process behaviour in AGB
stars combined with the fact that lower metallicities lead
to a larger neutron/Fe seed ratio and consequently to an
abundance pattern shifted towards heavy elements.

For stars with near-solar metallicity, direct comparison
with individual nucleosynthesis models becomes

83



84

Odesa Astronomical Publications, vol. 38 (2025)

R ) B B L B B BN B B B R

0.4 = 1-peak cyan =

L L 2-peak violet J

02 = . o -

N L o

o 00 |- i 8 o6 -
= o0 .

w, 3 e ..o. o, )

Vo2l * -

b L L] [ r

0.4 = -

_0.6 I '} I '] I 'l I '] . Il I '] l Il I '] I 'l I ']

-2 0 2 4 6 8 10 12 14 16
Age (Gyr)

Figure 5: Dependence of the average abundances of the
first- and second-peak s-process elements on stellar age.

challenging due to cumulative enrichment from multiple
stellar generations. In such cases, Galactic Chemical
Evolution (GCE) models are used to trace enrichment
sources. These models incorporate parameters such as the
initial mass function (IMF), stellar yields from different
mass ranges, star formation rates, and timescales of
chemical enrichment.

Our preliminary analysis suggests that GCE models must
account for the relative contributions of low- and
intermediate-mass AGB stars, as well as potential input from
other nucleosynthetic sources, to adequately reproduce the
observed abundance patterns of s-process elements.

To interpret our results, we compared the observed
abundances with GCE model predictions developed by
Kobayashi et al. (2020). These models incorporate
multiple nucleosynthesis sources: The s-process from
AGB stars based on yields from Karakas & Lugaro
(2016) for metallicities Z = 0.007, 0.014, and 0.03).
Additional contribution besides iron: ECSNe (high-mass
super-AGB stars that explode as -electron-capture
supernovae) using yields from Wanajo et al. (2013).

The r-process (rapid neutron capture) from various
sources: v-driven winds (Arcones et al. 2007; Wanajo
2013, and their calculations of SN II), NS-NS/NS-BH
(neutron stars, black hole) mergers (the nucleosynthesis
yields from the 3D-GR calculation of a NS-NS merger
(1.3Mp+1.3Mg) from Wanajo et al. (2013) both for NS-
NS and NS-BH mergers, and MRSNe — supernovae with
strong magnetic field (e.g. Nishimura et al., 2015).

Figures 6—8 show the comparison between observed and
model-predicted abundances of the first-peak elements Sr,
Y, and Zr. The dashed lines represent models with the s-
process from AGB stars only, while the solid lines include
additional contributions from ECSNe, NS-NS/NS-BH
mergers, and MRSNe. As noted by the model authors:
“The first peak elements, Sr, Y, and Zr, are sufficiently
produced by ECSNe together with AGB stars.” We would
note, however, that at these metallicities we expect rather
the weak s-process is produced by massive supernovae
CCSNe (Pignatari et al. 2010) than by ECSNe.

1.2

0.8 =

[Sr/Fe]

-1.2

12 10 -08 -06 -04 -02 00 02 04

1.2

0.8

0.4

0.0

S-process

[
o
--]

LI LI B

[YIFe]
..oo
o ¢
o e
-
.
2 b b 1 1 . 0 . 1.1

1.2

0.8

0.4

[ZriFe]

04 =7 \

12 410 -08 -06 -04 -0.2 00 0.2
Fe/H]

Figures 6, 7, 8: [St/Fe], [Y/Fe], [Zt/Fe] vs. [Fe/H] and
model tracks from Kobayashi et al. (2020).
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Figures 9—11 show model comparisons for the second-
peak elements Ba, La, and Ce. For Ba, the s-process from
AGB stars alone matches the observed data well. For La
and Ce, however, the model predictions slightly
overestimate the observed abundances. This discrepancy
may indicate that the adopted yields require refinement—
either in the stellar source parameters or in the modeling
of neutron-producing reactions.

These comparisons reinforce our earlier observational
findings, particularly the differences in behavior between
first- and second-peak elements, and support the
conclusion that multiple nucleosynthesis processes—
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beyond the classical s-process—contribute to the chemical
enrichment of the Galactic disc.
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Figures 9, 10, 11: [Ba/Fe], [La/Fe], [Ce/Fe] vs. [Fe/H] and
model tracks from Kobayashi et al. (2020).

5. Conclusions

1. We studied abundances of Sr, Y, Zr, Ba, La, and Ce
for a sample of 150 giant stars in the Galactic disc.

2. A moderate linear correlation (Pearson’s coefficient r
= 0.656) was found between the average abundances
of first- and second-peak s-process elements.
However, the lack of direct proportionality indicates
contributions from distinct nucleosynthesis processes,
and possibly additional production channels.

3. Comparisons with Galactic Chemical Evolution
(GCE) models support our observational results.
While the models can explain some trends
(especially for Ba), they also highlight the need to
refine yield predictions and better understand the
contributions of different nucleosynthetic sources.

4. Our findings underscore the complexity of neutron-
capture element production in the Galactic disc and
emphasize the need for further theoretical modeling
and high-precision observational data to better
constrain the origins of both first- and second-peak
s-process elements.

Acknowledgements. We express our deepest gratitude
to the referee for their careful reading of the manuscript
and a number of valuable comments that significantly
improved the work. We kindly acknowledge the support
of the project “Stellar Nucleosynthesis in Advanced
Burning Phases and Explosive Scenarios, 2024-2027” of
the Institute of the Structure of Matter (Instituto de
Estructura de la Materia), Madrid, Spain.

References

Arcones A., Janka H.-Th., Scheck L.: 2007, A&A4, 467, 1227.

Arcones A., Thielemann F.-K.:2013, JPhysG, 40, id. 013201

Asplund M., Grevesse N., Sauval A. J., Scott P.: 2009,
ARA&A, 47, 481.

Castelli F., Kurucz R.: 2004, ArXiv Astrophysics e-prints
astro-ph/0405087

Galazutdinov G.
software.html

Forsberg R., Jonsson R., Ryde N., Matteucci F.: 2019,
A&A, 631, 113.

Frohlich C., Martinez-Pinedo, G, . Liebendorfer, M. et
al.: 2006, PRL, 96, id. 142502

Karakas A. 1., Lugaro M.: 2016, ApJ, 825, 26.

Katz D., Soubiran, C., Cayrel R. et al.: 1998, A&4, 338, 151.

Kobayashi C., Karakas A I, Lugaro M.: 2020, 4ApJ, 900, 179.

Kovtyukh V., Soubiran C., Bienaymé O. et al.: 2006,
MNRAS, 371, 879.

Kupka F., Piskunov N., Ryabchikova T. et al.:
A&AS, 138, 119.

Mishenina T., Bienaymé O., Gorbaneva T. et al.: 2006,
A&A, 456, 1109.

Mishenina T., Gorbaneva T., Bienaymé O. et al.: 2007,
ARep, 51, 382.

Nishimura N., Takiwakai T., Thielemann F.-K.: 2015,
ApJ, 810, 109.

Pignatari M., Galino R., Heil M. et al.: 2010, ApJ, 710, 1557.

Tautvaisiené G., Viscasillas Vazquez C.,  Mikolaitis S.
etal.: 2021, A&A, 649, A126.

Tsymbal V.: 1996, ASPC, 108, 198.

Tucci Maia M., Ramirez 1., Meléndez J. et al.: 2016,
A&A, 590, A32.

Wanajo S.: 2013, 4pJ, 770, L22.

Wanajo S., Janka H.-T., Miiller B.: 2013, ApJ, 767, L26.

http://www.gazinur.com/DECH-

1999,

85


https://ui.adsabs.harvard.edu/search/q=author:%22Martínez-Pinedo,+G.%22&sort=date%20desc,%20bibcode%20desc
https://ui.adsabs.harvard.edu/search/q=author:%22Liebendörfer,+M.%22&sort=date%20desc,%20bibcode%20desc

86

Odesa Astronomical Publications, vol. 38 (2025)

https://doi.org/10.18524/1810-4215.2025.38.343164

SPECTROSCOPIC STUDY OF THE
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ABSTRACT. We present a new spectroscopic study
of HR 4049, a post-AGB star in a binary system,
based on échelle spectra obtained between 2019/03/19
and 2025/04/08 with the 0.81 m telescope of the
Three College Observatory (North Carolina, USA)
at a resolution of R =~ 12,000. A cross-correlation
analysis of 83 spectra in the 4760-4780 A range
yielded the following orbital parameters: period
P = 428.47 £+ 0.01 days, eccentricity e = 0.29 4 0.01,
argument of periastron w = 242.3° + 0.3°, epoch of
periastron Ty = 2,458,383.2 £ 0.6, systemic radial ve-
locity v = —30.12 £ 0.09 kms~!, and semi-amplitude
K, = 1552 +£ 0.13 kms~!. Using the Gaia DR3
parallax (d = 13977178 pc) and the average maximum
brightness (m, = 5.35 mag), the luminosity was esti-
mated as log(L/Lg) = 4.22 4+ 0.12, consistent with an
initial mass of 3-4 M. The mass function combined
with likely orbital inclinations implies current masses
of ~ 0.75 Mg, for the primary and 0.70-0.82 My for
the secondary. These results confirm the long-term or-
bital stability of HR 4049 and provide new constraints
on the properties of post-AGB binaries.

Keywords: spectroscopy; binary stars; emission-line
stars; post-AGB stars; circumstellar matter.

AHOTAIIIA. Mu [IPE/ICTABJISIEMO HOBE
cuekTpockoniune gociaikenas HR 4049, 3opi mi-
cigs AGB y mousiitaiit cucremi, Ha ocHoBi échelle-
crekTpiB, orpumanux y 2019/03/19 — 2025/04,/08 pp.
3a  JIONIOMOror  Tejieckorra  Jiamerpom  0.81 ™M
O6cepsaropii Tpoox Konemxis (IliBuiuna Kapousina,
CIIIA) 3 posainbhoio 3xarnicrio R ~ 12 000. Kpoc-
KOpeJsstifiumit anami3z 83 crekTpiB y miamazoni 4760—
4780 A 103BOIMB BU3HAUNTH OPOITAIBHI IAPAMETDH:
mepiox P = 428,47 4+ 0,01 no6u, eKCIIeHTPpUCUTET € =
0,29 + 0,01, apryMeHT

nepiactpa w = 242.3° 4+ 0.3°, emoxa mnepiacTpa
To = 2,/458,383.2 £ 0.6, cmcreMHa INBUJIKICTD
v = =30.12 £ 0.09 kmc™! Ta maniBammiTyIA
K, = 1552 £ 0.13 xmc L. Bukopucrosytoun
napamakc Gaia DR3 (d = 13971175) ta cepemmio
MAKCUMAJIbHY 30psHy Beaumuuny (m, = 5,35 mag),
ceitHicTe orjneno sk log(L/Lg) = 4,22 £ 0,12,
mo BigmnoBifae nouarkosiit maci 3—4 Mg. Macosa
bYHKITiS y TOETHAHHI 3 BIPOTiTHIMU HaXUIaMu OpOITH
BKa3ye Ha cy4acHi macu ~ 0.75 Mg nns nepBUHHOI
komnonentu Ta 0,70-0,82 Mg nna  BTOPHHHOIL.
Orpumani pe3yabTaTh MiITBEPIKYIOTH JTOBIOTPUBAJLY
opbitagpuy crabinpaicts HR 4049 Ta BcTaHOBIIOIOTH
HOB1 oOMezkeHHd Ha BaacTusocTi nocr-AGB nmoasiiinmx
CHUCTEM.

Kitr04oBi ciioBa: criekTpockoriisi; moaBiitHi 30pi; 30pi
3 eMiciftaumu irisivu; 30pi micast AGB ; HaBkoJi030psi-
Ha PEYOBUHA.

1. Introduction

Post-AGB stars are an intermediate evolutionary
stage of low— and intermediate-mass stars (~ 0.8
8 Mg) after the Asymptotic Giant Branch (AGB)
phase and before becoming Planetary Nebulae (PN).
At this stage, the star has lost most of its outer enve-
lope due to strong stellar winds, leaving behind a hot
core surrounded by an expanding circumstellar shell of
gas and dust.

This phase is very short in astrophysical terms (103~
10° years) which makes post-AGB stars rare. Their
luminosities are typically around 103-10* L), with ef-
fective temperatures (Teg) ranging from about 3000 K
to over 100,000 K as they evolve towards higher tem-
peratures (Miller Bertolami 2016).
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One of the most remarkable post-AGB objects is
HR 4049 (HD 89353, AG Ant), a spectroscopic binary
in Antlia. Its high Teg &~ 7500 K (Bakker et al. 1998),
complicates abundance work because metal lines are
weak. HR 4049 shows an extreme iron underabun-
dance, [Fe/H|]= —4.8dex (Van Winckel et al. 1995),
together with a strong infrared excess and a UV deficit
attributable to dust from past mass loss (Andrews,
Lépine 2013). Selective depletion is common among
post-AGB binaries with circumbinary disks; HR 4049
is among the most extreme cases. As a result, its opti-
cal spectrum contains very few measurable metal lines.

Spectroscopic monitoring revealed radial velocity
(RV) variations with a 429-430 day period (Bakker et
al. 1998), confirming its binarity with a faint compan-
ion (Andrews, Lépine 2013). The companion is likely
an M-type main-sequence star with Teg ~ 3500 K,
R ~ 0.6R¢ and the compact orbit has asini ~ 0.6 AU
(Bakker et al. 1998).

The system also hosts a stable circumbinary disk
with a bright ring (Andrych et al. 2023). The double-
peaked Ha profile follows the orbital phase, suggesting
accretion activity (Gorlova et al. 2012), while star—disk
interactions may cause severe photospheric depletion of
volatile elements (Oomen et al. 2019).

The aim of this study was to refine the orbital
parameters of HR 4049 using new RV data and test
for possible long-term changes. We recalculated P,
v, w, e, K, and Tp, thereby improving constraints on
the orbital architecture and fundamental properties of
this post-AGB binary.

2. Observations, Data Reduction and Analy-
sis

We obtained 83 spectra of HR 4049 between
2019/03/19 and 2025/04,/08 with the 0.81 m telescope
at the Three College Observatory (North Carolina,
USA), equipped with an échelle spectrograph manufac-
tured by Shelyak Instruments ! and an ATIK-460EX
detector. The setup provides R ~ 12,000 over 3800-
7900 A, with S/N ratios in the continuum up to ~300
for typical combined exposure times of ~1 hour in the
4500-5500 A range. Wavelength calibration using 800-
1000 ThAr lines yields an RV precision of ~300 ms™*.
Spectra were reduced with standard IRAF échelle rou-
tines (bias subtraction, flat-fielding, optimal extrac-
tion, and continuum normalization).

To achieve the main objectives of this study, we ap-
plied several complementary methods. To measure RV
values, we applied the cross-correlation method imple-
mented in the IRAF/RVSAO 2.0 package, using one
high-S/N spectrum as a template and focusing on the
C I multiplet in the 4760-4780 A region.

Thttps://shelyak.com

Periodogram analysis of the RV data was then per-
formed with the Lomb—Scargle (LS) algorithm (Scar-
gle 1982), which is well suited for unevenly sampled
observations and allowed us to identify the dominant
periodicity of the system.

Subsequently, we modeled the RV curve with our
Python pipeline (NumPy, Pandas, Matplotlib, SciPy)
and performed Bayesian inference using the affine-
invariant ensemble sampler emcee (Foreman-Mackey
et al. 2013). The RV4+MCMC code is documented in
Vaidman et al. (2025) and has already been applied
in Nurmakhametova et al. (2025) and in Vaidman et
al. (2025); we follow the same workflow here to obtain
the most probable orbital elements—period, systemic
velocity, semi-amplitude, eccentricity, and argument
of periastron—with robust uncertainties.

3. Results

In the 4760-4780 A region, the spectra of HR 4049
clearly show the neutral-carbon multiplet (top panel of
Fig. 1). HR 4049 is strongly depleted in refractory ele-
ments, so its optical spectrum contains comparatively
few clean metal lines; many wavelength ranges are ei-
ther line—poor or affected by blends and circumstellar
features. The chosen window, however, contains sev-
eral relatively strong, well-isolated CT lines with sta-
ble, symmetric profiles and minimal telluric contamina-
tion. The phase-resolved cross—correlation map (bot-
tom panel of Fig. 1) demonstrates coherent Doppler
shifts of these lines with orbital phase, confirming that
this set is well suited to precise RV measurements and
a subsequent orbital analysis.

. 1.0
0.9

4761 4764 4767 4770 4773 4776 4779
Wavelength (A)

I/

Spectrum of HR 4049 in the
Bottom panel: Phase-resolved

Figure 1: Top panel:
4760-4780A region.
cross-correlation map.

Table 1 compares the orbital parameters of HR 4049
obtained in this work with previous studies. Our anal-
ysis confirms the overall consistency of the system’s
orbital characteristics with earlier results, while pro-
viding an improved precision. Small differences in sys-
temic velocity are most likely related to the choice of
template spectrum and reference frame. The refined
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parameters strengthen the evidence for the long-term
stability of the binary system.

Table 1: Comparison of orbital parameters.

Bakker et Oomen et This work
al. (1998) al. (2019)
P 430.7 £ 0.3 430.6 £ 0.1 428.47+0.01
Ty 46746.6£2.4 47176.6+3.8 58383.2+0.6
e 0.30 £0.01 0.30 £0.01 0.29 +£0.01
w 237.2+2.3 236.5 £ 3.5 242.3 £0.3
v —-32.1+£0.1 —-31.9+£0.2 —-30.1+0.1*
K; 1596+£0.19 16.6 £0.2 15.52 £ 0.13
f(m) 0.16 £ 0.01 0.18+£0.01 0.15+0.01
N 60 86 83
Notes. (1) Orbital period (days); (2) periastron epoch for the

elliptical orbit and time of superior conjunction (at v RV) for
the circular orbit (HJD -2,400,000); (3) eccentricity; (4) argu-
ment of periastron (degrees); (5) systemic RV (km s~1); (6)
semi-amplitude of the RV variations of the visible component
(kms~1); (7) mass function (Mg); (8) number of spectra used
in the orbit calculation.

* The value is obtained from the RV template, with the sys-
temic velocity determined relative to the template spectrum and

reported in the heliocentric frame.

To determine the orbital period from our irregularly
sampled velocities, we computed LS periodogram as a
first-order approach. For improved accuracy, we also
included archival spectra from Bakker et al. (1998),
which complement our recent observations and help to
extend the temporal baseline of RV measurements. As
shown in Fig. 2, the resulting LS spectrum displays a
dominant peak at P = 428.47 d. We therefore adopt
this period as the starting point for the orbital analy-
sis. With P fixed at this value, we then fit a Keplerian
model with free parameters K, e, w, Ty, and the sys-
temic velocity 7, ensuring a consistent solution across
all available datasets.
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Figure 2: Lomb-Scargle periodogram. The red dot

marks the global maximum at P = 428.47 +0.01d.

Fig. 3 compares this model to the RV time series.
The fit reproduces both the amplitudes and the ev-

ident asymmetry of the RV curve, indicating a non-
zero eccentricity. In this workflow, the LS periodogram
serves to identify the fundamental timescale under un-
even sampling, while the subsequent Keplerian fit ac-
counts for the non-sinusoidal shape of eccentric orbits
and yields physically interpretable parameters.

1 1 1
14,500 15,000 15,500

JD - 2,450,000

1
14,000

Figure 3: Radial velocities as a function of time, plot-
ted as JD —2,450,000 (black points with 1o error bars),
together with the best-fitting Keplerian model (red
curve).

To illustrate the coherence of the solution, Fig. 4
shows the phase-folded velocities at the same period
together with the best-fitting Keplerian model. The
residuals, normalized by their formal uncertainties,
scatter symmetrically about zero with no visible struc-
ture, supporting the adequacy of the single-orbit de-
scription and the robustness of the adopted period.

v 20

e —30 4
~ 25 I

: Lo TR R R
e 2—51 00 ‘I—O 79 —O 50 -0.25 000 0. 25 0. 0.75 1.—00
Orbital phase

Figure 4: Radial velocity variations of HR 4049 as a
function of orbital phase. Top panel: Black points
show the observed heliocentric RVs; the red curve
represents the best-fitting Keplerian model. Bottom
panel: Normalised residuals (O — C)/o; the orange
dashed line marks zero. The plot shows all N = 83
measurements; the eccentric Keplerian fit yields a re-
duced x?2 = 1.69.

We estimated the luminosity of HR 4049 at its maxi-
mum optical brightness using the observed visual mag-
nitude my = 5.35 mag (Waelkens et al. 1991; Rufener
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& Bartholdi 1982; Lake 1965). For the distance, we
adopted the Gaia DR3 value d = 13977178 pc as de-
termined by Bailer-Jones et al. (2021, Vizier cata-
logue 1/352), providing a reliable geometric basis for
our estimates. To convert the apparent magnitude to
bolometric luminosity, we applied a bolometric correc-
tion of BCy = 0.02, appropriate for an effective tem-
perature of Teg = 7500 K according to the calibration
of Pecaut & Mamajek (2013).

Assuming a modest interstellar reddening of
E(B-V) < 0.07, we obtained log(L/Ls) = 4.13,
whereas adopting a slightly higher color excess of
E(B-V) =0.20 yields log(L/Lg) = 4.30 (Green et al.
2019). These values define the plausible luminosity
range, and for the subsequent discussion we adopt the
mean estimate log(L/Lg) = 4.22 £ 0.12, which agrees,
within the quoted uncertainties, with previous deter-
minations reported by Oudmaijer et al. (2022).

When placed on the Hertzsprung—Russell (HR) dia-
gram (Fig. 5), HR 4049 occupies a position along the
post—AGB evolutionary tracks corresponding to pro-
genitors of approximately 3-4 Mg. This location is
consistent with the phase of nearly constant luminos-
ity and gradually increasing effective temperature that
characterizes the final stages of post—~AGB evolution,
supporting the classification of HR 4049 as a well-
advanced post—AGB object.

4.5 : 4.00 Mo 1
404
HRi*g"’ 0.8
S 4.0 2.00 Mo] 2
=3 150 Mo 0.7
o 25 Mg 5
° 3.5 100 Mg s
0.6
30— ‘ ‘ ‘ Z=0.02
. 5.5 5.0 4.5 4.0 3.5
log Tefr [K]

Figure 5: HR diagram of post-AGB tracks for initial
masses 1-4 Mg at Z = 0.02 (Miller Bertolami 2016).
The color bar shows the present stellar (core) mass.
The black symbol marks HR 4049.

The mass function derived from our orbital solution
(Table 1) provides a valuable quantitative constraint
on the possible masses of both stellar components and
thus serves as an important diagnostic of the system’s
nature. For representative orbital inclinations in the
range ¢ = 60°-75° (Dominik et al. 2003; Oomen et al.
2018), the resulting mass of the primary component is
estimated as M; ~ 0.75 M, a value that agrees very
well with theoretical expectations for evolved post—
AGB remnants. In particular, according to the post—
AGB evolutionary calculations of Blocker (1995), stars

with initial main-sequence masses between 3 —5 Mg
are expected to leave the AGB phase with core masses
in the range 0.605—0.889 M. The mass we infer for
the primary thus falls comfortably within this theo-
retical interval, further strengthening the internal con-
sistency and physical plausibility of our orbital solu-
tion. The inferred My ~ 0.70-0.82 M, is difficult to
reconcile with a late-M dwarf; this range is more con-
sistent with either an early-K main-sequence star or a
compact white dwarf. The corresponding mass of the
unseen secondary component therefore remains com-
patible with both possibilities. It should be empha-
sized that this range is still strongly dependent on the
adopted inclination, and the steep sensitivity of Ms to
i clearly illustrates how delicate and model-dependent
mass determinations can be for single-lined spectro-
scopic binaries with unresolved companions (Fig. 6).

Figure 6: Mass of the secondary component M, as a
function of the orbital inclination 7. The solid blue
line shows the best-fit solution for the mass function
f(M) = 0.15, with the shaded region representing the
uncertainty (+0.01). The dashed horizontal line marks
the assumed primary mass M; = 0.75 4+ 0.05 Mg. Red
dashed vertical lines highlight the solutions at i = 60°
and i = 75°.

4. Conclusions

We carried out a spectroscopic analysis of the post-
AGB binary HR 4049 using 83 échelle spectra obtained
between 2019 and 2025. The RV measurements of
the C I multiplet lines allowed us to refine the orbital
parameters, which are consistent with previous deter-
minations but now have improved precision. Placing
HR 4049 on the HR diagram confirms that it follows
post-AGB evolutionary tracks for progenitors of 3-4
M®, while the derived mass function constrains the
present-day component masses to ~0.75 M® for the
primary and 0.70-0.82 Mg for the secondary. These
results confirm the system’s long-term orbital stability
and provide important constraints for understanding
post-AGB binaries with circumbinary disks.

Despite this progress, several open problems remain.
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The origin of the extreme iron deficiency in HR 4049
is still unclear and likely linked to complex depletion
and re-accretion processes in the circumbinary en-
vironment. Moreover, as HR 4049 is in a rare and
short-lived evolutionary phase, a follow-up spectro-
scopic and photometric monitoring will be essential
to trace its variability, chemical composition, and
dynamical evolution. Future monitoring of HR 4049
will be crucial for tracing possible secular variations
in orbital and spectral properties.
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ABSTRACT. The results of the study of orbital
spectral variability due to binary nature of the sym-
biotic star AG Peqasi are presented. We used high-
resolution spectra (R = 28,000) taken by 2-m telescope
of the Shamakhi Astrophysical Observatory during
2016-2019, and medium-resolution amateurs’ spectra
(R = 9,000-11,000) taken from the Astronomical Ring
for Access to Spectroscopy (ARAS) database obtained
during 2020-2024. The system’s orbital period is ap-
proximately 815 days, and its spectral changes are cor-
related with this period. In this paper we present the
radial velocity curve of the cold component (M3III), as
well as the emission lines Ha, HS3, and the Hell lines
M686 A and A5412 A formed around the hot compo-
nent of the AG Peg system, constructed according to
our measurements. We determined the mass function
of the cool component, f; ~ 0.023 M.

Keywords:
spectroscopy,

symbiotic star,
radial

binary star,

velocity.

AHOTATIIA. [IpeacraBiieHO pe3yabTaTH JOCTI IZKEHHS
OpOITAIBHOT  CIIEKTPAIbHOI 3MIHHOCTI, 3yMOBJIEHOL
mo/BiftHOI0 mpupojoo cumbiormanol 30pi AG  Pe-
gasi. Bnaciiiok B3aemo/il rapsdoro 6isloro KapJimka
Ta XOJIOJIHOTO TiraHTa CIOCTEPIralOTHCA IePIOAUtIHI
3MIHM TIPOMEHEBUX IIBUIKOCTEH $K abCOpOIiiHIx
JIIHIM XOJIOJIHOTO TiraHTa, TaK i eMiciiHuX JIiHii, 110
dOPMYIOTHCS TTOOTUIY TAPSTIOrO KOMIOHEHTA.

Y maHoMy [IOCTIIKEHHI BHKOPHCTAHO JBa HaOOpH
CIIEKTPAIBHAX CIIOCTEPEKEHD. [lepmmuit mabip —
16 cnekTpiB, orpumanux y dokyci Kaccerpena 2-
MerpoBoro tejeckomna [IlamaxuHCbKOI acTpodi3ndHOT
obcepsatopii imeni H. Tyci na BosloKOHHOMY erresb-
cuexrporpadi (ShAFES) 3 pozaiibhoio 3parmicrio R
= 28 000 y 2016-2019 pokax. [pyrumit Habip — 25
CIeKTpiB, 3amo3umdeHux i3 Oasum ganux ARAS Spec-
tral Database, orpumanux y 2020-2024 pokax i3
pozaiiabHOI 31aTHicTIO 9 000-11 000.

OpO6iTaspHuil IEPIOJ] CUCTEMU CTAHOBUTH ITPUOJIM3HO

814 ni6, i cmekTpajbui 3Mminm  cucremu AG
Peg xopemorors i3 mmMm  mepiomom. Y  pobori
[pEJCTABJIEHO  KPUBY  HPOMEHEBUX  IIBUIKOCTEI

XOJIOZIHOT'O KOMIIOHEHTa (30pi CIEKTPAJIHOIO KJIACY

M3III), a rtakox Jinil BunpominioBanus Ha, Hf i
Hell M686 A rta A\5412 A, mo dOPMYIOThCST HABKOJIO
rapstaoro komnonenTa cuctemu AG Peg, mobynosani 3a
pe3ysbraTaMu Hamux BuMipioBanb. MacoBa dyHKIlisS
XOJIOTHOTO KOMITOHeHTa cuMbioTmyanol cucremu AG Pe-
gasi OyJa oliHeHa 3a KPWBOIO IMIBUIKOCTEl T€PBOHOTO
riraara: f; 0,023 M©.

ITobymoBaHO KpuBY NpOMEHEBUX IIBUIKOCTEH 1
BU3HAYEHO OpOITaJbHI eeMeHTH s 30pi kiacy M
y cucremi AG Peg: wmakcumasibai Ta MiHIMAJIbHI
3HadeHHs opbiTampamx mBuikocTelr 3o0pi M3IIT —
v(max) = -10,72 km/c, v(min) = -23,65 KM/c;
MIBUJIKICTH TIEHTPA MAC CUCTeMHU (Y-IIBUJIKICTB): V, =
-17 KM/c; MBHIKOCTI B HEPULEHTPI Ta ANOIEHTPI:
vp = 6,65 km/c, va = 6,28 km/c. Ekcuenrpucurer
opbitu: e ~ 0,027. assini = 7,2-107 km =~ 0,48 a.u. =~
103R.

KuarouoBi cioBa:  cuMmbioTwmyHa 30psi, MOABIIHA
CHUCTEMA, CIEKTPOCKOTIisi, TIPOMEHEBA MBUJIKICTb.

1. Introduction

Symbiotic stars are the most interesting, because
they host the white dwarf (WD), which may be progen-
itors to Type Ia supernova explosions (Munari U. 1994;
Boffi F.R et al. 1994). The symbiotic system consists
of two completely different types of stars that inter-
act: A cold red giant (RG in some cases yellow) and
hot compact star, most frequently a WD. By studying
symbiotic stars, we simultaneously study 3 different
types of space objects:

1. Red giant

2. White dwarf and accretion disk

3. Star environment gas and dust nebula.

In systems of this type, a powerful flow of matter
occurs through the stellar wind from a cold star, and
an accretion disk is formed around a hot compact star.
Symbiotic stars can reflect a transitional stage in the
evolution of several types of double systems with a
powerful flow of matter from a large-mass star to a
small-mass star (Munari, 1994; Boffi et al., 1994).

The system AG Peg (HD 207757) is the oldest known
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symbiotic nova (Boyarchuk, 1967). The symbiotic star
AG Peg is a binary system that consists of a more mas-
sive M3 III RG and a less massive hot WD surrounded
by nebulous gas.

a) massive RG star: spectral type MIII, mass — 2.6
Mg, radius — 85Rge, luminosity — 1100 Lg, eff. tem-
perature — 3650 K.

b) dwarf (WD) star: mass — 0.65 Mg, radius — 0.06
Re, luminosity — (1180-2400) Ly, eff. temperature —
(95000-168000) K. (Kenyon et al., 1993; Fekel et al.,
1985; Skopal, 2005; Sion et al., 2019; Skopal et al.,
2017; Murset & Schmid, 1999).

The orbital period of AG Peg, according to published
data, is (812-818) days (Kenyon et al., 1993; Fekel et
al., 2000; Fernie, 1985).

Based on the AAVSO data for the period 1954-2022,
a periodicity in the star’s bright changes was identified,
with a period of about 815 days. (Mikailov et al., 2023).

The recent major outburst occurred in 2015, which
is the second major one since the first major nova out-
burst in 1850 (see: Kenyon et al., 2001; Ramsay et
al., 2016; Tomov et al., 2016; Skopal et al., 2017).
The analysis of the observations carried out in differ-
ent spectral regions during the past years, model of this
system — a stage of colliding winds. For the first time
this model was proposed by Penston & Allen (1985) on
the basis of three IUE high resolution spectra. Since
the cool giant also loses mass through a stellar wind, it
was concluded that the two winds probably interact. A
model of winds in collision was proposed also by Tomov
N.A. (1993Db) on the basis of profiles, fluxes and radial
velocities, derived from homogeneous high dispersion
spectral observations in the visual during two consec-
utive orbital cycles (Tomov & Tomov, 1992; Tomov,
1993a).

The star AG Peg belongs to the subclass of sym-
biotic novae. Only eight nova-like symbiotic stars
are currently known. During an outburst, the visible
brightness of these stars reaches a very high value,
and they maintain their brightness at such an elevated
state for tens, sometimes hundreds of years. Powerful
shock waves generated during flares heat the sur-
rounding plasma to temperatures of (107-10%) K and
these regions become sources of emission lines with
different degrees of ionization. In the spectrum of
the star AG Peg, along with coronal lines FeX, FeXI,
[NiXV], forbidden lines [NII], [OII] and Balmer lines
of hydrogen are observed.

2. Observations and data reduction

Two sets of spectroscopic observations were used in
the present study. The first set 16 spectrum were car-
ried out at the Cassegrain focus of the 2-m telescope of
the Shamakhi Astrophysical Observatory named after
N.Tusi, on fiber echelle spectrograph (ShAFES) with

the spectral resolution of R = 28000, in 2016-2019 years
(Mikailov et. al., 2020), the second set 25 spectrum
borrowed from the ARAS Spectral Database, obtained
in 2020-2024 with spectral resolutions of 9000-11000
(https://aras-database.github.io/database/). The
reduction of echelle spectra was carried out according
to the standard technique using the new version of
the DECH 30 program developed by Galazutdinov
(Galazutdinov, 1992).

3. Results of observations

Due to the orbital motion of the hot WD and the RG,
periodic variations in the radial velocities of the ab-
sorption lines of the RG and the emission lines formed
around the WD are observed. The system’s orbital pe-
riod is approximately 815 days (Mikailov et al., 2023),
and its spectral changes are correlated with this pe-
riod. In this paper we present the radial velocity curve
of the cold component (M3III), as well as the emission
lines Hoy, HA, and the Hell lines AM686 A and \5412 A
formed around the hot component of the AG Peg sys-
tem, constructed according to our measurements. The
mass function of the cold component of the symbi-
otic AG Pegasi system was estimated from the velocity
curve of the red giant.

Fig. 2 shows the radial velocity curve of the cool
component of the star AG Peg constructed on the basis
of the average values of the measured absorption lines
of the star M3III.

The measured heliocentric radial velocities of more
than thirty pure (unblended) absorption lines of met-
als (Fel, Cal, Crl, Til) in the length range of AA5000-
8000 A were used.

The results of determining the spectral parameters
of RG are presented in Table 1. This table also con-
tains similar data from other authors. Since the spec-
tral lines of only one component of the star AG Peg
are observed, we cannot determine the masses of both
components but can only estimate the mass function
and ajsini.

Figures 3-5 shows the radial-velocity curves for emis-
sion lines: Hell M686 A, A\5412 A; HI Ho and Hf as
well as forbidden lines 4363|OI11], 5721 [FeVII] in spec-
trum of the star AG Pegasi compared to the M star.

In Fig. 5, when constructing the radial velocity
curves of forbidden lines, the radial velocity values were
used: at half maximum intensity - FWHM (Full Width
at Half Maximum) and at the level of maximum inten-
sity and were designated as, for example, [OIII]1/2 and
[OI1T]peak.

The change in the radial velocities of the Hell emis-
sion lines occurs in antiphase with the changes in the
radial velocities of the absorption lines of the cold gi-
ant (Fig. 3). Apparently, the He II emission lines are
formed in the close vicinity of the hot component.
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Table 1: Spectral orbital parameters for RG star
maximum of orbital velocity -10.72 km/s
minimum of orbital velocity -23.65 km/s
velocity at periastron 6.65 km/s
velocity at apastron 6.28 km/s
orbital eccentricity ~ 0.027
semi amplituda of the velocity change (K) 6.46 km/s
arsini = 1.376-10°K, P-(1 — ?)1/2 ~ 7.2:107 km
mass function: f;= 1.038-1077 K;2-P(1 — €?)3/2 0.023 Mg
E
]
a 0.25 0.5 075 1 125 1.5
Phase

Figure 1: Based on the AAVSO data for the period 1954-2022, periodicity in the star’s brightness changes was
identified, with a period of about 815 days (Mikailov et al., 2023).

The behavior of the HI Hea, HB and 5721 [FeVI]]
lines is similar to the Hell lines (Fig. 4-5). The change
in radial velocities of the forbidden lines 4363[OIII] dif-
fers from these lines (Fig. 5). Apparently, this line is
formed by a gas flow from a hot component near a cold
component.

Based on the radial velocities and intensities of the
He II emission lines and the hydrogen Balmer lines in
the spectrum of AG Pegasi, one can determine the
regions where these lines are formed. The line half-
widths allow us to estimate the distances of these re-
gions from the hot component (the white dwarf). The
width of a spectral line reflects the maximum velocity
of the gas emitting it. Assuming that the gas is grav-
itationally bound to the white dwarf and moves in a
Keplerian orbit, its velocity is given by

v = (GM/r)!/?

where G is the gravitational constant, M is the mass
of the white dwarf, and r is the distance of the line-

formation region from the white dwarf.
Hence,

r = GM/v?

The velocity v is inferred from the measured line width.
Two width parameters are commonly used:
a) FWHM (Full Width at Half Maximum):
gives the characteristic velocity of the gas.
b) HWZI (Half Width at Zero Intensity):
the line wings trace the fastest (innermost) gas, so

Vimazr ~ HWZI
r ~ GM/vZ,00

Thus, comparing the widths of He, He II 4686, and [O
II1] lines makes it possible to reconstruct the structure
of the circumstellar environment and estimate the
distances to different emitting regions.
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4. Conclusions

Radial velocity curve was constructed, and orbital
elements were determined for the M Star in AG Pegasi:

e Maximum and minimum values of orbital velocities
of the star M3III v(max) = -10.72 km/s, v(min) = -
23.65 km/s

e Velocity of the center of mass of the system (-
velocity) Vy & -17 km/s

e Velocity at periastron and at apastron va = 6.28
km/s, vp = 6.65 km/s

e Orbital eccentricity, e &~ 0.027.; Period of the sys-
tem: P ~ 815 d.

e a;sini = 7.2:107 km ~ 0.48 a.u. ~ 103Ro. Mass
function: f;=0.023 M®

e The results of comparative behavior of absorption
and emission lines in the spectrum of the symbiotic
system AG Pegasi are presented.
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ABSTRACT. This paper includes the results of
the studies of the orbital variability of the emis-
sion and absorption components of the Ha line of
the eclipsing symbiotic system EG And. We used
medium-resolution amateurs about 30 spectra (R =
9,000-11,000) taken from the Astronomical Ring for
Access to Spectroscopy (ARAS) database obtained
during 2020-2025. Radial velocity curves of the
cool component were derived from the mean of the
measured radial velocities of selected absorption lines
forming in the atmosphere of a M-type red giant.
The system’s orbital period is approximately 483.3
days (Kenyon & Garcia, 2016). It is assumed that
the emission lines, and in particular the Ha line,
are formed in the vicinity of a hot white dwarf. We
have established that the intensity of the emission
component of the Ha line has the greatest value at
an orbital phase of about 0.5 (corresponding to the
eclipsing of the cold primary component by the white
dwarf) and the lowest at about 0.1 (the red giant
eclipses the hot secondary component and the region
of formation of strong emission lines), and an average
at about a phase of 0.8.

Keywords: symbiotic star, binary star, spectroscopy,
line profile, radial velocity curve.

AHOTAIIIA. VY pgamiit  pobori mpeicTaBjieHO
pe3yJbTaTH  JOCIKeHb — OpOiTaJibHOI  3MIHHOCTI
eMiciitaux Ta abcopOriiinux kommoHeHTiB JiiHIT Ha
y 3aremueniit cumbiornuniit cucremi EG And. g
JocyIiKenHs 0y10 BukopucTtano 6sm3bko 30 crekTpiB
i3 6asu manmx ARAS Spectral Database. Ili criekTpu,
orpuMani B mepiom 3 2010 mo 2025 pokm, MamTh
CIeKTpaIbHy po3autbHy 3maTHicTh 9 000-11 000. Kpusi
IIPOMEHEBUX IIBUJIKOCTEH  XOJIOMHOTO KOMIIOHEHTA
OOYIOBAHO HA OCHOBI CEpEIHIX 3HAYEHL BUMIPSIHUX
MIPOMEHEBUX IMBUIKOCTEN OKpeMux abCOpOIiitHmx
giHift, 1Mo GOPMYIOThCA B aTMocdepi UepBOHOTO
riraata  crnekrpajgbHoro tumy M.  OpbGitaabHuit
mepiojl CUcTeMu CTaHOBUTH npubaun3Ho 483,3 mobwu.
Ilepembagaerncss, 1m0 ewmiciitmi  JimHil, 30Kpema

mirig Ho, dopMmytoThes mobau3y rapsdoro 06ioro
KapJnKa. BcTaHOBJIEHO, IO IHTEHCUBHICTH eMicCiitHOro
kommoHenTa, il Hoa mocsirae HalbLIBIIOrO 3HAYEHHS
upu opbitanbhiil dasi Gausbko 0,5 (w0 Bimnosinae
3aTEMHEHHIO XOJIOAHOIO IEPBUHHOTO KOMIIOHEHTA,
6liIMM KapJIMKOM ), MiHiMasbHOro — 1pu ¢dasi 61mu3bKo
0,1 (kosm 4YepBOHWII TIiraHT 3aTEMHIOE TapsIIHil
BTOPDUHHMI KOMIIOHEHT 1 o00jacTb (OpMYyBaHHS
CUIbHMX eMicifinux Jiiniit), Ta cepeanboro — mpu ¢asi
6am3bKo 0,8.

Kuro4oBi ciioBa: cuMmbioTudHa 30psi, MOBiHiHA 304,
CIIEKTPOCKOIIisl, TMpodiib JIHII, KpUBa ITPOMEHEBUX
HIBUJIKOCTEN.

1. Introduction

A symbiotic star is a special type of binary star sys-
tem in which two vastly different kinds of stars coexist
and interact in a way that resembles biological symbio-
sis. The term was introduced in 1941 by Paul Merrill,
who borrowed the word from biology, where “symbio-
sis” describes the living together of different organisms
as a single unit. In astronomy, the analogy applies
because the two stars, though extremely different in
physical properties, are bound together gravitationally
and share material and energy in a complex, interde-
pendent relationship.

A typical symbiotic system consists of:

A cool red giant (RG) — a large, luminous star in
the late stage of its evolution. In some cases, instead
of a red giant, a yellow giant is present. These stars
have exhausted hydrogen in their cores, expanded enor-
mously, and have cool outer atmospheres. They lose
mass through a slow but dense stellar wind driven
by the RG radiation and/or pulsations, ejecting vast
amounts of gas and dust into surrounding space.

A hot compact companion — a white dwarf — the
dense, Earth-sized remnant of a Sun-like star. The
white dwarf has an extremely high surface tempera-
ture, often exceeding 100,000 K, and strong ultraviolet
radiation. It can pull in matter from the red giant
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through an accretion disk, a rotating structure of cap-
tured gas spiraling toward the white dwarf.

The entire system is embedded in a cloud of ionized
gas and dust, formed from the red giant’s stellar wind.
This nebula glows because the intense radiation from
the hot white dwarf ionizes the gas.

The interaction is dynamic: the red giant continu-
ously loses material, and part of this gas flows toward
the white dwarf, either directly or via an accretion disk.
The gravitational capture of this material can trigger
bursts of activity, such as nova-like outbursts, when
the accumulated matter on the white dwarf’s surface
undergoes thermonuclear burning.

Studying symbiotic stars is scientifically valuable be-
cause each system is essentially a natural laboratory
containing:

A red giant, representing the late stage of stellar evo-
lution for Sun-like stars.

A white dwarf and accretion processes, illustrating
mass transfer and disk physics.

A circumstellar nebula, providing insights into gas
dynamics, ionization, and dust formation in binary en-
vironments. Because of their complexity, symbiotic
stars are important for understanding binary star evo-
lution, stellar winds, nova eruptions, and the chemi-
cal enrichment of the interstellar medium. They also
help astronomers study how matter behave under ex-
treme temperatures, densities, and radiation fields — all
within a single, gravitationally bound cosmic partner-
ship (e.g., Kenyon,1986; Mikolajewska, 1997).

EG And (HD 4174) is a low excitation eclipsing sym-
biotic star with no recorded outbursts. The binary
system consists of a white dwarf that ionizes part of
the neutral wind from the red giant. The presence of
both ionized and neutral regions in this binary, along
with its high orbital inclination, is favorable for ob-
serving variations in the parameters of spectral line
profiles depending on the orbital motion of the system.
This facilitates determining, and — over time, as high-
precision observational data accumulate — refining the
orbital elements of the EG And binary system (Munari,
1993).

The optical spectrum of EG And exhibits optical
emission lines of HI, [OIII], and [NelII] superimposed
on the absorption spectrum of an M-type star. Pho-
tometric and spectroscopic observations of EG And
have revealed orbital periods of 481-483 days (Skopal
et al., 1991; Munari, 1993; Fekel et al., 2000; Kenyon
& Garcia, 2016). At optical minimum, the red giant
eclipses the hot secondary component and the strong
emission lines. Using optical and infrared absorption
lines, the orbital parameters of the EG And binary
have been reliably determined. Nevertheless, to this
day, the question of whether the optical variability
is caused by ellipsoidal changes, by illumination of
the red giant’s photosphere, by the stellar wind,
or by colliding with winds from the primary and

Table 1: . Radial velocities [km/s| of absorption lines
formed in the atmosphere of the red giant in the sym-
biotic EG And system, based on our 29 spectra. Phase
calculated using the ephemeris data in Section 2.

Date JD2450000+  Phase Rv abs
01.09.2010 5440.5808 0.81538 -100.88233
12.02.2011 5605.2755 0.15615  -89.67833
09.08.2012 6148.5650 0.28028  -89.09367
22.08.2013 6529.5689 0.06241  -88.80767
21.08.2015 7256.434 0.57258  -99.29667
08.10.2015 7304.381 0.67178 -101.23733
27.09.2015 7293.392 0.64905 -100.47033
01.10.2015 7297.428 0.6574  -103.35867
23.07.2016 7592.501 0.26794  -88.15867
06.08.2016 7607.492 0.29895 -89.214
09.09.2016 7641.412 0.36914 -91.663
03.10.2016 7665.359 0.41869  -95.97233
02.09.2017 7999.441 0.10994 -88.96067
19.09.2017 8016.352 0.14493  -89.77867
25.10.2017 8052.413 0.21954  -88.11467
15.11.2018 8437.545 0.01642  -90.06667
22.01.2020 8871.263 0.91383  -94.82133
18.09.2020 9111.336 0.41057 -96.139
22.10.2020 9145.321 0.48089  -99.01733
03.11.2020 9157.343 0.50576  -96.92733
28.12.2022 9942.404 0.13014 -87.427
04.10.2023 10222.313 0.7093  -102.83333
13.11.2023 10262.3252 0.79209 -100.626
17.11.2023 10282.7 0.80046  -98.83167
14.12.2023 10293.3 0.85618  -96.81633
17.01.2024  10327.3328 0.9266 -93.772
28.02.2024 10369.392 0.01362 -92.774
04.12.2024 10649.262 0.5927  -100.44567
03.02.2025 10710.338 0.71908 -102.10133

secondary components remains a subject of discussion
(Shagatova, Skopal, Sekeras et.al., 2019).

2. Observations and data reduction

About 30 spectra from the ARAS Spectral Database
were used in this research. These spectra were
obtained between the year 2010 to 2025 have
spectral resolutions of 9000 - 11000 (https://aras-
database.github.io/database/).

The reduction of echelle spectra was carried
out according to the standard technique using the
new version of the DECH 30 program developed
by Galazutdinov (http://www.gazinur.com/DECH-
software.html).

3. Results of observations

The spectral observation data are presented in ta-
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Figure 1: Radial velocity curve for the M star in EG And.

blel. Radial velocity curves of the cool component were
derived from the mean of the measured radial velocities
of selected absorption lines forming in the atmosphere
of a M-type red giant (tablel, Fig.1). For calculation
of the orbital phases of EG And we adopt an ephemeris
of (Kenyon & Garcia, 2016):

JD spectros. conj.=2450213.508 +483.3xE

Moment of zero phase = moment of inferior conjunc-
tion of the giant ( spectroscopic conjunction, i.e. when
the giant is in front of the white dwarf)

Velocity of the center of mass of the system (y-
velocity): Vy & -95 km/s.

Based on the available spectra, the profiles of the
Ha line in the spectrum of the star EG And were con-
structed. In order to study the possible dependence of
the Ha line emission intensity on the orbital phase of
the EG And system, the profiles were grouped accord-
ing to phase.

It is assumed that the emission lines, and in partic-
ular the Ha line, are formed in the vicinity of the hot
white dwarf. It has been established that the intensity
of the emission component of the Ha line reaches its
maximum value at an orbital phase of about 0.5.

This phase corresponds to the moment when the
white dwarf eclipses the cool primary component of
the system, creating the most favorable conditions for
observing the enhanced radiation.

The lowest intensity of the line is observed at a
phase of about 0.1, when the red giant obscures the hot

-300

-200 -100 0

Radial Velocity (km/s)

100 200

Figure 2: Profiles of the Ha line around the superior
conjunction of the red giant in EG And (orbital phase
0.5).

secondary component together with the region where
strong emission lines are formed. At this moment,
a significant part of the radiation is blocked by the
giant’s envelope, and the lines weaken noticeably. The
average intensity of the line is recorded at approxi-
mately phase 0.8, reflecting an intermediate state of
the system, when neither of the components com-
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Figure 3: Profiles of the Ha line around the orbital
phase 0.8 of the symbiotic system EG And.

pletely covers the key emission-forming regions. Thus,
variations in the intensity of the Ha line are closely
related to the orbital geometry and the interaction
processes of the components in the symbiotic system,
confirming that its source is the hot white dwarf
and the surrounding gaseous material. (Figs.2—4).
In fig. 2-4, the vertical dotted line at the gamma
velocity demonstrates the variation radial velocity of
the absorption component in the Ha line profile. The
solid horizontal line corresponds to the continuous
spectrum level. The behavior of the Ha line in the
spectrum of the symbiotic star EG And in different
eclipse phases is in good qualitative agreement with
similar profiles in the work (Shagatova et al., 2019).

4. Conclusions

This paper includes the results of the studies of the
orbital variability of the emission and absorption com-
ponents of the Ha line of the eclipsing symbiotic system
EG And:

1. Radial velocity curves of the cool component were
derived from the mean of the measured radial velocities
of selected absorption lines forming in the atmosphere
of an M-type red giant. The system’s orbital period is
approximately 483.3 days.
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Figure 4: Profiles of the Ha line around the inferior
conjunction of the red giant in symbiotic system EG
And (orbital phase 0).

2. We have established that the intensity of the
emission component of the Ha line has the greatest
value at an orbital phase of about 0.5 (corresponding
to the eclipsing of the cold primary component by
the white dwarf) and the lowest at about 0.1 (the red
giant eclipses the hot secondary component and the
region of formation of strong emission lines), and an
average at about a phase of 0.8.
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ABSTRACT. The fundamental parameters — effective
temperatures (Ter) and surface gravities (g) —have been
determined for of A-type stars: HD 6364 (A5/7I111), HD
6365 (A3111/IV), HD 6492 (A9V), HD 6723 (A8V), HD
25093 (A7H/1I), HD 123798 (A8/9V), HD 129175
(A6V), HD 129433 (AOIV), HD 129660 (A7V), and HD
209124 (AOHI-1V).

In order to determine the chemical composition of stars
using the model or synthetic spectrum method, it is essen-
tial to know their fundamental parameters — effective tem-
peratures (Te) and surface gravity (g). Terand log g are the
basic parameters of stellar atmosphere models — determin-
ing these parameters is necessary to compute stellar atmos-
phere models. On the other hand, by knowing the effective
temperature (Te) and surface gravity (g), it is possible to
calculate the evolutionary parameters of stars — their masses
(M), luminosities (L), radii (R), and ages (t). Thus, the ac-
curate determination of the chemical composition of stars
through the model or synthetic spectrum method depends
on the precision of the T and log g parameters.

The effective temperatures (Tes) and surface gravities
(log g) of stars were determined using photometric meth-
od. The method employed is based on comparing ob-
served and theoretical values of the photometric indices
[c1], Q, and B. This method is a simple and accurate meth-
od. The Q index in the UBV photometric system is
defined as Q = (U — B) - 0.72(B — V), while the [ci] index
in the uvby photometric system is defined as [c.] = ¢1 - 0.2
(b - y). These indices are free from the effects of
absorption in the interstellar medium.

The following values of T and log g were obtained for
the studied stars: HD 6364: Te = 7,610 K, log g = 4.25;
HD 6365: Ter = 7,880 K, log g = 4.35; HD 6492: Tes =
7,390 K, logg = 3.70; HD 6723: Te = 7,380 K, logg =
4.00; HD 25093: T = 7,780 K, log g = 4.10; HD 123798:
Terr = 7,090 K, log g = 3.65; HD 129175: T = 8,220 K,
log g =4.35; HD 129433: T = 9,960 K, log g = 4.00; HD
129660: T = 7,710 K, log g = 3.65; HD 209124: Tef =
9,820 K, log g = 3.80.

Keywords: A-type stars, fundamental parameters.

AHOTANIA. Jns 3ip Tumy A BH3HaueHO (DyHIaMEH-
TanpHI TapameTpu — edektuBHI Temmeparypu (Te) Ta
moBepxHeBi rpasitamii  (g): HD 6364 (AS/7II),

HD 6365 (A3I1II/1V), HD 6492 (A9V), HD 6723 (A8V),
HD 25093 (A71I/1I1), HD 123798 (A8/9V), HD 129175
(A6V), HD 129433 (AOIV), HD 129660 (A7V) Ta HD
209124 (AOII-IV). Jlnst BU3HAYEHHS XIMIYHOTO CKJIAILy
3ip 3a AOTIOMOTOI0 MOAEIHEHOTO METOAy ab0 METOXy CHH-
TETUYHOTO CIEKTPY Ba’KJIMBO 3HATH ixHI QyHIaMeHTaNbHI
napametpu — epexTuBHI Temneparypu (Te) Ta moBepxHe-
By rpagiTamito (g). Tes Ta log g € OCHOBHUMH HapameT-
paMu Mopened 30psSHHX aTrMoc(ep — BH3HAUCHHS IHUX
mapaMeTpiB HeoOXigHe A OOYHCIICHHS MOJeNed 30psi-
HUX aTMocdep. 3 iHmoro 00Ky, 3HAIOUYH SPCKTUBHY TEM-
neparypy (Tefr) Ta TOBepXHeBY rpasiTauito (g), MOXHA
po3paxyBaTH eBOJIOLIITHI apameTpH 3ip — ixHi Macu (M),
ceitHOCTi (L), pamiycu (R) ta Bik (t). Takum 9uHOM, TOU-
HE BU3HAYEHHS XIMIYHOTO CKJIQAY 3ip 3a JOIOMOTO0 MO-
JETBHOTO 200 CHHTETHYHOTO CIIEKTPAaIbHOTO METOAY 3a-
JICKUTP Bl TOUHOCTI mapameTpiB Te Ta log g. EdextusHi
temrepatypu (Tes) Ta moBepxHeBi rpasitauii (log g) 3ip
Oyny BU3HAYECHI 33 JOMOMOTOK (POTOMETPUUHOTO METOTY.
Buxopucranuii Meton 6a3yeThcsi Ha TIOPIBHSHHI CIIOCTE-
pPEeXKYBaHMX Ta TEOPETUYHUX 3HAUYCHb (HOTOMETPUUHHX
iagekciB [c1], Q Ta B. Lleit MeTox € IPOCTUM Ta TOYHHM.
Ianexe Q y doromerpuuHniii cucremi UBV Bu3HavaeThCs
sk Q =(U-B)-0,72(B — V), Toxi six inaekc [c1] y dpoTo-
METpHUYHIN cucTeMi uvby BusHadaeThes sk [c1] = €1 -0,2(b
-y). Lli ingekcu He 3ajeXath BijJ BILIMBY IOIJIH-HAHHS B
MDK30psSTHOMY cepemoBuii. s qociiKyBaHuX 3ip Oyio
oTpuMaHO Taki 3HaueHHS Ter Ta log g HD 6364: Ter = 7
610 K, log g = 4,25; HD 6365: T =7 880 K, log g = 4,35;
HD 6492: T = 7 390 K, log g = 3,70; HD 6723: T = 7
380 K, log g = 4,00; HD 25093: T = 7 780 K, log g =
4,10; HD 123798: Tes = 7 090 K, log g = 3,65; HD 129175:
Terr = 8 220 K, log g = 4,35; HD 129433: T = 9 960 K,
log g = 4,00; HD 129660: T = 7 710 K, log g = 3,65; HD
209124: T =9 820 K, log g = 3,80.

KurouoBi ciroBa: 30pi tuiry A, pyHIaMEeHTaIbHI TapaMeTpH.

1. Introduction

The determination of the chemical composition of stellar
atmospheres is one of the key issues in astrophysics.
Recently, the chemical composition of supergiant star
atmospheres has attracted the attention of astrophysicists.
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Table 1: Observational values of photometric quantities of stars

Ne | Names of stars Spectral b-y Cy [ca] B U-B B-V Q
class

1|HD 6364 A5/7I11 0.169 |0.730 0.696 2.772 0.047 0.291 -0.1625
2| HD 6365 A3V 0.150 |0.826 0.796 2.804 0.046 0.256 -0.1383
3| HD 6492 A9V 0.165 ]0.855 0.822 2.751 0.096 0.283 -0.1078
4 |HD 6723 A8V 0.184 |0.766 0.729 2.746 0.023 0.294 -0.1887
5|HD 25093 A7/ 0.290 ]0.822 0.764 2.795 0.270 0.450 -0.054
6|HD 123798 A8/9V 0.205 |0.661 0.620 2.712 0.020 0.300 -0.196
7|HD 129175 A6V 0.170 ]0.910 0.876 2.842 0.100 0.245 -0.0764
8|HD 129433 AOIV 0.011 |1.054 1.052 2.833 -0.05 -0.002 -0.0506
9| HD 129660 ATV 0.172 ]0.983 0.949 2.790 0.160 0.272 -0.0358
10| HD 209124 AOII/V 0.025 |1.141 1.136 2.820 -0.020 0.030 -0.0416

This is because, during the evolutionary process, variations
occur in the abundances of certain elements in the
atmospheres of A-, F-, G-, and K-type supergiant stars. In
particular, an excess of the nitrogen element and a
deficiency of the carbon element are observed.

In giant and supergiant stars of spectral classes A, F, G,
and K, a deep convective mixing process takes place. As a
result, the products of thermonuclear reactions from the cores
of such stars are transferred to their atmospheres. Therefore,
the observational determination of the chemical composition
of stellar atmospheres is crucial for verifying the predictions
of modern theories of stellar chemical evolution.

We have studied the atmospheres of many A, F, and G
spectral class stars, including supergiant stars (Lyubimkov
& Samedov, 1985, 1987, 1990; Samedov, 2019; Samedov
et al., 2023, 2024). The first step in studying the chemical
composition of stars is determining the effective tempera-
ture (Tg) and surface gravity (g). Tes and g are the basic
parameters of stellar atmosphere models. The accuracy of
determining the chemical composition depends on the
computational precision of the star’s atmospheric model.
Furthermore, by knowing the effective temperature (Te)
and surface gravity (g) parameters, the evolutionary char-
acteristics of stars — such as their masses, luminosities,
radii, and ages can be determined. Accurate determination
of the effective temperature (Ts) and surface gravity (g)
is one of the important problems in astrophysics.

2. Determination of effective temperatures (T¢) and
surface gravity (g)

In this work, the main atmospheric parameters — effec-
tive temperatures (Tes) and surface gravity (g) of the A-
type stars HD 6364 (A5/7111), HD 6365 (A3111/1V), HD
6492 (A9V), HD 6723 (A8V), HD 25093 (A7Il/II), HD
123798 (A8/9V), HD 129175 (A6V), HD 129433 (A0IV),
HD 129660 (A7V), and HD 209124 (AOIlI-1V) have been
determined. The effective temperatures (Tes;) and surface
gravity (g) of the examined stars were determined based
on the comparison of observed and theoretically calculat-
ed values of [c;1], Q, and B quantities. This method is a
simple and accurate method. The application of this meth-
od allows for the determination of the effective tempera-
tures (Tes) and surface gravity (g) of a large number of

stars. The method was proposed by L.S. Lyubimkov
(Lyubimkov et al., 2010).

The Q index in the UBV photometric system is defined
as Q = (U -B)-0.72(B - V), while the [c,] index in the
uvby photometric system is defined as [c1] = ¢; — 0.2(b -
y). The B index is related to absorption in the Hp line, it
measures the intensity of this line relative to the surround-
ing continuum in the spectrum. These indices are free
from the effects of absorption in the interstellar medium.
The observed values of ¢, b —y, U—-B, B -V, and B
quantities were taken from the Hauck, B. & Mermilliod
catalog (Hauck and Mermilliod 1998). Theoretical values
for ¢, b —y, U - B, and B — V were calculated by
(Castelli et al., 2003), while the theoretical value of the 3
quantity was calculated by Castelli F. and Kurucz R.L.
(Castelli & Kurucz, 2006). The observed values of the
photometric quantities for the studied stars are shown in
Table 1.

The theoretical calculated values of the [c,], Q, and B
quantities are overlaid with the observed measured values,
and based on each quantity, pairs of T and log g are de-
termined. The determined T and log g pairs are plotted
on the log g — T diagram, and lines are drawn in the log
g — T plane based on the [c], Q, and B indices. The in-
tersection point of these lines determines T and log g
(Figure 1).

The effective temperature (Te) and surface gravity (log
g) we determined are given in Table 2.

For the star HD 6364, other authors have determined T =
7433 K, log g = 3.9 (Steinmetz et al., 2020), and T = 7400
K (Paunzen, 2024); for HD 6365, T = 7861 K (Paunzen,
2015); for HD 6492, T = 7183 K (Masana, Jordi & Ribas,
2006); for HD 25093, T = 7800 K (Paunzen, 2024); for HD
123798, T = 6908 K (Deacon, Henning & Kossakowski,
2019), Te = 7047 K (Nascimbeni et al., 2016), and Tt =
7112 K (Bai et al., 2020); for HD 129175, T = 8200 K
(Kharchenko et al., 2007) and T = 8040 K (Brown et al.,
2021); for HD 129433, T = 9709 K, lo gg = 3.64 (Shokry et
al., 2018) and T = 9817 K (Zorec and Royer, 2012); and for
HD 129660, T = 7800 K Tkachenko, Johnston & Aerts,
2024).
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Table 2: Atmospheric parameters of stars (T, l0g )

Ne | Names  of | Spectral class | Tefr, K logg
stars
1 | HD 6364 A5/7111 7610 K | 4.25
2 | HD 6365 A3V 7880 K | 4.35
3 | HD 6492 AV 7390 K | 3.70
4 | HD 6723 A8V 7380 K | 4.00
5 | HD 25093 A7/ 7780 K | 4.10
6 | HD 123798 | A8/9V 7090 K | 3.65
7 | HD 129175 | A6V 8220 K | 4.35
8 | HD 129433 | AOIV 9960 K | 4.00
9 | HD 129660 | A7V 7710 K | 3.65
10 | HD 209124 | AOLII/IV 9820 K | 3.80

The differences between the effective temperatures
(Tefr) and surface gravities (log g) determined in this study
and those reported by other authors are as follows: for the
star HD 6364, AT = 193 K (mean value) and Alogg =
0.35; for HD 6365, AT = 19 K; for HD 6492, AT = 207
K; for HD 25093, ATe = 20 K, for HD 25093, AT = 68
K (mean value); for HD 129175, AT = 100 K (mean
value); for HD 129433, AT = 197 K (mean value) and
Alog g =0.36; and for HD 129660, AT = 90 K.

The fundamental parameters of the stars were
determined by various methods: spectral analysis and
infrared photometry in Steinmetz et al. (2020);
comparison of observed and theoretical values of the b
photometric index in Paunzen (2015); spectral energy
distribution fitting and infrared photometry in Masana,
Jordi & Ribas (2006); Balmer jump in Shokry et al.
(2018); broadband photometry in Nascimbeni et al.
(2016); empirical or theoretical color—temperature
relations in Deacon, Henning & Kossakowski (2019);
photometric indices in Bai et al. (2020) and Tkachenko,
Johnston & Aerts (2024); photometric and spectral indices
in Kharchenko et al. (2007) and Brown et al. (2021); and
hydrogen Balmer line profiles in Zorec and Royer (2012).

3. Conclusion

Based on the comparison of the observed and theoretically
calculated values of the [c1], Q, and B quantities, the main
atmospheric parameters—effective temperatures (Te) and
surface gravity (log g) — of the A spectral class stars HD 6364
(A5/7111), HD 6365 (A3111/1V), HD 6492 (A9V), HD 6723
(A8V), HD 25093 (A7II/lll), HD 123798 (A8/9V), HD
129175 (A6V), HD 129433 (AOIV), HD 129660 (A7V), and
HD 209124 (AOIII-1V) have been determined.

The following values of T and log g were obtained for
the studied stars: HD 6364: T¢ = 7610 K, log g = 4.25;
HD 6365: Te = 7880 K, logg = 4.35; HD 6492: T =
7390 K, logg = 3.70; HD 6723: T = 7380 K, logg =
4.00; HD 25093: T = 7780 K, log g = 4.10; HD 123798:
Terr = 7090 K, log g = 3.65; HD 129175: T = 8220 K,
log g = 4.35; HD 129433: T = 9960 K, log g = 4.00; HD
129660: Te = 7710 K, logg = 3.65; HD 209124: T =
9820 K, log g = 3.80.

References

Bai Y., Liu J.F., Wang Y.L., Wang S.: 2020, AJ, 159, 84.
[https://doi.org/10.3847/1538-3881/ab63d5]

Castelli F., Kurucz R.L.: 2003, IAUS, 210, AZ20.
https://doi.org/10.48550/arXiv.astro-ph/0405087

Castelli F., Kurucz R.L.: 2006, A&A, 454, 333.

Deacon N., Henning T., Kossakowski D.;: 2019, MNRAS,
486, 251.

Gaia Collaboration, Brown A.G.A., Vallenari A., Prusti
T., etal.: 2021, A&A, 649, Al.

Hauck B., Mermilliod M.: 1998, A&AS, 129, 431.

IJspeert L.W., Tkachenko A., Johnston C., Aerts C.: 2024,
A&A, 691, A242.

Kharchenko N.V., Scholz R.-D., Piskunov A.E., et al.:
2007, AN, 328, 889.

Lyubimkov L.S., Lambert D.L., Rostopchin S.I., et al.:
2010, MNRAS, 402, 1369.

Lyubimkov L.S., Samedov Z.A.: 1985, 1zCrAO, 72, 99.

Lyubimk.ov L.S., Samedov Z.A.: 1987, BCrAO, 77, 109.

Lyubimkov L.S., Samedov Z.A.: 1990, Ap, 32, 30.

Masana E., Jordi C., Ribas I.: 2006, A&A, 450, 735.

Nascimbeni V., Piotto G., Ortolani S. et al.: 2016,
MNRAS, 463, 4210.

Paunzen E., Netopil M., PriSegen M., Faltova N.: 2024,
A&A, 689, A270.

Paunzen E.: 2015, A&A, 580, A23.

Paunzen E.: 2024, A&A, in press.

Samedov Z.A., Aliyeva Z.A., Hajiyeva G.M., et al.: 2024,
AzAJ, 19, 61.

Samedov Z.A., Rustem U.R., Hajiyeva G.M., Aliyeva
Z.F.: 2023, OAP, 36, 86.

Samedov Z.A.: 2019, ARep, 63, 944.

Shokry A., Rivinius T., Mehner A., et al.: 2018, A&A,
609, A108.

Steinmetz M., Guiglion G., McMillan P.J. et al.: 2020, AJ,
160, 83.

Zorec J., Royer F.: 2012, A&A, 537, A120.



Odesa Astronomical Publications, vol. 38 (2025)

https://doi.org/10.18524/1810-4215.2025.38.343167

3D IMAGE OF POLARIS FIELD STARS

I. A. Usenko!?, M. P. Kaliuzhnyi?, A. S. Miroshnichenko®*, S. Danford?, D. G. Turner®,
D. J.Majaess®, D. D. Balam”

! Astronomical Observatory, Odesa I. I. Mechnikov National University,
Shevchenko Park, Odesa, 65014, Ukraine, igus99@ukr.net
2 Main Astronomical Observatory of the National Academy of Sciences of Ukraine,
Mykolaiv Branch, 1 Observatorna St, Mykolaiv 54030, Ukraine, nikalyuzhny@ukr.net
3 Dept. of Physics and Astronomy, University of North Carolina at Greensboro,
P.O. Box 26170, Greensboro, NC 27402, USA, a_ mirosh@Quncg.edu; danford@uncg.edu
4 Fesenkov Astrophysical Institute, Observatory, 23, Almaty, 050020, Kazakhstan
® Dept. of Astronomy and Physics, Saint Mary’s University,
923 Robie St, Halifax B3H3C3, Nova Scotia, Canada David. Turner! @smu. ca.
6 Mount Saint Vincent University, 166 Bedford Hwy, Halifax NS B3M 2J6, Canada

daniel.majaess@gmail.com

" Dominion Astrophysical Observatory, 5071 W Saanich Rd, Victoria, BC VIE 2E7,

Canada cosmos@uuic.ca

ABSTRACT. We present a three-dimensional model

of the positions of 20 stars in the field of the Cepheid
a UMi (Polaris) — 18 main sequence stars (spectral
types A0-GO V), the K-giant HD 6319 (K2 III) and
Polaris itself (F8 Ib) — which was created using the
3D calculator Desmos 3D, based on the calculated U,
V and W components of the full velocity vector of
the stars in the Galactic coordinate system. In this
paper, stellar radial velocity estimates from Usenko
et al. (2023) were used. Two versions of the U, V,
and W components were calculated based on Gaia
DR3 parallaxes and photometric parallaxes. The
resulting 3D image showed that, in both scenarios,
15 main-sequence stars, a K-giant, and Polaris form
a noticeable clamp, while three stars (HD 14718, HD
90162, and HD 11696) are located outside of it. HD
14718 and HD 90162 belong to the thick disk, while
HD 11696 is a remnant of a possible open cluster
in Polaris’s field. The K-giant HD 6319 is located
inside the clamp and quite close to the Cepheid, and
it is quite possible that this clamp is part of the
main component of the probable open cluster Polaris,
dissolved in the field of the Cepheid. Using a 3D
calculator to construct a spatial image of stars may
serve as a good tool for studying the structure and
dynamics of open clusters in the future.
Key words: open clusters: stars: U, V, W com-
ponents; GAIA parallaxes; photometric parallaxes;
Cepheids, K-giants, main-sequence stars;
Cepheids: o« UMi; individual stars: HD 6319, HD
14718, HD 90162, HD11696.

AHOTAIIIY. Mwu upenctaBisieMO  TPUBHMIDHY
Moziesib noJioxkeHb 20 3ip y moui nedeimm o UMi

(Tlonsipra 30psi) — 18 3ip TOJIOBHOI MOCIIOBHOCTI
(cnexkrpasbui Tunmu A0-G0 V), K-riranta HD 6319
(K2 III) ra camol Ilomsiproi 3o0pi (F8 Ib) — sxa
Oyna crTBOpeHa 3a monoMororn 3D-kanbKysasTopa
Desmos 3D, ma ocmoBi pospaxoBanmx U-, V- Ta
W-KOMITOHEHT TIOBHOIO BEKTOpa MIBHJIKOCTI 3ip ¥
lanmakTuaniit cucremi koopauuat. Y miit crarTti Oy/n
BUKOPUCTAHI OIHKH PaiaJbHOI IIBUIKOCTI 3ipOK 3
Veenka Ta in. (2023). Byso pospaxosano jsi Bepcii
kommonenTiB U, V ta W — mna ocHoOBi mapasakcy
Gaia DR3 Ta doromerpuuanoro napasakcy. Orpumane
3D-300pakeHHsT TOKa3aJjo0, 1Mo B 000X crieHapigx 15
3ip roJsioBHOI mocigoBraocTi, K-rirant i Ilosisipra 30ps
YTBOPIOIOTh TOMITHHI KJaMI, TOJI dK TpHU 3ipKH
(HD 14718, HD 90162 ta HD 11696) posramosasi
mo3a HuM. HD 14718 Ta HD 90162 nHamge:kaTh 0
TOBCTOrO jucka, Tomi sk HD 11696 e 3samaumkom
MOXKJIMBOT'O PO3CISTHOrNO CKymdeHHs1 B mojii llosisipaol
30pi. K-riraur HD 6319 posramoBanuii BcepeanHi
KJIAMITy Ta JOCUTHh OIu3bKO 10 medeinn, i miIKoM
MOXKJIMBO, IO Ie#l KJIAMI € YACTHHOKI OCHOBHOIO
KOMIIOHEHTa, ~ MMOBIPDHOTO  PO3CITHOTO  CKYITYeHHS
naBkoJs1o [losisipHOT 30pi, po3dyuHEeHOTO B 11011 TIedeiny.
Bukopucranuast  3D-kasbpKynasaTopa i IOOYI0BH
IIPOCTOPOBOTO  300paKeHHsT 3ip MOXKe  CJIyXKHATH
TapHUM IHCTPYMEHTOM JIJIsi BUBYEHHS CTPYKTYPH Ta
JUHAMIKA PO3CIIHUX CKYIIYeHb Y Mail0y THHOMY.

Ktro4oBi ciioBa: 30pi poscisiHux ckymdenb, U-, V- Ta
W-komnonentn, GAIA mnapanakcu, doromerpudni
mapajakcu, 1edeinn, K-rirapTn, 30pi  rojaoBHOT
nociigoBrocTi, medelmm « UMi, oxpemi 3ipku: HD
6319, HD 14718, HD 90162, HD11696.
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1. Introduction

In our previous study (Usenko et al. 2023), we
examined 18 main-sequence stars (spectral types from
A0 V to GO V located in the field of the Polaris
Cepheid to confirm that these objects could be mem-
bers of an open star cluster. Based on the analysis of
their proper motions, radial velocities and parallaxes,
it was shown that 15 stars belong to the same moving
group, one star belongs to another group, and two
more stars belong to the thick disk. For greater clarity,
we decided to calculate the U, V, and W components
of the total velocity vector for each of the 18 +1 stars
(data for HD 6319, K2 III, were added), as well as
Polaris (F8 Ib). These calculated components allow us
to construct a 3D image and examine the positions of
these stars in space relative to the Polaris Cepheid.

2. Objects and U, V, W calculations

Table 1 summarizes the U, V, W data for the 20
targets - Cepheid o UMi (Polaris), K—giant HD 6319
and 18 main-sequence objects taken from Usenko et al.
(2023). U, V, W are the components of the full velocity
vector of a celestial object in the Galactic coordinate
system. U is the velocity component directed along
the X-axis, V is along the Y-axis, and W is along the
Z-axis, where they represent the radial and tangential
velocities of the star relative to the local coordinate sys-
tem. Strictly speaking, U (radial velocity) is the pro-
jection of velocity directed along the line of sight. The
sign of "U" depends on the direction of the star’s mo-
tion: positive if it is moving away from us, and negative
if it is approaching. V (local velocity): the component
of the star’s velocity directed in the galactic coordinate
system along the "Y" axis or along the galactic plane
axis. W (vertical velocity): the velocity component of
the star is directed perpendicular to the galactic plane,
along the "Z" axis.

The Galactic components U, V, W were calculated
according to the technique described in Johnson &
Soderblom (1987) which uses a right-handed coor-
dinate system for them so that they are positive in
the directions of the Galactic center, the Galactic
rotation and the North Galactic Pole. Using a
right-handed system allows the same matrix to be
used to transform both coordinates and velocities.
Matrix systems allow for the calculation of these
components and their uncertainties. Calculating these
components requires such parameters as the star’s
equatorial and galactic coordinates, its proper motion,
parallax, and radial velocity. Radial velocities were
determined from spectra obtained at TCO (Usenko
et al. 2023), and two types of parallaxes were used:
from the Gaia DR3 catalog or photometric ones
from Turner (see the spreadsheet Turner’s ZAMS.xls

at https://ap.smu.ca/~turner/A5500.html). The
remaining parameters were selected from the SIMBAD
database. Calculations were performed using a pro-
gram written in Python. The calculated values of U,
V and W in Table 1 are given in two versions because
of the noticeable difference in the parallax estimates
between Gaia DR3 (2022) and Turner’s photometric
data (see Usenko et al. 2023).

Figure 1: Polaris field stars. View along the X (U)
axis, directed away from the observer. Symbols are
described in Chapter 3.

Figure 2: Polaris field stars. View along the X (U)
axis, directed toward the observer.
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Table 1: UVW data for Polaris field stars

Star GATA DR3 PARALLAXES PHOTOMETRIC PARALLAXES
U o A\ o W o U o \4 o W o

kms™?! kms™?! kms™?! kms~?! kms™?! km s ! kms™?! kms™?! kms™?! kms™?! kms™?! kms™?!

Polaris -13.38 138.81 -24.76 165.12 -12.48 54.87 -20.07 9.48 -30.02 11.15 -11.06 3.70
HD 6319 -31.02 0.01 -24.61 0.01 -19.36 0.00 -27.29 1.92 -23.82 2.76 -18.80 0.92
HD 5914 -36.77 0.97 -26.80 2.24 -20.35 0.79 -29.32 1.95 -23.02 4.56 -18.16 1.60
HD 10772 -49.83 1.04 -23.26 2.28 -1.78 0.69 -33.95 0.75 -13.02 1.64 -3.19 0.50
HD 11696 -61.90 0.02 -23.78 0.03 -18.42 0.01 -51.40 0.72 -17.69 1.61 19.72 0.56
HD 14369 -7.71 0.01 4.33 0.03 -32.56 0.01 -7.45 1.03 3.26 2.29 -31.70 0.85
HD 14718 74.46 1.01 1.14 2.10 -61.53 0.92 51.00 0.72 -17.86 1.60 -49.52 0.57
HD 16335 19.22 0.07 -10.33 0.13 -17.15 0.05 14.01 2.32 -17.46 4.79 -18.66 1.53
HD 66368 -6.12 4.77 -4.64 10.26 -18.60 4.35 -6.46 1.92 -6.13 4.12 -16.45 1.75
HD 90162 -18.28 0.01 -31.49 0.01 -25.63 0.00 14.94 4.07 -58.00 8.79 -43.60 4.03
HD 163988 -24.43 0.09 -11.91 0.23 -12.94 0.09 -15.70 1.77 -3.91 4.84 -7.21 1.92
HD 203317 -31.94 0.70 -19.83 2.00 -19.60 0.66 -25.00 0.89 -16.99 2.53 -16.98 0.83
HD 209556 -23.32 0.21 -18.03 0.56 -7.88 0.19 -19.05 1.23 -19.07 3.36 3.36 1.08
HD 224687 -34.17 0.98 -33.30 2.39 -22.48 0.67 -17.44 0.69 -24.65 1.74 -17.97 0.49
HD 224991 -24.80 0.04 -8.15 0.09 -1.99 0.03 -17.10 4.38 -12.65 10.93 -6.63 3.18
Polaris B -23.04 0.03 -38.02 0.06 -14.04 0.02 -18.51 2.17 -31.27 5.01 -13.54 1.82
BD +86 44 -5.04 0.03 -18.52 0.06 -18.96 0.02 -2.66 1.87 -18.28 3.86 -16.46 1.29
BD +87 16 -29.13 0.10 -23.88 0.24 -13.73 0.08 -25.06 0.43 -21.33 0.96 -13.17 0.34
BD 487 26 -35.07 0.07 -24.55 0.15 -10.60 0.05 -27.92 1.24 -20.27 2.60 -10.36 0.91
BD +88 75 -35.11 0.11 -23.36 0.25 -21.54 0.12 -28.54 0.41 -20.64 0.96 -19.36 0.43
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Figure 3: Polaris field stars. View along the Y (V)
axis, directed away from the observer.

3. 3D image of Polaris field stars using U, V,
W coordinates

To create a 3D image of 20 stars from the Polaris
field, we used a 3D calculator from Desmos Studio'.
This calculator not only allows you to position the ob-
jects along three coordinates but also view them from
different angles by rotating the resulting graph along
the three coordinate axes. As mentioned earlier, the
U, V, and W data were positioned along the calcula-
tor’s X, Y, and Z axes, respectively. The resulting 3D
images of the stars from Table 1 are presented here as

Thttps://www.desmos.com/3d

Figure 4: Polaris field stars. View along the Y (V)
axis, directed toward the observer.

2D graphics (Figures 1-8), showing how our stars ap-
pear from different viewing angles. The large red and
blue symbols correspond to the coordinates of Polaris
for the Hipparcos - Gaia DR3 parallax and photomet-
ric parallax, respectively. Similarly, the medium-sized
symbols in orange and dark blue represent the giant
HD 6319, while the small symbols of the same colors
represent the remaining 18 main sequence stars.

As can be seen from the figures, the overwhelming
majority of stars from both groups, despite the
differences in coordinates associated with parallax
estimates, form a kind of clamp together with Polaris.
The exception, as already mentioned by Usenko et
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Figure 7: Polaris field stars. View at 45 degrees to the
Figure 5: Polaris field stars. View along the Z (W) 7 (W) axis from above.
axis, directed away from the observer.

Figure 8: Polaris field stars. View at 45 degrees to the

Figure 6: Polaris field stars. View along the Z (W) Z (W) axis from below.
axis, directed toward the observer.

4. Summary
al. (2023), are three stars: HD 14718 and HD 90162,
which belong to the thick disk, as well as HD 11696,
which probably belongs to another group of stars in 1. For the first time, we applied a 3D calculator to

the Polaris’ field. However, it is obvious that these the three-dimensional U, V and Z coordinates of
three objects are located far from the clamp. It should 20 stars in the Polaris field to clearly show their
be noted that the K-giant HD 6319 is located quite locations in space.

close to Polaris, and this fact may serve as evidence

that the Cepheid is surrounded by the remains of an 2. Despite the differences in the parallax estimates
open cluster (Turner 2009). for these stars, 17 objects form a noticeable clamp

with Polaris, while three objects fall outside it.
Two outlier objects belong to the thick disk, and
one is a possible remnant of another cluster within



108

Odesa Astronomical Publications, vol. 38 (2025)

Polaris’s field.

. The close proximity of the K-giant HD 6319 to

Polaris and its location within the clamp may be
evidence of the existence of the remains of one of
the open clusters in the Cepheid field.

. Use of 3D calculators to produce spatial plots may

serve as a new tool to study the structure and
dynamics of open clusters in the future.
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ABSTRACT. This study investigates the
gravitational influence of the major planets and the
Moon on the orbital dynamics and mechanical
energy of near-Earth asteroid 2024 PT5 during its
temporary capture by Earth. Discovered on 7 August
2024 by the ATLAS Sutherland survey, the asteroid
transitioned onto an elliptical geocentric orbit in late
September 2024 and returned to a heliocentric
trajectory in mid-November 2024.

The primary objective is to determine which
massive bodies of the Solar System specifically the
Moon and the nearest planets facilitated the capture
process, induced changes in the asteroid’s total
mechanical energy during the capture phase, and
provided the key perturbations leading to its escape
from Earth’s gravitational field. High-precision
geocentric  ephemerides and osculating orbital
elements were obtained from the JPL Horizons
service. Numerical analyses of the time series for
kinetic, potential, and total mechanical energy, as
well as eccentricity, were performed to characterize
both the capture and release phases.

Particular attention was given to the temporal
correlations between the asteroid’s close approaches to
the Moon and to the major planets, and the
corresponding variations in its orbital elements. This
approach isolates the intervals during which 2024 PT5
experienced the most pronounced dynamical changes,
thereby informing targeted numerical simulations. The
methodology includes a detailed statement of the
problem and computational procedure, including the
criteria used to define the start and end of the
temporary satellite phase and efforts to identify the
bodies exerting the strongest gravitational influence.
The results lay the groundwork for developing a
general algorithm to assess the probability of capture
for any near-Earth object, and to evaluate its potential
hazard or scientific value for future sample-return
missions. Application of these techniques promises to
enhance the precision of asteroid trajectory forecasts
and to support ongoing planetary defense initiatives.

Keywords: temporarily  captured  objects;
orbital dynamics; N-body integration; IAS15;
REBOUND.

AHOTAIIIA. Bukonano JOCTJIZKEeHHST

rpaBiTAIiTHOrO BIJIUBY BEJMKUX IIaHeT Ta Micsdisg Ha
opbiTajibHy JUHAMIKY Ta MEXaHIYHY €HEprilo acTepoi-
na 2024 PT5 min gac fioro THMYacOBOIO 3aXOILJICHHS
3emsiero. BusBienuit 7 cepuus 2024 poky 3a JIOIOMO-
roto orsiy ATLAS Sutherland, acrepoin nepeiinios
Ha eJINTUYHY TeOleHTPUYHY OpOITYy HAIPUKIHIN
BepecHd 2024 poKy Ta TOBEPHYBCS HA T'€TIONEHTPUIHY
TpaeKkToOpito B cepemamni Jucromaga 2024  poky.
OcHoBHA MeTa TOJISATa€ y BU3HAYEHHI TOTO, dKi Tia
Consunoi cucremu, 30kpema Micsp Ta Haiibamkai
IUTAHETH, CIPUSIIA IIPOIECY 3aXOIJICHHS, BUKJIMKAIN
3MiHM y TIOBHIII MeXaHIdHil eHepril acTepoina mi gac
da3n 3axXOIIEHHS Ta CTBOPUIN KJIIOY0Bi 30y peHHs, 10
MPU3BEJINA JI0O WOro BUXOJIY 3 TI'PaBITAIIHOTO IIOJIA
3emuti. Bucokorouni reornenTpudni  edemepumn  Ta
OCKYJTIOIOUi OpOiTa bHi ejeMeHTH Oyau OTpuMaHi 3
cepsicy JPL Horizons. Yucenpuuii amaiis 9acoBuUx
PAAiB  JUIA  KIHETHMYHOI, TIIOTEHIIHHOI Ta IOBHOI
MeXaHiqHOI eHeprii, a TakKoK EeKCIEHTPHUCHUTETY, OyB
[IPOBEJICHMI JIJISI XapaKTEPUCTUKN fK (a3 3axOIlIeH-
Hel, TaK 1 (a3 BUBIIbHEHHS.

OcobsiuBy  yBary Oy/O  IPUIIJIEHO  YaCOBUM
KOPEJISIisiM MizK O/TM3bKUMU 30/IMKEHHSIMU acTepoiia
3 Micamem Ta BeJMKUMH TIJIAHETAMH, & TaKOXK
BiAMOBITHUM 3MiHAM IOTO OpPOITATLHUX €JIeMEHTIB.
et minxim BuHOKpemJIioe iHTEpBaINM Yacy, MPOTATOM
aknx 2024 PT5 3a3maBaB HafOIbIl BHPaXKEHUX
JUHAMIYHAX 3MiH, TMM CAMHM HaJal04u iH(OpPMAIIIIO
TS TIECTPAMOBAHUX YUCJTOBUX MOJIETIOBAHbD.

Meromosorist BrJtoUae nerajbHe (HOPMYJTIOBAHHS
npobsleMr Ta OOYUCIIIOBAJIBLHOI IIPOIENYPH, 30KpPEMa

KpUTePil, MO0 BUKOPUCTOBYIOTbCHA /JIJI BU3HAYEHHS
MOYATKy Ta  KIHIEg  TUMYACOBOTO  3aXOIJICHHS
CYIlyTHUKA, Ta 3yCHLIs IIOA0 iJgeHTudIKamii Tij,

MO 4YWHSTH HAWCUJIBHIMMN TpaBiTAlliitHUl BILIUB.
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PesynmpraTtn  3akmagaioTb  OCHOBY  JjIsi  pO3POOKHU
3araJibHOTO AJITOPUTMY OITIHKH MMOBipHOCTI
3aXOIJIEHHSA OY/Ib-fIKOTO0 HABKOJO3€MHOIO 00’€KTa, a
TaKOK JJIsl OIIHKKM HOro MOTEHIHHOI Hebe3meku abo
HAyKOBOI I[IHHOCTI JJIsi Ma#OyTHIX MICiil 3 TOBEpHEHHSI
3pasKiB.  3aCTOCYBaHHA  IUX  MeTOMIB  0birsie
IMiIBUAIIATY TOYHICTDH IPOTHO3IB TPAEKTOPIl acTepoiin
Ta TMiJATPUMATH TOTOYHI IHIMIATUBH TIJIAHETAPHOL

00OpOHM.

KurouoBi cioBa: tumuacoBo 3axomnsieHi 00’ekTH,
opbiTanbHa JjguHaMmika, iHTerpamis N-tim, TAS15,
REBOUND.

1. Introduction

Small bodies temporarily captured by Earth (so-
called temporary satellites, TCOs — temporarily
captured objects) are of scientific interest both in
planetary dynamics and in applied problems — rang-
ing from developing detection methods to assessing
potential risks and mission planning. The analysis of
temporary capture phases provides unique data on the
interaction of a low-mass body with the multi-body
Earth—-Moon—planet system and allows for evaluating
the contribution of individual bodies to changes
in orbit and energy. In this work, we reconstruct
the geocentric trajectory of asteroid 2024 PT5 and
analyze its energetic characteristics during the period
when the object behaved as a temporary satellite of
Earth. The main objectives of the study are: (I) to
determine the onset and termination of the capture
phase, (II) to investigate changes in orbital elements
and specific mechanical energy, and (III) to evaluate
the contribution of the Moon and other bodies to the
dynamics and energetics of the object.

2. Methodology

2.1. Data sources

Initial state vectors and orbital elements were obtained
from the JPL Horizons service (JPL/NASA).

2.2.Construction of the dynamical model

For numerical integration we used the open-source
N-body code REBOUND with the adaptive, high-
accuracy integrator IAS15 (the integrator tolerance in
this work was set to 107%). The model includes the
Sun, the major planets, the Moon, and the asteroid
itself.  All initial vectors (positions and velocities)
were brought to a common epoch (the start of the
integration interval) and used as heliocentric input
conditions.

2.3.Integration period and output grid

Integration was performed over the interval 25
September 2024 — 30 November 2024 with an output
cadence of 1 day; all data were obtained at 00:00 UTC
for each date (resolution can be increased for local
events if required).

2.4.Energy calculations and capture criteria

Specific kinetic energy: T (km?/s?);

Specific potential energy relative to Earth: U (km? /s?);
Specific total mechanical energy (geocentric): E=T-U;
Criteria for temporary capture:

Geocentric eccentricity e < 1.

Specific energy E < 0.

Both criteria were used in parallel to check for consis-
tency.

2.5.8ensitivity — assessment of the Moon’s contribu-
tion

To evaluate the contribution of individual bodies, a
series of control integrations was performed: in each
experiment the mass of one body was set to zero
while the initial positions and velocities of all bodies
were preserved. Comparison of time series of orbital
elements and E(t) between the base model and the
variations allows isolating the influence of a specific
body. For further statistical analysis we computed the
difference series dE(t) and the correlation coefficients
between distances r(t) and E(t).

2.6.Data processing and numerical details

All calculations were implemented in Python using
the numpy, pandas, matplotlib and scipy libraries.
Central-difference methods were applied for smoothing
and differentiating the energy time series.

3. Results

3.1.Main time boundaries and capture duration

Based on the analysis of E(t) and geocentric eccen-
tricity, it was determined that the transition into the
captured state occurred on 29 September 2024 (the mo-
ment when E crossed zero), and the end of the capture
phase took place on 25 November 2024. The duration
of the temporary satellite phase was approximately 57
days.

Table 1: E(t) e(t)

Date (UTC) | E, km?/s2(£2 x 1077) | e (£107°)
2024-09-28 0.01023 1.0361500465
2024-09-29 0.00456 1.0160313087
2024-09-30 -0.00092 0.9967642306
2024-10-01 -0.00619 0.9782629997
2024-11-24 -0.00903 0.9581747075
2024-11-25 -0.00365 0.9830847857
2024-11-26 0.00197 1.0091820203
2024-11-27 0.00782 1.0369552086

3.2.Orbital elements and trajectory

The time series of geocentric orbital elements shows
a decrease in eccentricity at the end of September,
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Figure 1: Complete geocentric orbit of asteroid 2024
PT5 for the interval 27 June 2024 — 31 January 2025.
(Left): projection of the orbit onto the XY plane with
the geocentric orbit of the Moon (dashed line) and
the position of the Earth (red dot) indicated. (Right):
three-dimensional view of the trajectory.
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Figure 2: The specific energy of the asteroid and the
specific energy of the asteroid without accounting for
the influence of the Moon during the period from 2024-
09-25 to 2024-11-30.

followed by a return to higher absolute values toward
the end of November. The period during which e <
1 correlated with the interval E < 0. The trajectory
in geocentric coordinates has a horseshoe-like shape
during the capture phase.

3.3.Role of the Moon and other bodies

The analysis of the “without Moon” integration
series showed local deviations of dE(t) = 4.729x1073
km?s? compared to the base model. Correlation
analysis revealed a strong correlation between the
asteroid-Moon distance and energy variations; the
absolute value of the correlation coefficient was approx-
imately 0.95, while for other bodies it was less than 0.1.

4. Discussion

The results indicate that short-term fluctuations in
the total mechanical energy of the asteroid relative to
Earth are mainly determined by local gravitational in-
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Figure 3: The difference in energy (model without the
Moon minus model with the Moon).
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Figure 4: Energy variation over time (with the Moon
and without the Moon).

fluences, among which the Moon plays the dominant

role.

The weak contribution of other planets within

the considered interval is explained by their large dis-
tances and less favorable configurations for momentum
transfer to the asteroid. The results of the “mass=0"
test series confirm that the local asymmetry of the E(t)
curve is caused by gravitational “impulses” from the
Moon during close approaches.

It is important to note the sources of error and lim-

itations:

Uncertainty in the asteroid’s initial mass and inter-

nal parameters (in this work it was treated as a test
particle).

Errors in initial vectors (influence of observational

and interpolation errors from Horizons).

Neglect of minor

effects

non-gravitational (e.g.,

Yarkovsky), which are insignificant for short-term
evolution but may affect long-term behavior.

Proposed improvements for future studies include

refining GM values based on SPICE/NAIF data,
performing ensemble integrations to assess sensitivity
to initial condition uncertainties, and, if necessary,
accounting for mnon-gravitational forces for longer
integrations.

5. Conclusion

It was established that asteroid 2024 PT5 entered

a temporary capture state on 29 September 2024 and
remained in it for about 57 days, until 25 November
2024.

Analysis of the orbital elements and energy confirms
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the phase transition: entry into the state with e < 1
and E < 0 at the end of September and exit from it at
the end of November.

The series of control integrations showed that the
Moon provides the most significant contribution to lo-
cal deviations of the energy curve; the correlation be-
tween the asteroid—Moon distance and E was approxi-
mately 0.95.

The applied methodology (JPL Horizons — RE-
BOUND (IAS15) — series of mass-zero runs) is
effective for assessing the influence of individual
bodies on the orbit of a low-mass object and can be
used for further studies of other temporary satellites.
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ABSTRACT. Active space debris removal operations mnpo IBHAKICTH iXHBOTO OOEpTaHHS Ta IOTOYHY

require a priori knowledge of the target objects’
rotation parameters, i.e., information on their rotation
speed and current orientation in space. This can
be achieved through appropriate observations designed
to determine these parameters. Recording and
subsequent analysis of light curves is the most common
method for monitoring space objects’ rotation using
optical means. This paper examines the results of
long-term  photometric observations of a large space
debris object — the third stage of the SL-14 rocket
(international COSPAR  number 1987-074G,
USSTRATCOM ID 18340). It shows how this
resident space object's (RSO) rotation speed around
its center of mass repeatedly changed between 2006
and 2025. To understand the cause of this behavior of
RSO 18340, it is necessary to study the relationship
between its different rotation speed states and the
corresponding orientation of its rotation axis in inertial
space. In paper, we consider the observed light curves
of RSO 18340, recorded in 2024 at different
observatories, analyze their structure and identify similar
photometric patterns in different light curves. These
photometric patterns are used to determine the spatial
direction of the object’s rotation axis in two short (1—
3 days) time intervals in late February — early March
2024. As a result of this analysis of the light
curves, four estimates of the average direction of the
rotation axis and its evolution over a two-week
interval were obtained. Using two light curves
obtained during flybys over different observing
points on February 27, 2024, we obtained the current
direction of the rotation axis in the inertial coordinate
system: RA = 10°, Decl. = -66°. And based on six light
curves obtained on March 9, 10 and 11, 2024, the
following average coordinates were determined: RA
= 06°, Decl. = -39°. We estimate the internal error of
these results to be +(5-10)°. Based on these results,
we hypothesize that there are no rapid shifts in the
rotation axis of RSO 18340.

Keywords: space object; photometric observation; light
curve; apparent period; photometric pattern; spin axis
orientation.

AHOTAIIS. JIns omepalliii 3 akTUBHOTO BUIAICHHS
KOCMIYHOTO OpyXTy HEOOXiHE ampiopHEe 3HAHHS
napamMeTpiB o0epTaHHs IiTHOBUX Tijl, TOOTO 1HGOPMAITis

opieHranito y mpoctopi. Lle Moxe Oyru 3abe3neueHo
BIJMIOBIJTHUMHU CIIOCTEPEIKEHHSAMH, IMPU3HAYCHUMH JUIs
BU3HAYCHHS LIMX IapaMeTpiB. PeecTpauis Ta moxanpmuii
aHaNi3 KPUBUX OJIMCKY € HAWMOIIHPCHIIIUM METOIO0M
MOHITOPHHTY obepTaHHs KOCMIYHHX
00’exTiB onTHYHMMH 3acobaMu. Y poOOTiI pPO3TIAHYTI
pesynbratd  OaratopidHuX  (POTOMETPUYHHX  CIIO-
CTEPEKCHb BEJIHMKOr0 00 €KTa KOCMIYHOTrO OpyxTy — 3
-To crymeHs paketd SL-14  (MibKHapomHuWid  HOMep
COSPAR  1987-074G, USSTRATCOM ID 18340).
ITokazano, sk mpotsrom 2006—2025 pp. HEOAHOPA30BO
3MiHIOBajJacs UWIBHJKICTh OOEpTaHHS HAaBKOJO LEHTPY
MacH I[bOTO PE3UJICHTHOro KocMiuHoro o6'exkra (KO).

Jdns po3yMiHHA TPUYMHU Takoi moBeninku KO
18340 HeoOXimHO BHBYUTH B32aEMO3B'I30K MK pi-
3HHUM CTaHOM INBHIKOCTI #oro obepraHHS Ta Bij-

MOBITHOI0 OPIEHTAIIE€I0 B iHEPUIHHOMY MPOCTOpPi HOTO
oci oOepranHs. Y poOOTi aias IbOrO PO3MIISTHYTO
cnoctepexxHi kpusi Omucky KO 18340, sxi orpumani
Ta 3apeectpoBaHi B 2024 pomi Ha  pi3HHX
oOcepBaTOpisfiX, MpOaHATI30BAaHO IX CTPYKTypy Ta
ineHTH]IKOBaHO CXO0X1 (OTOMETpUYHI NATEepPHU Ha
pi3EEx KpuBuX Omucky. Lli doromerpuuHi maTepHH
MoTiM OyJIM BUKOPHCTaHi Il BU3HAUCHHS HANpSIMKY Yy
npocropi  oci  obepraHHs  jgaHoro o0’ekra Yy
IBOX KOPOTKHX dYacoBuX iHTepBamax (1-3 mobu) Ha-
MIPUKIHII JIFOTOTO — Ha modyatky Oepe3Hs 2024 poky. B
pe3yabTaTi [BOTO aHai3y KPUBUX OJIMCKY OTPUMaHO 4O-
THUPU OL[IHKU CEPEeJHBbOr0 HampsMy oci obepraHHs Ta il
€BOJIIOIII0 HA ABOTIKHEBOMY iHTepBalli. Bukopucranus
JBOX KpHUBHMX OJHCKYy, OTpUMaHMX Yy MpOJIbOTax
HaJl PI3HUMH NYHKTAaMH CIIOCTEpeXeHHs 27 JoTo-
ro 2024 poxy J03BOJWJIO  BU3HAYUTH  [OTOYHHUI
HaIPsIMOK oci oOepTraHHA B IHEpUiHHIA cHCTeMi
koopauHat: RA = 10°, Decl. = -66°. A Ha OCHOBI IIe-
CTH KpUBHX Oyncky, mo orpumano 9, 10 i 11 Gepe-
31 2024 poky BH3HAa4YeHI HACTYNHI CcepenHi
koopauHaTtH: RA = 06°, Decl. = -39°. [Ipn npoMy BHY-
TPIIIHIO TOMMWJKY IMX DPE3YyJbTaTiB MH OLIHIOEMO SK
+(5-10)°. Ha ocHOBI mWX pe3ynbTaTiB 3poOICHO
MPUIYIMIEHHS TPO  BIiACYTHICTh IIBUIKHX KOJIMBaHb
oci obepranus KO 18340.

KuouoBi cjoBa: kocMmiuHuii 00’€kT; (QoTOMETpUUIHI
CIIOCTEPE)XEHHS; KpuUBa OJIMCKY; BUAMMHHA Tepioj;
(hoTOMeTpUUHUI MTaTepH; OpieHTAIlis OCi 00epTaHHSI.
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1. Introduction

Orbital spacecraft play a vital role for modern
civilization. However, as the number of objects in near-
Earth space grows, so too do the undesirable
consequences associated with possible and even inevitable
collisions. The growing number of space debris is of
exclusive concern. Space debris is artificial objects in
orbit that perform no useful function (inoperative
spacecraft, spent rockets, fragments of destroyed
spacecraft, etc.). To protect operational spacecraft and the
space environment as a whole, several measures have
been proposed to reduce the risk of collisions—primarily,
active debris removal (ADR).

Such operations require a priori knowledge of the
rotational parameters of the target bodies, that is, their
rotational speed and current orientation in space. This can
be ensured by appropriate observations designed to
determine these parameters. In general, both for the mass
removal of space debris from orbit and for accurately
predicting its orbital motion, it is important to understand
and consider the causes and mechanisms that cause
changes in the rotation of space objects.

Light curve recording is the most common method for
analyzing the rotation of space objects using optical means.
They can be used to determine the rotation states of space
debris, including the rotation period (Silha, 2018; Hall,
2014; Rachman, 2025) and the orientation of the rotation
axis (Santoni, 2018; Zhao, 2020; Vananti, 2023; Kudak,
2024). Of interest is the study of the evolutionary of both
the rotation period and the spatial orientation of the rotation
axis of a space debris objects. Many authors have noted the
cyclic nature of the rotation period variations in different
studied space debris objects (See, for example, Earl, 2017;
Rachman, 2025). The main goal of these studies was to
extract apparent periods and explain the observed rotation
accelerations and decelerations by modeling the torques
acting on the space debris. For example, tilted solar panels
with different orientations and different reflectivities for the
front and back sides experience torques caused by the
pressure of solar rays. For example, Ojakangas & Hill
(2011), Albuja (2015), Benson & Scheeres (2017), it was
shown that solar radiation pressure and the YORP effect
can lead to complex, tumbling rotations of asymmetric
satellites.

However, the causes of the acceleration and
deceleration of the rotation of various inactive spacecraft
and rocket bodies require further study. A better
understanding of the relationship between different
rotational speed states and the corresponding orientation
of the satellite's spin axis is also needed.

2. Variations in the rotation period of RSO 18340

In this paper, we present the results of photometric
observations and their analysis for a large space debris
object, namely the 3rd stage of the SL-14 rocket body
(R/B). This space debris object moves in a circular orbit at
an altitude of approximately 1450 km above Earth with an
inclination of 82.5°. The Astronomical Observatory of the

Odesa I. I. Mechnikov National University has been take
photometric monitoring of large space debris bodies in
low orbits for many years (Koshkin, 2021). The first
observations of RSO 18340 were obtained in September
2006. At the same time, the first estimates of the apparent
rotation period of this space debris were made, which was
approximately 135 seconds. However, observations
obtained in May 2007 revealed that the period of its light
curve decreased to approximately 68 seconds. This value
was almost exactly half the duration of the period in the
previous observation, and this gave some reason to
consider it a harmonic of the main rotation period. It
should be noted that the light curves of the RSO 18340
exhibits two significant oscillations with similar
amplitudes per rotation, between which secondary maxima
are sometimes observed, either as a separate increase in
brightness or as a hump on the descending or ascending
branch of the main oscillation. This fact provides a strong
argument in favor of an acceleration of the rotation of
RSO 18340 over the expired eight months. Observations
in July 2008 showed that the brightness oscillation period
of this RSO was approximately 58 seconds. Subsequent
observations yielded the following estimates of its rotation
period: on October 8, 2009 and September 10, 2010, it
was approximately 50 seconds, while on April 26, 2010, it
was approximately 72 seconds. Figure 1 shows the light
curves of RSO 18340 that we recorded on these dates.

Subsequent, unfortunately also not always regular,
photometric observations have shown that this object
continues to experience significant variations in its
rotation velocity around its center of mass. Figure 2 shows
our obtained rotation period values for the period 2006—
2022. We see mostly slow, possibly cyclical, variations in
the apparent rotation period of RSO 18340, ranging from
30 to 158 seconds. The cycle length was likely
approximately 2.5 years or more.

In 2020, an international campaign of photometric
observations of rocket bodies (R/B) was launched,
announced by the Inter-Agency Space Debris
Coordination Committee (IADC). Its goal was to evaluate
the potential of photometry to determine all possible
rotation parameters of rocket bodies, given the availability
of extensive data from various observatories. The
observation program included eight R/Bs with orbital
altitudes below 1000 km, i.e., located in the region of
highest spatial density of space bodies. This region of
altitude above Earth is primarily in need of active debris
removal from orbit. However, RSO 18340 was also
included in the observational program of this campaign, as
it has an interesting history of rotational speed variations
around its center of mass. The campaign lasted until mid-
2022. Approximately 80 light curves of RSO 18340 were
obtained, which were very unevenly distributed over time.
Figure 3 shows the distribution of these observations,
obtained at four observatories. As can be seen, there are
intervals when a group of observations were obtained on
close dates. However, overall, there are significant gaps
between the observations, which significantly reduces
their value for some types of analysis.
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Figure 1: Examples of light curves for RSO 18340. The x-axis represents time in hours (the x-axis scale is maintained).
The red line with arrows indicates the light curve period corresponding to the apparent rotation period of the RSO.
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IADC. Period values after July 6, 2022, were provided by ASI and AIUB (see Kumar, 2025)

Nevertheless, these observations were analyzed for the
possibility of estimating the apparent rotation period of
RSO 18340. As a result, a nearly linear trend of increasing
apparent rotation period of RSO 18340 from 55.6 seconds
to 144.4 seconds was detected over the time period from
September 2020 to early July 2022, with an average
period increase rate of approximately 0.13 seconds/day.
At this point, the campaign ended, and the operational
exchange of observation data stopped. It seemed that RSO
18340's rotation had entered a state of stable, gradual
deceleration, as is often observed in other space debris
objects. However, on February 1, 2024, in Odesa, we
obtained another light curve of this RSO, and
unexpectedly found that the observed rotation period was
15.8 seconds. This represents a ninefold increase in the
angular velocity (see Fig. 4).

At the same time, it was discovered that, after the end
of the campaign, colleagues from Switzerland (AlUB) and
Italy (ASI) also obtained sporadic observations of this
RSO. Based on their data (Kumar, 2025), it was
concluded that in the second week of July 2022, the
rotation velocity of RSO 18340 rapidly increased (the
period decreased to 98.6 sec) and possibly remained at
almost the same level until the end of November 2022.
After this, a period of slow rotational velocity increase
was observed until the end of February 2024, as shown in
Fig. 5. Let us pay attention to the fact that the acceleration
of rotation of RSO 18340 (see Fig. 2) observed from

08.11.2012 to 20.02.2013 (the visible period decreased
from 158 to 68 seconds) occurred in approximately 100
days, while the acceleration in 2022-2024 apparently
continued for 1.5 years.

As a result, the cooperative observing campaign for
photometry of RSO 18340 was restart from late February
2024. 1t involved primarily two observing stations of the
National Space Facilities Control and Test Center of
Ukraine in Novosilki and Mukachevo, as well as the
Astronomical Observatories of Odesa, Uzhgorod, and
Lviv Universities. Some observations were also provided
by the UK Space Agency (UKSA, Herstmonceux) and the
Italian Space Agency (ASI, Scudo), and the Swiss
company s2a systems subsequently joined the
observations. Ultimately, it was established that, since the
end of February 2024, the apparent rotation period of RSO
18340 has been increasing monotonically, initially slowly
at a rate of approximately 0.02 sec/day, then more rapidly
at a rate of approximately 0.05 sec/day (Fig. 6). However,
the rate of period increase never reached the level
observed in 2020-2022, remaining, on average, three
times slower.

We observed another nonlinear change in the apparent
rotation period of RSO 18340 beginning on June 22,
2025, when it decreased by 0.3 seconds over
approximately three weeks and then continued to increase
at a rate of approximately 0.072 seconds/day for several
months (see Fig. 7).
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This unstable change in the rotation speed of RSO 18340
raises questions about its possible cause. In (Kumar, 2025),
the authors considered the possible cause to be the loss of
residual fuel due to a mechanical failure of one of the R/B
engine's nozzle valves during its spin-up period from July
2022 to February 2024. Such a cause cannot be ruled out,
but given the entire history of its rotation period variations,
its effect must be very complex and repetitive.

3. Orientation of the Rotation Axis of RSO 18340

A comprehensive study of the nature of its rotation around
the center of mass could be the solution to the problem of the
complex, possibly cyclical, variations in the rotation period
of RSO 18340. On the one hand, the slow deceleration of its
rotation observed in recent years occurs at varying rates. This
could support a change in the nature of its rotation and the
position of its rotation axis within the body. On the other
hand, the shape of its light curves generally appears to be
consistent across seasons over many years.

An attempt was made at the Sapienza University of Rome
(Kumar, 2025) to determine the rotation parameters of RSO
18340 by comparing the observed and synthetic light curves,
using a physical and digital model (physical simulation +
“digital twin”). By fitting model light curves to the observed
one, they obtained a complex motion, including rapid
nutation and precession of the rotation axis of R/B 18340.

We attempted to test an alternative hypothesis, which
assumes a planar rotation of the RSO around a single axis
within the body and a slow precession of the rotation axis in
space. We used our previously proposed method for
determining the spatial orientation of the rotation axis of an
arbitrary-shaped RSO (Koshkin, 2024a and Koshkin,
2024b). To do this, we examined 13 light curves of RSO
18340 obtained from several observatories between
February 27 and March 11, 2024 (10 light curves from the
National Space Center, 1 from Lviv University, and 2 from
Herstmonceux). Through expert comparison, we identified
17 fragments (patterns) in these light curves that are similar
to each other and distinct from the others. For the time of
each pattern observation, the position of the phase angle
bisector (PAB) vector was calculated. By grouping these
data, the average position of the rotation axis in the inertial
coordinate system was determined for each 1-2-day time
interval (Fig. 8). We see a significant drift of the rotation
axis in declination, while right ascension changed little. At
the same time, the results based on observations over a
single night show a scatter of approximately +3° relative to
the solution based on a two-day observation interval, i.e.,
the averaged solution. This allows us to estimate the
internal error of the individual pole solution as no more
than +(5-10)°. In the orbital coordinate system, the rotation
axis is offset from the ascending node by an average of
122-127 degrees in right ascension.
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Drift of Rotation Axis of RSO 18340
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Figure 8: The position of the rotation axis of RSO 18340 in
the inertial coordinate system for four dates, calculated by
selecting similar photometric patterns in light curves obtained
at different observatories over short time intervals (1-3 days).

In addition to searching for the optimal position of the
rotation axis in space, this method allows us to
simultaneously determine of the latitude of each
photometric pattern in the coordinate system associated
with rotation axis in the satellite body. This latitude is
determined by the current latitude of the PAB vector in
the inertial coordinate system. In this sense, we use the
term “latitude of the photometric pattern.” The determined
correspondence between the photometric pattern and
latitude should remain constant for all satellite passes as
long as the rotation axis maintains its position within the
body (although it shifts in space).

In Figure 9, fragments of the observed light curves
(patterns) are superimposed on the PAB latitude plots for
RSO 18340 at the exact times and latitudes calculated for
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the determined rotation axis position in space. We see the
close equality of the latitudes of the similar patterns across
different transits and for different observation sites,
confirming the correctness of the determined rotation axis
position in the corresponding time interval.

4., Discussion and future work

It appears that our estimates of the spatial position of
RSO 18340's rotation axis may indicate a slow shift over
an interval of approximately two weeks (February 27 —
March 11, 2024), i.e., the absence of rapid, significant
oscillations.  However, this  conclusion  remains
insufficiently substantiated. Although we (together with
colleagues) obtained numerous light curves for RSO
18340 in 2024 and 2025, we have not yet been able to
determine the rotation axis orientation and its evolution
over significant timescales. This is because the technical
challenge of creating a pipeline for comparing many light
curves and identifying unique patterns across the entire
dataset remains unresolved. The light curves of RSO
18340 often exhibit very similar patterns over several
rotations, making clustering them difficult.

The successful solution to the problem of determining
the rotation axis orientation of RSO 18340 using the pattern
method in the two-week interval discussed above in
February—March 2024 was facilitated by the fact that the
PAB trajectory during these RSO transits apparently
approached the direction of the current rotation axis. This
was manifested in a significant change in the amplitude of
brightness variations during the considered RSO transits—
from 0.5 to 3 magnitudes on average (see Fig. 10). This
resulted in an increased diversity of observed pattern types
and a significant distribution by latitude in the coordinate
system related with the current rotation axis.
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Figure 9: Graphs of the PAB latitude variation during different transits of RSO 18340 for different observing sites. The

used by us patterns at the corresponding times and at the latit

ude calculated for the current rotation axis position are also

shown. The top panel shows observations on February 27, 2024, obtained at Herstmonceux and Mukachevo. The

bottom panel shows observations obtained on March 9 in Lvi

v and on March 11, 2024, at Novosilky.
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Figure 10: Dependence of the amplitude of the light curves of RSO 18340 on the latitude PAB for the adopted direction
of the rotation axis RA = 6°, Decl = -39°, common for six passages in the interval of March 09 — 11, 2024 (left);
Dependence of the same amplitude values of the light curves of RSO 18340 on the phase angle (right).
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Figure 11: Computer model of RSO 18340 in two variants of its shape (left) and fragments of the corresponding

synthetic light curves (right).

Figure 10 (left) shows the local amplitude of brightness
variations in six different transits of RSO 18340 during the
interval March 9-11, 2024. The X-axis plots the PAB
latitude at the corresponding mean times. We see a good
correlation between the amplitude and latitude of the PAB
for the mean direction of the rotation axis (RA = 6°, Decl. =
-39°). This confirms the expected dependence of the
amplitude on the PAB latitude for an elongated body. This
also indirectly confirms the agreement between the position
obtained in our analysis and the actual position of the
rotation axis of RSO 18340 during this time interval. The
noticeable spread in the amplitude values can be partially
explained by the influence of other observing conditions
during different RSO transits — the phase angle and the
orientation of the light scattering plane (relative to the
rotation plane). The right panel of Figure 10 shows the
dependence of the same amplitude values on the phase
angle. This dependence, while expected, is generally almost
an order of magnitude less significant than the amplitude
dependence on PAB latitude (slopes of 0.0066 and 0.05
magnitudes per degree of phase angle and per degree of
PAB latitude, respectively). Moreover, this graph
significantly reveals a different amplitude dependence,
distinct from the phase dependence, for each individual
transit (highlighted by color and thin dashed lines).

Considering that for man-made space objects, even in
the absence of specular flares, the amplitude of brightness
variations is quite large (in this case, reaching 3m), and the
phase dependence of the amplitude is significantly less

significant than its dependence on the PAB latitude, this can
in some cases serve as a rough method for finding the
current position of the rotation axis in space. This requires
several light curves obtained over a short time interval (e.g.,
over the course of a day and preferably from different
observation sites), demonstrating significant amplitude
variations. In this case, an attempt can be made to find the
minimum scatter of observed local amplitude values for all
light curves in each latitude interval of the PAB (in the
coordinate system associated with the trial axis) by
enumerating trial rotation axis directions. The spatial
direction of the trial rotation axis in this case will likely be
close to the actual direction.

To test the solution to the inverse problem of
determining the satellite's rotation axis orientation based on
photometric data, we also plan to use its digital optical-
geometric model. The modeling was done in 3ds Max
software. Figure 11 on the left shows a computer digital
model of RSO 18340 in two variants of its shape (based on
data from different sources), and the panel on the right
shows the corresponding synthetic light curves. The model
rotates around an axis almost perpendicular to its
longitudinal axis, and in space, the rotation axis has
coordinates: RA = 10°, Decl. = -66°. The calculation of the
synthetic light curve was made for the passage of RSO
18340 over the observation point Mukachevo on
02/27/2024 at 17h15m UTC.

Comparison of the synthetic light curves of the RSO
18340 model with numerous observed curves should
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provide additional support for a conclusion regarding the
rotation pattern of this SL-14 rocket's third stage and the
possible cause of its repeated spin accelerations.
Furthermore, we propose an international observational
campaign to photometry other similar space objects, as a
cluster (approximately 20 RSOs) of identical SL-14 rocket
stages orbits in very similar orbits.

5. Conclusion

In this paper, we consider the results of long-term
photometric monitoring of a large space debris object—
the 3rd stage of the SL-14 rocket (RSO 18340). It is
shown how the rotation velocity around the center of mass
of this object repeatedly changed during 2006-2025. To
better understand the reason for this behavior of RSO
18340, the structure of its light curves is considered, and
the identified similar photometric patterns are used to
determine the direction of the rotation axis of this object
in inertial frame. As a result of this analysis of the light
curves of RSO 18340, estimates are made of the average
direction of the rotation axis during two short (1-3 days)
time intervals in late February — early March 2024. Based
on two light curves obtained during the flybys of RSO
18340 over Mukachevo and Herstmonceux on February
27, 2024, the following coordinates of the rotation axis in
the inertial coordinate system were found: RA = 10°,
Decl. = -66°. Based on six light curves obtained on March
9, 10, and 11, 2024, at different observation locations, the
average coordinates of the rotation axis were found to be
RA = 06°, Decl. = -39°. We estimate the internal error of
these results to be +(5-10)°.
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REFLECTANCE SPECTRA OF DISTINCT SURFACE UNITS IN THE
MARCIA CRATER REGION ON VESTA
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Kharkiv, Ukraine, richagova_valeriya@ukr.net

ABSTRACT. The pre-equatorial Marcia crater on aster-
oid (4) Vesta represents one of the youngest and best-pre-
served impact structures on the body, distinguished by its
complex morphology and strong spectral variability.
Within the Av-8 Marcia quadrangle, two spectrally and
morphologically distinct surface units — pitted impact de-
posits (PIDs) and orange material patches (OMPs) — dom-
inate the region and provide valuable insights into post-im-
pact surface evolution. Using calibrated Framing Camera
(FC) images from NASA’s Dawn mission obtained during
HAMO and LAMO phases, we analyzed the spectral char-
acteristics of these units through color-ratio imaging
(C(438 nm/749 nm) and C(749 nm/917 nm)) and reflec-
tance spectra derived from Level 1b datasets. Results show
that both PIDs and OMPs display higher albedo, redder
spectral slopes, and deeper 0.9 um pyroxene bands relative
to surrounding materials, yet their spectral signatures differ
markedly. PIDs generally exhibit deeper 0.9 um absorption
bands and broader reflectance variability, while OMPs dis-
play consistently redder slopes and lower reflectance at 438
nm. Spatially, OMPs and PIDs frequently co-occur in the
southwestern vicinity of Marcia crater, where lobate, flow-
like morphologies also appear. Our findings confirm that
simultaneous examination of C(438 nm/749 nm) and C(749
nm/917 nm) color-ratio maps is an effective approach to
discriminate between OMPs and PIDs.

Keywords: asteroid (4) Vesta, reflectance spectra, color-
ratio imagery, pitted impact deposits (PIDs), orange mate-
rial patches (OMPs), flow-like features.

AHOTANIA. Kparep Mapcist po3ramoBaHuii y npuek-
BaTOpiaNbHil yacTuHi acrepoiny (4) Becra Ta € oaHiero 3
HaliMojoAmMX 1 Halkpame 30epeXeHHX yIapHHX
CTPYKTYp 3 BHPa3HOIO CKJIQJIHOIO MOPQOIIOTi€l0 Ta 3Hay-
HUMH CIIEKTPAJILHUMH BapiallisiMu. Y Mexax KBaJpaHTy
Av-8 Marcia mnepeBaxawTh JBa MOpGONOriyHO Ta
CHEKTPaJbHO BIIMIHHI THITM HOBEPXHEBHX YTBOPEHb —
MOKJIA/IN AMYACTHX yaapHux ctpyktyp (PIDS) ta minsaku
«romapanyeBoi» peuosuan (OMPS), sKi HamgarOTh HiHHY
iHOpMaILlif0 TPO EBOJIOIII0 TOBEPXHI TICHs yAapy.
BuxopucToByroun BiakanmiOpoBaHi 300paxeHHs O0pTOBOT
kamepu Framing Camera (FC) wicii NASA Dawn,
orpuMmani mix yac opbOiraneHux paz HAMO ta LAMO,
OyJ10 IpoaHai30BaHO 32 JOIIOMOT'O0 METOY KOJIOPHMET-
puunux BigHoweHb (C(438 um/749 um) i C(749 mm/917
HM)) criekTpanbHi xapaktepuctiku PIDs Ta OMPs. Ha oc-
HOBI BinkanibpoBanux 306paxkens Level 1b nobynosano Ta

MPOAHATI30BAHO CICKTPU BiOMBHOT 3ATHOCTI BiAMOBIM-
HUX ITOBEPXHEBUX YTBOPEHB.

Pesynpratn nokasyroTts, mo sk PIDs, Tak i OMPSs xapa-
KTEpU3YIOThCS BUIIUM alIb0€0, YEPBOHIIINM CIIEKTPaJIb-
HUM HaXWJIOM Ta TJIMOLIOI0 CMYTOIO MOTJIMHAHHS ITipOK-
ceHy Ha 0,9 MKM TOPIBHSHO 3 HaBKOJHIITHIM MaTepiajioM,
IpOTe iX CIIEKTPabHI O3HAKH CYTTEBO BIAPI3HIIOTHCS MO-
piBHsHO onHe 3 ogHUM. PIDS, sk mpaBmmo, MaroTh TaHOMII
CMYTH TOTJIMHAHHA T00mu3y 0,9 MKM i OUTbITy BapiaTHB-
HICTh BIAIOUBHOI 3maTHOCTI, Toi ik OMPS meMOHCTpYIOTH
CTa0lIbHO YEPBOHINIMI HAXMJI CIIEKTPa Ta HIDKY1 3HAYCHHS
BiIOUTTS Ha AoBxuHI XBU 438 uM. [IpocTopoBo 00uaBa
THIIN YTBOPEHB YaCTO CIIOCTEPIraloThCs pa3oM y MiBAEHHO-
3axiJHUX OKOJIMISAX Kparepa Mapcis, e TakoK po3Tario-
BaHi TIOTOKOBi CTPYKTYpH.

Hamri pe3ynbTaTé HiATBEpAXKYIOTh, IO OJHOYACHHUH
aHaJi3 KapT KOJIOPUMETPHIHUX BimHOUEeHD C(438 HMm/749
um) 1 C(749 um/917 Hm) € ePEKTHBHAM METOIOM IUIS
po3pizaenHs OMPs Ta PIDs.

Kurouosi ciioBa: actepoin (4) Becta, ciektpu BinOuBHOT
3aTHOCTi, METO/I KOJOPUMETPUIHUX BiJHOIIIEHD, pitted
impact deposits (PIDs), orange material patches (OMPs),
ITOTOKOB1 CTPYKTYPH.

1. Introduction

Marcia crater located in equatorial part of asteroid (4)
Vesta within Av-8 Marcia quadrangle and appears to be the
youngest well-preserved crater on Vesta (Michalik et al.,
2021). Crater’s age is estimated by Williams et al. (2014) as
40 Ma (lunar-derived chronology model applied to the
smooth part of elevated bench within southern crater floor)
or 60 (asteroid flux-based chronology, smooth floor units)
while ejecta blanket around Marcia is associated with older
surface (120-150 Ma and 200-390 Ma as for lunar and as-
teroid flux-based chronologies, respectively). While major-
ity of vestan craters is characterized by simple conical cavity,
Marcia stands out by its complex morphology which mani-
fests in presence of gully- and flow-like features, central
peak, terraced rim and asymmetric shape of crater, being 58
km wide and 68 km long (Michalik et al., 2021). Along with
morphological features, Marcia demonstrates non-uniform
spectral (large variations of pyroxene band depths and reflec-
tance) and thermal properties. Within the Av-8 quadrangle
and Marcia Crater, two distinct surface units are of particular
interest: pitted impact deposits (PIDs), notable for their char-
acteristic morphology, and orange material patches (OMPs),
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distinguished by their spectral properties. These units repre-
sent the primary focus of this study.

Pitted impact deposits (PIDs), previously known as pitted
terrains, are (i) circular-shaped surface units with distinct
pitted morphology and spectral behaviour as a rule demon-
strating (ii) higher reflectance and (iii) deeper 0.9 um pyrox-
ene band depth comparing to their immediate surroundings.
This feature was found on a number of planetary bodies
(Mars, Vesta, Ceres Callisto, Europa, Mercury, Triton,
Pluto) and related to the volatiles outgassing process (Micha-
lik et al., 2021; Sizemore et al., 2017). The majority of PIDs
population on Vesta (~96%) is located within Marcia crater
and its vicinity, appearing as deposits within old altered cra-
ters’ floors and/or depressions (Michalik et al., 2021). Within
studied region PIDs are not homogenous in terms of spectral
behavior and Michalik et al. (2021) outline two main types
of PIDs based on differences in reflectance and mean
C(749nm/917nm) color ratio values, having Type 1 as units
with higher reflectance and deeper 0.9 pm band depths and
Type 2 units exhibiting similar to background material val-
ues, although still preserving typical pitted morphology.
Both types occur within and outside Marcia itself and be-
longing of each specific PID to one of two types is dependent
on the hosting deposit’s spectral properties (Michalik et al.,
2021; Michalik et al., 2022). The additional feature of all
PIDs is their redder slope comparing to immediate surround-
ing which makes these wunits distinct on the
C(438nm/917nm) color ratio distribution maps.

Orange material patches were previously known as light
mantle, orange material lobate patches or ‘pumpkin
patches’ as one of three types of orange material deposits
(along with diffuse dark mantle ejecta and ejecta rays from
young fresh-looking craters). Orange material takes its
name after its orange-to-red tones on the global false-colour
mosaics in Clementine colours (R=C(750nm/450nm), G=
C(750nm/920nm), B= C(450nm/750nm)) (LeCorre et al.,
2013; Garry et al., 2014) and was interpreted as an impact
melt with possible cumulative eucrite component (LeCorre
etal., 2013). In this study we suggest to name such deposits
as orange material patches (OMPs) regarding their irregular
shapes and redder spectral slope. OMP is a widespread sur-
face unit which covers almost whole asteroid’s equatorial
belt excluding relatively narrow range of longitudes (from
30°E to 90°E with several rare occurrences of separate
OMPs). Shapes and sizes of OMPs strongly vary with their
location along Vesta’s surface — from single spots with di-
ameter of around 0.7 km to 60-km long assemblage of
patches, having roundish to fully irregular outlines. As
mentioned above, the spectral behavior of OMPs is gener-
ally characterized by a redder spectral slope — presumably
due to an absorption feature near 438 nm (Rychahova et al.,
2024) — as well as by higher overall reflectance and, typi-
cally, deeper 0.9 um pyroxene absorption bands compared
to the surrounding material. Nevertheless, global popula-
tion of OMPs appears to be quite non-homogeneous
demonstrating a high level of diversity of edge sharpness,
sizes, and variations of absorption at 438 nm within a single
spot (Rychahova et al., 2024).

OMPs and PIDs have a number of common features
(higher albedo, steeper slope of spectra, deeper 0.9 um py-
roxene band) while still demonstrating differences in mor-
phology, size distribution and diversity of shapes. Their

close location within Av-8 quadrangle makes this region an
interception of two distinct surface units gives an oppor-
tunity to compare spectral characteristics of OMPs and
PIDs in case of close disposition and identical surround-
ings. Additionally, vicinity of Marcia demonstrates pres-
ence of lobate and flow-like features related to the impact
melt originated during Marcia (and possibly Calpurnia) for-
mation (Williams et al., 2014). These flows occasionally
demonstrate various pitted morphology and appear to be of
high interest along with OMPs and PIDs population. In this
study, we focus primarily on comparing the spectral prop-
erties of OMPs and PIDs, including several samples asso-
ciated with a flow-like feature near the southern rim of
Marcia crater.

2. Methods and data

We used Level 1b calibrated images obtained by NASA
Dawn’s spacecraft on-board imager Framing Camera (FC)
during HAMO and LAMO orbital mapping phases (spatial
resolution 62 m/pxl and 20 m/pxl, respectively). The Fram-
ing Camera (FC) instrument was equipped with one clear
filter (F1) and seven narrow bandpass filters (F2—F8), cov-
ering the visible to near-infrared wavelength range (from
438 nm for F8 to 965 nm for F2) and make it possible to
apply color-ratio imagery technique in order to analyze
spectral characteristics of selected surface units.

The data used in this study are available in free access as
a part of Planetary Data System archive
(https://sbn.psi.edu/pds/sbib/). All coordinates provided in
Claudia coordinate system, which is the main preferable
coordinate system.

Color-ratio imagery was initially invented as an ap-
proach to examine and analyze spectral behavior of se-
lected areas on lunar surface and required at least two to
pixel-by-pixel coaligned images obtained at close phase an-
gle values and different wavelengths A; and A, (Kaydash et
al., 2010). After spectral calibration and alignment proce-
dure were preformed, images can be divided by each giving
the output which represents a map of color ratio C(A1/ A2)
distribution along the studied area. Obtained color-ratio
distribution map gives an opportunity to identify spectrally
distinct surface units such as young craters ejecta halo, ta-
luses, indications of impact melt presence, etc. Simultane-
ous analysis of color-ratio distribution maps corresponding
to different spectral characteristics (slope of spectra, band
depth, spectral bend at specific wavelength, etc.) and reflec-
tance images allows accurate classification of distinct spec-
tral units and contributes to the interpretation of their for-
mation processes. In this study we built color ratios
C(438nm/749nm) and C(749nm/917nm) distribution maps
of selected regions within Marcia crater and its vicinity.
The color ratio C(438nm/749 nm) is used to discriminate
areas with differing spectral slopes. Regions exhibiting
lower ratio values (appearing as darker tones on the map)
represent one of our key indicators used to identify OMP
units. In contrast, the color ratio C(749nm/917 nm) is sen-
sitive to the depth of the 0.9 um pyroxene absorption band,
and higher ratio values correspond to areas characterized
by a deeper band.
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Figure 1: Color ratio C(438nm/749nm) distribution map of Marcia crater region. White boxes a—d define specific areas

which were selected for detailed analysis.

3. Results

We selected 4 images series (regions a—d, Fig.1) within
Marcia crater vicinity and crater’s floor in order to build
color ratio distribution maps  C(438nm/749nm),
C(749nm/917nm) and normalized reflectance spectra for 15
PIDs (6 outside Marcia and 9 within crater’s floor) and 10
OMPs.

3.1. Spatial distribution

As OMPs and PIDs are distributed unequally along the
region, we focused our attention on the areas which contain
mostly both PIDs and OMPs simultaneously. The highest
concentration of co-occurring units is observed in the re-
gion between the southwestern rim of Marcia crater and Eu-
machia crater (Fig.1c). Seven of ten studied OMPs and four
PIDs placed within the region, including cases of OMPs
and PIDs close occurrences (Table 1, b and d). Region b
(SW rim of Marcia crater and southern crater’s vicinity)
partially includes samples from the region c as well as PIDs
within Marcia’s terrace and flow-like features near the
crater rim. Region d is not abundant with prominent occur-
rences of both units and counts just one remarkable PID and
3 relatively small OMPs. We do not observe OMPs within
Marcia’s terrace and floor which are covered by region a.
We do not include the full list of all units present within the
region, but focus on the most prominent example which is
available for morphologic and spectral analyses as repre-
sentatives of each group. Along with typical PIDs there’s a
number of cases of pitted surface within flow-like lobate
features within the southern and eastern vicinity of Marcia
rim. Those PIDs vary in terms of shapes and sizes (from
irregular roundish clusters of pits to elongated wide stripes

that align with the lobate feature), as well as in spectral
characteristics. Due to the ambiguity in defining the bound-
aries of individual PI1Ds and the limitations in obtaining re-
liable spectra for some of them, these cases were excluded
from our analysis.

3.2. Sizes and shapes

Within our sample, the large part of units of both types
exhibits roundish shapes with mean diameter around 2—-3 km,
while irregular-shaped deposits also occur within OMPs type
more frequently. Presence of such complex shapes of OMPs
clusters (e.g., OMP assemblages which bear OMP4-6)
makes it more difficult to establish accurate upper bound for
size. While in general OMPs’ upper bound is much larger
(up to 60 km), within Marcia crater region the maximal size
of OMPs assemblage is around 5-6 km comparing to the
largest PIDs cluster with size of 11.36 km (PID12). The
mean value is slightly greater for PIDs due to presence of
large cluster within crater floor (PIDs: 3.06 km; OMPs: 2.88
km). Minimum values are similar for both unit types — 0.68
km and 0.78 km (OMPs and PIDs, respectively).

3.3. Spectral behavior

For all selected PID and OMP samples, reflectance and
normalized reflectance spectra were produced. The general
spectral characteristics, including variations in spectral slope
and the 0.9 um pyroxene band depth, are summarized in
Fig.2. Two reference spectra were selected to facilitate quan-
titative comparison between the spectra of distinct surface
units: (a) background material sample within Marcia region
which does not differ from the majority of surface by reflec-
tance or values of C(438nm/749nm) and C(749nm/917nm);
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Table 1: Comparison of morphological settings and color ratio distribution maps
Morphological settings C(438nm/749nm) C(749nm/917nm)




Odesa Astronomical Publications, vol. 38 (2025)

Normalized spectra

Normalized spectra

T BA,,(4380m) = 0.019

05

0'6 o ‘7
Wavelength, um

A\
\ DA (917nm) = 0.051]
N\
N\

—= Glebal average
— Background mater al

Im‘mmsnm) =0.039

A, (917nm) = 0.124

—= Global average
— Background matenal

05

06

07
Wavelength, um

08

Figure 2: Normalized reflectance spectra for selected units with comparison of values variance at 438 nm and 917nm.
Left panel — OMPs. Right panel — PIDs.
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Figure 3: Color-ratio distribution maps of region ¢ (Fig. 1). Left panel — C(438nm/749nm), lower values correspond to
redder spectral slopes. Right panel — C(749nm/917nm), lower values correspond not shallower 0.9 um pyroxene bands.
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Table 2: Catalogue of selected surface units (PIDs, OMPs, flow-like features)

0.49 °N

Name Coordinates Size, km C(438nm/749nm) | C(749nm/917nm) A(750 nm)

OMP1 181.24 °E, 33 0.81 1.40 0.19
2.05 °N

OMP2 179.51 °E, 1.74 0.82 1.35 0.17
2.26 °N

OMP3 175.52 °E, 3.26 0.82 1.37 0.17
1.4 °N

OMP4 174.82 °E, 3.10 0.81 1.36 0.17
5.88 °N (5.15 long x 4.47 wide)

OMP5 176.87 °E, 4.62 0.81 1.43 0.19
7.33 °N (6.35 long)

OMP6 176.28 °E, 3.78 (6.35 long) 0.82 1.41 0.18
7.12 °N

OMP7 179.35 °E, 2.88 0.79 1.43 0.18
9.28 °N

OMPS 179.03 °E, 0.68 0.80 1.55 0.19
19.41 °N

OMP9 179.57 °E, 1.36 0.79 1.56 0.19
19.14 °N

OMP10 183.07 °E, 4.09 0.81 1.49 0.18
18.12 °N

PID1 181.24 °E, 3.01 0.84 1.36 15
2.05 °N

PID2 180.0 °E, 1.56 0.85 1.5 0.17
2.21 °N

PID3 181.19 °E, 1.45 0.84 1.52 0.20
1.24 °N

PID4 178.98 °E, 1.00 0.84 1.51 0.19
1.73 °N

PID5 180.32 °E, 0.78 0.85 1.44 0.18
4.04 °N

PID6 186.31 °E, 3.23 0.81 1.68 0.20
18.66 °N

PID7 189.06 °E, 2.23 0.81 0.16
1.78 °N

PIDS 187.55 °E, 3.45 0.79 1.33 0.15
1.56 °N

PID9 187.12 °E, 1.23 0.81 1.30 0.15
2.32 °N

PID10 186.52 °E, 1.67 0.83 1.34 0.17
2.43 °N

PIDI11 186.09 °E, 1.23 0.83 1.37 0.17
3.07 °N

PID12 190.84 °E, 11.36 0.84 1.32 0.17
10.57 °N

P 189.22 °E, 3.23 (the whole circle — | 0.84 1.49 0.20

1 11.43 °N 59.13)

P 191.7 °E, 4.90 0.84 1.37 0.18

1 10.57 °N

PID15 191.49 °E, 5.79 0.84 1.32 0.17
8.74 °N

F1 186.52 °E, 4.16 0.84 1.28 0.16
0.16 °N

F2 184.37 °E, 2.27 0.84 1.30 0.16
0.0 °S

F3 183.83 °E, 3.40 0.85 1.31 0.17
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Reflectance spectra
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Figure 4: Reflectance (a) and normalized (b) reflectance spectra of units within region ¢ (Fig. 1)

(b) global average spectra of the vestan surface. While PIDs
and OMPs demonstrate similar characteristics comparing
to background material — lower reflectance at 438 nm (red-
der spectral slope) and deeper pyroxene band at 0.9 pm, —
the spectral behavior of units comparing to each other
slightly differs. We can observe tendency to lower reflec-
tance values at 438 nm and shallower band depths for
OMPs comparing to PIDs. Additionally, OMPs demon-
strate lower degree of variance of above the mentioned
characteristics, especially for values of normalized reflec-
tance at 917 nm which is associated with position of pyrox-
ene band center (Fig. 2).

Average global vestan spectra show distinct behavior
comparing to typical background material in Marcia region
with redder slope between 438 nm and 555 nm and higher
values of pyroxene band depth. According to this, OMP
units still demonstrate redder slope in comparison to aver-
age spectra, while a number of PIDs doesn’t follow this rule
anymore. In terms of band depths, both unit types include
several samples with shallower than average bands, but ma-
jority of PIDs still demonstrate higher band depths values.

Distributions of reflectance spectra at maximum wave-
length (749 nm) point that PIDs in general tend to have
slightly wider range of values than OMPs (Table 2, PIDs:
0.15-0.20; OMPs: 0.17-0.19). Color ratio C(749nm/917nm)
and C(438nm/749nm) distribution maps provides a spatial
context of how PIDs and OMPs behave along the region
(Fig.3). Lower values (dark tones) on C(438nm/749nm) map
characterize surface as such with a redder slope (lower re-
flectance at 438 nm) and the most prominent feature on these
maps are OMPs, while P1Ds differ from background material
but at the much lower degree. The opposite situation is pre-
sent on the C(749nm/917nm) map, where PIDs along with
ejecta from small young craters demonstrate the highest val-
ues of color ratio and deeper pyroxene band, respectively.
These facts confirm our results derived from comparison of
normalized reflectance spectra of both unit types.

Additionally, comparison of the normalized reflectance
spectra of both unit types with flow-like features indicates
that this material exhibits an intermediate spectral slope be-
tween PIDs and OMPs, while the depth of the 0.9 um band
is significantly shallower than that of the background ma-
terial and the global average spectrum of Vesta.

4. Conclusion

As known from previous studies, both OMPs and PIDs
exhibit irregular shapes, however distinctive morphology
features are only associated with PIDs. We found that PIDs
have much smaller characteristic sizes than OMPs on a
global scale, although they exhibit larger mean sizes within
the studied region, particularly for PIDs on the Marcia
crater floor. In terms of spatial distribution, PIDs are asso-
ciated with a few craters (the Marcia region hosts ~96% of
all PIDs on Vesta), while OMPs are widespread with gap
on 30°E — 90°E.

Analysis of PIDs and OMPs spectra show that in com-
parison with typical surrounding material OMP and PID
have slightly higher apparent albedo, deeper 0.9 um pyrox-
ene band and lower values of reflectance at 438 nm, how-
ever both surface units show prominent differences in spec-
tral behavior comparing to each other. Namely: (2) OMPs
always show lower reflectance at 438 nm in comparison
with PIDs; (b) PIDs demonstrate significantly deeper py-
roxene band depth in comparison with OMP. Additionally
to the previously mentioned differences, we found out that
the best way to distinguish OMPs and PIDs is simultaneous
analysis of C(438nm/749nm) and C(749nm/917nm) color
ratio distribution maps.

Flow-like features have lower reflectance at 438 nm in
comparison with average vestan surface. Areas where flow-
like features host PIDs material show deeper pyroxene
band comparing to the rest of flow-like features.
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ABSTRACT. The purpose of the work is to build an
updated model of the illumination of artificial satellites
in circular Earth orbits and to study the duration and
nature of solar illumination in orbits with different in-
clinations and altitudes throughout the year.

The mathematical model uses the equation of the
circular cone of the shadow, built taking into account
the movement of the Sun relative to the Earth. The
center of the cross section of the base of the cone coin-
cides with the center of the Earth. The motion of the
satellite is simulated by Kepler’s orbit. The computer
model makes it possible to determine with a given ac-
curacy the duration of the satellite’s stay in the Earth’s
shadow.

Simulation of the duration of illumination of satel-
lites at two altitudes has been performed: 5,000 km and
35,786 km (geosynchronous orbit altitude) throughout
the year. Curves of the duration of the satellites’ stay
in the shadow are given. The shape of the curves varies
from a nearly straight line for inclined orbits 25°, then
they become periodic, and then divide into two parts,
resembling the shape of a parabola. Among all the
possible inclinations of the orbits of satellites, extreme
ones have been detected. These are orbits with an an-
gle of inclination 23°26’, which defines a straight orbit.
On them, an artificial satellite falls into the Earth’s
shadow throughout the year at each orbit. The second
group of extreme orbits are orbits with inclinations,
in which the satellite falls into the shadow only near
the time of the equinoxes. Shortest duration of stay
of satellites in the shadow moving in orbits with an
angle of inclination 113°26’. Falling into the shadow
lasts from 15.02 to 23.04 and from 19.08 to 27.10 for
an altitude of 5,000 km, and from 12.03 to 28.03 and
from 14.09 to 01.10 for an altitude of 35,786 km.

The results of the simulations will allow us to clarify
the effect of sunlight and solar wind pressure on the
motion of satellites over time. This will allow the
use of additional satellite accelerations resulting from
radiative impact to change the orbits of space debris
and clean up near-Earth space.

Key words: Earth orbit, artificial satellite, shadow
cone, duration of stay in the shadow.

AHOTAIIIA. Meroro poboru € 1oy 10Ba yTOIHEHOT
MOJIEJIi OCBITJIEHOCT] MITYYHUX CYIMYTHHUKIB Ha KOJIOBUX
HaBKOJIO3EMHUX OpOITaX Ta JIOCJI/IZKEHHS TPUBAJIOCTI
Ta XapaKTepy COHSIHOTO OCBITJIEHHs Ha opbiTax 3
PI3HAMH HAXMWJIEHHSIMU T BUCOTAMHU IIPOTSATOM DPOKY.

Y MareMaTHuHIl MOIEJSiI BUKOPHCTaHe DPIiBHSIHHI
KOJIOBOTO KOHYyCa TiHi, MOOYIOBAHOTO 3 ypaxyBaHHIM
pyxy Conng BigHOCHO 3emi. IlenTp uepepisy
OCHOBH KOHYyCa 30ira€rbCsi 3 IEeHTpOM 3emiii. Briums
arMocepu He BpPaXOBYETHCH. Pyx cymyrauka
mopenoerbes Kertepooro opbitoro.  Komir'orepra
MOJIEJIb JA€ 3MOTY BHU3HAYUTU 3 3aIaHOI0 TOYHICTIO
TPUBAJICTD TIepeOyBaHHsl CyIlyTHAKA Yy TiHI 3eMt.

Bukonano mopjemroBaHHS TPHUBAJIOCTI OCBITJIEHOCTI
CcynyTHHKIB Ha naox Bucorax: 5000 kM Ta 35 786
KM (BMCOTA T€OCHHXPOHHOI OPOITH) TPOTSATOM DOKY.
Hagejieni kpuBi TpuBaJioCTi 11epedyBaHHsI CyIIyTHUKIB
y Tini. dPopma KpUBUX 3MIHIOETHCA BiJl MPAKTHIHO

psiMOT JIiHIT JijTst OpOIT 3 HaxmyreHHsIM 25°, 1aji Haby-
BAIOTH MEPIOAMYHOrO XapakTepy, & IOTIM iIaThCs
Ha JIBl YaCTWHU, IO HAraIyloTh (QopMmy mnapaboJIu.
Cepel ycix MOXKJIMBAX HaXWJIEHb OPOIT CyIyTHUKIB
BUsIBJIEH]I ekcTpeMaJibhi. [le opbiTu 3 KyToM HaXuieH-

Ha 23°26', mo BusHadae mnpamy opbiry. Ha mmx
IITYYHAH CYIMyTHAK TPOTATOM yCHOTO POKY Ha KOXK-
HOMY BHUTKY HOTpamisge y Tinb 3emii. pyra rpyma
eKCTpPeMAJbHUX OpOIT — 1ie OpbiTH 3 HAXWIaMH, MPH
AKUX CYIyTHHUK MTOTPAILIAE Y TiHBb JIUIIE TOOIU3Y Tacy
piBHomennb. Hafimenmra  TpuBajicTs mepebyBaHHS
CYyIyTHUKIB y TiHi, Ki pyXaioTbcs 10 opbiTax 3 KyTOM
naxmiay 113°26’. TloTpaluigHHA y TiHb TPUBAE Bif
15.02 mo 23.04 Ta Bix 19.08 mo 27.10 mas Bucoru 5000
KM, Ta Big 12.03 mo 28.03 Ta Bix 14.09 go 01.10 oy Bu-
cotu 35786 KM.

Pesymbratn  mMomenmoBaHHS AO3BOJATH YTOYHUTH
BIUIUB THUCKY COHSYHOI'O CBIiTJIa Ta COHSIYHOTO BiTpPa
Ha PyX CYIyTHUKIB TpPOTAroM TpuBajoro dacy. lLle
JIO3BOJINTH ~ BUKOPHUCTATUA JIOAATKOBI IPUCKOPEHHS
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CYIIyTHHKIB, IO BUHUKAIOTH BHACJ/IIJIOK PaJliaTUBHOTO
BIUIUBY, /Ig 3MiH OpOIT KOCMIYHOTO CMITTS Ta
OYUINEHHST HABKOJIO3EMHOT'O IIPOCTODY.

Kuro4uoBi cioBa: HaBkoJsi03eMHA OpbiTa, IMITYIHUH
CYIyTHUK, KOHYC TiHi, TPUBAJICTh HepebyBaHHs y TiHi.

1. Introduction

Since the first launch of an artificial satellite in
1957, the number of spacecraft and the degree of
contamination of near-Earth space has been con-
stantly increasing. Space debris, consisting of broken
satellites, spent rocket stages and debris from colli-
sions, poses a serious threat to working vehicles in
orbit. The main characteristic of this phenomenon
is the concentration of space debris, which depends
on altitude, type of orbit and time. Two approaches
are used to predict the evolution of garbage - deter-
ministic (modeling the orbits of individual objects)
and stochastic (modeling the distribution of garbage
concentration). However, both methods demonstrate
a steady increase in the amount of debris, which over
time can lead to a cascading effect - an avalanche-like
increase in debris. The solution of this problem is
possible through the development of new models of
the motion and interaction of objects in near-Earth
space, including taking into account radiation effects
(sunlight pressure, solar wind, albedo, etc.), which
can be used to change the orbits of "passive" objects.
The purpose of the study is to build an updated
model of the illumination of near-Earth satellites,
determine the duration of stay in the Earth’s shadow,
as well as analyze the dependence of the duration of
stay in the Earth’s shadow on the inclination of the
circular orbit at different altitudes throughout the year.

2. Mathematical model and software imple-
mentation

The Sun, illuminating the Earth, forms a cone of
shadow in the opposite direction. For an observer at a
satellite-centric point, the Sun is completely covered by
the Earth’s dark disk. To model the shadow, we use
a simplified approximation of a circular cone, whose
equation

$2 y2 22

a2
(Selezniova et al., 2016), and we describe the movement
of the satellite in Kepler’s orbit. The Earth is taken
for a sphere without an atmosphere: polar compres-
sion and refraction of light in the atmosphere are not
taken into account. The model uses the equation of the
shadow cone, built taking into account the movement
of the Sun relative to the Earth. The center of section
of the base of the cone coincides with the center of the

K4

Figure 1: Shadow cone model.

Earth.

As a result of the Earth’s annual motion, the axis
of the shadow cone, which is marked as the Z axis in
Figure 1, also rotates. The center of the Sun remains
on the 7 axis, so the shadow cone equation

s o (2+217)2
VY= s
where the unit of measurement of distances is the aver-
age radius of the Earth. Let’s prove that the equation
of the cone looks like this using Figure 1. The Sun is
at a point with coordinates C(0, 0, 1 a.u.) Radius of
the Sun Ry ~ 109 r. e. (1 au. =~ 23 481 r. e. (r.
e. — Radius of the Earth)). The Earth is at a point
with coordinates O(0, 0, 0). Radius of the Earth R,
=1r.e. COx23481r. e; OK1 =0K; =1r. e;
CK3 = CKy = 109 1. e.; C(0, 0, 1 a.u.); O(0, 0, 0);
KKKy — shadow cone; Let us recall the form of the
cone equation for our case, given that the vertex of the
cone is not at the center of the coordinate system at
the point K(zp, yp, 25):

(z — 2963)2 L= yp)® (2—zp)* _ 0
a b2 c?
the equation of the shadow cone (we will find a, b, ¢,
K(zg, yB, zB)

Consider AKOK; and AKCK3: OK; and CK3 —
these are the radii, OK; L KK3 and CK3 1 K K3 (with
proper tangents and radii), OK;|| CK3, AKOK; ~
AKCK3 (according to the lemma about similar trian-

gles),
CKy _ CK 109
OK, KO 1’

[KOFCO = 109, 109 KO = KO + 23481, KO ~ 217 r.

e K(0; 0; -217); cos < KOKy = 95 = 5= = §F,
[OL = ﬁr.e.7 KL = KO - OL = 217 - 217 = 4;(1J§8 =
¢, sin < KOK; = é?l = LK; (as OK; = 1 r.e.);
sin < KOK; = \/1—cos < KOK} = 1—21172 =

47088 — 0 = b (as the Earth is a ball); Shadow Cone
Equation:
4708922 47089y> _ 47089(z + 217)2 _

=0,

47088 47088 470882
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~ Shadow cone

Figure 2: Rotation of axes to account for the movement
of the Sun.

(2 +217)2
47088

Since the Sun revolves around the Earth, you need to
reduce the equation of the cone to the form that we
gave above. To bring the shadow cone equation to the
form we gave above, we, as shown in Figure 2, rotate
the coordinate system around the Z axis and the Y
axis counterclockwise so that the axes of the coordinate
system are arranged in the same way as in Figure 1, so
that the cone equation is the same as we gave above.
According to the specified Keplerian elements of the
orbit, the coordinates of the satellite are calculated
over the entire period of rotation with a given step.
The resulting coordinates are compared with the
equation of the shadow cone, which makes it possible
to determine the illumination of the satellite: in the
shadow or illuminated by the Sun. The developed
software allows you to determine the duration of the
satellite’s stay in the shadow on one orbit with a given
accuracy throughout the year. The distance from the
Sun to Earth is modeled by Keplerian elements of the
orbit of the mean Sun. We used the following values
of the elements of the Sun’s orbit:
e = 0,0167133
a = 1,00000261 a.u.
w = 102,93768193°
Q=0
i =-0,00001531°
(https://ssd.jpl.nasa.gov/planets/approx _pos.html)

m2+y2=

3. Conditions and results of modeling

The study was carried out for two values of the
altitudes of circular orbits: 5000 km and 35786 km,
the inclinations of which to the plane of the Earth’s
equator vary from 0 to 180° in increments of 5°,
the longitude of the ascending node and the average
anomaly are zero. The study was also carried out for
the INTELSAT 10 (IS-10) satellite with the following
orbital elements:

e = 0,0002520
a = 35786 km
w = 186,593°

O = 253,512°
i = 0,018°
(https://celestrak.org/NORAD/elements/geo.txt)

We got the dependence of the duration of the satel-
lite’s stay in the shadow on the calendar date. Figures 3
and 5 show the duration of stay in the shadow of satel-
lites with an inclination of the orbital planes from 20
to 120°, that is, these are mainly orbits with direct mo-
tion. Figures 4 and 6 show the duration of stay in the
shadow of satellites with an inclination of the orbital
planes from 120 to 20°, that is, these are mainly or-
bits with reverse motion. Figure 7 shows the duration
of stay in the shadow on one branch each day for the
INTELSAT 10 (IS-10) satellite. The inclination of the
satellite’s orbit is measured from the equatorial plane
in increments of 5°, and the inclination of the Earth’s
(Sun’s) orbit is not a multiple of this value. Because
of this, we obtained asymmetric pairs of graphs in Fig-
ures 3 and 5, and 4 and 6. If the pitch of inclination of
the satellite’s orbits is chosen as a multiple of 23.44°,
you can get completely similar pairs of graphs in the
above figures.

The shape of the curves varies from an almost
straight line for orbits with an inclination of 25°, be-
come periodic, and then divide into two parts, resem-
bling the shape of a parabola. Tilts of 0 and 180°
obviously give the same curves, since both orbits lie in
the plane of the Earth’s equator. The difference be-
tween them lies solely in the direction of movement of
the satellite.

In general, the graphs show the dependence of the
duration of the stay of an artificial satellite in the
shadow on one orbit on the calendar date at differ-
ent altitudes above the Earth’s surface and different
inclinations of the orbital planes. The graphs are plot-
ted in 5° pitch increments. The figures do not indicate
slopes for curves that overlap each other. They are in
the intervals: in Figure 3 — from 70° to 120°, in Figure
4 — from 120° to 160°, in Figure 5 — from 40° to 120°,
in Figure 6 — from 120° to 80°.

The resulting shape of the graphs is determined by
the inclination of the plane of the ecliptic to the plane
of the celestial equator. Throughout the year, the dec-
lination of the Sun changes from +23°26" to -23°26’
(Karttunen et al., 2007). On the days of the equinoxes,
the declination of the Sun is 0, respectively, the axis of
the cone of the shadow is parallel to the plane of the
celestial equator, so the satellite stays in shadow at this
time for the longest time. On the days of the solstices,
the axis of the cone of the shadow is inclined at the
greatest angle 23°26’, the artificial satellite for most
orbital inclinations does not fall into the shadow at all.
At this time, the duration of stay in the shade is the
shortest.

For the INTELSAT 10 (IS-10) satellite, the same
dependence of being in the shadow by analogy is
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20 | Time in shadow, second

i=70°
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Figure 3: Time in the shadows, height above the Earth
surface 5000 km, inclination 20-120°.
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Figure 4: Time in the shadows, height above the Earth
surface 5000 km, inclination 120-20°.

obtained as for satellites for geostationary orbit with
zero inclination of the orbit relative to the Earth’s
equator, but the difference is only one thing: the
maximum stay in the shadow for this satellite is
greater (about 4,000 seconds).

4. Conclusion

In Figures 3 and 5, almost straight lines show that
satellites in orbits with an inclination of 25° are in the
Earth’s shadow throughout the year for 2300 seconds
at each revolution. This is because the planes of their
orbits are very close to the plane of the ecliptic. As the
inclination increases, the duration of stay in the shadow
decreases as the date approaches the moments of the
solstices. Starting from an inclination of 60° to an in-
clination of 165°, dates appear when the satellites are
illuminated continuously. The longest duration of this
period is in satellites moving in orbits with inclinations

Time in shadow, second

Data, days

Figure 5: Time in the shadows, height above the Earth
surface 35786 km, inclination 20-120°.

Time in shadow, second
500

1

«««««

/ Data, days

Figure 6: Time in the shadows, height above the Earth
surface 35786 km, inclination 120-20°.

of 115-120°. Such orbits are almost perpendicular to
the plane of the ecliptic. Thus, among all the possible
inclinations of satellite orbits, there are extreme ones.
This is the angle 23°26’, which defines the direct or-
bit in which an artificial satellite falls into the Earth’s
shadow throughout the year at each orbit. The second
group of extreme orbits are orbits with inclinations, in
which the satellite falls into the shadow only near the
time of the equinoxes. The shortest duration of stay
in the shadow is for satellites moving in orbits with an
angle of inclination of 113°26’. Falling into the shadow
lasts from 15.02 to 23.04 and from 19.08 to 27.10 for
an altitude of 5000 km, and from 12.03 to 28.03 and
from 14.09 to 01.10 for an altitude of 35786 km.

A practical example with the INTELSAT 10 (IS-10)
satellite proves that our calculations of common cases
that we have considered are correct and our example
is one of our common cases.

The developed illumination model can be used for
further studies of the effect of radiation effects on the
orbital motion of objects. In particular, it is proposed
to use the discontinuity of solar pressure (due to being
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in the shadow) to control the movement of space debris. Karttunen H., Kroger P., Oja H., Poutanen M., Don-
If satellites or debris have variable reflectivity ner K. J. (eds.): 2007, Fundamental Astronomy,
(albedo) or the ability to orient relative to the Sun, 5th ed., Springer, Berlin Heidelberg New York.
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References

CelesTrak: [online] Available at: https://celestrak.org/
NORAD/elements/geo.txt [Accessed 5 Nov 2025].

Nasa.gov: [online] Available at: https://ssd.jpl.nasa.
gov/planets/approx _pos.html [Accessed 5 Nov 2025].



Odesa Astronomical Publications, vol. 38 (2025)

RADIO ASTRONOMY

https://doi.org/10.18524/1810-4215.2025.38.340396
RESTORATION AND DEVELOPMENT OF THE GURT RADIO
TELESCOPE NETWORK: OPPORTUNITIES FOR OBSERVATIONS
UNDER WARTIME CONDITIONS

I. M. Bubnov!, R. V. Vaschishyn?, A. A. Stanislavsky', A. A. Konovalenko®, A. S. Belov?,
V. Yu. Selin®, A. V. Frantsuzenko?, L. A. Stanislavskyi*, M. V. Shevchuk?,
A. M. Reznichenko®, O. M. Ulyanov?, S. M. Yerin* and V. V. Shevchenko®

! Institute of Radio Astronomy, National Academy of Sciences of Ukraine, Kharkiv, Ukraine,

bubnov.igor.n@gmail.com

2 Poltava Gravimetric Observatory of S. Subbotin Institute of Geophysics of
the NASU, Poltava, Ukraine, vrv.uran2@gmail.com

ABSTRACT. The restoration of three subarrays of the
Ukrainian radio telescope GURT, damaged as a result of
military hostilities, marked an important milestone in the
continuation of astronomical research under challenging
conditions. In 2023, two of them were successfully re-
stored and equipped with autonomous power supplies at
the site of S. Braude Radio Astronomical Observatory.
This enabled the resumption of systematic solar observa-
tions and the implementation of a two-element interfer-
ometer for studying cosmic radio sources.

The third subarray was relocated and restored at the site
of Poltava Gravimetric Observatory, where the primary
challenge for its operation was strong radio-frequency
interference (RFI) caused by the uninterruptible power
supply system of the observatory. This issue was effec-
tively resolved through the development and installation
of a custom external mains filter.

The restoration efforts of these instruments demonstrate
that scientific work can continue even under war time
adverse conditions, thanks to innovative engineering solu-
tions and the perseverance of the research team.

Keywords: radio astronomy, radio telescope, antenna
arrays, space research

AHOTALIIA. BigHoBieHHS TphOX CEKIiH HHU3bKOYa-
CTOTHOTO YyKpaiHChKOTO pagioreneckona ['YPT, mo-
IIKO/DKEHUX YHACTIJOK BOEHHHX MOiH, CTal0 Ba)KIMBUM
€TaroM y MPOJIOBKECHHI aCTPOHOMIYHUX JOCITIDKEHb B
yMOBax 3HauyHUX BUKIHKIB. ¥ 2023 pomi aBi 3 HUX Oynau
YCHIITHO BiTHOBJIEHI Ta OCHAINIEHI ABTOHOMHUMH CH-
cTeMaM¥ CHEeProKUBICHHS Ha Tepuropii PagioacTporomi-
grOi oOcepBatopii im. C. f. Bpayne PI HAHY. Lle mano
3MOTY BiIHOBHTH CHUCTEMAaTH4Hi criocTepekeHHs COHI, a
TaKOX peaylizyBaTH JABOXEJIEMEHTHHUI iHTephepoMeTp s
JIOCIIZKEHHS] KOCMIYHUX PajlioKepe.

Tpetio cexuito Oyso TNepeHeceHO Ta BiJHOBJIEHO Ha
teputopii I[lonTaBchkoi rpaBiMeTpuuHOi 00cepBaTOpii
HAHY. OcHoBHOlO mepemkonor0 st ii  (QyHK-
LIOHYBaHHS CTala CWibHa pagiodactotHa 3aBana (RFI),
CIIpHYMHEHA CHCTeMOI0  Oe3mepeGiifHoro  >KUBJICHHS

camoi obcepBatopii. L{ro mpobiemy Branocst eheKTHBHO
BHPIIIUTH 3aBISKA PO3POOII Ta BCTAHOBICHHIO CIICIli-
AJBHOTO 30BHIIIHBOTO MEPEKEBOTO (PLIBTPA.

3ycuiuis, CpsiIMOBaHI Ha BIJHOBJICHHS IIMX HAyKOBHX
IHCTPYMEHTIB, JAEMOHCTPYIOTh, IO HayKOBa MisIbHICTH
MOJKE TPUBATH HABITh y CKJIAJHUX YMOBAaX BOEHHOTO 4Yacy
3aBIJKM IHXXKCHEPHMM 1HHOBAIiAM Ta HAIOJIETINBOCTI
IOCIITHAIEKOT KOMaH/IH.

KuarouoBi caoBa: pamioacTpoHOMis, HH3bKOYaCTOTHHH
PamioTeNeCcKOI, aHTeHHI PEIIiTKA, KOCMIYHI JOCIIIKESHHS.

1. Introduction

The Giant Ukrainian Radio Telescope (GURT) is a
next-generation radio astronomical instrument designed to
operate in the 8-80 MHz frequency range (Konovalenko
et al., 2016; Tokarsky et al., 2019a; 2019b). Its develop-
ment began in 2001 at the S.Ya. Braude Radio Astronom-
ical Observatory in Kharkiv’s region, Ukraine.

The GURT antenna system is modular and composed
of identical 25-element subarrays, ten of which were oper-
ational as of early 2022. Each subarray includes five main
components: the antenna array, phasing system, amplifica-
tion system, beam control system and AC-DC power sup-
ply units. Signals from each subarray are transferred by
and RF cables to a central registration system based on
digital receivers ADR (Zakharenko et al., 2016), where
they are digitized, processed, and stored on hard drives.
These subarrays have been used to form two interferomet-
ric baselines of 56 m and 89 m. Since 2018, the imple-
mentation of an automatic and remote control system has
enabled systematic daily solar monitoring observations.

In addition to solar observations, GURT has been em-
ployed to study pulsar radio emission, decametric emis-
sions from Jupiter, Galactic background, and the superno-
va remnant Cassiopeia A. More than 20 scientific publica-
tions have addressed the modeling, design principles, and
technical characteristics of various GURT subsystems,
while over 10 papers have reported astrophysical results
based on its observational data.
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Figure 1: Damaged antenna elements of the GURT radio
telescope.

Following the Kharkiv counteroffensive conducted by
the Armed Forces of Ukraine in September—October 2022,
the territory of Kharkiv’s region containing the S.Ya.
Braude Radio Astronomical Observatory was liberated.
Preparations for restoring the observatory's infrastructure
and equipment began shortly thereafter. However, the
initial phase of the effort was significantly delayed due to
the need for thorough de-mining of the site.

After a comprehensive safety inspection, it was decided
to begin the restoration process with the GURT radio tele-
scope. Despite the relocation of the frontline to approxi-
mately 40 km from the observatory, the risk to both per-
sonnel and equipment remained substantial. Nonetheless,
the strategic importance of resuming scientific operations
motivated the initiation of phased restoration activities
under these constrained and potentially hazardous condi-
tions.

Unfortunately, due to military hostilities, the GURT an-
tenna system sustained extensive damage. Over 80% of
the antenna elements became non-functional. Blast waves
destroyed the arms of many elements, and the majority of
low-noise amplifiers were damaged. The force of the ex-
plosions caused electronic components to lose contact
with printed circuit boards, and RF transformer windings
were broken. Shrapnel severely damaged the supporting
stands of the antenna elements, as well as equipment cabi-
nets and their internal systems. In some areas, the density
of shrapnel was so high that even 16 mm diameter metal-
plastic pipes were repeatedly pierced (see Figure 1). In
most cases, the electronic equipment damaged by shrapnel
was beyond repair.

2. Restoration of GURT Radio Telescope Subarrays
at S. Braude Observatory

The restoration of two subarrays of the GURT radio tele-
scope at the S.Ya. Braude Radio Astronomical Observatory
in Kharkiv’s region marked the first and one of the most

crucial steps in resuming the instrument's operation.
LiFePO4The recovery process began with key prerequi-
sites: de-mining of the observatory site and establishing an
autonomous power supply system, as the centralized elec-
trical grid had been completely destroyed due to hostilities.

To power the equipment of the observatory, a self-
sustained power system was designed and implemented,
consisting of ten solar panels supplemented by a backup
gasoline generator. This hybrid energy solution provided a
stable and reliable power supply, essential for operating
the restored GURT subarrays and supporting other obser-
vatory infrastructure. The solar power plant thus became a
vital component in ensuring the continuity of scientific
observations under wartime conditions.

Key Parameters of the Autonomous Power System:

Inverter: Altek Atlas 6 kW — 48 V.

Solar Panels: 10 mono-crystalline panels (model UL-
550M-144HV), each rated at 500 W, providing a total
peak power output of 5 kW.

Battery System: Atlas 48V B3 LiFePOA4Lithium-Fe-
Polymer battery with a nominal capacity of 200 A-h and a
nominal voltage of 48 V.

Power Consumption: Each GURT subarray of 2 linear
polarizations consumes up to 1 kW of power. Linear regu-
lated DC power suppliers provide power for phase shifters,
RF high-linear amplifiers, beam control unit in the subarray
cabinet. Additional power is consumed by ADR receiver
and preamplifier in the receiving equipment room.

This configuration was specifically designed to power
two GURT subarrays simultaneously while enabling ex-
tended nighttime observations. During daylight hours, the
high-efficiency solar panels not only meet the system’s
real-time energy requirements but also charge the high-
capacity battery. Consequently, the system ensures unin-
terrupted radio astronomy operations for up to seven hours
after sunset. The invertor gasoline generator supplies en-
ergy in case the sky is cloudy and does not allow fully
charge the batteries with solar power during the light day,
which is most usual in winter.

2.1. Diagnostics and maintenance

Following the restoration of the power supply, diagnos-
tic and repair work on the damaged systems commenced.
One of the first subsystems to be restored was the fre-
quency standard module (ADC clock generator), which is
essential for ensuring the precision of astrophysical meas-
urements. A lot of equipment was lost and some systems
were replaced with spare ones or older models used when
the GURT systems were developed. Considerable effort
was dedicated to resolving instabilities in the control sys-
tem. Investigation revealed that data exchange issues be-
tween the control unit and the new PC were caused by
conflicts with the OS firewall and microcontroller soft-
ware incompatibilities. These issues were resolved by
updating the firmware and optimizing network protection
settings, thereby restoring stable operation of the control
infrastructure.

Direct field work on the subarray restoration began on-
ly in September 2023. The first subarray was repaired in a
relatively short time: dipoles of one linear polarization
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were restored till September 21, followed by the complete
antenna system on September 28. Over 50% of the anten-
na elements were replaced to the new ones. On October
12, the first solar observations were successfully conduct-
ed using the restored subarray. Leveraging the experience
gained, the team was able to quickly restore the second
subarray, which was brought into operation on November
20, 2023.

2.2. Scientific Results

The restoration of the initial subarrays of the GURT ra-
dio telescope enabled the resumption of systematic scien-
tific observations, which began in 2024 under the frame-
work of the “Favorit-Astro” projectfunded by NAS of
Ukraine. Preliminary test observations of solar radio emis-
sion revealed heightened solar activity, characterized by a
variety of radio burst types. The GURT data correlated
well with optical observations from the SDO and SOHO
satellites, confirming the association of the detected radio
bursts with solar flares and coronal mass ejections.

Observations were conducted monthly in week-long
campaigns, during which up to 34 GB of data were col-
lected per day, which provided unique valuable data for
solar astronomers of IRA NASU. This allowed the detec-
tion and analysis of bursts originating from specific active
regions on the solar disk.

In addition to solar observations, the two restored
subarrays were successfully configured as a two-element
short-base correlation interferometer. This configuration
facilitated the initiation of monthly monitoring of the sec-
ular decrease in the flux density of Cassiopeia A, using the
radio galaxy Cygnus A as a calibration source (see Figure
2). Owing to the narrow beam pattern of the interferome-
ter, measurements were significantly less affected by
background radio emission.

The data acquired during these sessions enriched and
continued long-term set of measurements on this instru-
ment, demonstrated high stability and enabled precise
tracking of the flux ratio between these two prominent
astronomical sources, confirming the interferometric sys-
tem’s sensitivity and robustness.

i spectrum starting from file B240918_143527.adr correlation IM
1.024 Sec, df = 9.766 kHz, Processin
_ADRS02, Place: UTR2 Ukraine, Descrip

20240918
16:11.00.968 16:58.48.168 fuir
UTC Date and time, YYYY-MM-DD HH:MM:SS.msec

28070,y swgmyma com, B4 AR

Figure 2: Dynamic spectrum of the real part of the cross-
power spectral density between the two GURT subarrays
during the transit of the radio source Cygnus A through the
interferometer's beam pattern as observed 18 September
2024.

3. Relocation of GURT subarray to Poltava region
and its Restoration

Another strategically significant step was to relocate at
least one GURT subarray to a safer place to provide safe
uninterrupted restoration and observations. As such a
place the Poltava Gravimetrical Observatory of NASU site
in Stepanivka village of Poltava’s region was chosen.

The restoration process was divided into two parallel
workflows: component preparation in Kharkiv at IRA
NASU and field deployment in Stepanivka. In Kharkiv,
the team focused on restoring and modernizing the radio
telescope’s hardware, while simultaneous earthworks and
installation activities were conducted at the new site. Final
assembly commenced on 29 October 2024, beginning
with the installation of cross-dipoles. By 1 November, the
full antenna field had been installed.

The first successful test of one polarization was
achieved on 6 November 2024, and solar radio bursts
were detected the following day confirming the full oper-
ability of the restored subarray. Final assembly concluded
on 20 December 2024, with the launch of the second po-
larization subarray equipment. From that point onward,
the third GURT subarray entered regular operation.

3.1. The Problem of Electromagnetic Interference

Following the successful deployment of the GURT
subarray in Stepanivka, the team encountered two major
challenges: frequent power outages and high levels of radio
frequency interference (RFI). To maintain uninterrupted
observational capabilities, an uninterruptible power supply
(UPS) system was developed and installed. However, this
very system was identified as the primary source of con-
ducted RFI, propagating along the 230 V power line.

To diagnose the issue, a dedicated test setup for meas-
uring conducted RFI was assembled. Measurements re-
vealed that at a frequency of 7 MHz, the interference level
reached 37 dBuV — an intensity that rendered astronomi-
cal observations unfeasible. The root cause was traced to
inadequate built-in filtering within the UPS unit. This is
attributable to the fact that most inverter systems are engi-
neered to comply with general household electromagnetic
compatibility standards (e.g., CISPR, 2015), which do not
account for the stringent sensitivity requirements of radio
astronomical instrumentation and observatories sites.

3.2. Engineering Solution

Conventional simple mitigation techniques such as
shortening cable lengths, shielding conductors, and in-
stalling ferrite rings proved insufficient to eliminate the
conducted RFI. A more comprehensive engineering ap-
proach was required, involving both precise measurement
and targeted suppression of interference at its source. Based
on the diagnostic data obtained from the custom-built con-
ducted RFI test stand, a specialized external mains filter
was designed and installed. This filter was optimized to
operate across the 100 kHz to 80 MHz frequency band and
demonstrated high suppression efficiency.

Following its installation, the interference level at
7 MHz was reduced from 37 dBpV to 20 dBpV, enabling
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ADRS, 26 Mar 2025

Frequency MHz

Figure 3: Example of Solar sporadic radio emission, ob-
tained on 26.03.2025.

successful radio astronomical observations. Although
some residual interference was still detectable in the test
setup, the team hypothesized that it stemmed from the
absence of a high-quality high-frequency grounding sys-
tem at the site.

Once the power supply issue was resolved and RFI had
been sufficiently minimized, continuous monitoring of
solar radio emission was initiated. Figure 3 presents an
example of sporadic solar radio emission received by the
GURT subarray in Stepanivka. This observation repre-
sents the first scientific dataset obtained at the new loca-
tion, confirming the telescope’s full operational readiness.

4, Conclusion

The experience of restoring the GURT radio telescope
subarrays in both Kharkiv and Poltava region marks a new
chapter in the operational history of the instrument. In
Kharkiv, efforts were primarily focused on rebuilding the
infrastructure and establishing a reliable, autonomous
power supply via a solar power plant. This enabled the
resumption of systematic radioastronomical observations,

including the successful operation of two restored subar-
rays as a two-element correlation interferometer.

In contrast, the primary challenge in Poltava region was
not the physical restoration itself, but rather the mitigation
of complex radio-frequency interference. Through an in-
novative engineering approach, the team developed a cus-
tom-designed external filter, successfully adapting com-
mercially available equipment for use with highly sensi-
tive scientific instrumentation.

The successful outcomes of both restoration efforts
demonstrate that meaningful scientific research can contin-
ue even under adverse and unstable conditions. These
achievements stand as a testament to the perseverance, in-
genuity, and technical excellence of the research team, en-
suring the continuity of radio astronomical observations
despite significant logistical and environmental challenges.
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ABSTRACT. Spectral features of single Type III burst
observed by PSP on 4 June 2020 in the frequency range
1.4—19 MHz are studied. This burst was also observed by
radio telescopes URAN-2 and GURT in the frequency
band 10-70 MHz (Melnik et al., 2024). At the first time
the velocity spectrum of electrons, which responsible for
the radio emission of different bursts levels, was found in
the wide frequency band because this Type III burst was
fairly powerful. The duration dependence as well as the
flux dependence on frequency was analyzed in the fre-
quency band of 10—70 MHz. This paper is the extension of
the previous paper with the aim to expand essentially the
frequency band using PSP observations. The discussed
burst is also fairly powerful one at the frequencies 1.4—19
MHz so the analyzing procedure can be repeated for these
frequencies as well. Comparing the obtained results with
previous ones shows that the velocity spectrum is practi-
cally unchanged. The duration-frequency dependence is
almost the same too. At the same time behavior of the
burst flux at the frequencies of 1.4—19 MHz is essentially
differed of it in the common band of 10—-19 MHz even.
According to PSP data the burst flux is decreased with
decreasing frequency in this band, but not increased as
follow to URAN-2 —GURT data. We associate it with the
fact that PSP and URAN-2 — GURT observed this burst
from different directions.

Keywords: PSP, URAN-2, GURT, Type III burst, drift
rate, duration, flux, electron velocity, beam-plasma
struc-ture.

AHOTALIA. B po6GoTi BUBYAIOTHCS CHEKTpabHI Xa-
PaKTepUCTUKH MOoAnHOKOTO crutecky Il tumy, mo cmo-
cTepiraBcst KocMiuHOIO Miciero PSP 4 gepsHs 2020 poky B
qactoTHOMY miamasoni 1,4—19 MT'm. llei cmmeck Takox
crioctepirascs, ane B giana3oHi 10—70 MI'm, ykpaiHCEKHMH
pamioreneckomamu YPAH-2 ta T'YPT (Melnik et al,
2024). 3 Tiei npuuuHHE, MO BiH JOCTATHBO IOTYXHHI,
BJAJIOCH BIEpIIe 3HAWTU IIBUAKICHUI CTIEKTP €JNEKTPOHIB,
SIKi BIITIOBIZAIOTH 32 PaJAiOBUIPOMIHIOBaHHS Ha MEPEIHBO-
My Ta 3aIHbOMY ()POHTAX, a TAKOK B MAKCUMYMi CIJIECKY B
IIMPOKOMY Jiama3oHi 4vacToT. Takoxk Oyia xocimimxeHa
3aJIeKHICTh TPUBAJIOCTI CIUIECKY Ta HOTO IHTE€HCHUBHICTD Bill
gactotu B moisoci yactor 10—70 MI'n. Jlana pobGota €
OPOJOBKEHHAM MOIEPeIHbOI POOOTH 3 METOK CYTTEBO
PO3UIMPUTH YACTOTHUH Jiala3oH aHaji3y, BAKOPUCTOBYIO-
yu nani orpumani PSP. B mianmazoni wacror 1,4—19 MI'1t
CIUIECK TaKOX JTOCUTH MOTY)KHUIA, TOMY BHAETHCS IPAKTHU-
9YHO IIOBHICTIO TOBTOPUTH HPOLENypy 1 IUIi IBOTO

niama3oHy. [lopiBHAHHS OTPMMAHHX pPE3yJNBTATiB 3
MONepeHIMA  TIOKa3ye, IO  IMIBUAKICHUH  CIIEKTP
€JIEKTPOHIB MPAaKTUYHO HE 3MiHIOEThCS. Lle  crocyerhcst
3aJICKHOCTI TPUBAJIOCTI BiJ 4acTOTH. B To# camuii yac mo-
TIK CIUTeCKy Ha 9acTtoTax 1,4—19 MI'11 3HauHO Binpi3Hse-
TBCA BII TOBENIHKM HAaBiTh B 3araiabHiil momoci 10—19
MTI 1. 3a nanumu PSP notik He TinbKHU He 301IbIIy€eThCA 13
3MCHIICHHSAM 4acToTH K Oyno 3a nanuMu YPAH-2 Tta
I'VPT, a moBiTBHO 3MEHIIYETHCA. MM TOB’SI3yeEMO Iie 3
THM, IO mel cmieck cmocrepiraBcs PSP Tta pagioterne-
ckontamu YPAH-2 ta I'YPT 3 pi3HUX HanpsMKiB.

Kurouosi caoBa: PSP, YPAH-2, I'YPT, crueck 111 tumy,
MIBHAKICTH Apel(y, TPUBATICTh CIUIECKY, NOTIK CIUIECKY,
IIBHIKICTEPYXY €JIEKTPOHIB, Ty9KOBO-ITA3MOBE YTBOPEHHS.

1. Introduction

Solar Type III bursts are the important part of spo-
radic radio emission of the Sun (Suzuki & Dulk, 1985).
They have be studied for decades since 1950 (Wild, 1950)
both experimentally and theoretically. It is generally
agreed that fast electron beams propagating through coro-
nal plasma with velocities from 0.2c to 0.6¢ are responsi-
ble for their radio emission (Suzuki & Dulk, 1985). Fast
electrons generate Langmuir waves at every point and
these waves are transformed into fundamental and har-
monic of electromagnetic waves (Ginzburg & Zheleznya-
kov, 1958). Propagation of fast electrons through coronal
plasma and generation of Langmuir waves are multi-level
and essentially nonlinear processes because these Lang-
muir waves absorbed by fast electrons too, thataffectsthe
motion of these electrons in the plasma (Ryutov &
Sagdeev, 1970). It was shown analytically (Melnik, 1995)
and numerically (Kontar et al.,1998; Mel'Nik et al.,1999)
that such nonlinear process leads to formation of a nonlin-
ear object, beam-plasma structure, which consists of fast
electrons and Langmuir waves, and moves with a constant
velocity as a soliton. Because this object consists of
Langmuir waves it can generate electromagnetic waves,
which manifest themselves in the solar corona as Type II1
bursts (Melnik & Kontar, 2003). Therefore, Type III
bursts have properties of beam-plasma structures: every
level propagates with very own velocity, where greater
velocities correspond to the burst front and smaller veloci-
ties correspond to the burst tail (Reid & Kontar, 2018,;
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Zhang et al,, 2019). At the same time velocity of the burst
maximum is constant and equals average velocity between
maximum and minimum velocities of beam-plasma struc-
ture (Kontar et al., 1998). So the learning of Type I11 burst
velocity spectrum is very important for the confirmation
of the theory of beam-plasma structure. Radio telescopes
of new generation, LOFAR, NenuFAR, GURT and mod-
emized with new registered facilities, UTR-2 and URAN-
2, with high sensitivity and with high frequency-time reso-
lutions allow to register and analyze fine spectral features
of Type III bursts in a wide frequency band. New cosmic
mission, PSP, gives an opportunity to expand frequency
range in the low frequency band: from 20 kHz to 19 MHz.

First such observationsand data analysis (Melnik et al.,
2024) show that, really, electrons with different velocities
are responsible for the different burst phases: fast and
slow electrons are responsible for the front and the back of
burst, accordingly. Also for the first time the spectrum of
velocities corresponding different levels of Type III burst,
0.1, 1/e, 0.5, 0.7 at the front and back of the burst as well
as for maximum flux, was found (Mehik et al., 2024). It
was shown that Type III burst observed on 4 June 2020
was generated at the second harmonic in Newkirk corona
(Newkirk, 1961). It was turned out that velocity associated
with the maximum was equal to 0.6 of the velocity, which
was associated with 0.1 level on the front. This is precise-
ly the value obtained in the theory of beam-plasma struc-
ture (Kontar et al.,1998). It was shown also that the Type
11T burst duration 7 dependence on frequency was close to
Elgaroy-Lingstad law (Elgaroy & Lingstad, 1972)

7=6.21(f/30)*". The Type III flux was increased with

decreasing frequency as 7~ £ and I~ f'"* in fre-

quency bandsof30-70 MHz and 10-30 MHz respectively.
This result confirmed earlier obtained results (Suzuki &
Dulk,1985).

In this paper available PSP data of observations of
single Type I1I burst in the frequency band of 1.4-19 MHz
registered on 4 June 2020 by radio telescopes URAN-2
and GURT are used. It allowed studying spectral features
of a single burst in unprecedentedly wide frequency band
from 1.4 up to 70 MHz. We found the velocity spectrum
of this Type III burst and the dependence of the latter’s
duration on frequency. We also obtained the changeability
of burst flux with frequency in the frequency band of 1.4-
19 MHz and discussed the divergence with results got
with radio telescopes URAN-2 and GURT earlier.

2. Observations

Observations of solar radio emissions with radio mis-
sion PSP are conducted with the help of two receivers,
Low Frequency Receiver (LFR) and High Frequency Re-
ceiver (HFR). In this paper we shall use data obtained
with HFR. This Receiver module onboard the Parker Solar
Probe mission (Bale at al, 2016) receives radio emission
in the frequency band of 1.275 - 19.17 MHz. This band is
unprecedentedly wide in terms of overlap ratio (the ratio
of the highest frequency of the range to the lowest one),
which equals 15. For this reason, frequency resolution of
the equipment is frequency dependent maintaining con-
stant relative frequency resolution (df / f ) of about 0.04

X (HEE)

a)

b)

Figure 1: a) Location of cosmic mission PSP relatively to
the Sun and the Earth. b) Active region NOAA 2765 on
the solar disk on 4 June 2020.

Figure 2: United dynamic spectrum of the Type III burst
observed by URAN-2 (19-32 MHz) and PSP (1.4-19
MHz) on 4 June 2020.

throughout the whole frequency band. This provides abso-
lute frequency resolutions from 0.8 MHz at 19MHz up to
47kHz at 1.3 MHz. Time resolution is also variable de-
pending on the spacecraft orbitalposition. It changes from
3-7s during 12 days around the perihelion down to 56 s
during the rest of the orbit. Observations on 4 June 2020
were conducted during 5 perihelion (Figure l1a) and time
resolution that time was 7 s. This time PSP was situated
practically beyond the Sun of the east side. Discussed
Type III burst was initiated with active region NOAA
2765 (Figure 1b) which was at the east side of the solar
limb practically in picture plane and this burst was ob-

served with URAN-2 and GURT under the angle of 90°.
The dynamic spectrum of Type III burst according to
PSP and URAN-2 data it the frequency range 1.4 — 32
MHz is shown in Figure 2. The time synchronization of
observations on the Earth and cosmic mission PSP takes
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Figure 3: Profiles of Type I burst at frequencies 19.17 MHz
(a)and 2.87 MHz (b) at 12.20 UT according to PSP data.

into account the different time of arrival. This burst disap-
pears at frequencies lower than 1.4 MHz.

Profiles of the Type III burst are shown in Figure 3. We
see that this burst is enough strong (its maximum flux is
more than 10 times larger than the background flux) so it is
possible to measure drift rates of different levels of the burst
practically in the whole frequency band of 1.4 — 19 MHz.

This burst was not registered by LFR of PSP because
the solar corona could not let its radio emission through at
such low frequencies in the direction “back”.

We measured drift rates with the method used in (Melnik
et al.,, 2024). We found arrival time of corresponding burst

levelin the dependence of frequency ¢t =¢(f)=A- f™* and
then found drift rate df /dt = —B(f /30)” from this equa-
tion, where B=30"/Aa and f=1+a. Values for B
and g forthe whole frequency range 1.4-70 MHz are pre-

sented in the Table in the second and the third columns. In
the fourth column corresponding velocities are presented.
They were obtained in the assumption of harmonic genera-
tion in the Newkirk coronal plasma

(n(r)=4.2-10"-10*",r = R/ R;) (Newkirk, 1961). B,
f and v from (Melnik etal,, 2024)are shown in the fifth,

sixth and seventh columns for comparison. We see that all
values differed slightly, and the velocities obtained in wid-
er band are some larger only for the front part.

The examples of approximations for the observed drift
rates for levels 0.5+ and maximum (1) for Newkirk cor-
onal plasma are presented in the Figure 4. Here “+” and “-
“denote the burst front and tail respectively. For other
levels the situation is approximately the same. The
velocity spectra obtained for the frequency bands of 1.4-
70 MHz and 10-70 MHz (Melnik et al., 2024) are shown
in Figure 5. These spectra are very close and similar. It is

Table
levels B Y B Y
of flux B ¢ B ¢
0.1+ 6.3 [ 1.75] 0.55 5.6 1.89 1 0.5
1/e+ 58 | 1.74 |1 047 4.5 1941042
0.5+ 52 [ 1.76 | 0.43 4.2 1971 0.39
0.7+ 5.1 1.74 | 042 4 1951037
1 44 1169|034 35 1.851 0.31
0.7- 3.7 [ 1.64 | 0.29 32 1.74 1 0.27
0.5- 32 [ 1.67]0.25 3 1.71 1 0.25
1/e- 32 [ 1.62 | 0.24 2.9 1.67 | 0.24
0.1- 23 [ 1.68 | 0.18 2.8 1.56 | 0.23
drift rate & frequency
2
§ 15 ——max
g 10 —=-0.34c
© 0.5+
L5
:“é 0 0.43c
° 20 40 60 go | 05
——0.25¢
frequency, MHz

Figure 4: Drift rates dependence on frequency for levels
0.5+ and maximum (1) and approximations for the har-
monic radio emission in the Newkirk model.
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Figure 5: Velocity spectra of Type III burst for the cases
for the frequency bands of 10-70 MHz and of 1.4-70
MHz.

important that despite the difference in the velocity values
the maximum to minimum velocities ratio is the same and
equal 0.62.

The duration of discussed Type III burst increased with
decreasing of frequency according to PSP data. This
dependence including data obtained with URAN-2 and
GURT is shown in Figure 6. The corresponding equation for
this dependenceis 7 = 6.22(f/30)** and it agrees with
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Figure 6: The duration dependence on frequency for Type
II1 burst in the frequency band 1.4-70 MHz and Elgaroy-
Lingstad dependence.
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Figure 7: Radio emission flux of Type III burst in the fre-
quency band of 1.4-19 MHz according PSP observations.

that for the URAN-2 — GURT data 7=6.17(f/30)">.

The well-known dependence of Elgaroy-Lingstad (Elga-
roy & Lingstad, 1972) is shown also. We see that our de-
pendence is very close to it but is a little below. Accord-
ing to PSP observations the flux of discussed Type III
burst behaves significantly differently than that according
to URAN-2 — GURT data. The last one was and followed
the laws, 7~ 7" in the frequency band 30-70 MHz and

I~ 7 at frequencies 10-30 MHz. For PSP data the

flux frequency dependence is shown in Figure 7 and
demonstrates a twofold decrease when frequency decreas-
es from 19 MHz to 6 MHz with the equation of
I1=1.13(f/30)"". Starting from 5 MHz the flux in-

creased two times to frequency 3 MHz. Below this fre-
quency the flux decreased again very quickly and at fre-
quency 1.2 MHz it equals the background flux.

3. Discussion

Observations of Type III burst with PSP on 4 June 2020
gavean opportunity to expand frequency band ofanalysis to
1.4—70 MHz. For this particularburst PSP data obtained in
frequencyband of 1.4-19MHz supplement data obtained with
URAN-2 and GURT in frequencies 8-32MHz and
8-70 MHz respectively (Mehik et al, 2024). Frequency
bandsoverlap allows combining these data in the wide fre-
quency band of 1.4—70 MHz in a correct way. Concerning
driftrates of the burstdifferent levels we have very nice cor-
respondence ofthe results obtained with different radio tele-
scopes. The drift rate dependences on frequency in the ex-
panded frequency band of 1.4-70 MHz are very close to
those in the frequency bandof 10-70 MHz. The assumption
that fastelectrons propagatein the Newkirk solarcorona and
that they generate radio emission at the second harmonic

allows findingtheir velocities. The corresponding spectra for
both frequency bands, 1.4 -70 MHz and 10-70 MHz, are
practically identical (Fig. 5). The only difference is the spec-
trum in the first case shifted toward a little higher velocity. In
ouropinion there is a very important point, that the velocity
forburst maximum equals about0.62 of maximum velocity,
v, =0.62-v,,, . This value is close to that in the theory of

beam-plasma structure, which propagates through coronal
plasma. In this theory beam-plasma structure consists of fast
electrons and Langmuir waves, generated by these electrons
and absorbed by them. This structure moves through plasma
with constantvelocityand it can be a source of electromag-
netic waves, ¢, by means of transformation of Langmuir
waves, [, in the processes of scattering on ions, i,
I+i=t+i,and coalescence of Langmuir waves, /+/ =t
(Ginzburg & Zheleznyakov, 1958). The velocity of beam-
plasma structure equals the mean velocity of electrons
Voax FViin)/2=036¢, where v__=v,,, =0.55c and

Voin = Voo = 0.18c in our case. Different parts of beam-

ma:

plasma structure move with different velocity as different
levels of Type IIIburst. The density of fast electrons can be
found from the equation (Vedenov & Ryutov, 1975)

T n'
/v)=l+—w —1
0) A pe n

+In(v

min

v v

max min

which connects the minimal and the maximum electron
velocity and the duration of the burst. It equals about
n/n~107. It gives the energy density of Langmuir

waves W /nkT = n_(v_0)2 < 104(\/% =5-108¢cm/s) in
Te

beam-plasma structure. This value is the necessary condi-
tion for the regime of weak turbulence
(W [ nkT =~n"mv; | nkT = (n'/ n)(v,,, /v;,)* =107)
(Tsytovich, 1970) and namely in this regime beam-plasma
structure can only exist. Thus we can conclude that exist-
ence of beam-plasma structure is confirmed by observa-
tions.

The duration of Type Il burst can be connected with the
passage of fast electrons across the given plasma level in
the solar corona (Melnik et al.,,2017; Melnik et al., 2024)
and be defined with the velocity dispersion of different lev-
els of beam-plasma structure (Melnik et al., 2024). In this
case the duration can be found from the equation

4.32 —
At = ( 3 > _ 1) . RS . v0.5+ vO.S—
g zmf Vos+Vos-
1.6-10°¢*

assuming generation at generation atthe second harmonic.
This dependence for this burst is shown in Figure § as
well as observational dependence for the comparison. It is
seen that for frequencies > 10 MHz they are practically
coincided but at frequencies <10 MHz the settlement
curve is higher. It connected with the fact that radio emis-
sion at the frequency 10 MHz is generated at the distance
of about R=5Rs, where the local plasma frequency is 5
MHz and approximately at these distances the Newkirk
law for coronal plasma ceases to be correct (Newkirk,
1961; Suzuki & Dulk, 1985). So we conclude that for this
burst at frequencies >10 MHz the burst duration is defined
by longitudinal size of beam-plasma structure.
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Figure 8: Duration dependencies on frequency, observa-
tionaland calculated in assumptions that duration is deter-
mined by electron velocity dispersion in Newkirk plasma.

Flux dependence on frequency is also an interesting re-
sult. In spite of a similarity and closeness of the results on
drift rates of different burst levels and burst duration ob-
tained by URAN-2 — GURT and PSP in different frequen-
cy ranges, the flux dependencies in common frequency
band of 10-19 MHz are essentially different. We explain
this by different angles at which the source of the burst
was visible from the URAN-2 and PSP (Figure 1). It is
well-known (Zheleznyakov, 1977) that directivity pattern
of the harmonic radio emission has 4 lobes, two lobes in
the direction of electron propagation and two other differ-
ent in the opposite direction moreover their values and
directions depend on the phase velocity of electromagnetic
waves. Besides the radio emission registered by PSP was
under influence of solar corona because of scattering and
even partial absorption. The latter is the possible cause of
abrupt stop of radio emission lower than 1.4 MHz.

4. Conclusion

Frequency band broadening (up to 1.4-70 MHz) of
spectral properties analyzes of Type I11 burst observed on
4 June 2020 by radio telescopes URAN-2, GURT and PSP
confirmed the main results obtained in the tighter frequen-
cy band of 10-70 MHz.

The first, each level of the burst has its own velocity at
that this velocity for the front is higher than for the back.
The velocity for the burst maximum equals 0.6 of maxi-
mum velocity (level 0.1+). This result is weighty argu-
ment in favorofthetheory of beam-plasma structure, spe-
cific composite soliton, which appears at nonlinear propa-
gation of fast electrons in plasma.

The second, the duration-frequency dependence for this
burst is very close to the Elgaroy-Lingstad law in the
whole frequency band of 1.4-70 MHz. We show that the
duration of this Type III burst is defined by the velocity
dispersion in the beam-plasma structure in the Newkirk

coronal plasma. This is correct for the distances not ex-
ceeding approximately SR, where the Newkirk law can

be used.

The third, the difference of flux-frequency dependences
for the band of 10-19 MHz according to URAN-2 and
PSP data is connected with different sight angles of obser-
vations.
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VISUALIZATION AND ANALYSIS OF VECTOR NETWORK
ANALYZER DATA FOR THE EXPERIMENTAL MODEL OF THE
ACTIVE ANTENNA SECTION OF THE GURT RADIO TELESCOPE

V. I. Myrhorod, I. M. Bubnov, V. Yu. Selin

Institute of Radio Astronomy, National Academy of Sciences of Ukraine,
Kharkiv, Ukraine

ABSTRACT. Subject and purpose of the work.
During the development and testing of radio engineering
devices, in particular the active antenna sections of the
GURT radio telescope, there is a need for prompt and
efficient processing of experimental data. Large volumes of
measurements obtained from vector network analyzers
require tools for fast interpretation and statistical analysis.
The purpose of this work is to create software that ensures
high-quality processing and visualization of such data,
contributing to improved accuracy in the evaluation of
antenna system parameters.

Methods and methodology. To achieve this goal, the
Graphics v.1.9 software was developed, functioning in the
Windows environment on the .NET Framework 4.8
platform. The program employs the ScottPlot library for
building interactive plots and ClosedXML for handling
Excel data. The architecture of the solution is designed
according to a modular principle, which facilitates the
integration of new functionality. The main methods
include parsing data from the Obzor-103 analyzer,
generating plots, performing statistical averaging of
results, and exporting data into formats suitable for
publications and presentations.

Results of the work. The Graphics v.1.9 program enables
advanced visualization of measurements, the creation of
high-quality graphical reports, as well as the averaging of
data of the same type to detect statistical deviations and
assess the repeatability of results. This makes it possible to
obtain generalized characteristics of the studied devices,
quickly detect instabilities in individual elements, and
perform comparative analysis within a series of identical
components. Practical application of the program in the
testing of GURT antenna sections has confirmed its
efficiency and feasibility for scientific research.

Conclusions. The developed software significantly
increases the efficiency of experimental data analysis in
radio astronomy and radio engineering. Graphics v.1.9 not
only reduces the time required for data processing but also
provides deeper insight into system characteristics and
contributes to its optimization. Prospects for further
development of the program include support for new input
data formats, expansion of processing tools, and the
implementation of advanced visualization features,
making it a universal tool for a wide range of scientific
and applied tasks.

Keywords: GURT radio telescope, active antenna, data
processing, visualization, statistical analysis, averaging.

AHOTALIS. Mpeamer i mera podorm. Ilin uac
pPO3pOOKK Ta BUIMPOOYBaHHSA PaNiOTEXHIYHHX IPHUCTPOIB,
30KpeMa AaKTUBHHMX AaHTEHHHX CEKILiH paaioTenecKkomna
I'YPT, BuHuKae moTpeba B ONEpaTUBHIN Ta eQEKTHBHIN

00poOmi eKcliepuMEeHTAIbHUX JaHUX. 3Ha4HI 00CATH
BUMIpPIOBaHb, OTPUMAHHUX 3 BEKTOPHHX aHaNi3aTOPiB
Mepex, MOTpPeOYIOTh IHCTPYMEHTIB M  IIBUIKOI

iHTepIpeTaNii Ta CTaTUCTUYHOTO aHaii3zy. Meroro poboTu
€ CTBOPCHHSI IPOTPaMHOTro 3a0e3NeUYeHHs, IKe 3a0e3neuye
SKiCHY 00OpOOKY Ta Bi3yaii3allilo TAKUX JaHUX, CIPHUSIIOYH
MIiJBUIIICHHIO TOYHOCTI OIIHKM MapaMeTpPiB aHTCHHHUX
CHCTEM.

Metoau Ta MeTonoJoris. [ peamizamnii moctaBieHol
MeTu Oyno pospobmeHo mporpamy Graphics v.1.9, ska

¢yHKmionye y  cepemoBumii  Windows Ha  0asi
mwratrpopmu  NET Framework 4.8. VYV mporpami
BHKOpUCTaHO 0i0mioTeky ScottPlot mnsgs moOymoBu

iaTepakTiBHEX rpadikiB Ta Closed XML mnsa poGoru 3
Excel-nanuMu. Apxitektypa pilleHHS moOyaoBaHa 3a
MOJYJIbHUM ~TIPUHIUIIOM, IO 3a0e3nedye 3pydHICTh
JMoJaBaHHA HOBOTO (yHKiioHany. OCHOBHI MeToau
BKJIIOYAIOTh MAapCHHT JaHuX 3 anamizatopa Obzor-103,
nobynoBy  rpadikiB,  CTaTUCTHYHE  YCEPEAHEHHs
pe3yNbTaTiB 1 eKcropT AaHuxX y dopmaru, npugatHi s
myOmiKamiid Ta mpe3eHTaIli.

PesyasTaTn podorm. Ilporpama Graphics v.1.9
JO3BOJISIE ~ BUKOHYBAaTH  PO3IIUpPEHY  Bi3yallizaIlito
BHMIipIOBaHb, CTBOPIOBATH rpadiuHi 3BiTH BUCOKOI SKOCTI,
a TaKoX 3IIHCHIOBaTH yCEepeAHEHHS NaHUX OJHOTO THITY
JUIS  BUSBIIEHHS CTATUCTUYHMX BIOXWIEHb 1 OI[HKHA
HOBTOPIOBAHOCTI pe3yibTaTiB. lle mae 3mory orpumaru
y3arajibHeHl XapaKTepUCTUKHU JOCHIIPKYBAaHUX MPUCTPOIB,
UIBHIKO BHUSBJISTH HECTAOUILHOCTI B OKPEMHUX €IEMEHTax
Ta TMPOBOJUTH TOPIBHSUIBHUH aHami3 y Mexax cepii
IIGHTUYHUX KOMIOHeHTiB. [IpakThyHe 3acToCyBaHHs
nporpamMu 'y BHUNpoOOyBaHHSIX aHTeHHHMX cekuii ['YPT
mATBepAmwIo  ii  e(QeKTUBHICTP Ta  JOULIBHICTH
BUKOPHCTAHHS B HAYKOBUX JOCIIJKEHHSX.

BucnoBkn. PozpobineHe mnporpamue 3abe3neueHHs
3HAYHO TIiIBHIILY€ e()eKTUBHICTD aHaJi3y
eKCIIEpUMEHTAJIbHUX ~JaHUX Yy PpajaioacTpoHOMil Ta
paniorexsini. Graphics v.1.9 He numie ckopouye yac Ha

00poOKy BHUMIpIOBaHb, aje ¥ 3a0e3nedye TIHOIIE
PO3YMIHHA XapaKTEepHUCTHK CHCTEMH Ta CHpuse il
ornrtumizamii. IlepcekTHBH  MOJANBIIOTO  PO3BHUTKY

nporpaMHM MNOJATAaOTh Yy MIATpUMIN HOBHX (opmaris
BXIJHUX JIlaHMX, PO3LIMPEHHI I1HCTpyMEHTapilo JuIs
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porpamMy IOJSraloTh y MIATPUMII HOBHX QopMmariB
BXITHUX JIaHMX, PpO3LIMPEHHI IHCTPYMEHTapilo Ui
00poOKM Ta peami3amii JOAATKOBHX MOKJIHBOCTEH
Bi3yamizamii, mo poOuTs i yHiBepcasbsHUM 3aco00M ISt
IIMPOKOTO CHEKTPa HAYKOBUX 1 MPHKJIATHUX 3aBIaHb.
Kurouosi ciioBa: pamgioreneckon I'YPT, akTuBHa aHTeHa,
00poOka maHWMX, Bi3yamizallis JaHUX, CTATHCTUYHUMA
aHai3, ycepeTHeHHs.

1. Introduction

New-generation radio telescopes play a key role in
modern radio astronomy, enabling high-sensitivity
observations across a wide frequency range. One such
instrument is the Ukrainian radio telescope GURT, built
on the principle of a phased array antenna (PAA). Its
design is based on the use of active antenna elements, in
which the amplifier is integrated directly into the dipole
structure. This approach provides preliminary signal
amplification at the reception stage, reduces losses, and
increases the overall sensitivity of the system.

Each section of the GURT consists of 25 cross-oriented
dipoles (Fig. 1), forming 50 independent active channels
for two mutually perpendicular polarizations. For the
telescope to work effectively, all channels must be highly
identical. Even slight differences in parameters, such as
impedance, gain coefficient, or phase characteristics, can
cause distortion of the directional pattern and deterioration
of observation quality.

The analysis of such multichannel systems requires
obtaining a large amount of experimental data from vector
network analyzers, such as Obzor-103. However, manual
processing of dozens and hundreds of measurement files
is difficult, time-consuming, and prone to errors. In these
conditions, there is a need for specialized software capable
of automating the processing, visualization, and statistical
analysis of results.

For this purpose, Graphics v.1.9 software was
developed to provide comprehensive processing of
experimental data. Its use reduces analysis time,
minimizes the risk of errors in manual processing, and
improves the accuracy of active antenna system parameter

W‘{ 4
wwww _
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Analog
bfimfurm:r : beamformer| ¢

. Red triangles denote amplifiers.

Figure 1: Diagram of a single polarization of the GURT
sublattice

2. Implementation of Graphics v.1.9

Graphics v.1.9 software was created as a tool for
efficient processing of experimental data obtained in the
course of research on the active antenna sections of the
GURT radio telescope. The main task was to ensure the
possibility of quick interpretation of measurements with
minimal time expenditure by the researcher. The choice of
the Windows development environment in combination
with the .NET Framework 4.8 platform was dictated by
both technical and practical reasons. This solution made it
possible to combine performance, a wide range of
libraries, and ease of integration with hardware.

The key implementation language was C#, which is the
standard for creating modern desktop applications in the
Windows environment. The language provides both an
object-oriented code structure and advanced capabilities
for working with graphics, multithreading, and interfaces.
The program has a modular architecture: each component
performs its own set of functions, but they interact closely
with each other, allowing the user to obtain a complete
result without the need for complex additional settings.

Among the main elements of the architecture, it is
worth highlighting the data loading and pre-processing
module, the analysis module, the visualization block, and
the export module. This structure allows users to flexibly
manage the processing process: from opening source files
from the Obzor-103 device to creating reports in the form
of graphic materials or spreadsheets.

Special attention was paid to working with input data.
As is well known, files generated by measuring equipment
may contain not only arrays of useful values, but also
service information, uneven measurement intervals, or
formatting errors. Graphics v.1.9 takes these factors into
account and automatically converts the data into a unified
format suitable for further analysis. This eliminates the
need for manual editing and significantly reduces the risk
of errors.

3. Features and functional characteristics

One of the key advantages of the program is the
function of averaging measurement results. When
studying antenna channels, where each element must have
the same characteristics, averaging allows you to obtain
generalized indicators and evaluate repeatability. This is
especially relevant when the results of different
measurements differ slightly due to external factors such
as electromagnetic interference, temperature changes, or
equipment errors. Using the averaging function makes it
possible to identify systematic deviations and form a more
reliable model of the device's operation.

The program provides extensive data visualization
capabilities. Graphing is implemented in such a way that
the user can not only see static curves, but also interact with
them. Zooming, scrolling, highlighting individual sections
of the spectrum, and overlaying multiple graphs on a single
screen create a flexible working environment that far
exceeds the standard capabilities of measuring instruments.
For example, when analyzing antenna channel parameters,
you can simultaneously display amplitude and phase
graphs, allowing you to quickly assess compliance with

143



144

Odesa Astronomical Publications, vol. 38 (2025)

Average Group time delay . Fist entrances Phasa rotate 1-5.

$21 GDT{ns)

0

Frequency (MHz)

Figure 2: Example of data visualization on a plot

requirements. There are a significant number of settings
for graph axes, axis value limits, etc. Figure 2 shows an
example of data visualization on a plot.

The input file does not always contain all the necessary
parameters. The functionality for calculating additional
values was developed specifically to solve this problem.
Thanks to this, even with only a few parameters from the
input file, the program allows the user to access a much
larger set of physical quantities. All calculations are
performed automatically while reading the files, after
which these new parameters can be used for statistical
research and visualization.

The user interface (Fig. 3) was designed with the needs
of engineers and researchers in mind, who do not always
have extensive programming experience. Therefore, the
main functions are displayed on the control panel in the
form of buttons and drop-down menus, allowing key
operations to be performed quickly. At the same time,
more complex parameters remain accessible through the
settings system, allowing the program to be adapted to
specific tasks. Selecting data for visualization is simplified
by convenient filters, sorting, and search functions. All
names, captions, and titles on the graphs are dynamic, so
the user can customize them to their needs at any time.

The export module is equally important. Saving data in
Excel spreadsheets simplifies further processing using
statistical methods and report generation. In addition, the
ability to save graphs in PNG, JPEG, SVG, and other
formats allows you to prepare materials for scientific
publications and presentations without additional effort. In
this way, Graphics v.1.9 effectively integrates all stages of
processing: from obtaining raw measurements to the final
result, ready for presentation.

4. Practical application

The Graphics v.1.9 program found its main application
during testing of the active antenna sections of the GURT
radio telescope. When working with a large number of
channels, each with its own characteristics, researchers
needed to quickly assess the quality of the identity. Using
traditional manual processing methods, this process took
many hours, and sometimes days, especially when ana-
lyzing tens of thousands of measurement points. The use
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Figure 3: Graphical user interface
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Figure 4: Average data and error bars

of Graphics v.1.9 reduced this time several times over and
also reduced the likelihood of human error.

The actual use of the program has proven its
effectiveness in tasks such as determining the average
characteristics of group delay time, as well as identifying
errors in the measurements of this parameter on individual
components. For this purpose, the average values and error
bars were calculated (Fig. 4). These data make it possible to
find phase shifters whose settings need to be adjusted.

Although Graphics v.1.9 was primarily developed for
the needs of the GURT radio telescope, its functionality is
universal. The program can be used to study and test other
radio engineering devices: amplifiers, antennas of various
configurations, filters, and resonant systems. Thanks to its
ability to process large amounts of data and support
various formats, it is a universal tool for engineers and
scientists working in related fields.

5. Conclusions

The developed Graphics v.1.9 software has proven its
effectiveness in analyzing experimental data obtained
during research on the active antenna sections of the
GURT radio telescope. It reduces the time required to
process results, minimizes the risk of errors that arise
during manual analysis, and provides a deeper
understanding of the system's characteristics.
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The program will be useful for a wide range of users:

» scientific laboratories engaged in research in the field
of radio astronomy and radio engineering;

 educational institutions, where it can be used as a
teaching tool for training future engineers and researchers;

* engineering companies engaged in the development
and testing of antenna systems and radio engineering
devices.

Future development plans for Graphics v.1.9 include
expanding the range of supported input formats,
integrating new processing algorithms, improving the
interface, and adding advanced visualization capabilities.
This will make the program a universal platform for
analyzing large amounts of experimental data not only in
radio astronomy, but also in related scientific and
engineering disciplines.
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ABSTRACT.

Background. In light of recent discoveries, in par-
ticular the appearance in the literature of strong ev-
idence in favor of a binary supermassive black hole
(SMBH) in the core of OJ 287, interest in the search
for such objects has revived. Therefore, the issue of de-
tecting candidates has gained considerable relevance.
The variability of the radio flux of Active Galactic Nu-
clei (AGN) in the optical, radio and spatial dimensions
provides significant insights into the complex structure
of physical phenomena in the immediate vicinity of the
black hole and the conditions for launching jets. In par-
ticular, these manifestations may indicate the presence
of a binary SMBH in the center of such a system.

Data & methods. The paper uses multi-filter op-
tical observations (aggregated by AAVSO) and radio
observations of the MOJAVE project at 15 GHz, given
in Lister et al. (2019), in the form of radio fluxes
and bright component positions (obtained from the
VizieR database). Time-frequency analysis methods
(including wavelet analysis, LombScargle, and cross-
correlation) as well as clustering and regression meth-
ods of machine learning and analysis are used for pro-
cessing.

Results. The intersections of the accretion disk by
the companion black hole in the core of OJ 287 cause
characteristic optical flares and affect the jet morphol-
ogy. The latter is manifested in the change in the an-
gles of the bright features (components). It is found
that these changes in the case of OJ 287 exhibit notice-
able patterns that can be used as indicators for binary
black hole candidates (SMBBHS) in active nuclei.

Conclusions. The established connection between
optical flares (with potential X-ray verification) and
changes in the orientation of jet components with
a characteristic pattern can serve as a criterion for
detecting binary black hole candidates in AGN.

Keywords: binary supermassive black hole
(BSMBH), AGN, blazar, optical flares, jet mor-
phology, quasi-periodicity.

AHOTATIIA.

Ilepenicropisi. YV cBiT/II HeomaBHIX BiIKPUTTIB,
30KpeMa, MOsIBY Y JITepaTypi BaroMux JIOKa3iB Ha KO-
pucTh noBiitHol HaaMacusHOI dopuol aipu (SMBH) y
saapi OJ 287, imTepec o momyKy moaibHUX 00’€KTiB
MMO2KBaBHUBCA. BinTak, IUTaHHS BUSBJIEHHS KAH/IMIATIB
HaOYJI0 3HAYHOI aKTYaJIbHOCTI. SMIHHICTb PaJIiOIIOTOKY
Axrusnux siep ranaktuk (AAD) B onruanoMmy, pasio-
Ta TPOCTOPOBOMY BHMipaxX HaJa€ CyTTEBI IHCAUTH CTO-
COBHO CKJIQJTHOI CTPYKTypHu pi3ndnux saBuil y Oe3moce-
PEeHBOMY OTOYEHHI YOPHOI JIipH Ta YMOB 3aITyCKY JI2Ke-
TiB. 30KpeMa, Iii IPOsIBE MOXKYTh CBITIUTH PO HAsIB-
nicth nozsitnol SMBH y nenTpi Takol cucremu.

Haui Ta Meromu. Y cTaTTi BUKOPUCTOBYIOTHCS
6araTodiIbTPOBI ONTHYHI CIIOCTEPeKEHHS (arperoBaHi
AAVSO) ra pagiocniocrepexenns npoekry MOJAVE
na gacrori 15 GHz, naBezneni B Lister et. al. (2019), y
BUTJISAJ PAJIIONIOTOKIB Ta TOJIOYXKEHb SICKPABUX KOMIIO-
uenT (orpuMmanux i3 6a3u VizieR). s 06pobKu 3acro-
COBYIOTBCsI METOJ/IN YaCOBO-YACTOTHOTO aHAI3Y (30Kpe-
Ma BeiiBser-anaiis, LombScargle ta kpoc-kopesisiiis),
a TaKOXX KJACTepHu3alliiHi Ta perpeciifini MeTou Ma-
MIAHHOTO HABYAHHS TA AHAJIZY.

Pesyapraru. Ileperunn akpemiiftHOro JTUCKY €OP-
HOIO Jiipofo-KoMmmanbitonoMm y siapi OJ 287 cnpuanns-
IOTh XapakKTepHi CHAJaXW y ONTUYHOMY JIaIlla30HI Ta
BILINBAIOTH Ha MOPoJIorito ikera. OCTaHHE BUSIBIISIE-
ThCS y 3MiHI O3UIIHHUX KYTiB SICKPABUX OCOOJIMBOCTE
(komronenT). BusiBsiero, mo 1 3minu y kefici OJ 287
JEMOHCTPYIOTh MOMITHI ITaTepHU, sIKI MOXKHA BUKOPH-
CTOBYBATHU K 1HIUKATOPH JJIs KAHJIMJIATIB Ha TOJIBIi-
ny SMBH y aktuBHuUX simpax.

BucuoBku. Beranossienuit 38’30k MiXK OINTHYIHU-
MU crajaxaMu (3 HOTEHIIHHOI PEHTIeHIBCHKOIO BEPH-
dixamiero) Ta 3MiHAMI Opi€HTAII] KOMIIOHEHTIB J2KeTiB
i3 XapaKTepHUM MATEPHOM MOXKE CJIYTYBATU KPUTEPIEM
BUSIBJIEHHSI KaH/IMIATIB v TOBIMHI YopHi mipu B AAT.
Kuro4oBi cioBa: mojBiitna HaaMacuBHA YOPHA Jipa,

AT, 6aazap, onTuyHi cnaJjiaxu, MOpPQOJOris mIKera,
KBa3iMepioInYHICTh.
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1. Introduction

Active Galactic Nuclei (AGN) are objects located in
the central regions of some galaxies and are character-
ized by extreme luminosity in almost the entire wave-
length range: from radio waves to gamma rays, which
makes them one of the most powerful sources of elec-
tromagnetic radiation in the Universe. According to
the current Standard Model (Marscher, 2009), energy
supply is provided by the release of gravitational and
rotational energy as a result of the accretion of matter
onto a supermassive black hole in the center.

The accretion disk surrounding a supermassive black
hole is the primary source of optical and ultraviolet ra-
diation. In it, matter falling onto the black hole is
heated to high temperatures, releasing gravitational
energy in the form of the electromagnetic continuum.

Surrounding the disk is a dust torus, a structure of
cooler matter that partially shields the central region.
The torus intercepts some of the ultraviolet and op-
tical radiation, heats up, and radiates in the infrared
range, forming the characteristic IR component of the
spectrum.

Many active nuclei exhibit relativistic jets, colli-
mated plasma streams ejected from the black hole’s
surroundings in directions close to the polar axis (per-
pendicular to the disk plane) and observed at distances
of tens to hundreds of kpc from the nucleus. These jets
emit in a wide range of wavelengths, from radio to X-
rays, as a result of synchrotron and inverse Compton
processes.

It is possible that the supermassive black hole at the
center of a galactic system is not a single one, but mul-
tiple—for example, a double or even a triple. According
to recent studies, this is exactly the configuration ex-
hibited by the object OJ 287, which is considered one
of the most convincing candidates for the presence of
a double supermassive black hole.

OJ 287 is classified as a BL Lacertae object, a high-
luminosity type of AGN with a relativistic jet directed
almost into the observer’s line of sight, resulting in sig-
nificant Doppler beaming and making the object very
bright despite its considerable distance. It is located at
a cosmological distance corresponding to a redshift of
z = 0.3056 (ASA/TPAC Extragalactic Database, 2008)
in the constellation Cancer. OJ 287 is exceptional in
its proximity to the ecliptic plane (it has been acci-
dentally captured on a large number of photographic
plates) and, as a result, in the unprecedentedly long
series of historical observational data available: over
120 years (Alachkar et al., 2023), which is critical for
identifying long-term orbital effects.

The initial hypothesis of the presence of a double
SMBH in the OJ 287 system first appeared in Sillan-
paa et al. (1988), where periodic flares (~ 11.65yr)
were observed in the optical curve of the AGN. They

were associated with a tidal perturbation of the accre-
tion disk of the primary BH by the companion as it
passed the pericenter. This perturbation would cause
increased accretion towards the center and would lead
to a flare in the optics. The masses of the companions
were estimated at ~ 5-10% Mg, and ~ 2-10" M, with a
semi-major axis of ~ 0.1 pc. The lifetime of such a sys-
tem (due to the energy loss to gravitational radiation)
was also estimated to be ~ 10° yr. The observed pat-
tern allowed for the prediction of the outburst, which
was later confirmed in 1994.

Further development (or even rethinking of the
model), which is already closer to modern ideas, is pre-
sented in the Lehto and Valtonen (1996). In it, the au-
thors noticed that: the flares are not strictly periodic —
the time intervals between them change; the structure
of the flares is often double (two peaks separated by an
interval of 1-2 years); the change in the brightness of
the base level and the flares hinted at the modulation
of the light curve with a period of 60 years. Another
mechanism has been proposed: the flares arise as a re-
sult of the collision of a secondary black hole (moving
at an angle to the accretion disk) with the radiation-
dominated optically thick and geometrically thin ac-
cretion disk of the primary at supersonic speed (twice
per period), which leads to a shock wave at the colli-
sion site, the subsequent formation of optically thick
hotter bubbles, their cooling and bremsstrahlung ra-
diation (which are observed as flares); a relativistic
precession of the secondary’s orbital semi-axis and the
amplification of the flares by gravitational waves have
been introduced (to explain their irregularity). The
following parameters were refined: the eccentricity of
the secondary black hole’s orbit (0.685), the orbital pe-
riod (~ 12.07yr), an upper estimate of the decay rate
of the orbital period (~ 1073), the precession period
of the system’s semi-major axis (130 years), and the
properties of the accretion disk.

Sundelius et al. (1997) performed a multi-particle
simulation of the disk within the framework of a
restricted three-body problem with previously cal-
culated BH orbits: large outbursts were identified
with the passage of the pericenter by the companion
black hole and induced mass flows from the perturbed
accretion disk to the main black hole. Superflares
superimposed on longer outbursts are associated with
the crossing of the accretion disk by the companion
(as in Lehto and Valtonen, 1996). The gas perturbed
by the shock wave leaves the disk for a certain time,
after which it cools to a temperature at which it
becomes capable of radiating. This causes a delay
between the moment of impact and the appearance of
the optical flare. As a result, the model allowed the
authors to calculate the onset of the 1995 superflare
quite accurately. The simulation reproduced with
good accuracy slow flares (~ 1yr) associated with
the increase in the accretion period and faster ones
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(~ 0.1yr) associated with the crossing of the accre-
tion disk, as well as brightness modulation (60-year
cycle) associated with the precession of the semi-
major axis and strong flares (when the companion’s semi-
major axis was almost perpendicular to the disk).

Subsequent works (Valtonen and Lehto, 1997, Val-
tonen et al. 2006, 2010, 2016, Dey et al., 2019)
showed the importance of taking into account grav-
itational waves and the associated energy losses, ex-
panded the model to take into account the spin of
black holes and spin-orbit interaction, and refined the
model parameters: the mass of the primary black
hole ~ 18.35 - 10'1°M, the mass of the secondary
black hole ~ 150 - 105Mg, the Kerr parameter for
the primary BH x; ~ 0.381, the eccentricity of the
orbit ~ 0.657, the period ~ 12.06yr, etc. As a re-
sult, a super-accurate prediction of the flare caused
by the intersection of the accretion disk was ob-
served by the Spitzer telescope in 2019 with an ac-
curacy of up to 4 hours (Laine et al., 2020).

In general, we are talking about tidally induced out-
bursts, which are associated with the influence of a sec-
ondary black hole, which manifests itself in the destabi-
lization of the accretion disk (especially when it passes
the pericenter), accelerating the accretion rate and can
last for years; and shock flares - sharp short-lived and
powerful events (flares and superflares) associated with
crossings of the accretion disk twice (once on the way to
the pericenter and once after per orbital cycle) with an
interval of about a year between flares and subsequent
afterflares in the jet in ~ 2 months.

Table 1: Summary table of OJ 287 activity events

Date Description References
Nov 1995 — The second flare of Sillanpaa
Jan 1996 the 1994-1996 pair et al.
(1996)
2005 — 2008 Tidal-induced Valtonen
period of activity et al.
(2009)
Nov 2005 First flare from Valtonen
2005-2008 et al.
(2006)
Sep 2007 Second flare from Valtonen
2005-2008  (giant et al.
flare) (2009)
Nov 2015 First flare from Valtonen
2015-2019 et al.
(2016)
Oct 2016 Unexpected double Komossa
flare recorded in X- et al.
rays and optics ex- (2021)
plained as disk af-
terflare
Jul 2019 Second flare from Laine et
2015-2019 al. (2020)

We are interested in events in the period 1995-2020,
for which there is data on the movement of bright
components in jets, so will provide a table of activity
events with their descriptions and links (Table 1.).

2. Data and methods

This paper uses AAVSO and MOJAVE data to high-
light the connection between optical and radio flares
and changes in the morphology of the OJ 287 jet.
AAVSO (American Association of Variable Star Ob-
servers) is an international non-profit organization that
brings together professional and amateur astronomers
to coordinate observations of variable stars and other
astronomical objects. The corresponding AAVSO In-
ternational Database is one of the largest archives of
photometric observations. MOJAVE (MOJAVE Team,
2025, Lister et al., 2018) is a program of long-term
monitoring observations of AGN jets using the VLBA
radio interferometer. The MOJAVE project also has an
open database (MOJAVE/2cm Survey Data Archive)
for a sample of over 500 AGN, which provides access
to radio fluxes, radio images of nuclei and jets, polar-
ization maps, and data on the positions of bright com-
ponents in jets with time intervals ranging from 5-10
days to a year between observation sessions.

In particular, the work uses data on radio fluxes (Fig.
1) and positions (Fig. 2) of bright components in the
MOJAVE project jets with a resolution of up to 0.47
mas at a frequency of 15 GHz, which are presented in
works of Lister et. al. (2019, 2021) and obtained from
the VizieR database (Ochsenbein, 1996).

Previous works related to the study of AGN using
MOJAVE data are presented in works of Zabora et
al. (2022, 2023) and Zabora, Ryabov, and Sukharev
(2025), which investigate the variability of radio fluxes
and spatial variability of jet morphology of AGN sam-
ples.

As can be seen, the available data is in the range
from 1995-04-07 to 2019-06-29, accordingly (despite
the significantly longer duration of the time series), the
AAVSO data was taken for the same interval (Fig. 3).

The most complete are the observations in the John-
son V filter, but they are often missing on key event
dates. To ensure maximum completeness of the time
series, we also include data from other photometric fil-
ters — Johnson B, Cousins I and R, Sloan i, r, g, etc.

Since we are primarily interested in the shape of
the light curve during the flare, rather than the ab-
solute magnitude values, we convert all observations
to the Johnson V scale. Typically, this conversion re-
quires color indices and spectral approximations that
take into account the physical properties of the source.
However, in our case, absolute accuracy is not criti-
cal—it is the structure of the light curve that matters.

Therefore, we build separate regression models of the
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Figure 2: Position of bright components over time: sep
vs time plot, distance from nucleus in mas (bottom
left) and position angles in degrees (bottom right)

transition from each filter to Johnson V, independently
of the others. This allows us to use even single ob-
servations on individual dates when only one filter is
available, and to preserve maximum temporal density
for subsequent paternalization.

Fortunately, the physical nature of the emission can
be partially accounted for by constructing these cal-
ibration models based on data from OJ 287 itself —
using those dates for which simultaneous observations
are available in Johnson V and the corresponding al-
ternative filter. For now, we limit ourselves to simple
linear models and to moving from each alternative fil-
ter to Johnsons V separately, but in the future this
approach can be refined or expanded (by taking into
account approximated observations in additional filters
and using real ones where they are available). A com-
parison of observations in other filters and Johnsons V,
as well as regression model metrics, is given in Fig. 4,
the full light curve is given in Fig. 5, and its wavelet
periodogram is given in Fig. 6.

To analyze the temporal structure of periodicity in

Figure 3: Light curve according to AAVSO data in
Johnson V, B, Cousins I, R, B, Sloan i, r and g filters
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Figure 4: Calibration diagrams of the transition from
alternative filters to Johnsons V and corresponding re-
gressions

the optical and radio bands, wavelet analysis based on
the Weighted Wavelet Z-Transform (WWZ) was ap-
plied, which is proposed by Foster (1996) as a wavelet
transformation method for non-uniform time series.
The Wavelet Transform allows to localize periods not
only in frequency domain, but also in time (in con-
trast to the spatially /temporally global Fourier anal-
ysis). The python library libwwz (ISLA Group, Uni-
versity of Hawaii, 2025), which provides a robust inter-
face for WWZ computation, was used to perform the
transformation. In general, this allows to study both
stable (constantly present in the signal) and temporary
or evolving periods, which is critically important when
studying stochastic signals such as radio fluxes or AGN
light curves.

As an additional validation metric in the time-
frequency analysis, the Lomb-Scargle method was
used, which is a classic method for detecting periodic-
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Figure 5: The full light curve, including actual obser-
vations in Johnson V (blue), approximate values based
on other filters (orange), and dates of flares that fall
within the corresponding range of observations (red).

ity in signals in non-uniformly distributed time series.
Lomb—Scargle is a generalized Fourier transform based
on a weighted harmonic approximation with a correc-
tion to the mean value (Lomb, 1976 and Scargle, 1982).
In this work, the timeseries.LombScargle implementa-
tion (Astropy Collaboration, 2025) of the astropy li-
brary (Astropy Collaboration et al., 2022) was used.
Cross-correlation is used to find time delays and shifts
between flares.

For clustering purposes, the work uses the KMeans
model, a machine learning algorithm that allows
dividing data into a predetermined number of clusters
with minimal internal variation by minimizing a
loss function known as inertia, the sum of the dis-
tances between points in the data and their centroid
(Sculley, 2010). For implementation, an implemen-
tation using the scikit-learn (2025) python library
(sklearn.cluster. KMeans) is used.

3. Results

The wavelet periodogram of the core radio flux (Fig.
6) shows variability over a wide range of periods. In
particular, there is a broad and long-lasting peak near
~ 12yr, which is consistent with the main orbital pe-
riod of the binary supermassive black hole according
to the model described above. The peak at ~ 6 — 7yr
is likely a harmonic of this main period. The ~ 2—3yr
periods correspond to the intervals between flares, par-
ticularly in 2005-2007, and have resumed since ~ 2016,
which is consistent with the temporal localization of
the corresponding flares. The shorter periods are likely
related to stochastic processes in the jet or accretion
disk.

In this paper, we discuss the identification of pat-
terns that could hint at a binary black hole in AGN.
Thus, we must continue with the analysis of the optical
variability, which was the first to hypothesize a binary
black hole in OJ 287.

Fig. 7 shows periodograms obtained using the

0J 287 WW2Z-Peridogram (AVVSO Data)

Confidence level: 90%
Confidence level: 99%

Period, years

2005 2010
Epoch, years

Figure 6: Wavelet periodogram of the radio nucleus OJ
287 with the radio flux curve superimposed (in white).

0) 287 WWZ-Peridogram (AVVSO Data)

| bl L \I‘ | -
[ Wi

Figure 7: Periodograms: Wavelet with marked flare
dates (red lines) — left and Lomb-Scargle with confi-
dence levels (right).

wavelet transform (WWZ) and the Lomb-Scargle
method, based on AAVSO optical observations, re-
duced to a single filter and averaged daily. The de-
tected quasi-periods of variability alone, without addi-
tional context, provide limited interpretation. How-
ever, in combination with the already known main
period (~ 12yr), which manifests itself in both peri-
odograms as a harmonic with a period of ~ 6yr, the
picture becomes obvious. In particular, it is worth not-
ing the peaks in the wavelet periodogram — bursts with
a period of ~ 2—3yr, which are well consistent in time
between consecutive OJ 287 flares and their dates. All
this is also well confirmed by the Lomb-Scargle peri-
odogram.

The light curves corresponding to the flares in the
time interval considered in this work are shown in Fig.
8. Fig. 5 shows that the flare of late 2015 is the best
described, so we will choose it as the basis for pat-
terning. However, to validate the repeatability of the
pattern, we will compare the corresponding light curve
with two others using cross-correlation. The result of
optimal superposition in this way can be seen in Fig.
9.

Thus (Fig. 9) the pattern of flares is at least approx-
imately repeatable: all the curves considered exhibit a
characteristic asymmetric morphology: rapid growth, a
secondary (weaker) peak and a long slow decline within
approximately the same time scales. This highlights
the possibility of finding similar patterns in other bi-
nary black hole candidates in AGN, although the final
verification of OJ 287-like systems will of course require
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additional statistical tests and simulations.

After the 2007 optical event, a radio-band flare was
detected at the end of 2009 (Figs. 1 and 6). As shown
in Fig. 10, the range of component position angles be-
comes markedly chaotic following this flare — exhibit-
ing a significant expansion. This behavior suggests the
onset of strong perturbations within the jet, likely trig-
gered by the close passage of the secondary black hole
and its gravitational impact on both the jet structure
and the accretion disk.

To visualize the evolution of the jet component
position angles, we employed a polar diagram (Fig.
11), where the radial coordinate corresponds to the
observation index (ordered by date), and the angular
coordinate represents the component’s position angle.
This approach enables tracking the spatiotemporal
dynamics of jet morphology. In Fig. 11 (left), the
time—angle diagram displays component observations
grouped relative to the date of the 2009 radio flare.
The same panel (right) also presents automatic
clustering in the space (n,cos(PA),sin(PA)), where
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Figure 10: Diagrams of component position angles over
time (left) and distances from the nucleus (right) with
dates of optical (red) and radio (purple) flares.
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Figure 11: Time-angular visualization of the evolution
of position angles of the components of the OJ 287
jet. Left: components grouped by the date of the 2009
radio burst. Right: automatic clustering.

n is the observation index. This clustering reveals
the temporal location (distance on the diagram) of
jet perturbation — preceding the 2007 flare, which
corresponds to the approach of the secondary black
hole near the accretion disk. Such a method allows
the detection of structural changes in jet morphology
without prior assumptions about event timing, and
facilitates correlation with optical and radio features.

4. Discussion

We observe the results that we would expect: a clear
connection between the temporal dynamics of optical
flares, radio emission, and changes in the spatial mor-
phology of the OJ 287 jet. Our analysis is consistent
with the key tenets of the double SMBH model in OJ
287. In particular, the detection of a quasi-periodicity
of about 12 years in the core radio flux is consistent
with the orbital period of the secondary black hole.
The peaks at 6-7 years are likely to be harmonics or
related to the modulation of the accretion disk, as de-
scribed in the literature.

A critically important result is the detection of a
repeating asymmetric pattern of optical flares. This
morphology (rapid rise, secondary peak, slow decline)
is not typical of stochastic AGN variability, but is con-
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sistent with the mechanism of a secondary black hole
collision with an accretion disk (superflares) and subse-
quent accelerated accretion (tidal-induced outbursts).
The repeatability of this pattern makes it a powerful
indicator for searching for similar systems.

On the other hand, the analysis of changes in the
position angles of the jet components (Fig. 10, 11)
demonstrates a clear connection between optical events
and spatial perturbations in the jet. The expansion of
the range of position angles after the 2007,/2009 flares
indicates a significant gravitational influence of the sec-
ondary BH, which changes the conditions for launch-
ing and/or collimation of the jet. The clustering result
(Fig. 11), which highlights the moment of perturbation
before the 2007 optical flare, is particularly indicative.
This indicates that the jet dynamics can respond to
the approach of the BH companion to the accretion
disk earlier than the impact/flare itself occurs in the
optical range.

This time lag between the change in jet morphol-
ogy, optical flare, and radio burst confirms a com-
plex cascade of physical processes: companion ap-
proach/impact, perturbation of the accretion disk and
jet; gas perturbed by the impact cools: optical flare oc-
curs (with a delay); accretion onto the main black hole
intensifies; jet activation occurs (delayed radio burst).

Limitations: The established correlations are
based on a phenomenological analysis of a single
object (OJ 287). To verify the reliability of these
indicators (asymmetric optical pattern + charac-
teristic change in jet angles), their application to
a wider sample of AGN with signs of binarity (e.g.
light curves with a periodicity of 1-10 years) is nec-
essary. In addition, for a more accurate modeling of
the transition between filters in AAVSO, nonlinear
regression models or color indices should be considered.

5. Conclusions

1. Key periods of variability have been confirmed:
the WWZ and Lomb—Scargle methods have detected
quasi-periods of about 12 years in the radio fluxes and
optical light curve of OJ 287 and its harmonics, which
is consistent with the orbital period of the secondary
BH.

2. A repeating pattern of optical flares is shown:
light curves corresponding to periods of activity exhibit
a clear asymmetric morphology (rapid rise, secondary
peak, slow decline). This pattern is a characteristic
manifestation of a BH companion collision with an ac-
cretion disk.

3. The relationship between optical and radio flares
and jet morphology is shown: the period of optical and
radio flares correlates with the appearance of signifi-
cant, chaotic perturbations in the OJ 287 jet, which
manifest themselves in the expansion of the range of

position angles of bright components.

4. A criterion for identifying candidates has been
formulated: the presence of periodicity in optics and
radio with corresponding periods, characteristic asym-
metric flashes in optics, a change in the orientation of
components, and corresponding radio flares.
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ABSTRACT. The modern world is becoming
increasingly vulnerable to geomagnetic storms due to the
rapid development of new technologies and technical
systems. This applies to all areas of human activity where
power grids, GPS, the Internet, and digital
communications are used.

Storms can cause damage to the energy sector, aviation,
navigation, satellite electronics, communication systems,
industry, and the agro-industrial complex. Extreme
geomagnetic storms can cause enormous economic
damage and endanger to human health. Their prediction is
very important, but not yet perfect enough.

Extreme geomagnetic storms are typically caused by
coronal mass ejections (CMEs) during powerful flares. A
detailed study of their sources is very important. To study
the conditions that favor the occurrence of extreme storms,
we selected six active regions (ARs) that were their sources
in the period from 2000 to 2024. We have analyzed the
spatial and  temporal  evolution,  morphological
characteristics, magnetic field structure, and flare activity of
NOAA 09393, 10484, 10486, 10501, 10696, 13664. Some
ARs were located in large activity complexes.

The ARs studied developed rapidly, their area and
number of spots increased, their magnetic structure became
more complex, and the flare activity increased. Many of
these ARs had very large maximum areas exceeding 2000
millionths of a solar hemisphere. On the days when the
eruptions occurred the ARs were located near the central
meridian, and the Bz-component of the interplanetary
magnetic field was directed south. Their area and spot
number were close to their maximum, the magnetic
configuration was PByd in most cases. The sources of the
CMEs were M and X class flares, which were preceded by
the rapid emergence of new magnetic fluxes and their
reconnection with the existing magnetic field of the region.

The most powerful geomagnetic storms during the
considered period with a minimum DST index less than -
400 nT were observed on November 20, 2003 and May
10—11, 2024. These storms were caused by CMEs from
flares occurred in ARs 10501 and 13664. These ARs were
characterized by complex magnetic topology and rapid
magnetic flux emergence. The storm on May 1011, 2024,
was preceded by cannibal CMEs that enhanced its
strength and duration. The most powerful storm of the
period under review, on November 20, 2003, with a peak
Dst index of -422 nT, was caused by a CME from an
M3.9 flare in the AR NOAA 10501. During the storm’s
peak, auroras were observed as far south as Florida,

Michigan, and Wisconsin in the United States and Greece
in Europe. It was found that AR with a small area and
moderate flares can produce extreme storms, while ARs
with large areas and with powerful flares do not always.

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

AHOTALJS. CydacHuii CBIT cTae Aemaii Bpa3iIHBIlIAM
JI0 TEOMArHITHUX Oyp dYepe3 MIBHAKHH PO3BUTOK HOBHUX
TEXHOJIOTiMl Ta TexHIYHMX cHcTeM. Lle cTocyeTbesi BCix
chep IMOACHEKOI MISUTBHOCTI, 1€ BHKOPHUCTOBYIOTHCS
enepreTnuHi Mepexi, GPS, IHTepHeT Ta nudposuii 3B's130K.
Bypi MOXyTh 3aBHaTd IIKOJM CHEPIeTHIl, aBialli,
HaBiraii, CyImyTHHKOBIH €IEKTPOHilli, cUCTeMaM 3B'SI3KY,
NPOMHCIIOBOCTI  Ta  arpolpoOMHUCIOBOMY  KOMILIEKCY.
ExctpemanbHi  reoMarHiTHi  Oypi  MOXYTh  3aBJaTH
BEJIMYE3HOI EKOHOMIYHOI KON Ta 3arPO>KyBaTH 30POB'T0
MOIMHU. IX NpOrHO3yBaHHS Myke BakIMBE, ale e
HEJIOCTAaTHBO JIOCKOHAJIE.

ExcTtpemanpHi reoMarHiTHI Oypi 3a3BU9ail CIIpUYMHCHI
BHKHIaMH KopoHansHOI Macu (KBM) mig gac moTy»KHHX
cnanaxis. JleTampHe MOCTIKEHHA iX IDKEpeNl € IyxXe
BOXJIMBUM. [ BHBYEHHS YMOB, IO CIPHUSIOTH
BUHUKHEHHIO €KCTPEMaJbHHUX WITOPMIB, MM BHOpaiu
uricTh akTUBHUX obnactei (AQ), ski Oynu 1X JpKepernaMu
y mepiox 3 2000 mo 2024 pixk. Mu mnpoaHamizyBaiu
OPOCTOPOBY Ta 4YacOBY CBOJIOMIIO, MOPQOJIOriuHi
XapaKTEepPUCTUKH, CTPYKTYPY MAarHiTHOro TIOJsl  Ta
cnanaxoBy akTuBHICTE AO NOAA 09393, 10484, 10486,
10501, 10696, 13664. leski AO 3HAXOTUINCS Y BEITHKHX
KOMIUIEKCaxX aKTUBHOCTI.

HocmimkyBani AO po3BHBaIUCS IMIBUAKO, IXHS TUIOIIA
Ta KUTBKICTH IUIAIM 30UTBIIYBANHCS, MarHiTHA CTPYKTypa
CTaBaJla CKJIJHIIIOIO0, & CIIAJIaX0Ba aKTHUBHICTh 3pocTala.
Baratro 3 mux AO Mamu AyXe BeIMKY MaKCHMAaJbHY
wionry, mo nepeBunryBasa 2000 MiTbHOHHHX 4YacTOK
CoHsiuHOT  miBKym. Y  gHi  BuBepkeHb  AO
PO3TaIOBYBAJIHCS MOOIM3Y LEHTPAILHOTO MepuiiaHa, a
BZz-KOMITIOHEHT MIXKIIJIAHETHOTO MArHITHOTO TIOJisI OYyB
CTIPAMOBAaHHMI Ha MiBJEHb. [XHS MIOMA Ta KiTbKICTh TISAM
Oynu ONM3BKMMH 10 MaKCUMYMY, MarHiTHa KOHQIrypais
B Oinpmiocti Bunaakis Oymna Byd. xepenamu KBM Oynu
cnanaxu kimacy M ta X, KM MepenyBaB IIBUIKUH BUXiJT
HOBUX MarHiTHHX IIOTOKIB Ta iX mHepe3'€qHaHHA 3 yKe
ICHYIOUMM MarHiTHUM I0JIEM 00JacTi.

HaiinoTy>kHimm reomarHitTHi Oypi 3a pO3TIAHYTHI Tepiof
3 IHIEKCOM reoMariTHol aktuBHOCTI Dst mente -400 aTn
crioctepiraiucst 20 muctomana 2003 poky Ta 10—11 TpaBHs
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2024 poky. bBypi Oymm chnpuuMHEeHI KOpPOHAIBHUMH
BHKHMJIAMH MacH Bijg cranaxis, mo cramucs B AO NOAA
10501 Ta 13664. Lli AO xapakTepu3yBaJIiCs CKJIAJIHOIO
MAarHiTHOIO TOIIOJIOTICI0 Ta INBHUIKHUM BHXOJOM MAarHiTHOTO
motoky. bypi 10—11 tpaBus 2024 poxy nepemysamn KBM
TUITy «KaHIOAI3M», SKi MOCHWIMIN i CHIy Ta TPUBATICTB.
HaiimoTyxHimmit mropM po3risgHyToro mepioxy, 20 ym-
cromazna 2003 poxy, 3 mikoBuM iHmekcoM Dst = -422 T,
oye cnpuumHennii KBM Big cmanaxy M3.9 8 AO NOAA
10501. ITix yac miky mTopMy MOJISIpHI CsiiBa CIIOCTepirasy-
cst ax 1o Gnopuan, Miunrany ta Bickoncuna y Criomyye-
nux IlTarax ta I'pewii B €Bpomni. bymno Busieieno, mo AO 3
HEBENIMKOIO IUIOIICI0 Ta MOMIPHHMH CHAlaXaMH MOXYTb
CIIPUYMHSTH €KCTPEeMalIbHI ITOPMH, Tol K AO 3 BEINKOIO
IUIOMICIO Ta TMOTY)KHHMHM CHAlaxaMH HE 3aBXKIH 1X BUKIIH-
KaroThb.

KimrouoBi caoBa: CoHile, akTHBHI 00JacTi, COHSIYHI
IUTSIMU, COHSIYHI CIanax¥, BUKUAM KOPOHAJIBHOI MacH,
reoMarHiTHi Oypi.

1. Introduction

Extreme geomagnetic storms can cause enormous
economic damage and threaten human health. The modern
world is becoming increasingly vulnerable to geomagnetic
storms due to the rapid development of new technologies
and technical systems. The first extreme space weather
event was observed in early September 1859 by
Carrington (Carrington, 1859) and Hodgson (Hodgson,
1859). A very powerful flare on September 1, 1859,
caused a severe geomagnetic storm that disrupted
telegraph communications in Europe and North America.
Auroras were observed all over the world. The Dst
(Disturbance Storm Time Index) peak, which provides
information about the strength of the ring current around
the Earth, was estimated to have ranged from -900 nT to -
1640 nT. The X-ray class of the flare that caused the
storm is estimated to be X64.4 or =X80. Other extreme
events were the event of May 13, 1921 (peak Dst=-907
nT), the Fatima geomagnetic storm of January 25-26,
1938. Since 1957, the beginning of the space era, extreme
storms with a peak Dst index below -400 nT, were the
events of September 13, 1957 (peak Dst = -427 nT),
February 11, 1958 (peak Dst = -426 nT), July 15, 1959
(peak Dst = -429 nT). The most powerful geomagnetic
storm since that time was the Quebec March 13-14, 1989
(peak Dst = -589 nT).

Forecasting extreme geomagnetic storms is very
important, but not yet perfect. To study the conditions that
contribute to the occurrence of extreme storms, we selected
six active regions that were their sources between 2000 and
2024. We analyzed the spatial and temporal evolution,
morphological characteristics, magnetic field structure, and
flare activity of NOAA ARs 09393, 10484, 10486, 10501,
10696, 13664. These ARs were the sources of geomagnetic
storms with a minimum Dst index near -400 nT.

Magnetograms, continuum images of these ARs were
provided by the Solar and Heliospheric Observatory
(SOHO) Michelson Doppler Imager (MDI) and the Solar
Dynamics Observatory (SDO) Helioseismic and Magnetic
Imager (HMI). X-ray data were acquired on the

Geostationary ~ Operational ~ Environmental  Satellite
(GOES). Data on the solar flares are taken from the site
https://www.lmsal.com/solarsoft/latest events_archive.ht
ml 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. Dst indexes of geomagnetic activity are
taken from the site of Kyoto geophysical observatory
https://wdc.kugi.kyoto-u.ac.jp/dst_final/index.html.

2. Extreme geomagnetic storms of November 20,
2003 and May 10-11, 2024

The most powerful geomagnetic storms since 2000 were
the storms on November 20, 2003 and May 10-11, 2024.
The geomagnetic storm of May 10-11, 2024, with a peak
Dst index of -412 nT, was the most powerful storm since
the 2003. This storm was produced by a Carrington-type
active region NOAA 13664. The topology of the magnetic
field of the active region based on data from the SDO
observatory was studied in (Jarolim et al., 2024, Jaswal et
al., 2024, Mac Taggart et al., 2024, Romano et al., 2024).
The evolution of coronal mass ejections (CMEs) and their
geoeffectiveness are reviewed in (Hayakawa et al., 2024,
Liu et al., 2024, Wang et al., 2024).

Super active region NOAA 13664 appeared in the
southern hemisphere of the solar disk on May 1, 2024, during
the phase of increasing solar activity near the maximum of
the 25th solar activity cycle. AR 13664 developed very
quickly until May 8, 2024. The number of sunspots and the
area of AR increased rapidly. From May 4th to 8th, the area
of the AR increased from 240 to 630 millionths of the solar
hemisphere (designation in the figures — m. s. h.), and the
number of sunspots increased from 16 to 37 (Fig. 1b). The
maximum area of 2400 millionths of the solar hemisphere
was observed on May 11, and the maximum number of
sunspots was 81 on May 10.

HMI magnetograms AR 13664, obtained by the SDO
on May 6, 7 and 8, 2024, show that the structure of the
AR magnetic field changed during this period and became
very complicated, of By class (Fig. 1a). On May 6, a new
bipole emerged on the AR eastern side, and to the east of
it, a small bipolar AR NOAA 13668 appeared nearby. An
active complex was formed from these two regions. Fig.
la also shows the emergence of a bipole with different
polarities in the southern and central parts of the AR.
Magnetic reconnections began, which caused the powerful
flares. On May 8 a series of M- and X-class flares
occurred in the AR (Fig. 1c), causing coronal mass
ejections, which resulted the extreme geomagnetic storm
began on May 10. MacTaggart et al. (2024) showed that
an emerging bipole of twisted magnetic field was the
source of the X1 flare and the first halo CME. As the
authors established, it was a twisted magnetic tube, which
subsequently erupted. The event was classified as a G5
geomagnetic storm. The storm became sixth extreme since
the beginning of the space age. Proton storm with
intensity S2 began on May 10 too. Some CMEs catching
up and merged with previous ones to form a cannibal
CME, which intensified and prolonged the storm (Liu et
al., 2024; Wang et al., 2024). Other cases of cannibal
CME:s formation have been studied, for example, in (Soni
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Figure 1a: AR13664 magnetograms obtained with the SDO/HMI instrument on May 6, 7 and 8, 2024. The
positive and negative polarities are indicated by white and black colors, respectively.
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Figure 1b: Change in the number of sunspots (N) and the area occupied by them (S, m. s. h. is S, millionths of the
solar hemisphere) during the first passage of AR13664 across the Sun's disk. The start time of the CME is marked by

vertical dashed lines, the time of the storm by solid lines.
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Figure 1c: Change in the number of M (purple curve) and
X (red curve) class flares (N flares) over time in AR
13664. The start time of the CME is marked by vertical
dashed lines, the time of the storm by solid lines

et al., 2024). The authors found that cannibal CMEs from
AR 12887 interacting with CME from AR 12891
demonstrated increased geoeffectiveness compared to
individual CMEs.

The geomagnetic storm ended on May, 12. It caused
power outages and disrupted GPS and high-frequency
radio communications. Auroras were seen in Europe,
Asia, Mexico, and all 50 U. S. states, including Hawaii.
Auroras were seen as far away as London and near San
Francisco, California, as well as in many parts of Ukraine.
AR 13664 passed across the solar disk two more times,
but there were no more powerful ejections from it towards
Earth. The development of the region in subsequent
passages across the solar disk is described in
(Kondrashova et al., 2024).

The most powerful geomagnetic storm since 2000 with
a peak Dst index of -422 nT was on November 20, 2003.
Its source was AR NOAA 10484 in its second pass across
the Sun's disk. AR 10484 appeared on October 18, 2003
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Figure 2b: the same as in Figure la, but in AR10501.
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Figure 2c: Change in the number of M (purple curve)
class flares (N flares) over time in AR10501.

during the declining phase of the 23rd solar cycle in the
northern hemisphere of the solar disk and passed across
the disk until October 31, 2003. Its maximum area was
1750 millionths of the hemisphere, and the maximum
number of sunspots was 69. It had a complex magnetic
configuration of the fyd class. On October 19, 22, and 26,

powerful X and M flares occurred in the AR, triggering
CMEs. Despite this, no major geomagnetic storms
occurred. On October 19 and 26, the region was located at
the edges of the disk, and the ejections were directed past
Earth. On October 22, the Bz component of the
interplanetary magnetic field was directed north.

In the second pass through the disk, AR 10484 was
renumbered as NOAA 10501. The AR 10501 passed
across the solar disk from November 13 to November 26,
2003. On November 18, it experienced an M3.9 flare,
which caused a powerful CME. Fig 2a shows the
magnetograms obtained with the SOHO/MDI instrument
on November 16-18, 2003, before the storm on November
20. The magnetic field configuration of the region was of
By class, and became more complex on November 19 to
the PByd class. Fig. 2b, and Fig. 2c shows the changes in
the number of sunspots, area, and the number of M class
flares over time in AR 10501. The maximum number of
sunspots was 26 and the area maximum was 410
millionths of the solar hemisphere on November 19. On
November 18, the number of sunspots was 25 and the area
was 370 millionths of the solar hemisphere. The flares of
M1.8, M3.2 and M3.9 occurred in AR 10501 on this day.



158

Odesa Astronomical Publications, vol. 38 (2025)

26-0ct-2003 12:47:03 UT

-1c0f

=200

606 500

=80C EDIJ
¥ (arceess)

=700

~B00

27-0ct-2003 12:47:03 UT

X [nrcascs)

=200 =100 0 166
X [orcescs)

=300 =200 —1ﬂﬂ| 400 —300

Figure 3a: MDI magnetograms for AR10486 on October 26, 27 and 28, 2003.
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Figure 3c: Change in the number of M (purple curve) and
X (red stars) class flares (N flares) over time in AR10486.

The extreme geomagnetic storm on November 20, 2003
became the fifth since 1957, the beginning of the space
age. It was accompanied by a proton storm. During the
peak of the storm, auroras were seen as far south as
Florida, Michigan, and Wisconsin in the United States and
Greece in Europe. In the days leading up to the storm, the
solar wind stream affected the Earth's magnetic field,

causing weak geomagnetic storms. The magnetosphere
was already agitated, which may have intensified the
extreme storm. Raghav et al. (2023) suggested that the
CME that led to the November 20 event had an extremely
flattened structure. It had less adiabatic expansion than
usual in the compressed direction, which led to a strong
magnetic field strength, high plasma density, high solar
wind speed, high dynamic pressure, and a strong
interplanetary electric field to the east. This may have
contributed to the efficient transfer of plasma and energy
to the Earth's magnetosphere.

3. Other extreme geomagnetic storms that occurred
during the study period

NOAA 10486 was the most active region of Cycle 23
and was characterized by high flare activity. During its
passage across the solar disk, it produced 7 X-class flares,
about two dozen M-class flares, and 6 CMEs. The most
powerful flares ever recorded occurred in it. It passed
across the solar disk from October 23 to November 4,
2003 in the declining phase of the 23rd solar cycle. AR
10486 was part of a large active complex. The structure of
the region was rapidly changing and becoming more
complex. Its area and sunspot number increased rapidly
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Figure 4c: the same as in Figure 3c, but for AR09393.

over time. The magnetic field structure changed over time
and became increasingly complex. Magnetograms of the
AR 10486 show the penetration of negative polarity to
positive (Fig. 3a). The magnetic field configuration of the
region was of class PByd. The activity of the AR has
increased with the appearance of d-sunspots. On October
28, a flare X17 class occurred in the region, and on
October 29, a flare X10 class. CMEs from these flares

caused two geomagnetic storms with the minima Dst
index of -353 nT and -383 nT on October 30. The
changes in the number of sunspots, area, and the number
of M and X class flares over time in AR 10486 are
presented in Fig 3b and Fig 3c. The maximum number of
sunspots was 99 and the area maximum was 2610
millionths of the solar hemisphere. On November 4,
2003 the X18+ flare caused a powerful CME, but there
was no geomagnetic storm because the region was at the
edge of the solar disk.

The AR 09393 was also very active. 24 M-class flares
and 3 X-class flares occurred in it. It appeared on March
23, 2001 near the maximum of the 23rd solar cycle in the
north hemisphere of the solar disk and passed along the
disk to April 5, 2001. The region was part of a very large
active complex. The magnetic field configuration of the
region by March 25th had become more complex, from By
to Pyd. Magnetograms of the AR obtained on March 27-
29, 2001, before the CME, show penetration of negative
polarity into positive polarity in several places (Fig. 4a). It
is known that when &-sunspots containing opposite
polarities appear, powerful flares can occur. On March 28
the number of powerful flares has increased sharply. The
powerful flares M4.3 on March 28 and X1.7 on March 29



160

Odesa Astronomical Publications, vol. 38 (2025)

5Nov-200 222F0UT

ONov-2004 22:27:00UT

=10

200

=100 [ 100

X [orcescs)

=300 e =X00 —200
X (orcescs)

=400 -100 Q

¥ (arceecs)

Figure 5a: MDI magnetograms for AR10696 on November 4, 5 and 6, 2004.

<

L L
1 2 3 4 5

L L )
m 12 13 14

AN

A/ SN A A
IV \ oo AL \
i Vol :

Novenrber, 2004

L
10

Figure 5b: the same as in Figure 1b, but in AR10696.

N flares
5_

—_—— = — —

m__________
B

s
11

~
®
[V Sep——

> 3 4 s
November, 2004
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in AR caused CMEs. The extreme storm with a minimum
Dst of -387 nT began at 01:00 UT on March 31st when the
first CME struck Earth's magnetosphere. A second CME
struck magnetosphere at ~22.00 UT on March 31" and
caused less strong storm with a peak Dst index of -284 nT.
As the CME passed Earth, the interplanetary magnetic field
suddenly turned north. X1.7 flare triggered a day-long S1-
class proton storm. Changes in the number of sunspots, area
and flares number in the AR 09393 region are shown in

Fig. 4b and Fig. 4c. The maximum number of sunspots was
63 on March 31 and the area maximum was 2440
millionths of the solar hemisphere on March 30. On April 2,
2001, the most powerful X20-class solar flare since 1976
occurred, causing a powerful CME, but this region was at
the edge of the disk, and a storm did not occur.

The AR 10696 produced 14 powerful flares of M and X
class and six CMEs. It passed across the solar disk from
November 1 to November 13, 2004, during the declining
phase of the 23rd solar cycle, in the northem hemisphere.
The region was growing rapidly. The structure of the
magnetic field gradually became more complex. In the first
days of the AR passage across the solar disk, the
configuration of its magnetic field was of B class, and by
November 5 it was already of Byd class (Fig. 5a). The area
and the number of sunspots were increasing (Fig Sb and
Fig. 5¢). The maximum number of sunspots was 48 and the
area maximum was 910 millionths of the solar hemisphere.
The number of powerful flares increased on November 6.
On this day AR 10696 produced four powerful flares.
M9.3-class flare erupted by CME, which caused extreme
geomagnetic storm. The storm began at 22:00 UT on
November 7, and Dst index reached a minimum of -374 nT
on November 8. Auroras were observed as far south as
Alabama and California in the United States.
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4. Conclusion

Although extreme geomagnetic storms are rare, they
cause enormous economic losses and pose a threat to
human health. Their study and prediction is extremely
important. In this work, we identified typical features of
active regions where coronal mass ejections occurred,
causing extreme geomagnetic storms, as follows:

— Active regions studied developed very quickly, their
area and the number of sunspots increased rapidly.

— These ARs typically had a complex magnetic field
configuration of Byd class.

— They were often part of activity complexes.

— Their area, the number of sunspots and flares, on the
day when a coronal mass ejection occurred were, close to
the maximum.

— The flare activity of the ARs, caused by the
emergence of new magnetic fluxes and their reconnection
with the magnetic field of these regions, increased several
days before the ejections. The ARs became the source of
high-intensity flares of classes M and X. Whole series of
powerful flares often occurred. Powerful flares created the
largest CMEs and associated extreme geomagnetic storms.

— Cannibal CME:s increased the power and duration of
the geomagnetic storms.

— The AR location near the central meridian contributes
to greater geoeffectiveness of the CME.

— ARs with a small area and moderate flares can
sometimes produce extreme storm.

Forecasting CMEs and storms is complicated by the
many factors that contribute to their occurrence and
determine their powerful. Improving the quality of
forecasts requires improved ground-based and space-
based observation techniques, as well as a comprehensive
and detailed study of the magnetic field and

morphological characteristics of the active regions,
including those discussed in this paper. They can be useful
in the extreme storms forecasting modeling, including
using machine learning.
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NORTH-SOUTH ASYMMETRY OF SUNSPOT ACTIVITY
DURING THE MAUNDER MINIMUM
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ABSTRACT. An important key to studying the impact
of solar activity variations on the Earth's climate is
the Maunder Minimum (late 17th century), during
which extremely little sunspots were observed. Applying
the rare event analysis method to these observations
led the researchers to conclude that the appearance of
sunspots during the Maunder minimum had a weak
amplitude 22-year cycle. The concept of continuity of
magnetic cycles at this time is also confirmed by
measurements of cosmogenic radionuclides in natural
terrestrial archives. Therefore, today it is believed that
during the Maunder Minimum, the cyclic magnetic
activity of the Sun did not stop, although the amplitude
of the cycles was quite low. In the aQ dynamo model, this
may be due to the fact that the magnitude of the magnetic
induction of the toroidal field, excited by radial
differential rotation in the solar convection zone (SCZ), at
this time did not reach the threshold value required for
lifting magnetic power tubes to the solar surface
(nonlinear dynamo mode). Possible physical mechanisms
describing the suppression of the dynamo process at time
intervals, when no sunspots were observed, are analysed.
A scenario for explaining the north-south asymmetry of
magnetic activity during the Maunder Minimum is
proposed. A key role in the proposed scenario is played by
the special nature of the internal rotation of the Sun,
revealed in the helioseismological experiments. According
to helioseismology data, the SCZ is naturally divided into
polar and equatorial domains with opposite signs of the
radial angular velocity gradient. In addition, the radial
angular velocity gradient penetrates into the deep layers of
the stable radiant zone below the SCZ. It is shown that,
taking into account these helioseismology data, the oQ
dynamo excites two harmonics (dipole and quadrupole) of
the toroidal magnetic field in the SCZ, which cyclically
change their direction. The oQ dynamo excites two
harmonics (dipole and quadrupole) of the toroidal field in
the RMS, which cyclically change their direction. At the
same time, the deep Q effect in the radiant zone creates
the toroidal field of stationary orientation. The summary
toroidal magnetic field (the dynamo-field of the SCZ + the
field of the radiant zone) rising to the Sun’s surface due
to magnetic buoyancy may contribute to the north-
south asymmetry in sunspot activity.

Key words: sunspots, the Sun’s magnetic cycle,
the convection zone, differential rotation, dynamo, the
radiant zone, helioseismological data.

AHOTAILIA. BaximuBuM KIHOYEM JI0 BHUBYCHHS
BIUIMBY Bapialiii COHSIYHOT aKTUBHOCTI Ha KJIIMaT 3eMili €
MiHiMyMm Maynzaepa (kimens XVII cromitrs), mim bac
SIKOTO ~ CIIOCTEpirasiocss HaJI3BHYAHO Malo COHAYHHX
WIsIM. 3aCTOCYBaHHS METOY aHANi3y PIOKICHUX MOMIH 10
LUX CIOCTEPEKEHb NMPHU3BENO IOCTIJHUKIB IO BUCHOBKY,
o0 TOSBI COHSYHUX IUIIM Yy MiHiMymi MayHnepa OyB
MPUTAMAHHUHN CIa0KUi 3a aMIDTTYA0I0 22-pidyHUNA ITHKII.
Komnremniisi 0e3mepepBHOCTI MarHiTHUX NUKIIB Y Ie# yac
TaKOX MIiATBEPAKYETHCS BUMIPIOBAaHHSIMH KOCMOTCHHHUX
PamioOHYKJIiIB Yy TPUPOJHUX HA3EeMHHUX apxiBax. Tomy
ChOTOJIHI ~ BB@XKAETHCS, IO  BIPOJOBXK  MIHIMyMy
MayHnaepa NUKIiYHA MarHiTHa akTuBHiCTH COHIT HE
MPUMTIHAIACS, XO0Ya aMIUTITYyAa UUKIB Oyia IOCHTh
HU3BKOI0. Y Mozeni af)-IHHAMO IIe MOXe OyTH TOB’ 13aHO
3 THM, L0 BEJIMYMHA MarHiTHOI iHIYKIii TOPOigaabHOTO
moist, 30yIDKEHOTro  patialibHuM  AudepeHIiaIbHIM
obepTaHHsSM y coHsuHIlM KoHBekTHBHIN 30HI (CK3), y neit
Yyac He JIocsria MOPOTrOBOrO 3HAYEHHsI, HEOOXITHOTO JUIs
i1HOMy MarHiTHUX CHJIOBUX TPYOOK Ha moBepxHio CoHIs
(HenmiHidHMIT pexxum auHAMO). [IpoaHami3oBaHO MOMIIMBI
Gi3YHI MEXaHI3MH, [0 OMHUCYIOTh MPUTHIYCHHS MPOIECY
JMHAMO B IHTEPBAaJM 4acy, KOJIM COHSYHUX IUISIM HE CIIO-
cTepiranocsi. 3ampoNOHOBAaHO CIEHApPid I TIOSCHEHHS
MiBHIYHO-TBACHHOT acWMeTpii MarHiTHOI aKTHBHOCTI
BIIPOAOBX MiHiMymMy Maynzaepa. KiodoBy pons y 3a-
MIPOIIOHOBAHOMY CIICHApii Bimirpae ocoONMBUI XapakTep
BHyTpimmHbOrO  obepranHs CoHOA, BHABICHHH B
TeTi0CeHCMOIIOTIYHUX EKCIIEPUMEHTaX. 3TiHO 3 JTaHUMH
remiocericmoutorii CK3 mpuponHo noaineHa Ha MOJAPHI 1
€KBAaTOpiaJIbHI  JIOMEHH 3 NPOTHIC)KHHUMH 3HaKaMHu
paniaJbHOTO TpajieHTa KyToBoi mBHAKOCTi. Kpim Toro,
pamiaNbHUK TpaJieHT KyTOBOi IIBHJIKOCTI IIPOHHUKAE Y
IMOMHHI [apu cTabiIbHOI NPOMEHUCTOI 30HM HIDKYE
CK3. BpaxyBaginu Iii JaHi OKa3aHo, M0 0Q2-THHAMO 30Y-
JUKY€ Bl TAPMOHIKHU (IMITOJBHY Ta KBaIPYIOJIbHY) TOPOi-
manpHoro moist B CK3, ski IUKIIYHO 3MIHIOIOTH CBIii
HanpsAMoK. BoxHowac rimmbOuaHMA Q-e(heKT y MPOMEHHCTIH
30HI CTBOPIOE TOPOIfANbHE TIOJIE CTAaIiOHAPHOI OpieHTaIlii.
CymapHe MarHiTHe TopoigaipHe moie (nuHamo-mose CK3
+ TI0JIe IPOMEHHCTOI 30HM), IO MiAHIMAETHCS IO TIOBEPX-
Hi COHIIA 3aBAAKH MAarHITHIA IUIaBYYOCTi, MOXKE CIIPHUSTH

MBHIYHO-TIIBICHHIM aCHMETpii aKTHBHOCTI COHSYHHX
IUISAM.
Kiaw4yoBi cjoBa: COHSYHI IIIMHA, MAarHiTHUHA LMK

CoHILlsl, KOHBEKTUBHA 30Ha, JudepeHuiiiHe obepTaHHS,
JUHAMO, TPOMEHHUCTA 30Ha, TeII0CEHCMOIIOTIUHI JaHi.
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Figure 1: Long-term variations in solar activity.

The Maunder Minimum was a period of long-term
decrease in the number of sunspots from approximately
1645 to 1715 (Fig. 1). This was first noted by F. Sporer
(1887) while processing the observational data of R. Wolf
(1868). Sporer's work was soon summarized by E.
Maunder (1894) and Clerke A. M. (1894).

For a long time, the anomaly of solar activity did not
arouse the keen interest of researchers. And only almost a
century later, interest in the problem was revived by John
Eddy (1976), who published a number of additional
evidence regarding the sharp weakening of the solar activity
in the period 1645-1715, calling it the Maunder Minimum.

(In honor of the couple Annie (1868-1947) and Edward
(1851-1928) Maunder, who studied archives of solar
observations on changes in the location of sunspots on the
solar surface over time). According to Maunder
calculations, only about 50 sunspots were observed during
this period instead of the usual 40-50 thousand. The
decrease in solar activity during the Maunder period was
later confirmed by analysis of the radionuclides '°Be (in
trees) and "*C (in glaciers) whose origin is associated with
the penetration of cosmic rays into the Earth's atmosphere.
Using the rare event analysis method during these
observations,  Sokoloff (2004) concluded that the
appearance of sunspots during the Maunder Minimum had
a weak amplitude 22-year cycle. The concept of the
continuity of magnetic cycles is also confirmed by
measurements of cosmogenic radioisotope proxies '’Be and
"*C in natural terrestrial archives. Therefore, it is generally
accepted that during the Maunder Minimum, the cyclic
magnetic activity of the Sun did not stop, although the
amplitude of the cycles was quite low (Wang & Sheeley,
2003). The most widespread belief among researchers is
that the solar magnetic cycle is triggered by the Q2 dynamo
process (Vainshtein, Zeldovich & Ruzmaikin, 1980). For
the o Q2 dynamo model, the Maunder Minimum explanation
may be the fact that the magnitude of the magnetic
induction of the toroidal field, excited by the radial
differential rotation in the SCZ, did not reach the threshold
value necessary for the lifting of the magnetic force tubes to
the solar surface (nonlinear dynamo mode) at this time.
Research over the past decade has shown that modern
dynamo models can reproduce the Maunder Minimum
under specific initial conditions. It can be assumed, for
example, that the absence of sunspots at this time is mainly
due to changes in the field configuration and its latitudinal
and radial redistribution, rather than a decrease in the
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Figure 2: Butterfly diagram of sunspot, Paris archives:

1670-1719 (Sokoloff & Nesme-Ribes, 1994).

magnetic field amplitude itself (Pipin, Sokoloff &
Usoskin, 2012). Eddy, Gilman &Trotter (1976) processed
observational data on sunspot displacements across the
solar disk. It was found that 20 years before the onset of
the Maunder Minimum, the latitudinal differential rotation
was the same as in the modern era. However, it is
important that later (in the initial phase of the Minimum),
the equatorial velocity became 3-5% higher, and the
latitudinal gradient of angular velocity increased three
times. If we assume that these changes were accompanied
by a decrease in the radial gradient of angular velocity due
to the redistribution of angular momentum, then the
magnitude of the magnetic induction of the toroidal field
excited by this radial differential rotation could not reach
the threshold value required in dynamo models for the
lifting of magnetic force tubes to the solar surface. The
presence of long-term suppression of the dynamo process
is often explained in terms of the o effect, which may
contain a fluctuation part associated with chaotic turbulent
motions (Ossendrijver, 2000), leading to irregular large
minima (Brandenburg &Spiegel, 2008).

A very important feature of the solar activity during the
Maunder Minimum was its strong north-south asymmetry
(Fig. 2), when sunspots were observed mainly only in the
southern hemisphere of the Sun.

Sokoloff & Nesme-Ribes (1994) suggest that this
asymmetry can be interpreted within the framework of the
nonlinear aQ-dynamo theory. It has been shown that
sunspot activity results from the action off a nonlinear
rotation on a general magnetic field exhibition two mixed-
parity solutions: a dipole and a quadrupole component.
One mixed-parity solution is relevant to modern Schwabe
cycles while the other could account for peculiar sunspot
activity during the Maunder Minimum.

We suggest that the observed north-south asymmetry of
sunspot surface magnetism may be related to the north-
south asymmetry of the structure of the deep magnetic
field of the Sun. Therefore, it is necessary to look for ways
to detect this asymmetry. To explain the phenomenon, we
in the paper (Krivodubskij, 2021) proposed a dynamo
scenario in which the superposition of the cyclic dynamo-
component of the toroidal field of the SCZ and the
stationary toroidal field of the radiant zone may lead to
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Figure 3: The structure of the global magnetic field
excited by the o Q2 dynamo mechanism in the deep layers
of the solar convection zone near the tachocline.

a predominance of the intensity of sunspot formation in one
of the hemispheres of the Sun.

A key role in the proposed scenario is played by the
special mode of the Sun's internal rotation, revealed as a
result of helioseismological experiments. According to
helioseismological data, the SCZ is divided into polar and
near-equatorial regions with opposite signs of the radial
angular velocity gradient 6CQ/0r (Howe, 2009). If we take
into account helioseismological data on ¢C/0r, the
oQ dynamo excites two harmonics of the toroidal field in
the SCZ (including the tachocline). The first harmonic is a
dipole (polar region 6Q/0r > 0), the second is a quadrupole
(near-equatorial region 0Q/0r < 0) (Fig. 3). These dynamo
toroidal magnetic harmonics change their direction with
the period of the solar cycle.

It is relevant that the radial angular velocity gradient
0CQY/0r penetrates into the deep layers of the stable radiant
zone (Howe, 2009), below the SCZ and the tachocline
(Fig. 4).

The radial gradient of the angular velocity 0Q/Or acts on
the primary poloidal magnetic field, and thereby excites a
toroidal magnetic field of constant direction in time (deep
Q effect of the radiant zone). This second toroidal component
penetrates to the SCZ due to magnetic buoyancy. Then the
summary toroidal field in the SCZ will consist of two
components: variable (the dynamo-field of the SCZ) and
stationary (the field rising from the radiant zone).

Conclusion. The first toroidal magnetic component
(which consists two dynamo harmonics) is excited by the
dynamo process in the convection zone. This component
cyclically changes its direction (polarity). The second
toroidal magnetic component is excited by deep Q effect in
the radiant zone. This component has a constant direction
in time. The deep magnetic component, rising to the
convective zone, can lead here to a predominance of the
summary toroidal magnetic field in one of the hemispheres
of the Sun. The summary toroidal field, when rising onto
the solar surface, can contribute to the north-south
asymmetry of the sunspot formation process. Thus,
continuous "feeding" of the dynamo process in the solar
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Figure 4: Radial profiles of the Sun's internal rotation
velocity for three heliolatitudes 0, Q/2n is the rotation
frequency in nanohertz, /R, is the relative heliocentric radius.
It is relevant that 6€2/0r # 0 in the radiant zone.

convection zone by additional toroidal flow emanating from
the deep radiant zone can lead to the north-south
asymmetry of the sunspot distribution on the surface, which
was characteristic of the Maunder Minimum.
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ABSTRACT. The preliminary results of spectral-
polarization observations of a large sunspot on August 17,
2024, observed on the Echelle spectrograph of the
horizontal solar telescope of the Astronomical
Observatory of Taras Shevchenko National University of
Kyiv are presented. Direct measurements of the magnetic
field in this spot were performed by splitting the bisectors
of the profiles of ten spectral lines, mainly the Fe | lines, as
well as three lines of Fe II, Cr I, and Sc Il ions. The
magnetic field, measured by splitting the sigma
components of the Fe | 5250.2 line, reached 3400 G,
however, the field magnitude by other lines with smaller
Landé factors was significantly smaller, apparently
reflecting the longitudinal component Bros of the
magnetic field, rather than its intensity modulus. The
shape of the bisectors of the | + V profiles generally
corresponds to a homogeneous field only for the Fe |
lines, while for the ion lines these bisectors have a rather
peculiar appearance, with a minimum splitting at
approximately half the depth of the profiles and a maximum
in the core of such lines or in their wings. If the magnetic
field averaged over the entire profile is determined based
on the average splitting of the bisectors at different
depths of each spectral line, the following main effects are
revealed: (@) the ion lines show 300-1200 G weaker
magnetic fields than the neutral atom lines, (b) the
measured Bros value increases with the Landé factor for
the neutral atom lines, but for ions, the corresponding
dependence is obviously the opposite, (c) for the neutral
atom lines the BrLos value decreases with increasing
excitation potential EP of the lower term of the line. Effect
(b) for the neutral atoms can be explained by the
significant inclination of the field lines to the line of sight,
while effects (a) and (c) indicate that the magnetic field
strength in the spot decreased with depth. However, it
remains unclear what role thermodynamic effects and the
subtelescopic structure of the magnetic field might play

here.

Keywords: Sun, solar activity, sunspots, magnetic fields,
spectral  lines, the Zeeman effect, altitudinal
inhomogeneity of the magnetic field.

AHOTAIIIA. TIpeactaBieHi momepeaHi pe3ysbTaTh
CHEKTPaNbHO-TIOJSIPU3ALIHHAX ~ CIIOCTEPEIKEHb  BEJUKOT
consuHoi TwiMu 17 ceprHs 2024 p., ska crmocTepiraiach
HAa  CIICIHHOMY crektporpadi  rOpU30HTAIBLHOTO
COHAYHOTO Teyleckoma ACTpOHOMIUHOI oOcepBatopii
KuiBcpkoro HamioHansHOTO yHiBepcurteTy iMeHi Tapaca
IleBuenka. [IpsMi BUMipIOBaHHS MAarHITHOTO HOJSA y Iii
mwiMi Oyl BHUKOHaHI IO PO3IICIUICHHIO OiceKTopiB
npodinie 10 cnexkTpanpHUX JiHIA, B OCHOBHOMY JiHiif
Fel, a Takox tprox mimiii ionie Fell, Crll Ta Scll.
MarHiTHe ToOJe, BHMIpSHE IO pPO3IICINICHHIO cirMa-
xomnoHent minii Fe | 5250.2, mocsaramo 3400 T'c, onmax
BEJMYWHA TOJS MO IHIIUX JIHIAX 3 MEHIIUMH (haKTOpaMu
Jlanme Oyya 3HAYHO MEHIIOKO, BITOOpakalodu, OUCBUIHO,
MO3J0BKHIO KOMIIOHEHTY MarHitHoro mois BrLos, a He
fforo Monyie HampyskeHocTi. Popma OicekTopiB Mpod B
| £ V B OCHOBHOMY BIIIOBINA€ OJHOPITHOMY TOJIFO JIAIIIC
s miHid Fe l, Tomi sk i miHIA iOHIB 1 GicekTopH
MalTh JOCUTh CBOEPIMHUN BHUIIA, 3 MIiHIMaIbHUM
PO3IUICTUICHHSIM TPHUOIM3HO Ha MOJIOBHHHIA TIIMOWHI JiHIL,
a MakCHUMalbHUM — B spi TaKWX JiHIA a60 B iX kpmmax.
Skmo BH3HAYaTH yCEpeAHEHEe IO BCbOMY Npodiro
MAarHiTHe TOJ¢, BUXOIIYH 3 CEPEAHBOrO PO3IICIUICHHS
OicekTOpiB Ha pIBHUX [IMOMHAX KOXHOI CIEKTpaabHOT
JiHIil, TO BHABIAIOTHCS TaKi OCHOBHI edektu: (a) JmiHii
ioHIB moka3zyioTh Ha 300-1200 I'c cmadmri MarHiTHI TOJ,
HDK JIHII HeHTpanbHUX aToMiB, (0) BUMIpsiHA BeIMIUHA
BLos 3poctae 3 ¢dakropom Jlanae st JiHIA HEWTpaTbHUX
aTOMIB, ajie JUIA iOHIB, OYEBHHO, BIAMOBIIHA 3aJICKHICTH
€ TMPOTWISKHOW, (B) Vi1 JHIM HEWTpaJbHUX aToMIiB
Be;munHa ~ BLos  3MeHmIyeTsecs — mpu  30iTbIIeHHI
moTeHIiany 30y/mkeHHs HKHbOrO Tepma EP. Edext (6)
CTOCOBHO JiHif HEWTpalbHHX aTOMIB MOXHA IOSCHUTH
3HaYHUM HaXWIOM CHJIOBHUX JIHIA IO MPOMEHS 30pYy, TOAi
sk edextn (a) i (B), BKa3yloThb Ha Te, IO HAINpPY>KEHICTh
MArHiTHOTO MOJI1 y IUBAMI 3MEHINYBajach 3 DIHOUHOIO.
OpmHak Hapasi 3aJHMIIA€TECS HESICHHM, SKOK TYyT MOXKE
OyTH pOJNb TEPMOIMHAMIYHMX €(EKTIB a TaKoX
CyOTeNeCKOMIYHOT CTPYKTYPH MarHiTHOTO TOJIS.

KmouoBi cjoBa: CoHlle, COHSYHA AaKTUBHICTb, COHSIYHI
IUIMH, MarHiTHI TOJIsL, CEKTpaibHi JiHii, epexT 3eemana,
BHCOTHA HEOJHOPIHICTG MAarHiTHOTO TOJIS.
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1. Introduction

Magnetic fields in sunspots are generally measured
using spectral lines with the largest Lande factors. It was
by these lines that it was found that the typical magnetic
field strength in developed sunspots is 2000-3000 G and
reaches 5000-6000 G on very rare occasions (see, e.g.,
Livingston et al., 2006; Solanki, 2003). A significant
advantage of such spectral lines is that they are suitable
for direct measurements of an important characteristic of
the magnetic field — the modulus (absolute value) of the
intensity vector. This possibility can be realized due to the
fact that at magnetic fields of B > 2.5-3 kG, the Zeeman
splitting Akn is complete in some narrow lines of neutral
iron Fe 1, which have a half-width AL1/2 of about 0.1 A and
large Lande factors (geff = 2.5-3). In this case, the Zeeman
n- and c-components are completely separated in spectra.
In solar magnetometry, this splitting mode is called the
strong-field mode (SFM). In terms of physical content, the
specified SFM differs from the same-name mode in
atomic physics, where the latter is realized when the
Zeeman splitting in magnitude significantly exceeds the
multiplet splitting of the fine structure of atomic terms. In
this case, the Paschen-Back effect occurs, when in spectral
lines with complex (non-triplet) splitting, the anomalous
splitting pattern (with several Zeeman subcomponents)
gradually disappears, and this pattern in appearance
approaches a simple Zeeman triplet, which has only three
splitting components — one central 7-component and two
side o-components (Frisch, 2010).

In the vast majority of spectral lines, the Landé factor is
close to unity, ie. close to the value that should
theoretically be for a classical Lorentz triplet. In this case,
at magnetic fields of several kilogauss, incomplete
Zeeman splitting occurs by which it is possible to measure
(with a circular polarization analyzer) not the modulus of
the magnetic field strength B, but only its longitudinal
component B| = BLos (Unno, 1956). This splitting mode
in solar magnetometry is called as the weak-field mode
(WEM), which formally corresponds to the condition Aln
<< Ah12s. More precisely, this condition corresponds to a
truly weak field only when this field is homogeneous
(single-component), and the corresponding filling factor f
is close to unity, ie. f = 1. If the magnetic field is
inhomogeneous and contains, for example, two
components, one of which corresponds to f <<1, then the
observed case Aln << Ak1/2 may mask the situation when
a strong Zeeman splitting actually occurs in the
component with a small filling factor, ie. when Ay =
Ahyy2 (Stenflo, 1973, 2011).

It is worth noting the fundamental difference between
the values of the longitudinal component of the magnetic
field Bros measured from spectral-polarization and
magnetographic measurements. In the first case, this
component is measured directly by the shift of the spectral
lines, without any reference to the atmospheric model or
standard line profile. In the second case, it is not the
Zeeman splitting that is measured directly, but the
amplitude of the circular polarization measured at the
steepest parts of the profile (Babcock, 1953; Scherrer et
al., 1995). This amplitude is compared with a similar

polarization  signal from the ‘“average” profile
corresponding to locations on the Sun outside the active
regions. The ratio of these amplitudes is multiplied by a
certain calibration factor, which gives the correct value of
the magnetic field for the “average” line profile. However,
in active regions, especially in solar flares and spots, this
"average" profile can differ significantly from the real
one, and the corresponding magnetic field magnitude can
differ from its true magnitude. This is the main reason
why it was not possible to carry out a satisfactory
empirical calibration of the solar magnetograph, using
direct measurements by visual and photographic methods
for comparison (Severny, 1967). The corresponding
empirical calibration curve turned out to be very scattered
and indicated the possibility of quite large measurement
errors, up to 200-300%.

Another type of instrument measures solar magnetic
fields more realistically - the lambda meter (Semel, 1980;
1981). It does not use any assumptions about the standard
line profile. As a result, weakening of the line profile, for
example, does not affect the measured magnetic field
magnitude. The only parameter used to calibrate the
measurements is the Lande line factor — as in the spectral-
polarization measurements analyzed below.

According to measurements with a lambda meter, the
magnetic field in a sunspot was found to be almost the
same by 12 spectral lines with Lande factors in the range
of 0.93 — 3.00; the corresponding discrepancy was within
10% (Semel, 1981). This was considered in the mentioned
work as a positive result of testing the use of such a
measurement technique, which gives only the longitudinal
component B|. In addition, this result, in the author’s
opinion, indicates that in a sunspot the spatially
unresolved structure is less pronounced than in a solar
plage. For a solar plage, the discrepancy of the magnetic
field values was found by different lines turned out to be
almost an order of magnitude larger and depended mainly
on the equivalent line width. In particular, strong lines like
Fe 1 5233 showed 3-6 times greater intensities than
weaker lines like Fel 5250.2.

These results for sunspots differ somewhat fromsimilar
data obtained by Venglinsky and Lozitsky (2012).
Mentioned authors studied two large sunspots, which were
observed on March 25, 1991 and July 22, 2004 at the HST
of the AO KNU. The magnetic field was measured by the
Zeeman splitting of many (= 150) spectral lines of various
chemical elements - mainly Fe I, as well as Fe II. It turned
out that the results by the Fe | and Fe Il lines differ
significantly. It is especially interesting that although in
the sunspot umbra the magnetic field by the Fe I lines was
stronger than the field by the Fe Il lines, in the sunspot
penumbra and in the surrounding photosphere an inverse
relationship was found. Moreover, in the middle of the
studied spots a significant “dip” in the magnitude of the
magnetic field by the Fe Il lines was recorded; no such
result has been found in the scientific literature. Perhaps, it
indicates the spatial heterogeneity of the field and the
influence of thermodynamic effects on the measurement
results. It is also possible that different sunspots differ
greatly in their magnetic and thermodynamic properties,
and therefore new research in this area has significant
scientific value.
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The purpose of our research was to verify the above-
mentioned patterns on new observational material
obtained in Kyiv during the war, in 2024.

2. Observations and data processing

Observational material for our study was obtained with
the Echelle spectrograph of the horizontal solar telescope
(HST) of the Astronomical Observatory of Taras
Shevchenko National University of Kyiv (Lozitsky,
2016). The main value of observations with named
spectrograph is that a wide spectrum interval, from 3800
to 6600 A, can be recorded simultaneously where many
thousands of spectral lines can be observed. Another
advantage of our observations is that I + V and | — V
spectra were obtained simultaneously, on separate
adjacent bands of the spectrograms. This was made thanks
to the fact that the circular polarization analyzer consisted
of a A/4 plate in front of the entrance slit of the
spectrograph and a beam splitting prism (analogous to the
Wollaston prism) behind the entrance slit. Therefore, | +V
and | — V spectra relate to the same moment of time and to
the same locations on the Sun.

The sunspot understudy was observed 17 August 2024
in active region NOAA 3784 and had diameter of
penumbra about 40 Mm. Observers were Vsevolod
Lozitsky and Ulyana Pavlichenko. This sunspot was
located from the disk center at a distance p/R ~ 0.54.
According to visual magnetic field measurements made in
Fel 5250.2 A line, peak magnetic field intensity in this
sunspot was 3700 G, polarity was N. Echelle Zeeman-
spectrogram of the sunspot was obtained at 6:24 UT using
the ORWO WP3 photo-plates; exposure was 30 sec.

The spectrogram of the sunspot was scanned using an
Epson Perfection V 550 scanner, which allows to obtain
two-dimensional scans of images recorded on transparent
films or on photo-plates. Methodological details of
processing such scanograms for the scientific analysis are
described by Yakovkin and Lozitsky (2022).

3. Selected spectral lines

Table 1 lists the selected spectral lines which were
used. In this Table, A is the wavelength in angstroms (A),
EP is the excitation potential of the lower term in
electron-volts (eV), by (Moore et al, 1966), ger is the
effective Landé factor. These factors for lines Nos. 1, 2, 6,
7,9, and 10 correspond to those empirically determined in
laboratory conditions (Zemanek and Stefanov, 1976). For
the other lines, theoretical factors for the case of a LS
coupling are given. This choice of spectral lines is useful
for diagnosing the magnetic field in the vertical and
horizontal directions. In particular, ion lines are generally
formed deeper than neutral atom lines, while lines with
smaller Lande factors are more suitable for diagnosing
particularly strong magnetic fields (Lozitsky, 2015). The
pair of lines 5247.1-5250.2 is suitable for study the
spatially unresolved magnetic field by the line ratio
method (Stenflo, 1973).

Table 1. Some characteristics of selected spectral lines

No. Element, multiplet EP, eV Qeff
number, wavelength (&)
1 Fe 1-383 5232.952 2.94 1.261
2 Fe 11-49 5234.630 3.22 0.869
3 Cr 11-43 5237.325 4.07 133
4 Sc 11-26 5239.893 145 1.00
5 Fe 1-843 5242.495 3.63 1.00
6 Fe 1-1089 5243.783 4.26 1.509
7 Fe I-1 5247.058 0.09 1.998
8 Cr 1-18 5247.574 0.96 2.50
9 Fe I-1 5250.216 0.12 2.999
10 Fe 1-66 5250.654 2.20 1.502

4. Results and their discussion

Line profiles and their bisectors. Since the equivalent
length of the entrance slit of the spectrograph was
approximately 27 Mm on the Sun, it was possible to study
individual adjacent photometric sections with a width of 1
Mm each. In this way, we could compare the photometric
profiles in individual areas on the Sun along the direction of
the entrance slit, along which we introduce a horizontal
coordinate L with a discreteness also of 1 Mm. In this
preliminary study, we present results only for L = 18 Mm,
which correspondsto the middle part of the sunspot umbra.

For example, in Fig. 1 we present the profiles of line
No. 5 from the list in Table 1, which has a rather small
Landé factor (1.0) and exhibits a relatively weak splitting
in the core of the spot. This splitting can be regarded as a
weak field regime (WFA), in which, at a uniform field,
only the longitudinal component BLos of the intensity
vector can be determined.

It can be seen from the figure that the bisectors of the
I +V and I — V profiles are almost parallel to each other,
and have a sharp deviation to the right in the wings of the
line. Such parallelism of the bisectors is theoretically quite
expected for the regime of weak splitting in a
homogeneous field. As for the named sharp deviation of
the bisectors to the right, this effect is repeated in all lines

1.2—

| | | | J
-200 (o] 200 400 600

AX (MA)
Figure 1. Stokes | + V profiles and bisectors of Fel
5242.495 line in sunspotumbra for L =18 Mm.
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Figure 2: Comparison of the bisectors for some spectral
lines. The position of the bisectors for the Fe | 5233 is
original, while ones forthe other lines are artificially shifted
in the horizontal direction for better comparison of the data.

of neutral atoms and is associated with a weak component
located in the red wing at a distance of about 350 mA
from the center of the lines. This indicates that the
velocity field in the studied spot was inhomogeneous: in
addition to the main component with a large filling factor,
there was another component with a smaller factor, which
had a positive velocity (plasma descent) of 20 knvsec.

A more interesting case is presented in Fig. 2, where
the bisectors for the four lines are compared. It can be
seen that the strong line Fe | 5233 has almost parallel
bisectors too, while the ion lines have a rather peculiar
shape, similar to the letter "X". To the best of our
knowledge, such a case of bisector crossing is reported
here for the first time. The mentioned bisector crossing
cannot be explained within uniform magnetic field
models, and likely reflects the different the magnetic field
sign at the locations where the core and the wings are
formed, similar to the magnetic field sign reversal along
the line of sight reported in a different sunspot by Franz &
Schlichenmaier (2013).

It can also be noticed that Fel 5233 line has in its
wings a local deviation of the bisectors to the left, i.e. in
the opposite direction relative to Fel 5242 line. This
means that areas of relatively slow plasma rise are
detected at the level of formation of this line.

Averaged magnetic fields. Since the bisectors behave very
differently in different parts of the line profiles, we
determined the average splitting of the bisectors for the entire
profile ofeach line to estimate the corresponding magnitude
of the averaged magnetic field. These data are presented in
Figs.3 and 4 in comparison with the Landé factor ofthe lines
and the excitation potential ofthe lower term.

The dependence "Bvs. g" for lines of neutral atoms

presented in Fig. 3 is quite expected theoretically. After
all, when using a circular polarization analyzer, the value
of the Zeeman splitting gives BLos only in the case when
this splitting is significantly less than the half-width of the

spectral line (Unno, 1956). If the Zeeman splitting AAu
increases so much that it is comparable to the half-width
A1z ofthe line, then from the measurements we obtaina
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[ \*
| | |
0 1.0 2.0 3.0
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Figure 3: Comparison of measured magnetic fields with
Landé factors of lines. Typical measurement errors are
+ 100 G.
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Figure 4. Measured magnetic fields B vs. excitation
potential EP of the lower term.

value intermediate between the longitudinal component
and the modulus of the magnetic field strength. So, then,
one would expect that the larger the Lande factor, the
larger the measured magnetic field should be if the angle
between the line of sight and the field line is significantly
different from O or 180 degrees. However, what is
incomprehensible from this point of view is the
dependence for ions, which has the opposite character
(here the measured field is probably anticorrelated with
the Landé factor). However, the observational data for
ions in this case are not enough to draw more confident
conclusions.

However, from Fig. 3 and 4, another more obvious
effect is evident: the ion lines give 300-1200 G fields
weaker than the neutral atom lines. Calculations of the
heights of spectral line formations in the spot showed that
this feature reflects the effect of the height of spectral line
formations. In particular, if we compare the heights of
formations of Nos. 2, 3 and 4 lines (-17.51, 12.59 and
81.01 km, respectively) with the magnetic fields measured
by them (290, 320 and 940 G), it is clear that the higher
the spectral line is formed, the stronger the magnetic field
it shows. We plan to provide more detailed observational
data and data on calculations of the heights of line
formations in a separate, more detailed article.
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We checked whether this result could not be random,
that is, only for one point of the sunspot. It turned out that
also in other places of the sunspot along the cross-section
of its image by the entrance slit of the spectrograph, the
magnetic field measured by the lines of ions, in general, is
systematically weaker than by the lines of neutral
elements. Thus, we cannot explain this difference by the
different inclination of the lines of force, and therefore the
only possibility remains in the frame one-component field:
the magnetic field strength really weakens when
deepening into the sunspot.

This, however, seems paradoxical because the pressure,
temperature and concentration of the plasma increase with
depth (Maltby et al., 1986), and, therefore, the magnitude
of the equilibrium magnetic field in the flux tube should
also increase. Perhaps, different sunspots can have
significantly different magnetic field topology, ranging
from homogeneous to significantly inhomogeneous ones
(Franz & Schlichenmaier, 2013).

The observed weakening of the magnetic field with
depth may indicate that the sunspot is a relatively shallow
formation resembling a thin disk, rather than a deep long
force tube. In this regard, different authors have come to
different conclusions. In particular, based on the study of
the torsional oscillations of the spots, it was concluded
that the sunspot is a rather deep formation: the length of
the corresponding flux tube is several times greater than
its thickness (Gopasyuk and Gopasyuk, 2005). However,
some theoretical studies, as well as helioseismological
data, indicate that the spots, on the contrary, are relatively
shallow formations (Kosovichev, 2012). It is possible,
however, that in this case not only the height of the line
formation plays a role, but also their different temperature
sensitivity to changes in thermodynamic conditions at
different depths in the spot, as well as the subtelescopic
structure of the field, which contains both very strong
magnetic fields and opposite magnetic polarities. It seems
possible to find the correct answer to this question using
the modeling profiles for the case of a significantly
inhomogeneous solar atmosphere, which may contain
several discrete components with different intensities,
polarities, filling factors, Doppler velocities, and
thermodynamic parameters.

Probably, it is worth paying attention not only to the
effects of the shape of the "X" bisectors (Fig. 2), but also
to the subtle effects in the splitting of the bisectors of the
type of local maximum, similar to that found in line Fel
5233. As can be seen from this figure, at the intensity
level of 0.7- 0.8 this line has a local maximum of splitting,
which should not be at a homogeneous magnetic field. A
similar effect is found not only for L =18 Mm, but also in
neighboring photometric sections. A possible reason for
this effect is the subtelescopic structure of the magnetic
field, in which the actual local magnetic field intensities
can be much larger than those obtained directly from
direct measurements (Lozitsky, 2015).

5. Conclusions

The main result of our work is that the ion lines in the
studied sunspot demonstrate significantly lower magnetic
field strengths than the lines of neutral atoms. This is
probably due to the significant altitudinal gradient of the
magnetic field. If this is the case, then a paradoxical
situation arises: the magnetic field strength weakens with
depth in the spot, while the gas pressure, as is known,
increases (Maltby et al., 1986). Our results confirm the
previously obtained data of Venglinsky and Lozitsky
(2012) that in the sunspot umbra there can be a sharp
"dip" of the strengths measured by the ion lines. Although
the results of our study do not agree with the
measurements of Semel (1981), it cannot be ruled out that
different sunspots have very different patterns of spatial
inhomogeneity of the magnetic field. In this respect,
sunspots may be no less interesting objects for research
than solar flares. However, it should be noted that
sunspots are much more convenient objects for
observation than solar flares.
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JUPITER'S DAM RADIO EMISSION AND SOLAR
ACTIVITY: IO-DEPENDENT AND NON-IO SOURCES
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natalitsv69@gmail.com
ABSTRACT. We study Jupiter's DAM radio msmu Hm3pkoi wactot. L[i MI'JI komuBaHHS B HIDK-

storms to identify the features that may correlate with
solar wind and coronal mass ejections (CME). We
investigate the dynamics of DAM storms and burst
features, and explain them by considering MHD
processes associated with Io and the presence of gas in
Jupiter's lower magnetosphere.

DAM radio storms occur when plasma injected by lo or
by solar wind propagating along Jupiter's magnetic
field lines into the auroral zone of Jupiter's lower
magnetosphere together with low-frequency Alfvén wave.
Those MHD oscillations in low magnetosphere can trigger
ionization processes and create streamers, activating
maser instabilities in the electron plasma. This can occur
under the influence of dense solar wind and CME that
penetrate  to  Jupiter's magnetosphere, creating
high-latitude currents with non-lo radio storms, and
enhancing lo-dependent sources of DAM radio emissions.

We found that dynamics of development of Io-depend-
entand non-Io DAM radio storms have similar features and
evolutionary peculiarities. That time periodicities (5 min
and 20 min durations) may connected with MHD instabili-
ties activated by lo, that modulate the current sheets system
in all auroral zone. The power of Io-dependent storms is
modulated by the solar wind pressure on the magnetosphere
of Jupiter. On the otherhand, in non-Io radio sources asso-
ciated with solar plasma injections, due to the content of
high-energy ions which scatteron the gas fluids, a number
of specific radio bursts are formed, for example, having
zebra structures on high-resolution dynamic spectra.
Keywords: DAM radio emission, Alfven waves, magneto-
sphere, solar wind, Jupiter.

AHOTALISA. B wmiit po6oTi 6yne BUBUEHO IEKaMeTpOBi
(AKM) pagiobypi IOmirepa, nmns Toro, mo0 BHUSIBHTH
0COOJIMBOCTI, SIKi MOXKYTh OyTH ITOB’SI3aHi i3 BIUTHBOM COHSI-
YHOTO BITpYy Ta KopoHatpHHX BHKHAIB Macu (CME) na
YTBOpEHHS paniodyp Ta cmieckiB JJKM panmio BUIpoMiHIO -
BaHHA. Mu posrispaemMo auHaMiky Oyp Ta ocoOmmMBOCTI
okpemux JIKM crteckiB, Ta HOSCHIOEMO IX 3 ypaxyBaHHAM
MI']] nporeciB, moB’si3anux 3 lo, Ta mporecis, oo BigoOy-
BAIOTBCS 3a HASBHOCTI HEWTPANbHOTO Ta3y B HIDKHIH
MmarHitocgepi FOmirepa.

Baaxxaemo, mo Oypi JIKM pamioBHIIpOMiHIOBaHHS BHHH-
KaloTh, KOJIU IIa3Ma, IlKeKToBaHa Ha 1o, abo mia3ma coHs-
9HOTO BITPY IPOHHKAE 1O ABPOPaJbHOI 30HH HIKHBOT
MarHitocepn IOmiTepa, MOMMPIOIOYNCH B3IOBX JIiHIH
MarHiTHOro mnons lOmitepa pa3oM 3 anbBEHIBCHBKUMH XBH

Hii MarHiTocepi MOXYTh 3aIlyCKaTH IIPOLECH 10Hi3aIil
mwiasMu 1 GopMyBaTH CTpUMEpH, Ta OyIyTh aKTHBYBAaTH
Ma3zepHi HecTiHKOCTI Ha eneKkTpoHax. Ilix BIUIMBOM IiIi-
JBHOTO COHSYHOTO BITPY i KOpOHAJBHHWX BHKHMAIB MacH
3MIHIOETBCA CTpYKTypa MarHitocepn IOmitepa, 3’sBiso-
ThCSI BUCOKOITUPOTHI IUIa3MOBI TeYil, NOTHYHI O TMOSBU
He-lo IKM mropwmiB, Ta mocumoerses JIKM pamioBu-
MIPOMIHIOBAHHS, K€ KOHTPOJIOEThCA [o.

BpaxoBano, mo aumHamika po3Butky JKM pamio0yp,
3ayexHuX Bix lo Ta Hezame)xxHUX Bin 1o, MarOTH CXOXi pH-
CH Ta eBOJIONIHHI ocobmauBocTi. Tak, iX cHinbHI Tepionu-
9HOCTI y 4aci (5 xBwiuH Ta 20 XBHJIMH TPHUBAJIOCTi) MO-
KyTh OyTH moB’s3anumMu 3 MIJl  HecTifKoCTsAMH,
aKTHBOBaHMMHU 10, sIKi MOJYNIOIOTH CHCTEMY CTPyMOBHX
mapiB y Beill aBpopanbHiid 30HI. [loTyxHICTE Oyp, 3amex-
HUX Big [0, MOIyJTFO€ThCS AMHAMIYHUM THCKOM COHSYHOTO
BiTpy Ha MarHitocdepy IOmirepa. 3 iHmoro 60ky, B
pamiokepenax He3aIeKHUX Bix [0, 1 MOB’I3aHUX 3 THXKEKITi-
SIMH COHSYHOT IUIa3MH, 3aBISKH BMICTY BHCOKOCHEPICTH-
YHHUX 1OHIB, LIO CTHUKAIOTbCSA 3 Ta30BUM CEPEIOBUIIEM,
dbopmyeTbes psaa cienudiuHUX pajiio CIUIECKIB, HAPUKIIAT,
Taxi, [0 MalOTh 3¢0pa-CTPYKTypH HA ANHAMIYHUX CIIEKTpax
BHCOKOI PO3AUIBHOT 3aTHOCTI.

Knrouosi caosa: JIKM panioBHIpOMiHIOBAHHS, albBEHi-
BCBHKIi XBWJIi, MarHitocepa, COHsUHMIA Bitep, FOmiTep.

1. Introduction: the Io-dependent and non-Io sources

observed in DAM radio storms

Jupiter’s DAM radio storms were observed in radio tele-
scopes in Ukraine, France, USA (Florida) and others (see:
Ryabov & Gerasimova, 1990; Ryabov, 2001; Ryabov et al
2014; Marquesetal.,2017;Flaggetal.,, 1991),aswellasdur-
ing the mission’s observationby Voyager-1,2, Juno and others
(e.g., see: Genova, 1985;Barrowetal, 1986;Liuetal.,2021)
on time-scale of low resolution (hour, min, second) and high
resolution (millisecond scale). In Ukraine such observations
have been made at the UTR-2 and URAN-4 telescopes. We
can see on them the different types of sources: dusk-side (A,
C) sources and down-side (B, D) sources, for lo-dependent
and non-losources. We also made and presentedin Tabk 1 a
comparison ofthe observed properties of these dynamic spec-
tra for DAM storms (on a large scale and with higher resolu-
tion), such as storm evolution, temporal and frequency modu-
lation of the burstpattern, observed high-resolution features of
the dynamic spectrum in DAM bursts using UTR-2 and
URAN-4 data and a thorough analysis of data from a telescope
in France, which was carried out by Marques et al. (2017).
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Table 1: Compare of Io-dependent and non-Io storms

lo-dependent sources

Non-lo-storms

Arcs forms

Dusk Io-A,C: ,,late” arcs
Down I0-B,D: ,.early” arcs

Dusk non-Io-A,C: ,,late” arcs
Down non-lo-B,D.: ,,early” arcs

Storm duration

50 min—1.5 hr
A number of Dusk storm cases are grater then
in Down cases

40 min — 1.2 hr
A number of the storms cases are
grater then in lo-depended storm cases

AcmL~ 240° £40° (Io-A); ~ 140° £40° (Io-B);

AcmL ~ 80-190° (non-lo B);

pared; have the finest bursts

ios'“‘:r‘lli N ~320° £40°(10-C); ~ 125°£90° (Io-D). ~200-340° (non-Io A, C);
CML S (As +30°)~ Ago ~ 195°+80° (I0-A,B) AL ~ 60-320° (non-Io D)
. The intensity Io- and non-Io storms are com- Non-lo storms have some much
Intensity

power, and some less durations

Io-A,B (N-sph,): 39 MHz;

Max-frequency |y 'p (s-sph.): 27 MHz

Non-lo: up to 28 MHz

Io-A,B (N-sph.): RH dominated;

(N-sph.): RH dominated;

pends on SW kinetic power

Polarization Io-C,D (S-sph.): LH dominated (S-sph.): LH dominated
UV, IR brightness in N-pole ovalis grater then | UV spots observed in auroral zones.
UV, IR .
in S-pole A number of UV spots are grater at
N-pole then at S-pole
Solar wind A number of storm cases and storm powerde- | A numberof storm cases increase with

solar wind kinetic power

We are interested in what are the common properties and
differences in the dynamic spectra, in order to explain the
mechanism of activation of Jupiter's DAM radio emission,
and they possible connection with Solar wind ejections. So,
we see such main periodicities for [o-dependent sources:
the storm duration of 1-3 hr, the periodicity of 20-40 min
with arcs structure (be seen the early-arc modulation for
Down sources, and the late-arcs for Dusk sources); and the
periodicity of 5 min of common cases of storm spectrum
(see: Dessler & Hill, 1979; Ryabov,2001; Marqueset al.,
2017). In addition, we see the lanes modulation (~ 0.1-1
MHz), and in the dynamicalspectra of high resolution there
is the L- or S-bursts with slow or fast drift; and with perio-
dicity of about 1s for L-bursts, and of 0.1s, 0.03s, 0.003-
0.01s for S-bursts (see: Flagg et al, 1991; Ryabov &
Gerasimova 1990; Ryabov,2001; Ryabov et al.,2014).

Many models of the o correlation mechanism propose
that the 5-minute modulations are associated with Io-gen-
erated Alfvén waves with a 10-minute period, which further
activate DAM bursts with fast S-drift in the dynamical
spectra (see: Su etal., 2006; Hess et al., 2007). However,
only in Io-dependent storms we registry the many fine
structures of S-bursts in the dynamic spectrum, together
with L- and Narrow-band bursts. These storms also corre-
late with infrared and far-ultraviolet data obtained with the
Hubble Space Telescope (Gerard et al., 2014). The Io flux
tube draws a main ovalin the Jupiter’s surface, which cor-
responds to the locations where lo-dependent radio sources
radiate. Considering a pole tilt, a region with maximum
magnetic fields is formed at A\cmL~ 165° for N and at ~240°
for S-hemisphere, which is responsible for the maximum
number of DAM storm  occurrences  with
(Ast30°)~A1~195° (Marques et al., 2017).

Similar periodicities we can also observe in the non-lo
storms, for example, we observe storms with duration of
about ~1 hr, and we see modulation with periods of 5
minutes within the arc structures of20-30 minutes duration
(Barrow et al., 1986; Marqueset al., 2017). In high-resolu-
tion dynamic spectra, we most often observe L-bursts, or in
some rare cases, we observe Zebra-type and Narrow-band
bursts (Ryabov & Gerasimova, 1990; Marquesetal.,2017;
Panchenko et al, 2018). The fact of similar modulation
with 5-minute periods in non-Io sources is unexpected.

On the other hand, high-latitude non-lo storms can be
activated directly by the solar wind. So, Barrow et al.
(1986) find from Voyager-1 data that correlation of DAM
storms with solar wind kinetic power of Psy ~

2 .
e Vso ), and a number of that storm cases is in-

(m
creased when solar wind fluctuation and CMEreach the Ju-
piter’s magnetosphere. Incidentally, Barrow et al. found
that the correlation with the solar wind works for both non-
Io and Io-dependent storms. This fact convinces us to
search a general mechanism to explain these types of low-
frequency modulations in the DAM radiation of Io-depend-
ent and non-Io storms. How this mechanism works in the
Jupiter magnetosphere and how the solar wind affects the
DAM radio emission will be seen below.

2. The activation mechanism for Jupiter DAM Radio
Emission in Io-dependent sources

2.1. lo-Jupiter interaction
The Io-dependent DAM radio storms of Jupiter are as-

sociated with the satellite o, which generates Alfvén waves
(with a period of ~10 minutes) in the region of Jupiter's
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magnetosphere with a strong magnetic field, under the in-
fluence of which the "rotational energy" of Jupiter is con-
verted into DAM radio energy and non-thermal accelera-
tion of plasma particles.

This To — Jupiter interaction mechanism have been pro-
posed and developed by Gold-reich &Lynden-Bell, (1969),
Dessler &Hill, (1979), Su, etal. (2006), Hess, et al. (2007), and
others. They studied how the Alfvén wave is generated and
transported from lo, and how it interacts with Jupiter's lower
magnetosphere, which consists of plasma and gas fluids.

The plasma density in the auroral zones is very low, so
the active plasma is mainly injected into the DAM sources
from Io torus, transported alongthe Io-Jupiter flux tube into
this zone with electric currents (see Su, et al. 2006, Hess, et
al. 2007). Moreover, since this zone contains high-density
neutralgas fluids, ionization can begin underthe influence
of low-frequency Alfvén waves generated by Io, which also
addsplasma particles to these zones (see Boev, et al. 2001,
Boev, 2005; Tsvyk,2019,2023,2024). All these processes
lead to the emergence of lIo-dependent DAM radiation
sources with S- and L-bursts.

The plasma in Io’s torus is forced into co-rotation with
Jupiter, meaningto share the same period of rotation. The Io
torus fundamentally alters the dynamics of the Jovian mag
netosphere when Io moves through the magnetosphere, and
it generates the Alfvén wave electric fields of with periods of
Tao~ 10 min, which may be connected with the torus curva-
ture and depend on how that Alfvén instability works.

The Alfvén wave pattern is formed in the magnetosphere
by the interaction of o and Jupiter, when Alfvén energy is
transported to Jupiteralong magnetic field lines and this in-
volve the To-torus plasma to move along the flux tube. The
Alfvén wavesare directed almost alongthe lines of Jupiter's
rotation (alongthe torus), so Alfvén waves and Io-torus fluid
are transported both to andaway from Jupiter (into the outer
magnetosphere) when the wave-vector ka rotates in a period
of 20-40 min. Thus, the current sheets and a magnetic disk
havebeing formedin Jupiter’s magnetosphere, sharing it into
tubes or sheets with a width of 2Rtor~ 6 Rio~ 0.15 Rj, and
Alfvén waves may transform to kinetic modes.

2.2. MHD waves in lo vicinity

Let us consider in a vicinity of Io the plasma and MHD
wave parameters correspondingto a plasma torus. So, these
are: nei ~ 200 cm?3; Tei~103-10° K (very dense and hot
plasma, see: Krupp et al. 2004, Su et al. 2006), and this
gives us: cap ~ vi ~ 5:10* m/s; ve~3:10° m/s= 0.01 ¢
(cax<vie<c4).Such MHD instabilities, due to the rotation of
Io in a strong magnetic field, generate the low-frequency
(LF) Alfvén waves with a period of Tao~600s (ka=27/14),
the Alfvén velocity on the orbit of o (zj~6, ¢~0) is: ca~
0.25 ¢ (zj in Rj units). Therefore, this velocity corresponds
to the transfer of wave energy alongthe magnetic field lines
from lo (at zj~5) to the mirror point in the ionosphere
(zj~0.014), which lasts of ~ 7 s by time.

The model parameters of Alfvén waves arepresented in Ta-
ble 2. So, using the typical MHD theory (see: Akhiezer, et al
1974, Kadomtsev, 1988), we find the following magnetic and
electric fields for these Alfvén waves: B, & &, ky, By,

E,, « w(kAxc)_ley, with oscillations of « exp (ik,r—

iwt). The wave’scurrentis: j, = e Ng; (Vi; — V) X ikyB,,
with phase shifted oscillations. For Alfvén modes with ka di
rected almost along the rotation lines (in x-axis of perpendicu-
larly to Bo,-magnetic lines, iz~ 0.4995m) the phase velocities
are: Cqp, = C4 COS 20,5~20 m/s (along magnetic field); and
Cagx = €4 COS B Sin 6y p ~10*m/s(nearly alongka). There-
fore, those Alfvén wavelengths are: Aa=T,,c, cos 6,5 and
Aaz=T,oCy4-

2.3. A transport of MHD waves

The Alfven wave velocity ca depends on n,(z;) and
By, (z;, ¢) and varies along the magnetic field lines. It is
specified asn, (z;) in the modelof like Su, et al. (2006) (see
Fig. 1), and we have chosen the dipole approximation for
the Jupiter’s magnetic field, By,(z;,¢) = 10 G (1 +
3sin® ) (1 + z;) 7> (as for N-pole at Acmi~ 165°), where
zj is the altitude from the Jupiter’s surface (in Rj units) and
¢ is the azimuthally angle of the observed point.

The plasma density at the foot ofTo flux tube may increase
from 0 to 103 -10* cm3 as the lo-related magnetic field lines
move above theaurora zone,and the lo-plasma flows andare
transported with Alfven waves to the Jupiter surface along
the magnetic field lines. Then, the presence of neutral gas
fluids at the lower altitudes in the Jupiter magnetosphere
leads to the low-frequency (LF) Alfven wave velocity de-
crease from ca to ¢y pbecause the neutral gas particles
move together with the plasma oscillations through particle

Na
Ne,
1067
e (b
104 T 2 4 z
Ioﬂwg’tube
1027 438 ne./;"/\.\,
| e0(1+Z) ’ ///,-\\\
/. /7 (pNO \
~ 7
- Ne
1T (a)
; l l l

Zj, (Rj)

Figure 1: (a) The models for plasma n. and gas N, density
variation at Jupiter magnetosphere along flux tube (alti-
tudes z; in Jupiter radius units). Curves are correspondent
to the model like Su, et al. (2006) for Io flux tube and for
other flux tubes at 9=0.48n and ¢=0.3n. (b) The depend-
ence of i time-scattering and ca(z;) velocities along Io flux
tube for HF and LF Alfven waves
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Table 2: The Alfven wave model parameters at the Io orbit and at the foot of To-Jupiter flux tube.
Here we take: Bo:, ka=(kax, kaz) ; and kax’ =ka +kay’ = kai.
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zi=5 zi=0.5 zi=0.3

(Io orbit) (atmosphere influence)
ca4/c 0.25 0.95 0.25
cAfx 4-10° ¢ 5103 m/s 5:10° m/s
cAfz 20 m/s 1 m/s 5 m/s
OB 0.4995n 0.49995n 0.4998n
Wave length: Aa k4, m! AA/R; k4, m! AA/R; k4, m!
A4 4 R,=0.1 R, 10 ¢ 0.04 2:10¢ 0.04 2:10 ¢
Aaz ~62 R; 10° 2000 10! ~62 10~
Adx 0.1 R 106 0.04 2:10¢ 0.04 2:10°¢
Ady 0.13 R, 7-107 0.06 1.4:10° 0.07 1.3-10¢
Adx 4 R, =0.15 R, 6:107 0.05 1.6:10°¢ 0.05 1.9:10°¢

collisions on LF Alfvén waves (see Tsvyk,2023,2024; and
considering the equations for low-ionized plasma by
Smirnov, 1995, Kadomtsev, 1963, Bragynskyi, 1963,
Akhiezer, et al.1974):

ca? = By /(4mnym,), o > 1,

~p2 _
s Lr’ = By /(AmN,my), w << 17"

Here tia is the ion scattering time in the presence of a
neutral gas:

Tio = 1/(vriNo@®) = 10M cm™ /(vg;N,).

Alternatively, high-frequency (HF) Alfven waves
moves with c4-velocity, and they velocity reaches the light
speed at low ionosphere altitudes (zj=0.014, in Rj units)
where the plasma density comes to Zero. At these altitudes
the gas temperature is about 75~ 1000 K, and the ionization
processes can occurat higher altitudes, while the ion parti-
cles cool and recombine lower down. lonization occurs
mainly through collisions of high-energy particles with
gaseous fluids, and to a lesser extent through the impact of
energetic photons of solar radiation. Thus, in the lower
magnetosphere of Jupiteratzj < 0.5 we have 7o~ 500 K for
gaseous particles, the ep-temperatureis 7. >7, ~2000 K,
and here is the zone where DAM radio sources have been
activated above the auroral zones (see: Boev, et al. 2001,
Boev, 2005, Withers &Vogt, 2017).

Figure 1 shows the density variations forand outside the
To flux tube, using a model similar to Su etal. (2006), where
Na is the gas density and n.is the plasma density (n.~np, as
well as some other impurity ions). And Fig. 1b shows the
variation of ¢4 in the lower magnetosphere of Jupiter for HF
and LF Alfvén waves. Thus, the ion-atom collision fre-
quency began to affect the MHD waves at heights z; <0.5,
where the atmospheric density is much higher than the
plasma density.

2.4. MHD waves in lower magnetosphere and DAM storms

Now we can calculate the Alfvén wave parameters at
(zj~0.5, p~m/3) using these magnetosphere data. The Alfven
velocity here is high, ca=>¢,and corresponds to the fast trans-
ferof MHD energy alongthe magnetic field lines. The phase
velocity for Alfven wave-modes (Tao) with &p~0.4999 57 is:
cafz<1m/s; carx ~5 103 m/s. The current sheets shrink adia-
batically because the Bo-magnetic field lines are focused at
small zj as in the dipole model: Aax= Aaxo (1+z;)/6. The
plasma parameters in this zones are: n¢~(30-10% cm?;
Tei~3000 K, that is give us: can~vii ~ 4°103 m/s; vie~2:10°
m/s~0.001 ¢ (ca4x<vee <<c4). The magnetic field lines Bo, are
curved as (dipole model); and the current sheets can be tilted
towards the magnetic field lines under the of Jupiter’s plasma
rotation or by the influence of fast magneto sound (MS)
waves, which are transported ata speed of ca and have large
length Afms> 6 Rj at Tao wave-period.

At lower altitudes, e.g., at (zj~0.3 and ¢~n/3), it is nec-
essary to take into account the presence of high-density
neutralgas forthe LF Alfvén wave,and we haveits veloc-
ity of ¢, r~ 0.025¢, which corresponds to the anomalous
increase in the Alfvén energy flux atz—=>0. And we get the
following phase velocity of Alfven 7ao-modes (with
6ks~0.4998): Cop,~3 M/S; Cypy~ 5103 m/s, where the cur-
rent sheets are compressed adiabatically in the x direction
due to the coincidence of magnetic field lines at zj—=>0.

The plasma parameters in this zone are: nei~(1-10%) cm?;
Tei~3000 K, so we have: cax~vii~4 103 m/s;and vie~2:10°
m/s~0.001 c. The MHD power (or wave energy density) in-
creases with decreasing wave speed ca, and when ca2> ¢y
(atzj=>0), this gives us a powerincrease of >100 factor com-
pared to the MHD energy density atzj=5. Inthe lo-dependent
DAM sources this effect leads to the strong plasma hitting,
which lead to the ionization begins at the wave-mirror point.
In addition, the fast MS waves can affect to the current sheets
at this mirror point, and the streamer-like structures appear
in each of current sheet regions.

All these processes lead to the streamer-like stratifica-
tion of the lower magnetosphere by MHD waves, and here
the DAM radiation is activated with the observed bursts and
modulation features which are presented in Table 3.
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Table 3: L and S bursts: time periodicities and the storm shape in dynamical spectrum

To-dependent 5 min, Alfven waves by Io generated: Tao ~10 min.
storms 20 min, Due to ka rotates and Io-plasma injection: Tsiorm ~ 20 min.
arc-shaped The arcs correspond to the geometry of the Io — Jupiter flux tubes, where the
structure . .
plasma fluids move to Jupiter
L-bursts ls This period may be associated with the ti-time scattering for ions with at-
oms of neutral gas in the lower magnetosphere
S-bursts 0.002-0.01s They may be connected with start of the ionization process, refraction pro-
(Io-dependent (with fast cess, so as connected with burst modulation of HF-Alfven waves within
source) drift) the streamers (Ta1~0.005-0.01 s, Ta2~0.03-0.1 s). They may be generated
in the wave-mirror points at the Jupiter surface.
N-bursts 0.5-1 MHz They areassociated with modulation of the plasma density, and the shape
(in bands) of'the spectra is obtained due to refraction effects inside the DAM sources.
Bursts in non-lo 0.1-1s; They have a shorter duration and lover intensity.
storms 0.01s These bursts have dominantly L-shaped bursts, but in rare cases it appears
(in 0.5 MHz zebra bursts with fine periodicity, ~ 0.01 s
bands)

3. Jupiter DAM radio emission of non-Io sources:
arole of Solar wind and CME

We now consider the structure of Jupiter's magnetosphere,
the role of To in modulating the magnetic disk, and the influ-
ence of the solar wind on the activationof non-lo DAM radio
sources in high-latitude auroral zones. We note thatthe activa-
tion of DAM sources requires the presence of plasma fluid in
the auroral zone, and the Maser radiation mechanism arise due
to the Alfvén waves working in current sheets.

So, when the solar wind (SW) interacts with Jupiter's
magnetosphere, which has a strong magnetic field, a struc-
ture of bow shock — tail emerges in this magnetosphere
(see: Khurana etal. 2004). Then, when the SW-pressure in-
creases or a coronal mass ejection (CME) reaches Jupiter,
the magnetic field reconnection occurs within the bow
shock wave, or in the tail of Jupiter's magnetosphere at a
distance of zj~15, and solar plasma penetrates into Jupiter's
auroral zones. We now consider the effects in solar wind
turbulence on Jupiter's magnetosphere, leading to current
reconstructions and tail fluctuations. We then review how
these processes activate the non-lo DAM sources in Jupi-
ter's high-latitude magnetosphere (e.g., for Ganymede-de-
pendent DAM sources and others). We conclude this re-
view by examininga number of special DAM bursts in non-
To storms (such as zebra pattern bursts) that canoccurin the
presence of solar wind plasma.

The feature of Jupiter's magnetosphere is a complex dy-
namical system of current sheets that are created in its vari-
ous regions. In the tail of Jupiter's magnetosphere, a mag-
neto-disk arises, consisting of a direct current and others,
which may rebuild due to the pressure of Solarwind plasma
that cominginto Jupiter's magnetosphere. Thus, according to
the Juno mission, several current sheets were observed in the
magneto-disk region, which were located in the plane of Ju-
piter's equator with a diameter of 20 R; and extended to a
distance of z;>20 (see: Liu etal,, 2021). Then, this magneto-
disk is stratified into radial elongated sheets with Io-corre-
lated periods of Tao~10 min. The Juno mission also recorded
the relativistic plasma particles with energies of 10-1000 keV

(ocg -23), which may be accelerated due to particle scattering
on MHD-current sheets of been generated by Io.

Figure 2 presents the pressure dependences in Jupiter's
magnetosphere, which vary in the range z; = 0.1-100 and
are approximated using spacecrafts data and models of
Sentman et al. (1975), Khurana et al. (2004), Su et al.
(2006). So, the solar wind plasma may penetrate to the Io
torus, where we have the presser equilibrium of Pei~ Psw,
and thusthe Io — solar wind interaction will controla “ma-
chine” of Alfven wave productions.

P
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Figure 2: The models of presser variations in Jupitermagne-
tosphere. Here: Pp is Jupiter’s magnetic field presser, P, is
theneutral gas presser, Pe; is the ep-plasma presser (with im-
purities of otherions); and they are comparison with typical
solar wind dynamical (Psw) and magnetic (Pasw) pressers.
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Firstly, the energetic SW plasma particles are frozen into
the interplanetary magnetic field, and they penetrate
through the bow shock to Jupiter's magnetosphere, which
has a strong magnetic field that co-rotates with the planet.
SW parameters at Jupiter’s orbit (5 a.u.) are: nei~ 1 cm?;
vei~ 280 km/s; Bsw=10°G; T. = 10 Ti= 105K for a slow
wind, and 7= 0.4 cm™3; vei= 600 km/s; Bsw=107 G; T; =T,
=10°K, for a fast wind, correspondently. The bow shock
temperature is about 7. >T; = 105K , and magnetosphere
parameters at zj-distances in the tail region may be chosen:
nei = 0.3 cm3; veor= 200m km/s (carioles co-rotation veloc-
ity, where n >5); Boj=4.5:103 G- forzj=15; ni~0.005 cm"
3, veor= 640M km/s; Boj= 0.6 103 G — for z;=50; and nei=0.02
cm3; veor= 1200 M km/s; Boj= 0.3 1073 G — for zj=100.

The SW fluxes with density fluctuation are transported
and have the transformation by that way: firstly, from intra-
planetaryspaceinto the Jupiter’s bow shock (zj~50); then, to
the magnetopause (zj<40, ortrapped to the magneto-tail); to
the magneto-disk (zj~15, are in current sheets thattransforms
to the direct current); and to the return current (from zj~15 to
zj~5); and finally they arrive to the auroral zones in the Jupi-
ter’s lower magnetosphere (zj<0.5, ~0.3..0.5 ©t). The time
of this transport is estimated to be about 10 hours or more,
when solar particles move with diffusion and flux compres-
sion in the form of a hot non-thermal plasma flow (T >10°
K) with a velocity of about vi=3-10* m/s, which is approxi-
mately equal to the Jupiter’s co-rotation velocity with its
magnetic field, in which the plasma particles are frozen.

At the reconnection point in Ganymede's orbit (zj~15),
electric field and current instabilities arise when the Alfvén

. . . . J0E 4m .
theorem is breakdown in this region, v rotB ——j.
C Cc

Thus, due to a strong fluctuation of the electric field, the
Alfvén waves are generated along the magnetic field lines
in the direction to Jupiter and in the direction of a radial
current, respectively, forming a reverse current with new
current sheets and the plasmoid ejections to magnetosphere
tail. So, the reverse currents passing through the Io torus
zone are modulated by its current sheets, and the solar flu-
ids are transported to the auroral zone of Jupiter, being
compressed by a factorof(zj+1)/15. Thus, under the influ-
ence of the magnetic disk, we observe the duration of the
DAM source activity of ~20-40 minutes in non-lo storms,
the same as in [o-dependent sources.

Let we analyze now the non-lo DAM storm with Zebra-
pattern bursts which was observed in URAN data by Pan-
chenko, et al. (2018), to compare them with the zebra-like
dynamical spectrumin the Io-C sources (storm at 8.09.1999,
see: Ryabov,2001). So, both non-lo and Io-C radio sources
with zebra-bursts maybe associated with ion plasma density
fluctuation. Fornon-Io sources, these oscillations develop in
the presence of high-density solar plasma with high-energy
ions. Instead, for Io C sources, plasma fluctuations occur at
the altitude where the plasma coming from Io interacts with
the neutral gas of Jupiter’s ionosphere.

So, if we observe a non-lo radio source when the solar
plasma flux reaches Jupiter at zj~0.1 and has a fluid com-
pressed by (0.01-0.1) (50/(1 + z;)) 22(20-200) times, then
we can estimate the plasma density in this radio source as:
200 ngw< 103 cm3. In the work of Panchenko etal. (2018),
the emergence of Zebra-like spectra with observed

frequency oscillations 4/~0.3-1.5 MHz in non-lo sources
is explained by the resonance between ion cyclotron and
electron plasma oscillations: fp;=sf»i=~0.5 MHz (s=5.. 10),
where fp; = 0.01 MHz, and this is explained by the plasma
density n; =~ 104 cm™3. Therefore, this plasma density is very
high for the SW fluid entering these sources. The other
way, taking account an neutral gas influence into the SW
plasma flux, that Zebra-like pattern can be explained also
as the high-energy ions fluctuation in some LF-MHD
waves, of Ta= 1s periods and ¢, /c= 1073, taking account
that scatter time of Tia sw~0.03<<ti, for that SW-ions, that
give us to Afpe~ 0.5 MHz fluctuation in altitude zj ~0.1:

AzALF ~ Az FMSLF= Cy p TA = 0.01 Rj.
4. Conclusions

Both the Io-dependent and the non-Io DAM radio storms
havesimilar time variationin the dynamicalspectrum and
shape structure, which is connected with current sheets that
produced by Io in Jupiter magnetosphere.

To activate the Jupiter’s DAM radio emission, both the
presence of plasma in the lower magnetosphere and low-
frequency Alfvén waves are necessary, which can support
the mechanism for generating DAM radiation and their
bursts (for example, due to the maser cyclotron instability).

The presence of plasma fluids within the magnetosphere
help to save the magnetic rotation moments over large dis-
tances in Jupiter’s magnetosphere. The same way, the
plasma supports the processes of rotation moments ex-
change between Jupiter and its satellites. The atmosphere
in the lower magnetosphere concentrates the energy of
Alfven waves and helps to convert it into the DAM radio
emission. Then, LF-Alfven waves arising due to theIo ro-
tation lead to the streamer formations.

The Alfven waves generated by lo-Jupiter interaction
convert the MHD energy into radio bursts, and produce the
current sheets. The fast MS wave makes small changes to
the structure of current sheet, may support the streamer for-
mation, but they are insignificant in main storm structure.

Solar wind fluctuationsand CMEsadd the plasma fluids
to the outer region of Jupiter’s magnetosphere, and they
produce the changes in current sheets due to the magnetic
fields reconnection. Thus, the solar wind can influence the
DAM radio emission by maintainingthe MHD instabilities
in the lower magnetosphere, and producing the non-Io
DAM radio sources.
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