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ORBIT SELECTION OF THE SPACE INDUSTRIAL PLATFORM
WITH DISTRIBUTED ELECTRICAL-POWER SYSTEM MODULES

Space industrialization is one of the prospective directions in modern aerospace science and engineering for space exploration of new
resources and habitats. The key issue is to provide industrial space modules with the required amount of electricity needed. One type
of power supply for such modules is the use of distributed power systems, which consist of constellations of spacecraft with contactless
power transmission. Given this, the problem of rational orbit selection for their dislocation arises. Considering these problems,
the methodology for orbits selection of the space industrial platform with distributed electrical-power system modules is proposed
in the paper. This methodology includes orbital translation, attitude, relative dynamics estimation for each power satellite, and its
corresponding orbit optimization algorithm. The orbit optimization algorithm includes statistical processing and elements of gradient
and coordinate descent methods, allowing us to determine the most significant parameter influencing the duration of the contactless
power transmission session. Also, quaternion mathematics is used to estimate the dynamics in the program parameters for targeting the
transmitter spacecraft antenna to the receiver spacecraft rectenna. With the approaches mentioned above, the methodology proposed
in this paper allows us to form the requirements for the power satellites’ attitude and orbit control system to improve the process of
selecting corresponding design parameters of such systems.

Thus, the usage of the proposed methodology can allow the designing of the power satellites’ attitude and orbit control system in the
conceptual stages of designing.

Keywords: contactless power transmitting, orbit selection, targeting quaternion, optimization of orbit parameters.
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Introduction. The Near Future requires New Future
Ideas and Technical Propositions. One of these new
ideas is connected with the concept of Space Indus-
trialization. The development of the Space Industri-
alization Concept has grown based on two main sci-
entific directions, which are the study of large space
constructions and space manufacturing research.
Given this, the leading world space agencies have
proposed several technical approaches that allow one
to produce unique technologies in zero gravity. These
technologies are connected with production semi-
conductors, space inductive metallurgy, 3D printing
technologies, etc.

In turn, implementation of such power-consum-
ing technological processes requires significant on-
board electrical power reserves on the space indus-
trial platform. Taking this into account, there is a
task of the development of a space industrial platform
electrical power system. This system should consist
of four main modules:

1) the electricity generation module;

2) the electricity storage module;

3) the module for transmitting electricity to a con-
sumer (Space industrial platform equipment);

4) the module for receiving and converting elec-
tricity.

Considering the level of theoretical and practi-
cal background of solar power satellite development
[7, 12, 15], the power-electrical system of the space
industrial platform can be constructed using two ap-
proaches. The first approach is based on placing all 4
electrical-power structural modules on the one bus
platform together with all systems of the space in-
dustrial platform (SIP). However, such an approach
requires a significant area for solar panels’ placement
and free volume for the batteries’ location. This re-
duces the free volume inside the SIP, which is neces-
sary for placing technical industrial equipment. On
this basis, the problem of selecting a rational ratio of
production equipment mass to the electrical-power
system mass arises. Given the limitation of the vol-
ume inside the SIP and the reduction of free volume
for useful equipment due to the installation of energy
modules, the efficiency of the SIP itself can be sig-
nificantly reduced.

Therefore, in [20], the second approach has been
proposed based on the distribution of electrical-pow-

4

er modules between the SIP bus and the special elec-
trical-power spacecraft orbital group (SEPSOG).
Such configuration can allow us to reduce the free
volume inside SIP, which is required for the power
generation system in the first case. Considering this,
the task of ballistic analysis for orbital, attitude, and
relative motion of SEPSOG modules arises.

Literature review and problem statement. Research
on space power systems (SPS) has been carried out
by the Japan Aerospace Exploration Agency (JAXA)
since the early 2000s. The research group of the JAXA
presented a phased program for the creation of a com-
mercial SPS [23]. The configuration of the space-
based solar power system consists of numerous square
panels, each measuring 100 m x 95 m and 0.1 m thick,
tethered together. Each panel is suspended at the cor-
ners on 4 cables 5—10 km long, coming out from the
bus system. The mass of a single system, according
to [23], is about 50 tons, and the power transmit-
ting capability is 2.2 MW. Moreover, this technology
was tested in space. However, this approach has sev-
eral disadvantages when using such SPS as SEPSOG
modules for SIP. These disadvantages are:

1) usage of the large construction leads to reducing
the maneuvering performance during guidance and
re-orientation;

2) probability of additional vibrations and oscil-
lations in the articulated joints [14], which leads to
additional disturbances in reorientation modes and
reduces the pointing accuracy;

3) problems of providing accurate orientation in
tracking modes of targeting on the apertures of SIP
receivers.

These disadvantages and problems can occur
when using all types of super-large space construc-
tions [18] for contactless electricity transmission be-
tween two spacecraft. Even though good results have
been obtained in the Earth-pointing accuracy of the
large-sized space power plant transmitting antenna
[17], such systems are very difficult to apply in the
SEPSOG technologies. It can be explained by the
two peculiarities of large-scale SPS concept imple-
mentation:

* the large-scale SPS technologies are proposed to
be located on Geosynchronous orbits with constant
relative position to the target point of the receiver,
which is located on the Earth’s surface,
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e Jack of target tracking modes and moving receiv-
ers that require high performance and accuracy for
the attitude and orbit control subsystem (AOCS),
which are needed for SEPSOG modules.

Therefore, the peculiarities of SEPSOG mod-
ule construction should take into account all of the
above-mentioned shortcomings. In turn, further re-
search shows the possibility of reducing the mass and
dimensions of SPS [25]. So, according to estima-
tion, the total mass of SPS was proposed to be near
2000 kg. The area of solar panels is about 141 m2,
which significantly impacts the inertial characteris-
tics of this power satellite [25]. However, this satellite
is developed for the power transition to the terrestrial
receivers from orbit altitudes ranging from 8500 to
16500 km. Given the much smaller distance between
the SIP receivers and the SEPSOG transmitting sat-
ellites, the energy loss will also be much less. There-
fore, the development of SEPSOG will not require
such a large power generation system and such a large
area of solar panels, as has been proposed in [25]. In
turn, it can help us significantly reduce the elastic
perturbations in the articulated joints, which have an
oscillation nature.

The method of reducing oscillation impact for SPS
is proposed in the paper [24]. This method assumes
the control law for a micro-electromechanical sys-
tem, which allows us to suppress vibrations for SPS
during on-orbit assembly. However, implementation
of such an approach requires a lot of additional sen-
sors, actuators, and control modules, which can sig-
nificantly increase the costs for the creation of such
SPS. On the other hand, nothing is clear about the
operation of such a control system in the target track-
ing modes that are required for SEPSOG modules.

Taking this into account, the mechanical body
construction of the SEPSOG module should have
properties that are close to rigid body dynamics when
elastic oscillation will be minimal and can be ne-
glected.

The closest concept to the SEPSOG is described
in works [1, 5]. This approach is based on the con-
tactless microwave power transition between two
satellites. So, it has been shown the possibility of
wireless power transition between two microsatellites
(Figure 1), which are:

1) transmitting microsatellite with a mass of 50 kg [4],
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SmallSAT
(Power Transmitter)

CubeSat
(Power Receiver)

Figure 1. Microwave wireless power transmitting between two
satellites

2) receiving satellite with a mass of 1.33 kg (Cube-
Sat class) [4].

According to the estimations [5], the possible
transmitting distance between these two satellites
ranges from 8 to 300 m depending on the wavelength
(which depends on the operating frequency of the
microwave range) and antenna/rectenna sizes. Tak-
ing this into account, for such types of satellites, only
one type of flight is possible during power transmis-
sion — a formation flight with maintaining a constant
distance between satellites. In turn, according to the
analysis, which has been done in the paper [1], the
most expedient method of power transition is based
on microwave power transition. It can be explained
by the deep study of this technology and experimen-
tal verification and confirmation of the theoretical
calculation of contactless power transmission. How-
ever, laser contactless power transition is in progress
and, according to the authors’ suggestions, has good
perspectives in the future [1].

Considering all the above peculiarities of con-
tactless power transmission between two satellites in

5
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Figure 2. The main window of the GUI interface

space, the following tasks, which should be solved to
determine SEPSOG dislocation, can be defined:

1) determination of SIP orbit parameters [20],

2) determination of SEPSOG orbits [20],

3) analysis of relative motion: SEPSOG modules
relative to SIP,

4) determination of the distance changes between
SEPSOG modules and SIP during orbiting [20],

5) determination of the conditions that allow con-
tactless power transmission from the SEPSOG mod-
ule to SIP receivers.

Taking into account the listed problems, the task
arises of developing the methodology for SEPSOG
orbiting analysis and determining their dislocations.

The purpose and tasks of the study. The purpose of
the research is to develop the methodology for SEP-
SOG orbits’ selection while considering the space in-
dustrial platform position. This will make it possible
to choose the orbit locations for SEPSOG modules
of the space-based distributed power system of the
space industrial platform considering the require-
ments of contactless power transition.

6

To achieve this aim, it has been determined a set of
following tasks:

— to determine the mathematical model of SEP-
SOG orbital translation and relative motion,

— to develop the mathematical model for target-
ing quaternion (quaternion of SEPSOG transmitting
spacecraft orientation to SEPSOG receiving space-
craft aperture) estimation,

— to carry out a numerical experiment on the
choice of the location of the SEPSOG modules,

— to develop the methodology for determining the
most optimal orbital parameters for the location of
the SEPSOG modules.

Materials and methods of research. The object of
the research is the process of determining spacecraft
ballistic parameters by analyzing the orbital group’s
relative motion. The subject of the research is the
theoretical and conceptual aspects of the method-
ology development using orbital mechanics theory,
theory of optimization, and computer simulation for
the orbit selection of spacecraft of the space indus-

trial platform electrical-power distributed system.
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To solve the problems presented in the study, we
employed general scientific and specialized research
methods:

— methods of celestial mechanics and spacecraft
flight theory for determination of SEPSOG ballistic
parameters,

— methods of mathematical analysis, vector alge-
bra, numerical simulation, and quaternion mathe-
matics for the development of a mathematical model
of SEPSOG motion,

— methods of software development for the cre-
ation of software GUI module using the multilan-
guage approach,

— method of system analysis.

To study the peculiarities of the motion of the
SEPSOG modules, a special software application
has been developed. Structurally, this application
consists of 3 parts:

1) dll library, which includes mathematical models
for the SEPSOG orbital motion simulation (devel-
oped using C++),

2) general algorithm and programs for library in-
tegration to software application (developed on C#),

3) GUI interface and file system (developed on C#).

In turn, the main window of the GUI interface
(Figure 2) allows one to input main SEPSOG pa-
rameters, including orbits, mass, and size, apertures
sizes, and space environment parameters to ana-
lyze the relative motion of two SEPSOG modules:
spacecraft transmitter (SCT) and spacecraft receiver
(SCR). Also, this window includes a database table,
which records the duration of possible sessions of
contactless power transmission from SCT to SCR.

The additional window of the GUI interface is de-
veloped for the graphical visualization of calculations.

Mathematical model of special electrical-power
spacecraft group orbital translation and relative mo-
tion. The generalized mathematical model of SEP-
SOG motion is described in [20]. This mathematical
model includes:

1) 6-dof model of spacecraft perturbative motion,

2) module for SCT and SCR relative motion de-
termination,

3) general mathematical approaches for the tar-
geting subsystem development,

4) general approaches for AOCS control algorithm
development,
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5) a general description of the requirements for
contactless power transmission from SCT to SCR.

In turn, the following mathematical models,
which are used in the dll library of the software ap-
plication, include:

A) 3-dof model of spacecraft perturbative trans-
lation motion based on the differential equations in
orbital parameters [20, 22]. For the correct imple-
mentation of this mathematical model, the follow-
ing standard reference frames were used, which are
described in [2, 9, 10, 20]. These reference frames
are the J2000 inertial reference frame [20], WGS-
84 reference frame [9], STW orbital reference frame
[10], local vertical local horizontal (LVLH) reference
frame, SCR and SCT body and aperture reference
frames (ARF) [20]. In turn, the differential equation
model has the following form:

d_Q_ sc ‘sinu‘W
dt Ju-p sini
di

L__Isc -cosu-W

@ Jur

d
d—ZZ:ZrSC.\/%.T

ﬂ: P sinu-S+ [1+rs—cjcosu+rs—cq T+
dt \n p p

r
+-5C ksinu-coti-W
p

%: P —cosu-S+ [lﬁ—rs—CJsinqurs—ck T-
dt \u p p
—rs—cqsinu-coti-W}

p

3
d—uzﬁ[l—rs—ccoti-sinu-WJ

dt rszc up

(1)
where

p
1+gcosu+ksinu
is the module of the spacecraft radius-vector (dis-
tance from the Earth’s center to the spacecraft),

T'sc =

k .
mzarctan(— , q=ecos®, k=esinm.
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are the components of the Laplace vector, a is
the orbit semi-major axis, e is the eccentricity of
the orbit, QQ is the RAAN of the orbit, ® is the
argument of perigee, p is the gravity constant, u =
= 3.986:10° km3/s%; p is the focal parameter of the

orbit, p= a(l —e? ) , 1 is the inclination of the orbit,

u is the orbit argument of latitude, 3 is the orbit
truth anomaly, ¢t is the time of spacecraft motion,
S, T,W are projections of the disturbing radial,
transversal, and normal accelerations on the axis of
the STW reference frame.

The following perturbative components of S, 7,
W accelerations are taken into account in the 3-dof
model:

1) Gravitational perturbations. Gravitational per-
turbations are represented by a decomposition of the
Earth’s gravitational potential by spherical functions
in the form of Legendre polynomials. Zonal, tesser-
al, and sectoral harmonics up to order 10, including
Earth’s precession and nutation, are taken into ac-
count. The model of gravitational field is presented
in [19, 26].

2) Aerodynamic perturbations. The aecrodynamic
perturbations are calculated according to the meth-
odology in [9].

3) Solar pressure perturbations. The perturbations
from the impact of solar pressure are calculated ac-
cording to the methodology in [9].

4) Lunar and solar gravitational perturbations are
calculated according to the methodology described
in [19].

B) Calculation of the kinematic parameters of
SCT and SCR in the J2000 reference frame:

— the vectors of SCR and SCT positions (Rgcg
and Rger),

— the vectors of SCR and SCT orbital velocity
(Vscr and Vser).

These vectors depend on the orbital parameters
of SCT and SCR [20], which are calculated accord-
ing to the model (1). In turn, Rgcr, Rset, Vscr >
Vs are calculated from orbital parameters accord-
ing to the formulas which are presented in [20].

O) Estimation of the SCT and SCR relative mo-
tion parameters:

— the current relative distance between SCT and
SCR, R

8

rel »

— current absolute value of relative velocity be-
tween SCT and SCR, V.

The R,,; and V,,; are calculated using the follow-
ing formulas [20]:

(RSCT.X —Rgep x )2 + (RSCT.Y —Rgery )2 +

R
+(RSCT.Z —Rgcrz )2

rel — >

(VSCT.X —Vser x )2 + (VSCT.Y —Vscry )2 +

V ] = 5
+(Vser.z = Vscr.z)

re >

(2)
where Rgor x, Reory s Rger , are the components
of vector Rscr: Rycr xs Rscry» Rscrz are the
components of vector Rgeri Vserxs Vserys
Vseor » are the components of vector Vet Ver x »
Vscry » Vscr.z are the components of vector Vgep -

D) Determination of the connection session time.
The number of connection sessions and their dura-
tions are calculated taking into account the following
condition:

Rrel <D max’ 3)
where D, is the maximal distance of contactless
power transition between SCT and SCR.

In turn, D, depends on SCT antenna param-
eters, SRT rectenna parameters, frequency of the
power transition microwave and, according to [5],

can be written as:
oo YA, 4)
AD__

max
where t is the dimensionless contactless power
transfer coefficient between the antenna and recten-
na, A, is the area of the SCT transmitting antenna,
A, is the area of the SCR receiving antenna (rec-
tenna), A is the wavelength of the microwave power
being transmitted.

Also, the estimation of power transition on the
maximum distance between the antenna and recten-
na can be done using the following formula [5]:

pa=—t, )
}\' Dmax
where p; is the power density at the center of the
SCR rectenna, P, is the total radiated power from
the SCT transmitter.
Considering the dependences in formulas (4) and

(5), it can be concluded that the value of D, fully
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depends on the parameters of SCT and SCR micro-
wave equipment. So, each power transmitting session
time is calculated using the following algorithm:

Step 1) Determination of initial SCT and SCR or-
bits.

Step 2) Run the simulation of STR and SCR orbit-
al motion using GUI software with an integrated .dll
library, which includes an orbital motion propagator
based on a mathematical model (1).

Step 3) Calculation of STR and SCR relative mo-
tion parameters R,,; and V,,; (2) at each step of in-
tegration of differential equations (1).

Step 4) Check the condition (3):

* if condition (3) is true, then save the current
board time and start the session duration countdown;

* if condition (3) is false, then stop the session du-
ration countdown and calculate the session duration.

Thus, these algorithms can be used to determine
the number of communication sessions for a certain
period of propagation of the SCT and SCR orbital
motion and their duration. Another issue is deter-
mining the dynamics of changes in the angular tar-
geting parameters (angles or/and quaternion) of the
receiver and transmitter apertures during communi-
cation sessions. This will be necessary for selecting
AOCS system parameters of SCT and SCR in the
case of their development.

Mathematical model for targeting quaternion esti-
mation. Considering estimated vectors Rge1, Vser,
Rscr s Vscr » it will be possible to calculate the tar-
geting quaternions for SCR and SCT according to
[20]. In turn, in paper [20], a general approach was
proposed for determining angular kinematic parame-
ters using quaternion calculation from roll, pitch, and
yaw angles. This can lead to additional calculations
and some singularities which can be observed in the
case of roll, pitch, yaw angles calculation from a ma-
trix. Considering this, the following algorithm for tar-
geting quaternion determination has been proposed:

Using Rget and Vg1 vectors for SCT or Rgcg
and Vscr vectors for SCR to create a unit vector ba-
sis, use the following steps:

I) Normalize Rget, Vser, Rscrs Vscr vec-
tors, dividing each coordinate by the corresponding
L-2 norm [20]. The corresponding unit vectors of
Rsets Vsers Rscr» Vscr are denoted as follows:

f'scts> Vscts fscr»> VscRr -
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II) Determine the unit vector bases O XpYpZp /
Oy XY Zp for SCR and SCT using the properties of
the Frenet—Serret trihedron and double cross prod-
uct [3, 26]:

1) OpZg =-Tscr» OrZr =—TscT >

2) OgYp =~Tscr *Vscr » OrYr = —TscT X Vs

3) OpXp =OgYg xOpZp, O Xy =O0rYr xOrZy .

These vector bases are needed for the determina-
tion of transiting matrices from J2000 to LVLH refer-
ence frame for SCR and SCT.

III) Determine transiting matrices from LVLH to
J2000:

for SCR: - 1
; LV L H
MSCR _| 0/OrXr* OrYp-x OpZp.x
LVLH—>]2000 OORXR‘)/ OrYr.y OpZp.y s
0 OpXg-z OpYpz OpZp.z
(6)
for SCT: - ]
; LV LH
MSCT _| ¢/Or%r* Or¥rx OrZrx
LVLH—>]2000 . O;Xp.y OpYpy OpZpy|
0|/Or%r-z Or¥rz OrZrz

™)
where OpXp.x, OpXp.y, OgXp.z are the compo-
nents of the unit vector OpXp; OpYp.x, OpYp.y,
ORYp.z are the components of the unit vector OpYy, ;
OpZy.x ,OpZyp.y , OpZy.z are the components of
the unit vector OpZp ; OpXp.x, OpXp.y, OpXp.z
are the components of the unit vector Op X, ;
OrYr.x , OpYr.y , OpYp.z are the components of
the unit vector OpYy; OpZy.x , OpZr.y , OpZy.z
are the components of the unit vector OpZ .

IV) Calculate the targeting vectors from SCR to
SCT and from SCT to SCR:

Rscrx —Rscr.x
RE&Tscr =| Rscry ~Rscry |
| Rscrz —Rserz | ®)
Rscrx —Rscrx
Re€rsct =| Rsery ~Rsery |
| Rscrz —Rscrz |
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where Rgegr x » Rscry » Rgcr z arethe components
of the vector Rgcr, Rser x> Rserys Rserz are
the components of the vector Rt .

V) Normalize the

tar tar
Rsctoscr and Rscr_scr
vectors dividing each coordinate by the correspond-
ing L-2 norm. The corresponding unit vectors of

tar tar
Rscroscr and Rgcrosser
are denoted as follows:

tar tar
rscToscr and rscr_,sc-

VI) Determination of the

rsersscr and Isr Lscr
values in corresponding SCT and SCR LVLH ref-
erence frames using formulas (6) and (7). It can be
written as:

plar _(agScT T_rtar
SCT-SCRLVLH = (M1 viH 572000 ) TsCT-SCR>

rtar _ MSCR . rtar
SCR—-SCT.LVLH — LVLH—]2000 SCR—-SCT>

)]
where

tar . tar
rscTscrLvLH 1S the fscr ,scr vector

in LVLH reference frame,

tar : tar
IscroscT.LVLH IS the Iscp_,sor vector

in LVLH reference frame.

VII) Determination of the transiting matrices from
LVLH to SCR and from LVLH to SCT body frames.
Transiting matrices from LVLH to SCR and SCT
body frames OppXppYprZpr / OprXprYprZpr
can be found using algorithms, which are presented
in [20]. In turn, it has been proposed to use the first
algorithm [20] for the determination of transiting
matrices. It can be written as follows:

1) set a special unit vector U, = [0 0 l]T ;

2) assume that axes OppXpp and Opp Xy co-

. . tar
incide with rscp_,sctivin and Fscr,scrLVLH
during SCR/SCT rotation relative to LVLH in target

modes;
3)  OppYpp =U, xrr
BRYBR = Yn *ISCR—SCT.LVLH >

_ tar .
OprYpr =Up XTsCT,SCRLVLH

4)  OppZppr =—OppYpgr XxOppXpp »
OprZpr =—OprYpr xOprXpr .

10

Using a similar algorithm as in (6) and (7), we de-
termine the transiting matrices from LVLH to SCT
body frame ME%H _,gopy and from LVLH to SCR

body frame Mg\c/szH _,gopy as follows:

for SCR:
B L V L H
MSCR _ O|OprXpr-x OppXpr-y OppXppZ |,
FVHI=BOPY = p OprYpr-x  OppYpp-y  OppYpp-2
Y|OprZpr-x OppZpr-y OppZpp-z
(10)
for SCT:
B L V L H
MSCT _ O|OprXpr-x  OprXpr.y OprXpr.z R
FVLR=BODY =) p OprYpr-X  OppYpr.y  OppYpr.z

Y|OprZprx OprZpr.y OprZprz
(11)

where OppXpp.Xx, OppXpr.y, OppXpr-z are the
components of the unit vector Ogp Xpp ; OBRYBR X,
OprYpr-y >, OppYpr-z are the components of
the unit vector OpgpYpr; OppZpr-X, OprZpp-y,
OprZpr-z are the components of the unit vec-
tor OppZpr s OprXpr-x, OprXpr.y, OprXpr.z
are the components of the unit vector OgrXpr;
OprYgr.x, OprYgr.y, OppYpr.z are the com-
ponents of the unit vector OpYpr; OprZpr.x,
OprZgr-y » OprZgr.z are the components of the
unit vector OgrZpr .

VIII) Transiting matrices from SCR and SCT body
frames to corresponding reference frames, which are
connected with rectenna and antenna, respectively,
AREFE To determine the position of the antenna and
rectenna, it will be appropriate to use rotation by
two angles (mounting pitch 0,, and mounting yaw
y,,, ) and set the OX-axis as the vision axis. So, when
mounting pitch and roll values are equal to zero, the
vision axes of the SCR and SCT are Opp Xz, and
OprXpgr , respectively. Considering this, we can de-
termine the next order of rotations:

1-st: rotation around the OZ axis (OgpZpp Or
OprZgr) by the angle of the mounting yaw v,
counterclockwise;

2-nd: rotation around the rotated axis OY
(OprYgr or OgrYpr) by the angle of the mounting
pitch 0,, counterclockwise.
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So, the rotation matrix for SCR and SCT body
frames to corresponding aperture reference frames
can be written as:

B O DY
A e
MSCTISCR _ Rcoswmcosem siny,, cosf,, —sin0,, |
BEARE F —siny,, cosvy,, 0
cosy,, sin@,, siny,, sin6,  cosH,,
(12)

In turn, mounting yaw v, and mounting pitch
0,, are selected for SCR and SCT separately.

IX) Calculation of the targeting quaternions. Thus,
having determined the transiting matrices between
these reference frames (6), (7), (12)—(14), one can
find the corresponding quaternions. So, the quater-
nion of transition from BODY to ARF can be written
as follows:

cos— cos—L

Q —sin—"-gin—
SCT/SCR _ | =x |_ 2 2 13
QBF—ARF = Q. |~ Wy , (13)

Y cos—sin -

Q, 2 2

sin—"cos—%

where Q, is the scalar part of the quaternion
Qﬁ%ﬂfﬁi ; Qs Qy , Q, are the components of the
vector part of the quaternion Qggﬂi%ﬂ .

The transition quaternion from LVLH to SC and
SR body frames is determined using the algorithm of
quaternions calculation from matrix elements [11].
So, this quaternion can be calculated from LVLH

matrix elements using the next formula:

1+ M, +M,, + My,
2-\/1+M11+M22+M33
LO M23_M32

SCRISCT _ L 2'\/1+M11+M22+M33
LVLH—>BF = = )
- L M3, — M,
L

2- 1+ My, + My, + M,
M12_M21
21+ My, + My, + M,

(14)

where Li%ggBF is the quaternion of transition

from LVLH reference frame to corresponding SCR
or SCT body reference frames; L, is the scalar part
of the quaternion LSLCV}E/I?IC_)TBF ; L., L,, L, are the
components of the vector part of tﬁve quaternion
LSL%/I;SICEBF; My, My, Mz, My, My, My,
M;,, Ms,, M,; are the components of the matrix
(10) or matrix (11) for SCR or SCT, respectively.

In turn, the transition quaternion from LVLH to
aperture reference frames for SCR or SCT can be de-

termined as:

SCR/SCT  _ rSCR/SCT SCT/SCR
Livinssare = Lvinspr © Qprsarr s (15)
where Li%ng rp 1s the transition quaternion from

LVLH to SCT or SCR aperture reference frame.

Simulation results. Taking into account the tech-
nical requirements for the SEPSOG satellites of the
distributed electrical-power system of the space in-
dustrial platform, the following approximate values
of the mass and size parameters of the general design
of the SKT and SKR have been established:

1) mass of the SCT: 1000 kg,

2) mass of the SCR: 1500 kg,

3) average value of SCT cross-section area 10 m> ,

4) average value of SCT cross-section area 15 m> ,

5) aperture mounting yaw and pitch of SCT:
y,, =30 deg,0,, =25 deg,

6) aperture mounting yaw and pitch of SCR:
vy, =30 deg,0,, =40 deg,

7) radius of SCT antenna aperture: 2 m,

8) radius of SCR rectenna aperture: 3 m,

9) microwave wavelength A =1000 GHz,

10) transmitting power (total radiated power from
transmitter per second) P, =10 kW,

11) D, ., =100 km,

12) the power density at the center of the SCR
rectenna p; on the maximal distance of microwave
power transmitting D, is 139.82 W/m?.

To determine the optimal orbit parameters for
SCT and SCR dislocations, it is proposed to use an
application (Figure 2) that includes developed math-
ematical models for estimating communication ses-
sion duration and the dynamic changes of targeting
quaternions inflight. Considering these SCT and
SCR parameters, it is proposed to analyze the effi-
ciency of contactless microwave power transition us-
ing scenarios with the following conditions:
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Space industrial platform

Distributed contactless power electrical system - orbit estimator
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Figure 3. Simulation results of connection session estimation for Scenario A
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Figure 4. Relative distance between the change of SCR and SCT and the dynamics of change of SCR and SCT targeting

quaternions for Scenario A

A) SCR and SCT are located in near coplanar or-
bits with the next initial differences: 1 deg difference
in inclination, 100 m difference in altitude, and 60
deg difference in the argument of latitude.

B) SCR and SCT have coplanar orbits with an ini-
tial 100 m difference in altitude and 60 deg difference
in the argument of latitude.

C) Optimization of orbital parameters by varia-
tion of the argument of perigee value and argument
of latitude value.

12

Taking into account the expected range of space
industrial platform average orbit altitudes between
600 km and 800 km, it is proposed to set the next
SCT and SCR orbits for scenario A:

SCT orbit. the focal parameter is 7071100 m, ec-
centricity is 0.001, the inclination is 98 degrees,
RAAN is 210 degrees, the argument of perigee is 60
degrees, the argument of latitude is 60 degrees.

SCR orbit: the focal parameter is 7071000 m, ec-
centricity is 0.001, the inclination is 97 degrees,
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RAAN is 210 degrees, the argument of perigee is 60
degrees, the argument of latitude is 0 degrees.

The simulation time is set equal to 100 days and
the integration step of differential equations (1) to 10
seconds. The data of orbit flight start is set to be Au-
gust 1, 2023.

So, the following results were obtained (Figure 3):
the total number of sessions is 16; the total duration
of sessions is 6100 s. Based on the obtained results
(Figure 3), we can consider that there are only 5 full
sessions, which are divided into 3 or 4 subperiods.
This is evident from the total number of distance
convergences between SCR and SCT (Figure 4).

In turn, these breaks in energy transmission ses-
sions can be explained by the temporary exit of SCR
or SCT beyond the limits of the maximum contact-
less transmission distance (Figure 5). This is caused
to a greater extent by the impact of perturbations of
the nonlinearity of the Earth’s gravitational potential
on SCR and SCT orbit motion and to a lesser extent
by the impact of gravitational perturbations of the
Sun and Moon. Also, on the targeting quaternions of
SCT LSLCVTLH_)BF and SCR LSL%H_)BF current body
frame orientation relative to the LVLH frame (Figure
4), it can be seen that at the moments of transmission
sessions, there is a rather strong dynamics of their
changes, which is oscillatory in nature. As an ex-
ample, consider changing the SCT to SCR targeting
quaternion LSLQ,TLH _,pr at the time of the first session
of contactless power transmitting (Figure 5).

The dependence of the LSL%TLH _,pr On local on-
board time (time which is measured from the SCT
and SCR flight simulation beginning) is presented
in Figure 6. From Figure 6, it can be seen that dur-
ing the first session, the dynamics of the targeting
quaternion change is significant and the SCT has to
perform a large number of maneuvers during target
tracking, which increases the requirements for the
AOCS of the SCT. Similar dynamics of targeting
quaternion changes were observed during other ses-
sions for both SCT and SCR.

In scenario B, it is proposed to model orbital mo-
tion with parameters similar to scenario A, setting
the SCT and SCR orbits to the same inclination of
98 degrees. In this case, the results show a significant
increase in the total duration of sessions per 100 days
from 6100 s (Scenario A) to 40210 s (scenario B). In
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Figure 5. Breaks of contactless energy transmitting during the
first communication session for Scenario A
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Figure 6. SCT to SCR targeting quaternion change during the
first communication session for Scenario A

turn, the number of sessions significantly decreases
to 7 (in comparison with 16 in scenario A), which
means that the number of session breaks is reduced
too (Figure 7 and Figure 8).

It can also be seen from Figure 8 that the dynam-
ics of the changes in the targeting quaternions for
SCT LSL(‘:,TLH _,pr are significantly lower compared
to scenario A. For detailed analysis, similar to Sce-
nario A, using output data for the first communica-
tion session, it is proposed to plot the change in the
relative distance between SCT and SCR (Figure 9),
as well as the targeting quaternion from SCT to SCR
L3S g (Figure 10).

Based on the obtained results in scenario B, it can
be concluded that coplanar orbits are significantly
better for SCR and SCT locations, which can be ex-
plained by the next peculiarities:

— using coplanar orbits allows us to increase the
total time of communication sessions duration,

— no breaks in power transmission sessions (Fig-
ure 9), which can be in the cases when SCR and SCT
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Figure 7. Simulation results of connection session estimation for Scenario B
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Figure 8. Relative distance between the change of SCR and SCT and the dynamics of change of SCR and SCT targeting
quaternions for Scenario B
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Figure 9. Change in the relative distance between SCT and  Figure 10. SCT to SCR targeting quaternion change during
SCR during the first communication session for Scenario B the first communication session for Scenario B
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go beyond the maximum distance of contactless mi-
crowave power transmission (Figure 5),

— the maneuvering requirements for SCR and
SCT are significantly reduced, which decreases the
requirements for their AOCS systems performance
(Figure 10).

In turn, these orbital parameters of SCT and SCR
also cannot be considered fully optimal. Taking this
into account, the tasks of optimization occur with
this framework. So, it has been proposed to develop
the optimization method, which is based on gradient
[16] and coordinate descent methods [21], to deter-
mine the maximum value of total session duration
per defined period (in this simulation, it is 100 days).
It is obvious that, having determined that coplanar
orbits are the most rational for the SCT and SCR lo-
cations, only orbital elements that are responsible for
the shape of the orbit (focal parameter of the orbit
and eccentricity), its position relative to the attract-
ing center (the argument of perigee), and the initial
position of the spacecraft in the orbit (initial SCR
and SCT arguments of latitude) can be optimizing
parameters. Considering this, the optimization func-
tion can be written as follows:

(16)

C.S.

T, :arg[Q(p,e,m,u)]—) r;liéi )

ecR
weR
uelR

where T is the time of the total duration of ses-
sions, d)( p,e,co,u) is the functional which describes
dependence T, on optimizing parameters.

In turn, taking into account the nonlinearity of
the functional (16), which is dependent on the re-
sults of solutions of nonlinear differential equations
(1), the use of all 4 optimizing parameters will make
the optimization algorithm much harder. Thus, it is
proposed to reduce the number of optimizing param-
eters in the gradient method by choosing the most
significant parameters, the change of which has the
greatest impact on the change in the optimized value
of the functional. To do this, we first propose to ana-
lyze how the change in the shape of the orbit affects
the change in T, . Considering this, the two last pa-
rameters, ® and u, are set as constants in functional
(16), while p and e are proposed to vary. In this ex-
periment, we accept the varying eccentricity and the

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 4

semi-major axis of the SCT and the following other
orbit parameters:

SCT orbit: we accept the following: focal param-
eter is variable; eccentricity is variable; inclination is
98 degrees; RAAN is 210 degrees; argument of peri-
gee is 60 degrees; argument of latitude is 60 degrees.

SCR orbit: we accept the following: focal param-
eter is 7071000 m; eccentricity is 0.001; inclination is
98 degrees; RAAN is 210 degrees; argument of peri-
gee is 60 degrees; argument of latitude is 0 degrees.

The results of this numerical experiment are pre-
sented in Table 1.

Based on the results of Table 1, it can be concluded
that a significant increase in the eccentricity value of
the SCT orbit leads to a considerable decrease in T,
, Which can be observed in experiment 1. In turn, no
significant deviations in parameter T, . have been
observed in numerical experiments from 2 to 21.

It is proposed to organize the data in Table 1 by
creating an interval variation series for statistical pro-
cessing. The interval variation series is presented in
Table 2.

The corresponding histogram of interval variation
series (Table 2) is presented in Figure 11.

Further, the interval variation series (Figure 11)
was tested for the correspondence to a normal dis-
tribution using the H, hypothesis and Pearson’s
Goodness-of-Fit Test. To achieve this, the calcu-
lation of the main statistical indicators was made.
These indicators are:

* Mean

21
ZTc.s.ini

Tc.s. =i=2 )
n
where n=20, T . is the i-th numerical experiment
in Table 1,
* Variance
21 _ w
Z(Tc.s.i _TC~5~) n;
DT, =1=

c.s.
n

e Corrected variance

st: =" pr

C.S. = C.S.
n—1

using Bessel’s correction,
* Standard deviation T, =,/DT,

c.s. ?
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Table 1. The results of T, ; change while varying the eccentricity and focal parameter of the SCT orbit

Number of the numerical Eccentricity e and Time of total duration Number of connection sessions
experiment focal parameter p of sessions 7, , s per 100 days per 100 days
1 1I 111 v
1 e=0.01 30080 18
p=7071100 m

2 e=0.005 38110 13
p=7071100 m

3 e=0.0005 41690 6
p=7071100 m

4 e=0.0001 39820 6
p=7071050 m

5 e=0.005 38610 11
p=7071150 m

6 e=0.003 42950 10
p=7071080 m

7 e=0.001 40850 7
p=7071070 m

8 e=0.002 45850 6
p=7071070 m

9 ¢=0.002 46850 6
p=7071030 m

10 e=0.003 43340 9
p=7071030 m

11 e=0.0015 41630 7
p=7071030 m

12 e=0.0025 43070 8
p=7071060 m

13 e=0.002 39260 6
p=7071010 m

14 e=0.0015 35520 8
p=7071015m

15 e=0.004 37610 10
p=7071040 m

16 e=0.0001 37960 6
p=7071200 m

17 e=0.0015 36100 6
p=7071035 m

18 e=0.0015 41520 6
p=7071070 m

19 e=0.0025 43260 8
p=7071080 m

20 e=0.003 40090 9
p=7071020 m

21 e=0.002 41550 6
p=7071050 m
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¢ Corrected standard deviation

ST. . =+/ST?

C.S. c.s. *

The obtained values of these indicators are
follows: Tcs.= 40775 s, DT,, = 8836875 $?,
ST>. = 9301973.684 s°, cT = 2972.688177 s,
ST = 3049.913718 s. Usmg algorithm [6], the
obtamed chi-squared test statistic X2 is equal to
5.704462. In turn, the critical value of %2 (a,) for the
interval variation series (Table 2) with a level critical
value o, = 0.05 is equal to 11.1. Thus, x> <x2 (o)
and H,, hypothesis can be accepted.

Then, for comprehensive estimation, confidence
intervals for mean, corrected variance, and corrected
standard deviation were calculated, assuming a nor-
mal distribution of the general population. Using
standards [13], it can be written as follows:

t_gn(V)

N

tan(V)
\/; )

a7

fc.s. - STc.s. < ?c.s‘ < Tc.s. + STc.s‘

Tc.s.k —fc.s. )2

(T ok ~Tes %(

X%—a/z(\’)

, (18)

Xq/2(v)

21 o 21

Z(Tc.s.i _TC~5~) Z(Tc.s.i

i=2 <ST. . <=2
Xf_a/z v) c.s.

_fC.S. )2

Xé/z(v)

(19)
where T, are the T, . from Table 1, v=n-1 is
the degrees of freedom (V) is the Student’s
t- d1str1but1on quantile functlon with the probability
1-a/2), Xl o2(V) is the X distribution quanule
functlon with the probability (1—o./2); X(x/Z(V) is
the X distribution quantile function with the prob-
ability o/2.

We assumed o equal to 0.01. So, the calculated
values of the confidence intervals are as follows:

a) 38812.25738 < Te.s. < 42737.74262 ,
b) 4432605.43 < ST, <24988403.5,

c) 2105.375< ST, . <4998.84 .

The statistical processing shows that with the
probability of 99 % the values of mean, variance, and
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Table 2. The interval variation series of 7, . distribution

Intervals Intervals midpoints 7, ; | Frequencies ,
35000—36500 35750 2
36500—38000 37250 2
38000—39500 38750 3
39500—41000 40250 3
41000—42500 41750 4
42500—44000 43250 4
44000—45500 44750 0
45500—47000 46250 2

standard deviation will be within these confidence
intervals. Considering previously calculated values
of mean, variance, and standard deviation, it can be
concluded that there are no significant deviations of
T. . with small variations in the eccentricity and fo-
cal parameter. Thus, these parameters can be exclud-
ed from functional (16) and rewritten as

T..= arg[q)(m,u)] — max .

c.s.
weR
ueR

Using the rule of functional differentiation, the
partial derivatives of T, with respect to the argu-
ment of perigee ® and argument of latitude u can
be defined as:

1) aT(:.s. — aq)(co,u)
om o ’

2) aTC.S. — aCD((D’M) .
ou ou

In turn, using numerical differentiation, these par-
tial derivatives can be written in the following form:
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aq)(m,u) B (I)(co+h,u)—d)(co—h,u)
oo 2h
aq)(oa,u) B (D(co,u+h)—CD(co,u—h)

ou 2h

where h is the step of differentiation.
So, the module of gradient value can be defined
as follows:

>

(20)

>

2 2
6CD(o),u)

v, |- | 22

, (21

u, u
Wy O

where , is the argument of perigee value on the
k-th iteration of optimization, u, is the argument of
latitude value on the k-th iteration of optimization.

However, given the significant nonlinearity of this
functional, which depends on the solution of the
nonlinear problem of predicting the spacecraft’s mo-
tion, the standard stopping criteria when searching
for the minimum and maximum using the gradient
method are problematic for application. It can be ex-
plained by the following factors:

1) A large number of local minima and maxima,
which makes it impossible to use the stopping criteri-
on based on the zero gradient and step minimization.

2) A large number of high peaks and smoothness
problems, which entails gradient module jumps.

In turn, the method of coordinate descent, in this
case, requires significant computational costs and
time. Considering this, it is proposed to decompose
the optimization process
T .= arg[(l)(w,u)] — max

c.s.
oeR
ueR

using the combined approach of coordinate descent
and gradient methods. This can be implemented
using the following algorithm:

Step 1. Set ® to a constant and vary u from mini-
mum to maximum with a constant step (given that u
has angular value in the range from 0 deg to 360 deg,
these values can be the minimum and maximum val-
ues in the optimization range). At each step, the current
value of T . and gradient module (21) are calculated.

Step 2. Analysis of the dynamics of the change of
obtained T, values and the change of gradient val-
ues. Searching the maximum value of T, .

18

Step 3. Set u to a constant and vary ® from mini-
mum to maximum with a constant step (given that
o has angular value in the range from 0 deg to 360
deg, these values can be the minimum and maximum
values in the optimization range). At each step, the
current value of T, and gradient module (21) are
calculated.

Step 4. Analysis of the dynamics of obtained T,
values’ change and gradient values’ change. Search-
ing the maximum value of T .

Step 5. Comparison of the obtained dynamics of
the change in the gradient and T, ; time for two in-
dependent variations of the parameters u and ®.
Choosing the most significant parameter that affects
maximization T, _ .

Using this algorithm, it is proposed to carry out
the numerical experiment and SCT, SCR flight sim-
ulation to determine the maximum value of T, .

SCT and SCR orbit parameters for step I

SCT orbit. The focal parameter is 7071100 m; ec-
centricity is 0.001; inclination is 98 degrees; RAAN is
210 degrees; argument of perigee is 60 degrees; argu-
ment of latitude is variated in the range from 9 deg to
361 deg with the step 8 deg.

SCR orbit. The focal parameter is 7071000 m; ec-
centricity is 0.001; inclination is 98 degrees; RAAN is
210 degrees; argument of perigee is 60 degrees; argu-
ment of latitude is 0 degrees.

Step of differentiation (20) h=1 deg.

So, after step 1, it has been obtained the following
results.

The maximum value of T, is 1185420 s, where
SCT u=361 deg (Figure 12, a). According to small
gradient changes |VTC_S_| — min at the u =361 deg
(Figure 12, b), this point lies near maximum T, . In
turn, a significant increase in T, is observed in the
range from 0 deg to 20 deg difference in the argu-
ment of latitude between SCT and SCR. Also, there
are 2 “dead zones” where it hasn’t been observed any
communications (T, ; =0) in the SCT u range from
166 deg to 196 deg and from 337 deg to 359 deg dur-
ing these 100 days (calculated from August 1, 2023,
00:00:00). These values are absolute minimums be-
cause the |VTC.S.| =0 too.

For step 3, it is proposed to analyze the ® change
influence on T.  change. By setting the constant
u=17 deg (corresponding to the range with a sig-
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Figure 12. The dependence of T, (a) and |VT, | (b) change
while variating u

nificant increasing in T, ) for the determined SCT
orbit at step 1 and varying o in the range from 8 deg
to 352 deg with a step of 8§ deg and h =1 deg, the fol-
lowing results were obtained (Figure 13, a).

According to the obtained results (Figure 13, b), it
is clear that the change in ® doesn’t have a signifi-
cant effect on the change in T, ; . The range of Ts lies
within the range of this value with small variations of
the eccentricity and focal parameter (Table 1). Also,
taking into account many small fluctuations in the
gradient module |VTC.S.|, it can be concluded that
varying the parameter ® leads to a large number of
local maxima and minima of T, , which lie in the
range from 72500 s to 76000 s. Based on this, the ef-
fect of changing the ® parameter on time T, can
also be considered insignificant.

Thus, only the orbit argument of latitude u re-
mains a significant parameter of influence on the

T., value, which is the key when optimizing the
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Figure 13. The dependence of 7, (a) and [VT, | (b) change
while variating

SCT orbit to obtain the maximum duration with
contactless energy transfer over a certain period. In
this case, the optimal time (maximum) is obtained
for the difference of the argument of latitude be-
tween SCT and SCR of 1 degree (1185420 s, where
SCT u =361 deg). However, under these conditions,
only one connection session has been observed for
100 days. The simulation period has been extended
to 3000 days to estimate the frequency of contactless
energy transfer sessions. The results showed that the
frequency of communication sessions for contactless
power transiting from SCT to SCR decreases signifi-
cantly (approximately 1 session per 2500 days in Fig-
ure 14), which cannot be optimal on this side.

Thus, taking into account these peculiarities of the
translational relative and attitude motion of SCT and
SCR, it can be developed the following methodology
for selecting their dislocation orbits. This methodol-
ogy can be presented as a sequence of following pro-
cedures:

I) Taking into account the technical parameters of
SCT and SCR, the determination of the maximum
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distance of contactless power transition between
SCTand SCR D, .

II) Determination of the SCR orbit, taking into
account the orbit of the space industrial platform.

III) Determination of the power budget require-
ments for the space industrial platform.

IV) Using the calculus of variations and an optimi-
zation algorithm, select an orbit for SCT, taking into
account the following:

a) peculiarities of SCT and SCR AOCS and ma-
neuvering properties,

b) time of total duration of sessions T, ,

¢) periodicity of connection sessions according
to space industrial platform power budget require-
ments,

d) estimated targeting quaternion changes
LsL%ggTBF during connection sessions, taking into
account SCT and SCR maneuvering restrictions,

e) searching the optimal value of T, , , taking into
account requirements of connection sessions peri-
odicity and SCT, SCR contactless power storage and
transiting system peculiarities.

Discussion. Contactless power transition through-
out the space between two satellites was proposed in
research works [1, 5]. In turn, these works consider
the possibility of contactless power transmission at
close distances (hundreds of meters between SCR
and SCT). Given the significant electrical power re-
quired for the SIP, as well as the significant presence
of auxiliary service spacecraft, close-range contact-
less power transmission is difficult and can cause
considerable electrical interference to other SIP de-
vices. Considering this, it was proposed to separate
the SIP receiver from the platform itself [20]. Based

on this, a problem arose regarding the rational choice
of SCT and SCR orbits that satisfy the requirements
for SIP powering. One of the key indicators on which
the orbit selection algorithm is based is the maximum
range of contactless power transmission from SCT to
SCR (3)—(5). Taking into account the nonlinearity
of the space flight dynamics under the influence of
environmental perturbations, the authors proposed
to estimate the current relative distance between the
power satellites when predicting the orbital motion
of the SCR and SCT separately. Considering the
peculiarities of the relative motion of spacecraft on
perturbed orbits it was revealed that these spacecrafts
have periodicity of approaches and distances. Based
on it, the condition (3) of contactless power trans-
mitting between SCT and SCR has been formulated.
Using this condition (3), an algorithm for measur-
ing the duration of communication sessions (power
transmitting session) has also been formulated.

The second key parameter in contactless power
transfer from SCT to SCR is the change in relative
angular position during a power transfer session.
Considering the presence of the need for large turns
of the SCT and SCR when pointing the receiver and
transmitter apertures, the use of the quaternion cal-
culus instead of the angles has been proposed. This
avoided singularities for large-angle rotations. In
turn, assessments of the dynamics of the orientation
quaternion change of SCT and SCR are key in form-
ing requirements for their AOCS systems which will
be needed in further research.

Methodical approaches to the selection of their
optimal parameters have been proposed in the study
of SCT and SCR orbits. Given the nonlinearity of

20 ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. Ne 4



Orbit selection of the space industrial platform with distributed electrical-power system modules

the functional (16), it has been proposed to conduct
a comprehensive study to identify the most signifi-
cant parameters influencing the change in the time
of total duration of communication sessions. On this
basis, we decomposed the problem of optimal pa-
rameters search into three stages:

1) Statistical processing of the small focal parame-
ter and eccentricity variations influencing the change
in the time of total duration of communication ses-
sions (17)—(19).

2) Development and use of the combined method
based on the coordinate descent optimization and
gradient optimization to analyze the influence of the
argument of latitude variations and argument of peri-
gee variations.

3) Analysis of periodicity of power transmitting
sessions.

Using this method, it has been found that the
orbit argument of latitude u is the most significant
parameter, which affects the time of total commu-
nication sessions’ duration change. The advantage
of this method is the speed of searching for optimal
parameters due to the exclusion of insignificant opti-
mized values. The disadvantage of this method is the
limitation of the accuracy of the search for optimal
parameters due to the exclusion of insignificant op-
timized values.

Conclusions. 1. The mathematical model of SEP-
SOG orbital translational and relative motion has
been determined. It has been proposed to use the
orbit motion propagator, taking into account the
impact of environmental perturbations. Based on
this model, the corresponding software has been
developed. Using this software allows us to analyze
the relative motion of the spacecraft transmitter and
spacecraft receiver, which also allows the calculation
of contactless power transmitting sessions per any
period.

2. The mathematical model of targeting quater-
nions has been developed for spacecraft transmitter
and receiver pointing during a power transmitting
session. This allowed us to estimate the dynamics of
targeting quaternion changes during power transmit-
ting sessions and develop the requirements for space-

craft transmitter and spacecraft receiver AOCS sys-
tems’ performance.

3. The numerical experiment of spacecraft re-
ceiver and transmitter orbital translational and rela-
tive motion has been carried out. It has been deter-
mined that coplanar orbits are the most optimal for
SEPSOG module dislocation. It can be explained
by the minimal maneuvering requirements for both
the receiver and transmitter of the spacecraft during
a power transmitting session, as well as a significant
increase in the total duration of sessions (by several
orders of magnitude) in these orbits.

4. The methodology for determining the most
optimal orbital parameters for the SEPSOG space-
craft’s location has been developed. This algorithm
includes statistical processing, gradient optimiza-
tion elements, and coordinate descent optimization
elements. Using this combination has allowed us
to determine the most significant parameter, influ-
encing the change of total duration of communica-
tion sessions. Considering this, the methodology of
the rational orbital parameters has been developed.
Implementation of this methodology can allow us to
select the rational orbits for the SEPSOG spacecraft
depending on the receiver orbit.
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! THCTHTYT TexHiYHOI MexaHik1 HalioHaapHOT akanemii HayK YKpaiHu

i [lep>kaBHOro KOCMiYHOI'O areHTCTBa YKpaiHU

ByJ1. Jlemiko-TTonens 15, Aninpo, Ykpaina, 49005

2 [lIxona aBToMaTtu3atii, [1iBHiYHO-3axiTHMIT TOTITeXHIYHMI YHIBEpCUTET

Cianb, Kurait

3 InnoBauiitnuii uentp YyHuina, [TiBHIYHO-3axiIHMIT MOTITEXHIYHNI YHIBEpCUTET
YyHuin, Kurait

BUBIP OPBITU KOCMIYHOI IHAYCTPIAJIbHOI TNIAT®@OPMU
3 PO3MOAITEHUMU MOAYIAMU ENEKTPOEHEPTETUYHOI CUCTEMUA

KocMiuHa iHaycTpiaizalist 1Ji5 OCBOEHHSI HOBUX PECYPCiB i cepeloBUIll iCHYBAaHHSI € OJHUM i3 MEePCHeKTUBHUX HATPSIMiB
Cy4yacHOI aepoKOCMiuyHOI Hayku Ta TexHiku. KiouoBoio 3amayeto € 3abe3nedyeHHsI TPOMUCIOBOI KOCMIUHOI T1aTopmMu
HEOOXiTHOIO KiJIbKICTIO eleKTpoeHeprii. OMHUM i3 BUIiB XKUBJICHHS TAKUX MOMIYJIIB € BUKOPUCTAHHSI PO3MOIIICHUX CUCTEM,
SIKi CKJIaIaloThCsl 3 YIPYIIOBaHb KOCMIUHMX anapaTiB 3 0e3KOHTAKTHOIO Iepeaadelo ejaekTpoeHeprii. Bpaxosyioun 11ie, nmocrae
npo06JeMa palioHaJIbHOro BUOOPY opOiTH [Jis ix auciiokallii. TakuM 4MHOM B poOOTi 3aIIpOIIOHOBAHO METOAMKY BUOOPY OpOiT
KOCMIYHOT MPOMHUCIOBOI MJIaTHOPMU Ta MOIYJIiB PO3IMOALIEHOI eJIeKTpOoeHepreTUuHoi cuctemMu. Llsi MeTomoorist BKitoyae
MPOBEICHHS OL[IHOK OPOiTAJIbHOTO MOCTYNAIbHOI0, KyTOBOTO i BITHOCHOTO PYXY JUISl KOXXHOTO €HEPTETUYHOTO KOCMIYHOTO
arnaparta, 110 € BXiTHUMM JaHUMU JJIs1 pO3pOOJEHOTO aJrOpuTMy OINTUMAIbHOTO BUOOPY OpOIT. AJTOPUTM OINTUMI3allil
BKJIIOYAE CTATUCTUIHY OOPOOKY Ta €JIEMEHTH METOMIIB IPaliEHTHOTO i KOOPAMHATHOTO CITYCKY, IO J03BOJISIE BU3HAYUTH
HaMOLIBII 3HAYYLIUI TapaMeTp SIKWI BIUIMBAE Ha TPUBAIICTh ceaHCy 0€3KOHTAKTHOI Iepeaaydi eJieKTpoeHeprii. 3acToCoOBaHO
MaTeMaTUKy KBaTepHIOHIB JUIsl OLIHKW AMHAMIKW 3MiHM MPOrpaMHUX MapaMeTpiB HaBeIeHHsS aHTeHU KOCMIYHOIO arapara
repeaaBada Ha peKTeHy KOCMIYHOTO ariapaTa puiimMada, 1o 1a€ 3MOTy BUSHAYUTH BUMOTH TS CUCTEMU KepyBaHHST KyTOBUM
PYXOM KOCMIYHUX €HePTeTUIHUX arapariB.

BukopucraHHs 3anponoHOBaHOI METOI0JIOTIT 103BOJIsIE C(hOPMYBaTU BUMOTH JIJIsI BUOOPY BiTOBIIHMX MPOEKTHUX Mapa-
METPiB CUCTEMU KEPYyBaHHS PO3IOIIJICHOI EHEPreTUYHOI CUCTEMOI0 KOCMIYHOT iHIYCTpiabHOI TIaThOpPMU, a TAKOX TPO-
BOJIUTU KOMIJIEKCHE MPOEKTYBAHHSI HA KOHUEMNTYaJIbHUX €Tarax po3pooKH.

Karouoei caosa: 6e3k0HTaKTHA TIepeaava eJIeKTpoeHeprii; BUOIp opOiTH; KBaTepHiOH HALILTIOBAaHHS; ONITUMI3allisl TapaMeTpiB
opoiTH.
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DYNAMIC MODEL OF VECTOR MOTION AND ITS APPLICATION
IN SPACECRAFT UNIAXIAL ORIENTATION PROBLEMS

The object of study is the spacecraft attitude control system. The subject of the study is the quaternion dynamic equation of motion of
an arbitrary normalized vector and methods for constructing on its basis algorithms to control the spacecraft’s uniaxial orientation.
In this work, a new dynamic model of vector motion in a body-fixed frame is obtained, its properties are investigated, and methods
Jor solving uniaxial orientation problems using this model are considered. This model application significantly simplifies the synthesis
control task, which, in this case, is reduced to control synthesis for a system that is a set of second-order integrating links. In many
cases, the synthesis problem has an analytical solution for such systems. The resulting control algorithms are much simpler to imple-
ment than the ones obtained using the traditional model. The results of numerical simulation, which confirm the effectiveness of the
proposed algorithm, are presented.

Keywords: spacecraft, uniaxial orientation, terminal reorientation, quaternion, stabilization, angular velocity.

1. INTRODUCTION spacecraft orientation is determined up to an arbi-

There are operating modes of a spacecraft that do not
require triaxial orientation. Examples of such modes
are the mode of spacecraft onboard battery recharg-
ing when only orientation to the Sun is necessary;
the emergency mode when only two actuators are
operational and triaxial orientation is impossible; the
mode of pointing the telescope’s optical axis in iner-
tial space, etc. If triaxial orientation is not required
or impossible, uniaxial orientation mode is used. A
feature of the uniaxial orientation mode is that the

trary rotation around the axis relative to which the
orientation is required. In this case, the spacecraft
can rotate around this axis at an arbitrary speed.

The issues of spacecraft uniaxial orientation algo-
rithms’ construction have been considered in many
works. In [5], the possibility of using a uniaxial so-
lar orientation mode for a satellite with a solar sail
in a close-to-circular orbit at an altitude of 900 km
is considered. The authors of [3] studied the control
parameters’ optimization for the satellite uniaxial
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orientation using jet engines. The purpose of control
is to determine the certain axis rotation trajectory
from an arbitrary initial position to a given one. A ge-
netic algorithm is used to find the optimal values of
the control parameters to minimize the number of jet
engine actuations. In [9], the authors considered the
problem of uniaxial orientation in the inertial coor-
dinate system of a spacecraft with one faulty reaction
wheel in the presence of residual angular momentum
of the spacecraft. In [1], a new uniaxial orientation
control law to move an optical sensor, jet engine noz-
zle, or antenna to a given position after the failure
of one of the reaction wheels was proposed. Thus,
the problem of uniaxial orientation remains relevant
today.

There are two types of uniaxial orientation prob-
lems: the uniaxial stabilization problem and the termi-
nal reorientation problem. To synthesize algorithms
of the first type, the method of Lyapunov functions
is more often used [4, 10]. The disadvantage of this
approach is the difficulty of obtaining a preliminary
estimate of the accuracy and dynamic characteristics
of the algorithm. To get these estimates, numerical
modeling is necessary. The solution to the problem
of the synthesis algorithm for spacecraft a terminal
reorientation is usually sought as a solution to an op-
timization problem. Usually, a model is used for this
purpose in which the Euler equation describes the
dynamics [6], and the kinematic equation describes
the kinematic motion of the vector [2]. This model’s
advantages are the absence of calculation peculiari-
ties and state vector minimal redundancy. But this
model is nonlinear, so the solution to the optimiza-
tion problem can be found numerically only, which
is not always allowable for on-board algorithms. This
problem can be simplified by using the quaternion
differential equation proposed in [8], where the au-
thors developed a dynamic quaternion model and
considered the problems of stabilization and termi-
nal reorientation for the case of triaxial orientation to
construct the control. As shown in this work, the use
of the quaternion model significantly simplifies the
problem of control synthesis, which, in this case, is
reduced to control synthesis for a system that is a set
of second-order integrating links. In many cases, for
such systems, the synthesis problem has an analytical
solution. The resulting control algorithms are much
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simpler to implement than the algorithms obtained
using the traditional model.

In this work, this approach was further developed,
and a dynamic model of vector motion was obtained,
similar to the dynamic model from [8], its properties
were investigated, and methods for solving the prob-
lem of uniaxial stabilization and uniaxial terminal re-
orientation using this model were considered.

2. DYNAMIC MODEL OF VECTOR MOTION

Let q, eR® be an arbitrary normalized vector ¢,
given by projections onto the axes of the body-fixed
frame B. Denote by Q, the quaternion mapping of
the vector q, . In that case,

scal(QB)zo, (1)
vect(QB ) =q;, (2)

where scal(.) and vect(.) are the designations of the
scalar and vector parts of the quaternion.

Since Q; is a normalized quaternion, the follow-
ing quaternion equation is valid for it

QpoQ; =1, (3)
where QB is the conjugate of quaternion Qg , and ° is
the quaternion multiplication operator.

Differentiating equality (3) twice with respect to
time yields

QBOQB+ZQBOQB+QBOQB=0- (4)
From (4), it follows
~ . . 2
scal(QB OQB)Z—”QB” : (&)
Thus, the quaternion Q 5 © Q  has the following form:
~ . . 2
Q,0Q,=-|Q,] +£. (6)

where f'is an arbitrary vector representing the vector
part of the Qz°Q. Solving this equation for Q
gives

.. . 2
Qy=Q f-|Qs] Q- (7)
Let us introduce the following quaternion:
U=Q°f. (3)

In this quaternion, the scalar part u, and the vector
part u give
U=u,+u. )
Taking into account (8), the quaternion equation
(7) can be written as follows:

QB zl]_”())g"2 QB (]0)
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where U is a quaternion, by setting which one can
form the required character of the change in the pro-
jections of the vector q, on the axes of the body-
fixed frame B. The quaternion U can be interpreted
as a control quaternion, and equation (10) as a dy-
namic equation of the motion of vector relative to the
body-fixed frame in quaternion form, where quater-
nion mappings of the Q, and its derivative are used
as the state vector components. Since fis a vector, it
follows from (8) that quaternion U must satisfy the
constraint

scal(Qy°U ) =0. (11)
From (11) and (1), it follows that
qu=0. (12)
Let us write equation (10) in vector form
iy = =|as a5 (13)
The control u can be represented as
u=—q,x(qzxpy). (14)

In this case, relation (12) will be satisfied for any
pg . Taking into account (14), equation can be writ-
ten as

. .2

‘IBz_qBX(‘IBXNB)_"qB” qp - (15)
Let us decompose the left side of equation (15)

into two components: perpendicular to g, and par-

allel to q,
.- .- . 2
~q; (a5 X i) + Q55 = —q5 < (@5 < 115)— 5] 25 -
(16)

The transformations of (16), taking into account
(12) and (13), give

43 X[qB X(qB ~Hg )] =
T.-T . 2
= _(quB +||q3|| )qB =
.12 .12

(il +f a0

It follows from (17) that
qp =Hp+0qy, (18)

where o is an arbitrary parameter.

Parameter o is arbitrary, so it can be set equal to
zero (o = 0) when solving various problems of vector

q, motion control. In this case, the dynamics model
(18) takes a simple form

Gy = M- (19)

a7

26

This is a linear equation with constant coefficients
and has a simple form, which makes it possible to ap-
ply well-developed methods of the theory of linear
systems with constant coefficients to find g .

The control u is virtual, and the actual control is a
torque M,. Therefore, when using equation (13) to
solve various problems of attitude control, it is neces-
sary to know the dependence of the control torque
M, on the control vector # and the inverse depen-
dence of the control vector # on the control torque
M,. Let us find these dependencies. The following
equations are valid for the g, vector’s velocity and
acceleration:

Gy =—wp X qy+4p, (20)
5 = Ay A g @1

4y =Wy Xqy+P, (22)
p=-wy x(dy+dy )+ 4> (23)
Q5 = A s i A g (24)

where the relative angular velocity vector ng is de-
termined from the equation

Jtk = —wl x(]wgl)—
_I(""gl xwy" +ARB OwgloARB)+ M,. (25

In expressions (20)—(25), R is a reference frame
in which the spacecraft motion is considered. It is as-
sumed that the rotation angular velocity wﬁl (t) of
the frame R relative to the inertial coordinate system
J is a known function of time, which has a time de-
rivative wﬁf (t) ; qp is q vector, given by projections
on the reference frame R axes; A, is the transition
quaternion from reference frame R to body-fixed
frame B; ng is the angular velocity of the frame B
rotation relative to the reference frame R, given by
projections on the axes of the body-fixed frame B;

wgl is the spacecraft’s absolute angular velocity of
rotation, provided by projections on the body-fixed
frame B axes; ] is the spacecraft inertia tensor.

Formally, expressions (20)—(24) are the result
obtained by double differentiation of the relation
qs = Aps°qr°Agg - Let us decompose the vector p
into two components: a component perpendicular to
the vector g, and a component parallel to the vector
9z -

pz—qBX(qup)+qu£p. (26)
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According to equations (13) and (22)
.. .12
5P = dpiis =] -
Then, expression (26) can be written as follows
.2
P=-9; X(‘]B XP)_”qB" qdp -
Substituting (28) into (22) gives

qs :_ng Xqptp=
=4z X“"ER —4q3 X(‘]B XP)_||‘13||243 =

:”W%W%'
From equality (29), it follows that

u=g, x(w}" g, xp). (30)

Since wy" is a function of the control torque M,
then (30) is the desired dependence of the vector u
on the control torque vector M,. To find the depen-
dence of the control torque vector M, on the vector
u, consider expression (30). Let us define the vector

Wit as follows:

27)

(28)

(29)

wpt =—q,x(u-p). (31)
Substituting relation (31) into equation (30) tak-
ing into account (12) gives

u=q,x (0~ 4y xp) =, x(g; xw) =u. (32)
Since (32) is an identity, therefore, formula (31) is

a dependence wy" on the virtual control u. Solving
equation (25) for M, yields

M, =w§’x(}w§l)+

+](w§I xng +ARBOQ§IOARB)—](qB x(uB —p)) .

(33)

Formula (33) is the dependence of the real control

torque M, on the variable p . In this case, the vari-

able p, is selected based on equation (19), depend-

ing on the requirements of the spacecraft’s uniaxial
orientation problem.

3. APPLICATION OF A DYNAMIC MODEL
MOTION OF VECTOR IN SPACECRAFT
ATTITUDE CONTROL PROBLEMS

3.1. The problem of a spacecraft’s uniaxial stabiliza-
tion. The problem of spacecraft’s uniaxial stabiliza-
tion is usually understood as the problem of synthe-
sizing control laws that ensure the orientation of the
fixed axis in a body-fixed frame along the direction
specified in the reference coordinate system. In gen-

eral, the statement of the uniaxial stabilization prob-
lem is formulated as follows. Let g, and ey be given
unit vectors in the bases R and B, respectively. It is as-
sumed that on the spacecraft board, there is informa-
tion about the projections of the vector g onto frame
B axes in the form of a vector g, and the vector e is
constant. It is necessary to find the control torque M,
using information about the vector ¢ 5, angular veloc-
ity wy', and orientation quaternion A, provid-
ing asymptotic stability to the equilibrium position
qp= e . The solution to the formulated problem is
given by the following.

Theorem 1. Let the spacecraft rotation motion be
given by the equation (25). Denote the normalized vec-
tors in the reference frame R and the body-fixed frame
B by q and ey, respectively. Let there be information
on the spacecraft board about the absolute angular ve-
locity vector ng , orientation quaternion A .., and
the vector q projections on the body-fixed frame B axes
in the form of the vector qp; the vector ey is constant,
and its coordinates are given. Then, the control law
(33), where

my=-Ke-K,q,, (34)
e=q,—e,, (35)
qs = _“’ER Xqg +‘;13 ) (36)
éB =Ap®dr°Agg (37)

K, = diag(kli),K2 = diag(kZi),
(38)

ku >0,k,>0,i=12,3
provides asymptotic stability to the equilibrium position
qs =€
Proof. Let us use the equation of motion of the
vector ¢, in the form (19). In this case, for the con-
trol error

e=q,—eg, 39)

the equation
€=, (40)

is valid.
Let’s define puj, as follows

py=—-K e-Kqg, (41)
K, =diag(k, ). K, = diag(k,, ), (42)
k,>0,k,>0,i=1,2,3, (43)

where g, is defined by expressions (20) and (21). A
system of equations (40) is a system of three inde-
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E

Figure 1. Geometric interpretation of pointing the on-board
transmitter antenna to the GRS

pendent second-order integrating links. The inputs
of these links are signals p, ,i=1, 2, 3. For the i-th
link, it can be written the eqhation

(44)

Since (44) is a second-order linear equation, for it
to be asymptotically stable, according to the Hurwitz
stability criterion, it is necessary and sufficient condi-
tions (44) to be satisfied. Thus, Theorem 1 is proved.

Example 1. Consider the problem of pointing a
stationary antenna of an onboard transceiver to a
ground-based information receiving station (GRS)
by turning the spacecraft body. This problem arises
when there is no line-of-sight “antenna-GRS” due
to the constructive elements at the regular orienta-
tion of the spacecraft. Let us introduce the following
notations (Figure 1): Eis the Earth’s centre of mass, »
is the radius-vector that specifies the spacecraft cen-
tre of mass position O in orbit; £ =s—r is the radius-
vector drawn from the centre of mass of the space-
craft to a given point P on the Earth’s surface, where
the GRS is located.

Let ey be a unit vector that determines the on-
board transceiver electrical axis position in the body-
fixed frame B. It is necessary to find control torque
M, which provides asymptotic stability to the equi-
librium position

&5

=e€g.
&1

Assume the following.

1. The position of the vector e, relative to the
body-fixed frame is known, and the equality é, =0
is true for it.

28

e=—k,e—kye,.

2. The following information is available on board
the spacecraft:

- projections of the vector & on the body-fixed
frame axes in the form of the vector &,

- position and velocity of the spacecraft centre of
mass in the Greenwich coordinate system G as vec-
torsryand 7 ;

- the spacecraft absolute angular velocity vector
wy and the orientation quaternion A, .

The problem solution. According to Fig. 1, in the
frame G, the following equations are valid:

E, =515, 45)
£G =1, (46)
£.=—F.. (47)

In this case, the spacecraft’s centre of mass motion
is described by the equation [2]

i = —LSrG +wd xwd xr, + 2w xF, . (48)
7]

In equation (48), p=3.986005x10" is the gravi-
tational constant of the Earth; wg' is the angular ve-
locity of the Earth’s rotation, given by projections on
the frame G axes.

Let us denote by ¢ the unit vector of the vector ¢&.
Obviously, in the Greenwich coordinate system, the
following equation holds for this vector:

&

A =7 7

ol

Following equations (20)—(25), the expressions
for calculating the projections of the velocity and ac-
celeration of this vector on the axes of basis B have
the form

(49)

p =—wp’ Xqy+{y, (50)
‘;13 = AGB OqG OAGB . (51)
Gy =—Wy Xqz+p, (52)

Ing =—w§1 x(]wgl)—](wgl xwgc)+Mu ,(53)

Pz_ngx(q.B-’-‘L]B)_'-éB’ (54)

éB = AGB Oéc OAGB . (55)

At the same time, derivatives 4. and g are de-
fined as follows

9 =4 X(‘]G X%J ) (56)
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9z = ~9c X{qc X[%;_ngc J} _"qc;”2 . (57)

where ) _
d=¢ . o=a5¢; - (58)

The deducing of formulas (56) and (57) are given
in the Appendix.

To find the control u that ensures the asymptotic sta-
bility of the equilibrium position g, =e,, Theorem 1
is used. According to this theorem, the control law

p, =K, e—K,q, K, >0,K,>0 (59)
provides asymptotic stability to the equilibrium posi-
tion e = 0. In this case, the control u is determined by
the expression (14) and the actual control torque M,
by the expression (33).

Simulation results. To analyze the qualitative fea-
tures of the algorithm, the simulation of the proposed
algorithm was carried out with the following initial
data.

1. An inertial coordinate system was chosen as the
coordinate system relative to which the spacecraft’s
angular motion was simulated.

2. The orbital elements at the start of the point-
ing process were as follows: a =7028 km — the semi-
major axis of the orbit, e = 0.001 — eccentricity of
the orbit, /i = 1.439897 rad — the orbital inclination,
Q =1.523599 1/s — longitude of the ascending node
of the orbit, ® = 0 rad — argument of periapsis, m =
= 1.23 rad — mean anomaly at pointing start.

3. The motion of the centre of mass along the orbit
in the Greenwich coordinate system was simulated
by a system of differential equations (49).

4. The initial conditions for the rotational motion
model were as follows:

0

wy (£,)=|0.001 |,

0
0.670900566645541
~0.077273729904976
~0.1628015368791540 |
~0.719316939833235

AIB (to) =

5. The position of the GRS on the Earth’s sur-
face was given by a point with coordinates: longitude
A =60 , latitude @ =45 .
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Figure 2. The W estimation variation with time

6. The spacecraft’s inertia tensor

195 0 0
J=| 0 121 O |, kgm?
0 0 189

7. The antenna electrical axis unit vector coordi-
nates given by projections on of the body-fixed frame

Baxes, e, =(0.250.43-0.87)" .
8. The mutual position of the antenna electrical
axis and the direction & was estimated by the formula

& J
Y =arccos| —>-e, |.
(IIEBII ’

Figure 2 shows a graph of the function ¥(¢), and
Figure 3 shows the graphs of time variations of coor-
dinates of the vector q, . The simulation results indi-
cate the effectiveness of the proposed algorithm for
uniaxial spacecraft stabilization.

3.2. The problem of uniaxial terminal pointing. 1 ct
us solve the problem of pointing in inertial space
some fixed axis associated with the spacecraft to a
given point. In the general case, this problem is for-
mulated as follows: find the control law u that trans-
fers the vector whose motion is described by (13)
from the current state g (7)), q;(,) at time #, to the
required state gp(7)), q,(f)) at time ¢,. The times £,
and ¢, are fixed. The solution to this problem is given
by the following theorem.

(60)
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Figure 3. The spacecraft’s angular velocities variation with
time

Theorem 2. Let the motion of vector qp relative fo
the reference frame R be given by equation (13). Let us
introduce an auxiliary vector x, and the motion of this
vector is described by the equation

¥=7,xcR’. (61)
Suppose that for the fixed times , and t,, the follow-

ing boundary conditions are given for the vector x and
its first derivative:

x(ty)=a5(t ) %(1) =4 (t,).  (62)
x(tl):qB(tl)’x(tl)qu(tl)’ (63)

and a control t is found that transfers the vector x and
its first derivative to the position (63).

Let us define the calculated trajectory q, (t) for
transferring the vector q y(f) from the current position at
time 1, to a given position at time t, and a control that
implements this motion as follows

as(t)=3 o=lal. (64)
éB(t):—leX(éBX%j ) (65)

NN N . S . PR
uqu(t)z_qu[qBX(%_zg)()}_ qB qB 5(66)

where the vectors x, X, and T are defined by the expres-
sions

7=C,(t-t,)-C,, (67)

6 12
= - 9 68
1 (tl _to)z y2 (tl —t0)3 y1 ( )

30

_ tl_to _ 1
C,=C 5 Py Y, > (69)
V=05 (t) =05 ()= A5 (£ ) (1, 1) (70)
Y :qB(tl)_qB(tO)’ (71)

. . (t-t,)’
X(t)=d,(t,)+C, -C,(t—1,), (72

X(£)=dy(t,)+6(5)(E—1,)+
3 2
+cl(t_t°) —Cz(t_to) . (73)
3 2
Then the control

UZ—QBX(qBX/,LB), (74)
py=—Ke-Ke+u, (75)
e=q,—G,, €=0, 0, (76)

ensures the transfer of the vectors Oy and Q from po-
sition (, (to) , O (to) fo the given position (|, (tl) ,
4z (¢, ) in afixed time t, —t,.

Proof. To prove this theorem, equation (61) is
used. Let us find the control law 7(7) that transfers the

system X =7 from the current state X(to) =0, (to) ,
X (to) =0, (to) at time ¢, to the required state

X(tl) =0, (tl) , )'((tl) =0, (t1) at time ¢, and pro-

viding a minimum for the functional
1¢n 2

V=2 j . Il at . (77)

For this problem, there is an analytical solution
defined by expressions (69)—(74) [7]. Let us define
the calculated trajectory C]B (t) as

()= )

()
Then, according to Appendix, for the derivative
(jB (t) and control U, the following expressions are

valid: '
dB(t) _CAIBX(QBX%j )
N PO . A2 .
d, =G, x4, [ x]—HqBH Gy (30)
x(ty) =05 (te), *(t) =05 (%),

X(t,)=0,(t,). *(t,)=d5(t,).
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it is evident that the control U will ensure the transfer
of the vector ¢, from position qB(tO) , Up (to) to a
given position g, (tl) , Up (tl) in a fixed time ¢t —t.

The control built in this way is programmatic.
With such control, the vector g (t) will move along
a certain trajectory different from the calculated one.
That is due to errors in the program control imple-
mentation and disturbance moments presence acting
on the spacecraft. To stabilize the calculated trajecto-
1y, it is necessary to add a stabilizing control through
feedback. To find this control, consider the equa-
tion for the relative motion of the vectors g, (¢) and
G5 (t) . Assaid above, the motion of vector g, () can
be represented in the form (19). Subtracting equation
(80) from equation (19) gives

€=u =p,—U. (81)
According to Theorem 1, the control
u =-Ke-K;ze (82)

provides asymptotic stability for the position e =0.
It follows from (81) that
py=—-Ke-Keé+a,

which completes the proof of Theorem 2.

Example 2. To analyze the qualitative features of
the proposed terminal reorientation algorithm, the
simulation of the reorientation process was carried
out with the initial data from Example 1. In this case,
the start time of the manoeuvre was taken f, =0 s,
and the end time #, =1000 s. The boundary condi-
tions were as follows

—0.162161484770419
0.635129976541619 |,
—0.755191078969618

(83)

U5 (tO) =

0.296186315679564
—0.828484883752114 |x107*,
—0.760371266945204

qB(tO)z

0.250000000000000
0.433012701892219 |,
—0.866025403784439

qB(tl):

0
ds(t,)=]0.
0
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Figure 4. The W estimation variation with time
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Figure 5. The spacecraft’s angular velocities variation with
time

Figure 4 shows a graph of the change in the func-
tion W(¢), and Figure 5 shows the graphs of time vari-
ations of coordinates of the vector (. The simula-
tion results indicate the efficiency of the proposed al-
gorithm for the uniaxial orientation of the spacecraft.

4. CONCLUSION

For an arbitrary normalized vector, a dynamic model
of motion in the associated coordinate system is ob-
tained. This model significantly simplifies the prob-
lem of synthesizing control of the spacecraft’s uni-
axial orientation. In this case, the synthesis problem
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is reduced to constructing a control for a system with
three second-order integrating links, and the syn-
thesis problem has an analytical solution for such
systems. The resulting control algorithms are much
simpler to implement than the ones obtained using
the traditional model. A new approach has been sug-
gested for this model, which is a transformation of
the right-hand side of the Euler dynamics equation
into a new control vector ueR>. This allows for
the concise representation of the right-hand side of
the dynamics equation for the vector as a function
of the spacecraft’s angular motion parameters. The
transformation found is reversible, allowing us to re-
turn to the original form of the right-hand side of the
Euler dynamics equation and find the control torque
M, e R?, physically realized by the control system
actuators. Based on the obtained model, two algo-
rithms for constructing a spacecraft uniaxial orienta-
tion are proposed: an algorithm for spacecraft uniax-
ial stabilization and an algorithm for spacecraft uni-
axial terminal reorientation. The application of the
proposed model is demonstrated using two examples:
solving the stabilization problem and the problem
of the spacecraft’s uniaxial terminal reorientation.
When solving the stabilization problem, in contrast
to the well-known works [4, 10], in which the direct
Lyapunov method was used to construct the control,
for the first time, it was possible to reduce the prob-
lem of finding the control M, to the trivial problem
of finding the control g, , which ensures asymptotic
stability of the error equation € = . This is a linear
equation with constant coefficients, which makes it
possible to apply well-developed methods of the the-
ory of linear systems with constant coefficients. The
numerical simulation results confirming the efficien-
cy of the proposed algorithms have been presented.
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APPENDIX. THE DEDUCING OF FORMULAE
FOR THE FIRST AND SECOND DERIVATIVES
OF THE UNIT VECTOR

The formula deducing for the first derivative of a unit
vector of p. Let @, be the unit vector of vector &p.
Denote by 6 the modulus of the vector §z and iden-
tity matrix of order 3 x 3 as |,. Then the time de-
rivative of the unit vector is defined by the following
expressions

. €s €_B_§£_B E_B_ T£B:
9z = dt("ﬁg"} 5 55 5 quB82

(1, quB)£B=—q (qug—Bj (Al)

The formula deducing for the second-time derivative
of a unit vector of &, . Differentiating (Al) to time
gives

d, = (1, quB)(ég ;Ssj

(13_‘13‘11]5;)(6_3_553J ( quB)gB qg EB

T€B

quB . T EB _

_quB S -

)
—qp 683 (I _quB)iB =
£B _é. _i. g 2 B
( quB)[g 8253 82£BJ ”53” &=

= (I3 _qug )(%_25_825‘3

gy [ﬁ——z—q lele,. @

]—us;u%f
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JTUMHAMIYHA MO/JIEJTb PYXY BEKTOPA TA 11 3ACTOCYBAHHS
B 3AJAYAX KEPYBAHHA OJHOBICHOIO OPIEHTALIIEIO KOCMIYHOI'O AITAPATA

OO’€eKT DOCHIIKEHHST: CUCTeMa YIIPaBJIiHHS KOCMiYHOTO arnapara. [IpenMer nocmimKeHHS: KBaTepHiIOHHE TMHAMIYHE PiBHSIH-
HS pyXy JOBiIbHOIO HOPMOBAHOTO BEKTOpa i METOAM MOOYIOBU aIrOPUTMiB KEPYBaHHS OJHOBICHOIO Opi€EHTAlli€0 KOCMiu-
HOTO arapaTa Ha HOoro ocHoBi. Y po00OTi OTpUMaHO HOBY IMHAMIYHY MOJEJIb PyXy BEKTOpa y 3B’s3aHiii CUCTeMi KOOPAMHAT,
JIOCJTIIXKEeHO ii BJACTUBOCTI Ta PO3MISIHYTO METOAM BUPILLICHHS 3a71a4 OJHOBICHOI OpieHTallii i3 3aCTOCYBaHHSM L€l MoIeJIi.
[Mpu boMy 3amava cCMHTE3Y 3BOAUTHCS 10 TTOOYIOBU KepyBaHHSI JIJIST CUCTEMU, 1110 € CYKYITHICTIO iHTETpYBaIbHUX JIAHOK JIPY-
TOTO MOPSAKY. Y 6araThOX BUIAAKAX ISl TAKUX CUCTEM 3aadya CUHTE3y Ma€ aHAITUIHUIM po3B’130K. OTpUMaHi MpU LIbOMY
JITOPUTMU KePyBaHHS OJHOBICHOIO Opi€HTALIIE€I0 peasli3yloThCsl 3HAYHO MPOCTillle, HiXK aITOPUTMU, OTPUMaHi TPy BUKOPUC-
TaHHi TpaauuiitHoi Mozaeni. HaBeneHi pe3yabraTy YuCeIbHOIO MOAEIIOBAHHS, 110 MiATBEPAXYIOTh Mpale31aTHICTh 3aIpoIio-
HOBAHOTO aJITOPUTMY.

Karouogi caosa: KocMiuyHMI anapaT, OTHOBICHA OpieHTallisl, TepMiHaJbHa TIEpeopieHTallisl, KBaTepHiOH, cTabii3allisi, KyToBa
IIBUIKICTb.
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DETERMINATION OF GREENHOUSE GAS CONCENTRATION
IN THE ATMOSPHERE BY EARTH REMOTE SENSING MEANS.
CARTOGRAPHIC AND ANALYTICAL ASSESSMENT

OF THE GEOSPATIAL DISTRIBUTION OF ITS VALUES

This article covers the issue of improving the methodology of remote determination of the concentration of greenhouse gases in the atmosphere
using the Copernicus Program — Sentinel-5P and MOD11A2.061 Terra satellite systems, as well as the cartographic-analytical assessment
of its geospatial distribution. The specified methodology provided for remote determination of the concentration of greenhouse gases CH,,,

CO, and NO,, development of maps of the distribution of the determined concentration on the territory of Ukraine, localization of areas of
Jformation of the intensity of emission and sequestration of greenhouse gases taking into account data on the soil cover, abiotic conditions of
the territory and anthropogenic influences, in particular, military activities. A set of maps of the geospatial distribution of CH ,, CO, and NO,

greenhouse gas concentrations, the temperature of the Earth’s surface within the warm period (01.05—30. 10) during 2019—2022, as well as
a map of the geospatial localization of the maximum concentrations of greenhouse gases within the warm period of the research time interval
developed according to the results of emissions from soils, landscapes, production facilities, and combat zones.

1t was determined that for the warm period of the year, on average for 2019— 2022, the optimal temperature range within which the
intensity of nitrogen dioxide emission on the territory of Ukraine reaches maximum values is from 13 to 19 °C. If the temperature of the
Earth’s surface exceeds the value of 20 °C, the volume of emission emissions is significantly reduced. It is shown that soils with different
emission and assessment status are widespread in Ukraine during the warm period. In the South and Southwest of the state, soils with
the highest emission capacity of methane to the atmosphere prevail, in particular Jc49-1/3a — Calcaric Fluvisols, Lg54-1a — Gleyic
Luvisols, Kh31-2a — Haplic Kastanozems, Gh23-3a — Humic Gleysols.

In large cities, as well as in the territories of the South- East of Ukraine, where normal chernozems (Ch22-2a) / (normal chernozems)
are common, the maximum concentration of NO,in the atmosphere is formed, which is caused by the influence of the high temperature
of the earth’s surface and the localized consequences of Russia’s military aggression. It was revealed that over the past 4 years, there
has been a trend of decreasing CO concentration, which indirectly indicates the negative impact of Russia’s military aggression, a
decrease in industrial production, and the relocation of production facilities to the west of the country.

Keywords: RES, greenhouse gases, soils, emission, sequestration, landscapes, cartographic-analytical assessment.
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INTRODUCTION

It is generally known that the significant increase in
the temperature of the Earth’s surface since the be-
ginning of the industrial era (1750) has occurred by
more than 1 °C is the result of an increase in the con-
centration of greenhouse gases in the atmosphere —
CO,, CO, CH,, NO,, and N, 0O, as well as some oth-
er compounds, largely occurred as a result of human
activity [3]. The emission of greenhouse gases by soils
is an important factor in the anthropogenic impact
on the climate because their use as a means of pro-
duction of plant products is mainly intensive. Soils
and agriculture are powerful sources of greenhouse
gases, including carbon dioxide CO,, methane CH,,,
nitrogen dioxide NO,, and nitrous oxide N,O. At the
2015 UN Climate Change Conference in Paris, most
countries agreed to reduce emissions of these gases in
order to limit the increase in global surface tempera-
ture to 1.5 °C [19].

Thanks to the OCO-2 mission (NASA) and the
Japanese GOSAT mission, it was possible to imple-
ment satellite remote sensing of the concentration
of CO,, i CH4, NO,, and N, O [9]. The Sentinel-5p
mission allows for obtaining satellite data on the con-
centration of NO,, CH4’ CO, SO,, HCHO, cloudi-
ness, and aerosol concentration [14]. Their planned
exploitation made it possible to create a database on
the concentration of greenhouse gases in the atmo-
sphere from space and to obtain the first informa-
tion on the increase in the concentration of CO, and
other greenhouse gases associated with man-made
emissions. The implementation of these technolo-
gies contributes to the solution of two main tasks: the
automation of monitoring observations of the con-
centration of greenhouse gases in the atmosphere
(I) and the development of future missions aimed at
verifying the accounting of greenhouse gas emissions
(fiscal function), compliance with the obligations of
individual countries within the framework of change
agreements climate (II).

The purpose of research. The purpose of the re-
search is to conduct a remote and cartographic-an-
alytical assessment of the formation of the pool of
greenhouse gases, depending on the characteristics
of the soil cover and anthropogenic influences.

The object of study. Scientific and technological
approaches to conducting remote sensing of the con-
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centration of greenhouse gases in the atmosphere,
cartographic-analytical assessment of the peculiari-
ties of the formation of the pool of greenhouse gases
within the territory of Ukraine.

Subject of study. Methodology for remote assess-
ment of the concentration of greenhouse gases in the
atmosphere, development of maps of its geospatial
distribution, cartographic-analytical assessment of
the formation of the pool of greenhouse gases tak-
ing into account data on the soil cover of Ukraine,
abiotic conditions of the territory and anthropogenic
influences, in particular, military activities.

Research tasks included:

 assessment of the concentration of greenhouse
gases by means of remote sensing of the atmosphere
and atmospheric air temperature using current
means of algorithmizing requests established for cer-
tain periods of the year and time intervals with the
construction of highly informative cartograms of
their geospatial distribution;

» automated generation of a soil map of Ukraine
and its use as a basis for agrobiological localization of
the concentration of greenhouse gases of agrogenic
origin, in particular, CH,, NO,, and N,0O;

* cartographic-analytical assessment of the influ-
ence of temperature conditions of the atmosphere
during the formation of the pool of greenhouse gases;

* development of a map showing the geographical
distribution of peak greenhouse gas concentrations
during the warm period in the territory of Ukraine.

Analysis of literature. To solve such tasks, several
remote methods of atmospheric concentration stud-
ies are used, including the use of satellite observations
to measure various parameters of the atmosphere,
the most common of which include the following.

Application of spectral measuring systems. This
method uses spectral measurements to determine
the concentration of gases in the atmosphere. Differ-
ent gases absorb and scatter light in different spectral
regions, and the satellite can measure the spectral
changes in the light to determine the concentration
of the gases [18].

Use of radiometric observations. Some satellite sys-
tems measure the level of radiation emitted by the
atmosphere, which makes it possible to determine
the concentration of gases in the atmosphere. This
method is based on the principles of molecular ab-
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sorption and scattering, which allow obtaining in-
formation about the content of gases from measure-
ments of radiation fields [6].

Lidar measurements. Lidar (optical radar) on a sat-
ellite is used to measure the concentration of gases
in the atmosphere. A laser beam is emitted and the
signal reflected from the atmosphere (reflected radi-
ation) is measured, which makes it possible to deter-
mine the concentration of gases based on the change
in the intensity of the reflected signal [2].

Temperature measurements. Data from satellite
systems are used to measure the temperature in the
atmosphere, which, following Fick’s law, is related to
the concentration of gases. For this purpose, infrared
radiation of the atmosphere is used [13].

Remote satellite methods of studying the con-
centration of substances in the atmosphere allow for
obtaining information about the composition and
movement of various substances, which is important
for monitoring their changes in the atmosphere and
assessing the impact on the environment and human
health. All of the above-mentioned satellite meth-
ods allow scientists to obtain information about the
concentration of gases in the atmosphere over large
areas and over a long period. This is important for
monitoring environmental changes not only in the
atmosphere but also in connection with anthropo-
genic activities and natural processes.

RESEARCH METHODS AND RESOURCES

To study the concentration and distribution of green-
house gases on the territory of Ukraine (NO,, CO,
CH,), data from the Copernicus Program — Senti-
nel-5P satellite system were used, which is equipped
with the TROPOMI tool (TROPOspheric Monitor-
ing Instrument) — a hyperspectral spectrometer with
a close-up view, operating in the ultraviolet-visible
range (270—495 nm), near-infrared (675—775 nm)
and short-wave infrared (2305—2385 nm) ranges [5].
The orbital cycle is 16 days with a viewing range of
108° (~2600 km) and a spatial resolution of the sec-
ond level (L2) of 5.5 x 3.5 km?, 7 x 3.5 km? until Au-
gust 6, 2019, [12]. The GEE (Google Earth Engine)
platform was used for data acquisition and process-
ing, which allowed us to obtain updated third-level
(L3) Sentinel-5P data. The average values of con-
centrations and temperatures were calculated using
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the reduceRegion method. During the research, data
from the GEE resource was used in “offline” mode,
which ensured higher accuracy of the results due to
their better processing. At the same time, an algo-
rithm similar to the studies using the “harpconvert”
tool and “bin_spatial” operations conducted in [4]
and [10] was used. Territorial timing of requests for
GEE was provided with Open Street Map by forming
polygons of the territory of Ukraine and algorithmiz-
ing the software code through “clip(roi)” (clipping of
the data set).

The raw data were filtered with a coefficient >0.5
for all data sets except for the values of the coefficient
for the concentration of NO, in the troposphere, the
coefficient >0.75 [17]. This provided the differentia-
tion of gases from the Earth’s surface and the top of
the atmosphere (TOA) [7] to the Karman line [20] at
an altitude of up to 100 km, and for NO, data sepa-
rately for the tropospheric layer of the atmosphere at
an altitude of 13—18 km; in the stratosphere at an
altitude of up to 50 km [17].

Taking into account the nature of agrobiological
processes in the soil during the cold period of the year
(01.12—30.04) and the maximum slowing down of
greenhouse gas emissions from the soil to the atmo-
sphere, during research, the concentration of green-
house gases was determined for the warm period of
the year, which lasts from 01.05 to 30.10.

In general, the following data were used for the
study:

* tropospheric. NO2_column_number_density,
mol/mZ.

+ CO_column_number_density, mol/m?2.

* CH4_column_volume mixing ratio_dry_air,
molar fraction.

Units of measurement for data on the distribu-
tion of NO, and CO (mol/m?), which reflects the
amount of the substance in the atmosphere per 1 m?
of the Earth’s surface. The molar fraction describes
the average amount of methane per unit of dry air in
the vertical column of the atmosphere [1]. The car-
tographic material was developed using the Arc Map
Arc GIS 10x software (ESRI). The classification of
geospatial data by individual greenhouse gases for
the construction of maps was carried out similarly
by dividing them into 5 classes (“Natural Boundar-
ies” method). Transformation of raster models into
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Figure 1. Map of soils of Ukraine

vector format was carried out using binary methods.
Graphs were drawn up in the Microsoft Excel envi-
ronment based on data obtained from GEE on aver-
age monthly values of gas concentrations.

RESEARCH RESULTS

To ensure the objectives of the research, a soil map
of Ukraine according to the FAO classification [8]
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was used. The soil map of Ukraine contains 38 soil
associations (Figure 1). Codes and names of soils by
the FAO classification are given in Table 1.

The task of the research included conducting a
geospatial analysis of the determination of green-
house gas emission flows by soils and as a result of the
influence of soil temperature, which required the de-
velopment of appropriate cartograms. The cartogram
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Figure 2. Map of the daytime land surface temperature within the warm period, 2019—2023, °C

Table 1. Codes and names of soils in Ukraine )
// Konyentpauis NO2

according to FAO classification var collectionNO2 = ee.ImageCollection(“COPERNICUS/S5P/OFFL/L3_NO2")
Jselect(’tropospheric_NO2_column_number_density')
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Figure 4. CO concentration cartogram, mol / m? within a warm period (2019—2023)

of the average annual daytime temperature of the
Earth’s surface was built using the MOD11A2.061
Terra resource, which is part of the NASA-ESA
“Earth Observing System” (EOS) program. As
known, it is equipped with a moderated spectrora-
diometer (MODIS), which provides recording of
a large number of channels from visible to infrared
spectra and allows obtaining data on day and night
temperatures of the Earth’s surface with a spatial
resolution of 1 km.

Data on the average daily temperature of the
Earth’s surface for an 8-day period as of 103 a.m.
were used for research [11] (Figure 2). The maxi-
mum values of the temperature of the earth’s surface
are usual for the south and southeast of the coun-
try, the minimum values — for the Polissia zone of
Ukraine, as well as the mountainous territories of the
Carpathians and the Crimea (see Figure 2). Techni-
cal requests for data on the concentration of green-
house gases according to the required terms and their
statistical processing in terms of time intervals were
performed on the basis of the GEE platform follow-
ing the methodology in the JavaScript programming
language. Examples of the algorithmization of re-
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quests for the construction of maps of the concen-
tration of greenhouse gases based on the results of
remote sensing are shown in Figure 3.

The cartogram of the CO concentration is shown
in Figure 4. As you know, the value of carbon mon-
oxide concentration mainly depends on the intensity
of human activity, in particular man-made emissions
of industrial enterprises, the burning of fossil fuels by
vehicles, as well as the intensity of its deposition in
soils (see Figure 4). Determining factors in the for-
mation of the CO emission pool are the presence of
large cities with population concentration and the
significant, compared to other regions, density of
production in the central-eastern and eastern regions
of Ukraine (see Figure 2). However, over the past 3
years, a clear trend of decreasing CO concentration
has emerged, which indicates a decrease in industrial
production and the relocation of production facilities
to the west of the country (Figure 5). The military
aggression of the Russian Federation is an additional
disincentive to the transfer of production facilities.
The specially marked trend is prominently noticed
when comparing the concentration values for the pe-
riod April-June 2019 with the corresponding periods
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Figure 5. CO concentration dynamics in the atmosphere during the period (12.2018—06.2023)

of 2020, 2021, and 2022, which is confirmed by the
negative trend line (see Figure 5).

The situation with geospatial differentiation in the
methane atmosphere is naturally different. The map
of the average annual concentration of methane in
atmospheric air is presented in Figure 6. The highest
values of CH, concentration are associated with the
compact formation of floodplain soils with signs of
hydromorphism in the channels of large rivers (Jc49-
1/3a — Calcaric Fluvisols / Carbonate Fluvisols,
Lg54-1a — Gleyic Luvisols / Clay Luvisols). In the
south of Ukraine, saline soils with close groundwater
and signs of waterlogging are common (Kh31-2a —
Haplic Kastanozems, Gh23-3a — Humic Gleysols).
The formation of a high emission pool of methane on
the specified soils is due to the course of organic mat-
ter decomposition processes in them, which contin-
ue in anaerobic conditions. The functioning of soils
in conditions of long-term moistening can lead to the
formation and emission of CH, into the atmosphere.
At the same time, the lowest values of methane con-
centration are confined to water bodies, mountain-
ous areas, and coastal areas with poor soils, in par-
ticular Kh33-2a / normal chestnut soils — chestnut
saline soils in a complex with salt marshes (Ukrainian
classification) and intensive movement of air masses.
The CH, concentration dynamics within the studied
period were presented in Figure 7.

A rapid increase in the concentration of CH, in
the atmosphere is observed, as evidenced by the cor-
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responding trend. Taking into account the above and
the decrease in the intensity of industrial production,
it should be stated that the main sources forming the
emission pool of CH, are soil and agricultural pro-
duction. In this aspect, deterioration of the hydro-
logical regime of soils, in particular as a result of a
decrease in the level of groundwater, leads to an in-
crease in methane emissions. Such a decrease occurs
as a result of the increase in atmospheric temperature
and the general dehydration of soil and land resources
in the northern hemisphere, which has been observed
in recent years. In the case of a decrease in the level
of groundwater and the arrival of additional oxygen
from the air, the decomposition of organic residues
intensifies, and the emission of CH, and other bio-
genic gases, including NO,, increases.

The map of nitrogen dioxide concentration is
presented in Figure 8. These cartograms allow us to
conclude that the maximum values of NO, concen-
tration are confined to large cities with a significant
density of industrial production, as well as areas with
long-term intensive mechanical impact on soils with
a high content of organic matter (eastern Ukraine).
According to the soil map, soil associations Ch22-
2a / normal chernozems / ordinary chernozems
with medium humus accumulation (Ukrainian clas-
sification) are common within the specified territo-
ries. The determined impact is a consequence of the
large-scale movement of vehicles against the back-
ground of high temperatures of the Earth’s surface,
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Figure 6. Map of the average annual methane concentration within the warm period (2019—2022)
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Figure 7. Dynamics of methane concentration in the atmosphere (02.2019—07.2023)
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Figure 9. NO, dynamics concentration in the atmosphere (07.2018—05.2023)
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for example, in the case of intense hostilities, which
are known to have been ongoing on the territory of
Ukraine since February 2022 (see Figure 8). The
dynamics of the concentration of nitrogen dioxide
shown in Figure 9 determines the negative trend in
the formation of its volumes in the studied territory.
However, it does not fully reflect the conditions of
formation of the NO, pool from soils and landscapes.
It should be noted that a significant part of NO, emis-
sions is also formed due to anthropogenic influence,
which is a well-known fact. The graph data testify
to the course of two mutually opposite processes in
the soil: the strengthening of NO, emission with an
increase in concentration in the cold period (Janu-
ary 2019, 2020, and 2022), due to a warm winter and
intensive decomposition of organic matter (I), and
a slowdown in emission and a decrease in concen-
tration in the beginning of the warm period (May)
(2019, 2020, 2021, and 2022) (II). The specified fea-
tures of the formation of emission flows of gases are
the result of a global increase in the temperature of
the earth’s surface against the background of a lack
of moisture in the soil, which caused a slowdown in
NO, emissions in the warm period.

Table 2. The weighted average values of gas concentrations
and coefficients of variation CV over the study period

Year Nrgéf /1122_ ’ CO, mol/m? Cl;g;tr?o(ﬁar
2019 2.28483 0.031853635 1845.667224
2020 2.27446 0.031532057 1864.914416
2021 2.28131 0.034693848 1872.515200
2022 2.11986 0.029348408 1881.296439
CV, % 3.58 6.89 0.81

Table 3. Correlation coefficients between greenhouse gas
concentration values and the land surface temperature

Year NO, CoO CH,
2019 —0.78 0.24 —-0.42
2020 -0.76 —-0.81 -0.74
2021 -0.95 -0.13 -0.93
2022 —0.55 0.33 -0.52
2019—2022 -0.72 -0.16 —0.41*

Note. * minimally significant coefficient r,; = 0.41.
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Figure 10. Graph of dependence between NO, concentration
and daily land surface temperature (05.2019—06.2023)

The weighted average values of gas concentrations
and coefficients of variation are given in Table 2.

The values of the coefficients of variation in the
distribution of gas concentrations by year are deter-
mined by the influence of various factors, in particu-
lar: weather fluctuations within natural and climatic
zones; the intensity of industrial production and the
functioning of urban landscapes; mechanical impact
on soils; reduction of the area of forests and forest
plantations as a result of military operations; disrup-
tion of the structure of cultivated areas of agricultural
crops. The relatively high variability over the years
and the decrease in CO emissions are caused, as not-
ed, by the relocation of production facilities to the
west of the country, which lasted until the middle of
2023 and continues to this day (see Figure 5).

The results of the analysis of the link between the
concentration of greenhouse gases and the tem-
perature of the earth’s surface within the territory of
Ukraine are shown in Table 3.

The negative values of the correlation coefficients
between the values of the concentration of biogenic
greenhouse gases in the atmosphere, primarily CH,
and NO,, and the daytime temperature of the earth’s
surface within the warm period indicate a general
tendency of a short-term slowdown of emission flows
from soils during discrete measurement of the con-
centration (at 1030). High values of soil temperature
and a decrease in the amount of precipitation lead to
a general decrease in the moisture supply of agricul-
tural land, which causes a slowdown in the emission
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Figure 11. Map of the geospatial localization of the maximum concentrations of greenhouse gases in the warm period of 2019—
2022 in the atmosphere based on the results of their emission from soils, landscapes, production facilities, and combat zones

of most greenhouse gases. The nature of the relation-
ship between the NO, concentration and the temper-
ature of the Earth’s surface during the warm period is
shown in Figure 10. The intensity of nitrogen dioxide
emission reaches maximum values in the tempera-
ture range from 13 to 19 °C, which is optimal. In the
case of exceeding the soil temperature limit of 20 °C,
the volume of emissions decreases significantly (see
Figure 10). Therefore, excessively high values of the
temperature of the earth’s surface (soil) significantly
limit the concentration of NO, in the atmosphere.
The identified regularity indirectly indicates that the
volumes of NO, emissions from soils and landscapes
may exceed the volumes of its entry into the atmo-
sphere due to man-made emissions and are mainly
of biogenic origin.
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The research program provided for the develop-
ment of a map of the geospatial distribution of the ar-
eas of maximum concentrations of greenhouse gases
within the warm period of years. Binary methods and
topological overlay methods were used for this task,
in particular, their most suitable types, namely inter-
sect and union, which made it possible to obtain a
highly informative cartogram (Figure 11). There is a
clear territorial determination of the highest values
of the concentration of greenhouse gases in two or
three of them. Large areas of agricultural landscapes
and traditionally dense placement of industrial pro-
duction lead to significant volumes of emissions of
gases of anthropogenic origin, including agrogenic.
An additional determining factor for the increase in
NO, and CO emissions is the military aggression of
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the Russian Federation on the territory of Ukraine,
the consequences of which form a tangible emission
pool of greenhouse gases entering the atmosphere
from man-made sources.

Therefore, the most emission-significant are the
southern and southeastern territories of Ukraine with
a powerful soil and resource potential, a significant
share of industrial, energy, and other facilities, and
favorable temperature conditions for the course of
greenhouse gas emissions from the soil. The rest of
the territory of Ukraine has a less significant poten-
tial for greenhouse gas emissions. However, through-
out the territory, there are lands, soils, and water
bodies that provide chemical and biological binding
of carbon gas compounds (decarbonization of the
atmosphere) and nitrogen gas compounds (nitrogen
fixation).

CONCLUSIONS AND PERSPECTIVES
OF FURTHER RESEARCH

The methodology for remote determination of the
concentration of greenhouse gases in the atmosphere
using the Copernicus Program — Sentinel-5P satel-
lite system and the MOD11A2.061 Terra resource
was improved, which provided for the following: re-
mote determination of the concentration of green-
house gases CH,, CO, and NO,, development of
maps of the geospatial distribution of the determined
concentration; carrying out a cartographic and an-
alytical assessment of the formation of the pool of
greenhouse gases, taking into account the data on the
soil cover of Ukraine, the temperature regime of the
territory and technogenic influences due to the high-
intensity military conflict.

A set of cartograms of the geospatial distribution of
the concentration of greenhouse gases CH,, CO, and
NO,, and the temperature of the earth’s surface dur-
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ing the warm period (01.05—30.10) during 2019—
2022 has been developed. The map of the geospa-
tial localization of the maximum concentrations of
greenhouse gases within the warm period of 2019—
2022 contains data on zones of increased emission
danger, which require the state to strengthen control
over the volumes of gas inflows into the atmosphere.

It was established that for the warm period of the
year on average for 2019—2022, the optimal temper-
ature range, within which the intensity of nitrogen
dioxide emission on the territory of Ukraine reaches
maximum values, is from 13 to 19 °C. If the tempera-
ture of the earth’s surface exceeds the value of 20 °C,
the volume of emission emissions decreases signifi-
cantly. A promising direction of research is the devel-
opment of algorithms that automate calculations of
greenhouse gas emission and sequestration volumes
on agricultural land in absolute units, in particular,
kg/m?2/s and kg/ha/h.

In the future, it is expedient to use the obtained
data to substantiate the deficit-free balance of carbon
and nitrogen in soils in agricultural production and to
minimize the negative effect of the greenhouse effect.

So, it should be stated that in Ukraine, there is a
localized distribution of soils with different emission
and evaluation status. It is obvious that soils should
be evaluated in the context of two components: as a
means of production of agricultural products (I) and
as an important component of the biosphere, which
ensures the emission and binding of greenhouse gases
(IT). A fairly important direction of improvement of
land evaluation works can be the separate evaluation
of soils according to the above-mentioned principle.
At the same time, it should be understood that the
specified feature should be taken into account al-
ready at the stage of land evaluation zoning of the
territory.
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HaBuanibHO-HayKOBUA iIHCTUTYT «[HCTUTYT reosorii»
KuiscbKoro HalioHaabHOTO yHiBepcuTeTy iMeHi Tapaca IlleBuenka
ByJ. BacunbkiBebka 90, Kui, Ykpaina, 03002

BU3HAUYEHHS KOHLEHTPALIT MTAPHUKOBUWX TA31B B ATMOC®EPI
3ACOBAMU IUCTAHUIVMHOI'O 30HAYBAHHS 3EMIIL.
KAPTOI'PA®O-AHAITUYHA OLLIHKA TEOITPOCTOPOBOI'O MOLLIWPEHHS 1i 3HAYEHDb

B naniii ctaTTi BUCBITJIEHO MUTAHHS YIOCKOHAJIEHHSI METOIOJIOTIi IUCTAHILIIMHOTO BU3HAUYEHHSI KOHLIEHTpaLlil MapHUKOBUX
rasiB B armocepi 3 BUKOpUCTaHHSIM CymyTHUKOBUX cucteM Copernicus Programme — Sentinel-5P it MOD11A2.061 Terra,
a TaKoX KapTorpado-aHaJliTUIHY OIHKY ii TeOIpOCTOPOBOTO MolnpeHHs. O3HaueHa METOMOJIOTIs Tiependadaa: TUMCTaH-
LiliHe BU3HAYECHHA KOHUeHTpauii mapHukosux rasis CH,, CO ta NO,, po3po0ieHHs KapTorpaM IOIIMPEHHs BU3HAYEHOI
KOHIIEHTpallii Ha TepuTOopii YKpaiHu, JoKasizallito apeasiB (popMyBaHHS iHTEHCMBHOCTI eMicii Ta cekBecTpallii TapHUKOBUX
rasiB 3 ypaxyBaHHSIM JaHUX IPO I'PYHTOBUI MMOKPUB, a0iOTUYHUX YMOB TEPUTOPil Ta aHTPONIOIeHHMX BIUIMBIB, 30KpeMa Biii-
CbKOBOI JiSIJTHOCTI.

Po3p0o6s1eHO KOMILIEKC KapTorpam reornpocTopoBOro MOLIMPEHH s 3HaYeHb KOHIIeHTpauii mapHukoBux rasis CH,, CO ta
NO,, Temneparypu 3eMHOI MoBepxHi B Mexax Teroro nepiomy (01.05—30.10) mporarom 2019—2022 pp., a Takox KapTo-
rpaMy TeornpoCTOPOBOI JIOKaTi3allii MaKCMMaIbHUX KOHILIEHTpAlliii TapHUKOBUX Ta3iB y MeXax TeIUIOro Iepiomy 4acoBOTO
iHTepBaJy TOCIiIKEHb 3a pe3yJbTaTaMM eMicii 3 TPYHTIB, JaHAIIadTiB, 00’ €KTiB BUPOOHMIITBA Ta 30H OOMOBUX Iild.

BcraHoBneHo, 1110 UTs TEMJIOTO Mepioay poky, y cepeaHbomy 3a 2019—2022 pp., onTUMaibHUI TeMNepaTypHUid aiarna3oH
B Me€XKax SIKOTO iHTEHCUBHICTb €Micil IBOOKKCY a30Ty Ha TepUTOpii YKpaiHU HabyBae MaKCUMaIbHUX 3HAYEHb CTAHOBUTD Bifl
13 1o 19 °C. Y Bunaaky nepeBUILIEHHS TeMIiepaTypu 3eMHOI noBepxHi 3HaueHHs 20 °C, o0csiru eMiciliHUX BUKUJIiB iCTOTHO
3MEHILYIOThCS.

IlokazaHo, 1110 Ha TepuUTOpii YKpaiHi B MexKax TEIJIOro Mepioay MOIIMPEHO TPYHTHU 3 Pi3HUM €MiCiiHO-OLIiIHOYHUM CTa-
tycoMm. Ha ITiBaHi ta [liBgeHHOMY 3axomi aepxkaBM IepeBaXaloTh I'PYHTU 3 HAWBUILOI €MiCiiiHOIO 3JATHICTIO MEeTaHy 10
atMocdepu, 3okpema Jc49-1/3a — Calcaric Fluvisols, Lg54-1a — Gleyic Luvisols, Kh31-2a — Haplic Kastanozems, Gh23-
3a — Humic Gleysols.

VY Benukux MicTax, a Takox Ha Teputopisix [TiBnenHoro Cxomy Ykpainu, ie mommpeHo HopMaibHi yopHozemu (Ch22-2a) /
(40pHO3eMM 3BMYAITHI), (POPMYETHCA MakcuMalbHa KoHLeHTpatis NO, y atmocgepi, sika 3yMOBJIEHa BILTMBOM BUCOKOT TEM-
TepaTypu 3¢MHOI TTOBEPXHi Ta JIOKaJTi30BaHUMU HACJIiIKaMM BiiiCbKOBOI arpecii pocii.

BusiBiieHo, 1110 32 OCTaHHI YOTUPU POKU HAMITUJIUCS TeHIASHIis 3HMXKeHHs KoHLeHTpauii CO, 1110 onocepeIKoBaHO CBil-
YUTh MPO HEraTUBHMI BILUIMB BOEHHOI arpecii pocii, 3HUXKEHHSI MPOMKUCIOBOIO BUPOOHUIITBA Ta PeJIOKALIiE0 BUPOOHUYMX
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WATER BODIES EXTRACTION USING MATHEMATICAL MORPHOLOGY

The management of water resources is vital for maintaining the world’s ecosystems. Conventional methods of extracting water bodies
remain very limited due to the complexity of the implementation. This leads to a reduction in the extraction precision. Our main objec-
tive is to improve the detection of water bodies. We tested the accuracy of our method on the Sentinel-2 Dataset that contains images
with different complexity levels and heterogeneous structures like shadows, roads, buildings, efc.

This article presents an original method that implements the idea of separating the three-component RGB image matrices and
then processing only the green matrix because it contains all water bodies with high precision. Our method is based mainly on the
mathematical morphology. Firstly, we propose a simple and fast binary algorithm to detect the maximum of water bodies existing in
the images. This step was carried out using the Hit-or-Miss Transform. The second step exploits applying the Top-Hat Transform to
refine the segmentation result. By comparing our method with several currently used methods, we notice that our method improves the
quality of segmentation and gives excellent results, which exceed 95% for all the metrics used to calculate the classification quality
in the purview of remote sensing. The error obtained with our method remains less than 1 %. We can affirm that our method is very
suitable for detecting bodies of water compared to all current methods.

Keywords: water bodies, remote sensing, mathematical morphology, RGB, classification.

1. INTRODUCTION

Water is essential for the survival of the human
race, as well as nature. It provides essential ecosys-
tem goods and services, preserves the balance of the
earth, and supports economic development and the
environment. Earth observation through satellites is
now the main means of monitoring land plans.
Arash M. R. et al. [1] proposed a novel robust
augmented normalized water index (ANDWI) us-
ing a solid line, RGB, NIR, and SWIR1-2 with dy-
namic thresholding (Otsu) method to improve the
performance of ANDWI. Billson J. et al. [2] propose
a solution to extract water bodies with a new ap-

proach of pixel category transplantation (PCT) for
data augmentation. Bingxin B. et al. [3] developed
a water flow method based on negative Bayesian dis-
tribution. This method determines the relationship
between unconnected waters and does not rely on
topographic data. Duan Y. et al. [4] use GaoFen-1D
satellite data from Wuhan, Hubei Province, China,
to extract water bodies with a new lightweight CNN
named Lightweight Multi-Scale Land SurfaceWater
Extraction Network (LMSWENet).

George B. et al. [5] proposed an improvement of
the predictions made by the DeeplabV3+ model with
a technique based on two-dimensional variational
mode decomposition (2D-VMD). Gujrati A. et al.

LHutyBanHs: Benali A. Water bodies extraction using mathematical morphology. Space Science and Technology. 2024. 30,
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[6] used the k-means cosine distance algorithm to
detect and classify bodies of water according to their
colors. Guru Prasad M. S. [7] trained the dataset
downloaded from Kaggle with a deep CNN MSAA-
Net hosted on TensorFlow. Hongye C. et al. [8] ex-
amined long-term changes in the open waters of the
river basin from 2000 to 2020 using the Google Earth
Engine (GEE) cloud platform to process 26,681
high-quality Landsat images. Jagruth K. [9] used
mathematical morphology applied to pixel detec-
tion to detect water bodies. The problem of a method
of this type is the slowness of the process. Jikang W.
and Bin Y. [10] attempted to perform rapid and auto-
matic water extraction over large areas using thermal
infrared bands as input with a light detection neural
network (EDCM) combined with an image classifi-
cation model with a semantic segmentation model.
They finally used the training of various models us-
ing lightweight convolutional networks to extract
more data. Junjie L. et al. [11] used the technique of
transitioning from label-free learning to noise-free
learning.

Kalaivani K. et al. [12] used spatial frequency-
based unattenuated wavelet transform (UDWT —
SF) fusion to remove spectral information from im-
ages effectively. Then, they developed an efficient
sub-pixel classification system using several predic-
tion methods based on spectral characteristics. Kale
S. et al. [13] reviewed the state of the art on water
body extraction methods to predict the location of
water resources. Lifu C. et al. [14] proposed a DNN
framework for water body detection which consists of
three parts: a water body extraction network with four
pillars, a hybrid local and global association module
(LGMA) for bone analysis, and activation of specific
semantic categories, and a mapping module (SSAM)
used for the high-level publishing process. Linrong L.
et al. [15] used CDWI to improve water body extrac-
tion and removed shadows using SDWI. Liumeng C.
et al. [16] work on monitoring the spatio-temporal
characteristics of water bodies and studying the dy-
namic and regional effects of surface water changes.
Liu Q. et al. [17] proposed detecting bodies of water
using a method based on sparse superpixels (SSWE).
Luo Y. et al. [18] used a generative adversarial net-
work (GAN) to improve the characteristics of tiny
water bodies, and they introduced band pooling into
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the DeepLabv3+ network for better extraction of wa-
ter bodies.

Nguyen T. and Filipe A. [19] created a new global
flood index with a resolution of 3 arcseconds based
on ground data from the MERIT repository using
neural networks. Parajuli J. et al. [20] developed a
novel attentional dense convolutional neural network
(AD-CNN) to help discover deeper features and dy-
namically emphasize the most relevant spatio-spec-
tral features for water pixel classification. Sharma D.
et al. [21] use principal component analysis (PCA)
with thresholding to segment binary classes. Then,
they apply erosion to improve the detection of water
bodies. Suhail A.T. et al. [22] developed a simple and
effective method for detecting bodies of water based
on the Marr-Hildreth method merged with Canny
Edge. Sunandini G. et al. [23] developed a compara-
tive study on the performance of the Deeplabv3+
model with ASPP and without ASPP for the segmen-
tation of water bodies. Wenxue X. et al. [24] used the
Google Earth Engine (GEE) platform to create an
annual water map in Shandong Province from 1990
to 2020 to analyze the distribution and change of
surface water. Xue W. et al. [25] propose extracting
water bodies using a model called a dense coordinate
feature concatenation network. Xu N. et al. [26] used
all data available on Google Earth Engine to detect
water bodies across Australia.

Benkesmiaa Y. et al. [27] studied the water level
changes (SWE) in Grand Sebkha, Oran (GSO), a
wetland located on the border of the city of Oran.
Youzhi L. et al. [28] developed a method based on
multilevel filtering to minimize noise pixels and then
extract water surface pixels using a modified alpha
form to derive water level elevation. Yuanhui Z. et
al. [29] used data from Research on Science and Cli-
mate Change (GRACE) and the Global Land Data
System (GLDAS) to analyze changes in groundwater
and surface water (GSW) bodies in Canadian prov-
inces between 2002 and 2016. Zhang Z. et al. [30]
consider pixel intensity and spatial correlation be-
tween neighboring pixels using deep learning-based
models for water body extraction. Other researchers
like Rishikeshan C. A. and Ramesh H. [31] have used
mathematical morphology for Shoreline detection.
The use of mathematical morphology in image pro-
cessing allows one to reduce processing time.
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. !\
a b
B d
Figure 1. Images used as input: @ — original satellite image,

b — the mask image, ¢ — the gray scale image for the green
matrice, d — the green matrice image

The originality of our work lies in the separation of
three RGB spectral components of the satellite im-
age and the subsequent application of individual pro-
cessing for the Green matrix only. We decided to use
mathematical morphology because it is simple to im-
plement, effective in providing a good detection rate,
and, above all, allows us to reduce processing time.

2. DATA USED

To evaluate the effectiveness of our method, we pre-
pared 100 complex images from the Sentinel-2 data-
base that we downloaded from Kaggle, the data was
collected via the Sentinel-2 API. The images have
been pre-processed using Rasterio software. The im-
ages show different types of water bodies in different
regions. Each of these images is accompanied by a
black-and-white mask where white color represents
water, and black represents non-aquatic regions. The
generation of masks was carried out by calculating
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the NDWI (Normalized Difference Water Index) de-
rived from bands 8 and 3 of the satellite, which is fre-
quently used to detect and measure vegetation in sat-
ellite images, but for bodies of water, we used a higher
threshold.

Figure 1 shows the input images used in our meth-
od to extract water bodies.

The three RGB matrices of the original image are
separated. We keep only the Green matrix because it
is better suited for detecting water bodies. We then
apply our method to the grayscale image of the Green
matrix.

3. METHODS

This article presents a new unsupervised method
based on mathematical morphology operators for
automatically extracting water bodies from satellite
images. The different steps of our method are illus-
trated in the flowchart presented in Figure 2.

3.1. To remove the majority of pixels from non-
aquatic regions, we apply a Top-Hat Transform (TH)
as follows:

a. Morphological closure applied to the original
image.

b. Subtract between the initial image and the result
of the first step.

I, =1.E=(I®E)6E, )

I,=1-1, 2)
with: I — result of the morphological closing applied
to the initial image (I), & — the dilation operator,
© — erosion operator, I — the initial image, E — the
structuring element.

3.2. To eliminate non-important structures such
as buildings, roads, or trees, we applied hysteresis
thresholding.

1 pourI > Slow,
low — (3)
0 pour I < Slow,
1 pour I < Shigh,
high = . (4)
0pour I> Shigh,
It = Ilow*Thigh, &)

with: I, — the resulting image after applying the low
threshold, Ihigh — the resulting image after applying
the high threshold, It — the resulting image after the
application of hysteresis thresholding.
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‘ Original satellite image \
Split the RGB

—Y image & Keep
the green
matrice only

The green matrice image

——

.y Hysteresis
TH | = thresholding
— ol
Sequential
alternating filter

|

Holefilling
Global Geodesic l—Hl\_/I.T k. & Dilag:tion
thresholding reconstruction 4='._ __ I}
P u
Fusion — Smoothing

False detection suppression block

Figure 2. Flowchart of our proposed method

3.3. For noise elimination, we used a sequential
alternating filter. Alternating filters are obtained with
combinations of closings ( *) and openings (°):

¢y (It)=(IteB, )oB,, (6)

I g (It) = PPy P (It)’ (7)
with: B — structuring element of the filter, K — the
filter size, I — the resulting image is obtained by
sequential alternating filtering.

3.4. The hole-filling process is achieved in four
stages. They are the next :
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e Complementation of the initial binary image.

e Labeling connected components to distinguish
between the objects of interest.

¢ Assigning the value of 0 to the pixels of these re-
gions.

¢ Complementation of the result to recover seg-
ments of our class of water bodies.

3.5. The last step of preprocessing is the applica-
tion of dilation to correct deformations generated
by the different morphological operators, which can
distort the shape of the regions belonging to the water
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Figure 3. Results of water body extraction for images from the
Sentinel-2 dataset
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bodies’ class and possibly cause the loss of some areas
of water bodies of our class.

I, = IDE, (8)
with: [ ; — the result obtained after applying dilation.
@ — the dilation designator.

3.6. The extraction of water bodies is carried out

using the Hit-or-Miss Transform (HMT):

A®(EF)=(AOE)N(AOF), ©)
with: ® — the Hit-or-Miss Transform designator,
© — the erosion designator, E, F — the structuring
elements.

The transform consists of extracting all the regions
of the water-bodies class whose size varies between
the size of the structuring element E and that of F.

3.7. Restoration of the shapes of water bodies by
geodesic reconstruction. The distortion of water
body shapes is significant after applying HMT, which
requires us to apply a reconstruction step to restore
the original shapes of water bodies.

The reconstruction requires a marker image that
corresponds to the result obtained by the HMT. A
succession of dilations is applied to the marker im-
age. Finally, the result obtained will be conditioned
by the Ie mask.

Irec :( Ihmt ® Lo Cl)

s

(10)

With an application of conditional dilation until
the result of the transformation is invariant:

L@ Ci=(I ® C;)NI (11)
with: [

rec — Tesult of geodesic reconstruction, I . —
the HMT resulting image, C; — the structuring el-
ements of the geodesic reconstruction (1 <i < 3),
I, — result after smoothing.

3.8. Block to remove extraction errors and false
detections. Since we are using an unsupervised ap-
proach, we will have to construct a reference image
by applying global thresholding. The result of our ex-
traction method will be conditioned by the reference
image to reduce false detections.

After the conditioning step, we will apply mor-
phological smoothing to remove the remaining false
detections.

hmt smo ’

Ifus = Irec M Iseg b (12)
with: Iz — the resulting image from the fusion,
ISeg — result of global thresholding.
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3.9.The morphological smoothing
Lno =11 ° N= (I, ON)®N, (13)
with: I

«mo — Tesult of applying smoothing on the
conditioned image, N — structuring element.

The size of the structuring elements used in our
method for all operations is chosen experimentally
and varies for each of the images depending on the
size of the water bodies existing in each image and
depending on the background and especially the
size of the trees, buildings, or road that need to be
removed.

fus fus

4. EXPERIMENTS AND RESULTS

We tested our method on the entire RGB image.
Then, we tested our method on each of the RGB
matrices separately. We found that the best extrac-
tion results for bodies of water were obtained with the
Green matrix, given that the color of the regions be-
longing to the water-bodies class is very close to those
existing in the green matrix.

We applied our method to the Sentinel-2 Dataset.
Figure 3 illustrates the extraction results.

4.1. Accuracy assessment. Below, we give a compar-
ative table showing the water body extraction results
of our method compared to many other currently ap-
plied methods with the most popular evaluation cri-
teria used in remote sensing.

.. TP
Precision =——
TP + FP
Recall = T—P
TP+ FN
-
Fl=2% Precision * Recall
Precision+ Recall
OA = OA — TP+TN
TP+ FP+TN + FN
ou=__1"®
TP+ FP+FN
g=_ 1N
TN + FP
UA=UA= _IN
TN + FN
OA —Pe
Kappa =
pPp " PE
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Table 1. Evaluation of extraction results with the most used criteria for remote sensing
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Figure 4. Improvement in results obtained with the different
evaluation criteria for our method compared to other methods

Where:
(TP+FP)*(TP+FN)+(TN +FP)*(TN +FN)
e =
(TP+TN +FP+FN)’
Jaccard=T—P
TP+ FN + FP
_ FP+EN
TP+TN + FP+ FN
Mp=_L §_ TP
n+14=TP+FP
MIOU = Z P
n+1“~TP+ FP+FN

i=0

where: TP — true Positive, TN — true Negative,
FP — false Positive, FN — false Negative.

From Table 1, we can affirm that our method is
better than other water body detection methods.
Traditional algorithms and detection algorithms still
cannot solve the problem of interference between
regions belonging to the class of water bodies and
buildings or roads.

During the process of extracting bodies of water,
other algorithms appear to have misidentified many
houses, roads, farms, and mountains as bodies of wa-
ter. Indeed, bodies of water are sometimes found in
high mountains.
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As shown in Table 1, all evaluation criteria indi-
cate that our method outperforms other methods in
extracting water bodies.

The experimental results confirm that our method
improved the extraction quality of water bodies.

5. DISCUSSION

From Figure 3, we observe that our method allowed
us to extract almost all regions of the water-bodies
class with low detection errors for almost all complex
images.

In this work, we focused on two points. The first is
to have high accuracy in detecting water bodies, and
the second is to minimize the processing time.

The use of Mathematical Morphology allowed us
to minimize the processing time compared to all cur-
rent methods, especially those that use deep learning.
Our method takes less processing time for large im-
ages because Mathematical Morphology is well suit-
ed for quickly processing large dimensional matrices.

Good detection was also guaranteed with the use
of Mathematical Morphology applied to the green
matrix because all the satellite images present water
bodies that have a color close to the pixel intensity
of the regions belonging to the planes class of waters
existing in the green matrix, which allowed us to de-
tect most bodies of water with a minimum of false
detections.

The processing time for each image does not ex-
ceed 2 minutes, which is excellent for processing da-
tasets containing a large number of images of large
dimensions.

We calculated the rate of improvement of the fac-
tors for each of the evaluation criteria and construct-
ed a comparative diagram to show the effectiveness
of our method. From Figure 4, we observe that our
method provides 0.5—29 % improvement in preci-
sion, 1.6—31 % improvement in recall, 0.6—9.2 %
improvement in Fl-score, 2.9—15.4 % improvement
in PA, 0.35—22.4 % improvement in OA, 4.4—14.1 %
improvement in Kappa, 6.7—16.7 % improvement in
IoU, 1.3—23.5 % improvement in Mean-IoU, 12.7—
65.5 % improvement in Jaccard, 82.8 % improvement
in ER, and 6.8 % improvement in MPI.

With all the improvements in water-body detec-
tion, we confim that our method yields better results
than other existing methods.
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6. CONCLUSIONS

The originality in this article is the use of the green
matrix after the separation of the three RGB compo-
nents of the image. We have carried out an unsuper-
vised automatic extraction of water bodies from RGB
satellite images and have applied our method to the
Sentienl-2 Database.

We compared the accuracy of the results of our
method with many current methods, especially those
using deep learning. We found that our method re-
quires less processing time and gives the best quali-
tative rate using most evaluation criteria used in the
purview of remote sensing.

Our contribution allowed the detection of all re-
gions belonging to the water bodies class existing in
the images of our database, even water bodies exist-
ing in images with a complex background, without
detecting roads, buildings, trees, etc.
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BUJIYUEHHS BOJAHUX OB EKTIB 3A JOMTOMOT OO0 MATEMATUYHOI MOP®OJIOTTi

YrpaBiiHHS BOOIHUMU pecypcaMiU € XUTTEBO BaXKJIMBUM JJIsl 30€peXKeHHs CBITOBUX eKocucTeM. TpaauiliiiHi METOAM OTOTOX-
HEHHSI BOJHUX 00’€KTIB Ha 300pakeHHSIX 3aMIIAIOTLCS JyXKe OOMEXEHUMU Yepe3 CKIaAHICTh peanizaliii. Lle npusBoants
IO 3HVKEHHS TOYHOCTI ineHTudikaiiii. Hania ocHoBHa MeTa — MOKpalluTy BUSBJICHHS BOJHUX 00 €KTiB. MU mporecTyBaiu
TOYHICTh HAIIIOTO METOMy Ha Habopi maHux Sentinel-2, IKWi MICTUTH 300pakeHHS 3 PiI3HUMM PIBHIMU CKJIATHOCTI Ta HEOJI-
HOPIIHUMMU CTPYKTypaMu, TAKMMU SIK TiHi, 1OPOTH, OYAiBIIi TOLIO.

Y cTaTTi npeacTaBiieHO OpUTiHAILHUI METO/, IKWi pealli3ye ieto po3aiJieHHsI TPMKOMITOHEHTHUX MaTpullb RGB-300pa-
XKeHb i ToAAIbIIOT 0OPOOKM JIMIIIE «3eJIEHOI» MaTPUIli, OCKIJIbKM BOHA MiCTUTb YCi BOJHI 00’€KTU 3 BUCOKOIO TOUHicTIO. Har
MeToJ, 0a3yeThCsl B OCHOBHOMY Ha MaTeMaTUuHiii MmopdoJorii. [To-mepiiie, MU MPOMOHYEMO TPOCTUH i IIBUAKUI OiHApHUIA
aJITOPUTM JIJISI BUSIBJICHHSI MaKCUMAaJIbHOI KiJIbKOCTI BOJOIMM, 110 HasiBHI Ha 300paxkeHHsX. Lleit Kpok Oyj0 BUKOHAHO 3a
JIOTIOMOTOIO TIepEeTBOPEHHSI «BTydnB-He-BiyunB» (Hit-or-Miss Transform). Ha apyromy Kpotii mist yTo4HEeHHS pe3ysibraTy
cerMeHTallil BAKOPUCTOBYEThCS TNepeTBopeHHs1 Top-Hat mis BU3HaueHHs1 MaKCUMaJIbHOI KiJIbKOCTI BomoiiM. [TopiBHIOI0OUM
Halll METO[ 3 KiJIbKkOMa METOJaMH, 1110 BUKOPUCTOBYIOThCS B JaHWI 4ac, MM MOMITWIM, IO HAIl METOA MOKPAIIY€E SKiCTh
CerMeHTallii i Ja€ BiIMiHHI pe3y/ibTaTH, SIKi ePeBUILYIOTh 95 % IUIs BCiX METPUK, 110 BUKOPUCTOBYIOTHCS [UISI PO3PaXyHKY
SIKOCTI Kiacudikallii B rainysi AuctaHiiiiHoro 3oHayBaHHs. [Toxubka, oTpuMaHa 3a J10MOMOI0l0 HalllOro METO/Y, CTAHOBUTh
MeHII Hixx 1 %. MoxHa cTBEepIXKyBaTH, 1110 HAIIl METOI Ay>Ke JT00pe MiAXOAUTh [T BUSIBIICHHS BOJIOWM Cepe[l iHIIIX BiTOMUX
METOJIIB.

Karouosi caosa: Bonoiimu, nUcCTaHIIiiiHe 30HAYBaHHs, MaTeMaThuuHa Mopdosorisi, RGB, knacudikarris.
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KIHEMATUYHI TAPAMETPH, ®I3UYHI XAPAKTEPUCTUKHA
TA XIMIYHUU CKJIAJLl BUBPAHUX METEOPHUX TLI

Bemyn. Memeopoiou, docsiearouu 3emai ma emopearouucs y ii ammocghepy, cmeoproioms memeopu. Kinemamuuni napamempu, ¢hi-
3UYHI XAPAKMepUCMUKY ma XiMiuHuil cKAad cnocmepedceHux MemeopHux min 0arome iHpopmauiro npo eracmusocmi ixHix 6amo-
Kiecokux min — komem i acmepoidie. 3 inuioeo 60Ky, ui hapamempu Moxicyms 8idoopaxcamu Qizuuni ymosu nepeby8anHs memeo-
poidie y piznux dinaukax CoHsauHoi cucmemu ma no3a ii mexjcamu.

Memoou. Memeopni Oani, npoananizoeari ¢ pobomi, OMmpumari 3i cnocmepediceHv 3a 00NOMO20I0 A8MOMAMUI0EAH020 8i0e0-
CneKmpanvHo2o memeoprozo nampyas Haykoeo-oocaionoeo incmumymy acmponomii XapKiecvkoeo HaAuioHanbH020 YHigepcumemy
imeni B. H. Kapasina. Memodu memeopHoi acmpoHomii ma cnekmpockonii 0aroms MoJNCAUGICMb GU3HAUUMU KIHeMamuyHi napame-
mpu, Qizuuni eracmugocmi ma XiMiHUi cKaad 00CAi0NCY8aAHUX Memeopoidis.

Pesyavmamu. Y pobomi npedcmasneno pesysvmamu 00caiodcens memeopie, sackpasiuiux 3a 0", axi 6yau 3agikcosani 6asucHum
CnOCOOOM [ 045 AKUX BUKOHAHO CNeKMpanbii cnocmepescents. /lis eubpanux 12 memeopie ompumano KoOpoOUHamu mMemeopHux
padianmie Ha HebecHill cgepi, napamempu ammocHepHUxX mpackmopii MemeopHux min, eeaioueHmpu4Hi opoimanvHi napamempu
Ha enoxy J2000. 3a homomempuunumu OaHUMU BU3HAUEHO NO3aamMMOchepHi macu memeopoidis. [Iposedeno ananiz oMomMoNCHeHUX
eMICiiHUX AiHill, 8Us6ACHUX Y MemeopHUX cnekmpax. /s yboeo 3acmoco8ysanocs npoepamie 3ade3neuents, po3pobaerHe asmopamu
pobomu 015 06podku memeopHux chekmpie. Ilpoeedero akicHuil ma KinbKicHuil aHaniz ximiunoeo ckaady memeoprux min. I1io uac
KIiNbKIiCH020 aHani3y 8U3HAYANUCS eAUHUHU 8i0HOCHUX ihmencueHocmell ainill Fe [-15, Mg I-2, Na I-1.

Bucnosexu. Ilpedcmasaeni ¢ pobomi KinemamuuHi XapaKmepucmuxy i eremeHmu eeaioyeHmpu4Hux opoim 6Kazyoms Ha me, ujo
cnocmepedceHi MemeopHi mina Hasexcams memeopHum nomokam Ilepceiou, Jleoniou, Iliedenni Taypuou. Jesxi memeopri mina €
cnopaduynumu. Pozpaxosarni macu memeopoidie, xou i maroms éapiayiio 3Ha4eHb, aie 8 YoMy Y32004CYIOMbCs 3 OQHUMU THUIUX
docrionukie y inmepeani abconsroOmHux 3Ha1ueHs sckpagocmi memeopie -2" ...+ 1.5™. Busenero, wjo 0eski 3 00CAi0NCeHUX MemeopHUX
min Maromo He3HAUHULL 8Micm 3ai3a abo HAMPIt0 Yy CBOEMY XIMIUHOMY CKAAOI.

Karouogi caoea: memeop, memeopoio, eeniouenmpuuna opoima, maca, Chekmp, CHeKmpanbHi AiHii, XiMiYHULL CKAQO.

LHurtyBanusg: [ony6aes O. B., MosroBa A. M. Kinematnuni mapameTpu, (hi3ndHi XapaKTepUCTUKH Ta XiMIYHMI CKJIag BUOpa-
HUX MeTeOpHUX Tit. Kocmiuna nayka i mexuonoeia. 2024. 30, Ne 4 (149). C. 58—72. https://doi.org/10.15407 /knit2024.04.058
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Kinemamuuni napamempu, @izuuni xapakmepucmuxu ma XimiuHuil cKaao 8UbpaHux MmemeopHux min

BCTYII

3rigHo 3 o(iliiiHO BU3HAYEHOIO TEPMiHOJIOTIEIO Me-
TEOPOM HA3UBAETHCS CBITJIOBE SBUIIE i TTOB’sI3aHi 3
HUM (i3UYHI IPOLIECH, SIKi € pe3yIbTaTOM LIBUIKIC-
Horo (Bix 11 1o 72 xm-c™!) moTpamisiHHs MeTeopoina
(IIpOayKTy po3maay KOMET YK aCTePOiliB) 3 KOCMOCY
y razononiony atMmocepy 3emii. Meteopu Haltuac-
Time BigmOyBatoThes Ha Bucortax 120...80 kM, a iHOmI
i Buie 120 kM.

CratucTUyHe HaKONMWYeHHs iHdopMalili Ipo
¢doToOMETpUYHI MapamMeTpu MeTeopiB i KiHeMaTU4-
Hi XapaKTepUCTUKU (IIBUAKICTh, BUCOTA, Iapame-
TpU aTMOC(EpPHOI TPAEKTOpil TOIIO) METEOPHUX
TIJT i3 mOAANBIINM OOYMCICHHSIM TeTiOLEHTPUIHUX
€JIEMEHTIB OpOiT METEOPOINiB 3MiMCHIOETLCS 3a JT0-
MOMOTO0 0a3uCHUX (OJHOYACHUX JBOOIYHUX abo
0araTocTaHLiMHMX) METEOPHUX MaTPYydiB, sIKi J0-
3BOJISIIOTH T 4Yac Bigeo- abo (oTocmocTepekeHb
MepeKprUBaTH 3HAYHY YaCTUHY aTMOc(hepU Ha BUCO-
tax 80...130 kM.

KinematnuHi mapameTrpu, ¢Gi3uuHi XxapakKTepuc-
TUKU Ta XIMIYHUI CKJIal CHOCTEPEKEHUX METEO-
PHUX TiJI 1aI0Th iH(OPMAIIil0 IIPO BIACTUBOCTI iXHIX
0aTBHKIBCHKUX TiJI — KOMET i aCTepOidiB, a 3 iHIIIOTrO
0OKY MOXYTb OyTU MPOsIBOM (hi3UUHUX YMOB Mepe-
OyBaHHS y pi3HUX AUITHKaX COHSYHOI CHUCTEMH,
i HaBiTh Mo3a 11 Mexxamu. Hanmpukian, aBropu 1my-
omikawiii [5, 7, 10, 13, 17] BKa3yloTh Ha HassBHICTh
3aJIE3KHOCTI CKJIay XiMiYHUX €JIeMEHTIB (0COOJIMBO
nerkux Nai K, a takox Mg, Fe) y MmeTeopHux Tijiax
Bim mepuresiiiHol BiacTaHi ixHix opOiT. Lleit ¢axr
PO3TJISIIAEThCS SIK pe3y/abTaT TEIJIOBOTO BIUIMBY
(TepmiyHa AecopOllisl) HA METeopoinu Mija yac ix-
HbOTO HabMKeHHs 10 COHLSI Ha HEBEJIMKI BijcTa-
Hi. L{s1 obcTaBHa BUMarae mpoBeIeHHSI CTaTUCTUY-
HOTO aHaJli3y HassBHOI 0a3M CIOCTEPEXKHUX TaHUX i
TEOPETUYHOTO OOTPYHTYBAaHHS 3HAUIEHUX 3aKOHO-
MipHOCTe#. 3 iHIIOro OOKY, € MOXJIMBICTb BUBYEH-
H$1 HABKOJIOCOHSYHOI MAJIOBOi PEYOBUHU METOAAMU
METEOPHOI aCTPOHOMIi, 30KpeMa METOAaMM Ha3eM-
HUX ONTUYHUX CITOCTEPEXEHb METEOPIB.

MerteopHi naHi, nmpoaHani3oBaHi B 1Lili poOOTi,
OyJ0 OTpUMMAaHO 3i CIIOCTEepeXXeHb 3a JTOMOMOTOI0
aBTOMAaTU30BaHOTO BiJIe0-CIIEKTPATbHOIO METEOP-
Horo mnarpyJiss (ABCMII) HaykoBo-gociigHoro iH-
CTUTYTY acTpoHOMii XapKiBCbKOro HallioOHaJIbLHOI'O
yHiBepcuTeTy iMeHi B. H. Kapasina. JletaabHo Me-
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TOOMKY CIHOCTEepeXkeHb i OOpOOKM HAKOIMYEHOIro
CIIOCTEPEKHOTO MaTrepiajly HaBeleHo y pobori [4].
VY naniit poOOTi 17151 aHaIi3y MU BimiOpanu sicKpaBi
MeTeopu (sickpasilti 3a 0™), ski Oyyo 3adikcoBaHO
0a3nMCHUM CMOCOOOM i JUIsT IKMX OAHOYACHO € NaHi
CMEKTPaJbHUX CIOCTepeXeHb. TaKUil KOMIUIEKC-
HUIi1 Habip criocTepexxHol iHgopMallii Ja€ MOXKIN-
BiCTh BU3HAYMUTHU Yy ITOBHil Mipi KiHEMaTW4Hi Ia-
pameTpu, (i3MyHi XapaKTepUCTUKW Ta XiMIYHUIA
CKJIaJl TOCJIiIKeHUX METEOPOIIiB.

METOJHU TA CIIOCTEPEXEHHA

[ToBHy iH(bOpMallito TPO MEeTeOpHUI MaTPyjb IO-
JaHo B pobotax [2, 4]. 3a3HaYMMO JIMIIEe OCHOBHI
Ta BaXJIMBi XapaKTePUCTUKU BideOCIEKTPaIbHO-
rO CIIOCTEPEXKHOTr0 KOMIUIEKCY. 3 METOI Bcebiu-
HOIr'o BMBYEHHSI METeOpiB OyJI0O opraHi3oBaHO ABa
CIOCTEpEeXKHI KOpecHoHAEeHTHi MyHKTHU. Ileprumii
po3ataiioBaHo y Xapkosi Ha Tepurtopii HII acTpo-
HOMii, Ipyruil — Ha Teputopii HYyryiBCbKoi cro-
crepexsoi cranmii HJII acrponomii. I[eomesnuni
KOOPAMHATA METEOPHUX TMaTPYIiB BU3HAYAIMCS 3a
noromororo GPS-Hagiraropis: «XapKiB» — HIKUPO-
Ta Micust @ = 50°00°09.94” nH. 11., AOBroTa Micus
A = 36°13'48.67"cx. n., BUCOTa MicClld Haja piBHEM
mopst — 141 Mm; «YyryiBchbKa criocTepexXHa CTaH-
1is» — mupoTa mictisg @ = 49°38'28.61" nH. 111., 10B-
rora Mmicusa A = 36°56'08.62" cx. m., BUCOTa MicCIs
Hajg piBHeM Mops — 154 M. Bimcranb MixX onTud-
HUMMU TIpUjagaMy cTaHOBUTh 64.76 kM. Llvoro mo-
CTaTHBO JIJTS HAiTHOTO OTPUMaHHS KiHEMaTUIHUX
XapaKTepUCTUK METCOPHUX TiJl.

ABTOMATU30BaHWI BiIeOCTIEKTPAIbHUI METEOp-
Huii marpyib (ABCMII) HJI actponomii XHY
imeHi B. H. Kapa3ziHa — 11e onTuyHO-eJeKTPOHHU I
amapaTHU KoMmIulekc i3 3actocyBaHHsM CCTV-
BieokaMep. AK 1eTeKTOpY BUTIPOMiHIOBaHHSI BUKO-
puctoBytotbcst CCTV-kamepn Watec WAT-902H?2
ULTIMATE i3 yacToToio ¢hopMyBaHHS KaapiB 30-
opaxenb 40 + 0.1 mc! Ta i3 yacoBolo po3niTBEHOIO
3naTtHicTio 20 Mc (4ac (popMyBaHHs MiBKaapy) [1]. ¥V
TaKux Kamepax BUKOpUcToByeTbcst CMOS-maTpuiis
ICX-249AL ExView po3mipom 1/2 mroiima. @izng-
HUI pO3Mip OZHOrO eJIeMeHTa MaTpulli (IiKcelis)
CTAHOBUTH 8.6 x 8.3 MKM. 3a MaCOPTHUMU JTaHU-
MU yyTiuBicTh kKamepu — 0.0001 JIk (3 BimHOCHOIO
niacparmoro F/1.4), ciBBinHOIIIEHHS CUTHAJT/IITYM

59



O. B. Ioaybaes, A. M. Moseosa

ctaHOBUTH Oinbire 46 nb. Ilim yac crocrepexeHb
aBTOMAaTUYHE ITiIBUILIEHHS SICKPABOCTI BiIKTIOUEHE.
Tenesizilinuit TIoHep i3 BocbMHUpoO3psiaHUM ALITT
BUKOPUCTOBYETBHCS IJIsI TIEPETBOPEHHS AHAJIOTO-
BOI'O CUTHAJly 3 KaMepu y HU(pOBUid, IKUil 30epi-
raerbcs K Bimeodaiin ¢opmaty AVI. Yci kamepu
ocHaueHo o0’ektuBamu Tamron 12VM 1040 ASIR
(F = 10 mM, BigHOCHa ameptypa F/1.4), ski 3a0e3-
neuytoTh noJie 30py 34.4 x 25.8°. Otxe, 1j151 po3Mipy
300paxkeHHs 576 x 768 TKJ, KyTOBUIl po3Mip Of-
HOTO TiKceslsd CTaHOBUTD 2.65'. ONTUYHI TTpUCTpoi
MeTeopHOTO mnaTpy/st YyryiBCbKoi CIOCTEpEeXHOL
CTaHIIii BCTAHOBJIEHI Ha eKBaTOpiaJbHE MOHTYBaH-
Hs1 Sky-Watcher EQ6-R i mpalioiotb aBTOMaTUYHO.
Y XapkoBi KaMepy BCTAHOBJIEHO CTallioHApHO y Ha-
MIPSIMKY Ha iHIIWI CIIOCTEPEXKHMM MYHKT ITiJ KyTOM
0m3bK0 70° MO TOPU30HTY, 110 3a0e3IIeuye 0a3nCHi
OJTHOYACHI CIOCTEePeKEeHHSI METeopiB Ha JIiHIHHUX
Bucortax 0mm3bko 100 kM. OmHY 3 KaMep METEOPHOTO
natpyiasg YyryiBCcbKoi CITOCTepeXXHOI CTaHIIil OCHa-
meHo audpakiiiiHoo rpatkor 500 mWTpUXiB/MM
IJIST  CIEKTPaIbHUX CIIOCTEPEXEeHb. 3axXOIUIEHHS
BiZe0300paxkeHHsT 3IiMCHIOEThCS aBTOMATUYHUM
peectpatopoM MmeteopiB UFOCapture (SonotaCo)
[15]. s mpuB’sI3KM 4acy METCOpPHHMX MaTpyJliB
BukopuctoByeTbcst GPS-Monyns NEO-6M i mipo-
rpamHa miata Arduino UNO, 3anporpamoBaHa Ha
orpuMmanHsi GPS-curnany (mata, 4ac, reome3md-
Hi KoopauHatu y cuctemi WGS-84) ta mepenaui
i€l iHopmallii Ha TyJIbT YIPaBIiHHSI METEOPHOIO
naTpyJis.

g aBToMaTu3allii IpoLecy BieoCIOCTEPEXKEHbD,
MOMNEPENHBOI MiATOTOBKM CIIOCTEPEXKHOTO MaTepia-
JIy IO aHajli3y, WIS IepBUHHOI (DOTOMETpIii, po3pa-
XYHKiB KiHEMaTUYHUX MapaMeTpiB i 00UKCIIeHb eJie-
MEHTIB TeJlioOLeHTPUYHUX OpOIT METEOPHUX Tijl MU
BUKoOpucTanu nporpamHe 3adesnedyeHHs: UFOAna-
lyzerV2 i UFOOrbitV2, po3pobiere SonotaCo [15].
JaHe nporpamHe 3a0€3MeYeHHs € TOLIMPEHUM HE
TITBKM cepel aMaTopiB, ajie i cepel CIeLialiCTiB y
METEOPHili aCTpOHOMi1, TOMY 1110 BOHO CTBOPEHE Ha
BUCOKOMY IpodeCiiiHOMY PiBHi i 4O3BOJISIE IIIBUAKO
OIpalbOBYBaTU BeJIMKUIT 00’e€M BimeoiHdopMallii
iz yac croctepekeHb (1ie COTHI Bineodaiiis 3a ce-
aHC CIIOCTEPEXKEHb, SIKi TOTPiIOHO MPOIISIHYTH 1 Bifl-
cisiTi haitim 3 XMOHUMU CUTHajaMu). MeToauka
00po0OKM acTpoiHdopMallii, 3akjIageHa y Koai mpo-
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TPAMHOTIO TAKETY, € KJIACUYHOI0, a TOUHICTb pPe3yJib-
TatiB pobotu I13 € KopekTHo0. Jlai, a1 mnepesip-
KM TIEPBUHHOI 00pOOKM, KOHTPOJIIO Ta HEOOXimHOL
KOpeKIlii po3paxyHKiB KiHeMaTUYHUX XapaKTEPHC-
TUK i €JIEMEHTIB IeJlioLIeHTPUYHUX OPOIT METEOPHUX
TiJI, yTOUYHEHHS ToTepeaHiX ()OTOMETPUUYHUX BUMi-
piB, JETaJILHOIO aHaJli3y caMOro MeTeopa 3 TOYKHU
30py (hi3MKHM SIBUIIA BUKOPUCTOBYETHCS TTAKET MTPO-
rpamMHoro 3abe3neyeHHs [1] BIacHOI po3poOKU aB-
TOpiB JaHOI poOOTH.

st IepBUHHOI 00pOOKHU 300pakeHb METEOPHUX
CIEKTpIB, aHAII3y OTOTOXHEHUX €MIiCIMHMX JIiHii,
BUSIBIICHUX y CIIEKTpaX, PO3paxyHKIB KiJIbKiCHOIO
XiMIYHOTO CKJIaly METEOPOiliB MU BUKOPHUCTOBYE-
Mo TporpamHe 3a6e3neyeHHs1 AVSMP_Pro vl, pos-
poOJieHe TaKoX aBTopaMM Iii€i crtarti. JeTtani mpo
METOJAMKY BHUMIipIOBaHb Ta OOYMCJIEHb, 3aKJIaJeHy
y BKaszaHoMmy I13, mpuBeneHo y poo6orti [4]. IIpo-
rpaMHUIA MaKeT aBTOMATU3Y€E TMpPOLIeC BUMipIOBaHb
1 po3paxyHKiB Ta BKJIIOYAE TaKi IPOLIEAYPHU: BUIi-
JIEHHSI KOPHUCHOTO CHUTHally 3 (DOHY IIIyMiB pi3HOI
MPUPOAN, KOPEKIIil CIIEKTPOrpaMU 3a Pi3HOMaHITHI
FeOMETPUYHI i (POTOMETPUYHI CIIOTBOPEHHST ONTU-
KO-eJIeKTpOHHUMM KomnoHeHTamu ABCMII, Bin-
HiMaHHSI HelepepBHOTO Ta aTMOC(EPHOTO BUITPO-
MiHIOBaHHSI, KaJiOpyBaHHSI CIIEKTpOTpaMU 3a JOB-
>KMHAMM XBWJIb, OLliHKA €(eKTUBHOI TeMIepaTypu
METEOPHOI TJIa3MHU, BiIHIMAaHHS BiJ METCOPHOIO
CIeKTpa CMYT IIepIIO] MTO3UTUBHOI CUCTEMHU MOJIE-
KyJisipHOro azory (N,) aTMOC(HEPHOro MOXOIKEH-
HsI, PO3PaXyHOK CHHTETUYHOIO CIEKTpPY, OTOTOX-
HEHHS XiMiYHUX €JIEMEHTIB Y METEOPHOMY CITeKTpi
Ta BU3HAYEHHS IXHBOT'O KIJIBKICHOTO CKJIaday TOIIIO.

Y npaHiii cTaTi MU TIPEICTABISIEMO PE3YIbTaTU
00poOKM 0a3UCHUX CIlOCTepeXkeHb, (hOTOMETpil Ta
KUJIBKICHMI aHali3 CIeKTpiB BUOpaHuX 12 MeTeo-
piB (sickpaBiiux 3a 0™), oTpMMaHMX 3a 10IOMOI0I0
ABCMII.

PE3VJIBTATI

Kinemamuuni xapaxmepucmuxu i eeaiouenmpuy-
Hi opOimaavni napamempu memeopoioie. Tabm. 1—3
MICTITh pe3yJbTaTh BUMIPIOBaHb Ta PO3PAXYHKIB
KOOPJIMHAT METEOPHUX paliaHTiB, MapaMeTpu aT-
Moc(epHUX TPAEKTOPili METEOPHUX TiJl, TeTiOLeH-
TPUYHI OpOiTaJbHI TMapaMeTpu CIIOCTEepPEeXKEHUX
meTeopoiniB Ha enoxy (J2000). Ili mapameTpu BKa-
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3yI0Th Ha Te, L0 CIocTepexeHi MeTeopu (Tad. 4)
HajexXxaTb METEOPHUM ITOTOKaM Ta IXHiM OaTbKiB-
cbkuM koMmetaM: Ilepceinu (109P/Swift — Tuttle),
Jleoninu (55P/Tempel — Tuttle), ITiBnenHi Taypunn
(2P/Encke). Jlesiki MeTeopHi Tija He OyJIO OTOTOX-
HEHO 3 BiJIOMUMU METEOPHUMMU MOTOKAMU, TOMY €
CMOpaIUUYHUMMU.

KpiMm ocHOBHMX nmapaMeTpiB MeTeopiB, 10 TaoJI. 2
MM BHECJIM JIaHi MPpO KYTOBY BUCOTY, Ha SIKiii cro-
cTepiraBcs KoxeH Meteop. Lli 3HaueHHsT BUKOpUC-

TOBYBAJIMCh [IJII a0COJIOTHOI (hOTOMETPil KPUBHUX
0JIMCKY METeopiB Ta IIiJ 4ac IMPOLEAypU KOPEKIIil
METEOPHUX CIIeKTPOrpam 3a eKCTUHILi10 aTMOochepu
K (YHKIII DJOBXMHM XBWJIi. TakoxX BMIE 3a3Ha-
yajocsl, 10 CHOCTePiraeTbCsl 3aj1eXHiCTb KOHLIEH-
Tpallii eJEMEHTIB Yy XiMiYHOMY CKJIaZli METEOPHUX
Tin (ocobnuBo jetkux Na i K) Bin mepureniliHoi
Binctani. ToMy My HaBOAMMO B Ta0J1. 3 mepuresiii-
Hi BifCTaHi IJIs1 TOCTIIKYBAaHUX METECOPHUX TiJl SIK
BAXJIUBY XapaKTePUCTHUKY.

Tabauys 1. Koopnunatu Meteopuunx paxianTis (J2000) (MJD — momudikosana FOnianceka nara,
A,y — AoBrora Conus, o, 5 — eKBaTOPiaIbHi KOOPAUHATH PajiaHTa, V;, — reOleHTPUYHA IBUIKICTH)

# Hata (UTC) UTC MJD A g, TPAIL. o, Tpan. | Aa, rpan. | o, rpaa. | Ad, rpan. Vg, KM/C AVg, KM/C
1| 2019-08-19 22:33:14 58714.94 146.3871 294.8 2.6 —14.3 3.8 10.2 1.9
2| 2019-08-19 22:40:58 58714.95 146.3923 58.7 0.1 57.9 0.0 58.5 0.2
31 2019-08-20 19:25:49 58715.81 147.2240 327.0 0.2 80.4 0.1 38.4 0.2
41 2019-11-21 21:02:56 58808.88 238.9780 69.9 2.9 15.2 3.7 25.7 4.9
51 2019-11-24 03:56:13 58811.16 241.2894 156.8 0.3 19.1 0.7 67.6 1.0
6| 2020-06-25 22:30:54 | 59025.94 94.5269 304.6 0.4 59.6 0.2 36.7 0.4
71 2020-08-07 21:15:50 59068.89 135.5270 31.3 0.5 23.2 0.5 63.0 1.2
8| 2020-08-12 23:54:28 59074.00 140.4284 49.3 1.0 59.0 0.4 54.8 2.8
9| 2020-08-12 23:55:35 59074.00 140.4291 48.9 1.1 58.2 0.2 57.1 1.4
10 | 2020-08-13 01:26:36 59074.06 140.4898 48.3 0.4 58.1 0.2 58.1 0.6
11| 2020-08-16 00:32:34 | 59077.02 143.3360 53.6 27.2 62.0 11.0 39.0 21.4
12 | 2020-09-23 19:51:46 59115.83 180.9589 311.7 0.4 -17.9 1.0 9.5 0.6
Tabauys 2. Ilapamerpu aTMocdepHuX TpacKkTopiii MeTeoprux Tia (¥, — noszaatmocdepna mBUAKICTh MeTeopoiza,
Z, — 3eHiTHA BIICTaHb METEOPHOTO pamianty, (A, ¢;, H,)i (A,, 9,, H,) — reone3n4ni KOOpAUHATH i JiHiliHA BUCOTA
METEOPHHX TiJl y MOYATKOBHIA i KiHIIeBHii MOMEHTH CIOCTEPEKEHD SBHUINA)
Ne V., km/c Zp, TPaLl. ﬁgggg;”{;ﬁé Ay, Tpaj. ¢y, Tpaj. Hy, xm Ay, TPAIL. ¢,, TPa. H,, xm
1 14.9 62.5 71 36.5737 49.7338 78.7 36.7392 49.8366 69.9
2 59.5 41.7 70 36.9743 50.0125 116.1 36.6346 49.8294 80.1
3 40.0 31.4 68 36.6472 49.9909 106.5 36.6099 49.863 82.6
4 28.2 35.6 77...78 36.837 49.5002 79.9 36.7493 49.6004 61.9
5 68.6 30.5 69...74 36.4947 49.7065 110.2 36.5 49.8056 91
6 38.4 13.5 74...78 36.6415 49.653 96.8 36.6099 49.6274 81.8
7 64.2 64.9 74...85 36.9252 49.6078 101 36.6037 49.5803 89.9
8 56.0 30.9 68...73 36.6661 49.8828 109.7 36.5147 49.8092 86.7
9 58.3 30.6 80...85 36.8782 49.725 110.5 36.7154 49.6496 85.9
10 59.2 18.4 82...83 36.9772 49.786 119.8 36.8511 49.7237 85.2
11 40.6 26.7 80...81 36.8776 49.7842 97.2 36.6382 49.6419 50.8
12 14.6 57.3 72...73 36.5182 49.5945 89.1 36.6074 49.7274 78.6

ISSN 1561-8889. Kocmiuna nayka i mexwonoeis. 2024. T. 30. Ne 4 61



O. B. Ioaybaes, A. M. Moseosa

Macu memeopnux mia. B OCHOBI METOAUKM JJIsI
po3paxyHKy no3zaatMmocdepHoi Macu ((poToMeTpuy-
Ha Maca) METECOPHOTIO Tija JIEXUTh MPUITYILICHHS,
110 Y CBITHICTh METEOpa MEePEXOAUTh AesIKa YaCTH-
Ha Moro KiHeTW4HOI eHeprii. BBaxkaTtmmemo, 110
MeTeopoin Mae chepuuHy Gpopmy. 3HEXTYEMO rajib-
MYBaHHSM METEOPHOTO Tijia i mMpuitMemMo, 110 Horo
wBuakicts (V, km-c™!) y Oyab-sKuit MOMEHT yacy
(¢, ¢) mig yac pyxy y 3eMHilt arTMocepi 10piBHIOE 10~
3aatMocepHiil mBunkocti (V, km-c!), Bumpas-
JIHII 3a BCi rpaBiTalliiiHi i TeOMETPUYHI CIIOTBO-
peHHs, Tooto V= V_ = const. Toxai poromMmeTpnuHy
macy (mph) METEOPHOI YaCTMHKM Yy rpaMax MOXHa
OLIIHUTH 3a BiOMOIO CIIPOIIEHOI0 (POPMYJIOIO:

2
4TcI=—TV—dmph , (1)
2 dt

ne I — cuna csitia (epr-c!:cp!). YV po6orti Buko-
pucTaHo Koe(ilieHT e(peKTUBHOIO BUIIPOMiHIO-
BanHs ¢ = 0.002 [6, 8, 16].

Haftyacrile y cydyacHUX KaTajorax MeTeOpHMX
CMHOCTEPEKEHb, IKi MOXYTb HaJliYyBaTU COTHI TUCSTY
METEOPOIAiB 3 00YMCICHUMU KiHEMaTUUHUMMU i Op-
OiTaJILHUMU TTapaMeTpaMM, He BKa3aHO Mac METeO-
pOiniB, po3paxoBaHUX 3a MOBHOIO KPHBOIO OJIMCKY
METEOpiB, OOMEXKYIOUMCH JIMIIIE 3HAUYCHHSIM SICKpa-
BOCTI MeTeopa y MaKcuMyMi Oymcky. Lle yckinagHioe
MOXUIMBICTh CTaTUCTUYHOIO IIOPIiBHSIHHSI Pi3HUX
0a3 criocTepexXeHb, KOJU MIeThCs MPO MOLIMPEHICTh

y CoHsIUHIIi cUCcTeMi peuOBMHU METEOPOIIiB 3a iXHi-
MU MacaMU Ta XiMiYHUM cKJ1aaoM. [IpoTe 3 piBHSIHb
KJIACMYHOI Teopil MeTeOpHOI (hi3UKU Y IIPUITYILIEHHI
Bimomoi Moei «A» MeTeopa MOXHa OLIIHUTU Macy
YAaCTUHKU 3a EeMIIipUYHOIO0 (POPMYJIOIO0, 3aIIPOIIOHO-
BaHOIO y po0oTi [18]. ¥ moHorpadii [3] e mutanHsa
TaKOX PO3IJISIHYTO y CHUCTeMaTU30BaHOMY BUIJISI-
ni, n1e 0ys0 oTpuMaHoO (popMyJly Ha OCHOBI aHaJi3y
(GOTOMETPUYHUX MaC SICKpaBUX METEOpiB i BBaXa-
€ThCS, 1110 JaHa (opmynia JT03BOJSIE 3 JOCTATHBOIO
TOYHICTIO BUBHAUYUTH MOYATKOBI 3HAYE€HHST Mac Me-

TEOPHUX Tisl (m emp):

. 1.62-10%-2.512 Mo
op VicosZ,
ae m,,, — maca METEOpPHOI YaCTMHKHU y Tpamax,
M, .. — abcoioTHa 30psiHA BEJIMYMHA METeopa y
MakKCUMyMi OJ1MCKy, V — mo3aarmocdepHa LIBU-
KiCTb MeTeOpHOi yacTuHKU (cMm-c!), Z ® — 3CHITHA
BiICTaHb pamiaHTa.

Y po6oTi [18] mopiBHSIHHS 3HAYEHb EMITIpUYHUX
Mac, obuucieHux 3a (opmynow (2), i3 (poTome-
TPUYHUMM MacaMu 1ist 170 MeTeopHMX Tijl, IMOKa-
3a0, o y 80 % 3 HUX eMITipUYHI Macu Bigpi3Hs-
I0ThCS Bifl (DOTOMETPUYHUX He Oisblle, HiXK yIBidi,
1 1151 Pi3HULIS 3aJIEXKUTD Bifl IIBUAKOCTI METeOpoiaa.
EmmipuyHi Macu € HIDKHBOIO MEXE0 Mac 4acTh-
HOK. KpiM 1IbOTr0, IPUITYCKAETHCSI MOKIIMBA 3aJ1€3K-
HiCTh TaKOI MeXi BiJl XiMiYHOTO CKJIaay METECOPOIIiB.

; (@)

Tabauys 3. TenionenTpuyni opoiranshi napamerpu (J2000) meTeopoinis
(@ — BeJMKA MiBBiCh, ¢ — MepUreiiiHA BiICTaHb, ¢ — €KCHEHTPUCHUTET, () — APrYMEHT Mepureis,
() — J0BroTa BUCXIZIHOTO BY3J]1a, i — KYT HAXWIY 0pOiTH, A — NOXMOKA BU3HAYEHHSI NAPAMETPIB)

Ne | a,a.o. Aa, a.o. q,a.o. Ag, a. o. e Ae ®, Tpam. A, rpan. Q, rpaj. i,rpan. | Ai, rpan.
1] 1.92 0.36 0.920 0.020 0.522 0.093 222.6 2.6 146.3878 2.1 1.0
2| 5.64 0.65 0.933 0.001 0.835 0.018 146.0 0.5 146.3923 114.9 0.2
31 5.09 0.25 1.010 0.000 0.801 0.010 175.0 0.1 147.2240 65.4 0.1
41 1.73 14.16 0.396 0.071 0.770 0.123 112.1 6.0 58.9800 7.0 3.7
51 2.57 0.71 0.987 0.000 0.616 0.081 180.4 1.8 241.2902 164.3 1.1
6| 6.01 0.98 1.013 0.000 0.832 0.025 186.9 0.5 94.5268 61.8 0.4
71 171 0.33 0.899 0.023 0.474 0.076 229.7 7.9 135.5270 161.3 0.9
81 2.81 39.67 0.926 0.023 0.670 0.181 141.8 9.0 140.4284 108.9 2.3
91 4.56 39.86 0.940 0.010 0.794 0.100 146.7 3.3 140.4292 111.7 1.0

10| 7.21 39.09 0.949 0.003 0.868 0.049 149.7 1.2 140.4898 112.4 0.5

11| 0.85 366.83 0.578 0.293 0.324 1.050 40.8 53.4 143.3360 87.5 37.0

12| 2.54 0.26 0.965 0.003 0.620 0.039 205.6 1.2 180.1745 0.0 0.2

[=a)
[N
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3 ypaxyBaHHSIM XiMIiYHOTO CKJIamy 3HAYE€HHSI €MITi-
PUUYHHUX MAcC MOXYTb 30inbIuTHCS y 1.5...2 pas3u.
Tomy My Manu Ha MeTi, KpiM iHIIIOTO, MEePeBipUTU
KOPEKTHICTb BUKOPUCTAHHS y MOJAJBIINX JTOCHTia-
SKEHHSIX eMMipuyHoi opMyau (2) HUISIXOM MOPiB-
HSAHHA M, 31 3HAUEHHSIMU M.

3 iHIIIOro OOKY, MU MPUIYCKAEMO, 1110 i y (hopMyJIi
(1) xoedilieHT e(heKTUBHOTO BUIIPOMiHIOBAaHHSI (T)
TaKO0X Ma€ HeSIBHY 3aJIeXKHICTh Bil XIMiYHOIO CKJIa-
Iy MeTeopHOI YacTUHKU. Lle mpumnyiieHHs BUTLIY-
Ba€ 3 TOTO, 110 3a CBOIM (Di3UUHUM 3MiCTOM Koedi-
LIEHT e(heKTUBHOIO BUITPOMiHIOBaHHSI TOKAa3ye Ty
YaCTUHY KiHETUYHOI €HEeprii, Ika BUTPAYa€ThCs Ha
po3irpiBaHHsI Ta BHCOKOTeMIepaTypHe BUIApOBY-
BaHHSI TOBEPXHEBOTO 1Iapy METEOPHOTO Tijia, TOOTO
BU3HAYa€ TePMOAMHAMIUHI i KiHETUYHI BJaCTUBOC-
Ti peyoBUMHU MeTeopoina. ToMmy BpaxyBaHHS XiMid-
HOTO CKJIaAy METEeOpHOro Tiia y hopmyii (1) moxke
BIUIMHYTH Ha 3HAYE€HHSI O0YMCIEHOI (DOTOMETpUYI-
HOI Macu. AJie NepeBipuTH TaKi MPUMYLIEHHS MOX-
JIMBO Oyle TUIbKY TTiCJISI OTPUMAHHS CTaTUCTUYHO
3HAYYIIOI KIJTBKOCTI CIEKTPAIIbHUX CIOCTEPEXEHb
METeOopiB i MOJENIOBaHHS iXHiX KpPUBUX OJUCKY 3
BpaxyBaHHSM CIIEKTPaIbHUX CIIOCTEPEXKEHD, 110 €
TEMOIO HACTYITHUX JOCITiIKEHb.

V 1ab51. 4 HaBeIeHO pe3yabraTh PO3paxyHKiB Mac
3a ¢opmyaamu (1) i (2) o crocrepeskeHUX Hamu

Tabauys 4. lo po3paxyHKy Macu MeTeopHux Tia (M, —
a0CcoII0THA SICKPABICTh METEOPA Y MAKCHMYMi OJIHCKY)

Ne | MR Mo | T | it (Ximwin)
1 Spo 1.2m 2.36 0.57 (0.146)*
2 PER -1.5 0.07 0.09 0.10
3 Spo -0.3 0.10 0.05 0.10
4 STA -0.2 0.38 0.97 0.1)*
5 LEO -0.9 0.02 0.03 0.04
6 Spo 0.4 0.05 0.05 0.09
7 Spo -1.1 0.06 0.40 0.05
8 PER —0.8 0.04 0.05 (0.02)*
9 PER -1.1 0.04 0.05 0.06

10| PER 01 | 002 | 0.02* | 010

11 Spo 0.3 0.05 0.04 0.04

12 Spo 0.5 4.16 0.57 0.72

IMpumiTka: * — 3aJMIIKOBE 3HAYEHHSI Macu, OTpUMaHe 3a
HEIOBHOIO BUAMMOIO YaCTMHOIO MeTeopa abo 3a HasiBHOCTI
XMapHOCTI ITiJl Yac CrOCTEPeXeHb.
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Puc. 1. 3anexnocrti Bin nozaarMocdepHoi mBuaKocTi V|
METEOPHOTIO TiJla abCONIOTHOI 30pAHOI BenuaMHu M, 'y
MaKCUMYMi OJIMCKY MeTeopa (@) Ta Macu m METEOPHOTIO Tijia
(6), po3paxoBaHoi 3a eMIipUIHOIO (hopMyItoio (2) (TOUKM) Ta
3a dopmyoro (1) (xpectnku — maHi YyryiBCbKOTO IyHKTY,
TPUKYTHUKM — AaHi XapKiBCbKOTO IMyHKTY)

BuOpaHux 12 mereopHux 1. oTomMeTpruHa Maca
pO3paxoByBaacs OKPeMo 3a KpUBUMM OJTMCKY, OTPH -
MaHMMHM 3i CIocTepexkeHb Ha YyryiBChbKiil CIiocTe-
pexHiit cranmii Ta HII actpornowmii y Xapkosi. s
Bigyastizaiil Ha puc. 1, a mokasaHo sanexHicte M,
MeTeopa Bill V| METEOpHOrO Tija, gKa IEMOHCTPYE
J00pe BioMY 3aKOHOMIipHICTh — SICKPaBiCTbh METEO-
pa 'y MaKCUMYyMi OJIMCKY 30i/IbIIYETHCS 3i 301LIbILICH-

HSM 3HaueHHs V_ meteopHoi yactuHku. Ha puc. 1, 6
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lgm,, (m,,, )
3
2 -

Puc. 2. 3anexHictb HOTOMETPUIHOI Macu lgmph (@) i emri-
pUYHOI Macu lgm omp (6) METEOPHMX TiJ B aOCONTIOTHOI 30-
PSAHOI BEJIMYMHM METEOPa y MAKCUMyMi OucKy M, . - TeMHi
TPUKYTHUUKM — 3a gaHuMu ABCMII-XapkiB, cBiTii Tpu-
KyTHUYKU — 3a naHumu ABCMII-YyryiB, TeMHi KBaapa-
KU — eMItippuaHa Maca (ABCMII), xpectuku — katajor
MSSWG [11]; cBiTni kBagpatuku — Katasor [17]. [TyHkTup-
Hi JTiHii — MeXi MOXJIMBUX 3HAU€Hb Mac METEOPOIiliB

MoKa3aHOo (PYHKIIIOHAJbHY 3aJIe>KHICTh MaCU METEOP-
HOTO Tijla, po3paxoBaHy 3a (opmynamu (1) i (2), Bin
ioro mBUAKOCTI B atMocdepi. baunMmo, 1110 3a Bu-
KJIIOUEHHSIM KiIbKOX OLIIHOK, Y 3araJibHOMY BUITaIKy
3HAUEHHSI Mac, po3paxoBaHi 3a oboma (opMmyiaMu,
Y3TOIIKYIOTBCS MK CO0010. Aje 0COOJMBO BeMKa
pi3HULS Y 3HAYEHHSIX Macc m,, im emp TMOMITHA JJ1
MepILIOro i OCTAaHHBLOTO CMOPaJAUYHUX METEOPiB, Ha-
BeldeHUX y Taou. 4. [TpruuomMy 3HaAYeHHSI m emp SHATHO

64

(y 41 6.5 pa3iB BillTIOBIIHO) MEPEBUIILYIOTh m,,. st
LIMX METEOPHMUX TiJl XapaKTepHa Jiy>ke HHU3bKa Mo3a-
armocdepHa wBuakicts (V, = 14...15 km-ch).

3ajexHicTb (poTOMETPUUYHOT Macu m,;, CTiocTepe-
KeHux 3a Joromoroo ABCMII meTeopHuX Tim Bim
a0COJIOTHOT 30PSTHOI BEJIMUMHU METEOpPiB Y MaKCH-
MyMi Ocky (M, ) 300paxeHo Ha puc. 2, a. [l
MOPIBHSIHHA Ha 1110 X JliarpaMy HaHECEHO 3HAYEHHS
¢oTOMETPUYHMX MacC METEOPHMX YaCTMHOK 3 ba3u
manux opoir MSSWG (MSSWG Orbit Database)
[11], ssxa micTuTh BimeomaHi mpo 3533 MeTeopu Bim
sickpaBux (—4™) mo mocuth ciadbkux (+7™) 3a cro-
crepexxeHHsIMuU 3 3 ciuHs 1983 poky mo 21 KOBTHS
2009 poky 3 KiibKoX cTaH1iii Po6o4oi rpynu cemiHa-
py 3 nocnimkeHb MmeteopiB MSSWG (Meteor Science
Seminar Working Group) y Anonii [12]. Jo 1992
pOKy Ipymna 3aiiMaiiacsl 0a3MCHUMM (IBOCTAHILIiMA-
HUMHK) (POTOCITOCTEPEKEHHSIMU MeTeopiB, a 3 1993
POKY — TeJIeBi3iiHUMU CIIOCTEPEKECHHSIMU METEOPIiB
[14]. Inst mOpiBHSUIBHOTO aHali3y 3 yChbOTO KaTajlory
MM Bifiopamu 464 MeTeopH, UTS IKMX MOXUOKa IT0-
JIOXKEHHSI pafiaHTiB i TeOLIEHTPUYHOI IIBUAKOCTI M€-
TEOPHMX TiJl He TiepeBHIlyBajia 3 %, a 3HaYeHHS eKC-
LIEHTPUCUTETY TeJIiOLIeHTPUYHOI opOiTh e < 1. Y Kka-
TaJi03i BKa3aHO 3HAYEHHSI TeOLIEHTPUYHOI IITBUIKOCTI
(Vg) METEOpOIIiB, ajie BOHU MaJjIo BiIpi3HSIIOTHCS Bif
V., iTOMy Lie HE BIUIMBAE CYTTEBO Ha pe3yJbTaTh
CTaTUCTUYHOTO TMOPiBHSIHHS 3 iHIIIMMU KaTajJoraMu.
Kpim 1iboro, Ha puc. 2, @ HaBeAeHO JIaHi 3 perpe3eH-
TaTUBHOTO KaTajory 84 mereopiB (Bimg +2 no —3™),
onyo6aikoBaHoro B [17]. KaTtanor MicTUTb pe3yabTaTh
0a3uCHUX CIEeKTpaJbHUX (i3 HMU3bKOIO PO3IiLILHOIO
3[IaTHICTIO) BiIEOCIIOCTEPEKEHD Ta BKA3aHO JaHi PO
¢oTOMETpHUYHI MaCH METEOPHMX Till.

Sk BugHO 3 miarpamu (puc. 2, @) 3HAYEHHS Mac
METEOpOilliB, pO3paxoBaHi 3i CIOCTepekeHb, OTPU-
MaHux 3a gomomororo ABCMII, xou i BapiloioTh,
ajie B LJIOMY Y3TOMXYIOThCS 3i CIOCTepEXKEHHSIMU
IHIIIMX TOCTiIKEHb B iHTepBaJli aOCOTIOTHUX 3HAYEHb
sicKpaBoCTi MeTeopiB —2™...+1.5". KpiMm TOro, Bu-
JIHO 3arajlbHUi 3B’S130K MiX aOCOJIIOTHOIO 30pPSIHOIO
BEJIMUMHOIO METeopa y MaKCMMyMi OJIMCKY i Macolo
METEOPHOTO TiJia, ajie Uik OAHOTO i TOTO 3K 3HAYEHHS
SICKPaBOCTi MeTeopa Maca YaCTUHKU MOXe BapitoBaTh
B 3aJICXKHOCTI BiJl LLIBUIKOCTI y Mexkax 3-4 MopsiIKiB.

3anexHicTb Mac (m emp) METCOPHUX TiJI, pO3-
paxoBaHUX 3a ¢opMyolo (2), Bil abCOJIOTHOI 30-
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PsSIHOI BeJIMYMHU METEOpiB MoKa3aHa Ha puc. 2, 6.
Ha puc. 2 nyHKTUpHUMU JTiHISIMI TTO3HAYEHO MEXi
MOXJIMBUX 3HAYeHb Mac METEOPOITiB B 3aJIeXKHOC-
Ti Bil mno3aaTMochepHOl HIBUIKOCTI METeOpHOI
yactuHku (11 k¢! < v, <71 km-c'!) Ta 3eHiTHOI
BincTani pagianTa (10° < Z, < 70°). MeTeopHi Tina
3 MiHIMQJIbHUMU IIBUAKOCTSIMHU PO3TAIIOBYIOTHCS
OmK4ye 1O BEepXHBOI MEXi, a 3 MaKCUMaJIbLHUMU
IIBUIKOCTSIMU — 10 HMXKHBOI. Ha 000X miarpamax
TepeBakHa YaCTHHA TOYOK PO3TAIlIOBaHA B OJHAKO-
BUX iHTepBajaxXx MeX, ajie 100pe MOMITHUM € CUC-
TeMaTUYHUI 3CYB 3HaU€Hb eMITIpUYHUX MacC YacTu-
HOK BiTHOCHO 3Ha4eHb (POTOMETPUYHUX MacC.

Puc. 3 neMOHCTpye 3ajeXXHICThb BiTHOIIEHHS
My / m,, Bill nozaarmocdepHoi 1wBuakocTi (V)
3a JaHUMM Pi3HMX KaTajoriB. ¥ Miama3oHi IIBU-
kocreit ¥, > 25 kme™! y karanosi ABCMIT BigHo-
LWEeHHS M, , / My, 6m3bKe Mo 1; TS perpe3eHTa-
TUBHOTO Kartajory [17] My / m,, = 2; 151 KaTajaory
MSSWG m emp / m,, ~ 0.5. YV nianma3oHi mBUAKOCTE R
meteopoinis V,, <25 kmc™! macu m,,,, im,, MOXyTb
Biapi3HsATUCh Ha TOpsiaoK. CyTTeEBa Pi3HULS MixX
KaTaJloraMu Yy 3HauyeHHsAX (HOTOMETPUUYHMX Mac,
MOKJIMBO, TOB’sI3aHa 3 Pi3HUMM MOIEISIMU BUOO-
py 3HaueHHs1 KoepillieHTa T e(DeKTUBHOTO BUIIPO-
MiHioBaHHs. lleil pe3ynbraT € BaXJIMBUM IIil 4ac
MOPIBHSHHS Pi3HUX 0a3 TaHMX CIIOCTEPEXKEHb Me-

Tabauys 5. XiMiuHHi CKJIaJ METEOPHHUX TiJ

TeopiB, a00 HAMIPUKJIIAM, IJIsSI MOJEIIOBAaHHS KPUBUX
OJIMCKY METEOpiB 3 BpaXyBaHHSIM XiMiUHOIO CKJIALy,
BU3HAYEHOTO 3 METEOPHUX CIIEKTPIB.

Memeopni cnexmpu. J11s1 12 mocnimKyBaHUX Y po-
00Ti MeTeopiB oTpMMaHoO crekTpu (Tadi. 5). OgHak
JUTSL JIeSTKUX 3 HUX CIIEKTpU Oy BUKITIOYEHi 3 aHa-

memp/mph
16 r
o
14
12t ¢
10
L o
8 2 ]
6 B OA O
4} A @04 o Dn 5
& @ n; 0 o 202 o
o 0g o o
2t %o mo om B _p°
W B %gi@ 2D %R o
0
10 20 30 40 50 60 70 80
V., xM/c

Puc. 3. 3anexHicTb BiTHOIICHHSI m emp/mph eMITipUYHOI i
(boTomMeTprYHOI Mac Bil Mo3aarMochepHoOl MIBUAKOCTI V_
TeMHi TPUKYTHUYKN — 3a ganumMu ABCMII-XapkiB, cBiTii
TPUKYTHUYKU — 3a nanumMu ABCMII-YyryiB, cBiTsIi KBaa-
patuku — kataior [17], xpectuku — karajior MSSWG [11]

Ne l;grzi(g[éﬁrg SIkicTb ciekTpy Tecb’ K Mgl-2,% | Fel-15,% | Nal-1,% Tur criekTpy
1 0098 Hyxe cnadkuit — — — — —
2 0099 ! 6337 41 23 36 Hopwmainbhi MeTeopoinu
3 0104 ! 6406 44 19 37 Merteopoinu, 6inHi Ha Fe
4 0163 ! 5971 37 32 31 HopmanbHi MmeTeopoinu
5 0181 6525 38 34 28 HopmainbHi MeTeopoinu
6 0186 7123 54 15 31 Merteopoinu, 6inHi Ha Fe
7 0220 6380 52 34 13 Meteopoinu, 6inHi Ha Na
8 0286 5000 46 17 37 Mereopoinu, 6inHi Ha Fe
9 0287 ! 5594 44 23 32 HopmMmanbHi MeTeopoinu
10 0299 ! 6777 46 21 33 HopwmaibHi MeTeopoinu
11 0312 Jlyxe cnabkuii — — — — —
12 0399 B3nosx niHii — — — — —
nucnepcii

[pumirka: T, j, — edexTuBHa TeMIepaTypa METEOPHOI MIIa3MK y MAKCUMYMi OJTMCKY METEOpa, 3HAKOM «!» TI03HaYeHO SICKpaBi

CIIEKTpH (3i 3HAUHUM PiBHEM CUTHAJI/IITYM).
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Puc. 4. InTerpaibHi rornepeyHi ckaHu (pparMeHTiB BiZieO 3 METEOPHUMMU CIIEKTPaAMM Y MAKCUMYMi sickpaBocTi. CrieKTpH Imo-
Ka3aHo 3 iHBepCi€lo sSICKpaBOCTi. BUKMI y IcCKpaBOCTi BiIOBiIa€ HYJIbOBOMY MOPSIAKY CIIEKTPY. BKazaHO MOJOKEHHS ASSTKUX
HalsICKpaBillMX JiHil XiMiYHUX eJIEMEHTIB Y CKJIa/li METEeOPHOTO Tijla. Jly>)kkaMu Ha 300pakeHHSIX CJIa0KUX CIEeKTPiB MoKa3a-
HO IXHi MpuOJN3HI TToJoXeHHs1. HoMepu meTeopiB y 6a3i nanux criocrepexkeHb ABCMIT (y my>kkax — HoMep Kaapy Bifeo 3i
criektpom): a — 0098 (63), 6 — 0099 (65), 6 — 0104 (63), e — 0163 (52), 0 — 0181 (54), e — 0186 (56)

JIi3y 4epe3 HU3bKY SIKiCTh 300pakeHHs. Lle MeTeopHi
crekTpu Imig HomepoM 1, 111 12 y ta6u. 5. CriekTpu 3
HU3BKUM PiBHEM CUTHAJ/IIYM MOTPEeOYyIOTh OKPEMO-
ro BUBYEHHSI Ta PO3POOKU METO/IiB BUAIEHHS KOPUC-
HOTO CUTHaJy 3 (bOHY IIyMiB. 3HAKOM OKJIMKY «!» y
Ta0IMLII TTO3HAYEHI CIIEKTPHU 3i 3HAUHUM PIBHEM CHUT-
HaJI/1IyM i sIKi MalOTh Bi3yalbHO YiTKO BUIMMi CITE€K-
TpajibHi JIiHii, 110 Ja€ MOXJIMBICTh BIIEBHEHO IIPO-
BECTU MO3ULIIIHY MPUB’SI3KY 32 TOBXUHAMU XBUJIb B
ycboMy oTpuMaHoMy crieKTpi (AL 350...900 Hm).

Ha puc. 4 npencraBieHo 300paxkeHHsI (pparmMeH-
TiB BiIcO 3 METEOPHUMU CIEKTpaMU Y MaKCUMYMi
SICKPaBOCTi METEOPiB Ta IXHi iHTerpajbHi IoIepeyHi
ckaHu. s 3pyYyHOCTI CHOPUUHSTTS 300pakeHHsI
CHEKTpIB ITOKa3aHO 3 iHBepCi€lo sICKpaBOCTi. bibli
JIeTaJIbHO TIPOLIEAypy OOPOOKM METCOPHHUX CIIeK-
TPiB OMKUCAHO Yy poOoTi [4]. 3a3HAYMMO TUIbKH, 1110
METEeOpU TEePEMIIIYIOThCSI B TIOJIi 30py CIIEKTpasib-
HOI KaMep! ITiJl pi3HUMU KyTaMHU [I0 JIiHil nucnepcii
IUdpaKIiiHOT I'PaTKU, TOMY MU OTPUMYEMO CITEK-
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Puc. 4 (npodosacenns). € — 0220 (54), ac — 0286 (59), 3 — 0287 (60), u — 0299

(59), i — 0312 (56), k — 0399 (65)

TPU, Y SIKMX CIIEKTPasIbHi JIiHil HaXuJeHi mig aesi-
KMMM KyTaMHU 10 OCi aOCIIMC B CUCTEMi KOOPIUHAT
noJist Kaapy. Juist oTpuMaHHsI AMCKPETHOTO Tornepe-
YHOTO CKaHy OLM(POBYETHCS YaCTHHA 300paXkKeHHS
3i CIIEKTPOM, TMOBEPHYTOrO Ha KYT IO3J10BXHbOIO
nepeMillieHHs 300paXKeHHsI MeTeopa Yy TOJIi Kaapy.
Jlasi CTBOPIOETHCS iHTErpajbHUI ITOTIEPEeYHU CKaH
LIJISIXOM  TiJICYMOBYBaHHSI 3HA4€Hb SCKPaBOCTEN
IMKCeJiB Yy KOXHOMY CTOBIILi BMOpaHOI 4acTUHU
300paxkeHHs. OTpUMaHUII CKaH allpOKCUMYETHCS
KyOiYHMM CIUIaliHOM i TaycCiaHOIO IJISI TTOJAJIbIIIO-
ro OTPMMAaHHS CIIEKTpOTrpaM Ta HACTYMHOI iXHbOi
00poOKHU (IpUB’sI3Ka 3a JOBXMHAMU XBUJb, MTPO-
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Leaypy KOpekiliii 3a (poTOMEeTpUYHI i FeOMeTPpUIHI
CIIOTBOPEHHSI, A0COIIOTHE KaiOpyBaHHSI CIIEKTPO-
rpaMu TOIIO).

ITepeBaxkHa OUIBIIICTh CIEKTPIiB MalOTh HYJIbO-
BUI MOPSIAOK 300paXeHHSI MeTeopa, SIKUK MposiB-
JISIETHCS Y BUTJISIII OKPEMOTO BUKUIY SICKPABOCTi Ha
nonepeyHnx ckanax. Crextp Mereopa 0163 3a Ga-
3010 maHux croctepexeHb ABCMII (tabia. 5) mic-
TUTDH CIIEKTpP MEPIIOro i YaCTKOBO APYTOro MOpsi-
Ky (puc. 4, ¢). Ha puc. 4, a, i, k, nig 300paxkeHHIM
CHEKTPIB AY>KKOI0 BKa3aHO MPUOJIU3HI ITOJTOXKEHHS
c1a0KMX CIIeKTpaJabHUX JIiHiK 1-To mopsaky. Ha 30-
OpaxeHi creKTpa Ta iHTerpajJbHOMY IOMEePEeYHOMY
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Fel-15
1.0

Mgl-2 Na Nal-1

Puc. 5. Tlotpiithuii rpadik mis mynsrurieTiB Na I-1,
Mg I-2iFe I-15y neB’saTu 1OCiIKYBaHUX METEOPHUX CITEK-
Tpax. Hymepatiiis Touox Biarnosimzae Hymepallii y Ta0dj. 5

ckaHi (puc. 4, 6) BKa3aHO ITOJIOKCHHST JeSIKNX Hali-
SICKPABIIIUX JIIHIM XIMiYHUX €JTEMEHTIB Y CKJIaJli Me-
TEOpPHOTrO TiJla Ta 3eMHOI armMocdepu: Mg I, Na I,
Fe I, N I, O I, cMyru MosiekyJIsIpHOTO a30Ty N,.

ITicnss oTpuMaHHSI CKAaHOBAHOTO 300pakKeHHS
METEOPHOTO CIIEKTPY Ta HOro KajaiOpyBaHHS 3Miii-
CHIOETHCS AeTajbHa imeHTu(IKallisg CIeKTPaTbHUX
JIiHi/ 3 ypaxyBaHHSIM Pi3HOMaHIiTHUX T€OMeTpUY-
HUX i (POTOMETPUYHMX CIIOTBOPEHb, BUKOHYETHCS
MOILIYK HOBUX €MIiCiiHMX JIiHili, BU3HAYAIOThCS IXHi
a0COJIIOTHI iHTEHCHUBHOCTI, pO3paxoBYIOThCS (Pizny-
Hi ITapaMeTpy METEOPHUX Ti i T. 1. [4].

Busnauennsa ximiunozo cxaady memeopoioie. s
SIKICHOTO Ta KiJIbKICHOTO aHaJjii3y XiMiYHOIo CKjIaay
MeTeopoifa 3a HOro MeTeOpPHOI0 CIEKTPOTrpaMolo
MU BUKOPUCTOBYEMO CUHTETUYHUM CIEKTp, SAKUI
PO3paxoBYETHCS 3a (pOpMyII010:

1 hc E,
nr EK_ZNOg"Am exXp| — kTe(b s (3)
ne I, — IHTEHCHUBHICTh CHEKTPAIbHOI JIiHii, A —

crana [lnanka (6.625-1073* Ix-c), ¢ — LIBUIKICTB
cBiTa y BakyyMi (3-108 m-c~1), k — crana Bonbuma-
Ha (1.38:10723 TxxK~1), A — nosxuHa xBuni Bu-
MPOMIHIOBaHHS, M, N, — 3arajibHa KiJIbKiCTh aTOMIB

68

L[bOTO €JIEMEHTA Y BUIIPOMIiHIOIOYOMY 00’€Mi, g, —
CTaTM4YHa Bara piBHA n, E, — eHeprisa 30y/KEHOTO
BEPXHBOTO CTaHy, Z — Cyma 3a cTaHamu, 4, — Koe-
¢iuient EitHiuTeiiHa, Teq) — edeKTUBHaA TemIlepa-
Typa, K.

Yci HeoOxigHi TapaMeTpu I KOHKPETHOIL
CIIEKTpaJbHOI JIiHil B34TO 3 eJeKTpoHHOI ba3u
nanux NIST ASD [9]. IIpumycka€eTbcs, 110 Y Me-
TEOpPHill IIa3Mi BUKOHYIOTHCSI YMOBH JIOKaJbHOI
TepMOIMHAMIYHOI piBHOBaru. ¥ TakKOMy BUMAIKy
eeKTUBHA 1 eJIeKTpOHHA TeMIlepaTypu Tecb i1,
OyanyTh piBHI 3a 3HAYECHHSM, a OTXe, 3 (OpPMYJIHN
(3) MOXHa BU3HAYUTHU 3aTaJIbHYy KiJIbKiCTb aTOMIB
XiMIiYHOTO ejJeMeHTa y 00’€Mi, 110 BHUIIPOMIHIOE.
3MiHIOIOUM iIHTEHCUBHICTb Pi3HUX AaTOMHUX CUHTE-
TUYHUX CIIEKTPaJbHUX JIiHii MeTeopa, aTMocdhep-
HOI0 KMCHIO 1 a30Ty, MOXHa PO3AiIMTU Ha OKpeMi
CIIeKTpajbHi JIiHil CKJIagHI METEOpHI CIIEKTPU 3
eMICisIMM, 110 € CYKYITHICTIO JIiHIN Pi3HUX XiMIiYHUX
eJIEMEHTIB.

EdexTuBHy TemIiepatypy METEOPHOI I1a3Mu MU
OLIIHIDEMO METOJOM CHEKTpPaJabHOI MipOMeTpii, 110
BUIJIMBAE 3 piBHSIHHS IlnaHka, 3amucaHoro yepes
BUITPOMiHIOBaJIbHY 31aTHICTh:

ln(kSIs)—ln(aCI) = kcjf , “4)
ed

ne I (BrcM™*MKM) — CrieKTpajibHa iHTEHCUBHICTh

BUIPOMIHIOBaHHS Ha NOBXUHI XBuii 1 (Mkm), C; =

=37418 Br-mkm* M~2,C,= 14388 Mkm - K, T, (K) —

TeMIieparypa, 110 BU3HauyaeThes, € (Brm—2-Mm~1) —

BUIIPOMiHIOBaJIbHA 31aTHICTb.

TemmnepaTypy 00YMCIIOIOTH 32 TUMU CIIEKTPalb-
HUMH Jiala30HaMM, € CIEeKTPM MOAiOHI A0 IaH-
KiBCBKOTO CIIEKTpPY, i IX MOXHa aIlpoOKCHUMYBaTU
¢yHkuiero BiHa (KOpOTKOXBUJILOBA YacTUHA (DyHK-
uii Ilnanka). ¥ 11boMy BUIIaJKYy, SIKIIO TMPUNHSITH
€ = const, CleKTporpamMa Meteopa Oyay€eThCsl Y KO-
opanHaTtax Bina. KoxeH crekTp InpencTaBisiEThCS
B KOOpIMHATHii ruiomuHi (x, y), ne x = In(A°]) i
¥y = C,/\. Haxun cnekrporpaMu y TaKUMX KOOPIM-
HaTax IMpsSMO Ja€ 3HaAYeHHs e(eKTUBHOI TeMITepa-
Typu MeTeOpHOi IasmMu. HiassHKW crieKTporpamu
i3 CUJIbHO 3alllyMJIEHMMM 3HAYeHHSIMU CUTHaJTy a00
CMOTBOPEHi CHEKTPaJbHUMU CMYTraMuy MepIoi mo-
3UTUBHOI CUCTEMHU MOJIEKYJIAPHOTO a30ty (N,), Bu-
JIy4aroThCs 3 po3paxyHKiB. Bu3HauyeHi TakuM CIIO-

2
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co0oM e¢eKTUBHI TeMIIepaTypyu y MAKCUMYMi O1mc-
Ky IUISI pi3HUX METEeOpiB IIpUBEIEHO y Ta0JI. 5.
3HalifeHa 3arajibHa KUIBKICTb aTOMIB IE€BHOTO
XiMIiYHOTO eJieMeHTa y BMITPOMiHIOIOUYOMY 00’eMi
JIa€ MOXJIMBICTb pO3paxyBaTU BiJHOCHi 3HayeHHsI
koHueHtpaniii Fe, Mg, Na, Ca, Si Tomo, a oTxe,
BU3HAUUTHU, 10 SIKOTO 3arajbHOI0 Kjacy (3a1i3Hui,
3aJ1i30-CUJIIKaTHUI Y1 CUJIIKATHUIA) HaJIEXKUTh Me-
Teopoin. AJjie MOTpPiOHO 3ayBaXkKMTM, IO OIMCaHa
METOIMKa KiJIbKICHOIO aHaji3y XiMiuHOro CKJIamy
METEOPHOTO TiJla HAJICXKUTh 10 6€3eTaJOHHOTO Me-
TOMY, KOJW PO3PaXyHKH IyKe UyTIUBI 10 TOYHOCTI
BU3HAUYEHHsI TeMIepaTypu. Y TaKoMy BUTAAKY MO-

XNOKM aO0COJIOTHUX 3HAaueHb KOHILEHTpalliil ene-
MEHTIB MOXYTb JOCSITAaTH JECSITKIB BiICOTKiB (B
okpemux Bumnankax noHan 30...50 BincotkiB). Tomy
nuTaHHS 0€3eTaJIOHHOTO METOAY BU3HAYEHHS Xi-
MiYHOTO CKJIaJAy METEOPHHUX TiJl 1Ie MOTpedye mo-
JTaJIbIIIOTO BUPILLIEHHS.

Ax anprepHaTHBa, OIS KiJbKICHOIO aHasli3y Ha
MpaKTULi 3HAXOASITh 3HAYEHHSI BiTHOCHUX iHTEH-
cuBHocreit niHii Fe I-15 (A 527...545 um), Mg 1-2
(X 516.7 um), Na I-1 (L 588.9 um) [5, 10, 13, 17].
Tyt undpamu yepes aedic BKazaHO HOMEPU MYJIb-
TUIUIETIB CIEKTpaJbHMX JIiHilA, a B AyXKaxX BKa-
3aHi IXHI DOBXMHU XBWJb. lle Takox BimoOpaxkae

Tabauys 6. YmoBHa Kaacudikaiis METEOPHHX TiJI 32 THIIAMH iXHIX CIIEKTPIB BiANMOBIIHO 10 poooTH [5]

Kunacudikaitist 3a Turnom criekrpa

Onuc

3ai3Hi MeTeopoiau
(Iron meteoroids)

BbesHarpieBi meTeopoinu
(Na-free meteoroids)

Merteopoinu 6arati Ha Na
(Na-rich meteoroids)

OCHOBHI MeTeopoinu
(Mainstream meteoroids)

HopmMmanbHi MeTeopoinu
(Normal meteoroids)

Merteopoinu, 6igHi Ha Na
(Na-poor meteoroids)

Merteopoinu 3 MigBUILIEHUM
BmicToM Na
(Enhanced-Na meteoroids)

Merteopoinu 6inHi Ha Fe
(Fe-poor meteoroids)

Y cniekTpax HemMae Y4iTKMX JIiHii, ajie CIIOCTepiraloThesl IBi CMYTH 3 TOBXMHAMU XBUJIb

AN 420...4501 510...550 HM, yTBOpEHi Hepo3aiieHUMU JTiHisIMU MyabTuILieTiB Fe. JIiHis
Na BimcytHs. Cmyra AA 420...450 HM yTBOpeHa HEPO3MAIJICHUMU JIiHISIMA MYJIBTUILICTIiB

Fe 41, 42 i 2 6e3 BHecky JiHii Ca (A 422.6 Hm). Cmyra AL 510...550 HM 4aCTKOBO IOSICHIO-
eTbes JdiHisiMu Fe (MynbTurier 15), ane € Takoxk 3HauHa eMicist 0iJist OCHOBHOI JIiHiT Mg

(A 518 HM), X04a BOHA JIEIIO IIMPIIA, HixK OUiKyeThCs 11t Mg. Llst emicist 31e6inbIoro
MoB’s13aHa 3i cinadkoro JiHieo Fe (MynbTumnier 1), aze MOXJIMBUI i HEBETUKUI BHECOK
Mg, a B 000X cMyrax HaBiTh iMOBipHUUl. OHAK y Oyab-IKOMY BUMNAAKY JIiHis Mg HaOara-
TO ciadkillia, HixX Yy 3BUYaiiHUX CrieKTpax. BpaxoByiouu, 1110 Oiblly YaCTUHY BUTTPOMIHIO-
BaHHs Jal0Th aToMM Fe, 11i MeTeopoinu Ha3uBalOTh 3aIi3HUMU

Lle MeTeopoinu, 1110 He MIiCTSTH JiHii Na y cBOIX crieKTpax, aje He KJIacUuMiKyloThCs 1K
3autizHi (Iron meteoroids). [I1st boro kitacy criBBimHoeHHs Fe/Mg 3MiHIOETBCS B TITH-
POKHUX MeXax

Y criekTpax MeTeopiB LIbOTO KJIacy JIiHil Na iHTeHCUBHI, a y cIiBBimHomeHHI Na/Mg repe-
Baxxae niHisg Na. CniBBinHomeHHs: Na/Fe Bullie, Hixk 04iKyeThcst 151 XOHAPUTIB. JIiHi1 Mg
i Fe HasiBHi, ajie BOHM cJ1a0Ki, 0cOOIMBO JIiHiT1 Mg

Merteopoinu, siki 3aliMalOTh CEpeHIO YaCTUHY MOTpiliHOoI niarpamu Mg — Na — Fe, Ha3u-
BalOTbhCSI OCHOBHUMU METEOPOidaMU, OCKIIbKM BOHU CTAHOBJISITH OLIbIIICTh METEOPOIIiB,
i IXHi crieKTpu OJIMXKYi 10 O4iKyBaHUX CIEKTPiB XOHAPUTIB. OCHOBHI METEOPOI AN OIS~
IOThCSl HA YOTUPU MiAKIacH (BKa3aHO Jai)

HopwmanbHi MeTeopoiau BU3HAYaIOThCS SIK Ti, 110 JieXKaThb MOOJIN3Y O4iKyBaHOTO IOJOXKEH-
HsI JUTS1 XOHAPUTHUX Tl Ha niarpami Mg — Na — Fe abo 3 ae1o HUxXK4010 iHTEHCUBHICTIO
Fe. Mexxa Mixk HOpMaJIbHUMU Ta METEOpOigaMM 3 He3HAYHUM BMicToM Fe € aemo qoBinb-
HO10. Mexa o0upaeThes Tak, 11100 OUIbIIICTh METEOPOiNiB MOTOKY JIeoHin kiacudikysa-
JIACS SIK HOPMaJTbHI

Meteopoinu, 6igHi Ha Na, MaloTh 3HaYHO c1ad1Iy JiHiI0 Na y crekTpax, Hixk OUiKyBajiocst
JIUIS1 JAHOI IIBUAKOCTI, ajie BCe 1e HaailiHO MOMITHY Ha BiAMiHY BiJ MeTeopoiniB 0e3 Na

MeTteopoiny 3 minBuiieHUM BMicTOM Na BU3HAYAIOThCS SIK METEOPOIAH, Y CIIEKTPax SKUX
JiHis Na 3HauHO sICKpaBillla, HiXK 04iKyBaJjiocsl 7151 TaHO1 NIBUIKOCTI, ajie He TaKa TOMiHYy-
104a, SIK 1JIsl METeopoiiB, baraTux Ha Na

Meteopoinu 6inHi Ha Fe BU3HaualoThCs IK METEOPOin 3 OUiKYBaHUM CITiBBIAHOILIEHHSIM
Na/Mg, ane 3 niHigamu Fe 3aHanTo cnabkumu, 11106 ix MoxHa 0ys10 KiacubiKyBaTh K
HOpMaJlbHi
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iH(opmalio mpo kiaacudikaiio Meteopoiga. o
Tabj. 5 BHECEHO BIZHOCHI 3HAYE€HHS IHTEHCUB-
HOCTel BKazaHUX CleKTpajlbHUX JiHiil. Ha puc. 5
MpeacTaBieHO MOTPilHUI Tpadik A1 MYJIBTUTLIE-
TiB Na I-1, Mg [-2 i Fe I-15 y nes’satu mocimxy-
BaHUX HaMW METEOPHUX CIeKTpax. 3a L€ aia-
rpamMoI0 MU BU3HAYUIM TUIT METEOPHUX CIEKTPiB
(TabJ. 5) 3rimHo 3 Ki1acudikarier y podotax [5, 10,
13, 17], ne aBTOpU MPOIIOHYIOTh YMOBHO Kiacudi-
KyBaTy XiMIYHUI CKJIag METEOPHUX TiJl 32 TUIIAMU
iXHiX criekTpiB (Tab:. 6): 3ai3Hi MeTeopoinn (Irons
meteoroids); ©Oe3HaTpieBi Meteopoinu (Na-free
meteoroids); MeTeopoinu, Oarati Ha Hatpiii (Na-
rich meteoroids); HopMmaiabHi MmeTeopoigu (Normal
meteoroids); 6inHi HaTpieM MeTeopoiau (Na-poor
meteoroids); MeTeopoinu 3 MiABUILEHUM BMiCTOM
Hatpito (Enhanced-Na meteoroids); 6imHi Ha 3ai-
30 MeTeopoinu (Fe-poor meteoroids).

3 Tabi. 5 Ta miarpamMu Ha pucC. 5 BUIHO, 11O Cepell
JOCIIIKEHNX METEOPHUX TiJl € BIZHOCHO OimHi Ha
3aimi3o (MeTeopHi Tima Ne 3, 6, 8) abo HaTpiit (cr0-
paauuHe MeTeopHe Tijio Ne 7) y cBoeMy XiMiYHOMY
ckyai. [HIIi crmocTtepexxeHi MeTeopoinn HajlexXaTb
JI0 HOPMAJIbHOTO CIEKTPATIbHOTO THUITY.

BUCHOBKH

Y poGori npencTaBieHO pe3yabTaTi 00pOoOKM i aHa-
JIi3y 6a3MCHUX Ta CHEKTPAIbHUX CIIOCTEPEXKEHDb Me-
TeopiB, BUKoHaHuXx y 2019—2020 pp. i3 BUKOpUC-
TaHHSIM aBTOMAaTU30BAaHOTO Bil€0-CIIEKTPaIbHOTO
meTteopHoro matpyiass (ABCMIT) HJII actpoHowmii
XapKiBChbKOTO HalliOHAJbHOTO YHiBEPCHUTETY iMEHi
B. H. Kapa3sina. /Iyt BuObpanux 12 MeTeopiB npej-
CTaBJIEHO pPE3yJIbTaTh BUMIPIOBaHb Ta PO3PaxyH-
KiB KOOpAMHAT METEOPHMX paliaHTiB, IapamMeTpu
aTMOC(epHUX TPAEKTOPi METEOPHUX TiJI, TeJlio-
LEHTPUYHI OpOiTa/ibHI ITapaMeTpU CIIOCTEPEXEHUX
meTeopoiniB Ha enoxy (J2000). Lli mapameTpu BKa-
3YIOTh Ha Te, 10 CMOCTEPEXEHi MeTeopoinu Haje-
KaTh BiJOMUM METEOPHUM ITOTOKaM Ta, KMOBIipHO,
iXxHiM OaTbKiBcbKUM KomeTaMm: Ilepceinu (KomeTa
109P/Swift — Tuttle), Jleoninu (55P/Tempel —
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Tuttle), [liBnenni Taypunu (2P/Encke). [eski me-
TEOPHI TiJla HE OTOTOXKHEHI 3 BITOMUMU METECOPHM -
MU TTIOTOKaMU, TOMY € CIIOPaAUYHUMMU.

3 BUKOPUCTAaHHSIM EMITipUYHOI (hOPMYIU Ta Me-
TOAOM iHTErpyBaHHsI KpUBOI 3MiHU OJIMCKY MeTeOo-
pa BU3HA4YeHO To3aaTMocGepHi Macu METeOopOiliB.
Macu MeTeopoiaiB, po3paxoBaHi 3i CIIOCTEPEXKEHb Y
XapKoBi, X04 i MalOTh AEIKWAIN PO3KU 3HAYEHb, aJie
3arajloM Y3TOIXKYIOTbCS 3i CIOCTEPEXEHHIMU iH-
IIMX JOCTITHUKIB B iHTepBaJli aDCOTIOTHUX 3HAUYEHb
SICKpaBOCTi MeTeopiB —2... +1.5™.

BukoHaHO aHaJli3 OTOTOXHEHMX eMiCiiHuX Ji-
Hili, BUSIBIEHUX Y METeOpHUX crekTpax. s 11po-
ro 3aCTOCOBYBAJlOCh TMpoTrpaMHe 3a0e3reuyeHHs
AVSMP_Pro vl1, po3po06ieHe aBTopaMu 11i€i cTaTTi
11 00poOKM MeTeopHUX criekTpiB [4]. [TpoBeneHo
SIKICHMH 1 KUIBKICHUM aHaIi3 XiMiYHOTO CKJIaay Me-
TeopHuX Tl I1im yac KiIbKiCHOTO aHaTi3y 3HaXOA1 -
JIUCh 3HAYEHHS BIIHOCHUX IHTEHCUBHOCTEH HiHIiN
Fe 1-15 (A\ 527...545 um), Mg 1-2 (A 516.7 am),
Na I-1 (A 588.9 um). lle manmo MOXJIMBICTH KiiacK-
¢ikyBaTH 10CTiIKyBaHi B pOOOTi METEOpOiau 3a TU-
MOM IXHiX METEOPHMX CITeKTpiB. BusBieHo, 1o ce-
pel JOCIiIKEHUX METEOPHUX TiJl € BiTHOCHO OigHi
Ha 3aJ1i30 a00 HaTpill y CBOEMY XiMIYHOMY CKJIA/I.

Poboma y HIII acmponomii XHY imeni B. H. Kapa-
3IHA HACMK080 NIOMPUMYBANACD 3a PAXYHOK BUOGMKIE
depacorodncemnoi memu Ne b®/32-2023 (121) ¢ XHY
imeni B. H. Kapas3ina ionogiono do Haxazy Minicmep-
cmea oceimu i Hayku Yxpainu 6io 23.02.2023 No 195
«[lpo 3ameepoxcenns nepeniky 3aknadie suujoi ocei-
mu, SKUM Hadasamumymocs 000dcemHi Koumu 015
NIOMPUMKU NPIOPUMEMHUX HANPSAMIE HAYKOBUX 00CAL-
doicenb | HAYKOBO-MeXHIYHUX (eKCnepuUMeHmAanbHux)
PO3POOOK 3a pe3yabmamamu npoeedeHoi 0epicasHoi
amecmauii, 3 8i0nN0GIOHUMU 00cseamu (PIHAHCYBAHHS
Ha 2023 pix»; poboma y AcmponomiuHiii oo6cepsamopii
Kuiscvkoeo nayionanvroeo ynieepcumemy imeni Tapa-
ca llleguenxa 6uxony8anacs 3a paxyHox 4acmrko802o
QiHaHCy8aHHA 6 pAMKAX BUKOHAHHS 0ePHCO0NCEMHOT
memu No 225D023-02.
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KINEMATIC PARAMETERS, PHYSICAL CHARACTERISTICS,
AND CHEMICAL COMPOSITION OF SELECTED METEOR BODIES

Background. Meteoroids can reach the Earth and penetrate its atmosphere creating meteor phenomena. Kinematic parameters,
physical characteristics, and chemical compositions of the observed meteor bodies provide information about the properties of
their parent bodies — comets and asteroids. On the other hand, these parameters can reflect the physical conditions of meteor-
oids staying in different parts of the Solar System and beyond.

Methods. The meteor data analyzed in this work were obtained from observations using the automatical video and spectral
meteor patrol (AVSMP) of the Institute of Astronomy of V. N. Karazin Kharkiv National University. The methods of meteor
astronomy and spectroscopy make it possible to determine the kinematic parameters, physical properties, and chemical com-
position of the meteoroids that we studied.

Results. The paper presents the research results of meteors brighter than 0" that were recorded by the multi-stations method.
These meteors also have spectral observations. For the selected 12 meteors, we obtained the coordinates of meteor radiants on the
celestial sphere, the parameters of the atmospheric trajectories of meteor bodies, and the heliocentric orbital parameters of the
observed meteoroids for the epoch (J2000). The extra-atmospheric masses of meteoroids were determined from photometric data.
The identified emission lines detected in meteor spectra were analyzed. The software developed by the authors of this paper for me-
teor spectra processing was used. Qualitative and quantitative analyses of the chemical composition of meteor bodies were carried
out. During the quantitative analysis, the values of the relative intensities of the Fe 1-15, Mg I-2, and Na I-1 lines were determined.

Conclusions. Kinematic parameters and elements of heliocentric orbits presented in this work indicate that the observed me-
teor bodies belong to meteor showers and their comets, such as Perseids, Leonids, and Southern Taurids. Some meteor bodies
are sporadic. The calculated masses of meteoroids have some scatter of values, but they are generally consistent with observa-
tions of other authors in the range of absolute values of the meteor brightness -2™...+1.5™. It was found that some of the studied
meteor bodies are Fe-poor or Na-poor in their chemical composition.

Keywords: meteor, meteoroid, heliocentric orbit, meteoroid mass, spectrum, spectral lines, chemical composition.
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MOHITOPUHI' CTAHY CBITJIOBOI'O 3ABPYIHEHHA
B 3AKAPITATCbKOMY PET'TOHI

Cgimaose 3a0py0HeHHs HIYHO20 Heba, BUKAUKAHE HAOAUUKOM GUOUMO20 Ma YAbmpaghionemoeoeo 0C8imAeHHs, CMano npodaemMor
0151 GUKOHAHHSA AKICHUX ACMPOHOMIMHUX CROCMeEPedceHb Y NYHKMAx, OAU3bKux 00 HaceaeHux NyHKmie, 0co0AU80 8eAUKUX MiCH.
IIpome 6 ocmanni poku cmano o4e8uOHUM, WO WMYHHe HitHe 0CGIMAEHHS XEUAIOE He auule acmponomie. Jocaioxcenns nokasa-
AU, WO WMYy1He HiuHe 0C8IMAEHHS HeeamuUugHO GNAUBAE HA PIZHOMAHIMHUX meapun. /lia 30epedicents npupooHoi memHomu Heba é
ceimi cmeopioromucs [lapku memnozo (a0 30paH020) Heba — e pailoHu YHIKAAbHO20 NPUPOOH020 Cepedosuuld, AKi 3axuuarnms
NPUPOOHY HIYHY MeMPABY 610 3a0pYOHeHHS WMYYHUM ceimaom. Bonu € exsieanrenmom npupooHux 3an06ioHuKie — mepumopii, wo
Maromv BUKAUHY NPUPOOHY YiHHICMb. BoHu ukonyroms 3axuchi pyHKyii 043 HalimeMHIWUX KYMouKie Hauloi nianemu, de HiuHe
cepedogulye He NOPYULYEMbCsl WmyvHum ceimaom. Lli napku euxonyroms He auuie exonoeiuni, a it oceimui hyHkuyii. 3axucm memps-
8l NOBINLHO BKAIOYAEMbCA Y HAAGHI NPUPOOOOXOPOHHI mepumopii, maki Ak Hayionanvui napku. Tempaea — ye npupoduuii pecypce,
akuil nompebye oxoponu. Y 2016 poui 6yn0 cmeopeno 3akapnamcvkuii napk memnozo Heba. Jlis tioeo peecmpauii ma 6xo004ceHHs
do Mixcnapooroi acouiauii napkie memnoeo Heba GUKOHYBANUCH BUMIDIOBAHHS ACKPABOCMI HIYHO20 Heba V PI3HUX MICUSX 0aH020
napky 3 Memor 8U3HAYEeHHsI CMAHY c8im.108020 3a0pyoHenHs. Pesyromamu umipiogats Yinkom 3a008016HUAU BUMORU, SIKI C1MAG-
Asmues 0o napkie memnoz2o Heba. Y 3akapnamcvkomy napKy memHoeo neba, de Npo8oOUAUCH GUMIDIOBAHHS, CePeOHE MAKCUMANbHE
3Ha4eHHs oHY HiuHo20 Heba cmanosuno 21.59™ na keadpammy cexyndy dyeu. Y 2021 poyi 6yao npuiinsamo 3as6Ky Ha peecmpayiro
3akapnamcvkoeo napky memHozo Heba y Miscnapoduy acoyiayito napkie memuoeo Heba. Taxodc npodogiceHo docaiodicenHs cmany
€8imn06020 3a6pyOHeHHs HA OKOAUUAX NAPKY MEeMHO20 Heba, a came HA 080X CMAHYIAX ONMUYHUX cnocmepediceHb — Yaceopoo ma
Iepeniexa. [Ipedcmasneno pezyasvmamu 3miHu (OHY HiuH020 Heba 6 yux micysax Ha 40-piunomy inmepeani uacy.

Karouogi caosa: gon niunoeo neba, ceimaoge 3a6pyonenHs, napKu memHo2o Heba, wmyune ceimao, aCMpoKAIMam, acmpomypusm.
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BCTVYII

IIpobGiema CBITJIOBOro 3a0pyJHEHHSI HaBKOJIMIL-
HbBOTO CepeloBuIlla HAOyBa€ nenasi OUIbIIOI aKTy-
aJIbHOCTI y IJIo0ajibHOMY MaciuTabi. SIKio paHilie
JOCJIIIHMKM aKLIEHTYBaJ yBary Ha sICKpaBiCThb Hid-
HOro Heba Haj MeTamoJicaMy, TO OCTAaHHIMU poKa-
MU 3’SIBJISIFOTHCS YMCJIEHHI HayKOBi Tpalli, MpUCBSI-
YeHi JOCIiIKEeHHIO CBITJIOBOTO 3a0pyaHEHHS MpU-
POIOOXOPOHHMX TEPUTOPIiii, CLTBCHKUX JaHIIa(TiB
Ta MEpexX TpaHCIOPTHOTO crioiay4yeHHs [3, 4]. Cpo-
TOIHI XUTeJi MeraroJiciB 3amictb 2500 3ipok, miii-
CHO BUJIMMUX Ha HIYHOMY HeOOKpai He030poeEHOMY
OKOM, MOXYTh PO3IJISTHYTH JIMIIE KiJbKa IEeCATKIB
HaMOiIbII sSICKpaBuX 3 HUX. | 11 TeHAeHLis Oe3y-
MNMHHO 3pOcCTa€ B Hammi AHi. [IpumymHa Takoro saBu-
Ia — CBITJIOBE «3a0pymHeHHs» atMochepu. Too-
TO, 3€MHi JXXepeJia CBiT/Ja, HacaMIlepea OCBITJICHHS
MICT, TIPU3BOASITh A0 AOJATKOBOIO «CBITIHHS» HeOa
BHACJIiIOK 0araTOKpaTHOrO PO3CiSIHHS IUITYYHOIO
CBITJIa y Ta30B0O-aePO30JbHOMY CEpPEJOBUIII aTMOC-
depu [3, 4].

CBiTJI0 Bijl HA3eMHUX JKepesl — cepiio3Ha rnepe-
1IKO/a Ui aCTPOHOMIUHUX CIIOCTEPEXEHb. 31aBHA
obcepBaTopii OymyBaiu noaai Bia MicT. [Tpu Budopi
micus 11 OyaiBHULITBA 00cepBaTOpPii aCTPOHOMIB y
MEpPITy Yepry IiKaBUTh KUTbKICTh SICHUX HOYEH Mpo-
TSITOM pOKy. BoHa BMMIpIOETBCSI B CyMapHiil pid-
Hill KiTbKOCTI TOIUMH 6€3XMapHOIro Heba MpOTSTroM
aCTPOHOMIYHOI HOYi, Koau 3aHypeHHs CoOHLS ITin
00piii mepeBepiirye 18°, i Bxke HEIOMITHI CYTiHKOBI
gapuiia. [TonepenHiii miadip nepcrnekKTUBHUX MiCllb
JUUISI aCTPOHOMIYHMX CITOCTEPEXKEHb 3IiCHIOETHCS
Ha OCHOBi MeTeOopoJIOTiuHOI iHdopMallii, a MOTiM
OpraHi3oBYIOTbCS OaraToMicsuHi (iHomi i Garatopiu-
Hi) eKcrieauLii AJ1s1 BUBYEHHST 0OpaHUX Miclib [2].

[lepmnii y CBiTi aTjiac IITY4YHOI 3aCBiTKMA HeOa
(moBHa Ha3Ba — «BcecBiTHil aTjiac IITYYHOI SICKpa-
BOCTI HiYHOIO HeOa B 3€HITi Ha piBHI Mopsi») OYB
CKJIaJIeHU# iTaliiCbKMMM 11 aMepUKaHChbKUMU BUe-
HUMHJ Ha OCHOBI CYITyTHUKOBMX JaHUX [6].

CynyTHUKM, IO 00epTalOThCsI HAaBKOJIO 3eMII,
MaloTh 3MOTY TepexXONuTH YacTHMHY CBiT/ia 3 TO-
BepxHi 3eMJii, i iIXHi KaMepu HaIawTb LiHHI 10-
Ka3y He JIMIlle TOro, Je y CBiTi BUKOPUCTOBYETHCS
IITYYHE OCBITJIEHHS BHOYIi, a i TOTO, SIK BOHO 3Mi-
HIO€Tbcs. Hampukian, Taki gaHi OTpUMYIOTHCS 3
miciii Satellite base Defense Meteorological Satellite
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Program (DMSP/OLS), MixHapoaHoi KocMiu-
Hoi cranHuii (ISS) [7] ta VIIRS [9]. PizHoMaHiTHi
JKepesia, JOCTYITHI B iHTepHETi, JOoIoMaraiTh €H-
Ty3iacTaM TeMHOIO Heba B yChbOMY CBiTi OTpuMaTHu
JIOCTYII 10 300paxkeHb i3 IMX CYIyTHMKIB i Kpaiie
3PO3YMITH CBITJIOBY OOCTaHOBKY y IXHili MiCILI€BOCTI.

IIepmoio kpaiHolo, Ae 3aKOHOIABYO OOMeEKeHe
CBiTJIOBe 3a0pyaHeHHs, cTana Yexis. Bci ocBiTiio-
BaJIbHi MpWiaau TaM MOBUMHHI OyTH CIHpsIMOBaHi
BHU3 YW MapajesibHO 3eMJIi — TaKUM YMHOM 3HU-
JKYETBHCS piBeHb CBITJIa Ha aBTOTpacax i y CraJlbHUX
paiioHax. Y CILA B 1998 p. niasg 60poTh0u 3i CBIT-
JIOBUM 3a0pyIHEHHSIM OyJ10 CTBOpeHO MiXXHapoaHy
acoliallito 3a TeMHe He0o, 1110 Ma€ (iJlii 1o ychoMy
cBiTi. BoHa 3aiiHsiITa B OCHOBHOMY HPOCBITHMIIb-
KO0 po6oToto. i akTUBicTH, 3BMUAITHO, HE 3aKIH-
KaloTh ITOBEPHYTHUCS IO CBIYKM Ta racoBOI JIAMIIM,
aJjie peKOMEHIYIOTh palliOHaJIbHIIlIe KOPUCTYBAaTUCh
IITYYHUM CBITJIIOM.

3AKAPIIATCHKHA ITAPK TEMHOTO HEBA

[TignmucaHHs MeMoOpaHAyMy IIpO CTBOpeHHs 3a-
KapIaTChbKOro IMapkKy TeMHOro Heba BimOynocs 11
yepBHs 2016 poky B ypoumini YopnHi Mmaku (c.
Kusaruns, Yxropoacekuii paiion). o 3axkapmar-
CBKOTO TapKy TemHoro HebGa (tutomeio 46302 ra)
BXOAUTh TEPUTOPisl YKAHCHKOTO HAlliOHAJbHOIO
npupoHoro napky (39159 ra) i BunineHi reputopii
B KajacTpoBoMmy paitoHi cin Cyxuit, Tuxuit, [ycHuii,
Jliora, Pycbkuit Mouap Ta yactuHa cenuina Bemn-
kuii bepesnnii (puc. 1).

3akapnaTchbKuii mapK TeMHOT0 Heba 0yJ10 mporo-
JIOLIEHO 3 METOI iHPOPMYBaHHS SIK IIUPOKOI I'Po-
MaJChKOCTi, TaK i (paxiBLiB B 00JaCTi acTpOHOMIl
npo IpoOJjieMU CBIiTJIOBOrO 3a0pyIHEHHS HiYHOIO
JIOBKLJIJISI Ta OXOPOHU HABKOJMIIHBOIO MPUPOIHO-
ro cepejaoBuiiia. 30Ha MapkKy A03BOJISIE TIPOBOAUTHU
Ha 11 TepUTOPil ACTPOHOMIUHI CIIOCTEPEKEHHS, I10-
30aBJIeHi CBITJOBOTO 3a0pyAHEHHSI, CIIpUSIE TIO-
MyJsipu3allii aCTPOHOMIl cepel AiTel Ta MOJOMi, a
TaKOX PO3BUTKY acTPOTypu3My B 3aKaprnaTChKiid
obusacri.

3 Haroau 150-pivug Big nHs nmagiHHA KHATUHSIH-
cbkoro Mereoputy y 2016 poiii 6y/10 mporoJoieHo
Tpumapk TemHoro Heba Cxinni Kapmartu (puc. 2),
SIKMIA CTaB IIEPIIMM Yy CBITi ITapKOM TEMHOIO HeOa,
110 pO3TallOBaHWI Ha TEPUTOPil TPbOX JEpXKaB.
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Mo Tpunapky temHoro Heb6a Cxigni KapmaTtu 1io-
weto 2 086.67 km? (208 667 ra) BXOAUTH TEPUTOPIst
Ilapky TemHoro Heba IlosoHunu y CioBay4yuHi
(485.19 kM2, 48 519 ra), Ilapky 3opsiHOoro Heba
Bewanu y Monpmi (1 138.46 kM2, 113 846 ra) i
3akapIiaTcbKoro IapkKy TeMHOro Heba B YKpaiHi
(463.02 xm2, 46 302 ra).

3aBAsKM yHiKaJTbHUM 00’€KTaM MPUPOAHOI Ta
KyJBTYPHOI COAAIIMHU, BKIIOYEHUM 10 MiKHAPOI -
Hux crimckiB FOHECKO, BranoMy po3rainyBaHHIO
no6iu3y KopaoHiB €Bpomneiicbkoro Colosy, Bia-
CYTHOCTI JKepesl 3a0pyaHEHHsI HaBKOJUIIHLOIO
MPUPOJHOTO CEepelloBUIlA, MPUKOPAOHHUMN perioH
€ HaJ3BUYaiiHO MPUBAOIUBUM JJISI PO3BUTKY €KO-
JoriuHoro typusmy. CtBopeHHs1 «[lapky TemHO-
ro Heba» moga€ POA3MHKU Lilii TEpUTOPii Ta Haga€e
MOJIUBICTh 3alTPONIOHYBAaTH HOBUI HAMPSIMOK TYy-
pU3My — acTPOTYpPU3M.

Okpim xopo1oi iHppacTpyKTypH, OZHUM 3 Haii-
BaxKJIMBIIIMX (haKTOPiB U151 PO3BUTKY aCTPOTYPUIMY
B PETiOHI € SIKicTb HiYHOTO Heba. [IpuponHe HiuHe
He0O — 1Ie Hallla CIiJIbHA i YHiBepcajabHa CIaaIIM-
Ha, ajie BOHa IIBUIKO CTa€ HEBIJOMOIO IS HOBUX
MOKOJIiHb. BaXJIMBOIO 4aCTUHOIO BUPILIEHHS IIPO-
0JieMU CBITJIOBOTO 3a0pyJAHEHHS Ta PO3YMiHHS CTa-
HY SIKOCTi HIYHOTO Heba € TIpOoBEeICHHS BUMipIOBaHb
SICKpaBOCTi HiYHOro Heba. Taki BUMiploBaHHSI MPoO-
BOJWJIMCSI B Pi3HMX TOUKax 3aKaprnaTchbKOro mapky
TeMHOTO0 He0a, B pe3yJIbTaTi yoro 0y oopaHi joKa-
10ii, sIKi TIOENHYIOTh B cO0i OaraTy IpUpOAHY CHamd-
LIMHY, iCTOPUYHE MUHYJIE i, 110 HAWBaXKJIMBIIIIE, dy-
JIOBY SIKiCTb HiYHOI'O HeOa.

AHAJII3 CBITIIOBOI'O 3ABPYJHEHHS HIYHOI'O HEBA
Y 3AKAPITATCBKOMY ITAPKY TEMHOI'O HEBA

Y HalMX BUMIpPIOBaHHSIX BUKOPUCTOBYBABCSI BU-
miproBanbHuit nmpuiag SQM-LU-DL (Sky Qual-
ity Meter with narrow Field-of-View — lens, USB
connectivity — datalogging) kaHaaCchbKOl KOMITIaHii
Unihedron. Ha BigMiHy Big BHMiplOBajJbHOIO 0€3-
JiH30Boro npuiaagxy SQM, meil mpwiag Mae JIiH3Y,
BCTAHOBJICHY nepen naBadeM. Lle oOMmexye Tinec-
Huit KyT BuMiptoBanb (FWHM) no konyca 20°, Toxi
sK ripuiiag SQM 6e3 JIiH3M Ma€ KOHYC BUMipIOBaHb
42°. Biibll BY3bKMI KYT BUMIipIOBaHb JIO3BOJISIE
YHUKHYTH BUMipIOBaHHS SICKPABOCTi OiIsI TOPU30H-
Ty. BuMiproBau sIKocTi Heba peecTpye SICKpaBiCTh B
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~~ Mexka 3aKaprnaTcbKoro napky TeMHOTo Heba
B Tepuropist YxaHcbkoro HITTT
®  Micue nagiHHs Meteoputy «KHsiruHs»
Tepuropii, 1110 He BXoasATH 110 YkaHcbkoro HITIT
==+ JlepxaBHuii KOpIOH YKpaitu

Puc. 1. Mana 3akapnaTcbKoro rmapky TeMHOTO Heba

Turka
Typwa®

Puc. 2. Mana Tpurapky TeMHOro Heba

ACTPOHOMIUHUX OJMHUISX 30pSHOI BEJIWYMHU Ha
KBaJpaTHY AYroBy cekyHuay (m/cn?). TouHicTb Bu-
MipIOBaHb JaHUM NpuiagoM ckiaagae +0.10 m/cn?
[http://unihedron.com/projects/sqm-lu/].
BumiproBaHHs1 (pOHY HiYHOTO HeOa MpPOBATUIM-
¢S BIAIIOBIAHO O iHCTPYKIIil, siki Hamae DarkSky
International [https://www.darksky.org/]. Tlpuman
BCTaHOBITIOBABCSI OPiEHTOBAHUM BEPTUKAJIBHO B 3¢-
HIT, dikcyBaauch BuMipu Iipu ymonax, mo CoHlie
nepebyBae OuUTbII HixXK Ha -18° mim ropu3onToM. Bei
JlaHi PeeECTPyBAJIMCh 3a JOMOMOIOI0 MPOrpaMHOro
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3abe3neyeHHs Unihedron. B pexumi peanbHOro
yacy MOXKHa CIIOCTepiraTu MpOTSITOM HOYi 3MiHY
(oHy sickpaBocTi HiuHOro Heba. BumiproBaHH:
(oHy HiYHOTrO Heba Ha TepuTopii 3aKapmaTchbKo-
ro rnapky TeMHOTo Heba 3IiiCHIOBAIUCH 3 YEPBHS
no aucrornan 2021 p. Bci BuMiptoBaHHS 3iliCHEHO
y Houi, Koau Micsip nepedyBae y (azax HOBUIA
Micsup uyn momoauii Micsub. BumiproBaHHS mpo-
BOJAMJIUCSI MO MEPUMETPY 3aKaprnaTChbKOIo IapKy
TeMHOro Heba, a caMe: Ha ropi ABipHUK (OiJisT CMT.
Benukuit bepe3Huii), a Takox Mo0JIM3y HaCEICHUX
nyHKTiB ¢. JIyons, c. Kusruns, c. Yok T1a c. Bu-
mKa (ouB. Tabm. 1).

OO6uucTIOBAJIOCh CepeaHE MaKCUMalibHE 3Ha-
yeHHsI (DOHY HiYHOro HeOa B KOKHOMY OKPEMOMY
MYHKTI, i 11i 3HaYeHHSI ycepeHI0BaIMCh Mix COOOI0.
B pesynprati 11 3aKapnaTchbKoro ImapKy TEMHOTO
Heba OTpUMaHO CcepeJHE MaKCHMasbHEe 3HAUYEeHHS
(oHy HiyHOTO Heba, piBHe 21.59 m/cn?.

HaiiBaxiugiiiooo iH(opMalli€lo i yac OLUiHKU
HiYHOro Heba y MeBHOMY MicClli € cepefHs sicKpa-
BicTb HeOa. ExcTpemanbHi BUMiptoBaHHS, 6e3cym-
HiBHO, IIiKaBi, ajie iX AyXe BaXXKO IIOPiBHIOBAaTU 3
IHITMMW BUMipIOBAaHHSIMU, i 3 Ii€1 MPUYUHU OCHOB-

HY yBary CjiJ TpUIISITA BUMipIOBaHHSIM, 3p00Jie-
HUM Yy HOpMaJIbHUX/CTaHAAPTHUX YMOBAxX, a came y
Oe3xMapHi HOYI Ta MU MiHiMabHil (a3i Micsug.

Ha mikasti omiHK1 HiYHOTrO Heba BUILI 3HAYEHHS
03Hay4aloTh TeMHille Hebo. Hikue nmpuBeneHo 3Ha-
YeHHS, IKi MOXYTh CIIy>KUTH OPIEHTHPOM TSI KJTa-
cudikanii BUMipsSIHUX 3HaYEHb.

Knac 5 — >21.7 m/cn?: npupoanuii boH Heba,
Yymanbkuit Hasx BUTHO 10 TOPU3OHTY.

Knac 4 — 21.4...21.7 m/cn?: 3o1iakanbHe CBiT-
J10 (HaBeCHi yBeuepi, BOCEHU BpaHILli) YiTKO BUIHO,
Yymanpkuii Hnsx.

Kimac3 —20.5..21.4 m/cz[2: Yymanskwmii Hmsax
BUJIHO 3 HU3bKUM KOHTPACTOM.

Koiac 2 — 19.5...20.5 m/cn?: Uymaupskuit LLsx
¢J1abo BUIHO B 3€HITi.

Knac 1 — 18.5...19.5 m/cn®: Uymanbkuii ILnsax
He BUJHO, MaJio 3ipOK.

Skuio 3HayeHHs (hoHy MeHIue Bin 18.5 m/cn?, ue
0O3HAayae, 1110 Y MICIISIX i3 TAKUM piBHEM 3a0pyaHEH-
HSI CIIPaBXHbBOI HOYi (paKTMYHO HEMAE, OCKIIbKU
BOHA MACKYETbCSI IITYYHUMU CyTiHKamu. TilbKu
Ti Miclig, Ie BUMIipsiHi 3HA4eHHsI OyJIM BUILIMMMU Bil
21.4 m/cn? (xnacu 4 i 5), BaxJIMBi IS MapKy TeM-

Ta6auys 1. Pe3yabratu BuMipioBaHHs (hoHY HiYHOro HeOa B 3aKapnaTcbKOMY NapKy TEMHOIO Heda

l:fii;lgi;:; Hara, 2021 p. [ToronHi ymoBH, hasu Micsiis 3%32;?{“;?’;1;/2;2 MMKSS% ﬂil/l:j;rl/lo’m

Vixok 08 BepecHst | beaxmapHo, HoBUiT Micsiib 21.67 49°00'07.4" N 22°53'14.96" E
09 BepecHst | besaxmapHo, HOBUIT Mics1ib 21.66

Jlyons 09 cepiast | Beaxmapno, HoBuit Micsilb 21.80 49°02'09.2"N 22°43'05.9"E
10 cepriHst | HagBHiCTB JIerKMX LIMPYCiB, HOBUIA MicsIiib 21.71
11 cepniug | be3xmapHo, HOBUII Micslib 21.80
12 cepniast | HasiBHIiCTB Jierkux uupyciB, HoBUii Micsiub 21.70
13 cepniist | beaxmapHo, HOBUIT Micsiib 21.92
14 cepriHst | HagBHIiCTB JIETKMX LIMPYCiB, MOJOaMA Micsiib 21.71

Kpacis 08 xxoBTHs | Be3axmapHo, HOBUIT Micsiib 21.46 48°56'34.0"N 22°39'57.0"E
09 xxoBTHs | Be3xmapHo, HOBUIT Micslib 21.49
10 xxoBTHs | be3axmapHo, HoBU#T Micsiiib 21.47

Kusiruns 09 cepriist | beaxmapHo, HoBMIT Micsiib 21.60 48°58'28.9"N 22°30'47.5"E
10 cepriHst | HagBHiCTB JIerKMX LIMPYCiB, HOBUI MicsIiib 21.55
11 cepniug | beaxmapHo, HOBuUiT Micslb 21.62
12 cepriHst | HasgBHicTb Jierkux LupyciB, HoBuid Micsiiib 21.53
13 cepniust | BeaxmapHo, HoBuii Micsiib 21.55
14 ceprist | HasgBHIiCTB JIerKMX LIMPYCiB, MOJoanii Micsiiib 21.54

SABipHUK 17 gepBHs | be3axmapHo, Moonuii Micsiib 21.50 48°54'56.7"N 22°32"27.6"E
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Puc. 3. 3nayeHHs HOHY HiYHOrO Heba y M. YXKropoj 3a JaHWUMM BHUMiplOBaHb
2021—2023 pp. [IyHKTUPHI JIiHiT — MeXi KJIaciB TEMHOT0 Heba
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Puc. 4. Tpadik 3minu ¢oHy HiuHOro Heba y 1. JlepeHiBKa 3a JTaHUMU BUMipIO-
BaHb 2021—2024 pp. [TyHKTUPHI JIiHIT — MeXi KJ1aciB TEeMHOT0 Heba

HOTO Heba, 00 JIMIle MPU IUX 3HAYCHHSIX MOXKHA
crocTepiraTi IpupoaHuil ¢poH Heba, Yymambkuii
[Insax mo Topu30HTY i 30iaKanbHi cy3ip’s [8].

AHAJII3 CBITJIOBOI'O 3ABPYTHEHH
HIYHOI'O HEBA Y ITYHKTAX CIIOCTEPEXEHD
YKTOPOJ TA JEPEHIBKA

BumiproBaHHs (poHY HiUHOTrO Heba y IMyHKTI acTpo-
HOMIYHHUX CITOCTEPEXEHb YKTOpoJ PpO3Movyauch
e 3 1983 poky 3a nornomororo ejekrpodoroMerpa
3 XOBTO-3eJIeHUM (DiJIbTPOM, €(PeKTUBHA HOBXKM-
Ha XBWJII TIPOMYCKAHHS SIKOTO CTAHOBUTHL 556 HM.
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Bci ciocTepexxeHHsI TaKOX BUKOHAHO Y Oe3XMapHi
Houi mpu HoBomy un Mosiogomy Micsii. 3HaueH-
Hs1 (poHY Ha 3eHiTHiil Bincrani z = 0° mopiBHIOBAJIO
B cepenHboMy 20.7 m/cn?. TIOBTOPHi AOCHiITKEHHS
¢ony HiuHOTrO Heba Oy nmposeaeHi y 2005 p., mic-
JISI TOTO SIK Y MICTi YXropoJ BigOyiach iHTEHCHMBHA
3a0y/ioBa HABKOJIO MYHKTY CHOCTEpeXeHb. Bumi-
proBaHHS (POHY HiYHOro HeOa Ha 3€HITHIil BimcTa-
Hi z = 0° 3a 1OMOMOTr0I0 BUILE 3ragaHoro (hoToMe-
Tpa nano 3HayeHHs 20.2 m/cn?. To6To, 3a mepion
22 poku HeOO HajJ MYyHKTOM CIOCTEPEXEeHb CTajlo
sckpasimm Ha 0.5 m/cn?, a6o B 1.6 pasa.
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V 3B’43Ky 3 TOTipIlIeHHSIM acTPOKJIiMaTy y MyHK-
Ti Yxropon y 1990-x pokax OyJi0O CTBOPEHO ITyHKT
crnocTepexxeHb JlepeHiBKa Ha BigcTaHi 15 KM Bin
micta Yxropoa. @oH HiuHOro Heba TaM B cepel-
HbOMY cKJ1afaB 21.5 m/ca? B 3eHiri, 1110 Gy10 Maitxe
B I’STh pa3iB Kpallle, HixK B YKropoJi, a MPOHUK-
Ha 371aTHICTh TeJecKomna Ha 17 Kpalia, HiXk y MyHKTi
VYxropon [1].

V nepion 2021—2024 pokiB My o4anay IIPOBOIM -
TU OUIBII PeTYyJIsIpHi BUMipIOBaHHS y MYHKTi YXTro-
pon Ta JlepeHiBKa y pi3Hi mopu poky. OCKiabKu cMy-
Y IPOMYCKaHHSI eJeKTpohOTOMETpa 3 )KOBTO-3eJ1e-
HuM ¢insTpoM (556 HM) Ta mpuiany SQM-LU-DL
(~510 uM) [5] maitxke 36iraroTbcs, 1€ JO3BOJISIE HAM
MOPiBHIOBATU OTPUMAaHI AaHi.

Pesynabratt BuMipioBaHb $SICKPaBOCTI HIYHOTro
Heba y nepion 2021—2024 pp. mmoka3zaHo Ha puc. 3
i 4. Ha HMX MyHKTUPHUMM JIiHIIMUA BKa3aHO MEXi
KJIaciB SIKOCTi TeMHOro Heba, onucaHux Buiie. Bu-
JIHO, 110 3HaYeHHSI (pOHY HiYHOro Heba y MYyHKTI
Yiropon 3MiHoBanoch Bif 19.73 1o 20.08 m/cn?,
a 'y nyHkTi JdepeniBka — Bin 20.81 mo 21.53 m/cn?
B 3QJIEXHOCTI Bif mopu poky. Too6To, ¢poH HiUHOIrO
Heba B YXropopi HalleXXuThb OO Kjacy 2, a TeMHe
HeOo y nyHKTi JlepeHiBka — mo kiacy 3. SIk 6aunmo
3 puc. 4, B riepioa rpyneHb 2022 p. — ciueHb 2023 p.
(repion GyiekayTiB B YKpaiHi) 3HaUeHHS (POHY Hiu-
HOro Heba y myHKTi [lepeHiBKa ImoKpaliiocs, i Ha-
BiTh mepeiiio y knac 4.

BUCHOBKH

VY 2016 p. OyB IIpOroJIOIIEHNI TIEPIIKA Ta TOKHU 110
€IMHMI B YKpaiHi mapk TemMHoro He6a. OmHum i3
OCHOBHMX 3aBIaHb OYJIO peECTpallist JaHOTO MapKy B
MixxHapomHiii acolialiii mapkiB TeMHOro Heba. JIis
Oro OyJIO MOTPiOHO HamaTH 3HAYEHHS SICKPaBOCTi
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HiyHOoTrO Heba. I[Iporarom 2021 p. Mu 37ilicHIOBAINA
BUMiplOBaHHSI (DOHY HiYHOro Heba Mo MepuMeTpy
nmapKy TemMHoro Heb6a (tab6us. 1). Bci Bumipu Oynau
nepenaHi B mepexxy DarkSky International. ¥V kiH1i
2021 poky Oysi0 IoaHO 3as1BKY Ha peecTpallito 3a-
KapIiaTchbKOro IapkKy TeMHOro Heba, TOMy IO BCi
HaIlli BUMipH BiAroBigaJu BUMoramM MixHapomHol
acoliallii mapkiB TeMHOro HeoOa.

Takox mapajielbHO MU MNPOMXOBXUIM MOHITO-
PHHT CBIiTJIOBOTO 3a0pYITHEHHS Yy MYHKTaX CITOCTe-
pexeHb Yxropon ta JlepeHiBka. Y 2021—2024 pp.
OyJ10 3MiliCHEHO AEeCITKUW BUMiploBaHb (DOHY Hiu-
Horo Heba B JaHUX Micugx. Busgsuiiocs, mo 3a 40
pokiB (1983—2023 pp.) cepenHe 3HaYeHHSI (DOHY
HiIYHOTO Heba Ha CTaHIIil CIocTepekKeHb YKIropos
aminmaocs 3 20.7 no 20.03 m/cn?, Toni SIK Ha CTaH-
mii crocrepexeHb [lepeHiBKa 3HMKEHHSI Cepel-
HbOT'O 3HaueHHs1 (hOHY HiuHOro Heba Oyno 3 21.5
1o 21.24 m/cn?. TobTo, 3a Leil yac (hoHOBE 3HA-
YEeHHS B YXXTOpOi 3a3HAJ0 3MiHUA MPUOIN3HO Ha
0.7 m/cn?, Toni sk y JlepeHiBlli BoHa 3MiHMIACH
npu6au3Ho Ha 0.25 m/cn?.

MopanbHe 3HaUY€HHS SICKPaBOCTi HiYHOro Heoba,
BUMIPSTHOTO HaMM B Pi3HUX MicCIIsIX 3aKapnaTChbKo-
ro periony, BapitoBano Bix 19.73 mo 21.92 m/cn?,
IO TiATBEPIXYE BEJIMKY 3aJeXHiCThb CBIiTJOBOTO
3a0pyIHEHHS BiJl MiCLISl MOJIOXKEHHSI, BUCOTU Hal
piBHEM Mops, ii BilHaJ€HOCTI Bil OCHOBHUX JIXE-
peJl CBITJIOBOTO 3a0pyIHEHHS, @ TAKOX PI3HUX KJIi-
MaTuyHuX 3MiH. OTXe, B 3aKaprnaTCbKOMY perioHi
TeMHe He0O Bapiloe Bi Kiiacy 2 B YXXKTopozi 10 Kja-
cy 4-5 y 3akaprnaTchbKoMy HapKy TeMHOro HeOa.

BuBueHHs Bapiallili sICKpaBOCTi HiYHOro HeOa
MoKa3ye HalOiIbIIy MiHJIMBICTh Y MiCbKMX Ta Ha-
MiBMiCbKUX IMyHKTaxX CIOCTEPEXEHb, ajie TAKOX BU-
CBITJIIOE OCOOJIMBI CUTYaIlil Y BIITAJICHUX MiCIISIX.
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MONITORING OF LIGHT POLLUTION IN THE TRANSCARPATHIAN REGION

Light pollution first gained attention when people realized they could no longer see the night sky as they once did due to excess
visible and ultraviolet light from cities. However, in recent years, it has become clear that artificial night lighting worries not only
astronomers. Studies have shown that artificial night lighting harms a variety of animals. To preserve the natural darkness of the
sky in the world, parks of the dark (or starry) sky are created, which are the areas of a unique natural environment that protect the
natural night darkness from pollution by artificial light. They are the equivalent of nature reserves — territories with exceptional
natural value. They perform protective functions for the darkest corners of our planet, where the night environment is not dis-
turbed by artificial light. These parks perform not only ecological but also educational functions. Darkness protection is slowly
being incorporated into existing conservation areas such as national parks. Darkness is a natural resource that needs protection.

In 2016, Transcarpathian Dark Sky Park was created. For its registration and entry into the International Association of Dark
Sky Parks, the brightness of the night sky was measured in different places in this park to determine the state of light pollution in
this area. The results of the measurements fully satisfied the requirements for dark sky parks. In all places of the Transcarpath-
ian Dark Sky Park where we performed measurements, the average value of the background of the night sky was ~21.50 mag/
arcsec?. In 2021, an application for registration of Transcarpathian Dark Sky Park in the International Association of Dark Sky
Parks was accepted. Research into the state of light pollution on the outskirts of the Dark Sky Park is also ongoing, namely at
two optical observation stations — Uzhhorod and Derenivka. The results of changes in the background of the night sky in these
places over a 40-year time interval are presented.

Keywords: night sky background, light pollution, dark sky parks, artificial light, astroclimate, astrotourism.

80 ISSN 1561-8889. Kocmiuna nayka i mexnonoeia. 2024. T. 30. No 4



AcTtpoHoMis i acTpodizuka
Astronomy and Astrophysics

https://doi.org/10.15407 /knit2024.04.08 1
UDC 524.7+52-735, UDC 521.91:524.3(083.5)+524.6—34

I. B. VAVILOVA!, Dr. Sci. Hab. in Phys. Math., Prof., Head of Department
E-mail: irivav@mao.kiev.ua

P. M. FEDOROV?, Dr. Sci. Hab. in Phys. Math., Head of Laboratory

D. V. DOBRYCHEVA!, Cand. Sci. in Phys. Math., Senior Researcher

0. M. SERGIJENKO!, Cand. Sci. in Phys. Math., Senior Researcher

A. A. VASYLENKO!, Cand. Sci. in Phys. Math., Senior Researcher

A. M. DMYTRENKO?, Cand. Sci. in Phys. Math., Researcher

V. P. KHRAMTSOV?, Post-graduate student

0. V. KOMPANIIETS!, Junior Researcher

1 Main Astronomical Observatory of the National Academy of Sciences of Ukraine
27 Akademik Zabolotnyi Str., Kyiv, 03143, Ukraine

2nstitute of Astronomy, V. N. Karazin National University of Kharkiv

4 Svoboda Sq., Kharkiv, 61022, Ukraine

AN ADVANCED APPROACH TO THE DEFINITION
OF THE “MILKY WAY GALAXIES-ANALOGUES”

Our Galaxy — the Milky Way — has certain features of the structure and evolution. The morphological, photometric, kinematic, and
chemodynamical properties are usually considered in search for the Milky Way galaxies-analogues (MWAs). The discovery of MWA
galaxies with a larger number of simultaneous selection parameters, as well as more stringent constraints on a given parameter, yields
a sample of MWA galaxies with properties closer fo the true properties of the Milky Way. So, in general, such MW parameters as the
morphological type, luminosity, color indices, structural parameters (size, bar, bulge, thin and thick disks, inner ring, halo), bulge-
to-total ratio, stellar mass, star formation rate, metallicity, and rotation velocity were used in various combinations for comparison
with other galaxies. However, the offset of some MW features in the multi-parameter space of MWAs features should be significant.

The paper aims to give a brief overview of the problematics and to present our approach for studying Milky Way and MWAs match-
ing characteristics (this project is supported by the National Research Fund of Ukraine). We propose to enlarge as much as possible
the number of Milky Way features and compile various samples of MWAs in our co-moving cosmological volume for their further
optimization. Such features can include 3D-kinematics of star’s movement in certain regions, low oxygen content on the periphery, low
nuclear activity, and the lack of significant merging over the past 10 Gyrs (isolation criterion). This approach will make it possible to
widely formulate the necessary and sufficient conditions for the detection of MWA galaxies as well as to reveal other MW multiwave-
length features.

Keywords: Galactic and extragalactic astronomy — Galactic morphology — Active galactic nuclei — Milky Way — Stellar kinemat-
ics — Cosmological evolution.
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1. INTRODUCTION

The morphological, kinematic, and multiwavelength
properties of the Milky Way (MW), the structure of
spiral arms, the chemical evolution, the low activity
of a supermassive black hole, the cosmological origin,
and the placement of the Milky Way with neighboring
galaxies in the cosmic web are essential questions of
modern astrophysics.

Is the Milky Way really a typical giant spiral gal-
axy, and if not, how is it different, and how many
the MW-like galaxies are? The fact that the Milky
Way has general ratios between various parameters,
which are characterized for the spiral galaxies, sug-
gests that the MW is not highly unusual among gal-
axies. So, the anthropic principle is true, at least as a
first-order approximation. This justifies the selection
of Milky Way galaxies-analogues (MWAS) using any
MW parameters (stellar mass, luminosity, star forma-
tion rate, bulge-to-disk ratio, disk scale length, ro-
tation velocity, and morphology are usually consid-
ered). However, the offset of some MW features in
the multi-parameter space of MWAs features should
be significant.

In the earlier works, only the obvious morpho-
logical and photometric parameters were to be taken
into account as the MW indicators for MWAs. For
example, in the seminal article for this research field,
De Vaucouleurs and Pence [9] calculated isophotal
R,5=11.5 kpc and effective Reﬁ,= 5.1 kpc radii as op-
tical scale lengths, inner ring diameter D(r) = 6 kpc,
luminosity values M {(B) = —20.1 and class II, color
(B — V)= 0.53 and hydrogen indices in a frame of
the two-component MW structure model (spheroidal
for bulge and exponential for disk). It allowed them
to identify four nearby galaxies NGC 1073, NGC
4303, NGC 5921, and NGC 6744 as possible MWAs.

Mutch et al. [40] compiled a list of MWAs using
the stellar mass and the structural parameter as the
selection criteria, where the latter parameter corre-
sponds to the profile of the de Vaucouleurs brightness
distribution. Licquia et al. [34] selected a sample of
MWASs from the SDSS-III DRS based on their stel-
lar mass and the current star formation rate. Board-
man et al. [4] presented a sample of 62 MWA galaxies
from the MaNGA with selection criteria as the stellar
masses and bulge-to-disk ratio. We note that the se-
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lection of MWA galaxies using only two MW charac-
teristics is a typical approach and consistent with the
anthropic principle that the Milky Way is not unusual
among other galaxies.

The discovery of MWA galaxies with a larger num-
ber of simultaneous selection parameters, as well
as more stringent constraints on a given parameter,
yields a sample of MWA galaxies with properties
closer to the true properties of the Milky Way. So, in
general, such MW parameters as the morphological
type, luminosity, color indices, structural parameters
(size, bar, bulge, disk), bulge-to-total ratio, stellar
mass, and rotation velocity were used in various com-
binations for comparison with other galaxies.

On the other hand, when we use more selec-
tion criteria, we add little or no MWA galaxies (see,
Boardman et al. [5]). For example, Fraser et al. [20]
found only 176 MWA galaxies among over a million
of the SDSS DR7 galaxies, selecting them by stellar
mass M., morphology, and bulge-to-disk ratio and
using Galaxy Zoo morphological classification. They
concluded that the Milky Way is a galaxy with a low
star formation rate log (SFR,,,/Mg, yr—1) = 0.22,
but it is not unusual when compared to similar gal-
axies (the same as [61] who estimated this value as
0.25). Boardman et al. [4] did not find MWA galax-
ies in the MaNGA survey when they combined four
parameters: stellar mass, star-formation rate, bulge-
to-disk ratio, and disk scale length. Tuntipong et al.
[61] used four selection parameters (stellar mass M.,
star formation rate SFR, bulge-to-total ratio B/T,
and disk effective radius Reﬂ) for identifying MWAs
in the SAMI Galaxy Survey. Combinations of all the
parameters allowed them to find 10 MWAs in the
GAMA and Cluster regions of the SAMI survey and
to outline that B/T'is the least important out of them.
We also note that MW has stable rotation periods:
for the general spiral pattern of 220—360 Myr [21],
for the bar pattern of 160—180 Myr [57], and for the
Sun’s Galactic position of 212 Myr [50].

Pilyugin et al., in a series of works [43, 44, 46],
developed the newest approach for the MWAs selec-
tion. The oxygen abundance characterizes an astra-
tion level (a fraction of matter converted into a star)
and, consequently, is an indicator of how far a galaxy
has gone forward in its (chemical) evolution. They
considered a sample of about 500 galaxies from the
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MaNGA survey with selection criteria for three pa-
rameters (stellar mass M., optical radius R,s, rota-
tion velocity V, , to determine the oxygen abundance
in the center (O/H), and at the isophotal radius
(O/H) gy5- They found that the (O/H)g,s in the
Milky Way is appreciably lower than in other galax-
ies with similar value at the center (O/H),. So, they
revealed that the most prominent feature of the MW
is the low metallicity at the periphery and identified
four galaxies (NGC 3521, NGC 4651, NGC 2903,
and MaNGA galaxy M-8341-09101) that can be
considered as Milky Way twins.

Such results suggest that some MW parameter(s)
can be unusual or their combination can be rare. In
this sense, we propose an advanced approach to the
search of MWAs by pointing out as much as possible
indicators of MW features (Section 2). It allows to
enlarge selection criteria for MWA definition as well
as to consider wider at what the properties of MW
look like to the outside extragalactic observer. The
aim of our article is to present the project “The Milky
Way galaxies-analogues™” (2024—2026) supported by
the National Research Fund of Ukraine.

2. CONCEPT OF AN ADVANCED APPROACH

Being a typical barred spiral galaxy, the Milky Way
has several meaningful observational features of its
evolution. In our opinion, using multiple selection
criteria for finding MWAs is a more effective ap-
proach, which enlarges the common picture of MW
and MWAs’ physical properties, diminishes potential
biases in MWA studies, and enriches our knowledge
for identifying and optimizing the necessary/suffi-
cient conditions for the definition of MWAS galaxies.

Below, we clarify and briefly discuss the MW pa-
rameters and observational features both mostly con-
sidered (Section 2.1) and those we would like to pro-
pose (Section 2.2, 2.3) for MWASs’ search.

2.1. Morphological and photometric parameters,
scale length of structures, metallicity, stellar mass,
and star formation rate. The morphological type of
our Galaxy was determined as SAB(rs)bc [9]. The
SBc type (7 = 4) is usually considered for the study
of MWAs.

Main structural parameters: giant disk galaxy hav-
ing four {two ?} spiral arms with twist angles, bar,
bulge, inner ring, and halo.
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Metallicity as a key parameter of chemodynamical
evolution reveals many factors that define the MW’s
structural parameters. Hammer et al. [26] found a
systematic offset in the position of the Milky Way in
the parameter space within 1o for all Tully-Fisher
ratios, which shows a significant deficiency in stel-
lar mass, angular momentum, disk radius, and Fe/H
in the stars in the periphery region at a given V, .. In
contrast, McGaugh [37] suggests that the Milky Way
is a normal spiral galaxy obeying the Tully—Fisher
and the size-mass relation. Licquia et al. [33] exam-
ined the three-dimensional diagram (V, , — lumi-
nosity — radius) and found that the Milky Way lies
farther from this relation than around 90 % of other
spiral galaxies, yielding evidence that the MW is ex-
tremely compact for its rotation velocity and lumi-
nosity possessing a cold bar [52]. In this context, we
also note the recent work by Queiroz et al. [51] with
the GAIA data on the differences of the stellar popu-
lation in the MW bar and bulge.

The chemical properties of the MW are not typical
in several aspects. On the one hand, the MW is one of
the most oxygen-rich spiral galaxies in the sense that
the metallicity in the center is close to the maximum
attainable value [47]. On the other hand, the oxygen
abundance along the optical radius is noticeably low-
er than in galaxies with a similar central metallicity
[46]. At the same time, the MW has a very steep me-
tallicity gradient compared to most giant spiral galax-
ies, in which the change in oxygen excess along the
optical radius is quite small [45].

Chandra et al. [6] considered the MW three-phase
chemodynamical evolution exploring a sample of
10 million red giant stars with low-resolution Gaia
XP spectra and operating with angular momentum
as a function of metallicity. They compared it with
those of MWAs from the Illustris (TNG50) cosmo-
logical simulation taking into account these three
MW evolutionary phases: the disordered protogalaxy,
the kinematically hot old disk, and the kinemati-
cally cold young disk. They proposed three physical
mechanisms for explanation (spinup, merger, and
cooldown), which satisfies conditions of the Gaia-
Sausage-Enceladus (GSE) last major merger with
our Galaxy at z ~ 2. In the frame of this three-phase
scenario, Semenov et al. [56] proposed an explana-
tion of yet one MW feature: the MW disk was formed
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quite early, within the first few billion years of its evo-
lution. It is consistent with the overall population of
MWA-mass disk galaxies. We note that the thickness-
es of thin and thick disks 220—450 pc and 2.6 kpc are
usually considered, respectively [3].

Among other MW chemodynamical features,
which were compared with MWAs obtained in
TNG50 cosmological simulations, we note recent
fundamental research by Rix et al. [54]. Using Gaia
XPspectra, they found a universal feature for MW
and MWAs: their extremely metal-rich giant stars
(M/Hyp > 0) are mostly concentrated in a compact
central dynamically hot knot with R < 1.5 kpc. Tak-
ing into account that MW metal-poor stars are also
concentrated in the central few kiloparsecs region,
future studies with the SDSS-V, as these authors
write, will allow us to estimate the stellar population
more precisely. Another “side” of our Galaxy, the
halo at 10—80 kpc, was studied by Han et al. [27]
with the H3 Survey data. They found the strong kine-
matic asymmetries of distributions and, consequent-
ly, cold and kinematically hot fractions of stars with
radial velocity dispersions of 70 km/s and 160 km/s,
respectively.

As for the inner ring feature, Wylie et al. [70] in
their recent meticulous work with a sample of APO-
GEE DRI16 inner Galaxy stars, studied the outer
bar region. They considered the orbits of stars in the
“‘state-of-the-art bar-bulge potential with a slow pat-
tern speed”, constructing the maps of their metallic-
ity [Fe/H], density, and ages. They conclude that the
MW inner ring-like structure is, on average middle-
age and has a metal-rich gradient along the bar’s ma-
jor axis. Their position is between the planar bar and
corotation.

The following photometric parameters, stellar
mass, star formation rate are usually taken into ac-
count for the search of MWAs: luminosity class (II);
isophotal diameter D,5 = 26.8 kpc [23] with adopting
a central surface brightness p, = 22 B-mag/arcsec 2
and a disk scale length 2 = 5 kpc; the isophotal radius
is usually adopted as R,5 = 12 kpc; the stellar disk up
to 1.35 kpc [53].

The mass of our Galaxy has various estimates de-
pending on methods and entire region for this esti-
mate: from 8.5x10'! Mg, [42] to 1.4x10'2 M, [24].
The virial mass at Galactocentric distance less than
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21.1 kpe is M, = 0.2x10'2 M, (see, for example,
Watkins et al. [69] for estimation by halo globu-
lar clusters motion); stellar mass M,= 5x1010M Sun
(log M. = 10.7) with linear scale (B/T, Reﬁp) [61];
number of stars N, = (1—4)x10!! when the disk stars
were detected with Gaia DR2 even beyond 25 kpc
from the MW center; dark matter density at Sun’s
position Mj,, = 0.0088 Mg, pc—3 [29] but a dark
matter area may extend up to ~ 600 kpc [7]; star for-
mation rate SFR = 1.78 £ 0.36 M, , yr-l[61].

In this context, the Illustris(TNGS50) simula-
tion, containing approximately 100 MWA galaxies
by mass, could be used to define their evolutionary
tracks in order to discover whether there is a typical
scenario of evolution that leads to the formation of
MWA galaxies or to estimate the probabilities of dif-
ferent scenarios of their formation. The result of this
task will be exploited to select the most likely sce-
nario (scenarios) for a search of MWA galaxies at the
higher redshifts.

2.2. Nuclear activity, supermassive black hole, 3D-
kinematics of stars. We propose to search for such a
parameter of the Milky Way in the parameter space,
which shows the maximum deviation from the cor-
responding relation for spiral galaxies. This param-
eter is used as the main criterion for selecting MWA
galaxies. Because the search for MWA galaxies is fea-
sible using any parameters of the MW, we propose to
increase their number both for the search for MWAs
and for the specification of their properties.

In most of the research, as you see, the MW gal-
axies-analogues were selected based on two/three
parameters: stellar mass and some additional pa-
rameter, usually bulge-to-disk (bulge-to-total) ra-
tio, the star formation rate. In addition to these MW
features, we would like to highlight the weak nuclear
activity and the low mass of the supermassive black
hole (SMBH), 3D-kinematics for the rotation veloc-
ity, isolation criteria, and several known multiwave-
length properties.

The 3D-kinematics of a star’s movement can serve
as an indicator for the search for MWAs. In series
of works, Fedorov et al. [17—18], Dmytrenko et al.
[10], Denyshchenko et al. [8] investigated the region
of the Milky Way in the coordinate ranges 120° <
<0<240°, 0kpec < R< 16 kpc, —1 kpc < Z< 1 kpc
with Gaia EDR3 using samples of red giants and sub-
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giants whose centroids are in the MW plane. For the
first time, these authors derived the dependence of
their kinematic parameters on the Galactocentric
coordinates as well as the parameters for rotational
velocity 0V/06 and 0V, /00.

Our approach includes the task of investigating the
3-D kinematics of a large part of the MW based on
GAIA DR3 data within the Ogorodnikov — Milne
model and using the determined strain and rotation
rate tensors to establish the spiral pattern of the MW.
The studied galactic space will be bounded by the
Galactocentric coordinates of 4 kpc < R < 14 kpc,
140° < 0 < 220° and —3 kpc < Z < 3 kpc. This is the
region dominated by older stars, which are more
evenly distributed than younger blue stars. Using the
obtained components of the spatial velocities of the
centroids and kinematic parameters, we will able to
construct V, (R) and their slope within this region
and to determine the parameters of the spiral arms,
including the coordinates of the vertices of various
star regions. These results can serve as characteris-
tic features for applying machine learning in tasks
of searching MWAs with kinematically cold rotating
disk.

Let us also remind that our Galaxy possesses both
a weak nuclear activity and a small mass of the super-
massive black hole: Mg, p,, = 4.61x10% M, (2, 22].
The central object Sgr A* usually shows quiescent
state, but sometimes does show rapid outbursts or
flares of radiation (see e.g. [13, 25], and references
therein). This is the case of a low-luminosity galactic
nucleus, radiating at ~ 10~8 of the Eddington level.
In the such regime of activity, the MW core has no
typical AGN-like gas-dusty torus but has so-called
“circumnuclear disk” (CND) as a torus-like dusty-
molecular gas around Sgr A* extending from ~1 pc to
~5pc (see, e.g. [16, 32, 59]).

2.3. Isolation criterion. We accept as a working
hypothesis that the MW’s features are caused by its
evolution without major merging over the last 10 Gyr.
We consider the isolation criterion of MWA galaxies
on the scales of neighboring galaxies to study the role
of satellites in the evolution of MWA galaxies.

The Milky Way can be considered an isolated ga-
laxy during the long time of its evolution. The results
of the high-resolution N-body simulations of last
major merger by Naidu et al. [41] allowed in particu-
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lar to determine both the orbital parameters of merg-
ing with two density profile breaks at ~15—18 kpc
and 30 kpc as well as distribution of stellar and dark
matter mass between GSE and Milky Way.

What is about minor mergers? How do the Magel-
lanic Clouds (the gas reservoirs) influence the evolu-
tion of MW? Van den Bergh [62] assumes that the
Magellanic Clouds may be interlopers from a remote
part of the Local Group rather than true satellites
of the Milky Way, i.e., the Large Magellanic Cloud
(LMC) is on its first approach to the MW. Font et al.
[19] and Jones et al. [28] investigated the significance
of satellite effects and analyzed star formation rates
in galaxy systems similar to the MW system using the
projected distances between galaxies.

What is the future collision of the Milky Way with
Andromeda galaxy [14, 63] in around 5 Gyr? Sawala
et al. [55] used the Gaia and HST observational data
to determine the dynamical process of merging the
MW-M31 system. These authors predicted that M33
and LMC, as other members of the Local Group,
can make this merger less likely because the LMC or-
bit runs perpendicular to the MW-M31 system orbit.
Moreover, they found that existing uncertainties in
the present kinematic and dynamic (masses) data for
Local Group galaxies give a 50 % — 50 %probabil-
ity of MW-M31 merger during the next 10 Gyr. Not
only the correct distance moduli determination (see,
for example, [15]) and the MW-M31 orbital geom-
etry [1] but also the position of the Local Void lying
adjacent to the Local Group [35, 36, 60] and the MW
moving away from this void can play a certain role.
To study the role of interaction with neighboring
(dwarf/normal) satellite-galaxies in the evolution of
MWAES, the isolation parameters for nearby galaxies
are available (see, Sorgho et al. [58] for the AMIGA
project). For example, the isolated galaxies selected
from the 2MIG catalog exhibit multiwavelength prop-
erties, which are characterized by weak nuclear activ-
ity as compared with galaxies in the dense environ-
ment [11, 38, 48, 68] and faint luminosity in spectral
ranges, especially in radio- and X-ray ranges [49, 64].

The multiwavelength data for exploiting spectral
energy distributions (SED) of MWAs are also gath-
ered in various observational sky surveys obtained by
ground-based and space telescopes [65]. Therein, in
our opinion, the galaxies most MW-like (MW twins)
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deserve close attention. For example, the NGC 3521
is one of such MW twins as regarding baryon mass,
rotation velocity, scaled disk length, and metallic-
ity. Its multiwavelength observational data, includ-
ing from the Ukrainian UTR-2 radio telescope in
the decameter range [31], will be quite useful both
to have a full SED of the NGC 3521 and to explain
some MW features as the Galactic background radio
emission or the North Polar Spur [39]. The archive of
the UTR-2 radio telescope contains large volumes of
24-hour survey data for 4-5 positions on inclination.
An interesting expected result to find the view of
the MW from the outside observer can be achieved
using machine learning for classification by a range
of photometric parameters (morphology details, op-
tical radius, luminosity concentration index to the
center, color indices, etc.) and image features (bar
and bulge, structure of spiral arms, inclination angle,
etc.) classification [12, 30, 66, 67] as well as the ob-
tained 3-D kinematics of the MW red-giant and sub-
giant stars, and the parameters of multiwavelength
radiation of MWAs as additional indicators.

3. CONCLUSION

Our project for searching MWAs includes several re-
search areas: 3D kinematics of stars of the MW, se-
lected multiwavelength properties of MWA galaxies,
including NGC 3521 as the most MW-like galaxy;
the activity of the nuclei and SMBH masses of MWA
galaxies; the gravitational coupling of selected MWA
galaxies and the analysis of the significance of the in-
fluence of dwarf neighboring galaxies; cosmological
simulations of the evolutionary tracks of MWA gal-
axies; search for the appearance of the MW for the
outside observe by machine learning, which is based
on the data of MWA-galaxies; the revealing for oth-
er features of the MW in comparison with the MWA
galaxies.

Samples of candidates for the role of the MWAs
should contain the maximum possible number of

MW features. This allows for optimizing the neces-
sary and sufficient conditions for revealing MWAs.
The number of candidates for MWA galaxies will
increase quantitatively, and their study will, in turn,
help to understand the appearance and features of
the MW as an extragalactic object. Cosmological
simulations TNG50, in turn, allow clarifying wheth-
er single/different evolutionary tracks lead to the for-
mation of the MWA.

The Milky Way galaxies-analogues provide an al-
ternative insight into the various pathways that lead
to the formation of disk galaxies with properties simi-
lar to the Milky Way. Such an approach will make it
possible to widely formulate the necessary and suffi-
cient conditions for the detection of MWA galaxies as
well as to reveal other MW multiwavelength features.
In our cosmological co-moving volume, the MWAs
can be identified in solving the multi-parameter task
of optimizing those quantitative and qualitative char-
acteristics that should be as similar as possible to the
MW features. This circumstance reflects the fact that
available samples of MWAs contain the galaxies in
the redshift range of the Local Universe.

Determining what our Galaxy (our big house)
looks like from the outside is of great importance for
astrophysics and astronomy’s popularization. Man-
kind has always been interested in whether our place
of residence in the Universe is special or wheth-
er there are other similar places. First, there was a
search for planets near other stars; after discovering
the first exoplanets, the search began for terrestrial
planets and planetary systems similar to the Solar
System. The search for for MWA galaxies is the next
step on this path.
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! TonroBHa acTpoHOMiuHa o6cepBaTopist HalioHanpHOT akanemii Hayk YKpaiHu

ByJI. AKaznemika 3abosotHoro 27, KuiB, Ykpaina, 03143

2 HayKoBo-IocCIigHMil iHCTUTYT acTpoHOMii XapKiBChbKOTo HallioHaabHOro yHiBepcutety imM. B. H. Kapasina
1. Ceobonu 4, XapkiB, Ykpaina, 61022

MEPCITEKTUBHUM NIOXIA 1O BUSHAYEHHSA «TAJJAKTUK-AHAJIOTTB YYMAILIBKOT'O IIIJIAXY»

Hama Tanaktuka — Yymanpkuii Lnsx — Mae neBHi 0oco0auBOCTI OyaoBU Ta eBosouii. [1py moinyky rajakThkK-aHajaoriB
Yymaupkoro Lnsxy 3a3Buuail BpaxoByl0Th MOP(OJIOTiuHi, (h)OTOMETPUUHI, KiHEMaTUYHI Ta XeMOJAMHAMIYHi BJIaCTHUBOCTI.
BusiBieHHs rajlakTUK-aHaJIOTiB i3 OUIBIIO0 KiIBKICTIO OHOYACHUX TTapaMeTpiB BiOOpPY, a TaAKOXK OLUJIbII CyBOPUMU OOMe-
JKEHHSIMU Ha TIEBHUI TTapaMeTp, Ja€ BUOipKY TalaKTUK-aHAJIOTIB i3 BIACTUBOCTSIMU, OJIVDKIMMU JIO CIIPaBXHIX BIACTUBOCTEN
Yymanpskoro Lmsaxy. 3a3suuaii Taki mapametpu Yymanbkoro Lmsxy, ssk MopdomoTiunmii TUTI, CBITHICTb, TTOKa3HUKHU KO-
JIbOPY, CTPYKTYPHi MapaMmeTpu (po3mip, 6ap, 6aimK, TOHKUI Ta TOBCTUI TUCKM, BHYTPIIITHE KiJIbIIE, Ta0), CIiBBiAHOIICHHS
CBITHOCTI OaJiKa J10 3arajibHoi, 30psiHa Maca, TeMIT 30PEYTBOPEHHSI, METaiYHICTh i IIBUIKICTh 0O€pTaHHS BUKOPUCTOBYIOTh-
Cs1 B Pi3HUX KOMOiHALLiSIX ISl TOPiBHSHHS 3 iHIIUMU TalaKTUKaMu. [1py iboMy 3MillleHHS JesIKUX nmapaMeTpiB Yymainbkoro
1Insxy y 6ararornapaMeTpuuHOMY MPOCTOPi MapaMeTPiB raJlaKTUK-aHAJIOTiB Ma€ OYTH 3HAYYIIHM.

Merta pob0oTH — HaJaTh KOPOTKU OTJISII TTPOOIEMATHKY Ta MPEACTaBUTH HAII TTiIXi 10 BUBYEHHST TAKMX OCOOJIMBOCTEM
Yymanpkoro IInaxy Ta iioro rajakTUK-aHaJIOTIB, SIKi 30iraloTbes (MPOEKT MiATPUMYEThCST HaltioHaabHUM (OHIOM HOCTTi-
IKeHb YKpaiHu). MM mpornoHyeEMO MaKCUMaJbHO 30LIbIINTH KibKiCTh HOCiAKYBaHUX MapaMeTpiB Yymanbkoro LImsxy
Ta CTBOPUTU Pi3Hi BUOIpKU rajakTUK-aHAJIOTIB Y OJIM3bKOMY KOCMOJIOTIYHOMY 00’€Mi JUIsl IXHBOT TOAAJIBIIOTI ONTUMI3alLlil.
Cepen Takux MapaMeTpiB — TPUBUMipHA KiHEMaTHKa pyxy 3ip y 3anaHiit oosnacti Hymaiibkoro LLnsaxy, HU3bK1Ui BMICT KUCHIO
Ha riepudepii, cimabka akTUBHICTD s1ipa i BiICYTHICTb 3HAYHOTO 3JIUTTS 3a ocTaHHi 10 MJIpa poKiB (KpUTepili i301bOBAHOCTI).
Takwii migxig 103BOIUTH cHOPMYIIIOBATH HEOOXiIHI Ta JOCTATHI YMOBH TSI BUSBJIICHHSI TAJIAKTUK-aHAJIOTIB Ta BUSIBUTH 1HIITI
0araToxXBUIbOBI 0co0aMBOoCTI Yymalibkoro LImsxy.

Karouogi caosa: TanaktTuyHa ta nosarajakTuyHa acTpoHOMiss — Mopgoutorist rajakTuK — AKTUBHI siipa rajaktuk — Yyma-
ubkuit Lnsx — 3opsiHa KiHemaTuka — KocMoJioriuHa eBOJIIOLLS.
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