&
X

|« KHIiT
Tom 27
5(132)
2021

| KOCMIYHA HAYKA
‘emr] 1 TEXHOJIOI'TS

SIPACIE SCIENCIE
ANID TECEINOILOGY

HALIIOHAJTBHA
AKAJIEMISI
HAVK YKPATHU

HAYKOBO-TIPAKTUYHWI )KYPHATT + 3ACHOBAHO BJIIOTOMY 1995p. + BUXOOWTH 6 PA3IBHAPIK + KUIB

3MICT

Kocmiuna enepreTuka i ABUryHU

Andriievskyi M. V., Mitikov Y. O. Approach to solution of
tank with hydrogen peroxide pressurization by its de-
compositionproducts . .. .......... ..

Jocaimkennsa 3emi 3 KocMoCy

Fedorovsky O. D., Khyzhniak A. V., Tomchenko O. V. As-
sessing aquatic environment quality of the urban water
bodies by system analysis methods based on integrating
remote sensingdata. . ....... ... .. i i

Kocwmiuna it atmocdepna dizuka

3axapos 1. I., Yoproeop JI. @. Brmu rao0aabHOI ceii-
CMiYHOI aKTUBHOCTI Ha Tpoliecu B aTMocdepi Ta ioHO-

(100 15) o) [

Hayku npo KutTs B KOCMOCi

Apmemenko O. A. locnigxeHHs (PyHKIIIOHAJIBHOTO CTa-
Hy JinigHux padTiB B LIMTOIIa3MaTU4YHIi MeMOpaHi
MPOPOCTKIB Pisum sativum Npu [il KIMHOCTATYBAHHS . . .

Kusax H. 4., Jlobauescoka O. B., Xopkasyie A. JI. Mop-
doiziosoriuni peakilii rpaBidYyTJIMBOCTI Ta aganTauii
1o Y®-orpomiHeHHsT MOXY Bryum caespiticium Hedw. 3
AHTAPKTUKM « . v vovtee et e et e e ee et ee e

11

19

35

CONTENTS

Space Energy, Power and Propulsion

Andriievskyi M. V., Mitikov Y. O. Approach to solution of
tank with hydrogen peroxide pressurization by its de-
compositionproducts . .. ......... ...

Study of the Earth from Space

Fedorovsky O. D., Khyzhniak A. V., Tomchenko O. V. As-
sessing aquatic environment quality of the urban water
bodies by system analysis methods based on integrating
remote sensingdata. ......... ... i

Space and Atmospheric Physics

Zakharov 1. G., Chernogor L. F. The global seismic acti-
vity influence on processes in atmosphere and iono-
SPhere. . . oo

Space Life Sciences

Artemenko O. A. The study of the functional state of li-
pid rafts in the cytoplasmic membrane of Pisum sativum
seedlings under clinorotation . ......................

Kyyak N., Lobachevska O., Khorkavtsiv Y. Morpho-
physiological reactions of gravisensitivity and adaptation
to UV irradiation of the moss Bryum caespiticium Hedw.
from Antarctica

11

19

© HALIOHAJIBHA AKAJIEMISI HAYK YKPAIHMU, 2021



Kocmiuni maTepianu Ta TexHoJorii

Caxuo H. I., Aspamos K. B., Ycnencokuii b. B. IlnHamiu-
Ha BTpaTa CTilKOCTi CKJIaJeHOI HAaHOKOMITO3UTHOI 000-
JIOHKH

MOHITOPUHT KOCMIYHOTO MPOCTOPY i KOCMiYHE CMITTS

Alpatov A. P., Changqing Wang, Zakrzhevskii A. E. Feed-
forward control of total retrieval of the space tether from
vertical position. . ......... ... ... . i

IcTopis KocMiYHUX TOCITITKEHD

banuwes M. A., Kosanw IO. 0. YaacTh XapKiBChKOI acT-
POHOMIYHOI 00cepBaTopii Ta ii MpeICcTaBHUKIB y paasiH-
CBKill KOCMiuHiif iporpami 'y 1960-x pokax. ..........

Ho 80-pivua akamemika HAH Yxpainm IJIBUEHKA
Muxaiina FOxumoBuua

60

71

86

Space Materials and Technologies

Sakhno N. H., Avramov K. V., Uspensky B. V. Dynamic
instability of a compound nanocomposite shell. .. ......

Space Environment Monitoring and Space Debris

Alpatov A. P., Changqing Wang, Zakrzhevskii A. E. Feed-
forward control of total retrieval of the space tether from
vertical position. . ........... . .

History of Space Research

Balyshev M. A., Koval Yu. Yu. Participation of Kharkiv
Astronomical Observatory and its representatives in the
Soviet space program in 1960

To the 80™ birthday of Academician Mykhailo
ILCHENKO . ... ..o

Ha nepuwiii cmopinyi o6kaadunxu — ®opMu BIacHUX KOJIMBaHb TOHKOCTIHHOI 0O0JIOHKOBOI KOHCTPYKIIil

(muB. ctartio Caxuo H. I ta in., C. 60—70)

Kypnan «KocmiuHa Hayka i TEXHOJIOTisI» BKJIIOYEHO J10 MepetiKy HayKoBuX (haxoBUX BUAAHb YKpaiHu,
B AKX MyOJIIKYIOTbCS Pe3Y/IbTaTH JUCEPTALIHMX POOIT Ha 3100yTTS HAYKOBUX CTYIEHIB
JIOKTOpa i KaHauaaTa (i3MK0-MaTeMATHYHNX, TEXHIYHUX, 0i0JOTIYHIX, T€0IOTIYHUX TA IOPUINYHIX HAYK

Bianosizamsauii cekperap penakunii O.B. KIMMEHKO

Anpeca penakuii: 01030, Kuis-30, Bys1. Bomonumupceka, 54
Teit./dakc (044) 526-47-63, exn. moinra: reda@mao.kiev.ua

Be6-caiit: space-scitechnjournal.org.ua

Cainonrso npo peectpauito KB Ne 1232 iz 2 motoro 1995 p.

IlepepeectpoBaHo MiHicTepcTBOM locTulii Ykpainu 21.11.2018 p.,

Csigourso cepist KB Ne 23700-13540 ITP

60

71

Minnucano o npyky 02.11.2021. ®opmat 84 x 108/16. TapH. HbioTOH.
VM. apyk. apk. 10,5. O6.-Bun. apk. 11,03. Tupax 100 mpum. 3am. No 6486.

Bunagsels i BurorosmoBau B/l «Akanemnepionuka» HAH Ykpainu

ByJ1. TepeleHkiBcbKa, 4, M. Kuis, 01024

CaimonrBo 1po BHeceHH: 10 JlepkaBHOTO peecTpy cy6’ekTiB BumaBHU4oi cripaBu cepii 1K Ne 544 Bin 27.07.2001 p.



KocMmiuHi enepreTuka i 1BUryHH
Space Energy, Power and Propulsion

https://doi.org/10.15407/knit2021.05.003
UDC 629.7.036.001.2(082)

M. V. ANDRIIEVSKYI -2, Postgraduate student, head of Propulsion Systems Department of Ukrainian branch
E-mail: andrievsky.ukraine@gmail.com

Y. O. MITIKOV?2, Department Chair, Doctor of Science, Assistant Professor

E-mail: mitikov2017@gmail.com

!'Skyrora Ltd, Edinburgh, UK
20les Honchar Dnipro National University
72, Gagarina Ave., Dnipro, 49010 Ukraine

THE PROBLEM OF THE TANK PRESSURIZATION
WITH HYDROGEN PEROXIDE AND THE APPROACH
TO ITS SOLUTION USING PRODUCTS OF ITS DECOMPOSITION

Aim. To find and confirm the possibility of hydrogen peroxide tank pressurization using high-temperature pressurization gas
(~1100 K) with a high percentage of steam (up to 70 %) without its losses.

Research methods. Mathematical modeling of pressurization system parameters with the theory of mass transfer and thermo-
dynamic of variable mass bodies have been used.

Results. The conducted research allowed us to find and confirm the possibility of using a new pressurization method with
additional sources of heat and elaborate recommendations for its appliance during pressurization time.

Scientific novelty. The main processes have been determined, which prevent implementation of the efficient high-tempera-
ture pressurization system of the tank with the hydrogen peroxide using peroxide decomposition products. The main obstacle
is the volume condensation of vapor in the free volume of the tank when heat exchange processes with boundary surfaces take
place. For the first time, by means of theoretical calculations, the expediency and rationality of using the additional sources of
heat such as high-temperature combustion product of solid-fuel gas generator based on sodium azide have been proved. Using
of this additional source for the first 30 seconds of engine operation has been proved.

Practical value. Methodology of pressurization system parameters’ calculation was supplemented with discovered thermo-
dynamic relation, which allowed us to calculate the amount of vapor and take some measures to eliminate the condensation.
Results of the research allowed the designation of the pressurization system for the highly concentrated hydrogen peroxide tank
with a high value of length to diameter relation with its high-temperature decomposition products.

Keywords: high-test peroxide, pressurization system, condensation of the vapor, decomposition products, high temperature
pressurization gas, saturated steam pressure.

[16]. However, very often, it leads to the sacrifice of
the orbit accuracy of each satellite. Moreover, logis-
tical issues take place. Therefore, it is not surprising
that today the interest in the ultra-light LV class has

Generalia praecedunt, specialia seguuntur

INTRODUCTION

Nowadays, the world’s most popular satellite seg-

ment in terms of mass is only a few tens of kilograms.
Medium-class launch vehicles (LV) may deliver tens
and hundreds of such satellites into orbit per launch

significantly increased. This particular LV class suits
the best for the launching of satellites individually or
in small homogeneous groups. However, the price for

HurtyBanHs:Andriievskyi M. V., Mitikov Y. O. Approach to solution of tank with hydrogen peroxide pressurization by its de-
composition products. Space Science and Technology. 2021.27, Ne 5 (132). C. 3—10. https://doi.org/10.15407 /knit2021.05.003
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delivery of one kilogram of payload into orbit by ul-
tra-light LV is significantly higher [4].

In order to eliminate this significant drawback, the
most innovative decisions should be applied during
the design process of such a launch vehicle. Also, all
Cold War period technical stereotypes when some
countries for different political reasons tried to reach
space at any price should be abandoned.

THE AIM OF THE REASERCH

The purpose of this research is to find and confirm
the simplest pressurizing method of tanks with hy-
drogen peroxide by its high-temperature decomposi-
tion products.

The tasks of the research are the following:

¢ Determination of reasons, which cause conden-
sation of the vapor in the free volume of the tank dur-
ing its pressurization with decomposition products of
high-tense peroxide;

¢ Confirmation of the thermodynamic relation,
which allows the exclusion of volume condensation
of the vapor in the free volume of the tank;

e Confirmation of the way to provide conditions
when found thermodynamic relation is fulfilled.

Methods of thermodynamic of variable mass bod-
ies, heat exchange theory, and iteration calculation
methods were used

LITERATURE REVIEW

It is believed that liquid oxygen (LOX) is the cheapest
oxidizer. The fact of the matter is that it is true only
for the factory manufacturing price. LOX attractive-
ness reduces if all additional systems which are nec-
essary to make its usage possible are considered.

It is a well-known fact that the liquid-propellant
rocket engine and helium pressurization systems are
the most expensive parts of the launch vehicle [4].
That is why the design process of these LV systems
should be the most careful and attentive.

It is not surprising that, nowadays, a significant in-
crease of interest in the operation of rocket systems
that run on widespread environmentally friendly
storable propellants has been detected [1]. The most
interesting propellant in this regard is highly concen-
trated hydrogen peroxide — kerosene or highly con-
centrated hydrogen peroxide — alcohol [15]. Cur-
rently, a number of companies are already developing

4

an ultralight class launch vehicle based on the indi-
cated propellant (Taimyr, Adler, Skyrora). Moreover,
the European Space Agency has announced a tender
for the development of a thruster that would run on
hydrogen peroxide [5].

Until today, helium pressurization systems (PS)
have found the most widespread use in the world
for pressurizing propellant tanks. The reason for
it is that no special research is necessary for them.
Since 1966 after tragic failures of liquid-propellant
missiles in the USA, the governments have chosen
solid-propellant missiles as a main course of devel-
opment. The financing of liquid-propellant propul-
sion systems almost had been ceased. In the Soviet
Union, on the contrary, liquid-propellant missiles
were chosen as a main course of development and,
as a result, the famous missile R-36M, which is also
known as “Satan”, was created. Gas-stored systems
were not applied for the last two generations of Soviet
missiles, which significantly simplified the design of
the propulsion system and reduced the dry weight of
the missile.

Further, due to the widespread use of helium PS,
the impression of their reliability can be formed.
However, this is far from the case [11]. Failures and
accidents with the loss of payload due to the fault of
helium systems over the past seven years in the world
have occurred much more often than due to the fail-
ure of a much more complicated rocket engine.

Article [9] is devoted to the research of fragment
acceleration modeling during the burst of the pres-
surized tank. Article [7] presents the modeling of
mass and heat transfer during the pressurization of
the tank with liquid hydrogen. Comparison between
helium and evaporated hydrogen have been done.

Particular issues of the use of helium for pressur-
ization have been considered in the technical (pat-
ent) literature. The process of gas pressure drops in
a tank with an oxidizer which takes place after its
prelaunch pressurization with helium, was studied in
the article [8]. The article [17] is devoted to math-
ematical modeling of phase transitions in the system
“cryogenic liquid-free volume of a tank with heli-
um”. It is shown that the phase transition (boiling)
has an insignificant effect on the pressure in the tank.
The research [6] considers different conditions of
hot helium entering into the free volume of the tank.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 5



Approach to solution of tank with hydrogen peroxide pressurization by its decomposition products

The conclusion was made that axial gas injection is
more preferable to the commonly used radial injec-
tion. The failure factor of the system was determined
(decrease of pressure in the tank).

It seems that the simplest way to a tank with hy-
drogen peroxide pressurization is by using its hot de-
composition product. This idea seems to be the most
obvious, but huge issues appear, such as the presence
of steam (up to 70 % of mass) [3]. Due to thermody-
namic expansion work pdV, heat exchange with the
tank structure and propellant surface temperature of
any hot pressurization gas drop immediately. Most of
the water vapor condenses on relatively cold bound-
ary surfaces. In this case, overheating of the alumi-
num supporting the upper bottom of the oxidizer
tank may occur.

This is exactly what happened during the first in
the world development of the first stage pressuriza-
tion system for the RD-214 oxidizer tank which was
powering the first stage of the Cosmos launch vehicle
[12]. This pressurization system used the decompo-
sition product of hydrogen peroxide. The issue with
the upper bottom of the tank was solved by upgrad-
ing its design. A thin-walled steel false bottom was
installed equidistantly to the main bottom with a
minimum gap.

MATHEMATICAL MODELING
AND ITS CONSEQUENCES

In accordance with the canons of thermodynamics,
it is necessary to maintain the average mass temper-
ature of the pressurization gas higher than the tem-
perature of vaporous water pressure in the free vol-
ume of the tank. In other words, the partial pressure
of water vapor in the free volume of the tank during
operation of the liquid-propellant engine should be
less than the pressure of saturated water vapor at the
mass average temperature of the pressurization gas in
the tank.

In our opinion, to achieve indicated state of the
thermodynamic parameters in the tank, there are two
simple ways [13]. The first way is to organize high-
temperature prelaunch pressurization. The second
way is to sustain pressure at the beginning of the
propulsion system operation by means of additional
high-temperature pressurization gas separately or in
combination with decomposed hydrogen peroxide.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 5

As an additional heat source, the most widespread
sodium azide solid gas-generator was considered,
which would generate almost pure nitrogen (=98 %
N,) [14]. It is commonly used to inflate car airbags.
Taking into account that no coolant is necessary for
our purpose, this gas-generator is getting simpler.
The combustion temperature of sodium azide with
Fe,0; as an oxidizer is about 1550 K and with WO,
is about 1750 K. The pressure-fed propulsion system
will be considered as the most complicated case (tank
pressure is between 45 and 50 bar).

Mathematical simulation of internal tank process-
es was used as a basic one. It is based on the thermo-
dynamics of variable mass. This simulation method
allows determining pressure change in the tank de-
pending on the mass flow rate of pressurization gas
and change of the free volume [10]:

dp k-1] , <
d_]i:T{ Qs +§Iimi_]1ml -

k : léVp
—X&_pV+ ;
kav -1 P (kaz/ _1)2 :|

m; and I, — mass and enthalpy of the gases used for
pressurization; m; and /, — mass and enthalpy of gas
leakage. This term is relevant if the safety valve is
triggered; p — current pressure in the tank; V — the
volume flow rate of propellant; k ,, — average heat
capacity ratio of the pressurization gas may be deter-

mined as:
b= Zmiki

ao zml ’
Qs — total heat flow from the gas, which may be de-
termined as:
QZ = Qp + Qw +Qcon >

Qp — heat flow from pressurization gas to the pro-
pellant; Q,, — heat flow from gas to the tank struc-
ture; Q,,, — heat flow from volume condensation of
the steam.

Heat losses to the boundary surfaces are deter-
mined from the dependences of stationary natural
convection. These are generally accepted assump-
tions today.

In our case, when tank pressurization with decom-
position product of hydrogen peroxide with 70 % of
steam is being considered, the exact evaluation of the
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heat flow from the condensation process is the most
relevant.

In order to make calculations possible, two funda-
mental assumptions were made:

1. All energy that is released during the condensa-
tion process heats pressurization gas in the free vol-
ume of the tank.

2. As soon as the pressure of saturated water vapor
at the average temperature of the gas in the tank be-
comes higher than its partial pressure, the condensa-
tion process stops.

In this case, heat flow from the condensation pro-
cess may be determined as the product of specific heat
of condensation to the mass of condensed steam:

Qeon =1(t)-m.
Taking into account the second assumption, the
mass of condensed steam is an excessive mass in

comparison with its boundary permissible mass,
which may be determined as:

p,(T)V
RII2OT

Mi190; = Migy0iq T My is the amount of steam in
the tank on the previous evaluation step; 7, — the
mass flow rate of steam for pressurization; p (7T) —
saturated steam pressure, which is a function of
temperature; V' — current free volume in the tank;
Ry9o — the gas constant of water vapor; 7" — the
temperature of the pressurization gas in the tank.

It’s evident that the condensation process has a
negative role in the pressurization process. Firstly,
this is a direct loss of pressurization gas which leads to
the necessity of pressurization gas flow rate increase.

Secondly, the temperature of the upper layer of the
propellant increases which causes an increase in sat-
urated vapor pressure. Also, the necessity of the tank

Meon = MHQOi -

Table 1. Calculation of pressurization system
with cold pre-launch pressurization

pressure increase appears in order to provide stable
operation of the pumps.

Let’s consider both ways of heat energy supply in a
more detailed way:

* hot prelaunch pressurization;

* using of high-temperature solid-fuel gas-gener-
ator, which would pressurize the propellant tank in
the initial moment. In this case, the task may be for-
mulated as an optimization of the pre-launch pres-
surization temperature or operation time, the mass
flow rate, and combustion temperature of the solid-
fuel gas-generator, which would be sufficient to meet
the necessary condition.

Let’s consider a pressurization case when the pro-
pellant tank of a pressure-fed propulsion system is
pressurized by means of a hydrogen peroxide decom-
position product. The input data for mathematical
simulation are presented in Table 1.

In this case, pre-launch pressurization is provided
by nitrogen with ambient temperature, which is the
simplest way. Analysis of the results of the mathemat-
ical simulation, which are presented in Figures 1 and
2, prove that the condensation process causes signifi-
cant pressure drop at the initial moment of propul-
sion system operation. Based on these results, a con-
clusion can be made that the condensation process
stops as soon as saturated steam pressure becomes
lower than its partial pressure at the average gas tem-
perature.

Let’s conduct mathematical modeling of the case
when pre-launch pressurization is performed using
hot gas. It will help to increase the temperature inside
the tank higher than the condensation temperature.
Input data for the mathematical simulation is pre-
sented in Table 2. The results of mathematical mod-
eling are presented in Figures 3 and 4.

Table 2. Calculation of pressurization system
with hot pre-launch pressurization

Pressure after pre-launch pressurization, Pa 45-10°
Temperature after pre-launch pressurization, K 310
The mass flow rate of gas for pre-launch pres-

surization, kg-s~! 0.22
Initial gas volume in the tank, I 80

Diameter of the tank, mm 750
The volume flow rate of propellant, s~! 8.36
Propellant temperature, K 293

Pressure after pre-launch pressurization, Pa 45-10°
Temperature after pre-launch pressurization, K 500
The mass flow rate of gas for pre-launch pres-

surization, kg-s~! 0.22
Initial gas volume in the tank, I 80
Diameter of the tank, mm 750
The volume flow rate of propellant, s~! 8.36
Propellant temperature, K 293
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Approach to solution of tank with hydrogen peroxide pressurization by its decomposition products

p, 10" Pa

ME’ kg TJ K

50
4518
+ 468
+ 418
+ 368
4 318

0 1 1 1 1 1 1

20 40 60 80 100 120 1,s

Fig. 1. Main parameters in the tank in case of pressurization
with decomposed H,0, and pre-launch pressurization with
cold nitrogen: / — tank pressure, 2 — total mass of the gas in
the tank, 3 — gas temperature on the tank, 4 — temperature
of the dome

M;, kg m, kg/s
16 0.16
12 4 0.12
8 < 0.08
4 - 0.04
0 L 0
50 100 T,

Fig. 2. Pressurization gas losses due to condensation and in-
crease of steam mass in the tank: / — mass of the pressuriza-
tion gas, 2 — loss of pressurization gas due to condensation
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p,10° Pa
M, kg T, K
50 558
- 500
- 450
- 400
10 - 350
. 300

0 1 1 1 1 1
20 40 60 80 100 120 '¢s

Fig. 3. Main parameters in the tank in case of pressurization
with decomposed H,0, and hot pre-launch pressurization:
1 — tank pressure, 2 — total mass of the gas in the tank, 3 —
gas temperature on the tank, 4 — temperature of the dome

M):’ kg m: kg/S
16 4 0.16
12 =4 0.12
8 40.08
4 - 0.04
0 0
50 100 T,S

Fig. 4. Pressurization gas losses due to condensation and in-
crease of steam mass in the tank: / — mass of the pressuriza-
tion gas, 2 — loss of pressurization gas due to condensation
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D, 10’ Pa
M;, kg T, K
60 550

500

-1 450

400

1 350

300

0 1 1 1 1 1 1

20 40 60 80 100 120 =,s

Fig. 5. Main parameters in the tank in case of hybrid pressur-
ization system: / — tank pressure, 2 — total mass of the gas in
the tank, 3 — gas temperature on the tank

Table 3. Input data for hybrid pressurization system

Pressure after pre-launch pressurization, bar 45
Temperature after pre-launch pressurization, K 310
The mass flow rate of gas for pre-launch pres- 0.18
surization, kg-s~!

Initial gas volume in the tank, I 80
Diameter of the tank, mm 750
The volume flow rate of propellant, s~! 8.36
Propellant temperature, K 293

Mathematical modeling shows that hot pre-launch
pressurization does not solve the issue of pressuriza-
tion gas loss due to condensation. It is explained by
the condensation of the steam on the fuel surface (the
propellant level is close to the pressurization gas in-
let). This circumstance gives the idea of hybrid pres-
surization system development when the tank will be
pressurized by a solid-fuel gas-generator at the be-
ginning of propulsion system operation. It will allow
choosing the operational time of gas-generator, the

8

M, kg m, kg/s
16 0.16
12 + 40.12
8T 40.08
4t 40.04
0 0
50 100 7,8

Fig. 6. Pressurization gas losses due to condensation and in-
crease of steam mass in the tank: / — mass of the pressuriza-
tion gas, 2 — loss of pressurization gas due to condensation

Gas inlet device

Guides

Float-bump

Hydrogen peroxide

Fig. 7. Gas inlet device with float-bump

mass flow rate, and combustion temperature, which
would sustain tank pressure until the propellant level
is far from the pressurization gas inlet.

Mathematical simulation of hybrid pressurization
system has been conducted. The gas-generator with
sodium azide fuel will sustain pressure during the first
30 seconds of operation. It will allow us to achieve
the average temperature in the tank, which would ex-
ceed the temperature of saturated water vapor. In this
case, the process of volume steam condensation will

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 5



Approach to solution of tank with hydrogen peroxide pressurization by its decomposition products

be eliminated. In Figure 5, data of the pressurization
process with no condensation of steam is presented.

It must be admitted that sustaining pressure within
the required range using a solid-fuel gas-generator
with a constant mass flow rate is rather difficult. In
order to increase the accuracy of pressure sustain-
ing, two gas-generators are applied. The first one is
with constant consumption of fuel, which is equal
to 0.35 kg/s, and the second one is with a profiled
charge, the flow rate of which varies smoothly from
0.3t00.23 kg/s.

In Figure 5, diagrams of the tank pressure, the av-
erage temperature, and the mass of pressurization gas
are presented. In Figure 6, diagrams of steam mass in
the tank and losses due to condensation are shown.
Input data for mathematical simulation are present-
ed in Table 3.

The analysis of the mathematical modeling shows
that the issue of steam condensation may be success-
fully resolved. To do this, the tank pressure during the
first 20—30 seconds of propulsion system operation
should be sustained by the hot dry nitrogen. After
that, the main pressurization system with decom-
posed hydrogen peroxide may start its operation. To
prevent the condensation of steam on the cold pro-
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HIUTAXW BUPILIUEHHA ITPOBJIEMU HAJAYBAHHA BAKIB
3 MEPEKMCOM BOJHIO ITPOJIYKTAMMU MOI'0 PO3KJIALY

Meta poOOTU — 3HAXOIKEHHS Ta 00T PYHTYBaHHSI CITIOCOOY BUKOPUCTaHHSI BUCOKOTeMIIepaTypHoro poooyoro Tisia (~1100 K)
3 BEJIMKUM BMicTOM BoastHOI mapu (10 70 %) 6e3 BTpaT poGOYOro Tijla HaaayBaHHS TS TTAJTMBHOTO Oaka BEJIMKOI JOBXUHHU 3
BUCOKOKOHIIEHTPOBAaHUM TIEPEKNCOM BOITHIO.

Metoauka. 1151 mocmimkeHb BUKOPUCTOBYBABCS METO MaTEeMaTUYHOTO MOJICTIOBAHHS MapaMeTpiB CUCTEMU HaTyBaHHS
3 BUKOPUCTAHHSIM Te€Opii MacomnepeHocy i TepMOIMHAMIKY TiJl 3MiHHOI MacH.

Pesynbratu. [IpoBeacHi nocnimKeHHs JO3BOJIMIM 3HAWTH i OOTPYHTYBATH CIIOCiO HaIIyBaHHS 0aKy 3 BAKOPUCTAHHSIM J10-
JIATKOBUX JIKepeJs Teria i BUpOOUTHU peKOMeHAallii 11010 Yacy IXHbOTO BUKOPUCTAHHSI.

Haykosa HoBu3HA. BrzHaueHO OCHOBHI TIPOIIECH, SIKi 3aBaXarOTh BIPOBAIKEHHIO BUCOKOE(EKTUBHOTO CITOCO0Y HaJITy-
BaHHS 0aKa 3 BACOKOKOHLIEHTPOBAHUM [EPEKMCOM BOAHIO MPOAYKTAMMU 11 pO3KJIady. Y meplily uepry 1e o0’eMHa KOHAEeHC allis
BOJISIHOI TTapy B 0aKy Mic/isi BAKOHAHHS TEPMOJMHAMIYHO1 pOOOTU BUTMCKAHHSI TTaJIMBa i TEMIOOOMiHHUX MTPOLIECiB 3 TpaHUY -
HUMM MOBEPXHSIMU. Briepiiie po3paxyHKOBO-TEOPETUYHUM IILISIXOM TOBEICHO AOIIJIBbHICTD i pallioHATbHICTh BUKOPUCTAHHS
JIONATKOBUX JKepes Telljla Ha MPUKJIaAi BUCOKOTEMMepaTypHUX MTPOIYKTiB 3TOPSTHHS TBEPAOINAIMBHOIO ra3oreHeparopa Ha
OCHOBI a3uay HaTpiro. OOGIPYHTOBAHO YaC BUKOPUCTAHHSI IIbOTO Teria — repiii 30 ¢ po6oTH IBUTYHHOI YCTAaHOBKY B YMOBaxX
pPOOOTH TIEPIIIOTO CTYTICHST paKeTU-HOCIsI.

IIpakTuyne 3HaveHHsi. ba3oBy MeTONMKY pO3paxyHKy TMapaMeTpiB CUCTeM HAIAyBaHHS JOMOBHEHO TEPMOAMHAMIUHUM
CITiBBiTHOIIIEHHSIM, SIKE JJO3BOJISIE pO3paxyBaTH BEIMYMHY 00’ €MHOI KOHIEH ATl i BXXMTH BiITIOBITHUX 3aXOIiB 714 i1 yCyHEH-
Hs1. OTpUMaHi pe3yabTaTy J03BOJISIIOTh CIIPOEKTYBATH CUCTEMY HalayBaHHS Oaka BeJMKOI JOBXMHM 3 BUCOKOKOHIICHTPOBA-
HUM MEPEeKNCOM BOJIHIO ITPOAYKTaMU ii PO3KJIagaHHsI.

Karouosi ca06a: BUCOKOKOHIIEHTPOBAHUI MTePeKNC BOTHIO, CUCTEMa HaIUTyBaHHSI, KOHJEHCAIlisl TTapiB, TTPOIYKTH PO3KJIalaH-
H$I, BUCOKOTEeMITepaTypHe poboUe Tiio, TUCK HACUYEHUX TapiB.
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ASSESSMENT OF THE AQUATIC ENVIRONMENT QUALITY
OF THE URBAN WATER BODIES BY METHODS OF SYSTEM ANALYSIS
BASED ON INTEGRATING REMOTE SENSING DATA

The work presents the comprehensive methodology for assessment of the state of the urban aquatic environment such as Lakes Opech-
en, Verbne, and Redkyne in Kyiv using the methods of system analysis. The methodology includes structural-textural analysis of the
satellite images and the method based on statistical criteria. The spectral-texture analysis of the satellite images was used to get input
information for remote assessment of reservoirs as index images: Normalized Difference Pond Index (NDPI), Normalized Difference
Turbidity Index (NDTI), and Normalized Difference Algae Index (NDAI) computed from the Sentinel-2. The surface temperature
distribution was estimated from the Landsat 8. The method based on statistical criteria is used for a detailed assessment of the aquatic
environment using the obtained indexed images and the corresponding cartographic representation of the water quality. The proba-
bilistic and statistical approaches were used to present the statistical criterion for recognizing classes of objects based on the results of
measuring their informative features. These approaches are used to solve optimization problems in statistical theories of identification
and recognition. This method allowed the cartographic representing of the change in the water quality and aquatic ecosystem in ac-
cordance with the reference areas of the state of the reservoir in 2017.

Keywords: water quality, aquatic environment, methods of system analysis, remote sensing, spectral indices, NDTI, NDAI, NDPI,
temperature map.

INTRODUCTION age of water resources leads to the fact that the ability

Knowledge of the functioning mechanisms of aquatic
ecosystems is a basis for solving many practical prob-
lems related to improving the productivity of water
bodies, water quality, and the implementation of wa-
ter protection measures in fishing areas. The short-

of reservoirs to restore is approaching a critical level
and, at the same time, reduces the biological diver-
sity of the aquatic environment. Today, most aquatic
ecosystems are exposed to anthropogenic impacts.
Frequently this impact is complex, multifactorial,

HuryBanus: Fedorovsky O. D., Khyzhniak A. V., Tomchenko O. V. Assessing aquatic environment quality of the urban water
bodies by system analysis methods based on integrating remote sensing data. Space Science and Technology. 2021.27, Ne 5 (132).
C. 11—18. https://doi.org/10.15407 /knit2021.05.011
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Fig. 1. The study area in the Sentinel-2 space image

and includes both local pollution and global climate
change. All of this leads to a deterioration of the
aquatic environment quality and worsens the condi-
tions for the development of flora and fauna. There
are many approaches to assess the ecological condi-
tion of water bodies and the quality of the aquatic en-
vironment. The essence of these approaches is either
to establish environmental standards of water quality
or to establish the level of negative impact on water
bodies by certain pollutants.

The use of methods for Earth Observation (EO)
has been proved to give far better coverage both in
spatial and temporal scale for evaluation of in-water
constituents in the water bodies. Since urban lakes
are shallow, information about the surface layer, as
achieved with EO methods, reflects the entire wa-
ter column, whereas, in the case of deeper lakes, the
surface layer is not representative for the deeper lay-
ers [7]. The purpose of the work was to present the
methodology of integrated assessment of urban water
bodies using the methods of systems analysis [5]. Ap-
probation of the proposed methodology is presented

12

at actual sites in Kyiv (Ukraine). For research, we
have chosen reservoirs that are typical representa-
tives of urban reservoirs, where recreational areas
are equipped, there are spontaneous unorganized
beaches, there is fairly intensive amateur fishing;
most of the lakesides are residential. All of them are
subject to anthropogenic impact, which determines
the structural features of hydroecosystems and water
quality in them. The study of surface water quality by
remote sensing methods will cover the system of lakes
Opechen and reservoirs of Lake Verbne, Redkyne in
Kyiv, which are different not only in hydromorpho-
logical, hydrological parameters but also water qual-
ity, primarily for contaminated water from the sur-
face.

The lakes Redkyne, lakes of the Opechen sys-
tem, and lake Verbne arose on the site of the former
right-bank branch of the Dnieper river — Pochayna
river. These water bodies were used as sand quarries
in 1970—1973 and deepened to 15 m. Most of them
are connected by pipelines and formed the Opechen
lakes system (Fig. 1).
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This system of lakes accumulates rain, melt, and
groundwater runoff from the north-western part of
the city and lowers the groundwater level in the sur-
rounding area [2].

MATERIALS

To assess the spatial structure of the biotic and abiot-
ic components of Kyiv Lakes, we used data from re-
mote sensing of the Earth from the Sentinel-2 satel-
lite for the following dates in 2017 (as close as possi-
ble to the dates of ground observations): 03.04, 03.05,
05.06, 20.07, 11.08, and 18.10. We used the Landsat 8
satellite for the calculation of water surface tempera-
ture maps for the following dates 02.04, 04.05, 05.06,
23.07, 17.08, and 25.09.

METHODS

1. Methods of remote sensing data processing. The
main indicators of remote sensing of the lakes are
the integral values of the following index images:
NDPI (Normalized Difference Pond Index), NDTI
(Normalized Difference Turbidity Index), and NDAI
(Normalized Difference Algae Index). These indica-
tors were obtained based on decoding and analysis of
space images from the Sentinel-2 satellite and sur-
face temperature distribution data from the Landsat
8 satellite for different months of 2017.

Normalized Difference Pond Index (NDPI) identi-
fies stagnant water when vegetation is present, which
can more accurately account for shallow water bod-
ies difficult to see in other water indexes that focus on
clear water or turbid water with little vegetation that
may dominate deeper flooded areas [4].

NDPI = ISWIR _IG ,
Tswir +1¢
where I; and /g, stand for the spectral reflectance
measurements acquired in the green (visible) and
short wave infrared regions, respectively.
Normalized Difference Turbidity Index (NDTI) is
determined by the relationship between suspended
sediments and negative radiation [4])

NDTI = M ,
In+1;
where I and I, stand for the spectral reflectance

measurements acquired in the red (visible) and green
regions, respectively.
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Normalized Difference Algae Index (NDAI) detects
the presence of the process of algae overgrowing of
the reservoir and its stage of development [4]

NDAT = Lo 2 hur = Ip =1k 5
Io+21yp+1g+1,

where I, 15, Ip, Iy, stand for the spectral reflec-
tance measurements acquired in the blue, green, red
(visible), and near-infrared regions.

Temperature maps of the reservoir’s surfaces. The
study of the surface temperature of the water mirror
for the identification of patterns of changes in the
state of the reservoir depending on the temperature
change.

Determination of the Earth’s surface emissivity
distribution using remote sensing data is performed
by processing images of the visible and near-infra-
red range, in particular, by establishing the relation-
ship between emissivity and the NDVI index distri-
bution [6].

Thus, the spectrum of radiation of the body and its
radiant capacity can determine its temperature. De-
termining the temperature of the surface is the main
task of remote sensing data processing in the long-
wavelength region of the infrared spectrum. For this,
the inverse Planck’s law for the “gray body” through
the expression for the spectral density of the radia-
tion flux is used (Tang and Li, 2014):

T:

where L, — spectral radiance from the Earth’s sur-
face, estimated from calibrated and atmospherically
corrected satellite longwave infrared data; g(A) —
spectral emissivity; ¢, = 2hc?> = 1.191-1071¢ W-m?
and ¢, = he/k = 1.439-1072 m'’K — first and se-
cond Planck’s constant; A — radiation wavelength.
For large homogenous areas, like water surfaces, the
common table-value can be used (water emissivity is
~0.985).

2. Methods of system analysis. To assess the condi-
tion of water bodies within urban areas, the metho-
dology is built on a method based on statistical analy-
sis [3]. This method comes down to the fact that it
is possible to quantify the state taking into account
various criteria and to model their impact, and the

13
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Fig. 2. Flowchart of pre-processing and combined processing of methods based on

statistical criteria.

results are obtained in the form of a map in relative
units or brightness gradations. Figure 2 shows the
stages of pre-processing procedures, which include
the proposed methodology.

Probabilistic and statistical methods used to solve
optimization problems, statistical theories of identi-
fication, recognition, and number theory are applied
in [1] for the representation of the heuristic criteri-
on of object classes’ determination by the results of
measuring their informational features. The calcula-
tion of the heuristic criterion (1) involves previously
entered informative features of each standard class
and automatic calculation of the probability ratio of
the belonging of the studied object to the standard
classes:

Cy

, (1)
Mn[a(g) “ +1J
2L

T:

where

K/2 K 2
— (1 (Ly—Lyp)™ | 1
X)=| — H _ 4, )
Pq(X) (27:) k:1exp 20,

quk
— multidimensional distribution density;

1 Y
Liyp=-2Ly
q N, = q.kn

— average value of spectral brightness;

1 Y
o =t ——>(Epn—Dys )’
q N,-15 qkn ~ g kn

— average dispersion value; Q — the number of class-
es of objects to be identified, ¢ — the current number
(index) of a particular class of objects, K — number
of informative features used, k — the current num-
ber of a specific informative feature, L — the result of
a particular measurement of an informative feature
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(vector of dimension K with coordinates L, ..., L),
N P the sample size for the random variable L
n — current value.

q,k

RESULTS AND DISCUSSION

We visually compared the distribution of index im-
ages for 8 research objects for the same period — Au-
gust 2017 — to rank their condition in the subsequent
position of assessing the quality of the aquatic envi-
ronment. NDPI indexed images have been found to
help detect low water flow, which creates the condi-
tions for the development of higher aquatic vegeta-
tion in shallow water. In the considered lakes, the
highest index NDPI in August 2017 was typical for
the lakes: Minske, Luhove, Yordanske, and Verbne.
This is due to the high proportion of shallow water by
dint of the morphometric features of reservoirs. The
average values of NDPI indicators for each reservoir
were able to reflect the seasonal course of changes in
the overgrowth of higher aquatic vegetation and the
probability of low water flow in the studied reservoirs.
According to NDTI on the presence of suspended
solids in the lakes considered, the least turbid in 2017
is Lake Redkyne. It is explained by several factors:
geographically, the lake is located first in the cascade
of lakes studied, so it does not accumulate those sub-
stances that are in other lakes. The lake is surrounded
by a green zone, which is a kind of barrier to the entry
of pollutants into the water body. Based on average
value of NDTI for each water body, it shows seasonal
course of turbidity change in the studied reservoirs
and, in the spring and early summer, several peaks in
the turbidity of lakes. It is attributed to spring floods,
i.e., the growth of sediment and runoff due to melt-
ing snow cover and the wear of various chemical
compounds in the reservoirs. In the late spring-early
summer season, it is usually the extinction of some
groups of algae (diatoms), more intense destruction
processes, and more intense development of other
groups of phytoplankton, which, apparently, causes
an increase in turbidity. In summer, due to evapora-
tion, the concentration of suspended solids in the
water increases slightly, and their number increases
due to rainfall, which causes an increment of turbi-
dity due to suspended solids from groundwater.
NDAI maps help to identify the presence of al-
gae in the water, similar to NDPI. But in contrast to

v
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Fig. 3. Distribution of NDAI values in the lakes of Kyiv as of
August 11, 2017.
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Fig. 4. Seasonal course of change of NDAI and presence of
microscopic algae in lakes of Kyiv in 2017

NDPI, NDAI is more sensitive to microscopic aquat-
ic vegetation. It was found that from the considered
lakes, the least eutrophicated in 2017 were Yordanske
and Verbne because these lakes are located lowest in
the cascade, and therefore, the concentration of nu-
trients in the water was highest due to runoft (Fig. 3).

Based on the NDAI value for each reservoir, the
seasonal course of eutrophication is reflected in the
studied reservoirs (Fig. 4), and in spring and autumn
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Fig. 7. Maps of the results of a detailed ecological assessment
of the state of the aquatic environment of Lake Kyrylivske:
a—05.06.2017, b — 20.07.2017

16

the state of the lakes is characterized by the lowest
values of the algae index. It increases with increasing
temperature in the summer, hence, in the summer
tendency of increasing the microscopic algae with
the increase of temperature of air and, accordingly,
water.

The developed method was implemented to as-
sess the ecological status of one of the studied lakes
in Kyiv, namely — Kyrylivske Lake. Located in the
center of the cascade, it allows in some way to ob-
tain averaged data for all lakes of the cascade. Table
presents the average values of the lake in 2017 for all
indices, as well as temperature indicators.

Figures 5 show how uneven the distribution of in-
dexed images and water surface temperature can be
on different dates, which is primarily due to different
weather conditions. The distribution of water surface
temperature values on the lakes of Kyiv in 2017 is
given in Fig. 6.

The final stage of the comprehensive assessment
was the application of the method based on statisti-
cal criteria. To obtain the values of all types of fea-
tures at single points on the selected study area, we
applied a grid with areas of 50x50 m, and each area
was assigned the average values of pixel brightness in
a separate channel and the values of the input data.
For the correct operation of the program based on
expert data and ground statistical information, areas-
standards were allocated, 5 standards of each type of
water quality.

Further, based on the obtained data, matrices of
informative features for the studied plots and refer-
ence plots were created. This process involves the for-
mation of feature values in the form of spreadsheets,

Average values of index indicators
for Lake Kyrylivske in 2017

Data NDAI NDPI NDTI t,°C
03.04.2017 0.489 —0.586 | —0.166 15.61
03.05.2017 0.527 —0.48 —0.203 21.38
05.06.2017 0.579 —0.427 | —0.189 24.76
20.06.2017 0.597 —0.576 | —0.209 27.24
11.08.2017 0.599 —0.543 | —0.202 28.76
21.08.2017 0.574 —0.621 | —0.214 18.35
18.10.2017 0.475 —0.724 | —0.207 16.55
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in each row of which there are the results of mea-
surements of all types of remote information, and the
columns provide feature values for each of the 80 sec-
tions. All data were translated into .txt format, and
the probability values (1) of the ratio of the values of
the informative features of each studied object to the
values of the informative features of each reference
object present in the space image were calculated.
This stage of work was automated in a software
package, specially created based on the statistical
criteria, which provides a priori input of informative
features of all standards and automatic calculation of
probability values of belonging of each studied object
to all present objects-standards, which allows getting
more efficiency and reliability in the recognition and
classification of images of objects in space images.
Next, the threshold value of the probability that the
values of the informative features of each studied ob-
ject belong to the values of the informative features
of each reference object present in the satellite im-
age is obtained. The final product of this process is
to determine the class of studied objects by the maxi-
mum value of the probability of their relationship
to a specific object-standard, the appropriate class,
and create a map that characterizes the state of the
lake for the study period (Fig. 7). In Fig. 7, we see
that depending on the month of research and the in-
crease in temperature of the reservoir, the ecological
condition of the lake changes in direct proportion.
That is, the warmer month, the lower the quality of
the aquatic environment. Also, it is seen from the ob-
tained results that the farther from the shoreline and
with the increasing depth of the lake, the more the
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water quality improves. Therefore, from the obtained
results, we can conclude that the proposed methodo-
logy works adequately and can be further used to as-
sess the ecological status of the aquatic environment
of other objects.

CONCLUSIONS

With the growing awareness of water pollution con-
trol and the desire to maintain lakes at high levels of
quality, it is expected that the approach described in
this work will be a useful tool in assessing water qual-
ity. The advantages of remote sensing to assess wa-
ter quality in lakes are next: the ability to collect data
from hard-to-reach areas; measurable indicators
which help to obtain quantitative and qualitative data
that complement expensive and slow data collection
on the ground; the ability to obtain archived data for
the period of operation of satellites. The application
of the statistical criterion method allowed the carto-
graphic representation of the change in the quality of
the aquatic environment based on the union of in-
dexed images of the NDPI lake index, NDTI turbi-
dity index, NDAI algae index, temperature maps ac-
cording to reference areas of the reservoir.

The algorithm of the methodology presented here
will provide objective, reliable, and operative infor-
mation to urban ecological services and decision-
makers. In addition, it could be easily integrated
into informational systems for smart city support as
well. Further research will involve refinement of in-
dices, integration of terrestrial and remote data, and
detailed assessment of the impact of the surrounding
areas on water bodies.
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JepxaBHa ycTaHOBa « HayKoBMi1 IIECHTP aepOKOCMIYHUX AOCTiIKEHb 3eMITi
IHcTuTyTy reosoriunux Hayk HalioHanbHOT akageMii Hayk YKpaiHu»
ByJ1. O. Tonuapa 55-6, Kui 54, Ykpaina, 01601

OLIHKA IKOCTI BOJJTHOT'O CEPEJOBUIIIA MICBKHWX BOJIOVIM 3 BUKOPUCTAHHAM
METO/JIB CUCTEMHOI'O AHAJII3Y HA OCHOBI KOMIIVIEKCYBAHHA JAHUX 133

[IpencraBiieHO METOAOJIOTiII0 KOMIUIEKCHOI OL[iIHKM CTaHy MiCbKOTO BOJHOTO CcepefoBHIlla Ha TIpUKJIaai cuctemu o3ep Ome-
YeHb Ta BOJOIM-Kap’epiB o3ep BepOHe i Penpkine y M. KneBi 3 BUKOpUCTaHHSIM METOIB CUCTEMHOTO aHaJi3y. MeTomoorist
BKJIIOYAE CTPYKTYPHO-TEKCTYPHMIT aHaJIi3 KOCMiYHMX 3HIMKiB Ta HACTYIHY iXHIO iHTepIIpeTallilo Ha OCHOBI METO/Y CTaTHUC-
TUYHOTO KpuTepito. CrieKTpaJbHO-TEKCTYPHUIM aHa i3 KOCMiYHUX 3HIMKIB 3aCTOCOBAHO JIJIs OTPMMaHHS BXiIHOI iH(popMmaLiil
NUCTAHLIHHOI OLIIHKM BOIOMM, TaKOi SIK 300pakeHb iHAEKCY 03€PHOCTI, KaJJaMyTHOCTI Ta aJIbrOiHIEKCY, OTPUMaHUX 3 CYyMyT-
Huka «CeHTiHeNb-2», Ta TaHUX PO3MOIiTYy TeMIepaTypy MOBEPXHi 3 cynyTHUKa «JlaHmcar-8». [I1s1 netanbHO1 OLliHKY SKOCTi
BOJIHOTO CEPEeIOBUIIIA Ha OCHOBI OTPUMAHUX iHIEKCOBAaHMX 300paXkeHb Ta BiAIMOBIMHOTO KapTorpadiuHOro MpencTaBieHHS
SIKOCTi BOTHOTO CEPEIOBUINA 3aCTOCOBAHO METOJl HA OCHOBI CTAaTUCTUIHOTO KpUTepito. [l mpeicTaBiIeHHsT CTATUCTUIHOTO
KPHUTEPito po3IiZHaBaHHS KJIaciB 00’ €KTIB 3a pe3yJibTaTaMM BUMipIOBaHHS iXHiX iH(OpMaTUBHUX O3HAK 3aCTOCOBYIOTHCS iMO-
BIPHICHI i CTATUCTUYHI MiAXOJIM, SIKi BUKOPUCTOBYIOThCS JIJIsI PO3B’sI3yBaHHS 3aBlaHb ONTUMi3allii y CTATUCTUYHUX TEOPisIX
inenTudikaii i posnizHaBaHHs. Lleit MeToa 103BOIMB KapTorpadiyHo MpeacTaBUTH 3MiHY SIKOCTi BOJHOTO CepeaoBUIIA Bill-
MOBIAHO J10 €TAJIOHHUX JIUITHOK cTaHy Bogoiimu 'y 2017 p.

Karouoei caoea: sxictb Bomu, OlliHKA SIKOCTi BOTHOTO CEPEIOBHUINA, METOIU CUCTEMHOTO aHali3y, J133, criekTpaibHi iHAeKCH,
NDTI, NDAI, NDPI, remniepaTypHa Kapra.
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BILJIMB ITIOBAJIBHOI CECMIYHOT AKTUBHOCTI
HA ITPOLIECHU B ATMOC®EPI TA IOHOC®EPI

B ocmanni decsmunimms cghopmysanucs ysaenenus npo semaempycu (37T) sk npo npose ¢inarvHoi cmadii 3a2aabHONAAHEMAPHO20
HenepepeHo20 caMOOPeaHi308aH020 MEeKMOHIUHO20 npoyecy 3 nepiodamu HaKonu4eHHs ma peaaxkcayii mekmouniunux Hanpye. Oonax
8 HAYKo8ill nimepamypi, K [ pauiwe, npedcmasierHo 00cai0xceH s 8i02yKy ammocghepHux i ioHocepHUX npouecié Ha OKpemi Cuib-
ui 3T. Y yiii pobomi énepute po3eassiHymo 63a€mo36’130K npoyecie y aimocghepi, mponocgepi ma ionocghepi 3 ypaxy8anHam HOBUX
Yya6aeHb npo celicMivHul npoyec 5K 2100anbHe Aeuuje i Ha POHI NPOYecie, 3yMOBAEHUX KOCMIYHOIW N02000k0. Bukopucmaro sk 3a-
eanvHonnanemapti dani (3T, nosuuii enekmpouruii émicm I1EB ionocgepu), mak i a0kanvHi Oaui (ammocpepHuil muck, Kpumu4Ha
uacmoma wapy F2 ionocghepu) ons wiupoxo posneceHux nyHKmie cnocmepedgicens y 3axiounii ma cxioniti niexyasx. /lns niosuuwer-
M HadiliHocmi cmamucmu4Hux pe3yabmamie eukopucmano wodenni dami 3a 2007—2015 poku 3 vomupvox HesaselcHux 6aukis.
Bcemanosaeno cmiiiki egpexmu enobanvhoi ceticmiynoi akmusenocmi (ICA) y pozeasnymux nokasunuxax. Tak, kpumuuna wacmoma
wapy F2 npu piskomy nocunenni ICA 36inoutyemocs na 0.4...0.5 M1y. lleii echexm doeoni cmiiikuii i npossasemucs maiivice 00HO-
YACHO Ha IOHOChepHUX cCMaHyisax cXioHoi ma 3axionoi niekyas, a makoc y nianemapnux snavennsax [1EB. [Ipu yvomy 6 ionocghep-
HUX apiayisx, K [ paniuie, NPOCMeNCYEMbCs 8NAUG K MPonocghepu (0co0AUB0 NPU HUZLKOMY PiGHI COHUHOT aKkmueHocmi), mak i
KocmiuHol noeodu, xapakmepucmuku sxoi'y 75 % eunadkie makoxc nokasytoms 36’130k 3 ICA. Omuce, kocmiuna noeoda uacmo,
ane He 3a8xcou modice sucmynamu mpueepom 3T. B yinomy y 3axiouii niekyai MiHimym ammocghepHoeo mucky Hacmae pauiute, Hixc
Y CXIOHOMY, W0 npu3800ums 00 NOMIMHO20 30iNbUleHHS PI3HUYI MUCKi6 Mixc niekyaamu Ha 10 Mm pm. cm., W0 86KA3Y€ HA 36’°530K
21006anbHoi ceticmiunocmi ma 2n06aavhoi ammocgepHoi yupkyaayii. Bemanosaeni egpexkmu ICA, sk npasuno, marome xapakmep He
NOKANbHO20 KOPOMKOHACHO20 CHAECKY, A CIMPUOKA 3 NOOAAbUUM NOCIMYNO8UM CRAOaHHAM (30inbUleHHAM) NOKA3HUKA 00 HaACmyn-
H020 aKmueHo2o nepiody (nuakonodiona kpuea), moomo eniue aimocghepu Ha po3mMaulo8ani suue Wapu € HenepepeHuUM i Hocumby
YUKATMHUT XapaKkmep, 3yMO6AeHUIL, UMOBIPHO, UUKATYHUM XapaKmepom meKmoniyHux npoyecie. Hailimosipniwe, oonouacro peani-
3YHOMbCA KIAbKA PI3HUX 36 13Ki6 Midc eeochepamis, HacmKo80 CUHXPOHIZ08AHUX 3MIHAMU KOCMIYHOI n0200u, SKi UMA2ArOmMb HOBUX
@iBUMHUX MeXaHi3Mi6 015 IXHbO20 NOSCHEHHS.

Karouosi caosa: ceiicmiuna akmuernicms, mponocghepui ma ionocgepHi 30ypents, Memoo HaKAa0eHUX enox.

BCTYII 1. IMependavaeTrhcs, 110 B aTMocepi Ham obJ1ac-
TiI0 3T 30yAXYIOTbCS i IOLIMPIOIOTHCSI aKyCTUKO-
B ocranHi poku BigOyBaeTbCsl aKTMBHE BUBYEHHs | rpasitauiiini xswii. Ha ioHocdepHUX BUCOTaX BOHU
BruiBy 3emuerpycis (3T), BkIroyaouu ixHi epei- | BUKIMKAIOTH 30ypeHHS €JeKTPUYHOrO MOJIA i 3MiHN
BiCHMKM, Ha atMocdepy i ioHochepy [35, 43]. Po3- | koHueHTpaulii 3apsIKeHNX YaCTUHOK.

[JIANAI0TLCA [Bi OCHOBHI IPYIIY MOJEJIEN 3B’A3KY JIi- 2. Tlepenbauaerbcst, 110 ioHOChEpHiI 30ypeHHs
Tocdepa — atMocdepa — ioHochepa [36]. € HacJigkoM Moaudikaliil eJIeKTPUYHMUX OB i

HuryBanus: 3axapos I. I, YopHorop JI. ®. BruiuB riobaibHOI ceiicMivHOT aKTUBHOCTI Ha TIpoliecy B aTMocdepi it ioHo-
cepi. Kocmiuna nayia i mexnonoeisn. 2021. 27, Ne 5 (132). C. 19—34. https://doi.org/10.15407 /knit2021.04.019
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CTPYMiB, sIKi BUKJIMKAHI eJICKTPUYHUMMU TIpoliecaMu
B JIiTocdepi abo y npu3eMHii atMocdepi.

XapakTepHi MPOCTOPOBI MaciiTabu 30ypeHb
ioHocdepu HamepemonHi i miciss 3T CTaHOBISATH
Bim 200...300 mo KiabKOX THCSY KiJIOMETpiB, a Xa-
pakTepHi yacoBi MacITabu — BiJ KiJIbKOX XBUJIMH
JI0 KiIbKOX J1i0. 3BaXkKarouu Ha 3HA4yHi BiIMiHHOCTi
MaciTabiB 30ypeHb MOXHA MPUIYCTUTH, IO JITO-
chepHo-ioHOC(hEpHI 3B’SI3KM 3yMOBIJICHI KiJIbKOMa
Gi3MYHNMU MeXaHi3MaMU.

st BUBYEHHS JiTocepHO-ioHOC(HEpHUX 3B’ S3-
KiB IIMPOKO BUKOPUCTOBYIOTHCS HABITalliiiHi CYITyT-
HUKH, 1110 JO3BOJISIIOTb KOHTPOJIIOBATH i0HOC(EPHi
MpOLIeCH B INI00aJIbHOMY MaciuTaoi [34].

3a3HayeHi BUIE OOCIIIKEHHS MAlOTh 3arajbHYy
OCOOJIMBICTh: Y HUX PO3MISIIAETHCS BiATyK aTMO-
cdepu i ioHochepu Ha okpeMmi cuibHi 3T [33, 39,
41, 46]. PazoM 3 TUM BXe TOCUTh JaBHO chOpMyBa-
Jucs yasaeHHs npo 3T K mpo mposiB («BepLIMHY
aiicOepra») TI100a7bHOIO HEINEPEePBHOIO CaMOOp-
raHi30BaHOI'0 TEKTOHIYHOIO IIPOIlecy 3 Iepiogamu
HAKOMWYEHH! i pejlakcallil TeKTOHIYHUX Hampyr [4,
8, 11, 22, 23, 25, 40]. Haii6inpl1 BaxKJIMBUMU BU-
JAaIOThCS TaKi BIACTUBOCTI IJI00AJIbHOI CeMCMIiYHOI
aktuBHocTi (I'CA) [4].

1. IepiognuHicTh: HaloOiIbm cwiabHi 3T yacto
MalOTh TEHJCHILiIO IPYYyBaTUCS B €IOXU, MPOTITOM
SIKUX BOHU MPAKTUYHO OJHOYACHO CIIOCTEpIraroTh-
csl Ha BCilt ToBepxHi 3eMJli i piaAko BinOyBarOThbCS B
iHTepBasiax yacy MixXK HUMU.

2. IpynyBanns 3T 3a BeIMUMHOIO IXHBOI CEMCMid-
HOIT eHeprii, 10 MPU3BOAUTH 10 CTATUCTUYHO TOCTO-
BipHOTO BiIXUJIEHHS BiJl 3aKOHY ITOBTOPIOBAHOCTI
3T. LIst 3aKOHOMipHIiCTb MOXKe OyTH HACIiIKOM Ha-
JIiiiHO BCTAHOBJICHOTO iEPApPXiYHO YHOPSIAKOBAHOTO
OJIOKOBOr0O XapakTepy reoizMyHOro ceperoBMIA
[15]: uepe3s te o eHeprist 3T nponopiiiiHa 00’eMy,
OXOIUIEHOMY JecopMallisiMy, HasIBHICTh IepeBaxK-
HUX MAarHiTya CBiTYWTH MpO IepeBaxkaHHS OJIOKiB
MEeBHUX PO3MipiB. JlaHa BIIACTUBICTh BKa3y€ TaKOX
Ha Te, 1110 JliTochepa Mae BUpaXKeHi HeJliHiliHi, a Ta-
KOX (bpakTajbHi BJIaCTUBOCTI.

3. InoGanbHICTh CEMCMIYHOCTI TiCHO TOB’s3aHa
3 IOOAIbHUM XapaKTepoM MPOIECiB y MaHTii. Me-
XaHi3MOM TaKOTO 3B’SI3KY BUCTYIIa€ B3aEMHUI pyX
TEKTOHIYHUX TUIUT, 10 NMPU3BOAUTH A0 CTBOPEHHS
30H CyOayKIlii — OCHOBHUX ocepenkiB 3T.

20

4. BrumB (mnepeBaXkHO TJIOOAJTBHOIO XapaKTepy)
Ha 3T 3eMHMX i KOCMiYHMX MPOILIECIB: MPOLECIB Y
atMocdepi [17, 30], Bapiawuiii oGepTaHHS IMJIAHETH i
roau [7, 31, 38, 44], micasuHux npurusis [19, 42].

1li BriMBM HOCSITH CKJIAAHMI XapakTep i He 3a-
BXIM TATBEPIKYIOTHCS IHIIUMU JOCTIAHUKAMU
(TTpo BIJIMB COHsIYHOT akTUBHOCTI Ha 3T AuB., Ha-
npukian, poodory [37]). I[lokazano [21], mo ogHi-
€10 3 TPUYUH HEOJTHO3HAYHOCTI PEe3yJbTaTiB y il
00J1aCTi € METOMOJIOTIYHI HETOYHOCTI JOCIIIKEHb,
KOJIM 3aJIMIIAEThCsl 03 yBaru HEOOHOPIAHICTh PsI-
NiB JaHUX, 3yMOBJICHA 3MiHOIO 3 YaCOM TOYHOCTI i
MNPUHLUIIIB BUMipIOBaHb Pi3HUX ITapaMeTpiB IpU-
POIHUX CUCTEM.

TakuMm 4YMHOM, CYKYIIHICTh 3eMJIETpycCiB, a0o
I'CA, 110 po3srisialoThbest y IPpOCTOpi i yaci 3 ypaxy-
BaHHSIM B3a€MO/Iii MiX IXHiIMU ocepeaKaMU, MOXYThb
iHTepIpeTyBaTUCsl SIK LJIKOM TIeBHUI (isuuHU
npoiec [4].

MoxxHa pUMYCTUTH, 1110 MIOOATbHUI XapaKTep
CEeMCMIYHOI aKTMBHOCTI MOK€ 3YMOBMTHU JIEsIKi Tie-
pedynoBu B atMocdepi, ioHocdepi i marHiTocdepi
TaKOX TIJ00aJbHOTO MacuiTady, 30KpemMa B ceii-
CMIYHO CIIOKIMHMX perioHax. /st iXHbOI peecTpailii
HEOOXiZTHO BUKOPUCTOBYBAaTH OOCHUTbH IOBTi pPSOu
JIaHWX, OTPMMaHUX OTHOYACHO B JIEKiJIbKOX pO3He-
CEHMX MYHKTaX CIIOCTEPEXKEHb, 100 BIAPIZHUTH iX
Bill JIOKaJIbHUX 30ypeHb (MOLIMPIOETHCS XBUIISI a00
JIOKaJIbHA aHOMAJisl eJIeKTPUYHUX TI0MiB), AKepe-
JIOM SIKMX € OKpeMuii ocepenok 3T.

Taka moctaHOBKa 3a/1a4i BUMIpaBAaHa TAKOX TUM,
1110 Y CBITJIi CyYaCHUX YSIBJIEHb 3eMJIs 1 il BHYTPillIHi
Ta 30BHIIIHI 000JIOHKM (cUcTeMa 3eMJIisi — aTMOC-
¢epa — ioHocepa — MarHiTochepa: 3AIM) yTBO-
PIOIOTH €IMHY BiIKpUTY HEJiHIHY IMHAMIiUHY i€-
papxiuHy CUCTeMY, B SIKiil B3aEMOisI MixX IiacuUcTe-
MaMHU MOXKJIMBA, 30KpeMa, 3a paxXyHOK eHepreTUYHO
cl1abKux (TpUrepHUX) MexaHismis [12, 14, 29].

3 orjIsiay Ha MOXJIMBMIA BIUIMB Pi3HMX 30BHIlITHIX
(akTopiB SIK HA CEMCMIUHICTb (OUB. I1. 4 BUILIE), TaK i
Ha iH111i reocgepu, He MOXXKHA BUKITIOYUTU MOXKJIMBOC-
Ti BCTAHOBJICHHSI KBa3iCMHXPOHHUX Bapialliii mapa-
METPiB Y pi3HMX reocepax, 30KpeMa MpU BiICyTHOCTI
MPSIMUX TPUUMHHO-HACTiIKOBUX 3B’S3KiB [48].

Meta poOOTH — TTOLIYK B3a€EMO3B’SI3KiB Y CUCTEMi
3AIM y nnaHeTapHoMy MaciuTab6i mpu 3miHi ['CA.
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HoBa nmocraHoBKa 3amayi BUMara€ IeBHUX 3MiH Y
METOJIOJIOTi1 JOCIIXKEHb y TIOPiBHSIHHI 3 3BUYaHO
BUKOPUCTOBYBaHUMM. K MpaBuiio, aHasi3 3B s13KiB
nmitocepa — armocdepa — ioHochepa BUKOHYIOTh
IIJISI OKPEMUX JTOCUTD ITOTYKHMX CEMCMIYHUX TTOIii
0e3 ypaxyBaHHSI IIPOLIECiB Y IIOIIepeIHiii rmepio. 30-
KpeMa, TpU CTAaTUCTUUHUX JOCTiIKEHHSIX OEpyTh 10
yBaru Bci 3T 3 MarHiTynoo BUILIE 3aJaHO1, 3a3BUYail
MarHityau Bin 5 i Buiie [31]. OueBugHO, 1110 3 TOY-
KM 30py TeKTOHiku cuiibHMiA 3T Imicist TpuBajaoro
BiIHOCHO CITOKiliHOTO mepioay i Takuii xe 3T micis
cepii iHmmx cuiabHUX 3T MoXe BiAIIOBiIaTH iCTOTHO
pi3HMM yMOBaM B JiiTtocdepi. Y nepiioMy BUNAAKY
MOXHa JONMYCTUTW TpUBaJie HAKOIMYECHHS TEKTO-
HIYHUX HaIpyT TJIaHeTaApHOTO MacIlTady, 110 repe-
PUBAETHCS Pi3KUM IXHIM 3HUKEHHSIM i MOAJIbIIO0
nepedynoBolo0, y aipyroMy Bunaaky 3T BinOyBaeThcCs
ITiCJISI B3K€ 3aBEPIIIEHO] I1epeOy10BU CUCTEMU TEKTO-
HIYHUX HAIIpYyT.

TakuMm 4MHOM, OOHOTUIIHI CUTyallil B CHUCTEMi
3AIM, HeoOXimHi AJIsT CTATUCTUYHOTIO aHaJIi3y, MO-
JKYTh BiINIOBigaTH, NepIl 3a BCe, i30J1bOBAHUM SIBU-
mwam I'CA, 1110 po3BMBaIOTbCSl HA 3HAYHUX YaCOBUX
iHTepBaiaX OJWH BiJl OMHOT0. 3BUYAITHO XX, HE MOX-
Ha BUKJIIOYUTH HasiBHOCTI TpuBainx nukiaiB 'CA ta
BiATIOBIZHMX IM TPUBAIMX MEPiOIiB MiATOTOBKU, O -
Hak y IepIiioMy HaOJIVKeHHI TakKa yMOBa € BUIPaB-
JIAHOIO JIJIS BUPILIIEHHS [IOCTABJICHOTO 3aBIAHHSI.

BA3A TAHUX I METOAN AHAJII3Y

bepyun 10 yBaru, 1o ouikyBaHi epekt 'CA mo-
KYTh MaTW HEBEJIUKY aMIUTITYdy i IPOSIBISITUCS Ha
TJIi OibII 3HAYHMX Bapialliil iHIIIOI MPUPOAH, B PO-
00Ti BuKopucTaHi yotupu 0azu maHux (b/l), mis
KOXHOI 3 TKMX pO3paxXyHKHM ITPOBEICHO HEe3aJIeKHO.
ba3u pgaHux OXOIUTIOIOTH Taki Iepioau crocTepe-
JKEHb:

b1 — 01.04.2007 p. — 31.12.2008 p.,

b2 — 01.12.2010 p. — 31.12.2011 p.,

b3 — 14.09.2012 p. — 15.02.2014 p.,

b4 — 01.01.2015 p. — 31.12.2015 p.

BuxkopucTaHo Taki 1IOJeHHI JaHi.

Kocmiuna nocooa. Constana axktuBHicTh (CA):
LIUIBHICTh TOTOKY pamioBUIlpoMiHIOBaHHS COHIIS
F,, ;> reomMarniTHa akTUBHICTb ([MA): iHIEKC A4,

Ionocgpepa. Kpurnuna vacrota miapy F2 (fF2)
ioHOC(epHUX CTaHLIM y CXigHIiNA 1 3axigHill miB-

kynsx: [pyxonine (50.0° N; 14.6° E), XaGapoBcbk
(48.5° N; 135.1° E) Mockaa (55.5° N; 37.3° E), Min-
cTOH Ximn (42.6° N; 288.5° E), boynnep (40.1° N;
254.8° E) B 00 i 04 (niuni ymoBu), 12 i 16 rog LT
(IeHHi yMOBM 3a MiclIeBUM 4acoM). 3a3BuUyaii BU-
KopucTtoByioTh AaHi mjsg 00 i 12 LT, B Hammomy mo-
CITIKEeHHI TOIaTKOBO BUKOPHUCTaHO mdaHi mist 041 16
LT, sxi 3aBAsIKM iHEPLIiTHOCTI i0OHOC(EpPHUX MIPO-
1eciB Kpalle BigoOpaxkaroTb TUIIOBI AE€HHI Ta HiYHi
YMOBHU B ioHOC(Epi, a TAKOX J03BOJISIIOTH TTOBHillIE
OLIIHUTU MIiHJIUBICTh iOHOC(EpU MPOTIATroM AHS ab0
Houi. Yepes mpoIlycKu y BUMipax ad0 y MiXKHapOI-
HUX eJICKTPOHHUX 0a3ax maHuX, W1 KoxHoi bl Bu-
KOPUCTOBYBaIacsd YacTWHA JTaHUX, IO MOKJIMBOCTI
JIJIsI 3aXiMHOI i CXigHOI MMiBKYJIb OMHOYACHO.

[ToBHuii enekTpoHHMIi BMicT ioHochepu (ITEB),
ycepeaHEeHU 1o 3eMHili KyJii — Tinbku bJ14.

Tponocghepa. Tlpuzemunii armochepHuUil TUCK P
y MyHKTax cIiocTepexeHb XapkiB, Mocksa, Ilpara,
Mincron Ximn, Boynaep (y 6e3mocepenHiit 0113b-
KOCTi 10 MYHKTIB CIIOCTepexXeHHsI ioHocdepu), a
TaKoX AaHi a1 mupoTtHoro (Mocksa, Kaparanma,
XabaposceK, boynnep) Ta moBrorHoro (Tikci, Xa-
0apoBChK, YxaHb, [lapBiH) JaHII0KKiB METEOPOJIO-
TIYHUX CTAHIIIH 17151 O1IbIII MTOBHOI OL[IHKY TJI00ATh-
HUX e(eKTiB.

Jimocgpepa. Kinvkicts 3T (N eq) Ha 3eMHill KyJi
JUTSL IEKIIBKOX iHTepBalliB MarHiTy, MOYMHAIOUM 3
M =4, i makcumanbHa 3a 100y MarHityna 3T (M
gk inmukatopu I'CA.

JaHi B34Ti 3 TaKWX CAWTIB: KOCMi4HA TIoroga —
ftp://ftp.swpc.noaa.gov/pub/indices; ioHochepa —
ulcar.uml.edu/DIDBase, http://sec.noaa.gov/Data,
i ftp//: cddis.gsfc.nasa.gpv/gps/products/ionex; at-
MochepHuii THCK — www.gismeteo.ru, 3T — https://
earthquake.usgs.gov/earthquakes/search.

Po3paxyHkn TpoBeneHO METOIOM HaKIaIeHUX
ernox (MHE) 3 nepeBipkoto 10CTOBIpHOCTi pe3yJib-
TaTiB pPO3PaxXyHKiB i BMKOPMUCTAHHSM KpUTEPilO
®pigmana [3]. 3a HYIbOBI JaTH BUOMpANNCS ITHI
piskoro 30unbiieHHs M i Neq MicJIs1 TPUBAJIOTO
rnepiony BiMIHOCHOTO CEMCMIYHOIO 3aTMIIILS, 110
MEPEBUIIYE Yac MOSIBU MEePEaBICHUKIB 3TiAHO 3 PO-
6oroio [6]:

ax)

AT = 100-26M —3.50 pOKiB
PospaxyHku mpoBeneHO Ha MPOMiXKY yacy Bil
—20 go +10 gi6, — ¢akTUIHO Bif OMHOTrO ceiicMid-
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HO aKTMBHOTIO mepioay m0 HacTynmHoro. KilbKicTb
nofiii (BumanakiB pizkoro 30iabiieHHs: [[CA) craHo-
Buna: bA1 — 10, BA2 — 13, BA3 — 12, /14 — 9,
BCBOTO PO3IISIHYTO 44 mopii.

Kpurepiit ®pigMaHa € HemapaMeTpUYHUM aHa-
JIOTOM OJHO(MAKTOPHOTO AUCIIEPCIHOIO aHalizy
JJ1s TIOBTOPHUX BHUMipioBaHb. BiH m03BoJjisie mepe-
BIpSITH TIiMOTE3UW MPO IMOMIOHICTh Oi/lblle IBOX MO-
BTOPHUX TI'pyll BUMipIOBaHb B YMOBaX HEBU3Haye-
HOCTI ampiOpHUX TEPEeayMOB MPO HOPMAJbHICTh
pO3IOAiiB i ogHOpimHOCTI auctiepciit. CtaTucTu-
KOIO0 KpUTEepilo € cyMa KBajpaTiB CyM paHTiB, sika
Ma€ TeOpeTUUHMI PO3NOLN ¥2. Y HalllOMy BUMAJKY,
3aBISIKM PaHXKMPYBAHHIO, KPUTEPIl JTO3BOJISIE OLIi-
HIOBAaTH CXOXICTh TIJIBKM YaCOBHUX 3MiH HOCIiIXKY-
BaHMX MapaMeTpiB Moou3y pizkoi 3miHu ['CA Hesa-
JIEXXHO BiJl iXHIX aOCOMIOTHUX 3HAYEHb, SIKi MOXYTh
OyTHM 3yMOBJICHiI iHIIMMU (akTOpamMu. AJITOPUTM
po3paxyHKy kputepito ®pinmana y meroni MHE
HaBeJeHO, 30KpeMa, B poooTi [9].

PesynbraTi quist KoxkHoi B/ mpuiiManucst 1o po3-
ISy Tpy piBHI 3Hauy1ocTi p < 0.1, 1omaTkoBo Ha-
JIHICTH (ITOBTOPIOBAHICTh) PE3yJIBTaTiB BU3HAYAJIA-
Cs1 3icTaBJIEHHSIM Pe3yJIBTaTiB PO3paxyHKIiB [IJIs He3a-
nexxHux bI. JInsg HaouHOCTI Ha rpacdikax BUOIpKOBO
(1 HAMOLTBII BaXKJIMBUX MOMEHTIB Yacy) IIpuBeIe-
HO TaKOX CTaHJAapTHY MOMUJIKY CEPETIHBOTO G.

PE3VJIbTATU

Yepes e mo BbJI1 HaiiOiabll MOBHA, PO3IJISTHEMO
CHOYaTKy BIAMOBIAHMI i mepiox. 3MiHM MakKCH-
MaJIbHOI MarHityau ta KiibKocTi 3T 3 pisHMMM mar-
HiTygamu (BUOipKoBO) Imoka3aHi Ha puc. 1. Bumno,
1110 JOCiIXKyBaHi iHTepBaiu, KpiM aKTUBHOIO Me-
piofy TICJISI HYJIBOBOI JaTW, OXOIUTIOIOTH CITOKili-
HUM TIepiof1 10 HYJIbOBOI JAaTH i MEPioa MEHIII iCTOT-
Horo nonepenHboro nocunaeHHst ['CA (Big —20 go
—14 1i6). MakcuMmabHa MarHityaa i Kiaekicts 3T 3
M>4.2 (napuc. 1 9k npuxian HaBeaeHo yucio 3T 3
M > 5.1) 3MEHIIIYIOTHCS aX OO Pi3KOTO 30iIbIIeHHS
yucna 3T B HyaboBuii aeHb. KinbKicTh cnadmmx 3T
HE3HAYHO 30iJIbIIYETHCS aX 10 TOJJOBHOTO MOIITOB-
XY, TIOTIM TaKOX MOCTYIOBO 3MEHIIYEThCS. TaKum
YMHOM, 3MiHHU B 4Yaci KimbkocTi cinadbkux 3T MaioTh
0COOJIMBOCTI, SIKi OYIYTh PO3IJISTHYTI HYKYE.

3MiHM KpUTHUYHOI YactoTu obnacti F2 fF2 na
cranuii [TpyxoHnile (puc. 2), He IUBISYMCH HA MO-

22

pi3aHiCTh KPUBOI, TEMOHCTPYIOTh IBA MAKCUMYMHU,
BimHeceHux A0 nepioaiB miauieHoi 'CA nobdausy
—15-xi 0-x ni6, micas akux BeaudrHa f,F2 nocry-
MOBO 3MEHIIYEThCS. bepyun 1o yBarm icTOTHyY 3a-
JIEXHICTh CTaHy i0oHOC(epH Bif KOCMIYHOI MOTOIH,
Ha puc. 2 IMpUBEAEHO TaKoX 3MiHU iHgekciB CA
i TMA. 3minun CA HeBelMKi Ta CTaTUCTUYHO He-
IOCTOBIipHi: 3rimHo 3 gaHumu [10] BimmoBigHi 3Mi-
HU ioHizauiitHOro Y®-BunpomiHoBaHHg CoOHILS
MOXHa OIiHUTH B 2-3 %. PiBenb 'MA Takox OyB
HU3bKMM: MaKCUMAaJIbHE 3HAYEHHS IHIEKCY Ap 3a
BCi pO3MJISIHYTI MEPioX TUIBKKU Y ABOX BUMAAKAX Aa-
JIEKO BiJl HYJbOBOI AaTH JieAb MEPEeBUILMIO PiBEHb
Ap =27 (Kp =4), 9K1ii 3a3BUYal pO3MISAAIOTh SIK rpa-
HUYHUI MK CyOOypHMMM i 30ypeHUMU YMOBaMMU.
ITpote cepenHi 3MiHU Ap, orpuMaHi MHE, xapakre-
PU3YIOTHCS IOKATbHUM MaKCUMYMOM ITOOJIU3Y HY-
JIbOBOI TaTH, TIPU 1IbOMY BiIMiHHICTh MaKCHUMaJlb-
HOro i MiHiMaJIbLHOI'O 3Ha4yeHb Ap € IOCTOBIpHOIO
(p <0.1). Sk HacnimoK, He3BaXKalouu Ha MaJly BeIv-
4nHy ctpubKa f)F2 (1e Ginbiue Hix 0.5 MTir), mosic-
HutH ixHiMu 3miHamMu CA i TMA HeMOXIIBO.

3minn atMocdepHoro TucKy P moommsy IIpyxo-
Hiue (MyHKT criocTepexxeHHs [1para) Takox 1eMoH-
CTPYIOTh JIBa JIOKAJIbHUX EKCTPEMYMU: HaTMlepea0/IHi
nocuneHHs1 'CA moYnHaeTbesl 3MEHILIEHHST P, siKe
IO BUIEpeakae cTpubok f F2 B ioHochepHux
naHux. Bpaxae CTiiiKicTh IbOTO SIBUILIA: 3MEHILIEH-
Hs P crioctepiranocst HanepeaoaHi Bcix 10 posris-
HYTUX BuUMaakiB pizkoro 3poctaHHs I'CA (piBeHb
3HAYYILIOCTi pe3yiabTaTy cTaHoBUTH p < 0.02), mpu
HasIBHOCTI JeIKUX JOJATKOBUX OCOOJUBOCTEM, SIKi
imoctpye puc. 3. Ha pucynky 3minu P (po3mnomi-
JIeHUX Ha 3—4 Bunaaku) posaijieHi 3a piBHem 'CA
(MakcumanbHoi 3a ieHb MarHityny 3T M Ha 3eM-
Hili KyJi). PUCYHOK AeMOHCTpye 3HMXKEHHS P 3a
5...7 ni6 no pi3koi 3MiHu piBHSA ['CA. OnHOTUITHA
3MiHa P 30epiraerbcsa g0 3...5 mi0 mmiciist HyJIbOBOL
JIaTU IIpXA HASIBHOCTI CTiHAKOTO 3MillleHHS (TT0Ka3aHOo
LITPUXOBUMM JIiHISIMU Ha pUC. 3) MaKCUMYMIB i Mi-
HiMyMiB P Ha GifibIlll paHHi 1001 Y Mipy 30iJIbILIEHHS
M. Yepes te o 3T BinOyBanucs y pisHUX 4acTH-
Hax 3eMHOI KyJi, HasBHICTb TAKMX OCOOJIMBOCTEH €
BaXJIMBUM apryMEHTOM Ha KOPUCTh HasiBHOCTI IJ10-
OabHUX e(DEeKTiB ceiicMiYHOI aKTMBHOCTI.

3minu fF2 Ha cranuii Mincron Ximr (puc. 4)
TaKOX JEMOHCTPYIOTb ABa OYEBMIHUX MaKCUMY-
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max

8 1 1 1 1 1

=20 —15 —10 =5 0 5 1,16

Puc. 1. Cepenni 3MiHM MakcuMmanabHoi MarHitymm M, . i

KiJTbKOCTI 3eMJIETPYCiB Neq 3M>5.1i4.0<M<4.2 (3Bep-
Xy BHU3) JUISI JECATU OOpaHUX MePioiB pi3KOro MOCUIeHHS
m106aibHOI ceiicMiuHoi akTuBHOCTI (BI1)

MM, IO BinmoBizaroTh Iepiogam migsuineHoi ['CA,
MpU LIbOMY BMIIEPEIXKEHHSI BiTHOCHO HYJIbOBOIO
IHS 6ibIn oyeBUaHe. He3Baxkarouu Ha mopi3aHicTh
KPMBUX, BUIHO, 110 3MiHM f F2 Ha mpoTUIeKHNUX
yacTMHAaX 3eMHOI KyJIi TToIi0Hi, i B 000X BUITaJgKax He
ynyTh 3a 3MiHaMu CA i T'MA. OcHoBHa BiAMiHHICTh
JaHMX IBOX i0OHOC(EPHUX CTAHLIiH TTOJIsITae y OUIbII
pPaHHBOMY 3pOCTaHHi f F2 HamepenoaHi HyJIbOBOI
matu 'y Mincrton Ximi, ke 3MIiHWIOCS IIBUIKAM
3aMeHIneHHsM f F2, konu 3Hayenns f F2 y TIpyxo-
Hile 1Ie 3aJIMIIanucs BUCOKUMU. MOXIIMBO, ACSIKY

F10.7

72 r

Nl

P> MM DT.CT.
725

727
729
731

733

-20 —15 —10 =5 0 5 t,ni6
Puc. 2. Bapiauii f,F2 na ct. IpyxoHile npu pi3ki#i 3miHi rio-
OanpHOI ceficMiuHO1 akTUBHOCTI. [TokazaHo akTopu BILIU-

By Ha ioHOC(hEPY «3BEPXY» 1 «3HU3Y»>
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Py MM PT.CT.

736

732

728

724

730

726

732

728

724

—-10 =5 0 5 t, ni6

—15

Puc. 3. Bapianii atMmocdepHoro THcKy mooamsy ct. [1pyxo-
Hiue (MeTeopoJoriyHa ctaHiis [Ipara) mpu pizHUX piBHSIX
IJ100JIbHOT CEICMiYHOI aKTUBHOCTI

poJib Moru Bimirpatu i 3minu I'MA 3a yMoBH, 1110
y IlpyxoHilie Kpalle nposiBUIacsl MO3UTUBHA (ha3a
ioHocepHoi Oypi, y Mincton Xiu1 — HeraTuBHA.
OpHak noTpiOHO BpaxoByBaTH, 110 piBeHb [ MA OyB
HU3bKUM HE TiJIbKU B CEpelHbOMY, ajie i JJIsl BCiX
OKpEMUX TIEePiofIiB: TTOOIN3Y HYJILOBOI JaTU MaKCH-
MaJIbHEe 3HAYCHHS Ap = 21, 1o BiAmnoBigae cyooyp-
HUM YMOBaM.

CepenHi 3miHu atMocdepHoro Tucky Py Min-
cToH Ximn (puc. 4) TakoxX MalOoTh JIBa JIOKAJIbHUX
eKcTpeMyMu (30KpeMa, € cjlabKa TeHACHIIIS 10 3Mi-
ILIEHHS TTOJIOXXKEHHS MAaKCUMYMY B 3aJIEXKHOCTI Bill
MarHitynu 3T). OnHak moysiokeHHSI MaKCUMYMiB P
y Mincron Xinn i [IpyXxoHilie TOMIiTHO pi3HSATHCS,
TaK IO Pi3HUIIST CEPETHIX TUCKIB (YMOBHO MIpUiiMe-
MO ii 3a pi3HUILIO TUCKIB y CXimHil i 3axigHiil MmiB-
KyJIsIX) HamepeaoaHi mocuieHHs: T MA motepmnaia
cTpu6boK Ha 10 MM pT. cT. Taki 3MiHU TUCKY MOIJIA
OyTH 3yMOBJICHI IIOTOKAMU ITOBITPSI MK MTiBKYJISIMHU,

24

F](].7

P

MH?

MM PT.CT.

764

760

756 1 I L .

P,.—Ppun> MM PT.CT.

MH

38

34

-20 -15 —10 =5 0 5 1,16

Puc. 4. Bapiauii f,F2 na ct. Mincron Xim. ITokasani daxro-
PpM BIUIUMBY Ha ioHOC(hEpY «3HU3Y», a TAKOX PI3HULS cepe-
HiX 3HaYeHb TUCKY MiX MiBKYJISIMU

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 5



Bnaue enobanvhoi celicmiunoi axkmuenocmi Ha npoyecu é ammocepi il ionocgepi

f,F2, MI'n

M

max

7.5
7.0
6.5
6.0

5.5

=20 —15 —10 =5 0 5 1,16

Puc. 5. Cepenni sminu f,F2 (b/11-b/14) nipu piskii 3mini rio-
0aJIbHOI CeliCMiYHOI aKTUBHOCTI, CyMapHa KibKicTb N = 79

SIKi B3K€ JaBHO PO3IJISiIaloTh SIK OAvH 3 Tpurepis 3T
y TIEBHOMY CeiicMOaKTUBHOMY perioHi [1, 7], mpoTe
B IaHOMY BUMAAKY MM PO3MJISIAAEMO MYHKTU CIO-
CTEPEXEHb, PO3TALIOBAHI JAJIEKO BiJl CEICMOAKTUB-
HUX PETiOHiB, i ToMy OB’ s13yemo 1ieit edpekt 3 TCA.
3BUYAiHO X, 3HAYEHHSI MPU3EMHOTO TUCKY B JBOX
MyHKTax CIOCTepeXkeHb He Aal0Th MTOBHOI KapTUHU
3MiHM TUCKY Ha 3€MHIil KyJli i HE JO3BOJSIOTh 3PO-
OWTHU OJHO3HAYHUX BUCHOBKIB, OJJHAK MOXHAa MPU-
MyCTUTH, IO IJIo0ajibHa aTMOCc(hepHa LIMPKYJISLIs
i 'CA moB’s13aHi Mix co6oto. OnHUM 3 MeXaHi3MiB
IXHBOTO 3B’SI3Ky MOXe OyTH HEPIBHOMipHICTh 00ep-
TaHHS 3eMJIi.

BigmiTMO TaKoX 111e OJHY OCOOJIMBICTb OTpUMAa-
HUX pe3yJIbTaTiB: BCTAHOBJIEHI 3MiHU aTMOC(hEpHUX
i ioHOC(hepHUX MapaMeTPiB YacTO MalOTh BUTJISII HE
JIOKAJTbHUX CITJIECKIB MOOJM3Y Pi3KOTO 3pOCTaHHS
I'CA, a cTtpubka 3 MojajabliUM TOCTYIIOBUM Cra-
JIaHHSIM (301IbIIEHHSIM) TTOKAa3HUKA 10 HACTYITHOTO
aKTUBHOTIO Iepiofay (MMJIKOIOAiOHA KprBa — JUB.
IITPUXOBI JiHil HA puc. 2 i 4). MoOXJIUBY IpUpOIy
TaKuX 3MiH Oyje pO3IJISIHYTO B 0OTOBOPEHHI.

3a panumu 3a 2011—2015 pp. (b2 — b/14), mak-
CHMYM KPUTHYHOI YacToTH f, F2 mapy F2 notnusy
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MEB, 10" m ™

14.9

14.3

13.7

F10.7
122
121
120

119
-20

—15 —10 =5 0 5  t,ni6

Puc. 6. CepeiHi 3MiHM I7106aJILHOTO MTOBHOTO €JIEKTPOHHOTO
BMicTy (2015 p.) i MonubikoBaHOTO iHIEKCY MPU Pi3Kiil 3MiHi
JI00aIbHOT CEICMIYHOI aKTUBHOCTI: / — eKCIIepUMEeHTaIbHi
3Ha4YEHHSI TOBHOTO €JIEGKTPOHHOT'O BMICTY, 2 — pO3paxyHKOBi
3HAYE€HHSI MTOBHOTO €JEKTPOHHOIO BMICTY 3a YMOBH, 1110 BiH
3QJIEKUTh TUTbKH Bil COHSIYHOT aKTUBHOCTI

HYJIbOBOI jgath BusBIsIEThed Y Beix BJl. Cepemni
3MiHu /) F2 st BCiX psAiB JaHUX i yCiX POSIISAHYTUX
CTaHIIili T0Ka3aHO Ha puc. 5.

3a ganumu 2015 p., W1 IKOro BUKOPUCTOBYBa-
Jmcs Takox ro0anbHi Kaptu I[TEB, obuncieHo ce-
penHi no 3eMHiii KyJi 3MiHu [TEB mo6iu3sy pizkoro
3o0impmeHast TCA (puc. 6). Taki maHi SKHalKpa-
1€ TiIXOOSITh 51 OLIIHKM MOXJIMBUX TJI00QTBHUX
edexriB y cucremi 3AIM. BugHo, 1110 HanepeaoaHi
HYJILOBOI JIaTH CITOCTEPiraeTbcsl 3Ha4YHe 30iIbIIeH-
s [1EB (kpuBa ), siKe MOMITHO IEPEBUILYE 3MiHU,
sKi Mo O0yTu Bukimkadi CA (kpusa 2). [{7s Oiib-
1101 HAOYHOCTI 9K oLliHKy CA Ha puc. 6 peacraB-
JieHo MoaubikoBaHUI iHIEKC F[fj ; 3 ypaxyBaHHIM
mozeni YO-putipomintoBaHH [10], mponopiitHmi
noToky. BigzHaunmo Takox cxoxicTb 3MiH ITEB i
cepenHix 3miH fF2 (puc. 5i6).

Ak BurnmBae 3 puc. 2 i 4, Bapiauii f)F2 Takox
Y3rOoIXKYIOThCS 3i 3MiHAMU IIPU3EMHOI0 aTMOocdep-
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F10.7

121

115

109
2

103

73
70 YV\’\,]
20 -15  -10 -5 0 5 1,16

Puc. 7. 3MiHM COHAYHOI aAKTMBHOCTI (iHaeKe F) ;) 3a BCi pos-
rsiHyTi nepionu: 1 — bJ14, 2— b3, 3 — b2, 4 — B

HOTo TMCKY P Ha Tiif 3Ke CTaH1Ii1, 1110 € MiATBepAXKEH -
HSM panilie oTpuMaHux pesyiabraTiB [48]. Lleit
3B’SI130K Oinblll oueBUAHUN y MiHiMyMi CA, i BUSIB-
JISIETBCS JIMIIIE SIK TeHACHIIis Ha TJIi CUJIbHIIINX Ba-
piauiit CA i T'MA no6au3y makcumymy 11-pigyHoro
COHSITYHOTO LIMKITY.

3minn CA 3a ganumu B2 — BJ/14 xapakrepu-
3YIOThCSl CTIHKMM MaKCUMYMOM TMOOJM3Y Pi3KOro
3poctaHHs1 ['CA, Toni sk 3a njanumu BJI1 (mo6auszy
MiHiMymy 11-piuHoro nukiay CA) BoHM Oy/Iu He3Ha-
yHi (puc. 7). TaKuM 4MHOM, y OiNBIIOCTI BUIAKIB
nocuneHHs I'CA mpumnanaloTh Ha Mepioau ITiaBU-
meHoro piBHs CA. OHaK SIKI1O pO3IJIsiAaTH OKpEMi
akTUBHI nepioau, 1o junie 60...75 % po3rIsTHyTUX
nincuwinenb ['CA y3romxyBanucs 3i 30ibLIEHHSIM
CA i 3abe3neuyBajiu y3rojXeHicTb 4aCOBMX Bapia-
Lilf IUX BeIMYMH B cepemHbomy. Otxke, 3minu CA
HE MOXYTb BUCTYMNAaTU TPUTEPOM BCiX 0€3 BUHSITKY
3T. SIKi1o0 He MPOBOAUTH CTPOTUI BiAbip maHUX 3a
HagBHicTIoO nepen nocwieHHsM I'CA TpuBajoro
CIIOKiAHOrO Mepioay, TO MPOTHOCTUYHA posb CA,
MalyTh, Oy/ie 111e MEHIIIOIO.

26

3minn I'MA xapakTepusyloTbCsl HEBEIUKUM
MaKCUMYMOM I100/1M3y HYJIbOBOI IaTu (AUB. IpU-
KJan Ha puc. 2), 3a BuHsaATKoMm 2015 p. (b[4), mo €
BKa3iBKOIO Ha peaJIbHiCTh LILOTO SIBUINA (IUB. TAKOX
[18]). bepyuu 10 yBaru HeBeJIMKY BeJIUUMHY €(DEKTY,
a TaKOX JiesIKe 3MillleHHSI TOJOXEHHSI MaKCUMyMY
MO BiTHOIIEHHIO A0 HYJIHOBOTO THS B okpemux b/l
MO>Ha MPUITYCTUTH, 110 JaHUI e(eKT 3yMOBICHUI
HasgBHICTIO YMHHMKA, 110 BIuMBae K Ha ['CA, Tak
i Ha 'MA. TakuM (pakTopoM MOXKYTh OyTH Bapiallii
rnapaMeTpiB COHSIYHOTO BITPY. 3 OMHOIO OOKY, BOHU
Oe3rocepenHbO BIUIMBAIOTH Ha piBeHb ' MA, 3 iH-
110ro 60Ky, MO JIAHIIIOXKY COHSTYHUI BITEp — MOAY-
JISILiS TalaKTUYHUX KOCMIYHHUX IIPOMEHIB — XMap-
HIiCTb — LIMPKYJISILisl aTMOchepu — 3MiHa TUCKY Ha
3€MHY MOBEPXHIO ITJI AI€I0 PYXOMUX MOBITPSIHUX
Mac — iHiliauig IMIroToBIeHUX 3eMJeTpyciB [45]
MOXyTb BIutMHYTH Ha ['CA.

TakuMm 4yrMHOM, y Tepioaud Pi3KOro 30iTbLICHHS
I'CA cnocrepiraloTbcsi 3MiHM aTMOC(EpHUX, i0-
Hoc(epHUX, TeOMArHiTHUX i COHSIYHMX JaHuX. Ic-
ToTHO, 110 eekTn ['CA B atmocdepi Ta ioHochepi
3apikcoBaHO 110 BCiX 4oTUpboX B/, mis KkocMivyHOL
MOTO/IM HAsIBHICTh XapaKTEPHUX 3MiH BCTAHOBJIEHO
3a JaHUMU Tpbox 3 YoTupbox BJI: 30inbiieHHs1 CA
no0ym3y HYJbOBOI gaTh He 3adikcoBaHe y BII1, a
30inpienHss 'MA — y BJ14. [Ing nmpu3eMHOro arT-
MoOC(epHOro TUCKY 3a3HayeHHUU 3B’S130K, MaOyThb,
HaWOUIbII CTIMKUI, 11 ioHOC(EpPHUX IapamMe-
TpiB — TPOXU MEHILE, JJISI COHSYHMX i T€OMAarHiT-
HUX JAHUX TaKa BiAIIOBITHICTb CIIOCTEPIra€ThCs He
3aBXIU.

Ak i ciig 6ysio ouikyBaTu, aJist ioHochepHu 3B 130K
3 TpouecamMu y Tporocdepi Ta jiTocdepi OiabLI
O4YeBUIHUI y MiHiMyMi 11-piuHoro uukiy CA, Tomi
K npu BUCOKOMY piBHI CA BIUIMB «3HU3Y» MEHII
MOMITHUA.

BaxuuBo BigzHauuTu, 110 epexktu I'CA orpuma-
HO y CEHCMIYHO CITOKIHMUX perioHax i He3aJexXHO
Bim Mmicugs, me BimOyBanucs HauOumbm cwiabHi 3T,
TOOTO 3a3HaveHi e(heKTH AilCHO Maju r1oOalbHUMK
Xapakrep.

OBI'OBOPEHHA PE3VYJIBTATIB

bepyun no yBaru, mo 3B’s130Kk 'CA 3 mpouecamu
B atrMocdepi Ta ioHocdepi paHille po3risgaBcs y
HEBEJIMKIi KUTBKOCTI poOIT, B IIbOMYy OOrOBOPEHHI
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M1 OyaeMo 3BepTaTH yBary Ha CTIMKIiCTh i Xapak-
Tep 3B’sI3KiB, 30KpeMa Ha HasiBHICTh Oe3IIepepBHUX
MUJIKOMOMIOHNX 3MiH aTMOC(epHUX Ta ioHOCchep-
HUX TIOKa3HWKIiB. ToMy Tpu BUKJIa[i pe3yJIbTATIB i
00OroBOpeHHi O0yaeMO MaKCUMAaJIbHO MOBHO 3iCTaB-
JISITU MixX cO0O010 pe3ybTaTu 00poOKU JaHUX He3a-
nexHux BJI, a Takox 3ajydyaTH OTpUMaHi paHilie
pe3yJbTaTi.

3 po3rIgHyTUX aTMochepHUX Ta ioHOCHEepHUX
rmapaMeTpiB Bapiallii MpU3eMHOro TUCKY P, Ma-
OyTh, IEMOHCTPYIOTh HAMOUIBII CTIHKi 3aKOHOMIp-
HocTi npu nocuieHHi 'CA. Tak, nist 3T B 2011 p.
JIOKaJbHUI MiHIMyM TUCKY OYyB 3adikcoBaHUii sIK
Ha cepenHboliupoTHoMy (MockBa, Kaparanaa,
XabaposcbK, boynnep), Tak i moBrotHomy (Tikci,
XabapoBChbK, YxaHb, JlapBiH) JaHIIOXKAaX CTaHIINA.
Haii6inein BupasHum MmiHiMym P OyB y XabapoB-
CbKY, HaliIMeHIII BUpa3HuM — y boynnepi. Y nepiogu
nocuieHHs1 CA B 2013 p. 3minu P Ha cT. boynaep
MPakTUYHO MOBTOPIOBaJIX 3MiHU P Ha cT. MijicToH
Xinn B 2008 p. (puc. 8). Takum 4yMHOM, MiHiMyM P
HarnepenoaHi 3T — mocuTh cTabibHE SIBUIIIE, 1110
OXOIUTIOE BEJIMKi TepuTopii. Y 3aximHiil miBKyi
(TouHillle, HA CepeNHIX IIMPOTaX IiBHIYHOI ITiBKY-
Ji, SIKi MU pO3Isigaiu) Hed MiHiMyM BUpaXkKeHUt
HaliMeHIlle a00 3MILIYETbCS Ha OLIbII paHHI JHI,
Tak 1o Oe3nocepeaHbo mnepen 3T crmocrepiraerbes
MaKCUMYM THUCKY, 301bIIYIOUM PIZHULIIO TUCKIB MixX
3aXiTHOIO i CXiTHOIO MiBKYJISIMMU.

OueBUIHO, 1110 1aHi OKPEMMX CTaHLiil He Aal0Th
MOBHOI KapTUHMU TJ100a1bHOI aTMOC(HEPHOI LIUPKY-
JISILL, TpOTe MOBTOPIOBAHICTh CUTYallil B pi3Hi pOKU
BKa3ye Ha peajibHICTh BILUIMBY II€PEMIIlIEHHS MOBIT-
psSIHUX Mac Ha iHiuiauito migroroBiaeHux 3T y rio-
0aJTbHOMY MacIlTaoi.

JI1st ioHochepHMX TTapaMeTpiB 3B SI30K 3i 3MiHaA-
mu I'CA TakoX ITOCUTH CTIHKMIA, ajie Ha TIi OiIbII
3HAYHMX Bapiauiii iHmoi nmpupoau. OCHOBHI Big-
MiHHOCTi pe3yJbTaTiB AJIsi OKpeMUX i0HOC(EepHUX
CTaHIIiA CTOCYIOThCSI TMEBHOI Pi3HUII Yacy IOsIBU
JIOKaJIbHOTO MaKCMMYMY MOOJIM3Y HYJIbOBOI JaTU B
3axifHiN i CXimHi MiBKYJISIX, 110 MOXHa IOB’s3aTu
SIK 3 OCOOJIMBOCTSIMU IPOSIBY i0oHOC(HEPHUX 30ypeHb
Ha Pi3HUX I'€OMAarHiTHUX IIXPOTaX, TaK i BILUIMBOM
Ha ioHoccepy mpolleciB y Tpornocdepi, ae MakCU-
MyMu P Takox He 30iratoTbes. | naHi ioHochepHux
CTaHLIiii, i TUM Oinble AaHi mpo riaHetapHuii [TEB,

P,

Bou
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624

764

760 |

756
-20

—15 —10 =5 0 5

t, ni6

Puc. 8. TTopiBHSHHSI cepeIHiX 3MiH MPU3eMHOTro aTMocdep-
Horo Tucky P Ha cranuisx boynnep (BJ13) i Mincron Xin
(B 1) nmpu pi3kiit 3MiHi N100aILHOT CECMiUHOTI aKTUBHOCTI

BKa3ylOoTh Ha Te, 1110 Liei e(heKT HOCUTD IJI00aJIbHUIA
XapakTep i BUMarae Jijiss CBOTO MOSICHEHHS iHIIMX
MEXaHi3MiB, HiX Ti, 1110 PO3IJISIIAIOTLCS Y OaraTbox
poborax [35, 36, 43].

OTpuMaHi pe3yJbTaTu MiATBEPIKYIOTh BaXKIUBY
posab CA SIK OTHOTO 3 TPUTEPiB 3eMJIETPYCiB, TTPOTE
3MiH1 CA He MOXYTb BUCTYIIATH TPUTEPOM BCix 0e3
BUHSITKY 36MJIETPYCIB.

bepyuu no yBaru HasiBHiCTb 3B’sI3KiB TaKOX MixX
OLIBLIICTIO PO3MJISIHYTUX ITapaMeTpiB, MOXHAa KOH-
CTaTyBaTH 4acTy (xoya i 4aCTKOBY — 3 ypaxyBaH-
HSIM aMIUTITYIM e(eKTiB) CUHXPOHi3allilo MpolLeCiB
y cuctemi 3AIM, y sKiit KoXHa 3 IICUCTEM MOXE
BUCTYTIATH SIK IXKEPeJIOM, TaK i HaCIiAKOM 30ypeHb,
IO € XapaKTepHUM [Jis HesiHiiiHux cuctem [20].
be3yMoBHO, BaXJIMBY pOJib CMHXPOHi3aTopa mpolie-
CiBy pi3HUX reocdepax BilirparoTb 3MiHM KOCMiUHOT
MOTOJIA, 3aTHI BIUIMBATU HA KOXHY 3 MiJICUCTEM.

V Garatbox po0oTax, B IKMX BCTAHOBJIEHO II€BHi
3B’3KM CEMCMIYHOI aKTUBHOCTI (SIK IpaBUJIO, IJIS
KOHKPETHOIO PErioHy) 3 SBMIIAMK B 3€MHIiil aT-
Mocgdepi a00 B r€OKOCMOCI, 9acTO IIPOIIOHYETHCSI
meToarKa mporHody 3T Ha OCHOBiI BCTaHOBJIEHUX
3B’513KiB [2]. B JaHOMYy BUMaIKy TakKoX IOKa3aHO
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Puc. 9. 3minu inrencuBHocTi JJHY-BunpomiHioBatHs (/)
i Pi3HMLI MiX KiJTbKIiCTIO CJTAOKMX i CMJIbHUX PETiOHaTbHUX
3emyieTpyciB (2) 3a BuUMiptoBaHHSIMU Yy KpuMmcbkomy ceii-
CMIiYHOMY perioHi [26]

3B’SI3KM, SIKi MU BBaXKa€EMO pEaJIbHUMU 1 TaKUMH,
1110 3aCJIYroBYIOTh Hajajli (pi3m4yHOI iHTepIIpeTallii.
BoaHouac moku 110 HeMa€e AOCTaTHIX IMiJACTaB ISt
IXHBOTO BUKOPUCTAaHHS Y mporHo3yBaHHi 3T, 00 11i
3B’SI3KM, SIK TIPaBWJIO, MPOSIBJISIIOTHCS JIMIIE B Ce-
pEeIHBOMY, TOI SIK IIJIsI OKPEeMUX MOMiil iXHi iHmuM-
BillyaJqbHi OCOOJMBOCTI MOXYTb BUSIBUTUCS JTOMi-
HAHTHUMU (AWB. PO3TJISIHYTUI BUIlE TTPUKIIAA IS
3B’s13ky CA i 3T). bepyuu 10 yBaru HeCTiiiKicTb 10-
BEIiHKM HEJIHIMHUX CHUCTeM, MpobjieMa IPOrHO3y
3T BupaeThcs 111e CKiIaaHimow [23].

IIpu mporHo3i perioHaJIbHOI CEMCMIUHOI aKTUB-
HOCTI 32 CIIOCTEPEKEHHSMM B IIbOMY K PETiOHi He00-
XiIHO TaKOX BpaXOBYBaTH, 1110 YACTHHA BUSIBICHUX
edekTiB Oyae 3yMOBJIEHA CEMCMIYHMMM IOMisIMU
mobabHOTO MaciuTady. st momisty perioHaaIbHO-
ro i riaHeTapHoro edekTiB HEOOXiTHO BUKOPMC-
TOBYBAaTU OJHOYACHI CIIOCTEPEKEHHS SIK Y PETioHi,
IUIS1 IKOTO Tiepen0avaeThesl CKIIaJaTh MPOTHO3, TaK
1y CEICMIUYHO CITOKIiAHOMY PErioHi Jjis1 KOHTPOJIIO
r1o0anbHUX IIpoleciB. PaHille HEoOXiqHICTh TaKO-
ro migxony OyJio oOrpyHTOBaHO B poboTax [26, 27|
Ha OCHOBIi MOPiBHSIHHS PEeTiOHATIBHUX 1 TJ100aIbHUX
edekTiB y Bapiauisx JIHY-BunpomiHtoBaHHs. B po-
00Ti [22] TaKOX 3aIpOIIOHOBAHO BPaXOBYBAaTH POJib
r1obaabHUX edeKTiB MpU TMPOrHo3i perioHaabHOL
celicMiuHO1 aKTUBHOCTI. TaKM YMHOM, OYEBUIHUM
CTa€ 3aBJaHHS CTBOPEHHSI IJIOOAJBHOI CHCTEMU

28

MIPOTHO3YBAHHSI CEMCMIYHOI aKTUBHOCTI 3 €IMHUM
LIEHTPOM O0OpOOKM i aHami3y iH(opmallii, 1110 Haf-
XOJIUTh ONEePaTUBHO.

HesBaxxatoun Ha HegoCTaTHi MiACTaBU IJIsI O€3-
MocepeaHbOI PO3POOKN METOIUKHU ITPOTHO3Y, OTPU-
MaHi pe3yJbTaTh MaloTh IMPaKTUYHY LiHHICTh, 00
BKa3ylOTh Ha MOXKJIMBICTb iHIIUX, TPU LILOMY Maii-
K€ HelepepBHUX (B TOMY YHMCJIi TPUICPHUX) MeXa-
Hi3MiB B3aemMoii reocep B cuctemi 3AIM, 3maTHIX
3a0e3IeYnTH SIK BITHOCHO KOPOTKOYACHI (THXKHI —
Micsilli), TaK i KJIiMaTU4YHi 3MiHUM Ha TPUBAIMUX iH-
TepBayiax yacy (poKu — JAECSATUITITTS).

st Toro mo6 oTpUMaTH YSBJACHHS Mpo (izuy-
Hi TIpouecH, BiAamnoBigaibHi 3a Bapiaiii 'CA Tta 3y-
MOBJIEHUX Helo edeKTiB, 3BepHEMOCS 10 pe3yiib-
TaTiB JOCIIIXXEeHHs1 Bapialliii mpupoaHoro JIHY-
BUIIPOMIHIOBAaHHSI Ha TPAHWUII «3€MJISI — TTOBITPSI»
y Ilepioay MiarotoBku Ta peanizawii 3T, yepe3 Te
1110 BOHM TiCHO TOB’sI3aHi 3 HANpPY>KEHO-TEKTOHIY-
HUM CTaHOM TipchKuX Iopin [24]. SIK BUIUIMBaE 3
OinblIOCTI AochimkeHb, cuiabHi 3T BigOyBarOTh-
¢ Ha criafli abo micysl 3MEeHIIEeHHS iHTeHCUBHOCTI
JHY-BunpoMiHOBaHHS, 4acTO IIPU HASIBHOCTI 10-
NIaTKOBUX CIUIECKIB MOOJM3y MOMEHTY T'OJOBHOTO
MOIITOBXY, 3YMOBJIEHI aKTUBHUMM TIpollecamMu B
ocepenky 3T. Hamii panimie nmpoBeaeHi JOCTiIKEH-
HSI TO3BOJISIIOTh KOHKPETU3YBaTU 3a3HAueHY 3aKO-
HOMIipHICTb.

Panimre [26] mia KpuMcbKoro ceiicMidHoOro pe-
riony Oyji1o oTrpuMaHo, 1110 iHTeHcuBHicTh JIHY-
BUIIPOMiHIOBaHHS B miara3oHi yacTtotT 2.5...50 kit
npornopuiiina cradkum 3T (B LboMy BMITAIKYy 3
MarHiTynoo M < 3.6). [1o BiZHOIIEHHIO IO BChO-
ro o0CSTy MOTEHLIMHOro CEeMCMIYHOIO OCepelnKy
cnabki 3T 3a6e3neuytoTh po3TPiCKyBaHHS BiTHOCHO
NpiOHUX OJOKIB 3€MHOI KOpH, NMPU LOMY TEKTO-
HIYHI HampyTru B CeCMiUHOMY PErioHi MPOJOBXY-
10Th 301IbIyBaTHCs. HaBnaku, 6inbin cribHi 3T 3a
PaxyHOK YTBOPEHHS MaricTpajbHUX PO3PUBIB MPU-
3BOJISITH 10 3HMKEHHS HAIPYTu B CEMCMiYHOMY pe-
TiOHI i, BiAITIOBIIHO, O 3MEHIIIEHHS iHTEHCUBHOCTI
JHY-BunpominoBands. Bimmosimaicts Mix 3T i
iHTeHcuBHicTio JIHY-BUrnpoMiHioBaHHs cTa€ 1iie
OiNbII TOYHOIO TIPU BUKOPUCTAHHI Pi3HMLI KiJlb-
KOCTi cuyIbHUX i c1abKux 3T, 1110 MOXXHA po3TisiaaTu
SIK OLIIHKY OCTaTOYHMX HampyxXXeHb, 1110 BiZoOpaxka-
1oThcs Bapiauissmu JJHY-BunpomiHioBaHH (puc. 9).
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Puc. 10. Cepenni 3Minu iHTeHcuBHOcTi JIHY-BunpomiHio-
BaHHS y CEMCMIYHO CITOKiHHOMY peTioHi (XapKiBchbKa 001.)
P Pi3Kili 3MiHi I106aIbHOI CeMICMiUYHOT aKTUBHOCTI [47]

ITizHime ajis1 KiJIbKOX 4aCOBUX IHTEPBaIiB OyiIn
orpumani Bapianii JJHY-BunpomiHiOBaHHSI B Celi-
CMIYHO CHOKIMHOMY perioHi (XapKiBchKa 00J1acThb,
Vkpaina: 49.7° N; 36.2° E), axi MOxXHa TTOB’s13aTU
abo 3 KOHKpeTHUMM cuipHUMM 3T Ha BigcraHi
TUCSIY KiJJOMETpPIB Bil Miclsd CIOCTEpEXXeHb, abo
3 Bapiauismu I'CA. 3okpema, misl mepiomy d4acy,
SIKMIA TIPpaKTUYHO 30iraethbcs 3 nepiogoM bJI1 (nuB.
Bulle), oTpuMaHo [47], mo nocuneHHio I'CA niepe-
nyBaB rnookuii MiHimym JIHY-BunpoMiHioBaHHS
(—4-i1 nenp Ha puc. 10), 1110 B LiJIOMY Y3rOIKy€ETHCS
3 OTPUMaHUMMU paHilie pesysisraTaMu. MoxHa Bui-
JINTU TaKOX JeKiJTbKa MaKCUMYMiB: 1mooausy —10-1
100U (Y3TOmXKYEThCS 3 04iKyBaHMM YaCOM ITOSIBU KO-
POTKOCTPOKOBUX €JIeKTPOMATHITHUX TMepeaBiCHU-
KiB [6]), —1-i mobu (omepaTHBHUIA TTepeIBiCHUK), 1-
2-i JeHb MicJIs HYJIbOBOIO AHS (MposiB ahTepITO-
KOBOI aKTMBHOCTI), a TaKOX B iHTepBasi Bim —17-1
1o —15-1 nobu (HaliiMOBipHillle, OB’ sI3aHUI1 3 T10-
nepenHiM 30inbmeHHsIM ['CA, 1oOpe MoOMIiTHUM Ha
HIDKHBbOMY Tpadiky puc. 10). Bei Makcumymun, KpiM
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Puc. 11. Tlpuknan 3minu inTeHcuBHOCTI JIHY-Bumnmpominio-
BaHHS y CEMCMIYHO CIIOKiiHOMY peTioHi (XapKiBchbKa 00J1.)
Npu Pi3HUX 3HAYEHHSIX MaKCUMaJIbHOI MarHiTyaud 3emiie-
tpyciB [47]: 1 — M, = 6.5 (13.06.2007), 2 — M, = 7.8
(12.05.2008)

oIepaTUBHOIO MepeaBicHuKa, 10cToBipHi (p < 0.1).
HeszBaxatoun Ha HEBETMKY aMIUIITYdy OlepaTUBHO-
IO MPOBICHUKA, OTO TAKOXX MOXHA BBAXATU PEAsib-
HUM, 00 BiH 3aiKCOBaHU ITepe yciMa po3IJIsSTHYTH-
mu nmocwieHHssMu I'CA, mipy 1boMy 0T0 MOJIOKEH-
HSI 3aKOHOMipHO 3MIILYETHCS Ha OLIbII paHHIO J00Y
(Bin 0-x 10 3-X) y Mipy 30iJIbllIeHHS] MaKCUMaJIbHOI
marnityau 3T M, Bin 6.4 1o 7.8, npu 1bomy iioro
aMILIiTy1a 3MEeHIIYEThCs. K mpukian Ha puc. 11 mo-
KazaHo 3MiHu JIHY-BurpomMiHioBaHHS [IJ1s1 1BOX I1e-
PiOJiB 3 iCTOTHO Pi3HUMM 3HAYEHHAMU M, .
Bigznaunmo moOpe MOMITHMI HUKIYHUI ITWII-
KONOMiOHMI XapakTep 3MiH iHTeHcuBHOCTi JTHY-
BUITPOMiHIOBaHHSI, MokazaHux Ha puc. 101 11 (ripu
HasIBHOCTI OCOOJIMBOCTEH, TMOB’SI3aHUX 3 ITPOSIBOM
MepeABiCHUKIB), 3yMOBJIEHUI, MMOBIpHO, LIMKJIi4-
HUM XapaKTepoOM TeKTOHIYHUX IpoleciB [13]. Takum
YWHOM, 3a3HaYeHUU B po3iii «Pe3yasraT» muiko-
MOAIOHMIA XapaKTep 3MiH aTMOcGhepHuX i ioHOoChep-
HUX MOKa3HUKIB BUSIBJISIETbCS TICHO MOB’SI3aHUM 3
XapaKTepoM TEKTOHIYHMX IpoleciB. OCKiIbKM BCi
eexT 3apeecTpoBaHO B CEMCMIYHO CITOKIHUX pe-
rioHax, MoBa Iijie Ipo IJ100abHi IMIPOLIECH.
Po3risiHeMO MOXJIMBUI MeXaHi3M TOSIBU TJIO-
banbHUX edekTiB y arMocdepi Ta ioHochepi npu
3miHi 'CA. JloOpe Bimoma [12, 32] pojib BUXOQy Ha
MMOBEPXHIO PaJOHY Ta iHIIMX ra3iB y o0JacTi miaro-
TOBKHU i pealiizailii 3emiieTpycy. Bimomo Takox, 1110
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LIeil mpolLieC HOCUTD TI00aabHMil XapakTep |5, 16].
BaxxmBoio oco0mMBicTIO Mpoliecy IIIMOMHHOI 1era-
3allil € 10ro HepPiBHOMIpHICTb SIK y Yaci, TaK i y Ipo-
cropi. IcTOTHO, IO OCHOBHMI MOTIK TJTMOMHHUIX
BiIHOBJIEHMX Ta3iB PO3BaHTaXYETHCS B PUDTOBUX
30Hax cepeaMHHO-OKeaHIYHUX XpeOTiB, TOOTO 1Mo3a
MNPSIMOIO 3aJICKHICTIO BiJ JIOKaji3allii Ta MarHity-
M 3eMJieTpyciB. MoxHa o4iKyBaTH, 110 1Ii Ta iHIIi
MPOLIECH MOXYTb IIPU3BOAUTH 10 3MiH IIPOBITHOCTI
HIDKHIX 1IapiB Tpornocdepu i II100aabHOTO eleK-
TPUYHOTO KOJIa y IUIaHEeTapHOMY MacIuTadi, BUKJIH-
Kawouu BTOpUHHI edpekTu [12].

BUCHOBKHI

1. IlpoBeneHuWit aHai3 3 BUKOPUCTAHHSIM YOTHU-
pPbOX HE3aIEXKHUX 0a3 IIOJEHHUX AaHUX IOKAa3ye
OOI'PYHTOBAHICTh TAKOIo ITIOHSTTS, SK IJIoOajbHA
ceiicMiyHa aKTUBHICTb i MOTO 3B’S130K 3 IIpolieca-
MU Y BepXHix reoctepax. BctaHoBI€HO 30i1bILIEHHS
KpUTUYHOI YyacToTu mapy F2 mpu pizkomy mocu-
JgeHHi ['CA micis TpuBaaoro CrokiiHOTO Mepiomy.
HesBaxkatoun Ha HeBeJUKY aMILIITYyay (He Oiiblie
0.5 MIi1), edekT O4OCUTH CTIHKMIA i TPOSIBISIETHCS
MaliKe OIHOYaCHO Ha ioHOC(EePHMX CTAHLIIsIX, PO3-
TaIllOBaHMUX y CXiAHIl i 3aXigHilA MiBKYJISIX, a TAKOX
y riaHetapHux 3HayeHHsx [TEB. Ilpu uromMy B io-
HocdepHUX BapiallisiX, sIK i paHillle, IIPOCTeXYEThCS
BIUIUB 5K Tpomnocdepu (0COOJIMBO MpU HU3BKOMY
piBHi CA), TaK i KOCMIYHOI IOTOM, XapaKTePUCTH -
KU SIKOi y 75 % BUTAIKiB TAaKOX TTOKa3yIOTh 3B SI30K
3 'CA. OTxXe, KOCMiYHa MOro/ia 4acTo, ajie He 3a-
BXIU MOXe BUcTymnatu TpurepoM 37T miciist TpuBa-
JIOTO Tepioay BiZTHOCHOIO CEMCMiYHOIO 3aTWILIIS.
HaitimoBipHillle, 0OIHOYACHO peali3yeEThCs KiJIbKa
pi3HMX 3B’SI3KiB MiX reocepaMu, 4aCTKOBO CUHX-
POHiI30BaHMX 3MiHAMM KOCMi4HOI ITIOTO/I.

2. BcraHoBIE€HO MOSIBY MiHIMYMY HpPHU3€MHO-
ro atMoc(epHOro THUCKY HamepeaofHi IMOCHUJIeH-
Hs1 ['CA, NoJIoXKeHHSI SIKOTO TPOXU 3MIIIYEThCS Ha

30

OiIBILI paHHI AHI TTepen cuibHilmMu 3T. B minomy
B 3aXiJHii MiBKYi 1JIST OCTiIXKEHUX MEepioaiB MiHi-
MYM TMCKY HACTa€ paHillle, HixK y CXiaHil, 1110 TIpu-
3BOJAUTD A0 ITOMITHOIO 30UIbIIIEHHS PI3HUILI TUCKIB
MiX miBKyJIssMu Ha 10 MM pT. cT. OTpuMaHi pe3yJib-
TaTU MOXHa PO3TJISIaTH SIK CBiTUeHHS 3B’ I3KY IJIO-
0aJIbHOI CeiiCMiYHOCTI Ta r1obaabHOI aTMOChepHOi
LUAPKYJISILIi.

3. OrpuMaHi edeKTH 3eMJIETPYCIB y Tpornochep-
HUX Ta ioHOC(epHUX MTOKA3HUKAX, SIK MPaBUJIO, Ma-
I0Th XapaKTep He JIOKAJbHOTO CIUIECKY Ha ESIKOMY
¢oHOBOMY piBHi, a cTprOKa 3 MOAAJIbIIUM ITOCTY-
MOBUM CITafaHHSIM (YU 30UIbIIIEHHSIM) MOKAa3HUKA
IO HACTYIIHOTI'O aKTUBHOTO Iiepiony (IMMIKOIIoaiOHa
KpuBa), TOOTO BIUIMB JiTocepu Ha po3TallloBaHi
BUILE 1Iapu € HEMEpPepBHUM i HOCUTbh LMKJIIYHUIA
XapakTep, 3yMOBJICHUI, UMOBIpHO, IMKIIIYHUM Xa-
paKTEpOM TEKTOHIUHMX MPOLIECIB.

4. MOXJIMBUM MEXaHi3MOM IOSIBU TJIOOQJIbHUX
edexTiB y atmocdepi Ta ioHocdepi npu 3miHi ['CA
3alPOIIOHOBAHO PO3MJISIIATU BUXiJ paloHy Ta iH-
mux rasiB Ha nmoBepxHio. Lleit mpouec € rmodanb-
HUM i HEpiBHOMIPHMM Yy 4aci, a OCHOBHMM ITOTIK
MIMOMHHUX Ta3iB BUBLIBHIOETHCS B pU(DTOBUX 30HAX
CcepeMHHO-0KeaHiYHUX XpeOTiB, 1Mo3a NPsIMOIO 3a-
JISXKHICTIO BiJl JIOKaji3allil i MarHiTy 1 3eMJIETPYCiB.

Pobomy JI. @. Yoproecopa eéukoHaHo 3a hiHaHco-
6oi niompumxu HayionanvHoeo @oudy docaioicern
Yipainu, npoexm 2020.02/0015 «Teopemuuni ma
eKCcnepumMenmanvii 00CAioNceHHs 2N00aNbHUX 30YPeHb
NpUPOOHO20 | MEXHO2eHH020 NOXOONCEHHS 8 CUCmeM
3emas — ammocgepa — ioHocghepar, poboma 3axa-
poesa 1. I. i Yoproeopa JI. . makoxc wacmioso nio-
mpumyeanacs 6 pamkax depicorodncemuux HIIP, 3a-
danux MOH Ykpainu (8ionogiono depicasri Homepu
01190002538, 0121U109881i 0121U109882). Aémo-
pu eucnoseaiomsv nooaxKy A. M. [lumbany 3a nadawi
dani npo NOGHULL eneKMPOHHUIL 8MICH.
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THE GLOBAL SEISMIC ACTIVITY INFLUENCE ON PROCESSES
IN ATMOSPHERE AND IONOSPHERE

In recent decades, ideas about earthquakes (EQ) have been formed as a final stage of a planetary continuous self-organizing
tectonic process with periods of accumulation and relaxation of tectonic stresses. However, the scientific literature still presents
studies of the response of atmospheric and ionospheric processes to individual strong EQs. In this paper, for the first time, the
relationship between processes in the lithosphere, troposphere, and ionosphere is considered, taking into account new ideas
about the seismic process as a global phenomenon and on the background of processes caused by space weather. Both planetary
data (EQ, total electron content (TEC) of the ionosphere) and data (atmospheric pressure, critical frequency of the F2 layer of
the ionosphere) of widely spaced observation points in the western and eastern hemispheres were used. To increase the reliability
of statistical results, 4 independent databases of daily data for 2007—2015 were used. Stable effects of global seismic activity
(GSA) in the considered parameters are established. Thus, the critical frequency of the F2 region with a sharp increase in the
GSA increases by 0.4—0.5 MHz. This effect is quite stable and manifests itself almost simultaneously at ionospheric stations of
the eastern and western hemispheres, as well as in planetary TEC values.

At the same time, in the ionospheric variations, as before, the influence of both the troposphere (especially at a low level
of solar activity) and space weather is traced, the characteristics of which in 75 % of cases also show an association with GSA.
Therefore, space weather often but not always can act as a trigger on the EQs. In general, in the western hemisphere, the mini-
mum atmospheric pressure occurs earlier than in the eastern, which leads to a noticeable increase in the pressure difference
between the hemispheres by 10 mm Hg, that indicates on the relationship of global seismicity and global atmospheric circula-
tion. The established GSA effects, as a rule, have the character of not a local short-term burst, but a jump followed by a gradual
decrease (increase) of the index until the next active period (saw-toothed curve), i.e., the influence of the lithosphere on the
overlying layers is continuous and is cyclical in nature, probably due to the cyclical nature of tectonic processes. Most likely,
several different couplings between geospheres are realized at the same time, partially synchronized by changes in space weather,
which requires new physical mechanisms to explain them.

Keywords: seismic activity, tropospheric and ionospheric disturbances, superposed epoch method.
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JOCTIAKEHHSA ®YHKIIIOHAJIBHOTO CTAHY JIIIAHUX PA®TIB
B IUTOINIASMATUYHIN MEMBPAHI ITPOPOCTKIB PISUM SATIVUM
ITPU 1T KIMHOCTATYBAHHSA

Pezyaomamu yumonoeiunux, OioxXimMiMHUX [ MOACKYAAPHO-0I0102TMHUX 00CAIONCEHb ACKPABO OEMOHCMPYIOMYb CYMMEBUI 6NAUE Mi-
Kpoepasimayii Ha 0CHOBHI NPoUecy po3sUMKY POCAUH, POSKPUBAIOYU MEXAHIZMU, SKI 1e)HCamb 8 OCHOBI peakuiil pocaul Ha 010 mi-
Kpoepasimauyii ma 3abe3neuyoms npUCMoCcy8anHs pocaut 00 0ii yboeo uunnuka. Kirouoea poav y (pyHKYIOHY8AHHI KAiMUHU Hale-
acums yumonaasmamuyriii memopari (I1IM); nacamneped 3a ceoimu skocmamu ma YHKYISMU BOHA MOdce 8idiepasamu 8aNcAU8Y
poab 6 adanmauii pocaun 0o mikpoepasimauyii. IIpome dani wjodo eénaugy aminenoi epasimayii Ha Qizuko-ximiuni eracmusocmi LM
oomedxnceri. OcmanHim uacom 6aeamo yeaeu 00CAIOHUKIE npUOiNIEMbCS GUBUEHHIO (DYHKUIOHANbHUX MIKPOOOMEHI6 AinidHo2o0 biwapy
i3 cneyugiunoio nokanizayicto ma emicmom ainidie i Ginkie — ainionux pagmis. Ix euznauarome aK OuHAMIYHY HAHOPOIMIPHY 36a-
eaueHy cmepoaom ma chineoninioamu énopao0Koeany acoyiayiio cneyudiunux 0iiKis, é AKil MmemacmabiibHUll CMaH CNOKOK MOJice
Oymu aKxmueoearuii 00’ eOHaHHAM cheuudiyHux Ainid-ainionux, 6iakoeo-1inioHux ma 6in0k-0inkogux e3aemodiil. 3’seiaemocs 6ce
binbue excnepumMeHmanvHux 0aHux, sKi NiomeepodICcyioms ixXHio yuacme y makux JHCUMMmMEBO 8ANCAUBUX NPOUECAX, K eHOOUUMO3,
anonmos, inmepHanizayis MoxKcurie, 6akmepiii, ipycie moujo, a MaKoic iXHI aNCAUBY POAb Y 3AXUCHUX MEXAHIZMAX KAIMUHU NPU
Pi3HUX cmpecosux enausax. B daniit pooomi dns niomeeponcenns nasernocmi 6 LM ninionux pagpmis, 30azauenux xonecmepunom i
cghineoninioamu, a maKoxc 6NAUBY NOGINbHOLO 20PU3OHMANLHOO KAUHOCMAMYBAHHSA HA (YYHKUIOHAALHUL CIAH MEMOPAHU ma pyx-
augicms ii domenie, sUKOPUCNOBYBANU (DAYOPeCUeHMHUI MapKep cmepurie ininin i gayopecuenmuuii 30H0 aaypoan. Ompumani
Hamu pe3yabmamu CMoco8HO 30inbUleHHs 2eHepani308anoi noaapu3ayii 8 ymoeax KAUHOCMAMY8AaHHs KOPEAoomMb 3 0GHUMU, OMPU-
MaHUMU y nonepeoHix 0ocaioiceHHAX i éxazyroms Ha uymaugicmo LM do binbw mpusanoi 0ii kaunocmamyeanHs.

Karouosi caosa: yumonsasmamuuna memopana, pocauru, Ainioxi paghmu, KAUHOCMAMYBAHHS, XOAeCMEPUH, Cineoainiou, eenepa-
ANi308aHA NOAAPU3AYIA.

DyHgamMeHTaNIbHI JOCITIIKEHHS MOXIIMBOCTEM aiar-
Tallii pOCINH 10 YMOB KOCMI4HOTO MOJIBOTY, 1110 Ma-
IOTh Oe3IocepeIHE MPUKIIagHe 3HAYeHHS 11T PO3-
pOOKM TEXHOJIOTiiAi KOCMIYHOTO POCIMHHUITBA Y
OiopereHepaTUBHUX CHCTEeMaX XKUTTE€3a0e3IeueHHS
B TPMBaJIMX KOCMIYHMX ITOJIbOTaX, B OCTaHHI POKU

MMIHSIMCS Ha HOBUM piBeHb 3aBASIKM YIOCKOHA-
JIEHHIO METOMIB KJIITUHHOI Ta MOJIEKYJISIPHOI 0i0JI0-
rii. Ile 103BOMMII0 BUSIBIISITA BILIUB MiKpOrpaBiTailii
Ha eKCIIPECilo Ta J0oKaJjli3allilo TeHiB, CKJIaJ Ta BMIiCT
OinkiB. Pe3ynabraTi IUTOJIOTIYHUX, OiOXIMIYHMX i
MOJIEKYJISIPHO-010JIOTIUHUX JOCTIIKEeHb SICKPaBO

HuryBanHus: ApreMenko O. A. JlocmimkeHHsT (DyHKIIOHATBLHOTO CTaHY JIMiAHUX padTiB B IUTOTUIA3MaTUYHI MeMOpaHi
MPOPOCTKIB Pisum sativum 1ipu 1ii KIuHocTatyBaHHs. Kocmiuna nayka i mexuonoeis. 2021. 27, Ne 5 (132). C. 35—46. https://
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Disordered (L)

Ordered (L,)

"

Puc. 1. CtpykTypHi 0COOJMBOCTI TBOX TOMEHIB MEMOpaHU.
KonipHe kogyBaHHS JIiMiAHUX KOMITOHEHTIB: 3eJICHUI KOJIip
BUKOPUCTOBYEThCS JUIA HacUdYeHUX Jiminis (dpasa L, (dpop-
MY€ETbCSl padTamMu)), YEePBOHUN — ISl TOJiHEHACUYEHUX
(pasza L;). Crpinkoro NoMiueHO XOIECTEPUH (CipOro Kosbo-
py) [15]

JNIEMOHCTPYIOTh CYTTEBUI BIUTMB MiKporpaniTallii Ha
KJIIOYOBI TPOLIECU PO3BUTKY POCIWH, PO3KPUBAIOYU
B TOM K€ Yac MeXaHi3MHu, sIKi JIeXKaTb B OCHOBI peak-
Lili pOoCIMH Ha Ail0 MiKporpasiTallii Ta 3a0e3Iedy-
I0Th MPUCTOCYBAHHS POCIUH JI0 JIii IIbOr0 YMHHHMKA.
Hanpukian, 3MiHIOETbCSI eKCIpecist 3HAUHOT KiJib-
KOCTi TeHiB, 3aisSIHUX y IIUPOKOMY KOJIi KIIITUHHUX
MpoLIECiB, 30KpeMa y BiIITOBIAsSIX Ha CTpec, mepenayi
CUTHAaJTiB, 30KpeMa IIpH yJacTi iOHiB KaJIbIlil0, CUH-
Te3i OiNKiB, 3araibHOMY MeTaboJi3Mi, OiJIKiB,
3B’s13aHUX 3 xJiopodinom a/b tomo [29]. CydacHa
METOMOJIOTISI  MOJIEKYJISIPHO-010JOTYHMX  JTOCIi-
JI>XKeHb BiIKPMBA€E HOBI TOPU3OHTH Y PO3YMiHHI I'pa-
BIYYTJIMBOCTI Ta TpaBi3aJIeXXHOCTI CTPYKTYpPHO-
(YHKLIOHAJIBHOI OpraHi3allii Ta aganTUBHUX CTpa-
Terii pociMH A0 Mikporpasiraiii. biojoriuxi
MeMOpaHM, HacaMIepe 1IMTOoIIa3MaTuYHa MeMO-
paHa, 3a CBOIMU SIKOCTSIMU Ta (DYHKILISIMU MOXYTb
BiZirpaBaTH BakJIMBY poOJib B afganTallii pOCIUH IO
MiKporpasiTallii.

HesBaxkalouu Ha KJIIOYOBY POJIb LIUTOILIa3MaTUU-
HOI MeMOpaHu y (pyHKIIIOHYBaHHI KJIITUHU, JIiTepa-
TYpHi JaHi IIOAO0 BIUIMBY 3MiHEHOI TpaBiTaliil Ha ii
(izuko-XiMiuHi BIacTUBOCTI oOMexeHi. OcTaHHIM
yacoMm 0araTo yBaru A0CJiIHUKIB MPUIIISETHCS BU-
BUCHHIO (DYHKIIOHAIbHUX MiKPOJAOMEHIB JIiliIHOTO
Gimrapy i3 crieurdivyHOO JIOKAJIi3alli€l0 Ta BMiCTOM
JIMiAIB 1 OUIKIB, SIKi JicTalu Ha3By «IiMiAHUX pad-
TiB» [19, 24, 22]. PadTu € 1miipHO yrmakoBaHUMU
JIOMEHaM# LMTOIUIa3MaTUYHOI MeMOpaHu, 30ara-
YeHMMM Ha XOJIECTepUH, CGIHTIOJIIMiaM, HacUYeHi
dochominigu [15]. Bymyunm BimHOCHO HEpPO3UYMH-
HUM B HaBKOJIMIIHIX JiIigax, padT € JOCUTh reTe-
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POTEHHOIO Ta HECTAOLILHOIO CTPYKTYPOIO PO3MIpOM
Bim 50 mo 200 nM. BOymoByBaHHS creum@iyHmx
MeMOpaHHUX OiNKiB y JiMinHWI padT MPU3BOAUTH
o 1ioro cTabimizalii, a momaiblile 3B’ SI3yBaHHS Jli-
raHmiB 3 pelentopamMy ado IIiKocQiHTOIMmiZaMu,
IO JIOKali30BaHi B TakMxX padTax, MPU3BOAUTH
JIO iXHBOTO 3JIUTTS i 3aIlyCKae mepenadyy BHYTPilll-
HBOKJIITUHHOTO curHamy. Taki JOMeHHU CTaOijbHi,
3MaTHIi iICHYBaTU TPUBAJIMI Yac i MepeMilllyIoThCsl y
MeMOpaHi SIK omHe Liijie. BoHM Bimpi3HSIOTBCS Bin
OCHOBHOI 4YacTMHU MEMOpaHM $K 3a OUIKOBUM i
JIMIZHUM CKJIAIIOM, TaK i 3a (PYHKUISIMU, SIKi BOHU
BUKOHYIOTh [16]. Kpim crnenmdigyHoro mimimHoro
CKJIaay Ili MeMOpaHHi TOMEHU XapaKTepPU3YIOThCS
i1 IeBHUM OiIKOBUM MpodiaeM. Y padrax miazma-
TUYHUX MeMOpaH pocivH igeHTudikoBaHo ATda3n
P- i V-Ttumnis, npoTeiHKiHa31, MOHOMIipHi Ta reTepo-
MipHi OiIKM, akBammopuHHU Ta iH. [8, 15]. OcraHHIM
yacoM IIiKaBiCThb OO0 padTiB BUKIMKAHA TUM, IO
3’SIBJISIETBCS BCE OLIbllIe €KCIEpUMEHTAJbHUX Ia-
HUX, SIKi MiATBEPIKYIOTh IXHIO Y4aCTh B TAKUX KUT-
TEBO BaXXJIMBUX ITPOIIECaAX, SIK BHYTPIllTHbOKJTITUHHA
rnepejgaya CUrHajiiB, €HIOLMTO3, arloNTo3, COPTY-
BaHHS OiJKiB, iHTEepHaJIi3allisi TOKCUHIB, OaKTepii,
BipyciB Toiio [14]. ITiaBaroyy Ha ITOBEPXHi JIiMmim-
Horo 0icio10, paT MOXYTb B3aEMOIISITU OAUH 3
OIHWUM, DETYJIOI0YM MPOBEACHHS CUTHAY 330BHi
BCepeauHy KITUHU. BinmoBini mpu mboMy MOXYTh
OyTM Halipi3HOMAHITHIIIII: BiJl aKTUBAallil KIITUHHO-
ro nopiny go arnonrody [3]. Bucokuii BMicT crepu-
HiB BBaXKa€ThCSI OCOONUBICTIO padTiB. X0JeCTepUH
YTBOPIOE CTPYKTYPHU, SIKi HAJAlOTh eyKapiOTUUHUM
MeMOpaHaM MillHiCTb i 0COOJMBY (PYHKIIOHAJIbHY
reteporeHHicth [15, 30]. Hociaizamu 1iomo mii Ha
POCJIMHU XOJIOJOBOTO CTPECY, MOCYXU, 3aCOJICHHS
JIOBEICHO BaXKJIMBY POJIb JiIigHUX padTiB y 3axuc-
HUX MeXaHi3MaxX KJITUHM IIpU Pi3HUX CTPECOBUX
BIUIMBaX [4].

BBaxaetbcs, 110 pacdTi OpMYyIOTh PiIKO BIIOPSIA-
koBaHy (L) da3y Ha noBepxHi MeMOpaHHOrO Giluapy,
sIKa OTOY€EHa Pifko HeBropsiakoBaHoio (L) dasoro 3
HeHacu4yeHMX TiiuepodocdomininiB (puc. 1). Pinko
BHOpsiIKOBaHY a3y MOXHa BBaXKaTu CUHOHIMOM
padTiB i JinmigHUX TOMeHiB y MeMmOpaHi. BoHa Bin-
PI3HSIETBCS TOCUTh BUCOKOIO BITOPSIIKOBAHICTIO JIi-
MiZHUX «XBOCTiB», 4 3HAYUTh i OLJIBIIOIO TOBIIMHOIO
JIMiAHUX JOMEHIB, $SIKi 11 CKJIaJaloTh, i MEHILIOO IJI0-
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Puc. 2. Ctpykrypa MoseKynu iniminy (a) Ta 1aypaany (6)

LIEI0, L0 MPUIIAAAE HA ONHY MoJieKyty Jininy. [Tpu
upoMy L -(hasa Mae BUCOKY J1aTepajibHy PYyXJIUBICTh
3a paXyHOK MaJjoro po3Mipy padTiB y MeMOpaHi, 1110
PO3TaIIOBYE il MPUOIM3HO MK PIIMHOIO i TBEPIOIO
¢azo10, Tak 3BaHa «Me30dazar.

Ockinbku UM Bigirpae BaxJuBYy poJib B ajar-
Talil pOCIUH, HAMU OYJIO PO3MOYATO AOCIIIKEHHS
padTiB Mmin Ai€lo KIMHOCTATYBaHHS i3 3aCTOCYBaH-
HSIM MeToay KOH(OKaJIbHOI MiKPOCKOITII i crienu-
¢iuHMx 6apBHUKIB. Y MOIIOHUX TOCTIIKEHHSIX BU-
KOPUCTOBYIOThCS JIiTNOMiJIbHI MEMOpaHHI OapBHUKU
Ta 30HAM, SIKi 200 BOYHOBYIOTBCSI MixK padTamu i
pewmToo MeMOpaHu, a00 3MiHIOIOTh CBOI (pyopec-
LIEHTHi BJIACTMBOCTI 3aJIeXXHO Bin (pa3u mMemOpaHu.
ITpuknanom Takux 6apBHUKIB MOXYTb OYTH (hiJTiniH
Ta JaypaaH (puc. 2).

JI1s1 oOrpyHTYBaHHSI HasIBHOCTI y MeMOpaHi Ji-
migHuX padTiB BUKOPUCTOBYBAIM (hJIyOPECLIEHTHUIA
MapKep CTepMHiB — (ilimiH (Brepiie OyB BUije-
HUI 3 akTUHOMILETY Streptomyces filipinensis, 3Ha-
liaeHoro B rpyHTi Ha DininiHax, YyuM i1 00yMOBIeHA
1ioro Ha3Ba) (puc. 2, a). Ha nanuii yac BCTaHOBJIEHO,
IO 1Ie¥ MOJIiIEHOBU aHTUOIOTHUK, SIKMI1I Ma€ BJac-
HY (JIyopecleHlil0 3 MAaKCUMYMOM JIIOMiHECIIeH-
uii npu 482 HM (7‘36yz: = 340 HM) i IKUIi B3aEMO/Ii€
3i CTEpMHBMICHUMU OiUISTHKAMKU MeMOpaH KIITHH,
MOXe OyTH BUKOPUCTAHMI SIK 30H]I Ha HAasIBHICTh Ta
TeTEPOreHHICTh PO3IOALIY CTEPUHIB Y 0i0JIOTIYHIX
MemOpaHax [9, 18]. He npoHukatouu y KJIiTUHY, BiH
3B’SI3YETHCS 3 XOJIECTEPUHOM i TOPYIIYE 1oro (pyHK-
uionyBaHHs1. CekBecTpalliss (3B’SI3yBaHHSI 3 BiJ0-
KPEMJIIOBAHHSIM BiJl peIITU MEMOPAHHUX CTPYKTYP)
XOJIECTEPUHY 3a JOIMOMOTOI0 (DiiIiHy HIO03BOJISIE
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crocTepiraTd 3a 3MiHaMM Iiepeladi CUTHaIiB Mpu
(aykTyauisx piBHs XoJecTepuHy y MeMOpaHi [28].
Jlaypnan — 11e iyopeclueHTHUM 3011, Ha JaHUK
yac IIUPOKO BUKOPHUCTOBYETHCS B €KCIIEPUMEHTAX
3 BMBYEHHsI OCOOJMBOCTEN CTPYKTYpM MeMOpaH
(puc. 2, 6). BiH 3naTHMIT 3MilllyBaTU CBOI eMicCiliHi
CIEKTPHU 3aJIeXKHO Bijl pO3UMHHKUKA a00 mapamMeTpiB
HaBKOJIMIIHBLOTO CEPeIOBUIIA, TaKWUX SIK MOJsIp-
HICTb, Tigparallis, B’a3KicTb i T. 1. [1]. Llg 3maTHicTh
JlaypaaHy BUKOPUCTOBYETHCS TIPU BUBUYCHHI JIiITiI-
Horo oOimapy MmemopaH. TakMM YMHOM, 32 IHTEHCHUB-
HICTIO eMicil JJaypAaHy B Pi3HMX YaCTHUHAX CIEKTPY
MOXHAa pO3paxyBaTU BEJIMYMHY TeHepai30BaHOL
nonsipusauii (I'Tl), saka BimoOpaxye (a3oBuii cTaH
MemOpaHu. Lle eKojoriyHo YyTIUBUI OapBHUK,
SIKUI IEMOHCTpPYE YepBOHE 3MillleHHsT eMicii (50 HM)
y CIIeKTpi (pJryopeciieH1il 3 OJSIPHUMU PO3YMHHM-
KaMUu B DPiAKiii HeBropsiakoBaHiii (asi docdoi-
MMiIiB, OCKUIBKM MeMOpaHHU ITimgamThes (a30BUM
nepexojamM 3 Tello J0 PIAUHMU 4Yepe3 3MiHU BMICTy
BOAM B JjimimHoMy Oimapi [6, 23, 25]. ¥V memOpani
Taka IMEepPeopieHTallisI MOJIEKYJ BOOM € 3aJeKHUM
Bill yacy mpouecoM, 1110 MPU3BOAUTD A0 MOBIILHOIO
(B HaHOCEKYTHOMY MacliTabi yacy) 3cyBy Yy CIEeKTpi
BUIIPOMiHIOBAaHHSI Y HaIPsSMKY TOBIIMX XBWIb (10
YeBOHOI0 Kpaio). HasgBHICTb i pyXJIUBIiCTh MOJIEKYJT
BOJIM B Pi3HUX IIIMOMHAX MeMOpaHM 3aJeXUTh Bil
MOPSIAKY i PYXJIMBOCTI MOJIEKYJ JIiMifiB y MeMOpa-
Hi. II10 pi3HUIIIO BMiCTYy BOAM B IUTOIIa3MaTUYHIlA
MeMOpaHi MOXHa Bi3yamizyBaTu. 3aBHSIKM CBOIK
MOJIEKYJISIPHI apXiTeKTypi (JIyopeCleHTHUI Ha-
¢ranmiHoBuii (parMeHT OIEMOHCTPYE IUIIOJbHMIA
MOMEHT MiX 2-TUMETUIaMIiHO i 6-KapOOHITBHUMM
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sanuiukamu. [Ipy 30ymKeHHI OUITOJbHUIT MOMEHT
301IBLIYETHCS I BUKIIUKAE MEPEOPIEHTALIiI0 HABKO-
JIMIIHIX IUIIOJIIB po3unHHuKa. EHepris, HeoOXigHa
JIJIsI TIEpeOpi€HTALIil, 3MEHIIIYE €HEeprilo 30yIKeHOTo
CTaHy JaypJaHy i CHEKTp BUIIPOMiHIOBaHHSI 30H-
JIy TOCTiAHO 3MIIIYEThCSI O YepBOHOro Kparo [1].
OTxe, yepBOHE 3MilllCHHS CIIEKTpa BUIIPOMIiHIO-
BaHHS$I CITIOCTEPIra€ThCs Y MOJIPHUX POZUYMHHMKAX,
TOOTO KOJIM MOJIEKYJM BOAM TOBKOJA pEeOpraHisy-
IOThCS1, TOJ SIK Y HEMOJISIPHUX PO3UMHHUKAX, TAKUX
SIK LIJTBHO yriakoBaHa L -aza 3i sSMEHIIEHUM BMic-
TOM BOJU, €MiCisl 3MillleHa 0 CUHLOTO Kpalo. Xuo-
Hi, 3€JIEHOr0 KOJbOpY 300pakeHHSI Ha MaJlloHKax
BigoOpaXkaroTh JIiITiaHI BIIOPSIAKOBaHI AiISTHKU, TOAI
SIK YepBOHi 00J1acTi BiZoOpaXkyrOTh MOJSIPHI, JIiTTiI-
HO-HEBITOPSIAKOBaHI JiIIIHKM LIMTOIUIa3MaTUYHOI
MeMOpaHU 3 BUILMM BMiCTOM BoaM. JIJist KibKicHOL
OLIIHKM II€BHUX 3CYBIB y CIIEKTPa/IbHill IMOBEMiHIII
JlaypJaHy ITOTpiOHO po3paxyBaTy 3arajbHi 3HAYCH-
Hs1 reHepastizoBaHoi nosisipusattii (I'TT) [24].

Ockinbku (aza L, XxapakTepusyeTbcs BULIMM
piBHEM YNAaKOBKM JIiMiiB MOPiBHAHO 3 (asoio L,
BOHAa TaKOX HabaraTo MEHII TiapaTtoBaHa (TOOTO
MEHII II0JIsIpHA) i Oijbl B’S3Ka, TOX COJIbBATOX-
POMHi (Ti, 1110 3MiHIOIOTb CBill KOJIip y BiIMOBiAb Ha
MOJISIPHICTh HAaBKOJIUIITHBOTO CEepelIoBHUIla) AaBadi
MOXYTbh po3pizHutu 1i ¢as3u [11, 17]. Ienepamnizo-
BaHa (200 y3arajbHeHa) IOJISIPU3allisl KITUH, Mi-
YeHMX JIaypJaHOM, MICTUTh KOPMCHY iHdopMallito
Npo TUIMHHICTh Ta MOJISIpHICTH MeMmOpaH. Bucoka
I'TI 3a3BMUAaii aCOLIIOETHCS 3 HU3bKOIO TUIMHHICTIO,
HU3BKOIO MOJISIPHICTIO 200 BHCOKUM BMICTOM XO-
JiecTepruHy y MeMOpaHax, a Hu3bka I'TI — HaBmaku.
Takum unHOM, 3a IHTEHCUBHICTIO €Micil JlaypaaHy B
PI3HMX YacTMHAX CHEKTPY MOXHa po3paxyBaTu Be-
quumnny I'TI, sika Binobpaxye da3oBuii ctaH MeMO-
paHu, 3 BUKOPUCTAHHSIM DiBHSIHHSI, aJallTOBAaHOIO
3 poGiT [10, 21]:

I,..—1
GP= 435 580 , (1)
I35+ Isg

ne [ 435 i 1580 — cepenHs IHTEHCUBHICTh BUIIPOMIiHIO-
BaHHS Ha X JOBXWHAX XBUJIb.

OCKiIbKI IPOHUKHEHHS BOAM KOPEJIIOE 3 MaKy-
BaHHSM JITiiB i TNIMHHICTIO MeMOpaH [26], CITeKTp
BUIIPOMiHIOBAHHS JlaypiaHy Y MeXaX ogHoro ¢oc-
(oninigHoro Gimapy HeHTpyeTbest Tipu A = 490...
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580 HM, KoM Jimiay nepedyBaloTh B HEBIOPSIIKOBA-
Hil1 (pa3i, i 3MIIIYETHCS 10 CUHBOTO Kpato (A ~ 440 Hm),
KOJIM JIiiay nepeOyBaoTh y OUIBII yIaKoBaHil a3i.
®ynxig [Tl mae MaTeMaTHYHO 3pYYHMI i KiJTbKic-
HUI CriociO BUMIpIOBaHHSI 3CYBY BUITPOMiHIOBAHHSI.
3nauenHs I'TI € 6e3po3mipHuM i BimoOpaxkae repe-
BaKHMI CTaH MOPSIIKY JiMiAiB y JirmigHuX Oilapax.

MATEPIAJI TA YMOBU EKCIIEPUMEHTIB

ExcrniepuMeHTH MOBOAWIM 3 TPOPOCTKAMU TOPOXY
(Pisum sativum L.) copty Anbda. Cyxe HaciHHS cTe-
pUIi3yBalIu y BOTHOMY PO34MHi OLIM3HU, PETEIBHO
MPOMUBAJIM MPOTOYHOIO BONIOK i BUKJIAAIM Ha
MOKpuUil (inbTpyBaibHUii namnip Ha 12—14 roauH.
[ToTiM HACiHMHM, IO MPOKJIIOHYJMCH, 3aBepTau
B TPYOOUKHU 3 (PiIbTPYBaAIbHOTO Tarepy, OPiEHTYIO-
YU 3apOJKOBUM KOpEHEeM AOHu3y. TpyOouku 3 Ta-
KMM HacCiHHSIM PO3TalllOBYBajlU B CKJISIHKAX, IIiCTh
CKJISSHOK CTaBWJIM Ha TOPU3OHTAJIbHUI KJIMHOCTAT
(2 06/xB), 111€ LIICTh CKISTHOK — MOPSII 3 KIMHOCTA-
ToM (cTalioHapHUI KOHTpOoJb). [IpopocTtku pociau
B TeMHOTi Tipu Temnepatypi 21 °C. JIjast nochigKeHb
BUKOPHCTOBYBaJIN 3- Ta 6-1000Bi TPOPOCTKH.

JIJ1s1 SIKiCHOI OIiIHKY 3MiH KOHIIEHTpallii XoJiecTe-
PYHY B MeMOpaHax BUKOPUCTOBYBaIU (DiJIilliH, SIKU
BUOIPKOBO 3B’SI3YETHCS 3 XOJIECTEPUHOM MEMOpaHU
i fioro (ryopecleHIlisl € iHIUKaTOpoM KOHIIEHTpa-
il xoyiectepuny. JocigHi i KOHTPOJIbHI BapiaHTU
MIPOPOCTKIB ropoxy (arikajabHa MEepHUCTeMa i moya-
TOK 30HU pO3TATY) Oyiu moapiOHEHi J1e30M Ha JIbO-
ny i BimmeHTpudyrosani 15 xB B pexkxumi 600 06/XB y
po3unHi 1 % 1yKpo3u, 3 HACTYITHOK iHKyOaIli€lo
¢ininiHom npotsiroMm 40 xB. CBiueHHSsI mpernaparis
crocTepiraay 3a JA0MOMOIOK KOH(MOKaJIbHOTO Mi-
KpOcCKoIa Ipy JOBXMHI XBuii 430 HM.

®a30Buii CTaH LIMTOIIA3MATUYHOI MeMOpaHuU
BU3HAYaIX 3a JOIIOMOI0I0 KOH(OKAJIBHOIO MiKpo-
cKoma i JirnmogiibHOro 30HIy JaypaaH IIpY KiMHAaT-
Hilt Temnepatypi. [oTyBasu SMM CTOKOBUIT pO3UMH
naypaany B DMSO. KopeHi mpopocTKiB Topoxy
BinmuBanu B PBS (pH 7.3), romorenisyBaiu, mo-
TiM cTabinizyBamm B 1M caxaposi i neHTpudyryBaimu
15 xB B pexxumi 600 06/xB rpg. Binbupanu Hamocan
i iHKyOyBanu B TeMpsBi 40 XB B po34MHi JlaypJAaHy B
poOouiii kKoHueHtpauii 10 MM [31].

Hns pospaxynky I'TI-3HaueHb LMUTOILIA3MaTHY-
Hoi memOpanu ximitnH JI3P kopeniB 3- Ta 6-10-
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0OBUX IMPOPOCTKIB rOPOXY B KOHTPOJIi Ta B YMOBax
KJIMHOCTaTyBaHHS, BUKOPUCTOBYBAJIN METO, OTTH-
caHwmii B pobotax [7, 20].

PE3VJIBTATU TA OBTOBOPEHHA

B nocrmimxennsax €. JI. Kopatom Ta iH. [13] Briepie
0yJ10 BCTAHOBJICHO ITiIBUILIEHHS PiBHS XOJIECTEPUHY
B padTax ropoxy B yMOBax KJIMHOCTaTyBaHHSI, 110
BiIOYBa€eThCsI HA (DOHI HOPMaJIbHOI MIKPOB’SI3KOCTI
caMol MeMOpaHM Ta MPU3BOAUTH O 30iJbIICHHS
XKOpPCTKOCTI padTiB. Ilpuryckaerncs, 110 iyKTya-
il Y BHYTPIIIHOKJIITUHHOMY BMICTi i0HiB KaJIbIIilO
Ta nepeOyJOBU OpraHizailii IIUTOCKENIETY B YMOBax
peabHOI Ta MOJIETILOBAHOI MIKpOTpaBiTallil 3yMOB-
JIeHi 3MiHaMU piBHS XOJIECTEPUHY Ta BMICTy C(iH-
romiesiiny y padrax HuTOIIa3MaTuuHOT MEMOPaHU.

B pesyibrati HaImmx 10CaiaKeHb 0yJIo IToKa3aHo,
1110 Ha TPETIO 100y B KOHTPOJI (puc. 3, @) IUTOILIa3-
MaTM4YHa MeMOpaHa HaOyBaja xapaKTepHOro 0OJa-
KUTHOTO (biJIiMiH3aJIeXKHOTO KOJIbOPY 110 IEPUMETPY
BCi€l KJIITUHU, TOMI SIK B YMOBaxX KJIMHOCTATyBaHHSI
(puc. 4, a) mapkyBaHHs (iTiniHOM HaOyBaJlO BU-
DJISII TTYHKTUPHOI JIiHi1, 1[0 MOX€ CBITYUTH TTPO HE-
PiIBHOMIpHUWU pO3MOILUT B Hill XoecTtepruHy. Po3mip
Ta JoKai3alis 3adpapooBaHmnX GUTINIHOM IiJITHOK B
KOHTPOJIi TaKOXK BiIPI3HSIMCS BiJl TAKUX B YMOBax
KJIMHOCTaTyBaHHS i OyJIM 3HAYHO BUILLIMMHU.

[Micnast mociimkeHHsT 6-1000BUX MPOPOCTKIB ro-
pPOXY BUSIBUJIOCH, 1110 B KOHTPOJIi LIMTOTIa3MaTUYHA
MeMOpaHa MapKyBajiacsl (iUIIIMHOM ITyHKTHUPHOIO
JIiHi€I0 OJJAKMTHOTO KOJbopy (puc. 3, 0), BigOynu-
csl 3MiHM B PO3Mipi Ta Jiokaizallii 3apapOoBaHUX
JIUTSTHOK — BOHM CTaJIM TOHIII i pO3TalllOBYBAINCH
piame. ToOTo BiaOya0CsT po3piakeHHs MideHUX (i-
JIIHOM JiNSTHOK, a TaKOXK 3MEHIIMIacs iHTEeHCUB-
HiCcTb (ayopecleHil QiinmiHy, a 3Ha4UTh i BMICT
xoyiectepuHy. HaTomicTh Ipy KJIMHOCTaTyBaHHi
(puc. 4, 6) crioctepiranocs 301KeHHs 3adapooBa-
HUX (PUIMHOM OIITHOK MeMOpaHU i, SIK HACJiooK,
iHTeHCcU(iKalisl (IyopecleHTHOTO CBIiYEHHS IIH-
Toruia3MaTuIHOI MemMOpaHu. ToOTO, B yMOBaxX Tpu-
BAJIIIIOTO KJIWHOCTATYBaHHS BiJOYBa€TbCS 301J1b-
IIEHHS BMICTy CTepUWH30arayeHnx MeMOpaHHUX
CTPYKTYp Ha OJMHUIIIO ILJIOIIi, a B KOHTPOJI Ha-
BITakKK — 3MeHIIeHHs. Tpadik crepuH30araueHux
JIOMEHIB IpPU KJIMHOCTATyBaHHI XapaKTepU3y€EThCs
BUCOKOIO PYXJIMBICTIO, @ B yMOBaxX KOHTPOJIIO —
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Puc. 3. KnitTuHu guctaibHOI 30HU PO3TSTY KOPEHIB MPOPOC-
TKiB TOpOXY TIicJ1s1 00p0oOKM (iTinmiHOM B KOHTPOJIi: @ — TPpHU
106U, 6 — 1IiCTh 110

50 MKM 50 MKM

a

Puc. 4. Te X B yMOBax KIIMHOCTAaTyBaHHSI

HU3bKOI0. X0JIECTEPUH HaJae MeMOpaHi JKOPCTKOC-
Ti, 3aliMal04u BUIBHUIA MPOCTip MiX TigpodoOHUMMU
XBOCTaMM JIiMi/IiB i HE 103BOJISIIOYM IM BUTMHATHUCS.
Tomy MeMOpaHHU 3 HEBEJIMKUM BMiCTOM XOJIECTEPU-
Hy OB THYYKi, a 3 OLIBLIMM — XXKOPCTKI 1 KPUXKi.
Kpim Toro, xonectepuH CIyrye «CTOIIOPOM» IJIsI TIe-
PEeMIIeHHS TTOJIIPHUX MOJIEKYJI 3 KIIITUHU B KJIITUHY.

OTXe, B yMOBax IOBUIbBHOIO TOPU30HTAJILHOTO
KJIMHOCTaTyBaHHSI Ha IOCTY J00y €KCIIepUMEHTY
BinOyBa€eTbCsl 30iMbILIEHHST BMICTY CTepuH30araye-
HUX MeMOpaHMX CTPYKTYp, 30KpeMa XOJIECTePUHY.
3aBASKM BUKOPUCTAHHIO (iJliMiHy, (JIyopecleHIIis
SIKOTO € iHAMKATOPOM KOHIIEHTpALlii XOJECTePUHY
y MeMOpaHi, crocTepiranaocs «30JrXKeHHs» padTiB
MiX cO0O0I0 B CYLIUILHUM TIACT I10 TIEpUMETPY LIUTO-
IUIa3MaTUYHOI MeMOpaHu. Take IigABUILEHHS PiBHS
XOJIECTEPHHY B padhTax ropoxy B yMOBaxX KJIMHOCTa-
TYBaHHSI MPU3BOJANUTH 10 30IIbIIEHHS IXHBOI XXOp-
CTKOCTi, 110 30ira€ThCs 3 MONEPEAHBO OTPUMAHUMHM
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Puc. 5. KlliTHHN IUCTAIBHOI 30HU PO3TATY 3-1000BUX ITPOPOCTKIB TOPOXY TiC/Ist 00poOKM aypmaHoM: I — KoHTposs, 11 —
KJIMHOCTAaTyBaHHS. @ — HETaTUBHUI KOHTPOJIb, 6 — 3MillIEHU I 10 YepBOHOTO Kparo CIIEKTP BUMPOMiHIOBaHHS Jiayp/iaHy BKa-
3ye€ Ha MOJSIPHi (ha3u 3 BUIIIMM BMiCTOM BOJIM, 8 — 3MIIIICHUI 10 CUHBOTO Kpalo CIEKTP BUITPOMiHIOBaHHS (3eJIEHUI, XUOHU I
KOJIip) BKa3y€e Ha HEMOJIIpHi pa3u, B IKUX MiCTUThCSI MEHILIE BOAU, 2 — 00’ €IHaHE 300pakeHHSI

JaHUMM JOCHIIKeHb (PYHKIIOHAIBHUX CAMTIB LIM- | Ba /10 il TEMJOBOIO IIOKY Ta iHIIMX CTPECiB MOPiB-
TOILUIA3MAaTUYHOI MEeMOpaHM POCIMHHMX KIJITMH B | HSHO 3 TBApUHHUMU KJIITMHAMH [5].

YMOBax peajbHOI Ta MOAEIbOBAHOI MiKpOTpaBiTallii. Ha puc. 5 i 6 mpeacraBieHO pe3yiabTaTH JOCIiA-
CamMe yepe3 TaKUil CKJIaJHUI cTepUHOBUI Mpodiab | XeHHs (ocdonininiB nuTormiazMaTuuHoi MmeMopa-
UTOIIa3MaTUYHa MeMOpaHa POCIMH MEHII YyTJIU- | HU 3- Ta 6-1000BUX IMMPOPOCTKIB TOPOXY B KOHTPOTI
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Puc. 6. Te x n1s1 6-10-
0OBHUX MPOPOCTKIB T0O-
poxy 11

50 MKM

Ta MIPU KJIMHOCTATyBaHHI 3 BUKOPUCTAaHHSIM (PJyo-
PECLIEHTHOTO 30H/Y JIayp/IaH.

Crexrp BUIPOMIHIOBaHHS, 3MIILIEHUI Yy YepBO-
HU OiK, BKa3y€e Ha ITOJISIpHI a3y 3 BUILIMM BMiCTOM
BOAM, TOMAi SIK CIEKTp, 3MillleHUI 10 CUHBbOTO Kpato
(TyT i Hagaumi: 3eJieHWi, XMOHMI KOJIip), BKa3ye Ha
HeToJIsIpHi a3y, B SIKMX BMICT BOAM MeHIIMiA. Tak,
Ha TpeTio 100y (puc. 5) B KOHTPOJIi CIIOCTEPira€Th-
¢ 30UIblIEHA KUIbKICTb AUISTHOK LIMTOIIa3MaTUYHOI
MeMOpaHM 3 BUIIIMM BMICTOM BOJHU, TOJi SIK B YMOBax
KJIMHOCTATYBaHHSI 3MillIEHHSI CTIEKTPY BUITPOMIiHIO-
BaHHSI 30HIY B YePBOHUI KOJIp BiZOYBA€THCS MEHIII
iHTeHcuBHO. IlimBuilleHa eMicist JIiITiZHO-BIOPSII-
KOBaHUX AiJITHOK MeMOpaHU (3eJIEeHOTO KOJIbopy) 3i
3MEHIIIEHUM BMiCTOM BOJIU, 1110 BKa3y€ Ha HassBHiCTb
padTiB, MOMiTHa B KOHTPOJIi, TOMi SIK B YMOBax KJIu-
HOCTaTyBaHHS 11 piBeHb 3HAYHO HIDKYMi. Ha 1mocty
00y eKCIiepuMeHTY (puc. 6) B KOHTPOJIi Maiike He
CIOCTepiranaocs CyTTEBUX 3MiH JMHAMIKU ITOJISIPHUX
¢a3 aiIsTHOK MUIa3MaTUYHOI MeMOpaHu, TOMi SIK He-
MOJISIPHI Bi3yaJIbHO 3MEHIIMINCS. B yMoBax xe Kin-
HOCTaTyBaHHsI, HaBIaKM, 3MillleHHs CIIEKTpa BUITPO-
MiHIOBaHHSI BilOyBajiocs 10 3€JIeHOTO KOJIbOPY, TO/i
SIK 4YepBOHI 00JIacTi 3 BUIIIMM BMICTOM BOAMW Maiixke
He 3MiHwIMCcs. OTXe, BUKOPUCTaHHS (DJIyOpeCLIeHT-
HOTO 30HJY JlaypAaHy AO3BOJIWJIO BiICTEXKUTHU 3Mi-
HU (Ha30BOTr0 CTaHy LMTOIJIa3MaTUYHOI MeMOpaHU
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MPpU [ii KJIMHOCTaTyBaHHS. byjo ToMidyeHo MigBU-
IIIEHY €MiCilo JIiMiTHO-BIOPSIAKOBAHUX, IIUIbHIIINIX
JIIJISTHOK MeMOpaHU 3i 3MEHIIIEHWM BMICTOM BOIU,
110 BKa3y€e Ha HasBHICTh padrtiB. IIpore iHTEeHCUB-
HiCTh (iyopeclLeHLlii JlaypaaHy caMa o coli He €
iHPOpMATUBHOIO ST YIIAKOBKM JIIAIB, 3aMiCTh
IbOTO BUMIpIOIOTh iykryauito I'TI, Tomy 1o came
CTIEKTPOCKOITIYHI TTapaMeTPU CBiTYaTh MPO JTOKATb-
Hy ynakoBky MeMOpanu. Ao I'TI He 3MiHIOEThCS,
X04a MOJIEKYJIM MOXYTb TU(PYHIYBaTH B 00’ €Mi 30y-
JIDKEHHSI, BBAXKAETHCS, 1110 HEMA€E KOMHOI Pi3HULII B
YITaKOBLIi JIiITimiB.

Otxe, 3acTOCyBaHHS (DIIyOPECLUEHTHOTO 30HAY
JlaypJaHy J03BOJIMIO BiICTEXKUTU 3MiHU (pa3oBOro
CTaHy LUTOIIa3MaTUYHOI MeMOpaHu MPH Aii KIu-
HOCTaTyBaHHS, SIKi TaKOX BimOynmcst 4yepe3 IIiCTh
JIi0 eKCMEePUMEHTY. byJio TOMiYeHO MiIBUIIIEHY eMi-
Cil0 JIiMiJHO-BIOPSIAKOBAHMX, LIUIBHILIMX AiISTHOK
MeMOpaHHU 3i 3MEHIIEHUM BMICTOM BOJIM, 110 BKa-
3y€ Ha HagBHICTh padTiB. OCKiIbKY HiliaHI padTu
30arayeHi Ha ciHroninian (ixHiii BMiCT B LMTO-
IUIa3MaTUYHIM MeMOpaHi pOCIMH MOXKe ITePEeBUIILY-
Batu 40 % [2]), oTpuMaHi HaMK pe3yJbTaTH Y3IO-
JUKYIOThCSI 3 JAHUMU, OTPUMaHUMU Y TIOMepeaHiX
MOCHIIKEHHSX.

HactynHum eranmom poGoTu Oyj0 BU3HAUEHHS
IHTEHCUBHOCTI €Micii JaypJaHy B pi3HUX YaCTUHAX
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Puc. 7. KniTuHu nUcTaabHOI 30HU PO3TATY 3-T000BUX MPOPOCTKIB TOPOXY Iicsist 00poOKu aypaaHoM. I — koHTposb, 11 —
KJIMHOCTATYBaHHS. @ — 3MillleHUii 10 YepPBOHOIO KOJIbOPY CIEKTP BUIIPOMiHIOBAHHS JiaypAaHy BKa3ye Ha MOJISIpHi a3y 3
BUILIMM BMiCTOM BOJAM, 6 — 3MillICHUIi IO CUHBOTO KOJIbOPY CIEKTP BUIIPOMIHIOBaHHS (3eJIeHUI, XMOHUIT KOTip) BKa3ye Ha
HETOoJISIpHI (ha3u, B SKUX MICTUTbCSI MEHILIE BOIU, 8 — 00’ €HaHE 300pakeHHSI; ¢ — PO3IOIi JIiMiliB, ClieKTpalbHa Mmojioca
nokasye 3HadeHHs [T1 3 300paskeHb: YepBOHUI KOJIip BKa3ye Ha Bucoki 3HaueHHsI [T, cuHiit — Ha HU3BKi; 0 — iHTEHCUB-

HICTb (hyIyopecleHl1lil JaypaaHy

CMEKTPY ISl PO3pPaxXyHKY BeJWYMHU TeHepasizoBa-
HOI mojsipu3allii, sgKa BimoOpaxkye (a3oBuii cTaH
MemOpaHu. Bimomo, mo BenmuuHa I'TI Mmoxe mpu-
iMatu 3HauyeHHs Big —1 mo +1. Ig BenuunHa s
piaKux objiacTeit MeMOpaHH Bapiro€ MPUOIN3HO Bif
—1 10 0.25, a 11 BIOPSIAKOBAHUX JOMEHIB MeMOpa-
Hu — Big 0.25 no 1 [7].

B maniii po®oTi MM BUKOPUCTOBYBAJIM METOI,
onucaHuii B podoti [20], mas pospaxyHky ITI-
3HAQYEHb [ATOIIA3MAaTUYHOI MEeMOpaHW KJIITUH
3P xopeHiB 3- Ta 6-1060BUX MPOPOCTKIB TOPOXY
B KOHTpPOJIi Ta B YMOBax KJIMHOCTaTyBaHH. IIceB-
JIOKOipHi 300paxkeHHs (Tak 3BaHi HSB (Binmri-
HOK — HAaCMYEHICTh — SICKPaBiCTh)) OyJIM CTBOPEHi
LIJISIXOM MHOXeHHS 3HaueHb I'T] Ha 3HaYeHHs iH-
TEHCUBHOCTI B KoxkHOMY mikceni [32]. Ha mux 30-
opaxenHsix 3HadyeHHs [Tl BkazaHi 3a 1OIOMOroIO
KoJiipHOI iH(dopmanii, MiHiManbHe 3HadeHHsT 11
BCTaHOBJIeHe Ha —1 (CUHE 300paXkeHHsT), a MaKCU-
MayibHe — Ha +1 (4epBOHE 300paKeHHsI).

Ha puc. 7 i 8 npencraBieHo pe3yJbTaTh AOCi-
IKeHHST (hocdoJIiMnigiB IUTOMNIa3MaTUYHOI MeMO-
paHu 3- Ta 6-1000BUX MPOPOCTKIB FOPOXY B KOHT-
poJii Ta MpU KJIMHOCTAaTyBaHHI 3 BUKOPUCTAaHHSIM
(bIyopeCLIeHTHOTO 30H Y JIaypAaHy.

42

OCKiIbKU CIIEKTP BUIIPOMIHIOBaHHS, 3MillleHUI
JI0 YEPBOHOTO Kpalo, BKa3ye Ha MOJISIpHi da3u 3
BUIIIMM BMiCTOM BOJM, BUAHO, 1110 Ha TPETIO 100Y
(puc. 7, I: a—e) B KOHTpoOJIi criocTepiraeThbest 30i1b-
IIeHa KUTbKICTh TiIISTHOK IIMTOIUIa3MaTUYHOI MeMO-
paHu 3 BUIIMM BMIiCTOM BOIM, TOAi SIK B YMOBaX
KJIMHOCTATYBaHHSI 3MIIIEHHSI CIIEKTPY BUITPOMi-
HIOBaHHS 30HAY 10 YePBOHOIO Kpalo BilOYBa€ThCs
MeHI iHteHcuBHO (puc. 7, II: a—e). IlinBuineHa
eMiCis JIITiTHO-BOOPSIAKOBAaHUX IUISTHOK MeMOpaHU
(3eJIeHOTO KOJIbOPY) 3i 3MEHIIIEHUM BMiCTOM BOJIH,
1110 BKa3y€e Ha HasIBHICTb paTiB, MOMiTHA B KOHTP-
OJ1i, TOMi SIK B yMOBaxX KJIMHOCTaTyBaHHS 11 PiBeHb
3HauyHO BuIMi. Ha ocHOBI oTpuMaHuX 300pakeHb
MPOBOIMIN po3paxyHOK 3HayeHb I'Tl 3 Bukopuc-
taHHsIM ¢opmyau (1). 3HayenHs [Tl png muro-
TUIa3MaTUIHOI MeMOpaHU 3-1000BUX KJIITUH KOpe-
HiB €THOJIbOBAHUX MPOPOCTKIB BapilOBajo y MexKax
HOpPMMU i cTaHOBUJIO TIprOau3HO +0.04 B KOHTpOJII
i +0.04 npu KIMHOCTATYBaHHI, 1110 CBiTYUTb MO ii
PiIVHHICTD.

Ha 1mocty go0y eKclepuMeHTy B KOHTpPOJIi
(puc. 8, I: a—e) maiike He crocTepirajocsi CyTTe-
BUX 3MiH B AWHaMIilli TTOJIpHUX (a3 IUISTHOK T11a3-
MaTMYHOI MeMOpaHU, TOi SIK HEeTTOJISIpHI Bi3yaJIbHO
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Puc. 8. Te x st 6-1060BUX IIPOPOCTKIB TOPOXY

3MEHIIMIMCcs. B yMoBax Xe KIMHOCTaTyBaHHS, Ha-
BITaK¥, 3MIIIIEHHS CHEKTpa BUITPOMiHIOBAaHHS Bil-
OyBaJjiocs A0 3ejieHoro Koawopy (puc. 8, II: a—e),
TOIi $IK YepBOHi 00JacTi 3 BUILIMM BMiCTOM BOIM
Maiixke He 3MmiHwiucd. 3HaueHHsd [Tl g uuTo-
IJIa3MaTUYHOT MeMOpaHu 6-1000BUX KJIITUH KOpe-
HiB €THOJIbOBAHUX IIPOPOCTKIB BapilOBajio y MexKax
HopMH i ckiagano mpuonm3Ho —0.04 B KOHTpOJI i
+0.5 npu KJIMHOCTAaTyBaHHi, 1110 CBiTYUTh MPO Ha-
SIBHICTb y ULMTOIUIA3MaTUYHIA MeMOpaHi KIIITUH
KOPEHIB KJIIMHOCTATOBaHUX MPOPOCTKiB BIOPSIAKO-
BaHUX (IIIJIBHUX) TOMEHiB. byslo mpoaHaiizoBaHO
10 IBaALSITh KOPEHIB KOXXHOI'O BapiaHTy, i BCi BOHU
MoKa3ajau IMOMiOHICTh 300paxkeHb Yy Mexkax IeBHO-
ro BapiaHTy. TakoxX cIocTepiraBcsi aCUMETPUIHMIA
posmnonin 3HadeHb [Tl murorurazmatuaHoi MemO-
paHM B Pi3HUX YaCTUHAX KIIITUHU, TOMY [IJIsI IIOPiB-
HsIHHS Opanu cepenHe 3HaYeHHs ['TI nis KoxHOro
BapiaHTY.

Otxe, pa3oBmii mepexij 3 piIKoi HEBIOPSIIKO-
BaHOI (a3 A0 IIUIBHO BIIOPSAKOBAHOI CHOCTE-
piraBcs 3a 30inblIeHHsAM 3HadyeHb [Tl maypmany B
LUTOIJIa3MaTUYHIN MeMOpaHi KOpeHiB IMPOPOCTKIB
ropoxy 3 +0.04 mo +0.5 Ha mocTty mo0y B yMOBax
KJIMHOCTaTyBaHHs. B KOHTpoIi He criocTepiramocs
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CcyTTeEBUX 3MiH 3HadyeHb [TI, ixHs BapiaOeabHICTH
Oyja y MexXax pigKoi HEBITOPSAKOBaHOI (ha3u Bin
—0.04 1o +0.04, 110 CBiTYUTH MPO BiACYTHICTb 3Mi-
HEeHOro (pa30BOro CTaHy MEMOpPaHU Ha 1IUX CTPOKaX
eKkcrepuMeHTy. TaKuM YMHOM, MOXXHA 3pOOUTH BU-
CHOBOK, 1110 ITiJ BILIMBOM KJIMHOCTATyBaHHS 4yepes
LIICTH Ii0 30ibIIYIOThCS (ppaKliii HIiIJTBHO OpPraHi3o-
BaHMX JIOMEHIB 3 HU3bKUM BMicTOM Boau (padTu),
PO 110 CBiMUUTD 301bliIeHHS 3HaYeHb ['TI.

BUCHOBKU

AHauti3 niTepaTypHUX JXepea i OTpMMaHMX HaMmu
JIaHUX BiIKPUBA€E HOBi MiAXOAU 10 PO3B’SI3KY (PyH-
JIlaMEeHTaJbHOI MpobsieMn 0ioJorii, 0COOIMBO KOC-
MiYHOI Ta rpaBiTaliiiHOi 6i0J10Tii — rpaBivyTJIMBOC-
Ti XXUTTEBO BAXJIMBUX MPOLIECIB (DYHKILIOHYBAHHS
kiituH [12]. OpepxaHo HOBI JOKa3H, 110 acOLiiallis
i3 papTamMmu Moxxe OyTU BUpilIaTbHUM (PAaKTOPOM Y
BU3HAUYEHHI aKTUBHOCTI iHTErpajbHUX OLUIKiB, pe-
TyJIsILil iIOHHUX KaHaliB, y Ieplly 4epry MexaHo-
YYTJAUBUX, 3B’SI3KYy MEMOpaHU i3 IIUTOCKEJIETOM.
Brnepiie npoBeneHe HaMu BUBUEHHSI CKJIady JIiITiiB
i cTepuHiB padTiB LIMTOIJIA3MaTUYHOI MeMOpaHU
KOPEHiB ITPOPOCTKiB rOPOXy MoKa3ajo, 1110 BOHU 32
CBOEIO CTPYKTYpPOIO Ta CKJIaJIOM BiJIOBiIalOTh Xa-
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pakTepHUM OCOOJUBOCTSIM JiMia-0iTKOBUX MiKpoO-
JTOMEHIB iHIIIUX POCJIWH i YyTJIUBI 10 MIil MOJIETbOBA-
HOI MiKporpasiTaliii.

ITonepenHpo OTpUMaHi HAMM AaHi 1IOJO MiABU-
LLIEHHSI PiBHS XOJIECTEPUHY B paTax ropoxy B yMO-
BaxX KJIMHOCTAaTyBaHHsI, 1110 BigOyBaeTbcs Ha (oHi
HOPMaJIbHOI MIiKpOB’SI3KOCTI caMoi MeMOpaHu Ta
MPU3BOAUTDL 10 30UIbIIEHHSI XOPCTKOCTI padTis,
MiITBEPIXKYIOThCS 3aBASIKM BUKOPUCTaHHIO (itiri-
HY, (pryopeclieHI11isI SIKOTO € iIHIMKATOPOM KOHLIEHT-
pauii xojecTepuHy y MemOpani. Ha 1mocty moOy
€KCIIEPUMEHTY CITOCTepirajocs «30JMXKeHHs» pad-
TiB MiXX cO00I0 B CYLUJILHUI TIJIACT MO TIEPUMETPY
HYTOoIUIa3MaTuyHoi Memopanu. Came yepe3 Takuii
CKJIAJHUI CTEPUHOBUI TpodiJb POCAMHHI ILIa3-
MaTUYHI MeMOpaHM MEHII YYTJIWUBI OO0 MHii Terio-
BOTO IIIOKY Ta iHIIMX CTPECIB Y IOPIBHSHHI 3 TBa-
PUHHUMM KiIiTMHaMu [2]. 3MiHM (a30BOro craHy
I[UATOIIa3MAaTUIHOI MEMOpaHM TIpU [ii KJIMHOCTA-
TyBaHHSI, BUBHAYEHI ITiCJIsI 3aCTOCYBaHHS (iryopec-
LIEHTHOTO 30HAY JlaypllaHy, BilOy/IuMcs TaKOX 4epes
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THE STUDY OF THE FUNCTIONAL STATE OF LIPID RAFTS IN THE CYTOPLASMIC
MEMBRANE OF PISUM SATIVUM SEEDLINGS UNDER CLINOROTATION

The results of cytological, biochemical, and molecular biological studies clearly demonstrate the significant influence of micro-
gravity on the main processes of plant development, revealing the mechanisms which underlie the reactions of plant responses
to microgravity and ensure their adaptation to this factor. The key role in cell function belongs to the cytoplasmic membrane
(CM). First of all, by its qualities and functions, it can play an important role in the adaptation of plants to microgravity. How-
ever, data about the effect of altered gravity on the physicochemical properties of CM are limited. Recently, much attention
has been paid to the study of functional microdomains of the lipid bilayer that have a specific localization and content of lipids
and proteins - lipid rafts. They are defined as a dynamic nanosized, sterol- and sphingolipid-enriched ordered association of
specific proteins, in which a metastable resting state can be activated by a combination of specific lipid-lipid, protein-lipid, and
protein-protein interactions. There are more and more experimental data that confirm their participation in such live process-
es as endocytosis, apoptosis, internalization of toxins, bacteria, viruses, etc., as well as their important role in the protective
mechanisms of the cell under different stressors. In this work, a fluorescent marker of sterols — filipin and a fluorescent probe
laurdan were used to confirm the presence of cholesterol and sphingolipid-enriched lipid ranges in CM. Our results regarding
the increase in generalized polarization in the clinorotation conditions correlate with the data obtained in previous studies and
indicate the sensitivity of the CM to a longer action of the clinorotation.

Keywords: cytoplasmic membrane, plants, lipid rafts, clinorotation, cholesterol, sphingolipids, generalized polarization.
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MOP®O®I3IOJOITYHI PEAKIIII TPABIYYTIMBOCTI
TA AJAIITAIIIL 10 YO-OITPOMIHEHHA MOXY
BRYUM CAESPITICIUM HEDW. 3 AHTAPKTUKHA

Ypobomi susuanu adanmueni izionoeiuni peaxuii moxy Bryum caespiticium Hedw. 3 Aumapxmurxu na diro Y®D-onpominenns ma epa-
8iMOpPO3U K PaKmop adanmueHoi nAacmu4HoOCmi, noe’s13anoi 3 ymosamu cepedosuuia. Konmponem 6yau pocaunu B. caespiticium,
3ibpani y Ipupoonomy 3anosionuxy «Pozmouus» (Jlveiecvka 06..). Y 00caioNceHHAX GUKOPUCMOBY8AAU AAOOPAMOPHY KYAbIMYPY,
AKY 8UPOULYBANU Y KOHMPOAbOBAHUX YMOBAX Y (himomponi. [laeconu onpominrosanu YD-npomenamu, eeneposanumu yasmpagione-
mosoto aamnoro OSRAM inmencuenicmio 4 k Bm/m2, wo cnpuuunsna 50 % npuenivenns peeenepauii pocaun (EJ 5)- Qizionoeiuni
nokasnuku euznavanu yepes 24 200 nicas Y®D-onpominenns.

Awnanizyeanu énaue epasimauii Ha mopghonoeiuny opmy eamemoimmnoi deprunu B. caespiticium ma e3aemodio ceimaa i epagi-
mauii' y epasi/pomomponizmi, ax npose adanmugrocmi epagimopgosie. O0Hum i3 3aédarsv 6ya0 docaioumu opmyeanHs epagimop-
ho3ie sk pe3yabmam iHiyiayii npouecie eanyjiceHHs KAIMUH i 3aKAa0aHHs OPYHbOK 2amemogopie il OyiHUMU IXHIO POAb Y HCUMMEBD-
My yukai B. caespiticium é excmpemansvHux ymosax. Jlns yboeo eusHauaiu KoepiyieHm earyiceHHs epagimpontoi npoOmoHemu, Kym
Haxuny 2eany3oK ma po3eumok OPYHbOK 3a1edcHO 8i0 3aemo0ii pomo/epasimponizmy nio @naueom 4ep8oHo2o i CUHb020 ceimaa ma
dito yabmpagionemy Ha epasivymaugicme.

Jlocaioxceno 6naueé (hiziono2iuHo aKkmugHo20 4epeoHo20 i CUHbO2O CEIMAA HA AKMUBHICMb 2ANYJCeHHS MA 3aKAA0AHHS OPYHbOK
Ha epasimponHiil npomMoHemMi AaHMapKmu4Ho20 audy moxy B. caespiticium. Bcmanoeaeno, ujo uepeoHe c6imao nepesajicHo ineioyeano
epasinepyenuito i epagimponHuil picm KAimuH npomoHemu, YHacaidok 4020 3MIHUAACA peaKyis Ha Oito epasimauyii, 00HAK HIYit08aN0
BUCOKY AKMUBHICMb 2ANYICEHHS i, 6I0N08IOHO, IHULY MOpgoaoeiuny ghopmy deprunu. ITicas 0ii cunvoeo ceimaa cnocmepieanu inmen-
cusHe 3aKAa0aHHs OPYHbOK | popmysanus eamemoghopie. Omoice, epasimauyiiina cuaa cCNpusna MophHoao2iuHiil MiHAUBOCMI Ma 3MIHI
DYHKYIOHANbHOT aKmMUGHOCMI KAIMUH HA 108EHINbHIT NPOMOHEeMHIT cmadii po36UmKY, W0 MAae 8ajicAUGe 3HAUEHHS 045 BUICUBAHHS
MOXY 8 eKkcmpemanvruux ymosax cepedosuua. Ilicas YD-onpominenns epasivymausicms npomonemu B. caespiticium 3menwuaacs,
npome yHacAiook cmiikocmi ahmapkmu4Ho20 3pa3ka moxy 0o mpueanoi 0ii YD-npomenie epasimponnuii picm xoua it 6y cnosinb-
HeHUil, ane He 3a010K08AHULL NOGHICMIO, K Y pocauH 3 JIbgiecbioi 00..

Busnauaau Odito ynempagionemy Ha aHmuokcudanmuy aKmugHicmo, 6micm po3uuHHOI (6aKyoaapHoi) ma 36 ’I3aH0i y KAIMUHHI
cminyi ¢paxuyiit YP-abcopbysarvhux Komnonenmie geHoabHoi npupodu, emicm GaaeoHoidie i cnekmpie iIXHb020 NOAUHAHHA MA
Kinbkicmos kKapomunoiodie i anmouyianie y nazonax B. caespiticium. Y pocaunax B. caespiticium 3 AHmapkmuku aHmuoxcu0aHmua
akmuseHicms Oyaa 6 1.5 pasu euworo, Hidic y Ab8IGCHKIN NONYAAYIT, W0 NIOMEePOICYE GUCOKULL PIGeHb 3aXUCHY 8i0 OKUCHIOBANBHO20
nowkooxcents. Buseneno, wo onpominenns akmugye cunmes Y®-abcopysarvhux ghenonvrux cnoayk. Y naconax B. caespiticium 3
Aumapkmuxu 6cmaroéaeHo Oinvuuil emicm geronie, nopiensHo 3i 3pazkamu 3 Jveiscokoi obaacmi, ma cymmeege ixHe niosuuyeHHs
nio enaueom Y®-onpominenns. Buznaveno euwuii emicm YD-abcopbysanvhux cnoayk, 36 ’a3aHux 3 KAIMUHHOIO CIIHKOI0, NOPIGHS-

HutyBannsa: Kusik H. 4., Jlobauescbka O. B., XopkasuiB . JI. MopdoddizionoriyHi peakilii rpaBidyyTJIMBOCTI Ta ajgarnTta-
wii o Y®-omnpomiHeHHs MOXy Bryum caespiticium Hedw. 3 Antapktuku. Kocmivna nayxa i mexnonoeis. 2021. 27, No 5 (132).
C. 47—59. https://doi.org/10.15407 /knit2021.05.047
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HO 3 KOHUEHMPAYi€r0 PO3HUHHUX (8AKYONSAPHUX) eHONbHUX CNOAYK, K Y POCAUHAX 3 AHmapkmuku, mak i y 3paszkax 3 JIveigcoiol
obaacmi, wo ceiouums npo IXHIO y4acmo y MeXarizmax 3axucmy Kaimut ¢io YD-onpominenns.

Tlokasano, wo YD-onpominenns indykyeano 30inouients emicmy ¢aaeoHoidie y naconax o60x 3paskie B. caespiticium, o0nak
ons pocauH 3 Aumapkmuku KoHueHmpauis ¢aasonoidie nicas 0ii cmpecopa Oyaa 6 1.7 pasie euworo, Hixe y pocaur 3 JIvgiecvkoi
obnracmi. 3a cnekmpamu NO2AUHAHHS (PAABOHOIOIE BU3HAUEHO (PAABOHOAU PYMUH | Kéapuemun ma (paasoH AHMeoliH 6 00U0eoX
3paskax B. caespiticium, siki 3a6e3neuyiomo eghekmugne noeaunanus YO-npomenie. Buwjuii emicm anmoyianis i kapomunoioie y
naeonax moxy 3 Aumapkmuku sk y Konmpoai, max i nicasn enaugy YD-onpominenns cnpuse 3axucmy 6io noukoodxcents ma gop-
MYBAHHIO A0ANMUBHO20 NOMEHYiany.

Karouosi caosa: epasizaneincui pocmogi peakuii, YD-onpominentns, genoru, ¢aasonoiou, anmuokcuoanmna aKmueHicms, MOXi,

Aumapkmuxka.

BCTVYII

Mikporpagitauis Ta Y®-onpoMiHeHHsI — 1Ie¢ Hali-
BaXJIMBIIII CTPECOBi YMHHUWKM, SIKi BIIJIMBAIOTh Ha
JKMBI OpraHi3aMM B yMOBaxX BiIKpUTOTO KOCMOCY.
Tomy nochimkKeHHs, CIIPsIMOBaHI Ha BUBYEHHSI IIPU-
poau CTIMKOCTI POCIMH A0 iXHbOTO BIUIMBY, HEOO-
XiTHI IJ19 PO3YMIHHS IPOLIECIB IIPUCTOCYBAaHHS 10
abiOTMYHMX CTpeciB Ta po3pobJeHHsI CTparterii BU-
KuBaHHS B Kocmoci [14, 20—22, 42]. Pociuau 3
eKCTpeMaJlbHUX KJTIMAaTUYHUX YMOB HAMOUIBII PH-
JAaTHI 1T TaKUX JocaimkeHs [15, 34, 38].

11 BUBYEHHSI TIPUPOJHUX MeEXaHi3MiB ajar-
Talii pocauH 10 Y®-onpoMiHEHHS YHIKaJIbHUM
cepenoBuileM € AHTapkTuka. CTiMKIiCTb MOXOIIO-
JiOHMX AHTapKTUKU N0 Iii a0iOTUYHUX CTPECOBUX
(pakTOpiB MOXHA HA3BaTU YHIKAJIbHOIO, OCKIJIbKY B
eKCTpeMaJIbHUX KJIIMAaTUYHUX YMOBaX AHTapKTUKU
opioditn craHosnsaTh 40 % diopu. Mopdosoriu-
Ha i (yHKIIiOHaJbHA CTPYKTYpa MOXiB € 3py4HUM
00’€eKTOM JJI1 AOCHIIKEeHb TMPUPOIU aJallTUBHUX
3aXMCHUX peaklliii, CTIMKOCTi 10 HU3bKUX TEeMIIE-
paryp, yiabTpadioneTy, KOpPOTKOTO BereTaliiiHOro
nepiony i oco0auBocTeit (POTOCMHTETUIHOI aKTUB-
HocTi [8, 24, 33, 41]. Moxu aganTyBajJucs 10 ILIU-
POKOTO fiana3oHy OCBITJIIEHHS, POCTYTb SIK TTPU BU-
CoKOMy piBHi iHcousLii (6a1u3bko 100 Kkan/cm? Ha
piK, Maitxke sIK Ha eKBaTopi), Tak i Ha JHi IIMOOKO-
BOJIHMX aHTAPKTUUHUX 03€p (HANPUKJIIAJ, POCIUHU
Plagiothecium orthocarpum Mitten.) [34, 38].

OgHUM i3 OCHOBHHUX CTPECOBMX UMHHMKIB €KO-
CUCTeMU AHTapKTUKHU € yJbTpadiosieToBe OMpoMi-
HeHH. [linBuieHMit piBeHb yabTpadioaeToBoi pa-
Jiaiii SIK pe3yabTaT BUCHAXXEHHSI CTpaToc(epHOro
o3oHoBoro npoiuapky (100...137 1oO6CcoHiB) cripu-
YUHIOE MOLIKOIXKEHHS pOCJIMH, X04ya 'y 0araTbox aH-
TapKTUYHUX BUIIB YHACiJOK TpUBaJoi Jii pakTopa
€BOJIIOLIIAHO C(hOPMYBAIMCS MEXaHi3MU 3aXUCTY BiJl
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BIUIMBY yAbTpadioseTy, IKi oM’ IKIIyIOTh a00 HiBe-
JII0I0Th ioro edexT [4].

VY 3maTHOCTI MOXiB MPHUCTOCOBYBAaTUCS 10 YMOB
MiKpocepeIoBHIla 3HaYHA POJIb HAJCKWUTh TpaBi-
Tallii. 3aBASYYIOUM CWII TSKiHHSI 30ibLIYIOTHCS
Bapiamii rpaBiMopdoreHe3y i piBeHb (DEHOTHITHOL
IJIAaCTUIHOCTI rameTodity [19, 26]. [1puypodeHicTh
MOXiB 0 CTPECOBUX KJIIMAaTUYHUX YMOB € pPe3yiib-
TaToOM po3Maxy MOp(OJOTriYHUX BIaCTUBOCTEM, 30-
KpeMa IIiJIbHOCTI JepHUHM, T'YCTOTH MaroHiB, 00-
JIMCHEHOCTI CTe0esI, OCOOIMBOCTEN BEreTaTUBHOTO
PO3MHOXEHHSI.

VinbrpadioseroBe onpoMiHeHHST iHAYKYE y KJli-
TUHAX «OKUCHIOBAJbHUI CTpEC», 10 SIKOTO YYTJIUBI,
30Kpema, JiMigu MeMOpaHHUX CTPYKTYP i xJiopodin
y TWJIAKOIZax XJIOpOILIACTiB. 3aro0iraloTb LILOMY
MOIKOIXKEHHIO Y®-abcopOyBaJibHI CrIONyKu de-
HosbHOI mpupoau (Y®-AC). HakonuueHus Y®-
AC € HaliMOIIMPEHIIIOK PeaKllielo CyIMHHUX pOC-
JIMH AHTapKTUKM Ha BILIUB yabTpadionety [30]. He
3aBXKIN € TIpsAMa 3aJeXHICTh MiXK HaKOITMYEHHSIM
Y®-AC T1a tonepaHtHicTiO 10 Y®-0onpomiHeHHS,
ajie JOBEJCHUM € TOI (DaKT, 1110 BOHU MOXYTb CYT-
TEBO 3MEHIIUTU MPOHUKHEHHS YJAbTpadioseTy y
KJIITUHY, €KpaHYylouM HOro MpoOMeHi, a TaKoX 3a-
0e3MeynTH 3axXMCT Bill BiJbHOpaIUKaJIBHUX peak-
wit, iHgykoBaHux Y®-ompomiHeHHAM. Lo posb
BUKOHYIOTh (hJ1aBOHOIAM, IO (PYHKIIOHYIOTH SIK
Y®-noriavHanbHI MOJIEKYIH i aHTHOKcuaaHnTu [40].
OCHOBHUIT MexaHi3M (hOTOMPOTEKTOPHOI (PYHKILii
(1aBOHOIIiB 3a0€3I1eUyETHCSI BUCOKOIO MOTJIMHAIIb-
HOIO 37aTHICTIO B YM-CITEeKTpi Ta JIETKOIO eJIeKTPOH-
HOIO i eHepreTuuHor mnepenauyeto [12]. Bmict Ta
nokaizauisg Y®-abcopOyBasbHUX CITOJYK (DeHOJb-
HOI IIPUPOAY 3HAYHO MEHIIIE BUBYEHI y OpiodiTiB,
MOPIiBHSHO 3 CYIMHHUMM pociimHaMu. BimoMmo, 1110
Y®O-AC cymMHHHMX POCIWH JIOKaIi30BaHi y TPUXO-
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Max W eniKyTUKYJISIpHOMY BOCKY JIUCTKOBUX IljIac-
TUHOK, Yy LIUTO30J1i, XJIOPOILIACTaX, s1/Ipi, BAKYyOJIsIX,
KJITUHHIN CTiHIIi, €HI0IIa3MaTUYHOMY PETUKYIIY-
Mi [43]. ¥V kJtiTUHAX MOXIiB 1li CMIOJIYKW BMSIBJICHI Y
KJIITUHHIN CcTiHLi Ta Bakyossix [13, 31].

OpHMM i3 3aBIaHb IOCIIIKEHHS OyJI0 BHM3Ha-
YUTU TpaBiMOPGhO3U aHTApPKTUYHOTO MOXYy Bryum
caespiticium Hedw. sIK pe3ynbrar iHiliauii mpoiecis
rajy>keHHs KJIITUH IPOTOHEeMU I 3aKjiagaHHs Opy-
HBOK ramMeTodopiB miJ BIJIMBOM CBiTJIa i rpaBiTallii
Ta 3’CyBaTH IXHE alallTUBHE 3HAYEHHS Y XKUTTEBO-
My LUK B. caespiticium B eKCTpeMaJIbHUX YMOBax
AHTapKTUKH1. BaxianMBoio 4yacTMHOIO poOOTH OyiI0
JIOCITIIKeHHsI BIUTMBY Y®-OMMpoMiHEeHHSI Ha BMICT
PO3UMHHOI (BaKyOJISIpHOI) Ta 3B’513aHO1 Y KIIITUHHII
cTiHui ¢pakuiit YP-abcopOyBabHUX KOMITOHEH-
TiB (EeHOJBbHOI NPUPOIU, KUIBKICTh (JIaBOHOIILIB
1 CIIEKTpM IXHBLOIO IIOIIMHAHHSI Ta KOHILIEHTpallil
CBITJIO3aXMCHMX MIrMEHTIB (aHTOLiaHiB i KAPOTUHO-
imiB) y maroHax Moxy B. caespiticium 3 AHTapKTUKM.

OB’€KTU TA METOIU JTOCIIIKEHHA

O06’exTOM J0CTiIXEeHb OYB MOX Bryum caespiticium,
3pa3Ku SIKOTO BigOuUpaaud y npuoepexxHiit AHTapK-
tuli (24-Ta YKpaiHChbKa aHTApKTUYHA €KCITCAULIis
2019 p.). g nopiBHSUIbHUX JOCTiIKEHb POCIUHA
B. caespiticium 30upanu B I[IpupogHoMy 3aIioBiTHM-
Ky «Po3Touusi» (JIbBiBCbKa 00J1.).

ITporoHeMy aHTapKTUYHOTrO Buay Bryum caes-
piticium OTpUMYBaJId peTreHepalli€lo IIaroHiB Ha
0.75 % arapuszoBaHoMy cepenoBuii Knoma II ta
BUPOILIYBAJINW TPOTITOM JBOX-TPbOX THXHIB y (bi-
TOTPOHI B KOHTPOJIbOBAHUX YMOBax OCBITJIEHHS
70 mMxmonb-MZ-c!, mpu Temmeparypi 20...22°C i
BimHOCHi# BojorocTi 85...90 %. IlpemapyBaibHOIO
TOJIKOIO 3HIMaJIM KIYOKHM TPOTOHEMM, a TaKOX
OKpeMi maroHu i mepeHocwiu ix y vamku IleTpi
Ha arapusoBaHe cepenosuile Kxoma 3 0.2 %-1o0
JII0K03010. 111 TpaBiCTUMYJISLIl YalllKy CTaBUJINA
BEPTUKAJIBHO Yy TeMpsIBY i uepe3 7...10 gHiB oTpuMy-
BaJIW TPaBIiTPOINIHY BTOPUHHY MTPOTOHEMY, dKa OyJia
00’exTOM nociiaxeHb. [TopiBHIOBaIM I'paBiuyTIn-
BICTb JIUCTOCTEOI0OBUX MAroHiB B. caespiticium 000x
3pa3kiB o Y®-punpowmiHoBaHHs. [laronu ompo-
MiHIOBaI Y®-TIpOMEHIMI, TEHEPOBAHUMU YIIbT-
padionerosoro tammnoio OSRAM 3 iHTEHCUBHICTIO
4 xBt/M2, o cnipuunHsiia 50 % npurHidyeHHs pere-
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Hepatlii pociut (E[Ls,). [lns Bu3HaueHHs KyTiB rpa-
BiTPOITHOTO 3TMHY YaIllK/ MOBEePTaIN 11 KyToMm 90°
JI0 TUIOLLIMHU TTOBEPXHi i uepe3 18 rom BUMiproBasin
KyT HaxuJly JlaTepajbHUX Iajly30K 1100 TOJIOBHOIO
CTOJIOHA.

MoHOXpOMaTUYHE CBITJIO OTPUMYBAIU Bif ABOX
Ixepelt cBitia: prytHoi Jlammu CBJI-120A i 100 Bt
JIaMITM po3KapeHHsI. 3i CBITJIOBOTO ITOTOKY PTYTHOI
JIaMIIu 3a goriomoroio caitiogiasrpa CC-5 oTpu-
Maau ocBiTieHHsT A = 450 am. Citio A = 660 HM
BUIUISIN i3 CBITJIOBOTO IIOTOKY JIaMITU PO3XKapeHHs
3a JOTIOMOIoI0 iHTepthepeHLiiiHOTO CBIT/IOMhiIbTpa
KC-10. IHTeHCUBHICTbh YePBOHOTO i CHHBOTO CBiTJIa
BUpiBHIOBaIH 10 5.0 MKMob-M2c~ !, HeliTpanabHOrO
1o 15.0 mxmonb-M2-¢c~! 3a fonomoroio criekTpopa-
niometpa Li-Cor Li-1800 (USA). IpaBiTponHy 1po-
TOHeMY B. caespiticium HacBiTIIOBaau 4 IO CBIT-
JIOM, TIEPEHOCWJIM YallIKU Y TEMPSIBY, a uepes 24 rof
BU3HAYalM KOE(MILi€EHT Tajly>keHHS i KyT Haxuiy
rajy3ok Ta CIiKyBajiu 3a IpoliecoM (hopMyBaHHS
opyHboK. KoHTposiem Oyina HerpaBicTMMYJbOBaHa
MPOTOHEMa, SIKY aHaJli3yBaly aHaJIOTiYHO.

BwMmict (izionoro-6ioxiMiyHMX MOKa3HUKIB Y I1a-
roHax B. caespiticium BU3Ha4Yanu yepe3 24 rof micist
BIUIMBY Y®-onpoMiHeHHSI. AHTUOKCUIAHTHY aK-
TMBHICTh OLIIHIOBAJIM Y peaKliil pPOCIMHHOTO eKCTpa-
KTy 3 pO34MHOM pagukany — l.1-mupenin-2-mik-
pununrinpasuaom (DPPH) 3a merogom B. bpaHnn-
BimbsiMca [6]. ONITHYHY TYCTUHY CYMIillli BU3HAYAIN
Ha cnekTpodoTtomeTpi «Specord 210 Plus» (A =
= 517 HM). AHTUOKCHUJAHTHY aKTUBHICTb BUpaXaau
sIK BimcoTok iHrioyBaHnHss DPPH i Ha ocHOBI po3pa-
XOBaHUX BIiACOTKIB iHriOyBaHHSI OymyBaiu rpadik
3aJIe’KHOCTI BEJIMUYMH iHTiIOyBaHHS 3a0apBieHHS
DPPH Bin xoHueHTpalil eKcTpakTy. 3a rpadikom
BU3HAYaJIM KOHIEHTpALlil0 eKCTPaKTy, KOTpa CIpU-
yuHsaaa 50 % iHriOyBaHHST 3a0apBJIeHHS BiIBHOTO
pamukaiy (EKy,). SIK mo3uTMBHUI KOHTPOJIbL BUKO-
PUCTOBYBAJIM BOAHUIA PO3UYMH aCKOPOiHOBOI KMCJIO-
TH y Aiana3oHi KoHueHTpauiit 0.025—1.000 mr/mi.

s orpumaHHsT (pakiiil po3uMHHUX (HEeHOJIiB
50...100 Mr pocIMHHOIO MaTtepiaay eKCTparyBasiu
y MeTaHoJli TpoTsiroM 1 roa Tpu KiMHaTHii
TeMrepaTypi y TeMmpsiBi, MOTiM LEeHTpudyrysaiu
(12000 06/xB, 15 xB) [36]. CynepHaTaHT BUKOPHC-
TOBYBajJu 51 CIEKTPOOTOMETPUUHOTO aHamizy
BMICTy pO34YMHHUX (peHOoIIiB, a ocal — JUIsT OTpU-
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n
1
200
)
1
2
2
100
2
0 1 1
bine cBitio YepBoHE CBITJIO CuHE CBiTIIO

Puc. 1. TanyxxeHHSI KJIITUH TIPOTOHEeMU Bryum caespiticium
TTiCJIs TPaBiCTUMYJISIIII i OCBIT/IEHHSI: | — TpaBiTpOITHA ITPO-
TOHeMa, 2 — KOHTPOJIb

Tabauys 1. KiabKicTb 7 raay30K rpaBiTpONHOI IPOTOHEMH
Bryum caespiticium, mo yrsopunucs Ha 10 rpaBiTponHux
CTOJIOHAX i MPOIOBAKYBAJIM POCTH i KyTamu 0 = 90°

Ta 40...50° micas 4-rox oCBiTIEHHS Pi3HUM CBIT/IOM

Bapiantn KinbkicTb ramy3ox » ?/
OCBITJIEHHS 6 = 90° 0=40_50° B
-
Bite caitio 105.0%08 | 520+18 | 2y
Yepone cBitino | 151.0+2.8 75.0+2.1 e
CHuHE CBiTIIO 94.0+2.3 57.0+1.9 -
2
]
[}
Z(Mm

MaHHS (pakiiii (eHoJIiB, 3B’5I3aHUX 3 KIITUHHOIO
crinkoro [37].

BwmicT (eHoniB BU3HAyYaiiM Ha CHEKTPO(hOTO-
Metpi «Specord 210 Plus» apu mOBXUHI XBWJIIi A =
= 765 HM i3 BUKOpUCTaHHAM peakTuBy DoyiHa —
JleHica Ta KaJiOpyBajbHOI 3aJIEXKHOCTI 3a XJ0pore-
HOBOIO KMCJIOTOIO [2].

BwMmicT ¢aBoHOINiB BM3HAYaIM CIIEKTPOGdOTO-
METPUYHO 3a PEaKIli€lo 3 XJIOPUIOM aTIOMIiHiI0 IpU
A = 420 HM i KamiOpyBaJbHIN 3aJIEXKHOCTI 3a py-
iHOM [32]. ChnekTpu IIOIIMHAHHS KOMILUIEKCIB
(1aBOHOIIB 3 XJIOPUIOM aJIOMiHIIO i3 €KCTPaKTiB
pocivH B. caespiticium OLIIHIOBaJIM Ha CHIEKTPO(O-
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ToMmeTpi «Specord 210 Plus» B miamazoni A = 400...
700 M [32].

BuszHaueHHsT BMiCTy aHTOLiaHIB 3HilICHIOBAIU
CeKTpo(OTOMETPUYHO 32 MOAU(IKOBAHUM METO-
noM A. berca i C. Benmana [31]. HaBaxky pociuH-
HOTO Matepiay TOMOTeHi3yBaiu B 1 %-My CIIMpPTO-
BOMY PO3UMHI COJISTHOI KUCJIOTU Ta BUTPUMYBAJIM Ha
BoasHii 6aHi ipu 40...45 °C nipoTtsirom 20 xB. OTpu-
MaHU TOMOTreHaT LUEeHTpudyryBaan, BUMiproBaIu
ONTUYHY TYCTUHY (bUIBTpATy Ha JOBXUHI XBUJIi A =
=530 um. Bmict kapotrHoiniB BusHayanuy 80 %-my
aneToHi 3a merogoM /I. ApHoHa [3]. OnTuuHy ryc-
TUHY e€KCTPaKTy BUMIpIOBaIM Ha CITeKTpodoToMe-
Tpi «Specord 210 Plus» 3a moxuHu xBuji 470 HM.
BMicT mirMeHTiB BUpaxaiu B MI/T CyXOi MacHu.

OTpuMaHi AaHi OINpalbOBYBaJIM METOJAMU CTa-
TUCTUYHOTO aHaJli3y 3 BAKOPUCTAHHSIM MaKeTy Mpo-
rpaMHoro 3abe3redyeHHs Microsoft Excel.

PE3YJIETATH 11 OBTOBOPEHHSA

1. Ipasiuymaugicmo i epagimopghozu aHTAPKTHIHOTO
3pa3ka moxy Bryum caespiticium. Y KIiMaTUYHUX
yMOBax AHTapKTUKU JIJII MOXiB afaliTUBHUM pe3ep-
BOM € TPaBiTPOITHI peaklil, OCKiJIbKY 3aBAsIKW CHITi
TSDKIHHS 301TBLIYIOTHCS Bapiallii rpaBiMopdoreHesy
i piBeHb (PEHOTUIHOI IJIACTUYHOCTI rameTodity [25].
Mopdonoriuna (popMa MOXiB BU3HAYAETHCS TIepe-
JIyCiM CITOCOOOM Taly>XKeHHS Ta KyTOM HaXWJIy JlaTe-
paJibHUX TIJIOK i TiJIOK 3 OpyHbKaMu BiITHOCHO BeK-
Topa rpasitaiiHol cr. OgHUM i3 eHepreTUYHUX
JKepeJI IJIs iHilialii rpaBiMmopdoreHesy € CBITIIO.

[IpoaHanizoBaHO BIUIMB (Di3i0JOTIYHO aKTUB-
HOTO YEpPBOHOIO i CMHBOTO CBiTJia Ha aKTUBHICTb
rajyxkeHHs1 Ta 3akJjaJaHHsI OpPYHbOK Ha TIpaBi-
TPOMHIl TIPOTOHEMi aHTAPKTUYHOIO 3pa3Ka MOXY
B. caespiticium. Ciig 3BepHYTH yBary Ha XapakTep ra-
JIyXXKEHHS KJIiITMH TPaBiTPOITHOI IIPOTOHEMM, 30Kpe-
Ma KyT, T SKUM TaTy3KM 3aKJIaJaJrcsl Ha TOJOB-
HoMy cToJioHi (Ta6:a. 1). Ilicist ocBiTIIEHHST YepBO-
HUM CBIiTJIOM MPOTOHEMU B. caespiticium OGiblIiCTh
rajly30K 3akjafanaucs i MpoAoBXyBalud TPUBAIUI
yac pocty mig kyroMm 90°, iHmmi (ix OyJa0 MeHIle)
pocnu TrpaBiTpornHo. TakuM YWHOM, YepBOHE
CBITJIO MepeBaxKHO OJIOKYBajJO TpaBileplLeIiiio i
TrPaBiTPOMHUM PICT KJIIITUH MPOTOHEMMU, YHACIIIOK
yoro 3MiHwancs Mop¢oOJoriyHa peakilis Ha il
rpasiTallii i hopMa rajy>KeHHs 1epHUHU.
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BinoMo, 110 HM3BKi iHTEHCUBHOCTI CHUHBOTO i
YEePBOHOTO OCBITJIEHHSI MOAYJIIOBAJIU TPABITPOTTHUIA
KYT, BEJIMUMHA SKOTO € Pe3yJIbTaTOM B3aEMOJIiT MixX
rpaBi- i ¢ororponizmoMm [19]. nst B. caespiticium
BCTAHOBJIEHO, IIIO0 YEPBOHE CBITJIO iHillilOBaIO 3a-
KJIalaHHS Taly30K Ta BUCOKY aKTUBHICTb Tally>KE€H-
Hs KJIITUH TPaBiTPOITHOI TMIPOTOHEMMU, MMOPIBHSIHO i3
CHMHIM i OLJTMM OCBITJIEHHSIM Ta HErpaBiCTUMYJIbOBA-
HOIO IIPOTOHEMOI0 KOHTpoJto (puc. 1).

Lle mingTBepaKy€E B3aEMOIiIO CBiTJIA i rpaBiTalii Ta
il 3HaUYeHHs1 1151 MopdoJioriuHol nudepeHuiarlii ¢e-
HoTUITy TameTodiTy. BinHOBIEHHS TrpaBiTPOMHOIO
pOoCTy BifOyBajocs MOBiIbHO, i TpPUBAJIIIIY TaJbMiB-
HY Jil0 Ha TrpaBiTPOMi3M Majo CUHE CBiTJIo. OmgHaK
CUHE CBITJIO OYyJI0 CTUMYJISITOPOM 3aKJIagaHHs Opy-
HBOK Ha TPaBITPOITHIM mpoToHeMi B. caespiticium
(puc. 2, a). Ilicas 4epBOHOTO OCBITJIEHHSI KJIITMHU
IHTEHCHUBHIIlIe rajay3uincs, a OpyHbOK Oyno Heba-
raTo (puc. 2, 0).

Bimomo, 1110 IOCIIIOBHICTh YepryBaHHSI Y€pPBO-
HOTO Ta CUHBOTO OCBITJIEHHSI aKTUBYE 3aKJaJaHHSI
OPYHBOK, XO0Ua YiTKOTO po3’sICHEHHSI, SIK TpaBiTallisi
BILJINBA€E Ha Takuii mpouec, HeMae [9]. Ciin BBaxa-
THU, 1110 TPUTEPOM TATYXKEHHS TPABITPOITHOI MPOTO-
HEMM i YTBOPEHHS Ha Hilt OpyHbOK OYJIO CBITJIO, a
rpaBiTallis Jisjia SK CUHEePriYHUi (pakTop 3aBASIKA
noJyisipu3aniiiHomy edexrty. BimdHaummo, 110 CUHE
CBITJIO IHAYKYBaJO YTBOPEHHS Ha cTeOJIi i B OCHOBI
MOJIOAUX OPYHbOK PU30ITHUX CTOJIOHIB, 110 POCIU
MMO3UTHUBHO TPaBiTPOITHO, TOOTO OCBITJICHHSI CMHIM
CBITJIOM iHiLIilOBaJIO MPOCTOPOBY I€PEOPIEHTALIIIO
rpasiTpomnizmy (puc. 3, a, 0).

Ortxe, rpaBiTalliiiHa cuiia cripusiia MOpgOoJIoriy-
Hili MIHJIMBOCTI Ta 3MiHi (PyHKIIiOHaJIbHOI aKTUB-
HOCTI KJIITUH IIPOTOHEMHU, 1110 BUKOHYE BUHSITKOBO
BaXKJIMBY POJIb Y KUTTEBOMY MUK MOXY. DEHOTHUIT
TaJIy>)KeHHSI TPaBiTPOMHUX CTOJIOHIB, IMPOCTOpPOBa
opieHTallid Min3eMHOI MPOTOHEMU Y MPUPOIHUX
eKCTpeMaJIbHUX yMOBaxX AHTapKTUKU — 1I¢ 3acid
JIOCTYITY /IO CBiTJIa, JpKepeJl XKUBJICHHS 1 BOAM Ta B3a-
€MOJIil 3 TPyHTOBOIO 0i0TOI0.

IIpuctocyBaHHSIM A0 KOPOTKOro BereTaliiiHoro
nepiony AHTapKTUKU € (hOpMYBaHHSI Ha BepXiB-
IIi TpaBITPOITHUX CTOJIOHIB B. caespiticium mydka
KOPOTKMX CTOJIOHIB, $IKi pO3Iagajucs Ha OKpeMi
2-3-KJiTMHHI (parMeHTu i npopocTtanu (puc. 3,
0). ®parMeHTaIis 9K omgHA 3 GOPM aceKCyalTbHO-

Puc. 2. YTBOpeHHsT OPYHBOK Ta TTy>KeHHS KJIITUH MIPOTOHE-
MU Bryum caespiticium Tin BIUIMBOM CHUHBOTO (@) Ta 4YepBO-
Horo (6) cBiT/Ia

P OpyHbKa

ﬂ i 200 MkM

Puc. 3. IpaBiTporiHa npoToHeMa B. caespiticium: a — TCasS
OCBITJIEHHSI CUHIM CBIiTJIOM B OCHOBi OPYHbKU PU30iAu poC-
JIA TIO3UTUBHO I'PaBiTPOIHO, 6 — Ha BEPXiBLli CTOJIOHY YTBO-
PWJTHCS TTYYKH PO3TAITY>KeHOI TPOTOHEMU
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r0 PO3MHOXKEHHSI JAa€ MOXJIMBICTb OIHIM pPOCIMHI
MOXY YTBOPUTU F€HETUYHO iIEHTUYHE MOTOMCTBO i
LIBUAKO KOJIOHi3yBaTW 3HauHy TepuTopio. Hanaii
Ha JlaTepaJibHUX Trany3Kax B. caespiticium 3aknana-
Jvcs OpyHBbKM, 3 SIKUX PO3BUBAINUCS TPaBIiUyTIUBI
rameTodopu, 1110 TeX CIPHUSIIO IJIACTUYHOCTI BULY i
LIBUAIOMY PO3POCTAaHHIO MOXOBOI IepHUHMU. Jluiiie
TPaBITPOITHI CTOJIOHM i raMeTodOpH, 1110 POCIN HaJ
cyOCTpaTOM, MOIJIM €HEpPreTUYHO 3a0e3IeUUTU
IIBUJKE BEereTaTUBHE MOHOBJIEHHS Tl Yac KOpOT-
KOro BeCHSIHOro mepiody. Tak, y Iasyxax JIMCTKiB
Ha rameTodopax aHTapKTUYHOIO 3pa3ka Bryum
pseudotriquetrum, a He Ha IIPOTOHEMI, K Y EKOMOP-
¢u 3i JIbBoBa, 3aKyananncs BUBOJIKOBI OYIH00UYKHI
[25]. HaOyTTs1 KoMmeTeHIlii 10 OpYHbKOTBOPEHHS
Ha BepXiBlli TPaBiTPOITHOIO CTOJIOHY [9], a TakKoxX
YiTKO BUpaxkKeHa IpaBidyyTJIMBICTb raMeTo(dOopiB MO-
XiB 3 AHTapKTUKM € MOP(OreHETUYHUM IIPOSIBOM
rpaBiMOp(d03iB 3aJeXXHO BiI YMOB CEpedOBMIIA.
Taxi rpaBizayiexxHi IIpoLecH SIK aKTUBALIisI FaTy>KeH-
HSI Ta KYTH, TiJl SKUMU 3aKjaaaajiucst O0KOBi rajays-
KM Ha MPOTOHEMi, iHilliloBaiu 3MiHy MOpGhOJIOoTiv-
HOI CTPYKTYpPU MOXOBOI NEpHUHU B. caespiticium.
MiHIMBICTh Opi€HTAllil POCTY CTOJIOHIB i TpaBivyT-
JIMBiCTb raMeToopiB crpustiii (popMyBaHHIO I10-
TY>KHIIIIOI JE€PHUHU 3 MiABUIIEHOIO 3MATHICTIO 10
TPUBAJIOr0 YTPUMYBAHHS BOJIOTM Ta BUCOKOO (o-
TOCUHTETUYHOIO MPOIYKTUBHICTIO.

Edpexkr Y®-onpomiHeHHSI 3 IHTEHCHUBHICTIO
4 xBt/M? Ha rpaBiuyTJIMBICTh CTOJIOHIB OYB HEo.-
HaKOBM: B amiKaJbHUX KJITMHAX TMPOTOHEMU
JIbBIBCbKOIO 3pa3ka B. caespiticium Big3Ha4yeHO
BTpaTy I'paBiuyTJIMBOCTi, OUEBUIHO, BHACIIIOK He-
3BOPOTHUX JECTPYKTUBHUX 3MiH, a IJisI CTOJIOHIB

Tabauys 2. Buaus Y®-onpoMiHeHHS HA KYT rpaBiTPONHOro
3rUHY BTOPUHHOI NPOTOHEMU MOXY Bryum caespiticium
i3 AHTapkTiku Ta JIbBiBCHKOI 00JacTi

Bapiantu nocniny Kyt rpaBiTpomnHoro 3runy

Pocaunu 3 JIvgiecokoi oonacmi

KoHtposb (6e3 orpoMiHeHHS) 22.5+2.8°
Y®-onpomiHeHHST —
Pocaunu 3 Aumapkmuxu
KoHTposb (6e3 onpoMiHEeHHS) 24.6+£2.2°
Y®-onpoMiHeHHST 10.3£0.8°
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aHTApKTUYHOrO 3pa3kKa 3a(ikCOBaHO 3MEHILIEHHS
KyTa rpaBiTPOIHOIO 3TUHY IIOHANMEHIIIE yaBIiYi —
nmo 10.3° (ta6u. 2). ToO6TO, pocauHM 3 AHTAPKTUKUA
TOJIEpaHTHIlIi 10 yabTpadioseToBOro onpoMiHeHHS
i 3aBASIKM LIbOMY 30€perjii YyTJIMBICTb /10 IpaBiTa-
LiAHOI CHJIH.

2. Adanmueni ¢hizioaociuni peaxuii moxy Bryum
caespiticium na Oiro YD-onpominennsa. IlpoanHari-
30BaHO (piziosIOriuHi MOKa3HUKM 3axucTy Big YD-
onpoMiHeHHs. Bimomo, 1o mjis 6piodiTiB BaacTu-
BUIA BUCOKMI aHTMOKCHUJAHTHUI TMOTEHLian 3a-
BISIKM HU3bKOMOJEKYJISIDHUM aHTHOKCHIAHTaM
(bnaBoHOInaM, (heHOJBLHUM CITOJyKaM, acKopOary,
[JIyTaTioHy), sKi y 3HaUHWX KOHIIEHTpALLisIX Mic-
TIThCs B iXHiX KiitTnuHax [11]. Lle € BaxkiauBoro ¢isi-
OJIOTIYHOIO aJaNTUBHOIO PEaKIli€l0 MOXiB Y HECITPU-
STJIMBHX YMOBaX cepeaoBuIla. Taki aHTUOKCUIAHTU
MaloTh 0COOJIMBE 3HAYEHHS B YMOBaX TeMIEpaTyp-
HOT'O Ta OCMOTUYHOTO CTPECIB, ITiC/Is1 BIUIUBY BaX-
Kux MeTtajiB Ta Y®-omnpoMineHHs [10]. ¥ 3B’a3Ky
3 UM JOLIUILHO OYJI0 IpoaHali3yBaTu aHTHUOKCH-
NIAaHTHY aKTUBHICTb (AA) POCIMHHUX EKCTPaKTiB
3pa3KiB MOXY 3 €KCTpeMaJbHUX YMOB AHTapKTUKU
Ta TIOPiBHSITU 3 PEAKIi€I0 POCIUH 3 MOMiIpHUX IIIU-
pot, Hanpukiaag 3 JIbBiBcbKoi obOnacti. ITopiBHIO-
BaM e(eKTUBHI KOHIEHTpallii ekcTpakTiB (EKy ),
kotpi cripmunHsu 50 % iHTIOyBaHHS paguKay.
o Hrxynm € nokasHuk EKs, T0o BULIOI0 € aHTH-
OKCHUJIAHTHA aKTUBHICTh POCJIUH. AK MO3UTUBHUIA
KOHTPOJIb BUKOPUCTOBYBAIN aCKOPOiHOBY KUCJIOTY
(EK, ackopbinoBoi kucnoru 0.06 mr/mi). ¥V poc-
JNIuHax B. caespiticium 3 AHTapKTUKU BU3HAYEHO
maiixe y 1.5 pasza Bumy AA (EKy, = 3.65 mr/mun)
MOPIiBHSIHO 3 POCAMHAMM 3 JIbBIBCbKOI MOMYJIsIii
(EKy, = 5.04 mr/mn) (puc. 4). Y®-onpoMiHeHHs
IHAYKYBaJO 30iJIbIIEHHSI aHTUOKCUIAHTHOI aKTUB-
HOCTI y poCcJIMHAX 3 AHTAaPKTUKH 0 2.86 MT/MII, TI10
CBiIUMJIO TPO iXHilt BULLUI aHTUOKCUIAHTHUI CTa-
TyC, MOPIiBHSIHO 3 pOCArHaMU i3 JIbBiBCbKO1 00JI.

st oOrpyHTYBaHHSI BiIMiHHOCTEe# AA MiX 10-
CIIIKYBaHMMU 3pa3KaMu B. caespiticium 0yio
MpoaHajIizoBaHO BMicT ¢eHoNbHUX cronykK (PC),
3aBOSIKM SIKUM (DOPMYETBCS CTIHKiCTb POCIMH MO
BIUIMBY ynbTpadionery. Bimomo, mo ®C mpotu-
JIiIOTb OKHMCHIOBAJTbHOMY CTpeCY, OCKiJbKW 31aT-
Hi (DYHKIIOHYBaTU SIK CKaBEHMXXEPU BUIbHUX pa-
JIUKaIiB i aKTUBHUX (POPM KUCHIO, MiATPUMYIOTh
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BHYTPIIIIHE CEPEIOBUIIEC KIITUH y BiZHOBICHOMY
CTaHi Ta TIO3WUTMBHO BIUIMBAIOTh HAa aKTUBHICTh
AHTUOKCUJAHTHUX (hepMeHTiB [28]. THAyKIisT CuH-
te3y DC BinOyBa€eThcd y BiAMOBiAL HA BIIMB YD-
BUTIPOMIHIOBAHHSI Ta BUCOKOI iIHTEHCUBHOCTI OCBIT-
JleHHs [16].

YV maroHax oOuIBOX 3pa3KiB B. caespiticium 3a-
(ikcoBaHO HEOmHAKOBI Moka3Huku BMmicty DC: y
3pa3kax 3 AHTAapKTUKM B YMOBaX KOHTPOJIIO BCTa-
HOBJIEHO CYTTEBO OLIbIINI BMICT (peHOIIB, a Iics
Y®-onpomiHeHHS IXHSI KiJIbKICTh MiIBUIIyBaiacs
e Ha 35 %, 3a6e3ne4you MONIMHAHHS TKiIJIA-
BOTO JIJIsSl POCJIMH YJIBTPadioaeTOBOro OnpoMiHEeHHS
(Ta6u1. 3). PocauHM JTBBIBCHKOrO 3pa3ka Maju B 1.6
pasza MEeHILUI BMiCT (DEHOJBbHUX CIIOIYK Y KOHTPOJTi
1 He3HayHe IXHE MiIBUILIESHHS B yMoBax cTpecy. Tob-
TO, U1 POCJIUH B. caespiticium 3 AHTapKTUKU BJac-
TUBUI OUIBIINI KOHCTUTYTUBHUIA My (DEHOJIbHUX
CIOYK, IOPiBHSHO 3 POCIMHAMMU CEPEAHIX IIUPOT.

3a BMICTOM PO3UYMHHOI (BaKyOJISIpHOI) Ta HEPO3-
YMHHOI (3B’S13aHOI y KJIITMHHIN CTiHL) (bpakiiit
(beHONMbHUX CIONYK B 000X 3pa3kax Moxy B. caes-
piticium Bu3HayeHo B 1.5...1.8 pa3iB BuUIlly KOHIICH-
Tpalito Y®-abcopOyBaabHUX (DEHOJBHUX CITOJYK,
JIOKQTi30BaHUX y KITUHHIA criHmi. Ilicaa YO-
OIPOMIHEHHS iXHiii BMICT TaKOX ITiIBUIIYBaBCs
OiTbII0I0 Mipo10, HixK po3unHHNX YD-AC (Tad. 3).

IToniGHi pe3ynabraTy OyaM OTpHMMaHI y AOCaigax
3 iHIIMMU BUOaMM MOXiB. Hampukiam, y MoxiB 3
Antapktuku Ceratodon purpureus (Hedw.) Brid. Ta
Grimmia antarctici var. percompacta E.B. Bartram
BMmicT YD-AC, 3B’43aHUX 3 KIITUHHOIO CTiHKOIO,

EKs,, Mr/mi
6 -

a, o

K Yob
Pocnunu 3 JIbBiBChKOI 001.

K Yo
Pocnaunu 3 AHTapKTHKM

Puc. 4. AHTUOKCUIAHTHA aKTUBHICTh POCIWH Bryum caes-
piticium 3 AHTapKTUKU Ta JIbBIBCbKO1 001aCTi Mij BIJIMBOM
Y®-onpomiHeHHS (@ — Pi3HULS CTATUCTUYHO JOCTOBIpHA
(piBeHb 3Hauymocti P < 0.05) onpomiHeHux pociuH (YD)
MOPiBHSIHO 3 KOHTpOJbHUMM (K); 6 — pi3HULISI CTATUCTUYHO
nocrosipHa (P < 0.05) mopiBHsIHO 3 pocinHaMU 3 JIbBIBCbKO1
0011.)

OyB MaiiXe y IeB’ITh pa3iB OLIbIINIA, HIXK BMiCT PO3-
yuHHUX (BakyoJsipHnx) YD-AC [7]. Y nediHouHU-
ka Jungermannia exsertifolia Stephani BMicT Hepo3-
yuHHUX Y®O-AC maiike y 2.5 pasa nepeBUILyBaB
BMICT pO3UMHHUX (PeHOJbHUX cIToNyK [13]. CyTTEBe
rnepeBaxkaHHsI BMIiCTY 3B’13aHUX 3 KJIITUHHOIO CTiH-
Koo Y®-abcopOyBaJIbHUX CITOJIYK OYJI0 BUSIBJIEHO
y cyOapKTUUHUX BUAiB Pleurozium schreberi (Willd.
ex Brid.) Mitt. ta Polytrichum juniperinum Hedw., y
Bryum pseudotriquetrum (Hedw.) P. Gaertn., B. Mey.

Tabauys 3. Bmict Y®-a0copoyBaibHUX (DeHOJBHUX CIOJIYK Y MATOHAX MOXY
Bryum caespiticium 3 AurapkTuku Ta JIbBiBCbKOI 00J1acTi (Mr/T cyxoi Macu)

Bapiantu BMicT po3unHHUX Bwmicrt 3B’3aHUX CymapHuil BMiCT
nociny YO-AC, mr/T YO-AC, mr/T YO-AC
Pocaunu 3 Jlvsiscokoi obaacmi
KoHTposb (0e3 onpoMiHEeHHS) 1.06%0.18 1.48+0.22 2.54+0.35
Y®-onpomiHeHHST 1.25+0.22 2.11+0.334 3.36%£0.42¢
Pocaunu 3 Aumapxkmuxu
KoHTposb (63 orpoMiHEHHST) 1.52+0.16 2.5610.31 4.08+0.524:0
Y®-onpomiHeHHsT 1.81£0.25 4.05+0.4340 5.86+0.614:0

Tpumimka: ® — pi3HULS CTATUCTUYHO JOCTOBipHA MOPIiBHSHO 3 KOHTpoJeM (piBeHb 3HauymocTi P < 0.05); ¢ — pisHuusd cra-
TUCTUYHO IOCTOBipHA MOPIBHSIHO 3 pocarHamu 3 JIbBiBcbKoi obacTi (P < 0.05)
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Pocnunu 3 JIbBiBCbKO1 0071.  PocnuHu 3 AHTapKTUKU

Puc. 5. BimuB Y®-ornpomMiHeHHsI Ha BMicT (hJJaBOHOINIB Y
naroHax Moxy Bryum caespiticium 3 AHTapKTUKM Ta JIbBiB-
CbKOi 001. (a, 6 — pi3HULISI CTATUCTUYHO TOCTOBipHa (PiBEHb
3HauyocTi P < 0.05) MopiBHSIHO i3 KOHTPOJIEM Ta 3pa3KaMu
3 JIbBiBCHKO1 0011.)

& Scherb. i Fontinalis antipyretica Hedw., y BocbMu
BuAiB ccharHoBux MoxiB 3 Hopgerii [39]. Tomy MoOX-
Ha BBaxkaTu, 1110 YP-abcopOyBaibHi (heHOTbHI CITO-
JIYKU KJIITUHHOI CTiHKH BifirpaloTh KJIHOYOBY POJIb Y
3aXUCTi KJTiTUH Bin YP-0onmpoMiHEeHHS.

ITicna Y®-onpomiHeHHS B 000X 3pa3KaX MOXY
ninpuinyBaBcst BMicT Y®O-AC, 10 CBiIuMIO MPO
IHAYKOBaHUI XapakTep amanThBHOI Bimmosimi. Ile
MOXHA OSICHUTU 0COOJIMBOCTSIMU MeTa00J1i3MYy (he-
HOJIbHUX crnioyK. Cepell (peHOJbHUX CTIIOJYK OCHO-
BHY pOJIb Y TOrMHAHHI Y®-TIpoMeHiB BUKOHYIOTh
(naBoHoinu. CaMe BOHU (DYHKITIOHYIOTb Y POCIMH-
HUX KJITHMHaX K iHgyunoenbHi mporekropu [10].
[Tpo 1ie cBimuaTh 3HaYHi 3MiHU BMicTy (hJIaBOHOIIiB
Yy pociWHaX B yMOBax MiABHUIIEHUX PiBHIB O30HY
abo yawerpadionety. Binomo, mo Y®-onpomiHeHHS
aKTMBYE CHUHTe3 (peHijajaHiHy Ta iHOyKYe IIBUIKE
i CKOOpAMHOBaHE IIiABUILEHHS aKTUBHOCTI ep-
MEHTIB (beHIIMPONAaHOITHOIO NUISIXYy OiOCHHTE3Y,
IO CIIPHUSIE YTBOPEHHIO «COHIIE3aXMCHOIO IIUTa» 3
(maBoHOINIB [16]. AHaIi3yI09M BMICT (DJIABOHOIMIB,
BUSBJIEHO B 1.2 pa3a OunbLIMIA IXHIill BMICT y poc-
JIMHAX 3 AHTapKTUKU, a Y@P-ompoMiHEeHHS iHIy-
KyBaJlo IXHill CUHTE3 SIK Yy maroHax B. caespiticium 3
AHTapKTHUKM, TaK i y IMaroHax MOXY JIbBIBCbKOI I10-
nyssauii. OgHak 1j1d poCJIMH aHTapKTUYHOIO 3pa3-
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Ka BuM3Ha4yeHO B 1.7 pa3a BuIli KOHLEHTpaLliil da-
BOHOINIB TTiciiss YM®-0npoMiHEHHSI, HiXX Yy POCINH
B. caespiticium 3 JIbBiBcbKOI o0acTi (puc. 5).

DaBOHOIAN TIPEICTABIISIOTH BEJIUKY IPYITY TTOJTi-
(eHOJIbHUX CMOJIYK, J0 SIKUX HajlexXaTh (h1aBOHOIU
(KBepLeTUH, pyTUH, MOpPiH, KeMIidepoJ), (piaBoHU
(roTeostiH, amireHiH), ¢JaBaHOHU (TeCIepeTiH),
¢daBaHONMM (KaTexiH, eIliKaTeXiH) Ta aHTOLiaHU.
IIIobu BcTaHOBUTH, SIKi (PIaBOHOIAM BidirparOTh
OCHOBHY poOJb y 3axucTi Bim Y®-ompomiHeHHS,
OyJ10 IPOaHAaIi30BaHO CIIEKTPU MOIJIMHAHHS €KC-
TPakKTiB (PJIABOHOINIB y PO3UMHI XJIOPUIY aTIOMIHiIO.
SIx BUIHO Ha puc. 6, CIIEKTPH IMOTJIMHAHHS OOMIBOX
3pa3kiB B. caespiticium moniOHi. BusiBieHo Mak-
CUMYMU TOMNIMHAHHS B OisHLI A = 420...440 HM,
470 1M Ta 670 HM.

BapTo Bim3HauuTH, 110 B3a€EMOiS EKCTPaKTy
(hJIaBOHOIIB 3 XJIOPUIOM aJIIOMiHil0 TIPU3BOAUTH
10 0aTOXPOMHOIO 3MillleHHSI MaKCUMYMiB ITOTJIM-
HaHHS BUXIIHUX peareHTiB Ha 66...67 um [32]. Bpa-
XOBYIOUHU 1I€, TEePIINH MaKCUMYM CIIEKTpY MOTJIM-
HaHHSI, OYEBUIHO, BiJNOBinae haBoHOJIaM PYTUHY
Ta KBEPLIETUHY, OCKIJIbKM iXHi MKW MOTJIMHAHHS
JIeXXaTh B OIJISTHII criekTpy 356 HM Ta 370 HM Big-
MOBIIHO, a iXHiX KomIuiekciB 3 AlCl; — 422 um Ta
437 aM. BBaxkaroTh, 1110 Li (pJIABOHOJM € HANOIIbIII
e(beKTUBHUMHU BiTHOBHUKAMMU CYTIEPOKCUIHOTO pa-
nyvkaja cepel daBoHoinis [17].

Hpyruii MakCMMyM TOIJIMHAHHS MOXE Biamo-
BigaTu (JaBOHY JIIOTEOJIiHY, MJISI SIKOTO Xapak-
TepHi niku Ha A = 405...420 HM, a 3 ypaXyBaHHSIM
3MillIEHHSI KOMIUIEKCY 3 XJIOPMAOM aJIlOMiHil0 Ha
A = 470 um. IliK y 1OBroXBMJILOBIilA 001aCTi CIIeK-
TPy MOXE BiAIIOBiZaTuM aHTOLliaHAM. AHTOILiaHMU,
SIKi HAarpoMaXXyloThcsl y 6araTboX pocjauHax Mmics
Y®-onpoMiHeHHs1, ciiablie MorauHamoTs B YD-
MUISTHIII CTIEKTPY, MOPIiBHSIHO 3 (pJIaBOHOJIAMU YU
¢dJ1aBoHaAMM, Xouya MO3UTUBHY KOpPEJISilo MiX iX-
HIM 3arajilbHUM BMiCTOM i 3HMKEHHSIM UYTJIMBOCTI
1o Y®-onpoMiHEHHSI BCTAHOBJICHO y Pi3HUX J0-
CIIIXKEeHHSX [5].

BBaxaroTb, 1m0 aHTOLliaHM OEpyTh y4acTb y 3a-
XUCTi MeMOpaH TUJIaKOimiB B yMoBax Y®D-ompoMi-
HEHHSI, BUKOHYIOUM (DYHKIIIFO OMTUYHOTO (hiJIbTPY,
SIKU 3aXUIIAE eJIEKTPOH-TPAHCHOPTHUM JIaHLIIOT
Bill BUCOKOEeHepreTMYHUX KBaHTiB [15]. IxHi aHTH-
OKCUJIAHTHI BJIACTUBOCTI 3YMOBJIEHI BHCOKOIO J0-
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Puc. 6. CriekTpu IorJIMHaHHS KOMITJIEKCIB ()JIaBOHOIIB 3 XJIOPUIOM aTIOMIHIIO i3 €KCTPaKTiB POCIUH Bryum caespiticium: a —
3pa3ok 3 JIbBiBCbKOI 00.1., 6 — 3pa30ok 3 AHTapKTUKHY (K — KoHTposib, YO — micist YP-omnpoMiHeHHs)

HOPHOIO aKTUBHICTIO i 3MaTHICTIO CTa0LIi3yBaTH Ta
JIEJIOKaJIi3yBaTU HECMAapeHUU €JEKTPOH, 1110 MpH-
MUHSE JIAHIIOTOBI BiTbHOpagMKaJlbHiI peakilii [1].
ITokazaHo, 1110 KOHIIEHTpaLlil aHTOLiaHiB ITi/1 BILJIA-
BOM YJbTpadioeTy 30IbIIyBaInUCs y MaroHax 000x
3pa3KiB MOXY, OIHAK IOKa3HUKU y B. caespiticium
3 AHTapKTUKU OYyJIM BUIIMMMU SIK Y KOHTPOJI, TaK i
miciiss YP-ompoMiHeHHS, IO € CBiTYEHHSIM iXHBOTO
BUILIOTO aIallITUBHOTIO MOTeHLiany (Tad. 4).

Cunin 3BepHYTM yBary Ha MiHJIMBICTh BMICTy Ka-
POTMHOIIIB y maroHax B. caespiticium, OCKiJIbKU Y
cKJIaai (hOTOCUCTEM IIi IMIrMEHTHU He JIIIe BUKOHY-
I0Tb POJIb JOAATKOBUX CBITJIO30MPAIbHUX ITiTMEH-
TiB, a 1 3aXMIIAIOTh MOJIEKY/IU XJopodily Bia ¢o-
TOOKMCHEHHSI B YMOBaX BUCOKOI iHcojswii Ta Y-
ornpoMiHeHHs [15].

st pocnuH B. caespiticium 3 AHTapKTUKU BU-
3HAQYEHO BUIIi TTOKA3HUKW BMIiCTY KapOTHHOIIB, a
micast Y®-onpoMiHeHHs y maroHax pocjuH 3 AH-
TapKTUKKU BMICT TirMEHTIB iCTOTHO 30iJbIIyBaBCS,
MOPIBHSIHO 3 POCJIMHAMM JIbBIBCHKOI'O 3pa3Ka, 10
TaKOX € MOKAa3HMKOM HMKYOI YyTIMBOCTI aHTapK-
TUYHOTO 3pa3Ka MOXY JI0 yabTpadioseTy.

Ha mincraBi pe3yabTaTiB mpoOBeOeHMX MOCHII-
JKeHb MOXHa CTBEp/KyBaTH, IO MiABUILEHI 3a-
XUCHi (pyHKIIii ramMmeTodiTy MOXy 3 Pi3HUX JIOKaJi-
TETiB 3yMOBJIEHI KOHCTUTYTMBHUMM MEXaHi3ZMaMM
CTilIKOCTi, omHAK (haKTOpU CepedoBUILa, 30KpeMa
AHTapKTUKU, COPUSIM OiblIiK  i3ioJoTiuHii
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IUIACTUYHOCTI Ta PE3UCTEHTHOCTI B. caespiticium.
V jnoxaniterax AHTapKTUKM 3 BHUCOKMM piBHEM
Y®-onpoMiHeHHST OpiodiTh € JOMiHAHTaMM cepes
BUILMX POCJIUH 3aBASIKU aganTUBHUX Mopdodizio-
JoriuHux mpouecis [14]. TTokazaHo, 1110 B yMOBax
BUCOKOI iHCOJISIT (abMiMChKi i CyOaIbMilAChKi IMO-
SICU, TIOJISIPHI PEerioHr) MOXM MalOTh BUILI TOPOTU
YYTJIMBOCTI IO HAMIMIIKY OCBITJIE€HHS, HiX Ti, 110
POCTYTb IIPY HU3BbKMX iHTEHCUBHOCTSX cBiTiaa [30,
35]. CriiiKicTb 10 COHSIYHOTO ONPOMiHEHHS 3yMOB-

Tabauys 4. BMicT aHTOLiaHIB Ta KAPOTUHOINIB
y maroHax Bryum caespiticium 3 AHTADKTHKA
ta JIbBiBCBKOI 001acTi (MI/T CyX0i Macu)

Bwmicr aHTO-
LiaHiB, Mr/T

Bwmicr kaportu-

Bapiantu nocniny HOinB, Mr/r
s

Pocaunu 3 Jlvsiscokoi obnacmi
KoHTtpob (6e3 onpomi-

HEHHST) 2.234+0.19 0.21+0.02

VY®-orpomiHeHHS 2.914+0.22¢ 0.274£0.03
Pocaunu 3 Aumapkmuxu

KoHTtpob (6e3 onpomi-

HEHHSI) 3.87+0.42 0.28+0.01

V®-ornpomiHeHHS 4.56+0.26%0 | 0.36+£0.024 0

[Ilpumimka: * — pi3HULISL CTATUCTUYHO TOCTOBipHA MOPiBHSI-
HO 3 KOHTpoJieM (piBeHb 3HauymocTi P < 0.05); © — pisHuus
CTaTUCTUYHO JOCTOBipHA MOPIBHSHO i3 pocarHamu 3 JIbBiB-
cbkoi obnacti (P < 0.05)
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JIeHa sIK MOP(OJIOTIYHOIO TJIACTUYHICTIO TaMeTOdi-
Ty MOXiB, TaK i e(heKTUBHICTIO (DYHKIIIOHYBaHHSI pe-
napauiiHuX CUCTeM, 30KpeMa CUCTEM 3aXMUCTy Bil
OKHMCHIOBAJILHOI NeCTpyKIiii [27].

BuzHaueHo, 1110 aHTMOKCUIAHTHA AaKTUBHICTb
rametoity B. caespiticium 3 AHTapKTUKW BUIIA,
HIX JUTS JIbBIBCHKOT MOIMyJisiiii Moxy. Ilim BrimBoM
Y®-onpoMmiHeHHs piBeHb AHTUOKCHMIAHTHOI aK-
TMBHOCTI TOIYJISILIi MOXY 3 AHTapKTUKU ITiIBUIILY-
BaBCsl iCTOTHiIE, IO CBIIYUTH MpO e(heKTUBHIILIL
3axXMCHI MeXaHi3MHM, ITOB’S13aHi 3 BUILMM ITyJIOM aH-
TnoKcumaHTiB. OmHaK i 111 pociauH B. caespiticium
i3 JIbBiBCbKOi 00J1aCTi BlaCTUBE 30iIbIIEHHS aHTU-
OKCHUIAHTHOI aKTUBHOCTI Miciiss Y®-omnpoMiHeHHS,
a OTKe, M CTUMYJISILIiSI 3aXUCHUX MEXaHi3MiB.

XapaKTepHOI OCOOJIMBICTIO MOXiB € BUCOKUI
BMiCT (h€HOJILHUX CIOJYK, SIKi MalOTh BU3HAYaJIbHE
3Ha4YEHHS [J11 (hDOPMYBAHHSI CTPECOCTIMKOCTI poc-
JuH [18]. 3abapBieHHs KJIITUMHHMUX CTIHOK KayJio-
HEMHMX CTOJIOHIB Ta MAaroHiB JOCiIXyBaHUX BUIIB
MOXIB Y Y€pBOHO-KOPUYHEBUI KOJip 31e0LIbIIOro
3yMOBJIeHEe (PEHOJbHUMMU CIOJyKaMu, SIKi eKpaHy-
FOTh XXMTTEBO BAXKJIMBI KJIITUHHI CTPYKTYPH BiJ MO-
LIKOXEeHb, MaIOTh (POTO3aXUCHY Ai0, MiABUIIYIOUYN
Yy TaKMii CIOCiO CTIMKICTb pOCIMH A0 yabTpadioe-
Ty. BaXJIMBUMU KOMIOHEHTaAaMU aHTUOKCUIAHTHOL
CUCTEMU 3aXHUCTy MOXiB € pjlaBoHOIAM. binbimii
BMICT (p1aBOHOIAIB Y 3pa3kax MOXy B. caespiticium
3 AHTapKTUKH, TMOPIBHSIHO 3 POCIMHAMM CEepPeIHIiX
LIMPOT, CBITYUTD MPO iXHIO BaXKJIMBY y4acTb Y CUC-
TeMax 3aXMCTy Ta XUTTEMISIIBHOCTI POCIUH Y CTpe-
COBUX YMOBax Y®-ommpoMiHeHHS.

Pe3ynbraTtvl 1OCIiIKEHb CBiTYaTh PO MiABUILIEHY
CTIMKiCTh MOXiB 3 AHTApKTUKU 10 YP-0orpoMiHeH-
Hl, sKa (popmyBajiacs y mpoleci TpuBajoi afanTalii
POCJIMH 10 €KCTpeMaJbHUX YMOB i 3a0€3Me4y€eThCs
BUCOKHMM pPiBHEM aHTUOKCHUIAHTHOI aKTMBHOCTI Ta
HarpoMakeHHsIM Y®-abcopOyBallbHUX (DEHOIb-
HUX CITOJTYK.
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BUCHOBKMN

31aTHICTh MOXIB 10 MPOSIBY I'paBiMOP(dO3iB pO3BU-
HyJ1acs MiJ BILIMBOM KPUTUYHUX YMOB ITPUPOJHOTO
cepefoBUIlla AHTAPKTUKU YHACTIIOK 3MiH MOpdo-
(¢izioIoriyHMX MPOLECIiB i cTajga MmepeayMOBOIO iX-
HBOI XXUTTE3IATHOCTI, MOIIUPEHHS Ta JOMiHyBaHHS
Y perTioHi.

KopoTtkoTrpuBaje oCBiTJIeHHSI YepPBOHUM i CUHIM
CBITJIOM TPaBiCTUMYJTLOBAHOI Y TEMPSIBi MPOTOHEMU
Bryum caespiticium iHililOBaJO YTBOPEHHSI rpaBi/
¢doroMopdo3iB YHACTIMOK aKTMBallil Traay>KeHHs
KJIITUH TPOTOHEMM Ta MOJSIpU3alliiiHOi Mil rpaBi-
Tallii y npoiecax opMyBaHHS KyTa IpaBiTPOMHOTO
3rMHY Ta pO3BUTKY OPYHBOK ramMeTo(OpiB.

VinbrpadioneroBe ONpPOMiHEHHS aKTUBYBAJIO
cuaTe3 Y®-abcopOyBambHUX (DEHOJBHMX CITOIYK
y rameToiTHill AepHUHI MOXY Bryum caespiticium.
Bwmict Y®-abcopOyBaibHUX CITOJIYK, 3B’SI3aHUX 3
KJTIITUHHOIO CTiHKOIO, OYB ICTOTHO OWTBIIIMM, HiX
PO3YMHHUX (BaKyOJSIpHUX) (DEHOJBHUX CHOJYK Yy
3pa3Kax Moxy 3 AHTapKTUKHU i JIbBiBCbKOI 00J1acCTi,
1110 BKa3y€ Ha IXHIO CIieuM(ivyHy poJjib Y 3aXUCTi KJTi-
THH Bif Y®-0onpoMiHEeHHSI.

Ha mincraBi aHani3y cieKTpiB ITOMIMHAHHS (hj1a-
BOHOIMIB pOCIUH Bryum caespiticium 3 AHTapKTU-
k1 Ta JIbBiBCbKOI 00JacTi BU3HAYeHi (PIaBOHOIU
PYTMH Ta KBapuUeTHUH i (iaBOH JIOTEONiH, sIKi 3a-
Oe3reuyioTh e(PeKTUBHUI 3aXMCT KJITUH Big Y-
ONPOMiHEHHSI.

TTinBuIIeHHS KOHLICHTpAIllii aHTOIiaHiB i KApOTH -
HoiniB micist Y®D-ornpoMiHeHHS TIaroHiB B. caespiti-
cium 3 AHTapKTUKHU CBiIUUTD PO 3aXUCHY (PYHKIIIIO
MIrMEHTIB Bix yabTpadioIeTOBOTO ITOIIKOIKESHHSI.

Pobomy surxonano y pamkax Llinboeoi komnaexcHoi
npoepamu HAH Ykpainu 3 naykosux kocmiunux docai-
Odxcenv Ha 2018— 2022 pp.

Aeémopu eucaoearwioms nOOAKY yuacHukam 24-i
Ykpaincoxoi anmapkmuunoi excneduyii 2019 p. 3a
30ip bpionoeiunoeo mamepiany.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2021. T. 27. No 5



Mopdgpoghizionoeiuni peaxuyii epasivymausocmi ma adanmauii 0o YD-onpominenns moxy Bryum caespiticium Hedw. 3 Aumapkmuru

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ahmad P, Jaleel C. A., Salem M. A., Nabi G., Sharma S. (2010). Roles of enzymatic and nonenzymatic antioxidants in
plants during abiotic stress. Crit. Revs Biotechnology, 30, Ne 3, 161—175. DOI: 10.3109/07388550903524243 [in English].
Anahita A., Asmah R., Fauziah O. (2015). Evaluation of total phenolic content, total antioxidant activity, and antioxi-
dant vitamin composition of pomegranate seed and juice. /nt. Food Res. J., 22, 1212—1217. https://doi.org/10.4172/2327-
5146.1000164 [in English].

. Arnon D. (1949). Copper enzymes isolated chloroplasts, polyphenoloxidase in Betula vulgaris. Plant Physiology, 194, Ne 24,

1—15 [in English].

. Bjorn L. O., Callaghan T. V., Gehrke C. (1998). The problem of ozone depletion in northern Europe. Ambio, 27, 275—279

[in English].

. Bobo-Garcha G., Davidov-Pardo G., Arroqui,C. (2015). Intra-laboratory validation of microplate methods for total phe-

nolic content and antioxidant activity on polyphenolic extracts, and comparison with conventional spectrophotometric
methods. J. Sci. Food Agric., 95, Ne 1, 204—209. DOI: 10.1002/jsfa.6706 [in English].

. Brand-Williams W., Cuvelier M. E., Berset C. (1995). Use of a free radical method to evaluate antioxidant activity. LWT —

Food Science and Technology, 28, Ne 1, 25—30. https://doi.org/10.1016/S0023-6438(95)80008-5 [in English].

. Clarke L. J., Robinson S. A. (2008). Cell wall-bound ultraviolet-screening compounds explain the high ultraviolet tol-

erance of the Antarctic moss, Ceratodon purpureus. New Phytologist, 179, 776—783. https://doi.org/10.1111/j.1469-
8137.2008.02499.x [in English].

. Cruz de Carvalho R., Catala M., Branquinho C., Marques da Silva J., Barreno E. (2017). Dehydration rate determines

the degree of membrane damage and desiccation tolerance in bryophytes. Physiol. plant., 159, No 3. 277—289. https://doi.
org/10.1111/ppl.12511 [in English].

. Demkiv O. T., Khorkavtsiv Y. D., Kyyak N. Y., Kit N. A. (2005). Influence of gravity on photomorphogenesis of protonema

Pottia intermedia (Turn.) Furnr., Pottiales. Ukr. bot. J., 62, Ne 3, 329—337 [in Ukrainian].

Dmytriiev O. P. Poliakovskyi S. O. (2007). UV-B radiation and plants. Bull. Kharkiv Nat. Agrarian Univ. Biology ser., 1, No
10, 7—23. [in Ukrainian].

Dey A., De J. N. (2012). Antioxidative potential of bryophytes: Stress tolerance and commercial perspectives: A Review.
Pharmacologia, 3, 151—159. DOI: 10.5567 /pharmacologia.2012.151.159 [in English].

Dixon R. A., Paiva N. L. (1995). Stress-Induced Phenylpropanoid Metabolism. Plant Cell., 7, 1085—1097 [in English].
Fabon G., Monforte L., Tomas-Las-Heras R, Nicez-Olivera E, Martinez-Abaigar J. (2012). Dynamic response of UV-
absorbing compounds, quantum yield and the xanthophyll cycle to diel changes in UV-B and photosynthetic radiations in
an aquatic liverwort. J. Plant Physiology, 169, 20—26. DOI: 10.1016/j.jplph.2011.08.010 [in English].

Glime J. M. (2006). Bryophyte ecology. Vol. 1. Physiological ecology. URL: https://digitalcommons.mtu.edu/bryophyte-
ecology/ (Last accessed 15.06.2021) [in English].

Hollozy E (2002). Effects of ultraviolet radiation on plant cells. Micron., 33, 179—197. DOI: 10.1016/s0968-4328(01)00011-
7 [in English].

Igbal Z., Javed M., Gull S., Mahmood M. H.-R., Hai Z. (2019). Total phenolic contents of two varieties of Crocus sativus and
their antioxidant activity. Int. J. Biosciences, 14, Ne 3, 128—132. http://dx.doi.org/10.12692/ijb/14.3.128-132 [in English].
Jansen M. A. K., Urban O. (2019). Plant Responses to UV-B Radiation. New York: John Wiley & Sons. https://doi.
org/10.1002/9780470015902.a0027966 [in English].

Jovanovic S. V. (1994). Flavonoids as antioxidants. J. Amer. Chem. Soc., 116, Ne 11, 4846—4851. https://doi.org/10.1021/
ja00090a032 [in English].

Khorkavtsiv Y. D., Kordyum E. L., Lobachevska O. V., Kyyak N. Y., Kit N. A. (2015). Branching of Ceratodon purpureus
protonemata effected under altered gravity conditions. Ukr. bot. J., 72, Ne 6, 588—595. DOI: http://dx.doi.org/10.15407/
ukrbotj72.06.588 [in Ukrainian].

Kordyum E., Borisova T., Krisanova N., Pozdnyakova N., Shevchenko G., Kozeko L., Romanchuk S., Lobachevska O.,
Charkavtsiv Ya., Kyyak N., Zaimenko N., Ivanytska B., Brykov V., Mischenko L. (2021). Space biology: results and pros-
pects. Space Res. in Ukraine. 2018—2020. Kyiv: Akademperiodyka [in English].

Kordyum E., Hasenstein K. (2021). Plant biology for space exploration — Building on the past, preparing for the future. Life
Sci. Space Res., 29, 1—7. https://doi.org/10.1016/j.1ss1.2021.01.003 [in English].

Kyyak N. Y., KhorkavtsivY. D. (2016). Estimation of the oxidative stress in moss Pohlia nutans (Hedw.) Lindb. depending on
the influence of gravity. Space Sci. and Technol., 22, Ne 4, 58—66. https://doi.org/10.15407 /knit2016.04.058 [in Ukrainian].
Kyyak N. Y., Lobachevska O. V., Rabyk I. V., Kyyak V. H. (2020). Role of the bryophytes in substrate revitalization on a
post-technogenic salinized territory. Biosystems Diversity, 28, Ne 4, 419—425. DOI: https://doi.org/10.15421/012054 [in
English].

ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2021. T. 27. Ne' 5 57



H. 4. Kusk, O. B. Jlobauescvka, 4. /. Xopkasuyie

24. Lobachevska O., Kyjak N., Khorkavtsiv O., Dovgalyuk A., Kit N., Klyuchivska O., Cove D. (2005). Influence of metabolic
stress on the inheritance of cell determination in the moss. Pottia intermedia. Cell Biology Int., 29, Ne 3, 181—186. https://
doi.org/10.1016/j.cellbi.2005.02.001 [in English].

25. Lobachevska O. V., Kyyak N. Y., Kordyum E. L., Khorkavtsiv Y. D. (2021). The role of gravimorphoses in moss adaptation
to extreme environment. Ukr. Bot. J., 78, Ne 1, 69—79. https://doi.org/10.15407 /ukrbotj78.01.069 [in English].

26. Lobachevska O. V., Kyyak N. Y., Rabyk I. V. (2019). Ecological and physiological peculiarities of bryophytes on a post-
technogenic salinized territory. Biosystems Diversity, 27, Ne 4, 342—348. https://doi.org/10.15421/011945 [in English].

27. Medina R., Liu Y., Li-Song W., Shuiliang G., Hylander K., Goffinet B. (2015). DNA based revised geographic circumscrip-
tion of species of Physcomitrella (Funariaceae): P. patens new to East Asia and P. magdalenae new to East Africa. Bryologist,
118, Ne 1, 22—31. http://dx.doi.org/10.1639/0007-2745-118.1.022 [in English].

28. Michalak A. (2010). Phenolic Compounds and Their Antioxidant Activity in Plants Growing under Heavy Metal Stress.
Polish J. Environmental Studies, 15, 523—530 [in English].

29. Newsham K. K. (2010). The biology and ecology of the liverwort Cephaloziella varians in Antarctica. Antarct. Sci., 22,
131—43. DOI: 10.1017/S0954102009990630 [in English].

30. Newsham K. K., Robinson S. A. (2009). Responses of plants in Polar Regions to UV-B exposure: a meta-analysis. Global
Change Biology, 15, Ne 11, 2574—2589. https://doi.org/10.1111/j.1365-2486.2009.01944 x [in English].

31. Nikolaichuk V. 1., Belchhazi V. Y., Bilyk P. P. (2000). Special workshop on plant physiology and biochemistry. Uzhhorod [in
Ukrainian].

32. Pekal A., Pyrzynska K. (2014). Evaluation of aluminium complexation reaction for flavonoid content assay. Food Analytical
Methods, 7, 1776—1782. https://doi.org/10.1007/s12161-014-9814-x [in English].

33. Pizarro M., Rodrigo A., Contreras H., Kéhler G., Zufiiga E. (2019). Desiccation tolerance in the Antarctic moss Sanionia
uncinata. Biological Res., 52, No 46, 1—11. https://doi.org/10.1186/s40659-019-0251-6 [in English].

34. Robinson S. A., Wasley J., Tobin A. K. (2003). Living on the edge — plants and global change in continental and maritime
Antarctica. Global Change Biology, 9, Ne 12, 1681—1717. http://dx.doi.org/10.1046/j.1365-2486.2003.00693.x [in English].

35. Robinson S. A., Waterman M. J. (2014). Sunsafe bryophytes: Photoprotection from excess and damaging solar radiation.
Photosynthesis in Bryophytes and Early Land Plants. Advances in Photosynthesis and Respiration (Including Bioenergy and Re-
lated Processes). Eds D. Hanson, S. Rice. Dordrecht: Springer. https://doi.org/10.1007/978-94-007-6988-5 7 [in English].

36. Schnitzler J. P, Jungblut T. P., Heller W., Koerlein M., Hutzler P., Heinzmann U., Schmelzer E., Ernst D., Langebartels
C., Sandermann H. (1996). Tissue localization of UV-B-screening pigments and of chalcone synthase mRNA in needles of
Scots pine seedlings. New Phytol., 132, 247—258. [in English].

37. Semerdjieva S. 1., Phoenix G. K., Hares D., Gwynn J. D., Callaghan T. V., Sheeld E. (2003). Surface morphology, leaf and
cuticle thickness of four dwarf shrubs from a subArctic heath following long-term exposure to enhanced levels of UV-B.
Physiol. plant., 117, 289—294 [in English].

38. Smith R. I. (2005). The bryophyte flora of geothermal habitats on Deception Island, Antarctica. J. Hattori Botanical Labora-
tory, 46, 233—248 [in English].

39. Soriano G., Fabon G., Monforte L., Séneca A., S0derstrom L., Martinez-Abaigar J., NUfiez-Olivera E. (2013). Ultraviolet
absorption capacity of sphagnum species from norwegian peatlands. Boletin de la Sociedad Espafiola de Briologia, 40, 1—10.
URL: https://www.researchgate.net/publication/259460785 [in English].

40. Sroka Z. (2005). Antioxidative and antiradical properties of plant phenolics. J. Biosciences, 60, 833—843. DOI: https://doi.
org/10.1515/znc-2005-11-1204 [in English].

41. Stark L. R. (2017). Ecology of desiccation tolerance in bryophytes: A conceptual framework and methodology. 7he Bryolo-
gist. 120, No 2, 130—165. https://doi.org/10.1639/0007-2745-120.2.130 [in English].

42. Zabel P., Bamsey M., Schubert D., Tajmar M. (2016). Review and analysis of over 40 years of space plant growth systems.
Life Sci. Space Res., 10, 1—16. DOI: 10.1016/j.1ss1.2016.06.004 [in English].

43. Zhao J., Dixon, R. A. (2013). MATE transporters facilitate vacuolar uptake of epicatechin 3'-O-glucoside for proanthocy-
anidin biosynthesis in Medicago truncatula and Arabidopsis. Plant Cell., 21, 2323—2340. DOI: 10.1105/tpc.109.067819 [in
English].

Cmamms naditiwna 0o pedakuii 15.06.2021 Received 15.06.2021
Iicas doonpaurosanus 15.06.2021 Revised 15.06.2021
Ilpuiinamo do dpyky 30.08.2021 Accepted 30.08.2021

58 ISSN 1561-8889. Kocmiuna nayka i mexwnonoeia. 2021. T. 27. Ne 5



Mopdgpoghizionoeiuni peaxuyii epasivymausocmi ma adanmauii 0o YD-onpominenns moxy Bryum caespiticium Hedw. 3 Aumapkmuru

N. Kyyak, Senior Researcher, Cand. Sci. in Biol.

E-mail: kyyak n@i.ua

0. Lobachevska, Head of Department, Senior Researcher, Cand. Sci. in Biol.
Y. Khorkavtsiv, Senior Researcher, Cand. Sci. in Biol.

Institute of Ecology of the Carpathian of National Academy of Sciences of Ukraine
4, Kozelnytska Str., Lviv, 79026 Ukraine

MORPHO-PHYSIOLOGICAL REACTIONS OF GRAVISENSITIVITY AND ADAPTATION
TO UV IRRADIATION OF THE MOSSBRYUM CAESPITICIUM HEDW. FROM ANTARCTICA

The adaptive physiological reactions of the moss Bryum caespiticium Hedw. from Antarctica to the influence of UV radiation
and gravimorphoses as a factor of adaptive plasticity, associated with environmental conditions, were studied. As a control,
B. caespiticium plants were collected in the Nature Reserve “Roztochchia” (Lviv region). In investigations,we used a sterile
laboratory culture of mosses grown under controlled conditions in a phytotron. Moss shoots were irradiated with UV rays gener-
ated by an ultraviolet lamp OSRAM with an intensity of 4 kW/m?, which caused 50 % inhibition of plant regeneration (EDsy).
Physiological parameters were determined 24 h after exposure to UV radiation.

The influence of gravity on the morphological form of B. caespiticium gametophyte turf and the interaction of light and
gravity in gravi-/phototropism as a manifestation of gravimorphoses adaptability were analyzed. One of the objectiveswas to
investigate the formation of gravimorphoses as a result of the initiation of cells’ branching processes and the formation of game-
tophore buds and to evaluatetheir role in the life cycle of B. caespiticium under extreme conditions. For this, we determined the
branching coefficient of the gravitropic protonema, the inclination angle of the branches and the buds’ development depending
on the interaction of photo- and gravitropism, under the influence of red and blue light, and the effect of UV on gravisensitivity.

The influence of physiologically active red and blue light on the branching activity and bud formation on the gravitropic
protonema of the Antarctic moss B. caespiticium was investigated. It was found that red light mainly inhibited graviperception
and gravitropic growth of protonemata cells, resulting in a change of the response to gravity, but initiated high branching activity
and, accordingly, another morphological form of turf. After the influence of the blue light, intensive bud formation and gameto-
phore development were observed. Thus, gravitation promoted morphological variability and changes in the functional activity
of cells at the juvenile stage of the protonemata development, which is important for the survival of the moss under extreme en-
vironmental conditions. After UV irradiation the gravisensitivity of the B. caespiticium protonemata decreased. However, due to
the resistance of the moss sample from Antarctica to the prolonged influence of UV rays, gravitropic growth was not completely
blocked, as in plants from the Lviv region.

The effect of the ultraviolet irradiation on the antioxidant activity, the content of soluble (vacuolar) and cell wall-bound
fractions of UV-absorbing phenolic components, flavonoids content and their absorption spectra, as well as the amount of
carotenoids and anthocyanins in B. caespiticium shoots, were determined. It was established that B. caespiticium plants from
Antarctica have 1.5 times higher antioxidant activity compared to plants from the Lviv region, which confirms the high level of
protection against oxidative damage. UV irradiation activates the synthesis of UV-absorbing phenolic compounds in mosses.
The shoots of B. caespiticium from Antarctica defined a higher content of phenols compared to samples from the Lviv region
and their significant increase under the influence of UV radiation. The content of UV-absorbing compounds bound with the
cell wall was higher than the concentration of soluble phenolic compounds, both in plants from Antarctica and in samples from
the Lviv region, which indicates their participation in the mechanisms of cells protection from UV radiation. It was shown that
the influence of UV irradiation induced an increase of flavonoids’ content in the shoots of both samples of B. caespiticium, but
for plants from Antarctica, the concentration of flavonoids after stress was 1.7 times higher than in plants from theLviv region.
The absorption spectra of flavonoids revealed flavonolsrutin and quercetin and flavoneluteolin in both samples of B. caespiti-
cium, which provide effective cells absorption of UV rays. The higher content of anthocyanins and carotenoids in moss shoots
from Antarctica both in the control sample and after the exposure to UV radiation promotesthe protection against damage and
formation of the adaptive potential.

Keywords: gravi-dependent growth reactions, UV irradiation, phenols, flavonoids, antioxidant activity, mosses, Antarctica.
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JTMHAMIYHA BTPATA CTIITKOCTI
CKJIATEHOT HAHOKOMITO3UTHOT OBOJIOHKH

Jlocaioxnceno inbHi KOAUBAHHS MA OUHAMIMHY 8mpamy CMIUKocmi QYHKUIOHAAbHO-epadieHMHOI KOMNO3ZUMHOI CKAAOeHOI KOHIUHO-
UunindpuuHoi 060A0HKU 3 Mamepiany, NOCUACHO20 @yeaeye8UMU HAHOMPYOKamu, y HaA036YK08oMY 2a3080Mmy nomouyi. Pozeasnymo
HAHOKOMNO3UMHI Mamepianu 3 AiHIHUM PO3N00iNoM 00 EMHOI vacmKu HaHOMPYOOK no MoGuiuHi. /s OyiHKU MeXaHIYHUX XapakK-
mepucmux HaHOKOMNO3UMY 3aCMOCOBAHO po3uiupere npasuno 3miuysanus. /s modeaioanns degopmysants 00010HKU GUKO-
pUCmano meopiro deopmauiil 3cy8y 8UcoK02o nopsaoky. /i ompumants piHAHb pyXy KOHCMPYKYIi 3acmoco8ano Memoo 3a0aHux
hopm ma memoo Peness — Pimua. Jlns ananizy Ounamixu ckaadenoi 00040HKU 3aNPONOHOEAHO SUKOPUCMOBYSamuU OA3UCHI (DYHKUYIT,
AKI A8MOMAmMU4Ho 3a00804bHAI0Mb YMOBU HeNnepepeHOCmi nepemiujerb Ha CMUKY YUAiHOpuYHoi ma KoHiuHoi 00040HoK. Jlns mode-
NH0BAHHS 8NAUBY HAO38YK0B020 24306020 NOMOKY HA 000A0HKY 8UKOPUCAHO NOPUIHE8Y Meopito.

Po3zeasanymo npukaad ananizy OUHamiKu HAHOKOMNO3UMHOI KOHIYHO-UUATHOPUYHOT 000A0HKU Nid Oi€t0 HA038YK0B020 NOMOKY.
Pesyavmamu ananizy ii enacnux koausans memodom Peaes — Pimya demoncmpyrome 6ucoky 30idcHicmy 3 1aCHUMU Yacmoma-
MU 06010HKU, OMPUMAHUMU MeMOOOM CKIHYeHHUX eaemenmis. [Ipu ybomy memood CKiHHeHHUX eneMeHmi8 MOJICHA 3acmOoco8y8amu
auue 00 000A0HOK 3 Mamepiany 3 NOCMIUHUM PO3N0JIAOM HAHOMPYOOK NO MOBWUHI. JI0CAIONCEHO 3aNeHCHICIb 8AACHUX YACMOM
KOAUBAHb CKAAO0eHOI 00040HKU 610 Cnig8IOHOUICHHS 008ICUHU KOHIMHOT ma uuaiHOpuyHoi uacmuH. Jlocaioxncero 3aredcHicms Kpu-
MU4UH020 MUCKY HAO038YK08020 NOMOKY 8i0 uucea Maxa ma eudy apmysanns gyeneuegumu Hanompyoxamu. O6010HKU 3 KOHUeH-
mpayiero HaHOMpYOOK nepea’cHo NoOAU3Y 308HIUHBOI MA BHYMPIUHBOI NOBEPXOHb XAPAKMEPUZVIOMbCS OILAbUUMU 3HAYEHHIMU
GAACHUX YACMOM MA KPUMUHHO20 MUCKY, HiJC 000N0HKU 3 PIBHOMIPHUM PO3n00inom HaHompyboK abo maki, 8 AKUX MaKcumanbHa
KOHUeHmpauyis HaHompy00K docsaeaemucs cepeduri 000A0HKU.

Karouogi caosa: nanokomnosum, ounamiyna empama cmiiikocmi, ckaadena 00010HKa, PYHKUIOHANbHO-CpAdiEHMHUL Mamepian,
BINbHI KOAUBAHHS, 8YeNeuedi HAHOMPYOKU.

BCTYII (BHT). Ockinbku MexaHiuHi xapakrepuctuku BHT

BUIIIi 32 XapaKTepUCTUKM CTajli Ha KiIbKa MOPSIKIiB,
CrpiMKMi1 Tporpec TEXHOJOTIM Ta HayKW MPU3BIB | BOHM € BOAJIUM BUOOPOM [JISI apDMYBaHHSI KOMITO3H-
JI0 TIOSIBU HOBUX (DyHKIIOHATbHO-TPAaAiEHTHUX Ma- | Ty. KoHcTpyKiil 3 HaHOapMOBaHUX (HAHOKOMIIO-
TepiajiB, MOCUJIEHUX BYIJIELIEBUMU HAHOTPYOKAMHU | 3UTHMX) MaTepiajliB € JISTKUMU Ta MIiLTHUMU, TOMY

HuryBanns: Caxuo H. I, ABpamos K. B., Ycnencobkuii b. B. /InHamiuHa BTpaTa CTiKOCTI CKJIaJeHOT HAHOKOMITO3UTHOI
ob6ooHku. Kocmiuna nayxa i mexnonoeis. 2021.27, Ne 5 (132). C. 60—70. https://doi.org/10.15407/knit2021.05.060
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Taki Marepiajiy € MepCcrneKTUBHUMU i1 aepoKOC-
MiYHOi, eHepreTUYHOI, MAaIIMHOOYIiBHOI raay3eid.

[TpobGieMi OIIHKM MEXaHIYHUX XapaKTePUCTUK
HaHOApPMOBAHUX MaTepialliB MPUCBSIUYEHO HU3KY
JIocHigxXeHb. Y po0oTi [15] mociigxeHo MexaHiuHi
XapaKTepPUCTUKN HAHOKOMITO3UTIB METOIOM CKiH-
YeHHUX eJeMeHTIB. [yisi mepeBipku pe3yJbraTiB
BUKOPUCTAHO DPO3LIMPEHE MPABUJIO 3MilllyBaHHS.
V pobGorti [21] moOynoBaHO MoOIelb €KBiBaJIeHT-
HOTO KOHTHHYYMY, B sIKili Me€XaHiuHi BJIaCTUBOCTI
OLIIHIOIOThCS 3a JOIMOMOTOI CUJIOBUX KOHCTaHT,
1110 OTTUCYIOTh MiXKaTOMHIi B3a€EMO/Ii1 Y MOJEKYJISIP-
Hili Momeni. ¥ po6oTi [25] obunciaeHo edeKTUBHI
MNpPYXHi BJIaCTUBOCTI HAaHOTPYOOK 3a JIOIMOMOIOIO0
MeToniB MikpoMexaHiku. Lli BmacTMBOCTI BUKO-
puctaHo y metoni Mopi — TaHaka mist 00YMCIeH-
Hs1 e(eKTUBHMUX TPYXKHUX BJIACTUBOCTEH HaHO-
KOMITIO3UTY.

JnHaMiky HAaHOKOMITO3UTHUX LUJiHIPIB, apMO-
BaHux BHT, mia BIiMBoM ynapHOro HaBaHTaXKeHHSI
po3riIsiHyTO B poOoTi [20], TIpoBeneHO aHai3 Bijlb-
HUX KOJIMBaHb Ta MOIIUPEHHS XBUIb Y KOHCTPYKIIi.
CraTtuky Ta AMHAMIKy UWITHIPUYHUX OOOJIOHOK 3
HaHOApMOBAHOI'O MaTepiajly pO3IVISIHYTO B poOOTi
[29]. AHani3 JiHIMHMX KOJKMBaHb HaHOAPMOBAHUX
IUIACTUH HaBeaeHO y poOoti [11]. BiabHi koau-
BaHHSI IIOJIOTMX OOOJIOHOK ITOABIMiHOI KPWBU3HU 3
(byHKIIOHAJIBHO I'PaiEHTHOIO KOMITO3UTY 3 BKJIIO-
YeHHSIMU IrpaeHOBUX HAHOTUIACTUHOK PO3IJISIHYTO
B IociKeHHi [28]. MaTteMaTuyHy MoJie/ib IapHip-
HO OMEpPTOl MOJ0roi 000JOHKM MOABIMHOI KPUBU3-
HU NMoOyI0BaHO 3a JOMOMOIO0 MPUHLMNY [aMiib-
TOHAa Ta Teopil 3CYyBYy BUCOKOTO ITOPSIIKY.

Cepito poOIT IMPUCBSIYEHO aHali3y IMHAMIYHOI
BTpaTU CTIMKOCTI HAHOKOMIIO3UTHHUX OOOJIOHOK
B HaA3BYKOBOMY TrazoBoMy mnotowi. Ili 3amadi €
BaXKJIMBUMU JIJIS1 Tally3i aepOKOCMIUHOI TE€XHiKHU, B
SIKiil TIpOOJIEMY CTBOPEHHSI JIETKUX Ta MIITHUX KOH-
CTPYKIIil € HaI3BUYAlHO aKTyaJbHUMM. Y poOOTi
[14] mocnmigkeHO BTpaTy CTiMKOCTI (DyHKIIIOHAJb-
HO-TPadi€eHTHOI MaHeJli, MPOBeIeHO aHasi3 BIJIUBY
tuny apmyBanHsg BHT Ha criiikicts. Y po6ori [16]
BUKOPUCTAHO METOJ CKiHUYEHHUX €JEeMEHTIB s
aHaJIi3y CTIMKOCTi Ta BiUIbHMX KOJMBaHb (PYHKIIIO-
HaJIbHO-TPAJiEHTHUX HAHOKOMITO3UTHUX TaHese.
bararo mocmimkeHb NMpUCBAYEHO aHai3y (uiaTepa
HAHOKOMIIO3UTHUX OOOJIOHOK y B3a€EMOJil 3 Haj-
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3BYKOBUM TIOTOKOM [7]. JIsT onucy AMHAMiKM Ta-
KMX KOHCTPYKIIili 3aCTOCOBYIOTHCSI TEOpii 3CyBY
BUCOKOT0 nopsiaky. diarep HAHOKOMIIO3UTHUX LU -
JIIHAPUYHUX O0OJOHOK PO3IsSHYTO B poboti [30].
VY pob6ori [2] mocaimkeHo duatep ¢GpyHKIIIOHATBHO
IrpPaliEHTHUX HAHOKOMIIO3UTHUX O0ajloK, ITaHesIei,
HWIHAPUYHUX Ta KOHIYHUX OOOJIOHOK. Y po0oTi
[4] 3amporioHOBaHO MeTOJ aHaJli3y (iaTepa HaHO-
KOMMNO3UTHUX LUIIHAPUIHUX 000JTOHOK.

CkiameHi 00OJIOHKM 4YacTO 3aCTOCOBYIOThCSI B
AepPOKOCMIiUHii TeXHilli Ta MalTMHOOYayBaHHi. Tomy
MOJICJIIOBAaHHIO TMOBEAIHKM TaKUX KOHCTPYKIIiKA
MPUCBSIYEHO HU3KY JOCTiIKeHb. ¥ poboTi [9] omu-
CaHO €KCIepUMEHTaJbHE OCIIIKEHHS BiIbHUX
KOJIMBaHb CKJIAJIEHOI KOHIYHO-MJIIHAPUIHOI 000-
JoHku. KosmBaHHS cKJIaJeHOI 000JOHKOBOI KOH-
CTPYKIil MOCITIIKEHO METOAOM CKIHYEHHUX eJie-
MeHTiB y poboTi [13]. ¥V pobGoti [10] mocmimkeHO
BiJIbHI KOJIMBaAaHHSI TOHKOCTIHHO1 KOHCTPYKIIil 3 1T -
JHHIPUYHUMU Ta KOHIYHUMHM OOOJOHKaMU. ABTO-
paMy BUKOPUCTAHO CTaTUCTUYHI pSIAW IS MOJE-
JIIOBaHHS MepeMillleHb 00ojioHKu. HamiBaHamiTuy-
HUI METOHN CKIiHYeHHUX €JIEMEHTIB BUKOPHUCTAHO
JIJIsI aHAJIi3y BiJIbHUX KOJIMBAHb CKJIaJAeHOI KOHIYHO-
LHWTIHIAPUYIHOT 000JIOHKM B poboTi [26]. ¥V pobGorTi
[5] oTpuMaHO XapaKTEpUCTUKU BiJIbHUX KOJWBaHb
KOHIYHO-LIUJIIHAPUYHOI O00JTOHKMU.

Huzxye My mpornoHyeMo HOBMIA ITiAXiA 40 aHaTi3y
BiJIbHUX KOJIMBaHb Ta IMHAMi4yHOI BTpaTH CTilAKOC-
Ti cKianeHol (YHKIiOHAJbHO-TPadi€EHTHOI HaHO-
KOMITO3UTHOI KOHIYHO-UWIIHAPUYHOI OOOJOHKU.
AHaJi3 BIIbHUX KOJMBaHb 0a3yeTbCs Ha METOMi
Peness — Pitua. Po3B’30K 3a1a4i po3LIYKY€EThCS Y
cnelianbHil GopMi, SKa TOYHO 3a40BOJIbHSIE YMOBU
HEeMNepepBHOCTI MepeMillleHb Ha CTUKY LMIiHApa Ta
KOHYyca.

JlvHaMmiyHa BTpaTa CTiHKOCTi HAHOKOMIIO3UTHOI
000JI0HKM 00yMOBJIeHA ii B3aEMOII€I0 3 HAJA3BYKO-
BUM Ta30BUM ITOTOKOM. JIJIsT JOCIIIKEHHST ITUHA-
MIYHOI BTpaTU CTiMKOCTi BUKOPUCTOBYETHCS METOM
3agaHux ¢opM. JlmHaMmika KOHCTPYKIIil po3Kiama-
€TbCS 3a BJaCHMMU (OpMaMU BUIbHUX KOJMBaHb.
[TokazaHo, 1110 AMHAMiYHA BTpaTa CTIKKOCTI BUHU-
Kae BHacJigok Oidypkauii Xodda [8] momoxkeHHs
piBHOBaru KOHCTpyKIii. [JJoCIiIxKeHO BIJIUB TUITY
HaHOApMYBaHHSI Ha XapaKTEPUCTUKM AWMHAMIUHOI
BTPaTU CTIMKOCTi CUCTEMOIO.
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ITOCTAHOBKA 3ATAYI

TA BJIACTUBOCTI MATEPIAJTY

PosrisimaeTbest ckilameHa KOHIYHO-IMJIIHAPUYHA
000JI0HKA MOCTiHOI TOBIMHU A (puc. 1) 3 dhyHK-
IiOHAJIPHO-TPATiEHTHOTO KOMIIO3UTY, apMOBAHOTO
BHT. CepenuHHa noBepxHsi 000JJOHKU Ma€ TOB’sI-
3aHy 3 HEl KPHUBOJIIHIHY CHUCTeMYy KOOpAMHAT X,
¢ (puc. 1), ne x — MOB3AOBXHSI KOOpAUHATA; ¢ —
OKpyXHa KoopauHarta. [lepneHauKynasipHO 00 ce-
PEIMHHOI TTOBEPXHi Y 30BHILIHLOMY HAIIPSIMKY PO3-
TalllOBaHO Bich 7 (7 € [—h/2, h/2]).

IMepemilieHHsI TOUOK OO0JIOHKY BBAXKAIOTHCS Ma-
JIMMM TIOPIBHSIHO 3 ii TOBIIIMHOIO, TOMY 3B 130K MiX
nedopmMallisiMu Ta repeMilleHHIMU ONUCYEThCS JIi-
HiliHOI0 Mopaeutio. OCKiIbKI 000I0HKA € (PYHKITIO-
HaJbHO-TPAJiEHTHOIO Ta KOMITO3UTHOK, BUKOPUC-
TOBYETBCS TEOPisl 3CYBY BUCOKOTO TTOPSIIAKY.

Posrnsimairotbesi HaHOapMOBaHI Martepianu, B
akux BHT po3sramoBaHO y IOB3IOBXHBOMY Ha-

Puc. 1. Ecki3 ckiiageHoi 000JJOHKOBOT KOHCTPYKILIi

Tabauysa 1. 3anexwuicts Vi (2)
JUIS1 Pi3HUX THUIIB HAHOAPMYBAHHS

Tun apmyBaHHS 06’emHa yactka BHT
UD-CNT Venil@) = Vinr
4 | z | *
FGX-CNT Ven(2) = - Venr
2|z
FGO-CNT Venr(@) = 2( —%} Vs
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MIpsIMKY OOOJIOHKM, a IXHil pO3MOIUI € JIiHIMHUM
[18]. B maniit poOOTi pO3IISIAAIOTHCS TPU TUIIU ap-
myBanHs: UD, FGX, FGO, mis KoXHOro 3 sIKMx
o6’emna yactka BHT V. {(2) 3anexurs Bix Ko-
OpAMHATHU Z 3a 3aKOHAMU, SKi HaBeJeHO y Taoi. 1.
Koncranta V) y Taban. 1 Binnosinae cymapiii
00’emHiit yactui BHT y kommo3uri.

MexaHiuHi BIaCTMBOCTI HAHOAPMOBAHOIO MaTe-
piajly MOXHa po3paxyBaTu 3a JOITOMOTOIO TIpaBuia
3MilllyBaHHsI, JOKJIAJIHO OIMCAaHOro B poOotax [4,
18]. IIpu uboMy MeXaHiYHi XapaKTEpUCTUKU MaTe-
piajly HepiBHOMipHO PO3ITOiJEHI IO TOBIIUHI 000-
JIOHKU, 110 TPU3BOAUTH O YTBOPEHHSI (DYyHKILiO-
HaJIbHO-TPaJi€EHTHOI KOHCTPYKLii. Tumm HaHOapMy-
BaHHSI 3HAYHO BIUIMBA€E HAa IMHAMIiUHi BJIACTUBOCTI
KOHCTPYKIIii.

MeTton, onucaHuii B poOOTi, JIETKO MOXHA PO3-
LIMPUTH JUIs1 aHaAJTi3y 000JOHOK 3 iHIIIMX HAHOApPMO-
BaHUX MaTepiaJiB.

HaHoKoMMO3UTHUIA MaTepiall € OpTOTPOITHUM, i
3akoH [yka Jj11 HbOTO Ma€e BUTJISI

O-xx — Qll Q12 8xx
o | | Q2 Q| &g

Oy, = G¢Z(Z)8¢z, c,, =G, (2)e,,, Oy = Gx¢(Z)8x¢,
(1)
J€ G,y » Ogps Ogs» Oyzs Oy — MO3NOBXKHE, Kpy-
TOBE HANPYXKCHHS i HAMPYXXCHHS 3CYBY; €, , €4,
€hzs Exzs Exp — BinmoBimHi necopmariii;

QH(Z)ZBExx(Z), QZZ(Z)ZBE(M)(Z) s
le(z)=u¢x(z)BExx(Z) = qu,(Z)BEd,q,(Z),

“x¢(z)E¢¢(z)
E,.(2)

E.., Epy, —monyni Oura; G, G, Gy, s Hyy —
Moy 3cyBy Ta KoediuieHnt Ilyaccona HaHoapmo-
BaHOTO MaTtepialy.

ToHKocTiHHa 000JJOHKOBAa KOHCTPYKIIisl B3aEMO-
Jli€ 3 HAJA3BYKOBUM Ta30BUM TTOTOKOM, SIKMI pyxa-
€TbCSI MapayieabHO OCi CUMMETpil KOHCTPYKIIil, BHA-
CJIITOK YOTO BUHWKAE TMHAMidyHa BTpaTa CTiKOCTI
KOHCTpYyKUii. Mozenb 1i€l B3aeMoii Oyne po3ris-
HYTO HUKYE.

b

H¢x(z) =
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MOTEHIIAJIbHA TA KIHETUYHA EHEPTII
TOHKOCTIHHOI KOHCTPYKIIIT

g mocmimKeHHsT TWHAMiKW OOOJIOHKM MiI i€
HaBaHTaXXEHHS CJIil OTpMMAaTH 3arajibHi CHiBBiIHO-
LIeHHS ii gecopmyBaHHS. Panmiyc KpuMBU3HU cepel-
MHHOI TOBEPXHi TOHKOCTIHHOI KOHCTPYKIIil B OKPYX-
HOMY HampsIMKY (puc. 1) mo3Ha4mMo R¢, a rmapamMmeTp
JIsame — A¢. Bonu 3anexaTh Big HOB3I0BXKHBOI KOOP-
IuHATHA X. JIJI9 KOHCTPYKIIil 3 OAMHAPHOIO KPUBU3-
HOIO pajliyc KpMBM3HUM Ta mapameTp JIsiMe B310BX
TBIPHOI JIiHii 1OPiBHIOIOTh R = o0, 4 = 1.
CTukyBaHHS LMJIIHAPUYHOI 000JIOHKM BinOyBa-
€TbCs IPU X = X = H ,/coso. [eomeTpuyHi napamer-

N
pu 000JIOHKY BU3HAYAIOThCS CIiBBIAHOIIEHHSIMU

xtgo x<xg, xsino x<x,
Ry = 0=
R X2 X, R X2 X,
R =0, 4 =1 ()

BignosinHO mo po6otu [1] 3B’s130K MixX medop-
MallisMUd Ta TepeMillleHHSIMU TOHKOCTiHHOI KOH-
CTPYKIIlil MAatOTh BUTJISIT

ou
€y = a;,
oy 1 1 Ouy u 8A¢+u_z’
1+2/R| A, 00 A, ox R,
8x¢:%+1+z1/1z ,iaauqf_zq) 6;C¢ » ©)
o LA b
szzaa? +%’
S‘T’Z:% 1+zl/R jaal;f_%
o LA b
_ Oy Ry (1 0u,

0z Ry+z| A, 00 R,

Hns omucy mnepeMillleHb TOHKOCTIHHOI KOH-
CTPYKIlil BAKOPUCTOBYETHCSI TEOPis 3CYBY BUCOKOTO
nopsiaky y podotax [22, 23]:

u (6,0.62)=ut+zy +2°0 +2°y,,

z
uy(x,,1,2) = 1+R_¢ v+zw¢+226¢+z3y¢, 4)

u,(x,0,t,z)=w,
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Ie u, v, w — IPOEKIIii ITepeMillieHb TOYOK CEPeaH-
HOI ITOBEPXHi Ha KOOPIMHATHI o¢i X, ¢, Z; V¥, Wy —
KyTU oOepTaHHSI HOpMaJli 10 CEpeIMHHO1 MOBEPXHi
B.LuHogHo ocei ¢ T.a X BIIMOBIAHO; 0., 7, O o> Ty — HE-
BiJIOMi BUpa3u, sIKi MOXKHa 3HAWUTHU 3 TpPAHUYHUX YMOB

0, ¢ )

ITincranoBka BupasiB (3) Ta (4) y (5) mo3BoJsIE
OTpUMATU CUCTEMY JiHIAHUX ajre0paiyHUX PiBHSIHD
BITHOCHO O, 7,, 9¢, Vs PO3B’sI3aHHSI SIKOI JO3BOJISIE
OTpPUMATH O3HAYECHI (DYHKIIIi.

ITincranoBka (4) B (3) 103BOJISIE PO3AIIUTU 3MiH-
Hi x, ¢, # Ta 7 y BUpaszax s gedopMaliiit 000J0HKH,
OTpUMAaBIIY HACTYITHi MpeaCTaBIeHHS:

_ (0) (1) 2.(2) 3.(3)
€, =8, T2 tZ€ +Z7e,,

Exz Z=thi2 02| ,—ip2 -

— (0 m ., 2.2, ,3.03)
€y = 85%) + ze% + zzsﬁf + 238%) , (6)
(0) m, 2.2, ,3.03)

€, =&, t26, +2°E+2¢€

Xz xz 2

E4p =Egr +28y) +2°60 + 2 EG)

e 852, 85;4))’ 8%, 852, 551.2’ i=0,..., 3 — mupepeH-
Lia/IbHi BUPa3H BITHOCHO U, V, W, Y, Y.

KineTnuHa eHeprisi KOHCTPYKIii OOYUCTIOEThCS
HACTYITHUM YMHOM:

L 2n 0.5h
T=05 p(2)(i2 + i +12)| 1+—— |dzddA dx.
ER R

(7)
Je p(z) — nmuToMa mMaca matepiany o0oJioHKu; L =
= H/cosa. + Hp — H- — noBXuHA TBIpHOI BCi€l
KoHcTpyKuil. [Tapamerpu H, H, oo HaBeneHO Ha
puc. 1.

[TincTaHoBKa po3KjaneHb (4) B KIHETUYHY €HEep-
rito (10) 103BoJIsSIE TPOBECTU iHTETPYBAHHSI 32 3MiH-
HOIO Z Ta TIEpeTU A0 MOABIHOTO iHTerpaay 3aMicTh

MOTpPilHOTO:
1 2n L
T:Ej [Ty 41T+ 4 R TdGAdx , (8)
00
Ae 0.5h
n= | Zplapz,
~0.5h
T, (i =0, .., 5) — kBagpaTuyHi (pOpMU BiTHOCHO
UV, W, \j/x,\j/¢.
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IToTeH1iasibHA eHEPTisi 000JIOHKU O0UUCTIOETHCS

TaKUM YMHOM:
L2r 0.5h
1

n=17 T o

xx©xx
0 0 -0.5h

+6,,€,, + Gx¢8x¢)[1 + Rinzdd)A(bdx. )]
¢

+ G¢¢8¢¢ + 0'¢ZS¢Z +

3 ypaxyBaHHsIM (1) moTeHliaJibHA €Heprisl 10piB-

HIOBAaTUME
1 L 2n 0.5h
2 2
= EI _[ J (Qllgxx + 2Q128¢¢8xx + Q228¢¢ +
0 0 —0.5h

R,
3aBasiku mpeactasieHHsaM (6) y Bupasi (10) 3miH-
HY Z MOXHA BUILIMTY Ta BAKOHATU iHTETPYBaHHS 3a

i€ 3MiHHOI0O. Bupas mjisg moTeHuiaJbHOI eHeprii
HaOyBa€ BUIISILY

+Guel, +Gpael, + Guaid))(l +inzd¢A¢dx. (10)

1 L2n g5
H:Ef j > oA dx , (11)
0 0 i=0
ne II, — kBagpaTWyHi BUpasu BIIHOCHO u, V, W,
\Vx9 \V¢
JITHIVHI KOJIMBAHHA

TOHKOCTIHHIX KOHCTPYKIIII

HocnimkeHHs1 pyXy OOOJOHKM Y B3a€EMOJii 3 ra-
30BUM TMOTOKOM IPOBaAUTHCS METONIOM 3aJaHUX
(opm. ITpu ubomy 11 pyx po3KiiagaeTbcs 3a hopMa-
MU BUJIbHUX KOJIMBaHb, TOMY iXHili aHai3 € BaXJIu-
BOIO 33/1a4€I0 TSI JOCIIKEHHS TMHAMIYHO1 BTpaT
CTiAKOCTI KOHCTPYKIIii.

s BU3HA4YEHOCTI OylneMO pO3IJsiJaTh KOHCT-
PYKIIiIO, Ky KOHCOJbHO 3aKpillJIeHO Ha KOJIi x =
= L. Touky 060s0HKM X = () OyaemMo BBaxkKaTu BiJlb-
Ho10. [paHWYHI YMOBU MpPU LILOMY MalOTh BUTJISII;

u(L, ¢, 1) =v(L, ¢, 1) =w(L, ¢, 1) =
=YL, 9, ) = y,(L, $, 1) =0. (12)
YMoBU HenepepBHOCTI NepeMillleHb Ha KOJIi TOY-
LIi CTUKYBaHHSI KOHYCa Ta UWIiHApPa MalOTh BUTJISI

u(x, —0,0,t) =u(x, +0,¢,t)cosa+w(x, +0,¢,t)sina,
w(x,—0,,t) =
= —u(x,+0,p,t)sino+w(x, +0,¢,t)cosa, (13)
\Vq,(xs =0,0,t)= \|/¢(x5 +0,4,t).
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3HayeHHs x =X, — 0 BiAMOBiIa€e KOy CEPETMHHOI
MOBEPXHI KOHYCa HECKIHYEHHO OJIM3bKO IO CTUKY
000J10HOK. 3Ha4yeHHs X = x + 0 Bianosizae po3pizy
LWJIiHIpa HECKIHYEHHO OJIM3bKO JO CTUKY OOOJIOHOK.
11 po3B’s13aHHS 3a4a4i aHaIi3y BIIbHUX KOJIM-
BaHb OOOJIOHKHM PO3IIIMUMO 3MiHHI X, ¢, ¢ IIUISIXOM
00paHHsI MpeaCTaBlieHHs TepeMillieHb u(x, ¢, f),
V(X, (I)’ f), W(X, (I)’ t)s Wx(xa (I): t)’ \V(P(x’ ¢a t):
u(x, ¢, 1) = u(x)cos(nd)cos(wt),

v(x, ¢, 1) = ¥(x)sin(nd)cos(wt) ,

w(x, ¢, £) = w(x)cos(nd)cos(wt), (14)

v, (x, ¢, ) = W, (x)cos(nd)cos(wt) ,

Wy, 0, ) = 4 (x)sin(nd)cos(wt) ,

IIe n — KiJIbKIiCTh XBWJIb IO OKPYXKHIil KOOPAWHATI;

® — 4YacToTa BJIACHUX KOJUBaHb, (GyHKLIl #(x),

v(x), w(x), ¥, (x), \If¢(x) 00MPArOThCH TAKUM YK~

HOM, 11100 3a70BOJIbHUTHU YMOBH (13):

N U(x)cosa+W(x)sina x<x,
u(x)=

U(x) XX,

U(x) X=X, (15)

v(x)=V(x), ¥,(x)=X(x),
5 () D(x) X< X

X)=
Yo d(x)coso x=>x.

VY cBorwo uepry ¢ynkuii U(x), W(x), Mx), X(x),
d(x) po3lIyKyOTbes Y (hopMi po3KiiaaeHb 3 HeBi-
JTOMUMU KoedillieHTaMU 3a 3aJaHUMU O0a3MCHUMU
byHKigMEI Py(x):

N

5 {—U(x)sinoHW(x)cosoc X <X,
w(x)=

Ny Ny
U(x)=D AP(x), V()= A,y B(x),
i=1 i=1
Ny,
W(x)= ZAi+NU+NVPi(x) >

i=1

Nx
X(x):ZAi+NU+NV+NWPi(x) ’ (16)
i=1

Ng
O(x)= ZAi+NU+NV+NW+NXPi(x) )
i=1

ne 6asucHi pyHkuii P(x) (i = 1, 2,...) 3a10BOJILHSA-
10Th rpanuyHi ymosu (12): P(L) =0, A= [4,, ...,
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ANE], Ny = NU+ NV+ NW+ Ny + Ny — HeBinomi
rmapameTpu.

AHaJi3 BiUIbHMX KOJMBAaHb TOHKOCTIHHOI KOH-
CTPYKIIii MOXXHA BUKOHaTH MeTogoM Peses — Pitua
[6, 24, 27]. Pyx 0GOJIOHKM BU3HAYAETHCI MiHIMY-
MoM (yHKLiOHaNy Mii:

21/ ®
j. (T —I1)dt — min .
0

BukopucranHs po3kianeHs (14)—(16) y Bupazax
(10), (8) no3BOJIsIE MPOBECTU IHTETPYBAHHSI Ta 3ary-
caTv KiHETUYHY Ta MOTEHLiaJIbHY €Heprii y BUTJIsIII

a7

T =’ sin2((Jot)T(Al,...,AI\,2 ),

1=’ cos®(@1)I1(A,,.. Ay ), (18)

e T'Z(Al,...,ANZ ), f[(Al,...,ANZ) — KBaJpaTU4Hi
(bopmu mapameTpiB 4, ..., Ay . Takum 4uHOM, 3a-
Jady MiHimizauii ¢pyHkuioHany aii (17) 3BeneHo 10
3a/a4i MiHiMi3allil KBaapaTUYHOI (hOPMU BiTHOCHO

LUX TTapaMeTpiB:
2n/®

[ (r-mde =214, Ay ) -
0 (O]

~’T(A},..., Ay, )] - min . (19)

DyHKI1ioHAT Ail € MiHIMAJIBHUM, SIKIIIO BUKOHY-
IOTBCS CITIBBIIHOIIEHHS

o - ~

a—Ai[H(Al,...,ANZ)—cozT(Al,...,ANZ)]zo, (20)
i=1,..,Ns.

PiBasinas (20) € ekBiBaJeHTHUMM MpoOiaeMi

BJIACHUX 3HAYECHb:

[C— w*MJA=0, (21)
me C — wMarpuust XopcTkocTi; M — wmaTpuilsd
Mac, sKi BinmosigaroTh MatpuusMm lecce (yHKIii
H(Al""’A_Nz) Ta T(Al,...,ANZ). BracHi 3HaYeHHS
1Ii€1 3a7a4i BIIMOBIAAIOTH KBaJpaTaM KPyrOBUX Yac-
TOT KOJIMBaHb 000JIOHKH, a BJIACHiI BEKTOpU — (op-
MaM KOJIMBaHb.

JUHAMIYHA CUCTEMA 31 CKIHHEHHOIO
KUIBKICTIO CTYIIEHIB CBOBOIU

Jus aHajizy OUHAMIYHOI BTpaTH CTilIKOCTI KOH-
CTPYKIII€IO TOOYAYyEMO JiHiliHY OMHaMiYHy CHC-
TeMy 3i CKiHUEHHOI KiJIbKiCTIO CTYIIEHiB CBOOO-
1M, SIKa OMUCYE PyX 0OOJOHKHU. i KOHCTpYIOBaHHS
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3iCHIOETbCS MeToOM 3agaHux (opm [19]. Ko-
JIMBaHHSI KOHCTPYKIIil pO3KJIagaoThes 3a (popMaMu
BJIACHUX KOJMBaHb ﬁj(x) , ﬁj(x), ﬁ/j(x) , \I/x,j(x),
\chb,j(x) ,j=1,2, .., 9Ki 3HaXOASATbCS 3 PIBHSIHHSI
(21) Ta Bu3HauvalOThCS CIHiBBiAHOIIEHHsIMU (15),
(16). INepemilieHHs Ta KyTH ITOBOPOTY HOPMaJTi 110~
JIal0ThCS Yy BUTJISIAL

u(x, o, 1) =
Ly
=" 1,(0)[g;()cos(nd) + q,.., (Dsin(n)],
j=1
vx, ¢, 1) =

=2 7;(0[qj15r, (B)cos(nd) +q;,; 1pp, (D)sin(nd)],

Ly
w(x, ¢, 1) = Zf’j(x)[q]‘uLVnLU (t)cos(nd)+
j=1

1Ly 2Ly +21 (t)sin(nd)], (22)

Lx
v, (X, 0, 1) = z \le,j(x)[qj+2LW+2Lv+2LU (t)cos(nd) +
j=1

T Ly +2Ly 2Ly 420 (t)sin(nd)],

YolX, ¢, 1) =
Lo

= Z \Tf¢,]‘ (x) [qj+2LX+2LW+2LV+2LU (t)cos(nd) +
-1

)i g 2Ly 421y 420y 121, E)SINEO)]

ne L,=Ly+2Ly +2LW +2L, +2LU — KIUIBKICTb
CTYIEHIB CBOOOIM KOHCTPYKUIl, q = [q, ..., q;, ]| —
BEKTOP y3araJibHEHUX KOOPAMHAT KOHCTPYKIIii; # —
KITBKIiCTh XBWJIb 1O OKPYXHili KoopauHati. s
aHaJjli3y IUHAMIYHOI BTPaTU CTiMKOCTI 000JOHKOIO
B po3kjafaeHHsX (22) BpaXxoBYIOThCS 3B’s13aHi (pop-
MU KOJIUBaHb [4].

ITincranoBka (22) y BMpa3u sl MOTEHLialb-
HOi Ta KiHeTu4Hoi eHepriit (11), (8) Ta 3nilicHeHHS
HEOOXiAHOTO iHTeTpyBaHHSI HO3BOJISIE TPEACTaBU-
TU MOTEHLIiaJIbHY €HEeprilo SIK KBagpaTU4Hy (hopMy

y3araJlbHEHUX KOOPAMHAT ¢, ..., {; , & KiHETUY-
HY — SIK KBaIpaTU4Hy (JOPMY y3aralbHEHMX LIBULI-
KOCTeH ¢ , ..., g, -

HanzBykoBuii MOTIiK, SIKUI PYXa€ThCsl apajieib-
HO OCi CUMeTpii KOHCTPYKIIil, OMUCYETHCS MOPIIHE-
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BOIO Teopiero [3, 12, 17]:

.M
p=—F—=X
MZ-1
2
ow My -2 ow w

LN i - 23)
Ox  M,a,(M;-1) 0t 2A¢\/Mf—1

Je p — TUCK rasy, IKUil Ji€ Ha TOHKOCTiHHY KOH-
CTPYKIiIO, Y — ajiabaTMyHa eKCIIOHEHTa, p , — CTa-
TUYHMIA TUCK BIJIBHOIO MOTOKY, M, — uuciio Maxa,
a,, — UIBWIKICTb 3BYKY BITbHOTO MOTOKY.
BipryansHa pobota THcKYy (23) mopiBHIOE

M? L2
SA:— Ypoo * Ij(a—w+
M2—17% 5 \0x
Mf—Z ow w

+ - OwdxR, do , (24)
M,a,(M;—1) ot 2A¢\/Mf—1 0

Jie dw— Bapiallisl pagiaJbHOIO IepeMillleHHs. 3 ypa-
XyBaHHsIM (22) ysaranbHeHi cuin Q = [0, ..., Q;, 1T
MOXHa TPUBiaJbHO BUBECTHU 3 BUpa3y (24) K JiHiii-
Hi (byHKIIT y3araibHEHUX KOOpJAWHAT Ta y3arajbHe-
HUX LIBUIKOCTEH:
Q=Aq+Hq,

ne A, H— marpuui posmipHocreit L, x L, .

PiBHSIHHSI pyXy OOOJIOHKM B Ta30BOMY IOTOIIi
MOXHa oTpuMatu y (opmi piBHsIHb Jlarpanxka 11
tuy. BukopucroByroun BUpa3u Ajisl HOTEHLiaJbHOT
Ta KiHETUYHOI EHEepriil Ta BEKTOP y3araJbHEHUX CUJ
(25), piBHSIHHS pyXy MOXHa 3anucaTy y (popMi

MPG+cq=Aq+Hq, (26)
ne M® ta C® — marpuni mac Ta )xopcTkocTeit KoH-
CTPYKIIii.

BnactuBocTi ctaHy piBHOBaru q = (0 1MHaMigHOI
cucreMu (26) Ta BIaCTUBOCTI CTaHy PiBHOBAaru TOH-
KOCTIHHOI KOHCTPYKIIii (puc. 1) B HaA3ByKOBOMY ra-
30BOMY MOTOLli € ofHAaKOBUMU. HecTiliKicTb cTaHy
piBHOBarm cuctemMu (26) xapakTepu3ye OTUHAMIUHY
BTpaTy CTIMKOCTI TOHKOCTIHHOIO KOHCTPYKIIIi€IO.
st jocmimKeHHsI OCTaHHbBOI AOCTIAUMO CTiMKiICThb
cTaHy piBHOBaru cuctemu (26). st pboro cucreMa
(26) npexacrasnsgeTsest y opmi 3amaui Korri. Bse-
JIEMO BEKTOp Y3araJlbHEHMX LIBUIKOCTER g = (.

66

(25)

Cucrema (26) BigHOCHO KOOopauHaT [q, g] HaOyBae
BUIsALY 3agaydi Kori:

aea Al

~ -1 ~ -1
A=MP"(A-c?) A=MD"H,
E — oguHuyHa Matpuiis.
AHaJIi3 CTIMKOCTiI TpUBiaAbHOT'O MOJ0KEHHS PiB-
HOBAru cucteMu (27) 3BOAUTHCS A0 PO3B’SI3aHHS 3a-
Jladi MOIIYKY BJIACHUX 3HAY€Hb A MaTpUIli

i

BracHi 3HauYeHHS BiAMOBITAIOTH XapaKTEPUCTUY-
HUM MMOKa3HUKaM cuctemMu (34), 3a 3HAKOM JiiicHOL
YACTUHU SIKUX MOXHA CYIUTH MPO CTIHKICTh MOJIO-
JKEHHSI piBHOBAru.

27)

Je

YUCEJIbHUN AHAJI3
JIHIMHUX KOJUBAHb

KonuBaHHS TOHKOCTIHHOI 000JJOHKOBOI KOHCTPYK-
1ii, 300paxkeHoi Ha puc. 1, JOCTiIKyBaIMCh IIPU Ta-
KHX 3HAUEHHSIX 11 mapaMeTpiB:

H;=10.10m, H,=4.04 M, R=12m,
o=16.53°, h=5mm.

OO00JI0HKY BUIOTOBJIEHO 3 HAHOKOMITO3UTHOTO

MaTepiaay 3 IoJiiMepHoio maTpuieio PmPV, sky

apmoBaHo opHoinapoBuMu BHT, opieHToBanmMu

B37I0BX TBipHOI niyii’ o0osioHku. O0’eMHa yacTka

BHT cranosuth Vi = 0.28. XapakTepucTUKU Ha-
HOKOMITIO3MTHOI'0O MaTepiaiy Taki [18]:

E, (2)=7.91-10"V oy (2) +2.50-10%

(28)

1.585-10"
41—Vepr(2)
1.11-10°
1.07(1-Vyp(2))

Eyy(2)=

Gx¢(z) = G,(2)= G¢z(z) =

M4y (2) = =017V (2) +0.34

p(z) = 250.00V(2) +1150.00 .

Po3paxyHOK BilbHMX KOJMBaHbL MeTomoMm Pe-
nest — Pitia Oyno 3mificHeHO 3a TOTIOMOTOIO TpHU-
TOHOMETPUYHUX Oa3MCHUX (PYHKIIIN Y pO3KIaaeHHI
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(16), sIxi 3a10BOJIBHSTIOTH TpaHUYHI yMOBH (12):
2i—1
R(x)zcos(%xj, i=1,2, ..

AnHagni3 30ixxHocTi nepiux 30 BJaCHUX 4acTOT KO-
JIMBaHb OOOJOHKHU CBIiTZYUTH, IO MOLIJBHOIO Kilb-
KicTio 6a3ucHuX QyHKUii (16) € N, = N, = Ny, =
= Ny= Ny = 35. [lopiBHSAHHS AE€AKKUX 3 LUX YACTOT
3 pesyJibTaTaMM CKiHU€HHO-eJIEMEHTHOI'O MOJIEJI0-
BaHHS B cepenoBuilli ANSYS HaBeneHo B Tadid. 2.
Tyt i — HOMEp 4YacTOTH, n — KUIBKICTh XBUJIb Y
OKPY>KHOMY HalpAMKY Ha BiIMOBiIHi# (popmi, o; —
pe3yabTaTh PO3PaXyHKY BJIACHUX YACTOT METOIOM
Penes — Pirua; rpada o;, ANSYS — pesynbratu
MOJAJIbHOTO aHAJII3y METOLOM CKIHYEHHUX EJIEMEH-
TiB, & — BiTHOCHA MOXMOKa pe3yJIbTaTiB 32 METOIOM
Penes — PiTua y mopiBHSIHHI 3 METOIOM CKiHUEHHMX
€JIeMEHTIB. 3 JaHuX TabJ1. 2 BUAHO, 1110 3aITPONOHO-
BaHUII METOJI T0O3BOJISIE TOUHO OLIIHUTU BJIACHi Yyac-
TOTH KOJIMBaHb CKJIaAeHOo1 00010HKM. [lepiia yacro-
Ta KOJIMBaHb 000JIOHKU BiATIOBIIa€ 3HAYECHHIO 11 = 6.

Ha puc. 2 noka3aHo 1Bi BacHi (popMU KOJIMBaHb
000JIOHKH, 1[0 BiITOBIAAIOTh 3HAYEHHIM 71 = 6, SKi
pO3paxoBaHO METOAOM CKiHUYEHHUX eJIeMeHTiB. Bu-
JTHO €BOJIIOLII0 BIacHMX (popM KonmBaHb. OOUIBI
dopmu (puc. 2, a Ta 6) Jiokai3oBaHi B LMJITHAPUY-
Hiil YaCTUHI 00OJIOHKM Ta BiAIIOBiZAIOTH BJIACHUM
¢dopmam ob6osioHku 1, 10 B 3araibHOMY MEpPEiKYy.
KoHiuHa yacTMHa KOHCTPYKIIil € XXOPCTKIIIIOI0, HixK
LWJIIHAPUYHA, TOMY 1 BillIOBiTalOTh BlIacHi (hopMu
3 OUIBIIIOIO BJIACHOIO YaCTOTOIO.

BnacHi yacTtoTu Ta (hopMu KoJMBaHbL OYJI0 PO3-
paxoBaHO ISl TPhOX BUAIB HaHoapMmyBaHHs: UD,
FGX, FGO (tabn. 1). byno mociimkeHO BiacHi

Tabauys 2. I1opiBHAHHS YAaCTOT BiIbHUX KOJMBAHb
KOHCTPYKIIi 3 pe3yJIbTaTaMM CKiHYEHHO-€eJIEMEHTHOTO AHAJII3Y

, ;, [

! " @; T ANSYS °

1 6 17.787 17.582 0.01
4 4 20.764 20.362 0.019
7 9 28.360 28.719 0.012
10 6 31.603 31.064 0.017
13 2 35.655 34.014 0.048
16 10 38.037 38.499 0.012
19 11 41.174 42.186 0.023

a o0

Puc. 2. Dopmu BIaCHUX KOJMBaHb KOHCTPYKIIiT 3 #=6 XBU-
JIIMU B OKPY>KHOMY HAIpsIMKY, 110 BilTIOBiIal0Th HOMEpam
BJIaCHUX yacTtoT: a — 1, 6 — 10

(‘017 rl—l

24.5
22.5

20.5
18.5

16.5

14.5 L I ) 1
1.0 1.2 1.4 1.6 1.8 A

Puc. 3. 3anexHicTb MepIIOl BIaCHOI YaCTOTH Bin h U1 pi3-
HUX TUIIiB HAHOAPMYBaHHSI

KOJIMBaHHS JUUISI Pi3HUX 3Ha4yeHb CIIiBBiIHOIIEH-
HSl BMCOTM LIMJIIHAPUYHOI Ta KOHIYHOi 00OJOHOK
h=(H;—H;)/H.. Pe3ynsratu po3paxyHKy Iep-
1101 BJIACHOI YaCTOTH /I PI3HUX BUJIiB apMyBaHHS
BHT naseneno Ha puc. 3. Ilpu npoBeaeHHi po3pa-
XYHKIB JIOBXHHA KOHyca H,Ta KyT o Oy dikcopa-
Hi (H,=4.04 M, o = 16.53%), a 10BXMHa LWTiHAPA
H T HC BapiloBajiach. 3 LIMX 3aJIEXKHOCTE BUIHO,
110 Meplia BJacHa 4acToTa 3MEHIIYETbCS MPU TTiji-
BUILIEHHI BUCOTY LWIIHAPUYHOI YaCTUHU NpU (PiK-
COBaHMX pO3Mipax KOHIYHOi. AHaJOTiyHi 3ajiex-
HOCTI CITOCTEPIiraroThCs 1151 iHIIMX BJIACHUX YaCTOT.
Haii6inpiri BIacHi 4acTOTH CITIOCTEPIiraroThCs IpH
BukopuctanHi FGX-apmyBaHHsI, a HalMeHII —
npu FGO-HaHoapMyBaHHi.

AHAJII3 TUHAMIYHOI BTPATH CTIMKOCTI

HocninuMo nMHaMiuHy BTpaTy CTiMKOCTi cKJjane-
HOIO 000JIOHKOBOIO KOHCTPYKIIIE€IO, SIKY PO3IJISIHY-
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P, xlla
21.0 |
16.5 FGX
UD
12.0
FGO
7.5 I | .
3.0 3.5 4.0 4.5 M,

Puc. 4. 3anexHicTh KpUTUIHOTO TUCKY Bin urcia Maxa Iutst
pi3HUX BUJiB HAHOAPMYBaHHSI

Tabauys 3. 3HaYeHHS] KDUTHYHOTO THCKY
JJ151 CKJIaJIeHOT HAHOKOMIIO3UTHOT 000/10HKH

Turm HAHOKOMITO3UTY

M, UD FGX FGO

n P Klla n P Klla n P, Klla
3 14 16.552 13 20.343 16 14.038
3.5 14 13.606 13 16.772 16 11.739
4 15 11.516 14 14.122 15 10.049
4.5 15 9.893 14 12.132 16 8.613
5 13 8.456 12 10.297 16 7.516

TO y HMOIEePETHBOMY PO3ILUTI MPU 11 B3aEMO/I1 3 HAM-
3ByKOBUM T'a30BUM IOTOKOM. B posknaneHHi (22)
BUKOPUCTAHO BJacHi (hOpMHU KOJMBaHb, SIKi OTpU-
MaHO padime. Bci posknageHHs (22) BKJIIOYAIOTh
OTHAKOBE YMCJIO B3aeMofitounx ¢opm L, = L, =
=Ly =Ly= L.

Jutst mocimKeHHST BTpaTA CTIMKOCTI JOCIIIXKY-
€TbCS 3AJIEXKHICTh XapaKTePUCTUYHMUX TMOKa3HUKIB
A Bif MapaMeTpiB MOTOKY p_, M, Ta pO3IIYKYeThCSA
Taka KOMOiHalIlisg mapaMeTpiB, TIPU SIKiii BiTOyBa€Th-
csl 3MiHa CTiiKOTO TPUBIaAJILHOIO CTaHY piBHOBAaru
cuctemu (27) Ha Hecrtiiikuii. Taka 3MmiHa BinOyBa-
€Thcsl B Toulli Oiypkarii Xodda, Koiu crocre-
piraetbcs mapa KOMILUIEKCHO-CIIOJIYYEHUX Xapak-
TEPUCTUUYHUX TIOKA3HUKIB 3 HYJIbOBOIO [iliCHOIO
YaCTUHOIO: 7‘1,2 =z iQ), ne i — ysaBHa oguHug. [1a-
paMeTpu HaJ3BYKOBOTO MOTOKY B TOYL Oicbypkartii
Ha3UBaIOTHCSI KPUTUUHUMMU.

68

KpuTtnyne 3HaueHHs TUCKY p TMO3HAYAETHCA P,
Jnst ioro BU3HAYeHHsI MPOBAJAUBCS MOIIYK Per, =
= P> N i Re(Ap) =0, &) = =4, , n=2.30.
[Ticas Toro sk IS BCiX 3HAYEHb # 3 3aJaHOTO Adia-
Ma3oHy Oy/Je BUBHAYEHO KPUTUYHUI TUCK f)crn , BeJIU-
4UHAa P, BUBHAYAETHCS SIK P, = min( Per, ). Ls1 mpotie-
JIypa MPOBOAUTLCS 7151 Pi3HUX 3HAYeHb uncia Maxa.

PesynbraTu aHasizy nIMHaAMi4HOI BTpaTH CTiliKOC-
Ti HaBemeHO B Ta0J. 3 IS pi3HUX TUIIIB HAHOAp-
myBaHHs. CJliJ 3a3HAYUTH, 1110 KiJbKiCTh XBWIb 32
OKPYXXHOIO KOOPIMHATOIO, TIPU SIKMX BiAOYyBa€ThCs
BTpaTa CTiifKOCTi, € JOCUTH BUCOKMM — Bif 12 10 16.
TakuM 4yMHOM, TIPY aHali3i CKJIageHUX 00O0JIOHOK
HEOOXiTHO MPOBOAUTH PO3PAXYHKM JJISI LIIMPOKOTO
Jiara3oHy rapameTpy .

Ha puc. 4 naBeneno sanexsocti p,(M,) s
pi3HUX TUTTiB HaHOapMyBaHHs. Halibinbiiie 3HaueH-
HSI KPUTUYHOTO TUCKY € XapakTepHum s FGX-
HaHoapMyBaHHs, Tofi Ik FGO-kommo3utHa 060-
JIOHKa BTpaya€ CTilKiCThb MpW HaWMEHIIOMY 3Ha-
YeHHi TUCKY. [Tpy 11bOMy TUIT HAaHOAPMYBAaHHS Ma€
BEJIMKWIA BIUIMB Ha 3HAYEHHS KPUTUYHOTO TUCKY
(mo 1.5 pa3ziB). AHajIOTiuHa 3aJI€XKHICTh MiX TUIIOM
HaHOApMYBaHHS Ta BJACHUMM YacCTOTaMU € 3HAYHO
MEHIII BUpaxeHow. KpiM Toro, KpUTMUHUMN THUCK
IyXe 3MEHILIYETHbCS IIPU IIBUINEHHI IIBUIKOCTI
MOTOKY: IpU ITiaBUIeHHI ynciia Maxa 3 3 1o 5 BiH
3MEHIIYETHCSI MaliKe yIBIYi.

BUCHOBKHU

3arporoHoBaHO MaTeMaTUYHY MOJe/Ib JMHAMIUHOT
MOBEIIHKMA CKJIaAeHOI O0O0JOHKOBOI KOHCTPYKIIii
3 (PYHKUIOHAIbHO-TPAJAIEHTHOIO HAHOKOMITO3UT-
HOTO Marepiajay B Ha/J3ByKOBOMY Ia30BOMY IOTOILI
Ha 0a3i Teopii 3cyBy BUCOKOTO MopsaKy. s otpu-
MaHHSI PiBHSIHb PYXY BUKOPUCTAHO METOJI 3aJJaHUX
¢dopM, IIpu SIKOMY PyX CUCTEMM PO3KJIANAETHCS 3a
¢dopMaM¥ BITBHUX KOJMBaHb KOHCTpPYyKILi. s
OoTpuMaHHSI (OpPM BIJIbHUX KOJMBaHb CKJIaJeHOI
KOHCTpPYKIIil BUKOpucTaHo MeTon Penesg — Pirua 3
HOBOIO CUCTEMOIO KYCKOBUX 0a3MCHUX (DYHKIIIiA.

JunHamiuHa BTpaTa CTIHKOCTI KOHCTPYKIIIi BinOy-
Ba€ThCS BHACIOOK Oidypxaiii Xodda, 1715 IMouyKy
SIKOT pO3pax0BaHO XapaKTePUCTUUHI TTOKA3HUKM.

[TpoBeneHo MopiBHSHHS pe3yJIbTaTiB PO3PaXyHKY
metogom Peness — Pitna 3 BracHuMuU yactotamu Ta
dopmamu, ki orpumano MCE.
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Junamiuna émpama cmiiikocmi ckaadenoi HaHOKOMNO3UMHOI 00010HKU

st po3mIsiHYyTHX TTapaMeTpiB BUSIBJIEHO He3HAu-
HY 3aJIEXXHICTb BJIACHUX YacTOT Bill TUITy HAHOKOM-
MO3UTY.

[TpoBeneHWit aHai3 AWHAMIYHOI BTpaTH CTiii-
KOCTi [IO3BOJISIE CTBEPIKYBAaTH, IO KPUTUYHUIA
TUCK BEJIMKOIO MipOIO 3aJIeKUTh BiJ TUITYy HaHOap-
MYBaHHsI MaTepiaiay. 30Kpema palioHaJbHUI BUOip

TaKOTO HAHOKOMIIO3UTY MOXE 3aroOirTH BUHUK-
HEHHIO aBTOKOJIMBaHb B KOHCTPYKIIii, SIKi € HACiI-
KOM BTPaTH HEIO CTIHKOCTi. 3HAaYeHHSI KPUTHYHOTO
THUCKY 3aJIeXKWUTh BiJl IIBUIKOCTI ITOTOKY.

Ile Odocaiducenns wacmkoso ¢hinauncysanocs Ha-
YIOHANbHUM OHOOM OdocaidnceHy Ykpainu (epanm
2020.02/128).
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DYNAMIC INSTABILITY OF A COMPOUND NANOCOMPOSITE SHELL

Free oscillations and dynamic instability due to supersonic airflow pressure are investigated in a functional-gradient compound
composite conical-cylindrical shell made of a carbon nanotubes-reinforced material. Nanocomposite materials with a linear
distribution of the volumetric fraction of nanotubes over the thickness are considered. Extended mixture rule is used to estimate
nanocomposite’s mechanical characteristics. A high-order shear deformation theory is used to represent the shell deformation.
The assumed-mode technique, along with a Rayleigh-Ritz method, is applied to obtain the equations of the structure motion.
To analyze the compound structure dynamics, a new system of piecewise basic functions is suggested. The pressure of a super-
sonic flow on the shell is obtained by using the piston theory.

An example of the dynamic analysis of a nanocomposite conical-cylindrical shell in the supersonic gas flow is considered. The
results of its modal analysis using the Rayleigh-Ritz technique are close to the natural frequencies of the shell obtained by finite
element analysis. In this case, finite element analysis can only be used for shells made of material with a uniform distribution
of nanotubes over the thickness. The dependence of the natural frequencies of a compound shell on the ratio of the lengths of
the conical and cylindrical parts is studied. The dependence of the critical pressure of a supersonic flow on the Mach numbers
and the type of carbon nanotubes reinforcement is investigated. Shells with a concentration of nanotubes predominantly near
the outer and inner surfaces are characterized by higher values of natural frequencies and critical pressure than the shells with a
uniform distribution of nanotubes or with a predominant concentration of nanotubes inside the shell.

Keywords: joined conical-cylindrical shell in supersonic flow, functionally graded carbon nanotubes-reinforced composite,
dynamic instability, assumed-mode method.
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FEED-FORWARD CONTROL OF TOTAL RETRIEVAL
OF THE SPACE TETHER FROM VERTICAL POSITION

This paper presents the results of studies of the feasibility of total and safe retrieval of a space tether of two bodies connected by an
elastic, massless cable. The purpose of the research is to build up the control for the mode of the total and safe retrieval of the tether,
which is one of the basic modes of its functioning. It allowed the development of the feed-forward control of the tether length or tension
that provides demanded change of the angular momentum of the tether under the effect of the gravitational torque. The novelty of the
research results consists also in the novel approach to the control of underactuated mechanical systems, which have the number of the
control channels less than their degrees of freedom. Here the constraints on the tether angular motion relative to the pitch axis are in-
troduced. They reduce the number of the system degrees of freedom and allow realizing the necessary mode of motion. For this control,
only the remaining degree of freedom is used. The numerical simulation of the effect of the mode parameters on the tether motion is
carried out for the tether in the chosen ranges of the parameters. The numerical example demonstrates the simplicity of the application
of the method in practice. Plots illustrate the analysis of the results.

Keywords: elastic space tether, underactuated mechanical system, retrieval, feed-forward control.

Annex Nomenclature

¢ (i=0,..,7) = coefficients of power series

EF = cable longitudinal rigidity

e,;(j) (i=1,2;j=1,2,3) = directing cosines of the position vectors of point masses in the orbital frame
of reference

K (1) = vector of angular momentum about mass center C

K3C (t) = projection of angular momentum on Cz” axis

LHutyBanHusg: Alpatov A. P., Changqing Wang, Zakrzhevskii A. E. Feed-forward control of total retrieval of the space tether
from vertical position. Space Science and Technology. 2021.27, Ne 5 (132). C. 71—85. https://doi.org/10.15407 /knit2021.05.071
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LL),L ¥ = current, initial, and interim distance between end point masses
m;(i=1,2) = masses of end bodies

mc(t) = vector of external moment

M g(t) = gravitation torque magnitude

I,r, = position vectors of the point masses relative to point C
r(t) = position vectors magnitude

rp(t) = program law of r(t) change

rpe(t) = program law of r(t) change with correction for elasticity
T = force of cable tension

Tf = time of increasing value of pitch angle to 3=mn/4

T, = total time of retrieval

t = time

S(t) = speed of change of length L(t)

x{",y",z" (i=1,2) = projections of r,r, on orbital frame

Ar(t) = correction of program law rp(t) for elasticity of cable

9 = pitch angle

o = angular velocity of orbital tether motion

1. INTRODUCTION

Space tethered systems (STS) attract the extensive at-
tention of a researcher due to their potential applica-
tions for space technologies. The volume of publica-
tions devoted to the research of various modes of mo-
tion of the STS is very large. A comprehensive analysis
of potential STS applications is presented in [6, 11].
Problems of deployment and retrieval of a tether of
two space bodies take a special place among the prob-
lems that are connected with the STS dynamics. A
considerable volume of publications is devoted to
these problems. They differ by the accepted mechani-
cal model of the tether and the character of the con-
trol of tether putting into the final state. An in-depth
review of research in this area contains in publications
[4, 15—17, 19, 26, 27, 32—34]. Nevertheless, we will
dwell here on some issues additionally.

The vertical STS configuration is stable in the or-
bital frame of reference in the case of the constant
length of the cable. Theoretically, it is true for the
spherical Earth. One can assume that, within engi-
neering accuracy, this hypothesis is valid [28]. The
configuration of the tether aligned to the local ver-
tical loses the stability with the change of its length
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according to the theorem of the angular momentum
change [12]. The requirement that the tether should
be on the local vertical during the mode of transfor-
mation could be reached only at the expense of en-
hancement of the control system. The fulfillment
of this requirement is not often necessary from the
point of view of the practice.

The modes of deployment and retrieval are the
basic modes of functioning of space tethers, which
are needed for practice. Usually, in publications,
researchers have considered simultaneously both
modes. However, it must be taken in mind that each
mode has its specifics.

A number of authors consider the free deployment
at the initial stage [25]. In this case, after initial push-
ing away of a subsatellite from a mother spacecraft,
the tether is deployed practically without resistance
under the action of forces of the gravity gradient. As
a result, after braking of the tether at the end of the
deployment, the tether enters the mode of libratory
(pendulous) oscillations in the orbital plane about a
vertical equilibrium position. Finally, the tether set-
tles down because of internal damping in the visco-
elastic cable in a position along the local vertical. This
process lasts very long, and methods of its speeding-
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up have been developed. In [3], the pendulous oscil-
lations are described, which arise with the primary
deployment of a tether with a visco-elastic cable, and
are damped by parametric pulling up the cable near
the point of return of pendulous oscillations and de-
ploying it again in the vicinity of the local vertical.
This is the inverse process of parametric excitation
of a pendulum. The linear feedback control helps to
reach the final equilibrium more effectively as soon
as the amplitude of pendulum oscillations becomes
sufficiently small.

A controlled tension of a cable at the first stage of
the deployment is considered in [4]. The description
and analysis of various ways of the deployment of or-
bital tether systems with control of the deployment
speed are described in [6, 10, 11, 13].

All scenarios of deployment of orbital tether sys-
tems with the control of the deployment speed have
one common shortcoming. This is because, with
such a control, it is impossible to execute damping
of longitudinal oscillations of the tether, which arise
due to its flexibility. Increasing the intensity of lon-
gitudinal oscillations can lead the tether to the loss
of the tension. That, in turn, can result in the loss of
control of its deployment or retrieval.

There are known ways of deployment of the orbital
tether systems that provide the deployment of a cable
with the regulation of its tension force. The basic ad-
vantage of these ways of deployment is the capability
of direct damping of longitudinal oscillations of the
tether during its deployment. A variety of different
control strategies of such ways of deployment and de-
vices for their realization are described in [16, 17, 19].
The time-optimal control problem for a simple system
with a massless cable is solved in [24]. As a result, a
bang-bang control law is found for the cable tension.
It allows moving the subsatellite from a position of rel-
ative equilibrium along the local vertical to the same
configuration at a significant distance from the mother
spacecraft without essential deviation of the subsatel-
lite from the local vertical and with a constantly taut
cable. A deficiency of this method is the complexity of
the practical realization of the tether tension regula-
tion when the tension force is very small.

In the paper [4], a comprehensive investigation
of the controlled deployment comparing six various
scenarios is described. Based on the method of mul-
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tiple shooting, the optimal controllers for the cre-
ation of a control force for the STS deployment and
retrieval are developed in [23, 24]. The controller for
the STS motion in the orbital plane is offered in [29],
which shows a high computing efficiency. The paper
[31] also compared the various functions of cost for
the STS optimal control in the in-plane case. This
research has been expanded later to the STS libra-
tions’ control in elliptical orbits via tracing periodic
trajectories of the libration [30].

The so-called “exponential” deployment is one of
the most discussed deployment scenarios. This de-
ployment has been adopted by many authors, starting
with Eades [9]. As a rule, the exponential deployment
is considered by the authors as an additional stage for
the initial deployment. Such a deployment is discussed
in detail in [6, 18] and in many other publications. It is
defined in [6] as the deployment with a velocity that is
proportional to the length of the deployed tether. For
a circular orbit, the authors consider the law of time
variation of the deployed tether length r in the form
r=r,exp(—3/4wtsin29), where r, is the initial tether
length, t istime, o is the orbital angular velocity, 9
is the tether pitch angle. The exponential deployment
is defined in [18] as the deployment for which the de-
ployed length is a function that grows exponentially with
time from a certain value r, , which cannot be zero. The
planar motion of a dumbbell shape with the exponen-
tial control of the length has been investigated in [14]. It
was found that the tether can be deployed without rota-
tion. When using the exponential law, the velocity of the
tether’s deployment reaches the maximum value at the
end of deployment that leads to a jerk and increase in
tension force. It can generate considerable longitudinal
oscillations of the tether. Alternatives to the methods
discussed here are the methods, which have been deve-
loped by Banerjee in Refs. [1, 2, 8].

The mechanical models of tethers in the plane of
a circular orbit with the massless cable have only one
control channel that may be used for change of the
tether length. However, the number of its degrees of
freedom equals two. The second degree of freedom
corresponds to the tether rotational motion about
the pitch axis. At such a statement of the problem,
one can consider the tether as an underactuated me-
chanical system, in which the number of degrees of
freedom is more than that of the control channels.
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Ignoring this feature of the tether mechanical model
with the massless cable led to a lack of the solution
acceptable for the practice of deployment of a tether
in the vertical position for a long time.

Control of underactuated systems is always a chal-
lenging problem. There is a series of studies where
the problem of the build-up of controllers for such
systems is considered. Here it is possible to note the
publications [20] where the control is optimized, [21]
in which an input shaping scheme to generate the
control signal is offered, [22] where a partial feedback
linearization method is used, and others. As regards
the research of space tethers within the framework
of the theory of underactuated mechanical systems,
the authors may note the publication [27] where the
tether is considered as an underactuated system. In
this publication, the energy approach for controller
development is used. Based on the analysis of the dy-
namics, an ingenious virtual signal is designed, and
a control scheme is proposed using the system pas-
sivity. With the addressed virtual signal, the coupling
behavior between the controllable tether length and
uncontrollable in-plane angle is enhanced. Under
the scheme, the uncontrollable in-plane angle can be
controlled by using the coupled tether length.

One may avoid the difficulties of realization of the
scenarios and complexities of the control laws for
modes of deployment/retrieval of a tether in a cir-
cular orbit, described in [33], if to impose the addi-
tional constraints on the system reducing the number
of its degrees of freedom. At this, the system ceases to
be underactuated one, and the problem of creating
the feed-forward control becomes essentially sim-
pler. The constraints’ structure should correspond to
the parameters of the investigated mode. Its structure
must consist of the suitable association of the pitch
angle with time. It will be shown below how it works.

To avoid the shortcoming related to control of the
speed of a cable or its tension, we will also show how
to build up the laws of the cable’s length control.

The total retrieval of a tether during one stage is
of essential interest for practice. At that time, there
should not be dangerous situations when the cable can
be reeled on a spacecraft structure. Besides, if there
is a safe possibility to carry out the total retrieval of a
tether as fast as possible, it can be made without the
attraction of the theory of optimum control. For this,
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the restriction on a tether motion on the pitch angle
should provide such trajectories of the end bodies for
which velocity of decrease of the angular momentum
of the tether will be maximal feasible. Further, we will
show how it works.

2. MATHEMATICAL MODEL OF THE SYSTEM

Let us distinguish two basic types of tethers. The
tethers consisting of space bodies with essentially
different masses can be referred to the first type. For
example, a small probe deployed from a large space-
craft. Tethers of two bodies having similar or equal
masses can be referred to the second type.

Without loss of generality of the problem formu-
lation, one can choose two equal point masses con-
nected by an elastic massless cable as the tether me-
chanical model. The neglect of the sizes of the end
bodies is well-grounded here because motion modes
in which the cable can be reeled on the end bodies
are not considered here. The neglect of the cable
mass with respect to masses of the end bodies is quite
substantiated for tethers with non-electroconductive
cable made of modern light materials. This problem
has been depicted in several publications, in particular
in [12]. The authors have convincingly shown that the
motion of tethers with the massive cable described by
the differential equations in partial derivatives coin-
cides with the motion of the tether with the massless
cable. One may consider also that the center of gravity
and mass center of a tether are matched. For example,
these points are apart about 1 m when the length of a
vertically located tether is equal to 5 km. This distance
decreases at the rotation of the tether around the pitch
axis. This distance is equal to zero rigorously when the
pitch angle is equal to ©/2 . Thus, one can consider
that the mass center of the tether is in a circular orbit.

Let us introduce the right-handed orbital frame
of reference Cx” y°"z°" [5] for the convenience of a
further description of the tether dynamics. In this co-
ordinate frame, the Cx°" axis points from the Earth’s
center along the position vector of the mass center
of the tether at its orbital motion, the Cz° axis is
normal to the orbital plane, and the Cy" axis sup-
plements this orthogonal triad. Note that the Cx*
and Cy“" axes correspond to the motion in the orbital
plane, and the Cz°" axis corresponds to the motion
out of this plane.
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Let us choose the central Newtonian field of forc-
es as the model of the gravity field. The position vec-
tors r;,r, of the point masses relative to the point C
can be defined by their projections in the orbital co-
ordinate frame:

={onhah n=1xy52 )

Let us choose these projections together with their
time derivatives in the orbital reference frame as the
phase variables of the problems. Then one can define
the pitch angle as 9 =atan2(x}",y") , where the in-
dex «I» determines the upper body in the initial in-
stant of time. Figure 1 shows the mechanical model
of the tether with two equal masses in the orbital
frame of reference.

Now, one can describe the dynamic model of
the system in the view by Hill-Clohessy-Wiltshire
(HCW) [7] equations (1), which govern the motion
of end point masses relative to the mass center of the
tether. Following the traditional derivation, assuming
the orbit eccentricity equal to zero, and taking into
account the tether tension, the HCW equations can
be written as follows:

2
d {2 or dy; + 3((DOT )2 or _Te”-(l) / m, —
ar dt

or

dx:
20" ———Te.2)/m, — 1
® dt en( ) m; (D

(™ )z Teri(3)/mi}, (i=1,2).

Here e,;(1),e,,(2),e,(3) (i=1,2) are the directing
cosines of the position vectors of point masses in the
orbital frame of reference; m, (i=1,2) are the masses
of the end bodies; T isthe force of the cable tension;

°" is the angular rate of motion in the circular orbit.
For numerical simulation, using this system of twelve
differential equations of the first order, one should
know the expression for the force of tension T at
each instant of time. It will be shown below how to
find this force.

3. SCENARIO OF THE TETHER RETRIEVAL

Let us consider further the problem of the total re-
trieval of the tether of two bodies with the massless
elastic cable aligned to the local vertical at the be-
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Fig. 1. Mechanical model of tether

ginning. Now, it is necessary to construct the expres-
sion for the constraints applied to the directly un-
controllable variable, which is the pitch angle 3. Let
us consider the tether length (distance between the
centers of the end bodies taking into account elastic
deformations) as its control variable. From the physi-
cal point of view, the required control should ensure
decrease of the angular momentum of the retrieved
tether relative to the Cz® axis

ddg
KS(t)=2 =
yt)=2mr (0) dt}

practically to zero. The theorem on change of the an-
gular momentum in the integral form looks like [12]

t
KE(t) =K () + [m“()dr )
t
Expression for the gravitational torque, which de-
termines the angular motion of the tether in the con-
sidered case, can be written as

2
mS(t)= 0,0,—3mr2((00r+il—?j sin29 . (3)
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9, rad
n/4

0 T; t, s

Fig. 2. Crude time history of pitch angle

Obviously that the gravitational torque is maximal
d9

at 9=m/4 at any values r, o’ , and = There-

fore, for the fastest retrieval of the tether, it is logi-

cal to choose such a mode of change of the pitch
angle, at which the tether appears inclined under
angle 3=m/4 as fast as possible, and the pitch angle
remains constant to the end of retrieval. Such a po-
sition of the tether also prevents the cable winding
on the spacecraft-carrier or rotation of the tether of
two bodies of a similar mass at the end of the mode.
Let the pitch angle appear on the indicated constant
value at t =T, , where t is time in seconds, read out
from the beginning of the retrieval mode. Let us con-
sider further the conditions with which the time his-
tory of the pitch angle should satisfy, taking into ac-
count the previously mentioned information.

As the tether is motionless with regard to the lo-
cal vertical at the initial instant of time, and the pitch
angle becomes constant at the instant of time Tf , the
following conditions should be satisfied:

90)=0, S(T,)=r/4, )
B, B, )
dt,_, dt
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Now, one can imagine the time history of the pitch
angle 9(t) crude, as Fig. 2 shows.

Actually, determined part of the 3(t) law is that
its part, for which ¢ < Tf . The following additional
conditions should be satisfied at retrieval of the tether
from the initial length L, to its length Lf at the in-
stant of time Tf :

LO)=L,, LT,)=L;. (6)

The first of these conditions is fulfilled in advance;
the second one may be used further for the determi-
nation of the unknown in advance instant of time Tf .
Its value will allow choosing the suitable solution of
the problem from the manifold of solutions obtained
for various T, values.

One more condition follows from the requirement
of constancy of the tether length at the initial instant
of time:

d—L =0. 7
dt |,
The occurrence of jumps of the cable tension is
inadmissible both at the terminal instant of the ma-
neuver and throughout all maneuver duration as they
can lead to the disappearance of the cable tension.
The adopted mechanical model will be inadequate
in such a case. The absence of tension jumps at the
initial instant of time is reached when the following
condition is met:

L

5| =0 (8)

t=0

This condition follows directly from the equa-
tion of motion of the tether along the cable in the
spherical co-ordinates [14] (the case of motion in the
orbital plane), which one can write in the symbols
adopted here as follows:

2 2
L = L[(d—8+ 0)‘") +3(0”)? cos? 8—(@”)2]—21.

dt? dt m
&)
Really, under the conditions (4), (5)
2
d—f:m(m"’)z—zlzo. (10)
dt m

Now it is necessary to build up such a control law
of the tether length L(t), which allows to solve the
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problem in view and completely to retrieve the tether
“from rest into rest”. To obtain the necessary control
law, one can use the theorem on the change of the
tether angular momentum. The more simple way is
using the equation of the pitch angular motion for a
tether of a variable length. Following [14], one can
write the equation of the angular motion of the tether
in the orbital plane in the following form:

2
d—3+2 d—8+ o’ d—L/L+3(0)"’)2 sin9cos3=0. (11)
dat* dt dt
After elementary transformations of the equation
(11), one can obtain the ordinary differential equa-
tion of the first order with the corresponding initial
condition:
dL __, 3(”) sin29+2d%0) dr’
dt 4™ +d8/dt)
When the law 3(t) is known, the solution of the
Cauchy problem (12) has the following form:

TJF 3(0™ ) sin(29(1)) + 2 d*8(1)/ de? el
40" +d9(1)/dr)

, L0)=L,. (12)

L(t)=1L, exp[—
0
(13)
Using the equation (12) and conditions (4) and
(7), one can obtain one more constraint for the pitch
angle: )
d—? =0. (14)
dt o
As the pitch angle becomes constant on the range
of time t>T,, and all its time derivatives vanish, it
is possible to consider that the following conditions
are satisfied

4’9

ar

d*9

dr?

0. (15)

t=Ty t=Ty

At last, after time differentiation of the equation
(12) using already found constraints for 3(¢) , the fol-
lowing constraint may be added:

3
d—? =0. (16)
dt -

Thus, one can use eight conditions (4), (5), (14),
(15), and (16) for the construction of the program
law 9(¢).

One can obtain various laws L(¢) of change of the
tether length setting various values of the parameter 7}
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Then one law may be selected from this manifold of so-
lutions, which corresponds to the set final length of the
tether, does not lead to loss of the cable tension during
retrieval and meets other introduced requirements.
Necessary law 3(t) may be presented in the form
of any finite functional series, and its factors can be
found from the above established eight conditions.
For example, by analogy with work [33], let us com-
pose the law 3(t) in the form of the power series of

seventh degree: i
7
t
8(t)=Zci — .
i=0 Tf

Then using eight conditions (4), (5), (14), (15),
and (16), one can obtain the system of linear alge-
braic equations of eight order WRT ¢, (i=0,1,...,7),
which have the unique solution in the case under
consideration. This solution is:

(17)

=0 ¢,=0; ¢,=0; ¢;=0;

c4=35n/(4Tj§1); 65=—21n/T;; (18)

Ce =35n/(2Tf); c; =—571'/Tf7.

The law L(t) obtained according to the expres-
sion (13) depends on the law 9(t), which, in turn,
depends on the instant of time Tf of increasing the
pitch angle to a constant value, duration of the re-
trieval mode, and the orbital radius. It is essential
to note that the obtained law L(t) is always unique
under the given form of function and constraints be-
cause of the uniqueness of the solution (18).

Hereby, the following contributions of the main
problem, which is solved, were made to the develop-
ment of the scenario of the total tether retrieval:

e the new approach is offered to control build-up
for the underactuated mechanical systems, reducing
the number of their degrees of freedom and simplify-
ing build-up of the law of control;

¢ the law of control of tether length is offered and
built up;

 the constraints on the tether motion about the
pitch axis are formulated, which allow us to make the
retrieval mode safe and comprehensible to practice;

e the original trajectory of motion of the tether
bodies is offered whose main path segment is located
on a straight line (in the orbital basis), inclined at the
pitch angle /4.
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AT AN

Fig. 4. Length of tether vs. time and parameter 7}
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e the simple algorithm of the build-up of the con-
trol law is stated.

4. NUMERICAL RESEARCH

Let us consider now the practical realization of the
proposed method of construction of the feed-forward
control for the retrieval mode of a tether, which at the
mode beginning is aligned to the local vertical. Let us
choose the following values of the tether parameters
for the simulation:

Let us show further how to find the law L(¢),
which solves the problem in view.

Figure 3 shows how the law 3(t) calculated ac-
cording to the formula (17) depends on various val-
ues of the parameter T, . Each line in this plot cor-
responds to the separate value of the parameter T, .
The plot shows that the form of the curve 9(¢) varies
slightly with Tf change, being extended only along
the time axis. In order to estimate the acceptability
of this or that law of the program motion, it is nec-
essary to build up the program law of the time his-
tory of the tether length L(¢). One can obtain this
law solving the Cauchy problem (12) for a number of
values T, at known law 3(t) . As a result, one can ob-
tain the relations shown in Fig. 4. This Figure shows
that the length to which the tether may be retrieved
at the instant of time ¢t =T, , decreases when the pa-
rameter Tf increases. So, at Tf =1000s, the tether
may be retrieved to 4481.01 m, at Tf =2000 s — to
2985.75 m, whereas at Tf =24000 s the tether may
be retrieved to 0.12 m.

Nevertheless, the gravitational torque acting on
the tether at t > T, becomes the maximum possible,
and the tether retrieval occurs with the maximum
possible speed.

As a result, it appears that the faster the tether will
be inclined to value the pitch angle equal to /4, the
faster the tether will be retrieved completely. Figure 4

Table 1. Tether parameters

Parameter Value
Masses of the end bodies are identical 10 kg
Initial length of the tether 6000 m
Longitudinal rigidity of the cable 5000 N
Orbital radius 7000 km
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also shows that the shape of the control function
L(t) becomes smoother with T, increase. The iso-
lines on the surface L= L(Tf,t) are marked accord-
ing to lengths of the retrieved tether from one to five
km. The analysis of these isolines shows that one can
retrieve the tether to the set length at different values
of the parameter Tf , however the less this parameter,
the less time required for retrieval.

The dependence of the final length of the tether
in meters after the end of the retrieval on the value of
the parameter T, and duration of the retrieval pro-
cess is shown in Fig. 5. Isolines from one to four me-
ters are also put here. They confirm the conclusion
based on the analysis of isolines in Fig. 4.

The speed of change of the length L(t) vs. the
parameter T I value and duration of the mode of
retrieval is shown in Fig. 6. Here one may see that
the speed V(t) at the chosen parameters of the tether
can be sign-variable when the end body trajectory
goes into the line 9(t)=mn/4 at small values of the
parameter Tf. It complicates the program control
law essentially as there are time intervals in which the
length of the tether temporarily increases. The con-
trol becomes complicated, but the results of several
last trajectories practically do not differ. Thus, the
increase in the parameter Tf can be alternative to
the control law complication. The areas like the one
shown in the right forward corner in Fig. 6 are of little
use for the construction of the programmed control
for the mode of the tether retrieval.

The behavior of trajectories of the tether end bod-
ies at the duration of the retrieval T, =24000 s and
various values of the parameter Tf isshown in Fig. 7.
The trajectories of the upper end body of the sym-
metric tether are shown here in the orbital frame.
One can see in this plot how the shape of the trajec-
tory changes when the parameter Tf increases. The
trajectory of the end body becomes more complex
with T, growth, and there are time intervals where
the length of the tether increases temporarily. The
control becomes more complex at that, but results
of retrieval along a few last trajectories practically do
not differ. Hence, one can draw the conclusion that
the alternative to the control law complication is the
increase of the maneuver duration.

This trajectory becomes either very difficult for
realization because of the necessity of switching the
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Fig. 5. Final length of tether vs. duration of retrieval 7, and
parameter 7}
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Fig. 6. Speed of change of tether length vs. time ¢ and param-
eter Tf
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Fig. 7. Trajectories of end bodies at the duration of retrieval T, =24000 s and various values of the parameter 7}

Fig. 8. Tension force vs. time 7 and parameter Tf

speed sign or not realized at values of the parameter
Tf smaller than 1500 s. The trajectory of the end
body becomes smoother when T, increases more
than 1500 s. Thus, as it has been told, the increase of
duration of the maneuver can be the alternative to the
control law complication.

An indispensable condition of the realizability of
the maneuver of the tether under consideration is the
tension of the cable during the entire time of its re-
trieval. One can find the dependence of the tension
force in the cable on time using Eq. (9) when the law
of change of the tether length L(¢) is known.

The dependence of the tension force in the cable
on time is shown in Fig. 8 at various values of the pa-
rameter Tf . At t=0, the force of tension is deter-
mined from the condition (10). The cable tension is
increased at the beginning of the process of retrieval
because of overcoming forces of inertia of the end
bodies. Naturally, the intensity of this increase is de-
termined by the value of the parameter T, — the less
this parameter, the faster the tether tilts, and, hence,
the faster its length decreases. Thus, the behavior of
the tension force of the cable becomes essentially
more complex in those ranges of the parameter Tf

values, where there are time intervals, at which the
cable is extended. Thus, the tension decreases at first,
when the cable is let out, and then sharply increases
when the cable starts to shorten over again. The curve
T(t) shown in the foreground corresponds to the
force of the cable tension during retrieval when the
parameter Tf is equal to 24000 s.

Let us consider further the tether behavior at its
total retrieval.

If one chooses the co-ordinates of the end bod-
ies and their first time derivatives in the orbital frame
of reference as phase variables of the problem, one
can introduce the program force of tension T'(¢) into
the model as the control, which can be calculated on
each step of integration, using the equation (9). Pro-
gram values L(t) can be obtained on each step of in-
tegration of the Cauchy problem for equations (12).
The first time derivative of L(t) can be determined
from (12) after substitution there the expressions for
9(t) and its time derivatives. As a result, one can ob-
tain the expression for tension force T'(t), which can
be used at numerical integration of the Cauchy prob-
lem for HCW equations with help of the computing
program written in the FORTRAN. The HCW equa-
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Fig. 9. Tension force T'(t) vs. parameter T, and time 7 at dura-
tion T =16000 s

tions and Eq. (12) were programmed for the numeri-
cal solution with a Runge — Kutta integration rou-
tine of fifth order with a constant step of integration
equal to 0.1 s. Using steps of integration 0.2 s and
0.05 s has resulted in the divergence of L(T,) values
about 2—3 mm.

The behavior ofthe tension force T'(t) forthree var-
ious values of the parameter Tf is shown in Fig. 9 for
the case when the duration of retrieval T, =16000 s.
Here one may see that for T, =1000 s at the time
interval close to the initial instant (from 7 = 260 s to
t = 320 s), the tether tension becomes negative, in-
dicating the inadequacy of the adopted model of the
tether for such a value of the parameter T, and all its
smaller values. (Calculations have shown that already
at T, =1030 s, such intervals in the case under con-
sideration are absent). The time history of change of
the tension force T(t) resulted in the plots for two
other values of the parameter Tf (they are shown by
dotted and stroke-dotted curves) has smooth enough
character and indicates adequacy of the adopted me-
chanical model.

The time history of the distance L(t) between the
end bodies and the speed of change of this distance
S(t) is shown in Fig. 10 also for three various values

L, m S7 m/s
6000 8
-4
4000 T, =1000s
- 0
s T, =5000s
T, =25000 s
- —4
2000
T, =5000s
- -8
7, = 1000 s
0 I ! —12
4000 8000 12000 t,s

Fig. 10. Tether length L(t) and speed of its change S(t) vs.
time 7

of the parameter 7} at the duration of the retrieval
T.=16000 s. The curves L(t) are shown by solid
lines, curves S(t) — by dotted ones. One may see here
how the time histories of these values essentially vary
as far as the parameter Tf increases. The occurrence
of the range of time where the speed S(t)>0 is vis-
ible at T, =1030 s, i.e., the cable is unreeled here.
Such ranges are absent at Tf =2500 s, the curve L(t)

has a smooth shape, though the curve S(¢) is difficult
enough for the realization. The maximum value of the
speed of winding of the cable does not surpass 4 m/s.
Both curves become smooth at Tf =5000 s. The max-
imal speed of winding of the cable does not surpass
1.63 m/s. Thus, a choice of the value of the parameter
7} proper for realization of the programmed control is
defined by requirements to the duration of the mode
and by the parameters of the system realizing the con-
trol law. Figure 11 shows the trajectories of the teth-
er end bodies in the orbital frame for three different
values of the parameter 7}, which defines the instant
of entry of the trajectory on a straight line x°" = y°'.
The trajectories differ in the shape and complexity of
realization, as described in the comments to Fig. 9.
The fastest retrieval occurs along the trajectory, which
reaches the line x*" = y*" at T, =1030s.
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Fig. 13. Magnitude of angular momentum vector of tether and
errors of integration

Figure 12 shows the time history of the gravitation-
al torque acting on the tether in the mode of retrieval
(see Eq. (3)) for different values of the parameter Tf .

These plots illustrate the fact that the earlier the
pitch angle 3 becomes equal to ©/4 , the more rap-
idly the angular momentum of the tether decreases,
and, hence, the more promptly the tether retrieves.
Really, the areas of the curves M _(t), which corre-
spond to the integral in the right part of the Eq. (2),
are equal numerically to the total tether angular mo-
mentum just before the beginning of retrieval. At
time integration, M g(t) grows the more rapidly, the
less value of the parameter Tf for the trajectory.

The stepwise refinement has been introduced into
the computing program for taking into consideration
the elasticity of the cable when calculating the ten-
sion force. Really, the distance from point C to the
end body for the flexible cable is:

r(t)= rp(t)+Ar(t).

Here, r (t) is the program law of r(t) change.
In turn, Ar(t):Trp/ EF is the cable elongation
according to Hook’s law. Therefore, the quasistatic
character of the retrieval mode has been taken into
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account at calculation 7, and the updating has been
introduced into the calculation of the program law
rpe(t) = rp(t) — Ar(t). The value of Ar(t) calculated at
the previous step of integration was used as its current
value. The step of integration is equal to 0.1 s.

The numerical integration of the Cauchy problem
was performed under the monitoring of compliance
of the output with the theorem on the change of the
tether angular momentum. The magnitude of the an-
gular momentum vector was calculated in two ways.
The current values of the phase variables of the ini-
tial value problem (1) were used for its evaluation in
the first case. In the second one, it was calculated on
the basis of the theorem on the change of the tether
angular momentum (Eq. (2)). Computational results
are shown in Fig. 13. Here the magnitude of the an-
gular momentum vector, calculated using the phase
variables values, is shown by the solid line, difference
of its evaluation using (2) is shown by the dotted line.
Obviously, such errors of evaluations are negligible
for practice.

5. CONCLUSIONS

Summing up, it is possible to say that the new ap-
proach to the solution of the problem of total and safe
retrieval of the vertically aligned elastic space tether
of two bodies in a circular orbit is advanced, theo-
retically proved, and checked up numerically here.
This approach is based on the program control of the
tether length with the use of the gravitational torque
for the tether pitch angle control. From the physical
point of view, the purposeful change of the angular
momentum of the tether is proposed at the expense
of its interaction with the gravitational field, allow-
ing satisfying a lot of additional requirements to the
quality of the dynamic processes in the elastic space
system. From the point of view of the control theory,
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the new approach to the control construction is ad-
vanced for the underactuated mechanical systems,
which have the number of the control channels less
than that of the degrees of freedom. Here it is offered
to impose constraints on the system motion about
the pitch axis, which allows realizing the set mode
of motion at control only of the remaining degree of
freedom reducing the number of the degrees of free-
dom of the system. The character of the constraints
for the admissible law of change of the pitch angle
with time is defined by the requirements shown to
the executed mode of formation of the programmed
control. These requirements allow retrieving of the
tether of two bodies without excitation of longitudi-
nal oscillations because the obtained control law is
very smooth vs. time and does not contain features,
which can call such oscillations. The led example
of the application of the stated approach to the case
of retrieval of the particular tether demonstrates the
simplicity of use of this method in practice.
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UnetutyT Texuiunoi Mexaniku HalioHanbHOT akaeMii Hayk Ykpainn

i JIep>xaBHOro KOCMiUHOTO areHTCTBa YKpaiHU

ByJ1. Jlemko-ITonens 15, Ininpo, Ykpaina, 49005

2 T1iBHiyHO-3axigHMi yHiBepcuTeT 1

127 YouyiXilu, Xi’an 710072 Shaanxi, Kurait

3 THcTUTYT KOCMIYHMX ToctimkeHb HatioHansHoT akagemii Hayk YKpaiHu
i [lep>kaBHOro KOCMiYHOTO areHTCTBA YKpaiHU

[Mpocm. Akanemika [ymkosa 40, . 4/1, Kuis, Ykpaina, 03187

MPOTPAMHE KEPYBAHHS IMOBHWM 3TOPTAHHSAM KOCMIYHOT 3B’S13K1
3 BEPTUKAJIBHOI'O I[MTOJIOXKEHHA

[IpencraBieHo pe3yiabraTd OOCHIIKEHb IMOBHOTO Ta OE3MEYHOrO 3rOpTaHHS KOCMIYHOI 3B’SI3KM JBOX TiJll, 3’€IHAHUX
MPY>XHUM HEBaroMUM TpPocoM. MeTa AOCTiIKeHHS TOoJIsITae y MoOynIoBi MPOrpaMHOro KepyBaHHS IJIsI PEKHUMY TOBHOTO
Ta 0€3MeYHOro 3ropTaHHs 3B’SI3KM, SIKUl € OJHUM 3 OCHOBHMX pexXUMIB i1 (pyHKUioHyBaHHs. lle mo3BojsiE cTBOpUTU
3aKOH KepyBaHHSI JOBXHWHOIO ab0 HATSIrOM 3B’SI3KU, SIKMI 3a0e3rnedye HeoOXiaHY 3MiHY KiHETMYHOIO MOMEHTY 3B’SI3KU
MiJ Ai€ro rpaBitaliiifHoro MoMeHTy. HoBU3HA pe3ynbTaTiB HOCTIIKEHHS TMOJSATa€ TaKOX y HOBOMY MiAXOi 10 KE€pPYBaHHS
MaJIONPUBOJHUMU MEXaHIYHUMM CUCTEMaMM, y SIKUX KUIbKICTb KaHa/IiB KEPYBaHHSI MEHIIIA 32 KiJIbKiCTh CTYIIEHIB CBOOOIU.
BBeneHo oOMeXeHHST Ha KYTOBUIA pyX 3B’SI3KM IIOJ0 OCi TaHTaxy. BOHM CKOpOYyIOTh KiJIbKIiCTh CTYIIEHIB CBOOOAM CHCTEMU
Ta JI03BOJISIIOTH peajlidyBaTu HeoOXimHMI crocio pyxy. sl Takoro KepyBaHHSI BUKOPUCTOBYEThCS TiIbKU CTYIiHb CBOOOIU,
IO 3aJMIIAEThCs. YKcenbHe MOJIETIOBAHHS BIUIMBY MapaMeTpiB PEeXWMY Ha JUHAMiKy 3B’SI3KM BUKOHAHO JUISI OOpaHMX
Jiana3oHiB mapamMeTpiB. YnceabHUN MPUKIIaa JEMOHCTPYE MTPOCTOTY 3aCTOCYBAHHS METOY Ha MPAKTUIII.

Karouosi caosa: py>xHa KOCMiuHa 3B’513Ka, MAJIOTIPUBOAHA MEXaHIYHA CUCTEMa, 3TOPTAHHSI, IPOTPaMHe KepyBaHHSI.

ISSN 1561-8889. Kocmiuna nayka i mexwnonoeis. 2021. T. 27. Ne' 5 85



IcTopist KocMIYHMX JOCTIIKEHD
History of Space Research

https://doi.org/10.15407 /knit2021.05.086
VK 52: 523.4+535.2

M. A. BAIMIIEB!, nupexrop, kanu. icrop. Hayk

E-mail: m.a.balyshev@gmail.com

0. 0. KOBAJIB?, aciipanTka

E-mail: k.yuliial99@gmail.com

I[leHTpanbHMIi Hep>KaBHUI HAYKOBO-TEXHIUHMIA apXiB YKpaiHu

ByJI. MockaniBchbKa 139, XapkiB, Ykpaina, 61157

2HauioHabHUIA TEXHIYHUI YHiBEpCUTET «XapKiBCHKUIA MOTITEXHIYHUI iHCTUTYT»
ByJ1. Kupnimuosa 2, Xapkis, Ykpaina, 61002

VYACTb XAPKIBCHKOI ACTPOHOMIYHOI
OBCEPBATOPII TA i [IPE/ICTABHUKIB
V PAITHCBKII1 KOCMIYHIIT ITPOTPAMI Y 1960-X POKAX

Cmamma npucesuena 0ocaioxcentio oKymeHmansHux paxmie 0o icmopii acmpornomii nepiody 60-x poxie XX cm. Ii memoto € gido-
Opacerus nodiil, noe’13anux iz yuacmio Xapkiecvkoi acmporHomiunoi 06cepeamopii' y paosHCwbKill KOCMIUHII npoepami y 8U3HAUEeHULL
nepiod. Poseasnymo xpononoeiio 3any4enHs XapKiecbKux acmpoHomie 0o npoepam iz po3podku ma QyHKUioHyeanHs 00’ ekmie «B-
67>, «E-7>, «<E-8, «JI-3», «M-69»; cmeopenHs wmyuHo2o Micauedpomy; onpauo8ants oomoepagiunux mamepianie, Ompumanux
Kocmiunumu anapamamu «Lunar orbiter 2>, «Ranger 7», «Surveyor D>, «Jlyna-9», «Jlyna-12», «Jlyna-13» ma «30n0-3». Ilpo-
aHANi308aHO HANPAMU HAYK080i pobomu acmporomiunoi oocepeamopii XJ1Y imeni O. M. lopvkoeo 3a memamu «Armail», «Amaac»,
«Jloke» ma in.

3’sacosarno ocnosHi 3a60anns, axi Xapkiecvka acmporomiuna oocepsamopis gukonysanay 1960-x pp., nog’szani iz nposedenusim
@omomempuuHux docaiodncensb HU3KU demaineii 360pomuozo 60Ky Micsays; ugueHHAM Di3UKO-MeXAHIYHUX MA XIMIYHUX 81ACMUBOC-
meil MiCAMHUX TPYHMI6 ma iXHIX ONMUUHUX 81aCMUBOCHell; 30ilCHeHHAM (POMOMemPUHHO20 AHANAI3Y BUHAYEHUX OiNTHOK MICAYHOT
N0BEPXHi; BUKOHAHHAM (POMOMEeMPUHHUX PO3PAXYHKIE, He0OXIOHUX 045 pO3pOOKU cucmeM opicHmayii agmomamu4Hux Mixcnianem-
HUX CMAaHYiil; 3’9CY8aHHAM NUMAHb 0C8IMACHOCMI 8i0 MICAYHOI NOBEPXHI.

Pempoingopmauiiini pecypcu, sxi enepue 6yau 3anyueni 00 po3ensioy, 003604uu 6i0MeopumMu XpoH0A02IUHY NOCAIO08HICMb NPU
suKAadeHHi nodiil, N06’A3aHUX 13 yHacmio YHieepcumemcvkoi oocepeamopii y po3pooui ma (hYyHKUIOHY8aAHHI KOCMIYHUX 00 €Kmig y
8U3HAYeHUll nepiod; KoHKpemu3ysamu 00poOOK XAPKIGCLKUX ACMPOHOMIE Y PAOSHCLKY NPOSPAMY 3 0CBOEHHS KOCMOCY; YMOYHUMU
desiki manogioomi gpakmu.

Karouoei caoea: Micaynb, naranemonoeis, pomomempuuni docaiodncentsi, Xapkiecbka acmpoHoMitHa obcepeamopis, paosHcbKa Koc-
MIYHa npoepama, micaueopom, nAaHemoxio.

BCTYII aCTPOHOMII, TIepll 3a Bce — Y Tajly3i JOCiIKEeHHS
¥V 2021 p. Bin3HauaeThCA HU3KA IOBUIEHHNX AaT cTo- | Micsus Ta miaHet. 1960-mMu 1aTyioThes Nepiii Bixu
COBHO IO[ili, IKi ITOHAJ MiBCTOMNITTS TOMY O3HaMe- | B iCTOpii OCBOEHHSI KOCMIYHOTO mpocTopy: 60 poKiB
HyBaJW [TOYAaTOK HOBOTO €Taly Yy PO3BUTKY acTpo- | TOMY 3MifiCHEHO MepUINii MiJIOTOBAaHUIA TIOJIT Y KOC-
HOMIYHOI HayKW: 3apOJKEHHS eKCIIEpUMEHTaJIbHOI | MIYHMI IPOCTIp (BUXil Ha HAaBKOJO3EMHY OpOiTy

HwuryBanusa: baiuwes M. A., Kosasw I0. IO. YuacTb XapKiBCbKOI aCTpPOHOMIYHOI 006cepBaTopii Ta ii MpeICcTaBHUKIB Y pa-
ISTHCBKIM KOCMivHili mporpami y 1960-x pokax. Kocmiuna nayka i mexnonoeis. 2021. 27, Ne 5 (132). C. 86—99. https://doi.
org/10.15407 /knit2021.05.086
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Yuacmo Xapriecoroi acmponomiunoi o6cepeamopii ma ii npedcmagHukie y padsancokii kocmivniil npoepami y 1960-x pokax

anapara «BocTok-1»); 55 pokiB 3 MOMEHTY 3alycKy
aBTOMAaTUYHOI MiXIUlaHeTHOI craHuii «JIyHa-10»,
sIKa cTajia MepiiuM ITYYHUM CYTTyTHUKOM Micsiis;
50 pokiB Tomy AMC «JlyHa-19» Gymno ycmilHo BU-
BEJIEHO Ha MiCsIYHY OpOiTy JUIsl JOCHTIIKEHHS KOC-
MigHOTro TpocTopy i Mics1isl, a Ha HABKOJIO3eMHIl
opOiTi 3’sBUAacs meplla y CBiTi MiJloToBaHa OpOi-
TaJibHa cTaHLis «CamoT-1»; pokoMm panime — AMC
«JIyna-17» mocraBuiia Ha MiCSTYHY IMTOBEPXHIO CaMO-
XigHuii armapar «JIyHoxon-1» [29].

o pamstHCcbKOI KocMivHOI riporpamu 1960-x po-
KiB OyJ10 3aJlydeHO 0araro IiAIpUEMCTB i HAyKOBUX
ycraHoB CPCP. 3HauHui1 pi3HOACIEKTHUI BHECOK B
OCBOEHHSI KOCMiYHOT'O MTPOCTOPY Ta PO3BUTOK KOC-
MiYHOI HayKW i TeXHIKW 3pOOWJIM YKpaiHChKi Hay-
KoBli [41—43, 45, 49, 50, 52—54, 56]. I1poBeneHuii
icropiorpadidyHui1 aHaJIi3 CBIIYUTh PO Te, 1110 TeEMa
yyacTi XapKiBChKOI acCTpOHOMIYHOI oOcepBaTopii
(XAO) B OCBOEHHI KOCMIUHOIO IIPOCTOpPY He Oyja
MIPEeIMETOM OKPEMUX iCTOPUKO-HAYKOBUX MOCHiI-
KeHb. 3a3HauYMMO, 110 mounHawuu 3 1959 p. XAO
Opaja Oe3IocepenHIO Y9acTh Y BUPIIIeHHI 3aBIaHb,
OB’ SI3aHUX i3 pO3POOKOI0 KOCMIYHUX arapariB, BU-
KOHYIOUM crieliajibHi (hOTOMETpUYHI AOCTiIKEHHS
Micsus, Mapca i Benepu. Jlanuii dakT y mepiiry
yepry TOSICHIOETBCSI BCEOIYHOIO 3aKPUTICTIO POOIT,
OLTIBIIICTD 3 SIKMX 3[ilicHIOBaIOCS 3a TpudaMu 00-
MEXXEHHSI IOCTYITy — «TAaEMHO» Ta «1IIJIKOM TAEMHO».

VYuacTth XapKiBChbKOI aCTPOHOMIYHOI 00CepBaTO-
pii y KOCMIYHMX MPOEKTAX IbOIO MEPioay BigOyBa-
Jlacsl Tij 6e3rnocepeHiM KepiBHULITBOM aKajaemika
M. I1. bapa6amoBa (1894—1971), sikuit 3amouar-
KyBaB y XapKOBi HayKOBY IIIKOJIy TJITAaHETO3HABCTBA
i cIpusIB IMiTHECEHHIO YHiBEpPCUTETCHKOI oOcepBa-
TOpil Ha piBeHb LIEHTPY IUIAHETHUX NOCIIIKEHb Y
CPCP. OcHoBHUMU OO’€KTaMU NOCHIIXKEHHS Ha-
ykoBoi mkoiau M. Il. bapabamosa Oynu Micsiib,
mwiaHetu Ta CoHue, mMerogamu — QoTtorpadiuHa
oTomeTpisi, cieKTpohOTOMETPIist Ta KOJTOPUMETPIst
moBepxHi Lux Tin [1, ¢. 176]. Oxpemi acriektu pop-
MYBaHHS Ta HaAMpsIMA disUTbHOCTI HayKOBOI IIKOJIN
TUTAHETO3HABCTBA BUCBITIECHO Y MyOJTiKallisiX, Mpu-
CBSITYEHUX JOCTIIKEHHIO HayKOBUX Oiorpadiii Hu3-
KM XapKiBCbKMX acTpoHOMIB [1, 4, 38, 40, 51].

VYV tomy x 1959 p. cninbHO 3 TojoBHOIO acTpo-
HOMIiuHOIO oOcepBaTopieto B IlynkoBo Ta AcTpo-
HoMiuHUM iHcTuUTyTOM iMmeHi I1. K. IllTepuOGepra
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XAO ponyuyuiacsl 10 poOiT i3 0OpoOKM IepIInx
¢ororpadiii 3BoOpoTHOr0 60Ky Micslisl, OTpUMaHUX
MiXIUtaHeTHoI cTtaHuie «JIyHa-3». [ToTiM xapkiB-
CbKi aCTPOHOMM B3SUIM Y4acTb y MPOJAOBXKEHHI 11X
po06iT, onpanboBytoun dororpadii, orpumani AMC
«30H1a-3» y 1965 p. (6ynu 3adikcoBaHi 061aCTi 3B0-
poTHoro 60Ky Micsusi, He oxoruieHi AMC «JlyHa-
3»). Akanemik M. I1. bapa6aioB (pa3oMm i3 y4HsSIMM)
B3$IB YYaCTh Y CTBOPEHHI «ATJIacy 3BOPOTHOIO OOKY
Micsus» IK oouH i3 pegakTopiB BugaHHs [3].

VY 1967 p. actpoHomMiuHa obcepBaTtopist X1V ime-
Hi O. M. TopbKoro, eiMHa Ha TOW 4Yac cepejl pajasiH-
CbKMX YHiIBEpPCUTETChKUX 00OCepBaTopiii, Oy/a 3amii-
siHa y po0OoTax 3i CTBOpeHHSsT 006’ekTa «JI-3» (Micsu-
HO-IT0CAJIKOBA ITiJIOTOBaHa Mporpama).

Tomy memoro cmammi € y3araibHEHHS pe3yJibTa-
TiB iCTOPMKO-HAyKOBOI'O JOCJIiIXKEHHS 1100 YJacTi
XapKiBChbKO1 aCTPOHOMIYHOI 00CepBaTOPil y paasiH-
CBKilf KocMiuHi# riporpami y 1960-x pokax.

Jnss BUpilIeHHSI KOHKPETHO-TIPOOJIEMHMX 3a-
BJIaHb Y pOOOTi BUKOPUCTAHO ClielliaibHi METOAU —
iCTOPUMKO-XPOHOJIOTIYHUI, PETPOCHEKTUBHUI Ta
METOIU JXKEPeJIO3HABYOro aHalli3y. JxxepeabHy 6a3y
JIOCTiIXKeHHSI CKJIaIv MaTepianu 3 ¢poHaiB lepxas-
HOTO apxiBy XapKiBcbKoi objacTi [19—24].

BUKJIAJL OCHOBHOI'O MATEPIATTY

Tema pocnimxeHbs Micgangd 3aBXIM 3aiiMaza 0CO-
0IMBe Miclie y TisIbHOCTi aCTPOHOMiUHO1 obcepBa-
Topii XapKiBChKOTO YHIBEpPCUTETY i JO 3arodaTKy-
BaHHS HAayKOBOI LIKOJIM IUIaHeTOo3HaBcTBa [37, 39].
Ha mouatky 1950-x pp. y LIbOMY HampsiMi XapKiB-
CBKMMM acTpOHOMaMM OYJIO ITiATOTOBJIEHO HU3KY
HaABaXJIMBUX Ipallb. 30KpeMa, yUeHUIIs aKkaaeMika
M. I1. Bapabamosa B. O. ®enopenb (€3epcbka) BU-
KOHaJjia IpyHTOBHY po0oTy 3 (poTorpadiuHoi poTo-
MeTpii MicsguHoi moBepxHi (1952) [31], o6poduBLIN
BJIACHOPYY OTpmMaHi dororpadii 176 miasTHOK T0-
BepxHi Micsug. Lleit kaTamor oTprMaB 3HaYHY POJIb
Yy BU3HAYEHHI peXUMiB 3ioMKU Mics1isl mepimmMmn
KocMmiyHuMMU anapatamMu. Akaaemik M. I1. bapa6a-
1I0B BUJaB (pyHIaMeHTaJbHY Tpaupo «JdocmimkeH-
Hs (izmuHnx yMoB Ha Micsui i manerax» (1952),
sIKa Ha TOM Yac cTajia HallOLIbIIIMM BHECKOM Y PO3-
BUTOK TaTy3i TUTaHETOJIOTi [6].

VYrponosx 1958—1959 pp. Ha XapkiBCbKill acT-
POHOMIUHiii oOcepBaTOpii MPOBOIMJIMCS CUCTe-
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M. A. baruwes, IO. IO. Kosanw

Puc. 1. ®oto M. I1. bapabaiosa

MaTU4Hi CIEeKTPOMOTOMETPUYUHI CIIOCTEPEXKEHHS
KpatepiB MicssuHoi nmoBepxHi: B. 1. €3epcbkuii Bu-
BYaB HasIBHICTh aKTUBHUX TPOIIECiB, 30KpeMa Kpa-
Tepa AJb(OHC (OCKIIbKM Ha MOro CHeKTporpami,
oTpuMaHiii y aucronaai 1958 p., Oyjao BUSBIEHO
aHOMAaJIbHE CBITIHHS Ia30BOIO TUITY Y PailoHi OTo
HeHTpaiabHoi ripku) [12]; a cninbHO 3 A. T. Ye-
KHUPJOI BiH BUKOHAB KOMILIEKCHE JOCiIXKEHHS
ONTUYHUX 1 TETUIOBUX BJIACTUBOCTEM 3pasKiB Tip-
CBbKMX MOPiJl 3 METOIO BUSIBICHHSI MOXJIMBOTO CKJIa-
JIy 30BHIIIHBbOTO MOKPUBY Mics1id; Toai XapKiBChKi
aCTPOHOMM IIiHIILUIM BUCHOBKY, 1110 HaliMOBIipHille
MicsIYHa TIOBEPXHSI BKpUTa po3ApoOJeHUMU Ty(do-
NOAiOHMMM MOPUCTUMMU TiPCHKUMHU MOPOIAMHU, a Ha
JesIKMX IUITHKaX — I'pyO03epHUCTUM BYJIKAHIYHIM
nonesnoMm [17]. 3 MeTow MiATBEpIKEHHSI OTpUMa-
HUX pe3yJbratiB (3a 3aayMmom akajaemika M. I1. ba-
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pabamona) B. I. Tapaxka B obcepBaropii mooymy-
BaB iHOMKATPUCHU PO3CiIIOBaHHS CBIiTJIa MiCSIYHOL
noBepxHi [11].

Takox y ueit mepion akan. M. I1. BapadamoBum
Ta B. I. €3epcbkum Oyiu npoBeaeHi (hoToMETpUUHI
JIOCJTIIDKEHHSI OKpeMUX JeTajleil CKJIaay MiCsuHOi
MOBEPXHi y Pi3HUX AiISIHKAX CreKTpa 3a (poTorpa-
GissMU, OTPUMAHUMM Y TPhOX Pi3HUX ITOJTOKEHHSIX
MoJspoiga y Mexkax TeMU TOCTiIKEeHHS MoIsIpr3alil
Micsug. OTpuMaHi 1aHi BKa3yBaju Ha Te, 1110 MaK-
CUMYM TTOJIsIpuU3allii 111 OiIbIIOCTi AeTaieit Micsiis
npunaga€e Ha CMHIO 00J1acTh ciekTpa [15].

Baitky 1960 p. LIK KITPC 6yn0 nmpuitHITO TM0-
craHoBYy «[Ipo mjaH OCBOEHHSI KOCMiYHOIO IpO-
cropy» Big 04.06.1960 p. Ne 587-238, sikoro OyB BU-
3HAQYEHUI TOPSI0K PO3POOKU i TEPMiHM 3amycKy
KopabaiB-cynyTHUKIB. epxkoMmiteT Pagu MiHi-
ctpiB CPCP 3 000pOHHOI TeXHIKM 3aTBEPAMB IUIaH
3aXO0JiB 31 CTBOpPEHHSI TaK 3BaHOro ob’ekra «E-7»
(cynytHuK Micsiis), 3rigHo 3 sskuMm XAQO 0Oyra ro-
JIOBHUM BUKOHABLIEM MPOrpamMy 3 aCTPOHOMIYHMX
IOCIIiIKeHb. 3a mpono3uliieto akanemika M. I1. ba-
pabaiiioBa 10 1IbOTO TJIaHy OYyJIO BKJIIOYEHO TeMy 3
¢otorpapyBaHHs 3emMii 3 KOCMIYHOTO MPOCTOPY
[19, apk. 19—20].

Takox XAO mnpoBoauia poOOTH 3 BU3HAUECHHS
ekcro3uiii pu dotorpadyBaHHi Mapca 3 OopTty
AMC nuisixoM 1i po3paxyHKYy, a TaAKOXK €KCIIepUMEH-
TaJIbHOIO BU3HAYEHHSI eKCcro3ullii ((poTorpacyBaH-
HSI TipChbKUX Mopin (Tycdu), 0IM3bKUX 3a BiIOUBHOIO
3IaTHICTIO 10 TToBepxHi Mapca) [19, apk. 2—5].

VY 1boMy HanpsiMKy y XapKiBCbKili acCTpOHOMiY-
Hili oOcepBaTopii MPOBOAMBCS KOMILIEKC POOIT: 3
METOI0 OTpPUMaHHSI (Di3MUHUX XapaKTEPUCTUK aT-
Mocdepu i moBepxHi Mapca yueHsb akana. M. I1. ba-
pabamona I. K. KoBanb 3ailicHI0OBaB 00pOOKY Ma-
TepialiB i crocTepexkeHb MPOTUCTOSIHHS Mapca y
1956 Ta 1958 pp.

3a migcyMKaMu crioctepexXeHb 1958 p. Ha migcTa-
Bi BUBYEHHSI KOHTPACTY «MaTeEPUK — MOpe» Oy
OTpUMaHI CBiTUeHHS BiAIMiHHOCTI 3aKOHIB BiIOUTTS
IJIS1 IMX obJacTeid. 3 METO BUBEIEHHSI ONMTUYHUX
BiacTuBocTeil atMmocdepu Mapca akang. M. I1. ba-
pabamoB Ta B. 1. €3epcekuii mpoBaguau potome-
TPUYHI BUMIpIOBaHHS CIIEKTpOrpaM IJIaHETU, OTPHU -
MaHi y IboMy 3K polli Ha KpumMchbkiit acTpodi3znuHiii
obcepnaropii [15, 24, apk. 81, 27]; mim aBTOpCTBOM
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M. I1. bapab6amona Ta I. K. KoBans Buiiluia apy-
KoM MoHorpadisi-katangor «DororpacdiyHa ¢GoTo-
MeTpist Mapca 3i cBiTJIoDibTpaMu ITiJl Yac BeJIUKO-
ro IPOTUCTOSTHHA y 1956 p.» (1959) [17].

V¥ 1962 p. XapkiBcbKa acTpOHOMI4YHa 00cepBaTO-
pist orpumada 3aBaaHHs Bim Actpopanu AH CPCP
Ta MOCKOBCBHKOTO iHCTUTYTY €JIEKTPOMEXaHIiK! Ta
aBToMaTuku (11/c 5798) om0 BU3HAUYEHHSI CBITJI0-
BUX i TEOMETPUUHUX MapaMeTpiB Micsis y 3B 13Ky
i3 PO3pOOKOI0 CUCTEMU HaBirailii 00’ekTa, prU3Ha-
YeHOoro g nocagkyu Ha Micgup. 30Kkpema, He0O-
XiZHO OyJI0 BU3HAUYMTH: BEJIMUYMHY OCBITJICHOCTI Ha
00’€KTHUBI MpuJIaay, BCTAHOBJICHOTO Ha 00’ €KTi, IpHU
Bi3yBaHHIi OCBiTJIeHUX KpaiB Mics1isi; BeIMYUHY I10-
BHOI OCBITJIEHOCTI Bim Mics1is, JaHi IIpo CrieKTpalib-
HUI1 CKJIa[ BUIIPOMiHIOBaHHs Micslis y Aiama3oHi
0.38...0.70 MmkM™.

Jomamo, 110 y MomaJblIOMy JaHi, OTpUMaHi
XAO, OyayM BUKOPUCTaHi MPU MPOEKTYBAaHHI ara-
patypu, sika 3a0esneuyBaja CTEXEHHs 3a KpaeM
Micsug y miana3oHi cejieHorpadiyHUX IIUPOT Bil
+50° no —50° ipu dazi Micsug 90° £ 15° [20, apk.
20—21].

UYepes aexinbka pokis (1966) obcepBaTopist Ipo-
JIOBXWJIA 1110 POOOTY, OCKIIbKM BUHMKJIA HEOOXi-
HICTb OTpMMAaHHS IOAATKOBMX JaHUX IIOAO Be-
JIMYMH OCBITJI€HOCTi, CTBOPIOBAHUX KPAEM IUCKY
Micsis y Todykax, sIKi BiIIOBiJalOTh ceJieHOTrpa-
diuniit mmpoTi o +£60°. IMpoBeneHi XapKiBCbKUMU
acTpoHoMaMu (POTOMETPUYHI BUMIipIOBaHHSI 3MiH
SICKPaBOCTI Y3/10BX JliMOa moKa3ajiyd HasiBHICTh CHUC-
TEMaTUYHOT'O 3MEHILIEHHSI SICKPABOCTI MPU BEJIUKUX
3HAQUYEHHSX IIUPOT Ta BEJMKUX (ha30BUX KyTax [21,
apk. 21].

BingnosinHo mo moctanosu BIIK Pagu MiHi-
ctpiB CPCP Ne 237 Bim 11.11.1965 p. XapkiBcbka
acTpoOHOMiyHa oOcepBaTopisl AOJAydYMsaacsl A0 BU-
KOHaHHSI OKPEMMX 3aBAaHb 3a TeMaMu «ATjac» Ta
«I7100yc», TOB’A3aHUX i3 TIPOBEIECHHSIM (OTOME-
TPUYHMX JOCTIIKeHb PI3HUX AeTajeil 3BOPOTHOrO
6oky Micsng (rmonan 200 mo3uiiiii), sSIKi BUKOHYBa-
JIMCS HA 3aMOBJICHHSI ACTPOHOMIYHOIO iHCTUTYTY
imeni I1. K. [IreitnOepra. 3okpeMa, XapKiBCbKUMU
acTpOHOMaMM  OIpallboBYBaiucs  poTorpadiuHi
Marepiaiu, orpuMaHi AMC «30H1-3»; 1i JaHi yBi-
WIILUIM 10 APYTOro TOMY «ATjiacy 3BOPOTHOTO OOKY
Micsusg» (1967) [21, apk. 12—18].
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Puc. 2. ®parmMeHT KHUTH <«ATJIac OOpPaTHOM CTOPOHBI
Jlynsi» (1960), Bunanoi min penakiiieto M. I1. Bapa6aiiosa,
0. O. Muxaiinona, 1O. H. JIuncbkoro

Takox y 3B’a3Ky i3 3anyckoM AMC «JlyHna-10»
HaBecHi 1966 p. [28, c. 194] 3a mpomnosuiiieio ACTpo-
paru AH CPCP XAO BHOCUTb peKoMeHpallil A0
eKCIepUMMEeHTaJbHOI HAyKOBOI IporpamMu 00 ’€KTa
«E-7» (doTomeTpist ekBaTOpiabHOI 30HM Micsis
3 BEJIMKOIO PO3IiJbHICTIO, palioMeTpiss MicsSiuHOL
MOBEPXHI 3 BEJIMKOIO PO3IIIbHICTIO Ta iH.) 3 METOIO
OTPUMAaHHSI JOJATKOBUX AAHUX IIOAO TMiArOTOBKU
00’ekTa «JI-3» [21, apk. 25—29].

BinnoBizHo no 1. 9 «IlnaHy-rpadiky cTBopeHHS
TOJIOBHOTO 010Ky «JI-3», I0or0 KOMIUIEKTYIOUMX CUC-
TeM, arperatTiB Ta anapaTypu», po3po0JIeHOro Ha BU-
koHaHHs ntoctaHoBu 1IK KITPC ta Panu MinicTpis
CPCP «IlIpo pobotu 3 pocmimkeHHss Micsiis Ta Koc-
MidHOTro npoctopy» Bim 04.08.1964 p. Ne 655-268, Ha
XAO (cepen iHIIMX OpraHi3alili-BUKOHABIIIB) OYyJ10
MOKJIaACHO «IOCTiMKEHHSI MiCSIYHOTO IPYHTY 3 Me-
TOIO BUJAaBaHHS JaHUX, HEOOXiMHUX JUISl TOCAAKU, a
TaKOX po3poOKM cKadaHApiB, 3acO0iB ITepeMillieHHS
Ta MPOHUKHEHHS [0 MOBEepXHEBUX IapiB Micsiisg»
[21, apk. 32—33]. 3okpeMa, XapKiBCbKi aCTPOHOMU
MpalioBaan Hajl PO3pOOKOI0 pOOOUMX TiITOTE3 IIOI0
3’sacyBaHHS (Pi3MKO-MEXaHIYHMX Ta XiMIYHMX Bjac-
TUBOCTEI MICSIYHUX IPYHTIB Ta AOCIIIKEHHIMU I1X-
HiX ONTUYHUX BJACTUBOCTEN 3 METOIO OLliHIOBAHHSI
IPYHTOBUX YMOB Ha Micsilii (3a TOTTOMOTIOI0 SIK Ha-
3eMHUX 3ac00iB, TaK i amapatypu AMC).

VY xoBTHi 1966 p. y XapkoBi BinOymacs KoHpe-
peHuis Kowicii 3 ¢isukmu miaaHet Actpopagu AH
CPCP «KoopauHallia Ha3eMHMX Ta I[03aaTMO-
chepHux crocrepexkeHb Micsist, Mapca ta Bene-
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Puc. 3. MereopurHuii Kparep bapabaiosa Ha Mapci

pU», sIKa TTPOXOJIMIIA TTiJ TOJIOBYBaHHSIM aKajaeMiKa
M. II. bapa6amosa. ITopsa i3 BiZKpUTHUMHM 3aci-
JMaHHSIMM OyJI0 MPOBEAECHO 3aKPUTi, Ha SIKMX 00ro-
BOPIOBAJIMCS BaXKJIMBI PIllICHHS 3 MUTaHb OCBOEHHS
KocMocy (Y HUX B3s1IM y4yacTb 77 ¢axiBLiB 3 TTOHA
40 yctaHoB) [21, apk. 30]. 3rinHo 3 pillleHHSIM 3a-
KPUTOTO 3acimaHHs1 KOoHMbepeHLii mIs 3ailiCHeHHS
eKCIIepUMEHTY 3i BceOiuyHOro actpodizmyHoro mo-
CIIIKEHHST 3eMJli 3 KOCMIYHOTI'O IPOCTOPY T'OJIOB-
HOI0 OyJIO BU3HAYEHO aCTPOHOMIYHY 00CepBaTOpilo
XY imeni O. M. Topbkoro |21, apk. 41].

Ha nouatky 1967 p. BinnosigHo no 3anuty OKb
XiMKMHCHKOTO MAaIIMHOOYIIBHOTO 3aBOOy iMEHi
C. A. JlaBoukina (m/c 7544) XAO po3smouana mo-
CIiIXKEeHHSI 3 MUMOBIpHOT HasIBHOCTi Y 30Hi JOBrOT
—40°...—65° i mmpot +10° KpaTepiB i3 KPyTU3HOIO
cxuiry roHan, 20° n1s1 3a0e31eueHHsT poooTH 00’ eKTa
«E-8». 30kpeMa, acTpoHOMHU oIpaloBain (HOTO-
rpagii, oTpuMaHi KocMiyHUM arapatoM «Ranger
7», sskuit cotorpadyBaB i3 BEJUKOIO PO3AiTLHOIO
30ATHICTIO AUISIHKY MOpsl (BU3HaueHa 30HA TaKOX
OyJ1a «MOPCBHKOIO»), Ha SIKUX OyJI0 BUIHO PO3MOILI
1 BeIMIMHU KPYTU3HU CXWIIB KpaTepiB PO3MipOM y
5...10 meTpiB [22, apk. 1—2].

Kpim Toro, nj1s BupillieHHsI LIMX 3aBOaHb 3 [HCTH-
TYTy reoxiMii Ta aHaJiTU4YHOI Ximii imeHi B. 1. Bep-
Haacbkoro AH CPCP no Xapkosa OyJio nepegaHo

90

KOMILIEKT (POTOAOKYMEHTIB, OTpUMMaHUX KOCMid-
HUMU anapataMmu «Surveyor 1» ta «Lunar orbiter 2»
[22, apk. 6].

V ueii ke yac MiXKBiTOM4010 HAYyKOBO-TEXHIYHOIO
pagoio 3 KOCMIYHMX JIOCJIXKEHb TOTYBaBCsl 3Bejle-
HUl TpuTOMHUI TIpocriekT «HaykoBi mociimkeH-
HSI KOCMIYHOT'O TTPOCTOPY i HEOECHMX Tijl COHSTYHOL
crucreMu Ha 1967—1971 pp.». Akanemik M. I1. Ba-
pabanioB 3aMpoIOHyBaB BBECTU 0 HAyKOBOi MpPO-
oaeMmaTuky posain «CeneHodiznKa», MPUCBIYEHUI
IOCTIIKEeHHIO (Di3MYHUX BIACTUBOCTE MiCSYHOI
MOBEpXHi (ONTUYHUX, JIOMiIHECLIECHTHUX, PadiOMeT-
PUYHMX, pagioacTpOHOMIYHMX Ta iH.). Kpim Toro,
XapKiBCbKi aCTPOHOMM 3allpOINOHYBAJIM BpPaXoOBY-
BaTtu nponosutiito M. I1. bapabaitiosa mig yac Bu-
3HauYeHHs 3aBJaHb 3 JocaikeHHst Mapca i BeHepu,
BKJIIOUMBILIM A0 PO3MJISIAY BUBYEHHSI CYMYTHUKIB
Mapca, nocrmimkenHss CaTypHa Ta HOro Kijelb, a
TaKOX TMOPiBHSUIbHE BUBYEHHS 3eMJli SIK TUIAHETH
(oTpuMaHHS iHTerpaJbHUX (Da30BUX (DYHKIIi).

Hanonsiraroun, 110 eKCIiepuMeHTH, SIKi 30iMCHIO-
IOThCSI 32 TOIIOMOT' 010 KOCMIYHHX allapaTiB, TOBUHHI
TiCHO KOOPJAMHYBATUCS i3 HA3eMHUMM acTpodizny-
HUMM CIIOCTEpPEXEHHSIMU, XapKiBCbKi acTpOHOMU
TaKOX 3aIlpOIOHYBaM: BUBYATU HEOMHOPiITHOCTI
¢izuKO-MeXaHIYHUX BJACTUBOCTEN OKpEeMUX i-
JISTHOK Micss 3 BEJIMKOI PO3AiIbHOI 3JaTHICTIO;
npu nociigkeHHi BeHepu 3 61M3bKUX BigcTaHEeH —
BUKOHYBaTU ¢oTorpayBaHHS 3 PO3AUIBHICTIO Yy
1...2 KM B ynbprpadiosneToBiil Ta BUAUMIN YacTUHAX
CIeKTpy; MpHU OOCHiIXeHHI Mapca 3a I0oIoMoroo
KOCMiUHUMX afnapaTiB — nepeadadyuTi eKCIepuMeHT
3 BUBYEHHSI iHTeTrpajibHOiI (pa30Boi PYHKILiTy pi3HUX
NIJISTHKAX CHEKTPY y HalOiIbII MOBHOMY iHTEpBaIi
KyTa dasu [22, apk. 15—16].

BignosigHo mo nmocranosu LK KITPC Ta Pamu
MinictpiB CPCP «Ilpo xim poOiT 3i cTBOpeHHS pa-
KETHO-KOCcMiuHMX KoMIiekciB YP-500K-JI1 ta HI —
JI-3» Big 04.02.1967 p. Ne 115-46 IHcTUTYT KOCMiY-
Hux nociimkednb AH CPCP 0yB BU3HaueHMI SIK T0-
JIOBHA OpraHizailisi 3 BUBYEHHSI MOBepxHi Micsus 3
MeTolo 3abe3mneueHHs 00’ekTiB «JI-3». 3Baxkarouu Ha
ue, B IKII AH CPCP 0yio po3po0iieHO TexXHiYHe 3a-
BIAHHSI 3 BU3HAUYEHHST (DOTOMETPUYHUX XapaKTepuc-
TUK MiCSTYHOI ITOBEPXHi B eKBaTOpiaJibHiil 30Hi.

3rimHo 3 MM 3aBAaHHSIM XapKiBChbKa acTPOHO-
MiyHa o0cepBaTOpisi BUKOHYBaJla pOOOTU 3a TEMOIO
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Yuacmo Xapriecoroi acmponomiunoi o6cepeamopii ma ii npedcmagHukie y padsancokii kocmivnii npoepami y 1960-x pokax

«AnTtait» (4acTMHA 3arajJibHOTO 3aBOAHHS 3 AOCHiI-
JKEeHHST TeoMOp(OJIOTIYHUX YMOB MOXJIMBUX paiio-
HiB BUCAIKU MiCSTYHOI eKCIIean1lii, KapTorpadyBaH-
HSI BUBHAUEHUX MaliIaHYMKiB, OKpEeMUX JeTajeil Ta
iXHili TreoJIOTIYHMIA OMUC, a TaKOX 3a0e3MeyeHHS
BUXiTHUMHU JAHUMU IIPOEKTYBAHHS 00’ €KTIB KOMII-
JiekciB «JI11 — JI-3» ta «<E-8»).

OCHOBHUMHU HampsMKaMM IIi€el poOOTH CTaJlu:
1) BUBYeHHS (POTOMETPUYHUX BIACTUBOCTEI «MOp-
CbKUX» MIiIJITHOK €KBaTOpiaJbHOI 30HU MiCSIYHOL
MOBEPXHi SIK MOXJIMBUX PailOHIB mocagku 00’eKTa
«JI-3»; 2) BUpillleHHS AeSIKUX CBITJIOTEXHIYHMUX 3a-
BJIaHb 11100 PO3IOIiTY ICKPABOCTI HA MiCSIUHIil MO-
BEPXHi MpPU CIIOCTEpeXKeHHi 0e3mocepeHbO Ha Hild
MpU Pi3HUX YMOBax (pi3Hi 3HaYEHHSI KyTa TMaaiHHSI,
KyTa BifOUTTS i pi3HULII a3UMYTiB ITaJaloumnX Ta Bigou-
THUX TIPOMEHIB), MOB’sI3aHMX i3 TTocaaKow Ha Micslib
KOCMIYHOTIO arapata Ta MEPEeMillleHHSIM TepeCyBHUX
3aco0iB; 3) ¢oToMeTpHUUYHI BUMiprOBaHHs Jiabopa-
TOPHUX 3pa3KiB, sIKi MalOTb (POTOMETPUYHI BJIaCTH-
BOCTi, ITOAIOHI 10 (POTOMETPUYHMX BIACTUBOCTEIA
MiCSIYHOI IMOBEPXHi, 3 METOIO YTOUHEHHS CTPYKTYpHU
Mikpopeabedy noepxHi Micsus [22, apk. 17].

OaHoYacHO XapKiBChKi aCTpOHOMU MpaloBain
3a «TeMoI10 No 433» — BUKOHaHHS (POTOMETPUYHMX
pO3paxyHKiB, HEOOXimHMX IJI1 PO3POOKU CHUCTEM
Opi€HTAallii aBTOMAaTUYHMX MIXIUIAHETHUX CTaHLIil
[22, apk. 90].

3BaxKarouu Ha BaXJIMBICTb MOCTABIEHUX 3aBJaHb,
y 9epBHi 1967 p. MiHicTepcTBO BHIIOI Ta cepeTHBOI
cneuianbHoi ocBiTu YPCP nososmio XY imeHi
O. M. TopbKoro 3acTocoByBaTH HaaypOuHi poOOTH
Ta aKOpJAHY CHUCTEMY OIUIaTH Mpalli JUisl iHXeHep-
HO-TeXHIYHUX mpauliBHUKIB XAO (AeB’SITh CITiBpO-
OITHUKIB), 3aliHSITUX HAa BUKOHAHHI pOOIT 3 MOCIi-
JI>KeHHS (Di3MKO-XiMiYHUX i MeXaHIYHMX BIaCTUBOC-
Tei MiCSTYHOI OBEPXHi, MiKpopeabedy ITOBEPXHi Ta
CTBOPEHHSI aHajora MiCSIYHOTO TPYHTY Jisl 3a0e3-
MeyeHHs poOiT o KoMruiekcy «J1-3» [22, apk. 24].

Hamnpukinmi yepsHst 1967 p. XAO oTpumao 1o-
nepeaHi pe3yJbTaTi (hOTOMETPil AeIKUX MaliJaHU K-
KiB MiCSIYHMX «MOpiB» OiJIsT ekBaTopa (AOCHiIKyBa-
Jucs 20 minsgHoK) Ta miarotysaio «PekomeHaartii 3
BinOopy MaiigaHUYMKIiB» 1JIs1 HOcaaKu 00’ exTa «JI-3».
3arajJbHUil BUCHOBOK aCTPOHOMIB: HalKpalllUMM
MalilaH4YMKaMu, 3 TOYKU 30py (POTOMETPUYHUX Ja-
HUX, € BiciMm minsiHOK B Okeani byp (omHa 3 HuX —
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(Axagewmg Nerpos I.H.)

Puc. 4. Jluct IHCTUTYTY KOCMIYHMX OOCIIIKEHb OO0 Xap-
KiBCbKOi acTpoHOMiuHOi obcepBaropii (1967). [Hdepxkan-
HMI apxiB XapkKiBcbkoi obmacti. 1968., ®@. P-2792. Om. 6.
Crp. 259. Apk. 18]

OesrnocepenHbO OiJisl Miclisl TOCaaKd aMepuKaH-
CbKOI'0 KOCMIYHOTO amapata «Surveyor 1», Ky Toi
3IiiCHUB BIITKY 1966 p.) [22, apk. 30—31].

Brnitky 1967 p. mo XapkiBCbKOi acTpOHOMIYHOI
o0cepBaTOpii 3BEpPHYBCSI TOJOBHUM KOHCTPYKTOP
dinii Ne 1 MOCKOBCBKOTO iHCTUTYTY €JIeKTpOME-
XaHiku Ta aBromatuku (1i/c 5728) B. JI. Mopaues-
CBHKUI 1100 3’SICYBaHHS ITapaMeTpiB IIOBHOI OCBIT-
JieHocTi Bin Micsitst Ta 11 MOXJIMBOTO PO3KUAY Ha
npubdopax 00’ekTa, MPU3ZHAYEHOTO JIJIs1 TTOCAAKU Ha
1oT0 TTOBEpXHIO [22, apK. 28].

V ueit xe yac Ha BUKOHaAHHS 3anmuTy MIiXBi-
JIOMYO0i HAayKOBO-TEXHIUHOI pagu 3 KOCMIYHUX J0-
crimkens ipu AH CPCP 3 MeToro 3a0e3reyeHHs
opienTauii 06’ekra «B-67» (AMC «Benepa-4») Ha
XAO Oy BUKOHaHi poOOTH 11010 3’SICYBaHHS PO3-
MOiIy SICKpaBOCTI ITo nucKy BeHepu Oitst niHii Tep-
MiHaTopa [Jjisi BU3HayeHoro mnojoxeHHss AMC Tta
TOCITIIKEHO 3JIEXXHICTh MOJTOBXEHHST «POTiB» Cep-
ny Benepu Bin ii ¢paszu [22, apk. 37].

91



M. A. baruwes, IO. IO. Kosano

VY nuctomnazi 1967 p. XapKiBCbKi aCTPOHOMU B3s1-
JIM y4acThb y poOOTi 3aKpUTOIO CUMITIO3iyMYy, IIPUCBSI-
YEHOro pe3yJibTaTaM Ta iHTeprpeTalii 1oCTiIKeHb,
npoBeneHux 3a gornoMoroto AMC «Benepa-4» (Bia-
O0yBcs1 y MoCKBi, opraHizoBaHuWii MixkBimomM4o1o Ha-
YKOBO-TEXHIYHOIO Pa/Iol0 3 KOCMIYHUX AOCTIIKEHb
AH CPCP), Ha siKoMy TIpeACTaBWJIM 3arajbHy JI0-
noBinbk Ha TeMy «OCHOBHI pe3yJibTaT (POTOMETPpUY-
HUX gocaimxeHb BeHepu Ha XapKiBChKiii acTpOHO-
Mi4Hiit o6cepBaTopii» [22, apk. 69—70].

Ha mouvatrky 1968 p., IpomoBXylOUrM HayKOBO-
JOCHinHY poOOTYy i3 3abe3neyeHHs1 00’ekTa «JI-3»,
XapKiBchbki acTpoHomu 3anpocunau y HIAI «[Tpuna-
nooynyBaHHs» (11/c -4149) matepianu, oTpumani
AMC «Jlyna-9», «JIyna-12», «Jlyna-13» i «30H1-3»
(TTOBHI KOMIJIEKTH HeTaTUBIB hoTorpadiii MicsTuHOI
MOBEPXHi, a TAKOX JaHi PO YMOBMU Ta OOCTaBUHU
¢otorpadyBanns) [23, apk. 1].

3a zanutom IIKDB excmepuMeHTaJbHOro Ma-
muHoOynyBaHHs (11/c B-2572) obcepBaTopist -
rotoBuia «MeTOAUKY iHXEHEPHOI0 PO3PaxyHKy
a0COJIIOTHUX BEJIMYMH SICKPAaBOCTi Pi3HUX AISTHOK
noBepxHi Micsaug y 3anexHocTi Bin Bucotu CoH-
1151, a3UMyTa CITOCTePEXKEHHS, KyTa JIiHil Bi3yBaHHS
1100 MicClieBO1 BepTuKai, GopMHU eTajieil pesibe-
¢y Ta in.» [23, apk. 2].

VY 1968 p. HaykoBO-mOCHiAHUIIBKA po6oTa XAO
3 JOCJiMXKEeHHs moBepxHi Micsiis 3ocepeaniacs Ha
BUKOHAHHI TeMU «AJrtait» ((POTOMETpUYHIIA aHAaITi3
BU3HAYEHUX MiISTHOK MiCSIYHOI ITOBEPXHi) 3a IOro-
BopoM Mix XJIY imeni O. M. Topskoro Ta [HcTUTY-
TOM TeoxiMii Ta aHaJiTU4YHOI Ximii imMeHi B. 1. Bep-
Haacbkoro AH CPCP Tta poGotamMu 3a TeMoOlO
«JItoke» (3’sicyBaHHST JeIKUX MUTaHb OCBITJICHOCTI
Bill Micg4HOI IMOBEepxHi) 3a goroBopoM Mix X1V
imeHi O. M. Topbkoro Ta MOCKOBCHKUM iHCTUTY-
TOM €JIEKTpOMEeXaHiKu Ta aBTOMaTuUKu (m/c 5728)
[23, apk. 24].

Hampukinmi ciuyng 1968 p. y XapKoBi Bigoymacs
Hapaja 100 TIUIaHy (OTOMETPUUYHOIO BUBUEH-
Hs Mics11s1 Ha TOTOYHUI PiK, y SKild B3SIIM Y4acCTh
npeacraBHuku XY imeni O. M. Topbkoro, TKJI
AH CPCP, InctutyTy reoximii Ta aHaJIiTU4HOI XiMil
imeHi B. I. Bepnaacekoro AH CPCP, LIKb excne-
PUMEHTAJIbHOTO MalIMHOOyAyBaHHSs (11/c B-2572),
MOCKOBCHKOIO iHCTUTYTY €JIeKTPOMEXaHiK! Ta aB-
ToMatuku (m/c 5728), XiMKMHCHKOTO MalluHOOY-
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niBHoro 3aBoay iMeHi C. A. JlaBoukiHa (11/c 7544),
HAI npunano6ynyBanHs (11/c I'-4149). O6rosopio-
BaJIMCS MUTAHHS, MMOB’sI3aHi i3 MOTOUHUMMU TIOTPE-
0amMy BUPOOHMYMX OpraHi3aliil y YaCTUHI BUXiTHUX
JIaHUX JJISI TIPOEKTYBAHHS Ta BUIIPOOYBaHHSI KOC-
MiYHOI amapaTypyd Ta MaKeTyBaHHSI MiCSIYHOI I1O-
BEpXHi; Oy y3romKeHi HayKoBi (h)OTOMETPUYHI 3a-
BIAHHS IIOA0 3a0€3IIeYeHHST POOIT 32 KOMIUIEKCAMU
«JI-3» ta «<E-8» [23, apk. 6—9].

Ha BukoHaHHs pilreHs wiei Hapaay B XAO 1mia-
TOTYBaJIM 3BiT LIOJ0 PO3MNOAITY SICKPABOCTI Y3A0BX
GOTOMETPUUHUX TIEPETUHIB KpaTepiB Ta chopMyBa-
JIM BUMOTH JIJISI CTBOPEHHSI (h)OTOMETPUYHOIO aHa-
JIora MicsT4HoOI IToBepxHi [23, apk. 17].

VY GepesHi 1968 p. MixBiToM40l0 HayKOBO-TEX-
HIYHOIO pamoi0 3 KOCMIYHUX AociimkeHb npu AH
CPCP XapkiBcbKiii acTpoOHOMiuHiil oOcepBaTopii
OyJI0 MOCTaBJIEHO 3aBJaHHSI 11010 BAKOHAHHS PO3-
paxyHKy CIeKTpaJbHOI SICKPaBOCTi Ta KOHTpPacCT-
HOCTI faetajeil Mapca y BUAUMIN TUTSHIN CITEKTpa
s a3 Big 0 1o 90° 17151 CTBOpEHHS TEXHIYHOTO 3a-
BOaHHS 3 poTorpadyBaHHS IUIAHETH Mif Jac ii 00-
nvoty AMC [23, apk. 20].

3a temo10 «AnTaii» 00cepBaTOpi€0 OylIu OTpHU-
MaHi JaHi IIpo pO3MOILI SICKPaBOCTi y KpaTepax mpu
Pi3HUX yMOBax OCBITJIEHOCTi Ta BUKOHAHi CIlocTe-
peXeHHsI, HeOOXilHi /TSl BUPillIEeHHSI TTUTaHb 11100
pO3pi3HEHHs KpaTepiB Il 4Yac Mmocagkud o0’€KTa
«JI-3»; mnpoBeneHi (OTOMETPUYHI JOCTiIKEHHS
MaiigaH4yuKiB, cgoTorpadoBaHUX KOCMIYHUMU
amapaTaMy; HaJgaHi JOAATKOBI peKoMeHJallil 100
BU3HAYEHHS AUISTHOK JUISI IXHBOT'O MOAAIbIIOIO BU-
BUEHHSI 3 METOIO BUOOPY ITOCAIKOBOIO MalilaHYMKa
1151 00°exra «JI-3» [23, apk. 23].

ITin xepiBHMUTBOM aKanemika M. I1. bapa6ario-
Ba y XapKiBCbKOMY (hi3MKO-TEXHIYHOMY iHCTUTYTI
NOCTIIKYBaJIUCh 3MiHU BiZOMBHMX BJIACTUBOCTEH
GOTOMETPUYHUX aHAJIOTIB MiCSIYHOI MOBEPXHi Mif
MIi€I0 MPOTOHHOIO OIPOMiHEHHS (EKCIIEPUMEHT 3
OoMOapayBaHHS IMPOTOHAMU 3pa3KiB, SIKi iMITYIOTb
MicssyHuii rpyHT) [1, c. 170, 5 ¢. 17]. 3rinHo 3 oTpu-
MaHUMU JTaHUMM OyJIO BCTAHOBJIEHO, IO OIIPOMi-
HEHHS iCTOTHO BIUIMBA€E Ha BJIACTUBOCTI MaTepiajiB
Ta 000B’SI3KOBO MAa€ BpaXxOBYBAaTUCS IIPU iHTepIIpe-
Tallii (hOTOMETPUUHUX TaHUX 111010 Micsiis.

3a Temolo «JItokc» obcepBaTopi€elo OyJI0 BUKOHA-
HO PO3PaxXyHOK OCBITJIEHOCTi BiJ, YACTMH MiCSIYHO-
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ro IMCKY Ipu pidHuXx ¢azax i BigcraHsx Bim Micsiis
[23, apk. 24].

Y kBitHi 1968 p. y KuiBchbKOMY iHCTHUTYTI iHXKe-
HepiB LMBUIBHOI aBiawii Ha 3ampoinenHs 1K AH
CPCP npencraBaukn XAQO B3sUIM ydacTb Y Hapa-
IIi 32 TEMOIO «AJnTali», MIPUCBSIYEHII 0OTOBOPEHHIO
MPOEKTY CTBOPEHHS LUITYYHOTO MicseapoMy (TTpea-
crabHuku IKJ AH CPCP npeacraBuimd OITHUKY,
TEeXHiUuHe 3aBIaHHs Ta IUIaH MicueBocTi). CoiabHO
3 ¢axiBugmu Kb-16 Ta KuiBcbkoro iHCTUTYTY iH-
JKeHepiB LMBUIBHOI aBiallii OyB po3po0JieHUiT MaKeT
MicsilienpoMy po3mipomM 3x4 M. ONTUYHA CHUCTe-
Ma Majla MOXJIMBICTb OOEpPTaHHSI Y TPhOX IUIOLIK-
Hax, iMiTylouM KOCMiuHuUii amapatr Ha Micsui [23,
apk. 64].

TakvM YMHOM, MPOJOBXKYIOUM POOOTU y MEXax
3a0be3neyeHHs (QYHKIIOHYBaHHS o00’ekTa <«E-8»,
XapkiBchbKa acTpOHOMiIYHa 0OCepBaTOPisl MOJIyUM-
JIacsl OO CTBOPEHHS IITYYHOTO ITOJIITOHY, SIKWM iMi-
TyBaB ONTWYHI BJIACTUBOCTI MICSYHOI ITOBEpPXHi Ta
MaB 3aCTOCOBYBATHUCS IIJIsI BUIIPOOYBAHHS I1aci Mi-
CSILIEXO/IiB Ta HABYAHHSI IXHiX eKillaXxiB.

[Tim yac oOroBOpeHHsI MUTaHb PO MiIKPOCTPYK-
Typy, pebed Ta BiIOMBHY 30aTHICTb MaTepialiB 1151
BUTOTOBJIEHHS TPEHYBAJIbHOIO CTEHIa, OCO0JIMBa
yBara Oyja IpMjiJieHa MUTaHHIO IOI0 Iapajeiib-
HOCTI my4yka JKepena ocBiTieHHs. IlpencraBHU-
K1 XAQO BHCIOBWIM HU3KY 3ayBaXKeHb, SIKi OyIu
BpaxoBaHi y pillleHHi Hapaau, 30KpeMa Mpo Te, IO
BimOMBHA 34aTHICTh MaTepiajliB He ITOBMHHA IIepe-
puiyBaTtu 30 %, Mikpopenabed MaB 3a0e3rnedyBaTu
MiCSIYHY IHIUKATPUCY PO3CIIOBaHHS, a Tapalielib-
HIiCTb CBITJIOBOTO My4YKa He MaJia TiepeBUIyBaTu 5°
[23, apk. 66].

Ha nmigcraBi oTpuMaHUX XapKiBCbKMMU aCTPOHO-
MaMU JaHuX BITKY 1968 p. B Kpumy nin Cimbepo-
rmoJyieM Ha 0a3i «HazeMHOro BUMipioBaJIbHOTO ITyHK-
Ty No 10» Oysmo oO6yamToBaHO TMYHKT KepyBaHHS
MiCSILIEXO/IOM Ta CTBOPEHO IITYYHUU MicsilienpoM
(TUIO1IIeI0 B OMH rekTap). Moro moBepxHs, BKpUTa
yepenalrHuKoM 1mapoM 1o 20 cM, Oyia nogap6o-
BaHa y cipo-4yopHMii KoJjip. BBaxanocs, mo uyepe-
MallHUK 3a MOPHUCTICTIO Ta IIUIBHICTIO BilINOBiga€e
BCTAHOBJIEHUM BJIACTUBOCTSIM MICIYHOTO IPYHTY
[5,c. 17].

BonHouac Ha 3amoBieHHs dep:KaBHOTO OINTUY-
Horo iHctutyty iMeHi C. 1. BaBuiioBa B XapKiBChKiii
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aCTPOHOMiuHili oOcepBaTOpii OyJIM BUKOHAHi po3-
pPaxyHKU CIEKTPOMDOTOMETPUUHUX XapaKTEPUCTUK
Benepu B obiacti ciektpy 0.3...0.8 MxM. 30KkpeMa,
CNeKTpoPOTOMETPpUYHI JaHi ITpU pi3HUX a3ax IJia-
HETU OyaM HEOOXiIHi JJI1 MPOEKTYBAHHS OMNTUKO-
€JIEKTPOHHOI alrapaTypy acTpOHaBirailii KOCMidHIX
arapariB JUIsi BAKOHAHHS CIIOCTEPEXEHb 3 JaIeKUX
Ta OJIM3BKUX BilicTaHe Bif 1i ToBepxHi [23, apk. 67].

Ha mincraBi pimeHHst (oTorpadiuHoi Kowmicii
MixXBiToM40i HAyKOBO-TEXHIYHOI paau 3 KOCMIYHUX
nociaimxeHb mpu AH CPCP xapkiBcbKi acTpoHOMM
MiAroTyBajayd MaTepiajiyd Mpo SICKPaBiCTb ITOBEpX-
Hi Mapca nias ¢otorpadyBaHHS HOTo MOBEPXHi 3a
JIOTIOMOTOI0 KOCMIYHOTO arapata cepii «M-69» (K
BimoMo, 06unaBi AMC nporpamu «Mapc-1969» Gy
3pyMHOBAaHI ITig Yyac 3amyckiB) [23, apk. 70—75].

Hampuxkinmi 1960-x XapkiBchbKa acTpOHOMiuHa
obcepBaTopis TaKOX Opalia yyacTb Yy BUKOHAHHI Ha-
YKOBO-JOCIZHUX POOIT 3 MpoOIeM OCBOEHHS KOC-
mocy 3a TemaMu: «IlnomanHe BUBUEHHS (Di3UUHUX
BJIACTMBOCTEM MoBepxHi Micsiisi», « BuB4eHHS Ipo-
1eciB opMyBaHHsI Micsiist», «/locaimkeHHs ¢i3u-
KO-MeXaHIYHUX BJIaCTUBOCTE! I'PYHTY i mopia Mics-
LsT» Y YaCTUHI, TIOB’sI3aHili 31 CTBOPEHHSIM aHAJIOTiB
MICSYHOI MOBEpPXHi Ta IXHIM HOCTiIKEHHIM (OTO-
METPUUYHUMMU, CIIEeKTPOPOTOMETPUUHUMU Ta TOJISI-
PUMETPUYHUMU METOIAMU.

Honamo, 1110 Mmi3Hillle, y apyriit mogoBuHi 1980-x pp.,
XapKiBCbKi aCTPOHOMM B3SIJIM y4acTh y CTBOPEHHI
iHXXKEeHepHUX Mojelieli aTMocdepu KomeTu lamies
(ripoext «Bera») [26], 06pob1i pororpagdiit ®o6o-
ca 3a ganuMu KA «@Poboc-2», a TaKOXK MOJIEJIIOBaH-
Hi CIIEKTpaJbHUX BIacTUBOCTeM [2, 25, 30, 34].

V 1988 p. po3noyanacs miaroToBKa J0 MiCSTIHOTO
npoekTy «1JI». Tlependavyasocss CTBOpEHHS TOJSIP-
HOTO CYIyTHUKA, KU 3 iHIlliaTUBU XapKiBCbKUX
actpoHomiB (1O. I Illkyparos, 0. B. KopHieHko)
MaB 30MpaT NMPELM3iitHy CIEKTpaIbHY iH(popMallilo
PO BiIOMBHY 31aTHICTh MicCs1Is y IIMPOKOMY Jiaria-
30Hi (Big 0.2 10 2.5 MKM) 3a JOITIOMOT010 BUMiproBaya
CBITJIOBUX MOTOKIB «SIHyc» [32, 35]. Lleit mpoekT He
OyB peaizoBaHui1 y 3B’513KYy i3 po3rnagoM CPCP.

Hanpukinnoi XX ct. Ta Ha moyatky XXI cT. xap-
KiBCbKi aCTPOHOMHU TaKOX HEOJHOPa30BO BUXOIU-
JI 3 TIPOTO3ULISIMU 1110JI0 3all0YaTKyBaHHsI HOBUX
KOCMIYHMX JocaimkeHb Micsug [33, 36, 44, 46—48,
54, c. 65—66].
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BUCHOBKHN

TakuM 4MHOM, MU PEKOHCTPYIOBAJI OCHOBHI BiXH,
1110 BiZOMBalOTh NPoLeC ydacTi XapKiBChKOI acTpo-
HOMIiUHOI 00cepBaTopii Ta ii MpeACTaBHUKIB Y Mpe-
cTKHIUX KocMivHux rpoektax CPCP y 60-Ti poku
XX CT. Ta y IofaJIbILIOMY TIepiojii, 30KpemMa y Mpo-
rpamax i3 po3poOku Ta (YHKIIOHyBaHHSI 00’€KTiB
«B-67», «E-7», «E-8», «JI-3», «M-69», cTBOpeHHI
LITYYHOTO MiCSILIEAPOMY, Y4acTi y HAyKOBUX TeMax
«AnTait», «Atinac», «JItoKc» Ta iH.

MoxHa KOHCTaTyBaTH, 1110 XapKiBCbKi aCTPOHO-
MU y Till UM iHIOii Mipi Opajiu y4acThb Yy MiArOTOB-
Li yCiX paassHChbKMUX KOCMIYHMX Miciit mo Micsus,
Mapca ta BeHepu, a Takox 10 0OpoOKM Ta iHTep-
npeTalii oTpuMaHux pes3yibratiB. [lyOsmikariii Ta

apXiBHi OKYMEHTHU, SKi Brepuie Oyaud 3ajlyyeHi
JI0 PO3IJISIAY, TO3BOJMIN BiATBOPUTU XPOHOJIOTIU-
HY MOCJIIOBHICTh PO3BUTKY IIOMilA, ITOB’SI3aHUX
i3 yuacTio XAO y po3po0i1i KOCMiYHUX 00’€KTIB y
BU3HAUEHUI TMepioJ, KOHKPETU3yBaTH AOPOOOK
XapKiBCbKUX aCTPOHOMIB y PalsIHChKY Iporpamy 3
OCBOEHHSI KOCMOCY, 10BeCTH (200 YTOUHUTH) AesIKi
MaoBigoMi hakTHu.

IlepenbavaeTbesl, 1110 MaTepiaiu iCTOPUKO-Ha-
YKOBOI'O JIOCHIIKEHHST IIOAO Yy4yacTi XapKiBChKOL
aCTPOHOMIYHOI 00CepBaTOPil y paassHChKiil KOCMiu-
Hiii mporpami y 1960-x pokax GyayTh BUKOPUCTaHI y
HayKOBO-IOCIiZHUX po0OTax, MPUCBIYECHUX iCTOPIl
acTpoHoMily XapkoBiy XX CT. Ta JOCJi/I)KEHHIO Ha-
yKoBOi Oiorpadii akagemika M. I1. bapa6aiiiona.
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PARTICIPATION OF KHARKIV ASTRONOMICAL OBSERVATORY
AND ITS REPRESENTATIVES IN THE SOVIET SPACE PROGRAM IN 1960

The article is devoted to the studying of documentary facts on the history of astronomy of the 1960s. Its purpose is to highlight
the events related to the participation of the Kharkiv astronomical observatory in the Soviet space program in a certain period.
The chronology of involvement of Kharkiv astronomers in programs on development and functioning of objects «V-67», «<E-7»,
«E-8», «L-3», «M-69», creation of artificial Lunodrome, processing of photographic materials, that were obtained by spacecraft
«Lunar orbiter 2», «Ranger 7», «Surveyor 1», «Luna-9», «Luna-12», «Luna-13», and «Zond-3» are considered. The directions
of scientific research in projects «Altai», «Atlas», «Luks», and others of the Astronomical observatory of O. M. Gorky Kharkiv
State University are analyzed.

The main tasks that the Kharkiv astronomical observatory carried out in the 1960s were found next: photometric studies of
details on the reverse side of the Moon; study of the physical, mechanical, and chemical properties of the lunar soil and its opti-
cal properties; photometric analysis of certain areas of the lunar surface; photometric calculations necessary for the design of
orientation systems of automatic interplanetary stations; study of the luminosity of the lunar surface.

The retro-information resources, which were firstly involved into consideration, provided a chronological sequence of events
related to the participation of the University observatory in the development and functioning of artificial space objects during
the given period. These resources helped to specify the achievements of Kharkiv astronomers in the Soviet program of space
exploration and to prove (or clarify) some little-known facts.

Keywords: Moon, planetology, photometric research, Kharkiv astronomical observatory, Soviet space program, Lunodrome,
spacecraft, Moon rover.
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IcTopist KocMiYHEX AOCTIKEHD
History of Space Research

IIpo Bin3nauenns 80-1iTTs 3 THI HAPOPKEHHS BUAATHOIO BYEHOTO TA OPraHi3aTopa HAYKH
Jaupektopa Incturyty TenekomyHikamiiiaux cucteM HTY «KuiBcbKuid mostiTeXHiyHMiA
incrutyT imeni Irops Cikopcbkoro»

IJIBYEHKA MUXAIJIA IOXUMOBHUYA

13 BepecHs 2021 p. BunoBHUIocs 80 poKiB Bil AHS HApOMXKEHHS aB-
Topa Ta wieHa penkoJierii «KocMmiuyHa Hayka i TexHoJjorisl» Muxaiina
IOxumoBunua InpueHka.

TonoBHuit penaktop xypHaiy fA. C. AukiB BiTaB 10Bijsipa 3 L€l
3HAaKOBOIO JaTO0 Ta B3sIB ydacThb Y poooTi Kpyriioro crony «/locBin Ha-
YKOBOI 1IKOJM «MiKpOXBUJIbOBI Ta LIU(PPOBi TeJIEKOMYHiKallii».

Oxpim 3arajibHOBM3HAHUX 3100yTKiB HayKoBoi 1ikoau M. 1O. Lnb-
YyeHKa 0cOo0IMBE 3HaUEHHS Ma€ iHilliaTrBa rpyru axiBuiB ep>kaBHOTO
noitexHiunoro my3eto rmpu HTY KIII min kepisBaunrsom M. 1O. Inb-
YeHKa TIPo 3arovyaTKyBaHHSI 0araTOTOMHOTO BUIaHHS «BumaTtHi KOH-
CTPYKTOpU YKpainu». Bxke BugaHo BiciM TOMIB L€l yHIKaJIbLHOI cepii.

(3a maTepianaMu KHUTH «AKaneMmik Muxaiiio InpueHko: 60 pokiB pazom 3 KI1I»)
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