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ATMOSPHERE AEROSOL MODELING BY GEOS-CHEM
FOR THE AEROSOL-UA SPACE PROJECT VALIDATION

We used a global chemical transport model GEOS-Chem to compute monthly mean fine, coarse, and total aerosol volume concentration
for Minsk and Kyiv in the period from 2010 to 2015. We compared results of the model simulation with sun-photometer observations
at the ground-based AERONET network sites. We obtained that the aerosol volume concentrations retrieved from observations are in
reasonably good agreement with model-simulated ones. However, the agreement is not good enough for the validation of the satellite
measurements in the future space mission Aerosol-UA by the GEOS-Chem model simulation. To improve the accuracy of estimating the
spatial-temporal distribution of the aerosol volume concentration we decided to apply the optimal interpolation method for assimilating
AERONET data in GEOS-Chem model. The temporal correlation function for fine aerosol volume concentration is obtained on the
basis of measurements at AERONET Minsk site over the 2002— 2015 period and Kyiv site over the 2008— 2015 period. We describe
the analyzed values of fine aerosol volume concentration at all temporal grid points over the period of 2002 to 2015 for Minsk site and
of 2008 to 2015 for Kyiv site, which were determined on the basis of the optimal interpolation method. We propose to use the optimal
averaging method for AERONET data on the basis of the temporal optimization interpolation method.

Keywords: aerosol, chemical transport GEOS-Chem, model, data assimilation, sun photometer.

INTRODUCTION tion and properties of atmospheric aerosols are still
not sufficiently known because of high spatial and
temporal variability of aerosol concentration, sourc-
es, and types. To fill a gap, several aerosol space mis-
sions are planned [1], and one of them is the Ukrai-
nian project Aerosol-UA [1, 2]. The main objectives
of the project are: to monitor the spatial distribution
of key characteristics of terrestrial tropospheric and
stratospheric aerosols; to provide a comprehensive
observational database enabling accurate quantita-
tive estimates of the aerosol contribution to the en-

© N. S. MIATSELSKAYA, V. P. KABASHNIKOV, . .
A.V. NORKO, A. P. CHAIKOVSKY, A. I. BRIL. ergy budget of the climate system; quantify the con-
G. P. MILINEVSKY, V. O. DANYLEVSKY, 2017 tribution of anthropogenic aerosols to climate and

Aerosols are an important component in the Earth's
atmosphere. Aerosols cause atmospheric pollution
which influence negatively on human health. They
affect the radiation balance of the atmosphere, re-
sulting in climate change.

Aerosol distribution in the Earth's atmosphere is
studied using measurements from many satellite and
ground-based instruments. However, the distribu-

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2017. T. 23. No 3 3



N. S. Miatselskaya, V. P. Kabashnikov, A. V. Norko, A. P. Chaikovsky, A. 1. Bril, G. P. Milinevsky, V. O. Danylevsky

ecological processes [1]. The measurements of the
intensity and polarization of sunlight scattered by the
atmosphere and the Earth's surface are planned to be
obtained by using a multi-channel scanning polarim-
eter ScanPol and wide-angle multispectral imager-
polarimeter MSIP [2].

Data retrieved from the ScanPol and MSIP space-
borne polarimeters measurement are planned to be
validated using the methods applied in space born
missions [3—5]. One of the methods is use correla-
tive ground-based and satellite data sets (see ex. [4]).
The instruments of Aerosol-UA mission will be vali-
dated by comparing satellite data with ground-based
sun/sky photometer observations from AERONET
sites (AErosol RObotic NETwork, http://acronet.
gsfc.nasa.gov, [6—9]). The network consists of about
800 sites located throughout the world. The AERO-
NET inversion algorithm [10] provides information
on aerosol properties integrated over the atmospheric
column.

However, ground-based observations represent
specific point measurements and have limited spatial
coverage. Sun photometer measurements are re-
stricted to day-time and cloud-free conditions. Mod-
el simulations can be applied to obtain information
on aerosol concentration and composition with com-
plete spatial and temporal coverage [11, 12]. The
model must provide consistent information for satel-
lite measurements validation.

COMPARISON OF THE MODEL SIMULATION
WITH AERONET DATA

One of the widely used global chemical transport
models is GEOS-Chem (see http://acmg.seas.har-
vard.edu/geos, [13]). GEOS-Chem is a global 3-D
chemical transport model driven by assimilated me-
teorological data from the Goddard Earth Observing
System at the NASA Global Modeling Assimilation
Office (http://gmao.gsfc.nasa.gov). Meteorological
input includes winds, temperature, humidity, con-
vective mass fluxes, cloud properties, surface proper-
ties, precipitation, mixed layer depth and other fields.
The model uses inventories for fossil fuel, biomass
burning, biofuel burning, biogenic, and aerosol emis-
sions. The GEOS-Chem model provides spatial and
temporal distribution of atmospheric species con-
centrations including major aerosol types such as sul-

4

phate, nitrate, ammonium, elemental (black) car-
bon, organic aerosol, mineral dust, and sea salt.

We compare aerosol volume concentration from
the model simulation with observations from AERO-
NET sites for the 2010—2015 period. Volume con-
centration in pm3um-2 is defined as a total volume of
aerosol particles in the atmospheric column divided
by the surface area of the atmospheric column cross
section. AERONET website (http://aeronet.gsfc.
nasa.gov) represents the fine mode VolCon-F (par-
ticles radius ranges from 0.05 to 0.6 um), coarse mode
VolCon-C (radius ranges from 0.6 to 15 pum), and to-
tal VolCon-T aerosol volume concentrations along
with other retrieval products.

To calculate the volume concentration we use the
NOx-0Ox-hydrocarbon-aerosol GEOS—Chem simu-
lation at 4°x5° horizontal resolution with 47 vertical
levels up to 80 km of altitude with GEOS-5 meteorol-
ogy. The volume concentration of fine mode aerosols
is calculated as the sum of the fine mode particles vol-
ume concentrations including sulfates, nitrates, am-
monium, mineral dust with the effective radius of par-
ticles less than 1 um, inorganic carbon, organic aero-
sol, and sea salt with the effective particle radius <0.5
um. The volume concentration of coarse mode aero-
sols is calculated as the sum of the aerosol coarse par-
ticles volume concentrations including mineral dust
with the effective particle radius >1 pm, and sea salt
with the effective particle radius >0.5 pm. The hygro-
scopic growth of the hydrophilic particles is taken into
account. Hygroscopic growth factor at ambient rela-
tive humidity for each aerosol type is provided by the
GEOS-Chem simulation. The dry particles density
for different aerosol types is taken from [14].

The comparison of the monthly mean fine, coarse
and total aerosol volume concentrations measured by
sun photometers and simulated by the GEOS-Chem
model is shown in Fig. 1 for Minsk and for Kyiv.

The model captures the magnitude and seasonal
cycle of the monthly mean fine, coarse and total aero-
sol volume concentrations. However, the agreement
between model results and measurements is not good
enough. For example, for the fine aerosols over Minsk,
some of the individual discrepancies can reach 0.03—
0.04 pm3um-2 while the mean measured volume con-
centration is 0.025 pum3um-2 with standard deviation
0.013 pm3pm=2, and the mean modeled volume con-
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Fig. 1. Monthly mean aerosol volume concentrations measured by sun photometer at Minsk and Kyiv AERONET sites and
simulated by the GEOS-Chem model: @ — fine mode, b — coarse mode, ¢ — total aerosol

centration is 0.027 um3um2 with standard deviation
0.008 pm3um-2. Therefore, the data simulated by the
GEOS-Chem model can be hardly used directly for
Aerosol-UA validation. To improve the fidelity of the
GEOS-Chem aerosol simulation, the data assimila-
tion methods can be applied.

We plan to use an optimal interpolation technique
for AERONET data assimilation to obtain the most
likely true estimate of the spatial and temporal distri-
bution of acrosol volume concentration.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2017. T. 23. No 3

DATA ASSIMILATION
PROCEDURE

Data assimilation techniques combine observational
data with a background field often consisting of a
model forecast in order to produce accurate analyses
of the state of the system. The optimal interpolation
approach for data assimilation was initially deve-
loped for meteorological applications [15, 16], and
was later applied to air pollution study [17].
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Fig. 2. Time interval dependence of the observation minus
background correlation: a — for Minsk site, b — for Kyiv site

In the optimal interpolation scheme, an analysed
state is related to the forecast state by the equation:

x?=xB + K(y — H(xb)), (1)

where: x? is a vector containing estimated values at
regular grid points, x? is a vector containing values of
a first guess at regular grid points (background), y is a
vector containing values of observations at the obser-
vational points, K is a matrix containing weight coef-
ficients, H is an observation operator (a function
from background state space to observation space).
The first guess (background) is based on some a
priori information, such as previous analysis, or re-
sults of the modeling. Weight coefficients are chosen
to minimize the mean-square error in the estimate:

K=GH(HGHT), )

where (G is a covariance matrix of deviations of obser-
vations from first guess values at the observational
points. Weight coefficients can be expressed in terms
of errors:

K=P HI(H P HT + R, (3)
where P is a covariance matrix of background errors, R

is a covariance matrix of observation errors. A covari-
ance matrix of analysis errors P can be calculated as

Pt =(I— KH)P, (4)

where [ is an identity matrix.

APPLICATION OF OPTIMAL
INTERPOLATION TO AERONET DATA

The AERONET sun photometers provide data on
aerosol volume concentration only under restrictive
observing cloud-free conditions. Therefore, even at
the site location, the observations are presented as
data series corresponded to cloud-free days, with
lack of data at cloudy periods. To fill this gap, we use
the temporal optimal interpolation method. We im-
plement the method to data observed at Minsk and
Kyiv AERONET sites.

The AERONET data are divided into three quality
levels: Level 1.0 for unscreened raw data, Level 1.5
for cloud-screened data, and Level 2.0 for cloud-
screened and quality assured data [7, 18]. For calcu-
lations we use Level 2.0 data, nevertheless some
measured values of the volume concentration look
too high mainly due to influence of cloudy condition.
We have eliminated the volume concentration values
measured at three cases: 10.09.2002 at 7:09:04,
13.09.2002 at 12:08:01, and 30.04.2006 at 04:27:56.
Observations always contain some errors; however,
we assume here that the measurement data are free of
uncertainties.

The covariance matrix G is defined by a correla-
tion function. We assume that correlations between
temporal grid points depend on the length of time in-
terval only and do not depend on time itself. In this
case the single correlation function can be estimated
from observational data with the temporal correla-
tion length adjusted empirically. Observational data
of fine aerosol volume concentration at Minsk site
over the period of 2002 to 2015 and at Kyiv site over
the period 2008—2015 provide statistical informa-

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2017. T. 23. No 3



Atmosphere aerosol modeling by Geos-Chem for the AEROSOL-UA space project validation

3

Volume concentration, pm’/ pmz

Minsk = Measured values 0.12 | . = Measured values
0.08 ns Kyiv
Analysed values 0.10 - Analysed values
0.06 . 0.08 F .
0.04 - ) 0.06 - L L,
- A . 0.04 {= " SR .
0.02 f . . . . -
= ™ . n L - 0.02 = -
000 1 1 .| 1 1 1 1 1 1 1 |. 1 J 000 1 1 1 1 1 1 1 1 1 1 1 1 |
O O N MO NI o MO e O S RO OO
SO SIS SO MNRNIRN FLE P P FE, DD DD QDD
NN R N NI N AR NN SN DT E VT AT DT O DT AT QT AR
0.12
0.12 r 0.10 |
0.10
. 0.08
0.08 . .
. 006 - . ° . -
0.06 F . ] . .
0.04 L . 0.04 F = R :
0.02 A - LS . 0.02 - Tt -
000 L v v oo 000 e
'\9\& BUSRR & %Q\v Q> (&\m%@b‘ Q\h’\?\b‘ N r&\v N q}g@@@%@q@@ %Q\Q @\Q ’\9@ %Q\Q %Q\QWQ\Q %Q\Q (&\Q
AV AV AV AV o cb')' oo'.\' s 9" o’(} 9’ 9’ O 3 3 3 Y D 6r &Y 67 HY b LY Y b
S8 P E EE SO QD DS PP T PP PO E S
NN N N N O M RS DTE VTR ETDT ATATDTS
0.10
0.12
0.08
0.10 "u
0.08 - . 0.06 - S
0.06 . Lt 0.04 | . gt
. . . . .
004 F . - . . e . o
— e . . ' 0.02 | " " .
0.02 & . " " - . " =
et e " " b . .
000 1 1 1 1 1 1 1 1 1 1 1 1 J 000 1 1 1 1 1 1 1 1 1 1 1 1
Se NS NN e SN SR Se QP Se S SN S N NI
(cr." v (o'} bf.\' (or.\' ¢\'.\’ a ¢\r.\/ v\(.\’ oc:.\' %(} oor." oor)* %’.\’ ‘0')/ b’.\' ‘o(‘\' ‘o('\' (or." ¢\'.\’ /\'} f\r), /\’} %’} oo'.\/ q._:'.” cb'.\' oo()*
SO SINININN SN SIS SN AN SR INO
D FTDT AT DT PO AT ATST N N N N AN R
Date

Fig. 3. Results of implementation of optimal interpolation for the fine aecrosol volume concentration at Minsk site: a — April—
June 2013, b — July—September 2014, ¢ — June—August 2015, and Kyiv site: a — August—October 2008, b — April—June
2010, ¢ — June—August 2014
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tion that we use to obtain correlation function. We
define background as the mean volume concentra-
tion averaged over 2002—2016 for Minsk site and
2008—2015 for Kyiv site, assuming stationarity. Fig. 2
shows the normalized, smoothed time interval de-
pendence of the observation minus background cor-
relation with the correlation interval 14 days for
Minsk site and 8 days for Kyiv AERONET sites.

However, the weight matrix is not time invariant,
because the observation points are distributed un-
evenly in time, so we have to calculate a new weight
coefficients for every grid point. We restrict the ob-
servations used for each grid point to those observa-
tions which are within the correlation interval. Once
weight coefficients have been calculated, the ana-
lyzed value of volume concentration at the grid point
may be determined from (1).

Fig. 3 shows example of the implementation re-
sults of optimal interpolation for the fine aerosol vol-
ume concentration at Minsk and Kyiv sites in several
periods of observation.

An optimal averaging method for AERONET data
can be proposed on the basis of the temporal optimal
interpolation method. Monthly mean AERONET
data are often used for comparisons with results of
satellite observations and model simulations. In
AERONET, monthly mean is computed using the
daily averages available in the month [18]. This aver-
aging scheme implies that when observations are not
available in some day, the volume concentration in
this day is taken equal to monthly mean values com-
puted from the available daily averages. It is obvious
that this assumption is not optimal. We propose to
use optimal interpolation method to calculate values
of volume concentration in the days when observa-
tions are not available, and use the calculated values
to obtain monthly mean.

CONCLUSIONS

Comparison of the aerosol volume concentrations
simulated by chemical transport model GEOS-Chem
and data retrieved from observations at AERONET
sites shows that the model captures the magnitude
and seasonal cycle of the monthly mean fine, coarse
and total aerosol burden. However, the agreement
between model results and measurements is not good
enough for direct use of the model data for aerosol

satellite measurements validation in the future
Ukraine space project Aerosol-UA. To improve the
fidelity of the aerosol simulation, an optimal interpo-
lation method can be proposed for AERONET data
assimilation in GEOS-Chem model. Implementa-
tion of the optimal interpolation method makes it
possible to estimate the values of the acrosol volume
concentration when measurements are not available.
An optimal averaging method for AERONET data
can be proposed on the basis of the temporal optimal
interpolation method.
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emy of Sciences of Ukraine, and by the projects
16BF051-02 and 16BF023-01 of the Taras Shevchen-
ko National University of Kyiv.
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MOJE/TIOBAHHA BMICTY AEPO30JIIO
B ATMOC®EPI 3A JOITOMOT'OKO MOJEJII
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N. S. Miatselskaya, V. P. Kabashnikov, A. V. Norko, A. P. Chaikovsky, A. 1. Bril, G. P. Milinevsky, V. O. Danylevsky

H. C. Memensckasn !, B. I1. Kabawnukos !,

A. B. Hopko !, A. I1. Yaiixosckuii 1, A. U. Bpuas
I. IT. Muaunesckuii >>%, B. A. Jlanunesckuii 2

I UncturyT dusukn HalmmoHambHOI akageMiy HayK
benapycu, MuHnck, benapych

2 KueBcKUil HALMOHANBHBIN yHUBepcUTeT MMeHHn Tapaca
IleBueHnko, Kues, YkpanHa

3 ['maBHas acTpoHOMUYecKas obcepsaTopusi HalmoHanbHoi
akaneMuu Hayk YkpauHbl, KueB, YkpauHa

4 13unnHcKuit yHUBEpCUTET, MeXIyHapOAHBIi LIEHTD
Hayku Oynyuero, Yanuyns, Kurait

MOJEJINPOBAHUE COAEPKAHUA ADPO30JIA

B ATMOC®EPE C [TOMOLIbIO MOJEIHN
GEOS-CHEM UIA BAJIMAALIMY KOCMHWYECKOT'O
[MTPOEKTA «ABPO30J1b-UA»

B pamkax rno6asbHON XWMHMKO-TPAHCIIOPTHOM MOIETN
GEOS-Chem paccurtaHbl pacripefie/ieHus cpeaHeMecsu-
HOI 00BEMHOI KOHIIEHTPALIMKM a3PO30Jid U €0 MEJTKOIUC-
MEePCHOI M KpyMHOIMUCIIEPCHON (dpakumii njass MuHCKa u
Kuesa 3a nepron 2010—2015 rr. Pe3yabraThl MOAEIbHBIX
pacy€ToB COMOCTABICHBI C UBMEPEHUSIMU Ha CTAaHLIMSIX Ha-

3eMHOl oTomerpruueckoii cetu AERONET. Iloka3zaHo,
YTO COBMAJEHUE SIBJSIETCS] YAOBIETBOPUTEIbHBIM, HO He-
JIOCTATOYHBIM JUTSI BaJIMAALIMU CITYyTHUKOBBIX M3MEPEHU B
Oynyuiem npoekte «A3po3onb-UA» ¢ MOMOIIBIO pe3yibTa-
TOB MOAeNMpoBaHUs. [Jisl TIOBBIIIEHUSI TOYHOCTU OLIEHKU
MPOCTPAHCTBEHHO-BPEMEHHOTO pacIipeieieHns] 00bEMHOM
KOHLEHTPALMKM a’po30Jisl MpeiaraeTcsl UCIoab30BaTh ac-
cuMwmisiLinio faHHbiX uamepenuii cetu AERONET B mozenb
GEOS-Chem Ha ocHOBe MeToAa ONTUMAJIbHOW WHTEPIO-
aguuu. [loctpoeHa BpeMeHHasi KOppeasiMOHHas PyHKIIMS
IUTsT 0O0BEMHOM KOHIIEHTPALIUK MEJIKOUCTIEPCHOU (hpaKInn
a3p030J1s1 1O JaHHBIM U3MepeHuit Ha ctanuusix AERONET
Munck 3a nepuoa 2002—2015 rr. u Kues 3a nepuon 2008—
2015 rr. Ha ocHoBe MeToma ONTUMAIbHON MHTEPIOISLINU
MOJTy4eHbI OIICHKM OOBEMHON KOHIEHTPALMM MEJKOIUC-
TepCcHOM (pakiMy a’po30Jist UIsI BCEX TOUYEK BPEMEHHOM
mKanel. [IpemioxkeH METOA ONTUMATbHOTO YCPETHEHUS
naHHbIX u3mepeHuii cetun AERONET Ha ocHOBe BpeMeHHO-
rO METOJa ONTUMAIbHON MHTEPIOJSIIIUY.

Karouesvie caosa: adpo307ib, XUMUKO-TPAHCIIOPTHASI MOMIEIH
GEOS-Chem, accuMuIsILIMS JaHHBIX, COJTHEUHbINM (poToMeTp.
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0. I1. ®enopenko

XapbKOBCKUI HallMOHAJIbHBIN YHUBepcuTeT uMeHu B. H. Kapa3suna, XapbkoB, YkpanHa

BO3BbYXIEHNE HASEMHBIX TEOMAI'HUTHBIX
ITYJIbCALIAI PC5 AKYCTUKO-TPABUTALIMUOHHBIMM BOJTHAMMU

B HazemHbix usmMepumenvHbiX NYHKMax, yOaréHHbiX 0m A0KAAbH020 3HepeogbldeneHus 6 ammocgepe Ha paccmosnus 1500... 10000
KM, Habarodaromes om 06yx 00 uemulpéx cepuil (pAyKmyayuil HanpaNceHHOCMU 2e0MAaHUmMHo20 noas. B pabome nokazano, umo smu
Gaykmyayuu 6030yxicoaromesi KpynHOMAacuimabHsiMu aKyCmuKko-epasumayOHHbIMU 80AHAMU, NPUMEOWUMY K U3MePUMeAbHbIM
NYHKMAM OM MeCh SHep208bl0eNeHUs — CIAPMO8 MOUHbIX PaKem U NA0eHUs: KPYRHO20 Memeopuma.

Karouesvie caosa: cepuu d)/zy/cmyauu[t HANPANCCHHOCMU 2e0OMACHUNMHO020 N0/, prnHOMaCLUma5Hbl€ aKycmuKko-epasumauyuoHHble
60/IHbL, Mecma N0KAa/1bHO20 3H€p206’bla€ﬂeHllﬂ, cmapnmsl MOWHbIX pakem, nadenue KPpYNnHO20 memeopumada.

BBEJIEHHNE

Cepuu (MmakeTbl) MyJbcallii HAMPSIKEHHOCTH T'e0-
MarautHoro 1ojst (HI'TI) oGHapyxxuBaloTcsl B Ha-
3eMHBIX U3MepuUTeIbHbIX ITyHKTax (MII), pacnono-
KeHHbIX Ha ypaneHusx 1500...10 000 km oT MecT
CTapTOB pakeT U MaAeHUs KPYIIHOro MeTeopuTa [4,
6, 25—27, 22—24, 28, 33]. ITociaemoBaTeJabHO BO
BpemeHM B WUIT Habmogal0TCsl OT ABYX 10 YETHIPEX
cepuit. Kaxnasi cepusi myjabcalluii TpeacTaBisieT
co00ii 2...5 nepuoa0oB KBa3UrapMOHNYECKNX KOJIe-
OaHUI reomMarHuTHOro mosist. Jist oOHapyKeHHBIX
MyJibcalluii XapakTepHa KBa3urapMoHuueckas gop-
Ma M YCTOMYUBBINM pexkuM KoJieOaHUIA B TMaIla30He
nepuonos 7...12 muH. PaHee Takue cepuu MarHuT-
HBIX TYyJbCAllU OT YMOMSIHYTHIX UCTOUHUKOB HU-
KEM He PerucTpupOBaIUCH, TIO3TOMY Mbl CUUTAEM,
YTO HAIIMMM KOJIJIeraMu ObL BbISIBJIEH HOBBIN (hu-
3nveckuii apdexr. CoraacHo oOLIEMPUHSITON Kilac-
cudukauuu [15, 42] reoMmarHUTHbBIE TYJIbCALIUU C
OTMEUYEHHBIMU TIEPUOJAMU U PEXKUMOM KoJieOaHUI
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OTHOCSTCS K Kiaccy PcS. I'paHU1IbI TIEpUOI0B 3TOTO
kinacca (7' = 2.5...10 MuH) SBISIIOTCS TIPUOIMKEH-
HBIMU.

ITpoucxoxaeHue Ha3eMHbIX T€OMAarHUTHBIX MYJIb-
caluii OObIYHO CBSI3BIBAIOT C MarHUTOTMAPOAMHAMU-
YeCKMMU BOJTHAMU, BO30Y:K1aeMbIMU B MarHutocdepe
3emin 1 B cotHeuHoM Betpe |11, 16]. [Tonaraercs, yro
PcS5-nynpcaliv MOpOXKIEHBI BEICOKOIMPOTHBIMU CO-
OBITHSIMU: BOCCTAHOBUTEIBLHOI (ha3oii cyoOypu, MOTO-
KaMU BbICHITIAIOIIMXCS SHEPTUYHBIX YaCTULL paavali-
OHHBIX TT0SICOB, BO30YKIIEHUEM Pe30HAHCHBIX KOJje0a-
HUII CWIOBBIX JIMHWI TeOMarHuTHoro Ioms [15].
AMIUIATYIA TaKUX MYyJIbCALIMi YBEIMUMBAETCS C TIPU-
omxenrem WII K BBICOKOIIMPOTHBIM MCTOYHUKAM
Bo3MyiiieHul [ 11]. B mociienHee Bpems MosIBJIeHNE Teo-
MarHUTHBIX nyJabcauuii Ped (T = 45...150 ¢) accolmu-
PYIOT €€ U C paClpOCTPAHEHUEM CPEAHEMACIITAOHBIX
aKyCTMKO-TpaBUTaLMOHHBIX BOJIH (AI'B) ¢ ropuzoH-
TajabHOM JmHoM BoHbI L = 100...500 kM [29]. B pa-
6ote [13] cooOiraeTcs 0 BO30OYKIEHN MarHUTHBIX
nynbcauuii Pi2 mocpencTBom B3amMmozaeiicTBus AI'B
C TOKOBBIMU CTPYKTYpaMu MOHOCHEPHI.
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10. I1. Pedopenio

Cepunu reomarHuTHbIX PcS5-mynbcanmii, HaGmI0-
JlaeMble MOCJIe CTapTOB paKeT U MaJeHUsI KPYITHOTo
meTeopuTa |4, 6, 25—27, 22—24, 28, 33], He cBg3a-
Hbl C BBICOKOIIMPOTHBIMU COOBITUSIMU. Takue
dnykryammu HI'TI peructpupoBamich BOIM3U Xapb-
KOBa T0CJIe SHEeProBbIIeAeHUI, MPOU3OILIEAIINX B
BBICOKMX, CPETHUX U HU3KUX upoTtax. Mcciaenosa-
T€JW, BIEPBbIE ONUCABIIME 3TO SIBJIEHUE, MoJlara-
10T, YTO UCTOYHUK BO30OYXIEHUST BCEX CEPUIA MYIIb-
caluii HaxoauTcs Ha MoHoCcdepHbIX BbicoTax. CKo-
POCTU pacpoCTpaHEHUSI BIOJIb TOBEPXHOCTU 3€MJIU
nepeaHux (PPOHTOB BCeX Cepuil OOHAPYKEHHbIX
reoMarHUTHBIX KOJeOaHU I BIYUCIISITUCH UMM C UC-
MOJIb30BAHWEM PACCTOSTHUSI OT TMpPeArnojiaraeMoro
oyara BO3MYIIEHUsI Ha MOHOC(HEPHBIX BHICOTAX /10
NIT u 3amepxxam nepeaHux (ppoHTOB Kaxaoi ce-
puu myJibcauii. MecTonosioKeHue oyara BO3MY-
LLIEHWS TIPY MTycKaxX pakeT OMpeaesisiioch Mo Ha3eM-
HOM MpOEKLMWM TOYKM IEepeceueHUs] HAKIOHHOM
TPAaeKTOPUM PaKEThl C BHICOTON MaKCHMyMa TOKO-
Boit ctpym (100...150 kM), a 3amepKKa OTCUMTHIBA-
Jlacb OT MOMEHTA JOCTHUXXEHUSI PAKETON YIMOMSIHY-
TOI TOUKM B MoHOC(hepe. OKazaioch, YTO CKOPOCTHU
pacnpocTpaHeHUsI BO3MYIIEHUI, BbI3bIBAIOIIUX B
WII cepun nynbcauuit HI'TI, cunbHO oTinyaroTcst
Ipyr otr npyra. [ToaTomy aBTOpbI MPEaNnoJOXUIN,
YTO Kaxaasi cepusi MyJbCcalliii TPAHCIIOPTUPYETCS K
WII (unu BosOyxmaercs Hanm WMIT), xkak mpaBuio,
pa3HbIM TUIIOM BOJIH: MarHUTOTUIPOAMHAMUYEC-
KUMHU, YIapHBIMU aKyCTUKO-TPaBUTALIMOHHBIMMU,
BHYTPEHHUMHU TPaBUTALIMOHHBIMU U UH(pPa3BYKO-
BbIMU. BMecTe ¢ TeM XOpolllo U3BECTHO, YTO JIUIIb
MarHUTOTMAPOAMHAMUYECKUE BOJHBI BO30YK1aI0T-
Cs TOJIbKO B IJIa3Me, T. €. Ha MOHOC(HEPHBIX BBICO-
Tax. Bce npyrue ykazaHHbIE BUIIbI BOJH MOPOXIa-
I0TCsI e1lIé B HeUTpaibHOU aTMocdepe. [list ctapToB
pakeT Bo30yX/IeHWe HAYMHAETCS C MOMEHTa BKJIIO-
YeHUsl IBUTaTelisl pakeTbl Ha MOBEPXHOCTU 3eMJIH,
MPOJO0JIKaeTCsl B TeUEHUE BCEro BpeMEHM MoabeMa
pakeThbl 10 HOHOC(EPHBIX BBICOT, a 3aTeM U B CaMO
noHocpepe. Mbl yuau 3TO, U MO3TOMY B HalleM
aHanuze pacctosinue 10 MIT u 3amepxku mosiBie-
HUS CEpUIl OTJIMYAIOTCSA OT TeX, YTO MPHUBENEHBI B
MyOoJIMKALMSIX HAIIMX KOJLJIET.

Mbl cudMTaeM HEIOCTaTOYHO OOOCHOBAHHBIMU
MPEIITOIOKEHNS, BEICKa3aHHbIE B paboTax [4, 6, 25—
27,22—24, 28, 33] o mprumMHe ITOsIBICHUs Ha0onae-

12

MBbIX MOCJIEA0BATEILHOCTEN CEPUIM TTyJIbCALIM, a TaK-
K€ pacu€Thl CKOPOCTE pacpoCcTpaHEeHUsI BO3MYILIe-
Huil. Takxke ciienyeT OTMETUTD, YTO aBTOPbI YKa3aiu
JIMILb Ha BO3MOXHYIO MPUYACTHOCTH YITOMSIHYTBIX
VMU BOJIH JISI TPAHCTIOPTUPOBKU BO3MYILIEHUI OT UC-
toyHuka (ouara) Kk MII, mpupona n MexaHu3M BO3-
HUKHOBEHUSI PETUCTPUPYEMBIX CEpPU MArHUTHBIX
GutyKTyaluii UMY HE pacCMaTpUBAIUCH.

[To sToit mpuurHe B HacTosilel paboTe Mbl He
KCITOJIb30BaIM HU CKOPOCTU PACITPOCTPAaHEHHUS BO3-
MYIIEHUIA, HA TUTTOTE3bl MEXaHMU3MOB UX MOPOXKIE-
HU, TIPUBEACHHBIE B YIIOMSHYTBIX MyOJUKALIUSIX.
CKOpOCTH pacIpoCTpaHEHUSI CEpUii BO3MYIIEHUIA
paccuMTaHbl MO MOJYYEeHHBIM HAMU 3aBUCUMOCTSIM,
MPUBEJEHbI 10KA3aTeIbCTBA B MOJIb3y TOTO, YTO 00-
HapyxuBaemble B UIT mocnenoBaTenbHble BO Bpe-
MEHU Cepuu TyJbCallMii BO30YXIAIOTCS TOJbKO
aKyCTUKO-TPaBUTALIMOHHBIMU BOJIHAMMU, MOPOXKIA-
eMbIMU B ouare BO3MYIIEHUsI, TPEeJIOKEH MeXa-
HU3M BO3HMKHOBEHHUSI 3TOT0 HOBOTO (pU3UUECKOTO
addekra. UCTOUHUK BO3MYILIEHUS (IHEPTOBbIAEIE-
HUS) MOXET HaXOJUTbCH KaK B HEMOHU3MPOBAHHOM
arMocdepe (B YaCTHOCTU, Ha IIOBEPXHOCTU 3eMJIN),
TaK ¥ Ha MOHOC(EpHBIX BbICOTaX. MBI cUYMTaeM, 4YTO
MyJibCalluMd TE€OMAarHUTHOTO TI0JII T€HEePUPYIOTCS
JIMIIb HA MOHOC(EPHbBIX BbIcOTax (IO BCEMY IyTU
pactipocrpanenust AI'B u, B vactHoctu, Han WII).
[TprumHOI BO3HUKHOBEHUs HaOmomaeMbix B UII
daykryanuiit HI'TI ssBasieTcst Tonbko parMeHT AI'B,
pacIpoCTpaHsIOLIMICS B JaHHbI MoMeHT Hax UTT.
ITocnenHee yTBepkieHUE B KAUECTBE MPEATIOI0XKE-
HUS BBICKA3bIBAJIOCH U B paboTe [22] mpu o0bsICHEe-
HUU MIPUPOALI TTOSIBJACHUSI HU3KOCKOPOCTHBIX MYJ1b-
caumii (BTOpOil M TpeThbeil cepuil (QuyKTyamuii).
Hanéxno ycraHosneHo [37], uto AI'B 6e3 cyiect-
BEHHOTO 3aTyXaHMsI CMOCOOHBI PacIpOCTPaAHSThCS
Ha KOHTUHEHTAaJIbHbIE PACCTOSIHUSI, CJIEIOBATENIbHO,
u Bo3oyxmaeMble M HI'TI MoryT HabrogaTbes Ha
CTOJIb OOJIBIINX YIAJEHUSX OT UCTOYHMKA BO3MY-
LIEHUST aTMOC(EPHI.

B cratbe npemioxxeHa eamHasi MOIe/Ib BO30YXKIe-
HUSI BCEll MOCJEA0BATEIbHOCTU CEpUil KoeOaHMit
HITI, peructpupyembix B MI1 mociae ymoMsiHyThIX
yIAJE€HHBIX 2HeproBulaeaeHuid. s e€ mpoBepku
KCITOJIb30BaHbl 9KCIIEPUMEHTAJIbHBIE TaHHBIE, B3sI-
Thle U3 pabor [4, 6,25—27,22—24, 28, 33]. [1okasa-
HO, uto mynabcauuu Pc5 Hag WMIT Bo30OyxImarTcs
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Bo36yxcoenue Hazemubix eeomaenummubix nyavcayuiit PC5 akycmuko-epagumauuoHHsiMu 604HAMU

KpynHoMmaciuTadHbIMU Al B, mopoxxn€HHbIMM yaan€H-
HBIMU UCTOYHUKAMU SHEPTOBBIICICHMS, OITUCHIBACT-
¢S MeXaHM3M T'eHepalliH ITyJIbCallnii, BEICKa3bIBaIOT-
CsI TIPEJTOKEHUS O MTPUKIIAJHOMY UCITOJIb30BAHUIO
HOBOTO (hu3m4yeckoro 3¢ dexra.

METOJUKA ITPOBEIEHUA
N OBPABOTKH SKCIIEPUMEHTOB

M3mepeHust ropusoHTanbHbIX (H 1 D) cocTaBlisiio-
IIMX BEKTOPa F€OMArHUTHBIX (hIYKTyalluid BBIITOM-
HSUTUCh TIPM  TIOMOIIM  BBICOKOYYBCTBUTEJIHHOTO
MarHuroMeTpa-(QIroKcMeTpa, PacIoOoKeHHOTO B
MI1 XapbKOBCKOT0O HALIMOHAJILHOTO YHUBEPCUTETA
umenu B. H. Kapasuna (c. I'pakoBo, UyryeBckuii
paiion, XapbkoBckast 00i1.) [6]. Ero reorpacduuec-
Kkue koopauHatel: 49.39°N, 36.56°E.

Ha puc. 1, a, 6 mokazaHbl 1Ba XapaKTePHBIX MTPU-
Mepa TeOMarHuMTHBIX TMyjabcauuil miast H- u D-co-
crapistiomx HI'TI B unTepBaie 6 4 (1.5 4 1o crapTta
u 4.5 4 nocne crapta ¢ kKocmoapoma Cruuan (Kurait)
paxket tuna «Jlonr Mapu-3A». [Ipumephl 3auMCTBO-
BaHBI 13 paboThI [26]. Ha peructpaunsax Kaxkmaoi us
COCTABJISIONINX UMEETCS TI0 TPU CEPUM TYJIbCAITUIA.
OHU OTMEYeHbl XUPHBIMU JIMHUSIMU BAOJb Bpe-
MEHHOI ocu U MpOoHyMepoBaHbl Ludpamu 1, 2, 3.
Kak u3zBectHo, H-cocrasmsiomas HI'TI copmamaer ¢
MJIOCKOCThIO MAaTHUTHOTO MepuauaHa, a D-cocTaB-
JITI01Ias1 OPTOrOHAIbHA K H-COCTaBIISIONIEH.

Ha puc. 1, a npencrapjieHa BpeMeHHasl 3aBUCH-
MOCTb Bapuanuii H-cocTaBisionieii, 3aperucTpu-
poBaHHoOI1 14 HOs10ps1 2003 1., a Ha puc. 1, 6 — Kpu-
Bas, TIOJlydeHHas MyTeM (WIbTpallii B THaTia30He
nepuonoB 300...1000 ¢ uCXOAHOU perucTporpaMMbl
(puc. 1, a), uaMepeHHOI B AMaIa3oHe IEepUOIOB
1...1000 c. CornacHo 3aKJIHOYEHUsIM, CIEJaHHBbIM B
pabote [26], B mepBoil cepuu Myabcaliuii JaHHOIO
TpYMepa UMeJIO0 MECTO MU3BMEHEHME XapaKTepa KoJjie-
OaTeJIbHOIO IIpoliecca, BO BTOPO HA0II0a10Ch He-
3HAYMTENIbHOEe M3MEHEHWE aMIUIATYIbI W TIOSIBJIC-
HME BBICOKOYACTOTHOM cocTaBystronieii. OTIeTIMBO
(ukcupyeMoe yBeauyeHUe aMIUIUTyAbl g0 7 HTa
MPOU3O0ILIIO0 Ha TPEeTheil cepuu, OHO COIPOBOXKIA-
JIOCh YBEJIMYEHUEM TIepUOI0B Bapuauuii H-coctas-
qsioteit HITT po 14...15 MuH.

Ha puc. 1, 6 noka3zaHbl aHaJIOTMYHBIE Pe3yIbTaThl
st paykTyanuit D-KoMIoHeHTa, HaOII0daBIIUXCS
24 okts10pst 2007 r. B paGore [26] oTMeuanoch, 4To B
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Puc. 1. ®parmenThl 3anuceii Bapuaimii H- 1 D-KOMIIOHEHTOB,
3apErMCTPUPOBAHHBIX TI0CHIE CTAapTOB pakeT Tma «JloHr Mapu-
3A» ¢ xocmonpoMa Kutast Cnuan: @ — 14 Host6pst 2003 1. B 16:01
UT, 6 — 24 okrs6ps 2007 r. B 10:05 UT. KpuBble 6 u e nosydeHbl
nyreM ¢unbTpaiyy B quarnasoHe mepronos 300...1000 ¢ mcXoaHbIX
PEerucTporpamMM, M3MepeHHbIX B auamasone mepuonos 1...1000 c
(rOpM30HTAJIBHBIMKM TOJIOCKAMU [, 2 1 3 OTMEUEHbI MHTEPBaJIbI
HaOIIoIeHUIA TIepBBIX Tpex cepuii bB-kosebaHmii, BepTUKaIbHOMN
YepToif — MOMEHT CTapTa, IITPUXOBOI JIMHUEH — MOMEHT 3axofia
Cosmnua Ha Beicote 200 kv Han UIT); 0 — mmrensHoctt AT cepwit
U CpelHue 3HauYeHWsT riepronoB 1 duyKTyarmii ist D-KOMIIOHeHTa
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Puc. 2. ®parMeHT 3amucu Bapuaiuii H-KOMIOHEHTa, 3aperuc-
TPUPOBAHHOTO IIOCJIE MMameHus: Butumckoro 0ojmma, B30pBaB-
merocst 24.09.2002 r. B 16:48:56 UT: perucrporpammMsl a u 0
MOJIy4eHbl yTeM (DUIBTPALMK 3alMCH MarHUTOMETpa-(pIIOKC-
MeTpa B auanazoHax nepuonos 1...1000 ¢ u 100...300 ¢ coot-
BETCTBEHHO, 8 — 3aBUCHMOCTH JuiUTesbHOCTeN AT cepuii u
neprogoB T KojeOaHWiA OT HOMEPA CEPUU, PACCYUTAHHLIE 110
ITaHHBIM puc. 2, a. CruiomHast mpsiMasi — JIMHEHAsT Perpeccust
¢ KoadduueHtom Koppensuuu (.99

Xoj1e HaOJIIoIeHNSI IIEPBOI cepyuH, TaK Xe, KaK 1 Ha
puc. 1, a, uBMeHuUJICS XapakTep KojiebaHuli Mo cpaB-
HEHMIO ¢ MPEeALIEeCTBYIOIINM (PparMeHTOM PErucT-
panuu. I[Nepuon konedbanmii cocrapisia 10...11 MuH.
Bo BTOpoit cepum KojaeOaHUIl Mepuon paBHSJICS
7...12 MuH, a B TpeTbell yBeauuuics 1o 7...14 MuH.
Ha puc. 1, 0 nist crapra 24 oktsi6pst 2007 T., MILTIOCT-
PUPYIOTCS IUIUTEIBHOCTH KaXXI0l CEpUu U CpeaHIe
3HAYEHUS TIEPUOIOB UX (PIYKTyallnid.
Peructpanum, npuBeaeHHble Ha puc. 1, a, 6, xa-
paKTepHbI TEM, YTO B HUX OT/AEJIbHbIE CEpUU KOJie-
OaHMIi BBISIBJISIIOTCSI HE OUeHb OTYeT/IMBO. HeuéTko
BBIpaKEHHbIC CEPUM HAOIIOAAIOTCS B TOAABJISIIO-
1LIEM YHCJIe IPYTUX SKCIIEPUMEHTOB, a B HEKOTOPBIX
clTydasix HeUETKO MpOSIBISIIOTCS Bee cepuu. [puun-
Ha 3TOro o0ycJIoBJIeHa Majloi BeIMYMHOMN 3¢hdeKkTa
1 MelaiyuMu (OHOBBIMU BO3MylleHusMu. Ha
puc. 2, a IpUBOIITCSI Hamboee YETKIE perucTpa-
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LIUY UCCJIENYyeMOro HOBOro (gpusnyeckoro 3ddekra.
OHuM noiy4yeHsl nocje B3pbiBa ButuMckoro 6oaumaa
24 centsiops 2002 1. B 16:48:56 UT na BoicoTe 30 KM
HaJa MyHKTOM ¢ KoopauHataMu 58.21°N, 113.46°E
[22]. DHeprus B3pbiBa MpeBblilajia 9HEPTUIO MYCKOB
CaMBIX MOIIHBIX pakeT-HocuTenel Tthma «Crreiic
[attm» Ha Tpu opsiaka. [ToaTomy ObLTO 3apeTUCT-
PUPOBAHO HE TPU Cepuu KojebaHMIl, KaK BO BCEX
NPYTUX DKCIIEPUMEHTaX, a YeThIpe, U BCE OHM IMPO-
SIBUWINCH OYeHb SICHO. IlpM 3TOM MX aMIUIMTYIbI
ObUIM CpaBHUMBI C aMILUIMTYION cepuii KojeOaHui
BO BCEX PAKETHBIX SKCITepMMEHTax. JlaHHbIC B 3TOM
SKCIIEPUMEHTE M3-3a CBOETO BBICOKOTO KadyecTBa
HamOoJIee MPUTOIHBI IJIST TOCTOBEPHOTO aHAIN3a.

B pabote [22] yTBepkaaercsi, 4To OOHApYyKeHO He
yeThIpe (KaK Mbl CYUTAEM), a MSITh CePUii TTyIbCallUii.
OpHako 1iaTast cepust (CM. puc. 2, @) 3apeTUCTPpUpPO-
BaHa B CYLIECTBEHHO CYKEHHOM Iuaria3zoHe (uiib-
tparuu 100...300 c. AMIuIMTYAa U CpeIHUN Nepuoa
ISITOM cepuu KoJjiebaHuii 0ojiee YeM B IBa pa3a MEHb-
IIle COOTBETCTBYIOIIMX TapaMeTpoB (IIyKTyalldii
TIPENIIECTBYIOIIMX YEeTHIPEX cepuif. MBI Toyaraem,
YTO TIPUPOJA TIATON cCepur He CBsA3aHa C MCCIemye-
MbIM BO3MYILIEHUEM, U TIO3TOMY YITOMSIHYTasl CEpusl
KUCKJIIOUEHA U3 HallIero JaJbHeMIIero aHajinsa.

[TpoaoKUTEeTbHOCTD TyJbCalluil U UX CPEIHUI
MEePUOJI B UeTBIPEX cepusiX (CM. puc. 2, a, 6) Bo3pac-
TaloT 10 JIMHEHOMY 3aKOoHY. B Kaxkmoii cepun Ha-
Omoganoch IITh nepuogaoB. ITpomoJLKUTEIbHOCTD
KoJie0aHUI U3MeHsIach OT 51 MUH 1151 TIepBOIi ce-
puu 10 72 MUH IJIS YeTBEPTOM CEpUM; CPETHUI TIe-
puon Bo3pactan oT 10 MUH JisI TIEPBOI CEpUM 110
14 mMuH nas yerBéproii cepuu. I'padpuku 3aBucu-
MOCTEeI JJIUTEIbHOCTU CEepUU U CPEIHEro rnepuoa
KoJiebaHUI OT HOMepa Cepuu MoKa3aHbl Ha puc. 2, 0.
31ech CIUIONIHBIMUA JIMHUSIMU  WJLTIOCTPUPYIOTCS
JIMHEMHBIE perpeccuu yKazaHHBIX TapamMeTpoB. Ko-
2 OUIIMEHT KOPPEISIIUU IS 00X perpeccuii co-
crasisgeT 0.99. BaxkHO OTMETUTD, YTO B XOAE KaXKI0M
CeprHU aMILIUTYIA MyIbCcalliii TTPaKTUIeCKN He W3-
MEHSJIach, a B YeTBEPTOI Cepry Ha MOCTeTHEN Tpe-
TH €€ JUIMTEIbHOCTHU J1aKe YBeJnuuBaiach. Mbl Tak-
Ke obpaliaeM BHUMaHME Ha Pe3KWi, BHE3AITHBIN
XapakTep 3aBeplIeHUs] MyJabCalluii KaXKI0H Cepuu.
ITo pe3ynabraTam McclienoBaHUs BCEro o0bEéMa J1aH-
HBIX (TTOJIyYEHHBIX TS paKeT-HOCUTENIeH C pa3any-
HOM TPY30MOIBbEMHOCTBIO U 3aIYIIEHHBIX ¢ KOCMO-
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JIPOMOB, PaCIoJIOXKEHHBIX Ha paccTosHusax 1500...
10000 xm ot MIT) okazanock, YTO IPOAOJKUTEIBHOC-
TU TIEPBBIX TPEX CEPUIl IMHEINHO YBEIUUUBAIOTCS IPU
YBEJIMUEHUN PACCTOSTHUSI MEXTY KOCMOIPOMOM U
MII. Hanbonpimii pocT NpOAOKUTEILHOCTU B YKa-
3aHHOM JIMafa30He pPacCTOSIHUM HaOomancs ajs
nepBoii cepunt: ot 20 1o 60 MuH. OObSICHEHNE OTME-
YeHHBIX 2((EKTOB Ha OCHOBE MPEIJTOKEHHOIO MeXa-
HU3Ma BO3HMKHOBEHMSI TYJIbCALIMilI NPUBOAUTCS B
SKCITePUMEHTAILHOM YaCTH CTATHHU.

MEXAHI3M BO3HUKHOBEHMA ITYJIbCAIIUI
HATIPA2ZKEHHOCTU TEOMATHUTHOI'O ITOJIA

CHauaJja onuiieM MexaHu3M BO30YyXAeHMS TTyJibca-
LMK OYeHb KpaTko. OOBEM BO3MyXa, pPacoaoXeH-
Hb1il Hag U1, B Xoae pacripocTpaHeHMs yepe3 Hero
AKyCTUKO-TPaBUTALIMOHHOW BOJIHBI IOJBEpPraeTcs
MEXaHUYECKOMY BO3[EHCTBUIO (CXKaTWIO W paspe-
XKEeHUI0, cMelleHu1o). I1pu ornpeneseHHbIX YCIOBU-
SIX OJJTHUM U3 PE3YJIbTATOB 3TOIO BO3/IEUCTBUS SIBJISI -
eTcs BO30YXIeHHE BEpPTUKAIbHBIX PE30HAHCHBIX
KosiebaHUil 00BEMOB BO3/1yXa aTMOC(epbl 3eMJIH C
vacroroit bpenta-Bstiicana T, (nanee — bB-kose-
0aHus). Takue konebaHus Bo3ayxa Haa MIT Ha BbI-
coTax MoHOcGhepbl MPEACTaBIISIIOT COOOI KOJIe0aHUs
KBa3MHENUTPaJbHON TUPOTPOINHON HOHOCHEPHON
mia3mbl. KonebaHus mia3mMbl NpUBOAUT K ITOSIBIIE-
HUIO TIEPEMEHHOTO DJIEKTPUUYECKOIO TOKA C TEM XK€
nepuosioM 7'y, TIOPOKIAIOIIETO TIEPEMEHHOE Mar-
HuTHOe noJie. CIoXeHUe 3TOTO TOJIsI C TeOMarHuT-
HBIM IToJieM 1 mopoxnaeT nyiabcauuu HI'TI, peruct-
pupyembie B UT1.

YnomsiHyToe MeXxaHU4eCKoe BO3/IeliCTBYE Ha T1a3-
My ¥ BO3HUKHOBEHUE MYJbCallUii MPOUCXOAUT U
BIOJIb BCEro myTu pacrpoctpaHeHust AI'B B noHo-
cdepe, onHako B II1 B OCHOBHOM perucTpupyloTcs
JIUIIbL Te (PUIyKTyallud MarHWTHOTO MOJisi, KOTOpbIe
MOPOXIEHBI TMpolieccaMu B MOHOChepe, pacrnofio-
JKeHHoI HenocpeacTBeHHO Haa MIT. Dto npoucxo-
JIAT MTOTOMY, YTO MyJIbCAllMX MECTHOTO (JIOKAJTbHOTIO)
MPOUCXOXIECHUST JOMUHUPYIOT Hal (IyKTyalusiMu
HI'TI, Bo30y:kgaeMbIMK Ha pacCTOSTHUSIX B COTHU U
TBICSTUM KuJoMeTpoB ot UII.

Kak orMeuanocsk, mpearnoiaraercsi, YTo HadJ10-
nmaembie B U1 nynbcauuu HI'TI Bo30yxxmatorcst Jjio-
kanbHo Haa UTT akycTrKO-rpaBUTallMOHHBIMU BOJI-
HaMU, TIPULLEIIIUMA OT MECTa SHEPTOBBIAETCHUSI.
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Hamie paccMmoTpeHue MexaHU3Ma BO30YXKIACHUS
IMyJIbcalliii OCHOBBIBAETCS Ha pACCMOTPEHUU TOKOB
U MarHUTHBIX TMOJIEM B KBa3WMHEHTPAJIbHOMU THUPO-
TPOMHOI MOHOC(EpHOH IIa3Me B MPUOIKEHUU
rugpoavHaMuKy [3], a Takke Ha MOIEIM aTMOC-
(bepHBIX BO3MYILIEeHU, TpuBeneHHoM B [18, 20, 35].
bes moHuManust cyurHocty Moaenu AI'B 3aTtpynHu-
TEJbHO YSICHUTb MEXaHU3M IeHepallii MarHUTHBIX
nynbcanuit. [ToaToMy M3/10XXKMM BHaYalle OCHOBHBIE
MOJIOXKEHUSI 3TOM MOJAEIM, a 3aTeM ACTaJbHO OIM-
LIEM MeXaHU3M reHepauuu myiascauniit HI'TI.

H3 ucmopuu uccaedosanus aKycmuxo-zpasumauu-
onnbix eoan. iccnenosanua AI'B Havamich HazeM-
HBIMU paanopU3NYeCKUMM METOJaMU ¢ HaOJone-
HUM JBUXEHUSI MOHU3UPOBAHHBIX KOMITOHEHTOB
aTMocepbl. DKCIIEPUMEHTHI 110 00HAPYKEHUIO 0=
PU30HTAJIBHBIX ABMXKEHUU B obiactu F2 nonocgde-
phI BriepBbie TipoBeAcHb B 1942 1 1943 rr. [31]. B
SKCIEePUMEHTAJIbHBIX UCCIIEAOBaHUSIX [45] BriepBhIe
0OHapy>XeHbl SIPKO BBIPAXKEHHbIE, «KJIACCUYECKUE»
TOPU30HTAJIBLHO IIepeMelIaloecs: HOHOC(hepHbIe
BosmyieHusi (ITMB), BbickazaHO MpeAINoNoXeH e
0 TOM, YTO TaKMe MOHOC(hepHbIe HEOTHOPOIHOCTHU
BbI3bIBAIOTCSI BOJIHOW aTMOC(EpPHOro IaBjeHUS.
[TepBble perucTpaluu OBICTPO TepeMelalIINXCs
MO BEPTUKAJIM BO3MYILIEHUIT MOHOCHEpHhI, BO30OYXK-
JaloIX TOPpU30HTaIbHO nepemMelatouecs ITUB,
MNpUBEACHBI B UcclenoBaHUM [49]. DTu BepTUKAIb-
HO JBYDKYIIMECS] BO3MYILIEHUsI HAOII0JaJIMCh B IIe-
pUOa MarHUTHO# Oypu 25—26 mapra 1946 r., oHun
ObUIM BBI3BaHbBI BBICHIITAHUEM YaCTUIL COJHEYHOIO
BeTpa B MarHuToc(epHbIi KacCIl.

IlepBasi opuruHaabHas MOMbITKA TEOPETUUECKOM
uHTeprperanuu ropuszoHTabHbIX [T B mipeanpu-
HATa B uccheaoBaHuu [44], roe st OObSICHEHUS
YIOMSIHYTOTO SIBJICHUSI ObLIM BIEPBbIE MPUBIICUYECHBI
MPOLIECCHI, MPOMCXOMASAIIME B HEUTpaIbHOM aTMOC-
(epe. B pabote [39] BniepBble MOJYYEHO YIPOILEH-
HOE pellieHNe YpaBHEHUI Ireo(r3NIeCKOi TUIPOIM-
Hamuku 11t o0bsicHeHus: [IMB. C 3Toit mnoHepckoit
paboThI (haKTUUECKM HAYMHAIOTCS MCCIIeAOBAaHMSI 10
paszpabotke Teopun AI'B.

VYpaBHeHUs1 Teo(pU3UUECKOW TUAPOANHAMUKU,
OIMCHIBAIOIIME pacpoCTpaHEeHUE BOJH B aTMOC(he-
pe, UCCIeNoBallCh Ha MPOTSKEHUU CeMU IECSITH-
JIeTuit HeogHoKpaTHO. MTorn u HepeéHHbIe BOII-
pOChl MCCJIEAOBAaHUI IO aKyCTHUKO-IpPaBUTALIMOH-
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HbIM BoJiHaM B aTtMocdepe 3emiu 3a 40-neTHuii
Mepuo JAeTaabHO U3JI0XKEHbI B 0030pax [8, 9, 37, 40,
41]. ducnepcuoHHble ypaBHeHUs 1jis1 AI'B BbiBee-
HBI U MTpOaHaJIM3MpPOBaHbl B padorax [8, 9, 36, 37,
39—41, 50]. OTinyusg B pelieHusXx o0yCIOBIEHbI
JINIITb UCTIOIh30BAHHBIMU MPUOIMKEHUSIMUA U MO-
nenasiMu cpefbl. B ocHoBe aTHX uccienoBaHuli Jie-
KUT padora [39], B KOTOpOii BIIepBBIE ITOJYYEHO
YIIOMSIHYTO€ AUCIIEPCUMOHHOE YpaBHEHME, CITpaBe/l-
JIUBOE JIMIIb JJI JIMHEApU30BaHHbBIX ypaBHEHUM
reou3n4YecKoi ruapoguHaM1K1. MaJjio KTo U3 1c-
cjiefoBaTeNieil paccMaTpUBall ypaBHEHMST Teo(pU3U-
YEeCKOU TMAPOAMHAMUKU JJI YCIOBUIA, KOTIa BO3-
MYIIEHUST aTMOC(EPHOTO TaBICHMSI COCTABIISIIOT HE
JIOJTU Y ¢ IMHULIBI TPOLICHTOB, a IECATKU MPOLIECHTOB
OTHOCUTEJIbHO (poHA (HEBO3MYILIEHHBIX YCIOBUIA).
s mocaenHero ciydasi 3TM ypaBHEHUSI pellaanuch
JIUIIb YUCJIEHHO, HanboJiee HaaEKHbIMU MbI CYMTA-
eM pacuéTsl [12]. BMecTe ¢ TeM He Bce MoJIydeHHBIE
pe3yabTaThl, Jaxe JJIsl IMHeapu30BaHHBIX YpaBHE-
HUIA, 10 KOHIIA OCO3HAHBI UCCIIEIOBATEISIMU.

Enunas nmonysmmnupuueckass moneib AI'B (mis
KPYITHO- U CpeaHeMacIITaOHbIX BOJIH) pa3paboTaHa
B 2013 r. B pabote [35]. bosnee noapodbHO oHa M37a-
raetcs 1 oocyxxmaercs rmog HazBaHueM Ukrain-2013
B paborax [18, 20]. Dra Moaenb paIuKajJabHO OTJIM-
yaeTcsl OT BCeX MPEIIeCTBYIOIMX MOAEei, MocT-
poeHa Ha OCHOBE TEOPUIi BO3MYIIECHUST aTMOChepbl
JIOKAJIbHbIM MCTOYHMKOM BBIACICHUSI DHEPTUU U
nmiyibca [36, 43, 48, 50].

Yewm xe 1m1oxa runoTesa pacrpocrpaHneHust AI'B,
npemtoxerHas B 1960 1. B padote [39] reHMaIbHBIM
yuéubiM XaitHcoM (Hines C. O.)? Ilouemy okaza-
JIOCh HEOOXOUMBIM MPUOETHYTh K IPYIUM TE€OpU-
IM? DTU UCKITIOUUTEILHO BaXKHBIE BOIIPOCHI 3aCITy-
>XKMBaIOT 0oJiee moApoOHOro paccmMorpeHus. Hamo-
MHHaeM, 4To XailHC JJIsl HEAUCCUTIATUBHOM Cpebl
3amnucajl CUCTeMY ypaBHEHUI reou3n4yecKoi I -
POAVMHAMUKMA U BIIEPBbIE pellvl €€ B JIMHEWHOM
NPUOIVKEHUU, TTOJIYYUB IUCIIEPCUOHHOE YpaBHE-
HUe (1 TOJIIPU3aIIMOHHBIE COOTHOIIIEHUS K HEMY).
W3 3TOT0 YpaBHEHMS ClIeAyeT, UTO Ha OOJIBIIMX pac-
CTOSIHUSIX OT MCTOYHUKA BO30YXKAeHUs (3apoxie-
Husi) AI'B-Bo3myllieHue TmpeacTaBiseT co0oil BoJI-
HOBOI1 TIpoliecc (B MPOCTEHIIeM cliydae — TJI0CKYIO
JBYMEPHYIO BOJIHY), KOTOPBI XapaKTepusyeTcs
BPEMEHHBIM M IIPOCTPAHCTBEHHBIM IEPUOJAMMU,
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oIpeneIsieMbIMU CBOICTBAMM CpeAbl pacIIpocTpa-
HeHus. BaxkHo 1mogyepKHyTh, 4TO XalHC 11T TTOJTY-
YEeHUST aHAJIMTUYECKOTO peIleHUs YPaBHEHMIA reo-
(GU3NYECKON TMAPOAMHAMUKM MCII0JIb30BaJ JAOITY-
IIEHUE O TOM, UYTO OTHOCHUTEJIbHBIC BO3MYILECHMUS
nmapaMeTpoB Cpelbl (IaBJIeHUs, INIOTHOCTU, TeMIIE-
paTyphl, CKOPOCTH ABMKEHUS YaCTULL B BOJIHE) pac-
npoctpaHeHuss B AI'B MHOro meHsbllle eIUHMIIBL.
be3 aToro ympomaomniero orpaHMYeHs MOJIyIUTh
IMCIIEPCUOHHOE YpaBHEHME (aHAJUTUYECKOE pe-
LIeHWe) HeBO3MOXHO. JInucriepcuoHHOe ypaBHEHNE
BBIBOJUTCST TOJBKO ISl CUCTEMBI JTUHEMHBIX YpaB-
HeHuit. B 1960-Mm r. uccienoBanus AI'B-TTUB Tosb-
KO HAYMHAJIUCh, HAAEXKHBIX 3KCIEPUMEHTaJIbHbBIX
3HAYEHU OTHOCUTEIbHBIX aMIUIUTY/ BO3MYILEHUIA
ObUTO e1é HemocTaTouHo. [ToaTomMy y XaitHca co0-
JIa3H JIMHEApU3aluy YpaBHEHUN TUAPOAMHAMUKM
ObUT OueHb BeIUK. ITOCKONIBKY B 3TOM CiIy4ae MOX-
HO MOJIYYUTh pellleHe B aHanTuTU4IeckKoM Buae. Ko-
HEYHO, 3TOT IMOIX0/I ObLI ONpaBIaHHBIM, TaK BCerma
pa3yMHO ITOCTYIaTh B HavYaje UCCAeA0BaHMUSI HOBO-
ro siBjieHus1. OHaKO 3a CEMUASCITUICTHUI TTIepUO
ucciaenoBaHuil (0COOEHHO 3a IIOCNIeNIHUE MeCSTh
JIeT) ObUIO YCTAHOBJIEHO, YTO IJIS IVIOOAJIbHO Ha-
omongaembix AI'B-TTMB sT0 mpubmmkeHne He BbI-
nosHseTcss. OgHaKo TUII0Te3a, OCHOBAaHHAS Ha He-
BBITIOJIHSIEMBIX YCJIOBUSIX MHOTHE (OJHAKO IaJIeKO
He Bce) cBoiictBa AI'B omuchiBasia npaBuibHO. B
HACTOSIIIEM HUKTO MOAPOOHO elI¢ He McCiaeaoBal
3TOT YAUBUTEIbHBIN 3pdekT. [1pu 3TOM oTMeUaeMm,
YTO rMMNoTe3a XailHca HE MOXET OOBSICHUTD LEJIbIiA
psin 3pdexToB, HaNEXXHO OOHAPYKEHHBIX MPU KC-
nepuMeHTaabHOM u3ydeHuu AI'B. B yactHoCcTH,
AI'B-BonHa gBisieTcs HE TapMOHUYECKOM, KaK yT-
BepxkmaeT rumote3a XaiiHca, a KBa3urapMOHUYEC-
KOI1; HaO1101aeTCsI Ha IIEPBbIi1 B3IJIS ITapagoKcaib-
HbI 3 GEKT, 3aKITI0YaIOIINICS B TOM, YTO CKOPOCTHU
3KCTpeMyMoB Liyra AI'B He M3MeHSII0OTCSl B X0Je UX
pacnpocTpaHeHus B atmocdepe. I1pu aToMm yroms-
HYTBIE CKOPOCTU YOBIBAIOT C MOBBIIIIECHMEM HOMEpa
9KCTpeMyMa, HayajibHble CKopocTu 11yra AI'B moryt
MpeBbIIIAaTh CKOPOCTh 3ByKa B HECKOJIBKO pa3, a He
OBITH MO3BYKOBMMM, KaK SIBCTBYET M3 TUIIOTE3bI
XaitHca. OTH M Jpyrhue OCOOCHHOCTH MOIEIU
Ukrain-2013 mogpo6Ho m3ioxeHsl B [18, 20, 35].
KpaTkoe onucaHue MOaeIu IIPUBOJUTCS B CJISIYIO-
1IeM pasaee.
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st ICHOCTH TOCJIEAYIOLIEro U3JI0XKEHUsI OCTaHO-
BUMCSI Ha MCITIOJIb3yEMOI B HACTOSsIILIEEe BPEeMsl TEp-
muHosiorun. AT'B u TTMUB — 310 cBsI3aHHbBIE, MPOTE-
Kaloll1e OJHOBPEMEHHO SIBJIEHUS, UMEIOIIIME O01II1e
XapaKTepUCTUKU: MPOCTPAaHCTBEHHBI MaciuTao,
CKOPOCTb paclpoCTpaHeHUsl, HalpaBieHue (a3UMYT)
pacrpocTpaHeHus1, Iepruo, HakJIoH (a3oBoro HpoH-
Ta, MOSIBJIISIEMOCTh M Jp. DTU TapaMeTpbl YI0OHO
paccMaTpuBaTh B paMKax COBMeCTHOM Monenu. [1oa-
TOMY TaM, TJie WAET peub 00 YIIOMSHYTbIX XapaKTe-
puctukax win o B3aumocssizu AI'B u [IMB (xorma
paccMaTpuBaeTcs SIBJIEHUE B 1LIEJIOM), JIJIs1 JJAKOHUY -
HOCTU MBJIOXKEHUsI, a TakXke JIJIsi TOro, YTOObI MOJ-
YepKHYTh, UTO pacrpoctpaHeHue AI'B B moHocpepe
u nosiejieHue [1MB — 3To eauHbIN BOTHOBOM MpPO-
1lecC, HaMU MCIIOJIb3yeTCs CouYeTaHue adOpeBUaTyp
AT'B-TIIMB. Monens Ukrain-2013, mojoxeHHas1 B
OCHOBY Halllero MexaHusma rnopoxaeHust PC5-mynb-
caumii, gpistercst Monesnbio AI'B-TTUB.

B xome 70-netHero mepuona McCiIeIOBaHUIL aT-
MochepHbIX BOJTH a00peBuatypa AI'B mpumeHsiiach
B CTaThsIX, MOHOTpaUsIX U JOKJIaaax Kak JJIs Tep-
MUWHA «aKyCTUKO-TpaBUTALIMOHHbIE BOJIHBI», TaK U
1 TepMUHa <«aTMOc(hepHble T'paBUTALIMOHHBIE
BOJIHBI». AHTIJIOSI3bIuHAas abOpeBuatypa AGW uc-
MoJIb30Bajlach IJIsSl «acoustic-gravity waves» 1 IS
«atmospheric gravity waves» B Tpyldax Ha aHIJIMIAC-
KOM sI3bIK€. DTO HE BbI3bIBAJIO HEAOPA3yMEHUI Yy
CMEeMAIMCTOB, TaK KaK COKpallleHUsl BCerjga pac-
KU(PPOBBLIBATUCH B TEKCTE. MBI MojiaraeM, 4To Tep-
MUH <«aKyCTUKO-TpaBUTAaLlMOHHAsI BOJIHA» OoJiee
TOYHO OTpaxaeT CYIIHOCTb pacCCMaTpUBAEMOTO SIB-
JIEHUsI, B OCOOGHHOCTH €CJIM pacCMaTpUBaETCsl BOJI-
HOBOE€ SIBJIEHUE B aTMOC(]epe B 1IEJIOM — C MOMEHTA
SHEPTOBBIAEIEHUSI JO MOMEHTa perucrpaiuu -
(bekTOB Ha PpACCTOSIHUAX B THICSAYM KUJIOMETPOB
CIYCTS OT HECKOJIBKUX AECITKOB MUHYT 110 5...10 4.

B 3akitoueHue coBepiiuM HEOOJIbILIOM 9KCKYPC B
nJanéxoe mpoiuuioe. M3-3a 60gbII0I0 aBTOPUTETA Te-
HUAJIBHOTO JPEBHETPEUYECKOrO YUYEHOTO ApPUCTOTE-
JISI €TO OIIMOOYHbBIE 3aKITI0UeHUS B (DU3UKE U aCTPO-
HOMUM MPOCYIIECTBOBAIU IMOYTHU IBA ThICSYEICTUSI.
CtoJib 00JIBbIION TTepHro 3a0JyKACHUI OObSICHSIET-
CS MOYTU PEJIUTMO3HOM BEpOM B CIIPABEAJIMBOCTb
BCETO €ro yueHus. AHaJIoTUYHAasl CUTYallus CIOXU-
JIach U ¢ yueHHeM XaliHIia, KOTOPOe 1 10 CUX mop (B
TedyeHre okoysio 70 jeT) MHOrue y4€HbIe CUMTAIOT
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abCOJIIOTHO BepHbIM. Peiurus u Hayka paccMaTpu-
BalOT HelepeceKalolecs: CyliHOCTU. MHorue yJé-
Hble 18—20 BEeKOB ObUIM IIYOOKO PEIUTMO3HBIMMU.
OnHako 3TO He MPEensITCTBOBAJIO UM OTBOEBBIBATH
(OTKpBIBaTh) Y €CTECTBO3HAHMS 3aKOHBI, M3HAYaJb-
HO HauepTaHHble BceBblliHUMM. MBI moJjiaraeM, 4To
o0Ocyxxnaemasl cTaThsl OyIeT CIocOOCTBOBAaTh OCBO-
OOXIEHUIO OT 3a0JTyKIEHUI MPOIUTBIX MCCIIeI0Ba-
HUi, 0JaronpusITCTBOBAaTh BCECTOPOHHEMY pa3BU-
THIO MCCJIENOBAaHMII HOBOIO Teo(u3NUecKOro 3¢-
(bexra (reHepaly cepyii reOMarHUTHBIX ITyJIbCAlIMiA)
u teopun AI'B.

Kpampxoe onucanue modeau AI'B-IIHUB. EcTb MHe-
HUe, yTo KpyrnHoMaciutadbHbele (KM) ¢ mpocTpaHc-
TBEHHO JIMHO# BosHBI L > 1000 KM 1 cpegHeMac-
mrtadbuele (CM) ¢ L or 150...200 mo 800 xm AI'B-
[T B umeroT paznnuHyto NpUpoay 3apoxiaeHus. B
MOJABJISIIOIIEM OOJIBIIMHCTBE UCCIEIOBAaHUI OTME-
yaeTcsl, YTO KpyMHOMAacCIITaOHble HEOJHOPOAHOCTHU
yacTo HaOJIOAAIOTCS MOoCcjie Havajla MarHUTHBIX
Oypb, @ HEOTHOPOAHOCTU CPEAHUX MacIITaboB pe-
TUCTPUPYIOTCS B XOHE SIACPHBIX DKCIEPUMEHTOB,
B3PBIBOB BYJIKAHOB, BBICHITTAHUS SHEPTUYHBIX Yac-
THII B MAarHUTOC(EPHBIE KACTIBI 1 1Ip.

OmHako, M3 MHOTOJIETHUX 3KCITepUMEHTATBHBIX
MCCIIeIOBaHM, BBITTOJTHEHHBIX aBTOPOM C MCITOJTb-
30BaHMEM TPaHCUOHOCHEPHOTO PaMONPOCBEYHBA-
HUSI HOHOC(hepHI ¢ 60pTa HU3KOoOpOUTaIbHBIX MC3,
cnenyet, yto nipupona AI'B-TTMB obGonx maciira-
00B eanHa, a KM- u CM-Buabl SIBASIIOTCSI pa3iny-
HBIMM TIPOCTPAaHCTBEHHO-BPEMEHHBIMU CTaAMSIMU
(3TanamMu) AMHAMUKKU OJHOIO U TOTO XK€ UCXOAHOTO
BO3MYIIIEHMS, BO30YKIAeMOT0O JIOKAJTbHBIM MCTOY-
HUKOM (9HEPreTUIeCKUM TOTYKOoM). COrJIacHO MO-
nenu [18, 35], uctounuk Bo30yxneHus AI'B-TTB
MpeJCTaB/sieT CO00I HEKOTOPBI 00bEM B aTMOChe-
pe 3eMJ1, B KOTOPOM Ha MPOTSIKEHUU OKOJIO yaca
MPOUCXOMAST KoeOaHUs AaBJACHUS BO3AyXa C MOy~
TepHOAOM 0KOJIO 4 MUH.

B pesynbraTe OT MCTOUHMKA MO BCEM HaIpaBJie-
HUSIM PACIIPOCTpaHsIeTCsl MPOCTPAHCTBEHHBIM IIyT
BO3MYILIEHUI MapaMeTpoB aTMOC(epbl. AMIUIUTYAA
KoJIebaHMT TaBJIeHUs BO3dyXa B 00beMe YMeHbIIa-
€TCST CO BpeMEHEeM, TO eCTh C YBeJTMIeHUEeM HOMepa
sKcTpeMmyma. Hampumep, aMrinuTyaa 3KCTpeMyMOB
¢ HOMepaMHu Oosiee 16 OTHOCUTENIBHO MaKCHUMalb-
HOTO (TpeThero) aKcTpeMyMa cocraniisieT MeHee 20 %.
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3agepXKKu TMOSBJIEHUS DKCTPEMYMOB C HOMEpamu
6oiiee 16 OTHOCUTEILHO Hayalla BO3MYILIEHUs (Ha-
yaja kKojiebaHWil B ouare BO3MYILeHUSI) — Oosiee
yaca. Eciin HauambHbI SKCTpeMyM TTOPOXKIAET BOJTHY,
PacIpoCTPaHSIIOLIYIOCS CO CKOPOCThIO Oosiee 11 km/c,
TO 15-i1 3KCTpeMyM BO30YyXKIaeT BOJHY CO CKOPO-
CThIO BCero Juiib okojo 70 m/c. Hanbonee cunbHO
yOBIBAIOT CKOPOCTH PACIPOCTPAHEHUSI HAaYaJlbHbIX
BbICOKOCKOPOCTHBIX 3KCTPEMYMOB, UTO IPUBOJMUT K
PE3KOMY YMEHbBIIEHUIO MPOCTPAHCTBEHHbIX JJIMH
BOJIH JUAUpYyOIUX mnepuonos nyra AI'B. Bua-
yajie OT oyara BO3MYIIEHUS pacripoOCTPaHSIOTCS
KpynHoOMacIiTaOHble HEOJHOPOAHOCTU, TPO-
CTPaHCTBEHHBIE pa3Mepbl KOTOPBIX AJSI KaxXa0-
ro CJIeIYIIIero 3KcTpeMyMa yMeHblaTcs (1o
3aKOHY, KOTOPbI/A OMKUCAH B MOJEJIN) BIJIOTH 110
cpegHeMacIITaOHBIX.

Tl'opuzoHTanbHBIE pa3Mepbl cpeaHeMacIITaOHbIX
AI'B-TIMB Takxxe yMEHBILIAIOTCSI C MOSIBJICHUEM
KaXJ10T0 HOBOTO 9KCTpeMyMa, OJIHAKO 3TO YMEHb-
1IeHe MPOUCXOAUT He TaK pe3Ko, Kak B cilyyae C
KpYIMHOMAacIITaOHBIMU HEOTHOPOJHOCTSIMU. M3-3a
pa3Iuuus CKOpPOCTEe PaCIpOCTPaHEHUSI CMEXHBIX
aKcTpeMyMoB cpeaHeMaciTadHbix AI'B-TTM B npo-
HUCXOJUT «BBITSITUBAHUE» MPOCTPAHCTBEHHOTO IIyTra
C yAaJIeHUEM OT UCTOYHHMKA €r0 3aPOXIEHUS, U HE-
OIHOPOJHOCTU CTAHOBSITCS KPYITHOMACIITAOHBIMMU.
Ha paccrostnusix 6oJiee BOCbMHU THICSIY KJIOMETPOB
oT ouara Bo3myuieHus1 Bce AI'B-IIMB saBisiorcs
KPYIMHOMACIITAOHBIMM.

Taxoii cueHapuii AMHAMUKU TTPOCTPAHCTBEHHBIX
MacITaboB OJVMHAKOB JJISI UICTOYHUKOB BO3MYIIIE-
HUI1 BceX TUIOB (B3PbIBbI BYJIKAHOB, SIIEPHbBIC IKC-
TMEPUMEHTBI, BBICBIITAHUS YaCTHll, TAAEHUE KPYT-
HBIX MET€OPUTOB U 1ip.). OOUH U TOT K€ UCTOYHUK
nopoxnaeT kak KM, tak u CM-Bo3MyllIeHUSI, TPO-
HWCXOIUT BTO C pa3HbIMU 3a7ePKKaMy OTHOCUTEb-
HO Hayvajia BO30yXIeHUs KoJieO0aHU («BKIIOUCHMST»
WCTOYHMKA BO3MYyIIeHUIT). Takum o6pa3om, 00Cyxk-
Jaemasi Mojiesib onuckiBaeT reHepaiio AI'B-TTVB
BCEX MacllITaboOB, OHa SIBJsIETCSI OOLIel (eauHOM)
mogebio AI'B-TTUB (mist KM- u CM- HeomHOpOI-
HOCTEM).

Jlemaavhoe onucanue mexanuzma 2eHepayuu nyiv-
cauyuii. PaccMoTpuM Temepb Hallly TMIIOTe3y Oosiee
MOJAPOOHO, M3J0XHUM MEXaHU3M BO3HUKHOBEHMSI
MarHUTHBIX MyJibcaluii. Kak otMevanock, 1ist 9Toi
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Henu ucrnonb3oBaHa moxpenb AIB-IIMB [18, 35].
[Tpoananusupyem CTpyKTypy 1 mapameTpbl AI'B, ot-
BETCTBEHHBIC 3a MOPOKAcHUE OOHapyKeHHbIX B MUTT
GIAYyKTYyaluii HampPsSLKEHHOCTU TeOMarHUTHOTO TOJIS.

Anemenmuot uyea AI'B, 3anyckaroujue bB-konebanus.
CoracHO MHOTOUMCIIEHHBIM JAHHBIM 9KCTIEPUMEH-
TOB [4, 6, 25—27, 22—24, 28, 33], B UI1, pacnoJo-
>KeHHbIX Ha paccTossHusIX R = 1500...10000 km oT uc-
TOYHMKA BO3MYILIEHU, MOCAe KaXJI0ro 3HEProBbI-
neneHusi ¢ sHeprueit Q = 4 -1075...2-10~4 Mt THT
HabJ1I0aeTCsl B OCHOBHOM IO TpU cepuu (IyKTya-
uuit HITI. TTpuynHa nposiBaeHUsT TOJbKO TPEX ce-
puit oObsICHsIETCs CTPYKTYpoit 1yra Al'B: v Tpu
JIMIUPYIOIIMX KBa3UIeproaa BOJIHBI BO3MYILEHUS C
HaMOOJBIINMU aMIIUTYygaMu npuHocaT K MIT me-
XaHWYECKYIO 9HEPIUIO, TOCTATOYHYIO JIJ1s1 BO30YXKIie-
HUS HaJgxKHO oOHapykuBaeMbIx durykryanuii HI'TI.
Kaxnpiii 13 3TUX KBa3UIEPUOAOB I1yra aTrMocdep-
HOI BOJIHBI BO30YXIAET CBOIO CEPUI0 MarHWUTHBIX
nyascauuii. [Tocaenyroniye KBa3unepuosl 1yra, Ko-
HEUYHO, TaK>Ke MPUBOJIST K (PIIyKTyalusiM HaMpsKEH-
HOCTU T'€OMAarHMTHOIO TOJIsl, OHAKO UX aMILIUTYyIa
00BIYHO OKa3bIBAETCSI HUKE UYyBCTBUTEIIBHOCTH UC-
MOJb30BAHHOTO B 3KCIEPUMEHTAX MAarHUTOMETPA.
Taxoii BIBOJ MOATBEPKAAETCS IKCIIEPUMEHTAIBHO:
npu sHepruun ucrounuka 0 =0.2 Mt THT (4to 6ob-
1Ie SHEPruM YMOMSIHYTBIX BbIIIE MCTOYHUKOB B
103...10% pa3) nposiBaseTcs elé oHa cepusi Koseba-
HUI, TOPOXAEHHAsI TTOCIEAYIOIIUM (UeTBEPTHIM ) TIe-
puonom AI'B ¢ cyliecTBeHHO MeHbIIEH aMIUTUTY 10U
(mompoOHee cM. HUXe MccieqoBaHUe Butumckoro
60111a).

Ha rpadguxe, npuBeneHHOM Ha puc. 3, IokasaH
¢parmeHT BpeMeHHoOro 1yra AI'B mis ero mepBbix
CceMU TMepUoIOB, TTOCIEN0BATEIbHO 3apOXKAAOIINX-
Cs1 HaJl 04aroM UCXOAHOro Bo3myiieHust. Llyr npen-
cTaBJIsIET cO0OM KoJebaHUs JaBlieHUsT aTMOCc(hephl,
HauyMHAIOLIKECs] B MOMEHT onset MUHUMYMOM C OT-
HOCUTENIbHBIM 3HauyeHueM A, = Ap/Ap . > = 0.48.
3neck Ap = p — p,, p U p, — TEKyLIEe U HEBO3MY-
meéHHoe (hOHOBbIE 3HAYEHHUS HaBJIEHUST aTMoOcde-
pbl, Ap, .., — 3HadeHue Ap BO BTOPOM (HaubOJIb-
1eM) Makcumyme 1yra. OTHocuTeJibHast aMILTUTY 1A
MPOU3BOJIBHOTO 3KCTpeMyMa B 1Iyre jajee 0003Ha-
JeHa Kak A,. [Toynepuon aTux KosebaHuii mocros-
HEH, OH paBeH T, = 3.95 MuH. Kaxyio TOuKy JTMHUK
rpaduka puc. 3 ganee OyaeM Ha3bIBATh MUHUMAJIb-
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Ap/ Ap max2
o

t
Puc. 3. ®parmenr spemenHoro uyra AI'B s onse

€ro JIMAVPYIOLIMX CeMU MEPUOJIOB; onset — MO-

MEHT Hayaja BO3MYIIECHWS C OTHOCUTEIHHBIM
3HAYEHNEM aMILTYabl Ay = Ap/Ap . » = 0.48,

Ap = p — py, p ¥ py— TeKylllee U HEBO3MYILIEH-

Hoe ()OHOBbIE 3HAUCHUS JaBICHUS aTMOCQEPHI, -1
Ap, a0 — 3HaYECHUE Ap BO BTOPOM MAKCHMyME LIyTa.

Tepuon konebanmit paseH 21, ;= 3.95 MuH

HbIM (dparmeHTOoM 1yra. IIpomexXyToK BpemMeHU
MEX1y CMEXHBIMU MaKCUMYMaMUu (MUHUMYMaMM) 1
BCEMU APYTMMM COCEIHUMU MUHUMAIbHBIMU (Dpar-
MEHTaMH Liyra ¢ OMMHAKOBOI (pa3oii paBeH 27,

B tabi. 1 mis mepBhIX MIECTHAAIATH 3KCTPEMY-
MoB 11yra AI'B nipuBeneHbl 3Ha4€HUST OTHOCUTEIb-
HOro armocepHoro nasjeHusi A, u ckopoctu V;
pacnpocTpaHeHUsT B TOPU3OHTAJIbLHOM HarpasJe-
HUU BOJIHBI, BbI3BAHHOW 3TUM 3KCTpEMyMOM (i —
MOPSIIKOBBIN HOMEDP AKCTPEMyMa, HEUETHbIE 3HAUE-
HUSI | COOTBETCTBYIOT MaKCUMyMaM 11yra, a YeTHbIe —
ero MMHMMYyMaM, TPpU 3TOM OTCUET HauMHAEeTCsl C
Hyna) [18, 35].

I'enepamuio HI'TI MoryT 3amyckath (parMeHTbI
11yra, HAYMHAIOIIIMECS C HEBO3MYIIIEHHBIX 3HAYEHU A
JIaBJIeHUs BO3lyXa (HUXE B TEKCTE JUIS KPaTKOCTU
9THU YYaCTKU UMeHYIoTcs Hyaamu 1tyra AI'B). B ta6a. 2
JUTSE KQKIOTO HYJISE BPEMEHHOTO 11yra i (MOpsIKo-
BOr0O HOMepa HYJIs) MPUBOAUTCS 3HaYeHue (ha30Boi
TOPU3OHTAIBHON CKOPOCTHU PACIIPOCTPAHEHUS BOJI-
HbI, BO30Y>X1aeMOIi 3TUM HYJIEM.

B craTbe 3amepxkKa KaXIoWl cepum IyJibCaliuid
HI'TI ompenensiercs pa3HOCTbIO BpEeMEHM Haydajia
aToii cepuu Haxg WIT 1 BpemMeHM reHepaliiy B oyare
BO30YX/I€HNSI COOTBETCTBYIOLIETO BO3PACTAIOLIETO
Hyss 1yra (nopoxaatouiero B MIT BeibpaHHy10 ce-
puio KoyiebaHuii). 3a HaYajao Cepuu IPUHSITA cepe-
JIMHA TepBOM (IIyKTyalluu cepuu. 3ajaepxkka Io-
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POXIEHUS HYJIEH 11yra Mo OTHOILIEHUIO K MOMEHTY
onset ornpexaensercs mo Gopmye

At, =0.5t, +igT,. (1)
Hyb 1yra ¢ MHAEKCOM HYJIb ITOPOXKIAETCS C 3a-
nepxkoii 0.5t mocine onset, ¢ UHAEKCOM OIUH — C

3anepxkkoit 1.57,, ¢ uHIekcoM nBa — 2.57, ¢ MH-
JEKCOM TpH — 3.5T; ¥ T. I. BaxHO MOIYEPKHYTS,

Tabauya 1. 3aBucUMOCTH V; U A; 0T HOMepa IKCTpeMyMma i

DKCTpeMyM i A; V., xm/c
Min 0 0.48 11.3155
Max 1 0.83 3.0000
Min 2 0.97 1.1539
Max 3 1 0.6820
Min 4 0.95 0.4688
Max 5 0.88 0.3571
Min 6 0.8 0.2809
Max 7 0.7 0.2381
Min 8 0.65 0.2000
Max 9 0.55 0.1754
Min 10 0.49 0.1585
Max 11 0.41 0.1415
Min 12 0.35 0.1245
Max 13 0.29 0.1076
Min 14 0.25 0.0906
Max 15 0.22 0.0736
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Tabauya 2. 3aBucumMocTh cKopocTn Vy; oT HOMepa iy;

iy Voi» KM/C Io; Voi» KM/C

0 7.5000 8 0.1858
1 1.7500 9 0.1660
2 0.8540 10 0.1513
3 0.5618 11 0.1328
4 0.4041 12 0.1148
5 0.3137 13 0.1017
6 0.2593 14 0.0820
7 0.2176

YTO HYJIM U DKCTPEeMyMBbI Iiyra (Kak U Bce OpyTue
BJIEMEHTHI 11yTa) BO30YKAAIOTCSI ¢ U3BECTHBIMU 3a-
JIep>KKaMHU OTHOCUTEIIBHO onset.

[1epBrie Tpu nepuona uyra AI'B numeroT He TOb-
KO HauOOoJIblIKMe 3HAYEHUSI OTHOCUTEIbHbBIX aMILIU -
Tyl aTMOC(epHOTo maBjieHUs (10 MOAYII0), HO U
HauOOJbIIMEe CKOPOCTU PpaclpoCTpaHEHUsI BOJH,
BO30YKIaeMbIX 3TUMM 3KCTpeMyMaMU. 3HAUYCHMSI
CKOPOCTEH pacrpocTpaHeHHsI BOJH, BO30YKIaeMbIX
CMEXXHBIMU DKCTPEMYMaMHM, OTJIMYAIOTCS Haubosee
cwibHO B Hayvaje uyra AI'B (B numupylolein ero
4yacTu, CM. TaOII. 1).

IToatomy yxe ripu R ~ 1500 XM mpocTpaHCTBEH-
HO€ TOJIOKEHHUE YeThIPEX HaYaJIbHbIX SKCTPEMYMOB
OyayT (popMUpoOBaTh TOPU3OHTAIBHBIN KBa3UIIEpU-
on L > 1000 km. C yBearueHrMeM 3HaUeHU R ropu-
30HTaIbHBIN KBaszunepuon AIB yBenuuuBaercs.
Takue nepuonsl otHocsATcss K KM AI'B.

Hynb 1ryra Ha yyacTke BO3pacTaroIiero JaBieHus
najee OymeM JUTST KpaTKOCTH Ha3bIBaTh BO3pacTalo-
UM HyJIeM, a HyJdb Ha yJacTKe HMCIIAJaroIIero
JaBJieHWs — yObIBalOIIMM HyJeM. YepHbIMU U Oe-
JIBIMU  KpY>XKKaMH-MapKepamMu, pacrojioXKeHHbIMU
Ha OCU BpEeMEHH f puc. 3, OTMEUYEHbI COOTBETCTBEH-
HO Bo3pacTaroliiue u yObIBarolue Hyau. BpemeH-
HOIl MHTEpBaJl MEXIY CMEXHBIMU MaKCUMyMaMM
WA MUHUMYMaMHM (M BCEMU APYTUMM OIMHAKOBDI-
MU 3HaYCHUAMU (asbl) 1yra paBeH 21, . Takum 06-
pa3oM, BpeMeHHOI Neproj KBa3UrapMOHUYECKOIo
MPOCTPAHCTBEHHOTO 11yTa, KOTrJa OH TOJbKO 3apOXK-
Jaercsl (HauMHAeT CBOE JABMXKEHME OT MCTOYHMKA
BO3MYLIEHMsI), PABEH 2T, . AOCONIOTHBIE 3HAYEHUA
SKCTPEMYMOB JIaBJI€HUS BO3ldyXa Iyra, Ha4MHas ¢
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TpeThero (Co BTOPOro MakKCHMMyMa), MOHOTOHHO
yoniBaoT (cM. Tabj. 1 u puc. 3).

Bosbyncoenue konebanuii 603dyxa ¢ nepuodom Tpy,.
JlaBieHue M BepTUKalbHAasi CKOPOCTh BO3jayXa B
BojiHe Haa WII omnpenensiercst dazoii myra AI'B.
Ecnu nag U1 naBneHre B BOJIHE TOCTUTaeT MaKCH-
MaJIbHOTO JINOO MUHUMAIbHOTO 3HAYEHUS (IKCTpeE-
MYMbI A;), TO CKOPOCTb YaCTHIl BO3/lyXa B OTU MO-
MEHThI BpeMeHM paBHa Hymo. Hambombliast cko-
POCTb BEpTUKAJIBHOTO BETPa B BOJIHE (M MOIIIHOCTb,
WMIIYJIbC MMOTOKA) HabJI0JaeTCsl B HYJIEBbIX TOUKaAX
MPOCTPAHCTBEHHO-BPEMEHHOIO IIyra aKyCTUKO-
rpaBUTallMOHHON BoJHbI. Ha puc. 3 3Tu Touku pac-
MOJIOXKEHBI MPUOJIUZUTEIBHO MOCPEANHE YIYACTKOB
MWHUMYM — MakKCUMYM U MAaKCUMYM — MUHUMYM.
B cMexXHBIX HyJIeBbIX TOUKAaX BpDEMEHHOTO 11yra 3Ha-
YEHUSI CKOPOCTHU BeTpa (BO3ayxa) OyayT MaKCUMaJlb-
HBIMU Y TTPOTHMBOTOJIOKHO HANlPaBJEHHbBIMMU.

Bospacratoiuii Hyib ¢ uHaekcoM «0» siBJIsIeTCs
nepBbIM B 1iyre AI'B (cm. puc. 1). [ToaTomy oH niep-
BbIM BO30Y3K/IaeT CEpUI0 KoJiebaHU It aTMOC(hEpPHOTO
HaBlieHUs ¢ iepuoaoM T, (paHee, TIpU pacCMOTpPE-
Huu nyabcanuit HI'TI, oHa uMeHoBanach Kak Iep-
Bas cepusi). DToT yyactok 1yra AI'B urpaer poiib
MEXaHUYECKOTO TOJIYKA, 3aMMyCKaIOIIero pe30HaHC-
Hble KosiebaHus. [Tpu aToM BeTep AyeT CBepXy BHU3,
K TIOBEpPXHOCTU 3eMju (B 00JIaCTh MOBBIIIEHHBIX
¢oHOBBIX 3HaUeHU T aTMOcephl). [To akcnepumMeH-
TaJIbHBIM JAHHBIM Mbl YCTAHOBUJIN, YTO KOJIEOaHMUSI,
MOPOXAEHHBIE BO3pACTAIOIIUM HYJIEM, MOTYT UCYE-
3aTh JI0 TTOSIBJICHUS YOBIBAIOIIETO HYJISI, MOTYT ITPO-
JIOJIKAThCSl BIUIOTH JIO €r0 TOSIBJEHUS WM Jaxe
nocie npuxoga K WMII ymomsinyroro Hyqs. Ilpu
9TOM IMPOIOKUTETBHOCTh KOJIEOAHU I B CEPUSIX U3-
MEHSIETCSI OT HECKOJbKUX JAECSATKOB MUHYT JI0 yaca
u Oosiee (IJMTEIbHOCTh KOJEOAHUI TMPOIOPIIMO-
HajibHa pacctosiHuio Mmexny MIT u uctouHukom
BO3MyllleHMsT). B TeyeHUe AIMTENIBbHOCTU KaXKaoi
cepum (IYKTyalluu JABJICHUSI CPelbl, BbI3BaHHbBIC
BO3pacCTalOIIMM HYJIEM, TEHEPUPYIOT MOHOC(hEPHbBIE
TOKH, a Te, B CBOIO OUepe/ib, MOPOXKAAIOT (hIyKTya-
LIMA KOMITOHEHTOB MAarHUTHOTO MOJIS.

Bo30yxnéHHbI yObIBaIOIIMM HYJIEM MOTOK BO3-
Jyxa, IyIoIuii CHU3Y BepX (OT MOBEPXHOCTU 3eMJIH,
B CTOPOHY TOHMXXEHUsI (POHOBBIX 3HAUEHUU HaBie-
HUs aTMOocGepbl) pe30HaHCHbIE KOJieOaHUST He BbI-
3bIBaeT. DTOT BKCIEPUMEHTAbHBIN (PakT, BUTIUMO,
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00BSCHSETCS TEM, UYTO DHEPTHUS TTOTOKA PaCXOayeT-
cs Ha TIepeMellleHre YacTUIl CPeIbl BBEPX, UYTO OCY-
LIECTBJIsIETCS] O€3 OOJIBIIOTO COMPOTUBIIEHUSI CO CTO-
POHBI OKpYKaloIllero Bo3ayxa, BeAb ero (hoHOBOE
JlaBJIeHUE TIOHMKAETCSI C POCTOM BBICOThI (BHIOpaH-
HOro o0bEMa BO3ayxa B BoJiHe). B MOMeHT nepeme-
1eHus1 yobiBatoiiero vy Haa MIT mexaHudeckuii
TOJIYOK HE TPOUCXOIMT, TOITOMY T'p,~-KOJIEOAHUS
He BO3HUKAIOT.

B skcnepumenTax nepuon duykryauuit HI'TI B
KaXXImolt cepruu m3Mepsiics B paborax [4, 6, 25—27,
22—24, 28, 33] kaKk WHTEpBal BpeMEHU MEXIY
CMEXHBIMM MaKCUMyMaMu myiabcauuii. [Ipu atom
MOMEHT BO30YXAeHUSI BbIOPpAHHOI cepuM KoJjieba-
HUI ompezessgeTcs Mo ee nepeaHeMy GPOHTY (Mo
IePBOMY MaKCUMyMY CEpUM OCUMJUIAIIUIT). Bpeme-
Ha nosBiaeHus Han WIT kaxnoit cepuu Takux bB-
KOJIEOAHWIT MBI CBSI3BIBAEM C MPUXOJIOM COOTBETC-
TByIOIIEero Bo3pactaromero Hynas1 myra AIB. Co-
IJJACHO MOIETbHBIM pacdyéraMm [46] B BBICOTHOM
nuamnazoHe 250...400 KM HaJl MOBEPXHOCTHIO 3eMJIN
nepuon KosnebaHuit 7T, SBISETCS BO3pPACTAIOIICH
3aBUCUMOCTBIO (OJIM3KOM K JIMHEHHON). MuHu-
MaJjibHble 3HaUeHMs T = 8 MUH MMEIOT MECTO Ha
HIDKHEH TpaHuIle YKa3aHHOTO BBICOTHOTO TMAIa3o-
Ha TP HOYHBIX YCIOBUSIX 1 MUHMMYME COJTHEUHOM
aKTUBHOCTH. Ha BepxHeli rpaHuIle nrama3oHa Ha-
OnmoaroTCa MaKCUMabHble 3HaUeHUst Ty, ~ 19 MUH
B JIHEBHBIX YCJIOBUSIX TTPU MAKCUMYME€ COJIHEUHOM
aKTUBHOCTHU. 7151 MPOU3BOJILHOIO MOMEHTA BpeMe-
HU BBICOTHBIN Tpoduiib T, B yKa3aHHOM BBICO-
THOM JIMaIta3oHe SBISIETCS BO3paCTaloIIeil 3aBUCH -
MOCTbI0. B TeueHune cyTok B 001aCTU BBICOThI MaK-
CUMyMa WOHM3aUUM 3HadeHus 7Tp, M3MEHAIOTCA
NPONOPLUUOHAILHO U3MEHEHUSM Z,,. YTIOMSHYTbIE
BbILLIe TIEpUOAbI (DIIYKTyalluii 0OOHAapy>KEeHbI B CEpU-
SIX TeOMarHUTHBIX KoJiebaHuii [4, 6, 25—27, 22—24,
28, 33], 4yTO IMOATBEPXKIAeT HAIly TUIIOTe3y O MpU-
poze uccieayeMmoro ssiaeHus (3¢ dekra). Dkenepu-
MEHTaJIbHO HabJiofaeMasl MpUBsI3Ka BPEMEHU Ha-
yaja BCeX TPEX CepUil MAarHUTHBIX (BIYKTyalUUuid K
MOMEHTY TTPOXOXICHUSI BO3PACTAIOIINX HYJIeH Tak-
K€ CBUIETETbCTBYET B TTOJTb3Y aleKBAaTHOCTH TIPE/I-
JlaraeMoro MexaHu3ma.

Toxu u macnumusie noas 6 uonocghepnoii naazme,
noposicoaemoie pacnpocmpaneHuem axKyCmuKo-2pasu-
mauuonnslx 604n. Kax yxe oTMevanoch, BOSHUKHO-
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BeHUe paccmatpuBaembix mynbcanuit HI'TI sBisier-
Cs CJIeICTBUEM TOSIBJICHUSI IEPEMEHHOTO JIEKTPU-
YeCKOro ToKa B o0beMe ri1asMbl Hag I1. PaccmoTpum
TOK B KBa3MHENTPaIbHOU TMPOTPOITHOI MOHOChEP-
HOU TI1a3Me, pacriojiokeHHoi Han U1, B mpubim-
KEHUN TUAPOAWHAMUKM: TIa3Ma COCTOWUT U3 HEW-
TPaJIbHOTO, NOHHOTO W 3JIEKTPOHHOTO ra30B, MpPO-
HUKAIOIIMX OAWH B IPYTOM U B3aUMOIEUCTBYIOLINX
MOCPEJACTBOM coynapeHuid. Tok omnpenenseTcs: Kak
CyMMAapHbIi 3apsiJ, IEPEHOCUMBI B €IUHUILY Bpe-
MEHU MOHHBIM W 2JIEKTPOHHBIM MOTOKaMu. B Ha-
1IeM YIPOIIEHHOM PAacCMOTPEHUM SIBJIEHUSI BCe
MOHBI TOJIATAIOTCSl OJHO3aPSIAHBIMU TOJOXUTENb-
HBIMU C paBHOUW Maccoit. [Tpy Takux JOTyIIeHUSIX
TUIOTHOCTh TOKA j OTIMCBIBAETCS ypaBHEHUEM | 3]

TICETE ST gug ey
6t+mec['l B]+v, j= " (E+C[Vp B]j+
e
il @

rae j = Ne(V,,, — V,) — BEKTOp IIOTHOCTH TOKa,

N — snekTpoHHas KoHueHrpauus, V; ., V, — Bek-
TOPBI CKOPOCTU MOHOB U 3JIEKTPOHOB (HAIIpaBJICH-
HOTO IBVKEHUSI MOHHOTO U 3JIEKTPOHHOTO ra30B).
V, = Vi T Vg Vs Vy, — YACTOTBI CTOJKHOBEHUI
9JIEKTPOHOB C MOHaMU W HeWTpaiamu, e, m, — 3a-
psIl M Macca 3JIEKTPOHaA, ¢ — CKOPOCTh CBEeTa B BaKy-
yMe, B — BeKTOp MarHMTHOI WHAYKIIMU TTOCTOSTH-
HOrO MarHUTHOTO T0Js1, E — BeKTop HampsKEH-

_p. V. +p,V,

1 on

HOCTH 3JICKTPHYECKOTO MoJist, V, =————2",
P.tP;

P> P; — MacCOBbIE IIOTHOCTU 3JIEKTPOHOB U MO-
HOB, Vp, — IPaIMEHT NABJICHMS SJIEKTPOHHOIO rasa.
ITpu monyyeHUU 3TOro ypaBHEHHUS TpeHeOperaiu
BSI3KOCTbIO 3JIEKTPOHHOTO U MOHHOI'O Tra30B, CUJION
Kopuonuca, BpailieHrueM 3eMJIn, CUJION TSIKECTH, a
TakxKe TOKaMM, 00yCJIOBJIEHHBIMU ApeiidpaMu, mpo-
HCXOASIIMMU OT HEOAHOPOIHOCTU OIS (TpanueHT-
HBIM U LIEHTPOOEXKHBIM).

3aech Mbl TaKxKe He paccMaTpuBaeM (QIIyKTyalu
HI'TI, mopoxnénusie B3aumoneiicteuem AI'B ¢ yxe
CYIIECTBYIOIIMMI TOKOBBIMH CTPYKTYpaMU HOHO-
cdepnl. [Ipexae Bcero 3To BbI3BAHO TEM, UTO YMO-
MSIHYTble MOHOC(EPHBbIE TOKM UMEIOT CYyTOUHYIO U
LIIUPOTHYIO 3aBUCUMOCTH, HAJIMYME KOTOPBIX B UC-
cJielyeMbIX TyJIbcallusiX TTOKa He OOHAPYXKEHBI.
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10. I1. Pedopenio

PaccmotpumM coctaBisioniie BEKToOpa TUIOTHOCTH
TOKa j — COCTaBIISIONIYIO, HATIPABIEHHYIO BIOJIb BEK-
TOpa reOMarHUTHOTO TOJIst (ITPOJAOILHBINA TOK jp o) 1
COCTaBJISIIOLIYIO0, HAIpaBJIeHHYI0 OpPTOTOHAJIBHO K
FE€OMarHUTHOMY TOJTIO (TTONEPEYHbIH TOK ).

Iliomnocmo npodoavrozo moka. Bnoib Bcero mytu
TOPU30HTAILHOTO JBMXKEHUSI MPOCTPAHCTBEHHO-Bpe-
MeHHoro 1yra AI'B mpoucxonut npocTpaHCTBEHHasI
Moaysauus nasieHus: 1 bB-konebarenbHbIe Tiepeme-
1IeHUsI 00BEMOB BO3Iyxa CO CKOpocThio V. YomsiHy-
ThIe HERJIEKTPUIECKHE CHJIBI CO3MAIOT B KBa3WMHEMT-
panbHOU TazMe GutykTyupyoomui Tok. U3 (1) wis
COCTaBJISIIOLLE T jp , TWIOTHOCTH 3TOTO TOKa, Harpab-
JIEHHOW BIOJb CWJIOBOW JMHUM MArHUTHOTO TIOJIs,
roJstyyaeM 0oJjiee MpocToe ypaBHEHUE:

. N e
5Ja,,;r +Vejpar:m_eE+ﬁVp6W' (3)

e e

DaykTyarumn jp o OOYCIIOBJIEHBI PE30HAHCHBIMU
KOJIEOaHMAMU BO3/IyXa U TPaIUEHTOM Vp, par Koure-
OaHUsI TOKA B CUJIOBOM TPYyOKe MOPOXKIAI0T DIyKTY-
allM MarHUTHOTO TOJIST Bp . Ha puc. 4, a vimocr-
pupyeTcs pacriojioxXeHnue BeKTopoB B, V, Vp e jpar,
Vp,, Vp, par ¥ Bp o s cpennermporHoro MIT (pac-
MOJIOXKEH B Hayajie KOOpAMHAT).

Ilaomnocms nonepeunoeo moka. Kak odeBHIHO,
TUIOTHOCTb TOKA j UMEeT HauOoJibllee 3HaUeHUe Ha
BBICOTE zm Makcumyma uonusaumu N,,. CornacHo
[18, 35] mponoabHast och chepruueckoro BOJIHOBO/A,
B KoTopoM pactipoctpansiercss KM TTUB, pacriono-
XEHa Ha BBICOTE 7, (B TEYEHHE CYTOK 3Ta BHICOTA U3~
MeHsieTcs: B auarasoHe 250...400 kM), aMmIummryna
BO3MYILICHUST YMEHBILIACTCS TI0 9KCTIOHEHIIMATbHOMY
3aKOHy B quarnasone z,, + 80 kM. [Tostomy mbI mipen-
rmoJIaraeM, YTo ¥ aMIUTATY/Ia TOKA TakKKe YMEHBIIIaeT-
Cs TIO SKCITOHEHIIMAIIGHOMY 3aKOHY B YKa3aHHOM
Jarna3oHe BBICOT. DTOT AMAra3oH OIpenessieTcs
MOHOC(EPHBIM CJI0EM, B KOTOPOM MOHU3ALUS CY-
ILIECTBEHHO HE OTJMYaeTCsl OT MaKCUMAaJbHbBIX 3Ha-
YeHMI, HAOJTIOAEMbIX Ha BBICOTE Z,,. OOBEM TL1a3Mbl
Haja WIT ¢ TakuM BBICOTHBIM MacIlITaboM Aajiee uMe-
HyeTcs 3¢ dekTuBHBIM 00bEMOM. Ha rpaHuiiax ato-
ro 00bE€Ma BIOJIb IMHUI paBHOTO JABJACHMS ILIa3MBbl,
OPTOTOHANIbHO BeKTOpaM Vp, U B BO3HMKHET TOK C
TUIOTHOCTBIO .., TTOPOXIAIONIMIA TIEPEMEHHBIN TI0
aMIUIUTYJe MArHUTHBIM MOMEHT 3(h(EKTUBHOIO
00be€Ma. MarHUTHbI MOMEHT, OOYCIIOBJICHHBIH .\
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anTunapamienacH Bektopy B. IToatomy Bo30yXnEH-
Hble (IIYKTyalMu MarHUTHOTO nons B, , aBjsiores
JMaMarHUTHBIMU: HarpaBjieHue Bekropa B, Bcer-
J1a MPOTUBOII0JI0KHO BeKTOpY B, M3MeHsIETCS TOJIbKO
aMmruiuTyaa quykryaluii. Beaeacrsue aToro nepuon
Kojebanuit B, B 1Ba pasa MEHbILE BPEMEHHOIO
kBazunepuona AI'B, Benb BHE 3aBUCMMOCTHU OT 3HaKa
Jjran MOTIOJIHUTENIBHOE MarHuTHOE mnoJjie B, = Bcerna
ITPOTUBOITONIOXKHO BeKTOpY B, nMerorieMy Hen3MeH-
Hoe Hanpasienue Hag WI1. [Tomoxenust BekropoB B,
Jirans Bian ¥ VP, st cpenHermporHoro UIT nokasa-
HbI Ha puc. 4, 0.

Cuna JlopeHla BbIHYXIAeT 3JEKTPOHBI U UOHBI
TJIa3Mbl JBUTAThCSl TIO0 OKPYXKHOCTSIM (B MPOTUBO-
MOJIOXXHBIX HAIPaBAEHUSIX) B MJIOCKOCTH, OPTOro-
HaJIbHOM CWJIOBBIM JTMHUSM B (cM. puc. 4, 6). B pe-
3yJIbTaTe HAIPaBJICHHOTO MepeMEIIeHHS BIOJIb CH-
JIOBOM JTMHUHU (0OYCIOBIEHHOTO Vp o) ¥ KDYTOBOTO
JIBUKEHUS B TIJIOCKOCTHU, OPTOTOHAIBHOM K Held, 3a-
PSIKEHHbBIE YaCTHULIbI B UTOTE ABMKYTCS 11O CITUPAJIU.
MMeHHO KpyroBble NBUKEHUS 3apS)KeHHBIX YaCTHUIL
BOKPYT CUJIOBO# JIMHUK ITPU HATTMYUK VP, Y TIOPOXK-
JaI0T MONEPEYHBIA TOK j, ., OPTOrOHAJbHBIA Kak
CUJI0BOM JMHUU 1oJist B (M MpoaoabHOMY TOKY jpar),
TaK u Vp,. CornacHo (2) mIoTHOCTh TOKA j,.,, OIH-
CBIBaeTCs ypaBHEHUEM

ajr n e : s
#—i_m_ec[-lmm B:I +Ve-]tran =

2
=N_e(E+l[me ~B]]+ine, 4)
m, c m,c

I BEKTOp TIOTHOCTH ToKa j,,,, = Ne (V.. —V,, ),
Vion ran> Ve tran — COCTABISIONINE BEKTOPOB CKOPOCTEM
HWOHOB 1 3JIEKTPOHOB, OPTOTOHATBHEIE B.

B nmpuBemeHHOM pacCMOTPEHUH TT0JIaraioch, YTO
BCe MOHBI MMEIOT OAMHAKOBYI0 Maccy. OmHako B
NaJbHEHIINX UCCISAOBAHUSIX B 00JIaCTU MaKCUMY-
Ma ciiost F2 1ienecoodbpa3Ho paccMOTpeTh HaJu4yue
MOHOB JIBYX Pa3HbIX Macc: MOHOB Kucnopona O, u
asora N,, UMEIOIMX HanOOIbIINE KOHLIEHTPALIMU B
VIIOMSTHYTOM JHMAIla30He BBICOT.

Bausanue pornoewix eoamyuenuii na 0ocmogeprocmu
evLasaeHUA uccaedyemuix nyavcayuii. Ilon doHOBBIMU
BO3MYIICHHUSMHY TOAPa3yMeBaloTCs BCe KOJIeOaHUs
T€OMarHUTHOTO MOJIsI, TOPOXKIECHHbIE HE UCCIeaye-
MBbIM UICTOYHUKOM (CTOPOHHUMMU IIPUYMHAMU).
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BbicokoMpoTHbIE UCTOYHUKM BO3MYILIEHUU Ha-
nbojee CWILHO TIPOSIBJISIIOTCS Ha BBICOKOIIMPOT-
Hboix MII, ogHako ux memiaroliiee BAWSIHUE MOXET
0KazaTbCsl OTPENEISIOIINM U TTPU U3MEPEHUSIX, BbI-
nojHeHHbIX Ha UII, pacrnofoXeHHbIX Ha CpeIHUX
muporax. Hanmpumep, MolIHbIE BbICHIITAHUST HEP-
TMYHBIX IPOTOHOB B MarHUTOC(EpHBIE KaCIbl 3eM-
JIU 4acTO TMOPOXIAIOT HA MOHOC(EPHBIX BbICOTAX
riobanbHO HaOmogaemble KM AI'B ¢ oTHocuTeb-
HOI1 aMIUIUTYI0M BO3MYILIEHUI aTMOC(HEPHOTO AaB-
JIeHUs1 (OTHOCUTEIbHO (DOHOBBIX 3HAYECHMIA), OJIM3-
Koii K enuHuue [35, 18]. B aTom ciyuae 3aTpyaHu-
TEJIbHO BBITTOJHUTH KOPPEKTHbI aHAIU3 U3ydaeMbIX
T€OMarHUTHBIX IyJbCalluii, BbI3BAHHBIX MEHEe
MOILHBIMU UCTOYHUKAMMU, JaxkKe eCJIU 3TU UCTOYHU -
KU PacroJjioXeHbl 3HauuTeabHo osvxke K UTT.

AKYCTUKO-T'paBUTALIMOHHBIE BOJIHbI, TOPOXAEH-
Hble Ha3eMHBIMU M aTMOC(hEpPHBIMU B3pbIBAMM,
COJTHEYHBbIM TEPMUHATOPOM, 1IITOPMaMU B OKEaHe,
TakKe OyIyT BBI3BIBaTh paccMaTpUBaeMbIil 3 heKT.
B pesyabrate Han UIT MoOXeT MpoucXoauTh Cyrep-
no3uiysi AI'B, TOpoXXa€HHBIX pa3IMUHbIMU UCTOY-
HUKaMU. DTO 3aTpyAHsIeT uaeHTU(UKaIuo (Gayk-
Tyaupii HI'TI, BEI3BaHHBIX MCCIeAyeMbIMU UICTOUHMKA -
MU. PcS-KosiebaHus OT UCCIIEAYEMOTO BO3MYIIEHMS
MOTYT YCUJIMBAThCS, OCAA0IATHCS WM MOJHOCTBIO
ucyes3aTh M3-3a BAMSHUS (POHOBBIX (BIYKTyalMid
HITI. Bo3aMoxXHO Takke M3MEHEHHE XapaKTepa KO-
nebanuii (Buma 3aBucumoct HI'TI or BpemeHn),
ecin ¢asbl (DOHOBBIX M HCCIENyeMbIX KoJieOaHUI
CABUHYTHI MPUOIU3UTESBHO Ha TT/2, a UX aMILIUTY-
JIbl UMEIOT OJIM3K1Ee 3HAYEHMUSI.

®unurpaHHasi padota 1Mo oOHApYXEHUIO Cepuii
Bo3MylieHuin HI'TI BbimosHEeHa B MCClIEIOBAHUSX
[4, 6,25—27,22—24, 28, 33]. 111 yaCTUIHOM KOM-
MeHcalMy MEeIaoero BIusgsHus: (h)OHOBBIX BO3MY-
LIEHU aBTOPBI BBITOJHUIN TaKXKe U CTaTUCTUYEC-
KWU aHaM3 pe3yJbTaTOB CBOUX HAOIIOAEHUA.

SKCIIEPUMEHTAJIBHBIE TAHHBIE,
CBUJIETEJIbCTBYIOIIIUE OB ATEKBATHOCTH
INPEJVIOZKEHHOT'O MEXAHU3MA

3HavyeHus Mepuoa0B KOJeOaHN Ha perucTpaLusixX
puc. 1 TpUOIU3UTENIBHO OAWHAKOBBI, Pa3HSITCS
Juib ¢as3el Gaykryauuii. Ha Bcex apyrux peruct-
paLusx, IpuBeIeHHBIX B paborax [4, 6, 25—27, 22—
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24, 28, 33], 3HayeHUs NEepUOIOB ITyabcanuii H- u
D-cocTaBisonmx TakKe CyIIeCTBEHHO He OTJIMYa-
fotcs npyr ot apyra. @aszer puykryanuit H- u D-co-
CTaBJIAIOLIMX OTJIMYAIOTC IPYT OT Ipyra MU3-3a Cy-
MEePIIO3ULINN  COCTABIIAIONINX MArHUTHBIX ITOJIeH

Bp 1B, (cM. puc. 4). 3ameTnm, 4TO Nepuo GIIykK-
Tyauuii B, =~ MeHbie BpemeHHoro nepuona AI'B

[18, 35], onHako oH cyiecTBeHHO O6oubiie Tp,. Ha-
npumep, npu R = 4000 kM nepuon (aykryauuia
B,,,, IpMMepHO B 2.5 pasa npesbimaet 1p.

ITo Hameit runoTese HabOIaEMble TIEPUOIbI B
Kaxaoil cepum (JayKTyaluii oOyClIOBI€HbI aTMOC-
(bepHBIM pE30HaHCOM C neproaoM 7'z, B 001acTH
BBICOTHI Z,. 3HayeHue nepuoga 1, B OCHOBHOM
OTIpe/esIsSIeTCsl BBICOTON HaJl MOBEPXHOCThIO 3eMIn
BbIOpaHHOIO 00BEMa Bozayxa [10, 37, 50].

CyrouHblil X0[I Z,, IPUBOAUT K BapHallMsM 3Ha-
yeHuil T, (Ha BBICOTAxX Z,) U COOTBETCTBYIOLIMM
U3MEHEHUSIM TIEPUOI0B B cepusiX GayKTyaluid. DTo
MPOUCXOIUT BCJENCTBUE TOTO, YTO MOMEHTbI MOSIB-
JIEHUY CEpUil, HaIIpUMED MEPBOU U TPEeThEU, A
R > 5000 kM MOryT pa3innyaThCs Ha HECKOJIBKO Ya-
coB, yTo Haa MII npuBoauT K 3aMETHOMY U3MEHE-
HUIO Z,, M3-3a €r0 CyToYHOro Xona. CpeaHue nepuo-
Ibl (IIYKTyalUMid KaXIoil cepuu Kak (pyHKIIUM OT
HOMEpa CepUu MOTYT YBEJIMUYMBATHCS, YMEHbIIATh-
csl, IMOO YMEHbIIAThCSl U YBEJIMUUBATHCS (MJ1s1 MO-
JIyIEHHOT'O BpeMEHN).

Tax, B 3kcrepuMeHTe 1o u3ydyeHuo Butumckoro
Oonuaa Habmomanock yetbipe cepun. Ileppast cepust
Havasiach npuom3uTesibHo B 17:00 UT, a yeTBéprast —
CIyCTS IISITh YacoB (cM. puc. 2, a). Ha U1 ykazaH-
HbI IPOMEXYTOK HaOJI0IeHUS] COOTBETCTBYET I1e-
pexony noHocdepbl OT BeUEPHUX K HOUHBIM YCJIO-
BUSIM, B XOJIe KOTOPOTO 3HAYEHHUE Z,,, ¥ CIIET0BATEILHO
T'zy, B 006JAaCTH BBICOT Z,, yBeMYMBaeTCA. B oTnX,
HauOoJiee KaueCTBEHHBIX U3MEPEHUsIX, yIaI0Ch 3a-
PErucTpUpoBaTh IO MSITh NepUoAOB (hIYKTyalluii B
KaXKIol M3 4eThIpEX cepuil (BUOAMMO, MaKCUMasb-
HO€ 4YHUCJIO TEePUOAOB B CEPUM, OOYCIOBIEHHOE
JI0OpOTHOCTHIO aTMOchepnl). B pesynbrare onnHa-
KOBOTO YK CJIa IEPUOIOB B KaXKIOM CEpUU U TUHEM -
HOro Bo3pactaHusi nepuonaa 1 duaykTyaluii ¢ mo-
BbILLIEHWEM HOMEpa cepuu HabJlogaeTcs Mpak-
TUYECKHU JIMHEWHasl Bo3pacTalollias 3aBUCUMOCTD
anutenbHocTu AT cepuu B 3aBUCUMOCTH OT €€ HO-
Mepa n (CM. puc. 2, 8).
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Puc. 4. BzaumHoe pacrojoxeHue BEKTOPOB, OMPENESIONIMX BEKTOPbI MJIOTHOCTH MPOAOJLHOTO TOKa jpar
(ypaBHeHue (3), GpparMeHT @) W IIOTHOCTH TOMEPEYHOTO TOKA j,... (YpaBHEHHE (4), BparMeHT 6) B HO-
HocepHoit mnasme Han cpenHempoTHbiM UIT (Haxoautcs B Havajie KOOPAMHAT)

Ha puc. 1, 0 moka3aHbl Te 3Ke 3aBUCUMOCTH, YTO 1
Ha pucC. puc. 2, 8, HO JIJIsl CTapTa paKeTbl ¢ KOCMO/I-
poma CuuaH 24 oktsa6pst 2007 r. (cm. puc. 1, 0).
3pech 17151 BTOPOUl cepur OOHAPYXKUBAETCSI MUHM-
MaJlbHOe 3HaueHMe KaK IJIUTEIbHOCTH CPEIHEro
nepuona GaykTyauuit, Tak U JJIMTEIbHOCTA CaMOM
cepuu. Takue HeJTMHETHBIE 3aBUCUMOCTH OOBSICHSI-
IOTCsI TeM, YTO Havajio Bropoi cepuu (12:15 UT) na
HIT (MectHOe BpeMsi 14:15) cOOTBETCTBYeT MUHU-
MyMY z,, U Tp, UTO ABJISAETCA PETYAAPHBIM dbbeK-
TOM OKOJIOTIOJYACHHBIX U3MepeHuit. B aToM akcme-
pUMeHTe HabJII0JaIoch 00Jiee YeThIPEX TIEPHUOIOB B
KaXI0M CepuMu.

Takum oOpa3oM, MoBeAeHNE KPUBBIX CPEIHEro
neprona IyKTyalunit U IIATETLHOCTH cepuu (T1a-
KeTa) B 3aBUCHMOCTH OT HOMepa CeprU OOBSICHSIOT-
csl C TIpUBJIEUEHMEM TIpeajiaraeMoro MexaHu3ma
BO3HUKHOBeHUS Trynbcarit HI'TI.

Conocmasnenue MoOeAbHBIX U IKCHEPUMEHMAAbHBIX
3HaueHuil cKopocmeil pacnpocmpaHeHusr 603pacmaro-
wux Hyqei. JI1s1 IpoBEpKU aleKBAaTHOCTU MPEIJIO-
J)KEHHOTO MeXaHW3Ma BO3HUKHOBEHUS I'€OMarHWT-
HBIX (PIYKTyallMii COMOCTaBUM TaKKe MOAETbHBIC
(Tabi1. 2) ¥ 3KCOepUMEHTaIbHbIe 3HAYEHMS CKOPO-
CTeil Bo3pacTaoIIMnX HyJeil. DKcreprMeHTaTbHBIC
3HAYEHMSI CKOPOCTEN pacCUMTaHbI C UCTIONb30BaHU -
€M PAaCcCTOSIHUSI OT 0YaroB BO3MYIIEHMS (pacrosio-
JKEHHBIX Ha roBepxHocTy 3eMin) 1o MIT u BpemeH-
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HBIX 3aepXKeK MepeaIHUX (POHTOB Cepuii reoMar-
HUTHBIX (QAYKTyaluuii (BpeMeHU OOHapy>KeHUSs
MepBOro MakCMMyMma B BbIOpaHHOM cepuu reomar-
HUTHBIX IMyJIbCAlIWiA) OTHOCUTEbHO MOMEHTOB I10-
poxaenus: ¢pparmeHToB 1yra AI'B (Bospacraromimx
HyJIeil), OTBETCTBEHHBIX 3a BO30YXIEHUE COOTBET-
ctBytommx cepuiit HI'TI.

BpeMeHHbIe 3amepkKy (OTHOCUTEbHO MOMEHTA
cTapTa pakeThbl, B3pbIBa 00JIM1a) B3sIThl U3 padoT [4,
6,25—27,22—24, 28, 33], rae aHATU3UPYIOTCS BO3-
MYLIEHUS, HabI0JaeMble TTOCJIE CTAPTOB Hauboiee
TSIXKEJIbIX TUIOB PAKET C PA3JIMYHBIX KOCMOIPOMOB
MUpa 1 NaJieHus1 KpyImHoro Mereopura. st meteo-
puTa MpU pacuyé€re paccTOsSIHUS 10 UCTOYHUKA BO3-
MyLIeHUsT (MIPU pacu€Te CKOPOCTU KaXJaoil cepuu
HITI) wucnonb3oBaJiMCh KOOPAMHATHI Ha3eMHOM
MPOEKLMK oyara BO3MYyIleHUsI (B3pbIB Ha BBICOTE
30 KM OCHOBHOI1 MacChl MeTeoprTa). 3HAYEHUST K-
CepUMEHTATbHBIX 3a/IepKeK JIJIs MepBbIX Tpex (4e-
TBIPEX 7151 00JINIA) CEPUii FTeOMAarHUTHBIX (hJTyKTya-
LIMIA OMpEeessuCh B YKa3aHHbIX paboTax OT MO-
MEHTa cTapTa pakeT (B3pbiBa 0osuaa). st crapToB
pakeT 3aiep>KK1W KOPPEeKTUPOBATUCH HA BPEMS J10-
crkeHust pakeramu BbIcOThI 100...150 xm. Ilpm
BBIYMCJIEHUU 9KCTIEPUMEHTAIbHbBIX 3aIep>KEK B YIO-

MSIHYTBIX paboTax IoJjiarajoch, 4YTO Hayajo reHepa-
LIMA BceX TpeX (YeThIpEX) cepuil TeOMarHUTHBIX
BO3MYIIIEHUI COOTBETCTBYET OTHOMY U TOMY K€ MO-
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MEHTY BpeMEHU — CTapTy paKeThl (B3pbIBY OOIMIA).
B ciygae Bo3myllieHMit, BRI3BAHHBIX CTapTaMU pa-
KET, OIpeNesUICh CpemHMe 3HAYeHUs 3ameprKek
MOSIBJIEHUsI KaX/IOM cepuM IyJbcaluil ISl BCeX
MMYCKOB OJJHUX U TeX XK€ TUIOB pakeT U KOCMOJIPO-
MoB. OHU BBISIBJIGHBI B pe3yjibTaTe aHajlu3a Bpe-
MEHHBIX TMCTOIpaMM-paclipelie/ieHUil 3aaepxKexk,
MOJYYEeHHBIX IIJIs1 BCeX MYCKOB paKeT KaxkKaAoro THUITA
U BbIOpaHHOro KocMoapoMa. Ha aTux rucrorpam-
Max 110 OCU OpJIMHAT OTKJIaIbIBAIACh MTOSIBIISIEMOCTh
3aepPKKH, a TI0 OCH a0CIIMCC — €€ MECTOITOJIOXKE-
HHUE Ha OCH BpEeMEHHBIX 3aaep:keK. [1osBisieMocTh
3a/Iep>KKM — 3TO OTHOILIEHWE YKcia cyJyaeB, Koraa
HabJroganach BeIOpaHHas1 cepusl KojebaHui, K 00-
LIEeMY YMCIy 9KCIepuMeHTOB. [losiBasieMocTh pac-
CYUTBHIBAJIaCh IS AMCKPETHOrO 1Illara 3adepXKKu
(IMMOCTOSTHHOTO TSI KaXKIO0W TMCTOrpaMMbl), 3HaUe-
HHME KOTOPOTO MPOIOPIHUOHAIBHO PACCTOSTHUIO 10
kocmoapoma. g paker KHP crpomnace mHTe-
rpaigbHas TucrorpaMMa. OHa pacCUMTHIBATIACH IS
BCEX KOCMOJIPOMOB CTPaHbI, CTAPTHI C KOTOPBIX MC-
MOJIb30BaHbl B aHa/IM3e. Bpems 3a1epKKu Kaxaou
CepUM OMpeaessyioch Mo HabaAaeMbIM MaKCUMY-
MaM Ha ructorpamme. [losaraiock, 4To 3HAYCHMS
TMCTOTpaMMbl BHE MAKCHMYMOB OOYCJIOBJIEHBI (hO-
HOBBIMM (QDJIYKTYalIUSIMU U HE UMEIOT OTHOIIICHUS K
HccaeayeMoMy Bo3MylleHno0. Takast MeToauka 00-
pabOTKM TaHHBIX TTO3BOJIMIIA YACTUYHO YMEHBIIINTh
Melarlee BIusHue GOHOBBIX BO3MyIIeHU. Om-
HaKO TIOTPEITHOCTDb OIpeAeSIeHUST 3alepKKUA TIpU
9TOM YBEJIMUYMBAETCSI, OHA OTpeaesieTCs] JUIUTEb-
HOCTbIO BPEMEHHOTO 111ara TUCTOrpaMMbl, U3MEHSI-
founeiics ot 3 1o 30 MUH, COOTBETCTBEHHO IS ca-
MbIX 013KuX (~1500 kM) U Haubosiee ymaa€HHBIX
(~9500 kM) ouaroB BO3MyIlIEHUHA.

B otnmyue ot npenmosoxxeHuit, MpUHSATHIX B Ha-
3BaHHBIX ITyOJIMKAITUSX, MBI ITOJIaTajIv, 4TO B CTyJae
BO3MYIIICHUI TIyCKaMU pakKeT MaKCUMYMBI TUCTOT-
paMMBI 3amep:KeK OOYCIIOBICHBI IPOXOXICHUEM
Han MIT Tpéx mepBbIX Bo3pacTalllvMx HyJei liyra
AT'B. TlepenHue (ppoHTHI YeThIPEX cepuii Kosieba-
HUIi, 3aperuCTpUPOBAHHBIX TTOCIE TTaAeHUs 00I1aa,
Mbl CBSI3BIBAJIM C YETHIPbMS MEPBBIMU BO3pacTalo-
UMM HYJIIMU, niepeMetnarommmucs Hag WIT. Tak
KaK TOpOXIEHHME KaxKIOro BO3PACTAIONIEro HYJIS
TIPOMCXOIMIIO C M3BECTHBIM 3alla3abIBaHNEM OTHO-
CHTEIBHO onset, TO TIpUBEICHHBIC B pabOTax JUIH-
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TEJbHOCTU UCXOIHBIX 9KCIIEPUMEHTAJIBHBIX 3a1ep-
>K€K Mbl YMEHBILIAJIX C UCIOJb30BaHUEM BbIpaxe-
Hust (1): MBI yuau TOT hakT, 4TO B MCTOYHUKE
MCXOJHOTO BO3MYIIICHHUS BO3pacTaloliue HyIu T0-
poxnarTcst B pazHoe Bpems (puc. 3). Emié pas or-
MeJaeM, 4TO BpeMeHa MOSBICHUSI BO3PACTAIOLINX
HyJIelf OTCUUTHIBAIOTCS OT MOMEHTa onset (HyJIeBOM
3KCTpeMyM B Tabj. 1). 31ech HEOOXOAMMO OTMe-
TUTh, YTO MOMEHT onset, BUAUMO, UMEET MECTO
cinyctst 3...10 MMH mMocjie Hayaja BO3MYIICHMS
(crapTa pakeThl, B3pbIBa 0oMaa). Takoe 3aKioue-
HME MbI IeJJaéM Ha OCHOBE aHau3a SIMEePHbIX IKC-
HepuMeHTOB U padoThl [44]. [TOCKOIBKY MBI HE yUH-
TBIBAJIM OTY 33 PKKY, TO MTOJyYeHHbIC HAMU 3HaUe-
HUSI CKOpPOCTEll BO3pacTalolvX HyJIeil MOTYT OBITh
HECKOJIbKO 3aHWKEHHBIMH. BiusHue yka3aHHOU
3aIepKKH Ha 3aHIKEHNE CKOPOCTe 0OpaTHO Mpo-
MOPIIMOHATIBHO PACCTOSTHUIO OT UCTOUHUKA BO3MY-
menus go UII.

B Tabu. 3 s KaXkmoro MCTOYHUKA BO3MYILIEHU
TIPUBOJISITCS €ro reorpaduyeckrie KOOpauHaThl @ U
A, paccrosinue R no UII, sHeprus Bo3myiieHus Q,
YUCJIO COOBITUI, BHI3BAHHBIX 3TUM MCTOYHUKOM, a
TakKXe CpeIHUWE OTHOCHUTENIbHBbIC ITOTPEITHOCTH T
usMepeHuit ¥V, nist Tpéx (s 6oamma — YEThIPEX)
cepuii Kojiebanuii. B aT0i1 Tabnmie NCTOYHUKM TIe-
pPEYMCIICHBI TT0 YOBIBAHMIO MX paccTostHus 10 UTT.

Ha puc. 5 skcnepumeHTaIbHbIE 3HAYEHUSI CKO-
pocTeli IepBbIX TpeX (YEThIPEX 11 6oIuaa) Bo3pac-
Taromux Hynei myra AI'B, BbISIBI€HHBIE TT0 MOHM-
TOpUHTY GaykTyauuit HanpsikeHHoctu HI'TI, co-
MOCTaBJIEHBI ¢ MoJeabHbIMU [35, 18] 3HaueHUsIMU
(metka Mopenb). [loBepuTe/ibHbIe MHTEPBabI, IPU-
BeJlcHHBIE Ha rpadrKax, PacCUMTAHBI 1O JAHHBIM
[4, 6,25—27,22—24, 28, 33]. Ha HauI B3rIsi, yKa-
3aHHBIC TOBEPUTEJbHBIC MHTEPBAIBI XapaKTepu3y-
10T JIMIIb YaCTh HEOMNpeaeaEHHOCTEN 9KCIIepUMEH-
TaJbHBIX 3HAYEHUI, B OOJBIIMHCTBE CIIydyaeB HX
clenyeT yBeJIUYUTh B HEeCKOJbKO pa3. [lompoOHee
BOITPOC O ITOIPEILIHOCTSIX 00CyKIaeTcs Hike. B adir. 3
JUTSL KXo TaHe W puc. 5 MPUBOIUTCS MOTOTHU-
TeJIbHask UH(pOpMaLIMs.

C dpanuysckoro kocmoapoma Kypy (®paHiys-
ckas I'Bunest) B mepuon ¢ 5 utons 2002 r. mo 14 Ho-
a6pst 2007 r. ocyuiecTBiaeHO 15 cTapTOB pakeTbl
«ApuaH-5» ¢ HavyasbHOI Maccoit 777 T. ComnocraB-
JIeHWe MOJE/NbHbIX U 3KCIEPUMEHTAIbHbIX 3HaUe-
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Huii V), mokazano Ha manenu 1 puc. 5. Ha nanenu 2
BTOrO K€ PUCYHKA TIPEACTABICHBI aHAJIOTUYHbBIC
nanHble 11 kocmonpoma CIIA Mreic Kanasepai,
rae B niepuon ¢ 08.04.2002 mmo 31.10.2007 rr. ocy-
mectBiieHo 11 craproB «Crmeiic IllarTi» ¢ Maccoit
2030 1. PacctostHust R 10 3TUX KOCMOJAPOMOB TpU-
OJIMBUTENIHHO OJMHAKOBBI M COCTaBJISIIOT COOTBETC-
TBeHHO 0K0J10 9500 1 9400 kM. DHeprusi BO3MYIIIE-
Hus «Creiic HIaTTi» mpeBbIIaeT 3HEPTUIO «ApU-
aH-5» B 2.6 pa3a. [1oaTOMy MOKHO OBLIO OXHUIATh,
YTO CPEAHSIS TTOTPEITHOCTD 1) JaHHBIX TSI KOCMO/I -
poma Mric KaHaBepayn OyaeT CylIeCTBEHHO MEHb-
me, yeMm mist Kocmompoma Kypy. OmHako okasza-
JIOCh, 9TO TTOTPENTHOCTh MaHHBIX I KOCMOIpoMa
CHIA (n =49.9) Ha 11.5 % Gomblie, yeM TSI KOC-
Monpoma Ppanruu (n = 38.4). O6cyaTM BO3ZMOXK-
HYIO IPUUYMHY TaKOTO pe3yJibTaTa.

DHepeus 603mMyuieHUA U paccmosHue 00 UCHOYHU-
ka. CornacHo moneu [18, 35] ammuiutyna AI'B cBs-
3aHa C 9HEPIrueli UICTOYHUKOB O HEJIMHEMHON! BO3-
pacrarouieii 3aBucuMocTtbio. Hanbosee sipko takas
HeJIMHEeHasl BKCIepUMEHTaJIbHasl 3aBUCUMOCTD
TIPOSTBIISIETCS B SIACPHBIX NCTIBITAHUAX, KOTIA SHEp-
rust Q B3pbIBa U3MEHSIETCS B IECSITKU U THICSIYM pa3,
a aMIUIMTyJa BO3MYILIEHUI Ha OJHUX U TeX Xe pac-
CTOSIHUSIX OT MeCTa B3pbiBa yBEJIMYMBACTCS JIUIIIb B
HecKoJibKo pa3. C yBenmuyeHueM R amrintyna AIB,
06e3yciaoBHO, yMeHblIaeTcsd. CoriacHo [7] aHeprust
AT'B y6biBaeT kak R~!, a amruiutyna BosmyiueHus
NaBJIEHMS 1 TTIOTHOCTY YAaCTUIL B BOJIHE — Kak R~ 1/2.
N3-3a ynoMsiHyThIX 3hpekToB st R ~ 9500 km (pac-

crostaust UIT no kocmoapomoB Kypy 1 Mbic Kana-
Bepa) oTHocuTenbHas ammutyna KM AIB A4,
(oTHOCUTENbHO (hOHOBBIX 3HaueHuit) Hax WMII mo-
cTaToyHO Maja. Pazmuame sHepruy BO3MYIIIEHHS He
MPUBEJIO K CYIIECTBEHHOMY OTJIWYWIO aMILTATYI
AT'B. UMeHHO 1oaToMy Ha0I101a10TCsl CTOJIb 00JIb-
me (34.8 m49.8 %) morpenrHoCT, 3HAYCHUS KOTO-
PBIX, CKOpee BCEro, Jiexar B mpejeax 10BepruTesib-
HbIX UHTEPBAJIOB CPEAHUX 3HAYSHUIA BHIUMCICHHBIX M.

Ha nanenu 3 puc. 5 nokasaHbl MOJI€JIbHbIE 1 9KC-
NepPUMEHTAIbHbIE 3HAYeHUs V), TIOIyYeHHBIE JUIS
kocmoapomoB Kurtas (33 mycka paket). [lycku pa-
KeT oCylIecTBIISIIUCh ¢ 25 maprta 2002 1. mo 24 ok-
Ts16pst 2007 r. JIy1st 5TUX 3KCIIEPUMEHTOB MOTpel-
HOCTb OKaszaJlach paBHO# 42.7 %, 4TO JOCTAaTOYHO
OJIM3KO K TMpexkHUM 3HaueHusiM (st R ~ 9500 km),
OJIHAKO paccTosiHME R MeHbllIe MOYTH B Ba pa3a —
4900...5900 kM. BMecTe ¢ TeM 3Heprust BO3MYIICHUS
cocTtapjsuia auiib 0.2...0.7 oT s3Hepruv BO3MYyILEHUS
pakeTaMu «ApuraH-5», 3allyLIEHHBIX ¢ KOCMOIpOMa
Kypy. IToaToMy B pe3yibTaTe yYMEHBIICHUS dHEp-
TUU BO3MYIIEHHUS M COKPAIICHHWS PACCTOSHHS IO
uctouHuka amrutyna AI'B Han WIT okaszanach
MPUOJU3UTEILHO TaKOW e, KaK W MpU MycKax ¢
kocMoapoma Ppanuuu. Ha Hain B3misia, yBeanye-
HUE MOTPEIIHOCTU Tak¥ke OOYCJIOBJACHO TeM, UYTO B
9TOM 3KCIEPUMEHTE UCTIOIb30BaIMCh CPEIHME pac-
CTOSIHUSL IO TPEX KOCMOJPOMOB (pacCTOSIHUSI pa3-
Harcs Ha 1000 kM) ¥ pakeThl pa3HOM IPy30IIOABEM-
HOCTU (PHEPTUM BO3MYIICHUS Pa3IUIaIUCh TPH-
MEepHO B TPH pasa).

Tabauya 3. TTapamMeTpbl BOSMYIIAIOUIMX MCTOYHMKOB M NIOFPEMIHOCTH H3MePenHii V),

Yucno
Homep Kocmonpom, Gonup @, Tpan A, Tpan R, xm CTapToB, 0, Mt THT n, %
COOBITUI
1 Kypy (®panius) 5.20N 52.73W 9541 15 0.9-10-4 34.8
2 Mpiic Kanagepan (CLLA) 28.45N 80.53W 9366 11 0.24.103 49.9
3 Letoanp (Kuraif) 41.10N 100.3E 4889 10 (0.2...0.6)- 10~ 42.7
Taitroans (Kuraii) 38.80N 111.50E 5861 12
Cuuan (Kurait) 28.10N 102.3E 5931 11
4 Butumckuit 6omun (Poccust) 58.27N 113.45W 4850 1 0.2 14.4
5 | Baiikonyp (Poccus) 45.63N | 63.26E | 2010 65 (0.4..0.8)-10~4 }5; Ef{f)‘f{i;
6 [Mneceux (Poccust) 62.70N 40.35E 1468 21 0.4-10-4 25.3
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Puc. 5. DxcnepuMeHTaIbHBIE 3HAYEHHA V), CKOpOCTel
MEPBBIX TpeX (YeTHIPEX AJIs1 00JIMAA) BO3PACTAIOIIMX HY-
neit nyra AI'B v ux MojeabHble 3HaYeHUS AJIs1 pa3iny-
HBIX KOCMOJIPOMOB MUpPA; 1| — CPEIHSS MOTPEITHOCTh
SKCIEPUMEHTATbHBIX 3HAYEHUH V),

Pe3yabTaThl cpaBHEHUSI MOACIbHBIX U 3KCIIEPH-
MEHTaJIbHBIX 3HAYEHUIA CKOopocTelt ¥y, st Butumc-
Koro 0ouaa mokasaHbl Ha TTlaHeau 4 puc. 5. B atom
SKCIIEPUMEHTE MTOrPELTHOCTh YMEHBLIMIACH 10 14.4 %.
VMeHblieHre 1orpemHoctu B 2.4...3.5 pa3 oOyc-
JIOBJICHO TeM, YTO BBICBOOOIUBIIIASACS SKBUBAJICHT-
Hast aHeprus B3pbiBa (0.2 Mt THT) B 830 pa3 npe-
BblllIaJIa SHEPTUIO BO3MYILIEHUs 3amyckaMu «Creric
[atto» 1 B 5000 pa3 mpeBocxoaniia SHEPTUIO BO3-
MYIIEHMSI 3alycKaMu KUTalickux paket. [1pu atom
cjenyeT MPUHSATh BO BHUMaHUeE, YTO PACCTOSIHUE 10
MecTa B3pbiBa Butnmckoro 0oinaa B iBa pa3a MeHb-
1Ie, yeM paccrostHue 10 Mpica KanaBepai, u cpaB-
HYIMO C pacCTOSIHMEM A0 KocMoapoMoB Kuras. Otu
pe3yJIbTaThl TTOATBEPKIAIOT HETMHEIHYIO CBSI3b Q 1
Ap, Bellb TIOTPEUTHOCTh YMEHBIIWIACH JIIIb B He-
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{\ Butumckuii
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CKOJIBKO pa3, a SHeprusl BO3MYIICHUST (PaKTUIECKU
yBenmuumiach B 830...5000 pas.

Bonbimas MOIIHOCTE B3pbIBa 6OIMAA TO3BOJIMIIA
3apETUCTPUPOBATh HE TP, KAK BO BCEX APYIMX 9KC-
TepUMeHTax, a 4eThIpe cepur Kosiebanwit. Taxoii
adpexT obcyxaancs Beime. Ceifuac JIUIIb e pa3
MTOAYEPKHEM, YTO yBEJIMUEHME YK CITa HAOTI0AaeMbIX
cepuii purykryanuiit HI'TI ¢ yBennuyenuem Q cBuue-
TEJIbCTBYET B TOJIb3y CIIPABEIJIMBOCTU IPUBJIEYE-
HUS aKyCTUKO-TPaBUTALIMOHHBIX BOJIH JIJiT OOBsIC-
HEHWUSI IPUPOIBI UCCIIEAYEMBIX TTYIbCALIWIA.

Ha manemnsx /—4 puc. 5 4eTKO MpOCIeXnBaeTCs
YMEHBIIIEHNE TTOTPEITHOCTH OIpeNe/ICHUSI CKOPO-
CTH BO3pacTalOIIVX HyJIeH ¢ yBeTMIeHNEM X HOMepa.
MonenbHbIe 3HAUEHUST 3TOM CKOPOCTH JIJIST TIEPBBIX
TPEX BO3pacTaroILMX HyJiek paBHbI 7.5, 0.85 u 0.4 km/c.
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YMeHblIlIeHUE TIOCTeIHNX IBYX 3HAUYEHUI CKOPOCTH
B 9...19 pa3 npu MOCTOSTHHOM TWCKPETHOCTH Bpe-
MEHHBIX WHTEPBAJIOB B PAKETHBIX SKCIICPUMEHTAX,
MPUBOAUT K CYIIECTBEHHO MEHBIIUM TOTrPelIHOC-
TSIM 3KCIIEpUMEHTAJIbHBIX 3HaueHuii. [Tpu moBbI-
IIeHWM YHWCclia YCPeAHEHU U YMEHbIIeHUn R T1o-
TPELLHOCTH OMPEIENCHUsI CKOPOCTeii Vy, 5 o3 U Cpes-
HSISl TIOTPEIIHOCTh 1| AOKHBI YMEHBIIUTbCSI. DTO
MPEIIONI0XKEHNE ITOATBEPKAAETCS JaHHBIMU TSI 65
cTapToB ¢ KocMoapoMa barikonyp (R ~ 2000 kM) u
21 crapra ¢ kocmoapoMma Ilnecenk (R = 1500 km),
JUTST KOTOPBIX TTOTPEITHOCTh cocTaBisieT 13...25 %
(cM. maHenu 5—7 puc. 5 1 1abi. 3). DHepruum Bo3my-
LLIEHUI 17151 000MX KOCMOIPOMOB JOCTATOYHO OJTM3KHE.
PaccmoTpeHHas fMHaMuKa YMEHbIIEHHUs TTOTpeli-
HOCTU C YBeJIMYEHHEM HOMepa Cepuu KojebaHuit
TOBOPUT B MOJIb3Y pacCMaTPUBaeMOI TUTIOTE3bI.

Jlneenvie u nounwvie ycaogus. I'paduku mist Koc-
MoapoMa baltkoHyp 1moKka3aHbl OTASIBHO IS THEB-
HBIX 1 HOYHBIX CTApTOB (MaHe n 5 1 6 Ha puc. 5).
JIHEM U HOUbIO 3HAYEHUS T) COOTBETCTBEHHO PaBHbI
12.5mu 17.7 %. PocT mOrpelrHOCTA HOYHBIX U3MEpe-
HUIi SIBASIETCS] BIOJIHE OXUAAEMbBIM pPE3yJIbTaToOM,
MOCKOJIbKY HOYbIO KOHUEHTpauus N, , u cienosa-
TEJIbHO, TOK B KBa3WHEUTPaTbHOW THPOTPOITHOM
MOoHOCGhEpHO! TUTa3Me, Ha TMOPSI0K MEHBIIE, IeM
nHeM. 1o 5Toit ke TpuImHe THEM TIepBast cepHysl Ha-
osrofasiach MPakTUYeCKU BCEraa, a HOUblo — TpU-
omusutensHo B 50 % ciydaeB [26]. [MorpemrHocTh
ornpee/eHUs] CKOPOCTU TIEPBO CEpUU 00YCIOBIIE-
Ha KaK 1I1aroM JMCKpeTU3aluy TMCTOrpaMMbl, TaK U
TeM, YTO DJIYKTYallM MEPBOM CEPUU UMEIU IITyMO-
noa00HBIN XapakTep, 013K K POHOBBIM KoJyieba-
HusMm [23, 24, 28, 33]. CornacHo HaIIMM IIPEAnoo-
KEHUSIM TPYIHOCTH PETUCTPAIlUU TIePBOM CEepUm
BBI3BAaHBI TEM OOCTOSITETbCTBOM, UYTO aMITIUTYAA
HyneBoro skcrpemyma AI'B (onsef) sBnstercst Ha-
MMEHbIIEN CPeIU MOCIEAYIOIINX AECSITU DKCTPEMY-
moB AI'B (cMm. tabi. 1 u puc. 3), B pe3yabTaTe Ipo-
JOJIbHBIN U TIOTIepeUHbIil TOKU, BO30YyKIaeMble Ha-
YaJIbHBIM BO3pacTalOIIMM HYyJeM, 3HaYUTeJbHO
MEHBIIIE TOKOB, MHULIMUPYEMBIX IBYMS TIOCIEYIO-
LUMMU BO3PACTAIOLIMMHU HYJISIMU.

Ha nanenu 7 puc. 5 mokaszaHbl pe3yabTaTbl s
kocmoapoma Iieceuk. s atoro, camoro 6J113K0-
ro K W1 xocmonpoma, 3Hauenue 1 = 25.3 %, nHEM
nepBas cepusi bB-kone6anmit mosiBisiach B 86 %
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clyyaeB, HOYbI0O — OTCyTcTBOBasa [26]. Bmecte ¢
TeM Jlaxke HOUHbIe 3HauYeHus 1) 118 balikoHypa oL
MeHblie (17.7 %). DTOT Ha HepBbIiA B3IJIsII HEOXHU-
IaHHBIA 3((GEKT Mbl 00BSICHSIEM TeM, uTo B Ilme-
CellKe YacTo 3aIyCKaJIUCh PAKeThl C HEprueil Bo3-
MYILIEHUSI, B IBa pa3a MeHbIIIEl, YeM Ha KOCMOPO-
Mme balikoHyp, moaTtomy npu pa3iuuuud R BCero
b B 500 kM ymMeHbieHue Q B IBa pa3a IpUBEJIO
K YMEHBIIEHUIO aMIUIMTYIbl KPYyMHOMACIITAOHBIX
AT'B u yBeauuyeHuIo 1.

Jlunamura noepemnocmu. B 11e710M BbIcOKas MOT-
PELIHOCTb JaHHBIX Ha MaHeasaX [—4 BbI3BaHa Mor-
PELIHOCTBIO U3MEPEHUU 3aAePKKU MOSIBICHUS Tie-
penHero ¢poHTa 1mepBoii cepum Kojebanuit HI'TI,
00YCJIOBJIEHHOI BBICOKOI CKOPOCThIO MIEPBOIO BO3-
pacratoniero Hyns myra AI'B u manoit amMmmimtynoi
onset. CHIzkeHne norpermrHoctr oT 50 1o 13 % npu
ymeHbiieHur R ot 9500 mo 2000 kM npu 0OpaboTKe
TOJIbKO JHEBHBIX 9KCIIEPUMEHTOB JOMOJHUTEIBHO
CBUJIETEJILCTBYET O IOCTOBEPHOCTU MOJIEIbHBIX 3HA-
yeHud V), n mpasuibHOCTM npusiedeHuss AI'B B
KavyeCcTBE OCHOBHOI'O MCTOYHMKA HAOJTI01aeMbIX TYJ1b-
caiuii. Ilpu 3TOM 3aMe€TUM, YTO 3KCIEPUMEHTHI
BbImotHeHBI B 2002—2007 rr. B pa3HbIe CE30HBI roa
IpU BBICOKOM, CpelHEeN M HU3KOMU COJIHEYHOU aK-
TUBHOCTSIX, MIPU Pa3HBbIX YPOBHSIX MarHUTHOW aK-
TUBHOCTU. Bce 3TO omnpaBabiBaeT MpearoaoxXeHne
[18, 35] o Tom, uto B Mozensix V,, V), CyTOuHbIMU
3aBUCHMOCTSIMU 1 MEPEUYUCICHHBIMU (haKTOpaMU B
MEPBOM TPUOIMKEHUU MOXHO mpeHeopeub. [1pu-
BEJIEHHbIE 9KCIIEPUMEHTAIbHBIE (PAKTHI MOATBEPXK-
NalOT aJAeKBATHOCTh MPEAJIOKEHHOIO HaMu MeXa-
HU3Ma reHepaly TeOMarHUTHBIX (PIIyKTyalui.

Ilpocmpancmeennasa 3asucumocmo 3adepiicex no-
saeaenus cepuii Pc5-nyavcauuii. Ckopocmu éo3pacma-
rouwgux nyaeii. C 11eJ1bI0 BbISIBJIEHUS TTPOCTPAHCTBEH -
HOW 3aBUCUMOCTM 3afepXKeK TMOSIBJIEHUSI Cepuii
MyJbCallMii BOCTIOIb3YEMCS 9KCIIEPUMEHTATIbHBIMU
3HAUCHUSIMU 3aliepKeK Ui KOCMOJIPOMOB C pas-
JIMYHBIMU 3HaYeHUsIMU R [5]. CKoppekTrupyeM Ux ¢
YY4E€TOM BPEMEHMU MOSIBJICHUS KaXJI0T0 BO3pacTao-
mero Hyqas1. I'padpuku MpocTpaHCTBEHHBIX 3aBUCH-
MocTelt 3agepkek mospineHus Han WIT tpex cepuit
konebanuii HI'TI mimmroctpupyert puc. 6, a. 31ech 9Kc-
MepUMeHTaIbHbIe 3HAUEHUS 3alepXKeK ISl Kaxaon
U3 TPEX CepUil OTMEUYEHbI MapKepaMu pa3HOIo BU/A,
a MPSIMBIMU JIMHUSIMU TTOKa3aHbI IMHEHHbIC perpec-
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CHHM DKCITEPUMEHTAIbHBIX 3HAYeHN . 3HAYSHUST CKO-
pOCTei1 TIepBBIX TPEX BO3PACTAIOIINX HyJIEl TToKa3a-
HBI HaJ TpadrKaMHU PETPECcCUii, IO KOTOPHIM OHU
paccunTaHbl. CpaBHEHME MOJEJbHBIX U 3KCIEepU-
MEHTaJIbHBIX 3HaYEHWIA V| ; MpMBOAUTCA Ha puc. 6, 0.
[TorpemrHOCTh 3TUX JaHHBIX cocTaBiisieT 58.7 %. Pe-
3yJIbTaThl aHATM3a JAHHBIX CBUJETEIbCTBYIOT O TOM,
YTO CKOPOCTH BO3pacTaloIIMX HyJsel (a ciemoBa-
TEJBHO, Y APYTUX (PparMeHTOB IyTa ¢ OMWHAKOBBIMU
¢azamMu) He M3MEHSIOTCS IIPU PACIPOCTPAHEHUU
ATI'B Ha paccrositaus BIutots 10 9500 kM. AHajI0TH4-
HbI€ pe3yJibTaThl MojydeHbl 1151 AI'B, mopoxxaeHHbIX
SIIEPHBIMU B3pbIBAMM 1 U3BEPXKEHUSIMU BYJIKAHOB
[18, 35]. TTosTOMY HEM3MEHHOCTDH CKOpOCTel V), oT
pPacCTOSIHUSI 10 UCTOYHMKA BO3MYIICHUI el pa3
MOATBEepXKAaeT, yTo npupoaa nyiascauuii HI'TI cBsi-
3aHa ¢ pacnpoctpaHeHruem AI'B. Beab mocTossHCTBO
CKOpoOCTeit (pparMeHTOB IIyra TPU ITPOM3BOJIBHBIX
€r0 PaCCTOSTHUSIX IO MICTOYHMKA TIpHCyIe TOMbKo ATB.

Bpemsa npuxoda cepuii koaebanuii k uzmepumens-
HbIM NYHKMAM U NO2PeUWHOCU €20 OnpedeleHus npu
uccaedosanuu Bumumckoeo 60auda. DTOT 3KCIIEpU-
MEHT SIBJISIeTCSl HanboJiee KaueCTBEHHBIM, TTIOCKOJIb-
KY BBITIOJTHEH MPY HAaUOOJIbIIEH 9HEPTUU BO3MYIIIE-
HUs. Mlconb3yeM ero it BBIYMCIeHUSI MUHUMAaTb-
HOI TTOTPENTHOCTH OTIpeAeSICHUST BpeMEHHM TTPHUX0aa
cepuii konebanuii Kk MI1. Kak oTrMeuanoch Bbllle,
TiepBasi, BTOpasi, TPEThsI U YeTBEPTAsA CepUM KoJreba-
Huii HaunHawoTcs Han MIT mociie mpuxoaa nepBbix
YeThIPEX Bo3pacTarolux Hyjel. OHU COOTBETCTBY-
10T HyJIsiM ¢ HoMepamu 0, 2, 4 u 6. 3apoxnaiorcst
yKazaHHble ¢parMeHThl 1yra AI'B ¢ 3amepxxkamu
OTHOCUTEJIbHO Onset, 3HaUYEeHUsI KOTOPBIX OMpee-
JIsII0TCs BeIpaxkeHueM (1). DTtu 3agepKKu U CKOpo-
CTU pacnpocTpaHeHMsl Hyjlel 1yra (cMm. Taba. 2)
TTO3BOJISTIIOT BBIYMCIUTD BPeMSI TIOSIBICHUS KasKIOM
cepuu kosiebanuit Hag WII. B tabn. 4 npuBeneHbl
a0bCOJTIOTHBIE U OTHOCUTEIbHbBIE MOTPEITHOCTU OIl-
peneneHust 9KCIeprMeHTaIbHBIX 3HAYEHUI BpeMe-
HU MPUXO0JIa, a TAKXKe MOJEJbHbIC 3HAUEHUST 3a7epP-
K€K U CKOPOCTU paclpOCTpaHEHMST BO3PACTAIOIINX
HyJielt uyra. Kak BugHo, BpeMsI MOSIBJICHUSI YeTBEP-
TOU cepuu KoJjieOaHUI UMEeT pacUETHYIO 3aJePKKY
5.6 4 1 aOCOIOTHYIO TTOTPEITHOCTD €€ OIpeaeIeHNUS
38 mMuH. [Ipy 3TOM OTHOCHUTEIbHAsI ITOrPEIIHOCTD
3anepxkku coctaBisieT 11 %. [epsast cepust ipu pac-
YETHOM 3amepkKKe TosABIeHNsT 12.6 MUH mMeeT ab-
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Puc. 6. a — 3aBucUMOCTD 3anepxek dt nmosisnenus Haa UIT Tpex
cepuit bB-konebanuii (Bo3pacrarouux Hyjaeil) OT pacCTOSHUS
R no xocmonpomoB. [IpsiMble TMHUM — JIMHEWHBIE PETPECCHM.
DKCcIepUMeHTaIbHbIE 3HAYCHMS CKOPOCTEH MEpPBBIX TPEX BO3-
pacratommx nyneit (Vyo, V. Vj4) Mokasansl Han rpapukamu;
0 — MOJEJIbHbIE 1 SKCNEPUMEHTAIbHbIE 3HAYeHU V),

COJIIOTHYIO ¥ OTHOCHUTEJIBHYIO TTOTPEITHOCTH COOT-
BeTCTBeHHO 1.5 MuH 1 12 %.

YBenuueHue aGCOMOTHOW MOTPEITHOCTH C YBe-
JIMYeHWeM HoMmepa cepuu (CM. Tabia. 4) Mbl 0ObsiC-
HsIEM He TOJIbKO YBETMYCHUEM JUTUTEIbHOCTU 3a/1ePXK-
K1 (¢ 12.6 MUH [J1sT TIEpBOM cepuu 10 5.6 4 — st
YEeTBEPTOIA), HO U BIMSIHUEM BETpa Ha BCEM IPOTSIKE-
HuUM Tpacchl pacrnpoctpaHeHus AIB (~ 5000 xkm).
Hampumep, mipy Hambojiee BEpOSITHON CKOPOCTH
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Betpa B 0.05 xm/c (Ha BbicoTE Z,) [1] HanbobIIee
BJIMSTHHE BeTep OyIET OKa3bIBaTh Ha BpeMsI TIPHUXOIa
IBYX TIOCIIEIHUX CEPUii, CKOPOCTU KOTOPHIX COM3-
MEpPUMBI CO CKOPOCTBIO BeTpa (CM. BTOpYIo rpady B
1a01. 4). CKOpoCThb V), CYLIECTBEHHO MPEBbILIAECT
BEPOSITHYIO CKOPOCTh BETpa, HAXOMISIIYIOCS B IMa-
nasone 0.04...0.08 km/c (Ha BoicoTE 7,,) [1]. Ecin
yKa3aHHYIO CKOPOCTb BeTpa y4ecThb MpPHU pacueTe
MOZEJbHbBIX 3HAYEHUI, TO JUISI TPETHEN U YETBEPTOMN
cepuii KojaebaHUii TTOTPEITHOCTh OTIPEICICHUS Bpe-
MEHU TIPUXOIa YMEHBIAeTCs TPUOIU3UTETHHO B
TpHu pa3a (cM. Tab. 4). Takoii pe3yabTaT MOATBEPXK-
JaeT BasKHOCTh y4€Ta BeTpa MPU BHIUUCICHUN Bpe-
MEHU IIPUXOoa CEpUil KoeOaHuIA.

Pocm epemennoeo nepuooa 6 yyze axycmuko-zpagu-
MAauUoOHHBIX 604H. DKCTIEPUMEHTAIbHBIC TaHHbIE, TT0-
JIydeHHBbIEe 1J1s1 KocMopoMoB baiikonyp u Ilnecelk,
WCTIOB30BaHbI TSI pacyeTa 3aBUCUMOCTH JTUTEITb-
HocTu BpeMmeHHoro nepuoga AI'B (7) or BpemeHu
pacmpocTpaHeHus (pparMeHTOB 1yTa (f) Ipu (PUKCH-
poBaHHBIX ynaieHusx UIT oT ncTouyHrKka Bo3MyIIe-
Huit. Bpemst HabromeHHWs cepeduH TEepPBBIX IBYX
BpeMeHHBbIX ieproaoB Al'B onpenessiioch Kak cpei-
Hee 3HaueHUEe BPeMEHM MPUXO0a CMEXHbBIX BO3pac-
TalolMX HyJeil. JIUTeIbHOCTb 3TUX MEPUOIOB SIB-
JIIeTCST Pa3HOCTBIO BpEMEH MPUXOAa CMEXKHBIX BO3-
pactatonmxHyseiyraAl B. CkopoctupacnipocTpaHeHU s
BOJTH, BO30YKIaeMbIX MUHUMAJIBHBIMUA (DparMeHTa-
MM 11yra (Ha puc. 3 9To TOYKM rpacuka), He U3MEHSI -
JOTCSI C UBMEHEHUEM PACCTOSIHUSI OT UCTOYHUKA 0
MIT u yMeHbIIaI0TCS C yaaaeHUeM (pparMeHTa oT Ie-
peaHero ¢ponta AI'B [18, 35]. ITosroMy 3aBucH-
MocTb 7(7) 1oKHA ObITH BO3pacTaIOIICH.

Ha puc. 7 cpaBHUBaIOTCS 9KCIEpUMEHTATbHbIE U
MojesibHble 3aBucuMocTu 1(f) migs R = 1500 kM
(ITneceuk) nu R = 2000 xm (baiikoHyp). 3aech MO-
NeJTbHBIE BO3pacTalole 3aBUCUMOCTH COOTBETC-
TBEHHO IJ1s1 £ > 2.5 1 t > 3.5 4 00yCIOBIIEHBI ITPOXOK-
nmeareM Hag MI1 HU3KOCKOPOCTHBIX CpemHeMacIil-
TaOHBIX AI'B, MOpOXIEHHBIX SKCTpEMyMaMU Lyra C
HomepaMu Oosiee 1iectu [18, 35]. MoaenbHble KpU-
Bble C ¢ > 1.5 4 OTHOCSTCSI K BBICOKOCKOPOCTHBIM
KM AI'B, nopoxnaroimnM paccMaTpuBaeMbIe MyJIb-
cauuu. Kak BMOHO, 3KCHepUMEHTaIbHbIE U MO-
NeJTbHbIE KPUBBIE KAUeCTBEHHO COTJIACYIOTCS IPYT C
IPYTOM, PAcXOXXIeHNE KPUBBIX C TEUCHUEM BpeMe-
HU MBI OOBSICHSIEM TIOTPEITHOCTHIO 3KCIIEPUMEH-
TaJTbHBIX JAHHBIX.

Ewme pa3 HamoMHUM, YTO B XOJ€ 3apOXKIACHMUS
uyra AI'B Bce ero nmepuoabl paBHbI MeXay COOOI
(T'= 2t;)). O6HapyxeHHOe yBeanueHue 7T 1pu JABu-
SKEHHU 1IyTa TTOATBEPXKIAET, YTO CKOPOCTH PacIIpo-
cTpaHeHMs1 (PparMeHTOB Lyra UMEIOT OTJIMYalolne-
Csl 3HAYeHUsI, U YTO CKOPOCTU HE U3MEHSIIOTCS C
U3MEHEHUEM PACCTOSIHUS 10 UCTOYHUKA UCXOAHOTO
BO3MYIICHMUS.

O 4ém ceudemeavcmeyem aumeliHoe yeeiuueHue
NPo00ANCUMEAbHOCIMU U Nepuoda Koaebanuii nepevix
mpéx cepuii 603myuleHull ¢ yeeautenuem paccmosnus
00 kocmoodpoma. B paborte [5] no Bcemy 00bEMY TaH-
HBIX YCTAHOBJICHO, YTO C YBEJIMYCHUEM R CpemHme
3HaueHus npoaokutesbHocT AT u niepuona T’
KaXIO M3 TPEX Cepuil BO3MYIIEHUIN BO3pacCTalOT
O TIOYTH JIMHEeHHOMY 3aKOoHY. OIHAKO TaKol pocT
JIMHEWHOMI perpeccun HabJIto1aeTcs JIUIIb B UHTEP-
BaJie ee JOBEPUTEIbHBIX 3HAUEHUI, TO3TOMY MOXKET

Tabauya 4. Bpemena npuxoja cepuii KoJiedaHuii W MOTPEITHOCTH HX Onpeae/eHus 11l Burumckoro 6omna

Howmep cepun
TTapameTp
1 2 3 4

CKOpOCTb ABMKEHMS BO3pACTAIOLINX HYJIEH, KM/C 7.5 0.854 0.4041 0.2593
PacuérHas 3amepxka, 4 0.21 1.74 3.63 5.62
PasHocTb pacu€THOI 1 9KCTIEpUMEHTATbHOM 3a7epKeK, MUH —1.47 1.64 34.19 38.27
OTHOCHTEIbHAsI OTPEIIHOCTD 6e3 yuéTa BeTpa, % —11.54 1.57 15.7 11.34
Pa3HocTb pacu€THOl U BKCIIEpUMEHTAIbHON 3aIepKeK € YUETOM _154 ~3.59 1217 _12.12
BeTpa, MUH

OTHOCUTEIbHASI TIOTPEITHOCTD € y4ETOM BeTpa, % —12.1 —3.62 6.22 —4.22
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Puc. 7. DxcnepuMeHTaIbHbIE U MOJENbHbIE 3aBUCMOCTY BpeMEHHOTO mepuoaa T oT BpeMeHHU f pacrpocTpaHeHus: AI'B nns

R = 1500 xm (IMneceuk) u R = 2000 xkm (baiikoHyp)

ObITb HemocTOBepHBIM. HamommHaem, ¢ ydyeToM
TTOTPEITHOCTA M3MEPEHUI pa3dpoc MX 3HAYCHUM
COOTBETCTBYET JIMAIa30Hy NMepUoaoB 715, Ha BBICO-
tax F2-o6mactu nmonocdepsnl. Ilpeamnonaoxum, 9To
YIOMSIHYTBIN JIMHEHBIN pocT 3aBUcuMocTeit A T(R)
u T(R) BcE xe nocToBepeH. BhIsSICHUM BO3MOXKHYIO
MPUYMHY Takoro pocta. Kak oTrmeuanoch BbILIE,
Y1CJIO KOJIeOaHUIA B KaXKI0M CEpyUM He OoJiee IISITH,
a TIepuoJI KojiebaHmii onpenesseTcs nepuoaom 1y,
HaOIogaeMbIM B 00/1aCTH Zpe Takum obpazoMm, mis
Kaxjaoro BeloOpaHHoro R 3HauyeHue AT He MpeBoc-
xomut ~ Ty, [Tostomy ATu T hakTHueCcKu onperie-
JISIIOTCA 3HAYEHUAMU T '), HA BBICOTAX Z,,,, BO3pACTa-
IOIIMMU TIpY TIepexofie OTO AHSI K HOuYM. MOXHO
MPEATNOI0XUTh, YTO B OOTBIIIMHCTBE CIy4yaeB U3Me-
penust Ha WIT nna 6auszkux kocmoapomoB (Ilne-
ceuk, balikoHyp) mpoBOAUINCH OJIMKE K JHEBHOMY
BpeMeHH, a Ha OoJjiee nanbHuX (Kuraiickue kocmom-
poMmbl, Mbic Kanasepan, Kypy) — 61uke K HOUHO-
My BpeMeHU U B HOYHOE Bpewmsi. Bpemst HaGmtone-
HUsl JJIS1 BCETO MaccuBa JaHHBIX HE MPUBOIUTCS,
MO3TOMY MPOBEPUTH BHICKA3aHHOE MTPEATION0XKEHNE
HE TPENCTaBSIETCS BO3SMOXHBIM.

Obnapyycennvle nyavcauyuu HANPANCEHHOCMU 2€0-
MACHUMHO20 10451 00YCA064€Hbl KPYRHOMACUIMAOHDL-
MU aKycmuKo-epasumanuonnoimu oanamu. OLeHUM
ropu3oHTanbHBIM MacmTad AI'B mis R = 4850 kM
(paccrostHue OT MecTa nageHuns: Burnmckoro 6ommaa
1o UIT). BeibpanHoe paccTossHre — IIpUOIU3ATEIb-
HO cepeAiMHa Tharna3oHa yaajJeHU i 10 UCTIOIb30BaH-
HbIX MCTOYHUKOB HMCXOAHOTO BoO3MylleHus1. ['opu-
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30HTAJILHBIA MPOCTPAHCTBEHHBIM MacIITad BOJIHBI
Han UIT onieHMBasCs 1O pa3HOCTSIM MEXIY BpeMe-
HaMM HaOJIIOIeHUS TIEPBOM U BTOPOIi, BTOPOI 1 Tpe-
Thell, TpeTbeld M YEeTBEPTOM CEpPUIl MATHUTHBIX
(bykTyaumit 1 CKOpoCTSIM pacipoCTpaHEHUsT BO3-
MYIIEHUSI COOTBETCTBYIOIIUX (hparMeHTOB 1iyra AI'B
(ToJy4eHHBIX ¢ YYETOM 3aep>KeK MOMEHTa reHepa-
MU (parMeHTa OTHOCUTEIBbHO onset B oyare BO3-
myiuieHust). s UIT ¢ ymnoMsaHYTBIM pacCTOSIHUEM
JI0 ICTOYHMKA COTJIACHO MOJIEJIbHBIM pacyéTaM OKa-
3aJ10Ch, YTO JJI MIEPBOM U BTOPOW CEpUI TOPU3OH-
TalbHBIN TIepuon L > 12000 kM, a1st BTOpoii U Tpe-
Thelt cepuii L > 3000 xm.

Taxue 3nauennsa L otHocsaTca K KM AI'B. [Ina
R = 9500 k™ (paccrostHue 10 KocMoapoma Kypy u Mbic
KaHaBepan) mpuBeaeHHbIE 3HAUYEeHUsI TTPOCTPaHC-
TBEHHOTO IeproAa CTAaHOBSITCS ellIé 0oJIblie (YBEeIM-
gyuBarotcst B 9500/4850 = 1.96 pa3). st R = 1500 km
YOOMSIHYTbIE€ BbIIIIE 3HAUeHUsS L YMEHbIIAIOTCS B
1500/4850 = 0.31 pa3, omHaKo 3HAYeHUs L I Tiep-
BOI1 ¥ BTOPOIi, BTOPOU M TPEThEI CepUii COCTABJISIOT
3800 1 1000 kM COOTBETCTBEHHO. DTW 3HaYeHuUs L
takxke oTHocsTcsi K KM AI'B. TToatoMy Mbl 3akito-
4yaeM, U4TO Bce HaOJII0AaeMble B 3KCIIEPUMEHTATbHBIX
uccaenoBanusix mynbcanuu HI'TI mopoxxneHs! Tomb-
ko KM AI'B. CoracHo TeopeTM4eCKIMM UCCIIeI0Ba-
HusMm [3, 8, 10] KM AI'B gaktuyecku SIBISIIOTCS
YUCTO MOMNEPEYHBIMU BOJIHAMU, PACIPOCTPAHSIIO-
LIMMCS BAOJIb TOBEPXHOCTU 3EMJIU, U B KOTOPBIX KO-
JiebaHUs BIOJIb MECTHOMN BEPTUKAIU MOPOXKACHBI CH-
JIAMM TSKECTU W BCILTBITHSL.
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OBCYXJIEHUE

Cambie panHue HaOmoneHus: Bapuauuii HI'TI, mo-
POXIEHHBIE CTApTaMU pakeT ¢ KocMonpoma baiiko-
HYyp, ony0JrMKoBaHbI B padoTe [17]. OHU MoJyyeHbl
B 1999 — 2001 rr. npeanoaoXuTeJbHO s 3amyc-
KoB paket Tuma «Corwo3s» u «[IpoToH». B aTux ucce-
JOBaHMSIX HAOMIOAATIUCh KOPOTKOMEPUOINYECKUE
(c mepuonoM okoio 3...13 MUH) U JTUHHOIIEPUOAM-
yeckue (140 mun) paykryauuu HI'TI. Onu oOHapy-
JKMBAJIUChb COOTBETCTBEHHO crycTs 2..4 MUH U
10...15 MuH mociie ctapToB pakeT. PaccrosHus
mexny UIT u kocmonpomom paBHsiioch 1040 kwm,
Mexnay WMIT m OmmkalimmM aKTUBHBIM Y9aCTKOM
TpaekTopuu pakeT — okoJjio 800 km. CKOpocTH T1e-
peaHux GpOHTOB KOPOTKOMEPUOAUUESCKUX U JTUH-
HOTIEpUOANYECKUX DIYKTyalMii O HAIIUM OLIeH-
KaM COCTaBJISLIM COOTBETCTBeHHO 4.3...8.7 KM/c 1
1.2...1.7 xm/c. B aTux skcriepyuMeHTax mocjaeaoBa-
TEJILHOCTU cepuii KoysebaHuii ¢ yactoroii bB He
Obu OoOHapyXeHbl. [loaTOMYy MBI ITOJIaraeM, 4ToO
HaOsonaemMble 3(GheKThl MOTJIU ObITh O0YCIOBIEHbI
WHBIMU MEXaHU3MaMU TOPOXIAEHUS BO3MYILIEHUI.
Pazmax Bo3mylleHUit aJ1st iepuoaoB 3...13 MUH co-
ctaJisu1 10 20 HT, 4TO cyllecTBEHHO OOJIblIe pa3-
Maxa Bapualuii, 00yCIOBAECHHBIX MIYKTYalUsIMU C
yacToToi bB, 1J1s1 KOTOPBIX aMIUIUTYAa OOBIYHO CO-
CTaBJIIET HECKOJIbKO HaHoTeca (penko 10...15 uTi).
MBI cuntaem, 4To B 3kcnepuMeHTax [17] Bo3Mox-
Hble uykTyanuu ¢ yactotoii BB Mmornu ObITh He3a-
MEUYeHHBIMU Ha (poHe BapuallMii CO 3HAYUTEIHHO
OOJIBIIIMMU aMILIUTYIaMMU.

C 1enblo IOMOJHUTEILHOM MPOBEPKU aleKBaT-
HOCTU MPEIJOXEHHOTO MeXaHu3Ma paccMOTPUM
CYIIEPIIO3ULIUIO COCTABJISIOLINX TOJIeH Bp o 1 B
Ilpy HaMMYMM TOJNBKO KOJIEOAHWI IOTIEPEYHOTO
TOKa OyayT HaOJoAaThcsl Julllb (haykryanuu H-
KOMIIOHEHTa ¢ MepuoaoM, B 2.5 pa3a MpeBbIlla0-
M niepuon 7', B akcriepumeHTe Xe Bcerna Ha-
omonaroTces payKTyaluyu 000X KOMITOHEHTOB, UTO
HUCKJIIOYaeT HaJu4Me TOJbKO TOMEPEeYyHOro TOKa.
BwMecre ¢ TeM, eciii €CTh JIUIIb BapyalldM ITPOI0Tb-
HOTI'O TOKa, TO JOJKHBI OOHAPYKUBATLCS CUHDA3HbIE
OCIMJUISIIINM 000X TOPM30HTATBHBIX KOMITOHEH-
TOB T€OMarHUTHOTO TToJ1sT. OMHAKO, KaK ToKa3aJl Halll
aHaJIu3, IKCIepUMEHTaJIbHbIE (DJYKTyallud TOpU-
30HTAJbHBIX KOMIOHEHTOB I€OMarHUTHOTO MOJIs,
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Kak IpaBUJIO, HE SIBJISIOTCS CUH(a3HBIMU. MBI 00b-
SICHSIEM DTO Cienyloleid MpuIMHON. H-KOMIOHEHT
MPEeICTaBIISIET COOOU CyNePIO3ULINIO PACTIONOXEH-
HBIX B TUIOCKOCTM MarHUTHOTO MepUIraHa COCTaB-
JIAIOLIUX MOJIeH Bparn B, [ons Bparl/l B, ,, nme-
0T pa3Hble MEPUOJbl KoJeOaHUii, YTO HapyllaeT
CUH(}A3HOCTb PE3YJIbTUPYIOMIUX (IYKTyaluid ¢
GayKTyauusaMu Bpar. D-KOMITOHEHT OoIlpeaesieTCs
MpPaKTUYECKU TOJIbKO BEKTOPOM Bp o TAKUM 00pa-
30M, TOJILKO OJHOBPEMEHHOE CYLIECTBOBAHMUE j, ;.
U ;0> TO3BOJIAET OOBACHUTH Hamuuue Quykrya-
uii H- 1 D-KOMIOHEHTOB U OTCYTCTBUE UX CUH-
da3zHoCTH.

Kaxk noevicums nadéxcrocmo IxcnepumenmaibHbix
pe3yabmamog. 110rpeltHOCTb ONpeaeeHUsT IKCIIe-
PUMEHTAIbHOM 3aBUCUMOCTH ¥, (/) MOXHO CyILeCT-
BEHHO YMEHBIIUTD (UTO 0COOEHHO BaxkKHO 1Jjis1 i = (),
€CJIA IIPY aHAJIM3€ PETUCTPALMI BDEMEHHBIX Bapua-
LIMIA TEOMArHUTHOTO TOJIsI OTPaHUYUTBCS JUILb Ha-
JIEXKHO PETUCTPUPYEMBIMU CEPUSIMU  TTyJIbCAllUHA.
Eciu nmo nmepeuyncieHHBIM BbIIIe MPUYMHAM CJIOX-
HO BBISIBUTH TY WJIW MHYIO cepuio (IyKTyaluii, TO
9TOT (pparMeHT perucTpaluu caeayeT UTHOPUPOBATD.

Ilpumenenue nyavcauyuii nanpsajiceHHocmu 2eomae-
HUMHO020 NOASL 0451 HA3EMHOIL OUACHOCINUKU NAPAMEMPO8
aKyCmuKo-2pasumauuonHbLX 604H. PaHee 1MarHocTuka
AI'B HazeMHbIMU CPEJICTBAMU BBIMOJIHSIACH TOJIBKO
no xapakrepuctukam [1IMB, mopoxnmaeMbix B xome
pacnpoctpanennsi AI'B Ha nmoHochepHBIX BBICOTAX.
[Tapametpsl TIMB omnpeaensiiich Mo M3MEPEHUSIM
HMOHO30H/IOB, C UCMOJIb30BaHUEM TPaHCUOHOC(HEPHO-
O 30HIMPOBAHWS HU3KO- W CPENHEOPOUTAIBHBIX
NC3 un gp. Onnako INMB nHamnbosee 3¢dp¢heKTUBHO
MPOSIBJISIIOTCS TOJIKO B TEX PETMOHAX, [Je Harpasiie-
Hue pacnpoctpaHeHuss AI'B coctaBiser yroa c
TUIOCKOCTbIO T€OMarHUTHOTO MepuiuraHa He OoJee
Oy = 20...30° [18, 35]. D10 MpenATCTBYET U3YYEHUIO
cBoiictB AI'B nmo Bcem asumyTaM MX pacipocTpaHe-
Hus. Bmecte ¢ tem nyabcauuu HITI renepupyrotces
npu arobom HatpasiaeHun npuxoga AI'B na UIT: ux
MPOSIBJIEHKE CJ1a00 3aBUCHUT OT YIJIa MEXJY TIOCKOC-
ThIO MarHUTHOTO MEpUJIMaHa W a3MMYyTOM pacIpo-
crpaneHust AI'B. Jlaxxe mpu koneOaHUSIX BO3myxa B
AI'B oproroHajibHO MarHUTHOMY TIOJTIO OYIyT HaOJTI0-
JIaThCs MyJibcaliu D-KOMITOHEHTA.

[Toatomy dayktyatuu HI'TI Bo3MOXKHO UCTTONb-
30BaTh JJIs1 AUarHOCTUKY apaMeTpoB AI'B 1o BceM
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Puc. 8. [lpumMep cyTOUHOI Ha3eMHOU perHcTpalu H-KOMIOHEHTAa TeOMarHUTHOTO MOJIsI ¢ MHTEPBAJIOM CHUIbHOM rpo30BOi
AKTUBHOCTH (MaHe b /) U ¢hparMeHThl 3TOTO MHTEPBaia C OOJBIIMM BPEMEHHBIM pa3pelieHueM (naHeau 2 u J)

HaIpasBjeHUsIM (a3MMyTaM) UX pacIpOCTPaHEHUS
OT UCTOYHMKA (ITOBCEMECTHO). ECTh mpMHLIMIINAIB-
Hasi BO3MOXXHOCTb OIpeIe/ICHUSI MECTOITOJIOKECHUS
ucrouHuka AI'B mo peructpaumsim ¢ayKTyaruii
HI'TI npu namMepeHun Topu30HTAIbLHBIX COCTaBJIS-
oKX B TPEX pa3HeceHHbIX UTT nnu 1o naMeHeHUIo
HaIlpaBJeHUsl BEKTOpa F€OMarHUTHOIO MOJISI B O1-
HoM MII. DTa BO3MOXKHOCTb MOXET 0Ka3aThCsl BOC-
TpeOOBaHHOI, HAampUMep, B INIOOAJIBHON CHUCTEME
KOHTPOJIS SIIE€PHBIX B3PBIBOB.

Mouwnvie moku 6 nelimpaavhoit ammocghepe ne no-
PONCOAIOM NYAbCAUUN HANPANCCHHOCHU 2e0MA2HUM-
H020 noas. MBI YCTAaHOBWJIM, YTO TOKM MOJIHUEBBIX
pa3psa0B B HEUTpaJIbHOW MPUINOBEPXHOCTHOM ar-
Mocdepe He NPUBOMAAIT K (DIyKTyalsIM T€OMarHuT-
HOTO 1oJist ¢ epronoM 1'py. [lpu aTOM amriuTya
TakKMX TOKOB 0oJjiee 4eM Ha HECKOJbKO MOPSIIKOB
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MPEBBIIIAET aMIUTUTYIBl PAaCCMOTPEHHBIX BHIIIE
MPOAOJBHOTO U MOMEPEYHOrO TOKOB B MOHOCHhepe.
Ha puc. 8 nokazaH npumep CyTOYHOW HazeMHOU
peructpaunu H-KOMIIOHEHTa FreOMarHUTHOTO TOJIsI
C MHTEPBAJIOM CUJIbHO# I'PO30BOI aKTUBHOCTH (T1a-
HeJlb /) U (DparMeHThl 3TOT0 UHTEPBaja ¢ OOIbIICH
BpPEMEHHOI pa3peliaionieii CtocoOOHOCThIO (MaHeIn
2u 3). Kak BUgHO, (hOpMbI BO3MYILIEHUI OT pa3any-
HBIX pa3psiioB MOJHMIA MOJOOHBI (CM. IMaHENIb J3),
OITHAKO HM ONMH M3 pa3psmoB He TTOPOXKIAET YIO-
MSIHYTbIE BBIIIE cepur KojebaHWil TeOMarHUTHOIO
nous ¢ nepuofaom 1), (cM. maHenu 2 u 3). Oro 3a-
KJIIOYEHME €11I€ pa3 MOATBEPXKIAET HALIYy TUTIOTE3Y O
TOM, UTO HaOII0IaeMble CepUM KoJieOaHU reHepu-
pYIOTCSI BO3MYLIEHUSIMU, BbI3BAHHBIMM DPAacIpo-
crpaneHueM AI'B Ha moHoC(epHBIX BEICOTAX, a HE B
HEeHTpaJIbHOI aTMOcdepe.

33



10. I1. Pedopenio

B pesynbTare mpoBeneHHOTO UCCIeAOBAHMS MOX-
HO 3aKJIIOYMTb, YTO TIOCIIE YOATCHHBIX JIOKATBHBIX
SHEProBbIIEIeHUI MapaMeTpbl HaOJI0JaeMbIX Ha
NIT daykryamuii HI'TI ynosneTBoputebHO 00BsIC-
HSIIOTCSI TIPE/VIOKEHHOM B HACTosIILIEel paboTe Moie-
JIbIO TIPOSIBJICHUSI HOBOTO (DUBMYECKOTO SIBICHUSI.
BMmecTe ¢ TeM 3Ta Moaesb HyKIaeTcsl B AajIbHEHIIEM
COBEPIIEHCTBOBAHUH, ITOCKOJIBKY OTIEIbHBIE IKCIIE-
pUMeEHTaJIbHbIE 2(PMEKTHI €10 He 0ObSICHSIIOTCSI.

BbLIBO/IbI

AKYCTUKO-TPaBUTAIIMOHHAs BOJHA BO30YXXIAeT Ha
U3MEPUTETBHBIM ITYHKTOM Ha MOHOC(EPHBIX BHICO-
Tax cepuu hayKTyaluii HarpskEHHOCTU Te€OMarHuT-
Horo Tonsd. Pa3paborana Momenb TeHepallmy Mar-
HUTHBIX (QIYKTyaluuil, TPUBOASTCS SKCIEPUMEH-
TajJbHbIE TaHHbIE, MOATBEPKAAIOIIME aJeKBAaTHOCTD
atoil Moaenu. Mcrnonb3oBaHue MOAEIU TMO3BOJSIET
MO Ha3eMHbIM M3MEPEHUSIM HaMNpSKEHHOCTU TeOo-
MAarHUTHOTO TIOJISI OCYILECTBIATh TUATrHOCTUKY Tla-
paMeTpOB aKyCTUKO-TPABUTALIMOHHBIX BOJH IS
BCeX HaIlpaBJIEHWI MX PacTIpPOCTPaHEHMS OT UCTOY-
HUKa TeHepaIum.

Aemop baaeodapen K. I1. Iapmawy 3a pazpaboman-
HYI0 UM RPOSPAMMY NPOCMOMPA PeUCMPAYULL MASHUM -
HbIX NyAbcayuil, KOHCYAbmayuy no pabome mMasHumo-
Mempa-@aiokcmempa U npogedeHHbvle MHO20AeMHUe
UBMepeHUsl 2e0MacHUMHbIX haykmyauyuil. Boipascaro npu-
snamenvrocmo C. I. Jleycy 3a pazpabomky annapamypol
U npoéedeHe MHo20AemHUX uameperuil, npogp. JI. @. Yepro-
eopy, M. A. lllamome 3a uzyuenue Hoeoeo pusuueckoeo
saenenus, B. JI. /lopoxosy 3a nacmoiiuugyro Kpumuky u
aKkmueHoe yuacmue 8 (popmMuposanuy eunome3sul, U npo-
padomie omoenbHbIX INeMeHM08 MeXaAHUIMA B03HUK -
HOBEHUs. NYAbCAUULl 2e0MACHUMHO20 NOAs, KAK caeo-
cmeus pacnpocmpanenusi AI'B.
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10. I1. Dedopenko

XapKiBCbKHU1 HALIIOHAJbHUI YHIBEPCUTET

imeHi B. H. Kapa3zina, XapkiB, YkpaiHa
3BYIXKEHHA HABEMHUX
TEOMATHITHUX ITYJIbCALIIA PC5
AKYCTUKO-TPABITALIMHUMU XBUIISIMU

YV HazeMHUX BUMIPIOBTHHUX TyHKTAX, BIIIAIEHUX Bill JIOKATb-
HOTO eHeproBuiieHHsT B atMocdepi Ha Binctadi 1500...10000 kw,
CITOCTEPIratoThCs Bill IBOX IO YOTHUPBOX Cepiii (IyKTyarliii Ha-
MNpYXKEHOCTI TeOMarHiTHOro mojis. ¥ poOoTi rokazaHo, 110 Li
aykTyaliii  30yIKYIOThCS  BEJIMKOMACIUTAOHUMU  aKyCTUKO-
rpaBiTallifHUMU XBWISIMU, 110 MPUUILIM 0 BUMIPIOBATBHUX
MYHKTIB Bill MiClIb €HEPTOBUIUIEHHSI — CTAPTiB MOTY>KHUX PAKET
1 MaiHHS BEJIMKOTO METEOpUTA.

Karouoei caosa: cepii (aykryalliii Hanmpy>KeHOCTi reomar-
HITHOTO MOJIsl; BEJMKOMACIITAOHI aKyCTMKO-TpaBiTaliliHi
XBWJIi, MiClIsl JIOKaJTbHOTO €HEPrOBUIIEHHS, CTAPTH MOTYX-
HUX paKeT, MaJiHHs BEJIMKOTO METEOPUTA.

Yu. P. Fedorenko
V. N. Karazin National University of Kharkiv, Ukraine

EXCITATION OF GROUND-BASED GEOMAGNETIC
PULSATIONS PC5 BY ACOUSTIC-GRAVITY WAVES

We analyze two to four series of geomagnetic field intensity
fluctuations, which were observed at the ground-based meas-
uring stations located at distances of 1500...10000 km from the
source of local energy release in the atmosphere. We evaluate
and explain that these fluctuations are excited by large-scale
acoustic-gravity waves generated by powerful rocket launches
and a large meteorite fall.

Keywords: geomagnetic field fluctuation, large-scale acoustic-
gravitational wave, local energy release, powerful rocket
launch, large meteorite fall.
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A. U. TkaueHnko

MexnyHapoAHbII HAYYHO-YYEOHBII LIEHTP MHHOOPMALIMOHHBIX TEXHOJOTUI U CUCTEM
HauuonanbHo#t akageMuu HayK YKpauHbl 1 MuHuCTEpCcTBa 00pa3oBaHUs U HayKu YKpauHbl, Kues, YkpanHa

BTOPOE ITPUBJIMXEHME ITOJETHOI TEOMETPUYECKOM KATUEPOBKH

PaCCMampueaemc;z BO3MOIICHOCM b YAYUUICHUS MOYHOCMU nonemHoi eeoxwempuuec;coﬁ /ca./zu6p03/<u C6eMOUYH020 KOMNACKCA KOCMU-
YeCcKoeco annapama nymem UCno/ab306AHUA ypaeHeHu[t 6mopoco npu6/1umeHu;1.

Karoueenle caosa: nosemnas 2eomempuveckas KaiuobposKka, KOCMUMECKUll annapam, MapKepsl, Kamepa, 36e30Hbvlil OaAm4uK, 6mo-

poe npubaudicenue.

B kpyre nmyonukaiuii, K KOTOpOMY OTHOCUTCSI Ha-
crosias padora [1, 3—5], moHATHE MOJETHON Teo-
METPUYECKON KaJIMOPOBKHU (Hajiee — KaJauOpPOBKU)
OrPaHUYMBACTCS I10CJIEI0BATEIbHOCTBIO OEWCTBUIA
O YyTOYHEHMIO B3aMMHOM OpMEHTALIMU ChEMOYHOM
KaMephbl M 3BE3HOI0 JaTuMKa B KOPITyce KOCMUYEC-
koro armapata (KA), Hecymero stu nmpudopsr. He-
OIpelieJIeHHOCTb Ha3BaHHO OPUEHTALIMU TTPOUCXO-
JIAT OT TEXHOJOTMYECKOT0 HECOBEPILEHCTBA Mpolie-
JIyp TIPEAIoJIeTHOM Ha3eMHON KaJauOpOBKU M OT
(bakTOpOB, BIMSIOIIMX Ha OOPTOBOM OMTUKO-3JIEK-
TPOHHBIN KOMIUIEKC MPU 3alyCKe W IKCIUTyaTaluu
KA. CuuraeM, 4yTo Npu KaJIMOPOBKE UCIIOJb3YIOTCS
CHUMKM KOOPAMHATHO MPUBSI3AHHBIX HA3EMHbBIX OPUEH-
TUPOB (MapKepoB), HAXOMSAIIMXCS Ha Tpacce IojieTa
KA mnu Bomm3n Hee. KanmmnOpoBKa BKIIIOYAET ITOJIET-
HBII 3TaI — CheMKY MapKepoB C OPOUThHI — U Ha3eM-
HbBI 3Tanm — o00pabOTKy CHUMKOB, TepelaHHbIX Ha
3eMJII0 BMECTE C CUHXPOHHO MOJYYeHHBIMM MOKa3a-
HUSMU 3BE3[HOTO JaTUMKa U arapatypbl MOTpeOu-
tenst GPS.

BBenem, kak B pabote [4], opTOHOPMUPOBAHHBIE
KoopauHaTHBIe 0a3uchl: 6a3uc K, cBs3aHHbBI ¢ Kame-
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pOIi, ¢ HAYAJIOM B €€ LIEHTpe MPpoeKIunu — Touke O;
6azuc E, cBs13aHHBII CO 3B€3IHBIM JaTYMKOM, YCIOB-
HO C TeM Xe HavajioM; 0a3uc J — reolieHTpuIecKuii,
MPOU3BOJILHBIM 00pa30oM CBsI3aHHbIM ¢ 3emuteid. [Tpen-
CTaBJICHUSI TPEXMEPHBIX BEKTOPOB B KAKOM-JINOO U3
0a3rMCcoOB OTMEUYaeM COOTBETCTBYIOLIMMU HWXKHUMU
nHaekcamu. [IpeobpazoBaHue KoopauHaT U3 Oasnca
K B E onpenensercst Heu3BeCTHOM MaTpulLieit Bpallie-
Hust C e . OHA annpOKCUMUPYETCS 3alaHHOM MaTpu-
ueit BpauieHnst C* £k~ B TIEPBOM NPUOJIMXKEHUM

C*EKz[E3+ (-D(GE)] CE](’ (1)

rae 0, = [0, 0,, 63]T = const — BEKTOp MaJIoro I1o-
BOPOTa, XapaKTepU3YIOLINI OLINOKY MPeAToJeTHOM
Kanubposku, E, — enmHuyHag (3 x 3)-martpuua,
® — kococummMmeTpuieckas (3 x 3)-Marpulia onepa-
TOpa BeKTOPHOTO yMHOXeHus1. Bextop 0" > HalineH-
HBII B TIpoliecce KaIMOPOBKM KaK JOCTATOUHO TOY-
Hasl OLIEHKa BeKTopa 0, ncrosb3yercs 11t KOppek-
LIMK MaTpULIbI 110 (hopMyJie TIEPBOTO MPUOIMKEHUS

Cp~[E, + @ (0")] C" e )

Ilycts P — MecTO HaxoXIeHUsI MapKepa Ha 3eM-
HOI TIOBEPXHOCTH, 3aTaHHOE TCOILIEHTPUIECKIM pa-
ITITYCOM-BEKTOPOM I'; = CONSst, RJ — TeOLIEHTPUICCKUTA

J
PpPagnyC-BEKTOP TOYKHN O B MOMEHT ChEMKU MapkKepa
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Bmopoe npubausicenue nosemroii eeomempu4ecKkoil Karudposxu

P, HaiineHHbI1 ¢ MOMOIIBIO OOPTOBOM armapaTypbl
GPS, e— €IUHWYHBIN BEKTOD, MOJIyYEHHBI HOPMU -
poBaHUEM BEKTOPaA R; — T, €, — eIMHUYHbII BEKTOD
npsimoii PO, HailIeHHBIi C TOMOILBIO KAMEPHI,
e*j =Cjpe'p e =Crre’y, (3)

C,p— Marpuiia npeoOpa3oBaHKsi KOOPAUHAT 13 Oa3u-
ca E B J , HailneHHas ¢ MCMoIb30BaHMEM TTOKa3aHUIA
OOPTOBOTrO 3Be3HOIO JaTurka. O1eHKa epBoro npu-
omoxeHns 0 £ 151 BeKTopa 0 ; MOXeT ObITh HaiineHa
B pe3yJibTaTe IOJIETHOW KaJMOpOBKM Kak pelleHUe
CHUCTEMBbI ypaBHEHUH, COOTBETCTBYIOIIMX JOCTYITHBIM
CHMMKAaM U 3aIlevyaTieHHbIM MapKepam [4]:

GGE=ej—ej 4)

G=—C, @ (e )).

Cucrema ypaBHeHUi (4) pelraeTcss METOAOM Ha-
MMEHbIINUX KBaapaToB. Eciu npeamnoseTHass HazeM-
Hasl KaJIMOpoBKa obecrevymnsaa MCXOMHbIC 3HAYCHMS
anemMeHToB O nopsnka 10, To B pesyabTare rnocJe-
JIyIOLIEN IOJIETHON KaJMOpOBKM MYTEM pPEIIEHUS
ypaBHeHMii (4) ¥ yrouHeHust MaTpuiibl C* £x 110 op-
MyJie (2) MOXeT ObITb IOCTUTHYTa OCTATOYHAS TOY-
HOCTb OTIpeNieIeHS B3aMMHOI OpHeHTaIlInK 0a31COB
Kwu E nmopsinka 10”1, 3—35].

[Ipennonernas Ha3zemHass KaauOpoBKa TpeOyer
CJIOKHOTO O0OpPYIOBaHMSI U 3HAYUTEIbHBIX TPYIO-
3aTpaT. B 2Toli CBSI3M MOXET OKa3aThCsl TMOJIE3HOM
TEXHOJIOTHSI BTOPOTO MPUOIMXKEHUS B MTOJIETHOM Ka-
nmbpoBke. 1151 ee 000CHOBaHUS 3alIMCTBYEM C TOU-
HOCTbIO /10 00O3HAUe€HUU, Hampumep, GOPMYIy
(1.3.11) u3 pa6orts! [2]:

C*EK:[E3 +%®(@E)+1—g_2059q>2(95)} Cpy ,(5)
0= (070)2 .

BoinosnHuM KoppektHoe yrpoitieHue Ghopmysbl (5),
MPOVTHOPMPOBAB BEJIMYMHBI BBIILIE BTOPOTO MOPSIIKA
MajlocTH OTHOCUTENBHO O ;11 0. B pesybTare nomyyaer-
cs1 BbIpaXKeHMe BTOporo npuomkenus it C Ex 0oTIee
TouHoe, yeM (1): C*EK = [E, + D0y + <1)2(6E)/2] Crxe
M3 Hero u u3 (3) ciiemyer ypaBHeHME BTOPOTO IprOI-
SKEHMST

GO p=e'—e+C p@X0 e’ /2. (6)

[Mpu peammzamu hopmyItbl (6) UCTIONB3YIOTCS T
Ke TTOKa3aHWsl KaMephl, 3Be3mHoro aarynka u GPS,

4yTO 1 B hopMyiie (4), mpuyeM 03 JOMOJTHUTEIbHBIX
npeobpazoBanuii mHpopMauu. OlLiEHKa BTOPOIO
npubmoxenus: 0 p» TIONYYEHHAs! TIyTEM PEILEHMs
JOCTYITHBIX YpaBHEHUIA (6), MCIOJB3YETCS BMECTO
0 £ TIPY YTOUHEHMH MaTPULIbI c gk 110 opmyiie (2).

KomrmbloTepHoe MoJeaMpoBaHue MPOLECCOB Ka-
JIMOPOBKY 110 hopmynam (4), (6) BBITOIHSIIOCH TTPU
YCJIOBUSIX, OJIM3KHUX K TeM, KOTOPbIE MPEAYCMOTPEHbI
B pabotax [4, 5], BK/IoUYass XapaKTepUCTUKU BO3MY-
menuit. UmutupoBanock apmkeHne KA 1o ciaboas-
JTUTITUYECKOIN COJTHEYHO-CUHXPOHHOI OpOUTE BbI-
coToii 0K0j10 670 kM. Tpu U3BEeCTHBIX MapKepa pac-
TTOJIATAJINCh B BEPIIMHAX PaBHOOESIPEHHOTO TIPSIMO-
YTOJILHOTO TPEyrojibHMKa ¢ KaTeToM ¢. CheMKa Map-
KEepOB TPOU3BOAMIACH, KOTIA OHM HAXOOWINCh Ha
Tpacce IoJieTa Win BOJIM3K Hee. MoaenmpoBaHue pe-
aJIM30BaJIOCh KaK CEpUsI BAPMAHTOB CUETa, B KOTOPOIA
11 (GOPMUPOBAHMST BCEX CAYYaHBIX BEJTMYMH MC-
MOJIL30BAJICSI TeHEPATOP ITOCIEI0BATEIBHOCTH TICEB-
JOCITy4aliHBIX YKCesl, MHULIMUPOBAHHON B MEPBOM
BapyaHTe CEpUU 1 TepeXoAIIeii 13 BapruaHTa B Ba-
puaHT. Cepnn pa3InyaIich 3HAYCHUSIMU C W TTOPSIII-
KOM MPUOJVXKEHMST MpU KaauOpoBke. B kaxxaom Ba-
puante 3Hauenus 0,, 6,, 0, 3anaBanuch 3aHOBO Kak
HOPMAaJIbHO pacrpee/IeHHbIE IICHTPUPOBAHHbIE CITy-
yaiiHble BeJMUMYUHBL. OIIMOKKM 3BE3IHOTIO JaT4MKa
BBOJIWJIVICH TTPY KAXKIOM U3MEPEHUN KaK HOPMAaJIbHO
pacripenieJicHHBIE CTydaifHble YTl TTOBOPOTOB BOK-
PYT IBYX HaIlpaBJICHHi, TTePIICHINKYISPHBIX K OIT-
TUYECKOM OCU JAaTYMKA, U BOKPYT CaMOIi 3TOM OCH CO
CpeIHUMU KBaJAPAaTUYHBIMM OTKJIOHEHUsIMU 5”7, 57 1
12” cooTBeTCTBEHHO. TOYHOCTH BOCCTAHOBJICHUSI JIN-
HUU BU3MPOBAHUSI MapKepa 1o M3MEPEHHBIM KOOpP-
JUHATAM M300pakKeHMS Ha YYBCTBUTEIBHOMN ILIO-
LIAJIKe KAMEPhI XapaKTepU3yeTcs CITydallHBIMU OIITNO-
KaMHM, CBSI3aHHBIMU C pa3MEpoOM ITHUKCeIa KamMepbl
8.75 mxM. CpenHee KBaIpaTUYHOE OTKJIOHEHUE HOP-
MaJIbHO PacIIpeleIeHHbIX CyIaifHbIX ook GPS
COCTABJISIET 3 M.

CratucTueckre XapakKTepUCTUKU OCTaTOYHBIX
ommbok Kanubposku 0,, 6,, 6; — cpennue kpanpa-
TUYHBIE OTKJIOHEHUS O, Og,, Og3 — PacCUMThIBA-
JIUCh B CEKYHAaX AyTd Ha ocHOBaHUM o6paboTku 100
BapuaHTOB cepuu. CyliecTBeHHas 0COOEHHOCTb MO-
JIETMPOBAHUSI COCTOSIIa B TOM, UTO CpeIHEMY KBajI-
PaTMYHOMY OTKJIOHEHHIO MCXOIHBIX OIIMOOK 0, 0,,
0, npunuceiBanoch He 3HaveHue 107, Kak B paboTax
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Tabauya 1. Oumoku KamuopoBku. OIuH CHUMOK

¢, KM A Og) Ogy Og3

6.7 2 6.2 5.1 35.6
6.7 1 32.6 27.3 39.3
0.8 2 8.4 6.5 267.2
0.8 1 33.0 27.4 268.1

Tabauya 2. Oumoku KamopoBku. IllecTh cHUMKOB

¢, KM A o1 %02 %03
6.7 2 2.1 22 24.4
6.7 1 32.0 26.9 29.6
0.8 2 4.2 4.0 184.4
0.8 1 32.1 27.1 186.1

[4, 5], a 3rauenme 60°. CTob YyTPHPOBAHHO TpPybOE
MPEATNON0XKEHUE BBOAWIOCH C LIEJbI0 OTYETIUBO BbI-
SIBUTH 3((PEKT BTOPOTO MpUOIIIKeHUsI (6).

Hexotopsle pe3ynbTaTbl MOIEJIMPOBAHUS Kaanub-
POBKM C MCTIOJIb30BAaHWEM E€IWHCTBEHHOTO CHUMKA
MapKepoB, BBIMTOJTHEHHOTO M3 mojoxkeHus KA He-
TTOCPEICTBEHHO Haj yIaCTKOM C MapKepaMH, TIpel-
ctajeHbl B Tab1. 1. [TepBas rpacda tad. 1 cogepxut
3HAYCHMS C TIPY PeaTn3alii KOHKPETHOM cepry Ba-
PUAHTOB, K KOTOPO OTHOCUTCSI COOTBETCTBYIOIIASI
ctpoka. Bo BTopoii rpade (4 — approximation) yka-
3aH TOPSIIOK MPUOTVDKEHUST MpU KaauOpoBke: 1 —
nepBoe (ToJbKO ypaBHeHM: (4)), 2 — BTOpoe (ypaB-
HeHus (4) u (6)). B Tpex mocnenHux rpadax gaHb
COOCTBEHHO Pe3yIbTaThl MOACIMPOBAHMS B OXapaK-
TEPU30BaHHOM BBIIIIE (hOpMe.

B Tab1. 2 monoOGHbIM 00pa30oM TMOKa3aHbl Pe3yiib-
TaThl KAJIMOPOBKY C UCITOIb30BAaHUEM IIECTH CHUM-
KOB ydyacTKa ¢ TeMu ke Mapkepamu. [TpomexxyTok
MEXXIy TOCIeNOBaTeIbHBIMU MOMEHTAMHU SKCITOHM-
poBaHust 7 ¢. B mpoliecce cheMOK MpY HaBeAECHUU
ONTUYECKOI OCH KaMephl Ha Y4aCcTOK C MapKepaMu
taHrax KA BapsupoBajics oT 12° npu rmepBoM 3KCI0-
HUPOBaHUM 10 —12° mpu mociaenHeM.

[pexne Bcero 3aMeTHO, KaK B IIPUHSTHIX YCIIOBH -
SIX TIEPEXOIl OT TIEPBOTO MPUOIIKEHUSI KO BTOPOMY
MOBHIIIAeT TOYHOCTh KAIMOPOBKU. B WMHEBIX, MeHee
rpyObIX HaYaJIbHBIX MPEAITOIOKEHUSIX BTOPOE TIPH-
OMDKeHNe KaTMOPOBKY IO MEHBIIEH Mepe He YXyI-
1IaeT TOYHOCTU MO CPABHEHUIO C TIEPBBIM MPUOJIH-
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>keHreM. BooOliie 3HaunTeIbHOE PacXoXkaeHue Tep-
BOTO U BTOPOTO NMPUOTNXKEHUIN — MPU3HAK aHOMAJTb-
HO GOJIbLIMX HAYaJIbHbIX 3HAYeHMA O ;.

VYBenuueHre pacCTOSTHUI MeX Ty MapKepaMmu yyu-
11aeT OOYCJIOBJIIEHHOCTh CUCTeMbl YpaBHEHUI BUIA
(4) 1 TeM caMbIM CIOCOOCTBYET MOBBILICHUIO TOY-
HOCTH KajmbOpoBku. M3 Tadi. 1 u 2 BUAHO, YTO BO
BTOPOM MPUOJIMKEHUU, KaK U CJIEJ0BAIO OXUIATh,
TOYHOCTb KaJITUOPOBKU CHUXKAETCS C YMEHBILIEHUEM C
U YTO B IIEPBOM IPUOIMDKEHUHN MOA0OHBIN 3(PdeKT
MpakTUYECKU He3aMeTeH Ha (hoHe O1IMOOK, BbI3BaH-
HbBIX IPyOOCThIO UCXOHBIX JaHHbIX. HeTpynHo ycTa-
HOBUTb, KaK IMPY UCMOJb30BAaHUM HECKOJbKUX CHUM-
KOB MPOSIBJISIIOTCS TTIOPO3Hb (DAKTOPhI paCcIIUPEHUsI
uHpopMalMd U BTOPOTO MPUOIMKEHUSI U CKOJIb
0JIaroNpUsATHO COBMECTHOE BO3MENCTBUE 3TUX (DaK-
TOPOB HA TOYHOCTh KAJTMOPOBKMU.

Pesynbrathl KaJMOpOBKM HCIIOJIb30BAIUCH MPU
MOJIEJIMPOBAHUN KOOPJAMHATHOU TMPUBI3KU Ha3eM-
HbIX OOBEKTOB MO METOAMKE, U3JIOXKEHHO! B paboTe
[4]. BbimonHsIOCh 11I6CTh CHUMKOB KBaapaTHOTO
y4yacTKa 7 x 7 KM C HEM3BECTHBIMU TOUEYHBIMU OOBEK-
tamu. Eciim KoopayvHaTHOI MpUBSI3KE MPeALecTBO-
BaJla KaJlMOpPOBKa BO BTOPOM MPUOIMKEHUH, TO TOU-
HOCTb JIOKQJIM3ALIMM HEU3BECTHBIX OOBEKTOB XapaK-
TEPU30BAJIACH CPENHUMMU KBAIPATUYHBIMUA OTKJIOHE-
Hussmu 10—20 M. Eciin ke B KoOpaArHATHOM MPUBSI3-
K€ HMCMOJb30BAIUCh TOJbKO PE3yJbTaTbl MEPBOTO
MPUOIMKEHUST KaTMOPOBKU, TO TAKOTO e TUIla Xa-
PaKTEepPUCTUKU TOYHOCTU TIPUBSI3KU YBEJIUUMBAIUCH
110 70—80 M. YMeCTHO OTMETUTbD, UTO YTOUYHEHUSI pe-
3yJIbTaTOB KaJIMOPOBKU BO BTOPOM ITPUOIMXKEHUU
OTHOCATCA Mpex/e Beero K ommbkam 0,, 6,. Mocnen-
HUE OKa3bIBAIOT OIpeesisiioniee BAUsSHUE Ha TOY-
HOCTb KOOPJAMHATHOMW MPUBSI3KM HA3EMHBIX OObEK-
TOB, OTHOCUTEJIbHO OJIM3KMX K TOUKE TepeceuyeHust
OITUYECKOI OCH KaMephbl C 3¢MHOI MOBEPXHOCTHIO [ ].

Bo3MoxHO, TpueM BTOPOro MpUOIMKEHUS B MMO-
JIETHOM KaJTMOpOBKE MO3BOJINII ObI 0CJIA0UTH TPeOO-
BaHUS K Ha3eMHOI MpPearojieTHON KaJuOpOBKE U
YIIPOCTUTD ITY MPOLIEAYPY.
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MixHapoaHuii HayKOBO-HaBYAJIbHUIA LIEHTP
iHpopmaliitHuX TexHoJoTiii Ta cucteM HauioHanbHO1
akaneMii Hayk Ykpainu i MiHicTepcTBa OCBITH i HAyKu
Ykpainu, Kui, Ykpaina

JAPYTE HABJIMZKEHHA ITOJIBOTHOTI'O
TEOMETPUYHOTO KAJIIBPYBAHHSA

PosrisimaeTbcst MOXIIMBICTD MOJIIMIIIEHHS TOYHOCTI TTOJIBOT-
HOTO TeOMETPUYHOr0 KaiopyBaHHSI 3HIMaJTbHOTO KOMILIEK -
Cy KOCMIUHOro arapata IIJISIXOM BMKOPWCTAHHSI PiBHSIHb
JIPYroro HaOJIM>KEHHSI.

Karouosi caosa: nonb0THE TeOMETPUYHE KaiOpyBaHHS, KOC-
MIYHMI amapar, MapKepM, Kamepa, 30psiHUi JaTHUK, PiB-
HSTHHSI IPYyTOro HAOMVXKEHHSI.

A. I. Tkachenko

International Research and Training Center

for Information Technologies and Systems of the National
Academy of Sciences of Ukraine and Ministry

of Education and Science of Ukraine, Kyiv, Ukraine

THE SECOND APPROXIMATION
OF THE IN-FLIGHT GEOMETRIC CALIBRATION

We consider and explain an application of the second approx-
imation equations for the accuracy improvement of the in-
flight geometric calibration of a spacecraft imaging complex.

Keywords: in-flight geometric calibration, spacecraft, land-
marks, camera, star tracker, second approximation equations.

ISSN 1561-8889. Kocmiuna nayka i mexuonoeisn. 2017. T. 23. Ne 3 41



Actponowmig ii acTpodizuka

doi: https://doi.org/10.15407 /knit2017.03.042
VK 523.44

A. M. Kazanues, JI. B. Ka3anuesa

ActpoHoMmiuHa obcepBaTopisi KMIBChbKOro HallioHaIbHOTO YHIBEPCUTETY

imeHi Tapaca llleBuenka, KuiB, Ykpaina

HETPABITALIIVTHU Y E®EKT TA OPIEHTAILIISI OCEI1 OBEPTAHHSA
KIZIOMETPOBUX ACTEPOIIIB I'OJIOBHOTI'O ITOSICY

Bukonano yucenvhi po3paxynku esonroyii opdim acmepoioie 201061020 nosicy 6id 2005 p. do 2016 p. Pospaxynku nokasyioms, uio 6
Hawi OHi 6 y 3MIHI 6eAuKUX nigocetl opoim NOMImMHOI YaCMUHU HU3bKOANb0eOHUX acmepoidié 201061020 noscy posmipamu 0o 40 km
NO3HAMAEMBCSL BNAUE HEe2PABIMAUilIH020 epeKmy KOMemHOI npupoou. 3mina eeauxoi nigoci opoimu acmepoioa 3anexcums 8io opieH-
mauii oci obepmarns. Tomy mouni yuceavri po3PaAxXyHKU e80AUIT 0poim acmepoioie MoONCYmMb 6KA3Y6aMU HA HANPAMOK (NPAMULL 4l

360pOMHUILL) 0CI IXHb0O20 00ePMAHHS.

Karouoei caosa: acmepoio, gicy obepmanns, neepasimayiinuil egpexm.

Briepiiie mpo MOXJIMBICTB il Y TTOSICI aCTEPOIIiB He-
rpasitauiitHoro edexkry (HI'E), 1o Bukiaukae mpo-
CTOPOBE PO3MAiJICHHS Tijl 3 pi3HUMU anbbeno, 0yJo
BKa3aHo 01u3bKo 10 pokiB Tomy [2]. T1po 1ie cBia-
yaTh TOYHI PO3paxXyHKU €BOJIOLIi OpOIiT acTepoiliB
Ta PO3IOAIIN alb0eno TiT B OKPEeMHUX CiMelicTBax
acrepoiniB. Ilpu 1pbOMy BUKOPHUCTOBYBajach 0asza
IRAS (Infrared Astronomical Satellite) [7], 1o Mic-
TUTb AaHi MPpo aibde 0 Ta po3Mipu 2228 acTepoiliB.
Ha cphorogHi € MOXIMBICTh BUKOpUCTATU 0a3y
WISE (Wide-field Infrared Survey Explorer) [4],
1110 BKJIIOUA€E ajibOe10 Ta po3Mipu Oibli Hix 90 -
cs4 actepoiniB. KpiM Toro, cyyacHi Katajgoru opoit
acTepoiliB MaIOTh JI€1110 MEHIIIi TTOXUOKH MOPiBHSI-
HO 3 karajgoramu 10-piuHoi maBHOCTI. ToMy Io-
BTOpPHE JOCTiIXKEHHS 1IbOTO MUTAHHS MA€ CEHC.

TIIXTI 10 BUSABJIEHHSA
HETPABITAIIIITHOTO E®EKTY

[ToTpiObHO MaTK ABa KaTaJoru eJeMeHTiB OpOiT ac-
TEepPOidiB Ha JOCTaTHHO PO3HECEHi enoxu. BukoHy-

© A. M. KABAHLIEB, JI. B. KASBAHLIEBA, 2017
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€ThCS UUCEJIbHE iHTErpyBaHHsI €BOJIIOLLIT OpOiT acTe-
POIiB Bil €MOXM OUTBII pAHHBOTO KaTaJoTy A0 €1o-
X1 OimblI Mi3HbOro. [ami BU3HAYalOThCS Pi3HMIL
eJIEMEHTIB opOiT

da=a,—a,,

nea, ia o, — 3HAYCHHST BEJIMKOI ITiBOCi opOiTH acTepoina
Ha OiJTbIII Mi3HIO eMOoXY 3 KaTaJIory Ta 3 pO3paxyHKiB Bifl-
TOBITHO.

Ha 3HaueHHs1 da OyayTh BIUIMBATU Taki (pakTopu:
a) TOMWIKW y BUKOHAHUX YKUCETbHUX PO3PAXYyHKAX,
0) MOXMOKMU KaTaJIOXHUX €JIEMEHTIB, B) peaJIbHUIA BILTUB
TiJ1, HE BPAXOBaHUX y PO3paxXyHKax (301IMKEHHSI 3 BEIU-
KMMM acTepoilaMM UM IMadiHHS METEOPUTIB), T) Herpa-
BiTaliliHi e(peKTU pi3HOI IPUPOIU.

VY HaiioMmy po3ropsiizkeHHi 0yJIu KaTajaoTu opoiT
actepoifiB MiXXHapomIHOTO LIEHTPY MajiiX TJIaHeT
(MPC) na enoxu 18.08.2005 p. ta 13.01.2016 p. B
Karajiorax 3Ha4Y€HHsI BEJIUKUX MiBOCE OpOIT Mpu-
BeeHO 3 TouHicTio 10 107 a. o. st OIliHKM TOY-
HOCTI KaTaJIoTiB i IIporpaMu 004YMClIeHb BUKOHYBa-
JIOCh YKcCeJIbHEe IHTerpyBaHHs opOiT 20 KpyImHMX ac-
TEpOIliB B KOXHill 3 TI’SITU Pi3HUX 30H TOJOBHOTO
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MOSICY IPY 3HAaYEHHSIX BEJIMKUX I1iBOCei opOiT. 3po-
3yMiJIO, 1O BCi IepepaxoBaHi (pakKTopu, SIKi BILIA-
BalOTh Ha 3HauYeHHS da, s KPYIHUX acTepoiliB
OynyTh IMO3HAavYaTUCs MiHiManbHO. CepeaHi 3Ha4eH-
HS da B KOXHIl 30HI BEJIMKMX ITiBOCEil OpOiT HaBe-
JIeHo y Tabj. 1. BuaHo, 1110 y YOTHPbOX 30HAX 3 IT’ITU
3HAYeHHS da SIBHO MEHII 3a MOXMOKM KaTaJoriB
(10~7 a. 0.). JIuire Ha 30BHILIHBOMY Kpai FOJIOBHOTO
rnosicy 3HaueHHs da neio Oinbii. Lle 1isikoM 3po3y-
MiJIO, a/Ke IS Tijl, IO PYXaroThCs Ha OUIBIINX Bim-
CTaHsIX, TOXMOKMU eJeMEeHTIB opbiT MaloTh OyTu
OinbMMuU. TakKM YMHOM, MOXHA 3pOOUTHU BUCHO-
BOK, 1110 TOYHICTh HAIIIMX PO3PAXyHKiB HisIK HE HAX-
Yya 3a TOYHICTh KaTajoriB. Meron i mporpamy iHTe-
rpyBaHHSI HaBeleHO B po0OoTi [1].

MOIIYK HETPABITAILIIAHOTO EDEKTY
3 BUKOPUCTAHHAM BA3U WISE

baza WISE mictuth annbeno 94820 okpemux acre-
poiniB [4]. Op6it 52094 3 HUX HpeacTaBlIeHi B 000X
karasorax MPC. Byjio BUKOHaHO 4YKCeIbHE iHTe-
rpyBaHHS BCix X opo6it Bim 2005 p. mo 2016 p. Be-
JIMYVMHU da BU3HAYAIUCS JJIsT aCTEPOINiB TOJIOBHOTO
nosicy 3 po3mipamu 5 < D < 40 kM Ta ajpdeso B iH-

Tabauysa 1. Cepenni 3Ha4eHHs da B Pi3HUX 30HAX
BEJIMKUX MiBOCeii OpoiT

a,a.o. da, 1077 a. o.
2.20...2.30 0.35
2.40...2.50 0.43
2.70...2.80 0.40
2.90...3.00 0.55
3.10...3.20 1.13

Tab6auys 2. KinbKocTi actepoinis
3i 30iIbIIEHHAM TA 3MEHIIEHHSAM BEJIMKUX MiBOCei
opoGiT B pi3HUX mianasonax |da|

|dal, 107 a. o. N, N_ N,/N_
1.3 3935 2275 1.7
3.5 1835 977 1.9
5.7 972 554 1.8
7.9 518 314 1.7
9..11 305 182 1.7

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2017. T. 23. No 3

N
6000 -
4000 |
2000
O 1 1 1 1 1
—12 -8 —4 0 4 8 12
da, 10" a.0.

Posnonin xinbkocti N acrepoinis 3 anvbeno p, < 0.2 mo 3na-
YEeHHSX BEIMYUHU da

tepsaii Big 0.02 mo 0.60. Tina 3 po3mipaMu MeHILE
5 KM MOXYTb MaTU TTOMiTHi MOXUOKU B eJIeMEHTax
opOirt, a Ha kpynHi Tila HT'E HaBpsa yu MoXyTh
BIUIMBATU. 3HAYCHHS alb0eI0 acTePOidiB, MEHIIII 3a
0.02 Ta Gizbi 3a 0.60, cKopill 3a Bee € TOMUIKOBUMU.

IlepepaxoBaHuM BHIIIE YMOBaM BiANOBiZalOTh
50630 Tin. 3HaYeHHsST da WX TiNl JexaTh y MexXax
(=3...41.7):1073 a. o. Jna aHamisy Binbupamucs
3HaueHHs da = (—1...+1) - 10~®a. 0. (22363 3HaueH-
Hs1). 3aHATO BEJIMKi 3HAYEHHSI da MOXYTh OYyTH BU-
KJIMKaHi YMHHUKAMMU, He OB’ s13aHuMM 3 gieto HI'E.
bynyBanucst po3noaiiv 3HaueHb da MO 3HAYEHHSIX
a{lbﬁenp acTepoiniB p, i MPOBOAMIUCS yCepeAHEH]
JIiHIIHI 3aJ1e3KHOCTI

da=cp,*+c.

Brutus HI'E Ha actepoinn MoxHa 6auynTH 3a 3Ha-
KOM Ta 3HaYeHHsAM KoediuieHTa c,. Ko uei xoe-
¢iLieHT BiOMiHHMI BiI HyJIsS 3 JOCUTh BHCOKOIO
CTaTUCTUYHOIO BIpOTiIHICTIO, TO MOXHA MPUITyCKa-
TH, 1110 Ha OpOiTH aCTEPOIdiB B iIHTEpBaJIi MixX eroxa-
MU KatasoriB BriuBae aesskuiit HI'E.

Hnsa onrcaHoi Bubipku 22363 actepoiniB Koedi-
Li€HT ¢; CTaHOBUB —7.6 - 10-8 a. 0. mpu piBHi 3Ha-
yumocTi 0.001 (Buie «3-cirma»). ['onoBHUIT BHECOK
y claj 3aJeXXHOCTi da(p,) BHOCATh HU3bKOATBOEHI
acrepoinu 3 p, < 0.2. JIns 1bOTO fiana3oHy anboeno:
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¢, =—6.5-1077 («4.5-cirma»).

Hiss HT'E mepeBaxkHO BIUIMBA€ Ha 30iIbLICHHS
BEJIMKUX TTiBOCEH TiJl 3 MaTuMHU ajiboeno. Ha pucyHky
MOKAa3aHO PO3MOMILT KiJTbKOCTI acTepoiis 3 p,, < (0.2
M0 3HAYeHHSIX da. BuaHo, 1110 MaKCMMYyM pO3IOiTy
BinmoBinae 3HayeHHsIM da = 0. Lle e pa3 cBiguuUTH
MPO JOCTATHIO TOYHICTh PO3PAXYHKIB Ta €JIEMEHTIB
op6iT. KpiM TOro BUAHO, 1110 KiJIbKiCTb aCTEPOIiIiB 3
NOJATHUMU 3HAYEHHIMU da TOMITHO Oijblla BiI
KITBKOCTI Tin 3 Bim’€eMHUMM 3Ha4eHHSIMU da. s
HaBeIeHMX Ha PUCYHKY II’SITU iHTEpBaJiB JOHATHUX
Ta BiJ’€MHUX 3HaYeHb da y Tab. 2 BKa3aHO BiAmo-
BiJIHI KIBKOCTI acTepoinis (N, Ta N_), a TaKOX ixHE
BigHOLIEeHHA. BunHo, mo nepesara N, Hag N_ 30e-
piraeTbcst Ha BCbOMY ITPOMIXKKY BEJIMYUH da 3 Maii-
Ke TOCTiMHMUM BigHomeHHsIM. Lleit ¢akT cBiguuTh
PO HEBUIIAJKOBUI XapaKTep MepeBaXKHOTO 30i/1b-
LIEHHSI BEJIMKUX MiBOCE aCTEPOINiB 3 MaJIUMU allb-
0emo i Moxe OyTH BUKOPUCTAaHUIA IJISI MOIIYKIB hi-
3uyHoro mexaHizmy aii HI'E.

MOKJIMBUNA ®I3UYHUI MEXAHI3M IIi
HETPABITALIIIHOTO E®EKTY

[Tpu HOMiHaIBHI TOYHOCTI BETUMKHUX MiBOCE OpOIT
B Katajgorax 10~7 a. 0. peaJlbHUMU i BUKJIMKAHUMU
niero HI'E MmoxxHa BBaxkaTu aOCOJIIOTHI BEJIUMYMHU
da=(2...10)- 1077 a. o.

Hacamnepen BapTo BM3HAUWUTU, YA 3MOXE TaKy
3MiHy BeJIMKUX ITiBocell opOiT 3a0e3neyuT eheKkT
ApkoBcbkoro. Bpo6oti [6] oTprMaHo, 1110 KaM’ STHU
acrepoin giametrpom D = | M, IIO pyXa€ThbCs B TO-
JIOBHOMY ITOSICi, MOX€E 3MiHUTH BEJIUKY MiBBiCh CBO-
€i op0OiTu mia gieto epekty SApkoBcbkoro Ha 1 a. o.
3a 1.5 MJIH pOKiB.

Benuka miBBich Op0OiTH Tijla Ha MEBHIN rejioleH-
TPUYHIN BincTaHi OMHO3HAYHO BU3HAYAETHLCS BEJIM-
YUHOIO OpOiTaJbHOI IIBUAKOCTI Ti1a. OTXe, 3MiHA
BEJIMKOI TiBOCI OpOiTH acTepoina 3a paxyHOK e(eKTy
SIpKOBCHKOTO 0OYMOBJIEHA HOJATKOBOIO OpPOiTajib-
HOIO LIBUJIKICTIO, HAJAHOIO TiJTy 32 paxyHOK aHOTO
edekTty. BemnunHa mogaTKoOBOI IIBUAKOCTI ITPOIIO-
pliiiHa KUJTBKOCTI COHSTYHOTO BUMIPOMIHIOBAHHSI, 1110
MoNaae Ha MOBEPXHIO Tia, To6To D?. B Toii e yac
I JoJaTKoBa IIBUIKICTE OOEpHEHO ITpOIopliiiHa
Maci Tia, To6To D3. OTXe, 1151 Tina miametpom 20 KM,
1110 BiAITOBiIa€e cepeaHbOMY PO3MIpY acTepoiliB Ha-
1101 BUOIpKM, 3MiHa BEJIMKOI MiBOCI OpOiTH ITim i€
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edexty ApkoBchkoro mae oytu B 20 000 pasiB mo-
BUIBHIIIIO, HiK IS Tila miameTpoM 1 M, TOOTO
6mm3bko 3 - 10719 a. 0. 3a 10 pokis.

Ha 30BHilIHbOMY Kpai nosicy cepeHi r'yCTUHU
acTepoiliB MOXYTh CTAHOBUTH He 2 I/CM?3, K IS
KaM’SIHUX TiJl, @ BABiUi MeH1e. JIJst Takux Tia ais
edekTy ApKoBChbKOTo Oyae MOMITHIIIO. AJle X
B 1Iiii 30Hi TOJJIOBHOTO IOSICY i KUJIBKICTh COHSIY-
HOI eHeprii meHiua. OTXe, OTpUMaHi BeJIUYUHU
da = (2...10)-10~7 a. 0. 3a 10 pokiB He MOSICHIO-
I0ThCA Hi€lo edekTy ApKOoBCHKOTrO.

MoxnuBumM MexaHizmoM jii mykaHoro HT'E moxe
OyTH BUJIIT peYOBMHMU 3 MOBEPXHi acTepoina. O1iHou-
Hi po3paxyHKM Oyiau 3poOJIeHi IS Tija po3MipoM
20 KM Ta cepeIHboI0 rycTuHoo 1000 Kr/M3, sike py-
Xa€eThCsI 110 op0iTi 3 ekcueHTpucuteroMm 0.10 Ta Benu-
KOI0 TiBBiccio 3 a. 0. MojeatoBaHHIM 3MiHU TeJlio-
LIEHTPUYHOI IIBUAKOCTI Vh TaKoro Tiyia Oy/I0 BU3HA-
YE€HO, 10 TPK 30LTbIIeHH] 3HaYeHHs V), = 19 kM/c
Ha 1.0 MM/c BeJqMKa MiBBiCh OPOITU 301bIIUTHCS
Ha 41077 a. 0.

s tudpa Binmomimae cepeAHbOMY 3HAUCHHIO
BEJIMYUH da U151 acTepoiniB Haloi Buoipku. OpieH-
TYIOUMCh Ha JaHe 3HAY€HH$, OLIIHMMO IHTEHCHUB-
HICTh BWJIBOTY PEUOBMHM 3 IIOBEPXHi TijIa, HEOOXi-
HY IUISI TaKOl 3MiHM BEJIMKOI MiBOCi MOro opOiTu.
IIpu npomy OymeMo BBaxKaTu, IO BUJIT PEYOBUHU
BiIOYBa€ThCS MEPEBAXKHO B HAMPSIMKY, MPOTUJIEXK-
HOMY OpOITaJIbHIM IIBUAKOCTI acTepoiza.

Skuo 3a 10 pokiB JomaTKOBa IBUAKICTh, HaJaHa
TiJTy p€YOBMHOIO, 1110 BUJIITA€E 3 IOro IMOBEPXHi, CKJa-
nae 1 MM/c, TO 1ie Bi[NOBiJa€ J0AAaTKOBIiil IIBUIKO-
cti 3-10712 M/c 3a KOoXHY cexyHay. Maca Tina 6:113b-
Ka mo 4- 101 xr. [IpuiimeMo, 1110 MIBUIKICTH BUJIHO-
Ty PEUYOBMHM 3 MOro moBepxHi craHoBUTH 30 M/c,
110 JIEXUTh y MeXax peaJibHUX 3HaueHb IIBUIKO-
cTeli BUJIbOTY MTUJIOBUX YACTOK JIJIS1 KOMET FOJIOBHOTO
nosicy. B Takomy pasi a1 HamgaHHS Tijy MOTpiOHO1
JTIONATKOBOT IBUJKOCTI KOXHOI CEKYH/IA MAa€ BUJIiTa-
™ 0ins 400 KT peyoBMHM 3 YACTUHU MOTO MOBEPXHI,
1110 BiIMOBiA€ IUIONII TONEPEYHOTO Mepepisy (Miae-
11), a6o 1.3 Mr 3 koxHoro M2 wiei miou. Taka iH-
TEHCUBHICTb MWJIOBUIJICHHSI IPMUOJIM3HO Ha ABa I10-
PSIIKYM MEHIIIa, HIX 71 KoMeT cimeiicTBa FOmitepa.

BukopurcTOBYIOUM COHSIUHY CTajly Ta BiiIcCTaHb ac-
Tepoina Big CoHIISI, HEBAXKO OTpUMAaTH, IO AOJIS
CYMapHOi KiHeTUYHOI eHepril pe4YOBUHU, 110 BUJIi-
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Ta€ 3 TIOBEPXHi acTepoila, cKilanae npuoamsHo 4 - 100
BEJIMYMHM COHSIYHOI €HEPril, 110 Iajga€ Ha oro Imo-
BEPXHIO.

TakuM YMHOM, BWIIT peYOBMHU 3 MOBEPXOHb ac-
TEepOIidiB ILIJIKOM MOXE IMOSICHUTHA OTpMMaHi BUILE
3HaueHHd da. Toii pakT, mo 3a3HayeHunii HI'E 0inbin
MOMITHUI 1151 HU3bKOAJIBLOSAHUX acTepoiliB, CBil-
yuTh Ha KopucTh Takoro HI'E. Amxe actepoinu 3 Ma-
JIMMU ajb0e10 OLIbII MOPOXHSIBI, i HA IXHIX OBEPX-
HSIX Ma€ OyTH OiJIbIIIE JIETIOYMX PEYOBUH MOPIBHSIHO 3
TiJ1TaMu 3 OIIBILIMMU aJIbOEIO.

Hagenene nosicnenns aii HT'E moxe OyTu ciyii-
HUM, SIKIIIO OUTBIIICTh aCTePOIliB Y TOJIOBHOMY I10-
sICi MaloTh TIpsiMe OChOoBe oOepTaHHs. Ha choromgHi
HaIpsIMKKA OCbOBOTO OOEpPTaHHSI BU3HAYEHi MEHIII
Hix 1ug 200 acrepoiniB. Lo iHdopmaliio MoxHa
3HAWTM y BinkpuTiit 6a3i Planetary Data System [3].
bing nBox TpeTUH TiI MalOTh MHpsiME€ OOEpPTaHHS.
BingnosinHo no maHux [5] momiOHe CHiBBIZHOIIEHHS
Ma€ MicIe i Ui iHImmMX KaTajoriB. TaknuM 9iHOM,
HasBHIiCcTh gaHoro HI'E y3romxyerbcst 3 BimoMumu
CMOCTEPEeXXHUMU JaHWMU TIPO OCbOBE OOEpPTaHHSI
actepoiniB. binblie TOro, 3HauyeHHsI, HaBelIEHi B
TabJI. 2, JOCUTH JOOPE Y3TOMXKYIOTHCS 3 JTAHUMHU ITPO
CIIBBiTHOIIEHHSI MiX acTepoijaMM 3 TIpSIMUM Ta
3BOPOTHHUM OCHOBUM OOEpPTAHHSIM.

Ha xxanb, cepen actepoiniB 3 BITOMMMHU HarpsiMKamu
OCBOBOTO 0OEPTAHHST HEMAE KOIHOTO 3 |da| > 2+ 10~ a. 0.,
Tomy minTBepmkeHHs aii HI'E 3a Hanpsimkamm o6ep-
TaHHsSI KOHKPETHUX acTepoidiB MOXHa OTpUMAaTu B
MaioyTHbOMY. Pa3oM 3 TUM OTpUMaHi JaHi po 3MiHy
BEJIMKMX ITiBOCEl OpOIT MOXKYTh BKa3yBaTy Ha Harpsi-
MOK OChOBOI'0 00€pPTaHHSI aCTEPOIIiB.

BIICHOBKHI

Bukonani 4ucenbHi po3paxyHKM €BOJIOLII OpOIT
acTepoiNliB CBiUaTh, 1110 B Hallli IHi B pyci MOMITHOI
YaCTUHU acTEPOiliB TOJOBHOIO TMOsICY 3 pO3Mipamu
10 40 KM MO3HAYa€eThCS BILIMB ACSIKOTO HerpaBiTa-
uiriHoro edekrty. Takuit HI'E npuzBoauTts 10 30i71b-
LIEHHST BEJIMKUX ITiBOCE OpOiT HU3bKOAJTBOSTHUX
acTepoilliB y MOPiBHSIHHI 3 BEJIMKMMMU I1iBOCSIMU Op-
OIT TiJT 3 OLIBLIMMU AJTBOENO.

®iznunnmii MexanisMm aii HIE 3a cBoexo mpupo-
nmoro Moxe oytu omm3bkuit o HI'E B komeTax. Lleit
BUCHOBOK Y3TO/IKYETHCSI 3 HAsIBHUMM CITOCTEPEXK-
HUMU JaHUMU IIPO OChOBE 00EPTaHHS aCTEPOIIiB.
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BusHaueHHs y MaiilOyTHLOMY HaIIpSIMKiB OCbOBO-
ro obGepTaHHsS i1 HaBEAEHUX acTepoiliB AacTh
MOXJIMBICTb OJTHO3HAYHO 3pOOUTU BUCHOBOK MPO
peanbHicTh aii 3a3HadyeHoro HI'E. VY Toit xe uyac
OTpUMaHi JaHi Mpo 3MiHy BeJIMKUX IMiBOcell opOiT
MOXYTh BKa3yBaTH Ha HampsiIMOK OCbOBOTO 00ep-
TaHHS acTEPOiiB.
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AcTpoHOMUYECKast 00cepBaTOPUS
KueBckoro HallmoHaJIbHOTO YHUBEpCUTETa
umenu Tapaca [lleBueHnko, KueB, YkpanHa

HETPABUTALIMOHHBIN DODEKT

1 OPUEHTAIIMSA OCEN BPAILIEHUA
KNJIIOMETPOBbBIX ACTEPOM10OB
ITABHOTIO ITOSACA

BbinosiHeHbI YMCIEHHbIE pacyeThbl DBOJIOLIMUA OPOUT acTe-
pounoB riaBHoro mosica ot 2005 r. mo 2016 r. PacyeTs mo-
Ka3bIBalOT, UTO B HAIIW JHU B U3MEHECHWU OOJBIINX TTOJTy-
oceil opOUT 3aMETHOM YaCTH HU3KOAILOEIHBIX aCTEPOUIOB
[JIABHOTO Mosica pa3mepamu 10 40 KM CKa3bIBA€TCSI BIMSHIE
HerpaBUTallMOHHOrO 3(ddeKkra KOMEeTHOW npupoabl. M3-
MEHEHMe OOJIbIIOM TOJYyOCH OpPOMTHI acTepouaa 3aBHCHUT
OT OPMEHTALIMM OCH BpalieHus. [103ToOMy TOUHBIE pacueThbl

46

9BOJIIOLIMY OPOUT acCTEPOMIOB MOTYT YKa3bIBaTh Ha HAIlpaB-
JieHue (MpsiMoe UM 00paTHOE) OCU UX BpallleHUsI.

Karouesnie caosa: actepousi, OCb BpallleHUs], HETPaBUTALIN-
OHHBIN 3 PEKT.

A. M. Kazantsev, L. V. Kazantseva

Astronomical Observatory of the Taras Shevchenko
National University of Kyiv, Kyiv, Ukraine

A NON-GRAVITATIONAL EFFECT AND SPIN
ORIENTATION OF KILOMETER-SIZED ASTEROIDS
OF THE MAIN BELT

We present the results of the numerical calculations of the
orbital evolution of the main belt (MB) asteroids over the pe-
riod from 2005 to 2016. We show that, at the present time, the
non-gravitational effects of a cometary nature are the essen-
tial factors affecting changes in the semi-major axes of the or-
bits of a significant part of the MB low-albedo asteroids with
dimensions up to 40 km. The change in the semi-major axis of
an asteroid’s orbit depends on the spin direction. Therefore,
precise numerical calculations of the evolution of their orbits
may indicate the direction (prograde or retrograde) of the axis
of their rotation.

Keywords: asteroid, spin axis, non-gravitational effect.
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HIGH-FREQUENCY GRAVITATIONAL WAVE RESEARCH
AND APPLICATION TO EXOPLANET STUDIES

A discussion of the history of High-Frequency Gravitational Wave (HFGW) research is first presented. Over the years until modern
times, starting with the first mention of Gravitational Waves by Poincaré in 1905 and the definition of HFGWs in 1961 by Robert
L. Forward, the discussion continues concerning the international research efforts to detect HFGWs. The article highlights the
accomplishments of HFGW researchers in China, Russia, Ukraine, England, Australia, Japan, Germany, Spain, Italy, and the
United States. Comparisons are made with Low-Frequency Gravitational Wave (LFGW) research, especially concerning the Laser
Interferometer Gravitational Observatory or LIGO. In fine, there are presented several interesting perspectives concerning cosmology,
the speed of time and, especially, exoplanet applications of HFGWs.

Keywords: gravitational waves, high-frequency gravitational waves, HFGWs, HFGW Detectors, speed of time, exoplanets, LIGO,

Starshot.

INTRODUCTION

If we swim in the ocean we feel the water waves.
When we listen to a song we hear acoustical waves.
When we look at each other we see the light or elec-
tromagnetic waves. But are there other possibly in-
visible waves not so easily sensed?

It was in 1905, several weeks before Einstein pre-
sented his Special Theory of Relativity that Henri
Poincaré, the famous French mathematician and
Celestial Mechanic, suggested that Newton’s theo-
ries needed to be modified by including ”Gravita-
tional Waves” [1]. However, Poincaré, presented
little or no specific analyses.

In 1916 such Gravitational Waves (GW) were first
mathematically analyzed in the paper authored by
Albert Einstein, where he discussed Gravitational
Waves in his theory of General Relativity [2]. Spe-

© R. M L BAKER, JR., 2017
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cifically, in 1918 Einstein derived the quadrupole
formula or equation [3] according to which Gravita-
tional Waves are produced in his newly studied space-
time continuum by a time-dependent mass quadru-
pole moment (literally a four-pole moment, actually
a 4 x 4 tensor; as pointed out in an overview of gravi-
tational radiation prepared by the Astronomy De-
partment of the University of Maryland, there can-
not be monopolar gravitational radiation, there is no
dipolar gravitational radiation either, but there can
be quadrupolar gravitational radiation). The quadru-
pole moment showed that Gravitational Waves can
carry energy. Also the quadrupole wave is the sim-
plest solution that maintains conservation of mo-
mentum during the propagation of the wave [4].

In 1936 Einstein submitted, together with Nathan
Rosen, a manuscript to the “Physical Review” in
which they claim that gravitational waves do not ex-
ist. In 1937, after receiving a critical referee report,
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Fig. 1. Joseph Weber and his “Weber Bar”

Einstein was upset and withdrew the manuscript (with
the erroneous claim) and published, again together
with Rosen, a strongly revised manuscript confirming
Gravitational-Wave solutions in the “Journal of the
Franklin Institute” [5]. (Rosen actually departed for
Moscow just before the actual publication [6].)

After reviewing the early work of Einstein, Joseph
Weber suggested the detection of Gravitational Waves
utilizing a large 2,400 pound Aluminum cylinder
that, when isolated from all external vibrations, would
resonate like a “bell” excited by incoming Gravita-
tional Waves — his so-called “Weber Bar” (Fig. 1).
His results were inconclusive and resulted in some
reports that are still debatable. It is worth noting,
however, that a Weber-Bar type detector of Gravita-
tional Waves was developed at the Institute of Theo-
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retical Physics in Kiev in the late 1970s. At the end of
1970s Aleksey Zinovievich Petrov, who worked at
the Institute for Theoretical Physics of the Academy
of Sciences of the UkrSSR (hereafter — ITP), has
initiated the work on the creation of a unique device —
the Weber type antenna — for monitoring of Gravi-
tational Waves from powerful extragalactic sources.
Being a physicist-theorist, he was aware of the need
for an experimental confirmation of the main prin-
ciples of the General Relativity. A premature death
of A. Z. Petrov made significant adjustments to the
plans for theoretical and experimental gravitational
studies in Ukraine. In particular, part of his followers
moved to the Ukrainian Center for Standardization
and Metrology of the State Committee of Statistics
of the USSR. General management of works was
carried out by K. A. Piragas, while a principal deve-
lopment of “Weber Bar” in Kiev was guided by A. M. Svi-
ridov. This group included such Ukrainian physicists
as V. L. Kopylov, S. S. Zhovnir, 1. T. Zhuk, Yu. A. Opana-
syuk, A.N. Alexandrov, and others. They had spent a
lot of time in attempts to detect Gravitational Waves
using the constructed Weber Bar [82, 87].

Research and Detectors of Gravitational Waves.
The first mention of High-Frequency Gravitational
Waves (or HFGWs) that I could determine was in a
meeting in 1961 that I had with Dr. Robert Lull For-
ward at my Lockheed Astrodynamics Research Cen-
ter in Bel Air, California!. I had invited him over
from the Hughes Research Laboratory in Malibu,
California, to deliver a lecture on the “Weber Bar”
that he and Dr. Joseph Weber were constructing at
the Hughes Lab to detect Low-Frequency Gravita-
tional Waves (1660 Hz). During the Question and
Answer part of our Lecture, Bob Forward and I talk-
ed about building a Laboratory generator and detec-
tor for “High-Frequency Gravitational Waves”, hav-

I TLecture was given at the Lockheed Astrodynamics Research
Center (LARC), 650 N. Sepulveda, Bel Air, California, USA,
a few blocks from UCLA, November 16th, 1961. A Lockheed
Research Report RL 15210 was published based upon notes
taken by Samuel Herrick, a Lockheed Consultant and UCLA
Professor. Attendees included LARC members Robert
Rector, Professors Geza Gedeon, Kurt Forester, my secretary
Joan Boyle (who typed up Herrick’s notes in the Lockheed
Research Report of the Lecture), plus UCLA students.
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ing frequencies over 100 kHz. As far as I know this
was the first time the subject had been broached. I
recall that we concluded that it could not be accom-
plished with the technology then available; but I sug-
gested that such high-frequency gravitational waves,
or HFGWs, might be useful in the study of the early
Universe and would have practical applications, for
example, communication (the ultimate wireless sys-
tem). They would be useful for the interception of
interstellar communications by extraterrestrial ad-
vanced civilizations, whose communications means
of choice would be high-frequency gravitational
waves since, unlike electromagnetic radiation, HF-
GWs pass un-attenuated through all matter includ-
ing interstellar matter [7, 8].

There were no actual scientific or technical publi-
cations concerning High-Frequency Gravitational
Waves that I could find until mid-1962, when Mikhail
Gertsenshtein authored the pioneering paper entitled
“Wave resonance of light and gravitational waves”
[9]. The Gravitational-Wave frequencies being about
those of light (4 - 10'* Hz is red light, 8 - 10!4 Hz is
violet light) would be considered HFGWs. Unfortu-
nately, the Gertsenshtein effect is so weak that it has
no value for the detection, generation or applications
of HFGWs. By the way, the idea that laid the theo-
retical basis for, or a precursor of, future big Gravita-
tional-Wave interferometers, such as the Laser Inter-
ferometer Gravitational Observatory for the detec-
tion of Low-Frequency Gravitational Waves (LFG-
Ws), was put forward by Gertsenshtein and another
Russian scientist Vladislav Pustovoit in 1962 and re-
ported on in 1963 [10].

In 1967 Rainer Weiss from the Massachusetts In-
stitute of Technology published an analysis of inter-
ferometer use for LFGW detection and initiated the
construction of a prototype with US military fund-
ing. Unfortunately, the construction was terminated
before the laser LFGW detector could become op-
erational. The concept eventually was utilized in the
Laser Interferometer Gravitational-wave Observa-
tory or LIGO [11].

The next publication concerning HFGWs was in
August of 1964, when Leopold Ernst Halpern and
Bertel Laurent wrote a paper in “Il Nuovo Cimento”
[12]. Like I had in 1961, they suggested that “...ar
some earlier stage of development of the Universe (the

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2017. T. 23. No 3

Big Bang) were suitable to produce strong (relic) gravi-
tational radiation” [12, p. 729]. They then discuss
“short wavelength” or High-Frequency Gravitation-
al Waves [12, p. 743] and even suggest a “gaser” gen-
erator of HFGWs [12, p. 747], analogous to a laser
for electromagnetic generation.

Leonid Petrovich Grishchuk and Mikhail
Vasilievich Sazhin in early 1974 authored a paper on
“Emission of gravitational waves by an electromag-
netic cavity” [13], which involved HFGWs. In
August of 1974 G. F. Chapline, J. Nuckolls, and
L. L. Woods suggested the generation of HFGWs by
nuclear explosions [14] and in 1978 Vladimir Boriso-
vich Braginsky? and Valentin N. Rudenko wrote
about “Gravitational waves and the detection of
gravitational radiation” [15]. In that regard, a more
recent paper by Rudenko (with N. Kolosnitsyn) in
“Physica Scripta” suggests it is possible to couple a
HFGW Generator and Detector (theoretically, a
possible communication link) with a HFGW ampli-
tude sensitivity of h ~ 103! m/m at frequencies in
excess of 1010 Hz. The Russians were most interested
in HFGWs during the “Cold War” especially in the
1970’s. Then in 1979 Steven W. Hawking and W. Is-
rael presented an actual definition for HFGWs in a
book [83, p. 98]. They suggested HFGWs have fre-
quencies in excess of 100 kHz.

In Germany, Professor Heinz Dehnen was devel-
oping another HFGW generator, which made use of
an array of crystal oscillators. Dehnen concluded
that utilizing the relatively large crystal oscillators
then available, the generated HFGWs would be too
weak to be of value. Giorgio Fontana in Italy had
been studying another possible HFGE laboratory
generator the HFGW of a Laser that he termed a
“Gazer.” Different from the LFGW research fund-
ing, all of this pre-2000 HFGW research was accom-
plished without funding by major foundations or
agencies [16, 17].

One of the first practical HFGW detectors was de-
veloped at Birmingham University, England by Pro-
fessor Mike Cruise and his graduate student Richard
Ingley. Professor Cruise published research during
the 1990s on an electromagnetic detector for very-

2 See paper [87] in this issue.
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Fig. 2. The Cruise-Ingley Birmingham University HFGW De-
tector. (Photo by Robert M L Baker, Jr., during visit in 2003)

Fig. 3. The Blair Parametric Transducer Gravitational Wave
Detector Component. (Photo by D. G. Blair)

high-frequency gravitational waves in “Class. Quan-
tum Gravity” in 2000. Professor Cruise has published
over 100 research papers and a textbook on “7The
Principles of Space Instrument Design”. He is a mem-
ber of the European Space Agency and a member of
international teams searching for gravitational waves
using ground based and space based facilities such as
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LIGO and the proposed Laser Interferometer Space
Antenna (LISA). An interaction between a gravita-
tional wave and the polarization vector of an electro-
magnetic (EM) wave is the basis for the Cruise-Ing-
ley Birmingham HFGW detector. The polarization
vector of the EM wave rotates about the direction of
its propagation. If a resonant condition can be estab-
lished with the EM wave always experiencing the
same phase as the gravitational wave, then the effect
is cumulative and can be enhanced linearly by re-
peated circuits of a closed loop. The detector mea-
sures changes in the polarization, using a short fila-
ment or probe, of the EM microwave beam (indicat-
ing the presence of a HFGW) propagating within a
waveguide loop about one meter in diameter. This is
about the wavelength of 300 MHz HFGWs [18—23].
A pair of the Cruise-Ingley HFGW detector loops is
shown in Fig. 2.

Another of the early HFGW detectors was also de-
veloped in 1990s on the other side of our planet, in
Australia, by the gravitational wave pioneer Professor
David G. Blair [24—25]. It is a Parametric Trans-
ducer device that is essentially gravitational-wave
antenna and in many ways similar to the Weber Bar
detector. A view of the double transducer component
is exhibited in Fig. 3. It is expected to be sensitive to
HFGWs having space-time maximum fractional de-
formations or strain of A ~ 1 x 10-20/'Hz meters per
meter.

There was, however, no real acceptance of gravi-
tational waves in the scientific community until some
observations were made from the Arecibo Radio-
Astronomy telescope in Puerto Rico in the 1970s of
binary pulsar 1913+16. They were made by Joseph
H. Taylor and his graduate student, Russell H. Hulse,
and led to the indirect verification of gravitational
waves and their being awarded the 1993 Nobel Prize.
Now GW research began to flourish. The Nobel Prize
legitimized the existence of gravitational waves. This
acceptance led Kip Thorne and others, especially
Ronald W. P. Drever, both from Caltech, to promote
the Laser Interferometer Gravitational Observatory
or LIGO low-frequency gravitational-wave detector
with the US National Science Foundation. LIGO
was developed to detect the intense gravitational
waves theoretically generated by the merger of a bi-
nary pair of black holes [11, 26—28].
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Fig. 4. Notional Drawing of Li-Baker HFGW Detector concept drawing by author

We remind that the High-Temperature Super-
Conductor (HTSC) generator proposed by Giorgio
Fontana from Italy is based upon the previously
mentioned Halpern and Laurent studies and “...the
properties of cooper-pair pairing states ...” [29, 30].

At this point in history let us pause and consider
the state of Gravitational-Wave science at the turn of
the Century, 2000. In the United States, as funded by
the US National Science Foundation, the California
Institute of Technology and other top institutions
such as the Massachusetts Institute of Technology
were actively pursuing the design and construction of
the LFGW detector, LIGO. In England the first
practical HFGW detector was under development by
Professor Mike Cruise and his graduate student
Richard Ingley. And in Australia Professor David G.
Blair was actively involved in gravitational-wave re-
search. I contacted the US National Security Agency
(Hendge G., written communication from the Uni-
ted States National Security Agency to Robert M. L.
Baker, Jr., dated on January 19, 2000). In Russia the
top scientists had accomplished considerable HFGW
research, especially concerning the “Gravitational-
wave Hertz” experiment, the concept of the labora-
tory generation and detection of HFGWs. In Ger-
many, Heinz Dehnen was analyzing a crystal-oscil-
lator laboratory HFGW generator or transmitter. In
Italy, Giorgio Fontana was analyzing a “HTSC Gaz-
er,” initially suggested by Halpern and Laurent, to
generate HFGWs in the laboratory. Massimo Gio-
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vannini and others were continuing their research
into the early universe generation of HFGWs. Fangyu
Li had completed studies with Valentin Rudenko at
the Sternberg Institute of Moscow State University.

In China Dr. Li had accomplished research into
the Li-Effect in which HFGWs in a Gaussian elec-
tromagnetic field and an intense magnetic field could
allow for the detection of HFGWs. This detector,
termed the Li-Baker HFGW Detector, is under ini-
tial development in China at Chongqing University
(see, Fig. 4).

For comparison of the Li-Effect with the (inverse)
Gertsenshtein-Effect detectors, there is no laborato-
ry-generated electromagnetic wave in the Gertsen-
shtein and, as previously mentioned, the Gertsen-
shtein Effect is extremely small and, as the JASON
Report confirmed, has no value for HFGW detec-
tion. As of 2016, the Li-Baker detector is under de-
velopment by Chongqing University in China, High-
magnetic- field Center of Chinese Academy of Sci-
ence (construction of high-strength, super conduct-
ing magnetic field element of figure 10-9(b)) and
Southwest Jiaotong University in China. So far, the
Li-Baker would be theoretically the most sensitive
detector of weak HFGW’s signal exhibiting an ex-
pected sensitivity of 1032 meters per meter maxi-
mum amplitude strain in the mat of space-time (as
determined by the analyses of Professor R. Clive
Woods and others published in a 2011 edition of the
“Journal of Modern Physics” [30]). With the super-
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Fig. 5. Astronomical Observatory of Japan HFGW Detector

conductor magnetic field on, both noise and the sig-
nal perturbative photon flux (signal PPF) photons
caused by the interaction of Gaussian-beam and co-
incident HFGWs (Li-effect) are detected at micro-
wave detectors #1 and #2 (Fig. 4). With the magnetic
field off only noise photons are detected. The differ-
ence between these detected photons then signals the
presence of HFGWs. A basic problem is, as usual,
noise — especially standard-quantum-limit noise in-
herent in the observation process itself caused by
“quantum back action.” Since, according to Heisen-
berg uncertainty, the photons involved in the observa-
tion themselves change what is being observed (slight-
ly changing the geometry and/or time of arrival of
signal PPF photons or slightly “moving” or “hitting
against” what is being observed, so it is not where it
was when it was observed) and are also noise sources.
The 100 MHz HFGW detector of the Astronomi-
cal Observatory of Japan, Fig. 5, had been built and
reported on later in an article in the “Phys. Rev. D”
[31]. It consists of two synchronous interferometers
with arm lengths of 75 cm. Its maximum amplitude
sensitivity was about 10~16/YHz meters per meter.
By the way, HFGWs cannot be detected by large-
scale interferometer devices such as LIGO, Virgo or
the proposed Laser Interferometer Space Antenna
(LISA). According to one of the initial designers of
LIGO, Peter Sven Shawhan, “at higher frequencies
(above a kilohertz) the quantum nature of the laser
beam (made up of discrete photons, albeit a large
number of them) limits the precision of the measure-
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ments. Increased laser power would reduce the prob-
lem of quantum noise, but ultimately, the LIGO (and
like) interferometers are not suited to measuring
gravitational waves that stretch or shrink the arms
much more rapidly than the time a photon typically
remains in the optical cavity (laser arm), which is
roughly a millisecond for these (long) interferometers
(or approximately a one-kilocycle frequency limit) ...”
[32]. LISA would be even less sensitivity to HFGWs,
due to very much longer laser arms.

By 2000, research was picking up concerning de-
tection of the LFGWs (funded by almost half a Bil-
lion dollars from the U S National Science Founda-
tion), for LIGO for the detection of LFGWs most
probably (theoretically) produced by the merger of
black holes. To a far lesser, to an almost negligible
degree, research on the HFGWs, most probably (also
theoretically) produced by the early Universe or Big
Bang, was continuing especially in China. As a por-
tent of things to come, the very first patent specifi-
cally concerning HFGWs was filed in 1999, United
States Patent Number 6,160,336, “Peak Power Ener-
gy Storage Device and Gravitational Wave Genera-
tor”, including its continuation in part, “Gravita-
tional Wave Generator,” United States Patent Num-
ber 6,417,5971 B1 and “Gravitational Wave Genera-
tor Utilizing Submicroscopic Energizable Elements,”
United States Patent Number 6784591 B2. (Another
related patent was Peoples Republic of China Patent
Number 01814223.0, “Gravitational Wave Detec-
tor,” filed July 13, 2001.) 3 Although HFGW research
was encouraged by such important person as Buzz
Aldrin, at the turn of the Century there had been no

3 After a rather long breather from my 1961 interest, a business as-
sociate of mine (not a scientist) Fred Noble and I filed that very first
Patent Application for a GW generator in the world (now granted
as United States Patent 6,160,336) on November 19, 1999. (Joseph
‘Weber had a patent on an “Electromagnetic Coupled Detection of
Dynamic Gravitational Force Gradients,” United States Patent
3,722,288, filed in 1969, but it was unrelated to GWs). And then I
was awarded United States Patent Number 6,417,597, fora “Grav-
itational Wave Generator,” filed July 14, 2000. After achieving
patent protection, I presented a paper entitled “Preliminary Tests
of Fundamental Concepts Associated with Gravitational-Wave
Spacecraft Propulsion,” at the American Institute of Aeronautics
and Astronautics: Space 2000 Conference and Exposition (Paper
Number 2000-5250, September 20).
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actual detection of gravitational waves of any fre-
quency to inspire the scientific community.

Although there was no significant funding was
available for HFGW research, Paul Murad was able
to organize the first HFGW Conference or Workshop
at The MITRE Corporation in McLean, Virginia,
USA, May 6—9, 2003 4. The second HFGW Interna-
tional Workshop was organized by Eric Davis at the
Institute of Advanced Studies at Austin (IASA), Tex-
as, USA during September 17—20, 2007. Papers
were presented by most of the attendees including
Fangyu Li, Valentin Rudenko, Leonid Grishchuk,
Gary Stephenson, Giorgio Fontana, and Clive
Woods [33—37]. The Third International High-Fre-
quency Gravitational Wave Workshop was held in
Chengdu, China, April 7—9, 2017, and was attended
by about 60 scientists, mostly from China.

After the 2nd HFGW Workshop on June 17, 2008,
a research group called the JASONSs, composed of
very influential and respected university scientists,
was given a briefing on the generation, detection and
applications of high-frequency gravitational waves.
The JASON Report (JSR-08-506) on that briefing
was published in October, 2008. The Report was
widely distributed to the US scientific community
and various press organizations reported it. The JASON
Report stated that “Our main conclusions are that
the proposed applications of the science of HFGW
are fundamentally wrong; that there can be no secu-

4 In 2002 I traveled to Europe to present my HFGW ideas to
John Miller (a famous astrophysicist, who worked with Steven
Hawking) at the International School for Advanced Studies in
Trieste, Italy; Mike Cruise, Dean of Science at Birmingham
University, England (viewed his and Richard Ingley’ s HFGW
Detector); Professor Giorgio Fontana of the University of
Trento, Italy (viewed the INFN HFGW Detector); Harald
Dimmelmeier, the Max Planck Institute in Munich, Germa-
ny; and several scientists at INFN Genoa, Italy. At the last two
meetings | delivered a lecture on HFGWs and recommended
that an HFGW Working Group meeting be held early next
year (2003) “...in order to trade ideas, stimulate thinking and
define experimental parameters”. After considerable work
with Paul Murad, the Gravitational Wave Conference [Inter-
national High-Frequency Wave (HFGW) Working Group]|
was organized for 2003 and Paul and I were co-chairs with
Ning Li as a honorary co-chair. The Conference was dedicat-
ed to Robert Lull Forward who can be considered as the per-
son who coined the term High-Frequency Gravitational
Waves. The meeting attracted over 50 scientists from 14 coun-
tries and some 25 technical papers were presented.
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rity threat; and that independent scientific and tech-
nical vetting of such hypothetical threats is generally
necessary. We conclude that previous analysis of the
Li-Baker detector concept is incorrect by many or-
ders of magnitude...” The author of the JASON Re-
port’s basic premise for generating HFGWs was:

“A basic mechanism for generating a HFGW is
the direct conversion of an electromagnetic wave
into a gravitational one of the same frequency by a
strong static magnetic field. This Gertsenshtein pro-
cess is idealized in Fig. 3.” In addition the Report
states: “Proposed HFGW detectors have generally
been based upon versions of the inverse Gertsen-
shtein process” (Italics added by the author for em-
phasis). These statements are both incorrect. As al-
ready mentioned, the Gertsenshtein process or effect
was published in 1962 [9]. The effect is extremely
weak and is not utilized in most of the modern HFGW
generation, detection or applications.

In spite of the flawed JASON Report, others con-
tinued with HFGW research such as Gloria Garcia-
Cuadrado in Spain and Professor R. Clive Woods
now at the University of South Alabama and Chris-
tine S. Black who studied the HFGW radiation pat-
tern [38—46]. Largely unaffected by the flawed
JASON Report, research continued on relic HFGWs
in Europe. The theme of the relic or Big-Bang generated
HFGWs in the microwave band (~ 108—10!! Hz)
was predicted by the quintessential inflationary mod-
els (QIM) of the early Universe by Massimo Giovan-
nini [47—49], the Pre-Big Bang Scenario (PBBS)
and some string cosmology scenarios [50—53]. These
publications suggested HFGW random signals, and
that the root-mean-square (rms) values of their di-
mensionless strain amplitudes might reach up to ~
10-30—10-33/7/ Hz. Because of their weakness and
very high-frequency properties, such so-called “rel-
ic” GW waves are quite different from low-frequency
GWs for which the laser GW detectors, such as
LIGO, were expected to detect. Although the relic
GWs have not been detected yet, according to Mas-
simo Giovannini, we can be reasonably sure that the
Earth is bathed in a sea of these relic HFGWs. Since
1978 such relic and primordial background HFGWs
have been of ever increasing scientific interest as
many researchers have shown [54—62]. In fact, the
possible early Universe conception of giant black
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holes by the direct collapse of primordial gas clouds,
suggested recently by Sokol [69] could be studied by
the analyses of relic HFGWs.

Based on high-dimensional (termed “bulk”)
space-time theories, it has also theoretically been
shown by Massimo Giovannini and others, that all
familiar matter fields are constrained to “live” on our
three-dimensional, space-membrane or four-dimen-
sional space-time membrane (for short “brane”)
world, while gravity is free to propagate in the extra
dimensions, and the HFGWs (i.e., high-energy grav-
itons) would be more capable of carrying energy from
our brane world than lower-frequency LFGWs. It is
noted that propagation of the HFGWs may be a
unique and effective way for exchanging energy and
information between two adjacent parallel brane
worlds or between “parallel universes”. Moreover, if
the pre-Big Bang scenario is correct, then the relic
HFGWs would be an almost unique window from
which one can look back into the early universe be-
fore the Big Bang. Although these theories and sce-
narios may be controversial and whether or not they
include a fatal flaw remains to be determined. The
successful detection of the HFGWs will certainly
shed light on many of these theories. Also Einstein
tells us that nothing in the Universe, light, gravita-
tional waves, information in general, can exceed the
speed of light. The ticking rate of the fast or slow
clocks is here suggested to be related not only to time
dilatation between moving frames of reference in
Special Relativity, the strength of the gravitational
field in General Relativity [63] where clocks in both
cases move slowly, but also the speed of time may be
related to the value of time itself. During a possible
inflation of the early Universe (time is just getting
started), clocks there might need to be very “fast” in
order for the “material” of the early, rapidly inflating,
Universe not to exceed the speed of light. Possibly
clocks are still very slightly slowing down? after the Big
Bang. There is considerable debate concerning the fore-
going remarks. Since the early Universe may have been

3 (According to Julian Barbour [85]): “Clocks are useless if they
do not march in step for otherwise we cannot keep appoint-
ments. Therefore it is not a clock that we must defne but clocks
and the correlations between them as expressed in the march-
ing-in-step criterion.” But when they do not march in step that
is where time as a “duration” becomes interesting. Again ac-
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in relatively rapid motion, gravitational waves of high fre-
quency may have been generated. Thus the detection of
high-frequency gravitational waves could reveal the
truth.

As already noted, Professor Fangyu Li has pub-
lished more than sixty peer-reviewed papers con-
cerning gravitational waves in internationally recog-
nized scientific journals with coauthors such as Zhe-
nyun Fang (see, for example, [64—67]). I will rely
primarily on his presentations for the remainder of
my remarks. Li considers HFGWs having frequen-
cies above one MHz and lists the following effects
that may generate HFGWs naturally: “For GW fre-
quencies greater than 1 MHz: Cosmological signals
from Planck era; K-K gravitons from brane oscilla-
tions in higher dimensions; interaction of astrophysi-
cal plasma with EM waves and Gamma bursts of
magnetars. In order to understand the importance
of HFGWs to cosmology it is important to under-
stand the development of our Universe. It is also im-
portant to realize how quickly the early Universe de-
veloped, in about 10742 to 10734 seconds for the early
“construction” phases and, as previously mentioned,
that HFGWs emerged before regular electromagnet-
ic waves such as light was radiated.

Einstein stated “The only reason for time is so that

cording Barbour “Occam’s razor tells us to avoid redundant
elements. All we need are differences. Indeed, the passage of
time is always marked by difference, ...” Suppose you are a
trainer of a runner who you just measured as doing a four-min-
ute mile. Another trainer says that cannot be correct. “Your
runner could not have improved that much, your stopwatch
must be running slow since we all measured that he only ran a
five-minute mile last year.” Well, you argue “No, he has not
improved at all, he ran at the same intrinsic speed as last year.
You all had stopwatches that were running fast and miss-mea-
sured my runner’s speed last year!” In this case last year’s stop
watches were moving 5 minutes/4 minutes = 1.25 minutes/
minute times faster. Is there a way to establish that clocks
(stopwatches) were moving with higher “speed” in the past?
Essentially, an experiment may not be required. If there is a
nuclear or molecular transient time (like Muon decay) that has
been measured accurately by atomic clocks, then one should
examine records and determine if a statistically significant re-
duction of the transient, e.g., Muon decay time (or, hypothet-
ically, a runner’s time to run a mile) over several years has oc-
curred. If so, then their atomic clock “stop watches” must
have been all running fast in the past and the speed of time was
different and these clocks are still very slightly slowing down
now after the Big Bang. Please see Section XVII of [86].
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everything doesn't happen at once”. It should be
added that the only reason for space is that everything
doesn’t happen at one place — except, perhaps, at the
beginning of a universe. There is a problem here. As
Philip Ball [68] writes “... two particles A and B that
have been prepared with ... ‘entangled’ properties ...
for example if A has an upward pointing spin ... then
B must be down and vice versa ... That means if one
changes the spin on A it also (instantly) fixes the state
of the entangled partner B — however far away that
partneris”. Here’s a practical application: we want to
have advance warning that the Klingons are attack-
ing; so we entangle two electrons, keep one here at
Space-command and have a Starship with the other
several light years away. If the Klingons are spotted,
then the Starship flips its electron’s spin. The other
entangled electron also instantly flips and Space-
command is immediately alerted to the Klingon at-
tack! But according to Einstein’s special relativity,
nothing (no information) can move faster than the
speed of light, c. So maybe the effects of A and B are
determined by some other event acting on them both — a
“bridge” of time perhaps. HFGW research may help
define that bridge. (Andrew Beckwith, “...quantum
teleportation... Einstein-Rosenstein Brige...” [69]).

Other cosmological reserchers include the just quot-
ed Professor Andrew Beckwith, internationally well-
known cosmologist, Chongging University [69—73],
and Dr. Christian Corda’s works on the “magnetic”
component of gravitational waves and on the stochastic
background of relic gravitational waves [74—78].

On the low-frequency end of the gravitational
wave spectrum, LFGWs, an interesting source would
be the merger of binary black holes. This is the moti-
vation for the LIGO’s development. In 1994, with a
budget of USD 395 million, LIGO stood as the larg-
est overall funded NSF project in history. The proj-
ect broke ground at two locations: in Hanford, Wash-
ington, in late 1994 and in Livingston, Louisiana, in
1995. As construction neared completion in 1997,
two organizational institutions were formed, LIGO
Laboratory and LIGO Scientific Collaboration
(LSC). The LIGO laboratory consists of the facilities
supported by the NSF under LIGO Operation and
Advanced R&D; this includes administration of the
LIGO detector and test facilities. The LIGO Scien-
tific Collaboration, composed of over one thousand

Fig. 6. Four kilometer long Laser Interferometer Gravita-
tional Observatory (LIGO) vacuum chamber

scientists and engineers, is a forum for organizing
technical and scientific research in LIGO. It is a sep-
arate organization from LIGO Laboratory with its
own oversight. Initial LIGO operations between
2002 and 2010 did not detect any gravitational waves.
In 2004 the funding and groundwork were laid for the
next phase of LIGO development (called "Enhanced
LIGQO"). At this point the total funding for the LIGO
Project reached in excess of onehalf a Billion dollars.
This was followed by a multi-year shut-down while
the detectors were replaced by much improved
"Advanced LIGO" versions. By February 2015, after
21 years of R&D, the detectors were brought into en-
gineering mode in both locations (Fig. 6).

By mid-September 2015 "the world's largest gravi-
tational-wave facility" completed a 5-year US$200-
million overhaul at a total cost of $620 million. On
September 18, 2015, Advanced LIGO began its first
formal science observations at about four times the
Advanced or Enhanced LIGO began its first formal
science observations at about four times the sensitivity
of the initial LIGO interferometers. Its sensitivity will
be further enhanced until it reaches design sensitivity
around 2021. On February 11, 2016, the LIGO Scien-
tific Collaboration and Virgo Collaboration published
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Fig. 7. Exoplanet advanced civilization time line or string, illustration by author

a paper about the detection of gravitational waves,
from a signal detected at 09.51 UTC on 14 September
2015 of two ~30 solar mass black holes merging about
1.3 billion light-years from Earth [79].

Since the sensitivity of the present LIGOs is relative-
ly small, they cannot now detect most double-neutron-
star pulsars directly. On the other hand, in theory one
can utilize a superconducting microwave cavity coupled
to the acoustic motion of a superfluid helium-4 (fluid of
an isotope of helium that flows freely without viscosity)
in the presence of a LFGW having a maximum ampli-
tude of roughly 10 ~2* m/m over a frequency range of
0.1 Hz to 1.500 Hz. (Singh, et al. [80]).

EXOPLANET
APPLICATIONS OF HFGWS

Instead of conclusions on HFGW history, 1 would
like to finish with several interesting perspectives
concerning exoplanet applications of HFGWs. A
comprehensive discussion can be found in my Book:
“Gravitational Waves: the World of Tomorrow, a
Primer, with Exercises, 3rd Printing, 2017. Our Gal-
axy (and there are 100 to 200 billion galaxies in our
Universe) contains at least as many planets as stars
and there are 200 to 500 billion stars per galaxy! Thus
there may be as many as about 200,000,000,000 x
x500,000,000,000=100,000,000,000,000,000,000,000
(= 102 or one followed by 23 zeroes or one hundred
sextillion) Exoplanets out there! That does not mean
that every star has a planet, but one may have 8 or 9
like our Sun, some may have none, some may have
12 or more, but on average assume one exoplanet per
star. We should not rule out non-carbon based enti-
ties (e.g., Silicon based). In fact consciousness or in-
telligence might exist within stars or within any struc-
ture, even dark matter in the Universe; but for such
“intelligence” to matter the ability to communicate
is essential.

What might an Advanced Exoplanetary Being look
like? Advanced Intelligent Civilizations May Include
Communications with their Explorers. Homo sapiens

56

and advanced civilizations may have a mean time to
failure built into their evolutionary processes (Fermi’s
paradox). The Exoplanet Advances Civilization Time
line with some explanation is given in Fig. 7. The
Length of Time in Years between a Civilizations’
Emergence of Cyborgs, gene engineered beings and/
or some kind of Interstellar Communication Capabil-
ity and their Demise, C to D or d (from Fig. 7) is pre-
sented in Table 1. There is also conjecture about the
inevitability or improbability of the likelihood of intel-
ligent life actually forming in our Universe. As Adrian
Woolfson writes [81] “Gene editing ... allowing us to
expunge unfavorable aspects of ourselves — such as
our susceptibility to diseases and aging — while en-
abling the introduction of more appealing features ...
humanlike organisms would be a near inevitability ...”.
Let us, however, assume the emergence of some exo-
planets of long living electronic/biological or geneti-
cally engineered intelligent beings.

Thus up to C our civilization would have survived
about 2000 to 4000 generations. Assuming our civili-
zation is about to evolve rapidly into advanced gene
engineered or biological/electronic beings i.e., cy-
borgs at C it is estimated (or “conjectured”) the lon-
gevity of our and other civilizations near us in our
Galaxy to average about 400,000 years C to D. Vari-
ous other alternatives are exhibited in Table 1. How-
ever, the demise of the advanced civilization might
occur almost any time during the time interval be-
tween B and D. That is, during that time interval be-
tween B and D advanced civilizations could “blink”
on at B and then off, that is reach its D. There are
numerous values that could be chosen for these dates.
Let us speculate that civilizations reach its D in a se-
rial fashion. Of course, there could be overlap and
the time spans would be quite randomly distributed.
In order, however, to get some approximate numeri-
cal results simply assume that when one advanced
civilization reaches its D (“blinks off”) another civi-
lization reaches its C (“blinks on”). In the numerical
example, the number of such intervals would be 3.6
billion years divided by 400,000 years or 9,000. By
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Table 1. The Length of Time in Years between a Civilizations’ Emergence of Cyborgs, gene engineered beings
and/or Interstellar Communication Capability and their Demise, C to D or d (from Fig. 7)

Generation No. of Generations
length, years 1 4 40 400 4,000 40,000

25 25 100 1,000 10,000 100,000 1,000,000

100 100 400 4,000 40,000 400,000 4,000,000

1,000 1,000 4,000 40,000 400,000 4,000,000 40,000,000
10,000 10,000 40,000 400,000 4,000,000 40,000,000 4% 108
100,000 100,000 400,000 4,000,000 40,000,000 400,000,000 4 % 109
1,000,000 1,000,000 4,000,000 40,000,000 400,000,000 4,000,000,000 4% 1010

Table 2. Number, N, of potential intercommunicating advanced
civilizations as a function of the years between C to D or d

d years between C to D N
4,000 1.48
40,000 14,800
400,000 1.48 x 10%
4,000,000 1.48 x 1012
40,000,000 1.48 x 101

the way, only if TODAY were at TODAY (2) would a
particular one of the 9,000 advanced civilizations
have the opportunity for interstellar communication
that could be intercepted by us. But only those Worlds
that are clustered together close enough to commu-
nicate with each otherin a time span less than 400,000
light years apart in the numerical example could com-
municate in time before their demise D. Let us suppose
that the average distance apart of stars in our Galaxy is
about five light years, so that minimum intercommuni-
cation time would average some 2 x 5 = 10 years for this
pair of close-by stellar exoplanetary systems.

Potential Intercommunicating Civilizations. In gen-
eral, if we define d as the time interval C to D in years
as found, for example, in the entries of Table 1, then
given a 5 light year average distance apart of the stars
and their advanced exoplanet civilizations in our
neighborhood of the Universe, they could be S =
= (d/5)/2 = d/10 stars away. In the numerical ex-
ample .S = 400.000/10 = 40.000. Thus the number, 7, of
such potentially intercommunicating civilizations in
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the spherical volume of interstellar communicating
exoplanet civilizations would be n = (4n/3) S°, which is
somewhat similar to the factor R*x fp in the Drake
equation.

Number N of potential interstellar-communicating
Exoplanets. In the example, n = 2.68 x 10!4. Of
course, this number must be greatly reduced, which
also will reduce the estimated number of the true po-
tential intercommunicating advanced civilizations
around Earth. Let us assume that on average only
one out of ten exoplanets would be in the habitable
zone between the freezing and boiling point of water
(probably conservative because not all intelligent ex-
traterrestrial life may need to be in this temperature
range). Next, let us assume that only one out of ten of
these habitable exoplanets will reach the advanced
stage C. Finally, cut their number in half to account
for very old and dead exoplanetary civilizations and
then by dividing by the number of stars that have
reached C but have not reached D or, in the numeri-
cal example, divided by 2 x 9000. So, under these ar-
bitrarily parameters, the actual number N of poten-
tial interstellar-communicating Exoplanets is esti-
mated tobe N=2.68 x 104 /10 x 10 x 9000 = 1.485 x 108,

Each intercommunicating advanced civilization
may be comprised of thousands, if not millions, of
independent interstellar transmitting/ receiving indi-
viduals or cyborg entities. There are about three mil-
lion independent radio operators or “hams” world-
wide on our planet. Thus we are considering a mini-
mum of intercommunications (see, Table 2).
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Fig. 8. Small Spherical Starcraft

Potential Frequency of Intercepts. In the numerical
example for the 0.1d case there might be 550,000
possible messages to intercept each year or about
1500 per day. It is also interesting to note the distance
of the stars/exoplanets in light years for 0.1d and
0.001d. These distances are, for the most part, in our
Galaxy. Since HFGWs are not absorbed by interstel-
lar material as are EM waves, an advanced civiliza-
tion would choose HFGWs for interstellar and other
communications purposes.

Can Interferometer GW Detectors like LISA de-
tect the HFGW Exoplanet Intercommunications?
The answer is still NO! Here again is the problem
with higher frequencies: One has to “observe” the in-
terference pattern between the LIGO legs caused by
the passage of a gravitational wave. As Peter Sven
Shawhan, a key member of the team that assembled
and tested the original LIGO, stated, “At higher fre-
quencies, the quantum nature of the laser beam
(made of discrete photons, albeit a large number of
them) limits the precision of the measurement. In-
creased laser power would reduce the problem of
quantum noise, but ultimately the LIGO (and other)
interferometers are not suited to measuring gravita-
tional waves that stretch or shrink the arms much
more rapidly than the time a photon typically re-
mains in the optical cavity (the arms of the interfer-
ometers), which is roughly a millisecond for these
(LIGO) interferometers.” A millisecond is one thou-
sandths of a second and equivalent to 1000 cycles per
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second or a kilohertz or 103 Hz. In a less technical
fashion, the easiest explanation to understand the
LIGO frequency limitation is to visualize old radio
antennas and modern satellite-dish antennas. The
former were utilized to detect rather long radio low-
frequency waves and would often consist of a long
antenna wire. The latter is utilized to detect very
high-frequency microwaves and consist of relatively
small satellite dishes. It would be impossible for a ra-
dio wire antenna to detect high-frequency micro-
waves, just as the LIGO “antenna” cannot detect
high-frequency gravitational waves.

What are we going to do with the intercepted sig-
nal between Exoplanets? First, we must decode it.
No doubt it will not be Morse Code. Probably not
any kind of encryption that National Security Agen-
cy of the US can handle right away. As Richard Grey
recently suggested: “...we may all one day speak tele-
pathically so it may be brainwaves!” Second, what
will we learn from the intercepted messages? Here is
where mankind may have great benefit from learning
what the messages are about and “tell” us how to im-
prove our way of life. But, this intercept will also be a
Cataclysmic Event and may even lead to religious
and other turmoil on our little planet!

How shall we prepare? Conduct research in cryp-
tography with special attention to the possible inter-
ception of “brain-wave” communications. Conduct
research and development of high-frequency gravita-
tional wave (HFGW) detectors or receivers.

Application of High- Frequency Gravitational Waves
to Interstellar Travel. A HFGW alternative to the
Starshot Project, suggested by Stephen Hawking to
send a small Starship microchip to the nearest star,
can be described briefly as follows. Instead of 100-
gigawatt electromagnetic laser beams (“pushing”
small microchip Starcraft) which are easily absorbed
by interstellar material and Starcraft “solar sails”
subject to ablation by such strong lasers, a few power-
ful HFGW beams, reflected by a possible Starcraft
HFGW mirror, (hence a “pushing” force due to re-
flection) could be employed. The HFGW beams
would not be intercepted by the Earth’s rotation or
orbital motion since the Earth is transparent to GWs.
HFGW frequency would be quite high in order to re-
duce GW beam widening due to diffraction. Such a
HFGW mirror could propel the little GW Starcraft.
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Robert M L Baker, Jr. and Yaroslav S. Yatskiv at the MAO
NAS of Ukraine. April 17, 2017, Kiev (Photo by P. Berczik)

Upon reflection of the HFGW beam, when modu-
lated by the HFGW StarCraft’s mirror, the HFGWs
could also serve as a return communications link.

The GW Starcraft might have a spherical rather
than a planer chip form. It might be more like a Ping-
Pong ball as in Fig. 8. The Ping-Pong ball’s equato-
rial cross section would be occupied by the Starcraft’s
High Temperature Super Conductor (HTSC) mirror
and the rest of this volume occupied by small HTSC
magnets, various nano-electronics and attitude con-
trol mechanisms. There could well be a flotilla of
such GW Starcraft launched together. According to
R. Clive Woods, the pressure on an ideal HFGW re-
flector (if experimentally demonstrated that GWs are
slowed in a high-temperature semiconductor or
HTSC) would be:

p(N/m?) =20 (J/m?),

where o is the energy per unit volume contained in
the HFGW. Specifically,

O J/m3) =8 (W/m?)/c (m/s).
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For the more technical reader, a good background
for High-Frequency Gravitational Wave study can
also be found in my Book: “Gravitational Waves: the
World of Tomorrow, a Primer, with Exercises, 3rd
Printing” [84].

GOAL

[ believe that those interested in the research and de-
velopment of High-Frequency Gravitational Waves
should be guided by the LIGO approach for Low-Fre-
quency Gravitational Waves. 625 million dollars and
21 years may not be necessary for HFGW Research
and Development, but it is an interesting goal.

COMMENTARY
FROM DEPUTY-EDITOR-IN-CHIEF

On behalf of the Editor Board of the “Space Science
and Technology” journal I am grateful to Robert M
L Baker, Jr., for his permission to publish this paper.
It includes two lectures, which Robert Baker pre-
sented at the Main Astronomical Observatory of the
National Academy of Sciences of Ukraine on April
17, 2017, when he and his wife, Mrs. Bonnie Sue
Baker, have visited Kiev.
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High-frequency gravitational wave research and application to exoplanet studies

P. M. JI. beiikep

TpancrnioprHa HaykoBa Kopriopattist, CILIA

JOCIHIXKEHHA BUCOKOYACTOTHHUX
TPABITALIMHWX XBUJIb

TA IXHE BUKOPUCTAHHS

JJ1A BUBYEHHSA EK3O0ITJIAHET

Briepiiie 06roBopro€eThes icTopist JOCTiIKEHb BUCOKOYACTOT-
Hux rpapitauiiinux (BUI'X, HFGW). Ynponosx 6aratbox
POKiB, IounHatouu 3 nepioi 3raaku [lyankape B 1905 p. ipo
rpaBiTallifiHi XBUJIi Ta Mporo3ullii ixuboi Ha3Bu Pobeptom JI.
®oprapaoM B 1961 p., BinOyBaeThcsi XKBaBa AUCKYCIsl 111010
MiXKHapOAHUX JOCTIIHULIBKUX 3YCUJIb 3aPEECTPYBATU BUCO-
KOYACTOTHI TpaBiTalliliHi XBWi. Y CTaTTi BUCBITJIEHI JOCSIT-
HeHHs1 nociinHukiB 3 Kwurato, Pocii, Ykpainu, AHriii, AB-
crpadnii, SAnonii, Himeuunnu, Icnawii, Itanii Ta CLLA. I1po-
BOIMTHCS TIOPIBHSIHHS 3 TOCHIIKEHHIMU HU3BKOUACTOTHUX
rpasiTaniitnux xuwib (HUI'X, LFGW), oco6imBo 3a toromo-
roto JlazepHoi iHTephepoMeTpUUHOI IpaBiTalliiiHOl oOcepBa-
topii (JIII'O, LIGO). Takox nomaHo AeKiabKa IiKaBUX Mep-
CIIEKTUBHUX ITPOEKTiB BUKOPUCTAHb BUCOKOYACTOTHHX TPaBi-
TaliHUX XBWIb 15 3aBIaHb KOCMOJIOTI1, TPOOJIEM LIBUIKOCTI
yacy Ta, 0COOJIMBO, TOCTIIKEHb €K30ILJIaHET.

Karouoei caoea: TpaBiTalliiiHi XBUJli, BACOKOYACTOTHI TpaBiTa-
uiini xpuni, HFGWs, nerekropu HFGW, miBuakicth yacy,
ex3oriadeTu, LIGO, Starshot.
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P. M. JI. Beiikep
TpancnoptHas HayuHast kopriopauusi, CLIA

NCCIEAOBAHNA BBICOKOYACTOTHBIX
T'PABUTALIMOHHDbIX BOJIH

1 UX NCITOJIb3OBAHUE

JJIA U3YYEHUA ODK30ITJIAHET

BriepBbie 06cyskmaeTcst NICTOPYsI MCCIIEIOBaHMIT BHICOKOYAC-
TOTHBIX TpaBUTalIMOHHBIX BoJH (BUT'B, HFGW). Ha npots-
JKeHUY MHOTUX JIET, HAUMHasI ¢ TiepBoro ynomuHaHus [TyaH-
kape B 1905 r. 0 rpaBUTALIMOHHBIX BOJHAX U MPENTOXEHUS
ux Ha3zBaHus Po6epTom JI. @opBapnom B 1961 1., uaet oxkuB-
JIEHHasT TUCKYCCUSI OTHOCHUTEBbHO MEXIYHAPOIHBIX MCCIIe-
JOBATETHCKUX YCUIIMI 3apEeTMCTPUPOBATH BHICOKOYACTOTHBIE
rpaBUTALlMOHHBIC BOJIHBI. B cTaThe OCBEIIEHBI JOCTKEHUS
uccienosateneit u3 Kwuras, Poccum, YkpauHbl, AHIINUM,
ABcrpamuu, SAnouuu, 'epmanuu, Ucnanuu, Uranuu u CLLA.
ITpoBoauTCSl cpaBHEHUE C MCCIEAOBAHUSIMU HU3KOYACTOT-
HbIX rpaBuTaliMoHHbIX BosH (HUI'B, LFGW), ocobeHHO ¢
nomouibio JlazepHolt nHTEp(hepoOMeTprUUECKON TpaBUTaLIM -
oHHoit obcepBatopuu (JIMT'O, LIGO). Takke npencrabiie-
HBbI HECKOJIBKO MEPCIEeKTUBHBIX MPOEKTOB MCITOIb30BaHUS
BBICOKOYACTOTHBIX TPAaBUTALIMOHHBIX BOJH IIJIS1 3a7a4 KOC-
MOJIOTUM, TIPOOJIEeM CKOPOCTHM BPEMEHM M, OCOOCHHO, IS
KUCCIIEAOBAaHUM 9K30TUIAHET.

Karoueesvte caosa: rpaBUTALIMOHHBIE BOJHBI, BHICOKOYACTOT-
Hble rpaBuTaioHHbie BoaHbl, HFGWSs, nerektropst HFGW,
CKOPOCTb BpeMeHH, ak3oruiaHeTsl, LIGO, Starshot.
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SOME LITTLE-KNOWN FACTS AND EVENTS FROM THE HISTORY
OF GRAVITATIONAL WAVE RESEARCH IN UKRAINE

The paper deals with the history of gravitational wave research in Ukraine and describes two little-known facts and events. Our first
comment is concerned with a short period of Dr. Nathan Rosen’s life in Kyiv and his scientific activity at the Institute of Physics of
the Academy of Sciences of the UkrSSR in 1936— 1938 years. At that time, he has published several papers, which promoted the first
steps in the creation of modern theories in the fields of gravity and quantum physics. These papers, including “Plane-polarized waves
in the General Theory of Relativity”, have been issued in the “Ukrainian Physical Notes” (“Ukrainski Fizychni Zapysky”), which
was not widely accessed. We quote also some letters from correspondence of N. Rosen and A. Einstein in period. The second comment
refers to the history of gravitational wave experimental research in Kyiv, which were initiated in 1970s by Prof. Aleksey Z. Petrov at
the Institute of Theoretical Physics of the Academy of Sciences of the UkrSSR. We describe briefly the development of the detector of
high-frequency gravitational waves (the Weber type antenna) as well as results obtained by K. A. Piragas’s group.

Keywords: gravitational waves, detectors of gravitational waves; history of physics: Nathan Rosen.

INTRODUCTION time, he has published several papers which promoted

In the paper “High-Frequency Gravitational Wave the first steps 'in the creation of mod§rn theories in the
research and application to exoplanet studies” by fields of gr.aV1ty gnd quz.mtum phy51.cs. Theie pap.ers
Robert M. L. Baker, Jr. ([2], see this issue, pp. 47— have beep issued in the llttlg—kngwp Joumal Ukrain-
ian Physical Notes” (“Ukrainski Fizychni Zapysky”),
which was not widely accessed. Therefore, we briefly
describe some Rosen’s results as well as highlight
excerpts from the letters between Nathan Rosen and
Albert Einstein, which have been saved at “The Albert
Einstein Archives” in Israel. This correspondence was
first brought to the notice of a wide scientific commu-

63) the history of gravitational wave (GW) research
was discussed. The author has also mentioned the
GW research in Ukraine. We would like to shed more
light on some little-known facts of these studies in
Ukraine and give two comments.

The first comment is concerned with a short period
of Dr. Nathan Rosen’s life in Kyiv and his scientific
activity at the Institute of Physics of the Academy of

Sciences of the UkrSSR! in 1936—1938 years. Atthat | ————
I UkrSSR — Ukrainian Soviet Socialist Republic, one of the

© Ya. S. YATSKIV. I. B. VAVILOVA constituent republics of the former Soviet Union from its
O..A..ROMANE,Té, V S. SAVCH[,JK, 2017 inception in 1922 to its breakup in 1991.
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nity by Olena A. Shcherbak and Varpholomei S. Sav-
chuk [23, 24].

The second comment is related to the history of
GW experimental research in Kyiv, which were initi-
ated in 1970s by Prof. Aleksey Z. Petrov at the Insti-
tute of Theoretical Physics of the Academy of Sci-
ences of the UkrSSR. The development of the Weber
type antenna for this purpose was described briefly in
the book “General Relativity Theory: Tests through
Time” by Yatskiv Ya.S., Alexandrov A.N., Vavilova I.B.,
Zhdanov V.I., Kudrya Yu.N., Parnovsky S.L., Fe-
dorova O.V., Khmil S.V., namely, in the Chapter “World
lines in the relativistic space-time of Ukraine” [34].
The history and present-day state of GW research are
discussed in the books by Alexandrov A.N., Vavilova
I.B., Zhdanov V.I., Zhuk A.I., Kudrya, Yu.N., Par-
novsky S.L., Fedorova E.V., Yatskiv Ya.S. “General
Relativity Theory: Recognition through Time* ([1],
in Russian) and “General Relativity: Horizons for
Tests” ([35], in Ukrainian). They contain a theoreti-
cal basis of the General Relativity, its experimental
tests and applications. The monographs address sci-
entists, post-graduated students, and students spe-
cialized in the natural sciences as well as everyone
who takes interest in the General Relativity.

LIFE AND SCIENTIFIC ACTIVITY
OF NATHAN ROSEN IN KYIV (1936—1938 years)

Nathan Rosen (March 22, 1909, New York, USA —
December 18, 1995, Haifa, Israel) was an American-
Israeli foremost theoretical physicist. He received a
bachelor's degree in electromechanical engineering
(1929), a master's degree in physics (1931), and
Ph.D. in physics (1932) from the Massachusetts In-
stitute of Technology. During his student time,
Nathan Rosen has published several papers, among
them “The Neutron,” in which he provided the first
reliable calculation of the structure of the atomic nu-
cleus a year before their discovery by James Chad-
wick. Besides of hydrogen molecule, he developed a
lifelong interest also in wave functions and their ap-
plication to the gravitation physics.

The first acquaintance with Albert Einstein took
place when N. Rosen wrote a master's thesis. He
came to Princeton to be engaged in molecular phys-
ics and was interested on A. Einstein’s opinion re-
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Nathan ROSEN, an American-Israeli fore-
most theoretical physicist

garding his dissertation. After the meeting of these
scientists, a fruitful cooperation has begun between
them. As a result, in 1934, after a short research fel-
lowship at the University of Michigan, Nathan Rosen
became Albert Einstein's assistant at the Institute for
Advanced Study in Princeton and continued in that
position until 1936 (see, [12], and “Nathan Rosen”
in Wikipedia). Just in these years, two famous papers
have been published, namely “The Particle Problem
in the General Theory of Relativity” [9] and “Can
quantum-mechanical description of physical reality
be considered complete?” [8].

The first paper [9] was written together with Albert
Einstein. Using Einstein's field equations, the authors
found the mathematical solution of nontrivial problem
by merging the models of a black hole and a white hole
(ablack hole moving backward in time). Later this the-
oretical solution was named as the Einstein—Rosen
bridge or space-time wormhole, which connects distant
areas in hypothetic universe. In 1962, John A. Wheeler
and Robert W. Fuller showed that this type of worm-
holes is unstable. It is believed that the Einstein—Rosen
bridge is a theory of Nathan Rosen.

The second paper [8] was written jointly with Al-
bert Einstein and Boris Podolsky, a fellow student to
Einstein. Namely Rosen pointed out the peculiarities
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of Einstein’s research involving the entangled wave
functions. The effects described in the paper were la-
beled later as the “Einstein-Podolsky-Rosen para-
dox” that raises hackles with physicists until now 2.
“Itadvanced a "thought experiment" to show the wrong-
headedness of the quantum theory, which many scien-
tists of the time found highly unpalatable. Finstein
deemed it something akin to magic. The paper pointed
out conceptual problems that the authors had with the
theory and what they saw as its paradoxical and con-
tradictory aspects... The paper drew a sharp response
from Niels Bohr, and quantum theory has since been
widely accepted. Scientists use it as a primary tool to pre-
dict the interactions of atoms, molecules, elementary
particles and radiation; it plays a role in virtually all the
chemical and physical reactions that control our lives and
the world around us” [22].

Despite of these remarkable results during the re-
search fellowship at the Institute for Advanced Study,
Nathan Rosen could not find a job at a time of the
Great Depression, and Einstein gave advice to him
to continue a scientific career abroad. So, in 1936, at
the personal request of A. Einstein in his correspond-
ence with Vyacheslav Molotov [16], the Chairman of
the Council of People's Commissars of the USSR in
1930—1941, Nathan Rosen came to the Soviet Union.

During the two-year stay in Kyiv from 1936 to
1938, Nathan Rosen was a head of the department of
theoretical physics of the Institute of Physics of the
Academy of Sciences of the UkrSSR as well as he has
lectured at the department of theoretical physics of
the Kyiv University [34, 23]. At that time, he has
published three papers on gravity theory and quan-

2 The tests of the Einstein-Podolsky-Rosen paradox conduct-
ed at the end of the XX century have led to the concept of the
“quantum teleportation” (see, for example, [3, 5, 11, 25]),
i.e. obtaining the information on the state of one of the par-
ticles that are in the “quantum confinement”, when deter-
mining the state of the second particle. It is worthily to men-
tion that the first successful teleportation of the quantum
state of particles onto the Earth orbit was realized by using
the Chinese satellite “Micius” (QUESS) in 2017 [16]. For
the first time a link of the transcontinental connection, the
encryption key for which was distributed using methods of
quantum cryptography, took place on September 29, 2017
(https://en.wikipedia.org/wiki/Quantum_Experiments_at
Space_Scale).
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tum physics in the “Ukrainian Physical Notes” (in
Ukrainian language), which are not well known even
now, and had a correspondence with A. Einstein.

This correspondence between Rosen and FEinstein
had both scientific and private sense and could be a source
of additional information on Rosen’s life in Kyiv.

In the first letter to A. Einstein (February 26,
1937), after discussion of the problems of theoretical
physics, Nathan Rosen writes that “I am working at
the Physical Institute of the Ukrainian Academy of Sci-
ences, doing research, and I also lecture at the Univer-
sity of Kiev. I am always very busy — there is so much to
be done! But, although I haven’t the leisure that I had
in Princeton, I have other, more important, thing. |
have the feeling that I am useful and needed (and with-
out such a feeling life is not worth very much). And — at
any rate, up to the present — in order to get my bread. |
have not had to win the favor of little men in high posi-
tions. So, all in all, I am still grateful to you for your
help in arranging for me to come here» [27].

We see from this letter that N. Rosen was over-
filled with desire to work in Ukraine as long as pos-
sible. He came to Kyiv with his wife, and their son
was born here. He wrote with enthusiasm about the
Soviet system and even discussed an opportunity to
find work at the University of Dnipropetrovsk for
one of Princeton's chemists. But he could not find a
responsible soviet person who would be entrusted
with this scientist: "the authorities are cautions because
of their experiences with foreign spies and wreckers" [28].

A year later, we read (March 24, 1938): «As you
see, we are still in Kiev. And we still feel very enthusias-
tic about the Soviet Union... Perhaps I shall have occa-
sion to speak with you in person next summer» [29]. But
his plans have been changed gradually: first of all, his
family moved to America. His last letter from Ukraine
(July 31, 1938) was already very different from the
first letters: «When I last wrote to you, I was expecting
to come to America this summer for a visit. Since then
my plans have changed. In a few weeks, I am coming
back to U.S. to remain there. This I am doing in spite of
the fact that I am very pleased with what I have seen of
the Soviet Union and very much enjoy living in it. The
reason for this step is mainly that I am dissatisfied with
my own work and my ability. I feel that I am not ac-
complishing as much as I ought to. My conscience does
not permit me to remain here. Hence, I am returning to
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the States and shall look for some kind of job not requir-
ing research work. If I find it then I shall work on re-
search in my spare time without feeling any responsibil-
ity» [30]. “An impression arises that N. Rosen knew
about the perusal of his correspondence and tried to
make A. Einstein know the true reasons of his departure
from the USSR. One may suppose that A. Einstein, who
knew N. Rosen well, could guess why “conscience” did
not allow him to stay more in the USSR” [24]. The rea-
son was resulted from “a purge of the Soviet scien-
tists”. Many of them had already been condemned or
shot dead. Even Alexander G. Goldman, Director of
the Institute of Physics where Rosen has worked, was
arrested by the organs of the NKVD 3 of the UkrSSR
on January 22, 1938. So, considering these circum-
stances, a decision of Nathan Rosen to go out from
the USSR has helped him to escape the inevitable
repressions.

In 1936—1939, Nathan Rosen published several
papers, three of them were issued, as we already not-
ed, in the “Ukrainian Physical Notes” [17—19].

The paper [17] was devoted to the consideration
of plane-polarized waves in the General Relativity
Theory. At the end of this paper there was a note that
this work is a continuation of research “On the gravi-
tational waves”, the results of which have been pub-
lished in the “Journal of the Franklin Institution” in
1937 [10]. Rosen has written to Einstein (May 6,
1937): «About the work I sent you — I thought over
carefully your remarks in connection with it and I read
the improved version in the Journal of Franklin Insti-
tute but I am not yet satisfied. Our original problem was
the question of plane waves (where plane is in the sense
of a Fuclidean space into which the space considered
goes over in the absence of the waves). True there was
an error in our reasoning. In the published paper, the
error is avoided — but at the cost of avoiding the prob-
lem. The question is raised: are there plane waves? And
the answer is given: yes, there are cylindrical waves.
For this reason it seems to me that the original problem
needs further investigation. It seems to me that from the
point of view of the origi-nal problem what I wrote in the
paper I sent you is not incorrect but is perhaps incom-
plete. I think one can show that for all plane waves of

3 The People's Commissariat for Internal Affairs (abbreviated
NKVD, Narodnyi Komissariat Vnutrennikh Del)
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the type under discussion there are no solutions which
are free from singularities everywhere and for all time» [28].
So, Rosen has outlined that the nonlinearities of such
a kind, whatever small they were, in the equations of
gravitational perturbation would inevitably lead to
the change of the tensor sign, which, it its turn, would
make the solution proposed out of sense: “the limit,
mentioned above, of plane waves with finite ampli-
tudes does not obviously exist in the general theory of
relativity” [17].

In 1957, 1. Robinson and G. Bondi obtained such
generalizations of a weak plane-polarized wave using
the same approach, and also pointed out to this sin-
gularity, but they noticed that it can be eliminated by
coordinate transformation (see, for example, [4]).
It’s generally accepted that they first obtained this re-
sult. As a fact, this result was obtained by N. Rosen
yet in 1937, and only that this paper was published in
the journal, which was not practically accessible to
foreign physicists, and, moreover, in Ukrainian lan-
guage without translation, it was virtually unknown
to the world scientific community. Nevertheless, a
conclusion can be drawn that N. Rosen’s work [17] 4
was among the first which concerned the creation of
the model of gravitational waves. We can add that
Nathan Rosen has returned later, in 1950-ies, to
the problem of gravitational waves and their proper-
ties. For example, in 1993 he and K.S. Virbhadra
published the paper “Energy and momentum of cy-
lindrical gravitational waves”, where they write in
abstract: “It was found many years ago [20] that in
cylindrical polar coordinates the energy and momen-
tum densities of gravitational waves, calculated with
the help of a pseudo-tensor, vanish. However, using
Cartesian coordinates, one finds them fo be finite and
reasonable” [21].

In 1938 yet one paper was issued by Rosen written
together with the Ukrainian physicist G. Ilkevich. It
was devoted to the quantum physics, namely, correc-
tions to the Thomas-Fermi model to obtain a coinci-
dence of theoretical results with experiments for light
elements [19]. Another paper "Elementary particles
in the field theory" [18] was concerned with problem
of the existence of an electron in classical field theo-

4 The detailed analysis of the N. Rosen’s work [17] is made by
Shcherbak O.A. and Savchuk V.S. [24].
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ry. It was shown that the classical theory of a field
without expansion does not imply the existence of el-
ementary particles. Rosen has proposed to introduce
new "functions of matter", similar to the wave func-
tions of quantum theory. The solution of an equation
based on the use of "functions of matter" allows the
existence of solution for electron, but it means that
the mass of the electron must be negative. To avoid
this problem, Rosen suggested that this difficulty can
be eliminated by quantization. This paper was issued
already in 1939, when Nathan Rosen came back from
Ukraine to the US.

After return to the United States, Rosen has lec-
tured at the University of North Carolina at Chapel
Hill from 1941 to 1952. “In 1953, after permanently
moving to Israel, he joined the Technion in Haifa, Israel.
During this time Rosen was advisor to Asher Peres. He
was President of the Ben-Gurion University of the Negev
in the 1970s and commuted between the two institutions
from his home in Haifa. Additionally, Nathan Rosen
helped found the Israel Academy of Sciences and Hu-
manities, the Physical Society of Israel (serving as presi-
dent from 1955—1957), and the International Society on
General Relativity and Gravitation (president 1974-
1977). He was very active in encouraging the founding of
higher educational institutions in Israel” [22].

A BRIEF HISTORY

OF DEVELOPMENT OF THE WEBER TYPE
GRAVITATIONAL WAVE DETECTOR

IN KYIV, IN 1970s

At the end of 1970s Aleksey Zinovievich Petrov,
member of the Academy of Sciences of the UkrSSR,
Chairman of the Gravity Society of the Sci.-Tech.
Council of the Ministry for Higher Education of the
USSR in 1962—1972, who worked at the Institute
for Theoretical Physics of the Academy of Sciences
of the UkrSSR (hereafter — ITP), has initiated the
experimental GW research. He proposed a work on
the creation of a unique device — the Weber type an-
tenna — for monitoring of gravitational waves from
powerful extragalactic sources. Being an outstanding
physicist-theorist, the author of the classification of
gravitational field by three types (“Petrov types”)
[13, 14], he was aware of the need for an experimen-
tal confirmation of the main principles of the Gen-

eral Relativity. Consequently, the development of
the Kyiv detector (Weber bar) and the observation of
gravitational waves were conducted with the support
and in close contact with the well-known scientist
Vladimir B. Braginsky, who has previously begun to
construct a similar detector in Moscow. The ITP
Scientific Council approved a decision to create a
special experimental laboratory and gave a start to
the production of unique equipment, including vac-
uum chamber, which was made at the E.O. Paton
Electric Welding Institute in Kyiv. General manage-
ment of works in this laboratory was carried out by,
Kazimir A. Piragas [36], while a principal develop-
ment of “Weber bar” was guided by A.M. Sviridov.

“As far as till now there are scientists who do not
understand why it was necessary to carry out a delibe-
rate "zero" experiment in Kyiv, we give some explana-
tion. We recall that the history of gravitational wave
observations began with the "supposed disco-very" of
gravitational signals by Weber, whose autho-rity was
and is very high. But observed signal magnitude was
very large that was in contradiction with the General
Relativity Theory. Therefore, it was important to ei-
ther refute or strongly confirm the Weber’s results. In
a positive case, it would be a matter of discovery, which
may require a substantial revision of many theoretical
paradigms. By this reason, experiments on the discov-
ery of gravitational waves have roused and still are of
great interest among the gravitationalists around the
world” (|34], pp. 227—229).

A premature death of A.Z. Petrov made significant
changes of the plans for theoretical and experimental
gravitational studies in Ukraine. Some of his follow-
ers, including employees of the experimental labora-
tory, have passed to the Ukrainian Center for Stand-
ardization and Metrology of the State Committee of
Statistics of the USSR. For example, in 1972, K. Pi-
ragas said at the meeting of the Gravity Society in
Moscow devoted to the memory of A.Z. Petrov:
“Aleksei Zinovievich assigned great expectations to his
work on the modeling of gravitational fields. Recently,
he showed a great interest in experiments in the field of
gravity. He wanted to derive a solution to the problem —
the information of the language of general relativity to
the language of the experimental physicist. Alexei Zi-
novievich did not manage to complete this cycle of work.
Part of this work will be completed by his students.
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He also placed great hopes on solving the problem of en-
ergy and quantizing gravity. He tried to help the experi-
mental groups in our country. Now in Kyiv there is an
experimental group that is working on testing the Weber
experiment together with Vladimir Borisovich Bragin-
sky. Aleksei Zinovievich himself was going to give a
theoretical justification for Weber's experiments. He be-
lieved to work on the processing of his results. It's all left
unfinished. In addition, Alexei Zinovievich had unpub-
lished work on the influence of the structure of the Sun
on gravitational effects and on observations in the Gen-
eral Relativity Theory. His employees in Kyiv were en-
gaged in group theory, the Cauchy problem and groups
of motion of certain spaces...” ([31], pp. 42—45).

It is worth noting that at the very beginning of at-
tempts to detect gravitational waves, prof. A.S. Davy-
dov, the ITP Directorin 1973—1988, expressed his rea-
sonable doubts about the possibility of success in this
project with the planned equipment. Nevetheless, this
group — K.A. Piragas, A.M. Sviridov, V.A. Kopylov,
S.S. Zhovnir, I.T. Zhuk, L.N. Blagoveschenskaya,
later on Yu.A. Opanasyuk and A.N. Alexandrov — had
spent a lot of time in attempts to detect gravitational
waves using the constructed Weber bar (Fig. 1, 2),
which was installed at a basement of the “Feofaniya”
hotel in Kyiv (see, for example, a paper “Hunting for
heavy rays” in the advertising journal “Science and
Society”, 1980, No. 1).

A key task of the Kyiv group was to set up and ver-
ify the presence of gravitational signals at least at the
same level as J. Weber [32, 33]. They have analyzed
main types of GW antennas and results of previous
GW experiments as well as developed own technique
for registration of the high-frequency component of
gravity field and constructed the gravitational detec-
tor of Weber type.

We will quote hereafter certain fragments from the
final report [15] of K.A. Piragas’s group, since they
are little known to the scientific community.

“The main part of this detector, gravitational an-
tenna, had the parameters as follows: an aluminum cy-
linder with a mass of 1100 kg, a length of 150 cm, the
resonance frequency of the fundamental vibration mode
is 1617 Hz, the quality factor is 2.5 x 10°; the antenna
is equipped with a capacitive sensor of small displace-
ments. The sensitivity of the detector is limited, basi-
cally, by the Brownian oscillations of the cylinder of the

Fig. 1. The Weber type detector of gravitational waves devel-
oped at the Institute of Theoretical Physics of the AS UkrSSR
and later at the Ukrainian Center for Standardization and
Metrology of the State Committee of Statistics of the USSR.
Kyiv, 1970s (photo from [15])

Fig. 2. From left to right: M.N. Polozov, V.A. Kopylov,
A.M. Sviridov, Yu. S. Vladimirov, and K. A. Piragas. The au-
thor of the picture “Diogenes climbed out of his barrel trying
to hear the gravitational signals” on the detector's casing is
I.T. Zhuk (photo from [31])

gravitational antenna, the mean square of the ampli-
tude of these oscillations (c,,) at a temperature of=300° K
is 5,9 x 10~ 1% cm. The detector has operated at this tem-
perature of 18.5 days during a session”. After record-
ing the oscillation’s amplitudes of the cylinder and
their statistical processing, they obtained that the de-
tector’s output signal was well approximated by the
Rayleigh distribution, i.e. due to the thermal noise of
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the cylinder. On Nov 5, 1976 they “detected a sin-
gle burst of non-thermal origin with an amplitude of
13 £ 16 0, and a duration of t < 25 ...” ([15], p.3)
Their results were of importance for fundamental phy-
sics (gravitational radiation), metrology (measurements
of ultra-small displacements), statistical radio physics
(thermal fluctuations in narrow-band systems)”. The
K.A. Piragas’s group when summing up has also
written that “the most powerful source of gravitational
radiation near Earth should has a space origin and be
expected at 100 Hz— 100 KHz, i.e. from supernova burst
or collapse of stars with a weak optical detectability.
Such bursts could take place one time per year in our
Galaxy and able to trigger multiple broadband outbursts
at 1— 100 KHz, duration from 10=sto 1s, F= 10" erg/cm?s
and amplitude h = 2x10~1°—10~17 as well as such out-
bursts, for example, in the Virgo cluster, one time per
month with F = 10—10% erg/cm?s and amplitude h =
2 10722—1029. The sensitivity of the Weber detector
was 2 x 107 erg/cm?s” ([15], p. 24). It allowed them to
conclude that “one signal per month could be detected
near limit sensitivity of detector as well as less frequent
strong signals, two orders of magnitude greater than the
limit sensitivity”.

So, the GW detectors that should have started work
simultaneously with Kyiv’s detectors — in St. Peters-
burg and in Moscow — have not worked yet. By this
reason the result obtained with Kyiv’s detector could
not be confirmed as well as be compared with re-
sults by Weber (due to political situation of the end
of 1970-ties). In 1980, before the Moscow Olympiad,
the experiment in Kyiv was cancelled, and the experi-
mental laboratory was disbanded. As for the V.B. Bra-
ginsky’s idea “fo organize a broad program of GW re-
search in the Soviet Union, it was eventually encountered
lacks of funds and of the necessary technological base”
([34], pp. 227-228).

We can conclude that a task to construct the We-
ber type antenna for detecting high-frequency gravi-
tational waves was completed by K.A. Piragas’s group
[15]. The result of the measurements was rather neg-
ative, as in many other groups. Nevertheless, the first
attempts to detect gravitational waves around the
world gave a powerful impetus to technological re-
search in order to create the next generation of GW
detectors, e.g. the Laser Interferometer Gravitation-
al-Wave Observatory (LIGO).

INSTEAD OF CONCLUSION

On October, 3, 2017, the Royal Swedish Academy of
Sciences has decided to award the Nobel Prize in
Physics 2017 with one half to Rainer Weiss (LIGO/
VIRGO Collaboration) and the other half jointly to
Barry C. Barish (LIGO/VIRGO Collaboration and
Kip S. Thorne (LIGO/VIRGO Collaboration) "for
decisive contributions to the LIGO detector and the
observation of gravitational waves". In view of the
special importance of this discovery, we will quote
below the press release of the Nobel Committee on
this occasion, which is titled as the “Gravitational
waves finally captured”:

“On 14 September 2015, the universe's gravita-
tional waves were observed for the very first time.
The waves, which were predicted by Albert Einstein
a hundred years ago, came from a collision between
two black holes. It took 1.3 billion years for the waves
to arrive at the LIGO detector in the USA.

The signal was extremely weak when it reached
Earth, but is already promising a revolution in astro-
physics. Gravitational waves are an entirely new way
of observing the most violent events in space and
testing the limits of our knowledge.

LIGO, the Laser Interferometer Gravitational-
‘Wave Observatory, is a collaborative project with over
one thousand researchers from more than twenty
countries. Together, they have realized a vision that is
almost fifty years old. The 2017 Nobel Laureates have,
with their enthusiasm and determination, each been
invaluable to the success of LIGO. Pioneers Rainer
Weiss and Kip S. Thorne, together with Barry C. Bar-
ish, the scientist and leader who brought the project to
completion, ensured that four decades of effort led to
gravitational waves finally being observed.

In the mid-1970s, Rainer Weiss had already ana-
lyzed possible sources of background noise that would
disturb measurements, and had also designed a de-
tector, a laser-based interferometer, which would
overcome this noise. Early on, both Kip Thorne and
Rainer Weiss were firmly convinced that gravitation-
al waves could be detected and bring about a revolu-
tion in our knowledge of the universe.

Gravitational waves spread at the speed of light,
filling the universe, as Albert Einstein described in
his general theory of relativity. They are always cre-
ated when a mass accelerates, like when an ice-skater
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pirouettes or a pair of black holes rotate around each
other. Einstein was convinced it would never be possible
to measure them. The LIGO project's achievement was
using a pair of gigantic laser interferometers to measure a
change thousands of times smaller than an atomic nu-
cleus, as the gravitational wave passed the Earth.

So far all sorts of electromagnetic radiation and
particles, such as cosmic rays or neutrinos, have been
used to explore the universe. However, gravitational
waves are direct testimony to disruptions in space-
time itself. This is something completely new and
different, opening up unseen worlds. A wealth of dis-
coveries awaits those who succeed in capturing the
waves and interpreting their message” (https://www.
nobelprize.org/nobel prizes/physics/
laureates/2017/press.html).
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4.C. Huxie !, I. b. Basunosa !,
0. A. Pomaneuys ?, B. C. Casuyk

I TonoBHa actpoHOMiuHa o6cepBaTopis

HAH Ykpaiuu, Kuis, Ykpaina

2 JIHinponeTpoBCHLKMIA HALIIOHANBHUIT YHiBEpPCUTET
imeHi Onecs NoHuapa, JIHinpo, Ykpaina

MAJIOBIIOMI ®AKTH I ITOJII 3 ICTOPII
JOCJIKEHD T'PABITALIMHMX XBWJIb B YKPATHI

OnucyroThes ABa MaJoBimoMuUX (haKTH i TTOIIi 3 icTopii mocTi-
JIKEHb TpaBiTaliiiHUX XBUJIb B YKpaiHi. [Tepimii 3 HUX cTocy-
eTbest niepiony xkuttst Hatana Pozena B Kuesi Ta iioro Hayko-
BOI AistibHOCTI B [HCTUTYTI (pisuku Akanemii Hayk YPCP
y 1936—1938 pokax. Y Toii yac BiH oIy0JIiKyBaB KiJIbKa ITpalib,
SIKi CTIpUSUTM CTBOPEHHIO CydyacHUX Teopiii B 001acTi rpaBiTa-
mii i kBaHTOBOI (izuku. Lli podoTu, 3okpema «Ilnockomnosi-
PpU30BaHi XBUJIi B 3arajibHiii Teopii BiTHOCHOCTI», OyJIM BUJAHi

72

B KypHaJli «YKpaiHChKi (hi3WyHi 3aMMCKU», 10 SIKOTO He OyJIo
TOAi IIMPOKOTo AOCTYIY. MM LIUTYEMO TaKOXK JEsIKi JIMCTH i3
nepenucku H. Posenai A. EliHuureiina B ueit nepion. JApyruii
KOMEHTAp TOB'SI3aHUI 3 iCTOPIEI0 eKCITepUMEHTATbHUX J0-
CJTiIKeHb rpaBiTalliifHUX XBUJIb, sIKi Oy iHiifioBaHi B 1970-x
pokax y Kuesi akanemikom AH YPCP O.3. [1erpoBum B IH-
cTuTyTi TeopetnuHoi dizuku AH YPCP. Mu kopoTko omnucy-
€MO ICTOPiI0 CTBOPEHHSI IETEKTOpa BUCOKOYACTOTHUX IpaBi-
TaLifHUX XBUJIb (AHTEHU BeOEPiBCHKOIO TUITY), a TAKOX pe-
3yJbTaTH, OTPUMaHIi TPYIIOI0 TOCTiAHUKIB ITiJi KEPiBHULITBOM
KA. Iiparaca.

Karouoei caoea: rpasitaliiiiHi XBUJIi, 1€TEKTOPU IpaBiTalliii-
HUX XBUWJIb; icTopist Hayku: Hatan PoseH.

A.C. Juxus !, U. b. Basunosa !,
E. A. Pomaney?, B. C. Casuyk

! TnaBHas acTpoHOMUYecKas 06cepBaTopyst

HAH VYxkpaunsi, Kues, Ykpanna

2 JlHenpomneTpOBCKMit HAMOHANBHEI YHUBEPCUTET UMEHU
Ounecs N'onuapa, JInurpo, YkpauHa

MAJIOM3BECTHBLIE ®AKTbI U COGBITUA N3
UCTOPUU UCCIIEAOBAHUN TPABUTALIMOHHbBIX
BOJIH B YKPAHE

PaccmaTpuBaroTcs aBa MajoM3BECTHBIX (DaKTa U COOBITUST U3
HWCTOPUU MCCIECNOBAaHWI TPaBUTAIIMOHHBIX BOJH B YKpauHe.
IepBoblii U3 HUX KacaeTcs nepuona xku3Hu Harana Posena B
KueBe u ero HayyHoil nedrenbHocTH B MHCTUTYTE (DU3UKU
Axanemun Hayk YCCP B 1936—1938 romax. B To Bpemst on
OIMyOJIMKOBAJI HECKOJIBKO PadOT, KOTOPbIE CIIOCOOCTBOBAJIN CO-
3MAHUIO0 COBPEMEHHBIX TCOPHIiA B 00J1aCTH TpaBUTALIMM 1 KBaH-
TOBOU (pU3MKU. DTH paboThI, B TOM uucie «[linockononsipu-
30BaHHbIE BOJIHBI B 00I11I€i T€OPUM OTHOCUTEIBbHOCTU», ObLIN
M3IaHbl B XypHaJie «YKpauHCcKUe (U3MYECKUe 3arUcKu», K
KOTOPOMY TOTJa He ObUIO LIMPOKOTO f0cTyna. Mbl LIUTUPYEM
TaKXXe HEKOTOpbie MuchMa u3 mepenucku H. PoseHa u
A. DiiHIITeliHa B 3TOT reproa. BTopoit KoMMeHTapuii cBsizaH
C HCTOpMEN BKCIEPUMEHTAIbHBIX MCCACAOBAaHUM TIpaBUTAa-
LIMOHHBIX BOJIH, KOTOPbIEe ObLIM MHULIMMPOBaHbI B 1970-x ro-
nax B Kuese akanemrikom AH YCCP Anekceem 3. [1eTpoBbiM B
Wucturyre Teopetuueckoit duzuku AH YCCP. Mebl kpatko
OIMCBIBAEM UCTOPUIO CO3IAHMUS AETEKTOPA BHICOKOYACTOTHBIX
TpaBUTALIMOHHBIX BOJIH (AHTEHHBI BEOCPOBCKOTO THIIA), a TaK-
Xe pe3yJbTaTbl, MOJYYEHHbIE I'PYIINOMA MCCIEAOBATEICU IO
pykoBozactBoM K.A. INMuparaca..

Karouegvie caosa: rpaBUTALIMOHHBIE BOJIHBI, IETEKTOPBI TPaBU-
TAlIMOHHBIX BOJIH; UCTOpUsI HayKu: Hatan PoseH.
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l'onoBHa acTpoHoMiuHa oOcepBaropis HamioHanbHoi akanemii Hayk Ykpainu, KuiB, Ykpaina

KOCMIYHI MICIi HAMBJIMNXKXYOIO MAMBYTHBOTI'O:
BHYTPIIIHS OBJACTh COHIYHOI CUCTEMU

Hasederno 020 naiibauxicuux 3a 4acom npogedeHHs KoCMiuHUX miciit 015 docaioxncerts eHympiuHboi oonacmi Consaunoi cucme-
mu, a came «Solar Probe Plus», «Solar Orbiter», «BepiColombo», «<EXOMars» ma «InSight>. Ixuiii 3anyck 3anaanoéano na
2018—2020 pp., i kodxucHa 3 Hux 6yde docaioncysamu abo Conue, abo naanemy 3emHoi epynu. Kopomko onucyromocs npusHa4eHHs
ma mexHiuHe OCHAU|eHHA KOCMIMHUX anapamis, NAaHu ixHb020 NOAbONY Ma HAYKO8I Yii.

Karouogi caoea: kocmiuni anapamu, opoima, consunuil gimep, maenimue none Mepkypis, ammocghepa Mapca, nosepxus Mapca.

HocnimxenHst COHIYHOI CUCTEMU KOCMIYHMMMU aria-
paTtaMu, 1110 TPMBAE BXKe MOHAJ, IMiBCTOJITTSI, AOIO-
Mara€ BiAIIOBICTM Ha HaWOUIbII BaXJIMBI HayKOBi
Mpo0eMU BUBYEHHSI OJIV>KHBOTO KocMocy. e mpo-
Onemu K acTpoi3vKu, Tak i «3eMHUX» HayK, axke
BOHU CTOCYIOTBCSI HE TUIbKM (Di3MYHUX IIPOLIECIB SIK
Takux, aje i 3arajJbHOi KapTUHU TOTO, YOMY, SIK i
kosiu ccpopmyBanuck CoHlie, IJIaHEeTH Y 3aBEPILIeHO-
My BUIJISII, BAHUKJIM YMOBU JJIsI TIOSIBU CKJIAJHUX
OpraHiYHMX CMOJYK Ta CAMOTO KUTTSI.

3aBASIKU CYTTEBOMY TEXHOJIOTIYHOMY MpOrpecy
OCTaHHBOTO JECATWIITTS KOCMIiUHi arapaTty oTpuMa-
JIX 3MOTYy BUKOHYBAaTH 3ajiavi, SIKi paHille 31aBajuCh
HEMOXKJIMBUMM 0€3 BTpYYaHHSI JTIOAUHU a00 3 OTJISIIY
Ha yMOBHU IlepeOyBaHHSI arapara. SIcKpaBuM IIpH-
KJIaJIOM BUXOMY i3 30HU «KOMQOPTY» pOOOTH IIOIIE-
peIHiX amapaTiB € KiJlbKa MicCili, 3alIaHOBaHMX Ha
HacTynHi 2—3 poku. Oco0IMBO LIe CTOCYETHCS TOCTi-
mxkedHHa CoHLI 3 HaA3BUYaiiHO MaJIOl BincTaHi ana-
patamu «Solar Probe Plus» ta «Solar Orbiter», a Ta-
KOX MapciaHcbkoi Micii EXOMars, skuii Briepiie

© A. A. BACUJIEHKO, 2017
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BMKOHAE BiTHOCHO IJIMO0KE OypiHHSI BEPXHBOTIO IIIapy
noBepxHi Mapca Ta rpoaHaizye oTpuMaHi 3pa3Ku.

[IpencrasneHnii orisig BUCBITIIOE HANOLTBII BaxXK-
JIMBIIII Ta IEPCIIEKTUBHI MicCil 0 BHYTpILIHIX 00Jj1ac-
teii CoHstuHOI cucteMu BrpoaoBxk 2018—2020 po-
KiB, SIKi BxXe ITepeOyBaloTh Ha 3aBepIUaJIbHIN CTamil
BUTOTOBJIEHHSI KOCMIYHOTO anapara ado ioro TecTy-
BaHHS $IK 11JIOTO.

«SOLAR PROBE PLUS»

Lls1 ameprkaHchKa KOCMIYHA MicCisl € He TUIbKU Iep-
LIOI0 Y CITUCKY B HALLIOMY OIJISIA, ajie i «Hairapsivi-
11I010» Yepe3 Te, 1110 KOCMiYHUIi arapar, METOIO SIKOTO
€ BuBYeHHs1 COHIIsI, HAOJM3UTHCS 10 HHOTO Ha 0e3-
MpeleIeHTHY BicTaHb — 0 6.2 MJTH KM, TOOTO Ha
BincTaHb 6;113bK0 8.5 paniyciB Conus !! Take «exc-
TpeMaJibHe» HAOJIMKEHHSI i3 3aHYPEHHSIM Y KOPOHY
CoHI1Is1 TOTpiOHE MJI BUPILIEHHS IBOX 3HAYYIIMX
MUTaHb reaiodizuku 2: a) yomy KopoHa CoHLS Mae
HACTIJIbKY BUIILLY TeMIIEpaTypy, HiXK ioro noBepxHsi?

! https://solarprobe.gsfc.nasa.gov/spp_mission.htm
2 https://solarprobe.gsfc.nasa.gov/spp_science.htm
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Puc. 1. «Solar Probe Plus» y kocmoci. Imoctpanisa. Credit: Johns
Hopkins University
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Puc. 2. PozraiyBanHsi iHcTpyMeHTiB «Solar Probe Plus» 3 nBox
noauiit. Credit: Johns Hopkins University
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SWEAP SPAN A+

Puc. 3. «Solar orbiter» y kocmoci. Imoctparist. Copyright: ESA

SKi piznyHI MexaHi3MH 3a 1ie BiIIIOBIIAIOTh i IK came
BOHMU [1it0Th? 0) SIK 1 YOMY BiIOYBa€THCS TPUCKOPEH-
HSl YaCTMHOK COHSIYHOTro BiTpy? fKa cTpykTypa Ta
pOJIb y LIbOMY MarHiTHUX ITOJIiB?

YV NOTOBHEHHST 1O HAyKOBOI MOTHMBALIil OCHOBHUX
wiseit «Solar Probe Plus» HellogaBHO 0yJ10 BUKOHAHO
B KJIMBE JOCITIIKEHHSI BJACTUBOCTEN COHSIYHOTO Bi-
Tpy. A came, y cepeauni 2016 p. KomaH/Ii BUSHUX, SIKi
npatotoTh 3 anapatamu STEREOQO, 3aBasiku 3actocy-
BaHHIO CKJIQIHUX aJITOPUTMIB JIJIsi OUMILEHHS Ta 00-
PpOoOKM 300pakeHb KOPOHHU BIAJIOCh BUSIBUTH BaXKJIUBY
MPOCTOPOBY XapaKTePUCTUKY COHSIMHOTO BiTpy [3].
BoHu BU3HAUMIM MEXY, TiCJISI SIKOI COHSIYHUI BiTEp 3
YIOPSIIKOBAHOI CTPYKTYPU TTPOMEHIB (SIKi YiTKO CITO-
CTEPIratoThCs MiJl Yac COHAYHUX 3aTEMHEHb) MEPEXO0-
IUTh y TypOYJIEHTHUI CTaH, — 1Ie NpUOJIU3HO 32 MIIH
KM Bi noBepxHi CoHug. 3 (GizuyHOI TOUKHM 30Dy 1€
00J1acTh, J€¢ HaIpy:KEHICTb MarHiTHOIO IIOJISI Malae
HACTIbKX, 110 BOHO HE MOXE MOBHICTIO KOHTPOJIIO-
BaTH MOBEAIHKY PEUOBMHMU BITPY, sIKa IMTOUMHAE BECTU
cebe SIK «3BUYaiiHuiA rapstuuii raz». Ockiibku «Solar
Probe Plus» kijibka pa3iB nepeTuHaTUMe 110 MEXXY, BiH
3HAYHO JOIMOMOXE 3PO3YMITH MOBEIIHKY MarHiTHUX
MOJIiB Ta BITPY MiJT Yac «po3namay» Moro yrnopsiikoBaHoOi
CTPYKTYPH.

Craprt Micii 3arutaHoBaHo Ha Jiito 2018 p. ITig uac
Micil armapat IMoBUHEH 3[iiicHUTH 24 00epTh HaBKOJIO
CoH114 Ta ciM rpaBiTalliiHUX MaHeBpiB 0i1s1 Benepu.

ExcTtpemainbHi yMOBU pOOOTU 30HIY BHUMAararoThb
TAKMX XK€ TeXHOJIOTiii s itoro po6oTu 3. Tak, 3 60Ky

3 http://parkersolarprobe.jhuapl.edu/index.php#the-missio

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2017. T. 23. No 3



Kocmiuni micii naiibausicuoeo mailbymuvoeo: enympiuns ooaacme CoHA4HOI cucmemu
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Puc. 4. Po3ramyBanus iHnctpymeHTiB «Solar Orbiter». s imoctparii 6iuHa cTiHKa BumageHa. [HCTpymeHT
SPICE (He moka3aHuii) KpiUThes 10 BepXHBOI maHesni 3uu3y. Copyright: ESA

CoH1 1ioro Oyne 3aXuIleHO CreliaJbHUM TOBCTUM
(11.43 cM) ByrIelleBO-KOMITO3UTHUM ekpaHoM TPS
(miametp 2.43 M), sIKUi TOBUHEH BUTPHUMATU TEMIIE-
patypu o 1400 °C.

Ha 6opty Oyze po3raimoBaHO YOTUPH KOMITJIEKCH:
a) FIELDS — HaOip iHCTpYMEHTIB ISl PSIMUX BH-
MipIOBaHb €JICKTPUYHUX Ta MAarHiTHUX T0JIiB, TYCTU-
HU IUIa3MM, €JIGKTPOHHOI TeMIIepaTypu, padiOBU-
npomiHoBaHHS Ta noToky IloitHTiHra; 6) ISIS —
MPUCTPIl I BUMIPIOBAaHHSI €HEPTiil 3apsIKeHUX
YaCTUHOK Biz aecsatkiB keB o 100 MeB; B) WISPR —
TeJECKOI BUAMMOTO Jiana3oHy [Jisi OTpUMAaHHS 30-
OpakeHb KOPOHHU Ta BHYTPilIHBOI rejiocdepu;
r) SWEAP — Tpu nnpucTpoi 1151 BAMipIOBaHHSI IIBUI-
KOCTi, TYCTUHU Ta TeMIIepaTypu ajibda-4yaCTUHOK,
MPOTOHIB Ta €JICKTPOHIB.

IIporHo3yeThcsl, 1110 30HA, (PYHKIIIOHYBAaTUME 110
2025 poKy BKJIIOUHO.

31 tpaBusa 2017 p. HACA nipuitHsiio pillieHHs Ha-
3BaTHU Lieli KocMiuHuii armapat imeHem FOmxuna [Tap-
Kepa — acTpodi3uka, SIKUil BAKOHAB MiOHEPCHKi po-
0OTH 3 TOCJIIKEHHSI COHSIYHOTO BiTPY (caMe BiH 3a-
MPOITOHYBAB 1110 Ha3By y 1958 p.) Ta itoro B3aeMoii 3
MAarHiTHUM MOJIEM.

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2017. T. 23. No 3

«SOLAR ORBITER»

«Solar Probe Plus» He Oyiae enMHUM Y CBOIX JOCTi-
mkeHHsaX CoHLIS Ta oro oKoauib. Y XKoBTHI 2018 p.
MapajieJIbHO ITIOBMHHA po3nodathch Micis €KA
«Solar Orbiter». Lle Oyne cknagHui Ta BEJIUKWA ara-
par 3 GiIbII HiXX AeCSATKOM HAYKOBHX iHCTPYMEHTIB .
ITicns 3amycKy BiH 3OIMCHUTB CEpil0 rpaBiTaLiitHUX
MaHEeBpiB, SKi BUBEIYTh MOTr0 Ha OpOITYy 3 MaKCH-
MajbHUM HaOmkeHHsIM 1o CoOHIIS Ha BiACTaHb
42 MIH KM. 3aBASKUA TOMY IO TIepiof i€l eminTnd-
Ho1 opOiTH Oyae pe3oHaHCHUM A0 pyxy Benepu, no-
CTYMOBO Oy/ie 30UTbIITYBATUCH 11 HAXWJI BiTHOCHO €K-
Batopa CoHilsl. HanpukiHili ocHOBHOTO TepMiHy (0i1st
7 POKiB) HaXWJI CTaHOBUTUME 25°, a i KiHellb po3-
mpeHoi Micii — 34°. Taka ocobauBicTb pyxy «Solar
Orbiter» mO3BOIMTH TOMY CIIOCTEpiraTu 3a IOJIIPHU-
Mu obmactamu CoHLIA.

Sk i msg «Solar Probe Plus», cepen ocHOBHUX 11i-
JIelt €éBpOMENCHKOro anapara 3Ha4YUThCsl JOCTIIKEH-
H restiocepu (BIIMB Ha Hel TPaH3IEHTIB Ta COHSIY-

4 https://www.mps.mpg.de/solar-physics/solar-orbiter
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Puc. 5. Moayni MPO ta MMO Ha op0iti HaBkosno Mepkypis.
Imoctpanist. Copyright: ESA

HUX BUKUIiB), MarHiTocdepu ta KopoHu CoHIIs, CO-
HSYHOTO IMHAMO, TIOXOIKEHHST COHSTYHOTO BIiTpY [4,
5]. IlpuHUMITOBA BiIMiHHICTh MiXX MMM IBOMa aria-
patamu noJisirae y Tomy, 1o «Solar Orbiter» HecTuMe
Ha co0i TpU TeJEeCKONHU ISl OTPUMAaHHS 300paXkeHb
camoro CoHIsd, a He TiIbKu Ioro kKoponHu. Ilo-
mepie, 1e oymne 16-cm temeckon Piwi — Kperbena
PHI, meToto sikoro Oyzie moOyaoBa BEKTOPiB MarHiT-
HOTO 10151 Ta OTPMMAaHHS 3HAYEHHSI IIIBUAKOCTI pe-
yoBUHU (hoTOchepHr Ha TPOMEHi 30py. Y ToUlLli Iepu-
reflito BiH 3MOXKe PO3Pi3HATH AeTajli Ha ITOBEPXHi
Conust posmipom 10 150 km. ITo-apyre, 1ie a8a 3.5-cMm
teneckor EUT 3¢ myig Y®-pianasony.
VciinctpymenTu «Solar Orbiter» MOXXHa MOIITATHA
Ha JIBa TUIM — IIPSMOI [ii Ta TMCTAaHIIMHOTO BUMi-
proBaHHSI. [HCTpyMEHTH NpsIMOi A1l (IeTeKTOop yacTu-
Hok EPD, maraitomerp MAG, peectpatop pamio- Ta
miasMoBux xBuwib RPW, aHamizatrop SWA) OyayTh
MPALOBATU ITOCTIAHO MPOTATOM KOXHOI 168-1eHHOT
opOiTh. [HCTpyMEHTU AUCTAaHLITHOTO BUMipIOBaHHS
(teneckort PHI 7 ta EUI, xoponorpad METIS 8, pent-
reHiBcbkuii criekrpoMeTp STIX, KopoHaabHMI CTIEK-
tporpad SPICE ° Ta remiocdepHa kamepa SoloHI)
MpaloBaTUMYTh e MpoTsiroM 30 AHIB HA OTHOMY

5 https://www.mps.mpg.de/solar-physics/solar-orbiter-eui
6 http://eui.sidc.be/public/eui-short.php

7 https://www.mps.mpg.de/solar-physics/solar-orbiter-phi

8 https://www.mps.mpg.de/solar-physics/solar-orbiter-metis
9 https://www.mps.mpg.de/solar-physics/solar-orbiter-spice
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00epTi — y TOULli MepuresIito Ta TOYKax HalOLIbIIOL
KYyTOBOI BificTaHi Bix ekBaTopa COHIIS.

ITpamtoroun y TangeMi, «Solar Probe Plus» Ta «Solar
Orbiter» 3MOXXyTb MPUHECTU BUSHUM He JIUIIIe Oarato
HOBMX, aJie i1, MOXKJIMBO, PEBOJIIOLIIMHIX 3HaHb, a/lKe
1€ >KOIHOIO pasy Tak 1o0pe OCHalIeHi amapaTu He
3aMycKaliCh HACTUTbKU 0113bKO 10 COHIIS.

«BEPICOLOMBO»

Mepkypiit — Hatoamkya 10 CoHLisl Ta HaiMEHIL BU-
BUCHA TJIaHETa 3eMHOI Tpymu. [10sSICHIOEThCS 1ie TO-
JIOBHUM UMHOM THM, 11O CIiocTepiratu Mepkypiii i3
3eMJIi 1y>ke He3py4YHO: BiH HiKOJIM HE BiIXOIUTH Ja-
neko Bim CoHIII — Oro MaKCWMaJTbHa eJIOHTAIlist
Bcboro 28°. J1o Toro X 1ie MajieHbKa riaHeTa — ii Jaia-
meTp e Ha 1400 kM OitbLLMiA Bim giameTpa Micsiis.

3amyckaTu [1J1s1 HOro BUBYEHHSI KOCMIYHi 30HIU —
TeX HenpocTe 3aBaaHHs. [IpuyuH TyT ABIi — BeJMKa
IHTEHCUBHICTb TEILJIOBOro MoTOKY Bif CoHLIs Ta rpa-
BiTaIlifHMI1 BIUTMB OCTAHHBOTO, 110 3HAYHO YCKIIaI-
HIO€ BUBEIEHHS arapaTa Ha CTabiJIbHY OpOiTy HaBKO-
110 Mepkypis. 1o boro yacy rraHeTy BUBYAJIN JIAIIIE
nBa arapaTtu — «MapiHep-10», sskuit y 1974—1975 pp.
3MICHUB TPU MTPOJILOTH OiJTsI Tu1aHeTH [1], 1 «MecceH-
JKep» — Tepluuit armapar, SIKWil BURILIOB Ha OpOiTy
HaBkos1o Mepkypisi. Ll octanns wicist!?, sxa Gyna
TaKOX MIyXKe YCIHIIIHO0, TpuBaia 3 oepesns 2011 p.
1o xBiTHs 2015 p.

HacrtyrHuwm etarom BuBUeHHS MepKypis CTaHe Mi-
cist «BepiColombo»!!, sxa opieHTOBHO cTapTyBaTHUME
y koBTHi 2018 p. 3amyckoM pakeToro «ApiaH-5». [Tpo-
TSITOM TPOXMU OiJIbIIIE CEMU POKIiB ITOJIBOTY 10 CBOET LIiTi
anapar BUKOHae 9 rpaBiTalliliHUX MaHEBPiB: OMUH OiJ1s1
3emuti, aBa 61 Benepu ta wiicts 6iis Mepkypis. Ha
rmoyatky 2026 p. OYIKYETBCSI CTAPT OCHOBHOI POOOTH
Ha HaBKOJIOMEPKYpPiaHChKiit op6iTi 2.

Kocwmiynuii anapar «BepiColombo» ckiamgatu-
METBCS 3 TPhOX OKPEMHX MOIYJIIB, SIKi pa3oM YTBO-
protoTh koMIuieke «Mercury Composite Spacecraft»
(MCS). Iepumii i HAOLIBIINIE MOLYIb — EBPOIICH-
cbkmit «Mercury Planetary Orbiter»!3 (MPO), apy-

10 http://sci.esa.int/bepicolombo,/56015-missions-to-mercury/
11 http://sci.esa.int/bepicolombo/33022-summary/
12 http://sci.esa.int/bepicolombo/47346-fact-sheet/
13 http://sci.esa.int/bepicolombo/48872-spacecraft/
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Ui MOMYJIb — €BPOIIEHCHKO-SIMOHChKUI «Mercury
Magnetospheric Orbiter» 14 (MMO). Tperiit Mmony1b —
«Mercury Transfer Module» (MTM) — niepeniTHMi
MOJYJIb, IKMI 3a0e31e4nTh JoctaBky MPO ta MMO
no uijgi. Ocoonusictio MTM Oyne BUKOpUCTaHHSI
KCEHOHOBOTO eJIeKTPOHHO-ioHHOro asuryHa SEP,
SIKUI Mae MaJty TATY, ajle MOXe Oe3MepepBHO Ipalio-
BaTH JIyXe TOBTO.

IMicns Buxomy Ha opoity MPO Ta MMO po3ainsTh-
CsI: IEPILKIA ITpalloBaTHMe Ha ITOJIsIpHik op0iTi 480 KM
ta 1500 xM 1151 mepurerito Ta adesiiio BiAMoBiIHO, a
JIPYTUiA — TaKOX Ha TMOJISIpHiii opOiTi 3 mapaMeTpaMu
590 kM Ta 11 640 kM. MPO mae Ha 60pty 11 iHCTpY-
MEHTiB, cepel sikux pi3Hi kamepu (SIMBIO-SYS),
5 cnekrpomerpiB — SIMBIO-SYS (I4), PHEBUS
(YO), MIXS (X-ray), MGNS (y-ray Ta HEIUTPOHIB);
nazepHuil anstumerp BELA, pagiomerp MERTIS
Toio. MMO Hectume OuIbIIl By3bKOCIHEILiadi30BaHi
MpWIaau 1151 BABUEHHS MarHitocepu Ta COHSIYHOTO
BiTpY, a came MarHitometp MERMAG-M/MGF, ka-
Mepa MSASI mist crioctepexxeHHs1 ek3ochepu Mep-
Kypisl y JIiHisSIX HaTpito, aHaJli3aTop YaCTMHOK I1a3Mu
MPPE, aHanizatop xBwib y miasmi PWI, nunoBuii
MoHiTop MDM. OcHoBHUMU LissMu Micii 19 € [2]:
a) BUBYeHHS MepKypis SIK TUIaHeTH — oro (opmu,
BHYTPILIHBOI OyI0BU, T€OJIOTIl, CKIamy Ta KpaTepiB;
0) BUBYEHHS CTPYKTYpU Ta AWHAMIKM eK3ocdepu Ta
MarHitocepu; B) BU3HAUCHHS TTOXOIKEHHST MarHiT-
HOTo ToJis1 MepKypist; I') AOCTiKEeHHSI TTOJSIPHUX 00-
JIaCTei, SIKi MiCTSITh BOJASTHUIA JIiT Ta BOTHEBOMICTKI CIIO-
JIYKU; ) BAKOHAHHS TecTiB a8t riepeBipky 3TB.

Ilg wmicig po3paxoBaHa IIOHaMEHIlle Ha OAWH
3eMHUI pik (200 4 MepKypiaHCHKMX POKHU) 3 MOXKJIH -
BIiCTIO IIPOIOBXKEHHS.

«EXOMARS»

Mapc... Lo miaHeTy JIOACTBO Oyae, CKOpillle 3a Bce,
BMBYATU TOCTIAHO J0 THUX ITip, TOKM BOHO TYyIU HE
MpUiiae y BUIJISIAL Majol KOJIOHiI ab0 MOCEJIeHHS.
IMounHarouu Bim BoiloBHMYMX iHOILIaHETSIH ['epOep-
Ta Beca i 3akiHuytouM MikpoopraHizMamu ado ix-
HIMM CKaM’STHIJIOCTSIMU, JIFOIM MOCTIAHO XOTiIN «3a-
CeJIMTU» LII0 TIJTaHeTy. AJle 10 CbOTOAHI BUEHI TaK i HE

14 http://www.stp.isas.jaxa.jp/mercury/p_mmo.html
15 http://sci.esa.int/bepicolombo/31350-objectives/
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Puc. 6. Monyni MMO 1a MTM (cnipaBa) y cKiagajibHOMY LEXY.
Copyright: ESA — Anneke Le Floc'h

Puc. 7. TlinrotoBka no 3’eiHaHHs MoayiaiB MPO (3Bepxy) Ta
MTM. Copyright: ESA — Anneke Le Floc'h

BiJIMIOBLJIM YiTKO HA MUTAHHSI — YU €/0YJIO XXUTTS Ha
Mapci. JIBoxetarnHa Micigs EXOMars moBMHHa BUKO-
HaTU CYTTEBUM KPOK y MOTO IIOIIYKY, alI>Ke BIIEpILIE
Ha Mapcoxoi Oyae BUKOPUCTAHO Oyp IJIsl OTpUMAaH-
HS INIMOOKMX IIPO0 IPYHTY.

[Mepmmm 1i erarom ctaB 3aryck 14 6epesnst 2016 p.
komiiekcy TGO-EDM — op0GitanbHOro arapara
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Puc. 8. <Exomars Rover» Ha moBepxni Mapca. Imoctpartist. Copyright:
ESA/ATG medialab
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Puc. 9. PosraiyBaHHs1 iHCTpyMeHTIB abopatopii «Exomars Rovers.
Copyright: ESA/ATG medialab

Puc. 10. Maket nocankoBoi miatdopmu pazom 3 «Exomars Rovers.
Credit: Roscosmos/Lavochkin/IKI
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«Trace Gas Orbite» Ta eKcnepMMeHTaJIbHOTO I10ca-
nouyHoro monyisi «Ckianapesuti». [lepuuii € crijib-
HUM €BPOIENCHKO-POCIMCHKIM arapaToM IS BU-
BUEHHSI cKJ1aay aTMocdepu Mapca Ta iHoro rnoBepxHi.
MicTuTb y c00i YOTUPU IHCTPYMEHTHU: HEUTPUHHUI
netektop FREND, Y®/IU-cnektpomerpu ACS Ta
NOMAD Tta crepeokamepy CaSSIS. 19 sxoBtHs 2016 p.
TGO ycmimHoO BUMILIOB Ha CBOIO OpOITYy Ta Hapasi
npaiitoe. Monyib «Ckianapesuti» 3a3HaB CyMHO1 J0J1i,
pO30MBIIMCH Ha IIOBepXxHi Mapca depe3 MOMUIKHA
CHCTEMMU CITYCKY Ta TIOCAIKU.
HaiiBaxusiiowyactuHoo nporpamu EXOMars
craHe gpyruii etan y 2020 p., KoM IUIAHYETHCS 10~
canuty Ha Mapc nBi BeJMKi JJabopaTopii — MOOiJTb-
Hy «ExoMars Rover» i cramionapHy riargopmy 3
BEJIMKOIO KiJIbKIiCTIO HAYKOBUX iHCTPYMEHTIB.
IMo6ynoBolo Mapcoxona 3aiiMaeTbest €KALS) i
MOT0 TOJIOBHOIO OCOOJIMBICTIO CTaHE HASIBHICTH I1O-
BOpoTHOTO Oypa 7, siKuit 3Moxe 6GpaTi Mpoodu 3 -
ouHu MakcumyMm 2 M. llikaBo, 1m0 Oyp BKJIIOYaE y
cebe MiHiaTopHuii [Y-cnektpomerp Ma_ MISS,
SIKUI Oyae 6e3rocepeHbO JOCIiIKYBAaTU MiHEpasIo-
Til0 B OTpUMaHilt cBepaJioBMHI. Mapcoxil TakoxX He-
CTMMe Ha cobi HU3KY iHCTpyMeHTiB '8: MynbTHcnex-
tpanbHi Kamepu (PanCam, CLUPI), criekrpomerpu
(ISEM, MicrOmega), pamapxy cuctemy WISDOM, po-
CIICbKU I HEUTPOHHU 1eTEKTOP «Adron», KOMILIEKC
IIJI aHai3y 3pa3KiB IpyHTY. OcTaHHIM, OKpiM AOCITi-
IIDKEHHSI TPYHTY CaMOTO 10 co0i, Oy/ie TaKOX LIyKaTh
GiomMapkepu, UMOBIpHICTb BUSIBIEHHS SIKUX IIiJI I1O-
BepXHEI0 HabaraTo Oijbllia, aHiXK 330BHi yepe3 Oilb-
111y 3aXUIIEHICTh Bil onpoMiHioBaHHsI CoHls Ta (po-
TOXiMIYHUX MporieciB. JJIsI MOIIYKiB CJIiAiB XXKUTTS Ha
ExoMars Rover 1mocraBiieHO KOMILIEKC HPUCTPOIB
[ 3arajJbHOI0 HA3BOIO «AHAJIITMYHA JabopaTopis
IMactepa», KymM BXOOWTH aHAJi3aTOp MOJIEKYIT
MOMA, pamaniBcbkuii criektpomeTp RLS.
CrauioHapHy Iat¢opMy PO3pO0JISIE pOCilichbKe
HBO im. C. M. JlaBoukiHa. Lle Oyae aBTOHOMHUIA
koMmIutekc 1 mis mocnmimkeHHs cKiamy, BIacTHMBOC-
Teil arMocdepu Ta moBepxHi Mapca, #0oro mpuIio-

16 http://exploration.esa.int/mars/45084-exomars-rover/

17 http://exploration.esa.int/mars/43611-rover-drill/

18 http://exploration.esa.int/mars/45103-rover-instruments,/

19 http://exploration.esa.int/mars/56933-exomars-2020-surface-platform/
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BepXHEBUX I1apiB Ta ceficMiku. OCHOBHMMHU HAyKO-
BUMMM 3aBIAaHHSIMM UL TIpWIadiB IiaTopmu Oyme
MOHITOPUHT MOBEPXHi MiCIISI ITOCAIKH, TOBrOTPUBa-
JIMiA MOHITOPMHT KJliMaTy Ta aTMOC(epHi TOCTiKEHHS.

«INSIGHT»

OKpiM MUTaHHST XUTTsI, Mapc BiTOMMUI TUM, 1110 Lie
enuHa raHeTa y COHsIUHIN cUCTeMI, Ie Yy MUHYJIOMY
BiZOyBasIach BYJIKaHiYHA AiSUTbHICTD, TTOII0OHA 10 3eM-
Hoi. Ajie BOHa He OyJia IOBrolo, Mpo 1110 CBiTYNTH Bifl-
CYTHICTb OKPEMHUX TEKTOHIYHUX ILIUT, a 1Ie, ¥ CBOIO
yepry, Haga€e YHiKajJbHY MOXJIMBICTH 30€pexkKeHH:
JIPEBHBOTO «(hOTO» CTPYKTYPU MapCiaHCBKOIO SIIpa,
MaHTil Ta Kopu. TakuM YMHOM, 3 TOYKM 30py pyHOA-
MEHTAJIbHMX TeOJIOTIYHUX IIpolieciB Mapc € Takolo
€00i «30JI0TOBOJIOCKOI0»: 3 OAHOTO OOKY, BiH € 1OCTaT-
HBbO MacCUBHUM, 11100 Y fi0ro Haapax BinOyJach aude-
peHIIiallisi peYOBMHM, aJie He JOCTAaTHBO IJIsI TOTO, 11100
MiITpYMYBaTH TEIJIOBI MTPOLIECU Ta CBOI «I'€OJIOTiYHi»
MPOLIECU MTPOTITOM YChOTO YaCy CBOTO iCHYBaHHSI.

«InSight» (momepennst HazBa GeMS) — wMicisa
HACA B pamkax mporpamm «Discovery», sika Oyne
MEepIIOIO MiCi€l0, MPU3HAYEHO BUKIIOUHO ISl 10-
cimkenHs Haap Mapca 2. Bona Gyne Bupinrysatu
OJIHY 3 HAMGLIbII (DYyHIAMEHTAIBHUX Mpobsiem 2! —
PO3yMiHHS POLIECiB, SIKi chopMyBaIM IMJIaHETH 3eM-
HOI I'pyI YOTUPU MUTBSIPAY POKiB TOMY.

«InSight» Oyne «IIpoHUKATH» TJIMOOKO ITi TTIOBEPX-
HI0O Mapca Ta BUSBIISITA «<KUTTEBO BAXJIMBI O3HAKM»
IUIAHETH: 1i «IIyJIbC» (CEMCMOJIOTisI), «TeMIlepaTypy»
(IaTHUK TETUIOBOTO MOTOKY), i «pedaekcu» (MO3ULLio-
HyBaHHsI). HalirojoBHilmmu B 1iboMy arnapati OyayTh
nBa iHCTpyMeHTU. [lepiiuii — Haa3BUYAHO UYTIIU-
BUi1 (bpaHILly3bKUil repMeTuHmii cericmoMeTp SEIS,
SIKUH TMIC/IST MOCaIKU MOIYJISI 3 JOITOMOTIOI0 MaHiIy-
JIsgTopa Oyne 3HSITO 3 IIaThOopMU Ta MOCTaBJAEHO Ha
nosepxHio Mapca. dpyruit — HP3 22, axuit po3tmd-
POBYETHCS SIK «KOMILJIEKC BUBUEHHSI TETUIOBUX MTOTO-
KiB Ta (i3M4HUX BlIacTUBOCTel». 1o cyTi 1e cTpiuka,
Ha TIOYaTKy $IKOI 3MOHTOBAaHO YHApHUII MeXaHi3M
«Trackor mole», sikuit 103BOJUTD 3arIMOUTUCS HA 5 M
mig noBepxHIo. Ha yciif moBXWHi CTpiukM yepe3 KOXKHi
10 cM 3MOHTOBaHO JaTHUKM TemIiepatypu. Lle mo3Bo-

2 https://insight jpl.nasa.gov/overview.cfim
21 https://insight.jpl.nasa.gov/science.cfim
22 http://www.dlr.de/pf/en/desktopdefault.aspx/tabid-8653
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Puc. 11. «InSight» y umcriii kimHati 1iexy Lockheed Martin. Credit:
NASA/JPL-Caltech/Lockheed Martin

Puc. 12. «InSight» Ha moBepxHi Mapca Ta posranryBaHHs HOTo iHC-
tpyMeHTiB. [moctparis. Credit: NASA/JPL-Caltech

JIUTh OTPUMATH TTapaMeTPU TEeTUIONPOBIAHOCTI Ta Be-
JIMYMHY TIOTOKY TeIlla Bifl HAp IUIAHETH.

ATapar TakoxK HeCTUMe Ha O0pTy 111e psi iHCTpyMEH-
TiB 23, TaKi IK pi3Hi KaMepy Ta JaTHUKY CTaHy 30BHIILI-
Hboro cepenonuiiia. Cepel HUX MOXHA BUAUIUTU He-
3puuHuii iHcTpymeHT RISE, skuii o cyti npeacras-
JIsie cOOOI0 IBi aHTEHU X-palliofiara3oHy, HalIpaBJcHi y
MPOTIIEXHI cTopoHHU. Moro MeTa — Ha OCHOBi edeKTy
Hommuiepa no3uniionysaTtn «InSight» Ha moBepxHi 3 TOY-
HICTIO 1O CAaHTHMMETPIB JIsI BUBYEHHS 00epTaHHsI Map-
ca HaBKOJIO CBOEI OCi Ta BU3HAYATH IOr0 KOJIMBaHHSI.

B htps://insight.jpl.nasa.gov/technology.cfim
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A. A. Bacunenro

3anyck arnapara 3ariaHoBaHO Ha TpaBeHb 2018 p. 3
npudyTTsIM 10 Mapca B KiH1Ii iucronanaa. [Tporaozo-
BaHa TPUBAJIICTb pod0TH HA Mapci ImociIoBHUKA Mi-
cii «<Phoenix» po3paxoBaHa Ha ABa 36MHUX POKHU.
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I'naBHast acTpoHOMMYECKast 00CepBaTOPHsI
HauuoHanbHoOM akageMuu HayK YKpauHbl, Kues, YkpanHa

KOCMUNYECKHWE MUCCHUUN BYAYUIEIO:
BHYTPEHH OBJIACTb COTHEYHON CUCTEMBI

ITpuBonuTtcst 0630p OAMKANUIIKMX TTO BpEMEHM 3aIycKa Koc-
MHWYECKUX MUCCHUIA JIJIST UCCIIEIOBAaHUS BHYTPEHHEl 001acT
CotHeYHO cucTeMbl, a UMeHHO «Solar Probe Plus», «Solar
Orbiter», «BepiColombo», «<EXOMars», a Takxke «InSight».
Wx 3anyck 3arutanupoBaH Ha 2018—2020 rr., ¥ Kaxablii U3
HuX Oynet ucciaenoBatb Wi CojiHIIe, WK IJIaHETY 3eMHOM
rpymibl. KopoTko omnmuchIBaIOTCs MpeaHa3HaYeHUue M TeX-
HUYECKOEe OCHAIlleHNe KOCMMYECKHUX aIlliapaToB, TIaHbI UX
MoJETa U HAyYHBIE 1ICIIH.

Karouesvte cao6a: KocMuyecKue armaparbl, OpouTa, COJHEY-
HBII1 BeTep, MarHUTHoe 1ojie MepKypusi, atmocgepa Mapca,
noBepxHocTh Mapca.

A. A. Vasylenko

Main Astronomical Observatory
of the National Academy of Sciences of Ukraine, Kyiv, Ukraine

FUTURE SPACE MISSIONS:
THE INNER REGION OF THE SOLAR SYSTEM

The paper deals with an overview of space missions to explore
the inner region of the Solar System, the nearest on time of
their launch, namely, Probe Plus, Solar Orbiter, BepiColom-
bo, EXOMars, and InSight. Each of them will study either
the Sun or the planet of the Earth group. Their launches are
planned for 2018—2020. We describe briefly predestination
and technical equipment of spacecraft, flight plan and scien-
tific goal of these missions.

Keywords: spacecraft, orbit, solar wind, Mercury magnetic
field, Martian atmosphere, Martian surface.
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CoujiorymaniTapHi aceKTH KOCMIYHMX J0CTiIKEeHb

11-it MDKHAPOJHUI CUMIIO3IYM

«MAJII CYITYTHUKU JUIA CIIOCTEPEXEHDb 3EMJII»

AtmocdepHUit 030H Bifirpae BaxKJIMBY pPOJib B Perio-
HaJIbHMX Ta IJI00aJIbHUX 3MiHaX KJIiMaTy, IPU3eMHUIA
030H 3ryOHOM Ha3eMHMX Ta CYIyTHMKOBMX BUMipIO-
BaHHSIX PO3PaXyHOK TOIJIMHAHHS MPOBOAWUTHLCS Ha
OCHOBI €KCMOHEHIIiaJIbHOTO 3aKOHYy byrepa — Jlam-
o6epra — bepa.

11-i1 mixkHapogHuii cummosiyMm «Small Satellites
for Earth Observation» mpoBoauBcs 3 24 1o 28 KBiT-
Hs1 2017 poky B M. bepain nig erinoro MixkHapoaHoi
akanemii actpoHaBTUKHU (IAA).

Benuka KiJIbKiCTh BUEHUX, iHXKEHEPiB, KEPiBHU-
KiB, $SIKi B3SIJIM y4aCTh Y CUMIIO3iyMi, IPUCBSIYEHOMY
IUCTaHLiTHOMY 30HAyBaHHIO 3emii ([I33) i3 koc-
MOCY, CBiIUUTH NTPO 3HAYHUI iHTEpPEC 1O BUKOPHUC-
TaHHS MaJIMX CYNyTHUKIB, SIK mj1s Miciit 133, Tak i
crieliaJbHUX MicCiii, Jisi BUIPOOyBaHb HOBUX TeX-
HOJIOTI.

MixHaponnuii cumiiosiym «Small Satellites for
Earth Observation», 1110 TPOBOAUTHLCS pa3 Ha JIBa
POKM, MOKJIMKAHUI 30MpaTy CHELialiCTiB y BKa3a-
Hili rajy3i Ijisi oOroBOpeHHSI MOTOYHMX HAyKOBHUX
JIOCIIKEeHb Ta pPO3po00K y cdepi MOCTimKeHHS
3eMJii i3 KOCMOCY 3a JOTIOMOIOI0 MajiiX CYIyTHU-
KiB. TeHIeH11is1 PO3BUTKY MajuX CYyMYTHUKIB Y CBiTi
€ TMePCIEeKTUBHOIO, TOMY 1110 A03BOJISIE TTPOBOAUTH
KOCMiUHi €KCIIepUMEHTH JOBOJII IIBUAKO, HEAOPOIO
i 3a0e3mevye OibIIy MOXIMUBICTb JOCTYITY JO KOC-
MiYHHUX TTpOTpam.

V uboMy polii Binoyscs Bxe 11-it cumnosiym, npu-
MMaI04Y0I0 CTOPOHOIO SIKOTO BUCTYNMB HallioHanbHui
AaepPOKOCMIYHMI JOCHITHULbKII HeHTp Himeuunnn
(DLR) Ta Texniunuii yHiBepcuteT (M. bepJiin).
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Ha uporopiuHuii cumnosiym 3iOpanucst mpea-
ctaBHUKM Oinbin HiXX 20 kpaiH cBity. I1ig yac mpo-
BEICHHSI CUMITIO3iyMy MpeacTaBieHo 0au3bko 100
YCHUX Ta CTEHAOBUX AOTOBIEN Y HACTYMTHUX CEKIIi-
SIX: MiCii, 1110 TJIAHYIOThCSI TA BAKOHYIOThHCSI; 3B'SI30K;
cynytHuku tuity CubeSat; HOBI TUIIM ILIaT(HOPM;
CWJIOBI CMCTeMHU CYNYTHUKIiB; IIpOorpaMHe 3a0e3Iie-
yeHHsI. OKpema ceKlliss — KOH(pEepeHIIisT IJIsd CTyaeH-
TiB — J1ajla 3MOTY MPeJCTaBUTH CBO1 POOOTH CTY/I€H-
TaM aKaJIeMiYHUX iHCTUTYTIB, 30KpeMa, CJTi/l Bi3HAaYUTH
MixHapooHUI YHIBEpPCUTET KOCMIYHMX AOCJIiIKEHb
(International Space University, http://www.isunet.
edu), B IKOMY MOXYTb INPOBOIMTHU AOCIiIKEHHS
CTYI€HTHU 3 YChOTO CBITY.

Brponos:xx poboTH CUMITO3iyMy YYaCHUKAM MOX-
Ha OyJ10 MO3HAIOMUTHCH 3 BUCTABKOIO PO3POOOK Ha-
YKOBHUX 1 KOMEpLIHUX opraHizaiiii. 30KpeMa, IIu-
poko Oy/u npeacTasiieHi miardopmu tuny CubeSat
Ta CUCTeMHU 7181 X (PYHKIIIOHYBaHHSI: IaTYMKU T10JIO-
JKEeHHsI, CUCTeMU cTabijizallii, 00pTOBi KOMIT IOTepH,
CHCTEMU Tepenadi iHpopmaliii To11o.

ITpeacraBuuku I'o10BHOI acTpoHOMiIYHOI 00cep-
BaTopii HAH VYxkpainu ta JII1 «KoHcTpyKTOpCchKe
o1opo «IliBaeHHe» mpencTaBUIM JOMOBIAI Ha TeMU
PO3pOOKY KOMILJIEKCY HAayKOBOI artapaTypy KOCMid-
HOTO MpoekTy <«Aeposojib-UA» Ta CyNyTHHUKOBOL
wiatopmu YuzhSat, 1110 po3po0asieTbes Ik BKa-
3aHOTO MPOoeKTY. bijblll AeTaNbHY iH(OpPMaLLito PO
CUMIIO3iyM MOKHA 3HATH 3a MocuIaHHIM: https://
www.dlr.de/iaa.symp/.

HacrynHuii cummnosiym 3ariaHoBaHumii Ha 2019 pik.

1. 1. CHHIBChKHH
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HoBa xkaura

VIK 517.977.5, 629.78

Kugpopenro b. H. CunrysipHbie ONTUMAJIbHbIE YIPABJIEHHS B MEXAHHKE KOCMHYECKOTO 110~
nera. — Kues: HaykoBa nymka, 2017. — 196 c.
B MoHorpaduu uznoxkeHa MCTOpHUsl pa3paOOTKUM METOIOB HCCIEIOBAHUS BbIPOXKIEHHBIX
BapHaIlMOHHBIX 33124 C aKIICHTOM Ha MEXaHUKY KOCMHUYECKOro TojieTa. OIMcaHo COBpeMeH-
HOE COCTOSTHHE M OOCYKIEHBI HepeIlIeHHBIE TIPOOIEMBI TCOPUU CUHTYIISIPHBIX ONITUMAJTbHBIX
yrpasieHuii. OCHOBHOE BHUMAaHME YIEJIEHO UCCIENOBAHMIO ABIDKEHIMSI PAKET B aTMOchepe.
[TokasaHbl IMyTH MOBbILICHNS 3G (EKTUBHOCTH PAKETHBIX ABUraTesieil. Pe3yabraTel pacueToB
JUTSI KOHKPETHBIX MAHEBPOB MOTYT CJTy>KUTh UCTOYHMKOM MH(MOPMALIMK ISl IPUHSITHS Pelie-
HUI IPY KOHCTPYMPOBAHUHU MEPCIIEKTUBHON PAKeTHO-KOCMUUYECKOM TEXHUKH.

JI1s crienMaincToB, 3aHMMATOIIIMXCS MCCIIeIOBAaHWEM 3a1ad YIpaBJIeHUs, a TAKXKe Ma-
TMCTPAHTOB U aCITMPAHTOB (DaKyIBTETOB IIPUKJIALHON MATEMATUKH BY30B.

Penensentsr: akanemuk HAH Ykpaunsl B. M. Kynuesuu,
akagemuk HAH Ykpaunst M. O. [lepecmiok

ISBN 978-966-00-1535-7

IIPEOAVICIIOBUE
(DTI04BI OITUMU3ATOPA)

Hoporoii KoJera, penjaraeMasi KHUra — Iijiojl MHOTO-
JIETHUX pa3lyMuii aBTOpa HaJl BOMIPOCAMU, BO3HUKABIIIU -
MU TIpU UCMOJb30BAaHUU MAaTEMATUYECKON TEOPUU ONTU-
MaJIbHBIX MPOLIECCOB AJISI PELIEHUSI KOHKPETHBIX 3a/1ay.

1. Jonroe BpeMs 1 He peliajicsl BBIHECTU Ha IIHPOKOe
00CyX/IeHEe CBOM COMHEHMSI M HAaxOIKH, TPelCTaBUTh
ylauHble, KaK MHE Ka3aJloCh, PE3yJIbTaTbl U TOJACIUTHCS
BOIpPOCaMU, TaK U OCTaBIIMMUCS 0e3 oTBeTa. YTo Xe 1mo-
OykIaeT MeHs Telepb BCe-TaKM cAeaaTh 3TOT Iar? HDrto
yyBCTBO jaojra nepen [lpoBuaeHreM 3a TpU HEOOBIKHO-
BEHHBIX IT0/IapKa Cy/IbOBbI.

[lepBbiit — TemaTuKa 3a/1a4, KOTOPLIMU TOBEJIOCH MHE
3aHUMAThCS BCE 3T TOJIbI, — ONTUMU3ALINS PaKET U KOC-
MUYECKMX arnapaTroB C MO3ULIUI MEeXaHUKMU ToJieTa.
MMeHHO mpo0sieMbl 3TOI OTpaciau 3HAHUS U TEXHUKU B
onpenessioneil CTeneH CTUMYJIMPOBAIU PA3BUTHAE COB-
PEMEHHOIi TeOpUU ONTUMAJIbHBIX MpolieccoB. Mcropuku
HayKy HaBepHsSIKa OTMETIT 3Ty TEOPUIO0 KakK Hambosiee
LIEHHOE M3 TIPUOOpPETEHUIT YeJI0BeUYeCTBa B AMOXY MUPO-
BOW PaKETHO-SI€PHOI BOWHBI BTOPOM TMOJIOBUHBI 1B -
11aTOTO CTOJIETUS, KOT/Ia MOJUTUKU 3alyruBaiv MPOTUB-
HUKa SIIEPHBIMU B3pbIBAMU Ha COOCTBEHHBIX MCIIbITA-
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TENbHBIX TIOJIMTOHAX W JIEMOHCTPUPOBAIM TOYHOCTH
JIOCTABKH 3THUX «ITOAAPKOB», TPOBOSI HEUMOBEPHO J10PO-
rue KocMuJecKkure uccieoBaHust. MHe ocyacTiuBUIOCH
paboTaTh MOYTH BCIO KU3Hb HaJl peaau3alueil MeuTaHuii,
pasoyxeHHbIX enie B aerctBe K. Bepnom u K. 3. Lunon-
KOBCKHM, 1 0Ka3aThCsl yY4aCTHUKOM Pa3BUTHS OTHOTO U3
MHTEPEeCHEMINNX pa3nesioM coBpeMeHHoU Hayku. «He
ObLIO OBl CYACTbS, J1a HECUACTbE TTOMOIJIO» — MPOTUBO-
CTOsIHME, MOOYAMBILIEE UCCIEN0BAaTh KOCMOC 33100 10
peleHust 6oJiee HACYIITHbBIX TIJIaHeTapHbIX 3a/1a4.
Bropoii, HO, 6e3yCcI0BHO, TJIaBHBIM MO BIMUSHUIO Ha
MOIO CYIBOY MTOIapoOK — MOM YIUTENIST: JOIIeHT Muxawt
I'puroppeBuy CtapoctuH u npodeccop BeeBonon Mocu-
¢doBuy [lyrgara, cymeBiine yoeauTh CTOSIBILIETO Ha PacITy-
Tbe cTyneHTa KueBckoro yHuBepcuTeTa B TOM, YTO HC-
cjenoBaTebcKasi pabota — 3TO U €CTh TO, YEM CTOUT 3a-
HUMaTbcs BXXU3HU. OCHOBHOE BIIMsSIHME Ha(hOpMUPOBaHUE
MOUWX MHTEPECOB K MeXaHWKe KOCMUYECKOTO TIoJIeTa OKa-
3aj1 3aBenyooniuii 20-M otneneHueM LleHTpanbHOro aspo-
rugponrHamuueckoro nHctutyra um. H. E. 2XKykoBcko-
ro, npodeccop MDTU T'eopruii JIbBoBUY ['pOA30BCKUIA.
OH npuBJIEK MEHSI K pELIEHUIO ITePBOii Cephe3HOIM 3a1aun
MEXaHUKM KOCMUYECKOTO T10JieTa, BBEJ B COOOIIECTBO
VUYEHBIX, pabOTaBIINX B 3TOW OTpacC/iv, W JOJTUE TOIbI
BJIVISLT HA BBIOOP HATPaBJIEeHWIT MOMX UCCIICTOBAHUIA.
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Hoesa knuea

Tpetuii nogapok [TpoBUAEHUST — 3TO, XOTS U HE IIMPO-
KW, HO OYEHb IOPOTOM U1l MEHS KPYT KOJIJIET, C KOTOPBIMU
JTOBEJIOCh HEOMHOKPATHO OOCYXIIATh pa3Hble MTPOOIEMBbI, B
YaCTHOCTH BOTIPOCHI, pa3MBbIIILJICHUS Hall KOTOPBIMU COCTa-
BUJIM COJIEPXKAHUE 3TOM KHUTU. X0Uy MepeYUCIUTb UX He IO
CTEIEeHSM M 3BaHUSM, a B TIOPSIAKE MOEH JIMYHOM XpOHOJIO-
ruu Bctped: A. H. I'y3p, 10. U. IlImakos, C. Y. Kudopen-
ko, B. B. Kysbmenko, 3. B. Ilaceunuk, H. A. [lepecTiok,
B. T. 3manxwit, B. B. Tokapes, FO. H. UBanos, P. H. OB-
caHHMKOB, A. W. Kyxrenko, B. b. Jlapun, b. H. Ilie-
HuuHblii, B. M. KoBrynenko, 2K. I1. Mapek, K. Mapians,
T. M. BHees, B. B. banamos, B. A. Eropos, B. B. benen-
kuit, B. I'. Iémun, @. JI. YepHoycwko, I'. K. layneTos,
E. A. Xacenos, B. ®. Kporos, JI. 1. T'yces, I'. K. I'puropses,
I'. A. Barniok, B. C. bpycos, B. M. Kynuesuu, ®. M. Ku-
pusiosa, P. ®@. I'aGacos, F0. M. Topckuii, Y. HO. Bacuiib-
eB, A. M. Xaputonos, C. B. Bacunenko, B. . FOquikwii,
H. H. Mowucees, /1. B. Jlebenes, M. M. JIpuak, B. B. Boso-
coB, A. U. 3enuk, I'. M. 3paxeBckuii. Cloga ke OTHeCy
cBoIo nepernrcKy ¢ A. Muene u I'. Keum 1 mHTeHCUBHBIIA
HeJIEJIbHBIN TTOMCTUHE MapaOHCKWIT 0OMEH MHEHMSIMU C
corpynHukamu Advanced Space Analysis Office ripu nocere-
Hun HACA (uentp um. JIbtouca B Kimupnenne, mt. Oraiio).

OueHb XaJlb, €CJIM Te OCOOEHHOCTH pa3pabOTKU U UC-
TOJTb30BaHMSI ONTUMM3AIIMOHHBIX TIOIXOI0B, ¢ KOTOPBIMU
MHe€ JIOBEJIOCh UMETh JIeJI0, OCTaHYTCS Pa30pOCaHHBIMU B
Pa3pO3HEHHBIX MYOJMKALMIX WX BOOOIE HE IPeacTaB-
JICHHBIMM Ha 0oJjiee HaaexXHOM HocuTesie MH(pOPMAalIUu,
YeM JIMYHAs TTaMSITh aBTOPA U €ro CO0eCeTHUKOB, HEKOTO-
PBIX U3 KOTOPBIX, YBbI, y>ke HeT ¢ Hamu. Hanerock, uTo rpe-
JIOMUBIIMIICSI B MOEM CO3HAHMM OTIBIT, OMBIT MOKOJEHUS
ONTUMM3aTOPOB BTOPOI ITOJIOBUHBI MPOIILTIOr0 BeKa, OyaeT
WHTEPECeH U 1T MOMX KOJIJIET, W JJIST MOJIONEKH, BCTYIIa-
IollIel B XKM3Hb B OUEHb CJIOXKHYIO 3TI0XY BCEOXBaThIBalO-
el u nogyac 6e3ayMHON KcraHcuu hopMaTn30BaHHbIX
ONUCAHUI M KOJIMUYECTBEHHBIX METO/IOB.

B cymHocTH, ipemiaraemMast KHAUTa — O TOM, KaKKe 3a-
JlaYy yIaBaJioCh, a KaKe HEBO3MOXKHO ObLIO PEIIUTh Me-
TolmaMu onTUMU3auuu. M Kak romnbiTaThes repedopmy-
JIMPOBaTh BTOPbIE, YTOOBI CAEIAaTh UX Pa3pelIMMbIMU. A
TO, YTO 3TO WILTIOCTPUPYETCS IPUMEPAMU UCKITIOUNTEb-
HO M3 MCTOPUU MEXaHWKU KOCMHMYECKOTO ITojeTa, JJIs
YyTaTeNsl, UHTEPECYIOIIETOCSI METOJ0JIOTMYECKUMU ac-
MeKTaMU HayKH, HaJeloch, HE CTOJIb YK M BakHO. Benb
emte I'. I'erenb yrBepkaan, 4To u3ydeHue UCTOPUM QUI0-
cohn — He MYCToe KOJUIEKIIMOHMpOBaHUE (DaKTOB U
aHEKIOTOB, HE PACCMOTPEHNE COBOKYITHOCTH B3IJISIIOB, a
MMOCTHXKEHUE CYTH (PUITOCODUN.

BceM ckazaHHBIM $1 TIBITaIOCh OTIPaBaATh Iepe TOOOM,
yuTaTeNb (1 Iepen codoil — B MEPBYIO ouepenb!), cTpeM-
JIEHUE U3JIOXKUTh MpejicTaBlIeHHOe B 3Tol KHure. ComHe-
HUS B 11€JIeCOO0PA3HOCTU 3TOTO Iara mo-rpexkHeMy He
octapsitoT MeHs. [, JI. 'poa3oBckuit, yBUAEB CIOBO «I10-
MBITKa» B YepHOBUKE aBTOpedepaTa MOoeil KaHIUIaTCKOM
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JIUCCepTaLu, BO3MYTHIICS: «BMecTo TOro, 4to0b! Ae1aTh
MOMbBITKU, T0JIe3HEEe /ISl 0011IeCTBa TOProBaTh MUBOM!».
Jla, MHe HUMKOTJa He XBaTajo ero pemurtenbHocTd. Ho
MPUTIACUTDL TeOsI, YUTaTeNIb, MTOPA3MBILLISATh Hal Mpe-
BPaTHOCTSIMU MOJICJIMPOBAHUS 1 ONITUMU3ALIMU BCe-TaK1
puckHy. W ecnu 4yTo-11b0 U3 3aTPOHYTOrO B KHUTE TeOe
He 0e3pa3Inu4Ho, Oymy paa pacIIMpPUTh KPYT codecemHu-
KOB M 00CYIUThH B JTI0001 (hopMe BO3MOKHBIE 3aMeYaHUsT
U TIOXKeJTaHus.

2. OcHoBHa# 1pobJieMa, KOTOPYIO 1 HAMEPEH 00CYX-
aTh, — 3TO BHIOOP pa3yMHOII Mepbl COOTBETCTBUS O0b-
€KTa MCCJIeIOBaHMS ero MaTeMaThuueckoit momenu. IToc-
KOJIbKY CTpeMJIEHUE C/IeIaTh OMTUCaHe BO3ZMOXHO OoJiee
MOAPOOHBIM HEU30EXKHO MPUBOIUT K YCIOXHEHUIO UC-
MOJIb3yeMOTO MPY 3TOM MaTeMaTUYECKOTO arrapara, He-
00X0IMMOCTB JTaBUPOBaHUS Mexxny CIWILION HealeKBaT-
HOCTU U XapuO10ii HEJIMHEWHOCTH, HEAHATMTUIHOCTH U
MPOKJISITUSI PAa3MEPHOCTU TPEOYET OT UCCIIeA0BATEIISI He-
Majoro McKycctBa. B oTinune oT HayKuM BO3MOXHOCTHU
HUCKycCTBa O0e3rpaHMYHbI, HO He ¢popManu3zyeMbl. OgHa-
KO copMyIMpoBaTh HEKUI OTIBITHBIN TIPUHIUT pa3pe-
LIEHUST TUJIEMMBbI: aleKBaTHOCTb — MPOCTOTa (popMasv-
30BAaHHOTO OIMMCAaHUsI — $1 BCE XK€ MOIbITAIOCh, HAlEsICh
BBI3BATh IUCKYCCHIO 3aMHTEPECOBAHHBIX YUTATEICH.

3. [Mepeuunciio KpaTko o0CyXaaeMble B KHUTE MpooIie-
MBI MEXaHUKM T0JieTa. B repBoii riaBe npuBeaeH Kpart-
KU 04epK UCTopuu (hOpMUPOBAHUSI COBPEMEHHOTO Ma-
TEMaTUYECKOTO ONMUCAHUS pakeT M KOCMMYECKUX arra-
patoB (KA) xak o0OBekTOB ympaBieHHs. Bo BTOpOIii,
TpEThell M YETBEPTOM IJIaBaX PAaCCMOTPEHBI MPOOJIeMbI
ONTUMU3ALMU DPaKeT, IBUXyLIuMxcsd B armocdepe. Ha
npuMepe kiaaccudeckoii 3agauu 'ogmapna — LlnoakoBc-
KOTO YTOYHSIIOTCSI YCJIIOBUSI ONTUMAIbHOCTH CHHTYJISIP-
HOTO yIpaBJIeHUs] BEJIUYMHON TITU U 3aBUCUMOCTb 3~
(bekTMBHOCTM ee IpocCeMpOBaHUs OT CTETEHU COBEp-
IIEHCTBA KOHCTPYKILIMM JBUXKUTENS W adpOAMHAMUKU
Kopryca pakeTbl. OKasbIBaeTCs, 4TO KUTEHCKass MyIl-
pocth «Twumie ememb — Janblie OyIellb» pPeaaTnu3yeTcs
MpU IBMKEHUHU Tejla TIepeMEHHON Macchl B Cpefie ¢ CO-
MPOTUBJIEHUEM MTPOCTO-TaKU OYKBAJIBbHO, B TO BpeMsl Kak
te3uc «Cuia ecTb — yMa He Hago» a0COJIIOTHO HEMMpUMe-
HUM B CTOJTb TOHKOM JieJie, KaK KOHCTPYUPOBaHUE PaKeT.

OnTuManbHas naxe B 3agade ['ommapna — L{nonkoBc-
KOTO CTeIeHb IPOCCETMPOBAHUS TATU MOXKET ObITh Ha-
CTOJIKO 3HAYMTEIbHOM, YTO CTAHOBUTCS HETIPaBOMEp-
HBIM HMCITOJIb30BaHUE KIIACCUYECKOTO TPEICTaBICHUS O
MPSIMOI MPOTTOPLIMOHATILHOCTHU BEJIMUUHBI TSITU U CEKYH-
JTHOTO MAaccoBOTO pacxojia padoyero tena. B ueTBeproii
IJ1aBe Tpe/uioXeHa 0oJiee ageKkBaTHasi MOAEIb PAKETHOTO
JBUTATENIS1 KaK 00bEKTa YIIPaBICHNUST — U UBSIIITHOE KJ1ac-
cuyeckoe pellieHue, o0ycaoBuBlIee pa3pabOTKy COBpe-
MEHHOI TEOpHUM OCOOBIX ONMTHUMAIbHBIX YIPaBICHUIA,
PYILIUTCS, KaK KapTOYHbIM TOMUK. Bo3HUKIIMIA B3aMeH
(baHTOM ONTUMAIBHOTO CKOJB3SIIETO PeXUMa I pa-
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Hoesa knuea

KETHOI'O JABMTIaTelsl €CTh «IUTs He3aKOHHOPOXKIACHHOE»,
MOCKOJIbKY TMPOTUBOPEUUT OJHOU M3 OCHOBOIIOJAraip-
11X TUTIOTE3 TEOPUU OTITUMAJIBLHOTO yripaBieHus. Boixon
U3 TEOPETUYECKOTO TYITMKA U BO3MOXHBIE MPAKTUYECKIE
MOCJIeACTBUS OO0CYXIAIOTCS B YeTBEPTOi I1aBe. Tam xe
paccMOTpeHbl OCOOEHHOCTHM YIpPaBJIEHUSI JBUXEHUEM
armnaparoB, He TOJbKO TPEO0JIEBAOIINX a9POJNHAMU-
YecKOoe COMPOTUBJICHUE, HO U MCTIOJIB3YIOIINX a3pOIHA -
MUYECKYI0 WIM a3pOCTaTUYECKYIO TOIBEMHYIO CUIY,
BKJIIOYas 3a1avyy JOCTaBKU OOpa3lioB IPyHTa C MOBEPX-
HOCTU IU1aHeTh BeHepa.

B niaroii rmaBe paccMoTpeHa Kiiaccuueckasl 3a1ada orl-
TUMU3aLM1 MHOTOCTYTIEHUAThIX paKeT B HOBOI IMOCTAHOB-
K€ — U BBISICHSETCS, CTOUT JIM PyOUTh CYK, HA KOTOPOM
cunuinb. Ecou mpes cOpoca oTpabOTaHHBIX TOILIMBHBIX
0aKoB IOCTaTOYHO TPUBUATIbHA, TO UMEET JI CMBICT COpa-
CBIBaTh CEKIIMU IBVKUTEIS, SIBHO Tepsisl IPY 3TOM B YCKO-
peHun? TloaydyeHHBbII OTBET HE TOJBKO YIOBIETBOPSIET
€CTeCTBEHHOE JIIOOOTBITCTBO, HO U MOACKAa3bIBAET CI1OCO0
YIJIY4IIeHUsT yXe TPUBBIYHON KOMITOHOBKM CXEM TMaKeT-
HBIX Pa3TOHHBIX CTYIEHEH PaKeT U BO3MOXKHOCTH 3KOHO-
MUY TOTUIMBA y3KE CYLIECTBYIOIIMX PAKET.

B 1m1ecroii rimaBe o0cyxkaaeTcsi OCHOBHAs AUJIeMMa Ma-
TEMaTUYEeCKOTO MOJIETMPOBAHUS: alEKBATHOCTh-TTPOCTOTA
¢dopmanuzoBaHHOro onucaHus. [IpemToXeHHbI TpueM
MCTIOJIb3YETCSI TIPY IMTOCTPOCHUY MaTeMaTUUECKO Moie/n
JKUJIKOCTHOTO PAaKEeTHOro JBUTraTelis, padoTalolero Ha
JIBYXKOMITOHEHTHOM TOIUIMBHOM CMECH, 2JEKTPUUECKOrO
pPaKeTHOTO JIBUTATesIsl C COJIHEUHBIM MCTOYHUKOM 3IHEpP-
MU, SIEPHOTO PAaKETHOIO JBUTaTessl OOJIBIION TSITU U
NIByXPEXXMMHOTIO SIIGPHOTO pPakeTHOro nsuratenst. s
BCEX YKa3aHHBIX TUIIOB JIBUTATeJIeli I0Ka3aHO, YTO YIIpaB-
JIEHWSI BEJIMYMHON TSATHU, YAOBJIETBOPSIONINE HEOOXOIM-
MBIM YCJIOBUSIM ONITUMAJIbHOCTH, TIPUHAJIJIEXKAT JIyre Tpa-
HULIBI MHOXECTBAa JOMYCTUMBIX YIPABJIEHUN OT TOYKH
MaKCUMAJIBHOM TITU IO TOYKU MaKCUMAJIBHOU CKOPOCTHU
PEaKTUBHON CTpyU. DTO YTBEPXKJAEHUE WHBAPUAHTHO OT-
HOCHUTEJIbHO 1IeJiell M OLIEHKM KauecTBa YIpaBJIEHUS B
KOHKPETHBIX 3a/1a4ax.

EcrecTBeHHBIM, Ha MO¥A B3IJISIT, CJIEACTBUEM JIOJTOJIETHUX
MBITAPCTB aBTOpa Ha IMPOWJAEHHOM IYTU, CyXMM OCTaTKOM
HEOTHOKPATHBIX BCILIECKOB aKTMBHOCTU M TIOTPYKEHMIA B
OMYTbI OE3BICXOTHOCTH SIBUJIACH B 11€JIOM ONTUMUCTUYECKAST
OLIEHKA BO3MOXHOCTHM MCIOJIb30BAHUSI ONTUMU3ALIMOHHOM
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WICOTIOTMM HE TOJIBKO KakK CIocoba COBEPIIeHCTBOBAHUS
TEXHUYIECKUX 0OBEKTOB, HO M KaK MCTOYHMKA WJIei paciiv-
peHUS MHCTpYMEHTapusi (POpMaTM30BaHHOTO OIMCAHUS
MPOLIECCOB YMpPaBIeHUs B XUBOI MPUPOJIE, K KOTOPOii Tex-
HUYECKre OOBEKThI, KaK CO3JaHHbIE YeJTOBEKOM, MMEIOT
MPSIMOE OTHOILICHHE.

Tak Koro e, CKIIOHUBILIEToCsl HaJl STUMU CTpaHULIAMU
C KapaHJAallloM B pyKe, BUIUT B CBOEM BOOOPaKeHUU aB-
top? f >xay BHUMaHUS OT TEX CMELMUATUCTOB-MEXaHUKOB,
KOMY MHTepecHa JIOTMKA Pa3BUTHs TIPEICTABICHUS O pa-
KeTe KaK OOBeKTe YIpaBieHUs, (popMaIu30BaHHOTO B
BUJE TIOCIEN0BATEbHO YCIOXKHSIIOLIEIHCS CUCTEMbI MaTe-
MaTUYECKUX Mojiesieil. [0TOBIIOCh IUCKYTUPOBATh C UHTE-
pecyomMucs 3(pOEeKTUBHOCTbIO M OrPaHUYEHHOCTHIO
BO3MOXHOCTE ONITUMU3ALN KaK MHCTPYMEHTA JeMCTBU -
TEJBHOTO YJIyJIlIeHUs] (PYHKIMOHUPOBAHMS YITPABISICMBIX
00BEKTOB J110001 MPUPObI, MPUEMIEMOI MOAEJIbIO KOTO-
pBIX SIBJIETCSl JAMHAMMUecKas CHUCTeMa, OIMchbIBaeMast
OOBIKHOBEHHBIMU TUDGepeHIINATbHBIMUA YPAaBHEHUSIMHU.

Marepuabl, BollleAlIMe B KHUTY, B TeUeHUE psiaa JieT
BKJTIOYAJIUCH B CMELIMAIbHbBIE KYPChI /151 CTYIEHTOB U ac-
MUPaHTOB MEXaHMKO-MaTeMaTuiyeckoro gakynabrera Ku-
€BCKOTO HAIIMOHAJILHOTO YyHUBepcuTeTa MM. Tapaca
[lleBuenko. Ecnu nis HEKOTOPBIX YMTATENCH CTUIb U3-
JIOKEHMSI TIOKAXKETCS CIIMIITKOM TTOAPOOHBIM, TO 3TO Clie-
JIaHO He JIJIs1 YBeIMUeHMs1 00beMa, a ¢ Y4eTOM MHTEPECOB
MpernoaaBatesieii, KOTopble XeJlalu Obl BKIIOUUTH KaKue-
00 3a7a4 B CBOM JIEKLIMU JIS1 UJUTIOCTPALIMU UCKYCCT-
Ba MOJIEJIMPOBAHMST U BOBMOXKHOCTE ONTUMU3ALUY TTPU
pelieHny MpakTUIeCKUX 3a1ay.

Oco0eHHO XOTeJ0Ch Obl MOOOIIATHCS M BBICAYIIATH
KPUTHUECKUE 3aMeUaHus YuTaTesieid, KOTOPhIM (BCIIe 3a
H. H. MouceeBbiM) mokaxkeTcsi Haubosiee MHTEPECHO
MOCJEHsIsI, METOIOJIOTMYECKasl, YaCcTh MPUIOXEHUI U, B
YaCTHOCTH, ATUCKYCCMOHHAsI BO3MOXKHOCTh MCIOJIb30Ba-
HUS TIPETOKEHHOTO B Hell MpuHIMIIAa AHOXuHa — [la-
PETO TMpU ONMUCAHUM OOBEKTOB XKUBOI TTPUPOJIBI.

Ecnu aTa KHMra nmomnajaet B pyKM Je/aioliero nepBbie
1Iarv B HayKe ¥ MHE YIacTCsl MPOOYIUTh B MOJIOAON JyIlie
WHTepeC K HayYHBIM MCCIeTOBAaHUAM KaK CTIOCO0Y KMU3-
HenesITeIbHOCTH, 51 OyIny cuuTaTh CBOI fnoJr nepen [1po-
BUJICHUEM MCIIOJHEHHBIM U ICCSITUICTUST YBJICUSHUS OTT-
TUMM3aLIME pakeT 1 KOCMUYECKUX armnapaToB He MoTpa-
YeHHBIMU 3pSI.
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Hami aBropn

BEMKEP Po6epr M. JI. — nokrop dinocodii, wien Amepu-
KaHCBKOI acolliallii CIpUsIHHS PO3BUTKY HayKM, MPOBITHUIMA
eKCrepT 3 JOCTiKeHb BHCOKOYACTOTHUX TpaBiTaLliiHUX
xBuib (HFGW), rosioBa TphoX MiXkHapOAHUX KOH(epeH1Liii 3
TOCITIIKeHb BUCOKOYACTOTHUX IPaBiTAIliiHUX XBWJIb, 3aCHO-
BHUK BeO-caiiTa 3 JOCIiIKEeHb I'paBiTAlifHUX XBUJIb WWW.
GravWave.com, criBmpalitoe 3 kopropatiero Consultancy
Transport Sciences, npaiioe cTapiiiM KOHCYJIbTaAHTOM KOp-
nopaiii «TpaHCIOPTHI HayKu» i HayKOBOTO TOBapMCTBa
«I'pasitauiiini xsumi». Jlaypeat npemii YHiBepcutery Kaii-
dopHii 3 disuku i npemii Jdipka bpayepa 3a BunatHuii BHe-
COK Y aCTpOJAMHaMIiKy Ta opOiTalbHY MEXaHIKYy.

Hampsim Hayku — BMCOKOYACTOTHI TpaBiTalliiiHi XBUIi,
acTpoauHaMika, opOiTaJibHa MexaHika.

BPWJIb Annpiii IBaHoOBMY — MpOBigHMIT HAYKOBUIA CITiBPO-
oiTHUK IHcTuTyTy (hisukn HauioHanbHoOI akagemii Hayk bi-
Jlopyci, KaHauaaT ¢pizuKo-MaTreMaTUYHUX HayK.

Hanpsim Hayku — ¢isuka atMochepu, ONTUYHE 30HIY-
BaHHS aTMochepu.

BABWJIOBA Ipuna BopuciBna — 3aBigyBau Biauiay mosa-
raJJaKTUYHOT acTpoHoMii Ta actpoiHdopmatuku ['onoBHOL
acTpOHOMiUHOI oOcepBaTopii HanioHanbHOI akagemii HayK
Vkpainu, kaHaunat (izuko-mMaTeMaTUIHUX HAyK, MOIIEHT.
Jlaypeat nep>kaBHoi ITpeMii YKpaiHu B TajTy3i HayKu i TEXHIKH.

HanpsiMm Hayku — mo3arajakTH4Ha aCTPOHOMIsI, KOCMiu-
Hi JOCiIKeHHSI, icTOpist HayKu, acTpoiH(opmaTrKa.

BACWIEHKO Amnarodmiii AHapiiioBmda — HayKOBUil CMiBpOOIT-
HuK ['oy1oBHOI acTpoHOMiIYHOT 0OcepBaTopii HarlioHaabHOI aka-
JieMii HayK YKpaiHu, KaHauaaT hi3uKo-MaTeMaTUYHUX HayK.

Harpsim Hayky — mo3arajjakTidHa acTPOHOMisI, acTpO-
(izrKa BUCOKMX €Hepriii.

JTAHWJIEBCBKHMI Bacuas OunekciiioBud — crapiumii Ha-
YKOBHUI CHiBpOOITHUK ACTpOHOMiuHO1 oOcepBaropii Kuis-
CbKOT0 HallioHaJibHOTO YHiBepcuteTy imeHi Tapaca IlleB-
YyeHKa, KaHauaaT (hi3uKo-MaTreMaTUYHUX HayK.

Hanpsm Hayku — ¢i3uka atMochepu, aCTPOHOMisl.
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KABAIITHIKOB Biramiii I1aBioBna — TOJOBHMIT HAyKO-
BUli criBpoOiTHUK IHcTUTYTY (hismkm HamioHanbHOI aka-
nemii Hayk Binopyci, MiHcbk, Binopych, nokTop ¢hi3uko-
MaTeMaTUYHUX HayK.

Hanpsim Hayku — di3uka atmocdepu, obiagHaHHS s
JOCJTIKeHb apaMeTpiB aTMochepu.

KA3AHIIEB Anaroumiit MuxaiiioBud — CTapiinii HAayKOBUI
CHiBpoOITHUK ACTpOHOMIYHOI oOcepBaTopii KuiBchbkoro Ha-
LHioHaJIbHOTO YHiBepcuteTy iMeHi Tapaca LlleBueHka, KaH-
nuaat GisuKo-MaTeMaTUYHUX HayK.

Hanpsim Hayku — eBosmoitist Majivx Ti1 COHSTYHOT CUCTEMM.

KA3AHIIEBA Jlinis BikropiBHa — HayKoBUii CIiBpPOOITHUK
ActpoHOMiuHOI obcepBaTopii KUIBCHKOro HalioHaJIbHOIO
yHiBepcuteTy iMeHi Tapaca LlleBueHka, kaHauaar ¢izuko-
MareMaTUYHUX HayK.

Hanpsim Hayku — eBommontist Manux Tit COHSTIHOI CUCTEMM.

METEJIbCBKA Haranis CepriiBua — crapiimvii HayKOBUI
criBpoOiTHUK [HCTUTYTY izuku HanioHanbHO1 akamemii
Hayk binopyci, kanaunar izuko-MaTeMaTUUHUX HayK.

Hanpsim Hayku — ¢izuka atMmochepu, MOIETIOBaHHS T1a-
pameTpiB aTMochepu.

MUIIHEBCBKUI1 TCennagjii ITerpoBma — 3aBimysau
HaAyKOBO-J0CJIiAHOI JlabopaTopii Kadeapu acTpoHOMii Ta
(izuku kocmocy KuiBCbKOro HallioHaJIbHOTO YHiBEPCUTETY
iMeHi Tapaca llleBueHKa, roJOBHUI HAyKOBUIi CIiBpOOIT-
Huk ['0710BHOT acTpoHOMiuHOI 0OcepBaropii HaitioHanibHOT
akaneMii Hayk YKpaiHu, criiBpoOiTHUK MiXXHapoIHOTO 1IeH-
TPy HayKu MaiitoyTHboro LI3uiiHcbkoro yHiBepcuteTy (YaH-
yyHb, KuTaii), 1oKTOp hi3MKO-MaTeMaTUYHUX HAyK.

HanpsM Hayku — ¢izrka arMocdepu Ta HaBKOJO3eMHO-
0 KOCMIYHOTO TPOCTOPY.

HOPKO Anna BogomumupiBHa — iHkeHep [HcTuTyTy hisu-
ku HanioHanbHoi akagemii Hayk Bimopyci.

Hanpsim Hayku — di3uka atMmochepu, MOIETIOBaHHS Ta-
pamMeTpiB aTMochepu.
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Hawi asmopu

Hawi asmopu

POMAHEIIb Oaena — JIHimpoIeTpOBCHKUII HalliOHAb-
Huit yHiBepcureT iMmeHi Osiecst ['oHYapa, KaHIAUIAT iCTOPUY-
HHX HayK.

Hanpsim Hayku — icTtopist bi3uku.

CABYYK Bapdomnomeii — npodecop Kadeapu KBaHTOBOI Ma-
Kpo®di3nKu hakynbTeTy Di3VKU, ENEKTPOHIKM Ta KOMIT FOTEPHUX
cucteM JIHIMPOMEeTPOBCHKOIO HAliOHAILHOTO YHiBEPCUTETY
imeni Osnecst [oHvyapa, HOKTOp iCTOPUYHMX HAyK, KaHIUIAT
GiomoriuHMX HayK. AKameMik AKanemii HayK BUIIOI ITKOJIK
Yxpainu (1998), 3aciykeHMii TpalliBHUK OCBITH YKpaiHM.
Harnpsim Hayky — icTOpist HAYKM, OCBITH i TEXHIKM.

CUHSIBCHKU Isan IBanoBud — BHKOHYBau OGOB'SI3KIiB
3aBimyBayva BiIaiy ONTUKY aTMOc(epu Ta MpuIago0yayBaH-
Hs1 ['onoBHOI acTpoHoMiuHOI oOcepBaropii HAH Ykpaiuu,
KaHAMIAT TEXHIYHUX HayK.

Hanpsim Hayku — ontuka atmocdepu, npuiaao0ynyBaHHSI.

TKAYEHKO Ounekcanap IBanoBHY — CTapiiMii HaykKo-
BUIi CHiBpOOITHUK MiXHapOIHOTO HAayKOBO-HaBYaJIbHOTO
LIEHTpY iH(OpMalifHIUX TeXHOJOTIil i cuctem HamioHanb-
HOI akajaeMil HayK YKpaiHu i MiHicTepcTBa OCBITH i HayKu
YkpaiHu, JOKTOp TEXHIYHUX HayK.

Hanpsim Hayku — HaBiralisi Ta KepyBaHHSI PyXOMUMU
00'ekTamu.
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®EJTOPEHKO IOpiii [Terposuy — crapiiiyii HAyKOBHiA CITIBPO-
OiTHUK Kadeapu KocMivyHOI pafiodizuku XapKiBCbKOro Halio-
HaJibHOTO yHiBepcutety imeHi B. H. Kapazina, ¢akynbrer pa-
niohiznKu, GiOMETUITMHCHKOI eJIEKTPOHIKK Ta KOMITIOTEPHUX
CHCTeM, KaHIUIaT (hisMKO-MaTeMaTUIHUX HayK.

Hanpsim Hayku — po3pobKa i po3BUTOK pamiodi3maHuX
METO/IiB JiarHOCTUKM ioHOChepH, AOCTiIKEHHs i0HOChep-
HUX 30ypeHb.

YAMKOBCHKUM Anaroniii ITaBnosuy — 3aBinysau LleHTpy
«OnTuyHe IUCTaHLiliHE 30HIyBaHHS» IHCTUTYTY Di3uKmM
HauionanbHoi akagemii Hayk binopyci, kanauaar ¢iznko-
MaTeMaTUYHUX HayK.

Hanpsm Hayku — ¢isuka armochepu, ONTUYHE 30HIY-
BaHHS aTMOChepHu.

ALKIB fpocaas CrenanoBud — aupekTop ['010BHOT acTpo-
HOMiYHOI o0cepBaTopii HalioHanbHOI akageMii HayK YKpa-
iHu, uieH [pe3unii HallioHanbHOT akaneMii Hayk YKpaiHu,
akanemik HaulioHanbHO1 akaneMii HayK YKpaiHu, MPe3uaeHT
YKpaiHChKOI acTpOHOMIYHOI acomialrii, JOKTop di3uKo-
MaTeMaTUYHUX HayK.

HanpsiMm Hayku — acTpoHOMisl, reogMHaMiKa, KOCMiuHi
JOCJTiIKEHHSI.
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