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THE ORBIT OF THE STAR S2 = S0-2
IN THE CENTER OF THE GALAXY

Abstract. The study of the center of the Galaxy in the IR wavelengths, using the largest telescopes, aloud us to
obtain data on coordinates and radial velocities for several tens of stars located in the immediate vicinity of the
supermassive central body of the Galaxy, hereinafter (CB) Such data for S2=S0-2 —one of the brightest and closest to
the center stars, were used by us to determine the parameters of its orbit. The method we proposed was used to
calculate the positions and velocities of a star in its orbit with the parameters at which the calculated coordinates and
velocities best coincided with those observed.

In order to estimate the errors of parameters, the Monte Carlo method was used. In this case, it was
assumed that there was diffuse matter near the center of the Galaxy. An estimate of the average value of its density
(5.2+1.5) x 106 M@ / ps® is obtained, which is comparable with the density of typical nebulae. The presence of such
matter leads to the rotation of the orbit around the center of gravity. A full revolution of the orbit requires about
7760 years. In addition to the direct parameters of the star’s orbit the parameters of the CB itself were found. The
mass of the CB of the Galaxy turned out to be (4034 = 13) x 10°Mgp, and its distance from the Sun is 8333.0 &+ 7.0 ps.

Key words: Galaxy: center - methods: data analysis - stars: kinematics and dynamics.

1. Introduction

The ultra-high angular resolution achieved in astronomy as a result of technological progress made it
possible to study in detail in the IR range the Central region of the Galaxy shrouded by dust clouds. It
turned out that there is a massive, almost invisible, Central Body (CB), in the gravitational field of which
move dozens of stars. In about 20 years, we managed to build maps of the movement of such stars and for
many of them to measure the radial velocities [1 — 6].

On the basis of this observational material, the search for parameters characterizing both the CB and
the orbits of stars moving in its gravitational field is carried out. The most studied star turned out to be one
of the closest to CB and the relatively bright star S2 = S02. The results of determining the parameters of
CB and the orbit of this star, obtained by different authors on the basis of almost the same observational
data, are markedly different from each other [3-5, 7-9]. One of the reasons for this difference is the lack of
data on the exact position of the CB in the images of the central region of the Galaxy, obtained with ultra-
high angular resolution in the IR range [4]. The team of Fesenkov Astrophysical Institute (FAI) has
developed a method for determining the orbits of emission objects moving in the gravitational field of the
nuclei of Seyfert galaxies utilizing change of their radial velocities in time [10,11]. It was decided to apply
this method to the region of the Galactic center using the published observational data for the star S2. The
basis of the method is a recurrent method of constructing the orbit of the motion of the test body in the
gravitational field of the central mass. At the same time, for any moment of time, it is possible to

— § —
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determine the position and velocity of the motion of such body in the plane of an orbit. This allows us to
find all parameters of motion of the star S2, which are in the best way consistent with the observations and
to estimate the possible errors of these parameters.

The most important is to determine the mass of CB, its distance from the Sun, the density of diffuse
matter in the vicinity of CB and the ability to determine CB location on IR images, which is poorly visible
in such images and is usually taken as the center of the coordinate system. As observational data, the
published tables of the dependence of the radial velocities and coordinates on time for the star S2 were
used [9].

2 Method

2.1 Recurrent method for the construction of the orbit

Let us consider a rectangular coordinate system (X, Y, Z) where the Z-axis is directed along the view
plane, (X,Y) orthogonal to the line of sight and the X-axis coincides with the line of nodes (line of nodes
perpendicular to the line of sight). The observed radial velocities [12] at different times is a set of
measurements of the projection of the velocity of the star S2 on Z-axis and denoted as Vr(t). The angle
between the plane of the orbit and (X,Y) plane is denoted as i (i# 0, otherwise all Vr(t) = 0).

To account for mass of dispersed matter near the CB, it is necessary to add an additional mass
Am=4/3nr’po to the mass of the CB at each point along the orbit. To strictly take into account the
influence of the mass of dispersed matter (hereinafter MDM), it is necessary to know the three-
dimensional distribution of the density po. This function is unknown. Preliminary calculations have shown
that the effect of MDM on the movement of stars is not very large and is comparable to the effect of
observation uncertainties. A number of authors suggest that MDM has spherical symmetry distribution
around the CB, and po decreases from center to outer boundary according to the power law. However, a
significant heterogeneity in the distribution of MDM is also possible. Given these circumstances, we
decided to limit ourselves to finding the density po, which is constant in the volume where the star S2
moves.

The following method is used to calculate the motion of a star in its orbital plane. Let mg is the mass
of CB (which can be a function of other parameters), g is the gravitational constant, r; is the distance of the
star from CB at the time t;, q is the distance in the periapsis, Vi is the velocity vector module, ¢; is the
angle between the X-axis and the radius vector rj, v; is the angle between velocity vector V; and Y- axis,
perpendicular to the X-axis and lying in the orbital plane. One has to set the time step, At, to move to the
next position along the orbit and other parameters are obtained according to the formulas:

4
m; =mg + g”?':3po

i1 =& +V;-cos(d; —v;) - At/r;

V;-sin(¢;-Y;}-ar-mag.-"r‘f)
Vi-cos(d;—v;)

(M

Yi+1 = $; —arctan(

Vis1 = ((V; - cos(d; — v:))? + (V; - sin(d; —v;) — At - my .9'/"';‘2)2)1’{‘2
i1 =7+ Viosin(d; —yy) - At - bV,

2.2 A search of the orbital parameters on the basis of the observed radial velocities

We begin with estimation of the orbital parameters and r(x;y;z) for which the observed and calculated
values of V; coincide in the best way.

Theoretical calculations of the orbit are started at the moment when the star passes of periapsis Tp.
The search is performed by iterating through seven parameters: T, — the moment of passage of the
pericentre, M - CB mass, angles ¢ and y which are equal to each other in the pericentre, V, (velocity
module in the pericentre), ¢, i and po. At ti moments for which observations are available, theoretical
values of V; are calculated and y” is calculated from the differences between these values and the observed
values of V.. [12].

It is obvious that the smaller the step d?, the less error accumulates in this method of orbit calculation.
Check on the real orbit of the star S2 showed that at the apoapsis, where »~1950 AU, using df = 10 sec for

— § —
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one revolution the r is changed by 0:046 AU and if dt = 1000 sec is used the r changed by 4.5 AU. We
decided to perform our calculations using dz = 10 sec. The orbital parameters obtained in this way can be
considered as the most probable. The minimum »* value in our calculations was equal to 0.6969. The
result is shown in figure 1.

4000
3000 "' -
2000
o 1000 -
£ re
= 0 M/
L
i
—1000
- Theory /
—2000 e $  Observations ;

Il i
2000.0 2002.5 2005.0 2007.5 2010.0 2012.5 2015.0 2017.5 2020.0
Date (year)

Figure 1 - Radial velocity of S2 star at different epochs. Symbols show observations [12]
and dotted line shows our theoretical orbit

The mean square errors of these parameters were found by the Monte-Carlo method. The following
orbital parameters were obtained: T, = 2002.3482 + 0.0009 year, ¢ = (1.7416 +0.0018)x10" cm,
dp = yp = 69°.43£0°.24, M =(4034+13)x10° Mo, e = 0.88657+0.00011, p = (4.76+ 1.5)x10° Mo/ps’
~3.5x10"% g/em’, i = 133°.83+0°.067.

The value po ~ 3.5 x107'® g/cm’ corresponds to a high density nebula. However, the mass added by
such nebula to the mass of CB in calculating the motion of the star S2 is small compared to the mass of
CB. For instance, at the periapsis it is about 1.3 Mo, and in the apoapsis it is ~640 Mp, which is a very
small fraction of the CB mass.

2.3 Determination of the orbital parameters of the star S2 using astrometric data.

In addition to observational data on the radial velocities Vr(t) [12] there was published the coordinates
of S2 in the vicinity of CB for different moments in time [9]. The coordinates are given in milliseconds of
the arc (mas). The observations were mainly obtained by Keck and VLT telescopes. For further analysis
we utilize astrometric data obtained from these two telescopes. Only data for which the uncertainty of
coordinates did not exceed 1 mas were taken into account and presented in table 1 and table 2.

Table 1 - Sample of SO-2 astrometric measurements obtained with KEK used in this work [9]

Epoch (year) | X (mas) | Y (mas) | ox (mas) | oy (mas) | Epoch (year) | X (mas) Y (mas) ox (mas) | oy (mas)
2003.554 38.63 84.30 0.89 0.82 2009.689 24.78 182.65 0.18 0.14
2004.327 35.95 115.39 0.76 0.62 2010.342 -31.94 180.59 0.12 0.12
2004.564 32.61 123.28 0.79 0.53 2010.511 -33.82 179.84 0.13 0.12
2004.660 31.37 125.84 0.69 0.60 2010.620 -35.01 179.31 0.16 0.13
2005.312 24.83 141.10 0.81 0.59 2011.401 -42.77 173.77 0.22 0.17
2005.566 20.84 149.20 0.83 1.10 2011.543 -44.23 171.96 0.14 0.14
2006.336 12.96 161.91 0.15 0.16 2011.642 -45.17 171.21 0.25 0.25
2008.371 -10.16 181.01 0.13 0.14 2012.371 -51.36 163.26 0.13 0.17
2008.562 -12.32 181.84 0.16 0.16 2012.562 -53.12 160.74 0.14 0.20
2009.340 -21.14 182.66 0.11 0.11 2013.318 -58.37 149.65 0.21 0.26
2009.561 -23.43 | 182.69. 0.13 0.20 2013.550 -59.79 - 14541 0.14 0.21

—_— ]
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Table 2 - Sample of S0-2 astrometric measurements obtained with VLT [2] used in this work

Epoch (year) | X (mas) | Y (mas) | ox (mas) | oy (mas) | Epoch (year) | X (mas) | Y (mas) ox (mas) | oy (mas)
2003.214 41.1 66.6 0.3 0.4 2005.576 249 149.4 0.4 0.4
2003.351 414 75.0 0.3 0.3 2006.324 17.5 161.7 0.8 0.6
2003.356 40.7 74.8 0.4 0.4 2007.545 2.80 175.7 0.9 0.7
2003.446 40.6 79.8 0.5 0.5 2007.550 4.10 175.2 0.4 0.4
2003.451 41.3 80.4 0.4 0.4 2007.686 2.50 176.0 0.5 0.5
2003.452 41.5 80.5 0.3 0.3 2007.687 1.90 176.0 0.6 0.6
2003.453 40.9 80.6 0.3 0.3 2008.148 -4.60 179.0 0.4 0.4
2003.455 -41.3 81.8 0.4 0.4 2008.197 -5.20 179.0 0.3 0.3

2003.55 -40.9 85.3 0.3 0.3 2008.268 -6.10 180.0 0.3 0.3
2003.676 -40.6 91.8 0.3 0.3 2008.456 -8.40 180.2 0.3 0.3
2003.678 -41.1 91.6 0.6 0.6 2008.472 -8.10 180.7 0.4 0.4
2003.761 -40.2 96.6 0.4 0.4 2008.601 -10.60 180.3 0.3 0.3
2004.24 -37.2 113.2 0.9 0.9 2008.708 -11.40 181.2 0.3 0.3
2004.325 -36.9 116.2 0.3 0.3 2009.185 -17.30 181.1 0.7 0.7
2004.347 -36.1 117.6 0.3 0.3 2009.273 -18.00 181.2 0.3 0.3
2004.443 -36.0 120.4 0.3 0.3 2009.300 18.50 181.3 0.3 0.3
2004.513 -35.3 123.1 0.3 0.3 2009.303 -18.20 181.5 0.3 0.3
2004.516 -35.2 123.1 0.6 0.6 2009.335 -18.30 181.2 0.3 0.3
2004.573 -34.4 124.8 0.4 0.4 2009.337 -18.40 181.2 0.4 0.4
2004.575 -343 123.9 0.6 0.6 2009.371 -18.60 181.0 0.3 0.3
2004.664 -33.6 127.2 0.3 0.3 2009.505 -20.10 181.2 0.3 0.3
2004.730 -34.0 128.9 0.7 0.7 2009.556 -20.90 181.5 0.4 0.4
2005.270 28.1 143.0 0.3 0.3 2009.558 -20.20 181.4 0.3 0.3
2005.366 27.0 145.2 0.3 0.3 2009.606 -21.20 181.5 0.3 0.3
2005.467 26.3 146.9 0.4 0.4

These observational data make it possible to determine the missing parameters, which allows to
compare observations with the theoretical orbit. To compare the theoretical coordinates expressed in
metric units of length with the angular coordinates, it is necessary to find the coefficient K of the transition
from metric units of length to the angular (observed) units. The dimension of the parameter K is mas/m.
The distance from the CB to the Sun is found as R = 6.6845x10°/K ps. The problem is solved by dividing
the lengths of the segments measured from the observations between two positions of the star, expressed
in mas, by the corresponding segments of the theoretical orbit, expressed in meters, for the same moments
of time. Using vector radii for this purpose can lead to errors. The position of the CB, and hence the center
of the coordinate system in the images is determined with some uncertainty [2,4,13]. This introduces
errors in the length of the measured segments. Errors in the position of the CB, i.e. the origin of the
coordinate system, may depends on both the epochs of the observations and the instruments on which the
observations were carried out. Such errors can be evaluated separately for each instrument, assuming that
the errors are not time-dependent, but are inherent only in the way the data is processed. If, at the same
time, for different epochs of observations the coordinate systems with different positions of the origin is
used, it will increase the errors given in the tables 1,2. In figure 3 it can be seen that there is a systematic
difference between the positions of the star S2 obtained by the Keck and VLT telescopes for those
measurements with errors less than 1 mas. In order to reduce the dependence on the position of CB, we
used the ratios of the chord lengths of the observed star positions and the same chord lengths of the
theoretical orbit projected on the sky plane at an angle i. There are many ways to choose these chords. The
number of different chords is the number of combinations of 2 of the number of observations. We used
two methods of choosing chords separately for the table 2 and table 1. From Table 1 the lengths of the
chords for the first method were calculated between the positions of the stars 11 and 12, 10 and 13, 9 and
14 ..., 1 and 22. For the second method, lengths of the chords were computed between stars 1 and 12, 2
and 13,3 and 14 ..., 11 and 22, in total for 11 chords in both cases.
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Figure 3 - (X,Y) coordinates of the star S2

The same two methods were used to calculate the lengths of the chords using data from table 2. For
the first method, chords were chosen between locations 24 and 26, 23 and 27, 22 and 28 . . ., 1 and 49.
For the second method between 1 and 26, 2 and 27, . . ., 24 and 49. In total 24 chords for each method.
Next, for each pair of observed and theoretical chords, we calculated the ratio, i.e. the coefficient K had its
uncertainty, taking into account error of measurement and weight proportional to the theoretical length of
the chord. Calculations for the VLT data were carried out using the following formulas:

2 2 - 2 2
2 _ (Xi—Xs0-1)*(AX7+AX30_;) , (Yi=Yso-i)?-(AY +AY3,_;)

ag; >
. (Xi—Xs50-1)°+(Yi—Ys0-1)° = (Xi—Xs50-1)>+(¥i—Ys0-1)° ()
24 1 (Xj—Xs50_ 1' 24 (¥i=Y50-9%.1/2
Lizy z(u —x. = '
i=%50-1)° +(Vi~Ys0-D
K= 24 1
l:lcz

3

The coefficient K and its uncertainty using Keck data were computed in similar way. The rotation
angle w of the theoretical coordinate system in the sky projection to align with the observed orbit was
determined by calculating the weighted average differences of angles between all selected observable and
theoretical chords, separately for each pair of chords using the same weights as for the calculation of K.

-X
Y22 = 2[arr:tam(‘—f’o‘) arctan(‘—m‘)]
o Yi-Y50-i ~¥50-i

Z?;’lfl; (3)

-n/2 =

The obtained values of K and Q; for the two variants of chord selection are:
For Keck:

K® = (8.0005 + 0.0983) x 10™"* mas/m

Q,(V=37°518 £ 1°.084

K®=(8.1070 + 0.0811) x 10""* mas/m

QP =39°436+ 1°.084

For VLT:

K® = (7.9804 + 0.0750) x 10""* mas/m
Q) =38°244 £ 0°.496

K@ =(7.9956 + 0.0660) x 10~"* mas/m
Q,P=138°559 +0°.553
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The upper index corresponds to the chord selection method.

Figure 4 - Difference between observed and theoretical values of the Galactic center coordinates (X,Y)
for VLT and Keck using two different sets of orbital parameters

Table 4 - Average values of differences between theoretical and observed coordinates (X,Y)
of the Galactic center shown in Figure 4 for Keck and VLT

VLT KECK
A X(mas) A Y(mas) A X(mas) A Y (mas)
(1)-3.21+£0.22 -6.06+£1.24 0.11+£0.51 -4.65+1.12
(2) -3.37£0.04 -5.82+1.17 0.37+0.95 -3.41+1.71
mean: -3.37+0.04 -5.93+0.85 0.17+45 -4.28+0.94

For each of these set of parameters the differences between the observed (table 2 and table 1) and the
theoretical values of the S2 coordinates are found. The results are shown in figure 4, where relatively large
differences between theory and observations are seen. These differences cannot be explained by errors in
the orbital parameters, because in this case these differences would have had a smooth rather than random
appearance. These differences are far greater than the errors in the table 2 and table 1. Most likely, this is
due to the uncertain determination of the position of the CB in the images. For the case (2) of Keck data
fairly smooth variation of the deviations of the theory from observations is probably related to
unaccounted proper motion of astrometric standard with respect to CB. In this case, the time related to the
middle of the chords increases monotonically in one direction. The average values of AX and
AY deviations are given in the table 3. Previously, similar values for both telescopes were obtained [14] :
AX = -3.740.6 mas, AY = -4.1+0.6 mas. All values are given in milliseconds of arc.

Mean values of parameter K is (8.018+0.039)x10™"* mas/m and parameter Q; is 38°.40+0.33°. In this
case R =8333.0+7.0 ps.

Knowing the parameters of the theoretical orbit in the projection onto the sky, it is possible to obtain
the coordinates of the star S2 for any moment of time and thus use it as an astrometric standard to
determine the position of CB in any image of this region of the sky, for which the scale and time of
observation is known. The tabulated coordinates X and Y of the star S2 depending on time are provided
online.

The mean square errors of these parameters were found by the Monte Carlo method. The following
orbit parameters were obtained: 7, = 2002.3482 + 0.0009 year, ¢ = (1.74160 + 0018)x10" cm,
¢ =7y =069°43 £ 0°.24, M = (4034 + 13)x10° Mo, e = 0.88657 + 0.00011, p = (4.76 £ 1.5)x10° Mo/ps’ ~
3.5x10%g/em?, i = 133°.83+0°.067.

3 Conclusions

Among the parameters that determine the movement of stars in the gravitational field of CB, two
require special attention. These are the dispersed mass at the center of the Galaxy and the position of the
CB in the high angular resolution images. In such images, the background is very heterogeneous and is an
overlap of radiation of nebulae that located are not only in the Galactic center but also in front and behind
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of it. To accurately account for such a mass, it is necessary to know the its three-dimensional density
distribution function which is not known with sufficient accuracy. When searching for the orbital
parameters of the star S2 it was found that the addition of a diffuse mass to the parameters determining the
motion of this star improves the agreement with the observations. For the simplest case, 1o is assumed to
be a constant. The best value was determined to be ro = (5.2£1.5)x10° Mo/ps’. The presence of a dispersed
mass causes the rotation of the apoapsis relative to the CB. After each revolution around CB there is
rotation of the orbit to 0°.755. Full revolution of the orbit is made for 7760 years.

It is known that in IR images the position of CB is difficult to measure accurately. The origin of
coordinate system in which the positions of the stars in the IR images are given must coincide with the CB
position. Sometimes, other stars are used as astrometric standards to determine the position of CB, which
may not have their proper motion known with sufficient precision. As a result, it turns out that the errors
of coordinate can be an order of magnitude greater than indicated in the publications. We suggest to use
the star S2 as an astrometric standard, the coordinates of which can be calculated with high accuracy or
one can use data given in Appendix A. This star is one of the brightest and closest to the CB. It is clear
that a similar study of other stars in the region of the center of the Galaxy will allow to obtain more
accurate parameters. This requires high-precision observational data obtained over long time intervals.
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FAJTAMHBIH HEHTPIHJEI'T S2=S0-2 KYJIIbI3bIHBIH OPBUTACBHI

AHHOTAUMsA. OJICMHIH aJblll JKOHE MAacCHBTI OOBEKTLIEpl Fajamuap jKOHE KBasapiap OOJbII TaObLIAIbL.
Onap/piH KeOiHIH LEeHTpiHAe, SIFHH SAPOCHIHIA aca KyaTThl 0apibIK TOJIKBIH ayMarbIHJla COYJle IIbIFapaThiH YJIKEH
Macca opHajmackaH. OmapjplH inrHge OOJBII KAaTKaH (QU3HKAIBIK IMPOIECTEpIi 3epTTey Kypaeni, cedebi Oyl
o0ObeKkTiepre apa-KallbIKTHIK aca yikeH. EH jxakpiubl 0i131iH Fanamubiy siapocsl. bipak, oHBI 1a 3epTTeyAiH YIKEH
KHUBIHIBIKTAphl Oap. FamaMHBIH TEHTpIiK aliMaFbIHBIH CYPETiH allyFa MBIHJAFaH MapCeK KAINBIKTHIK KeAepTi, TeK
KaHa OYpBIIITHIK CEKYHTTHIH MBIHHaH OipiH OyphIITHIK 1nemry ke3inne. CoHbIMeH KaTtap, FanaMHbBIH HEHTp1 THIFBI3
IIaH-TO3aHAbl OyirTapMeH >xaOburraH. CoHABIKTaH, FanaMHBIH LIEHTpIH OYWITTAH achlll TEK KaHa CIEKTPIiH
nappakeern (UK) alimarsiHan Oakpinail amaMbi3. AJBII TEECKONTApAbl KOJNAAaHY apKbUIBl acCTPOHOMHUSIA
uHTEpPEPOMETP/Ii Kacay apKbUIBI, 6T€ )KOFapPFhI OYPHIIITHIK PYKCATICH KO KeTiMai. KaObuIaarbIn peTiae sKoFaphl
tuimainikreri UK marpunanapsl konganbuiaapl. OCkl TEXHUKAIBIK KYpajaap/blH apKackiHaa FamaMHbIH HEHTPIIiK
ayMarbIHBIH JKOHE 0acka l1a 9pTypii Keke OObeKTUIepAiH cyperepiH anibik. LleHTpiHige kepiHOeiTiH maccuTi
HEHTpIiK JeHe O6ap Gomnsin mBIKTEL. OHBIH aifHaMAChIHAA TPABHTAILUIBIK OpICTe OHIAFaH SKYJIABI3AAp alHaIyaa.
[IMamamen 20 >KbUTAA OCBIHAAN JKYJIIBI3AAPIABIH KO3FAIBICHIHBIH KapTaChIH KYPBII JKOHE KOOIHIH CICKTPIIIK Taaaay
O/IICIMEH COYJIENIK JKbUIIAMIBIKTHIH YaKbIT OOMBIHIIA ©3repy ToyeJiJuliri aHblKTanabl. bakbuiay MonmiMeTTepiHiH
Herizinne ueHtpuik aeneni (II/]) cumaTraiiThiH mapaMeTpiiep, OHBIH T'DaBHTAlMSUIBIK OPICIHIE KO3FajJaThiH
JKYIIBI3IApAbIH  opOuTanapsl aHbIKTanabel. L[] skakplH oOpHamackaH, S2 jKapblK >KYJABI3BI KeOIpeK 3epTeireH.
OpTypiai oOcepBaTopusiapa ajdblHFaH HOTHIKENIEp, alTapibIKTai e3remre Ooubin MEIKTHL. OHBIH 0ip cebedi, MK
ayMarblH/Ia YJIBTPAXXOFApFbl OYPBIIITHIK PYKCATIEH, FamaMHBIH HEHTPIIK ayMarblHBIH 97 OPHBIH aHBIKTANTHIH
MONIMETTEPAiH JKOKTHIFEL. CoyNemiK >KBUINAMIBIKTHIH YaKbIT OOWBIHINA e3repyi, ceddepT FaramMIapbIHBIH
SITPOJIAPBIHBIH, TPAaBUTAMSIIBIK OPICiHOE KO3FalaTHIH AMHUCCHSUIBIK OOBEKTUICPIiH OpOUTaJIaphlH €CeNTEeYAiH oici
DOADU enmenmi. S2 >KYIABI3HI YIIIH XKapUsJIaHFaH 0aKpUIay MOJIMETTEPiH KOJINAHBIM, FaraMHBIH HEHTPIIIK aifiMaFbl
YIIiIH OCBI OHICTI KONMAHy INeminai. byn Kyine3aplH opOuTachl KemjepiiKk, MYMKIH KaHaaimga ma Oip
aybITKyJIApMEH.

Coynemnik KpUIIaMABIFBIHBIH Oakpuiay MonimerTepineH Oacka I1J] mMaHBIHIAFBI KYIOBI3OApABIH KOOpAWHA-
TaJapsl JKOHE OPTYPJi Adyipiaepaeri Oakpuiaynap skapusiianibl. KoopauHaragapsl MHJUTUCEKYHTAFbI JOFaMeH (ms)
oepinren. baxpulaynap KEK sxone VLT TteneckonTapblHbIH KeMeriMeH aiblHAbl. KoopauHaranapblH aHBIKTay
Kateniri 1 ms acmanel, apblkapaid Tanjay >KYPri3yre OChbl €Ki TEeJIECKONTaH ajlfaH acTPOMETPIIK MOJlIMETTep
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Konaanbupl. /] rpaBuTanuanblK epiciHae ChIHAMANbI JIEHE KO3FaJIBICBIHBIH OpPOMTACHIH KYPy PEKyppEeHTTIK
dopmyna omicine HerizmenreH. OpOuTa Ka3bIKTHIFBIHIA JICHEHIH KbULAAMBIFBIH JKOHE OPBIHBIH KaHAal na Oip
YaKpITKa aHbIKTayFa Oojambl. S2 IKYIABI3BIHBIH OapiblK OpOUTANBIK IapaMeTpiepiH aHbIKTayFa, Oakbuiay
MOJIIMETTEPIMEH JKaKChl COMKECTEHAIPYre JKOHE MapaMeTpiepldiH KaTeliKTepiH OaralayFa MYMKIHAIK Oepeni.
AmnbikTanran 6akputay maniMettepi LI/ gen XKepre neifiHri KanbIKTHIKTBI aHBIKTayFa MYMKIH/IIK Oepei. Teopusuibik
KOOpJIMHATAIAP/IBI ACTIAH Ka3bIKTHIFBIHA 1 OYPHIMIIICH MPOCKIHSIAY apKBUTBI TAOBLUTFAaH JKOHE Y3BIHIBIKTHIH METPITIK
OipiikTepiMeH Oakpulayiaap[aH ajJblHFAH OYPBINITHIK KOOPIMHATTAPMEH CaJBICTHIPY VINIH Y3BIHIBIK METPIIIK
GipuikrepineH OypsiuThikka K oTy xoaddunmentin tady kepek. K mapamerpinin exmem 6ipiiri — ms/m. L] nen
Kynre neftinri kambikTelk R=6.6845%10-9/K 1mc epHbITiMEH aHBIKTaNanbl. bip yakbITTa €Ki >KYJIIBI3IBIH apallbikK
OaKpUTaHATHIH OAFBITBIHBIH TEOPHSUTHIK OpOMTa acmaHbIHA IPOCKIHMACH eKeYiHIH apachIHAAFBl KAIIBIKTHIKTEI 06Ty
apkpUTBl memineni. On YIIiH pagiyc-BeKTOPABI KOJIAHCAK OH/A OPTAJBIK HYKTEHIH OpHAJACyBIHBIH Oenrici3miri
afiTapibIKTail KarelikTepre ajblll Kellyi MYMKiH, OWTKEeHI OpTaJiblK HYKTEHIH OpHBI, JI€MEK, KeCKiHAepaeri
KOOpIMHATAIAp JKYHECIHIH HEHTPI 1o aHbIKTaamMarad. COHIBIKTaH, OyJI MaKcarTa KeKe TeIeCKONTapra eCenTeareH
XOpJia Y3bIH/IBIFBIHBIH HOTIKEJIeP] KoJmaHbubl. JKeke HykTenep/eri KoOpJuHaTaJbIK KaTeiikrepre OainanbicTel K
MOHI JKETKUTIKTI XOpIaHbIH MOJIEpiHIH KaThICybIMEH OpTallla MOH PETiH/E aHBIKTaJIIbI.

OpOuTanelk mHapaMeTpiepliH Keneci MoHuepi TaObuinpl: mepuonsl T, = 2002.3482 + 0.0009 (xbun),
HEPUIERTPET] KABIKTEIK q = (1.7416+0.0018)x10' cm, LIJI Maccacer M = (4034+13)x10° M@, SKCIEHTPHCHTET
e = 0,88657+0,00011, p = (4.76£1.5)x10® MQ®O/nc® ~3.5%1071¢ r/cm?, opbura kenbeymiri i = 133°.83+0°.067.
CoHbIMEH, albIHFaH OPOUTAIBIK apaMeTpliep €H MYMKIH MOHJEp peTiHIe KapacThIpeUIansl. bi3miH ecmereynepaeri
y* MuEEMannsl mama 0.6969 TeH. AHBIKTaIFaH OpOMTANBIK MAPMETPJIEPIAiH OpTalla MoOHIAI KaTelmikrepi MoHTe-
Kapmo omicimen Tabpurgsl. L[/l TpaBUTAOMSUIBIK ©piciHAE KO3FaJaThIH >KYIABI3ABIH P TapaMeTpiepHiH imiHaeri
epekiIe KoHuUI OesneriH nmapamerp. FanaMHbIH HEHTPIHAEr MIAIbIPaFaH MAaCCaHbIH OpTAlla THIFbI3IBIFbL. FalaMHbIH
TEK LEHTPIHE KATBICTHI €MeC, apTKbl JKOHE AJJIBIHFBI JKaFbIHAAFbl ra3ibl OYJITTAp/bIH COYJENEHYl JKOHE ascChl
OipTekci3 OeliHeneHreH. MaccaHbl JOIJIIKIIEH €CEeNTeyre YUI OJIIeMJIl THIFbI3IbIKTHIH TapalybIHbIH (YHKIHICHIH
Oinmy Kaxer, Oipak oy Oenrizic.S2 KyJIABI3BIHBIH OpPOMTAChIHBIH MapameTpiepiH ecentey kesinae Aud(y3HsIIbIK
MaCCaHbIH KOCBUTYBI OaKpLIayJIapMEH COMKeC KEJCTIHIIr aHbIKTanapl. KapamaiibiM jkarmaiiga p = const nen anmyra
Gomamel. EH xakcel coiikecTik p = (5.2£1.5)x10° Me/nc® 6onamsl. JUCIepCHsIIBIK MacCaHblH 60mysl LI/l KaTbICTHI
opOuTa amnoueHTpiHiH aWHaimyblHa okeneni. L[/l opOip alinHamyslHaH KeiiH Oapiblk opbura 0°.755 Oypbuiansl.
OpOuTaHbIH TONBIK aifHaIyhl 7760 XbUTHa OOITAIHL.

Tyiiin ce3aep: rarakTuKa: IEHTP, dMICTeP; MOTIIMETTEP Il TaIay, XKYJIIbp3aap; KHHEMaTHKA JKOHEe TUHAMUKA.

J.K. Ienuciok, A.B. CepeOpsaHckuii
Actpodusnueckuii uHCTUTYT uM. DecenkoBa, Anmarsl, Kazaxcran
OPBUTA 3BE3/Ibl S2=S0-2 U IEHTP T'AJIAKTUKHA

AnHOTanusl. ['aakTHKKM ¥ KBa3aphl ABISIFOTCS CAaMBIMU KPYIHBIMH M MacCUBHBIMU 0ObeKTaMH BO BcelleHHOM.
B nenrpe GosibIIMHCTBA M3 HUX PACHOJIOKEHHI s/pa OOJBIIONH MAaCChl — UCTOYHMKM MOIIHOTO M3JIyYeHHUS BO BCEX
JMara3oHax JUIMH BOJIH. l3ydeHue NpoucXomsammx TaM (U3UUECKHX IPOLECCOB 3aTPYAHEHO H3-3a OOJNBIINX
paccrostHAN 10 ATHX 00BekToB. Hambornee Omm3kuMm sBisieTcs sapo Hameil [Namaktuku. OmHAKO W €ro M3ydeHHe
CBSI3aHO C OONBIIMMH TPYIHOCTSMH. V3-3a pacCTOSHHS B TBICSYH MapceK MOIYYHTh M300paKCHHE IEHTPaIbHOM
obxactu ["aakTHKH MOYKHO TOJBKO IMIPH YTIIOBOM Pa3peIIeHUH MOPSIKa OJHOH THICSYHON yTIIOBOH ceKyHIBI. Kpome
TOTO0, HEHTp ['amakTHKM 3aKpHIT IUIOTHBIMH MBUIEBBIMU oOnakaMu. IloaToMy HabmomaTe HEHTp | alakTUKu CKBO3b
obnaka yaaetcst Tonbko B nHppakpacHoit (MK) obnactu cnekrpa. CBEpXBBICOKOE YIIIOBOE Pa3pelleHUe, JOCTUTAeTCs
B aCTPOHOMHH ITyTEM CO3JaHUS HHTEPPEPOMETPOB C HCIIOIH30BAHMEM KPYITHEHIINX TEJIeCKONoB. B kauecTBe
MIPUEMHHUKOB TIPH 3TOM HCHOIB3YIOTCs BhicoKod(QpexkTuBHbie UK MaTpuibl. C IOMOIIBIO 3THX TEXHUYECKUX CPEACTB
YAaJ10Ch MOJYYUTh KaK CHUMKHU IleHTpaJ'leOﬁ O6J'IaCTI/l FaJ'IaKTI/lKl/I, TaK U CHEKTPbI Ppa3IMYHBIX OTACIIbHBIX O6’beKTOB
B 3TO# obOnactu. OKa3ajoch, 4TO B 'PaBUTALIMOHHOM IIOJIE siipa BpamaroTcs AecsiTku 3Be3n. [IpumepHo 3a 20 et
yZlaoch MOCTPOUTH KapThl JBIKEHUS TAKUX 3BE3]l M METOAOM CIEKTPAJIbHOTO aHAKM3a MOJYYHUTh JUII MHOTUX U3
HHUX 3aBHCHMOCTH M3MEHEHHMs JIy4eBBIX CKOpOCTEeH OT BpeMeHH. B psne pabor Ha 0a3e 3TOro HabIIONATENBEHOTO
MaTepralla OCyIIECTBISIIINCH ITOUCKHU MTapaMeTPOB, XapaKTepH3YIOIMX, Kak neHTpanbHoe Teno (LIT), Tak u opouts
3BE3/I, OBIDKYIINXCS B €ro TpaBUTAlMOHHOM mojie. Hanboee ncciegoBaHHON SBISAETCS TOCTaTOYHO SpKasi 3Be3a
S2, 6mmkaiimas k LT. Oxa3amoch, 9To pe3yiabTaThl STHX HCCIEJOBaHUH, MOMYYCHHBIX Ha PAa3HBIX 00CEpBATOPHIAX,
3aMETHO OTJIMYAIOTCA APYT OT Apyra. OXHON U3 MPUYMH TAKOTO Pa3IHYHUs ABISETCA OTCYTCTBHE AAHHBIX O TOYHOM
nonoxkerne [T Ha n300paskeHISIX HEHTpaTbHON 00macTH [ amakTHKH, MONyYeHHBIX C yIBTPABBICOKHM YTJIOBBIM
paspemennem B MK munamazone. B AOU® pa3zpaboran MeTo pacueTa OpOUT IMHUCCHOHHBIX 0OBEKTOB, ABIKYIIIXCS
B I'PaBUTALIMOHHOM I10JIE siJiep CeH(ePTOBCKHUX raJlaKTHK, IO M3MEHEHHUIO MX JIy4eBBIX CKOPOCTEil BO BpeMeHH. bbiio
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pELIeHO MPUMEHNUTh 3TOT METOJ U ISl 00JIaCTH LeHTpa ['alakTHKH, UCTIONb3Ys OIyOJIMKOBaHHBIC HAOMOAATEIbHbIE
maHHbIe I 3Be3dbpl S2. OpOura 3TOH 3Be3dbl JO/DKHA OBITh KEIJICPOBCKOH, BO3MOXKHO, C HEKOTOPBIMHU
OTKJIOHCHUAMMU.

[TomMuMO naHHBIX HAOJIONCHWI Jy4eBBIX CKOPOCTEH Ul Pa3iMYHBIX 310X HaOJIONCHUH OIyOIMKOBaHbI M
koopauHaTh! 3Be3nbl B okpecTHOCTAX L[T. Koopaumarel matorcs B MuiutMcekyHmax ayru (ms). HabGmomenus B
OCHOBHOM ObLTH mONTydeHbl ¢ moMomnsio TeneckonoB: KEK u VLT. Jlns nanpHEHIIEro aHaim3a HCIONB30BAIUCH
acTpOMETpHUYECKUE NaHHbIE, IOJydYeHHBIE Ha ITHX ABYX TEJIECKOINax, NMpHYeM OBbUIM HMCIOJIB30BAaHBI, TOJBKO TE
JIaHHBIE, JUISl KOTOPBIX OLIMOKH OIpEeeeHHsl KOOPAMHAT He mpeBblmany | ms. MeTox OCHOBaH Ha PeKyppPEeHTHBIX
(hopMynax MOCTpOeHHsT OpOWTHI MBIKEHHUS MPOOHOTO Tena B rpasuraimoHHoM mone L[T. /s mroboro mMomeHTa
BPEMEHH MOJKHO OMPEIENIUTh MOJIOXKEHHE U CKOPOCTh ATOTO TeNa B IIOCKOCTH OPOUTHL. DTO MO3BOJISIET HAWTH BCE
opOHTaIbHBIC TTapaMeTPhl 3BE3Ibl S2, KOTOPHIE HAWIYYIINM OOpa3oM COINIACYIOTCS C HAaHHBIMH HAONIONCHUH, U
OLIEHUTh BO3MOKHBIE OIIMOKH 3THX [apaMETPOB.

Nmeromuecs: AaHHbIE HAOTIOACHUN TTO3BOJIIOT HAWTH TaKOW BaXKHBIA MapaMeTp Kak pacCTOsHHE OT 3eMIIH 0
IT. dns cpaBHEHUSI TEOPETUUECKUX KOOPAWHAT, KOTOPbIE HAXOAATCS IyTeM IPOEKIMH TEOPETHIECKOW OpOHUTHI Ha
IIJIOCKOCTh He6a noa yrijom iu BBIPAXKCHHBIX B MCTPUYCCKUX CAMHUIAX JIMHBI, C YIJIOBBIMH KOOpJAWHATaMu,
MOJy4aeMbIX U3 HaOJIIOAEHUH, HE0OX0AMMO HalTH Kod(puIMeHT nepexoaa K oT MeTpuyeckux eIMHUIl JUIMHBI K
yriaoBeiM. Pa3zmepnocts mapamerpa K — ms/m. Paccrosuue or LT no Connua onpenensiercs mno Qopmyse
R=6.6845x10*/K nc. [Ipobnema pelnaercs myTeM JeIEHHUs JTMHBI OTPE3KA MEKIY JBYMs MOJOKEHHUAMH 3BE3/IbI B
MPOEKIMH Ha HE0O TEOpPEeTHYECKO OpOMTHI Ha PacCTOSHHE MEXAY ABYMs HAOIIOAaEMBIMHU ITOJIOKESHUSIMH 3BE3.IbI
JUIi OOHMX M TEX JK€& MOMEHTOB BpeMeHH. Ecim uncmoms30BaTh JUIs 3TOW WLEMH pagnyC-BEKTOPHI, TO
HeolpeaeeHHOCTh monoxerns LT MoxeT mpuBeCTH K 3HAYUTEIHHBIM OIMUOKaM, MOCKONBKY moinoxenue LT, a,
CJIEZIOBATEJIFHO, U LIEHTPa KOOPAMHATHON CHCTEMBI HA N300paKEHUSX, ONpeaesieTcs HeTouHo . [loatomy mis sToi
LIENTN MCIIOIB30BAIINCh UMEHHO AJHMHBI XOPA, BEIMUCICHHbBIE OTIEIBHO 10 PE3YNIbTaTaM Ul KaxJ0ro Teaeckona. 13-
3a omMOOK KOOPAMHAT B OTHEIBHBIX TOUKax BeanunHa K onpenensiace Kak cpefHee, MOIyUYeHHOE ¢ NPUBICYEHHEM
JIOCTATOYHO OOJBIIOTO YHCIIA XOPI.

Haiinensl cnenyromue 3HadeHUs: opOMTaNbHBIX napamerpos: nepuon T, = 2002.3482 + 0.0009 (B roamax),
paccrosaue B mepunentpe q = (1.7416+0.0018)x10'5 cm, macca LIT M = (4034+13)x10° M, JKCHEHTPHCHTET
e =0,88657+0,00011, p = (4.76£1.5)x10° MO/nc® ~3.5x10"'® r/cm3,maxmon opouter i = 133°.83+0°.067.

[ony4eHHble TakuM 00pa3oM OpOWTANIbHBIE MAapaMeTPhl MOTYT paccMaTpUBaThcs Kak HamOojiee BEpOSITHBIE.
MuHMMaIbHOE 3HAYCHKE ¥ B HAMIMX pacdeTax pasHO 0.6969.OmMOKH CpeIHMX 3HAYEHMH HalICHHBIX IapaMeTPOB
opOuTHI ompenensich MeTonoM Monte-Kapro.

Cpenu mapameTpoB, ONpeeITIOIUX JBIKEHHE 3Be3/1bl B TpaBuTannonHoM mose LT crnennasbHOro BHUMAHUS
TpebyeT mapamerp p. TO CpeAHss MIOTHOCTh PACCESIHHON Macchl B LieHTpe ['anakrtuku. Ha n3o0paxeHusx neHTpa
(OoH OYeHb HEOAHOPOAEH U MpEACTaBIsIeT COOOH HAIOKEHNE U3IIy4eHHs Ta30BbIX 00JIAKOB, KOTOPHIE PACIIONOKEHBI
HE TOJIBKO B HETMIOCPEACTBEHHOM LIEHTpPE [ 'alakTHKY, HO U BIEPEIH U 110331 HETO.

Jnist TO4HOTO yueTa Takol Macchl HEOOXOAMMO 3HATh TPEXMEpPHYIO (YHKIHWIO paclpesieleHHs IUIOTHOCTH,
onHako oHa Heu3BecTHa. [Ipu pacuere mapameTpoB opOWTHI 3Be3ibl S2 OBUIO YCTaHOBJIEHO, 4YTO jA00OaBlieHHE
muddy3Hoit Macchl yimyuiiaer coriacue ¢ HaOmoneHusMu. [ mpocTeiiero ciydass MOXHO CUUTaTh p = const.
Hawmwryumee comacue mocturaercs npu p = (5.2+£1.5)x10° MO/nc?. [IpucyTcTBHE AUCIEPCHON MACCHI IPUBOIHAT K
BpalleHuIo anoreHTpa opouts! orHocuressHo LT, [Tocne kaxxnoro obopora Bokpyr LIT Best opbuTa roBopaunBaercs
0°.755. TlomHBIit 000POT OPOHUTEI IPOUCXOIUT 3a 7760 neT.

OmnpeneneHsl mapaMeTpbl OpOUTHI 3Be3a6I S2=S0-2, KoTopast ABIKeTCs BOMIM3M HeHTpa ["anakruku. [lomydeHs
OIIEHKU MAacChl HEeHTpatbHOro Tena [amakruxu (4034+13)x10°Mo, a Takke ero paccrosaue ot Conma, 8333.0+7.0 mc.
[TpennokeH MeToZ OMpeneNeHUs! IONOKEHHS CBEPXMACCHBHOIO Tela B LEHTPE [ allakTWKU C HCIOJIb30BaHHEM
OpOUTANBHBIX NTAPAMETPOB 3BE3/IbI S2.

KaroueBble cJI0Ba: raJlakTHKa: IEHTP, METObI; aHAJIM3 JAHHBIX, 3B€3/bl, KIHEMATHKA U ANHAMUKA.
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POPULATION OF DOUBLE WHITE DWARFS
IN THE GALACTIC CENTER

Abstract. Upcoming space-born gravitational wave interferometers will monitor gravitational radiation at low
frequency range. This will allow to study double white dwarf mergers and improve our understanding of physical
processes involved. High stellar densities in galactic cores may imply enhanced binary compact object formation and
coalescence compared to the galactic field. In this paper we analyze data from direct one-million-body simulation of
the Milky Way Galactic center to describe properties of double white dwarf binaries and discuss their contribution to
the gravitational radiation. We show that ~7% of all white dwarf - white dwarf pairs are likely to undergo the
gravitational wave driven merger resulting in a merger rate of ~ 1077yr~1. Therefore, we show that double white
dwarf merger rate in the Galactic center is larger than that in the Galactic field. The obtained results may be used in
future studies of white dwarf merger outcomes and their contribution to the gravitational radiation.

Key words: Galactic center, white dwarf binaries, gravitational waves.

1. Introduction.

The Milky Way Galaxy center is comprised of a central supermassive black hole surrounded by a
dense cluster of stars (see e.g. [1], for a review). Due to high stellar densities, the Galactic center is a
favorable place for frequent close encounters between stars that eventually may lead to the formation of
compact binary pairs. Or, initially closely bound binary may undergo a number of encounters with single
stars that eventually reduce its semimajor axis (e.g. [2], [3]). These processes may enhance merger rates of
double degenerate binaries. In this paper, we focus on white dwarf - white dwarf (WD-WD) binary
systems, which are subject to low-frequency gravitational radiation [4][5]. The gravitational wave
emission originating from the compact double white dwarf binaries may be detected by future space-borne
interferometers such as LISA [6] and TianQin [7]. The merger may result in a Supernova type Ia
explosion or in a new WD of heavier mass ([8]; [9]. Thus, studying the spatial distribution of potential
merger candidates and the event rates may serve as a necessary step towards understanding complex
physical processes involved during double WD coalescence.

In order to do our study, we analyze the central 10 parsec region of the Galaxy at 5 Gyr after the
formation time. The data are provided by a recent direct million-body simulation of the Galactic
center [3].
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2. Overview of the simulation.

The simulation described in [3] features direct N-body methods to model the Milky Way nuclear star
cluster (NSC). The authors achieved the highest to-date resolution in particle number for the Galactic
center simulations by modeling the entire NSC with one million stars. Such features as accurate treatment
of close encounters [10], formation and evolution of binary stars, single and binary stellar evolution
[11][12], provide a large step towards increasing physical realism of the simulation. We refer to the
original paper [3] for a more detailed description of the initial conditions and the simulation set up.

3. Results

In figure 1 we show the overall distribution of WD-WD binaries from the simulation in the plane of
orbital elements a (semi-major axis, in the units of the astronomical unit, AU) and e (eccentricity). As we
can see from the figure, the potential mergers -- binaries with small semi-major axes -- have almost
circular orbits. The binaries with eccentric orbits have relatively large separations. According to [13] the
merger time of the white dwarfs (each of the components has mass of 1 Mg separated by 10° cm
(i.e ~6.7 X 107*AU) is about 3 X 10~* years. The separation of the order of 1 AU can result in a merger
time, which is larger than a Hubble time. Therefore, in this work, we focus on WD-WD binaries with
circular orbits as they have small values of the semi-major axis.
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Figure 1 — Distribution of eccentricities and semimajor axis for all double white dwarf (WD-WD) pairs

Figure 2 demonstrates how the WD-WD binaries are distributed spatially within the nuclear cluster in
the simulation. Cumulative number distribution of all WD-WD binaries in the cluster and those of them
with e = 0 only are shown in blue and orange colors respectively. We can see that about 28% of all double
WDs are circular.
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Figure 2 - Cumulative number of WD-WD pairs as function of distance to the supermassive black hole.
Blue and orange lines show all pairs and those with small eccentricities
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Figure 3 - Distribution of semi-major axes of double WDs (given in AU)
as a function of distance from the supermassive black hole (in parsecs)

A more detailed analysis of relative orbital elements of WD-WD pairs shows that there is no clear
trend of their semi-major axes with distance from the massive black hole (figure 3).

Now, we follow [13] to compute the time left for these systems to merge due to the gravitational

radiation:
5 a*cs

T 256 G3mym,(my+m,)

(M

tew

where a is the semi-major axis, ¢ is the speed of light, G is the gravitational constant, m; and m, are
masses of two bodies (in our case white dwarfs). Note that this expression already takes into account that
e~0.
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Figure 4 - Top panel. Distribution of time intervals left to merge due to gravitational wave emission for WD-WD pairs with
circular orbits. Y-axis shows the total number of pairs in each logarithmic bin. Bottom panel. The same as above, but shows
cumulative distribution normalized to the total number of double WD binaries considered in this analysis. Shared X-axis for both
panels shows time in years. Vertical dashed line indicates the time of 9 Gyr

The computed time intervals are shown in figure 4. Since we take data at the moment of 5 Gyr after
the NSC formation, we check how many binaries merge in ~9 Gyr to select those that merge in a Hubble
time after formation. The data yields ~ 24% (~1300 in absolute number) of double WD binaries ending up
in coalescence mediated by gravitational emission. Summarizing our findings, we get:
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Npnerge = 0.24N,4(e = 0) = 0.24 X 0.28N,,q(all) = 0.067N,,4(all), )

meaning that ~7% of all double white dwarf binaries within 10 pc from the supermassive black hole are
likely candidates to undergo gravitational wave driven merger.
We can divide the total number by the time span to get the average rate of these merger events per
year:
Nmerge -7 -1
= — =1.0X
tn—to) 1.5x 107 "yr=, 3)
where ty is the Hubble time and t, = 5Gyr.
Thus, our basic calculations predict 1 - 2 events per 10 Myr for the Milky Way Galactic center.

4. Conclusion

We studied the population of double WD binaries in the Galactic center that are likely to undergo
gravitational wave driven mergers. We showed that ~7% of all double WDs are good candidates to result
in a merger. The obtained number rates imply much higher WD-WD merger rates in the Galaxy center
than in the field (see [9], for the latest numbers). Thus, there may be a bigger chance for a simultaneous
gravitational wave and electromagnetic observation of a WD merger originating from a galaxy center.

Spatial distribution of double WDs provided by our study may serve as a motivation to conduct more
detailed analysis of WD-WD pairs, for example such as computation of gravitational waveforms to
account for the background gravitational wave noise detected in LISA range (e.g. [14]).
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TAJTAKTHUKA OPTAJIBIFBIHJIAFA KOC AK EPTEXEWJII XKYJIBI3JIAP

AHHOTanusi. FapbliThIK rpaBUTALMSIIBIK-TOIKBIHIBIK HHTEPHEPOMETPIIEp TOMEHTI KHUIIKTEp aiiMarbIHIarbl
xyMbIc icreiai. Omn, sxocrap OObIHIIA, TPABUTALUSIIBIK CIYJIeTICHYIIH MOHUTOPUHTIH JKYpri3eTin 6oiansl. by koc
aK eprexeiiiepain Oipiryin 3eprreyre, jxoHe Oipiry kesinae (U3MKaJbIK yIepicTep Typaiibl 0i3/1iH TYCIHIrIMIi3Ii
KakcapTyra MYMKiHAIK Oepei. ["anakTHKaibIK sSApONIapaaFsl )KOFaphl XKYJIbI3AbI THIFBI3BIKTAP OHAAFbI KOC IAFbIH
00BEKTUIEP/IiH KaJbITaCyblHA YKOHE ONap.IblH Oipiry KapKbIHBIH YJIFAlObIHA Kyl MYMKiH. By xymbicTa Koc ak
epresKeiini KYJIIBI3Ap/IbIH FATAKTHKA OPTAIBIKTAPBIHAA Tapaybl, JMHAMHKAIBIK KACUETTEP] HKOHE TPaBUTAIMSIIBIK
TOJIKBIH TapaTyFa KOCAThIH yliectepi KapacTeipbuirad. Kyc JKoibl ralakTHKACBIHBIH OPTANBIFBI KYJIIBI3IapIbIH
TBIFBI3 IIOFBIPBIMEH KOPILAJIFaH, OPTAJIBIK aca MACCUBTI Kapa KypAbIMHaH Typajbl [1]. JKYIABI3/1bI THIFBI3BIKTAPIBIH
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YIKeH MOHIEpl S>KYIObI3ZApABIH ©3apa JKAKbIHAACYBIHBIH KMi Iaiaga OoiyblHa BIKHOAd eTil, IIarblH KOC
OOBEKTIIepIH KaJIBIITAaCyblHA aJbIll Kelyi MyMKiH. Erep OacTankpiia THIFBI3 OailaHBICKAH KOC JKYJIABI3IBI JKYie
KAJIFBI3 KYIIbI3apMeH OipHeme "COKTHIFBICTAp" apKbLIbl ©TETiH 0osica, OHJA SHEPrusl ajaMacy HOTHXKECIHZE,
OJIap/bIH 63apa KALIBIKTHIFBl aWTapibIKTai a3ailybl MyMKiH (Mbicansl [2], [3] kapaiibik). JKorapelga cunarrairad
yIepictep KOC KYJIIbI3AapblH KOCbUTy BIKTUMAJJIBUIBIFBI MEH CaHbIH apTThIpybl MyMKiH. Ochbl xyMbIcTa 0i3 aK
eprexeiisiepre Kem Hazap ayaapambl3, ce0eOi oyap THIFBI3 JKaKbIHIAcy Ke3iH/e I'PaBHTAlMSUIBIK COyJICJICHY Ke3i
Ooubin Tabbansl. JKoHe onapablH KMUTIKTIK cunarramaiapsl LISA (6) sxoHe TianQin (7) CHSKTBI FapbILITHIK
JIETEKTOPJIap/AblH Ce3IMTAABIK aliMarblHAa JKaTalbl. | paBUTALMSJIBIK COYJICJIEHY OCEpiHEH KOC aK eprexeiiiep
SHEPrUsACHH "KoFanTa" OacTaiiibl, HOTWKECIHAEC KOCBUTYy yIepici opeiHmamansl. KocsuryablH Kaineirsl peTiame la
TUTOITEC aca XKaHa KYIAb3IAp HEMece Maccachl JKOFaphl aK eprexeiriep maima Oomysl mymKkiH [8][9]. 3eprrey
KYPrisy yimiH, 0i3 aca Maccaibl Kapa KypAbIMHaH 10 mapcek pajuycCTarbl TalaKTHKAHBIH OPTabIK allMarblH TaHAAIl
anaMbi3. JKoHe ralmakTHKaHbIH OPTaJIbIK JKYJIIBI3ABI LIOFBIP KAJIBIITACYBIHA ASHIH 5 MUJUIMApPA JKbUI YaKbIT Ke3iHHEH
Oacran mporeccrepai TanpaiiMbeiz. By 3eprreyni icke aceipy yuriH Kyc Xospl [anakThkacel OpTabIFbIHBIH
MUJUTHOH-JIeHe-CUMYJIILUACHIHBIH IIBIFBIC MONIMETTEepiHe Tajjay »KacalblHABL bBapiblk Koc akeprexeiinepnin
~7% TpaBUTALMSUIBIK TOJNKBIH TapaTa Gipiryi MyMKiH, 5koHe Oipiry KapKbIHbI IIAMaMeH KbUIbiHA ~ 1077 601aThIHbI
Oaranmanapl. Ocbutaiima, 0i3 [amakThka oOpTacklHAa KOC aK epreeisiiepaiH Oipiry KapKbIHBI OJapblH
raJlaKTUKAJIBIK ©pICTeri KOChUTYy KapKbIHBIHAH aChIIl TYPFaHBIH KOPCETTIK. AJIBIHFAH HOTWXKeNep Ooamakra Koc ak
eprexeininepaiy OipiryiH >KoHE ONlapAbIH JKallbl I'PaBUTAlMSUIBIK TOJIKBIH TapaTyFa KOCAaThIH YJIECIH OlaH opi
3epTTeyre apHaJFaH )KYMBICTap/ia KOJIaHbLTYbl MYMKIH.
Tyiiin ce3aep. ['amakTiKa OpTaNBIFEL, KOC aK €preKeiili >KYJIIbpI3aap, TPaBUTAIHSIIBIK TOJTKBIHIAP.
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JIBOMHBIE BEJBIE KAPJIUKHU B HEHTPE FTAJIAKTUKH

AHHOTanus. 3alUlaHUPOBaHHBIE KOCMUUECKHE I'PaBUTAIIMOHHO-BOIIHOBBIE HHTEP(EpOMeTphl OYyT NPOBOIUTH
MOHHUTOPUHI' TI'PABUTALIMOHHOTI'O M3JIYUYCHHS Ha HHU3KHUX Juamna3oHax 4YacToT. DTO MO3BOJUT n3y4yaTtb CJIHAHUEC
JIBOMHBIX OCNBIX KApJIMKOB M YIYYIIUTH HAIle MOHWMAaHHE MPOTEKAIONIMX MPH CIUSHUHA (PU3UICCKUX MPOIECCOB.
Bricokue 3Be3HBIC IDIOTHOCTH B TAJAKTHYECKUX SIPaX MOTYT IMPUBECTH K YBEIUYCHHOMY YHUCITYy (POPMHPOBAHUS
JIBOMHBIX KOMITAKTHBIX OOBEKTOB U UX CIHSIHUH 110 CPABHCHUIO C TAIAKTUICCKUM ITOJIEM.

Lentp ranaktuku — Miteunsiii [1yTh — COCTOUT U3 LIEHTPAJIILHON CBEPXMACCUBHOM YEPHOU ABIPBI, OKPYKEHHOM
IUIOTHBIM CKoruteHHeM 3Be3x [1]. Bonpmmme 3HaYeHHWs 3BE3NHBIX IUIOTHOCTEH CIOCOOCTBYIOT 0Ooiee dacToMy
BO3HMKHOBEHHIO TECHBIX COJNMKEHHH 3BE3/, KOTOpbIe, B KOHEYHOM CUETe, MOTYT IPUBECTH K (DOPMHUPOBAHHUIO
KOMITaKTHBIX TBOMHBIX 00BbEKTOB. ECiH ke n3Ha4abHO TECHO CBSI3aHHAS JBOMHAS 3BE3/IHAS CUCTEMA MPOUIET Yepes
PSLI «CTOJIKHOBEHHI» C OJMHOYHBIMH 3BE3/1aMH, TO B Pe3yJIbTaTe SHEPreTHYECKOro oOMeHa, B3aUMHOE PacCTOsSHHE
JIBOMHOM MOXXET 3HAUMUTENBHO yMEHbIIMTHCS (cM. Hampumep [2], [3]). OmnmcaHHBIE BBIIIE MPOLECCHl MOTYT
YBEJIMYMTh YUCIIO CIIUSHUI BBIPOXKIACHHBIX IBOWHBIX 3Be3l. B HacTosiieii padotre Mbl (POKyCHpyeM CBOC BHUMAaHUE
Ha IlBOf/iH])lX 6eHbIX KapJinkax, KOTOpbIC, IPpU TECHOM C6J'II/I)KGHI/II/I, ABJIAKOTCA HMCTOYHUKOM TI'PABUTALIMOHHOTO
W3IYYCHUS, YaCTOTHBIC XapaKTEPUCTUKHA KOTOPOTO TOMANAIOT B JHMANA30H YYBCTBUTEIHLHOCTH 3aIUIAHHPOBAHHBIX
KOCMHYECKHUX JAETEKTOPOB, TakuX Kak LISA [6] u TianQin [7]. B pe3ynbraTe «I0TEpH» SHEPTHHA JTBOWHBIMHU OCIBIMHU
KapJMKaMy 4Yepe3 TPaBUTALMOHHOTO H3JIyY€HHE, NPOUCXOANT CIHMSHUE, KOHEYHBIM IPOAYKTOM KOTOPOTO MOXET
CTaTh CBEpXHOBAs THII la mim Oonee MacCHBHBIHN Oeibrii kKapimuk [8][9].

Jis ipoBeIeHNsI HCCIIENOBAHISI, MBI aHATTU3UPYEM [IEHTPATBHYIO 001aCTh TAIAKTHKH, 3aKIIOUCHHYIO B painyce
10 mapcek OT cBEpXMACCHBHOI YepHOH IBIPEI B MOMEHT BPEMEHH 5 MIUUIAAPIOB JIET OT Hadana (OpPMHUPOBAHUSI
HEHTPAIIFHOTO 3BE3JHOTO CKOIUICHHS TajaKTHKH. B HacTosmied paboTe MBI HCIIONB3yeM JAaHHBIE MOJCIHPOBAHUS
LeHTpa rajakTUKd Mueunsiii [IyTh, KoTOpoe OBIJIO IPOBENEHO METOAOM IPSIMOTO MHTETPHPOBAHUS C HCIOJIB30-
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BaHHEM OJHOTO MHJUIMOHA YaCTHII, YTOOBI HCCIIEI0OBATH CBOCTBA MOMYJISILIMY IBOWHBIX OEJIbIX KapjHKOB M OLICHUTh
MX BKJIQJl B IPaBUTAllMOHHOE M3JyueHHe. Pe3ynbTarhl 1mokaszaiu, 4to [uisi ~7% Bcex map Oesblil kapyiuk — Oelblid
KAPJIUK U3JIy4YeHHe IPABUTALMOHHBIX BOJIH MOMKET HPUBECTH K CIMSHHIO CO CKOPOCThIO ~ 1077 cobbITuii B rog.
TakuM 00pazoM, CKOPOCTh CIHMSIHHSI JBOMHBIX O€JIbIX KapjMKOB B IEHTpe ['allakTHKM MPEBBINIAET MX CKOPOCTh
ciusaus B [NanakTraeckoM mose. Hamm pesynbraThl MOTYT OBITH HMCHOJB30BaHBI B JAIBHEHIINX HCCICIOBAHUIX
MPOAYKTOB CIIHSHUS OEBIX KapJIUKOB U MX BKJIaJa B TPaBUTAIIMOHHOE U3ITyUCHUE.

KuroueBsie ciioBa: ieHTp ["anakTuky, JBOWHBIC O€bIe KAPJIUKU, TPABUTAIIIOHHBIC BOJTHEIL.
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GAMMA-RAY BURSTS WITHOUT MEASURED
REDSHIFTS I: ENERGY ESTIMATE
AND LAT BORESIGHT ANGLE DISTRIBUTION

Abstract. Context. With this short note we start a series of communications dedicated to the study of gamma-
ray bursts (GRBs) without measured redshifts.

Aims. We make an attempt to estimate energy of GRBs without measured distances based on population of
bursts with measured redshift.

Methods. We assume that there is indeed universal bimodal distribution on duration which is followed by all the
events. Using data on best-fit spectral parameters from GBM GRB Catalog we calculate energy for each burst given
mean redshift values for short/long distribution. Additionally, we cross-correlate GBM GRB Catalog with general
GBM Trigger Catalog in order to retrieve information on LAT boresight angle at the moment of event detection.

Results. We obtained estimate energy for each burst and built a distribution plot which follows the idea of
bimodal distribution. A scatter plot for LAT boresight angles of short GRBs was obtained.

Conclusions. The energy-based histogram follows a general pattern for short/long distribution having distinct
peaks. On the other hand, LAT boresight angles for short events shows quite uniform distribution, and being an
instrumental feature, therefore cannot implicitly point to some intrinsic mechanisms responsible for high-energy
photons generation.

Keywords: gamma-ray burst; redshift; LAT boresight angle; data analysis.

1. Introduction.

There is essential quantitative information one can calculate knowing the distance to the astrophysical
object. Among these values isotropic-equivalent energy is the starting point for inferences in any
theoretical model. An estimate of injected energy is crucial information for numerical simulations,
especially for modelling the most energetic phenomenon of the universe such as gamma-ray burst (GRB).

The Fermi Gamma-Ray Space Observatory (previously GLAST) has detected over two thousand”
unique Gamma-Ray Burst (GRB) events during the first decade of operation [1]. Only ~10% of these
bursts have measured redshifts therefore making possible a reliable physical interpretation of the processes
onsite. Consequently the rest of GRBs do not offer the latter possibility in full though containing spectral
information.

The statistics to the date of July 20™ 2018 is the following (see Table 1): Fermi-GBM telescope
detected 2367 gamma-ray bursts (100%) among which there are 398 short (16.8%) and 1969 long (83.2%)
duration GRBs, both are with and without measured redshift values; out of this total number of bursts the
Fermi-LAT telescope detected 169 bursts (7.1%) among which there are 14 short and 155 long duration
GRBs, both are with and without measured redshift values [2].

* https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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Table 1 - GRB detection statistics for all-sky Fermi-GBM (8 keV—40 MeV) and Fermi-LAT
(20 MeV-100 GeV) since the beginning of operational era in July 2008. The first and the last rows
correspond to the first [2] and the second [4] LAT catalogs. Percentages in parentheses are related to the
total number of bursts by GBM. Numbers were retrieved from online Fermi-GBM Burst Catalog and
Fermi-LAT Burst list.

End time GBM Too<2s Too>2s LAT Too<2s Too>2s
July 2011 733 122 (16.6%) 611 (83.4%) 35 (4.8%) 5 30
July 2018 | 2367 | 398(16.8%) | 1969(832%) | 169(7.1%) | 14 155

Within a decade of the Fermi operational era there were reported around 30 short GRBs with redshifts
measured, among them there is only one GRB 090510 with both measured redshift and GeV photons
detected [2]. This means a number of >350 short bursts does not have redshift and roughly same number
without GeV photons were observed. As for the long bursts there are more than 200 events with known
distances [3].

2. Methods.

In order to estimate energy for GRBs without redshift we take an average value of those short and
long bursts with measured redshift. The secure median value for the redshift of short GRBs is around
unity, while the median redshift value of long bursts is around two [5].

Fixing the redshift at unity (short) and two (long) values we calculate Eis, given a spectral model. For
every GRB its Flnc_Best Fitting Model parameter from GBM catalog indicates the model best fitting the
data for a spectrum accumulated over Ty duration of the burst [1]. The models used to fit each spectrum
are: simple power law (plaw or PL), cutoff power law (comp or CPL), smoothly broken power law
(SBPL) and Band function. Depending on model we will have various parameters to consider. The best-fit
model is automatically selected by comparison of the values of the likelihood-based Castor C-Statistic
(C-STAT). The C-STAT is a modified log-likelihood statistic based on Cash statistic, see [6], and it is
used for fitting a model to data set through minimization. The isotropic energy equation has the form:

4nd%
Eiso = ES(El'EZvZ)a (D

where d; is the luminosity distance and S(E1, E», z) is the fluence accumulated between minimum £; and
maximum £, energy. It is defined by following expression:

S(E1, Ey, z) = Ty fEZ/(HZ)

o J1rey EN(E)AE. 2)

Here N(E) defines the best-fit model of the prompt phase spectrum and the integration is done over
GBM working energy band. Since GRBs are the cosmological objects then above mentioned luminosity
distance will be defined, assuming a flat universe ACDM model with Qx=0.692, Q=0.308,
Hy=67.8 km s Mpc™ and ¢=2.998¢+10 cm s™, by following equation [7]:

dy(z,Qp Q) = (1 + Z)Hiofozm - 3)

As can be seen the redshift stays as only unknown parameter. The calculated values of Eis,” ' and
Eiso” 2 are shown on Figure 1 and listed in Table 2 of the next section.

Another issue to consider for future studies is a boresight angle of the LAT instrument at the moment
of GBM trigger. This angle defines the sensitivity of LAT and simply represents itself a viewing angle
outside of which no observation is possible. Given orientation coordinates two instruments can calculate
mutual directions and when burst location defined by GBM the LAT normal angle is calculated with
respect to that pointing and stored in GBM Trigger Catalog. We scan throughout (in order of priority) the
Fermi LAT Second GRB Catalog,” the Fermi GBM Trigger Catalog* and GCN archive® looking for the
LAT boresight angle with regard to the best location of every burst.

T https://heasarc.gsfc.nasa.gov/W3Browse/all/fermilgrb.html
¥ https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigtrig.html
§ https://gen.gsfe.nasa.gov/
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3. Results. We obtained estimate energy for each burst and built a distribution plot which follows the
idea of bimodal distribution.

Table 2 lists all short GRBs observed within a decade of GBM operation and columns indicate: burst
full name, duration (in seconds), rest-frame spectral peak energy calculated at z=1.0 (in keV), isotropic-
equivalent energy calculated at z=1.0 (in erg, rest-frame by definition), and LAT boresight angle at the
GBM trigger (in degrees). Although not listed here, a similar table is obtained for long (79 >2 s) duration
GRBs, and both tables in full are available upon request.

Table 2 - List 0of 398 short (790 <2 s) GRBs within August 2008—July 2018 detected by Fermi-GBM
with estimated isotropic-equivalent energy Eiso when given z=1.0 as an average redshift for short bursts. Since the table
is large in size we show here only the first and the last three rows. Full table is available upon request

GRB name Too (s) Epea™! (keV) Eiss™! (erg) 0 (degrees)
080723913 0.192 641.679 6.70615¢+50 —
080725541 0.96 2965.18 4.87635e+51 —
080802386 0.576 1244.78 4.81246e+51 —
180703949 1.536 273.749 4.60329¢+52 32
180715741 1.664 1121.59 8.24943e+51 79
180715755 0.704 1804.56 8.58977e+51 75

We built an energy-based histogram for two populations of 1800 long and 363 short GRBs on
figure 1. The median values are 2.16e+51 erg (short) and 4.61e+52 erg (long), and two distinct peaks are
easily observed.

Regarding the LAT boresight angles there are 363 short GRBs with known 6 at the trigger
(for 35S-GRB there is no angle information, see table 3), of which 210 bursts were detected at § <75
degrees, number of 6 short GRBs were triggered at & =75 degrees and events in amount of 147 were
detected at 6 >75 degrees.

Table 3 - Distribution of short GRBs with regard to LAT boresight angle.

Total S-GRBs 6<75 degrees =75 degrees 6>75 degrees no 6
398 210 6 147 35

A scatter plot for LAT boresight angles of short GRBs was obtained on figure 2. Labeled red points
indicate S-GRBs from the Second LAT Catalog [2]. Note that a large offset of S-GRB 170127067 still had
high-energy emission at late repointing. The histogram shows the same distribution stacked in 30 bins.

10%F
C -==- Eizo=10% erg
r -— E[e99R8 =216 x 10 erg

== ET"EM =461 %10% erg
1 1800 long
[ 363 short

101 :

Number of GRBs

10°0¢ onn

1651 1053 1055
Isotropic-equivalent energy [erg]

Figure 1 - Histogram of isotropic-equivalent energy for 363 short and 1800 long GRBs for a decade of Fermi mission.
The values of energy are calculated by assuming average redshifts for short (z=1.0, solid blue) and long (z=2.0, solid red) bursts.
Dashed black line indicates Eiso=1€52 erg energy. Dashed blue and red lines indicate median energy values
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Figure 2 - Distribution of 363 short GRBs by LAT boresight angle and isotropic-equivalent energy calculated
under assumption of common z=1. Vertical dashed lines indicates 6 =75 degrees threshold angle for LAT instrument,
horizontal dashed line indicates Eiso=1¢52 erg energy

4. Discussion. The energy-based histogram follows a general pattern for short/long distribution
having distinct peaks. These two populations when put on Epca-Eiso plane stays in accordance with spectral
energy correlation for short [9] and long [10] GRBs. The prospect of further detailed study is possible due
to the presence of redshift measured bursts [Aimuratov et al. (2020) in Proceedings of the Fifteenth
Marcel Grossmann Meeting, submitted].

On the other hand, LAT boresight angles for short events shows quite uniform distribution, and being
an instrumental feature, therefore, it cannot implicitly point to some intrinsic mechanisms responsible for
high-energy photons generation. An outlier GRB 170127C detected ~300 s after GBM trigger [8] is one of
the clear examples for prolonged GeV emission of still unknown nature. This implies

5. Acknowledgements. This article is dedicated to Dr. Larissa Andreevna Pavlova and Dr. Boris
Ivanovich Demchenko. The work was done with partial support from research grants/programs
BR05236322 from MES RK and BR05336383 from AC MDDIAI RK. Author additionally thanks
research grant AP05133630 for partial support.
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B. T'. ®ecenkoB aTeiHAarbl aCTpOdH3UKa HHCTUTYTHI, AnMathl, Kazakcran

KbI3bLJI BITBICYBI OJIIEHBEI'EH TAMMA-COVYJIEJIEHY KAPKBIJIJIAPBI I:
OHEPI'USIHBI BAFAJIAY )KOHE LAT KOPY BYPBIIITAPBIHBIH YJECTIPIMI

Annorauusi. Moumomini. OCBl KpICKaIra xabapiamMaMmeH 0i3 KbI3bUI BIFBICYHI OIIICHOETEH TaMMa-CoyJIeIIeHY
xapkpuraapsina (I'CXK) apHanran 3epTreysep Typajibl MaKaJlanap CEpHsChIH OacTaiiMbI3.

Maxcamul. Bi3 KbI3bUI BIFBICYBI OJIIICHTEH JKaPKbULIAP KUBIHTBIFBIHA CYHEHIN, KalbIKThIFbI ommenoeren I'CK
MOMNYJISIIMSICHIHBIH SHEPTHs OJIIIeMIH OaraiayFa OpeKeT jKacaiMbI3.

Odici. bi3 GapibIK OKUFaIap pachkiHaa oMOeban OMMOJANIBIK YIIeCTipiMiHe cail 6osaael nen Heriaeimiz. GBM
GRB kaTanorsiHaarsl op OKUFara ©H JKaKChl COMKEC KEJIETIH CIEKTPIIIK MmapaMeTpiiep Typasibl MOJIIMETTEPl JKOHE
KbI3bUI BIFBICYBI OJIIIEHI'€H KbICKa/y3aK yaKbITThl OKUFaJIap YILUiH OeplireH opTaiia MOHAEp/l KoJiaHa OTBIpHII, 013
SHeprusiHbl ecenrteiimis. CoHbIMEH Karap 013 okuranapnsl aHblkTaraH catre LAT mHCTpyMeHTiHIH Kepy OypbImIibl
Typansl akmapar amry ymiH GBM GRB karamorsin GRB  Trigger Catalog skammsl KaranorsiMeH e3apa
CaJIBICTBIPAMBI3.

Homuowcenepi. biz op T'CX-HbIH SHEprusCHIH ecenTen ANIBIK JKOHE HOTIDKECIHIE OMMOIANABI YIecTipiM
UIESChIHA COMKeC KeJIeTiH alaHbH anablK. Kpicka yakpeITThl okuranapaslH LAT kepy OypeImTaps! YIIiH MIamisIpay
CIOJKETI aJIbIHIbL.

Kopuvimuinovicel. DHeprusra Heri3enared TMCTorpaMma HaKThI HMIBIHIAPhI OapbIH KOPCETE OTHIPHII, KbICKA/Y3aK
YaKbITThI OKUFANIAPAbIH YJIECTIpIMiHE cail Kbl YATICIH ycTaHa bl EKIHIII KaFbIHAH, KbICKA OKUFalapFa apHajFaH
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LAT kepy OypbliiTapbl OipKeJKi Tapaiyabl KOpceTe/l )KoHe HHCTPYMEHTAJ/IbI CUIIAT OOJIBIN TaObUIAbI, COHIBIKTaH
KOFapbl SHEPrHsIbl (QOTOHIAPABIH Naia OoyiyblHA jkayan OepeTiH Keldip ilIKi MeXaHU3MIEepZl HAKThl Kepcere
aJMamIbl.

Tyiiin ce3mep: raMmma-coyIieaeHy KapKbUIbl, KbI3bUI bIFBICYBI; LAT Kepy OyphIIIIbI;, JepeKTep/Ii Tanmay.

E. K. Ajimypartos
Actpodusnueckuii uacTHTYT UMeHH B. I'. @ecenkoBa, Anmater, Kazaxcran

IFAMMA-BCIIVIECKH BE3 U3MEPEHHBIX KPACHBIX CMEIIEHUM I:
OLEHKA SHEPI'MU U PACIIPEJEJIEHUE YTJIOB IPULTEJIMBAHUS LAT

Annorauusi. Koumexcm. C 3TOH KOPOTKOW 3aMETKHM MBI HAYMHAEM CEPHI0 COOOIICHHH, ITOCBSIIECHHBIX
n3ydeHuIo raMmma-BeIuieckoB (I'B) 6e3 n3MepeHHBIX KpaCHBIX CMEIICHHH.

ILenu. Mbl npeAnpuHUMAaeM IIONBITKY OLIEHHTh 3Hepruto ['B 6e3 HM3MepeHHBIX pacCTOSHHI Ha OCHOBE
COBOKYITHOCTH BCIUIECKOB C U3MEPEHHBIM KPACHBIM CMEIICHUEM.

Memoowsl. Mbl peanonaraem, 4ro, JeUCTBUTENBHO, CYLIECTBYET YHUBEPCAIbHOE OMMOJAIIHOE pacIipe/ieieHHe
M0 MPOAOJDKUTEIBHOCTH, KOTOPOMY CIIEAYIOT Bce COObITHs. VCmonb3ys NaHHBIE O CIIEKTPAIBHBIX Mapamerpax U3
kataora GBM GRB ans HanbGoiiee mOAXOASIINX MOJEINEH, Mbl BBIYUCISIEM M30TPOIHYIO SHEPTHIO Ul KaXJIOro
BCIUIECKA, YUWTHIBas CPEAHUE 3HAUEHHS KPACHOTO CMELICHUS JUIs PAclpelesieHus] KOPOTKHX/IUIMHHBIX COOBITHH.
Kpome Toro, Mel nmpousBoauM B3anMHyto kKoppessinuio karanora GBM GRB ¢ o6 karamorom GBM Trigger
Catalog mns momyueHus nHpopManuu o6 yrie nputennBadust LAT B MOMEHT 0OHapyKeHHUS COOBITHSI.

Pe3yromamer. MBI IOTYYIHIN OIEHKY SHEPTHU IS KAXKIIOTO BCIUIECKAa W TOCTPOWUIH TpaHK pacrpeneneHus,
KOTOPBIH cliexyeT maee OMMoIanpHOTO pacrpeneneHus. [lomydeH rpaduk pacnpenencHHs YTIOB MPHIIETHBAHUSL
LAT nns xopotkux GRB.

3axnmiouenus. T'ucrorpamma no sueprusim ['B cienyer oOuieli cxeme pacrpenesieHus Mo KOPOTKHUM/ITTHHHBIM
COOBITHSIM, TIOKA3bIBasl [BAa OTUETIMBHIX muka. C apyroi croponsl, yriel npunenuBanus LAT mis koporkux ['B
MOKa3bIBAIOT JOBOJBHO PAaBHOMEPHOE pacIHperesieHue, U, SBIAACh MHCTPYMEHTAIbHOM OCOOEHHOCTBIO, HE MOTYT
HCABHO YKa3bIBaTb Ha KaKI/Ie-HI/l60 BHYTPEHHUC MCXAaHWU3MbI, OTBECTCTBCHHBLIC 3a O6pa30BaHI/Ie (l)OTOHOB BBICOKHUX
SHEpruil.

Ki1ioueBble cj10Ba: raMMa-BCIUIECK; KpacHOE CMelleHne; yroa npuuenusanus LAT; ananu3 1aHHBIX.
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MOLECULAR ABSORPTION BANDS
IN JUPITER TROPOSPHERE RESEARCH

Abstract. Based on spectrophotometric observations of Jupiter, made since 2004, some features of the behavior
of the methane and ammonia absorption bands on the planet's disk, are discussed. In the meridional course of the
observed variations in the equivalent widths of both ammonia and methane in the 6000A - 8000A spectral range,
there are both similar elements and differences. Variations in the equivalent widths of ammonia absorption bands at
6450 A and 7870A show a decrease in absorption in the low and moderate latitudes of the northern hemisphere. In
the 7870 A band, compared to the 6450 A band, the ammonia absorption depression in the region of the Northern
Equatorial Belt is narrower in latitudes and some more deeper. With similar latitudinal variations in methane
absorption, systematic differences are observed in the position of extrema for different bands of ammonia and
methane. The importance of studying the behavior of absorption bands for optical probing of the troposphere of
Jupiter is noted. The alternatives of the model of the troposphere structure and ammonia cloud on Jupiter are
discussed. The first model assumes the existence of a geometrically and optically thick ammonia cloud layer. In this
layer, the formation of the observed molecular absorption bands in the process of multiple scattering mainly occurs.
An alternative model assumes the presence of a geometrically and optically thin layer of ammonia clouds. The bulk
of the molecular absorption in this case is created in the troposphere between the cloud layers of ammonia and
ammonium hydrosulfide. The need for further research in this direction is noted. One of the important results, so far
preliminary, was the differences we found in the latitudinal position of the extremes of the intensities of the
molecular absorption bands on Jupiter. This feature is most likely due to the difference in the conditions of formation
of different absorption bands in the ammonia cloud layer and the underlying troposphere. The complexity and
ambiguity of the mechanism of formation of molecular absorption bands requires further consideration of both
various models of the structure of the Jovian atmosphere and further detailed spectral observations of Jupiter, with
particular emphasis on the study of weak and moderate absorption bands, which we would like to draw attention to in
this publication

Keywords: Jupiter, atmosphere, troposphere, spectrophotometry, ammonia, methane, ammonium hydrosulfide,
molecular absorption bands.

Introduction. Along with many unsolved problems associated with the study of Jupiter, one of the
main problems is the structure and dynamics of its atmosphere, including the nature and structure of cloud
layers located in the troposphere of the planet. Of particular importance in this regard is the study of
ammonia, which is one of the small but important components of the atmosphere of Jupiter. Ammonia is
one of the cloud-forming substances in the troposphere of Jupiter, and, like methane, plays an important
role in the transfer and release of thermal radiation in the infrared and microwave spectral regions. In the
process of research of Jupiter atmosphere, study of the behavior of the methane and ammonia molecular
absorption bands, observed in the visible and near infrared spectral regions of 5000-9000 A, becomes
necessary. Weak and moderate ones of them can form in the relatively deep layers of the Jovian
troposphere, and their observed variations can carry information about local differences in atmospheric
structures, including the structure of the planet’s cloud cover. The formation of these bands is rather
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complicated, and therefore, the interpretation of observational data requires both model calculations and
laboratory studies. Studies of the methane and ammonia absorption bands behavior in different regions of
the Jovian disk have been repeatedly considered by some authors, for example, [1-3] for the purpose of
using the above bands as a probe of local vertical transparency in the line of sight. It is from these
positions that an approach is needed to further study the behavior of molecular absorption, both in the
visible spectrum and in the ranges of thermal infrared and radio emission. But it is precisely the visible
and nearest infrared region of the spectrum that makes it possible to study the Jovian troposphere based on
measurements of the incident and diffusely reflected solar radiation.

Laboratory ammonia and methane spectra

Quantitative estimates of the gas content in the planetary atmosphere require knowledge of the
characteristics of the absorbing properties of the molecules of these gases obtained in laboratory studies.
Unfortunately, there are not so many laboratory studies of the methane and ammonia absorption bands
located in the visible spectrum. Of interest to us are those works that were performed with spectral
resolution close to what we used when observing Jupiter. First of all, we mean the works {4-6].

In [1], laboratory profiles of the 5520 A and 6450 A ammonia absorption bands, and the growth
curves for them, are presented. The growth curve of the 6450 A NH3 band is important for us. The growth
curve is a dependence of the absorption band intensity (equivalent width) on the equivalent thickness or
optical path of the absorbing gas, expressed in units of m —amagat. Thus, entering the growth curve with
the equivalent absorption band widths observed in the Jupiter spectrum, we can determine the equivalent
absorption path in these units. However, we note that this is not equal to the gas abundance in the
atmosphere because of the above complex mechanism of absorption bands formation in the gas-aerosol
atmosphere of Jupiter.

Similar coefficients for the growth curve of the methane CH4 6190 A absorption band are given in
[1]. Weak and moderate absorption bands in the spectrum of Jupiter fall on the linear part of the growth
curves, in contrast to strong saturated bands. Due to this, for the NH; 6450 A band, we have a ratio of
equivalent width and equivalent thickness as 1A per 4 m-amagat, and for 6190 A methane band 1A of
equivalent width corresponds to 22 m-amagat of equivalent gaseous thickness. Unfortunately, for other
absorption bands, it was not possible to find growth curves in the literature. The study of ammonia
absorption in the visible spectral region is described in [7,8] as well as in recent publications [9,10].

Jupiter spectral absorption bands

As noted above, our studies of ammonia absorption on Jupiter were launched in 2004 along with
ongoing studies of methane absorption bands. Annual observations are carried out according to a single
method and cover more than one period of Jupiter's revolution around the Sun, which is 12 years. The
previous results of observations, as well as the methods for their obtaining, are described in a number of
our publications, including [11-14]. Most of the observations obtained, were used to study latitudinal
variations in ammonia absorption from spectrograms of the central meridian of Jupiter. In addition, we
used zonal spectra obtained by scanning the Jovian disk from the south pole to the north one with the
spectrograph slit oriented parallel to the equator of the planet. Such measurements give a complete picture
of the meridional course of ammonia absorption and the first results were published in 2005 in [15]. Then
we drew attention to the presence of a pronounced depression in the intensity of the 7870A NH3
absorption band in the region of the Northern Equatorial Belt (NEB) on Jupiter.

Figure 1 shows a sample of the Jupiter spectrum with absorption bands of methane and ammonia after
dividing by the reference Ganymede spectrum. Particular attention is paid to the study of two weak
absorption bands of ammonia on the disk of Jupiter.

Both NH3 6450 A and NH3 7870 A bands have relatively low intensity, especially the NH3 6450 A
band. Its equivalent width averages from 5 to 7 A and the depth at the maximum absorption does not
exceed 0.10. The equivalent width of the 7870 A NH3 band reaches 1618 A and its central depth is about
0.2. Note, that earlier, some measurements of the NH3 6450 A absorption band in some latitudinal belts of
Jupiter were described by other authors in [1,16,17].
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Figure 1 - Jupiter spectrum with absorption bands of methane and ammonia
in the wavelength range of 6000 - 9500 A (SGS spectrograph 4.3 A / pixel).

Table 1 shows these data, as well as our results as the averaged equivalent widths for 20052015 years,
indicating standard deviations (sw). In addition, the second column provides the results of observations in
2018 for comparison. The measurements of the same ammonia absorption band in the central part of the
Jovian disk and its longitudinal variations are described in [18]. The same authors [19] studied the
temporal variations in ammonia absorption for 1979 and 1980.

Table 1 - Equivalent widths of the 6450 A NH3 absorption band

Moreno et al.
Region Year 2018 Tejfel 2018 [12] 1988 [14] Luts, Owen 1980 [2]
W(A) W(A) sW W(A) W(cm-1) W(A)
SPR 4.2 5.6
STB 5.1 5.7
STrZ 5.7 5.92 0.49 7.8 26.4 11.00
SEB 6.0 6.78 0.45 9.8 30.9 12.90
EZ 6.2 6.75 0.32 7.7 23.1-33.0 9.6-13.8
NEB 5.5 6.35 0.35 4.9 20.1 8.30
NTrZ 4.4 5.38 0.36
NTB 4.7 5.7
NPR 4.6 7.2
GRS 4.7 22.2 9.3

The equivalent width in these works was found to be 6 + 1 A, which almost coincides with our
estimates. Noticeable differences in the estimates of the equivalent width occur in [1 and 16]. And this is
true despite the fact that the general nature of the differences in latitudinal belts is similar across all
observations. The overall difference in absolute values, as the authors of [1 and 16] correctly point out, is
most likely connected with the methodology for conducting the level of the continuous spectrum. The fact
is that the 6450 A NH3 band is superimposed on the short-wavelength wing of the more intense methane
absorption band of CH4 6750 A. Although the residual intensity in this wing is very small, it is still
necessary to take it into account when isolating the profile of the ammonia band.

The situation with the separation of the 7870 A NH3 absorption band is more complicated, since it
falls into the center of the more powerful methane band CH4 of 7900 A. The only way to isolate ammonia
absorption is to calculate the ratio of the spectrum of Jupiter to the spectrum of the center of the disk of
Saturn, in which ammonia absorption is practically imperceptible. The spectrum of Saturn’s disk center
was used as a standard for processing all spectrograms. For all other methane and ammonia absorption
bands the spectrum of the Saturn ring or the Ganymede spectrum was used as a reference spectrum. An
additional control was provided by measurements of the equivalent width of the 7600 A O, (oxygen)
telluric absorption band on the spectrograms of the central meridian of Jupiter. The constancy of its value
over the entire spectrogram width testified to the reality of the latitudinal variations of the Jupiter
absorption bands obtained.
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As an example, Fig. 2 shows the results of measurements of the equivalent widths of two ammonia
absorption bands and three methane absorption bands in 2017, 2018, and 2019. For ease of comparison
and preservation of scale, all values of equivalent widths are normalized to the corresponding values of
equivalent widths of each band in the equatorial zone. The graph for 2018 additionally shows the relative
course of the equivalent width of the 8870 A methane absorption band.
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Figure 2 - Relative latitudinal changes in the equivalent widths of the absorption bands
of ammonia and methane according to observations in 2017 - 2019

In the meridional course of the observed variations in the equivalent widths of both ammonia and
methane in the spectral range of 6000 A - 8000 A, there are both similar elements and differences.
Variations in the equivalent widths of both methane at 6190 A and 7020 A, and ammonia at 6450 A show
a decrease in absorption in the temperate latitudes of the northern hemisphere. Given that methane does
not condense and is considered uniformly mixed, this fact most likely indicates local differences in the
density and vertical structure of ammonia clouds in the northern and southern hemispheres. In figure 2,
one can see that the relative variations in the ammonia band of 7870 A NH3 compared to the 6450 A NH3
band are more pronounced and noticeable differences in the latitudinal course at these bands at high
latitudes, especially in the northern hemisphere. This feature persists for many years, like the depression in
ammonia absorption in the region between EZ and NEB. The maximum ammonia absorption occurs in the
temperate latitudes of the southern hemisphere.

The observed difference in the latitudinal position of the extrema of the absorption in different bands
deserves special attention and further studies. Similar features of latitudinal shifts of the extrema of the
intensities of different methane absorption bands, which are systematic in nature, for all longitudes on
Jupiter were discovered and presented earlier in [20], so the reality of such features is not in doubt.

Discussion. As noted above, the observed variations in the molecular absorption bands should be
considered as evidence of the presence of zonal and local inhomogeneities in the structure of that part of
the Jovian troposphere that is involved in the formation of these bands. As extreme cases, two alternative
models can be called. The first assumes the existence of a geometrically and optically thick ammonia
cloud layer. Through this layer, deeper into the atmosphere, only part of the scattered radiation can
penetrate, while direct sunlight does not pass through this layer. In this case, the theory of radiation
transfer can consider this layer as semi-infinite (in the accepted terminology). Almost all of the observed
absorption in weak and moderate molecular bands is formed in the process of multiple scattering inside
this cloud medium. A small fraction of the absorption of methane bands can be created in the atmospheric
layer above clouds, while the concentration of ammonia above the cloud layer decreases sharply, by
several orders of magnitude. In this model, the observed absorption variations can be associated with
variations in the concentration and volume scattering coefficient of cloud particles and some other factors
affecting the effective absorption path. This pathway is estimated from the intensity of the absorption
bands and cannot be considered as an estimate of the relative abundance of the absorbing gas in the
troposphere.

In an alternative model, it is assumed that the ammonia cloud layer has a relatively small geometric
thickness and passes a significant part of direct solar radiation into the atmosphere. In this case, direct
sunlight at least reaches a deeper cloud layer. According to most models of the atmosphere of Jupiter, such
a layer is a layer of ammonium hydrosulfide NH4SH. This substance has a significant color, but its albedo
is not yet known. If it is not too close to zero, then some of the sunlight diffusely reflected by this layer
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can go outside. In this case, the intensity of the observed absorption bands will be determined by the
double passage through the gas layer located between the two cloud layers. With a very dark substrate of
ammonium hydrosulfide, we could not observe absorption in a pure gas. In this case, the presence of
scattering particles inside this layer is required.

Even these two idealized models indicate the complexity of the formation of molecular absorption
bands observed in the visible and near infrared spectra of Jupiter. In the more distant region of thermal
infrared and microwave radio emission, the picture is completely different, since the aerosol component is
transparent for these radiations. Zonal and local brightness temperatures of the emitted heat radiation are
determined by other factors, as discussed in a number of works carried out for many years under the
direction of Glenn Orton (Jet Propulsion Laboratory, California Institute of Technology, Pasadena) and
Imke de Pater (University of California, Berkeley). As an example, we note their recent publications
[21-24].

The three cloud model of Jupiter's troposphere is considered by many authors, starting with the
publication [3,25]. We examined a number of such published models, differing mainly in the accepted
initial values of the contents of condensing gases. Estimates of the maximum concentration of particles in
the ammonia cloud layer in these models, as a rule, refer to the base of the cloud layer and range from 1 -
10° g / ecm® [26] to 7-10° g / cm® [27]. In all models, cloud density decreases with height, but the total
thickness of the aerosol layer can be 10 km or more. However, it should be noted that the horizontal and
vertical scales of the details of the cloud cover of Jupiter are incommensurable, since even the smallest
details which are distinguishable in the best pictures of the planet, have a horizontal length of 1000 or
more kilometers. Therefore, significant local variations in the thickness and density of the ammonia cloud
layer are quite possible. Regarding presence of a scattering medium in the space between the ammonia
and hydrosulfide cloud layers, so far we can only refer to a unique experiment on direct sounding of the
atmosphere of Jupiter by a descent vehicle in the Galileo Jupiter Mission [28] project. Although it is
believed that the probe fell into a not quite typical region of the planet. Judging by the probe
nephelometer, there is a slightly dense aerosol haze rising above the cloud layer of ammonium
hydrosulfide.

Based on laboratory growth curves for the absorption bands of ammonia 6450 A and methane
6190 A, which were mentioned above, one can show that when these bands are formed inside the inter-
cloud gas layer, their equivalent widths may be close or even coincide with those observed. This means
that it can be far from simple to separate the two models for the formation of molecular absorption bands
discussed above.

Conclusion. Due to limitations on the admissible volume of the article, we examined only briefly and
fragmentarily some results and problems of studying the structure of the Jovian atmosphere from the
standpoint of its optical sounding. One of the important results, so far preliminary, was the differences we
found in the latitudinal positions of the extrema of the intensities of the molecular absorption bands on
Jupiter. This feature is most likely due to the difference in the conditions of formation of different
absorption bands in the ammonia cloud layer and the underlying troposphere. The complexity and
ambiguity of the mechanism of formation of molecular absorption bands requires further consideration of
both various models of the structure of the Jovian atmosphere and further detailed spectral observations of
Jupiter with special emphasis on the study of weak and moderate absorption bands, which we would like
to draw attention to in this publication.

This work was carried out in the framework of grant financing of the Ministry of Education and
Science of the Republic of Kazakhstan 0073 / GF4 and AP05131266.
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3EPTTEYAIH MOJIEKYJIAJIBIK K¥TbBIJTY ) KOJAKTAPBI IOIIMTEP TPOITIOC®EPACHI

AHHOTAUMsA. AJBIN IDTaHeTANapbl, oHBIH imriHme KyH xyhecinmeri eH ipi FOmurep ruraHeTachlH KalIbIKTaH
0aKpUIay KOHE OJIIICY OCHI IUIAHEeTATapAbIH (DU3UKAIBIK TaOUFATHIH 3ePTTEYAC JKAFBI3 OJIC OOJBIN Kana OepMeK.




ISSN 1991-346X Series physico-mathematical. 3. 2020

1995 sxbuTBI icKe achIpbUTFaH FapeiThIK MiHACTI 6ap GALILEO kypsuirsickl FOnuTepain aTtMochepacsit alapH ajia
Tikeneil Texcepy OoliblHIIA KalTananOac jxoHe Oipered Oombin Tabbutazpl. FOnuTepAiH TponocdepachiH KallbIKTaH
ONTHKAJIBIK AJIBIH aja TeKcepy OOMbIHIIA dicTiH Oipi ruiaHeTa CIEKTPiHIH KOPIHETIH JKOHE JKaKblH MH(pPAKbI3bLI
aliMarpIHa OaKbUIAaHATHIH METaH MEH aMMMHUAKTBIH MOJIEKYJIAJIBIK )KOJIAKTAPBIHBIH JKYTBITY TOPTIOiH 3epTTey OO0JIBIN
TaOblagpl. ArtanraH eki ra3 lOmutep arMocdepachlHbIH TepeH KaThapiapblHaH IIbIFAThIH WH(QPAKI3bLUI JKOHE
MHUKPOTOJIKBIH/IBI COYJIENEHY MKBUTYy IHAaNa3OHBIHJA JKYTBUIYy JKOJIAKTapblH MNaijga OOJIBIPBIN alTapibIKTal pei
aTkapanbsl. COHBIMEH Karap, aMMHaK IUIaHETAHBIH KOPIHETIH OYJITTHI KaMBUIFBl KYPaMbIHBIH Heri3i 0oja OTBIPHII
Onmrepae O6ynT naiiga 6osnapipatsia dakrop Oosbin Tadbutanbl. Crnekrpanasl Oakpiiaynap Omurep auckinzeri ap
TYpJl ayMaKTarbl JKYTHUTY JKOJAKTAPBIHBIH WHTCHCHUBTUIITIHIH BapHalMsJIapbIH 3epTTEyTre MYMKIHIIK Oeperi skoHe
OHBIH Tporoc(epachklH ONTHUKAJBIK aJIblH anxa TEeKCEpyMiH ofici peTiHAe KbI3MeT arkKapanabl. bi3 skoHe Oacka na
aBTOpJIAp OpBIHAAFaH J>KYMBICTAp, SFHU OCBHIHAAW BapualmsiiapAsl OipHeme XbUT OOHBI 3epTTEYHiH HOTIDKECI
OipHele KbI3bIK epeKLICTIKTep i aHBIKTa/Ibl, OJIAP/bl TYCIHAIPY alTapiibIKTail KUbIH yoHe OipMoHIi emec. CaHIbIK
Oaranay YILIIH 3€pTXaHAIBIK 3€PTTEYNEPAEH aJbIHATBIH MOJICKYJIAJIBIK JKOJAKTapAblH HHTEHCUBTLNII Typajbl
MOIlIMETTep KakeT. Alnaiijja MyHail 3epTTeyliep CIeKTP/iH KOpiHEeTiH aiiMarblH/Ia 93ipIiie Te a3 KoHe oJiap OapIbIK
JKYTBUTYy JKOJIAaKTapbl YIIIH eMmec. ArTan aiiTKaHaa, WHTEHCHBTUIIKTIH (HeMece Oanama eHJIri) >KYThUIFaH Ta3
KaJIbIHJIBIFbIHA (OKYTHUTYIbIH SKBUBAJICHTTI JKOJIBI METPMEH - aMaro) TOYeJIUIIriH KOpCeTeTiH KUCHIK chi3bikTap NH3
6450A ammuak nen meraH CH4 6190A sxonaxrapbl yiuiH FaHa anbiHFaH. OcklHAAN KUCHIK ChI3bIKTap FOmwmTep
CHEKTpPiHIE OCHI JKOJAaKTap/pl 3epTTey OolbIHIIA Oanama >KYThULYy >KOJJIApblH Oaraiayra MyMKiHIiK Oepeni. bi3
Onmrepaeri aMMuakThl >KyThUTy bl 3epTTeyai 2004 KbuThl OacTalblK >KOHE Kasipri TaHAa Ja 3epTTey JKajlFacyza.
ATanraH 3epTTeyJiep TOJKbIH Y3bIHIBIFBIHBIH MIJUTMMETPIIIK JHAIIa30HBIHAAFb] paguo OakpUIaysiap MAJTiMETTepiMH
colfkec KeleTiH aMMHUAKTHI KYTHUTY BapHanus eHiHae OipKaTap KbI3BIK epeKIIeNiKTepi aHBIKTaabl. ATal aiTKaH/aa,
IOmmuTepmia conTycTiK 3KBaTOpHANIBl OenaeyiHe KakKplH jKepae TaObUTFaH aMMHAKTHI KYTBUTYIBIH IEIPECCHICHI
MUJIMMETPIIIK AWana3oHIaFbl paguoTeMIIepaTypaHblH MAaKCUMYM JKapbIKTBUIBIFbIHA colikec kenpi. Ocpulaiiia, MeTaH
MEH aMMHMaKTBIH op TYpJi JKOJAKTapbIHAAFbl AKCTPEMyM JKYTBUIYJNAphl EHAIK Jkarmaiiia OypblH alThUIFaH
afbIPMAIIBUIBIKTApAbl pacTanbl. Herisinae >KYTBULY >KOJAKTapbIHBIH KEHICTIK-yaKbITTHIK BapHALMsACHIH 3€pTTeY,
Tponocdepa aiiMarbIHAAFbI XKOHE OYJITTHI )KaMbUIFBIHBIH KYPBUIBIMBIHAA OOJIBIIN JKaTKaH e3repicTep Typalibl, Kajan
Oonranga NH4SH ammonuii ruzapocynbuuinneri TepeH OyiTThl KabaTblHa AEWIH amryra MYMKIHIIK Oepeni.
IOmnuTep TpomocdepachiHblH OipHEIIe MOJCIBACPIHIE KATBIH ICOMETPHUSUIBIK KOHE ONTHKAIBIK aMMHAKTBI OYJITTHI
KabarTeiH Oap exeHi OowkaHyna. CoHbIMEH Karap MyHIaid OyiTThl Kabar OYITTHI OesmieKkTepaeri Kem perTTi
TapaTybIHbIH apKachlHA 9JICi3 MOJIEKYJIANIBIK JKYTBITY YKOJIAKTaphl YIIiH 1€ HEri3ri >koHe 0achIMIBUIBIK TaHBITATHIH
pe:x aTkapysl kepek. O Taza ra3apl atMocdepazaH kol FaHa KOC ©TYAEH apThIK, THIM/I ONTHUKAIBIK XYTHUTY OJIBIH
JKoHEe OaKbUIAHBII OTHIPFAH JKOJAKTHIH HMHTCHCHBTUNTIH MAapTTaysl MyMKiH. Ocbuiaiiina, KYTBUTY JKOJAFBIHAAFBI
OaKpUIaHBIT OTBIPFAH BapHalMsulap OYITTH KaOATTBIH KOJEeMJI THIFBI3IBIK BapHAlMACEl MEH OITHKAJBIK
cumarTamMachklMeH OaimaHbICTBI OONMyBI Kepek. TpomocdepaHbIH immiHe Kapail eTeTiH Tikened KyH coyieci YIIiH
afTapIIBIKTall MOJLAIP JKOHE ONTHKAJIBIK JKOHE T€OMETPHSIIBIK JKIHIIIKEe aMMUAKThl OYITTH KabaT GOJIBIN TaObUIATHIH
OanaMasibl MOAENb, SFHU TUAPOCYJIbGUATI OyNTTHl KabaTka neiiH Ooiysl na MyMkiH. Ocbuiaiimia, OakbLIaHBII
OTBIPFaH MOJIEKYJIAJIBIK XKOJIAKTap Ta3zibl kKabaTrTa Ochl OYITTapIbIH apacklHaa maiiga Gonansl. KHCHIK CHI3BIKTapra
CYHeHe OTBIPBII OChI Tponocdepa alMaKTaFbIHIAFbl KYThUTY, 1)1 COHNal srHu IOnuTep crniekTpinae 0akbuIaHATBIH
KYTBUTY JKOJIaFbIHBIH MHTEHCHBTUIITIHE OKelNlil COFybl MyMKiH. Ocbl Makanazna 0i3 MbIHA XKOUTKA, SFHU KOPIHETIH
CHEKTp alMaFrblHIAFbl paauoOakpUIaysiap MEH HMHOPAKBI3bUT MOJIMETTEpIMEH MOJICKYJIAJIbIK YKOJIAKTAPIbIH
JKYTBUTYBIH ~ 3€pTTEyIiH KaxerTimiriHe, IOmmrtepme Ooibinm jkaTKaH —e3repicTepli 3epTTey MEH OHBIH
TponocdepackIHbIH KYPBUIBIMBIHBIH Oapabap YiriciH TaH#ayFa Ha3ap ayJapFbIMbI3 KEJe/i.

Tyi#iin ce3gep: IOmurep, armocdepa, Tpomocdepa, CHEKTpOYOTOMETPHs, aMMHAK, METaH, aMMOHHA
THAPOYIbGUI, MOJIEKYJIAIBIK KYTBULY JKOJAKTaPHL.
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MOJIEKYJIAPHBIE ITOJIOCHI IOTJIOIEHUS
B UCCJUIEJOBAHUU TPOITIOC®EPHI IOIIUTEPA

AnHOTanus. J{ucTaHIMOHHBIE HAOIONCHMS M M3MEPEHHs B WCCIEJOBAHWHU IUIAHET-TMI'AHTOB, B TOM YHCIIE
KkpynHeimei mianersl ConHeuHo# cuctemsl HOmmrepa, 10 cux mop ocrarTcs W OyAyT emé J0JTro OCTaBaThes
€IMHCTBEHHBIM CIOCOOOM M3Yy4eHHsI (GU3MYecKOi mpupoabl 3Tux IuiaHeT. OcymectBinénnoe B 1995 rogy mpsimoe
3oHAMpoBaHNe arMmocdepsl IOmmrepa cmyckaembiM ammaparoM KocMuueckoil muccuun GALILEO sBmsercs
YHHUKAIbHBIM M HENOBTOPUMBIM. OJHUM M3 CIOCOOOB TUCTAHIMOHHOTO ONTHYECKOrO 30HIAMPOBAHUS TPONOCGHEpHI
IOmnurepa MOXET CIIyKUTh H3y4YCHHE MOBEACHHS MOJICKYJSIPHBIX IIOJIOC MOTJIOIICHHS MeTaHa W aMMHaKa,
HAOJIIOMaeMbIX B BHIMMON M OmmkHEeW wH(pakpacHOW o0jacTv crekTpa miaHetsl. O0a 3THX ra3a MrparT TAKKe
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HEMAaJIOBAYKHYIO POJIb, CO3/1aBasi MOJIOCHI MOTJIOMIEHNS B IWANa30HaX TEIUIOBOTO HHPPAKPACHOTO U MUKPOBOJIHOBOTO
W3TY4YCHUs, BBIXOMAIIMX W3 TIyOOKHX CJIOEB omuTepuaHckol artmocepsl. Kpome Ttoro, ammmak SBIseTcs
o0akooOpasyronumM (akropom Ha FOmwmrepe, Oyay4un OCHOBOW COCTaBa BHUIMMOIO OOJIAYHOTO MOKPOBA IJIAHETHI
CHeKTpaﬂbele Ha6ﬂlOZleHl/Iﬂ Jal0T BO3MOKHOCTb HCCJICA0BATHL BapUallMd WHTCHCUBHOCTH IIOJIOC IIOTJIOIICHUU B
pa3HbIX ydacTKax aucka FOnmrepa M MOTYT CIY>KUTh CPEICTBOM ONTHYECKOTO 30HIMPOBAaHHS €ro Tporocdepbl.
BremonHsBIIMECST Hamu, Hapsay ¢ paboTaMu JPYTHX aBTOPOB, MHOTOJICTHHE WCCIICIOBAHUS TaKWX BapHaIlUi
BBISIBWIN DSl MHTEPECHBIX OCOOCHHOCTEW, MHTEPIPETALHsl KOTOPBIX IPEACTaBISETCS IOCTATOYHO CIOXXHOHW M
HEOJHO3HAYHOU. [l KOJIMYECTBEHHBIX OIIEHOK HEOOXOIMMBI JaHHble 00 MHTEHCHBHOCTH MOJIEKYJISIPHBIX IOJIOC,
MoJTy4aeMbIe 10 JTa0opaTOpHBIM HccienoBaHusIM. OIHAKO TaKUX WCCICAOBAaHUHA B BUIUMOW OOJIACTH CIIEKTpa ITOKa
OUYeHb MaJI0 W BEHITIONIHEHBI OHH HE JIS BCEX IOJIOC MOTJIOMICHUS. B 4acTHOCTH, KPUBBIE POCTa, MPEACTABIISIONINE
3aBHCHMOCTh HHTEHCUBHOCTH (WMJIM SKBHBAJCHTHON IIMPHUHBI) OT TOJIIH ITOTJIONIAONIETO Ta3a (IKBUBAICHTHBIN ITyTh
MOTJIOIIEHNS B METPax- aMaro) IOJy4eHbl TOJNbKO i moocsl ammuaka NH3 6450A u meranaCH4 6190A. Takue
KpPHUBBIE ITO3BOJISIOT OIEHUTH SKBHBAJICHTHBIC IyTH MOTJIOMIEHHS M0 M3MEPEHISIM 3THX ToJIoc B crekTpe FOmmrepa.
UccnenoBanmst ammmayHoro morjiomeHuss Ha lOmwmrepe Obumtn Hawatel Hamu B 2004 TOmy W TPOIOIIKAIOTCS
PEryJIAPHO IO HACTOsIIEE BpeMs. OJTH HAOJIOIACHUS BBIABWIM DSJl MHTEPECHBIX OCOOCHHOCTEH B IIUPOTHBIX
Bapualuax aMMHAYHOT'O MOIJIOUWICHUA, KOPPEIUPYIOIHUX C JaHHBIMU paﬂHOHa6ﬂIO[leHHﬁ B MHUJJIMMETPOBOM
JMara3oHe JUIMH BOJH. B 4acTHOCTH, &empeccuss aMMHA4HOTO IOTJIONIeHUs, oOHapyxkeHHass BOmu3u CeBepHOro
9KBaTOpHalbHOrO mosica lOnmrepa, coBmanza ¢ MakCUMyMOM SIPKOCTHOW paJuoTeMIeparypsl B MHIJIUMETPOBOM
nuarnasone. IloaTBepkaaroTcsi OTMEUaBIIMECs HaMH paHEe pa3iuyusl B IIMPOTHOM IIOJIOKEHHUH 3KCTPEMYMOB
MIOTJIOIIEHUS Y Pa3HbIX IOJIOC KaK METaHa, TaK M aMMHaka. VcciaemoBaHus MpOCTPaHCTBEHHO-BPEMEHHBIX BapHaIlUil
MOJIOC TIOTJIOMICHUS, B TIPHHIUIE, NAIOT BO3MOXKHOCTh CYIOUTH 00 M3MEHEHHUSX, NMPOUCXOMANINX B CTPYKTYpeE
00JagHOTO MOKPOBAa W HAXOJSIIEHCS moj HUM o0jacTu Tpomocdepsl, o KpaiiHed Mepe, no Oolee TITyOOKOTro
obmauHoro cnosi w3 ruapocyibpuaa ammonuss NH4SH. B OonbmmucTBe MoOzeneidt Tpomnocdepsl HOmurepa
MPEIoIaraeTcsl CyIIeCTBOBAHNE JOCTATOYHO TOJICTOTO T€OMETPHUYECKH M ONTHYECKH aMMHAYHOTO 0OJIa9HOTO CIIOSI.
IIpu sTOM Tako¥ 0OJaYHBINA CIIOW MOJDKEH MIPaTh OCHOBHYIO M IpeoOIafgaroIlyio poiib B (DOPMHUPOBAHUHU Haxe
c1abbIX MOJIEKYJISIPHBIX II0JIOC MOTJIOMIEHHs OJjlaroapsi MHOTOKPaTHOMY paccesHHI0 Ha o0ja4yHbIx yactuiax. OHo
MOXET OO0yC/IOBIMBaTh JS(MGEKTUBHBI ONTHYECKUH IyTh MOIVIONICHUS M COOTBETCTBEHHO WHTCHCHBHOCTh
Ha0r0jaeMol MoJI0Ckl, OOJIbIIE YeM IPU HPOCTOM ABOHHOM INPOXOJKAECHHU Yepe3 YMCTO Tra3oBylo atmochepy. B
TaKOM ClIy4ae HaOJIoJJacMbIe BapHAaIlMHM y TOJIOC TOTJIONICHUS JOJDKHBI OBITh CBS3aHBI C BapHalMsAMU OOBEMHOM
IUIOTHOCTH M ONTHYECKHX XapaKTEPUCTUK caMoro obsiauHoro ciost. OJHAaKO He MCKIIOYEHA W albTepHATHBHAS
MOJIEJIb, B KOTOPOIl aMMHauHBIN OOJAa4YHBIA CIJIOM SIBIISIETCSI ONTHYECKH M T€OMETPUYECKH TOHKHM U JIOCTAaTOYHO
MPO3PAaYHBIM IS TIPSIMOTO COTHEYHOTO M3IYYEHHS, KOTOPOE MOXKET MPOXOANTH BIIyOb Tporocdepsl, 0 KpaiHei
Mepe, 1o Ooee TIryOOKOTO THAPOCYIBGUAHOTO OOJIAYHOTO CiIos. B TakoMm ciydae HaOMOgaeMble MOJEKYISIPHBIE
MOJIOCH! (POPMHUPYIOTCS B TA30BOM CIIO€ MEXKITy STUMH OOiJakamMu. MOXHO TIOKa3aTh, OCHOBBIBAsICH HA KPUBBIX POCTA,
YTO TOTJOMIEHHEe B 3TOH oOiacté Tpomochepbl MOKET MPHUBOAWTH TMOYTH K TOW K€ HHTEHCHBHOCTH IIOJIOC
MOTJIOIICHHsI, YTO ¥ Habmtomaemasi B cnekrpe lOmurepa. B naHHO#H craThe Mbl XOTHM OOpaTHTh BHHUMaHHE Ha
HEOO0XOANMOCTh IPOIOJKEHUS UCCIIEAOBAHUN MOJIEKYJISIPHBIX IOJOC HOTJIONICHUS B BHIUMON OONACTH CIIEKTpa B
COYETaHHWU C JaHHBIMH MH(PAKpPacHbIX M PaJMOHAOIIONEHUI C LEeNbi0 M3y4deHus npoucxoisaumx Ha lOnurepe
M3MEHEHHH 1 BBIOOpa HanboJiee aleKBaTHOW MOJIENIN CTPYKTYPBI €r0 TPOHOC(hepHl.

Kiouessbie ciaoBa: Omutep, atmocdepa, Tpornocdepa, crieKTpooTOMETpHs, aMMHAK, METaH, TUAPOCYIbGUT
aMMOHHS1, MOJIEKYJISIPHBIE TT0JIOCHI TIOTJIOIEHHSI.
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PARTIAL POTENTIALS FOR THE ®Li(p,y)’Be CAPTURE
AT ASTROPHYSICAL ENERGIES

Abstract. The total cross sections of the radiative proton capture on 3Li at astrophysical energies are considered
in the framework of the modified potential cluster model with forbidden states, with the classification of the orbital
cluster states according to Young diagrams. The recalculation of the total cross sections for °Be(y,po)’Li
photodisintegration is used as experimental data. Parameters for Gaussian partial potentials were obtained for
description the ®Li(p,y)°Be capture at astrophysical energies. Simultaneously, in work of Shoda, & Tanaka (1999),
different binary channels of disintegration of °Be, namely, °Be(y,p)’Li, °Be(y,d)’Li, °Be(y,/)°Li and also
Be(y,°He)’He, were experimentally studied. It is evident that the processes of two-body radiative capture connected
with them by the detailed balancing principle lead to the synthesis of “Be and require the corresponding estimation
contextually in the astrophysical supplements. Meanwhile, it should be noted that the first three reactions have the
Coulomb barrier in channels p®Li, d’Li and °Li lower than in *He®He along with “He’He channels, namely, in the
ratio of 3:4. The cross section of 8Li(p,7)°Be is hard to obtain directly due to low ®Li beam intensity and the small
cross section at astrophysical energies. In addition, the difficulty of studying the reaction of 8Li(p,7)’Be also lies in
the fact that the direct experimental measurement of cross sections is practically impossible due to the very short
half-life of 3Li — 838 ms. However, as in the case of the neutron capture on ®Li, some indirect methods of extracting
direct capture cross sections can be used with the help of the radiative capture model and spectroscopic factor.

Keywords: Nuclear astrophysics; primordial nucleosynthesis; thermal and astrophysical energies; p3Li cluster
system; radiative capture; total cross section.

1. Introduction

The study of the formation mechanisms of *Be directly concerns the problem of the overlap of the
A =8 mass gap and the synthesis of heavier elements in the early Universe, as well as the r-process
nucleosynthesis in supernovae (see, for example, [1,2]). In the present time, it is considered that *Be is
formed as a result of a two-stage process: the radiative capture of alpha particles o(,y)*Be, leading to the
synthesis of the short-half-life isotope *Be (12 = 6.7x10""s), and radiative neutron capture *Be(n, y)’Be
[2,3]. In addition, there is the more difficult process of the direct three-particle capture cam — yBe, (see,
for example, [4-8]).

Simultaneously, in [8], different binary channels of disintegration of °Be, namely, *Be(y,p)*Li,
Be(y,d)'Li, *Be(y,1)°Li and also °Be(y,’He)’He, were experimentally studied. It is evident that the
processes of two-body radiative capture connected with them by the detailed balancing principle lead to
the synthesis of °Be and require the corresponding estimation contextually in the astrophysical
supplements. Meanwhile, it should be noted that the first three reactions have the Coulomb barrier in
channels p®Li, d’Li and /°Li lower than in *He®He along with “He’He channels, namely, in the ratio of 3:4.

The cross section of ®Li(p,)’Be is hard to obtain directly due to low *Li beam intensity and the small
cross section at astrophysical energies. In addition, the difficulty of studying the reaction of *Li(p,7)’Be
also lies in the fact that the direct experimental measurement of cross sections is practically impossible
due to the very short half-life of ®Li — 838 ms [9]. However, as in the case of the neutron capture on *Li
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[10], some indirect methods of extracting direct capture cross sections can be used with the help of the
radiative capture model and spectroscopic factor [9,11].

The p®Li—’Bey reaction presents significant astrophysical interest because it is included in the list of
processes of primordial nucleosynthesis of the Universe [12]. However, its experimental investigation in
the astrophysical range has so far been insufficient. Intrinsically, there is only one work [13] where the
astrophysical range is considered. In [14], it is also added, where measurements were carried out at higher
energies. However, these works were published in the 1960s and we do not currently possess more
modern experimental studies of the total cross sections of the considered reaction [15]. This is in spite of
the fact that studies of spectra *Be in the p®Li channel are still continuing [16]. In addition, the available
and considered further theoretical results differ so greatly that it is difficult to draw certain conclusions
regarding the rate of this reaction. Furthermore, these calculations do not take into account the existence of
resonances in the p®Li system at low energies [16].

In the present study, we consider the reaction of the proton capture on ®Li in the frame of the modified
potential cluster model (MPCM) [17] and define how the criteria of this model allow us to correctly
describe total cross sections and the astrophysical S-factor at astrophysical energies. The energy range of
10 keV to 7.0 MeV is considered but only taking into account the structure of resonances up to 2.0 MeV,
as discussed previously [16]. The rate of the reaction is calculated at the temperature range of 0.01 to
10 To. The analysis of the influence of the location and magnitude of resonances to the value and shape of
the reaction rate is presented.

2. Model and calculation methods
Further we use well-known formulas for total cross sections and matrix elements of El transition
operators [18] (Si=St=1S)

: o AN(NTLK
8nKe” p- 4, (NJ,K) T s prng LI, (1)

o (NJ,J,)=—= .
n’qg’ (28, +1)(2S, +1) J[(2J + DT &5

where matrix elements of £J — transitions have a form

LSJ)
P2 (EJ,J,,J}) = 8y [(2J + DL, +1)(2J, +1)(2J, + D(L,0J0 | LfO)Z{J‘ JL‘}
f f
A,(E,K) = K"u’(z‘, e J 100D = ) @
ml m2

Here S, Sy, Ls, Li, Js, Ji — are total spins and moments of input (i) and output (f) channel particles, m,
ma, Z\, Z» are masses and charges of input channel particles, /s is the integral over wave functions of the
initial y; and final y states, as relative motion functions of clusters with intercluster distance 7, i — reduced
mass.

For the spin part of the magnetic process M1(S) at J =1, the following expression is obtained in the
model used (Si=S¢=S, Li=Ls=1L)

SLJ)
BX(M1,J,,J) =8¢ 8, [S(S+D(2S+D(2J, +D)(2J, + 1)]{] { S} ,
f

hK m m -
AMLK) = ﬁl:pl j—uz m'} 1,(J,,J)= <x,.‘w IXI->' 3)

oC

Here, m is the mass of the nucleus, pi, [ are magnetic moments of the clusters, and the remaining
notation, are given as in the previous expression.

Constant 7%/my is equal to 41.4686 MeV fm?, where my is the atomic mass unit (amu). The Coulomb
potential at zero Coulomb radius Reou = 0 is written in the form v, , =1.439975-Z,Z, /r, where r is the

coul
relative distance between particles of the initial channel in fm and Z are charges of particles in the

elementary charge “e” units. Furthermore, the magnetic moment of proton p,=2.792847u, and ®Li
nucleus u(®Li) = 1.65356y0 [18], where o is the nuclear magneton.
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3. Classification of p®Li states according to Young diagrams

We take Young diagram {431} for ®Li — it was shown in [19] that exactly this diagram corresponds to
the ground state (GS) of ®Li, if to consider it in the n’'Li channel. For many other cluster systems, their
correspondence to certain Young diagrams were studied by us in [17].

Therefore, for the p®Li system, we have: {431} + {1} = {531} + {441} + {432} + {4311}. The first
diagram {531} is forbidden because it cannot be five nucleons in the s-shell — it corresponds to orbital
momenta L =1, 2, 3, determined by the Elliot rule [20]. The second diagram {441} corresponds to L =1,
2, 3, 4, the third {432} has L =1, 2, 3 and the fourth {4311} corresponds to L =0, 2. For the second
diagram {441}, we will consider allowed — it corresponds to the ground state (GS) of ’Be in the p°Li
channel [21]. Diagrams {432} and {4311} are not considered because without product tables of Young
diagrams [22], it is impossible to understand if they are forbidden or allowed.

Thus, it follows from the given classification that for the p®Li system (it is known that J*,7=2",1 for
8Li [21]) in potentials of S waves there is no forbidden state (FS), in P waves for diagram {441}, there are
FS and allowed state (AS), in D and F waves there is FS for the same diagram, which can be considered as
bound. The state in the P3» wave corresponds to the GS of *Be with J*,T = 3/27,3/2 and lays at the binding
energy of p°Li system of -16.8882 MeV [21]. Some p°Li scattering states and bound states (BSs) can be
mixed by spin with S =3/2 and 5/2. However, the same as for the #*Li system [10], here we will consider
that the GS of °Be p’Li channel is most probably is the *P3/, level (in spectroscopic notations ***'Ly).

4. Structure of the p®Li resonance states

Let us consider now the state structure of *Be, where we consider further the GS and six low-lying
resonance states. The GS of *Be with J* = 3/2"is at the energy of -16.888 MeV (round off energy down to
1 keV) [16] relatively to the threshold of the p®Li channel and will considered only as the *P3, state.

Table 1 - Comparison of data on the °Be spectrum from different works. The threshold of the p®Li channel
in °Be equals 16.888 MeV [21]. The results coinciding for all three works are marked by bold

[16] 2018 year [23] 2016 year [21] 2004 year

E.,MeV Jr e, keV E:, MeV J* e, keV Er,MeV J* Fem, keV

— - - 0.087(1) 1/2- 0.39(1) 0.0868(8) 1/2- 0.389(1)
0.420(7) 5/2- 210(20) 0.410(7) 5/2 195 0.410(7) 5/2 200
0.610(7) 7/2* 47(7) 0.605(7) 7/2* 47 0.605(7) 7/2* 47
1.100(30) 3/2% 50(22) 1.132(50) — — 1.132(50) — -
1.650(40) 7/2 495(34) 1.688(30) 5/2* 432(50) 1.692(40) - -
1.800(40) 52 79(17) 1.758(40) 7/2* 490(81) 1.762(50) 5/2 300(100)

- - - 2.352(50) 3/2F 310(80) 2.312(50) — 310(80)

Here, the E1 capture is possible from *Ss; scattering wave to the *Ps» GS of *Be, that is, the main
contribution is given due to the transition *S3>—*Ps». The spectrum of resonance states of *Be in the
cluster p®Li channel is listed in Table 1.

We now discuss this spectrum more closely. Given below, the systematization allows a priori
estimate of the most significant contribution of resonance states in the capture cross section (the resonance
states considered in this work are marked by bold italics).

1. The first resonance state (1** RS) is located at 16.975(8) MeV relative to the GS or 0.0868(8)
MeV [21] (0.087(1) MeV [23]) in the center of mass (c.m.) relative to the threshold of the p®Li channel.
J*=1/2"is given for this level [21,23] that allows us to take L =1 for it, that is, to consider it quartet ‘P
resonance. The level width of I'c.n. = 0.39(1) keV is given in [21,23]. It is possible to construct absolutely
unambiguous *Py; potential of the elastic scattering according these data. Ambiguity of its parameters,
with the bound FS at the basic variant of state classification by Young diagrams, will be caused only by
the error of width of this resonance [17]. The M1 transition *P;,—*P3 to the GS is possible for this state.

2. The second resonance state (2" RS) is located at 17.298(7) MeV relative to the GS or 0.410(7)
MeV in the c.m. relative to the threshold of the p°Li channel [21,23]. J*=15/2" is given for this level
[21,23] that allows us to take L = 1 for it, that is, to consider it quartet *Ps; resonance. The level width of
36 ——
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Iem =200 keV is given in [21] and 195 keV in [23]. The energy 420(7) keV at the width 210(20) keV is
given in new work [16]. The M1 transition *Ps,—"*P3/ to the GS is also possible for this state.

3. The third resonance state (3 RS) is located at 17.493(7) relative to the GS or 0.605(7) MeV in
the c.m. relative to the threshold of the p®Li channel with the width of 47 keV [21,23]. J*=7/2" is given
for this level [21,23] that us allows to take L =2 for it, that is, to consider it quartet “D7; resonance. The
energy 610(7) keV at the width 47(7) keV is given in new work [16]. Since, such resonance state
corresponds to the *D7;, wave, and then only E2 transition to the GS of Be is possible here, which we will
not consider due to its small value.

4. The fourth resonance state (4™ RS) at energy 1.100 MeV with the width 50(22) keV and
momentum 3/2°, which is in data [16], can be considered as refinement of data from [21,23]. Neither its
width nor its momentum is not given in them, only the energy of 1.132(50) MeV that approximately
coincides with new results from [16] is given. If to take the *Ds), state for it, the E1 transition *Ds;»—*Ps5
to the GS turn out to be possible. We failed to obtain the resonance in the “S3» wave with such
characteristics; therefore, we consider this wave nonresonance.

5. The fifth resonance state (5™ RS) according to [21] is located at the energy of 1.692(40) MeV
relative to the threshold, but the momentum and the width are not given for them. The similar state at the
energy of 1.688(30) MeV with the momentum 5/2" and the width of 432(50) keV is given in [23]. In new
work [16], the energy is equal to 1.650(40) MeV and the width of 495(34) keV that coincide with data
from [23], but the value 7/2" is given for momentum. If to assume that the last momentum corresponds to
5™ RS, so it can refer to the *F7 scattering state, and then only E2 transition to the GS is possible, which
we will not consider.

6. The sixth resonance state (6™ RS) according to [21] is located at the excitation energy of
18.65(5) MeV or 1.762(50) MeV in the c.m. relatively to the threshold of the p°Li channel with the width
300(100) keV. J*=5/2" is given for this level [21] that allows us to take L =1 for it, that is, to consider it
quartet *Ps), resonance. The M1 transition *Ps,—*P3, to the GS is possible for this resonance. However,
the energy of 1.758(40) MeV with the width of 490(81) keV and other momentum 7/2" are given in [23].
At the same time, in new work [16], the energy of 1.800(40) MeV with the width of 79(17) keV and
momentum 5/2°, coincided with primary data of work [21], are given. If to take for it the last momentum,
it can refer to the *Ps; scattering state and then the M1 transition *Psp—*P3; to the GS is possible.
However, we do not succeed to obtain characteristics of the P wave of continuous spectrum that were
noted in Table 1. Therefore, the F scattering wave is compared to it, which gives the E2 transition to the
GS, but since their contribution is small, we will not consider them.

7. The seventh resonance state (7" RS) with the energy of 2.312(50) with the width 310(80) keV and
unknown momentum are given in [21]. The energy of 2.352(50) with the width the same width and
momentum 3/2" is given in [23]. In new work [16], this and higher states, unfortunately, are not
considered. As we have seen above, the results of [23] on two previous levels differ from new data [16];
therefore, the data for this level most probably should be specified, and now we will not consider this
resonance.

Slightly higher at excitation energy of 19.420(50) MeV, there is other resonance with the width of
600(100) keV, but it has a presumable momentum 9/2" [23] and cannot lead to E1 or M1 transitions and
we therefore do not consider it. Furthermore, we will base on spectra given in new work [16], including
first resonance at 87 keV from [21,23] and limiting by energies not higher the threshold of 2 MeV.

Thus, selected by us, the basic transitions to the GS that are considered here and also P* coefficients
for total cross sections, given in [17], are presented in Table 2. The obtained values of isotopic spin 27; for

resonance states with J,* are given here.

Table 2 - Characteristics of taken into account transitions at the 8Li(p,y)’Be capture

2541
No. [ZS*1LsY; Resonal\rjlceevenergy, J in 2T Transition [ 5 TfL:J]lf ’ P?
1. 483 - 3127 (7)) El 4P3n 4
2. Dy, 1.100 (4" RS) 32, (37) El Py, 64/25
3. 4P 0.087 (1 RS) 1/2°,3 Ml 4P3p 10/3
4. 4Psn 0.410 (2" RS) 5/2°,3 M1 4P3n 18/5
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As seen in Table 2, for the 1% RS (0.087) and the 2" RS (0.410), the isospin 7= 3/2. This means that
for these states unambiguously there are no channel mixing p + *Li, d + 'Li, and also o + *He, which have
the isospin 7= 1/2. Problems of channels coupling are discussed in [24,25]. Thus, the single-channel

approach, which we use here, is quite justified, especially allowing for the fact that capture from 1% RS
(0.087) is highest (see further).

5. Criteria of the potential construction

The potentials of resonance waves are constructed in order to correctly describe the location of
resonance E; and its width ['c, therefore their parameters are obtained quite unambiguously. GS
potentials will be constructed in such a form that allows one to correctly describe the channel binding
energy, the charge radius of *Be and its asymptotic constant in the p°Li channel. Since, all known values
of the asymptotic normalization coefficient (ANC) and the spectroscopic factor S, according to which the
asymptotic constant (AC) is obtained, have enough large error. The GS potentials also can have few
options with different parameters of width. However, at the given values of AC and binding energy, its
parameters are constructed absolutely unambiguously.

The radius of ®Li equals 2.327+0.0298 fm, which is given in a database [26], was used in further
calculations. The radius of 2.518+0.0119 fm for °Be also is known from the database [26]. In addition, for
example, the value of 2.299(32) fm for ®Li radius was found in [27]. In work [28], for these radiuses,
values of 2.30(4) and 2.519(12) fm were obtained, correspondingly. All these data agree well among
themselves within the limits of errors. The accurate values of m(®Li)=8.022487 amu [29] and
myp = 1.0072764669 amu [30] were used for the masses of nucleus and proton. The charge and mass radius
of the proton is equal to 0.8775(51) fm [30]. For 1 amu energy equivalent of 931.4941024 MeV was used
[30].

The spectroscopic factor Sr of the GS and Anc ANC are connected by the next way [31]:

Aye =8, xC?, 4)

where C is the dimensioned asymptotic constant in fm™’, which connects with dimensionless AC Cy [32]
by C = ,/2k,C,,, and the dimensionless constant Cy, defined from the relation [32]:

X (1) =2k, C Wi (2/(01") > ®)

w

where y.(r) is the numerical BS radial wavefunction, obtained as the solution of the Schrédinger equation
normalized to unit size, W.,i+12(2kor) is the Whittaker function of the bound state, determining the
asymptotic behavior of the wavefunction and obtained as the solution of the same equation without

nuclear potential, ko is a wavenumber related to the channel binding energy E where k, = /2uE/h’> in
fm™, 7 is the Coulomb parameter n = uZz,Z,e* /(h*k,) = 3.44476-102 nZ,Z, /k, , Z1 and Z, are the particle

charges, L is the orbital momentum of the bound state.
Note that the spectroscopic factor St is used by us only for the standard procedure of the obtaining
possible C,, range from the obtained in the experiment Anc value [31,32].

6. Potentials of the p®Li interaction

As in our previous works [17] for other nuclear systems, we use the potential of the Gaussian form
with the point-like Coulomb term with the given orbital momentum L in each partial wave as the p°Li
interaction:

V(r,L) = -Viexp(-y.r). (6)

The *Ps, level we consider as the ground state of *Be in the p®Li and such potential should correctly
describe the AC for this channel. In order to extract this constant C in form (4) or Cy (5) from the
available experimental data, let us consider information regarding the spectroscopic factors Sy and
asymptotic normalization coefficients Anc. For example, in [33], except for their own results, the authors
add data of previous works. If to separate from these similar results, that is, with closely spaced values of
spectroscopic factors that can be presented in the form of table 3.
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Table 3 - Data on spectroscopic factors St for the GS of °Be in the p3Li channel from works [9,11,33,34].
S ; is the average value on data interval

Reaction from what S¢ St for the p®Lics

was determined channel Ref.
8Li(d,n)’Be 0.64(21) [33]
12C(°Be,’Li)“N 0.73(15) [11]
Average value 0.69, that is, lsf =0.83
Average value on data interval Ef =0.66(22), 0.43-0.88 IE/ =0.81(14)
°Be(3Li,’Be)’Li 1.50(28) [34]

Potential model 1.50(27) [9]

1.09, [5, = 1.05
S, = 1.11(68), 0.43-1.78

\/5’/_ =1.05(28)

Furthermore, the ANC *Ps, GS in the p®Li channel was given in [35], where Anc = 10.75(12) fm™?
was obtained. The constant for the °Ps), state is much less — 0.25(10) fm"? [35]. Therefore, we consider
here only one spin channel with S=3/2. On the basis of expression (4) and average value on interval

JSf =0.66(22) from Table 2 according works [11,33] for the AC GS, the value C = 13.71(2.52) fim™"?

Average value on all results

Data interval on all results

was obtained, and because +/2k, =1.307, so dimensionless AC (5) is equal to Cy= 10.49(1.93).

However, if to use the average value | /Sf on all works from table 3, equals 1.05(28), then for constant C,

we obtain a wider data interval 11.06(3.06) fm™? and C,, = 8.46(2.34). Consequently, the possible interval
of Cy values on two data groups from Table 3 is approximately from 6 (from the latest data) to 12.5 (from
the previous results).

Furthermore, two options of the GS potentials with FS, which allow us to obtain the dimensionless
asymptotic constant Cy in the given above limits, were obtained. The parameters of these potentials V; and
vz, and also main characteristics of the nucleus, obtained with them (binding energy Ep, asymptotic
constant Cy, mass radius <R>p and charge radius <R>,) are listed in table 4.

Table 4 - GS potential parameters and main characteristics of “Be

No. Vi, MeV yL, fm Eb, MeV Cw <R>m, fm <R>ch, fm
1 212.151135 0.17 -16.88820 10.2(1) 2.40 2.46
2 286.178045 0.25 -16.88820 6.6(1) 2.36 2.38

For example, potential No. 1 has the FS and leads to the binding energy -16.88820 MeV. The
definition of the calculation expressions used here for the radii is given, for example, in [17]. The above
AC errors are defined by their averaging over the distance interval from 6—8 to 10—12 fim, which is the AC
stabilization range. The phase shift of the elastic scattering of this potential for the GS *Ps» smoothly
decreases down to zero and at 5.0 MeV has the value of ~330°. Here, we consider that in the presence of
two bound FS and AS, the phase shift according to generalized Levinson theorem starting from 360° [20].
Furthermore, another option of the GS potential that leads to a smaller AC given in table 4.
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Table 5 - Options of potential parameters with FS for resonance states of nuclear and some characteristics obtained with them.

In the two last columns, the experimental values listed above in Table 1 are shown.

No. 2ty Vs, MeV s, fm? E: (c.m.), keV Tem, keV E: (c.m.), keV Tem, keV
1. 483 -5 0.1 - - - -

2. 4D3p 269.242 0.2 1100 56 1100(30) 50(22)

3. 4P 66.69121 0.075 87 ~0.4 87(1) 0.39(1)
4. 4Py 34.0399 0.04 410 203 420(7) 210(20)

Potential No. 3 from table 5 leads to the *P1,, scattering phase shift, plotted in figure 1 by the black
solid curve, which is shown at energies up to 5.0 MeV and has the resonance at 87 keV. Scattering
potential No. 4 has the phase shift *Ps; presented in figure 1 by the red dashed curve and at the considered
energies has the resonance at 410 keV. Potential No. 2 leads to the *Ds, phase shift shown in figure 1 by
the green solid curve. All resonance potentials have the phase shift of 90.0°(1) at the resonance energy and
the bound FS.

7. Conclusion

It is possible to construct two-body potentials of the p°Li interaction, which allow us to correctly
describe the available data on characteristics of the bound state of °Be in the p®Li channel in the frame of
the MPCM. Suggested options of the GS potentials of *Be in the p°Li channel allow one to obtain AC
within limits of errors available for it and lead to the reasonable description of *Be radii. Such potentials
generally allow the available experimental data for total cross sections of the radiative proton capture on
8Li at low and ultralow energies. Obtained results for total cross sections and static characteristics of *Be
strongly depend of GS potential parameters of this nuclear in the p*Li channel.
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ACTPO®U3UKAJIBIK DQHEPTUSIJIAPJIATBI 3Li(p,»)°Be
KAMTYFA APHAJIFAH YJIECTIK HOTEHIOUAJIAAP

AnHoranmsa. HOHra cei30ackl OOWBIHIIA OpPOMTANBIK KJIACTEPIIK KYHII >KIKTEYMEH Karap, THIHBIM
CaNlBIHFAaH Kyimeri Moau(UKaNWsUIaHFaH TOTCHIUAIABI KIACTEpPNli MOJENb AasiChIHAA, aCTPOGUIUKAIBIK
SHeprusiiapJa MPOTOHJAPIbLl PAIUALMSIBIK KapMayAbl TOJBIK KECy KapacThIPbUIFaH. ODKCIEPUMEHTTIK
MomimerTepai any ymia ‘Be(y,po)’Li hoTokupaTy peakImachIH TONBIK KeCysi KaiiTa ecenTey KONIaHBLIAIBI.
Actpodusukanblk sHeprusiiapaa ‘Li(p, y)’Be paauamusiblk KapMay YIIiH Taycc IOTEHIHAIIapbIHbIH
KepceTKimTepi aHpIKTanasl. ConsIMeH KaTap, [Shoda, Tanaka (1999)] °Be: *Be(y,p)Li, °Be(y,d)’Li, *Be(y,)°Li,
connait-ax *Be(y,’He)°He opTypii ekilik TapaTy apHamapbl 3KCIEpPHUMEHTANIbl 3epTTeni. ONapablH erKei-
TerKeiyi Teme-TeHIiriMen GailIaHbICTBI €Ki GOJIIIEKTi pagualMsIbIK Oachlll ady HporecTepi “Be cuHTe3iHe
aNpIl Keleldl JKOoHE acTpO(PHU3UKAIBIK KOCHIMINAJNAp KOHTEKCTiHAE THicTi Oaranmaynsl Tajam etemi. by
Karmaiina, Gipimmi ym peaxmms pSLi, d’Li sxome °Li apramapsinma *He®He-re kaparaHma TeMeH KyJIOH
KeJlepricinin 60ybiHa, srau 3:4 kateiHackinaa “He’He apHanapeina, atan aiftkanna 3:4 KaThIHACKIHA HA3ap
ayznapy kepek. SLi(p,y)’Be KenjeHeH KMMAChl aCTPO(DH3HKAIBIK KbI3BIFYLIBUILIK TYBIPATEIH SHEPIUs Ke3iHaeri

— 4) ——
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exinmmi ®Li HIOFBIP/IbIH JKOHE IIAFbIH KMMaHBIH TOMEH KapKbIHIBUIBIFbIHAH TiKeNel aHbIKTay KUbIH. COHBIMEH
Katap, SLi(p,y)’Be peakmuschiH 3epTTey Moceneci SLi-838 Mc SIpOCHIHBIH KapThUIal BLIBIPAYBIHBIH OT€ a3
Ke3eHiHe KUManapbl Tikejledl SKCIepUMEHTaNbl OMIley MYMKiH eMec Oonbin TaObuianel. Amaiima, n®Li-
KapMmay KarJalblHIa Ja paJuallisuIbIK KapMay MOJIENiH KOHE CHEKTPOCKOMUSIIBIK (pakTopabl mMmaiizanana
OTBIPHIN, TiKeleld KapMay KMMAachlH aly YIIH Keibip j’kaHama oficTep maiilamaHBUTybl MYMKiH. ‘Be
MeXaHM3MJCPAiH Maina OONMybIH 3epTTey A =8 Maccallbl CaHbUIAYAbl CHCEPY JKOHE epTe OJEeMIEri aybIp
AJNIEMEHTTEP/IH CHUHTE3iHe, COHBIMEH KaTap supernovae 7-IpoIlecc HIOKJICOCHHTE3 MOceJeciHe TiKemen
KaTbiHacel Oap. Kasipri tanma “Be eki CaTBUIBI YPIiC HOTHXKECiHJIe Taia Ooiaasl JereH Ol KaJbITacThI:
a(a,y)*Be anbda GenuiekTepiH paguanuanblK KapMaybl KbICKAa FYMBIPIbI M30TONTHIH °Be (f12 =6.7x1077 s)
CHHTE3IHE, OIaH KeHiH 8Be(n,y)gBe HEUTPOHBIHBIH paJUalMalIblK KapMayblHa OKeIiN COFajabl. ATanFaH
Makanana 0i3 TeMeHTi acTpodu3HKaNmbIK SHeprusaarsl p°Li — ‘Bey peakuusachlH KapacThipambi3, ceGebi
KapusiianranbiHa 20 JKbUT YakbeIT OOJFaHbIHA KapamacTaH «TKIpUOETiK 3eTTepyliep JKOCTIaph» peTiHae ped
aTkapateiH Terasawa et al. ()yHIaMEHTAIIBI )KYMBICBIHIAFEI ayblp JIEMEHTTEP/IH CHHTE31HE aJIbINl KEJEeTiH
MOHII ypaicTiH Tiz0eriHe KocbutraH. Leistenschneider et al. (2018) sxaHa »xyMbICBIHIA KeaTipinreH 2 MaB-ke
JIeHiHri pe3oHaHC KYpbUIBIMBIH eckepe OThIpbil 10 k3B-ten 7.0 MpB-re aeiiHri SHEpPrusiHbIH aiMarbl
Kapacteipbutirad. by peaknusiabiy xbpaaMabiFsl 0.01-nen 10 79 Temmneparypa aiimMarbiHa FaHa €CENTENTEH.
Pe3oHancTap mramanapbl MEH OPBIHIAPBIHBIH PEAKIHs KBUIIAMIBIFEIHBIH (JOPMAChl MEH IIaMachlHa OCEPiHIH
aHaJIM31 YChIHBUIFaH.

Tyiin ce3mep: Snponbik actpodmusmka; OacTankbl HIOKICOCHHTE3; KBUIYJBIK KOHE acTpO(H3HKAIIBIK
sHeprusnap; p°Li KiacTepii XKyHeci; paJualsIbK KapMay; TONBIK KECY.
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MAPIIUAJIBHBIE IOTEHIUAAJIBI IJIA 3Li(p,y)°Be 3BAXBATA
TP ACTPOOCUSNYECKHUX DQHEPT UAX

AHHoTanmsa. B paMkax MoOIu(QUIMPOBAHHOW TOTEHIMAILHON KIIACTEPHOW MOJIENH C 3arpelieHHbIMA
COCTOSIHMSIMHU, C Kiaccu(HKanued OpOMTalIbHBIX KIACTEPHBIX COCTOSIHUI Mo cxemaMm IOHra paccMOTpeHs
TIOJIHBIE CEYEHHs PaJMalMOHHOTO 3aXBaTa MPOTOHOB Ha °Li mpu acTpodusmueckux sHeprusx. Ilepepacuer
TNONHBIX cedyenuil peakiuu (otopassana *Be(y,po)’Li ucrmonbsyercss s TOMydeHHs SKCHEPUMEHTATBHBIX
JaHHBIX. BBUIM OMpesieseHsl MapaMeTphl rayCCOBBIX MOTEHIIHATOB I PaJMallHOHHOTO 3axBara °Li(p,y)’Be
npu actpodusnyeckux sHeprusix. B To sxe Bpems B [Shoda, Tanaka (1999)] sxcniepuMeHTaIbHO HCCIICOBAHBI
pasnuyHEle OMHApHBIE KaHambl (oropacmeruenus °Be: Be(y,p)Li, ‘Be(y,d)’Li, °Be(y,f)°Li, a Takxxe
Be(y,’He)°He. OueBHIHO, Y4TO CBA3aHHbIE C HUMH J€TalbHBIM PABHOBECHEM IIPOLECCH JBYXYaCTUYHOTO
paauaniMOHHOTO 3axXxBaTa IMPUBOAAT K CHHTE3Y 9B€ u Tpe6yIOT COOTBGTCTByIOH_leﬁ OILICHKH B KOHTCKCTC
acTpou3nUecKux npuiaokeHui. [Ipu stoM, ciaemyer oOpaTHTh BHHMaHHE HA TO, YTO ITEPBBIC TPH PEaKIUH
MMEIOT KYJIOHOBCKHMIA Gapbep B kaHanax p°Li, d’Li u °Li amxe, yem B *He®He pasno kax u *He’He kananax, a
MMeHHO B cooTHomennu 3:4. Ilonepeunoe ceuenne SLi(p,)°’Be TpyaHO ONpeNennTh HEMOCPENCTBEHHO H3-32
HU3KOH HHTEHCHBHOCTH BTOPHYHOTO °Li Mydka M Majoro CeYeHMs IIPM DSHEPIHsX, IPeACTABISIONIMX
actpodusmueckuii naTepec. Kpome Toro, mpobiiema nsydenus peakimn SLi(p,7)° Be 3akmouaercs elme U B TOM,
YTO MPSIMOE IKCIIEPUMEHTAIFHOE M3MEPEHIE CCUCHUH OKA3BIBACTCS MPAKTUIECKH HEBO3MOXKHBIM H3-32 OYCHb
MaJIoro TepHoj mHomypacmaza sgpa SLi - 838 mc. Onmako, kak M B cilIydae n°Li-3axBaTa, MOTYT OBITh
HCIIOJIB30BaHBI HEKOTOPBIE KOCBEHHBIC METOIBI ISl M3BJICUCHHS CEUCHHS MPSIMOTO 3aXBaTa ¢ UCIIOIB30BaHUECM
MOJENH paJuallMOHHOTO 3aXBaTa U CIIEKTPOCKOMIYECKOTo (akTopa. MccinenoBanne MEXaHU3MOB 00pa30BaHUA
Be uMeeT mpsAMoe OTHOLIEHHE K MpobaeMe TIPeoIoeHns MACCOBOM menu ¢ A = 8 U CHHTe3y 0oylee TAKEIbIX
2JIEMEHTOB B paHHEH BcelneHHOM, a Takke B r-IPOLIECC HIOKIEOCUHTE3a B CYIIEpHOBBIX. B HacTosiee Bpems
CJIOKUIIOCH MHEHHE, uTo *Be 006pasyercs B pe3yibTaTe JBYyXCTYHNEHUYATOro Mpolecca: paaualliOHHbIH 3aXBaT
anba-gacTul o a,y)*Be TPUBOAMT K CHHTE3y KOPOTKOKHBYIIEro u3oTomna °Be (f12=6.7x10717s), u nanee
paJMalOHHEIH 3axBaT HeliTpoHa *Be(n,y)’Be. B maHHO# cTaThe MBI paccMaTpHBaeM peakimio pSLi—’Bey npu
HU3KUX aCTPOPHU3MUCCKUX JHEPIUAX B CBSI3U C TEM, YTO OHA BKJIIOYCHA B IIEMOYKY 3HAYUMBIX IPOILECCOB,
KOTOpBIC MIPUBOJIAT K CHHTE3Y OOJIee TSDKENBIX 3JIEMEHTOB B (DyHIaMeHTanbHOU 3HaunMol pabote Terasawa et
al., xoTopasg ¢ MOMEHTa ee OIyOIMKOBaHUS cieayromue noutd 20 JeT UrpacT poib HEKOTOPOTO «IUIaHa
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MPaKTHUECKUX HCcienoBaHuii». PaccmorpeHa obmacte sHepruit or 10 x3B go 7.0 M»sB, HO c yuerom
CTPYKTYPBI PE30HAHCOB TOJNBKO 70 2 MaB, koTopas Oblia mpuBeeHa B HOBoW padote Leistenschneider et al.
(2018). CkopocTh 3TOM peakimu paccuutana B obmactu temmeparyp ot 0.01 mo 10 7y. IIpencrasnen ananms
BJIMSIHUSI TTOJIOXKCHUS U BEJIMUUHBI PE30HAHCOB HA BEJIMYMHY U POPMY CKOPOCTH PEAKIIHH.

KaioueBsble cioBa: SnepHas actpodusnka; MEpBUYHBINA HIOKICOCHHTE3; TEIUIOBBIE M acTPOPH3UICCKUE
SHEPIHUM; KIacTepHas cucTeMa pPLi; paJualliOHHBIH 3aXBaT; TIOIHOE CEYEHHUE.
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RADIATIVE TRITIUM CAPTURE ON *He AT LOW
AND ASTROPHYSICAL ENERGIES

Abstract. The radiative tritium capture on He at low and astrophysical energies was considered in the
framework of the modified potential cluster model. It is shown that on the basis of potentials coincided with
scattering phase shifts and the energy of bound state it is possible to correctly represent available experimental data.
The two-cluster potential model described in this paper, used intercluster forces with forbidden states, in many cases,
allow one correctly to describe some nuclear characteristics for different light and lightest nuclei, and, evidently do
not yet exhaust completely their potential. The more especially as reported here methods and results are applicable to
certain problems of nuclear astrophysics, concerned to light atomic nuclei and ultralow energies of interacting
particles. In other words, these results have direct relationship to thermonuclear processes flowing in the Sun, stars,
some other objects of our Universe and Universe in whole, at different stages of its forming and developing. It is
possible to use one channel cluster model, which, in more cases, is a good approach to the real existent situation.
Such model allows relatively easy to carry out any calculations of nuclear characteristics in scattering processes and
bound states, even in that systems, where solving methods of many-body problem either very cumbersome in
numerical implementation or do not lead to the concrete quantitative results at all.

Key words: Nuclear astrophysics; primordial nucleosynthesis; light atomic nuclei; radiative capture;
thermonuclear processes; potential cluster model.

1. Introduction

The structure of atomic nucleus is very multiform and occasionally discover, as seems, alternative
properties. For example, properties of nucleon independent motion, collective demonstration of degree of
freedom, association of nucleons into almost independent groups — clusters with characteristics close to
properties of correspondent free nuclei can realize in nucleus. Earlier available ideas about permanently
existent clusters in nuclei change to the conception that in the process of almost independent motion of
nucleons in nucleus such virtual sub-systems as clusters are formed and destroyed. Therefore, it is possible
to say only about probability of existence one or another cluster channel in the atomic nucleus [1,2].

However, if this probability is relatively large, it is possible to use one channel cluster model, which,
in more cases, is a good approach to the real existent situation. Such model allows relatively easy to carry
out any calculations of nuclear characteristics in scattering processes and bound states, even in that
systems, where solving methods of many-body problem either very cumbersome in numerical
implementation or do not lead to the concrete quantitative results at all.

Certainly, two-body presentation is a certain idealization for really existent situation in nucleus, i.e.
suppose that the bound state has the big degree of clusterization for particles of the initial channel.
Therefore, the success of this potential model for description of the system of 4 nucleons in the bound
state is determined by the fact how much is the real clusterization of this nucleus in the channel of 4; + 4>
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nucleons. At the same time, some nuclear characteristics of individual, even not cluster, nuclei can be
predominantly determined by one cluster channel, i.e. to have certain cluster structure at the small
contribution of other possible cluster configurations. In this case, the used single-channel cluster model
allows one to identify dominating cluster channel, mark and describe that properties of the nuclear system,
which is possible to consider as a certain test of single-channel cluster configurations in such nuclei.

Different options of three-body models have intensively developed and purchased big extension in the
end of the past century, which were used, for example, for °Li in the three-cluster np*He channel that
allow one correctly to describe many properties of this nucleus [3]. The large success was achieved in the
microscopic models like resonating group method (RGM) [4], based on the nucleon-nucleon interactions
with the evident extraction of cluster channels.

However, the described above two-cluster potential models described above, used intercluster forces
with forbidden states, in many cases, allow one correctly to describe some nuclear characteristics for
different light and lightest nuclei, and, evidently do not yet exhaust completely their potential. The more
especially as reported here methods and results are applicable to certain problems of nuclear astrophysics,
concerned to light atomic nuclei and ultralow energies of interacting particles. In other words, these results
have direct relationship to thermonuclear processes flowing in the Sun, stars, some other objects of our
Universe and Universe in whole, at different stages of its forming and developing.

2. Interaction potentials and scattering phase shifts

The orbital states in the *He’H system for °Li are pure by Young diagrams [5]. Therefore, potentials
obtained on the basis of the scattering phase shifts are possible to use directly for considering
characteristics of bound states of these nuclei. Results will depend on the clusterization degree of nuclei in
the considered cluster channels. Because, the probability of clusterization lithium nuclei is relatively high,
then the calculation results should generally reproduce experimental data.

The Gaussian form is used for potentials

V(r) =V,exp(-ar’ ) +V.(r) (1

with the point-like Coulomb term. Interaction parameters for pure cluster states in °Li nucleus, obtained in
[6,7], are given in Table 1. In the *He’H system at S =0 for D and F phase shifts the same potentials are
used that for the S and P waves correspondingly.

Table 1 - Potential parameters in the *HeH system [1,2]. Rc = 0 fim for the *He*H system

S=1 §=0

Ly Vo, (MeV) a (fm?) Vo, (MeV) a (fm?)
S -90 0.18 -85.0 0.18
Po -52.5 0.2 — -

P -65.0 0.2 —74.0 0.2
P> -80.0 0.2 — -
D1 -72.0 0.18 — -
D> -85.0 0.18 - -
Ds -90.0 0.18 - -

Due to the absence of the experimental results, the potentials for the *He*He system are constructed
exclusively on results of the calculation of phase shifts, obtained in the RGM [8,9]. Parameters of such
interactions coincide with potentials of the *He’He system at S = 0. There fore, *He’He it is a system of
identical particles, here even L correspond to zero spin, and odd to unit spin.

The quality of the phase shift description is shown in figure 1 with experimental data from woks
[10-13] for “He*H, [14-16] for *“He*H and [17,18] for *He’H systems. The calculation results of the
*He*He elastic scattering phase shifts obtained in the RGM [19] are shown by crosses in figure 1.
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3. Total capture cross sections
Using the known equations for matrix elements of different operators, given in [20], one can obtain
the final expression [7] for the total capture cross section

8nKe’ u J+1 LK)
g (28, +1)(28, +1) JI2J + DN T

G, (NJ,J,) =

, )
Y PHNI I, I (I, ),

L;.J;

where matrix elements of E£J transitions have the form

LSJ)
PAEJ,J;,J,) =8 s [(2J + DL +1)(2J, +1)(2J; +DI(L,0J0| L, 0)2{]' JLl} 3)
f f

Z Z
A,(EJ,K) = KJHJ[—1J+(—1)J m—i} 1,(J,.J,) :<Xf‘r"\x,.>.
2

m,

In the case of E1 capture in the *He’H cluster channel to the ground state (GS) of °Li the P; value is
presented in the form

P} =2J, +1, (4)

if the capture is to the GS from the scattering states with L =2 and J; = 1,2,3 for the initial states with
Ji=0,1,2 and L=1. In the *He’H cluster model it is possible also to consider E1 transition to the 3"
resonance state. In this case the Py value is listed in Table 2. Parameters of the *He’H potentials taken into
account spin-orbital splitting are given in Table 1.

Table 2 - Coefficients Pj in the *He?H cluster channel of °Li nucleus

3He*H (3%)
L Pi(E1)
3P, 42/5
3F, 1/35
3F3 1
3y 81/7

Calculation results for the total capture cross section with the S potential, correctly describing binding
energy of the nucleus (see sec. 3), are shown in figure 4a by the solid line [7]. Experimental data are from
[21,22]. It is seen that using this potential and P interaction, correctly representing energy behavior of
scattering phase shifts, allows one to describe experimental results well. Note that there are other
measurements of cross sections [23], noticeably differ from reproduced in the figure.

In the case of M1 transitions to the GS, the process when the change of the spin state from singlet to
triplet takes place was considered. Only the spin term Wjm(S) with coefficient —/3/2 remains in the
transition operator. Pj is found from (3) for E2 transitions to the GS from the D wave with Ji=1, 2, 3.
Results of these calculations are shown in figure 2a by the dotted and dashed curves [7].
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photodisintegration process of °Li. Solid curve is the cross
section obtained on the basis of detailed balancing principle
from the calculated capture cross sections [7]. Points,
histogram, dashed curve and crosses are experimental data
from [24-27]

Differences in total experimental cross sections for the °Li(y,’He)*H photodisintegration is more than
in the case of radiative capture. The measurements results obtained in [24-27] are shown in Fig. 3b. The
solid figure shows the results obtained on the basis of detailed balancing principle from the calculating

capture cross sections [7].

The astrophysical S-factor for the *H(*He,y)°Li capture at low energies is shown in Fig. 3a. The value
equals 0.06 keV-b was obtained by the linear extrapolation of the S-factor at zero energy in the E1 process.
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Figure 3a - Astrophysical S-factor for the E1
process at the *H(*He,y)°Li capture [7].
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Figure 3b - Total cross sections for the radiative
capture process in the *He*H channel with the
formation of the °Li nucleus in the excited 3"
state. Points are experimental data from [28]

The calculation results of capture cross sections to the 3" level for potentials from Table 1 [7] together
with data and computations (dotted curve), obtained in [28], are shown in Fig. 3b. The potentials of the D
bound state with the depth 105 MeV (solid curve) and 107.5 MeV (dashed curve) are used here, which

were discussed in sec. 3.
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4. Conclusion

The radiative tritium capture on *He at low and astrophysical energies was considered in the
framework of the modified potential cluster model. It is shown that on the basis of potentials coincided
with scattering phase shifts and the energy of bound state it is possible to correctly represent available
experimental data.
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TOMEHT'I ’)KOHE ACTPO®U3NKAJILIK DHEPTUSIIAPIATBI
PAJTMALIMSUIBIK SHe’H KAPMAY

AnHOTanus. MonupuKaIysuiaHFaH MOTEHIMAIIBl KIACTEPIiK MOJETh asChIHIA TOMEHT1 KOHE acTpO(H3U-
KaJIbIK SHEprusIapaars! pamuanusnsk “He’H kapmay kapacTeipsurran. lllanmsipaTy KeseHIepi xoHE OaillaHBICKaH
SHEprus KYHiIMEeH YHIECTIpiireH MOTEeHINAaIAap HeTi3iHAe abIHFaH SKCIIEPUMEHTTIK MOJTIMETTEP i AYPHIC Kidepyre
OONATBHIHIBIFEI KOPCETIIreH. Makanaja CHIATTAlbIl OTBIPFaH, THUBIM CAJIBIHFAH KIACTEPIepPapajblK KYIITI
naijanaHaTelH, €KIKJIacTeplli MOTCHUIHAIABIK MOJACIAEp, KOm >Karmaija, op TYpJi JKEHT JKOHE ©Te KEeHIT
SIPONApABIH  KEeWOIp SAOpONIBIK CHIIaTTaMalapbhlH AYphIC KepceTe Oimyre MYMKIHAIK Oepemi >XKoHE ©3iHIH
MYMKIH/IKTEPIH 911 TOJBIK Tayblca KOWMaraH ceKkiiii. MyHaa KepceTilil OTHIPFaH 9icTep MEH HOTHIKENEePAl, )KEHLT
aTOMIIBIK sIApOJap MeH OellleKkTep ©3apa0ailiaHbICHIHBIH 6T€ TOMEH OSHEprusulapblHa KaTbhIChl 0ap sAPOJIBIK
acTpodu3rKaHbIH KeiOip Mocesenepin nmenryae Kojaanyra oonaasl. backaia aiitkanna, oy Hotmwkenepain Kyuue,
Kyae3aapaa, FamamaeiH Oacka ga keiiOip HbIcaHmapbiHIa, OyKin FamaMHBIH TYpili Kamblltacy Ke3eHIepi MEH
JlaMybIHa KaTBICTBI ©TETiH TEPMOSIPOJIBIK YIepicrepre Tikeseil Karbickl Oap. bip apHaimbl KiacTepilik MOJEbi
naiinananyra 0oJambl, OJ KOITEreH XKarjaiiapia HaKThl SKarjaiFfa >KaKChl >KaKbIHIAWIel. MyHODail Mozenb
IIaNIBIpay MPOLECTePi MEH OaMIaHBICTHI KaFdaiaapaarsl, TIITI KOIITEreH ACHEeNepIiH ece0iH menry oaicTepi Hemece
CaHJBIK OPBIHJAY/aFbl ©TE ayKbIMJIbI HEMECE HAKThI CaH[bIK HOTIDKENepre oKeIMEHTiH Kyienepae e Sapombik
cUmaTTamanapIbH Ke3 KelreH ece0iH calbICTRIPMAalbl TYPAE OHall OpBIHAAYFa MYMKIHIIK Oepemi. ATOM sSApOCHIHBIH
KYpBUIBIMBI ajlayaH TYpJi oHE Keime Oip OipiH >KOKKa IIBIFapaThlH KYpbUIBIMIAp TaObuiaabl. MebIcaiel, sapoaa
HYKJIOHIAPJBIH TOYeJICi3 KO3FaNbIChl, epKIHIIK IopekenepiHiH OipiecTiriHiH KepiHici, ykcac 00c sSapomapabIH
KYpBUIBIMIApBIHBIH KJIAacTepiepiHe - yKcac HyKIOHIApAbIH aepbec Tomrapra OemiHyli MyMKiH. byran neifinri
SITPOAAFBI TYPAKTHI KJIACTEPJIeP YFBIMBI TOYEIICI3 HYKJIOHIAp KO3FAJIBICHI KE3iHE SAPOJIa BUPTYaIbl Kyle Oemiri —
KJactepiiep maija Oojajpl yoHe OyliHeaAl JereH yrbiMra aybicThl. COHIBIKTaH, aTOMJBIK SAPOAArbl diiteyip Oip
KJIACTEpPJIiK KaHAAbIH Oap eKCeHIIHI Typasibl FaHa ailTyra Ooyajpl. OpUHE, eKire OeJiHreH TYCIHIK sapoaa OoJIbIn
JKaTKaH KaFMalfblH aHBIK MIHCI3 Kydi Ooubim TaObUIamer, ceOeOi, OacTamKbl KaHANIBIH OOIIIeKTepi YIIiH
KJIACTEePICHIIPYAIH YJIKCH AJpekeciHe me aen Ooipkam kacamyna. COHABIKTaH MYHJAW MMOTCHIWANABI YITiHIH
JKETICTIT1 OaiimanFaH Ky#meri A HyKIOHIApJbIH KYWECIH cUmarrayja HYKIOHIApAblH A + A, KaHaJIBIHAAFbl OCHI
SITPOHBIH, IIBIHAMBI KIIACTEPIICHAIPLTYl KAHIIANBIKTHl YIT€H eKeHIIriMeH aHbIKTananel. COHBIMEH Katap, Kehoip
KJIacTepIlik eMec aepdec sapoapaslH CHUIIaTTaMaiapsl Oip aHBIKTalFaH KIacTepilik KaHAIMEH aiphIKIIa MapTTacybl
MYMKIiH, SFHU 0acKa Jla MyMKiH KJIacTepJlik KOH(UTypanuusiHbl KOCKaH/1a aHbIK KJIACTEePIIiK KYpbUIbIMFa ue 6oiy. by
JKarjaiina maiianaHbuIblll OThIPFaH Olp KaHA/bl KIACTEPIiK MOJENb OACBIMBIK KOPCETETIH KIIACTEPJIiK KaHa bl
TEHJIECTIpyre, MIAPTTACKaH SAPOJBIK JKYHEHIH KYPBUIBIMBIH EpeKIIeieyre »KOHEe CHUMaTTayFa MYMKIHIIK Oepei.
CoHppIKTaH, Oip KaHaJABI MOJIEINIb/IE AJIbIHFAH HOTHIKENEP/Al OCHIHAAN SApoJIapAarbl KIAcTepil KOH(QHUIYpaLUsHbIH
0ip KaHAJIIBUIBIFBIHBIH TECTI PETIHIE KapacThIpyFa O0IaIbl.

Tyiiin ce3mep: saposiblK acTpodusmka; OacTanKbl HIOKJICOCHHTE3; JKEHUT aTOMIBIK SIPONap; PaIHalldsIbIK
KapMay; JKbLUTYSIPOJIBIK YAepicTep; MOTSHIINAIIBI KIIACTEPIIIK MOJICIb.
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PATMAIIMOHHBIN *He*H 3AXBAT IIPA HU3KUX U ACTPOPU3UYECKHUX SHEPTHSIX

AnHoTanus. B paMkax MoIu(UIIMPOBAHHON NOTEHIIMATBHON KIIACTEPHOI MOJIEIH PACCMOTPEH PaIHalldOHHBINA
SHe’H 3axBaT HpHM HH3KHX M acTPO(U3HYECKHMX DSHeprusx. [IokazaHo, YTO Ha OCHOBE IOTEHIHAIOB, KOTOPHIE
COTJIACOBAHHI ¢ (pa3aMu paccestHUS W YHEPTHeil CBSI3aHHOTO COCTOSHHS YAAeTCs MPABUIIBHO MEpenaTh UMEIOIIAECs
SKCIEpPUMEHTANBHBIE HaHHBIC. J[ByXKIacTepHbIE NOTCHIHWATGHBIE MOJIENH, ONWCAaHHBIE B TaHHOM CTaThbe,
HCTIOJIB3YIONINE MEXKIACTEPHBIE CHIIBI C 3aIIPEIICHHBIMHA COCTOSHUSAMH, BO MHOTHX CIIydasiX, HO3BOJIIIOT MIPABUIHHO
OTMCHIBATh HEKOTOPBIE SJEPHBIE XapaKTEPUCTHKH JUISI CaMBIX Pa3IHYHBIX JIETKUX W JETYalIMX sjaep |, Io-
BUIMMOMY, HE HCYEPHAJH €Ile IOJHOCTHIO CBOM BO3MOXKHOCTH. Tem Oojiee, YTO H3JI0KEHHBIE 371eChb METOIBl U
pe3yIbTaThl MPUMEHUMBI K HEKOTOPBIM 3aj[a4aM sICPHOM acTpo(hU3NKH, UMEIOIUM OTHOIICHUE K JIETKUM aTOMHBIM
siApaM M CBEPXHU3KHM OHEPrusM B3auUMOJICHCTBUS dacTull. IMHaue TOBOps, O9THU pe3yJdbTaTbl HMEIOT
HETMOCPEICTBEHHOE OTHOIIICHHWE K TEPMOSJEPHBIM MpolieccaM, mpoTekatomuM Ha CoiHIE, 3Be3/1aX, HEKOTOPBIX
Ipyrux oOBeKTax Hamiel BcelleHHO!N u BeelleHHOH B [IeOM Ha pa3iM4HBIX dTanax ee (QOPMUPOBAHHS U PA3BUTHI.
MOXHO HCIONB30BaTh OAHOKAHAIBHYIO KJIACTEPHYIO MOJENb, KOTOPas BO MHOTMX CIIy4asiX OKa3bIBAETCsl XOPOILIUM
NpUONMKEHHEM K peallbHO CyIecTByIomed curyannd. [lomoOHass MOAenh IO3BOIISIET CPABHHUTENBHO JIETKO
BBITIOJTHATH JIFOOBIE pacUeTHI SICPHBIX XapaKTEPUCTUK B IPOIIECCAX PACCESHUS M CBI3aHHBIX COCTOSHHAX, JAXKE B TEX
CHCTEMaX, TJIe METOABI pPEIICHHUs 3aa9l MHOTHX TeJ FUIH OYCHb IPOMO3IKH B YHCICHHOM HCIIOJHEHUH MM BOOOIIE
HE NPUBOJAT K KOHKPETHBIM KOJIMUECTBEHHBIM pe3yiibpraram. CTpyKTypa aTOMHOTO spa OoueHb MHOrooOpasHa u
mopoii oOHapyKMBaeT, Ka3ajJoch ObI, B3aMMOMCKIIIOYAIOIINE CBOMCTBAa. Hampumep, B siApe MOTYT peaM30BaThCS
CBOMCTBa HE3aBHCHMOTO IBIDKEHHS HYKJIOHOB, KOJUIEKTUBHBIC MPOSBICHHUSA CTETeHEell cBOOOMBI, acCOIMHPOBAHNE
HYKJIIOHOB B TIOYTH HE3aBUCHUMbBIC TPYIMIbI — KIACTEPhl C XapaKTEPUCTHKAMH, OJM3KHMH K CBOWCTBaAM
COOTBETCTBYIOIIUX CBOOOMHBIX sifiep. PaHee cylecTBOBaBIIME MPEICTABICHHS O CTAOMIBHO CYIIECTBYIONIUX B SAPE
KJIacTepax 3aMEHWINCh Ha TIOHMMaHWe, YTO B IMPOIecCE€ TOYTH HE3aBHUCHUMOIO JBUKEHHsI HYKJIOHOB B Spe
hopMUpYIOTCS M Pa3pyIIAIOTCS BUPTYaJIbHBIC MOJICHCTEMBI — KiacTepbl. [103TOMy MOXXHO TOBOPHTH JUIIb O
BEPOSITHOCTH CYLIECTBOBAHUS B aTOMHOM SIApE€ TOTO HJIM MHOrO KJIacTEpHOro kaHajia. KoHeyHO, AByX4acTHYHOE
MpPEeACTaBICHUE SBJISIETCSl OINpeAeNIeHHOW HJealu3allMeld peasbHO CYIIECTBYIOIIEH B SApe CUTyalMH, T.K.
MIPEIIONIaraeT, 4TO CBI3aHHOE COCTOSHUE UMEEeT OOJBIIYIO CTEIICHb KIIACTePU3alMH IS YaCTUI] HAYaJIbHOTO KaHaJa.
[TosTOoMy ycriex maHHOW MOTCHINAIEHOW MOAETH MPH OMUCAHUU CUCTEMBI U3 A HyKJIOHOB B CBSI3aHHOM COCTOSIHUH
OTIpeNeNsieTCsl TeM, HaCKOJIBKO BEITMKa pealibHas KJIACTEePH3alns 3TOTO sapa B kKaHane 4; + A, HyKIIOHOB. B To xe
BpeMs, HEKOTOpbIE SIEPHBIE XapaKTePUCTHKH OTAENBHBIX, /[JaXe He KIACTePHBIX fAAep MOTryT OBITh
MPEUMYIIECTBEHHO OOYCIIOBJICHBI OIHHMM OIPENEICHHBIM KJIACTEPHBIM KAaHAIOM, T.€. HMETh ONPEICICHHYIO
KJIACTEPHYIO CTPYKTYypy HpH MalloM BKJIaJe JAPYTMX BO3MOXKHBIX KJIACTEPHBIX KOoH(purypauui. B asrom ciydae
UCIOJb3yeMasi OJHOKaHaIbHAs KJIacTEPHAs MOJEb MO3BOJSACT MACHTU(PHUIIMPOBATH TOMUHUPYIOIIUI KIACTCPHBIN
KaHaJI, BBIJCIUTh U OIKCATh TC CBOMCTBA SACPHON CHUCTEMBI, KOTOPbIC UM OOYCJIOBJICHBL [103TOMY pe3ysbTaThl,
MoJIy4aeMble B OJHOKAaHaJbHOW MOJENH, MOXKHO paccMaTpUBaThb KaK HEKOTOPBIM TecT OJHOKAHAJIBbHOCTU
KJIACTEPHBIX KOH(PUTYpaLUil B TAKUX sSAPaX.

KuroueBbie ciioBa: sijepHas acTpoQH3HKa; MEPBUYHBIN HIOKJICOCHHTE3; JICTKUE aTOMHBIC Ipa; PaUalldOHHBINA
3axBaT; TEPMOSIIEPHBIE MIPOIIECCHL; TOTEHIMATbHAS KJIACTEPHAS MOICIb.
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SPECTRAL AND PHOTOMETRIC STUDY
OF TWO OBJECTS IRAS 22023+5249 AND IRAS 06053+1837

Abstract. The objects IRAS 06053+1837 and IRAS 22023+5249, are considered as planetary nebula
candidates. They have far infrared colors, which are typical to planetary nebulae. Their rather cool stars are
surronded by envelopes, in which some low-excitation emission lines are formed.

BV photometry of the object IRAS 22023+5249, carried out in 2017-2020, resulted the scatter of B and V
values within 0™.25 and 0 ™.10 respectively. Moreover a tendency of the gradual increasing of brightness is revealed.
Absolute fluxes and equivalent widths of the HB, Ha, [NII], 6548, 6583A and Hel, 6678A emission lines in the
spectrum of IRAS 2202345249 are determined. The strengthening of the emission lines is confirmed. Most likely
increasing of an effective temperrature of the star is responsible for observable variations. As a whole spectral and
photometric characteristics of the object IRAS 2202345249 correspond to its status as a low-excitation planetary
nebula.

For the object IRAS 06053+18370observable data are obtained in 2014 -2019. Much larger the scatter of B V R
values is observed: 0™.50, 0™.15 and 0 ™.30 respectively. The only HI emission lines are presented in its spectrum.
Asymmetrical profiles of lines have broad wings on the short wavelength side. The evolutionary status of the object
is not defined; its characteristics, are more similar to those of the young AeBe Herbig stars.

Key words: emission objects, emission spectrum, B V R magnitudes, individual objects: IRAS 22023+5249,
IRAS 06053+1837.

Introduction. The theory of the planetary nebulae formation as a whole has long been developed. But
the problem of evolutional progenitors is as important and actual. It is known that some Be stars can
develop circumstellar gaseous nebula, which creates an emission spectrum with forbidden lines. In other
words, such object looks like as a planetary nebula. Last years some candidates for the planetary nebulae
progenitors were found among the objects from IRAS catalog. They have the far infrared color typical for
planetary nebulae, and due to such criterion it is possible to distinguish them from the other types of
objects. Then the detected radio continuum can confirm the belonging of the object to the planetary nebula
candidate [1,2]. Many of the objects from IRAS catalog already have low-excitation emission line spectra.
Two of them: IRAS 22023+5249, IRAS 06053+1837 are considered in this paper.

Object IRAS 22023+5249=LS M1+52°54=GGR 44=TYC 3969-2206-1 was initially entered in Catalog
of early type emission—line stars [3]. Infrared observation of this object showed the presence of C and
O rich dust features [4,5]. The high-resolution spectra of IRAS 2202345249 were studied in Paper of
Sarkar et al. [6]. The authors obtained the large heliocentric velocity of the object (-148.3+0.6 kms™),
Teff = 24,000 K and log g = 3.0 = 0.5. The only data of UBV observations of the object, carried out in
2007-2012, were presented by Arkhipova et al. [7]. The authors registered irregular photometric
variability with the maximal amplitude of 0.™25 in the V filter. Moreover, an increase in the brightness of
the object was accompanied by an increase of the color index (B-V) and by decrease of (U-B) [1].
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Object IRAS 06053+1837 = LkHa 209 was included in different observational programs [2,8]. Thus
its classification was changing from the star of the spectral class KO to the possible protoplanetary nebula.
Information about this object is also very limited: BVR photometry was carried out in 1986-1995 [2,9].
Our spectral and photometric observations of IRAS 22023+5249 and IRAS 06053+1837 were carried out
in 2014-2020.

Observations and data reduction. Photometric observations of the objects were carried out with the
Eastern 1-meter Carl Zeiss Jena telescope located at the Tyan-Shan Observatory of Fesenkov
Astrophysical Institute. The CCD camera Alta F16M (4096x4096, 91) of Apogee and a set of Johnson B
V R filters were used. Four standard stars were chosen in the field and were used for calibration. These
stars are well-isolated, with a brightness comparable to the object. They are located at small angular
distance from the target, thus there is a negligible difference between atmospheric extinction for standards
and object. All instrumental BVRc magnitudes of the objects were determined relative to each standard
and were transformed to the standard photometric system. The expressions for this procedure were
obtained from photometric measurements of the stars from [10]. Obtained images were processed using
the Bias, Dark and Flat files. Image measurements are performed using the standard software packages
MaximDl 6 and IRAF. Correction for atmospheric extinction and transformation of the obtained
brightness to the standard system B V R is carried out using a system of corresponding equations.

Spectral observations were carried out using diffraction spectrograph mounted the telescope AZT-8.
CCD camera SBIG ST-8 (1530x1020, 9u) (AZT-8) was used in 2011, later it was changed by
SBIG STT-3200 (2184x1472, 6.8u). Two spectra of the object werer obtained with the second
“WESTERN” I-meter telescope of TShAO. The telescope is equipped with a new diffraction
spectrograph. At the output of the spectrograph, SBIG STT-3200 (2184x1472, 6.8) is installed.

During observations, the spectrograms of an objects and standards were obtained with a wide
(7"- 10") entrance slit. Standard stars with a known energy distribution were used for calibration of the
fluxes. File processing consists of subtracting the dark background and taking into account atmospheric
absorption.

Results. Photometric data for the object of the IRAS22023+5249, obtained in 2018-2020 are
compiled in table 1. Figure 1 contains our results and those of Arkhipova et al., 2013. During our
observations the scattering of the brightness values is less, and the level of brightness is as a whole higher
than in previous years.

Table 1 — B and V magnitudes of IRAS22023+5249

Date of observations JD-2400000 B mag V mag
08.07.2018 58308.39 12.579+0.050 12.374+0.036
16.09.2018 58378.37 12.848+0.060 12.438+0.037
22.09.2019 58749.14 12.576+0.021 12.331+0.006
13.10.2019 58770.18 12.575+0.037 12.330+0.057
09.11.2019 58797.18 12.6134+0.013 12.363+0.008
16.11.2019 58804.23 12.673+0.028 12.426+0.058
29.11.2019 58817.12 12.583+0.035 12.334+0.042
30.11.2019 58818.05 12.575+0.030 12.335+0.060
01.12.2019 58819.12 12.5834+0.033 12.355+0.062
16.12.2019 58819.21 12.560+0.010 12.358+0.046
18.01.2020 58867.06 12.63+£0.016 12.32+0.011
19.01.2020 58868.05 12.65+0.016 12.32+0.013
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Figure 1 — Light curve of the object IRAS22023+5249 in the V band.

The results of spectral observations are presented in table 3. The absulute fluxes Fabs are expressed in
erg cm™”cek”’. Accuracy of the EW values is about 10%. Variability of the fluxes is notable in figure 2.
There are added data from Arkhipova et al., (2013) in the figure. It is seen, that Fabs(Ha) increased by
40% in comparing with the data, obtained in 2011 — 2013. Besides that the fluxes of the Hel and [NII]
emission lines also increased. The ratio F(6717)/F(6731) of the [SII] line intensities corresponds to
electron density Ne=3800+800 cm™.

Table 2- Fluxes and equivalent widths
of the emission lines in the spectrum of IRAS 22023+5249

Dates of 04.08. 01.09. 15.09. 22.07. 05.08. 13.08. 19.10. 01.12.
Ions, A obs. 2011 2011 2017 2018 2018 2018 2019 2019
Fabs* 3.48+ 3.59+ 3.51+
Hp,4861 103 0.22 0.32 0.32
EW(A) 8.7 13 9.4
Fabs* 1.69+ 1.93+ 217+ 2.35+ 2.15+
Hoa,6563 10'2 0.13 0.20 0.20 0.22 0.22
EW(A) 57 69 48 86 86
Fabs* 5.44+ 6.04+ 6.23+ 6.27+ 7.09+
[NII],6583 103 0.30 0.32 0.35 0.32 0.30
EW(A) 18 22 14 23 29
Fabs* 2.61+ 3.62+
Hel, 6678 1013 0.22 0.32
EW(A) 0.9 1.4
Fabs* 3.92+ 2.68+
[SI],6717 1013 0.20 0.22
EW(A) 1.4 1.0
Fabs* 5.92+ 441+
[SII],6731 1013 0.31 0.30
EW(A) 2.1 1.7

— 54 ——
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Figure 2 — Variations of the absolute fluxes in the Ha (squares) and Hp (triangles) emission lines.
Empty signs denote data from Arkhipova et al., 2013.

IRAS06053+1837
Our result of B V R observations are compiled in table 3 and in figure 3, where our data are added by

the results from [4].

Table 3 — Photometric data for the object IRAS 06053+1837

Date of
observations JD-2400000 Bmag Vmag Rmag
14.10.2012 56215.150 12.532+0.020 11.876+0.022 11.779+0.020
24.10.2014 56955.192 12.595+0.024 11.934+0.025 11.937+0.018
24.01.2018 58143.225 13.135+0.028 11.837+0.020 11.644+0.019
05.01.2019 58489.163 12.910+0.022 11.894+0.022 11.731+£0.020
25.01.2019 58509.130 13.027+0.032 11.995+0.024 11.92140.022
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Figure 3 — Light curves of the object IRAS06053+1837 in the B and V bands. Our data data are indicated
by squares (B mag) and triangles (V mag). Results from [4] are indicated by the same, but empty signes
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Table 4 — Absolute fluxes and equivalent widths of the emissions lines in the spectrum of IRAS 06053+1837

Date of JD-2400000 F(HB)*10"3 EW(HP) F(Ha)*10" EW(Ha)
observations ergs/cm’sec (A) ergs/cm’sec (A)
24.10.2014 56955.20 1.82+0.20 2.0+0.20 2.8340.20 19.7+1.2
27.10.2016 57689.14 2.36+0.25 16.1x1.4
02.12.2018 58455.10 2.39+0.22 19.4+1.2
04.12.2018 58457.08
05.12.2018 58458.08 1.42+0.16 1.1+0.12
05.01.2019 58489.36 1.50+0.20 1.4+0.12
06.01.2019 58490.36 2.07+0.22 19.9+1.2
20.03.2020 58929.06 2.10+0.25 19.6+1.2

It can be noted that over the past six years the absolute fluxes in the emission lines has decreased by
20 -25%. It is clear that an additional experimental information for this object is required.

Conclusion. In terms of evolution, the object IRAS 2202345249 can represent a transitional stage
from the Post-AGB stars to planetary nebulae. A shell consisting of gas and dust has already formed
around the star, and the process of its filling is continued. Irregular variability of brightness is most likely
connected with the change of circumstellar envelope. The low excitaion of gas in the envelope is due to
the quite low temperature of the central source. But observable tendency of gradual increasing of
brightness means that the star becomes hotter. Strengthening of the emission line also confirm this
transformation of the star.

The object IRAS 06053+1837 Has rather poor emission spectrum, without any forbidden lines.
Asymmetrical profile of Ha testifies the presence of stellar wind, due to which the forming of accreation
disk and/or circumstellar envelope is continuing. The evolutionary status of the object is not defined; its
characteristics, are more similar to those of the young AeBe Herbig stars.
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EKI HBICAHHBIH IRAS 22023+5249 KOHE IRAS 06053+1837
CIIEKTPAJIIBI 7)KOHE ®OTOMETPUSAJIBIK 3EPTTEYI

AnHoTauus. [InaHeTapiablK TYMaHHBIH Maija 00Tybl MEH BOIOIUSICHIHBIH JKaJIbl KOPIHICI OCBI 00BEKTIIEp
Typambl JkaHa akKmapaTIeH YHEeMI JKOHE COTTI JKaHApTBUIBIN OTHIpaabl. [lmaHerapislk TymaH Oaxpiiay
PaZMOTONIKBIHHAH PEHTIeHTe JeHiHri TONKBIHAApABIH KEH IHala3OHbIHIA Ky3ere achIpeuiansl. [lmaneTapipIk
TYMaHHBIH Te3 SBOJIONMSIBIK IPEIIIECTBEHHUKTEpl Maceneci e3ekri Oonbin  Kama Oep. Kemnreren Be
KYJIIBI3AAPBIHBIH XKYJIIBI3 aTMOC(epachlHaH Te3 aliHaybIHbIH apKachlH/a naiina 6osnran. JKapTeiiaid HOHIAIFaH ra3
HI, [OI], Fel, [Fell] aMmuccusijibIK ChI3BIKTapBIH IIbIFapabl, OacKalia alTKaH1a, TOMCH KO3y IIJIAHETAPJIBbIK TYMaH IbIK
CHEKTpiHE YKcac CIEKTpre

Conrbl xputgapsl IRAS katanoreiHna ITaHETapIIbIK TYMaHHBIH JBOJIOIISUIBIK IIPEKYpCOpIIapbl MopTeOeciHe
yYMiTKepiep aHbIKTaIael. Onapia TUIaHETapIiblK TYMaHFa TOH WH(PAKBI3BLUI TYC HHIUKATOPIAphl O0ap *xkoHE Oy
eJImeM oJapJbl 0acka TUNTETi OOBEKTIIEpJeH aXbIpaTy YIIH KojagaHbutiajbl. IRAS KaTaloThIHIAFbl KOITETeH
HBICAaHAapIa KO3y a3. OJeTTe MyHAall OoOBeKTiiep OCNCeHIUTIKTIH >KOFapbUIaybIMEH CHIATTaNAIbl, Ojap
(hOTOMETPHSIIBIK JKOHE CIIEKTPIIIK O3TePTillTIK TYPiHIe KOpiHEeI.

By makanana exi 00beKTiHI 3epTTey HOTIKenepi Kapacteipburran: IRAS 22023 + 5249, IRAS 06053 + 1837.

Heican TRAS 22023 + 5249 = LS III + 52054 = GGR 44 = TYC 3969-2206-1 GacTankpiia dMHUCCHSIIBIK
CBI3BIKTApbl 0ap >KYJIIbI3AAp KaTajdorblHA eHri3iuired. MH(pakp3pu1 Oakpliayjap MAHHBIH OOJYBIH aHBIKTAJIBI.
JKorapbl aKbIpaThIMIBUIBIKTAFbI CIIEKTPIIIK Oakbuiaysiap OOBEKTIHIH I'eIHOLIEHTPIIIK KbULAAM/IBIFbl )KOFapbl EKEHIH
KOPCEeTTI, aJl )KYJIbI3IbIH THIMII TemriepaTypacsl 24000K kypaiiab.
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IRAS 22023+5249 npicanbiabi 2017-2020 xok. opeiHganraH B V' doromerpusicel coiikecinme B sxoHe
V xonakrapeiaaa mamamer 0™.25 sxone 0 ™.10 sKyJabI3pIK I1aMa TUCTIEPCHSIChIH KopceTTi. HbICaHHBIH CIIeKTpiHae
HP, Ho, [NII], 6548, 6583A, [SII], 6717, 6731A xoue Hel, 6678A 3MUCCHOHIBIK CBI3BIKTAPIbIH a0COJIOTTI
arbIHJIapbl MEH DKBUBAJICHTTIK €HI aHBIKTAJ/Ibl, COHBIMEH Karap oJlapAblH OipTiHAen Kymeroi Tipkesni. COHbIMEH,
conrbl 10 >xbut iminge Ho sxone [NII] coyneneny chi3blkTapbiHiarsl coyseneny 1,5 ece ecri. [SII], 6717, 6731A
CBI3BIKTAPbIHBIH KATbIHACBIHAH AHBIKTAJIFaH Ta3/blH AJIeKTPOHAbI ThiFb3AbEbEl Ne = 3800 = 800 cM-3 Kypaiasl.
OpTaibIK SKYIIBI3 TEMIIEPATypachIHBIH apTybl HBICAHHBIH OaKbUIAHBIT OTHIPBUIFAH KYOBUIBICTAPBIHA KayarThl
CEKLII.

Kanmer aiitkanga IRAS 22023+5249 HbICAaHBIHBIH CIIEKTPAJIIBI JKOHE (POTOMEPHSIIBIK CHIIATTaMallapbl ©31HiH
JKaFJaifbIHa, SSFHU TOMEHT1 KO3YAaFbl TUNIAHETAPIIBIK TYMAHIBIKKA Caif.

Heican IRAS 06053 + 1837 = LkHa 209 kenteren 6akpuiay OaraapiaMalapblHbIH KaTBICYIIBICH 00Jabl. OHBIH
KIKTETyl opIaibIM e3repin oThIpAbl: K KIachIHAAFb KYIABI3IaH MPOTOIIAaHETAPIIBIK TYMaHFa Aeiin. JKammbl, Oy
00BEKT Typallbl aKmapar auTapiblKTaid mekteyii. Onaeouerte 1986 - 1995 xpimapel anbiHFaH (HOTOMETPHSIIBIK
MaimeTTep 6ap.

IRAS 06053+1837 arrsl Hblcanra 6akpuiay Mamimertepi 2012 -2019xok. anbinabl. CoiikeciHie, Oy Hpicania B
V R mamanapbl MOHAEPIHIH alTapiIbIKTall YIKSH MIamIbUIbIMbI Oafikamaasr: 0™.50, 0™.15, 0™.30 cnekTpae CyTeKTiH
SMUCCHUSIIBIK ChI3BIKTaphl FaHa Oap. ChI3BIKTAPIbIH aCCHCUMETPHUSUIBIK MPOQIIbACP] KbICKA TOJKBIHIBIK IIEKapaaa
KEH KaHaTKa ue. HpIcaHHBIH 3BOFONUSIIBIK MopTedeci Oenrici3, o3iHiH jKeKe cumartaMmapbiHa opaii Xepourtin AeBe
TUNTI XKac KYIIbI3IapFa YKcac.

Tyi#lin ce3aep: SMUCCHAIBIK HBICAHIAp, IMHUCCHSUIBIK CBHI3BIKTap, B V mamamap, xeke Heicamap: IRAS
22023+5249, IRAS 06053+1837.

JI.H. KonapatbeBa, J.K. /lenuciok, U.B. Pesa, M.A. Kpyros,
I'.K. AiimanoBa, b.K. Omap, b. A. Ypmaues, A.T. MaiinbioaeB

Actpodusuueckuii unctutyt B.I'. decenkoBa, Anmarsl, Kazaxcran

CIHHEKTPAJIBHBIE 1 ®OTOMETPUYECKHUE NCCJIEJOBAHUSA
JABYX OBBEKTOB IRAS 22023+5249 11 IRAS 06053+1837

AnHoranusi. OOmas KapTHHA TPOUCXOKACHUS W DBOIIONUH IUIAHETAPHBIX TYMAaHHOCTEH TOCTOSHHO H
YCIENIHO TIOTMOJIHAETCS HOBOH HHQOpMamueird 00 »>TuxX oObekTax. HaOmiomeHus IUiaHeTapHbIX TyMaHHOCTEH
MPOBOIATCS B IIMPOKOM [HANa30HE JIMH BOJH OT paJHOIMania3oHa OO0 PeHTreHoBcKoro. [Ipobmema
HETIOCPEJCTBEHHBIX  JBOJIIONMOHHBIX  MPEANISCTBEHHUKOB IIJIAHETAPHBIX TYMAaHHOCTEH COXpaHSIET  CBOIO
aKTyaJlbHOCTh. [3BecTHO, YTO MHOTHE 3Be3lbl Kjacca Be o001amaioT OKOJIO3BE3AHOHW O0O0OJOYKOM, KOTOpas
chopmupoBaiiach W3 aTMOC(epbl 3Be3lbl, Ojaromaps ee¢ ObICTpoMy BpaiieHuto. OKOJIO3BE3IHBIC O00JIOUKH,
YaCTMYHO MOHW30BaHHBIE, n3iny4atoT smuccuonnble tuaun HI, [OI], Fel, [Fell], uabiMu cioBamu, UMEIOT CHEKTD,
MOTOOHBIN CIIEKTPY IUIAHETAPHBIX TYMAHHOCTEW HH3KOTO BO30YXKIeHUs. B mocieqHue roapl KaHIuaaThl Ha CTATyC
ABOJIIOIIMOHHBIX TIPEANICCTBEHHUKOB IUIAHETAPHBIX TYMaHHOCTSH BBIABICHBI B Karanore IRAS. Onu umeror
WHppaKpacHbIC [OKAa3aTEeIW I[BETa, TUIMYHBIC IS IUIAHETAPHBIX TYMAaHHOCTEH, W WMEHHO JTOT KPHUTCPUI
UCTIONB3YETCSI ISl TOTO, YTOOBI OTIMYUTH UX OT OOBEKTOB ApyruX TUNOB. MHOrHe 00BhekThl n3 Karamora IRAS yxe
UMEIOT CIEKTPhl HU3KOTO BO30yxmeHus. Kak mpaBmio, momoOHBIE OOBEKTH OTIMYAIOTCS MOBHIIICHHON
AKTUBHOCTBIO, KOTOPAst IPOSBIISIETCS B BUIE (POTOMETPHUIECKON M CTIEKTPATIbHOMN IIePeMEHHOCTH.

B nanHOW cTathe OOCYXXIArOTCS pPe3yJabTaThl HCcienoBaHUS ABYX 00bekToB: IRAS 22023+5249, TRAS
06053+1837

O6bexT IRAS 22023+5249=LS III+52°54=GGR 44=TYC 3969-2206-1 mepBoHauaIbHO BXOIWJI B KaTajor
3BE3/l C AMHCCHOHHBIMHU JHHUAMH. MH(pakpacHble HaONIOAEHUs BBISBWINM TpHCYyTCTBHE NBUTH. CrHeKTpajbHbIe
HAOJIOICHUS C BBICOKMM Pa3pEIICHUEM MOKA3alH, YTO O0BEKT MMEET BBICOKYIO TEIMOIEHTPUYECKYIO CKOPOCTh, U
a¢dexTHBHAS Temeparypa 38e3/b! cocTabisieT 24000K.

Hamm ¢doromerpuyeckne HaOmoaeHus, nposeneHHsle B 2017 — 2020 rr., moka3aid BBICOKYIO AWCIIEPCHIO
3Be3MHBIX BenmumunH mopsaka 0™.25 m 0 ™10, 8 B u V mornocax, coorBercTBeHHO. bomee Toro, Habmromaercs
TEHJICHIMS TIOCTCTIICHHOTO YCWICHHUS Oyiecka. B cmekrtpe o0bekTa ompeieicHbl aOCONIOTHBIE IOTOKH U
SKBHBAJICHTHBIC MHUPHUHBI 3MuccHOHHBIX nmHIA HB, Ha, [NII], 6548, 6583A, [SII],6717, 6731A and Hel, 6678A.
OTMeuaeTcs IOCTEeTIEeHHOE YCHIICHNE a0COMIOTHBIX MMOTOKOB, OCOOCHHO 3aMETHOE B «KPAaCHOM» IHAIa30HE CIEKTPa.
Tak, 3a mocnenuue 10 et m3mydeHne B smMuccroHHBIX JuHUAX Ha u [NII] yBenmummocs B 1.5 pa3a. DnekrpoHHas
IUIOTHOCTH T'a34, ONpe/IeJIeHHas 110 OTHOIeH o auHuii [SI1],6717, 6731A, cocrasnser Ne=3800+800cm.
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HaGmomaembie m3meHenus: oonekrta IRAS 22023+5249 moxHO OOBSACHUTH TOBBINIEHHEM d(h()EKTHBHON
TEMIIEPaTypbl LEHTPAIbLHON 3Be3lbl. B 1enoM crekTpaibHbie M (OTOMETPHYECKHE XapaKTEPUCTHKU JIAHHOTO
00BEKTa COOTBETCTBYIOT €0 CTATYCy — IUTAHETAPHON TYMAHHOCTH HH3KOTO BO30YKICHHUS.

Oobexr IRAS 06053+1837 = LkHa 209 Obu1 y4acTHHKOM MHOTHMX HaOJrOJaTenbHbIX mporpamm. Ero
kimaccu(uKalus BCE BpeMs MEHsUIach: OT 3Be3lbl Kiacca K 70 mpoToruiaHeTapHON TyMaHHOCTH. B 1enom
uHpopManus 00 3TOM OOBEKTE [OBOJBHO OrpaHWUYCHHAs. B nHTepaType ecTh (POTOMETPUYECKHE JJTaHHBIC,
nosyuyeHHsle B 19861995 rr.

Hamm wabnronenust oovekta IRAS 06053+1837 Bemonasmmes B 2012-2020 rr. @otoMeTpryecKie TaHHBIC
MOKa3alii, 4To OJeck 00BhEeKTa MONToe BpeMs HAaXOAWUTCS Ha OJHOM ypPOBHE, HO NUCIEPCHS 3HAUYCHHH TOCTATOYHO
Benuka: 0m.50, 0™.15 u 0 ™.30, B B V R monocax, coorBercrBenHo. B 2019r mHamermiioch HEOOIBIIOE OCIabIeHe
Orecka, ocobenHo 3ameTHoe B osioce B. B cnektpe IRAS 06053+1837 mpucyTCTBYIOT TOIBKO SMHUCCHOHHBIEC THHUT
BOJIOpPOAA. AcCHUMETpUYHble MPOPHUIM JHMHUA HMEIOT INUPOKHE KpPbUIbS Ha KOPOTKOBOJHOBOW TPaHUIE, YTO
CBUJETENBCTBYET O HAJWMYMU 3BE3IHOTO BETpa. DBOIIONHWOHHBIA CTaTyC OOBEKTa HE OMNpEAesieH, 10 CBOUM
XapakTepUCTUKaM OH ITOX0 Ha MOJIo/Ible 3Be3bl TUia AeBe XepoOura.

KiroueBble cI0Ba: SMUCCHOHHBIC OOBEKTHI, AMHCCHOHHBIC JIMHHM, B V BelWYMHBI, WHIUBUAyAIbHBIC
o0bekThl: IRAS 2202345249, IRAS 06053+1837.
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COMPARISON OF CHARACTERISTICS
OF PHOTONS FLUXES VARIOUS ENERGIES
IN THE DEVELOPMENT OF SOLAR GAMMA FLARES

Abstract. The characteristics of photons fluxes of various energies during the development of flares with high-
energy gamma rays are considered. Observations on FERMI, SDO, GOES spacecraft were used. Photons fluxes with
energies Ex = (12-25) keV, Ex= (50-100) keV and Ei > 100 MeV for 19 flares events were compared. Comparison of
quantitative and temporal characteristics of photons profiles of X-ray energy range with properties of bright flares
plasma showed that for almost all events the moments of onset of peaks (12-25) keV and maximum values (50-100)
keV of photons in counts/s refer to the time interval from the beginning of flares development within 22 minutes.
The same result is noted for events with the most intense maximum fluxes in (y.cm? s') for high energy
photons > 100 MeV. This supports the assumption of the most effective acceleration of particles during the
simultaneous development of the direct flare process and the accompanying coronal mass injection, resulting in the
creation of maximum fluxes values of highly energetic gamma photons. Flares events with the most intense
maximum fluxes in (y-cm. s™!) for high energy photons > 100 MeV do not show the highest values of the number of
photons in the X-ray energy ranges, indicating differences in the efficiency of photons formation mechanisms of
different energies. According to observations, the most likely source of quantitative amplification of flares photons
with energies (12-25) keV is the results of bremsstrahlung radiation of bright flares emission in corona, and for
photons with energies (50-100) keV - in the area of upper photosphere and temperature minimum.

Keywords: Solar flares, flare plasma emission, coronal mass ejection, X-ray and gamma ray.

Introduction. With use of the observation data obtained by means of the modern solar spacecrafts
(SC) there was an opportunity to study properties of flare fluxes photons of different energy. During the
impulse phase of flares, the main mechanism of particle acceleration is the release of free magnetic energy
in the active region due to its dissipation in current sheets caused by magnetic reconnection followed by
stochastic acceleration during the development of various plasma instabilities [1-3]. The process of
magnetic reconnection occurs in both the corona and the chromosphere of the Sun [4]. As a result of the
effect of magnetic reconnection, flows of fast-moving plasma, heat waves and highly energetic charged
particles are observed from the area of primary energy release, some of which propagate along magnetic
flux tubes into the underlying layers of the solar atmosphere. When interacting with denser plasma in loop
bases, X-rays, gamma rays are generated and plasma is heated. Rapid heating of the plasma in the
photosphere and chromosphere results in its "evaporation" and rising upward and filling the entire volume
of magnetic arches. During this period, the greatest increase in soft X-rays is observed.

It is generally assumed that the occurrence of flares and associated coronal mass ejections (CME) is
closely related to the imbalance of magnetic structures of the active regions during their evolution. As the
magnetic structures of the active regions with the magnetic field polarities on the line of separation
develop, the filaments are continuously complicated. Above the filaments there are closed loops of
magnetic field, which create a generally closed magnetic configuration of the entire active area up to
coronal heights. At continuous action of shear movements on the bases of magnetic loops along the line of
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polarity separation, the filament (prominence) loses stability and begins to climb up rapidly, opening the
magnetic structure and forming the "core" of CME. It is possible that it is with the process of "breaking"
the vertices of coronal magnetic loops that the moving filament is associated with the impulse phase of the
flare, because energy release is recorded in these areas and hard X-ray sources are observed.

An important source of particle acceleration in flares is their acceleration on shock wave fronts arising
from the propagation of CME from the active regions to the upper layers of the corona and in the
interplanetary environment. When protons of flares accelerate to Ek > 500 MeV energies, due to their
nuclear interaction with the substance of the solar atmosphere, neutral pion are generated [5], at the decay
of which gamma rays of high energy photons > 100 MeV produces.

The given physical, structural and dynamic properties of the active regions during the development of
flares processes indicate the possible action of several mechanisms in the formation of photons of different
energies.

Results of observation data processing. Properties fluxes of flares photons with energies
Ex = (12-25) keV, Ex = (50-100) keV and Ex > 100 MeV were compared. From the list of 32 events
presented in the works G.H. Share et al. [6,7] and with time resolution of 1 min for gamma ray fluxes
Ex > 100 MeV, the only 19 of events that occurred in the period 2011-2017 were selected. This limitation
is due to the mandatory presence in the observation data of profiles of quantitative changes of photons
with energies Ex = (12-25) keV, Ex = (50-100) keV. Observations from FERMI spacecraft using GBM and
LAT instruments were used.

Table 1 shows some characteristics of photon fluxes in X-ray energy intervals (12-25) keV and
(50-100) keV, as well as of sustained gamma ray with energies > 100 MeV.

Table 1 - Characteristics of flares and fluxes of photons different energies

GBM peak GBM max LAT
Date GOES X-ray (12-25) keV (50-100) keV F™%>100Mev
Class, Start counts/s counts/s yem?2 s
UT UT UT

1 07/03/2011 M3.7 19:43 1.2:10°20:03 1.0-10%20:02 2.3-10°20:26
2 07/06/2011 M2.5 06:16 6.9:10%06:26 1.3-10%06:25 5.5-10308:00
3 04/08/2011 M9.3 03:41 5.9:10°03:54 1.5-10*03:52 4.3-107 05:06
4 09/08/2011 X6.9 07:48 1.2:10°08:08 7.0-10°08:06 7.7-10408:03
5 06/09/2011 X2.1 22:12 8.7:10322:20 4.2:10522:19 5.7-10422:27
6 07/09/2011 X1.8 22:32 1.0-10° 22:38 1.7-10°22:37 1.6:10323:37
7 24/09/2011 X1.9 09:21 8.0-10°09:42 4.0-10509:35 1.6:10409:43
8 09/03/2012 M6.3 03:22 1.3-10°03:39 8.0-10%03:41 1.3:10303:50
9 03/06/2012 M3.3 17:48 1.7-10°17:55 2.5-10*17:53 3.8:10%17:54
10 23/10/2012 X1.8 03:13 8.3-10°03:16 2.5-10°03:15 2.3-10°04:17
11 27/11/2012 M1.6 15:52 1.1-10°15:57 9.0-10%15:55 2.5-1015:59
12 11/04/2013 M6.5 06:55 2.1-10°07:10 3.0-10307:10 1.7-10407:13
13 13/05/2013 X2.8 15:48 7.8-10°16:07 2.3-10°16:04 3.8:10°17:42
14 14/05/2013 X3.2 01:00 9.4-10°01:13 2.4-10°01:08 1.7-10501:42
15 11/10/2013 M4.9 07:01 4.1-10*07:17 2.2-10207:10 4.7-10407:19
16 25/10/2013 X1.7 07:53 2.7-10°08:07 2.6-10°08:07 2.5-10°08:17
17 28/10/2013 M4.4 14:57 1.6:10° 14:59 6.0-10%14:59 2.6:10°15:45
18 25/02/2014 X4.9 00:39 8.1-10°00:53 5.0-10° 00:46 1.5:10301:22
19 10/09/2017 X8.2 15:44 1.0-10°16:22 8.0-10°16:12 1.3-10216:00

The second column of the table shows the peak values of the number of photons (12-25) keV counts/s
determined for each event during the maximum period of their fluxes and presented on the site of FERMI
GBM. Using FERMI GBM QUICKLOOK graphs, the maximum photons (50-100) keV counts/s (third
column) were determined. And accordingly, to obtain maximum photons fluxes F™* y-cm?-s” with
energies > 100 MeV and time resolution 1 minute (fourth column), were used observation graphs on the
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FERMI LAT and published in [6,7]. In table additionally indicates the start time of each flares event, as
well as the moments of onset of peaks and maximum quantitative values for photons of different energies.

Using the data presented in the table, separate graphs were constructed taking into account the photon
energy intervals showing the peak and maximum photons fluxes values for the respective moment after
the flare began. All considered events are conditionally divided into two groups: the first (red dots) -
flares, which had the highest values of gamma-ray fluxes F™,-100mev>1.0-10* (y:cm™s™") and the second
group (black dots) - the rest, with smaller values.

10°% * e o ° oo o 0% ° ¢
L] g >
. * s L] °
w
3 10% s g . #10%
5 ° 5
3 8 "
x 4 x 4 P
310 (12-25) keV S10 s (50-100) keV
*®
10°F 10°F
ot min e at min
109 " A A i 102! N M M 1
0 10 20 30 4070 10 20 30 40
[
102_
o
£ .
|
10 :
I ke >100 MeV
8
R LX)
5 10°F
w . L .
. ¢ L4 o
10°L e 0 w .  otmin
0 20 40 60 80 100 120

Figure 1 - Comparison of peak values (peak counts-s™') of photons (12-25) keV, maximum values (max counts - s-1) of photons
(50-100) keV and maximum values of gamma-fluxes (F™*y100mev y-cm2-s7') with time interval value in minutes after flares start

Both upper graphs in figure 1 with quantitative values of X-ray energy photons show approximately
the same contribution of both groups of events to the range of observed values. This indicates that there is
no clear link between the effectiveness of photons amplification mechanisms with X-ray and gamma
energies. A clear example: of all the events taken for consideration, the lowest values of the number of
photons with X-ray energies were found for the flare of October 11, 2013, included in the 1-st group of
events with the highest values fluxes of photons with gamma energy >100 MeV.

Except for one event, for all others, the moments of emergence of peaks (12-25) keV and the
maximum values (50-100) keV of photons in counts/s lie in the range of time from the beginning of
development of flares within 22 min. The same conditions correspond also to the most intensive maximum
fluxes in (y.cm™. s) for photons of gamma energy >100 MeV. This supports the conclusion in the article
[8] about the most efficient formation of high-energy gamma rays due to the very intense acceleration of
particles (with the energy of protons Ex > 500 MeV), when flare development simultaneously with shock
waves of CME.

In most events, the peak values for (12-25) keV were observed slightly later than maxima in the
profiles of (50-100) keV.




News of the National Academy of sciences of the Republic of Kazakhstan

2246* : . 516°F —_————
GOES X-ray GOES X-ray
(1-8)A (1-8)A-
-4
1440 3104 i
E
i _
6.0-10 1_101_ -
= : : 10° e U S S L L
108 FERMI
BM : GBM
105k 10°F .
w
a s 10%F (12-25)keV i
=
§ (12-25)keV |
10*f 10°F 4
102t 102+ ]
(50-100)keV ; ‘{50.100}“\;
er : ' R 126 RS B
al1700A | | al1700 A
1.12 s
1.08f 1 143} 1
1.04} 1 £
1.00 L s UT1 400 TS O 75 I OO ..
22:10 22:20 22:30 22:40 00:30 01:00 01:30 02:00
6 Sept 2011 25 Feb 2014

Figure 2 - Comparison of the temporary development profiles of GOES X-ray (1-8) A flares, quantitative changes of photons
(12-25) keV, (50-100) keV and relative ultraviolet intensity of flares emission for the events of September 6, 2011
and February 25, 2014. Peaks photons (12-25) keV marked on the corresponding profiles with small vertical ledges

Comparison of profiles of temporary changes of quantity of photons to energy (50-100) keV shows
their good coincidence to relative of photosphere of flare emission AI A1700 A. This is expressed not only
in the similarity of profiles view, but also, most importantly, in the simultaneous onset of maximum
values. The corresponding photons profiles with energies (12-25) keV show a longer time interval with
maximum values, which is most characteristic of changes in the intensity of flares emission in the corona.

Figure 3 - Fe A193A corona photogeliograms (data spacecraft SDO) 6 September 2011 22:20:19
and 25 February 2014 00:53:30




ISSN 1991-346X Series physico-mathematical. 3. 2020

By way of example, Figure 3 shows images of the A193A corona (Fe XII, XXIV) obtained on the
SDO for the events of September 6, 2011 and February 25, 2014 during peaks quantity of photons (12-25)
keV. Bright rays from region of flares plasma directed in opposite directions indicate the presence of solar
excess intensity at these moments for the spacecraft photo matrix pixels in imaging.

This results in an observed overflowing of charges to adjacent pixels having no excess of them - the
instrumental effect of blooming. Coronal photogeliograms most accurately reflect changes in both
luminance and time characteristics of photons having energy (12-25) keV.

Thus, it is possible to assume the source of excess number of photons with energies (12-25) keV -
bremsstrahlung radiation due to of flare emission coronal plasma (A193A), and for photons (50-100) keV
due to bright emission of photospheric plasma (L1700A).

Main results and conclusion. The processing of observation material obtained on modern
spacecrafts allows to detect new properties in the development of traditionally studied phenomena of solar
activity.

It has been found that the maximum values of the quantitative characteristics of photon flares fluxes
having X-ray energy at intervals (12-25) keV and (50-100) keV are observed during the initial
development period of the flares, within 22 minutes. But the most surprising thing is that such a picture is
present for the most powerful F™ .ipomev>1.0-10" (y-cm™?-s™) fluxes of photons gamma rays. This
indicates the most effective particle acceleration with the simultaneous development of the flare process
and high-speed coronal ejection. This results in the formation of the most powerful fluxes of energetic
gamma photons.

The photons fluxes characteristics in the X-ray energy intervals (12-25) keV and (50-100) keV are
determined by the behavior of the bright flare emission in the corona (for the first interval) and in the
photosphere, respectively, for the second energy interval.
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KYHHIH TAMMA-COYJIEJIEHYIHIH JAMYbI KE3THJIE 9PTYPJII
SHEPI'UAJIBI ®OTOHAAP/BIH COYJIEJIEHY AFbIHBIHBIH
CUITATTAMAJUIAPBIH CAJIBICTBIPY

Annoranus. JXorapsl 3HEPTHSIIBI TaMMa-CoOyJeJCHYIHIH JXapKbUIBI KE3IHIETi OpTYpii SHEprHusibl (OTOH
aFBRIHIAPBIHBIH cumatTamanapsel KapacTeipbuiael. bis FERMI, SDO, GOES fapbrIITHIK amnmapaTTapblHBIH OaKpLIay
MomiMeTTepiH maiganasasik. 19 xapkeun ymria Ek = (12-25) keV, Ex = (50-100) keV xone Ei>100 MeV suaeprusiibt
(OTOH aFbIHOApBIHA CANBICTBIPYNIAP JKYPri3nmi. PeHTreH coymnenepiHiH JHEPTUSUIBIK aiMarblHBIH  (HOTOH
npoUIbICPIHIH CAaHIBIK JKOHE YaKBITIIA CHIIATTaMaJIapbIH )KapKbIH ajlay IUIa3MaChIHBIH KaCHETTEPIMEH CalIbICTBIPY
OapIiBIK OKUFaNap YIIiH MBIHHBH O0actamysl (12-25) keV xone Makcumanasr mouzaepi (50-100) keV, dporornapasy
counts/s JaMmy yakbIT apajbIFbIHBIH 22 MHHYTKe CO3bUIafbl. /1o OCBIHAAH HOTHIKE JKOFaphl SHEPTHsUIBl (HOTOHIAP
ymria >100 MeV MakcHManabl arblHIaphl 0ap okurazapaa Oarikamamsl (y cm ¢!). By Tikenel anay npomecinin 6ip
Me3ringe namysl Ke3iHAe OeNIIeKTepIiH YACYiH XOHE KapBUIBIC Ke3iHIe JKYPeTiH TOKIIK MacCaHBIH IIBIFYBIH
pacTaiiipl, HOTHKECIHE KOFaphl SJHEPTUsIIBI TaMMa-CayJIeIepiHiH MaKCUMaNIbl aFbIHIApbI maiina 6omaxel. XKorapbl
SHEPrusuIbl (poToHmap ymrid >100 MeV MakcuManasl aFsIHAAPH (Y cM2 ¢') Gap sKapKbUIIap OKHFAIaphl PEHTTEHIIK
SHEpPrus [UANa30HBIHAAFBl (DOTOH CaHBIHBIH €H JKOFapbl MOHJIEpIH KepceTHewmi, Oyl opTypii 3HEprusuIbl
(hOTOHIAPBIHBIH TY3UTy MEXaHU3MAEPIHIH THIMIUTITiHAETI alBIpMaIIbUIBIKTapapl KepceTeni. PeHTren aiMarbIiHIa
JKapK eTyJIepAiH JaMybl asKTalfaH yaKbITTaH KeiiH raMMa cayJieJeHy arbIHBIHBIH MaKHCMAILABI KYLIeiyi, KOFapbl
63
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sHeprusiibl GporoHmap yurid >100 MeV 6apiblKk TOMEHTI IIamaaarbl OKuragap yuriH OakpuiaHaasl. COHOBIKTAH 1a,
raMma CoyJieNnep aFbIHBIHBIH KAPKBIH/IbI JaMYBIHBIH KYIICHYIHIH MaKCUMAJIbl MOHI'€ JKETYl KYH TOXKIHIH HIBIFAThIH
aFbIHJIAPbI KO3IBIPAThIH COKKbI TOJIKBIHIAP OOJTYbl MYMKIH.

VakpIT oTe Keite (OTOHAAp CaHbIHBIH KECKiHiHiH o3repynepin (50-100) keV sHeprusmen caiblCThIpy Ke3iHIE,
ouerH Al A1700A cambicTeipMansl oTochepanarsl SKapKbUIAB IUIA3MAHBIH HHTCHCHBTITMIMEH JKaKChl COMKEC
KEJCTIHIIriH Kepceremi. byl Tek KeCKiHHIH TYPIHIH YKCACTBIFBIH FaHA €MEC, COHBIMEH Oipre MaKCHMalbl
MOHJEp/iH Oip yakbiTTa 6acTanysiH kepcerei. (12-25) k3B aneprusiibl poToHaapra colikec KECKiHIep MaKCUMAJIIbI
MOHJIEPMEH Y3aK YaKbIT apajbIFblH KOpCceTeli, Oyl KYH TOXKJAErl KapKbULAbI COYJIEJICHYIHIH WHTECHBTUIIMHIH
o3repyine ToH. Kemreren sxarmainapna, (12-25) k3B mibiHbl Keckinpepaeri makcumymHan (50-100) kaB-re
KaparaHaa Oipimiama keiripek Oosazabl. baxputaynapra coiikec, (12-25) keV sHeprusuibl (oTOHAAP KAPKHUIBIHBIH
CaHJBIK KYILeiy KO31, KYH TOKIHIH allMarbIH/Ia )KapbIKbIpay Ke3iHJeri Texerim coynenenyi cebern, an (50-100) keV
sHeprusuibl poToHaap yiuiH Gorocdepa alimMarsl )xoHE TeMIEpaTypa MUHUMYMbI OOJIBINT TaObLIAIbI.

TyiiiH ce3mep: KYH KapKbUIbl, )KapbIK SMHCCHUIBI TIa3Maliap, KYH TOKIHEH HIBIFAPbIIATBIH Maccaiap, peHTIeH
’KOHE raMMma CoyJieleHyJepi.
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CONOCTABJIEHUE XAPAKTEPUCTHUK IIOTOKOB U3JIYUYEHUA ®OTOHOB
PA3HBIX DHEPT U ITPU PA3BUTHUN COJTHEYHBIX TAMMA-BCIBIIIEK

AHHOTanus1. PacCMOTpeHbI XapaKTEpPUCTHKN TOTOKOB (DOTOHOB Pa3MYHBIX YHEPIHH NPU Pa3BUTHH BCIIBIIIEK C
BBICOKOPHEPIHMYHBIM TaMMa-u3JIydeHneM. lcronp3oBaich AaHHbIE HAOMIONCHWH Ha KOCMHYECKHX amaparax
FERMI, SDO, GOES. IlpoBeneHo comocTaBieHHe IOTOKOB (oToHOB ¢ 3Heprmamu Eix = (12-25) keV,
Ex = (50-100) keV u E>100 MeV misa 19 Bcubimednsix coObrtuii. CpaBHEHHE KOMTUYECTBEHHBIX W BPEMEHHBIX
XapaKTEepPUCTHK Tpoduieil (OTOHOB PEHTTCHOBCKOTO IHAlla30HA SHEPTHl CO CBOWCTBAMH SIPKOW BCIBIIICYHON
TUTa3MBI TTOKA3aJI0, YTO TIOYTH JJIS BCEX COOBITHH MOMEHTHI HACTYIUICHUS MUKOBBIX (12-25) keV m MakcHMalbHBIX
3nadgeHnit (50-100) keV ¢oToHOB B counts/s OTHOCATCS K MHTEpBAly BPEMEHH OT Hayalla Pa3BUTHUS BCIIBIIICK B
npenenax 22 MUHYT. Takoif e pe3yabTaT OTMEYAeTCs U U COOBITHH ¢ HanboJiee HHTEHCUBHBIMA MaKCUMAaITbHBIMHU
notokamu B (y-cm> s7') mas ¢oronoB BeicOkMX dHepruii >100 MeV. DTO IOATBEPKIAET NPEINONOKEHHE O
HanOoee 3((HEeKTUBHOM YCKOPEHHH YacCTHI] B IIEPHO OJHOBPEMEHHOTO Pa3BUTHS IPSIMOT0 BCIIBIIIIEYHOTO Mpolecca
U COIPOBOXKIAIOUIETO BCIBIIIKY KOPOHAJIBLHOTO BBIOpOCAa MAaccChl, NMPUBOASIIMM B HMTOTE K BO3HHKHOBEHHIO
MaKCHMaJIbHBIX 3HAYCHWIH ITIOTOKOB BBICOKOSHEPIWYHBIX TaMMa-KBAHTOB. BcIiblieunsle cOOBITHS ¢ Hambosee
MHTCHCHBHBIMH MaKCHMAIBHBIMA IIOTOKaMH B (y-cm™> s™') mua ¢oroHOB BBICOKHX sHepruii >100 MeV me
MIOKa3bIBAlOT HauOoJiee BBICOKMX 3HAYEHWH KoJM4YecTBa (POTOHOB B JHMAINla30HAX PEHTICHOBCKUX BSHEPTHH, UYTO
YKa3bIBaeT Ha OTINYMS B 3()(PEKTHBHOCTH MEXaHU3MOB 00pa3oBaHus (DOTOHOB paszHBIX 3HEpruid. IIpakTHyeckn s
BCeX COOBITHH C TOHIKCHHBIMH 3HAYCHHSIMH KOIMYECTBa (POTOHOB BBICOKHMX 3Hepruit >100 MeV wnabmromaercs
MaKCHMaJIbHOE YCHJICHHE IIOTOKOB TaMMa H3JIydeHHS B IIEPHOJ] IIOCIE€ OKOHYAHMS pPAa3BUTHS BCIBIEK B
PEHTI€HOBCKOM Juamna3oHe. [103ToMy B 3THX ciydasx ONpeAessIoNIyIo pojib B yCHICHHN IIOTOKOB TaMMa H3ITy4eHHS
JI0 MaKCHMAaJlbHbIX 3HAUCHWI WIpPAlOT, BEPOSATHEE BCETO, YAApHBIC BOJHBL, BO30YXIaeMble KOPOHAJIBHBIMU
BEIOpOCaMH.

Comnocrasnenne mpodmieli M3MEHEHUS CO BpeMeHeM KoimdecTBa (oToHOB ¢ »Heprusamu (50-100) keV
MOKa3bIBAET MX XOPOIIEE COBMAAECHHE C OTHOCHTEIBHOM HHTEHCHBHOCTHIO (DOTOC(HEpHON BCHBIMICYHOH IUIA3MBbl
AI A1700A. Dro BEIpa)KaeTCs He TOJBKO B MOJ00WH BUAA IPOQUIIEH, HO U, YTO OCOOCHHO BaKHO, B OTHOBPEMEHHOM
HACTYIUICHNH MaKCUMalbHBIX 3HaueHuid. CoorBercrBytomme npodman (oToHOB ¢ 3Heprusmu (12-25) keV
MIOKa3bIBAIOT OoJiee MPOJOJDKUTENBHBINA 10 BPEMEHHM WHTEPBAT C MaKCHMAJIBHBIMHM 3HAYCHUSIMH, YTO HawnOoiee
XapaKkTEepHO AJIsI U3MEHEHWH MHTEHCHBHOCTH BCTIBIIIEYHON 3MHCCHHU B KOpOHE. B OosbmmHCTBE COOBITHI TUKOBBIE
3HadeHus mus (12-25) keV HacTymaroT Heckonmpko mo3xke MakcumymoB B mpodmisx (50-100) keV. Cormacao
HaOMIONEHNSIM, HamOoJiee BEPOATHBIM HCTOYHHKOM KOJIMYECTBEHHOTO YCHIICHHS BCIBIIIEYHBIX (DOTOHOB C
sHeprusiMu (12-25) keV sABISrOTCS pe3ynbTaThl TOPMO3HOTO H3IYYCHHUS SIPKOM BCHBIIIEYHOH SMHCCHU B 00IAacTH
KOpPOHBHI, a 1115t poToHoB ¢ 3Heprusmu (50-100) keV — B obmactu poTtocdeps! U TeMuepaTypHOTO MUHIMYMA.

KiroueBble cj10Ba: COJHEYHBIC BCIBIIIKM, SIPKas SMHCCHS IUIA3Mbl, KOpPOHAJIbHBIE BBIOPOCHI MAacChl,
PEHTI€HOBCKOE M TaMMa-H3JIydeHHE.
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FEATURES OF MAGNETIC STRUCTURE
OF SUNSPOTS GROUPS AT DEVELOPMENT
OF SUSTAINED FLUXES HIGH ENERGY GAMMA RAY

Abstract. The research of magnetic structure of sunspots groups which were sources of three highest values of
fluxes gamma ray with energy of photons >100 MeV for all the time of observations on Large Area Telescope
(LAT), on board the Spacecraft (SC) Fermi Gamma-ray is conducted. At the same time observed fluxes of gamma
ray had also the greatest duration of existence. For comparison, group of spots of similar magnetic class was
attracted, but in the absence in it of events that are sources of gamma ray. As a result of the analysis, a characteristic
feature of the structure of magnetic fields was revealed: it is that in these sunspots groups inside the region of one
polarity there is a very close location of the magnetic field of the opposite polarity. This occurs in the consequence of
the interpenetration of cores and umbrae, as concentrated magnetic field carriers, of one polarity inside the field of
another polarity. Observations show the existence of a rather long neutral line with very high magnetic field
gradients, which affect the growth of active processes in the sunspots regions and, most importantly, the growth of
proton acceleration efficiency on high-speed shock fronts and shock waves of CME.

Therefore, groups of magnetic class sunspots BD and BGD, having a structure of close interweaving of magnetic
fields of opposite polarities, exhibit extreme activity and are proposed to allocate them into special subclasses - BDe
and BGDe (extreme). In the absence of such a property in the magnetic field structure, there is no significant
enhancement of activity in the sunspots groups of BD and BGD classes.

Keywords: Structure of magnetic field of sunspots groups, high energetic gamma rays from flares, magnetic
subclasses with extreme activity.

Introduction. The most powerful active phenomena in the Sun are solar flares which usually are
accompanied by the coronal mass ejection (CME). On modern representations, the flare and CME are
considered as the uniform process connected with violations of balance of magnetic structure in active
region. Development of flare is connected with allocation of free magnetic energy in active region owing
to her dissipation in current sheets because of magnetic reconnection with the subsequent action of
stochastic acceleration at development of various plasma instability [1-3]. At development of active region
its magnetic structure with the filaments which are located on the line of the section of polarities of
magnetic field continuously becomes complicated. Over filaments the closed loops of magnetic field
which create in general the closed magnetic configuration of all active region up to coronal heights are
located. At continuous impact of shift movements on bases of magnetic loops along neutral line of
magnetic field filament (prominence) loses stability and begins to rise up in an expedited manner, opening
magnetic structure and forming "core" of ejection of CME [4].

Shock waves of CME are considered as the main source of the accelerated solar protons to energy>
500 MeV at their distribution, both in corona of the Sun, and in the interplanetary environment [5].
According to results [6], protons with the energy exceeding 300 MeV in interaction with substance of the
solar atmosphere are capable to generate the neutral and charged pi mesons (peonies) at which
disintegration is formed a gamma ray. In cases of acceleration of flare protons to energy Ek> 500 MeV,
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neutral peonies become sources of ray of gamma photons of high energy >100 MeV which is registered
devices FERMI LAT.

Thus, summarizing results of the researches conducted earlier, we come to a conclusion that very
important factor in development of the flare process leading to education high-energy gamma ray is the
structure of magnetic field of active region, as represents the purpose of further researches.

Properties of magnetic structure of sunspots groups for events with the most intensive and long
fluxes high-energy gamma ray

The national Center NOAA publishes the observation data of solar active regions received on various
observatories with the indication of magnetic classification of sunspots groups of: A — unipolar, B —
bipolar, BG — bipolar with irregularly located polarities, BD — the delta the structure in which at least one
spot includes umbrae of opposite polarity and the most complex — BGD includes in addition to previous
irregularly located cores of opposite polarities. (stp_space-weather solar-data solar-features sunspot-
regions_usaf mwl.html).

The numerous, earlier conducted researches showed that the active regions possessing the most
complex magnetic structure (classes BD and BGD) are sources of overwhelming number of the highest
powerful proton events with pfi>10° (the maximum value of flux of protons >10 MeV) [7].

In our research four events are used, three of which had the highest maximum values of flux gamma
ray 9.0-10* y-em?-s7'< FyXToomevs 2.4 107 y-cm™?-s”, (Fermi LAT Maximum Likelihood). At the same
time, duration of fluxes of gamma photons with energy Ex >100 MeV was the largest - from 7 to 20 hours
(figure 1). [https://hesperia.gsfc.nasa.gov/fermi/lat/qlook/LAT qlook plots.htm)].

Fermi LAT Maximum Likelihood

-
=
L

Solar Gamma-Ray Flux

-
OI
L4}

-
<

}
ot
IR RN ¥

I
' i g Yeaagd

07 i 1 ; 1 . . . i . . 1 . ; i i . . 1 . ;
6 Mar 2012 7 Mar 2012 24 Feb 2014 25 Feb 2014 10 Sep 2017 11 Sep 2017

-
o,
L]

e
o
=
-
4=
-y
-

TTTT] ‘|_|||||||| LRRLL L B B

T "'";_{.."“'"I L2 PRI PR PR

Flux >100 MeV (ycm?s1)
-
b

Figure 1 - Events of the highest intensity and the biggest duration
of fluxes gamma photons >100 MeV during observations of the Sun on telescope Fermi

Especially for comparison the fourth event which occurred in the group of spots of a BGD class is
attracted, but in it there were no flux of gamma ray. The main characteristics of the considered flare events
are presented in table 1.

Table 1
Data, Location yyyy/mm/dd, GOES X-Ray SEP CME Duration FiThoMev
deg Class, Start Flux (pfu) Speed, km s Fy>100Mev ycm?2s!
1 hours
2012/03/07, N17E15 X5.4,00:02 6310 2684 20 2.4-107
2014/02/25, S12E82 X4.9, 00:39 103 2147 7 1.8:107
2017/09/10, SO8W83 X8.2, 15:35 1490 3163 12 9.0-10*
2014/10/24, S12W22 X3.1,21:07 - 184 - -

Necessary to make a remark concerning rather low observed pfis value for powerful SEP - event on
February 25, 2014. It is connected about arrangement of flare on longitude - actually east edge of disk the
Sun. Therefore, in near-earth space of SC GOES were registered only an insignificant part of a flare flux
of protons (table 1, the 3rd column).
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Pictures with of SC Solar Dynamics Observatory are given below: a photosphere, color and black-and-
white magnetograms for four considered groups of spots (figure 2,3).

Figure 2 - a) On March 7, 2012 00h AR 1429; S=1310 millionths of the solar hemisphere (msh); N17 E15; group of spots of the
class BGD; The area border with close located four layers of the alternating umbrae of opposite polarities is marked in red color
on a black-and-white magnetogram. b) On February 25, 2014 00h AR 1990; S=250 msh; S12 E82; group of spots of the class BD

Comparison of structure of a magnetic field of four active regions which groups of solar spots have the
complex magnetic configuration (classes BD and BGD) indicates presence in three cases of her additional
very important property (figure 2a, and figure 3a). It is that in these groups of spots in region of one
polarity the magnetic field of opposite polarity is observed. It results from interpenetration of umbrae of
spots and pores as concentrated carriers of a magnetic field of one polarity in the field of other polarity.
Only the close arrangement of two separate cores and large-scale magnetic fields of different polarities is
characteristic of the fourth event (figure 3b) that didn't lead to very noticeable strengthening of the activity
processes in AR2192. Quite compact AR2192 (class BGD) considerably exceeded other considered
groups on the area. During passing on a disk of the Sun in it there were 95 flares of X-ray Class C,
33 flares of Class M and 6 flares of Class X. But at the same time, not a single proton event and not a
single geomagnetic storm have been registered. Flares were accompanied by several Coronal Mass
Ejections with very small speed.
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Figure 3 - a) On September 9, 2017 00h UT; AR 2673; S=1000 msh; S08 W74; group of spots of the class BGD; b) On October
25,2014 00h UT; AR 2192; S=2500 msh; S12 W22; group of spots of the class BGD. The delta structure of group is defined by
presence of umbrae of opposite polarities at the western part of a penumbra of the main multicores spot

It should be noted one more characteristic property of sunspots groups with the mixed polarities — very
high gradients of a magnetic field on quite long part of the neutral line in the active regions.

Possibly, very high speeds of coronal mass ejections which accompanied development of flares were
affected by the complex structure of magnetic field in first three (table 1) the considered active regions.
The additional research showed that in the period of 2010-2017 on SC SOHO at development of 9 flare
events coronal mass ejections which linear speeds exceeded 2000 km/s were observed. And only for
6 CME them sources (the active regions) were on a visible disk of the Sun. Thus, three more were added
to three already considered events with high-speed CME. For them the following data are revealed:
On January 23, 2012, Veme =2175 km/s, M8.7, Fy%%5omev=2.3-10" y-cm™¢”'; On January 27, 2012,
Veme =2508 km/s, X1.7, ]f';afmeeFS.O-lO'S y-em?-¢'; On May 13, 2013, Vome =2625 km/s, X3.2,

yo100Mev=3.5" 10° y-cm?-¢c’'. Duration of fluxes gamma ray with energy of photons > 100 MeV
according to observations on Fermi LAT (Maximum Likelihood) is from 2 to 5 hours. And the most
important — sunspot groups had the complex magnetic structure with the mixed opposite polarities. That
is, the assumption of relations of the linear speed of coronal mass ejections at development of flares with
structure of a magnetic field of the active region is confirmed. To quantify the complexity of the magnetic
structure of the active region the parameter can be used - the length of the neutral line of the magnetic
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field, only those pieces where they pass between the cores and the umbrae of opposite polarities. So for
the considered four events, length of pieces of the neutral line with the specified properties is respectively:
On March 7, 2012 — 6.9 degrees., on February 25, 2014 — 3.2 degrees., on September 10, 2017 —
5.8 degrees, on October 25 2014 — 1.0 degree.

In areas of the active region with closely spaced umbrae of opposite polarities, the neutral line has
many bends and the magnetic field has very high gradients. The length of the neutral line in such a
complex magnetic field structure clearly characterizes its effect on the size of the eruptive filament, its
mass, and the speed of coronal mass ejection in the further development of the active processes.

As a result of the unique location of the umbrae of different polarities in the active region of March 7,
2012, an area was formed, where a number of four layers were located, representing a sequential
alternation of magnetic fields of opposite polarities (see Fig.2a). It is remarkable that the similar structure
remained during all development of fluxes high energy gamma ray (20 hours). At the same time, in the
gamma ray of solar flare March 7, 2012 on Fermi LAT the maximum values of energy of quanta of
4-4.5 GeV were registered [8].

Conclusion. Thus, the sunspots groups possessing most the complex structure of a magnetic field
(classes BD and BGD) show extreme activity in cases of mixed of umbrae of opposite polarities. In such
magnetic structures, there are extended neutral lines with very high magnetic field gradients. Therefore,
the active regions having such unique magnetic structure feature should be allocated in special subclasses
- BDe and BGDe (extremal). In the absence of such property in structure of a magnetic field, significant
strengthening of activity in sunspots groups of the classes BD and BGD isn't observed.
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KOT'APBI DHEPI'UAJIBIK TAMMA-COVYJIEJIEHYIHIH ¥3AK MEP3IM/I AT BIMJIAPBIH
JAMBITYATFBI JAK TOIITAPBIHBIH MATHUTTIK K¥PbIJIBIMBIHBIH EPEKIITEJIKTEPI

Annoranus. KyHgeri xenrereH OenceHmi KyObUTBICTapIbIH IMIiHAE €H KyaTThl YHEPTHSUIBI KapKBUIIAp JKOHE
KYH TOXKiMEH OalJIaHBICTHI IIbIFapynap Ooein caHamanpl. Omap sKOFaphl JKBUIIAMIBIKTEI OOIIIEKTep aFbIHIAPBIHBIH
JKOHE OpPTYPIIi CIEKTPIIiK aiiMaKTapIarbl, COHBIH INIiHIE raMMa aiMaFbIHIAFbl SHEPTeTHUKAIBIK COyJIeNeHYIIH Ko3i
OOJIBIN TaObIIAIbL.

Kapxsinr mpomeciHig Heri3i Tikened Oemmexktepmid yaeyi Oombin Tabpuianel. Cebebi, KemTereH 3eprreynep
MarHUTTIK KYPBUIBIMBI eH Kypaeni aiimakrap (BD sxone BGD kmactapsl) xKoFapsl peHTTEH CoyJienepi MeH JKOFapbl
SHEPrHsUIbl  IPOTOHAAPIBIH MaKCUMaJJbl aFbIHAApPbl 0ap €eH KyaTThl J>KapKbUIObIH OachkiM Ke3i O0oJibIn
taObaTeiHAbIFbIH KopceTTi. LAT FERMI ramma teneckonbl apKbuibl OYKia yakbIT Oolibl Oakputanran >100 MaB
KBaHTTBIK SHEPTHUsUIbI €H XKOFaphbl YIII TaMMa-CayJIeJIeHy arbIHBIHBIH K31 OOJFaH KYHHIH OeJICeHIl aliMaKTapbIHBIH
MarHuTTIK KypbUIbIMIaps! 3eprrensi. CoHbIMeH Karap, OaKbUIaHFAH raMMa-CcoyJielliK arbIHIaphl eMip Cypy YaKbIThI
y3aK Oomnpl. CanbICTBIpY YINIH YKcac MarHHWTTIK KJIAcThIH OeJiCeH[l aiMarbl TaHmaubll, OipaKk OHAa raMma-
CoyJIeNeHyAIH maiiia OolyblHAa oKeJNeTiH epekuenikrep Oonmansl.OpblHIaNFaH Tajjiay HOTIDKECIHEH OerceHni
SHEPTeTUKANBIK OKUFAIaphl Oap OerceHni aiMakTapra TOH MArHUAT ©pici KYpBUIBIMBIHBIH KacHeETi - Kapama-Kapchl
MOJISIPIIBI JKAKBIH OpHANACKAH SApOJap JKOHE JaKTap KeJeHKeCiH OeJIeTiH JKeTKUTIKTI Y3bIH OeWTapamn CHI3BIKTHIH
0odyBl aHBIKTaNABL. by 0acka TMONAPNBIK OpICTiH imiHmeri Oip MONSAPIBI MAarHUT OPICIHIH IIOFBIPIIAHYBIHBIH
TachIMaNJayIIbUIaphl PETiHAe SApojiap MEH KeJICHKENEpIiH e3apa ocepiiecyi HOTWXKeciHAe maiinma Oomamel. byn
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Karnainapaa JKypri3uvireH Oakpuiayiap OelTapan ChI3bIKTAp/bIH KOJIICHEH MarHUT OpICiHIH TIpajJueHTIHIH eTe
JKOFapsl MOHAEPl Oap, JaKkTap KeJEHKECIHAEr TiK epic rpaIveHTIHIH MOHAEPIHEH 5 ece jKOFaphl OOIKTEpiHiH 0ap
eKeHJIITH kepcereni. MyMKiH, OyJl MarHUT OpICiHIH OChIHAAN KYpHesi KypbUIbIMBI SHEPIUSHBIH Tapantybl Ke3iHnie
00C MarHUTTIK SHEPrUsSHBI THIMII LIBIFApyFa MYMKIHZIK Oepeni (KadTa KOCy HpolLeci) jkoHe OyJl eTe MaHbI3JbI,
JKOFaphl KbUIIAMABIKTBI COKKBI (DPOHTTaphl MEH KYH TOXKi IIBIFaPbUIBIMAAPIBIH COKKbI TOJKBIHIAPBIHAA TPOTOH/IBI
YZAETYAIH THIMIUTITIHIH e9yip apTybIHa 9Kellyl MyMKiH.

Bencenni aiiMakra opTypIi MOJSIPIIBIKTAP/BIH KeJIEHKeNepiHiH Oipereil opHanacysl HoTwkecinae 2012 >KbLIFbI
7 HaypbI3aa KapaMa-Kapchl MOJSPIIBIKTapbl 0ap MarHUT epicTepiHiH Ti30eKTel aybICYbIH OinaipeTiH TepT Kabdat Oip-
OipiHiH KacbHIA OpHANAcKaH aiiMak maiima O6omasl. bip epexmreriri, ykcac KypbUTBIM JKapKbUIIAFbl TaMMa-CoyIIEIiK
aFpIHIAPIBIH OYKiN mamysl ke3inae cakranabl (20 carat). CoHbIMEH Oipre, *KapKbUI MPOIECiHIH KOFaphl YHEPTUSIIBI
ramma-coynecinae, Fermi LAT-na Makcumanapl KBaHTTHIK dHeprust 4 ~ 4,5 3B Tipkenmi.

CoHJbIKTaH, KapaMa-Kapchl MOJISIpiIapiibl MAarHUT ©PiCTEPiHIH ThIFBI3 OpHANACYbl KypbUtbiMbl 6ap BD sxone BGD
MarHUTTIK KjacTap HakTapbl eTe OeJCeH[l KOHE Ooap/bl apHaiibl iliKi kiactapra Oemyi ycbiHbLIaasl - BD ixoHe
BGD (extreme). Maraut epiciHiH KypbUIBIMBIHIA MYHJai KacweT OonmaraH skarmaiina, BD sxone BGD kmactap
TONTapbIHIa OCICEHAUTIKTIH aTapIbIKTail ecyi OaiKaiManIbl.

Tyiiin ce3nep: [lakrap TONTapblHBIH MarHWTTIK OPICIHIH KYPBUIBIMBI, JKapKbUIIApAaH >KOFapbl 3HEPTHSIIbI
raMma-cayJie LbIFapy, KCTpeMallibl OeceHIUIIr: 6ap MarHUTTIK KJIacC TapMaKTaphl.

I'.C. Munacsnn!, T.M. Munacsann!, B.M. Tomo30B>
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OCOBEHHOCTHU MATHUTHOM CTPYKTYPBI I'PYIII NATEH [IPA PA3BUTHU
JJIMTEJIBHBIX IOTOKOB BBICOKOHEPTMYHOI' O 'TAMMA-U3JIYYEHHUSA

AnHoTauus. Cpeay MHOTOUYMCICHHBIX AKTUBHBIX siBIeHHMH Ha CoiHIEe COOBITUSIMU ¢ Haubosee MOIIHOM
3HepreT1/u<0i/'1 CUNUTAIOTCA BCHBIIIKU U CBA3aHHBIC C HUMU KOPOHAJIbHBIC BbleOCI)I. OHHU SIBIAIOTCS UCTOYHMKAMH KaK
BBICOKOCKOPOCTHBIX ITOTOKOB YaCTHII, TAK ¥ SHEPTUYHOTO M3IIyUYSHHS B Pa3IMUHBIX 00JIACTSIX CIIEKTPa, B TOM YHCIIE
U B raMMa — JuarnasoHe.

OCHOBOM BCHBIINIEYHOTO Ipolecca SBISETCA IMPSAMOE YCKOpEHHE 4YacTHll. MHOrOYMCIEHHBIE, paHee
MIPOBEJCHHBIC HCCIEIOBAaHMS MOKa3ald, YTO aKTUBHBIE oOyiacTh, oOiajarompe HauboJee CIIOKHOM MarHUTHOMN
cTpykTypoit (kmaccel BD m BGD), sSBIAIOTCS MCTOYHUKAME IIOAABIIIOIETO YHCIA CAMBIX MOIIHBIX BCIIBIIIEK C
BBICOKMMH PEHTT'€HOBCKMMH OajslaMd M MaKCHMaJbHBIMHU 3HAYEHHSIMH TIOTOKOB BBICOKORHEPTHMUYHBIX MPOTOHOB. B
MPEACTABICHHON paboTe WU3y4EeHbl COOBITHS, MAarHUTHBIE CTPYKTYypbl AKTHUBHBIX O0OJAacTed KOTOPBIX ObUIM
HCTOYHHKAMH TPEX CaMBIX BBICOKHX MaKCHMaJIbHBIX TOTOKOB FAMMa-U3JIyueHHUs C SHEPTHsIMHU KBaHTOB >100 MeV 3a
Bce BpeMs HaOmozeHuit Ha ramma-tesneckonie LAT FERMI. Ilpu stom HaOmromaemple MOTOKH ramMMa-H3ITydIeHU
HUMCJIN TaKXC Hal/I6OJ'I])LHle MMPOAOKUTCIIBHOCTh BPEMCHHU CYIHICCTBOBAHUS. IIJ'IH COIIOCTaBJICHUS 651na IMpUBJICYCHA
aKTHBHas 00JlacTh MOJOOHOrO MAarHMTHOTO KJlacca, HO C OTCYTCTBHEM B Hell OCOOEHHOCTEH, MPUBOISLIMX K
MOSIBJICHUIO TaMMa-u3JlydeHus. B pesynbrare BBHINOJHEHHOTO aHajiM3a BBISBIEHA XapakTepHas OCOOEHHOCTh
CTPYKTYpBl MarHUTHBIX MOJEH: OHA 3aKIIOYaeTcs B TOM, YTO B ITHX TpYIIax ISITEH BHYTPH OOJIaCTH OJHOU
MOJISIPHOCTH HAOJII0/1AaeTCsl OYeHb OJIM3KOE PACHOJIOKEHHE MAarHUTHOTO OIS MPOTHUBOIOJIOXKHON TOJIIPHOCTH. DTO
MIPOUCXOUT B PE3yJIbTaTe B3aMMONPOHUKHOBEHUS P M TEHEH KaK KOHIIEHTPHPOBAHHBIX HOCUTENIEH MarHUTHOTO
MOJsT ONHOW TOJIAPHOCTH BHYTPH MO Jpyrod mossipHOcTH. HaOmiofeHust B 3THX CHOydasx ITOKa3bIBAaIOT
CYIIECTBOBAHME JOBOJBHO MTPOTHKECHHBIX YIACTKOB HEUTPAIBHOM JIMHIH C OY€Hb BEICOKMMH 3HAYEHUSAMH IPaInCHTa
TOPU30HTAIILHOTO MarHUTHOTO T10JIsI, 60Jiee 4eM B 5 pa3 MPEBBILIAIONINME 3HAYE€HHS BEPTUKAIBHOTO TPAIUEHTa TT0JIs
B TeHHM IIATeH. BeposTHee Bcero, Takas CI0KHas CTPYKTYpa MAarHUTHOTO TIOJIS O3BOJISAET 3P (HEKTUBHO 0CBOOOKAATD
CBOOOIHYIO MarHUTHYIO HEPTHIO B XOJI€ IUCCUIIALNH SHEPTUH B TOKOBBIX CJIOSX (IIPOLIECC EPECOESINHEHNUS) U, UTO
0COOEHHO BaXXHO, MOXXET MPUBOJUTH K CYIIECTBEHHOMY pOCTY 3(GQEKTUBHOCTH YCKOPEHHs NPOTOHOB Ha
BBICOKOCKOPOCTHBIX YJIapHBIX (PPOHTAX U yIapHBIX BOJHAX KOPOHAIBHBIX BEIOPOCOB.

B pesynbraTe YHUKaJIBLHOTO PACIOJIOKEHUSI TEHEH pasHbIX MOJSIPHOCTEH B akTMBHOW obOiactu 7 mapta 2012 r.
o0pazoBaiack 00J1aCTb, TJ€ PAIOM PACIOIAraloTCs YETHIPE CII0s, ITPEACTABIISIONINE [IOCIIEI0BATENILHOE YePEJOBAHNE
MarHUTHBIX MTOJIEH C MMPOTHUBOIIOJIOKHBIMHU HOJISIpHOCTAMH. [IpuMedarensHo, 4To MoJ00Has CTPYKTYpa COXpaHsach
B TEUCHHE BCEro Pa3BUTHS MOTOKOB raMMa M3IydeHHs Bo Bemblmke (20 wacos). [Ipu 3TOM, B BBICOKOIHEPTHYHOM
raMMa-u3JIy49eHHH BCIbIIeyHoro mporecca Ha Fermi LAT Obutn 3aperncTpupoBaHbl MaKCHMAJIbHBIE 3HAUCHHS
SHepruii KBaHToB ~ 4-4.5 GeV.

[Mostomy rpynms! msaTeH MarHUTHOTO Kitacca BD u BGD, oGmagaromue CTpyKTypoi TeCHOH IeperieTeHHOCTH
MarHUTHBIX MOJIEH NMPOTHBOIMOJIOKHBIX MOJIIPHOCTEH, MPOSBIISIOT SKCTPEMAIBHYIO aKTUBHOCTDh U MX NPEJIaracTcs
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BbIIENMUTE B ocoObie monkiaccel — BDe m BGDe (extreme). Ilpu OTCYyTCTBMM Takoro CBOWCTBA B CTPYKType
MarHUTHOTO TI0JI He HAaOJI0AAaeTCs CYIECTBEHHOTO YCUIICHNSI aKTHBHOCTH B TpyInax msreH kraccoB BD u BGD.

KiroueBble cjioBa: CTpyKTypa MAarHMTHOTO TMOJSL TPYHN MATEH, BBICOKOZHEPTHYHOE TIaMMa M3IIyueHHe
BCIIBIIICK, MAarHUTHBIC ITOAKJIACChI C 3KCTpeMaﬂbHOI>i AKTUBHOCTBIO.
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RESULTS FROM TIEN-SHAN SURVEY TO SEARCH FOR VARIABLE
STARS: OBSERVATIONS, TARGET SELECTION AND DATA PROCESS

Abstract. We present the first results of the photometric survey at Tien-Shan Observatory (TSO) of the fields
around Galactic equator using Zeiss-1000 telescope. Here we report on criteria selection of target fields, observation
strategy and statistics of photometric observations. We also provide description of data process and differential
photometric reduction to extract differential light curves. In total, 23 fields in the range of 40°-210° Galactic
longitude and £5° Galactic latitudes were observed during 2014-2018. Each filed was observed for at least 3 hours
long with cadence range 30-180 sec in Johnson-Cousine filters V and R, or in integrated light. As a result, long
duration light curves for about 10 000 stars were obtained. A visual inspection of the light curve from each run was
carried out for each star in the field that successfully passed the photometry process in at least 70%-75% of the total
duration of observations, which made it possible to identify stars with unambiguous signs of variability. Analysis of
the light curves of these stars leads to the identification of 33 variable stars. Among them, 31 stars are previously
unknown variables not presented in catalogs of variable stars.

Key words: CCD observations: data analysis; methods: light curve analysis, photometry.

Introduction. The TSO survey was initiated in 2018 as campaign in frame of program BR05236322
aims to search for compact and ultra-compact binary systems (UCB), including interacting binary systems
(AM Cvn), uncatalogued variable stars of know type, unclassified variables and object with other type of
variability phenomena. The survey initially was motivated by the fact that the observed number of
AM CVn is 12 times less than was predicted [1]. Thus, the refinement of the amount of AM CVn can
provide an opportunity to clarify the models of the formation of such systems and their evolution. Also, it
was realized that survey observations can detect variable stars of other types of variability including those
usable for asteroseismic studies, systems with exoplanets, etc.

Conducting survey observations to search for UCB and AM CVn by one observatory is justified
by the fact that the periods of brightness variation in these objects are about several tens of minutes (the
most interesting are systems with periods of 20-35 minutes or less), and the amplitudes from 1.0 to 0.01 in
magnitudes [2], that is, are within the accuracy of photometry obtained on meter-class telescopes on TSO.

Selection of star fields for TSO survey. The main criteria for selecting star fields of interest for the
survey is optimal star density on CCD frame. On one hand, it should not be too high for successful PSF
photometry, and on the other hand, it should be sufficient for the high efficiency of the survey. Another
criterion is availability of the selected field for long-time observations. For the current survey this criterion
is ~3 hours, which is dictated by two the most important factors: 1) ability to observe up to 2-3 fields per
night, 2) to detect periods of brightness variation from 1.5 hours and less, which is one of the main
objectives of the survey. At last but not least, the selected fields should not overlap with targets from other
survey campaigns, such as, for instance, VPHAS+ and OWS. All the above criteria are met by the fields
located at +5 degrees of galactic latitude and from 40 to 210 degrees of galactic longitude. Also, it is
desirable to have relatively bright White Dwarf (WD) candidates as well as the absence of bright stars in
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the selected field to avoid contamination in case of long exposure. The presence of at least one WD
candidate with a magnitude of 17.5 mag or brighter in the field was determined from the catalog analysis
[3]. This choice is due to the combination of a requirement for the accuracy of photometry, exposure time
and duration of observations.

The criterion of WD presence is due to the high scientific interest in the study of these objects. Most
of the WD (25% to 50%) shows the presence of metals in their atmospheres, which is most likely the
result of destruction of the remains of earth-type planets or asteroids in their vicinity. The study of
planetary systems around WD makes it possible to conclude the formation of such systems in Main
Sequence stars (MS), for which direct observations of planets are difficult. Thanks to “Kepler” space
mission, many exoplanets have been discovered, but mostly near relatively cold and dwarf stars. The
question arises-is this fact a reflection of reality, that is, some feature of the formation and evolution of
planetary systems, or it is the result of “bad” statistics due to limitation of observations. Indeed, the most
reliable parameters of exoplanets are determined by radial velocities, and this is difficult for large mass
stars because for such stars the influence of exoplanet is quite weak. The same is true for very hot stars,
which do not have sufficient absorption lines by which radial velocities can be confidently measured.

The study of planetary systems around WD allows us to extend the time scale of studies of the
evolution of planetary systems to several billion years and, therefore, to impose additional restrictions on
the theory of their formation and evolution. Statistics of observations of such systems will shed light on
the problem of survival of planets at evolution period when the parent star passes the stage of the “red
giant” and multiple events of expelling outer layers. The conclusions of the modern theories describing the
process of survival of the planets are quite controversial. Besides, there are suggestions that the expelled
envelope of a “red giant” can be a source of formation of new planets.

Moreover, observations of oscillating WD are of great interest for fundamental science, because the
period changes in DAV-type WD can be caused by their cooling rates which provide an upper limit on the
masses of axions that are considered as one of the candidates in components of “dark matter”. Variation of
oscillation periods of the DV-type WD allows us to test the nature of the interaction of leptons in the
framework of some unified theories of electroweak interaction in the low energy regime.

Analysis of GAIA and OWS catalogs. As a result of the analysis of GAIA and SVO catalogs [3] the
list of high-priority star fields satisfied the above-mentioned criteria is compiled and present in table 1.
The fields location on the celestial sphere relative to the plane of the Galaxy is shown in figure 1, where
the dotted line is depict Galactic equator, empty squares are the fields planned for observation, orange
shows the fields with a single epoch of observations, blue squares are the fields observed in two epochs
and green squares are the fields with several epochs of observations.

Figure 1 - The star fields locations, selected for TSO survey relative to galactic plane

Table 1 - The list of the high-priority fields selected for TSO survey

Field No. | RA [h:m:s] DEC Field No. RA DEC Field No. RA DEC
[d:m:s] [h:m:s] [d:m:s] [h:m:s] [d:m:s]

1 2 3 4 5 6 7 8 9
19-2 19:59:33 +24:54:46 19-5 20:00:39 +20:32:39 21-9 05:56:39 +35:09:33
18-6 04:22:18 +42:53:42 19-3 20:50:37 +36:14:14 21-6 06:02:28 +27:56:24
19-1 19:38:23 +26:39:56 19-4 01:26:48 +57:42:23 21-8 06:45:55 +08:36:52

— 7y ——
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Continuation of the table 1

1 2 3 4 5 6 7 8 9
19-6 19:57:57 +33:55:05 19-7 19:39:02 +26:55:38 21-7 06:44:16 +09:24:55
19-9 01:35:36 +57:31:29 19-8 00:17:14 +60:13:43 18-8 06:03:50 +12:22:19
20-1 22:16:59 +59:51:09 20-2 19:23:22 +20:21:00 18-7 04:33:40 +55:26:33
20-4 04:54:49 +39:52:35 20-3 04:34:49 +44:11:20 18-4 05:38:06 +22:32:49
20-7 19:44:12 +13:50:32 20-5 05:04:18 +37:31:18 18-9 06:14:59 +28:05:49
20-8 05:08:09 +44:50:38 20-6 20:37:16 +32:42:00 18-10 06:15:38 +27:50:00
21-1 05:20:41 +46:03:34 20-9 04:58:14 +51:06:56 16-1 05:16:36 +26:07:25
21-3 00:50:58 +60:31:17 21-2 21:47:42 +50:26:20 16-2 07:25:41 +29:27:18
21-5 06:28:32 +00:38:54 21-4 06:04:06 +17:07:31 16-3 04:07:06 +60:55:28
18-1 22:29:20 +52:10:38 18-2 05:38:35 +22:39:10 18-11 06:15:19 +28:13:03
18-3 23:01:15 +54:37:04 18-5 03:33:07 +45:25:44

Observations and archive data. Observations were carried out at the TSO (76°58'18".5E,
43°03"26".3N, altitude is 2723 meters, international Observatory code is N42) on the meter class telescope
Zeiss-1000 “Vostochny”, equipped with Apogee Alta U16M CCD having Kodak KAF-16803 chip with
physical pixel size of 9 um and dimension of 4096x4096 pixels. A field corrector/focus reducer which
reduces equivalent focal length to 6665 mm, is installed, which gives the telescope FOV of 19'x19" and a
spatial resolution of 0".56/pixel. For observations in 2016, the Zeiss-1000 “Vostochny” telescope
equipped with Apogee Alta U9000 CCD camera having a Kodak KAF-09000 chip with the dimension of
3056x3056 pixels and physical pixel size of 12 um was used. The telescope's FOV was the same as for
observations in 2018-2019, but with scale of 0".37/pixel. To improve the signal-to-noise ratio,
observations were made in the second binning. In total, 12 fields were observed in 2019. Information on
observations is given in Table 2, it can be seen that some fields were observed for several epochs.

Table 2 - Statistics of observations conducted in 2019

Field Date Duration v Re Exposure | Field Date Duration v Re Exposure
No. [d/m/y] [h.] [frames] | [frames] [sec] No. [d/m/y] [h.] [frames] | [frames] [sec]
18-2 122/02/2019 3.5 161 --- 60 18-9 [27/02/2019 3.0 141 - 60
18-4 (29/01/2019 3.8 155 - 60 18-9 |112/03/2019 3.1 106 - 90
18-5 (27/01/2019 33 - 100 60/120 18-9 108/02/2019 3.6 120 - 60
18-6 (01/02/2019 35 153 - 60 18-10 [ 13/03/2019 3.0 102 - 90
18-7 [02/02/2019 4.1 178 - 60 18-11 (20/03/2019 35 116 - 90
18-7 [23/02/2019 4.7 220 - 60 18-8 105/03/2019 2.9 224 - 60

To search for variable stars using the technique of pipeline analysis [4], we also analyzed archival
data of observations with the desired duration carried out in the period of 2016-2018. The statistics of
these observations are given in table 3.

Table 3 - Statistics of archival data used for purpose of the survey

Field Date Duration | No filter A% Re Exposure | Field Date Duration v Exposure
No. [d/m/y] [h.] [frames] | [frames] | [frames] [sec] No. [d/m/y] [h.] [frames] [sec]
1 2 3 4 5 6 7 8 9 10 11 12
16-1 | 15/01/2016 7.2 732 --- --- 20 16-3 [ 01/11/2016 8.2 280 90
16-1 | 24/01/2016 7.7 762 --- --- 20 16-3 | 04/11/2016 5.6 191 90
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Continuation of the table 3

1 2 3 4 5 6 7 8 9 10 11 12
16-1 | 25/01/2016 8.6 857 - - 20 16-3 [ 07/11/2016 5.1 174 90
16-2 | 20/01/2016 6.9 - - 800 20 16-3 | 09/11/2016 6.6 219 90
16-3 | 26/10/2016 8.1 - 254 --- 90 18-1 | 05/12/2018 2.9 221 30
16-3 | 27/10/2016 8.5 - 277 --- 90 18-2 | 05/12/2018 2.8 131 60

18-3 | 15/12/2018 1.1 55 60

Data analysis. As the main tool for preliminary analysis of the data we wuse IRAF
(http://ast.noao.edu/data/software) package. Averaged CCD frame of bias (Master Bias) is obtained by
“zerocombine” task (iraf.iraf.ccdred) and dark current (Master Dark) is obtained by “darkcombine” task
(iraf.imred.ccdred). Master Bias and Master Dark are additive sources of noise and must be subtracted
from CCD image of the target (with Master Bias first subtracted from Master Dark). The heterogeneity of
the sensitivity of the CCD (flat-field frame) is a multiplicative component, so the CCD image of the target
should be divided by the flat-field. An averaged CCD flat-field frame (Master Flat) was obtained for each
filter in which the object was observed and corrected for the dark current of corresponding exposure. To
obtain Master Flat we use the “flatcombine” task (iraf.imrad.ccdred). The object frames were processed
with “ccdproc” (irafiraf.ccdred) task using appropriate Master Dark and Master Flat frames.

To carry out PSF photometry of sources on pre-processed CCD frames, a software package
implemented on Python utilizing such libraries as “pyraf’, “astropy” [5], “scamp” [6], “astroquery” is
used. More details can be found in [4]. Photometric parameters were determined as follows. Assuming
that the PSF profile of the star is close to the Gauss function we have opsg = FWHMpsp/2x(2In2) 2.
Preliminary estimation of FWHM of the PSF was determined from observation conditions, i.e. from
seeing parameter, which for TSO is ~2".5. The radius of the aperture to determine the total flux is set by
the criterion of “five sigmas” Apn = 5xopsr. The sky background level was determined within aperture
Agy = 6XGpsr, in 5 pixels wide ring. The size of the PSF profile used for approximation is R™pse = 5xops - 1.
The saturation level was assumed to be 60000 ADU.

The “scamp” package [6] is used for the astrometric plate solution and “SExtractor” [7] is used to
search for objects on the CCD frame. An example of the accuracy of the obtained photometric estimates is
shown in figure 2. Analysis of photometric results was carried out only for those stars whose photometric
errors did not exceed 0.05 mag. This choice is due to the aim of finding variable stars with an amplitude of
brightness variation of the order of hundredths of a magnitude.
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Figure 2 - Dependence of photometric precision (mag error) on stellar magnitude (mag G)




ISSN 1991-346X Series physico-mathematical. 3. 2020

To obtain the light curves of the differential magnitudes of each of the stars in the CCD frame, we use
the method of constructing a synthesized reference light curve utilizing all the stars in the field. This
choice is mainly dictated by the following factors: 1) the construction of a synthesized reference curve for
all stars in the field can significantly reduce the impact of inaccurate photometry for each star, 2) one may
not knows the spectral class of the target star, and therefore cannot adequately choose the comparison star
for each target with suspected variability. Since the total number of stars in a CCD image ranges from
several hundred to several thousand, we can assume that the photometric accuracy of the reference light
curve is much higher than that of the analyzed star and does not take into account errors of referent light
curve in further analysis.

A total of 23 fields were analyzed using the pipeline procedure. Photometric measurements were
obtained for ~10 000 stars with duration of observations of at least 3 hours for each run. A visual
inspection of the light curve from each run was carried out for each star in the field that successfully
passed the photometry process in at least 70%-75% of the total duration of observations, which made it
possible to identify stars with unambiguous signs of variability. The full list of suspected variable stars is
presented in table 4.

Table 4 - The list of suspected variable stars

Field GAIA ID RAJ2000 | DECJ2000 | Field GAIA ID RAJ2000 | DECJ2000
No. [h:m:s] [d:m:s] No. [h:m:s] [d:m:s]
16-1 3420722996343786496 05:16:09.7 [+26:02:45.3 [18-1 [2000667342122793472 |22:30:15.9 |+52:00:02.7

3420728150304526976 05:16:27.8 |+26:08:37.2 2000668544713613952 |22:30:12.2 |+52:03:22.5

(KUV 05134+2605, ZZB)

3420726084425443200 05:15:59.1 | +26:03:25.9 2000677993641422208 |22:29:14.5 |+52:03:02.4
16-3 473900064311871488 04:06:19.7 | +60:56:30.6 2000680742420926976 |22:30:27.8 |+52:06:18.4

473906008546567168 04:06:18.6 [+61:03:08.5 2000681876292067968 [22:30:10.9 [+52:08:57.1

473706893862387328 04:07:13.0 [+60:47:18.3 2000684586402884864 |22:29:54.1 |+52:08:48.6

473712872456844544 04:06:59.4 [+60:55:14.4 2000685758942457728 (22:29:44.1 |+52:12:16.6

(NGC 1501, RPHS)

473900304830038144 04:06:13.4 [+60:57:13.4 2000686239978998400 [22:30:08.0 [+52:14:34.3
18-2 3404213726175547776 05:38:27.3 [+22:38:11.4 2001434835597456768 |22:28:45.8 | +52:17:00.5

3404200257158109824 05:38:54.1 [+22:32:08.4 | 18-7 [277089853758788352 |04:34:22.1 |+55:31:36.5

3404217746264940032 05:38:10.8 [+22:41:01.7 277091262508123264 |04:33:06.3 |+55:28:02.3
18-4 3404189944938309120 05:37:26.4 [+22:30:51.7 277091739248814208 | 04:33:13.7 |+55:31:56.6
18-5 241766668329744896 03:33:41.1 [+45:23:50.6 277092155861283712 | 04:33:24.6 | +55:33:07.3

(TYC 3736-373-1)

241771856649828992 03:32:58.5 [+45:21:07.0 277093014852191616 | 04:34:25.9 |+55:34:13.0
18-6 229267969902029696 04:23:13.9 (+42:49:37.7 277091911047501568 | 04:33:36.4 |+55:31:42.7
18-10  [3433368376498172160 06:15:21.9 [+27:50:33.0 | 18-8 [3342732093967192576 |06:03:46.4 | +12:28:08.8
18-11 [3433415586778288768 06:15:55.7 [+28:12:34.7

Conclusion. Survey observations of 15 selected fields were carried out on TSO using Zeiss-1000
telescope in 2019. Photometric pipeline data analysis conducted for 23 fields, including observations for
2016 and 2018. As a result, light curves for about 10 000 stars with the duration of observations at least
3 hours were obtained. Analysis of the light curves of these stars leads to the identification of 33 variable
stars. Among them, 31 stars are previously unknown variables. To determine the type of detected variable
stars, it is necessary to investigate the amplitude-period parameters of these candidates, their location on
color-magnitude diagram and to carry out spectral analysis. These results will be presented in the separate

paper.
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AVHBIMAJIBI )KYJIBI3IAP/BI I3/IEY BOMBIHIIA TSAHb-IIIAHB/IBIK
OOTOMETPUSIBIK IIOJIY IbIH HOTH/KEJIEPI: BAKBIUIAYJIAP,
HBICAHJAPABI TAHJAY ’KOHE MOJIMETTEPAI TAJIIAY

Annoranust. 2018 xbuibl Tsup-11lans o6cepBaTopusiceirga BR05236322 6armapiamMachiH iCKe achIpy asChIHIA,
BIKIIIAM JKOHE yJbTpa bIKLIaM ekinik xyihenepre (UCB) ymitkepnepai i31eyai, COHBIH ilIiHIE ©3apa SpeKeTTeceTiH
eximik >xydenepai (AM Cvn) i3meyre apHanraH Oalikay HayKaHbl, OypbIH Oenrici3 aybiCHaibl KyJIABI3zap,
e3repmerniiri 6enriciz TunTi kynaeiaap. by mony AM CVn menmiepi 6oipkanraHHaH 12 ece a3 O0sFaHABIFBIMEH
Herizgenred [1]. Ocputaiimia, AM CVn HeMipiH KaiiTa Kapay MyHIai yiierep MeH OJIapblH 3BOJIOLUSICHIHBIH
MOJIENBIePiH JKaphIKTaHABIpyFa KeMekreceni. COHBIMEH KaTap, 3epTTey KYMBICTAphIH OaKplIay OaphICBIHAA Oacka
aybICHIalIbl XKYJIABI3AAP/bI, OHBIH IIIIHAE ACTPOCEU3MIe KbI3BIFYIIBUIBIK TAaHBITATHIH OOBEKTIIEP i, K30IIaHETaIaphl
Oap xyitenepai xoHe T.0. 3epTTeyre OONATHIHABIFE AHBIKTAIIHL.

Zeiss-1000 Teneckonrapsl kemerimeH Tsiab-Illanp oOcepBaropusiceinga (TSAO) amakTrka Ka3bIKTHIFBIHIA
TaHJAFaH aiMakTap/bl 3epPTTEyAiH alFalllKbl HOTHXKeNepi KenTipiireH. Makanana KyTUIeTiH epicTepil TaHaay
oxicremeci, OakpuIaynap MEH MyparaTTalfaH JIepeKTep CTaTUCTHKACHI, U depeHnnanisl )KapKelpay KUCHIKTapbIH
ajly MaKcaThIHIA KOJIJAHBUIFaH JepekTepai Tangaay MeH auddepeniuanapl GOTOMETpHs MPOLECTepPl CHITATTAIFaH.
2014-2019 ¢ apanbiFbiHIaFel 0aKbUIAYy MaychiMaapsl kesinae 40° -aan 210° -ka JACHiHT1 TaTaKTUKAIBIK OOUJIBIK ITeH
+ 5° rajakTUKaJIBIK €HIIK OOMbIHIIA 23 00JIBIC aHBIKTAJIbI.

Baiikay Zeiss-1000 «BocTouHblit» MeTpiik KiacTel TelieckonbiHaa, Apogee Alta Ul6M CCD CCD
kamepacbiMeH sxa0apikTanrad, Kodak KAF-16803 uunri npoueccops! 0ap, mukcens oameMi 9 MKM JKOHE KallIbl
guntig emmemi 4096 x 4096 mukcens. OpicTi Ty3eTKim (POKYCTH TOMEHAETKIIT) SKBUBAICHTTI (POKYCTHI 6665 MM-
re neiiiH TeMeHAeTyre MyMKIHAIK Oepi, o epicTiH enmeMiH 19'%19' xone keHicTikTik 0" 56 nmukcen/muKcenb Oepmi.
2016 xputel Oakputaynap Zeiss-1000 «BocTouHsIi) TeECKOMBIHAA A XKYPTi3inmi, 6ipak Apogee Alta U9000 CCD
CCD kamepacbeiven Kodak KAF-09000 ywumi 6ap, esmemi 3056 x 3056 nukcens xoHe GU3MKAIBIK oeMi 12 MKM.
ConbiMeH 0ipre, Teseckontsiy opici 2018-2019 xburnapaarsl OakeiIaynapMer Oipaei 6ossl, 6ipak Macuiradsr 0"
37/mukcens. CurHangap/iy AeHreiiniy *KorapbuiayblHa KOJI )KETKI3y YIUIH YIIiHII OMHHUHITE 0aKbLIay Xypri3iiii.

Tanpanran oOnbIcTapbIH SpKarchichl Johnson-Cousin V jxoHe R KeH jk0nakThl cy3riiepinjie, COHAal-aK TONbIK
xapboikta 30 cekynarad 180 cexyHIka aAeiiH, KeM JAereH e 3 caraT y3diKci3 OaKbUIaH b,

doroMeTpusIIBbIK Tanaay yuriH 6i3 Python opraceinna xoue “pyraf’, “astropy” [5], “scamp” [6], “astroquery”
KiTallXaHAJIApbIHAA >KacalfaH OarjapiaManblK JkacaKkTaMaHbl KoijgaHa oOTeIpen, PSF  dortomerpust omicin
KogaHnelK. Tikened muddepeHIUanabl KAaphlK KUCBIFBIH ally VIIH epicTeri OapiblK KYJIIBI3IapAbIH
(hOTOMETPHSNIBIK aKMapaThlH KOJIaHa OTBIPHIN, CHUHTE3ZIEITeH aHBIKTaMaJbIK JKapblK KUCBIFBIH KYpy omiciH
KONOaHOBIK. bynr cTpatermstHbl TaHmay keneci (hakropriapra OaimaHbICTBI OONIbl: 1) CHHTE3AENTeH CalBICTHIPY
JKapblK KHCBIFBI Oip CaJBICTBIPY JKYIOBI3BIHBIH NIy ICHTeWiH alTapipIKTaii TemeHaereni 2) 0i3 3epTTenreH
JKYIIBI3ABIH CIIEKTPIIIK KIACHIH Wi OUIMEHTIHIIKTEeH, Coiikec KeJeTiH KYIOBI3ABI AyphIc TaHmai ammaimMeiz. CCD
KaJpbl MIEHOEPIHACTT KYJIIbI3AAP/IbIH KAl CaHbI JKY3lereH HeMece TINTI MbIHFA JKeTyl MYMKIH OOJIFaH/IBIKTaH,
(OTOMETPHSHBIH IONAIr 3epTTENiN >KaTKaH >KYIABI3ABIH JKapblK KUCHIFBIHAAFBl Iy JIeHreili raHa Oonambl zem
6omxkayra Oosabl.

Hotmxecinge, OakpiiaynblH op KHUBIHTBIFEI YUIH 1mamamer 10 000 >xyiabl3 yHIiH y3aK Mep3imji JKapbikK
KHCBIKTaphl aJIbIH/IbI )KOHE 9 yuacKe YILIIH OaKblUIayAbIH KalIlbl Y3aKTHIFBIHBIH 75% -1aH keM eMec (OTOMETpHsIaH
OTKEH 9P JKeKe epic >KYJIIbI3JapbIHBIH JKapblK KUCBHIKTAPBbIHAH BU3YaJJIbl TEKCEPY >KYPTi3uni, Oy *KyJIapI3aapasl
OipKelsiKi aHBIKTayFa e3repriluTik Oenrimepi MyMKiHIIK Oepai. OCBl XapblK KHCBIKTapbIHBIH Tajliaybl OOWbIHINIA
e3repeTiH 33 >kyiabi3 aHbIKTabl. Onapasly imriage 31 Kyiap3 e3repMelti KYJIIbI3aap KaTallorbiHia KepiHOeHTiH
’KaHa OOJBIN TaOBLIAIEL.

Tyiiin ce3nep: CCD Gakpuiaymapsl: IepeKTepi Talaay; dicTep: XKapKbIpay KUCHIFBIH Talnay, (POTOMETpPH.
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PE3YJIBTATBI TAHB-INAHCKOI'O ®OTOMETPUYECKOT' O OB30PA
IO NOUCKY NNEPEMEHHBIX 3BE3/l: HABJIIOJEHUS,
BbIBOP OBBEKTOB U AHAJIN3 JAHHBIX

Annoranusi. B 2018 romy, B pamkax BemonHeHusi mnporpammbl BR05236322 wa Taub-lllanckoit
oOcepBaropuH, ObUIa HHULMMPOBAHA KaMITaHUS 110 TPOBEACHHIO TIOMCKOBBIX HAOIIOACHHUH IS ITONCKa KaHIUAATOB
B KOMIIAKTHEIC U YIbTpa-KOMIaKkTHEIE qBoKHBIE crcTeMbl (UCB), BKITIO9ast B3anMOICHCTBYIOIINE TBOHHEBIE CHCTEMBI
(AM Cvn), paHee HEM3BECTHBIEC TIEPEMEHHBIE 3BE3/IBI, 3BE3/IbI C HEM3BECTHBIM THUIIOM NIEPEMEHHOCTH. JlaHHBII 0030p
OpUT MOTHBHpPOBaH TeM (pakTom, urto kKommdectBo AM CVn B 12 pa3 oka3aioch MEHbIIE, YeM Tpeackazano [1].
Takxum o6paszom, mepecmotp urcaa AM CVn momor OB IPOJUTH CBET HAa MOJAENH (OPMHUPOBAHUS TaKUX CHUCTEM U
nx osBomonuio. Kpome Ttoro, ObUIO BBIACHEHO, YTO B TMpoIlecce OO30pHBIX HAOMIONEHWH TpencTaBiseTcs
BO3MOXKHOCTH HCCIIEIOBATh JIPyTHe NMEPEMEHHBIE 3BE3/Ibl, BKIIOYast OOBEKTHI HHTEPECHBIE JUI ACTPOCEHCMOJIOTHH,
CHCTEMBI C 3K30IUIaHETaMH H JIp.

B manHOI1 cTaThe MpenCTaBIECHBI MEPBEIE Pe3yIbTaThl 0030pa M30PAHHBIX IJIOIAA0K B TIIOCKOCTH | allakTHKH,
BEITOTHEeHHBIe Ha oOcepBatopun Tsaap-llans (TLIAO) ¢ ucmomp3oBanuem TenmeckornoB lleiicc-1000, ommcana
METO/IMKa BBIOOpA MEPCHEKTUBHBIX MOJIEH 11 0030pa, CTATUCTHKA TTOJMYyYECHHBIX HAOMIOJCHUI U apXUBHBIX JaHHBIX,
MpoIlecCc aHaNM3a NAaHHBIX U U GepeHIaTbHON (OTOMETPHH C HETbI0 MOMYYCHUS OU(QPEepeHINATBHBIX KPUBBIX
Omecka. B oOmieil crokxHOCTH OBITH TPOBeACHHI HaOMromeHWs 23 Twiomanok B auamasoHe ot 40° mo 210°
TaJIAKTUIECKOM JOATOTHI U £5° rallakKTHIeCKOH IMIMPOTH B TEUCHUN HaOIronaTenbHbIX ce30H0B 2014-2019 romos.

Habmonenns ObUTH BBIMTOMTHEHBI Ha TellecKore meTpoBoro kiacca Lleiicc-1000 “BocTodHsiii”, OCHAICHHBIH
IM3C-kamepoit Apogee Alta U1I6M CCD c¢ unmoc Kodak KAF-16803, ¢ pa3smMepoMm Kakgoro mUKcens 9 MKM, a
moyHBIN pasMep gumna 4096x4096 mukceneit. Koppextop momst (oH ke penptocep (pokyca) MO3BONMIT COKPATHTH
SKBUBAICHTHBINH (OKyc M0 6665 MM, 49to mamo moie pasmepoM 19'%19' m mpocTpaHCTBEHHBIM pa3penicHueM
0".56/mmukcens. Habmonerns B 2016 Oputn BITOMHEHHI Takke Ha Teneckore Leficc-1000 “BocTounsnii”, HO yxke ¢
IM3C xamepoit Apogee Alta U9000 CCD c¢ ummom Kodak KAF-09000 pasmepom 3056%3056 mnukcemeit u
¢u3mueckuM pasMepoM Kaxkgoro mukcens 12 mMxm. IIpu 3TOM mose Teneckona OBIIO TAKUM JKe, Kak M IS
HaOmonennidn B 2018-2019, Ho ¢ macmradom 0".37/mukcens. Jns mocTrkeHUss 0Oojiee BBICOKOTO OTHOIICHUS
Curnan/lllym HaOIrOIeHISI BEITIONHSIINCE B TPETHeM OMHHUHTE.

Kaxnast u3 BBIOpaHHBIX IUIOIANOK HAOIIOAANACh HENPEPHIBHO HA NPOTSHKEHHH, KaK MHHHUMYM, 3 4YacoB C
skcnozunueit ot 30 cek mo 180 cek ¢ MCIONB30BaHMEM MIMPOKOMONIOCHBIX (puimbTpoB V u R cucremsr J>xoHCOHA-
KysuHa, a Takke B HHTETPUPOBAHHOM CBETE.

Hdus  ¢doTtomerpuueckoro aHamm3a HCHONb30Bamack wMeroamka PSF-¢otomerpum ¢ umcmonp3oBaHHEM
pa3paboraHHOTO B Ccpene Python mporpaMMHOTro obecrieueHuss u Oudbmuorexk “pyraf’, “astropy” [5], “scamp” [6],
“astroquery”. JIns TONXydeHUS HETIOCPEACTBEHHO IH(depeHInanbHBIX KPUBBIX Oliecka OBUT MCIOJIB30BAH METO
MOCTPOCHHUS CHHTE3UPOBAHHON pe)epeHTHON KPHBOH OJieCKa ¢ MCHOIh30BaHHEM (POTOMETPUIECKON MH(POpPMAITUN
BcexX 3Be3x B mose. Takoil BEIOOp cTparerny OBUT MPOMUKTOBAH CIEAYIOMIMMH (akropaMu: 1) cmHTE3MpoBaHHAs
KpuBasi OJecka CpaBHEHHS 3HAUMTEIbHO YMEHBIIAET BKJIAA IIyMa OT OTAEIBHO B3ATOH 3BE3Abl CPABHCHUS;
2) TOCKOJIBKY MBI 3a4acTyl0 HE 3HA€M CHEKTPAJIbHBIA KIAcC HCCIEIyeMON 3BE3[bl, MBI HE MOXEM IPaBHIILHO
BEIOpPAaTh COOTBETCTBYIOIIYIO 3Be3Iy CpaBHeHMsA. [lockonbpKy oOmiee uucimo 3Be3n B mone [13C-kampa MokeT
JIOCTHTaTh COTE€H M AAXE THICSIY, MBI MOXEM CJIENIaTh MPEAINOIaraeM, YT0 TOYHOCTb (JOTOMETPHUHU TOJIBKO YPOBHEM
IrymMa B KpUBOU OJIECKa HCCIIEAyeMON 3BE3 bl

B pesympraTe ObUIH MONTyYeHBI MPOAOJDKUTENBHBIE KpUBBIE Oiecka i mopsimka 10000 3Be3n. it Kakaoro
cera HAOMIONEHMI W A Ka)KIOM IUIONIAJKM Oblla BBIIOJIHEHA BH3yalbHAs MPOBEPKA KPUBBIX OJECKa KaxIOH
OTAETBHOW 3BE37bI MOJIS, NMPOIIEANIeH mpouenypy (poromeTpun, Kak MHHAMYM, Ha HpPOTsDKeHHH 75% oT obmiel
MIPOJIOJKUTENEHOCTH HAOMIOICHNI, YTO TIO3BOJIMIIO BBISIBUTH 3B€3/bI C OAHO3HAYHBIMH IPU3HAKAMH ITEPEMEHHOCTH.
B pesymnpraTe aHamm3a 3THX KPUBBIX Oilecka OBIIO BBIABICHO 33 mepeMeHHbIe 3Be3nbl. Cpenu HuX 31 3Be3ma — 3To
HOBBIE, HE MPE/ICTABICHHBIC B KATAJIOTaX MIEPEMEHHbIX 3BE3I.

KiroueBsie cioBa: [13C HaOmroieHust: aHATN3 JaHHBIX; METOBI: aHATN3 KPUBBIX OJecKa, (POTOMETpPHSI.
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FIRST RESULTS FROM TIEN-SHAN SURVEY TO SEARCH
FOR VARIABLE STARS: LIGHTCURVE ANALYSIS
AND VARIABLE STAR CLASSIFICATION

Abstract. We present the first results of the light curve analysis of variable stars identified in Tien-Shan survey
conducted on Tien-Shan Observatory (TSO) using Zeiss-1000 telescope. Here we report on 33 high amplitude
variable stars among which 31 is previously uncatalogued variables. Using data from the StarHorse catalog, as well
as results from the MIST project, Color-Magnitude Diagram and appropriate evolutionary tracks were constructed
for each field and individual variable star, corresponding to the star's mass and metallicity. For two objects, we
performed spectral observations on the Zeiss-1000 "Zapadny" telescope using a slit spectrograph. The obtained
spectra were compared with synthesized spectra. The preliminary identification of variability type of each star is
based on parameters of variability (amplitudes and periods) determined from periodograms analysis, evolution stage
based on evolutionary track on Color-Magnitude Diagram and, for some targets, on spectral information.

Key words: methods: light curve analysis, photometry; stars: variable stars.

Introduction. Stellar variability plays crucial role in understanding many aspects of stellar structure,
galaxy evolution, cosmology, formation and evolution of binary systems and in many other astrophysical
problems [1, 2]. Light curve analysis of variable stars is main instrument in discovery of extra-solar
planets [3,4,5].

Despite many different campaigns and surveys aimed on variable star discovery and analysis there are
many new phenomenon and variability type discoveries still going on. Also, there are several examples of
variable stars which is the only object of their kind. For example WD1145+017 is the only known white
dwarf with evidence of disintegration phenomenon. To search for variable stars with short period
variability the survey was initiated at TSO. One of the goals for TSO survey is search for ultra-compact
binary systems (UCB), including interacting ultra-compact binary systems (AM CVn). Searching for UCB
and AM CVn conducted by means of single observatory is justified by the fact that the periods of
brightness variation in these objects are about several tens of minutes and the amplitudes from 1.0 to 0.01
in magnitudes [6], that is, are within the accuracy of photometry obtained by the telescopes in the TSO.

Additionally, TSO survey can detect variable stars of other types of variability including those
intentionally valuable for asteroseismic studies, systems with exoplanets, etc. Project description, strategy
for field selection and data reduction process is presented in separate paper in this volume (Paper I). There
we reported on discovery of new variables stars from visual inspection of individual light curves. In this
part we present detailed analysis of light curve of suspected variable stars using periodorgam analysis,
inspecting their evolution stage and spectra.

Stellar parameters, CMD and evolutionary tracks. A visual inspection of the light curves was
carried out for each star in each field that successfully passed the photometry process in at least 70%-75%
of the total duration of observations, which made it possible to identify stars with unambiguous evidence
of change in brightness. The full list of stars with detected variability is presented in table 5 of paper 1.
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To determine the type of detected variable stars, it is necessary to investigate the amplitude-period
characteristics of the light curves, as well as the evolutionary status of the stars and, if possible, spectral
characteristics (Sp). To clarify the evolutionary status of the stars, we found their physical characteristics
from the GAIA catalog and constructed color-magnitude diagram (CMD) with superimposed theoretical
evolutionary tracks obtained from the MIST project [7,8]. The physical parameters of the detected
variables, according to the GAIA catalog, are given in table 1, where n is the parallax, Gmag is the
magnitude in GAIA G filter.

Table 1 - Parameters of identified variable stars

GAIA ID b Gmag Tesr R L GAIA ID T Gmag Terr R L

[mas] [mag] [K] [RSun] [LSun] [mas] [mag] [K] [RSun] [LSun]

3420722996343786496 | 1.8659 | 13.04 [ 4649.38 | 1.93 | 1.575 |3404213726175547776| 0.7416 | 15.65 | 4855.00 | 1.30 | 0.847
3420728150304526976 | 6.7595 | 16.77 | 8868.67 | - — | 3404200257158109824 | 0.7620 | 12.54 | 5926.25 | 3.33 | 12.294

3420726084425443200 | 0.7500 | 15.72 [ 3854.00 | 2.51 1.252 |3404217746264940032 | 0.3361 [ 15.06 | 4837.26 [ --- ---
473900064311871488 | 1.1686 | 14.95 | 4228.92 | 1.70 | 0.832 [3404189944938309120 | 0.7505 | 12.80 | 7058.25 | 2.10 | 9.884
473906008546567168 --- 1593 | 403989 [ --- -—-  |241766668329744896 | 0.3486 | 16.98 [ 4904.71 | --- ---

473706893862387328 | 0.1217 | 15.33 | 4687.15 --- - |241771856649828992 -—- 17.75 -—- --- ---
473712872456844544 | 0.5673 | 14.24 | 7031.00 | 1.45 | 4.597 [229267969902029696 | 1.9891 | 13.52 | 4866.05 | 1.29 | 0.841
473900304830038144 | 0.4015 | 15.49 | 4855.50 | 2.59 | 3.368 [277089853758788352 | 0.2152| 16.94 | 4832.62 | --- ---
2000667342122793472 | 0.4200 | 13.91 | 7111.67 | 2.22 | 11.311 [277091262508123264 | 0.9893 | 13.03 | 4374.00 | 4.39 | 6.352

2000668544713613952 | 0.4973 | 13.65 [ 6519.50 | 2.51 |[10.268 |277091739248814208 | 0.4404 [ 16.71 | 437425 [ --- ---

2000677993641422208 [ 0.1093 | 16.14 | 6582.00 | --- --- ]277092155861283712 | 0.9312 | 16.49 | 4315.86 | 0.98 | 0.303
2000680742420926976 [ 0.3075 | 13.13 | 5983.00 | --- -~ |277093014852191616 | 0.1927 | 15.71 | 5008.72 | --- ---
2000681876292067968 [ 0.2046 | 15.32 | 6940.00 | --- -—- |277091911047501568 | 0.1641 | 16.34 | 4740.56 | --- ---

2000684586402884864 | 0.2592 | 14.03 [ 6413.50 | 4.18 [26.626 | 3342732093967192576 | 0.5688 [ 15.09 | 5324.00 [ 1.75 | 2.204
2000685758942457728 [ 0.2795 | 13.98 | 7179.25 | 3.17 |24.013 [3433368376498172160  0.7081 | 16.00 [ 4593.60 | 1.35 | 0.733
2000686239978998400 [ 0.3612 | 14.46 | 7812.50 | 1.69 | 9.560 [3433415586778288768 | 0.2012 | 15.24 | 4895.75 | --- ---

2001434835597456768 | 1.0201 | 16.65 | 4896.07 | 0.59 | 0.178

There is no data in GAIA catalog for the star 241771856649828992, but we identified this object in
the SDSS catalog as J033258.00+452113.5 and find the following parameters: Ter = 5440.0 K,
[Fe/H]: = 0.042 [9]. It should be noted here that GAIA data for extinction in the G band and “reddening”
E(BP-RP) should be used with caution since their accuracy is such that the values for individual star are
unreliable and therefore it makes sense to work only with an ensemble of values. Much work to refine
GAIA data for individual stars were done in the StarHorse project [10]. From the StarHorse catalog, we
selected only those stars for which reliable estimates were obtained. An example of a database query on
the project website (https://gaia.aip.de/query/) in our case might look as follows:

SELECT g.source_id, s.MGO0, s.BPRP0, s. TEFF50, s. MET50, s. MASS50

FROM gdr2.gaia_source AS g, gdr2_contrib.starhorse AS s

WHERE g.source_id = s.source_id AND s.SH_OUTFLAG LIKE '00000'

AND s.SH_GAIAFLAG LIKE '000' AND 1=CONTAINS(POINT('"GALACTIC',g.l,g.b),
CIRCLE('"GALACTIC',196.37,-4.64,1.))

Table 2 shows the parameters of some of the variable stars for which data is available in the
StarHorse catalog. A comparative analysis of the data from table 1 and table 2 shows a significant
discrepancy of values for some stellar parameters. In further analysis, especially for determining the type
of variability of a star, in the case where the parameters of the star cannot be determined from the
StarHorse catalog we use the parameters from the GAIA catalog, except for the Terrvalue.
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Table 2 - Parameters of the detected variable stars from the StarHorse catalog

GAIA ID Tefr [Fe/H] M GAIA ID Terr | [Fe/H] M
K] [Msun] [K] [Msun]
420722996343786496 8088 | -0.24 1.57 |3404217746264940032 6476 | -0.12 1.64
473900064311871488 7519 | -0.59 1.27 |3404189944938309120 7338 | -0.33 1.58
473706893862387328 12996 | -0.14 3.66 |241766668329744896 5903 | 0.47 1.21
473712872456844544 5263 | -0.39 0.90 |229267969902029696 5800 | 0.15 1.03
473900304830038144 7831 | -0.19 1.72 |277091262508123264 9658 | -0.14 | 2.45
2000667342122793472 7660 | -0.21 1.75 |277091739248814208 6562 | -0.19 1.21
2000680742420926976 6058 | -0.29 1.84 |277092155861283712 5575 | 0.46 1.05
2000684586402884864 6669 | -0.09 1.80 |3342732093967192576 6265 | -0.59 1.02

Using data from the StarHorse catalog, as well as results from the MIST project, CMD and
appropriate evolutionary tracks were constructed for each field and individual variable star, corresponding
to the star's mass and metallicity. These diagrams are shown in figures 1-3. GAIA ID of the stars is given

in legends to the figures.

CMD: Field 16-1

__CMD:Field 181

Figure 1 — CMD and evolution tracks for selected variable stars
on the field 16-1 (on the left), 16-3 (in the middle) and 18-1 on the right

CMD: Field 18-4

CMD; Fichd 185

Figure 2 — CMD and evolution tracks for selected variable stars
on the field 18-2 (on the left), 18-4 (in the middle) and 18-5 on the right
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CMD: Field 18-8

CMEY: Field 18-7

CMD: Field 18-6

Mg

'I- 1 [
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Figure 3 — CMD and evolution tracks for selected variable stars
on the field 18-6 (on the left), 18-7 (in the middle) and 18-8 on the right

Light curve analysis, amplitude-period parameters

The main tool of the light curves analysis utilized in this work is periodogram using two algorithms
implemented in the project GATSPY [11] and PyAstronomy (https://github.com/sczesla/PyAstronomy)
with successive steps of the “pre-whitening”, that is, subtracting the detected period of the light curve
followed by computing “cleaned” periodogram. The search for oscillation periods was carried out in the
range of periods (IT) from 0.003 d to 0.15 d. As an example, and due to pages limit here we show the

results for selected stars.

473900304830038144 (field 16-1): the physical parameters (Ter and Msun), its position on the CMD
diagram, and the period of variability (~1.8 - 2.3 hours) indicate that this star belongs to the DSCT type.
The light curve is shown in figure 4. Periodograms with an indication of reliable peaks are shown in figure 5.
Analysis of the light curve gives the following parameters of pulsation: IT; = 0.08410+0.00004 (d),

A1 =0.0096+0.0009 mag, I1> = 0.08934+0.00004, A, = 0.0081+0.0008.
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Figure 4 - Light curve of the star 473900304830038144
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Figure 5 - Periodograms for the star 473900304830038144 with indication of found periods
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473906008546567168 (field 16-3): the light curve (figure 6) shows the changes in brightness
from minimum to maximum with an amplitude of about 0.3 magnitude and a period of ~0.1 days. The
analysis reveals three modes of oscillations: I1;=0.13885+0.00002 (d), A;=0.112+0.003 mag,
[1,=0.06488+0.00003 (d), A>=0.021+0.002 mag, I3 = 0.1213+0.0001 (d), A3 = 0.020+0.002 mag. The
corresponding periodograms are shown in figure 7. The nature of the pulsations suggests that this star

belongs to the HADS (high amplitude DSCT).
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Figure 6 - Light curve of the star 473906008546567168
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Figure 7 - Periodograms for the star 473906008546567168 with indication of found periods

277091262508123264 (field 18-7): the analysis of the CMD diagram (figure 3) shows that it is the
Main Sequence star of spectral type A (Terr was used). The light curve is shown in figure 8. Despite the
short duration of the light curve, the star shows the presence of a rich spectrum of pulsations, which may
be due to the irregular variability. If we exclude the possible periods 0.2 d and to limit the periods search
within the duration of one epoch (~3 hours), we reliably detect three modes: 11;=0.0811+0.0004 d,
A;=0.0103+0.0007 mag, I1,=0.0599+0.0003 d, A=0.0057+0.0006 mag, II; = 0.0445+0.0002 d,

= 0.0041=0.0005 mag (figure 9). The nature of the oscillations shows that this variable may belong to
the DSCT, but it may be of roAp type. The object is of particular interest for subsequent observations and
possibly asteroseismic analysis.
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Figure 8 - Light curve of the star 277091262508123264
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Figure 9 - Periodograms for the star 277091262508123264 with indication of found periods

Catalog of variable stars and types of variability

The classification of the type of variability was made based on the obtained oscillation parameters
(period and amplitude), the position of the star on the CMD evolutionary track, as well as using an
available spectral data. For two objects, we performed spectral observations on the Zeiss-1000 "Zapadny"
telescope using a slit spectrograph. The obtained spectra were compared with synthesized spectra
computed utilizing the SPECTRUM package [12] and based on grids of atmospheric models from [13].

For the star designated in the GAIA catalog as 3404189944938309120 we found the following
parameters according to the StarHorse project: Terr= 7338K, [Fe/H] = -0.33, M= = 1.58 Mgun. Based on
these parameters, synthesized spectra were constructed with the spectral resolution corresponding to our
observations for two values of Ter — 7250K and 8000K, with the parameter logg = 4.0 and [Fe/H] = -0.5.
A comparison of the synthesized spectra with the spectrum obtained at TSO is shown in Figure 10. From
comparison with model spectra, it can be concluded that the data of the StarHorse project correspond to
reality and this variable star can be attributed to the DSCT type with a high probability.

1.9 —— T.p=T250K. logg — 4.0, [H/Fe]--0.5
N T.s=8000K, logg = 4.0, [H Fe|=-0.5
TShAO, slit.spec.
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Figure 10-Comparison of spectra obtained at the TSO using a slit spectrograph mounted
on the Zeiss-1000 "Zapadny" telescope with synthesized spectra for two Tesr values
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Table 3 - Detected variable stars from TSO survey

GAIA ID I on A GA Type
3420722996343786496 0.0485 0.00001 0.0033 0.0003 DSCT
0.0925 0.0001 0.0026 0.0003
0.0708 0.0001 0.0023 0.0023
3420726084425443200 --- --- 0.7 0.0001 EB
3420728150304526976 a rich spectrum of pulsations Z7B
473706893862387328 0.0867 ~0.0001 0.05-0.1 ~0.0003 SX Phoenix,
0.0347 BCep(?)
0.0344
473712872456844544 a rich spectrum of pulsations PNCS
473900064311871488 0.3765 ~0.0001 ~0.6 ~0.0003 EV
473900304830038144 0.08410 0.00004 0.0096 0.0009 DSCT
0.08934 0.00004 0.0081 0.0008
473906008546567168 0.13885 0.00002 0.112 0.003 DSCT
0.06488 0.00003 0.021 0.002
0.12130 0.00010 0.020 0.002
2000667342122793472 ~0.05 ~0.01 ~0.025 ~0.001 DSCT
2000668544713613952 >0.15 --- ~0.020 --- DSCT
2000677993641422208 ~0.1 --- ~0.10 --- DSCT
2000680742420926976 >0.15 --- ~0.20 --- DSCT
2000681876292067968 0.060 0.001 0.037 0.002 DSCT
0.042 0.001 0.015 0.001
2000684586402884864 >0.15 --- ~0.03 --- DSCT(?)
2000685758942457728 ~0.12 --- 0.03 --- DSCT(?)
2000686239978998400 0.0363 0.0005 0.0151 0.0008 DSCT
2001434835597456768 >0.2 --- >0.6 --- EV(?)
3404200257158109824 Nonregular, with amplitude ~ 0.01 v
3404213726175547776 >0.2 --- 0.4 0.001 EV
3404217746264940032 Nonregular, with amplitude ~ 0.01 v
3404189944938309120 Nonregular, with amplitude ~ 0.01 DSCT(?)
241766668329744896 >0.12 --- >0.5 --- EV(?)
241771856649828992 >0.15 --- ~0.1 - DSCT(?)
229267969902029696 --- -—- ~0.5 <0.001 EB
277089853758788352 0.0820 0.0003 0.025 0.003 DSCT(?)
277090815831501568 Nonregular, with amplitude ~0.2 (@)
277091262508123264 0.0811 0.0004 0.0103 0.0007 DSCT,
0.0599 0.0003 0.0057 0.0006 roAP(?)
0.0445 0.0002 0.0041 0.0005
277091739248814208 ~0.125 ~0.001 ~0.1 ~0.001 DSCT(?)
277092155861283712 ~0.30 ~0.01 ~0.6 ~0.001 EV
277093014852191616 Nonregular, with amplitude =~ 0.01 ?
3342732093967192576 >0.12 ~0.01 ~0.3 ~0.01 EV(?)
3433368376498172160 >0.12 ~0.01 ~0.3 ~0.01 EV(?)
3433415586778288768 ~0.1 --- ~0.03 --- DSCT(?)
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For a star with the number 277091262508123264 according to the GAIA catalog classification, we
found the following parameters of this star according to the StarHorse project: Ter = 9658K,
[Fe/H] = -0.14, M= = 2.45 Msun. It should be noted that for this object, there is a large discrepancy in the
Tesr values between the GAIA and StarHorse data. Therefore, we also consider the parameters of this star
obtained from the LAMOST project: Terr = 7088 K, [Fe/H] = 0.043. Based on these parameters,
synthesized spectra were constructed with a spectral resolution corresponding to our observations and
those of the LAMOST project for two values of Ter - 7000K and 9500K, with the logg = 4.0 and
[Fe/H] = 0.0. A comparison of synthesized spectra with the spectra obtained at TSO and in the LAMOST
project is shown in figure 11. From figure 11, we can conclude that the data from the StarHorse project
does not seem to be correct and LAMOST gives more accurate value. From the obtained comparison, we
can conclude that this star also likely belongs to the DSCT variable type.

Model: T, jp=T000K, logg = 4.0, [H Fe|-0.0 Mosdcl: T,y =7
Model: T, py=9500K, logz = 4.0, [H Fe|=0.0 1.2 Model: T,y 500K, Jogz -~ 4.0, [H/Fe| 0.0 H
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Figure 11-Comparison of the spectra obtained in the LAMOST project (left) and at the TSO (right)
on a slit spectrograph mounted on the Zeiss-1000 “Zapadny” telescope with synthesized spectra for two Tetr values

More accurate spectral characteristics can be obtained from iterative approximation (or MCMC
method) of model spectra to the observed ones, using a grid of models with a certain step in the values of
[Fe/H], logg and Tes.

Conclusion

Survey observations of 15 selected fields were carried out. Photometric pipeline data analysis
conducted for 23 fields, including observations for 2016 and 2018. As a result, light curves for 9836 stars
with the duration of observations at least 3 hours were obtained. Analysis of the light curves of these stars
leads to the identification of 33 variable stars. Among them, 31 stars are previously unknown variables.
The amplitude-period analysis of the light curves of the identified variables was carried out, which
allowed us to give a preliminary classification of their type of variability. Where possible, we analyzed the
color-magnitude diagrams and constructed the corresponding evolutionary tracks. Table 8 presents the
main information obtained on the detected variable stars.
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EXIIC «B.I'. ®ecenkoB atbiHAarbl ACTpo(hH3MKa HHCTUTYThD)

TAHb-ITAHBJA O3TEPMEJII XKYJABI3AAPABI I3BAEYJETT
OOTOMETPUAJBIK 3EPTTEYIIH AJIFAIIIKbI HOTH/XKEJIEPI:
KAPBIK KUCBIKTAPBIH TAJIJIAY KOHE O3I'EPMEJII KYJIIBI3JAPABIH KIKTEJIYI

AHHOTanMs. ARHBIMAJbBI XYJIIBI3AAP/BI 131€yTe apHalFaH KeNTereH HayKaHJapFra KapaMmacTaH, OapibIK jkaHa
alfHRIMANTBIIAPABIH, COHBIH imIiHAEe OYphIH Oenrici3 OoxFaH KiacTapIblH ambUIybl jkanracyna. COHBIMEH KaTap,
epekie Hpicanmap 6ap. Meicansr, WD1145 + 017 — xa3ipri ke3eri 3K30IIIaHeTalbIK JKyHenepaiH 0y3y GpeHoMeHiHIH
Gap OGomysIHBIH nonenzaeyi Oap Oenrimi »kamFbl3 ak eprexeiini. Kpicka mep3iMal alHBIMaNbl KYIABI3AAPABI 137€y
ywie TIIOA-na ¢oToMeTpusinblk HayKaH Oactanran 0omaTeiH. OHBIH MakKcaTTapbIHBIH Oipi — ©3apa 9peKeTTeceTiH
yIbTpa-bIKImIaM ekimik xyhenepai (AM CVn) xoca amranzia, ekiitik bikmam xyidenepai (UCB) izmey. Mynnpait
KyHenepai 6ip 00cepBaTOPUSHBIH KYIIIMEH 13/Iey OJIap/IbIH KapBIKTHIK BApUALUSICHIHBIH OipHEIlIe OHaraH MHUHYTKa
CO3BUIATHIHBIFBIMEH, Q)1 XKAapbIK BapUAlMSCHIHBIH aMIUTUTYIAchl Kyabi3ablk mamameH 0,01-gen 1,0-re newiHri
apanblKTa e3repeTiHiirimer axranraH. COHBIMEH KaTap, MyHzIail 3epTrey Oacka ayblchalbl S>KYJIIBI3AapAbIH
TYpPJIEpiH, COHBIH iIiH/IE aCTPOCEHCMOJIOTHSTFA KBI3BIFYIIBUIBIK TYABIPAThIH OOBEKTIIEPi, SK30IUIaHEeTAIaphl Oap
JKyHenepai )kaHe T.0. i37ey YIIiH naijaJaHblTybl MYMKIH.

Tanap-1llans o6cepBaropusiceiaaa (TAO) Zeiss-1000 TeaecKONBIHBIH KOMETIMEH KYPTi3ireH (pOTOMETPHSIBIK
3epTTey OapbIChIHAA aHBIKTAFAH ©3repPMEIi KYIABI3AaPbIH KapbIK KUCHIKTAPhIH TAJIAAYIBIH aJIFaIlIKbl HOTHXKEIepi
YCBHIHBUIABL. MyHIa 6i3 33 >KoFaphl aMIUIMTYJalbl aybICHANbl KYIABI3AAP Typaibl OasHIaMbI3, ONapAblH imIiHIe
31 OypBIH alHBIMAJIBI KYIABI3AP KAaTAIOThIHA EHOETEH.

Kynnei3napaplH alHBIMATBUIBIK TYPIH aHBIKTAY YIIIH OJNIAPABIH KAPBIK KUCHIKTAPbIH TajJall, aMIUINTYAAchl
MEH MEPUOJTAPbIH aHBIKTAY KEPEK, COHBIMEH KaTap JKYJIABI3/IbIH IBOJIOLMIIBIK KYHIH JKoHE erep MyMKIiHAIK OoJica,
OHBIH CIIEKTPJIIK CUIaTTaMallapblH Jla aHbIKTay Kepek (Sp). byit skyMbIcTa jkapblK KMCBIKTapbIH TaJAyIbIH HEri3ri
Kypaibl —  Tepbemic  CHOEKTpiH  «arapTy»  Ti30ekTi  Kamamaapel  0ap  PyAstronomy  makerti
(https://github.com/sczesla/PyAstronomy) sxone GATSPY maker anropurmi  KeMmeriMeH OpBIHIAJIFaH
neproporpammanapasl Kypy. biz tepbenicrepnin nepuoarapsin 0.003-ten 0.15 xyHre neiiHri apanblkTa i3Jelik.
Makanaa Mbicai peTinae OipHele XKyJIIbI3AapFa apHallFaH KapblK KUCBIKTaphl KEJITipiireH.

StarHorse karamorsiHOarsl gepextepai, congai-axk MIST »xo0achHBIH HOTIDKENEPiH KOJJaHa OTHIPHII, COHKeC
METaIIIBUIBIKKA JKOHE aHBIKTAJIFaH ©3repMeIi XYJIIbI3apIblH MacCachlHa SBOIIOLMSIIBIK KOJIIAp TYCTi-)KaPbIKTBIFbI
JarpaMMaIapbIHAA allbIH/IBL.

Heticc-1000 «batpicy TIIAO TemeckomblHIA €Ki HBICAaHAA CHEKTPIIK Oakpuiay >KYpri3ingi. AJBIHFaH
CHEKTpJep MOJENB/I CIIEKTPICPMEH CANBICTHIPBUIABL. OpOip KYIABI3ABIH ©3TeprillTiK TYpPiH alIblH-ajla aHBIKTAY
MepHUoIoTpaMMalIapMEH aHBIKTAJIATHIH TepOeric peKUMIEPiHiH napamMeTpiiepine (aMIUIMTYIachl MEH MEPUOITapHI),
TYCTI KapbIKTBUIBIK JuarpamMmainapbsiia (CMD) HerizzenreH 3BOJIOLMSI CaThIChIHA JKOHE KEWOIp JKyJinbl3napra
CIEKTPJIIK aKmapar Heri3iH/e Kacaiabl.

Hotmxkecinae afHBIMAIBUIBIK KJIAcTaphl jKOHE ©3TEPrillTiK mapamMeTpiepi 0ap 33 >KyiabI3ablH Ti3iMi maiima
6omnpr: 17 DSCT >xynasizel, 2 EB (TyThutran exunik), 7 EV (ammnctik aitneivasst), 2 IV (nypsic emec aiHbIMAIIbI),
1 PNCS (mnanHeTrapiblK TYMaHIBUIBIKTBIH OpPTalbIK >KYIIb3bl), 1 ZZB (ak eprexeitni) >xone 2 Oenrici3
aHBIMAITBIIBIK THITI Oap >KYJIIBI3.

Tyiiin ce3aep: oxictep, )kapblK KUCHIKTAPBIH TalAay, GOTOMETPUS, KYJIIBI3AAP, aybICTIANIBI XKYJIABI3AAD.
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ATOO «Actpodusnueckuit HHCTUTYT uM. B.I". ®ecenkoBa»

HEPBBIE PE3YJIBTATBI TAHB-ITAHCKOI'O ®OTOMETPUYECKOI'O OB30PA
IO NOUCKY NNEPEMEHHBIX 3BE3/l: AHAJIN3 KPUBbIX BJIECKA
N KIIACCUDPUKAIUA MTEPEMEHHBIX 3BE3 /]

Annoranusi. HecMoTpst Ha 00JIbIIIOE KOJMYECTBO PA3HBIX KAMITAHUHN 110 TOUCKY NEPEMEHHBIX 3BE€3J1, OTKPHITHE
BCE HOBBIX IMEPEMEHHbBIX, BKIIOYAsh HEU3BECTHBIX paHee KIACCOB, MpojoinkaeTcs. Kpome Toro, BCTpedaroTcs
yHHUKanbHBIE 00beKThl. Hanpumep, WD1145+017 — ennHCTBEHHBI N3BECTHBIN B HACTOSAIINN MOMEHT OEJBI KapiIuK
C JIOKa3aTelbCTBOM CYIECTBOBAHUsI (DEHOMEHA pa3pylLICHHs 3K30IUIAaHETHBIX cucTeM. J[JIsi MoKMcKa nepeMeHHbBIX
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3Be3]] ¢ KOPOTKHMH IepHoJamMu OblIa mpeanpuHaTa poromerpudeckas kamnanus Ha TIIOA. OnHoli U3 ee 1ebio
ABISIETCSl TOMCK ABOMHBIX KoMHakTHeIX cucreM (UCB), Bkirouas B3aMMOJEHCTBYIOIIUE YJIbTPa-KOMIIAKTHBIC
nBoiiHble cucteMbl (AM CVn). [louck Takux cucteM CHiIaMH OJJHOHM oOcepBaTOpHM OIpaBAaH TEM, YTO BapHalUU
Osiecka y HUX HMEIOT MEpPHOJbl HECKOJIIBKO JI€CATKOB MHUHYT, a aMIUIMTYyAbl Bapuanuu Onecka — ot 0.01 no
1.0 3Be3nnoil BemuuuHbl. Kpome Toro, takod 0030p MOXET OBITh HCIOJIb30BAaH JUIs ITOMCKa JPYTHUX THUIIOB
NIepEeMEHHBIX 3Be3/1, BKIIOYast 0OBEKTHI, UMEIOIINE MHTEPEC AJISl aCTPOCEHCMOIIOTHH, CHCTEMbI C HK30IUIAaHETAaMH U
ap.

B aT0i1 cTatbe npencTaBiIeHb! NepBbIe pe3yiIbTaThl aHaN3a KPUBBIX OJiecKa MEpEeMEHHBIX 3BE€371, BBISBICHHBIX B
xome (ortomerpuueckoro o0630pa, mpoBeaeHHoro Ha Tsubp-Illanbpckoit obceparopun (TILIAO) ¢ momomrsio
teneckona Lleiicc-1000. 3mech MbI coobmiaeM o 33 BBICOKOAMIUIUTYAHBIX TTEPEMEHHBIX 3BE3/1aX, CPEeAH KOTOPBIX
31 — paHee He BOMICIIINE B KATAJIOTH IIEPEMEHHBIX 3BE3].

Jns onpeneneHuss TWIa IMEPEMEHHOCTH Y 3Be€3J HEOOXOAMMO MPOAHATM3HPOBAaTh HX KpUBBIC Ollecka u
ONPENEINTh AMIUIMTYIbl U TEPHOJBI, a TAKXKE OMNPENEIUTH 3BOJIONMOHHBIN CTAaTyC 3BE3/bI M, €CIH €CTh TaKas
BO3MOXXHOCTb, €€ CIIeKTpalibHble XapakTepucTuku (Sp). OCHOBHBIM MHCTPYMEHTOM aHaiu3a KPUBBIX Oliecka B
JTAHHOH paboTe SBISACTCS MOCTPOCHHUE MIEPUOIOTPAMM, PEaTU30BaHHOE ¢ IpUMEHEeHHEeM anroputMa nakera GATSPY
u nakera PyAstronomy (https://github.com/sczesla/PyAstronomy) ¢ mocieqoBaTeIbHBIMU IIaraMu “‘0TOCIMBaHUA"
cnekrpa kosiebanuii. [loumck mnepuonoB KoyieOaHMH NPOBOIWICS HamMM B auanazone nepuogoB ot 0.003 no
0.15 cyrok. B craTtbe B kauecTBe mpuMepa NpUBEICHBI KpUBBIE OJ1€CKa JIMIIb ISl HECKOIBKUX 3BE3]I.

HWcnonesys nannsle katanora StarHorse, a taxoke pesynbrarsl npoekrta MIST, ObutH TOJTydeHBI 1 HAaHECEHBI Ha
muarpaMMel L{BeT-CBETHMOCTE 3BOJIIOIMOHHBIE TPEKH AJISI COOTBETCTBYIOUIEH CTENEHH METAIMYHOCTH W MacChl
00Hapy KEHHBIX IEPEMEHHBIX 3BE3]I.

Jus nByX oOBEKTOB OBUIM MPOBEACHBI CHEKTpaNbHBIE HaOmromeHus Ha Ttenmeckore Lledicc-1000 “3amamnbrit”
TIIAO c wucnonb3oBaHMEM MIeneBoro crekrporpada. IlomydeHHbIE CHEKTpbI CPaBHUBAINCH C MOJEIbHBIMU
cnexktpamu. IIpenBapurensHas MICHTU(QUKALMS THIIA U3MEHYUBOCTH KaXKIOH 3BE3Zbl OCYLIECTBIISICTCS HAa OCHOBE
apaMeTpoB MoJ KoneOaHui (aMIUTUTY L U IEPUOJIOB), ONIPEAEIISIEMBIX [0 IEPHOAOTPAMMaM, CTa X BOJIIOLUH — Ha
OCHOBE JiMarpamm 1per-ceeTuMocTh (CMD) 1 1 HEKOTOPBIX 3BE3]] — HA OCHOBE CIIEKTPaIbHON HH(pOPMALIHH.

B pesynbrare Obu1 monyueH cnucok M3 33 3Be3a ¢ mapameTpamMM OCUMIUIALMHA M KJIacCOM NEepeMEHHOCTH:
17 3Be3n DSCT, 2 EB (3atmenHble nBoinble), 7 EV (snunruueckue nepemenHsie), 2 1V (HempaBuibHBIC
nepemennsie), | PNCS (ueHtpanbHas 3Be3na IuraHeTapHOW TyMaHHOCTH), | ZZB (OGenblit kapinuk) u 2 3Be3fbl C
HEHM3BECTHBIM THIIOM ITEPEMEHHOCTH.

Ki1roueBble cj10Ba: METOIbI, aHAIN3 KPUBBIX OJiecKa, JOTOMETpPHS, 3BE3/Ibl, IEPEMEHHbIE 3BE3IbI.
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SPECTROPHOTOMETRIC STANDARDS 8™-10™.
ILTHE EQUATORIAL ZONA FROM 0" TO 12",

Abstract. This article is the second paper from cycle of notices, which devoted of the creation of
spectrophotometric standards of intermediate brightness. In paper the absolute energy distribution in visual region of
spectra for 12 B-A-stars 8™-10™ were present. The standards such brightness is necessary first of all for calibration of
the spectral observations on the big telescopes. The investigated stars-standards are located along the celestial
equator (8 = +3°) in the range of right ascensions from 0" to 12". Observations were made on the telescopes of AZT-8
and Zeiss-600 with the help of a diffraction spectrograph with toroidal grating. The receiver of radiation was served
CCD-camera ATIC 490EX. Equipment, observation methods, reductions and computations detailed described in our
first paper. The distribution of energy was studied in the range of 345aM - 665nm, the spectral resolution of the data
is 5nm, the relative standard error of the received data - from 2 to 6%. The reliability of the results is assessed by
comparing the calculated and directly observed star magnitudes of the investigated stars in the UBV-system.

Key words: stars, energy distribution, spectrophotometrical standards.

Introduction. In spectrophotometric observations of celestial bodies, stars with good known energy
distribution in their spectrums serve as standards. As a rule, these are non- variable stars of early spectral
classes. Their spectrums have long areas, some free of strong spectral lines. These areas suitable are used
to standardize of the spectra of investigated objects and calibrate equipment. In present time the out-
atmospheric distribution of energy in the visible region of the spectrum has been studied for about one and
a half thousand stars. Almost all of them are brighter than 6 magnitude and only a third of them belong to
the early spectral classes. In the publications there are about a hundred 7™- 8™-standards stars [1-3] and
only a few dozen of the weaker stars with known energy distribution [4]. But standards should be as large
as possible, as the productiveness of observations and accuracy of the measuring data depends on them
quantity.

Naturally the observations on large telescopes require weaker standards. A brief overview of the
works on the investigation of energy distribution in the spectra of stars is given in our article [5]. In the
same paper also a substantiated relevance research of energy distribution in the spectrums of stars of
intermediate brightness (8™-10™). It is well known that the creation of spectrophotometric standards
belongs to the class of "eternal" tasks, as over time more weak standards are required, more accurate, with
higher spectral resolution and covering an ever wider interval Spectrum. In addition, the more standards,
the higher the performance and accuracy of observations. This work is the second in a series of works
devoted to the creation of spectrophotometric standards of intermediate brilliance. In this article for
12 stars-standards 8™ -10™ the distribution of energy in the visual spectrum given. The stars-standards are
located near the equator (£3 degrees) and evenly on direct ascent in the zone from Oh to 12h.

Observations was carry out with the CCD-spectrograph, which specifically for absolute
measurements was manufactured. The spectrum have registering by the CCD-camera ATIC 490EX. The
spectrograph had installing either on the 70-centimetre AZT-8 (D:F-1:16) or on the 60-cm "Zeiss-600"
(1:12) located on the Kamenskoe Plateau (height = 1350m). Five stars from the catalogue [5] served as
primary standards. A full list of primary standards and their main characteristics are available in our article
[5]. The observations were carried out by differential method of equal heights. This allowed used the
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average value of the coefficient of the transparency of atmosphere for the place of observations in the
reductions. Each star was observed 6 to 12 times.

Table 1 - List of explored stars and their main characteristics

No. HD (BD) 02000 82000 \ B-V Sp

1 1112 00" 15™ 27.3% -03°39' 15" 9.11™ -0.06™ B9V
2 12021 01 57 56.1 -02 05 58 8.85 -0.06 B8V
3 18571 02 5916.8 01 14 40 8.63 +0.03 A0V
4 24520 03 54 07.0 021102 8.62 +0.09 A0V
5 28190 04 27 03.5 041651 9.04 +0.08 BV
6 289997 051007.8 -00 16 58 9.96 +0.06 B9V
7 42334 06 10 08.7 0042 36 9.31 +0.03 BSIII
8 50087 06 51 40.6 0019 36 9.08 +0.04 B&III
9 63367 0748 44.4 01 5621 9.05 +0.01 B9V
10 BD+01 2119 08 32 43.6 00 53 49 10.13 -0.07 A0

11 86027 09 55 59.6 0247 55 8.37 -0.02 A0V
12 97917 1115483 -02 17 58 8.90 -0.11 B8IV
13%* 23009 03 41 38.1 -00 09 49 8.64 0.21 A2111

*- primary standard

Unfortunately, more than a third of the observational data were throw away, mainly due to the low
and unstable transparency of the earth's atmosphere. Due to the rapid growth of Almaty and global climate
change, the number of photometric nights on the Kamenskoe Plateau has decreased significantly in recent
years. The transparency of the atmosphere as a whole has decreased, and the brightness of the sky has
greatly increased. The resulting spectra were processed in the MaxImDL-6 package. The process of
processing frames is detailed in the work [5].

Numerical reductions was made according to the formula:

E«(A) = Ex(X) -[I+(}) / Ist(A)]- [Ats/ Ate]xpav(X) ™M, (1)

where the E« and Est are the outside atmospheric values of the spectral density of the energy illuminance
created by the star and the standard; I+ and Ist - amount of counts in CCD-camera from star and standard
in the Snm intervals; Aty and At - the duration of exposures to the standard and the star; P,,- the average
coefficient transparency of earth atmosphere; Mst = Mst - M= - the difference of air masses between the
standard and the star.

Due to the relative proximity of the software stars and the standards, the difference of air masses for
the absolute majority of observations did not exceed 0.05. The difference of time between star
observations and standards was usually less than half an hour, but sometimes reached an hour.

The processing of frames of the stellar spectra was carried out by standard means. At first frame was
cleaned from hot pixels, then was calibrated and, finally, subtracted background.

At numerical reductions for primary standards was used values of monochromatic illuminations and
counts for the quasi-continuous spectrum. The values of illuminations in the spectral lines region were
obtained in advance through graphic interpolation. The counts in regions of the hydrogen lines on obtained
registrogrammes were also interpolated. This procedure could be performed by numerical method using a
computer, presenting the interpolation curve as a polynomial. However, we used the "manual" method.
The treated registrogrammes we printed out and then the printouts interpolated in region of hydrogen
lines. The interpolated values of counts were entered into the computer. This "hybrid" method is longer
and somewhat is archaic. However, compared to purely computer, it is more reliable. The pixels of CCD-
camera in advance was broken down into 50-angstrom intervals. The hydrogen line HP served as
reference point of wavelength on registrogrammes. Spectrograph operate in the range of 340nm to 670nm
The region of registration of radiation in our case is determined by the spectral sensitivity and size of the
CCD-matrix.

The results of observations of twelve stars - spectrophotometric standards of intermediate brilliance
are presented in Table 2. Unfortunately, the CCD camera used does not allow to register the radiation
shorter than 345m. For some stars, we decided to extrapolate the energy distribution curves by one or two
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points in the red region of spectrum - up to 6700A. As the extrapolation interval is small, she was quite
confident. Extrapolated values in the table are marked with an asterisk.

Table 2 - Extra-atmospheric energy distribution in the spectrums of the stars studied.
Units - "watt/m*m" - 10”7, wavelength - in angstroms.

No. 1 2 3 4 5 6 7 8 9
HD (BD) 001112 012021 018571 024520 028190 289997 | 042334 050087 063367
3475 87 170 102 71 53 39 76 73 100
3525 87 166 94 78 54 39 76 73 97
3575 85 159 98 81 60 39 78 70 93
3625 85 162 96 82 59 38 79 78 92
3675 85 158 105 84 59 39 77 81 98
3725 96 164 110 90 68 43 76 88 101
3775 109 183 153 117 94 50 88 110 118
3825 133 216 194 159 123 59 104 131 151
3875 165 256 237 196 152 69 121 153 172
3925 168 262 269 237 172 71 123 157 180
3975 188 288 292 263 182 76 137 175 206
4025 197 300 309 293 200 82 142 178 215
4075 178 273 285 266 180 77 131 164 197
4125 170 255 272 249 169 74 126 152 191
4175 175 258 275 263 183 76 130 158 196
4225 173 256 269 263 177 72 126 151 189
4275 162 238 251 245 165 69 117 146 176
4325 143 214 227 206 140 61 107 132 158
4375 143 210 225 201 141 62 106 129 161
4425 147 213 228 217 151 64 109 134 169
4475 144 207 220 221 149 62 105 129 164
4525 141 200 215 216 145 61 102 126 158
4575 136 195 208 208 141 59 99 121 152
4625 135 191 204 205 137 58 95 118 147
4675 131 184 200 200 134 56 94 118 144
4725 125 176 190 193 130 54 91 114 137
4775 118 167 183 182 126 52 86 108 127
4825 107 151 170 160 110 46 77 98 114
4875 102 143 163 144 100 44 74 93 112
4925 108 149 169 156 111 46 77 98 119
4975 109 150 168 165 114 46 79 98 120
5025 106 145 163 165 110 45 76 97 115
5075 104 143 158 163 109 44 74 93 114
5125 102 138 157 158 108 43 72 91 110
5175 98 135 152 155 106 42 71 90 108
5225 96 130 148 151 102 41 70 89 106
5275 92 125 143 147 100 40 68 87 100
5325 90 122 139 141 96 39 65 83 98
5375 88 119 138 139 97 38 64 82 96
5425 86 115 134 137 94 38 63 81 94
5475 85 113 131 135 91 37 61 78 92
5525 83 109 126 131 90 37 59 76 89
5575 80 107 126 131 89 35 60 77 88
5625 79 106 123 128 84 34 58 75 85
5675 71 103 119 123 82 33 55 72 82
5725 75 99 117 120 84 33 54 71 81
5775 73 96 114 117 79 31 52 69 79
5825 71 93 111 114 76 30 50 67 76
5875 70 92 109 114 76 29 49 64 75
5925 68 89 106 110 74 29 49 64 74
5975 67 87 102 106 72 29 47 63 73
6025 65 86 101 104 71 28 47 62 72
6075 63 81 98 101 69 27 47 62 70
6125 62 80 98 100 68 27 46 60 69

— g4 ——



ISSN 1991-346X Series physico-mathematical. 3. 2020

No. 1 2 3 4 5 6 7 8 9

6175 60 79 95 98 68 27 43 58 67
6225 58 75 93 96 64 25 42 56 65
6275 56 73 89 94 62 24 41 54 62
6325 55 72 88 90 61 24 41 54 62
6375 55 69 86 89 60 24 40 53 61
6425 53 67 84 88 60 23 39 52 58
6475 52 65 81 84 58 22 38 52 57
6525 47 61 76 76 51 21 36 50 52
6575 45 59 75 71 49 21 34 48 51

6625 48 62 82 *80 *55 *22 *37 *50 *54
6675 *47 *60 80 *79 *54 *21 *36 *50 *53

Table 2, continued

No. 10 11 12 13 No. 10 11 12 13
HD (BD) | +012119 | 086027 | 097917 | 023009 | HD (BD) | +012119 | 086027 | 097917 | 023009
3475 28 187 159 75 5125 45 191 122 146
3525 31 166 165 76 5175 45 189 119 142
3575 30 165 157 77 5225 44 186 119 139
3625 33 169 159 78 5275 42 175 112 137
3675 34 174 152 79 5325 41 171 107 133
3725 33 191 152 84 5375 40 166 106 132
3775 38 217 168 112 5425 40 165 104 130
3825 58 275 202 142 5475 39 159 101 128
3875 70 320 236 159 5525 39 155 98 125
3925 68 329 237 174 5575 37 154 94 123
3975 79 369 249 133 5625 36 150 91 121
4025 84 396 263 239 5675 35 143 87 119
4075 77 363 239 196 5725 34 139 86 116
4125 74 340 230 171 5775 33 133 83 115
4175 77 355 232 220 5825 32 132 81 112
4225 76 340 227 217 5875 33 129 78 110
4275 70 323 217 209 5925 32 127 76 108
4325 63 287 195 144 5975 32 123 74 105
4375 63 284 190 182 6025 31 121 72 103
4425 67 299 193 194 6075 30 118 69 101
4475 66 288 187 192 6125 29 115 68 100
4525 64 281 182 188 6175 29 113 67 98
4575 62 271 176 183 6225 28 110 64 97
4625 60 264 168 180 6275 26 107 63 95
4675 59 257 164 177 6325 27 103 60 93
4725 56 244 154 172 6375 26 103 58 92
4775 52 230 147 168 6425 25 96 56 90
4825 46 205 134 146 6475 25 95 55 88
4875 43 195 129 112 6525 22 87 51 82
4925 47 207 133 154 6575 22 84 49 68
4975 49 209 132 154 6625 *23 88 53 85
5025 47 201 127 152 6675 *22 *86 51 83
5075 47 199 124 149

*- interpolated and extrapolated values.
Wavelengths belong to the centers of averaging intervals.

Comparison with photometry. Since the spectral distribution of energy for the studied stars was
obtained for the first time, it is not possible to estimate the external convergence of the data obtained by
comparison. We can only assess the internal convergence of data by calculating, for example, a relative
average error. The average value of these errors for ultraviolet (345nm - 400nm) and visible (405nm -
665nm) areas of the spectrum is between 6% and 2%. Here the sensitivity of the matrix is smaller and the
transparency is lower.
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A rough estimate of our results can obtained by oblique means - comparing the observed stellar
values for the studied stars with calculated values out of energy distributions. The calculated discrepancies
give, albeit roughly, a picture about of the reliability of our data and allow us to discard the obviously
erroneous values of energy distributions. Wherein we are assume that a observed magnitudes and color-
indexes is true.

For comparison, we decided to use the UBV system. As mentioned above, for our stars not only the
spectral energy distribution, but also the photometric data in the band “U” absent. Therefore we were able
to assess resemblance only in B and V bands by calculating the stellar magnitude V and the color-index B-V.
The calculations of stellar magnitude V was made by a well-known formula:

Vcal = -2.5x 1ogZE(A)xS (A)xAX +const (2),

where Vcal is a calculated magnitude; E (A) - the monochromatic outside atmosphere illuminance; S (A) -
the response curve of the band of photometric system; Al - the spectral interval of the averaging;
The color-index (B-V)cal was calculated on the formula:

(B-V)cal =-2.5log [EE(A)xSg (M) / ZE(A)xSy (A)] + const 3)

The reaction curves of bands taken from the monograph V. Straizhys [10].

The numerical value of the constants depend from the zero-point of scale of stellar magnitudes, the
unit system used and the interval of averaging. Since the averaging interval for all wavelengths is the
same, it can be included in the value of constant. Then for all stars was calculated the differences:

0V = Vcal - Vobs, 4)
d(B-V) = (B-V)cal - (B-V)obs (5)

Their values are represented in table 3.

Table 3 - Calculated residuals for V and (B-V)

Ne HD (BD) Vobs Vcal 3V (B-V)obs (B-V)cal 5(B-V)
1 1112 9.11m 9.11m 0.00™ -0.06™ -0.02m 0.04™
2 12021 8.85 8.95 0.10 -0.06 -0.03 0.03
3 18571 8.63 8.63 0.00 0.03 -0.02 -0.05
4 24520 8.62 8.61 -0.01 0.09 0.06 -0.03
5 28190 9.04 9.03 -0.01 0.08 0.04 -0.04
6 289997 9.96 10.02 0.06 0.06 -0.01 -0.07
7 42334 9.31 9.47 0.16 0.03 -0.03 -0.06
8 50087 9.08 9.19 0.11 0.04 0.00 -0.04
9 63367 9.05 9.02 -0.03 0.01 -0.03 -0.04
10 +01 2119 10.13 9.95 -0.18 -0.07 0.02 0.09
11 86027 8.37 8.42 0.05 -0.02 -0.07 -0.05
12 97917 8.90 8.92 0.02 -0.11 -0.13 -0.02
13 Sec 2 8.64 8.67 0.03 0.21 0.21 0.00

Table 3 shows that residuals for some stars can reach more than 0.1™. Stars with such residuals should
not be used as standards. The dimmest star has maximum residuals which, apparently, indicates on the
instrumental of their origin. In general, the calculated values of the V are not show of systematic
differences with the observed ones, but our color-indexes B-V look a little blue. The residuals are
generally the same as for catalogs obtained by photovoltaic method, in which also have significant
differences. Each such case requires additional observations and analysis. The dependence of the obtained
residuals on the stellar magnitude and color-index are represented on figures 1 and 2.
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Figure 1 - The dependence of the residuals 3V on the stellar magnitude V
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Figure 2 - The dependence of the residuals 3(B-V) on the stellar magnitude V

In conclusion, I express my sincere gratitude to Bobryashova T.A. for her great help in conducting
observations and processing them.

The work was executed within program 05336383 "Development of space monitoring technologies
and forecasting of natural resources, man-made changes in the environment, creation of space technology
and ground space infrastructure, exploration of objects of near and near space”.

B. M. Tepemenko
«B.T". ®ecenkoB atbiHnarsl acTpodmsuka nHCTHTYTE EXKIIC, Anmmatsr, Kasakcran

8"-10" CIEKTPO®OTOMETPJIIK CTAHIAPTTAP
IL. 0" zen 12" DKBATOPJIBIK AIMAK

AHHOTanusi. byn »kocmapiaHraH Ke3eKTi KYMBICTBIH EKiHIII MaKajiachkl, CIEKTPO(OTOMETPIIIK apajbIK
JKapKbIpay CTaHIapTTapbiH KypyFa apHairad. 8™-10™ »yiapi3abIK mamagarsl 12 B-A sxysiasi3aap yiriH KeopiHepik
aliMaKTarFbl CIIEKTPJIEPIH/ETI abCONIOTTI SHEPIUSHBIH Tapalybl KOPCETiIreH. 3eprenred xyuasiaap 0" pen 12°
apanbIKTaFbkl Typa IIapbIKTayJa acllaH JKBaTOphlHAa Keuoey (0 = % 3°) opHamackaH. YJIKEH TelleCKomTapaa
JKYPTi3UIETIH )KYJIABI3 AP bIH CIIEKTPIIePIHeT] SHEPTUSHBIH Tapajlybl TYPAJIbl MAJIIMETTEp CHEKTPIIK OaKbuIayIap bl
CTaHAapTTayFa KaxeT. AOCONIOTTIK eJeysepi XKypri3y YIIiH, apHaibl AU(paKIHUanblK CIeKTporpad skacairaH,
coHblH keMerimeH A3T-8 xone Lleiicc-600 TemeckonrapbiMeH Oakpiiaynap opsiaaanael. Criekrporpad “ATIC 4907
3BA (3apsaranraH OaiaHeIc acmaObl ) — KaMepachbIMeH »kaOnpIkranrad. bi3miH OipiHIN >KYMBICBIMBI3NA ACIIAll,
OaKpUIay 9MICi JKOHE PEeNyKIHsIIay Typaibl MOJIMETTEp TONBIK CHIIATTaNFaH. DHEPrusHbIH Tapainysl 340-660 HM
alfMareIHIA 3ePTTENIl, aJbIHFaH MONIMETTEPAIH CIIEKTPIIK aXbIPaThUIBIMABUIBIFEL 5 HM, all aBIHFAH MOIIIMETTEPIiH
CaIIBICTBIpPMaJIbl OpTallla KBaApaTThIK KaTeniri 2-1eH 6%-ke aeiin. bakpuiaynap teH Ouikrikreri nuddepenimanipt
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oaicinen xyprisingi, Oyn Xep armocdepacbiHblH MOIIIpIiK KO3GGHUIMEHTIHIH OpTallia MOHIH PeIyKUUs Ke3iHje
OalikplIay/ibl OpbIHIAY YIUIH TaijanaHyra MyMKiHIgik Oepai. bakpuiay HoTmxkenepi kecre Typinge Oepinai. 3BA-
Kamepachl apKbUIbl XYJIJBI3AAp CIEKTIpiHIH KeH aiMakTarbl atMocdepazaH ThIC SHEPTUSHBIH Tapalybl Typajbl
MOJIIMETTEP/IiH aJFAIIKbl PET AJILIHFAHBIH aTall alTYBIMBI3 KXKeET.

Kynnpi3nap/ablH CIIEKTPIiHACT] SHEPTUSIHBIH Tapallybl Typalibl 0acKa aBTopJiap 3epTTereH MasimerTep oK. Ochl
ce0OenTi aNbIHFaH HOTIDKENEPHAiH CeHIMIUIri xaHama oxictieH — UBV kylieciHme 3epTTenreH KYJIABI3IapabIH
€CEITEeNreH JKoHe TiKeneld OaKpUIaHFaH >KYIIBI3ABIK IIaMallapblH CaJBICTBIPY apKbUIbl Oaramanabl. Kakerti
TYPaKTBUIBIKTap HETi3rl (OTOMETPHUSAJIBIK >XOHE CHEKTPO(OTOMETPIK cTaHaapTTapibiH Oipi - Bera OoiibiHma
ecenrreni. TYpaKTBUTAPABIH CaHIBIK MIaManapbl OipJiKTep jKyieciHe, HOJMIK HYKTEHIH KaOBUINaHFaH IIaMachIHA,
KYJIABI3NAPIBIH CIEKTPIICPIHACT] SHEPrUsAHBIH TapallyblHa OpTallajay apayibifbl MeH Bera yiuiH KaObUinaHFaH
KannOpoBKara OaimaHBICTEI. AWTHIN KeTepiik >karmail, KameHko ycTipTiHImeri aTMocdepaHBIH MOJIIPIIri KbUT
CaifblH HalIapiamn jkKoHe ailHbIManbl Ooubill Oapa kaTelp, Oakputaymap xyprizimai. Ockl cebenti OakbLIayIapablH
yiiTeH Oip Oesiri icke »xapamchi3 0oJabpl. bakpuiay MOmiMETTEpiHE ChIHM TYpPFbLIAH KapaylblH apKachIHAA
3epTTENreH KYJIABI3AAp YIUIH SHEPIUSHBIH Tapalybl (OTOSIEKTPIIK SMICIEH AJBIHFAH CHEKTPO(QOTOMETPHUSIIBIK
KaTaJlOrTapJblH  JIOJAIriMeH cajibIcThipbuiabl. Keneci skymbicta 12-meH 24 caraT aliMakTarbl OSKYIIbI3Iapra
OHCPIrUAHBIH Tapajlybl YCbIHbUIAABI.

Tyiiin ce3nep: xKyabI31ap, SHEPTUSAHBIH TapaIybl, CIEKTPOGOTOMETPIIIK CTaHIAPTTap.

B. M. Tepewmenko
ATOO «Actpodmnueckuit UactuTyT M @ecenkoBay, Anmmatsl, Kazaxcran

CIIEKTPO®OTOMETPUYECKHE CTAHJAPTBI 8™-10™.
II. JDKBATOPUAJILHASI 30HA OT 0" o 12",

AHHOTanusi. OTO BTOpas CTaThsi W3 HAMEUEHHOTO IMKJa PadOT, MOCBSIIEHHBIX CO3JAaHUIO CIEKTpodhOoTO-
METPHYECKUX CTaHAapTOB IMPOMEXYTOYHOro Oiiecka. B Heil npescTaBieHo aOCOIIOTHOE pacrpeeseHue SHEPriu B
BUIMMON oOnactu crekrpa it 12 B-A-3e3n 8™-10™. MccnemoBaHHBIE 3BE3/BI PACIIONOKEHBI BIOJE HEOSCHOTO
skBaropa (8 = + 3°) B mHTepBale IPAMBIX BOCXOxkacHHME oT 0" mo 12" JlaHHBIE O paclpeneNcHHd DHEPIHH B
CHEKTpax 3Be3]] NMPOMEXYTOYHOro Ojecka HEOOXOIMMBI, INPEXJIe BCEro, IS CTaHAAPTU3ALMU CIIEKTPAIBHBIX
HaOJII0ICHNH, IPOBOIMMBIX Ha KPYIHBIX Teneckonax. HaGmonenus BeimonHens! Ha Teneckonax A3T-8 u Leticc-600
C TOMOIIBIO IU(PAKIHUOHHOTO CIEKTporpada, CIENUaNbHO H3TOTOBIEHHOTO [UIi AOCOIIOTHBIX H3MEPEHHH.
Crekrporpad ocHameH I13C-kamepoit “ATIC 490”. TlogpoOHO ammapaTypa, METOIBl HAOMIOACHUN W peXyKIUi
ommcaHBl B TepBOM Hammeld pabote. Pacmpenmenenme sHeprum mccienoBaHo B uHTepBaie 340EM - 660HM,
CIIEKTPaJbHOE Pa3pelleHUE MOJIYYSHHBIX NaHHBIX COCTaBIsIeT SHM, OTHOCHTENbHAs CpeIHEKBaJApaTH4HAs OIIMOKa
MOJyYSHHBIX JAaHHBIX - OT 2 110 6%. Habmronenus BRIMOMHEHB! JU(QepeHInaTbHBIM METOAOM PaBHBIX BBICOT, UTO
IIO3BOJIMJIO UCIIOJIB30BaTh B PENYKIMAX CpelHee 3HaueHue Kod(pQUIMeHTa Ipo3pavHOCTH 3eMHOI aTMochepsl s
Mecrta HaOxroeHui. Pe3ynbraTel HaOMOAEHUI NpeacTaBiIeHbl B TaONUYHOM Bue. CTOUT OTMETHUTh, YTO JIAaHHBIE O
BHEATMOC(EPHOM DACIPEIENICHNH SHEPTUH B CTOJIb IIMPOKOM oOsacTu crekTpa 3Be3s ¢ nomoiibio [13C-kamepsl
MOJIy4€HbI BIIEPBBHIE.

JlaHHBIX IPYTUX aBTOPOB O PACIpeIeNICHNH SHEPTUH B CIIEKTPax MCCIIEA0BaHHbIX 3Be3/ HeT. [1o aToil npuunHe
JIOCTOBEPHOCTB IIOJIyYEHHBIX PE3yJbTAaTOB OLIEHEHA KOCBEHHBIM METOJOM - ITyTE€M CPaBHEHHs BBIYHMCICHHBIX W
HETOCPEICTBEHHO HaOMI0aeMbIX 3BE3/IHBIX BEIMUYMH MCCIEAOBaHHBIX 3Be3n B cucreme UBV. Heobxommumbie
KOHCTAaHTHl OBIIM BBIYKMCIEHBI N0 Bere - oqHOMY M3 OCHOBHBIX (DOTOMETPHUYECKHX M CIEKTPOPOTOMETPUIECKUX
cTaHAapToB. UnCIICHHBIE 3HAYEHWS KOHCTAHT 3aBHCAT OT CHCTEMbI €IWHUI], MPHHATOTO HYyJb-IIyHKTA 3BE3JHBIX
BEJIMYMH, HMHTEpBajla YCPEOHEHWs JUIl paclpeleleHUsl >HEprHMyM B CIEKTpax 3Be3] M MNpHHATOH ans Bern
kanuOpoBku. [loguepkHeM, 4To MPO3PaYHOCTH aTMOchepbl Ha KaMeHCKOM I1aTo, Iie MPOBOAMIINCE HAOIIOACHUS, C
KaXXIbIM TOJOM yXY[IIIaeTCsl U CTAaHOBUTCS Oosee m3mMeH4dnBoi. [1o 3Toi npuumHe Ooree TpeTH HabIroAeHUH OBLIO
BeIOpomieHo. brarogapss KpWUTHYECKOMY TOAXOAYy K JaHHBIM HAONIONEHWH paclpelesieHHe JHEPruu Ui
WCCJIEOBAaHHBIX 3BE3Jl MOJIYYEHO C TOYHOCTBIO, CPABHHUMOW C TOYHOCTBIO CIEKTPO(POTOMETPUYECKHX KAaTaJlOrOB,
MOJY4EHHBIX (DOTOINEKTPUUECKHUM MeToJoM. B cienyromieit pabote OyayT MpeacTaBieHbl pacipeieieHss SJHEPrun
IS 3B€3]1 B 30HE OT 12 110 24 yacos.

KaioueBsie ciioBa: 3Be3/1b1, paciipeielIeHUe SJHEPTHH, CIEKTPO(POTOMETPHIYECKUE CTAHIAPTEHI.
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SPECTROPHOTOMETRIC STANDARDS 8™-10™. I1I.
THE EQUATORIAL ZONA FROM 12" TO 24"

Abstract. This article is the third paper from cycle of notices, which devoted of the creation of
spectrophotometric standards of in-termediate brightness. In paper the absolute energy distribution in visual region of
spectra for 12 B-A-stars 8™-10™ were present. The investigated stars-standards are located along the celestial equator
(8 = +3°) in the range of right ascensions from 0" to 12". Together with the stars from the second work of this cycle,
they form a system of equatorial standards of intermediate brilliance. As a product of these two works, the total
number of spectrophotometric standards of 8m-10m in the visible spectrum area has more than doubled.

Equipment, observation methods, reductions and computations detailed described in our first and second papers.
The distribution of energy was studied in the range of 340nm - 665nm, the spectral resolution of the data is Snm, the
relative standard error of the received data - from 2 to 6%. The reliability of the results is assessed by comparing the
calculated and directly observed star magnitudes of the investigated stars in the UBV-system. For several stars, the
distribution of energy in their spectrums, in addition to the observations, was calculated by photometric data.
Differences between them in the ultraviolet region can reach 20-30% due to differences in the course of energy
distribution curves in their spectrums, errors in spectral classification and determination of interstellar absorption.

Keywords: stars, energy distribution, spectrophotometric standards, comparison with photometry.

Introduction. This work is a continuation of the work on the creation of spectrophotometric
standards of intermediate brightness [1,2]. Once again, the creation of spectrophotometric standards
remains an urgent task. There should be as many standards as possible, as the number of observations and
the accuracy of the data obtained depend on them. This paper presents the distribution of energy in the
visible spectrum area for 12 stars of the early spectral classes of 8™ - 10™. As in the work [2], the stars
studied are located along the equator (+3 degrees), but cover the zone from 12" to 24", Together with the
stars from the second work of this cycle, they form a system of equatorial standards of intermediate
brightness. Thanks to these two works, the total number of stars - spectrophotometric standards of 8™-10™
in the visible area of the spectrum has more than doubled.

Observations, reductions and results. The list and main characteristics of the stars studied are given
in table 1. The second column contains numbers on HD catalogs, if they are not in it - on the BD catalog.
In general, the stars studied are slightly dimmer than the stars from the previous work [2]. The five stars
recommended in the standards are weaker than 10™. The stars observed have not been specifically
investigated for the change, but they do not appear as variables in the SIMBAD database. It should be
noted that, unfortunately, even in modern photometric catalogs, the differences between magnitudes V and
color-indexes B-V are relatively often 0.05™ or more. The accuracy of spectral classification in most cases
is one or two subclasses.

The observations are made on the 70-centimetre reflector AZT-8 (D : F =1 : 16) and on the 60-cm
"Zeiss-600" (D : F = 1 : 12) with the help of spectrograph, which is specifically designed for absolute
measurements (SAM) [3] . The dispersing element of the spectrograph is the toroidal diffraction grate and
the detector is the CCD camera ATIC-490EX.
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Tablel - List of investigated stars and their main characteristics

Ne HD or BD 02000 82000 A\ B-V Sp

1 BD+01 2668 12M13m 25.3° 01°09' 22" 10.29™ -0.09™ B5*

2 BD+02 2711 1342 19.0 013018 10.26 -0.11 BS

3 BD+02 2790 14 14 25.9 014758 10.11 0.03 A0

4 HD136161 1519 14.7 -02 10 02 8.86 0.28 A3V(A2V)
5 HD151355 16 46 47.0 0212 34 8.85 -0.09 B4/5V
6 HD162628 17 5152.6 02 53 59 8.28 0.16 B9.5V
7 HD174648 185141.0 -01 4535 8.81 0.09 B9.5V
8 HD185296 1938 21.0 013014 9.68 0.23 BIIl
9 BD -03 4950 2034 43.6 -02 41 44 10.00 0.09 A0 (B8)
10 BD+01 4436 211011.5 02 14 20 9.99 0.03 A0
11 HD215112 22 42 58.0 -02 40 57 8.25 -0.03 BIIV-V
12 BD+02 4661 2323 38.20 02 55 57 10.05 0.38 F2

*- the spectral class was "assigned" according to the color-index B-V.

The five stars from the catalogue [3] were used as primary standards, and information about them is
given in our work [1]. The observations were carried out by a method of equal heights, which allowed the
average value of the atmosphere's transparency factor for observation seating to be used in reductions.
Each star was observed 3 to 8 times. Due to the unstable transparency of the atmosphere, more than a third
of the data obtained from the observations were released. Note that the astronomical climate on the
observatory “Kamenskoye Plateau” is deteriorate every year. The deterioration of transparency and the
increase in the brightness of the sky are due to the rapid growth of the metropolis (Almaty), and the
decrease in the number of clear time - global climate change. Apparently, it is no longer rational to
observe the fundamental photometry and absolute spectrophotometry here.

The resulting CCS spectrograms are processed in the MaxIm DL-6 package. The process of
processing personnel and necessary reductions is detailed in our works. Let's focus only on measurements
of star spectrums - primary standards.

For secondary standards we took the values of luminosities and counts for the quasi-continuous
spectrum. The lighting values for them in the hydrogen lines area were obtained earlier by graphic
interpolation of energy distribution curves. Line counts for each register were also interpolated. This
procedure can be done by numerical method using a computer, however, we used a "manual" method.
Calibrated and with a subtracted register background, we printed out and made the transcripts interpolate
in the hydrogen lines. The countdowns were re-entered into the computer. The hydrogen line Hg was a
rapper at the breakdown of the spectrum by 50-angstrom intervals. The resulting non-atmospheric values
of monochromatic light for twelve stars, recommended as spectrophotometric standards of intermediate
brightness are presented in table 2.

Table 2 - The energy distribution for investigated stars in the absolute units [107 watt m?m™']

HD or BD BD+01 BD+02 BD+02 HD HD HD HD HD
2668 2711 2790 136161 151355 162628 174648 185296

A A 1 2 3 4 5 6 7 8
3425 42.0 59.2 30.8 57 251 183 87 34.4
3475 41.2 64.1 30.9 54 241 162 95 30.7
3525 39.2 63.3 27.9 69 232 164 91 29.7
3575 42.1 61.5 31.9 61 231 166 89 31.2
3625 40.0 60.8 29.3 60 230 165 90 33.1
3675 41.8 55.1 36.9 60 220 166 91 35.6
3725 43.0 56.8 41.1 63 219 184 103 42.0
3775 51.1 55.0 47.4 75 224 215 121 49.1
3825 58.4 64.3 56.0 96 245 265 153 61.4
3875 67.7 73.5 64.2 110 270 314 177 70.7
3925 68.2 74.3 70.0 122 280 348 194 76.3
3975 73.3 79.4 71.7 143 299 396 212 84.0
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Continuation of the table 2
1 2 3 4 5 6 7 8 9
4025 72.3 79.2 70.9 160 291 417 225 85.1
4075 67.4 72.0 64.0 144 268 372 205 80.5
4125 64.0 69.7 64.2 147 258 364 200 77.2
4175 65.7 68.3 66.9 158 257 389 209 79.7
4225 64.4 66.3 63.4 153 245 375 201 77.3
4275 60.0 60.8 57.6 145 231 354 188 74.4
4325 55.2 56.0 51.8 126 205 296 165 67.9
4375 55.5 553 55.0 135 204 309 167 68.1
4425 55.4 53.9 56.4 143 203 328 175 70.0
4475 54.1 52.8 55.8 142 195 322 173 68.6
4525 51.5 51.9 54.7 140 193 320 170 68.3
4575 49.6 50.5 53.3 138 186 315 167 66.7
4625 47.9 48.0 51.7 137 181 309 164 66.0
4675 46.4 47.1 50.1 136 175 305 160 64.0
4725 43.6 452 47.6 131 166 291 154 61.8
4775 41.0 41.9 43.8 126 156 273 144 60.3
4825 37.9 38.7 39.3 113 143 241 129 55.8
4875 36.6 37.7 38.2 106 138 225 122 53.7
4925 39.0 38.0 41.8 117 140 250 133 57.2
4975 37.6 373 42.0 120 141 257 137 58.5
5025 36.4 35.5 41.6 119 138 257 135 57.7
5075 36.2 35.4 40.8 120 135 254 133 57.8
5125 35.8 34.2 394 117 131 248 129 56.4
5175 34.9 33.7 38.3 113 127 241 126 54.7
5225 33.7 323 37.1 114 123 236 123 54.1
5275 31.7 31.8 36.2 112 118 230 118 53.2
5325 30.9 30.3 35.2 108 114 224 115 52.6
5375 304 29.5 35.0 108 109 220 113 52.5
5425 30.8 28.8 34.6 108 107 217 110 52.5
5475 28.8 27.6 33.1 107 105 213 109 51.6
5525 27.9 26.4 32.7 105 102 210 107 51.3
5575 27.6 26.2 31.8 101 101 210 106 51.0
5625 27.3 25.5 30.7 100 97 205 103 50.0
5675 25.5 25.1 304 100 94 200 100 49.4
5725 25.6 23.6 29.8 99 92 198 99 48.7
5775 244 232 29.1 97 89 191 96 473
5825 23.6 22.4 28.2 96 86 188 94 47.3
5875 22.7 222 27.4 94 82 183 92 46.0
5925 21.9 21.5 27.2 93 82 183 90 453
5975 21.5 20.8 27.5 92 81 180 88 44.7
6025 21.3 20.7 25.9 90 79 178 88 43.8
6075 20.6 20.1 253 89 76 173 86 429
6125 19.0 19.6 25.4 88 74 169 82 42.5
6175 19.2 19.1 24.5 86 72 164 80 40.7
6225 17.8 18.6 242 85 70 162 80 39.5
6275 18.3 18.1 22.8 81 68 156 78 39.4
6325 17.6 *17.6 *22.4 *79 *67 *152 *77 38.2
6375 16.6 *17.2 *21.9 *78 *65 *148 *77 37.5
6425 16.0 *16.8 *21.5 *76 *63 *144 *71 36.4
6475 15.8 *16.5 *21.0 *74 *62 *141 *69 35.2
6525 14.7 *15.6 *19.6 *70 *59 *131 *63 33.4
6575 14.0 *14.7 *17.3 *62 *55 *115 *61 33.0
6625 16.0 *15.3 *19.6 *69 *58 *131 *67 35.1
6675 16.5 *15.0 *19.4 *69 *56 *129 *65 33.5
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Table 2, continued

A A BD-03 BD+01 HD BD+02 A, A BD-03 BD+01 HD BD+02
4950 4436 215112 4661 4950 4436 215112 4661
9 10 11 12 9 10 11 12
3425 28.3 23.1 236 30.0 5075 44.5 45.5 239 47.9
3475 25.7 28.7 214 27.0 5125 42.4 44.1 231 46.5
3525 28.1 22.8 238 36.0 5175 41.4 42.8 224 45.3
3575 28.5 25.0 209 30.8 5225 40.4 41.5 220 44.9
3625 28.5 24.7 206 294 5275 39.2 39.9 213 45.1
3675 28.6 27.8 210 31.5 5325 38.5 39.2 204 44.5
3725 30.8 313 221 314 5375 38.2 38.2 202 43.9
3775 332 36.1 245 322 5425 38.1 37.5 199 43.7
3825 45.5 50.0 298 374 5475 373 36.8 192 44.1
3875 51.7 63.0 366 44.3 5525 36.7 35.6 188 43.6
3925 583 68.6 387 44.2 5575 35.7 343 182 42.4
3975 64.4 78.4 419 514 5625 344 33.6 182 42.9
4025 67.5 79.4 448 583 5675 34.8 333 178 42.7
4075 64.9 73.3 420 57.2 5725 33.8 31.8 172 42.1
4125 66.4 75.9 399 55.2 5775 33.0 314 166 41.9
4175 68.3 76.8 411 56.6 5825 325 30.9 164 40.7
4225 64.5 76.3 399 55.5 5875 30.5 30.3 161 40.7
4275 58.8 70.3 375 54.2 5925 28.1 29.3 157 39.9
4325 56.1 60.8 332 51.6 5975 27.6 28.3 153 39.6
4375 58.3 61.7 331 52.1 6025 28.1 27.8 146 39.1
4425 59.8 65.7 345 53.6 6075 28.5 27.6 142 37.1
4475 584 64.8 335 53.8 6125 28.9 26.4 146 37.2
4525 57.8 62.4 326 53.8 6175 27.8 25.3 138 36.7
4575 56.6 60.5 313 53.8 6225 27.2 24.3 134 35.7
4625 54.5 59.5 308 534 6275 26.8 24.3 131 35.5
4675 53.0 58.0 298 52.7 6325 259 22.9 126 35.1
4725 50.6 54.6 287 51.0 6375 24.7 22.5 125 34.8
4775 47.2 52.0 271 49.8 6425 23.2 21.1 121 33.0
4825 42.7 45.7 247 46.8 6475 22.5 21.2 118 324
4875 43.4 42.1 229 45.2 6525 21.0 19.0 109 30.8
4925 45.7 45.8 248 47.9 6575 20.1 17.6 103 30.3
4975 46.0 47.0 249 47.5 6625 21.4 19.2 103 31.7
5025 45.0 46.1 244 47.9 6675 22.8 18.8 104 314

For six stars spectral observations was execute in region from 3400A to 6300A. For them, the energy
distribution curves in the area of 6300A-6650A were extrapolated. In Table 2, these values are marked
with an asterisk. Extrapolation is done for several reasons. First, extrapolated data can be used for
standardization. Second, they allow comparisons of V and B-V energy calculated from energy distribution
with directly observed photometric data. Extrapolation in this area is quite confident, as the course of
curves of normal energy distribution here for stars of close spectral classes and interstellar absorption
varies slightly. At extrapolation was use normal energy distributions obtained in the works [5, 6]. And,
finally, in order to represent data of table 2 in identical form for all stars.

Comparison with photometrical data. Spectral energy distribution for the studied stars was obtained
for the first time. Roughly assess the reliability of the received data can be indirectly - by comparing the
observed stellar magnitudes with the magnitudes calculated from energy distributions. The resulting
discrepancies will to some extent characterize the reliability of our results. This method has been used by
us quite often and are detail described, in particular, in the work [2]. Therefore here we let us remind only
that the calculations used the reaction curves of the photometric bands received by V.Straizys [7] and the
necessary constants were defined on the star Vega. Differences between the calculated from the spectral
energy distribution and the directly observed V magnitudes V and color- indexes B-V are represented in
Table 3 and on figures 1,2. Only two stars have big discrepancies in the band V : HD162628 u BD+02
4661. The reason of these discrepancies we not know.
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Figure 2 - Dependence of discrepancies 8(B - V) from color-index (B - V)
Table 3 - Comparison with the observed photometric data
No. HD or BD n Vobs Vcal 8V (B-V)obs (B-V)cal 8(B-V)
1 BD+01 2668 8 10.29 10.26 -0.03 -0.09 -0.09 0.00
2 BD+02 2711 5 10.26 10.29 0.03 -0.11 -0.15 -0.04
3 BD+02 2790 3 10.11 10.11 0.00 0.03 0.05 0.02
4 HD136161 4 8.89 8.86 -0.03 0.33 0.34 0.01
5 HDI151355 7 8.85 8.85 0.00 -0.09 -0.14 -0.05
6 HD162628 3 8.28 8.09 -0.19* 0.16 0.16 0.00
7 HD174648 5 8.81 8.82 0.01 0.09 0.10 0.01
8 HD185296 5 9.68 9.65 -0.03 0.23 0.27 0.04
9 BD -03 4950 5 10.00 10.00 0.00 0.09 0.14 0.05
10 BD+01 4436 4 9.99 10.01 0.02 0.03 0.06 0.02
11 HD215112 4 8.25 8.20 -0.05 -0.04 0.01 0.05
12 BD+02 4661 6 10.05 9.83 -0.22% 0.38 0.41 0.03

n - number of observations

*- stars with the big discrepancies 6V

For three stars, we compared the observed energy distributions in their spectrums with the
distributions that are calculated from photometric data. The method of calculating the distribution of
energy in spectra of stars (absolutization) is set out in works [8, 9]. It can be used in the absence of data on
energy distribution in spectra of stars selected as standards. According to figures 3-5, there are significant
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differences between observed and calculated energy distributions for the same stars, especially in the
ultraviolet region. Discrepancies there are not only in the values themselves, but also in the course of
distribution curves. These are primarily due to the significant difference in the course of normal energy
distribution curves in the ultraviolet region for the stars of the early spectral classes. In addition, in this

region it is more difficult into account interstellar absorption.
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Figure 3 - Energy distribution in spectra BD +01 2668. e - observed, x - computed
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Figure 4 - Energy distribution in spectra HD151355. e - observed, x - computed
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Figure 5 - Energy distribution in spectra BD +01 4436. e - observed, x - computed
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In conclusion we let's make a critical remark concerning of task of the creation spectrophotometrical
standards. It would seem that due to the mass introduction into astronomy of CCD cameras, allowing to

automate both the process of observations and their processing, the task of creating
spectrophotometric standards should be solved much faster. However currently a works on their creation
are very small. There are several reasons. One of them is the unpopularity of this kind of investigations
which certainly does not promises any discoveries. At the same time, they require a lot of time, good
photometric nights, strict adherence to the methodology, stable operation of the equipment. Therefore,
despite their importance, they are unattractive even among astronomers, especially the young. Of course,
in the end, such a network of spectrophotometric standards will be created with the help of space
telescopes. However, no such mission has been planned so far. And, apparently, it will have to wait a long
time.

I express my sincere gratitude to T. Bobryashova for her great help in carry out observations and
processing them.

The work was supported by the funding program BR05236322 of the Ministry of Education and
Science of the Republic of Kazakhstan and program "Development of space monitoring technologies and
forecasting of natural resources, man-made changes in the environment, creation of space technology and
ground space infrastructure, exploration of objects of near and near space” (No. 05336383).

B. M. TepeuieHnko
«B.T. ®ecenxoB areinnarsl Acrpodusuka nHCTUTYThD EXKIIIC, Anmatel, Kazakcran

8"- 10" CHEKTPO®OTOMETPJIIK CTAHIAPTTAP
II1L. 12" gen 24" SKBATOPJBIK AUMAK

AHHoOTauMsl. By »KocmapiaHraH Ke3eKTI JKYMBICTBIH VINIHIN MakKajiachl, CHCKTPO(POTOMETPIIK apajibiK
KapKbIpay CTaHOAPTTApPBIH KypyFa apHamrad. 8"-10™ >xynapiaslK mamanarsl 12 B-A xynne3map yoriH Kesre
KOpiHepJIiKk aiMaKTaFbl CIEKTpIIEPiHIeri aOCOIOTTI SHEPIUSAHbIH Tapallybl KOPCETUINeH. 3epTTeNreH Kyapizaap 12"
JeH 24" apanbIkTarel Typa IIapbIKTayja aclaH SKBaTopblHAa kenbey (8 = + 3°) opHamackad. EKiHIII >KyMBICTarbl
KyIIpI3aapMer Oipre oslap apaliblk JKapKblpayJblH OSKBaTOPJBIK CTaHAApTTap JKydeciH Kypainzabl. CrekTpaiH
KepiHepiik aiimakrarbl 8™-10™ >KYIIBI3ABIK IIAMagarbl CIEKTPO(POTOMETPIIK CTaHIAPTTApbIH Kbl CaHbl €Ki
KYMBICTBIH apKachlHAa €Ki ecere ocTi. DHeprusiHblH Tapanybl 340HM—660 HM aiiMarbIHIA 3€pTTENi, albIHFaH
MOIMETTEPAIH CHEKTPIIK aKbIPAaTBUIBIMIBLIBIFEI SHM, aj aJibIHFaH MOJIIMETTEP/iH CalbICTBIPMAJBl OpTalia
KBaJpaTTHIK Katemiri 2-meH 5% -ra neitin. 3bA-kamepachIMeH KaOIbIKTaIFaH AU(PAKIHIIBIK CIIEKTPOrpadThIH
kemeriMeH A3T-8 sxone Lleiicc-600 TenmeckomrapeiHaa Oakpuiayliap OpbIHIANABL. AmnmapaTtypa, Oakpuiay aici,
PEeAyKIMSIIAY JKOHE €CEeNTeyNep alFallKbl Ke3eHIl €Ki KYMBICTA TOJNBIK KENTipUIreH. 3epTTeNreH KYJIIBI3IapIbIH
HOTIDKEINEpi Tikenel OakpuIayIapIblH JKOHE eCenTeNreH JKYIABI3ABIK MaMalapIbl CABICTRIPY apKBUIBI TYPBICTHIFBI
ANIBIHFBI OKYMBICTapAareigail  gonenneHni. CoHBIMEH KaTap, OipHeme >KYIABI3Aap YIOIH CHeKTpJepiHaeri
SHEPTUSHBIH Tapalysl (GOTOMETPIIK MoiimMerTep OoiipiHIa ecentenmi. CIeKTpiiK KIaChIHAAFBl KYJIIBI3Aap YIIiH
YIBTPAKYITiH aiiMaKTarsl OaKpLIay KOHE eCenTey IaMaslapbIHbIH arbpipMambuiblFsl 20-30% medin xKeTyi MYMKIH.
Orap KaKpIH CHEKTPIIK Killll KJIacTapAblH BICTHIK KYJIIBI3AapAaFsl SHEPTHSAHBIH KBTI Tapalybl KUCHIKTAPBIHBIH
YJIKEH aWbIpMallbUIBIKTAPBl MEH CIEKTPIIK JKIKTeyAeri Karellikrepre OainaHbICThl. MakanaHblH KOPBITBIHIBI
OeJtiMiHJIE cTaHAApTTap Kypy OOWBIHIIA HKYMBICTBIH MAaHBI3AbUIBIFBI MCH ©3CKTI €MECTIr Typajibl MOCENIe KOTEPIITeH.

Tyiiin ce3mep: criekTpohOTOMETPIIIK CTAHAAPTTAP, IKBATOPHUATIBIK aiiMaK, CrieKTporpad, KYJAbI3aap.

B. M. Tepemenko
ATOO «Actpodmnueckuit UactutyT nm @ecenkoBay, AnmmaTsl, Kazaxcran

CIIEKTPO®OTOMETPUYECKHUE CTAHJAPTHI 8™-10™. I1I.
9KBATOPUAJILHAS 30HA OT 12" o 24".

AnHoTanus. J[aHHAs CTAThs SABJISICTCS TPEThEU U3 CEPUU PAabOT, MOCBSIIECHHBIX CO3IaHUI0 CIIEKTPO(OTOMETPH-
YEeCKMX CTaHJapTOB IPOMEXKYTOUHOro Onecka. B Hell mpeacraBieHo aOCONIOTHOE paclpenelieHHe SHEPruu B
BUIMMON oOsactu criektpa st 12 B-A-3Be3n 8™-10™. MccnenoBaHHbIC 3BE3/bI PACIIONIOKEHBI PABHOMEPHO BIIOJIb
HebecHOro sKkBatopa (& = * 3°) B MHTepBale IPAMBIX BocxoxaeHH or 12" mo 24" CosmecTHO cO 3Be3maMu H3
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BTOPOIl paOOTHl NaHHOM CepuH OHM OOpa3ylOT CHCTEMY SKBAaTOPHAIBHBIX CTAaHJAPTOB IPOMEKYTOUHOTO OJecka.
bnarogapst aTum 1ByM paboTam, oOliiee Yucio cnekTpohoToMeTpudeckux cranaaptoB 8™-10" B BUIUMOi obsactu
CIICKTpa YBEJIMYMIOCH Oojice 4eM BJABOe. PacmpeneneHue dHEPrud HCCiiefoBaHO B uHTepBaie 340HM - 660HM,
CHEKTPaJIBbHOE pa3pelIeHHe COCTABISET SHM, OTHOCUTENbHAS C.K.0. IIOJyUYSHHBIX JaHHBIX B CPEJHEM COCTABIISIET OT 2
10 5%, Bo3pacTas Ha Kpasx HCCIeAyeMoro nateppaia no 7-8%. Habmronenus BoimosiHeHb! Ha Teneckonax A3T-8 u
Leiicc-600 ¢ momomipio crekrporpada ¢ TOPOUAAIBHONW IU(PPAKIMOHHOW pemeTkoi. [IpueMHHKOM W3IydeHHs
ciryxkuna [13C-xkamepa ATIC-490EX. IlompoOHo ammaparypa, MeToAbl HAOMIOJNCHWH, PEAyKUMH M BBIYHCICHHN
ONuCaHbl B MEPBBIX JBYX paboTax sToro mukina. Kak u B Oosee paHHMX paboTax, JOCTOBEPHOCTH IMOJYYEHHBIX
pe3yJIbTaTOB OLEHEHAa IIyTEM CPAaBHEHHS BBIUMCICHHBIX M HEMOCPEACTBEHHO HAOIIOMAEMbIX 3BE3JHBIX BEIHUHH
WCCIIENOBAaHHBIX 3Be31. Kpome Toro, Aisi HECKOJBKHX 3BE3J PACHpEEICHUE YHEPTUH B MX CIIEKTpax ObUIO Takxke
BBIYMCIIEHO MO ()OTOMETPUYECKUM JaHHBIM. Paznmuums B ynbTpadroneToBoil o0macTu AJsl 3BE3J CIEKTPAIBHOTO
Ki1acca B mexny HaOmomaeMbIMH M BBIYMCICHHBIMH 3Ha4eHHAMH MOTyT nocturath 20-30%. OHu oOycCiiOBIEHBI
GONBIIMMH PA3THYUAMHU B XOJI€ KPUBBIX HOPMAJIBHOTO PACIIPENCIICHNSI SHEPTUHU B 3BE37aX ONU3KUX CIEKTPAIbHbBIX
MOJIKJIACCOB U OIIMOKAMH B CIEKTPAIBbHON KiacCH(HUKALUK. B 3aKII0YNTENPHON YacTH CTATbU 3aTPOHYT BOIPOC O
B2)XHOCTH U, OJHOBPEMEHHO, HEMPECTIXKHOCTU palboT 110 CO3/IaHUI0 CTaHIAPTOB.
KaioueBblie ci10Ba: criekTpo(hOoTOMETPUYECKUE CTAHAAPTHL, SKBATOPUAIBLHBIE 30HBI, CIIEKTPOrpad, 3Be3/Ibl.
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IONOSPHERIC EFFECTS OF SOLAR FLARES
AND EARTHQUAKE ACCORDING TO DOPPLER FREQUENCY
SHIFT ON AN INCLINED RADIO PATH

Abstract. The effects in the ionosphere and the fine structure of ionospheric response to the action of X-ray and
ultraviolet radiation of C1.7 - M5.2 classes flares occurred during solar cycle 24 (2014-2016) have been studied. The
study was carry out using method of Doppler sounding of the ionosphere on an inclined radio path with a high time
resolution (sampling frequency 25 Hz), which is based on the principle of the phase locked loop (PLL). It was shown
that the intensity of C3.0-class solar flares is a minimum threshold when the appearance of disturbances in the
ionosphere could be detected by the Doppler frequency shift (DFS) method. Solar flares less than C3.0-class were
not reflected in Doppler frequency variations. The most expressed ionospheric response, recorded in the Doppler
frequencies, occurred to X-ray flares with a sharp onset, flares with a smooth increase intensity gave a much less
response. An unusual effect of the appearance of high-frequency component in Doppler frequency records in the
interference beat form has been detected, indicating the occurrence of ionized heterogeneities in the ionosphere
during solar flares. The appearance of high frequency component on the Doppler frequency shift records was also
registered during the M5.1 earthquake. The application of Doppler frequency shift method that use the PLL loop has
greatly expanded the ability to record and analyze the mechanisms of appearance the ionospheric disturbances during
solar flares and earthquakes.

Key words: Doppler frequency shift, ionosphere, solar flares, earthquake.

1. Introduction. Solar flares are manifested themselves by bursts of radiation flux in all ranges of the
electromagnetic spectrum from radio waves to X-rays and is the pulse energy source causing short-term
disturbances in the ionosphere. The main disturbance effect on the ionosphere in solar flares is X-ray and
extreme ultraviolet radiation (EUV). The X-ray flux emitted during the flare can increase by several
orders. The X-ray and EUV bursts lead to a marked increase in the electron concentration in the
ionosphere, depending on the spectral distribution of energy, which eventually, is shown in variations of
Doppler frequency at the respective frequencies in the region of radio wave reflection. Various methods
and instruments are used to investigate ionospheric disturbances, including vertical sounding ionosondes,
incoherent scatter radars, transionospheric sounding by GPS navigation satellite signals, etc. The most
effective of the well-known ionosphere methods is Doppler shift sounding. This study uses the method of
Doppler measurements developed at the Ionosphere Institute [1], which is based on the principle of the
phase-locked loop (PLL). This method was used for remotely detect disturbances in the ionosphere during
industrial and underground nuclear explosions [1-4], for registration of ionospheric signatures to launch
vehicles [5] and study of lithospheric-atmospheric-ionospheric coupling in earthquakes [4]. The advantage
of this method is high time resolution, high accuracy of Doppler frequency measurements under multipath
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signal conditions, possibility to organize round-the-clock continuous observations, which allows to detect
short-term processes in the ionosphere with high time and frequency resolution [6-8]. The purpose of the
study was to investigate the characteristics of ionospheric response to solar flares of different classes
according to the data on Doppler sounding of ionosphere.

2. Methology. Continuous Doppler sounding of the ionosphere was performed during 38 solar flares
that occurred during the period 2014-2016 of 24-th solar cycle. Doppler measurements of signals reflected
from the ionosphere were carried out on a different inclined radio path (sampling frequency 25 Hz), using
signals from radio transmitters located in China, Kyrgyzstan and Kuwait. Information about solar flares
was obtained from the site (www.tesis.lebedev.ru). The intensity of X-ray flux in the energy range
0.5-10 keV (wavelength 0.5-8 A) was analyzed according to the data of satellite GOES-13
(ftp:/ft/ftp.swpc.noaa.gov/pub); radio flux density at 27.8 cm (F27.8) and 10.7 cm (F10.7) - according to
the Callisto solar radio spectrograph data (www.ionos.kz), which located on Radiopoligon Orbita; extreme
solar ultraviolet (0.1-7 nm) - according to the data of extreme ultraviolet spectrophotometer ESP. QUAD
of the NASA Solar Dynamics Observatory (SDO) satellite (http:/p.color.edu/eve/data). Extreme
ultraviolet has the greatest effect on the F2 region of the ionosphere [9] and the lower layer of the
ionosphere (D-region) is most affected by X-ray radiation. lonospheric regions from altitudes of 110 km to
200 km respond to ionizing X-ray as well as ultraviolet radiation. The paper highlights the most
characteristic Doppler frequency shift (DFH) records of X-ray solar flares. The work presents the most
characteristic Doppler Frequency Shift (DSH) records during X-ray solar flares.

3. Results. Doppler measurements during the C3.0-class flare of May 12, 2015 were carried out on an
inclined radio path between points Urumgqi, China (44.133N 86.883E) - Radiopoligon Orbita, Kazakhstan
(43.058N 76.973E). A radio transmitter with a capacity of 100 kW (f=5960 kHz) of a radio broadcasting
station located in Urumcius was used. The radio receiver of the Doppler measurements was located in
Radiopoligon Orbita. A transmitter with a power of 100 kW (f= 5960 kHz) of a radio broadcasting station
located in Urumqi (China) and a radio receiver located on the Radiopoligon Orbita (Kazakhstan), were
used. The distance (D) between the radio transmitter and the radio receiver is 808.55 km. To determine the
radio wave reflection height between Urumqi - Radiopoligon Orbita, an ionospheric electron
concentration profile was used, which was calculated using a model IRI-2012 (figure 1). The reflection
height of the radio wave for the common component, calculated taking into account the electron
concentration profile and the data of model IGRF12, was 179.712 km. (Figure 1a).

Bx1EIE11 Profile Ne(h) May 12, 2015 220 Urumagqi - Radiopoligon Orbita
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Figure 1 — Profile of electron concentration for time 11:45:00 (GMT) calculated according to model
IRI-2012 (a) and trajectory of radio path of signal transmission (f = 5960 kHz) from Urumchi to Radiopoligon Orbita (b).
The vertical line indicates a point on the curve where the ionosphere electron concentration corresponds to the reflection point
of radio wave at height of 179.712 km, F1-region of ionosphere

Increase the intensity of X-ray and ultraviolet radiation lead to an increase the electron concentration
in the ionosphere during the flare. It’s the rate of change in electron concentration that is being leaded the
response Doppler shift during the flare. Figure 2 show graphs of X-ray, extreme ultraviolet and radio
(right Y-axis), and Doppler frequency shift of ionospheric signal (left Y-axis) during the solar flare. The
obtained data demonstrate the obvious relationship of Doppler frequency shift with dynamic of basic
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indicators of solar activity during C3.0-class flare. The graph shows that the maximum amplitude of
Doppler shift (reflection height 179.7 km) corresponds to the initial step of increasing the rate of the
ionizing EUV and X-ray flow. And as ultraviolet and X-ray intensity maximizes, Doppler frequency shift
variations return to the background level. In contrast to X-ray and EUV, changes of radio flux (F10,7 and
F27,8) during flare were more short-lived with the expressed exit to a maximum, just as in the Doppler
shift.
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Figure 2 — Ionosphere response to C3.0-class flare in variations of Doppler frequency shift (Fd)
on an inclined radio path Urumgqi - Radiopoligon Orbita (left Y-axis) and EUV (right Y-axis); X-ray long (0.1 - 0.8 nm)
and X-ray short (0.05 - 0.4 nm) and solar radiation flux density Fio,7 and F27s (right Y-axis). X-axis — time in seconds
from the beginning of the day May 12, 2015

The pulse effect of flare electromagnetic energy on the ionosphere allows determining inertia-time
constant of the ionosphere at specific heights. The concept of inertia-time constant of ionosphere was first
implemented by E.V. Appleton in 1953 [10]. A comparison the time of exit on a maximum of X-ray and
EUYV relative to the onset ionospheric response to the solar flare by Doppler data is presented in table 2.

Table 2 — Time of an exit to a maximum of Doppler frequency shift, intensity X-ray and EUV radiation
from the beginning of ionospheric reaction to the solar flares

Doppler frequency shift Fd X-ray short X-ray long EUV
0,05 -0,4 nm 0,1 -0,8 nm 0,1 -7 nm
84s 166s 224s 277s

During the C3.0-class solar flare, which occurred on May 12, 2015, the ionosphere time constant for
the height of 179 km, determined by the Doppler method, was 84 seconds, which is much in line with D.
M. Baker, K. Davies calculations [11]. Analysis of the data (table 2) and the graphs (figure 2) showed that
X-ray reached the maximum intensity more rapidly, than the output to the maximum of ultraviolet
radiation. While the time of peak response in the Doppler shift was significantly less. Given that the
Doppler shift changes proportional to the rate change of total electron content [9], it can be assumed that
mainly X-ray short determines the ionospheric response in Fl-region to a flare compared to the EUV,
which has a predominant effect on the F2-region [12]. It is noted that the most expressed response of
Doppler frequency shift occurs to X-ray flares with sharp start. In contrast, X-ray with a smooth escalating
is accompanied by a significantly smaller response in the Doppler frequency shift.
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In order to determine threshold sensitivity of Doppler method for detection of disturbances in
ionosphere, Doppler frequency shift records were analyzed in case of weak solar flares of different
intensity of C1.7-C3.0 class, which occurred sequentially within one day. Table 3 shows the main
characteristics of the 4 solar flares on May 12, 2015 (tesis.lebedev.ru).

Table 3 — Characteristics of C1.7-C3.0-classes solar flares that occurred on May 12, 2015

Solar flare Active Beginning | Maximum End
class area GMT
C2.6 2339 02:15:00 03:02:00 03:42:00
C2.2 2339 04:27:00 04:32:00 04:37:00
Cl1.7 2339 10:40:00 10:46:00 10:50:00
C3.0 2339 11:45:00 11:51:00 11:56:00

It has been established that flares of less than C3.0-class did not impinge on the Doppler frequency
shift recordings. The ionospheric response was recorded only for C3.0-class flares, the intensity of which
may be considered to be a threshold for such ionosphere condition, which is accompanied by Doppler
frequency shift.

In order to determine the effects of the solar flares on the upper and lower layers of ionosphere,
simultaneous of the Doppler measurements were made on the inclined radio path of Kuwait —
Radiopoligon Orbita (f=15090 kHz, D=3007.211 km) and Urumchi — Radiopoligon Orbita (f=7260 kHz,
D=808,546 km). The frequencies of the radio transmitters were specifically selected so that the radio wave
reflected from the F2-region and the F1-region of ionosphere. The height of reflection of the radio wave
was determined by the method described above. The radio frequency f=7260 kHz was reflected from the
height 185.650 km. A radio signal from Kuwait came to the reception area in two hops, reflecting from
292 km of F2 region of the ionosphere. According to the GOES-13 and SDO satellite (NASA) data,
during the C5.1-class flare on July 07, 2016, there were bursts in the X-ray and ultraviolet fluxes (Figure
3). The response of ionosphere to the flare was recorded on the DFS records at f=15090 kHz (duration of
disturbance - 324s, Doppler shift amplitude - 1.302 Hz) and on the DFS records at =7260 kHz (duration
of disturbance - 750s, maximum Doppler shift amplitude reached 2.698 Hz).

Ch.1-class solar flare July 7, 2016
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Figure 3 — Ionosphere response to C5.1-class solar flare in variations of Doppler frequency shift:
a) — X-ray long (0.1 - 0.8 nm) and X-ray short (0.05 - 0.4 nm); b) — EUV (0,1 - 7 nm); c¢) — variations of Doppler frequency shift
on an inclined radio path Urumgqi - Radiopoligon Orbita (7260 kHz) and Kuwait - Radiopoligon Orbita (15090 kHz).
X-axis — time in seconds from the beginning of day July 7, 2016

— 111 ——




News of the National Academy of sciences of the Republic of Kazakhstan

Figure 3c shows a significant difference in the duration of DFS perturbations on different radio paths,
as well as appearance of a distinct zug with oscillations with periods from 179s to 240s (f=7260 kHz).
Comparison of DFS variation records at two different frequencies suggests that the Fl-region of the
ionosphere is more sensitive to X-ray and ultraviolet radiation than the F2-region. Noted, that there are no
periods in X-ray and EUV fluxes that could correlate with periods that had arisen in the zugs of Doppler
frequency variations (figure 3). This suggests that the appearance of a clear zug of oscillations in DFS may
be due to the passage of acoustic gravity waves (AGW) at the heights of radio wave reflection at a
moment of X-ray and ultraviolet effects on the ionosphere.

Analysis of monitoring results of DFS at radio path Urumgqi - Radiopoligon Orbita (860 km) and Red
River - Radiopoligon Orbita (164 km) revealed the appearance of high-frequency component in the
interference beat form on the Doppler records during two solar flares. The characteristics of solar flares
are shown in table 3.

Table 3 - Characteristics of solar flares March 9, 2015 and May 8, 2014

Date Solar flare Active area Beginning Maximum End
dd, mm, yy class o BpeMenu GMT
09.03. 2015 C4.0 2297 10:02:00 10:08:00 10:16:00
05,08. 2014 M5.2 2056 10:59:00 10:07:00 10:18:00

Data processing allowed us to identify the appearance a high-frequency component on the DFS
records about 2.5 minutes before the main ionospheric response to C4.0-class flare and after it
(figure 4a).The calculation of amplitude dynamic spectrum of the high-frequency component revealed
Doppler frequencies in the range of 0.66 Hz to 12.5 Hz. (figure 4b).

1f5.‘;|{t}1 Hz Radiopoligon Orbita 2750 m
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Figure 4 — Ionosphere response to C4.0-class solar flare March 9, 2015: Doppler frequency shift (a)
on an inclined radio path Red River — Radiopoligon Orbita and (b) dynamic spectrum of DFS amplitude
in the range of 0,66 -12,5 Hz. X-axis — time in seconds past 00 hour (GMT)

The appearance of high frequency component in DFS variations was also recorded during M5.2-class
flare August 5, 2014 (figure 5). Comparison of figures 4 and 5 shows the dependence of the expression
and duration of these effects on the intensity of the solar flares. In a case of C4.0-class flare the duration of
a high frequency disturbance in ionosphere was approximately 400 seconds, DFS amplitude reached 1Hz,
and for the M5.2-class flare with perturbation duration of more than 1,000 seconds, the DFS reached
magnitude of 3Hz. The appearance of high-frequency variations in DFS during solar flares of the C4.0 and
M5.2 classes is quite a rare effect, significantly different from our previous observations, as well as those
described in the literature.
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fd{t}, Hz Radio path: Urumchi - Radiopoligon Orbita August 8, 2014
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Figure 5 — Ionosphere response to M5.2-class solar flare May 8, 2014 in variations of Doppler frequency shift on Urumchi -
Radiopoligon Orbita radio path. The upper graph (red) is variations of DFS and its low frequency component (black line).
The lower graph (blue) is a high frequency component in variations of DFS. For ease of analysis,
the lower chart is shifted along the Y axis. X-axis — time in seconds past 00 hour (GMT)

The appearance of high frequency variations in Doppler frequencies of ionospheric signal was also
recorded during the earthquake. For an example we will consider the results of Doppler frequency shift
registration during the earthquake occurred on March 15, 2015 at 14:01:01 by GMT, my=5.1 Epicenter
coordinates: 42.92N and 76.89E. The earthquake occurred 30 km south from Almaty town and felt in
Almaty town with intensity 4 by MSK-64 scale (www.kndc.kz). Figure 6 shows the epicenter location
relative to the radio path Red River - Radiopoligon Orbita. Design azimuth in direction from transmitter to
receiver was 72,144 °, distance from transmitter to receiver - 204 km. Calculation of the trajectory of radio
waves for frequency f=4010 kHz was carried out by the computer program according to the IGRF12
model for the common component taking into account the magnetic field (calculation of radio path was
performed by V.M.Krasnov).

JALMA-ATA
Rx
Radiopoligon Orbita

.BISHKEk\ _____/l_“—-——ﬂ_,____x_‘_h
M5.1 earthquake 15.03.2014

Projection to the Earth
of radio wave reflection point

ISSYIKUL'
R;-El'l: River
50 km

Figure 6 - Layout of radio path Red River (Tx) — Radiopoligon Orbita (Rx) relative to
the earthquake epicenter March 15, 2015

The following parameters of the radio track were determined by calculation: height of reflection of
radio waves (182.26 km), distance from the reflection point of the transmitter (110.43 km), distance from
the epicenter of the earthquake to the projection of the reflection point of radio waves to the Earth
(93.7 km), azimuth (262°), distance from the epicenter to Radiopoligon Orbita (16.8 km), azimuth (23.7°),
distance from the epicenter to the point of radio waves reflection (84.22 km), azimuth (264 748°). This
location of the epicenter relative to the radio path makes it possible to detect disturbances from the
different ionospheric layers: from F2-region (estimated height 182.26 km) and the lower ionosphere
layers. Analysis of the Doppler measurements showed that 5 minutes after earthquake, high frequency
variations appeared on the records of the Doppler frequency shift as the outcome of additional beams
arrival, which formed interference beat with a large amplitude beam at the input of Doppler radio receiver
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(figure 7a). Calculations demonstrated a marked increase in the Doppler dynamic power spectrum in the
range of 5-12 Hz in 4 min 51s after mainshock (figure 7b). Note that this time is quite sufficient to
propagate the perturbation from the lithosphere to the heights of the ionosphere.

Radio path: Red River - Radiopoligon Orbita 15.03.2015
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Figure 7 — Ionospheric response to M5.1 earthquake in variations of Doppler frequency shift
a) - high frequency variations of Doppler frequency shift (dark plot section);
b) - dynamic power spectrum of Doppler frequency shift variations (f=5-12 Hz).
X-axis — time from the beginning of the day March 15, 2015

The reflection of smaller-amplitude radio wave appears to have occurred when the radio signal
passing above the earthquake epicenter. According to [13], additional ionized layers may be formed in the
lower ionosphere at heights of 40-80 km above the earthquake preparation zone, which is in the opinion of
by pulling the metal ions from the troposphere into the upper atmosphere by means of an anomalous
electric field. There were no disturbances in the Doppler frequency shift associated with the earthquake
preparation on March 15, 2015. In particular, this can be explained by the fact that the projection on Earth
of the radio wave reflection point was not under the earthquake epicenter, but at a distance of 93.7 km in
the north-east direction along the radio path Red River - Radiopoligon Orbita.

4. Resume. The effects in the ionosphere and the fine structure of ionospheric response to the action
of X-ray and ultraviolet radiation of C1.7 - M5.2 classes flares occurred during solar cycle 24 (2014—
2016) have been studied. The study was carry out using method of Doppler sounding of the ionosphere on
an inclined radio path with a high time resolution (sampling frequency 25 Hz), which is based on the
principle of the phase locked loop (PLL). It was shown that the intensity of C3.0-class solar flares is a
minimum threshold when the appearance of disturbances in the ionosphere could be detected by the
Doppler frequency shift (DFS) method. Solar flares less then C3.0-class were not reflected in Doppler
frequency variations. The most expressed ionospheric response, recorded in the Doppler frequencies,
occurred to X-ray flares with a sharp onset, flares with a smooth increase intensity gave a much less
response. Against the background of disturbances in the ionosphere in solar flares, the appearance of zugs
was recorded, which are detected during the passage of acoustic-gravitational waves (AGV) in the
ionosphere. An unusual effect of the appearance of high-frequency component in Doppler frequency
records in the interference beat form has been detected, indicating the occurrence of ionized
heterogeneities in the ionosphere during solar flares. The appearance of high frequency component on the
DFS records was also registered during the M5.1 earthquake, though the mechanisms of the occurrence of
additional ionized regions in the lower ionosphere in earthquake and solar flares are different. The
application of Doppler frequency shift method that use the PLL loop has greatly expanded the ability to
record and analyze the mechanisms of appearance the ionospheric disturbances during solar flares and
earthquakes.
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KOJIBEY PAIJMOTPACCAJIA KUIJIIKTIH JOIVIEPJIIK KBLJI’KY JEPEKTEPI
BOMBIHIIA KYH )KAPKBLIJIAPbI MEH )KEP CLJIKIHICTEPIHIH HOHOC®EPAJIBIK 9CEPJIEPI

Annoranusi. Monocdepanarsl acepnecinep xxone Ky Oencenpinirinig 24 nukmi (2014-2016 xok.) iminge
6omran C1.7 - MS5.2 wiacTel KYH TYTaHy Ke3iHJIE PEHTI€H >KOHE YJBTPAKYJriH COYJIENEeHYIIH oCepiHeH XyKa
KYPBUIBIMBLIBI TepOernicrep 3eprreni. XKymbicra Monocdepa MHCTUTYTBIHIA S3IpJCHICH JOIUIEPIIiK euliey oici
KOJITaHBUIBI, OHBIH HETi3iHJe >KUUIKTI (azanblk aBronoacrporkacsHbiy ireridi (QKDAP) H xymbic npuHIMI
JKaTelp. Bys1 onic ©HEepKaciNTiK JKoHE >Kep acThl SAPOJIBIK JKapbUIBICTApIbl JKYPri3y Ke3iHae HoHOocdepasarsl
Hapa3bUIBIKTApIbl KAIBIKTBIKTAH aHBIKTAY YIIiH, 3bIMBIPaH TACHIFBIIITApPB! YIIBIPY Ke3iHJAe MOHOC(EpaHbIH YHIH
TIpKey VILIIH JKOHE Xep CUIKiHici Ke3iHae JHuToc(hepalbiK-aTMochepalbIK-HoHOChepanblK OaiianbicTapabl 3epTTey
Ke3iH/I¢ KOJIAAHBULABL. OJICTiH apTHIKIIBUIBFBI KOFAPHl YaKbITIIA pyKcat (25 Tl AUCKPETTey KULIITi), KO COyIIeNiK
CUTHaJl JKardalblHAA JOIJIEPIK JKUUTIKTEpAl OJIIEYIiH MXOFapbl IOJAIr, TOyJiK OOHbI Y3MiKCi3 OaxbuIaybl
yibIMIacTeIpy MYMKiHZIr Oombin Tabbutansl. JJorutepiik emmeynep Keitaid, Kplpreizcran sxone KyBelT opHanackan
panroxabap TapaTKbIIITapbIHBIH CUTHAIAAPHIH NaliadaHa OTEIPHII, TYPIl Kesdey paguoTpaccaiapia KYpri3iiii.

Honocdepanarsl aybITKy1apbl aHBIKTAY YIIIH JOIUIEPIIK SICTIH MIEKTI Ce3IMTaNIBIFbIH aHbIKTay MaKCcaThIHAA
C1.7-C3.0 xnachHBIH 9p TYPJl KapKbIHABUIBIFEI 9Jci3 KyH KapKpuIbl Ke3iHIE >KUUIIKTIH JOIUIEPIIK BIFBICYBI
»kasbanapblHa Tajnay JKacauabl, Olp KyH imiHzge periMeH opbiH angsl. C3.0 KiacklHAArbl KYH JKapKbUIBIHBIH
KapKbIHJBUIBIFBI MOHOC(Epana aybITKyJIap/blH Maiaa OOJybl KHIMIKTIH JOIUICPIIK JKBUDKY SIICIMEH TipKeyre
OomaTteiH €H a3 mekTi Ooibin Tadbutanel. TyTaHy kiacbiHa a3-3.0 emec TUrizai jkaz0ajapbiHIA JOMIIEPOBCKOTO
BIFBICYBI )KUUIIKTI HOHOC(EPHOTO CHUTHAJL.

Jomnepimik >KUUTIKTIH KBUDKYBIH/IA TIpKeJITreH MOHOC(epaHbIH €H alKbIH KepiHici KypT OacTaimysl 6ap KYH
PEHTIeHIIK )KapKblIFa allHaJI/Ibl, KApKBIHABI 0asty epIy aiTapibIKTai a3 YH Oepai.

HonocepaHbIH JKOFapFbl KoHE TOMEHI'T KabaTTapblHa KYH TYTaHy SCEpiHIH €peKIIENIKTEePiH aHbIKTay YIIiH
Kyse#iT - opouransis paguononurons! (f=15090 k', D=3007,211 km) »xoHe YpymMuH - OpOUTaHBIH PaANOIIOIUTOHBI
(f=7260 xI'u, D=808,546 km). Kenbey panuoTrpaccanapblHaa )XUUTIKTIH AOIUIEPIIK XKBUDKYBIH Oip Me3riije ejmey
Kyprizingi. PaamoTapaTKeluiTapslH OKAUTIKTEpl paauoTONKBIHIAp uoHochepanbiH F2 xone F1-alimareiHan
KepiHeTiHzel apHaiibl Tapnanral. Kyseiirren (f=15090 k') Pagnocurnan kaOeiinay mMyHKTiHE HOHOC(EpaHbIH 292
kM F2 OwuikTiriHeH KepiHe OTBIPBIN, €Ki CeKipy apKbpUIbl Kenai. ©Op Typii paguorpaccanapaa KK kosy
Y3aKTHIFBIHIAFBl eyl albIpMAIIBUIBIK, coHpai-aK f=7260 k['1 skwuiniriage 179c-tan 240c-ka neitiHri e3repmerni
Ke3eHMEH TepOericTepaiH alKbIH IyT Haiaa 00ybl OeiriieH .

PeHTreH »oHe yIBTPaKyJTiH CoylelieHyAe JOIUICpPIiK JKUUTIKTIH MyrblHAA Naiaa OoiFaH Ke3eHaep KoK. by
KJTK Hyckanapsiaia TepOenicTepiiH HaKThl I[yTrachIHBIH Maiiia 60iysl KyH KapKbUIbl PEHTTSH JKOHE YIbTPAKYJITiH
COyJeNeHyIiH HWOHOcepacklHa ocep €Ty COTIHIE paJAWOTONKBIHHBIH IIAFBUIBICY OWIKTITIHIE aKyCTHKO-
rpaBUTAMSIIBIK TONKBIHAApAbIH (AI'T) eryiHe OaimaHbICTBl OOybl MYMKiH. EKi Typii >KHUTIKTEri aoriepiiik
aybICyIbIH BapHalus >kaz0anapbiH cajiblcTeipy Fl-monocdepa aiimarsl F2 aiimarblHa KaparaHIa peHTIEHIIK YKOHE
YIIBTPaKYIITiH CoyJICNIEHYAIH dcepiHe aca ce31MTall IeN NaibIMaayFa Heri3 Oeperi.

WHuTepdepeHMsIbl  COKTBIFBICTAD  TYPIHAETl JOIJIEPIK OSKUUIIKTEpAIH YakbITIIa BapUalWsUIapbIHBIH
yKa30anapbIHAA JKOFaphl XKHUUTIKTI KYpayIIbIHBIH Hakaa O0ybIHBIH epeKIlIe dcepi aHBIKTalAbl, 01 HoHOochepana KyH
JKapKbU1Iapbl Ke3iH/1e HOHAANFaH OIpTEeKTUTIKTIH Haliaa O0IybIH KyaJIaH/IbIPaIbl.

C4.0 xone MS5.2 xiaccrarbl KYH TYTaHy Ke3iHIE HMOHOC(EpalbIK CHUTHAJJIBIH JKUUIITiHIH JOIUIEPIIK BIFBICY
BapHalUsUTAPBIH/IA KOFAPBI KUUTIKTI KypaMIaybIIITHIH Maiiia 00aysl Oy Oi311iH alIbIHFEI OaKbUIAyIapaH, COHIAM-
aK oneOMeTTe CHUNATTAIFaH alTapibIKTali epeKIilesieHeTiH oTe cupek acep. Monocdepanbik curnamapiy KK
»ka30anapblHAa JKOFAapbl JKUUTIKTI KypaylIBIHBIH Maiina Oouybl, COHJal-ak Jkep CulkiHici ke3iHge wmb=5.1
MarHuTyJachl TipKenreH, Oipak TeMeHri noHocdepasa KYH >KapKbUIIaphl )KoHE JKep CUIKiHICI Ke3iHAe KOChIMINa
MOH/IaNFaH 00JIBICTAp IbIH ITakia 60Ty MeXaHU3MAEPl OPTYPIIl eKeHiH KepceTe i

KDAP inMerin mnaipanaHa OTBIPBIN, >KUUIIKTIH JIOMIUICPIIK JKBUDKYBIH TIpPKEY oJiCiH KOJjJaHy, KYH
JKapKbpUIIapbl KQHE JKep CUIKIHICI Ke3iHxe HoHocdepana YHBITKYIapIblH Iaiaa 0oy MexXaHU3MIEpiH Tajnay
MYMKIH/ITH e1oyip KeHeHTe .

Tyiiin ce3mep: KomIepIliK )KUUIIK BIFBICYBI, HOHOC(EPaA, KYH JKapKbUIIAPHL, JKep CUIKiHiCI.

— 115=——



News of the National Academy of sciences of the Republic of Kazakhstan

H.M.Canuxos, I'./I.I1ak
JATOO «MuctutyT nonocdepsr» AO HIUIKUT, Anmarsl, Kazaxcran

HOHOC®EPHBIE Y®®EKTbHI COJTHEYHBIX BCHOBIIIEK U 3EMJETPACEHU
IO JIAHHBIM JOIJIEPOBCKOI'O CJIBUTA YUACTOTHI HA HAKJIOHHOM PATMOTPACCE

Annotanmsi. MccnenoBansl 3¢ ¢ekTsl B HoHOC(hEpe 1 TOHKAs CTPYKTYpa OTKIMKa HOHOC(EPH! Ha BO3/IEiCTBHIE
PEHTTEHOBCKOTO W YJIBTPA(QHOIIETOBOTO H3IYyYCHHH BO BpeMs CONHEYHBIX Bembimek kimacca C1.7 - MS5.2,
npousomenmux 3a mnepuon 2014-2016 rr. B TedeHue 24 mUKIa COTHEYHON aKTHBHOCTH. B paboTe mcmoip3oBaimn
METOJ TOTICPOBCKHUX M3MEPEHHH, pazpaboTaHHbIi B MHCTHTYTE HOHOC]EPHI, B OCHOBE KOTOPOTO JICKUT IIPHHITUT
pabotel meTiu (asoBoit aBTOmOACTPOMKH dacToThl (DPAITY). DTOT METOm NPUMEHSUICS IS TUCTAHIIMOHHOI'O
oOHapy>XeHHUs] BO3MYIIIEHUH B HOHOC(Epe MPH MPOBEIESHNH MPOMBIIIICHHBIX W TOA3EMHBIX SIIEPHBIX B3PBIBOB, IS
pETUCTpAIH OTKIIMKA HOHOC(EPHI MTPH 3aIlyCKax paKeTOHOCUTENEH U TP MCCIEI0BaHNH TUTOC(HEPHO-aTMOC(HEPHO-
nOHOC(EPHBIX CBsI3el NP 3eMIIeTpsCeHUsX. [IpenMyIecTBOM MeTo/ia SIBJISIETCS] BHICOKOE BPEMEHHOE pa3pelieHue
(dactoTta auckpernszanuu 25 I'1), BBICOKast TOYHOCTh U3MEPEHHUS JOIUIEPOBCKUX YAaCTOT B YCIOBHUSIX MHOTI'OJIYYE€BOIO
CUTHAJIa, BO3MOXKHOCTh OpPraHU3allMKd KPYIIIOCYTOYHBIX HEMPEPBIBHBIX HAOMIOMeHUA. J[OMIepOBCKHEe H3MEPEHUs
NPOBOAMIM Ha pasHbIX HAKIOHHBIX paguoTpaccax, HMCIONb3ys CHIHAIBI DPaJMOBEIIATENbHBIX IE€PEAaTINKOB,
Haxogsmuxcs B Kurae, Keipreizcrane u Kyseiire.

C 1enpio ompeneeHrs TOPOTOBON YyYBCTBUTEIFHOCTH JAOIUIEPOBCKOTO METOMA JUIA BBISBIICHHUS BO3MYIICHUHA B
noHocdepe OBUT BBITIOTHEH aHAIN3 3alHCeil JOIUIEPOBCKOTO CIIBUTA YACTOTHI MPH CIA0BIX COTHEYHBIX BCIIBIIIKAX
pasHoii mHTeHcHBHOCTH Kitacca C1.7-C3.0, mocnenoBaTenbHO MPOU3OMIEANINX B TEUCHHE OTHOTO OHA. [lokazaHo,
YTO WHTCHCHBHOCTH COJHEYHBIX BCHbBIIEK kiacca C3.0 sBiseTcs MUHHMAJIBHBIM IOPOTOM, KOTAA IOSBICHUE
BO3MYILEHUHA B HOHOC(Epe MOXKHO 3aperHCTPUPOBATH METOAOM JOIUIEPOBCKOTO CABHIa YacTOTHI. Bcmblku
kiaccoM MeHbie C3.0 HUKaK He OTPa3HIIMCh Ha 3aMUCSIX IOIUIEPOBCKOTO CABUIA YaCTOThI HOHOC(EPHOTO CUTHAJA.

Haubonee BbIpaXeHHBII OTKIMK HOHOC(EPHI, 3apPErHCTPHUPOBAHHBIA B JIOIUIEPOBCKOM CJIIBUTE 4YacCTOTBHI,
MMPpOUCXO0ANJT Ha COJHCYHBIC PCHTTCHOBCKHC BCIIBIIIKK C PE3KUM HadajlOM, BCIBIIIKKA C IIJIABHBIM HapaCTaHUEM
HMHTCHCUBHOCTH AaBaJIkM 3HAYUTCIIbHO MEHBIINH OTKJIHK.

Jnst BBIACHEHUS] 0COOCHHOCTEH BO3/ICHCTBUS COJHEYHON BCIBIIIKM Ha BEpXHHE M HIKHHUE CJIOW MOHOC(EpHI
ObUTM TIpOBEIEHB! OJHOBPEMEHHBIE M3MEPEHMs JOIUIEPOBCKOTO CABHIA YaCTOTHl HAa HAKJIOHHBIX paJuoTpaccax
KyseiiT - Pagnononuron Op6ura (f=15090 k', D=3007,211 xm) n Ypymuu - Pagnononuron Opoura (f=7260 kI,
D=808,546 xm). YacTOTHI pagronepeIaTINKOB OBUIH CIEIHAIBHO BHIOPAHBI TaK, YTOOBI PaIHOBOIHEI OTPAXKAIUCH
ot F2 u Fl-o6nactu nonocoepsr. Pagnouacrora f=7260 kI’ oTpaxanacek ot BeIcOTH 185,650 kM. Pagmocurnan u3
Kygeiita (f=15090 xI'1) mpuxomuit B MyHKT MpHeMa ABYMs CKauyKaMH, OTPakasCh OT BBICOTHI 292 kM F2-o0macti
noHocdepsl. YCTaHOBIIEHA CYIIECTBEHHAS pa3sHHIA B JUIMTEIbHOCTH Bo3MmymieHnit JJCY Ha pa3HBIX paguoTpaccax, a
TaKXKe TIOSABJICHHE OTYETIMBOIO Ifyra KojieOaHWA ¢ wW3MeHsommMcs nepuonoMm oT 179¢ mo 240c Ha wacrorte
f=7260 xI'n. OTMEUeHO, YTO B PEHTITEHOBCKOM M YJIbTPA(UOIETOBOM H3IyYSHUH OTCYTCTBYIOT IEPUOJIbI, KOTOPBIE
BO3HUKIIU B yrax Bapnaunﬁ ﬂOHﬂepOBCKOﬂ YacTOTEL. JTO ITO3BOJISIET MPEANOJIO0XKUTD, YTO MOABJICHUE YETKOI'O 1yra
kosiebanuii B Bapuanusix JJCY MoxxeT ObITh CBS3aHO C MPOXOXKIEHUEM aKyCTHKO-TpaBHTalMOHHBIX BOJH (AI'B) Ha
BBICOTAX OTP@KCHUS paJUOBOJIHEI B MOMEHT BO3JCHCTBHS Ha HOHOC(hEpy OSHEPrHMH PEHTICHOBCKOTO U
YIBTPaHOJIETOBOTO HM3IYYEHUH COJHEYHOW Bembllikd. CpaBHEHME 3amuceldl Bapualuil JOIIEPOBCKOTO C/ABUTA
YacTOTHI Ha IBYX pa3HbIX 4acTOTaxX JaeT OCHOBAHME Ioyarath, 4to F1-o01acTs noHocdepsl 6osee 4yBCTBUTENbHA K
BO3CHCTBUIO PEHTTEHOBCKOTO U YIBTPA(PHOIETOBOTO H3ITydeHHS, 4eM 00macTs F2.

OOHapyXeH HEOOBIYHBIH IPQPEKT MOSBICHUS BBHICOKOYACTOTHON COCTABISIONMIEH Ha 3alHCAX BPEMEHHBIX
BapWaluii JOIUIGPOBCKUX YaCTOT B BUAC HWHTEPPEPCHIMOHHBIX OWEHHWH, KOTOPBIH CBUAETENBECTBYET O
BO3HMKHOBEHHH WOHM3WPOBAHHBIX HEOAHOPONHOCTEHl B HMOHOC(hEpe NpH CONHEYHBIX BCIBIIIKaxX. l[losBieHue
BBICOKOYACTOTHOW COCTABJISIFOILCH B BapHAlUAX IOIUIEPOBCKOTO CIIBUTa YaCTOTHI HOHOC(EPHOro CHIHANA BO BPEeMs
comHeuHblx Bemblmek C4.0 m MS5.2 kimacca — 3TO JOBOJBHO PEeOKUil 3PQEKT, CyIEeCTBEHHO OTIMYAIONIMICS OT
NpeAbIAyIUX HaInuX Ha6J’IIOZ[eHPII>i, a TaKXXC OIMMCAaHHBIX B JIMTECpATypE. IlosiBneHue BBICOKOYACTOTHOM
COCTaBJISIIOIIIEH Ha 3alMCAX JOIUIEPOBCKOIO CJIBUTA YacTOThI MOHOC(EPHOro CHrHaja ObUIO 3aperucTpHUpOBaHO
TaKKE€ BO BpEMs 3CEMIICTPACCHUA MaFHHTyZLOﬁ mb=5.1, XOTd MEXAaHU3Mbl BO3HHUKHOBCHHUS OOIIOJIHUTCIIBHBIX
MOHHU3MPOBAHHBIX 00J1acTell B HIDKHEW HOHOC]Epe IPH 3eMIICTPSICEHUH U COJTHEYHBIX BCIBIIIKAX PA3IHYHBL

[Tpumenenne MeToa OIUIEPOBCKOTO CBUra YacTOThI HAa HAKJIOHHOM paguoTpacce, B OCHOBE KOTOPOTO JIEXKHT
npuHoun paborsl nermu OAITY, cymiecTBEeHHO paclIMpHIO BO3MOXKHOCTH PETMCTPALMM M aHAIM3a MEXaHH3MOB
TIOSIBIICHVSI BO3MYIIICHHH B HOHOC(EPE TIPU COTHEYHBIX BCIIBIIIKAX U 3EMIICTPICEHUIX.

KuroueBble ¢JI0Ba: JOTUIEPOBCKUI COBUT YaCTOTHI, HOHOC(EPa, COTHEYHBIEC BCIBIIIKH, 3MIICTPSICEHHUE.
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CIRCUIT SIMULATION OF SINGLE FAILURES
OF MEMORY MODULES OF ON-BOARD ELECTRONICS

Abstract. The main objective of the work is the circuit simulation of single failures of a cell of memory
modules under given conditions and parameters of transistors of a memory element during the passage of a single
particle.

The ionization current and critical charges are determined, which lead to a single failure and to the inversion of
the logical state of the memory module cell.

Application area. The results can be used in the design of microprocessor systems of on-board elecronics of
spacecraft.

Keywords: circuit simulation, critical charge, ionization current, on-board equipment.

Relevance of the problem. It is known that during the operation of various spacecraft (SC) as a result
of the action of cosmic rays (CR) on-board electronics failures are , which leads to emergency situations,
and in some cases to the loss of satellites, for example, «KazSat -1» and «Phobos-Soil».

In various countries (France, Russia, USA, China) in cases where it is necessary to predict the
behavior of complex structures in space during long-term space flights, or to identify processes that lead to
emergency situations in orbit, when decision-making requires preliminary “playback” Several options for
the development of events and their consequences are used to simulate the behavior of systems in real
conditions.

Therefore, in this work, we use the method of circuit simulation, which is a highly efficient and
relatively low-cost method that allows us to evaluate the complex influences of space factors (SF) on the
functional state and failures of on-board electronics.

Status of the issue. Distinguish satellite failures for reasons of occurrence, as well as for their impact
on the loss of performance of individual on-board systems.

The reasons for the occurrence include the complex influence of SF, including: radiation exposure to
solar (SCR) and galactic (GCR) cosmic rays, particles of the Earth’s radiation belts (RP), solar
electromagnetic radiation, magnetospheric plasma, SC intrinsic atmosphere, microgravity,
micrometeorites and others SF. In more detail, the radiation effects of outer space on the failures of on-
board electronic equipment under microgravity conditions were considered by the authors in [1].

It should be noted that the use of electronic components of increased reliability in the on-board
electronic equipment does not eliminate the likelihood of failures due to external factors of space.

Falures in the performance of individual on-board systems can result from design errors, poor
preflight testing, deterioration of the mechanical and electrical components of systems, incorrect
commands or operations due to errors by operators or ground systems, and other causes that are identified
by hardware developers in the analysis of failures.

Classification of failures of electronic on-board equipment. In this work, single failures caused by the
influence of CR nuclei will be considered as the most dangerous from the point of view of emergency
situations in the control systems of on-board equipment.

— 118§ ——



ISSN 1991-346X Series physico-mathematical. 3. 2020

The types of failures that are most often observed in ground-based modeling experiments and real
conditions:

SEU (single event upset) - single reversible failures in integrated circuits (ICs) with regular logic,
manifested in the form of loss of information in individual cells;

SEL (single event latchup) - single events (“latch” effect) caused by the inclusion of parasitic
thyristor structures when protons or heavy CR nuclei enter the sensitive volume of CMOS ICs;

SEHE (single event hard error) - a single microdose effect associated with local release of energy in
the sensitive volume of active IC elements upon the entry of protons or CR nuclei with subsequent "dose"
failure of this element (after thermal annealing, a return to the working state is usually observed);

SEFTI (single event functional interrupt) - a single effect of functional interruption (most characteristic
of functionally complex Large Integrated Circuits (LSIs), such as microprocessors, controllers, etc.);

SEB (single event burnout) - a single burnout effect in powerful MOS transistors associated with the
opening of a parasitic bipolar transistor when protons or CR nuclei hit;

SEGR (single event gate rupture) - a single breakdown effect of a gate dielectric in MOS structures
upon the entry of protons or CR nuclei;

SES (single event snapback) - a single effect of secondary breakdown in n-MOS transistors;

SET (single event transient) is a transitional ionization reaction caused by the entry of a proton or CR
nuclei into the sensitive region of the IP. The effect can manifest itself in the form of current pulses in the
output circuits in analog ICs and in mixed type ICs, and can also lead to distortion of information in high-
frequency optical information transmission lines [2].

Earlier, the authors of this work presented the mechanism of occurrence of failures (SEU) in memory
modules during the passage of a single CR particle under microgravity conditions [1] and circuit
simulation of failures (SEL) as a result of the occurrence of electrostatic discharges [3].

In this work, the circuit simulation of failures (SEU and SEL) was carried out on the storage devices
(memory) of the CMOS structure, by the action of the ionization current caused by the passage of the CR
ionizing particle. This is facilitated by the characteristics of CMOS structures: ultra-low power
consumption in a static state and high noise immunity.

The mechanism of formation of the ionization current. In the general case, the single-fault effect is
associated with the ingress of single particles into the active region of the transistor, followed by the
formation of an ionization track inside the transistors and the generation of electron-hole pairs.

Free carriers of electric charge are created along the track of the ionizing particle. The average energy
required to create one electron — hole pair in silicon is 3.6 eV [4].

An example of the formation of an ionization current caused by the radiation effect in an n-channel
transistor (nMOS) is shown in Figure 1.

ion track ion drift ion diffusion

(a) (b) (¢)

Figure 1 — The mechanism of formation of failure caused by a single CR particle

Figure 1 shows the stages of formation of the ionization current and the time diagram of this current,
including:

la - a charged particle passes near a p-n junction with reverse bias and creates free electron-hole
pairs; 1b - electrons pulled up by a positively charged drain field drift toward it, expanding the depletion
region and creating an ionization current pulse; lc - the charge remaining after the end of the pulse
continues to deviate into the depletion region until it is collected or recombined.
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A single reversible faulures (SEU) in a memory cell occurs when a charged particle collides with a
sensitive region of the transistor and causes a change in the state of this cell. In a memory cell, especially
in a node storing a high logical level, reverse biases between the drain and the substrate are very sensitive
to SEU-type failure caused by ionizing particles. This is due to the fact that the storage node is supported
by a relatively weak pull-up transistor (pMOS transistor) compared to a strong step-down transistor
(nMOS transistor) on another node [5].

The collection of the charge generated by the influence of the CR particle is shown in figure 1. The

collected charge Q. , depends on the type of ionizing particle, trajectory, energy value and location of the

coll

impact. The range Q. , is from 1 to hundreds of pC. Usually, the critical charge Q. , for a static memory

coll
cell is understood as the minimum charge that can be collected by the affected node to change the logical
state of the memory cell Reverse biased nMOS transistors are most sensitive to the effects of CR particles
due to the presence of a field and a large space charge region. Thus, O, is smaller than the O, storage

crit
node, then the current generated by the pull-up transistor will prevent the bit from turning over. The value
Q.. canbe defined as:

Q.= J[:]Ddt:(cminXVdd)+(IdeTF)’ (1)
0

where C_ . is the minimum capacity of the transistor body, V,, is the voltage of the memory cell, 7, is

min
the maximum drainage conductivity pMOS of the transistor, and 7). is the switching time of the memory

cell.

Currently, various models based on the concept of threshold voltage are known. These include
Levell-Level3, MOS Model 9, BSIM3, BSIM4. The BSIM4 model is the most reliable and describes all
the necessary parameters for mathematical expression 1. A significant difference between compact models
is the choice of basic variables, in terms of which physical processes in a transistor are described.

From expression 1 it is seen that the value of the critical charge depends on the circuitry parameters
of MOS transistors. Therefore, we used SPICE parameters of a compact circuitry model of a transistor
(SPICE - Simulation Program with Integrated Circuit Emphasis) [6].

We have developed geometric models of transistors, presented in figure 2, corresponding to the
technological process of 0.5 microns.
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Physico-topological models of nMOS and pMOS transistors have also been developed using the
BSIM4 model.

The physico-topological models of nMOS and pMOS transistors shown in Figure 1 were created with
the aim of extracting the circuit parameters of MOS transistors. Physico-topological models of MOS
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transistors were created using Electric VLSI computer-aided design. This application is used to design
ultra-large integrated circuits.

: As a result of the design, a netlist (list of parameters and specifications) of MOS transistors was
obtained, a fragment of which is presented below:

*#* SPICE deck for cell PMOS 1V {lay} from library tut 2

*#%* Created on Cp amp 22, 2020 20:00:47

*** Last revised on Cp amp 22, 2020 20:27:49

*%* Written on Cp anp 22, 2020 20:29:26 by Electric VLSI Design System, version 9.07

*#* Layout tech: mocmos, foundry MOSIS

*#% UC SPICE ***  MIN_RESIST 4.0, MIN_CAPAC 0.1FF, MIN_TF 1.2NS

*CMOS/BULK-NWELL (PRELIMINARY PARAMETERS).........

Note that the analytical model for the induced current waveform for collecting charges on ion tracks
is usually approximated by a double exponential curve with fast rise and fall times:

I, ()= L[e(—mk) _ e(*t/rp)] , )

Tp —Tg

where (), is the total charge collected from one particle, 7,. is the current decay time associated with the

diffusion charge collection time (~ 0.1 ... 0.4 ns), 7, is the current rise time associated with the carrier drift

time through the SCR of the pn junction (~ 10 ... 50 ps). The simulated ionization current pulse is
considered in figure 1 with an explanation.
The value of the conduction current /,, at which a single failure will occur can only be estimated by

circuitry modeling the effects of single CR cores using a general-purpose electronic circuit simulator
SPICE.

The effect of CR nuclei on the sensitive region of a transistor in an SPICE simulator is simulated by
the ionization current of a passing particle. To simulate the ionization current, an equivalent circuit was
created consisting of a circuit model of a field-effect transistor and a model of a current generator
connected in parallel with the p-n junction of the drain. Figure 3 shows the macromodel of the
replacement of the ionization current caused by the action of CR nuclei.

os

Figure 3 — Macromodel of ionization current substitution caused by exposure to CR nuclei

In the simulation scheme of a single failure in a 6 static memory cell, the stock p-n junctions of closed
transistors are vulnerable at the ingress of a single particle.
Figure 4 shows a static memory element (cell).
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Figure 4 — The memory element of the storage device based on CMOS structures

5

The main elements of a memory cell are pairs of CMOS transistors (transistors Ti, T2 and T3, Ta,
respectively), which is a logical inverter, shown in Figure 3. In such an inverter, when transmitting logical
signals, one of the transistors is always open and the other is closed. Switches S1 and S2 are used to set
the initial conditions for simulation.

Circuit simulation of a single element failure was performed as follows. Suppose, initially, transistors
T4 and T, are open in a memory cell, and transistors Ts and T, are closed. The conduction current /,,

caused by the passage of the ion is modeled by a current source connected in parallel with the affected
transistor in accordance with Figure 2. Then, a surge in the current induced by the ingress of a particle
causes two competing processes in the memory cell: absorption of the excess charge and positive feedback
operation.

It is also easy to notice that the ionization currents of the drains of open transistors confirm the
logical state of the memory cell. Only the ionization currents of the drains of the closed transistors T3 and
T, contribute to the switching of the memory cell. In this case, the drain current of a closed-# channel
transistor T, reduces the voltage at the inputs of transistors T4 and T3 , the ionization current of a closed-
p channel transistor T3 reduces the voltage at the inputs of transistors T and T .

In virtual modeling, a memory element was exposed to a current amplitude of up to 36 mA. The
simulation results show that the cell is in a stable state, although there are minor bursts, are presented in
figure 5a. Since these bursts do not exceed the threshold value, it can be assumed that the memory element
provides storage of a bit of information. With an increase in the amplitude of the ionization current over
36 mA, the memory element changes its state, thereby ensuring a single failure to store one bit of
information. The obtained time dependence is presented in figure 5b.
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Figure 5 - Time dependence on the outputs (Qo, Q1) of the memory cell and the effect of the ionization current
a) up to 36 mcA per memory element, b) over 36 mcA per memory element
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From the simulation results presented in Figures 5a and 4b, it can be seen that a single CR particle
does not always cause a single failure. To do this, it must fall on the sensitive part of the memory cell and
also add a charge in excess of the critical value.

The results of evaluating the critical charge at various supply voltages of the memory element
obtained by circuit simulation are presented in table 1.

Table 1 — Values of critical charge and conduction current at various supply voltages

Supply voltage Supply voltage Supply voltage
Vaa=2.5V Vaa =33V Via=5V
Conductivity current value Ilj, pA calculated in the 30 30 160
circuit simulation program
The value of the critical charge Qci, pC at the
. . 36 96 193
corresponding conductivity current /gy HA

From the presented results it is seen that an increase in the supply voltage of the memory element
contributes to an increase margin in the critical charge, leading to inversion of the memory cell.

The dependence of the critical charge Q.. on the supply voltage V. and conduction current 7, leading
to the inversion of the logical state of the memory module cell, is presented in table 1.

Thus, in the work, circuit simulation of a memory module cell failure was performed under given
conditions and parameters of the memory element transistors when passing a single particle.

The conductivity current and the voltage value of the memory element at which the cell state
switched, that is, a single failure, were determined.

The critical charge value which leads to the inversion of the logical state of the memory module cell
is determined.

The work was carried out according to the republican budget program 008 “Applied scientific
research in the field of space activity within the framework of the scientific and technical program*
Development of space technologies for monitoring and forecasting of natural resources, technological
changes in the environment, creation of space technology and ground space infrastructure, research of near
and deep space objects (program code 0.0799 for 2018-2020); under the project “Creation of an integrated
system for predicting radiation hazard and methods for protecting onboard electronic equipment for
spacecraft of various purposes under the complex influence of space factors” (reg. No. 0118PK00801).

B. ®@. I'pumenxko’, A. A. Mykymes?

"Uonochepa macturyter” EXXIIC, Anmarer, Kazakcran;
20n-Mapabu Kazak yiarTeIK yHuBepcHuTeTi, Anmartsl, KazakcTan

SJIEKTPOH/IBIK BOPTTBIK AIIAPATYPAHBIH JKAJIbI MOYJIbJIEPIHIH
YKAJIFBI3LUIIKTI ICTEH LIBIFYJIAPBIH ChI3BA HYCKAMEH MOJEJBAEY

Annotanusi. JKyMBICTBIH Heri3ri MakcaThl OepiireH ImapTrap Ke3iHAe OpTYpii MakcaTTarbl Fapblll
anmapattapblHblH (FA) OOpPTTBHIK 37EKTPOHABI anmapaTypachlHBIH ICTEH IUBIFYJIAPBIH CHI30aHYCKAIBIK MOIEIbICY
soHe Fapbim caynenepinin (FC) sxanrpi3 OemmekTepiHiH ©Tyi Ke3iHAe XaJbl 3JIEMEHTIHIH TPaH3UCTOPJIAPBIHBIH
mapamMeTpIepi OOJBIN TaObIIA b

Moacene esexminiei. Fapemuteik coymenepain (FC) ocepi HoTmkecinme opTypii Makcarrarsl FA maiimamany
Ke3iH/ie OOPTTHIK AIEKTPOH/BIK JKYHENEep/IiH ICTeH LIBIFYbl OPbIH aJaThlHbI O€JIrii, OyJI ITAaTTaH ThIC XKaraainapra,
an KeuOip jKarjaiijapia CIyTHUKTEpIiH, Mbicanbl, KazSat-1 sxoHe «®o0oc-rpyHT» >KOFalyblHAa ajbIll KeJesl.
CoHIBIKTaH OYJI )KYMBICTA JKOFaphl THIM/II KOHE CaIbICTHIPMANIbl TOMEH IIBIFBIH/IBI diC OOJIBINT TaOBLIATHIH, OIpeH-
capan fapbim coyienepiniy (FC) eTy kesiHie >kaabl 3JEMEHTIHIH TPaH3UCTOPJAPBIHBIH CXEMOTEXHHUKAJIBIK
napamMeTpIiepid Oaranayra MyMKIHIIK OEpeTiH CXeMOTEXHHUKAJIBIK MOJICIIBCY 91iCI KOJIaHbLIA b,

Mbaceneniy acazoaivl. IcTeH WIBIFYIBIH Maka 0oiy cebernrepi OOWBIHINA, COHAAN-aK OJIAPIBIH JKEKEICTeH
OOpTTHIK >KYHenepaiH >KYMBIC icTey KaOUISTTUIriHIH >KOFaldyblHa ocepl OoibIHINA akpIpaThutanbl. [laiima Oomy
cebenrepine FK®-npiH kemenai oacepi xataipl, onslH imiHae: KyH (KFC) sxene ramakrukansik (I'FC) rapbim
CoyJeNepiHiH paIualsuIbIK ocepi, KepIiH pagualsiblk Oengeynepinin 6emmekrepi (JKPB); mMuxporpasurammys,
MHKpoMeTeopuTTep koHe Oacka na FK daxropmaper. JKekemereH OOPTTHIK JKYHETIepHiH KYMBIC icTey
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KaOUIeTTUNINHIH JKOFalyblHa jko0aniay Ke3iHjae KaTesep, ylliap aJIbIHIaFbl Canachld3 TeKcepy, JKyHelnepaiH
MEXaHHUKAJBIK JKOHE 3JIeKTP KOMIOHEHTTEPiHIH TO3YBI, OIepaTOpIapAbIH HeMece JKep YCTi JKylelnepiHiH Karenepi
cayiapblHaH KaTe KOMaHJanap HeMece Olepanusuiap jKoHe HaKThl JKarJaiiap/a iCTeH IIbIFyJIapAbl Tajjiay Ke3iHue
anmapaTypaHbl 931pJICYIiIep COMKECTEHAIPETIH 0acka 1a ceOenTep oKelyi MyMKIH.

Kymeicra FC saponapbIHBIH 9CepiHEH TYybIHIaFaH, OOPTTHIK almapaTypaHbl Oackapy KyHelepiHJe IITaTTaH
TBIC JKaF/aiylapAbIH 1aii1a Ooysl TYPFBICBIHAH HEFYpIIbIM Kayinti, onbIH imminze: SEU (single event upset) — xeke
YAMIBIKTap/a aKnaparThl XKOFAITY TYPiHIEe KOPIHETIH TYpakThl Jorukacsl 6ap MC — na sxanFbi3 KaUTBIMIBI aKayJiap;
SEL — (single event latchup) — FC etyi kesinme KMOII UC cesimTan Oerrepinie NapasuTTiK THPUCTOPIBIK
KYpBUTBIMIapAiH KocyHl ("sICBIpMa" acepi) jkoHe 0acKa /a iCTeH MIBIFYAaH TYbIHIAYHI OipeH-capaH OKUFajIapra ajbIll
KeJemi.

By sxympicta IC maiisianay kesiage 6ackiM Oombin TabputaTeln KMOII-KyphUTBIMIA KYPTi3iireH ecre cakray
kypoutFbuiapbiHa (CK) paauanusuiblk ocep eTy KesiHJAe ICTeH UIBIFYJIapIbIHbIH CXEMOTEXHUKAIBIK MOACIICYAiH
(SEU xone SEL) HoTmKENEpi KeATIpiiaem.

Tpan3ucropiapAplH IIiHAET] HMOHW3ALMSIBIK TPEKiH MKOHE JIIEKTPOHIBI TECIKTep JKYITAphIHBIH Maiifa
OotybIMEH TpaH3UCTOPBIHAAFbl N-kaHaina (nMOS) cayneneHy acepiHeH TybIHJIaFaH HOHJaHy TOTBIHBIH Haiaa 6oy
Ke3eHJIepi MeH MeXaHHM3Mi KapacThIpbUIabl.

JKanpl sneMeHTIHIH 6Oipen capay icmeH WbleyblH CXEeMOMEXHUKATLIK Mooenvoey opbiHOanovl. CyidabIK
napametpiepai Oaranay ymin BSIM4 mopnenin sxone Electric VLSI aBTomarTanaplpsuiraH xobamay >kyleciH
naiinanana oreipein N-MOIT xone p-MOII Tpan3ucTopriapblHbIH (PHU3HMKa-TOMOJIOTHUSUIBIK, MOAEJIBIAECPIH KOJIaHy
apKBUTBl TPAH3UCTOPJIAPABIH TeOMETPHSUIBIK YTici o3ipieHmi. BipeH capaH icTeH WIBIFY Ke3iHIETi OTKi3rimTep
toreiHbIH MoHI, SPICE kanmel MakcaTTarbl 3JEKTPOHIBIK CXEMalapAblH CHMYIATOPHIH ITaiifianaHa OTBIPHII
OarayiaHibl.

Spice-cumynsitopaarel FC  simposiapbIHbIH TPAH3UCTOPBIHBIH CE3IMTall aliMarbiHA dcep €Tyl TOK Ke3iMeH
GaliaIaHBICTBIPAIBI, OJ1 JAJIANIBIK TPAH3UCTOP/IBIH CXEMOTEXHHUKAIBIK MOJICTIHEH KOHE P-N aFblH OTKEIIHE Mapalielb
KOCBUIFaH TOK T'€HEepaTOpbl MOJENIHEH TYPaThIH MaKpOMOJIENbIiH Oamamansl cxemacbiHa Moxenpeneai. FC
SIPOJIAPBIHBIH 9CEPIHEH TYbIHAAaFaH HOH/AY TOFbIH aIMacThIPy MaKpOMOAEII KYPbUIIbI.

Bupryanasl mozenaeyne OepiireH napameTpiepliH JKaasl dJeMeHTI 36 MKA JeliHri aMIUIMTyJaMeH TOK
acepiHe yuIbIpaiabl. Molenbaey/IiH HOTHKeNepl YAIIBIK TYPaKThl KyiiJle oHe HIeKTI MOHHEH aclalThIH eleyci3
e3repicTep 0ap €KeHiH KOpCeTTi, COHJBIKTaH JKaabl JJIEMEHTI aKlapar OWTIHIH CaKTaJIyblH KaMTaMachl3 €Te ajla/ibl.
Honpay TOTBIHBIH aMIUIUTYAACk 36 MKA >KOFapbl OOJIFaH 1A JKa ikl AJIEMEHTI ©3iHiH jkaii-KyHiH e3repTeai, ochuIaiia
0ip akmapaT OWTiH cakTayna OipeH capaH iCTEH LIBIFY bl KOPCETTi.

OPTYpIi KOpeKTeHY KepHEYiHAe KPUTHKAIBIK 3apSITHIH KOHE OTKI3TIIITIK TOTBIHBIH MOHAEpi OepinreH. XKan
AIIEMEHTIHIH KyaT KepHEYiH apTTBHIPY >KaJ YAIIBIFBIHBIH WHBEPCHICHIHA OKENETiH CHIHH 3apsa OOHBIHIIA KOPABIH
apTybIHA BIKIAJ €TETiHI KOPCETIITeH.

OTKI3rIITIK TOTBI JKOHE YAIIBIKTBIH KYHIH ayBICTBIPBIII KOCY, SFHHM JKalFbI3 ICTEH IUBIFYy OOJFaH MKambl
3JIEMEHTIHIH KyaT KepHEYiHIH I1aMachl aHBIKTAJI/IbI.

Kan mMonynbaepi YAIIBIFBIHBIH JOTUKAJIBIK KYHIHIH MHBEPCHACHIHA OKEJNETiH KPUTHKANIBIK 3apsSATHIH LIaMachl
AHBIKTAJIJIBL.

Ocepunaiiiia, XyMbICTa >KeKe-Japa OeNIIeKTepIiH OTyl Ke3iHAe >albl SJIEMEHTIHIH TpaH3UCTOPJIapbIHbIH
napaMeTpiepli MeH OepiireH ImapTTap Ke3iHAe JKaJ MOAYJBAEPIHIH YAIIBIKTAPBIHBIH ICTEH LIBIFYBIHBIH
CXEMOTEXHHKAIBIK MOJEJIICYl OpBIHAAIIBI. AJIBIHFAH HOTWKENEp 9pTypili MakcarTarbl FA OOPTTBIK JIEKTPOHABIK
anmnapaTypachlH/Ia Naianany yiiH MUKPOIIPOLIECCOPIIBIK JKYyHenepai xkobaay Ke3iHe naijananbliIybl MYMKiH.

Tyiiin ce3aep: Ti30eKTi MOAETBACY, KPUTUKAIBIK 3apsil, HOHIAHY TOTHI, OOPTTHIK KaOJbIK.

B. ®. I'pumenxo!, A. A. Mykymes?

IITOO "Uncturyt nonocdepsr", Anmarsl, Kazaxcran;
2Anb-Mapabu Kazaxckuii HalMOHaIBHBIH yHUBEpCUTET, Anmartsl, Kasaxcran

CXEMOTEXHUYECKOE MOJIEJTMPOBAHUE OJIMHOYHBIX OTKA30B MOJYJIEHN
HMAMSATH JTEKTPOHHOM BOPTOBOM ATIITAPATYPBI

AnHoTauus. OCHOBHOH IeJbI0 PabOTHI SABJISAETCS CXEMOTEXHMYECKOE MOJCIMPOBAHHE OTKA30B OOPTOBOM
ANIEKTPOHHOHN ammapaTypsl Kocmuueckux ammapatoB (KA) pasmudHoro HasHadeHHWS HpU 3aJaHHBIX YCIOBUSAX H
apaMeTpOB TPAH3UCTOPOB AIEMEHTA MTAMATH NPH MIPOX0KACHUN OJUHOYHOM dacTuIlpl kKocMudeckux mydent (KJI).

Axymanvnocms npobnemvi. VI3BecTHO, 4TO BO BpeMst dKcIuTyaranun KA pa3nuuHOro Ha3HaueHHs B pe3yJibTaTe
Bo3zeiicTBus kocmudeckux ayued (KJI) mpoucxonmsT oTkasbl OOPTOBBIX 3JEKTPOHHBIX CHUCTEM, YTO HPUBOAUT K
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HEIITATHBIM CUTYaIHsM, & B HEKOTOPBIX CIIy4yasX U K HOTepe CIIyTHUKOB, Hanpumep, KazSat -1 u «®oboc-rpyHT».
ITosTomy B maHHOI paOoTe HCHIONB3YeTCS METOJ CXEMOTEXHHYECKOTO MOJEIMPOBAHUS, SIBIISEOLIUICS
BBICOKOD((PEKTUBHBIM M OTHOCHTENILHO HU3KO3aTPAaTHBIM METOJIOM, ITO3BOJISIIOIMN OIIEHUTH CXEMOTEXHHUYECKHE
HapaMeTphl TPAaH3UCTOPOB JIEMEHTA MaMATH IIPU MIPOXOXKICHUH OJMHOYHON YacTHIIBI KocMudeckux gyde (KJI).

Cocmosnue eonpoca. Paznuuator otka3sl KA mo mpuumHaM BO3HHUKHOBEHHS, a Talkoke MO WX BIMAHUIO Ha
MOTEPI0 PabOTOCTIOCOOHOCTH OTIEIBHBIX OOPTOBBIX cucTeM. K mpuunHaM BOSHHKHOBEHHSI OTHOCUTCSI KOMIIJIEKCHOE
rustare OKII, B ToM uncie: paguannonHoe Bo3zaerictue comHeunbix (CKJT) u ranaktryeckux (I'KJT) kocMudeckux
Jy4eH, yacTull paauanrnoHHbIX nosicoB 3emin (PII3); MukporpaBuraryst, MUKpoMeTeOpHUTHl U apyrue dakropsr KII.
K morepe paboTocrmocoOHOCTH OTHENBHBIX OOPTOBBIX CHCTEM MOTYT HPUBECTH OMIMOKHA TPU NPOECKTUPOBAHHU,
HEKAYeCTBCHHAs] IPEAMNOJEeTHAsT MPOBEPKA, H3HOC MEXAHWYECKHMX M JJIEKTPHYECKUX KOMIIOHEHTOB CHCTEM,
HEKOPPEKTHBIE KOMAaHAbl WJIM OIEpallM BCIEICTBHE OIIMOOK OINEpaToOpoB MM HAa3eMHBIX CHCTEM M ApYIHe
HPUYHMHBI, KOTOPbIe HASHTU(QHUIMPYIOTCS Pa3pabOTIMKaMH amIapaType pH aHaJIu3e OTKAa30B B PEAIbHBIX YCIOBHUSX.

B pabote paccmarpuBaroTcsi OMMHOYHBIE OTKa3bl, BeI3BaHHbIC BozzelcTBreM siep KJI, kak Hanbonee omacHele
C TOYKM 3PCHUsS] BO3HHKHOBEHHS HEIUTATHBIX CUTyallMil B CHCTEMax YHpaBJIEHHs OOPTOBOW ammapaTypbl, B TOM
gucie: SEU (single event upset) — onuHouHbIe 0Opatumbie coou B VIC ¢ peryssipHON JIOTHKOM, MPOSIBIISIONINECS B
Buzie morepu uH(opMmaumu B oTAeNbHBIX sueiikax; SEL (single event latchup) — oxuHOuYHBIE COOBITHS
panuanvoHHOro 3amenkuBaHus (3QGEKT «3alleNkn»), BbI3BAaHHBIE BKIIIOUYEHHEM Iapa3suTHBIX THUPUCTOPHBIX
crpyktyp ripu KJI B uyBcTBHTEenbHBIN 006eM KMOII VIC 1 npyrue oTkassl.

B nannoii pabote mpUBOAATCS pe3ybTaThl CXeMOTEXHHUYECKOro mozenupoBanust otkazoB (SEU u SEL) mpu
paauaIioHHOM BO3ICHCTBUH Ha 3amoMuHaromue ycrpoicta (3Y), kotopoe mpoBommiock Ha KMOII-cTpykrype,
SIBIISFOIIEHCS. TOMUHUpYIOMIEH pu m3rotosieHnn VC.

PaccmaTpuBaroTCs 3Tanbl 1 MEXaHM3M 00pa30BaHMS TOKAa MOHHM3ALUH, BRI3BAHHOTO pajlalnoHHBIM 3¢dexTom
B n-KaHaibHOM TpaH3ucrope (nNMOS) ¢ mociemyrommM 00pa30BaHWEM BHYTPH TPAH3UCTOPOB HOHHU3AIMOHHOTO
TpEKa 1 TeHEepaluy IEKTPOHHO-IBIPOYHBIX Tap.

BeimonHeHO cxemomexnuueckoe Moodenuposanue O0O0UHOYHO20 C€OOs BIEMEHTa maMsaTH. Jlnd  OleHKn
CXEMOTEXHUYECKUX MapaMeTpoB ObUIM pa3pabOoTaHbl: TEOMETPHYECKass MOJIENb TPAH3HUCTOPOB, C MCIIOJIb30BaHHEM
mojenu BSIM4 u ¢usuxo-rononorndeckue moaenu n-MOIT u p-MOII TpaH3UCTOPOB € UCIOJIB30BAHMEM CHUCTEMBI
aBTOMaTU3MpoBaHHOro npoekriposanus Electric VLSI. 3Hayenue Toka npoBOJMMOCTH, TIPH KOTOPOM IPOUCXOAUT
OJIMHOYHBII 0TKa3, OIIEHUBAJICS C HCIIOJIb30BAHUEM CHUMYJISITOpa DJIEKTPOHHBIX cxeM obmuiero HasHaueHus: SPICE.

BospeiictBue Ha 4yBcTBHTENBbHYIO OOnacth Tpansuctopa sigep KJI B SPICE-cumynstope umutHpyercs
UCTOYHUKOM TOKa, KOTOPBI MoOJENupyeTcd B OSKBHBAJEHTHOM CX€M€ MAaKpOMOAENH, COCTOSIEeNd U3
CXEMOTEXHHYIECKOW MOJENN IOJIEBOTO TPAH3MCTOPAa M MOJAENM T€HEpaTOpa TOKA, BKIIOYEHHOTO MapajuleNbHO p-n
nepexony croka. CozjaHa MaKpoOMO/IEJb 3aMEIIeHHs TOKAa HOHN3AINH, BEI3BAHHOTO Bo3aeiicTBueM siiep KJL.

IIpencraBnena cxemorexamueckas SPICE monens snemenTa nmamsta Ha ocHoBe KMOII — ctpykryp. [lokazano,
4TO B CXEME MOJEIMPOBAHMSA OJMHOYHOTO COOSl B CTATHUECKOM 3JIEMEHTE MaMSTH, YSI3BHMOIO K MOMAJaHUIO
OJIMHOYHOM YacTUIBI, SBISIOTCS CTOKOBBIE p-N IEPEXOAbI 3aKPBITBIX TPAH3UCTOPOB. PaccMOTpeH MeXaHu3M
00pa3oBaHus TOKA IPOBOAUMOCTH, BBI3BAHHOTO IIPOXOKAECHUEM OJUHOUYHOHN dacTuisl KJI, koTopslit Mogenupyercs
HUCTOYHHUKOM TOKa, MOJIKII0UYEHHOT0 MapajIeIbHO OPAXXKEHHOMY TPaH3UCTOpY.

B BupTyanbHOM MOAETMPOBAHUH SJIEMEHT MaMATH 3aJaHHBIX NapaMeTPOB MOJBEpPrajics BO3ACHCTBHIO TOKa
aMIUIUTY oM 10 36 MKA. Pe3ynpTaTsl MOAENIUpPOBaHUS IOKA3aIH, YTO siueiika HAXOAUTCS B YCTOMYMBOM COCTOSIHUM
U MUMEIOTCSI HE3HAUUTEIbHbIE BCIUIECKU, KOTOPbIE HE MPEBBIIAIOT IOPOrOBOr0 3HAYEHHUS, IOITOMY DJIEMEHT MaMATH
oOecrieunBaeT XpaHeHHe Outa uHpopMarmu. [Ipy yBeIMYEHWM aMIUIMTYAbl TOKa HMOHMW3AlMU CBBINE 36 MKA
3JIEMEHT MaMSTH U3MEHSET CBOE COCTOSHHE, TEM CaMbIM OOECTIEYHBAET OJMHOYHBII OTKa3 B XpaHCHWH OJHOTO OHMTa
nHpOpPMALIUH.

IIpencraBneHbl 3HaUEHUS KPUTHUECKOTO 3apAa U TOKa MPOBOANMOCTH IPH PA3IMYHBIX HAPSHKEHUAX ITUTAHHA.
[TokazaHO, YTO yBENMUYCHHUE HANpPsDKCHHUS NHTAHUS 3JIEMEHTa MaMATH CHOCOOCTBYET YBEIMUYCHHUIO 3amaca II0
KPUTHYECKOMY 3apsiy, IPUBOAALIEMY K MHBEPCHH STUCHKH MaMSTH.

OmperneneH TOK IPOBOJUMOCTH U BEJTMUNHA HANPSKEHHUS MUTAaHUS 3JIEMEHTA MaMsITH, IIPU KOTOPOM MPOU30IILIO
MEePEKIII0YEHUE COCTOSIHUE STUEHKH, TO €CTh OAMHOYHBIN OTKa3.

OnpezeneHa BeIHUMHA KPUTHYECKOTO 3apsAa, KOTopast IPUBOJUT K MHBEPCUH JIOTHYECKOTO COCTOSHUS sTUeHKU
MOJyJIEH MaMsTH.

Takum 00pazoM, B pabOTe BBIOJIHEHO CXEMOTEXHHUYECKOE MOJAEIHPOBAHUE OTKa3a SUCHKH MOJIyJel MmamsaTh
IPU 33JaHHBIX YCIOBUSIX M MapaMEeTPOB TPAaH3UCTOPOB 3JIEMEHTA MaMSITH IPU MPOXOKACHUH OJUHOYHON YaCTUIBL.
[TonydeHHble pe3yabTaThl MOTYT OBITH HMCIHOJIB30BaHBl IPH MPOEKTUPOBAHHMHM MHKPOIPOLECCOPHBIX CHUCTEM ISt
HCTIOIB30BaHUs B OOPTOBOM AIIEKTPOHHOH ammapaTtype KA pa3nmnaHoro HazHa4YeHUs.

Ki1roueBble €/10Ba: CXEMOTEXHHYECKOE MOJCIMPOBAHUE, KPUTHYECKUH 3apsja, TOK HOHM3AIMM, OOpTOBas
anmaparypa.
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INTELLECTUAL FORECASTING OF LANDSLIDES

Abstract. All over the world remote monitoring and satellite imaginary is taking part in urban and construction
planning. Therefore, while biggest city of Republic of Kazakhstan is placed on a land with a risk of landslides, it is
reasonable to use satellite technologies to assess the land surface deformation before construction started. The remote
monitoring is providing results as an array of numeric data that can be converted into a surface map. However,
besides real time monitoring of possible landslides, it is possible to forecast such deformation in dynamic. Such
dynamical model is presented as an array of time series of parameters, which then can be converted into dynamically
changed map. Analytical modeling can provide such forecasting with high accuracy but demand decent amount of
data for every forecasting case. Intellectual methods of forecasting operate with lack of information and provide
results with acceptable margin of error. Authors suggest designing intellectual models on periodic data from satellite
images for landslides’ forecasting. Moreover, best-designed model can become a base for software package to
provide such dynamic modeling of land’s deformation online for public and private use.

Key words: GPS, remote sensing, landslide processes, intellectual models, forecasting, dynamic model.

Introduction. Research relevance is defined by decay of built structures near and in one of the most
populated city in Kazakhstan — Almaty — because of landslides, mudflows and dramatic changes of
climatic conditions. That confirms importance of modern GIS usage developed on the basis of ground and
space monitoring data for forecasting dangerous situations (mudflows, landslides) and diagnostics of
land’s condition.

Nowadays technologies of satellite imagery and remote monitoring are widely used all over the world
at land use [1, 2] and urban areas planning [3-5]. This significantly reduces the working time of specialists
and optimizes the work at a planning stage of various works at the state and local levels.

Mapping landslides near built structures is necessary condition for making optimal technical decisions
in their construction and operation due to possible destruction of the slope. Number of researches on the
forecasting of landslide’s risk was carried out over the past two decades around the world [6-21]. For
mapping the landslide’s risks, the researchers used various approaches, which can be grouped into three
main types: statistical, computer modeling and analytical techniques. If there is a necessity to process a
large data set, then use of analytical methods are almost impossible. So, the statistical techniques and
computer modeling is widely implemented. In computer modeling with GIS technology following
methods are mainly used: decision making trees, support vector points and neural modeling [7-21].

Scientific novelty of research is related to the use of modern satellite technologies with use of
intellectual model to forecast the risk of landslides of the areas for future or present construction. The
study of the mechanisms of slope processes occurrence using modern satellite technology and
mathematical modeling leads to new knowledge in the theory of forecasting the risk of landslides and their
influence on the land’s building characteristics.
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To build intellectual model and improve the accuracy of forecasting the risk of landslides by
computer modeling detailed digital elevation model and field data in an area can be used. Evaluation of
slope processes using GIS to forecast condition of building lands in Kazakhstan has not been done and
proposes a great scientific interest.

Satellite images as a time series data. Remote monitoring and satellite imaginary can be used to
observe the land surface and its deformation. For example, such monitoring can be provided by use of
principle of radar interference. The difference in time delay between sent and received by satellite signal
(red signal on the picture 1) represents the difference in surface level. Consequently, such difference in
received parameters can show any deformation or landslide. Furthermore by all received from satellite
data about monitored surface a map can be formed. If satellites provide a remote monitoring in a periodic
manner, resulting maps can form a dynamic model of the surface deformation.

S
W

\

W Deformation
N /

Second monitoring

First monitoring

Picture 1 - Method of radar interference in remote monitoring

Satellite images of land for landslides’ detection is delivered in form of data sheets about monitored
surface as shown in picture 2. Thereat every line describes specific characteristic of the exact coordinates
[6].

Then such data is processed to form a surface map as on picture 3 [6] where every parameter is
presented on a z-axis for every coordinate specified on x- and y-axis of the graph. The same parameters
can be represented in color or in combination of color and height. Author recommend combined method
for representing surface deformation for unqualified users.

The implication is that any monitored surface can be presented as an array of numeric data, where its
coordinates are shown as an element indexing:

le ZlZ Zlm
7 = ZZl : ZZZ . ZZm (1)
an ZnZ an

where Z is one of parameters received from monitoring, #» and m are indexes representing coordinates of
monitored surface.

Furthermore, the deformation of surface or landslide processes in exact coordinates in dynamic can be
presented as a time series of an element in the array:

Zy ={Z1, (), 24t + T), 23, (t +2-T), ...}, (2)

where Z is one of parameters received from monitoring, ¢ is time, and 7 is period of time between satellite
images.

The resulting form of data can be used to form a mathematical model or design and train an
intellectual model for the landslide processes’ forecasting.
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Lon Lat z Vel mm vy Coherence D_20150115 D_20180210
76,823888 43,280471 711,875116 -11,193887 0,694304 0 -40,588146
76,823889 43,280416 724,121679 -8,731388 0,670136 0 -25,104536
76,823889 43,280471 709,486996 -5,370865 0,681943 0 -11,350699
76,823892 43,280434 724,2026357 -8,889476 0,69234 0 -24,358576
76,823893 43,280452 709,406511 -4,871862 0,666525 0 -11,289376
76,823895 43,27999%4 705,810231 -1,896947 0,747738 0 -4,014318
76,823897 43,28047 714,881492 -4,060597 0,66099 0 -10,300287
76,823898 43,28047 713,399774 -3,720258 067345 0 -8,853598
76,823899 43,280012 707,656516 -2,496723 0,718306 0 -5,717471
76,823899 43,280432 713,049197 -4,432741 0,761461 0 -9,929994
76,823899 43,280012 705,78585 -1,912691 0,795292 0 -2,329161
76,823903 43,280433 724,359914 -8,949328 0,66616 0 -24,439787
76,823903 43,280231 716,457603 -2,90916 0,675994 0 -10,883619
76,823904 43,28003 705,738837 -2,059825 0,788465 0 -1,850743
76,823906 43,280029 707,430014 -2,05429 0,770657 0 -8,137006
76.,823908 43,280029 707,76529 -2,442406 0,723007 0 -9,137286
76,823908 43,280249 716,362962 -2,712636 0,781478 0 -2,636439

76,82391 43,280267 716,531821 -3,066086 0674425 0 -17,121803
76,823911 43,280468 715,659589 -9,377769 0,667267 0 -36,229301
76,823913 43,283454 714,019161 0,819217 0,710332 0 4,901161
76,823921 43,280449 713,246361 -4,366333 0,73583 0 -10,232582
76,823921 43,280431 711,110533 -4,652173 0,714882 0 -7,789934
76823923 43,280449 709.461361 -4,05126 0674233 0 -9,950661
76,823924 43,280247 716,595356 -2,484826 0,701137 0 -3,312304
76,823929 43,283581 712,699376 -0,175425 0,742918 0 2,631488
76,823931 43,280448 713,459047 -3,560992 0679144 0 -8,998888

Picture 2 - Data received from satellite imagery [6]

Picture 3 - Resulting map of monitored surface [6]
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Intellectual method of forecasting of time series. Any data that is presented as a time series can be
extrapolated with some level of accuracy [22]. This is one of the main principles used in all forecasting
methods. These methods can be divided in three main groups: statistical, computer modeling and
analytical techniques. While analytical methods give high accuracy in forecasting, they cannot be
implemented in case of large amount of processed parameters or small amount of prior incoming data.
Whereas intellectual methods provide a forecasting within reasonable accuracy even in case of
information lack.

Intellectual methods include developed regression models, neural networks and expert systems or
some combination of them. Choice of exact model for every particular forecasting task is executed by
comparing the performance of each researched method [23].

Hereinbefore has been described that satellite imaginary can be presented as array of time series data.
Authors suggest that such data can be used in designing and training intellectual methods for forecasting
of landslides and other surface deformation on a moderate area of Taldikorgan state and Almaty city.

To achieve this goal, periodic remote monitoring of several areas should be provided. Afterward
received satellite images should be converted into arrays of time series data. Then this arrays should be
divided in two groups: bigger arrays for training (nearly 90 % of all data) and smaller (nearly 10%) — for
testing. After that, several models based on different intellectual approaches should be trained on the
training data arrays.

The assessment of received model should be provided on previously formed testing arrays. If required
accuracy will not be satisfied, models should be modified by combining methods that shown best results.
Beside accuracy, the operating time and implementation simplicity should be considered as a choice
criterion. In a result, best model can be used for practical implementation.

Possible practical implementation of a forecasting method for landslides' processes

The best forecasting model can be used as a base processor for software package aimed to provide
dynamic model of surface deformation to public and private users. The proposed algorithm of interaction
between the software package and a user is shown on picture 4.

Begin

Insert 8
coordinates

.

Load satellite
image

v

Forecasting by
intellectual model

Output of
resulting map
with accuracy level

End

Picture 4 - Operational algorithm of proposed software package
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A user has to provide only eight coordinates (longitude and latitude for four corners of required
sector). Then the software download a satellite image of the area in a form of numeric data. This numeric
array is processed by the forecasting model, which extrapolates it into another forecasted array. As a
result, the forecasted array is converted into the surface map with prediction accuracy limits that is
presented to a user.

Proposed software package eliminate requirements for user’s proficiency in programming or
modeling, as long as in satellite geodesy. At the same time, it provide possibility to remote assessment of
exact land for future deformation or landslides. Such preliminary diagnostic in dynamic can decrease
economical expenses on pre-construction research of the area on the spot to rule out a possibility of
building on a future landslide. Intended users include either governmental committees for urban planning
or private constructor who is narrowing down the exact spot for future building.
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JKEP KOIIKIHJEPTH UHTEJEKKTYAJJIbI BOJIKAY *KYUECI

AnHoranusi. KasakcTaHHBIH ipi KajamapblHIa, AJIMAaThIia JKOHE OFAaH JKaKbIH JKEpJepie OpHaJacKaH
FUMapaTTap MEH KaJaJblK HHQPaKypbUIBIMAAD aya pailbIHbIH KYPT e3repyiHe OaijaHbICThl ChIPFhIMA (KOILKIH), Cel
arbIHJIAPBIHBIH ocepiHeH kui Oy3butanbl. COHIBIKTAH Aa 3epTTey ©3eKTi O0JbIn Tadbuiaabl. JKep YCTi-FapbIIThIK
MOHHUTOPHUHI' JIepeKTepl HeTi3iHAe o3IpJIeHreH Kasipri 3aMaHfbl Te0aKNapaTThK TEXHOJOTHsUIapAbl KayinTi
KaFjainapael Oomkay (cenuep, KeOIUKIHAEP) JKOHE KYpbUIbICKA MalJallaHblIaThIH JKepJIepIiH O Kai-KyHiH
JUATHOCTUKANAY YIIiH MaigalaHy MaHbBI3AbI OOJIBI Ta0BLIA B

Kazipri yakpiTra OYKin onmemzae >KepAi MaimamaHymbl >KOcmapiiay Ke3iHAe FaphITHIK TYCIpUTIM JKOHE
KAIIBIKTBIKTAaH MOHHTOPHHI jKacay TEXHOJIOTHSUIAPBI JKAIMIBl MiHOETTEep YLIIH Je, Kaja ayMaKTapblH jKOCHapiay
ymiH nge OeiceHAl naiijanaHeuiaael. byl MaMaHOapIObIH OKYMBIC YaKBITBIH aWTapibIKTaid YHEMAEyre »oHe
MEMJICKETTIK, JKepruTikTi JAeHreifneri Typil KyMbICTapAbl JKOCHapiay Ke3eHIHAE IKYMbBICThI OapbIHIIA
OHTAJIAHABIPYFa MYMKIHJIIK Oepeii.

CeIprbIMaHbl KapTara Tycipy - Keibey KylayJblH BIKTHMaJl ayAaHJapblH €CKepe OTBIPBIN, OpTYpdi
KYPBUIBICTApMEH MEH MH(PPaAKYPbUIBIM 00BEKTIIIEPiH xK00atay KoHE KbI3MET KOPCETy Ke3iHJie OHTaMIIbl TEXHUKAIBIK
HmIerimMaep Kadbuiay i KaxerTi mapt. COHFbI €Ki OHXXBUIIBIKTA OYKIJ aJIeM/Ie KOLIKIH KayIiH Oomkay OoWbIHIIA
3eprreyniep kyprisuimi. CreIpFbIMaHbIH Kayil-KaTep KapTajapblH jkacay YLIIH 3epTTeyliiiep YII Tociiare
TONTACThIpyFa OONATBIH TYpJl TociIAepli KOJNAHIBI: CTATHCTHKAJIBIK, KOMIBIOTEPIIK MOJENIBACY JKOHE
AQHAJMTUKAIIBIK o/icTep. YJIKEH KeJIeMJli JepeKTepiAl eHaey KakeT OojFaH Karlaiga aHaJUTHUKAIBIK OAiCTepIi
KOJIIaHy MYMKIiH eMeC, COHIBIKTaH CTaTHCTUKAIBIK 9AIiCTep MEH KOMIIBIOTEPIIIK MOJIEIICY KEHIHEH KOJIIaHbLIa bl

MyHpgait 3epTTeylepiiH FBUIBIMA JKAaHANBIFBI - Ka3ipri 3aMaHfBl CIIYTHHUKTIK TEXHOJOTHSUIAD MEH
MaTeMaTHKaJIbIK MOACNBACYAl MaiijataHyFa OaiaHbICThI, KYPBUIBIC )KOCIIapIaHFaH JKep aiiMarblH/Ia KOIIKIiH maiina
Oomy KaymiH OoOJDKayAblH HWHTEIUICKTYANJBIK MOJENbACpIH maipanaHy. Kasipri 3amMaHfbl  CHYTHHKTIK
TEXHOJIOTHSIIap bl XKOHEe MOACNICYJIH MaTeMaTHKAIIBIK OICTEpiH KOJIZaHa OTBIPHII, OSTKEHIIIK yAepicTepAiH Haiina
0oy MexaHM3MJEpIH 3epTTey KOUIKIHAepAiH Naiaa Ooyly KaymiH OoJpkay TeopusChIHIA jKaHa OuTiM amyra
MYMKIiH/IIK Oepe/i.

Ocbl Makajaja KOMIIBIOTEPIIIK MOJIENb/ICY apKbUIbl WHTEIUICKTYalbl MOJEIbICP KYpy JKoHE OOJDKayIblH
JIOIIITIH apTThIpY YUIIH MbIHAJAp MaiaiaHbuiaj el pesbeTiH CaHABIK MOJIENi; KYPBUIBICKA JKOCIApJaHFaH JKep
ayMarbIH/IaFbl CIYTHHUKTIK KECKIHIEep MEH 3epTrey aepekrepi. Kazakcranma KypbUIbICKa jKOCHApJIaHFaH KepiepaiH
Kal-KYHiH Oompkay ymin ['AJK TexHomorusiaapslH KoJiJaHy apKbLIbl Kej0ey ypAicTep MeH IlamaJaH ThIC CyJaHy
aiiMakTapbiH Oaranay OYpbIH JKYPIi3UIreH jKOK jKOHE FRUIBIMU KbI3BIFYLIBUIBIK TYABIPAIbL.

YCBIHBUIFaH 3epPTTEY ONICTEMECi CIyTHHKTIK CypeTTepAeH palapliblk MHTep(epeHUNIHBI MaiaanaHy apKbUIbl
aNBIHFAH CaHABIK MOIIIMETTep MEH 3epTTeNeTiH aifMakTarel OeTTiH aedopManusachl KapTachIHBIH OailflaHBICHIHA
Herizzenred. COHbIMEH, Xep OeTiH/Er! ChIPFbIMaHbIH BIKTUMAJIBIFBI 3€PTTEJETIH aiiMak yiuiH Oenriii Oip yakbITTa
OeTiHIH KYHIH CHIATTAalTBIH MOIIMETTEep JKUBIHTBHIFBIH any KakeT. OcChIHIAH FapBILTHIK 3epPTTEYJiep CEpHSCHIH
Oenrini Olp yakbIT apayibiFbiHAa Oenrii Oip KHUUTIKIEH XYpri3reH Ke3ie OChl Kep Y4acKEeCiH CHUIATTaWTBIH op
mapaMeTp YIIiH YaKbITTBIK CAHIBIK MOHICP albIHAIbl. Bysl mamanapibl yakbIT e©3repiciHe OalIaHbICThI OCETKI
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nehopManrsHbl CHMATTAWTBHIH KapTajgap CepUiIChIHA aMHAJIABIPBLIFAH KE3[e, 3EPTTCNCTIH aiMakra OCTKEHIiK
e3repicTep MEH BIKTHMAJI ChIPFBIMA ITPOICCTEPIHIH JUHAMHUKAIBIK MOICII AJTbIHAIBL.

Erep HakThl JepekTep JKETKUIKTI 0Ooiica, yakbIT KarapiapblH MpPOLECTI aHAJMTUKAIBIK MOJEIbCi3
MHTEJUICKTyaibl OOJDKay OmiCTepiH KOJIAaHa OTBHIPBIN COTTI KajracTelpyra Oomnanbl. JKorapelga aiThuIFaHa,
FapBIITHIK 30HABUIAYABI KOJIAaHA OTHIPBIN, JKep OeTiHAeri yakbIT OoibiHIIA Ae()OpMALUsIHBL IIEKTEYJIi
napaMeTpiIepiH YaKbITTHIK KaTapyapbl peTiHae kKepceryre Oomanbl. Jlemek, MyHAall Karapyiappl a3faraH FaHa
KaTeJiri 6ap MHTEUIEKTyas bl 9AiCTepiH KoMeriMeH "0oJaniakka skcTpanossinusuiay” MyMkiH. [IbHapFeHAa, Oy
HIeKTEeyNi OacTankbl KaTEeTIKTEpMEH CajbICTBIpMalbl TYpAE a3 KaTeNKTepAl KOIIKiH IpOLecTepiH Ooirkayra
apHayraH OipkaTap MoOIENbIEepAl amyFa MYMKiHIIK Oepemi. Bynm Oomkay omicTepiHiH immiHAE Ka3ipri 3aMaHFbHI
perpeccusuibIK 0OJDKay MOZENbAepi, HEHPOHMABIK JKENMUIepPHiH OPTYpl TYpiiepi, aHBIK €MeC JIOTHKAa XOHE OCHI
dmicTepiH pTYpii KOMOWHANMACH KOJMAAHBIIANEL. MHTEIIEKTyagpl MOEbII Oaranay »KoHE TaHAAy €Ki Heri3ri
KpHUTEpUiisiepre XyriHei: a) eHri3yAiH KapanaibIMAbLUIbIFBI XKOHE KIPIC aKapaThlH OHJIEY KbULIaMIBIFbI; 0) OoybKay
JIQJIIT.

Tanpanran Ooipkay MOJEJIHIH HETi3iHAE aBTOpiap KOJJaHyIlbiFa jkep OerTiHiH Oenrimi Oip OeniriHiH
nedopmanusicel Typaibl 0oJbKaM aimyFa MYMKIHAIK OepeTiH TOJNBIKKaH bl OarnapiaMaliblK OHIMAI KYPYyIbl YCIHAIbI.
KochIMIIanbly Keneci )KyMbIC peTi YChIHBUIAIbL: ) NaijajJaHylbl 3epTTeIeTiH aliMaKThIH IIEKTIK KOOPHHATTAPbIH
Oenrineiini; 0) GarmapiaManblK MakeT FapbIITHIK 30HIbBUIAY XKYieJIepiHeH MAJIIMETTep MAacCHBI TYpiH/AE KaKeTTi
KECKIHJI Ccypaijibl, B) JEepeKTep TaHAaJIFaH MOJCNBICH ANBIHFAH OOJDKAMIBI HOTIDKENEpre colkec OeNrili yakbIT
apanbIFbIHA SKCTPAIOJIMs JKacanaasl; T) OOJDKamIbl JEpeKTep MacCHBi BIKTUMall KaTeHi asaifTa OTBIpHII,
CypaFaH alMaKTBIH JWHAMHKAIBIK AeopMarysi KapTracel TYpiHOE MaiijamaHymsiFa KepceTinmemi. Mysnmait
OarapiaManblK )KacakTaMa MEMIICKETTIK JKOHE JKeKe KYpbUIbICTap Ke3iHAe KoclapiiaHFaH JKep ydacKelepiH HaKThI
3epTTeyIiH SKOHOMHUKAIBIK IIBIFBIHAAPBIH €I0Yip a3alTyFa MyMKIHIIK Oepei.

Tyilin ce3aep: GPS, KamBIKTHIKTaH 30HABUIAY, KOJOEy MpOoIecTep, MHTEIUIEKTyalAbl MOJENbIEp, OOorKay,
JMHAMHUKAJIBIK MOZEIb.
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WHTEJUIEKTYAJIbHOE TPOTHO3UPOBAHHUE OIIOJI3HEM

AHHOTaUMsl. AKTYalbHOCTh HCCJIEIOBAHUS OMpEIeNseTcs TeM, 4To B KpynHedmeMm roponxe Kaszaxcrama —
AnMatel 1 ONM3 HEro 3/aHusi M TopojicKas MHQPACTPYKTypa 4acTo pa3pyLIalOTCs MOJ BO3JEHCTBHEM OIOJI3HEH,
CCJICBBIX IIOTOKOB, O6yCHOBHeHHbIX PE3KUMHU H3MCHCHUAMU TIOI'OJHBIX yCHOBHﬁ, 4YTO TOBOPUT O BAXKHOCTHU
UCIIOJIb30BAaHMS COBPEMEHHBIX T€OMH()OPMALMOHHBIX TEXHOJIOTHH, pa3pabOTaHHBIX HA OCHOBE JaHHBIX HA3eMHO-
KOCMUYECKOT0 MOHUTOPHHTA, JJIsl TPOTHO3a ONACHBIX CUTYaIMi (CeNu, OIOJI3HH) M JMarHOCTHKH COCTOSIHHUS 3eMeb,
UCIIOJIb3YEMBIX IO/ CTPOUTEIBCTRO.

B mHacrosimee BpeMs BO BCeM MHpPE IpH IUIAHHUPOBAaHUHM 3EMIICTIONBH30BAHUS AKTUBHO HCIIONB3YIOTCS
TEXHOJIOTHH KOCMHUYECKOH ChEMKH W AWCTAHIMOHHOTO MOHHTOPWHTA KakK Ui OOIUX 3a;ad, TaKk U I
TUTAHUPOBAHHUSA TOPOJACKHAX TEPPHUTOPHI. ITO MO3BOISIET 3HAYUTEIHHO COKPATUTH BpeMsi PabOTHl CHEIHANHUCTOB U
MaKCHMAaJIbHO ONTHMH3UPOBATh paboTy eIle Ha JTale IUIAHUPOBAHMS Pa3NUYHBIX paboT rocynapCTBEHHOTO M
MECTHOTO YPOBHS.

KapTtupoBanue omnonsHeil — HEOOX0AUMOE yCIOBHE ISl MPUHATHS ONTHMATBHBIX TEXHHUECKUX PEIICHUH MpH
MPOEKTUPOBAHUH M OOCIYXKMBaHHU PA3IMYHBIX CTPOCHUH M MHPPACTPYKTYPHBIX OOBEKTOB C yYETOM BEpOSTHBIX
obnactell pa3pylleHUsi CKJIOHA. B TeueHue MocieaHuX IBYX JECATHIETUIH HMCCIEIOBAaHUs 1O MPOrHO3MPOBAHUIO
PUCKa BO3BHUKHOBCHUS Onon3Hen MPOBOAUIIMCH BO BCEM MHPE. IIJ'ISI CO3JaHus KapT pUCKa BO3SHUKHOBCHUS OIOJI3HEN
MCCIIEJOBATEIN HMCIOIb30BAM PA3JIMYHbIE TTOAXOMbI, KOTOPbIE MOXXHO CTPYIITUPOBATh MO TPEM IJIABHBIM THIIAM:
CTaTHUCTUYECKHE, KOMIIBIOTEPHOE MOJEIMPOBAHUE W aHAIMTHYECKHE MeTobl. [Ipm HeoOxoammocTH 00paboTKh
0OJIBIIOr0 MaccuBa JaHHBIX NPHUMEHEHHE aHAINTHYECKUX METOJIOB IOYTH HEBO3MOKHO, IIOATOMY OoJiee IMPOKO
MPUMEHSIOTCS] CTATHCTHYECKUE METOBI M KOMIIBIOTEPHOE MOICTHPOBAHNE.

Hayynas HOBHM3HA MOMOOHBIX WCCIEIOBAaHUI CBs3aHA C WCIIOJB30BAaHHEM COBPEMEHHBIX CITyTHHKOBBIX
TEXHOJIOTHH H  MaTeMaTHYeCKOTO MOJEIHPOBAHUS C  HWCHOJNB30BAaHHEM  HHTEIUICKTYyallbHBIX — MOJENeH
MPOTHO3UPOBAHKSA, PUCKA BO3HHKHOBEHHS OIOJI3HEH B paloHE 3eMelb, IUIAHUPYEMBIX O]l CTPOUTEIBCTBO.
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W3ydenne MexaHHM3MOB BO3HHKHOBEHHS CKJIOHOBBIX IPOIIECCOB C IIPHUBJICUEHHEM COBPEMEHHBIX CITyTHHKOBBIX
TEXHOJIOTUH W MaTeMaTHYECKHX METOJOB MOJIEIMPOBAHIS MO3BOJISET NOJIYYUTh HOBBIC 3HAHHUSA B TEOPUHU NPOTHO3a
pHUCKa BOBHUKHOBEHUS OIOJ3HEH.

}1.]'[51 IMMOCTPOCHHS HMHTCIIJICKTYaJIbHBIX Mo;[enei/i M TOBBIICHUSA TOYHOCTU NPOTrHO3UPOBAHHSA KOMIIBIOTCPHBIM
MOJICIMPOBAaHMEM B JAHHOW CTaThe IPEAINOaraeTcs HCIONb30BaTh: AETAlbHYI0 HU(POBYI0 Mouenb peibeda;
JIaHHbIE KOCMMYECKHX CBEMOK M HUCCIENOBaHMU B paliOHE 3€Mellb, IUIAHUPYEMBIX MOJ CTPOUTENbCTBO. OLeHKa
CKJIOHOBBIX IIPOIIECCOB W 30H H30BITOYHOTO yBI&KHEHUs C wucnonb3oBanneMm [ M C-texHomoruit uist
MPOTHO3UPOBAHUSL COCTOSIHUSL 3€Mellb, IUIAHUPYEMBIX IOJ| CTPOUTENLCTBO, Ha Teppuropuu KazaxcraHa paHee He
MIPOBOIMIIACH U TIPEJCTABICT 3HAUNTEEHBIA HAYYHBIH HHTEPEC.

[IpemmaraemMass MeTOIWKa WCCICIOBAHWS OCHOBaHA Ha B3aMMOCBS3M YHCIOBBIX JAaHHBIX, ITOJyYEHHBIX C
MTOMOIIBIO PalapHON HHTEP(EPEHIIUH CO CITYTHUKOBBIX CHIMKOB W KapTHI Ae(hOpMaIiy MMOBEPXHOCTA B CHUMacMOM
paiione. Tak I UCCIEAyeMOTO HAa BEPOATHOCTH OIMOJ3HEH yJ4acTka 3eMHOW MOBEPXHOCTH HEOOXOIMMO MOIYYHUTh
MAacCHB JaHHBIX, OIMUCHIBAIOIIUNA COCTOSSHUE HTOW TMOBEPXHOCTH Ha OINpe/eNIeHHbII MOMEHT BpeMmeHu. [lpu
MPOBEACHUH PSAAa TAaKMX KOCMHUYECKHX CBEMOK C OIPENeIIEHHON MEePHOAMYHOCTHIO 32 ONPEAETCHHBIH OTPE30K
BpEeMEHU Oy/IyT MOJIyYeHbl BPEMEHHBIE PsIJIbl YHCIIOBBIX 3HAYEHWH JUIs KaXKIOro Mapamerpa, OMHCHIBAIOIIEr0 3TOT
yuactok 3emid. [Ipu npeoOpa3oBaHnM THX 3HAYECHUH B PsiJl KapT, ONMCHIBAIOIIUX Ae()OPMAIMIO TOBEPXHOCTH BO
BpPEMCHH, 6y[leT MoJyucHa AUHaAMUYCCKasd MOJCIIb USMCHCHUA MMOBCPXHOCTU U BEPOATHBIX OIIOJI3HEBBIX IMPOLECCOB
HA MCCIIEYyEMOM yUacTKe.

[Ipr HanmuumM AOCTATOYHOTO KOJIMYECTBAa (PAKTHUECKHX JAaHHBIX BPEMEHHOW psi MOXKET OBITh YCIICIIHO
MIPOJOJDKEH C TIOMOIIHIO HHTEIDIEKTYAIFHBIX METOJIOB IIPOTHO3MPOBAHUS IaXke 03 aHATUTUIECKOTO MOICITHPOBAHUS
mporecca. Kak ObUIO0 CcKazaHO BEIINIE, AeQOPMAIUIO TOBEPXHOCTH 3EMJIH BO BPEMEHH, CHATYIO C IOMOIIBIO
KOCMHYECKOTO 30HINPOBAHMS, MOXKHO YCIIEIITHO MPEICTaBUTh, KAK MACCHUB BPEMEHHBIX PSIIOB OTPAHWMYCHHOTO YHCIia
mapaMeTpoB. A, CIEIOBaTEIbHO, TaKHE PSIBI BO3MOXKHO «IKCTPAMOIUPOBATh B OyAyIiee» C IOMOIIBIO TaKHUX
HMHTEJUIEKTYaJIbHBIX METOJIOB C MPHEMIIEMO MOrpemHoCcThi0. DAaKTHYECKH 3TO JaeT BO3MOXKHOCTH MOJYUHTH P
MoJenell TMPOTHO3WPOBAHHS OIOJI3HEBBIX IIPOLECCOB C OTHOCHUTEIBHO HEOONBIION TOTPEIIHOCTRIO TIPH
OrpaHUYCHHBIX H3HAYaJIbHBIX JIaHHBIX. Cpezud TaKuX MCTOJOB IPOTHO3UPOBAHHSA HCHOJB3YIOTCA COBPEMCEHHBLIC
pEerpecCHOHHBIE MOJENH TNPOTHO3UPOBAHMS, HEMPOHHBIE CETH PA3HOro pPOAA, HEueTKas JIOTMKa U pa3jIHuHbIe
KOM6l/IHaLII/II/l 3THUX METOIOB. OLIeHKa u Bbl60p HHTCHJ’IGKTyaﬂbHOﬁ MOJ€JIM OCHOBBIBAIOTCSA Ha ABYX 6330BLIX
KPUTEpUSX: a) TMpPOCTOTE peIn3aldd M CKOpocTH o0paboTkm Bxoxsmedl wuHpopmanuu; 0) TOYHOCTH
IPOTHO3UPOBAHUSL.

Ha ocHoBe BbIOpaHHOIT MOZIEIM IPOrHO3MPOBAHMS aBTOPHI MPEAIAraloT CO3/1aTh IOJHOLEHHBIN MPOTrpaMMHBIN
MPOAYKT, IO3BOJSIOMIMAN ITOJNE30BATENIO IIONYYaTh IMPOTHO3 MO AedopMaruyd 3aJaHHOTO WM YYacTKa 3eMHOM
nmoBepxHOcTH. [Ipenmnonaraercss ciuemyromas MocieI0BaTeIbHOCTh Pa0OTHI MPHIIOKEHUS: a) MOJIB30BATENb 3a7aeT,
OTPaHWYMBAIOIINE KOOPIWHATHI HCCIEAYEeMOTO YYacTKa, 0) MpOrpaMMHBINA IMaKeT 3alpamdBaeT HEoOXOTUMBI
CHIUMOK C CHCTEM KOCMHYECKOTO 30HIMPOBAHMS B BHJE MACcCHBA JaHHBIX, B) JaHHBIC SKCTPANOJIHPYIOTCA Ha
OTIpe/ICIICHHBIN NIEPHOJT BPEMEHH BIIEPEN, COTJIACHO Pe3yJIbTaTaM IIPOrHO3a, MTOTyYeHHBIM M3 BRIOPAaHHOH MOJENH; T)
CHPOrHO3UPOBAHHBIM MAaCCHB JIaHHBIX BBIBOAMTCS IMOJIB30BATENI0 B BHJAE IUHAMHYECKOH KapThl Aedopmaiun
3aIpalIMBaeMoro y4acTKa C MpUBeIeHHEM BEepOsSTHOH norpemHocTy. [IpuMeHeHre Takoro mporpaMMHOro IpoayKTa
MOXET CYIIECTBEHHO COKpAaTUTh JKOHOMHYECKHE 3arparhl Ha (aKTHMYECKOE HCCIIEIOBaHHWE YYacTKOB 3EMellb,
IUTAHUPYEMBIX II0J] CTPOUTENBCTBO KaK B TOCY1apCTBEHHOM, TaK U B YACTHOM CTPOMTENBCTBE.

KimoueBsie cioBa: GPS, nucTaHIIMOHHOE 30HAMPOBAHUE, CKJIOHOBBIE MPOLIECCHI, HHTEIIEKTYallbHbIE MOAETH,
IIPOTHO3UPOBAHUE, TUHAMUYECKAsS MOJIEIb.
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SMART GRIDS WITH GIS TECHNOLOGY

Abstract. Nowadays republican grid in Kazakhstan is regulated to have automated electric power accounting
system for every energy supplying entity. However, with wide implementation of units on renewable energy sources
(RES), especially in private sector, such measures will not be enough. World scientific community propose a number
of methods to modernize grids on national or regional level. One of them is to transit from AC power transmission
system to DC power transmission system. It leads to easier connection of plant on RES to the grid and cost-
effectiveness in power transmission per each kilometer. Other modern approach is real-time digital simulation. Such
simulation gives information on grid’s functioning after emergency switching to plan all necessary balancing
measures. Next modernization step is in use of phasor measurement units in real-time monitoring for each element of
the grid. All of previously specified methods can be developed into GIS on electric power supplement, consumption
and transmission. A decentralization on the GIS basis can be implemented to the grid to minimize control delay for
the whole system. Authors propose an optimization task for decentralized smart grid on the GIS basis. Such approach
allows minimizing reaction time on emergency and power balancing. In addition, it gives opportunity for proper
planning of future power construction.

Key words: smart grid, GIS, decentralization, optimization task, real-time digital simulation, HVDC.

Introduction. The Kegoc as a main regulatory authority in the Kazakhstan stated that every power
suppling organizations have to implement automated electric power accounting system before connecting
to the grid [1]. It became obligatory as a main instrument to support real-time capacity balancing in the
electricity market. To the date, such balancing is a difficult but feasible task, as most power generating
facilities operate at the republican or regional level and are stations on traditional fuel or HPP (plants with
high production predictivity). Kazakhstan government wants to support the worldwide ecological trend to
switch at least partly power production in the republic to renewable energy sources (RES). While with the
active implementation of generating stations on RES, the issue of balancing the energy market is
becoming more and more complicated by the stochastic nature of their production. Even greater
difficulties will arise if plants on RES will be mostly low-powered and privately owned [2]. So, new
modernization approaches should be considered.

Smart grid approaches. In the world, a number of approaches for modernization of state-scale
energy systems are proposed. One of them is the transition from AC transmission systems to DC
transmission systems [3-5]. Such transition allows connecting sources on RES with minimal complex of
converting equipment. While now a small private power system with RES plants and accumulators has to
include inverters to convert power into AC form before supplying it into a central grid. Furthermore, high-
voltage DC power transmission systems (HVDC) transmit electric power over long distances with less
cost and loss than AC transmission lines. The difference in transmission cost makes possible even extra
continental connection of the grids. Transmission so long could provide a possibility to balance stations on
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RES by themselves with a change of weather worldwide. Another advantage is in absents of phases. It
gives the ability to connect national grids with different nominal frequencies. Also opens a possibility for
power producers and consumers work in one grid without first balancing them by phase. The main
difficulty in implementing such transmission systems is the high cost of DC-to-AC conversion equipment.
This requires significant capital costs. Especially with the widespread use of AC networks in our republic
and in many other countries of the world. However with development of the technology equipment price
is dropping.

For both DC and AC networks, real-time simulation systems (RTDS) become the primary control tool
[6-8] as time of reaction is becoming crucial in proper dispatching of a grid. Such systems are actively
implemented in emergency automation, frequency and voltage control of generation units, power
electronic’s management, power dispatching and grid’s real-time and systematic management systems.
RTDS allow real-time assessment of the consequences after connection or emergency shutdown of one of
the phases. Real-time simulation lies at the heart of the optimal decision on balancing a power system at
different levels. Large-scale real-time digital simulators or LSRTDS provide an opportunity to investigate
even the launch of district-scale networks from a fully de-energized state. At the same time by LSRTDS
technique one tool by 0-3 kHz frequency is sufficient for observation of a gird’s operation in the whole
spectrum of frequencies.

One of monitoring tools for emergency automation is Phasor Measurement Unit (PMU) [8-10]. These
units send real-time information about the state of power objects to data hubs for use in grid’s control
centers. The information from PMUs can be obtained in two ways. By one way, the PMU is physically
connected through current and voltage amplifiers to controlled points of a power grid. In second case, the
values are obtained from the special interface boards. Anyhow the information consist not only electric
parameters, but also their synchronization to exact time code. The obtained data can be used to monitor
and visualize the state of the power network in real time and simulate the behavior of the network by
RTDS in case of possible outages or connections. Besides RTDS, PMUs are increasingly implemented to
the emergency automation equipment. The difficulties of implementing PMU are in the novelty of
technology, which means that the principle of work is proprietary and the level of standardization is still
low.

Decentralized smart grids. The previously described technologies can also be used in the classic
centralized power grid, which remains relevant in the case of large government and corporate power
generating stations. While the widespread implementation of RES plants leads to a large number of
potential suppliers of electricity from the private sector. Moreover, the probabilistic nature of such plants’
generation increases the probability of critical delays in decision-making even for real-time monitoring
systems in centralized dispatching. Therefore, in parallel with the modernization of monitoring and
modelling systems, the scientific community propose to use the principles of grid’s decentralization
[11, 12]. Beside shorter period of the reaction, decentralization increases the robustness of the system as
the controlling functions are not tied only to the dispatching center but are parceled out to the spot. Such
control distribution ensures proper functionality in a grid even with communication failure between
dispatching center and end units of the grids.

While in centralized system all controlling and balancing is provided in republican or regional centers
in decentralized grids such problems are solved on the spot. Only if there is some power undersupply or
surplus the local grid requests balancing from the dispatching center above. However, it become actual
only with wide implementation of small power plants near private costumers to minimize transmission
loss of the energy.

Biggest challenge for decentralization is in proper dispatching while it is irrational to have human
dispatcher at the smallest units of the grid. Hence dispatching should be provided automatically. At the
same time, automation of any entity demands proper mathematical description of it’s functioning that is
economically impractical.

The authors propose to use Holon method for decentralization of a grid. This concept assumes that
some part of the system or subsystem named as Holon has the same character and mathematical
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description as a whole system named Holarchy [13]. Furthermore, even lower subdivision of the Holon
has the same description too. This approach allows implementing the same mathematical calculation and
optimization process for a grid’s unit at any level resulting in same controlling basis for whole system.
First step then is in formulization of the optimization task for the decentralized grid on any level.

Main economical goal for a grid’s element — Holon — is to import less and export more power to the
external parts of the grid. It leads to optimization task of minimization of upload from outside (negative
value means Holon is supplying the system):

t

fPC(t)dt — min, )
0

or for discrete representation
Xh=oPc(n) > min, 2

where P, is the power uploaded from outside of a Holon, ¢ and 7' is a considered period in continuous and
discrete form.
Required power can be calculated as

dSoC

P& = Pu®) + Py(6) + Pe(t, )P (8) = Calla——

3)

where P;(t) is the sum of power loads in a Holon, P, (t) is the sum of power required for balancing,
P,(t,d) is the sum of power required for transmission from supplying units to consumers within a Holon,
P;(t) is the sum of power generation, C,, U, and SoC are capacity, voltage and state of charge of
accumulators in a Holon, ¢ is time, d is transmission distance between exact consumer and supplier.

Optimization of (1) and (3) will lead to proper control for a grid or its part. Some parts of
optimization task can be reduced to zero. For a high-level Holons accumulators are absent and will be
considered zero as power balancing could be provided by slowing down stations with controllable
production. Whereas for lower level Holons loads or supply could be missing and become zero.

Smart grid with GIS. In any case, power transmission, monitoring and modelling systems require
data visualization and recording for humans use. Usually it is done by superimpose grid’s parameters on
geographical maps according to plants and consumers’ placing. Nevertheless, such visualization is not a
fully valid geographic information system (GIS), as it does not use any of geographical parameters accept
for visual understanding of grid’s zoning. While zoning also is provided by administrative principles but
not by geographical placing.

Proper GIS for power grids can provide several undeniable advantages. Firstly, such GIS can
stimulate the reasonable zoning of the Republican power system into subsystems, taking into account the
power generated and consumed in specific geographical locations. Moreover, GIS information also can
become key factor for optimizing the loss of electricity transmission between the supplier and the
consumer. Especially with implementation of decentralization concept. In addition, connection of
meteorological GIS to the GIS for power grids will help with stochastic character of power production
from RES plants. Finally, such GIS for power grids can help in planning the location for the construction
and launch of new power plants and infrastructure for power transmission systems.

Historically grid’s zoning in Kazakhstan was based on administrative principles, as main power
supplying stations are state or public owned. With implementation of small power plant’s in private sector
zoning enforced to be done on geographical principle. Even more, zoning have to be periodically
reconsidered because of new plugging of consumers or supplier.

Decentralization of a grid will not decrease an importance of GIS for power grids rather the opposite
as the division into Holons should be provided on basis of placing and connection. Furthermore,
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optimization task (1) and (3) takes into account, among other things, the distance for power transmission
between the network’s facilities obtained from the GIS of the power grid. Such a distance is the length of
all power transmission lines through which electricity must pass to the consumer, other than the shortest
distance between objects.

The main problems with balancing of a grid with RES plants is in their almost unpredictable power
production. The integration of real time meteorological information gives possibility to predict with high
accuracy power production from RES or power consumption in short-term [14]. Therefrom GIS for power
grids needs to include process and visualization of meteorological information to control and dispatching
system with RES plants as can be seen on picture. It includes temperature, pressure, wind speed at several
heights, solar radiation.

Beside real-time controlling, GIS information should be used for planning of grids further
modernization. Geographical parameters and landscape, closeness to the costumers should be considered
as main factors for choice of placing for every planned new power plant or station. Above that for RES
plants wind or solar potential at the exact spot should be considered. All of these parameters can be
presented on real-time GIS for power grid.

Kapamait

GIS for power grid with real-time wind data

Conclusion. All over the world power plants on RES are represented more and more not only on
governmental and regional level, but also in private sector. It challenges power grid’s control and
dispatching with high level of uncertainty.

RTDS with PMU can be used for simulation and real-time decision-making within a grid. Transition
from AC power transmission to HVDC eases RES plants’ connection and decrease power transmission
loss. Decentralization of a grid leads to faster dispatching, robustness of a system and reduces power
transmission distances. In addition, it gives possibility to scale automation solutions with less research.

Described approaches can answer to the problems of modern power grids both in classical form with
centralized dispatching and public power plants and as an advanced grid with decentralization and wide
private RES implementation. While GIS for power grid will make it possible to understand what is
happening in the grid, to respond quickly to emergencies and phase imbalances, as well as to plan further
expansion of the grid and construction of new plants and infrastructure.
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T'A%K TEXHOJIOTUSJIAPBIH KOJJIAHATHIH HHTEJIEKTYJIJbl SHEPTOKYWEJIEP

AnHoTanus. Ka3zakcTaHHBIH 3aMaHayd SHEPreTUKAbIK >KyHeciHae OaplblK SHEPrUsMEH >kaOAbIKTaylibl yibIMaap
YUIIH 3JEKTp HEPrUsAChIH KOMMEpIUSIBIK €CeNKe alyIblH aBTOMATTaHIBIPbUIFAH KyHenepi Oomy minger. byn amextp
SHEPTrHUSACHIHBIH HAPBIFBIHIA HAKTHI YaKbIT PEXKHUMIHAC Tere-TeHMIKTI KoJgay YUIH jKacanajpl. ByriHri KyHi MyHman
TEHJECTipy KUBIH MiHJAEeT, Oipak KOJJaH KeJleAl, 93JEKTP BHEPrUsAChIH OHMIIPETiH KOHIBIPFbUIAPABIH KOIIILIr
pecyOnMKanblK HeMece ayAaHbIK JNEeHreiie >KyMBbIC icTeiili ’KoHe NocTYpil OTBIHIBI HEMEce T'MAPOAIEKTPOCTAHLIUSIHEI
HaiiflaaHaThIH CTAHIUSIAp OOMBIN TaOBUTAAB! (6HAIPYAIH OOKAMIBLIBIFEI JKOFaphl). JKaHApTHUIATHIH HEPTHUS KO3AepiH
(OKOK) mnaiinanaHaThlH I€HEPATOPIbIK CTAHIMANAPABl O€lICeHIi TYyple €Hri3y HOTHIXKECIHAE, ONaplblH OHAIPICiHIH
CTOXaCTUKAJBIK CUIAThIHA OalJIaHBICTBI SHEPrUs HApPBIFBIH TEHJECTIpy Maceneci Kypraenene tycyne. Erep JKOK
TeHepaTopIIapBIHEIH Ko01 KyaThl TOMEH jKOHE XKeKe MEHIIIK 0olica, 0J1aH 1a YIIKeH KUBIHIBIKTAD TybIHIaHIbL.

Oneme MEMIIEKETTIK SHEPreTUKAIbIK XKyilenepiH xeTuiaipyaiH Oipkarap Tociianepi ycbiHbuiraH. ConapabiH Oipi
alfHpIMalBl TOKTBIH Oepinic XKyleciHeH TypakThl TOK Oepy skyHeciHe aybicy. ByHnmailbl esrepic xaHapThUIATBIH SHEPIUs
Ke3epiHe €H a3 TYPJICHAIPTill Kypajljap >KUBIHTHIFBIMEH KOCYFa MyMKiHIiK Oepeni. bipak, eH 0acThIChI, YJIKEH
KaIIBIKTBIKKA 3JIEKTP SHEPrHUACHIH JKOFapbl BOJIBTTHI TYPaKThl TOK xyhenepinmer (HVDC) GepyaiH KYHBI MEH LIBIFbIHBI
allHPIMaJIbl TOK JKENiIepiHe KaparaHga TOMEH. Tarbl Oip apTHIKIIBUIBIFBI - 3JEKTP SHEPrHACHIH OHAIPYUIUIEp MEH
TYTBIHYIIBIIAPABI OJap/abl (a3aiblk TypAe TEHrepiMci3 KOCy MyMKiHiri. byHnmait Tapary sxyiienepiH icke achIpylarbl
HETi3ri KUBIHABIK — TYPaKThl TOKTHI aybICIIANbl TOKKA TYPJICHAIpYre apHajfaH >KaOIbIKTBIH KbIMOATTHIFBL bi3niH
pecriyOnuKaga jkoHE OJEMHIH KOINTereH eNjepiHine aiHbIMaibl TOK JKENIepi KeH KOJJIaHbUIAbI, COHJIBIKTAH Oyl
aWTapIbIKTal KO MIBIFBIHIBI KAXKET eTel.

TypakTbl >koHE aybIClallbl TOK SKEJIIEpl YIIiH Herisri 6ackapy Kypaabl HAaKThl YaKbIT PEXHMIHJIE UMUTASLUAIAY
xyienepi (RTDS) Gonbin Tabbutanpl. MyHpai xyilenep TeTeHIIe XKargainapibl >KOHE >Kajlbl SHEPrus >Kyienepin
Oackapyna Oencenai enrizimyme. RTDS 6ip (aszaHbl KOCy HeMece amaTThIK TYpJAE OINipy CalgapblH HAKThl YaKbIT
pexuMinie Oarajayra XOHE OPTYpIi HEHreijieri Heprus KyHeciH TEHrepy Typajbl €H JKaKchl IIEIliM KaOblljayra
MYMKiHIiK 6epeni. ConbiMeH KaTap, 0-3 kI'I1 KHUITIKTI KoJigaHyFa OaillaHbICTBI, OYKLT JKUUTIIK CIEKTPiHJE KyaT KYHeciHiH
JKYMBICHIH 0aKbUIay YIIiH Oip Kypas KeTKiTiKTi. HaKThl yakpITTarbl ayKbIMIbI IIEQPIIBIK cummysisitopiap Hemece LSRTDS
TiNTI alMaKTHIK MacIITaOTaFbl JKEJIep il TONBIFBIMEH SHEPIUACKI3 KYI/IeH iCKe KOCY/Ibl 3epTTeyre MYMKIHIK Oepeni.

TeTeHme xarnaiaapasl aBTOMATTaHABIPYAbl OakblUiay KypaugapblHblH Oipi - cuHxpodaszopmap (PMU). Byn
KYPBUIFBUIAP HAKTHl YaKbIT PEKUMIHIE 3HEPTeTHKANBIK KOHIBIPFBUIAPIBIH JKal-KyHi Typaibl aKmapaTTsl SHEPreTHKAIbIK
JUCHETYEPIiK OpTalbIKTapa HaijanaHy YIIIH JepeKTepli >KMHAKTarbllTapra xibepeli. AJBIHFAH MOIIMETTEp 3JEKTp
KEJICIHIH KYHIH HaKThl YaKbIT pPeXHMiHAe Oakpliay MEH BH3yalM3allMsulay YIIiH JKOHE TOKTall Kally HeMece KOCBLTY
KaFJafbIHIA JKENiHIH OpeKeTiH Mojenbley YIIiH KommaHbuia amanbl. PMU eHrisynmeri KUBIHABIKTap TEXHOIOTHSHBIH
JKaHAJIBIFBIHIA, OJIAPABIH >KYMBIC IPUHIIUII KaOBIKY, a1 CTAHAAPTTAYbI JJli 1€ TOMEH JeHTeHe.

Kanaii Oonranna fa, 37IeKTp SHEPruschiH Oepy xkyilenaepi Je, MOHUTOPUHT XKaHE MOJETbIey JKyHenepi reorpadusiibik
aknapaTThIK xyienep ('AX) apKbuIbl BU3yann3allusHbI )KOHE €CelKe ay Ibl KakeT erefi. by Genrini 6ip reorpadusuibik
JKEpIIepAe OHJIPLIreH KOHE TYThIHBUIATBIH KyaTTapAbl €CKEPEe OTBIPBIN, PECIlyONMKaHbIH SHEPreTUKANIBIK JKYHEeCIH Kimli
Kyienepre caHaiubl TYple ayAaHAacTelpy yuriH KaxkeT. Conpaii-ak, AXK-gaH xKeTKi3ylli MEH TYTBIHYIIBI apachIHIaFbl
SNIEKTpP SHEPTUACHIH Oepy/eri MIBIFBIHIB OHTAWIAHIBIPY MIHIETTEpl Typaibl aKmapaTThl ecKepy Kepek. JlereHMeH, ofaH
Gacka, 2mekTp xeininepiHe apHanraH MyHnail ['AJK sxkaHa 3IeKTp CTaHLUsIAphl MEH IEKTp Oepy >kyHenepi yuliH
UH(PAKYPHUIBIMHBIH KYPBUIBICHIH XKOHE 1CKe KOCBUTYBIH XKOCTIapIayFa KOMEKTEeCe 1.

BypeIH cHmaTTanFaH TEXHOJOTHSAIAPAB! ipi MEMIEKETTiK KOHE KOPIIOPATHBTI 3JIEKTP CTaHIMSAIAPHl KarJalbIHIA
©3eKTi Oouyibll Kajna OepeTiH KIACCUKAIbIK OPTalbIKTAaHIBIPBUIFAH KT OKENUIepiHAe KoljaHyra Oosaasl. Al
KAHAPTBUIATBIH SHEPIUsl KOHABIPFBUIAPBIH KEHIHEH EHTi3y JKeKe CEKTOpAaH 3JEKTP OSHEPrHACHIH SKeTKi3yIIUIepAiH
kebOetoine okeneni. OchIHIal KOHIBIPFBUIAPIABIH ITaMyBIH €CKEpEe OTBIPHIN, OPTANBIKTAHABIPBUIFAH JXOCHAPIay HAKTHI
YaKkpIT pexuMiHAe Oaxpuiay dKyiesnepi YUIiH e memiM KaObuinay Ke3iHJeri MaHbI3[bl KEeIIiryJepHiH BIKTUMAaJAbIFbIH
apTThIpabl. COHIBIKTAH FHIIBIMU KAaybIMAACTHIK MOHUTOPHHT XKOHE MOJIENIbACY XKYHeNIepiH sKeTiNAipyMeH KaTap SHEpreTu
JKENTIepiH OpTaIbIKCHI3NAaHIBIPY KaFUAATTAPEIH KOMIAHy Il YCHIHAIBL.

ABTOpNAp OpTYpAl AEHreiineri opTaabIKTaHABIPUIMAFaH 3HEpPrus kyheciH XoJOH ofici Heri3iHAe OHTailaHAbIpy
MoceneciH TYxbIpbiMaaasl. COHBIMEH KaTap, sHeprus skyiheciHin ['TAXK-nmeH anblHFaH JKENUIIK HBICAHAAP apachIHIAFb
JNEKTpP SHEPTUACHIH Oepy KaIIBIKTHIKTHI eckepeli. byl KalIbIKTBIK HYKTe-00BeKTiNep apachIHIAFEl €H KBICKA KAIIBIKTHIK
€MeC, JIIEKTP KyaThl TYThIHYLIbIFA 6Tyl KEPEK OapIIbIK 3JEKTP JKENiNEPiHiH Y3bIHbIFbL.

— 139 ——



News of the National Academy of sciences of the Republic of Kazakhstan

Cunatranran tocinnepai A konnaHaTbIH 3eHpPrus KyHeciMeH KOJJaHy SHEpPIHUs KelliciHae He OOJIbIN KaTKaHbIH
TOJIBIK TYCIHY YIIIH, TOTEHINIE XaFaaiiap MeH (aszanblk TEHrepiMCIi3fiKTepre *bUlJaM aMai jkacay YIIiH, COHIai-ak
JKEJTiHI OIaH 9pi KEHEHTY JKOHE KaHa HhICAHAap MEH HHPPAKYPBUIBIM CATyAbl YPBIC KOCTapiay YIIiH KaKeT.

Tyiiin ce3aep: uHTe/IEKTYaN bl SHEprUs xyienepi, [AX, opTanbiKchi3aHaAbIpy, OHTAWIAHIBIPY MOCEINEC], ANEKTP
JKYHENEpiH MOJIeTIbICY, TYPAKThl TOK Oepy yitemnepi.

I.B. Ianiokosa', A.B. Kaiipan6aesa®, I'.b. Hypeucosa®, K.B. Ilanioxos*

'Yuusepcuter um. K. M. Carnaes, Anmarsl, Kazaxcran;
2MuctutyT noocdepsl, HauoHanbHbIH EHTP KOCMUYECKUX MCCIEeN0BAaHUI U TexHonorui, AnMarsl, Kazaxcran;
SKacnuitckuil yuuepcuteT, Anmartsl, Kazaxcran;
*Vuusepcurer UTMO, Caukr-IletepOypr, Poccus

HUHTEJUIEKTYAJIBHBIE DQHEPTOCUCTEMBI C T'HC-TEXHOJIOT'USIMHA

AnHoTanus. B coBpemeHHOW sHeprocucreme KaszaxcraHa periaMeHTHPOBAHO HaJIM4YMe€ aBTOMAaTH3MPOBAHHBIX
CHUCTEM KOMMEpPYECKOI'0 Ydera D3JIEKTPOIHEPIMH JJIsi BCEX SHEProcHa0XalolMX OpraHu3aluid. OTO craenaHo s
MOJUIEP’KKU OajlaHCHPOBaHMUS MOIIHOCTEW HAa PHIHKE 3JEKTPOIHEPTUU B PEXHME peajbHOro BpeMeHH. Ha cerogHsmHuit
JIeHb Takoe OaJlaHCHMpPOBaHHE — 3aj1a4a CJIO)KHAsl, HO BBIIOJIHUMAs, T.K. OOJBIIMHCTBO SHEPrOreHEPUPYIOUINX OOBEKTOB
paboTaroT Ha pecryOIMKaHCKOM WIIM pailoHOM YpOBHE M MPEACTaBIAIOT COO0M CTaHIUM Ha TPAaAMLMOHHOM TOIUIUBE WU
I'SC (c BbICOKOH mNperuKaTMBHOCTHIO BbIpaboTku). IIpM aKkTUBHOM BHEIPEHUM TIEHEPATOPHBIX CTAaHIMHA Ha
BO300HOBJIIEMBIX HCTOYHUKAX sHepruu (BUD) Bompoc OanaHCHMpOBaHUS SHEPrOpbIHKA PE3KO YCIIOXKHSETCS B CBA3HM CO
CTOXAaCTHYECKUM XapaKTepoM UX BblpaboTku. Eme Oomblue 3aTpyAHEHUs BOSHUKHYT €ciii reHeparopsl Ha BUD OynyT no
GoJplIel YaCTH MAJIOMOILIHBIE M B YACTHOM BJIaJICHUU.

B mupe a1 sHEprocucTeM rocyIapcTBEHHOro Maciutada mpeiaraeTcs psia NOAXO0I0B il MoaepHu3anuu. OQuH U3
HUX — IIEpeX0J] C CUCTEM Iepeadr 3JIEKTPOIHEPTUU IEPEMEHHOI0 TOKa Ha CUCTEMBI IIepe/ladyn MOCTOSHHOTO TOKa. Takoi
Mepexo/1 Mo3BOJISET MOAKIIOYaTh UCTOYHUKM Ha BUD ¢ MUHMMAanbHBIM KOMIUIEKCOM IpeoOpa3yrouiero o0opyaoBaHHUsI.
Ho, uro Gonee BaxxHO, ce0ECTOMMOCTh U IOTEPU TEePeIauu 3JIEKTPOIHEPTUU Ha OOJIBIINE PACCTOSIHUS 110 BHICOKOBOJIBTHBIM
cucremaM nocrosiHHoro Toka (HVDC) Huke, yeM 1o JIMHUSAM Iepejad nepeMeHHOro Toka. Elne oJHO MX JOCTOMHCTBO B
BO3MOXHOCTH IOJIKJIIOYATh IPOU3BOAUTEINCH U MOTpeOUTENEH AIIEKTPOIHEPruK 03 MPeaBapUTEIbHOTO BHIPABHUBAHUS MX
1o (aze. OCHOBHOH CIIOKHOCTBIO /ISl BHEPEHHS TOJ00HBIX CUCTEM Iepeayull SBJISETCS JOPOrOBU3HA 000PYA0BaHUS ISt
npeoOpa3oBaHMs MOCTOSHHOIO TOKA B NEPEMEHHBIH. A, yYUTbHIBas, IOBCEMECTHOE HCIIOJIb30BAHUE CETEH NEepEeMEHHOIO
TOKa B Hallleil peciryOJInKe 1 BO MHOTHX JIPYTHX CTpaHaxX MHpa, 3TO TpeOyeT CyIEeCTBEHHBIX KallUTaIbHBIX 3aTpar.

Jliist ceTeid Kak MOCTOSIHHOTO, TaK M IEPEMEHHOI'0 TOKa OCHOBHBIM MHCTPYMEHTOM YIPABJICHUS CTAHOBSTCS CUCTEMBI
MojienupoBanus B peasibHoM BpemeHu (RTDS). Takue cucteMmbl aKTHBHO BHEPSIOTCS B IPOTHBOABAPUITHYIO aBTOMATHKY
U CHCTEMBI ypaBieHus sueproceTsiMu. RTDS 1no3BoJsioT B peabHOM BpEMEHU OLIEHUTD MOCIEICTBUS MOJKITIOUSHHS WIN
aBapUitHOTO OTKJIFOUEHHs OAHOM U3 (a3 ¥ NPUHATH ONTUMAIIBHOE PELIeHHUE 110 0AaTaHCUPOBAHUIO SHEPTOCUCTEMBI PA3HOTO
ypoBHs. [Ipu 3TOM 3a cuer yactoTHOW xapakTepucTuku 0-3 kI'1l 1OCTATOYHO OJHOrO MHCTPYMEHTA JJIs HaONIOJEHHUS 32
paboToii 3HeprocucTeMbl BO BCEM CIIeKTpe 4acToT. KpynmHomacmTabHble nu(poBbie CUMYJISTOPHI PeaIbHOIO BPEMEHH MU
LSRTDS natoT BO3MOKHOCTB JUIsl UCCIIEAOBAHUS IyCKa JaXke ceTei pailoHHOro MacmTada 13 NOJHOCTBIO 00€CTOYEHHOTO
COCTOSIHUSL.

OpHUM U3 UHCTPYMEHTOB MOHUTOPHHIA JUI IPOTHBOABAPUITHON aBTOMATHKH SBIIsitOTCS cuHXxpogazopsl (PMU). Otu
YCTPOHCTBA OTNPABIISAIOT MHPOPMAIMIO B PEaJbHOM PEXHME BPEMEHH O COCTOSIHUM HHEProoOBEKTOB B KOHIEHTPATOPHI
JIAaHHBIX JJIs1 UCIIOJIb30BAaHUS B JUCIETYEPCKHUX IIEHTpax sHeprocereil. [lomydeHHble naHHBIE MOTYT OBITH MCIIOJIH30BaHBI
JUIE MOHUTOPHMHIA W BU3YaJIHM3allUU COCTOSIHUSL YHEPrOCETH B PEKHME PEalbHOr0 BPEMEHH M MOJEIMPOBAHUS MOBEICHUS
CETH IPU BO3MOXHBIX OTKJIFOUEHUSAX WM NOoAKIIoueHusX. CrnoxxHocty BHeApeHuss PMU — B HOBU3HE TEXHOJIOTUH, a 3HAYUT —
«3aKpPBITOCTH» NPUHIMIIA pabOThI U TIOKA €llle HU3KOM YPOBHE CTaHAapTU3ALIUH.

B mo6oM ciydae Kak CUCTEMBI Nepeadyl JIEKTPOIHEPTHH, TaK U CUCTEMbl MOHUTOPUHIA U MOJIEIUPOBAHUS CUCTEM
TpeOyIOT BHU3yalM3allMd W Yydera JAaHHbIX uepe3 reouHpopmannonsele cucremsl (I'MC). Dro nHeobxoaumo st
000CHOBAHHOTO 30HHMPOBAHMSA PECIYOJMKAHCKOH 3SHEProcHCTEMbl Ha IIOACHUCTEMBl, YYHMTHIBas BblpabaTbIBaeMble U
notpediiieMble MOIIHOCTH B KOHKPETHBIX TreorpadMuecKux JIOKanusax. Tak ke HeoOXOOUMO INpPHHHMATh B pacyeT
uHpopmanmio ¢ 'MC g 3amad onTUMHU3alMM TOTEph Ha Iepefady d3JICKTPOIHEPTHH MEXIy ITOCTaBIIUKOM U
norpeburenem. Ho, kpome srtoro, takas 'MC nns sHeprocereli MOXeT HOMOYb B IUIAHUPOBAHUU MECTOIOJIOKEHUS
MOCTPOMKHU U 3aIyCKa HOBBIX SHEPrOCTAaHIUN M HHPPACTPYKTYPHI JJIsl CUCTEM dJIEKTpoIiepeaay.

Panee ommcaHHBIE TEXHOJOTMM MOTYT OBITh HCIIOJIB30BaHbI W B KJIACCHYECKOW IEHTPAJIM30BAaHHON 3HEprocerwu,
KOTOpasi OCTAeTCsl aKTYaJIbHOW B ciy4ae OOJIbIIUX rOCYIapPCTBEHHBIX U KOPIOPATHUBHBIX 3HEPrOr€HEPUPYIOIINX CTAHIHMA.
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Tornma kak MOBCEMECTHOE BHEAPEHHE yCTaHOBOK Ha BUD mpuBOAMT K MOSIBICHHIO OOJBIIOrO YHCIA MOTEHIMAIbHBIX
MOCTABIIUKOB 3JICKTPOIHEPTHH W3 YaCTHOTO CEKTOpa. A, C yYeTOM BEpPOATHOCTHOTO XapakTepa BBIPAOOTKH TaKHX
YCTaHOBOK, LIECHTPATU30BaHHAsI JUCIICTYCPU3AIIHS TIOBBIIIAECT BEPOSATHOCTh KPUTHYECKUX 33/ICPKEK B MPUHATHU PEIICHUIM
JIaKe ISl CUCTEM MOHUTOPHHIA peanbHOro BpeMeHH. [103ToMy mapanienbHO ¢ MOJACpHHU3aIMel CHCTEM MOHMTOPHHIA W
MO/ICIIMPOBAHHUST HAYYHBIM COOOIIIECTBOM IPEJIAraeTCsl UCIIONIB30BaTh MPUHIHUIIBI JEIICHTPAIN3AI[IH YHEPTOCETEH.

ABropamu copMyTHUpOBaHA 3a/laua ONTHUMHU3AIMU JJIs JCIECHTPATU30BAHHONW YHEPrOCHCTEMBI Pa3HOrO YPOBHS Ha
OCHOBE MeTOZa XOJOHOB. B Heil yuuThIBacTCS B TOM YHCIE M PACCTOSHHUE Ui TEpEelavyd DIICKTPOIHEPTHU MEKIY
obbekTamu cetu, monyuyaemas u3 [MC sneprocuctembl. Takoe paccTosHHE NpEACTaBIsEeT CO0OH He Kpardaiiiiee
paccTosiHUE MEXAY TOYKAaMH-OOBEKTaMH, a JJIMHY BCEX JIMHUH AJIEKTpOINepead, Mo KOTOPBHIM AJIEKTPOIHEPTHsI J0JIKHA
MPOITH 10 OTpeOUTEI.

Peanu3zamnus onmucannsix moaxonos ¢ I'MC sHeprocucTeMsl 1acT BO3MOKHOCTD TMOJTHOTO MTOHUMAHUS MPOUCXOSIIIETO
B CETH, ONEPAaTHBHOTO pEarnpoBaHKs Ha aBapUiHbIC CUTyaluu W (a3oBble AUCOaaHCHl, a Takke OOOCHOBAHHOTO
TUTAHUPOBAHUS TANBHEHIIIET0 PACIIMPEHHUS SHEPTOCETH M MMOCTPOMKH HOBBIX 00OBEKTOB U MH(DPACTPYKTYPBHI.

KualoueBble ciaoBa: wuHTeIeKTyanbHble dHeprocuctembl, [MC, nenenTpanmszamnusi, 3amada ONTHMH3AINH,
MO/JICIIMPOBAHUE SHEPTOCHCTEM, CUCTEMBI TIEpEeIadu MOCTOSHHOTO TOKA.
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THE METHODS FOR CALCULATION OF DECLINATION (D)
FOR SPACED OF MAGNETIC OBSERVATORIES

Abstract. Calculations of the base values of the geomagnetic declination from the experimental data and from
the data computed from various modern geomagnetic field models for spaced of geomagnetic observatories are
presented: «Almatinskaya» (AAA) [43.25° N; 76.92° E] Institute of the Ionosphere, Almaty, Kazakhstan; «Kluchi»
(NVS) of the Russian Academy of Sciences, Novosibirsk, Russia [54.85° N; 83.23° E]; «Irkutsk» (IRT) of the
Institute of Solar-Terrestrial Physics of, Irkutsk, Russia [52.17° N, 104.45° E]. The characteristics of the results of
the study of the time course and the spatial distribution of the values of the geomagnetic declination are given. The
estimation of accuracy of calculation of geomagnetic declination by modern models of a geomagnetic field is
presented. It is shown that the values of geomagnetic declination for spaced of geomagnetic observatories AAA,
NVS, IRT from observed observational data change their values by years, so for AAA and NVS there is an increase,
and for IRT the decrease in the values of geomagnetic declination. For NVS and AAA, geomagnetic declination
moves eastward, and for IRT in the west. It is shown that the performed calculations of geomagnetic declination for
two models International Geomagnetic Reference Field and World Magnetic Model for the coordinates AAA, NVS
and IRT agree well with each other over the years, with small differences in seconds; the geomagnetic declination
values for AAA increase in years with a gradient of about 0.6 min/year, for NVS decrease with a gradient of about
1.6 min/year, for IRT decrease with a gradient of about -4.5 min/year; model-calculated geomagnetic declination for
AAA and NVS have an eastern direction, and for IRT, the western direction.

Key words: declination, the experimental data, magnetic observatory, world magnetic models.

1. Introduction. The geomagnetic declination is of fundamental economic technical and practical
importance which defines great interest to this element of the geomagnetic field in many sectors of the
national economy and in science. The geomagnetic declination D is designed to orientate the movement of
objects in space and used to solve various scientific and production problems, e.g. during construction of
nuclear and hydraulic power plants, power lines, undergrounds, for preparation of air navigation charts.
The magnetic declination changes with time and in space, of which account must be taken during accurate
determination of magnetic azimuths of headings. To obtain reliable information about the declination D
for any area it is necessary to have the data on declination at several ground points (stations) [1,2]. The
best option is to resume an observation program at the secular variation points (SVP) within the Republic
of Kazakhstan. But because the resumption of the SVP involves some difficulties, calculations of D using
the geomagnetic field models can be used, e.g., IGRF (International Geomagnetic Reference Field), and/or
other more detailed models. To solve the problems of high-precision navigation of a moving object it is
necessary to know two types of initial data at each trajectory point: 1) position of an object (current
coordinates); 2) direction of movement. The first type of data, current coordinates of an object, is provided
using the satellite navigation system. The second type of data, direction of movement, is usually
determined based on measurement of azimuth with respect to position of the north geomagnetic pole. The
coordinates of geomagnetic pole do not remain constant — they drift over time, hence, an error is
introduced into the azimuth value. Position of the north magnetic pole (NMP) according to Olsen model
CHAOS (A Model of Earth's Magnetic Field derived from CHAMP), confirmed by ground surveys is
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shown in figure 1 [3]. Forecast of the NMP position for the next few years is made based on the
assumption that the average speed and direction of the NMP movement did not change after 2007.
Direction of geomagnetic pole relative to geographic one at each point of the Earth is determined by the
value of the geomagnetic field declination, and this value is measured in geomagnetic observatories with
high precision by state-of-the-art magnetometers. Multi-year measurements of declination D, which are
conducted by magnetic observatories, show that the magnetic declination varies over time. For example,
in the observatory of Pleschenitsy (Belarus) the declination increased from D = 5° 02.7' to D = 7° 07.7'
(1960+2006); in the observatory of Belsk (Poland) the declination increased from D = 2° 04.2' to D = 4°
37.7' (1996+2005); in Irkutsk (Russia) the declination from the east in 1887 D = +2° 24' crossed a zero
value in 1934 moved westward in 2001 D = -2° 24' [1].

*2018

#1984

“1972

*1962

»1948

1904
1831

| - AR

Figure 1 — The NMP position according to direct measurements (blue circles), data computed from
the geomagnetic field model CHAOS (red cubes), forecasted position (green cubes) for the next few years [3]

Accordingly, account is taken of the changes in the magnetic declinations during precision navigation
to reduce errors during determination of azimuth. All modern navigation charts contain information on the
amount of declination of the geomagnetic field. Due to the geomagnetic pole drift these charts should be
updated. In addition, for precision navigation of aircrafts, the leading international airports regularly take
measurements of the geomagnetic field declination. When it is impossible to obtain reliable information
on declination D for any area under field conditions, computation of the geomagnetic declination from
geomagnetic field models can be used. The geomagnetic field models make it possible to calculate
magnetic field of the Earth and its components in certain coordinates in view of various sources of the
field [4-14]. There are several such models, let us provide the most well-known ones of these:
International Geomagnetic Reference Field (IGRF) http://www.ngdc.noaa.gov/IAGA/. IGRF model
represents the main field without external sources. Coefficients used in IGRF models are based on various
data, such as: geomagnetic measurements taken by observatories; aerial photography data [9-12]; World
Magnetic Model (WMM) http://www.geomag.bgs.ac.uk. The WMM is the standard model used by the
U.S. Department of Defense, the U.K. Ministry of Defence, the North Atlantic Treaty Organization
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(NATO) and the International Hydrographic Organization (IHO) when solving scientific-production
problems [13,14]. The goal of this work is to describe the methods for calculation of geomagnetic
declination (D) for spaced of magnetic observatories.

2. Calculations of declination D base values based on experimental data obtained at spaced
geomagnetic observatories

Magnetic observatories provide information about the geomagnetic field using the data of variation
stations, the sensors of which are relative instruments with rather narrow measuring range. Absolute
values of variations are occasionally determined by carrying out the fundamental observations through
which reveal the base values in nT of zero stresses in the measuring channels of digital stations [15-21].
For example, the adopted values in the observatory of Irkutsk are the intervals of constant base values with
jerks between these intervals. In the observatory of Novosibirsk, the observable data are approximated by
smoothing spline (between jerks). In the geomagnetic observatory ‘“Almatinskaya”, obtaining of
“adopted” base values is the approximation of initial data by some function that most optimally reflects
the behavior of the base lines. The parametric approximation is used, the function type is determined in
advance, the objective is to select the optimum coefficients. Base values are computed using the following
equations: X=FcoslcosD, Y=FcoslsinD, Z=Fsinl,

where X — northern component, Y — eastern component, Z — vertical component, F — total field
intensit (vector field amplitude), I — inclination (the angle between the field vector and the horizontal
plane measured downwards from horizontal axis). Calculations based on the results of observations in
observatories also consist of calculation of the average angles and determination of the declination in

angular minutes using the equation:
Yi
Di=atan| — |,
Xi

where D — declination of the geomagnetic field (the angle of the horizontal component the field from true
north, measured clockwise).

To obtain actual values of declination D three spaced geomagnetic observatories, IMOs members —
“Almatinskaya” geomagnetic observatory [43.25°N; 76.92°E] of the Institute of lonosphere, Almaty, RK;
“Kluchi” geophysical observatory of the Russian Academy of Sciences (RAS), Novosibirsk, RF [54.85°N;
83.23°E]; “Irkutsk” geomagnetic observatory of the Institute of Solar-Terrestrial Physics of the RAS,
Irkutsk, RF [52.17°N, 104.45°E].

In “Almatinskaya” geomagnetic observatory (IAGA code AAA), observations of declination D are
made by Lemi-203 ferrobprobe declinometer based on 3T2KP theodolite. To obtain absolute values of the
geomagnetic field from variation data it is required to add the values of basic levels of variometers to
variations. At Novosibirsk complex magnetic ionospheric station (“Kluchi” geophysical observatory)
(IAGA code NVS), declination D observations are conducted by ferroprobe (declinometers-inclinometers)
magnetometers based on non-magnetic Theo020B and 3T2KP theodolites. The observational technique for
declination D is standard. Elements used in computation of the average annual values of declination D for
geophysical observatory NVS are components X, Y, Z of the geomagnetic field. In “Irkutsk” geomagnetic
observatory (IAGA code IRT), observations of declination D are made by THEO-010A and Lemi-203
ferroprobe declinometers/inclinometers. Elements used in computation of the average annual values of
declination D for IRT are H, D, Z (H-horizontal component; D-declination; Z-vertical component of the
geomagnetic field). Actual values of D obtained using the data of geomagnetic observatories AAA, NVS,
IRT for the period of 2005-2017 are shown in table 1.

Thus, the actual values of geomagnetic declination D for spaced geomagnetic observatories
“Almatinskaya”, “Kluchi”, “Irkutsk” for the period 2005-2017 were found as a result of calculations. Let
us note that the obtained values of declination D for NVS and AA are positive, and values of declination D
for IRT are negative. This suggests that declinations D for Novosibirsk and Almaty move eastward and
declinations D for Irkutsk move westward. The declination calculation results based on observatories’
observed data show changes in values D by years, thus, there was an increase in values D for AAA and
NVS and decrease for IRT.

— 44—



ISSN 1991-346X Series physico-mathematical. 3. 2020

Table 1 — Average annual values of geomagnetic declination D obtained
from experimental data at geomagnetic observatories AAA, NVS, IRT

AAA NVS IRT
The Republic of Kazakhstan Russia Russia
Year (43.25°N;76.92°E) (54.85°N;83.23°E) (52.17°N;104.45°E)
D Elements D Elements D Elements
deg min deg min deg min

2005 446.6 XYZ 826.5 XYZ -248.7 DHZ
2006 447.5 XYZ 8239 XYZ -2534 DHZ
2007 447.8 XYZ 8§22.2 XYZ -257.5 DHZ
2008 449.2 XYZ 820.6 XYZ -3 02.0 DHZ
2009 4512 XYZ 818.9 XYZ -3 06.6 DHZ
2010 452.6 XYZ 817.7 XYZ 3114 DHZ
2011 452.9 XYZ 816.2 XYZ -315.6 DHZ
2012 457.0 XYZ 816.2 XYZ -316.8 DHZ
2013 50.0 XYZ 816.2 XYZ -325.2 DHZ
2014 53.6 XYZ 816.2 XYZ -328.8 DHZ
2015 554 XYZ 816.2 XYZ -3324 DHZ
2016 572 XYZ 815.0 XYZ -339.0 DHZ
2017 59.0 XYZ 813.8 XYZ -347.4 DHZ

3. Calculations of declination D from the modern models of the geomagnetic field for spaced
geomagnetic observatories

It is known that the general geomagnetic field is composed of several magnetic fields generated by
various sources. These are the main field which is formed by the sources in the Earth’s liquid outer core, it
changes very slowly; the field of magnetic anomalies of the Earth’s crust, the changes are very slow; the
external fields caused by currents in the ionosphere and magnetic sphere of the Earth, the changes are very
rapid; the field of electric currents in the Earth’s crust and Earth’s external mantle, currents are formed
during changes in the external fields, the changes are rapid; ocean currents also have their effect. The
modern models of the magnetic field make it possible to calculate slow (secular) variations without regard
for very rapid changes caused by solar activity. The modern models also do not take into account the
magnetic anomalies. But because the magnetic anomalies are few, and the majority of the main
components of the geomagnetic field are subject to slow (secular) variations, the accuracy of geomagnetic
parameters computed from models is quite high. Thus, accuracy in computations of the geomagnetic
declination obtained by IGRF and WMM models is about 0.5° (30") [17, 19]. In view of the foregoing, two
models of the geomagnetic field were picked to calculate the declination D for spaced geomagnetic
observatories. The average annual values of declination D for geomagnetic observatory AAA [43.25°N;
76.92°E], geophysical observatory NVS [54.85°N; 83.23°E] and geomagnetic observatory IRT [52.17°N;
104.45°E] were computed with IGRF and WMM models for the period of 2005-2017.

Table 2 shows the values of declination D for geomagnetic observatories AAA, NVS, IRT received
from computations using two models IGRF and WMM for the period of 2005-2017. Both models showed
that D for AAA increase with a gradient of about 0.6 min/year, positive values of D point to eastward
declination for calculation site coordinates. The values of magnetic declinations for NVS observatory
decrease with a gradient of about 1.6 min/year, positive values of declination D point to eastward
declinations for calculation site coordinates. The values of geomagnetic declinations for IRT reduce with a
gradient of about -4.5 min/year, the negative values of D point to westward declination for calculation site
coordinates.

Thus, the average annual values of geomagnetic declinations D (2005-2017) for coordinates of AAA,
NVS and IRT observatories computed with two models (IGRF and WMM) correlate well with each other
by years, with minor variances in seconds. Model calculations also showed that the average annual values
of geomagnetic declinations D for geomagnetic observatory AAA increase by years with a gradient of
about 0.6 min/year, for geomagnetic observatory NVS decrease with a gradient of about 1.6 min/year, for
geomagnetic observatory IRT decrease with a gradient of about -4.5 min/year. The geomagnetic
declinations for AAA and geomagnetic observatory NVS are eastern (positive) and geomagnetic
declinations for IRT are western (negative).
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Table 2 — Model calculated average annual values of D for geomagnetic observatories AAA, NVS, IRT
for the period of 2005-2017

AAA NVS IRT
The Republic of Kazakhstan Russia Russia

(43.25°N;76.92°E) (54.85°N;83.23°E) (52.17°N;104.45°E)

Year IGRF WMM IGRF WMM IGRF WMM
D D D D D D
deg min deg min deg min deg min deg min deg min
2005 | 445.7 446.2 840.0 8 40.0 -254.3 -252.7
2006 | 446.3 446.9 8383 8383 -2 58.7 -257.0
2007 | 446.9 447.6 836.5 836.5 -303.2 -301.7
2008 | 447.6 448.2 834.7 834.8 -3 07.6 -3 06.2
2009 | 448.2 4489 832.9 833.0 -312.1 -310.7
2010 | 4 48.9 449.7 831.2 831.3 -3 16.6 -315.2
2011 | 449.7 450.3 829.9 829.6 -320.6 -319.6
2012 | 453.5 4549 830.9 830.5 -3245 -323.6
2013 | 455.7 457.1 830.7 830.4 -3283 -327.5
2014 | 457.8 502 8 30.5 830.2 -332.2 -335.9
2015 | 459.9 509 830.2 830.3 -3 36.1 -339.5
2016 | 52.4 535 830.7 830.6 -338.9 -342.9
2017 | 549 562 831.2 831.0 -341.6 -346.5
4. Comparative analysis of the results of D declination calculation based on experimental

geomagnetic data and various modern models of the geomagnetic field

Experimentally calculated values of declination D show that the geomagnetic declination varies in
space most strongly. Thus, values of declination D for various coordinates may differ relative to each
other by 1.5-2 times. For example, for coordinates of “Almatinskaya” observatory D= 4°46.6', and for
coordinates of “Kluchi” observatory D =8°26.5' (table 1). The values of geomagnetic declinations D found
as a result of calculations using IGRF and WMM models (table 2) also show that D may vary significantly
at spaced ground points.

The geomagnetic declination D also varies over time. Analysis of data received from observatories’
observations showed that for the period of 2005-2017 the values of geomagnetic declinations D for
geomagnetic observatory AAA increased from 4°46.6' in 2005 to 5°09.0' in 2017; for the same period the
values D for NVS reduced from 8°26.5' to 8°13.8"; D for geomagnetic observatory IRT went down from -
2°48.7' in 2005 to -3°47.4' in 2017 (table 1). According to the data obtained based on model calculations,
the values of geomagnetic declinations D for geomagnetic observatory AAA increased by 4.0 min (IGRF)
and 4.1 min (WMM) (table 2); for the same period D for geomagnetic observatory NVS reduced by
10.1 min (IGRF) and by 10.4 min (WMM) (table 2); D for IRT reduced by 26.3 min (IGRF) and by 26.9
min (WMM) (table 2). Let us note that the values of geomagnetic declinations D obtained as a result of
computation from IGRF and WMM models correlate well with the data obtained by observatory’s
observations (table 1).

It is known that per each 1 km of the line length (topographic map) deviation of 1° gives 17.5m.
Consequently, deviation of 0.2+4.0 min gives 0.06+1.16 m; 4.0~6.0 min — 1.16+1.75 m; 13.0~15.0 min —
3.8+4.4 m [1,2]. Thus, calculations of declinations D for spaced points using IGRF and WMM models
result in insignificant variances of about 0.06+4.4 m from actual observatory data. The geomagnetic
declinations D obtained based on WMM model more accurately reflect the real picture of changes D,
since model calculated declinations D are more close to the values calculated based on observatory’s
observations. The above given calculations of D confirm high accuracy of D calculation based on IGRF
and WMM models. For example, accuracy of magnetic declinations received based on this model for
coordinates of observatory AAA is up to 4 min (0.07°), for observatory NVS is up to 15 minutes (0.25°),
for observatory IRT is up to 6 min (0.1°).

5. Conclusion. Thus, the average annual values of the geomagnetic declinations D were obtained for
spaced geomagnetic observatories “Almatinskaya”, “Kluchi”, “Irkutsk” for the period of 2005-2017. The
results of declination calculations based on observatories’ observed data show changes in values D by
years, and so, there was an increase for AAA and NVS and decrease of the values of the geomagnetic
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declination D for IRT. The geomagnetic declinations move eastward for NVS and AAA and westward for
IRT. Performed calculations of the geomagnetic declinations D using two models IGRF and WMM for the
period of 2005-2017 for coordinates AAA, NVS and IRT showed that the values D correlate well with
each other by years, with minor variances in seconds; the values of the geomagnetic declinations for AAA
increase by years with a gradient of about 0.6 min/year, for NVS decrease with a gradient of about
1.6 min/year, for IRT decrease with a gradient of about -4.5 min /year; model calculated geomagnetic
declinations for AAA and NVS are directed eastward and for IRT are directed westward. Comparison
analysis of experimental and model calculated values D showed that the values D for spaced objects
obtained based on IGRF and WMM models correlate well with the values D calculated based on
observatory’s observations. Spatial and temporal heterogeneity of the geomagnetic declinations was
confirmed. The values of the geomagnetic declinations D obtained based on experimental observatory data
and computations from IGRF and WMM models show that D may vary considerably at spaced ground
points by 1.5-2 times relative to each other. For example, for coordinates of “Almatinskaya” observatory
D=4°46.6', and for coordinates of “Kluchi” observatory D = 8°26.5'. The geomagnetic declination D also
varies with time. The values of magnetic declinations obtained from observatory observations show that
for the period of 2005-2017 the values of the geomagnetic declinations D for AAA increased; for the same
period for NVS and IRT reduced. According to the data received based on model calculations, the values
of the geomagnetic declinations D for AAA increased by 4.0 min (IGRF) and by 4.1 (WMM); for the
same period for NVS D went down by 10.1 (IGRF) and by 10.4 (WMM); for IRT D went down by
26.3 min (IGRF) and by 26.9 min (WMM). The WMM model of the magnetic field more accurately
reflects the real picture of the changes in the geomagnetic declinations, since the values of the
geomagnetic declinations D obtained from computations based on it are more close to actual observatory
data. The values D obtained from computations based on IGRF also have minor discrepancies with the
actual observatory values D. Data analysis showed that the accuracy of calculation based on IGRF and
WMM models is very high, thus, the accuracy of the magnetic declination in these models for coordinates
of observatory AAA is up to 4 min (0.07°), for observatory NVS is up to 15 min (0.25"), for observatory
IRT is up to 6 min (0.1°). Hence, it might be advisable to use both models IGRF and WMM for
calculations of D in any areas (except for abnormal ones), when it is impossible to measure declinations D
with a site visit. However, it is worth noting that the models of the magnetic field reduce the accuracy of
calculated geomagnetic parameters over the years (by the end of a time interval given in the models).

The work was performed under project PH 0118PK00799 as part of special purpose scientific and
technical program 0.0799.

0. H. CoxogoBa, C. H. MykameBa
HoHochepa HHCTUTYTHL, ¥ITTHIK FAPBIIITHIK 3epTTEYJIep MEH TEXHOJIOTUsIIap OPTaNIbIFbl, AnMatsl, KasakcTan

KEHICTIKTIK TAPATBIJIFAH MAT'HUTTIK OBCEPBATOPUSIJIAP YIIIH
IF'EOMATHUTTI KEMY I (D) ECEIITEY 9IICTEPI

AnHoTanusi. ['€OMarHuTTi aybITKYIbIH SKOHOMHUKAIIBIK-TEXHUKAIBIK JKOHE MPAaKTUKAIBIK MaHBI3bI 30D, Oy
XaJIBIK IIapyallbUIbIFBIHBIH KONTEreH calanapblHIa KoHE FBUIBIM/IA T€OMarHUTTI OpiCTiH OCHI JJIEMEHTIHE YIIKEeH
KBI3BIFYIIBUTBIKTHI aHBIKTalHIbl. D TeOMarHuTTiK TOMEHAEY KEHICTIKTe 0OBEKTUICPIiH KO3FAIBICHIH OaFraapiay yIIiH
KbI3MET eTell J>KOHE OpTYpJi FBUIBIMHM J>KOHE OHJIPICTIK MIHAETTEpAi UIenly Ke3iHjAe, MbICAJbI, aToM J>KoHE
THUIPOANIEKTPOCTAHIIUSUIAPEIH, AJIEKTp Oepy JKeiiepiH, METPONMOIUTECHACPAl calny Ke3iHZAe, a’pOHABUTALUSIIBIK
KapTajapzpl XKacay YIIiH maiinanaHeriansl. MarHATTIK TOMEHICY YaKbIT aFbIMBIMEH JKOHE KCHICTIKTE e3repeni, Oyt
GarpITTapAbIH MAarHUTTIK a3WMYTTapblH HAKTHI aHBIKTay Ke3iHIE ecKepy Kaxer. D TemeHmey Typambl CEeHIMIL
aKmapar ayy YIIiH Ke3 KelreH ayMak YIIiH OipHemie >Kep MyHKTTepiHAe (HYKTeIepiHIe) TOMEH TYCy >KOHIHZETi
nepekrep Oomysl KaxkeT. EH kakcel Hycka-Kaszakctan PecmyOnmmkachIHBIH ayMarblHIA FaCBIPIBIK JKYPIC
MYHKTTEpiHAeri Oakpliay OariapiaMachlH JKaHapTy. bipak facelp Kypici HYHKTTEpiH >xaHaprty Oeinrini Oip
KUBIHABIKTapMeH OaiIaHbICThl OOJFAHIIBIKTaH, T€OMArHUTTI epic yiriinepi OoibiHma D ecenrepin, mbicansl Igrf
(International Geomagnetic Reference Field) reomarHuTTi epic XajblKapajiblK aHBIKTAMAJBIK MOJIEINI KoHe/HeMece
Oacka J1a erKker-Terkeisi Moenbep OolbIHIIA Maiiiananyra 0oabl.

Kosranbictarel  OOBEKTIHIH JKOFaphl  JOJIAIKTETI HaBUrauus MIHAETTEpiH Iy VIIiH — KO3FaJIbIC
TPaeKTOPUSCHIHBIH 3pOip HYKTECiHAE OacTanKbl IepeKTepliH eKi TypiH Oury KakeT: 1) 0ObeKTiHIH OpHaJacKaH kepi
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(aFpIMIOarel  KOOpAWMHATTAp); 2) Ko3fausic OarbIThl. Jlepektepain Oipinmi Typi, OOBEKTIHIH arbIMIarbl
KOOpAMHATTaphl CITyTHUKTIK HaBUTaIVUIBIK JKYHeNnepliH KeMeriMeH KaMTamachi3 erineai. ExiHmi mepexrep Tuii,
KO3FaJIbIC OarbIThl, 9JIETTE, CONTYCTIK F€OMAarHUTTIK IMOJIOCTIH JXaf/lailblHa KaTbICThl a3MMYTThl OJILIEY HeETi3iHje
aHBIKTANA/bl. ['€COMarHUTTI MOJIOCTIH KOOPIUHATTAPHI TYPAKThI OOJIBIN Kajla OepMelii-yaKkpIT 6Te Keje ApeidyIoT,
THiCIHIIE a3uMyT KesiemiHe kare enrisiieni. Oncen CHAOS (CHAOS (A Model of Earth's Magnetic Field derived
from CHAMP) mMopneniHe coiikec CONTYCTIK MarHUTTIK ITOJIFOCTIH OPHBI.

I'eomarHuTTi MoONIOC OArbITHl JKEpAiH opOip HYKTeciHzeri reorpadusuiblk >XarblHAH TEOMarHWTTI OpiCTiH
TOMEHJIEY IIaMachIMEH aHbBIKTAIabl KoHEe OYJI IIaMa >KOraphbl JIQJIAIKIIEH TeOMarHUTTI oOcepBaTopusuiapia Kasipri
MarHUTOMETPIICPMEH OJIIICHE]I].

OCBI KYMBICTBIH MaKcaThl KEHICTIKTIK-TapaThUIFaH MarHUTTIK 0OCcepBaTOpysIap YIIiH reoMarHutTTi kemymi (D)
€cerTey SMiCiH cumaTTay OOJBIT TaOBIIabL.

DKCIEPUMEHTAIABI ACPEKTEp OOMBIHIINA JKOHE KEHICTIKTIK-TapaThUIFAH T'€OMAarHWTTI 00CEpBAaTOPHSIIAD YINiH
OpTYp:Il Kasipri 3aMaHFbl MOJCIbBIACP OOWBIHIIA €CENTEAreH I'e€OMarHWTTI epic aepeKkTepi OOMbIHIIA T€OMAarHHUTTI
ayBITKYIBIH Oa3aibIlk MOHJIEpiHIH ecenTepi YChIHBUIFaH: «AnMmatuHcKas» (AAA) [43.25°N; 76.92°E] Nonocdepa
UHCTUTYTHL, AJjmatbl K., KP; Peceit Frubiv axanemumsiceinbiy (PFA)  «Kimoun» (NVS)  reodusukaibik
obcepBaropuscel, HoBocubupck k., PO [54.85°N; 83.23°E]; Kyn-XXep ¢usukacs! uncturytbinbiy «Mpkyrck» (IRT),
Upxytck K., PO [52.17°N, 104.45°E].

"AnmarnHckas" reomarauTTi oocepBaropusiceinna (IAGA koxst AAA) 3T2KII reogonut 6a3zaceiaga Lemi-203
(eppo3oHaBl  IEKIMHOMETpMEH D  KucaloblH Oakpuiaynsl Okyprizeai. HoBocuOMpCK —KemieHAi MarHMTTi-
nonocdepansik crannmsiceiHga ("Kmoun" reodmsukansik obcepBatopusicel) (IAGA xomer NVS) D xucaroba
OaxpUIayapl Geppo3oHIs! (mekamHOMeTprep-uHKImHOMeTpaep) MarHUTTI Theo020B xone 3T2KII Teomomutrep
0a3zacpIHIa MarHUTOMETpIIepMeH Kyprizexi. ['eomarautti oocepBaTopmsce "UpkyTtck" (IAGA xomer IRT) xyprizeni
*oHe Oakpuiay ©3iH D ¢deppo3onmoBbiMu aekinHoMeTpamu/unkinHoMerpaMn THEO-010A sxone Lemi-203. 2005-
2017 xsuimap apansirsiaga AAA, NVS, IRT reomarHuTTi 00CepBaTOPUsIIAPBIHBIH AepeKTepi OOMbIHIIA anbiHFaH D
HaKThl MOHJIEPI.

['eoMarHUTTIK aybITKy MOHAEPIHIH YaKbITIIA JKYPICIH JKOHE KEHICTIKTIK TapalyblH 3epTTey HOTHIKellepiHe
cunatrama O6epinai. ['eoMarHuTTi ©picTiH Ka3ipri 3aMaHFbl MOJIENbEPIMEH FEOMAarHUTTI ayBITKYbIH €CeNTey AQJIITiH
Oaranay ycbIHbUIFaH. bakplianran o0cepBaTopiiblK aepektep Ooitbiama AAA, NVS, IRT keHICTIKTIK - TapaThblUIFaH
TEOMAarHuTTIK Oo0cepBaTOpHsUIap VINIH TE€OMAarHUTTI aybITKyJapAblH MOHJAEpl >KbulIap OOMBIHINIA €3 MOHIH
@3repTeTiHi KepceTiireH, coHnbIkTal AAA s>xaHe NVS ymin yirato, an IRT yiriH reoMarHuTTi aybITKy MOHIEPIHIH
azatobl OpbIH anaabl. NFS sxone AAA yIIiH reOMarHUTTIK aybITKyJap MWIFbIC OarbiTTa, an IRT ymin Garbic 6arpITTa
Keupkuabl. AAA, NVS sxone IRT xoopmunarraper ymid igrf xone WMM eki yiarici OOHBIHIIA T€OMAarHHUTTI
AyBITKYJIApBIH OpBIHIAJFAH €cenTepl CeKyHATa a3 aibpMAIIbUIBIKTapbl 0ap KeUIgap OOMBIHIIA e3apa >KaKCh
kemicimemi; AAA YIIIH T€OMarHWTTI ayBITKyJNapOslH MoHAepi mamamer (0.6 MHH/KBUI TPagueHTIMEH >KbUIAAP
OofipiHIa yirasael, NVS yiriH mramamed 1.6 MuH/AKBUI TpamueHTiMeH aszasiael, IRT ymiiH perti rpamueHTIICH
asasnpi-4.5 mus/%bUT, AAA xone IRT yirin Mogensai ecenrenrer reoMarautti NVS mbirsic 0arbiThl 6ap, ain IRT
0aThIC YIIIiH.

Tyiiin ce3mep: reoOMarHuTTi TOMEHIEY, SKCIIEPUMEHTTIK JIEPEKTEp, SJIEMIIK MarHUTTIK MOJAEIbBIEP.

0. U. Coxonora, C. H. MykameBa

Huctutyt nonocdepst, HarmoHamsHbIN EHTP KOCMHYECKUX HCCIICIOBAHUI
" TeXHoyorui, r. AnMarel, Kazaxcraun

METO/IbI PACYHETA TEOMATHUTHOI'O CKJIOHEHMUS (D) .
JJIS1 NIPOCTPAHCTBEHHO- PASBHECEHHBIX MAT'HUTHBIX OBCEPBATOPUU

AHHoOTanMsl. ['eOMarHuTHOE CKIOHEHHE MMEET BaXKHOE YKOHOMHUKO-TEXHHYECKOE M MPAKTHYECKOE 3HAueHHE,
4TO OIpezAesseT OONBIION MHTEpeC K 3TOMY 3JEMEHTY I'€OMAarHUTHOTO IOJIi BO MHOTHMX OTPAaciisiX HapoJHOTO
XO035MCTBa U B HayKe. I'eomaruutHOE ckioHeHue D CIIYXKUT IJI1 OPUCHTUPOBKU ABUKCHUSA 00BEKTOB B IMPOCTPAHCTBE
1 UCHOJIB3YCTCA NPHU PCHICHUU pa3IMYHbIX HAYYHBIX W MPOU3BOJACTBCHHBLIX 3a/ia4, HAIIPUMEDP, IIPpHU CTPOUTCIILCTBE
QTOMHBIX M THIPO3JEKTPOCTAHLMH, JIMHUHA  3JIEKTpONEpenady, METPOIOJIMTEHOB, JJsI  COCTaBIICHUS
a’POHABUI'ALIMOHHBIX KapT. MarHUTHOE CKJIOHEHHWE M3MEHSETCS C TEYEHHEM BPEMEHH M B IPOCTPAHCTBE, UTO
HEOOXOAMMO YYHMTHIBaTh INPH TOYHOM OIPEJENICHHHM MAarHUTHBIX a3UMYTOB HampasieHuil. [lns mosydeHus
JOCTOBEPHOI MH(POPMALMK O CKIOHEHUH D i mr060it TeppUTOpUH HEOOXOAMMO UMETh aHHBIE 110 CKJIOHEHHIO B
HECKOJIBKUX TyHKTaX (TOYKax) MecTHOCTH. Jlydummii BapumaHT — 3TO BO30OHOBIICHHE Ha TeppUTOpHH PeciryOmmku
KaszaxcraH nporpammbl HaOOIeHMI HA IyHKTax BEKOBOro xonxa. Ho Tak kak BO30OHOBJIEHHE ITYHKTOB BEKOBOT'O
XO0Jla CBS3aHO C ONPEACJICHHBIMU TPYIHOCTSIMHU, TO MOXHO HCIOJIB30BaTh pacdeTsl D 1Mo MozpensM reoMarHUTHOTO
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noJjist, Harpumep, MexayHapoanas CrpaBounas Mogens ['eomarautHoro ITonst IGRF (International Geomagnetic
Reference Field) u/unu npyrue 6osiee neTanbHbIM MOJIEIISIM.

I[J'IH peuicHuA 3agayd BBICOKOTOYHOM HaBUraguu JABHXXYIIETOCH O6'I)€KTa HCO6XOZ[I/IMO 3HaTh B Ka)KZ[OfI TOUYKE
TPAaEeKTOPUU JBIKCHUs JBa THIA HMCXOJAHBIX JAHHBIX: 1) MECTOIOJIOXKEHUE OOBbeKTa (TeKyline KOOPIHHATHI);
2) HanpaBlieHHe IBIKEHUs. [IepBblil THIT JaHHBIX, TEKYNIHE KOOPIUHATHI 00bEKTa, 00ECHEeYMBACTCS C MOMOILBIO
CIIyTHUKOBBIX HaBHUTALMOHHBIX CHCTEM. BTOpOIi THIT TaHHBIX, HAIIpaBJIEHUE JBIDKEHUS, KaK IPaBHIIO, OTIPENeIIseTCs
Ha OCHOBE M3MEpEHHs a3MMyTa OTHOCHUTEIBHO IIOJIOKEHUS CEBEpHOI0 TI'€OMAarHMUTHOro Ioioca. KoopauHatsl
TEOMAarHUTHOTO TIOJIFOCA HE OCTAIOTCS MOCTOSHHBIMU — Jpei(yroT co BpeMeHeM, COOTBETCTBEHHO BHOCHUTCSI OIIMOKa
B BENMUYUHY azuMmyTa. [lookeHne ceBepHOTO MarHUTHOTO Toitoca, coriaacHo moaenn Oncena CHAOS (A Model of
Earth's Magnetic Field derived from CHAMP, noarBep:xaeHHOM Ha3eMHBIMH UCCIICIOBAHISIMH.

HanpaBnenne Ha TEOMAarHWUTHBIA TOJMIOC OTHOCHTEIBHO TeorpadMuecKoro B KaXAOH Touke 3eMiH
OTIpeNeIsIeTCsl BEIMYNHONW CKIOHEHHS T€OMAarHUTHOTO IOJIS, M T4 BEJIMYMHA C BBICOKOW TOYHOCTBIO M3MEPSIETCS B
T€OMarHUTHBIX 00CEPBATOPUIX COBPEMEHHBIMA MarHUTOMETPaMH.

Lenpro HacTOsmeld pabOTHl SBIAETCS OMHCAHHME METOJA pacueTa TeoMarHUTHOTO ckioHeHus (D) mia
MPOCTPAHCTBEHHO-PAa3HECCHHBIX MATHUTHBIX 00CEpPBATOPUIL.

Hpe)lCTaBJ'IeH])I pacyeThl 6a3031)1x 3Ha4YEHHII T€EOMAarHUTHOTO CKJIOHEHHS 110 OKCIICPUMECHTAJIbHBIM JJaHHBIM U 110
JaHHbBIM paCCYUTAHHBIM II0 pa3IMYHbIM COBPEMCHHBIM MOJCISAIM T€OMArHUTHOI'O IIOJA JJid OPOCTPAaHCTBCHHO-
pa3sHEeCeHHBIX T€OMarHUTHBIX oOcepBaTopuil: «AnmarnHckass» (AAA) [43.25°N; 76.92°E] Uucturyt nonocdepsl,
r. Anmarsl, Pecniybnka Kazaxcran; reodusndeckas oocepBaropust «Kimoum» (NVS) Poccuiickoit akajgemMun Hayk,
r. HoBocubupck, Poccus [54.85°N; 83.23°E]; reomarmutHas obOcepBaropusi «Vpkyrck» (IRT) HWucturyTta
ConreuHo-3eMHOM (u3nkn Poccuiickoit akanemun Hayk, T. UpkyTck, Pocens [52.17°N, 104.45°E].

B reomarnutHOI oOcepBaropun «AnmaruHcKas» (IAGA xom AAA) mpoBomsaT HaOmroneHWs CKIOHeHHsS D
(dheppo3oHaoBeiM aekauHOMeTpoM Lemi-203 nHa 0aze teogonmra 3T2KII. B HoBocHOMpCKOW KOMILICKCHOMR
MarHuTHO-uoHOC(hepHo# crannuu (reodusnueckas odOcepBaropust «Kirounm») (IAGA kox NVS) HaOmromeHust
ckioHeHuss D mpoBoasT (heppo3oHAOBBIME  (ICKIMHOMETPAMU-MHKIMHOMETPAMH) MarHUToMeTpamu Ha 0ase
HeMarHuTHBIX TeonoiutoB Theo020B u 3T2KII. B reomarnutHoii oGcepBaropun «Mpkyrck» (IAGA kox IRT)
MPOBOIAT HAOIOACHUS CKiIoHEeHUS D deppo3onnoBbiMu aekauHoMerpamu/uakanHOoMeTpamu THEO-010A u Lemi-
203. PeanbHble 3HaYeHUs D, MOJIyYCHHBIC MO JAaHHBIM TeOMarHUTHBIX oOcepBaTopuii AAA, NVS, IRT 3a nepuos
2005-2017 rr.

JlaHa XapaKTepuCTHKa pe3yJbTaTaM HCCIIEJOBAaHHS BPEMEHHOTO XOAa M MPOCTPAHCTBEHHOTO pacHpeieseHus
3HAQUEHUH T'€OMarHUTHOTO CKJIOHEeHWs. [IpencraBieHa OIEHKa TOYHOCTH pacueTa TI'e€OMAarHUTHOTO CKJIOHCHHUS
COBPEMECHHBIMA MOJEIIMH TEOMarHuTHOTO mouyisl. [loka3aHo, YTO 3HAYEHHS TEOMArHUTHBIX CKIOHCHHH IS
MPOCTPAHCTBEHHO- PpPAa3HECEHHBIX TEeOMAarHWTHBIX oOcepBatopuit AAA, NVS, IRT mno nHabmomaeMpM
00CcepBaTOPCKUM JaHHBIM MEHSIOT CBOW 3HAYCHUS IO ToaaM, Tak aisi AAA u NVS npoucxoaurt yBenndeHue, a s
IRT ymenbpuieHne 3Ha4eHU reoMarauTHOTO cKiIoHeHus. (st NVS nu AAA reomMarHUTHBIE CKIIOHEHHS CMEIIAlOTCS B
BOCTOYHOM HamnpasiieHud, a aiasi IRT B 3amagHom. Iloka3zaHo, 4TO BBINIOJIHEHHBIE PACUEThl T'€OMAarHUTHBIX
CKJIOHeHHH 1o AByM MonermsaM (MexayHaponauas CrnpaBounas Mognens 'eomarautaoro Ilons (IGRF) u Beemupnas
Mopenpe Marauthoro IMoast (WMM)) s koopaunat AAA, NVS u IRT, xopouio cornacyrorcs Mexay coboi 1o
rojiam, uMesi HeOOJbIINE Pa3IuiMs B CEKYHaX; 3HAUCHUs T€OMarHUTHBIX CKJIOHEHUHU JUIst AAA yBeIMUMBaIOTCA 10
rogam c rpaauentoM rnopsaka 0.6 mun/ron, anst NVS yMmeHbInatoTes ¢ rpaguerToM nopsiaka 1.6 mun/rox, aist IRT
YMEHBILIAIOTCS C TPAJANSHTOM HopsaKa -4.5 MUH/TOI; MOJIETBHO pacCUNTaHHbIE T€OMAarHUTHBIE CKIIOHEHUS Uit AAA
u NVS umeroT BocTouHoe Hanpasnenue, a At IRT 3anagHoe.

KuroueBble ¢cJI0Ba: reOMarHUTHOE CKIIOHEHHUE, SKCIICPUMEHTANBHBIC JaHHBIE, MUPOBBIC MAarHUTHBIC MOJICIIH.
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MATHEMATICAL MODEL OF THE GEOMECHANICAL
STATE OF THE UPPER PART OF THE EARTH'S CRUST
BASED ON SALOME-MECA

Abstract. This article provides a brief description of the Saloma-meca software platform. An approach to the
analysis of the geodynamic state of the upper crust of urban areas based on Saloma-meca is described. A generalized
block diagram of the work of software and mathematics is built. Geometric models of the earth's crust have been
developed for the city of Almaty. Test calculations of the distribution of SSS for the untouched mountain range were
carried out according to the averaged data of soil densities based on Saloma-meca for the initial approximation in
calculating the stress-strain state of the earth's crust in Almaty.

Keywords: Geodynamics, geomechanics, SSS, Saloma-meca, mathematical model, deformation.

Introduction. The stress-strain state (SSS) of the earth's crust is studied mainly in connection with
the solution of the problem of assessing the stability of the earth's crust during an earthquake. The
parameters of the Earth's crust SSS are one of the main indicators in the construction of a seismic hazard
forecast map. To construct maps of the parameters of the SSS, a digital representation of such data as the
relief of the day surface and the relief of the sole of the earth's crust, tectonic faults, the field of gravity
anomalies, velocities of individual lithosphere blocks, etc. is necessary. The possibility of obtaining this
information is related to the achievements of modern space technologies, primarily ground-space
monitoring, radar imaging, the development of primary and thematic processing of remote sensing data
(RS) and the accumulated experience of theoretical and practical work. Based on these digital data, it is
possible to build a reliable geomechanical model of the earth's crust of individual sections.

Software package. The object of research is the geomechanical condition of soils near urban
structures, as well as the territories of Almaty. Figure 1 shows a generalized block diagram of the
operation of software and mathematics. The physical process is the ongoing movement of soil near urban
structures. Research, in general terms, is carried out in two interrelated areas - modeling and observation.

By modeling we mean the consideration of the physical model of the process and the construction of
its mathematical representation using the equations of mathematical physics. The mathematical model is
based on the well-known equations of mechanics of deformable solids to describe the geodynamic state of
the earth's crust. The physical and mathematical models used in the software are models of elastic and
elastic-plastic environment.

Under the supervision, it is assumed the collection, processing and analysis of GPS data from global
and local networks, processing of radar satellite images, data on soil structures, data on building
structures, geomechanical parameters, strength and density data.

GAMIT and GLOBK are the software packages for the primary processing of high-precision GPS
observations for monitoring the geodynamic state of the lithosphere.

At the initial stage, these experimental data are used to adjust the mathematical model of the physical
process and formulate the problem - to determine the initial approximation and boundary conditions.
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Figure 1 - A generalized block diagram of the operation of software and mathematics

After constructing and adjusting the mathematical model for the basic equations of mathematical
physics, a numerical model is built, the initial-boundary-value problem is solved, where the calculation
area is the corresponding grid representation of the earth's crust of the studied regions.

At this stage, additional grid modeling programs are used - SALOME - MECA, OpenFOAM,
OpenCFD, FLAC3D.

After obtaining the numerical results - the two-dimensional and three-dimensional distribution of the
main parameters of the stress-strain state of the upper part of the earth's crust, the data are checked with
the original experimental data and analyzed.

SALOME-MECA software platform. SALOME is a general structure for pre and post processing.
Code_aster - for solving (solver) of thermomechanical problems [1]. Salome-Meca is the integration of the
code aster solver in the Salome platform, including the AsterStudy module for computer-aided design.

Salome-Meca is an open platform that can integrate scientific solutions for modeling various physical
fields and implement a wide range of computer simulations. The tasks are to analyze the behavior of the
model with sufficient accuracy and performance to help in making decisions on the issues raised. Salome-
Meca initially comes with CAD modeling, mesh algorithms, 3D visualization and advanced features for
processing simulation data.

Key features. Numerical analysis [2] of complex industrial systems requires scientists and engineers
to integrate most fields of physics, such as materials science, solid mechanics and structural dynamics,
fluid physics and thermohydraulics, nuclear physics and radiation, and electromagnetism. These domains
can be combined into a single modeling environment, the Salome-Meca platform. The main features of the
Salome-Meca platform are:

- Designing the geometric representation of physical systems (CAD modeling) and the associated
discrete model (mesh functions for solvers of finite elements or finite volumes);

- Ability to integrate domain-specific solvers into normalized software components with standard
interfaces to facilitate the integration of various physical domains;

- Monitoring of computational workflows defined as graphs of distributed software components,
including CAD modeling, solutions for specific areas and data processing components;

- Analysis of modeling data, in particular using visualization of physical fields resulting from
computational work processes.

In this context, the key point of the platform is the use of standard data models to describe physical
concepts for numerical analysis and to ensure interaction between software components. For example, the
MED data model defines a normalized representation for describing geometry cells and fields of physical
modeling values. This data model is a key feature of the platform. It comes with a software
implementation (MED file library) for saving files and exchanging simulation data between components.
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SALOME Mesh and visualization components offer MED format interfaces for importing or exporting
data. Domain-specific solvers that interact with SALOME, it is recommended that you use the MED
format for input and output files. This configuration leads to a high level of associativity between software
components for building modeling workflows.

In addition to processing and visualizing grid and field data, the SALOME platform contains
additional modules designed for advanced data analysis:

Data assimilation and optimization environment, for example, for recalibrating model parameters by
comparing simulation data with experimental measurements (ADAO module).

Distribution of uncertainties [3] in the modeling workflow, for example, to estimate the uncertainty of
the resulting simulation data, taking into account the given uncertainty of the input parameters
(OPENTURNS module).

Development of numerical experimental plans, for example, parametric modeling, by examining the
indicated area of the space of modeling parameters (PARAMETRIC module).

The theoretical basis. A continuous and homogeneous medium is capable of experiencing
deformations of only two types - a change in volume and a change in shape. Volumetric deformations are
caused by normal stresses and ultimately lead to separation. Changes in shape caused by shear stresses
lead to shear.

The relationship between stresses and strains is most often assumed to be linear, i.e. corresponding to
Hooke’s law. A power relationship between stress and strain is used in the nonlinear theory of elasticity.
These are the main essence and quality of the model of a continuous medium, on the basis of which the
mathematical theory of the mechanics of a deformable body is built without taking into account time and
temperature factors.

Here are some relationships and dependencies that will be used later to describe the stress-strain state
of the rock mass using the continuum mechanics. These relations are studied in detail in courses in the
theory of elasticity and plasticity, and are used in rock mechanics, which allows us to confine ourselves to
a brief presentation of the basic formulas of the theory of stresses and strains.

A necessary condition for the applicability of these relations in their practical use is the fulfillment of
the hypothesis of continuity of the medium, which consists in the continuity of stresses and displacements,
as functions of the coordinates of a point [4, 5].

At each point of a continuous medium, a stress-strain state is characterized by a symmetric stress
tensor (1.1), a symmetric strain tensor (1.2), and a displacement vector (1.3):

Oxx Oxy Oxgz
o =|%x Oyy Oyz|; (1.1)

Ozx Ozy Op

Exx Exy Exz
e =|&x &y $&yz; (1.2)
Exx €zy €2z

u
U= H; (1.3)
"%

For relatively small strains, the strain tensor is expressed in terms of the displacement vector as
follows:

1(%+%); i=xy,z; (1.4)

E.. =
y ax,- 6xl-

T2
called the Cauchy equations.

The movement of an element of a rock mass is determined by the forces applied to it, calculating it
we obtain differential equations of motion:
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where p is the density of the medium; F - volume forces, t - time.

The above equations are general relations of the continuum mechanics, regardless of its physical and
mechanical properties. These equations are not enough to describe the process of deformation of the
medium. Additional relationships are required between stresses, strains, their velocities and a number of
other factors, which are called equations of state of the medium. The mechanical equations of state of
bodies, including all of the above parameters, are quite complex. Therefore, they are usually limited to the
simplest models of the medium, which describe the basic properties and main features of the mechanical
processes. Based on them, a further refinement of the deformation process is made.

We give some of the equations of the mechanical states of inelastic media that are most common in
the theory of plasticity and rock mechanics. The simplest are the equations of the deformation theory of
plasticity, connecting the components of stress and strain,

Ex — §@e =YP(0,x — 0); Eyz = II}a'yz;

1
&y —30°= Y(oyy = 0); £ = PO (1.6)

& — 508 =Y(0,, —0); Exy = Il’o'xy;
where ®e = 3 (1-2v) 6 / E; v, E — Poisson's ratio and elastic modulus of the medium, respectively; v is a
certain function of the invariants of tensors and deviators of stresses and strains, ¢ is the average (or
hydrostatic) pressure at a point.

Note that the volumetric strain in this theory is elastic and is related to the mean pressure ¢ by
Hooke's law.

Due to its simplicity, these equations are widely used to solve engineering problems in the study of
rock deformation. For y = (1- v) / E they turn into Hooke's law and are essentially its generalization to
nonlinear media.

Let us present in general form the basic equations of the theory of elasticity in an invariant form [6],
which are used to determine the stress-strain state of rocks.

The equation of motion in invariant form:

9% . =
Pz = div(o) + pF; (1.7)
Cauchy equations:

£ = sym(Vai) = 2 (Vai + (Va))T); (1.8)

The equation of state of elastic media (Hooke's Law), expressed in terms of the Lame coefficients:

o = Atrace(e)l + 2pus; (1.9)
Where
Ev E E
A= (1+V)(1—2v)’” T 2(+v)’ T 3(1-2v) (1.10)
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E is the elastic modulus (Young); v is the Poisson's ratio; K is the volume expansion module.

The system of equations (1.1) - (1.3) includes 15 equations and 15 unknowns (6 components of the
stress tensor, 6 components of the strain tensor, 3 components of the displacement vector), and is a closed
system.

The general statement of the problem of determining the stress-strain state of rocks is as follows [7].
Given the boundary conditions (the displacement field or the velocity vector field) and the given initial
approximation (SSS from the untouched mountain massif), determine the components of the stress and
strain tensors at each point of the study area.

The initial approximation is the SSS of the untouched mountain range, calculated according to the
following formulas.

0,, =YH, 0, = 0y, = kyH; (1.11)

where y is the weight per unit volume of the rock mass, k is the lateral pressure coefficient. Under the
assumption of a hydrostatic stress distribution, k = 1; with non-hydrostatic distribution - 0 <k <1; under
the assumption of A.N. Dinnik -k =v /(1 - v).

Methodology for calculating the SSS of the upper horizons of the earth's crust. The general
methodology for determining the SSS of the upper horizons of the earth's crust is as follows.

The calculation area is determined (in this case, Almaty with an area of 36x36 km?, to a depth of
5 km.). A geometric model of the studied region is constructed, as shown in figure 2.

As the boundary conditions, GPS data is used, the initial approximation is the SSS of the untouched
mountain range.

Further, the system of equations (1.1) - (1.3) is solved by the iterative method. At each iteration step,
equation (1.1) is first solved - from this distribution of the components of the strain tensor, the
displacements at each point in the volume are calculated. Next, from the Cauchy equations (1.2), we find
the values of the strain tensor [8, 9]. From the equation of state (1.3), the new distribution of the stress
tensor values is found back. This iteration process is repeated until the difference between the results of
the iteration is not small enough.
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Figure 2 - Curved grid of the calculation area.
Territory of Almaty 36x36 km?
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Results and its discussion. Geometric models of the earth's crust have been developed for the city of
Almaty.

The basic methods for studying the deformation and strength of rocks are analyzed. Expressions are
determined for the components of the deformation tensor of the upper horizons of the earth's crust using
an inhomogeneous field of displacements of the earth's surface according to GPS observations.

Test calculations of the SSS distribution for the untouched mountain massif, that is, of its own weight
(Figure 3), were carried out according to the averaged data of soil densities for the initial approximation
when calculating the stress-strain state of the earth's crust in Almaty.

It was also calculated the distribution of stress from its own weight in a slice of land at around
0 meters above sea level (figure 4).

Modeling of the stress-strain state of the earth's crust can be used to develop a monitoring system in
the region in order to predict the geodynamic state of the earth's crust and major seismic events. The main
difference from traditional approaches is the identification of anomalous zones by the distribution of

geodynamic parameters, as a result of geomechanical modeling using a database of geological and
geophysical data.
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Figure 3 - Setting the first approximation of stress from its own weight
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Figure 4 - Stress distribution at a depth of 0 m
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Conclusion. Mathematical models of the stress-strain state that describe the geodynamic state of the
earth's crust over time and the development of science become more accurate and correct, and the Salome-
Meca software platform has already contributed. The program is not familiar to a large number of
specialists and is only gaining popularity, but even so it is one of the best multifunctional complexes with
free access. In general, the development of the system of geodynamic and geophysical monitoring of the
earth's crust is necessary both for a deeper study and understanding of the processes occurring in it, and
for predicting the further development of these processes in time, and for assessing seismic hazard in the
studied region. Estimates of the stress-strain state of the earth's crust based on mathematical models of the
geomechanical state using modern seismicity data, complex experimental data of representative GPS
monitoring, will advance the problem of practical earthquake prediction.

These works are carried out with financial state support in the framework of the scientific and
technical project “Ground-based space monitoring of technogenic processes in urban areas and assessment
of the status of large technical facilities”.

H.K. Coiasbik, A.7K. Bu6ocsinos, C. M. Hypakbsinos
Honocdepa uncturytol, «¥YF3TO» AK, Anmarer, Kazakcran

SALOME-MECA HETTBIHAEI'T )KEP KbIPTBICbIHBIH KOFAPY'bI BOJIITTHIH
I'EOMEXAHHUKAJIBIK KAT JAUBIHBIH MATEMATHUKAJIBIK MOJAEJII

AnHorauus. JXep KBIPTHICBIHBIH T€OJWHAMHKAIBIK JKai-KYHIH CHIATTaHTBHIH KepHEYIi-IehopMannsIaHFaH
KYWHAIH MaTeMaTHKAaIbIK MOIENbAEP] YaKbIT aFrbIMBIMEH JKOHE FBUIBIMHBIH JIaMybIMEH AQMIpEK JKOHE AYPHIC OOJIBII
kenemi JkoHe Salome-Meca Oarmapiamaiblk IutaTgopmackiga Oyl camara e3 YJeCiH KOocTel. barmapiama kel
MaMaH/IapFa TaHbIC €MeC JKOHE €HJII KapKbIH albIll KeJie jKaca Jia, eH Y3MIK TeriH, KOJDKETIMII Kon(yHKIMOHAI bl
KemleHaepAiHn Oipi Ooibin TaObutazel. Salome-Meca Typii (QH3MKaNbIK cajajapAbl MOJENbBICY YLIIH FbUIBIMA
memriMaepai  OipiKTipin, KOMIBIOTEPIIK CHMYJISILMSHBIH KEH CIEeKTpiH icke acelpa anansl. Salome-Meca
T1aTGOPMAChIHBIH HEri3ri epeKLIeNiKTepi MbHajdap OOJbIN TaObUIAbL (U3UKAJIBIK JKYHENepAiH TeOMETPHSIIBIK
kepiHiciH xobanay (CAD-Mmonenbiey) >kKoHE OHBIMEH OalIaHBICTBI JUCKPETTI MOJENb (COHFBI 3JIEMEHTTEPAiH
HEMece COHFBI KOJEeMIEP/iH TOPJIapbIHbIH (YHKIHMAIAPH); TYPIi (U3UKAIBIK JOMEHIEpAl OipiKTipyaAl JKeHIIIeTy
YUIH CTaHAAPTTHl HHTepdelcTepMeH HOpMalaHFaH OarIapiiaMaliblk KOMIIOHEHTTEpPre JOMEHIe TOH TOpPIapIbl
Oipiktipy Myw™mkiagiri.; CAD-Moxmenbreyni, HakTel OONBICTap VINIH WICHNMICPIi JKOHE IepeKTepli eHaey
KOMIIOHEHTTEPiH KOca aifaHfa, OelliHTeH OarmapiiaMaiblK KOMIIOHCHTTEpIiH TpaduKTepi peTiHAe aHBIKTaIFaH
eCernTeyJiepiH J>KYMbIC TMpOLECTepiH Kajarajay; ecenTey >KYMBIC MPOLECTePIHIH HOTIKECIHAE TYbIHIANTBIH
(hM3HKAJIBIK ©piCTepAl BU3yaTu3aIisuIay apKbUIbI MOJICNBACY ASPEKTEPiH Talay.

By makanaga Saloma-meca Herisinae Kana KypbLIBICTAPbIHA JKAKbIH JKEPICPIiH, COHAaH-aK AIMAThl Kaaachl
ayMarbIHBIH JK€pP KbIPTHICHIHBIH JKOFapFbl OOJIriHIH re0JMHAMHKAJIBIK Kal-KyHiH Tajnjay ojici cunarrairad. JKanms
aFaHa, Taaay e3apa OaiIaHBICTHI €Ki OaFbITTa JKY3ere achIphLIalbl — MOJICIIB/CY KOHE OaKbLIay.

Tyrac xoHe OiprekTi opra TeK €Ki TypAiH Ae(OopMalMsChIH ChlHAyFa KaOLIeTTI — KOJIEeMHIH e3repyi »oHe
miiHAIH e3repyi. Kememal nedopManusiap KaJlblIThl KepHEYAIH oCEpiHEH TYBIHIAWIbl JKOHE aKbIpbIHAA Y3yre
okesneni. Kanama KepHeyJIep/IeH TYbIHAANUThIH HILIHHIH 03Trepyl KeCiKKe aKelesi.

Kepueynep meH nedopmanmsuiap apachlHIArbl OailnaHbic KeOiHEce CBI3BIKTBHI, sSFHU ['yka 3aHbIHA colikec
KaObUImaHanel. KepHey MeH nedopmamus apachlHIAFBl JIOPEXKENIK TOYENOUIK CepHiMAUIIKTIH  CHI3BIKCHI3
TEOPUSICBIHIA KOJIAAaHBUIaAbl. YakpIT IEeH TeMmIieparypa (akropiapblH eckepMmed JledopManusuiaHaThiH JEHE
MeXaHUKACBIHBIH MaTEMAaTHKAJIBIK TEOPHUSCH KYPBUTATHIH TYTAC OpTa MOICIIHIH HETi3Ti MOHI MEH canachl OCBIHAAN.

Tyrac opranslH opOip HYKTeCiHAeri KepHeyi-aedhopMalysiaHFaH >Kal-KyH KepHEyIiH CHUMMETPHSIIBI
TEH30pbIMEH, Je(GOopMaIMIHbIH CHMMETPHSIIBI TEH30PBIMEH XKOHE OPBIH ayBICTBIPY BEKTOPBIMEH CHITATTalabl.

CanbicThIpMalIbl TYpAE Killli JedopmManmsuiap kesinae nedopmarus teH3opbl Ko TeHaeynepi en aranaTbiH
OpBIH ayBICTBIPY BEKTOPBI apKbUIbl KopiHeai. Tay sKbIHBICTapbl MACCHBIHIH KO3FalIbIChl quddepeHnaiap Ko3Fraibic
TEHJICYJIEPIH eCenTel OTHIPBIN, OFaH Koca OeplireH KyIuTepMeH aHbIKTaiajpl. JKorapblga KeNnTiplireH TeHIeylep
OHBIH (PU3UKa-MEXaHUKAIBIK KacHeTTepiHe KapaMacTaH TYTac OpTa MEXaHHKACHIHBIH JKaJIIbl apaKaThIHACKI OOJIBII
taObtagsl. By Tewmeymep optaHel gedopmanusiiay TpoOLECiH cCHIaTrray YHIH okeTkinikcis. Kepreynep,
nedopmanusiap, oOxapIbH JKbUIIAMIBIKTaphl )KOHE OpTa XKarIaibIHBIH TEHIEYJIepl Aen aTtalaThlH Oacka aa OGipkarap
(axTopnap apachlHIaFbl KOCBIMIIIA KATBIHACTAP KAXKET.

Kepney Tenneymnepi, nedopmanus skoHe OPHBIH ayBICTBIPY JKyHenepi 15 tenaeyni xone 15 6enricizai (6 kepHEy
TEH30pBI KOMIIOHEHTI, 6 1edopManus TeH30pHl KOMIIOHEHTI, 3 OPBIH ayBICTHIPY BEKTOPBHIHBIH KOMIIOHEHT]) KAaMTHIBI
KOHE TYHBIK Jkyde Oosiein Tabbutazbl. Tay IKBIHBICTAPBIHBIH KepHEYJi-IeGopMalMsIaHFaH KYHIH aHBIKTay
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MaKCaTBhIHBIH JKaJIbl KOWBLIBIMBI Obulaiiia kepiHemi. bepiireH miekapaiblk jxaraaiap kesinge (KbUDKY epici
HeMece JKbUIIaM/IBIK BEKTOPBIHBIH ©piCl) JKOHE OChl 0ACTaIKbl KAKbIHIAY Ke3iHJe 3epTTEeNIETiH ayMaKThIH opOip
HYKTECIHZIeT1 KepHey MeH Jedopmaius TeH30pJIapblHbIH KOMIIOHEHTTEpiH aHbIKTay. bacTamkel KakbIHIaraHza,
HOJIIK eMec Tay-keH MaccuBiHiy KJIK anbiaasr.

XKep KbIpTBICBIHBIH XKOFaprbl Kekxkuekrepi ydackenepinin KK aHbIKTayIblH Kalllbl 91icTeMeci Kelecileu:
ecenTtey aliMarbl aHbIKTaNaubl (OyJ JKaFmaiiga AJMaTel Kanackl ayjanbl 36x36 kM2, 5 KM TepeHIiKKe JeHiH).
3eprreneTiH aiiMakThlH TE€OMETPHSIBIK Mojeni Kypbutaabl. Illexapansik maptrap pertinne GPS  nmepekrepi
naiananblIapl, OacTankbl KaKbIHAAY apKbUIbl KO3FaIMalThIH Tay MaccuBiHiH KJIK anbiHams!.

Bynan opi uTepamisUIBIK OIiCTIeH KepHey, AedopmMaius >KOHE OPHBIH aybICTBIPY TEHACYJEpiHiH Kyieci
memnriteni. UtepanusapH opOip KagaMbeiHAa OipiHIm OONBINT KepHEY TeHAEYl memineni-oy OemxyaeH aedopmariist
TEH30pPBIHBIH KOMIIOHEHTI KOJIeMHIiH opOip HYKTECiHIE OpBIH aybICTHIpyNap ecenrenemi. byman opi — Komm
TEHJIeYJIepiHeH nedopMalirs TeH30PbIHBIH MoHI Oonajpl. Kyil TeHaeyiHeH - Kepl KepHey TeH30pbl MOHJIEpiHIH JKaHa
OeuniHyi aHbIKTanagbl. Byl urepanusi mpoieci urepaius HOTHXKENEpl apachlHAarbl albIpMAllbUIBIK a3 OoJIFaHIIa
KalTanaHabl.

AnMaTbl K.oKep KaOaThIHBIH KepHeylli-ledopMalusulaHFaH KarlaiblH ecenTey Ke3iHJe OacTarkbl yKakblHIay
yiuiH Saloma-meca Heri3iHie TONBIPaK THIFBI3BIFBIHBIH OpTalllaIlaHFaH AepeKTepi OOMbIHIIA KYII TYCIpiIMEreH Tay-
KeH aJKaObl YIIiH KepHeyli-negopMalysuiaHFaH xKaraaiisl 0enyaiH TecTilik ecentepi xyprizingi. Connaii-ak, TeHi3
nenreiiinen 0 merp Oenrizeri xep KeciHiciHAe 63 caJMarblHaH KepHEY /i Oty ecenTenii.

JKep KbIpTHICHIHBIH KepHEYIli-IeGopManrsuIaHFaH Xali-KyHiH MOJIENIbACY JKep KbIPTHICHIHBIH T'€0IMHAMHKAIIBIK
JKai-KYHiH KoHE ipi ceHCMHKAIBIK OKHFalapasl 00IhKay MaKcaThIHAA OHipJeTi MOHUTOPHHT JKYHECiH JaMBITy YIIiH
maiinanaHeUTybl MYMKiH. J[oCTYpIIi TOCUTAEPACH HETI3Ti epeKIIeliri TeoIOTHUITBIK-Te0(DU3UKAIBIK JepeKTep 0a3achiH
maiianaHa OTHIPHIT T€OMEXaHUKAIBIK YIATUICY HOTHKECI peTiHIe Te0JMHaMUKANIBIK ImapaMeTpiepai 0exy OoibIHIIA
AQHOMAJIB/Ibl aHMAKTap.Ibl AHBIKTAY OOJIBIN TaObLIadbL.

Tyiiin ce3nep: ['eonunamuka, reomexannka, KK, Saloma-meca, MaTeMaTHKaJIBIK MOIEIb, Ae(OpMAIIHS.

H.K. Coiabik, A.JK. Bu6ocsinos, C. M. Hypakbinos
WuctutyT nonocdpepst AO « HIKUT», Anmarsl, Kazaxcran

MATEMATHUYECKASA MOJEJIb TEOMEXAHUYECKOTI'O COCTOAHUA
BEPXHEI YACTH 3EMHOM KOPbl HA OCHOBE SALOME-MECA

AHHOTanmsi. MareMaTHyeckue MOJENN  HalpsHKEHHO-Ie(OPMUPOBAHHOTO  COCTOSIHUSI, —OIMCHIBAIOLINE
TeOIMHAMUYECKOE COCTOSIHAE 3€MHOM KOPBI, C TEYEHHEM BPEMEHHU U PA3BHTHEM HayKH CTaHOBATCS OoJiee TOYHBIMU
W KOPpEKTHBIMH M TporpammHas ruiardopma Salome-Meca yxe BHecna cBOM Bkian. Ilporpamma He 3HaKoMa
6OJIBIIOMY KOJIMYECTBY CIEIHAIMCTOB U TOJIBKO HAaOMPAaeT MOIYJIIPHOCTh, HO AaXKe IPH 3TOM SBISIETCSI OJHUM U3
Jy4IINX MHOTO(YHKIIMOHAJIBHBIX KOMIUIEKCOB C OECIUIaTHBIM AOCTymoM. Salome-Meca MOXXET HHTErPHPOBAThH
Hay4yHble PEIleHUs I MOJCIHMPOBAHMS PA3IMYHBIX (U3HMUECKUX O0NacTedl M peaM30BBIBATH LIMPOKHH CIIEKTp
KOMIBIOTEPHBIX CUMYJIAMH. OCHOBHBIMH OCOOEHHOCTAMHM IuIaThopMbl Salome-Meca SIBISIOTCS: NPOSKTUPOBAHUE
reoMeTpuuecKoro npejacrasieHus ¢usndeckux cucreM (CAD-mozienupoBaHue) M CBA3aHHOW C HUM JTUCKPETHOU
Mojenu ((YHKIMM CETKM s pellareliell KOHEYHBIX 3JEMEHTOB WJIM KOHEYHBIX O00BEMOB); BO3MOXHOCTH
MHTErPUpOBaTh cleU(UYHBIE ISl JOMEHA pellaTeli B HOPMAJIM30BaHHBIE HNPOTPAaMMHBIE KOMIIOHEHTHI CO
CTaHAAapTHBIMH HHTepdeiicaMmu, 4ToOBI 00IerYuTh 00bEANHEHNE PA3INYHBIX (U3NIECKUX JOMEHOB; HAaOII0IeHNE 32
paboYrMu IporeccaMy BHIYUCICHUH, ONpe/IeIeHHBIMU Kak rpaMKy pacrpeesIeHHbIX NPOrPaMMHBIX KOMIIOHEHTOB,
Bkitodast CAD-MonenupoBadne, pereHus s KOHKPETHBIX 00JIacTei W KOMIIOHEHTHI 00paOOTKH JaHHBIX; aHAJH3
JTAHHBIX MOJICJIIMPOBAHUS, B YAaCTHOCTH C HCIIOJIb30BAHMEM BH3yalM3alUH (PU3NYECKUX IOJIeH, BOSHUKAIOIINX B
pe3ynbTaTe BHIYMCIUTENBHBIX PA00UUX IPOIIECCOB.

B nanHoli craThe OmMCaH MOAXOJA K aHaIM3y I'€OAMHAMHYECKOIO COCTOSIHUS BEPXHEM 4acTU 3€MHOH KOpBI
BOJIM3M TOPOJCKHX COOPYXKEHHI, a Takke TeppuTOopuid I.AnMaTel Ha OcHOBe Saloma-meca. AHaiu3, B OOIIUX
yepTax, OCYIIECTBISIETCS B AIBYX B3aMMOCBSI3aHHBIX HAIPABICHUSIX — MOJEINPOBAHUE U HAOIIOICHHE.

CIuloniHas ¥ OJHOPOIHAS Cpelia CIIOCOOHA UCTIBITHIBATH JIe(OPMAIIUHU TOJILKO JIBYX BUOB — U3MEHEHHE 00beMa
u n3MeHenue Gpopmbel. OObeMHBIE 1e(OpPMAIMK BBI3BIBAIOTCS ICHCTBUEM HOPMAaJIbHBIX HANPSDKSHUH W NPUBOISAT, B
KOHCYHOM CUYCTEC, K OTPLIBY. N3menenus (l)OpMI)I, BbI3BIBACMBIC KACATCIbHBIMU HAIIPAKCHUAMU, IIPUBOJAT K CPE3Y.

CBsI3b MEX/y HANPSDKEHUSMH M 1e(OpMalMsIMH Yallle BCETo NPUHUMAETCS JIMHEHHOM, T.€. COOTBETCTBYOLIEH
3akoHy ['yka. CreneHHas 3aBHCHMOCTb MEXJIY HANpsDKEHUSIMH W JedopMalnyedl HCHOoNb3yeTcsl B HEIMHEHHON
TEOpHUU YNpyrocTH. TakoBbl OCHOBHAs CyThb M KayeCTBO MOJENM CIUIOIIHOW cpenbl, Ha 0a3e KOTOpOW CTpouTCs
MaTeMaTH4ecKast TEOpHsi MEXaHUKHU eopMupyeMoro Tena 0e3 yuera (akTopoB BPEMEHH M TEMIIEPaTypHl.

HanpsokeHHO-IeOpMHUPOBaHHOE  COCTOSHHE B KaXKIOW TOYKE CIUIOMIHOW Cpedbl  XapaKTepHu3yeTcs
CUMMETPHYHBIM TEH30POM HANPSHKEHUH, CHMMETPHYHBIM TEH30pOM Ae(OpMaIi 1 BEKTOPOM IIEpEMEIIECHHH.
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Ilpy oTHOCHTENBHO ManblX AedopManusx TeH30p IedopMaluy BEIpaXKAeTCs 4Yepe3 BEKTOp IepeMelieHHi
Has3bIBacMble ypaBHeHMsIMH Komn. J[BrkeHHe 37eMEeHTa MacCHBa TOPHBIX IOPOJ] OMPENEIseTCs PUI0KEHHBIMU K
HEMy CHJIaMH, TOACYHMTAB KOTOpblE MONXYyYUM auddepeHiraIbHble ypaBHEHUs ABMKeHHs. [IpuBeieHHbIE BbIlIE
YpaBHCHHUA ABJIAIOTCA OG[IJ,I/IMI/I COOTHOLICHHSIMH MEXaHUKHM CILIOIIHOM Cp€abl HE3aBUCHUMO OT €€ (1)I/I3I/IKO-
MEXaHHUYECKUX CBOMCTB. DJTHUX ypaBHCHHMH HEIOCTATOYHO JJIsi OIMHUCAHUSA mpoiiecca JaeHOPMUPOBAHUS CPEIbI.
Heo0xoauMbl TONOJIHUTENBHBIE COOTHOLICHHSI MEXIy HalpsHKEHUSIMH, Ae(OpMalUsIMHi, UX CKOPOCTSAMHU U PSIOM
JIpyrux (GakTopoB, KOTOPbIE HA3bIBAIOT YPAaBHEHHSIMU COCTOSIHHS CPEJIBL.

CuctemMbl ypaBHEHUH HampspKkeHu#, aedopMmanyy M IepeMelleHHH BKIIOYaloT B cebs 15 ypaBHeHMH u
15 Hem3BecTHHIX (6 KOMITIOHEHT TEH30pa HANPSHKEHUH, 6 KOMIIOHEHT TeH30pa IeopManni, 3 KOMIOHEHTHl BEKTOPa
MepeMEIIEeHN), W SBIAIOTCS 3aMKHYTOW cucTeMoil. OOmias IMOCTaHOBKA 3aJaddl OIPENeNICHHs HalpspKeHHO-
Je(OpMHPOBAHHOTO COCTOSIHMSI TOPHBIX TOPOJ BBINIAWT CIleAyomuM oOpa3zoM. [Ipw 3amaHHBIX TpaHHYHBIX
yCIOBHH (I10J1€ MEepeMENIeHHH MM I10J1e BEKTOpa CKOPOCTH) M AaHHOM Ha4yajlbHOM NPHOIMKEHHH ONpeleNHTh
KOMIIOHEHTHI TEH30pOB HANpPSKCHWH U nedopManuy B KaXIOW TOUYKE HCCIexyeMoi Teppuropuil. HagambHbIM
npubmpxenueM npuanmaercs HJIC HeTpoHyTOro ropHOTo Maccusa.

O6mas meroauka onpenenenus HJIC y4acTKOB BEpXHHMX T'OPU30OHTOB 3€MHOW KOPBI BBHINISAMUT CIEIYIOILIUM
o0pa3oM: ompejensercss o6IacTh BLIYMCIEHHS (B JAHHOM Cllyyae T AIMAaThl ¢ IIomanslo 36x36 kMm%, 10 TiryOuH
5 xm). CtpouTcs reoMeTprudeckas MOAEIb UCCIeyeMOTo pernoHa. B xauecTBe rpaHUYHBIX YCJIOBHM HCIIOIB3YIOTCS
nannble GPS, HauansHbIM npubmmkenueM oepercs HJIC HeTpoHyTOrO rOpHOro Maccusa.

Jlanee urepaiioHHBIM METOJIOM PEIIAeTCsl CHCTEMA YPaBHEHUH HaANpPsDKEHUH, leopManny U nepemenieHny. B
Ka)XXJIOM IIare MTEpaliy MEPBBIM PEIIAeTCsl YPaBHEHHE HANPSDKEHHH — OT JAHHOTO PACHpenesiCHHUs KOMIIOHEHT
TeH30pa AedopMaIi MPOCUYUTHIBAIOTCS MEPEMEIICHHsT B KaXIol Touke oObeMa. [lamee — w3 ypaBHennit Komm
HaxXOJATCS 3HaUCHUS TeH30pa aedopmarmu. OT ypaBHEHHUS COCTOSHHSA — OOpaTHO HAXOJUTCS HOBOE PACIpeieliCHNe
3HAYEHUH TEH30pa HAIPSKECHUH. DTOT MPOIECC MTEpaluU MOBTOPSIETCS AO COCTOSHMSA, KOTAA pPa3HHULA MEXIY
pe3ynbTaTaMy UTEpay He OyIeT JOCTaTOYHO Majoil.

beimn mpoBeneHs! TecToBble pacueTel pacnpeneneHuss HJIC 11 He TpPOHYTOro TOPHOTO MAacCHBa, IO
OCpPCAHCHHBIM JTJaHHBIM IJIOTHOCTEH I'PYHTOB Ha OCHOBC Saloma—meca JJI1 Ha4aJIbHOI'O le/I6J'Il/I)KeHl/I$1 Ipu pacyeTe
HAaIpsDKEHHO-1e()OPMUPOBAHHOIO COCTOSIHUSI 3€MHOM KOpBI T'. AjMaTbl. Tarkke ObUIO MPOCYMTAHO pacrpelesieHne
HAaIpsDKEHUs! OT COOCTBEHHOTO Beca B cpe3e 3eMiI Ha orMeTke ) METpOB HaJl ypOBHEM MOPSL.

MonenupoBaHue HarpsHKeHHO-I1eOPMUPOBAHHOTO COCTOSHHUS 36MHOM KOPBI MOTYT OBITH MCIOJIB30BAHBI IS
pPa3BUTHs CUCTEMBl MOHUTOPHMHIA B PErHOHE B LENSAX MPOrHO3a I€OAMHAMHUYECKOIO COCTOSIHHUS 3€MHOM KOpBI U
KPYIHBIX ceficMuueckux coObITHH. OCHOBHBIM OTJIMYHMEM OT TPAJULIMOHHBIX IIOIXOJOB SIBISETCS BBIBICHHE
AHOMAJIbHBIX 30H IO pAaclpeAeiIeHUI0 TE€OJMHAMHYECKHX IapaMeTpoB KakK pe3ysbTaT TI'e€OMEXaHWYECKOTro
MO/JIETTMPOBAHHS C UCTIOIB30BAHUEM 0a3bl re€0IOro-reo(hu3NIECKUX JaHHBIX.

KuaroueBsie ciioBa: ['eogmaamuka, reomexannka, HIIC, Saloma-meca, maremaTndeckast MOJEIb, 1ehOopMaIus.
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TRANSFORMATION OF COORDINATES OF GEODETIC NETWORK
WITH USE OF SATELLITE TECHNOLOGIES ON THE EXAMPLE
THE TERRITORY ATTACHED TO THE CITY OF ALMATY

Abstract. This article discusses the method of satellite measurements at the points of the planned and high-rise
justification in the attached territories to the city of Almaty. In accordance with the decree of the President of the
Republic of Kazakhstan dated April 16, 2014 No. 798, land plots from the Almaty region with a total area of
23,200 hectares with 27 settlements located on them and a population of more than 92 thousand people were annexed
to the city of Almaty.

The increase in the territory of the city of Almaty is carried out in order to develop it, ensure security and law
and order, improve the functioning of industrial infrastructure, expand access roads, build social facilities, and bus
stations. The object of research is the Eastern border of the city of Almaty, the land of Kolsay and Sulusay villages,
with an area of 4412.0 hectares. The existing local system of coordinates (further - LCS) the city of Almaty
developed in the 60th years of the XX century was calculated on 20 — 30 years’ development plan for the city. Now
in connection with numerous expansion of borders of the city, LCS doesn't meet requirements imposed to their
accuracy when using modern methods of measurements.

Key words: the local coordinate system, state geodetic points, satellite technology, transformation of
coordinates.

Introduction. Today, for the successful use of LCS in modern conditions of widespread use of
satellite technologies, a number of problems are hindering:

- LCS is a flat rectangular geodetic network, therefore, when expanding the territory to use the local
coordinate system, for example, in the annexed territories, in the territories of nearby cities, airports, the
difference between the values of the parameters measured on the ground and on a large-scale plan
increases.

- When using modern satellite methods to achieve high accuracy, the contractor needs to know
either the parameters of the transition to the spatial geocentric coordinate system, or to the state coordinate
system of 1942 (SK-42), which are closed. Therefore, these works can only be performed in post-
processing mode, subject to the relevant regime requirements. These conditions greatly complicate the
processes of geodetic work and make them economically less efficient.

- In some cases, the city network in the process of their development and expansion of the territories
of economic development was thickened and supplemented by poor quality support networks that do not
meet modern requirements for coordinate accuracy and methods for fixing geodetic points on the ground.

- The accuracy of the local coordinate system created on the basis of the SK — 42 coordinate system
does not meet modern requirements and amounts to 1/50 000—1/150 000 or up to several decimeters at a
distance of 15-20 km [4,5]. In addition, in the process of development of thickening networks in LCS, the
state of things was aggravated by new additional errors. Some points in local coordinate systems have not
been preserved, and in many cases it is not clear on the basis of which support points the technical
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documentation of the engineering infrastructure was created. In many cases, on the borders of the annexed
territories that previously had different local coordinate systems, residuals occur, reaching a meter or
more. These shortcomings are inherent in the local coordinate system due to its significant size, because
there is a problem of distortion during reduction to the plane.

The choice of satellite geodetic measurement method. To date, the geodetic coordinate system
must meet two seemingly difficult compatible basic requirements:

- the coordinate system should ensure the effective use of modern technologies of global navigation
satellite systems (GNSS);

- the coordinate system should provide the maximum possible realization of the potential of geodetic
and cartographic data created to date by using traditional tools and methods.

An effective tool for topographic and geodetic production has proved itself to be the methodology for
determining spatial coordinates by means of satellite geodetic measurements. The homogeneous high
accuracy of urban geodetic networks is achieved by applying reasonable optimal methods for satellite
observations and appropriate methods for processing them, as well as by using the optimal geometry of
the points, their uniform density and the maximum possible combination of old and new geodetic
networks [2].

Static survey is a classic survey method, well suited for all sizes of bases (short, medium and long).
At least two receiver antennas, centered above the points, simultaneously collect measurement data at the
ends of the basis for a period of time.

These two receivers must simultaneously track four (or more) satellites, record data with the same
period and have the same elevation angle. The duration of the measurement session can vary from several
minutes to several hours. The optimal duration of the observation session is determined empirically and
depends on the following factors

- Lengths of the measured baseline.

- The number of satellites in view.

- Geometric factor (Dilution of Precision, DOP).

- The location of the antenna.

- The level of activity of the ionosphere.

- The type of receivers used.

- Requirements for accuracy.

- The need to resolve carrier phase ambiguity.

For base lines, dual-frequency receivers are used. Dual frequency receivers have two big advantages.
First, measurements at two frequencies provide greater accuracy than single-frequency receivers when
determining long bases even during increased activity of the ionosphere (ionospheric storms). Secondly,
dual-frequency receivers require significantly shorter measurement sessions to obtain determinations of a
given accuracy [6].

The coordinates and heights of state geodetic points (hereinafter SGP) located in the north-eastern
border of the city of Almaty: the lands of the village of Almerek should have been used as starting
geodetic points:

- SGP "Pokrovka" class 2 with a height mark from the leveling of class 4,

- SGP "Pervomayskaya" 3 classes with a height mark from leveling 3 classes,

- SGP "Alatau" class 2,

- SGP "Kyzylgayrat" 1st category with a height mark from leveling 4 classes,

- SGP "Pumping" 1 category with a height mark from leveling 4 classes.

As a result of processing the obtained materials of preliminary observations and the calibration of the
initial SGP, the SGP Alatau, the center of which was destroyed at the time of the measurements, was
excluded from the source [7].

Also, when processing the results of GPS measurements in various areas (on the plain and in the
mountains) and the analysis of calibration and network equalization of altitude values, it was concluded
that it is impossible to obtain the heights of the determined polygonometry points with a given accuracy
specification. Therefore, all conducted static GPS measurements were used to obtain only the planned
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position of the polygonometry points of the developed air defense. The altitude values of points of the
developed network are obtained by the combined method. For some points, leveling courses of grade 4
were laid, and the heights of the remaining points were determined by RTK observations with control for
benchmarks and polygonometry points whose heights were obtained from leveling of grade 4 and above.

Using the GNSS Credo software package, processing of satellite geodetic measurements was
performed, according to the measured:

- the distance from the satellite to the receiver by code (pseudorange);

- the distance from the satellite to the receiver in the phase of the carrier frequency (Phase);

- the era (date and time) in which the measurement was made.

It should also be noted that the importance for calculations are ephemeris (satellite orbit parameters).

The initial data were satellite geodetic measurements and ephemeris in the format of Trimble satellite
geodetic receivers. The calculation of satellite geodetic measurements in differential mode is performed.
In this mode, the simultaneous operation of two or more receivers is assumed, with each pair of receivers
working simultaneously forms a baseline — a vector in space that can be calculated from observational
data. The main simulated value in the calculation of the baseline is the double difference of the phase
observations. Simplified positioning equation for phase measurements can be expressed as follows:

@rs = f/c * (prs + with * (8tr + 8ts) + dtr — dion) + Nrs + & (D)

where, ®@rs — the measured value of the phase for receiver r to satellite s; prs — geometrical distance
between the receiver and the satellite; otr, 6ts — corrections of hours of the receiver and the satellite; Nrs —
phase ambiguity (unknown number of the whole cycles of the phase bearing); dtr, dion - tropospheric and
ionospheric delays; € — other factors of influence; f — frequency of electromagnetic wave of the signal; ¢ —
light speed.

Double differences (2) are formed by forming the difference of the equations, first between two
satellites from one receiver (thus compensating for the correction of the receiver’s clock and partly the
influence of the atmosphere), then between two satellites along two receivers (the satellite clocks and, to a
greater extent, the influence of the atmosphere) are compensated . In this case, when forming the
differences, the integer nature of the ambiguity is preserved (3).

®dd = flc * (pdd + Strdd — Siondd) + Ndd + edd Q)

where,
Ndd = Nrlsl Nrls2 — (Nr2s1 Nr2s2) 3)

The preservation of the integer nature of the ambiguity in modeling is one of the factors ensuring high
accuracy in calculating the baseline. In the calculation, equations of double differences are formed, the
unknown of which are the corrections to the coordinates of the determined receiver and the values of the
ambiguities. Solving the system of equations using the least squares method, we obtain the values of the
ambiguities at which the sum of the squared corrections (VTPV) is minimal. However, these values are
not integer, which does not correspond to the initial definition of ambiguity. Each rounding of the
parameter obtained by solving the system of equations leads to a departure from the minimum VTPV. The
problem is to find a set of ambiguities that leads the solution in the least way away from the minimum
VTPV obtained by the least squares method and to prove that this set is indeed optimal. The criterion for
the acceptability of an integer solution is the ratio. Each of the integer sets of ambiguities - candidates
takes the solution away from the minimum VTPV by dVTPV. The ratio is obtained as the quotient of
dVTPV (best candidate) / dVTPV (second best candidate). Thus, the larger the ratio, the more reliable the
obtained integer solution can be considered true. If the ratio is greater than the threshold, the final
calculation of the baseline is performed provided that the ambiguities are fixed (fixed solution), if less
than the threshold, the solution obtained by modeling the ambiguities remains - a floating solution [8].

After importing the statistical satellite measurement data, the baselines between the SGP points are
calculated: Nasosnyi-Kyzylgairat, Nasosnyi-Pokrovka, Pokrovka-Kyzylgairat, Nasosnyi-Pervomaika,
Pervomaika-kyzylqairat, Pervomaika-Pokrovka which is shown in figure 1.
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Figure 1 - Scheme of the SGP network of the studied area

Based on the processing of baselines, the following statements are compiled:

- processing of baselines, which contains the results reflecting the quality of the performed GNSS
measurements (UPC and covariance of the elements of the baseline)

- coordinates of points along baselines, containing coordinates in the WGS system of 84 stations

the position of the receivers for points along each baseline, as well as the length of the baseline in
space and the ellipsoidal distance between two stations, obtained by solving the inverse geodesic problem
on an ellipsoid.

The main simulated measurements in calculating the baseline are the double differences of the phase
observations.

With the development of geodetic networks by satellite methods, closed figures can be formed from
vectors, the so-called polygons. Checking the closure of polygons before adjusting the network is a way to
check the quality of the calculation of baselines and reject bad decisions.

Closing polygons consists in summing vectors within a closed shape. In the absence of measurement
errors, the sum of the vectors forming a closed polygon will be zero. In reality, even under good
observation conditions, obtaining zero values. In addition to the quality of the decision of the baselines,
the closure of the polygons also reveals errors in measuring the heights of the receivers.

After processing the base lines, in the presence of redundant measurements or several starting points,
it is necessary to carry out the adjustment of the satellite geodetic network. In the GNSS system,
adjustment is performed in the spatial geocentric coordinate system WGS84, the adjustment results are
reduced to the projection plane of the user coordinate system.

The initial data for adjustment are processed baselines (vectors) reduced to the centers of points and
their covariance matrices, as well as the coordinates of the starting points. The adjustment module
simulates the coordinates on an ellipsoid, which allows you to assign points as initial points in plan and
height separately.

According to the adjustment results, a statement of corrections of equalized vectors and a catalog of
coordinates of the equalized points are shown which are shown in table 1 and 2.

Table 1 - Statement of corrections of equalized vectors

Vector Correction X | Correction Y | Correction Z Norms. Norms. Norms.
correction X correction Y correction Z

nasosnyi-kyzylqairat -0.011 0.003 - 0.005 -3.168 0.520 -0.739
nasosnyi-Pokrovka 0.007 0.008 0.006 0.007 0.008 0.006
Pokrovka-kyzylqairat 0.002 - 0.005 - 0.008 0.657 -0.861 -1.179
nasosnyi-pervomai 0.000 0.007 0.009 -0.026 1.054 1.284
pervomai-kyzylgairat 0.000 0.010 0.031 0.044 1.199 3.554
pervomai-Pokrovka 0.001 0.003 - 0.004 0.320 0.421 - 0.596
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Table 2 - Catalog of coordinates of equalized points

Name Coordinates, m H (ell)
N E H
Pokrovka 4810726.660 660950.703 586.880 586.880
kyzylgairat 4801558.739 674802.845 769.999 769.999
nasosnyi 4803889.719 662299.424 607.457 607.457
Pervomaiskaya 4802656.158 656706.149 628.650 628.650
kyzylgairat 4801558.736 674802.842 769.991 769.991

The list of corrections of equalized vectors contains corrections to the components of the baselines
(VAX, VAY, VAZ) obtained from the least-squares solution of the system of parametric correction
equations. Also, the normalized correction calculated by the formula is displayed in the statement:

Vnormi = Vi/ci 4

where o1 — vector component of base line (AX, AY or AZ), by results of three-dimensional equalizing.

After receiving the catalog of coordinates of the equalized points, the point of the State Enterprise
"Kyzylgayrat" was excluded in which the error in the conversion exceeded 5 cm. Coordinate
transformation parameters were determined in the CREDO TRANSKOR software package, where
3 points participated. A graphical representation will help to display project points and show comparisons
of the relative positions of the combined points. Figure 2 shows a visual representation of the calculated
coordinate offsets in the UTM43N coordinate system relative to the local coordinate system.

. Pokrovka

Nasosnyi

Pervomaika

WL 1:100000
Vectorscale:m 1 cm-0.02m

Figure 2 - The difference between the coordinates of the points of the coordinate systems UTM 43N and LCS

According to the results of the search for parameters by the coordinate systems UTM - LCS, we
obtain the accuracy that meets the requirements of regulatory documents:

- the largest planned error is 28 mm;

- the smallest planned error is 7 mm;

- the transition parameter from UTM to the local coordinate system is determined by applying the
Helmert transform method, which is shown in figure 3.
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MapameTp 3HaueHKne

MMA 32643 WG5S 84 /...
TMN Npeobpaso... lenemept

X1, M 4805757,512

yl, m 159985425

X2, M 13935,549

yZ, M 1670425

m 1,000127394429

o ° " -0°09'32"

Figure 3 - Transition parameters from WGS 84 to LCS

Where the fields “x17, “y1” are designated as the coordinates of the starting point in the UTM 43N
coordinate system, “x2”, “y2” are the coordinates of the starting point in the local coordinate system, the
calculated scale factor is displayed in the “m” field, in the “ a "is the value of the angle of rotation [9].

Using the transition key shown in Figure 3, we perform the coordinate transformation, the results of
which are shown in Table 3.

Table 3 - Transformed coordinates of SGP points

Initial coordinate system of UTM Final coordinate system LCS Standart error

Payment
order N Point name N E Point name N E Vn Ve Vs

1 2 3 4 5 6 7 8 9 10
Points participating in determination of parameters
1 Pokrovka 4810726.660 |660950.703 | Pokrovka 18907.970 [2622.040 |0.017 |0.007 0.018
2 Nasosnyi 4803889.719 |662299.424 | Nasosnyi 12073.948 |3989.915 -0.008 |-0.028 |0.029
3 Pervomaiskaya | 4802656.158 | 656706.149 | Pervomaiskaya | 10824.730 |- 1600.680 |-0.008 |0.021 0.022

The proposed algorithm for calculating the parameters of the transition to the local coordinate system
is applicable only for this study area.

The results of the work revealed a number of problems in the state of the existing SGN in Almaty.
Based on the work done, a conclusion is made about the unsatisfactory condition of the existing geodetic
base of Almaty. This is also confirmed by the study of information from various works, the actual state of
network points, used coordinate and high-altitude systems, static GPS observations at points of the state
geodetic network (hereinafter - SGN) of classes 1 and 2, it was decided to make a large number of GPS
observations on points of the SGN in order to identify their suitability for use in the development of air
defense.

According to the measurement results, it was found that determining the relative position of the GHS
and the observed air defense points in terms of and especially in height within the tolerance is possible
only in small local areas.

The initial coordinates of the points used have marginal errors in terms of and in height of the relative
position and orientation. The use of reference stations of different companies located in the city of Almaty
was not used due to the fact that single reference stations in Almaty were determined by various methods
and their spatial position is heterogeneous, which does not contribute to high-quality high-precision
measurements. They are not suitable not only for the development of air defense, but also for the
production of topographic surveys at a distance of more than 10 km from the reference station, and
centering works for capital construction more than 3-5 km.
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Conclusion. Based on the foregoing, there is currently an urgent need to modernize the existing GHS
and create on its basis a new unified frame geodetic network in Almaty using satellite measurements.

Thus, the local coordinate system, to one degree or another, is characterized by the main
disadvantages:

- low and heterogeneous accuracy of the reference geodetic networks;

- the impossibility (due to operational restrictions) to effectively apply modern satellite technology in
the existing local coordinate system.

As a consequence of these factors, a complex of problems arises, without the solution of which the
operation of the local coordinate system is difficult, and sometimes impossible. The problems are related
to the need to determine with high accuracy the parameters of the transition from the local coordinate
system to the state system of geodetic coordinates SK-42. Coordinate errors of the reference geodetic
networks in the LCS, and often the unknown coordinates of the points of these networks in the SK-42
coordinate system, make this requirement quite difficult.

The solution to this problem is very complicated, because the errors of the old local geodetic networks
and the local coordinate system affect. Consequently, there is a need to modernize geodetic structures
(urban geodetic networks) and, on their basis, modernize the LCS of the city, provided that the
discrepancies in the catalogs of local coordinate systems and, accordingly, in the large-scale maps and
plans available, in engineering and legal documentation are minimized.

A. C. Ypazanues!, I'. M. Keiproizoaesal, C. M. Hypakbinos?

'Cor6aes YuuBepcureti, AnMarsl, Kasakcran;
2HMonocdepa unctutyThl, « ¥F3TO» AK, Anmarsl, Kazakcran

AJIMATBI KAJTACBIHA KOCBIJIFAH AYMAK MBICAJIBIHJIA
CIIYTHUKTIK TEXHOJIOTUSIJIAPJIBI TAVJIAJTAHA OTBIPBIII,
TEOJIE3USAJIBIK )KYUEHIH, KOOPJIUHATACHIH TPAHC®OPMAILUSIAY

AnHotanmsa. bByn wmakamama AJnMaThl KanacklHA KOCBUIFAaH ayMaKTapJarbl >KOOANbIK-OMIKTIK HEri3
MyHKTTEPIiHIETI CITyTHUKTIK OJIIey dfici KapacTeipeutansl. Kasakcran PecriyOmukacer [Ipesunentiniy 2014 sXbUTFBL
16 coyipaeri Ne 798 JXapnbireiHa colikec AMaThl KaJlachlHA Kanmbl ayaansl 23 200 ra, oHaa opHanmackaH 27 enmi
MEKEH JKOHE XaJIbIK CaHbl 92 MBIH aJlaMHaH acaThIH XKep ydJacKelepi KOCBUIIHL.

ATnMaThl KalachIHBIH ayMarblH YJIFAHUTy OHBI JaMBITy, KayilCi3AiK IMEeH KYKBIKTHIK TOPTINTI KaMTaMachl3 €Ty,
OHEPKACINTIK HH(PAKYPHUIBIMHBIH JKYMBIC ICTEYiH JKaKcapTy, Kipy MarucTpajbIapblH KEHEHTY, oJIeyMETTiK
00BEKTLIEP/Ti, aBTOBOK3AJAAPAbI CAly MAaKCATBhIHAA XKYPri3iieni. 3epTTey 00BbeKTiCi AJMAThl KAJACHIHBIH IIBIFBIC
mekapacbiHaarel aymarsl 4412,0 ra GonareiH Kescaii sxone Cyutycait aybuinapbl. XX - FacsipabiH 60 >kpuigapsl
a3ipieHreH AJMarhl KalachIHBIH JKEPTiTiKTI KoopauHara dxyieci (Oyman opi - JXKKOK) kamaHbl nambITyabIH
20-30 >KBULABIK JXKOCHAaphIHA FaHa ecenTenreH. Ka3ipri yakpITTa Kaja IIEKapachIHBIH OipHENIe peT KeHEHTimyiHe
OaitnanbicThl, KKK kaszipri 3amanayu omicTep/i maiganany Ke3iHAEri OJNIAp.bIH AQJIITiHe KOMBUIATHIH TajanTapra
kayan Oepmeiini [1].

Kpeno T'HCC GarmapmaManblK MakeTiH KOJMAAHY apKBUTBI CITYTHHKTIK T€OAC3HSIIBIK OIIeYJIep OHISN I, MYHIa
CIYTHHUKTIK TEONE3WsUTHIK ojmeyiiep MeH 3demeprnep Oactamkbl nepekrep 00imbl. CTaTHCTHUKANBIK CITyTHHKTIK
OIIIICyNIep MACPEeKTEepPiH HMIIOPTTaFaHHAH KeWiH KelleCli IYyHKTEp AapachlHAAFbl HETi3Ti CHI3BIKTAp ECemTeNIi:
Hacocupiii-Ke3puraiipar, Hacocubiii - ITokpoBka, ITokpoBka - Kemwiraiipar, Hacocubiii - IlepBomaiickas,
ITepBomaiickas - Ke3euraiipat, Ilepomaiickas - IlokpoBka. bazanslk eHneyaiH HeTi3iHAE >KacajAbl: OPBIHAAIFAH
GNSS emneynepiHiH camachlH KOPCETETIH HOTHXKEIEP/II KAMTUTBIH Oactamnkel chi30anbl exjey naparsl (OKK sxone
0a3aJIbIK 3JICMEHTTEPAIH KOBAPHUAIUSICHI ); SJUTUIICOMT OOMBIHIIIA KePi T'€0IC3UsIIBIK €CEIITI ISy KOJIBIMCH aJIbIHFaH
FapbiaiTarbl 6a3am>11< CBI3BIKTBIH Y3bIHJBIFbI KOHC eKi CTaHIYA apacblHAarbl SJUTUINICOUATHIK KallbIKTBIK, COHBIMCH
Kartap op Oa3anbIK CBI3BIK OOWBIHIAFBI HYKTENEp YIIiH KaOburmay craHimusuiapeiHelH WGS84  skyitecinaeri
KOOpAWHATANapAaH TYPATHIH HETi3r1 KOOPIMHATTAP ITapaFhl.

Bazanbik ecenrtey camachklH TEKCEpy JKOHE AYPHIC eMec MIemiMaepai KaObuigamay YIIiH HOJHTOHAAp JKENiHi
TEHECTIpy alIbIHAAa TYWBIKTANAB. ba3amblK CHI3BIKTApAbl OHAETCHHEH KEHIH JKEPCepiKTIK TeONe3WsUTBIK Keli
teHectipingi. GNSS xyitecinge Tyzery WGS84 KeHICTIKTIK T€OIEeHTPIIIK KOOPAMHAT KYHECIHIEe KYPri3iiai, Ty3eTy
HOTIDKENIEpl TaHJadFaH KOOpIWHATanap >KYHECiHIH NpOCKIMsIaHFAaH J>Ka3bIKTHIKKA oTeli. Ty3eTy HOTIKenepi
OOMBIHIIIA TEHECTIPINTeH BEKTOPJAPABI TY3ETY Typaslbl €cell JKOHE TEHECTIpUIreH HYKTelep KOOpAWHATTaPBIHBIH
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KaTaJorel kacanajapl. Ty3eTUIreH HYKTeNlepAiH KOOPAMHATTAPBIHBIH KAaTaJIOThl JKacal/pbl, KaTeliK 5 cM-JieH acKaH
Kp3puraiipat reoqe3usuIbIK IyHKTIH bl TaCTay Typabl HIeNIiM KaObUTTaH b

UTM 43N sxone KKXK apacsianarsl KoopauHaTagapabl TpacGopManysuiay napameTpiiepiH aHbIKTaya 3 MyHKT
kateickal Kpenmo TPAHCKOP Oarmapiamanblk MakeTiHAe SKyprizuimi. I3gey HoTwkesnepi Oo#bIHIIA ©THENI
napaMeTpiiep aHbIKTAJIbI: €H YJIKeH Kate - 28 MM; eH a3 kare - 7 mM; ConbiMeH Katap, UTM-feH &eprurikti
KOOpJHMHAT JXKYHECiHe aybICy IapameTpi XenbMepT TYPJCHIIPY 9[ici apKbUIbl aHBIKTajalbl. Ajaija, »Keprilikri
KOOpAMHATTAp KYHECIHE KOIy MmapaMeTpIIepiH ecenTey aJrOpUTMi TEK OCBI 3ePTTEY aliMarbIHIa KOJAaHBLUIA b,

Onmey HoTwkenepi OOWBIHIIA JKOCIAPAAFbl TEONC3HSIIBIK IYHKTEp MCEH OaKbUIAaHATHIH HYKTEIEPIiH
CANIBICTHIPMAITBl  TIO3WIISICEIH JKOHE OWIKTITIH aHBIKTAay TEK IIAFbIH ayAaHAapia MYMKIH eKEHIIT1 aHBIKTaJIbI.
JKorapbia aiiThUIFaHAapFa CyHeHe OTBIPBII, Ka3ipri Ke3/ie KOJAAaHBICTAFbl Te0Ie3HsIIbIK JKEITiHI XKaHAPTY HKOHE OHBIH
HETi3iH/le CIYTHHUKTIK OIIIEyIepIi KoJmaHa OTBHIPHIN, AJIMAaTHl KaJachIHBIH XKaHA OipbIHFAl Te0e3HsUTBIK JKENiCiH
KYPY K&XKETTLJIIr TybIHIAWIbI.

Tyilin ce3jep: >KeprijikTi KOOpIMHATA OJKYHeci, MEMJIEKETTIK TeO0Je3HsUIbIK MYHKTTEpP, CITyTHUKTIK
TEXHOJIOTHsIIAp, KOOPIUHATA TPaHC(HOPMALUSICHI

A. C. Ypasamues!, . M. Keiproiz6aesa', C. M. Hypakbinos?

I KasHUTY um. K. 1. CarmaeBa, AMaTsl,
2 UuctutyT nonocpepsr AO «HLIKHUT», Anmmarsl, Kazaxcran

MPEOBPA30BAHUE KOOPJIUHAT I'EOJIE3UYECKOM CETH
C HCNIOJIb30OBAHUEM CIIY THUKOBBIX TEXHOJIOI'MH
HA ITPUMEPE TEPPUTOPUMH, IPUCOEJUHEHHBIX K I'. AJIMATbBI

AHHoTanusl. B naHHOW cTaTke paccMaTpUBAaeTCsl METOJl CIyTHMKOBBIX H3MEpPEHMH Ha IMyHKTax IUIaHOBO-
BBICOTHOI OCHOBBI B IPUCOEIMHEHHBIX K ropofy Anmatsl Tepputopusx. B coorBerctBum ¢ YkasoMm I[Ipesunenta
Pecriy6mmkn Kazaxcran ot 16 anpens 2014 roga Ne 798 x ropogy AnMaThl IPUCOEANHEHB! 3€MeJIbHbBIE YYaCTKH C
AnmMaTtHHCKOH 06nacty odmielt miomaasio 23 200 ra ¢ pacnoiaoXKeHHbBIMU Ha HUX 27 TOCENeHUSIMH U YHCIEHHOCTHIO
HaceneHus 6oiee 92 Thicsd yenoBek [1].

YBenuueHne TeppUTOPHH TOpoaa AIMaThl MIPOBOAUTCS B IEISIX €0 Pa3BUTHA, 00eCHeUeHUs] O€30MaCHOCTH U
MIPABOIIOPSIZIKA, YIIydIIeHHS (PYHKIMOHUPOBAHUS TNPOMBIIUIEHHON HH(QPACTPYKTYPHI, PACIIMPEHUS BBE3THBIX
MarucTpaiei, CTpPOUTENBCTBA COLMATBHBIX 0OBEKTOB, aBTOBOK3aJI0B. OOBEKTOM MCCIIEJOBAHHUS SIBIAETCS BOCTOYHAS
rpaHuna ropoga Aiamarsl, 3emin ¢. Komnbcaii u c. Cymycaii, miomazpio 4412,0ra. CymiecTByromas MecTHasi CHCTEMa
koopauHaT (manee — MCK) ropoma Anmarel, paspabotanHas B 60 rombr XX-Beka, Oblia paccuutana Ha 20-30
JETHUH IUTaH Pa3BUTHA Topoja. B Hacrosiiee Bpemst B CBSI3M C HEOJHOKPATHBIM PACIIMPEHHUEM TPAHUI] TOpoja,
MCK He oTBedaeT TpeOOBaHHUSIM, NMPEABSIBISEMBIM K MX TOYHOCTH IPH HCIOJB30BAHUM COBPEMEHHBIX METOJIOB
HU3MEpeHuH.

C mnpumenenueM nporpammHoro kommuiekca Kpeno I'HCC Obuta BbImoiHeHa 00paOOTKa CITyTHHKOBBIX
Te0/Ie3NYECKIX H3MEPEHMH, TJe MCXOAHBIMH JAaHHBIMH ITOCTY)XWJIM CIYTHUKOBBIE T€0J€3MYECKHE W3MEPEHHUs U
a¢emMepuabl B hopMaTe CIIyTHHKOBEIX T€0JIC3NYECKUX MpHeMHUKOB Trimble.

[locne mMmopTa NAaHHBIX CTATUCTHYECKUX CIyTHHKOBBIX HM3MEPEHHMH pPacCUMTaHbI 0a30BbIC JMHUHM MEXIY
nynkrtamu [TTI: Hacocueiii - Kebuiraiipar, Hacocuslii - IlokpoBka, IlokpoBka - Kei3buiraiipar, HacocHslil -
[epBomaiickas, [lepBomaiickas - Ke3putraiipar, [lepBomatickas - [TokpoBka. Ha ocHOBe 00paOoTKH 0a30BBIX JIMHUHI
COCTaBJICHBI: BEIOMOCTH 00pabOTKM 0a30BBIX JHMHHH, KOTOpas COIEPKHUT pEe3yIbTaThl OTpakaollee KadecTBO
BeimosHeHHBIX GNSS-uzmepenwnii (CKIT 1 koBapuanuu 3JeMeHTOB 0a30BOM JIMHUM); BEAOMOCTh KOOPJAWHAT TOYEK
Mo 0a30BbIM JIMHUAM, COIEpIKaIIas KOopAuHATh B cucteMe WGS 84 craHiuil cTOSHUS MPUEMHUKOB TSI TOYCK I10
KaxJ0i 0a30BOii JIMHKUH, a TAKXKE JUIMHY 0a30BOW JIMHUW B NPOCTPAHCTBE M AJUIMIICOMIAILHOE PACCTOSIHUE MEXIY
JIBYMSI CTAaHLIMSIMH, TTOJY4E€HHOE MYTEM pellIeHHs] 00OpaTHON reo1e3n4ecKol 3a/1auy Ha JJIIMIICOUIE.

BeirosiHeHO 3aMblKaHKME TOJMIOHOB IEpejl YpaBHHBAaHMEM CETH Ui NMPOBEPKH KauecTBa pacueTa 0a30BBIX
JIMHUH 1 OTOPAaKOBKH TUIOXHX PELICHUH.

[Tocie 0OpaboTKM 0a30BBIX JIMHUK BBHINOJHEHO YpaBHUBaHHE CIyTHHKOBOHM reojie3mdeckoil cetu. B cucreme
I'HCC ypaBHHMBaHuE NPOU3BOAMIOCH B IPOCTPAHCTBEHHOH TreoLeHTpUuYecKkol cucreme koopauHat WGS84,
pe3ynbTaThl ypaBHUBAHUS pPEAyLMPYIOTCS Ha IUIOCKOCTh IPOEKIMH BBIOPaHHOM cucTeMbl KoopauHatr. Ilo
pe3ynbTaTaM ypaBHMBAaHHS COCTAaBICH BEIOMOCTh IIONPABOK YPABHEHHBIX BEKTOPOB M KaTaJol KOOPAMHAT
YpaBHEHHBIX IyHKTOB. COCTaBIICH KaTaJOr KOOPJMHAT yPaBHEHHBIX ITyHKTOB, ObIIO peleHo HCKIounTh myHKT ['TTI
"Kp3piaraiipar" B KOTOPOM MOTPEITHOCTH MPEBHIIIAT SCM.
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Omnpenenerne mapameTpoB ImpeoOpazoBanms koopamHaT Mexny UTM 43N u MCK ocymectBisiace B
nporpammaoM koMmiutekce Kpeno TPAHCKOP, raoe yuactBoBano 3 myHkra. Ilo pesymbraTaM moicka mapamMeTpoB
nepexoga BbIABJICHBI: HaI/I6OJ'lbLLIaSI IIJ1aHOBast omn61<a COCTaBJIACT 28 MM, HauWMMCHbIIAs ILJIaHOBas oum61<a
cocTaBiiieT — 7 MM; IIOMHUMO 3TOro, onpezaeneH napaMerp nepexojga u3 UTM B MecTHyHO CUCTEMY KOOpJHUHAT,
MPUMEHHUB MeTOo.I ipeobpazoBanus ['enpmepra. OQHAKO, MPEIIOKEHHBIN AITOPUTM pacyeTa MmapaMeTpoB Mepexoa B
MECTHYIO CHCTEMY KOOPJIMHAT, MPUMEHUM TOJIEKO JUTSI JAHHOTO UCCIICAYEMOTO YJIacTKa.

ITo pesynbraTaM W3MEpeHWIl BBIABICHO, YTO oOmpenaeicHue B3aumHoro mnojoxenus [TC u HabmromaeMmbIx
myHkToB [IBO B miaHe u 0cOOCHHO 1O BBICOTE B Ipeeiax JOIMyCKa BO3MOXHO TOJIEKO Ha HEOOJBIINX JIOKATEHBIX
wromansx. Mcxonsd w3 BEHIIIECKA3aHHOTO B HACTOAIIEE BpPEMsI CTOUT OCTpas HEOOXOOMMOCTh MOJIEPHH3AIUN
cymectBytomeid [TC u co3manms Ha ee 0a3e HOBOW €IUHON KapKACHOM T'€OHE3MYECKOW CeTH T. ANMATH C
HCTIOJIH30BAHUEM CITyTHUKOBBIX U3MEPEHUI.

KiroueBble cjioBa: MecTHasg CHCTeMa KOOPAMHAT, TOCYAapCTBEHHBIE I'€OJe3NYECKUE ITyHKTHI, CITyTHUKOBBIC
TEXHOJIOTHH, TTpeoOpa3oBaHUe KOOPANHAT.

Information about authors:

Urazaliyev A.S., Institute of Ionosphere, JSC NCSRT, Almaty, Kazakhstan, Head of Urban area modeling sector, PhD
doctor student; aset.urazaliyev@gmail.com; https://orcid.org/0000-0001-7444-2897;

Kyrgyzbayeva G.M., Kazakh National Research Technical University named after K.I.Satbayev, Almaty, candidate of
Engineering Sciences, assistant professor; guldana_km@mail.ru; https://orcid.org/0000-0002-4869-0587;

Nurakynov S.M., Institute of Ionosphere, JSC NCSRT, Almaty, Kazakhstan, head of the Cartography and GIS Laboratory,
PhD doctor student; nurakynov@gmail.com; https://orcid.org/0000-0001-9735-7820

REFERENCES

[1] Official Decree of the President of the Republic of Kazakhstan Internet resource 798 17.04.2014 of. About change of
borders of the city of Almaty of Https://kodeksy-kz.com/norm_akt/source-Prezident/type-Ukaz/798-17.04.2014.htm (in russian).

[2] Genike A.A., Pobeninsky G. G. Global satellite positioning systems and their application in geodesy. M.: Kazgeocentre,
2004. page 280. 355 pages (in russian).

[3] Poklad G. G., Gridnev S.P. Geodeziya: manual for higher education institutions. M.: Academic project, 2007. page 403-
412. 592 pages (in russian).

[4] The instruction for development of film-making justification and shooting of the situation and relief using GKINP
(GNTA)-12-004-07 GPS and GLONASS global navigation satellite systems, Astana, 2008. 79 pages (in russian).

[S] Basic provisions about the state geodetic and leveling networks of the Republic of Kazakhstan of GKINP
(GNTA)-01-020-09, Astana, 2009. 20 pages (in russian).

[6] Small beard, A. V. Creation and reconstruction of city geodetic networks on satellite technologies: geodesy /
A.V. Borodko, S.V. Erukov, G.G. Pobedinsky, H.K. Yambayev//Geodesy and cartography. 2004. No. 2. Page 10-12(in russian).

[7] Urazaliyev A. S., Kyrgizbayeva G.M. Development of the technique of determination of planned coordinates in the
local coordinate system of the city of Almaty//the Collection of works of the international scientific and practical conference "The
Innovation Technologies — the Key to the Successful Solution of Fundamental and Applied Tasks in Ore and Oil and Gas Sectors
of Economy of RK". Almaty, 2019. Page 1001-1005 (in russian).

[8] User's guide of the software of Credo of GNSS (in russian).

[9] User's guide of the software of Credo of TRANSKOR (in russian).

— 168 ——



ISSN 1991-346X Series physico-mathematical. 3. 2020

NEWS
OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

PHYSICO-MATHEMATICAL SERIES
ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.50
Volume 3, Number 331 (2020), 169 — 176

UDC 550.348; 550.385.4

Zhu. Sha. Zhantayev', G. Ya. Khachikyan',
S. A. Pulinets?, B.T. Zhumabayev!, N.S. Toyshiev!

"nstitute of lonosphere JSC "National Centre Research and Technology", Almaty, Kazakhstan;
Space Research Institute of the Russian Academy of Sciences, Moscow, Russia.
E-mail: admionl@mail.ru

RESEARCH OF VARIATIONS OF SEISMIC ACTIVITY
IN CONNECTION WITH VARIATIONS OF STRUCTURE
AND DYNAMICS OF THE EARTH'S RADIATION BELT

Abstract. For earthquakes with a magnitude of M>4.5 that occurred on the planet in 1973-2017 (more than
220 thousand events in accordance with the NEIC USGS seismological catalog), the values of the Mcllvine
parameter (L) indicating the distance of geomagnetic lines to the center of the Earth at the equator, expressed in the
radii of the earth are calculated, The histogram of the distribution of the number of earthquakes depending on the
parameter L showed a decrease in their number with an increase in L, but two intervals stand out against the trend:
3.3<L >3.7 and 2.1< L >2.25, in which the number of earthquakes is statistically significantly decreased / increased
relatively to the trend. Deviations are positively correlated with an decreased / increased population of these lines by
high-energy particles in the radiation belt. After the magnetic storms devastate the external electron belt with the
concomitant formation of rings of relativistic electrons in the inner magnetosphere around certain L, an increase in
seismic activity occurs at the base of these lines on the earth's surface, but with a delay of ~ 2 months. So, after a
magnetic storm on March 24, 1991, an additional radiation belt was formed around L =~ 2.6, and on May 30, 1991,
an M7.0 earthquake in Alaska occurred at the base of L = 2.69. After a magnetic storm on September 3, 2012, an
additional belt formed around 3.0< L< 3.5, and on October 28, 2012, an M7.8 earthquake occurred off the coast of
Canada at the base of L = 3.32. After a magnetic storm on June 23, 2015, a belt of relativistic electrons formed
around L = 1.5-1.8, and in September 2015 seismic activity significantly increased at the base of these geomagnetic
lines and it is interesting that at the same time on September 16, 2015, an M8.3 earthquake occurred in Chile, though
at the base of the lower geomagnetic line L = 1.12.

Key words: radiation belt, geomagnetic storm, earthquake.

Introduction. One of the areas of scientific research at the Institute of lonosphere of the National
Center for Space Research and Technology is the study of solar-terrestrial communications, including
solar-lithospheric communications [1-5]. Statistically significant correlations between variations of solar
and seismic parameters were established, but the physical mechanism of the correlations found has not yet
been developed. It is assumed that the Earth’s radiation belt can be one of the communication
intermediaries, since it is found the precipitation of charged particles along the geomagnetic line (L),
immersed in the earth's crust inside the region of the future epicenter [6-8]. Methods were developed for a
short-term forecast of strong earthquakes from the data on the precipitation of charged particles from the
radiation belt (Former USSR patent No. 1583906, IPC5 GO1VS5 / 00, 08/07/1990; patent of the Russian
Federation No. 1762644 MPKS5 G0O1V3 /00 /, 06/30/1994). However, in practice, these techniques are not
yet used. One of the reasons is that there is no statistically reliable information on the relationship between
processes in the lithosphere and the Earth’s radiation belt obtained on rather long series of experimental
data. This work aims to fill this gap to some extent.

Earthquake distribution depending on the value of the Mcllvine parameter. The Earth’s
radiation belt is mainly filled with electrons in the upper part and protons in the lower part. These particles
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undergo rotational and translational movements around and along geomagnetic lines in accordance with
the energy of charged particles [9]. Geomagnetic lines can be characterized by the Mcllvine parameter
(L), indicating (in terrestrial radii) the distance from the top of the line above the geomagnetic equator to
the center of the Earth [10].

Figure 1 - Meridional section of the Earth’s radiation belt with the Mc Ilvine parameter (L) from [9]

The studies were conducted according to the NEIC global seismological catalog (USGS)
(https://earthquake.usgs.gov/earthquakes/search). We used data on earthquakes with a magnitude of
M>4.5, recorded on the planet in 1973-2017 (more than 220 thousand events). For the epicenter of each
earthquake, the value of the parameter L. was calculated by the technique presented earlier in [11], which
uses the computer codes of the GEOPACK program [12]. Figure 2 shows on a logarithmic scale a
histogram of the distribution of the number of earthquakes depending on the values of the parameter L at
the epicenters.
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Figure 2 - Distribution of the number of earthquakes with M>4.5 recorded on the planet in 1973-2017
(more than 220 thousand events) depending on the Mcllvine parameter L

Figure 2 shows that the number of earthquakes decreases with increasing L, the observed trend (red
curve) can be approximated by the Lorentz equation:

Log N =Y, + (2A/m) [W /(4 (L - Xc)* + W),

where N is the number of earthquakes, L is the Mcllvine parameter, Yo = 0.91 £ 0.06; Xc = -1.36 £1.01;
W=3.25+1.38; A =57.4+43.7, with a correlation coefficient of R = 0.98, and a probability of P = 95%.
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Figure 3 shows the deviations of the number of earthquakes from the trend, where two horizontal
dash-dotted lines indicate the double standard deviation SD = 0.17.
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Figure 3 - Distribution according to the Mcllvine parameter of the deviation
of the number of earthquakes from the trend in Figure 1

In figure 3, two L-gaps (2.1 < L < 2.25) and (3.3 < L < 3.7) are distinguished, where positive /
negative deviations from the trend are statistically significant - exceed the 2SD level. Comparing figures 3
and figure 1, it is not difficult to understand that negative deviations in the number of earthquakes around
(3.3 <L £3.7) coincides with the region of the radiation belt around L. = ~ 3.5 (white color in figure 1),
which separates its internal and external parts and in which the population of magnetic lines by charged
particles is weakened. As for the positive deviations in figure 3 around of (2.1 <L <2.25), they fall in the
region in radiation belt around L = ~ 2 (red in figure 1), where the population of geomagnetic lines by
charged particles is the highest.

The dynamics of the radiation belt and seismic activity. The main source of disturbances in the
radiation belt are magnetic storms, and especially strong ones. Immediately after the onset of the storm,
the outer electronic part of the belt “inflates™ as it were, and begins to occupy not only the upper part of
the magnetosphere, but also its middle and inner parts. After a few days or weeks, the volume of the
electron belt is compressed, and after a few more days - weeks, it is restored to the state that was before
the magnetic storm. But, in the inner magnetosphere an additional belt of high-energy electrons is formed
around geomagnetic lines with smaller L, which can exist for several days up to a year or more [13-17].
Such an effect was first discovered after a strong magnetic storm that occurred on March 24, 1991. At this

time, the CRRES satellite was located on the geomagnetic shell L = ~ 2.6 and its instruments detected
powerful fluxes of electrons with E ~ 15 MeV and protons with E ~ 20-110 MeV [18]. These flows
formed a new (additional) radiation belt around L = ~ 2.6, which lasted about two years and was observed

also by the MIR orbital station [9]. Figure 4 shows a histogram of the number of earthquakes with M>4.5
at the base of L = 2.5 - 2.7 in different months of 1991. We see that the largest number of earthquakes
occurred in May, that is, approximately two months after the start of the magnetic storm. The strongest in
this situation was the M7.0 earthquake in Alaska, which occurred on 05.30.1991 at 13.29 UT with the
coordinates of the epicenter 54.57° N, 161.61° E at the base of the magnetic line L = 2.69, which belongs
to the new radiation belt.
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Figure 4 - A histogram of the number of earthquakes with a magnitude
of M>4.5 that occurred on the planet at the base of geomagnetic lines L = 2.5 - 2.7 in different months of 1991

During the operation of the Van Allen Probes satellites (2012-2019), two very bright cases of the
formation of new radiation belts after geomagnetic storms were recorded [14, 16]. In both cases, there was
an increase in seismic activity at the base of the geomagnetic lines of the new radiation belts, also with a
delay of about two months [19]. So, after a magnetic storm on September 3, 2012, an additional belt of
relativistic electrons formed around 3.0 <L < 3.5 [14], and on October 28, 2012, a strong M7.8 earthquake
occurred off the coast of Canada with coordinates 52.79°N, 132.1°W at the base L = 3.32, which falls
precisely on the center of the newly formed radiation belt. Also, it was shown in [16] that after a magnetic
storm on June 23, 2015, a new belt of relativistic electrons formed around L = 1.5-1.8 (figure 5). Analysis
of seismic data in regions penetrated by geomagnetic lines L = 1.5-1.8 showed (figure 6) that their number
increased significantly in September 2015, which again shifted by a couple of months relative to the
beginning of a magnetic storm.
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Figure 5 - Distribution over time and geomagnetic lines of the average daily values
of the electron flux with E = 1.06 MeV from April 2013 to September 2016 from [16]
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Figure 6 - The number of earthquakes with M>4.5 that occurred at the base
of the geomagnetic lines L = 1.5-1.8 in each month from January 2015 to April 2016

In figure 5, the arrow below marks the date of the very strong M8.3 earthquake that occurred in Chile
on September 16, 2015 with the coordinates of the epicenter 31.57°S, 71.67°W. On average, only one
earthquake with a magnitude of 8.0 or more occurs annually on the planet. Interestingly, in 2015, the time
of the occurrence of such an event was timed to coincide with the period of development of the additional
radiation belt after the geomagnetic storm, although on the lower geomagnetic line L = 1.12. We can add
that this case is not an isolated one, a similar situation occurred after the strongest geomagnetic storms in
late October — November 2003 (Halloween Storm), which resulted in the formation of a new belt of
relativistic electrons at L.<1.5 [13], which lasted more than a year. During this period, three major
earthquakes occurred on the planet in a very short period of time (December 2004 - March 2005). They
are: M8.1, December 23, 2004; M9.1, December 26, 2004; and M8.6, March 28, 2005.

Conclusion Data on earthquakes with M>4.5 that occurred on the planet in 1973-2017 (more than
220 thousand events) demonstrate a statistically significant increase / decrease in their number at the base
of geomagnetic lines with enhanced / weakened population of charged particles in the radiation belt. The
process of emptying the external electronic radiation belt by a geomagnetic storm, followed by the
formation of a new (additional) radiation belt in the inner magnetosphere is accompanied, after about two
months, by an increase in seismic activity at the base of the geomagnetic lines of the new radiation belt.
The results may be considered as a factual material for the development of the physical mechanism of
solar-terrestrial, including solar-lithospheric relationships.

K. 1. Kantaes!, T. S. Xaunksn', C.A. Iysnnen?, B.T. Kymaoaes', H.C. Toiimnen’

"Nonocdepa uncruryter, «¥F3TO» AK, Anmatsl, Kazakcran;
2PT'A FapbIluThIK 36pTTeysep HHCTHTY T, Mackey, Peceii

KEPAIH PAIUALSIBIK BEJIIEYJIEPIHIH JUHAMHUKACBI MEH BAPUALIUSLTIAPBIHBIH
K¥PbUUIBIMBIHA BAUJIAHBICTBI CEUCMUKAJIBIK BEJICEHAIJIIK BAPUALIUAJIAPBIH 3EPTTEY

AnHoTanusi. JKyMBICTBIH MaKCaThl-HETI3ri CEHCMOTEKTOHHMKAJBIK Oeljieyjep MEH JKepHAiH paauallisuIbIK
OenneyiHiH KYpbUIBIMBL JKOHE [MHAMHKACBl apachlHAAFbl COMKECTIK JopexeciH aHbIKTay. OpOuTanbiK
cranuusuiapeingarel  Camor-6, xacannmsl kepcepik Mereopnarei MUP, OREOL-3, Intercos-Bulgaria-1300,
GAMMA, SAMPEX, Demeter acnantapbIMeH aJIbIHFaH HOTIHKEJIEpAl Heri3re aja OThIPBII, KYILTI )Kep CUIKiHICIHeH
OipHewie carar anjblHIA OOoNalaK SIULIEHTP ayAaHbl 1IIH/E )Kep KbIPThIChIHA THEITCH F€OMAarHUTTIK KYII CBI3bIFbI
(L) OoitbiHaarsl paguanysuiblK OSNAIKTEH 3apsATaraH OelIeKTep Terilyli MyMKiH ekeHiH kepcerti [6-8]. byn
HoTmkenep OypeiHFbl KCPO-na marentrep OepiireH paguanisuiblK OSNMIKTEH OKTaiFaH OeJIeKTepIiH Terityi
Typajibl JAepekTep OOMbIHIIA KYIUTI JKep CUIKIHICTEpiHIH OpHBI MEH YaKbITBIH KbICKa Mep3iMai OoinkayablH
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93ipJIeHTeH dmicTeMeNepiniy Herisine amsiHapl: Ne 1583906, MITKS G01V5/00, 07.08.1990 sk, an keiinHen Peceit
Oenepanmsaceinga: Nel762644 MIIK 5 GO1V3/00/, 30.06.1994 k. Anaiina, ic xy3iHme Oy omicremenep om ae
naijananplIMaiipl, cebedi ceCMUKANBIK OeNCeHIUIIKTIH arbIMAarbl BapUalusulapbl MEH KepIiH paaualusIIbIK
Oenyeyi apachbiHIaFbl COUKECTIK JOpPEKeCi Typasibl HAKThl TYCIHIK koK. JKoro yuriH, keiibip aspexene, ockl 60C OpbIH
L mapamerpiHiH MoHIepi OOWbIHINIA >Kep CUIKIHICTEpiHIH CaHblH 0y rucrorpammach! ajbiHabl. On yurin 1973-
2017 »ok. rutaHetrana opbelH anFaH M>4.5 marnurtynacel 6ap xep cuikinicrepi ymrin NEIC (USGS) sxahanapik
CeMCMOJIOTHSUIBIK KaTalOTbIHBIH AepeKTepi nainanansuiasl (220 MbIH OKuFa). OpOip SMHULEHTP YIIIH XaJIbIKapabIK
reoMarauTTi epictiy aHsikTamManslk Mojenid (IGRF) xxone GEOPACK GarmapiaMachIHBIH KOMITBIOTEPIIIK KOATAPBIH
KOJIJaHy apKeUTBl L mapamertpidin MoHI ecentenred [12]. Marautyzaace 4.5 jkoHe ofaH J1a KO JKep CLIKiHiCTepiHiH
Tapaiy THcTorpaMMmachl L mapaMeTpine OaimaHBICTHI ONApIBIH CaHbl L yIrFaropIMeH azaiiraHbsiH kepceeTTi (L MoHzepi
TOMEHT1 reorpadusUTBbIK €HIEPICH JKOFaphI, all JKep CUIKIHICTepiHiH CaHbl €HAIKTIH YIFAIOBIMECH a3alaThIHBI OCTTiM).
baiikanarein Tpena R=0.98 xoppensinus koadduimenti 6ap JlopeHn TeHaeyiMeH anmpoKCHMAaNUsUIaHybl MYMKIH.
CoHbIMEH Karap, THCTOIpaMMa TPEH.T asChiHAa eKi L-apasbIKTeiH OesmmiHeTiHiH kopceTti: 3.3< 1 >3.7 xone 2.1< 1 >2.25,
OHJIa JKep CUIKIHICTEpiHIH CaHbl CTATHCTUKAJIBIK XaFbIHAH TPEH/IKE KaThICThI €19yip TOMEHICTeH/)KOFapbliIaraH, Oy
KEpIiH paAvalMsUIbIK OenjeyiHle OChbl T€OMAarHUTTIK CBHI3BIKTAp/AbIH TOMEH/>KOFapbl KOHBICTaHYbIMEH OH
OaiinanbicThl. Pajmaumsuiblk Oenjeyne 3apsaTaiFaH OeJIEKTEPMEH KOHBICTaHY THIFBI3JIBIFBI KOFApPhl I€OMarHUT
XKeJIJIepiIMeH HOeMIpJIEHTeH CeHCMUKaIIBIK OEJICeH/l OHIpiiepAe CEHCMHKAJIBIK OENCEeHIUIIK apTThl, al KOHBICTAHy
TBHIFBI3ABIFBl @3 T€OMArHUT >XKeJJIepiMeH HOMIpJIEHIeH OHipiieple CeHCMUKaIbIK OElICEeHIUIIK TeMeHJenl AereH
KOPBITHIH/BI Jkacaiasl. Panmanms OenpeynepiHzeri ITUHAMHKAJBIK IPOLECTEPAiH CEHCMHUKAJBIK IPOIECTEPMEH
OaitmanpiceiH  3eprrey ymiH CRESS, SAMPEX xone Van Allen Probes cmyTHHKTEepiMEH ajibIHFAaH >KOHE
JKYMBICTApJaFbl TEOMAarHUTTI JaybUINaH KEHiHTI paguanusuiblk Oenjey KYPBUIBIMBIHBIH JIpaMaiblK e3repicTepi
Typansl AepekTep KoimaHeUInsl [13-18]. [IpamaTw3M-reoMarHUTTI Naybul OacTajqfaHHAH KEHiH pENSITUBUCTIK
JJIEKTPOHAAPMEH KOHBICTAHFaH paJualusiIblK  OenfeyaiH ChIpTKbl  Oemiri  "ypieHeni" JkoHE  IKOFapFbl
marHutocepaHbl FaHa emec, ertmnelni Kabarthl (slot region) ananpl. BipHemie carartaH KeifiH (KYH) SJIEKTPOHIBIK
Oenyiey KbIChbUIabl, COIaH KeiliH OipHele KYHHEH KeiliH — TeOMarHuTTi IayblIFa AeHiH KarblHa Kenrtipiieni. bipak
COHBIMEH KaTap, ilki mMarHutocdepana L mapamerpiHiH a3 MoHI 6ap reOMarHMTTIK CBHI3BIKTApJIbIH aifHaJIachIH/AA
PENIATUBHUCTIK AJIEKTPOHAAPAaH KOChIMINA OCIZey KaJIbITaca bl 0 OipHEIIe KyHHEH Oip JKbUIFa JCHIH JKOHE OJlaH
Jla Kem eMip cype anmajabl. AjFair pet MyHaai ocep 1991 xbuiasiH 24 HaypbhI3bIHIA T€OMArHUTTI MAybUIAaH KeHiH
CRRES [18] xone opourtansik cranuuscsl "MUWP" [9], xepcepikrepinae Tipkemnai, *kaHa (KOCBIMINA) PaauaysIIbIK
oemney L=~2.6 TeoMarHWTTI CHI3BIK aifHATAaChIHAA KajblNTacKaH Ke3ne. CelCMONOTHSUIBIK ACPEKTEpAl Talaay
TEOMAarHUTTIK CBHI3BIKTApPMEH HeMipieHreH eHipnepae L=2.5-2.7, xep CUIKiHICTepiHIH caHbl ~2 aiiaH KeWiH ain
1991 xerer 30 MaMBIpia aWTapibIKTall OCTI, KaHA pagHalUsUIbIK OCNIiKKe jKaTaThlH L=2.69 reoMarHuTTi Kemi
HeriziHme Amsackama M=7. 0 xep cinkinici opbiH anmel. 2012 XeUiablH 3 KBIPKYHETiHAE T€OMAarHUTTI AaybUIIAH
kerlin "Van Allen Probes" xepcepikrepi 3.0 < L < 3.5 [14] reoMarHuTTi >KeNiJepAiH aiHANACBIHIA KOCHIMIIA
pamuamsuislK Oenaeyni Tipkexi, an 2012 xpuinsiH 28 Ka3aHBIHAA ~2 ail ©TKEH COH jJKaHa pagualusuIblK Oemmeyre
xararbiH L=3.32 nerizinge Kanana sxaranayeinaarbl kymri M=7.8 xep cinkinici 6omnasl. ['eomaruutti Jaybuiian
keiin 2015 oxburrbl 23 maycbiMaa L=1.5-1.8 reoMarHMTTI CBHI3BIKTap/bIH ailHalachlHAA PEJISTUBHCTIK
AJIEKTPOHAAPIBIH KaHa Oes/Ieyl KaJbIITacThl, &l OCHI CHI3BIKTAPIBIH HETI3IHIAC CEHCMHKAIBIK OCIICCHIUTIK TEeK
2015 KbUTIbIH KBIPKYHEriHe JIeHiH FaHa eH XKOFapbl JICHIelre )eTTi. AJIBIHFaH HOTIKeNepAl KYH-Kep, OHBIH ilIiHae
KYH-uToCQepaiblK OailaHblcTapAblH  (DM3UKAJIBIK MEXaHM3MIH 93ipyiey YIIIH HakThl MaTephal peTiHje
KapacTeIpyFa 60Jaibl.
Tyiiin ce3nep: pagnanusuIbIK Oenzey, reOMarHuTTI AaybUl, XKep CUIKIHIC]

K. LI XKantaes!, I'. SI. Xaunksan', C.A. Ilyaunen?, B.T. XKymabaes' , H.C. Toiimues'

"Mucturyr monocdepsr AO « HIIKUT», Anmarer, Kazaxcranm;
2MHCTATYT KOCMUYECKHX uccaenoBannii PAH, Mocksa, Poccus

UCCJIEJJOBAHUE BAPUALIMII CEUCMHUYECKO AKTUBHOCTH
B CBSI3U C BAPUALIUSIMU CTPYKTYPBI U IUHAMUKU PAJJUALITMOHHOI'O MMOSICA 3EMJIA

Annotanus. Llens paGoTbl — ONPENENUTh CTENEHb COOTBETCTBUSI MEXKIY CTPYKTYPOH M TMHAMHUKON OCHOBHBIX
CEMCMOTEKTOHNYECKUX TOSICOB M paJualMoHHOro mosica 3emuu. IlocTaHOBKY 3amaun OOYCIIOBMIIM PE3YJNIBTaThl,
MOJyYeHHbIE TMpuOopamMu Ha OpOuTambHBIX cTaHousx Camor-6, MUP ma HC3 Meteop, OREOL-3,
INTERCOSMOS-BULGARIA-1300, GAMMA, SAMPEX, DEMETER, koTopble Mmoka3ajii, 4TO 3a HECKOJIBKO
4acoB Mepe]l CHIIBHBIM 3eMIICTPSICEHHEM MOXKET IPOUCXOANTH BBICHIIIAHNE 3aPSHKEHHBIX YaCTHUIl U3 PaJHAlIOHHOTO
Mosica BJOJIb I'€OMAarHUTHOW CWIOBOM JMHHM (L), TOTpY)XEHHOW B 3E€MHYIO KOpY BHYTpH paiioHa Oymyuiero
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snuneHTpa [6-8]. DTH pe3ynbTaThl JETIH B OCHOBY Pa3pa0dOTaHHBIX METOIHK KPaTKOCPOYHOTO MPOTHO3a MecTa M
BPEMEHHU CHJIBHBIX 3EMJICTPSICEHUH 1O JaHHBIM O BBICHIIIAHUM 3aPSKEHHBIX YAaCTHUI] U3 PAIUALIMOHHOTO 1105ICa, HA YTO
Obutt BeIZaHbl mareHThl B ObiBmieM CCCP: Ne 1583906, MITIKS G0O1V5/00, 07.08.1990r, a morom B Poccuiickoii
Oenepaunu: Nel762644 MIIKS GO1V3/00/, 30.06.1994 r. Onnako, Ha NpPaKTHKE 3TH METOAMKU IIOKAa HE
UCIIOJIB3YIOTCS M OTYACTH 110 TOM NMPUYKHE, YTO HET YETKOTO MOHMMAaHHS O CTEIICHHU COOTBETCTBUS MEX/Y TEKYILIUMHU
BapUalMsIMH CEHCMHUYECKOH aKTHBHOCTH M PaJAMAllMOHHOTO rosca 3eMin. s ycTpaHeHus, B HEKOTOPOH CTENeHH,
JTAaHHOTO TIpo0eia MMojly4eHa rHCTOrpaMMa paclpeielIeHns] KOJIMYeCTBa 3eMIISTPSICEHUH 110 3HaYeHHUsIM napameTpa L.
Jis sroro OBUTM WCIOJNB30BaHBl JAHHBIE TJI00ambHOrO ceiicmonornueckoro kartamora NEIC (USGS) mns
3eMJIeTpsICeHni ¢ MarHuTymo M>4.5, mpom3omenmux Ha toraHere B 1973-2017 rr. (6omee 220 ThICSY COOBITHIA).
JUis KaXZoro SmumeHTpa OBUIO pacCUMTaHO 3HA4YEHHE Iapamerpa L C HCHONB30BaHMEM MEXKIYHAPOAHON
cupaBouHoil Mogmenu reomarautHoro moisd (IGRF) m xommerorepHeie komel mporpammbsl GEOPACK [12].
I'ucrorpamma pacnpeeneHus KOJHYeCTBa 3eMIICTPACEHUI ¢ MarHUTy1oi 4.5 1 0oJiee B 3aBUCMOCTH OT NapameTpa
L mokasama, 4TO MX KOJIMYECTBO YMEHBIIAETCSI C yBEIWYEHHEM L (3Ha4eHUs L yBEIMYMBAIOTCS OT HU3KHX
reorpaMuECKUX MIHPOT K BBICOKMM, a KOJIWYECTBO 3€MJICTPSICEHUH, KaK M3BECTHO, YMEHBINACTCS C YBEINYECHHEM
mmpotel). HaOiromaemblii TpeHI MOXKET OBITH ammpOKCHMHUpPOBaH ypaBHeHHeM JlopeHma ¢ KO3 QHUIUEHTOM
koppemsiiun R=0.98. OpHOBpeMEHHO, THCTOrpaMMma I[OKasajia, 4YTo Ha (OHE TPEHIA BBIACIIIOTCS JBa
L-pomexxyTka: 3.3< L >3.7 u 2.1< L >2.25, Ha KOTOpPBIX KOJUYECTBO 3€MIIETPACEHHH CTaTUCTHUYECKH 3HAUYUMO
TIOHI>KEHO/TIOBBIIICHO OTHOCHUTENIBHO TPEHId, YTO IOJIOXKHUTEIbHO KOPPEIUpPYET C IOHWKEHHOM/TTOBBIIIEHHON
3aCeJICHHOCTBIO 3THX T'€OMarHUTHBIX JIMHUH 3apsDKEHHBIMH 4YacTUIAMH B pajnandoHHOM nosice 3emun. CaenaH
BBIBOJI, YTO B CEHCMOAKTHUBHBIX PETMOHAX, MPOHW3AHHBIX T€OMAarHUTHBIMH JIMHUSIMA C BBICOKOH IJIOTHOCTBIO
3aceNIeHns 3apsHKEHHBIMU YacTUI[AMHU B palHalliOHHOM T0sIce, ceficMUUecKas akTHBHOCTh MTOBBIIICHA, a B PETHOHAX,
MIPOHN3AHHBIX T€OMAarHUTHBIMA JINHUSAMH C MaJIOW IUIOTHOCTBIO 3aCEJICHUs, CeiCMIUYecKash aKkTHBHOCTH ITOHMKEHA.
Jlnist nccnenoBaHys CBA3M JUHAMHYECKUX MPOIECCOB B PAJANAIIMOHHOM MOSACE C CEHCMHYECKUMH TIpOLieccaMy ObLIN
UCTIONIb30BaHbl JAaHHBIE O IPAaMAaTHYECKHX M3MEHEHUSIX CTPYKTYPbl PaJHallMOHHOTO IOsiCAa IOCIE F€OMAarHUTHBIX
Oypb, nonyuennsie cnytHukamu CRESS, SAMPEX, u Van Allen Probes u neranbHO NpoaHaln3upOBaHHbIE B
paborax [13-18]. JIlpamaTu3m 3akiroyacTcs B TOM, YTO IIOCJIE€ Hadajda TCOMArHUTHOW OYypH BHEIIHSS 4YacTh
panualMoHHOrO MOsCa, 3acejeHHas PEISTUBHCTCKHMHU 3JIEKTPOHAMH, «Pa3[yBaeTcs» W HAauWHAET 3aHUMATh HE
TOJILKO BEPXHIOW MarHurocdepy, HO M mepexomHblii cioil (slot region). CmycTs HECKOJNBKO YacoB (IHEH)
SJIEKTPOHHBIH MOSIC CXKUMAETCSI, @ 3aTEM CITyCTS ellle HECKOJIBKO JTHEH — BOCCTaHABIMBAETCS 10 COCTOSIHUS, KOTOPOE
Obut0 0 reomarHuTHOW Oypu. Ho mpum 3TOM, BO BHyTpeHHEH MarHurocdepe BOKPYr I€OMarHMTHBIX JIMHHUH C
MaJIbIMHU 3HaYE€HHUSMH rapamerpa L popMUpyeTcs DOMOIHUTEIBHBIH MOSC U3 PEISITUBUCTCKUX 3JIEKTPOHOB, KOTOPBIN
MOJKET CYIIECTBOBATh OT HECKOIBKHUX THEH Mo roja u Oonee. Brepsrie Takoit 3¢pdekt ObLI 3apeTUCTPHPOBAH TOCIIE
reoMarauTHOH Oypu 24 mapta 1991 1. ciyrankom CRRES [18] u opburansnoii ctanmueit « MUP» [9], koraa HOBBII
(IOTIOJTHUTENBHBIN) PaIUAIMOHHBIN TTOSIC c(HOPMHPOBAIICS BOKPYr TEOMAarHUTHOH nuHMM L = ~2.6. AHamu3
CEeHCMOJIOTHYECKUX JIaHHBIX I[IOKAa3ajl, YTO B PETHOHAX, MPOHW3aHHBIX T€OMarHWUTHBIMH JMHUsMUA [=2.5-2.7
KOJIMYECTBO 3eMJIETPSICEHUN 3aMETHO MOBBICHIIOCH CIycTs ~2 Mecsa, a 30 mas 1991 r. nmpowusonuio cuiapHOe M7.0
3eMJIeTpsiICeHHEe Ha AJIICKe B OCHOBaHHHM F€OMarHUTHOH JuHMN L=2.69, nmpuHamIexael HOBOMY paaHalliOHHOMY
nosicy. [locne reomarnutHoi Oypu 3 cenrsiops 2012 r. cnytHuku «Van Allen Probesy» 3aperucrpupoBaiu
JIOTIOJTHUTEIIBHBIN pajualloOHHbIN MOsC BOKPYr reoMarHuTHeIX JauHuN 3.0 < L < 3.5 [14], a cnycts ~2 Mmecdna
28 okTsa0ps 2012 r. mpomsomwto cwibHoe M7.8 3emuerpsicenue y mnoOepexkbsi Kananel B ocHoBanmm L[=3.32,
NpUHAUIeKAIIE HOBOMY paauanMoHHoMy mosicy. Ilocne reomarnutHoit Oypu 23 mrons 20151 cdopmuposacs
HOBBII MOSIC PENATUBUCTCKUX JJIEKTPOHOB BOKPYI TIeOMarHuUTHbIX juHui L=1.5-1.8 [16], a celicMuueckas
AKTHBHOCTb B OCHOBAHHMHM 3THX JMHHUH IOCTHIJIA MAKCUMAJIBHOTO YPOBHS TOJIBKO K ceHTs0pro 2015 r. IlomyuenHbie
pe3ynbTaThl MOXKHO paccMaTpuBaTh Kak (DaKTHYECKHH Marepuan aias pa3paboTKH (HU3MYECKOrO0 MEXaHH3Ma
COJTHEYHO-3€MHBIX, B TOM YHCIIE, COTHEYHO-INTOC(EPHBIX CBA3EH.
Ki1roueBble cji0Ba: painaoHHbIN MOSIC, TEOMAarHUTHAs Oypsi, 3eMJIeTPsICEHHE.
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SCIENTIFIC AND METHODOLOGICAL BASES OF GPS MONITORING
OF INTENSIVE MOVEMENTS OF THE EARTH'S CRUST
IN THE EARTHQUAKE-PRONE REGIONS OF KAZAKHSTAN

Abstract. Over the past 40 years, the damage caused by natural disasters in the world has increased 9 times, and
their frequency 5 times, while the growth rate of economic damage from natural disasters exceeds the growth rate of
industrial production. Disasters that have occurred in recent years are characterized by a large number of people who
died at the same time. In this regard, the decisions of the United Nations, other international organizations and the
law of the Republic of Kazakhstan emphasize that governments, international organizations and scientific institutions
should be included in the fight against disasters, where Kazakhstan is no exception to the global patterns of
emergencies and their negative impact on the social sphere and the environment. Over the past hundred years,
destructive and catastrophic earthquakes have occurred in the seismically active territories of Kazakhstan, such as
Vernensky (1887), Chilik (1889), Keminsky (1911), the latter, two of which are the strongest in the continental part
of Eurasia for the whole history of observations. The occurrence of such seismic catastrophes in the future is very
likely and is a consequence of the previous stages of the geological development of the region and its current
geodynamic position. All this indicates the need to study the manifestations of geodynamic processes, identify
precursors of seismic activity.

Key words: earth's crust, earthquake-prone areas, GPS monitoring, velocity rates.

Introduction. Over the past twenty years, GPS technology has become one of the main in the study
of modern slow movements of the Earth's surface, as having the highest sensitivity for large areas and
providing acceptable accuracy in determining speed parameters. Among the scientific and technical
problems solved by the world community in the direction of geodynamic GPS monitoring are the
following main tasks of the study: - determine the quantitative parameters of modern territory movements
and the sources of modern geodynamic activity; - study the basic geodynamic factors that determine
dangerous natural processes; - study the destructive zones of the lithosphere: fault structure, stress state; -
study the seismic processes in the zones of modern geodynamic activity of the lithosphere; - highlight the
patterns of temporal variations of natural processes as a basis for their prediction; - develop preventive
measures to reduce the risk of natural disasters.

When studying modern geodynamic processes throughout the country on the basis of a system of
high-precision satellite GNSS measurements, it is necessary to adapt the incoming data to the solution of
geodynamic problems and thereby ensure seismic safety in the study area, which justifies the choice of
research direction. The presence of experimental GNSS data, coupled with a sufficient density of the GPS-
observation network, allows us to study in detail the deformation processes of the earth's surface at various
spatial-scale levels in Kazakhstan.

Detailed networks for monitoring the seismic activity of the region. The territory of the Northern
Tien Shan can serve as a test site for the development of a methodology for monitoring and studying
modern geodynamic processes in Kazakhstan based on high-precision GPS observations. The North Tien
Shan seismically active zone is clearly traced in the latitudinal direction along the ridge. Kyrgyz, Zailiysky
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and Kungei Alatau epicenters of strong earthquakes. They reach the highest density in the longitude range
from the 73rd to the 79th meridian, where the focal zones of the strongest earthquakes Keminsky in 1911
(M = 8.2) and Chiliksky in 1883 (M = 8.3) fall [6].

Since 1993, many years of research on the study of modern movements in the Northern Tien Shan
were carried out as part of the International Project with the participation of specialists from the
Massachusetts Institute of Technology, specialists from Kyrgyzstan and Kazakhstan [7]. In addition,
starting in 2009. The Tonosphere Institute and the Institute of Seismology implemented the work on the
deployment of a regional network consisting of 11 GPS stations (figure 1). These stations are used for
continuous observations in the foothills of the Ile Alatau in the zone of a possible earthquake with a
magnitude of 9 points, which makes it possible to evaluate seismic activity in the on-line mode.

Figure 1 - Location of local GPS stations in the Northern Tien Shan

In 2013, Leica Geosystems [8] deployed a network of 30 differential GPS stations throughout
Kazakhstan, designed to solve geodetic tasks in construction and other areas of the national economy. In
addition, in 2015, a network of 19 GPS stations with the same purpose was deployed in Kazakhstan by the
efforts of the Trimble company [9]. These stations are located in the largest centers and cover 80% of the
territory (figure 2).

A o
-
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Figure 2 - Network of GPS stations “Leica Geosystems Kazakhstan” and “Trimble”
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Technique for processing GPS measurements with the GAMIT / GLOBK software package.
Currently, there are several software designed for the primary processing of GPS data. According to the
results of a comparative analysis of software such as GIPSY / OASIS II [10], The BERNESE GPS
software [11] and GAMIT / GLOBK [12], the research team came to the conclusion that all of the above
software systems have good technical characteristics. However, with a detailed comparison of software
products for processing GPS data, one can see several advantageous differences between GAMIT /
GLOBK and other software [13]. The GAMIT / GLOBK software package is a non-commercial software
product that is implemented free of charge for the scientific community. For this project, GAMIT /
GLOBK was obtained from the site [14] of the Massachusetts Institute of Technology (MIT) in the USA.
The GLOBK program [15] combines the daily coordinates of stations into long-term time series, checks
the time series to identify and remove outliers, stabilizes the optimal coordinate solution with the
construction of a time series of component values, and calculates displacement rates. The final GLOBK
result is an “org” file that contains all the information for time series and speeds with the construction of a
confidence ellipse. Based on the data obtained, using the graphic package GMT [16], time series of
coordinate changes are constructed with daily discreteness for three components (North, East, Up) for
each GPS station. The diagram below demonstrates the full cycle of complex processing of GPS
measurements (figure 3).

Receiving and : .

comeringofRiges: > oS i

files from the

international and '

regional servers v v “ Theanalysis | Statistical
Loading and for- Preprocessing of th_e » analysis of
mingoftablesof »  ofdata 2 received time series
errors, ephemeridae, % " "
nutation parameters, Obtaining T Neleas

e AR
A A

Analysis of ’ Creation of < | Development
final data trends of the software

Figure 3 - Technological scheme of the GPS data processing

At each stage, intermediate results are output that can serve to assess the accuracy of the processing
quality. The format of the output data is described in the manuals for the use of programs [12]. The final
results of the primary processing are the following data: - the coordinates of the observation points and
their errors for each processed day; - graphs of changes in the coordinates of observation points for
3 components with different discreteness (starting from the day); - the speeds of individual points and their
errors in the form of tables; - maps of the field of velocity vectors of the earth’s surface at various spatial
scales.

According to the developed GPS data processing technique, primary data processing was carried out
according to the results of observations for 2010-2017 at 11 regional stations of the Northern Tien Shan.
GNSS stations are additionally included in the processing for the purpose of referencing and equalizing
the coordinates of local stations in the global network. A catalog of the coordinates of GPS stations
included in the processing for 2010-2017 was compiled in the EURAOS reference system (table).
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The final table of speeds relative to the Eurasian continent for 2010-2017

SUMMARY VELOCITY ESTIMATES FROM GLOBK Ver 5.201
E & N Rate E & N Adj. E & N +- RHO H Rate H adj. +- SITE
(deg) (deg) (mm/yr) (mm/yr) (mm/yr) (mm/yr)
4.52 3.05 4.52 3.05 1.35 1.45 -0.008 7.81 7.81 2.72CHLK
2.17 4.59 2.17 4.59 1.43 1.47 -0.035 1.54 1.54 3.47 TURG
-0.81 2.42 -0.19 -0.10 0.10 0.10 0.007 0.71 -0.01 0.02 SELE
1.64 -0.32 1.64 -0.32 1.21 1.26-0.011 5.37 5.37 1.53 CHSH
0.26 5.86 0.26 5.86 1.23 1.29 -0.007 0.24 0.24 1.68 TSHN
4.06 1.80 4.06 1.80 1.33 1.39 0.006 1.88 1.88 2.541ZVS
2.27 1.87 2.27 1.87 1.25 1.31 0.002 4.25 4.25 2.02 MATB
0.15 -1.99 0.15 -1.99 1.25 1.30 0.004 5.57 5.57 1.93 KURY
0.70 1.52 0.70 1.52 1.32 1.43-0.013 -0.65 -0.65 2.86 KAST
-1.75 2.55 -0.14 1.83 0.83 0.83 -0.003 1.05 -0.34 0.17CHUM
-0.45 1.42 0.40 -1.53 0.71 0.72 -0.005 2.03 0.32 0.17 POL2
5.96 -14.7 5.96 -14.7 1.24 1.29 -0.003 12.42 12.42 1.78SUMK
2.83 9.56 2.83 9.56 1.35 1.40 -0.007 -5.50 -5.50 2.00 KAZA

Conclusion. The obtained results of processing primary data for the territories of the Northern Tien
Shan are grouped in time series from 2010 to 2017 inclusive. The speed of the GPS stations was
calculated as the increment of the linear trend of the series for the entire observation period. The trend
corresponds to regional geodynamic surface movements due to the interaction of the Eurasian platform
and the Indian plate. In addition, in a long-term series of measurements, there are such interference as
significant intervals of missing values, random single emissions and due to malfunctions of recording
equipment (lack of electricity, preventive maintenance, etc.) or adjustment of a priori models included in
the processing.

K. III. XKanraes, A. A. Kaaasioaes, C. M. HypakbinoB, A.C. Ypa3aaues, A.b. Kaiipan6aeBa
Honocdepa uncturythl, «¥YF3TO» AK, Anmater, Kazakcran

KA3AKCTAHHBIH CEHCMHUKAJBIK KAYIIITI AUMAKTAPBIHJIAFBI
7KEP KbIPTBICBIHBIH KAPKBIH/bI KO3FAJIBICBIH GPS MOHUTOPHUHI'VIEY JATH
FbUUIBIMU-9AICTEMEJIIK HET'T3JIEPI

AHHoTanus. Onemzae coHrsl 40 KbUIAAa TAOWFH armaTTapaaH KeJIreH 3aiail 9 ece eCTi, ajl OIapablH KHULUIIr 5 ece
ecti, Oyn perre Taburu anarrapiaH OOJFaH SKOHOMHKAIBIK 3aJaNJIbIH ©CYy KapKbIHbI OHEPKACINTIK OHIIpiC
KeJIEeMiHiH eCy KapKblHbIHAaH 033161 . COHFBI JKbI1Iapbl O0JIFaH anarrapra Oip yakbITTa Ka3a TalkKaH aJlaMIap/blH Kol
canbl ToH (2018 xbutrbl MHnoHe3usnarb! xkep cinkinicineH). Ockbiran OaitnanbicThl, bipikkeH ¥nrTap ¥HBIMBIHBIH,
Oacka &a xanbIKapajiblK YHbIMAApAbIH Iuemrimaepinae xone KP 3aHpiHAa amaTka Kapcel Kypecke YKiMmeTTep,
XaJIBIKAPANBIK YABIMIAP MEH FBUIBIMA HHCTUTYTTAp €Hri3inyi Tuic. TeTeHIe xargaiiap/blH naiiaa O0aybIHbIH jKoHE
OJIApIbIH ONICYMETTIK cajla MEH KOpIIaFaH OpTaFa Tepic 9CepiHiH Kalmbl JIEMIIK 3aHIbUIBIKTapbiHaH Kazakcran
ammax emec. CoHFBI XY3 KbumaH Oepi KasakcranHbIH ceficMoOenceHni aymakTapeiHna Beprenckoe (1887x.),
[enex (1889xk.), Kemuack (1911k.) CHAKTBI KOHUKBIH JKOHE amaTTHI Kep CiIKiHICI OOJIBI, OJIApIBIH COHFBI €Keyi
Oykin Oakpuiay TapuXBIHIAAFBl EypasusHBIH KOHTHHEHTANBIB! OeliriHAe eH KyITi 0okl Tabpuiamel. bomamakra
OCBIHIAK CeflCMHUKaJIBIK araTTapblH Iaiifa 00ybl OHIPAIH T€OJOTHsIIBIK JaMybIHBIH JIABIHFBI KE3eHICPiHiH XKoHEe
OHBIH Ka3ipri reo{MHAMUKaIbIK IO3HLUACHIHBIH cajnapbl 00Jbln TaObuIagpl. OCBIHBIH OapibIFbl T€OAMHAMHUKAIBIK
NpPOLIECTEP/IIH KOpIHICTEPiH 3epTTey, CeHCMUKANBIK OENCeHIUIIKTIH Xa0apIublUIapblH aHBIKTAy KaXKETTUITiH
KepceTe.

MOHHTOPHHT JKYHeci-Oy1 yakbIT apaiblFblHIAa Oakbliay, JEpeKTepll Taliay »MKoHe e3apa OalaHbICTHI
mremiMaep Kaoblinay jKoHE HaKThl OOBEKTIHIH JKaF[albl Typallbl akmnapaT OepeTiH KYpbUIFbUIAp MEH ToCUIIepAiH
kemeHi. Ke3 KelreH MOHHTOPHHITIH MakcaThl TaOWFW JKOHE TEXHOTCHIIK CHIIATTaFbl TOTEHIIE >Karaailnapra
JAWBIHAATY KEPEeKTIriH ecKepTyre MYMKIHIIK OepeTiH MoiiMeTTepli ’KMHay, OHBIH IMIiHJe KayilTi mpouecTepui
naiina 00Ty Ke3eHiHe aHBIKTay OOJIBIT TaObLTAIBI.

Byn makamama Oykinm enm KeleMmiHIE Ka3ipri TeOJMHAMHUKAIBIK IIPOLECTEPAl 3epTTey YIIiH CITyTHHUKTIK
MOHHTOPHHT KapacThIpbutanpl. O YIIiH KeJil TYCKeH JepeKTep i Te0JMHAMUKAIBIK MIHACTTepAl menryre Oefimaey
Ka)XeT, COJI apKbUIbl CeHCMHKAIIBIK KayiNTi ayMaKTap/bl JyphIC a0y bl KAMTaMachl3 €Ty KaxeT, Oyil celiCMHUKaIIbIK
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ayJlaH/ay1a )KoHEe KYLITI )Kep CUIKIHICTepiH OoJnkaMaay1a MaHbI3/Ibl TPAKTUKAIBIK MOHTe ue. JKep OeTi Ko3FalbIChiH
HAKTBl YaKbpITTa MOHHUTOPHHTINIEY CyOMIJUIMMETPIIK IOJAIKIIEH XBUDKYIBl KaJarajayFa jXoHE ceHcMOoOenceHmi
aliMakrapia OpHaJIACKaH MaTepUKTep, JUTOC(EpalblK IUIMTANAP CHAKTHI JKEKEJIEreH TI'eOoJIOTHSUIBIK OJOKTapIblH
JIMHAMHKAJIBIK KaHAPTBUIBII OTHIPAThIH KO3FAJIBIC KapTajapblH KypyFa MyMKiHIIK Oepeni. Ochl nepekTep OoibIHIIa
Kep KbIPTHICHIHBIH KEPHEYJIEPIHIH ©6CY JKbULIAMIBIFBIH XKOHE J1e(OpPMAIMACHIH KEPHEYIH KPUTHUKAIBIK JCHrenre
JKETIN JKOHE JKMHAKTAJIFaH 3HEPIHs JKep CUIKIHICI TypiHAe OOocaThUIFaH COTKE JeiiH aHbIKTaiabl. MyHIail aKnapar
ceiicMoOesIceHli ayMaKTapJblH TEKTOHUKAJBIK IPOLECTEPIH 3epTTeyne, >kep OeTiHieri pedepeHCTIK TipeKTiH
IIbIHAIBI OPHBIH OeNriney e e FhUTBIMHU-IPAKTHKAIBIK KbI3BIFYIIBUIBIK TAHBITAIbL.
Tyiiin ce3aep: xep KbIPTHICHL, JKep CLIKiHICI Kaymi 6ap ayMaKTap, CIyTHUKTIK MOHUTOPHHT, KO3FaIy IEHTeHi

K. III. ’Kanraes, A. A. Kaaasi6aes, C. M. Hypakbinos, A.C. Ypa3zaaues, A.b. KaiipanoaeBa
Wuctutyt nonocdpepst AO «HIUKUT», Anmarsl, Kazaxcran

HAYYHO-METOJUYECKHUE OCHOBBI GPS MOHUTOPUHI'A MHTEHCHUBHBIX TOJABUKEK
3EMHOM KOPBI B CEUCMOAKTUBHBIX PETUOHAX KA3BAXCTAHA

Annoranusi. B mupe 3a nocnenuue 40 ner ymep0 oT npUpoAHBIX KatacTpod Bo3poc B 9 pa3s, a UX 4acToTa B
5 pa3, pH 3TOM TEMITBI POCTa SKOHOMHYECKOTO ymiep0a OT CTUXUHHBIX OCICTBHII ONEpEeKalOT TEMITBI POCTa
00BEMOB TIPOMBIIIICHHOTO Tpon3BojacTBa [1]. s kaTacTpod, MPOU3OMIEAIINX B MOCICIHUE TOIBI, XapaKTEPHO
00JBIIIOE KOMMYECTBO €IMHOBPEMEHHO Mmoruommx jroaei (ot 3emuerpsicerns 2018 roga 8 unonesun) [2]. B cBsizn
¢ otuM, B pemenusx Opranuzamun O6beanHeHHBIX Hanumil, qpyrux MexayHapOoIHBIX OpraHu3anuii U B 3akoHe PK
[3] momuépkuBaercsi, 4to B OOppOy C OEACTBHSMH IOJKHBI BKJIIOYHUTHCS IPABUTEIbCTBA, MEXKIYHAPOHbIC
OpraHM3alUH U HAYYHBIE HHCTUTYTHL.

Kazaxcran He sBisieTcsi WCKIIIOYEHHMEM M3 OOLIEMUPOBBIX 3aKOHOMepHocTel Bo3HHMKHOBeHHs YC u wux
HEraTHBHOTO BO3IEHCTBHSI Ha COLHMAIBHYIO Cepy U OKPYKAIOLIYI0 cpeny. 3a MOcielHHe CTO ¢ HeOOJIbLINX JIET B
CeiCMOAKTHBHBIX TeppHTOpHsiX KaszaxcraHa NpoW3oLUIM pa3pyLIMTENbHbIE W KaTacTpo(UUECKHe 3eMIIETPSICEHHS,
takue kak Beprenckoe (1887r.), Unnmkckoe (1889r.), Kemunckoe (1911r.), mocnenuue, 1Ba U3 KOTOPBIX OTHOCSTCS
K CaMbIM CHJIbHBIM Ha KOHTHHEHTaIbHOU yacT EBpa3un 3a Bcio McTopHio HaOoaeHniH. Bo3HUKHOBeHNE 110I00HBIX
celicMMUYeCKHX KaracTpod B OyaylieM BecbMa BEpOSTHO M SIBISETCS CIEACTBHEM NPENBIAYIINX 3TAIoB
TEOJIOTHYECKOTO Pa3BUTHS PETHOHA U €r0 COBPEMEHHOW Te€OJMHAMUYECKOH MOo3uIu. Bce 3TO CBHIETENhCTBYET O
HEOOXOIUMOCTH M3yUYCHHS TIPOSBICHUN T'€OAMHAMHYECKUX TPOIECCOB, BBIABICHUS MPEIBECTHUKOB CEHCMUYECKOM
aKTUBHOCTH.

CucremMa MOHHUTOPUHTA — 3TO KOMIUIEKC YCTPOWMCTB U CIIOCOOOB HAOIOACHUS HA WHTEPBAJIC BPEMEHH, aHAIIN3a
JAHHBIX W TPUHITUS PEUICHUH, CBS3aHHBIX MEXIY cO0OW M MPEeNOCTABISIONMX HWH(POPMAIUIO O COCTOSHHU
KOHKpETHOro 00BekTa. Llenpio mo0oro MOHUTOPHHTA SBISETCS COOP CBEACHHWH, MO3BOJSIOMNX NPEIyNPEennuTh O
IIOATOTOBKE '-lpe3BbI’-IaI7[HOl>i CUTyalluu MPUPOJHOI0 U TEXHOI'CHHOI'O XapaKTepa, B TOM YHUCJIE€ BBIABJICHHUE OMMACHBIX
MPOLIECCOB HA CTaIMH UX 3apOXKICHUSI.

B nannoii crarbe paccmartpuBaercst GPS MOHHTOpHHr U1t M3y4YEHHUs] COBPEMEHHBIX TI'€OAMHAMUYECKHX
IporeccoB B Macmtabax Bceld crpansl. [ 3TOro HEOOXOAMMO alalTUPOBAThH MMOCTYNAIONINE TAHHBIE K PEIICHUI0
reoIMHAMUYECKHX 3a/lad M, TEM CaMbIM, 00ECIICUUTh IOCTOBEPHOE MOKPHITHE CEHCMOONACHBIX TEPPUTOPHH, YTO
UMeeT Ba)KHOE MPAKTHIECKOE 3HAYCHHE B CEHCMOPAOHMPOBAHMH W TPOTHO3E CHIBHBIX 3eMieTpsiceHuit [4].
MOHUTOPHHT JABIKCHHH 3€MHOH TOBEPXHOCTH B pPEaTbHOM BPEMEHH II03BOJISICT OTCIIEKHBATH CMEIICHUS C
CyOMIITIMETPOBOW TOYHOCTBIO M COCTAaBIATH JAWHAMHYECKH OOHOBIISIEMBIC KapTHl NBHKCHHUS, KaK MAaTEPHKOB,
nuTocepHBIX IUIUT, TaK M OT/ACNbHBIX T'€0JOTMYECKUX OJIOKOB, HaXOJIIMXCS B CEHCMOAKTUBHBIX obOiacTsx. [To
STHM JTaHHBIM OIIPEIEIIOT CKOPOCTh HapacTaHWs HANPSHKCHUH W AedopMariuii 3eMHOH KOpHI 10 MOMEHTa, KOTJa
HaNpsDKCHWE CTAHeT KPUTHYECKUM W HAKOIUICHHAs SHEprusl BBICBOOOTUTCA B Buae 3emiierpsicenus [5]. Taxas
nH}opManusl IPeACTaBIsSeT HAayYHO-IPAKTHUECKMH MHTEPEC, Kak IPH W3YYEHUH TEKTOHHYECKHX IPOLIECCOB
CEeICMOAKTHBHBIX TEPPUTOPUIL, TaK U MPHU YCTAHOBJICHUH UCTUHHOTO TOJIOKEHUSI Ha3eMHOr0 pe()epeHCHOro KapKaca.

KiroueBble ciioBa: 3eMHas Kopa, ceiicMoonacHsle Tepputopuii, GPS MOHUTOPUHT, CKOPOCTH CMEIIEHU.
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MAPPING FREQUENCY OF OIL SPILLS
IN THE CASPIAN SEA USING SENTINEL-2 OPTICAL IMAGES

Abstract. The main goal of this work is to evaluate the capabilities of optical images in the problem of
detecting oil spills, testing them in the task of mapping zones with a high frequency of oil spills during one year.
Using SAR imagery, sometimes it is difficult to separate anthropogenic oil spills and false targets, usually called
“look-alikes”. Using optical images for oil spill detection, we rely on the spectral characteristics of objects, and
although the reflectivity varies depending on the thickness and composition of the slick, in most cases, oil spills can
be distinguished from “look-alikes”. The region near Absheron peninsula was selected as a study area. Optical
images of the Sentinel-2 (A, B) satellites were used to detect oil spills and calculate the zones of their most frequent
occurrence. Object based approach was chosen for segmentation and classification images. The map of hot spots
with high frequencies of oil spills during 2019 year was presented in this article. Conclusions about the advisability
of using optical images along with radar data for monitoring oil spills were made.

Key words: oil spills detection, Caspian Sea, Sentinel-2, optical imagery.

Introduction. The environmental situation in the Caspian Sea, which is literally saturated with
products of the oil industry, is one of the acute issues for the littoral states. The Caspian Sea is subject to
increasing anthropogenic impact, there is an increase in water pollution by oil products, heavy metals, and
chemical products. At a rapid pace, there is a decrease in marine bioresources. The main sources of sea
pollution are: river runoff; industrial and municipal effluents; oil production at sea and onshore;
transportation of oil products by sea or through pipelines; flooding/drainage of the coastal zone as a result
of the rise/fall of the Caspian level [1].

Oil spills at sea can be of natural origin (natural oil emissions due to fractures of geological structures,
griffins, mud volcanoes), but in most cases they are of anthropogenic nature: they arise as a result of ships
and tankers discharging ballast and bilge water, due to the removal of oil stains or pollution with river
flows, industrial effluents, in the event of accidents of ships and tankers, in the breakdown of offshore oil
pipelines, in the discharge of drill cuttings and in accidents due to exploratory drilling and industrial
production [2,3]. This is especially felt in offshore zones where oil and gas fields are being developed, oil
is extracted and transported. Oil pollution in coastal zones has a detrimental effect on flora and fauna,
leads to pollution of coastlines, which entails large material losses associated with the cleaning of these
territories. The marine ecosystem of the Caspian Sea, a closed reservoir, which self-cleaning ability is very
small, is especially sensitive. Almost every year, there are reports of the death of sturgeon, seals, birds, in
the carcasses of which oil products are found [4].

International experience shows that space monitoring methods are the most effective way to detect
and evaluate the development dynamics of most natural and a number of man-made emergencies, in
particular oil spills. Modern systems of remote sensing make it possible to obtain overview and detailed
information about emergencies of various sizes in large areas. At the same time, space monitoring
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methods are much more economical than traditional ground-based data collection methods. It is practically
impossible to control oil spills in the Caspian Sea scattered over a gigantic area (over 377,155 thousand
square kilometers) by traditional land-based methods, and the use of aerial observations is expensive and
can only be carried out in limited local areas. Therefore, remote sensing is the most effective method for
timely detection of oil spills in the Caspian Sea with its large territory.

There are two types of sensors used in remote sensing - active (radar) and passive (optical).

Both types of sensors have their advantages and disadvantages. Optical sensors can detect oil spills
only in the daytime when there is no cloud, fog or smoke above the area of interest, that is, when nothing
obscures the object from the sensor. Radar images can detect oil spills despite the cloudiness and time of
day. Also, a large coverage area of radar images is an advantage. Nevertheless, there are weather
conditions under which radar images are "powerless" for this task, namely, rain, and wind force above the
sea surface beyond the interval of 2.5-12.5 m/s [5-8]. Due to many of the advantages listed above, radar is
now the most common means of oil spill remote sensing.

However, using SAR imagery, sometimes it is difficult to separate anthropogenic oil spills and false
targets, usually called “look-alikes”, which include low wind areas, areas, sheltered by land, rain cells,
organic films, grease ice, wind fronts, up-welling zones, oceanic fronts, algae blooms, current shear zones,
etc. One group of researchers showed that even with extensive processing of SAR (synthetic aperture
radar) imagery, 20% of the images reported as “oil spills” were still “look-alikes” [9]. This means that
using only radar images to monitor oil spills, about a fifth of all detected objects will be false targets, and
when calculating their total area or analyzing maps built on such data, the error will be large.

Using optical images for oil spill detection, we rely on the spectral characteristics of objects, and
although the reflectivity varies depending on the thickness and composition of the slick, in most cases, oil
spills can be distinguished from “look-alikes”. Of course, limitations of optical imagery are a serious
obstacle to monitoring efficiency. But in cases when mapping accuracy is more important, optical images
are needed.

So, purpose of this work was to test opportunities of optical imagery in oil spill detection task by
trying mapping hot spots with high frequency of oil spills during year.

Study area. The region near Absheron peninsula was chosen for a reason. Oil spills detected more
often in this region than in other regions of the Caspian Sea. Accurate oil spill frequency map of this
region, built by using optical sensors, will be useful for future oil spill monitoring. There are 3 oil fields in
this region: Oil Rocks Settlement, Chilov and Pirallahi Islands. Oil Rocks Settlement is located 35 km
from the coast of the Caspian Sea. Its development began in 1949. Oil Rocks is an industrial settlement in
Baku, Azerbaijan. A full town on the sea, it was the first oil platform in Azerbaijan, and the first operating
offshore oil platform in the world, incorporating numerous drilling platforms [10]. Pirallahi Island is
located 1.6 km from the coast of the Caspian Sea. Chilov Island is located 16 km from the coast of the
Caspian Sea [11]. The map of the Oil Rocks Settlement, Chilov and Pirallahi Islands is presented in figure 1(b).

b

a) b)
Figure 1 — a) Study area; b) Map of the Oil Rocks Settlement, Pirallahi and Chilov Islands
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Methods and data processing. Optical images of the Sentinel-2 (A, B) satellites were used to detect
oil spills and calculate the zones of their most frequent occurrence during 2019. Sentinel-2 is an Earth
observation mission from the Copernicus Programme that systematically acquires optical imagery at high
spatial resolution (10 m to 60 m) over land and coastal waters. The mission is a constellation with two
twin satellites, Sentinel-2A and Sentinel-2B [11].

FEighteen L1C images with less than 20% cloud cover were downloaded from the USGS
Earthexplorer website. Downloaded images were pre-processed to obtain L2A imagery from L1C.
Sen2Cor Processor was used for that purpose. Sen2Cor is a processor for Sentinel-2 Level 2A product
generation and formatting that performs the atmospheric, terrain and cirrus correction of Top-Of-
Atmosphere Level 1C input data. Sen2Cor creates Bottom-Of-Atmosphere, optionally terrain and cirrus
corrected reflectance images. In addition, Sen2Cor generates Aerosol Optical Thickness, Water Vapor,
Scene Classification Maps and Quality Indicators for cloud and snow probabilities. Its output product
format is equivalent to the Level 1C User Product: JPEG 2000 images, three different resolutions, 60, 20
and 10 m [12, 13].

Object based segmentation and classification was used for oil spill detection. In contrast to pixel-
based classification that classify pixels one-by-one, object-based approach first groups image pixels into
spectrally homogenous image objects using an image segmentation and then classifies the individual
objects [14, 15]. Then detected oil spills objects were checked through visual interpretation. After all, GIS
overlay analysis was performed for computation of oil spill frequency, and determination of
spatiotemporal distribution. The workflow for the detection of oil spill frequency presented in figure 2.

Sentinel-2
L1C imagery
Sen2Cor

1

1

1
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Figure 2 — Workflow for the detection of oil spill frequency
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Results and discussion. Oil spills in the study area for the most cases are easily detected visually in
the visible range of the electromagnetic spectrum, they usually have a silver-blueish color (figure 3 a, b),
which indicates the thinness of the slicks [16].

a) b)
Figure 3 — Well visible oil spills (a-The Oil Rocks Settlement, b — Pirallahi Island)

But it should be noted that in some cases in the zones of accumulation of biogenic material such as
surface seaweeds or sunken kelp beds oil detection was difficult. One of that cases presented in figure 4.
Under many conditions, oil is not visible on the surface of the water [17]. Oil spills on shorelines is
difficult to identify positively because seaweeds look similar to oil and oil cannot be detected on darker
shorelines [18].

Figure 4 — One of difficult cases

In addition, there remain limitations such as cloudiness in the images. Indeed, many pictures for 2019
were cloudy over 20%. This is completely unsuitable for operational monitoring.

Therefore, it is better to take an integrated approach, namely the use of both radar and optical images.
This approach also partially solves the issue of validation in those days when the sensing days coincides of
both radar and optical sensors. This allows us to compare the obtained oil spill detection results. Example
of that comparing presented in figure 5 (a, b), where we see the correspondence.

b)
Figure 5 —a) Radar image on 26™ of April; b) Optical image on same date
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The detection of oil spill from Sentinel-2 images and multi-temporal GIS overlay analysis resulted in
the map of hot spots with high frequencies of oil spills during 2019 year, presented in figure 6. On the map
we see that the main hotspot of oil spills is the Oil Rocks Settlement, what was to be expected. The
medium class of oil leak sources were observed around the Oil Rocks Settlements and Chilov Islands and
the small and occasional leak sources were observed around Pirallahi Island.

This map will allow to increase the accuracy and reliability of detected oil spills in future monitoring.
For example, the oil spill areas with no overlaps and far away from the oil spill hot spots will not be
mapped because of the lower reliability of occurrence.
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Figure 6 — Map of oil spill frequency in 2019

Conclusion. Research in this direction will be continued with the use of more remote sensing data,
their statistical analysis, with the aim of increasing the likelihood of detecting oil pollution and its
practical application. Preliminary results are considered successful and consistent, with a high degree of
applicability to other Sentinel-2 satellite imagery. Further testing and proper tuning of the proposed
object-oriented methodology should be carried out using SAR images.

These works are carried out with financial support by the CS MES RK, in the framework of the
scientific and technical program 0.0782 “Development of a multi-purpose aerospace forecast monitoring
system (MAKSM), as well as the creation on its basis of services for the comprehensive presentation of

emergency and natural-generated emergency information in conjunction with semantic and geospatial
data”.
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EXIIC «Monocdepa nHcTUTYTh AK «¥IITTHIK FAPBIITHIK 3€PTTEYJIEp MEH
TEXHOJIOTHUSIIap OpTaNbIFel», AnMaThl, KaszakcTan

SENTINEL-2 ONITUKAJIBIK CYPETTEPIH ITAMJIAJIAHA OTBIPBIII,
KACIHHMA TEHIBIHJIETT MYHAWJIBIH TOT'LTY )KULJIITTH KAPTAFA TYCIPY

AnHotanusi. MyHali eHepkociOiHIH eHiMAepiMeH nactaHFaH Kacmuii TeHi3iHAETr1 SKONOTHSIBIK JKarmal —
JKaFajay MaHBIHIAFBI MEMJICKeTTep VINiH MaHBI3OBl MpobnemanapabiH Oipi. Kacrmit TeHi3i KyHHEH KyHTe
AHTPOTIOTEH/IIK dpeKeTKe ymbIpayna. Kbl callblH CyAbIH MYHall eHIMIEpiMEH JIaCTaHyBl apTHII Keiemdi. TeHi3
6uopecypcTapbIHbIH KbICKAPYbl T€3 KapKbIH alyja. XalbIKapaJblK TOXIPHOe KOPCETKEHIEH, FaphIIITHIK MOHUTOPUHT
omictepi KenTereH TaOWUFH JKOHE TEXHOTEHAIK TOTECHIIE JKaFfaiIapIblH, aTal alTKaHAa, MYHAHAbIH TOTLTYiHIH AaMy
TUHAMUKACBIH aHBIKTay MEH OaraylayaslH HEFYpIbIM THIMAI Tocimi Oonbim TalOpmiamel. Kasipri 3amasfsl
KalIBIKTHIKTaH 30HJbUIAY JKYHesepl yJIKeH ayMakTaplarbl SpTypJli KeJeMJeri TOTEHIIe jKarJaiiaap Typaibl IOy
KOHE TONBIK aKmapar ajxyra MYMKiHaik Oepexni. COHbIMEH KaTap, FapbIITBIK MOHMTOPHHI 9JicTepi JIepeKTep.i
JKHHAYIBIH JOCTYPJIi )KEPYCTI 9ficTepiHeH anjekaiaa yHem i, KalbIKThIKTaH 30HbIIaYAa CCHCOPIAPAbIH eKi TYpi
KOJIIaHBUTAAbl - aKTUBTI (pajapiiblk) »oHe mnaccuBTi (onTHKalbIK). CeHcopiapibslH €Ki TypiHiH nae 3
apTHIKIIBUTBIKTAphl MEH KeMIIuTikTepi 6ap. KenrereH apThIKIIBIIBIKTAPIBIH apKAChIHIA PAaIapiiblK CypeTTep Kasipri
YaKbITTa MYHAWJIBIH TOTUTyiH KaIIBIKTHIKTAH 30HIBUIAYIBIH €H KONl TapalfaH Kypaibl OoJbIn TaObutansl. Anaiina,
pamapibIK CypeTTepli MmalfajaHa OTBHIPHIN, KeWe aHTPOIOTEHAIK MYHall TeTiIyiH >KOHE oJlapFa yKcac JKalFaH
oOBexTinepai Oemim amy KWBIH Oonanmbl >koHe omerte onapra "look-alikes" mem aramathiH, Kenci3 alMakKTap.bl,
TaOWFU TEKTI OPTaHUKAIBIK IICHKATApb!, OaAbIpIapAbIH TYIIEHYIH XoHE T. 0. KaMTUABI. ByJ )KyMBICTBIH HeTi3ri
MakcaTsl — Oip KBTI iIIiHAE MYHall TOTiMyiHiH XOFaphl >KAUTIKTEepl maiiga OOomaTeIH aiMaKTapAsl KapTara TYCipy
KOHE MYHaH TOTUTyiH aHBIKTAy MaKCaTBIHAA ONTHKAIBIK CYpeTTEepAiH MYMKIHAIKTEepiH Oaranay. AmmepoH TyOeriHiH
MaHbIHIarbl Kacnuii TeHi3i ayJaHbl 3epTTey ayAaHbl peTiHae TaHaaiasl. MyHaiinslH Teritynepi Kacnuii TeHi3iHiH
Oacka aiiMakTapblHa KaparaH/Ja OChl OHIpJE JKMi aHBIKTajlaJbl, COHJBIKTAH ONTHKAJBIK CEHCOpJapAbl INaiganaHa
OTBIPBIN CaJIBIHFaH OChI OHipAeri «MyHalJIbIH XUl Terily ailMakrapbl KapTachD» Oojallakra MyHai TeruryiHiH
MOHUTOPHHT' YIIIiH naigans! 6onansl. Sentinel-2 (A, B) sxepcepikTepiHiH ONTHKANIBIK OeliHeaepi MyHalIbIH TOriTyin
AHBIKTAy KSHE OJIAp/IBIH JKWi Takga 0oy aliMaxkTapblH ecenTey YIIiH naipanansuiasl. JKykrenren cyperrep L1C-nen
L2A cypetin xacaiiTeiH Sen2Cor yTHIUTACHI apKbUIBI JIbIH ana eHjenmi. [lukcenmepai Oip-OipiieH >KiKTEHUTIH
MUKCENIep HETi3iHAeTi JXKiKTeMere KaparaHja, OOBEKTLTI-OaFbITTaFaH TOCUT anmsiMeH OeHHEHIH NHKCeIAepiH
OcifHEeHIH CEerMEHTTEeyiH NaigaraHa OTBIPBIN, CIEKTPIIK OIpTeKTi OOBEKTiIepre TONTACTHIPAAbI, COIAH KeHiH
JKEKeNereH OOBeKTiepai >Kikreiimi. MyHail Terimyi peTiHAe >XIKTenreH OOBEeKTiIep KOo30€H IOy apKbUIBI
tekcepinai. 2019 kb1 imHge MyHail TOruUTyiHIH OFapbl XHUTIKTEpi 0ap alMakTap/blH KapTachl YCHIHBUIIBIL.
Canpiaran kaprta Ooiibrama 2019 xpuTel MyHa#l TerunyiHiH eH JKui Ke3Iepi aHBIKTaNIbl, aTan aWTkaHaa "MyHai
tactapel”, "Ummos" xone "[lmpammaxu" keH opsiHmapel. CoHmaii-ak, Makajiaga KeibOip Terimynepnl KepHeKi
TYCIHAIPY Ke3iHIe TybIHJaFaH KUBIHIBIKTApAbIH MBbICAIAAPBl KenTipiireH. Hotwmkecinae, «MyHa#JblH TerityiH
MOHUTOPHUHTJICY VIIH PaTdOJOKAIUSIIBIK ICPEKTEPMECH KaTap ONTHKAJBIK OciiHenep Al maiaanany aa OPbIHIBD), -
JIeTeH KOPBITHIH/IBI 5KacaJIbl.

Tyiiin ce3nep: MyHaii Terinyin anbikTay, Kacmuii TeHi3i, Sentinel-2, onTHKaNbIK CypeTTep.

7K. 1II. ’Kanraes, 1. B. Yenames, A. A. Kangpi6aes, C. M. Hypakbinos, K. M. Yarapos

ATOO «MucTHTyT nHoHOocdeps» AO «HarmoHamsHBIH HEHTP KOCMHYECKHUX HCCIEI0BaHUI
M TEXHOJIOT Uiy, AMaTtel, Kazaxcran

KAPTUPOBAHME YACTOTHI PA3JIMBOB HE®TH B KACIIUICKOM MOPE
C UCNTOJIb30BAHUEM ONTUYECKUX U305PAKEHU SENTINEL-2

AHHOTanmsi. DKoylornueckas cutyanus Ha KacnmiickomM Mope, KOTOpoe OyKBaJbHO HACBIIIEHO HPOJIYKTaMu
He(TSHON NPOMBIIUIEHHOCTH, SIBISETCS OJHOM M3 OCTPBIX IpolieM Juisd NpUOpexHBIX rocynapcts. Kacnwmiickoe
MOp€ MOABEPKEHO BO3PACTAIOIIEMY aHTPOIIOIE€HHOMY BO31eHCTBHIO. C Ka)AbIM FOJIOM yBEJIUUMUBAETCS 3arps3HEHUE
BOJBI HE(PTENPOIYKTaMH. B OBICTPOM TeMIle MPOMCXOIUT COKpAILEHHE MOPCKHX OMopecypcoB. MeXIyHapOoIaHbIH
ONBIT TOKA3bIBACT, YTO METOJIbl KOCMHYECKOIO MOHMTOPHHIA SBISIOTCA HanOosiee 3((GEKTHBHBIM CIIOCOOOM
BBIBJICHUS W OLIEHKH JMHAMUKU Pa3BUTHUS OOJBIIMHCTBA NMPHUPOAHBIX M TEXHOTEHHBIX YPE3BBIYAHHBIX CUTyalnH, B
YaCTHOCTU pa3nuBoB HeGTH. COBpPEMEHHbIE CHCTEMBl IUCTAHIIMOHHOTO 30HAMPOBAHMS IIO3BOJIAIOT IONyYaTh
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0030pHYI0 M MOAPOOHYI0 MH(OPMAIMIO O YPe3BBIYANHBIX CHUTYalMAX pa3IMYHBIX pa3MepoB Ha OOJBLIMX
TeppuTopusix. B TO ke Bpems METOAbl KOCMHYECKOTO MOHMTOPMHIAa HaMHOTO 3KOHOMHYHEE TPaJULHOHHBIX
Ha3¢MHBbIX MCTOJ0B c60pa JaHHBbIX. B JAAUCTAaHIUOHHOM 3O0HJUPOBAHHMU HUCIIOJB3YIOTCA JBa THUIIA CEHCOPOB -
aKTHBHBIN (paJapHblil) 1 maccuBHbIA (onTr4eckuit). O0a THIa CEHCOPOB UMEIOT CBOM MPEUMYIIECTBA M HEIOCTATKH.
bnaromaps MHOrMM mpeuMyIIeCTBaM, paJapHble CHMMKHM B HAacTosIlee BpeMs SBISIOTCA Haubosee
pacipocTpaHEeHHBIM CPEICTBOM JMCTAHIIMOHHOTO 30HJMPOBAHMS pa3iuBOB HedTu. OIHAKO, MCIOJIB3YS paiapHbIe
CHHMMKH, HHOTJa OBIBAET TPYAHO OTAEIUTH AaHTPOIIOTCHHBIE PAa3JIMBBI HEYTH U JIOXKHBIE OOBEKTHI, IOXOXKHE Ha HUX, U
o0ObryHO HazpiBaeMmble «look-alikes», KoTopwle BKiIIOYAaOT Oe3BeTpEHHbIE OO0NACTH, OPraHWYEcKHE IIJIEHKU
€CTECTBEHHOTO IPOMCXOKACHHS, IIBETEHHWE BOJOpOCied M T. 1. Mcmonp3ys ke ONTHYECKHE HW300paXKEeHUs s
OoOHapyXeHHs pa3TuBOB HEe(TH, MBI IOJaraeMcsi Ha CIIEKTPAIbHBIC XapaKTEPUCTHKH OOBEKTOB, W XOTA
OTpaxkaTesbHasl CIOCOOHOCTh BapbUPYETCsI B 3aBUCHMOCTH OT TOJIIIMHBI U COCTaBa MATHA, B OOJBIIMHCTBE CIIy4acB
pa3nuBbl HEPTH MOXKHO OTIHYUTH OT MOXOXKHX JIOKHBIX 00beKkTOB. OCHOBHAasI Liesib AaHHOH pabOThI - OLIEHUTH
BO3MOXKHOCTH ONTHYECKHX CHMMKOB B 3ajaue OOHapy)XeHHWs pa3iuBoB He(TH, OmpobOBaB HX B 3aj1ade
KapTHPOBAHUS 30H C BHICOKOH 4aCTOTOM IMOSIBJACHHS Pa3IMBOB He(pTH B TeueHHe ogHOro roga. Paiton Kacnuiickoro
MOpsl Bo3Jie ATIIEPOHCKOr0 MOJYyOCTpOBa ObUI BHIOpaH B KadyecTBe pailoHa uccienoBaHuil. PasmuBbl HedTH
0o0OHapyXMBAIOTCS B 3TOM pErHOHE 4alle, 4eM B Jpyrux permoHax Kacmuiickoro mops, mo3tomMy Kapra 30H C
YacTHIMHM DPa3MBaMH He(TH B ITOM DPETHOHE, IIOCTPOCHHAsl C HWCIIOJb30BAaHHEM ONTHYECKUX CEHCOPOB, OYJIeT
noJie3Ha 1yisi Oyayliero MOHUTOpPUHTa pa3nuBoB HepTH. OnTHueckue n3oOpaxeHus cryTHHKOB Sentinel-2 (A, B)
UCIIOJIb30BAINCH ISl 0OHApYKEHUs Pa3IMBOB HETH M pacyeTa 30H MX Hamboiyiee 4acToro nosieieHus. CkayaHHbIE
CHUMKH OBLTH TIpeIBapUTEIbHO 00paboTaHbl ¢ moMoIblo YTHIUTH Sen2Cor, reHepupytomei nzodpaxkenns L2A u3
L1C. O0beKkTHO-OPHEHTUPOBAHHBIA MOAX0 OBLT BBIOpaH JJIS CETMEHTAIlMH W KiaccH(UKaruu n3o0paxeHuil. B
OTJIMYME OT KJIAcCH(HKALMK HAa OCHOBE NHKCENIEH, KOTopas KiIacCH(PHUIUPYET MHKCENH IO OJHOMY, OOBEKTHO-
OPHEHTHPOBAHHBIM MMOJXOA CHayaja IPYNNUPYET NUKCENTH H300paKEHHS B CHEKTPAIbHO OAHOPOIJHBIE OOBEKTHI
n300pakeHMsI ¢ WCIONB30BaHUEM CErMEHTAlMH HM300paXKEeHHs, a 3aTeM KIACCU(PHUIMPYET OTACIbHBIE OOBEKTHI.
OOBeKTH, KIacCU(pUIMPOBAaHHBIC KaK pa3ivBbl He(TH, MPOBEPSUINCH IyTeM BH3yalbHOH HHTeprpeTranuu. bein
IMPOBCACH aHAJIM3 HAJIOXCHHA W NPEACTaBJI€CHA KapTa 30H C BBICOKMMH 4YaCTOTaMHU MOSABJICHUA Pa3JIMBOB He(l)TI/I B
teuenne 2019 roga. [To mocTpoeHHoO KapTe, ObUTH OINpezeeHbl Hanboee YacTble UICTOYHUKU pa3inBoB He(TH 3a
2019 rox, a umenHo Mectopoxxaenus «Hedrsubie kamuamy», «Hunoe» n «[Iupamnaxu». Takke B craTbe NpHUBEACHBI
MPUMEPBI CI0KHOCTEH, BO3HUKIINX NPH BU3YAJIILHON MHTEPIIPETAllM HEKOTOPBIX Pa3jIMBOB, M CAEJIAaHBI BHIBOJBI O
1eJIeCO00pPa3sHOCTH HCIIOJIB30BAHUS ONTHYECKUX HW300paKeHWH Hapsiy € paJvoJIOKalMOHHBIMH JTAHHBIMH JUIS
MOHUTOPHHIA Pa3IMBOB HEPTH.
KuaroueBsie ciioBa: oOHapyxeHue pa3nnBoB Hedtu, Kacmuiickoe Mope, Sentinel-2, onTuaeckne CHUMKH.
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CREATION OF A GEOPORTAL AND ITS ROLE
IN OPERATIONAL MONITORING OF THE NATURAL
AND MANMADE EMERGENCY CHARACTER IN THE TERRITORY
OF THE REPUBLIC OF KAZAKHSTAN

Abstract. This article discusses the space monitoring system, its composition and functional diagram of the
basic elements of the system and remote access services to the resources and results of the space monitoring system.
The composition of the information support of the system, its formats and sources, and the frequency of updates are
described. The basic structure of the geoportal, namely, the subsystem for collecting satellite and ground data, a
database, processing and expert interpretation, integration and dissemination of monitoring data, is briefly described.
The whole cycle of space monitoring work is described for each priority area, from obtaining raw data to uploading
emergency monitoring data to the geoportal in Kazakhstan, including operational data from space monitoring of
forest and steppe fires, GPS monitoring of intense movements of the earth's crust, space monitoring of floods, space
monitoring oil pollution of the Caspian Sea with the corresponding "screenshots". The geoportal interface is
described.

Key words: Geoportal, space monitoring of emergency situations, remote sensing, GIS, geodynamics, fires,
floods, oil spills.

Introduction. With the development of space and information technology, emergency monitoring
using satellite data is gaining tremendous relevance. World experience shows that the main, and often the
only source of information on the basis of which decisions are made on measures to eliminate emergency
situations are space monitoring systems [1, 2]. And among them, the most popular is operational
monitoring of emergencies, such as fires, snow cover, floods, oil pollution and GPS monitoring of
movements of the earth's crust. Since the main emphasis is on efficiency, it is necessary to take into
account timely notification of not only the relevant authorities, but also ordinary citizens of our country. In
this regard, the urgent need to create a single geoportal that contains relevant information on all of the
above emergencies arises on its own. There are no analogues of a complete and comprehensive space
emergency monitoring system using the latest achievements of remote sensing and GIS, not only in
Kazakhstan, but throughout Central Asia.

Creation of a geoportal. At the moment, the geoportal has become the main source for transmitting
the results of space monitoring of emergency situations to all interested parties. To achieve this goal, first
of all, it is necessary for the geoportal to physically be able to work with large amounts of spatial data and
with a large number of users, as well as to develop a technology for updating spatial databases of the
geoportal that ensures optimal and timely, including operational, downloading of new data. Thus, having
studied the world experience [3, 4] in the technology of creating geoportals, it was decided to develop our
own product from scratch. This approach has several advantages: creating a product on the basis of
separate off-the-shelf software solutions, the licenses of which allow their use to create your own
software. The source code of such programs is available for viewing, studying and changing and allows
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you to fully control the system development process and get a product that fully meets the requirements; a
simpler opportunity to expand the system’s functionality on its own and significantly save time and
financial resources necessary for the development of the system by reducing the amount of work; users get
a system that fully meets their expectations.

Software components. The main component of the geoportal is a server application whose tasks
include receiving and processing all incoming user requests, as well as sending responses to these
requests. The server part also includes the industrial Database Management System (DBMS), the task of
which is to store user data and spatial information. In addition, to formulate a response to a spatial query, a
component complying with OGC specifications [5] is required.

Thus, the developed geoportal is based on the following software components:

- operating system - Linux Debian. Distinctive features of Debian are: Advanced Packaging Tool
(APT) package management system, strict package policy, repositories with a huge number of packages,
as well as high quality of released versions. [6];

- DBMS - PostgreSQL with PostGIS extension for working with geometric data types. PostgreSQL
was chosen for the following reasons: free; wide functionality for working with geometric objects [7, 8];
support by various geographic information systems (ArcGIS, QGIS, GeoServer); availability of open
access to extensive documentation;

- web server - Apache. The main advantages of Apache are reliability, configuration flexibility and
cross-platform (the ability to work on different operating systems) [9]. It allows you to connect external
modules to provide data, use a DBMS to authenticate users, modify error messages, etc. Apache HTTP
Server supports modularity;

- Python programming language. This actively developing programming language over time has
become virtually the standard language in the field of science and data processing [10].

- display of cartographic information on the client side - OpenLayers. An open source library written
in JavaScript designed to create maps based on a software interface (API) [11]. OpenLayers allows you to
very quickly and easily create a web-based interface for displaying cartographic materials presented in
various formats and located on different servers;

- processing of geospatial data - GDAL library GDAL - an open source library [12] for reading and
writing raster and vector geospatial data formats. The library provides calling applications with a single
abstract data model for all supported formats.

Figure 1 presents a diagram demonstrating the composition and structure of the software of the
developed system, its functional purpose and distribution across the servers.

Core software components Specialized software tools
; T : : developed as part of the
Operating system (o | dataloading T Pt-
Linux Debian 5 File storage | system / frEe
7, S P
DMS PostgreSQL ? ‘ R e . \ database management systems
= Igmass,kz website for remote sensing of the Earth
Apache2 web-server o e and the results of their
as well as fp-server ostEres0l ‘ processing and analysis
Content Management System ~ database (located on the data server):
(CMS) Wordpress program website,
GDAL representing a GIS portal
tial dat ing lib
spatial data processing library | s
OpenLayers interpretation

mapping cartographic
information

Sing server

/-%//,,,! tiling

 image processing,'

GIS systems QGIS Desktop / filling database |
and QGIS server

OpenTileServer tile-server

roc

Figure 1 - Composition and structure of software system under development

Input data, processing and interpretation. Processing and interpretation of data is carried out both
manually in the data interpretation unit, and automatically in the image processing unit. The input data is

— 192 ——




ISSN 1991-346X Series physico-mathematical. 3. 2020

tabular data and raster images in the file storage, the output is vectorized data in the database. The function
of the processing and interpretation level is to obtain emergency information from the source data, for
example:

- separation of vectorized information from raster satellite imagery — hotspots (thermal anomalies),
burned areas, flooded areas, oil spills;

- calculations according to GPS stations of displacement velocity vectors and their interpolation;

- processing and vectorization of hydrometeorological data necessary for modeling and forecasting
forest and steppe fires, floods, oil spills.

Database for monitoring fires and burned areas. In modern conditions, the most effective and
efficient solution to this problem is achieved using space monitoring systems. Satellites allow you to
detect fires ranging from fractions of a hectare to several tens of hectares, depending on the intensity of
combustion and the state of the atmosphere, which allows you to provide the most complete information
about the entire forest and steppe territory and significantly reduce the cost of the work compared with
aviation monitoring of fires.

During the day over ten (figure 2) remote sensing satellites fly over the territory of Kazakhstan. The
main satellites for the rapid detection of fires and building maps of burned areas are the TERRA and
AQUA satellites with MODIS (Moderate Resolution Imaging Spectroradiometer) spectrometers and
NOAA satellites with the AVHRR (Advanced Very High Resolution Radiometer) spectrometer. Based on
the data of these satellites, foci of fires and burned areas with a frequency of twice a day for 0.5-1 hours
from the receipt of satellite images are detected. When identifying hot spots, the vector of the fire sources
is cleaned from constant sources of high temperatures, associated mainly with industrial activities.

This meets the main monitoring requirement - efficiency. The whole process: downloading images,
processing and obtaining the necessary layers and uploading to the geoportal are fully automated.

Sentinel - 3 % Sentinel-1 @ Sentinel - 2 A NPPVIRS
¢ Terra (MODIS) A NoAA15 Spot 7 {0 Aqua (MODIS)
B landsat 8 @ Probe V Spot 6 @ MeTeop 2
%\ 7 e ¢mc T 'S +O® 90 AD O

000 100 Z00 300 4:00 5100 €00 700 8:00 200 10000 11:00 1200 13:00 14:00 1500 15:00 17:00 1E:00 19:00 20:00 21:00 22:00 23:00 o-oo

Figure 2 - The pattern of the passage of remote sensing satellites during the day over the
territory of Temirtau, Karaganda region

For a more detailed analysis of burned-out territories, images from satellites of the Landsat family and
Sentinel-2 are used every seven days. In case of high cloud cover, radar images from the Sentinel-1
satellite are used. Also, during the fire hazard season, the following tasks are performed:

- maps of the dynamics of the hot spots and the dynamics of the areas affected by the fires are built;

- zoning of the territory according to the risk of fire;

- if necessary, modeling and assessment of the risk of fire hazard is carried out taking into account the
characteristics of the terrain (vegetation, soil moisture, incline, wind, slope aspect, distance to the route,
settlement and fire hydrant) and weather data. These processes are done manually. Figure 3 and 4 show
the hot spots and burned areas, respectively, in the form of screenshots by displaying the igmass.kz site
(geoportal).

Received daily maps with fire sources form a time series, the analysis of which allows you to get a
variety of characteristics of the dynamics of the situation with fires, including cartographic, tabular and
chart forms.

Flood monitoring database. Space monitoring of the passage of flood waters (figure 5) and the
disappearance of snow cover, as necessary, can be carried out at three levels [13]. At the first level, daily
analysis is carried out using MODIS low-resolution satellite data (spatial resolution 250 m). As an
auxiliary, night shots of NOAA AVHRR and MODIS in the infrared range are used. Their use is due to
the fact that for some regions there is less cloud cover at night compared with the daytime period. Despite
the low resolution, the value of MODIS data is that the survey is conducted daily.
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Figure 3 - Screenshot of the igmass.kz site display and the open hotspot page
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Figure 4 - Screenshot of the igmass.kz site display and the open burned area monitoring page
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Figure 5 - A sample of the operational output of space monitoring of the passage of flood waters

At the second level, as they are received (the survey is performed every 7-10 days), medium-
resolution data (spatial resolution 15-70 m), for example, Landsat data, as well as radar data, in particular
images of the European Sentinel 1 satellite, are involved. A feature of radar data is that it is not affected by
cloudiness or the time of day. They allow you to see the area covered by clouds, which is important for
spring conditions, when often the entire territory of the region is covered with dense clouds.

At the third level, if it is necessary to analyze the situation in especially critical cases, optical and
radar remote sensing arrays of high and ultrahigh resolutions are used.

Using the data from the MODIS sensor, space-time monitoring of snow and ice cover melting is
performed twice a day (snow cover with highlighting snow melting zones), once a day mapping of flood
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zones (with additional use of data from Landsat, Sentinel-1-2 satellites) 0.5-1 hours after receiving the
space image.

Mapping of total flood zones is carried out once a decade. And zoning of territories according to the
degree of risk of flooding using hydrometeorological information for the last 5 years and archival data
from Landsat, Sentinel-2 satellites - once a season.

Also, modeling and forecasting the development of large floods would be done as necessary during
the period of flooding. For this, relevant hydrometeorological and cartographic information, DEM with a
resolution of 10 m, and maps of the dynamics of the water surface of reservoirs are used.

Oil spill monitoring database. Currently, the issue of pollution of the Caspian Sea, which is saturated
with oil industry facilities, is highly relevant. Of great importance for Kazakhstan is the control of such
objects and phenomena that pose a potential and real threat of natural and man-made emergencies, such as
accidental oil spills that entail significant damage to the environment [14].

Oil spills are monitored using data from the Sentinel-1A, B satellites, European Earth remote sensing
satellites, which are part of the space group of satellites for the Copernicus Global Environmental and
Safety Monitoring. Sentinel-1 products are available in real time, free of charge for all data users,
including the general public, scientific and commercial users. Shooting is performed in the C-band
(wavelength 6 cm) in one polarization (HH or VV) and double polarization (HH + HV or VH + VV). To
verify the results obtained, optical images of the satellites of the Landsat and Sentinel-2 family are used.

In the period from March 1 to December 31, after processing the data of the aforementioned satellites,
we get a map of oil pollution of the Caspian Sea, taking into account the temperature data of the water
surface, speed and direction of the driving wind, maps — schemes of the main sources of oil pollution in
the sea, in particular: ship routes , as well as the epicenter of earthquakes 1 time in 3 days for 0.5-1 hours
from the moment the data are received. The attributive information contains data on time, satellite, area,
perimeter, and most importantly, on the coordinates of pollution (figure 6); maps of the dynamics of
changes in the total area of oil pollution over the week and month; maps of the intensity of oil pollution of
the Caspian Sea per month, per decade, per year.

MoHHUTOpPHHI MoHMTOPHHI MoHWTOPHHT MoHWUTOpUHF
O npoekre noxapoe reoUHaMHYeCcKHX CMeleHnin HeTAHBLIX paznUEoE HABOAHEHWRA

Nara: 2019-06-07T00:00:00

CnytHuk: Sentinel - 1

Mnowaaek: 6.26 km?

Mepumerp: 182.45 km

Koopaunate:: 437 57" 37 N 49° 26" 46" E

Figure 6 - An example of obtaining attribute information

Using data processing from the MODIS sensor and the Landsat satellite, we obtain maps of the ice
conditions of the Caspian Sea for a decade.

As necessary and / or in case of major accidents associated with an oil spill, modeling of the
movement of oil pollution using temperature data of the water surface, speed and direction of the driving
wind is carried out.

Database of monitoring of geodynamic displacements. To calculate the geodynamic displacements of
the surface, data from a high-precision satellite navigation network (SVSK RK) from 112 GPS stations,
commissioned in 2016 by JSC “NC* Kazakhstan Karysh Sapary ”JSC, Leica Geosystem Kazakhstan JSC,
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and TRIMBLE GEOTRONICS LLP, are used. Data collection, transmission and archiving is carried out
via GSM communication channels on the servers of service organizations.

The input information is presented in the form of text files and includes the following data: GPS
station hardware characteristics, digital elevation model (in meters), Moho sole digital model (km),
tectonic faults (vectors), digital heat flow model, surface velocity components (mm / year) in the
directions SN, WE, Up and the module of horizontal speed. Schematic maps of the distribution of the
velocities of the earth’s surface and the parameters of the stress-strain state of the earth’s crust of the
seismically active region (Almaty test site) have been compiled.

After processing data from 49 permanent GPS stations in Kazakhstan, including 19 TRIMBLE
stations (Geotronics LLP), 20 LEICA stations (LEICA Kazakhstan JSC), 10 stations in the Almaty
seismic test site (DTOO Ionosphere Institute and Institute Seismology of the Ministry of Education and
Science of the Republic of Kazakhstan) once a quarter, a map of the displacement velocity of GPS stations
of the territory of Kazakhstan is calculated (figure 7) (vector, velocity field).

50 " 55 ARTU 60 65 70 75 80 85

o Al =it .
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Figure 7— Vectors of horizontal speeds of GPS stations

Twice a year, the geomechanical state of the earth's crust of earthquake-prone areas of Kazakhstan is
assessed using satellite monitoring of modern earth surface movements using the following data: seismic
data; digital elevation model; digital sole model (Moho); tectonic faults; component of the speed of the
earth's surface West-East (meters per year); component of the surface speed of the earth South-North
(meters per year); vertical component of speed (meters per year); absolute value of speed (meters per
year); parameters of the stress and strain field of the earth's crust.

In addition, data such as:

- administrative boundaries; - settlements; - data on emergency facilities (fire brigades, hospitals,
emergency collection points, etc.); - data on hydrology (rivers, lakes, hydro-network); - sea routes and
bathymetry of the Caspian Sea; - data on GPS stations of geodynamic monitoring. Thus, under the control
of the database management system there are 4 databases for each of the topics, and a database of
auxiliary layers:

- firedb - database for monitoring fires and burned out areas;

- geodinamic - database of monitoring of geodynamic displacements;

- oilspills - oil spill monitoring database;

- water - database for flood and flood monitoring;

- auxiliarylayers - a database of auxiliary layers.

Results and its discussions. An emergency space monitoring database management system has been
developed. A geospatial database of operational emergency monitoring on the territory of Kazakhstan has
been created, including operational data for space monitoring of forest and steppe fires, GPS monitoring
of intense movements of the earth's crust, space monitoring of floods and floods, space monitoring of oil
pollution of the Caspian Sea. An experimental sample of a web-GIS portal (geoportal) for space
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monitoring of emergency situations in the Republic of Kazakhstan has been developed and is undergoing
testing.

Further briefly on the main results of each area:

- Geodynamic GPS monitoring of intensive movements of the earth's crust is aimed primarily at
solving the following problems: primary processing of satellite information data, special post-processing
for operational and short-term forecast of earthquakes and seismic-related processes (landslides,
landslides, mudflows) and transmission of monitoring data to control centers in crisis situations.

In the course of solving these problems with the use of new GPS monitoring stations, a new result
was obtained for the first time that has predictive value. Based on the results of processing the velocity
field, a local anomaly of the displacement velocity to the south of Almaty was identified. No anomaly was
previously observed.

Calculations of the crust strength criterion (Coulomb-Mohr) (figure 8) showed the formation of the
region of possible destruction of the rock mass due to the achievement of shear (shear) stress of the
ultimate tensile strength of the soil.

For stations of the Almaty seismic test site, the errors in determining the velocities are slightly higher
than the world ones and amount to = 0.3 mm / year in plan and + 1.3 mm / year in the vertical direction.

77 78

Figure 8 - Strength criterion of the Earth's crust of the Northern Tien Shan according to
GPS observations until 2018 (left) and as of July 2019 (right)

- Based on the results of space monitoring of oil spills, a preliminary database of foci of oil pollution
in the Kazakhstan part of the Caspian Sea was created using data from radar and optical surveys. The
preliminary database contains 1304 scenes received by the SAR Sentinel-1A satellite, as well as 50 and
20 scenes received by the optical Sentinel-2A and LANDSAT-8 satellites, respectively.

Mapping of the main sources of oil pollution in the sea was carried out, in particular: ship routes,
wells, oil islands, oil pipeline, oil and gas structures, as well as earthquake epicenters, which consequently
affect the eruption of mud volcanoes located on the bottom of the Caspian Sea.

According to the results of monitoring of oil spills on the sea surface from April 1, 2018 to July 31,
2019, the total area of detected oil spills in the Kazakhstani part of the Caspian Sea reached 60.4 km2.

- Methods for monitoring forest and steppe fires and burned out areas have been developed.
Preliminary results have been obtained from monitoring active fires and assessing the areas affected by
fires according to MODIS data covering the territory of Kazakhstan. According to the results of space
monitoring, the database of fire centers and areas affected by fires is continuously being filled. The
content, structure and type of an online report on the results of monitoring of fires and burned out areas
have been developed for presentation in the form of separate graphs and charts for a selected period of
time in the geoportal itself.

Emergency committee facilities have been prepared and digitized, such as fire brigades, fire hydrants,
emergency rescue services, hospitals, airspace, operational rescue squad, collection points and fire trains
to assess the real danger of fires for settlements and prompt decision-making.

- The data of space flood monitoring were generated for 16 regions of Kazakhstan. The composition
of the data includes: two-year series of data from space-based monitoring of floods of various temporal
averaging (daily, ten-day and seasonal);
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The current state of the geoportal and its unique features:

The current state of the hardware and software implementation and the pilot version of the Geoportal
are available at http://igmass.kz/. The geoportal allows solving two main problems - timely electronic
exchange of spatial data between interested organizations and companies of different profiles, as well as
providing mass access to cartographic emergency monitoring products based on modern information and
communication technologies.

In addition, one of the unique capabilities of the system is not only the receipt of the above
information, but also the provision of various tools to users to conduct their own analysis and generate
reports by constructing graphs and charts based on monitoring results (figure 9).

These tools allow, in particular:

- analyze various spatial information;

- generate specialized reports, including their analysis, refinement and reliability control;

- provide various graphical representations of information to ensure the convenience of its analysis;

- carry out processing and analysis of satellite information (including for assessing areas covered by
fire using satellite data of various spatial resolutions);

- provide the ability to analyze historical information, including making convenient comparisons
with operational information.

Thus, the system provides users with the opportunity to obtain a sufficiently large amount of
information of a high level of processing and means for its analysis.

MoHuTOpHHE MoHuTopuHr MonuTopHHT MoHuTopuHr
i &

O ny

OTYeTEI NC OYAraM NOKAPOE

Havsano nepuoga |2019-09-23 '8 OxoHYaHWe Nepuoga [2019-10-23 14

KonmeecTno cuaron ne ofnactsu 3a neprog © 2019-09-23 no 2019-10-29 KONMUeCTED OYATrOB NOXKAPOE MO 0GAACTAM

MPoUeHTHOE COOTHOWEHWE KONMYECTEA OYAroE NOXAPOE NO =
a obnacram

Figure 9 - An example of displaying a web portal for generating a report of fire outbreaks

When analyzing the dynamics of the situation for any particular time period, the user downloads all or
selectively available information for a certain period. Such an analysis may be accompanied by
appropriate tabular and other information characterizing the development of the situation for the selected
period. The analytical unit also generates overview information for decades, months and years, which is
available to users. Similarly, work is carried out with cartographic and analytical information when
analyzing the development of the situation over a long period.

Conclusion. The created geoportal of geospatial data for operational monitoring of emergencies in
Kazakhstan, including operational data for space monitoring of forest and steppe fires, GPS monitoring of
intense movements of the earth's crust, space monitoring of floods, space monitoring of oil pollution of the
Caspian Sea and operational coverage of these data on the geoportal with the possibility access from
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anywhere in the world will allow you to timely respond and reduce critical damage in human life, flora,
fauna and even completely prevented.

These works are carried out with financial support by the CS MES RK, in the framework of the
scientific and technical program 0.0782 “Development of a multi-purpose aerospace forecast monitoring
system (MAKSM), as well as the creation on its basis of services for the comprehensive presentation of
emergency and natural-generated emergency information in conjunction with semantic and geospatial
data”.

K. III. XKanraes, C. M. Hypaksbinos, C.B. I'aBpyk,
Bb.A.UckakoB, H.K. CpiabIK, A. A. MepekeeB

Honocdepa uncrutytsl, «¥F3TO» AK, Anmatsl, Kazakcran;

T'EOIIOPATAJI K¥PY )KOHE OHbIH KP AYMAFBIHJIA TABUTU
ZKOHE TEXHOTEHJIK CUIIATTAYBI TK )KEJEJI MOHUTOPUHI'THAE POJII

AHHOTanusl. FapeluThIK XoHE AKMApPAaTTHIK TEXHOJOTHMSUIAPIBIH JAaMyBIMEH CIYTHUKTIK AEPEKTepHiH KeMeriMeH
TeTEHLIE KarAaillap MOHUTOPHUHI1 YIKEH ©3eKTUIKKe ue. ©Onemaik Toxipube Herisinne TJK sxoro sxeHiHIeri mapanap
TypaJibl HICHIIMICp KaObUIaHATBIH HETI3ri, an KeOiHece JKaJFbI3 akmapaT Ke3i FaphIITHIK MOHUTOPUHT Kyiieci OOk
TaObUIATBIHBIH KyonaHasipansl. TOK pexxuminge skenentikke 0acTbl KOHII O6JIIHI€HAIKTEeH, TeK THICTI OpraHaap/bl FaHa
eMec, COHBIMEH KaTap eNiMi3/IiH KapanaiibiM TYPFBIHIApBIH Ja Jep Ke3iHae xabapaap eTy KaxeT. OkiHilike opail, Kasipri
yakbITTa OipHelle OarblT OoiiblHIIA AepekTep O6ap OipbiHFail xyile koK. OcblFaH OalIaHBICTBI, aca ©TKIp TYPFaH TaOuUfru
KOHE TEXHOTCHIIK amarrap OOMbIHIIA ©3€KTi aKMapaTThl KaMTHUTBIH OIpbIHFall TeomopTall KYpyJIbIH aca KaKeTTLIiri
e3xirinen maiina Gomaabl. JXKK3 men I'AXK jxaHa jKeTicTiKTepiH maijaiaHa OTBIPBIN, KYPBUIFAaH TOTEHIIE Karnainap
FapBIITHIK MOHUTOPHHTIHIH TyTac jKoHe Ken OeiiHl xyiecinin Oanamacel Ka3akcranna raHa emec, Oykin Opra Asusiia
Jia XKOK.

By mMakanama Fapellll MOHUTOPHHTI XKYHeci, OHBIH KYpaMbl JKOHE FapbIlI MOHUTOPHHT KYHECIHIH pecypcTapbl MEH
KYMBIC HOTHIKEJIEPIHE KAIIBIKTHIKTAH KOJI KETKi3y JKYHeci MeH CepBHCTEpiHiH 0a3aiblK 3JIEMEHTTEPiHIH (QYHKIIMOHAIIBIK
cyinbacel KapacTelpsuiaasl. ABropiap OGC cnenndukanusaceiHa coiikec KeJNeTiH Heri3ri OarmapiamMaiblK KOMIOHEHTTepre
XKallbulaHFaH cunarrama Oepeni: Omnepanusuiblk kyie, aepekrep KopbelH Oackapy xyieci (JKBX), BebG-cepsep,
Oarmapnamanay Timi, GDAL xitanxaHacel, KapTorpadisuIbIK MaTepUaIapibl KepceTyre apHainraH web-unTepdeiic.
Conpaii-ak, MpIHajlap CHIIATTANabl: CIIyTHUKTIK JACPEKTEpi KMHAYIbIH Killli )Ky#eci; oHAey XKoHE MHTEpIpeTalusaay
KOJIMEH JKY3€re achIpbUIaThIH IEpPEeKTepl MHTepHpeTalysuiay OJOTHl )KoHE OapibIFbl aBTOMATTaHIBIPBUIFAH CypeTTepi
eHzey Oorsl; >KYHeHi akmapaTThIK KaMTaMachl3 €Ty KypaMbl, OHbIH (opMaTTapbl MEH Ke3Aepi, XKaHapTy KUiMiri,
MOHHUTOPHHT J€PEKTEePiH HHTETpalusIay jKoHE Tapary.

uki nepekrepai anmynaH Oacranm TOTEHINE JKarAalinaplblH OipHelle Typiepi OoifbIHIIA NEpeKTepAl rernopraiFa
JKYKTETeHTe JIeHiH FapBIITHIK MOHUTOPUHT YXYMBICTAPBIHBIH OapibIK HUKII CHOarTaiaigsl. backiM OaFbIT peTiHme TepT
OarbIT TaHJAAI AIBIHABL OpPMaH XQHE Jaja ePTTEPiHIH XKeJed FApbIITHIK MOHHUTOPHHII; JK€p KbIPTBHICHIHBIH KapKbIH]IbI
KO3FaIIBICTapbIHBIH GPS MOHNTOPUHT; Kap ’KaMBUIFBICBIHBIH, CY TaCKBIHBI MEH Cy 0acy KaymiHiH FapbIIITEIK MOHHUTOPHHT1;
Kacnuii TeHi31 akBaTOPHSCHIHBIH MYHAil ©HIMJICPIMEH JIACTAHYBIHBIH FAPBIIITHIK MOHUTOPHHTI.

OpmaH XoHE Jjana epITEpiHIH MOHMTOPHMHIL YII Herisri MiHAeTTeH Typaznbl. bipiHmi, TeMmeparypaniblk
aHOMAJTMSUTAP/IBIH JKeJell MOHUTOPHUHTI. Byt paciM Toymirine eki per, )KK3 aepekrepin anrannas keiiin 0,5-1 carart iminge
opblHIanaabl. EkiHII, epTeHreH ayAaHIapAblH KapTalapblH Kypy - xkelen pexumae TemeH memimai JKK3
MOJIIMETTEPIHEH TOYJIriHE €Ki peT, erKeH-Ter kel Typae, opTalia MIeHIMIi MONIMETTEpJCH KeTi KyH CalblH
opbIHAANaabl. YIUIHIIIJEeH, XKEePTiTiKTi jKepaiH (eCIMIIK KaMbUIFbICHI, TONbBIPAK bUFAIIBLIBIFbI, KOIOCYIiK, ke, OeTkei
9KCHO3UIMICHI, Tpaccara, €Jiii MEKEHIe XOHE OpT THAPaHThIHA JCHIHI KAaIIBIKTBIK) JKOHE METCOACPEKTEpHl eckepe
OTBIPBII OPT KAyINTLIIK TOyeKeNliH MOJEIbCY XKoHe Oaranay.

TackbIH CyIbIH OTYiHE )KOHE Kap >KaMbUIFBICHIHBIH TYCYiHE FAPBINITHIK MOHUTOPHHT YIII ACHICHIE KYPri3inyi MyMKiH.
bipiHmi JeHreiife TOyliriHe eki peT TeMeH INEeNIMJl CIyTHUKTIK AepeKTep OoHbIHIIA Kap KOHE MY3 XKaMBUIFBICHIHBIH
KBUDKYBIHA Tayfay kyprisineni. Exinmii aeHreiine cy Oacy aliMakTapblH KapTajay YIIIH OpTalia MICHIiMJi JepeKTep
TapThUIanbl. YUIHII JCHreine, ®arqauapl Tangay KaxeT OONFaH jKaraaiina, aca KUBIH JKaraaiinap/a sKOFaphl jKOHE aca
JKOFapbl IICHIIMII ONTHKANBIK JkoHe panmapiblk JXKK3 nepexrepi naiinananeuiazpl. Conpaii-ak, cy Oacy KeseHiHze
Ka)XeTTiNiriHe Kapai ipi cy TaCKbIHAAPBIHBIH JAMYbIH MOJIEIIbEY JKOHE 00JIKay Kacallabl.

MyHall JlacTaHybIHBIH FapbeIITHIK MOHUTOPUHTI 01 Hayphi3-31 >kenTOKCaH apajibiFbIHAA KYpriziaeni. CoyTHHKTIK
JIepeKTepal OHIETeHHEH KeHiH ©0i3 - cy OeTiHIH TeMiepaTypanblK JepeKkTepiH eckepe OTbIpbll, Kacnuil Tenisi
AKBaTOPHMACHIHBIH ~MyHaiiMEH JlacTaHy KapTachblH, Cy OeTiHHeri O>KeNmiH  IKbUINAMIBIFEI MeEH OarbITBIH, TEHI3
AKBaTOPHACBHIH/IAFbl MYHAMMEH JaCTaHyAbIH HETi3ri Ke3/epiHiH KapTa —CbhI30achIH, aTall alTKaH/a: KeMelep Tpaccalapblt,
COHJIali-aK >Kep CUIKIHICIHIH STHUIEHTPIICPiH AepeKTepi anFaH coTreH Oactamn 0.5-1 carat inmiHae 3 ToymikTe 1 per anambI3.

XKep OeTiHiH TreoAMHAMHUKAIBIK >XBUDKYBIH €CENTey VIIIH [OJAIri >KOFapbl CIYTHHUKTIK HaBUTAIUsA XKETiCiHIH
nepekrepi maiinananeansl. Kaszakcran aymarbiana 49 nepmanenTti GPS cTaHIMSACHIHBIH IepEeKTEePiH OHJIETCHHEH KeiiH,
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onblH iminae - 19 TRIMBLE crannuscer, 20 LEICA cranuusicbl, AnMaTthl CeHCMONOJIMTOHBIHBIH ayMarbiHaa 10 cTaHuus
TokcanbiHa Oip per Kazakcran aymarbinnarsl GPS cTaHIMSUTApBIHBIH BIFBICY IKBULAAMJIBIFBIHBIH KapTachl (BEKTOD,
JKBULTAMJIBIK, opici) ecenrenineni. XKpuibiHa eki peT KazakCTaHHBIH CeHCMHUKAIBIK KAyiNTi ayMaFbIHBIH Kep KbIPTHICHIHBIH
reOMeXaHUKANBIK Xal-KyiliHe MbIHanall epeKTep i naiifanaHa OTBIPHIIL, Jkep OeTiHiH Ka3ipri 3aMaHFbl KO3FalbICTaAPbIHBIH
CIYTHUKTIK MOHHMTOPHHIIHIH JepekTepi OoMbIHIIA Oaranay >XKyprisijiei: CEHCMHUKANBIK JepeKTep; penbe(TiH CaHIbIK
Mojeni; TabaHHBIH caHAblK Moneni (MoXo0); TeKTOHMKaNbIK ChIHBIKTap; barbic-lIIbIFbIC xep OETi KbLIAaMIBIFBIHBIH
KoMMoHeHTi (kbutbiHA MeTp); OHTycTiK-ConTycTik skep OeTi JKbUIIAMABIFBIHBIH KOMIIOHEHTI (KbUIBIHA METp);
KBUIJAM/IBIKTBIH TIK KOMIIOHEHTiI (KbUIBIHA METP); JKbUIIAMIBIKTHIH a0CONIOTTIK [amackl (KbUIbIHA METp); JKep
KBIPTHICBIHBIH KEPHEY1 jKoHe e(opMalusChl.

bynan Oacka, xyleHiH Oipereil MyMKiHAIKTepiHiH Oipi XKOFapblia aTallFaH akIapaTThl ajly FaHa eMec, COHBIMEH KaTap
naigaiaHyIbIapFa MOHATOPUHT HOTIDKeNepi OoibiHIIAa ['padukrep MEH nuarpaMmanapiabl KYpy apKbUIBI KEKe Taljiay
XKYPrizyre xoHe ecenTepli KalblITacThIpyFa MYMKIHIK O€peTiH Typili Kypalaapasl YChIHY OOJIBII TaObLIaIbl.

Tyiiin ce3nep: T'eomopran, TXK rapeiitan Gakeiiay, JKKb, I'AX, reoamnammuika, epT, Cy TacKbIHBI, MyHai
Teritynepi.

2K. III. XKanraes, C. M. Hypaksbinos, C.B. I'aBpyk, B.A. Hckakos, H.K. Cbiabik, A.A. MepekeeB
WucturyT nonocdepsr AO «HIIKWUT», Anmarel, Kazaxcran;

CO3JAHHME I'EOIIOPTAJIA U ET'O POJIb B OIIEPATUBHOM MOHUTOPHUHI'E 4C
OPUPOJHOI'O U TEXHOI'EHHOI'O XAPAKTEPA HA TEPPUTOPUU PK

AnHortauus. C pa3BUTHEM KOCMHYECKMX U HH(POPMAIIMOHHBIX TEXHOJIOTUH MOHUTOPUHT YPE3BbIYAMHBIX CHUTYalUH C
MTOMOIIBIO CITyTHUKOBBIX JaHHBIX HAOUPaeT OrPOMHYIO aKTYaJIbHOCTh. MHUPOBOI! ONBIT CBUAETENBCTBYET, YTO OCHOBHBIM, a
3a4acTyl0 M EIUHCTBEHHBIM HCTOYHHKOM HH(OpPMAanuy, Ha OCHOBE KOTOPOHW NPHHHMAIOTCS DEIICHHS O Mepax Mo
mukBuaann YC, sBISIOTCS CUCTEMbI KOCMUYECKOro MoHuTopuHra. U tak kak B pexxume YC ocHOBHOI1 yrop zenaercs Ha
OIIEPaTHBHOCTh, HEOOXOAUMO YUYHUTHIBATh M CBOEBPEMEHHOE OIOBELICHHE HE TOJIBKO COOTBETCTBYIOIIMX OPraHOB, HO W
MIPOCTHIX JKUTEJel Haieil ctpansl. Ho, k coxanenuto, Ha JaHHBI MOMEHT HE CYLIECTBYET €MHOI CUCTEMBI C JAHHBIMHU IO
HECKOJIBKMM HaIpaBlIeHUSM. B CBs3M C 3TuUM, KpaiHAS HEOOXOAMMOCTH CO3JaHUS €AWHOTO TeOoIopTaia, KOTOPBIH
coziepai Obl aKTyaJIbHYI0 HH(OpMaIHIO 0 psfy Hanbojaee OCTPO CTOSAIIUM HNPUPOJIHBIM M TEXHOTEHHBIM KaTacTpodam
3apojKIaeTcsl camMo 1o cebe. AHAJOroB CO3JaHHOM LENbHOW M MHOTONPO(WIBHON CHCTEMBI KOCMHYECKOTO MOHUTOPHHTA
Ype3BbIUAMHBIX CUTyalluil ¢ Ucnoab30BaHueM HoBemux noctwkeHuit 133 u I'MC ner He Tonbko B KazaxcTtane, HO U BO
Bcet CpenHeit Azun.

B nmanHOii craThe paccMaTpUBAeTCs CUCTEMa KOCMHYECKOIO MOHHTOPHMHIA, €r0 COCTaB U (PyHKIHOHAJIbHAs CXeMa
0a30BBIX DJJIEMEHTOB CHCTEMBl M CEPBHCOB YAAJICHHOIO JOCTyIa K pecypcaM H pe3yibTataM pabOThl CHCTEMBI
KOCMHUYECKOTO MOHHUTOPUHIra. ABTOPHI JAIOT OOOOLIEHHYIO XapaKTEPUCTUKY OCHOBHBIM IIPOTrPaMMHBIM KOMIIOHEHTaM
noaxoxsmuM crnenudukammsam OGC: onepaimoHHas cucTeMa, CucTeMa ynpasieHus 6azamu nanusix (CYB/T), Bed-cepsep,
A3bIK TIporpaMmupoBanusi, Oubnuorexka GDAL, web-untepdeiic mis oroOpakeHHs KapTorpaduueckux MaTepHanoB.
Taxoke ONmUCHIBAIOTCA: IMOJCHCTEMa cOOpa CIyTHUKOBBIX JIaHHBIX; OJIOK MHTEpHpETalUil NaHHBIX, 1€ OCYIIECTBISAECTCS
00paboTKa W MHTEpIpeTalus BpPYYHYO U OJOK o00pabOTKM CHHMKOB, TJ€ BCE aBTOMAaTH3HPOBAaHO; COCTaB
MH()OPMALIMOHHOTO O00eCIeYeHHsT CHCTEMBI, ero ()OopMaTbl W HCTOYHHKH, YacTOTa OOHOBIEHHUS, HHTETpalus H
pacnpocTpaHeHus JaHHBIX MOHUTOPUHIA.

OnwuceiBaeTcst BeCh IMKJI pabOT KOCMHYECKOIO MOHHUTOPHMHIA OT MOJYYEHHUS CBIPHIX JAHHBIX 1O 3arpy3kd Ha
reonopTal JaHHBIX 110 HECKOJIBKMM BUAM Ype3BbIYalHBIX CHUTYyallid. B kadecTBe MpUOPUTETHBIX OBUIO BHIOPAHO YETHIpE
HaTpaBJICHHUs: ONEPAaTHBHBIH KOCMHYECKHH MOHHMTOPHHI JIECHBIX U CTENMHBIX NMoxapoB; GPS MOHMTOPHHI MHTEHCHBHBIX
MOJBI)KEK 3€MHOH KOpbI; KOCMMYECKMH MOHHUTOPUHI CHEXHOI'O IOKpOBA, HAaBOJHEHMH M MAaBOJKOB; KOCMHUYECKUM
MOHUTOPHHT 3arpsi3HeHHs HeTenpoLyKTaMu akBaropun Kacnuiickoro Mopsi.

MOHUTOPHHT JIECHBIX M CTEMHBIX I0KapOB COCTOMT M3 TPEX OCHOBHBIX 3azad. IlepBoe, onepaTHBHbBI MOHUTOPUHT
TEeMIIepaTypHbIX aHOMAJIMKA. DTO IpoLEAypa BHINOJIHSAETCS Ba pa3a B cyTkH 3a 0,5-1 yaca nocie nonydeHus gaHHbix /133.
Bropoe, noctpoeHne kapT BHITOPEBLIMX IUIOMIA/IEH - B ONIEPATUBHOM PEXHUME BBIMOJIHACTCA /1Ba pa3a B CyTKH U3 JAHHBIX
J133 HU3KOro paspelleHus, B AeTaIbHOM Pa3 B CeMb AHEH U3 JaHHBIX CPEIHETO pa3pelieHus. TpeTbe, MOAENIUpOBaHUE U
OLICHKH DPHCKa IIOYKAPOOMACHOCTH C YYETOM XapaKTePHCTHK MECTHOCTH (PacTHTENbHBIH IOKPOB, BIAKHOCTH IOYBEI,
HAKJIOHHOCTb, BETEp, SKCIO3MLMUS CKJIOHA, AWCTAHLMUS /IO TPAacChl, HACEJIEHHOrO ITyHKTAa M II0XKapHOTO THJApaHTa) U
METEO/1aHHbIX.

Kocmuueckuii MOHUTOPUHT MPOXOXKICHUS TABOJIKOBBIX BOJI M CXOJla CHEXKHOT'O IOKPOBA MOXET MPOBOAUTHLCS B TPHU
ypoBHs. Ha nepBom ypoBHe Ba pa3a B CyTKH IIPOBOJUTCS aHAIU3 CXOJa CHEXKHOTO U JIEASHOTO MOKPOBA MO CILyTHUKOBBIM
JTAaHHBIM HHU3KOTO pasperieHus. Ha BTopoM ypoBHE NPUBIEKAIOTCS AaHHBIE CPEJHErO pa3pelieHus Uil KapTUPOBAaHUS 30H
3aTorieHus. Ha TpeTbeM ypoBHE Ipu HEOOXOAMMOCTH aHAJIM3a CUTyaluH B 0CO00 KPUTHUECKUX CIIydasx HUCIOIB3YIOTCS
ontuyeckue U pagapHblie JIJI3 BBICOKOTO U CBEPXBBICOKOTO paspelleHus. Takxke, B MEpUOA 3aTOIUIEHHS IO Mepe
HEOOXOIUMOCTH JeTIaeTCsl MOISIMPOBAHHE M IIPOTHO3 PAa3BUTHS KPYITHBIX HABOJIHEHHH.
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Kocmuueckuii MOHMTOPHHT HE(TSHBIX 3arps3HeHui npoBoautTcs B mepuon 01 mapra mo 31 nexaGps. Ilocne
00pabOTKH CIYTHHKOBBIX JaHHBIX IOJIy4aeM - KapTy HeTsHOro 3arpsisHeHHs akBaropuii Kacmuiickoro mopst ¢ yuerom
TEeMIIepaTypHBIX JaHHBIX BOJHOM IMOBEPXHOCTH, CKOPOCTH M HAlpaBlieHHE MPUBOIHOTO BETPa, KapThl — CXEMbl OCHOBHBIX
HCTOYHUKOB HE(TSHOTO 3arpsa3HEHUS] B AKBATOPUHM MOPSI, B YACTHOCTHU: TPACC CYJOB, & TAKXKE SMUICHTPHI 3eMIICTPSCCHUN
1 pa3 B 3 cytku 3a 0.5-1 yaca c MOMEHTa OTy4YEHUS TaHHBIX.

Jliis pacueTa reoJUHaAMHUYECKUX CMEIICHUH OBEPXHOCTH MCIOJB3YIOTCS JAHHBIE CETH BBICOKOTOYHOM CITYTHHKOBOM
HaBuranuu. Ilocie o0paboTku naHHbIX 49 mepmaneHTHbIX GPS cranumii Ha Teppuropun Kaszaxcrana, B TOM yucie -
19 cranumii TRIMBLE, 20 cranuuii LEICA, 10 cTanumii Ha TeppuUTOpuH AJIMATUHCKOTO CEHCMOIIOJIIMIOHA OAMH pa3 B
KBapTaJ BBICUMTHIBAETCSA Kapra ckopocTu cMemieHnit GPS crannmit Tepputopun Kazaxcrana (BexTop, moje cKopocTeil).
JlBa pa3a B rojJ MpPOBOJUTCS OLEHKA I'€OMEXaHHYECKOTO COCTOSHHS 3€MHOH KOpPBI CEHCMOOIMACHBIX TEPPUTOPUU
KazaxcraHa no naHHBIM CIlyTHUKOBOTO MOHHTOPMHIA COBPEMEHHBIX JBIKEHHN 3€MHOI MOBEPXHOCTH C MCIOJIb30BAaHHEM
CIEIYIOUIMX JaHHBIX: ceificMuueckue aaHHble; IudpoBas Monens penbeda; mudposas moxens moxomssl (Moxo);
TEKTOHHYECKUE pa3JIOMbl; KOMIIOHEHTa CKOPOCTH IIOBEPXHOCTH 3eMiin 3amag-BocTox (Merpbl B rop); KOMIIOHEHTa
ckopoctu noBepxHoctu 3emin HOr-CeBep (MeTpel B roj); BEpTHKaJbHas KOMIIOHEHTa CKOPOCTH (METpbl B TOX);
a0CONFOTHASI BETMYMHA CKOPOCTH (METPHI B TOJ); TIapaMeTphI OISl HAIPSDKEHUH U ieopMaiuii 36 MHON KOPEL.

Kpome Toro, onHo# U3 yHUKaIBHBIX BO3MOKHOCTEH CHCTEMBI SIBISIETCS. HE TOJIBKO MOJyUYE€HUE NEPEUNCICHHON BBIIIE
MHPOPMaLUK, HO U MPEIOCTABICHHUE MT0JIb30BATEIAM PA3IMYHBIX HHCTPYMEHTOB, ITO3BOJISIOIIUX IPOBOJUTH COOCTBEHHBIH
aHaiaM3 ¥ GOPMUPOBATH OTUYETHI C IOMOILBIO TOCTPOCHHUS rPAUKOB U JUarpaMM I10 Pe3yabTaTaM MOHUTOPHUHTIA.

Karouesbie ciioBa: ['eonopran, xocmuueckuii Mmonutopunr UC, 133, I'MC, reonqunaMuka, noxapsl, HaBOJHEHUE,
He(Tepas3uBBL
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VARIATIONS OF LOW ENERGY NEUTRONS
AND EARTH'S SEISMOACTIVITY

Abstract. The results of the study of variations in the intensity of slow neutrons at the high-altitude Tien-Shan
cosmic ray station (3340 m above sea level, 20 km from Almaty) are presented. The effect of cosmic and
geophysical events on the flux of thermal and epithermal neutrons was successively analyzed. The comparison was
made with well-known variations of high-energy neutrons of galactic origin recorded by the 18NM64 monitor. Like
the 18NM64 neutron monitor, the installation for detecting thermal and epithermal neutrons is located near the
Zailiysky fault of the earth's crust.

It has been established that, in the absence of seismic activity, the variations of thermal neutrons on the earth's
surface are of the same nature as the high-energy neutrons recorded by the monitor 18NM64. However, during the
activation of seismic activity, the frequent breakdown of the correlation between the intensity of thermal and high-
energy neutrons was noted. The cause of this phenomenon is the additional thermal neutron flux of the lithospheric
origin, which appears under these conditions. It is shown that the amplitude of the additional thermal neutron flux
from the Earth's crust is equal to 5-7% of the background level.

A difference was found also in the spectral composition of variations of slow and high-energy neutrons in the
range (2:107 + 2:10°) Hz. Variations, due to the gravitational influence of the moon, are present throughout the
12-year period of research of thermal neutrons. The amplitude and its dynamics were determined. The analysis of our
catalog of earthquakes in the vicinity of Almaty with an intensity of > 3 points showed that ~ 65+70% of these events
occurred during the full moon or new moon.

Key words: cosmic rays, variations of thermal and of high-energy neutrons, seismic activity, earthquakes.

Introduction. Active study of near-Earth space using data on the registration of the intensity of the
neutron component of cosmic rays began in sixties of the last century after the International Geophysical
Year, 1957-1958. An international network of ground-based standard neutron monitors was organized
mainly on the basis of proportional counters, the gas filling of which includes boron trifluoride enriched
with boron isotope '’B. The counting efficiency is determined by the probability of neutron capture by
boron nuclei. It is maximum for neutrons of thermal energies. However, low-energy neutrons are more
susceptible to the influence of the surrounding geophysical environment. Since neutron monitors were
designed to study outer space outside the Earth’s atmosphere, the counters are surrounded by polyethylene
to reflect thermal and slow down fast neutrons, and lead is used to increase the counting rate due to local
neutron generation. The high-mountain Tien-Shan neutron monitor 18NM64 (3340 m above sea level) has
been included in the international network since 1973 and registers high-energy neutrons (above
200 MeV) of galactic origin with high statistical accuracy, counting rate ~5-10° imp/hour. By now,
variations in the intensity of high-energy neutrons and their sources are quite well studied.

Thermal neutron measurements have long been episodic in nature. The interest in measuring thermal
neutrons increased after the detection of their bursts in the Pamir and Tien Shan during the extreme
gravitational impact on the Earth's crust from the Moon and the Sun (new moon, full moon, solar eclipses)
[1-3]. It was supposed that the earth's crust, undergoing mechanical action, displaces the stocks of
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radioactive gases of radon isotopes. In the process of radioactive decay, alpha particles are formed that
interact with the nuclei of the elements of the earth's crust and air with the formation of neutrons. An
experimental confirmation of the existence of variations in the background thermal neutron flux associated
with lunar periods was also presented by the authors of [4].

The stationary installation for detecting thermal and epithermal neutrons at the high-altitude Tien-
Shan cosmic rays station was created and put into operation in November 2006. Like the 18NM64 neutron
monitor, it is located in a seismically active region near a fracture of the earth's crust. Studies of variations
in the intensity of thermal neutrons have shown the promise of their use for the diagnosis and prediction of
earthquakes in seismically active regions [5].

Experimental complex for detecting thermal and epithermal neutrons

The detector of thermal neutrons (DTN) is composed of two modules. Either module includes six
proportional counters filled with the mixture of helium-3 gases and argon. One module (DTN1) is
installed in one the building with 18NM64 standard neutron monitor; the second module (DTN2), 10 m
from the building in a light plywood container. The modules are fed separately and are independent. The
principled difference between thermal neutron detectors and the neutron monitor is the absence of the lead
and the absorber, that reflects thermal and slows down fast neutrons. Thermal neutron detection efficiency
~ 60%. The counting speed of the module installed inside the building is ~ 6.8 + 10* imp / h, and the
external ~ 4.9 « 10* imp / h, the time resolution is 10 seconds.

The effect of atmospheric and interplanetary disturbances on the intensity of thermal neutrons

Placing the thermal neutron detectors beside with the neutron monitor, 18NM64, made it possible to
compare changes in the thermal neutron flux with well-studied variations of high-energy neutrons, caused
by atmospheric and interplanetary sources. The study showed that regardless of the energy of the recorded
neutrons, all detectors react in the same way to changes in atmospheric pressure; an increase in pressure
leads to a decrease in the counting rate of both high-energy neutrons and thermal neutrons, figure 1 (left
panel). A decrease in pressure leads to the opposite effect in the neutron intensity. High correlation
coefficients (K = 0.97 for detectors inside the building and K = 0.84 for the external module, DTN2 ) with
the neutron monitor, the similarity and amplitude of the response to changes in atmospheric pressure made
it possible to draw the conclusion about the atmospheric origin of the recorded neutrons. This conclusion
makes it possible to use the barometric formula for the correction of high-energy neutrons also for
neutrons of thermal and epithermal energies.
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Figure 1 — Values of atmospheric pressure, the intensity of high-energy and the thermal neutrons
(left panel - without pressure correction, right panel - with correction), March - April, 2015

Also, regardless of the energy of detected neutrons, all detectors react in the same way to disturbances
in the interplanetary space caused by the coronal masses ejection (CME). It is known, that the ejection of
solar plasma with the frozen-in magnetic field forms a shock wave in interplanetary space, which acts like
a giant piston, "sweeping out" galactic cosmic rays and causing magnetic storms on Earth. Ground neutron
monitors at this time register a decrease in the intensity of cosmic rays (Forbush-effect) or changes in
intensity caused by a geomagnetic storm, figure 1(right panel).
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The effect of activation of seismic processes on the intensity of thermal neutrons

The presented results in the previous section confirm the conclusion about the genetic connection of
thermal neutrons with high-energy neutrons of galactic origin in seismically calm conditions [3].
However, during the activation of seismic processes, the synchronism of variations in the intensity of
thermal neutrons and high-energy ones is broken, figure 2. The moment of the main shock of the
earthquake is marked by the vertical line.
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Figure 2 — Variations of thermal and high-energy neutrons, April - May 2011

Almaty is surrounded by a number of potential sources of strong earthquakes, therefore, the diagnosis
and forecast of seismic activity will always be relevant for residents of the city and its environs. The study
of the measured geophysical parameters was conducted during periods of activation of seismic processes
in order to identify earthquake precursors. The catalog of seismic events for analysis included
32 earthquakes perceptible in Almaty with an intensity of > 3 b. When compiling the catalog, the
information presented on the website of the Institute of Geophysical Research, National Nuclear Center,
IGR NNC RK (http://www.kndc.kz) was used.

Variations of atmospheric and interplanetary origin in the intensity of thermal neutrons are excluded
by simple mathematical transformations, considering that they are similar to variations of high-energy
neutrons. Figure 3 presents the calculation results for three periods accompanied by earthquakes. There are
no low-frequency trends or daily variations, but a significant increase in the thermal neutron flux on the
eve of the earthquake or immediately after it is obvious. It was found that ~ 60% of earthquakes in Almaty
with the intensity of > 3b during the period 2007-2018 were accompanied by the increase in the intensity
of thermal neutrons, but on the eve of earthquakes of such events ~ 25-30%. It is also obvious that the
lithosphere is the source of the additional flux of thermal neutrons during the activation of seismic
processes. The amplitude of the additional thermal neutron flux of the lithospheric origin is equal to 5-7%
of the background level. Sometimes it reaches values of 10-12%. The conclusion of authors [3, 5] about
the possibility of using thermal neutron registration for the diagnosis and prediction of earthquakes is
confirmed. However, a necessary condition for this is the synchronous registration of high-energy
neutrons.
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Figure 3 — Variations of thermal neutrons intensity of lithospheric
origin during seismic activity 25.12.2006, 08.04.2009 and 28.01.2013

The gravitational effect of the moon on the intensity of thermal neutrons

The identify of periodic variations of thermal neutrons was carried out by spectral analysis using the
Blackman-Tukey method in low-frequency ranges (2-107+2-10°) Hz and (7-:10°+7-10°) Hz. [6]. It is in
these ranges that the spectrum of the most well-known variations of high-energy neutrons of galactic
204
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origin is located: daily, 27-day. The daily variation is well stands out both in the intensity of high-energy
neutrons and in the intensity of thermal neutrons. The spectral analysis of periodic variations of thermal
and high-energy neutrons showed the difference in the distribution of spectral estimates in the low-
frequency range (2 * 107 = 2 » 10°®) Hz. In this range, the 27-day variation is a known spectral component
in the intensity of high-energy cosmic rays of galactic origin. However, we did not find this periodicity
either in the intensity of high-energy neutrons or in thermal neutrons during the 24th cycle of solar
activity, 2009—2018. Its absence is due to the extremely low solar activity of only 24 cycles.

The stable spectral peak is detected in the intensity of thermal neutrons at a frequency corresponding
to the period of 29.5 days (synodic, lunar month) throughout the entire 12-year period of research of
thermal neutrons, Figure 4. This variation is due to the gravitational influence of the moon on neutrons of
lithospheric origin. The difference in the total annual paths of the Moon and the Sun, reduced to the same
time, gives the duration of the average synodic revolution of the Moon, or lunar month, of 29.531 days,
during which the Moon returns to its previous position relative of the Sun.
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Figure 4 — Power spectra of variations of high-energy (18NM64) and thermal neutrons (DTN) in the range
(2+107+2+ 10 Hz

In the intensity of high-energy neutrons, this variation is not detected throughout the study period,
which indicates an additional, internal source of thermal neutrons (lithosphere). The stability of the
spectral peaks was tested using three low frequency filters of different lengths. In the power spectra of
variations of thermal neutrons, the spectral peak corresponding to the synodic month is stable, which
confirms its reliability, in contrast to low-frequency peaks in the spectra of variations of high-energy
neutrons.

The method of complex signal demodulation was applied to determine the amplitude of the lunar
variation with the period of 29.5 days in the intensity of thermal neutrons [7]. It varies within +/- 0.9% of
the average with an apparent semi-annual periodicity during the entire research period. The results of
calculations for three years are presented in the figure 5.
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Figure 5 — Temporal scan of the periodicity of 29.5 days of thermal neutrons intensity for 2009-2011

The analysis of our catalog of earthquakes in the vicinity of Almaty with an intensity of > 3 points
showed that ~ 65+70% of these events occurred during the full moon or new moon (+/- 1 + 2 days). The
correlation between bursts of thermal neutrons, the phases of the moon and seismic activity was
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previously noted by the staff of the Research Institute of Nuclear Physics, Moscow State University in the
Pacific seismic ring [8].

Conclusions. The study of variations in the intensity of thermal (epithermal) neutrons at the high-
altitude station of the Tien Shan, located near the fault of the earth's crust, showed that this geophysical
parameter can be used in predicting earthquakes. However, the necessary condition for this is the
synchronous registration of high-energy neutrons to highlight variations of lithospheric origin. It is
recommended that the forecasting also take into account the amplification of the gravitational effect of the
moon during full moons and new moons.

The work was carried out in accordance with RBP-008 "Development of space technologies for
monitoring and forecasting natural resources, technogenic environmental changes, creation of space
technology and ground-based space infrastructure, research of long-distance and near-space objects”
under the theme «Development of methods for the diagnosis and prediction of geoactiv events based on
measurements of the parameters of the ionosphere, mesosphere, atmospheric electric field and thermal
neutronsy (2018-2020), registration number (RN) 0118PK00798.

B.I1. AutonoBa, C.B. Kpiokos, B.10. Jlyuenko, A.M. ManumbaeB
EXUIC «Monochepa nactutytey « ¥EF3TO» AK, Anmmatsl, Kasakcran

A3 DHEPTHUSAJIBI HEﬁIPOHI[API[LIH BAPUALIUAJIAPBI
7KOHE KEPJAIH CEUCMUKAJIBIK BEJICEHALJIIT'T

Annotanusi. 2006 XbUTbI KapanacblHia OUIKTIKTErT FAPBIITHIK CIYJIETIK CTAHIHSIA KbUTy TEPMHSUIIBIK JKOHE
SMUTEPMUSUIBIK HEHTPOHAAP/bl aHBIKTAyFa apHAJIFaH CTAllMOHApPJIBIK KOHBIPFBI JKacalblll, IaijanaHyra Oepiiii.
18NM64 HelTpoHIbI MOHUTOPBI, KOFaphl SHEPTUsLIbl HeWTpoHaap cusikThl, oyl Conrycrik Taup-11lanp Taynapeinaa
(tenis nmeHreitinen 3340 m Owuikrikre, AnMartbiiad 20 kM) 3auIHACKUNA KapBUIBICHIHBIH JKAHBIHIA CEHCMHKAIIBIK
Oencenni skeppe opHasackaH. JKbuly HEHTPOHBIHBIH AeTeKTopiapbl MeH 18NM64 HeHTpoHIBI MOHHUTOPBIHBIH
apachIHJAFbl HETI3rl albIPMAIIBUIBIK KOPFAHBIC TEH CIHIPTIII 3aTTHIH OOJMAaybl OONBIN TaOBUIAABI, OJ KBUTYIBI
OecifHenell JKoHE TaJNaKTHKANBIK IIBIFY TErl Te3 HEWTpoHmapmel Oasymatambl. TepMUSIBIK HEHTPOHIOApABIH
KapKBIHIBUIBIFBIHBIH  ©3TePyiH 3€pTTeY OJIapIbIH CEeHCMHKANBIK OelceHAl aiMaKTapmarbl JKep CUIKiHICTepiH
JIMarHOCTHKaNay >KoHE OoJpKay VINIH IaiJanaHbUIaTBIHABIFBIH KepceTTi. bynm Makamaza FapblIUTHIK JKOHE
reo(u3UKaNbIK OY3bITy KO3IEPiHIH TePMUSIBIK JKOHE SIUTEPMUSIIBIK HEHTPOHIAp arbIHbIHA OCEPiH AOHEKTI Tanaay
HOTHDKEIJIEP] KeATIPIIreH.

18NM64 HelTpOHIBI MOHUTOPIBIH JKaHBIHIA KBUTY HEUTPOH/ABIK AETEKTOPIAPhIH OPHAJIACTHIPY JKBITY HEUTPOH
arbIHBIHBIH ©3repyiH aTMoc(epaliblK JKOHE IUIaHEeTaapaliblKk KOe3[ep ocepiHeH maiia OoJFaH >KOFapbl SHEPTHSIIbI
HEUTPOHJAp/IbIH ©3repyJiepiMeH CaNBICTBIPYyFa MYMKIH/IK Oeplii. 3epTTey KOpceTKeHe!, TipKeareH HeHTpOHJapAbIH
SHEPIUsChbIHA KapamacTaH, OapiblK IETeKTOpjap aTMocdepaliblK KbICBIMHBIH ©3repyiHe Oipaed »ayam Oepeni.
CoHbIMeH Karap, OapiiblK IETEKTOpiap TKAIK MaccaHblH IubiFapbutybiHaH (CME) TybiHIaraH IUtaHeTaapaibiK
KeHicTikreri Oy3putynapra Oipaeit skayan Oepeni. XKbury HEHTPOHBIHBIH JIETEKTOPIIBIK MAJIIMETTEPiHIH HEHTPOHBI
MOHUTOPABIH JIEPEKTEPIMEH >KOFapbl Koppessiuus kKoadduimeHTTepi TipKeareH HEWTPOHIAPHABIH aTMOC(EepabIK
IIBIFY TETrl Typalbl KOPBITBIHIBI KacayFa MYMKIHAIK Oepri. 3epTrey HOTIDKENepi KbUTy HEWTPOHIAPBIHBIH
TaJIaKTUKAIBIK MIBIFY TEri JKOFapbl HSHEPreTHUKAJIBIK HEHTPOHAAPMEH CEHCMHKAJIBIK TBHIHBIIITHIK SKarJalbIHAA
TEHETHKAJIBIK OalIaHbICHl Typalibl KOPBITBIHIBIHBI PACTa bl

Anaiia, CeHCMHKAaNBIK IPOLECTeplIiH aKTHBTEHYIMEH JKbUIy JOHE JKOFaphl SHEPrUsUIbl HEHTPOHZApIBIH
KapKbIHABUIBIFBIHAAFEl BapHAlMsUIApIbIH CHHXPOHHM3MI OY3BUIATBIHABIFBI aHBIKTAIIbl. JKbUly HEHTpOHIAPHIHBIH
WMHTEHCUBTIIITIHAETT arMocdepalblk JKoHE IUIaHEeTaapaliblK IIBIFYy ©3repicTepi KapamaiblM JHepreTHKaJbIK
HEWTPOHJAp/IbIH ©3repyiHe YKcac OOoNFaHAbIKTaH KapanaiblM MaTeMaTHKaAIbIK KaiiTa KypyJapMeH jKOUbLIa bl

XKep cinkiHiCiHEeH KeWiHri YII Ke3eHIET1 ecenTey HOTHKeNepi KenTipiireH. ToMeH KULTIKTer! TpeHITep HeMece
TOYJNIKTIK ayBITKyJlap JKOK, Oipak >kep CUIKIHICI KapcaHblHIAa HeMece OJ Maina OoJFaHHAaH KeWiH JKbUTY
HEUTPOHJAPBIHBIH AFBIHBIHBIH enayip apTysl. 2007-2018 >xpurnap apajibiFblHAa AJIMATBIAAFBI JKEp CUIKIHICIHIH ~
60% OonaThHIBIFEI > 3b Oenriii O0JIBI, )KBUTY HEHTPOHIAPBIHBIH KapKBIHIBLUIBIFRIHBIH apTKEI IeHreineH 5-7% - ra
apTyBIMEH KaTap JKYpAi, ’KoHE OCBIHIAN OKHUFallapIbIH JKep CUTKiHICI KapcaHbIHAA ~ 25-30%. Conpaii-ak, murocdepa
celicMUKaJBIK IPOIIECTEPIiH AKTUBTEHY1 Ke3iHIe KOCHIMIIA JKbITY HEUTPOHABIK aF (IHBIHBIH KO31 OOJIBIT TaObIIa kL.

JKBLTYIIBIK HEHTPOHIAPABIE MEp3iMIi e3repicTepi ToMeH  Mimk aumanaszoneHma (2:-107 + 2-10) I'm xome
(7:10°® + 7-10"°) ' -ne Boxkman-TyKkeil CIIEKTPIIK TAIIAYBI aPKBUIBI AHBIKTAIIBL JKBUTy JKOHE JKOFAPhI SHEPTUSIIBI
HEWTPOHJAP/ABIH TEPUOATHI  O©3rePYJIEPiHIH  CIEKTPJIK aHaIW3i CHEKTPIiK OaFalapAblH  TapayybIHIaFbl
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aWBIPMaNIBUIBIKTEL KOpCeTTi. (2:107 + 2:107%) . TepMUsIIBIK HEATPOHIAPABI 3EPTTEYMIH 12 MKBUIABIK KE3EH] inTiHme
29,5 kyH (CHHOATHIK, alJIbIK) KE3EHIe COHKec KEeNETIH JKHUUIIKTEri bUly HEHTPOHIAPBIHBIH MHTEHCHBTLIIIHIH
o3repyiHeH TYpakKThl CHEKTPJIK IIbIH aHbIKTaIael. byn esrepic aiabiH Jutocdepanblk HEWTpOHIapra
rpaBUTAlMSUIIBIK dcepiHe OaitaHbicThl. JKorapbl SHEprusuibl HEWTPOHAAPIBIH KapKbIHIBUIBIFBIHAA Oyl e3repic
Geninbeini. Kemenni curHanmsl nemMonyisiuus aaici 29,5 Toyiik Ke3eHi Oap aiabplH e3repy aMIUTUTYIAChIH JKOHE
OHBIH JTMHAMHKACBIH aHBIKTay YLIIH KOJJIAHBUIABL. AJIMaThl MaHBIHAA OpHAJIACKaH >Kep CUIKIHICI KaTaJOTbIHBIH
Tanmaysl > 3 Oanra geiin, ~ 65-70% ToNBIK aif HeMece KaHa ail Ke3iHe OOJFaHbIH KOPCETTI.

ConbiMeH, TstHp-11laHb OMIKTIKTET! CTAaHIMSACHIHJIA JKBULY JKOHE SMUTEMaJIbIbl HEUTPOHIAPABIH KapKbIHABLUIbI-
FRIHAAFBl BapHaIlUIApABl 3epTTey Oyl reoM3MKaiblK MapaMeTpiAi Kep CUIKiHICiH Ooibkayma KOJIaHyFa
OONATHIHIBIFBIH KOPCETTi. Aalifa, JTUTOC(EpaNblK MIBFY Teri BapHALMSICHIH €CENTey YIIH JKOFapbl SHEPTHUSIIBI
HEHTPOHIAPABI CHHXPOHHBI TipKey OYJI YIIIiH Ka)KeTTi mapT 0okl Tabbutaasl. bomkamaa cOHBIMEH KaTap TONBIK ait
KOHE JKaHa ail Ke3iH/e aliIbIH IPaBUTALMIIBIK SCEPIH eCKePY YChIHBUIAIBI.

Tyiiin ce3nep: FapBIUTHIK COYJIENEP, JKbULY JKOHE XKOFAphl SHEPTeTUKAIBIK HEUTPOHAAPABIH BapHaLUsIaphl, CEHCMUKAIIBIK
OeNCeHINTIK, XKep CUIKiHici.

B.I1. AuTonoBa, C.B. Kpiokos, B.10. JIlynenko, A.M. Maiumb6aeB
JATOO «MucTuTyT noHochepsn» AO «HLIKUT», Anmarsl, Kazaxcran
BAPUAILIUA HEUTPOHOB HU3KHUX SHEPTMI U CEHCMOAKTUBHOCTD 3EMJIN

Annotanusi. CranuoHapHas YCTaHOBKA JUIS PETUCTPAllMM TEIUIOBBIX W SIMTEIUIOBBIX HEHTPOHOB Ha
BBICOKOTOPHOU CTaHIIUM KOCMUYECKUX JTydel Obla co37aHa U BBEACHA B IKCIUTyaTaruio B HosOpe 2006 rona. Kak u
HeliTpoHHBIE MoOHHTOp 18HMO64, peructpupyrooumii BBICOKOSHEPTHYHBIE HEHTPOHBI, OHA pACIOJOXKEHAa B
cefiCMIYeCcKH aKTHBHOM paiioHe BOM3U 3amIMACKOTO pa3ioMa 3eMHOM Kopbl B Topax CesepHoro Tsap-1lans (3340 m
Hajx ypoBHeM Mops, 20 kM oT AnmMartsl). [IpuHIMNManpHas pa3sHALA MEXKIY AETEKTOPAMH TEIUIOBBIX HEHTPOHOB U
HEHUTpOHHBIM MOHHUTOpPOM 18NM64 3akirouaeTcs B OTCYTCTBHH CBHHIIA WM IIOTJIOTHTENS, KOTOPBIA OTpakaeT
TEIUIOBBIE U 3aMEUIAeT OBICTpble HEWTPOHBI TalaKTUYECKOTO IPOMCXOXKAEHUs. VccinenoBaHus Bapuanui
WHTEHCUBHOCTH TEIUIOBBIX HEHTPOHOB MOKa3adW MEPCIEKTUBHOCTh HX HCIOJIb30BaHUS [UI IUArHOCTUKU U
MIPOTHO3UPOBAHUS 3EMIIETPSICEHU B CEHCMHYECKM aKTUBHBIX pErHoHax. B naHHOW cTaThe MpencTaBiIeHb
pe3yJIbTaThl IOCIEI0BATEIbHOIO aHAN3a BIUSHHUS KOCMUYECKUX M reo(M3HMYeCKUX MCTOYHUKOB BO3MYIICHHH Ha
IIOTOK TCIJIOBBIX U SITUTCIIJIOBBIX HeﬁTpOHOB.

Pa3menienne NeTEKTOpOB TEIUIOBBIX HEHTPOHOB PSIOM C HEUTPOHHBIM MoHUTOpoM 18NM64 no3soauio
CPaBHHMBATh W3MEHEHMs ITOTOKA TEIUIOBBIX HEHTPOHOB C XOPOIIO W3yYEHHBIMHM BapHalWsIMH HEHTPOHOB BBICOKOW
SHEPrHM, BBI3BAHHBIMH aTMOC(QEpHBIMM W MEXIUIAHETHBIMH HCTOYHMKaMH. VcciienoBaHue T1oKas3ajo, YTo
HE3aBHCHUMO OT JHEPTUHM PErnCTPHPYEMbIX HEHTPOHOB BCE AETEKTOPHI OAMHAKOBO PEArHpylOT Ha HM3MEHEHUS
aTMocepHoro masieHus. Kpome Toro, Bce IETEKTOPHI OJMHAKOBO PEardpyrloT Ha BO3MYIIEHHS B MEXIUIAHETHOM
MPOCTPAHCTBE, BBI3BAHHBIE BEIOpOcOM KOopoHanbHEIX Macc (CME). Bricokre KO3 QHUIUEHTH KOPPEISIUN JaHHBIX
JETeKTOpa TEeIIOBBIX HEHTPOHOB C JaHHBIMH HEHTPOHHOI'O MOHMTOpA IO3BOJIMIIM CHETATh BBIBOA 00 aTMOC(hepHOM
MPOUCXOKACHUH 3apETUCTPUPOBAHHBIX HEHTPOHOB. Pe3ynbraThl HCCIENOBaHMS IOATBEPAMIIM BBIBOA O
TEHETHYECKOW CBSI3M TEIUIOBBIX HEHTPOHOB C  BBICOKOOHEPreTHYECKMMH HEWTPOHAMM  TajlaKTH4eCKOIro
IIPOUCXOXKICHUS B CEHCMUYECKHU CIIOKOMHBIX YCIOBUSIX.

OnHako OBUIO OOHApY)KEHO, YTO TPU AKTUBH3ALUH CEHCMHYECKHX MPOLIECCOB CHHXPOHHOCTH Bapualuii
WHTEHCUBHOCTH TEIUIOBBIX W BBICOKOSHEPTeTHYECKMX HEWTPOHOB Hapymaercs. Bapumaumm armocdepHoro u
MEXIUIAHETHOTO ~ NIPOMCXOXKAEHMST B  WHTEHCUBHOCTH  TEIUIOBBIX HEHTPOHOB  HCKIIIOYAIOTCS  IPOCTHIMHU
MaTeMaTH4eCKUMH NpeoOpa3oBaHUsIMHU, YUUTHIBAs, YTO OHN aHAIOTHYHBI BApHUAIMIM HEHTPOHOB BHICOKMX SHEPTHUHL.

IIpencraBneHbl pe3ynbTaThl pacdera JUIA TpeX MEPHOAOB, CONMPOBOXKIAEMBIX 3emieTpsceHusiMH. Her
HHU3KOYACTOTHBIX TPEH/IOB WM CYTOYHBIX KoJeOaHMH, HO 3HAYNTEIbHOE YBEJIMUYEHHUE ITOTOKA TEIUIOBBIX HEHTPOHOB
HaKaHyHE 3eMJICTPSICEHHS WM Cpa3y IIOCIIE HETO CTAHOBUTCS OYEBHIHBIM. BrIscHUIOCH, 4TO ~ 60% 3emieTpsaceHnit
B AnMarel ¢ MHTEHCUBHOCTHIO > 3b B mepuon 2007-2018 rr. cCONpOBOXIAIMCH YBEIHYSHHEM WHTEHCHBHOCTU
TEIUIOBBIX HETPOHOB Ha 5-7% oT ypoBHs (OHA, a HaKaHyHE 3eMIIETPSICeHHI Takux coObiTHid ~ 25-30%. Tarxke
OYEBUJIHO, 4TO JHUTOC(Epa SABIAETCS UCTOYHUKOM JIONOIHUTEIBHOIO OTOKA TEIUIOBBIX HEHMTPOHOB NPU aKTHBALUH
celicMUYeCKHX MPOLECCOB.

BrisBnenue NEPUOANICCKUX Bapnaunﬁ TCILIOBBIX HeﬁTpOHOB IMPOBOANJTIOCH METOJJOM CHEKTPAJIbHOI'O aHalIu3a
Biskmana-ThIOKH B HU3KOYAaCTOTHRIX auanasonax (2:107 +2-10) I'u u (7-10° + 7-107%) I'n. CriekTpanbHbIi aHamm3
NepUOANYECKNX BapHallMi TEIUIOBBIX U BBHICOKOIHEPIETUYECKUX HEHTPOHOB IMOKa3aj pasiMyKe B paclpe/esIeHHH
CIIEKTPATBHBIX OLEHOK B auanasone. (2:107 + 2:10%) I'u. CTaOWIbHBIA CEKTPaIbHBINA MUK BHIABJIEH B BAPHAIMAX
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WHTCHCHUBHOCTH TEIUIOBBIX HEHTPOHOB Ha YacTOTE, COOTBETCTBYIOIIEH meproay 29,5 mHs (CHHOIMYECKHUH, JTYHHBII
Mecsll) B Te4eHHE BCero 12-JeTHEero mepuoja MCCIeNOBaHUS TEIUIOBBIX HEWTPOHOB. DTa BapHalus 00yClOBJIEeHA
IpaBUTAllMOHHBIM Bo3zaeicTBueM JIyHBI Ha HEHTPOHBI JHUTOCHEPHOrO MPOMCXOXKACHUS. B HHTEHCUBHOCTH
HEWTPOHOB BBICOKOI SHEPryM 3Ta Bapualys HE BbLAENAETCS. MeToIOM KOMIUIEKCHOW NEeMOAYJISIMU CUTHAIA ObLia
ompejieNieHa aMIUTUTya JYHHOW Bapuanuud ¢ mepuoaoM 29,5 CyToK M ee JUHaMUKa. AHamu3 HaIlero Karajuora
3eMJICTPSICEHUI B OKPECTHOCTSX AJIMATHl ¢ MHTCHCUBHOCTBIO > 3 Oayuta mokasai, uto ~ 65 + 70% 3Tux coObITHit
MIPOM30IILIO B TIOJIHOJIYHHE WM HOBOJIYHHE.

Takum o00pa3oM, HcClIeOBaHME BapHAllMi HWHTEHCHBHOCTH TEIUIOBBIX M OSIHUTEIUIOBBIX HEHTPOHOB Ha
BBICOKOTOpHOH cTaHmmu Tsub-11laHs moka3ao, 9To 3TOT reoPpU3MIeCcKHid TapaMeTp MOXKET OBITh HCIIOIB30BAH MIPH
MPOTHO3UPOBAHWN 3emiieTpsiceHuil. OgHako HEOOXOAMMBIM VCIIOBHEM [UIS OSTOTO SBISETCS CHHXPOHHAs
perucTpamysi HEHTPOHOB BBICOKMX SHEPTHH JUIS BBIACTCHHUS BapHalWi JMTOCHEPHOTO IMPOUCXOXKICHHUS.
Pexomenyercs, 4ToObl HpPU MPOTHO3UPOBAHUM TAKIKE YUYHTHIBAICS TpaBUTALMOHHBINA 3 ekt JIyHbl BO Bpems
TIOJTHOIYHUS ¥ HOBOJTYHUSI.

KimroueBble €JI0Ba: KOCMHYECKHUE JIydu, Bapualuu TCIUIOBBIX W BBICOKOOHEPICTHYCCKUX HCﬁTpOHOB, celicMuueckas
AKTUBHOCTD, 3E€MJICTPSICEHUS.
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LONG - TERM VARIATIONS
IN THE F- AND D-REGIONS OF IONOSPHERE

Abstract. The long-term changes in the near-noon, diurnal, and midnight critical frequencies of the ionosphere
F2 layer (foF2) and near-noon minimum reflection frequencies (fmin) were studied using ground-based vertical radio
sounding of the ionosphere at Alma-Ata station [43.25N, 76.92E] for the period 1957-2017. The data on solar and
geomagnetic activity were used as factors affecting the state of the ionosphere.

It was taken into account that the minimum reflection frequency depends both on the absorption of the probe
signal in the lower ionosphere, and on the noise level and technical characteristics of the ionosonde. Therefore, it
seems problematic to estimate the absolute value of signal absorption in this way. However, as a qualitative
characteristic, as an indicator of the absorption level of the probe signal, the parameter fmin can be used.

Arithmetic average values of median foF2 for near noon (10-14 LT), near midnight (23-01 LT) hours and
average diurnal values for this period of ionosphere observation are considered as initial data. The variability of the
lower ionosphere was studied using fmin data for daylight hours. The monthly average values of the solar radio
emission flux F10.7 and the Ap index are considered as characteristics of solar and geomagnetic activity. The
geomagnetic (Ap) indexes, the near-noon, near-midnight, diurnal averaged foF2, and near-noon fmin variations are
found to be in strong dependence from the solar activity; all of them show a dominant pattern of variation with a
period of ~34-36 years and linear negative trend. The correlation coefficient between the foF2 and F10.7 long-term
variations is very high, up to 0. 99 that permit us to believe that the solar activity can be considered to be the main
driver for the long-term variations in the ionospheric F2-region.

The geomagnetic (Ap) index, the near-noon, near-midnight, daily averaged foF2, and near-noon fmin variations
are found to be in strong dependence from solar activity; all of them show a dominant pattern of variation with a
period of ~34-36 years and linear negative trend. The correlation coefficient between the foF2 and F10.7 long-term
variations is very high, up to 0. 99, that permits us to believe that the solar activity can be considered as a main driver
for the long-term variations in the ionospheric F2-region.

The long-term course of fmin is similar to those found in F10.7, Ap, and foF2, i.e. the periodicity of 34-36 years
is also evident in the fmin variations. However, in contrast to the F2-layer parameters, the fmin variation clear
demonstrates an upward (positive) linear trend that is opposite in sign to the trend found in F10.7. This means
relatively high sensitivity of the fmin values to the solar activity changes and significant influence of other trend
drivers on them, one of which is the possible impact of anthropogenic factors on the state of the lower ionosphere.

Key words: midlatitude ionosphere; upper and lower ionosphere; D-region, F2-region, long-term trends.

Introduction. In our previous work we investigated the long-term variations in the near-noon (10-14 LT)
critical frequency of the ionospheric F2-layer (foF2) measured at the mid-latitude station Alma-Ata
[43.25N, 76.92E] over the period from 1957 to 2012 [1]. The purpose of this paper is to provide further
analyses of the F2-layer variations and study long-term trends (a long-term linear change) in the near-
noon, near-midnight and daily averaged F2-layer critical frequencies measured at the Alma-Ata station in
more extended time period, from 1957 to 2017 including the period of very deep minimum in solar
activity observed in 2008-2009. In addition to the F2-layer parameters the minimum frequency of
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reflection fmin is also used as a climatic characteristic of the upper atmosphere/low ionosphere (D region)
to do the trend analyses in the ionospheric absorption. The fmin value depends, apart from the absorption
of radio waves in the ionosphere, on technical characteristics of ionosondes that does not give us any
opportunity to use this ionosphere parameter to determine the absolute values of the absorption of radio
waves. However, as a qualitative characteristic, as an indicator of absorption of radio waves, the fmin
value is widely used ([2-3] and references therein).

For the present trend analyses, monthly median foF2 and fmin values routinely measured at the Alma-
Ata station have been used. The arithmetic means of the foF2 values at the near-noon (10-14 LT), near-
midnight (23-01 LT) hours, and daily means foF2 are calculated for the analyses, the fmin values are
taken only for the near-noon hours: foF2¢.14, foF2 2301, foF2ay, and fmin;.13 correspondingly. The monthly
mean solar flux F10.7 and geomagnetic index Ap are also used as the indexes for solar and geomagnetic
activities (available at htt://ww.swpc.noaa.gov) to illustrate their long-term variations.

Description of the data, and observation results Trends in the ionospheric F-region. As an
example, median mean values foF210.14, foF223.01, foF24.v together with the corresponding data of solar
and geomagnetic activity is shown in figure la-e. The dots represent observed data, the thick lines show
the fitting curves. It should be also noted, the statistical processing of the ionospheric data series requires
their continuity that is not always possible because of different reasons (ionosonde repair and other
technical problems).

The regression dependences between the selected ionospheric parameters and F10.7 (figure 1f-h) have
been analyzed to define the missing data. Thick lines represent the linear regression lines for these data;
dashed lines correspond to the polynomial functions of the second degree that better fit the given F2-layer
parameters (R?pofinomiar™R%iincar) Where R? is the coefficient of determination that provides a measure of how
well the least-square curve fits the observational data, r is the correlation coefficient. Assuming the
second-order polynomial dependence with F10.7 the missing foF2 values have been defined from the
regression equations to fill available gaps in the data sets. Two things are evident in the figure, firstly the
variations of all parameters are strictly modulated by cyclic 11-year variations of solar activity and
secondly the foF2 data are much scattered relatively to the smoothed lines that can be attributed to various
sources other than solar activity, including planetary waves and seasonal variations. As an example, the
great part of seasonal variations is evident in Figure 1e where large deviations of the foF2,3.9; values from
the smoothed line is caused by the fact that summer nighttime foF2 values are much higher than winter
ones. Since this intraseasonal variability has to be taken into consideration in the trend analyses, annual
averages of the parameters considered were calculated. Figure 2a-e demonstrates temporal variations of
the calculated annual averages (denoted by symbol*) of the F10.7", Ap" indexes, and the F2-layer
parameters (foF210.15, foF2"23.01, and foF2",) for whole period of observations; variations of the
ionospheric parameters with F10.7" are presented in Figure 2f-h.

The main feature of the variations is their similarity (figure 2a-e) and close connection between the
ionospheric parameters and solar activity (figure 2f-h). The coefficients of determination R? (the
coefficients R2 and derived regression equations are shown in the figure fields) are found to be very high,
from 0.97 to 0.99 it means that from 97% to 99% of the annual foF2 variations can be explained by their
relationship with the 11-year cycle of solar activity.

According to our previous work [1], the 11-year (132 months) running mean values of the annual
averages of the ionospheric parameters (foF2"1.14(132), foF2"2.01(132), and foF2",(132) were calculated
to obtained an independent picture of long-term trends in the upper ionosphere; the 11-year smoothing
technique was also applied to the F10.7 and Ap data sets (F10.7°(132), Ap'(132)); Figure 3 presents these
calculated values and shows that geomagnetic activity is strongly controlled by the solar activity, both
show a dominant pattern of variations with the period ~34-36 years that is also reflected in all ionospheric
parameters considered.
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Figure 1 - The long-term variations of the near-noon(b), daily mean (c) and near-midnight (d) monthly median foF2 values
in Alma-Ata [43.25°N, 76.92°E] in 1957-2017 together with the corresponding variations of solar flux F10.7 (a)
and Ap index (c); solid dots — measured data, thick lines show the fitting lines, dashed lines — linear fits.
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Figure 2 - As the Figure 1 but the annual averages of the F10.7, Ap, and foF2 values.

— 212 ——




ISSN 1991-346X

Series physico-mathematical. 3. 2020

15/1/32

15/1/48

15/1/64 15/1/80

15/1/96 15/1/12

d.
a.
160 —
20 — 4
18— 140 —
16 — o i
S =
o 4 120
* >
o 12 — -
< =
10 — 100 —
8 — L «
4 Y =-0.005009562012 * X + 16.86604692 %0 VD348 " K 1 1469
6 —Trrrrrrrrrrrrrrrrrq'rrrrrrrrrrrm'rrrrrm _WWWWWW
15/1/32  15/1/48 15/1/64 15/1/80 15/1/96 15/1/12 15/1/32  15/1/48 15/1/64 15/1/80 15/1/96 15/1/12
e.
10 b. 72
7 Jul. 1963 - Apr. 2012 oy
~ Jul. 1963 - Apr. 2012 ] :
= ~ = 68 —
= o ]
- = =
3 88 & 64
— [ag] —
= =) .
T 82 = 6
S < —]
* -kﬁ -
= 76 & 56
< Y =-0.00149446 * X + 9.64091 S 1 Y =-0.000902322 * X + 6.971672
! 2T T T T T T T T

15/1/32

15/1/48 15/1/64 15/1/80 15/1/96 15/1/12

5.1

49

4.7

4.5

43

foF2% 3 9;(132), MHz

4.1

C.

15/1/32

Jul. 1963 - Apr. 2012

15/1/64
Date (dd/mm/yy)

Y =-0.0002774 * X + 4.8233

15/1/48 15/1/80

15/1/96  15/1/12

Figure 3 - The 132-month smoothed values of the annual averages
of the ionospheric F2-layer parameters, F10.7, and Ap.

This period is slightly differs from our earlier finding [1] where the period was estimated to be in a
range of 30-32 years. The extended data sets used in the study reveal the period more clearly. It should be
mentioned that similar period (31-32 years) has been found in all the solar terrestrial parameters ([4-6],
and references therein) and was interpreted as the 35-year Brutcher climatic periodicity. Note, the negative
trend (dashed line), the lowering in the F2-layer critical frequency, is also seen in figure 3. The long-term
trends found in different ionospheric characteristics (figures 1-3) are given in table.

Table
Trend,
# Parameter Trend, MHz/year | Parameter | Trend, MHz/year Parameter
MHz/year
1 foF210-14(med) -0.02822 foF2"10-14 -0.02439 foF2*10-14 (132) -0.01758
2 foF24.av (med) -0.01884 foF2"q.ay -0.01586 foF2"dav (132) -0.01077
3 | foF223.01 (med) -0.00932 foF2"23.01 -0.00756 foF2"23.01 (132) -0.00364
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The regression dependences of foF2"1.14132), foF2 23.01(132), foF2"4.(132) on F10.7°(132) were
studied for the period 1963-2012 (the 11-year smoothing technique that was applied to the foF2* data sets
reduced the available period for study to between 1963 and 2012), the coefficients of determination (R?)
were found to be 0.96, 0.98, and 0.90 for near-noon, daily averaged and near-midnight data
correspondingly figure 4a.

a. b. C.
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Figure 4 - The regression dependence between foF2*(132) and F10.7%(132)
for the periods 1963-2012, (a), 1972-1984 (b) and 1984-2008 (c)

However, a combination of two groups of points was evident in figure 4 (upper panel) that assumed
some different dependence between the parameters on different phases of the 34-36-years cycle (the
period 1972-1984, and 1984-2008), when the foF2°(132) values increase to their maximum and then
decrease to their minimum values. Examples of the regression dependences between foF2°(132) and
F10.7°(132) for the two time periods are shown in figure 4a,b. It is distinctly seen in both cases that 99%
of the variations in the ionospheric parameters can be explained by linear dependence between them and
solar activity. So, the solar activity can be considered to be the main driver for the long-term variations in
the ionospheric F2-region.
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Figure 5 - The 132-month smoothed values of fmin and F10.7
where dashed lines represent their linear trends for the whole measuring interval

Trends in the D-region. A similar analysis, as that carried out for foF2, has been carried out for the
fmin data observed at the Alma-Ata station in the years 1957-2017. As it has been already mentioned, the
ionospheric parameter fmin is used as a qualitative characteristic of the ionospheric absorption in the D-
region, and our interest “is there any trend in the fmin data, and if “yes” what is its sign?” For this
purpose, we use the monthly median fmin values for near-noon interval of local time averaging the data
over three hours, from 11:00 LT to 13:00 LT. Then, the fmin data were smoothed using the 11-year
running mean smoothing to suppress effects of the 11-year solar cycle and obtain a picture of long-term
variation in them. Figure 5 shows the fmin(132) and F10.7(132) variation together with the regression
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lines (dashed lines) and demonstrates that the long-time course of fmin(132) is similar to those found for
F10.7 and foF2 (figures 1-3) in the event that the periodicity of 34-36 years is also evident in the
fmin(132) variation which is found in variations of the F2-layer parameters. However, figure 5 clear
illustrates a stable upward (positive) trend in fmin(132) values opposite in sign to the trends observed in
variations F10.7 and foF2. It means relative high sensitivity of the fmin values to the solar activity
changes and significant influence of other trend drivers on them that is very possible the impact of
anthropogenic factors on the state of the lower ionosphere.

Conclusion. The F2-layer critical frequency (foF2) and lowest frequency (fmin) observed at the mid-
latitude ionospheric station Alma-Ata [43.25N, 76.92E] in the period 1957-2017 were used to study long-
term trends in the upper (F2-layer) and lower (D-region) ionosphere.

The geomagnetic indexes (Ap), the near-noon, near-midnight, daily averaged foF2 are found to be in
strong dependence from the solar activity; all of them show a dominant pattern of variation with a period
of ~34-36 years and linear negative trend.

The trend magnitudes are found to be of the same order independently of the fact whether the solar
activity effects in the data sets are smoothed or not; the trends are statistically significant and lie within of
-0.018 to -0.028, -0.011 to -0.019, -0.0036 to -0.0093 MHz/year for near-noon, daily averaged and near-
midnight values correspondingly.

The long-term course of fmin is similar to those found in F10.7, Ap, and foF2, i.e. the periodicity of
~34-36 years is also evident in the fmin variation. However, in contrast to the F2-layer parameters, the
fmin variation clear demonstrates an upward (positive) linear trend that is opposite in sign to the trend
found in the F10.7. This means relatively high sensitivity of the fmin values to the solar activity changes
and significant influence of other trend drivers on them, one of which is the possible impact of
anthropogenic factors on the state of the lower ionosphere.

The work was carried out with accordance Grant Ne AP05131261of Ministry of Education and
Science RK.

A.®D. Sxkosen, I'.U. lNopauenko, FO.I'. IuTBUHOB
EXIIC «Monochepa nactutyteny «¥EF3TO» AK, Anmatsl, Kasakcran
HUOHOC®EPAHBIH F )KOHE D AUMAFBIHJIAFbBI ¥3AK MEP3IM/II BAPUALIMSIJIAPBI

AHHOTanMsi. AJIMaThl CTAaHLIMSCHIHAFbl HOHOC(EPaHBIH Kep YCTI TiK palMo30HJaybIHBIH JIepeKTepl OoMbIHIIa
F2 Honocdepa xabarbinbiH (foF2) jxoHe jxep MaHbIHOAarbl €H TOMEHIl LIAFbUIBICY kHiTiIKTepiHiH (fmin) y3ax
Mep3imai e3repicrepi 3eprrenai [43.25 N, 76.92 E] 1957-2017 xox.

CoHbIMEH Karap, €H a3 MIaFbUIBICY J)KUUIIrT TOMEHT'1 HoHOCc(hepaia 30HANPIICYIL CUTHAIIBIH KYTHUTYbIHA /13, LIy
JICHrelill MEH MOHO30H/IThIH TEXHUKAIIBIK CHIIATTAMANApbIHA Ja OaianblcThl. COHIBIKTAH CUTHAIBIH KYTHLUTYbIHbIH
a0CONIOTTIK MOHIH OCHIHIAH KOJIMeH Oaranay mpoOiieManisl OONbIN TaObUTaAbl. Aaiima, KOJIIATHIP CHUTHAIBIHBIH
JKYTy IeHTeiiHiH HHINKATOPHI pETiH/Ie camaibl cuiarTaMa petiaae fmin mapaMeTpiH naiganaHyra 00iabl.

bacrankel nepextep petinge fof2 memmangwik fof2 (10-14 LT), tepex »xaubiHmarel (23-01 LT) carar
apu(MeTHKAIBIK OpTallia MOHAEP] »oHe HOHOC(hEpaHbIH OaKbUIAYBIHBIH Kapajblll OTHIPFaH KE3EHIHAErl opTaiia
TOYNIKTIK MOHZIEPi KapacThIpbUIAbL. TeMmeHri noHochepaHbIH ©3reprilTiri KyHmi3ri caraT yiriH fmin mepexkTepin
naiianany apkeuUibl 3epTTeireH. KyH paauocoynenceHipy aFbIHBIHBIH opTaria aiiblk MoHmepi F10. 7 xoHe Ap
MHJICKCI KYH YKOHE T€OMarHUTTIK OCJICCH IUTIKTIH CHITaTTaMaIapbl PETIHIE PACCMATPEH.

KyH oHe reoMarHuTTiK OeJICeHAUIIr OOMbIHINIA JepeKTep HOHOC(hEPaHbIH KaFIalbIHA dCep €TETIH (aKTopiap
perinze tapteuiasl. MoHocdepa aiimarbiHbiH F2 mapamerpiiepi, conaaii-ak Ap reOMarHuTTiK OeJICeHALTIKTIH MHACKC]
T = 35 xpUT MEp3IMAUNTIH XOHE CHI3BIKTHIK TEpIC TPEHMAIH aHBIKTAl OTHIPBIN, KYH OEJICEHAUIriHe KaTaH
toyenninikTi cesineni. FoF2 xone F10.7 y3ak mep3imii Bapuanusi apachlHIarbl JeTepMHUHAIMS KodddunueHTrepi
0.99 monnepine xereni, Oy KyH Oencenautiri MoHocdepa aiimarbiHBIH F2 y3aK Mep3iMi ©3reprillTiriHiH HeTi3ri
JipaiiBepi OOJIBINT TaOBIIAABI ICT OOKAKIBI.

By Hotmke Oip KaFbIHaH KYH O€JICEHIIITIHE YKOFaphl TOYEIIUTIKTI, eKiHIIi KaFsHaH 0acka (hakTopiapabiH
TOMEHII HOHOC(EepaHbIH JKaFJaibIHa, aHTPOIIOTCHIIK (haKTOpJIapFa dCEPiH OOJKAMIBL.

TyiiiH ce31ep: opTamambIKThl HOHOC(hEpa; MKOFapFbl JKOHE TOMEHTI moHocdepa; D-o06mbic; F2-06mbic; y3ak
Mep3iMIi TPEHATED.
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A.®. SAxosen, I'.'U. 'opauenxo, FO.I'. IuTBUHOB
JATOO «MucTtuTyT noHochepsn» AO «HLIKUT», Anmarsl, Kazaxcran
JOJITOBPEMEHHBIE BAPUALIUU B OBJIACTHU F U D TOHOC®EPBI

AnHotanusi. VccnenoBaHbl  JONTOBPEMEHHBIE W3MEHEHHMS  OKOJIONONYAEHHBIX, CpPEIHECYTOYHBIX U
MOJYHOYHBIX KpHUTHUECKHX dYacToT ciosi F2 wnonocteprr (foF2) m oxosiomosyneHHBIX MHHHUMAaJbHBIX YacTOT
otpakeHus (fimin) Mo JaHHEIM HA3eMHOT'O BEPTHKAJIBFHOTO PaJNO30HINPOBAHUS HOHOC(EPH Ha cTaHIMKA AnMa-ATa
[43.25N, 76.92E] 3a mepuon 1957-2017 rr.

[IpuHNManock BO BHMMaHME, YTO MHHMMAajbHAs YacTOTa OTPAKCHMS 3aBHCUT Kak OT IIOTJIONICHUS
30HIMPYIOLIETO CUTHANIA B HIDKHEH HOHOC(EPE, TAK U OT YPOBHS IIIyMOB U TEXHUYECKHX XapAKTEPUCTUK HOHO30H[A.
ITosToMy oueHWTh abCOMIOTHOE 3HAYCHHE IOTJIOIIEHHWS CHUTHAJIA TakUM  CIIOCOOOM  IPEACTaBIIseTCS
npobnematuunbiM.  OnHAKO, KaK KAayeCTBEHHAs XapaKTePHCTHKA, KaKk HWHIMKATOp YPOBHS IOTJIOICHUS
30HJMPYIOIIEro CUTHala, napaMeTp fmin MOXHO HCIIOJIb30BATh.

B kayecTBe HMCXOIHBIX JaHHBIX PACCMOTPEHBI apu(MeTHYecKu cpenHHe 3HaueHus MeauaHHblx foF2 mms
okonononyaeHHbix  (10-14 LT), okonononyHounsix (23-01 LT) wyacoB W cpenHecyTOYHble 3HAueHMs 32
paccMarpuBaeMblii repuoj] HaOnopeHuid uoHocdepbl. M3MeHUMBOCTH HWXXKHEH HOHOC]epbl HccienoBaHa C
WCIIOJIb30BaHMEM JMaHHBIX fmin Juis THEBHBIX dyacoB. CpeqHeMecsYHbIe 3HaYeHHsI 0TOKa paguounsiydenus: ConmHua
F10.7 n manexc Ap paccMaTpeHBI Kak XapaKTepUCTUKH COTHEYHON M TeOMarHUTHOW aKTUBHOCTH.

[IprBnekanuchy AaHHBIE IO COJIHEYHON M T€OMarHUTHON aKTHBHOCTH Kak (haKTOPBI, OKAa3bIBAIOLINE BIUSHHUE HA
cocrossare MoHoc(epsl. [lomyueHo, uro mapamerpel F2 obmactu moHOC]EpH, a TakkKe HHICKC T€OMarHUTHON
AKTUBHOCTH Ap HCIHBITBIBAIOT CTPOTYI0 3aBHCHMOCTH OT COJHEYHOH aKTHBHOCTH, OOHApyXXHBas NEPHOJUYHOCTD
T =~ 35 et u nuHEHHBIH OTpHHATeNbHBIA TpeH. K03(h(DUIMEHTsI NeTepMUHALIMN B3aMMOCBSI3H JOJITOIIEPUOIHBIX
Bapuaruii foF2 m F10.7 gocturaror 3Hadenuit 0.99, 3TO mpeamonaraeT, 4TO COJIHEYHAs AKTUBHOCTH SIBJISETCS
OCHOBHBIM JIpaiiBEpOM JI0JrOBPEMEHHON M3MeHuYnBocTH F2 o6nmactu noHochepsi.

3nayenus fmin, oOHapyxuBas momoOHO mapamerpam F2 obOnactu moHOC(EpPHI ~35-TETHIOW MEPHOAUIHOCTD,
JIEMOHCTPHUPYIOT MOJOXKUTEIBHBINA TpeH 1 B HaOmogaembiil iepuon 1957-2017 rr. JlaHHbI pe3ynbTar mpeanoaraet
C OJIHOW CTOPOHBI BBICOKYIO 3aBUCHMOCTb OT COJTHEYHOW aKTHBHOCTH, C JPYTOH CTOPOHBI BIMSIHUE JPYTHX (aKTOPOB
Ha COCTOSTHHE HIKHEH HOHOC(Eephl, BO3MOXKHO (PaKTOPOB aHTPOIIOT €HHBIX.
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GEOSPATIAL MODELING AS A METHOD FOR
FORECASTING OIL-PROSPECTIVE HORIZONS
IN THE SECTION OF THE EARTH'S CRUST

Abstract. Modern ideas about the formation of hydrocarbon deposits are based on the results of experimental
and theoretical studies of the dynamics of the lithosphere. They are based on the established facts of “instability of
fluid systems in the sedimentary cover and basement, as well as migration of fluids through permeable zones
resulting from changing stresses in the earth's crust. It follows from this that the geological environment is
nonequilibrium. Forces of external action and thermodynamic conditions inside the crust contribute to the extrusion
of fluids from the lower horizons to the upper and ensure their movement through the zones of decompression to the
places of unloading, which are often fracture zones limited by fluid resistances. And this means that the centers of
unloading are not static, but replenished and the process of formation of deposits is essentially geodynamic.

Thus, one of the factors for successfully predicting the oil prospectivity of the study area is the detection and
analysis of the morphological features of the weakened zones, which are usually not only faults, but also horizons,
which are layers that differ from the host rocks by a relatively high coefficient of porosity and fracture and can serve
collectors. As well as adjacent multidirectional formations, essentially representing subvertical channels providing
the flow of hydrocarbons into the reservoir.

On the other hand, it is of interest to visualize the section of the geological environment from the standpoint of
geomechanical permeability, an indicator of which can be the distribution of the horizontal component of the low
lithostatic pressure.

Visualization of the distribution of the stresses that are responsible for possible horizontal fluid movements
allows us to differentiate the section from the standpoint of the geometry and intensity of the weakened zones and the
possible migration routes of fluids, including hydrocarbons, associated with them.

Obviously, such model constructions will make it possible to draw non-trivial conclusions about the nature of
the known reservoir and use this methodological approach in predicting the locations of other possible hydrocarbon
accumulations.

In the present work, using the example of a well-known hydrocarbon field, we consider the methodology and
the results of parametric modeling of the geological environment — creating a three-dimensional image of the
distribution of decompression zones and stress-strain state (SSS) parameters using data previously performed on this
area of seismic studies using the common depth point method (MOGT) ..

Presentation of seismic data in the decompression parameters, reinforced by the SSS parameters, makes it
possible to obtain a “formalized” section and thereby increase the efficiency of geophysical surveys both at the
search stage and at the stage of exploitation of hydrocarbon deposits.

Keywords: density inhomogeneities, hydrocarbons, fluid dynamics.

The search for hydrocarbon deposits both in Kazakhstan and abroad is, as a rule, a traditional set of
methods and technologies that allows for a comprehensive analysis of the results obtained using data from
geological and geophysical studies, ending with recommendations for drilling exploratory wells.

Among geophysical methods, gravel and seismic exploration are usually dominant. The
implementation of the traditional research complex is a very time-consuming and cost-intensive process,
the payback of which is justified "under the conditions of exploration of large and medium anticlinal oil
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and gas bearing structures located at shallow depths" [1]. This is explained by a rather high percentage of
“dry” wells with a high cost of drilling itself. Therefore, the use of a well-known set of methods when
searching for deposits located at great depths should be approached with some caution.

Consequently, the methods of direct prospecting ground-space observations are unfortunately not a
source of complete and unconditional geospatial information about the presence and location of possible
hydrocarbon deposits in a geological section. And to fill this gap by reducing the ambiguity of the results
obtained, largely succeeds by the method of mechanical and mathematical modeling of the geological
environment [2, 3].

Using the data on the distribution of the elastic characteristics of the geological environment,
borrowed from the results of seismic observations, the method allows you to develop spatial parametric
models of the distribution of density inhomogeneities and values of the parameters of the stress-strain state
in the geological space of the study area, regardless of the depth of the proposed reservoir.

In the development of models, the following stages can be distinguished:

Stage 1. Creation of spatial models for the distribution of zones of decompression.

The construction of such models can be used at the search stage, since they allow us to identify, in the
context of the studied structure, the areas of decompression, with which the real spatial position and
morphology of possible reservoirs, as well as those structural elements of the deep structure that can serve
as supply channels, canals migration or areas of possible accumulation of hydrocarbons.

Stage 2. Construction of a spatial model of the geological section in the parameters of the SSS.

The mechanical and mathematical modeling of the geological environment involves the calculation
of a set of parameters of the stress-strain state (SSS) with spatial reference of the calculated values. The
distribution of the latter in the geological space can be used in solving a wide range of applied problems.
Including when performing geodynamic zoning of territories and determining areas of latent energy
concentration, identifying areas of increased permeability and assessing the directions of possible fluid
movement, etc.

Stage 3. Development of complex parametric models.

The construction of complex models is aimed at performing an analysis of the correspondence of the
decompression distribution with the distributions of SSS parameters in the studied block of the earth's
crust. In particular, the identification of areas of reduced pressure is one of the main conditions for the
movement of fluids in the geological environment. Therefore, it seems important to establish their spatial
position and link with the distribution of decompression zones, which, by definition, can be collectors, as
well as serve as channels for their migration.

Stage 4. Analysis of intermediate results.

An analysis of the distributions of density inhomogeneities and the anomalous values of the SSS
parameters in the volume of the geological environment allows you to:

1. Get a visual spatial representation of the properties of the geological environment and identify new
structural forms.

2. A clear idea of the morphology of productive horizons provides the basis for the design of well
locations and allows conclusions to be drawn regarding the possible location of new deposits.

The applied methodology was previously tested on the basis of regional seismic observations and
showed good convergence of the established decompression zones with the known hydrocarbon deposits
of the Caspian region. The main provisions of the proposed methodology are given in [3,4,5].

Below are the results illustrating the above steps of the technology. They are based on 3D seismic
data using the OGT method, obtained on the area of the Botahan hydrocarbon field.

The object of this study is a layer of the earth's crust with a thickness of ~ 3.5 km, including well-
known ones. productive to hydrocarbons, suprasalt horizons, localized in the depth interval 1.2-1.4 km
from the earth's surface.

It is obvious (figure 1A) that the section of the Botahan structure is a complex geological object in
which density inhomogeneities are present in an implicit form. An attempt to isolate them showed
(figure 1 B, C, D) that in the section there are relatively disaggregated layers localized at the same depths
as the productive horizons identified by the MOGT seismic data. These layers are laterally sustained in
depth (figure 1 C) and represent a ragged surface with a complex relief. But in general, ~ 2/3 of the area is
relatively homogeneous, with the exception of those sections that reflect the position of the faults
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established earlier. Fault zones are relatively more permeable than productive horizons. It should be noted
that the relative decompression of the fault zones when viewed from above (figure 1, D) is clearly lower
than when viewed from below (figure 1, E). The last figure also clearly shows a horseshoe-shaped region
of increased permeability, apparently adjacent to a dome-shaped structure.
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Figure 1 - Projections of the spatial position of decompression zones in a section Botany structures.
A - summary section; B-3D projection of the productive horizon; C- side view in the direction
of ZV (vertical lines - the position of the wells); D- top view; E- bottom view (mirror image)

From the description of the results illustrated in figure 1, it follows that all the established areas of
decompression are interconnected and form a single fluid dynamic system of the Botahan field.

The abnormal values of the SSS parameters carry direct information about the features of the physical
state of the geological environment. It was established that the distribution of the identified areas is not
chaotic, but is confined to the position of the faults and the contour associated with the boundary of the
host rocks, which has a dome-shaped structure. These elements of the geological structure are associated
with the lowest possible average pressure values. At the same time, in the section there are areas of a
slight decrease in average pressure, which indicates heterogeneity and increased permeability of the
medium as a whole.

Figure 2 - Distribution of anomalous values of the SSS parameters (in Pa 105): A— average pressure;
B - vertical pressure; C is the intensity of shear stresses. On each of the distributions, values of 20, 60 and 100 are shown.
In the upper right corner Shows a bottom view (mirror image and 180 ° rotation)
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A similar, but more contrasting picture of the distributions is observed in the analysis of anomalous
values of vertical pressure and shear stress intensity. It is obvious that concentrated and relatively more
significant accumulations of potential strain energy are associated precisely with weakened structural
elements of the geological section. And relatively smaller - with adjacent sections. A comparison of the
distributions presented in an integrated form (figure 2) suggests that the anomalous values of the
parameters of the stress-strain state (SSS) can be used to identify areas of increased permeability and
energy saturation of the geological environment, which is an integral part of geodynamic zoning.

The same properties of the geological environment must be taken into account when conducting
prospecting for oil and gas. An analysis of the spatial distribution of the anomalous values of the SSS
parameters showed that the intensity of permeability and energy saturation of the medium increase with
depth, which is clearly seen in the color saturation of the structural elements of the same name in the inset
(upper right corner) of figure 2.

As already noted, the identification of areas of low pressure is one of the main conditions for the
movement of fluids in the geological environment. Therefore, it seems important to establish the spatial
correlation of the position of the anomalous values of the SSS parameters and to link the decompression
zones, which by definition can be collectors, and also serve as channels for their migration.

Obviously, the spatial overlap of the distributions of the compared parameters revealed their full
agreement, indicating that in the decompression zones there are objective geodynamic conditions for the
movement of fluid flows. Moreover, the intensity of the anomalous values increases with depth, thereby
providing the necessary pressure drop for squeezing the fluids from the bottom up (figure 3 C, D).

Finally, the distribution of abnormal values of the intensity of tangential stresses characterizing the
energy saturation of the geological environment shows that in the vertical zones of increased permeability,
which are faults and a horseshoe-shaped region of the junction of the dome-shaped structure with host
rocks, the largest reserves of potential energy accumulated during deformation are concentrated (figure 4).
Moreover, areas of increased concentration of torsion (shear) energy with depth occupy a significantly
larger area (figure 4B), which suggests that the largest reserves of latent shear energy are concentrated in
the lower part of the studied volume of the geological environment
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Figure 3 - Vertical projections of distributions relatively low values of hydrostatic (A, C)
and vertical (B, D) pressures in combined with the distribution of decompression
values. A, B — view from above. C, D - bottom view (projection is rotated 180°)
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Three-dimensional parametric visualization of productive horizons in combination with geological
and geophysical data allows us to use the proposed methodological approach to seismic data to identify
oil-prospective structures, as well as to select the location of exploration wells.
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Figure 4 - Vertical projections of relatively low distribution values of intensity of tangential
stresses in combination with distribution of decompression values.
A - top view. B - bottom view (projection is rotated 180°)

Development of models for the distribution of zones of possible directivity of fluid flows.

To obtain an objective idea of the distribution in the context of the values of stresses responsible for
the fluid permeability and directivity of fluid flows, it is necessary to exclude stresses due to vertical
pressure from the calculations. The latter will allow visualizing the distribution of only those stresses that
are responsible for possible horizontal mass movements and differentiating the section from the standpoint
of the geometry and intensity of the weakened zones and the possible migration routes of fluids, including
hydrocarbons, associated with them.

Obviously, such model constructions will make it possible to draw non-trivial conclusions about the
nature of the known reservoir and use this methodological approach in predicting the locations of other
possible hydrocarbon accumulations.

Confirmation of the foregoing is figure 5, illustrating the spatial distribution of the horizontal
component values of the zones of reduced pressure. Obviously, the areas of reduced pressure, displayed in
shades of light yellow and green colors, having a funnel shape, are fan-shaped diverging normalized
values of their intensity, rising from the lower part of the section and flattening in the upper one. These
areas can be interpreted as channels of possible migration through which fluids enter their places of
accumulation.
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Figure 5 - Spatial projections of vertostatic pressure in the context of the Botahan structureical
sections of the distribution of values the horizontal component of lith
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A comprehensive interpretation of the obtained distributions and the data of geological and
geophysical studies will help to identify the places of possible accumulation of hydrocarbons.

Thus, the distribution of the SSS parameters in the geological half-space can be used in solving a
wide range of applied problems. Including when performing geodynamic zoning of territories and
determining areas of latent energy concentration, identifying areas of increased permeability and assessing
the directions of possible fluid movement, etc.

An analysis of the distributions of the values of the decompression parameters and the SSS in the
volume of the geological environment of the Botahan field made it possible to draw several important
methodological conclusions of an applied nature.

1. The proposed methodology for the analysis of seismic data allows you to get a visual spatial
representation of the properties of the geological environment. In particular, in the area of the Botahan
field, a new zone of increased permeability has been established adjacent to the deposit.

2. A clear idea of the morphology of productive horizons provides the basis for the design of wells
and allows us to draw conclusions about the possible location of new deposits.

3. The proposed methodology can be used as one of the stages of the search and exploration of
hydrocarbon deposits in the projected areas in order to identify productive horizons in the context of the
earth's crust.

As a general conclusion, we can say that the presentation of seismic data in decompression
parameters reinforced by the SSS parameters allows one to obtain a clear spatial image of the geological
environment section and thereby increase the efficiency of geophysical studies both at the search stage and
at the stage of exploitation of hydrocarbon deposits.

This work was carried out according to RBP-002 “Applied scientific research in the field of space
activity” under the theme “To develop technologies for ground-space monitoring observations of the
development of geodynamic processes in the territory of the Caspian region and forecasting hydrocarbon
deposits”.

K. II1. ’Kanraes, A. K. bu6ocunos, b. A. Uckakos, A. I'. @pemz
«Honoctepa Nuctutytsny EXILC «¥F3TO» AK, Anmartsl, Kazakctan

KEP KbIPThICbIHbIH KUMACBIHJIA MYHAWU-IIEPCIIEKTUBTI F'OPU3OHTTAP/bI BOIZKAY
YIIIH T’EOKEHICTIKTIK MOJEJIBAEY 9ICIH TAUJAJIAHY

Annotanus. KeMipcyTek keH OpbIHAApbIH KaJbIITACTBIPY Typalibl Kazipri uaesuiap iurocdepa TMHAMHKAChIH
AKCICPUMCHTTIK JKOHE TCOPHSUIBIK 3EPTTCYJIEpAiH HOTWKeNepiHe HerizgmenreH. Onap «IIeriHAi KaMbUTFBI MeEH
JKEPTOJIEAETrT CYWBIKTHIK JKYHEIEPiHiH TYPaKCHI3IBIFED), COHMAl-aK JKep KBIPTHICBIHBIH KEPHEYIICPiHIH e3repyi
CalJapblHAH CYHBIKTHIKTHIH OTKI3TIII alfMakTap apKbUIBI aybICYHl (akTinepine HerizgenreH. OchIIaH TeoJOTHSUTBIK,
opTa Teme-TeHIIKKE KaTHaNThIHBI Oenrisi 0omaabl. CBHIPTKBI o9cep eTYII KYIITep *KOHE JKep KBIPTHICHIHBIH MIiHAET]
TEPMOIMHAMUKAIBIK KaFIaiIap CYHBIKTHIKTHIH TOMEHTT TOPU30HTTAH JKOFAPFbIFA Kapail arblll KeTyiHe BIKMAT eTe/ll
KOHE ONap/bIH KeOiHece CYMBIKTBIKKA TO3IMIUIINIMEH MIEKTEIreH ChIHY aiMakTapbl OOJbIN TaObUIATBIH TYCIpY
OpBIHIApBIHA TYCETiH XXepiepre TYCyiH KamMTamachl3 eremi. bynm nereHimis, Tycipy OpTaslbIKTaphl TYPaKTHl eMec,
Oipax TOJBIKTHIPBLIFAH KOHE KEH OPbIHAAPHIH KAIBITACTHIPY MPOLIEC F€0IMHAMHUKAIIBIK CHITATKA He.

Ocebunaiiina, 3epTTey aliMarbIHBIH MYHail MepCHEeKTUBAChIH COTTI OoipKayblH (akTopiapbsiHbH Oipi ancipereH
aiMaKTapAblH MOP(OJIOTHUSUIBIK CPEKIICTIKTEPIH aHBIKTAY OHE Tajjay OOJbIl TaObLIAAbI, OJlap OJCTTE TEK
Oy3bUTyJIap FaHa €MEC, COHBIMEH KaTap TOPH30HTTAPIbIH HETi3ri JKBIHBICTAPIAH CAJIbICTBIPMAIIBI TYPIC YKOFaphI
KEYCKTLUIIK )KOHE ChIHY KO3 (QHIMEHTIMEH ePEKIICICHETIH )KOHE KBI3MET €T¢ aaThIH KabaTTaphl OOJBIN TaObLIAIbI.
JKUHayIIbuiap. MyHbIMEH KaTap ipreiiec Kem OarbITThl (popMarusiiap, ojlap KOJUICKTOPFa KOMIPCYTEKTEPIiH aFbIHBIH
KaMTaMachI3 €TeTiH cyOTBepTaTUBTI apHanap/s! OuiIipen.

ExiHmi aFplHaH, TEOMEXaHHUKAJBIK OTKI3TIMITIK TYPFBICHIHAH TEOJIOTHSUIBIK OPTaHBIH O6JITiH BU3yaIm3amus
KBI3BIKTHIPAIbI, OHBIH KOPCETKIIII TOMEHT] JTUTOCTaTHKAIBIK KHICBIMHBIH KOJIJICHCH KOMIIOHEHTIHIH Taparysl OOIybI
MYMKIH.

CyHBIKTBIKTBIH MYMKIiH TOPH30HTAIBAB! KO3FAIBICHIHA JKayall OepeTiH KepHEeyJIepAiH TapalyblH BU3yaIH3anns
OenmiMIi TeoMeTpHsi MEH OJICIpETeH alMaKTapAblH KApKBIHABUIBIFBIHAH KOHE CYHUBIKTBIKTApPIBIH, COHBIH IIIiHJIE
onapMeH OailyIaHBICTHI KOMIPCYTEKTEPAiH KOIli-KOH OaFbITTaphIHaH 0eIyre MYMKIHIIK Oepeti.
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MyHnpaii MOZENBAIK KOHCTpYKIUsIap ONrini pe3epByapAblH TaOMFAThl Typajbl TPUBHAIBABI €MEC TY)KbIPHIM
’Kacayra JKOHE OChI 9JIIC TOCUITIH KOMIPCYTEKTepiH 0acka bIKTHMAJl XHHAKTAJIATBIH XKepliepiH 0oJnKayia KoJaiaHyFa
MYMKIH/IIK O€peTiHi aHbIK.

Ocbl )KyMBbICTa, OENTiTl KOMIPCYTEK K€H OpPHBI MBICAIIBIH KOJIIaHa OTBHIPBII, IEOJIOTHUIBIK OPTaHbI ApaMeTpPIIiK
MOJIETIbJICYAIH 9/IiCTEMECI MEH HOTHXKEJIEPIH KapacThIpaMblI3 - XKaJlbl TepeH ik Hykrecinig aaicin (MOGT) konnana
OTBIPBII, CEHCMUKAJIBIK 3epTTEYJIepAiH OChl aiiMarblHAa OYpBIH jKacajFaH JEepeKTep/i maiiaiaHa OTBIPBIN, AEKOM-
NIPECCHOHBI aliMaKTap/bIH Tapaylybl MEeH KepHeyJieHreH-nedopmanunsuianrad Kyiiniy (KJAC) napamerpnepiniy yu
emeMi OeifHeciH Kxacay.

KJC mapamerprepiMeH KYIIEUTUITeH AEKOMIPECCHs MapaMeTplIepiHAe CEHCMUKAIBIK MONIMETTEpIi YCHIHY
«popmananram» OeliM axyFa MYMKIHIIK Oepeli >KOHE COJN apKpUIBl i3[Iey CATBHICBIHAA 1a, KOMIpPCYTeK KeH
OpBIHIAPHIH NaiJaaHy CaThICHIH/IA 1a TeO(PU3UKAIBIK 3ePTTEYIEPAiH THIMALIITIH apTTRIPaIBL.

Tyiiin ce3aep: OipTEKTI eMec THIFbI3IBIK, KOMIPCYTEKTED, (QIIOHI0IMHAMUKA.

K. Kanraes, A.7K. bubocunos, b.A. Uckakos, A.I'. ®pema
ATOO «MuctutyT Uonocheps» AO «HLKUT», r. Anmarsl, Kazaxcran

TFEONNPOCTPAHCTBEHHOE MOJAEJIUPOBAHUE
KAK METO/] TPOT'HO3UPOBAHUSI HE@TENNEPCIIEKTUBHBIX TOPU30HTOB
B PA3PE3E 3EMHOM KOPBI

AnHoTauusi. COBpeMEHHBIE MPECTaBICHUS O (OPMHPOBAHIUH MECTOPOKIACHUIN YTICBOAOPOAOB 0a3UpyrOTCA
Ha pe3ylibTaTax dKCIEePUMEHTAIBHBIX U TEOPETUUECKUX MCCIEeOBaHUN TUHAMHKH JIMTOChepbl. B X OoCcHOBE jexar
yCTaHOBJICHHbIE (aKThl «HECTAOWJILHOCTH (IIOMIHBIX CHUCTEM B OCAIOYHOM dexiie U (yHIaMeHTe, a TaKxke
MUrpanuy (UIIOWI0B 10 MPOHUIAEMBIM 30HaM, BO3HHKAIOUIMM B Pe3yJIbTaTe MEHSIOIIUXCS HANPSHKEHUH B 3€MHOU
kope». M3 artoro ciemyer, uTO TeoJOrMueckas cpega HepaBHOBecHa. CHIbI BHELIHEr0 BO3JCHCTBHS U
TCPMOJUHAMHUYECCKUEC YCIIOBUA BHYTPU KOPBI CHOCO6CTByIOT BbIJIaBJINBAHUIO q)HIOI/I[lOB N3 HWXHUX TOPU3OHTOB B
BEPXHUE M OOECIEUMBAIOT MX MEPEIBIKCHUE 110 30HAM Pa3yIUIOTHEHUS /10 MECT pasrpy3KH, B KauecTBE KOTOPBIX
YacTO BBICTYNAIOT NMPHUPA3JIOMHBIE 30HBI, OrpPaHUYEHHbIE (UIIONAOYHOpPaMH. A 3TO 3HAYMUT, YTO OYArd pasrpy3Ku
SBISIFOTCSL HE CTaTWYHBIMHM, HO TIIOTIOJHSIEMBIMH W TMporecc (OpMHPOBAaHHS MECTOPOXKIEHHH 10 CYIIECTBY
TeoOJMHAMUYECKUMN.

Takum 06pa3om, oqHIM U3 (HaKTOPOB YCIICIIHOTO MPOTHO3a HE(PTENepCIeKTHBHOCTH UCCIIEAyEMOM TEpPUTOPUHN
SBISICTCS OOHApPYXKCHHE W aHaiu3 MOPQOJOTHUECKUX OCOOCHHOCTEH OCIaOJeHHBIX 30H, B KAadeCTBE KOTOPBIX
OOBIYHO BBICTYMAIOT HE TOJBKO PAa3JIOMbl, HO W TOPU3OHTHI, MPEICTABISIONINE COOOM CJIOW, OTIMYAMOIIHECs OT
BMEIIAMONIMX TOPOJI OTHOCHTENHHO BBICOKMM KO3()(HUIMEHTOM IOPUCTOCTH W TPEIIMHOBATOCTH M MOTYIIHE
CIIY)KUTh KOJUIGKTOpaMH. A TakKe CMEXHBIE C HHMH pa3HOHAIpaBICHHBIE OOPa30BaHHS, IO CYIIECTRY,
NpeACTaBISIONIE CO00 CyOBEepTHKANIbHBIE KaHaJIbl, 00eCIIeUnBAOIIHE IOCTYIUIEHHE YTIIIEBOAOPOJOB B KOJIEKTOP.

C npyroil CTOpOHBI, TPEICTaBIAET WHTEPEC BU3yaln3allMs pa3pe3a IEeOJIOTMYECKOH Cpelbl ¢ IMO3HMLUit
TEOMEXaHUYECKOH MPOHUIAEMOCTH, WHIMUKAaTOpPOM KOTOPOH MOTYT CIY)XHUTh PpaclpeleiieHus] 3HaueHHH
TOPHU30HTAJILHOM COCTABIIAIONIEH OHMKEHHOT'O JINTOCTATUYECKOTO TaBJICHUSI.

Buzyanuzanust pacrnpenesieHusi T€X HalpsDKEHHH, KOTOpPBbIE OTBETCTBEHHBI 32 BO3MOJKHBIE T'OPH30HTAIbHBIE
nepeMemieHus (IIONI0B TO3BOSIET MU QPEPEeHIPOBATs pa3pe3 C MO3WIUHA TeOMETPHH W WHTEHCHUBHOCTH
ocnabJICHHBIX 30H U CBA3aHHBIX C HUMH BO3MOXKHBIX ITyTeH MUTpaIiy (IIFOUI0B, B TOM YHUCIIE YTIIEBOJOPOIOB.

Od4eBHIHO, YTO TaKWe MOZETBHBIE IIOCTPOCHHUS IIO3BOJLIT CHAEIaTh HETPUBHAIBHBIE BBIBOABI O TIPUPOJE
M3BECTHOH 3aJIe)KH M MCIIOJIB30BATh 3TOT METOAMYECKUH MOIXOA B IMPOTHO3E MECT APYTHUX BO3MOXKHBIX CKOIICHUH

YIJIEBOIOPO/IOB.
B npennaraemoii pabore Ha mpuMepe W3BECTHOTO MECTOPOXKIEHHS YIJIEBOJOPOIOB PACCMOTPEHBI METOIUKA U
pe3yJbTaThl MapaMeTPUUECKOro MOJECIMPOBAHMS T'€OJIOTHYECKOH Ccpeabl — co3laHus TpEXxMepHoro oobpasa

pacripeseneHuss 30H pa3yIUIOTHEHUS M MapamMeTpoB Hanpspk€HHo-aedopmupoBanHoro cocrosiHus (HIAC) ¢
UCIIOJIb30BaHHEM JIaHHBIX, PaHEE BBIIOJIHEHHBIX HAa JTOM IUIOIIAAU CEHCMUYECKHX HMCCIIeNOBaHMH METOJ0M 0O0IIel
riryounHoi Touku (MOI'T).

IIpencraBneHre JaHHBIX CEMCMUYECKUX HCCIEAOBAaHMM B IapaMeTpax pasyIUIOTHEHUs, YCHJICHHBIX
napamerpamu HJIC mo3BoisieT mony4yuTh «O(U3WUCHHBIH» pa3pe3 W TEM CaMbIM HOBBICUTH 3((eKTHBHOCTH
reopu3MYECKNX WCCIEAOBAHMA Kak Ha CTaJAWM IIOMCKAa, TaK W Ha JTale JKCIUIyaTallid MEeCTOPOXKIACHUH
YTJIEBOJIOPOIOB.

Ki1roueBble ¢J10Ba: TUIOTHOCTHBIE HEOJHOPOJHOCTH, YIIICBOAOPOIBI, (DIrOMI0ANHAMUKA.
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GROUND-SPACE METHODS FOR
FORECASTING DEEP OIL-PERSPECTIVE HORIZONS

Abstract. The search for hydrocarbon deposits is a multifactorial task, which at present cannot be successfully
solved on the basis of data from only one method. And for its solution, as a rule, a set of data is obtained, obtained
both by ground means and remote, providing an objective picture of the structure of the sedimentary cover based on
high information density without significant time and financial costs

The paper considers modern methodological approaches used in the practice of prospecting for oil and gas,
which give an objective idea of the criteria on the basis of which a geostructural image of a section of the geological
environment is created.

The resulting complex of terrestrial and remote data is aimed at clarifying the structure of the zones of possible
oil and gas accumulation and identifying the most promising hydrocarbon traps within them. The main attention is
paid to the identification of local structures of various types and discontinuous disturbances. It is the structural
aspect, that is, the identification of discontinuous faults of various ranks and the determination of their parameters —
strike, direction of fall and kinematics — that is most significant for determining the directions and choosing the
methodology for oil and gas prospecting works in each specific area.

The use of thermal range images with the construction of maps of surface temperatures and thermal anomalies
based on them, taking into account the influence of the atmosphere, weather conditions, and geological features of
the region under study, makes it possible to more efficiently identify productive structures and the most active faults
at the present stage. Isolation of such objects makes it possible to concentrate on them seismic exploration and
drilling, and thereby reduce the cost and significantly increase the reliability of forecasting and search operations
carried out by traditional methods (geology, geophysics, geochemistry).

Among them, in particular, is deep seismic exploration using the common depth point method, which allows to
identify migration channels and fluid supports - structural elements that indicate the possible productivity of certain
horizons. Nevertheless, despite the leading role of seismic exploration, interpretation of its data at great depths
should be approached with some caution due to the high percentage of “dry” wells and the high cost of drilling itself.

.Along with the existing ones, it is proposed and justified the use of the method of parametric 3D modeling of a
geological section, which allows creating a visual spatial image of the distribution of oil prospective horizons. The
method is verified on data from known deposits and showed good convergence of results.

The results obtained are of interest to subsoil users and organizations planning to search for deposits in oil-
spitting regions.

Keywords: density inhomogeneities, hydrocarbons, fluid dynamics.

Despite the successes in the development of technologies for the development of new, practically
inexhaustible, energy sources, currently traditional energy sources are at the peak of their demand.

According to experts, by 2040 a 30% increase in demand for energy is predicted, which significantly
exceeds current consumption [1].

At the 66-th session of the UN General Assembly in 2011, the President of Kazakhstan,
N.A. Nazarbayev, in his report emphasized the need to develop scenario forecasts and a global energy-
ecological strategy for the future, which is objectively understandable. Indeed, even without taking into
account population growth, the size of the global economy should increase by at least 2 times by 2040,
which in turn will require affordable and reliable sources of energy.

— 225 ——




News of the National Academy of sciences of the Republic of Kazakhstan

And although Kazakhstan belongs to the states with excess energy resources, and it is able to export
oil, gas, coal, uranium, without prejudice to its domestic needs, but nevertheless, it also needs to plan to
increase natural energy sources, which include hydrocarbons.

Today, Kazakhstan is one of the key exporters of hydrocarbons for the global economy. As of 2013,
according to BP Statistical Review of World Energy 2013, Kazakhstan ranked twelfth in the world in
terms of proven oil reserves. A significant part of them is located in the Caspian oil and gas basin.
However, their additional exploration and further industrial development are complicated':

* low geological exploration of the subsoil;

* the location of a significant part of resources in subsalt horizons located at depths of the order of 5
and more than thousand meters, which increases the capital costs of investors by an order of magnitude.

So, from 202 open oil and gas fields, with estimated recoverable resources of oil in the amount of
7.8 billion tons, and natural gas - 7.1 trillion cubic meters, the vast majority of them are associated with
subsalt horizons [2]. This circumstance, against the background of increasing growth rates of production
volumes, negatively affected the level of growth in the balance of hydrocarbon reserves. Already,
beginning in mid-1995, there was a deficit in replenishment of balance sheet resources, which in the future
may pose a real threat to the economic security of Kazakhstan [2].

Therefore, at the KAZENERGY forum held in 2013, Kazakhstan presented a project to create the
Eurasia international oil consortium, which is aimed at exploring the deep deposits of the Caspian
Depression. According to foreign geologists, the main hydrocarbon reserves, amounting to about
40-50 billion tons of standard fuel, are in the Caspian basin, with 90% of them located at depths of more
than 7 km. According to the President of the Society of Petroleum Geologists B.M. According to the
results of the work, Kuandykova “will identify new promising areas and objects for exploration, which
will make it possible by 2030-2050 to double the existing recoverable reserves of hydrocarbons
(hydrocarbons) [3].

According to Akhmet Timurziev, one of the supporters of the concept of the inorganic origin of oil
and the author of the Deep Oil project, turning the country's heat and energy complex (FEC) to deep
hydrocarbon resources will minimize the cost of replenishing the resource base and stabilize the growth of
oil production, including due to its extraction in the territories of the "old regions", which undoubtedly is a
cost-effective alternative to the development of new territories.

Forecasting methods for deep oil-bearing horizons.

The search for hydrocarbon deposits both in Kazakhstan and abroad is, as a rule, a traditional set of
methods and technologies that allows for a comprehensive analysis of the results obtained using data from
geological and geophysical surveys and ending with recommendations for drilling exploratory wells.

Among the geophysical methods, as a rule, gravity and seismic exploration dominate. The
implementation of the traditional research complex is a very time-consuming and cost-intensive process,
the payback of which is justified "under the conditions of exploration of large and medium anticline oil
and gas bearing structures located at shallow depths" [4]. This is explained by a rather high percentage of
“dry” wells with a high cost of drilling itself. Therefore, the use of a well-known set of methods when
searching for deposits located at great depths should be approached with some caution.

At the same time, deep seismic exploration using the common depth point method (MOGT) allows us
to obtain new data on the structure of the earth's crust, indicating its connection with the structure and oil
content of the sedimentary cover. These data, obtained along the Tatsays geotraverse, which crossed the
entire Volga-Ural province, allowed V.A. Trofimov set “new criteria for the interpretation of seismic data,
which, combined with the results of other methods, make it possible to assess the prospects of large
tectonic elements, small sections and local objects, as well as to purposefully determine the prospects for
deep-seated horizons” [7, 8, 9]. Apparently, the identification of migration channels and possible fluid
backlash, which together can serve as a search sign of a reservoir provided that fluids come from below,
up to the level of the upper mantle, are among these “criteria”. Another search feature is the presence of
dynamic anomalies under each of the known studied deposits - “subvertical or steeply inclined disturbed
zones, which probably display the desired oil supply channels, or, more correctly, oil and gas supply
channels”. In the works of R.M. Bembel et al. [10], they are called subvertical zones of destruction,
having linear dimensions with a width of several hundred meters to several kilometers. Interestingly, no
such “dry” wells were identified in the area of such zones.
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Thus, based on regional seismic studies, it was found that each hydrocarbon field has its own main
fluid supply channel displayed on the seismic sections in the form of a subvertical disturbed zone and,
possibly, secondary channels.

The implemented approach to the interpretation of seismic data allowed the author to identify a
gigantic positive structure at levels of 7—11 km, which, according to search criteria already established,
suggests the presence of a large hydrocarbon field at this depth and recommends drilling of a parametric
well [7].

Along with methods based on ground-based observations, in recent years, the emphasis on
prospecting for mineral deposits (MPI) and, in particular, hydrocarbons has shifted towards methods using
data from remote sensing of the Earth's surface (ERS).

The attractiveness of remote sensing methods in the study of oil and gas regions is due to the
possibility of obtaining an objective picture of the structure of sedimentary cover without significant time
and material costs. The geospatial information obtained in this way allows us to establish the spectral
images of objects due to the deep migration of hydrocarbon fluids and heat and mass transfer of deep
matter, leading to changes in soils, soils, and vegetation located on the surface of the study area. The
integral effect of these factors is expressed in anomalies associated with both a change in the stress-strain
state of the earth's crust and fluid-geodynamic processes, which are detected in space images [11, 12].

Thus, the remote sensing methods at the search stage make it possible to identify promising
geological structures and thereby specify the directions of ground research.

In the analysis of space images, much attention is paid to structural and morphological methods.
Among the latter, there is a large group of geomorphological methods that use maps and spectrozonal
satellite imagery data of various scales, aimed at identifying possible search features - features of the
phototone of the soil and vegetation, the presence of ring structures, lineaments, and other features of the
relief and landscape as a whole. Unfortunately, the results of applying these methods do not allow us to
draw unambiguous conclusions even for predicting shallow structures.

Against this background, the method is distinguished, which is called the structural method, focused
not so much on identifying direct deciphering signs as on detecting indirect ones, which make it possible
to establish some quantitative characteristics of the desired deposits, regardless of the depth of their
occurrence. The method is implemented in the form of a software complex that has “no analogues in
world practice”, which, according to its authors, allows one to conduct scientific analysis, predict the
location and establish various parameters of oil and gas deposits and other objects of the geological
environment, including those located at great depths, right down to up to 20-25 km ”[4, 5].

It is based on the discovery [6], which allowed its author to solve the inverse problem of determining
the depth and localization of a buried deposit up to determining its thickness with an accuracy comparable
to the accuracy of seismic methods. The error of definitions on average is 3-5% of the depth of the
analyzed surface, and "the success of exploratory drilling exceeds 75%." At the same time, the cost of
forecasting work in relation to the traditional technology of searches is (0.3-0.4)% [Structometric analysis
and search of minerals, http://www.magnolia.com.ru/files/anomalies.gif].

The final product of the application of this technology is the recommendations for well placement
provided in the form of cartographic materials, as well as 3D and 2D probabilistic models of the
geological section. Obviously, the use of this technology due to its “limited” verification and practical use
is not indisputable, but from the point of view of cost and timelines it can be very attractive.

The method of geospatial modeling of the section of the geological environment.

Unfortunately, direct search methods for ground-space observations are not a source of complete and
unconditional geospatial information about the presence and location of possible hydrocarbon deposits in
the geological section. And to fill this gap, reducing the ambiguity of the results obtained, is largely
succeeded by the method of mechanical-mathematical modeling of the geological environment [13, 14].

Using the data on the distribution of the elastic characteristics of the geological environment,
borrowed from the results of seismic observations, the method allows you to develop spatial parametric
models of the distribution of density inhomogeneities and values of the parameters of the stress-strain state
in the geological half-space of the study area, regardless of the depth of the proposed reservoir.

In solving this problem, the following stages can be distinguished:
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Stage 1. Creation of spatial models for the distribution of zones of decompression.

The construction of such models can be used at the search stage, since they allow us to identify, in the
context of the studied structure, the areas of decompression, which may be associated with the actual
spatial position and morphology of possible reservoirs, as well as those elements of the deep structure that
can serve as supply channels, migration channels or areas of potential hydrocarbon accumulation.

Stage 2. Construction of a spatial model of the geological section in the parameters of the SSS.

The mechanical and mathematical modeling of the geological environment involves the calculation of
a set of parameters of the stress-strain state (SSS) with spatial reference of the calculated values. The
distribution of the latter in the geological space can be used in solving a wide range of applied problems.
Including when performing geodynamic zoning of territories and determining areas of latent energy
concentration, identifying areas of increased permeability and assessing the directions of possible fluid
movement, etc.

Stage 3. Development of complex parametric models.

The construction of complex models is aimed at identifying the degree of correspondence of the
distribution of decompression zones with the distribution of the values of the SSS parameters in the
studied block of the earth's crust. In particular, the identification of areas of reduced pressure is one of the
main conditions for the movement of fluids in the geological environment. Therefore, it seems important
to establish their spatial position and link with the distribution of decompression zones, which, by
definition, can be collectors, as well as serve as channels for their migration.

An analysis of the distributions of density inhomogeneities and the anomalous values of the SSS
parameters in the volume of the geological environment allows you to:

1. Get a visual spatial representation of the properties of the geological environment and identify new
structural forms.

2. To give a visual representation of the morphology of productive horizons, which is the basis for the
design of wells and allows you to draw conclusions about the possible location of new deposits.

The proposed methodology can be used as one of the stages of the search and exploration of
hydrocarbon deposits in the projected areas in order to identify productive horizons in the context of the
earth's crust.

The developed method was verified on the materials of several fields of the Northern Caspian and
showed good convergence with the data of downhole observations in terms of the correspondence of the
levels allocated and the actual productive horizons [15].

The method allows to establish the presence of hydrocarbon migration channels and to study their
spatial structure. Thus, in the presence of information on possible fluid backings, it is possible to draw
predictive conclusions about the location of the reservoir.

As a general conclusion, we can say that the presentation of seismic data in decompression
parameters reinforced by the SSS parameters allows to obtain a clear spatial image of the geological
environment section and thereby increase the efficiency of geophysical studies both at the search stage and
at the stage of exploitation of hydrocarbon deposits.

This work was carried out according to RBP-002 “Applied scientific research in the field of space
activity” under the theme “To develop technologies for ground-space monitoring observations of the
development of geodynamic processes in the territory of the Caspian region and forecasting hydrocarbon
deposits”.

K. Kanraes, A.I'. ®pema, b.A. UckakoB
«Honocdepa Uucturytey EXIIC «¥F3TO» AK, Anmatsl, Kasakcran

JKEPJIH TEPEH KABATTAPBIHJAFBI MYHAI-IEPCHEKTUBTI
AMMAKTAPIBI AHBIKTAYFA APHAJIFAH JKEP-FAPBIIITBIK OICTEPI

AnHotanus. KemipcyTek MmuKi3aThIH i37ey - Kell (akTopibl MiHAET, Ka3ipri yakbITTa OHBI TeK Oip oxic Herizinae
FaHa COTTI melly MYMKiH emec. OHBI IIENIy YIIiH, ONETTE, yaKBITTHIH JKOHE KAp)KbUIBIK IIBIFRIHAAPCHI3 aKMapaTThIH
JKOFaph! THIFBI3bIFBIHA HET13/I€/TeH 1OTiH/Al XKaMbUIFBIHBIH KYPBUIBIMBIHBIH OOBEKTUBTI KOPiHiCIH OEpeTiH Kep YCTi JkoHe
KAIIBIKTBIKTAH AJIBIHFAH MOIIIMETTED KUBIHTHIFBI AJIBIHAMIEL.
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Makanaga MyHail MeH ra3uel Oapiay ToXKipuOeciHAe KOJJaHBUIATBIH Ka3ipri 3aMaHFbl OJ[ICHAMAIBIK TOCIIAED
KapacThIPbUIFaH, OJIapAbIH HETi3iHAe IeosIOrusyblK opTa OeNiriHiH IeocTpyKTypasblK OeliHeci jkacalblHFaH elIeMAep
TypaJibl 00BEKTUBTI TYCiHIK OepiireH.

AJBIHFaH ep YCTi JKOHE KAIIBIKTAaFbl MAIIMETTEp KEIICHI MYHail MEH ra3[blH BIKTHMAN KHHAKTATY ailMaKTapbIHbIH
KYPBUIBIMBIH aHBIKTayFa >KOHE ONapJbIH IIIiHIEeTi eH MEepCIeKTHBTI KOMIpCYTeK TY3aKTapbhlH aHBIKTAyFa OarbITTalFaH.
Herisri Ha3ap op TYpii TUHTETri *oHE TOKTAayChl3 OY3bUIyNapAarbl SKEPrilikTi KYphUIbIMIAPIbl aHBIKTAyFa aylapbLIajbl.
Byn KypbUIBIMIBIK acIeKT, SFHU 9P TYPJl KaTapAarbl TOKTAyChI3 akKaylapAbl aHBIKTAYy JXKOHE OJIap/bIH IapaMeTpiepiH
QHBIKTAy - COKKBI, KyJlay OaFbIThl MEGH KHHEMAaTHKa OarbITTap/bl aHBIKTAy JKOHE Op HAKThl ayJaH[a MyHAail MEH Ta3Jbl
OapJiay o/licTeMeCiH TaHAay YIIiH MaHbI3IbI OOJIBIN TAObLIA b

3eprTeneTiH aliMakThIH aTMoc(epachlH, aya-pailbIHBIH >Kar[dailblH >KOHE TI'EONOTHSJIBIK EpEeKIIeTIKTepiH eckepe
OTBIPBIN, Xep OeTiHIeri TemIeparypa KapTalapblH JKOHE OJlapFa HETI3AENTeH JKbUTy aHOMAIIMSUIAPBIHBIH KapTalapblH
CallyMeH KblIy AMANa3OHBIHBIH CypeTTepiH HaiaanaHy eHIIpiCTIK KypbUIbIMIApAbl XKOHE Kasipri Ke3enaeri e OenceHnl
KEeMIIIUTIKTep/Ii THIM/II aHbIKTayFa MYMKIHIIK Oepeni. MyHaali 0ObeKTUIepl OKIIayiay ojapFa CeHCMUKANBIK Oapiiay MeH
OypFpUIayFa ILIOFBIPJIAHyFa MYMKIHAIK Oepeli, ocbulaiillla ©3iHAIK KYHBIH TOMEHJETENi JXOHE IOCTYpJi OIiCTepMEH
(reonorust, reoU3MKa, TCOXUMHUS) KYPri3UIeTiH OOJKay J>KOHE 1i37Iey JKYMBICTAPBIHBIH CEHIMALUIITIH alTapibIKTal
apTTHIPaIBI.

Omapnply iwiHzAe, aran alTKaH[a, KeIUi-KOH KaHaJJapbl MEH CYHMBIKTBIK TipeKTepiH - Oenriii ropu30HTTapAbIH
MYMKIH OHIMJIUTITIH KOPCETETIH KYPBUIBIMJIBIK 3JIEMEHTTEP/I aHBIKTayFa MYMKIHIIK O€peTiH TEePEHMIKTiH KaIbl dIiCiH
KOJJaHa OTBIPHIN, TepeH CeWCMUKANBIK Oapray Oap. CeifcMHKanmbIK OapiayIblH JKETEKIN peiiHe KapaMacTaH, OHBIH
JICPEKTEPIH YIKEH TEPEHIKTE TYCIHAIPYTe «KYPFaK» YHFbIMAAP/IbIH JKOFAphl MalbI3bl %OHE OYPFbIIAYABIH ©31HIIK KYHBI
JKOFaphbl OOJIFAHIBIKTaH 6TE CAKTHIKIIEH Kapay Kepek.Makanana i3aey KeMipcyTeri KeH OpbIHAaphIHBIH OPHATACKAH YIIKEH
tepenaikre. COHbIMEH KaTap, KOJJIaHBICTAFbI MICIIiMACPIMEH YChIHBIIAbI )KOHE HeTi3eNe/l 9AiCiH KOJAaHy, napaMeTpIIiK
3D-monenbaey TeONOTMsUIBIK  KMMAchlH, MYMKIHAIK OepeTiH kacay KepHeKi KeHiCTikTik OeiiHeci Oeiy
HeTenepCIeKTUBHBIX TOPU3OHTTAPABIH. Ofici Bepu(UIMPOBaH OCHl aTaKThl K€H OPBIHAAPBIH XKOHE KAKCHI )KUHAKTAITYhI
HOTHOKeNepi. AJIBIHFAH HOTHIKEINIep KbI3BIFYIIBUIBIK YIIiH JKep KOHHAYBIH Maiiiananynbuiap MeH TOJ.

Tyiiin ce3aep: OipTEKTi eMeC THIFBI3/BIK, KOMIPCYTEKTEp, (IFOMI0IMHAMUKA.

K. Kanraes, A.I'. ®pema, b.A. UckakoB
JATOO «Uuctutyt Monochepsr» AO «HIIKUT», Anmatel, Kazaxcran

HA3EMHO-KOCMHWYECKHUE METO/IbI TIPOI'HO3UPOBAHMUA
I''IYBOKO3AJIETAIOIINX HE@TENNEPCIIEKTUBHbBIX TOPU30HTOB

AnHoTtauus. [Touck MeCTOpOXICHUH YIieBOAOPOAOB - 3TO MHOroakTopHast 3ajaua, KOTOpas B HACTOSIIEE BpeMs
HE MOXKET OBITh YCIICITHO pelleHa Ha OCHOBE JAHHBIX MCKIIOYHTEFHO OJHOTO MeTona. M s e€ pemenus, Kak MpaBuiio,
HCIIOJIB3YCTCA HaGOp JAaHHBIX, MOJYYCHHBIX KaK Ha3€MHBIMU CPEACTBAMH, TaK U NJUCTAHIIMOHHBIMHU, O6CCHC‘{I/IBa}0LILI/IMI/I
NoTyYeHne OOBEKTUBHOM KApPTHUHBI CTPOEHHS OCAJOYHOTO 4YeXja Ha OCHOBE BBICOKOHW IUIOTHOCTH HWH(popMammu 0e3
3HAYUTCJIbHBIX BPpCMCHHBIX 1 q)MHaHCOB])IX 3arpar.

B pabore paccMOTpeHBI COBpEMEHHbBIE METOIMYECKHE MOAXOMBI, UCIONb3yeMble B IPAKTHKE MOMCKOBBIX PadOT Ha
HedTh U ras, gamomue 00beKTUBHOE NIPEACTABICHUE O KPUTEPHUSIX, HA OCHOBAHUU KOTOPBIX M CO3MAETCs T€OCTPYKTYPHBIH
o0pa3 pa3pesa reoJOrnIecKoi Cpepl.

HOﬂy‘{aCMbIﬁ B pE€3YyJIbTAaTC KOMIIJICKC HA3€MHBIX U JUCTAHIITMOHHBIX JaHHBIX HAIIPAaBJICH Ha YTOYHCHHUC CTPOCHUS 30H
BO3MOKHOTO He()TEra3oHaKOIUICHHsI W BBIJCICHHS B MX Ipenenax HanOolee MepCreKTHBHBIX JIOBYHIEK YIIEBOJOPOJIOB.
OCHOBHOE BHUMaHME yJEISIETCs BBIIBICHUIO JTOKAIBHBIX CTPYKTYP PA3IMYHOIO TUIMA U PA3PBIBHBIX HapylleHUH. IMeHHO
CTPYKTYpPHBIH acIeKT, TO €CTh BBIAEJICHUE Pa3phIBHBIX HApYIIEHUH Pa3IMYHOIO PaHIa U ONpeAeeHHEe MX I1apaMeTpoB —
MIPOCTHPAHUs, HaNpaBlIeHUE MAJCHUs W KUHEMAaTHUKH SBISETCS Hauboyiee BECOMBIM [UIS ONPENCNICHHS HANPABICHUH H
BbIOOpa METOAMKH HEPTEra30MOUCKOBBIX Pa0OT Ha KaXKJIOM KOHKPETHOM y4acTKe.

Hcnonp30BaHNEe CHUMKOB TEIUIOBOTO AWANA30HA C IOCTPOSHUEM 10 HUM KapT TeMIIepaTyp MOBEPXHOCTH M TEIIIOBBIX
QHOMAJIMH C y4eTOM BIMSHHUS aTMOC(epbl, MOTOJHBIX YCIOBUH M I€0JOrHYeCKUX OCOOEHHOCTEH HCCIIeyeMOro peruoHa
MO3BOJISIET ¢ Oonbmel 3P PEeKTHBHOCTHIO BBIBIATH MPOLYKTHBHBIE CTPYKTYpPHI U HanOoJjiee aKTUBHBIE HA COBPEMEHHOM
JTare pa3pbIBHbIE HapylleHus. Belienenue nmogo0HbIX 00bEKTOB MO3BOJISIET COCPEAOTOUNTh HA HUX CeiCMOpa3BeI0uHbIE
paboTHI M OypeHue, a STUM COKPATUTh CTOMMOCTh M 3HAUMTENILHO MTOBLICUTD JOCTOBEPHOCTH IIPOrHO3HO-TIOMCKOBEIX padoT,
MIPOBOJMMBIX TPAIUIIMOHHBIMH METOIaMH (T'€0JIOTHs, Te0PH3HKa, TEOXUMHUS).

K ux umucny, B 4aCTHOCTH, OTHOCHUTCS TIIyOWHHAs CeiicMOpa3Be/ika METOI0M 0O0IIel TITyOMHHOW TOYKH, MO3BOJISIOLIAS
BBISIBIISITh MUTPALIMOHHBIE KaHaJbl M (UIIOMJOYNOPBI, - OBIEMEHTHl CTPOSHMSA, YKAa3bIBAIOIIME Ha BO3MOXKHYIO
INPOAYKTHBHOCTh T€X WM HMHBIX TOPH30HTOB. TeM He MeHee, HeCMOTpsS Ha BEOYLIYI0 DPOJb CEHCMOpa3BEIKH, K
MHTEpIpeTauuy e€ JaHHBIX Ha OOJBIIMX IIyOMHAX CIEeAyeT MOAXOIUTh C M3BECTHOM OCTOPOXKHOCTBIO M3-3a BBICOKOIO
MPOLICHTA «CYXHUX» CKBaXHH U BBICOKOH CTOMMOCTH COOCTBEHHO OypEHHUSL.

Hapsangy c¢ cymecTBylomMH — pelIEHUSIMM, IIpelylaraeTcsi W OOOCHOBBIBAETCS — HCIIOJIb30BaHHWE  METOJa
napaMeTpudeckoro 3D MoIeTMpOBaHNUs TeOIOTHYECKOr0 pa3pe3a, O3BOJSIONIEr0 CO3IaTh HAaTJLSIIHBIH IPOCTPAHCTBEHHBIN
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o0pa3 pacmpenesneHuss HEPTEHNEPCIEKTHBHBIX TOPU30HTOB. Meroq BepuGHIMpPOBaH Ha IAaHHBIX H3BECTHBIX
MECTOPOKACHUI U M0Ka3aJl XOPOILIYIO0 CXOAUMOCTb PE3Y/IbTaTOB.

IlomyuyeHHble pe3yabTaThl MPEACTABIAIOT HHTEPEC IS HEIPOIOIb30BaTeNe M OpraHu3alui MIaHUPYIOINX TTOUCKH
MECTOPOXKAECHUH B HEPTENEPCIEKTUBHBIX PErHOHAX.

KioueBble cjI0Ba: IUIOTHOCTHBIE HEOAHOPOAHOCTH, YIIIEBOAOPOIBI, (IIIOUI0JHHAMHUKA.
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BEHAVIOR OF ACOUSTIC-GRAVITATIONAL WAVES
IN THE MESOSPHERE OVER THE KAZAKHSTAN REGION

Abstract. Kazakhstan has been going on for more than 10 years carried out studies I effects in the mesosphere
at the basis of modern optical spectrometer SATI (Spectral airglow the Temperature Imager), which is mounted on a
mountain complex of Ionosphere Institute - radiopoligone «Orbita» at an altitude of 2730 m above sea level
[43°03'30" N, 76 © 5824 " E]. The results of a continuous series of optical spectrometric observations of variations
in the mesosphere between 2010 and 2016. Observations were made in Kazakhstan on the basis of modern optical
spectrometer SATI (Spectral airglow Temperature Imager), which is mounted on a mountain complex of lonosphere
Institute - radiopoligone "Orbita" at an altitude of 2730 m above sea level [43 © 03'30 "N, 76° 58'24 "E]. The spectral
analysis of recorded wave disturbances over the entire observation period showed a wavelength distribution
characteristic of acoustic-gravitational waves. It has been established that the maximum number of recorded
disturbances in the mesosphere is about 100-200 km long, a noticeable separate peak is observed for wavelengths of
about 350-400 km. The directions of propagation of acoustic-gravitational waves have a seasonal dependence. The
western maximum in the distribution directions is observed in all seasons. The south-south-western maximum is
observed mainly in winter and autumn. East-north-east has a maximum value in the spring-summer months.

Keywords: mesosphere, atmosphere, acoustic-gravitational waves.

1. Introduction. The most difficult to study area of the atmosphere is the mesosphere, lying between
the lower atmosphere and ionospheric altitudes at altitudes from 40-50 to 80-90 km. The composition of
the mesosphere, its temperature regime, and the chemical and dynamic processes occurring in it are
increasingly of interest to geophysicists in connection with the sensitivity of this atmospheric region to
variations in solar activity, chemistry of meteor metals, changes in the Earth’s climate and long-term
anthropogenic effects [1-3].

At present, the role of acoustic-gravitational waves (AGW) in the transfer of energy from the
troposphere to the mesosphere and lower thermosphere is actively and is being investigated : changes in
the ebbs and flows in the ionosphere [4], ozone variations in the upper mesosphere [4] associated with the
sudden warming of the stratosphere [5-6], as well as AGW in the thermosphere and ionosphere, associated
with tropical cyclones [7-8]. Work is underway to create and improve three-dimensional global models of
the mesosphere and thermosphere, taking into account long-term ground-based and satellite measurements
of helio-geophysical parameters [9-15].

Kazakhstan has been going on for more than 10 years carried out studies I effects in the mesosphere
at the basis of modern optical spectrometer SATI (Spectral airglow the Temperature Imager), which is
mounted on a mountain complex of Ionosphere Institute - radiopoligone «Orbitay» at an altitude of 2730 m
above sea level [43 °03'30" N, 76 ° 5824 " E] [16 -17 ].

This paper presents the results of a continuous series of optical spectrometric observations for the
period of more than 6 years in 2010 and 2016, since in order to identify statistically significant patterns in
the behavior of the AGW at altitudes mesosphere during periods of solar activity and increased seismic
activity.
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2. Optical research in the field of the mesosphere

The SATI instrument employs a spectral method for detecting hydroxyl intrinsic thermal radiation in
a maximum emission layer located at an altitude of approximately 87 km at night [18-21]. The
temperature in the mesosphere is determined by comparing the measured emission spectrum of OH (6-2)
hydroxyl bands at a wavelength of 836 nm with model spectra calculated for different vibrational-
rotational temperatures of hydroxyl molecules. The registration of atmospheric hydroxyl radiation was
carried out from spatially separated sections of the night sky - on a horizontal ring with a diameter of
about 100 km and a width of 14-16 km (figure 1).

i
95,110 D ) 14-16 xm

85-95 kM

Figure 1 — Scheme of operation of the SATI spectrometer

The device operates in a regular automatic mode. The exposure time of the spectrometer is
1 minute. The average temperature in the mesosphere was monitored at night, and AGW was recorded. It
determines the direction of propagation of the wave, its speed, the oscillation period and amplitude as
well.

3. Methods for processing experimental SATI data

To identify statistically significant patterns in the behavior of AGW at mesopausal altitudes during
periods of solar activity and increased seismic activity, data from continuous series of optical observations
for a period of more than 6 years from 2010 to 2016 were processed.

As the primary data processing, the spectral images of the SATI instrument are recalculated into the
values of temperature and night sky emission of the mesosphere region. Figures 2 and 3 shown the
examples of the results of processing data from optical temperature measurements. The average values of
temperature and hydroxyl emission over night for each month for 6 months for each month are shown in
Figure 3. As a result of the initial processing of data for 6 years of measurements at SATI from 2010 to
2016, a tendency to decreases values of the maximum mesosphere temperature was found, at an altitude of
87 km, it has a maximum in November-December.

In order to determine the behavior of moving wave disturbances in the mesosphere, the necessary
software was created to process SATI data using a modified Fourier transform algorithm known as the co-
phase technique [22]. This software allows you to automatically detect moving wave disturbances,
determine the propagation direction, wave period, propagation velocity and wavelength from optical SATI
measurements (temperature and hydroxyl emission). Using these programs, the results of SATI
measurements for the period from 2010 to 2016 were processed.

The temperature values are shown after removal of the constant component and harmonics with
periods of more than 90 minutes. So, for a given night of measurements, the main wave mode is a
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horizontally propagating wave perturbation moving in a southeast direction. During 6 hours of
observation, the direction of propagation changed by no more than 30 degrees, the wave speed is
140-160 km/h, the oscillation period is 40-50 minutes, and the wavelength is defined as 90-130 km.
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Figure 2 — Monthly average values of temperature and emission of hydroxyl radiation at an altitude of 87 km
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Figure 3 — The values of temperature and hydroxyl emission depending on the time of year and time of day

Figure 4 shown the typical during action registration AGW night on May 11 2010. The ordinate
shows the sectors on the ring from which SATI registers night sky radiation.

An analysis of the recorded wave disturbances over the entire observation period showed a
wavelength distribution characteristic of the AGW (figure 5). As follows from figure 5, the maximum
number of recorded disturbances in the mesosphere has a length of about 100-200 km. There was also a
noticeable separate peak for wavelengths of about 350-400 km.
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Figure 4 — Wave structure of hydroxyl temperature, values for various points on the plane of the «ring»
with a diameter of ~ 100 km during the night, according to observations at SATI 05/11/2010

To highlight the background features of the behavior of AGW in the mesosphere according to SATI,
the entire period of observation data for 5 years (2010-2015) broke by seasons. Figure 6 shows the
distribution for the AGW along the direction of propagation for the different seasons, clear, that the
direction of propagation AGW have a seasonal dependency, especially perturbation moving east and west
direction. One can distinguish the western and south-south-western and east-north-eastern maxima. The
western maximum in the distribution directions is observed in all seasons. The south-south-west maximum
is observed mainly only in winter and autumn. East-north-east, on the contrary, has a maximum value in
the spring and summer months, although it is present in all seasons. In general, most waves have a western
direction in winter and an eastern direction in summer. The characteristics of wave perturbations obtained
in this way can be considered observable regularly, over 5 years of measurements at SATI.
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Figure 5 — Distribution of horizontal wavelengths of moving acoustic-gravitational waves
in the mesosphere according to SATI for 5 years

To highlight the background features of the behavior of AGW in the mesosphere according to SATI,
the entire period of observation data for 5 years (2010-2015) broke by seasons. Figure 6 shows the
distribution for the AGW along the direction of propagation for the different seasons, clear, that the
direction of propagation AGW have a seasonal dependency, especially perturbation moving east and west
direction. One can distinguish the western and south-south-western and east-north-eastern maxima. The
western maximum in the distribution directions is observed in all seasons. The south-south-west maximum
is observed mainly only in winter and autumn. East-north-east, on the contrary, has a maximum value in
the spring and summer months, although it is present in all seasons. In general, most waves have a western
direction in winter and an eastern direction in summer. The characteristics of wave perturbations obtained
in this way can be considered observable regularly, over 5 years of measurements at SATI.

— 234 ——



ISSN 1991-346X Series physico-mathematical. 3. 2020

Figure 6 — Seasonal dependence of the directions of propagation of wave disturbances over 5 years

5. Conclusion. Solutions to the problems of the relationship of dynamic processes in the atmosphere
with dynamic processes on Earth, prediction of catastrophic phenomena according to observations of
variations in atmospheric parameters are extremely effective and relevant around the world. Therefore,
they are developing intensively in all countries. Current global trends in the prediction of catastrophic
geophysical events, including earthquakes, suggest the use of new methods for monitoring geophysical
fields, a high degree of automation of the collection of recorded geophysical parameters and an
operational analysis of the results.

Our studies in this direction allowed us to develop: the latest methods, algorithms and programs for
solving problems of studying physical processes on Earth, including catastrophic events, based on an
analysis of atmospheric wave disturbances in the acoustic-gravitational waves range according to data on
variations in the glow of the sky at heights of the mesosphere connected. In particular, based on the results
of these observations, algorithms have been created for calculating the efficiency of generation of
acoustic-gravitational waves from specific ground-based sources of their propagation into the upper
atmosphere, taking into account the specifics of the Almaty region.

To study the relationship between perturbations generated at the Earth’s surface and perturbations at
the ionospheric altitudes of spacecraft spans, data on variations in the mesosphere are needed. For these
purposes, we use the latest equipment for recording optical radiation of oxygen and hydroxyl. The data
obtained using this equipment make it possible to compose a general picture of dynamic processes in the
atmosphere during various geophysical phenomena.

The work was performed according to the project PH 0118PK00798 in the framework of the target
scientific and technical program 0.0799.

B. M. ComcukoB, A. b. Angpees, B. U. Kansitun, C. H. Mykamesa

Nonocdepa nHCTUTYTHI, ¥ATTHIK FAPIIITHIK 3€PTTEYJIEP MEH
TEXHOJIOTHSUIAp OpTaNBIFbI, AnMatel, Kasakcran

AKYCTHUKA-TPABUTAIUAJBIK TOJIKbBIHIAP TOPTIBI
KA3AKCTAH OHIPIHEH ME30C®EPA CAJTACBIHIA

AnHoTanus. Me3ocdepaHblH KypaMbl, OHBIH TEMIIEPATYPAIBIK PEIKUMI, OHa OOJIBIIN JKATKAH XMUMHUSUIIBIK YKOHE
JMUHAMUKAJIBIK TPOLECTEP OChI aTMOC(EpabIK aWMaKThIH KYH OCJCEHAUIITIHIH BapHALUsAChIHA, METCOPJIBIK
MeTalIap XUMHUSICHIHA, JKep KIMMAaTBIHBIH ©3TepyiHe JKOHE Y3aK Mep3iMIli aHTPOIIOTSHIIIK dCepre Ce3iMTalIIbIFhIHA
OaiinaHbICTEI TeopU3NKTEPAl KOOIPEK KbI3BIKTBIPAIBI.

Kazipri yaxpiTTa TpomocdepamaH me3ocdepara XKOHE TOMEHIT TepMocdepara JHEPTHs TachIMAIBIHIAFEI
aKyCTHUKO-TPaBUTAIMSIIBIK TOJIKBIHIAPABIH pedii OenceHai 3epTreneni: noHochepagarsl Kyiimanap MeH TOTiHAUIEPIiH
e3repyi, crparocepaHblH KEHETTCH KbUIBIHYBIMEH OalTaHBICTBI KOFAPFbl Me30chepaarsl 030HHBIH BAPHALUSCHI,
COH/Iali-aK TPOINMUKAIBIK LHUKIOHAApMEH OailmaHbicThl TepMochepasarbl JKoHE HOHOChepagarbl aKyCTHKO-
rpaBUTALMSUIIBIK TOJKbIHAAP. Me3ochepa MeH TepMochepaHblH YIIl emiemM/i xahaHablK MOJIENbAEPIH jKacay KOHE
KETUIIIpy OOMBIHIIIA )KYMBICTAp KYPri3inye.
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Kasakcranga 10 xpuinan actam yakeiT 0oitbl Me3ocepa camaceinna SATI (Spectral Airglow Temperature
Imager) 3amaHay¥ ONTUKAIIBIK CIIEKTPOMETPI HETI3iH/Ie dcepiepi 3epTTey KyMbIcTapsl xKyprizinyze, on Monochepa
WHCTUTYTHIHBIH OWIK Taylibl KelIeHIHJe — TeHi3 jeHreiinen 2730 M Owuikrikte opHanmackaH «OpOura»
paauononuronsiaaa [43°03'30"N, 76°58"24"E].

Ocbl xymbIcTa Me3ocepa OMIKTIMIHIAETI aKyCTUKO-TPABUTALMSUIBIK TOJIKBIHAAPIBIH MiHE3-KYJIKbIHAAFbI
CTaTHCTHKAIIBIK MaHBI3IbI 3aHIBUILIKTApABl aHbIKTay MakcaThiHaa 2010 sxeupman 2016 xpurFa JeifiH 6 KbDT
apabIFbIHIAFb] ONITHKAJIBIK CIEKTPOMETPHSUIBIK OaKbUIayIapIblH Y3/1iKCi3 KaTapbIHBIH HOTIDKENIEPl KeNTiplIreH.

Hepexrepai 6acranke! enaey perinne SATI KypanbHbIH crieKTpilik OeiiHenepi Me3ocdepa aiMarbIHAAFbl TYHT1
aClaHHBIH TeMIlepaTypachl MEH SMHCCHSCBIHBIH MOHAEpiHE KalTa ecenrenreH. Jlepekrepii OacTamkbl eHIEY
votmkeciaae SATI-ne 2010 xpuman 2016 xputFa neifiH enmmeyniH 6 JKBUTH iMIiHAE Me30c(epaHbIH €H JKOFaphbl
TEeMIepaTypacklHBIH MOHIH 87 KM OMIKTIKTE a3alTy ypaici OenriieHreH,0yJ1 peTTe oN Kapalla-KeITOKCaHIa
MaKCHMYMfFa He.

Ocbl OarbiTTa 013 OpBIHAAFaH 3epTTEYyJep MbIHANAP/bI JKacayFa MYMKIHAIK Oepi: »epheri (U3HMKaIbIK
nporecTepi 3epTTey OOMbIHIIA MIHASTTEpl LICHIyTre apHaJFaH JXaHa dIiCTep, AlrOPUTMAEP MeH OaraapiaManap,
anarThl OKMFaJaplbl Koca ajFaHja, OaiaaHbICThl Me3ocdepaHblH OMIKTITiHAErT acHaHAbl jKapy BapHaLUsCHIHBIH
)lepeKTepi 60ﬁblH1Ha AKYCTHUKO-I'paBUTAIUAJIBIK TOJKbIHAAP AWalla3OHbIHAA aTMOC(i)epaHblH TOJIKBIHABIK TOJIKYbIH
Tayngay HerisiHge. ATam aiTKaHAa, OoCchl OaKbUIayJIaplblH HOTHKeJepi OOMbIHIIA AJIMAThl OHIPIHIH EepeKIIeNiriH
€CKepe OTBIPHII, 0JapIbl aTMOCc(epaHblH )KOFaprbl KabaTTapblHa TapaTybIH HAKTHI XKep YCTI Ke3JepiHeH aKyCTHKa-
TPaBUTALMSIIBIK TOJIKBIHAAP/bI TeHEpalHsiIay THIMIUIITIH ecenTey allrOpUTMAEPI Kacallabl.

Mesocdepanarsl KO3FalaThlH TOJKBIHABIK ayBITKyJIapAblH MiHE3-KYJIKbIH aHBIKTAy MakcaTbhlHAa, co-phase
TEXHUKACHl peTiHne Oenrimi Dypse TypieHOipyniH MomupuKamsuianFal anroputMi keMmerimeH SATI nepexrepin
OHJIEyTe MYMKIHIIK OepeTiH KaXeTTi OarmapiiaMaliblK KaMTaMackl3 €Ty JKacalabl. by OarmapiaMalblK KaMTamMachl3
€Ty KO3FaJIaThIH TOJIKBIHABIK ayBITKYJIApAbl aBTOMATTHI TYPAE aHBIKTAyFa, Tapally OarbIThIH, TOJKBIH KE3€HI, Tapaiy
KpuaMablFbiH koHe SATI onTukaniblk ejmeMaepiHiH JepekTepi OOMbIHIIA TOJIKbIH Y3bIHJABIFBIH aHBIKTayFa
MYMKIiHZIK Oepeni (Temneparypa MoHI JKoHE THAPOKCHII SMHCCHUSACH). TipKeNreH TOJNKBIHIBIK aybITKYIapAbl Tanaay
OapibIK OakbUlay KE3CHIHAE aKyCTHKA-TPABUTAIMSIIBIK TOJKBIHIAAPFA TOH TOJKBIH Y3BIHIBIFBI OOMBIHIIA OOy
kepceTTi. Me3ocdepamarbl TipKeIreH Hapa3bUIBIKTapAbIH ¢H Kem canbl mamaMmeH 100-200 KM, TOJKBIH Y3bIHIBIFBI
yuris mamamen 350-400 kM Oalikanansl.

SATI nepexrepi OoiibiHIIa Me3ocdepamarbl aKyCTHKO-TPAaBUTALMSIIBIK TOJKBIHAAPIBIH IKYPiC-TYPBICHIHBIH
(hoHOBIK epekienikTepiH Oy YIIiH ochl OakpuiaynapAblH Oapiblk keseHi 5 xbut (2010-2015 >xk.) MayceiM
OoiibiHma Oeninren. TipKenreH aKyCTHKA-IPaBUTALMSUIBIK TOJKBIHIAPABIH SPTYPJI MaychIMIapFa Tapaiy OarbIThl
OoffpiHITa OeIiHYyi 3€epTTENAi, aKyCTHKA-TPAaBUTALMSUIBIK TOJNKBIHOAPABIH Tapalry OaFbITTaphl MayCHIMIIBIK
TOYETAUTIKKEe He eKCHIH KOPCETTi, ocipece OWI MIBIFBIC KoHE OaThIC OarbITTa KO3FAJaThIH ayBITKYJapFa KAaTHICTHL
Batsic jxoHE OHTYCTIK-OHTYCTIK-0aTBIC KOHE MIBIFBIC-CONTYCTIK-IIBIFBIC MAKCUMYMIAPAEI OOl KopceTyre 00Iabl.
batbic Tapany OarbITTapbiHia Oapiiblk MaychiMaa Oaiikanazbl. OHTYCTIK-OHTYCTIK-0AaThIC MakKCHMyM HETIi3iHEeH
KBICTa KOHE Ky3/e raHa 0arkanaasl. I1IBIFBIC-CONTYCTIK-IIBIFBIC KEPICIHIIIE, KOKTEMTII-)Ka3Fbl aiijiapaa, Oipak O0apiIbIK
MaycbiMaa Oap. Xanmbel anranaa, TOJNKBIHAAP/ABIH KOMMIUIITT KepicTa Oatbic, an jka3na llbeirbic OarbiThl Oap.
Ocpuiaiiia ajgbpIHFaH TOJKBIHABIK aybITKYJapAblH cunarramanapbl 5 kbt 60itbl SATI-ne TypakThl OakbUIaHa bl JeTl
caHayra 60maJbl.

Tyiiin ce3nep: Me3ocdepa, atmochepa, aKyCTHKa-TPABUTAHSIIBIK TOJIKBIH.

B. M. ComcukoB, A. b. Angpees, B. U. Kansitun, C. H. Mykamesa

Wuctutyt nonocdeps:, HarmoHamsHbIH HEHTP KOCMHYECKIX HCCIIETIOBAaHNH
u TexHonorui, Anmatel, Kazaxcran

HNOBEJEHUE AKYCTUKO-IT'PABUTALIMOHHBIX BOJIH
B OBJIACTH ME3OC®EPBI HA/l KABAXCTAHCKHUM PETHOHOM

Annortanus. Haubosee cnoxxHoM i u3ydeHus: 001acThio aTtMocephl sBiseTcs Me3ochepa, JeKalas MexKILy
HIDKHeW arMocdepoil n moHocdepHbIMU BbicoTaMu Ha Bbicotax oT 40-50 mo 80-90 km. CocraB me3ocdepsl, ee
TEMIIEPaTYPHBIN PEKHUM, ITPOUCXOIAIINE B HEH XMMHUUECKHE M ANMHAMUYECKHE TPOLECCH], BCE OOJIbIIE HHTEPECYIOT
reo(M3MKOB B CBSI3U YyBCTBHUTEILHOCTHIO 3TOH aTMOC(EPHOM 00JIaCTH K BapHaLMsIM COJIHEYHOH aKTHBHOCTH, XUMHHU
METEOPHBIX METAJUIOB, U3MEHEHUSIM KIMMaTa 3eMJIH U JI0JATOCPOYHOMY aHTPOIIOTEHHOMY BO3JICHCTBHIO.

B Hactosimee BpeMsi akTHBHO HCCIEIYETCSl POJb aKyCTHKO-TPABHTALMOHHBIX BOJH B MEPEHOCE DHEPIUH U3
Tpomocepsl B Me3ochepy M HIKHIOI TepMmochepy: M3MEHEHHE MPHINBOB M OTIMBOB B MOHOC(epe, BapHAIdN
030Ha B BepxHel Me3ocdepe, CBA3aHHBIE C BHE3aHBIM MOTEIUICHHEM cTpatocepbl, a TaKKe aKyCTHKO-
IpaBUTAIIMOHHbIE BOJHBI B TepMocdepe M MoOHOCchepe, CBSA3aHHbIE C TPONUYECKUMHU LuKiIoHamu. [IpoBomsrcs
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PaboTHl MO CO3JAHUIO M COBEPIICHCTBOBAHMIO TPEXMEPHBIX ITOOAIBHBIX MOAenei mezochepsl U TepMocdeps! ¢
Y4€TOM MHOTOJIETHUX HAa3€MHBIX U CITyTHUKOBBIX H3MEPEHHH reno-reo(pu3nIeckux napaMmeTpos.

B Kasaxcrane yxe Oosiee 10 jeT BBINONHSIOTCSA HccCienoBaHus 3(PQeKkToB B obmactu Me3ocdepsl Ha Oase
coBpeMeHHoro onruueckoro criektpomerpa SATI (Spectral Airglow Temperature Imager), KOTOpbIl yCTaHOBIIEH Ha
BBICOKOTOPHOM KomIuiekce MHcruTyTa nonocdepsl — paauonoiurone «OpOuray Ha BbicoTe 2730 M HaJ ypoBHEM
Mmopst [43°03'30"N, 76°58'24"E].

B mHacrosimeit paboTe mnpuBeneHBI pe3yNbTaThl HENPEPHIBHBIX PAJOB ONTHYECKHX CHEKTPOMETPUYECKHX
HaOmoneHuit 3a mepuox Oonee 6 yer ¢ 2010r. mo 2016 T., C IENbIO BEISBICHUS CTATUCTHYCCKH 3HAYUMBIX
3aKOHOMEPHOCTEH B MMOBEJCHUH aKyCTHKO-TPAaBUTAILIMOHHBIX BOJIH Ha BBICOTaX Me30c(epsl.

B kadectBe mepBUYHOI 00pabOTKM MaHHBIX CIIEKTpalbHBIe m300paxenus nHcTpyMenTta SATI mepecunransr B
3HAYCHUS TEMIIEPaTyphl M AMHUCCHH HOYHOTO Heba oOiacté Mezocdeprl. B pesynbprare mepBudHONH 00pabOTKH
maHebIX 3a 6 smer u3mepenmit Ha SATI ¢ 2010 mo 2016 1. ycTaHOBIEHAa TEHACHIWS YMEHBUICHHS 3HAYCHUN
MaKCHMAaJIbHON TeMIepaTypsl Me30c(ephl Ha BEICOTE 87 KM, TIPH 3TOM OHA IMEET MaKCHMyM B HOsIOpe-nexadpe.

BboinonHeHHbIE HAMU HCCIIEOBaHUSA B JAHHOM HAlpaBICHUH IO3BOJMIM pa3paboTaTh: HOBEWIINE METOJB,
ITOPUTMBI M IIPOrPaMMBbl JIJIS PELICHUs 3a/a4 10 HCCIeN0BaHUI0 (PU3MYECKMX NPOLECCOB Ha 3emile, BKIIIOYAs
KaTacTpoduueckue cOOBITHSI, HAa OCHOBE aHajHM3a BOJHOBBIX BO3MYIIEHHH aTrMoc(epbl B JAuara3oHe aKyCTHUKO-
rpaBUTAlIMOHHBIX BOJIH IO JaHHBIM Bapmaunﬁ CBCUYCHUS HeGa Ha BbICOTAx MeSOC(l)epr CBsI3aHHBIX. B YaCTHOCTH, 110
pesynbrataM STHX HaOJIOAEHHH CO3JaHbl alIrOpuTMbl pacdyera d3()(EKTHBHOCTH T'€HEpalMu aKyCTHKO-
TPaBUTALMOHHBIX BOJIH OT KOHKPETHBIX HAa3€MHBIX UCTOYHUKOB MX PACIpPOCTPAHEHHUSI B BEPXHUE CIIOU aTMOc(heps ¢
Y4eTOM ceuu(pUKr AIMAaTHHCKOTO PErHoHa.

C menbio ompeneneHus MOBEACHHS MEPEMEIAONINXCS BOJIHOBBIX BO3MYIICHUI B Me3ocdepe, ObIII0 CO31aHO
HeoOXoanMoe TporpaMMHOe oOecrmedeHne, TIo3Boisitoniee oOpabareiBaTh ganHble SATI ¢ momomrsio
MOIU(HUIMPOBAHHOTO aNTOpUTMa IpeodpazoBanus Dypre, M3BECTHOTO KaK TEXHHUKA co-phase. ITO TMPOrpaMMHOE
obecrieueHne TO3BOJSIET ABTOMATHUYECKH BBIABISATH MNEPEMEINAIOIINECS BOJIHOBBIE BO3MYIUEHHSA, OIPEAEIATh
HalpaBIeHUE pPACIPOCTPAHEHMs, IEPUOJ BOJHBI, CKOPOCTh PACHPOCTPAaHEHHs] U UIMHY BOJHBI MO J@HHBIM
ontuyeckux udmepeHuit SATI (3HaueHHH TemnepaTypsl U 3MUCCHH T'HIpoKcmiia). C MOMOIIBIO JaHHBIX MPOTpaMM
Obutn 00paboTanbl pesynbratel u3Mepenuid SATI 3a nepuon ¢ 2010 r. no 2016 r. AHamU3 3aperHCTPUPOBAHHBIX
BOJIHOBBIX BO3MYIICHUI 32 BeCh MEpUO HAOJIIOAEHHs TOKa3aJl paclipeieleHue 0 JUIMHAM BOJIH, XapakTepHOe ISt
AKyCTHKO-TPaBUTAIIMOHHBIX BOJIH. [I0Ka3aHO, 4TO MaKCHMaJIbHOE KOJIMYECTBO 3apErHCTPHUPOBAHHBIX BO3MYIICHUI B
Mme3ocdepe nmeeT UMHY okoio 100-200 kM, HabmoAaeTCsl 3aMETHBIM OTAENBHBIN MUK Ui JUIMH BOJIH OKoJIo 350-
400 xm.

Jns BpineneHnss (OHOBBIX OCOOCHHOCTEH IIOBENCHUS aKyCTHKO-TPABUTAIMOHHBIX BOJH B Me3ocdepe IIo
nmaHabeM SATI, Beck meprmox nanHbIX HaOmomeHui 3a 5 et (2010-2015 rr.) pa3duBancs mo ce3oHaM. M3ydeHo
pacIpesneneHie 3aperuCTpUPOBAHHBIX aKyCTHKO-TPAaBUTAIMOHHBIX BOJIH 10 HANPABJICHHUIO PACHPOCTPAHEHHS UL
pa3sHbIX CE30HOB, II0KA3aJ0, YTO HAMPABICHUSA PACHPOCTPAHEHUs AaKyCTHKO-TPAaBUTAlIMOHHBIX BOJIH HMEIOT
CC30HHYI0 3aBHCHMOCTb, OCOOEHHO 3TO KacaeTcs BO3MYILUCHMH, [BUTAIOIIMXCS B BOCTOYHOM M 3allaJHOM
HalpaBJeHUU. MOXXHO BBIAEIUTH 3allaJHbIH M IOrO-IOro-3alajHblii U1 BOCTOYHO-CEBEPO-BOCTOUHBIII MAaKCHUMYMBI.
3amajHplii MakCUMyM B HalpaBJICHHUSIX PAcCHpPOCTPAHEHHs HAOIIOAaeTcs BO BCe ce30HBI. HOro-roro-3amamHbiid
MaKCHMMYyM HaOJII01aeTCsi B OCHOBHOM TOJIBKO 3MMOH M OCEHbIO. BOCTOYHO-CEeBEpO-BOCTOUHBII HA00OPOT, MMEET
MaKCHMaJIbHYIO BEJIMYMHY B BECEHHE-JICTHHE MECSIIbl, XOTS M IPUCYTCTBYET BO BCE CE30HBL. B 11€710M O0JIBIIMHCTBO
BOJIH UMEIOT 3MMOH 3amaJHoe, a JIETOM BOCTOYHOE HampasieHue. [loiaydeHHble TakuM 00pa3oM XapaKTEepHUCTHKU
BOJIHOBBIX BO3MYILIEHUI MOYKHO CUHMTATh HAOJIOIAIOIIMMHUCS PETYIISIPHO, Ha NPOTSHKEHUH 5 JieT n3mepenuit Ha SATI.

KiroueBble ciioBa: Mezocepa, atmocdepa, akyCTHKO-TPaBUTAILIOHHAS BOJIHA.
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IHHAMSATHU BBIJAIOIIEI'OCA YYEHOI'O,
JOKTOPA ®U3UKO-MATEMATHYECKHUX HAYK
JIOKTHOHOBA AJIBBEPTA AJIEKCEEBUYA

22 nexabps 2019 r. Ha 87-M romy ymien m3 JKW3HHU TJIaBHBIA HAYYHBIN COT- -~
pynuuk JlaGoparopun Qu3HMKM KOCMHUYECKHX Jydell (DH3HKO-TEXHHYECKOTrO MHCTH-
TyTa, JOKTOp (HU3UKO-MaTeMaTHYeCKUX HayK JIOKTHOHOB AnbOepT AjieKceeBuy.

Anpbepr AnekceeBnu poawmiicsi 24 nexadpst 1932 roma B Mockse. Orer,
JloktroHoB Aunekceit KupuinoBnu, morud Ha ¢ponte B 1944 rony. Marb,
JloktnonoBa Hwuna AJekceeBHa, KaHAWIAT TEXHUUYECKUX HAYK, HWHXKEHEp-
MeTaltypr, paborana B MockBe BO Bcecoro3HOM HMHCTHTYTE aBHALMOHHBIX
MarepuasioB. AnbOepra AJiekceeBHYa C CaMOro paHHEro JeTCTBa PacTHIIN
0abymka, Masunkuna Bapsapa lBaHoBHa, u ee MyxX, ApneBHuH [laBen
Jmutpuesnd, KoTopbie K 1936 Tomy o60cHOBAIMCE B Topoae AnMa-Arta.

IMocme mkombr AnmpbepT AJEKCeeBHY IIOCTYHHI Ha (H3MKO-MaTeMaTH-
yeckuit ¢paxynprer Kas['V um. Kuposa. C oTjin4dneM OKOHYUB YHHUBEPCHTET B
1955 r., moctymnui Ha pabory B ®usuko-texundeckuii uHcTuTyT AH KazCCP. !

Hawano mayunoit nesrerpHOCTH B 50-60 romax coOBHAJIO C CO3JaHHEM L
Wncturyra SnepHoit ®@usuku u ropojaka AjaTay, KyAa NpHEKaIM MOJOABIE yU€HBIE C CEMbSIMU CO BCEro
CoBeTckoro coro3a. BMecte ¢ MOIOIBIMU COTPYAHUKAMHU AJBOCPT AJICKCEEBHY C JKEHOW U KOJuTerod XoiIMenKoi
AnHoiI1 BacunbeBHOH, ¢ KOTOpOi BMecTe MpOLUIM IO XKU3HH Oosiee 60 JIET, CTOSUI Y MCTOKOB Pa3BUTHS (DH3HKU
aJieMeHTapHbIX YacTull B Kazaxcrane. CBOMM y4acTHeM B IEPBBIX CTPOUTEIBHBIX CyOOOTHHKAX Ha TOJIOM ITyCThIpe
OHN OyKBaJIbHO 3aJIOKWJIM OCHOBBI M OYyAYyILEro WHCTUTYTa, U HAyYHBIX HCCIEAOBaHWI. MHOro CHJI M BpeMEHH
MOCBSIIIAIN JIeTSIM, OJaroyCTpOWCTBY CaIMKOB, LIKOJIbI, OPTaHM3ALMH CHOPTHBHBIX IUIOMIAAOK M IHOHEPCKOTO
Jarepsi, ocaJikaM 3€JIEeHBIX ajuleil, 0 ceil JeHp yKpallalolluX YJIWIBl Halero ropojka. Ilo nmpomecTBun BpeMeHN
CTaJO OYEBHIHBIM, YTO OJarofapsi MHOTOTPAaHHBIM TaJlaHTAM, YHOPHOMY TPYAY W LEICYCTPEMIIEHHOCTH 3TOMY
MIOKOJICHHIO YAJIOCh CO34aTh yIMBHUTEIBHO IUIOJOTBOPHBIH MUKPOKJIMMAT, KOTJa KOJUIETH 10 paboTe CTAaHOBHIINCH
JOOPBIMHU COCEISIMU U JPY3bSMH.

Pemenne CIOXXHBIX W aKTyaJbHBIX NpoOIeM (GHM3MKH YacTUI TPeOOBaJO HE TOJIBKO OOJIBIIOrO HHTEIUIEK-
TyalbHOTO HAIPSKCHUS, HO OTPOMHBIX KalHUTaJIOBIOXEHUH, HEMOJBbEMHBIX IUIS OJHOTO HWHCTUTYTa WIN Jaxe
cTpanbl. B pamkax mexmyHaponHoro naptHepctBa A.A. JIOKTHOHOB ycrnemHo paboTai ¢ rpymniamMd MOCKOBCKHX
MHCTUTYTOB, Takux kak ®UAH, UTOD, MI'Y, a taxxke CepnyxoBckuii UDPBI u Jlaboparopus Gpu3nKK BHICOKHX
sHepruii OUSIM JlyOHa, rhe pasMeIiainch camble MOIIHBIC YCKOPUTEIbHBIC YCTAHOBKA TOI'O BPEMECHHU.
Kazaxcranckue yueHble NpU TOMJEPKKE TOCYIapCTBEHHBIX KOMHUTETOB CTpPaHbl MOJIydYalld II€pelOoBbIC
BBIYHMCIINTENbHbIE MAIIMHBI IS aHAIN3a SKCIEPHUMEHTAIBHBIX JaHHBIX, YTO IaJ0 MOIIHBIN TOJYOK pa3BUTHIO
BBIYMCIIUTENLHON TeXHUKH. OHUM M3 ITHOHEPOB 3TOTO HAMpaBleHUs cTan Anp0epT AnekceeBnd. B pesynbrare, um
Obuta paszpaboTaHa M TOMydeHa HOBas (puU3MYecKas MHTEPIPETAlHs SBONIOLUM MHOXXECTBEHHBIX IIPOIIECCOB B
aHaJM3€e IPoOJIeM MPOHUCXOIAIINX TIPH B3aUMOACHCTBUH B3aUMO/IEHCTBYS AAEp BEICOKMX SHEPTHH.

Bonee 60 netr oH 3aHmMMaics Hay4HBIMH HccienoBaHusaMu, cHadana kak MHC, CHC, 3atem - pyKOBOAWTENH
1a00paTopun 3JIEKTPOHHONW BBIYMCIUTEIBHOW TEXHUKH, PYKOBOIUTENb JIAOOPATOPUH BBIMHCIUTEIBHON (U3HUKH,
PYKOBOIMTENh TPyIIbl (U3MKH HEJNMHEHHBIX mHporeccoB. Ilo crumo pabGoThl ero Bceraa OTIMYANIH ITyOoKas
THIATCJIbHOCTD, MOPAJOYHOCTD U OTBETCTBECHHOCTH B UHTCPIPETAIIUN U IPCACTABIICHUN HAYYHBIX PE3YJIbTATOB.

3HAYUTENLHBIMI BEXaMHU B Haquoi& Kapbepe CTaJIK 3alllUThbl CHavYalia KaHZ[H}IaTCKOﬁ Juccepraiguy 1o TEMaTuKe
KocMuYeckux nyued, a B 1995 roay - mokTopckoil muccepranuu B yueHoM coete OMSIM mo crneuuanbHOCTM
01.04.16 - ¢usuka sapa u snemeHTapHbIX 4actuil M 05.13.16 - mpuMeHeHHWE BBIYMCIUTENBHOW TEXHUKH W
MaTeMaTHYeCKHX METOJOB B Hay4HBIX HccieroBaHusX. OCHOBHas clienmuain3anysi B oOyacTu (PU3UKM KBApPKOB U
aJIPOHHBIX IIPOLIECCOB, co3AaHKe d(PPEKTUBHBIX MaTEMaTHYECKUX MOJIENEH U NPOrpaMMHBIX IPOIYKTOB ITO3BOJIMIN
pELINTh aKTyalIbHbIC 3a/1au (hyHAaMEHTAIbHBIX HCCIeI0BaHni. bonblras 4acTh HaydHBIX PE3yJIbTATOB OTPa’KCHA B
JIeCSITKax MyOMUKAIMKA B peleH3UPyEeMbIX JXypHanax: https://inspirehep.net/author/profile/A.A.Loktionov.1

JIrou, TecHO paboTaBuIre ¢ ATb0epTOM AJIEKCEEeBHYEM, OTMEYAIH €r0 HCKITIOUUTENIFHYIO TIPEIaHHOCTh HayKe.
OTO KayecTBO 3aMETHO MPOSBMUIOCH B TSDKEINBIN MEPHOA AE3UHTETPALMM M pa3Baja SKOHOMHUKHM nepuoza 90-x. B
OTCYTCTBUE LIEHTPAIBHOTO (MHAHCHUPOBAHUS IJIsI BBDKHBAHUS B HCCIENOBATENbCKUX TPYMNax MOMHMO TITyOOKHX
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npo(eCCHOHANBHBIX  3HAaHUH TPEOOBAIMCH OPYAMLMA M KPyro3op Mg IEepPEeOpPUeHTALlMHM HaIpaBJIeHHH,
HAaCTOWYMBOCTh B MOMCKAaX M O(OPMIICHUHM TPAaHTOB M Y4acTHE Cpa3y B HECKOJIbKHX mHpoekrax. Ha Gase panee
pa3pabOTaHHBIX CpPEACTB W METOJOB MHOIOMEPHOTO W3BJEYEHUs] 3HaHui, AnbOepTy AJieKceeBHUY YyAAIOCh
MOJYUYUTh KA4YE€CTBECHHO HOBBIC PE3YJbTaTbl IMPU PCIICHUN IHOHUPOKOIo0 CIHEKTpa aKTyaJlbHbIX HAY4YHbIX U
TEXHOJIOTHYECKHX TNpobieM. Tak, yCTaHOBJEHHE KOPPEIALUA MEXAY HHTCHCUBHOCTBIO KOCMHYECKUX Jydeill u
COCTOSIHHEM T'€0IMHAMHUYECKOH OOCTaHOBKHM 3aJIOXKMJIO OCHOBY pa3pabOTKH HOBOTO MHIMKATOpa KPaTKOCPOUHOIO
NPOTHO32 3EMJICTPSICEHHUH, JIOTOJHSIONIETO KOMIUIEKC TPAJAWIMOHHBIX CEHCMUYECKHX, T€OXMMHUYECKHX H JPYTHX
cucteM. MHOTOMEpPHBIH aHAIN3 JIaHHBIX JWCTAHIMOHHOTO 30HIMPOBAHMS 3€MJIM B ONTHYECKOM M MH(PaKpacHOM
JIMara3oHax IO03BOJIMJI TIOJMYYHTh HOBBIE CTPYKTYpHO-TIPOTHO3HBIE MPWJIOKEHUS B CEIbCKOXO3IHCTBEHHBIX W
TEOJIOTHYECKHX 3a[adax.

C 1963 roma AnpbepT AJeKceeBUY BeJI TaKkKe MENarormieckylo padory Ha (u3ndeckoM (akyIpTeTe
Kazaxckoro rocynapcTBeHHOro yHuBepcuteTa UM. KupoBa, umuTan crenkypcsl 0 MaTeMaTHYECKOW CTAaTUCTHKE U
METO/IaM IUIAaHUPOBAHHUS 3KCTPEMAaJIbHBIX SKCIIEPUMEHTOB. MHOTHE IUINIOMHMKN M aCIMPaHThl HAOMPAJIUCh OIBITa
IOJ] €r0 PYKOBOJICTBOM.

B mocnennue rogpl AnbOepT AsiekceeBHY CKOHIIGHTPUPOBANICS HA W3Y4YEHUH HPOOJIEeM 3BOJIIOIMU MOJEIU
BO30YXkIeHHOro (aliepOboiia BO B3aWMOJICHCTBUSAX HOHOB BBICOKMX JHEPrHMH C aTOMHBIMH siipamu. HoBbie
Pe3yJIbTAThI 110 HCCIIEA0BAHUAM CHIIBHBIX (DIyKTyallMii HAuaJIbHBIX YCJIOBHI JUIsSi B3aUMOJICHCTBUIL JIETKUX, CPEJIHUX
W TSDKEJIBIX SIAEP OH MpeACTaBWI Ha HauOoJee BIMATENBLHOM B 31Ol obsactn kKoHpepeHumu «XXIV Quark Matter»,
(18-24 mas 2014 r., lapmmranr).

B pesynbrate corpynamuectsa, o0benuHeHHBIME yernmsivu OSSN, UOBD (CepriyxoB) u UOBD (Anma-ATa)
OBUTa YCHENIHO pelieHa cepbe3Has MpoOiieMa KOMIBIOTEPHOW HE3aBUCHMOCTH IIPH 00paboTKe Onu(ppOBaHHON
sIepHO-(hU3NYecKOl  (QUIBbMOBOM HWHPOPMALNH, TOIYyYaeMOH pa3lMYHBIMH JETEKTOPAMH. OTOT pe3yJbTar
obecriednsl HOBBII ypOBEHb BBIMIOJIHEHUS] HCCIIENOBaHUi 10 (u3uke Bbicokux sHepruid B OUSN u crpanax-
yuacTHUnDax. Ha cienyromem stame, mpu MOATOTOBKE K MPOBEICHUIO aHAIM3a 3KCHEPHMEHTAIbHBIX JAaHHBIX C
MOMOIIBIO aBTOMATH3UPOBAHHBIX W3MEPHUTENBHBIX YCTPOWCTB, OBIIM pa3BUTHI MEPENOBbIE METOIBI TEOPHU
CTaTUCTUYECKHUX PELICHUH, obecnieurnBatoiiye 3(peKTHBHOE paclo3HaBaHUE OTIEIbHBIX TPEKOB B COOBITHH.

Jliis pacmiMpeHus: TpaaullMOHHOTO U YCHemHoro coTpynauuectsa Kaszaxcrana ¢ OUSIU B obnactu saepHOiM
¢u3uk ¥ (QU3MKH BBICOKMX OHEpruil AJbOepT AJieKceeBHY NPEAJIOXKWI pPacCMOTPETh BONPOCHI Y4acTHs
Ka3aXCTaHCKUX CIELUAJINCTOB U CTyJIeHTOB B repcrektuBHOM Mera-mipoekte OSSN NICA - Nuclotron-based Ion
Collider fAcility, — theorjinr.ru/twiki-cgi/view/NICA/webHome. B pesymprare wuM Obula co3jgaHa
koyutabopatmonHast rpymnma «BM@N Experiment at the NICA».

AnrbepT AJeKceeBUY aKTHBHO yYaCTBOBANI B Pa0OTE KOMHTETOB, HAYYHBIX COBETOB U COOOIIECTB KaK YUEHBIN
coer Omuko-texauueckoro nHctutyra MOH PK, O0wnenuuennsnii auccepramuonssii coBet O/ 53.12.01 mpu
Wucturyre matematnku MOH PK, DxcmepT-peneH3eHT cepum MeXIyHapoIHBIX KoH(epeHIwi - International
Conference on Information Technologies, Systems and Applications - CITSA, 2004 — 2010 rr.

VckpeHHe Kanb, 4TO YHIET M3 )KU3HU YAUBUTENBHO XOPOLIMH YEJIOBEK, aKTUBHOCTH KOTOPOTO I103aBHIOBAJIN
661 MHOTHE, Haxke Moiozbie! [lo mocneaHnx IHEH OH MOJJIEPKHUBAJI CaMble COBPEMEHHBIE NCCIIEIOBAHMS, OCBAUBAI
CaMbI€ COBPEMCHHBIC METOIbI, 6])[.1'1 B KypC€ BCEro HOBOI'O B O6J'laCTI/l €ro HMHTEPECOB. HpOBeﬂeHHI)Ie Hay4HBIC
paboTel AnbbepTa AJleKCeeBHMYa HECOMHEHHO OYIyT OIIEHCHBI CICHUANIMCTaMH U mocienoBareasimu. OH HaBcerma
OCTaHEeTCs B IIaMSTH KOJIIET, yUCHUKOB U BCEX TEX, KTO OBbLII COMPUYACTEH COBMECTHOMY HAyYHOMY TBOPYECTBY.

Jlo mocienHero BpeMeHHM OH Bel aKTHBHYIO Hay4yHYIO paboTy, €ro sipkas TBOp4YecKas >KHM3Hb oOopBajach
BHE3AITHO, HE TI03BOJIMB PEAIN30BaTh HOBBIE HAYYHBIEC U/IEH U 3aMBICIIbI.

Beunas mamsate Anp0epTy AjeKkceeBHUY, a WICHAM €T0 CeMbU — )KHU3HH, BCET/a U BO BCEM JJOCTOHHOW IPOMKON
YECTH.

Om umenu konexkmuea QuU3UKO-MEXHUUECKO20 UHCIMUMYMA
Hupexmop Hncmumyma, k.¢p.-m.n. Cepuxrkanog A.C.
Axaoemux HAH PK Myxaweeé B.H.,

Ipogeccop Caovixos T.X.,

K.¢h.m.H. Myxameowuna /.M.
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