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CHOOSING A COMPRESSION STANDARD
FOR TRANSMITTING A TELEVISION IMAGE

Abstract. With the advent of the MPEG-4 Visual and H.264 compression standards, the role of the MPEG-2
compression standard has not diminished at the present time, since these standards are largely compatible, especially
for information highways. Today, in a number of countries, the MPEG-2 compression standard is actually the main
one for broadcasting, the functioning of which is based on the operation of DVB-T terrestrial digital television
systems.

Due to the fact that the majority of the currently used STBs support the MPEG-2 standard, it will remain
widespread for at least the next few years.

The ITU-T H.264 /MPEG-4 Part 10 AVC standard (abbreviated as H.264/AVC) is a promising new technology
for encoding and compressing audiovisual information. The compression efficiency of the H.264/AVC standard is
higher than the MPEG-2 standard with equal visual perception. The H.264/AVC standard was developed independent
of the transport layer of the transmission systems used. Therefore, information delivery in the H.264/AVC standard
can be carried out using any existing transmission and broadcasting systems, including: systems with IP protocols
(including streaming delivery), transport streams of broadcasting systems in the MPEG-2 standard, as well as
specific formats H.264 / AVC files for storage and processing on servers.

Keywords: standard, digital TV broadcasting, codec, signal, IP protocol.

The ITU-T H.264/MPEG-4 Part 10 AVC standard (abbreviated as H.264/AVC) is a promising new
technology for encoding and compressing audiovisual information. The compression efficiency of the
H.264/AVC standard is higher than the MPEG-2 standard with equal visual perception. The H.264/AVC
standard was developed independent of the transport layer of the transmission systems used. Therefore,
the delivery of information in the H.264/AVC standard can be carried out on any existing systems
transmission and broadcasting, including: systems with IP protocols (including streaming delivery),
transport streams of broadcasting systems in the MPEG-2 standard, as well as specific H.264/AVC file
formats for their storage and processing on servers.

Thus, existing MPEG-2 digital TV broadcasting networks are directly suitable for transmitting to
users H.264/AVC programs, the number of which in the multiplex will be greater.

To switch to broadcasting in the H.264/AVC standard, international standardization of terminal
equipment is required: digital studios and subscriber receiver decoders. For transmission paths of transport
streams, specific support of the H.264/AVC standard by statistical multiplexers, in which operations of
decoding and compressing program information are performed, will be required. Advantages of the
H.264/AVC standard. With the same image quality, the H.264/AVC standard requires approximately half
the digital bit rate than MPEG-2. This allows you to either increase the number of standard definition
television (SDTV) programs or transmit HDTV programs.

Unlike MPEG-2, the H.264/AVC standard allows you to transfer images with a lower resolution
(1/16 standard resolution) at very low digital bit rates. This allows you to organize the transfer of low-
definition TV programs to mobile phones, PDAs, TV receivers in cars, etc. The capabilities of the
H.264/AVC standard for compressing images of various quality are shown in table 1.1.

—_— § —
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Table 1.1 - H.264 / AVC Image Compression Capabilities

Application scenario Resolution and frame rate Transmission speed, kbps
Mobile content 176x144, 10-15 frame/s 50-60
Internet / Standard Definition 640x480, 24 frame /s 1000-2000
High definition 1280x720, 24p 5000-6000
Full high definition 1920x1080, 24p 7000-8000

In a number of European countries, a large number of transmission networks based on MPEG2
technology are currently deployed and operate. In such publicly accessible digital TV broadcasting
networks with the set-top boxes and MPEG-2 decoders already installed, the transition to the H.264/AVC
standard will be difficult for many years, while the existing MPEG-2 set-top boxes are actively used.

In addition, this will also impede the implementation of HDTV in the H.264/AVC standard. Possible
alternatives: reloading new H.264/AVC decoding software, installing additional modules (decoding or
converting standards) in the set-top boxes. The mildest alternative to replacing the MPEG-2 set-top boxes
is the duplication of digital TV broadcasting in the MPEG-2 and H.264/AVC standards, but this is only
possible if there are free radio frequencies released as the analog broadcast is turned off.

In paid digital TV broadcast networks, the situation is very different. In this case, broadcasters can
coordinate the updating of decoders of their subscribers. But for financial reasons, this transfer can only
begin after depreciation of the initial paid equipment, i.e. a few years after putting it into operation.

In all cases, users should be given full clarity regarding the prospects of the development of digital
broadcasting and the possibilities of using the equipment.

Therefore, in order to minimize the cost of viewers during the first few years, without slowing down
the implementation of HDTYV, the digital set-top boxes offered to the population should have the options
necessary to receive both current and future services, i.e., first of all, they must support the H.264/AVC
standard, for standard definition television (HDTV) and high definition (HDTV).

The use of H.264 / AVC encoders in window devices currently requires the use of digital TV program
transmission systems (SDTV and HDTV) in the ADSL standard with a bandwidth of 4 ... 6 Mbit / s.

It is believed that modern ADSL modems-decoders should support decoding in MPEG-2 and
H.264/AVC standards using the same software, which will eliminate the complexity of the transition from
MPEG-2 to H.264/AVC.

It should be borne in mind that when deploying mobile television networks of the DVB-H standard,
all ongoing development and experiments are based on the H.264/AVC standard, as a more effective one.

Principles of building digital terrestrial television broadcasting systems in the H.264/MPEG-4 AVC
standard.

Currently, there is an increased interest in encoding and digital broadcasting of TV programs in the
H.264/MPEG-4 AVC standard in the world.

It is known that in the world there are also a number of proposals and experiments conducted on the
use of the H.264/MPEG-4 standard instead of the MPEG-2 standard for encoding standard definition
TV images.

In this regard, digital TV broadcasting systems that use the H.264/MPEG-4 AVC compression
algorithm have certain development prospects. In such systems, the transmission of high-definition
TV programs (HDTV) and an increased number of standard-definition programs is possible, which allows
the audience to provide new services and make better use of the frequency resource. When switching to
digital TV broadcasting, it is necessary to take into account all aspects of digital broadcasting of
TV programs in the H.264/MPEG-4 AVC standard as an alternative to the MPEG-2 standard.

The transition to digital TV broadcasting is preferably carried out at the level of individual regions as
they become available. You can, as an example, propose a distribution and broadcasting scheme for digital
TV programs for a single region with a family number of about 300-350 thousand. The general idea is that
the central program block is distributed via satellite channels in MPEG-2 format (which is most often the
case at present).

But in the regional center these programs are converted to MPEG-4 format and multiplexed with
other regional programs (both high and standard definition), originally encoded in MPEG-4 format. In
principle, depending on the available resources, several digital multiplexes in MPEG-4 may be formed in
the region, including high-definition and standard-definition programs. Then these multiplexes should be

— 6 —
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distributed to the population on digital terrestrial and cable TV broadcasting networks. The transmitters of
the regional single-frequency network of digital TV broadcasting can be downloaded via satellite channels
(as shown in the diagram) or via fiber optic cables.

At the same time, it should be noted that in order to improve the quality of the final image received by
the consumer, it is advisable to avoid re-compression of previously compressed digital signals, or, if
possible, reduce the number of nodes in the distribution network of programs in which such compression
occurs.

Under these conditions, it is advisable, given the technical ability, to build the entire program delivery
network based on H.264/MPEG-4 AVC. In the absence of such a possibility, an alternative may be the use
of optimized encoders that re-compress MPEG2-MPEG4 with minimal loss of image quality [1].

When using any compression methods for TV programs, quality is an important issue. Both MPEG2
and H.264/MPEG-4 are lossy compression technologies. This means that once lost due to compression,
the image details cannot be restored. Modern compression technologies make it possible to achieve very
high rates of decreasing the speed of the digital stream, but at the same time you can get an image that is
significantly inferior in quality to the image of an analog TV under good reception conditions, especially
for dynamic scenes.

Therefore, it is important to standardize the minimum bit rate for transmitting a standard quality
program (SDTV) in both MPEG2 and MPEG4 standards. Practical experiments with the currently
available encoder models show that to ensure high-quality broadcasting of one TV program in SDTV in
the H.264/MPEG-4 standard, at least 2.5 Mbit/s is required, and in the MPEG2 standard - 4.5 Mbit/s.
Using statistical multiplexing with a variable signal coding rate (VBR) allows this value to be slightly
reduced without loss of quality, but only with careful equipment setup [2].

Thus, the introduction of H.264/MPEG-4 compression technology will increase the number of
transmitted programs within a single multiplex (with a fixed reception of 64 QAM, 24 Mbps) from 4-5 to
9-10 programs of standard quality. Currently, in most cities the number of received analog TV programs
does not exceed 10.

Thus, the use of modern equipment and technologies based on MPEG4 will make it possible to
duplicate all programs accepted by the population using one multiplex, which will not only save the
frequency resource, but also open the way to a two-step transition model from analog to digital
broadcasting. At the same time, the first step within the region ensures the broadcasting of all
TV programs in digital format, and the second step (after the distribution of digital set-top boxes among
the population).

Switching to HDTV is facilitated if the receivers support all H.264/MPEG-4 profiles up to
1920x1080, 24/25p. In order to ensure the transition to HDTYV, it is advisable to distribute only TV set-top
boxes in the regions that allow receiving HDTV in the MPEG4 standard. In this case, it will be possible to
transmit up to 3 HDTV programs in one multiplexed channel, and with the development of compression
technologies, possibly more.

Recommendations for using the MPEG-4 compression standard may be as follows:

a) the use of a more advanced compression standard H.264/MPEG-4 can significantly increase the
efficiency of use of the radio frequency resource and facilitate the transition to digital broadcasting;

b) when using equipment that supports H.264/MPEG-4, a painless transition from standard definition
television to high-definition television can be made without the need for additional costs from the user;

c) the transition to the technology of effective video compression is an objective necessity and is
inevitable in the future, even if it is postponed at present. It is advisable for RCC countries that do not
have a large fleet of MPEG2 receiving equipment use MPEG4 when introducing NCTV.

From the above we can see the superiority of the digital standard DVB-T over ATSC. Due to the fact
that each of the sub-channels is narrow-band in COFDM modulation, the influence of reflected signals
during multi-path reception is reduced. Which can not be said about the modulation of 8VSB standard
ATSC [3. 4].

Table 1.2 shows the main technological capabilities of the two compression standards described
above.




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

Table 1.2 - Comparison of MPEG2 and MPEG4 Standards

Parameters MPEG-2 MPEG-4
Mode of operation 8K 64 QAM 5/6 1/8 27,65 Mbp/s 8K 64 QAM 5/6 1/8 27,65 Mbp/s
Mode of transmission without statistical multiplexing without statistical multiplexing
Information speed on 1 TV channel 5 Mbp/s 2 Mbp/s
Number of channels in one package 5 13
Number of channels in three packages 15 39
Mode of transmission with statistical multiplexing with statistical multiplexing
Information speed on 1 TV channel 3,5 Mbp/s 1,8 Mbp/s
Number of channels in one package 7 15
Number of channels in three packages 21 45

M. Ampees, b. SIky6os, P. Cadun, T. [1aBaoBa
Fymap6ex JloykeeB aTeIHAaFbI ATMATHI SHEPTeTHKA JKoHE OaiimaHbIc yHIUBepcUTeTi, Anmatel, Kazakcran
TEJEBU3UAJIBIK KECKIH BEPY YIIIH ChIFBIMIAY CTAHJIAPTBIH TAHJAY

Annoranusi. MPEG-4 Visual xxone H.264 ceirbiMaay cTaHIapTTaphl maijga OOJFaHIBIKTaH, Ka3ipri yakpITTa
MPEG-2 chifbiMIay CTaHIAPTHIHBIH POJIl TOMCHJICH KOWFaH JKOK, OMTKEeHI OYJI CTaHAapTTap, dacipece, aKmapaTThiK
MarucTpaibIapMeH yiiece Tycemi. Byrinme Oipkarap enmepiae MPV-2 ceirbiMaay cTaHmapThl 3(QUPIIK CaHIBIK
teneanaap xyiecinin DVB-T jxymbIcbiHa HeriznenreH, xabdap taparya 0acTbl OpbIH ajlaibl.

Kazipri yakpITTa KOJIIaHBICTaFBl a00HEHTTIK TipkeMenep iy kemmiiiri (STB) kemminiri MPEG-2 crannapthia
KOJITAUTBIHIBIKTAH, OipHEIIe )KBLUT OOIBI KE€H TapajIbIl KEIIi.

ITU-T H.264/MPEG-4 AVC 10-6eniri (H.264/AVC KpiCKa) — ayIMOBH3YyaJIObl aKHmapaTThl KOATAay MEH
CBIFBIMIAYABIH JKaHa TeXHooruscel. H.264/AVC cranmapTHIHBIH CHIFBUTY THIMAUTITI Oipneil xepy KaOimeTke ue
MPEG-2 crarmapteiHal xorapel. H.264/AVC cranmapTsl TapaTy KyienepiHiH Kedik KabaTeIHaH 0eJeK KacaliFaH.
Conppikran H.264/AVC craHmapTeIHAaFrel aKHmapaTThl JKETKi3y KEe3-KEJIIeH KOJIAAHBICTAFbl TapaTry >KyHelepiH,
coHbIH imiHzme, IP mportokosnsr OGap »xyhemepai (arsiH Oepymi koca), MPEG-2 crammapTeiHmarbl xabap Tapary
KyiteJepiHiH KeJiK arblHbIH, COHJAi-aKk HakThl (opmarTapibl HaijanaHy apKbUIbl )Ky3ere achIpbLIybl MYMKIH.
H.264 / AVC ¢aiingaps! cepBepie CakTayFra KoHE OHJICYre apHaJFaH.

Oceputaitma kosinaubictarbl MPEG-2 cannpik Tenexabap Tapary sxenminepi H.264/AVC Oarnapnamanapbia
naljanaHymbulapra TiKeJded TapaTyFa »apaMmIbl opi caHbl MyJbTHILIEKcTa KeOipek Oomansl. H.264/AVC
CTaHIApThIHAA Xabap TapaTyFa aybICy YIIIH CAHIBIK CTYIHMsUIap MEH aOOHEHTTIK KaOBUIIAFBINI JICKOJCpi CHIHIBI
TEPMUHAIIBI JKAOIBIKTHI XaJIbIKAPANIBIK CTaHAAPTTay KaxeT. Kok aFbIHBIHBIH OTKI3y KOJIapbiHa OaraapiaMaiibik
aKmaparrapfibl JeKOJATAy JXKOHE ChIFbIMIAY OIEpalHsIapbl OPBIHIAAIATHIH CTATUCTUKAIBIK MYJIbTHUILICKCOPIAPIIbI
H.264/AVC crampmapteiHa Kommay kepcery kepek. H.264/AVC cTaHZapTHIHBIH apTHIKIIBUIBIFE, CYPeT camachl
oipnmeii 6onca, H.264/AVC crangaptet MPEG-2-re kaparaHaa CaHIBIK OWUT KBbIIJIaMIIBIFBIHBIH JKapTHICHIH KaKeT
ereni. by cranmaptTel Tenemunap Oarmapnamanapbiabie (SDTV) canbin kebeiityre Hemece HDTV Oarmapiama-
JIApBbIH TapaTyFa MYMKIHIIK Oepei.

Tyilin ce3aep: cTaHIapTTHI, TeIEIUAAPIIBIK CAHABIK Xabap Tapary, Kouek, curaai, [P mporokod.

M. Ampees, b. SIkyooB, P. Capun, T. IlaBnoBa
AJIMaTHHCKHI YHUBEPCUTET 3HEPTeTHKH U CBsi3M MMeHHU [ ymapOeka [laykeeBa, Anmartsl, Kazaxcran

BbIBOP CTAHJAPTA KOMITPECCHUU ITPU TIEPEJAYE
TEJIEBU3MOHHOI'O N30BPAKEHUA

Annoranusi. C nosnerneM craHgaptoB cxkatuss MPEG-4 Visual m H.264 pomp craHmapra KoMmopeccud
MPEG-2 B HacToOsI1I€€ BpeMs He YMEHBIIIIACH, TaK KaK JaHHBIE CTAaHAAPThI BO MHOTOM COBMECTHMBI, 0COOEHHO 3TO
OTHOCHUTCSI K MH(OpMAIMOHHBIM MarucTpayisiM. Ha cerogus B psaae ctpan cranmapt cxarus MPEG-2 ssisiercs ajis
BellaHus (PaKTHMYECKH OCHOBHBIM, Ha (PYHKIMOHMPOBAHMHM KOTOPOTO OCHOBaHbI padOTa HA3EeMHBIX CHUCTEM
udposoro TeaesuaeHust DVB-T.
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BcenenctBue T0OT0, YTO OONBIIMHCTBO HCIOIB3YyEMBIX HBIHE aOOHEHTCKHX mpucTaBok (STB) mommepxuBaroT
craamapt MPEG-2, on, mo KpaiHEeil Mepe, B TEUCHHE HECKOJNBKHX IIOCIEAYIOMHX JIET OCTaHETCS IIHPOKO
pacnpoCTpaHEHHBIM.

Crangapt ITU-T H.264/MPEG-4 Part 10 AVC (cokpamenso — H.264/AVC) siBnsieTcsi HOBO# NepCIIeKTHBHON
TEXHOJIOTHEW KOIMPOBaHHWS W CKaTusi ayAuoBU3yanbHOW uHMopMmanuu. OQPQGEeKTUBHOCTh CXaTHs CTaHIapTa
H.264/AVC Bpiue, yem crangapra MPEG-2 mpu paBHOM BusyansHOM Bocrpusituu. Cranmapt H.264/AVC Obut
pa3paboTaH Kak HE3aBHCHUMBIH OT TPAaHCIOPTHOTO YPOBHS MCIHOJB3yeMBIX CHCTeM mepenayd. IloaTomy mocraBka
nHpopmanuu B crapaapre H.264/AVC MOXKeT OCYIIECTBISTHCS IO JIFOOBIM JICHCTBYIONIMM CHCTEMaM Tepenadd 1
BEIIIaHWUs, BKIFOUasi CUCTeMBI ¢ [P-mipoTokomamu (B TOM YHcIe IJISl IOTOKOBOW MOCTaBKH), TPAHCIOPTHBIE ITOTOKH
cucreM Bemmanus B crangaptre MPEG-2, a taxxke cniermuduueckue Gopmarsl daitno H.264/AVC mist ux XpaHeHUs 1
00paboTKH Ha cepBepax.

Takum o6pa3zom, cymecTBytomme cetd unpposoro TB-Bemanus crannapra MPEG-2 HanpsiMyo HOAXOIST AJIs
nepeiauu rnoib3oBaTessiM nporpamm B crangapre H.264/AVC, uucio KOTOpbIX B MyJIbTUILIEKCE OyneT Oonbliie.

g nepexona Ha Bemanue B ctangapte H.264/AVC Ttpebyercs cranmapTu3anys Ha MEXIYHApPOJAHOM ypPOBHE
OKOHEYHOT0 000py0BaHHs: HU(POBBIX CTYAUH U JEKOAepOB aOOHEHTCKUX MPUEMHHUKOB. /Il TPAaKTOB nepenaun
TPAHCIOPTHBIX TMOTOKOB TOTpeOyeTcs cnenuduueckas mnoanepkka crangapra H.264/AVC craTucTH4ecKuMu
MYJIBTUILIEKCOPAMH, B KOTOPBIX MPOM3BOJASATCS ONEPalMK JCKOAUPOBAHUS M CXKaTHA HHPOPMAIMU IPOrPaMM.
IMpenmymecra crannapra H.264/AVC. Ilpu ognHakoBOM KauecTBe n3o0paxkeHus cranaapt H.264/AVC tpedyer
NIPUMEPHO BJIBOE MEHBIIEH cKopocTH nudpoBoro noroka, yeM MPEG-2. Oto no3Bosser nm1ubo0 yBennuuts uncio TB
nporpamMm ctagapTHoi yeTkoctd (SDTV), mubo ocymectsisats nepenady nporpamm TBY (HDTV).

KuroueBsle ciioBa: cranaapt, mudporoe TB-Bemanme, konek, curaan, [P-mporoko.
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WAVE PROCESSES IN A FLAT BODY WITH
A SYMMETRIC LOCATED RECTANGULAR CUTOUT

Abstract. The work is devoted to the generalization of the difference method of spatial characteristics to the
case of the plane problem of the propagation of waves in a rectangular region of finite dimensions with a
symmetrically-located rectangular cutout at the lateral boundaries. Based on the numerical technique developed in
this work, the calculated finite - difference relations of dynamic problems are obtained at the corner points of a
rectangular cutout, where the smoothness of functions that is “familiar” to dynamic problems is violated. At these
corner points, the first and second derivatives of the desired functions suffer a discontinuity of the first kind. The
results of the study are brought to a numerical solution. The effect of stress concentration in the vicinity of the cutout
was studied and it was shown that the impact of the cutout on the particle velocity distribution, on the stress
distribution has a local character.

Keywords: clastic, velocity, stress, load, plane deformation, wave process, stress concentration, numerical
solution.

Introduction. Prediction of dynamic wave processes in solids of finite dimensions, taking into
account a number of attenuating factors (discontinuities in the boundary conditions, holes, cavities,
cutouts, etc.) by mathematical modeling to determine the nature of possible damage, is, besides purely
scientific interest, an important applied value determined by requests for engineering practice.

The majority of structures used in construction, engineering and other branches of technology are
characterized by the presence of various discontinuities in the form of holes, recesses, notches,
protrusions, etc., due to either manufacturing technology or operational requirements. Near such
discontinuities, as is known, the phenomenon of local distortion of stresses and strains arises, usually
called stress concentration. These effects make a significant change in the “average” stresses and are often
the cause of failure. The qualitative and quantitative effects of stress concentration are influenced by a
variety of reasons related to the geometry of the concentrator, the type of impact, and the real properties of
the material. Therefore, the problem of stress concentrations is given great attention in modern
technology, which is reflected in the almost infinite number of domestic and foreign studies, as well as in
the special monographs and the reference manuals. In general, the number of works devoted to the
dynamic problems, taking into account a number of weakening factors, is very small; far from all aspects
of their working capacity under conditions of unsteady external loads are considered in them [1-19].
However, interest in these problems, due primarily to the importance of solving complex practical
problems, is great, and further improvement of numerical methods in various modifications using
increasingly sophisticated electronic computing equipment should lead to a significant development of this
direction.

The mathematical formulation of the problem. Let’s consider the basic equations of the problem of
the dynamic theory of elasticity for a homogeneous isotropic elastic body in a Cartesian coordinate
system. For convenience, the axes of the Cartesian coordinate system are denoted by Oxi (i=1,2), and the
time by t. The components of the stress tensor are denoted by cij ( x1, x2, t), the strain tensor by &ij
(x1, x2, t) (1, j = 1,2) and, finally, the displacement vectors by ui (x1, x2, t)(i=1,2).

— 1) =——
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It is convenient to represent the equations of motion and Hooke's law in the form of a normal
hyperbolic system:
Gij, j=pd2 uiot2 (i=1,2), (1

G1j=A051j + 2 peij, 2)

where p is the density of the medium material, 4, x are the Lame constants, di j is the Kronecker symbol,
@1is the volumetric strain equal to

0=¢ll+ €22+ 33 .
A comma with an index means the partial derivative with respect to the corresponding argument. The

summation is performed overj (j = 1,2).
The transition to dimensionless variables is carried out according to the formulas [7]:

? 2&; ai =ﬁ; \4 =lau[, (l :1’2)
b b ¢ Ot
_Outoy, _%1"% .
2pc} 2p¢
_ 0-122 : 7/:ﬂ ,
P ) 3)

where b is the characteristic length, c¢;,c, are the velocities of the expansion and shear waves,

011, 022, 01, are the components of the stress tensor, and vy is a constant parameter. In the future, the line

over dimensionless parameters is omitted. Differentiating dependences (2) with respect to time, adding

and subtracting the normal stresses o11 and 622, the equations of motion (1) and physical relations (2) are

written as a system of equations for the velocities of displacements v1 ,v2 and three linear combinations
p, q, tof the stress tensor components [7]:

vl,t-p,1-q,1-1,2=0; v2,t—-p,2+q,2—-1,1=0; (@))]

2(y2-1)-1p,t—vl,1-v2,2=0;
Y2q,t—-vl,1+v2,2=0;
y21,t—v1,2-v2,1=0.

A comma with an index means the partial derivative with respect to the corresponding argument. This
statement was chosen because such systems have been studied quite well by now, and in addition, when
choosing velocities of displacements and stresses as dependent variables, the derivatives from the
boundary conditions are excluded.

Find the functions vi, v2, p, q, 7, that in a rectangular strip 0 < x; <[, —L<x, <L with a
symmetrically located rectangular cutout on the lateral boundaries (Fig.1) satisfy the equations (4), the
initial conditions for t = 0

v, (0632650) =V, (332650) = Pl 3 ,0) =40, 5 %, ,0) =7(x;5x,,0)=0 (5)

and the following boundary conditions for 20:

v,=f(@), v,=0 at x,=0, —L<x,<L, ©)

P—q9=0,7=0 at ‘xZ‘:L» 0<x <x and xIIle <l %)
p+q=0,7=0at x, =X/, x, <|x,[< L and at x1=X11,x;S|x2|SLa ®)
P=9=0,7=0 at‘xZ‘:xi’ X $x <y, 9)
V1=V2=Oatx1:[, |x2|SL. (10)
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Here f(t) is a given function that varies in time according to the law of a continuously differentiable
function, which at the beginning monotonically increases to the maximum value f{#0), and then

. 0 1 1 . . e
monotonically decreases; X, ,X,,X, are the constant numbers defining the size of the cutout. Zero initial

conditions (5) mean that a rectangular strip with a symmetrically positioned rectangular cutout at the
lateral boundaries until the time instant ¢t < Ois in an unperturbed state. The boundary condition (6) is the
specification of the normal component of the particle velocity and the absence of the tangent component
of the particle velocity at the strip boundary x; = 0 for all time instants. The boundary conditions (7)
mean that the corresponding points of the boundary |x,| = L (0 < x; < x? and x{ < x; <) are free of
the stress for all moments of time. The boundary conditions (8) - (9) mean that the contour of the
rectangular cutout is free of stresses. The boundary conditions (10) correspond to the conditions of rigid
fastening of the back of the border x; = L.

The task is to determine inside a rectangular region with a symmetrically located rectangular cutout
on the lateral boundaries of the stress and velocity fields caused by the fronts of incident and repeatedly
diffracted elastic waves at a time ¢ > 0.

The solution of the system of equations (4) under initial (5) and boundary (6) - (10) conditions is
found by the difference method of spatial characteristics. An algorithm for solving equations (4) based on
the spatial characteristics method was developed in [7] for internal, boundary, and corner points and the
corresponding calculated finite-difference relations were obtained. It is based on finite-difference relations
obtained by integrating equations (4) along bicharacteristics and recorded at the nodal points into which
the entire investigated area is divided (figurel). When considering the boundary conditions (7) - (9), for
each of the corner points B, G, P, D, C, S, Q, F (Fig.1) of the cutout, the pairing law of tangential stresses
is fulfilled. This circumstance reduces the number of specified conditions at the corner point by one, and
in order to obtain a closed system of equations, it is necessary to obtain one additional equation for each
corner point B, G, P, D, C, S, Q, F of the cutout, respectively. The method of obtaining the additional
equations for each of the corner points of the rectangular region was considered in [7]. However, all the
resulting finite - difference relations can only be used in areas with a continuous change in all incoming
parameters.

A feature of the considered body with a cutout is that at the corner points of a rectangular cutout
(figure 1), the smoothness of functions that is “familiar” to dynamic problems is violated, i.e. at these
points, the first and second derivatives of the desired functions suffer a discontinuity of the first kind.
Therefore, they are considered as ordinary corner points of a rectangular cutout, and the method developed
in [6] is generalized to obtain resolving equations at these singular points. When constructing a numerical
solution for problem (4) - (10), it is assumed that the border of the strip and the contour of rectangular
cutouts coincide with the line of nodes of the square grid that covers the studied area.

3 ! ! ! i X

0 t 1
|
x5 :
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b ox
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Figure 1 - The study area

Analysis of the calculation results. A square grid is applied to an elastic body in the form of a
rectangular strip with a rectangular cutout, at the nodes of which the valuesof the velocity components v,
v, of displacements and stress p,q, T are determined. It is assumed that the boundaries of the body
coincide with the line of nodes of the square grid that covers the studied area (figure 1).
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The computational process is carried out in time steps. The time step & is selected in accordance with

the necessary stability conditions [7]
2 2 2
(ﬁ) < min{ g/ , 7/2 }
h 412y -1) an

that are used by the explicit finite - difference calculation scheme. In this way, the values of the sought
quantities are calculated at any point of a rectangular strip with a rectangular cut at time ¢ = 10 = kAt.

To obtain results at the next time step ¢ = (k + 1) At, it is enough to take the found values as the initial
data and repeat the calculations. For the numerical implementation of the developed finite-difference
scheme and the solution of non-stationary problems of the mechanics of a deformable solid, a calculation
method and algorithm have been created and based on them a complex of calculation programs in Fortran-
90 has been developed for high-speed personal computers.

Numerical results are given for the rectangular region 0<x1<100"h , |x2|<100h. As an example, an
I-beam construction with a deep symmetrically positioned side cutout was considered with the following
values of the initial data:

f(t)=A-t-e ™, A=1, s=02,k=0.025 h=0.05 x"=20-h, ' =80-h, =104 v=023,
y=1.87.

When analyzing the calculation results, the symmetry property of the problem with respect to the axis
x, = 0, at the points of which v, = T = 0 was used. Therefore, the obtained results are presented only for

positive values *2 (x, >0).
It is noteworthy that, as the compression wave (longitudinal wave) propagates, the velocity of which

[a+2 . . . . . .
= %, at the corner points of the strip and cutout, zones of diffraction perturbations arise. The

emergence of these zones significantly complicates the construction of analytical solutions. From the
physical point of view, the presence of these zones is due to lateral unloading in a direct compression
wave, which, in turn, leads to a rotation of the velocity vector at internal points of the medium. The
reflected longitudinal and transverse waves over time undergo multiple reflections from all boundaries,
and the wave pattern is greatly complicated.

In the study of the complex stress state of an elastic medium, an analysis of the behavior of the
individual components of the stress tensor is insufficient to conclude dangerous stress concentrations in
terms of strength. In these cases, common criteria are often used, based on the application of the main
normal and maximum tangential stresses. In the accepted dimensionless form, they can be written as

O =PENG +T0 1, =g’ +1". (12)

In this regard, Figures 2-4 in the plane x;/h-x,/h for the time instant t = 500 - k show,
respectively, the isolines of the main normal o; = const, g, = const and maximum tangential

T,..x = const stresses, which demonstrate the stress state characteristic of an I-beam structure with a deep

lateral cutout. The previous notation is accepted: solid, dash-dotted and dashed lines mark the contours of
compressive, zero and tensile stresses, respectively. The numbers around the lines correspond to the
values of the stresses on the isolines, and near the points - to the extreme values of the stresses. It can be
noted that the level of the main normal ;, g, and maximum tangential T, stresses, the nature of their
distribution is complex due to the superposition of reflected, diffracted, and interference waves and
constantly changes in time, which is typical for dynamic problems.

First of all, it should be noted that most of the area behind the cutout (lower shelf) is not loaded for a
long period of time (figure 2—4). The stress level in the "stagnant" zone is extremely low. The main
bearing part of the I-beam structure is its wall. The intermediate values by the stress level are observed in
the area located directly under the load (upper shelf). The lack of symmetry with respect to the midline
13
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x1 =50 - & of the cutout can be explained by the different nature of the specified boundary conditions on
the surfaces x; =0 and x; =100 - A.
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Figure 2 - Isolines of maximum stresses ; = const attime t = 500 - k
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Figure 4 - Isolines of maximum tangential stresses Tp,ax at time t = 500 - k

The analysis of maximum stresses g; shows that in the I-beam design, six characteristic subregions
can be distinguished (figure 2). At the time in question, in the subregions 1, 3 and 5 the maximum stresses
o,are compressive, and in the subregions 2,4 and 6 they are tensile. Moreover, each subregion is bordered
by an isoline of zero stresses. The maximum compressive stress gy is achieved at some distance from the
corner points (P, Q), and the minimum compressive o, (figure 3) and maximum tangential stresses Tp,.x
(figure 4) are at the corner points (P, Q). The nature of the change in the main normal ¢y, g, and
maximum tangential 7,,, stresses in the region before the cutout is explained by the propagation of
diffracted waves emanating from the corner points (P, D, R).

The maximum values of the main normal ¢y, 0, and maximum tangential 7., stresses can be
compared with their permissible limit values. This will evaluate the performance of this construction.

The developed mathematical model for solving plane dynamic problems of the theory of elasticity can
be used to analyze the propagation of dynamic disturbances in a strip with a rectangular cross section of
finite size and a cutout of complex geometric shape. In addition to the identified and discussed physical
phenomena, the results obtained demonstrate the effectiveness of the developed computational algorithms.

H.K. Owip6aes, 7K.H. 9Omripdaesa, M.T. IllomandaeBa,
P.b. Bekmouanaena, T.C. Cyiaranoek, lII.LE. AnTeinGexoB

M.O. Oye3oB arbiHnarel OHTYCTIK KazakcTan memiiekeTtik yauepcuteri, lllsimkent, Ka3akcran
CUMMETPUSIIBI OPHAJIACKAH TECIKTEPI BAP IEHEAEI'T TOJKBIH/bI OPIC

AnnHorauus. bipkarap OocaHchITy (akTopsl (IIeKapaiblK IMIapTTapAarkl Y3UIiC, TeCiK, KybIC, KeciK, T.C.C.)
HETi31H/Ie KOHCTPYKIHS AJIEMEHTTEPIHIH JUHAMUKAIBIK OPEKETIH 0OJKayIblH MHKEHEPIK TOKIpUOe cypaHbICTaphl
aPKBUIBI aHBIKTAJIATHIH TCOPHUSIBIK Opi KOJIaHOaIbl MOHI Oap.

KypsuibicTa, MalMHa jkacaysa »oHe TEeXHHKaHBbIH 0acka Ja cajajapblHla IalblHay TEXHOJOTHSCHI HEMece
TachIMaJJlay TajanrtapbiHa OailylaHbICTHl OONATHIH TECiK, OMa (KbIpHAY), OUBIK, IBIFBIHKBI XKEpJIep, T.C.C. TETiCTIKTI
Oy3ymbuibikTap Oalikanaabl. MyHIail TyTacChI3IbIK MaHaWbIHIA 9[ETTE KepHEY KOHIIEHTPALMSCHI JIeN aTalaThlH
KepHeyJep MeH JedopManusuiapabIH Keprulikti Oypmanay KyObUIbICH maiiia 6onansl. by addekrinep «oprama»
KepHeyJiepre alTapiblKTail e3repicrep eHriseni »xoHe OyiiHy ce0OeOi periHzme artanansl. KepHey KOHLEHTparus-
CBIHBIH CallaJIbIK JKOHE CaHIBIK 3(p(eKTiiepiHe KOHIEHTPATOp I'€OMETPHSICHI, 3Cep €Ty TYpi, MaTepUaIAbIH HAKThI
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KacherTepiMeH OaiIaHbICThl OpTYpii cebentep biknan ereni. COHABIKTAH 3aMaHayd TEXHUKa/la KepHeylep
KOHIIGHTPALIMACH MOCEJIeCiHe YIIKEH Hasap ayJapblulyAa, Oyl OTaHIBIK JKOHE MIETeIIiK 3epTTeyJepAiH, COHIal-aK
apHaiibl MOHOrpadusulap MeH aHBIKTaAMAIIBIK KypajJapAblH KeOiciHae KepiHic TanThl. MyHnai oOibicTap yIuiH
HIeKapabIK MAceJIesep/i ey THIMI1 CaHIbIK 9IiCTepi KYpacThIpychl3 MyYMKiH eMec. COH/IBIKTaH TYTac OpTaJarbl
CTalMOHAp €MeC TOJKBIHJIBI KO3FaJBICThI 3ePTTEY MACEJEEPiHiH ayblp LEHTpPI ecenTey HOTHXKEJIEPiH jKakcapTyra
MYMKIH/IK OepeTiH albIphIMIBIK CXeMaJlapAbl jKacay >XOHE KETUIIpYyre BIFBICHIN OTHIp. Aaiiga Ka3ipri yakbITKa
JIeWiH CaHABIK OiCTep apKbUIbl OpPTYPIl KOHQHIypausibl OipTEKCi3 IIEeKTENreH IEHENepAeri TUHAMHKAJIBIK
CepHIMIUIIK TEOPHSCHIHBIH INEIIUITeH Maceseepl calbiCThipMaibl Typae a3. Ochlnaiina INpakTHKara AereH
KQKETTUTIK OCBI )KYMBICTBIH 3€PTTEY IOHIHE aifHaJbII OTBIPFaH TYTac OpTa AWHAMHKACHIHBIH ©3€KTI FBUIBIMU YKOHE
MPAKTHUKAJIBIK MOceTeNepiHiH meHOepiH aHBIKTaIbL.

JKympIcTa MoceseHiH CBI3BIKTHIK KOWBUIBIMBIHAA OYHip MIeKaparxapblHIa CHMMETPHUSUIBI OpHANAcKaH TikOy-
PBIITE KAMAchl 0ap TIKOYPHIITHI OOJBICTa ANHAMMKAIBIK YHBITKYIBIH Tapalybl Typaibl €cell KapacThIPBLIAJbL.
TOoNKBIHABIK TPOIECC CHIPTKBI JMHAMUKAIBIK KYKTEMEHI TIKOYPBIIITHI OOJBICTHIH OSTTIK IeKapachlHa KO apKblLIbI
TYBIHJAWIbI, aJ1 OOJBICTBIH OYHip LIeKapaiapbl KepHeyieH 00c¢ xartaibl. TiKOYPBIIITH O0JIBICTHIH TOMEHT'] IEKapachl
KaTThl OekitinreH. TikOyphIITHl OWBIHABIHBIH KOHTYpBI KepHeyaeH 6oc. Macene OyHip 1ekapaiapaa TiKOYpHIITHI
OWBIHIBICEI CHMMETPHSIIBI TYPIE OpHATACKaH TiKOYPHIITH OOJBICTHIH IMIiHAE KYJIal XaTKaH koHe t > 0 yakeIT
MOMeHTiHze OipHemie peT audpakuusuiaHFaH CepriMIl TOJKBIHIAPABIH 11e0i apKachblHIA TybIHIAFaH KEpHEY MEH
JKBUIIaMIBIK ©PIiCiH aHBIKTayFa Tipeie.

Byitip mexapanapia TiKOYphIII OHBIHIBICEI CHMMETPHUSUIBI TYPJE OpHAJIACKaH COHFBI eJIIeMJi TiKOYPBIITHI
00JpIC YIIiH OacTamKel JKOHE MIEKapalbIK MIapTTaphl OSpUIreH apajac ecenTi CaHIBIK SIICIIeH MICTTy YIIiH KeHICTiK
cumaTTamanap 9JiCiHe HETi3NeNTeH aiKhIH COHFBI aWbIPBIMIBIK cXeMa Kypburabl. Om OYKiT 3epTTelNil OTBIpFaH
00xpIc OeIiHEeTIH TYHiIH HYKTeJepAe Ka3pUIFaH OnocumarramManap OOWBIHIOAFBl TEHACYJEpP KYHECIH HHTerpaaay
apKBUTBl AJBIHFAH aKBIPJIBI-alBIPBIMABIK KaThIHACTapFa HerizgenreH. JKyMmpicTa Toyennl alHBIMAIbLIap PeTiHAL
KEpHEYIiH OpBIH AyBICTHIPY KbUINAMABIKTaphl MEH TEH30p BEKTOPBHIHBIH KOMIIOHEHTTEpi KaOblimaHansl, cebedi
KEpHEY MEH OPbIH ayBICTBIPY >KbUIJAMIBIKTaPbl MEXaHU3MAEPl 3epTTey KarblHaH cepriMal AedopManus Ke3iHaeri
JMUHAMUKAJIBIK YAEpiCTep i aHBIKTANTHIH HETi3T1 (p3uKaIBIK mamaap 0oJbIl caHanaasl. EcenTiy Oyiiaiiia KOHbUTy bl
MYH/ail JKYHelep/iH Ka3ipri Ke3ae MeTKUTKTI TypJe TepeH JKoHEe jKaH-)KaKThl 3ePTTEeNIeHIr HEeH, COHBIMEH KaTtap
OpBIH ayBICTBIPY JKBUIAMJIBIKTaphl MEH KEpHEyJepll TaHiay Ke3iHAe MIeKapajblK LIapTTapAaH TYbIHAbLIAp
€CKEepUIMEHTIHIIKTEH TaHAAIIbI, all OYJI OCBI MACeJIeHI CaH/BIK S/1iCIeH IIeNy/ e Naiaaany YIIiH 6Te MaHbI3/IbL.

TikOYpHIIITH OHBIFBI Oap KapacTHIPBUIBII OTHIPFAH JIEHEHIH epeKLIeNiri TiKOYPHIITH ONBIKTBHIH OYpPBIIITHIK
HYKTEJepiHAe NWHAMHKANBIK MoceJeliep VINH «JIeTTeri» (YHKIMAHBIH TYTACTHIFBI OY3bIIaNbl, SIFHH OYII
HYKTeJepAe KapacTHIPBUIFaH (YHKIUSIIAP MEH OJIApABIH OipiHINi KoHE eKiHIII PeTTi TYBIHIABUIAPHI OipiHII TEKTI
y3imicke ymiblpaiinel. Bi3 3epTTenm oTBIpFaH Moceliele OCHIHOAM epeKile HYKTelep VIIIH ecemTey ofici Kypac-
TeIpblIMaFraH. COHIBIKTAH OJap TIKOYPHIIITHI OMBIKTBIH KOIIMIT OYPBIITHIK HYKTEIepi PeTiHAE KapacThIpbLIabl
’KOHE OCBIHZAH epekIle HyKTenepae KapacThpblIFaH QYHKUMSIapAsl TaOyFa apHaIFaH NIyl TeHACYIepAl anyFa
apHayiFaH onic ycbiHbUIbIT OThIp. Illekapanblk mmapTrap Y3iUMiCiHIH MaHAWBIHAAFbl UHAMHKAJIBIK KEpHEY
KOHLIEHTPALUSICHI 3ePTTENIi. 3ePTTeY HOTHIKEEeP] CaH/IBIK IIeIIiMre IeHiH KeaTipiyii.

3epTrey HOTIKeNepi KaTaH (DU3MKAJIBIK JKOHE MAaTEMATHUKAIBIK HETI3J TIpeK eTeli. AJIBIHFaH HOTHXKEICPIiH
JIOJIENI MISIIiMIiH TabaThIH MOCENICHIH KaTaH MaTEeMaTHUKAJBIK TYXKBIPHIMBI MEH OENTiT CAaHMIBIK 9MICTepAl KOJIaHy,
KaXXETT1 OPHBIKTHI MApTTapbl OPbIHIAY MEH €CEeNTey S/ICiHIH OPHBIKTBUIBIFBIH CaHIBIK QICIIEH TEKCEepy, CaHIBIK
ecenrey MeH Pamp-Jlam0a eceOiHIH aHAMTHKAIBIK MICHIIMIHIH COWKeC Kelyi, alblHFaH HOTHKEICPIiH KOHUBUIFaH
ecenTiH (PU3UKAJIBIK Ma3MYHBIMEH COWKEC KeJyiH TipeK eTesi.

CepmiMIiTiK TEOPUACHIHBIH Ka3bIK TWHAMHKAJBIK €CENTEepiH IMIBIFapyFa apHAIBI KYpPacTHIPBUIFAaH MaTeMaTH-
KaJIBIK MOJIEIIb apKbUIbI OJIIeMAl TIKOYPHIITH KOIJICHEH KHUMachl )KoOHE KYpHETi reOMEeTPUsUIBIK (OpMaibl OUBIFEI
0ap >KOJNAKTarbl AMHAMMKAIIBIK YHBITKYABIH TapalyblH Taljayla NaiIanaHbUTybl MYMKIH. AJIBIHFaH HOTHDKeJep
afKbIHAAIFaH KOHE TalKbUIaHFaH (U3MKANbIK KyObUIBICTapAaH 0acka KYpacTBIPBUIFaH €CenTey aIrOpUTMICPiHIH
THIMALUTITIH € KepceTe.

Tyiiin ce3mep: cepmimai, XbUIIAMIBIK, KepHEY, KYII, JXKa3blK Jedopmanusi, TOJKBIH YAepici, KepHey
KOHLIEHTPALUSIChI, CAH/IBIK ICIIIM.

H.K. Amup6aes, 2K.H. Aummpoaea, M.T. lllomanGaeBa,
P.b. Bexmouanaesa, T.C. Cyaranoek, III.LE. AnTein6exoB

HOxH0-Ka3axcranckuii rocyJapCTBEHHBIH yHUBEpcUTeT uM. M. Ay330Ba, LIIpIMKeHT

BOJIHOBBIE TPOLIECCBHI B IIVIOCKOM TEJIE
C CUMMETPHUYHO PACIHIOJIOKEHHBIM MTPSIMOYT'OJIBHBIM BBIPE3OM

AnHoTauus. [IporHozmpoBaHne TUHAMHYECKOTO IOBEICHHS JJIEMEHTOB KOHCTPYKIHMHA C YYeTOM psaa
ocnabmnsaromux GaxTopoB (Pa3phIBBI B TPAHUYHBIX YCIOBUAX, OTBEPCTHSI, TIOJIOCTH, BBIPE3BI U T.J.) UMEET HE TOJIBKO
TEOpPETHYECKOe, HO U IPUKJIaJHOE 3HAUYEHHE, ONPEAeIIEMOe 3aIIPOCaMU HHKCHEPHOH MPaKTHKH.
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Jnst GOonbIIMHCTBA KOHCTPYKLMM, NMPUMEHSEMBIX B CTPOUTENBCTBE, MAIIMHOCTPOSHHH M IPYIUX OTPACIIAX
TEXHUKH, XapaKTePHO HAJIWYUE PA3IMYHBIX HAPYIIEHUH CIUIOMIHOCTH B BUJE OTBEPCTHH, BEITOUEK, I1a30B, BHICTYIIOB
U T.I1., 00YCJIOBJIEHHBIX JIN0OO TEXHOJIOTHEI M3rOTOBJICHUS, TH00 IKCILTyaTallHOHHBIMU TpeOoBaHMsIMU. Bosie Takux
HECIUIOIIHOCTEH BO3HHMKAeT, KaK W3BECTHO, SBJICHHE MECTHOTO WCKAXEHUWs HalpspkeHHH u  jaedopmMalui,
Ha3bIBaEMOE OOBIYHO KOHIIEHTpaLWeH HarpsKeHUH. DTH 3((eKThl BHOCAT CYIIECTBEHHOE U3MEHEHHE B «CPEAHUE»
HaNpsDKeHUS W HEPEIKO SBISIOTCS NPUYMHONW paspymeHns. Ha kadecTBeHHble M KOJIMYeCTBEHHbIE 3(dexTs
KOHLICHTPALMK HAlPsDKEeHNH BIUSIOT PasHOOOpa3HbIe NPUYMHBL, CBSI3aHHBIE C T€OMETPUEH KOHLEHTPATOpa, BUIIOM
BO3/ICICTBUS, peajbHBIMU CBOMCTBaMH Martepuaia. [loaTomy npoOieme KOHIEHTpaUWi HarpspKeHUH yaemsieTcst B
COBPEMEHHOW TEXHHKE OIPOMHOE BHHMAHHE, YTO HAIUIO OTPaKCHHE B IPAKTHYECKH HEOOO3PHMOM KOJIUYECTBE
OTEUYECTBEHHBIX M 3apyOe)HBIX HCCICIOBAHUHN, a TAKKE CHEHANIbHBIX MOHOIpa(usIX M CIPaBOYHBIX PYKOBOJCTBAX.
Pemrenne kpaeBhIX 3amad A Takux oOjacTeil HEBO3MOXKHO 0e3 pazpaboTku 3()h()EeKTUBHBIX YHCIEHHBIX METOOB.
[TosTOMy LEHTp TSDKECTH MpPOOJIEMBI MCCIIENOBAHMS HECTALIMOHAPHBIX BOJHOBBIX IOBIKEHHI B CIUIOIIHBIX Cpenax
BCE OOJIBILIE CMEIIACTCS B CTOPOHY Pa3pabOTKH U COBEPLIEHCTBOBAHMUS Pa3HOCTHBIX CXEM, IO3BOJIAIONIMX YIIy4IIaTh
pe3ynbTaTel pacueToB. OIHAKO OO HACTOSIIEr0 BPEMEHH CPABHHUTENBHO Majo PEIICHHBIX 3aJay AMHAMHYECKOM
TEOPHUU YIPYTOCTH B OTPAaHMYCHHBIX TEJIaX C HEOJHOPOJHOCTSMH Pa3IMYHOW KOH(UTypaluHu C HCIOJIb30BaHUEM
YHUCJICHHBIX MCTOI0B.

Takum 00pazoM, MOTPEOHOCTH NPAKTUKU OINPENCISIIOT KPYr aKTyalbHBIX HAyYHBIX M NPAKTUYECKHX 3aaad
JIMHAMHKH CIIOIIHON Cpe/ibl, KOTOPBIE CTalIM IPEAMETOM MCCIIEJOBAaHNS HACTOSILEH pabOoThI.

B pabore B nMHEHHON MOCTAaHOBKE paccMaTpUBAETCS 3a/1a4a O paclpOCTPAHEHUH AMHAMUYECKUX BO3MYIIEHUH
B NPSMOYTOJIBHON 00JIACTH KOHEYHBIX Pa3MEpPOB C CHMMETPHUYHO-PACIIOIOKEHHBIM NPSIMOYTOJIBHEIM BBIPE30M Ha
OOKOBBIX TpaHHLaX. BoJHOBOIl mpomecc BBI3bIBaCTCS NPUKIAIGIBAHHEM BHEIIHEH JUHAMHYECKOH HArpy3KH Ha
JHMLEBOW TpaHMIE NPSAMOYroNbHOH oOnacTH, a OOKOBBIE TPaHHIBI 00JACTH CBOOOIHBI OT HampspkeHHd. HinkHss
IpaHyLa IPsAMOYTONBHOM 00IacTh KECTKO 3akperuieHa. KOHTyp NpsMOYyroJbHOTO BBIpe3a CBOOOIEH OT Hamps-
KeHMH. 3ajadya 3aKII049aeTcsi B ONpENeNeHNH BHYTPH MPSIMOYTOJbHOH 00JIACTH ¢ CHMMETPHYHO-PACTION0KEHHBIM
IPSMOYTOJIBHBIM BBIPE30M Ha OOKOBBIX TIpaHUIAX IIOJed HANpsDKEHMH M CKOPOCTEH, BBI3BAHHBIX (DPOHTAMH
MaJIaloIX ¥ MHOTOKPAaTHO AN(pParupoBaHHbIX YIPYTHX BOJIH B MOMEHT BpemeHu t > 0.

I[J'ISI YHUCJICHHOI'O pCIICHUA CMEIIaHHOM 3aga4ur ¢ Ha4YaJIbHBIMH U T'PaHUYHBIMU YCJIOBUIMU IJIA HpﬂMOyFOHbHOﬁ
00J1acCT KOHEUHBIX Pa3MEPOB C CHMMETPHYHO-PACIIOIIOKEHHBIM TIPSIMOYTOJIHBIM BBIPE30M Ha OOKOBBIX IpaHHIAX
MIOCTPOEHA sIBHAasi KOHEYHO-PAa3HOCTHAs CXeMa, OCHOBAaHHAs Ha METOJEe IPOCTPAHCTBEHHBIX Xapakrepuctuk. OH
OCHOBaH Ha KOHEYHO — Pa3HOCTHBIX COOTHOIICHHSX, IOJYYCHHBIX MHTETPUPOBAHHEM CHCTEMbI YpaBHEHHH BIOJIb
OMxapaKTEePHUCTHK ¥ 3aIHCAHHBIX B Y3JIOBBIX TOYKAX, HA KOTOpPEIE pa3duBaeTcs B HccieayeMast obmacte. B pabore
B KAueCTBE 3aBHCHUMBIX MEPEMEHHBIX NPHHUMAIOTCS KOMIIOHEHTBI BEKTOpa CKOPOCTEeH MepeMelieHHd M TeH30pa
HalpsDKCHUH, II0CKOJIBKY HANpPSOKCHHS W CKOPOCTH IEpPEeMEIICHHI SBISIOTCS OCHOBHBIMH  (DM3MYECKHMHU
BEJIMYMHAMH, NTPEACTABISIONMMYI HHTEPEC C TOUKH 3PEHUS U3YUEHHS MEXaHH3MOB, ONPEICIIIONINX THHAMUYECKUE
HPOLECCHl NPU YIPYroM AeGopMHpOBaHMH. JTa MOCTAHOBKA BBIOpaHAa MOTOMY, YTO TaKHE CHCTEMbI M3y4YEHBI B
HacTosIIIee BpeMs OCTaTOYHO IIyOOKO M OCHOBATENBLHO W, KPOME TOTO, IIPpU BBIOOpE CKOPOCTEH NepeMenieHni 1
Hanpsmceﬂni/i B Ka4Y€CTBE€ OCHOBHBLIX MNEPEMCHHBLIX, HCKIIOYAIOTCA IMMPOU3BOJAHBIC H3 TPAHUYHBIX yCHOBHﬁ, 4qTo
I-Ipe3B]:ul'-Ial‘/lIHO Ba)XXHO ITPU UCIIOJIb30BAHUU YUCJICHHBIX METOAOB PCIICHUS 3a/1a4U.

OCOOCHHOCTBIO PACCMOTPEHHOTO TEla C MPSIMOYTOJBHBIM BBIPE30M SIBJIICTCS TO, YTO B YIJIOBBIX TOYKax
NPSIMOYTOJIBHOTO BBIPE3a HapyLIaeTcs «IPUBBIYHAS» JUIS AWHAMUYECKHMX 3ajad IJIaJKOCTh (pyHKIMi, T.e. B 3THX
TOYKaX MCKOMbIE (YHKIIMU U MX IIEPBbIE ¥ BTOPBIE MPOU3BOIHBIEC TEPILT pa3phiB MepBOro pona. s Takux ocodbIx
TOYEK, KOTOpblE HMMEIOT MECTO B HCCIEAyeMOW HaMH 3ajaue, METOJA pacyera He paspaboraH. [lostomy oHum
paccMaTpHBarOTCS Kak OOBIYHBIC YIJIOBBIE TOYKH IIPSIMOYTOJIBHOTO BBIpe3a. BBIT MpemiokeH MeTOZ IMOJIy4eHHUs
paspeliaomyx ypaBHEHHH [UIi HaXOXKICHHS MCKOMBIX (YHKIMH B 3THX 0cCOOBIX Toukax. MccinenoBaHa
KOHIIGHTpAIlMs JWHAMHYECKHX HANPSDKCHUH B OKPECTHOCTH pa3pblBa TPaHUYHBIX yCJIOBHH. Pe3ynbraThl
HCCIIEIOBAHUS JOBEIEHBI JI0 YUCIEHHOTO PELICHHUS.

Pe3ynbTaThl MccnenoBaHU 0a3UpPYIOTCSA Ha CTPOTUX (PM3NYECKUX U MaTeMaTHYECKUX OCHOBaX. JlocToBepHOCTH
HOJIy4EHHBIX PE3yJbTaToB OOYCIOBJICHA CTPOrOM MaTeMaTHYecKOW (OpMYyJIHpPOBKOM pellaeMod 3agaud U
MPUMEHCHUEM M3BECTHBIX YHCJICHHBIX MCTOJOB PCIICHUSA, BBIITOJHCHUEM HeO6XO}II/IMle yCJ'IOBI/lﬁ yCTOFI‘lMBOCTPI u
YHUCJICHHOM IIPOBEPKON YCTOMYMBOCTU METOJA pacyera, COBIAJEHUEM pE3YJbTATOB 4YHUCIEHHBIX pAaCyETOB C
pe3ysbTaTaMy TOYHOTO aHAMTUYECKOrO pemeHus 3agadu Panest — Jlam0a, COOTBETCTBHEM IIOJIyYEHHBIX DPE3yJIb-
TaTOB (PU3NYECKOMY COZEPKaHUIO TOCTaBJICHHOW 3a/1a4H.

PazpaboTanHas MaTeMaTH4ecKkasi MOJENb PELICHHs IUIOCKHX JAWHAMHUYECKHX 33/1a4 TEOPUH YHPYTOCTH MOXKET
OBITh HCIIONb30BaHA [UIsl aHAJIM3a PACHPOCTPAHEHHs AWHAMHYECKHX BO3MYLICHHH B IOJOCE C NPSMOYTOJBHBIM
MOIePEYHBIM CEYCHHEM KOHEYHOTO pa3Mepa U BHIPE3OM CIIOKHOW reoMeTpuueckoil popmbl. Kpome BBISBICHHBIX U
00CY>KIEeHHBIX (DU3WYECKHUX SBICHHUH, MMONydYSHHBIE PE3YNbTaThl IEMOHCTPUPYIOT 3(PQPEKTHBHOCT pa3paboTaHHBIX
PaCUeTHBIX aJITOPUTMOB.

KiroueBble cj10Ba: ynpyrocts, CKOpPOCTb, HAaIIPsDKEHUE, HATPY3Ka, IUIOcKas AedopMaliys, BOIHOBOH mpowecc,
KOHIIEHTPALMS HAIPSDKEHUH, YHCIICHHOE PELleHHeE.
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THE CORRESPONDENCE OF THE EREZ-ROSEN
SOLUTION WITH THE HARTLE-THORNE SOLUTION
IN THE LIMITING CASE OF ~Q AND ~M?

Abstract. The link between exterior solutions to the Einstein gravitational field equations such as the exact
Erez-Rosen metric and approximate Hartle-Thorne metric is established here for the static case in the limit of linear
mass quadrupole moment (Q) and second order terms in total mass (M). To this end, the Geroch-Hansen multipole
moments are calculated for the Erez-Rosen and Hartle-Thorne solutions in order to find the relationship among the
parameters of both metrics. The coordinate transformations are sought in a general form with two unknown functions
in the corresponding limit of ~Q and ~M?. By employing the perturbation theory, the approximate Erez-Rosen
metric is written in the same coordinates as the Hartle-Thorne metric. By equating the radial and azimuthal
components of the metric tensor of both solutions the sought functions are found in a straightforward way. It is
shown that the approximation ~Q and ~M?, which is used throughout the article, is physical and suitable for solving
most problems of celestial mechanics in post-Newtonian physics. This approximation does not require the use of the
Zipoy-Voorhees transformation, which is a necessary strict mathematical requirement in the ~Q approximation, i.e.
when no other approximations are made. This implies that the explicit form of the coordinate transformations
depends entirely on the approximation that is adopted in each particular case. The results obtained here are in
agreement with the previous results in the literature and can be applied to different astrophysical goals. The paper
pursues not only pure scientific, but also academic purposes and can be used as an auxiliary and additional material
to the special courses of general theory of relativity, celestial mechanics and relativistic astrophysics.

Keywords: exact and approximate solutions of Einstein's gravitational field equations, Erez-Rosen metric,
Hartle-Thorne metric, coordinate transformations, quadrupole moment, Geroch-Hansen multipole moments,
perturbation method.

1. Introduction.

There are a plenty of exact and approximate solutions to the Einstein field equations (EFE) in the
literature [1,2]. Most of the solutions are pure mathematical and only some of them are physical and
usually used in a various realistic astrophysical context. We here focus on the exterior exact Erez-Rosen
(ER) [3] and approximate Hartle-Thorne (HT) [4,5] solutions, hich are very well established and widely
exploited. The Erez-Rosen solution mainly involved in the description of the exterior gravitational field of
a deformed astrophysical object. Instead the Hartle-Thorne solution is used to study both interior and
exterior fields of slowly rotating and slightly deformed astrophysical objects in the strong field regime. In
connection with this, it is interesting to show how to find the relationship between these solutions in the
limiting static case with a small deformation.




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

The metric of a nonrotating mass with a quadrupole moment has been obtained by Erez and Rosen in
1959 [3] with a use of Weyl method [6]. This metric was also analyzed by applying the spheroidal
coordinates, which are adapted to characterize the gravitational field of non-spherically symmetric bodies.
Later corrected for several numerical coefficients by Doroshkevich (1966) [7], Winicour et al. (1968) [8]
and Young and Coulter (1969) [9]. The physical properties of the ER metric were investigated by
Zeldovich and Novikov [10] and later by Quevedo and Parkes [11]. More general solutions involving
multipole moments were obtained by Quevedo, Quevedo and Mashhoon (QM) [12—15].

In the article dated back 1967 Hartle put forward his approach for studying physical properties of
slowly rotating relativistic stars [4]. Physical quantities that describe the equilibrium configurations of
rotating stars such as the change in mass, gravitational potential, eccentricity, binding energy, change in
moment of inertia, quadrupole moment, etc. were proportional to the square of the star’s angular velocity
Q2. Hartle and Thorne tested the formalism for different equations of state of relativistic objects [5]. From
that moment this solution is widely known as the Hartle-Thorne (HT) solution. Unlike other solutions of
the Einstein equations, the Hartle-Thorne solution has an internal counterpart [4,16], which makes it more
practical for investigation the equilibrium structure and physical characteristics of relativistic compact
objects such as white dwarfs, neutron stars and hypothetical quark stars [17-21]. Relatively recently this
solution was extended up to Q* approximation [22].

The main objective of this article is to find the relationship between Hartle-Thorne solution and
Erez-Rosen solution and show their equivalence in the limiting static case with a small deformation.
We adopted the signature of the line elements for this article as (+ — ——) and used geometrical units
G=c=1

It should be emphasized that the relationship between the ER and HT solutions has been established
by Mashhoon and Theiss in 1991 [23], involving the Zipoy-Voorhees transformation in the limiting static
case for small deformation. In addition Frutos-Alfaro and Soffel has shown that in the limit of ~Q and
~M? for static case one can find the relationship between the two metrics without involving the
Zipoy-Voorhees transformation [24]. In [25] we revisited the derivation by Mashhoon and Theiss
providing all technical details in an instructive way. However, in this work we revisit the results of Frutos-
Alfaro and Soffel [24], justifying physical significance, providing technical details. The paper pursues
pure scientific and academic purposes.

The work is organized as follows. We review the main properties of the ER solution in section 2. The
main physical characteristics of the exterior Hartle-Thorne solution are discussed in section 3. Section 4 is
devoted to the computation of the multipole structure of the solutions. The linearized, up to the first order
in mass quadrupole moment @ and to the second order in total mass M the Erez-Rosen solution is
considered in section 5. The Hartle-Thorne solution in the limit of ~Q and ~M? is considered in section 6.
Using the perturbation method, the coordinate transformations are sought in section 7. Finally, we
summarize our conclusions and discuss about future prospects.

2. The Erez-Rosen metric

The Erez-Rosen metric is an exact exterior solution with mass (m) and quadrupole (q) parameters
that describes the gravitational field of static deformed objects in the strong field regime [26]. It belongs to
the Weyl class of static axisymmetric vacuum solutions in prolate spheroidal coordinates (t, x, y, @), with
x=>land—-1<y<1:

ds? = e?¥dt? — m2e~2¥ [627’0(2 )(

D)+ 2= DA - yDde?], ()

where the metric functions ¥ and y depend on the spatial coordinates x and y, only, and m represents the
mass parameter.
The solution found by Erez and Rosen has the following form [27]

x21

1,[)——1 ( )+ q(3y? —1)[ (3x2 —1)ln( )+ x] 2)

and

=—(1+q)21n( )——q(l yz)[xln( )+2] 3)

2y2

—— () ——
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9 4
+—q*(1—y )[x2+4y2—9x2y2—§

16 c .

2 2 _ 2_ 2 X— )
+91c<x + 7y% — 9x%y 3)ln<x_|_1 )
+4(x 1 (x?% + y2 — 9x2%y%2 — 1) In? (x+1

where q is the quadrupole parameter.

3. The exterior Hartle-Thorne solution
The general form of the exterior approximate HT metric [4, 5] in spherical (t, R, ©, ¢) coordinates is

given by:
2M 2M\"1 J?
ds? = (1 - T) 1+ 2k;P,(cos®) — 2 (1 - T) — (2c0s?0 — 1) | dt?
2m\ "1 6J2
—(1—?) [1—2(1«1—F)Pz(cos@)—z@—T F]dRZ (4)
4
—R?[1 — 2k, P,(cos ©)](d©? + sin? 6 d$p?) = / sin? @ dt d¢
where
2 M 5Q-J%/M
k1=ﬁ(1+;)+go L2030 )
_1
ky = by + L+ 2L (1 2R 1y (6)
and

Q3(x) = (x* — 1)z 37x1n(

x+1> 3x%2 -2
x—1 x2 -1

x +1\ 3x3-5x
Q3(x)=(x*-1) [—ln — 1) T GEC 1)2]
are the associated Legendre functions of the second kind, being P,(cos®) = (1/2)(3cos20 — 1) the
Legendre polynomial, and x = % — 1. The constants M, J and Q are the total mass, angular momentum
and quadrupole moment of a rotating object, respectively. Note, that according to Hartle Q > 0 for oblate

and Q < 0 for prolate objects.
In order to obtain the HT solution for static objects, we set / = 0 in the general form (4) and obtain

2M 2M\"!
ds? = (1 _ 7) [1 + 2k, P, (cos ©)]dt? — (1 _ ?) [1 — 2k, P, (cos ©)]dR?

—R?[1 — 2k,P,(cos ©)](d®? + sin? © ddp?) (7)

Where
8 M3 QZ( ) (8)
by = ks +3-2(1-20) 7 03 (x) ©)

Hence we can find the function ¥(x, y) for the static HT metric from a simple relation

gt = e?¥ (10)
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The solution found for ¥ has the following form

lp=§m[@:g<1_Sdﬁﬂﬂxwwﬁﬁ+ﬂﬂ-0“4§ﬂ»] an

x+1 16M3(1-x2)

where y = cos 0. Finally, for the function y it is not possible to find an explicit expression, unless we
consider the approximate version of the ER metric. This will be done in Sec. 5.

4. Geroch-Hansen multipole moments
Using the original definition formulated by Geroch [28], the calculation of multipole moments is quite
laborious. Fodor et al. [29] found a relation between the Ernst potential [30,31] and the multipole
moments which facilitates the computation. In the case of static axisymmetric space—times, the Ernst
potential is defined as
1-e2¥
1+e2¥

§(x,y) = (12)

The idea is that the multipole moments can be obtained explicitly from the values of the Ernst
potential on the axis by using the following procedure. On the axis of symmetry y = 1, we can introduce
the inverse of theWeyl coordinate z as

s—1_1
Z=_=— (13)
If we introduce the inverse potential as
£/ 1,/
£z,1) =3¢ 1) (14)
The multipole moments can be calculated as
1 d"(z,1)
M, =m, +d,, my = ;ﬁ (15)

where d,must be determined from the original Geroch definition (e.g. Refs. [15]). For the Erez—
Rosen metric, the Geroch-Hansen multipole moments read

2
My = m, M, = Eqm3 (16)

where M, is the monopole moment and M, is the quadrupole moment.
For the Hartle-Thorne metric, we obtain
My =M, M, = —Q (17)

As one can see from the Geroch-Hansen definition of multipole moments the quadrupole moment of
the HT metric has an opposite sign, which is due to the use of a different convention.

5. The approximated Erez-Rosen solution in the limit of ~Q and ~M?
In order to obtain the approximated ER metric we express m and q in terms of M and Q by equating
relations (16) and (17), respectively as follows

- - _Be
m=M, 9=~ (18)
and find its limit in ~Q and ~M? by expanding in Taylor series keeping only Q and M? and neglecting
QM? terms. Taking into account x = %— 1 and y = cos 6, the final result is written in spherical-like
coordinates (t,7, 0, ¢)
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ds? = (1 _%_*_ 2QP,(cos0) n ZMQPZ(cose)) dt2 (19)

r3 r4

2M  4M?  2QP,(cos®) 2MQ(5PF(cos6) + 11P,(cos8) — 1)\
—(1+—+ — — dr
r2 r3 3r4

5 2QP,(cos0) 2MQ(5P;(cos6) + 5P,(cos0) — 1)\
i E — do

2QP,(cos 0) 6MQP2 (cos 6))

2cin2
—resin“0( 1 —
< r3 r4

6. The Hartle-Thorne solution in the limit of ~Q and ~M?
In order to obtain the HT metric for static objects we set / = 0 and find its limit in ~Q and ~M?,

taking into account x = %— 1 and y = cos®. So the HT metric in standard spherical coordinates
(t,R,0,¢) reads

2M | 2QP,(cos®) . 2MQP;(cos ©) 2M  4M%2  2QP,(cos®) 10MQP;(cos©)
ds? = (1 — ch305 ;:os )dt2 _ (1 " _+ - ch305 _ R24c05 )dRz(ZO)
2QP,(cos®) 5MQP. (cos 0) _
—R? <1 — == = (d@? + sin?0d¢?)

7. Coordinate transformations from the Erez-Rosen metric to the Hartle-Thorne metric

To obtain the correspondence between the ER solution, with coordinates (t,r,0,¢), and the HT
solution, with coordinates (t, R, ©, ¢), both solutions must be written in the same coordinates. Therefore,
we search for a coordinate transformation of the following form:

roR+2A(O)  0-0+524(0) @1

where f;(0)and f,(0) are the sought unknown functions. In view of ~Q and ~M? approximation the
functions f; and f, depend only on 0. The total differentials of the coordinates are given by:

_ 3 R4 2 g = (1~ 212 24©)
dr—aRdR+a®dG)—( (G)))dR+ ( 1 )dG) (22)

_ 20 20 , . 4MQ MQ 8£,(0)
de—ﬁdR+£d@—( (@))dR+(1+R4 20)) g (23)

These expressions should be plugged in the approximated ER solution (19). Then, only terms ~Q and
~M? must be retained. We thus obtain the approximated ER metric in the same coordinates as the
HT solution with the same parameters

1__
R * R3 R*

- 2M N 4M?  2QP,(cos®) 2MQ(5P%(cos®) + 11P,(cos ®) — 9f;(0) — 1) -
R R R 3R
—R2 <1 _ 2QPy(cos@®) 2MQ(5P2(cos 0)(1+P,(cos O))+3(f1(®)—f2’(9))_1)> 162

ds? = ( 2QP,(cos®) 2MQP,(cos G))) 42

24

R3 3R*

N <2MQ(f1’ (G;) - 4f2(@))> iRd®
2QP,(cos0) ZMQ (3P,(cos®) + f1(0) + f,(0O) cot @))
R3 R4

—RZ?sin%0 (1 -
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Furthermore, by equating the corresponding grr components of the metric tensor of both
approximated ER (24) and HT (20) solutions, written in (¢, R, ©, ¢) coordinates, we find the expression

for function f; (©) as follows
5P2(cos ©)—4P,(cos ©)—1
9

f1(0) = (25)

Analogously, by comparing only the azimuthal components of the metric tensor ggg of both
solutions, we find the function f,(0) as
£2(0) = (2 — 5P,(c0s ©)) cos Osin © (26)

To this end, if we plug these functions into the mixed component of the metric tensor grg of the
approximated ER solution (24), written in (R, ©) coordinates, grg vanishes, as we expected.

8. Conclusion. We explored the Erez-Rosen and Hartle-Thorne metrics (in the absence of rotation) in
the limit ~Q and ~M? by using the perturbation method. The approximation that we used throughout the
paper is physical and convenient to solve most problems of celestial mechanics in the post-Newtonian
Physics. We showed that the approximate Erez—Rosen line element coincides with the Hartle—-Thorne
solution in the considered limit.

The use of Geroch and Hansen invariant definition of the multipole moments helped us to calculate
the corresponding mass monopole and quadrupole moments and establish the interconnection among the
parameters of both solutions.

In addition, we have showed that the explicit form of the coordinate transformations in the limit ~Q
and ~M? do not require the use of the Zipoy-Voorhees transformation in view of Ref. [32] (see also Ref.
[25] for details).

Due to the recent results [33—36], it will be interesting to find the connection between the Erez—Rosen
and Zipoy-Voorhees (q-metric) solutions. This will be the issue of future studies.
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K. Bomkaes'?, A. Maabi6aes!, D. Kepego'=+,
I'. Hyp6akwbiT!, A. Taykenosa'?, A. Ypazaauna'?

'On-Dapabu areiaparsl Kasak yaTThiK yHUBEpCHTETI, AnMathl, Kasakcran;
2ALIBIK TYPZEri YITTHIK HAHOTEXHOJIOTHAIIBIK 3epTXaHa, AnmaTel, Kazakcran;
3JIa Canvenua Pum yausepcureri, Pum, UTamus;
“MekcHKa YITTHIK aBTOHOMHUSIBIK, YHHBEPCHTETI, SIIPOIBIK FRUIBIMAAP MHCTUTYTHL, Mexuko, Mekcuka

~Q ’KOHE ~M? )KYBIKTAYBIHJIA OPE3-PO3EH
JKOHE XAPTJI-TOPH METPUKAJIAPBIHBIH COMKECTITI

AnHotanusi. By >xyMmeicTa TpaBHTanMSUIBIK epic YHIIH OWHINTEHH TEHJEYJIEpiHiH CHIPTKHI IIEMIiMi, aTarl
aiitkania DOpes-Posen xone Xapmi-TopH MeTpukanapbl apachlHa OailaHbIC OpHATBHUIABI. Jpe3-Po3zeH MeTpuKach
DWHIITEHH TeHACYIEPiHiH AJ MIEIIiMi OO caHAIAJbI )KOHE CTATHKAIBIK, OCBTIK CHMMETPHSUTBI aCTPO(PH3UKAIBIK,
HBICAHJAPJBIH CHIPTKEI TPaBUTAIUIIBIK OPICIH CHIATTAIBL, all XapTi-TOpH METpUKachkl DWHINTEHH TeHICYIICpiHIH
KYBIK IIemimMi OOJNBIT ecenTenedi, oi Oasfy aiHaNaThIH XOHE a3jan jAedopMarVsIaHFaH acTPOPHU3MKAIBIK
HBICAHJAP/BIH 1IIKI )KOHE CBIPTKBI MPaBUTALMSIBIK OPICIH cumaTTaiiabl. Makanana anra KOMBUIFAH MaKcaTKa JKeTy
yiid XapTia-TOpHHBIH CBIPTKbI METPHKACHI TEK CTATHKAJIBIK JKaFAaiiia KapacThIPbUIIBL.

JKorapbina KepceTUIreH IIeliMIep apachblHAa KaThlHAC OpPHATY YIIIH ojiap Oipieil sKybIKTay KOHE aifHamy
OonMaraHa, JOMpeKk aHTKaH[Ia, ChI3BIKTHIK KBaAPyMONbIiK MOMEHT (Q >KOHE TONBIK Macca KBaapaTbl M2
KYBIKTayBbIH/Ia KapacThIpbulibl. XapTi-TopH MeTpuka KoopauHaTtanapbiHna Ope3-Po3eH MeTpuKkachiH kasy YIIiH
angpiMeH ['epou-XaHCceH MyJIBTUIIONBAIK MOMEHTTEPI €CeNnTel i, MTHBApUAHTTHI MOMEHTTEP/II aHBIKTAy €Ki METpUKa
napameTpIiepi apacbiHaa OaitaHbic opHaTyFa MyMKiHIik O0epai. Coman keiiin Dpe3-Po3en merpukacel Xapti-TopH
METPUKACHIHBIH napameTpiiepi Q, M apKbLIbl Ka3bUIIbl )KIHE OHBIH JKybIK OPHETI ~ Q 5koHe ~ M? Ierin/e albIH/Ibl.

Opi Kapait, f; xoHe f, eki Oenrici3 GyHKIUsIapsl 0ap KAaNIbl TYPAETT KOOPIAUHATAIBIK TYPICHIIPY/Ii KOJIaHy
apKbUIBl KapacThIpbUIFaH XyblIKTayna Ope3-Posen merpukacel Xapmi-TOpH MeTpPHKachIHBIH KOOpPIMHATACHIHIA
24
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Ka3pupl. OchlIaH KeHiH eKi MeniMHIH METPHKAIBIK TEH30PbIHBIH Pafnalibl )KOHE a3MMyTalbl KypayllbulapbiH
TEHECTIpe OTBIPHIN, f; XoHE f, GyHKUMAIapsl alkpHganael. Ocbutaiimma Opes3-Pozen men Xaptia-TopH mremnimi
apachIHJIaFbl OAIaHBICTBl @HBIKTAUTBIH KOOPAMHATAIIBIK TYPJICHAIPYAiH KYBIK OpHET1 aHBIKTaJIbI.

Makanaza KoJjaHbuFaH ~ Q koHe ~ M? kybIKTaybl (U3HKAIBIK 5KOHE MOCTHBIOTOHABIK (DM3MKaAa acraH
MEXaHUKACBIHBIH KONTEI'eH MOCEJICIEPiH IIeNIyre KOJIaiibl eKeHIH aTal 6TKeH keH. by xybikTay 3unoi-Bypxuc
TYpAeHIipyiHe xXyrinoeyre MmyMkiaik Oepexni. Cebebdi 3unon-Bypxuc TyprieHaipyi ~ Q KybIKTaybIHI, SIFHHU, Oacka
SIIKAaH/All JKYBIKTAQy €CKEepUIMEreH Ke3Je KaKeTTI KaTaH MaTeMaTHKAJbIK Tanan OoJbIn  caHaitaipl. by
KOOPJIMHATAIBIK TYPJICHIIPYIiH aWKbIH TYpl TOJBIFBIMEH opOip HAKThl JKarjaija KOJIAaHBUIATBIH JKYBIKTayFa
OaifmaHpICTHI OOMaIbl JeTeH I Oimipeni.

Kopbithinabinail kene, Dpe3-Pozen xone Xapria-TopH MeTpuxanapbl ~ Q xoHe ~ M? KybIKTayblHJA
CTATUKAJBIK JKaFJail VIIiH YHBITKY TEOPHACHIHBIH ONIiCTepiH KOJNJaHy HETi3iHIe 3epTTey Kacaimbel. Dpe3-PozeHHIH
CBI3BIKTHIK AJIEMEHTIHIH KapaCTHIPBUIFaH KYBIKTayna XapTi-TopH memiMiMeH Colikec KeTeTiHI KOPCeTUI L.

OcpUtaiima KYMBICTa aJbIHFAH HOTIDKENEp oJcOMeTTe albIHFaH OeNTill HOTIKEIEpMEH COWKeC Kelledi KoHe
OJIapAbl SPTYPIi acTpo(U3MKANBIK Macelenepre KoigaHyra Oonambl. Makana TeK KaHa FBUIBIMH €MeC, COHBIMEH
Oipre akageMHsJIBIK MakKcaTTapAbl Ja Ke3JeHIl jKOHE >Kalllbl CajbICTHIPMANBLIBIK TEOPHACHI, acllaH MEXaHHKAaChI
KOHE PEJIITUBHCTIK acTpodu3uka OOWBIHIIA apHAibl KypcTapAa KeMEKIIi JKOHE KOCHIMIIA Kypal peTiHae
naiinananyra 0oJaibl.

Tyiiin ce3mep: rpaBUTALMSIIBIK OpIC YIITH DHHINTEHH TEHACYJIEPIHIH 1971 JKOHE XKYBIK HIemmimaepi, Ipe3-Posen
MeTpHuKachkl, Xapmi-TOpH METpPHKachl, KOOPIWHATTHIK TYPJCHIIPY, KBaIpyMoJbAik MOMEHT, ['epou-XaHceH
MYJIBTHIIONBAIK MOMEHTTEP1, YHBITKY TEOPHUSICBIHBIH 9JIiCTEPI.

K. Bomkaes'?, A. Maasidaes!, J. Kepeno'=4,
I'. Hypoaksit!, A. Taykenosa'?, A. Ypazaauna'?

'KasHY um. anmp-Papabu, pusuko-TexHudecknii Gpaxynsrer, Anmatel, Kazaxcram;
’HaumoHanbHass HAHOTEXHOJIOTHIECKAs 1a00paTOpHst OTKPHITOTO THna, Anmarel, Kasaxcraw;
3Pumcknii yausepceuter Jla Canvenua, pusuueckuii paxynsrer, Pum, Uranus;
“MeKCHKaHCKUH HAllMOHAJIBHBIA aBTOHOMHBIN YHUBEPCHTET, MHCTUTYT AJAEPHBIX Hayk Mexuko, Mekcuka

COOTBETCTBUE METPHUK 3PE3A-PO3EHA U XAPTJIA-TOPHA B IPUBJIN)KEHUUA ~Q U ~M?

AnHotanusi. B nanHoW paboTe ycTaHOBJEHa B3aMMOCBS3b MEXIY BHEIIHMMH pELICHHSIMH YypaBHEHHH
DWHINTEHA AJ1 TPaBUTAIIMOHHOTO TIOJIS, 8 UMEHHO MeTpukor Dpe3a-PoszeHa u metpukoit Xaptna-TopHa. Metpuka
Opesa-PozeHa sBIsieTCS TOYHBIM PEIICHHEM ypaBHEHMH DWHINTEHHa M ONMCHIBACT BHEIIHEE TPABUTALMOHHOE TI0OJIE
CTaTUYCCKHUX, aKCHAJIbHO-CHMMETPUYHBIX acTpo(u3mdeckux OOBEKTOB, B TO BpeMs Kak MeTpuka Xaptia-TopHa
SIBIIICTCST TPUONIDKEHHBIM PEIICHUEM ypaBHCHHH OWHINTEHHA, KOTOPOE OMHCHIBACT KaK BHEIIHWE, TaK |
BHYTPCHHHE TPABUTAIMOHHBIC MO MEUIEHHO BPANIAIOIIUXCS W CIErka Ie()OPMHUPOBAHHBIX acCTPOPUINIECKUX
00BeKTOB. Il MOCTMKEHHS IENT CTaTbU PacCMOTPEHA TOJBKO BHEIIHSS MeTpuka XapTia-TopHa B CTaTHYECKOM
ciry4ae.

YroObl YCTaHOBUTH B3aWMOCBSI3b MEXIy IEPEYUCICHHBIMH METPUKAaMH, OHHM ObUIM pPacCMOTPEHBI B
OJIMHAKOBOM IPHOJIMIKEHUU M B OTCYTCTBHE BpAIlIEHHs, TOUYHEE, B IPE/IeNe JINHEHHOTO KBaIPyIIOJILHOIO MOMEHTa (
U KBajpaTa MonHoi Maccel M2, UToOwl 3amucaTh MeTpuKy Dpe3a-Po3ena B koopauHaTax MeTpuku Xaprna-TopHa,
cHavama OBUTM BBIYMCIIEHBl MYJBTHUIONBHBIE MOMEHTH ['epoda-XaHceHa, KOTOpBIE IO3BOJISIOT YCTAaHOBUTH
B3aMMOCBA3b MCXKAY IapaMeTpaMu O6CI/IX METPUK TMOCPECACTBOM BbIYMCIICHHUA HWHBAPUAHTHBIX MOMEHTOB. 3areMm
MeTpuka Jpe3a-Po3eHa Opima 3ammcaHa depe3 mapaMeTpel MeTpukn Xaprmina-TopHa @, M u Obul monydeH eé
MpUOJIMKCHHBIA BUJ B Tipezene ~ Q u ~M 2,

[Janee, ucnonb3ys KOOpIMHATHBIE NPE0Opa3oBaHMs, 3alMCaHHblE B OOLIEM BHIE C ABYMsI HEM3BECTHBIMHU
dyukuusimu f; u f,, Mmerpuka Opesa-Po3ena Obiia 3amucaHa B KOOpAMHATax MeTpuku Xaprina-TopHa st
paccMaTtpuBaeMoro mpuOmmkenus. [lociae 3Toro, NpHpaBHSAB pagualibHBIE W a3UMYTalbHBIC KOMITOHEHTHI
METPUYECKUX TEH30POB JIByX PacCMaTpHBAEMbIX PELICHUi, ObUTM HaiijieHbl UCKoMble QyHKuuU f; u f,. Takum
00pa3oM, ObUT HalZeH MPHUOIMKEHHBIH BUI KOOPIMHATHRIX IPEOOpa30BaHUN, KOTOPEIE OMPEIEIIIOT B3aHMOCBSI3b
MeXIy pemeHnsMu Opesa-Pozena n Xapria-TopHa.

CriefyeT 3aMeTHTh, uTO npubmkenue ~ Q U ~M?, KoTopoe GbLIO HCMOJL30BAHO HA TPOTSKEHUH BCEH CTAaThH,
SBIsAeTCS (U3NYECKUM W TOOXOMANIMM JJIs pemieHus OONBIIMHCTBA 3a1ad  HeOecHOW MEXaHWKH B
MOCTHBIOTOHOBCKOW (u3uke. [laHHOe MpubImKeHUe Mo3BoJIsieT He npuberaTh K npeodpa3oBanuio 3umnosi-Bypxuca,
KOTOpOE SIBIISICTCS. HEOOXOAMMBIM CTPOTMM MaTeMaTHYeCKMM TpeOoBaHHEM B NpHOMMKeHHH ~ @, T.e. Korjga He
YYHUTBIBAIOTCS JPYTHE MPHUOIMKEHUSI. DTO O3HAYaeT, 4To sBHas (opMma MpeoOpa3oBaHUs KOOPAWHAT IMOJHOCTHIO
3aBHCHT OT MPUOJIMIKEHNUS, KOTOPOE MCIIOIb3YETCsl B KAXKIOM KOHKPETHOM Cllydae.
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B 3aBepuieHue cieayer OTMETHTh, 4TO MeTpuku Opes3a-Pozena um Xaptia-TopHa ObuUIM HCCIEOBaHbI ISt
CTAaTHYECKOTO Ciyyasi B NpHOMMKeHuH ~Q U ~M? IyTeM HMCHOJb30BAHUS METOJ0B TEOPUH BO3MYIIEHMii. BbLIo
MOKa3aHo, YTO NPUOJVIKEHHBIH JMHEWHBIM 37eMeHT Opes3a-Po3eHa coBmamaer ¢ pemieHueM Xaptiaa-TopHa B
paccMaTpruBaeMoOM Tpezere.

Takum 00pa3oM, pe3ysbTaThl, MOJIYYCHHBIC B 3TOW CTaThe, HAXOMATCSA B XOPOIIEM COIVIACHH C M3BECTHBIMHU
pe3ylibTaTaMu U3 JIMTCPATYPHBIX UCTOYHUKOB U MOT'YT OBITH MMPUMEHCHBI K pa3IMYHbIM aCTpO(i)l/ISI/I'{eCKI/IM 3aJadyaM.
Cratbs mpeciieaAye€T HEC TOJbKO YMCTO HAyUYHBIC, HO MU aKaICMHUYCCKUC 1CJIU, TaK KaK MOXKCT 6I)ITI) HCIIOJIb30BaHa B
Ka4yecTBE BCIIOMOTaTENIbHOTO M JONOJHHUTEIBHOIO Marepuaia JUIl CHEeNUalbHBIX KypcoB MO oOIeil Tteopun
OTHOCHUTENBHOCTH, HeOECHOI MeXaHHKE U PEJIITUBUCTCKOM acTpoQH3HKe.

Ki1ioueBble ci10Ba: TOYHbIE U NPHOJIMKEHHBIE PEIICHUS] ypaBHEHUH DWHINTEHHA JJIsl TPaBUTAMOHHOTO OIS,
MeTpuka Ope3a-Pozena, merpmka Xaptia-TopHa, KOOpAMHATHBIE TpeoOpa3oBaHUs, KBaIpYyTOJBGHBIA MOMEHT,
MYJIBTUIIOJIbHBIE MOMEHTHI I'epoua-XaHceHa, MEeTOIbl TEOpUU BO3MYILIEHUH.
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TWO PROPERTIES OF EXISTENTIALLY CLOSED
COMPANIONS OF STRONGLY MINIMAL STRUCTURES

Abstract. The proposed article studies some properties of existentially closed companions of strongly minimal
structures. A criterion for the existential closedness of an arbitrary strongly minimal structure is found in the article
and it is proved that the existentially closed companion of any strongly minimal structure is itself strongly minimal.
It also follows from the resulting description that all existentially closed companions of a given strongly minimal
structure form an axiomatizable class whose elementary theory is complete and model-complete and, therefore,
coincides with its inductive and forcing companions.

This is the reason for the importance of the work done and the high international significance of the theorems
obtained in it. Another equally important consequence of this research is the discovery of an important subclass of
strongly minimal theories. It should be noted that a complete description of this class of theories is an independent
and extremely important task.

It is known that natural numbers with the following relation are an example of a strongly minimal structure in
which the existential type of zero is not minimal. Then the method used in the proof of the last theorem shows that
the existentially closed companion of this structure are integers with the following relation.

Keywords: Existentially closed companions, strongly minimal structures, forcing companions.

1 Introduction. The theory of existential closedness appeared in the middle of the twentieth century
in the works of one of the recognized classics of model theory, Abraham Robinson [1], [2], as well as in
[3] — [6]. It is currently one of the two most significant and developed areas of modern model theory. In
the previous works of Nurtazin A.T. [7] - [10], the most basic form of the concept of companion theory,
widely known in the theory of existential closure, is introduced and studied. In [7], [8], a criterion for the
countable categoricity of this companion theory was found and some properties of existentially closed and
forcing companions were studied.

Informally, any companion of a given structure is constructed from the same end structures as the
original structure. It is known that all companions of this structure form an axiomatizable class, and all
existentially closed ones in this class are contained in it [10]. It is natural to assume that a companion class
containing some strongly minimal structure is quite simple and has a number of additional properties. In
[11], statements about companion classes containing a strongly minimal structure were formulated. This
paper describes some properties of companion completions of an arbitrary strongly minimal theory and
provides proofs of the statements from [10].

Over the past fifty years in model theory, starting with the work of Michael Morley [12] and
continuing in the works of Shelach [13] and Laskar and Poizat [14], all the most significant results are
associated with their classification by degrees of stability that arose during this time. Moreover, totally
transcendent (or w-stable) theories were recognized as the most convenient for study. Recall that in these
theories, all formulas have ranks and degrees, which respectively are countable ordinals and natural
numbers. At the same time, all the successes in the study of these theories are primarily associated with
the possibility of using the transfinite induction method in evidence. Historically, the initial impulse in the
development of this direction was Los's hypothesis about uncountably categorical theories. At the same
time, the core in the class of uncountably categorical theories turned out to have a single rank and degree,

—— )8 ——
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the so-called "strongly minimal theories." This paper studies existentially closed companions of strongly
minimal theories.

In the work, the criterion of existential closedness of an arbitrary strongly minimal theory was found.
It turned out that in this case the existentially closed companion of such a structure is axiomatized and
coincides with its inductive and forcing companions. And its elementary theory is complete and model-
complete and, therefore, V3- is axiomatizable.

Strongly minimal theories are basic in the study of an important and one of the most studied classes
of theories at present - the theory of uncountable categoricity. Meanwhile, the available literature
completely lacks both estimates of their quantum complexity and estimates of the complexity of the
relations defined in them. The study proposed here shows that the concept of "companion"proposed in [7],
[8], [9] can be successfully applied to solve these issues.

1. Existential closedness criterion of a strongly minimal structure

In this section, we will find conditions of existential closedness of an arbitrary strongly minimal
structure.

THEOREM 1. For an arbitrary strongly minimal structure, the following three conditions are
equivalent:

1) M is existentially closed.

2) The existential type of any of its tuples is maximal.

3) The elementary theory 7' =Th(M) is model complete.

Proof.

1 — 2. By the existential closedness criterion from [11], this structure is strongly minimal if and only
if the existential types of all its tuples are maximal.

2 — 3. Let the existential type of any tuple from M be maximal. Then, according to the criterion
from [12], the structure M is existentially closed. Recall that any elementary substructure of a structure

M , including a simple model M| of a theory T, is also existentially closed. To prove the model

completeness of the theory 7', it is sufficient to show that the usual inclusion M <N between any two
models of this theory is actually elementary. First, we note that the models M and N are isomorphic to

some M, and M from the elementary chain M, <M, <..<M, <... of all countable models of the

4

theory 7. An uncomplicated reasoning shows that simple inclusion M, <Mj determines the
isomorphism of an algebraic closure of an empty subset of the structure M, to the algebraic closure of an
empty subset of the structure M ;- If at the same time @,,...,a; are algebraically independent in the
structure M; , then they are also algebraically independent in M ; and can be extended to the basis

{a,,..,a;,a,,,,...,a;} of this structure. This determines the elementary inclusion M in M ; and with

i+1%°° i
precision to automorphisms of these structures coincides with the original inclusion M, <Mj. This

completes the proof of the model completeness of the theory T .

3 — 1. It follows from the model completeness of the theory 7' that any of its models (including M )
is existentially closed.

The theorem is proved.

Informally, any companion of a given structure consists of the same finite substructures as the
original structure. It is known that all companions of this structure form an axiomatizable class, and all
existentially closed ones in this class are contained in it. It is natural to assume that a companion class
containing some strongly minimal structure is quite simple and has a number of additional properties. We
will show in the next section that the existentially closed companion of a strongly minimal structure is also
strongly minimal and is model complete.

2. An existentially closed companion of a strongly minimal structure

Informally, any companion of a given structure consists of the same finite substructures as the
original structure. It is known that all companions of this structure form an axiomatizable class, and all
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existentially closed in this class are contained in it. It is natural to assume that a companion class
containing some strongly minimal structure is quite simple and has a number of additional properties.
Here we show that the existentially closed companion of a companion containing a strongly minimal
structure is itself strongly minimal.

For certainty, we assume that the given companion class C contains a countable saturated strongly
minimal structure M . It is known from [7] that in any existentially closed structure from a companion
class C, the existential type of any tuple is maximal. By induction on the lexicographic order on pairs of
natural numbers (m,n) we describe a procedure that allows to construct a sequence

Mg <M10 <...<M,? < <MJ'<M" <..<M <..., of isomorphic M , the union N of which will

be a strong minimal structure and an existentially closed companion M .

Let the strongly minimal structure M=M 8 is not existentially closed. Then it contains tuples

a’,d',..,a",... , whose existential types 2., p(x"),...s p,(X"),... are not maximal. Using the
compactness theorem, it is easy to prove the existence of an embedding of a structure M in itself such
that the existential type g, (xo) ), of the image of the tuple @’ is maximal.

Continuing further, one can obtain an increasing chain of strongly minimal structures
Mg <M10 <.<M ,? <... , isomorphic to M , in the union Mé of which the existential types

7,(x"),q,(x"),....,q,(x"),... of tuples a’,d',...,a",... are maximal. Next, the process continues similarly.

Then, in the union N =UM" , the existential types of all tuples are maximal.

To prove the strong minimality of the structure N we first note that in the process of constructing the
structure N one can include intermediate steps used in [8] when expanding a given countable
existentially closed structure into a homogeneous one. Recall that in the countable homogeneous
existentially closed structure constructed in this case, the correspondence between any two tuples of
elements having the same existential type continues to an automorphism of the homogeneous structure
itself. Since over any finite set, all subsets, except one, allocated by maximum existential types, are finite,
then these subsets themselves are allocated over this subset by finite formulasAt the same time, all
elements satisfying infinite existential formulas are translated over the finite subset by structure
automorphisms chosen by us and, therefore, satisfy the same infinite formulas. This proves the strong
minimality of the structure N . Now we show that any two existentially closed companions of the same
minimal structure are elementary equivalent. For this we assume that there is a pair of existentially closed
companion structures N; and N of the structure M . However, without limiting generality, we can assume
that the inclusion N; < N: is enabled. Just as in the proof of the Los-Sushko theorem, the pair under
consideration can be easily completed to the - chain N; < N> < N; <. .. Nz < Nau+; <. .., in which the
subchains N; < N3 <...<Nzp+;<...and N> <...Nz <...are elementary. But then the union N of the
built chain turns out to be a common elementary extension for each of the structures NV; and N; , and the
inclusion is elementary. We formulate the result as a separate statement.

THEOREM 2. If a given companion class has a strongly minimal structure, then any of its
existentially closed companions is also strongly minimal. A complete and model-complete strongly
minimal theory.

Conclusion. The results obtained in this paper link the three concepts of "model completeness, strong
minimality, and existential closedness" that are currently most studied in modern model theory. This is the
reason for the importance of the work done and the high international significance of the theorems
obtained in it. Another equally important consequence of this research is the discovery of an important
subclass of strongly minimal theories, which are strongly minimal model complete theories. It should be
noted that a complete description of this class of theories is an independent and extremely important task.

It is known that natural numbers with the following relation are an example of a strongly minimal
structure in which the existential type of zero is not minimal. Then the method used in the proof of the last
theorem shows that the existentially closed companion of this structure are integers with the following
relation.
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M.H. Kanumouapgaes, A.T. Hypra3un, 3. I'. Xucamuen
AKITapaTTHIK JKOHE €CENTeYilll TEXHOIOTHIIap HHCTUTYTHI, AnMaTsl, Ka3akctan

SK3UCTEHIMAJIBI TYIBIKTAJIFAH CEPICTECTEP/IH,
ACA MUHUMAJIbI KYPBLIBIMBIHBIH EKT KACHETI

AHHOTAUMSA. AJIMBIC KBUIAH acTaM TapUXbl 0ap 3K3UCTEHIMAIIBI TYHBIKTATY TCOPHSICHI Ka3ipri MOJACIbICD
TEOPUSICHIHBIH JaMblFaH OeniMaepiHiH Oipi OONbIN caHalaJbl KOHE OHJIA JKeKe Mo3uuus anaabl. Kasipri yakeitra
anreOpa MEH MOJEJbJIEp TEOPHACHIHBIH KIACCHUKAIBIK OelliMepiHe SK3UCTEHIUAAbI TYWBIKTAy TEOPHUSICHIHBIH
auicTepin xoHe (panity3 jgoruri @pe3eHiH peBOMIOLMSIIBIK UISSUIAPBIH JKOHE AK3UCTEHIMAIIBI TYHBIKTAITY IbIH JKaHa
BIHFAMJIBI ©JILEMJIEPiH, MOJEJbIIH TOJBIKTHIFEI MEH JXarJaiblH i37ey — «MKOyp 00y — MOJENb» MaHBI3JIbI
ca"anaznpl. Kasipri yakpITTa 3K3HCTEHLHMAIBl >KOHE MO3UTHBTI SK3UCTEHIMAIABI TYHBIKTATY TEOPHUSCHIH KOHE
MOKOYPITi JKOHE MHIYKTHBTI CEPIKTEC CHAKTHI MaHBI3ABl YFBIMIAPIBl 3epTTEYAl OHaH dpi JaMBITYFa MYMKIHAIK
Tyazpl.

3epTTeyne eTe a3 KyphUIBIMAAPABIH TYHBIKTATy CEepiKTeciHiH Keiibip KacuerTepi KapacTelpsurraH. CoHnmai-ak,
K€3-KEeJITeH KYIITI MUHHMAJIbl KYPBUIBIMHBIH 3K3UCTCHLIHUAJAbl TYHBIKTAIY OJIIIEMI aHBIKTAJAbl KOHE Ke3-KEJII'eH
KYIITI MUHAMAJIIBI KYPBUIBIMHBIH SK3UCTEHINANIB TYHBIKTATY CEPIKTEeCiHIH oTe a3 ekeHairi monenneHni. Conmai-
aK, ajJbplHFaH CcUIaTTamMaaaH Oenrim Oip MHHMMANABl KYPBUIBIMHBIH OapiblK TYHBIKTAIFaH CepikTecTepi
aKCuoMaTui3aluslaHaTbIH CbhIHBIII K¥pa171;u>1, OJIapAbIH 3JIEMEHTAPJIbIK TCOPUACHI TOJIBIK KIHE MO[leJ'I])HiK 60.]'1]:.11'[
caHajia/ibl, COHJIBIKTAH OHBIH WHIYKTHUBTI JXOHE MOKOYpJi cepikrecTepiMeH coiikec kenemi. beiipecmu Typae
OepisireH KYpbUIBIMHBIH Ke3-KeJreH cepikTeci 0acTamKkbl KYPbUIBIMAAFbIIAA aKbIPFbl KYPBUIBIMAApIAH jKacallalbl.
Benrini  KypbUIBIMHBIH ~ OapiblK CepikTeci aKcHOMaTH3alMsIaHATBIH CHIHBINTHI KYPaWTBIHBI OeNTiiai  KoHe
CBHIHBIITAFbIHBIH OapibIFbl SK3UCTEHINAIABI TYpAE TYHBIK. bipmiaMa MUHMMaNIb!l KYpbUIBIMBI 0ap CepiKTec-ChIHBII
JKETKLTIKTI KaparaibsiM jkoHe OipKaTap KOCBIMIIIAa KacheTi 6ap Jen Ooyrkayra OoJabl.

EpxiH MUHUMANABl TEOPUSHBIH SK3UCTEHIMAIABI TYWBIKTAy OJIIeMi aHBIKTANABL. by skarmaiima MyHZOai
KYPBUIBIMHBIH TYWBIKTaTy cepiri akCHOMaTH3aIMsJIaHATHIH KOHE OHBIH MHIYKTHBTI JKOHE MOXKOYpii cepikTepiMeH
colikec KeNeTiHi aiKbplHAanApl. KymTi MUHUMAmIel TEOpUsUIap MaHBI3/AbI JKOHE €H KOIl 3€PTTENreH TeOpHsIapablH
0ipi — MIEKCI3 KaTeropusuIbIK Teopus Ooibin caHamazpl. COHbIMEH Oipre, KODKETIMOI dAcOMETTEpac OapablH
KBaHTOPJIBIK CAHBIHBIH KYPACIUIriH Oaranay naa, ojlap/aFbl KAThIHACTAp/bIH KYPIENUIriH Oaranay MyJiie JKOK.
MyH/z1a YCHIHBUIFAH 3€pPTTEYJIEp «CEPIKTEC» YFBIMBIH OChI Macelleliepl IIeNye COTTI KoNJaHyFa OOJaThIHABIFbIH
KepceTe.

JKanmpl HHAYKTHBTI )KOHE SK3UCTEHIMAIABI TYHBIKTAIFaH CEPIKTECTEP TEOPHUSCHIH IaMbITy MHIYKTHBTI TEOPHS,
KJIACCHKAJIBIK KYPBUIBIM/IAp MEH TEOpHsIapFa apHalIFaH MOJIEJIbAEP/Ii 3ePTTEYMEH KaTap XKypyi Kepek.

Tyiiin ce3aep: dK3UCTEHIMAIIBI TYHBIKTaJIFaH CEpiKTeC, aca MUHUMAILIBI KYPBUIBIM, POPCHHT-CEepiKTeC.

M.H. Kanumonnaes, A.T. Hypra3un, 3. Xucamuen
HHctutyT NHGOPMALMOHHBIX U BBIYUCIUTEIBHBIX TEXHONOTHH, AMaThl, KazaxcTan

JIBA CBOMCTBA 3K3UCTEHIMAJBHO 3AMKHY ThIX
KOMITAHBOHOB CHJIbHO MUHUMAJIBHBIX CTPYKTYP

AnHotanus. meromas 6osee 4yeM IIECTUAECSITUIIETHIO UCTOPHIO TEOPHS SK3UCTEHINAIBLHON 3aMKHYTOCTH,
SBIISSICH OJJTHUM M3 HauOoJiee Pa3BHUTHIX Pa3JelIOB COBPEMEHHOW TEOpWH MOJIeIIeH, 3aHMMaeT B HeW 000coOsieHHOe
noJjioxkeHue. B HacTosiee BpeMst akTyalbHbIM CTAaHOBHUTCS IIOUCK METO0B TEOPUH IK3UCTEHIMANBHOMN 3aMKHYTOCTH
KJIACCHUYECKHUM paszieliaM aJreOpbsl M TEOPHH MOJEIEH M MCHOJIb30BaHUS A JOCTHXEHHUS 3TOTO PEBOJIONMOHHBIX
uner ¢panmysckoro joruka @pace U HaiineHHBIE aBTOpOM naHHOU ctatbu A.T.HypTaswHBIM HOBBIX yIOOHBIX
KPUTEPUEB 3K3MCTCHIHAIBHON 3aMKHYTOCTH, MOJICIBHOM IIOJIHOTHI W YCIOBUSL — OBITH (OpCHHr-MoOjenbio. B
HACTOAIIEE BPEMS CTAaHOBUTCS BO3MOXKHBIM JajbHEHINEe pa3BUTHE TEOPHM IK3UCTEHIMAIBHON M IO3UTUBHOMN
9K3MCTEHINANBHON 3aMKHYTOCTH M M3y4YEeHHE BaXKHBIX COIYTCTBYIOIIMX HOHATHH TaKMX, Kak (OPCHHT — H
WHIyKTUBHBIH KOMIAHbOHBI.
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B uccnenoBannn paccMaTpUBaIOTCSI HEKOTOPHIE CBOMCTBA 3K3UCTEHIIMAIBHO 3aMKHYTHIX KOMIIAHBOHOB CHJIBHO
MUHUMAaJbHBIX CTPYKTYyp. Tarke HailieH KpUTEpUl SK3UCTEHLUAIbHOW 3aMKHYTOCTU IPOM3BOJIBHON CHUJIBHO
MHUHHUMAJIbHOM CTPYKTYPBI M J0Ka3aHO, YTO SK3UCTEHIMAILHO 3aMKHYTHIH KOMIAHBOH JIF000H CHIIbHO MUHUMAJIbHON
CTPYKTYpbl CaM CHJIBHO MHMHHMajeH. VM3 TONyuyeHHOro OMHCAHHUA TaKXKe CJIEAYyeT, YTO BCE HK3UCTECHIUATBHO
3aMKHYTblE KOMIIaHbOHBI JIAHHOW CHJIBHO MHMHUMAJIBHOH CTPYKTYpbhl 00Opa3ylOT aKCHOMaTH3MPyEeMBIH Kiiacc,
JJIeMEHTapHasi TEOpHsl KOTOPOro MOJIHA U MOJIENbHO MOJHA M, CIEA0BaTENbHO, COBMANAeT C €€ MHAYKTUBHBIM U
(hopcunr-kommanboHamMu. HeopmanbHO 1000H KOMITAHBOH JAHHOW CTPYKTYPBI CTPOUTCS W3 TEX K€ KOHCUHBIX
CTPYKTYp, 4YTO W WCXOJHAs CTPyKTypa. HM3BecTHO, 4YTO BCE KOMIAHBOHBI JAHHOH CTPYKTYpPBHI 00pa3yroT
aKCHOMAaTHU3UPYEMEBI KJIacc, a BCEe SK3MCTEHIIMAIBHO 3aMKHYTHIE B 3TOM KIllacce copaepkarcs B HEM. EctecTBeHHO
MPEIIOI0KHATE, YTO KOMIAHBOH-KIIACC, COACPKAIINN HEKOTOPYIO, CHIIBHO MUHUMAIBHYIO CTPYKTYPY IOCTATOYHO
MPOCT U 00JIAAAET PSAIOM IOTIOTHUTEIHHBIX CBOWCTB.

B pabote HaiineH KpuTepHi SK3UCTEHIMAIBHON 3aMKHYTOCTH MPOU3BOJIBHON CHIIBHO MHHHMAIBHOW TEOPHH.
Oxka3anock, 9TO B 3TOM CiIy4ae SK3MCTCHIMAIBHO 3aMKHYTHIM KOMIIAHBOH TaKOW CTPYKTYpBI aKCHOMATHU3HPYEM U
COBIIQJIAET C €r0 MHAYKTHBHBIM M (OpPCHUHr-KOMITaHbOHAMHU. CHIIBHO MHUHUMAJIbHBIE TEOPHH SIBIISIOTCS 0a3MCHBIMU
MPU KCCIICAOBAHMHM BA)KHOTO M OJHOTO M3 HauOoJiee M3YYCHHBIX B HACTOSINEE BpeMs Kiacca TCOPHH — TEOPUH
HECU€THON KaTeropHYHOCTH. MEXIy TeM B MMEIOLIEHCS JUTepaType COBEPIIEHHO OTCYTCTBYIOT KaK OIEHKH HX
KBaHTOPHOW CIIO)KHOCTH, TaK W OIEHKU CIIOKHOCTH OMNpeAeNisieMblX B HUX oTHomieHuid. I[lpemnmaraemoe 3mech
HCCIIeI0BAaHUE TIOKA3bIBAET, YTO JUISl PELIEHHS 3TUX BOMPOCOB MOKHO YCIEIIHO MPUMEHUTH NPEUI0KEHHOE TTOHITHE
«KOMIIaHbOHY.

PasButne oOmeil TeopuM WHAYKTHUBHBIX ¥ OK3WCTCHIUOHANBHBIX 3aMKHYTBHIX KOMIIAHBOHOB IOJDKHO
COTIPOBOXKIATHCS MCCIICIOBAaHNEM HHIAYKTUBHBIX TEOPHHA U MOAEIIEH IS KITACCUIECKUX CTPYKTYP U TEOPHUHt.

KiroueBble €j10Ba: SK3UCTCHINAIBHO 3aMKHYTHIE KOMITAHBOHBI, CHIIPHO MHHHAMAIIbHAS CTPYKTYpa, POPCHHT-
KOMIIaHBOH.
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CLASSIFICATION OF SEISMIC
PHASES BASED ON MACHINE LEARNING

Abstract. In the course of recent years, progresses in sensor innovation has lead to increments in the interest for
automated strategies for investigating seismological signals. Fundamental to the comprehension of the components
creating seismic signals is the information on the phases of seismic waves. Having the option to indicate the kind of
wave prompts better performing seismic forecasting frameworks. In this article, we propose another strategy for the
characterization of seismic waves quantification from a three-channel seismograms. The seismograms are isolated
into covering time windows, where each time-window is mapped to a lot of multi-scale three-dimensional unitary
vectors that portray the direction of the seismic wave present in the window at a few physical scales. The issue of
arranging seismic waves gets one of ordering focuses on a few two-dimensional unit circles. We take care of this
issue by utilizing kernel based machine learning that are remarkably adjusted to the geometry of the circle. The
grouping of the seismic wave depends on our capacity to gain proficiency with the limits between sets of focuses on
the circles related with the various kinds of seismic waves. At each signal scale, we characterize a thought of
vulnerability connected to the order that considers the geometry of the dissemination of tests on the circle. At long
last, we join the grouping results acquired at each scale into a unique label.

Key words: Seismology, machine learning, Al method, seismic waves, time window, three-channel
seismograms, polarization content.

1 Introduction

Seismology is a field of study centered on expanding the comprehension of the Earth's internal
structure through the investigation of Earth’s inner changes through time. There is a solid correlation
between seismology and the sound wave analysis [1-7]. A seismic wave is produced at a source, moves
through a medium, and could be monitored by recording tools. Correspondingly, a sound wave is created
by a source (for example a car signal), moves through the air, and could be heard by the human ear. The
investigation of such signals can give data on the area of the source and the medium through which the
wave has moved.

In the course of recent years, the examination of seismic signals has prompted a more profound
comprehension of the development of our planet, permitted countries to investigate domains for
underground regular assets, and given information valuable to alleviating the impacts of seismic
earthquakes on the human populace [8-11]. The core interest of this development are techniques for
examining seismic signals to obtain data valuable in relieving the impacts of earthquakes on society.
These techniques may prompt advances in Early Seismic Warning Systems (ESWS) innovation and give
an alternate point of view on the investigation of seismic waves. Specifically, we present a methodology
for the classifying seismic phases utilizing Al methods.
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2 Feature Extraction

Given the data set it may seem that it is advantageous to work with a changed adaptation of that
information. In these cases, it is possible to consider measures taken from the information to be features.
Features are helpful to cast the data from an alternate approach and guaranteeing that what is being studied
is depicted by just its most appropriate segments. A single illustration of the benefit of extracting features
from data originates from the investigation of musical genres. In the aforementioned case the processing
file consists of fragments from melodic soundtracks coming from structure distinctive musical genres, for
example, rock, traditional, electronic, hip-hop, and so on. The objective might be to take a melodic
soundtrack for which the genre isn't known and decide in which kind it best "fits". Rather than working
with the melodic time arrangement, it is more valuable to work with features that depict the track, for
example, lumber, beat, recurrence substance, and zero intersections, to give some examples. By changing
the information, it is at times more obvious structures in the information that lead to better characterization
results.

Our examination of the seismogram is performed on a sliding time windows of the three- segment
seismogram [Xg(t) Xn (t) Xz(t)]', t=0, 1, ... (see Fig. 1). We structure the matrix X by gathering T tests of
the seismogram and stacking them into a T x 3 grid

X5(© Xn(® X;(6)

: : t=01,.. ()
c(E+T—1) Xy@t+T—DX,(t+T—1)

It is important to understand however: the matrix X is actually a function of the time t at which we
separate the time window. To mitigate the notations when there is no uncertainty, we decide not to make
this reliance unequivocal. At the point when we think about two unique occasions t and t', or two distinct
seismograms, we use subscripts to separate between the time windows, for example X, X,. Overall, we
use subscripts all through this proposal to demonstrate that the matching vectors, or networks, have been
separated from various seismograms or at various occasions.

2.1 Geometric Polarization Analysis

In order to describe the polarization content in the time window X (1), we propose to break down the
seismic waveform X into a number of components that describe the Earth movement at various scales. For
each scale, we obtain the primary vector of the Earth movement at that scale and utilize this data as the
classifier input. In this segment of the article, we show the multi-scale examination of the matrix X.

We decompose every one of the three sections of X with a l-level stationary wavelet transform (where
1 <logy(T)). The stationary wavelet decomposition is a redundant transform: we get 1 x T coefficients for
every one of the three orientations of the seismogram. Luckily, there exists a quick algorithm to obtain the
stationary wavelet decomposition: the "a trou" calculation [26].

Figure 1 shows a seismic signal (upper left), its spectrogram (bottom left), and the stationary wavelet
transform coefficients (right). The stationary wavelet transform can identify the second and third seismic
waves, while the spectrogram scarcely changes when the waves show up (see Fig. 1-bottom left). Since
seismograms can be estimated with extremely high accuracy utilizing few wavelet coefficients ([3, 16]),
the wavelet transform is more qualified than a brief timeframe Fourier transform to identify seismic rushes
of little plentifulness, as appeared in this model. Left: Z channel of a seismic signal (top) and spectrogram
(bottom). The appearance times of three seismic waves are set apart by vertical bars. Note that the second
and third waves scarcely cause any adjustments in the spectrogram. Right: stationary wavelet transform of
the waveform given in left. The magnitude is color based and shown as a component of time, from fine
scale (top) to coarse scale (bottom).

—— 34 ——
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Figure 1 - A seismic signal

The result of the stationary wavelet examination of X at scale j can be shown as a T x 3 network W/
given by . . .
[ w0 Wy (0) W/ (0) ]

W/ = § : : ji=1..,1 (2
W,j(f—1) WNf(f—1) W;(f—1)

where every column is the stationary wavelet transform of the matching column in X. We pick 1 to be
the most extreme scale permitted by the size of the signal (T) and the size of the channel. The matrix W!
encodes the movement of the Earth — estimated between time t and (t + T - 1) — in every one of the three
orientations at scale j.

For the purposes of discovering the orientation related to the main energy at scale j, we process the
singular value decomposition of W/,

i1 T
' gl1 0 0 [V] ]T
W =|u/it ui2 uid|l o o2 0 ||[V? 3)
0 0 o3 v/ T
VI3
where 6! > 6> and || UM ||=|| V¥ | =1,i=1,2, 3. Furthermore, the T-dimensional vectors U !,

U ** and u 13 are orthogonal, and the 3-dimensional vectors V !, V 3% and V * are also orthogonal. The
vector V! is known as the polarization vector in the seismic literature. At each scale j, we only retain V ub
(and we discard all the remaining vectors), and we denote it by v,

vi=vi1 4)

We map the T x 3 network X to the 3 x 1 multiscale polarization lattice given by,
X g [Vl cee “ee vl] (5)

This map obtains the orientation of maximal polarization over various frequency groups. Basically, it
is a sifting of the polarization vectors over various regions in the recurrence range. The wavelet channel
utilized is significant and based on the channel the nature of the polarization sifting will change. Wavelet
filters that are orthogonal, and have linear phase, are assumed to perform better than non-orthogonal
wavelets. Figure 2 shows feature extraction results. Left: stationary wavelet transforms for a few Xj, 1 =1,
... superimposed on each other; top two lines: scaling capacity (W'), center two columns: coarsest (biggest
scale) wavelet (W?), bottom two lines: next better scale wavelet (W?). Right: the vectors v'; are spoken to
as focuses on the sphere; each column compares to a similar scale j as the two plots on the left =1, 2, 3
start to finish). The shading and state of v/ encode the sort of wave: red star for P, blue cross for L, and
green sphere for testing information.
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Figure 2 - Feature extraction results

2.2 Physical Interpretation

Each point of the sphere is tied to one-time window X over different levels of wavelet decomposition.
This figure shows shading coded training and testing sets. The training set is made of marked stage
classes, (blue-L stage and red-P stage), and the testing set is made of seismic windows of obscure stage.

Our first perception is that on every decomposition scale, points from comparable stage classes group
close to one another and the concentration appears to decrease as the decay scale gets coarser. The
grouping proposes possibility to characterize seismic waves as per a closeness to neighbors on the sphere.
Figure 2 - Left shows a model where the plotted arrangement of testing focuses in green which are
genuinely P-waves and watch they will in general bunch close to the P-wave preparing focuses.

The physical understanding of the polarization highlight vector is identified with the course of
maximal signal energy and has been utilized to depict the orientation of predominant polarization in the
seismology literature as mentioned before. For example, consider the following test. Assume you are
blindfolded and need to find the position an individual who is conversing with you. At the point when that
individual talks, you will in general turn toward the path where the sound is most grounded to give you a
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thought of where the individual is standing. Comparably, the polarization highlight vector gives
comparable data about the seismic wave. The bearings implanted on the sphere S* comprise our element
space.

3 Seismic Phase Learning

3.1 Supervised Learning

“Learning is defined as acquiring new or modifying existing knowledge, behaviors, skills, values, or
preferences and may involve synthesizing different types of information” [26]. Deep learning endeavors to
learn examples and regularities in data. A well known model is that of proposal matrices, which endeavor
to give recommendations dependent on past encounters. For example, when clients give criticism,
regarding different preferences of a tune, on web radio destinations, proposal matrices can take these
contributions to recommend new melodies that might be engaging the client. The way toward obtaning
data from the information gave and performing activities the data discovered sums up the premise of deep
learning.

All the more explicitly, there is a class of deep learning undertakings that gains from information that
has been completely marked. This is known as supervised deep learning, or managed learning. This
approach will be the focal point of this part and will be introduced from the viewpoint of learning the
period of an unlabeled seismic wave.

3.2 Classifiers

We expect that our preparation set is made out of N time windows X;, i =1, ..., N. From every Xj, we
figure the 1 solitary vectors v';,...vi. We will develop at each scale j a capacity f that maps a testing point
v/, with an obscure name, from the sphere S? to the span [-1, 1],

flivies? e fIw) e[-1,1]

We assessed three distinctive arrangement strategies (three unique sorts of fj) utilizing the part
depicted in segment 3.3.1: kernel ridge regression, kernel support vector machines, and k-nearest
neighbors. We utilize a similar sort of characterization strategy fj for all the scales j = 1, ..., 1. Just the
parameters of each capacity fj differ over the scales. Further on, we depict the three distinct
methodologies. Extra insights concerning the executions of these methods can be found in ([12,13] and
references in that).

3.3 Learning on the Sphere

Figure 2-left shows the yield of the stationary wavelet transform (plotted on each other) for a few time
windows Xi removed from various seismograms [14-18]. The main two columns show the scaling
capacity coefficients (W') for the L and P waves, separately. The subsequent two lines show the coarsest
(biggest scale) wavelet coefficients (W?), and the third two columns show the following smaller scale
wavelet coefficients (W?). Figure 2-right shows the area of each v/; related with the time window X;. The
shading and state of the spot speaking to v}; on the sphere encodes the kind of wave: red star for P, blue
cross for L. The green spheres demonstrate the area of testing information for which we don't have the
foggiest idea about the kind of wave [19-23]. The green spheres should be named red stars (P waves) or
blue crosses (L waves). Notwithstanding the way that the X; are obtained from various seismograms
estimated at various stations, the v/ normally bunch together (see for example v'; in the top line of Figure
2-right). We likewise see that the homogeneity of the conveyance of the v/; shifts as an element of the
scale j, demonstrating that a few scales will be more helpful than others to arrange the time windows Xi.

The genuine trouble here is that the standard Euclidean separation between two vectors v and vi,
beginning from two distinctive time windows X; and X», is insubstantial in this specific circumstance. For
the situation where focuses are inspected from a surface, or all the more for the most part a complex, we
have to gauge separations utilizing the geodesic separation characterized on the complex. Then again, we
can build an implanting of the complex into R™ that ideally saves separations (for example bi-Lipschitz),
and measure separates in R™.

For our situation, we approach a shut structure articulation for the geodesic separation and are in this
way ready to represent the nonlinear structure of the element space to arrange the vectors vii. We note that
when the genuine geodesic separation isn't open, an estimate to the geodesic separation is generally near
ideal. For example, Turaga et al. (2008) indicated that the Procrustes approximations to the geodesic
separation on the Stiefel and Grassmann manifolds yield results that are near ideal for different issues
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including the estimation of model parameters in dynamic matrix, movement acknowledgment, and video-
based face acknowledgment [25]. In any case, the calculation of the geodesic separation may end up being
over the top expensive. Sommer et al. (2010) indicated that the addition in precision accomplished with
the genuine geodesic didn't exceed the calculation cost when the specific geodesic was contrasted with a
direct estimation with regards to Principal Geodesic Analysis [24, 27-31].

3.4 Phase Classification on the Sphere

The grouping of a period window X depends on a preparation set of named information to in part
populate the spheres, at all scales j = 1, ..., 1, with data about the kind of waves at the relating areas on the
spheres (see figure 2-right). We join the data given by the preparation marks with the information about
the geometry of the sphere to become familiar with a capacity that depicts the limit between P-waves and
L-waves. In this work, we assessed three distinctive regulated learning strategies to group the vectors v/;:
portion edge relapse, part bolster vector machines, and k-closest neighbors. The key part is the meaning of
a measurement and its related portion to evaluate vicinity on the sphere to in the end consolidate the
characterization results at all scales to produce a mark.

In the accompanying sub-segments, we depict the order of the vector v; at a given scale j. We at that
point propose a data hypothetical measure to consolidate mono-scale characterization scores into a last
grouping outcome.

4. Results

4.1 Evaluation Strategy

As a seismic tremor arrives at the RMSN, it is recorded put away for future examination. Over the
system, a seismic tremor might be able to be detected at one station yet not at another. For example, a
sensor at a chronicle station might be down for fixes which in this way, comprises a botched account
chance.

In the regulated learning worldview, one must ensure a particular classifier isn't prepared with
information that will be utilized for testing the given classifier. At the point when information is
constrained, one must think about elective methodologies in surveying the viability of a calculation. In
these cases, we utilize the strategies for cross-approval to assess the exhibition of the learning methods.
These procedures ordinarily save a part of the general information for preparing and afterward utilize the
rest of the information for testing. The segments held for testing and preparing are rotated, bringing about
a n-overlap cross-approval, where n is the occasions the classifier is tried and prepared.

For the arrangement of seismic stages, we utilized a cross-approval technique that utilizes seismic
information gathered over the full system. In an arrangement run, we are utilizing a subset of the
informational collection, where each recording station in the system was utilized in gathering the
information. The main imperative for a given run is that information from a seismic tremor isn't gathered
at various chronicle stations in the system. In a characterization run, we work with 10 unmistakable
seismic tremors estimated some place in the system. During cross-approval, we forget about one tremor
seismogram and utilize the staying 9 seismograms to prepare our classifier. For instance, if we somehow
managed to have a similar tremor show up twice at various detecting stations in our system, this grouping
would be considered as cheating in light of the fact that a quake radiating from some source estimated at
two unique stations will vary just by a direct change. The straight change would be incited on the signal
because of the nearby geography of the account station. An elective methodology for cross-approval is use
information just gathered at a given station. In spite of the fact that this would be a legitimate
methodology, it isn't attainable in our examination because of information amount restrictions

4.2 Comparison of approaches

Table 1 shows test results under the methodology proposed by Jackson et al. (1991). It shows the
level of time windows for which the speculation Hy, "X contains a P wave" was acknowledged as a
component of the test edge 1. These outcomes relate to our execution of the calculation of [15] on our
dataset. At the point when the edge n = 0.30, the Lg are mistakenly characterized 33.25% of the time and
thusly are effectively ordered 66.75% of the time. This is a sensible location level of the Lg waves. Sadly,
a similar estimation of the edge for the invalid hypothesis was just acknowledged 23.62% and 44.56% of
the ideal opportunity for the Pg and Pn waves, individually. By dismissing the invalid speculation, the
classifier misses the P waves practically constantly, in this way yielding poor order of Pn and Pg waves.
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Diminishing n surely helps the recognition of the P waves, yet comes at the cost of noteworthy
misclassifications of the Lg waves in that the invalid speculation is acknowledged when it ought not be. In
any case, our methodology had the option to identify with a similar precision both P and L waves.

Detection of the P and L waves using a hypothesis test.

n Pr(HO|Lg) >n Pr(HO[Pg) >n Pr(HO[Pn) >n
0.50 0.00 0.00 0.00
0.40 12.29 8.11 20.46
0.30 33.25 23.62 44.56
0.20 54.24 44.43 64.89
0.10 70.09 66.51 86.88
0.05 76.09 75.98 93.31

5 Conclusion

Our objective in this work was to investigate the utilization of Al as it applies to seismology.
Specifically, we found a change that takes windows of three-channel seismic information and implants
them on the unit circle over various recurrence scales with the end goal that the area of the installing
portrays the seismic stage content in the wave. The utility of this change is focused on the stage grouping
in the component space. Basically, windows of seismic information relating to the equivalent seismic
stage class will in general be genuinely situated close to one another in the element space. Having this
kind of structure over the component space at various degrees of sign goals gives a solid establishment to
the use of regulated learning methods for stage grouping. Furthermore, the basic geometric structure of the
component space takes into account administered learning strategies to be made an interpretation of
straightforwardly to the element space. Fundamentally, we have told the best way to "lift" learning
strategies to a non-straight complex.

This research has been supported in part by Grant NeAP05132680 from the Science Committee of the
Ministry of Education and Science of the Republic of Kazakhstan and Grand “BT-2019”.
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MAIIMWHAJIBIK OKBITY HEI'I3IHAETT
CEMCMUMKAJIBIK ®A3AJIAP KJIACCUPUKALIUSCHI

Annoranus. CoHFBI OipHeIIe KBUT iITHIE CEHCOPIBIK TEXHOIOTUSHBIH aMYybl CEHCMOIOTHSITBIK CHTHAJIIAP IBI
TalJlayFa apHaJfaH KOMIIBIOTEPIIIK OMICTepPre CYpPaHbICThI apTThIpAbl. CEeHCMUKAIBIK CHUTHAIAAPIBI TYABIPAThIH
MeXaHU3MAEP/ TYCIHYIIH Heri3l — ceiiCMUKaIbIK TOJNKbIHAAP (ha3achlH KaH-KAKThI Oy MoHIH Oinmipeai. TonkeiH
TYPIH aHBIKTay MYMKIHAITi CEHCMHUKAIIBIK €PTEPEK ECKEPTY JKYHECiHIH KaKChI )KYMBIC iCTE€yiHE CeNTITiH THTi3eIi.

By sxyMbIcTa yHiapHamsl ceficMOrpaMMaMeH OJIIIEHTeH CEHCMHUKAIBIK TOJIKBIHAAPABI JKIKTEYIiH XKaHa OMiCiH
ycoiHaMbi3. CelicMorpammanap Oip-OipiMeH KHBLIBICATHIH YaKbITIA Tepe3esiepre OesiHreH. MyH7a yakbITIa op
Tepese OipHerre (U3UKAJIBIK MacIITaOTaFbl TEPE3E/IC OPHATIACKAH CEHCMUKAIIBIK TOJKBIH OaFbIThIH CUITIATTANTHIH KOTI
MacIITaOThI, YIIONIIIEM Il YHUTAPIIBIK BEKTOPIAp KUBIHTHIFBIMEH KopceTineni. CeHCMHUKAIBIK TONKBIHAAPIBI XKIKTEY
MiHzeTi exiemmemai Oipiik cdepanapsl OOWbIHIIA XKIKTEy HYKTelepiHiH OipiHe ainamanel. bi3 Oy ecenti cdepa
TEOMETPUSCHIHA OeHIMIENTeH MallIMHAIBIK OKBITY dAICTEPiH KOJJaHy apKbUIbI memeMi3. CeHCMUKAIBIK TOTKBIHHBIH
KIKTeNyl TYpJi CEWCMHUKANBIK TOJNKbIHAApFa OalTaHBICTHI cdepanapaarbl HYKTENEp KUBIHTHIFBI apachIHAAFhl
IIeKapaHbl 3epTTey KaOijieTiHe Heri3lenreH. Op CHTHAN IMKalTachlHAa 013 KiIaccHUKAIWsIFa KOJIaHBUIATHIH
Oenrici3iK YFRIMBIH aHBIKTAHMBI3, 011 chepa OOMBIHIIA YATIHIH Tapally TeOMETPHICHH eckepeni. COHpIHIa op IIKaa
OOMBIHIIIA ANBIHFAH KIKTEY HOTHKEJIepiH epeKie Oenrire OipikTipemis.

CelicMOJIOTHS — YaKBIT ©Te KeJe JKep/eri iIIKi e3repiCTepAl 3epTTey apKbUIbl KEPiH IMKi KYPbUIBIMBI TYPajIbl
TYCIHIKTEpAI KEHEHTyre OarbITTanFaH 3epTrey caiachl. CeHcMOoJIoTHS MEH IBIOBICTBIK TOJKBIHIAPABl Talfay
apacbIHIa THIFBI3 Oaiinanbic 6ap. CeliCMHUKAaIBIK TOJKBIH WIBIFY KO3iH/AE naiina 0onaabl Aa, OpTa apKbUIbl OTil, OHbI
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xaszba KypangapsiMeH O0ackapyra Oosaspl. THiciHIIE NbIOBICTHIK TOJKBIH LIBIFY KO31 apKbUIbI jKacaiabl (MbICAIIbI,
ABTOMOOMIIb CHTHAJIBI), aya apKbUIbI KO3Falabl 1a, alaM KyJIaFblHa ecTineni. MyHiai CUrHaLAapapl 3epTTey KO3l
ayJlaHbl MEH TOJIKbIH OTKEH OpTa TypaJibl MAJIiMETTep Oepe aapl.

CoHFBI KbUIIAPBI CEHCMUKAIIBIK CUTHAJIIAP/BI 3€PTTEY IIaHETaMbI3IbIH JaMyblH TEPEHIPEK TYCIHyre oKeJi.
Kenreren ennepre >xepacTbl TypakThl aKTUBTEpi O0ap aiiMakTapibl 3epTTeyre MyMKIHIIK Oep/i jKoHE CeHCMMKaIbIK
JKep CUIKIHICTEPiHiH a/laM CaHbIHA 9CepiH a3alTy YIIiH KYH/AbI aknapat oepai. bys namyabiH 6acTbl KbI3BIFYILIBUIBIFBI
— JKep CUIKIHICIHIH KOFaMFa 9CepiH a3alTy MEH KYH/bl MAJIIMETTEp aly YIIIH CeHCMHKAJIBIK CUTHAIAAPIBI 3epTTEY
onmictepi Oonbin caHanmanasl. By omicrep epre ceifcMukanblk eckepTy sxydeciniH (ESWS) nHHOBaumsicblHIars!
NPOTPECTi BIHTANAHABIPAIBI JKOHE CEHCMHKAIBIK TOJKBIHIAPIB! 3EPTTEYHiH OajamMa IepCHeKTHBACHIH YCHIHAJBI.
Aran aiitkannia, Al onicTepiH KOJIIaHy apKbUI CEHCMUKANBIK (a3aapIsl )KIKTEYAiH 91iCTEMECIH YCHIHAMBI3.

JKympictarel MakcaTeIMBI3 — Al omicTepiH ceficMonorusaga KOJNTaHyAbl 3epTTey. ATam aiTKaHIa, YIIapHaJIbI
CeliCMUKaJIbIK aKlapaT Tepe3eliepiH alnaThliH XKOHE TYNKUTIKTI MakcaThl O0ap Typii KaitanaHy ayKbIMbIHIA OJlapAbl Oip
HeHOepre OpHAJIACTBHIPATBIH ©3TePICTi TANTHIK, OChUIAHIIA OpPHATYy aiMarbl CEHCMHKAJIbIK KE3CHHIH Ma3MYHBIH
TOJIKBIHMEH KepceTe/i. byl e3repicTiH THIMIUIIrT KOMIOHEHTTEp KeHICTIrHIET] Ke3eHep/ii TONTayFa OarbITTalIFaH.
Kannbl anranjga, celiCMHUKaIBIK KE3EHAEP/IiH SKBUBAJICHTTIK KIIAChIHA KAThICThl CEHCMHUKAIIBIK aKmapar Tepesesepi,
JKaJIbl JKaraaiina, SJIeMeHTTep KeHICTIriHae 0ip-0ipiHe jKaKblH OpHajJacaabl. OPTYpIi JeHreiIeri CUMBOJIIBIK MaK-
carbl 0ap KOMIIOHEHTTEp KEHICTITiHAE OCHIHAANH KYPBUIBIMHBIH OOJIybl TONTBIK KE€3€H YLIIH OKBITYABIH PETTENEeTiH
ozicTepiH KojijgaHyra ceHimai Heri3 Oepemi. COHbIMEH KaTap, KOMIIOHEHTTIK KEHICTIKTIH HETi3rl T'eOMEeTPHSIIBIK
KYPBUIBIMBI 3JIEMEHTTEp KEHICTIriHe Tikened TyciHAaipilyli THic OacIIbUIBIKKA AJBIHFAH OKBITY CTpaTerysulapblH
eckepeni. LIIbrHABIFRIHAA 013 OKBITY CTPATETUSCHIH KEIIECH/II TYPHE Kalai «KeTepy» KepEeKTiri Typaibl OasHIaIbIK,.

Tyiiin ce3mep: ceiicMonoOTHs, MaImIMHAIBIK OKBITY, Al omici, celiCMHKaNBIK TONKBIHAAp, YaKBITIIA Tepese,
YLIapHAIBI ceificMorpamMmMarnap, oJsipU3aHs Ma3MYHBL.
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KJIACCHU®UKAIIAA CEUCMHUYECKHUX ®A3
HA OCHOBE MAIIMHHOI'O OBYYEHMUS

AHHOTanMsl. 3a TOCJIEIHME HECKONIBKO JIET JOCTHXKEHHS B OOJACTH CEHCOPHBIX TEXHOJIOTHMH IIPUBEIH K
YBEJIMYECHHUIO CIIPOCa Ha KOMIBIOTEPU3UPOBAaHHbIE METOABI aHAJIN3a CEHCMOJIOIMYECKIX CUTHAJIOB. LleHTpanbHeIM B
NOHUMaHHH MEXaHM3MOB, T'€HEPHPYIOIIMX CEHCMUYECKHE CUTHAIIBI, SIBJISETCS 3HaHUE (a3 CeHCMHYECKUX BOJIH.
B03MOXXHOCTh yKa3aTh THUII BOJIHBl HNPUBOAMT K JydnieMy (pyHKIMOHMPOBAHHMIO CEHCMHUYECKMX CHCTEM pPaHHETro
IpegyIpexACHUsL.

B nanHOlf pabore MBI mpeiaraeM HOBBIM METOJ KiIacCH(MKAIUU CEHCMUYECKMX BOJIH, M3MEPEHHBIX II0
TpeXKaHAJIBHBIM ceiicMorpaMMam. CeficMorpaMMBbl pa3ielIeHbl Ha MEPEKPhIBAOIINECS BPEMEHHBIE OKHa, TJIe KaX10e
BPEMEHHOE OKHO OTOOpa)kaeTcs Ha Ha0Op MHOTOMAaCIITA0HBIX TPEXMEPHBIX YHHTapHBIX BEKTOPOB, KOTOpBIE
OTIMCHIBAIOT OPHEHTALMIO CEHCMUYIECKON BOJIHBI, TPUCYTCTBYIONIEH B OKHE, B HECKOJIBKMX (PU3MUECKHUX MacIiTadax.
3amaua xiaccuUKaUMKM CEHCMUYECKUX BOJH CTAHOBHTCA OIHOM M3 TOYEK KIaCCU(PUKAIUM Ha HECKOJBKHX
JOBYMEPHBIX €IMHHYHBIX cepax. MBI permaeM 3Ty npodiaeMy, UCIONb3ysl METOAbl MALIMHHOTO 00Y4eHHUs, KOTOphIe
aJanTHpoBaHBl K reomeTpun coepsl. Kinaccndukamms ceiicMM4ecKMX BOJH OCHOBaHA Ha Hamled cIOCOOHOCTH
n3y4yarh IpaHHIBl MEXAYy HabopaMu To4eK Ha cepax, CBI3aHHBIX C Pa3IMYHBIMU THIIAMH ceiicMuueckux BoiH. Ha
Ka)JIOW IlIKaJle CHTHaja MbI ONpe/essieM HNOHATHE HEONpPeIeJICHHOCTH, NPHIOKEHHOe K KiacCHu(UKaluU, KOTopas
YUUTHIBAET TEOMETPHIO paclipeneseHust BbIOOpok Ha cdepe. HakoHen, Mbl 0ObequHsIEM pe3yibTaThl Kiaccu(u-
KalliH, MTOJIy4YeHHbIE B KQKI0H MIKajle, B YHUKAIBHBIH SPIIBIK.

CeiicmMonoruss — 3Ta 00JaCTh MCCIIENOBAaHMH, COCPENOTOYCHHAs Ha PACIIMPCHHWH IIOHMMAaHHS BHYTpEHHEH
CTPYKTYpBbI 3eMJIU ITyT€M HCCIENOBAaHUS BHYTPEHHUX U3MEHEHUH 3emiu BO BpeMeHHU. CyIllecTBYeT TECHas CBS3b
MEXIy CEHCMOJIOTHEH M aHaIN30M 3BYKOBBIX BOJH. CelficMuuecKasl BOJIHA T€HEPUPYETCS Y MCTOYHHKA, MPOXOIHUT
yepe3 cpely M MOXKET KOHTPOJIMPOBATBhCS 3aMMCHIBAIOIIMMH WHCTpyMeHTaMH. COOTBETCTBEHHO, 3BYKOBas BOJHA
CO3/IaCTCsl NCTOYHUKOM (HampuMep, aBTOMOOWIIBHBIM CHTHAJIOM), JIBIDKETCS 110 BO3/AYXY M MOXET OBITh yCIbIIIaHa
YEJOBEUECKUM YXOM. VccenoBaHue TakKMX CUTHAIOB MOXKET JaTh JaHHBIE O IUIOMIAAN MCTOYHUKA M CPEJIBI, Yepe3
KOTOPYIO IPOILIa BOJHA.
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B TeuyeHue mocnemHUX JIET W3y4YEHHWE CEHCMHYECKMX CHTHAJIOB NPUBENO K Ooyiee IIyOOKOMY IOHHMAHHUIO
pa3BUTHS HamleWd IIAHETH, MO3BOJHMJIO CTPaHAM HCCIENOBATh O0JACTH Ui MOI3EMHBIX PEryJAPHBIX aKTHBOB U
MPEIOCTABHIO HH(POPMAIIMIO, LEHHYI JUIsi CMSTYCHHS BO3ICHCTBUS CEHCMHYCCKUX 3EMIICTPSCCHHIA Ha
yenoBeueckoe HacejaeHue. OCHOBHBIM HHTEPECOM 3TOM Pa3spabOTKH SIBJISIOTCS METOMAbI M3YYCHHS CEHCMUYECKUX
CUTHAJIOB JIA nonyquI/m JaHHbIX, HICHHBIX IJIA yMeH]:HJeHI/ISI BOSﬂeﬁCTBMﬂ 3eMHeTpﬂCGHHI>lI Ha O6LLICCTBO. 3TI/I
METOJIBI MOTYT CTUMYJIHPOBATh MPOTPEcC B MHHOBAIUAX CHUCTEM paHHEro ceficmudeckoro omoBemeHus (ESWS) u
JlaBaTh aJbTEPHATUBHYIO TOUKY 3pEHHUS] Ha HUCCIENOBAHUE CEMCMMYECKHUX BOJH. B yacTHOCTH, MBI NpeICTaBiseM
METOJIOJIOTHIO KIacCu(UKAIIK CeHCMIYECKHX (a3 ¢ UCTIOIB30BaHUEM MeTOHOB Al.

Hamra mens B 3T0i paboTe COCTOsIIa B TOM, YTOOBI HCCIIEAOBATh MCIIONb30BaHue MeTona Al mpUMEHHUTENEHO K
ceificmonornu. B dacTHOCTH, MBI HalDIM W3MEHEHHE, KOTOpoe OepeT OKHa TpeXKaHAIBHOW CeHcMHUYecKoi
WHPOPMALMN W UMIUIAHTHPYET WX B SAWHUYHBIA KPYT MO Pa3IHYHBIM INKajdaM MOBTOPEHHS ¢ KOHEYHOW IIEIBIO,
4T00Bl 00JaCTh YCTAHOBKH OTOOpaXkasia COJEpIKaHWE CeHCMHYECKOil CTyrneHH B BouyiHe. [loJIe3HOCTH 3TOro
u3MeHeHHss C(OKyCHpOBaHa Ha TpPYNIUPOBKE OSTAalOB B IPOCTPAHCTBE KOMIIOHEHTOB. B OCHOBHOM, OKHa
ceiicMuueckoil HH(pOpPMAIIMU, OTHOCSIIMECS K SKBUBAJIICHTHOMY KJIaCcCy CEHCMHYECKHX CTa/uii, B 00LIeM ciiydae
OyIyT ICHWCTBUTEIBHO PACIOJIOKEHBI OJHM3KO IPYr K APYry B MPOCTPAHCTBE 3JeMeHTOB. Hamuume Takoro poja
CTPYKTYpPHI B IPOCTPAHCTBE KOMIIOHEHTOB C Pa3IMYHBIMHU YPOBHSIMH 3HAKOBBIX II€JIeH 1aeT MPOYHOE OCHOBAHUE IS
MCIIOJIb30BAHUS PETYIUPYEMbIX METOIOB 00yUeHHsI JJIs TPYIIOBOi cTaguu. Kpome Toro, 0a30Bas reoMeTpHUECKas
CTPYKTypa MPOCTPAHCTBa KOMIIOHCHTOB YYHTBHIBACT YIIPABISCMBIC CTPATETMU OOYYCHHUsS, KOTOPHIC IOJKHBI OBITH
MPsIMO UHTEPHIPETUPOBAHBI JUIsl IPOCTPAHCTBA J1eMeHTOB. [1o cyTu, MBI pacckazanu, Kak JIydllle BCEro «IOIHSITH
CTpaTeruu OOyICHUS B CJIOKHBIN KOMILIEKC.

KuroueBsble cioBa: ceiicMonorusi, MammmHHOE 00ydeHue, MeTo Al, celicMudecKkue BOJHBI, BpEMEHHOE OKHO,
TpeXKaHAIIbHBIE CEHCMOTPaMMBI, TIOJIIPU3ANMOHHOE COIEpKaHHe.
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ANALYSIS OF THE EQUATIONS
OF STATE FOR NEUTRON STARS

Abstract. In this work we consider various equations of state of neutron star matter, which include from the
point of neutron drops formation to supra nuclear densities. Particular attention is paid to the nucleon — nucleon
interaction since, in addition to the kinetic energies of the particles, the interactions among nucleons play a key role.
Moreover, we investigate the properties of super-dense matter with diverse sets of particles such as electrons,
protons, and the contribution of various particles-carriers of interaction. In order to achieve these goals, different
potentials were considered, which are in a good agreement with experimental data. Furthermore, we find the energy
of the system by using a variety of multi-particle methods, including the interaction of nucleons. Thanks to this
information, thermodynamic parameters such as pressure, energy density and the speed of sound in the star are
calculated. We compared similar equations of state of matter so that we could demonstrate the difference from each
other. The Tolman-Oppenheimer-Volkoff system of equations has been solved numerically to construct mass-central
density, radius-central density and mass-radius relations using different equations of state. In conclusion, the latest
observational constraints on the equation of state are taken into account and we show that the observational data
require that the equation of state be stiff, despite the fact that all stiff equations of state violate the principle of
causality at high central densities, unlike soft ones.

Keywords: Equation of state, neutron stars, nuclear interactions, observational constraints.

1. Introduction. First theoretical calculations on the properties of neutron stars were carried out at the
beginning of the 20th century by Tolman and Oppenheimer. It was shown that with increasing mass of a
star, the electron pressure is no longer able to oppose the gravitational compression. Whereas the
electrostatic corrections do not make a large contribution to the pressure of the star in the descriptions of
white dwarf stars and were often neglected, the interactions between nucleons become crucial as the
matter density becomes close to the nuclear density. The attraction between the nucleons reduces the
pressure, but the repulsion caused by vector carriers increases the pressure, thereby preventing the collapse
of the star [1]. If the Fermi energy is large, then in addition to neutrons other particles are formed in the
neutron star. The Baym equation of state (EoS), which includes neutrons, protons and electrons, describes
well neutron star matter at densities below the formation of neutron drops p,,, =4.3x 10" g/cm’ then it

goes quite smoothly into the Baym-Bem-Petrik EoS [2], which in turn describes the state of matter within
Pup <P < P> Where p - =28x10" g /cm’— nuclear density. Further, the results vary widely within the

densities above the density of nuclear matter. This is the range we will investigate in this work. The
structure of the paper is organized as follows: in sections 2 and 3, a neutron star is considered at zero
temperatures for the EoS of a degenerate neutron gas. In sections 4, 5, and 6, different equations of state
(EsoS) are compared, taking into account the interactions between particles. In section 7, the main results
are discussed and the corresponding conclusions are summarized.
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2. Pure neutron gas. The pressure of a degenerate neutron gas is calculated in the so-called phase
spaces. With an increase in the density of a neutron star, the uncertainty principle greatly increases the
momentum phase space and the radius of the star decreases. Further, due to the gravitational instability, it

will decrease to the gravitational radius r, =2GM / ¢* where the inner structure of the star is destroyed
and a black hole is formed. Here G is the gravitational constant, ¢ is the speed of light in vacuum and M is

the total mass of the star. We write the relativistic hydrostatic equilibrium equation, Tolman-
Oppenheimer-Volkoff (TOV) equation, for a perfect fluid as:

dn;(r) _ 47sz2 ()
r c L (1)
dp(r) () Gm(r) 1+ p(r) n 4 p(r) [l 3 2Gm(r)}
dr c’r’ e(r) c’m(r) c’r

where &(r) = c’p(r) is the energy density of hadron matter, p(r) is the pressure, P(7) is the density,
m(r) is the mass of matter inside a sphere enclosed within radius 7. This is a system of first-order
ordinary differential equations, the solutions of which should represent equilibrium configurations of a
perfect fluid with density &(7) and pressure p(7). The TOV equation cannot be solved in its present form

because it is an open system of differential equations. To close it, we must add an equation, which is
usually given in the form of an EoS (EoS). Clearly, not every EoS can be used to generate physically
reasonable solutions of the TOV equation. In fact, not every EoS can lead to an equilibrium configuration.
In the case of a neutron star an appropriate EoS can be written in a parametric form as:

£(r) = ?[(2y(r>3 T+ 300 () + 10
p(r)= ;[(zy(r>3 3y NI ) + 3ty + T 0))|

where, y(r)=k,(r)/m,c, k,(r) is the dimensionless Fermi momentum of a neutron, &, =m.c’ / z°h’

2

constant having the dimension of energy density [3]. We introduce the dimensionless energy density and
pressure in the following form & =g&c*/Gb*, p=pc*/Gb*, p=pc’/Gb*, where p is the dimensionless
density, p is the dimensionless pressure, £ is the dimensionless energy density. To make systems of
equations (1) and (2) dimensionless we introduce the quantities »=bx, m=mc’b/G, where
b=rm+h’/Gem ! isa parameter with dimension of length, satisfying the equality ¢, = ¢*/Gb* [3], X

is dimensionless radial coordinate, and m is the dimensionless mass. Then, the EoS (2) reduces to

£(r)= ;[ay(rf W () 4T 507

3)
B(r)= 214[(2)/0)3 3yNTE ) 430y 4152007
and the structure equations (1) become
dm (x) =4m’E(x)
dx L 4)
D) _ gy PO 4 [1 _ 2m<x)}
dx x’ e(r) m(x) X

equations (3)-(4) describe the behavior of matter at densities below the formation of neutron droplets and
above nuclear matter.

3. Neutron stars with protons, electrons. The pressure caused by protons and electrons in a neutron
star is small, but it is still present and softens the EoS by slightly reducing the maximum mass. In order to

—— 44 ——



ISSN 1991-346X Series physico-mathematical. 5. 2020

achieve equilibrium the electro-neutrality condition n, = n,, where n is the particle number density [4],

along with a balance between reactions 7 — p+e+V, and p+e—>n+v, must be fulfilled within the

star. Hence, the EoS is constructed in the same way as for degenerate noninteracting neutrons and has the
following form [5]:

f =Y "2y, 43,520ty () 15,7

i Az (5)
p=5 3 7% (25,9 =35, 3,7 4310y, () 4414 3,007

i=n,p,e
where, the Compton wavelength of particles are A, =1.319fm, A, =1.321fin, A, =2.42x10° fin and the

rest masses are mec2 =0.511Mev, mpc2 =938.272Mev, and the dimensionless Fermi momenta for

protons and electrons are given by

Jm 2 = m (L 3, () = 2m2 (0% +m2 (14, (x)°))
y,(x)= = . Vo=V, (6)
2m,m, \/1 +y,(x)

where for convenience we have denoted mic2 =m, . The Fermi momentum can be calculated from the
condition that the lower threshold for the neutron formation at y,(x) =0 is equal to y,(x)=0.001265,
y.(x)=y,(x), and central density is p =1.186x10"g/cm’.

By solving the TOV equations using (5) we get the mass-radius relation for a neutron star depicted in
Fig. 1. Note that in the M — p diagram (right panel) the configurations to the left of M, are unstable
and collapse into a black hole. A similar situation also occurs in the M — p diagram (left panel), only
here unstable configurations are to the right of M, . It can be seen that the contribution of protons and
electrons to the pressure or density and correspondingly to the mass is not significant.

Another feature of the EoS with non-interacting protons, neutrons and electrons is that with increasing
Fermi energies, electrons can decay into muons [6], and muons in turn decay into electrons with the
emission of neutrinos or anti-neutrinos. This is one of the few ways for cooling of a neutron star at high
temperatures [1]. The minimum density at which muons are formed is p =8.21x10"g/cm’. At densities
p=136x10"g/cm’, T < T.=2.2x10"K pion condensate forms [7]. If we take into account that during
the formation of a neutron star, the temperature still reaches a value 7 > T, but due to the neutrino
cooling the temperature decreases from 10" until 10°K in a month, then the formation of pion
condensation in the core of stars is inevitable. It means that, in realistic models and in all EsoS, the curves
should strongly move down after p~10" g/cm’, since pion condensations soften the EoS by decreasing
the maximum mass and are highly dependent on the model, though they have no contribution to pressure.
As for other pions, for example neutral pions 7" in 98% cases decay into two gamma quanta 7 - 2y,
that is, there is an equilibrium state between e 2y but the equation for the chemical potential gives
U, = 0, and for M ==, < 0, therefore, in both cases, the distribution function for 7 = 0K tends to
f= m — 0. The formation of such particles is not expected in superdense matter, at least not
at low temperatures, for the same reason positrons, anti-baryons and other mesons must be absent in an
ideal gas [4].
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Figure 1 - The mass-central density (in g/cm?) and mass-radius relations, NN is the empirical EoS, Skyrme is for the skyrme
potential, Pure is the degenerate neutron gas and BJ is the Bethe-Jones EoS. It can be seen that the maximum mass is decreased
and is equal to M = 0.7057Mun at R = 9.394 km if we include electrons and protons into degenerate neutron gas

4. Bethe-Johnson nuclear interaction. Almost all EsoS of neutron stars are based on finding the
energies of nucleon-nucleon interactions [8]. Nuclear scientists and theoreticians have spent plenty of time
and effort studying nucleon-nucleon interactions. From interaction theories it is known that the attraction
between nucleons is due to the exchange of scalar fields of pions, and repulsion by vector particles, in
particular p, @, @ (where p, @, @ particle carriers of nuclear matter). Bethe and Johnson only
considered repulsion from @ (783 MeV ), since it is this particle with nucleons that possesses the
strongest coupling constant and is approximately estimated in gf) =/hc=12.868 [9], and most
importantly, it describes well the experimental data on the binding energy of nucleons and the quadrupole
moment of the deuteron. So using the Bethe and Jones potential, taking into account the variational
method and considering the agreement with experiments, we obtain an EoS that relates density and

pressure through the parametric equations [1]:

2 \2/3 2
) 337 (ne) n(x)*" + 236n(x)""
d( / ) (13()”;’1)2/3(7/2 )2 (7)
=y LEL T ) Y () +363n(x)""

dn Sm

n

where a =1.54, m, = mnc2 MeV and fic =197.327 MeVx fin. To make equation (7) dimensionless we
multiplied by Gb*/c* =1.007x10™* fin’ / MeV . The speed of sound on the surface of a star is equal to

®)

(c_T _dp  0.143n*" +0.649n°

c) de 0214n*"° +n“ +1.01

where, the speed of sound is always ¢, <c for any densities in the Bethe-Jones EoS, as well as in the case

of a degenerate neutron gas or mixed with protons and electrons. Numerical solutions of the TOV
equations are given in figures 1 and 2.
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Figure 2 - Dependence of various parameters for the neutron star EoS

5. Empirical nuclear interaction. No matter how we choose the interaction potential between
nucleons, it must be in agreement with the experimental data, that is, it must lead to the saturation of
nuclear matter having satisfied 3 conditions: 1) the number density at which the saturation is achieved

n, =0.16 fm™, 2) the binding energy at saturation BE = E - _ —16 MeV , where BE is the binding

n=n

energy, 3) the compressibility of the nuclear matter K (n ): d—p:400 MeV, it is known from the
0 dn

experiment that the compressibility value changes depending on the potentials. In our case, a test function
for the EoS of symmetric matter n, = n, has the following form:

A B
5/n:mn+<E0>u2/3+—u+ u’
o+l 9)
2 A Bo
/n, ==(E W +=u? +——u°"
e S

after substituting in the conditions for saturation of the nuclear matter, the constants are equal to
A=-1182 MeV, B=6539 MeV , oc=2.112, <E0> =22.1 MeV . A model describing only neutron

matter 7 =7, is given by

A B
e T e Ly T 1)
5/3
p/noz3<E0>u5/3+(12‘1_(22/3_1)<E0>+S0ju2+ Bo

+1
uo‘

o+1

where S is the volume symmetry coefficient (degree of deviation from symmetry), u = n/n,, the range

of applicability of the equation is from the order of the nuclear density to p=1.135x10" g/ cm’ since

beyond this value it will violate the principle of causality.

6. Skyrme interaction. In this section, we select a potential that gives a repulsive effect at high
concentrations, since at high densities, which is equivalent to the reduction of the distance between
nucleons, the repulsive force due to the exchange of vector particles dominates. Based on these arguments

we choose the potential in the form of V(x—y)=05(x— y)(%gn—toj, where f is the parameter that

characterizes repulsion owing to the exchange of scalar particles between two nucleons, #; is the

parameter describing the repulsion at high densities. Next, we find the energy with help of the Hartree-
Fock method, if the spin of particles is not considered (the calculation of the same potential using the
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method of Hartree) we find that the energy increases twice. This is due to the fact that taking into account
the spin of the particles reduces the total energy practical twice because in the first approximations only
those pairs interact which have antiparallel spins. The EoS with spin reads as follows:

3(3”2)2/3(hc)2 si3 Ly 3 1y 2
- - _ 11
g=m,n(x)+ Tom, n(x) 4 n(x) 4n(x) , (11)
2 /3 2
p= LR o ey Loy,

where the constants 7, 7, are found from the saturation condition for nuclear matter as well as for

nucleon-nucleon interactions. After simple calculations one finds 7, =14600.8 MeV , t, =1024.1 MeV .

The domain of applicability of the EoS is 2.707x10" g/cm’ < p<1.55x10" g/cm’[3].

7. Observational constraint. The physical constraints imposed on the EoS are known. This is
primarily a restriction on the speed of sound, since the speed of sound in the core and on the surface of a

star must fulfill the condition ¢, /c <1, in our cases, these conditions are not met for the skyrme EoS

when p>1.55x10" g/ cm’ and for the empirical nucleon- nucleon interaction at
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Figure 3 - Various EsoS with theoretical and observational constraints

p>1.135%x10" g/ cm’ , in Fig. 3a it can be seen that the maximum mass for the skyrme potential
and for the empirical EoS must not exist from the physical point of view, since it lies above the plane
c,/c=1.In figure 2 (b) the matter pressure is shown as a function of the energy density. As one can see

the behavior of each EoS is different.
As for observational constraints, we learned from collecting data on neutron stars for 2019-2020 year
[10] that with 95% confidence the mass of the most massive pulsar PSR J0740+6620, located at a distance

of 1500 light years from Earth, lies in the range M =2.14"00M ¢
figures 4c), it is marked with a thick red line. The lowest radius has been observed in the RX J1856-3754

[11]; for an observer at infinity the radius is R =R = 2(2;];5 so that for R . =16.8 km [12], the
c

with a rotation period in 2.89 ms (see

conditions read 2GM /c*R>R—-R’/ (R:fm )2 [13]. In figure 3b, this is indicated by a dotted curve and a
dotted line. Furthermore, the largest surface gravity of a neutron star is for M =1.4M

Sun *

On the other hand, the observed radius with 90% confidence is 15.64 km <R _<18.86 km ; in
figure 3b, we mark the lower limit of the surface gravity with two dotted curves of the form
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2GM /¢c*R>R-R’ /(Rm )2 [13]. The most famous and fastest rotating neutron star PSR J1748-2246 [14]
has the highest rotation frequency 716 Hz and the equation for the frequency is determined as
Viax = 1045(M IMs,, )”2(1 Okm/ R)3/2 . Therefore, the constraint on the rotation looks like this

M >0.47(R/10km)’ M
surface gravity of a neutron star is determined by the pulsar XTE J1814-338 and the constraint is
M /Mg, <24x10°c*R/GM

relations must pass through the region surrounded by the observational constraints. Therefore, as one can
see, the pure degenerate neutron gas EoS is not realistic.

and the figure it is shown as a dashed curve. Finally, the upper limit on the

Sun

shown in the figure as a solid black line [15]. Realistic mass-radius

Sun Sun

8. Discussion and conclusion. In this paper, we obtained the dependence of mass on radius and on
the central density for different EsoSs of Neutron Stars. It can be seen in figure 1 that if we do not take
into account the nucleon-nucleon interaction, the EoS will be extremely soft to describe the dependence of
the mass on the radius, which does not correspond to the observations. In section III, we discussed the
appearance of pion condensation, but in realistic models, the formation of condensation must be prevented
by many factors such as the pion-nucleon interaction [7]. In Ref. [16] the EoS with protons, neutrons and
electrons was studied, but instead of the local electroneutrality condition n,—n,=0 the global
electroneutrality condition was used in the formJ. Pad’r= Je[np (r)—ng(r)]z 0. At the same time, the
Lagrangian density L takes into account the repulsive force between nucleons from vector bosons p,
and @, also the electromagnetic 4-potential 4, or any Lagrangian types [17].

As can be seen from figures 1 and 3, the empirical EoS has the most rigid dependence of mass on
radius, but the plots quickly fall down with the inclusion of protons. The equation of Bethe - Jones is in
good agreement with the experimental data, but at high densities, it is not enough to describe the repulsive
force with a single @ meson. Nevertheless, the EoS does not contradict the latest observational and
theoretical constraints, which is certainly a big advantage. The EoS for the skyrme potential is just a good
description of the matter at high densities up to p<5.5p,,. which corresponds to a star with mass
M=23TM,, .

The final results are shown in figure 3, as expected, the lower limit of observational constraints lies in
the interval 1.3M, <M <1.4M
of 1.38 — 1.44 M,,, for white dwarf stars. According to some estimates the maximum observed mass of a
neutron star PSR J0740+6620 is 2.17M g, . The existence of such an object is explained by the fact that a
rapidly rotating neutron star increases the maximum mass by almost 15%. Apparently, in the past, PSR

that is close to the Chandrasekhar limit, which in turn lies in the range

Sun

J0740+6620 absorbed a significant part of the substance of its companion - most likely, when it was still at
the stage of the red giant [18].

According to 2015 data, about 2500 neutron stars are known. Out of them, only 10% have
companions. Many massive neutron stars also have an inner core. The radius of the inner core can reach
up to several kilometers, and the density in the center of the nucleus can exceed the density of atomic
nuclei by 7-8 times. The composition and EoS of the substance of the inner core are not known for certain.
At such densities, neutrons can give way to hyperons, three-quark particles that include at least one
strange quark, or even consist of free quarks and gluons [19].
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HEWTPOH/BIK JKYJIIBI3IAPABIH KYI TEHAEYJEPIH TAJIJIAY

Annotanus. JKyMmbicTa HEHTPOHIIBIK KYJIIBI3AApAbIH, HEUTPOHBIK TaMIUBIIAPIBIH Taiiia OonyblHaH Oacrarl,
ACKBIH SIIPOJIBIK THIFBI3IBIKKA JIEHIHT1 opTYpil KYH TeHIeylepi: aiHbIFaH HEHTpOHIBIK Ta3, bera sxone J[koHC Kyl
TEHJIEYl, SIMIUPHUKAIBIK KYH TeHzaeyi skoHe Skyrme moTeHIManpl Kyd TeHJeyi KapacThIpbUIFaH. AJFalIKbl Kagam
periage TommaH-OnmenreiiMep-BoIKOBTHH PENSTHBTIK THAPOCTATHKANBIK TEMEe-TEHAIK TEHAEYl Macca-OpTaibIK
THIFBI3MIBIK, MAacca-pafiniyc >KOHE PaJNyC-OPTANBIK THIFBI3ABIK KATBIHACHIH TYPFHIZY YIIiH Konmaweuigsl. CebeOi
HEHTPOHIBIK JKYIABI3 Ta3a peNATUBTIK 00BekT. Kyl TeHIeyiH TaHmay OapbhIChIHIAa HEHTpOHOAp >KoHE KeHbip
JKarjainap yurH OpOTOHAAP apachiHAarbl HyKIIOH-HYKJIOHBIK 9cepiiecyre aca MoH Oepiii. OWTKeHI, KWHETHKAJIBIK
SHEepPrusMeH KaTtap HyKJIOHIAp apachIHIAFbl 9CEpIIeCy A€ MaHBI3IBI POJl aTKapasibl.

CoHbIMEH KaTap, HEWTpOHHAH 0acKa AJIEKTPOH JKOHE IPOTOH CHUSKTBHI SPTYpJi OOJILIEKTep XKUBIHTHIFbIHAH
TYpAaThIH aca ThIFbI3 MaTEPHUSIHBIH KacHETTepl )KOHE acepiiecy/li TachIMaliayibl OelieKkTepAiH yieci 3eprrenai. Ocsl
MakcaTKa eTy OaphIChIHAAa TXIpHOeMeH »akchl yiuleceTiH bera MeH JIKOHC MOTEHIMANbI JkoHE SKyrme
MOTEHLMAIBI KapacThIpbulabl. HyKIoHmapapIH acepiiecyiMeH Koca, SpTypili KeIOeIeKTiK d/1icTepl, XapTpH KoHe
Xaprpu-Pok oxicTepi KONIAHBLIBII, )XYHEHIH 3HEprusichl aHbIKTaaabel. OChl aKmapaTka CyileHe OTBIPBIIN KBICHIM,
SHEPTHsl THIFBI3JBIFEl JKOHE HEHTPOHIBI IKYJIJBI3AAFbl ABIOBIC KBULIAMIBIFBI CHAKTHI TEPMOJMHAMMKAIBIK
mapaMeTpiep THIFBI3IOBIK (QYHKIUACH peTiHae ecenTenmi. bip-OipiHeH aWbIpMAIIBUIBIKTAPBIH KOPCETy YIIiH
KacHeTTepi yKcac KeJeTiH 3aTThIH KYH TeHAeyIepi CabICTHIPBUIIBL.

Kanmer anranna, GyHIaMEHTAIABI 3aHIAPIBl TEKCepy OapBICHIHIA MaHBI3IBl aCTPO(PHU3UKAIBIK OOBEKT OOJBIIT
caHalaThlH MHJUTUCEKYH/THIK IyJibcapyap OakbulaHaJbl. BakbuiayJblH COHFBI HOTIKENEpI KYH TeHIeyJepiHiH,
KYMCaK Kyi TeHJeyliepiHe KaparaH/a, )KOFapFbl ThIFBI3JBIKTA ceOer-caaap MPUHIMIIH Oy3aThlHbIHA KapaMacTaH,
KaTaH 0oy bl Tajamn eTTi. by HoTIKenep, allHanaThiH Mynbcapabl Oakpuiay 6apsicbinga [llanupo s dexti apKbuIbl
MyJIbCap MaccachlH aHbIKTayFa MYMKIH/IK OepeTiH (u3MKalbIK mapaMmeTpiep/ii aHbIKTayFa OOJIaThIHBIH KOPCETKEH.
Contycrik Amepuka obOcepBaropusicbiHIa TpaBuTanusuiblK TONKbIHAAD (NANOGrav) yiniH HaHorepu OoWbIHIIA
MaiMeTTepai OipikTipy OapeichiHza 12,5 xbul 00ibl opOuTanmsl (aszanbl Oakputayna Green Bank teneckoObIH
KojaaHa oTeIpbIn, PSR J0740 + 6620 — HEUTPOHIBIK KYJIIBI3IBIH MaCcCACHI 2,14:'3:(1)8 KYH MaccacblHa TeH 00JaThIHbI
aHbIKTIIBL. bizniy ecenteyimizge PSR J1748-2246 HeHTpOHABI >KYIABI3IBIH alfHATYBl CTAHIAPTTHI OaKbUIAYIAH
Oenriymi mexTey OONBIN caHamaAbl. ATanFaH Iyinbcap ceKyHnbiHa 1122 aifHaneim xacaiiteiH XTE J1739-285
MyJIbcapAaH KeHiH JKpUIIaMIbIFbl OOMBIHINIA eKiHIIi Ooubin caHanmaabl. JlereameH O6acka actpornomumap XTE J1739-
285 mynmecapAbIH aifHaTTy TIEPUOJIBIH J1i TOJBIK pacTaMaraH.

KopsIThIH/IBLIAN Kelle, JKYMBICTa dcepiiecy/li €CKepMEreH ecenrtey HOTHXeNepi, Oip TachMalIayliblHbIH dcepi
eckepinrenzeri acepiecy (bera xxone JKOHC Kyl TeHIeyJepl xKaFnaiiblHIa) HOTWIKEIEPIHEH eIoyip allblpMAaIlbLIbIK
kepcereTiHi OasHnanraH. COHBIMEH Katap, SMIIMPHUKAIBIK KOJIMEH TYPFBI3bUIFaH, KYJIIBI3IBIH TOJIBIK PaINyChIHbIH
OPTAaJIBIK THIFBI3ABIKKA TOYEJAUIIrT allHBIFAH HEWTPOHIBIK ra3jiaH epeKuleneHeTiHl kepceTini. KyMbICThIH jkaHa-
JIBIFBI, OaKbUIAYaH AIBIHFAH MOJIIMETTEPMEH KOCA, HEHTPOHIBIK JKYJIIBI3AAp/bl CHIIATTAY VIIIH OPTYPJ KYyH TEHIEY-
JIepiH KOJIaHy/1a KoHE OJIap/IbIH KalCBICHI )KETKUTIKTI Typ/ie (PM3UKAIBIK IIBIHAWBUIBIKTEI CUIIATTAHTHIHBIH KOPCETYIE.

Tyiiin ce3mep: KyH TeHIeyl, HEHTPOHABI >KYJJBI3, Macca-paJnyC apakaTbIHACHI, SIPOJBIK dcepliecy,
OakpuIayaH aJbIHFaH IIEKTeyIep.
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‘MIHCTHTYT s11EpHBIX HayK, HalnoHaIbHBIH aBTOHOMHBINH YHUBEPCUTET MEKCHKHY;

*Kadenpa (u3nky 1 MexXTyHapOAHBIA EHTP PEATUBUCTCKOM acTpOH3HUKH,
Pumckuit Yausepcutet “Jla Canuenna”, Pum, Utanus
AHAJIN3 YPABHEHUM COCTOSSHUSI HEUTPOHHBIX 3BE3/]

AnnHortauus. B nanHO# paboTe pacCMOTPEHBI pa3InYHbIe YPAaBHEHUS COCTOSHISI HEHTPOHHBIX 3BE3M, TaKHE KaK
YpaBHEHHE COCTOSHUSI BBIPOKACHHOTO HEHTPOHHOTO ra3a, ypaBHEHHE cOCTOsiHUS bera m JIKoHca, sMmupuiecKoe
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YpaBHEHHE COCTOSIHUS M YPaBHEHHE COCTOSHHMS C HNOTEHUHaIoM SKyrme, OT TOYKH OOpa3oBaHHs HEHTPOHHBIX
Karelb 10 CBEPXsACPHBIX IIIOTHOCTEH. [10CKONIbKY HEHTPOHHAS 3B€3/1a SIBJISETCS YUCTO PENISITUBUCTCKAM OOBEKTOM,
OBUIO HCHOJIB30BAaHO PEJISITUBUCTCKOE YPaBHEHHE THAPOCTaTHYECKOro paBHoBecusi Tonmana-OnmneHreimepa-
BonkoBa B kadecTBe OTHpaBHON TOYKH I MOJYYEHHS COOTHOIIEHHM Macca-IeHTpajbHas IMJIOTHOCTb, Macca-
pamuyc u paguyc-LeHTpaibHas IoTHOCTh. [Ipu BeIOOpE ypaBHEHHH COCTOSIHUS OBLIO YIEJIeHO 0co00e BHUMaHHE
TEM YpaBHEHUSIM, B KOTOPBIX YUUTBHIBACTCS! HYKJIOH-HYKJIOHHBIE B3aMMOJICHCTBHS MKy HEHTPOHAMH, B HEKOTOPBIX
cilyyasix C IPOTOHAMH, MOCKOJBbKY KpOME KHHETHYECKOHW OSHEprWd 4YacTUIBl, OONBIIYI0 pOJb HIPAIOT
B3aUMO/ICHCTBUS MEX/Yy HyKJIOHAMH.

Brun nccnenoBaHb! CBOICTBA CBEPXIUIOTHOM MAaTEPHHU C PA3IMIHBIM HAOOPOM YACTHII, TAKUMH KaK HEHTPOHEL,
a TaKKe JEKTPOHBI U MPOTOHBI. Takxke OBLT HCCIIEIOBAH BKJIAJ] Pa3THYHBIX YaCTHUII-TIEPEHOCYNKOB B3aUMOICHCTBUS.
JIns mocTIKEHUs 3TUX Leel ObUIH PacCMOTPEHBI pa3IMyHble TIOTeHIUANG: ToTeHnran bera u J[oHca, moTeHran
Skyrme, KOTOpBIE XOPOIIIO COTJIACYIOTCS € SKCIEPUMEHTATBHBIMH JaHHBIMH. Kpome 3TOro, BEIUUCISETCS SHEPTHs
CHUCTEMBI, HCIONB3ys pa3IUYHBIE MHOTOYACTHYHBIE METOABI: MeTonsl XapTpu u Xaprtpu-Doka, BKmoUas
B3aMMOJICHICTBHE HYKJIOHOB. briaromaps 3Tod HMH(QOPMAIMM PACCUMUTHIBAIOTCS TEPMOIMHAMHYECKHE IapaMeTpEl,
TaKM€ KaK OaBJICHUEC, INUIOTHOCTbL OHEPIrUM U CKOPOCTHh 3BYKa Kak (l)yHKLIl/I)I IIJIOTHOCTHU HeﬁTpOHHOﬁ 3BE3/bI.
YpaBHEHUsI COCTOSIHUSI BEIleCTBA HEWTPOHHOM 3Be3/bl OBUTM CpaBHEHBI MEXAY CO0O0H momapHo, a 3ateM ObUIN
MMPOACMOHCTPHUPOBAHBI TOHKHUE OTJIMYMA APYT OT Apyra.

Bnaronapst HabmroneHUSIM 32 MUJUTUCEKYHIHBIMU ITyJIbCapaMHt, KOTOPBIE SIBJISIFOTCSI OJJHAM M3 CaMBIX ITOJIE3HBIX
acTpoM3MYecKuX OOBEKTOB JUIA NPOBEPKU (QYHIAMEHTAIBHBIX 3aKOHOB (M3UKM OBUTM YUYTEHBI IIOCIIETHHE
HaOIOAaTeNbHBIE OTPAaHWUYCHHS Ha ypaBHEHHE cocTosHHUA. [loka3zaHO, 9TO HaOmromaTeNbHBIC NAaHHBIE TPEOYIOT,
9TOOBI YPaBHEHUS COCTOSHUS OBLIH KECTKIMH, HECMOTPS Ha TO, YTO BCE KECTKHUE YPABHEHHUS COCTOSHUS, B OTIINIHE
OT MATKUX, HAPYIIAIOT MPUHIHI MTPUIHHHOCTH MPU OOJBIINX IUIOTHOCTSX. HaOmromaTenpHble OrpaHHdeHUS OBLITH
MOJyYEeHBI ITyTEeM JIMTENbHBIX HaONMONeHUH 3a Imynbcapamu. llpyn HaOmMoneHnH 3a BpAINAIOMIMMUCS ITyJIbCapaMiu
OBUTO OOHAPYXKEHO, YTO MOKHO M3MEPHUTH (PU3NUECKHE MapaMeTphl, KOTOPBIE TIO3BOJISIOT BRIYHCIATh MAcCy CaMHX
nyjibcapoB ¢ momoinsio dpdexra Ilamupo. Ilyrem oObenuHenuss HaOopa naHHbIX CeBepoaMepHKaHCKOU
HaHOreplOBOW oOcepBaropun rpaBuTaoHHBIX BOJIH (NANOGrav) 3a 12,5 ner ¢ HeJaBHUMH HaOJIOJEHHUSMH 32
opburtanbHOi (Dazoii, mcnonp3ys teneckon GreenBank, Obita m3MepeHa Macca ucrounuka PSR J0740+6620

" +0,10
(neiiTpoHHas 3Be3na), KoTopas paBHa 2,147 ), COIHEYHBIX Macc. B KadecTBe THNMYHOTO HaOMIOAATENBHOTO

OTPaHMYEHUS Ha BpALICHUE HEUTPOHHBIX 3BE€3], HUCIONB3YIOTCS MapaMeTpbl uctouHuka PSR J1748-2246,
CYMTAIOIIEr0Cs BTOPBIM 110 CKOPOCTH BpAILLEHUs MyJIbCAPOM, a IEPBBIM B HACTOAIIMN MOMeHT cuntaeTca X TEJ1739-
285, coepmaromuii 1122 0obopoTa B ceKyHIy, XOTS IPYTHE aCTPOHOMBI 3TOTO HE TIOATBEPAMIIH.

B 3akimroueHne oka3aHo, YTO Pe3yNIbTaThl BEIYUCICHHUS 0€3 B3aMMOJCHCTBHS CHIIBHO Pa3HATCS C Pe3ylbTaTaMu
ypaBHeHUst coctosHus bera n JKoHCa, T1e yUUTHIBaICS, KaK MUHIMYM, OJMH NIEPEHOCUYHK B3anMozaencTBus. Takxke
OBUIO OIPENETECHO, YTO 3aBUCHMOCThH IOJHOIO pPaanMyca 3Be3[bl OT LEHTPAIbHON IJIOTHOCTH, TOCTPOCHHON Ha
SMIIUPUYECKUX COOOPAKEHMAX, CHIBHO OTIMYAETCS OT pPE3yJbTAaTOB, IOJyYCHHBIX W3 YPABHEHHS COCTOSHHUSA
BBIPOXKJICHHBIX HEHUTPOHHBIX Ta30B, HAayWMHAs CO 3HAYEHMM IUIOTHOCTH Topsiaka snepHoil. HoBusHa craTthu
3aKJII0YaeTcs B HCCIEOBAHUM HEUTPOHHBIX 3BE3]l IyTEeM CPAaBHEHHUS COBPEMEHHBIX HaOJIIOAATENbHBIX NAHHBIX U
pe3yJIbTaTOB, MOIYYEHHBIX C IOMOIIbIO NPUMEHEHHsS pPAa3JIMYHBIX YPaBHEHHH COCTOSHHS M Ha OCHOBE 3TOTO
MPOBEJICH aHAJIN3 TOTO KaKWe U3 3TUX JaHHBIX OoJiee MopoOHO ONKCHIBAIOT (HU3UUECKYIO PEaibHOCTb.

KiroueBble cJjI0Ba: ypaBHEHHE COCTOSHUS, HEHUTPOHHAas 3Be€3a, OTHOLIEHHWE Macca-pajuyc, sIEpHbIE
B3aUMO/ICHCTBUSI, HAOIIOAaTEeIbHbIE OTPaHUYCHHUS.
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DEVELOPMENT OF A METHOD FOR DESIGNING
INFORMATION SYSTEMS FOR ENERGY COMPANIES

Abstract. The creation of information models requires the use of known methods and the development of new
methods of formalizing the pre-design research process. The modeling process consists of four stages: data collection
on the object of management - pre-project research; creation of a graphical model of business processes taking place
in the enterprise; development of a formal model of business processes; business research by optimizing the formal
model.

To support the creation of workflow management services and systems, the complex offers methodologies,
standards and specialized software that make up the developer's tools.

This can be ensured only by modern automated methods based on information systems. It is important that the
information collected is structured to meet the needs of potential users and stored in a form that allows the use of
modern access technologies.

Before discussing the effectiveness of FIM, it should be noted that the basic concept of information itself is still
not the same. In a pragmatic way, it is a set of messages in the form of an important document for the system.
Information can be evaluated not only by volume, but also by various parameters, the most important of which are:
timeliness, relevance, value, aging, accuracy, etc. in addition, the information may be clear, probable and accurate.
The methods of its reception and processing are different in each case.

Keywords: information systems, management information systems (MIS), integrated databases, sadt
methodology.

Information support is the basis for all management activities. Here the set of information should be
considered as various messages, data, relevant objects, phenomena, processes, relationships about the data.
A necessary condition for the successful operation of any enterprise is the normal operation of the
following processes:

- targeted collection and primary processing of information;

- organization of channels for users to access the collected information;

- timely use of collected information for decision making.

The main task of gathering the necessary information:

- completeness, adequacy and integrity of information;

- reducing the technological delay between the moment of information generation and the moment of
access to information.

This can be ensured only by modern automated methods based on information systems. It is important
that the information collected is structured to meet the needs of potential users and stored in a form that
allows the use of modern access technologies.

Modern management information systems.

Development of management information systems (DMIS) is a very complex process that requires
significant time and resources [1-4]. Modern large MIS projects are usually characterized by the following
features:

- the complexity of the characteristics that require careful modeling and analysis of data and processes
(there are many functions, processes, data elements and complex relationships between them);
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- its local tasks and objectives (for example, the presence of a set of closely interacting components
(subsystems) with traditional applications related to transaction processing, regulatory tasks and analytical
processing (decision support) applications using unregulated requests for large amounts of data);

- lack of direct analogues, which limits the possibility of using any standard design solutions and
application systems;

- Significant time duration of the project, based on the limited capabilities of the development team,
on the one hand, and the scale of the customer organization and the different levels of readiness of its
individual units to implement the MIS, on the other hand.

For the successful implementation of the project, the design object (DO) must first be adequately
described, complete and functionally non-contradictory MIS and information models must be built. In
addition, the information needs of users may change or be clarified during the creation and operation of
the fee, which makes it difficult to develop and maintain such systems. Currently, one of the most
complex and important stages in the development of MIS, the stage of creating an information model,
remains largely informal. The initial phases of the project have a decisive impact on the achieved result, as
they make key decisions that determine the quality of the information system. The share of the final result
of the conceptual phase reaches 30%.

The creation of information models requires the use of known methods and the development of new
methods of formalizing the pre-design research process. The modeling process consists of four stages:
data collection on the object of management - pre-project research; creation of a graphical model of
business processes taking place in the enterprise; development of a formal model of business processes;
business research by optimizing the formal model. In addition, it is the most promising method among the
known methods of pre-design research in terms of its automation. The method involves the collection and
initial processing of information. As a result of the initial processing, we obtain a database containing data
on the enterprise, which is suitable for further automated analysis, rather than a mass of unsystematic
primary information. We will use the same presentation of research results in future work.

We set the task to create an information model that allows not only to show the relationship between
the structural units of the enterprise and their weight, but also to assess the nature of the processes taking
place in the organization. In this case - what operations (functions) are performed on the information
(documents) within the organization. Hereinafter, such an information model is called functionally
oriented. Obtaining such a model allows to set the task of optimizing the organizational structure of the
enterprise on new criteria, for example, on the loading of individual functions, uniform loading, etc. b. on.

The obtained functional-oriented model allows to implement the technique of creating an
organizational model of the enterprise "from below": in the first stage to determine the full list of functions
that must be implemented in the enterprise for effective management and achievement of goals; identify
internal and external relationships between functions; estimate the amount of information passed on these
contacts; reorganization of departments and services by redistribution of these functions on a similar basis.
At this stage, communication between departments is carried out automatically - through communication
between newly created departments and services. New features, document management can be included.

A wide class of mathematical theories (third and fourth stages) can be used to formally describe and
analyze the graphical model of business processes, which we will discuss in detail in this paper.

Analysis of existing approaches to building an information model of the enterprise.

At present, the automation of enterprise (organization) management is still an important and topical
issue [4, 16, 19, 23], the intuition and personal experience of the leader is often insufficient to make
effective and timely management decisions. Therefore, a modern approach to management involves not
only a large investment in the purchase of expensive equipment, but also the creation and implementation
of automated management decision support systems (SS). Creating an SS has always been a complex
system process and still remains:

- amodern enterprise is a complex system of interacting elements (divisions);

- each enterprise requires unique and standard design solutions that require complex adaptation;

- unique and flows (information and material) that connect the subsystems of the enterprise, as well as
the enterprise with the environment. Therefore, it is necessary to carefully study the information flows
during the development of the SS. To do this, it is necessary to create an adequate information model of
the enterprise [13]. This process is not simple.

—— §4 ——
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Currently, there is a set of tools that facilitate the process of creating an information model, such as
CASE-tools [9]. They can significantly simplify the modeling process. However, the preliminary stages
related to the description of the subject area are beyond the competence of CASE-tools and are performed
informally at the verbal level [13]. In addition, the adequacy of the information model depends on the
quality of their implementation. We note that the information model is very important for them (in terms
of functionality), as it significantly determines the efficiency of all SS. For them, only the document flow
(traffic or traffic) is important and can be optimized only after a careful study of this traffic, that is, it
should be organized so that the documents arrive on time and without queuing. In other words, it would be
possible to make timely management decisions at all SS levels. Of course, a lot depends on the technical
implementation of the IS, but this is only a necessary but insufficient condition for the effective operation
of the IS.

One type of MIS is called corporate information systems (IS) [20]. Recently, great results have been
achieved in the practice of creating such IS [20]. This was largely due to the fact that all information
available to the corporation was entered into a common integrated database (IDB) and that all divisions of
the corporation were included in this database in accordance with its competence. IDB is a
multidisciplinary database. IDB is the most important, but not the only, component of IS. Another
important part of it is the telephone, telegraph, etc. is a communication network that includes typical
communication channels. That is, the communication network is gradually called an integrated service
network. The information component is present in any MIS, thus defining it as an information subsystem
and having a significant impact on the structure and effectiveness of the duty. Thus, it makes sense to
study and optimize individual IS. You can do this by building an IS model. At the same time, it is always
necessary to take into account in what subject area and to what extent the information is adequately
collected in the IP.

Thus, when studying the IP, it is necessary to take into account that the information contained in it is a
model of some areas of the real world. The main requirement for any IS is to ensure the adequacy of this
model. The main tools to improve the efficiency of complex information systems are: operational analysis
of the situation, development of operational and calendar plans, modeling of management processes.
Modeling is the study of the properties of the original by replacing one object (the original) with another
object, called the model, and studying the properties of the model. The need to use models arises when it
is expensive, difficult or impossible to make a decision on a particular object. The model simplifies,
reduces and speeds up the process of studying the original.

Nowadays, the sadt method is widely used. (Structured Analysis and Design Tecchnique) — Structural
analysis and design methodology that provides a number of advantages in control systems:

- formalize the description of the workflow;

- tolerance: process models created within one system can work under the control of another system;

- universality: the use of a single mechanism for describing the management of workflows in different
areas of activity.

Currently, a number of standards have been developed to describe specific workflows that can be
divided into two categories:

- Graphic models depicting the tree-like structure of the process.

- Block models closest to the block structure of programming languages.

Conclusion. Thus, the above models are suitable for use in a number of cases to effectively describe
the system environment and its operation. In addition, information about the flows that serve the system is
a determinant of any system. Therefore, it is important to study not only the model of the system, but also
its information model to the level of functions in detail and its filling with information flows, not blocks of
the system. Such a model can be called functionally oriented (FIM). The use of FIM is also important for
modeling the functional structure of the system. The use of FIM allows you to set and solve new tasks at
the level of organizational and functional structure, for example, to determine the load of functions, their
full load, etc. b. redistribution (optimization) of document flow between individual functions in order to
ensure

Before discussing the effectiveness of FIM, it should be noted that the basic concept of information
itself is still not the same. In a pragmatic way, it is a set of messages in the form of an important document
for the system. Information can be evaluated not only by volume, but also by various parameters, the most
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important of which are: timeliness, relevance, value, aging, accuracy, etc. in addition, the information may
be clear, probable and accurate. The methods of its reception and processing are different in each case.

T.b. Augounrap, @. Y. Maaukosa, I'.b. UcaeBa, b.P. Adcaraposa, M.C. UGpaeB
ADxbBY, Anmatsl, Kazakctan

SHEPTETUKAJIBIK KOCIIIOPBIHHBIH
AKIAPATTBIK )KYHEJIEPIH )KOBAJIAY 9/IICIH 93IPJIEY

AHHOTaUMsl. AKNApaTTBIK MOJETBACPHI KYpy Oenrimi omicTepli KOJNAaHYIBl KOHE jkolamay aiIblHIarbl
3epTTey YIepiciH (opManbIayaslH jKaHa OMICTEpiH o3ipieyAl Tamam eremi. Monmenpaey yaepici TopT Ke3eHHEH
Typazapl: 6ackapy 0O0BEKTICl Typajbl AepeKTepAl KUHAY — K00a aJIbIHIAFl 3ePTTEY; KOCIMOPBIHAA OOJIBIN JKaTKaH
OusHec yaepicrepiHiH rpadHKaiblKk MOJEIIH KYpy; Ou3Hec yaepictepaiH GopMaibIsl MOJCIIH d3ipiey; GopMabIbl
MOJIENb/Ii OHTAWIaHIBIPY JKOJIBIMEH OM3HECTI 3epTTey.

JKyMmbIc arbIHBIH Oackapy KbI3METTEpi MEH JKyHelepiH KYpyAbl Kojjay YINiH KelleHJe o3ipJeyLIiHiH Kypa-
caiiMaH KypaJlIapblH KYpalThIH dJlicCHaMaiap, CTaHAapTTap KoHe MaMaHJaH/IbIpbUIFaH OaraapiaMalblK KacaKTaMma
YCBHIHBIIA B

AKIapaTThIK KamMTaMachl3 €Ty OapibIK Oackapy KbI3METiHIEe KYpbUIaThIH 0aza Oonbln caHanmansl. by sxepae
aKnaparThl JKUBIHTBIFBI OPTYpPJi xabap, ManliMeT, AEpeKTep Typasibl THICTI 3aT, KYOBUIBIC, yAepic, KaTblHactap
pETiHae KapacThIPFaH KOH.

MyHBI TeK aKMapaTThIK JKyHelep Heri3iHjie 3aMaHayd aBTOMATTAHBIPHUIFAH O/ICTEPMEH FaHa KaMTaMachi3
eryre Oomanel. JKuHanmFaH aKmapaTTHIH oJIEYeTTI MaiAanaHyIIbUIapAblH KAKETTUTIKTEPiH ecKepe OTBIPHII
KYPBUIBIMIATYbI )KOHE Ka3ipri 3aMaHFbl KOJI JKETKI3y TEeXHOJIOTHSUIAPbIH MaiiaiaHyFa MyMKIHIIK OepeTiH HbIcaH/ia
CaKTaJIybl 6T€ MaHbI3/IbI.

ConppIKTaH OacKapyFa 3aMaHayH Ke3Kapac KbIMOAT Kypal-’KaOIbIKTapIbl CaTHIIl alyFa YIKEH KapakaT calybl
FaHa eMmec, 0acKapyUIbUIBIK INEIINM KaObUIIAy bl KOJIIAyAblH aBTOMATTaHIbIpbUIFaH xyhenepin (AXK) xypy meH
SHT13Y/I1 Ke3eHIi.

Ke3 kenreH KkocimopblHAAP/bIH TaOBICTHI JKYMBIC iCTEyi YIIIH Ka)eTTi LIapT Kejeci yAepicTepaiH KaJbIIThI
JKYMBICHI OOJIBIIT CaHaNabl:

- aKIapaTThl MAKCATThI )KUHAY JKOHE aJIFaIlIKbl OHJIEY;

- Al jananymbUIapbIH KUHAFaH akllapaTKa KoJl KeTKi3y apHaJapblH YHBIMIACTHIPY;

- memiM KaObUTaay YIiH KHHAIFaH aKIMapaTThl YaKbITHIHIIA TaligaIany.

KaxkeTTi aknmapaTThl )KHHAYABIH HET13Ti Maceseci:

- aKIapaTThIH TOJBIKTHIFbI, 0apa0apIbIFbl KOHE TYTACTHIFbI,

- aKmapaTThIH Haiaa 00y yakbIThl MEH aKmapaTKa KoJI XKeTKi3y OacTaliFaH COTTiH apachlHIaFbl TEXHOIOTHSLIBIK
KEUIiry/ii a3auTy.

AX o3iprey ke3iHie aKMaparThIK arblHABI MYKHMST aJJIbIH ana 3epTrey Kaxer. Oi yIIiH KoCIMOPBIHHBIH
aJIeKBaTThl aKNapaTTHIK MOJIEINIH Kypy Keopek. by ynepic kapanaiibiv emec.

Tyiiin ce3mep: axnaparThIK XKyiienep, OackapyablH aknaparthlk kyienepi (BAX), mHTerpanmsik nepexrep
6a3acel, sadt omicremMeci.

T.b. Annonrap, ®@.Y. MaauxoBa, I'.b. HcaeBa, b.P. A6cataposa, M.C. GpaeB
AJNMaTHHCKHI YHUBEPCUTET SHEPIeTHKH U CBsi3u, Anmarsl, Kasaxcran

PA3PABOTKA METOAUKHN NPOEKTUPOBAHUSA HHOOPMAIIMOHHBIX CUCTEM
JJIS1 SHEPTETUYECKHUX KOMITAHUHA

Annoranusi. CozzaHue WHQPOPMALMOHHBIX MoOjeNell TpeOyeT KCIOIb30BaHMsl HM3BECTHBIX METOAOB U
Pa3paboTKU HOBBIX METOAOB (popManu3aLuM IIpoliecca MPEANPOEKTHBIX UccienoBaHui. [Ipouecc MopenupoBaHus
COCTOHMT M3 YEThIPEX 3TaroB: cOOp NaHHBIX 10 OOBEKTY YIpaBJICHUS — MPEANPOEKTHOE MCCIEIOBAHHE; CO3JIaHHe
rpaduyeckoil MozeNnu On3Hec-IpOIEeccoB, MPOUCXOMAIINX Ha MPEINpHATHH; pa3paboTka (OpManbHOH MOAENH
OM3HeC-TIpoLecCcoB; OM3HEC-UCCIIEeIOBaHHS IIyTEM ONTHMH3aUK (POPMAIBHON MOJIEIH.

Jnst moNIep>KKH CO3AHUsI CEPBHCOB W CHUCTEM YIPAaBICHHS pabOYMMM HpOLEcCaMH KOMIUICKC Ipeiaraet
METOJIOJIOTHY, CTaHAApThl W CHEHUAIW3UPOBAHHOE MNPOrpaMMHOE obecnedeHHe, COCTABISIOLINE WHCTPYMEHTHI
pa3paboTumka.
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WudopmarnmonHas NmopiepkKa — OCHOBAa BCEH YIpaBIEHUECKOHW NeATeNbHOCTH. 3aech Habop HHGpOpMaliu
CJIeyeT pacCMaTPUBATh KaK MHOXECTBO COOOIEHUH, JAHHBIX, COOTBETCTBYIOIUX 3JIEMEHTOB, SIBIICHHH, IIPOLIECCOB,
B3aMMOCBSI3€H MEXy JaHHBIMU.

O6eCHe’-Il/ITb 9TO MOXHO TOJIbKO COBPEMEHHBIMH aBTOMAaTU3UPOBAHHBIMU METOAAMH Ha 6a3e I/IH(l)OpMaLlI/IOHHI)IX
cucreM. Baxno, uToObl coOpanHas uH(opmanusi ObLIa CTPYKTYpHpOBaHa Uil YAOBIIETBOPEHMs NOTpeOHOCTEH
MOTEHLMAJIBHBIX I0Jb30BaTeIed U XpaHWiIack B (hopMe, NMO3BOJISIONIEH HCIIOJIB30BATH COBPEMEHHBIE TEXHOJIOTHU
JIOCTYTIA.

[TosTOMY COBpeMEHHBIH MOAXOA K YIPABICHUIO IPEIIOJIaraeT HE TOJBKO KPYIHBIE BIOXKEHHS B 3aKYIKY
JIOPOTOCTOSAIIEro 000PYIOBaHMS, HO U CO3/laHNE U BHEPEHNE aBTOMATH3MPOBAHHBIX CHCTEM ITOJICPKKH MPUHATHS
ynpasiendeckux pemreruit (MC).

Heo0xoauMbIM yCIIOBHEM yCIIEIIHON paboTHI IF000T0 MPEAIPUSITHS SBISETCS HOpMallbHas paboTa CIeIyFOIINX
MPOLIECCOB:

- 11eJIeBOi cOOp M IepBUYHAsS 00paboTKa HH()OPMALIHH;

- OpraHu3anys KaHAJIOB IOCTYIIA M0JIb30BaTeNell kK coOpaHHON nH(popMarmy;

- CBOEBPEMEHHOE HCIOJIb30BaHNE COOPAaHHOW MH()OPMALIUH AJIsl IPUHSTHS PELICHUH.

OcHoBHas 3as1aua cOopa HeoOXoMMON HH(POPMALHH:

- IIOJIHOTA, aJIeKBaTHOCTh M LIEJIOCTHOCTh HH(OPMAIINY;

- COKpaIlleHWE TEXHOJIOTHUECKOH 3alep’KKM MEXIy MOMEHTOM (hOPMHPOBaHUS HWHPOPMAIMM M MOMEHTOM
JIOCTyNa K MH(OPMALHH.

IIpu pazpabotke VMIC HEeoOXommMo 3apaHee BHUMATEIHHO H3YYHTh WH(POPMAIMOHHBIE TOTOKH. J[s 3TOTO
HEOOXOAMMO CO31aTh afeKBATHYI0 HH(POPMAIIMOHHYIO MOJENb IPEIIPHUATHS. DTO HEMIPOCTON IpoIiecc.

KiaroueBble cjioBa: wuHGOPMAIIMOHHBIE CHCTeMBI, HH(popManumoHHble cucTeMbl yupasieHus (UCY),
WHTETPUPOBaHHbIE 0a3bl TaHHBIX, Sadt-METOI0IOTHS.
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FALSIFICATIONS OF POISSON ADIABATE,
HUGONIO ADIABATE, LAPLACE SOUND SPEEDS.
MODERNIZATION OF FOUNDATIONS OF THERMODYNAMICS

Abstract. The inequality of the universal gas constant of the difference in the heat capacity of a gas at constant
pressure with the heat capacity of a gas at a constant volume is proved. The falsifications of using the heat capacity
of a gas at constant pressure, false enthalpy, Poisson adiabat, Laplace sound speed, Hugoniot adiabat, based on the
use of the false equality of the universal gas constant difference in the heat capacity of a gas at constant pressure with
the heat capacity of a gas at a constant volume, have been established. The dependence of pressure on temperature in
an adiabatic gas with heat capacity at constant volume has been established. On the basis of the heat capacity of a gas
at a constant volume, new formulas are derived: the adiabats of an ideal gas, the speed of sound, and the adiabats on
a shock wave. The variability of pressure in the field of gravity is proved and it is indicated that the use of the
specific coefficient of ideal gas at constant pressure in gas-dynamic formulas is pointless. It is shown that the false
“basic formula of thermodynamics™ implies the falseness of the equation with the specific heat capacity at constant
pressure. New formulas are given for the adiabat of an ideal gas, adiabat on a shock wave, and the speed of sound,
which, in principle, do not contain the coefficient of the specific heat capacity of a gas at constant pressure. It is
shown that the well-known equation of heat conductivity with the gas heat capacity coefficient at constant pressure
contradicts the basic energy balance equation with the gas heat capacity coefficient at constant volume.

Key words: speed of sound, heat capacity, adiabat, isobaric, isothermal.

1. Falsifications of the difference in heat capacities C, —C, = R

The difference in heat capacities of gas Cp —Cv = R is considered the basic formula of

thermodynamics and is derived from the first law of thermodynamics [2, 3]:
d'Q=dU, + pdV,, Q)
In (1) d'Q the amount of heat, dU «n the differential of the internal energy of a kilomole of gas
U, =C,T,accord ing to the equation of state of Clapeyron V. =RT/ p:

d'QZCVdT+deZ )
p

Only by the hypothesis of constant pressure, putting in (2) d'Q=C,dT, we get formula

C » C, =R, where C , 1s the heat capacity of gas at constant pressure  p = const . The heat capacity
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iR

at a constant volume is C, :?, where I=n +2n

‘vibrat

+n

translat Totat is the sum of the translatlonal,

v

rotational and doubled number of vibrational degrees of freedom of the molecule, the universal gas

constant R=831-10° __ Jjoule
deg: kilomole

T L
Theorem 1. In an adiabatic gas, pressure is a variable and depends on temperature P _ (F)2 .
Py 0
The constant pressure hypothesis in adiabatic and non-isothermal gas leads to false equality C, =-R,
because C, = ﬁ
Evidence. Let the pressure in adiabatic gas d'Q = 0 be constant:
T
0=C,dT + pRd— (3)
P
In nonisometric gas 1 # const 5 dTl #0 in (3), the pressure decreases:
0=CdT+RdT, C,+R=0 4)

The second equality of (4) implies the negativity of the specific heat Cv = —R, which contradicts

v

iR . iR . .
formula C, = 7 > (). The heat capacity of gas C, = 7 in equation (3) establishes the dependence of

pressure on temperature:
0=Lrar+pafL L ipdl_d p _ Ly 5)
2 p 2

the Theorem is proved.
According to theorem 1, the constancy of pressure in adiabatic and non-isothermal gas led to a false

equality of C, = —R. in Exactly the same way in [2,3] et al .the hypothesis of pressure constancy in the
1st law of thermodynamics (2) was applied to derive the false formula C » C,=R.
Theorem 2. In an isothermal and Isobaric gas, the difference in heat capacity is not equal to the

universal gas constant Cp -C,#R .

Evidence. Let a kilomole of gas be supplied with heat at a constant step ' Q=C;,d T:

T
C dT =C.dT + pRd —
P v )
After reducing the pressure p = const is obtained

C,dT = C,dT + RdT, (C,~-C,~R)dT =0 (©)

Equality to zero in (6) will take place if one of the cofactors is equal to zero. By the condition of
theorem dT = 0 in an isothermal gas, equality to zero in (6) holds, so the second factor is not equal to
Zero:

(C,-C,-R)#0, (7)

The conclusion follows from inequality (7): in an isothermal and Isobaric gas, the difference in heat
capacity is not equal to the universal gas constant C, —C, # R. The theorem is proved.

Theorem 3. The difference between an arbitrary heat capacity gas heat capacity of gas at constant

volume is not equal to universal gas constant: C —C # R,V C.
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T
Evidence. Let the gas be supplied with heat d'Q = CdT : CdT = C,dT + pRd —.

p
Transform the differential of the quotient in the right part: CJ7 = CdT +p deT——ZYUp.
P
After abbreviations and bringing similar results
d
(C—C,-R)dT =-RT£ (®)

p

From (8) follows the inequality to zero C —C — R # 0 for all heat capacities of the gas. The hy
pothesis of constancy of pressure in the right part (8) dp =0, p =COnSt means equality to zero
dT =0 in the left part, that is, the isothermicity of the gas and the validity of the inequality

C—-C,#R,NC . Thetheorem is proved.

iR

2.Adiabat of ideal gas with heat capacity CV = ?

Let heat d'Q =CdT be applied to the kilomole of gas. The 1-st law of thermodynamics (2) is
transformed based on the equation of state of Clapeyron pV = mRT / u, written for volume V, which

contains a gas mass of m with a density of © = m V. Equation of state of Clapeyron by equalities

PRT

)7 _ . .

V.=—V takes the form of P = > M =const -the mass of a kilomol. Equation (1) uses
m

differentials d'Q = CdT, dU , = C.dT.

Then the necessary transformations are performed:

(C~C,)dT = pdV,

MO

(C—C,)dT = pd(Zv), p=2,
m V
cC-C)Hd c-C do d R d
R p R yo, c-C

v

From the last equality follows the barotropy of the gas at C # C| :

p_ P e
—=(=) °° ©
Po  Po
L i R 2
Apply the formula (9) in adiabatic gas d'Q =0, C=0, CV =—R, —=—:
277 C, i
P pe p_ pud
= (_) ) s = (_) [ 2 i:ntranslat+nrotat+2nvibrat (10)
Po Po Po P
| o p pE R
The Poisson adiabate — = (-—)“ is derived in [2,3] by a false formula c,—¢ ="
Py Po H
iR

adiabata Jakupov (10) is based on C, = e
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3. The speed of sound. Falsifications of Poisson, Laplace, Hugonio.
Alibata on the shock wave

2
I+— 8
The speed of sound is calculated using the Jakupov £=(£) "adiabat : a = —p,
Po P op
/ 2.p / 2R
a= (1 +7);’ a= (1 +7);T’ 1= ntranslat+nr0tat+2nvibrat
o o P _Pe ,
Falsifications [2] of Poisson's adiabata ——(p—) and the speed of sound Laplace's
Po 0

C
a= 1 ’—pRT are consequences of the false equality C T C,=R.
cV

Adibata Hugonio [2] on a shock wave is obtained by repeated using a false formula C » Cv =R:

&:(k"‘l)pz/pl_(k_l) (1)
p (k+D=(k-Dp,/p
¢, c, C R
k= —, specific heat capacity ratio C,=—,C, = =, c,—C,=—.
¢, H H H
The Hugonio relations [2] relate the parameters of a gas on a shock wave
2 2
PV +p,=p Vi +pn pVs =p ¥, 12)
V2 V2
CVT2+—2+&:CVT; +_1+ﬁ (13)
P 2 p
In gas dynamics [2] in order to apply the specific heat capacity at constant pressure, the enthalpy
R
h= CpT is widely used , which is converted to the form of a false formula €, —C, =—:
Y7,
¢, R c, R
h=e,T=2=T=—2 27 (14)
Ru  c,—c u
Y7
Because of the false formula c,—¢, = E is obtained counterfeit enthalpy
Y7,
c, R c k c k
h— P —T71 = L p——ﬁ, kz—p,h=—£
c,—¢, M c,—¢, p k-1p c, k—1p
Further, according to the Clapeyron equation p= pRT and formula c,—c, :E =R, fake
H H
made conversion [2]:
c c, R c,/c 1
cT=2Rr=—"r ZTp__ %% P___ P (15)
R, c,—¢, U c,/e,—c, /e, p k=1p
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The correct ratio shows that Hugoniot at the shock wave (13) is reduced to a fake form:
2 2
kY _ kK W
k=1p, 2 k-1p 2
Conservation of the total momentum on the shock wave (12) is to mind
2 2
p—D=pV, —p Vi =pV, (V, =V)
Both parts of this expression are multiplied by the ratio
Vv, +V, V. V, V. V, 1 1
2 SN 5 U8 U M
N N N N O Y SO Y A Y
1 1 , v, +V
and from the left to — + —, and from the right to .

Py P P Vl

The result is

1 1
(P = P)(—+—)= sz - Vl2
P2 P
Multiplying (13) by 2, we find

vz =2 -2y 2e (1, -T))

P P
According to equation of state 77 — H P | expression (18) takes the form
R p
C
R A
R p p

Substituting (17) in the right part (19), we find
1 1 c
(= )+ ) =21+ 2y - B2

Pr P P P

Multiplying both parts (20) by P / P\, we get the shock adiabata

2(1+CVI;‘)p2—(1+p2) (1+2"VR“)p2—1

Py _ %! P _ P
P 21+ 9+ (1429822
R o R P
Here the ratio is g :g zﬁ /R :i , so the adiabat on the shock wave will be like this:
R R 2 2
1+ -1
p p
= - 1 ’ l =n translat + nrotat + 2nvibrat (22)
P (1+)-2
P

—— () ——

(16)

(17)

(18)

(19)

(20)

e2y)
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4. Justification of pressure variability
The false formula of thermodynamics C,—C, =R is a direct consequence of the first law of

thermodynamics, in which the gas pressure is considered constant p = const . We prove the variability

of pressure in statics and in gas dynamics. Theorem 1 proved the non-physical constancy of pressure in an
adiabatic gas.

Static V = 0 . The coordinate system of Oxyz will be connected to the earth's surface. The ORT of

the K -axis Oz is parallel and opposite to the & -axis acceleration of gravity:
. . m
kT g g=0i+0j—gk, g=9,81—
C

Consider a stationary gas V=0 in volume Al = (22 —ZI)S , where S the area of the cylinder
base, Z, —Z; — the height of the cylinder, equal to the distance between parallel planes
z, =const, z, =const, z, <z,. Denote ny = —k the external normal of the surface z, = const,
n, = k, the external normal of the surface zZ, = const. In an ideal gas, the Euler stress is p=—pn, p
is the pressure in the gas S, located in the plane Z, = CONSt | the force f; =—pn,S, S in a plane

z, =const the force f2 = —pznzS , the whole mass of gas in the cylinder is the force of gravity

mg, g=—gK, the mass of gas equal to m = pAV. According to Newton's second law we have the

equation
dv
mZZfl‘}'fz‘}'mg (23)
, dv
In statics v = 0,? =0, Newton's 2 law (23) takes the form
t
0=f +f,+mg, —pSn, —p,Sn, +p(z,—z)Sg=0 (24)

In (24), we use the ORT equalities n, = (—=k), n, =k, g=—gk:

- pS(-K)—p,Sk + p(z,-2)S8(-gk)=0, p,— p, — p(z, —z,)g =0,
P, — P P, — P

-p,=pz,—z ———=-pg, lm ——=-pg
PP =p5 =28, z, -z T 5-n-0 g — 7,
In the limit, the equation is obtained d—p = —pg, whose integral for an incompressible pg # 0,
z

liquid confirms pressure variability p # const . In a compressible gas O = 2P , the integral of

RT

*ﬁ(zfzo)

RT

equation is called the barometric formula p = p,e [3], here also p # const .

Dynamics V # 0 . On the physics of Euler's equations of an ideal gas

v a—'0—|—V',07V=O, Jold cj{—f:—pv-v

Vp=pg—p. V
P=PR=P " &

the pressure cannot be constant: Vp # 0, p # const.
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Note. For fake connection C > C, =R, fake heat capacity at constant pressure is calculated
I I
C =R+C,=R+—R=(+-)R
r ' 2 2
Thus, in both static and dynamic gas p # CONS? , the pressure cannot be constant in the field of

gravitational force, for example, under Earth conditions. Therefore, the definition of heat capacity C ,and

C

. —__P . . : :
specific heat of gas €, = at constant pressure lose their physical meaning. Loses the physical

meaning of the heat function of enthalpy /1 = cpT .

5. Paradoxes of the equation of thermal conductivity with the coefficient of heat capacity at
constant pressure

The thermal conductivity equation is derived from the law of conservation of energy with a
coefficient of heat capacity at a constant volume [2]:

dT :
pe, — =div( — pdivv
d i=l j=1 x j
In [4], a false equation of thermal conductivity with a coefficient of heat capacity at constant pressure
is given:

dT dp L, OV
G _g. v+ £y (D
Prar ar LAY 222(5

The falsity consists in applying the Stokes stress tensor, formula Cp —C, =R, as indicated by the

. 2 5
E,U(V V)
i=1 j=1 OX; X
specific heat capacity coefficient at constant pressure C D> which ig located on the left side of the
equation. Similarly the thermal conductivity equation of an ideal gas is derived with a specific coefficient

of heat capacity at a constant volume of C,

e Ay
c,—— =—pV- 25
Ji (25)
R
In [2,4] is replaced in the left part (25) by a false formula Cp —C, =— using the Clapeyron equation
of state:
RT
c,T=(c, ——)T c T———cpT—£
H H P

As a result, equation (25) is converted to the form

dT dp+pdp_

'Opdt dt  p dt

In (26), the continuity equation d,O /dt + ,OV -V = 0. Gives a false equation with a heat capacity
at constant pressure

-pV-v (26)

d_T_d_p =( (27)

C
'Opdt dt

—— (4 ——
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By definition, the specific coefficient of heat capacity ¢, takes place at a constant pressure

- PRT — const - At constant pressure, the false equation (27) implies equality to zero:

Y7,
dT dT
c =0, =0,
ar dt
which contradicts the original equation (31) of the dynamic gas V # 0 :
c ar __ V-v#0 ap __ V.v c——ﬁd—p 0
g =P Ty PV Py p dt

According to equation (25), there is an inequality to zero d_T # 0. It turns out to be absurd, which
dt

R
confirms the falsity of the "basic formula of thermodynamics" C,—C, =R ,c, —c, =—. Hence,
7,

C,—-C,#R
6. False Poisson adiabate of ideal gas
The Poisson adiabate [3] is derived from the false equation (27). The reduction of d¢ in equation

(27) gives a conne ction of d_p:c dT > the Clapeyron equation is Applied, the false formula
P

o,
c,—C, =— is used again, and the trans formations are made:
Y7,
d RT ¢ ¢ dp — pd
p dT— d( ): plud(ﬁ): p pp 2p p’
p R M R p c¢,-¢, p
p dp _c,dp -
(c,—c)dp=c, (dp—=—dp), — ,dlnp=dlnp®
P p ¢ p
From the last equality we get the Poisson adiabat p_ = (,Oﬁ) “ with a false degree indicator due to
0 0

a coefficient of C P

Summary

Proved: falsity of the capacity of gas C p» falsity of the “basic formula of thermodynamics"

Sp

Cp _Cv =R, falsity of the of the Poisson adiabat L - (ﬁ) ", falsity of the of the speed of sound
Po  Po

VPG _
“p I+ ==
Laplace a = c RT | falsity of the adiabat Hugonio 1298 ¢, P C

Pas -
C,

v 1
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Justified: adiabat of ideal gas 1 :ntranslat+nrotat+2nvibrata speed of

1+ P21
2 RT . . . Py _ P
sound g = _[(1+—)—,i= yonsiarT nmtat.|-2nvibrat adiabat percussion wave = P ,
I U P (1+i)—=2
P
l= ntranslat+ nrotat + 2nvibrat'

K. b. ’Kakpin-teri

KP BFM MaremaTrka »oHe MaTeMaTHKAIBIK MOJEIICY HHCTUTYTHI, AnMmatsl, Kazakcran;
On-Oapabu ateiHnarsl Kasak yiTTeIK yHEBEepcuTeTi, AnMatsl, Kazakctan

IMYACCOH, TIOTOHMO AJIMABATEHI,
JATIJIAC JIBIBBIC KBLTIAM/IBIFBIHBIH KACAHIBLIBITBI.
TEPMOJMHAMWKA HETI3IEPTH )KAHFBIPTY

Annortanusi. TepMoauHaMHUKaHbIH OipiHINI 3aHBIHAH IIBIFAPbUIFAH TEPMOJMHAMMKAHBIH HETi3ri (opmynacs
OOJIBINT ecenTeneTiH TYXKbIpbIM/IaMa KaCaHbUIBIFB CHIATTaFaH. TypakThl KeleMmzeri Tra3fblH TYPaKThl KbICHIMBI
MEH JKBUIy CHIMBIMIBUIBIFBI Oap Ta3iblH JKbUTYy CHIMBIMIBUIBIFBIHBIH aMOe0ar ra3 TypakThl albIpMallblIbIFbIHBIH
TEHCI3/IT ToyIeNAeH .

TypakTel KeleMIeri XKbUTy CHBIMBIMIBUIBIFEI Oap agmadaTThl ra3farbl TeMIIepaTypara KBICBIMHBIH TOYeJIiiK
(dopmymacel KOpBITBULABL. TypakThl KbICHIM, SHTanbmus, I[lyaccoH ammabatel, Jlamuac IpIOBIC JKBUILIAMIBIFHL,
TIOTOHHO aanabaThl Ke3iHIe Ta3/blH JKbUTy CHIHBIMIBUIBIFBIH TEPMOJMHAMHUKAA KOJIAAHYIBIH JKaCaHIbUIBIFEl MEH
GU3MKaIBIK eMECTIrl IoienmeHli, OHAA TYPaKThl KeJeMAEe Ta3[blH JKbUIy CBHIHBIMABUIBIFBIMEH TYPAKThl KHICHIM
Ke3iH[e Ta3fblH JKbUIYy CHIMBIMIBUIBIFBIHBIH oMOe0am ra3fel TYpPakThl aWbIpMalIbUIBIFBIHBIH JKacaHAbl TEHIIr
KOJIAaHBUI/IBI.

TapThUIbIC KyIIi ©pICiHIE KBICBIMHBIH aWHBIMANIBUIBIFEI JoNeNAcH . ['a3-quHaMUKaNbIK (QopMylianapaa
TYPaKThl KbICBIM KE3iHAE HJeajJbl ra3fblH HaKThl KOA(QQUIHMEHTIH KOJJaHy MarblHACHI3 €KEHIII KOpCEeTUIreH.
Kacannbl «TepMOAMHAMHUKAHBIH HETi3ri (OpMyJachl» TYPaKThl KBICHIM Ke3iHJEe HAKThl JKbUTYy CBHIHBIMIIBUIBIFBI
K03(h(pUIMEHTIMEH JKacaH[bl JKbUTy TEHJEYIHE oKeJeTiHI KepceTiareH. TypakTbl KeJleMJeTi MIHCI3 ra3fiblH KbLILY
CBHIMBIMIBIIBIFBIHA CYHEHE OTBIPBII, MJleall/ibl Ta3 aanadaThl YIIiH KaHa GOpMyJa, COKKbI TONKBIHBIHIAFBI aJeKBATThI
anuadar, IBIOBIC JKBULIAMIBIFBIHBIH JKaHAPTBUIFaH (OpMyJackl aHBIKTAIIBI, OJlap, HETi3iHeH, TYPaKThl KBICHIM
Ke3iHJe Ta3IblH HAKThI )KbLTY CHIMBIMABLIBIFGI KO3(GHUIMEHTIH KaMThIMaiIbl. TypaKThl KbICHIMIAFbl Ta3bIH JKBUTY
CBIMBIMIBUIBIFEI KO QUIHEHTI Oap Oenrim JKbUTy OTKI3TIMTIK TEHAEYl TYpPaKThl KOJEeMIEri Ta3IblH KBLTY
CBIMBIMIBLIBIFBI KO (HUIIMEHTIMEH SHEPT Ul OaTaHCHIHBIH HETI3r TEHACYIHEe KaHIIbl KSJICTiHI KOPCETUITeH.

TyiiiH ce3aep: IbIOBIC KBUTIAMIBIFHI, )KbUTY CHIMBIMIBIIBIK, aquadara, n300apiIblK, H30TEPMAbIK.

K.B. lxakynos

Huctutyt MmatemaTuku 1 marematuueckoro moaenupoBanuss MOH PK, Anmartel, Kazaxcran;
Kazaxckuii HaunoHanbHBIA yHUBEpcUTET UM.anb-Papabu, Anmarsl, Kazaxcran

DAJTBCUOPUKAIINU AINABATBI TYACCOHA, AIMABATHI I'TOTTOHUO,
CKOPOCTH 3BYKA JIAIIVIACA. MOJAEPHU3AIIMSI OCHOB TEPMOJJNHAMUWKA

AHHoTanus. V3naratorcs ¢anbcrupuKaniy BRIBOAA U3 TEPBOr0 3aKOHA TEPMOJANHAMHUKH OCHOBHOHM (HOPMYJIBI
TEPMOJIMHAMUKU. J|0Ka3aHO HEPABEHCTBO YHUBEPCAIBHOM Ia30BOM NOCTOSIHHOW pa3HOCTH TEIUIOEMKOCTH rasa Ipu
IIOCTOSIHHOM JIaBJICHMM C TEIUIOEMKOCTBIO I'a3a mpH MOCTOSHHOM 0oOBeMe. YCTaHOBIeHa (opMyia 3aBHCHMOCTH
JABJIEHUS OT TEMIIEpPaTypsl B aAnabdaTHYeCKOM ra3e C TEIUIOEMKOCTBIO TPH TOCTOSHHOM oObeMme. Jloka3aHbI
GanscuduKauy ¥ HeU3MIHOCTH IPUMEHEHHS B TEPMOIMHAMUKE TEIIOEMKOCTH Ta3a IPU IIOCTOSHHOM JIaBJICHUH,

sHTanenuy, amuabarer Ilyaccoma, ckopoctn 3Byka Jlarmaca, ammabatel [HOrOHHO, B KOTOPBIX — IIPUMEHEHO
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(anpmuBo€ PABEHCTBO YHMBEPCANBHOH Ia30BOH IIOCTOSHHON PAa3sHOCTU TEIUIOEMKOCTH Ta3a MPH HOCTOSHHOM
JaBJIEHHUH C TEIJIOEMKOCTBIO ra3a IpH IIOCTOSHHOM 00beMe.

JlokazaHa IEpeMEHHOCTh AABJICHHS B MOJIE CHIIBI TSHKECTU. YKa3aHO, YTO MCIOJIb30BAHUE YIEIBHOIO KO3 du-
LIMEHTA UCANBHOTO Ta3a NP IMOCTOSHHOM JaBJICHHM B ra30JMHAMHUYECKHX (opMyinax OeccMeicieHHo. [lokasaHo,
YTO JIOKHAsE «OCHOBHas (OopMyJjia TEPMOJIUHAMHKHY» HNPUBOIAMT K (HhaJbIIMBOMY YPaBHEHHIO TEIUIONPOBOJHOCTH C
KOO PUIMEHTOM YACIbHON TEIUIOEMKOCTH TMPH MOCTOSHHOM JaBjicHUU. OCHOBBIBasACh Ha TEIJIOEMKOCTH
COBEPILIEHHOI'0 ra3a IpU IOCTOSHHOM OOBeMe, YCTAaHOBJIEHBI HOBas (hopMyia if aguabaTbl MIEIBLHOIO rasa,
aJieKBaTHas aqradara Ha yJapHOU BOJIHE, MOJIEPHU3MPOBAaHHAS ()OPMYJIa CKOPOCTH 3BYKa, KOTOPHIE, B IIPHHIIHIIE, HE
cojepkar Koa(uMeHTa yaeabHOW TEeIUIOEMKOCTH ra3a IpH HOCTOSHHOM JaBieHHH. [loka3aHo, 4TO W3BECTHOE
YpaBHEHHUE TEIJIONPOBOIHOCTH € KOI(PHUIMEHTOM TEIUIOEMKOCTH ra3a IpH MOCTOSHHOM AaBJIEHHH NMPOTHBOPEYHT
OCHOBHOMY ypaBHEHHIO OajlaHca YHepPruH ¢ K03()(PUIIMEeHTOM TEITOEMKOCTH T'a3a MPU MOCTOSHHOM 00beMe.

KuroueBbie cJI0Ba: CKOPOCTH 3BYKa, TEIUIOEMKOCTh, afnadara, m300apuiecKuil, N30 TePMIUECKHUI.
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SEMANTIC ANALYSIS OF THE KAZAKH LANGUAGE BASED
ON THE APPROACH OF NEURAL NETWORKS

Abstract. This paper provides an overview of existing modern methods and software approaches for semantic
analysis. Based on the research done, it was revealed that, for the semantic analysis of text resources, an approach
based on machine learning is most used. This article presents the developed algorithm for the semantic analysis of
the text in the Kazakh language. The paper also presents a software solution to this approach implemented in the
Python programming language. The vector representation of words was obtained by machine learning based on the
corpus, which is 1 million sentences in the Kazakh language. In the software implementation, well-known libraries
such as gensim, matplotlib, sklearn, numpy, etc. were used. Based on a set of semantically related pairs of words, an
ontology for a specific document is built, which is formed during the operation of a neural network. The paper
presents the results of the experiments in the graphical form of a set of words. The novelty of the proposed approach
lies in the identification of semantic close words in meaning in texts in the Kazakh language. This work contributes
to solving problems in machine translation systems, information retrieval, as well as in analysis and processing
systems in the Kazakh language.

Keywords: word2vec, model, vector, word, representation, semantic, analysis, Kazakh, language.

1 Introduction

Computer semantic analysis is closely related to the problem of text understanding by a machine. There
are many interpretations of the concept "meaning of the text" and the tasks of understanding it. For
example, according to D.A. Pospelov [1], the system understands the text entered into it if from the point
of view of a person (or a group of experts) it correctly answers questions related to the information
contained in the text. Here we can talk not about simply obtaining facts that are clearly present in the text,
but about revealing the hidden meanings that the author introduces. D.A. Pospelov identifies several levels
of text comprehension, from the point of view of the complexity of the questions that the intellectual
system should be able to answer. Guided by the definition from [1], the meaning of the text can be
considered as a description of the knowledge contained in it, in the formal language of knowledge
representation, which allows solving a fairly wide range of problems related to text analysis, and the
problem of semantic analysis - as a translation of a natural language - expressions into the language of
knowledge representation. For example, the language of first-order predicates, semantic networks, frames,
as well as ontologies and thesauri can act as a language for representing knowledge of a text in a natural
language.

In the 60s and 70s, the main approach to representing the semantics of a language was the component
approach, within which the meaning of each word in a natural language had to be represented as a
combination of semantic universals. By the mid-1980s, it became clear that a generally accepted set of
such universals had never been compiled. Relational semantics has become an alternative to the
component approach in semantics. In this approach, the meanings of the words of the language are
described by setting connections with the meanings of other words, and the entire conceptual system of
the language is represented as a semantic network [2].

Review of methods and software approaches for semantic analysis. Of course, no software can replace
the analysis that humans can think of. However, the programs that are currently being developed can
reduce the time spent studying large databases. In this regard, the work of the following programs for
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solving problems of semantic text analysis is considered. Software offered by various manufacturers, such
as “Semantic LLC”, “Tomita-parser (Yandex)”, Semantic Analyst “JHON”, “SummarizeBot API”,
“TextAnalyst 2.0”, “Galaktika-ZOOM?”, “NLP ISA”, “Natasha” and etc. is used in various subject areas
and for different languages [3-10]. A complete overview of existing modern systems of semantic analysis
and their description are presented in table 1.

Table 1 — Review of modern software systems for semantic text analysis

System name Description
“Semantic LLC” is a program for editing unstructured text. The semiconductor line is graphically oriented,
each node is a semantic element, and the walls represent the elements of the elements.
Each node attribute has a great value, the set of attributes depends on the element type.
“Tomita-parser (Yandex)” a program that allows you to extract facts from structured text. Separation of facts is
based on context-independent grammar rules. And the program requires a dictionary of
keywords. The parser will write its own grammar.
“JHON” The semantic analyst "JHON" receives the meanings of a natural language in Russian and
solves the following tasks: lexical analysis, morphological analysis, syntactic analysis,
semantic analysis - involving the triad of subject-object relations, creating a semantic
network of text, fact of events.
“SummarizeBot API” The web service offers a RESTful API to handle all text and image processing tasks. It
uses over 100 languages including Russian, English, Chinese, Japanese and uses machine
learning technology. The current version uses the following parameters: 1) automatically
link to text; 2) Selection of keywords and conceptual documents; 3) Analysis of a sample
of documents and selection of material objects and attributes; 4) Automatically detect the
language of the document; 5) Obtaining unpublished data: the main text of articles,
forums, forums, etc.; 6) Image processing: identification and recognition of objects in
images.
“TextAnalyst 2.0” the program was developed by the research and production innovation center
MicroSystems as a tool for text analysis. Text links allow you to create a semantic web of
comments, expressed in processed text. The request has the ability to semantic search for
text fragments, taking into account the semantic links hidden in the text. Allows you to
parse text by composing a hierarchical tree / heading topics containing text.
“Galaktika-ZOOM” an automated information search and analysis system manufactured by the Galaktika
Corporation. It is a powerful editing and processing tool that allows you to get the
information you need in large quantities. It is offered as a commercial system with
consumers in advertising, government, and media. This program allows you to build
semantic networks, but its program codes are not shared with the system.
“NLP ISA” For the text, a tree of analyzed analysis was built, the semantic role and connections were
established. Allows you to select serialized syntax and semantic analysis mode.
Alternatively, you can also select a mode that has a syntax-semantic mode combination.
“Natasha” it is a set of rules for getting a Tomita parser for Python and a set of ready-to-execute
rules, addresses, terms, sums and other objects.

Scientific works [11-13] describe the basic ideas of information retrieval. Various options for finding
text statistics are presented, which include counting the number of occurrences of words in documents and
the frequency of word contiguity, and new model architectures for computing continuous vector
representations of words from very large datasets. The quality of vector representations of words obtained
by various models was studied using a set of syntactic and semantic language problems. In [14], the
application of language models of a neural network to the problem of calculating semantic similarity for
the Russian language is shown. The tools and bodies used, and the results achieved are described.

The above software products are designed for multi-resource languages such as English, Spanish.
Russian, etc. Unfortunately, for the Kazakh language now there is no software implementation in the open
access. This is since the Kazakh language differs in its semantic and linguistic properties from others, and
also does not have large linguistic resources for conducting applied research.

2 Algorithm for semantic analysis of text in the Kazakh language

During digital technologies, given the constant growth of the volume of digital data, an important role
is played by improving the quality of information retrieval using new semantic approaches and methods.

To work with big data, various algorithms and methods are being developed for the machine solution
of this problem, since the amount of data does not allow for manual analysis. Any natural language is
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complex, unique, and multifaceted in its own way, therefore, extracting data from documents and text
resources is a large and time-consuming work that requires preliminary processing.

Based on the research done from the developed models used most for the semantic analysis of text
resources, there is an approach based on machine learning. Below will be presented the developed
algorithm for semantic analysis of text in the Kazakh language and implementation based on this
approach. When developing an algorithm to map certain information to a certain attribute, we opted for a
neural network (NN) with a hidden layer (100). Neural network training consists of the following parts:

- Text preprocessing. Text preprocessing consists of three stages: tokenization, removal of stop
words, normalization of words.

- Construction of the feature vector. The feature vector is a sign of the characteristic we are
interested in. For one descriptor, the features were taken as follows: a window of two words after, five
before was taken in the text of the article at the place of occurrence of the element. Moreover, a dictionary
is formed for each descriptor, which is responsible for the presence of the specified word in the dictionary.
All features of each descriptor are collected into one and a feature vector is constructed.

- Training the neural network. The network is trained by presenting each input dataset and then
propagating the error.

At the second stage, the neural network was trained. For text preprocessing, the developed natural
language processing modules were used. After applying these modules, we extracted the features of our
descriptor. A feature vector was then constructed using the extracted data. The constructed feature vector
was compared with certain keywords, determined by the modified TF-IDF method for the Kazakh
language.

3 Software solution and algorithm implementation

This is one of the most difficult and demanded tasks facing artificial intelligence is NLP (Natural
Language Processing). To solve and implement NLP tasks currently, there are several software systems
and libraries, which include the tasks of speech recognition, language formation and information
acquisition, etc.

Python is currently one of the most promising programs for solving NLP problems. Libraries written in
Python are designed to solve NLP problems and allow you to simulate various languages and processing
functions.

There are also many types of libraries, consider the most famous and applicable for word processing
tasks:

Spacy, NLTK, CoreNLP, StanfordNER, etc. Table 2 below shows a comparison of the functional
capabilities for solving the NLP problem.

Table 2 — Comparison of the capabilities of libraries aimed at solving NLP problems

Function Spacy NLTK CoreNLP
Programming language Python Python Java/Python
Neural network models + - +
Vector of integrated words + - -
Multilingual model + + +
Tokenization + + +
POS tagging + + n
Segmantation + + +
Parsing + - +
Highlighting named objects + + +
Communication between objects - - -
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Having studied the technical possibilities for the implementation of the semantic analysis algorithm
and training the neural network, the authors will use the Spacy and StanfordNER libraries. The
StanfordNER and Spacy libraries allow us to model our own model. It also allows you to make the
necessary configurations, depending on the specifics of the (Kazakh) language in question.

It is necessary to define the StanfordCoreNLP settings [15]: token- tokenize; ssplit - distribution of
offers; pos - speech definition; lemma - find the original form of each word; ner - highlighting named
objects; - regexner - work with regular expressions; parse - semantic analysis of each word; depparse -
definition of syntax between words and sentences.

Further, figure 1 shows the developed algorithm for the implementation of semantic analysis taking
into account keywords and describes the work of the modules.

data
preparation
model
initialization
reading
wonds Fom
DE cfthe L= P
f markad | writing and storing word
cofrpus wactors in modsl wv in
EayadVartors
keyword
definition
module

reconding and
zaving the
ol

1

output of verification of the
recults resplting modsl

% '

Figure 1 — Algorithm for the implementation of semantic analysis taking into account keywords

The input is text data. To train the model, set the following parameters: The dimension of the feature
vectors is 100; The maximum distance between the current and predicted word in a sentence is 5; The

minimum education level is 1; The cutoff frequency is 4 words.
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>>> model = WordVec(sentences, size=100, window=5, min count=5,
workers=4)

Record initialized model

>>> model.save (fname)

>>> model = WordVec.load (fname) #

Now you can train with the resulting model. For training the model, a monolingual Kazakh corpus was
prepared, which is in the SQL database. When the text is processed by the model, vectors of words are
identified, which are stored in the model.wv module in KeyedVectors. The resulting vectors of words are
also compared with keywords (phrases) from the text corpus for the purpose of further use as possible
values of semantic attributes of entities. Once the model finishes training, you can go to
gensim.models.KeyedVectors in wv:

>>> word vectors = model.wv

>>> del model

The gensim.models.phrases module automatically detects a long chain of words. This module allows
us to define phrases through learning.

>>> bigram transformer = gensim.models.Phrases (sentences)

>>> model = Word2Vec (bigram transformer[sentences], size=100, ...)

class gensim.models.wordvec.Corpus (dirname)

class
gensim.models.wordvec.LineSentence (Source, max_sentence_length=10000,
limit=None)

After completing the gensim module, you can then start training the neural network.

sentences = LineSentence('myfile.txt')

from gensim.models import Word2Vec # define training data

sentences = [['yn (ul)', 'Ganamap (balalar)', 'kusmapra (gyzdarga)',
'kaparaHzma (garaganda) ', 'MmeKTH (mygty) ', 'Gojmame (bolady) '],

['An (Al)', 'kw3 (qyz)', 'Gamamnap (balalar)', 'yiamapra (uldarga)',
'KaparaHza (garaganda )', 'He3ik (nazik) '], [ 'Kez (Qyz) ', 'oJIeMH1H
(alemning) ', 'kepxki (korki)'],

['Tynn (Gul)', 'xepzmin (zherding)', 'xepxi (korki)'],

['KazakcTan (Kazakhstan)', 'pecnybaukacu (respublikasy)', 'Toyenci=s
(tauelsiz) ', 'memnexer (memleket)']]..

As a result of the obtained trained model, it is necessary to check the obtained data. You can also create
a graphical interpretation of the results (Figure 2).

The NER Stanford software package was used to train the model. The following is a listing of working
with the Stanford NER library and software implementation

>>> trainFile = train/dummy-kazakh-corpus.tsv serializeTo = dummy-
ner-kazakh-french.ser.gz map = word=0,answer=1

useClassFeature=true useWord=true useNGrams=true noMidNGrams=true
maxNGramLeng=6 usePrev=true useNext=true

useSequences=true usePrevSequences=true maxLeft=1 useTypeSeqgs=true
useTypeSeqgs2=true useTypeySequences=true wordShape=chris2uselC
useDisjunctive= true

— 7) ——
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Figure 2 - Graphical representation of the vector space of practical results
of the semantic analysis of the text in the Kazakh language

>>> cd stanford-ner-tagger/
java -cp "stanford-ner.jar:lib/*" -mx4g edu.stanford.nlp.ie.crf. CRFClassifier -prop train/prop.txt

import nltk
from nltk.tag.stanford isport StanfordNERTagger

¢ Opticnal

import os

Java_path = “C:\Program Files (x86)\Java\jdx1.#.0 201°
os.environ|'JAVA HOME'] = java_path

sentence = U KASANCTANAA ARMA SCoRl. ANMATM NARACMHRA YasHy mopaps oKy OpMM OpMARACKAN®

Jar = ', /stanford-ner-tagger/stanford-ner.jar’
nodel = '.htan[ord-mr-uogerf.;—mr-m}.—rrench.ur.a'

ner_tagger = StanfordiERTegger(model, Jar, encodinge'utfd’)

words = altk.word_tokenize (sentence)
print(ner tagger.tag(words))

Figure 3 — An example of input data of text for the program .NER
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The problem was successfully solved by using a morphological parser for marking up parts of speech
in texts with the subsequent application of the machine learning method of semantically related keywords
(phrases). A trained neural network with a hidden layer is applied to the set of these phrases in order to
assign a specific phrase to a specific attribute of the entity described in the text. Thus, based on a set of
semantically related pairs of words, an ontology is built for a specific document, which is formed during
the operation of a neural network.

Conclusion

To solve the problem, semantic analysis in the Kazakh language is based on machine learning. The
program is implemented in the python programming language, using the libraries gensim, matplotlib,
sklearn, numpy, etc. A set of vectors of words in the Kazakh language was obtained, which was trained on
the corpus, which is 1 million sentences. The corpus is fed to the program input in a normalized form.
Further, to improve the result, the corpus will be supplemented with proposals on various topics.
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I.P. Paxumoga'?, 9.0. Typranoaena!

19n-Mapabu arbigars Kasak yiTTeik yauBepeureti, Anmarsl, Kasakcran;,
2AKIIapaTThIK KOHE €CENTEyill TEXHOIOTUsIIAp MHCTHTYThI, AnMarsl, Kazakcraun

HEWPOHBIK )KEJLJIEPTE HET'I3EJATEH KA3AK TIITHIH CEMAHTHKAJBIK TAJIJAYBI

AHHOTanMs. AKMapaTThIK JKOHE CMapT TEXHOJOTHSIAPIbIH, KACAHIbl MHTEIUICKT XKYHEeNepiHiH qaMyblHa TaOWFU Tinaepai
OHJIeY FBUIBIMHM 3€pTTCY Cajachl YJIKEH BIKMaJbIH THIi3il »KaThlp. Makajaja CeMaHTHKaJblK TaljiayFa apHaiFaH Kasipri
YaKBITTaFbl O/licTep MEH OargapiamMaiblK TOCUIIEpiHe jKacalFaH >KaNMbl MOy KaMThuraH. JKypri3ireH 3eprreynep HerisiHzae
MOTIHAIK pecypcTap/ibl CeMaHTHKAJbBIK TANAay YIIiH MallMHAIBIK OKBITYFa HETi3[eNreH d/ic KoM KOJJaHbUIATHIHBI aHBIKTaJbL.
Makasnaja Kint ce3aepi eckepy apKbUIbl Ka3ak TiNiHIErT MOTIHIe CEMaHTHKAJIBIK Taliay jKacay IblH aJrOPUTMI YChIHBUIFAH JKOHE
MOJYJIBJICP KYMBICHI CHNaTTanFan. beirini 6ip akmapaTTel Oenrii 6ip aTpuOyTKa COMKECTCHIIPY aJrOPUTMIH jKacaraHaa TaHAay
*achIpbiH Kabathl 6ap (100) HelipouasIk xemire TokTaas! (NN). bactanke! ke3eH e MOTIH/II al/IbIH ajla eHaeiel. MoTiH/l allbH
ana ewjey YUIiH TaOWFH TNl eHJIeyre apHaifaH ©3iMi3 )acaraH MOAYJbIAep KoiaaHeuigbl. OChl MOAYIbACPAi KOJIaHFaHHAH
Keitin peckpunTop Oenrizepi anbiHasl. ComaH KeliH ajbIHFaH MONIMETTEpAl KOJIaHa OTBIPHIN, OeNriiep BEeKTOPHI KYPbUIIbI.
Kypeurran Oenrinep BekTOphl Ka3ak Timi ymiH esrepriireH TF-IDF omicimeH aHpIKTanmFaH Oenriimi Oip KT ce3mepMeH
CaNIBICTHIPBUIABL. EKiHIN Ke3eHAe HEeHpOHIBIK skesi OKBIThUIABL. CoHpaii-ak, Oepinren oxmicTiH Python Oarmapmamanay TtimiHzge
OpBIHJAIFaH OarapiaMalbIK IIenriMi YChIHBUIFaH. bargapiaMaibIK skacaKTaMaHBl icke acklpyzna gensim, matplotlib, sklearn,
numpy >koHe T.0. CHSKTHI KeH TaparaH KiTalxaHajJap KOJIAaHBULAEL. Mopenbai OKBITY VIIIH Kelleci ITapaMeTpiiep OpHAaTBUIIBL:
MYMKIH/IK BEeKTOPBIHBIH omemMi 100; ceiiemaeri arbIMIarbl )KoHE OOJDKAHATBIH CO3 apachIHIAFbl aca YIIKCH apaKallbIKTHIK S5;
OLMIMHIH MUHMMAJIbI JICHredi - 1; kecy »xuinmiri 4 cesnmeH Typansl. COHBIMEH KaTap, MOJCNBII OKBITY YIIH Ka3ak TiTiHIe
1 MHJUTHOH coilieMHEH TypaThIH sxoHe SQL ManimerTep 6azachiHAa opHalackaH 0ipTyTac Kazak KOpITychl AaifbiHaanapl. MaTiHai
MozenbMeH enzereH kesne KeyedVector-nma model.wv MonyliHAe cakTajifaH €e3 BEKTOpJIApbl aHBIKTANaJbl. AJIBIHFAH CO3
BEKTOpJIapbl MOTiH KOPITYCHIHZAFbI KUIT co3aepMeH (Co3 TipKeCTepiMEeH) CalbICTBIPbLIAIbI, Oy CEMAHTUKAIBIK aTpHOYTTapIbIH
BIKTAMAaJl MOHIH 9pi Kapall maiganaHy MakcaThIHIA jkacanaabl. HakTel Oip KyKaTka apHAJIFaH OHTOJOTHS HEHPOHBIK >KENiHIH
JKYMBICBI OapbIChIHAA Taiia OONaThIH CEMAHTHKANBIK OaiiIaHBICTBI KYI O KUBIHTBIFBIH KOJIIAHY apKbUIBI JKacalFaH.
JKyMBICEIMBI3 A XKYPTi3ireH ToXipuOe HOTMKEC] O3 YKUBIHTHIFBIHBIH IpaduKalbIK TYpiHIe KopceTiIreH. ¥ ChIHBUIFaH TACUITIH
JKAHAIBIFBI — Ka3aK TUTHAEri MOTIH MarblHACHI JKaFblHAH JKAKbIH CO3IEpi aHbIKTay. Byl jKYMbIC MallMHAIBIK aygapMa
KYHeciHeri, aknapatTThl i37ey IeTi, COHBIMEH KaTap Tajiay jKOHE OHJCY JKYHECIHIeTi Maceneep Il MIeNIyre bIKnaa eTeli.

Tyiiin ce3nep: word2vec, MoJelb, O3, BEKTOPJIBIK, KOPIHIC, CEMAHTHKAIBIK, TAJAAY, Ka3akK, TiIi.

JI.P. Paxumoga'?, 9.0. Typrantaesa’

'Kaszaxckuii HAMOHAIBHBIN YHHBEPCUTET UIMEHH allb-Dapadu
MucturyT nHGOPMAIMOHHBIX U BHIYUCIMTENBHBIX TEXHOIOrUH, AnMarhl, Kazaxcran
E-mail: di.diva@mail.ru, turganbaeva.aliya@bk.ru

CEMAHTHYECKH AHAJIA3 KA3AXCKOI'O SI3bIKA
HA OCHOBE IOAXOJA HEMPOHHBIX CETEU

AHHOTanus. B manHOW pa0oTe mpencTaBieH 0030p CYHIECTBYIOMIMX COBPEMEHHBIX METOAOB M MPOTPAMMHBIX IOAXOHOB
CEMaHTHYECKOTo aHanmm3a. Ha ocHOBe MpomenaHHBIX MCCIEIOBAHHUN BBISBICHO, YTO U CEMAaHTHYECKOTO aHANIN3a TEKCTOBBIX
pecypcoB Hambojee TpPUMEHSETCS TMOJXOJ, OCHOBAaHHBIA Ha MAImIMHHOM OOy4deHWH. B naHHOW cTaThe MpencTaBiICH
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pa3pabOTaHHbIN aNrOPUTM CEMAaHTHYECKOTO aHANN3a TEKCTa Ha Ka3aXCKOM SI3bIKE C YyUETOM KIFOUYEBBIX CJIOB U OMHCAHbI pabOTHI
monyneid. [Ipu pa3paboTke anroputTMa Uit COTMOCTABICHHS ONpeAETIeHHON NHPOpMAIMK ONpeNeIeCHHOMY aTpuOyTy, BBIOOp OBLT
ocraHoBieH Ha HeiiponHod cetd (HC) co ckpeiteim cioem (100). [ns Hawanma BeimomHseTcss mpenoOpaborka Tekcra. Jist
npenoOpaboTKH TeKCTa OBLIM HMCIOJIB30BAaHEI Pa3pa0OTaHHBIE MOIYJIHM OOpabOTKH €CTECTBEHHOTO s3bIKa. [locie mpuMeHeHus
JTAHHBIX MOJXyJed OBUIM M3BJIEYEHHI IPU3HAKN HAIIETO IECKPUITOpAa. 3aTeM C ITOMOINBIO M3BIEYEHHBIX JaHHBIX OBLI HOCTPOCH
BEKTOp NpH3HAKOB. [10CTPOCHHBIN BEKTOP IPH3HAKOB COIMOCTABIISIICS C ONPECICHHBIMU KIIOYEBBIMH CIIOBAMH, ONPEACIICHHBII
MozudumpoBanHsiM MetogoMm TF-IDF s ka3axckoro s3bika. Ha Bropom srtame mnpoucxoquio obydeHue HeifpoHHOW cetH. B
paboTe TaKKe NPECTAaBICHO MPOrPaMMHOE PELleHHe JAHHOTO I0X0/1a, PEaIM30BaHHOTO Ha 3BbIKE NMporpaMMupoBaHus Python.
B nporpaMmHoii peanu3aiiy ObLIH UCTIOIB30BaHbI U3BECTHBIE OMONINOTEKH, Takue Kak gensim, matplotlib, sklearn, numpy u T.1.
s oOyueHuss mozaenu OBUIM 3aJaHBl CIEAYIOIIME MapaMmeTphl: Pa3MepHOCTH BEKTOpOB MpH3HAKOB coctasiser 100;
MakcuMalbHOE PacCTOSHUE MEXAY TeKYIIUM U NPEACKA3aHHBIM CIIOBOM B MPEJIOKEHUHU COCTABIAET 5; MUHIMAaIbHBINH YPOBEHb
obyuennst 1; Iloporosas wacrora cpesa 4 cioB. Taxke s 0OydeHHs MOAENU OBUI MOATOTOBIICH OIHOS3BIYHBIN Ka3aXCKU
KOpITyC, KOTOPBIH cocTaBiseT | MIH NpeMIOKeHUH Ha Ka3aXCKOM si3blke M KoTopbid Haxomutces B BJI SQL. Ilpu oGpabotke
TEKCTa MOJICJIBIO BBIBILSIIOTCSI BEKTOpA CIIOB, KOTOpbIe XpaHsatcs B moxyine model.wv B KeyedVectors. IlonydeHnsie BekTopa
CJIOB TaKKe COIOCTABIIIOTCS C KIIOYEBBIMH CJIOBaMH (CIIOBOCOYETAHMSIMH) M3 KOpPITyca TEKCTOB C IIEJbI0 JajbHEHIIero
UCTIOb30BAaHMS B KAUECTBE BOSMOXKHBIX 3HAYEHHI CEMAaHTHYECKHX aTpuOyToB cymHocTell. [To Habopy ceMaHTHUECKH CBA3aHHBIX
map CJI0B CTPOMUTCS OHTONIOTHS s KOHKPETHOTO MOKyMEHTa, (opmupyromasics mpu pabote HelipoHHoi cetn. B pabore
MPE/ICTAaBICHBI PE3yIbTaThl IPOBEACHHBIX YKCIIEPIMEHTOB B TpadmaeckoM Bujae Habopa cioB. HoBn3Ha mpemnaraeMoro moaxonaa
3aKJTI0YAeTCs! BO BBISBICHHN CEMAaHTHUECKUI ONM3KUX CIIOB IIO CMBICITY B TEKCTaX HAa Ka3aXCKOM s3bIKe. JTa paboTa HeceT CBOit
BKJIAJ B pelIeHHe 3aJad B CHUCTEMaxX MAaIlMHHOTO MepeBoja, MH(POPMAIIOHHOTO IMOWCKA, a Takke B CHCTEMaxX aHaln3a M
00pabOTKY Ha Ka3aXCKOM SI3BIKE.
Kiouesble ciioBa: Mozienb, word2vec, BEKTOpPHOE, IPEJICTABICHHUE, CIIOB, CEMaHTHYECKHUIT, aHAIN3, Ka3aXCKUH, SI3bIK.
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SAFE THRESHOLDS FOR THE PARAMETERS OF CRYPTOGRAPHIC
ALGORITHMS AND STANDARD ST RK 1073-2007

Abstract. This article considers the problems of finding modern secure thresholds for the parameters of
cryptographic algorithms. We conducted a comparative analysis of the obtained secure thresholds against the
thresholds of the state standard of the Republic of Kazakhstan ST RK 1073-2007 "Means of cryptographic protection
of information. General technical requirements." Based on the results of the analysis and taking into account the
experience of certification tests, we worked out specific proposals for amendments and additions to this Standard.

Key words: information security, cryptography, cryptographic algorithm parameters, state standard, security
level.

Introduction. The state standard of the Republic of Kazakhstan ST RK 1073-2007 "Means of
cryptographic protection of information. General technical requirements" (hereinafter "the Standard") was
adopted 12 years ago and became the main Kazakhstan standard for assessing the quality of Means of
Cryptographic Protection of Information (hereinafter — MCPIs) [1, 2].

Over the past time, theoretical cryptography has received new development, as well as the
qualifications and computational capabilities of potential adversaries using distributed (network based)
and quantum computing have also increased. At the same time, the use of global communication networks
has significantly increased, including in banking information and payment systems that need
cryptographic protection of information. All of this, makes it relevant, to define modern safe thresholds for
parameters of cryptographic algorithms. Moreover, the built models of cryptographic information
protection adversaries of also prove that some provisions of the Standard, especially those related to the
first and second level of security, are outdated, and the Standard itself needs to be updated[3].

When updating the Standard, it is advisable to be guided by the following conceptual principles that
had been substantiated and, to a large extent, verified by previous editions of the Standard [1, 4-6]:

1. Ensuring consistency with the previous editions of the Standard. This, on the one hand, will make it
easier for developers and researchers of MCPIs to make a smooth transition to new requirements, and on
the other hand, it will allow government bodies and other users of MCPIs to be guided by previously
adopted regulatory legal acts in the field of MCPIs, presumably with minor changes.

2. Defining in the Standard all used cryptographic terms will facilitate an unambiguous understanding
and application of the Standard, eliminate the need to constantly refer to the scientific and technical
literature for the interpretation of terms.

3. Defining in the Standard four security levels of MCPIs associated with possible damage from
disclosure, imposition, or uncontrolled changes in the protected information, the budget of a potential
adversary, as well as the computational and spatial complexity of the known cryptographic-protection
breaking algorithms. This will allow even unskilled users of MCPIs to build adequate protection. Besides,
for the sake of consistency, it is advisable not only to maintain the four security levels but if the
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requirements for them are tightened, it is highly desirable to do so in such a way that the requirements of
each security level of a new version of the Standard do not exceed the requirements of the higher security
level of the previous version. This will prevent or limit at one level a decrease in the security level of
MCPIs when switching to a new edition of the Standard, which is extremely important for already
deployed information and telecommunication systems.

4. Defining in the Standard general requirements, which are elementary in theoretical and applied
cryptography and, therefore, are imposed on all MCPIs regardless of the level of security. This will help to
counter threats exploiting the lack of deep cryptographic knowledge among individual developers and
owners of MCPIs.

5. Defining in the Standard the main parameters of cryptographic algorithms and their secure
threshold values, as a rule, with a 20% margin of strength for their absolute values, which provide
resistance to known universal algorithms (attacks) for breaking cryptographic protection of the appropriate
computational complexity. The need to introduce a margin of strength is confirmed by the history of the
development of cryptography, which demonstrates the emergence of cryptographic attacks even on
admittedly strong cryptographic algorithms that are more effective than universal attacks. These
requirements will help the designers of MCPIs in the development and selection of cryptographic
algorithms and protocols of the required strength, as well as, in certification and other tests, effectively
identify cryptographic algorithms that are insecure against both universal algorithms for breaking
cryptographic protection and most special attacks.

6. Defining in the Standard additional organizational and technical requirements for MCPIs
depending on the level of security. This will allow MCPIs to withstand additional threats that substantially
depend on the scientific, technical, operational and financial capabilities of the adversary.

7. Quitting in the Standard any definition of specific cryptographic algorithms and protocols. This
makes it possible to conduct certification tests of MCPIs of different types and purposes, various domestic
and foreign manufacturers.

Analysis of general requirements. In paragraphs 4 "General provisions", 5.1 "General requirements
for MCPIs" and 5.2 "Requirements for technical documentation for MCPIs" of the Standard [1] set forth
the common requirements for all MCPIs.

1.1. Subparagraphs 4.3.1, 4.3.2, 4.3.3, 4.3.4 and paragraph 4.4 of the Standard define four security
levels, linked to the cost of the information to be protected with no more than 100, 10,000, 1,000,000 and
100,000,000 MCI for 1, 2, 3 and 4 security levels, as well as with the computational complexity of known
algorithms for breaking cryptographic protection at 2°°, 2%, 212° and 2'%, respectively. The thresholds for
the computational complexity of breaking algorithms for levels 1 and 2 are no longer secure [3]. Besides,
the development of bank information and payment systems requires the processing of higher-priced
information. Therefore, taking into account the models of cryptographic information protection
adversaries, it is expedient to amend the wording in subparagraphs 4.3.1, 4.3.2, 4.3.3, 4.3.4 and paragraph
4.4 of the Standard, as follows:

"4.3.* MCPIs of the first (second, third, fourth) security level are designed to protect the information,
the damage from disclosure, imposition or unauthorized modification of which in the amount protected
using the same key (the same keys) does not exceed 100 (50 thousand, 25 million, 10 billion) monthly
calculation indices, from potential adversaries with a budget of no more than 1,000 (1 million, 1 billion
and 1 trillion) monthly calculation indices.

4.4 MCPIs cannot be recognized as appropriate to the first, second, third or fourth security levels if an
algorithm for breaking cryptographic protection provided by them is known, the computational
complexity of which is less than 2% 2% 2'?® and 2'°° operations, respectively, with due consideration of
the inverse multiplicative correction for the probability of its successful application. If an algorithm for
breaking cryptographic protection has a space complexity of at least 2°°, 2% 2% and 2'%° bits,
respectively, then this algorithm is considered inapplicable."

1.2. Paragraph 4.2 of the Standard states that MCPIs are considered as technologically complete
(workable) means. This wording does not allow us to unambiguously interpret this paragraph as a
requirement, although the workability of the MCPIs is of fundamental importance. To correct this, it is
advisable to transfer paragraph 4.2 of the Standard from Section 4 "General Provisions" to Section 5 as
follows:

"5.1.1 MCPIs shall be technologically complete (workable) hardware, software, or firmware."
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1.3. Subparagraphs 5.1.1, 5.3.6, 5.4.6, 5.5.6 and 5.6.6 of the Standard impose requirements on the
randomness of generated and formed keys. However, the requirements are largely duplicated, not
localized in one paragraph for each level of security, which also complicates the presentation and
understanding of the results of certification tests in scientific reports and protocols. To correct this, it is
advisable to exclude subparagraph 5.1.1 of the Standard, amend the wording of subparagraphs 5.3.6, 5.4.6,
5.5.6 and 5.6.6, and supplement the list of terms with the notions "random sequence of bits", "pseudo-
random sequence of bits" and "non-deterministic pseudo-random sequence of bits".

1.4. Subparagraph 5.2.1 of the Standard requires a complete description of the implemented
cryptographic transformation algorithms, and subparagraph 5.2.2 allows replacing the complete
description with references to standards defining these algorithms. To correct the formal contradiction
between these subparagraphs, it is reasonable to combine them into one subparagraph with the
requirement for a complete description of the implemented algorithms or the presence of references to the
standards defining these algorithms:

"5.2.1 The technical documentation (design, technological and software documentation, depending on
the type of MCPI) for all cryptographic transformation, key generation, formation, distribution, and
management algorithms implemented in a MCPI shall contain their full description or references to the
defining them state and interstate standards or other regulatory documents on standardization, effective or
applicable in the Republic of Kazakhstan in the prescribed manner."

Analysis of the requirements for the parameters of cryptographic algorithms. Paragraphs 5.3
"Requirements for MCPIs of the first security level", 5.4 "Requirements for MCPIs of the second security
level", 5.5 "Requirements for MCPIs of the third security level" and 5.6 "Requirements for MCPIs of the
fourth security level" of the Standard [1] set forth the requirements for the parameters of cryptographic
algorithms that directly depend on the computational complexity of the well-known universal algorithms
for breaking cryptographic protection. These requirements only partially comply with the above secure
thresholds of 2%, 2°6, 2'2% and 2'%° operations for security levels 1, 2, 3 and 4, respectively.

2.1. Subparagraphs 5.3.1, 5.4.1, 5.5.1 and 5.6.1 of the Standard specify that the key length of
symmetric cryptographic transformation algorithms implemented by MCPIs shall be at least 60, 100, 150
and 200 bits for security levels 1, 2, 3 and 4, respectively. In the case of using these threshold key lengths,
the all-key brute-force algorithm, which is universal and the only one applicable to all symmetric
algorithms, will be able to break cryptographic protection in 2%, 2'% 2'5° and 22 encryption operations
[7-11]. The value of 2% is below the secure threshold of computational complexity for security level 1, as
260 < 2% The values of 2! and 2'°° correspond to secure thresholds of computational complexity for 2nd
and 3rd security levels, but do not provide additional security margins of 20%, since 2'%"#" = 280 < 2%
and 2150780% = 2120 < 2128 " Therefore, to ensure the secure key length of symmetric cryptographic
transformation algorithms, it is necessary to increase their threshold values in subparagraphs 5.3.1, 5.4.1
and 5.5.1 of the Standard to 80, 120 and 160 bits, respectively, while the requirements of subparagraph
5.6.1 of the Standard can be left unchanged. Then the brute-force algorithm will be able to break
cryptographic protection in only 2%, 2'%) 219 and 22 encryption operations with an additional security
margin of 20%, since 280"80% = 264 D120%80% _ 936 HI60*80% _ HI28 o 4 H200%80% — 160

2.2. Subparagraphs 5.3.2, 5.4.2, 5.5.2 and 5.6.2 of the Standard indicate that the key length of
asymmetric cryptographic transformation algorithms implemented by MCPIs shall be at least 120, 160,
250 and 400 bits for security levels 1, 2, 3 and 4, respectively. In the case of using these threshold key
lengths, the all-key brute-force algorithm will be able to break cryptographic protection in 2'%, 260, 2250
and 2% encryption operations, respectively. However, in all modern MCPIs, the implemented asymmetric
cryptographic transformation algorithms use, as a one-way function, exponentiation in some finite
multiplicative group G, usually cyclic and with order ord(G) = 2*, where k is the length of the secret
and/or public key. Thus the cryptographic strength of these algorithms is based on the computational
complexity of the discrete logarithm problem in an arbitrary or cyclic finite multiplicative group. The
computational complexity of known effective discrete logarithm algorithms in these groups (the Gelfond-
Shanks algorithm, also called the baby-step giant-step algorithm, Pollard's kangaroo (1) algorithm,
Pollard's rtho (p) algorithm, etc.), which do not impose significant additional restrictions on the group
properties, is O(Nord(G)) = Nord(G) = 2% = 22 and, respectively, 2%, 2%, 2!% and 22 operations for
security levels 1, 2, 3 and 4 [7, 8, 12, 13]. The values of 2%, 2% and 2'* do not attain the secure
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thresholds of computational complexity for security levels 1, 2, and 3, since, 2% < 2%, 2% < 2% and
2125 < 2128 Therefore, to ensure the secure key length of asymmetric cryptographic transformation
algorithms, it is necessary to increase their threshold values in subparagraphs 5.3.2, 5.4.2 and 5.5.2 of the
Standard to 160, 240 and 320 bits, respectively, while the requirements of subparagraph 5.6.2 of the
Standard can be left unchanged. Then, discrete logarithm algorithms in an arbitrary or cyclic finite
multiplicative group will be able to break cryptographic protection in only 2%, 2'20 2! apnd 22
operations, respectively, with an additional security margin of 20%, since 280780% = 264 2120780% — 79
160%80% _ 5128 1 4 2200%80% _ 5160

2.3. Subparagraphs 5.3.3, 5.4.3, 5.5.3 and 5.6.3 of the Standard state that the key length of
implemented by MCPIs asymmetric cryptographic transformation algorithms, the cryptographic strength
of which is based on the computational complexity of the factorization problem or the discrete logarithm
problem in a finite field, shall be at least 500, 1500, 4000 and 8000 bits for security levels 1, 2, 3 and 4,
respectively. These subparagraphs reflect the fact that in many MCPIs, the implemented asymmetric
cryptographic transformation algorithms use, as a mandatory one-way function, exponentiation in a finite
field P whose order ord(P) = n = 2, where k is the length of the secret and/or public key. Notice that to
provide a "loophole" for such a one-way function, the popular RSA algorithm uses the product of two
secret primes: n = p*q as an element of the public key, and the secret key d falls in the range from 1 to
@ (n) = (p-1) (g-1), i.e. n = p x g = (p-1) (g-1) = 2F, where k is the length of the private key d. Hence, the
cryptographic strength of these algorithms is based on the computational complexity of composite
factorization or the discrete logarithm problem in a finite field. The computational complexity of the
known effective factorization and discrete logarithm algorithms in a finite field (sieve algorithms for a
number field) that do not impose additional restrictions on the properties of a composite number and a
finite field is subexponential and evaluated as L.(1/3, (64/9)"®), where L. (a,c) =
O(exp((c+o(1))(In n)*(In In n)"*)) [7, 8, 12, 13]. Special algorithms for solving these problems (for
example, special number field sieve algorithms) that impose significant additional restrictions on
factorizable numbers and finite fields have a slightly lower computational complexity of L,(1/3, (32/9)"?).
In the case of using the existing threshold key lengths, the above universal algorithms will be able to break
cryptographic protection in 2%, 2193 21550 and 22°3 gperations, and special algorithms — in 2°%2, 2812,
21230 "and 263 operations for security levels 1, 2, 3 and 4, respectively. The value 257 is below the secure
threshold of computational complexity for security level 1, since 2% < 2%, The value 2'°** exceeds the
secure threshold of computational complexity for security level 2, but does not provide an additional
security margin even at 7%, since 2'9%3"%% =~ 2951 < 2% Therefore, to ensure the secure key length of
asymmetric cryptographic conversion algorithms, the cryptographic strength of which is based on the
computational complexity of the problem of composite factorization or the discrete logarithm problem in a
finite field, it is necessary to increase their threshold values in subparagraphs 5.3.3 and 5.4.3 of the
Standard to 1000 and 2000 bits, respectively, while the requirements of subparagraphs 5.5.3 and 5.6.3 of
the Standard can be left unchanged. Then, the above universal algorithms will be able to break
cryptographic protection in only 289, 21157 21550 and 22063 gperations with additional security margins of
about 20%, since 2559 745% ~ 96 QIISTEI% - 996 ISS0826% 9128 4§ 9206.5T7.5% . 9160

2.4. Subparagraphs 5.3.4, 5.4.4, 5.5.4, and 5.6.4 of the Standard specify that the length of the hash
code calculated by MCPIs shall be at least 120, 160, 250 and 400 bits for security levels 1, 2, 3 and 4,
respectively. If these threshold hash code lengths are used, the universal pre-image search algorithm by
exhaustive search of pre-images will be able to break cryptographic protection in 2'%°, 2!6° 2239 apd 249
hash operations, but Yuval's algorithm (attack) for collision search, based on the birthday paradox and
having computational complexity of = 2™, where m is the length of the hash code, will be able to break
cryptographic protection in2%, 2%, 2! and 2% hashing operations, respectively [7, 8, 14]. The values 2%,
2% and 2'* are below the corresponding secure thresholds of computational complexity for security levels
1, 2, and 3, since 2%° < 2% 280 < 2% and 2125 < 2'2 Therefore, to ensure secure hash code lengths, it is
necessary to increase their threshold values to 160, 240 and 320 bits, respectively, in subparagraphs 5.3.4,
5.4.4 and 5.5.4 of the Standard, while the requirements of subparagraph 5.6.4 of the Standard can be left
unchanged. Then Yuval's algorithm will be able to break cryptographic protection in only 2%, 2% 2160
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and 2*° hashing operations with an additional security margin of 20%, since 280"80% = 264  2120%80% — 79

2160*80% — 2128 and 2200*80% — 2160

2.5. The Standard does not impose any requirements on the length of Message Authentication Code
(MAC) computed by MCPIs. However, the complexity of breaking cryptographic protection provided by
a MAC substantially depends on its length m. Since message authentication codes are designed to control
data integrity and provide protection against falsified data entry and unauthorized modification of
messages, then in addition to the all-key brute-force algorithm accounted for in subparagraphs 5.3.1, 5.4.1,
5.5.1 and 5.6.1 of the Standard, for breaking cryptographic protection, universal search algorithms for
MACs (guessing attempts) can be used. The exhaustive algorithm for MACs has a computational
complexity of 2" operations for checking MACs [7, 8]. However, its characteristic feature is that the
algorithm is not executed on the computing tools of an adversary, but by MCPIs, whose performance is
significantly lower. Besides, MCPIs can limit the number of attempts to receive data with incorrect
MAGC:s. For these reasons, adversaries usually use for MACs a partial enumeration algorithm with the
computational complexity r of operations for checking MACs or, taking into account the correction for the
probability of its successful application, » / (¥/2™) = 2", where r is the number of attempts 1 < r << 2",
Therefore, to ensure a secure length of MAC:s, it is necessary to supplement paragraphs 5.3, 5.4, 5.5, and
5.6 of the Standard with the following subparagraphs:

"5.*.5 The length of a MAC calculated by a MCPI shall be at least 80 (120, 160, 200) bits. For the
sole purpose of protecting a MCPI against unauthorized modification, identifying corrupted keys, and
garbled encrypted data, it is allowed to use shorter MACs, but not less than 15 (20, 30, 40) bits."

In the general case, search algorithms for MACs will be able to break cryptographic protection in only
280 2120 2169 and 2% operations for checking MACs with an additional security margin of 20%, since
80780% — 964 H120%80% — 996 160%80% — 7128 g 2200"80% = 160 Ty the above-mentioned exceptional cases, the
algorithms will be able to break the cryptographic protection provided by a MAC, in just 2'%, 2%°, 2*° and
2% operations, as corrected. However, in these cases, a MAC is an additional line of defense and breaking
by an adversary of the entire cryptographic protection of a MCPI will be complicated by the expected
organizational and physical protection of the MCPI against unauthorized access and modifications, the
complexity of the directed and secretive change of the MCPI operation; organizational, cryptographic
(encryption) and other technical protection of keys at the stage of their distribution and loading,
identification of mismatch of downloaded keys by synchronization protocols of several MCPIs;
cryptographic (encryption) protection of encrypted data, as well as the execution of a search algorithm for
MACs by a MCPI itself, and not on the high-performance computing facilities of an adversary. The need
for introducing exceptions is dictated by the principles of maintaining consistency with the previous
edition of the Standard and ensuring that the requirements of each security level of the new version of the
Standard do not exceed the requirements of the higher security level of the previous edition and, in
particular, the requirements of subparagraphs 5.4.7, 5.4.8, 5.5.7, 5.5.8, 5.6.7 and 5.6.8 of the current
Standard.

2.6. Subparagraphs 5.3.5, 5.4.5, 5.5.5 and 5.6.5 of the Standard state that the length of an electronic
digital signature (DS) generated by a MCPI shall be at least 120, 200, 300 and 400 bits for security levels
1, 2, 3 and 4, respectively. In the case of using these threshold lengths of DS, the universal exhaustive
algorithm for signatures will be able to break cryptographic protection in 2'2°, 22%, 23% and 24 operations
for DS checking. However, in many modern MCPIs, the implemented DS generation and verification
algorithms use the El-Gamal scheme, in which the signature is a pair (r, s) of length m bits with the
elements r and s, as a rule, of the same length m/2 bits, and the signature verification reduces to comparing
the value of an expression with the element 5. Consequently, the exhaustive algorithm for elements s has
the computational complexity of 2”2 public key signature verification operations and, if threshold DS
lengths are used, it can break cryptographic protection in 2%, 2!, 2'5° and 22 operations for security
levels 1, 2, 3 and 4, respectively [7, 8, 12, 13]. The value of 2% does not attain the safe threshold of
computational complexity for security level 1, since 2°° < 2%, The values of 2'” and 2'*° are above the
secure thresholds of computational complexity for 2nd and 3rd security levels, but do not provide an
additional security margin of 20%, since 2'%0"80% = 280 < 296 apg 2150%80% = 2120 < 2128 Therefore, to ensure
a secure DS length, it is necessary, in subparagraphs 5.3.5, 5.4.5 and 5.5.5 of the Standard, to increase
their threshold values to 160, 240 and 320 bits, respectively, while the requirements of subparagraph 5.6.5
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of the Standard can be left unchanged. Then the exhaustive algorithm of the signature element will be able
to break cryptographic protection in, respectively, only 2%, 2'2°, 210 and 2% operations of signature
verification with an additional security margin of 20%, since 80780% — 64 H120%80% — 996 160%80% — 128 and
2200*80% — 2160.

2.7. Subparagraphs 5.3.6, 5.4.6, 5.5.6 and 5.6.6 of the Standard specify that the principle of generating
and forming keys implemented by a MCPI shall ensure that each bit of the key takes on the value of one
with a probability from the interval (0.5 + 0.03), (0.5 = 0.01), (0.5 £ 0.003) and (0.500 + 0.001) for
security levels 1, 2, 3 and 4, respectively, and, additionally, for security levels 3 and 4, keys shall be
random-number sequences and generated using random-noise generators based on physical processes.
These requirements, even with the increased specification for the computational complexity of
cryptographic protection breaking algorithms, provide the necessary level of security [15]. So, a partial
enumeration algorithm for the most probable keys of the same weight will have the computational
complexity of C," encryption operations or, subject to the correction for the probability of its successful
application, C," / (C," (0,5+d)" (0,5-d)"™) = (0,5+d)™ (0,5-d)"" > (0,5+d)™ (0,5+d)"" = (0,5+d)™, where n
is the key length, w is the key weight (the number of 1-bits), 0,5+d is the probability that a bit of the key
takes on a value of one. In the case of threshold values of the specified intervals, that is, for d = 0.03, 0.01,
0.003 and 0.001, the partial enumeration algorithm for the most probable keys with the lengths of 80, 120,
160 and 200 bits of cryptographic transformation algorithms will be able to break cryptographic protection
in only more than 2732 2165 21386 and 21994 operations, as corrected, and with a security margin of more
than 12%, Sil’lCC 273.2*8744% ~ 264’ 2116.5*82.4% ~ 296’ 2158.6*80.7% ~ 2128 and 2199.4*8042% ~ 2160‘ Consequently, to
ensure a secure interval of the probability that each bit of the key takes on the value of one, the threshold
values in subparagraphs 5.3.6, 5.4.6, 5.5.6 and 5.6.6 of the Standard can be left unchanged, but the
requirements themselves can be reworded as follows:

"5.3.6 The keys generated and formed by a MCPI shall be a random or non-deterministic pseudo-
random sequence of bits, where each bit takes the value of one with a probability within the interval
(0.500 £ 0.03).

5.4.6 The keys generated and formed by a MCPI shall be a random or non-deterministic pseudo-
random sequence of bits, where each bit takes the value of one with a probability within the interval
(0.500 £ 0.01).

5.5.6 The keys generated and formed by a MCPI shall be a random sequence of bits, where each bit
takes the value of one with a probability within the interval (0.500 £ 0.003).

5.6.6 The keys generated and formed by a MCPI shall be a random sequence of bits, where each bit
takes the value of one with a probability within the interval (0.500 £ 0.001)."

Analysis of additional requirements. In paragraphs 5.4 "Requirements for MCPIs of the second
security level", 5.5 "Requirements for MCPIs of the third security level" and 5.6 "Requirements for
MCPIs of the fourth security level" of the Standard [1] set forth additional security requirements.

3.1. Subparagraphs 5.4.7, 5.5.7 and 5.6.7 of the Standard state that MCPIs shall implement procedures
for calculating and verifying key checking information to prevent the use of keys corrupted at the stage of
distribution and loading with a probability of at least 0.9999, 0.999999 and 0.999999999 for levels 2, 3
and 4, respectively. In order to achieve compliance with the aforementioned lengths of MACs of 20, 30
and 40 bits, it is necessary to increase the threshold probability values to 1-10°, 1-10” and 1-107'%,
respectively.

3.2. Subparagraphs 5.4.8, 5.5.8 and 5.6.8 of the Standard specify that MCPIs shall implement
procedures for calculating and verifying checking information about encrypted data to identify corrupted
encrypted data with a probability of at least 0.9999, 0.999999 and 0.999999999 for security levels 2, 3 and
4, respectively, but for security levels 2 and 3 the requirement applies only to pre-encryption. This
exception for online encryption was introduced for the possibility to certify for security levels 2 and
3 cryptographically strong encryptors for analog telephones and radio stations operating on a very
narrowband voice data transfer channel and, therefore, excluding its use for transmitting additional
checking information. However, the known definitions of preliminary encryption are more theoretical than
practical, which leads to a subjective interpretation and circumvention of the requirements of the Standard
when a MCPI is under development and certification tests. On the other hand, modern telecommunication
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facilities and their data transfer protocols have built-in tools for detecting and/or correcting errors, which
often makes it unnecessary for a MCPI to detect corrupted encrypted data. Given this and intending to
comply with the aforementioned lengths of MACs of 20, 30 and 40 bits, it is necessary to increase the
threshold probability values to 1-10¢, 1-10™ and 1-10"'%, respectively, and extend this requirement in the
above subparagraphs to all types of encryption as follows:

"5.4.8 MCPIs shall implement procedures for calculating and verifying checking information about
encrypting data to identify random errors in encrypted data with a probability of at least 1-10° or the
MCPI documentation shall contain organizational and technical measures to ensure protection against this
threat.

5.5.8 MCPIs shall implement procedures for generating and verifying MACs or DS for encrypting
data to identify randomly or deliberately corrupted encrypted data with a probability of at least 1-10® or
the MCPI documentation shall contain organizational and technical measures to ensure protection against
this threat.

5.6.8 MCPIs shall implement procedures for generating and verifying MACs or DS for encrypting
data for encrypted data to identify randomly or deliberately corrupted encrypted data with a probability of
at least 1-107"2."

3.3. Subparagraph 5.4.9 of the Standard states that MCPIs shall inform the operator of the
establishment, reset, and also the impossibility of establishing an encryption mode. Subparagraph 5.5.9 of
the Standard, additionally, requires reporting other irregularities in operation. Moreover, subparagraph
5.6.9 of the Standard adds the requirement to prevent the transfer of open data to the storage, distribution,
and subsequent processing of encrypted data. That is, the current version of these subparagraphs is
oriented towards encryption and takes little account of authentication and key generation issues. The
requirement to prevent transfer is poorly combined with the requirements of reporting and is also more
theoretical than practical, which leads to a subjective interpretation of data areas and circumvention of the
requirements of the Standard when a MCPI is under development and certification tests. At the same time,
the Standard does consider issues of logging, which in recent years have been given a significant place in
the integrated security system. Based on the foregoing, it is proposed to amend subparagraphs 5.4.9, 5.5.9,
and 5.6.9 of the Standard as follows:

"5.4.9 MCPIs shall inform the operator about the current mode of operation.

5.5.9 MCPIs shall inform the operator about the current mode of operation and irregularities in
operation.

5.6.9 MCPIs shall inform the operator about the current mode of operation and irregularities in
operation, and to automatically log these events."

3.4. Subparagraph 5.5.11 of the Standard states that the routine procedures for deletion (destruction)
of keys by a MCPI shall ensure that they cannot be recovered. In addition to this, subparagraph 5.6.11 of
the Standard requires the delivery of technical means completed with the MCPI that implement the
specified procedures, if the MCPI itself does not implement them. However, the issues of recovering
information deleted in the RAM or external memory of a computer on various electronic and optical
media are often very knowledge-based and ambiguous, which leads to a subjective interpretation of the
impossibility of recovering deleted keys when a MCPI is under development and certification tests. The
inclusion of a paper shredder or an incinerator for burning paper and other key carriers in each set of
MCPI is excessive, especially in the presence of several MCPIs of the same type in an enterprise. Hence,
it is advisable to amend subparagraphs 5.5.11 and 5.6.11 of the Standard as follows:

"5.*.11 MCPIs shall delete (destruct) keys on completing their distribution, management, and use, or
the MCPI operational documentation shall contain organizational and technical measures for the deletion
(destruction) of keys."

Conclusion. The secure thresholds for the parameters of cryptographic algorithms defined in the
paper make it necessary to quickly revise the standard ST RK 1073-2007 to bring it into line with the
current level of development of theoretical cryptography and the capabilities of potential adversaries. The
developed proposals are specific and consistent with the current version of the Standard.

—— §) ——
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A.E. Aoapaxmanos!, I.T. Typauena?

l«Delta-IT» kenicimmaprTeix enmipic» XKIIC, Anmatel, Kazakcran;
’KP YKK Akanemuscsl, Anmatsl, Kazakcran

KPUNITOT'PAOUAJIBIK AJITOPUTM ITAPAMETPJIEPIHE APHAJIFAH
KAVYIICI3 HIETT K9HE CT PK 1073-2007 CTAHJAPTbI

Annoranus. Kasakcran Pecmyonmkaceaery KP CT 1073-2007 «AKmapatrTsl KpUOTOTPAQUSIIBIK KOPFay
Kypajnapsl. JKaimpl TeXHUKAIBIK TAJIANTap» MEMIICKETTIK CTaHAapThl 12 5KbUT OYphIH KaOBUIIAHIBI )KOHE aKIapaTThl
kpunrorpadusslk Kopray KypannapbeiHbiH (AKKK) camacein Oaranmayza HeTi3ri Ka3aKCTaHIBIK CTaHIAPT OOJBITT
caHanagpl. Ockl KyHre AEiiH TEOpHSUIBIK KpuITorpadus >KkaHalla Aamyla, COHAai-aK olyerTi Oy3ylIbUIapIbH
OUTIKTUIIN MEH ecenTey MYMKIHIIUTIKTEPI e apTThl. AKIAPaTThIH KPUITOTrPadUsIIbIK KOPFAHBICHIH OY3YIIbLIapIbIH
KypacThIpFaH MO/, OChl CTaHOAPTTHIH OIpHEIIEe epeKeNICPiHiH, ocipece, OIpIHIN JKOHE EKIHII aeHrenmeri
Kayilci3aiKKe KaThICThUIAPhI €CKIPTeH, ajl CTAHIAPTTHIH 631H JKaHAJIay KaXCTTUTITH ToIe eIl

CTaHﬂapTT])l JKaHaJlayaa TOMeHﬂ,eFi TY’KBIPBIMABIMAJIBIK Karuaajaapra HeFi3ﬂeHFeH JKOH:

1. CTaHZlapTTbIH AJABIHFBI PEAAKIHUACBIMCH Ca6aKTaCTl)IFI)IH CaKTay.

2. CraHmapTTa KOJJaHBUIATHIH OapiiblK KPUITOrPA(QUSITBIK TEPMHUHACPAL aHBIKTAY.

3. XKapusutaynan, MoxOypil Hemece KOPFaHBICTarbl akaparTsl Oackapa alMalThIHAad eTin OypManayzias,
aneyerTi Oy3ymisl OIOIKETIHEH, COHMail-aK KpUNTOorpadUsuIbIK KOPFAHBICTHIH OENTiIi aJroOpuTMIEpPiH ecenTeyaeri
JKOHE KEHICTITIHIEeTI KUBIHINBUIBIKTAH KeNeTiH 3akeIMAabl eckepin, cranmaprrarbl AKKK kayimnci3 tepT meHrewin
AHBIKTAY.

- Bipinmn, ekinmr, yrmiamm sxone Teprinmn aexreiaeri AKKK oromkeri 1000, 1 mun., 1 mupa, xoue 1 TpiH
AEK Oonran oneyertik Oy3yuibuiapaan Oaracel coiikec 100, S0 mbiH, 25 muH. xoHe 10 mupa AEK aprnaiitein
aKMapaTThl KOPFayFa apHaIIFaH;

- erep KOJJIaHy BIKTUMAJJBUIBIFBl COTTI JIeN Kepi MYJbTUIUIMKATUBTI TY3€TyHi €CKepe OTBHIPHII allbIHFaH
anroputM Kypaenimiri 204, 2%, 2128 xome 2'9 onepaumsman kem Gosica KOHE KPUNTOTPAQUANIBIK KOPFaHBIC
anroputMi Oenrimi 6onca, AKKK kayinci3mikTiH colikec OipiHII, KiHII, YIIIHINI »OHE TOPTIHIN Aeireiti Oona
anmaiinel. Erep kpuntorpadusuiblk KOPFaHBICTHI airy anroputMinid kypaenimiri 260, 280 2190 yane 2120 Gurren a3
Oosica, MyHzall anropuT™ KoJiiaHyFa 0oJMaiibl aen OorKaM KacaiMbl3.

4. CraHapTThlH JKalIbl TalanTapblHIa KOpraHblc NeHredine kapamacraH Oapibslk AKKK kosnmanbemateix
TEOPUSIIBIK JKOHE KOIJaHOambl Kpunrorpadusga Oenrisii HOpCeHi aHBIKTaI aiy.

5. Cragmaptra KpuUOTOTPaQILUIBIK —ANTOPUTMICPAIH HETI3TI IapaMeTpiiepiH JKOHE ONApIBIH  ecernTey
KYpIENUIrine coifkec KpUNTOrpadUsUIBIK KOPFAHBICTAPABl amydblH (IIa0yblUl) VHHBEpPCAl —alTOpUTMIEPre
TO3IMJIUIITIH KaMTaMachl3 €TeTeTiH, OEpIKTIriH ecKepe OTBIPBIN KayilCi3[MiK IIEriHiH IaMachlH aHbIKTay. HakThl
aliTKaHza:

- AKKK kpunrorpadusibiK TYpJAeHIIPYIeri CHMMETPHSIIBIK aITOPUTM/IE 1CKE aChIPbUIATHIH KIIT Y3bIHIBIFHI 1,
2, 3 xoHe 4 Kayinci3uik aeHreii ymin corikec 80, 120, 160 sxone 200 OutreH a3 0oaMaysl THIC,

- AKKK kpunrorpadusiblK TYpIeHAIPYAETT aCHMMETPHSIIBIK AITOPUTM/E 1CKE achIPbLIATBIH KUIT Y3BIHIIBIFBI
caiikec 160, 240, 320 sxone 400 OuTTEeH a3 OOIMAYHI THIC;

- AKKK kpunrorpadusuiblk TYPICHAIPYIEri aCHMMETPHSIBIK aIrOPUTME iCKe achIPbUIATHIH KT Y3bIHABIFBI
KpunTorpadusuiblk  TO3IMIUIIT KypaMa CaHHBIH KOOEHTKIIIKE JKIKTEyre HeMece akbIpFbl epicTe IUCKPETTi
moropudMIey MoceJeciHe HETi3IeNe OTBIPHIN, €CENTiH ecenTey Kypaeniumirine coiikec 1000, 2000, 4000 sxoHe
8000 buTTeH a3 OoMMayHI THIC.

6. AKKK «xayirci3mik meHreifine coiiKec, CTaHAApPTTaFbl YHWBIMIACTHIPYIIBI JKOHE TEXHHUKAIBIK KOCBHIMINA
TajanTapasl aHbIKTAY.

7. CrangapTTarbl HAKTBHI KPUNITOrPa(QUsUIBIK aJITOPUTMAEP MEH IPOTOKONAAPAbI aHBIKTayAaH 0ac TapTy.

Tyiiin ce3mep: aknaparThl KOpray, Kpunrorpadus, KpunrorpagusuiblK ajJropuTMaep napaMeTpi, MeMICKeTTiK
CTaHIIAPT, KOPFAHBIC ICHTCHi.

A.E. A6apaxmanos!, I.T. Typauena?

'TOO "KonTpaktaoe npoussoactso "Delta-1T", Anmatsl, Kazaxcram;
2Axkagemust KHB PK, Anmarsl, Kazaxcran

BE3OITACHBIE ITOPOI'H VIS HAPAMETPOB KPUIITOI'PAOUYECKHUX
AJITOPUTMOB U CTAHIAPT CT PK 1073-2007

AnHotauus. locymapctBennslii cranmapt Pecmy6mmkn Kazaxcram CT PK  1073-2007 "Cpenctsa
Kkpunrorpaduyeckoii 3amutel nHPopManuu. OOmue TexHUIecKkrue TpeboBaHua" ObUT mpUHAT 12 NmeT Ha3amg U cTaa
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OCHOBHBIM Ka3axXxCTAaHCKHM CTaHJIapTOM JUISl OLIEHKH KadecTBa CPEICTB KpUITOrpadHyecKoi 3amuTsl HHPOpPMALUN
(CK3M). 3a mpouienmiee BpeMsi TeOpeTHYEcKas KpUnrorpadus MOIydWsia HOBOE pa3BUTHE, a TAaKXKE BBIPOCIH
KBaJ'II/I(bI/lKaLll/ISI U BBIYHUCIIUTCIIBHBIC BO3MOXXHOCTH ITIOTCHIIHMAJIbHBIX HapyumTeﬂeﬁ. HOCTpoeHH])le MO/JeIn
HapyuuTenei Kpunrorpaduueckoil 3amuThl HHPOPMAIIMK TOKA3bIBAIOT TO, YTO Psiji MOJIoXKeHuit atoro CraHaapra,
0COOEHHO KacaroIluecss MepBOTO W BTOPOTO YpOBHs Oe3zomacHocTH, ycrapenw, a cam CramapT HeoOXoamMo
OOHOBHTS.

I[Ipn obHoBiennn Cranmapra 1€7€cO00pa3HO  PYKOBOJICTBOBATHCS — CIEAYIOIIMMH  KOHLENTYaJbHBIMHU
IMpUHIUIIAMU

1. CoxpaHeHHe MPEEMCTBEHHOCTH C MPEAbIAYIIMMHU peaakuusamu CTanaapTa.

2. Onpenenenne B CTaHOapTe BCEX UCTIOIB3YEMBIX B HEM KPUITOTPAQHIECKIX TEPMITHOB.

3. Onpenenenne B CtaHgapte deTsipex ypoBHel 6e3omacHocTr CK3U, yBsA3aHHBIX C BO3MOXKHBIM YIIEPOOM OT
pasriamieHus, HaBS3BIBAHHUS WM HEKOHTPOIHPYEMOI'O W3MEHEHHs 3aIldIiaeMoil mHGopMaimu, ¢ OIIKETOM
MOTEHUWAIbHOTO HAPYIIUTENSA, a TakKXKe C BBIYUCIUTEIBHOW M IPOCTPAHCTBEHHON CIIOKHOCTBIO HM3BECTHBIX
AITOPUTMOB BCKPBITUS KPUNITOTPapUIECKOH 3aIIUThI:

- CK3H1 mepBoro, BTOPOTO, TPEThEr0 M YETBEPTOrO ypPOBHEH OE30MACHOCTH IMPEIHA3HAYCHBI JJIS 3aIlUTHI
uHdopmanuu croumoctbio He 6osiee 100, 50 Thic., 25 MuH. 1 10 Mipa. MPII oT noTeHUMAIBHBIX HApyLIUTENEH C
oromkeToMm He 6ostee 1000, 1 muH., 1 Mapa. u 1 Tpiaa. MPII cooTBeTCTBEHHO;

- CK3U He MOTyT OBITh MPU3HAHBI COOTBETCTBYIOIIUMHE IIEPBOMY, BTOPOMY, TPETHEMY WIIH YETBEPTOMY YPOBHIO
0e30IacHOCTH, €CIM M3BECTEH QJITOPUTM BCKPBITUS KpPUNTOrpadMyYecKOd 3aIliuThl, oOecreunBacMoil HMH,
BBLIYMCIIUTENBHAS CII0KHOCTh KOTOPOro cocTasiseT MeHee 204, 290, 2128 i 2160 opepanuii cooTBeTcTBEHHO, € yueTOM
00paTHOI MyJIbTUIUTUKATUBHOI ITONPABKH HA BEPOSTHOCTh €r0 YCIEHIHOIO NPUMEHEeHHUs. Ecin alroput™ BCKphITHS
KpUNTOrpaGUIeckoil 3amUTBl WMEET IIPOCTPAHCTBEHHYIO CIOKHOCTH He Memee 280, 280 2100y 2120 Gyp
COOTBETCTBEHHO, TO STOT AJITOPUTM II0JIATaeTCsI HEMPUMEHUMBIM.

4. Onpenencare B CtaHgapTe oOmMUX TPeOOBAHMIA, SBITIONMINXCS a30yYHBIMHU B TEOPETHUECKOW M MPHUKIIATHON
Kpunrorpaduu u, moromy, npenbsasisieMsix ko BcemM CK3U He3aBuCHMO 0T ypoBHsI 6€3011aCHOCTH.

5. Onpenenenrie B CtaHapTe OCHOBHBIX NMapaMeTPOB KPUNTOrpaMuecKUX aJTOPUTMOB M UX OE30MaCHBIX
MOPOTOBBIX 3HAYEHUI C 3alacoM NPOYHOCTH, OOECICUMBAIOLIMX CTOWKOCTh K M3BECTHBIM YHUBEPCAIBbHBIM
anropuT™MaM (aTakam) BCKPBITHS KPUITOTpadUIeCKOi 3alIUThl COOTBETCTBYIONIEH BEIYUCIUTEIHHON CI0KHOCTH. B
YaCTHOCTH:

- mmHa Kmoda peann3dyeMbix CK3W CcHMMETpUYHBIX alTOpPUTMOB KPHITOTPa(UIecKoro IMpeodpa3oBaHUs
noivkHa ObITh He MeHee 80, 120, 160 u 200 out mst 1, 2, 3 u 4 ypoBHe# 6€30MacHOCTH COOTBETCTBEHHO;

- uimHa Kioya peannzyeMblx CK3U acMMMETpHYHBIX aJrOpUTMOB KpUOTOrpaduueckoro mnpeoOpazoBaHus
nomkHa ObITh He Menee 160, 240, 320 u 400 GUT COOTBETCTBEHHO;

- umHa moda peanm3yeMbix CK3W acHMMETpHYHBIX alrOPUTMOB KPHUOTOTPApHUECKOro MpeoOpa3oBaHMUS,
Kpunrorpaduyeckass CTOMKOCTh KOTOPBIX OCHOBAaHA Ha BBIYUCIUTEIBHON CIIOKHOCTH 3a/laqd  Pa3JIOKEHUS
COCTaBHOT'O YHCJIa HA MHOXKHTEINH WU 33/Ia4H JHCKPETHOTO JIoTapu(MUPOBAHUS B KOHEYHOM TIOJIE, TOJDKHA OBITh
e meree 1000, 2000, 4000 u 8000 GUT COOTBETCTBEHHO.

6. Onpenenenne B CraHgapTe JONOJHHUTENBHBIX OPraHM3allMOHHBIX W TEXHWYECKMX TPEeOOBaHMH,
npenpssiasieMsix kK CK3U B 3aBucHMOCTH OT ypOBHS 0€3011acHOCTH.

7. Otka3 ot onpeneneHus B CtaHnapTe KOHKPETHBIX KPUNTOrPahUIECKUX aJIrOPUTMOB H ITPOTOKOJIOB.

KiaroueBble cioBa: 3ammra wHOOpMAIWH, KPUNTOTpadus, MmapaMeTpbl KPUNTOTpapUUecKUX allTOPUTMOB,
TOCYJapCTBEHHBIN CTaHIApT, YPOBEHb O€3011aCHOCTH.
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OPTIMAL CONTROL OF POWER SYSTEMS

Abstract. This article discusses the study of problems of optimal control for electric power systems. The
numerical solution of optimal control problems for complex electric power systems using an iterative algorithm is
shown. Also considered are issues of solving the optimal control of a nonlinear system of ordinary differential
equations in two different cases. The proposed solution methods follow the principle of continuation of extremal
problems based on sufficient conditions for optimality of V. F. Krotov. A special case of optimal control problems is
considered. Numerical experiments showed sufficient efficiency of the implemented algorithms. The problem of
optimal motion control of a two-system electric power system is graphically illustrated in the proposed numerical
example.

Keywords: optimal control, electric power systems, an iterative algorithm.

1 Introduction

The industrial growth of any country largely depends on the reliability of a large interconnected
power system. The electric power system is an important form of modern energy source, since it is used in
almost all spheres of human activity for socio-economic development. In an interconnected power system,
the purpose of an electric power system's engine is to generate electrical energy in sufficient quantities at
the most appropriate place of generation, transfer it in large quantities to load centers, and then distribute it
to individual consumers in the proper order.

Mathematical model of modern electric power complex, consisting of turbo generators and complex
multiply connected power units, is a system of nonlinear ordinary differential expressions. It is known
[1-3] that this model serves as the basis of a broad and relevant class of control problem.

It should be noted that mathematical simulation of various processes and systems, including electric
power system, are closely related with problem of making the best decisions. The optimization problems,
as well as the creation of methods of building control on the principle of feedback for such systems, still
attract attention of many researchers.

Optimal control theory is based on the maximum principle of L.S. Pontryagin and the method of
dynamic programming of R. Bellman. It is known that the maximum principle reduces extreme challenge
to the decision of a special system of ordinary differential equations, and dynamic programming methods
to the solution of partial differential equations.

In many cases, the exact solution of these tasks is quite difficult. Why we developed numerical
methods for solving extreme problems [5], based on the extension principle [6-11], which differ in the
considerable variety of approaches and results.

These methods found a wide and effective application in solving some optimal control problems of
large dimension and of various complexities [12-23]. Note that our works [24-26] were also devoted to
the solution of optimal control problems. A study of global asymptotic stability was carried out in [27].

There are two widely spread areas in engineering practice among different research directions in
optimal control theory based on the method of state space. One of them combines the methods of optimal
control, which involve optimizing the system by minimizing the functional that characterizes, as a rule, the
quality of regulation [21]. The second area contains the methods of modal control, i.e. methods of forming
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feedback circuits, giving a closed-loop automatic control system (ACS), pre-selected root distribution of
the characteristic equation [28].

The need to reconfigure the values of fudge factors of industrial controllers due to several factors
associated with changes in the characteristics of complex energy facilities. Factors occur due to load
changes, properties of energy resources, work of parallel regulation channels associated with controller via
the object, equipment deterioration, impact of uncontrolled external disturbances, etc. For example, the
load change of thermal power unit causes the change of position of regulating units. Tilt of operating
characteristics of the regulating units of different types (slide, dampers, dampers, valves, etc.) may change
in 2-3 times in different positions. The gain ratio of the object changes in 2-3 times accordingly that
results in deteriorating the quality of transition processes. These degradations essentially influence the
technical-and-economic performance of the equipment by decreasing its efficiency.

Testing parameters similarly change in other technical processes of complex objects of power-supply
branch. In order to increase the effectiveness of the disturbance control and suppression processes, which
are caused by the change of equipment operation load and other performance factors, it needs to use
optimal digital control systems.

Thus, the study of modern principles of optimal control systems of complex objects is an actual
scientific-technical problem.

In this paper, solving of optimal control problems for power system uses the principle of expansion
extreme problems based on sufficient optimality conditions.

2 The optimal control formulation

It is required to minimize the functional

Jw) =05, fOT(kiin +ru?)dt + A(x(T), y(T)), (1D
under the condition:
dx; dy;
d_tl = Vi, d_tl = =AY +£(x) + biuy,
x;(0) = x40, ¥:(0) = y;0,i = 1,,t € (0,T), (2)

x(£),y(®) : (0,T) > R,

where {x;,y;}i_; — is system condition {u;}\_, — control; {f;(x)}\_,, A(x,¥) — given continuously
differentiable functions and functions
fi (x) satisfy the integrability conditions:

dfi(x) _ 0fi(x) Vi
Ox,  0x; '

* k; 3)

We consider point in time T and initial states {x;q,y;} ordered; 1;, 4;, k;, b; — positive constants;
terminal values x(T), y(T) are unknown earlier.

We should note that if we appropriately set the f;(x),i = 1, ..., [, — function, non-linear problem of
Cauchy (1)-(2) images the electric power system, for which the problem of synthesis is an important
practical task of optimal control.

Special case of the control problem (1)-(2).

Further, in the optimal control problem (1)-(2) we assume that there are following data for the control
problem:

b2 —_
ki=2/1i+—L, i€1,l.
Ti

In this case, we can solve the problem (1)-(2), following the Bellman-Krotov formalism [9,10]. At
first, we show the correctness of the next Lemma.

Lemma 1. In order that the control u(y;) = — %yi,i =1,1 and the relevant solution of system
(2)-(3) {x(t),y(t)} could be optimal, it is necessary and sufficient that
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2 -
o (x(T), y(T)) = = A (x(T), y(T)), k; = 24; +’;— ieTl (4%
L i
l
oG =05 Y v = [y [ filouwin Gt w048 @
i=1 x;=0,j>i 0

¢ (x,y) — the Bellman-Krotov function ,where
J@®) = muin](u) = _‘P(x(to), }’(to))-

Implementation of iterative algorithm for the problem (1)-(2).
Let us describe the procedure of improving a given s-order approximation

Us(t) = {xl,s(t): e xl,s(t): Y1,s(t): IYI,s(t)r rul,s(t); e ul,s(t)}-
Step 1. Let us find a solution the next dual problem

dpl ) OH (x50, 35(D), Yy 9 (xs (6, 35(0),0)
dt T axi !
il OH (x50, 35(D, Vay 9 (xs (6,350, 0))
dt - ayl yL— 1, ..,

IN(x(T), y(T AN(x(T), y(T
wi'S(T) - ();(sz};( ))’¢L+i,s(T) == (J;(sz);( )),i =

1,...,1
where
H(xs(t),ys(t), Vx,yq)(xs ®),ys(t),t) = mziix H(xs (®), ys(t), Vx,y(p(xs ®),y:(0),t),u, t):

H(x, v, Vx_ygo, u, t)

dp(x,y,t) , dp(xyt)
—— ' + .
dxt ayt

!
= —O.S[kiyl-2 + rl-uiz] + Z

i=1

[—Aiyi + fi(x) + bju;]

ﬁ(x, v, Vx’yq), t) € Arg ml’le H(x, v, Vx'y(p, u, t),

H(x, Y, Viy(9,8),8) = H(X, Y,V y 0, W(X, 7, Vi y 9, t), 1),
Ys(6) = Viy (%, ¥, D=y (0)y=ys(0)

Step 2. We solve Cauchy problem (2) at u = ﬁ(x, ViV y®, t) and find function of state
{x5+1(t), Y541 (t)} and control function

us+1(t) = u(x,y, Vx,y(ps(x: Y t), t) |x=xs(t),y=ys(t)

Thus, we find new functional approximation of control state {xs,1(t), Ys+1(t), uss1(t)}, for which
the inequality is true:

](xs+1(t)r ys+1 (t): us+1(t)) < ](xs(t)r YS(t)r us (t))

Application of iterative algorithm to solve the problem of optimal control of steam turbines’
capacity.
One of the models describing the transient processes in electrical system is the following system of
differential equations [1, 2]:
dé; ds; ) _ _
—=Si, H,— = _DiSi_Ei Yii sin a;; — Pi sin (81 —ai)—

5'21,j¢ipi]' sin (611 - aij) +ui, i € ﬁ, t e (O,T), (10)
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8ij = 6; = 6;, P, = E;UY; 11, Pij = EiE}Yyy,
where §; is an angle of rotor deflection of i -alternator towards some synchronous roll axis (roll axis of
constant voltage bus, which makes rotation at a speed of 50 rpm/sec.; S; — slip of i -alternator; H; — an
inertia constant of i-alternator; u; = P; — mechanical outputs, which fed to alternator; E; — EMF of
i-alternator; Y;; — mutual conductance of system branches i — and j; U = const is tension in constant
voltage bus; Y*n+i characterizes connection (conductivity) of I — alternator with constant voltage bus;
D; = const = 0 — mechanical dumping; a;;,a; — constant values with active resistance influence in
armature alternator circuits.

The complexity of the model’s analysis (10) is in taking account a;;, a;; = a;;,i,j = 1,1. Because
8;j = —&j;,then the model (10) is not a conservative; you cannot build a Lyapunov function for it in the
form of the first integral. The system is called positional model.

Let the state variable and control variable in the established post-emergency mode are equal to:

S;=0,6=6u=ul,i=1,L (11)
To obtain the system of perturbed motion let us pass on to equations in fluctuations, supposing that:

S; = AS;, 6, = 6F + AS,uy = uf + Ay, i = 1,1 (12)

Next, for the convenience of the variables AS;, Ad;, Au;, again symbolizing S;, §;, u; from(11) we get:

ds; ds; 1
d_tl = gi,d_t' - [—D;S; — £:(8;) — N;(8) + M;(8) + u;],

i=1Lte (0,1, (13)

where
fi(6;) = P [sin(5i + 6f - ai) - sin(df — ai)],
! l

N(8) = z Ny (81, ) 8) = Z rL[sin(8y; + 87) — sin 67,

Jj=1j#i j=1,j=#i
!
M;(6) = Z M_U(Sl, v, 0]) = F}j[cos(é‘ij + 65) — cos 65],
j=1,)#i

F:llj = PL_] COSai,FL-Zj = P” Sinai,Pij = P;;

0 T = Tfi k= 1,2,

j
The control will be searched in the form of:
u; =v; — Ml(6),l = ﬂ, (14)

where v; to be determined.
It is required to minimize the functional
1 T
JW) =]y, ..., v)) =05 Z f (wsiSZ + wyvf)dt + A(8(T), S(T)), (15)

i=19

Under the condition (13)-(14), where wy;, w,,;— positive constants of weight coefficients;

fi(6;) — 2m continuously differentiable periodic function; Ni(S)~ 2mm- continuously differentiable
periodic function towards &;;; for N;(8) the condition of the integrability of the type (3) is accomplished;
T - the duration of the transition process is considered as given. In addition, the initial conditions have
been given:

61(0) = SiO,Si(O) = SiO'i = 1, l, (16)
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Final value of the system status J,(T), S.(7) is not known in advance, they should be determined by

solving optimal control problem (13) - (16).
To solve this problem for electric power systems used Krotov theorem on sufficient optimality
conditions [1,2]. As a result, we obtain the following theorem.

Lemma 2. Tn order to manage v = — %, i = 1,1 and the relevant decision {6°,5°} systems (13) to

be optimum, it is also necessary and enough that

A(8(T),S(T)) = —(p(6(T) S(T)),ws; = 2D; + — LN 0,i=1,1,

Vl

1 S
<p(6.5)=o.sz HiS? + f FOOAS [+ Y [ Wbt 6B, 0,
i=1 0 i=1, o
§j=0,j>i

where ¢ — Bellman-Krotov's function, besides,
J%) = minj(v) = —¢(8°,5°)
v

In conditions of lemma 2 assumptions (8) from lemma 1 take the form of:

@S; ,
P5iS; = TL [fi(6) + N;(8)],  T.e @5, =H;Si, 05, = fi(6) + Ni(8),i =1, L
l

3 Numerical example. The optimal motion control of two-unit electric power system.

In the system (10) we take ,i = 1,2, and assume that the mechanical damping is not available, i.e. the
coefficients Dq, D, are equal to zero. According to the values (10)-(16), the optimal control problem takes
the form of [3]:

i=1

2 T
J@) = J(uy,uy) = 0.5 Z f(105i2 +0.1v7)dt + 0.5(8%(T), S*(T)), a7)
0

ds; ds; 1
_— Si’ =
dt dt H

where f;(6;) = P; [sin(é‘l- +68F —a;) —sin(6F — ai)],i =1,2,
N1 (8) = T'y[sin(8y; + &f;) — sin 81, ],
M;(8) = T'y[cos(8;, + 6F5) — cos 8F,],

F _ oF F _
612 —_ 61 - 61 ) Fl —_ Plz COoS alz,
[y = Py sinayy, 812 = 61 — 62,851 = =612

—[—£fi(6;)) = N; (&) +v;],i =12 (18)

Numerics of the system (30):

a, az Hy H, Py P, Py, 51F 55 d12

-0,052 | -0,104 2135 1256 0,85 0,69 0,9 0,827 0,828 | -0,078

and initial data:
6,(0) = 0.18; 6,(0) = 0.1; S;(0) = 0.001; S,(0) = 0.002

The results are shown in figures 1 and 2. Herewith, the value of a functional (17) has been reduced to
the value = 0,006865.

/“\_\\-:.//____"__-___‘_‘_‘_ﬂ

vvvvv

Figure 1 - Functions d1, 32 with control, Figure 2 - Functions Si1, Sz with control
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We use the 4-th order Adams-Bashford, Adams-Moulton and Runge-Kutta methods for more accurate
results.
Adams-Bashford (A-B) method:

h 251
Yova = Vues +£(55f(tn+3’yn+3)_ng(tn+2’yn+2)+37f(tn+1’yn+1)_9f(tn’yn))’ %hs(n)
Adams—Moulton (A-M) method:
h 19
Yira = Va3 +ﬂ(gf(tn+4’yn+4)+19f(tn+3’yn+3)_Sf(tn+2’yn+2)+ f(tn+1’yn+1))7_ﬁh5(n)'

Runge-Kutta (R-K) method:
Vo1 =Vat Z(kl + 2k, + 2ks + ky )

Comparison of the used methods is shown below:

Figure 3 — methods of A-B (line - - -), A-M (line * **) of the 4-th order
a) time change of S; b) time change of &

a) b)
Figure 4 — methods of A-B (line- - -), A-M (line * * *) and Euler (line -) of the 4-th order
a) time change of S; b) time change of &

0002

yyyyy

rrrrrrr

Figure 5 — methods of R-K (line - - -) and Euler (line -) of the 4-th order
a) time change of S; b) time change of &
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a) b)
Figure 6 — methods of A-B (line - - -), A-M (line * * *) and R-K (line-) of the 4-th order
a) time change of S; 6) time change of &
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According to the obtained results it is clear that the increase of more than 4 is not necessary, as they
equally converge to zero.

For this task the Adams-Bashford and Runge-Kutta methods converge to zero faster than when using
the method of Adams-Moulton. It allows to reduce time and speed up the process of determining
emergency situation. Since the Adams-Moulton method is implicit and requires the solution of the
"historical" values, which takes computation time.

Conclusions

The paper deals with solution of optimal control of nonlinear system of ordinary differential equations
in two different cases. The studied model, in particular, describes management processes in electric power
systems. The proposed methods for solving hold to the extreme tasks expansion principle, based on
sufficient optimality conditions of V.F. Krotov. The numerical experiments have shown sufficient efficacy
implemented algorithms.
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M. H. Kanaumoagaes, M.T. I:xenaaueB, A.A. Adnungaesa, T.K. ’Kykadaea, M.A. AXMeT:KaHOB
AXnaparThIK )KOHE ecenTeyill TeXHOIOrusiap HHCTUTYThI, AnMatsl, Ka3akcran
SJEKTP SHEPTETHKAJIBIK )KYWEJIEPAI OHTAJIbI BACKAPY

AHHOTanmsi. 3epTTeyNiH ©3eKTUII KypAeli 3JIEKTP-SHEPreTHKAJIbIK KEeIIeHJEPAiH >KaHAPTHUIybIHA J>KOHE
JMHAMHKACBIH 3epTTeyre HerizaenreH. VHycTpuanabl KOFaMHBIH 3aMaHayd AaMybl KyaTThl 3JIEKTP-3HEPTr e THKaJIbIK
KeIIeHIePIiH KYPbUTYybIH alKbIHIAI, IIEKTP-YHEPTUSACHIHBIH TYPAKThI XKOHE Y31JIICCI3 apTybIH KAMTaMachl3 €Te/i.

TypOorenepaTopiapaplH 0ackiM KOMIIUTIr JKOHE JKHi OaWIaHBICTHI YHEPTETUKANBIK OOBEKTUIepIi KaMTUTBHIH
KYpIENi 3JeKTP-3HEPTreTHKAIBIK KYHeIepaiH >KYMBICHIHBIH OPHBIKTBUIBIFEI MEH KayilCi3AiriH KaMTaMacChl3 €Ty
YKOHE THIMII OacKapy MacelenepiH 3epTTeYAiH 63eKTUIIr MEH MPaKTUKAJIBIK KYHIBUTBIFBIHBIH MaHBI3HI 30D.

TypOoreHepatopiap MeH KypJeni Typlle ThIFbI3 OaliIaHBICThl YHEPTETHUKANBIK OJIOKTapAaH TYPaThIH 3aMaHayH
QIIEKTP-OHEPTETUKANBIK ~KEIICHHIH MaTeMaTUKAIbIK MOJAENi KapamailbiM  audGepeHIMsUIAbIK  TeHACYIepAiH
CBI3BIKCHI3 XKYHECiH Kypaiibl.

Tuimni Gackapy Teopusicel JI.C.IIopTHATMHHIH MakcMMyM HpuHIMII MeH P. BeuiMaHHBIH JIMHAMUKAIBIK
Oarnapiamanay opiciHe Herizzeneni. MakCUMyM NPHHIMIT SKCTPEMaIbAbl €CeNTi KapamaibiM 1uddepeHmanipK
TEHACYJIEPIIH apHANBl KXYWECIHIH IIENIMiHe JKeJlce, ajl JAMHAMHKAIBIK OaFmapiamanay OJiCi eKe TYBIHIBUIBIK
ecenTiH memimMin tabaTeHbl Oenrimi. KenTereH jkarpaiinapna Oyl ecenTepAiH HAaKThl IIEIIiMIH TalOy ETKUTIKTI
IEHTeUIe KUbIH.

By makanmajga a51eKTp 3HEpPreTHKalbIK JKyHenepi OHTaiimbsl Oackapy MacenenepiH 3epTTey KapacThIPBUIFaH.
NTepanusiiblk anropuTMIl KOJNJaHa OTBIPBIN, KYPIEIN 3JIEKTp SHEPreTHKAIbIK KyHesepiH OacKapyIblH OHTAiIbI
€CEeNTEPiHiH CaHJBIK ImentimMi kepcerinreH. Exi Typni skarmaiima kapamaiibiM muddepeHIuanaplK TeHISYIepIiH
CBI3BIKTHI €MeC KYHECIH OHTaWIbI 0acKapy bl STy MoceIeepi KapaCThIphlIaaAbl. ¥ ChIHBUIFAH menty dictepi B.O.
KpoTOBTBIH OHTaiIBI OOMYBI YIIIH JKETKIJIKTI JKaFqaiiapra HETi3AeITeH dKCTPpEeMasbl MAOCceeNepAl KaIFacThIpy
KaruaachlH ycranaapl. OHTalIbl 0acKapy MacelellepiHiH epeKile jKaraalibl KapacThipbliaasl. CaHIbIK TOKIpHOenep
OpPBIHIAIIFAH aJTOPUTMIAEPIIH THIMAUIIIH KepceTTi. ¥YCBIHBUIFAH CaHIBIK MbICAJJa €Ki IKyHem JIeKTp
SHEPIUSCHIHBIH OHTAMIIBI KO3FAIBICHIH OacKapy Maceneci rpaduKaibiK TYpAe KOpCeTireH.

Tyiiin ce3mep: oHTalIbl Oackapy, 3JEKTP SHEPreTUKAIIBIK JKYHenep, UTEpalMsIIbIK aITOPHTM.

M. H. Kanumosgaes, M.T. J:xkenanues, A.A. Adnunaaesa, T.K. /KykadaeBa, M.A. AXxMeT:KaHOB
"MucTUTYT MEOPMAMOHHBIX U BEMUCIATEIBHBIX TEXHOIOTHY, AnMatsl, Kazaxcran
OIITUMAJIBHOE YIIPABJIEHUE 3JIEKTPOOHEPTETUYECKUMHU CUCTEMAMMU

AHHOTanMsl. AKTYaJlbHOCTh MCCIIEAOBaHUS 00YyCIIOBIIEHa HEOOXOIUMOCTBIO MOJIEPHHU3ALMH U MCCIIEIOBaHUS
JMHAMHKH CJIOXHBIX AJIEKTPOIHEPreTHYeCKUX KoMIuieKkcoB. COBpEMEHHOE Pa3BUTHE MHAYCTPUAILHOIO oOlecTBa

TpeOyeT MOCTOSHHOIO W HEMPEPHIBHOTO pOCTa IMPOM3BOJCTBA BIICKTPOIHEPTUH, Ui OOCCIECUCHHS KOTOPOH
CO3AI0TCS] MOLIHBIE AJIEKTPOIHEPTETUUECKIE KOMILJIEKCHI.

—— 9) ——
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Oco0y10 aKkTyaJbHOCTh U NMPAKTHYECKOE 3HAUYCHUE IIPEACTABIIAIOT HUCCIIENOBAHUS ONTHMAJIBHOTO YIIPaBICHHUS,
obecriedeHHs1 GE30IIACHOCTH M yCTOMYMBOCTH PabOTHI CIOXKHBIX DIEKTPOIHEPreTHYECKHX CHCTEM, COCTOSAIINX W3
OoubIIoro ynciia TypOOreHepaTOpOB U MHOT'OCBSI3HBIX SHEPI€THYECKUX 0OBEKTOB.

MaremaTtnyeckass MOJIEJb COBPEMEHHOH SHEPreTHMYeCKOi YCTAaHOBKH, COCTOsIIEH M3 TypOOreHepaTtopoB M
CJIOJKHO CBSI3aHHBIX 3HEPTrOOJIOKOB, 00pa3yeT HEJIMHEHHYIO0 CHCTEMY NMPOCTHIX AU BepeHINaIbHBIX YPAaBHEHHH.

Teopust >ddexTuBHOTO yrpaBiaeHus ocHoBaHa Ha npuHunune makcumyma JI. C. IloprHsrmHa u merona
JUHAMHYECKOro NporpaMMupoBaHus bemMana. M3BeCTHO, YTO NPHHIMI MakKCHMyMa IIPHUBOAMT K PEIICHUIO
OKCTPEMAIILHOM 3afayd K CHEUHalbHOM CHCTEME NPOCTHIX AU(QQEepeHIUaNbHBIX YpPaBHEHUH, a MeTo[
JUHAMHYECKOI0 MPOrPaMMHPOBAaHMS NMPUBOAUT K PEIICHHIO MHIMBHAYAJIbHOHM 3amadd O NpomykTe. Bo MHOrmx
CIIy4asx IOBOJBHO CJI0KHO HAWTH TOYHOE PEeLIeHHE STHX IPOOIIeM.

B naHHOW cTaThe paccMaTpPUBAIOTCA BONPOCH HCCIECHOBAHUS ONTHMAIbHOIO YHPABICHHS BIIEKTPOIHEp-
TeTHYeCKMMH CcUCTeMaMH. I[loKa3aHO YHCIEHHOE peIleHHE 3alad ONTHMAJbHOI'O YIPABICHHS CIOXHBIMH
3NEKTPOIHEPreTHUECKUMU CHCTEMaMH C HCIOJIB30BAaHUEM HTEPAlMOHHOTO AJIrOpHTMa. Tarke paccMaTpPHBAIOTCS
BOIIPOCH PEIICHHS ONTHMAJIBGHOTO YHPaBIE€HHWs HENMHEHHOH CHCTeMOH OOBIKHOBEHHBIX u((hepeHInaabHbIX
ypaBHeHI/II‘/’l B JIBYX pa3HbIX Clly4dasx. Hpeﬂnomeﬂﬂme METOABI PCHICHUA CJICAYIOT MNPUHOUILY MTPOAOJIKCHUA
9KCTPEMAJIbHBIX 3a]a4 Ha OCHOBE JOCTaTOYHBIX ycioBHM ontumansHocTH B. @. KportoBa. PaccmorpeH dacTHBII
cilyyail 3a/lau ONTHUMAJIBHOTO yNpaBieHUs. UMCIIEHHbIE SKCHEPUMEHTHI MMOKa3ajld JOCTaTOYHYI 3(PQEeKTUBHOCTh
pealM30BaHHBIX  aNrOPUTMOB.  3ajada  ONTHMAIbHOTO  YNPABJICHHWS  JBIDKCHHEM  JIByXCHCTEMHOH
IIEKTPOIHEPTETUIECKON CUCTEMBI IpaIuecKy IPOMILIIOCTPUPOBAHA HA MPEJIaraeMOM YHCIICHHOM TIpHMeEpe.

KaioueBble c10Ba: ONTUMANTBHOE YIPABICHHE, YJICKTPOIHEPTETHYESCKUE CUCTEMBI, HTEPALIOHHBIA alITOPHTM.
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INVESTIGATION OF PASSIVATION OF SURFACE STATES
OF SINGLE CRYSTALLINE SILICON IN HETEROSTRUCTURES
WITH AN INTEGRATED THIN AMORPHOUS LAYER

Abstract. This work presented in this publication is a continuation of works [1] and [2]. We have shown that in
solar cells of the HIT structure, when the thickness of the embedded amorphous layer increases, the efficiency of the
solar cell increases, but to a certain point of maximum. The increase in characteristics is due to an increase in the
lifetime of non-basic charge carriers in a crystalline silicon substrate. This behaviour of the system can be explained
by better passivation of surface States on the silicon substrate. The decrease in the efficiency of the solar cell after
reaching the maximum is due to the increase of the resistance structure, which with a point contributes more to the
characteristics of the solar cell than the contribution from the passivation of surface states.

Using the PECVD method, amorphous silicon films with a thickness of 7, 30 and 50 nm were grown on a
single-crystal commercial silicon substrate on both sides. Then, the lifetime of non-basic charge carriers was
measured using the contactless Sinton method on these structures. Further, the samples were examined by
photoluminescence at room temperature. Using this method, it was possible to obtain the dependence of the
concentration of non-equilibrium charge carriers on the intensity of photoluminescence radiation. These dependences
showed that the intensity is lower on samples with a lower thickness of amorphous silicon than in samples with a
higher thickness of the amorphous layer.

The detailed results of this work were first presented by the corresponding author in his dissertation [3], the
theses of the work were presented at the conference of young scientists of KazNU [4] and only now the results are
published as a full-fledged article in the journal.

Key words: Solar cell, amorphous silicon, HIT, hetero-junction, surface defects.

Introduction. In contrast to the traditional process of doping impurities of the same type of
conductivity into a substrate having the opposite type of conductivity, the heterojunction technology is
based on plasmochemical deposition of thin films of amorphous silicon of the required type of
conductivity with a thickness of several tens of nanometers. This significantly increases the control over
the created barrier semiconductor structure, providing sharp boundaries between regions of different types
of conductivity if necessary. At the same time, however, high requirements remain for the quality of the
semiconductor surface on which thin films are deposited. The state of the surface of a crystalline silicon
substrate is determined by three factors: 1) corrugation or relief texturing of the surface to reduce the
reflection coefficient / increase the amount of light absorbed by the solar cell, 2) effective surface cleaning
from foreign contamination, 3) passivation of the silicon surface to "heal" broken bonds and reduce the
surface density of defects. The influence of the latter two factors on the efficiency of a solar cell is
determined by the effective lifetime of non-primary carriers, which should be as long as possible to
achieve high efficiency, while:

1/zeff=1/tb + 1/18,
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where teff — the effective lifetime of carriers, tb — the volume lifetime, ts — the surface lifetime. Thus,
measuring the effective lifetime of carriers in a plate is the main tool for controlling the quality of its
surface. A complementary type of measurement to identify the nature of surface states associated with
defects is infrared spectroscopy, including Raman spectroscopy.

HIT solar cells are the market leader in solar energy in terms of "price/quality”. Laboratory samples
achieve an efficiency of up to 26.7% [5-9]. The record results were the result of optimization and research
of the structure of the HIT solar cell [10,11]. Optimization can be carried out in three directions:
improving materials and production methods, optimizing the internal parameters of the solar cell
(thickness, layer concentration) and changing the design [12].

Early studies have demonstrated the effectiveness of self-conducting amorphous silicon in surface
passivation of crystalline silicon wafers. The built-in layer of amorphous conduction silicon is used in the
HIT photocell for passivation of heterojunction defects, however, the presence of this layer leads to
undesirable consequences for the photocell, namely, due to the qualities of the amorphous material itself,
there is a drop in the diffusion length of charge carriers in the section and, as a result, a decrease in the
efficiency of the photocell. One of the possibilities for further improving the efficiency of a heterojunction
silicon solar cell is to increase the length of the diffusion path of charge carriers in the region of the
heterojunction [1,12,13,14].

Experiment and results. At the first stage of the work, the thickness of the embedded layer of
amorphous silicon of its own type of conductivity in a heterojunction silicon solar cell of the HIT structure
is optimized by computer modeling. The model of the photocell was optimized using the software package
FORS-HET [1,2]. The software package is designed for modeling heterojunction solar cells based on
crystalline and amorphous silicon, and includes a database of parameters of these materials. The detailed
principle of operation of the software package FORS-HET is described in [15-18]. In addition to the
numerical calculation, real samples of solar cells were grown and their optimization was performed
experimentally based on the thickness of the embedded layer of its own conductivity. Comparison of the
obtained data with the results of the experiment showed that the optimal value of the experimental
thickness of the amorphous layer (7 nm) does not coincide with the numerical calculation data (1 nm).
However, further research has shown that passivation of surface states on a crystalline silicon substrate is
better the thicker the thickness of the amorphous layer. It is shown in [19] that the lifetime of non-basic
charge carriers increases with increasing thickness of the amorphous silicon layer.

At the second stage of the work, using the PECVD method, amorphous silicon films with a thickness
of 7, 30 and 50 nm were grown on a single-crystal commercial silicon substrate on both sides. Then, the
lifetime of non-basic charge carriers was measured using the contactless Sinton method on these
structures, which confirmed the qualitative dependence of the results [19, 20]. Further, the samples were
examined by photoluminescence at room temperature. Using this method, it was possible to obtain the
dependence of the concentration of non-equilibrium charge carriers on the intensity of photoluminescence
radiation. These dependences showed that the intensity is lower on samples with a lower thickness of
amorphous silicon than in samples with a higher thickness of the amorphous layer. These results are in
good agreement with the previous ones.

One of the most important factors affecting the efficiency of the solar cell of the HIT structure is the
passivation of surface States on the plate of the crystal substrate. To study the effect of passivation of
crystalline silicon by an amorphous silicon film using the PECVD method, amorphous silicon films with a
thickness of 7, 30 and 50 nm were grown on a single-crystal commercial silicon substrate on both sides.
Then a non-contact method of Synton measurement was used on the manufactured samples to determine
the lifetime values of non-basic charge carriers. The results of measuring the characteristics of samples are
shown in the table 1.

Table -Results of measurements of the life time of the NNZ by non-contact method of single-crystal
silicon wafers with a resistance of R = 1.5 Ohmsecm, covered with an amorphous film with a thickness
of 7 nm (for samples kz 12 — kz 15), 30 nm (for samples kz 02 — kz 05) and 50 nm (for samples
kz 06 —kz 11)
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The name of the sample | The life time (t), microsecond
kz 02 1063
kz 03 1020
kz 04 1278
kz 05 1070
kz_06 2295
kz 07 1890
kz 08 1621
kz 09 2016
kz_10 2461
kz 11 2009
kz 12 924
kz 13 630
kz 14 1053
kz 15 655

As can be seen from the table, the greater the thickness of the amorphous film deposited on the crystal
substrate, the greater the value of the lifetime of non-basic charge carriers. The results of the study
confirmed the qualitative dependence of the results of other authors ' work [7].

Figure 1 shows the dependence of the lifetime of non-primary charge carriers on their concentration
when illuminated by light, during measurement. It is obvious that the best value of the lifetime is shown
by the functional corresponding to the greater thickness of the amorphous passivating layer, equal to
50 nm
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Figure 1 - dependence of the lifetime of non-basic charge carriers
on their concentration at different thickness of the amorphous film

Further, the samples were examined by photoluminescence at room temperature (figure 2-4). In
figures 2-4, images with higher brightness correspond to a higher concentration of non-equilibrium charge
carriers. Using this method, it was possible to obtain the dependence of the concentration of non-
equilibrium charge carriers on the intensity of photoluminescence radiation. These dependences showed
that the intensity is lower on samples with a lower thickness of amorphous silicon than in samples with a
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higher thickness of the amorphous layer. The distribution of radiation intensity is consistent with the data
of measurement of the lifetime of non-basic charge carriers in the studied structures.

Figure 2-Photoluminescence of silicon wafer samples at 7 nm thick amorphous silicon film deposited
on them at room temperature

Figure 3-Photoluminescence of silicon wafer samples at 30 nm thick amorphous silicon film deposited
on them at room temperature

Figure 4-Photoluminescence of silicon wafer samples at 50 nm thick amorphous silicon film deposited
on them at room temperature

Consequently of experiments, it show that in HIT structure solar cells, the efficiency of the solar cell
increases with increasing thickness of the built-in native layer, but up to a certain point of maximum [2].
The increase in characteristics is due to an increase in the lifetime of non-basic charge carriers in a
crystalline silicon substrate. This can be explained by better passivation of surface states on a silicon
substrate. The decrease in the efficiency of the solar cell after reaching the extreme point explained by the
fact that with increasing thickness, the consistent resistance of the structure increases, which from a
certain point on makes a greater contribution to the characteristics of the solar cell than the contribution
from passivation of surface states.

However, the results of this work cause to new questions about how exactly the passivation of the
surface states of crystalline silicon occurs, as long as the formation of new bonds presumably takes place
at distances of no more than 1 nm. Nevertheless, the growth of positive electrical properties for the
operation of the solar cell continues to the thickness of the passivating film of a dozen nanometers. In
search of this answer, we plan to conduct a cathodoluminescent analysis that will show the energy of
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charge carrier transitions between levels and sublevels on the zone diagram of the "single-crystal silicon-
amorphous silicon" heterojunction. It is also planning to conduct optical analyses of the structure in the
infrared region of the spectrum. It is planning to repeat this experiment, but with films obtained by a
different method (PVD method).
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KYPBIJIBIMBIH/IA ' KYKA AMOP®TbBI KABATHBI BAP TETEPOKYPBIJIBIMIAPIAFBI
MOHOKPHUCTAJIbl KPEMHUWJITH BETKI KYWUIHIH, TACCUBTEJYIH 3EPTTEY

Annoranus. Makanaga [1] aiffHaNbICBIN JKaTKaH >KYMBICTapabiH kanracel [2] Oepurmi. bi3 HIT kypbutbiMb
(doTo3MeMeHTTepiHAe KipIKTipiireH aMopdThl KabaT KalbIHIBIFBIHBIH apTybl HeTi3iHAe Oenrimi Oip MaKCHUMaiabl
HYKTere JeHiH QoTodnmeMeHT THiMALIri apramgsl. CHmarramManapiblH JKOFapbUIaybl KPHUCTANABl KPEMHUI
CcyOCTpaTBIHAAFBI HETI3T1 eMec TachIMAIayIIbl OMipiHiH y3apyblHa OaimaHeIcThL. JKYIHEeHIH OyJ1 opeKeTiH KpeMHUI
cyOcTpaThIHAAFel O€TKi KYHIIH Y3[IK MacCHBALIMACHL HETi3iHAe TyciHaipyre Oonamel. MakcuMangbsl HYKTETe
JKETKEHHEH KeHiH (OTORJIEMEHT THIMIITITIHIH a3arobl KYPBUIBIM KEIEPTriCiHIH >KOFapbUlayblHAa OaiIaHBICTBI, OJI
Oenrimi 6ip coTTeH Oactam O€TTIK KYW MacCHBAIMACHIHAH TOPi (OTORIEMEHT CHUMaTTaMajapblHa KeOipeKk yiiec
KOCaJIpbl.

PECVD opicimen kanbiHabirbl 7, 30 xxone 50 HM aMop(dThl KpeMHHH TUICHKAJIAph! €Ki JKarblHaH JIa MOHOKPHC-
TaJIBl KOMMEPUMSUIBIK KpeMHUI cyOctparTtapbinia ecipuiai. Conan KediH Oyl KypbUIbIMAApAarbl OaiilaHbICChI3
CHUHTOH 9JIICIMEH HEri3ri eMec 3apsij TachIMaJJayIIbIHBIH OMIp CYpy YakbIThl eJIeHai. Opi Kapail yiarinep Oeime
TeMIIepaTypacbiHia (POTOIOMUHECHEHIUS d1iciMeH 3epTTeiii. OChl 9MiCTI KOJIaHa OTHIPHII, TENe-TeH eMec 3apsi
TachIMAIJAyIIbl KOHIIEHTpauus (HOTOIIOMUHECICHIMSHBIH COYJIENEHY KapKbIHIBUIBIFBIHA TIYEIUIINH alyFa
Oonaapl. by Toyemmisik aMop(Thl KPeMHHMUIIH KaJIBIHIABIFBI a3 Ke3JIEeCeTiH YJTiIepae KapKbIHIBUIBIFEI aMOP(THI
KaOaTThIH aJIZIbIHFbIFA KaparaH/a a3 00JaThIHABIFBIH KOPCETTI.

JKYMBICTBIH erKel-TerKeii HOTHKeNepiH OIpiHII Ke3eKTe aBTOP-KOPPECIIOHACHT O31HIH IHUCCEPTAlMsIChIHIA
yeuIHBI [3], s)kymbIc Te3uctepi Kaz¥ V-IbiH jkac FalIbIMIaphIHBIH KOH(GEPEHIUACHIHIA YChIHBUIIBI [4] KOHE OHBIH
HOTIDKENEPI )KypHaJIa TOJIBIKKAH/IbI MaKajla PETIH/E KapHUsIaHya.

Tyiiin ce3nep: kyH snemenTi, amopd Tl kpemuuii, HIT, rerepeTken, 6erki akaymnap.
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HCCJIEJJOBAHUE MACCUBAIIAY IOBEPXHOCTHBIX COCTOSIHUM
MOHOKPUCTAJIJIMYECKOI'O KPEMHUSA B TETEPOCTPYKTYPAX
CO BCTPOEHHBIM TOHKUM AMOP®HBIM CJIOEM

AnHotanus. Hacrosiinas pabota, npejcraBieHHast B JaHHO# 1MyONuKaIyy, sIBISIETCS] POJ0IDKEHUEM padoT [1]
u [2]. Mbl noka3anu, uto B (oroanementax crpykrypsl HIT mpu yBennueHHH TONIIMHBI BCTPOGHHOTO aMOp(HOTro
cinost pactér AGQPEeKTUBHOCT (OTOAIEMEHTa, HO /0 ONPENeAEHHONW TOYKHM MakcuMyMa. POCT XapaKTepHUCTHK
06YCJ'IOBJ16H YBCJIMYCHUCM BPEMCHHU JKHU3HU HCOCHOBHBIX HOCI/ITeﬂeI\/II 3apsgaa B MOIJIOKKE KPUCTALIMYCCKOIO
KpEMHMUA. Taxoe IIOBEACHUEC CUCTEMBI MOXXHO O6’bﬂCHl/ITI) HleLHeﬁ HaCCHBaHHeﬁ IMMOBEPXHOCTHBIX COCTOSIHMM Ha
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noaoxxke kpemHus. IlageHue s¢ddextuBHOCTH (PoTOdNEMEHTa MOCHE DOCTHXKEHHS TOYKH MAakKCHMyMa CBSI3aHO C
YBEJIWYEHHEM COIPOTHBIEHHUS CTPYKTYpPBI, KOTOpOE C OIPENeNEHHOT0O MOMEHTa BHOCUT OOJIBIIMH BKJIan B
XapaKTCPUCTHUKH (l)OTOSHeMeHTa, 4YE€M BKJIaJ] OT MaCCUBALlMU TOBECPXHOCTHBIX COCTOSIHHH.

Merogom PECVD Ha MOHOKpUCTaIIMYECKOH KOMMEpPYECKOW MOMJIOKKE KPEeMHHsS C O0euX CTOPOH ObLIH
BBIpalICHb! IIEHKK aMopdHOro kpemuus toimunHoi 7, 30 u 50 HM. 3arem OecKOHTaKkTHBIM MeTooM CHHTOHA Ha
3THX CTPYKTypax OBUIO HW3MEpPEHO BpeMs KHM3HHM HEOCHOBHBIX HocuTened 3apsga. Jlamee oOpasubl Obuin
MCCIIeJOBAaHBI METOI0M (DOTOIFOMUHECLICHIIMH IIPH KOMHATHOH TemIieparype. C IOMOIIBIO JaHHOTO METOJIa yIaJIoCh
MOJYYUTHh 3aBUCHMOCTDb KOHIIGHTPAIlMM HEPAaBHOBECHBIX HOCHTENIEH 3apsga OT WHTEHCHBHOCTH W3JIyYEHUS
(oromromMuHecHeHIMH. J{aHHBIE 3aBUCHMOCTH MOKAa3aJld, YTO Ha 00pas3lax ¢ MEHbIIEH TOJIIMHOW amMop(hHOro
KPEMHHsI ”HTEHCHUBHOCTD MEHBIIIE, HEXKEIN B 00pa3iax ¢ Oompliel ToymmuHoi amopdHoro ciost.

[MonpoGHble pe3ynbTaThl HAcTOSAIMIEH pabOTBI B TEPBYIO OdYepedb OBUIM IPEICTABICHBI aBTOPOM-
KOPPECIIOHICHTOM B CBOEH aucceptanuu [3], Te3uChl pabOThl OBUIM TPEJCTABJICHB Ha KOH(EPEHIIMH MOJIOJBIX
yuénsix KasHY [4] u ToapKO ceifuac pe3yapTaTsl MyOINKYIOTCS B BUAE NOJTHOIICHHOM CTaThU B JKypHAJe.

KiroueBble cJIOBa: COJHCUYHBIA 3ieMeHT, amopdubii kpemumii, HIT, rereporepexoj, MTOBEPXHOCTHBIC
Je(SKTHI.
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ON THE SEARCH FOR HADRON MODES
OF HIDDEN CHARM MESONS DECAY

Abstract. From the results obtained in publication [1] as well percentage between decay modes of exitated
states of mesons, cited in reference book “Particle Data Group” became possible to evaluate the number of hadron
final states on which the meson with hidden charm decay. In the paper is shown a rough estimate of final states
number for hadron decays of mesons with hidden charm. The most statistically secured are the final states KKz for
7e(198),2 (z*7) and 77 K* K for y.o (1P) mesons.

Key words: hadron, meson, mode decay, hidden charm, final state.

Since hadron decay modes of mesons with hidden charm are strongly suppressed due to the Okubo -
Zweig - lizuka (OZI) rule. Then in connection with the publication of work on the study of inelastic
photoproduction of J / y (1 S) and v (2 S) mesons [1], it became possible to estimate the number of
mesons with hidden charm which decay on hadron final states. All statistics ep interaction accumulated
during the period 1997 - 2007 were used. This is ~ 350 million interactions. The number of J / y (1 S) and
v (2 S) mesons with lepton decay to p+ - is obtained equal to 11 295 and 448 respectively.
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Figure 1 - Scheme of radiative decays of J/ w(1S) and w (2S) mesons
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Since the percentage of events which decay on this mode is known from the "Particle Data Group"
(PDG) [2, 3] tables, we can estimate the total number of generated j / v (1 S) and y (2 S) mesons which is
167 044 for J / y (1 S) mesons and 56 172 for y (2 S) mesons, respectively. And from this number, it is
possible to calculate the number of mesons decaying on the hadron mode.

The number of mesons with hidden charm . (1S) and mesons y.o(1P), y.:(1P) and y.> (1P) can also be
estimated from the radiative decay data of J / y (1S) and v (2S) mesons using percentage from the

"Particle Data Group" tables.

Table 1 - Estimation of the number of mesons with hidden charm ne (1S), yco (1P), yc1 (1P), xc2 (1P)
from the decays of J / y(1S) and y (2S) mesons decaying on the radiative mode

Radiative decay modes Share in % Quantity
Jw(18)— 7 ne(18) 1.7 % 2840
v2S) = 7 5e(1S) 0.34 % 191
v(28) = 7 xeo (1P) 9.84 % 5527
v(28) — 7 yer (1P) 9.3 % 5224
y(2S) = 7 ye2 (1P) 8.7% 4887

Table 2 - Estimation of the number of mesons with hidden charm

that decay on different hadron modes

Meson Final state Share in % Quantity
ne (18) 2(x*z7) 0.9 % 31
ne(1'S) 2 (K°K) 0.15 % 5
ne(1'S) ' KK 0.69 % 21
7e(1S) KK 7 7.3% 221
2 co (1P) 2(x"7z7) 2.25% 124
X co (1P) 2 (K°K) 0.28 % 15
x o (1P) z'n KK 2.77 % 98
Zcr (1P) 2(x"x7) 0.76 % 40
Zer (IP) 2 (K°K) 0.056 % 3
Zcr (1P) zt T KK 0.45 % 23
22 (1P) 2(x" 7 ) 1.1% 54
X o2 (1P) 2 (K'K) 0.0178 % 0
X ez (1P) ' r KK 0.091 % 4

Knowing the total number of mesons with Aidden charm n. (1S) and y.o (1P), xc1 (1P), xc2 (1P), we can
roughly estimate their number for a specific hadron mode of their decay.

From the obtained estimates, we can conclude that the most favorable (in terms of the quantity of
mesons decaying into hadron final states) for searching and selecting mesons with Aidden charm are the

following final states - KKz, 7'z KK and2( 7" 7).
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KACBIPBIH TAPTBIMABLJIBIFBI BAP ME3OH AJIPOHIAPBIHBIH
BIABIPAY MOJACBIH I3JIEY MOCEJIECI )KOHIHJE

Annotanus. JKymMmbic OapbichiHAa anblHFaH HoTkenepre [1] skone «Particle Data Group» aHbBIKTamachlHzaa
KETipUIreH Me30HAapAbIH KO3FaH KYHiHIH BIIBIpAy MOAAIaphl apachIHIAFbl TAWBI3IBIK KATEIHACKA CYHEHE OTHIPHIIL,
JKaCBIPBIH TapTHIMIIBLUIBIFBI 0ap ME30HIAPABIH BIIBIPANTHIH COHFBI KYWIHIH CAaHBIH Oaranay MYMKiHZIri Tyqasl. Ocbhl
aTalFaH 3epTTey JKYMBICBIHAA J#CACHIPbIH MAapmMulMOblLIbiesl 0ap ME30HNAPIBIH aapOHIBI BIABIPAYBIHBIH COHFBI
KyWHiHe KaTaH caHIBIK Oaranmay Kyprisireni. bipmama craTucTukanblk KaMTeurad Me3ouaap 7. (1 S), 2 (z'7) yurin
KK 7 xone y.o(1P) ymin 7'z KK maMachIHbIH COHFBI KYi ecenTeneti.

JKacwipeiH mapmeimovlivbizbl 6ap ME30H aapOHIapbIHbIH biabipay mozackl Okubo - Zweig - lizuka (OZI)
epexxeci OoibIHIIA KaTThl Oacwkutanbl. Keiinipek, j/y(1ls) xone (2S) Me30HmapablH cepmiMai emec KYHiH 3epTrey
JKYMEBICBIHNA [1] aApOHABIK COHFBI KYHTe BIIBIPANTHIH JKACBIPBIH TAPTHIMIBLUIBIFB Oap ME30HIApIbIH CaHBIH Oaraiay
MYMKiHIiriT madga Oonmel. 1997-2007 skpuimap apajibiFbIHIA JKHHAKTAIFAH ©3apa  OPEKETTECYIiH OapibiK
CTaTHCTHUKACHI MalIaIaHbUIB], 01 maMaMeH 350 MITH JKybIK. JIenToOHHBIH [t [I-Te BIasIpaysl Herizinae J/y (1s) sxoHe
y(2S) me3oHmap caHbH anamb3. OCHl peKUMIIE BIIBIPANTEIH oKuFanapasiH «Particle Data Group» aHBIKTamachiHIa
KeJTipiIreH Me30HAapAbIH KO3FaH KYHiHiH BIABIpAy MOAAJIaphl apachlHAAFbl TAWBI3IBIK KATBIHACKA CYEHE OTHIPHIIL,
KacaJraH ME30HIApIbIH JKAIIBl CaHbIH Oaranmail amaMbi3. JlepexTepre CyieHe OTBIPBIN, AAPOHABIK MOZAana
BIIBIPANTHIH ME30HJAPABIH CaHBIH ecenTeyre 00Iabl.

JKacwvipvin mapmuimosiivizer 6ap mezonaap men xc0 (1P), ycl (1P) sxone yc2 (1P), Me3oHAapbIHBIH CaHbH J/Me3
(1s) >xone Me3(2S) Me30HAaPbIHBIH PaIMalUsUIBIK bIABIPAYhl OOibIHIIA 1a Oaranayra O0Ja/bL.

JKacbipbiH TapTBIMABLIBIFEL Oap Me3oHaapabiH 1c (1S) xone ae xc0 (1P), xcl (1P), yc2 (1P) xanmbl caHbiH Oie
OTBIPBIIL, OJIAP/IBIH BIIBIpAYIarbl Oenrii Oip aIpoH bl MOJIa YILIIH MEJIIIEPiH [IaMaMeH Oaraiail aamsbl3.

Maxkanana >KachIpblH TapTBIMABUIBIFBI 0ap ME30HIApIbl I3[y XKOHE TaHIAy VIIH €H KOJaiiel (Me30H

aJIpOHIAPHIHBIH COHFBI KYMiHe BIIBIPANTHIH CaHbl GOMBIHINA) KeJIeCi COHFBI KYH €KEHIIr aHBIKTabL: states - KK7T ,
7' K'K xone 2(z' ).

Maxkananga KP Memiieker OroJUKeTIHEH TIpaHTTBHIK KapKbutanipipbiiatelH AP05131547 «et+- p — opeker-
TECTIKTepAe Maiga OoiraH rakanm OapHOHIApABIH KOHE JKACHIPhIH Fa)KalTHIFBl 0ap ME30HIApABIH BIABIPAYBIH
3epTTey» jK00aChIHBIH asChIH/IA aTKAPBUIFaH KYMBIC HOTHOKEJIEpl Oepiii.

Tyiiin ce3nep: axpoH, ME30H, bLABIPAY MOJIACK, )KACBIPBIH TAPTHIMABIIBIK, COHFBI KYH.
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K BOITPOCY NOUCKA AJPOHHBIX MO/l PACITAJJIA ME3OHOB
CO CKPBITBIM O9YAPOBAHUEM

AnHotanusi. Vcxons u3 pe3ynbTaroB, HOJNy4eHHBIX B pabore [1], a Takke M3 NMPOLEHTHBIX COOTHOIICHHN
MEXIy MOJIaMH pacliazia Bo30YKICHHBIX COCTOSHMI ME30HOB, IPUBEICHHBIX B cripaBoyHuke “Particle Data Group”,
CTaJI0 BO3MOXKHBIM OLEHMTh YHCJIO KOHEYHBIX COCTOSHMM, Ha KOTOPBIE PAacHafaloTCsi ME30HBI CO CKPbIMbIM
ouaposeanuem. B HacTosmel paboTe npuBoANTCs rpy0ast OLeHKa Yuciia KOHEYHBIX COCTOSIHMI aJipOHHBIX PacIiazioB
ME30HOB CO CKpblmbiM ouaposanuem. Hamboee cTaTHCTHYECKH OOECIICUCHHBIMH SIBIISIOTCS KOHEYHBIE COCTOSIHUS
KK7 mnan.(18),2 (x'w) urn'm KK nna y.o (1P) Me30HOB.

Mopa pacniaja aapoHOB ME30HOB CO CKPBITHIM O4apOBaHUEM CHIIBHO TojaBieHa 1o npasumiry Okubo — Zweig —
lizuka (OZI). ITo3aHee, B padoTe mo usyueHuro Heynpyroro coctosaus JAy(1S) u w(2S) — me30HOB [1] mosiBHIIach
BO3MOKHOCTh OLIEHUTh KOJIMYECTBO ME30HOB CO CKPBITHIM OYapOBaHMEM, PACIAAAIOUINXCS HA aJpOHHbIE KOHEUHbBIE
cocTosiHus. bblla McHojb30BaHAa BCS CTATUCTUKA B3aMMOJIEHCTBHS, HakoIUIeHHast 3a nepuon 1997-2007rr. Oto
okoJto ~350 MuyuTMoHOB B3anmozencTBuil. [lomydaem unciio me3onoB J/y (1S) u y(2S) ¢ pacnagom senToHa Ha [+
p-. ITockosibKy IpOLIEHT COOBITHI, KOTOPBIE PACIaJal0TCsl B 3TOM PEXXHUME N3BECTEH 110 TAOJIUIIE MBI MOKEM OLICHUTh
o0Iee KOJIMYECTBO CreHEPHPOBAHHBIX ME30HOB. VcXoas M3 NaHHBIX, MOKHO BBIYMCINTH KOJHYECTBO ME30HOB,
pacraaromuxcst Ha aAPOHHOW MOJE.

Ywco Me30HOB €O CKPBITHIM odapoBanueM u Me30HOB yc0 (1P), xc1 (1P) u yc2 (1P) Takxke MOXXHO OIEHHUTH IO
JTAaHHBIM pagraliMOHHOIo pacmana Me30HoB J/y (1S) u y(2S).
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3Has olliee KOJIMIeCTBO ME30HOB €O CKpbIThIM ouapoBanueM 1c (1S) u c0 (1P), xc1 (1P), xc2 (1P), mbl MoxxeM
MPUOJIU3UTENLHO OLIGHUTh X KOJIMYECTBO ISl KOHKPETHOW a[pOHHON MOJIbI UX pacria/ia.

B naHHOW cTaThe NPUBEACH BBIBOJA, YTO HauOoJyiee OJaronpHATHBIMU (IO KOJIMYECTBY paCMaIarolIUuXcs B
KOHCYHBIC COCTOSAHHA aApOHOB Me3OHOB) JUIsL IIOHUCKa U 0T60pa ME30HOB CO CKPBLITBIM OYapOBaHHUCM SABJISAIOTCSA

clIeMyIomue KOHeUHbIe cocTosnus states - KK , n'n K'K u 2(n' ).

B cTarbe ncnonp30BaHb pe3ysbTaThl, HOTy4YeHHBIE B paMKkax npoekta AP05131547 «MccnenoBanne pacmangos
OuYapOBaHHBIX OAPHOHOB M ME30HOB CO CKPBITBIM OYapOBaHHEM, OOpa30BaHHBIX B €+- P B3aHUMOJICHCTBHSIX)»
rpanroBoro ¢uHaHcupoBanus u3 Pb PK.

KoaioueBble ci10Ba: apoH, ME30H, MOJIa pacmajia, CKpbITOe 04apOBaHUE, KOHEYHOE COCTOSHHE.
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INFLATION IN F(R, T) GRAVITATION WITH f-ESSENCE

Abstract. Modified theories of gravity have become a kind of paradigm in modern physics because they seem to
solve several shortcomings of the standard General Theory of Relativity (GTR) related to cosmology, astrophysics
and quantum field theory. The most famous modified theories of gravity are F(R) and F(T) theories of gravity. A
generalization of these two modified theories and gravitations, which was first proposed by Myrzakulov Ratbay. In
this paper, we study an inhomogeneous isotropic cosmological model with a fermion field f-essence whose action

has the form S, = Id *Xa/— glF(R,T)+ L, ], where R is the scalar of curvature, and 7' is the torsion scalar, and

L, is the Lagrangian f-essence. A particular case F(R,T)=aR + BT is studied in detail when parameters are
obtained that describe the current accelerated expansion of the Universe. The type of Lagrangian f~essence of this
model is determined. The presented results show that gravity with f-essence can describe inflation in the early
evolution of the Universe. A modified F(R, T) gravity with f~essence is considered. Equations of motion were
obtained and the inflationary period of the early Universe was considered. To describe the inflationary period, the
form of the Hubble parameter and the slow-roll parameter were determined.

Key words: Universe, accelerated expansion, inflation, cosmology, f~essence, slow-roll parameter, Friedmann-
Robertson-Walker metric, F(R, T)-gravity.

Introduction. The idea of expanding Einstein's theory of gravity is productive and economical in terms
of several attempts that try to solve problems by adding new and, in most cases, unjustified new
components to give a self-consistent picture of dynamics. The accelerated expansion of the Hubble flow
observed today and the missing material of astrophysical large-scale structures are primarily included in
these considerations. Both problems can be solved by changing the gravity sector, i.e. field equations.
Philosophy is an alternative for adding new cosmic fluids (new components in the field equations), which
should lead to cluster structures (dark matter) or to accelerated dynamics (dark energy) due to exotic
equations of state. In particular, weakening the hypothesis that the gravitational Lagrangian should be a
linear function of the scalar of Ricci curvature R, as in the Hilbert-Einstein formulation, one can take into
account the effective action as a minimum extension when the gravitational Lagrangian is a general
function.

The main and well-known examples of such modified theories of gravity are F(R) theory of gravity

and F(T) theory of gravity. In this direction, the generalization of the theories of gravity F(R) and
F(T) promises to be a promising and interesting version of modified theories of gravity. One of these
generalizations of the F(R) and F(T) theories was first presented in [1] (see also [2-7]). There was

shown that the torsion scalar, as well as the curvature scalar without a source of matter, leads to the
formation of this union, the expansion of the Universe, inflation, and so on. This generalization includes
all the properties of the F(R) and F(T) theory of gravity.
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Astronomical observations suggest the universe can be viewed as homogeneous and isotropic for
cosmological purposes that at very large scales, and so this is well described by the Friedmann-Robertson-
Walker (FRW) metric. In this paper, we investigate the dynamics of the fermionic field of the f -essence
in the framework of F(R,T) gravity described by the FRW metric. The special case of
F(R,T)=aR+ pT, where ¢ and f are real constants, is investigated in detail. The necessary
cosmological parameters have been obtained.

The expansion in the early time of space-time in the evolution of the Universe, namely inflation, is
introduced to solve some cosmological problems. The discovery of a gravitational wave from a heavy
celestial body and the observation of a black hole (BH) is a great success of Einstein's general relativity.
However, from a cosmological point of view, some problems remain, such as flatness, horizon, monopole
problems.

The theory of inflation is one of the elegant and simple solutions for these problems. An alternative
approach is to modify Einstein's gravity.

The standard method for determining observable inflation is to perform detailed disturbance analysis
[8]. However, the approach can be simplified by introducing slow-roll parameters [9], either when
inflation occurs due to modification of standard gravitational actions, or due to scalar fields.

F(R,T) gravity
The action has the following form [1] (see also [2-17]):

Sy = [/ gtr )+ ), (1)

where L is the matter Lagrangian, R is the curvature scalar, T is the torsion scalar
R=g"R,, ., T=S""T"4u. 2)
This generalization was first proposed in [1], and these properties were investigated in [2-17].
In general, G*,. has the form

uv?

A i Ao

Giyv = ei 6#e[v + ej elva)‘/ilu = Fl‘uv +K/1,uv, (3)
where I'*,, - Levi-Civita connection, and K”,, - contorsion tensor. We write the metric in the standard
form as

ds® = g dx'dx’. 4
Orthonormal tetrad components e,(x*) are related to the metric tensor as follows
g =18, )
The orthonormalized condition is given as
n; = gﬂve[“e;. (6)
Here's 1, = diag(-1,1,1,1) where we used the relation
e el =0, 7

Basics of / -essence
Briefly describe some of the basics fermion model f -essences indicated in [7]. The action of the

model has the form [7]
5, = [d'sy=elR+ 2K (Vw7 ®)

where v and ¥ =w 'y’ denote the fermionic field and its conjugation, respectively, the cross means

complex conjugation and R is the Ricci scalar. K is the density of the Lagrangian of the fermionic field,
the canonical kinetic term of which has the form
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1. _
Y = SAPT"D,y - (D)) ©)
Here I'* = e”y“ is the generalized Dirac-Pauli matrices satisfying the Clifford algebra

. riy=2¢", (10)
where the brackets denote the anti-commutation relation. e/ denotes a tetrad, while the covariant
derivative is given by

Dy=0y-Quw, Dy =0y+yQ,. (11)
The fermionic coupling Q, is determined by the formula
1 L
Qy :_nga[r/fé_e;aueg]r 1—“)’ (12)

where T/ Christoffel symbols.

Fermionic fields are considered here as classically commuting fields. By the classical fermionic field,
we mean a set of four complex space-time functions that transform in accordance with the spinor
representation of the Lorentz group. The existence of such fields have of decisive importance in our work,
because, despite the fact that fermions are described by quantized fermion fields which that do not have a
classical limit, we assume that such classical fields exist and use them as matter fields associated with
gravity.

F(R,T) gravity with f -essence
Now let's consider F(R,T) gravity with f essence. Its action is given as

5= [a s =glr D)+ 2K (L), (13)
where R and T are curvature and torsion scalars, respectively, expressed as
R=g"R,.T=8"T"u (14)

FRW metric case
To simplify, this section will make the next two to simplify the problem, namely, we assume that:
1) F is of the form

F=aR+ T, (15)
where a and £ are some positive constants.
2) consider only the FRW space-time
ds® = —dt* + a(t)*(dx* +dy* + dz*). (16)
Then action (13) takes the form
S=J.dx4\/§[aR+ﬂT+2K(Y,y/,y7)]. (17)

Next important suggestion is that for the FRW metric, R and 7 take the forms

. .2
R=u+6(g+a—2j=u+6(H+2H2)=u+RS,
a a

) (18)
T=v-65=v-6H>=v-T,,
a
d./‘
where u and v are some functions from a, a, dt , R,T and so on. Here
. )
R, —6[ﬁ+“—2J— 6(H +2H7)

a a (19)

Next step for our model can be rewritten as
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S—J‘dx“./—g[aRr+ﬂﬂv+]:n], (20)
where
L =au+pv+L, =ou+pv+2KY,p,w)=2KY,p, 7). (21)
For the FRW metric, the Dirac matrices of the curved space-time I'* have the form
=y, T/ =ay, I’ =—iJ-gl'TT’ T =p", [, =y", T, =ay’(i=123). (22)
Hence we get
1.
Q,=0, Q, =Ea7/"7° (23)
and
1. -
Y =51(W°t//—w°t//) (24)

Finally, note that the gamma matrices that we write in the Dirac basis are of the form

I 0 0 o 0 7
0 _ , ko , 5 _ , 25

where I = diag(1,1) and ¢ are Pauli matrices having the following forms

1 (0 1} , (0 —iJ \ (1 o}
o = , o =| , O = . (26)
1 0 i 0 0 -1

We rewrite action (20) in the following form

S= Idt — gL, (27)

where L is the point-like Lagrangian. To find the equations of motion of the model, we use the Euler-
Lagrange equations. In our case, the Euler-Lagrange equations are defined as follows

OL d oL _ oL d oL OL d oL _ oL d oL OL d oL

L _ 4y, L4y L0, L4k _, 4% g8

0T dtoT oy dtoy Oy dt Oy
Accordingly, the condition is given as

ELza—L.a+a—L.R+a—L.T'+a—L.t/)+a—L;l/7—L:0- (29)
oa OR oT oy oy

Finally, the equations of motion for our model take the form
3H* - p =0,
2H +3H*+p=0,

_ - — (30)
K,y +0.5QHK, + K, )y —iy°K, =0,
K, +0.53HK, +1;<Y)1/7+i1?l/,7/° =0,
where
p=YK,-K, p=K. (31)

where H =d/a i the Hubble parameter, a(t) is the scale factor, and a(¢) is cosmic time derivative .

From the second equation of system (30) can be seen that, according to the rules of differentiation, if
expressions from the spirit of the sides of equality depend on different arguments, then this equality will
be constant

2H(a)+3H(a)* =-K(Y,y, ) = const.
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To study inflation is enough to determine the form of the Hubble parameter, which has the form:

3 2t %
((12\5 A€ +27¢°C, +1084ch}
_1 % _ 2¢, (32)
6 o 3 2t 5
[[12\6 /% +108e’]C§J
2

Inflation. Let us consider an inflationary model with a minimum kinetic term, where the behavior of
the system is described by the FRW and Dirac equations (30). To describe the evolution of the background

is convenient to introduce the functions of the Hubble flow ¢, which are defined by the formula

dInle,
€l E—W, nZO, (33)

/a) are the amount of e-folding. By definition, inflation is a phase

H

where ¢, =H,,/H and N =In(a

of accelerated expansion d/a >0 or, equivalently & <1. As a consequence, the end of inflation is

ini

determined by the condition & =1. On the other hand, the conditions of slow-rolling down (or the slow-
rolling approximation) refer to the situation when all ¢, satisfy ¢ <<1. For our case, the inflation

solution evolves with the (positive) Hubble flow functions

g=-1L, (34)
H2
2H H
T 33

where C, and C, are integration constants. Figure 1 shows the typical behavior of the slow-roll parameter

for different C, and C, values.

4 - e
Ll
s __'—-'-lu..--..-..._.._,
- .
/ i __.‘...——_.q'—"-'-"'-_-
———
(-
- TR
) e
: . e e
G R 1= IR 10
-/—-—-;,.—-' t

-0.54

-1

Figure 1 - Graphical analysis of ¢ (black lines) and &, (red lines). Dotted line: C1> 0 and C2> 0; dotted line:
Ci1<0and C2> 0 ; long dotted line: C1 < 0 and C2 < 0; dot-dotted line: C1> 0 and C2< 0

Conclusion. In this work we have considered a modified F'(R,T) gravity with f~essence. Equations of
motion were obtained and the inflationary period of the early Universe was considered. To describe the
inflationary period, we determined the form of the Hubble parameter and the slow-roll parameter. As can
be seen from the graph for our model, the slow-roll parameter does not satisfy the inflation conditions
given in [9]. Thus, the given F(R,T) gravity model with f~essence cannot describe viable inflation.

Acknowledgement. This work was supported by the Ministry of Education and Science of RK Grant
No. AP08052197.
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I1L.P. Meip3akya'?, E.M. Meip3akyaos'?, M. Ap3umGeroBa’

JLH. Tymunes atbingarsl Eypasus yiTTeik yausepcureti, Hyp-Cynran, Kazakcran;
’Ratbay Myrzakulov Eurasian International Centre for Theoretical Physics, Hyp-Cysiran, Kazakcran;
39n-Mapabu atbingarel Kasak yITTHIK yHUBEpCUTETI, AnMathl K., Kazakcran

f-DCCEHUIUSICBI BAP F(R,T) TPABUTAIMSICBIHAAFbI UHOJIALUS

AnHoTanus. JKaHapTBUIFaH TPAaBUTAIFSUIBIK TEOPHIAPHI Kasipri (u3WKaga esremie HapaJuTMaHBIH TYpiHE
alfHaNAbI, OUTKEHI OoJlap KOCMOJIOTHS, acTPO(HU3UKA KOHE KBAHTTHIK OPIC TECOPHUSCHIMEH OalIaHBICTHI CTaHIAPTTHI
JKaJIITBI CANTBICTRIPMAIBIIBIK TEOPHUSCHIHBIH OipHeIIe KeMIIUTIKTePiH MIeIIKeH 00ybl MyMKiH. [ paBUTAIMAIIBIKTEIH €H
TaHBIMaJI MOTU(HKaNHsIanrad Teoprsuiapbl — F(R) sxoHe F(T). Ochbl €Ki TCOPHSHBIH JKaJIIbIIAHFaH TYPIH ajIFalll peT
Mpeip3akysioB ParGaii yceinran. Byn skymbicta 613 f~3cceHuusi hepMHOHIBIK epici O0ap OIpTeKTi eMec HU30TPOINThI

KOCMOJIOTHSUIBIK MOJICNBA1 3epTTeiiMi3, ocepiH ObuIail Kepceremis: Sir =J.d4x,/—g[F (R,T)+L,], mynna
R — KUCBIK cKaysipbl >koHe 1 — MMpaTry CKausapbl, L, — f-3CCEHLUS JarpaHkKMaHbl. OJEMHIH YAETUITeH KEHEo

JKarJaiiblH CUNIATTAWThIH MapaMeTpiep aibiHFaH. HakTel sxaraait F(R,T)=aR+ fT KapacTbIPBUIBII, TOJBIKTal
3eprreneni. byn MomenbaiH f-3CceHLUs JarpaHKHAHBIH TYPl aHBIKTaJIFaH. ¥ CHIHBUIFAH HOTHKENIEDP f-3CCEHIHSCHI
6ap F(R,T) rpaBUTAIMSICH QJIEMHIH epTe HHQISIUSIIBIK SBOFOIMSACHIH CUITATTANTHIH/IBIFBIH KOPCETEII.

Kymbicta GepMHOHIBIK 6pici 0ap JKoHE KAHOHIBIK €MeC KHHETHKAIbIK Mylueci (f-3cceHumsi) Oap
KOCMOJIOTHSUIBIK MOJIEIb KapacThIpbUIFaH. Mozesb/aiH Keii0ip HakThl memrimiaepi TaOblIFaH jkoHe 013 OChIHAAN
TpaBUTALMSIIBIK-(EPMUOH/IBIK ©3apa SpPEKETTECYIiH QJIeMHIH OaKbUIaHATBIH YIIEMENl YIIFal0 9cepiH TeKcepeMi3. Opi
Kapad, OChl MOJENBAEPIiH KOCMOJIOTHSUIBIK KOCHIMIIAJaphl TaiKplIaHaael. CoOHIal-ak, f-3CCEHIMs MOJeINiHae
OWHINTEHHHIH CTAaTHUKAJIBIK oJeMi CEKUIOl MIemiM KOK. f-3cceHuusacel Oap Mmomudukanusiaanrad F(R,T)
TPaBUTAIMACH KapacTHIpbUFaH. Ko3Fampic TeHIEyJepi ajblHABI KOHE alFaliKbl OJEMHIH HHQISAIUAIBIK Ke3eHI
KapacThIppUTFaH. MHQIAISUIBIK Ke3eHAl cumatTay ymiH Xab0m mapameTpiHiH Qopmacel jxkoHe 0asy oparry
mapaMeTpi aHBIKTaIFaH.

Tyiiin ce3nmep: onem, ynemeri yiFa, HHISIMS, KOCMOJIOTHSL, f~3cceHIus1, Oasty chIpFy mapametpi, Opuaman-
Pobeprcon-Yokep merpukacsl, F(R,T)-rpaBUTaAIMSICHI.

III.P. Meipzakyi'?, E.M. Mbip3akyJos'?, M. Ap3ambeToBa’

'EBpasuiickuii HarmoHanbHkl yausepcuter uM. JI.H.I'ymunesa, r. Hyp-Cynaran, Kasaxcran
Ratbay Myrzakulov Eurasian International Centre for Theoretical Physics, r. Hyp-Cyunran, Kasaxcran
SKazaxcKuii HAIMOHATLHBINA YHUBEPCHUTET UMeHH alb-Dapabu, r.Anvarsl, Kazaxcran

WH®JISIIUS B F(R,T) TPABUTAIIAHN C f-CCEHIMER

AnHoTanusi. MoauduuupoBaHHBIE TEOPUH TPABUTAIIMHA CTAIM CBOErO pPOJa TMapaJurMOil B COBPEMEHHOM
¢du3KKe, TOCKOIBbKY OHM, Ka)KETCS, PEIIAl0T HECKOJIIbKO HENOCTaTKOB cTaHAapTHOW OOmiell TeopuH OTHOCHTEINb-
HocTH (OTO), cBSI3aHHON C KOCMOJIOTHEH, acTpOU3NKONW M KBAaHTOBOM Teopueit moist. Hanbosnee n3BecTHbIE MOAM-
(unmpoBanHble Teopuu rpaButaiuu sBisitores F(R) u F(T) reopun rpaButanun. O000LIIEHUE ITUX JABYX MOIU(H-
uupoBaHHbIX Teopuit F(R) n F(T) rpaBuTauuu BrepBble ObUIO NpemiokeHo Meip3akynoBeiM Patbaem. B nanHoi
paboTe uccienoBaHa HEOJHOPOAHAS M30TPOIHAs KOCMOJIOTHYECKas MOJeNb ¢ (DEMUOHHBIM TIOJIEM f-3CCEHIMEN,

JIECTBUE KOTOPOM UMEET BUI S = J.d fxa/— g[F(R,T)+L,],rne R — ckansip KpuBU3HBL, a T — CKaJIp Kpy4eHus,

Ly, - narpanxkunaH f-3cceHuun. JleTanpHO M3yuyaeTcsi yacTHbI cioyuail npu F(R,T)= aR + T , NoNydeHsl mapa-

METpHI, ONHICHIBAIOIINE TEKyIIee YCKOPEHHOE pacmupeHue Bcemennoit. OnpenenéH Buf JarpaHKuaHa f-3CCEHITUN
nmaHHOM Mopenw. IlpencraBieHHBIE pe3yibTAaTHl IMOKAa3bIBAlOT, 9TO F(R,T) TpaBUTamus C f-3CCEHIOHCH MOXXET
OMHKCHIBATH HH(IAIMIO B PAaHHEH 3BOIIOLKMH BCeneHHOA.

B aroii paboTre paccMOTpeHa KOCMOJOrMYecKass MOeidb ¢ (EPMHUOHHBIM IIOJIEM M C HEKAaHOHHYECKUM
KHHETUYECKUM 4JieHOM (f -3cceHims). HaliieHsl HeKOTOpbIe TOUHbBIE PELICHHS MOIEIH U [IPOBEPSIeM BIUSHUE TAKOTO
IPaBUTAIIMOHHO-(DEPMHOHHOTO B3aWMOJICHCTBUS Ha HaOJ0JaeMOe YCKOpeHHOe paciiupeHue Bceenennoit. [lanee,
00CyXJar0TCsl KOCMOJIOTHYECKUE TPUMEHEHHsI TOYHBIX Mojelieil. Takxke MOJIenb f-3CCEeHIMHM HE UMEET pEIIeHUs
THNa craTuueckoi BeeneHnow DinmreitHa. PaccmoTpeno momudunmpoBanHast F(R,T) TpaBUTaIUs C f~3CCEHITUCH.
Bb110 mosy4yeHs! ypaBHEHUs ABWKEHUSI M PACCMOTPEH MHQUIALMOHHBIN repuoy panHel Beenennoit. s onucanuns
MHQISIIUOHHOTO Neproa, ObIIN ONpeAesIeHsl BU] napamerpa Xad0a 1 napaMeTp MEAJICHHOTO CKaThIBaHUSI.

KiaioueBbie ciaoBa: BcenenHas, yCKOpeHHOE pacIIupeHHe, WHQISAMNS, KOCMOJOTHS, f-3CCEHIHS, ITapaMeTp
MEJICHHOTO CKaThIBaHWs, MeTpuka @punmana-Pobeprcona-Yoxkepa, F(R,T) - TpaBUTAIUS.
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TO THE QUESTION OF THE EXISTENCE
OF CENTAURS - EVENTS IN COSMIC RAYS

Abstract. One of the first exotic phenomena observed in the 80s of the last century was an event registered by a
calorimetric type installation. In this event, an anomalous relationship was observed between charged and neutral
hadrons, arising from the collision of a high-energy particle with a carbon nucleus. In accordance with the principle
of isotopic invariance, the number of neutral pions should be equal to the number of charged pions. The event, which
was recorded by Japanese physicists, contained only charged peonies with no neutral [1]. This event was named
"Centaur".

Until now, such events have not been observed in accelerator experiments. The article presents the results of
searching for such events in experiments at the DESY HERA collider. For the candidates for Centaur events and for
all other events, constructed distributions by the type of fitability of charged tracks in CTD.

Since the absence of neutral particles in events is explained by methodological reasons, "Centaur" events were
not detected in electron-proton interactions at the ZEUS facility.

Key words: centaur events, charged particles, plurality, ZEUS, anomalous event, cosmic rays.

In e + p interactions obtained at the ZEUS facility (Hamburg, Germany), analysed the distributions
over the multiplicity of charged particles, registered in the central track detector (CTD), and neutral,
registered in the uranium calorimeter (CAL). An anomalously large number of events was detected in the
range of charged particle multiplicity from 40 to 100, where the neutral component is factually absent.
Figures 1-2 show the distributions of the multiplicity of neutral particles from the multiplicity of charged
particles for exposure 07p, where this anomaly is clearly appears (shown by an arrow). A similar picture is
observed for all other exposures (03, 04, 05, 06e and 06p).

A similar phenomenon has already been observed in cosmic rays. Thus, long-term measurements of
the processes occurring with cosmic particles in the Earth's atmosphere, performed by various
experimental methods, led to the discovery of a number of exotic phenomena that do not fit into the
modern concept of interactions at high and ultrahigh energies. One of the first exotic phenomena observed
in the 80s of the last century was an event recorded by a calorimetric type installation. In this event, an
anomalous relationship observed between charged and neutral hadrons, arising from the collision of a
high-energy particle with a carbon nucleus. In accordance with the principle of isotopic invariance, the
number of neutral pions should be equal to the number of charged pions. The event, which was recorded
by Japanese physicists, contained only charged peonies with no neutral [1]. This event was named
"Centaur". Further experiments with a similar technique performed in different collaborations
(collaboration "Pamir" [2], Japanese-Brazilian collaboration [1], etc.), were aimed at finding such events.
Table 1 shows the statistics of Centaur events accumulated over all these years.
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Statistics of Centaur events accumulated in different experiments [1-3]

Laboratories Height Absorbers Exposition Amount
m (g/cm?) above cameras m? per year Centaur events

Chacaltaya 5200 (540) 2-layer carbon 300 8
(Brazil-Japan)

Pamir 4300 (600) carbon 500 3
(USSR-Poland) or 4900

Pamir 4300 Carbon or thick plumbum 530 2
(Russia-Japan)

The table shows that the number of Centaur events is small. Thus, the discovery of this phenomenon
remains questionable due to poor statistical availability. Until now, such events have not been observed in
accelerator experiments. Nevertheless, it is planned to search for such events in experiments at the DESY
HERA collider.

Neutral vs Charged

k200
Entries 3.50804424+07
Mean x 3361
Mean y 2523
RMS x 354
RMS ¢ 1501

140

120

100

120
Figure 1 - Distribution of the multiplicity of neutral particles from the multiplicity of charged

Charged without neutral
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Figure 2 - Distribution of the multiplicity of charged particles for events without a neutral component

To check whether the appearance of Centaur events in e + p interactions is connected with any
methodological factors in the ZEUS setup, for candidates for Centaur events and for all other events,
distributions were constructed by the type of fitability of charged tracks in CTD.
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All charged tracks are divided into three categories: tracks fitted to the primary interaction vertex,
tracks fitted to secondary vertices, and unfitted tracks. Figures 3 - 4 show the distributions by fit type for
the Centaur event candidates and for all others. It can be seen that in the Centaur events, in comparison
with the rest of the events, unfitted tracks predominate and a small proportion of tracks originating from
the primary summit. From an analysis of the distributions over ionization losses d£ / dx for unfitted tracks
it follows, that the main source of their appearance should be considered secondary interactions in the
materials of the detector components, since they exhibit an increased content of protons and even a
significant amount of deuterons.

About half of the Centaur event candidates have a primary apex located 80 cm from the central region
of the detector, which makes it difficult to reliably register all particles, especially neutral ones in CAL.

Track Fitting for Events with neutral

«10° 140
2500 = Entries 5000000
- Mean 1.178
- RMS 0.7349
2000 —
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__ Not fitted /
1500
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1000 — /
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{'_I TN T N N I T [T Y O B B A i R N R
-10 -8 -8 -4 -2 ] 2 4 & 8 10

Figure 3 - Distributions by fit type of tracks for events with a neutral component

To neutralize methodological factors that may affect the appearance of Centaur events in e + p
interactions for analyzed events were subject to the following conditions:

- in all events unfit tracks removed;

- were taken into account only the events with a primary vertex in the region | Zup | <50 cm.

Track fitting for Events without neutral

-_101 h240
- — Entries 5000000
- Mean 0.7565
4000 E RMS 0.6379
3500 —
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Figure 4 - Distributions by the type of track fit for candidates in Centaur Events
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Figures 5 - 6 show the distribution by the number of such events without a neutral component from

the multiplicity of charged particles in the usual and logarithmic scales.
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Figure 5 - Distribution of charged particles for events without neutral component

Charged with both constrains
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Figure 6 - Distribution of charged particles for events without neutral component

Conclusion. With increasing multiplicity, there is a natural exponential decline in the number of
events and no anomalies appear. Thus, no events detected in electron-proton interactions at the ZEUS
"Centaur", since the absence of neutral particles in events is explained by methodological reasons.

Acknowledgement. The presented work carried out within the framework of the grant project
AP05131547 «Investigation of decays of charmed baryons and hidden charm mesons produced in e + - p
interactionsy» financed from the Republican budget.
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FAPBIII COVJIECIHAE KEHTABP — OKUFAJIAP/IbIH 5OJY MOCEJIECI

AnHoTanusi. OTKeH rachIpAblH SO0-KbUIAAphl OaliKairaH ajFaliKbl 3K30THUKAIBIK KYOBUIBICTAPIBIH Oipi —
KaJIOPUMETPJIIK THITETi KOHABIPFRIMEH TIpKEJITeH OKuFa efi. byn okurazna >korapsl SHeprusi OemeriHiH KeMipTeri
SPOCHIMEH COKTBIFBICYBIHAH Taiija OOJIFaH 3apsiITalraH koHe OelTapan aapoHIap apachblHIarbl KaJbIITH eMec
KaTbiHAac Oaikaiel. VM30TONTHIK MHBAapUaHT NMPUHLIMIIHE ColiKkec OedTapamn NMUOHAAp CaHbl 3apsATalFfaH NHOHIAp
caHplHa TeH Ooxysl kepek. JKamoH ¢usmkTepi TipKereH OKura Oeitapanm OonMaraH Ke3lle TeK 3apsATairaH
muoHAapAbl KaMThIas! [1]. byt okura «KeHTaBp) Oem atamnmbl.

KenraBp campl — a3. Ocpuraiiima Oyl KyOBUTBICTBIH AamlbUTy >KaFgaifbl HaIIap KOJDKETIMII CTaTHCTHUKara
OaiinaHbICThl OONFaHABIKTaH KYMOHII. OChl yakbITKa NEWiH MyHJai OKHWFajiap YAETKIIITErl SKCHepHUMEeHTTepe
Oaiikanmansl. Jlereamen LHC komnaiinepinzieri sKkcriepuMEHTTEp/Ie OChIH/Iall OKUFalapAbl i3[ey JKOCHapiianyia.

KenTaBp okuranapbiHbiH naiina 6onysl ZEUS KOHABIPFBICBIHAAFEI Ke3-KeIreH oicTeMenik (hakTopiaapMeH etp
e3apa KaTblHAaChbIHA OaiiJIaHBICTBI €MECTIriH Tekcepy YuliH KeHTaBp okurajapblHa yMiTKepiep MeH OapiblK Oacka
okuranapra CTD-zne 3apsaranran TpekTepAiH GUTYJISUMSUIBIK Typi OoiibIHINA yiecTipinai. bapnbik 3apsaranran
TPEK YII caHaTKa OeiiHeNi: e3apa KaThIHACTHIH OacTamKhl IIBIHBIHA CUITEME JKAaCaFaH TPEKTep, CKIiHII IIBIHFa
OekiTinreH oHe xeriimereH Tpekrep. MoHnannsipeuiMaiTein sxonra dE/dx vmoHnaHy 1bIFbIHEI OoiBIHIIA Oeury i
TanmaygaH ONApIbIH Taijga OONMYBIHBIH HETi3ri Ke3l IETEKTOp KOMIIOHCHTTEpI MaTepHalIapbIHAarbl KaiTaiama
e3apa KaTBIHACTHI KapacThIPFaH JKOH, OMTKeHi oapIaH Kol MeJIIepAeTi IPOTOHIAp JKOHE TeHTOHAapIBIH Ja endyip
Mermiepi GaifKanambl.

KeHnraBp okuramapeiHa YMITKEpICPHIH IKAPTHICBIHA JKYBIFBI NIETEKTOPIOBIH OPTaNbIK aiMmareiHaH 80 cM
KAIIBIKTHIKTa OpPHAJACKaH OacTamKpl IIbIHFA We opi Oyl »karmail Oapiblk OesmiekTi, acipece, Oeditapan OeJIIEKTI
CAL-na cenimai Tipkeyni kypuaenenmipeai. KeHraBp oOKuranapblHbIH Iaiga OoJyblHA ocep €Tyl BIKTHMal
omicTeMeniK (pakTopIap bl TEHECTIPY YIIIiH e*p 03apa dpeKeTTeCy TAIAaHFaH OKUFaIapra Kelleci mapTTap KOWBUIIbL:

- OapJIbIK OKHMFaJa KapaMChl3 TPEKTEP alIbIHBII TaCTaJIbI;

- ayMakTa 0acTaIlKbl IIBIHBI 0ap OKUFaap FaHa ecKepingi / Zpepm/ < 50 cM.

KenTikTiH >KOFapbulaybl apKbUIbI OKWUFa CaHbl TaOWFM OSKCIOHEHIMANIbl TOMEHIETeH J>KOHE aybITKY
Oaiikanmmaiiner. Oceunaiima, ZEUS «KeHTaBp» KOHIBIPFBICBIHAAFBI 3JCKTPOH-TIPOTOHHBIH ©3apa KaThIHACHIHIAFHI
OKWFayap aiKpIHTanMansl, ce0ebl okuraimapna OedTapanm OesmiekTepaiH OonMaybl 9icTeMenik cebenrepre
OaiiIaHBICTHI.

Tyiiin ce3nep: Kenrasp-oxuranap, 3apsiiranras Oemmexrep, eceinik, ZEUS, anomanb1i OKuFa, FaphIIl Coyieci.
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Satbayev University, TOO «®u3uKo-TeXHUUECKUI HHCTUTYT», AnMaTbl, Kazaxcran

K BOITPOCY CYIIECTBOBAHUS KEHTABP —
COBBITUI B KOCMUYECKHUX JIYUAX

An"oranus. OTHUM W3 MEPBBIX YK30THYCCKUX SIBIICHUMA, HaOM0maeMbiM B 80-X TOAAX MPOMUIOrO BeKa, ObLIO
coOBITHE, 3aperMCTPHPOBAHHOE YCTAHOBKOW KAJIOPUMETPHUCCKOTO THIIA. B 3TOM COOBITHH HaOIIONATOCh
aHOMaJIPHOC COOTHOIIICHUEC MEXIy 3apsUKCHHBIMH M HEHTpPAILHBIMH aJpOHAMH, BO3HHUKIIUMH IIPH COYAApPCHUU
YACTHIIBI BHICOKOW JHEPTUU C SAPOM yriiepoja. B COOTBETCTBUM C MPHHIUIIOM H30TOMMYECKOH HHBAPUAHTHOCTU
KOJIMYECTBO HEUTPAIIbHBIX MMHOHOB JIOJDKHO PABHSATHCS KOJIMYECTBY 3apsDKEHHBIX MUOHOB. CoOBITHE, KOTOPOE ObLIO
3apEerHCTPUPOBAHO SIMTOHCKUMH (PH3MKAMH, COJAEPXKAJIO TOJBKO 3apSDKCHHBIC MHOHBI MPH TOJHOM OTCYTCTBHU
HeHUTpanbHBIX [1]. OTO coObITHE OBLTO Ha3BaHO «KeHTaBpoMY.

KomuuectBo KentaBp-coObiTrii HeBenmuko. Takum 00pa3oM, OTKPHITHE AAHHOTO SIBJICHHS OCTaeTCs IIOJ
BOMPOCOM H3-332 IUIOXOM CTAaTHCTHYECKOW oOecreueHHOCTH. JI0 HAcTOsIIero BpPEMEHH Takue COOBITHUS HE
HaOMIOamch B OKCIEPUMEHTAaX Ha YCKOpHTENsiX. TeM He MeHee, IUIAaHUPYETCsl HMOUCK TaKUX COOBITHI B
JKCIepuUMeHTax Ha kosaiinepe LHC.

YToOBl MPOBEPHUTH, HE CBSI3aHO JH MOsiBIeHHEe KeHTaBp-coOBITHI B €'p B3aMMOACHCTBHAX C KaKUMH-THOO
METOJMYECKUMH (PakTOpaMu B ycTaHoBke ZEUS, mis xanmumatoB B KeHTaBp-COOBITHSI M U BCEX OCTAIBHBIX
COOBITHI OBUTH MIOCTPOCHBI PACIIPEACICHUS 110 TUIY (PUTHPYEMOCTH 3apshKeHHBIX TpekoB B CTD. Bcee 3apshxkeHHBIE
TPEKH [ENATCS HAa TPU KaTCTOPUHM: TPEKH, (UTHPyeMble K TIEPBUYHON BEpIIMHE B3aUMOICWCTBUS, TPEKH,
(uTHpyeMblie K BTOPUYHBIM BEpIIMHAM U HepUTHpyeMble Tpeku. V3 aHanmu3a pacnpejeieHuii 0 HOHU3AI[MOHHBIM
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norepsaMm dE/dx nnst HeQUTUPYEMBIX TPEKOB CIIEAYeT, YTO OCHOBHBIM MCTOYHHKOM HX ITIOSIBJIEHHS CIEAYeT CUUTATh
BTOPUYHbIE B3aUMOJEHUCTBUS B MarepHanax KOMIIOHEHT-AETEKTOpa, TaK KaKk B HUX HAOMIOAaeTCsl MOBBILICHHOE
coziepKaHKe IIPOTOHOB U JlayKe 3HAYUTEIbHOE KOJIMYECTBO AECHTOHOB.

[TpuMepHO MOJIOBHHA KaHAMIATOB B KEHTaBP-COOBITHUAX MMEIOT MEPBUUHYIO BEPIIMHY, PACIOJI0KECHHYIO Ha
pacctosiiuu 80 CM OT LIEHTPaJbHOW 00JACTH JIETEKTOpa, YTO 3aTPYJHAET HAJEKHYIO PErHCTPAIMI0 BCEX YaCTHIL,
ocobeHHo HeWTpanbHBIX B CAL. UToOBI HUBENMPOBATH METOAMYECKHE (DAKTOPBI, KOTOPHIE MOTYT IOBIHSATH Ha
nosiBiieHne KeHTaBp-coOBITHIT B €p B3aMMOJICHCTBHISAX HA aHAIU3UPYEMbIEC COOBITHS ObLIM HAIOXKECHBI CIIEIYIONINE
YCIIOBUSL:

- BO BCEX COOBITHAX OBLIH yAaleHBl HEPUTHPYEMBIE TPEKH;

- YYUTHIBAINCH TOJIBKO COOBITHSI, IMEIOIINE MEPBUYHYIO BEPIINHY B 00J1aCTH |Zgepu| < 50 cM.

C yBenmMYeHHEM MHOXKECTBEHHOCTH HaOJIIOIaeTCS €CTECTBEHHBIH SKCIHOHCHIMAIBHBIA CIag YHCiia COOBITHIH U
HHUKaKUX aHOMAJMH He MposBiIAeTcs. TakuMm o0pa3oM, B 3JIEKTPOH-IPOTOHHBIX B3aHMMOAEHCTBHAX Ha YCTaHOBKE
ZEUS «KenrtaBp» coObITHs He OOHapyXeHBI, ITOCKOJIBKY OTCYTCTBHE HEUTPabHBIX YaCTHII B COOBITHAX
OOBACHAETCSI METOANYECKUMH IIPHINHAMH.

KaioueBble ciioBa: KeHTaBPOBBIE COOBITHS, 3apsHKEHHBIE YaCTHUIIBI, MHOXXECTBEHHOCTb, ZEUS, aHOMalilbHOE
cOOBITHE, KOCMUYECKHE JTyUH.
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YBaxkaemble aBTOpPbI Hay4HbIX KypHasios HAH PK!

[Ipesuauymom HAH PK npunsito pemieHue, B LENAX MOBBIIIEHUS MEXIYHapOIHOTO
peiTuHra akaJeMMYeCKUX U3JJaHUl, OObETUHUTD CIIEIYIOLIHE 3 >)xypHana, HaunHas ¢ Ne
5 (ceHTsa0pb-0KTsI0pB), 2020 T., ¢ BRICOKOpeHTHHTOBEIME XypHaiaMu HAH PK, Bxoasmumu B
MeXyHapoaHble 6a3bl Scopus, WoS u ap.:

1. «A3Bectust HAH PK. Cepusi 610/10ru4ecKuX U MeIHIIMHCKUX HAYK» OOBEIUHUTH C
)kypHaiioM «Jloknaast HAH PK»;

2. «M3Bectuss HAH PK. Cepus arpapubix Hayk» — «Jloxnanst HAH PK»;

3. «M3Bectust HAH PK. Cepusi 001ecTBeHHBIX M TYMAHHTAPHBIX HAYK» — C )KypHAJIOM
«Bectaux HAH PK».

Cratbu, koTopble myOnukoBamuch B okypHamax «M3sectus HAH PK. Cepus
ononorndeckux U meaunuHcknx Hayk» u «M3Bectust HAH PK. Cepust arpapHbIX Hayk», BOpeb
OyayT mybnukoBatbesi B xypHane «/lokinaasl HAH PK», a crarbu, nyGnukyembsle B XKypHaje

«U3Bectuss HAH PK. Cepust 00miecTBEHHBIX U TyMaHUTApPHBIX HAayK», — B JKypHalle «BecTHHK
HAH PK».

[Ipu nomaue crateil mMpocuM yKa3bIBaTh HA3BaHHME KypHAJla U OTPACib HAyKH, COTJIACHO
MIPEJICTABJICHHOTO NIEpEeYHs (CM. HUKE) B JAHHOM JKypHaJie:

I. Hayunsiii xypuan «Becthuk HAH PK» mocsimieH wuccinenoBaHusM (yHIAMEHTAIBHOW HAYKH
(TyMaHUTapHBIE ¥ €CTECTBEHHEIE):

Pe}IaKLII/IOHHaﬂ KOJIJIETUs IMPUHUMACT CTATbH IO CJICAYIOIINUM OTPAC/IsIM HAyKU:

1. I'ymanuTapHble (3KOHOMHUKA, IOPUCIPYACHIMS, UCTOPUS U apXEOJOTHs, MOJUTONOTUS U COLIMOJIOTHS,
¢uocodus, hutonorus, nexaroruka u MCUX0JOTHS, IUTEPATypOBEACHHE, HCKYCCTBOBEICHNUE)

2. EcrectBenHbIe (acTpoHOMMUS, (H3MKa, XMMUS, OHoIorHs, Treorpadus 1 TexHudeckne Haykn). [Ipumepst
TEXHHYECKHX HayK: KOCMOHABTHKA, KOpalOJecTpoeHHe, MAaIIMHOCTPOEHHE, CHCTEMOTEXHHKA, JJICKTPOTEXHHKA,
JNIEKTPOCBA3b, PAAHOIEKTPOHUKA, SIEPHAS DHEPTreTHKA U T.[.

Appec canta «BectHuk HAH PK» — http://www.bulletin-science.kz/index.php/en/arhive

II. Hayunmeii xypHan «Joxmaast HAH PK» mnocesmieH wccienoBaHusiM B 00NAacTH  TOJXYYCHUS
HAaHOMATEPHUAJIOB, OMOTEXHOIOTUU M SKOJIOTHH.

PeﬂaKHI/IOHHaﬂ KOJUJICTUS IIPUHUMACT CTATbU IO CJICAYIOINUM OTPACISIM HAYyKU:

1. TTonyueHne HAHOMATEPUATIOB B O0JIACTH €CTECTBEHHBIX HAYK, MEAUIMHBI U CEIIbCKOTO X03SHCTBA.
2. BHOTEXHOJIOTHS B 3eMJICICTINU, PACTCHUEBOICTBE U 300TEXHHKE.

3. OOmas 61oIOrus U OMOTEXHOJIOTHS B MEIUILIUHE.

4. DKoJIOTHS.

Appec canta «Joknaabl HAH PK» — http://reports-science.kz/index.php/en/archive

Kpome Toro, B xypuamax «M3Bectus HAH PK. Cepus ¢Qusuko-maremarnueckas,
«M3Bectus HAH PK. Cepust xumun u texnonorui» u «Mzecrus HAH PK. Cepus reosnorun u
TEXHUYECKHUX HayK» TaKXKe YKa3aHbl OTPACIM HAyKH, 10 KOTOPbIM OyAyT NPUHUMATHCS HAy4YHbIE
CTaThU JJIS SKCIIEPTU3bI U AATBHEHUIIIET0 OIMyOIMKOBAHUS:

III. Hayunsrit xxypHan «A3Bectusi HAH PK. Cepust puznko-MaTeMaTH4ecKas» IOCBSIIEH UCCICIOBAHUIM
B 00JTaCTH MaTeMaTHUKH, PU3UKH U HHYOPMAITIOHHON TEXHOJIOTHH.

PC,HaKL[I/IOHHaﬂ KOJUIETHUA IPUHUMACT CTAThU 110 CICAYIOIIUM OTPAC/ISIM HAyKH:

1. MaremaTHKa.
2. Mudopmaruxka.
3. MHTesIeKTyanbHbIi aHAIN3 JaHHBIX U PACIIO3HABaHUE 00Pa30B.

4. MareMaTH4eCKOe MOJIETUPOBAHUE COITUANBHBIX U YKOHOMUYECKUX MPOLIECCOB.
123




5. MexaHuka.

6. MexaHnka MamyuH 1 poOOTOB.

7. Teopus ynpaBieHUs] 1 KOCMUYECKHUE UCCIIEI0BAHMUS.
8. dusuka.

9. SinepHast pusuka.

10. Teopernueckas ¢uzuka.

11. ActpoHOMUSL.

12. NonHocdepa.

Appec caita «M3Bectus HAH PK. Cepusa cdusuko-matemaTnyeckasa» —
http://physics-mathematics.kz/index.php/en/archive

IV. Hayunsriit xypHan «3Bectus HAH PK. Cepusi XMMHM M TeXHOJOTHID» TOCBAIIEH MCCIEIOBAHUAM B
00J1aCTH XUMUH ¥ TEXHOJIOTHI HOBBIX MaTepHaOB.

Pe,[[aKI_[I/IOHHaH KOJUIETHUS IPUHUMACT CTAThU I10 CICAYIOIIUM OTPAC/IIM HAyKHU:

. Opranuueckas XuMusl.

. Heopranuueckas xumus.

. BeicokoMosiekyisipHble COETUHEHMSI.

. ®usnyeckas XuMusl (KaTalu3, SCKTPOXUMUS).
. TexHONOTHS HOBBIX MaTEePHAJOB.

. TexHONOTHSI OPraHUYECKHUX BEIIECTB.

. TexHONOTHSI HEOPTaHNYECKUX BEIICCTB.

. TeXHONOT U XUMUYIECKUX yI00pEHUH.

. TexXHOTIOTHSI MOTMMEPHBIX U CTPOUTEIBHBIX MAaTEPHAJIOB U CHIIMKATHI.
10. TexHOJIOTHS MUTIEBBIX TPOTYKTOB.

11. ®apmaneBTHYECKAS XUMUSL.

O 01N L KW~

Agpec canta «UN3Bectna HAH PK. Cepusi xumMnu 1 TexHonormmy —

http://chemistry-technology.kz/index.php/en/arhiv

V. Hayunsni xypuan «W3Bectus HAH PK. Cepusi reojlormm M TeXHHYECKHMX HAYK» IOCBAIICH
WCCIIEOBAHMAM B 00JIACTH T€OJIOTUH U TEXHHUYECKUX HAyK:

PC,HaI(L[I/IOHHaﬂ KOJUIETHUA IPUHUMACT CTAThU 110 CICAYIOIUM OTPAC/ISIM HAyKH:

. I'eonorus.

. PernonanbHas reosiorus.

. Ilerponorus.

. 'eomorus Hedtu u raza.

. 'eosorus v reHE3UC PyIHBIX MECTOPOXKICHHN.
. 'mpporeonorusi.

. T'opHoe geno u reoMmexaHuka.

. ®yHIaMeHTaIBHBIC MPOOJIEMBI 00OTAICHUS MUHEPATLHOTO CHIPHSL.
. UnxenepHas reosorus.

10. T'eouzuka u celicMOIOTHS.

11. T'eorpadmusi.

O 01N N KW~

Apgpec cainta «M3Bectuss HAH PK. Cepusi reonormm n TeXHM4E€CKMX HayK» —
http://www.geolog-technical.kz/index.php/en/archive
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