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RESULTS OF PHOTOMETRICAL ANALYSIS
OF ASTEROID (3200) PHAETHON

Abstract. We present the results of photometry of the Phaeton asteroid from CCD observations obtained on the
Zeiss-1000 telescope of the Tien Shan astrophysical Observatory (TSO) in three Johnson-Cousin filters, B, V and R.
The light curves are obtained, the values of the stellar magnitudes in the standard photometric system, as well as the
color indices (B-V) and (V-R) are determined. Mean values of stellar magnitudes at unit heliocentric and geocentric
distances: Mp=16.306+0.033, My=15.75+0.02, Mg=15.36+0.04. The color indices are (B-V) = 0.56 £0.03, (V-R) =
0.38+0.03. The analysis of differential light curves is carried out by the methods of Phase Dispersion Minimization
(PDM), Lomb-Scargle periodogram (LS) and the analysis of combined statistics (V). As a result, the value of the
rotation period of the asteroid is determined. Weighted average value of rotational period over three filters and three
methods is 3.6042 + 0.0004 hours.

Key words: Objects: asteroids; observations: CCD observations: data analysis; methods: lightcurve analysis,
photometry

Introduction

The Japanese Aerospace Agency (JAXA/ISAS) is developing the DESTINY+ mission
(Demonstration and Experiment of Space Technology for INterplanetary voYage, Phaethon fLyby and
dUSt science) under which it is planned to launch the PROCYON space module to the Phaethon asteroid
in 2022. The purpose of the mission is to conduct detailed studies of the Phaethon dust envelope, its
distribution and chemical composition, as well as the analysis of the surface of the asteroid and study its
geology. Knowledge of the geology and origin of the Phaethon can shed light on some issues of the
formation of the solar system in general and the formation of the Earth in particular. In preparation for this
mission, an international campaign to observe the Phaethon from ground-based observatories, organized
by the Planetary Exploration Research Center of the Chiba Institute of Technology (Japan), was
conducted in 2017. Active participation in this program is taken by the Fesenkov Astrophysical Institute
in Kazakhstan (FAI).

Phaethon is the main body of the Geminid meteor stream and has perihelion at just 0.14 a.u., and at
aphelion is at 2.4 a.e. The eccentricity of the orbit of 0.89 and inclination of 85°. The period of revolution
of the Phaethon around the Sun is 1.4 years. It belongs to near-Earth objects (NEOS), has spectral type B
and a diameter of about 5 km (the largest of NEOS at the moment). The Phaethon albedo is known with
low accuracy (0.11£0.20), which makes it difficult to obtain an accurate value of its diameter from
photometric observations. At the moment of closest approach to the Sun, the surface of the asteroid can be
heated up to 1000 K and above. The period of rotation of the Phaeton around its own axis is about 3.6
hours, but requires clarification. The very shape of the asteroid also needs refinement.

— 5 —
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The study of the processes of formation and evaporation of dust and small particles from the surface
of the asteroid is of great interest, as it is very important to establish a relationship between the Geminid
meteor stream and processes occurring on the Phaethon. Some of the meteors of the Geminid stream are
large enough to not completely burn out in the atmosphere of the Earth and fall to its surface. Thus the
study of the Phaethon is also important from the point of view of assessing the danger of meteorites. For
more information on the Phaethon can be obtained from https://ssd.ipl.nasa.gov/horizons.cgi#top
(HORIZONS Web-Interface).

Table 1 - Dates of the observations of the Phaethon, used filters and the corresponding exposures

Date Start (JD) End (JD) Filter Exposure
16.11.2017 2458074.227141 2458074.509545 B,V.R 120, 90, 40
19.11.2017 2458077.218988 2458077.493304 B,V.R 120, 90, 40
20.11.2017 2458078.300265 2458078.442163 B,V.R 120, 90, 40
21.11.2017 2458079.294038 2458079.492062 B,V.R 120, 90, 40
22.11.2017 2458080.291865 2458080.492380 B,V,R 120, 90, 40

Observations

Observations of the Phaethon were carried out at the time of its maximum approach to the Earth in
November-December 2017 at the Tien Shan Observatory using two meter-class telescopes "Zeiss-1000",
equipped with CCD cameras and a set of filters.

This paper presents the results of the analysis of observations obtained on the telescope "Zeiss-1000-
East" equipped with Apogee Alta F16M CCD. The CCD size is 4096x4096 pixels. Observations are made
in the second binning, so the size of the resulting image is 2048%2048 pixels. The gain=1.36 and readout
noise = 16.07 are determined for this observation mode from the analysis of flat field and bias frames. The
scale of the resulting image is 0".56 / pixel, giving a FOV (Field Of View) = 19'.22x19'.22. The
observations were carried out sequentially in three Johnson-Cousin filters B, V and R, manufactured by
Astrodon. Table 1 provides additional information about observation sessions used in this paper.
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Figure 1 - Map of sources that have passed the procedure of photometry and astrometry. Catalog stars are indicated
by colored symbols. Sources not included in the catalog are indicated by black symbols. The size of the symbols depends on
the instrumental stellar magnitude. Asteroid track is visible in the center of the frame. The results of observation on
20.11.2017 TSO ("Eastern" Zeiss-1000).
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Photometry and astrometry

Evaluation of changes in the values of the coordinates RA and DEC for the longest exposure in the B
filter, that is, for 120 seconds, obtained according to the source https://ssd.jpl.nasa.gov/horizons.cgi#top
(HORIZONS Web-Interface). These values, ARA / 120s = 0".24 and ADEC / 120s = 0".56, do not exceed
the size of one CCD pixel. For V and R filters, ARA and ADEC values are even smaller. For astroclimate
of TSO with seeing parameter approximately 2".5 - 3".0 it is then possible to consider the PSF profile of
the asteroid not very different from the PSF profile of stars and, therefore, the method of photometry
procedure described in [1] (the "Method") can be used. At times when the luminosity of the asteroid falls,
this technique gives better estimates with fewer errors in both astrometry and photometry. The selection
of PSF-photometry is also more reliable in dense stellar fields where it can effectively separate the flux of
the asteroid from the flux of the background stars and, thereby, to avoid the gaps in the light curves,
which is very critical for accurate determination of the periods of brightness variation of the asteroid.

The output of the Method is a table with the results of photometry and astrometry of the catalog stars
and objects that are not included in the catalogs for each CCD frame and for each filter used. To analyze
this large array of data, the authors developed software (implemented in python 2.7 under Linux Ubuntu
16.04). The program allows one to construct a map of the location of all sources for which the procedure
of photometry and astrometry was carried out successfully. The program automatically saves information
in the form of tables for catalog stars and the object selected by the user for further analysis. An example
of the resulting map is shown in Figure 1. For sufficiently long observations such a map allows to detect
objects with large proper motion. To select out the track of the asteroid, we use the algorithm
implemented in shapely.geometry method.

Standard field photometry

To convert instrumental stellar magnitudes to the magnitudes in Johnson-Cousins standard
photometric system (BVR), observations of the standard fields SA 92 (RA= 00:56:00, DEC=+01:11:00),
SA 25 SF3 (RA=06:44:00, DEC=+44:47:00) were made in parallel with the observations of the asteroid.
The procedure and parameters of the photometry of the standard stars are similar to the procedure used for
photometry of stars on the asteroid field.

The process of transformation to the standard photometric system consists of the following steps.
First, the values of instrumental magnitudes taking into account atmospheric extinction are calculated:

_ B

bﬂl - bi"ﬂﬁ‘£ - lr‘::I. 'Xfﬂ;ﬁ'
[h

Vg = Vipst — K1 'ij,.r

= R,
To = Finst — 07 "&jp &,

where Xf o.g Xfﬂ g Xf 0.8 _ airmass at a particular moment of observations for each filter, '&Emﬂ',

v Vinst. i sude ety KE kY, EF
insf and "imsf- instrumental stellar magnitude in filters B, V u R, respectively. *+1, "1 yu -

coefficients of atmospheric extinction in filters B, V and R, respectively. The values of these coefficients

can be taken from previous works or determined by the stars of the field of observed objects. In this work,

B Vv R
we adopted the following values: IE"'1 = 0.2993, kl = 0.2243 and kl = 0.2089. These values were
obtained from an analysis of star field for the entire observation period from 16.11.2017, 23.11.2017.
Color indices in the instrumental photometric system are:

(b—V)pes = by — 1
(1? - ?'3 obs — Vp —1p

The color indices in the standard photometric system and the corresponding errors are expressed by
the following dependencies:

{E - V)_i;td’ = Céﬂ-v:] (b — T?)abs + Cfﬂ-ﬂ
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The coefficients Ca' are determined by linear fitting of the corresponding relations.
Stellar magnitudes in the standard photometrical system and corresponding errors can be obtained
from the following expressions:

Bly = by 4+ CF (B — Vg + C

gEFﬂd = gm{, + ICF ) g‘iﬁ'—'ﬂ;ml
ta = Vo ¥ & (B — Vi + 7
Oyt = Omy T [€Y - 6¢s- Wepal
Rigqg =T+ {1 -V —R)peq + 5
Okt g = Om, + |CF - Foe—rY,, |
CEVR

The values of the coefficients ™ are determined from the linear approximation of
corresponding dependencies. The coefficients obtained by this method are presented in table 1.

Table 1 - The transformation coefficients from the instrumental photometric system to the standard BVR photometric system
derived by analysis of observation of the standard fields in the period of 16.11.2017 — 22.11.2017

Date 16.11 19.11 20.11 21.11 22.11 Average value
Coeft.
Cf -0.0988 0.1756 0.1674 0.1303 0.1357 0.102+0.046
Cf 0.0363 0.0532 0.0317 0.0453 0.0515 0.044+0.004
Cf 0.0176 0.2225 0.0027 0.0148 0.0043 0.052+0.038
Ef‘ -2.4222 -2.6725 -2.6363 -2.6573 -2.6631 -2.610+0.042
C_I__?’ -2.1382 -2.1918 -2.1718 -2.1625 -2.1727 -2.167+0.008
O -2.1485 -2.2737 -2.1870 -2.1707 -2.1676 -2.190+0.020
C (B—¥) 0.893 1.132 1.060 1.083 1.083 1.050+0.037
3
C (v—R) 1.0489 0.9276 1.1031 1.1202 1.1266 1.065+0.033
3
(E-¥) -0.2631 -0.5399 -0.4368 -0.5311 -0.5287 -0.460+0.047
C
]
C (v-R) 0.0113 0.0543 -0.0038 -0.0138 -0.0184 0.006+0.012
4

To exclude the trend in the values of the observed stellar magnitudes due to the change in the mutual
distance Asteroid-Earth-Sun, their correction and reduction to the standard distance (to one astronomical
unit) are necessary. The value of this correction is computed as:

— § —
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dm=Hy —my = —5-log(Ry, - 84,0 +2.5 logPia)

Here Rfm and dau are heliocentric and geocentric distances to the asteroid. In particular, these
heliocentric and geocentric distances at the moment of observations at TSO where determined from
https://ssd.jpl.nasa.gov/horizons.cgi#top (HORIZONS Web-Interface) using linear interpolation between
the closest moments of time. The phase angle o for the moments of our observations varies from 32° to

P B o . . . .
31°. In the presented results, "Y&* LS =V However, as shown in [2], this assumption can give an error

of determining the value of # R to one magnitude. In this work, we did not take into account the phase

correction L&) because its value is known with a sufficiently low accuracy and in differential
photometry, this probably will give second order correction. The obtained values of stellar magnitudes,
reduced to unit heliocentric and geocentric distances, as well as the corresponding color indices, are given
in table 2. Variations in the values of the color index are mainly due to errors in the determination of
transformation coefficients to the standard photometric system and changes in conditions of observations
from night to night. In part, these differences can be explained by variations in magnitude with a period
slightly shorter than the duration of one observation session, and, as a consequence, not quite correct
estimate of the average value.

Table 2 - Values of stellar magnitudes and color indices for each night of observation
in the standard photometric system and corrected by &t

Parameter\Date 16.11 19.11 20.11 21.11 22.11 Simple Weighted
average average
16.306
B 16347 | 16377 | 16163 | 16310 | 16335 0,033
% 15818 | 15.754 | 15710 | 15.715 | 15.732 | 15.746+0.018
R 15478 | 15418 | 15218 | 15344 | 15361 | 15.364+0.040
0.529 0.622 0.453 0.595 0.603
(B-V) £0017 | 20012 | 40013 | +0.015 | =000 | 0-260%0.028 | 0.5740.005
Vv —R) 0.341 0.336 0.492 0371 0371 0382 0371
+0.016 | +0.012 | +0.018 | +0.006 | +0.013 +0.025 +0.005

Differential lightcurves
To determine the period of changes in the asteroid's brightness caused by its rotation around the axis

we analyzed the differential hghtcurve calculated as,
r?}'

Z e:mﬁ‘l“ R(UT)— my R[UTJ_) W2 (UT)

Mgy (UT) = 3
Xy Wiy, r(UT) &=
Here "l5v.8 l:U:t“} — stellar magnitude of the asteroid at particular moment of observation in filter B,

.
V or R, g, V,REUT] — corresponding magnitude i-th reference star, Nﬂ’f — number of reference stars,
and

Wﬁi‘,k‘,i‘t (UT) = ]/

(a;‘,V,R[UT)) — weight of each observation and
FheaUD) = Oy (UD)+ 00y (W)

g (UTy a2 (UT)

T™MEw.R “ and "ewr — error of stellar magnitude of the asteroid and i-th reference star at
the moment of observation UT in filter B,V and R.
All stars of the field for which there is data in catalogs and for which photometry procedure has been

¢ Amg ., 2 (UT)

successfully carried out are used as reference stars. Figure 2 shows the values o

— 9 —
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MJID o 58070.0

Figure 2 - Differential lightcurve of the Phaethon in different filters (indicated by different colors) based on the results
of photometric observations in filters B, V and R, made on the Zeiss-1000 (TSO) in November 2017

Three methods to analyze the variation of mﬁ‘.‘VﬁLUT} were applied to accurately determine the
rotation period of the Phaeton. The first method is based on the analysis of the Lomb-Scargle (LS)
periodogram [3]. The second method uses the analysis of the mixed statistics [4],

2-LS

@

— Lafler-Kinman function [5] of the form:
. 2

N -1

1w - (E‘:m-ﬁ'.%ﬁa — Amgp g’ )

= > 2 .
Z'Df(&mﬂ,v,nl - {ﬂmﬂ,r,ﬂ}) - 27 Wy

LS @

where, — value of LS-periodorgam power, a

i
N — total number of observation, mﬂvﬁ — value of differential magnitude,

— 2 - T
w, =1 gﬂfmﬁ’aﬁﬁ} — weight, Jﬂ’mﬁ’aﬁﬂz — uncertainty of mﬁ's""ﬁl value.

As can be seen in Figure 1, the differential lightcurve of the Phaethon has a rather irregular shape and
a third method was used to accurately estimate the period in lightcurve variation (the period of rotation of
the asteroid) — the search for the period for the minimum dispersion of the phase curve (PDM — Phase
Dispersion Minimization). This method is more adequate for analyzing the variation of an irregular shape,
since the algorithm of the method does not depend on the shape of the signal. We use pyPDM procedure
of the pyastronomy package (https://github.com/sczesla/PyAstronomy). The period was searched in the

—4
range from 2 to 5 hours with period step of 4-10 hours.

The results of PDM method and lp-analyzes are shown on figure 3 and on figure 4, respectively.

Lo | ___I-.\_ i_l ,J' '-.'_l hl N | ! ‘ . . A . 1 !

Hﬂ‘h‘lf I!Wliﬂ I|‘|“|J|| 1 | '” l ."If'”I'l] |rl Ifr, . ) o
P Mty |
LR B

Johnson B

Johnson V Johnson R

Figure 3 - The results of determination of the period of Phaethon's differential magnitude variations in filters B, V and R
(designations under the corresponding panels) shown in Figure 2, by the PDM (Phase Dispersion Minimization) method.
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Johnson B

Johnson V

Johnson R

Figure 4 - The results of the determination of the period of the Phacthon magnitude variation in filters B, V
and R (designations under the corresponding panels) from the analysis of the combined function ¥ (see text) based

on the lightcurve shown in figure 2

Table 3 - The values of the period of Phaethon's magnitude variation in the filters B, V, R, obtained by three methods of analysis

of the differential lightcurves, corresponding weighted average of the periods and uncertainty of their determination

Filter \ Method PDM LS Y average
B 3.6041+0.0038 3.6038+0.0012 3.6040+0.0012 3.6039+0.0008
\Y% 3.6023+0.0031 3.6039+0.0011 3.6041+0.0011 3.6039+0.0008
R 3.6039+0.0023 3.6044+0.0010 3.6048+0.0010 3.6045+0.0007
3.6041+0.0004
average 3.6035+0.0017 3.6041+0.0006 3.6044+0.0006 3.6042+0.0004

For each method, the exact position of the maximum (period of magnitude variation) and the
corresponding value of error are determined by non-linear approximation of the profile of the peak by a
Gaussian function. The obtained period values and corresponding errors for all three methods, for all three
filters, as well as the average values obtained as the weighted average and the corresponding error, are
shown in table 3.

Figure 5 shows the phase curves obtained by convolution of differential light curves in filters B, V
and R with the corresponding periods obtained by PDM

Lk

Johnson V

Johnson B Johnson R

Figure 5 - Phase curves obtained from differential lightcurves by convolution with
the corresponding periods obtained from the analysis using method of PDM (figure 3)

Discussion and Conclusions

Using the results of observations of the Phaethon during its maximum approach to the Earth
(16.11.2017-23.11.2017), as well as standard stars for the same period of observations, the values of the
color indices of this asteroid were determined: (B-V) = 0.56 £0.03 and (V-R) = 0.38+0.03. The obtained
values are in good agreement with the value (B-V) = 0.58+0.01 of [6] and with the value (V-R) = 0.34 of
[7], and with the result (B-V) = 0.59+0.01 and (V-R) = 0.35%0.01 of [8].
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Our results also agree well with the later estimations (B-V) = 0.62+0.01 and (V-R) = 0.33+0.06 [9],
which were obtained from the observations in the period 2011.11-2012.02. However, our result differs
statistically significantly from the values (B-V) = 0.67+0.02 and (V-R) = 0.32+0.02 of [2], although the
value My = 15.46 (at 0=36°) from the same work is close (within 3c) to our value 75.364+0.040 (at
a=32°).

The relative good agreement of color indices obtained in different epochs of observation suggests that
the reflective properties of the surface of the asteroid have not changed much in 2 decades and, perhaps,
the assumption that the Phaethon is most likely an "active asteroid", rather than a "dying comet" [10, 12],
has its grounds.

From the analysis of differential lightcurves of using three methods, the value of the rotational period
of the Phaethon of 3.6042 + 0.0004 hours is obtained, which is consistent within 1o range with the result
3.6032+0.0008 hours of [13], but having higher accuracy and is closer to the values of 3.604 of [9] and
3.603958 of [11].
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DAITOH (3200) ACTEPOUABIHBIH @OTOMETPJIIK TAJIJAYJIAPBIHBIH HOTUXXEJIEPI

Annoranusi. Tsup-llane actpodusukansik oocepatopusiceinna (TIHAO) Ixoncon-Kysunnig B, V xane R
yur ¢unrpinne «Lleiicc-1000» TeneckoObinna 3BA-6akpiay moamiMmerTtepi OolbiHma ®a’ToH acTepOMIBIHBIH
¢dorometpiik HaTIKenepi OepiireH. JKapkplpay KHCBIKTapbl albIHIBL, CTAaHIAPTTHIK (OTOMETPIK >KyHexeri
JKYIIBI3ABIK IIaMaHBIH MOHepi, coHbIMeH Oipre (B-V) xxone (V-R) Tyc kepceTkimrepi aHBIKTaImbL. [ earonenTpiik
JKOHE TEOLEHTPNIK OiplliKk KAIIBIKTBIKTaFBl JKYINBI3ABIK IIaMaHBIH opTama MoHAepi: Mp=16.306+0.033,
My=15.75+£0.02, My=15.36+0.04. Coiikecinme T1yc kepcerkimrepi: B-V)=0.56 =+0.03, (V-R)=0.38+0.03.
JuddepeHunanapik xapkbipay KUCHIFbIHBIH TaJIIayJIapbl MUHUMAJb/Ib! AUcepcusuibl (asansik kucslk (PDM), (LS)
nepuoporpammacs! Jlom6-Ckapri (Lomb-Scargle) sxone (W) apanac craTUCTHKaNBIK Tangayiap oiCTepiMeH Ky3ere
acTel. HoTmxkeciHne acTepOMITHIH aifHaly NMEPUOIBIHBIH MOHI aHBIKTANAbI. YII OfIic oHe Yyl (UIbTp OOMbIHIIA
aifHaTy NepUOABIHBIH OpTalla eJeHred MoHi 3.6042 + 0.0004 carar.

Tipek ce3mep: OObekTiiep: actepouarap; Oakpuiaynap; 3BA-Oakpuiayiapel: MOTIMETTEpPIIH TaaayJiapsl;
azicTep: XKapKblpay KUCHIKTAPBIHBIH Tajayapbl, pOTOMETpHSL.
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PE3YJIbTATBI ®OTOMETPUYECKOT'O AHAJIM3A ACTEPOUJIA ®ADTOH (3200)

Annoranus. [Ipencrasiens! pe3ynbraTtel Gporomerpun acteponna Paston no aaHueiM [13C-HabmoneHuii Ha
testeckone «Lleticc-1000» Tanp-1lanbckoii actpodusnueckoit oocepatopuu (TIIAO) B Tpex duibtpax, B, V u R
Jxoncona-Kysuna. IlosydeHsl KpuBble OJiecka, OINpeIeTCHbl 3HA4YEHUs 3BE3AHBIX BEIMYUH B CTaHAAPTHOMN
(oromeTprueckoii cucreme, a Taoke rmokaszarenu ngera (B-V) n (V-R). Cpennne 3HaueHus 3Be3HBIX BEIUYUH Ha
SIMHUYHBIX TEIHOICHTPHYECKOM M TEONEHTPHYECKOM paccTosHmaX: Mp=16.306+0.033, My=15.75+0.02,
Mgr=15.36+0.04. CootBercTBytommie mokazarenn 1Bera: (B-V)=0.56 +0.03, (V-R)=0.38+0.03. Amnamus
I depeHINaIbHIX KPUBBIX OJlecKka MPOBEACH METOAaMH MHUHUMAIBHBIX AucHepcuii ¢a3oBoit kpusoit (PDM),
Jlom6-Craprn  (Lomb-Scargle) mepuomorpammoii (LS) m anamm3om komOmHmMpoBaHHOW cratuctuku (V). B
pe3ynbTaTte OIPEAEICHO 3HAaueHWe IepHoAa BpaiieHus acTtepouna. CpenHEB3BELIEHHOE 3HAYCHUE IEpuoja
BpalleHus 1o TpeM GriIbTpaM u TpeM Meronam 3.6042 + 0.0004 yaca.

KirueBnie ciioBa: O0bekThI: acTepou/ibl; HaOroaeHus: [13C-Ha0Ir0eHus: aHaIM3 JaHHBIX; METOJIbI: aHAJIN3
KpHBBIX Oyiecka, poTomMeTpus
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EFFECT OF PLASMA PARAMETERS ON THE SYNTHESIS
OF CARBON NANOMATERIALS BY THE PECVD METHOD

Abstract: This work covers an experimental study of the effect of plasma parameters on the synthesis of carbon
materials by the PECVD method. It was found that, depending on PECVD synthesis parameters,in particular,
temperature, discharge power, gas pressure, percentage of gas mixture and etc., various carbon nanomaterials are
synthesized. The obtained samples were analyzed by using analytical equipment such as Quanta 3D scanning
electron microscope (SEM, FEI USA), NThegra Spectra Raman spectroscopy and Leica optical microscope. Thus,
the morphology and quality of the structure of the obtained samples (carbon nanoparticles (CNP), carbon nanofibres
(CNF) and nanotubes (CNTs), carbon nanowalls (CNWs) and multilayered graphene sheets) were studied by optical
and electron microscopies, as well as by the method of combined light scattering. Found, that with the increase of
power of the radio-frequency discharge, the production of qualitative nanostructures is complicated by the formation
of their nanoclusters. For the synthesis of CNT, it is necessary to control the thickness of catalytic nanolayer, since
the quality of CNT structures can be worsened by the formation of thicker nanofibers. The obtained experimental
results can be used to determine the optimum PECVD synthesis condition to synthesize various carbon
nanomaterials.

Keywords:carbon nanoparticles, carbon nanofibers, carbon nanotubes, carbon nanowalls, multilayer graphene,
radio-frequency (RF) discharge plasma.

Introduction

Analysis of the state and trends in the modern development of nanoindustry objects allows us to
conclude that one of the most promising areas of nanotechnology is the production of carbon
nanomaterials (CNMs). As is well known, carbon exists in the solid phase in several modifications, the
properties of which sharply differ from each other: carbon nanoparticles [1-2], carbon nanofibres, carbon
nanotubes [3-4], graphene [5-6], carbon nanowalls [7- 8], fullerene [9] etc. The research relevance of
CNMs is due to the wide range of their practical application in various areas of industry. For example,
carbon nanoparticles can find their application in water purification [10,11], automobile tires as
reinforcing fillers [12], in determining cancer cells at an early stage [13], etc. Scientists suggest the use of
carbon nanotubes as reinforcing elements for the production of high-quality concrete [14,15] in
construction. The unique properties of CNTs are also used for medicine purposes like water disinfection,
production of antimicrobial coatings and drugs [16] and in targeted drug delivery [17]. CNTs and
composites based on them are used in power engineering to store hydrogen [18], to create high-capacity
capacitors (supercapacitors) [19]. The unique semiconductor properties of graphene allow them to be used
in electronics to create highly sensitive sensors, high-speed electronic devices [20,23] etc. As for carbon
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nanowalls (CNW), they are one of the allotropic modifications of carbon, which are vertically oriented
graphene sheets [24,25], which find their application for energy storage as a blackbody-like material, for
bolometers [26] and solar cells [27] as electrodes for supercapacitors [28,29], etc. Thus, taking into
account the relevance of CNM, in this work a method of plasma-enhanced chemical vapor deposition
(PECVD) was used for the synthesis of carbon nanomaterials at different plasma parameters.

Experimentalpart

The scheme of the experimental setup is shown in Fig. 1. The PECVD system consists of a working
chamber, a system of radio-frequency electrodes (6), a heating element (5), which reduces the effect of
power RF discharge on the process of dissociation of carbon-containing gas for the gas-phase deposition
process of a CNT, power supply for heating element (8), a high-frequency (RF) generator (9) for igniting
a plasma, a vacuum system and a gas inlet system. The substrate with the catalyst, in this case, a nickel
one, is placed on the surface of the lower electrode.
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Ar/CH4 i _

6 B4 . 7 Monxnokka
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1 - valve, 2 - gas flowmeters, 3 - gas flowmeter controller, 4 - argon and methane gas cylinders,
5 - heating element, 6 - high frequency (RF) electrodes, 7 - substrate, 8 — power supply for heating element,
9 — HF (RF) generator with automatic matching device
Figure 1 — Structure of the PECVD system for the synthesis of nanocomposite materials based on CNTs
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The experiment was carried out as follows. First, a silicon substrate with a catalytic nanolayer was
annealed to form the islands of the nickel nanoclusters. To do this, the substrate is loaded into the working
chamber on the surface of the lower electrode and a vacuum condition is created, after the vacuum is
established, the working gas argon (Ar) flow is supplied to a pressure of the order of 1 Torr, the RF
plasma is ignited in the power range 1-25 W at the temperature of 400°C and processed for 10 minutes.
This process is well described in [30]. Further, for the growth of CNTs, a reaction carbon-containing gas,
methane, is injected into the working chamber up to a pressure of 1.1-1.6 Torr , and then the synthesis
process lasts for 15-30 minutes.

Figure 2 shows photographs of silicon substrates with a nickel catalyst before and after CNT
synthesis by the PECVD method. It can be seen that after the synthesis, the surface of the substrate has a
soot formation, which indicates the possible deposition of carbon nanostructures.
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Figure 2 — Silicon substrates with nickel catalyst before (left) and after (right) CNT synthesis by the PECVD method

Results and discussion

The samples synthesized by the PECVD method were investigated by scanning electron microscopy
(SEM) and Raman spectroscopy (Raman spectroscopy).

SEM images and Raman spectra of the samples obtained at temperatures 400-450°C, pressure of 1.3
Torr and discharge power in the range of 1-10 W are shown in Fig. 3. As can be seen, the surface of the
obtained samples has a deposition in the form of carbon nanoparticles with sizes of the order of 50 -100
nm and a carbon film. The absence of CNTs is explained by the low synthesis temperature for the
formation of nanoclusters (crystalline structure).

Further, the experimental work was carried out at a temperature of 500°C, a gas pressure of
methane/argon of 1-1.8 Torr, and a discharge power in the range of 1-25 W.

a — SEM image, shooting angle 0°
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Figure 3 — SEM analysis of samples after PECVD synthesis at a temperature of 400-450°C and discharge power of 1-10W
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In experiments with synthesis conditions: pressure 1-1.8 Torr, temperature 500°C and duration of 20
minutes, carbon nanowires (1-5 W) and nanotubes (5-7 W) were obtained, which was proved by the
results of SEM and Raman studies, as well as optical microscopy.

Optical micrographs and SEM images of the obtained samples of carbon nanofibers and nanotubes
are presented in Figures 4 and 5, respectively.

10 um

Figure 4 — Optical micrographs of carbon nanofibers synthesized at discharge power of 1-5 W and temperature of 500°C

HFW — e [—

a -nanofiber b — nanotubesandnanofibers

Figure 5 - SEM images of carbon nanofibers and nanotubes at a discharge power of 1-7 W and temperature of 500°C
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Figure 6 — Raman spectrum of the obtained nanofibers (nanotubes)
at a discharge power of 1-7 W and a temperature of 500°C
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The result of Raman study of the obtained samples is shown in Fig. 6. The obtained spectrum is
typical for the multiwalled carbon nanotubes (MWCNT) and demonstrates G mode, which is usually
observed in graphite-like materials, D mode, which is associated with defects in the structure, the second
harmonic of the D mode - G'( 2D) mode and G+D mode, the origin of which is not fully understood yet.

It can be seen from the spectrum that the obtained MWCNTs are not of the high quality. The intensity
ratio of D and G peaks, responsible for the perfection of the graphene structure, is equal to 1.1, where for
CNTs it is about 1.5 and higher. In addition, the position and partial overlapping of D and G peaks
indicate amorphous structure. The low quality of MWCNTs is probably due to the presence of additional
constituents like nanofibers, which have higher diameter and more disordered structure.

With the increase in discharge power in the range of 10-15 W, the formation of carbon nanowalls
(CNW) was detected, which was confirmed by the results of SEM, Raman analysis (Figures 7-9).

a— 15Bt b - 10Bt

Figure 7 — SEM images of CNW synthesized on Ni/Si substrates at a discharge power of 15 W (a)
and 10 W (b) at a temperature of 500°C

As can be seen from the SEM image, after the synthesis process, the surface of the silicon substrate becomes covered with the
vertically aligned carbon sheets, also known as carbon nanowalls (CNW). As the discharge power is increased, it is possible to
observe the agglomeration of nanolayers - the formation of nanoclusters of the walls (Figures 7a and 8).

Figure 8 — SEM images of CNW synthesized on Ni/Si substrates at discharge power of 15 W and the temperature of 500°C

— 18 ——
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Figure 9— Raman spectrum of CNW synthesized on Ni/Si substrate at discharge power
of 10 and 15 W at the temperature of 500°C

The Raman spectrum of the obtained samples corresponds to the typical spectrum of CNW [31-33],
while the G-mode, which is usually observed in graphite materials, has a redshifted shoulder - D' peak.
The spectrum also contains characteristic D-peak, associated with defects in the sp” structures, 2D (G') -
peak, which corresponds to the second order of the D-mode and the G+D mode. The intensity ratio of the
D and G modes, which indicates the degree of disorder (defectiveness) in the crystal lattice of the
graphene sheet, ranges from 1.7 to 1.9. The calculated in-plane correlation length L, varies from 2.5 to 2.3
nm, the region in which the CNW can be considered as defect-free. As mentioned above, with the
increase of discharge power, the agglomeration of nanowalls occurs, and the ratio I(D)/I(G) increases as
well, which indicates the formation of defects in the structure.

With a further increase in the discharge power in the range of 20-25 W and under the same
parameters of temperature and pressure, multilayer graphene sheets were obtained (Fig. 10,11). As can be
seen from the SEM images, the islands of multilayer graphene with a thickness of the order of 50-75 nm
were formed on the surface of the silicon substrate. Raman studies indicate that the obtained structures
correspond to the graphite-like material. The in-plane correlation length L, is 2 nm, and the ratio [(D)/I(G)
is 1.4.

a— SEM image, shooting angle 0° 6 — SEM image, shooting angle 90°

Figure 10 — SEM analysis of the samples after PECVD synthesis at 500°C and discharge power of 15-25 W
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Figure 11 — Raman spectrum of the samples after PECVD synthesis at 500°C and discharge power of 15-25 W

Table 1 represents parameters for the synthesis of carbon nanomaterials by PECVD method

Table 1 — Parameters for the synthesis of carbon nanomaterials by PECVD method

Resulting product Synthesis parameters
Pressure, torr Temperature, °C Discharge power, W Gas mixture
Carbon nanoparticles 1.1-1.6 400-450 1-15 Ar/CH,
Carbon nanofibers and 1.1-1.6 500 1-7 Ar/CH,
nanotubes
Carbon nanowalls 1.1-1.6 500 8-15 Ar/CHy
Multilayered graphene 1.1-1.6 500 20-25 Ar/CH,
Conclusion

Thus, various carbon nanomaterials were obtained and characterized. It was experimentally revealed
that the type of the synthesized nanomaterial depends on the value of discharge power. At temperatures of
400-450°C and discharge power of 1-15 W carbon nanoparticles are synthesized, with increasing
temperature up to 500°C carbon nanostructures are formed, in particular, at discharge power of 1-7 W-
carbon nanofibres and nanotubes, 8-15 W- carbon nanowalls, 20-25 W multi-layered graphene. The
obtained experimental results can be used to determine the optimum PECVD synthesis condition to
synthesize various carbon nanomaterials.
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IIITIASMA TAPAMETPJIEPIHIH KOMIPTEKTI HAHOMATEPHUAJIJIAPIBIH
PECVD 9JICIMEH CUHTE3IHE 9CEPI

AHHOTAUMsA. ATaaFaH J)XKYMBIC IIa3Ma MapaMeTpiIepiHiH KemipTekTi Hanomarepuangapasiy PECVD omiciMen
CHHTE3IHe 9CpiH dKcHepuMeHTan bl 3eprreyre apHanradH. PECVD napamerprepine, Temneparypa, pa3psija KyarTbl,
ra3 KbICHIMBI, ra3fapblH NalbI3IbIK yleciHe OaiJIaHBICTBI SPTYPJIi KOMIPTEKTI HAaHOMaTepHalJap CHHTE3JIEeNeTiHI
aHBIKTAIIBI. AJIBIHFAH YJTLICp CKaHEepJeylli 3JeKTPoHIbIK Mukpockon Quanta 3D (COM, FEI USA), Pamanabik
cnekrpomerp NThegra Spectra, ontukaibslk MUKpockon Leica CHAKTBI aHAJIMTHKAJIBIK KOHIBIPFBUIAP KOMETiMeH
3eprrenai. Ocbulaifina, ONTHUKAIBIK JKOHE IEKTPOHIBIK MHUKPOCKOIL, YKOHE 1€ KOMOWHALMSUIBIK JKapblK MIAIIbIpay
KOMETiMeH KypbUIBIMIapAbIH MOpQOJOTHsICHl MEH camachl 3epTrenai: kemiprekti HanoOemmekTep(KHB),
kemiprekti HaHotanmublKk (KHT) men nanoryrikme (KHT), xemiprekri HanoxaObipra (KHK) jkoHe kemka0OaTTh
rpaden mapaxmamapel. JXOK pa3psn KyaTblH ecipreH Kesle HaHOKaOBIpFalapIblH HAaHOKIIACTEPTe KYPBLTYHI
KUBIHIANIBITEIHGI aBbIKTangpl. KHT cuHTe31 yIniH KaTamuTHKAIbIK HAHOKBIOBIKTHIKIIAHBIH KANBIHIBIFEIH 0acKapy
Kaxer, ce6e6i KHT KyppUIsIMBI Hammapian HaHOTAIIIBIKTEIH ©CyiHEe aibll Kejeni. AnbiHFaH HoTmkenep, PECVD
dmiciMeH 9pTYpili KOMIPTEKTi HAaHOMATEePHAJAAPAbl CHHTE3IEY e KOIIaHBLTYBl MYMKIH.

Tipek ce3xep: KoOMIpTEKTI HAHOOOJIIEKTEp, KOMIPTEKTI HAHOTAIIIBIKTAP, KOMIPTEKTI HAHOTYTIKIIeNIep,
KOMIpeTeKTi HaHOKaObIpFaiap, KenkaoaTThirpadeH, )KOFapbl )KUUTIKTI pa3psij I1a3Machl.
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BJIMSATHUE TAPAMETPOB IIVIA3MbI HA CUHTE3
YIJIEPOJHBIX HAHOMATEPHUAJIOB METOJAOM PECVD

AnHoTanus. J[aHHas paboTa MOCBAIIEHA 3KCIEPUMEHTATBHOMY HCCIICIOBAHHIO BIUSHUS IAPAMETPOB ILTa3MbI
Ha CHHTE3 yIIepoAHbIX MarepuanoB MmerogqoM PECVD. YcranoBneHo, 4To B 3aBHCHMOCTH 0T mapamerpoB PECVD
CHHTE3a B YACTHOCTH, TEMIIEPATYPbI, MOLITHOCTH pa3psja, JaBJI€HHE Ta3a, IPOLCHTHOE COOTHOLIEHUE CMECU Ta30B U
T.JI., CHHTE3MPYIOTCS pa3jMyHbIe YIJIEpOIHbIe HaHOMarepuaibl. [losydeHHbIe 00paslbl OBUIM HCCIIEIOBaHbI C
MOMOLIBIO0 aHATUTUYECKUX 000PYJOBaHMM, TAKUX KaK CKAaHMPYIOIIHUH 3JeKTpoHHBIH MuKpockon Quanta 3D (COM,
FEIUSA), PamanoBckuii crnektpockon NThegraSpectra, onrtuueckuii Mmukpockon Leica. Takum oOpazom, c
MIOMOIIBIO ONTHYECKOH M 3JIEKTPOHHONH MHKPOCKOIIMH, & TAaKXKE METOJAOM KOMOWHHMPOBAHHOTO PacCesHHs CBETa
ObutM MccienoBaHbl MOP(OJIOrUs W KAadeCTBO CTPYKTYPHI MOJYYEHHBIX OOpas3loB: YyIJIEPOJHbIE HAHOYACTHIBI
(YHY), yrneponusie nHaHoBosokHa (YHB) u nanorpyoku (YHT), yrinepoansie Hanoctensl (YHT) n MHOTOCHOIHBIE
rpad)eHOBBIE JHCTH. YCTAaHOBJIEHO, YTO C YyBeJIMYeHHeM MomHocTH BY paspspa mosydeHne KadecTBEHHBIX
HAHOCTEH ycJIoXHsAeTcs (popMupoBaHmeM nx HaHOKIAcTepoB. st cuaTesa YHT HeoOX0AMMO KOHTPOIH TONIIHHBI
KaTaJIATUYECKOr0 HAHOCIOS, TaKk Kak KadecTBo cTpykryp YHT Moker yxyammrhes ¢opMupoBaHueM Ooiee
TOJICTBIX HAaHOBOJIOKOH. IlomydeHHBIE pe3ylbTaThl MOTYT OBITh HCIIONB30BAHBI AJSI ONPENEICHHUS ONTHUMAIbHBIX
ycnosuit PECVD Mertona 1y cMHTe3a pa3IyHBIX YTIEPOIHBIX HAHOMATEePHAJIOB.

KnaroueBble cjioBa: yriepoiHble HAHOYACTHUIBI, YIJIEPOAHBIE HAHOBOJIOKHA, YIJICPOJHbIE HAHOTPYOKH,
yIJIepO/IHbIE HAHOCTEHBI, MHOTOCIIOMHBINTpadeH, mia3ma BEICOKOYAaCTOTHOTO pa3psiaa.
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THE GREAT RED SPOT ON JUPITER:
SOME FEATURES OF THE AMMONIA ABSORPTION

Abstract. In April 2017, we carried out five cycles of spectral observations of Jupiter to study some optical
features of the Great Red Spot (GRS) that is a long-lived giant anticyclonic vortex. Recording the CCD
spectrograms of Jupiter’s central meridian in each cycle was performing consistently for two hours in the 240° - 310°
longitude ranges in steps of about 2° each - before, during and after passage the GRS across the CM. The main
objective was to investigate the behavior of the 645 and 787 nm ammonia (NH;) absorption bands in the GRS
region, which before was studied quite a little. The measurements of the profiles and equivalent widths of these
bands showed explicitly that ammonia absorption in the GRS is decreased; the decrease is even more than the NHj;3
depression in the Northern Equatorial Belt (NEB) that we discovered in 2004. A comparison with the results of the
studies of Jupiter in the ranges of thermal infrared and millimeter radiation allowed concluding that the causes of the
ammonia absorption decrease are not the same for the NEB and GRS. In the NEB, according to the radio
astronomical observations, the gaseous ammonia concentration is really lowered. In the GRS, the NH; absorption
decrease is caused by the increased cloud volume density. As a consequence of this, the absorption equivalent
optical path decreases due to multiple scattering. That is also manifested in the near infrared ammonia and methane
absorption bands. Quantitative interpretation requires some further complex studies because of the multiparametric
nature of the models that are will be taken.

Keywords: Jupiter, Atmosphere, Clouds, Great Red Spot, Ammonia, Methane, Molecular Absorption Bands,
Spectrophotometry.

Introduction

Some important and interesting objects in the study of Jupiter’s atmosphere are specific optical and
dynamic properties of the Jovian Great Red Spot (GRS). A number of distinctive features of this giant
long-lived anticyclonic vortex are already known quite well. The period of its rotation is about 6 terrestrial
days. It is known that the GRS makes its own special speed longitude drift, and it is not always regular,
and for 300 years GRS has noticeably decreased in diameter [1], which, judging by the early sketches of
Jupiter, had reached 40 thousand kilometers. The GRS has specific optical features, for example, its
unique red-orange color, which has not yet been explained. But the coloring of Jupiter’s cloud belts is also
not yet fully explained, although it is very likely that ammonium hydrosulfide (NH;,SH) plays a role in
this coloring, because it forms a cloud layer at great depths, below the ammonia layer [2].

In the ranges of thermal infrared [3] and millimeter [4] radiation, the brightness temperature of the
GRS is lower in comparison with the surrounding regions, and that indicates a greater opacity for
radiation emerging from the deep layers of the Jovian atmosphere.

It should be noted that in spectral ranges with strong methane absorption bands, the Great Red Spot
looks like the brightest, or rather abnormally bright, formation on the planet. This indicates that in the
GRS region the methane absorption is strongly weakened in comparison with all other regions of the
visible cloud surface of Jupiter [5]. As for the morphological and dynamic properties of the GRS, the most
impressive recent results are those obtained from the space probe JUNO, approaching to Jupiter at the
distance of only three thousand kilometers [6]. The properties of the GRS also show themselves in
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ammonia absorption. In addition to the previous photometric and spectral observations of the GRS (for
example, [7-9]), a special observational program for studying the spectral features of the GRS was carried
out in 2017. Five cycles of recording the spectra of Jupiter’s central meridian (CM) were carried out
before, during and after a passage of the GRS across the CM. We report on results of this our research.

Observations: methods and results

From the end of March to the beginning of May 2017, a series of observation cycles of Jupiter was
performed as an extension of regular long-term spectral studies of variations in the molecular absorption
bands, and studying the structure of the planet’s cloud cover. These observations covered almost all the
longitudes of Jupiter (Figure 1), including 5 cycles destined to obtain spectra of longitudes near the GRS.
At that time its longitude was 267° in the 2nd system. The GRS (or its core) has its own longitudinal
coverage of about 12°, apart from the peripheral light edging.
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Figure 1 - Diagram of the date distribution of Jovian longitudes observed in 2017

Each cycle, timed to the GRS passage across the CM, was lasting for 2 hours. During this time, 30-32
spectra were recorded with an interval of about 4 min, which corresponded to Jupiter turn of 2.5°. Thus,
the longitudes from 240° to 310° in the second system of the Jupiter rotation were covered (Figure 2). A
fragment of the map of Jupiter for April 2017, compiled by Vedovato (the site of the Association of
Observers of the Moon and the planets ALPO Japan [10]), was used.
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Figure 2 - Fragment of the map of Jupiter from the ALPO Japan site as of April 2017 with the area of longitude scanning

Observations were carried out using the SGS diffraction spectrograph installed in the 7.5-m
Cassegrain focus of the 0.6-m RZ-600 telescope. The receiver of a spectrum image was the ST-7XE CCD
camera with a matrix of 765x510 pixels. The size of one pixel is 9x9 microns and the resolving power for
dispersion of 4.3 A/pixel is 8.5 A. The scale of an image on the spectrogram is 4.08 pixels /arc second. As

—— 4 ——
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a rule, the exposure time of one spectrum was 20", although in some cases, it increased to 100" in order to
provide a better isolation of the methane absorption band in the near-IR region (800-900 nm). In total, the
extensive observational material was obtained, which can be used for different further studies, including
those related to the study of temporal changes in the Jovian atmosphere during the entire period of its
revolution around the Sun.

Processing spectrograms of the absorption bands

For the processing and analysis of the Jupiter's CM spectra, some corresponding programs based on
spreadsheets were compiled. They could provide a quick eduction of tabular and graphical results. The
main attention was paid to measurements of the two ammonia absorption bands’ (645 and 787 nm NHj3)
profiles and to the evaluation of their intensities. These bands are weak in intensity, especially the 645-nm
band. Both bands overlap with more intense methane absorption bands, so their separations require
special techniques. Therefore, their behavior in the spectra of Jupiter has not been studied in detail by
anyone before, except for some researchers [11-15]. Laboratory studies of these ammonia bands are also
few and not yet very definite. Their analysis is contained in [16]. The 645 nm NHj absorption band is
located in the short-wave and relatively weak wing of the methane absorption band (A?). Therefore, its
separation is carried out simply by calculating the ratio to the interpolated smooth running of the intensity
in this methane band’s wing. The 787 nm NH; band is located in the middle of another methane band,
centered at the same wavelength. Filling, its less intense central part. In this case, we use the spectrum of
Saturn as a reference spectrum. In it, the ammonia absorption inside this methane band is practically
absent or negligible. So, the Jupiter 787 nm NHj; band stands out well enough in calculating the ratio of
the Jupiter spectrum to the spectrum of Saturn. Figure 3 shows examples of the profiles of both ammonia
bands, obtained by processing one spectrogram of Jupiter's CM for all points of the meridian (from the
South Pole to the North one). As a result of measurements, we obtain estimates of the equivalent widths
(W) of these absorption bands at different latitudes, including the GRS region. We note that the maximum
value of W in the 645 nm band does not exceed 8A, while in the 787nm band it does not exceed 20A.
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Figure 3 - The 645 and 787 nm NH; absorption band profiles,
separated from all the lines of the Jupiter’s CM spectrum

We started measurements of the 645 and 787 nm NHj bands in the spectrum of Jupiter in 2004. From
them, we found the existence of a depression of ammonia absorption in the Northern Equatorial Belt
(NEB). This depression [17, 18] is most pronounced in the 787 nm NH; band. In the NEB its W (Wxgsp) is
less by 2-3A in comparison with other low and moderate latitudes, where W> Wygp and varies within
smaller limits [19]. Further observations from 2005 to 2017 (during the complete revolution of Jupiter
around the Sun) have shown that this depression remains a peculiar feature of the NEB, albeit it is
variable in longitudes and in time.

Ammonia absorption in the Great Red Spot

Based on the results of spectral measurements of each observational cycle during the GRS passage
across the Jupiter CM, latitudinal variations in intensities of the ammonia absorption bands were plotted.
The graphs plotted together for all longitudes (Figure 4) show that along with depression in the low-
latitudinal NEB, the weakening of ammonia absorption in the GRS is observed. It is most pronounced in
the 787 nm NHj; band (Fig. 4).
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NH3 645 nm NH3 787 nm

Figure 4 - Latitudinal variations of ammonia absorption in the GRS during its
movement along the meridian (the images of Jupiter were taken from the ALPO Japan site)

Figure 5 shows graphs of the 645 and 787 nm NHj; absorption bands’ intensities along the CM from
the measurements on April 19, 2017. The absorption profiles obtained in the 240°-310° longitude ranges
are averaged. The longitudinal variations of the profiles differ little, so that the standard deviation in the
W values is less than 1 A everywhere, except for the GRS region. The profiles with the GRS for the
longitude 272°, corresponding to the middle of the GRS, are shown separately (red). The ammonia
absorption decrease in the GRS stands out clearly. There also attracts attention the noticeable blurring of
the depression of ammonia absorption in the northern hemisphere in comparison with the picture that was
observed in previous years. At that time the depression was only related to the NEB. The additional
processing of spectrograms obtained for other longitudes gave the same result. The reason for this is that
in the Jupiter visibility season of 2017, the NTB dark band formed north of the NEB, where the ammonia
absorption also turned out to be lower. Changes in the NEB cloud cover structure were occurring in the
recent years, and they are described in [20].
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Figure 5 - Latitudinal variations in the 645 and 787 nm NH; absorption bands
averaged over the 240°-310° longitude ranges. The profiles with the
Red Spot for longitude 272° are shown separately (red)

To illustrate the differences in the meridional variations in the NH; absorption at different longitudes,
the W profiles of the 787 nm band are shown in Figure 6 with a vertical shift per unit of the scale. On the
right, a three-dimensional representation of the ammonia absorption variations is shown. It can be seen
that the absorption depression in the northern hemisphere remains at all the longitudes, whereas in the
southern hemisphere only the GRS region is manifested.

— 26 ——
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Figure 6 - Profiles of variations of the 787 nm NH; band’s equivalent widths
(on the left); 3D- representation of the ammonia absorption latitude-longitudinal
variations in the 240°-310° longitudinal interval (on the right)

Figure 7 compares the longitude variations of ammonia absorption at the latitude of the GRS: near the
southern edge of the SEB and at the latitude that is symmetrical to it in the northern hemisphere,
corresponding to the northern edge of the NEB (latitudes + 22° + 1° and -22° + 1°). One can see a
systematic difference in W of the 787 nm NH; absorption band in these belts: weakening the absorption in

the NEB, with the exception of the GRS, in which the absorption is even smaller than in the NEB.
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Figure 7 - Long-term variations of the ammonia absorption
at symmetrical latitudes in the SEB and NEB

In the other belts of low and moderate latitudes of Jupiter, there is a relatively monotonous longitude
course of the ammonia absorption, except for some oscillations caused by both inevitable errors and real
variations in the intensity of the absorption band. But at each the latitude within the considered
longitudinal range, the mean level changes with latitude that one can see in Figures 5 and 6.
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Discussion

From the consideration of the obtained data on variations of the ammonia absorption bands on Jupiter
located in the visible and near IR spectral regions, the following feature is worth serious attention. It has
already been noted above that the GRS seems anomalously bright in the images obtained through the filter
that cuts out the center of the strong methane absorption band at 887 nm. However, the NEB, where the
ammonia absorption depression is observed, comparable to that observed in the GRS, does not show such
an increase in brightness at 887 nm, as in the GRS. Apparently, one should seek the reason for this
discrepancy in the difference in the structural features of the atmosphere over these regions. These
features determine the mechanisms for the formation of molecular absorption bands. Here it is relevant
comparing the observational data on Jupiter in very different spectral regions of the reflected radiation and
the planet’s native thermal radiation.

In a number of publications on Jupiter's observations in the ranges of thermal radio emission, for
example, in [4, 21], the NEB’s feature was noted: the brightness temperature of the radiation in it was
slightly higher than in other regions of the planet. The most detailed map of the brightness temperature
distribution on Jupiter was obtained using the VLF (Very Large Array) radio telescope system, in 2012-
2014 [4]. Indeed, the NEB was distinguished with its high brightness temperature at frequencies of 8-14
GHz (millimeter-wave radio range). The output of increased thermal radio emission in the NEB is
associated with the lower ammonia abundance in this latitudinal belt. It is ammonia in this range that
reduces the radio emission absorption and determines the process of its transfer from the deep layers of
the Jovian atmosphere. A cloudy layer with particle sizes of one or even tens of micrometers is
transparent to radio waves and cannot affect their passage, so we can specifically speak about the reduced
ammonia abundance in the NEB. Accordingly, the depression of ammonia absorption in the visible and
near-IR spectral regions observed in the NEB, one can explain by a real decrease in the gaseous NHj;
abundance. However, in the absorption band formation in this spectral region, the cloud layer plays a
certain role. In this layer the gaseous molecules’ absorption optical path increases with the cloud particle
multiple scattering.

The GRS demonstrates a different situation. We see that in the 645 and 787 nm NH; bands, the
absorption in the GRS is lowered in comparison with the surrounding regions by almost as much as in the
NEB. However, radio measurements do not show such an increase in the brightness temperature in the
GRS, as in the NEB. On the maps, the Spot does not stand out for its brightness. A similar effect of
reduced thermal IR radiation is observed in the GRS both in the 8-12 um ranges [4, 22] and near 5 pm
[23]. As for IR measurements, they require special analysis and discussion in the future. But judging by
radio observations, in the GRS region the gaseous NH; concentration is not lowered as in the NEB.
Hence, weakening the ammonia absorption bands in the GRS has to be caused by other causes. It should
be remembered that in the strong 887 nm methane absorption band, the GRS looks abnormally bright in
comparison with any other morphological details of the Jupiter disk. In the temperature conditions of the
Jovian atmosphere the methane does not condense, so its vertical distribution is mainly described by the
barometric formula. Therefore, in the atmospheric layer above the clouds, the methane abundance is still
quite appreciable for the absorption band formation. Absorption in the strong 887-nm methane band
forming above the clouds can play an even greater role than inside the clouds, since the number of acts in
multiple scattering decreases with increasing the absorption. So the methane absorption abrupt decrease in
the GRS is most likely due to the fact that the upper boundary of the cloudiness in the Spot is higher than
in its surroundings. Formation of the ammonia absorption bands occurs practically only within the cloud
layer, since the concentration of NH; over it becomes smaller by several orders of magnitude. It follows
that the decrease in the intensities of the NH; absorption bands in the GRS mainly occurs because of the
increased bulk density of the clouds inside it. This reduces the equivalent absorption path, which
determines the observed intensities of the 645 and 787 nm ammonia bands. They are relatively weak.

In the region of IR thermal radiation, the GRS looks like a dark spot surrounded by a light rim. The
effect of cloud density on IR thermal radiation in the GRS (especially at A 5 um) depends on the particle
sizes both in the upper ammonia cloud layer and in the deeper layer of clouds consisting of ammonium
28
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hydrosulfide NH,SH. Interpretation of measurements in this range is still ambiguous and depends on the
adopted models and initial parameters of the structure and temperature regime in the troposphere at
different latitudes and depths.

Conclusion

This paper presents the first experience of studying the behavior of the 645 and 787 nm ammonia
(NH;) absorption bands in the region of the GRS on Jupiter. We found that these ammonia bands were
sufficiently weakened in the GRS as compared to the surrounding areas of the visible cloud surface of the
planet. In terms of magnitude, this depletion is comparable to the previously observed depression of the
787 nm NHj; band intensity in the NEB. Our long-term (since 2004) spectral observations have shown that
such the NEB feature is peculiar to this belt, although it reveals some longitude and temporal changes.
However, based on a comparison with the results of observations of Jupiter in the ranges of thermal IR
optical and millimeter radio emission, one can assume that the mechanism of ammonia absorption
depression in the GRS and in the NEB is not the same, but is determined by some different causes. Of
course, further observations and analysis of different models of formation of the absorption bands and
their role in the transport of visible and thermal radiation in different atmospheric layers of Jupiter are
needed. In this atmosphere, apart from the usual zonal circulation and the vortex structure, unusual and
unpredictable large-scale changes occur at times, such as the disappearance of the SEB dark belt in 2010
or the formation of a quasi-periodic structure of the NEB belt observed in the strong 887 nm methane
(CHy4) absorption band in photographs in 2018. Accordingly, we plan new observations on molecular
absorption studies in the visible and near-IR spectral regions for the next few years.

This research was carried out in accordance with the grants of MES RK 0073 / GF4 and AP05131266
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BOJIBIIOE KPACHOE ITATHO HA IOIIUTEPE:
HEKOTOPBIE OCOBEHHOCTU AMMUWAYHOI'O NOI'JIOIEHUSA

Annotanusi. B anpene 2017 roma MBI mpoBeNd NATh HUKIOB CHEKTPalbHBIX HaOmromeHuit IOmwurepa mms
M3y4YEeHUs] HEKOTOPBIX omnTHdeckux ocobeHHocreil bonpmoro Kpacnoro Ilsarna (BKII) — nonroxwusymiero
TUTAaHTCKOTO AHTHLMKIOHANBHOrO Buxps. 3amuck [13C-cnekTporpamm LeHTpasibHOTO MepuauaHa lOnwurtepa B
KaXJIOM LHMKJE MPOU3BOAWIACH B B TEUEHHUE JIBYX YacOB IOCJIENOBATEIbHO B HMHTepBasie A0aroT ot 240 mo 310
rpaayCcoB C IIAroM OKOJIO 2 TpaaycoB — 10, BO Bpems u nocie npoxoxaenust BKII uepes neHTpanbHblil MEpUIUaH.
OCHOBHOI 3a7a4eil OBUIO HCCIICAOBAHUE MaJl0 M3ydeHHOro paHee noseaeHus B BKII momoc mornonieHns aMmMuaka
NH; 645 u 787 M.

W3mepenus npoduield 1 SKBUBAJICHTHBIX IIMPUH ATHX MOJOC MOKa3anu onpenenacHHo, uro B BKII ammuagnoe
MOTJIOIIEHUE OCITAa0JICeHO, MPHCEEM Jake B HECKOJNBKO Ooiblied cremeHu, yeM y nenpeccun NH; B CeBepHOM
skBatopuainsHoM nosice (NEB), o0HapyxenHo# Hamu emie B 2004 roay. CpaBHEHUE C pe3ysIbTaTaMU UCCIICIOBAHHIMA
IOmuTepa B nuana3oHax TEIIOBOrO MH(PPAKPACHOTO M MIJUITUMETPOBOTO U3IYUYCHUS MPUBOIAT K 3aKIIOYCHHIO, YTO
MPUYUHEI OCTAa0JICHUsT aMMHAYHOTO TOTJIONICHUs He onuHakoBbl. B NEB, coriacHO MaHHBIM pPagroacTpOHO-
MHUYECKUX HAOIIOACHUH, MOHMKECHA KOHIIEHTpaIws ra3oo0pa3Horo ammuaka . B BKII ocnabnenne normomenns NHj
BBI3BAHO ITOBBINICHHOW OOBEMHOW IUIOTHOCTHIO 007ayHON cpensl. M3-3a 3TOro yMeHbBIIACTCS SKBHBAJICHTHBIN
ONTHUYECKU MYTh MOTJIOUICHHSI B MTPOLECCE MHOTOKPATHOTO PACCESHUS, YTO MPOSIBISIETCS U B TI0OJI0CAX MOTJIOLICHUS
aMMHaKa ¥ MeTaHa B OmkHed wH(ppakpacHOW oOxactu. s KOMMYECTBEHHOW WHTEPIPETAIMUA HEOOXOIUMBI
JlanbHeHIIne KOMIUIEKCHBIE UCCIIE0BAaHUS BBULY MHOTONIAPAMETPUUYHOCTH IPUHUMAEMBIX MOZEIIEH.

KaroueBsie cioBa: Omurep, atmocdepa, obnaka, bomsimoe KpacHoe [1sTHO, aMMuak, MeTaH, MOJICKYJISIPHBIC
MIOJIOCHI MTOTJIOIIEHHUSI, CHEKTPO(POTOMETPHSL.
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IOIMATEPJEI'T YJIKEH KbI3bLI TAK:
AMMMUAKTDBI K¥TbLIYABIH KEMBIP EPEKINEJIIKTEPT

Annotanus. 2017 eUAbIH coyipinae 0i3 y3aKk eMip CYpeTiH aHTUIUKIOHABIK ChI3BIK YIKeH Kp3but JJakThiy
(YK[) xeiiOip onTHKaJbIK epeKmeNikTepin 3eprrey yumiH HOnurepnin cnekTpiik OakpuiayJIapbIHBIH O0ec HUKIiH
Kyprizuik. Opranslk MepuaraH apkeutel YK/ oTy ke3iHae jkoHe ofjaH KeliH maMameH 2 rpaayc Kagammer 240 Tan
310 pmeitim rpagycta OOWMNBIK WHTepBambiHAA Tiz0ekti IOmumTepmiH opramblk  MepuauaHbBHBIH ~ 3BA-
CIEKTPOTPAMMBIHBIH ka30achl opOip MUKIAE €Ki caFaT apanbIFeIHAA KYprizingi. Eprepekre a3 3eprrenren YK/ NH;
645 xoHe 787 HM aMMHAKTBI )KYThUTYAbIH OaFbIThIH 3€PTTEY HEri3ri MiHIET OOJIIbL.

byn sBkuBaneHTTIK eHaikTepnae OarbITThl emniiey 0i3 2004 xbutbl TankaH CONTYCTIK 3KBaTOPIBIK OeNiKTeri
(NEB) NH; nenpeccusichlHa KaparaHzna OipHeIle YJKeH Jopexele IKypelerMi3 aMMHaKTbl IKYTHUIYIbIH
Jnci3feHreHiH aWkbliH Kepcereni. JKbUly HMH(PaKbI3bUI KOHE MHJUIMMETPIIK COyJesieHy JHana3oHAapblHia
Onrepain 3eprTeyiepi HOTHKeNePIMEH CaJIbICTBIPY aMMHUAKTBI XKYTBUTYIBIH SJICI3eHYoHa1 cebenrepi Oipueit emec
JleTeH KOpHITBIHIbFa okeneni. NEB paamoacTpoHOMUSITBIK OakpLIayIapIblH MOJIIMETTEpiHE COMKec, ra3 Topi3i
aMMaKThIH KoHIeHTparusacel TemeH. YKJI NH; >konarblHBIH QNCI3ZICHYl KOpIIaraH OPTAHBIH apTKaH KeJeMi
THIFBI3IIBIFBIHAH TybIHAaFaH. OChIFaH OAMIAHBICTHI KOII €CE MaNbIpay MPOIECCiHAe KYTY KOIAFbIHBIH YKBUBAICHTTI
OIITHKAJIBIK JKOJIBI a3asi/ibl, OYJI KaKblH UH(PAKBIZBUT aliMaKTa aMMHAK JKOHE METAH XKYTY MKOJIAKTapbIH/Ia KOPIHEITi.
CaHOpIK MHTEpIpETalnsUIap YIIiH KaOBUIJAHATHIH MOJICIACPAIH KON MapaMeTpiiri TYpiHIe KeIIeHAi 3epTTeyiep
KaXKeT.

Tyiiin cesnep: IOnutep, armocdepa, Oyir, Yiken Kpi3bur Jlak, aMMuak, MeTaH, JKYTYbIH MOJCKYJANbIK
KOJIAKTAPhI, CHEKTPOPOTOMETPHSI.
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EXPERIMENTAL STUDY OF ""B(p,0)’Be REACTION
AT LOW ENERGIES

Abctract. Differential process sections of the'’B(p,a0)'Be have been measuredat the UKP-2-1 accelerator
(Almaty, Kazakhstan) at the energy of incident protons from 300 to 1000 keV and 0,= 50°-
140°inincrementsofabout 20°. The total error of the experimental data does not exceed 30%. Integral cross sections
of the reaction 10B(p,()to)7Be at E, 1.,=300-1000 keV were defined. S-factors for thelOB(p,a0)7Be reaction at E,
1ab.=300-1000 keV were calculated, which will be useful for reliable normalization of the experimental data obtained
by the “Trojan horse” method in earlier works.

Keywords: differential cross sections, integral cross section, astrophysical S-factor.

Introduction. The '°B(p,a0)'Be breakup reaction occurring at low energies attracted much attention
of researchers in recent yearsmostly due to the fact that it plays an important role in fields such as nuclear
physics, fusion plasma physics and astrophysics.

Boron in the Earth crust consists of two isotopes ''B (abundance of about 80%) and '°B (abundance
of about 20%). Both isotopes are candidates to alternative fuel for future fusion reactors, one of the main
advantages of which is the absence of neutrons in output channels for reactions with these nuclei. On the
other hand, the reaction product of "B(p,a,) Be is a radioactive element 'Be with a sufficiently long half-
life of 53.2 days, and this creates a certain safety problem. New precision measurement of '°B(p,0,)’Be
reaction crosssectionsmay have a significant impact on the design features of future fusion power plants.

From the view of nuclear physicsthe'’B(p,0)’Be reaction is of interest as it can be used to study in
detail the level scheme of''C nucleus.

Experimental results for the '°B(p,0)’Be reaction at low energies are very few and contradictory.
Thus, in [1] the obtained integral section of the reaction at E, j,,=21-146 keV, in [2] — at E, 1., =60-180
keV, in [3] — to E, 11, =121-460 keV, in [4] — at E,, 1,,=531-1613 keV, in [5] — at E, 1,,=330-530 keV and
in [6] — at E, 155=2790-6995 keV. And the cross sections of [1] and [3] differ 1.8 times [1] in the
overlapping region.

The problem of solving the above mismatch between [1] and [3], as well as more reliable
normalization of the experimental data obtained bythe“Trojan horse” method [7] require new
measurement of the '’B(p, o) Be reaction cross sections in broad energy and angular range.

Experimental methods and measurement results. Measurements of the lOB(p,OLO)7Be reaction
differential cross sections were made on the proton accelerator UKP-2-1 at INP. Calibration of proton
beam energy was carried out by using reactions with narrow, well-isolated resonances [8,9]. For this
purpose the reactions” Al(p,y)**Si at E, 1.,,=632, 773, 992, 1089 keV and "’F(p,0y)'°O atE,, 1.,=340 keV
were used. Calibration accuracy in this case was £1 keV. The energy spread of the proton beam did not
exceed 1.2 keV.

— 3 ——
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A proton beam was transported through collimation system (two collimators with diameters of 1.5
mm and spaced 420 mm apart) and was formed at the target (at a distance of 100 mm from the last
collimator) to a spot with diameter of 1.5 mm. In order to minimize the number of protons scattered on the
end faces of the collimators thickness of the front wall in the region of the holes was adjusted to 0.1 mm.
Alpha particles — products of the '"B(p,ap)’Be reaction were registered byORTEC silicon detector
(diameter of the sensitive area of 8 mm thickness — 0.2 mm) placed at a distance of 240 mm from the
scattering region and at angles from 50° to 140°.'A second similar detector was placed at an angle of 160°
with respect to the incident beam, was used as a monitor. The energy resolution of the detectors was about
15 keV. A set of spectra was taken using the MAESTRO32 program (ORTEC). Careful alignment of the
collimator system, and a mobile device with a detector for measuring the angular distributionsmade it
possible to reduce the error in determining the angle to +0.20°. Faraday cup (tube with diameter 15 mm
and length 150 mm) placed at a distance of 120 mm from the target, was connected to a current integrator.
Detectors equipped with protective tubes, which ruled out the registration of protons scattered at the end
of the last collimator and Faraday cup in the whole range of the detector position. Integrator sent a digital
impulse to the counter once collected charge portion (0.1, 1 or 10 nC). It made it possible to determine the
accumulated charge with an error of not more than 1.5% in the current range from 10 to 50 nA.

Thin films of °B (isotopic enrichment of about 80%)manufactured by electron beam evaporation on
VUP-2 installation were used as targets. During the experiments, several self-supported films of thickness
of about 50 pg/cm’*were used.Determination of target thicknesses was made with 10%accuracyusing
nuclear physics method developed previously [10]. Example spectrum obtained by inducing target
byprotonsis shown in Figurel.
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Figure 1 - Example spectrum of charged particles
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The differential cross sections of the '"B(p,ap)'Be reaction at E, 1,=300, 320, 340, 360, 380, 400,
500, 600, 700, 800, 900 and 1000 keV and 0y, = 50, 70, 90, 120 and 140 degrees were measured in the
present study with 30%error. Figure 2 shows the results obtained. The figure shows that the angular
distributions of the 10B(p,(xg)7Be reaction in theenergyrange E, 1,5,=300-1000 keV within errorare
isotropic.
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To obtain integral cross sections for each energy firstly mean value of differential cross-sectionswas
found, and then the average value was multiplied by 4n. The result of this operation to determine the
integral cross sections of the '’B(p,0)’Be reaction is given in Figure 3 together with literature data.

Astrophysical S-factors given in Figure 4 were calculated using the formula:
S(E)=E*o2*x*n),c2*n*n=473 *E

WhereEis the energy incenter of mass frame, expressed in MeV. It can be seen from Figures 3 and 4

that the margin of error in the overlapping areas of our and published data are the same.
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Figure 2. - The differential cross section of the '°B(p,0,,)’Be reaction (in the form of angular distributions)
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Conclusion. Experiments to measure the differential cross sections of the'°B(p,0,)’Be reaction in a
range of incident proton energies from 300 to 1000 keV and at angles of 50°-140°with increments of
about 20°The measurements were performed with an error of not more than 30%. New data on the
integral cross sections and the S-factorsforthis reaction presentedin this work are in good agreement with
published data in the overlapping fields of energy.
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METHODOLOGY OF PIPELINE DATA REDUCTION
FOR ASTROMETRY AND PHOTOMETRY
OF A LARGE ARRAY OF CCD OBSERVATIONS

Abstract. We provide the description of the methodology of preliminary data reduction of the CCD
observations and following astrometry and photometry analysis of a large number of objects in CCD images during
uninterrupted observations, surveys or search campaigns. The result of the method of analysis of a large array of
CCD images on the example of the observations of Phaeton asteroid, made on the telescope Zeiss-1000 on the Tien
Shan Observatory is presented.

Key words: CCD-observations: data analysis, methods: astrometry, photometry, pipeline for data reduction

Introduction

One of the tasks in Fesenkov Astrophysical Institute (FAI) for 2018-2020 is carrying out CCD
observations for the purpose of search and classification of variable stars, as well as long-term
observations of individual objects to determine and refine the parameters of their brightness variability. In
parallel, there are monitoring observations to search for objects potentially hazardous to Earth (NEOs —
near-earth objects), little-known asteroids and comets, as well as the definition and clarification of the
physical characteristics of the known NEOs. As a result of such observations, Assy-Turgen (ATO) and
Tien Shan (TSO) observatories produce arrays of CCD data, numbering up to several thousand frames per
night [1]. Most of these CCD images already have a fairly large field of view (FOV) (32'x32"). In the
near future, it is planned to increase the FOV on some instruments to several degrees and the number of
objects on one CCD frame, for which it is necessary to obtain photometric and astrometric information
can reach several thousand, and the number of frames received during one night will reach several
thousand too. It becomes clear that the usual procedure for analyzing CCD images in "manual" mode will
require too much time and will lead to an increase in the probability of errors due to the human factor.
Variety of observation modes (see "Sorting data") makes this task even more complicated.

Thus, the task of developing a methodology for the automated processing of CCD observations and
obtaining astrometric and photometric information for each object on the CCD frame in a format that is
most convenient for further analysis becomes quite important in modern observational astrophysics.

Of course, such methods have been developed earlier in other groups and observatories. However, the
effectiveness of each specific technique depends on the specificity of the task to which it is directed, as
well as the characteristics of the equipment used and observation conditions.

The choice of methods of automatic data analysis in our case is determined by a specific goal — the
search for variable stars by analyzing their brightness variability with periods ranged from a few minutes
to several hours, using CCDs and EMCCDs with a FOV of not less than 20'x20', with different signal
amplification parameters and observations in different wavelengths (a complete list of the parameters used
is given in the section "Data sorting™).
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Methods

As the main tool for search and identification of variable stars, it is supposed to use methods of
analysis of light curves obtained on the basis of photometry of stars using CCD observations. Since the
survey observations are quite routine, require as long as possible observations in one mode of operation of
the equipment, the correct solution will be to automate the observation process itself. Automation makes it
possible to use all available observation time as efficiently as possible, to reduce or eliminate errors
caused by the human factor, and to utilize budget funds allocated for scientific research more effectively.

Automation of the observation process:

In addition to the above facts, the need to automate the observation process is dictated by the growing
number of instruments installed or planned for installation on TSO and ATO, as well as the specifics of
their tasks, a variety of requirements for equipment used for different types of observations. In particular,
among the various options for only one instrument, with certain equipment one can specify the following
parameters: the object of observation, its priority, visibility conditions, the required duration of
observations, a combination of filters, exposure values, the need to obtain calibration frames and frames
of standard fields, etc. The complexity of the observation process increases nonlinearly if there is the
necessity to replace equipment for observation during one night of different objects.

Optimization of the process of analysis of observations is not limited only to the automation of the
observation process, but also includes such steps as data management (sorting data and storing it in the
databases), preparation for the analysis and the analysis itself with the output of the results in a user-
friendly format. These steps are shown schematically in Figure 1.

The task of automating the observation process is successfully solved in FAI and a detailed
description of its implementation will be presented in a separate publication.

D

. F
images

wRLaneLy an

Photametrv and a
of sources on CC
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for further analysis

Figure 1 - Sequence of the main steps in the analysis of CCD observations

Data sorting:
For the effective use of the obtained observations and the convenience of their analysis by the
scientific community, the observations must be appropriately ordered (sorted) and stored in the database.
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The process of automatic sorting of observations significantly simplifies the subsequent procedure of their
analysis and can significantly minimize the impact of errors due to the human factor. One of the possible
algorithms for sorting CCD observation data, based on the analysis of information in fits-header, is
implemented by us in the python environment and is shown in Figure 2. In particular, the presented
technique automatically sorts data into directories with certain observation dates. In each such directory,
the corresponding subdirectories are created designated by the object name (for example, by catalog
number), the filter used, etc., as shown in Figure 2. This sorting not only simplifies subsequent data
analysis, but also greatly facilitates the observation process itself, since the observer does not need to
track the uniqueness of the assigned ID (or file name) of the CCD frame, but rather correctly prepare the
observation plan for the current session, and the relevant information is automatically entered through
certain keys in the header of the fits file. Simultaneously with the sorting of the observations, CCD images
can be checked, for example, for errors of tracking, temperature stability, while it is possible to
automatically generate a report on the statistics of observations and the necessary request for calibration
images if some of them are not found.

DATE Datel | Date2 | Date 3
Object Name 1 | Name 2 | Name 3
Filter U B A" R |
binning 1 2 3 5 10
NP 5 30 90 120 | 1800
(sec.)

Pre-flash yes no
S bt e e e
Gain 1 24

e ID1 ID2 ID3 ID4 ID5
Name in DB

Figure 2 - Automatic data sorting of the CCD frames based on relevant parameters of the observations.
Solid and dashed lines show examples of parameter combinations. The parameters Gain and EM correspond
to observations performed with the use of EMCCD and are not used for the conventional CCD
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Preliminary data reduction:

The next step in the preparation of observations for further analysis is to take into account
instrumental systematic noise in CCD images. We will not dwell on this issue, those interested can get
acquainted with it in detail in the [2]. The systematic noise includes the dark current, the bias offset and
the unevenness of sensitivity on the field of the CCD. To minimize random noise in the accounting of
systematic error, the corresponding calibration frames should be averaged over a sufficient number of
images (usually not less than 10). The IRAF package is used as the main tool for the analysis of
astronomical data of CCD observations (http://iraf.noao.edu/). Averaged CCD frames of bias
(MasterBias) can be obtained by zerocombine procedure (iraf.imred.ccdred), a dark current (MasterDark)
is obtained by darkcombine (iraf.imred.ccdred) routine. MasterDark must be taken for each image
obtained with combinations indicated in Figure 2 (except for the selection of filters). MasterBias and
MasterDark are additive noises and should be subtracted from the CCD image of the object (respectively,
MasterBias is first subtracted from MasterDark), and the heterogeneity of the sensitivity along the CCD
image is a multiplicative component, so CCD image of the object should be divided by it. The averaged
CCD frame of the flat field (MasterFlat) must be obtained for each filter in which the object was observed
and correctly corrected for corresponding MasterDark. To obtain MasterFlat one may use the flatcombine
procedure (iraf.imred.ccdred). After that the MasterBias, MasterFlat and MasterDark are used in
preliminary data reduction using ccdproc procedure (iraf.imred.ccdred).

Pipeline method for automatic photometry of objects on CCD frames:

Since our main task is to search for variable stars by analyzing the light curves, the technique should
perform the following steps: 1) automatically assign the equatorial coordinate grid to the CCD frame, 2)
detect all sources on the FOV of the CCD frame, 3) determine among them the stars belong to different
catalogs, 4) conduct aperture and PSF-photometry and 5) output the results in a format convenient for
further analysis.

For clarity and ease of understanding of the whole process its flowchart is shown in Figure 3.

As the environment for method implementation, the combination of the Linux operating system with
a high-level language python was chosen. This choice is made for several reasons. First, both Linux and
python are open source (the standard public license, GNU GPL). Secondly, python is one of the most
dynamically developing high-level languages, it is quite simple and provides ample opportunities to
attract a large number of people, including students and post-graduates. Third, an IRAF package is
integrated into the python environment (http://www.stsci.edu/institute/software hardware/pyraf). The
algorithms and methods of this package have been repeatedly tested, well documented and integrated into
many modern data analysis packages of CCD observations. All iraf functions and libraries are available
and can be directly imported into the python environment.

To date, the python community has developed a large number of applications for working with digital
images, analysis of astronomical catalogs, presentation of graphical and other information directly in a
format suitable for publication or use by other applications. The most popular python platform for
scientific data analysis is Anaconda, developed by Continuum Analytics (https://www.anaconda.com/).
We use this platform to install the AstroConda channel with all relevant packages
(http://astroconda.readthedocs.io/en/latest/index.html). The whole installation and configuration process is
quite simple.

Let us now examine in detail each of the steps shown in Figure 3. At the beginning of the process, a
list of CCD frames that have been preprocessed is formed. To do this, one uses the getcwd and listdir
procedures imported from iraf.os in python. Further, for the convenience, we will denote by « the
process of importing the appropriate packages and methods into python. At this stage, the procedure
checks the existence of appropriate directories to save the results and the corresponding log-file
(path.exists, makedirs «— iraf.os).

The results of observations are saved in the fits format [3], in the header of which all parameters of
observations are listed. Working with fits-files is carried out through astropy package.io.fits. The header
of the fits file is analyzed to determine such parameters as the coordinates of the observatory (astropy [4]),
the size of the CCD frame and FOV of the CCD (in arcminutes), the focal length f in mm, the pixel size in
um, the image scale in arcsec/pixel. For the analysis of observations obtained at different epochs,
40
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especially for the analysis of light curves of variable stars, it is desirable to use barycentric Julian date.
This is calculated using barycentric correction (time «— astropy).
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Figure 3 - Flowchart of the procedure of automatic aperture- and PSF-photometry
and astrometry of all sources detected in the field of CCD image

The next step is to automatically assign the equatorial world coordinate system (wcs) to the CCD
frame. This task can be performed using two methods: wcstools [5,6,7] or scamp [8]. To do this, in the fits
header, in addition to such parameters as the image center, image scale, the preliminary values of the main
parameters of wcs are set, and the geometry of the frame is determined (that is, the need to invert and
rotate the CCD frame). The necessary information for westools and scamp also includes a list of objects,
or rather the coordinates (X, Y) of the sources on the CCD frame. The SExtractor package [9] is used to
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detect these sources. The type of the output catalog for the correct operation of the scamp must be
FITS LDAC (Leiden Data Analysis Center). Determined location of the sources, that is, their coordinates
(X, Y), and the position of the center of the frame in the second equatorial coordinates system for the
epoch of 2000 are used to assign the wes-coordinates. The accuracy of the plate solution procedure can be
estimated from the output figure of combined residuals that is automatically generated by the scamp task.
An example of a residual map is shown in Figure 4. The X and Y axes, respectively, show the coordinate
differences between the catalog values and the values obtained from the plate solution, and the
corresponding difference distributions.

Group #1: 20 reference astrometric errors

02

P

0.0

DAXISZ (")
-
|

-0.2

Mx?'s(i "
Figure 4 - An example of a 2D map of the coordinate residuals from the results of the scamp procedure,
using the CCD-observations with FOV of 19°x19’, obtained on the Zeiss-1000, TSO (November 2017)

In the case of a success of the wes-procedure, corresponding CCD frame with updated fits header is
passed further to search for catalog stars on the FOV.

Catalogs query to search for known stars:

The next step of the methodology is the identification of stars on the FOV of the CCD-frame
listed in various catalogs. For example, these can be photometric standard catalogs or variable star
catalogs. In the former case, these stars can be used to convert instrumental stellar magnitudes into a
standard photometric system, and in the latter case, identified stars can be excluded from further analysis
as variables or suspected variables. Astroquery package [10] (Vizier « astroquery.vizier) allow one to
automatically identify stars of the catalog of particular interest from the Vizier database. In our
implementation of the data analysis process URATI1 [11], UCAC4 [12] or 2MASS [13] catalogs are used.
The values of the magnitudes in the ugriz system (the photometric system of the SDSS) converted into the
UBVRI system, which is used on TSO. The following conversion equations are used for this purpose
[14]:

B—g=(0313%0.003})- (g — )+ (0.291 + 0.002)
V—g=(—0565+0.001)- (g —7) — (0.016 + 0.001)
V—1=(0.675+0.002)- (g — i) + (0.364 £ 0.002), if g—i=<2.1
V—1=(111+0.02)-(g— )= (0.52+0.05), if g—i>2.1
R—7=(—0.1534 0.003)- (r— i) — (0.117 + 0.003)

R —I = (0.93+ 0.005) (r — i) + (0.259 + 0.002)

— 4y ——
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The equatorial coordinates of the detected stars in the catalog are transformed to the (X, Y)
coordinates of the position on the CCD frame using astLib library (astWCS « astLib). The positions of
stars are checked for proximity to the edges of the CCD frame and are excluded from the analysis if they
are located too close to the edge of the FOV (usually less than the width of the star profile). The resulting
catalog of stars tabulated in a convenient from using astropy.table (Table, Column <« astropy.table) and is
submitted to the procedure to build a PSF profile for PSF photometry of all sources detected on the frame.

There are several reasons why we chose this method of building PSF-profile. First, we use a star
catalog, and not just the detected sources in the field of CCD frames, among which could be random
sources. Secondly, we, simultaneously to construction of the PSF profile, conduct photometry of catalog
stars, which allows us, in the future, to carry out transformation into a standard photometric system, if
there were no observations of the standard fields carried out for some reason. This is particularly useful if
observations are to be made in uninterrupted regime. Third, the subsequent subtraction of catalog stars
allows to detect and conduct photometry of stars that are not included in the catalogs. Such stars are the
main targets of observation campaigns and surveys.

To automatically build a proper PSF profile one should be sure that the profiles of the selected
stars are far enough from the edge of the CCD frame and do not overlap with each other. We use the
following criteria for the selection of PSF stars:

EIEPE.E' = X = N,PEI_E'EPHand BIRFE\;D d:YE:N‘F{x_E IRFEF,

= J4xT+ 4y2 jdx, Ay,

where "is - the mutual distance between the centeroids of the stars. Here

Npix = NAXIST size of the CCD frame in pixels, Rpsp = 4 FWHMpsy —1_ 1adius of the PSF-
FWEM — Feeing

profile, PEE soate " - preliminary estimation of full width at half maximum of the PSF-

) = S . .
profile with feing = 2 '5, which is determined by astroclimate of an observatory. The parameter

pm
scale = — < 206.265 —
F - is image scale in arcseconds per pixel, where H#TT = XPIXSZ. physical size

of the pixel in micrometers, f =FOCALLEN _ equivalent focal length of the telescope in mm. After star

selection procedure using preliminary estimation of the parameters the value of FWHMpge is refined
automatically using radial profile fitting procedure radprof of the IRAF applied to selected stars. The total
number of PSF stars selected according to these criteria usually does not exceed 25. Obtained refined
profile parameters are used for the specification of the parameters for the photometry procedure.

o = TWEMEs
Photometric aperture AP =5 Oyhere Tof the Gauss profile related to FWHMgge 55 3T 2 ,
. . R - i . .
inner sky radius for sky background estimation is Rimmer = ©° 7 and corresponding outer sky radius is

Ri?;i-er - Rij:i er T 20 Radius of the PSF-prifile used for fitting is Rrie

The selection of the PSF profile function can be automatic or user-defined. In our implementation,
the Moffat profile with f=2.5 [15] is used, and if the construction is unsuccessful, the profile "penny2" is
used (a complex profile whose kernel is described by the Gauss function, and the wings of the distribution
are described by the Lorentz function with the parameter f=1, while the Gauss and Lorentz functions can
be inclined in different directions), which showed the best result. To normalize the PSF profile, first the
daophot.phot procedure is used to estimate flux value using aperture photometry. Then the
daophot.pstselect procedure selects stars to build a PSF profile and finally daophot.psf builds the PSF
profile.

If the PSF profile is successfully built, it is passed to the next stage of processing. If for some reason
the PSF profile cannot be built, the program proceeds to the next CCD frame.

= FWHMpg + 0.75
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Catalog stars subtracting from the CCD frame and search for new objects:

The next step is photometry of catalog stars and their subsequent subtraction from the field of CCD
frame. To do this, the aperture photometry of all stars of the catalog is carried out again by the
phot.daophot procedure. The resulting aperture photometry values, PSF profile, and the corresponding
source coordinates are used for the PSF photometry using allstar.daophot task. As a result, in addition to
the photometry results, we obtain images with subtracted catalog stars for which photometry was
successfully performed. These images are used to search for new sources (SExtractor) that are not
included in the catalog and which are of our main interest. After that, a generalized list of objects is
formed. At this point, one can recalculate the PSF profile again to check the overlap of the star profiles.
Then the PSF-photometry is performed simultaneously for all stars in the combined list by allstar.daophot
procedure. This stage is shown in Figure 3 by a blue dashed line.

The resulting CCD frame with all detected and successfully passed photometry stars subtracted
should ideally shows a field with background noise. An example of sequential subtraction of processed
stars is shown in Figure 5.

a b c

Figure 5 - CCD images with the sequential subtraction of stars: a) the original CCD image, b) after photometry and subtraction
of the catalog stars, c) after photometry and subtraction of sources not included in the catalog. The remaining stars on the field
were overexposed and excluded from the analysis process

Output the results of the analysis:

For the convenience of further analysis of the obtained results, using them directly for publication or
exchange between interested groups, they given in the form of tabular values in the conventional text
format, and in the format of csv and tex. These tables are automatically generated separately for catalog
stars and for objects that are not included in catalogs. Tables for catalog stars contain the following
information: catalog number (recno), the coordinates of the object in the catalog in fractions of degrees
(RAJ2000, DEJ2000), the values of magnitudes in the catalog (Bmag, Vmag, Rmag, Imag), the
coordinates of the object in the catalog in the format h:m:s and d:m:s (RA and DEC), their magnitude in a
certain filter (V_Johnson), corresponding error of magnitude (errV_Johnson), the observed values of the
coordinates in the format h:m:s, d:m:s (RA_obs, DEC obs), barycentric Julian date (OBS-TIME) and the
air mass at the time of the observations (AIRMASS). The tables for objects not included in the catalogs
contain the following information: number of internal (local) catalog (recno), magnitude values in a
certain filter (V_Johnson), corresponding magnitude error (errV_Johnson), observed coordinate values in
the format h:m:s, d:m:s (RA_obs, DEC obs), barycentric Julian date (OBS-time) and air mass at the time
of observations (AIRMASS).

Results

The described method is tested on observations of the asteroid Phaeton that were obtained on the
Zeiss-1000 (TSO) in the period from 16.11.2017 until 22.11.2017. In total, more than 280 CCD images
were obtained in each of the three BVR filters. That is, the total number of images is more than 800.
Several dozens of catalog stars are identified on the field of each CCD image and, therefore, the number

—— Y4 ——
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of photometric estimates and astrometric measurements can reach several tens of thousands. If we take
into account the registered sources that are not included in the catalogs (which are of the greatest interest
for us), the number of photometric measurements for this particular example is several hundred thousand!
However, the whole process of photometry of the whole array of observations in automatic mode takes
only a few hours.

The developed technique of automated photometry of all sources on the field of the CCD frame
can be used to search for objects with large proper motion (for example, asteroids and other small bodies
of the solar system).

As an example, the result of the methodology applied to the observation of the asteroid Phaethon
(3200) is shown in Figure 6. This figure shows a plot of 10°x10> FOV with the result of automatic
astrometry and photometry of all objects observed in 19.11.2017 on the Zeiss-1000 telescope (TSO). The
size of the marks corresponds to the instrumental stellar magnitude. In addition to the main object of
interest (the Phaeton), two known asteroids are also visible on the field (230273, 45156). When one
constructs such a map, catalog stars identified by a unique number are displayed with colored symbols,
depending on the magnitude of the stars in the three filters. The values of stellar magnitudes and positions
of these stars are automatically saved as tables in three formats (text, csv, tex) for each of the stars of the
catalog separately and for each of the filters in which observations were carried out. Information on other
objects of interest to the user can be obtained, for example, by selecting the appropriate area on the map
shown in Figure 6. The resulting tables are used to construct and analyze the light curves. The results of
this analysis will be presented in a separate publication.
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Figure 6 - The results of the automatic photometry and astrometry of the CCD-observations obtained on the Zeiss-1000 (TSO).
Shown is field of size ~ 10°x10°, where one can identify the tracks of the three asteroids (indicated by arrows and number)

Discussion

Conducting survey and search observations to detect transients, fast evolved processes, monitoring
for variable stars, etc. on medium and small aperture instruments (from 50 cm to 1 meter) with a
sufficiently large FOV involves obtaining a large array of observations. Especially if EMCCD is used as
an instrument in time-domain astrophysics. In addition, the availability of the results of various sky
surveys in the form of databases can significantly improve the efficiency of searching for new objects,
information about which is not available in catalogs, or quickly respond to the need for alert and follow-
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up observations of high-priority objects. This makes the task of fast and robust processing and analysis of
observational data particularly relevant.

The methodology described in this article was implemented under the Linux operating system
based on the python high-level language and uses generally accepted and proven algorithms for data
analysis (whose implementations are freely available).

The work on improving the methodology continues. In particular, it is necessary to develop
criteria for updating the parameters of procedures for detection of faint objects on a FOV, to consider the
possibility of building a PSF profile for the particular instrument, which should not only improve the
quality of the results of PSF-photometry, but also reduce the processing time. Another important problem
to be solved is an implementation of methods of extended object photometry including tracks of objects
observed at different regimes of telescope tracking, as well as photometry of extended objects (galaxies,
nebulae).

In conclusion, we should note some possible sources of errors in photometry and astrometry using
the developed methodology. First, it is assumed that the PSF profile remains constant throughout the
entire observation session, which may not be the case for observations in highly changing weather
conditions, inaccuracies in the telescope tracking (wind, auto-guiding failure, etc.). As a result of the
incorrect description of the true stellar profile on the images, there will be some remnants after subtracting
the stars which can be incorrectly interpreted as additional sources. This ultimately leads to errors in
photometry. Second, it is assumed that the dependence of the PSF profile on the CCD frame is also
constant or changes linearly. If this requirement is not met, it can also lead to errors in the photometry of
stars and the detection of false sources. To determine the valid regimes of adequate performance and
assessment of the domain of application of the methodology we should test it on artificial data generated
with different noise levels and different complexity of the field (density of sources, the variability of the
PSF-profile stars across the field of the CCD frame, etc.).
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YJIKEH AYKBIM/JIATbI 3BA-BAKBIJIAY MOJIIMETTEPIH ®OTOMETPIEY
KOHE ATBIM/JBIK ACTPOMETPUAHBIH 9AICHAMACBI

AHHOTanusl. [31ey KammaHusuapsl HeMece aclaHAbl IoNy/la Y3aK yakbIT Oakpuiay skyprisrenzae, 3bA-cyper-
Tepaeri 0OBbEKTLIEp CaHbl MaKCHMallibl OOJFaHa JKOHE OHBIH acCTPOMETPHSUIBIK JKoHE (POTOMETPIIK 3epTTeyliepiH
Kyprisyain 3BbA-0akpuiaynapblHbIH alblH-alla ©HJEY NPOLECIHIH OHJeNreH oaicHamackl OepinreH. lleticc-1000
(TIIAO) teneckoObiHma actepous Da’TOHHBIH YJICH ayKbIMABI OAKbUIAYy MOTIMETTEPIHIH Talifay oJliCHAMACHIHBIH
HOTIDKEIEPi KOPCETLITEH.

Tipex ce3mep: 3BA-0akpUraymapbl: MONIMETTEpIiH TalAaylapbl, OJiCHaMa: acTpOMeTpusi, (OTOMETpHS,
aFBIMJIBIK MOJIMETTEpAl OHIIELY.
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METO/IAKA IIOTOKOBOM ACTPOMETPUA _
N ®OTOMETPHUH BOJBIIIOI'O MACCHUBA II3C-HABJIIOJJEHNHU

AnHotanusa. [laHo omumcanume pa3pa0OTaHHON METOAWKH Ipolecca MpeaBaputelibHoi oOpadotkm [13C-
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N300paXKEHHSX, KOTOpPhIE MOIYYarOTCs NPH IPOJOJDKUTENBHBIX HaONIOAEHUSIX, 0030pax Heba WM IOMCKOBBIX
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ANALYTICAL EXPRESSIONS OF THE PERTURBING FUNCTIONS
IN TWO PLANETARY THREE- BODY PROBLEM
WITH MASSES VARYNG NON-ISOTROPICALLY
WHEN AVAILABLE FOR REACTIVE FORCES

Abstract. The paper considers a two-planetary exoplanetary system with variable masses in the absolute
coordinate system. The equations of motion are described with the Meshchersky equations. The masses of the parent
star and the planets are considered variable, varying at different rates. The general case is investigated when the
masses of bodies change with time anisotropically, at different rates. As a consequence of an anisotropic change in
mass, reactive forces appear that significantly affect the dynamics of the exoplanetary system at the non-stationary
stage of its evolution. The equations of motion have no integral, so the problem is investigated by perturbation
theory methods developed for such non-stationary systems. The initial equations for the use of perturbation theory
are the equations of motion in a relative coordinate system with the origin at the center of the parent star with mass.
The methods of perturbation theory are used based on aperiodic motion along a quasiconic section. The motion of
two planets, within the framework of the problem of three point bodies with variable masses varying anisotropically
in the presence of reactive forces, are described by the equations of perturbed motion in the form of the Lagrange
equation. Perturbating functions are expressed through the osculating elements of two planets. Analytical
expressions for the expansion of perturbing functions into a series are obtained. The work highlights the main and
indirect part of the perturbing functions is singled out. Exactly to the square of the eccentricities of the planets, actual
decompositions are performed. The derived formulas allow us to study the evolution of orbital elements due to the
variability of the masses of the parent star and planets. They allow us to describe dynamic effects in the two-
planetary three-body problem with variable masses as a single planetary system at the non-stationary stage of its
evolution. To perform complex analytical calculations, the Mathematica software package was used.

Key words: three-body problem with variable masses, non-stationary exoplanet systems, stars with variable
masses, aperiodic motion, protoplanetary disk.

1. Introduction. Our solar system is considered a fairly evolved system (4.5 billion years). All orbits
of the solar system are close to circular orbits e~ 0, except for the orbit of Mercury. Mercury has
eccentricity e~ 0.2 the inclination of the plane of the orbit is 7 degrees. The great planets of the solar
system, which is particularly well seen in the example of Saturn, "freezing" of the orbits has already
occurred. Well-evolved systems have gone through so-called "freezing" of orbits (stable orbits are
concentrated in one plane near the plane of the equator of the star).

Many exoplanetary systems (currently there are more than 4000 of them), we observe large variations
in the slopes of the orbital planes to the equator of the star, which may indicate different evolutionary
tracks of such systems. There is a known one exoplanet that moves in the opposite direction from the
direction of the orbital motion (retrograde orbit) - an exoplanet called WASP-17b, located in the
constellation Scorpio [2]. According to statistical analysis, it is known that the number of planets in
specific exoplanetary systems varies from one to seven planets. In the exoplanetary system TRAPPIST-1,
seven planets were discovered [3]. The stars of the spectral class G, which includes our Sun, have the

—— 48 ——




ISSN 1991-346X Cepusa pusuxo-wamemamuyeckas. Ne 3. 2018

largest number of exoplanetary systems. Venus is the only planet whose own rotation does not coincide
with the direction of rotation of other planets in the solar system. This suggests that, because of the
diversity of exoplanetary systems, there is a need for detailed studies of their dynamic evolution,
especially at their non-stationary stages.

2. Research methods. Consider an exoplanetary system consisting of three intergravitating spherical

celestial bodies with changing masses. Let, m, =m,(t)- the central parent star, m, =m,(¢) - the inner

planet and m, =m,(¢) - the outer planet with variable masses. The motion of two planets, in the

framework of the problem of three spherical bodies (which interact as material points) with variable
masses changing anisotropically, in the presence of reactive forces, in an absolute coordinate system, are
described by Meshchersky's equations [4]. The problem will be considered in a relative coordinate system

with the origin at the center, the parent star, with mass m, =m,(¢). Masses of bodies vary in different
rates

To T

2.1)

m m m

0 1 2

anisotropically. The problem is complicated, so we will investigate the problem using perturbation theory
methods based on aperiodic motion along a quasiconical cross section [5]. It is expedient to proceed from
the equation of motion in the relative coordinate system [4]. We will use the equations of perturbed
motion in the form of the Lagrange equation. To write in explicit form the equation of perturbed motion in
the form of the Lagrange equation, it is necessary to express through the osculating orbital elements of the
perturbing functions for two planets.

The equations of the perturbed motion of two planets in a relative coordinate system will be written
in the form [4]

. g i
n +f(m0 -|-I1’ll)—l3+ﬁl”1 Zgradlel’ (2.2)
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U, , U, - force functions of the Newtonian interaction of bodies, and we will assume that 7 <7, .

We express all the terms of the perturbing functions, through the orbital elements of the unperturbed
motion. Out of them, the most complex is the expansion in a series of force functions of Newtonian
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interaction of bodies. It is expedient to distinguish the principal and the indirect part of the perturbing
functions

- u H
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Expressions in the right-hand parts of these formulas are expanded in a series along the osculating
elements of aperiodic motion along a quasiconical section. The expansions of the perturbing functions
(2.5), (2.8) are not particularly complicated, since the analytical expressions for the coordinates and the
square of the modulus of the radius vector are simple [5]

x = yp[cosu-cosQ—sinu-sinQ-cosi], (2.15)
y=yp[cosu-sinQ+sinu-cosQ-cosi], (2.16)
z=pyp[sinu-sini], (2.17)
Pr=x"+y +z20 =y p . (2.18)

Their expansions in series are known [5,6]. Also, decompositions of the quantities
(I’ / 7a) = (,0 / a) , (]/a / V)2 = (a / ,0)2 in the indirect part of the perturbing function (2.13), (2.14).

2.1 The decomposition of the perturbing function principal part. As noted above, the main

~

difficulty lies in the expansion of the principal part of the perturbing function U 121> U, . According to

2en

the vector 7, =7, —F; follows
22 pme o2 2 2
ro, =1 =25 +1 =1 —2rr,cosy +r, (2.19)

where, i - the angle between two radius-vectors.

We denote
2 _ 2
A =r, =1y =1 =2nrcosy +1 (2.20)
A, =1 +r] —2rr, cos (u1 —uz) , (2.21)
Y =cosy — cos(u1 - uz) , (2.22)

where, u, = ®, + 6, u u, = ®, + 6, - the true longitudes of the inner and outer planets, respectively.
Then from (2.19) taking into account the notation (2.20)-(2.22) we obtain
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2
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From the inequality (2.23) follows that
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let's expand the second factor in the right-hand side of (2.24). As a result, we get
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Generalizing formula (2.25), we can write
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A A, A, 2 Ay, 2 A, im0 (l!) 2 A,

We express the right-hand side of (2.26) in terms of the orbital elements of the two planets. For this,
it is necessary to express the quantities Ag(z”” and ¥ through the orbital elements. Expressions in terms

of orbital elements of quantities /; = Y,0,, 1, =¥,0,, simple enough and known [8-10]. First, we

obtain the necessary formulas for the expansion of the quantity determined by formula (2.22).
For the first summand of (2.22) we have

cosy = R R P e S W TP RO T e R
nr hnooonon nh

(2.27)
A + Y| s + 2 || &

V1P V2P V1P 72P> V1P 72P>

Correspondingly, it follows from (2.15) - (2.17) that the coordinates of points can be written in the
form

SETI  NCT [{cosu,}cosQ, —{sinu, }sinQ cosi |-[{cosu,}cosQ, —{sinu,}sinQ, cosi, |

?/1/01 7zpz

AT N e [{cos ul}sin Q +{sin ul}cos Q cos il]-[{cosuz}sin Q, +{sin uz}cos Q, cos iz] (2.28)
7P, V2P,

T Y :[{sinul}sinil]-[{sinuz}siniz]

?/1/01 y2p2

Formulas (2.27), (2.28) define the expression cosy/ in terms of orbital elements. In (2.22), it is still
necessary to expand the second term in series




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

cos(u1 _”2) =Cosu, cosu, +sinu sinu, =
= cos(a)1 +91)cos(a)2 +6’2)+sin(a)1 +¢91)sin(a)2 +92) =
=[cos@ {cos@ } —sinw {sing }][cos @, {cos O, } —sin @, {sin O, }]+ (2.29)

+[sin o, {cos 91} +Cos @, {sin 0 }][sin o, {cos 92} +cos @, {sin o, }]

The expression in curly brackets decomposes into an infinite series in powers of eccentricity [6]. As a
result, we obtain an analytical expression ¥ through the orbital elements of two planets.
The situation is more complicated in the expansion in a series of quantities Aa(zm) . Equations (2.21)

can be rewritten as
2 2
A(z) = a1272 (&] + a§72 [&j —2a7,a,7, (&J(&JCOS(% _uz): a12712 (1 +R, )2 +
al a2 al a2
+a,7; (1+R, )2 —2a,7,a,7,(1+ R )(1+ R, )cos(u, —u, ) = a y{ +ayy; —2a,,a,7, cos(u, —u, ) +. (2.30)
+a’y} (2R1 +R12)+a22;/22 (2R2 +R22)—2a171a27/2 (R, + R +RR,)cos(u, —u,)

We denote by
pl = [yfaf +yya; —2y,y,a,a, cos(u, —u, )] ,(2.31)
R, =a}y; (2R + R} )+ @373 (2R, + R} ) = 2a,1,a,7, (R, + R, + R R, )cos (u, —u, ),
where, R, R, the remaining parts of the expansion of the radius-vector modules depend on the first and

above the degree of eccentricity. Then it follows from (2.30) that

2 2
Ay=py + R, . (2.32)
Therefore, we can write
-1/2
1 1 R
—=—[1 +—1§j : (2.33)
Ay Py 2o
1 12
p_ = yfaf +)/22a22 -2y,7,a,a, cos(ul —uz)] =
0
(2.34)
1 _
= [1+a2—2acos(ul—u2)] 1/2.
}/2a2
We rewrite formula (2.33) in the form
—(i+1/2)
L __1 [, R,
A2 - p2i+l + ,02 : (2.35)
0 0 0

Expanding the right-hand side of (2.35) in a Taylor series with p; respect to, we obtain

1 1 0 1 0 1
= +(’q_7/lal)—( 2i+1j+(r2_7/2a2) ( 2i+1j+"' (236)

AP a(71‘11) Py 6(72"2) 0
We denote by

— 50 ——
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7, 7.
=———1 & =—""-1 (2.37)
74 7,4,

&

From the known series expansion follows
2 3
3
P l1—ecosM +e—(1—cos2M)+i(cosM —cos3M)+
ya a 2 8
(2.38)

4
+%(cos2M —cos4M)+O(eS).

Therefore, &, has order O(el), where ¢, has 0(62).
Let denote the D, , differential operator

D, =(ra) (ra) —— 239)
m,n 171 2772 a(ylal)mﬁ(yzaz)n .

Then from (2.36) we obtain
= l:l + €1D1,0 + 82D0’1 + ;(6‘1 D2,0 + 28182D1’1 + g, Do,z ) +... . (2.40)

2i+1
A0 0

However, from the relation (2.34) it follows that

1 1 (2i+1)
— :{ [1—0{2 —2a cos (u, —u, )]_1/2} -

Po 7,4,

=(7,a, )7(2"“) [1 —a® —2acos(u, —uz)]_([wz) = (2.41)

—i+) 1 & ; .
=(7,a,) (2 1)5 Z bi(jl)/z(a)cos[](ul—uz)],

==

—bi'j)(a): 1 T cos jydy :
2 27y (1—2ac0s1//+a2)

(2.42)

The quantities bs(j ) ((x) in the formula (2.42) are called the Laplace coefficients, each of which can

be represented as a uniformly convergent series in ¢ for all a <1[7,6].
Let's denote

A =D, (@) 7t (@) =

m n amm —2i+1) (j) (2.43)
ra) (r.a — n( ay. b« )
()" ) o) (@
As a result, formula (2.40) has the form
1 0
AZM = 5 Z |:Ai,j’0’0 + 81Ai,j,l,0 + 82Ai,j’0,1 + :| COS ] (u] - uz). (2.44)
0 j=—o
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if we generalize this expression, we get

1 1l & | &1 G(! B _
- :_Z Z_Z[ }1k‘921 kAi,j,k,l—k COS](ul—uz). (2.45)

In calculating the partial derivatives with respect 4, ,to ( 71a1) and (72612) one should be

careful, since ( 71“1) and (7/2“2) are also implicitly contained in the Laplace coefficients bi(fl)/Z (0{ ) .
Substituting (2.45) into (2.13), we have

Z(Zl |l Pl P § [(71a1)i(72a2)i+lx

i=0 l') 2 a, a,
(2.46)
Z|:ZI'Z( jllk &k z/klk:|cos-](u _u)

We note that in the expression (2.46) the inclinations # and i, are contained only in the quantity of
.
2.2 The actual expansion of the perturbing functions to within second powers of small

quantities. Let's consider the actual expansions of the perturbing functions to within second powers of
small quantities. Up to second degrees of eccentricities we have [10]

— 62 62
n =70 =14 (%) ~ 7,4, 1+?1+(—el)cole —jcos2M (2.47)
1 L
K =70, =1,4, = ~ 7,4, 1+?+(—ez)cosM2 —?cos2M2 . (2.48)
2 L

it =sing (0, ) 024 -(0) )+ 5034 (0,2 )~ 2sn (0 )|
st o5 ~(0,+ ) 024 -(0 ) 1) s34 (2 ) -os (0, )
sin@, =sin 4, —(QZ +a)2) +e,sin24, —(QZ +a)2)+e§ (Zsin?)ﬂ? —(QZ +a)2)—%sin/?2 —(QZ +a)2)j (2.49)

cost, ~cosd, (@ +@) +e,(cos24 ~(Q +@)-1)+¢ @cos% (@, +wz)—%cosﬂz (2, +a)z)j’

where formula M =4 — (Q + a)) is being considered.

Using the above decomposition, we finally express the right-hand side of (2.22) in terms of the orbital
elements.

Naturally, such cumbersome and complex analytical calculations are advisable to perform modern
methods of computer algebra. We used the system of analytical computation Mathematica [11]

As a result, the right-hand side of (2.22) has the form

— 54 ——
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‘i’:cosy/—cos(ul—uz):
:6_14(_((_7003(21 - —Q)+9cos(3/71 - —()1)—73111(11 ~ _Ql)+

+9sin(34 - —Q)) € +8(cos(24 + @ +Q +1) +sin(24 —q —Q, ) ) ¢ +8cos(4 -, )) x
X(~Teos( 4, —a, ~©,) +9c0s(34, e, ~ 0 ) ~Tsin( 4, ~ @, ~Q, ) +

+9sin(3ﬂL2 ) —QZ))ej +8(cos(—2/12 +,+€, +1)+sin(2/72 -, —QZ)) e, +800s(/72 —Qz))+
sin (7 )sin(2,) (7 cos(4 — @ ~Q ) +9c0s (34— —Q ) =Tsin(4 — Q)+

+9sin(34 - - )) € +8(cos(24 + @y +Q +1)+sin(24 —q —Q, ) )¢ +8sin( 4 -, )) x
X(~Tcos(4, —a, =) +9c0s(34, e, ~ 0 ) ~Tsin(4, ~ @, ~Q, ) +

+9sin(34, —@, — Q))& +8(cos(24, +@, +, +1) +sin(24, —@, —Q ) ) e, +8sin(4, —Q, )) -
~(-Teos( 4~ —Q ) +9c0s(34 —4 —Q ) - Tsin(4 — — 3 ) +

+9sin(34 — @ —Q )¢ +8(cos(—24 +@ +Q, +1)+sin(24, —g -, ) )¢ +8sin( 4, - )) x
X(-Teos( 4, —m, —Q,) +9c08(34, — 0, —Q, ) = Tsin(4, —@, —Q, ) +

+9sin(34, —@, — Y ))& +8(cos(24, +@, +€, +1) +sin(24, —@, Y ) ) e, +8sin(4, -, ) )+
H(-Teos(4 —@ =) +9c0s(34 ~ay ~ ) ~Tsin(4 -~ ~Q ) +

+9sin(34, - —Q))(cos(a)cos(sz)+sin(91)>ef+8(cos(§j+sin@jx

x(cos(il)cos(Ql)+sin(Q‘))[cos(—2/?1 +a+Q +%)—sin(—2ﬂ1 +@+Q, +%)jel +

+8(cos (i) cos (€3 )sin( £, €2 +cos( 4,2 )sin(Q)) (T eos( 4, ~ 3, ~0, ) +

+9cos(3/12 -, —QZ) —7sin(ﬂ2 -, —QZ) +9sin(3ﬂ2 -, —Qz))(cos(iz)cos(QZ)+sin(§22))ez2 +
+8(cos(%)+sin(%))(cos(iz)cos(QZ) +sin(Qz))(cos(—2/?2 +m,+€, nL%j—sin[—M2 +, +<, +%De2 +
+8(cos(i2)cos(QZ)sin(ﬂ2 —QZ)+(:os(ﬂ2 —Qz)sin(QZ)))+

H(7e0s(4 e~ Q) ~9008(34 —3 ~© ) +7sin(4, —ey ~ Q) ~9sin (34—~ ) ) (cos € ) —cos(i)sin (2 ) )¢ +
+8(cos(%)+sin(%D(cos(Q‘)—cos(il)51'11(91))(005(—2/11 +@ +€ +éj—sin(—2/11 +@ +Q, +%Del +

+8cos(/11 —Ql)cos(Q‘)—8(:()s(z'l)sin(/?1 —Q‘)sin(Ql))(—(7cos(ﬂ2 -, —Qz)—9cos(3ﬂ2 -, —QZ)+

+7sin( 4, — @, — € ) -9sin(34, —a, Q) )) (cos (€Y, ) —cos(i, )sin(X, ))& +

1 1 1 (2.50)
+8(cos(5j+sin(5D(oos(Qz)—cos(iz)sin(QZ))(cos(—%2 +a,+Q, +Ej_
—sin(—Zﬂ2 +@, +€), +%De2 +8005(ﬂ2 —(22)005(522)—8cos(i2)sin(/?2 —Qz)sm(QZ)))
For the actual expansion of the quantities AE(ZM) from formula (2.44), we have
1 1 & )
N _ > Z [AOJ_,O,0 +E 4, FEA L+ ] cos j (u, —u,) 2.51)
0 J==°
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1

_:_Z[A1/00+8A1710+8A1/01+ Jeos j(u, —u, ), (2.52)
.1:3C

___Z[ 2/00 1 2/10+82A2,,/,0,1+"']Cosj(u1_u2), (2.53)

where, according to (2.43), (2.42) are denoted by

4,j,h1,n = Dm,n ((612]/2 )7(2[“) br(:l)/2 ( )) -

m n a’”*" —(2i+1) (/) (254)
ra) (ra . lay) b)),
( ) ( 2 2) a(}/lal) a(yzaz) (( 2 2) /2( ))

140, (@)= [ @55

C2r 0 (1—2a0051/1+a2)i+1/2 '

To obtain the expansion in an explicit form, up to a second order of small quantities, it suffices to
retain the terms j =-3,-2,-1,0,1,2,3 in (2.51) - (2.53).

For example, consider 4, ;. According to the formula (2.54), we can write

Al.—3,o,1=Do.1((az7z)73b3(/_23)(a)) (7za) o(r.a )((%72)31’3(/_23)(0‘)):_3( ) 3/2 (a)
() () =B (@)] =3(ra) 8 (@)~ (ra) () <[ 5 ()]

Similarly, other coefficients 4, mn In formulas (2.51) - (2.53) are calculated.

(2.56)

3. Results. The performed analytical calculations lead us to the final results. In principle, we obtained
the expansions of the perturbing functions up to any order with respect to small quantities.

Indeed, substituting the obtained analytical expressions (2.51) - (2.53), (2.47) - (2.48), (2.50) into
formulas (2.25) and (2.13) we obtain the expansions of the principal part of the perturbing function.
Obtained explicit formulas also give the possibility of writing in an analytic form the indirect parts of the
perturbing functions. Also, using the obtained analytical expressions, we can write. As noted above, the
expressions for the perturbing functions (2.5), (2.8) in terms of orbital elements are simple enough and
follow from formulas (2.15) - (2.18).

Thus, the complete expressions of the perturbing function (2.4), (2.7) are expressed in terms of the
orbital elements of the two planets.

Using the obtained formulas, the actual expansions of the perturbing functions are found to within a
second order with respect to small quantities.

4. Discussion. In the paper, we examined two exoplanets in a relative coordinate system with the
origin at the center of the parent star. The general formulas for the expansion in a series of perturbing
functions in the two-planar three-body problem with masses varying anisotropically at various rates,
based on aperiodic motion along a quasiconic section, are obtained for the first time. The relations
obtained make it possible to expand the perturbing functions with any accuracy with respect to
eccentricities and inclinations.

The results of this work open up new promising opportunities in the study of the dynamics of
nonstationary gravitating systems. The obtained equations will be effectively used to study the dynamic
evolution of exoplanetary systems because of an anisotropic change in the masses of the parent star and
planets. In this case, the effects of the decrease in the mass of the parent star and the growth of the mass of
the planets will be taken into account because of the accretion of matter from the remnants of the
protoplanetary disc.

The research has been done according to PhD training program MES RK and PTF MES RK Ne
BR05236322.
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YAK 521.1
M. J:x. Munrauéaes'?, C.A. Illommekosa '

'9n—<1>apa61/1 areigarel KYY, Anvarel, Kazakcran;
*«B.T. ®ecenKoB athiHaarkl Actpodusuka nHCTHTYTE EXKIIIC, Anvatsl, Kasakcran

PEAKTHUBTI KYIITI ECEINIKE AJIBIIT AHU3ATPOINITHI AMHBIMAJIBI MACCAJIAFBI
EKI ITAHETAJIBI YIII JEHE ECEBIHIH YUABITKYIIIBI ®YHKIIUSHBIH
AHAJIMTUKAJIBIK TEHAEYJIEPI

AnHoTtanusi. Byn >kymbicta abconioTTi KoopAnMHATalap JKyHeciHaeri ailHbIMabl Maccajbl €Ki IUIaHEeTallbl
9K30IUIAHETANBIK Kyiie KapacTelppurraH. Kosrameic Tenzaeyiepi Memniepckuil TeHueylnepiMeH CHUIaTTaiazbl.
LleHTpIK >KYIOBI3ABIH KoHE IUIAaHETAJIApAbIH Maccajlapbl aifHbIMalbl 9pPTYpIi KapKbIHMeH e3repeni. [leHenepain
Maccaiapbl yakbpIT OOWBIHIIA aHM30TPONTHI, OPTYPJi KAPKBIHMEH ©3TepeTiH KajMbl JKaraail 3eprreleni.
OK30IUTaHEeTalIbl KYHe IBOJIIOIHUACHIHBIH OEHCTAlOHAp CAaThICHIH/IA MAaCCAHBIH aHU30TPONTHI ©3repyi alTapibIKTal
OHBIH JMHAMUKachblHa ocepiH THrizeni. Kosranpic TeHneyiHiH HHTerpaisl OoJMaraHABIKTaH, Oyl Moceie
OelicTarrioHap xylenepre eHAeIreH YHBITKY TEOPHUICHIHBIH dicTepiMeH 3epTTeieai. ¥ HbITKY TEOPUCHIH KOJIIaHyFa
Maccallbl LEHTPIIK JKYJIBI3 CAJBICTHIPMalibl KOOpAMHATANIAp JKYHECiHIH KO3FaslbIC TEHAEYiHIH Oachl periHzie
KonmaHbLtaabl. KBa3ukoHycTHl KUMa OOMBIHIIA ITEPUOATHI eMEC KO3FAJIBIC HETi31H e YIBITKY TEOPHSICHIHBIH dJIicTepi
KonmaHbutaapl. Exi muiaHeTaHbIH KO3FAIBICHI PEAKTHBTI KYIITI €CKEpreHe Maccalapbl alHbIMaJbl aHW30TPOINTHI
©3TepeTiH YII HYKTe JaeHe eceOiHiH meHOepiHge YHWBITKY TEHAEYiHiH Kosraibichl Jlarpamxk TeHAeyJepiHiH
¢dopmaceiHia cumatTananpl. ¥WHITKY (YHKOUAIApbl €Ki IIaHETaHBIH OCKYJISIMSIIaHFAH AJIEMEHTTEPl apKbUIbI
opHeKTesei. YUBITKY (YHKIUSIAPBIHBIH KaTapra JKIKTETiHYiHIH aHAJIUTUKAIBIK TeHIEYyJepi aiubiHabl. JKyMbicTa
YHUBITKY (QYHKOMSACHIHBIH OacThl KoHEe j>kaHama Oediri kepcerinai. IlmaHeranmapiblH 3KCHEHTPHCUTETTEPiHIH
KBajlpaTTapblHa JEWUIHI1 JOJIIIKTEri HAaKTHI XKIKTeyl OpbIHIAABL. AJIBIHFAH (opMynanap HEHTPIIK XYJIIbI3 JKOHE
IUIaHEeTaJlapAbIH  MaccajapblHbIH aiHBIMAJIbUIBIFBIHA OaliyIaHBICTBl  OPOMTANIBIK 3JEMEHTTEPAIH BOJIIOLUSICHIH
3epTTeyre KoyaHeliapl. KapacTelpbulFaH €Ki IUlaHeTasbl Y JIeHe eceOiHiH OelicTaloHap aifHBIMaIbl 3BOJIIOLHS
CaThICBIHAAFbl TUHAMHKAIBIK 3¢ ¢exTinepai cumarraiinsl. Kypheni aHamuTHUKaNBIK ecenTeyliepi OpbIHAay/a
Mathematica nmakeT GarnapiaaMachH KOJIAHIBIK.

Tyiiin ce3mep: aifHBIMaJIbl Maccaibl yII JieHe ecebi, OelicTanmoHap SK30IUIaHETAJBIK JKYHelnep, aifHbIMaIIbl
Maccallbl XKYJIABI3/1ap, allepHOANKAIBIK KO3FalbIC, IPOTOIJIAHETAJIBIK JIUCK.
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M./I:x. Munrau6aes'?, C.A. llommexosa'”’

'KasHY um. anp-Papadu., Anmatsel, Kazaxcran;
2ITOO «Actpodusmaeckuii WuctutyT nm. @ecenkoBay, Anmarsl, Kazaxcran

AHAJIMTUYECKHUE BBIPA’KEHUS BOSMYIIAIOIIUX ®YHKIIUA
B IBYXIVIAHETHOM 3AJIAYE TPEX TEJI
C AHU3ATPOIIHO USMEHAIOIUMUCA MACCAMHA
TP HAJINMYNU PEAKTUBHBIX CHJI

AHHoTanus. B paboTe paccMaTpuBaeTcs AByXIUIaHETHAS SK30IUIaHETHAS CHCTEMa ¢ IEPEMEHHBIMHA MacCaMH B
a0CONIOTHOW CHCTEMe KOOpAWHAT. YpaBHEHHMs JABIKCHHS OIMCHIBAIOTCS € ypaBHeHMsAMH Memepckoro. Maccel
POIUTENHCKON 3BE3/BI U IUIAHET CYUTAETCS MEPEeMEHHBIMHU, H3MEHSIONIMMHUCS B PA3IMYHBIX Temmax. Vccremyercs
oOmmii ciydaif, Korga Macchl Tel MEHSIOTCS CO BPEMEHEM aHHM30TPOITHO, B Pa3NMUYHBIX Temmax. Kak crenctBus
AQHM30TPOMTHOTO M3MEHEHHS MacC IMOSBIIOTCS PEaKTHBHBIC CHIIBI, KOTOPBIE CYIIECTBEHHO BJIHSET HA JWHAMHKY
9K30IUIAHETHOW CHCTEMBI Ha HECTAI[IOHAPHOM JTalle €€ SBOJIIOLUHU. YPaBHEHUS IBIKCHUS HE UMECIOT HHU OHOTO
WHTETpaja, MO3TOMY IpobiieMa HCCIEIYIOTCS METOJAMH TEOPHH BO3MYIICHHH pPa3pa0OTaHHBIX IS TaKUX
HECTAIlMOHAPHBIX CUCTEM. VICXOTHBIMU 7Sl HCIIOIB30BAHUS TEOPUH BO3MYILEHHUN SBISIFOTCS yPaBHEHUS ABIKCHHS B
OTHOCHTENIbHOW CHCTEME KOOPAMHAT C HAa4aJIOM B IEHTPE POAUTENBCKOHN 3Be3nbl. VICHOip3yeTcs METOABI TEOPHU
BO3MYIIICHHH Ha 0aze ameproAWYEcKOTrO IBIDKEHHUS MO0 KBa3MKOHHYECKOMY CEUYECHHIO. /[BIDKeHHe IBYX IUIaHET, B
paMKax 3agadd TpeX TOUYEYHBIX TeNl C TMEPEeMEHHBIMH MacCaM{ H3MEHSIOMMMUCS AHW30TPOIHO TNPH HATHYHH
PEaKTUBHBIX CHJI, ONKCBHIBAIOTCS YPAaBHEHHUSMH BO3MYIIEHHOIO JBWKeHHs B (opme ypaBHeHus Jlarpamxa.
Bosmymaromue GyHKIMH BRIPAXKAIOTCA Yepe3 OCKYIHPYIOIINE 3JIEMEHTHI IBYX IUIaHeT. 11oaydeHsl aHaIuTHIecKue
BBIPOKECHHUSI Pa3IoKEHHss B psiii Bo3Mmylnarommx (GyHKud. B paboTe BblieneHO TJaBHAsh M KOCBEHHAs 4acTb
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paccMaTprBaeMOl JBYXIUTAHETHOH 3a/1a4e TpeX TeJl C MEepeMEHHBIMH MaccaMy Kak €IrHas IJIaHeTHas CHCTeMa Ha
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NEW RESULTS OF STUDY OF THE PLANETARY NEBULA M1-77

Abstract. The object M1-77 is known as the young low excitation planetary nebula. The variability of the
brightness and the radial velocities of the metal lines lead some authors to the idea of the binary nature of the central
star in the object. In this paper, the new photometric and spectral results obtained for the object M1-77 in 2009 —
2017, are discussed. Irregular variations of brightness in B, V, and R filters with an amplitude of ~ 0™.4 were
detected. During our observations, the absolute fluxes in the emission lines Ha, [NII] and [SII] increased
approximately as a factor 20. Significant changes of the fluxes began in 2011. Simultaneously, an increase of the
electron density of the gas in the nebula was recorded. It can be assumed that the reason of the observed events is the
reset of an additional mass of gas that has entered the nebula.

Key words: planetary nebulae, emission lines; individual: M1-77.

Introduction. The young planetary nebula M1-77 with the coordinates a(2000.0) = 21" 19™, §(2000.0)
=+ 46° 19" was discovered in 1946 [1]. Different estimations for the distance were obtained: 2.4, 2.5 and
2.83 kpc [2, 3, 4]. It is assumed that the central star has the low effective temperature ~ 20000K. The
diameter of the nebula is ~ 7" [2, 5]. Photometric observations [6] revealed rapid changes in the brightness
of the object within the range 0™.1 - 0™.2.

In the spectrum, the emission lines HI, [NII] [SII] are observed on the background of a strong
continuum. The relative intensities of the emission lines are presented in [5]. Absolute fluxes are given in
[7]. According to [5], the radial velocity, measured from the emission lines Ha and [NII], equals to -84 £
3 km/s. Rapid, within a few hours, changes in radial velocity were detected by De Marko [8]. One
possible explanation is the binary nature of the central star in the object M1-77 [9].

Observations and processing In Fesenkov Astrophysical Institute the spectral observations of the M1-
77 object are mainly performed on the telescope AZT-8 (70cm). CCD camera SBIG STT-3200
(2184x1472, 6.8) is used as radiation receiver at the output of the spectrograph. The available spectral
range for observations is ~ 3500 A (4000 - 7500 A A).

Additional spectral observations were made on a l-meter telescope installed at the Tien-Shan
Observatory. The telescope is equipped with a new diffraction spectrograph. At the output of the
spectrograph there is a CCD camera SBIG Atik-16200 (4500x3600, 6p). It has an increased sensitivity in
the ultraviolet and, in principle, makes it possible to obtain spectrograms in the range from 3600 A to
7500 A. During observations, the spectrograms of the studied object are obtained with a narrow (2 "- 3")
and with a wide (7 "- 10") entrance slit. Observations of a standard star with a known energy distribution
are performed with a wide slit, which ensures the passage and recording of the full entire radiation flux.
Standard processing of the files consists of subtracting the dark background, taking into account the flat
field and the atmospheric absorption. The spectral sensitivity of the apparatus is determined by comparing
the observed energy distribution in the spectrum of the standard with the data of the Catalog. After taking
into account all the corrections, the values of the radiation fluxes in absolute energy units are determined.
Spectrograms obtained with a narrow slit and with a resolution of 0.25 - 0.5 A are used to study the
structure of emission lines.




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

For the photometric observations of the object, the telescope AZT-8 and the 1-meter telescope (Assy-
Turgen Observatory) were used. A set of B V R filters and the following CCD cameras are used: SBIG
ST-8 (1530x1020, 9u) (AZT-8) and SBIG ST-7 (756x510, 9u) (1 meter telescope Assy-Turgen).

The procedure for initial image processing consists of standard operations using Bias, Dark and Flat
files. Image measurements are performed using the MaximDI-6 standard software package. The
calculation of atmospheric extinction and reduction of the obtained estimates of magnitudes to the
standard system B V R is carried out using a system of corresponding equations.

Results The results of photometric observations are given in Table 1. Columns 3 -5 give values of B
V R values for M1-77. Columns 6-8 contain similar data for a check star. The amplitudes of the
brightness variability of the object M1-77 equal to 0™.4, 0™.3 and 0™.3, in the BVR filters, respectively,
while the changes of the brightness of the check star in the same filters are, respectively, 0™.14, 0™. 02 and
0™.07 (Fig. 1).

Table 1 — Results of photometric observations of M1-77

Dates of 1D- M1-77 TYC 33589
observa-
tions 2400000 B Vv R B A\ R
1 2 3 4 5 6 7 8
09.08.2007 | 54322.324 | 12.94+0.01 12.15+0.01 11.29+0.01 11.44+0.01 10.95+0.01
21.06.2012 | 56100.374 | 12.65+0.05 | 11.83+0.01 11.17+0.03 | 11.30£0.05 | 10.94%0.01 10.57+0.01
01.10.2013 | 56567.155 | 12.86+0.03 | 12.15+0.03 | 11.34+0.03 | 11.43+0.03 | 10.96+0.03 | 10.57+0.02
03.10.2013 | 56569.153 | 12.84+0.03 | 12.11£0.02 | 11.34+0.01 11.44+0.02 | 10.96+0.01 10.55+0.03
31.07.2014 | 56870.390 | 13.06+0.04 | 12.18+0.02 | 11.43+0.01 11.43+0.01 10.94+0.02 | 10.50+0.01
01.09.2014 | 56902.217 | 12.96+0.04 | 12.24+0.02 | 11.49+0.01 11.44+0.01 10.95+0.02 | 10.53+0.01
13.07.2015 | 57217.134 | 12.91+£0.03 | 12.23+0.02 | 11.38+0.01 11.43+0.02 | 10.96+0.02 | 10.55+0.01
13.07.2016 | 57951.160 | 12.93+0.04 | 11.38+0.01 11.42+0.01 11.44+0.01 10.95+0.01 10.55+0.01
10.5
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Fig 1 - B V R magnitudes of the object M1-77 and a check star

In the spectrum of M1-77, the radiation fluxes in the lines HB, Ho, [NII], 6548, 6583 A and [SI1],
6717, 6731A were measured. The results are presented in Table 2. In the second row, power multipliers
for fluxes are given. The accuracy of the values is ~ 10 - 15%. In the last column of the Table 2 , the
electron density estimates obtained from the ratio of the intensities of the emission lines [SII], 6717,
6731A are given.
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Table 2 — Absolute fluxes of the emission lines in the spectrum of M1-77

Tlata JD-2400000 Hp [NIIL65 | Ha [NII], [SII], [, e
48 6583 6717 6731 ,

K 107 107 107 107 107 107 o
21.07.1976 42951338 1.20 031 0334 0.98
09.08.1991 48447333 2.06 0.85 0.645 248 027 0.29 1000900
18.09.2004 53253.042 443
11.10.2004 53290.175 1.29 2.26 4.82 036 0.43 1200700
09.08.2007 54322302 544
12.08.2007 54325318 6.09
13.08.2007 54326300 423 382 12.1 0.44 0.50 1300700
10.10.2007 54384.146 538 4.41 430 12.4 0.49 0.52 1200700
15.10.2007 54389.087 597
19.07.2010 55397342 7.15 6.64 591 213
07.07.2011 55750424 7.08 591 22 132
27.07.2011 55770307 7.10 593 22.0
03.08.2011 55777.345 7.09 6.00 22.1 0.83 134 4700=1500
06.08.2011 55780327 7.45
01.09.2011 55806.225 811
02.09.2011 55807.186 8.25 7.05 5.96 223 0.76 130 4800=1500
21.06.2012 56099.402 6.80 6.02 19.6 0.79 113 4800=1500
31.07.2014 56870.310 8.55
17.08.2015 57252301 587 508 187 0.82 123 4600+1500
09.06.2016 57914375 10.6 6.28 6.63 205 0.79 134 4800+1500
16.09.2017 58013.135 4.99 485 155 0.59 0.87 4500=1500

During our observations, significant changes in all emission lines were registered. The radiation flux
in the HP line increased by a factor of 10, the fluxes of the Ha and [NII] lines were increased
approximately as a factor of 20 (Fig. 2). The maximum emission in the lines of the "red" spectral region
was observed in 2010 -2011. In this period, an increase of the electron density of the gas is also noted. A
high level of values of these parameters is preserved to the present.

The behavior of the Hp line is somewhat different from the one described above, it’s flux increasing
continued until 2016. This is due to a change, in this case - a decrease, in the absorption coefficient.
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Figure 2 - Changes of the emission lines Hp and Ha fluxes in different years

Conclusion In the course of our research, we obtained data on the photometric reason of variability.
If the central source is a binary system, then the interaction between the stellar components (unstable

stellar wind), can also affect the brightness changes.

The spectral variability is manifested in the change of radiation fluxes in all emission lines. Most
likely, this is due to the release of an additional mass of gas, replenished the nebula. This is evidenced by




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

the observed increase in the electron density of the gas. Such event - the reset of the secondary shell is not
unique, but rather rare in the evolution of planetary nebulae.

The work was supported by the funding program BR05236322 of the Ministry of Education and
Science of the Republic of Kazakhstan.
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MPHTH 41.25.15
JI.H. KonapatbeBa, ®.K. Pricnaes, J.K. /lenncrok, M.A.Kpyros

«B.I'.®ecenxoB ateiHaarsl Actpodusuka nuactuTyTeDy EXIIC, Anmarer, Kazakcran
M1-77 INIAHETAPJIBIK TYMAHJBIKTBIH ZKAHA HOTHXEJEPI

AnHoTamms. M1-77 oObekrici aca GenceH/i eMec xKac IIaHeTapIIblK TYMaHbIK peTinae Oenrini. Byt 00bekTiHiH opTabIK
KYJIIBI3bIHBIH TAOUFATHIHBIH KacueTTepiHe OailIaHbICThl, SFHH METANIBIK CBHI3BIKTAPIBIH COYJENIK JKbULLAMIBIFBl JKOHE
JKapKbIpaybIHBIH alHBIMAIBLIBIFEL, OHBIH KOC 00BEKTI OOITyBI BIKTHMAI JIETeH WACSHBI KeiiOip aBTOpnap kentipeai. by sxymeicta,
2009-2017 >xpmpap apansiFbiHAaFrel M1-77 oObekTici ymIiH jkaHa (QOTOMETPIIK KOHE CIEKTPIiK MOJIIMETTep AJbIHFaH.
Ammmarynacsr ~0™.4 SKyInpB3ABK mamanarsl B, V skoHe R dmisTpnapbiHna jkapkeipay TepOemiciHiH OipKalbIIChI3IbIFGI
tabsu1aBl. bi3 6akputay sxyprisren yaksirra Ho, [NII] xxone [SII] SMUCCHSNBIK CHI3BIKTAPBIHAA CAyJIeTIEeHYIHIH aOCOIIOTTIK aFbIHBI
nramMamer 20 ecere apTThl. ArbiHHBIH e3repici 2011 xburgan 6actanabl. COHBIMEH KaTap, Oip yakpITTa KaOBIKIIAIaFbl Ta3bIH
ANIEKTPIIK THIFBI3ABIFBIHBIH APTKAHABIFBI TIpKeAi. ByaaH IIBIFaThIH TYXKBIPBIM, OaKbIIaHFAH KYObLIbICTapFa ce0en, TYMaH IbIKTa
apTKaH KOCBIMIIIA Ta3 MacCAChIHBIH IIBIFAPBITYHI JET OomKayFa 6oasl.

Tyiiin ce3ep: mIaHeTapIIbIK TYMaHIBIKTaP, IMUCCHSIIBIK ChI3BIKTAP; HOHBIK ChI3BIKTAp, jKeKe o0bekTinep: M1-77.

YK 524.386
MPHTHU 41.25.15
JI.H. KonapatbeBa, ®@.K. Pcnaes, J.K. /lenuciokx, M.A. Kpyros

Actpodusnueckuit UnctutyT nm Decenkora, Anmarsl, Kazaxcran
HOBBIE PE3YJIbTATBI UCCJIEJJOBAHUSA INIAHETAPHOI TYMAHHOCTH M1-77

AnHoTamms. O0bexT M1-77 u3BecTeH Kak Monojas IUIaHeTapHas TYMaHHOCTh HH3KOro Bo3OykaeHus. IlepemenHocTh
OJlecKka M JIy4eBBIX CKOPOCTEH METaJUIMYECKUX JIMHUI NPUBOAUT HEKOTOPHIX aBTOPOB K HIee O IBONMCTBEHHOH NpHpone
HEHTPAIbHON 3Be3ABI B 3TOM 00BekTe. B maHHOI paboTe mpuBOAATCS HOBBIE ()OTOMETPHUUYECKHE M CHEKTpaNbHBIC JAHHEIE,
noiy4eHHsle 11 o0sekra M1-77 B 2009 - 2017 rr. OOHapyKeHbI HEperyJsipHbIe KonebaHusa Onecka B B, V u R ¢punpTpax ¢
ammatynoi ~0™.4. 3a BpeMs HAIMX HaOIIOIEHHUH abCOMIOTHbIE TIOTOKH M3IydYeHUs B OMUCCHOHHBIX muausax Ho, [NII] u [SII]
yBenuumuch TnpuMmepHo B 20 pa3. CymiecTBeHHBIE W3MEHEHHUs IIOTOKOB Hadaimuch B 2011r. OnHOBpeMeHHO ObBLIO
3apEeruCTPUPOBAHO IIOBBINICHHE O3JIEKTPOHHOH IUIOTHOCTH Ta3a B 00Ono4YKe. MOXHO NPENIIoN0XUTh, YTO IPUYUHOU
Ha0JII01aeMBIX COOBITHH SIBJISETCS BEIOPOC TOMONHUTEILHONW MacChl Ta3a, IOMOJHUBILEH TyMaHHOCTb.

KiroueBble c10Ba: miiaHeTapHble TYMAHHOCTH, SMHCCHOHHbIE JIMHUH; HOHHBIE TMHUN; MHIUBUIyalbHbIE 00BbEKThI: M1-77.
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MECHANISMS FOR FORMING THE INHOMOGENEOUS STRUCTURE
OF PLANETARY NEBULAE

Abstract. The inhomogeneous distribution of gas in planetary nebulae manifests in the form of numerous jets,
globules and filaments. Details of the heterogeneous structure are found not only in extended, sufficiently evolved
objects, but also in young compact objects which dynamic age does not exceed 1000 years. The problem of the
formation of heterogeneity in the early stages of the planetary nebulae evolution is relevant recent years. The
interaction of the hot fast wind of the central star with the substance ejected at the stage of the "red" giant under the
influence of a slow but powerful wind, is considered as a possible mechanism. In this case, the formation of jets and
globules occurs under the shock waves that accompany the stellar wind.

The central sources in some planetary nebulae are binary stellar systems. The processes of mass exchange
between stellar components can also lead to the formation of an inhomogeneous shell structure.

In this paper, we consider the results of modern methods for studying planetary nebulae, including observations
on space telescopes, which allow to evaluate the reality and effectiveness of the proposed mechanisms for the
formation of heterogeneous structures.

Key words: planetary nebulae, mechanisms of forming the inhomogeneous structures.

Introduction The inhomogeneous structure of planetary nebulae is the subject of study by theorists
and experimenters. It was assumed that polar jets, large-scale globules and bipolar structures are formed
by the interaction of the residual stellar wind of the red giant and the hot wind of the central star.
However, the study of a large group of young objects, shows that envelopes with a dynamic age <2000
years already exhibit a complete set of inhomogeneities found in large nebulae [1]. Thus, it turns out that
inhomogeneities are formed at even earlier stages of the evolution of planetary nebulae, at a low central
star temperature and before the appearance of a fast stellar wind.

Recent years, the search and analysis of inhomogeneities in the structure of young planetary nebulae
have become a favorite topic of many researchers [2-8]. An assumption was made about the role of the
accretion disk as a source of bipolar emissions [4,5]. Modern observations of planetary nebulae on space
telescopes, obtained with high resolution, give new information for the creation of new models describing
the formation and evolution of these objects.

In 1983 San Kwok [6] proposed a model of interacting winds to explain the structure of planetary
nebulae. According to the model, the hot high-velocity wind of the central star interacts with matter
ejected at the "red" giant stage. As a result, the outer boundary of the shell is formed. The details of the
inhomogeneity in the distribution of gas in the nebula, namely jets, globules, possibly arise due to shock
waves, which in turn are the source of radiation in the X-ray region.

In some cases, the inhomogeneous structure of the nebula is formed due to the mass exchange
processes between the components of the binary stellar system in the center of the nebula. By now,
nebulae with double central sources are 12-15% of their total number.

Zones of low ionization are found in images of many planetary nebulae. The gas in these zones has
the same electronic temperature as the neighboring regions, but a low electron density. Modern methods
of observation show that shock ionization "works" in the low-excitation zones, while the main envelope is
ionized by ultraviolet quanta of the central source.
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The results of modern observations on space telescopes

Photometric and spectral observations in the far infrared and submillimetric spectral ranges were
carried out on the Herschel space telescope. Images of 18 planetary nebulae and a spectrogram of all the
stars evolving from the Asymptotic branch of the red giants to the stage of planetary nebulae were
obtained [10]. The obtained data allow, among other things, to assess the physical state and chemical
composition of matter in the vicinity of the studied objects.

Images obtained with high resolution on the Hubble telescope have great importance for the study of
the structure of nebulae. Thus, observations of ten compact planetary nebulae, which were carried out on
this telescope, allow to discover for the first time numerous fine details of an inhomogeneous structure:
arcs, two-dimensional rings, tori and halo [11]. Obtained data lead to the suggestion that such
heterogeneous structures are inherent in most planetary nebulae and are formed in the early stages of
evolution. Assuming that the cause of the formation of inhomogeneities can be the interaction of the early
wind of the red giant and the later wind of the central star, the authors note that there must be several
stages of fast stellar wind, different in duration and in direction. Such assumption is useful for explanation
of the observed age difference between structural details within a single shell [12, 13].

So-called "hot bubbles" - central cavities filled with hot gas, are observed in many planetary nebulae
[14]. They are formed under the action of a fast shock heated stellar wind. The stellar wind pushes out the
substance thrown out at the stage of the red giant. Such zones should be "visible" in the X-ray range.
Indeed, observations of the NGC 3234 nebula, performed on the XMM-Newton telescope, recorded soft
diffuse X-Ray radiation with a temperature of 2.35x10° K and a luminosity of 2 + 10°° erg / sec (for D =
0.55 kpc), which is formed in a hot bubble. An analysis of the chemical composition of plasma - the
source of diffuse X-ray in different nebulae indicates that it is actually created by a hot stellar wind, but
traces of the residual gas of the cold envelope are still present. Perhaps, these are dense features formed in
collimating flows or filaments, formed during additional ejection of gaseous fragments from the central
star. Hard X-ray radiation coming from the central star, can be created by coronal emission from the
invisible component of a binary star or by a shock wave arising in a fast stellar wind.

A fairly rare event in the evolution of planetary nebulae - a repeated ejection of the envelope, is
recorded in two objects. The old, highly evolved nebula A30 became famous after a dense shell of a new
generation, practically devoid of hydrogen, was discovered near its central star [15]. Estimates of its
dynamic age: 850 = 200 years are obtained from a change in the angular size, the known velocity of
expansion, and distance [16]. The complex structure of this new envelope is clearly visible on the images
obtained with the Hubble telescope. Numerous jets indicate the movement of gas fragments from the
center to the periphery. The X-ray radiation of an object can be divided into two components: a point
source in the central star direction and an extended source corresponding to the position of the new
envelope. The interaction of the modern stellar wind with the material of the secondary shell leads to
shock heating of the plasma, which becomes the source of diffuse X-ray radiation. The origin of the X-ray
radiation from the central star is still unclear.

Low - ionization zones in the form of globules are observed on the images of many planetary
nebulae, including those obtained on the Hubble telescope. Studies have shown that the gas in these zones
has the same electronic temperature as the neighboring regions, but a low electron density. Modern
methods of observation made it possible to establish that the shock ionization mechanism "works" in the
low-excitation zones, while the main envelope is ionized by ultraviolet quanta from a central source [17].

An analysis of the latest data obtained for the central stars of planetary nebulae in different spectral
ranges, was carried out in [18]. Studies show that about 12-15% of the central stars, (according to some
estimates, up to 30%), are binary systems. The orbital periods for these close binary systems are generally
less than one day. A correlation between the central source binarity (the position of the orbital plane) and
the spatial orientation of the envelope is traced. The interaction between the components of the central
stellar system can lead to formation of bipolar shapes, as well as to the appearance of additional structural
inhomogeneities.

Conclusions
The problem of the heterogeneous structure of planetary nebulae, even in the early stages of
evolution, is very urgent and requires its solution. The corresponding mechanisms responsible for the
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formation of inhomogeneities should be taken into account for the creation of more advanced models of
real objects. One such mechanism is the interaction of hot and cold stellar winds, which is confirmed by
observations in the X-ray range. Moreover, in order to explain the presence in the nebula of globules and
jets of different ages, a pulsating mode of the fast stellar wind operation is proposed. It has also been
established that nebulae with the binary central stars may differ in the shape and chemical composition of
the envelope. Also, it is quite possible that their evolution is somewhat different from the evolution of the
remaining planetary nebulae.

The work was supported by the funding program BR05236322 of the Ministry of Education and
Science of the Republic of Kazakhstan.
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V]IK 524.386
JI.A. [1aBaoBa, JI.H. KonapatseBa

«B.I'.®ecenxoB ateiHaarsl Actpodusuka nacTUTyTEDy EXIIC, Anmarer, Kazakcran

IVIAHETAPJIBIK TYMAHJAPABIH BIPKEJIKI
KY¥YPbBLJIBIMBIH KAJIBIIITACTBIPY MEXAHU3MIEPI

AnHoTamms. [Inanerapiblk TyMaHAapAarbl ras3blH Oipkeski OelliHyi KeNTereH arblHIap, rJ00YyJep JKOHE TaNIIbIKTap
TypiHze KepiHeni. I'eTeporeHai KypbUIBIMHBIH eTKeH-Terkeinepi KeHeUTIreH, )KeTKUTIKTI JaMbIFaH OOBEeKTIepie FaHa eMec,
COHBIMEH KaTap TUHaMHUKaIbIK >kac 1000 KpU1oaH acaThH Kac BIKIIaM KaOBIKTapaa aa keszgeceni. [lmaHeTapipIKk TyMaHAApIbIH
SBOJIIOLMSCHIHBIH epTe Ke3eHAepiHae OipTeKTLTIKTI KaJIbIITacTRIPY Macelieci COHFBI KbUIAaphl ©3¢KTi O0JIbn TabblTansl. MyMKiH
OOJIATBIH TETIri peTiHAe OPTANBIK >KYIIBI3IBIH JKbUIJAMIBIFBI JKOFAphl JKBIIIAMIBIKTEI JKeNmiH Oasy, Oipak KYIITI >KeJmiH
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9CepiHEH «KbI3bLI» THI'AHT KE3CHIH/E IIbIFapbUIFaH 3aTIICH ©3apa dpeKeTTecyi KapacThIpblulaabl. by xarnaiina xynns3nap MeH
rnoOynaapaslH Haiaa OOMyBl KYJIABI3IABI JKEIMEH JKYPETiH COKKBI TOJNKBIHIAPBIHBIH ocepiHeH erexi. Keiibip miaHeTanbk
TyMaHAapIarsl OPTAJBbIK KO3Aep €Ki KYIABI3IABIK Kyiie Oompim TaObuianmel. JKYIABIBABIH Kypampaac OelikTepi apachIHIAFbI
JKarmai anMacy nporectepi 6ipkenki eMec KaObIK KYPBUIBIMBIH KaJbIITACTHIPYFa 9KEITyl MYMKIH.

Ochl MaKanajia IIaHEeTAIBIK TyMaHJap.bl 3epTTEeyAiH 3aMaHayH OMICTEpPiHIH, COHBIH IMIIH/AE FAPBIMTHIK TeISCKONTAPIaFrhl
OaiikayIblH, OipKeIKi eMec KYpPbUIBIMAAPbIH Maliaa OojyblHA YCHIHBUIFAH MEXaHM3MICPAIH NIBIHAWBLUIBIFEI MEH THIMILUTIITiH
Oarayayra MyMKIiH/IK O€peTiH HOTIKEJIepiH KapacThIpaMbI3

TyiiiH ce3/ep: MIaHEeTapIBIK TYMAaH/IBIKTAP, KaOBIKIIAHBIH KYPbUIBIMBIH KaJIbINTACTBIPY MEXaHU3MIEPI,

JI.A. [1aBaoBa, JI.H. KonapatseBa
Actpodusnueckuit UnctutyT nm DecenkoBa, Anmarsl, Kazaxcran

MEXAHHM3MbI ®OPMUAPOBAHMS HEOJHOPOTHOM CTPYKTYPBI
IJIAHETAPHBIX TYMAHHOCTEWM

AnHoTanus. HeoxHopogHoe pacipesienieHne raza B IIAaHETApHBIX TYMAHHOCTSIX MPOSIBISIETCS B ()OPME MHOTOUMCIICHHBIX
JDKETOB, TJIOOYJN W BOJNOKOH. JleTamn HEOJHOPOAHOH CTPYKTYphI OOHAapy>K€HbI HE TOIBKO B MPOTSDKEHHBIX, JOCTATOYHO
MPOYBOJIIOIMOHUPOBABIINX OOBEKTaX, HO M B MOJOABIX KOMIIAKTHBIX O0O0OJIOYKAax, JUHAMHYECKHII BO3pacT KOTOPHIX HE
npessimaer 1000 ner. IIpobnema hopMupoBaHKS HEOIHOPOAHOCTH HA PAHHUX JTallaX HBOJIOIMH IDIAHETApHBIX TyMaHHOCTEH
SIBJIICTCS. aKTYalbHON Ha MPOTSHKEHUM IOCIIEHUX JIeT. B kauecTBe BO3ZMOXHOIO MEXaHU3Ma PacCMaTpUBAETCS B3aUMOJICHCTBHE
rOpsiero BBICOKOCKOPOCTHOTO BETpa LIEHTPaJIbHON 3BE31bl C BEIIECTBOM, BHIOPOIICHHBIM Ha CTa[JHU «KPAaCHOT0» T'HIaHTa 0]
JEWCTBUEM MEJUICHHOTO, HO MOIIHOTO BeTpa. B 3ToM cimydae oOpa3oBaHHMe MXKETOB M IJIOOYJ MPOUCXOAUT IOJ JIEHCTBHEM
yAapHBIX BOJH, KOTOPBIE COMPOBOXKIAIOT 3Be3HBIN BeTep. LIeHTpanbHble HCTOYHUKH B HEKOTOPBIX TIAHETAPHBIX TYMaHHOCTSIX
SIBISIOTCS JBOMHBIMH 3BE3IHBIMH cHcTeMaMH. [Ipomecchl oOMeHa MaccaMM MEXIy 3BE3THBIMH KOMIIOHEHTAMH TaKKe MOTY
HMPUBOAUTE K (OPMUPOBAHHIO HEOTHOPOIHOM CTPYKTYPHI 000I0UKH.

B mannoii paGore paccMaTpHBarOTCSl pe3yJbTaThl COBPEMEHHBIX METONOB HCCIIENOBAaHMI IUIAaHETAPHBIX TYMaHHOCTEH,
BKJIOYAss HAONIONCHUS HAa KOCMHYECKHX TEJIECKONaX, KOTOpBIC IIO3BOJISIIOT OLECHUTH pPEATbHOCTh M I(P(HEKTUBHOCTH
HpearoiaraéMbIX MEXaHH3MOB 00pa30BaHMsl HEOJHOPOIHBIX CTPYKTYP.

KnroueBrble cj10Ba: IulaHETapHBIC TYMAHHOCTH, MEXaHH3MBI (POPMHUPOBAHUS CTPYKTYPBI 000IOUKH.
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ON THE SOLVING OF INITIAL-BOUNDARY VALUE PROBLEM
FOR SYSTEM OF PARTIAL DIFFERENTIAL EQUATIONS
OF THE THIRD ORDER

Abstract. The initial-boundary value problem for the special system of the third-order partial differential
equations is considered. We study the existence of classical solutions to initial-boundary value problem for the
special system of the third-order partial differential equations and offer the methods for constructing their
approximate solutions. Sufficient conditions for the existence and uniqueness of classical solution to initial-boundary
value problem for the system of the third order partial differential equations are established. By introduction of new
unknown function, we have reduced the considered problem to an equivalent problem consisting of a nonlocal
problem for the system of hyperbolic equations of the second order with functional parameter and an integral
relation. We have offered the algorithm to find an approximate solution to the investigated problem and have proved
its convergence. Sufficient conditions for the existence of unique solution to the equivalent problem with parameter
are established. Conditions of unique solvability to the initial-boundary value problem for the system of partial
differential equations of the third order are obtained in the terms of initial data.

Key Words: partial differential equation of the third order, initial-boundary value problem, nonlocal problem,
system of hyperbolic equations, solvability, algorithm.

1. Introduction. In recent decades, there has been a great interest to initial-boundary value problems
for partial differential equations and systems of the third order. This is due to the appearance of such
problems in the mathematical modeling of various natural science processes [1-6]. Quite a number of
works devoted to the investigation of various problems for partial differential equations of the third order
with two independent variables, bibliography and analysis can be seen in [1,2,5]. The system of partial
differential equations of the third order began to be studied relatively recently [5]. In the present work, we
consider the special system of partial differential equations of the third order at a rectangular domain. The
boundary condition for time variable is specified as a combination of values from the partial derivatives of
the required solution on the first and the second orders by spatial variable. We investigate the questions of
existence and uniqueness of the classical solution to initial-boundary value problem for system of partial
differential equations of the third order and its applications.

Methods. To solve the the considered problem we use a method of introduction additional functional
parameters [7-25]. The original problem is reduced to an equivalent problem consisting from nonlocal
problem for a system of hyperbolic equations of the second order with functional parameters and integral
relations. Sufficient conditions of the unique solvability to investigated problem are established in the
terms of initial data. Algorithms of finding a solution to the equivalent problem are constructed.
Conditions of unique solvability to initial-boundary value problem for a system of partial differential
equations of the third order are established in the terms of coefficient of system and boundary matrices.
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2. Statement of problem. At the domain Q =[0,7]x[0,w] we consider the following initial-boundary
value problem for the special system of partial differential equations

a(j; At f(1), (L) €Q, ()
K, (x )62u(t0,x) L (x )azu(z x) M )au(to’x)+P(x)u(tO,x)+K( )62u(t1,x)
0 Oox
T L(x )az”gx")”‘ M, (x )6”(“’ ) 4 Pt )+ K, (x)M T L(x )62”“ 2N
M, (x )a”(tz’x)%(x)u(rz,x)=rp(x>, xe[0,0l. @
);(t,O)zt//O(t), te[0,T], 3)
L =y (), te[0,T], C))

Oox

where u(t,x) = col(u,(t,x),u,(t,x),...,u,(¢,x)) is an unknown function, the nxn -matrix A(¢,x) and
n -vector function f(¢,x) are continuous on €, the nxn -matrices K,(x), L,(x), M,(x), P(x) and
n-vector-function ¢(x) are continuous on [0,w], i=0,1,2, 0<¢, <¢ <t,<T, the n-vector-

functions y,(¢) and () are continuously differentiable on [0, 7] . The initial data satisfy the condition

of approval.
A function u(t,x)e C(QQ,R")  having partial derivatives eC(Q,R"),
2 2 3
G”gt’x) e C(Q,R"), % e C(QLR"), aLat’x)e c@, Ry, Z4ED) (o, R s called
X X

a classical solution to the problem (1)--(4) if it satisfies system (1) for all (z,x)e Q, and boundary
conditions (2), (3) and (4).

We investigate the questions of existence and uniqueness of the classical solutions to the initial-
boundary value problem for the system of partial differential equations of the third order (1)--(4) and the
approaches to constructing its approximate solutions. For this goals, we applied the method of
introduction of the additional functional parameters proposed in [7-25] for solving nonlocal boundary
value problems for systems of hyperbolic equations with mixed derivatives. Considered problem is
provided to nonlocal problem for system of hyperbolic equations of the second order including additional
function and integral relation. The algorithm of finding the approximate solution of the investigated
problem is proposed and its convergence proved. Sufficient conditions of the existence unique classical
solution to the problem (1)--(4) are obtained in the terms of initial data.

3. Scheme of the method and reduction to equivalent problem.

We introduce a new unknown function v(t,x):% and write the problem (1)--(4) in the
following form
aa; = A+ f(6,%), (6,x)eQ, 5)
K (s )Gv(to,x) Lx )av(t D) M ity 4 Ko )av(tl,x) L )Gv(t o)
M, (v, %)+ K, (x )av(t”x) Y L(x )av(t | M (e, +
+P0(x)u(tovx)+R(x)u(tlsx)'i'[:)z(x)u(tzﬂx) =¢(x), x€[0,m], (6)
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v(1,0) =y, (1), t€[0,T1], (7

u(t.x) =y, (0 + [ W6, E)E, (1,x) € Q. (8)

Here the condition (3) is taken into account in (8).
A pair functions (v(¢,x),u(t,x)), where the function v(¢,x) € C(€2,R") has partial derivatives
ov(t,x) ov(t,x) o°v(t,x)
ox ot
ou(t, x)
x
o%u(t, x) cCQRM. 63u(t,2x)
otox otox
the system of hyperbolic equations (5) for all (¢, x) € €2, the boundary conditions (6), (7), and the integral

relation (8).
At fixed u(z,x) the problem (5)--(7) is the nonlocal problem for the system of hyperbolic equations

e C(Q,R"),

e C(OLR"), e C(Q,R"), the function u(t,x) € C(Q,R") has

c CQ.R"). ou(t, x)

. L. ou(t,x
partial derivatives #

e C(Q,R"), e C(Q,R"),

e C(€Q,R"), is called a solution to the problem (5)--(8) if it satisfies

with respect to v(¢,x) on 2. The integral relation (8) allows us to determine the unknown function
u(t,x) forall (,x) e Q.

4. Algorithm. The unknown function v(¢,x) will be determined from the nonlocal problem for the
system of hyperbolic equations (5)--(7). The unknown function u(¢,x) will be found from integral
relation (8).

If we know the function u(z, x), then from the nonlocal problem (5)--(7) we find the function v(z, x)
. Conversely, if we know the function u(¢,x), then from the nonlocal problem (5)--(7) we find the
function v(¢,x) . Since the functions u(¢,x) and v(z,x) are unknown together for finding of the solution
to the problem (5)--(8) we use an iterative method. The solution to the problem (5)--(8) is the pair
functions (V'(¢,x),u”(t,x)) we defined as a limit of a sequence of pairs (v (¢,x),u"™(¢,x)),
m =0,1,2,..., according to the following algorithm:

Step 0. 1) Suppose in the right-hand part of the system (5) u(t,x) =, (¢), from the nonlocal problem
(5)--(7) we find the initial approximation v (¢, x) for all (¢,x) € Q;

2) From the integral relation (8) under v(¢,x)=v'"(¢,x), we find the function u'”(¢,x), for all
(t,x)e Q.

Step 1. 1) Suppose in the right-hand part of the system (5) and boundary condition (6)
u(t,x) =u'”(t,x), from the nonlocal problem (5)--(7) we find the first approximation v\ (¢,x) for all
(t,x)e Q.

2) From the integral relation (8) under v(z,x)=v"(¢,x), we find the function u"’(¢,x) for all
(t,x)eQ.

And so on.
Step m. 1) Suppose in the right-hand part of the system (5) and boundary condition (6)

ut,x)=u""(t,x), v(t,x)=v""(t,x), from the nonlocal problem (5)--(7) we find the m -the
approximation v\ (¢,x) forall (¢,x) € Q:
aZV(m)
otox

= A(t,x)u(m_l)(t,x) + f(t,x), (t,x) € Q, ©)
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(m) (m) (m) (m)
Ko(x)M+Lo(x)M . +Mo(x)v(m)(tojx)jLKI(X)M+LI(X)M .
Ox o P
(m) (m)
+ M, (™ (1, )+ K, (x)w e Lk ULJ) o MLV (2, x) +
X

+ Py(x)u" ™ (ty,x) + B(x)u" (1, x) + B, ()u" (1, x) = p(x), x €[0, 0], (10)
v (t,0) =y, (¢), t€[0,T]. (11)

2) From the integral relation (8) under v(¢,x)=7v""(¢,x), we find the function u"(¢,x) for all
(t,x)eQ:

u™(t,x) =y, (t) +jfv('”)(t,§)d§ , (L) eQ. (12)

m=123,...

5. The main result.

The following theorem gives conditions of feasibility and convergence of the constructed algorithm
and the conditions of the existence unique solution to the problem (5)--(8).

Theorem 1. Suppose that

i) the nxn-matrix A(t,x) and n-vector function f(t,x) are continuous on €2 ;

ii) the nxn-matrices K,(x), L.(x), M.(x), P(x) and n-vector-function ¢(x) are continuous
on[0,w], i=0,12;

iii) the n-vector-functions y(t) and y,(t) are continuously differentiable on [0,T] ;

iv) the nxn-matrix Q(x) = K,(x)+ K,(x)+ K, (x) is invertible for all x € [0, »].

Then nonlocal problem for the system of hyperbolic equations with integral relation (5)--(8) has a
unique solution.

Theorem 2. Suppose that the conditions i) - iv) of Theorem I are fulfilled.

Then the initial-boundary value problem for system of partial differential equations of the third order
(1)--(4) has a unique classical solution.

The proof of the theorems is similar to the scheme of the proof of theorems [20].

6. Special case. Now, we consider a special initial-boundary value problem for the system of partial
differential equations

%:A(t,x)wrf(t,x), 60 eQ, (13)
S, (0u(ty, X)+ S, (Yt %)+ S, (Ot x) = p(x), x € [0, 0], (14)
u(t,0) = v, (1), 1 €[0,T], (15)
Qut.X)) _ (1), te[0,T]. (16)
o

For this case, the matrix Q(x) is not invertible. Therefore, we will additionally assume that the nxn -
matrices S,(x) and the n-vector function @(x) are twice continuously differentiable on [0, @],
i=0,1,2. In addition, the compatibility conditions of the initial data are fulfilled:
So(0)y,(2,) + S, (0), (¢,) + S, (0w, (7,) = ¢(0),

So (0o (1) + S, (0o (1) + S, (0o (1,) + S (O, (1) + S, (O, (1,) + S, (0, (£,) = (0) .

— 70 —
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Using the properties of matrices S,(x)and ¢(x) we twice differentiate relation (14) with respect to

x. We have
S (x )8 u(to,x) e )8 u(tl,x) S, (x )6 u(tz,x) 2S( )Gu(to,x) ZSl(x)éug;’x)—i-
+ 2Sz(x)@+ 50 (xX)u(ty, x)+ S, ()ult, x) + S, (X)u(t,, x) = p(x), x€[0,0].  (17)
X

We obtain the original problem (1)—(4) again, where K,(x)=S,(x), L(x)=0, M, (x)= ZS'l. (x),
P(x)=S.(x),i=012.
The following assertion is valid.

Theorem 3. Suppose that
i) the nxn-matrix A(t,x) and n-vector function f(t,x) are continuous on € ;

ii) the nxn-matrices S;(x) and n-vector-function @(x) are twice continuously differentiable on
[0,w], i=0,1,2;

iii) the n-vector-functions y,(t) and y,(t) are continuously differentiable on [0,T],

iv) the compatibility conditions of the initial data are fulfilled:
So (0o (7,) + S, (0w, (1) + 5,0y, (1,) = ¢(0),
Sy () (1) + S, (0o (1) + S5 (0w (£) + Sy (O, (1) + S, (O, (1)) + S, (O, (1) = p(0) ;

v) the nXxn-matrix Q(x) =S5,(x)+S,(x)+S,(x) is invertible for all x € [0, @].

Then initial-boundary value problem for the system of partial differential equations of the third order
(13)--(16) has a unique classical solution.

Funding. These results are partially supported by grant of the Ministry of education and science of the
Republic Kazakhstan No. AP 05131220 for 2018-2020.
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O PELIEHUU HAYAJIbHO-KPAEBOW 3AJIAYM IS CACTEMbI TU®OEPEHIIAAJILHBIX
YPABHEHHNU B YACTHBIX NTIPOU3BO/JIHBIX TPETBEI'O ITIOPAIKA

AnHoTanus. PaccmarpuBaeTcss HadaJbHO-KpaeBas 3ajadya AJs CHEUAIBHONW cucTeMbl IuddepeHranbHbIX
YpaBHEHHUH B YacCTHBIX NPOU3BOJHBIX TPETHEro mopsiaka. McciaeqyroTcs BOMPOCH! CYLIECTBOBAHUS KIACCHYECKOTO
pelleHus] Ha4yajlbHO-KPaeBOW 3aJayd Ul CHelUalibHOM cucTeMbl TuddepeHInanbHbIX YpaBHEHHH B YacTHBIX
NPOM3BOJIHBIX TPETHEro TMOpsAKAa M TPeIUIaraloTcs METOJbl IIOCTPOCHUsSI WX NPHUOIMKEHHBIX pEIIeHHH.
VYcTaHOBNEHBI JOCTaTOYHBIE YCIOBHS CYLIECTBOBAaHMS M EAMHCTBEHHOCTH KIACCHYECKOIO PELIEHUS CHCTEMBI
muddepeHManbHBIX YpaBHEHUH B YaCTHBIX MPOU3BOIHBIX TPETHET0 Nopsiaka. IlyTem BBeieHNSI HOBOI HEM3BECTHOM
(hyHKIMM uccenyeMas 3a/1a4a CBeJIeHa K SKBUBAJICHTHOH 3aJiaue, COCTOSILEH N3 HEJOKILHOH 3a/1auil Ul CHCTEMBI
THNEPOONTNIECKIX YPaBHEHUH BTOPOTO MOPsIIKA C (QYHKIIMOHAIBHBIM ITAPAMETPOM M MHTETPAILHOTO COOTHOIICHUSI.
[TpennoxeHbl aNrOpUTMBl HAXOXKICHUS TNPHONIDKEHHOTO pELICHUs] HCCIeIyeMOM 3aJadyd M JOoKa3zaHa HuX
CXOIUMOCTb. YCTAHOBJIEHBI [IOCTATOYHBIE YCJIOBHS CYIIECTBOBAHHUS EAWHCTBEHHOTO DEIICHWS AKBHBAJICHTHOU
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3aa4yd C MapaMeTpoM. YCIIOBUS OJHO3HAYHOM pPAa3pellMMOCTH HayallbHO-KpPAaeBOM 3alaud Uil CHELMAIbHOU
cucreMsl audepeHIInanbHBIX YPaBHEHUH B YaCTHBIX MPOW3BOIHBIX TPETHErO IMOPSAAKA MOIYYCHHI B TEPMHHAX
HCXOIHBIX JaHHBIX.

KaroueBbie ciioBa: nuddepeHipaibHoe ypaBHEHHE B YaCTHBIX MPOM3BOJIHBIX TPETHEro MOPS/KA, HAYaIbHO-
KpaeBas 3aJ1a4a, HeJIOKaIbHas 3a7a4ya, CHCTeMa THIepOO0NINIeCKUX YPaBHEHHH, pa3peIiMOCTh, aITOPHTM.
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YHIITHIIT PETTI AEPBEC TYBIHABLJIBI JU®OEPEHIIUAJIABIK
TEHJAEVYJIEP ) KYWECI YIITH BACTANIKBI-IIETTIK ECENTIH, HIEIIIMI TYPAJbI

AHHOTAUUs. YUnHII perti aepOec TYBIHIBUIBI TU(GGEPEHIMATIBIK TCHICYICPAIH apHaWbl Kyieci YIiH
0acTanKpI-IIETTIK €Cell KapacThIPBUIAABL. YIIHINI PeTTi aepOec TyBIHABUTBI MU GEpeHINANABIK TeHICYICPHiH
apHaifbl JKyHecl yuIiH 0acTamnKpI-IIETTIK €CElTIH KJIACCHKAIBIK IIeIiMiHIH Oap Ooiybl Maceresrepi MEeH OJlapiAblH
JKYBIK IISIIMJEPIH TYPFBI3Y 9JicTepi 3epTTeire. YIUiHmIi peTTi AepOec TybIHABUIB I dhepeHInaNAbIK TeHASYIep
JKyWeci YIIiH OacTamKhI-IIETTIK €CENTiH KIACCHUKANBIK IIeMIiMiHiH 0ap OOybl MEH KalFbI3ABIFBIHBIH JKETKUTIKTI
mIapTTapsl TaraifeiHAanFaH. JKana Oenrici3 QyHKIUS €HTi3y KOJBIMEH 3EPTTEIIN OTHIPFaH €cell THIEepPOOIIabIK
TEeHJeYyJIep XKyheci YImH mapaMeTpi Oap OEWIOKan €CenTeH XOHE WHTETPAIIBIK KATHIHACTAH TYpPATHIH Iapa-Tap
€CerKke KeNTIpUIreH. 3epTTeNin OThIPFaH €CeNTiH JKYbIK HICHIIMIH Taly aJroOpUTMAEP] YCHIHBUIFAH JKOHE OJIapibIH
KUHAKTBUIBIFBI JosienieHred. [lapamerpi Gap mapa-map €cenTiH Kajifbl3 LICHIMIHIH Oap OOJyBIHBIH KETKLTIKTI
HIapTTapbl TaraibiHAaaFaH. YUIHII peTTi aepOec TybIHABUIB JuddepeHnanapK TeHaeyNIep/iH apHaibl xKykeci
yiIiH OacTamnkpl-IIETTIK €cenTiH OIpMoHAI INSIIUIIMAUNTIHIH apTTapsl 0acTankel OepiriMuep TepMHHIHIE
AJIbIHFaH.
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COEFFICIENT CRITERION OF EXISTENCE OF MULTIPERIODIC
SOLUTIONS OF A LINEAR SYSTEM OF FOUR DIFFERENTIAL
EQUATIONS WITH CONSTANT COEFFICIENTS ON DIAGONAL

Abstract. In the note, we considered a linear system of four differential equations with the differentiation
operator [, in the direction of the main diagonal of the space of time variables (7, ¢). We conducted a study of the

(0, w, w) -periodicity of the solutions of the linear system of equations with variables but constants coefficients on

the diagonal which depend on variables of the eigenvalues of the characteristic equation. The coefficient criterion of
the properties of separation and sign-definiteness of distinct real, multiple and complex conjugate eigenvalues are
found. Periodicity and continuous differentiability of eigenvalues are investigated. The coefficient sufficient
conditions for the existence of periodic solutions are established. The concepts of variable frequency and variable
period are introduced.

Investigation of the problems of partial differential equations is closely connected with the theory of ordinary
differential equations [1-5]. It is known that the study of the problems of multiperiodic solutions of systems of first-
order partial differential D, -equations originates in the works [6-8]. This investigation on the formulation of the
question adjoins previous studies [9-14].

Key words: linear system, differentiation operator, eigenvalues, characteristic equation, real and imaginary
parts, diagonal minors.

Consider a linear system
D,x=A(o)x,(1)
where A(G ) an 7 X 1 -matrix has the properties of periodicity and smoothness of the form
A(c +kw)= A(c)eCO(R"), VkeZ", ()
0 0

O =1 — et is called the characteristic of the operator p = — + <e, > , T€(—0,+0)=R,
¢ or ot

t=(,...t,)eRx..xR=R", e=(1,..,1) — m-vector, <,> denotes the scalar product,

ko = (kl @y ..., k m a)m) - a multiple vector-period, X = (x1 yaens xn) - the unknown vector.

We form the characteristic equation
def A(c) - AE]=0, (3)
where £ - the identity matrix. The equation (3) for a fixed value 0 € R™ is solvable in the field of
complex numbers and has roots of the form 4,(0) =, (o) +if,(0), (j=1,n).
The elucidation of the question of the properties of smoothness, periodicity, sign-definiteness and
separation of the eigenvalues of the system (1) in the general case is a serious problem.
But in the well-known particular cases, the roots of equation (3) are determined in the radicals and it

is possible to solve this problem on the basis of the conditions imposed on the coefficients of the system.
— 74 ——
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When investigating various problems of non-linear systems corresponding to the linear system (1), it
is important to know that the eigenvalues of the matrix A(G ) have the following properties:

1°. Continuous differentiability: A,(c") € C'(R™), j=1n.

2°. Periodicity: A,(0 +kw)=A4,(0), j=Ln,ceR" keZ".
3°. Property of having a fixed sign A;(0) for each j =1,

a) 1,(0)<0,VoeR" or

b) 4;(0)=0,VoeR" or

¢)1;,(0)>0,VoeR".

4°, Separation of eigenvalues:

a)for j#1 ZJ(G) #A,(0), Vo eR" or

b) for j #1 ZJ(G) =1, (o), VoeR",

i.e. for each value, the eigenvalue A j (o) has constant multiplicity & j =const forall 0 € R".
5°. Each of the sets Re{/”tj ((7)} and Im{ij ((7)} has properties 1°-4°.

We note that if eigenvalues of the matrix A(O' ) possess these indicated properties, then the system

(1) has a solution of the same structure as in the case of constant coefficients.

For the purpose of illustration, we consider the case when equation (1) in scalar form has the form
4

Dexizz%(a)xj, j=14 )
Jj=1
the equation (3) is always solvable in radicals, and the characteristic equation of the matrix

A(o) = [al.j (o )];1 can be represented in the form
A —a (o) +a,(0)A —a,(6)A+a,(c)=0, %)
where coefficients @ ; (o) are determined by the sum of all diagonal minors M j (o) of order J,
in particular, a,(0) =SpA(c), a,(0)=det A(c) and the coefficients a,(0) and a,(0) are
determined by expressions

a2 (0) _ 26: aajaj (O-) aaj,é’j (O-)

= (o) %p,p, (o)

Aj<p;
s Y (0) Qap, (o) Doy, (0)
a, ()=, la,, () a,,(0) a,, (o).

=1
é’f'<ﬂj<71’ a/i"‘/(a) %y, (o) a},/},/(O')

Substituting

A=n- 4(0) (6)

4
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we reduce equation (5) to the form

nt + p(a>n2 +q(o)n+r(0)=0, (7)
where p(o)=a:(0) 4 (0). 1(0)=0,(0) -2 ,(0)ax(0) + Ll (@),

ro)= %af (0)ay(0) - ial (0)ay(0) - %a:‘ (0)+a,(0).

Then, left-hand side of this equation identically rearranges by means of an accessory parameter P :

(772 + p(;) + pj - {2p772 — (o) + (pz + p(o)p—-r(o)+ 2 ia)ﬂ 0. ®

We now choose O so that the polynomial in square brackets becomes a complete square. For this, it

must have one double root, i.e. equality must hold

2
o)
7 (@) -4 2p£p2 + p@)p - rio)+ 4 )] -0,
which is a cubic equation in unknown P :

8p’ +8p°p(c0) —2pl4r(c) - p*(0)]-q"(0) = 0. ©)

Substituting
_ . plo)
p=u—"
we reduce equation (9) to the form

# + p(o)u+q,(0)=0 (10)

with coefficients

p(o )—LP (0)—r(o), ql(ff)——%p( )+ g4 o)+ p(G)r(G)

We calculate the discriminant A(0") of equation (10)

Ao — 108 @) , Pi(©)
4 27

and require that it be sign-definite:
a) A(c)<0,0€R" or
b) A(c)=0,0€R" or (11)
) A(o)>0,0€R".

If any of the conditions (11) is satisfied, equation (10), and, consequently, equation (9), in accordance
with the conditions for the existence of the real roots of the cubic equations, has at least one real root

is sign-definite, namely, we set

U= 1,(0). Then we assume that p = p,(0) = p,(0) — P

pr() =) =L 1)

q(o)

For this value o0, the polynomial in square brackets in (8) has a double root F Therefore,
PO

equation (8) simplifies to

— 76 ——
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, . p(o) o L gq0) ) _
(77 R +po(0)) 2/30(0)(77 1p,(0) (G)J 0,

which splits into two quadratic equations, the roots are determined by the formulas

Jp,(0) £/5(0)

n,(o)= Nl , =12, (13)
—Jpo () /5 .
1,0y = 12 2 @) s
where the function 0(0) has the form
5(0)==py(0) - plo) - L. (1)

J26,(0)
We impose the conditions of sign-definiteness on the function O(0):
a) 0(0)<0,0€eR" or
b) 0(0)=0,0€R"” or (15)
o0 0(0)>0,0€eR".

Obviously, in the case (15a), equation (9) has four distinct real roots, in case (15b) it has two distinct
double roots, and in case (15¢) there are four mutually conjugate complex roots, and

Ren,(0)#0, j=14, 0ceR". (16)
In the case of sign-negative p,(0’) and sign-positive 0(0), i.e. under conditions
0,(0)<0,6(c)>0,0€eR" (17)
roots 77 (U ), j= 1,_4 are complex-valued with nonzero real parts, therefore, we have property (16).
Under condition
p,(0)<0,6(c)<0,0€eR” (18)
these roots are either pure imaginary or zero.
As can be seen from the above eigenvalues A : (G) , ] = 1,4 of matrix A(O‘ ) of the system (4) are

determined by the relations (6), (12), (13), (14), which by conditions (2), (11), (12), (15), (17) and (18)
have the properties 1°-5°.

. .1 . 4
In other words, eigenvalues A ; (o), j=1,4 of the matrix A(0) = [al.j (o )]1 are complex-valued
functions of real arguments & € R™ and its are continuously differentiable, @ -periodic, either coincide
or do not intersect, their real and imaginary parts have definite signs or are identically equal to zero.

Thus, the results obtained can be formulated as the following lemma.
Lemma 1. If one of the conditions (15), (17) or (18) is fulfilled along with the conditions (2), (11),

(12), then eigenvalues A ; (O'), J =1,_4 of matrix A(O') = [a[.j (O')]? of the system (4) have the
properties 1°-5°.
Obviously, under the conditions (2), (11) and (18), the eigenvalues A . (O') , J= 1,4 of the systems

(4), according to Lemma 1, are either pure imaginary or identically zero. Consequently, the homogeneous
system (4), in accordance with the general theory [15-16], admits multiperiodic solutions X in 7 € R

with frequencies V; (o)=ImA | (o) in the case Im A4 . (0)#0 and constant solutions X = const

in the case of zero eigenvalues.
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Thus, we give the following lemma.
Lemma 2. Under conditions (2), (11), and (18) the system (4) has an infinitely many of multiperiodic

in 7 solutions X = X(7, &) nonzero, and their periods are equal to Qj (o)= 272'1/;1 (o), ceR”,
j=14.

If conditions (2), (11), (12) and one of the conditions (15) or (17) are satisfied, then, according to
Lemma 1, inequality (16) is satisfied.

Then homogeneous linear system (4) does not have bounded solutions with bounded initial
conditions except for the zero solution.

Hence the lemma holds.
Lemma 3. Assume that conditions (2), (11), (12) and one of the conditions (15) or (17) are satisfied.

Then, system (4) does not have multiperiodic solutions X(7, 0°) except for trivial.
If the conditions of Lemma 3 are satisfied, the eigenvalues A ; (0) can be represented in the form
_ . . 1A m
A, (0)=a,(0)tif;(0), j=14,0€R
with @ -periodic smooth in O real and imaginary parts, and, according to (16), we have
Re 4 . (o)=«a j (0) #0. For definiteness, we shall suppose that
. I A m
Re 1,(0)=a,(0)<0, j=14,0€R". (19)
We also note that @ -periodicity of the solutions X of system (1) under conditions of Lemma 1 is

determined by @ -periodicity of the initial datain t € R” if 7=0.
Then it is easy to show that matriciant X (7, &) of the system (4) satisfies the estimate

‘X(r, 0)‘ <7, reR (20)
where ¥ =1, & > 0 are constants and
X(r,0+kw)=X(r,0), keZ"”, oce€R". 21)
We introduce an inhomogeneous system of equations
4
Dx, =Y a,(0)x,+ f,(r.t.0), j=14. 22)

j=1
where f i (7, t,0) satisfy the condition

f,(t+0,t+ko,o+q0)=f,(z,t, 0)eCY'(RxR"xR™), k,qeZ", 23)

the period @ =0(c)#0, o € R™ and has properties
O(c +kw)=0(c)e C)(R"), keZ". (24)

Putting x = (xl, ey x4) and f(T, t,0)= (fl (7,t,0),..., f4 (z,t, O')) system (22) can be
represented in the vector-matrix form

D,x=A(o)x+ f(z,t,0) (22

which is convenient for the formulation of the following theorem.
Theorem. Under conditions of Lemma 3 with the additional condition (19), (23), and (24) system

(22) has a unique (6, @, @) -periodic solution

X' (r,1,0) = j X(z—5,0)f(s,t—er +es,)ds. 25)
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Proof. The existence of the function X (7,t, 0) is ensured by the convergence of improper integral
(25) by theorem and estimate (20). Given that
D X(r,0)=A(c)x+ X(z,0)
it is not difficult to verify that by (25) it is possible to represent the solution of system (22), hence, of
the system (22). On the basis of (21), (23) and (24), it is easy to verify that this solution is of (19, , a)) -

periodicity. The uniqueness follows from the estimate (20).
In conclusion, we note that idea of a method of obtaining the results of this study can be generalized
to the more general case with nonlinearities on the basis of the methods of [17-20].
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TY¥PAKTBI KOOOOUIHUEHTTI TOPT TUP®PEPEHINAJIBIK
TEHJAEYJIEPAIH CBI3BIKTHI )KYUECIHIH KOIIIIEPUOATHI
INEIIIMIHIH BAP BOJIYBIHBIH KOO®®UINHUEHTTIK BEJITTJIEPI

AHHOTanus. 3aMeTKana (7, ¢) yaKbITTHIK aiHBIMATbUIAPBIHBIH KEHICTITIHIH HETi3ri JUaroHaJIbIHBIH OaFrbITHI
OofietHia D, muddepeHnmanay oOmepaTtopisl TOpT TUPQPepeHIHaNIbK TEHACYIepIiH CBI3BIKTHL JKyHeci
KapacTHIPBUIFaH. XapakTePUCTUKAIBIK TEHACYMIH MEHIIIKTI MOHIEPiHIH aWHBIMANBUIAPBIHAH —TOYENILUTIKTE
aiiHpIManpl, Oipak JAMaroHaiga TYPakThl KOA(QUIHMEHTTI KapacThIPbUIATHIH CBHI3BIKTHI TEHJAEYJIEp KYHeciHiH
memiMinia (6, @, @) -epUOATHUIBIFBIH 3ePTTEY JKYPri3iireH. OpTypil HAKTHI, eceli XoHe KOMIUIEKC TYHiHaec
MEHIIIKTI MOHIEPIH aXbIPaThLTy jKOHE TaHOA aHBIKTAJIFaH KaCHeTTePiHiH Kod(duIreHTUIiK Oenriyiepl aHbIKTalFaH.
MeHIIiKTI MOHAEPIIH Y3uIici3 audde-peHIuaIIaHaThIHABIFBl JKOHE TEePUONATHUIBIFEI 3€PTTENTeH. [lepuoaTs
merrmMaepaiy 6ap OoyblHbIH KO3(D(UIMEHTTI JKETKUTIKTUIIK IapTTapbl OpHAThUIFAH. AWHBIMAIIBI TIEPHOJ JKOHE
allHBIMaJIbI YKULTIK YFBIMIAPhl €HTI31UITeH.

Jepbec TybIHABUIBI TEHACYJIEP MOCEIECIH 3epTrey KapamaiibiM nuddepeHmuanaslk Teraeynep [1-5]
CypakTapbIMeH ThHIFbI3 OaiiaHblcThl. BipiHmn perti nepbec TybIHIBbUIBI D -TeHIEYJep JKYHECIHIH KONmepHOATHI
HIeIIiMAepl CypaKTapbIHBIH 3epTTeyi 63 OacTtaybiH [6-8] eHOeKTepiHeH anaThHABFEl Oenriti. CypaKkThiH KOHBUTYBI
OoiibIHIa OepiiareH 3epTTey OYphIH XKYPIi3iiareH seprreynepre [9-14] koceuiaasl.

TyiiiH ce31ep: CBI3BIKTHI XKYiie, TuddepeHIHaIIbIK ONepaTop, MEHIIIKTI MOHJIEP, XapaKTEPUCTHKAIBIK TCHIEY,
HaKTHI )KOHE JKopamall OeltiKTep, AHaroHAIABIK MIHOPIIAP.

YK 35B10
A.A. Kyabxymuesa', )K.A. Capraéanos’

'3amanso-Kasaxcranckuii rocy1apcTBeHHBINH yHEBepcuTeT uM. M. YTemucosa, Ypaisck, Kazaxcran;
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KO3®PUIIMEHTHBIE IPU3HAKHU CYIIECTBOBAHUSI MHOI'OITEPUOIUYECKUX PEIIEHUAMA
JIMHEWMHOM CUCTEMBI YETBIPEX JIA®PEPEHIIUAJIBHBIX YPABHEHUI
C IIOCTOAHHBIMUA HA TUAT'OHAJIM KOOOOPUIIMEHTAMU

AnHoTanusi. B 3aMeTke paccMOTpeHa JMHEWHas cucTeMa dYeTbipeX aud(GepeHIHaTbHbBIX YPaBHEHUH C
omeparopoM auddepeHnupoBanuss D, 1O HANPABICHUIO TJABHOM JUArOHAIM MPOCTPAHCTBA BPEMCEHHBIX
nepeMeHHbIX (7, t). [IpoBeneno uccinenoBanue (6, @, @)-NMEPHOAMYHOCTH PEIICHUH pacCMaTPHUBAECMON JTMHEHHON
CHUCTEMBI ypaBHeHI/lﬁ C MNEPCMCHHBIMHU, HO MNOCTOSAHHBIMU Ha JAWaroHajain KO3(1)(1)I/ILII/ICHT3MI/I B 3aBUCHUMOCTHU OT
MEPEMEHHBIX COOCTBEHHBIX 3HAYCHHH XapaKTEPUCTHYCCKOTO YpPaBHECHUS. BBISICHEHBI KO3 (OUIIMEHTHBIC MPU3HAKA
CBOWCTB pAa3lENICHHOCTH W 3HAKOOINPEAEIEHHOCTH pA3IMYHBIX BELIECTBEHHBIX, KPAaTHBIX M KOMIIJIEKCHO
COIIPSDKEHHBIX COOCTBEHHBIX 3Ha4yeHWH. lccienoBaHbl NMepHOJUMYHOCTE M HENpepbiBHAS AU(QEepeHIIPYEMOCTD
COOCTBEHHBIX 3HAUCHHHA. Y CTAHOBJICHBI KOA((UIIMEHTHBIE TOCTATOYHBIC YCIOBHS CYIICCTBOBAHUS TEPUOTUIECKUX
peuieHuid. BBeeHbl OHATHS IEPEMEHHON YaCTOThI M IEPEMEHHOTO NEPUOJA.

HccnenoBanme mnpobneM ypaBHEHHH B YACTHBIX IIPOM3BOIHBIX TECHO CBA3aHO C BOMPOCAMH TEOPHUHU
OOBbIKHOBEHHBIX  Au(pdepeHnnanbubix  ypaBHeHudd  [1-5].  M3BectHo, 4TO  MCClieOBaHHE  BOIPOCOB
MHOTOIIEPUOINIECKAX pelIeHnid cucteM D, -ypaBHEHHH B YacCTHBIX HMPOHM3BOIHBIX IEPBOTO MOpsiaKa OepeT cBoe
Hadajio B Tpydax [6-8]. JlaHHoe wmccieoBaHME MO ITOCTAHOBKE BOIPOCA NPUMBIKAET K paHee MPOBEACHHBIM
uccienoBanusam [9-14].

KaloueBble cioBa: JmHeliHas cucrema, audQepeHIUanbHbId  onepaTop, COOCTBEHHbIE 3HAYEHWUS,
XapaKTCPUCTHUCCKOC YPAaBHCHUE, ﬂeﬁCTBHTeHbele U MHHUMBIC 4aCTU, AUaroHaJIbHbIC MUHOPLI.
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THE INVESTIGATION OF EQUATION AND ALGORITHM OF THE
MIRROR CONCENTRATING SYSTEM MOVEMENT

Abstract. For optimal control of the mirror concentrating system the automated control system of heliostat
identified for its possible errors. The equations of motion are considered tracking object, taking into account the
geographical coordinates of the mirror concentrating system, the real situation of axes of rotation and accuracy is
characteristics of the rotary support.

There are analyzed equations of mirror concentrating system motion on the basis of which it was concluded that
motion algorithm must necessarily take into account the mirror concentrating system non vertical (the exact vertical

position of bearing) azimuth (stationary) axis of rotation or @and y angles describing the angle of the axis of

rotation relative to the vertical space.
Keywords: automatic system, mirror concentrating systems, vector, coordinate system, heliostat, rotation.

Introduction. Most of the objects tracking can be divided into two types: the first type are
objects that are moving relative to the Earth (airplanes, spacecraft, earth, moon) in its field of
attraction; the second type are objects on the celestial sphere, apparent motion (Sun, stars). The
difference between them is that the first types of movement are determined by the characteristics
of the object itself, the second movement types defined by the law of motion of the Earth around
its axis, the movement of the Earth around the Sun and the Sun in outer space. Great distance
from the Earth to the stars, cause that tracking of the Sun or other stars should in principle is
carried out according to the motion of the Earth around its axis. The equations of motion of the
Earth are quite complicated, due to precession, and nutation of the Earth's axis of rotation.

There are known different approximation equations of motion of the Earth, by tabular in
astronomy and approximate analytic equations [1-6].

Approximate analytical equations define the daily law of motion of the Earth (it is assumed
that the decline permanently) or the apparent movement of the Sun around the Earth. These
equations are simply transferred to the local geographic coordinate system (CS) (one of the axes
is directed along the vertical space). To determine the feasibility of the algorithm for motion
program control of mirror concentrating systems (MCS), it is necessary to assess its probable
error. The automated management system heliostats (AMSH) may include the following errors: -
error of determining the base (label) - Ay (independent error includes the pointing of the reflected
beam on the receiver - Ano, the error of the angle sensor EDI- Any), error of the gear - Ap and
manufacturing errors and placing the axes of rotation MCS - Ap and errors of law of motion of
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the object Apm. These errors result duringthe software control of MCS to errors in the orientation
of MCS in azimuth A and Zenith Ay,
Aa=Ap—A (1)

An=hp-h, (2)

where A, Apandhp, h — valid (with respect to the real axis) and calculated (relative to the local
CS) azimuthal and zenithal angles of rotation of the hub.

There was analyzed the equations motion of object tracking (in particular, the Sun) according
to the geographical coordinates of the MCS, the real position of the axes of rotation and accuracy
characteristics of the rotary support. The relationship between the angular position of the Sun,
MCS and its mode of operation (direct tracking of the Sun, or the direction of the rays to a given
receiver) occurs through the vector reflection equation [7-10].

n=(b+c)/ [2* (1+b*c)]*>, (3)

where, the vector n determines the angle position of the MCS. For clarity, in (3) with the unit
vector that defines the position of the Sun, directed to the Sun, the unit vector b determines the
position of the reflected beam is directed from the MCS to the receiver. If the vectors ¢ and b are
given, then from (3) is uniquely determined by the position of the vector n or the MCS position
in space. When looking through the optical sensor (incident or reflected beam of the Sun) needed
in the equation and its solution fall away. For automated control of equation relative angles of
rotation of the MCS (of heliostat)must be represented in explicit form.

The research part. The equation (3) shows that the position of the vector n in space or
orientation does not depend on the type and scheme of the axes of rotation (equatorial,
azimuthal-zenithal, etc.). However, it is obvious that the position of the rotation axes depends on
the projection of the vector n or the angles and the angular velocity MCS (heliostat). Therefore,
in order to specify the equations of motion of MCS, its axis of rotation must be specified. And to
solve the problem, the laws of transformation of vectors b and c in timeobviously must be
known.

The denotation ofthe main parameters have characterized the position of the hub on the
surface of the Earth and the basic coordinate system of the task (Figure 1).

(North) e s

0)3"'""

4 (Vertical space)

. . T, T (East)
The plane "visible" the

daily movement of the Sun L _O

The plane of the Equator

Figure 1 - Position of the hub on the surface of the Earth

— ) ——
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Figure 1 shows that there are two main systems of coordinates — equatorial (CSg), which
determines the “visible” position and movement of the Sun in space depending on the location of

installation of the hub on the Earth's surface — latitude ¢ and longitude A, (if the reference of the

longitude is relative to the local meridian it is obvious A = 0) and local coordinate system (CSy),
which determines the orientation angles of the Sun, hub, and the reflected beam on the ground.

Because of the distance to the Sun, it is believed that the centers of these coordinate systems
coincide. There are considered the equations of motion of MCS taking into account factors such
as the inaccuracy of placing the axes of rotation. There are practically not considered the problem
of the influence on the movement MCS inaccuracies of the position in space of the azimuthal and
zenithal axes of rotation of MCS. Taking into account the method proposed in [8] - application of
the matrix of rotations in general case of the problem is considered.

To describe the vectors ¢, b, n the following coordinate system (CS) are presented:

“equatorial” - CSg, with the direction of the axes O - to the South, Ong - on East and O Cr
- along the axis of rotation of the Earth (Figure 2);

"local" — CSy, with the direction of the axes Of to the South, On - East, and OC - vertical
space (figure 2);

"initial" — CSy, the coordinate system that defines the initial position of the axes of rotation
relative to the CSy, with the directions of the axes OZ - stationary or azimuthal rotation axis, OY
is movable along the "zenithal" of the axis of rotation and OX so directed that it forms with the
axes OY and OZ right coordinate system;

"connected" — CSc associated with the hub or its central normal n, the axis directions OXy —
normal hub (heliostat), and OYy and OZy form OXjy right cartesian CS.

In the initial moment of time, CSy and CS; are the same. These two CS, in general, is
sufficient for the analysis of the kinematics of the hub and in the general case, when there is an
"inclination" of the horizontal axis of rotation at an angle of . Thus, even with the x formally,
we can apply the same sequence of transitions between the CS, or

10.vy.a,p
CSg— CS. —»CS;— CSy 4)

Where v, 6, v, ¥, a, B - the angles of crossing between the CS (Figure 2). It is noted that in
contrast to [9-12], corners 0, v, do not characterize the directional inclination of the vertical axis,
and the inaccuracy of its position with respect to the vertical.

As can be seen in contrast to (1) the need to consider the more general case, account for the
angular inclinations of the horizontal axis of rotation about a vertical axis of rotation of the hub
(heliostat). In this scheme, the transition between CSy and CS;, which includes the angular
deviation of the horizontal axis of rotation is advantageously carried out in the form of a single
rotation of the horizontal axis of the MCS at a constant angle .

For the algorithm of the movement of mirror concentrating systems, in principle there is no
need in detailing the schemes of transition or angle of crossing between the CS, however in
practice it matters because you need to snap these angles to possible bases of reference and to
take into account the native playback capabilities of the corners, large 90°. There is assumed that
a positive reference angle is clockwise, the other samples will be discussed. In view of the
general schemes, transitions CSg— CS;—CSj will remain unchanged. Thus, the subject taken in
[5,8,9] of the rules of rotations, transitions between CS are of the form (Figure 2).
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Figure 2 - Scheme of the transition from CS; to CS;

There are presented briefly these transitions. The transition from equatorial system CSg to
local CSytaking into account that y = 90 - ¢ is the following:

"direct transition" "reverse transition"

CSg—» CSp CSL —» CSg
Sk N Sk S n g
éf sin @ 0 -cos (0 5 sin @ 0 cos %)
E
n 0 1 0 n 0 1 0
E
é’ cos 0 sin @ é"E -cos @ 0 sin @

The transition from SCy to SC; (figure 2) connected with the vertical axis of MCS (heliostat)

it is necessary to consider that in this case the angles 6 and y are small (determine the actual
position of the vertical axis of rotation relative to vertical), or

"direct transition" -CS;, — CS;

S U ¢
X 1 0 0
Y 0 *\V 1 -y
V4 .0 \ 1
The following is correspondingly obtained:
"reversetransition" — CS;— CSp
S 7 ¢
X 1 0*y )
Y 0 1 siny
Z J2] -y 1

(6)

(7
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There is considered the scheme of transition from CS; to SCytaking into account the angle of
inclination of the horizontal axis of rotation at an angle of y (figure 3).

Figure 3 - Diagram of turning angles from CS; to CSy

There is the following matrix of transition between CS; and CSy from figure 3.

"direct transition"-CS; — CSy

X y z
XH cos & *cos B -sin & *cos [ sin [ *cosy, (8)
Yu sin & *cosy, cos X *cosy, -siny
ZH -cos & *sin [f sin & *sin 3 cos 3 *cosy,
"reversetransition" — CSy — CS;
XH Yu Zy
X cos & * cos B sin & *cosy, -cos & *sin [ 9
y -sin & * cos [§ cos & *cosy sin & *sin 3
z sin 3 *cosy, -siny, cos 3 *cosy,

Since all these matrices are singular, then the reverse transition is realized by simple rotation
matrix elements around the diagonal of its left diagonal. It is noted that the angles of rotation of
the hub (heliostat) - o, B must be found from a solution of equations, usually given are the vector
of incident solar radiation and its direction after the reflection, or the vector b. There are various
ways of determining rotation angles a, P — spherical triangles, the scalar product, the
trigonometric functions, but the easiest way is the definition of rotation angles from matrix
equations in [6] is stated. The essence of the method concluded in the following: the position of
the vector n in the two systems of coordinates, then transition matrices of the resulting joint
system of equation for determination of angles of rotation of the hub o and B in the rotation axes.

Results and discussion. This scheme is applicable for determining the angles of rotation of
the hub. The first go the vectors b and ¢. When using the matrix of transition between CS these
vectors, it is desirable to determine in the CS, where their representation is most clear and simple
[14-16]. So for the vector c is equatorial CS (figure 4), from which it follows that in CSg

— 85
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Coqp=COSA*C08F; ¢,y =-sind*c0sF; cyy=58ind; (10)
whereA - width of the Sun, is
/1 = a)Earth *t (11)

where w,,,,, - angular velocity of rotation of the Earth and t is the time of day, measured from

noon 9 - longitude of the Sun.

» I3 (East)

]-I', T-Ill

&s  (South)

Figure 4 - Definition of the components of the unit vector of the Sun in the equatorial coordinate system CSg

The unit vector of the reflected beam b is conveniently set in the CS; and its components,
such as peer - to- bg, by, be.
Translate in CSy and the vector ¢, using the transition matrix

c.=cos A *cosd *sing - sino *cos g
¢,= ¢, - sind*coso (11)

n

¢, = COSA *cos O *cosp +sind *singp
the components of the vector n in the CS;. are equal,

n. =(b:+c,)M; n,=(b,+c,)M; n, =(b,+c, )M, (12)

where, for brevity, denoted by M = (2*(1+ bc))™. Further, from matrix, the smallness of the
angles 6 and v is given, that the components of n in CS; is equal to the next equations:

ny=n,+n, *0+n, *6
ny=n,*0*y+n,—n, *ny (13)

n,=-n,*60+n, *y+n,
— 86
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On the other hand, from the CSy, we know that in CSy components n is equal to: 1, 0, 0, or
turning them into CS; with matrices the next equations are obtained:

nX* = cosa*cosf
ny = - sina*cosP (14)

* .
nz = cosy *sinf3

Since it is one and the same vector, the left parts of (13) and (14) are equal to

*
nx = nx
IlYZIlY>1< (15)
nZ:=nz*

whence, it follows that the right parts (13) and (14)must be equal, or get a system of three
equations:

cosa*cosf=ny, =n,+n, *0+n,*0 (16)
—sina*cosf=ny, =n, *0*y+n, —n,*ny (17)
cosy*sinff=n, =-n.*0+n, *y+n, (18)

Given that the angle of y horizontal axis relative to vertical is constant, from (17) the
expression for the angle of rotation of the MCS around the horizontal axis 3 is obtained,

B = arcsin(n,, / cos y) (19)
and for the "azimuth" angle MCS around the vertical axis of rotation a
. 2105
a= arcsm{— ny, /([1 —(n,/cos y) ] } (20)

In the particular case when y = 0, at the expression is obtained as (1) equation.

Conclusion.

Thus, from the analysis of the obtained equations of motion of MCS it can conclude that the
algorithms of the movement MCS to consider nevertheless (the exact vertical location of the
support) azimuthal (fixed) rotation axis, or the angles 6 and y characterizing the angle of
inclination of the axis of rotation relative to the vertical. Also,it was noted that the influence of
the angle of inclination of the horizontal (zenithal) axis of rotation on the equations of motion is
negligible and may be ignored. In general, from the analysis of the equations of motion of MCS,
it follows that the equations of motion of all stellar bodies (except satellites) will be the same and
in fact are determined by the equation of motion of the Earth. This means that software control of
the orientation of the MCS at the Sun or any other star will be the same.
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A. Myca0exoB, A.Capubaes, C. Kypak6aeBa, A. Kan6aesa,
C. Ucmannos, @. Careidaaanesa, H.MycabexoB, T.Ay6akupoBa

M.Oye30B aTbiHnarsl OHTYCTIK KazakcTaH MEMIIEKETTIK YHUBEPCUTETI,
[IsivMkeT, Kazaxcran

AMHA HOFBIPJIAHJBIPYLIBI )KYHEHIH KO3FAJBIC
TEHJAEYI MEH AJITOPUTMIH 3EPTTEY

AHHOTanusi. AWHa UIOFBIPJIaHABIPYIIBI JKYHEHI OHTaiuibl Oackapy YIIIH OHBIH MYMKIHIIK KaTeJiKrepi
aBTOMATTAaHIBIPBUIFAH TeJIMOCTATTHl 0Oackapy >KyHWeciHJe aHbBIKTanAbl. AWMHA IIOFBIPIAHIBIPYLIBI KYHECiHIH
rerpadUsUIbIK KOOPMHATTHI €CKEPE OTHIPHIN, HBICAHAHBIH 131HE TYCY KO3FaJbIC TCHICYi, aliHamy OLTIriHIH alKbIH
OpHAJIaCybl KaHE TipeK-OYPBUIBIC KYPBUIFBIHBIH JAJIAIK CUITaTTaMallapbl KapacThIPBUIABIL.

A¥iHa HIOFBIPJIaHABIPYLIBI )KYHEHIH allbIHFaH KO3FaJIbIC TEHJIEYJIepi OHBIH KOPBITHIH/IBICH HET131H/Ie JKacalFaHbl
TanfaidFrad. AWHa HIOFBIPIaHABIPYLIBI JKYHEHIH KO3Falblc aJTOPUTMIHJE KeJleci aTtalFaHaapibl MIiHAETTI Typle
€Cellke ally KepeK: TIKTIK eMecTiK (OHBIH TIKTIK TIPEKTIH OpHajacybl), a3UMYTTTHIK (KO3FaJIbICCHI3) aliHay OuTiri
Hemece 0 sxoHe  OyphITap O1pKelKi TiK OpHBIHA aiiHaly OLIIriHiH KeJ0ey OYpBIIIbIH CHIIATTAYILbI.

Tyiiin ce3mep: aBTOMATTHl )Kyiie, allHa LIOFBIPJIAHIBIPYIIBI JKYHe, BEKTOp, OIpiKTIpy XKyiieci, remuocrar,
aiiHaiy.
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A. MycaoexoB, A.Capubaes, C. Kypak6aeBa, A. Kan6aesa,
C. Uemannos, @. Cateidanguesa, H. Myca6exoB, T.Ay0akuposa.

IOxH0-KazaxcraHCckuil rocyJapcTBEeHHBIN yHUBepcuTeT nMeHn M.Aye3osa,llIsiMkenT, KasaxcTas.

HNCCJIEJOBAHUE YPABHEHUS U AJI'APUTMA JTBUKEHUS 3EPKAJIBHOM
KOHIEHTPUPYIOIIEU CUCTEMbI

AHHOTanus. B aBTOMaTH3MpOBaHHON CHUCTEME YINpaBieHHUsS TeIHOCTaTOM Ui ONTHMAJIbHOIO YIPaBICHUS
3epKalbHOM KOHLIEHTPUPYIOIIEH CUCTEMON ONpeAeneHbl €€ BO3MOXHBIE MOTPENIHOCTU. PaccMOTpeHBl ypaBHEHHs
JIBIDKEHUSI OOBEKTa CIIEKEHUSI C y4ETOM Teorpauyeckux KOOpAMHAT 3epKaJbHOW KOHIIEHTPHPYIOIIEH CHCTEMBI,
pearbHOrO MOJ0XKEHUS! OCEH BpallleH!s U TOYHOCTHBIMU XapaKTEPUCTUKAMK OIIOPHO-IIOBOPOTHOIO YCTPOUCTBA.

[Ipoananm3upoBaHbl NOITYYEHHBIE YPAaBHEHHS JIBIKCHUS 3€pPKaJIbHOW KOHIEHTPHUPYIOIIEH CHCTEMBI, HA OCHOBE
KOTOPOTO C/eNaH BBIBOJ. B anroputmax ABMKEHHS 3€pPKaJbHOM KOHIIEHTPHPYIOIIEH CHCTEMBI HEOOXOANMO
00513aTeNbHO YUHUTHIBATH CIENYIOUIEe: HE BEPTUKAILHOCTH (TOYHOE BEPTHKAIBHOE PACIOJIOXKEHHE OIOpPHI)
A3UMYTAJIbHON (HETIOJBIKHOM) OCH BpAIIEHHUS WM YIIIbI O My, XapaKTepH3yIOIIHE YroJl HAaKJIOHA OCH BPAIlCHHS
OTHOCHUTENBHO BEPTUKAIN MECTA.

KnaroueBble ci0Ba: aBTOMAaTHuYeCKas CHCTEMA, 3€PKajbHas KOHLEHTPUPYIOIAs CHCTEMa, BEKTOp,
KOOPJIMHUPYIOIIAs CUCTEMA, T€INOCTAT, BPAIlICHHUE.
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CRITERIA FOR STRONG CONVERGENCE OF SOLUTIONS
SINGULARLY OF THE PERTURBED CAUCHY PROBLEM

Abstract: The first-order integral equation with a non-smooth right-hand side is solved by the deviating
argument method. It is shown that the solution of the corresponding singularly perturbed Cauchy problem converges
to the solution of a non-perturbed problem. The criteria of strong convergence and the spectral properties of the
auxiliary problem are used. The square root of a class of Sturm-Liouville operators is found.

Keywords: strong convergence, spectrum, spectral decomposition, square root of the operator, equation with
deviating argument, Hilbert-Schmidt theorem.

1. Introduction
We consider a singularly perturbed Cauchy problem

Ly=¢y'(x)+ayx)=1{x),x (0,1]
y(0)=0
in space LZ (0, 1), where d is the complex constant, £ > 0 is a small parameter, and f (X) ELZ (0, 1).
For what values of the constant @ the solution of problem (1.1) - (1.2) converges strongly to the
solution of the problem Ly, =ay, (x) =f(x) ,for e > +07?

(1.1)(1.2)

The solution of problem (1.1) - (1.2) has the form y(x, &f ) = Lj f (x) , hence, we are talking about

-1 -1 . .
the strong convergence of the sequence of operators Lg to the operator Lo =1/a, where is the I unit

operator. Since the right-hand side of (1.1) is not assumed to be smooth, we mean the strong solutions of
problem (1.1) - (1.2), and (1.1) is understood almost everywhere in (0.1).
To clarify the formulation of the problem, we give the corresponding definitions [1, ¢.11].

Definition 1.1. Let’s {An} a sequence of bounded operators. It is said that this sequence converges

A —A” —0 for 1—>0,

uniformly to the operator A , if |

Definition 1.2. A sequence {An} of linear operators (generally speaking, unbounded) with a

common domain of definition is called strongly convergent on D (to the operator) if for any u € D
‘ Anu—AuH —0 at #—>X,

Definition 1.3 A sequence {An} is called weakly convergent (to A) if for any u € D sequence the

{A,u} sequence converges weakly to Au , in other words, this means that (Anu,l// ) - (Au, l//) for any
ueD andany e H=L" (0,1) :
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a

The inverse operator l; of problem (1.1) - (1.2) has the form L;l f (x) = l J. f (x)eiz(H)dt
€ 0

and, obviously, this operator is completely continuous in the space H =L’ (0,1) JIf HL;1 —LBIH — 0 for

-1, . o . .
N —>0 | then the operator lo is also completely continuous. Since it is not so, uniform convergence is

not possible. If @ >0, then, weak convergence holds, which was proved in [2]. The main difference
between the formulation of the problem and the known singularly perturbed problems [3-12] is that we do
not require the right-hand side of a certain smoothness, so all known methods are not applicable in this
situation. Our method is based on the spectral decomposition of Volterra operators [13-17].

. . . . —1
The aim of the paper is to establish a criterion for strong convergence of a sequence of operators Lg

-
to an operator L, , for £ — +0 .
2. Research methods

In our investigations we rely on the following Banach-Steinhaus theorem.

The Banach-Steinhaus theorem. In order that the sequence of linear bounded operators A,, strongly
converges, it is necessary and sufficient that the norms of the operators A, be uniformly bounded, and
that the sequences A,,X be convergent for all X of some dense in /1 the set [18, ¢.129].

Consider in space H=L (0, 1) the Sturm-Liouville boundary value problem

(%)= uy(x);
y(0)=0,)y'(1)+by(1) =0,

where b — const,b > 0; u — 1is the spectral parameter.

2.1)-(2.2)

If 4=0,, then the general solution of equation (2.1) has the form y(x) = A+ Bx, where 4,B -
const.  Substituting this expression into the boundary conditions (2.2), we obtain
A=0;B+b-B=0,B(1+b)=0, since b>0,B=0,le y(x)=0.

If u = 0, then the general solution of equation (2.2) has the form,

y(x,,u)zAcos\/;x+M(,u;tO), (2.3)
7

T

Where 4, B — arbitrary constants depend (in general) on the spectral 4/ parameter. Substituting
(2.3) into the boundary conditions (2.2), we obtain a system of equations with respect to unknown
constants 4, B .

Consequently, the eigenvalues of the Sturm-Liouville operator are the squares of the roots of the
characteristic function

A(y)=cosﬁ+b.sm £ _p. (2.4)

NP

For real values b the problem (2.1) - (2.2) is self-adjoint, therefore all the zeros of the function (2.4)

are real, that is, if 4§ it is a zero of a function A( ,u) , then it is a real quantity, then \/E a real or purely
imaginary quantity.
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If cos,/u, =0, then sin/u, ==1, so A(ﬂo)=ii¢o; if sin/4, =0, then A(u0)=i1¢0;,

Ta

it 14, =0, then D(0)=l+b>1. Using these circumstances, we transform equations to a form

convenient for investigation.
b
N L P e A
T b

Thus, the zeros of the function A(/i) coincide, with nonzero zeros of the function
F(Nu)= e +Ju1b.

Assuming, V=\/,17 for convenience, we investigate the zeros of functions F' (V) =1gv+v/b which,
as we have already noted, are real or purely imaginary. Since the function £’ (V) is odd, if V,, it is a zero
of this function, then it —V}, is also its zero, and since (—VO )2 = Vg , the "negative" zeros of the functions
F (V) do not give new eigenvalues, so it suffices to restrict the right half-axis v >0 and the upper part of

the imaginary axis V = iZ'(Z' > O).

T T
If V=i2'(2'>0), then F(iT)ZtgiT+%=(thT+gji¢0 the function A(,u) does not have

negative zeros, in other words, the Sturm-Liouville problem (2.1) - (2.2) does not have negative
eigenvalues.

If v>0,then F(v)=tgv+ g , and it is obvious that this function does not vanish in those intervals,
where tgv>0, ie. when nr<v<nr +%,n =0,1,2,..., therefore, we study the intervals
V4
n/Z'—ES vinr,n=12,....
. . Vg nx .
It is obvious that F(nrx —3) =—w,F(nrx)= " >0, when n=1,2,...,the derivative of the

+ 1 > % >0, Consequently, in the

function in this interval F(v) is positive, since F'(v)= 5
cos” v

V4
interval (nﬂ 5 nﬂ'jn =1,2,... exactly one root of the equation is contained F(v) = 0. Thus, if 5 >0

, then the function F(v) has no imaginary roots, i.e. all its roots are real, while the positive roots are
localized in intervals

nﬁ—%<vn <n7z,n=1,2,...;F(v )=O

n

Now we investigate the behavior of these roots V, =vn(b),n:1,2,... for b — 4o . From the

equation F (vn) =0, we have.
tgv, =—v /b,(n=L2,..),> Vv, =nr+arctg (—%”j =nr —arctg%

Consequently, blim v (b)=nr—arctg0=nz,n=12,....
—>+00

— 92 ——
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When the parameter b is changed, the roots V, (b)(n=1,2,) do not stick together, as can be seen
from inequality

(b

vm(b)—vn(b)=(n+1)7r—arctgv"%(b)—nﬂ+arctg%=7r+arctgv”—)—arctgv"%(b)>7r+0—%2£.
. r
Consequently, b>1(1;1,£,n|v’1 (b)-v, (b)| > E’m’n =12,....

We estimate the rates of aspiration to its boundary values v, (b) ,n=1,2,... of the roots at b —> +00 .
By Lagrange's formula [19, p.226], we have

F(n;r)—F(vn):%—OzF’(fﬂ)(n;z—vn):(l+ : )(nﬂ—vn),

b cos’ &,

nr
nT=v, =9 bl =1 5 v, (b) <&, <nm,

+ 2 + 2
b cos” ¢, cos” &,

O<nm-v, <ﬂ,Vb>0.
1+b

Now we find the normalized eigenfunctions of the boundary-value problem (2.1) - (2.2)

2
corresponding to the eigenvalues u = vf,(nﬂ' —%j <u,< (niz)2 ,n=12,.... It is not difficult to see

that the eigenfunctions have the form @, (x)an -sinv x,n=1,2,..., where B the normalized

coefficients, we calculate these coefficients.
1 1 2 . 2 .
. 1- 2 B 2 B 2
||§0’1(X)||2 :Bf 'ISlnz vnxdx:Bj .jde:_" X—M ‘%): n 1_S1n vn :1,
0 7 2 2 2v 2 2v

n n

Consequently B, ( b ) = (2.5)

So 1im B, (b)=+2
b—+w
Let's find the limit hlim @,(x) . By the Lagrange formula

sinnzx—sinv,x =x-cos&, (nz—v,),v, <& <nmn=12,...

|sin nzx —sinv, x| <[4 (nz-v,) < il nZ

,Vb>0,= ||sin nﬁx—sinvnx” < ﬂ||x|| < ﬂ,Vb >0.(2.6)
1+ 1+b 1+b
Then, by (2.5) - (2.6), we obtain that H(p” (x)- J2 sinn 7sz — 0, for b > +0.

Indeed
@, (x)- V2'sin nﬂ'x” = HB” sinv,x — V2 sin n;rx” = HB,, sinv,x — V2 'sin vV, X++2sinv, x— V2 sinn 7rx” <

b

< ‘Bn —\/E‘Hsinvnx”+\/§||sinvnx—sinn7rx|| < ‘Bn —\/§‘+ \{Enbﬂ —0 at b — +oo
+

Since the boundary value problem (2.1) - (2.2) is self-adjoint, its normalized eigenfunctions

{(on (x)},n:L 2,...form an orthonormal basis of the space LZ(O,I). We have proved the following
lemma.
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Lemma 2.1. If b > 0, then the Sturm-Liouville boundary value problem
—"(x) = uy(x),x€(0,1);
y(0)=0,y'(1)+b-y(1)=0 D22

has an infinite set of positive eigenvalues [, (n:LZ,...) localized in the intervals

2
(n;z—%} <u, < (n;z)2 n=12,..

Own functions: @, (x)= B, -sin /1, x,B, (b) = \/2/[1— Snzlzvn Jn ~1,2,.,
1%

n

corresponding to these eigenvalues, form an orthonormal basis of the space H = L’ (0, 1) )

The following equalities hold:

1y blierJ,un (b)=nx; (2.7)

2) lim B, (b)=~2; (2.8)
3) e, (x)—\/fsin n;zx” > 0upu b—>+0,rae n=1,2,.... (2.9)

Lemma 2.2. (about the square root). If b is an arbitrary complex constant, and A is an eigenvalue of
the Sturm-Liouville boundary value problem

Lz=—z2"+b'z=z(x),x€(0,1); (2.10)
z(0)=0,z'(1)+bz(1)=0, (2.11)
then the quantity i\/z is an eigenvalue of the Cauchy problem

Bz :z'(x)+bz(x) :iﬁz(l—x),x €(0,1]

2.12)- (2.13
2(0)=0 (2.12)- (2.13)

and conversely, if i\/z it is an eigenvalue of the Cauchy problem (2.12) - (2.13), then z (x)it is an

eigenfunction of the boundary-value problem (2.10) - (2.11) corresponding to the eigenvalue A .
Evidence.

2 " . . .
Assuming U =A—b" from (2.10), we have —z (X) =uz (X) The general solution of this equation

has the form

z(x,\/;)zACOS\/ZX+M,A,B—COHSL (2.14)

Ju

If £#=0,then z (x, O) = A+ Bx, then from the boundary conditions (2.11) we obtain

z(x,O) 0=A4=0,= Z(x,0)=Bx,:> z'(x,O):B,
[2/(x,0)+b-2(x,0)] =B+b-B=B(1+b)=0,= B=0,z(x,0)=0.

If u = 0, then substituting (2.14) into the boundary conditions (2.11), we obtain

— g4 ——
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Z<x’\/;) X—OZA:O’jz(x’\/;)zB'Sin\/;x(ﬂio)sjz'(xa\/;) =B-COS\/;x,:>Bcos\/;+b-BSin‘/; =
v Ju

B'{COS ﬂ+bM]—

i

Thus, the eigenfunctions of the Sturm-Liouville problem (2.10) - (2.11) have the form

z(X,\/;): B'Sj;\/;x
(2.15)

Where {\/; } - are the roots of equation

cos\/;+b-sm\/;:0. (2.16)

Ju
By virtue of formulas (2.15) - (2.16), we have
z(l—x,\/;)z Bsinyfu(1-x) _ p.Sinypucos g1 —cosf g sin [ pux :B_sin\/;cos o cos ﬂ‘Bsin\/; _
T i Ui e

H {z’(x;\//j)

CO \/—COS HX —COSAJ U — Z( \//.—I)Z—COS ,Lt~[%+z(x,\/;):l:—cos ,Lt~l:%+z(x,\/;):l:—cos
b-z(l—x,\/;)z—cos\/;-[z’(x,\/;)+b~z(x,\/;),:> z’(x,\/;)+b~z(x,\/;):—

o]
w7

(2.17)

LA (1-
cos \/;
From equation (2.16), we have

B 3 __b2+,u A 1 A
tgp=—Ju /b= 1+1g’\Ju =1+ = ) bz’cosf =5
b’ b’ b ,
oS =T A o T P e g it = V(1)

It is obvious from the boundary condition (2.11) that z (0) =0.

Note that A =+/g+b* , there fore A =+/z+b", and the signs before the radical are chosen
b

+
Ju+b
Conversely, if (2.12) - (2.13) holds, then putting x =1 in (2.12), we obtain z'(1)+b—z(1)=0.

Differentiating equations (2.12), we obtain

z"(x)+ bz'(x) = ix/zz'(l - x) = ix/z[i\/zz(x)—bz (1 - x)] = —lz(x)i \/Ibz(l - x),:>
2" (x)+ b [ £VAz(1=x)=bz(x) ]| = =2z (x) £ bz (1-x),2" (x) = b’z (x) = =22 (x)
—2"(x)+bz(x) = Az(x).

Corollary 2.1. If @, (x) the normalized eigenfunction of the Sturm-Liouville problem (2.10) - (2.11),

according to the rule cos \/; =

then we have the formula
gz)é(x)-cos\/Z:—b-[(pH (1-x)+o,(x) cosﬂ], (2.18)

where are L, eigenvalues, and @), (x) the eigenfunctions of the Sturm-Liouville problem:
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@ ") =1,0,(3); 2 (0)=0 z, (1)+bz,(1)=0 '

The formula (2.18) is a simple consequence of formula (2.17).
Lemma 2.3.If b the real quantity is different from zero, then we have the formula

= 2,1
=3 (.0, (x) = —Z(’)"T”cos 2, *In(x),
p— - 2.19)

where % (x) (n=1,2, ...) are orthonormal eigenfunctions of the boundary value problem:
- y”('x) = luy(x)5x € (Oal)a
y(0)=0,y'1) +by(1) =0

Evidence.

N (2, ()™ g (x)eb* (e, @, | 0@ _e,0-x)
(@".p,) = [e"p, (x)dx = [ 2 8| [ ‘ 2 B g, (1) =
0 COS ’L[n b COS lL[n

1 b 1 1 b(l- x)
Zq)n()e + e @n( dx+j€xq0n(x)dx—¢)"()e +Ie n(x)dx+(ebx,¢n)’
0

b 0 COS\/;n

COS IL[”
(Dn (l)e + j‘ eh(l A)(Dn( ) — 0 => ¢n (1) — _1 e ¢n (x) _ ( 7¢n
0 COS”IL[ b OCOSJ COSJ

Consequently

*@,(x).

o © @, (l)cos
R VRS L Ul /13

n=1

Lemma 2.4. If Gand £(¢ # 0) are arbitrary complex constants, then the operators

A,y=8/(x)+ay(x);0(4,) = {x) e C(O) N01],(0) =0},
and
B 2= (¥)+Reaz(x):X(B,) = {z(x) € C(O) N0, 2(0) =0}
similar to each other and the similarity operator is the multiplication operator
]

Vi=c © f(x)

Evidence.
_ima
Assuming, y=V z=e ¢ Z(x) we have y(0) = z(0) = 0, and
/ma 7,& /ma /max
Ay=¢- [e ¢ ¢ z(x)]+a*e ¢ z(x)=e ¢ [e—z'(x)-

—jma-i-z(x)+Rea-z(x)+ijma-z(x)] = e_ijmTax[gz '(x)+Rea-z(x)]=V_ B, z(x) =>

AV z=V.Bz,=>V'AV =B,
Corollary 2.2. The norms of operators A_l B ! are the same. In fact,

B'=V 4,

, similarly from equality,
A ZVSBZIV; , IMEEM HA; H < HBg_ H we have, therefore, A:‘ =
—— 96 ——




ISSN 1991-346X Cepusa pusuxo-wamemamuyeckas. Ne 3. 2018

3. Research results
Theorem 3.1. If y(x, & f ) is a solution of a singularly perturbed Cauchy problem

Ly=8'(x)+a(x)=f(x),x €[0,]] 3.1)
(0) = 0,(3.2) whered -const,> 0, f (x), >0 ,f(x) ELZ (0,1), then the expansion

0

= (8.4,)cos 1, %2, (x), )

where Sf (x) = f (1 —X), M, are the eigenvalues of the Sturm-Liouville problem

= y"(x) = p = y(x),x € (0.1); (34)
y(0) =0,y (0 + = y() =0, (3.3)
A (D,Z(X) -normalized eigenfunctions of this problem corresponding to these eigenvalues.

Evidence.
Let there be Vy (X, &, f) a partial sum of the series (3.3), then, by virtue of formula (2.18), we have

o (e, f) =—§Z (st 4, ) cos[z, * ¢, (x).

*3 (st.4,)*cos[p, *'(x) =

n=1

=<cosJu_,,*¢'n<x>=—§.[¢n(l—x>+¢n*cosJu_n]=—§2 5+ 4,)

n=1

y'N(xog’f):_

Q |~

1400+ ()cos i, 1} =

=é*z (st,¢,,)*[¢ﬂ(1—x)+¢n(x)cos\/,u_n],

n=1

evy (.6, )= (s/,8)*8,(1-x)+ . (st,4,)cos /i, ¢,(x) =

n=1 n=l1

=2, (f.54,)*S4,(x)~ayy(x,&, /)= ey'y(x.&, )

n=1

+ayy (%6, )=, (f,56,)*S¢,(x),

n=1

Where S¢n(x):¢n(1—x),n=1,2,..., Since, B:£>0, by Lemma 2.1, the system
&

2
{@(x)},n=1,2,..., forms an orthonormal basis of the space L (O- 1)-. The operator S is unitary,
therefore it takes an orthonormal basis to an orthonormal basis, hence the system {SQ,}JI:L 2,---,is

2
also an orthonormal basis of the space L (0,1)-. Therefore, the function
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N
fN(X) = Z(f’s¢n) S¢I1(X)
n=1
is a partial sum of the Fourier series f (X) of the function in the system {S(Dn} n=12,..,:
lim fy (x)=f(x)

in space L (0, 1) . Thus, we have proved the limiting relation
LgyN :8y;\/(xagaf)+ay1\[(x9‘9:f) :fN(x) _)f(X), for N —>o0.

2
Now we show that the sequence {yN}, N=L2... also converges in L (0,1), for this it is sufficient to

2
show its fundamental property in L (0,1),

1 & 1 &
[y x —yN,,"2 :FZ(st,gon )cosy/ g, (x) ||2 = > [Gst o,
N' N'

2

<&, YN',N"> N(¢)

2 "
1 N
COSA/ i < a—2-2‘(st, @)
e
since, the Parseval equality holds

SIS IS = (.50 =(S>F. ) = | <0

n=1

By definition, the function y(x,¢,f)=lim y,(x,&,f) is a strong solution of the singularly
N—ow

2
perturbed Cauchy problem (1.1) - (1.2) in the space L (0,1) .
Corollary 3.1. If a > 0, then inequality

L)

&

<L (3.6)
a

Evidence.

It follows from (3.3) that
2

cos” \Ju, <
|f ||

1 0
< —
2

T
, > (5)2,\/#,, —geuy| <

_ 1
ad 2 B

1 o0
== Z:;\(Sf,con)

el sy T
a2 ’

2 2
a a

Theorem 3.2. If a>0, and f (X)GVV; [0,1],n20,then the strong solution of the singularly
perturbed Cauchy problem

&'(x)+a-y(x)= f(x),x €(0,1];
»0)=0

1
belongs to the space VVZ'H [0,1] , and satisfies the estimate

n—

(-1 [f(")(x) FP0e s}e ,,
@

_)/'(X, &, f) k+1 - k+l
0 a a

>~
Il
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Evidence.

By Theorem 3.1, the strong solution of problem (3.1) - (3.2) has the form

(x & f) __;Z(Sf ¢ )COS ﬂn@n(x)
n=l
where the Fourier coefficients of the function in the system We calculate these coefficients.

(Sf.0.)=(f, %<x> 0,0-2)__(S1.0) 81Se)__S1e)_ (f.0)

cos~/un b cos+/un b cos+/un

Where b=al/&>0

(Sf.0)=[ g, =5 -,(x)[ - j (S, (x)dx = f(O)p, ()~ (S.,).

_ SO,  (SN)e) (o) .
Sf.p,)= PR Cos\/—

Therefore

(570, )c05 1, == 1O 2 cos i, = (1.0, + CLCD o5

Substituting the obtained formula, in Fourier the representation of the solution y(x,&, ), and using
Lemma 2.3, we have

Yz, )= 2 (o, cos [, 4,0 =

L3 0 o -+ R o 1| -

=SS D cos 4,545 3 B0 = S (. oo, -, =
S Sf) O z( ) (x )——Z«sf) ALNRAGE

:&_&e—bx +_b,2(sf',¢n)cosm.¢n(x):
(47 2 —

a a

— f(x)—f(())e : _f'y(x,g,f')
a a

(3.7
Replacing, in this formula f by 7', we get

S (x) _ SO (0) -

Y56 f1) = gy(x, & ")
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Consequently,

ye. ) =5 Rt
a a a

f@) O {f(X) LO 28y f,)}z

a a a a a

@ SO {f(x) SO e f,,)}
a

:&_&e{x _{f'(x)_f'(o).e_zx}.i+_y(x e f") =
a a

a

IAC AU __{j”(x)—-j"(0)~e5x}~—$;4-f%;}(xag,f”q
a a a

Suppose that the formula

S {f ©(x)-£*(0)- e_zx}gk
y(x,&, f) = — +(-1)" y(xef(‘”) (3.8)

0 a

>~
Il

is true. Then, by virtue of formula (3.7), we have

W )= LO 8y ey,
a a

Consequently,

- (_l)k |:f(k)(x)_f(k) (0)_er}gk
y(x, 6, f)= p +(D

k=0 a

f(n)(x) f(n)(o) e’ fy(x’ g, f) |=
a

e [f<k><x>—f<“<o>-e‘?}k
- D ),

k+1
k=0 a

Thus, the validity of (3.8) is proved, from which the theorem follows:

2
y (—I)R |:f(R) (X) _f(R) (0) .e_gx:|gR N 2
_ _¢ M\ =
y(x,e,f) ; aR+1 - a2n y(x,e, ) -
8271 1 +90 2 8271 o 2 82}1 2 ‘92” f(n) ?
== zl (. .) COSz\//Tmsw'z_l (. 0.) e A TR

those.
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e 1)R{f‘R’(x)— fﬂb(o).e‘ﬂ &

< .
x & f R+1 =
R=0 a a

. -1
Theorem 3.3. If d the real value is nonzero, then the sequence of operators l@ converges strongly to

the operator L;l =I/a, for e > +0,ifand onlyif a > 0.
Evidence.

A) Necessity. Let [ (X) an arbitrary absolutely continuous function satisfying the condition

f (O) #0, then from formula (3.7, we have
Jf(x)-Lyf(x)= —%-efﬁx —ngf'(X),: —|fi0) S < |8 L )=
l—e% g
£ (0) ( ]
o 2ld
_2a 2a 2
If a <0, then (l—e gj:e ° -1 l(%j 22_233
2\ ¢ £
l—e_sz &
[ 2 L 17 (0) (3.9)
2a £

Suppose that strong convergence holds, when L;I —>L61 , then & > +0 the left-hand side of (3.9)
tends to 100, and the right-hand side tends to zero, which is impossible, hence, if strong convergence
holds L, —> L', then certainly a > 0.

B) Sufficiency. Let a > 0, then, by virtue of inequality (3.6), we have” L' H < lVg >0
a

b

Assuming f:S§0m, from the formula (3.3), we have 'S¢ = —lcos U o, (x) m=12,...
a

If & > +0,then b=a /& —> +oo,, by Lemma 2.1, we have
i, = mz,le, (x)—ﬁsinmzrx”—) 0, at & > +0.

m+l1 .
Then —lcos\/z-gom (x) %&\Esinmﬁx = V2sinmz(1-x) N —
a a a

a

. . 0 .
Assuming, for convenience @, (x) = \/5 sinmzx,m=1,2,..., we have

0
o0 -0,
SH'" iy
a

-1

S
L'Sop, —;cofn
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0 (x) = \/Esinmﬂx,m =12,..

Therefore

forms an orthonormal basis of space r (0, 1), therefore the system {S o° } ,m=1,2,...is also the basis of
this space. Consequently, the linear span of these vectors {S go,?l},m =1,2,... forms a dense set in space

r (0, 1) . Then the assertion of the theorem follows from the Banach-Steinhaus theorem.

Remark 3.1. Formula (3.7) is true for any complex value @ with nonzero real part.
Proof 1. In fact, the solution of the Cauchy problem

y'(x)+a-y(x) :f(x),xe (0,1]
»(0)=0

has the form

1% ~(x-1)
z : 3.10
v(xe,f)= g!;f()e dt, (3.10)

therefore the following chain of equalities holds

—f(x 1)
n_ L S, 1 e f(t)e ,,(“ a_
y(x,e,f)—g.([e f(t)dt—gj;e df_—(9 =
S(x)-f(0)e* a

= —;y(x,g,f),: ey(x,6,f")=f(x)-f(0)e * —ay(x,&6,f), = ay(x,6,f)=

&

) S0) 5 e

a a

f=F(0)e ¢ —ey(x,z. 1), p(x.6. /)=

Proof 2. By Lemma 24, the operators Ay= é‘y'(x) +a- y(x); y(O) =0 and
Bz= 52’(x) +a-z (x) ; Z(O) =0 are similar to each other, where the similarity operator is

—I—Xx

Vof(x)=e - f(x)

The formula (3.7) is valid for real numbers @, and therefore

f(X)_f(O) Rza R » ' -1 _ Rzax_ ) ,
Rea Reae ReaB (f),DReaBgf_f(x) f(O)e B, (f)

Bf=

By virtue of similarity, the following formula holds: V 1A B_ 1 . If f V @, where & is
fixed, then
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Rea
ReaV'A'op=V"'p-p(0)e ¢ —&B (dnglgoj;
X

_ijmJX 1
nglgpzie € Q:i']manilgﬁ-l-V:l@',:}
dx dx £

Rea

ReaV[' A=V "p-p(0)e ¢ —ijmaB;V'p-eB 'V '¢p',=

Rea

aV ' A=V 'p-p(0)e ¢ —eV '4'p,=
Rea

ad;'p=9p—-p(0)- e ¢ - cd'p' =

0) <
¢(X) ¢( )e £ _fy(x)g,(p’), as required.
a

Hence, y(x, &, ¢) =

Proof 3. Integrating by parts the right hand side of (3.10), we have

(x,6,f)= jf dt:%If(t)dez(“) =

Mg‘ T ,(t)e-Z(x—r)dt:f(X)—f(O)e - .fy(x,g,f').
a ao ¢

Theorem 3.4. A sequence of operators I; strongly converges to an operator l;)l, for e > +0,ina
space H =1 (O, 1) if and only if the following inequality holds:

Rea>0 (3.11)
Evidence.

-1 —1 .
A) Necessity. Let the sequence of operators Lg strongly converge to the operator lo It is not
a

difficult to see that the function Z(x,g):e_;x —1 is a solution of the Cauchy problem

6‘2’()6) +a-z(x) =—q; Z(O) 0,, so we have formulas

a

z(x,e)=L(a)==aL] (1),= e =1-aL](1),=

a
——x
&
e >

Let us calculate the left-hand side of this inequality:

a P 1 a a I 2Rea 2Rea 2Rea
——X —X —X - & - x4 & -
e’ :Ief —egdxzje fdx=———e ¢ |,= l—e ¢ |.
7 7 2Rea 2Rea

Consequently, for any , with Rea # 0, the following inequality holds

2Rea
J ¢ [1_ea jgl+|a|HL;H.
2Rea
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2Rea _2Rea 1 2Rea 2 2(Rea)2
If Rea<O0,then |l—€e ¢ |=e ¢ —1>—|— = 5——, therefore
2 & &
2Rea , N
gll-e >£2(Rea) >|Rea| and‘ ea‘SH_‘aHL;1 |

2| Rea ‘ 2 &|Red ¢ P

Therefore, lim L;‘H = 400 and this circumstance contradicts the Banach-Steinhaus theorem, since,

£—>+0

according to this theorem, the sequence of norms HL;IH is uniformly bounded. Thus, if Rea #0,, and

-1 -1 .
strong convergence takes place L. —> L, , then certainly Rea > 0.

If Rea =0, then from Lemma 2.2, we have HL;1 H = ‘ A= HB:H where B™' f (x) = lJ‘f(t)dt
€ 0
Then, by the Hardy inequality [20], we therefore have H L;‘H :‘ A :‘ B :l.z, in this case
&
limO L;l H = 40 , which contradicts the Banach-Steinhaus theorem.

. ~1 . .
Thus, if the sequence of operators [, converges strongly to an operator //a, then the inequality

holds Rea >0.

Proof. Let Rea >0, and f (X) an arbitrary function in the class C; (0,1) , then, by (3.7), we have

y(x, 1) :M_&efx —gy(x,g,f’),

a a

& |/ ()

|a| Rea

f(x)

a

-0

and since f(0)=0,then ||y (x,¢, f)-

< |z—|||y(x,€,f')” <

at & —>+0, and this means thatHL;lf—Lg1 H —0, with € >+0, and Rea>0 for any

f(x)eC(0,1).
By Lemma 2.2, and Corollary 3.1, we have HL;IH < 1 :
Rea
Consequently, the assertion of Theorem 3.4 follows from the Banach-Steinhaus theorem, since linear

manifolds of functions from the class are everywhere dense in space H =L’ (0, 1) )
Theorem 3.5. If Rea =0, a#0 then, the sequence of operators l; strongly converges to an [61
operator, for & = +0 , in a subset DCW;1 (0, 1), if and only if
D={f(x)eW, (0.1),7(0)=0]
Evidence. Let the sequence of operators [Z strongly converge to an lgl operator, for & = 40, in

some subset DCW, (0, l) . Then from the representation
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o x )
y(x,g,f)zf(x)_f(o)e —ljf'(t)e dt, fair for any f(x)eD, we  have
a asy
O G o e 2
< L fl+—||f'(¢t)e s “dt
IR alt "

The first term on the right-hand side of this inequality tends to zero when & — +0 , by virtue of the
Riemann-Lebesgue lemma, and Lebesgue's theorem on bounded convergence f (O) =0, and

consequently the necessity of this condition is proved.
Conversely, if f(x) eD ie. f(x) S W; (0,1) and f(()) =0, in view of the same representation,

f(x) =ﬁ If’(t)e_g(x_t)dt .
a 0

The right-hand side of this formula tends to zero, when & — +0, by virtue of the Riemann-
Lebesgue lemma, and Lebesgue's theorems on bounded convergence.

we have

L'f-

a

Theorem 3.6.If Rea =0, then the sequence of operators l; is weakly convergent to the operator

161, for £ = +0 , in the subset VV; (O, 1) cI? (O,l).
Evidence.

From the representation (3.7), we have (L;lf - L(’)lf) = L(O)e%x - lj. S (t)e%(H)dt .
a as

By the Riemann-Lebesgue lemma, the first term on the right-hand side of this formula converges
weakly to zero for & — +0, and the second term strongly converges to zero in the subset

W;(O, 1) cr (0,1), by the same Riemann-Lebesgue lemma and Lebesgue's theorem on bounded

convergence.
In connection with this theorem, the question arises: is it possible for Rea =0 weak convergence in

the whole space 1 = I? (O,l) ?
Suppose that a sequence of operators L;l converges weakly to an operator lgl, for € > +0, in the

whole space H =L’ (0,1) , that is, for any f €L’ (0,1) , the sequence of elements {L;l f } converges

weakly to an element LBI f . Then, by the criterion for weak convergence (see, for example, [18], p.185),

the sequence of norms {H L'f H} is bounded {L;1 f }; The sequence is bounded for each fixed f of
H=I (0,1). Hence, by the principle of uniform boundedness, the sequence is bounded, and this is

impossible {H L)' ‘

} , since, for Rea =0, there is a formula H L;‘ H = l—z that is incompatible with the
E

assertion obtained.
4. Discussion
1)If Rea >0, then L;l converges strongly to 161 in H.

2) If Rea <0, then there is not even a weak convergence in H .
3)If Rea=0 and f € W2l (0,1) , then for [ (0) =0 a sequence {L;1 f } converges to lgl strongly,

but for [ (0) # () converges weakly.
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YK 517.94
M.H. AkbL16aes’, A.BeﬁceﬁaeBaz, A. III. lanzan6aes’

1 o .
PCUY «PernonanbHbIi cOIanbHO-HHHOBAIMOHHBIN YHUBEpCUTET» T.I1IpIMKeHT;
2
IOKI'Y um. M. Aye3osa, . IlIbiIMKeHT

KPUTEPUM CUJIbHOM CXOJUMOCTH PEIIEHUI CUHT YJISIPHO
BO3MYIIEHHOMU 3AJAYH KON

AHHOTanusi: MeTOIOM OTKJIOHSIONIErocs apryMeHTa pEIICHO WHTErpajbHOE YpaBHEHHE IICPBOTO IIOPSAKA C
Heriaakod mpaBod wyacTio. [loka3aHO,uTO pelleHHe COOTBETCTBYIOLIEH CHHIYJISIDHO BO3MYIIEHHOW 3azaun Komm
CXOIOWTCSI K PEIICHUIO HEBO3MYLICHHOH 3amaud. [Ipm 5TOM HCIONB30BaHBI KPUTEPUH CHIIBHOM CXOAMMOCTH H
CIeKTpaJIbHblEe CBOMCTBA BCIIOMOTaTeIbHOH 3a1aun.Haiiien KOpeHb KBaJpaTHbIM OT OAHOTO Kiacca oneparopos IlItypma-
JInyBums.

KuroueBble cji0Ba: CHIIbHAs CXOAUMOCTB, CIIEKTP, CIIEKTPaIbHOE Pa3JIOKEHHE, KBaJPATHBI KOPEHb OT OIepaTopa,
YpaBHEHHE C OTKJIOHSIOIIUMCS apryMeHTOM, TeopeMa [ mipoepra-1lmunra.

YK 517.94
M.M. Alcblﬂﬁaenl, A. Beiice6aesa’, A. I1I. lllaazan6aes’

1 o .

«AWMAaKTBIK 9JICyMETTIK-WHHOBAIMSIBIK YHUBEpCUTET» [IIBIMKEHT,K.;
2
M.OyesoB atbiHnarbl OKMY, IIIbIMKEHT, K.

CHHI'YJISIP 9CEPJEHI'EH KOIIU ECEBIHIH, OJII1 AKbIHBIKTAJYbIHBIH, KEILJIJIT'T

AHHOTanuUs: ApPryMEHTIH ayBITKBITY oJiciMeH Ooc Mymieci Kemip-Oyaplp OepiHIN peTTi MHTErpaiiblK TEHICY
mrenrinred. by ecernke colikec cuHryisip ocepyieHreH Kommaia eceOiHiH ImemiMi 0acTankbl TeHISYIIH HIeITIMiHe KYIITi
KbIMHAKTANATBIHEl KepceTunAl.byn yImiH KywWTi >KbIHHAKTaTy[blH y3inai kecinai Oenrici MeH KOMEKII ecenTiH
CHEKTPaIIIK KacueTTepi Kosaanblabl XKonmbioai [Itypm-JInyBuin onepatopsiHbIH Oip TYpiHIH KBapaT TYOipi TaObLIIBL.

Tyiiin ce3nep: onni >kbliiHAKTaly, CHEKTPAIJl TapajblM, ONEPaTOPAbIH KBagpaT TyOipi, apryMeHTi aybITKbIFaH
teraey, ['mnoepr-1LMuaTiH TEOpEMachL.
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EFFECT OF PLASMA PARAMETERS ON THE SYNTHESIS
OF CARBON NANOMATERIALS BY THE PECVD METHOD

Abstract: This work covers an experimental study of the effect of plasma parameters on the synthesis of carbon
materials by the PECVD method. It was found that, depending on PECVD synthesis parameters in particular,
temperature, discharge power, gas pressure, percentage of gas mixture and etc., a various carbon nanomaterials are
synthesized. The obtained samples were analyzed by using of analytical equipment such as Quanta 3D scanning
electron microscope (SEM, FEI USA), NThegra Spectra Raman spectroscopy and Leica optical microscope. Thus,
the morphology and quality of the structure of the obtained samples (carbon nanoparticles (CNP), carbon nanofibres
(CNF) and nanotubes (CNTs), carbon nanowalls (CNWSs) and multilayered graphene sheets) were studied by optical
and electron microscopies, as well as by the method of combined light scattering. Found, that with the increase of
power of the radio-frequency discharge, the production of qualitative nanostructures is complicated by formation of
their nanoclusters. For the synthesis of CNT, it is necessary to control the thickness of catalytic nanolayer, since the
quality of CNT structures can be worsened by the formation of thicker nanofibers. The obtained experimental results
can be used to determine the optimum PECVD synthesis condition to synthesize various carbon nanomaterials.

Keywords:carbon nanoparticles, carbon nanofibers, carbon nanotubes, carbon nanowalls, multilayer graphene,
radio-frequency (RF) discharge plasma.
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BJIMAHUE NTAPAMETPOB IIVIA3MbI HA CUHTE3
YIJIEPOAHBIX HAHOMATEPHUAJIOB METOJ1OM PECVD

AnHoTanus. /lanHas paboTta mocBseHa 3KCIePIMEHTATFHOMY HCCIIEIOBAHUIO BIUSHUS ITAPAMETPOB IIa3MbI
Ha CHHTE3 yIiepoAHbiXx MarepruanoB MmerogqoM PECVD. YcranoBneHo, 4To B 3aBHCHMOCTH 0T mapamerpoB PECVD
CHHTE3a B YaCTHOCTH, TEMIIEPATyPHl, MOIITHOCTH pa3psia, JaBJIEHHE ra3a, IPOLEHTHOE COOTHOUICHNE CMECH T'a30B U
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T.I., CHHTE3HUPYIOTCS pPa3INyHbIe YIIEepOIHbIe HaHOMaTepuaibl. llosydeHHBIE OOpasmpl OBUTM HCCIEIOBaHbBI C
MTOMOIIBI0 AHATHTHIECKAX 000pYIOBAHUH, TAKMX KaK CKAaHUPYIOMIHUN 3JIeKTPOHHBIN MuKpockon Quanta 3D (COM,
FEIUSA), PamanoBckuit cnektpockonm NThegraSpectra, onmrudeckuii Mukpockon Leica. Takum oOpazom, c
MOMOIIBIO ONTHYECKOH M 3JIEKTPOHHONH MHKPOCKOINHUH, a TAKXKE METOAOM KOMOWHHMPOBAHHOIO PACCEsSHHs CBETa
ObuTH HccIeoBaHbl MOP(OJIOrUs M KadeCTBO CTPYKTYPHI MONTYyYEHHBIX OOpa3IOB: YIJIEPOIHBIE HAHOYACTHIBI
(YHY), yrneponnsie HanoBonokHa (YHB) un nanotpyoxu (YHT), yrnepoansie Hanoctens! (YHT) u MHOTOCTIOWHBIE
rpadeHOBbIE JIMCTHI. YCTaHOBJIEHO, YTO C yBeJIM4YeHHEeM MoluHocTH BY paspsima monydeHHe KadecTBEHHBIX
HAHOCTEH yCJIOXHseTCs popMupoBaHreM ux HaHokiacTepoB. [[ist cunre3a YHT HeoOX0AMMO KOHTPOJIb TOJIIUHBI
KaTaJIMTUYECKOr0 HAHOCIOs, TaKk Kak KadecTBo cTpykrtyp YHT Moxer yxyammrtbhes (opMupoBaHueM Oojee
TOJICTBIX HAaHOBOJIOKOH. IloiydeHHBIE pe3ysbTaThl MOTYT OBITH WCIIOJIB30BaHBI JJISI ONPEAEIEHHS ONTUMAIBHBIX
ycnosuit PECVD Mertona 11 CUHTE3a pa3IMyYHBIX YIIEpOIHBIX HAHOMATEPHAIIOB.

KiroueBble cioBa: yriepoiHble HAHOYACTHUIIBI, YIJIEPOAHBIE HAHOBOJIOKHA, YTJIEPOJIHBIE HAHOTPYOKH,
YTJIepOHBIE HAHOCTEHBI, MHOTOCIOMHBIHTpadeH, ia3ma BEBICOKOYAaCTOTHOTO pa3psiaa

Beenenue

AHanmu3 COCTOSIHUS M TEHJACHIIMM DPAa3BUTHUS OOBEKTOB HAHOWHAYCTPHHM B HACTOSINEE BpEMs
MO3BOJISIET C/AETaTh BHIBOJ O TOM, YTO OJHOHM M3 Hambolyiee MEepCIIeKTUBHBIX 00JacTell HAHOTEXHOJIOTHU
SIBJISICTCSI TIOJIYUCHHE YTIEpOoaHBIXx HaHoMmatepwanoB (YHM). Kak u3BecTHO yrIiiepon CYIIECTBYET B
TBepaoH (haze B HECKOJBKMX MOJU(HKALMSIX, CBOWCTBA KOTOPBIX PE3KO OTIMYAIOTCH JAPYT OT Apyra:
yIiepoJHble HaHoYacTUllbl [1-2], yriaepoaHsle HAHOBOJIOKHA, YIiepoaHble HAaHOTPYOKH [3-4], rpaden [5-
6], yrnepomasie HaHOCTEHBI [7-8], dymnepen [9] u T.n. AkTyanpHOCTh YHM 00yCiioBi€Ha ¢ TIMPOKUM
CHEKTPOM MX TNPAKTHYECKOTO TPUMEHEHHS B PAa3lUYHBIX OTpacisX MNpOMBIIUIEHHOCTH. Hampumep,
YIJIEpOAHbIE HAHOYACTHLIbI MOTYT HaWTH CBO€ NpUMEHEHHMe g OT4ucTKM Boasl [10,11], nns
aBTOMOOWJIFHBIX IIMH B KA4eCTBE apMHUPYIONINX HAMoJHUTENeH [12], s onpeaeneHus] paKoBbIX KIETOK
Ha paHHeidl ctammii [13] w T.0.YdeHbIe TakXke TpemararoT HCIOIL30BaTh YIIIEPOIHBIC HAHOTPYOKH, B
KaueCTBE AapMUPYIOLIMX SJIEMEHTOB JUIs IOJyYEHHUS BBICOKOKAYeCTBEHHOro OeroHa [14,15] B
CTpOUTENBCTBE, yHHMKaJbHble cBoiictBa YHT Takke NpUMEHSIOTCS B MEIULMHCKUX B LENSAX IS
Ne3MH(EKINHA BOABI, CO3TaHMsI aHTUMHUKPOOHBIX TOKPBITHH, mpemnapaTtoB [16] u I anpecHO MTOCTaBKU
nekapctB [17]. B suepretuke YHT u uX KOMIO3UTHI UCIIOJIB3YIOTCS IS XpaHeHUs Bogopona [18], mams
CO3J1aHMA BBICOKOEMKOCTHBIX KOHAEHcaropoB [19] »sHepruil. VYHHKalbHBIE TOJYNPOBOJIHUKOBEIE
CBOICTBa rpadeHa MO3BOJSIFOT WX NMPUMEHSTHh B JJIGKTPOHUKE IJISl CO3/aHUS BBICOKOYYBCTBUTEINBHBIX
CEHCOPOB, TOTYIPOBOTHUKOBEIX 35IeMeHTOB U [20,23] T.4. Uto kacaercs yraepoansix HarnocteH (YHC),
TO OHM SBJISAIOTCS OJHOM M3 AIOTPONHBIX MOAM(MUKALMK YIIEpoAa, MNPeICTaBIsIomue coOoi
BEPTHKAIILHO OPHUEHTHUPOBAaHHBIE TpadeHOBbIC JIMCTHI [24,25], KOTOphle HAXOAAT CBOE NMPUMEHEHHUE IS
XpaHCHHS PHEPTHUU B KA4eCTBE a0COIOTHO YEPHOTO Teja, I 00JIOMETPOB [26] M COTHEYHBIX DJIEMEHTOB
[27] B xauecTBe 3JIEKTPOAOB ISl cynepkoHiaeHcaropoB [28,29] m T.n. Takum oOpa3om, y4HUTHIBas
aktyanbHocTs YHM, B nanHoii pabote OyAeT uccieloBaH MPOLEcC XMMUIECKOTO OCaXKACHUS U3 Ta30BOH
¢da3pl ¢ ycunenHoi mrazmoi (PECVD) yriepomHbIx HaHOMATEpHAIOB TPH Pa3MYHBIX IapaMeTpax
TUTa3MBl.

IKCHepuMeHT

Cxema »KCHEpMMEHTAFHOW YCTaHOBKH TpeicTaBieHa Ha pucyHke 1. Kak BumHO M3 puCyHKa,
PECVD ycraHoBka cocroutr u3 pabouedd kamepbl, cucremMbl BU anekrponoB (6), HarpeBaTeabHOIO
aneMeHTa (5), TO3BOJSIIOMINN YMEHBIIUTh BiHsiHHE MoIrHOCTH BY paspsga Ha mporiecc IUCCOIMAIAN
yIIIepoJIcoepKaIIero ra3a il raszoda3Horo mporecca ocaxaenms YHT, wncToYHMKA THTAHUS
HarpeBarenbHOTO dnMeMmenTta (8), BU reneparopa (9) mms momkwra Iuia3Mbl, BAKYyMHOW CHCTEMBI U
CHUCTEeMBbl Hamycka rasa. [loanmokky c Karamum3aTopoM, B JAHHOM CJIy4yae HHKENb, paclojiaraimT Ha
MTOBEPXHOCTH HUKHETO AJIEKTPOIA.

DOKCIEpUMEHT MPOBOJWIICS CeayIoUM oOpa3oM. [l Hayana OTXKHUralll KPEMHHUEBYIO TIOAJIOKKY C
KaTaTUTUICCKUMHAHOCIIOM JUIs ()OPMUPOBAHUS OCTPOBKOB HAHOKJIACTEPa HUKENS. J[JIs ATOr0 MOJI0KKY
3arpy»arT B pabouyio KaMepy Ha MOBEPXHOCTh HIXKHETO AJIEKTPO/IA ¥ CO3AI0T YCIOBHE BaKyyMa, TIOCie
YCTAaHOBJICHHSI BaKyyMa, IOJAlOT TOTOK pabodero raza aproHa (Ar) mo maeneHus mopsaka 1 Top,
sakuraior BU miasmy B nuamazoHe MOIIHOCTH 1-25 BT, BKIIOYAOT HAarpeBaTENBbHBIA DJIIEMEHT IIPH
temneparype 400°C u oGpabarsiBaioT B Teuenue 10 MUHYT, JaHHBI IPOLIECC XOPOLIO OIKCAH B PaboTe
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[30].Janee mnst pocra YHT B pabouyio Kamepy HamyCKaeTcs [OMOJHHUTEIBHO PEAKIUOHHBIN
yriepoaocoaepxamuii ra3 — MeTan qo gasnenus 1,1-1,6 Top, 3atem mporecc cuaTe3a jmtes 15-30
MUHYT.
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Nrwvanwa

1 — BeHTHIIb, 2 — ra30BbIE PACXOAOMEPHI, 3 — KOHTPOJUIEP Ta30BBIX PACXOAOMEPOB, 4 — OAJTIOHBI TA30B aproHa U METaHa,
5 — HarpeBaTeNbHBIHN dJIEMEHT, 6 — BEIcOKoYacTOTHBIE (BY) anexTpoasl, 7 — MOMLI0KKa, 8 — HICTOYHUK AJIsl HAarpeBaTeIbHOTO
aneMeHTa, 9 — BU reHepaTop ¢ caMOCOTTIacyIOMUM YCTPOHCTBOM

Pucynok 1 — Ctpykrypa PECVD ycTaHOBKHM [UIsl CHHTE3a HAHOKOMIIO3UTHBIX MaTepuanoB Ha ocHoBe YHT

Ha pucynke 2 npuBeneHbl HOTO KPEMHHEBBIX MOJJIOKEK C HUKEJICBBIM KaTaJU3aTOPOM JI0 U IOCHC
cunte3a YHT meromom PECVD. Buano, uyto mocie cunte3a YHT MmOBEpXHOCTh MOAJIOKKH HUMEET
cakeBoe 00pa3oBaHUE, YTO CBUIETEIHCTBYET O BO3MOXKHBIX OCAKIACHHUAX YTIIEPOIHBIX HAHOCTPYKTYP.

PucyHnok 2 — KpemHueBbIE TIOJUI0KKH ¢ HUKEJIEBBIM KaTalu3aTOPOM JI0 (CieBa)
u nocne (crpasa) cuaresza YHT merogom PECVD

Pe3yabTaThl M 00CYKIEHU
[onyyennsie 00pa3mbl B pe3yibraTe SKCIHEPUMEHTAIBLHBIX padoT wmeromom PECVD  Obun
UCCIIEIOBaHbl C TIOMOUIBIO CKaHUPYIOIIET0 AJIEKTPOHHOTO Mukpockomna (COM), a Takke METoIoM
koMOuHaunoHHoro paccesnus ceera (KPC).
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CAM u KPC aHanussl HoMy4eHHBIX 00pasioB mpu Temmeparypax cpemsl 400-450°C, napnennn 1,3
Top, MommHocTH paspsga B auana3zoHe 1-10 Bt mpencraBmensl Ha pucyHke 3. Kak mokaspiBaroT
pe3yIbTaThl UCCIIEAOBAHMUS, TIOBEPXHOCTh MOIYYEHHBIX 00pa3loB UMEET OCaXIICHHE B BUJIC YTIIEPOTHBIX
HaHO4YacTHL ¢ pa3mepamu mnopsiaka 50-100 HM u yrnepoanyro mieHky. OtcyrerBue YHT oObscHsercs
HHU3KOH TeMIlepaTypoi cuHTe3a A1 GOPMUPOBaHKS HAHOKIJIACTEPOB.

Jlanee, dKCIepHMEHTAIbHbIE PabOThl ObUIM HpoBeeHbl mpu Temmeparype 500°C, masieHnn rasa
Mmetan/aprod 1-1,8 Top u MomHoCTH paspsizaa B quanazone 1-25 Br.

a — COM m3obpaxenue, yroi cheMxu 0° 6 — COM wusobpasenue, yron chemin 90°

12

4 | CK 93.85 93.85
OK 6.15 6.15 |

ot 4

KCmt

05 -

500 600 T80 B00 900 10

100 200 380 4N
Energy - keV

B — XUMHUYECKH COCTAB

Pucynok 3 — COM ananu3 o6pasuos nocie PECVD cuntesa
npu Temneparype 400-450°C u MomHoCTH paspsga 1-10Bt

B skcniepuMenTax mpu ClIeIyIonuX yeioBus cuHTe3a: AaBienue 1-1,8 Top, momuocts BU 1-7 BT,
temneparypa 500°C u mmTensHOCTh cuHTe3a 20 MUHYT, GbLIN IIOTyYeHbl yIIepoIHble HAHOBOIOKHA (1-5
Br) 1 HaHOTpYyOKH (5-7 BT), 3TOMY CBHIETENBCTBYIOT NONy4eHHBbIE pe3ynbTatel COM u KPC ananuzos, a
TaKXXe ONTHYECKOW MUKPOCKOIIHH.

Ontuueckne Mmukpodororpapun 1 COM  H300pakeHUs] TOJTYUYCHHBIX OOpPa3LOB YTJIEPOAHBIX
HaHOBOJIOKOH U HAHOTPYOOK MpeICTaBICHbI HA pUCYHKaX 4 M 5 COOTBETCTBEHHO.
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Pucynox 4 — ®ororpadun onTHIECKOi MEKPOCKOIINH YTJICPOAHBIX HAHOBOJIOKOH
Ipu MoIHOCTH paspsial-5 Bt remmeparype 500°C

a - HAHOBOJIOKHA 0 — HaHOTPYOKH ¥ HAHOBOJIOKHA

Pucynok 5 — COM u3o0paxeHus yriepoJHbIX HAHOBOJIOKOH M HAHOTPYOOK
npx MOIHOCTH paspsanal-7 Bt temmeparype 500°C

PamaHOBCKHMiT aHamM3 TMONYYEHHBIX OOpa3loB TpWBEIACH Ha puCyHKe 6. [lomydeHHBIH crekTp
TUIMYEH CIIEKTPY MHOTOCTEHHBIX YriepogHbix HaHOTpykOok (MYHT) ¢ G momoii, koTopas 0OBIYHO
HaOmroaercss y rpadur monoOHBIX MaTepualiax, D MOJOH, KOTOpas accOUMUPYIOTCA C IedeKTaMu B
CTPYKType, BTOpoi rapmoHukoi D monsl - G'(2D) mona u G+D Mopoit mprupoza, KOTOPOH erle 10 KOHIa
He SICHA.

1500

1250 1360 G
1601

1000

750 4 D+G
G (2D) 2951
2714

Intensity, Counts

500

T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500

Raman shift, cm’

Pucynok 6 — PaMaHOBCKHIT CIIEKTP MOTyYSHHOTO HAHOBOJIOKHA (HAHOTPYOKH)
pH MOIHOCTH paspsanal-7 Bt temmeparype 500°C
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U3 cnekrpa BuaHO, uTo KadyectBo MYHT He Bricokoe. OTHONIEHNE HHTEHCHUBHOCTEH D U G TIUKOB,
OTBEYAIOIIee 332 COBEPIIEHCTBO Irpad)eHOBOM CTPyKTyphl coctaBmser 1,1, roe s YHT ono paBHsercs
nopsiaka 1,5 u Beime. K aromy, monoxxkenne u yactuyHoe ciusiaie D 1 G MMKOB CBHIETEIBCTBYIOT 00
aMmop(HOCTU CTPYKTYpHL. BeposTHol npuunHo#l yxynmenus kadectBa MYHT oObscHsAETCS HATMYUEM B
CTPYKTyp€ HAHOBOJIOKOH, CTPYKTYpa KOTOPBIX HAMHOTO TOJIIIE U MEHEE COBEPILIECHHA.

IIpn yBenmmdeHuu MoOITHOCTH padpsana B auanasone 10-15 Bt Opmio oOHapyskeHO oOpazoBaHHe
YIJIEPOAHBIX HAHOCTEH, 3TOMY CBUJAETENBCTBYIOT MoiydeHHble pe3ynabTatel COM, KPC ananmsos
(pucynku 7-9).

a—15Br 60— 10Br

Pucynok 7 — COM uzobpaxenns: YHC, cuHTe3MpoBaHHBIX Ha o ioxkkax Ni/Si
IpH MOIHOCTH paspsia 15 Bt (a) u 10 Bt (6) Temmeparype 500°C

Kak BumHo n3COM wu300paxeHuil, mocie mpolecca CHHTE3a Ha IOBEPXHOCTU KPEMHHUEBOH
HNOMJIOKKNA  (OpMHPYIOTCS BEpTHKAJIbHBIE YIJIEPOXHBIE JUCTHL, KoTopele sBisitorcs YHC. Ilpm
YBEIMYEHNH 3HAUCHHS MOIIHOCTH Pa3psga MOKHO HaONIOaTh arjoMepamuio HaHOCIOeB — 00pa3oBaHHe
HAHOKIJIACTEPOB CTEH (PUCYHOK 7a u §).

Pucynok 8 — COM uzobpaxennss YHC, cuHTe3MpOBaHHBIX Ha MOI0KKax Ni/Si
TIpH MOIIHOCTH paspsia 15 Br i Temmepatype 500°C
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Pucynok 9 — Pamanosckuii ciektp YHC, cunTe3snpoBanHbIi Ha moptoxke Ni/Si
1pu MotHoCTH paspsia 10 u 15 Br Temmeparype 500°C

PamanoBCKUI1 clIEKTp NOTYy4YeHHBIX 00pa3loB cOOTBETCTBYET THIIMUHOMY criektpy YHC [31-33], npu
sToM G-Moza, KoTopasi OObIYHO HaOmiomaercss y rpaduTOBBIX MaTepualax, pacllieluleHa M Ha Hel
BIIEIsIeTCd D'-IMK, Takke B CIIEKTPE NMPHCYTCTBYIOT XapakTepHble D-IUK, CBSI3aHHBIM C nedeKTaMu B
cTpykrype, 2D(G') - mHK, KOTOpBIH COOTBETCTBYEeT BTOpOMY mopsiaky D-momslt u momel G+D.
CootHoieHne nHTeHcBHOCTEH Mo D 1 G rOBOpUT O cTerneHu 1e(EeKTHOCTH KPUCTAIUNINYECKOH peleTKH
rpa)€HOBOTO JIMCTA, MOIy4YEHHOE 3HaYeHUE, KOTopoe Konebnercsa B npeaenax ot 1,7 no 1,9. Pacuernas
JUTMHA KOppEeJISMKA B IIockocTH La Bapeupyercs ot 2,5 10 2,3 HM, 00iacte B kotopom YHC MoxkHO
cuntath O0e3nedekTHbIM. Kak yke ymOMHHANIOCh BBIIIE, IPU yBEIHMYCHUN 3HAUYCHHUS MOLIHOCTU paspsna
NPOMCXOAMT arjioMmepauuss HaHocTeH, K ToMy ke otHomenue I(D)/I(G) yBemuuuBaercs, uTO
CBHIICTEIBCTBYET 00 00pa3oBaHmy e(HEKTOB B CTPYKTYpE.

[Ipu ganpHeiimeM yBeIMueHHUH MOIIHOCTH pa3psna B auamasone 20-25 BT, npu Tex xe mapameTrpax
TEeMIIepaTyphl M AaBJICHUS ObUIM MOJNyYeHBbl MHOTOCIOIHBIE TpadeHoBbie nucThl (pucyHok 10,11). Kak
BunmHo m3COM aHanm3a Ha TOBEPXHOCTH KPEMHHEBOH IIOMIOKKHA OBUTH 00pa3oBaHBI OCTPOBKH
MHOTOCJIONHOTO TpadeHa, ToImuHON nopsiaka 50-75 uM. PamaHOBCKOE HMCClieI0BaHHE CBUICTEIIBCTBYET,
YTO MOJYYCHHBIH CIIEKTP COOTBETCTBYET CIEKTPY rpadurta, [UIMHA KOPPEsMU B IUIOCKOCTH L, paBHa 2
M, otHoterue [(D)/I(G) cocrasnser 1,4.

a— COM m3o6paxenue, yron chemxi 0 6 — COM m306parenue, yrox cheMku 90°

PucyHok 10 — COM ananu3 o6pasuos nocae PECVD cuntesa npu Temnepatype 500°C u MousocTH paspsiza 15-25 Br
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Pucynok 11 — Pamanosckuii criektp o0pasnos nocie PECVD cunresa
npu remmeparype 500°C i momHOCTH paspsia 15-25 Bt

B tabmune 1 npencraBneHs! mapaMeTphbl CHHTE3a YIIIepoAHbIXHaHOMaTepraioB Mmetonom PECVD.

Ta6muna 1 — ITapameTpsr cuHTe3a yritlepoJHEIXHaHOMaTepuanoB MeTogoM PECVD

[Tomy4aemslii IpoayKT

[TapameTps! cunTE3a

Hasnenue, Top Temnepatypa, °C Momsocts, Br Cwmech rasza
VriepoaHble HAaHOYACTHIIBI 1.1-1.6 400-450 1-15 Ar/CH,
YraepoaHble HAHOBOJIOKHA U 1.1-1.6 500 1-7 Ar/CH,
HAHTPYOKH
VriepoaHble HAHOCTEHBI 1.1-1.6 500 8-15 Ar/CH,4
MHorocnoliHbIi rpadeH 1.1-1.6 500 20-25 Ar/CH,

3akiarouenue

Takum o00pa3zoM, ObLIM NONXYy4YE€HBl M MCCICOOBAaHBl Pa3IMYHbIE YTIIEPOAHBIE HAHOMATEPHUAJIBI.
OKCIIEpUMEHTAIBHO OBUIO BBISIBJIIEHO, YTO OT MOLIHOCTH paspsiia 3aBUCUT THUIl CHHTE3UPYEMOTO
HaHoMatepuana. Ilpu Temmeparypax 400-450°C u mommoctu paspaga 1-15 BT cumTesupyrorcs
YITIepoIHblE HAHOYACTHIIBI, NP yBenmueHHH Temmeparypsl g0 500°C  (opMHUpYIOTCS yriaepoIHbie
HaHOCTPYKTYPBI, B YaCTHOCTH IIPH MOIIMHOCTAX 1-7 BT — yriepoaHple HAHOBOJIOKHA M HAaHOTPyOKH, 8-15
Bt — yrneponusie HaHoctensl, 20-25 BT MHOTOC0MHEIHA rpaden. [lomydeHHbIepe3yIbTaThl IKCIIEPUMEHTA
MOTYT OBITh WCIIOJIb30BaHbl IJIsl ONpeneNneHusl ontuMmaibHbix yciosuidk PECVD mertoma anst cunTresa

PAa3JINYHBIX YITICPOAHBIX HAHOMATCPUAIIOB.
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IVIABMA HAPAMETPJIEPIHIH KOMIPTEKTI HAHOMATEPHUAJIIAP/IBIH
PECVD 9ICIMEH CUHTE3IHE 9CEPI

AHHOTanMs: ATajraH KYMBIC TUTa3Ma TapaMeTpliepiHiH KeMipTekTi HanoMmarepuainapasiH PECVD ogpicimen
CHHTE31HE oCpiH AKCHepuMeHTansl 3eprreyre apHanraH. PECVD mapamerprnepine, Temieparypa, pa3psa Kyatsl,
ra3 KbICBIMBI, Ta3MapAblH IMaWbI3ABIK yleciHe OalIaHBICTBI OPTYPIi KOMIPTEKTI HaHOMAaTepHalAap CHHTE3eNeTiHi
aHBIKTAJIbl. AJIBIHFAH YIITiIep CKaHepieylli 3yeKTpoHablK Mukpockorn Quanta 3D (COM, FEI USA), Pamanusik
cniektpomerp NThegra Spectra, onTukanblk MUKpockon Leica CHAKTBI aHaJMTHKAIBIK KOHABIPFBUIAP KOMETriMeH
3eprrenai. Ocbulaiia, ONTHKAIBIK JKOHE 3JIEKTPOH/BIK MUKPOCKOI, JKOHE € KOMOMHALMSUIBIK JKapblK MIAIIbIpay
KOMETiMeH KypbUIBIMIApAbIH MOp(OJIOTrusIChl MeH camachl 3epTrenai: kemiprekti HanoOemmexkTep(KHB),
kemiprekti HaHotanmublKk (KHT) men nanoryrikwe (KHT), xemiprekri HanoxaObipra (KHK) j>koHe kemkaOaTTh
rpaden mapakmanapel. JKJXK paspsn KyaTblH ecipreH Kesjge HaHOKaOBbIpFaJapiblH HAHOKJIACTEPre KYpBUTYbI
KUBIHAANABITEIHB! aHbIKTaNI6l. KHT cHHTE31 YIIiH KaTaIuTHKaJIbIK HAHOKBIOBIKTHIKIIAHBIH KAJIBIHABIFBIH OacKapy
KaxeT, cebe6i KHT KypbuIbIMBI Hamiapiian HaHOTAILIBIKTHIH ©CyiHe ayblll Keneai. AnbsiHFaH HoTmxenep, PECVD
dmiciMeH 9pTYpIIi KOMIPTEKTi HAaHOMATepHaIAapIbl CHHTE3IeY e KOIIAaHBLTYBl MYMKIH.

Tyi#lin ce3gep: KeMipTeKTi HaHOOONIIEKTEp, KOMIPTEKTI HAHOTANIIBIKTAP, KOMIPTEKTI HAHOTYTIKIIEIeEp,
KOMIpeTeKTi HaHOKaOBIpFatap, KemKabaTTITpadeH, JKOFaphl JKUUTIKTI pa3psi I1a3MackhL.
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EXPERIMENTAL STUDY OF ""B(p,0)’Be REACTION
AT LOW ENERGIES

Abctract. Differential process sections of the '"B(p,a0)'Be have been measured at the UKP-2-1 accelerator
(Almaty, Kazakhstan) at the energy of incident protons from 300 to 1000 keV and 6,,,= 50°-140° in increments of
about 20°. The total error of the experimental data does not exceed 30%. Integral cross sections of the reaction
10B(p,()to)7Be at E; 1.,b=300-1000 keV were defined. S-factors for the 10B(p,()to)7Be reaction at E; 1,,=300-1000 keV
were calculated, which will be useful for reliable normalization of the experimental data obtained by the “Trojan
horse” method in earlier works.

Keywords: differential cross sections, integral cross section, astrophysical S-factor.
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3KCHEPUMEHTAJIbBHOE UCCJIEJOBAHUE PEAKIIAU "*B(p,a)'Be
NP HU3KUX SHEPTUSIX

Annoranusi. Ha yckopurene VYKII-2-1 (Anmartel, Kaszaxcran) usmepensl nuddepeHInanbHbIe CedeHHs
nportecca '*B(p,00) Be B 061acTH SHepruii Hameraromux mpotoHos ot 300 1o 1000 k3B 1 mpu 0,6 = 50° — 140° ¢
marom okono 20°. TloiHas MOIrpeIHOCTb AKCHEPHMEHTATbHBIX [aHHBIX He mnpesbimaer 30%. OnpeneneHs!
MHTErpalbHble ceueHns peakiuu ' B(p,0) Be mpu E, 5. = 300 - 1000 k3B. Berunciaenst S - MakTopsl peakiun
“B(p,og)Be mpu E, 5. = 300 - 1000 3B, KoTOpble OyayT NONE3HBIMH JUISl HAJEXKHOH HOPMHPOBKH
AKCIEPUMEHTANBHBIX TaHHBIX MOTYYCHHBIX MeToIoM “TposiHCKOTO KOHS B O0JIee paHHUX paboTax.

KuaroueBsie ciioBa: muddepeHIaabable CeYeHUs, HHTTPATbHBIC CEUCHUS, acTpOPH3NIecKuil S-hakTop.

BBexenne. Peaxius passana '"B(p,0,) Be MpoHCcXOmsIIas IPH HU3KAX SHEPIUAX B MOCICIHHE TOMbI
MpUBJIEKaeT 0OJBIIOE BHUMAHHUE MCCIICAOBATEICH BO MHOTOM OJlarojapsi TOMy, 4YTO OHA UTPacT BaKHYIO
POJIb B TAKHX O0JIACTSX, KaK si/iepHas (u3MKa, (U3MKA TEPMOSACPHON TUIa3MbI M acTPOpU3UKA.
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Bop B 3eMHO#i KOpe COCTOMT U3 ABYX M30TONOB ''B (1015 okono 80%) u '°B (nons oxomno 20%). O6a
M30TOMA SBISIIOTCSA KaHAWZATaMHd B ajJbTEPHATHBHOE TOIUIMBO OYAYIIMX TEPMOSIACPHBIX PEaKTOPOB,
OJTHUM U3 OCHOBHBIX JOCTOMHCTB KOTOPOTO SBIISIETCS OTCYTCTBHE HEWTPOHOB B BBIXOJHBIX KaHalax
peakimii ¢ stumu  sgpamu. C  Ipyroil  CTOPOHBI NPOAYKTOM peakimu ' B(p,0)’Be sBmsercs
PAIMOAKTHBHBIH 37IEMEHT 'Be ¢ 10CTaTOYHO GOJIBIINM MEpPHOIOM IONypaciana 53.2 JHs, H 3TO CO3JaeT
oIpe/ieleHHbIe  TIpobIIeMbl  Oe3omacHocT. HoBble MperusHoHHBIE H3MepeHHs cedcHuil ' B(p,o,) Be
MOTYT OKa3aTb 3aMETHOEC BJIHMSAHHE HA KOHCTPYKTUBHBIE OCOOCHHOCTH OyAyIIMX TEPMOSAECPHBIX
YCTaHOBOK.

C TOUKH 3peHus sepHoil busnku peakuust ' B(p,0,) Be HHTEpECHa TeM, YTO ¢ ee ITOMOIIBI0 MOKHO
N0ApOGHO M3YUnTH CXeMy ypoBHeii spa ''C.

DKCIEPUMEHTAIBHBIE Pe3y IbTaThl [T peakiun 'B(p,00) Be B 061aCTH HU3KHX SHEPrHil CKYIHBI 1
nporuBopeunBbl. Tak B pabore [1] momydeHsl MHTErpallbHbIE CEYEHUS dTOM peakuuu s B, 6 = 21 -
146 3B, B pabote [2] — 11 E;, ;6. = 60 - 180 k3B, B [3] - st E; ;6. = 121 - 460 k3B, B [4] — 1151 B, 06, =
531 - 1613 3B, B [5] — s E;, 56 = 330 - 530 koB 1 B [6] — nna E; 06, = 2790 - 6995 koB. Ilpuuem
ceveHus pabort [1] u [3] B mepekpsIBatomieiics obnactu pasnndarores B 1.8 paz [1].

UtoOBI pa3peltuTh BHIMICTIPUBEICHHOS HECOOTBETCTBHE MEXAy paboramu [1] m [3], a Takke s
OoJee Ha/IC)KHON HOPMUPOBKHU IKCIIEPUMEHTANBHBIX JTAHHBIX MOJTYYEHHBIX METOIOM ““TpOsSHCKOTO KOHS”
[7] HeOOXOAMMBI HOBBIE H3MEpeHHs ceueHHii peakuuu B(p,to)'Be B IMPOKHX >SHEPreTHYECKOM H
YTJIOBOM JMAaIia3oHax

JKcnepuMeHTATbHASl METOMKA U Pe3yJIbTAThl U3MepeHMIi.

Usmepenns nuddepeHnmanbHpIX cedennii peakiun 'B(p,0o)’ Be GbUIH MpOBENEHB! HA HPOTOHHOM
kaHane yckopurenss YKII-2-1 MA® PK. KanmuOpoBka sHepruu mydka MPOTOHOB OCYIIECTBISIIACH C
MOMOILBIO PEaKIMi, HMMEIOIMMX Yy3KHE, XOpOIIO BBbIACICHHBIC, pe3oHaHCHl [8,9]. Jlns sToit uemu
HMCIIONB30BaTHCh peakimu > Al(p,y)**Si npu E, 5. = 632,773,992, 1089 k2B n PF(p,ay)'°0 npu E, 6=
340 x»B. TouyHOCTh KAJIMOPOBKM IpH 3TOM cocTaBiasuia =1 k3B. DHeprermueckwii pazOpoc ITydka
MIPOTOHOB He mpeBbiman 1.2 kaB.

[Iyuox npoTOHOB NMPOBOAMIICS Yepe3 KOJUIMMALMOHHYIO CHCTEMY (1Ba KOJIIMMAaTOpa JUaMeTpaMu 110
1.5 MM, pacronoxeHHBIMH Ha paccTosHur 420 MM JApyr OT apyra) U (OpPMHPOBAICS HAa MUIICHU
(pacnonoxeHHo# Ha pacctossHuM 100 MM OT MOCHIEHEro KOoIMMaTopa) B IMATHO Auamerpom 1.5 mMm. B
HeNsiX MUHMMHU3ALUH KOJMYECTBA IMPOTOHOB, PACCESHHBIX HA TOPLAX KOJUIMMATOPOB TONLIMHA HX
TIepeTHEeH CTEHKH B paiioHe oTBepcTuil moBoamiachk Mo 0.1 MMm. Anbda-dacTUIlEl — MPOIYKTHl PEAKITHH
"B(p,a0)’'Be perucTpupoBanmch KpeMHHEBEIM AeTekTopoM (pupMbl ORTEC (1uameTp uyBCTBHTEILHOM
obmactu 8§ MM, TosmmHa — 0.2 MM), PacHoiIOKEeHHBIM Ha paccTossHuK 240 MM OT 00JacTu paccesHus U
nox yraamu ot 50° 1o 140°. Bropoit aHANOrHYHbIH IETEKTOp, PacHoNoXKeHHbI mox yraom 160° 1o
OTHOIICHHUIO K Ia/IAI0IIEMy YUKy, UCIOJIb30BAJICSA B KAYECTBE MOHUTOPA. DHEPIreTUYECKOE Pa3peIleHue
JIeTeKTopoB okono 15 k3B. Habop cmektpoB ocymiectBisiics ¢ nomouipio nporpaMmmel MAESTRO 32
¢upmbr ORTEC. TmaTensHas FOCTHPOBKA CUCTEMBI KOJUIMMATOPOB, & TaK)Ke MOJBMKHOTO YCTPOMCTBA C
JETEKTOPOM JJIsl H3MEPEHUs] YITIOBBIX paclpelesieHUH, I[03BOJWIA YMEHBUIMTh IIOIPEIIHOCTh B
ompenenennu yraa mo + 0.20. Humuaap Papanes (tpyOka muamerpom 15 MM u ummHHOH 150 MMm),
pacronoXeHHbld Ha paccrosHuM 120 MM OT MuIIeHH, ObUT MOACOEAWHEH K MHTErpaTopy TOKa.
JleTekTopsl OCHAIAINCh 3alUTHBIMU TPyOKamMu, KOTOpPBIE HCKIIOYAIM PETUCTPALUI0 IIPOTOHOB,
paccesHHBIX Ha TOpIE MOCIEIHero KojuimMaTopa W Ha muauHape Papanes BO BceM JAMala3oHe
MOJIOKEHUH JeTekTopoB. MHTerpatop mocbuiasn HuQpoBOi MMIYJIBEC Ha MEPECYETHOE YCTPOMCTBO, Kak
ToNBEKO cobupan nopiwro 3apsaa (0.1, 1 umu 10 HaHO-KYIIOH). DTO TO3BOJISIIO ONPEAEIISATh HAKOIIICHHBIH
3apsi/ ¢ IOTPENTHOCTRIO He Ooree yeM 1.5% B auamazone TokoB ot 10 mo 50 HA.

B kauecTBe MHIIEGHEHl NPUMEHSINCH TOHKHME IUICHKH B (M30TomHOE oborameHne okono 80%),
W3TOTOBJIEHHBIE C TIOMOLIBIO 3JIEKTPOHHO-IYyYeBOro HamblUieHMs Ha ycraHoBke BVYII-2. Bo Bpems
9KCIIEPUMEHTOB HCIIOJIb30BAJIOCh HECKOJIBKO CaMOIOAJEP)KUBAIOIIMXCA IUIEHOK TOJINMHONH Okoso 50
MKr/cM’. OnpeeneHue TOJMIIMH MMIIGHEH INPOBOIMIOCH C TOYHOCTBIO 10%  smepHO-(U3HUECKUM
MeTonoM, paspaboraHHbM panee [10]. [lpumep cmekTpa, MOIXy4eHHOro NMpH OOIY4YEHHUH MPOTOHAMHU
MHUILEHH, II0Ka3aH Ha pUCYHKe 1.
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Pucynoxk 1 — [Ipumep criekTpa 3apsHKeHHBIX YaCTHUI]

B nacrosmeit padote ¢ 30% morpemHoCcTb0 ObLUTH H3MEPEHBI TU( G epeHITHATBHBIE CEYCHUS PEaKIHH
"B(p,00) Be st B, 6. = 300, 320, 340, 360, 380, 400, 500, 600, 700, 800, 900 1 1000 k3B 1 npH 0,6, =
50, 70, 90, 120 u 140 rpagycoB. Ha pucyHke 2 mpenacTaBiieHbl MOTy4YeHHbIE pe3yibTarhl. M3 pucyHka
BHUJIHO, YTO YIJIOBBIE PACHpENeiICHUS] PEaKLUU 10B(p,oq))7Be B obnactu E, s = 300 - 1000 x3B B
npezesnax MorpelHOCTH U30TPOIIHBI.

Jns monydyeHuss MHTETpajbHBIX CEUEHUWM MJId KaXKJOM SHEPruu CHadalla HaxXOJUJIOCh CpelHEe
3Ha4YeHue OUQQepeHInalbHBIX CeUEHHI, a 3aTeM 3TO CpellHee 3HAueHHe yMHOKalloch Ha 4m. Pesynprar
HACTOSIIIEH PabOThI TI0 ONPEICICHNIO HHTErPaTbHBIX ceueHHil peakimu ' B(p,oo) Be npuBeieH BMecTe ¢
JUTEPaTyPHBIMH AaHHBIMHU Ha pUcyHKe 3. Actpodusndeckue S — DakTophl, MTOKa3aHHBIE HA PHUCYHKE 4,
ObUIM BBIYMCIIEHBI TIO GOpMYIIE:

S(E) = E*o(E)*exp(2*r*), ¢ 2*n*y = 4.73*E*°,

rae E sHeprusi B cUcTeMe LIEHTpa Macc, BhlpakeHHas B MaB. 13 pucynkoB 3 u 4 BUIHO, 4TO B Ipenesiax
HOTPELIHOCTH B TIEPEKPHIBAIOIINXCS 00IaCTAX HAIM U JTUTEpPaTypHbIEC TaHHBIE COBIAIAIOT.
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Pucysok 3 — UnTerpansubie cedenus peakmmi 'B(p,a,) Be.
Taxoke npencTaBIeHb! pe3yJIbTaThI MPEABIIYIIIX YKCIIEPUMEHTAIBHBIX PadoT
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PucyHok 4 — S-®akrops! peakumn °B(p,0,) Be.
Taxoxe npecTaBiIeHbl pe3yIbTaThl HPEABIAYIIHX SKCIIEPUMEHTAIbHBIX PadoT

3akmouenne. [IpoBeieHbI SKCIIEPUMEHTHI TI0 M3MEPECHUIO TG GEPEHIIMANTBHBIX CCUCHHH PEeaKIUuu
"B(p,00)'Be B quanazone sHepruii HaneTaommx mpotoroB ot 300 g0 1000 k9B u B obmactu yriaos 50° -
140° ¢ marom oxono 20°. M3MepeHus BBIIOIHEHH! C IOTPEIIHOCTHIO He Gosee 30%. HoBble nanHbIe 1O
HUHTErPAbHBIM CeUeHHsM U S - dakTopaM JaHHOW peakiiH, MpPEACTaBJICHHBIC B HACTOAIICH padoTe,
XOPOIIIO COTJIACYIOTCS € JINTEPATYPHBIMHU JIAHHBIMH B TIEPEKPBIBAIONIMXCS 00IACTSIX SHEPTH.
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TOMEHI1 SHEPTHUSLJIAPJIA *B(p,0)’ Be PEAKIIUSICHIH YKCIIEPUMEHTTIK 3EPTTEY

Annortamus. YKII-2-1 yaerkiminge (Ammatsl, Kazakctan) atkputaHateiH npoToHaapasiH 300 -1000 ksB sHeprusitap
aiimarsiaza ""B(p,0)’Be mpomecinii auddepeHmmanapk Kumacsl 0,6 = 50° — 140° Gypeimrapaa 20° KagamMMeH emieH.
DKCIEePUMEHTTIK MATIMETTepiH ToNBIK Kareniri 30% acmainsl. E, .. = 300 - 1000 x»B sneprusma 1B(p,a0) Be peaKmisIChHIHEIH
HHTETPANABIK KUMACHl aHBIKTAIABL. E, 6. = 300 - 1000 k3B sHeprusga 1B(p, ) Be peakIiusachHbE S — GaKTOp! ecerTeli,
OyJ1 aABIHFBIPAK JKyMbIcTapaa «TpOsSHIBIK KOHB» OMICIMEH ajbIHFaH SKCHEPHMEHTTIK MAJIIMETTEpAl CeHIMAlI HopMayiay YLIiH
MaHBI3/IbI OOJIBII CaHAJIAJIBI.

Tyiiin ce3nep: auddepeHnnanIpKk KuMa, HHTTPAIABIK KUMa, acTpo(u3uKaibK S-(akTop.
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METHODOLOGY OF PIPELINE DATA REDUCTION
FOR ASTROMETRY AND PHOTOMETRY
OF A LARGE ARRAY OF CCD OBSERVATIONS

Abstract. We provide the description of the methodology of preliminary data reduction of the CCD
observations and following astrometry and photometry analysis of large number of objects in CCD images during
uninterrupted observations, surveys or search campaigns. The result of the method of analysis of a large array of
CCD images on the example of the observations of Phaeton asteroid, made on the telescope Zeiss-1000 on the Tien
Shan Observatory is presented.

Key words: CCD-observations: data analysis, methods: astrometry, photometry, pipeline for data reduction.
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METO/IUKA MIOTOKOBOM ACTPOMETPUU U ©®OTOMETPUHU
BOJIBIIOTI'O MACCHUBA II3C-HABJIIOJEHUH

AnHoTauusa. JlaHo ommcaHue pa3pabOTaHHOW METOIMKH Ipoliecca MpeaBapuTenbHol o0padotku [13C-
HaOMIONICHUH, TMOochenyomeld acTpoMeTpud M (OTOMETPHHM MaKCUMAaJIBHOIO KonndecTBa 0o0bekToB Ha I13C
M300paKEHISIX, KOTOPBIC IMOJIYYaIOTCS NPU IMPOMAOJDKHUTEIBHBIX HAOMIOJICHUAX, 0030pax Heda WM TMOUCKOBBIX
kamnanusx. [lokazan pe3ysnbrar paboThl METOAMKM aHaimM3a Oonplioro maccuba [13C-u3zo0paxeHuii Ha TpUMepe
JTAHHBIX HaOMromeHuit acteporna ®a3ToH, BRIOTHEHHBIX Ha Teneckorne [eticc-1000 (THIAO).

KiroueBbie ciaoBa: [13C-HaOmoneHus: aHaiW3 J@HHBIX, METOJBI: acTpOMETpusi, (OTOMETpus, MOTOKOBas
00paboTKa JaHHBIX.

Brenenune

OpnHoii u3 3amad B Actpoduszudeckom nHCTHTYyTEe UM. B.I'. decenkoBa (ADOUD) na 2018-2020 rr.
apisiercsi npoBeaeHue [13C-HabnrogeHMid ¢ LENbI0 MOMCKAa M KIacCH(PUKALMU MEPEMEHHBIX 3BE3[, a
TaKXKe TPOAOJDKUTENbHBIX HAOMIOJEHUH OTHENbHBIX OOBEKTOB MJIsi YTOYHEHUS HapaMeTpoB HUX
nepeMeHHOCTH Onecka. [lapamnensHO WIyT MOHUTOPWHTOBBIE HAONIOACHUS IO TOHCKY OOBEKTOB
noreHuuanbHo omacHbix g 3emnu (OC3 — 00beKThl, cOmmkamommecs ¢ 3eMiel), MajJou3yueHHbIX
aCTEpPOHUIOB U KOMET, a TaKXKe OIpeJeSICHHE U YTOUHEHHE (PU3NUECKUX XapaKTepucTuk u3BecTHbIx OC3.
B pesymprare Takmx HaOmroAcHWE Ha obcepBaropusx Acchl-Typrenb (ATO) u Tsup-lllans (THIAO)
nosry4garoTcsi MaccuBhI 113C-1aHHBIX, HACUUTHIBAIOIINE 10 HECKOJBKUX THICAY KaapOB 3a OJIHY HOYB [1].
Bompmas gacts stux I13C-n300paxennii yxke ceddac mMeeT qocTtaToyHo Oosbmioe mone (32'x32%). B
Ommkaiimem OyIylieM IUIAaHUPYETCsl YBEJIMYEHHUE I0JI1 Ha HEKOTOPHIX MHCTPYMEHTAX 10 HECKOJBbKUX
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rpajgycoB M KOJNMUYecTBO 0OBekTOB Ha ongHoMm [I3C-kamgpe, Ui KOTOPBIX HEOOXOOUMO TIOIy4arb
(OoTOMETPUYECKYI0 U aCTPOMETPHUYECKYI0 HH(POPMAIMIO MOMKET JOCTHraTh HECKOIbKHMX ThICAY, a
KOJIMYECTBO IMOJyYaeMbIX KaJpOB - HECKOJBKHX TBHICSY 32 HOYb HaOironeHuid. CTaHOBUTCSI MOHSTHBIM,
4yT0 00bIuHAs mpouenypa ananuza [13C-u3zo0paxeHuii B «pydHOM» pexuMe OyJeT TpeOOBaTh CIHUIIKOM
OonpIIMX 3aTpaT BPEMEHH M INPHUBEIET K BO3PACTAHUIO BEPOSITHOCTH OMIMOOK H3-3a 4YEJIOBEYECKOTO
(dakTopa. YCcIoXHAIET 3a1a4y U pazHooOpasne pekuMoB HaOmoaeHuH (cM. «COpTHPOBKA JAHHBIXY ).

Takum oOpa3oM, 3agadya pa3pabOTKM METOAWKU aBTOMAaTH3MPOBaHHOro mpouecca odpadorku [13C-
HaOII0IEHUH U TIOJIlyYeHHE acTPOMETpUUIECKO U oToMeTpryecKoi HHPOPMALNH 110 KaXKAOMY OOBEKTY
Ha [13C-kampe B dopmare, MaKCUMAJIBHO yIOOHOM ISl TIPOBEJACHUS JAIBHEHUINETO aHadn3a CTAHOBUTCS
AKTyaJbHOW B aCTPOHOMUU.

Takue METOAWKH, €CTECTBEHHO, pa3padaTbiBajiCh U paHblIe, B APYTUX IpyINnax U 00cepBaTOPHsIX.
Omnako, H>(h(EKTUBHOCTh KAXKIOW KOHKPETHOW METOAWKHA HAMPSMYI0 3aBHCHT OT CIEIU(DHUKH
MOCTAaBJICHHON 3aJaud Ha peElIeHHWEe KOTOPOH OHa HampaBlieHa, a Takke OCOOSHHOCTEH NpHeMHON
anmaparypsl 1 yCIOBUH HAOMIOACHUH.

Bribop MeToAMKHM aBTOMAaTHYECKOIO aHajiM3a JAHHBIX B HAIIEM CIIydae OIpPEIessieTcsi KOHKPETHOM
LEJIBIO - [IOMCKOM INEPEMEHHBIX 3BE3[ II0 U3MEHEHHIO OJIeCKa B MHTEpBAJIE IEPHOAOB OT HECKOJIBKUX
MUHYT JI0 HECKOJbKHX 4acoB, ¢ ucronb3oBanueM [13C u EMCCD npueMHHKOB ¢ IOJIEM HE MEHbIIEe
20'%20', ¢ pa3NMMYHBIMH TapaMeTpaMy YCWICHHs CHTHAJIAa W HAONIOACHHWSAMH B Pa3HBIX UIMHAX BOJIH
(TIOJIHBIH CIIMCOK MCIIOJIb3YyEMBIX IIapaMeTPOB IIPUBEACH B paszaeie «CopTUPOBKa JaHHBIX)).

MeToabl

B xadecTBe OCHOBHOTO MHCTPYMEHTA MOWCKA U UIACHTU(DUKAIINY TIEPEMEHHBIX 3BE3]l IPEIIOIaraeTcs
MPUMEHEHUE METOJ0B aHajM3a KPUBBIX OJIeCKa, IOJIYYCHHBIX HAa OCHOBE (oToMerpuu 3Be3l C
ucnons3oBanreMm [13C-npuemnnkoB. [lockonbky 0030pHBIE (TIOMCKOBBIC) HAOIIOJIEHUS J[OCTATOYHO
PYTUHHBIE, TPEOYIOT, KaK MOXKHO OoJiee MPOIOIKUTEIHHBIX HAOIIOIEHH B KAaKOM-TO OIHOM PEXHME
paboTsl 000pYIOBaHUs, MPABIIFHEIM pelIeHneM OyJeT MaKCHMajIbHO aBTOMATH3HPOBATH CaM IPOIECC
HAOJIOICHHIA. ABTOMATH3alMsl MO3BOJISET HKCIOJIb30BaTh MAaKCUMalIbHO 3()()EKTUBHO BCE JOCTYITHOE
BpeMsl HaOJIOJEeHWH, 3HAYMTEIBHO YMEHBIINTh WM BOBCE HCKIIOYUTH OIIMOKH, OOYCIIOBICHHBIC
geroBeueckuM (aktopoMm, Oosiee >(h(HEKTHBHO OCBaWBaTh OIOKCTHBIC CPEICTBA, BBIICICHHBIC Ha
HAy4YHBIC UCCIICAOBAHUS.

ABTOMaTH3aNMA MPOIecca HAOIIOCHHIA:

[Tomumo BrIIETIEpEYNCIIEHHBIX (DaKTOB HEOOXOAMMOCTH aBTOMATH3AI[MH TIPOIecca HaOIIOIEHHIA
MPOJUKTOBAaHA U POCTOM KOJIMYECTBA MHCTPYMEHTOB, YCTAHOBJICHHBIX MJIH IUTAHUPYEMBIX K YCTAHOBKE Ha
THIAO u ATO, a Takke cnenu(UKOW BBHIMONHAEMBIX HMH 33Ja4, pa3HOOOpa3HeM TpeOOBaHWU K
MIPUEMHOM ammapaType MpH pa3HBIX TUNAX HaOMoaeHui. B yacTHOCTH, cpeny pa3TudHBIX OIIIHHA JIUIIH
JUISL OJTHOTO MHCTPYMEHTA, C OIpPEENIeHHBIM HaBECHBIM O0OOPYJOBaHHUEM MOKHO BBIACITHUTH CIIEAYIOIIHIE
napameTpbl: OOBEKT  HaOJIONEHW, €ro NPHOPUTET, YCIOBHS  BHAWMOCTH, HEOOXoaumas
MIPOIOJDKUTEIFHOCTE HAOIONCHHUH, KOMOWHAIUS (UIBTPOB, 3HAYCHHUS DKCIIO3WUINHA, HEOOXOIUMOCTH
MOJYYEHUs] KaTHOPOBOYHBIX KaJpOB M KaJPOB CTaHJAPTHHIX IUIOMAAOK U T.A. CIOXHOCTH Iporecca
HaOIr0IeHU BO3pacTaeT HEJIMHEHHO P HE0OXO0AUMOCTH POBOAUTEH 3aMEHY HABECHOTO 00OPYAOBaHMS
JUTSL HAOITFO/ISHNSI B TE€YCHUE OJTHONM HOYHM Pa3IMYHBIX MPOTPAMMHEIX 00BEKTOB.

OnTuMmm3anust Tporecca aHamu3a HaONIoAaTeNbHOTO Marephaja HE OrpaHHyYeHa  JIUIIb
aBTOMaTH3allMel IMpolecca HAaONIOJCHWH, HO BKIIOYACT M TaKWE IIarM KaK MEHEIXKMEHT JIaHHBIX
(copTpOBKa U COXpaHHOCTH B 0a3e JaHHBIX), MOATOTOBKA K aHANN3y W HETIOCPEICTBEHHO CaM aHAllu3 C
BEIBOJIOM PE3yJIbTaTOB B yIOOHOM /IS MOJIb30BaTeNell (hopMaTte. DTH ITAIbl CXEMAaTHIECKH MTOKa3aHbl Ha
Pucynxke 1.

3ajgaya aBTOMaTH3alUKK npolecca Ha0moaeHnii ycnemHo pemaerca B AOU® u geransHoe onrcaHue
ee peanu3anuu OyJeT MPEeJICTABICHO B OTIEIBHON IMyOINKaIlH.
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Pucynox 1 - IlocnenoBateIsbHOCTh OCHOBHBIX IIarOB aHain3a AaHHBIX [13C-HabmoneHui

CopTupoBKa JaHHBIX:

HAnsa >dexTHBHOTO HCMONB30BAaHUS MONYUYEHHBIX JaHHBIX W yA00CTBa WX aHAINW3a HAYYHBIM
COOOIIECTBOM, HAOIIOICHHUS JOJDKHBI OBITh COOTBETCTBEHHBIM 00Pa30M YIOPSI0UCHBI (COPTUPOBAHBI) U
COXpaHeHbI B 0a3e maHHbBIX. [Ipoliecc aBTOMaTU4YeCKOH COPTUPOBKH JAaHHBIX HAOIIOJCHUI CYIIECTBCHHO
YIPOIIaeT MOCIeAYIONIYI0 IPOoIlelypy UX aHallu3a W MO3BOJSIET 3HAYUTEIIFHO MUHUMU3UPOBATh BIIUSHHUE
YeJIOBEUECKOro (hakropa mpu ero nposefacHur. OIUH U3 BO3MOXKHBIX aJITOPUTMOB COPTHUPOBKU JTaHHBIX
[13C-nabnronenuii, Gazupyronuiics Ha aHaM3e WHGOPMAIMHK B 3aroyioBke fits-(aiinos, pearn3oBaH HAMU
B cpene Python m mokasan Ha Pucynke 2. B wacTHOCTH, mpeacTaBleHHas METOAHMKA aBTOMATHUECKU
COPTHUPYET MaHHBIC II0 IUPEKTOPHUSAM C OIpPEACICHHBIMH JaTaMH HaONIOJCHWA. B Kaxmod Takoi
JTUPEKTOPUU CO3JAIOTCS COOTBETCTBYIOIIME IOJJIMPEKTOPHUM 110 HMMEHH OO0beKkTa (Hampumep, IO
MEXIyHapOIHOMY HOMEPY IO KaTajory), UCMOoJIb3yeMoMy (GUIbTPY W T.J., KaKk NoKa3aHo Ha Pucynke 2.
Takast copTHpOBKa HE TOJBKO YIPOIIAET MOCIEAYIONINHA aHAIN3 JaHHBIX, HO W 3HAYUTEIHHO obOJerdaer
caM TpoIlecc HaOIIOACHUH, TOCKOJIBKY HAOIIOATENI0 HET HEOOXOAUMOCTH OTCIIC)KUBATh YHUKAIBHOCTh
npucBoeHHoro ID (wnmm umenu ¢aina) [13C-kagpa, a JOCTATOYHO TPABUIBHO TMPOMHCHIBATH IUIAH
HAOIIOJICHUI Ha TEKYIIUi ceaHC, a COOTBETCTBYIOIIAas WHQOpPMAIHS aBTOMATHYECKH BHOCHUTCS dYepes
OTIpEJICIICHHBIE KIFOUYM B 3arojioBok fits-haiima. OOHOBpEMEHHO C COPTHPOBKOHM HaOIIOMATEIHHOTO
MaTepuana u300pakeHUsT MOTYT IIPOBEPATHCS, HANpUMep, Ha HaIU4ue ONIMOOK TUAMPOBAHUSA,
CTaOMIIBHOCTH TEMIEpPaTyphl, IPH 3TOM €CTh BO3MOXXHOCTh aBTOMATHYECKH TE€HEPHPOBATH OTYET II0
CTaTUCTHKE HAOMIONECHUN W HEOOXOMUMBIN 3ampoc Ha TOMyYEHHE KATHOPOBOYHBIX H300paKCHUM, SCITH
TaKOBBIX HE OOHAPYKCHO.
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Pucynok 2 - Cxema aBTOMaTH4eCcKOi COpTHPOBKH AaHHBIX [13C-Ha0o1eHnii 0 COOTBETCTBYIONIMM NTapaMeTpaM HaOMIOAeHHI.
CruIomHOM U MyHKTHPHOH JIMHHUEH IToKa3aHbl IpHIMepsl KoMOnHanui napamerpos. [Tapamerpst Gain 1 EM cooTBeTCTBYIOT
HaOJroieHnsIM, BbInoHsseMbIM ¢ ipuMeHeHrneM EMCCD u mis 06bruabix CCD He npuMeHsoTest

[IpenBapurenbHas KaTHOPOBKA TaHHBIX:

CrieyronyM 3TanoM MOATOTOBKU JaHHBIX HAOIIOJICHUH TS TajdbHEHUIEr0 aHalu3a SBISCTCS y4eT
WHCTPYMEHTAIBHBIX CUCTeMaTnYeckux IryMoB B [13C-u3o0paxkenusx. Ml He Oy/ieM OCTaHABIMBAThHCS HA
ATOM BOTMPOCE, HHTEPECYIONIUECS MOTYT TMOAPOOHO O3HAKOMUTECA ¢ HuUM B padore [2]. K
CUCTEMaTHYEeCKUM IIyMaM OTHOCSTCS TEMHOBOW TOK, TOK CMECIICHUS U HEPaBHOMEPHOCTh
gyBcTBUTENbHOCTH 10 Tomo [13C mpuwemHumka. s MUHUMH3AIUK CITyYalHBIX OMIMOOK MpH yd4eTe
CHUCTEMaTHYECKHX IIyMOB, COOTBETCTBYIOIIME KaJTHMOPOBOYHBIE KaJpbl HEOOXOMUMO YCPEIHUTH II0
JIOCTAaTOYHOMY KOJIMYECTBY M300pakeHuit (00braHO He MeHbIe 10). B kadecTBe OCHOBHOTO MHCTPYMEHTA
aHanmu3a actpoHoMmudeckux naHHbIX [13C-Habmonenuit ucmons3yercs naker IRAF (http://iraf.noao.edw/).
Ycepennennpie [13C-kaapbr Toka cMmemieHuss (MasterBias) MoryT OBITH TOJYYEHBI IPOIETypPOit
zerocombine (iraf.imred.ccdred), a TemuHoBOoro Toka (MasterDark) mnporenypoii darkcombine
(iraf.imred.ccdred). MasterDark nomkxeH ObITH TOMy4YeH JUIS KaXIOW W3 KOMOMHANMN W300pakeHUi
o0BeKTa WCCIEAOBAaHUM, TPEACTAaBICHHBIX Ha PucyHke 2 (32 WCKIIOYEHHWEM BBIOOpPa (QHIBTPOB).
MasterBias u MasterDark siBiisitoTCS aAJUTHBHBIMU IIYMaMWd M JOJDKHBI ObITh BbIYTeHbI W3 [13C-
n300pakeHus 00beKTa (IIPU 3TOM COOTBETCTBEHHO cHavana MasterBias Berunraercst u3 MasterDark), a
HeoHOpOMHOCTh uyBcTBUTENbHOCTH [I3C mpHeMHHKa TO TONIO SBISETCS MYJIbTHILTUKATUBHON
COCTABIIAIOINICH, TIOATOMY Ha Hee cienyet aenuth [13C-m3o0pakenne oowekta. Ycpenaenusnid [13C-kamp
wiockoro mons (MasterFlat) gomken OBITH MOMyYeH Ui KaXAOTO (QUIBTpa, B KOTOPOM BEJHCH
HaOOJICHUSI O0BEKTa W TMPABWIBHBEIM 00pa30M CKOPPEKTHPOBAH 3a TEMHOBOH TOK. Jlns momydeHwus
MasterFlat ncronp3yercst mponemypa flatcombine (iraf.imred.ccdred). Yder cucremarmdeckmx NIyMOB
ocymiecTBisieTcs mporeaypoi cedproc (iraf.imred.ccdred).
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MeToarka aBTOMaTH4ecKoi NOTOKOBOH oToMeTpun 00bekToB Ha I13C kaapax:

Tak kak OCHOBHOW 3ajaueil ABJISETCS MOMCK NMEPEeMEHHBIX 3BE3]] 10 aHAJIM3y KPHBBIX Olecka, TO
METOJAMKA JOJDKHA BBIONHATH CIENYyIOINIME MIaru: 1) aBTOMAaTHYECKH IPHUBSA3BIBATH  CETKY
sKkBaTropuanbHbIX KoopauHaT Kk I13C-kanpy, 2) obHapyxuBath Bce nctouyHukH Ha moje [13C-kxaapa, 3)
OTIPeNIeNIATh CPEAN HUX 3BE31bl Pa3UUHBIX KaTajaoroB, 4) MpoBOIUTH anepTypHyto U PSF-poTomerpuro u
5) BEIBOIUTH JIaHHBIE B yIOOHOM ISl JalbHEHIIEro aHammu3a popmare.

Jns HarsIMHOCTH | OOJIeTYeHWs TOHUMAaHWS Bcero mpolecca (OTOMETpHHM Ha pUCYHKe 3
npecTaBieHa ero OJ0K-cxema.
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Pucynok 3 - biok-cxema npouexypsl aBTOMaTHYECKOM anepTypHOI
u PSF-doromerpun n acTpomMeTpun Bcex HCTOUHHKOB, 0OHapykeHHBIX Ha noiie [13C-u306paskenns
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B xauectBe cpenmpl BhIOpaHa KOMOWHAIUS OIEPAIMOHHON CHCTEMBI Linux C S3BIKOM BBICOKOTO
ypoBHs python. Takol BeIOOp cenaH 1Mo HECKOJBKUM MpuunHaM. Bo-mepBbix, kak Linux, Tak u python
HaXoIsATCA B OTKPHITOM JAOCTYIE C OTKPBITBIM KOAOM (craHzapTHas oOmecTBeHHas nuueH3us, GNU
GPL). Bo-BTopbIX, python - 3T0 OJIMH U3 CaMbIX AHHAMUYHO Pa3BUBAIOIIMXCS SI3bIKOB BEICOKOTO YPOBHS,
OH JIOCTATOYHO IMPOCT M MPEAOCTABIISET IMHUPOKHE BO3ZMOKHOCTH IS MIPHUBIEYCHUS K paboTe OONBIIOro
KOJIMYECTBA JIFOJIEH, BKJIFOYasl CTYJICHTOB U aCIIMpPaHTOB. B-TpeThux, B cpeny python WHTErprpoBaH maket
IRAF - pyraf (http://www.stsci.edu/institute/software hardware/pyraf). AnroputMbel ¥ METOABI 3TOTO
MaKkeTa MHOTOKPAaTHO MPOTECTHUPOBAHBI, XOPOLIO JOKYMEHTHPOBAaHbI M HMHTETPUPOBAHBI BO MHOTHE
COBpEeMEHHBIC TTakeThl aHanm3a JaHHbIX [13C-rabmonenuii. Bee hyakmmm n 6ubimmoTexu iraf 1OoCTYIHBI 1
MOTYT OBITH HANPSIMYIO HMITOPTUPOBAHBI B cpey python.

K nacrosmemy Momenty python-cooOrmiecTBoM pazpaboTaHo OO0JBIIOE KOJIMUYECTBO NPHIIOKEHHUN IS
paboThl ¢ IU(PPOBBIMU H300PAKCHUSMH, aHaU3a ACTPOHOMHYECKUX KATaJIOTOB, MPEACTABICHHUS
rpadudeckoid ¥ WHOW WHGOPMAIMKM HEMOCPEACTBEHHO B (opMaTe, MPUTOAHOM IS ITyONHMKAITUN WU
WCTIONB30BAHMS JPYTUMHU TIpWIIoKeHussMu. HawmOonee momynspHol tutatdopmoit python mis aHammza
HAy4YHBIX JIaHHBIX  siBIsieTcs  Anaconda, pasBuBaemas kommanuei  Continuum — Analytics
(https://www.anaconda.com/). MbI ucnosas3yem 31y 1iardhopMy i yCcTaHOBKU kanana AstroConda co
BceMHn cooTBeTcTBytomumu makeramu  (http://astroconda.readthedocs.io/en/latest/index.html). Becn
MPOIIECC YCTAHOBKH U KOH(PHUTYpAIMH JOCTATOYHO TPOCT.

PaccmoTpum Teneps moApoOHO KaxIblli U3 OJIOKOB, NOKa3aHHBIX Ha PucyHke 3. B Hauane paboTbl
¢dopmupyetcs crnucok u3 [13C-kaapoB, NpOMICANINX MNPEABAPUTEIbHYI0 00paboTky. Jliust a3toro
HCITONIB3YIOTCS mporenypsl getcwd u listdir, nmmoptupoBannsie u3 iraf.os B cpene python. Hamee, mis
cokparieHus, OyneM 0003Ha4aTh «— MPOIECC HMIIOPTUPOBAHUS COOTBETCTBYIOIINX MMAKETOB U METOJIOB B
python. Ha »Tom osTame mnpoBepsieTcsi HaJM4yH€ COOTBETCTBYIOIIMX ITUPEKTOPUH AJsl COXpaHEHHMs
pe3ysIbTaToB PabOTHI M COOTBETCTBYIONIMX log-daitios (path.exists, makedirs « iraf.os).

Pesynbrarer HabmomeHni coxpausatorcst B opmare fits [3], B 3aroioBke KOTOPOTO MPOITHUCAHBI BCE
napamMeTpsl HaOroaeHui. Pabora c fits-daitnamu ocymecTusercs yepe3 makeT astropy.io.fits. 3aromoBok
fits-aiina aHamM3MpyeTCs C LENBIO ONpeleNieHHs TaKuX MapaMeTpoB Kak KOOpIMHATHI 0OcepBaTOpHUU
(coordinates «— astropy [4]), pasmepa [13C-kanpa u FOV (Filed Of View - mmpuna nosis [13C kaapa B
VTJIOBBIX MHHYTaxX IyTH), POKyCHOE paccTosHue f B MM, pa3Mep MHUKCENs B MKM, MacITad u300pakeHus
B YIJIOBBIX CeKyHHax Ha mukcen. [l ananmm3a HaOIOEHUA, MONYYEHHBIX B Pa3HbBIE 3TOXH, OCOOSHHO
JUI aHajW3a KPHUBBIX OJiecka MEPEMEHHBIX 3BE3/, JKEIaTeNIbHO HCIONb30BaTh OapHULEHTPHUYECKHE
MOMEHTBI BpeMeHH. JIJIs1 3TOr0 pacCUUTHIBACTCSA OAPUIICHTPUUECKAs TIONIPaBKa (time «— astropy).

CremyromuM 3TaroM sIBIsieTcs aBToMatudeckas npubszka K [13C-kaapy ceTKu SKBaTOpHaIbHBIX
koopauHaT - wes (world coordinat system). DTa 3amada MOMKET BBITOJNHITHCS IBYMS METOJAMH: C
MCIOJIb30BAaHUEM MaKeTOB wcstools [5,6,7] wnu scamp [8]. [ys atoro B fits-3arosioBke moMuMoO TaKHX
napamMeTpoB Kak LEHTP H300paskeHHs, MacmrTad H300pa)KeHus, MPOIMUCHIBAIOTCS MpEeABAPUTENbHBIC
3HaYeHUS OCHOBHBIX MapaMeTPOB WCS, a TAKXKe ONpeelsieTcs rTeoMeTpHst Kapa (TO eCTh, HEOOXOAMMOCTb
nHBepTHpOoBaHms U oBopota [13C-kanpa). Heobxomumoit mapopMarmeit st westools 1 scamp sIBIsIeTCS
TaKke CIHCOK OOBEKTOB, a TouHee KoopauHatel (X, Y) wuctounmka Ha mose [I13C-xampa. [ns
oOHapyXeHHs ITHX HCTOYHUKOB Hcmoib3yercsa makeT SExtractor [9]. Tum BbIXomHOro Kartajora s
MIPaBUJILHOW pabOTHI MPOIECTYPHl MPOMUCHIBaHUS ceTku kKoopawHat nospkeH ObiTh FITS LDAC (Leiden
Data Analysis Center). HalineHHbIe MOJIOKEHHS HCTOYHUKOB, TO €CTh KoOpAHHATHI (X, Y) UCTOYHUKOB, H
MOJIOKEHHUE LICHTPa Kaapa BO BTOPOHM CHCTEME SKBATOPUAIIBHBIX KOOPAMHAT Ha 310Xy Habmoaenuit 2000
WCTIONB3YIOTCS JJISl MPHUBS3KH CETKH KOOpPAWHAT. TOYHOCTH MPOUEAYPHI MPHUBSI3KA KOOPAUHAT MOXHO
OLICHUTD 10 BBIXOJHOMY KOMOHMHUpPOBaHHOMY (ailly HEBS30K, KOTOPBI aBTOMAaTHYECKH T'C€HEPUPYETCS
npouenypoit scamp. Ilpumep kaptbl HeBa30k mpuBereH Ha Pucynke 4. Ilo ocsim X u Y OTJIOXKEHBI,
COOTBETCTBEHHO, PA3HOCTH KOOPAMHAT MEXKIy KaTAIOKHBIMUA 3HAYSHISIMH B 3HAUECHUSMH, TTOJTYIeHHBIMA
M3 U3MEPEHHH, a TaK)Ke TIOKa3aHbl COOTBETCTBYIOIINE PAaCIpEeNIEHUS Pa3HOCTEH.
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Group #1: 2D reference astrometric errors
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PucyHok 4 - IIpumep 2D-KkapThl HEBSI30K KOOPAMHAT O Pe3ysibTaTaM paboThl IPOLEIyphI Scamp, Ha IPHMEPE aHaIU3a JaHHbIX
TI13C-nabmronennii ¢ moaem 19°x19°, BeimonneHHbIX Ha Lleticc-1000, oocepsaroprn TILHAO (HOs0pH, 2017 T.).

B cnywae ycmemHoro BBIMOJHEHHE MPOLEAYypPbl WCS-pUBA3KH, aHanusupyemsiit [13C-xagp c
00HOBJICHHBIM fits-3aronoBKOM nepenaeTcs aajee, I OUCKa Ha KaApe 3Be3]l KaTajora.

CKaHUpOBaHUE KaTaJIOTOB C LEJbI0 MOMCKA U3BECTHBIX OOBEKTOB!

CrenyroomyM 3TalioM METOIAWKH siBiseTcs uaeHTH(ukamus Ha noine I[13C-kagpa 3Be3n, KOTOpble
BOIIUIM B T€ WM MHbIE KaTanoru. K mpumepy, 370 MOryT OBITh KaTaJIoTd (JOTOMETPUUYECKUX CTaHIApTOB
WIN Karajor TIepeMEHHBIX 3Be3[l. B TepBOM ciydyae 3TH 3Be3lbl MOTYT OBITh HWCIIOJNB30BaHBI IS
nepecueTa WHCTPYMEHTANBHBIX 3BE3AHBIX BEJIUYMH B CTAaHAAPTHYIO (POTOMETPUYECKYIO CHCTEMY, a BO
BTOPOM Cllyyae MICHTU(GHUUMPOBAHHBIE 3BE3/bl MOTYT OBITh MCKIIOUCHBI U3 JANbHEHIIEro aHaun3a, Kak
MEpPEeMEHHBIC WIIM 3alO03PCHHBIC B MEpeMEHHOCTH. Bo3MoxkHocTH maketa astroquery [10] (Vizier «—
astroquery.vizier) MO3BOJISIIOT ABTOMAaTHYECKH WACHTH(GUIMPOBATH 3BE3[bl A HHTEPECYIOUIMX HAac
KaTaJsoroB M3 0a3bl AaHHBIX Vizier. B Hamel peanusauuy mpouecca aHalu3a JAaHHBIX HCIONb3YeTCs
karamoru URATI [11], UCAC4 [12] umu 2MASS [13]. 3rHaueHns 3B€3IHBIX BEIMYUH B CUCTEME ULTriZ
(potomerpuueckast cucrema SDSS) mepecuntsiBatoTcs B cucremy UBVRI, B koTopo#t mpoBogsTcs
Haomonennst Ha TIIIAQ. Jlns 3Toro HCmoNb3yoTes ClIeAyIoNe ypaBHeHUs iepecyuera [14]:

B—g=(0.313£0.003)- (g —7) + (0.291+ 0.002)

V- g=(—0565%0.001)- (g — ) — (0.016 + 0.001)

V—1— (06751 0002) (g—i)+(0.3641 0.002), ecan g—i =21
V—1=(111+£002)-(g— 1) — (0.52£0.05), ecimn g —{ > 2.1
R—r=(-0153£0003}-(r —i) — (0.117 £ 0.003)
R—I=(093+0,008)-{r—i)+ (0.259+ 0.002)

DKBaTOpHAJIbHBIC KOOPIAUHATH 0OHAPYKEHHBIX 3BE3/1 KaTajora MnepecynThIBAIOTCS B KOOPIUHATHI
(X, Y) nonoxenust Ha II3C-xampe c wucnonmp3oBanuem OubOmuorexu astLib (astWCS « astLib),
MOJIOKEHUS 3Be3]] MPOBEPsIOTCS Ha Onm30cTh K rpanune nons [13C-kagpa u oTcemBaroTcs, €ClM OHH
PaCTONIOKEHBI CIUIIKOM OJU3KO K Kparo H300pakeHHs (0OOBIYHO MEHBIIE MIMPUHBI PO 3BE3/bI).
Pesynprupyromuii karamor 3Be3 GOpMUpYyeTcs B yIOOHBIE TaOIHUIBI ¢ UCIIOIH30BAHHEM BO3MOXKHOCTH
astropy.table (Table, Column « astropy.table) u nepenmaetcst nmanee mis moctpoenus PSF-npodwuns,
ucnoib3yemoro st PSF-horomerpun Bcex 0OHapyKEHHBIX Ha KaJpe HCTOYHHKOB.
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EcTh HeckombKO MPUYMH, MOYEMY MBI BBIOpPATM MMEHHO TakoW merona noctpoeHust PSF-¢yHKImy.
Bo-mepBbIX, MBI HCIONB3yeM 3BE3/bl KaTalora, a He MpPOCTO OOHApYXKEHHbIE UCTOYHMKM Ha Tone [13C-
KaJIpa, Cpelld KOTOPBIX MOTJIH OBl OKa3aThCsl U CIydYaifHbIe HCTOYHUKH. BO-BTOPBIX, MBI, OJTHOBPEMEHHO C
noctpoenueM PSF-npoduis, mpoBoauM (GoToOMeTpHIO 3B€3]] KATAIOr0B, YTO MO3BOJIAET HAM, B OYAyIIEM,
MPOBOJIUTh TEPECYeT B CTAHIAPTHYIO (OTOMETPUYECKYIO CHUCTEMY, €CJIM He OBLIO TPOBEICHO
HAOJFOICHUH CTAHAAPTHBIX MJIOMIAJOK. ITO OCOOCHHO MOJIE3HO, €CITA HAOIOICHHS JOKHBI POBOTUTHCS
HEIIPECPBIBHO. B-TpeTBI/IX, nmocjeayrmee BbIYUTAHUC 3BC3, BOIICAUIMX B KaTajlor, IIO3BOJIACT
OOHApYXUTh M TPOBECTH (OTOMETPUIO 3BE3Jl, HE BOINCAIINX B Karajnoru. VIMEHHO Takue 3Be3/bl
SIBIISTFOTCSL OCHOBHOM 1EJTBI0 TIOUCKOBBIX HAOIOCHUH.

Jlns moctpoenus npaBmwibHOTO PSF-mipodmiis B aBTOMaTHueckoM pekuMe HEOOXOIUMO yOeTuThCs,
qTo HpO(i)I/IJII/I BBIﬁpaHHI)IX 3B€30 AOCTAaTOYHO JAJICKHU OT Kpas I/I306pa)KeHI/I$I U 1Opu STOM HE
MEPEKPHIBAIOTCS MEXKAY cO00i. MBI HCTIONB3yeM CleyIolue Kputepun Beibopa PSF-3Be3:

FWHMpp - scale/2 < 1y; = Rpgp * 2 Fcale

—
rIe Ty = "u'é‘d'x‘ + d}F‘H dx, 4y

N, = NAXIS1.

B3aMMHBIC PACCTOSHUS MEXIy IICHTpamu mpoduiiei 3Be3a. 31ech

Rpgr = 4 FWHM,g, — 1

pasmep I13C-n300paxenns B MHUKceNax, - paguyc PSF

FEein, o
npopuns, FWHMp. = _s:r:r + @.1- npeaBapurenbHas OLIEHKA IOJHON MIMPUHBI HA TIOJOBUHE
15

seefng =2".5
Makcumyma PSF-mpodwnsa, mpu ' (ompenensercs KadeCcTBOM  acTPOKJIMMAaTa

T
oGcepsaropun). 3navenne Sctle = #T - 206.265 - macmTab n300paskeHUs B YIJIOBBIX CEKYHJaX Ha

mkcen, e #m = APIXSZ (usndeckuit pasmep nukcenst B MKM, f = FOCALLEN - SKBHBaJICHTHOE
(oKycHOe paccTosiHME MHCTpyMeHTa B MM. Ilocie celneKLuH 3Be3]l MO IPeABAPUTEIBHBIM KPUTEPHUSM,

snauenms T W HMpse YTOYHSIOTCSI aBTOMAaTHUYECKO#l amnmpokcuManueil npoguieid oToOpaHHBIX 3BE3.
nporeaypoit radprof makera IRAF. O6mee konmmuectBo PSF-3Be3n, BEIOpaHHBIX 1O TaKUM KPUTEPHSM,
00brYHO He mpeBbimaeT 25. IlonydeHHBIE YTOYHEHHBIE NapaMeTphl NpoduieH HCIONB3YIOTCS IS
=50,

cnenuduKanuy napameTpoB poromerpun. Aneprypa poromerpun Ap ne 9 nms rayccoBckoro

FWHMpgrp

T
pod ISt CBs3aHa C F¥ H‘HPFF BBIpOXXECHUEM T = , BHYTPEHHUN pajnycC KOJblia, B KOTOPOM

R"f:?iﬂr =6 @, BHIIHMH pajHyc STOTO KOJbLA R;J:a:;ﬂr = Rf:?-:ﬂr +3.0
Panuyc PSF-npodus, ucrnonb3yemMoro Uisi anmpoKCUMAIHK Bppe = FWHMpgr + 0.75, Bri6op Buza
¢byrkumu PSF-mpoduis MoxeT ObITh aBTOMATHUSCKUM WJIM 33J1aH MOJIb30BaTeneM. B Haiel peanuzanun
ncronp3yercst npoduns moffat ¢ f=2.5 [15] m B ciydae, eciu MOCTPOSHUE HEYMAYHO, HMCIIONB3YETCS
npodus «penny2» (CI0XKHBIA TPOoQHIH Y KOTOPOTO EHTpallbHast YacTh onuckiBaeTcs GpyHkiuei [aycca,
a KpbUIbsl pacrpe/eeHus onuckiBaloTces (GyHkuuer Jlopenua ¢ mapamerpom B=1, mpu 31oM GyHKIHA
laycca u JlopeHma MOTyT OBITh BBITSHYTHl B pa3iM4YHBIX HANPABICHUAK), IMOKA3aBINUE JIyYIIHN
pesynbrat. st Hopmuposku PSF mpoduis chavana nporenypoit daophot.phot orieHMBaeTCs 3HaUCHUE
MOTOKa amepTypHod ¢oroMeTpueir. 3atem mnpoueaypa daophot.pstselect BbrIOMpaeT 3Be3Obl IS
noctpoenust PSF-npoduist u daophot.psf ctpour cam PSF-npodwmis.

B cnydae ycmemHoro moctpoeHus MpoQuiIs, OH IepeaaeTcs Ha ciemyrontuil atarm oopadotku. Ecim
no KakuMm-inbo mnpuunHaMm PSF-npoduie He ynmaercss mocTpouTh, TO MpoOrpamMMa IMEPeXOIuT K

cnenyromemy [13C-kaapy.

ompenensiercs (GoH Heba

Berunranue 3Be3 karanora u3 [13C kaapa u mMOUCK HOBBIX OOBEKTOB:
Crieyronym 3TanoM sBisieTcst POTOMETPHsE 3BE3]] KaTAJIOTOB M IMOCIICAYIOIIEe UX BEIUUTAHHUE C MOJIS
[13C-kanmpa. s 3TOro MOBTOPHO IPOBOIUTCS amepTypHas (OTOMETpPHS YKEe BCEX 3BE3J Karajora
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npouenypoii  phot.daophot. Ilomyuennsie 3HaueHHst anepTypHoil ¢ortomerpun, PSF-npoduns u
COOTBETCTBYIOIIME KOOPAMHATHL HCTOYHUKOB HCIONB3YIOTCS Aisi mpouexypbl PSF-dportomerpun ¢
ncronp3oBanueM allstar.daophot. B pesynmpTaTe Ha BBIXOJE TTOMHMO PE3YJILTATOB (OTOMETPHH MBI
nojy4aeM M300pa)KeHUs! ¢ BHIYTEHHBIMH 3BE3JlaMU KaTallora, JUIS KOTOPBIX Obla YCIENIHO BBITOJTHEHA
¢doromeTpusi. OTH N300paKEHUST UCTIONB3YIOTCS AJIsl IOMCKa UCTOYHUKOB (SExtractor), He Bomeamux B
KaTaJIoTH, MPeICTAaBISIOMUX UId Hac HanOonbiuuii uaTepec. Ilocie storo ¢opmupyercss 0000MIeHHBINH
cnucok o0bekToB. Ha 3TOM 3Tame MokHO BHOBBH NepecuntaTh PSF-mpoduis ¢ mposepkoil Gim3ocTh
npoduneit 3se3n. Ilocne storo mponenypoit allstar.daophot mpoBogutcst PSF-poTomerpust Becex 3Be3n
CIIMCKa OJJHOBPEMEHHO. DTOT Ipouecc Ha Pucynke 3 nokasan cuHeW MyHKTUPHOU JTUHUEH.

[Momyuennsii [13C-kaap ¢ BBIUETOM BceX OOHAPYKEHHBIX M YCICIIHO MPOMEAIHX (POTOMETPHIO
3Be3ll, B HIealie, JOJDKEH NpEACTaBIATh (aiin ¢ (poHOBeIM mrymMoM. [IpuMep mocienoBaTeinbHOrO
BBIYMTaHUs 00pabOTaHHBIX 3Be31 MOKa3aH Ha PucyHke 5.

: | b | _.,C

Pucynok 5 - I[I3C-u306paxeHus ¢ MocieJ0BaTeIbHBIM BhIYUTAaHHEM 3Be3/: a) ucxoaHoe [13C-u3obpaxenue, b) nocine
(OoTOMETPUM M BEIYUTAHHUS 3BE3]] KaTAJIOra, C) 1ocie (JOTOMETPUHU U BBIYUTaHUS UCTOYHUKOB, HE BOIIE/IINX B KaTaJor.
OcraBiuyecs 3Be3/bl Ha M0JIe HepeiepKaHbl U ObLIN HCKITIOUEHBI M3 TIPOoLiecca aHaIn3a

BeIBOJ pe3ypTaTOB aHAIN3A:

Jns  ymoOcTBa manmbHEWINEro aHamu3a, MPEACTABICHUS pPE3YJIbTaTOB HEMOCPEACTBEHHO IS
My OIUKaIy Wi 0OMeHa MEeXy 3aMHTEPECOBAaHHBIMH TPYIIIIaMH, Pe3yJIbTaThl aHATN3a BRIJAIOTCS B BUJIE
TaONMMYHBIX 3HAYCHUH KaK B OOBIYHOM TEKCTOBOM QopmaTte, Tak u B (hopmare csv U tex. Takue TaOnuis!
ABTOMATUYECKH TCHEPHUPYIOTCS OTICIIBHO JUIS 3BE3Jl KaTalora W OOBEKTOB, HE BOIICIINX B KaTaJOTH.
Jnis 3Be3n KaTaloroB TaONHIBI COAEPKAT CICMYIONIIYI0 WH(POPMAIMIO: HOMEpP IO KaTalory (recno),
KOOpIHWHATHI 00BheKTa B KaTayiore B aoiax rpamyca (RAJ2000, DEJ2000), 3raueHns 3BE€3MHBIX BETHINH
o katanory (Bmag, Vmag, Rmag, Imag), koopanHaTsl 00beKTa MO Katajory B (opmare 4:M:c, Ip:M:cC
(RA (h:m:s), DEC (d:m:s)), 3HadeHuss marHUTYyAbl B ompexaeneHHoM ¢mabTpe (V_Johnson), ommOky
MarHuTynel (errV_Johnson), HaGmomaeMble 3HadueHHs KoopawHAT B (opmate w€:Mm:c, rp:M:ic (RA obs,
DEC obs), 6apunientpuueckass HOmuanckas gara (OBS-TIME) u Bo3gymHas macca Ha MOMEHT
HaOmoneHnii (AIRMASS). TabnuuHble naHHBIC s OOBEKTOB HE BOIICIIME B KATAJOTH COZICpXKAT
CIIEYIOIIYyI0 WHPOpPMAIMIO: HOMEp IO BHYTPEHHeMY (JOKalbHOMY) KaTaiory (recno), 3HadeHUs
MarHuTyzsl B onpeneneHHoM ¢unbsTpe (V_Johnson), ommbky Marautyasl (errV_Johnson), HaGmonaeMbie
3Ha4YeHUs KoopAuHaT B ¢popmare u:Mm:c, rp:M:c (RA_obs, DEC obs), bapunenrpudeckas FOnuanckas nara
(OBS-TIME) u Bo3nymHas Macca Ha MOMeHT HaOmoneHnit (AIRMASS).

Pe3yabTarnl

OnwucanHas MeToauKka onpoboBaHa Ha HabmroneHUAX actepouna PasToH, BHIMONHEHHBIX Ha Lleiicc-
1000 o6cepBaropun TIHAO B mepuox ¢ 16.11.2017 1. mo 22.11.2017 r. BKmounTenbHO. Beero OvImo
nosrydgeHo 6osee 280 I13C uzobpaxkenuit B kaxaoMm u3 tpex puasTpoB BVR. To ects obmiee Koim4aecTBO
nzobpaxenuit 6onee 800. Ha mone kaxnoro [13C-n300paxenus: HACHTUUIUPYETCS HECKOIBKO JAECATKOB
3Be31 KaTaJOTOB H, CJEIOBATENbHO, KOJMYECTBO (POTOMETPHUYECKUX OICHOK M acCTPOMETPUYECKUX
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WU3MEPEeHHH MOXKET JOCTUTaTh HECKONBKO JECATKOB ThicAd. EcCnIM y4YHUTBHIBATH PErUCTPUPYEMBIC
WCTOYHVKH, HE BOIIEANINE B KaTaJorH (TIPEACTaBISIFOIINE HAUOOIBIINI I Ha HHTEPEC), TO KOIHMYECTBO
(hOTOMETPUIECKIX N3MEPEHHH TSI TaHHOTO KOHKPETHOTO MPUMepa COCTaBIISeT HECKOJIBKO COTEH THICSTY!
Tem He MmeHee, Bech mpouecc (OTOMETPHUM BCEro 3TOTO0 MacCHBa HaONIOJIECHHH B aBTOMATUYECKOM
pEeKUME 3aHUMAET JIUIIb HECKOJIBKO YacoB.

PaspaboTanHas MeToAKa aBTOMAaTH3HUPOBAHHOTO Iporiecca POTOMETpPHH BCEX MCTOYHHKOB Ha ITOJIE
I13C-kaapa MoOXeT OBbITH MCIOJB30BaHA U JUIS MOMCKA OOBEKTOB C OOJIBIIUM COOCTBEHHBIM JIBUKCHHUEM
(Hampumep, acTepOUIOB U APYTUX MaJIbIX TNl COJIHEUHON CHCTEMBI).

Pesynprar Takoro aHamuza, Ha mpuMepe HaOmroxeHus moins actepouna Pasron (3200) mokazaH Ha
Pucynke 6. Ha nanHOM pricyHKe moka3aH ydacTok 10°x10’° ¢ pe3yIbTaToM aBTOMAaTHIECKONW acTPOMETPHH
u hoToMeTpun BceX 00bekToB HabmogaeHui 19.11.2017r. Ha Tenmeckomne Ileticc-1000 (TLHAO). Pa3zmep
KPY)KKOB COOTBETCTBYET WHCTPYMEHTAIBHON 3Be3MHON BennynHe. [loMHMMO OCHOBHOTO O0O0BEKTa
nccnenoannii (PasTOH), 3aMETHBI €I /1Ba W3BECTHBIX acTepOW/Ia, IOMABIINX B HAOIIOIaeMoOe IoJie
(230273, 45156). llpm mOCTpOEHHUM TaKOW KapThl 3BE3[bl KaTajJoroB, HIACHTH(PHUIHPYEMBIE IO
YHHUKaJIbHOMY HOMEpY, OTOOpaskaroTcs [BETHBIMH CHUMBOJIAMU B 3aBHCUMOCTH OT 3BE3[JHOH BEIMYHMHBI B
Tpex ¢unprpax. CaMu 3HaUEHUS 3BE3THBIX BETMYHMH U TIOJ0KECHAN ITHX 3BE3]] aBTOMATHYECKU BHIBOISATCS
B BHJE TAaOJMYHBIX 3HAUYCHUU BO BceX Tpex (opmaTrax (TEKCTOBBIHA, CSV, teX) IS KaKIOW W3 3BE3]
KaTtajiora B OTAEIBHOCTH U JUIs Ka)I0T0 U3 (QUIBTPOB, B KOTOPBIX Benuch HaOmoaeHus. Madopmanus no
JIPYTUM, WHTEPECYIOUIUM TI0JIh30BaTEIs OOBEKTaM, MOXET OBITh IONy4YeHa, HANpUMEp, BBIICICHHEM
COOTBETCTBYIOIIEH 00JacTH Ha KapTe, Moka3zaHHOW Ha Pucynke 6. [lomydeHHBIC TaONMMUYHBIC 3HAYCHHS
WCTIONB3YIOTCA Ui TIOCTPOCHUS M aHaunm3a KpHUBBIX Oniecka. Pesynprarel 3Toro aHammza OyayT
MPEJICTABICHBI HAMU B OTACIBHON My OJIMKAIINY.
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Pucynok 6 - Pe3ynbrars! aBTOMaTHYecKol poToMeTpru n acTpoMeTpuH JaHHBIX [13C-Habr0IeHni, IOy YeHHBIX
Ha Ileticc-1000 (TIIAO). IToxazano mone pasmepoM ~ 10°x10°, Ha KOTOPOM MOXKHO 3aMETHTh TPEKH TPEX aCTEPOUIOB

Oo6cy:kaenune

[IpoBenenre 0030pHBIX M MOMCKOBBIX HAOIIOJCHHI C IEThI0 OOHApYKEHUS TPaAH3UEHTOB, OBICTPO
TEKYIINX MPOIECCOB, TIONCKA MMEPEeMEHHBIX 3Be3 M T.[. HA HHCTPYMEHTAX CpeJHEeH W MaJloi amepTypbl
(ot 50 cM 10 1 MeTpa) ¢ JOCTATOYHO OOJBIIKM IOJIEM MOJAPa3yMeBaeT MOJydeHHE OOJBIIOr0 MacCHBa
NaHHBIX HaOmoneHuil. OcobenHo, ecim ucnoibdyercs EMCCD ans 3amau time-domain astrophysics.
DT0, B CBOIO OYepe/ib, JIeNaeT 3a/1a4y ObICTPOi, BEICOKOTOYHONH 00pabOTKH M aHajw3a HAOII0JaTeIbHOTO
MaTepuana 0COOCHHO aKTyalbHOM.

Kpome Toro, Haimuue pe3ynbTaTOB pPa3IMYHBIX 0030pOB Heba B BuAe 0a3 JaHHBIX TO3BOJISICT
3HAYUTENFHO MOBBICUTH 3()(HEKTUBHOCTH TTOMCKA HOBBIX 00BEKTOB, HH(OPMAITHS O KOTOPHIX OTCYTCTBYET
B KaTtajoraXx WIH OBICTPO pearupoBaTh Ha HEOOXOAMMOCTh TPOBeACHHMS anepTHeIX u follow-up
HaOroIeHNi 0COOEHHO HHTEPECHBIX OOBEKTOB.
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OnwucaHHas B 3TOHM cTaThbe METOAMKA Oblla peaJn30BaHa B ONEpalMOHHOM cucteme Linux Ha Oase
A3bIKAa BBICOKOTO YpOBHS python M ucnoiab3yeT OOLIENpU3HAHHBIE U IPOBEPEHHBIC AITOPUTMBI
(peanu3anuy KOTOPBIX HAXOJATCS B CBOOOAHOM JOCTYIIE) aHAIN3A.

[Ipomomxaercst paboTa MO YCOBEPILIEHCTBOBAHMIO METOOMKH. B wacTHOoCTH, HEOOXOAMMO
BbIpa0OTaTh KpUTEpUH OOHOBJIEHMS IapamMeTpoB Ipoueayp OOHapyX eHusi clnabblx OOBEKTOB,
paccMOTpeTh BO3MOXKHOCTh mocTpoeHust PSF mpoduns ans QaHHOrO HMHCTPYMEHTA, YTO HE TOJBKO
JOJDKHO TIOBBICUTH KadecTBO pe3ynbraToB PSF-poTomerpun, HO M COKpaTuThb BpeMs aHau3a.
AKTyanbHOH oOcCTaeTcs peanu3auus 3aJaqyd aJanTalud METOOUK (OTOMETPHUHM TPEKOB OOBEKTOB IIpH
pasIn4HBIX PEXHUMax BEIEHHS TEJIECKOIa, a Takxke (B IEepPCHeKTUBE) (POTOMETPUM MNPOTHKEHHBIX
00BEKTOB (TaJIaKTUK, TYMaHHOCTEH).

B 3axito4eHnu Hy’)KHO OTMETUTH BO3MOKHBIE HCTOYHUKH OIIUOOK (POTOMETPUH U aCTPOMETPHUH C
WCITOJIb30BaHUEM pa3paboTaHHOW MeTOaukH. Bo-TiepBhIX, mpeamnoiaraercs, yrto GyHkius PSF-npodwums
ocTaeTcsi MOCTOSIHHOW Ha MPOTSDKEHHH BCEro ceaHca HaONIOJEeHHH, YTO MOXKET He COOMIoNaThes MpH
CHJILHO MEHSIOLIMXCSI MOTOJHBIX yCIOBUSX HaOIIONEHHUH, HETOYHOCTH BEACHUS Teneckomna (Berep, cOoi
AaBTOTMIOMPOBaHUSI M 1p.). B pe3ynbrare HEKOPPEKTHOrO OIMCAHUS HCTUHHOTO mpoduis Ha
n300paXEHUAX TII0CIE€ BBIYMTAHMUSA 3BE3J OCTAlOTCS OCTAaTKH, KOTOpPbIE HEBEPHO MOIYT ObITh
WHTEPIPETUPOBAHBI KaK JOMNOJHUTEIbHBIE MCTOYHUKH, YTO B KOHEYHOM CHETE NMPHUBOAMT K OIIMOKaM
¢doromeTpun. Bo-BTOpHIX, Ipeanonaraercs, 4To 3aBucuMocthb ¢hopmbl PSF-ipodwmst mo momro 113C-kaapa
TaKXKe SIBJIIETCA IOCTOSIHHOM WM MEHSAETCs JIMHEHHOo. B ciydae, ecnu 310 TpeboBaHue He coOurogaercs,
TO JTO TAK)KE MOYKET IMPUBECTH K OMIMOKaM (POTOMETPHH 3BE3]l U ACTEKTHPOBAHHIO JIOKHBIX UCTOYHUKOB.
st onpenenieHns IOMyCTUMBIX PEKUMOB aJIeKBaTHOH pabOTHI M OLICHKU 00JIACTH IPUMEHEHHS METOAUKH
HEOOXOOMMO €€ TECTUPOBAHME HAa MCKYCCTBEHHBIX JTAHHBIX CT€HEPHPOBAHHBIX C PA3IMYHBIM YPOBHEM
IIYMOB M Pa3HOW CJI0KHOCTBIO MMOJIsi (INIOTHOCTh UCTOYHUKOB, HenocTossHCcTBO PSF-npodwuns 3Be3n no
nosmro [13C kanpa u ap.).

BaarogapuocTn

PaGora BeimonHena B pamkax [Ipoekra Ne BR05236322 "HccnenoBanusi GU3NUECKUX MPOLIECCOB BO
BHETAJIAKTUYECKHUX M TATAKTUYECKUX 00BeKTaxX 1 ux mojcucremax’, dpuHancupyemoro MOH PK. ABTopsr
BBIpaKAfOT OsaromapHocTh AfiManoBoil I'. K. 3a KOHCTpYKTHUBHBIC 3aMEYaHWs], MPEIIOKCHUS U
pEeIaKTHUPOBAaHUE CTATHH.
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AnHoTauus. [3mey KaMmaHWsUIapel HeMece acHaHAbpl IIONyla Y3aK YakelT Oakputay sxyprisreHae, 3BA-
cyperTeperi 00beKTiIep CaHbl MAaKCUMAJIbI OOJFaH/Ia KOHE OHBIH ACTPOMETPHSIIBIK KOHE (DOTOMETPIIK 3epTTEY-
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1000(TIIAO) TeneckoObiHAa acTepors; PadTOHHBIH YIIeH ayKbIMJIbl OaKbljIdy MOIIMETTEPIHIH Tajiay diCHAMACHI-
HBIH HOTHXKeJepi KOpCeTiIreH.
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ANALYTICAL EXPRESSIONS OF THE PERTURBING FUNCTIONS IN
TWO PLANETARY THREE- BODY PROBLEM WITH MASSES VARYNG
NON-ISOTROPICALLY WHEN AVAILABLE FOR REACTIVE FORCES

Abstract. The paper considers a two-planetary exoplanetary system with variable masses in the absolute
coordinate system. The equations of motion are described with the Meshchersky equations. The masses of the parent
star and the planets are considered variable, varying at different rates. The general case is investigated when the
masses of bodies change with time anisotropically, at different rates. As a consequence of an anisotropic change in
mass, reactive forces appear that significantly affect the dynamics of the exoplanetary system at the non-stationary
stage of its evolution. The equations of motion have no integral, so the problem is investigated by perturbation
theory methods developed for such nonstationary systems. The initial equations for the use of perturbation theory are
the equations of motion in a relative coordinate system with the origin at the center of the parent star with mass. The
methods of perturbation theory are used based on aperiodic motion along a quasiconic section. The motion of two
planets, within the framework of the problem of three point bodies with variable masses varying anisotropically in
the presence of reactive forces, are described by the equations of perturbed motion in the form of the Lagrange
equation. Perturbating functions are expressed through the osculating elements of two planets. Analytical
expressions for the expansion of perturbing functions into a series are obtained. The work highlights the main and
indirect part of the perturbing functions is singled out. Exactly to the square of the eccentricities of the planets, actual
decompositions are performed. The derived formulas allow us to study the evolution of orbital elements due to the
variability of the masses of the parent star and planets. They allow us to describe dynamic effects in the two-
planetary three-body problem with variable masses as a single planetary system at the non-stationary stage of its
evolution. To perform complex analytical calculations, the Mathematica software package was used.

Key words: three-body problem with variable masses, non-stationary exoplanet systems, stars with variable
masses, aperiodic motion, protoplanetary disk.

M.I:k. Munran6aes', C.A. llommexosa'”

'KasHY um. anp-Papadu., Anmatsl, Kazaxcras;
2ITOO «Actpodusmaeckuii WuctutyT nm. @ecenkoBay, Anmarsl, Kazaxcran

AHAJIMTUYECKUE BBIPAYKEHUA BOSMYIIAIOIIIUX ©@YHKIINU
B IBYXIIIAHETHOM 3AJIAYE TPEX TEJI
C AHU3ATPOIIHO USBMEHAIOINIUMUCA MACCAMUA
ITPU HAJIMYUU PEAKTUBHBIX CUJI

AnHoTanusi. B paboTe paccMaTpuBaeTcs ABYXIUIAaHETHAS SK30IUIAHETHAS CHCTEMA C TICPEMEHHBIMH MacCaMH B
a0COJIFOTHOW CHCTEME KOOpAWHAT. YpaBHECHHWs JBIKCHHS OIMCHIBAIOTCS C ypaBHeHUsAMH Memepckoro. Maccel
POIUTENBCKON 3BE3/IbI U IJIAHET CUMTAETCSl MEPEMEHHBIMH, U3MEHSIOUMMUCS B pa3inuHbIX Temnax. Mccnemyercs
oOmmii cirydaif, Korga Macchl TeJI MEHSIOTCS CO BPEMEHEM aHH30TpPOITHO, B Pa3lIMUHBIX Temmax. Kak cienctBus
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aHM30TPOITHOTO M3MEHEHHsI MAacC IOSBIISIIOTCS PEaKTUBHBIC CHIIbI, KOTOPBIC CYIICCTBEHHO BJIMSET HA JUHAMUKY
9K30IUTAHETHON CHCTEMbI HAa HECTAIIMOHAPHOM JTAalle €€ JBOJIONUHU. YPABHEHHUS ABHKCHHS HE MMEIOT HU OIHOTO
MHTErpaja, IO03TOMY Ipo0ieMa HCCIeAYIOTCS METOAaMH TEOPUH BO3MYIICHHHM pPa3pabOTaHHBIX ISl TaKuX
HECTallMOHAPHBIX CHUCTEM. VICXOTHBIMHU JIJIsl UCTIONIb30BAHKS TEOPUH BO3MYILEHHUHT SIBJISIIOTCS] YpaBHEHHS ABUKCHUS B
OTHOCHUTENBHON CHCTEME KOOPJIMHAT C HAa4ajJoM B LEHTPE POAMTEIbCKOH 3Be3/bl. VCmonb3yeTcs MeToabl TEOpHH
BO3MYILEHUU Ha 0a3e anepUoANYEeCKOro JBIKEHHUS M0 KBAa3MKOHHMYECKOMY CeueHHIO. J[BMIKEeHHe NBYX IUIAHET, B
paMKax 3aJa4yu TpEX TOYCYHBIX TCJI C IMCPEMEHHBIMU MacCaMH H3MCHAIOIHUMHCA AHU30TPOIIHO IMPHU HAJIUYHUU
PEaKTUBHBIX CHJI, ONKCBHIBAIOTCS YPAaBHEHMSMH BO3MYILUEHHOIO JBWKeHHs B ¢Qopme ypaBHeHus Jlarpamxa.
Bosmymaromue GyHKIMUA BRIPAKAIOTCS Yepe3 OCKYJIUPYIONINE 3JIEMEHTHI IBYX IUIaHeT. [10y4eHbl aHATUTHICCKHE
BEIPQKCHUS PA3JIOKEHUsT B P BO3MYINAIOIKMX (YHKOUU. B paboTe BBIACICHO TNIaBHAs W KOCBCHHAS 4YacTh
Bosmymammux (yHkmun. C TOYHOCTBIO 1O KBaapaTa AKCICHTPHCUTETOB IUIAHET BBINOIHCHBI (DaKTUYCCKHE
pasnoxeHus. HaiineHHsle (GoOpMyIBI TO3BOJISFOT HCCICAOBATH JBOJIONHMKA OPOUTANBHBIX JJIEMCHTOB H3 33
MEPEMEHHOCTH MAacC POJMTENILCKON 3Be3/bl U IuianeT. OHM MO3BOJIIOT OMKCBHIBATH JMHAMUYECKUX 3(P(EeKToB B
paccMarpuBaeMoii ABYXIUIAHETHOM 3ajiaye TpeX Tel ¢ MEePEMEHHBIMH MacCaMHu Kak e/IMHas IUIAaHETHas CHCTeMa Ha
HECTAIlMOHAPHOM 3Talfe e¢ JBOJIONUHU. [l BBINOIHEHHS CIIOXKHBIX AHAIUTHYCCKUX BBIYMCICHUH HCIIOJIL30BAIH
nmakeT nporpammy Mathematica.

KaioueBble ciioBa: 3aj1a4a Tpex Tel ¢ MEPEMEHHBIMH MacCaMH, HECTALMOHAPHBIC IK3OILUIAHETHBIE CUCTEMBbI,
3BE3/Ibl C IEPEMEHHBIMHU MAaCCaMH, allePHOINYECKOE IBHIKEHNUS, TPOTOIJIAHETHBIN JTUCK.

1.BBenenne. Hama ConHeyHas cHCTEMa CUMTAETCsl JIOCTaTOYHO IPO3BOJIIOLMOHUPOBABILIEH
cucremoit (4,5 mupa.ter). ¥ Bcex mumaHer CONHEYHOW CHCTEMBbI OpPOMTHI OJHM3KH K KPYTOBBIM e =0,
Kpome opbutel Mepkypus. Y Mepkypuss e =0.2, HaKIOHEHHWE IUIOCKOCTH OpOWUTHI 7 TpamycoB. Y
oompmmx T1uiaHer COJNHEYHOW CHUCTEMBI, YTO 0COOEHHO Xopomo BHAHO Ha npumepe y CarypHa,
«BBIMOP2XHBAHUE» OPOUT YK€ MPOU30LUIO. Y XOPOILO MPOIBOIIOLMOHUPOBABILUX CUCTEM MPOH30IILIO
TaK Ha3bIBaEMOE «BBIMOPaXKHBaHUE» OPOUT (yCTONUMBEIE OPOUTHI KOHIIEHTPUPYETCS B OJJHOU TJIOCKOCTH
BOJIM3HM TUIOCKOCTH dKBaTopa 3Be31b1) [1].

Bo MHOrmx sK30mIaHeTHBIX cucTeMax (B HacTosimee Bpemsa ux Oomnbme 4000) mMbl HabmogaeM
Oompinre pa3dpoCkl HAKJIOHOB IUIOCKOCTEH OpPOUT K DKBATOPY 3BE3IIbI, YTO MOXKET CBUICTEIHCTBOBATH O
pa3IMYHBIX SBOJIONMOHHBIX TpPEKax TaKWX CHUCTeM. Takke HM3BECTHa OJHAa OHK30IUTaHETa, KOTOopas
JBUTAETCS B IMPOTHBOIOJIOKHYIO CTOPOHY OT HAIPaBJICHWI OpOUTANLHOTO IBMXKEHHS (pETpOrpajHON
opbute) — 3TO 3K301IaHeTa 1o Ha3BanueM WASP-17b, naxopsimasics B co3Be3nuu Ckopnuona [2]. 1o
CTaTHCTUYECKOMY aHAIHM3y M3BECTHO, YTO KOJMYECTBO TUIAHET B KOHKPETHBIX SK30IDIAHETHBIX CHCTEMax
BapbUPYIOTCS OT OAHOTO JI0 ceMH maHeT. B sx3omnanerHoit cucreme TRAPPIST-1 oOHapyskeHO ceMb
wianer [3]. 3Be3msl cnektpanbHOoro kiacca G, kygma Bxoaut Hamie CoOJHIIA, UMEIOT HauOOJbIIee
KOJIMYECTBO HK30IUIAHETHBIX CHCTEM. BeHepa — eTMHCTBeHHAs TJIaHeTa, COOCTBEHHOE BpallleHHe KOTOPO
HE COBIIAJaeT C HAMPABICHNUEM BpaleHus Apyrux miaHeT COTHEYHOW CHCTEMBI. DTO TOBOPHUT O TOM, YTO
U3-32 pazHOOOpa3usi SK30IUIAHETHBIX CHCTEM BBITEKaeT HEOOXOAMMOCThH JCTAIBHBIX HCCICAOBAHUN UX
JMITHAMHYECKOM SBOIIIONNN, OCOOEHHO Ha JTanax UX HECTAIIMOHAPHOCTH.

2.MeToauka wuccjeqoBaHus. PaccMOTpUM HK30IUIAHETHYIO CHCTEMY COCTOSIIIMHA U3 Tpex

B3aUMOI'PpaBUTUPYIOIIUX C(l)epI/I'-ICCKI/IX HEOECHBIX TEI C NEPEMCHHBIMU MaCCaMMH. HYCTB, my, =m, (t)-

HCHTpaJibHas pOAUTCI/IbCKAA 3BE34a, m, =m, (t) - BHYTPCHHA IUIAHETA U m, = m, (t) - BHCIIHAA IIJIaHETA

C TMepeMEeHHBIMH MaccaMu. J[BHKEeHUe JBYX IJIaHET, B paMKaXx 3aJa4yd TpeX cepudecKkux Ten (KOTophie
B3aUMOJICHCTBYIOT KaK MaTepHajbHbIE TOUKH) C IEPEMEHHBIMU MAacCaMH W3MEHSIIOIIUMHUCS aHU30TPOITHO,
OpU HAIMYUHM PEAKTHBHBIX CHJ, B aOCONIOTHOW CHCTEME KOOPIMHAT, OIMCHIBAIOTCS YPaBHEHUSMH
Memepckoro[4]. [IpobieMy paccMOTpUM B OTHOCHTEIBHOW CHCTEME KOOPJMHAT C HAa4YaloM B LEHTPE,
POIUTENCKON 3BE3/Ibl, C MACCOU m, = M, (t) . Macchl Ten MEHSIOTCS B pa3JINUHBIX TEMITax

iy

m

"

m

My

- 2.1)

0 1 2
anm3otporHo. [IpoOnema crokHasi, TO3TOMY 33agady OyJIeM UCCIEAO0BaTh METOJAMH TEOPHH
BO3MYIIICHUH Ha 0a3e arepHoINYECKOTO JBIKCHHS M0 KBa3UKOHWYeCKOMY cedeHuio[S]. Llenecoobpaszno
WCXOJIUT W3 YPaBHCHUHW [BIDKEHUS B OTHOCHTENBHOH cucTeMe KoopawHat[4]. byaem HCIONb30BaTh
YpaBHEHUsSI BO3MYILIEHHOTO JBW)XEHUS B (popme ypaBHeHuM Jlarpawxka. J[ns HammcaHusi B SBHOU (opme
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YpaBHEHWU BO3MYIIEHHOTO JABIKEHHS B (opMe ypaBHeHHMH JlarpaHka HEOOXOIMMO BBIpaXKaTh uepes
OCKYJUPYIOIIHE OpOUTAIHHBIE 3JIEMEHTHI BOSMYIIAIOMNX (DYHKITUH TSI IBYX TUTaHET.

YpaBHEeHUS BO3MYIICHHOTO JABIDKCHHSI JBYX IUTAHET B OTHOCHUTEIBHONW CHCTEME KOOpPIWHAT
HamuuieMm B Buze [4]

rl+f(mo+ml)i3+—li=gmdﬁ, (2.2)
N
Poi .
7yt f (my +my) =+ 22F, = grad W, (2.3)
Lo
W =U+F+F, 2.4)
7
F=Fx+Fx+Fz, b =—-r, 2.5)
2y,
L m, (1,)+m,(1,)
=Jmy, n,=\L-nh|, 7= =7 \Z), 2.6
ty = fin, 1, =7 -7 o (e (1) (t) 2.6)
W,=U,+F+P, 2.7)
F=Fox, + Fyox, + oz, B =20
y T T X H 1.2, 5 2y s (2.8)
2
- - m(t +m, (1
/J1:fml,r21:‘r1_rz‘,72: - 0) 2(0):72(0, 2.9

m, (t)+m2 (t)

. » U, - cunoBele QyHKIMU HBIOTOHOBCKOTO B3aUMOJICHCTBHS TEJl, pUdeM OyJeM CUUTaTh, 4To 7; <7, .

U

Bripasum Bce criaraemble Bo3Mymawomue Qynkumu W, W, uepes opOuTanbHbIE 3J1€MEHTHI

HEBO3MYILCHHOTO JBIKeHMS. V3 HHX, HamOoyiee CIIOKHBIMHU SIBIISIETCSI PA3JIOKEHHE B PSJI CHIOBBIX
(yHKIMY HBIOTOHOBCKHUX B3amMoJeHcTBHA Tell. Llenecoo0pa3Ho BEIIEIUTH TIaBHYIO U KOCBEHHYIO YacTh
BO3MYIIAIOUINX (PYHKIMH

S M H
Ul = ? Ul?.'l - : aUlKoce (210)
72“2 7/2a2
~ M o1
U2 = : U22,7 - : _2U2Kace’ (211)
72a2 72a2 a
y.a
a=a(t)="—""<1, (2.12)
]/2a2
2
~ a 1 ~ r v,a
Ulzfz = }/2 ? = 72a2 - > UlKoc@ = 1 = COSW ) (213)
rlZ 1/12 7/]al rZ
a 1 ’
U22.7 = 72 : = 7/2a2 RE UleOL‘B = rz M COSV/ . (214)
" " 7,4, n

BripakeHust B mpaBbIX 4acTAX 3TUX (OPMYJ Pa3iaraiorcs B psf MO OCKYJIHPYIOIIAM dJIeMEHTaM
anepruoANYECKOro JBMKECHUS TI0 KBa3MKOHHMYECKOMY CeueHHI0. PasioeHus BO3MYIIAIOINX (QyHKIHMN
(2.5), (2.8) He mpeACTaBISAIOT 0COOOH CIIOKHOCTH, TaK KaK aHAJUTHYCCKUE BBIPAXKCHUS KOOPAMHAT U
KBaJpaTa MOAYJH paJuyca-BeKTopa NpocThie [S]

x=;/p[cosu~cosQ—sinu~sinQ~cosi], (2.15)
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y = yp[cosu-sinQ+sinu-cosQ-cosi], (2.16)
z=7p[sinu~sini], (2.17)
rr=x"+y +z2° =y p (2.18)

Wx pasnmoskeHns B psx u3BeCTHEBIE[S,6]. Taxke U3BECTHBI PA3JIOKCHIS BETMINH (r / 7/a) = ( p/ a) ,

(}/a / r)2 = (a / ,0)2 B KOCBEHHOM 4acTu Bo3Mymiaromei gpyukimu (2.13), (2.14).

2.1 Pa3jgokeHuM TJaBHO# 4acTum Bo3Mymawmmid ¢(yakmun. Kak ObUIO OTMEYEHO BHIIIE,
OCHOBHAsl TPYJHOCTh 3aKJIFOUAECTCsl B PA3IOKEHHUH TJaBHOHM 4acTH Bozmymiaromuii ¢pyukuun U, , U

len > 2en *

W3 BexTOpa ¥, =F, —1; CIEAYET
2 2 - 2 2 2

K, =1, =251, +1 =1 =2rrcosy +r, (2.19)

IJI€ I/ - yTOJI MEXAY JBYMS PaJinyC-BEKTOPaMHU.

0O0603HaYNM
2 2 2 2 2
AN =n,=r,=r —2rr,cosy +r, (2.20)
2 2 2
Ay =1 +r, =2nr, cos(ul —uz) , (2.21)
Y = cosgy—cos(u1 —uz) , (2.22)
rae u=w+6 n u,=w,+60, - HCTHHHBIC JONrOTHl BHYTPCHHMX M BHCIIHOIl IUIaHET,
COOTBETCTBEHHO.

Torma u3 (2.19) yuntsiBas o6o3nadeHus (2.20)-(2.22) moxydum

A =AY+ (-2nnP) = A2 1- 217, ‘P}

é (2.23)
13 paBenctsa (2.23) crmemyer
1 1 1
= T (2.24)
A A, 2rr, &
-
0
Hcnonb3ys u3BecTHYIO GopMyITy
- 1 3 5 35
(l—x) ol o x o b e xt
2 8 16 128
Pas3JoKUM B PsiJl BTOPOil MHOXHTENb B TIpaBoi yactu popmyiisl (2.24). B pesyibrate nomydum
1 1 ~ 1 3 ~v2 1 5 ~\3 1
—=—+1n,¥Y—+—\rnn¥) —+—=\nn,¥) —+.. 2.25
A A, TN 2(”)A3 2(”)Ag (2.25)

O600mmas hopmyy (2.25) MOKHO HaITKUCATh

1 = (2i) (1 ) 1
— 4= , (Erlr;Pj - (226)

0

Beipaszum npaByio yacte Gopmydsl (2.26) yepe3 opOuTanbHble 3J€MEHTHI ABYX mjaHeT. [nsg storo

—2i+l)  \§
HEOOXOANMO BBIPA3UT BEIMYHMHBI A u V¥ uepe3 opOutanmpHbIE 3NIEMEHTHl. BpIpakeHus depes

OpOUTaNBHBIE DJIEMEHTHl BEIMYMH 7, =Y,0,, I, =},0, JOCTaTOYHO NPOCThie M H3BecTHBIE [8-10].

CHavana noixyduM HeoOXxoauMbie (HOpMyIIbl uisi pasinoxenus BenundauHbl W, onpenernsemoii Gpopmynoi
(2.22).
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s nepBoii cnaraemoit popmyel (2.22) umeem

cosy = MTMFIN AT X X Y Yy B 5
nr, h n, n n nrn
(2.27)
_ X 1% + Y 1 + Z 1%

V1P V2P V1P V2P V1P V2P

CootsercTBeHHO, 113 hopmysl (2.15)-(2.17) cnemayer, 9T0 KOOPAUHATHI TOYEK MOTYT OBITh 3aITHCAHBI
B BHJIC

ST Y [ [{cos ul}cos Q - {sin ul}sin Q cosi, ] . [{cos uz} cos ), — {sin uz}sin Q, cos iz]
ylpl }/sz
NEJT [Ty [{cosul}sin Q + {sin ul}cosQl cos i]]-[{cosuz}sian +{sinu2}cos Q, cos iz] (2.28)
71p1 72p2
T Y e S [{sinul}sin il]'[{sinuz}sin iz]
j/lpl }/2p2

Dopmyiis (2.27), (2.28) onpenensoT BEIpAKEHHE COSl/ depe3 opOuTalbHbIC dJIeMeHTH. B dopmyne
(2.22) HyXHO e11ie pa3iaraTth BTOPOE CIaracMoe B s

cos(u, —u, ) =cosu, cosu, +sinu, sinu, =
=cos( @, + 0 )cos(w, +6,)+sin(@, +0 )sin(w, +0,) =

= [cos o, {cos@l}—sin o, {siné’1 }][cos o, {cos 192} —sin o, {sin 02}] + (2.29)

+[sin o, {cos 0, } +C0s @, {sin 0, }] [sin o, {cos 6’2} +cos @, {sin o, }]
BripaxkeHue B UIypHBIX CKOOKax pasznaraeTcs B OCCKOHEUHBIH PsiJI MO CTEMEHSAM SKCIICHTPUCHTETA
[6]. B pe3yabrare mony4uM aHaTUTHYECKOE Bhipaxkenust ¥ depes opOuTaIbHbIE SJIEMEHTHI IBYX IUIAHET.
—(2i+1)
CnoxxHee OOCTOHT faefa B PAa3IOKCHHE B Psil BEIMUMHBI A . YpaBuenus (2.21) mepernumiem

BUJIE

2 2
Ay =ay; [ﬂJ +a,7, (&j ~2a,%,a,7, (&J(&J cos(u, —u,) =2y (1+R ) +

a a, a )\ 4,
+a§7/22 (1 +R, )2 -2a,y,a,y, (1 + Rl)(l + Rz)cos(ul —uz) = af}/lz + a22)/22 -2a,y,a,y, cos(u1 —u2)+ . (2.30)
+a'y; (2R + R )+ a373 (2R, + R ) 24,4, (R, + R, + R R, ) cos (u, —u,)

O6o3HaYNM
2 2 2 2 2
P, =|via +y,a; =2y,y,a,a, cos(u, —uz)] , (2.31)
2.2 2 2,2 2
R, =a}y (2R + R} )+ a3 (2R, + RS )= 2a,7,a,7, (R, + R, + R R, )cos (u, —1, ),
rac Rl’ R2 OCTAJIBHBIC YaCTHU PA3JIOKCHUS MOHyHeﬁ paanycC-BEKTOPOB 3aBUCAILINC OT HepBOﬁ 1 BBIIIC

CTerneHu dKceHTpucuTeToB. Toraa u3 popmyis (2.30) cnemyer

Ab=p; +R, . (2.32)
HOBTOMY MOKHO HaIlMCaTb
-1/2
11 R
_=_[1+_122j , (2.33)
Ay P Lo
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1 172
=|ylal +y,a; —2y,y,a,a, cos(u, —u, )] =
100
(2.34)
172
:—[1+a —2acos(u —u ):I
7,4,
[lepermumem dopmyity (2.33) B Buze

L 1+& ~(i+1/2) .
AéHl ngl ,Dg . ( . )

Pasnaras npasyto yacte Gpopmyisl (2.35) B psn Teitnopa 1o o), noay4um

] L, ( ) 8 ( ] ]+ ( ) o [ | }
2i+1 = 2i+1 l’; _j/lal 2i+1 rz —]/2612 2i+1 .
AP o(ra) o(7,a,) (2:36)

O003HaUYNM
n 7
g=——-1 ¢g=—"2--1 (2.37)
7lal 7/2612
W3 u3BecTHOrO pa3jioxKeHus B Psill CICAYET
2 3
3
L:B=l—ecosM+e—(1—cos2M)+i(cosM—cos3M)+
ya a 2 8
y (2.38)
+%(cos 2M —cos4M)+ 0(65)
ITosTomy, & uMeeT nopsmoK O(el), a &, MMeeT NOPsI0K O(ez).
Hyers D, o6o3navaet quddepeHumnabHblii oneparop
” ; am+n
Dm,n = (ylal) (7/2612) m n oo (239)
0(ra,)" 0(r.a,)
toraa u3 (2.36) moay4um
1 ) ) 1
—= [1 + ng],O +&,D,, +;(‘9] DZ,O + 25152131,1 +¢&, DO,2 ) + } T (2.40)
0 ‘ 0
Opnako, n3 cootHoleHuu (2.34) cnenyer
1 1 (2i+1)
-1/2
——=1—|1-a’ —2acos(u, —u,) } =
,03 +1 {72”2 |: :|
—(2i+1) —(i+1/2)
=(y,a,) " |1~ a2—2acos(u1—u2)] = (2.41)
ZH—I 1 = .
:(72a2) EZ +1/2 )COSI:](ul_”z)]’
oo
1 ] 1 2z . d
b (o) =— cosjyay (2.42)

S a N
2 2”0(1—2acosw+a2)

Bennunzbl bs(j )(0{) B (opmyne (2.42) naszpBatorcs kodpduuumenrtamu Jlammaca, kaxnaslid u3

KOTOPBIX MOXET OBITh MPEICTABJICH B BUJE PABHOMEPHO CXOMSIIETO psAfa Mo ¢ it Bcex « <1[7,6].
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O06o03HaYNM

4...=D,, ((%7 2 ){Ml) bz(+11)/2 ( 0()) -

n " o (i) () : (2.43)
) (r.a ((a) B ()
(ra)" (r.a) ) o) (ar) " Bl (a)
B pesynbsTaTe (bopMyna (2.40) HAMEET BHT
A2 == Z |: i, oo 11,1,0 + ngi,j,O,l +:| cosj(ul _uz), (2.44)
/:—oo

ecii 0000LIUTh 3TO Bpra)KeHI/Ie TO nonyan

=—Z Z Z A |c0sj(u,—uy), (2.45)

1:—00

Ilpy  BBIMMCICHMM YACTHBIX NPOM3BOAHBIX A, ,,, , 1O ( 71“1) u ( j/zaz) cienyer OBITh
BHUMATEIBHBIM, TTOCKOJIBKY ( 71“1) u ( ]/2612) TaKXe cojiepykaTcsl HesiBHO B kKoddduimenrtax Jlammaca

bi({1)/2 (0{ ) .

IToncraBus (2.45) B (2.13), OKOHYATENTEHO UMEEM

v o3 @) (rn (o) )| (1) (ra)"”

i=0 (l')2 2 al a2 2
(2.46)
Z Zl'z 1k 21ktjk/k COS](u _u)
Jj=—0 =0 k=0

3amMeTHM, YTO B BbIpaxkeHHH (2.46) HAKJIOHEHHUS [, U [, COAEpKaTCs TONbKO B BenuunHe V.

2.2 dakTHYecKoe pa3jioKeHHE BO3MYIIAIOIMX (PYHKIHHM C TOYHOCTBIO 10 BTOPBIX cTemneHel
MaJIbIX BeJIM4YMH. PaccMoTpuM (akTHueckue pas3ioKeHHs BO3MYILAIOMMX (DYHKIHMU C TOYHOCTBIO 0
BTOPBIX CTeNeHel MajbIxX BeMuYrH. C TOYHOCTBIO 10 BTOPBIX CTENEHEN IKCIIeHTpUCUTETOB nMeeM[ 10]

2 2
n=70 =14, {%j ~ ¥4, |:1+%+(—€1)COSM1 —%cos ZM} (2.47)

2 2
n =70, = yzaz(’;)) y2a2{1+%+(—e2)cosM2—%ZCOSZMZ} (2.48)

2

sing, = sin 4, —(Q] +w])+el sin24, —(Ql +a)l)+e12 (gsin?)ll —(Q] +w])—%sin/'il —(Q1 + o, ))

cos 6 = cos A, —(Q1 +o)+e (cos2l| —(Q1 4—5:)1)—1)-1—612 (%cos?ﬂl -(o +a)])—%cos/1] —(QI +a)])j

sin@, =sin 4, —(Qz + a)z)+e2 sin24, —(Qz + a)z)+e22 (%sini‘aﬂz —(QZ + a)z)—%sini2 —(Qz + o, )) (2'49)

cosd, ~cos A, —(Q, +, ) +e,(cos24, —(Q, +w,)-1)+e] (%cosy{z -(Q, +a)2)—%cos;t2 -(Q, +a)2)j,

rae yurena popmyna M = A — (Q + a)) .

Hcnone3ysl mpuBeJCHHBIC Pa3ioKeHHE OKOHYATENBHO BBIPA3UM IPaBYIO 4yacThb Qopmyiisl (2.22)
4yepe3 OpOUTaNbHBIC 3JIEMEHTBHI.
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EcrecTBeHHO, Takue TIpOMO3AKHE U CIIOKHBIC AHAIWTHYECKHE BBIYUCICHHUS LEIeco00pa3sHo
BBIIIOJIHUTh COBPEMEHHBIMH METOAAMH KOMIIBIOTEPHOH aireOpbl. Mbl HCHONB30BaM  CHCTEMY
aHaJIUMTHUYECKHX Bhrurciennn Mathematica[11].

B pesynbrate npaBas yacte Gopmyisl (2.22) uMeeT BUL

¥ =cosy —cos(u, —u, )=

:6L4(—((—7cos(/1l -, —Ql)+9005(3}ul -, —Ql)—7sin(/1l -, —Ql)+

+9sin (34, -0, - Q, ))612 +8(cos(—2ﬂl +o +Q +1)+sin (24, -0, -Q, ))61 +8cos (4, —Ql))x
x((=7cos(4, -, —Q,)+9cos (32, —w, —Q,)-Tsin(4, —w, -Q, )+

+9sin (34, @, - Q,))e; +8(cos(-24, + @, + Q, +1)+sin (24, @, -Q,))e, +8cos (1, - Q, )) +
+sin(il)sin(iz)((—7cos(/11 -, —Ql)+9cos(3/11 -, —(21)—7sin(/l1 - —Ql)+

+9sin (34, —@, —Q,)) ¢ +8(cos(-24 + @, +Q, +1)+sin (24 —@, —Q,))e, +8sin (4, - Q,))x
x((=7cos(4, -, —Q,)+9cos (32, —w, —Q,)-Tsin(4, —w, -Q, )+

+9s5in (34, —@, - Q,))e; +8(cos(-24, + @, +Q, +1)+sin (24, -, - Q, ) ) e, +8sin (4, - Q, ) ) -
—((-Tcos(4 —@,—Q,)+9cos (34, —, - Q,) - Tsin (4, —o, - Q, ) +

+9sin (34, — @, - Q, ))e] +8(cos (24, + @, +Q, +1)+sin (24, — 0, - Q,)) e, +8sin (4, - Q,))x
x((=7cos(4, —@, —Q,)+9cos (32, —w, —Q,)-Tsin(4, —w, -Q, ) +

+9sin (34, - o, —(22))622 +8(cos(—2}u2 +o,+Q, +1)+sin (24, - o, —Qz))e2 +8sin (4, —Qz))+
+((=Tcos(A, —o,—Q,)+9cos (34, —w, - Q,)-Tsin(4 -, - Q, )+

+9sin (34, — o, —Q, ))(cos(i1 )cos (€, ) +sin (L, ))612 + S(COS (%) +sin (%Dx
><(cos(il )cos(Ql ) + sin(Ql ))(cos(—bll +o, +Q +%)—sin(—2&l +o, +Q, +%j} e+

+8(c0s(il)cos(Ql)sin(/11 —Ql)+cos(/11 —Ql)sin(Ql)))((—7 cos(}u2 - o, —Qz)+

+9c0s(34, —w, —Q,)-Tsin(4, —w, -Q, ) +9sin (34, - @, —Qz))(cos(iz)cos(Qz)Jrsin(Qz))ez2 +

+8(cos (%) +sin (%D(cos(z’z)cos(Q2 )+sin(Q, ))(cos(—Z/l2 to,+Q, + %) —sin (—2/12 to,+Q, +%D e,+
+8(cos(z’2)cos(Qz)sin(/l2 -Q,)+cos(4, —Qz)sin(Qz)))+

+(—(7cos(ﬂl —0,-Q,)=9cos (34—, - Q)+ 7sin(4 -, - Q,)-9sin (34, - o, —QI))(cos(Ql)—cos(il)sin(Ql))el2 +
+8(cos (%j +sin (%)j(cos(Ql )—cos (i, )sin (€, ))(cos(—Z/l1 +w +Q, +%j - sin(—2/1l + o +Q, +%)j e +

+8cos (4, -, )cos(€, ) —8cos (i )sin(4, —Ql)sin(Ql))(—(7 cos(4, —w, - Q,)-9cos (34, —w, - Q, ) +

+7sin (4, —w, -Q,)-9sin (34, - @, —Qz))(cos(Qz)—cos(iz)sin(Qz))ez2 +

+8(cos[%j +sin GD(COS(QZ )—cos (i, )sin (€, ))(cos(—blz +o,+Q, + %) -

—sin(—2/12 +w, +Q, +%jjez +8c0s(4, —Q, )cos(Q,)—8cos (i, )sin (4, —Qz)sin(Qz))).

(2.50)
st pakTU4IeCKOro pas3ioKeHUs BETUINH AE(ZM) u3 popmynsl (2.44) nmeem
RN :
A_ = 5 z [AO,j,O,O + glAO,j,l,O + €2A0,j,0,1 + '“] Cos J (ul - uZ ) s (251)
0 Jj=—©

— 4] =



Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

1 .
A_ :_Z[Auoo ‘9’41 1/,0,1 +] COSJ(M‘ _MZ)’ (2.52)
2,

_Z_Z[ oo FEA L EA +...]COSj(1/l1 ~u), (2.53)

]:—oc

rie, coraacHo (2.43), (2.42) 0003HaYEHBI

4,,=D,,((ar) "8, (@)=

" , o (i) () (2.54)
(%al) (72a2) m n (0272) bi+1/2(a) >
o(na)"o(r,a,) | |

LN g ey LY UL Z— (2.55)

2 27y (1—2ac0s1//+a2)l+1/2

Jlnst monmydeHHs pasaoXKeHUs B SABHOM BHIE, C TOYHOCTBIO O BTOPOTO IMOPSAKA MAajbIX BEJIUYHH,
nocraTodHo B popmynax (2.51) - (2.53) coxpanuts cnaraemsie j = —3,-2,—-1,0,1,2,3.

Hanpumep, paccmotpum 4, _; ;. Cornacno (bopMyne (2.54) MO>XHO HaATUCATh

4 50, =D, ((a272) 312 ( )) (72a2) ( )((%7/2) bs(/; ( )) = _3(7/2‘12 )73 bs(/j) (a)—

—(71611)(72%)4 [bié )]=-3(r.a,)" b;‘/i)(a)—(m)(naz)4%[@2(0)}

B hopmymnax (2.51) - (2.53).

3.Pe3yabTaThl. BhIMOTHEHHBIC AHATUTUYCCKHUE BBIYMCICHHE IPHUBOJUT HAC K OKOHYATEIHHBIM
pe3ynbraTam. Mbl TONYYWIH, B TPHUHIUIE, PA3JIOXKCHHS BO3MYIIAOMUX (DYHKIUU C TOYHOCTBIO [0
J000T0 TOPSIAKA OTHOCUTENTFHO MaJIbIX BEITMYWH.

JIeHCTBUTENBHO, TTOICTABIISAA MOTYUYEHHBIC aHATUTHIECKUE BhIpakeHus (2.51)-(2.53), (2.47)-(2.48),

(2.56)

AHAJOTUYHO BBIUUCISIETCS ApyTrHe KodddummenTsr A,

i,j,m,n

(2.50), B popmyny (2.25) u (2.13) mosryuum pas3noKeHus TIIaBHOW YacTH BO3MyIUaromel GpyHKoun Um

HOJ’Iy‘ICHHbIC SIBHBIC q)OpMy.HbI TaKKC aAdyT BO3MOXKHOCTL HAIMCAHWUA B QAHAJIUMTUYCCKOM BHJC
KOCBCHHBIC YaCTU BO3MYIIAIOMIUX q)YHKHI/II/I Ulkoc@' Ta1<>1<e, HCIIOJIB3YA MOJYYCHHBIC AHAJIUTUYCCKUC

BBIPA’XXCHHUS, MOXXHO HAllMCaTb l]za7 5 U . Kak Ob110 OTMEUeHO BBIIIC, BBIPA’KCHUA BO3MYIAIOMIUX

2koce
¢dyukmmn (2.5), (2.8) yepes opOUTAIBHEIC IEMEHTBI IOCTATOYHO IPOCTHIE U clieayeT u3 gopmyi (2.15) - (2.18).

Takum o00pa3om, IOJHBIE BBIpKEHUS Bo3MyInaromiei ¢yHkumn (2.4), (2.7) BeIpakaeTcsi depes
OpOUTANTLHBIE 2JIEMEHTHI JIBYX IIJIAHET.

Hcmonb3ys noiaydeHHBIX (GOpMYN HalAeHbl (aKTUYECKUE Pa3JIOKEHHS BO3MYINAIOMINX (YHKIUH C
TOYHOCTBIO JI0 BTOPOTO MOPSI/IKA OTHOCUTEIBHO MaJbIX BETUUMH.

4. OOcyxnenusi. B paboTe MBI paccMOTpeNd IBYX OK30IUIAHET B OTHOCHUTEIBHOW CHCTEME
KOOpJIMHAT C HayajoM B LIEHTPE POJUTENBCKON 3Be3dbl. BriepBbie MNOdy4eHbl oO0mue (GOpMyIIbl
pasnoKeHHs B psJ  BO3MYLIAOMIMX (YHKIMM B JBYXIUIAHETHOH 3ajade TpeX TeJl C MaccaMu
W3MCHSIFONUMHUCS AHU30TPOITHO B PA3IUYHBIX TEMIMAax, Ha 0a3e anepuoaUYecKOro JBWKEHHS IO
KBa3HKOHMYECKOMY  cedeHHI0. [loJdydeHHBIE COOTHOIICHUS JIAIOT BO3MOXKHOCTHh  Pa3lIOKEHHS
BO3MYIIAIOUIMX (PYHKIMHU C JFO00M TOYHOCTHIO OTHOCUTEIBHO SKCIEHTPHCUTETOB U HAKIIOHECHH.

PesynbTarhl HacTosmIeld pabOThl OTKPHIBACT HOBBIC MEPCIEKTUBHBIE BO3BMOXHOCTH B UCCIICIOBAHUN
JUHAMUKA HECTAIIMOHAPHBIX TPABUTUPYIOMIUX cucTeM. [lomydeHHble ypaBHeHHS OynyT 3¢dekTuBHO
UCIIOJIb30BAHbl Uil HMCCIENOBaHUsS JHHAMHYCCKOW DBOJIIOUUM OK30IJIAHETHBIX CHCTEM U3 3a
AQHM30TPOIHOTO M3MEHEHWH MacC POAMTENBCKON 3Be3[bl U IaHeT. [Ipu stoM, OyayT yureHsl 3)dexTs
yOBIBaHUST MAaCChl POJUTEIBCKOM 3BE3/IbI M POCTa MACCHI MJIAHET M3 32 aKKPELWHU BEIIeCTBA U3 OCTATKOB
MPOTOTIAHETHOTO IUCKA.

— 14—



ISSN 1991-346X Cepus ¢usuxo-mamemamuueckas. Ne 3. 2018

Pabora BeImonHEHO MO Mporpamme noarotoBku pokropos PhD MOH PK u IIII® MOH PK Ne
BR05236322.

JIUTEPATYPA

[1] Morbidelli A., Dynamical Evolution of Planetery Systems, Planets, Stars and Stellar Systems, 2013, SSPS,V3,63.
DOI:10.1007/978-94-007-5606-9 2. (in English)

[2] Bayliss., Daniel D.R, Winn J.N. Confirmation of a Retrograde Orbit for Exoplanet WASP-17b.- ApJ 2010.722L..224B.
DOI:10.1088/2041-8205/722/2/L.224. (in English)

[3] Bolmont E., Selsis F., et al., Water loss from terrestrial planets orbiting ultra cool dwarfs: Implications for the planets of
TRAPPIST-1 - MNRAS 2017. V.464. P.3228. DOI:10.1093/mnras/stw2578. (in English).

[4] Munrmubaee M.Jx., Maemepoa ['M., IlommexkoBa C.A. [ubdepeHunanbHbie ypaBHEHHS OTHOCHTEIHLHOTO
JIBIDKEHHS HeCTallMOHAPHBIX dK30mIaneTHhIX cucteM. KasHITY Bectauk 2017 1., T.57, Nel, c. 147-152. (in Russian)

[5] Munrnundaes M.JDx. JluHaMuKa IpaBUTHPYIOLIMX Tel C MEPEMEHHBIMH MaccaMH M pa3mepamu. lloctymarenbHoe u
noctynarensHo-BpamarensHoe aBmkenne. LAP LAMBERT Academic Publishing, 'epmanns, 2012, 229 c. ISBN:978-3-659-
29945-2.

[6] Mroppeii K., Iepmott C. Junamuka Conneunoi cuctemsl // Ilep.c anrm.mon.pen. U.M.1Ilepuenko. —M.:Pusmariur,
2010r.588c. ISBN:978-5-9221-1121-8.

[7] lapnee K. Hebecnast Mmexanuka. - M.: Hayka, 1966. - 628 c.

[8] Ay6ommn I'.H. HebGecnas mexanuka: OcHOBHbIE 3a1a4un U MeTobl. - M.: Hayka, 1975. - 799 c.

[9] Cy660tnH M.®D. Benenue B TeopeTHUECKyI0 acTpoHOMHIO. - M.: Hayka, 1968. - 800 c.

[10] CrpaBodHOE pykoBOACTBO N0 HebecHOI MexaHuke U actponuHamuke. [Tox.pen.I”.H. Jybommua M.Hayka.1976.

[11] IIpoxonens A.H. Pemenne ¢m3udaeckux 3amad ¢ HCIoiIb30BaHMEeM cucteMbl Mathematica. - Bpect: M3nmarenscTBo
BI'TY, 2005. - 260 c.

YAK 521.1
M. J:x. Munrautaes 2, C.A. Illommexosa

1:9J'1-<I)apa61/1 areiaaarel KYY, Anmatel, Kazakcran
%(B.I'. GecenkoB aThiHgars! Actpodusmka nHcTHTYTsD EXKIIC, AnMatsr, Kasakcran

PEAKTHUBTI KYIITI ECENKE AJIBIIT AHU3ATPOIITDI AVHBIMAJIBI MACCAJIATBI
EKI IINIAHETAJIbI YII JEHE ECEBIHIH YUBITKYIIBI ®YHKIUAHBIH
AHAJIMTUKAJIBIK TEHJAEYJIEPI

AnHoTamms. by sxympicTa abCOMIOTTI KOOpAMHATANAP XKYHECIHIer allHBIMaJIBl Maccajbl €Ki IUIaHeTasIbl K30IIaHEeTANBIK
Ky#e KapactelppurraH. Kosranbic Tenzmeynepi Meimepckuil TeHAeylepiMeH cumartaiagsl. LIGHTpIiK SKYIOBI3ABIH JKOHE
IUIaHeTaJapAblH Maccalapbl alHbIMAJIbl OPTYPIIi KapKbIHMEH e3repeai. JleHenepaiH Maccanapbl yakbIT OOMbBIHIIA aHU30TPOITHI,
SPTYpITi KapKbIHMEH ©3TepeTiH XAaJIbI JKaFaail 3epTTeneai. DK30IUIaHeTaNlbl JKYHe IBONIOIMACHIHBIH OCHCTAIl[MOHAp CATHIChIHAA
MacCaHBIH aHU30TPONTHl ©3repyl aWTapibIKTall OHBIH JUHAMHUKACHIHA OocepiH THTidedi. Ko3rameic TeHAeyiHIH HHTETpajbl
OonMaraHABIKTaH, Oy1 Mocese OelcTalmyoHap >Kylenepre eHIENTeH YHBITKY TEOPHSCHIHBIH OIICTepiMEH 3epTTenemdi. ¥HWBITKY
TEOPHCHIH KOJJaHyFa Maccalbl LEHTPIIK >KYJIABI3 CAIBICTBIPMAbl KOOPIMHATANAD JKYHECIHIH KO3FalbIC TEHJCYiHIH 0achl
perinzie KojgaHpUIanbl. KBasuKOHYCThI KiMMa OOMBIHINA MEPUOATHI €MEC KO3FalbIC HETi3iHIe YHBITKY TEOPHSCHIHBIH dAicTepi
KOJIIaHbIazbl. EXi TMUIaHeTaHbIH KO3FAJIbIChl PEAKTHBTI KYLITI €CKepreHae Maccayiapbl aifHbIMallbl aHH30TPONTHI ©3rEPeTiH yUI
HYKTe JIeHe eceOiHiH ImeHOepinae YHbITKY TeHACYiHIH Ko3FaubIchl Jlarpamk TeHaeynepini popMacslHIa CHIIATTANAAbl. ¥ HBITKY
(yHKIMSIAphl eKi IUIAaHETaHBIH OCKYJLILMSUIAHFAH SJIEMEHTTEepl apKbUIbl epHEKTeneni. ¥HbITKY (GYHKUMSUIAPBIHBIH KaTapra
KIKTENiHyiHIH aHaIUTHKAIIBIK TeHACYJIepi anbHbl. JKyMbicTa YHBITKY QYHKIMACBIHBIH 0AcThl jKoHE aHaMa 0eiri KepceTii.
[TnaneTanapbIH YKCICHTPUCUTETTEPIHIH KBaqpaTTapblHa ASHIHTI JOIAIKTETi HAKTHI XKIKTEYi OpbIHAANABL. ANbIHFaH GopMynanap
HEHTPJIK JKYIABI3 JKOHE IUIAaHETaNap/AblH MaccalapblHbIH adHBIMANBUIBIFBIHA OallIaHBICTBI OPOMTAIBIK 3JIEMEHTTEp/iH
IBOJIFOLMACHIH 3€pPTTEYre KOJNJaHbLIaAbl. KapacThIpbUFaH €Ki IUIaHeTadbl yII JieHe eceOiHiH OelicTanuoHap alHBIMAbI
9BOJIFOLMSL  CATBICHIHAAFBl JMHAMHUKANBIK 3dekTizepai cunarraidasl. Kypheni aHaIMTHKabIK eCENTEyJIepdi OpbIHIayaa
Mathematica maket 6arnapiaMachbiH KOJIaHIBIK.

Tyiiin ce3mep: alfHBIManbl Maccaibl yII JeHe ecebi, OelicTanyoHap SK30IUIAHETANBIK JKyHenep, aiHBIMAabl Maccalbl
KYJIIIBI3IAP, AePUOAUKANBIK KO3FaJIbIC, IPOTOIUIAHETAIIbIK AUCK.
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NEW RESULTS OF STUDY
OF THE PLANETARY NEBULA M1-77

Abstract The object M1-77 is known as the young low excitation planetary nebula. The variability of the
brightness and the radial velocities of the metal lines lead some authors to the idea of the binary nature of the central
star in the object. In this paper the new photometric and spectral results obtained for the object M1-77 in 2009 —
2017, are discussed. Irregular variations of brightness in B, V, and R filters with an amplitude of ~ 0™.4 were
detected. During our observations, the absolute fluxes in the emission lines Ha, [NII] and [SI] increased
approximately as a factor 20. Significant changes of the fluxes began in 2011. Simultaneously, an increase of the
electron density of the gas in the nebula was recorded. It can be assumed that the reason of the observed events is the
reset of an additional mass of gas that has entered the nebula.

Key words: planetary nebulae, emission lines; individual: M1-77.

VK 524.386
JI.H. KongpartbeBa, ®.K. Pcnaes, J.K. Jlennciox, M.A. Kpyros

Actpoduznueckuii MuctutyT nm decenkoBa, Anmarsl, Kazaxcran

HOBBIE PE3YJIBTATBI UCCJIEAOBAHUA
IJIAHETAPHOU TYMAHHOCTH M1-77

Annotramus. OO0wvexkt M1-77 wW3BecTeH Kak MOJOJas IDIAHETapHAsS TYMAaHHOCTb HU3KOTO BO30YKICHUS.
ITepemeHHOCTE OnecKa M JIydEBBIX CKOPOCTEH METAUIMYECKUX JIMHUK MPUBOAUT HEKOTOPHIX aBTOPOB K HAEE O
JIBOMCTBEHHON TPHUpPOAE IEHTPATBHONH 3Be3OsI B ATOM OOBeKkTe. B maHHOW paboTe MpPHUBOAATCS HOBBIC
(doToMeTprYecKue U CHEKTpajbHbIC JAHHBIC, NOJyYeHHbIe Ui 00bekTa M1-77 B 2009 - 2017 rr. OOHapyXeHbI
HeperyJspHble Kojebanus Onecka B B, V u R ¢uisrpax ¢ ammintynoii ~0".4. 3a Bpems HalMx HaOIIOACHHUN
a0CONIOTHRIC TIOTOKH M3NMy4YeHHA B AMHUCCHOHHBIX JuHUAX Ha, [NII] u [SI] yBemmummuce npumepHo B 20 pas.
CymiecTBeHHbIE W3MEHEHHsS TOTOKOB Havaiuch B 2011r. OgHOBpeMEHHO OBUIO 3aperMcTpHpOBaHO MOBBILICHHE
DJIEKTPOHHOHM IUIOTHOCTH ra3a B 000j04YKke. MOXHO NpEAINOI0XKNTh, YTO NMPUYMHON HaONIOaeMbIX COOBITHIA
SIBJISIETCS BEIOPOC JIOTIOJTHUTENILHOM Macchl Tasa, MOMOJHUBIICH TYMaHHOCTb.

KitroueBble cjioBa: IUIaHETApHBIE TYMAaHHOCTH, SMHCCHOHHBIC JIMHUW; WOHHBIC JIMHWHW;, HHIWBUAYyaJbHbIC
00BeKTH: M1-77.

Brenenue
Mornozast mIaHeTapHas TymMaHHOCTH M1-77 ¢ koopamHatamu 0(2000.0)=21"19™, §(2000.0)=+46°19'
Obuta obHapysxeHa B 1946r [1]. IlomydeHsl pa3Hble OLIGHKU paccTosHUS 10 oObekTa: 2.4, 2.5 u 2.83 ke
[2-4]. Ilpeamonaraercs, 4To MEHTpaJbHAS 3BE3/1a IMEET HU3KYIO AP PeKTUBHYIO Temreparypy ~ 20000K.
Jwnamerp TymanHocTH coctaBisieT ~ 7" [2, 5]. ®oTomeTpruueckue HabmomeHus [6] BBIABIIIM OBICTPHIC
u3MeHeHus Oiecka oobekTa B npeaenax 0m.1 —0™.2.
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B cnexTtpe Ha (oHEe cmipHOTO KOHTMHYyMa HabmiomaroTcs smuccuonHbie nuauu HI, [NII] [SII].
OTHOCHUTENIbHBIE WHTEHCUBHOCTH DMHCCHOHHBIX JIMHHH TIpencTaBlieHbl B pabore [5]. AOCOMIOTHEIE
MOTOKH U3MydeHus npuBoAsaTcs B [7]. [lo manubM [5], tydeBasi CKOPOCTh, H3MEPEHHAS TI0 YIMUCCHOHHBIM
muausM Ha u [NII], cocraBusier -84+3km/cex. BpicTpple, B TeueHHe HECKOJIBKMX 4YacOB, M3MEHEHHUS
ny4eBoil ckopoctu oOHapyxeHsl De Marko [8]. OmHO u3 BO3MOXKHBIX OOBSICHEHMH COCTOMT B
JIBOMCTBEHHOH mpupoie o0sekTa [9].

Habnwoenun u oopabomka B Actpodusmueckom MHcTuTyTe MM. (DECeHKOBa CIEKTpalbHBIC
HabOmonenns oovexkta M1-77, B ocHOBHOM, BhImonHstOTCA Ha Teneckone A3T-8 (70cwm). [Ipuemankom
m3TydeHus: Ha BhIxozae crekTtporpados ciayxur CCD kamepa SBIG STT-3200 (2184x1472, 6.8p).
JoctymHerii ns HabmroIeHUH CrIeKTpaIbHBIN Auana3oH cocrasisieT ~3500 anrctpem (4000 — 7500 A).

JIONONHUTENbHBIE CIEKTpajbHbIE HAONIOJCHUS MPOBOJWIMCH Ha 1-METPOBOM  TEJECKOIIE,
ycranoBiieHHOM Ha Tssb-lllanckoit Oo6cepBaropum. Teneckonm OCHAMEH HOBBIM AHQPPAKITHNOHHBIM
cnekrporpadom. Ha Beixoge crnekrporpada ycranoenena CCD kamepa SBIG Atik-16200 (4500x3600,
6u). OHa HMeeT NOBLILIEHHYI0 YyBCTBUTEILHOCTD B yIbTPA(UOIETe U, B IPMHLUIIE, JA€T BO3MOKHOCTD
T0JTy4aTh CIEKTPOrpaMMBbl B AuanaszoHe ot 3600 A 1o 7500 A.

B nporecce HabmoIeHNH CIIEKTPOTpaMMBI HCCIIEAYEMOT0 00BEKTa MoTydaroTes ¢ y3koi (2" —3")u ¢
umpokoit (7" — 10") BxoaHoit menbto. HabmoaeHus: cranaapTHOM 3BE3/1bI ¢ M3BECTHBIM paclpe/ielieHHeM
SHEPIHH BBITIONHSIOTCS C MIMPOKOW BXOTHOW MIENBIO, KOTOpas TapaHTHUPYET MPOXOXKIECHUE M PErucTpa-
A0 BCETo TMOTOKa m3nmydeHms. CtaHmapTHas oOpaboTka (ailloB COCTOMT W3 BBIYUTAHHS TEMHOBOTO
¢oHa, ydera OmMOKH TOJNS W ydyera arMmocdepHoro mornomeHus. CreKkTpaibHas YyBCTBHTEIBHOCTH
anmaparypbl ONpelesseTcss MPH COMOCTABICHUH HAOII0AaeMOro paclpeAesieHUs YHEPTUM B CIIEKTpPE
cragnapra nanHbiME Katamora. Ilocie yduera Bcex WONPaBOK OMPENENAIOTCS 3HAYEHHS IOTOKOB
U3JTyYeHHs! B aOCONIOTHBIX JHEPreTUYECKUX eMHULax. CIeKTporpaMMsl, MOJTy4YEHHbIE C Y3KOH HIEIbo U
¢ paspemennem 0.25 — 0.5 A, HCronb3yl0TCst 1S MCCIIEI0BAHHUS CTPYKTYPhl SMUCCHOHHBIX JIMHHIA.

Hns poromerpryeckux HaOMOJeHHM 00BEKTa HUCHONb30BauCh Teneckon A3T-8 um 1-meTpoBbIif
teneckon (Accel-Typreansckoit O6cepBaropun). s peructpaiuy 0iecka 00bEeKTOB UCIIONIB3YeTCs Habop
B V R ¢unerpos u cienyromme CCD kamepsr: ST-8 (1530x1020, 9u) dupmer SBIG (A3T-8) u ST-7
(756x510, 9p) dpupmer SBIG (1-metpoBerii Teneckor Accel-TypreHs).

IIponiemypa mepBUYHONW 0O0paOOTKM M300paKEHUH COCTOWT W3 CTAHIAPTHBIX OIEpaHiA C
UCTIONIb30BaHuEM ciykeOHbix (aiioB Bias, Dark u Flat. M3mepenust n300pakeHUil BBIMOTHSIOTCS C
WCIIOJIb30BaHUEM TMaKeTa CTaHAApTHHIX mporpamMm MaximDl 6. Yuer aTmocdepHON SKCTHHKLUU H
MIpHUBEJIEHUS TONyYEeHHBIX OIIEHOK OJiecka K craHmapTHoil cucremMe B V R mpoBoautcs ¢ momormrsio
CHCTEMBI COOTBETCTBYIOIINX YPaBHEHUH.

[osryuyeHHBIE PE3yIbTATHI
Pesynbratel doromMeTpruecknx HaOMOACHWNA TpuBeAcHB B Tabmmme 1. B ctombmax 3 -5 maHbBI
3HaueHus B V R Bemwmumn mist M1-77. CronOupsl 6 — 8 comepykar aHaIOTUYHBIC JAHHBIC TSI 3BE3JIBI

CpaBHCHUA.
Ta6muna 1 — PesyneraTs! Gporomerpuueckux Habmonenuit M1-77

Jlata mabmo- | JD-2400000 M1-77 TYC 33589
CHHI B A% R B A\ R
1 2 3 4 5 6 7 8
09.08.2007 54322.324 12.944+0.01 12.15+0.01 11.294+0.01 11.44+0.01 10.95+0.01
21.06.2012 56100.374 12.65+0.05 11.83+0.01 11.17+0.03 11.30+0.05 10.94+0.01 10.57+0.01
01.10.2013 56567.155 12.86+0.03 12.15+0.03 11.344+0.03 11.434+0.03 10.96+0.03 10.57+0.02
03.10.2013 56569.153 12.84+0.03 12.11+0.02 11.34+0.01 11.44+0.02 10.96+0.01 10.55+0.03
31.07.2014 56870.390 13.06+0.04 12.18+0.02 11.43+0.01 11.434+0.01 10.94+0.02 10.50+0.01
01.09.2014 56902.217 12.96+0.04 12.24+0.02 11.494+0.01 11.44+0.01 10.95+0.02 10.53+0.01
13.07.2015 57217.134 12.91+0.03 12.23£0.02 11.38+0.01 11.43£0.02 10.96+0.02 10.55+0.01
13.07.2016 57951.160 12.93+0.04 11.38+0.01 11.42+0.01 11.44+0.01 10.95+0.01 10.55+0.01

AmrnTyaa xkosnebanwuii 6ecka oobexkta M1-77 cocrasistier: 0™.4, 0.3 u 0™.3, B punbtpax B V R,
COOTBETCTBEHHO, B TO BPEMsI, KaK M3MEHEHHs OJIECKa 3B€3/IbI CPABHEHUS B TEX K€ (PUIILTPAX COCTABIISIOT,
coorsercTBenHo, 0M.14, 0".014 u 0™.07 (Puc 1).
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Pucynok 1 - B V R Benmunasr 00bekta M1-77 1 3B€37161 CpaBHEHHS

B cnexrpe M1-77 Obuiv u3MepeHbl NOTOKH u3nydeHus B nuHuax HP, Ha, [NII], 6548, 6583 An
[SII], 6717, 6731 A. Pesymbrarsl mpuseneHsl Tabmuie 2. B Bo BTOpoil CTpoKe NaHbl CTENEHHBIE
MHOKUTENN /sl MOTOKOB. TOYHOCTH 3HaueHWi coctaBisieT ~15%. B mociemnem cronbrie Tabmurst
OPUBOJATCA OLEHKHM DJIEKTPOHHOM IUIOTHOCTH, IIOJYYEHHBIE II0 OTHOLIEHHSM WMHTEHCUBHOCTEH
SMHCCHOHHBIX JtuHuii [SII], 6717, 6731 A.

3a mepuon HamWX HaOMIOACHWN MPOW3ONIIIO 3HAYMTENbHBIE M3MEHEHHS BO BCEX IMHCCHOHHBIX
nuausX. [loTok nznydenus B nuauu HP yBennumics B 10 pa3, motoku B nuausx Ha u [NII] - mpumepHo B
20 pa3 (pucyHok 2). MakcuMyM H3IJTy4eHUs B JIMHHUAX «KPaCcHOW» o0iactu crekTpa Hadmogancs B 2010 -
2011rr. BpemeHnu. B »TOT mepuon Takxke OTMEUYaeTCs MOBBIIICHUE 3JEKTPOHHOM IUIOTHOCTU rasa.
Bricokuit ypoBeHb 3HAUEHUH 3TUX MapaMETPOB COXPAHSAETCS 10 HACTOALIETO0 BPEMEHU

Tab6unuue 2 - AOGCONIOTHBIC MOTOKK M3TyUeHHUs] B SMHCCHOHHBIX JIMHUSIX B criekTpe V1-77

Tlata JD-2400000 Hp [NIIL65 | Ha [NII], [SII], (s, Ne
48 6583 6717 6731 .
K 107 107 107 107 107 107 oM
21.07.1976 42951338 1.20 031 0.33 0.98
09.08.1991 43447333 2.06 0.85 0.645 | 248 027 0.29 1000£900
18.09.2004 53253.242 443
11.10.2004 53290.175 1.29 2.26 482 036 0.43 1200=700
09.08.2007 54322302 544
12.08.2007 54325318 6.09
13.08.2007 54326300 423 382 12.1 0.44 0.50 1300700
10.10.2007 54384.146 538 441 430 12.4 0.49 0.52 1200700
15.10.2007 54389.087 597
19.07.2010 55397342 7.15 6.64 501 213
07.07.2011 55750.424 7.08 591 222 132
27.07.2011 55770307 7.10 5.93 22.0
03.08.2011 55777.345 7.09 6.00 221 0.83 134 4700+1500
06.08.2011 55780.327 745
01.09.2011 55806.225 811
02.09.2011 55807.186 8.25 7.05 5.96 223 0.76 130 43001500
21.06.2012 56099.402 6.80 6.02 19.6 0.79 1.13 48001500
31.07.2014 56870.310 8.55
17.08.2015 57252.301 587 5.98 18.7 0.82 123 4600+1500
09.06.2016 57914375 10.6 6.28 6.63 205 0.79 134 48001500
16.09.2017 58013.135 499 485 155 0.59 0.87 45001500
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PucyHnok 2 — AGCOMIOTHBIE TOTOKU H3ITy4YeHUS
B aMucCHOHHBIX NHHUAX HP 1 Ha 3a pasHbie roms

[ToBenenne nuaur HP HECKOIBKO OTIMYACTCSI OT BHIINIE OMKMCAHHOTO, JUIS HEE YCHIICHHUE TOTOKa
MPOIOJKANOCH BIJIOTH 10 2016T. DTO CBS3aHO ¢ U3MCHECHHEM, B JAHHOM CIy4yae — C YMCHBIICHHUCM,
KO3 GUITMCHTA TOTJIOIICHUS.

3akJouenue

B nporiecce Hammx uccieno0BaHUN MOYICHBI JaHHBIC 0 (POTOMETPUIECKOM MOBEIeHNN 00bekTa M1-
77. BbIsSBIICHBI HeperysspHble KojeOanus Ojiecka ¢ aMmruTyaoi ~ 0™.4. MICTOYHUKOM MEpEMEHHOCTH
MOTYT OBITh IyJNbCaluU aTMOC(hEphl IEHTPAIBHOW 3Be3nbl. Eciy LEeHTpandbHBI WUCTOYHHK SBIISETCS
JIBOMHOM CHCTEMOH, TO B3aMMOJICHCTBHE MEXKIY 3BE3IHBIMU KOMIIOHGHTAMHU (HECTaOMIHHBIA 3BE3MHBIN
BETEP), TAKIKE MOXKET OKa3bIBaTh BIUSHUEC HA U3MEHEHMsI OJIeCKa.

CrexTpanbHas NePEMEHHOCTh MPOSBISETCS B U3BMEHEHUH MOTOKOB U3yUYE€HUS BO BCEX IMUCCUOHHBIX
TuHUSX. BeposiTHee Bcero, 3TO CBA3aHO C BBIOPOCOM JIOMONHUTENHLHOW MAaCChI Ta3bl, IMOTOJHHUBIICH
TyMaHHOCTh. O0 3TOM CBHACTEIHCTBYET HAOIMIOAAEMOE TTOBBIIIICHIE MICKTPOHHOM TIOTHOCTH Ta3a. Camo
coObITHE — COPOC BTOPUYHOMN OOOJIOUKH SIBIIICTCS HE YHHKAIBHBIM, HO JIOCTATOYHO PEIKUM SBICHHEM B
SBOIOLIMY TNIAHETAPHBIX TYMaHHOCTEMH.

PaGora BBIMONHEHA TIPU MOIEPXKKE TMporpaMMmbl IieneBoro (uHancupoBanus BR05236322
Munucrepctsa O6pazoBanus u Hayku PK.
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YK 524.386

JL.LH. KonapatbeBa, ®.K. Poicnaes, J.K. /Iennciok, M.A.Kpyros
«B.I'.®ecenxoB arsiHnarsl Actpodusnka nHCTUTYTE EXXIIC, Anmartsr, Kasakcran
M1-77 IJTAHETAPJIBIK TYMAH/bIKTBIH ’)KAHA HOTUXEJIEPI

AnHotanusi. M1-77 oObekrici aca OenceHIi eMec Kac IUIAHETApJbIK TYMaHJABIK peTiHne Oenrimi. Byn
OOBEKTIHIH OpPTaNBIK JKYJJIBI3BIHBIH TaOWFATHIHBIH KAaCHETTEpiHE OalIaHBICTBI, SFHU METAJJbIK ChI3BIKTApIbIH
COYJIEINIK JKbUIJAM/IBIFbI XKOHE JKaPKbIpaybIHbIH allHBIMAJIBUIBIFBI, OHBIH KOC O0BEKTI 0OJTYbl BIKTUMAJ JIETeH HICSHBI
Keibip aBTopiap kenripeni. byn skymbicra, 2009-2017 xpuinap apanbiFbiHaarel M1-77 oObekTici YUIIH jkaHa
(OTOMETPITIK KOHE CHEKTPIIK MAJIIMETTEp anblaFan. AMIumaTyaacsl ~0™.4 sKynae3AplK maManarsl B, V skone R
(uIBTpIAphIHIA XKapKbIpay TepOeiciHiH OlpKaTBIICHI3IBIFB TA0BUIIBL. bi3 OakpLiay KyprireH yakpitta Ha, [NII]
skoHe [SII] SMHCCHSIBIK CHI3BIKTApBIHAA COYJICNICHYIHIH aOCOMIOTTIK arblHbI maMameH 20 ecere apTThl. AFbIHHBIH
e3repici 2011 xpurnan O6actamael. COHBIMEH Katap, 0ip yaKbITTa KaOBIKIIAIAaFhl Ta3]IbIH JJICKTPIIK THIFBI3IbIFBIHBIH
apTKAHOBIFBI TipKeNai. BymaH OIBIFaTBIH TYKBIPBEIM, OaKpUIaHFaH KyOBUIBICTapFa ce0er, TYMaHABIKTa apTKaH
KOCBIMIIIA T'a3 MAaCCACHIHBIH MIBIFAPBLTYHI e OoMhkayFa O0Iaipl.

Tyiiin ce3aep. IUTAHETAPNBIK TYMAaHIBIKTAP, IMUCCHSIIBIK CBHI3BIKTAp; MOHIBIK CHI3BIKTAp, XKEKE OOBEKTLIep:
M1-77.
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MECHANISMS FOR FORMING THE INHOMOGENEOUS
STRUCTURE OF PLANETARY NEBULAE

Annoranusi. The inhomogeneous distribution of gas in planetary nebulae manifests in the form of numerous
jets, globules and filaments. Details of the heterogeneous structure are found not only in extended, sufficiently
evolved objects, but also in young compact o,jects whose dynamic age does not exceed 1000 years. The problem of
the formation of heterogeneity in the early stages of the planetary nebulae evolution is relevant in recent years. The
interaction of the hot high-speed wind of the central star with the substance ejected at the stage of the "red" giant
under the influence of a slow but powerful wind is considered as a possible mechanism.

In this case, the formation of jets and globules occurs under the shock waves that accompany the stellar wind.
The central sources in some planetary nebulae are binary stellar systems. The processes of mass exchange between
stellar components can also lead to the formation of an inhomogeneous shell structure.

In this paper, we consider the results of modern methods for studying planetary nebulae, including observations
on space telescopes, which allow to evaluate the reality and effectiveness of the proposed mechanisms for the
formation of heterogeneous structures.

Key words: planetary nebulae, mechanisms of forming the inhomogeneous structures.
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MEXAHHN3MbI ®OPMUAPOBAHUS HEOJJHOPOJJHOM CTPYKTYPhI
IJIAHETAPHBIX TYMAHHOCTEN

AnHoranms. HeomHopomHoe pacmpeneneHue raza B IUIAaHETAPHBIX TYMAHHOCTSAX TNPOsBIseTCS B (opme
MHOTOYHMCIICHHBIX JDKETOB, TJI00YJ M BOJOKOH. [leTain HEOJHOPOJHOH CTPYKTYpHI OOHAapy»EHBI HE TOJIKO B
NPOTSHKEHHBIX, JOCTATOYHO NPOIBOJIIONMOHMPOBABIINX O0BEKTaX, HO M B MOJIOJBIX KOMIIAKTHBIX 00OJIOYKaX,
JMHaMHYeCcKUi Bo3pacT KoTopbix He npebiniaer 1000 ser. [Ipobiaema dpopMupoBaHust HEOJHOPOJHOCTH HAa PAHHHUX
STanax SBOJIIONMH IUIAHETAPHBIX TYMaHHOCTEH SIBJISIETCS] aKTyaJIbHOM Ha MPOTSHKEHUM HOCIIEAHUX JieT. B kadecTse
BO3MOYKHOTO MEXaHHM3Ma pPacCMaTPHUBAETCS B3aMMOJCHCTBHE TOPSYErO BBICOKOCKOPOCTHOTO BETpa LEHTPAIBHOU
3BE3/Ibl C BEIIECTBOM, BHIOPOLICHHBIM HA CTA/IMM «KPAaCHOTO» TMUTAHTA IO/ ICHCTBHEM MEIJICHHOTO, HO MOIIHOTO
BeTpa. B 3TOM ciyyae oOpa3oBaHME IKETOB M TIIO0YJ NMPOMCXOAWT MO ACHCTBUEM YAAPHBIX BOJH, KOTOPBIE
COIIPOBOXKIAIOT 3BE3/AHBINA BeTep. LIeHTpanbHble NCTOYHHKM B HEKOTOPHIX IUIAHETAPHBIX TYMAaHHOCTSX SIBIISIOTCS
JIBOWHBIMH 3BE3IHBIMH cucTeMaMH. [Ipomecchl oOMeHa MaccaMu MEXIY 3BE€3JHBIMHA KOMIIOHEHTAMH TAKXKE MOTY
HPUBOIUTE K (POPMHUPOBAHUIO HEOJHOPOAHOH CTPYKTYPHI 000TIOUKH.

B nanHOW paboTe paccMaTpuBarOTCsl PE3yJIbTaThl COBPEMEHHBIX METONOB HCCIEAOBAHUI IUIaHETapHBIX
TYMaHHOCTEH, BKIIOYas HAOJIOJCHUS Ha KOCMHYECKHX TEIECKONaxX, KOTOpbIe MO3BOJIOT OLEHUTH PEAIbHOCTh M
3 PEKTUBHOCTH MPEAIIOJIAaraeMbIX MEXaHH3MOB 00pa30BaHUs HEOAHOPOAHBIX CTPYKTYP.

KaioueBble ci10Ba: riaHeTapHble TYMaHHOCTH, MEXaHU3MbI (POPMHUPOBAHHUS CTPYKTYPBI 000JIOUKH.
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BBenenne

HeonnoponHas cTpykTypa IIaHETAPHBIX TYMAHHOCTEH SBIISICTCS MPEIMETOB U3YICHHS TCOPCTHKOB U
aKcrepuMeHTaTopoB. OMHO BpeMs MPEANoJarajoch, YTO TMOJSIPHBIE JDKETBI, KPYMHOMACIITaOHBIC
JI0OYJBI U OUTIONISIPHBIE CTPYKTYPhI (POPMUPYIOTCS MPH B3aMMOJICHCTBUU OCTaTOYHOTO 3BE3JIHOTO BETpa
KpacHOTO TWUTAaHTa M TOPSYero BeTpa IeHTpalbHOW 3Be3Abl. OIHAKO, KaK IOKa3all0 HCCIEOBaHUE
OOJBITION TPYIITBI MOJIOABIX OOBEKTOB, OOOJIOYKH C JAWHAMHYECCKHM Bo3pacToM <20001eT yxe
JIEMOHCTPUPYIOT TIOJIHBI HAa0Op HEOIHOPOJIHOCTEH, OOHAPYKHBACMBIX B OOJIBIIMX TyMaHHOCTSX [1].
Takum o0Opa3oM, ToiydaeTrcs, YTO HEOJHOPOTHOCTH (OPMHUPYIOTCS Ha emie Oojiee paHHHUX CTaausixX
ABOJTIOITUH TIAaHETAPHBIX TYMAHHOCTEH, ITPU HU3KOHM TeMIIepaType IMEHTPATLHON 3BE3/IbI U IO MOSBICHUS
OBICTPOTO 3BE3AHOTO BeTpa. IlocienHue rojpl MOUCK M aHAJIU3 HEOJAHOPOJIHOCTEH B CTPYKTYPE MOJIOIBIX
TUTAHETAPHBIX TYMaHHOCTEH CTalll M3MIOOJICHHON TeMoil MHOrmx ucciemoBateneii [2— 8]. BeiaBunHyTO
MIPEANOIOKEHNE O PO aKKPEIMOHHOTO JHCKa, KaK HWCTOYHHWKA OHWITOJSIPHBIX BBIOpOCOB [4,5].
CoBpeMeHHbBIE HAOIOIEHUS TIaHETAPHBIX TYMAaHHOCTEH HAa KOCMHYECKHX TEJIECKOMaX, MOJYYCHHBIE C
BBICOKMM pa3pelieHrEM, AT HOBYH HMH(MOPMAIUIO JJIS CO3JaHHS HOBBIX MOJIENEH, OMUCHIBAIOIIUX
(hopMUpPOBaHHUE U IBOIIOIHUIO ITUX OOBEKTOB.

B 1983r Cam Ksok [1] mpemrmoxxmy MOAETb B3aUMOICHCTBYIOIINX BETPOB I OOBSICHCHHS
CTPYKTYpHI IIIAHETapHBIX TyMaHHOCTEH. COIJIaCHO MOJIEIN TOPSYUA BBICOKOCKOPOCTHOM BETEp
[EHTPAITBHOHN 3Be37bl B3aUMOJIEHCTBYET C BEIIECTBOM, BBIOPOIIEHHBIM Ha CTaJMU «KPACHOTO» THraHTa
Mo NIEHCTBHEM MEIJICHHOTO, HO MOIIHOTO 3BE3THOTO BeTpa. B pesympTaTe dopMupyeTCs BHEITHSISA
rpanuna 00oouky. Jleraan HEOMHOPOIHOCTU B PACIPEACIICHUN ra3a B TyMaHHOCTH, & UMEHHO JDKETEHI,
JI00YJIBI, BO3MOXHO, BO3HUKAIOT IIPU MPOXO0XKICHUH YJIAPHBIX BOJIH, KOTOPBIE B CBOIO OUYEPE/Ib SBJISIFOTCS
WMCTOYHUKOM W3Ty4YeHHsI, HAOII0]aeMOro B peHTI€HOBCKOW 00JacTH.

B HekoTOphIX cllydasx HEOJHOPOHAsI CTPYKTYpa TyMaHHOCTH (GopMupyercs, 6yiarogaps rnporeccam
oOMeHa MaccamMy MEXIy KOMIIOHEHTaMH JIBOWHOW 3BE3JHOW CHCTEMbI B IIEHTpe TyMaHHocTH. K
HACTOSIIIEMY BPEMEHU TYMAaHHOCTH C ABOMHBIMU LIEHTPAIbHBIMA UCTOYHUKAMU COCTaBIAOT 12 — 15% ot
HX OOIIEro Yucia.

30HbI HU3KOH MOHU3AIUH O0HAPYIKEHBI HA U300paKCHUIX MHOTHX IUIAHETAPHBIX TyMaHHOCTEH. ['a3 B
3THX 30HaX MMEET TaKyl0 e JJIEKTPOHHYIO TeMIIeparypy, Kak W COCEIHHE OOJACTH HO OTIHUYAIOTCS
HU3KOM 3JIEKTPOHHOU IIIOTHOCTHI0. COBpEMEHHBIE METOJBI HAOIOMECHUH TTO3BOIMIIA YCTAaHOBUTH, UYTO B
30HaX HU3KOTO BO30YXICHUS «padoTaeT» yAapHbIH MEXaHW3M HOHM3ALMH, B TO BPEMs KakK OCHOBHas
Macca 000JIOYKH HOHU3YETCs YIbTPa(UOICTOBEIMU KBAHTAMH [IEHTPAIBHOTO HCTOYHHUKA.,

Pe3yabTaThl COBpeMeHHBIX HAOII0OIEHUH HA KOCMUYECKHUX TeJIeCKONax

Ha xkocmuyeckoM teneckore [epiiens BBIMTOMHSUIMCH (POTOMETPUYSCKAE U CIIEKTPAIBHEIC
HaAOIIOJICHHUS B JTAJIEKOM WH(PAKpaCHOM W CYOMHIMMHUTPOBOM JHAara3oHaX CIeKTpa. beum moiydeHsb
n3o00pakeHns 18 maHeTapHBIX TyYMAaHHOCTEH M CIIEKTPOIPaMMBI BCEX 3BE3, ABOJIOINHMOHHUPYIOMUX OT
ACCUMTOTHYECKON BETBH KPACHBIX TMTAHTOB 0 CTaAuM IutaHeTapHbIX TyMaHHocTeil [10]. [lomydyennsie
JIAaHHBIC TTO3BOJISIFOT, KPOME BCETO IMPOYEro, OICHUTh (PU3UYECKOE COCTOSHUE M XMMUYECKHM COCTaB
BEIIECTBA B OKPECTHOCTSAX UCCIIETyEMbIX 00BEKTOB.

OrpoMHOe 3HAuYCHHWE IS KCCIACIOBAHUS CTPYKTYpbl TYMaHHOCTEH WIPAlOT H300paXKeHUs,
MOJTy4aeMbIe C BBICOKMM pa3pelieHHeM Ha Teneckorne XaO0ma. Tak, MMEHHO Ha 3TOM TEJIECKONe ObUIH
BEITIONTHEHBI HAOIOJCHHUS JECATH KOMIIAKTHBIX IDIAHETAPHBIX TYMaHHOCTEH, M B HHUX BIEPBbIE ObLIH
oOHapyXeHbl MHOTOYNCIIEHHBIE MENKHEe AETaNd HEOAHOPOIHOW CTPYKTYpBI: OYTH, ABYMEpHBIE KOJbIIA,
Topbl U Tano [11]. Ha ocHOBe MOJYYEHHBIX IaHHBIX OBUIO BBICKA3aHO IMPEANOJIOKECHHUE O TOM, YTO
MoI0OHBIE HEOJHOPOJHBIE CTPYKTYPhl TMPHUCYIIM OOJBINMHCTBY IUTAHETAPHBIX TYMaHHOCTEH W
(¢opMUpPYIOTCST OHM Ha paHHUX CTagusax odBomioruu. [lomaras, dro mpuumHONW O0O0pa3oBaHUS
HEOJTHOPOJTHOCTEH MOYKET OBITh B3aMMOJCHCTBUE PAHHErO BETpPa KPAaCHOrO TMraHTa M 00Jiee MO3JIHEro
BETpa IICHTPAJIbHOW 3BE3/bl, aBTOPHl OTMEYAKOT, YTO JOJDKHO OBITh HECKOJBKO CTaiuii ObICTPOrO
3BE3HOTO BETpa, Pa3HBIX MO JUIUTENFHOCTH WM TO HampamieHuto. [lo kpaiiHeli Mepe, mog00HOE
MPEJINOJIOKEHUE CITIOCOOHO OOBSICHUTH HAOJI0JaeMOE PA3InYKMe B BO3PACTe Pa3HbIX JIETANICH CTPYKTYPHI B
npejenax ogHo obonouku [12, 13].

Bo MHOrMX TIUTaHETapHBIX TYMaHHOCTAX HAONMIOJAarOTCsl Tak HasbiBaemble «hot bubbles» -
IIEHTPAJIbHBIE TIOJIOCTH, 3alojHEHHBIC TropsduM Ta3zoM [14]. OHm dopMupyroTcs mon ACHCTBHEM
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OBICTPOrO 3BE3JHOTO BETPA, HATPETOro YJapHOW BOJHOM. 3BE3IHBIA BETEp BHITAJIKMBAET M3 LIEHTPA
BEILIECTBO, BBIOPOLICHHOE HA CTaJUM KpacHOro ruranta. [1onoOHbIEe 30HBI NOJDKHBI OBITh «BHUIHBD) B
PEHTIEeHOBCKOM Juarna3one. JleficTButensHo, HaOmoaeHus tTymMaHHOCTH NGC 3234, BBINOJHEHHBIE Ha
teneckonne XMM-Newton, 3apeructpupoBanu markoe aupdysHoe X-Ray uznydeHue ¢ Temmeparypoi
2.35¢10°K u cBetumoctsio 2 #10°° spr/cex (s D=0.55 kIic), KoTopoe 06pa3yeTcs B LEHTPAILHOI 30He, B
«hot bubbles». AHanm3 XUMHYECKOTO COCTaBa IIa3Mbl - HWCTOYHHMKA JU(PPY3HOTO PEHTTCHOBCKOTO
M3IY4YEHUs] A pa3HbIX TYMaHHOCTEH CBUIETEIBCTBYET O TOM, YTO OHO JEHCTBUTEIBHO CO3JAETCA
TOPSAYMM 3BE3AHBIM BETPOM, HO MPHUCYTCTBYIOT CJ€Abl OCTATOYHOTO TIa3a XOJOAHOM OOOJIOYKH.
Bo3moxHO, 3T0 1U10THBIE 00pa30BaHusl, c(HOPMUPOBABLIMECS B KOJUIMMHUPYIOLIMX MOTOKAX WM BOJIOKHA,
o0pa3oBaBIMecs B POLIECCE JONOTHUTENBHBIX BEIOPOCOB parMeHTOB ra3a U3 HEeHTPaJIbHOM 3BE3/IbI

B HEKOTOpBIX IUIAHETAPHBIX TYMaHHOCTSIX OOHApy)KEHO >KECTKOE PEHTTEHOBCKOE H3IIyueHHE,
IPUXOAALIEEe OT LEHTPalIbHOM 3Be3Abl. Ero HMCTOYHMKOM MOXET OBITh KOpPOHAJIBHAs SMHCCHS OT
HEBHJIUMON KOMITIOHEHTHI JBOWHOM 3BE3[bI WIHM yJapHas BOJHA, BO3HUKAIOIIAs B OBLICTPOM 3BE3THOM
BETE.

JocTtarouyHo penkoe cOOBITHE B 3BONIOLMH IUIAHETAPHBIX TYMaHHOCTEH — MOBTOPHBIN cOpoc
000JI0YKH 3aperucTPUPOBaHO B IByX 00bekTax. Crapasi, CHIBHO IIPO3BOIIOLMOHUPOBABILIAS TYMaHHOCTh
A30, crana 3HaAMEHHTOW TOCJIE TOTO, KaK OKOJIO €€ LIEHTPAILHOW 3Be3bl OblIa OOHApYXKEHA ILIOTHAS
000J10YKa HOBOTI'O MOKOJICHHS, MPAaKTUYECKW JuiIeHHass Bomopona [15]. OueHkn ee OUHAMHUYECKOTO
Bo3pacta: 850 =£200 Jer, MONyYeHBI IO WM3MEHEHHIO YIJIOBOTO pa3Mepa, H3BECTHOH CKOPOCTH
pacumpenusi, 1 paccrossHus [16]. CnoxHash CTPyKTypa 3TOH 000JI0OYKM XOpOLIO MpOocMaTpUBaeTCsl Ha
CHHMMKaX, TOJIyYCHHBIX Ha Teineckorme XaOOia. MHOro4YHMcICHHBIE HKETHl YKa3blBAlOT Ha JBIKECHHE
ra30BbIX ()parMeHTOB OT LIEHTpa K nepudepun. PeHTreHOBCKOE M3TyueHHe 00BEKTa MOKHO Pa3IesiuTh Ha
JIB€ KOMIIOHEHTBI: TOYEYHBIH HCTOYHHK B HANpPaBIECHWU HAa LEHTPAIbHYIO 3BE3Ay U TNPOTSKEHHBIH,
COOTBETCTBYIOIIMH TOJIOKEHUIO HOBOW 000I0uKH. B3amMoneiicTBue COBpPEMEHHOTO 3BE3JHOTO BETpa C
BEIIECTBOM BTOPMYHOW OOOJNOYKM NPHUBOAMT K YAAPHOMY HArpeBy IUIasMbl, KOTOpas sBISETCA
UCTOYHUKOM uddy3Horo X-ray usnydenus. [IpoucxoxneHre peHTT€HOBCKOIO U3Iy4eHHsI LIEHTPaIbHON
3Be3/1bI [I0KA HEMIOHSATHO.

Ha n300pakeHusX MHOTHX IUIaHETAPHBIX TYMaHHOCTEH, MOJYyYEHHbIX, B TOM YHCJE, HA TEJIECKOIIE
Xab06s1a, mpocMaTPUBAIOTCS 30HBI HU3KOM MOHM3aLuK B BUJE 100y, MccnenoBanus rmokasany, 4To ras B
3THX 30HaX MUMEET TaKYIO )K€ DJICKTPOHHYIO TEMIIepaTrypy, Kak W cocelHHe 00JacTH, HO OTIMYAIOTCS
HU3KOH 3JIEKTPOHHOM IIOTHOCTHIO. COBpeMEHHbIE METObl HAOMIOACHUH TIO3BOJIMIIM YCTAaHOBUTD, YTO B
30HaX HMU3KOTrO BO30OYXAEHHs «paboTaeT» yOapHbII MEXaHW3M HMOHM3ALUH, B TO BpeMsl KaKk OCHOBHas
Macca 000JIOUKH HOHU3YETCS YALTPaHOIECTOBRIMI KBAaHTAMH IICHTPAIHFHOTO HCTOYHHKA [17].

AHanu3 mociueIHNX JaHHBIX, TONYYEHHBIX Ul LHEHTPAIbHBIX 3Be3] IUIAHETAPHBIX TYMAaHHOCTEH B
Pa3HBIX CIIEKTPAIBHBIX JAHAIa30HaxX, MpoBenieH B padote [18]. McciaemoBanus moka3eIBarOT, YTO OKOJIO 12-
15% , mo HekoTopeiM oreHkaMm, 10 30% NEHTpambHBIX 3BE3I SBISAIOTCS ABOWHBIMU. OpOUTAIBHBIC
MEPUOABbI JUIA 3TUX TECHBIX JBOMHBIX CHUCTEM, B OCHOBHOM MeEHbIIE OnHOro AHs. Hameuaercsa cBs3b
MEXKIY [BOMCTBEHHOCTBIO IIEHTPAJIBHOIO HMCTOYHHMKA (TIOJIOKEHHEM IJIOCKOCTH  OpOWMTHI) U
MPOCTPAHCTBEHHON OpHEHTAIMEe 000JI0UYKH. BiammoselcTBe MeXIy KOMITOHEHTAaMH IEHTPaTbHOM
3BE3JTHOH CHCTEMBI MOXET IMPHUBOAUTH K (POpMHUpPOBaHWIO OMIOJSIPHBIX (OPM OOOJIOUEK, a TaKkKe K
TMIOSIBJICHUIO JONOJHUTENBHBIX CTPYKTYPHBIX HEOJHOPOIHOCTEM.

3akaoueHue

[TpoGiema HEOTHOPOIHOM CTPYKTYPHI IUIAHETAPHBIX TYMAHHOCTEH, B TOM YHCJIC Ha PAHHUX CTAIUSIX
JBOINIOLIMU, OYEeHb aKTyaldbHa © TpebyeT cBoero pemeHus. COOTBETCTBYIONUE MEXaHU3MBIL,
OTBETCTBEHHBIC 3a (POPMHUPOBAHHWE HEOTHOPOAHOCTEH, IOJKHBI YUYHTBHIBATHCS IS CO3MAaHMS Oojee
COBEpLIEHHBIX MOJIENIEd peabHBIX 00bekTOB. OQMH U3 NOLOOHBIX MEXAHW3MOB — B3aMMOIEHUCTBUE
TOpSYeT0 M XOJIOJHOTO 3BE3IHBIX BETPOB, HAXOJUT CBOE IOJTBEPXKACHUE NPH HAOJIOJECHUSIX B
PEHTTEHOBCKOM JHara3oHe. bonee Toro, st Toro, 4To0bl OOBICHUTH MPUCYTCTBUE B TYMAHHOCTH TII00YIT
1 JDKETOB Pa3HOr0 BO3pacTa, TPEOyeTCs MyJIbCUPYIOIIHA PEKUM paO0Thl OBICTPOTO 3BE3IHOIO BETPA.

Taxke yaganoch YCTaHOBUTH, YTO TYMAaHHOCTH C JBOMHBIMU UEHTPAIbHBIMHU 3BE3/IaMU MOTYT
OTIUYATHCS (POPMON M XUMHUECKUM COCTaBOM 000JI0UKH. Takke, BIIOJHE BO3MOXKHO, YTO WX DBOIIOLHUS
HECKOJIBKO OTIIUIAETCS OT DBOJIIOINH OCTATBHBIX INIAHETAPHBIX TYMAaHHOCTEH.
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YJK 524.386
JI.A. IIaBnoBa, JI.H. KongparneBa

«B.I'.®ecenkoB ateiHaarbl Actpodusuka nactutyThDy EXXIIC, Anmatel, Kazakcran
IJIAHETAPJIBIK TYMAHJIAPBIH BIPKEJIKI K¥PbIJIBIMBIH KAJIBIIITACTBIPY MEXAHU3M/IEPI

AnHoTanus. [ImanerapielK TyMaHAapAarbl ra3iblH OipKenki OelliHyl KeNTeTeH arblHIap, II00YyJAep >KOHE TaNIIBIKTap
TYpiHZE KepiHexi. I'eTeporeHsi KypbUIBIMHBIH eTKei-Terkelepi KeHEeHTINreH, KeTKUTIKTI JaMbIFaH 0OBEKTiIepae FaHa eMec,
COHBIMEH KaTap TUHAMHKAIBIK >kac 1000 >KbIIaH acaThlH XKac BIKIIaM KaObIKTapnia na kesneceni. [maneTapiblK TyMaHIapAbIH
SBOJTIOLMSICHIHBIH epTe Ke3eHAepiHAe OipTEeKTUTIKTI KaJIbIITaCTRIPY Macelleci COHFBI JKbIIIaphl ©3eKTi 00Jbn TaObu1anbl. MyMKiH
OONIaThIH TETIrl peTiHAEe OPTANBIK JKYIIBI3IBIH JKbUIIAMIBIFB JKOFaphl JKbUIIAMIBIKTEI JKeNAiH Oasy, Oipak KyIITi JKeNmiH
9CepiHeH «KbI3bLI» TUI'AHT KE3CHIH/E IbIFapbUIFaH 3aTIICH ©3apa dpeKeTTecyi KapacThIpbuiabl. by xarnaiina xynns3nap MeH
rnoOynaapaslH Haiaa OOMyBl KYJIABI3IABI JKEIMEH JKYPETIH COKKBI TOJNKBIHIAPHIHBIH ocepiHeH erexi. Keiibip miaHeTanbIk
TyMaHAapIarbl OPTAJBIK KO3Aep €Ki KYIABIABIK Kyie Oompim TaObuianel. JKYIApI3AbH Kypampaac OelikTepi apachIHIAFbI
JKaImai anMacy nporectepi 6ipkenki emec KaObIK KYPBUIBIMBIH KaJIbIITACTHIPYFa 9KEITyl MYMKIH.

Ochl MaKanaaa IIaHETAIBIK TyMaHJAap/Ibl 3epTTeyAiH 3aMaHayH OMICTEpiHIH, COHBIH IMIIHAE FAPHIMTHIK TEIECKONTAPIAFhl
OaifKkayIbIH, OipKeNKi eMec KYpbUIBIMAAPbIH Makaa OoJyblHA YCHIHBUIFAH MEXaHM3MICPAIH NIBIHAWBUIBIFEI MEH THIMIUTITIH
Oarayayra MyMKIHAIK O€peTiH HOTIKEJIepiH KapacThIpaMbI3

Tyiiin ce3/ep: MIaHETaPIBIK TYMAHIBIKTAP, KAOBIKIIAHBIH KYPHUIBIMBIH KaJIbINTACTBIPY MEXaHU3MIEPI.
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INVESTIGATION OF HYDRODYNAMIC PROPERTIES OF HOT DENSE PLASMA

Abstract. In this work hydrodynamic properties of hot dense plasma bunch have been studied in terms of their
application to the problem of inertial confinement fusion. The two-temperature hydrodynamic equations taking into
account the electron thermal conductivity and kinetics of the charge composition are presented. The following model
problems are considered: expansion of a plasma bunch in the vacuum, compression of the plasma by shock waves,
on the role of the electronic thermal conductivity in compression of the plasma bunch by shock waves, interaction of
the plasma bunch with a laser and a beam of heavy ions. On the basis of the developed numerical methods the test
problems arising in the problem of inertial confinement fusion are analyzed. The results shows that the expansion
wave tail of the electron temperature is much higher than the ion as time energy exchange between electrons and
ions is proportional to the ratio of their masses. In the case of a spherical geometry in passing of the shock wave to
the center, reaching the center several times and reflected from it, and a dense layer of the ablator, resulting in a
significant increase in density and temperature.

Key words: Hot dense plasma, Hydrodynamic model, Shock wave, Two-temperature plasma, The target for
inertial confinement fusion, Compression by shock waves.
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UCCJEJOBAHUE I'HJIPOJUHAMHUYECKUX CBOMCTB CI'YCTKA
IMJIOTHOM F'OPSIUEM IJIA3ZMBbI

AnHotanusi. B maHHOW paboTe HMCcluemoBaHB THAPOAWHAMHYECKHE CBOWCTBA CTYCTKAa IUIOTHOW Tropsdeit
IUTa3MbI IPUMEHUTEIHHO K Ipo0IeMe HHEPIUAIbHOTO TEPMOSIIEPHOro cuHTe3a. [IpuBeeHs! ypaBHEHUS ABYXTEMIIe-
paTypHOM THAPOAWHAMHMKH C YYETOM DJIEKTPOHHOM TEIJIONPOBOIHOCTH, KWHETHKH 3apsIoBOro cocrasa. Pac-
CMOTpPEHBI MOJIENFHBIC 3a/Ia4M: PasjieT IUIA3MEHHOTO CTYCTKa B BaKyyM, CXKaTve IJIa3Mbl YAAPHBIMH BOJIHAMH, O
pOJIK DJIEKTPOHHOW TETUIONPOBOJHOCTH MPHU CXKATUM CrYCTKa IUIa3Mbl YAAPHBIMH BOJHAMH, B3aUMOJICHCTBUE
Cr'yCTKa IUIa3MbI C JIA3CPHBIM H3JYYCHHEM W IMYYKOM TsDKEIBIX MOHOB. Ha OCHOBE pa3pabOTaHHBIX YHCIICHHBIX
METOJIOB TOJIyUYCHBI W MPOAHAIU3UPOBAHBI TECTOBBIC 3aJlauM, BO3HHUKAIOIIAEC B TPOOIEME HHEPIUATBLHOTO
TEPMOSIIEPHOr0 CHHTE3a. Pe3ylbTaThl MOKa3bIBAIOT, YTO B XBOCTE BOJHBI Pa3peKeHUs DJIEKTPOHHAs TeMIlepaTypa
3HAYHUTENBHO MPEBHINIACT HOHHYIO, TaK KaK BpeMs OOMEHA SHEPTHH MEXKIy MOHAMHU U SJICKTPOHAMH BEIHKO H3-3a
0OJBIIOTO OTHOIIICHUS X Macc. A TaKkke, B Clydac chepHIecKOi TeOMETPHUH, IIPH MPOXOXKICHIE YAAPHOI BOJIHEI K
HEHTPY, OHA, AOCTHTas HECKOJBKO Pa3 IEHTPa W OTPaXKasCh OT HEr0 W IDIOTHOTO CIOSl abisATopa, MPUBOIUT K
3HAYUTEITFHOMY IOBBIIICHUIO INIOTHOCTH M TEMIIEPATYPHL.

KuaroueBblie ciaoBa: IlnoTHas ropsiyas rasma, I'maponuHamudeckass MoJeib, YJapHas BOJiHa, [IByxTemme-
paTypHas mwia3Ma, MuIeHu Ui HHEPIIMOHHOTO TePMOSIIEPHOT0 cuHTe3a, CxaTue yaapHBIMU BOJTHAMH.
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Beenenue. Ha ceromusiuHuii 1eHb B MUpPE MPOBOIUTCSA OOJBLIOE KOJIWYECTBO TEOPETUUYECKUX H
IKCIIEPUMEHTAIBHBIX UCCIACAOBAaHUA B 00JIacTH MHEPIHOHHOTO TepMmosaepHoro cuaTeza (MTC) [1, 2 ].
N3-3a ciaoxHOCTEH B MPOBENEHUHN SKCIIEPUMEHTOB C MOJHOMACIITAOHBIM YIIPABIIIEMbIM TEPMOSIEPHBIM
B3PBIBOM OYEHb IIHUPOKO HCIHOJIB3YIOTCS METOBI BBIYMCIMTENBHOrO 3KcrnepumenTta [3-5]. Cpenu Hux
MOJIENI! Ha OCHOBE YPaBHEHHUH IMAPOANHAMUKH SBJISIFOTCS Pa3yMHBIM KOMIPOMHUCCOM MEXKIY TOYHOCTBIO
MOJIEIN U CJIOKHOCTBIO TIOTyYEHUS YUCIICHHOTO pereHus [6-8].

B nanHoii paboTe HCHONB3YeTCsl THAPOAMHAMHYECKAas MOJENb JABYXTEMIIEPATypHOH IJia3Mbl B
YCIOBUSX WHEPLMOHHOTO TepMosAlepHOro cuHTe3a [2]. PaccmarpuBaemass 3azada CBSI3aHO C
SHEProBKJIAZAOM JIA3€pPHOIO U3JIy4EHHs B TBEPAOTENbHBI cJOM MeTayuia (MHOTAA - IUIACTHKA),
OKpY’KaloIllero ACeUTepUi-TPUTHEBBI Tra3 — 3TO ClOW T.H. abnstopa. B Hem oOpasyercs miasma
MHOT03apsAJHBIX HOHOB C HEPaBHOBECHBIM MOHHBIM COCTABOM, pa3jieT KOTOPOH ONpeeseT BaKHEHIINK
Ul TEPMOSAJEPHOTO CHHTE3a IapaMeTp yIEpXaHUs - IMIPOU3BEACHHUE pajauyca AEHTepUH-TPUTUEBOTO
CT'YCTKa Ha €ro IUNIOTHOCTb.

CBoiicTBa IUNIOTHOM rOpsUe MiIa3Mbl, MOTYyYaeMOM Ha 3TOM 3Talle MOHKUra TEPMOSIACPHON MUIIICHH,
B paMKax TMAPOJUHAMUYECKOM MOJENN U3Yy4alOTCs Ha IPUMEPE HECKOJIBKUX CaMOCTOSTEIbHBIX 3a1a4. B
KaXIOW M3 HMX Ha OCHOBE YHCIEHHOTO SKCIEPHUMEHTa PAacCMOTPEHBl CIIECAYIOIINE YIPOLICHHBIE
(U3NUECKUE CUCTEMBI.

[lepBas U3 HUX, 3TO pa3jieT IJIOTHOTO TOPsYEro CrycTKa B BaKyyM. 3I€Ch NPEICTABISICT MHTEPEC
CPaBHEHHME C TOYHBIMM DELICHUSAMH - BOJHOM pPa3peXeHMs], HCCIEIOBaHUE KHHETHYECKHX CBOMCTB
MHOT03apsJHON IUTa3MBbI - HapyIIeHne HOHU3AIMOHHOTO paBHOBECHS (3aKajiKka MOHHOTO cocTasa) [9].

Bropas 3agaua cBszana ¢ 6osiee CIOKHBIM THAPOAMHAMUYECKHM SIBJICHHEM - yJapHBIMH BOJHAMU B
JIByxTemneparypHod mnasme [9]. 3mech BaxHYI0 pOJb WIParOT OTPbIB HMOHHOHM H DJIEKTPOHHOU
TEMIEPATyp U BOJIHA AJIEKTPOHHOM TEIUIONPOBOTHOCTH.

B Ttpertbeli 3amaue paccMOTpeH ciaydail BO3JEHCTBHS MOIIHOTO Ja3epHOTO MMITYJIbCA Ha IJIOTHYIO
000JI0YKy M3 30JI0Ta, OrPaHUYMBAIOIIYIO CMECh ACWUTepUsi C TpuUTHeM. B Hell cxkarue neitepueBo-
TPUTUEBOH CMECH NPOUCXOIUT 33 CYET pasjieTa BHEIIHEH OOOJOYKH, W TAKKE BaKHYIO POJIb UIPAIOT
BOJIHA 3JIEKTPOHHON TETUIONPOBOJHOCTH M yIapHas BOJIHA, PaCIPOCTPAHSIIOIINECS BHYTPh MUILIEHH.

2. ITocTanoBka 3agaun

B cnydasx mutockol, mmnuHIpudeckoil wim cdepuueckod cummerpun (n=0, 1, 2) cucrema
YpaBHEHUH Ta30BOM JOUHAMMKH B JIarpaH)KEBBIX KOOpPAMHATaX C YYETOM KHHETHUYECKUX SBJICHHUU
(BSI3KOCTB, TEIUIONPOBOIHOCTh, HEPABHOBECHOCTh MOHHOTO COCTABAa M pa3IMyHe TEMIIEpaTyp HOHOB U
JIEKTPOHOB, BKJIAJ HEYNPYIHMX IPOLECCOB HOHU3ALMM, PEKOMOMHAIMM U IOTEPh Ha H3JIy4YCHUE B
sHeprodaaHce JIEKTPOHOB) UMEET BH:

g l zg(r'zu)’ u:@’ %:Vna—p‘FEn-s, (1)
ot\ p Os ot ot os
Oe, 0/ ., 0 (
a_‘jz = _pig(’” ”)+ (QAT _iniscocity)/p _5(” ql')a @)
aaie =—p, %(rnu)+(_QAT - Qeviscocity +0,,, elastic)/p _%(rnqe )’ 3)
p=NT==pl,. p=NT=LT @
m, m

i
OTa cucrema ypaBHeHI/Iﬁ JOJIDKHaA OBITh JAONOJHCHA YPaBHCHHUAMH KHHCTHKU HOHHOI'O COCTaBa.
ypaBHeHI/IH Oananca JJIs1 OIIMCaHUA MOHHOT'O COCTaBa MHOFOSapHZ[HOI\/’I IJ1a3Mbl UMCIOT BU!

(2)
%zr“’/i\c, z2=1,2,..,7,,, (5)

3necy ¥ = N (Z)/N,. - OTHOCUTENIbHAs KOHIIEHTpAlUsi WOHOB C KPAaTHOCThIO WOHM3AIUM Zz, Z,_ -

max

MakKCHUMaJIbHas CTCIICHb HOHU3alli1

1’*(1) — ,B(I)NEZJV:(Z) _ S(I)NEN(I)’ (6a)
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' =pg9NN —SON N - gEONIND £ SEIN NV 2=2.3,..,2

Wz —1
r‘(zmax) — _ﬁ(zmax_l)NezN(mex) + S(Zmax_l)NeN(Zmax_l)’

(60)
(68)

3nech ﬂ(z)— K03(pPUIIMEHT peKoMOMHAIMK 3JIEKTpOHAa M HOHA Z+1; S®- kospummenT

WOHM3AINY UOHA z. DT BEITUYMHBI 3aBUCAT OT MOHA z U ABIAIOTCA QyHKIusIMU N, 1 T,.

Orta cucreMa ypaBHEHUH JO0JDKHA OBITH AOTONHEHA YpaBHEHHSAMH MepeHOca JIA3ePHOTO U3IYUYCHUS, a
B COOTBETCTBYIOIIEM CJIy4ae W IydKa TsKEIbIX HOHOB. OO0O3HAYCHUs B MPUBEACHHBIX YpPaBHEHUSX
OOIIeTpUHATHIE, [UIS PEIIEHUS 3TOW CHUCTEMBl YpPaBHEHHMH HCIOJIB30BAJICS METOJ pPAaCIISIUICHUS TI0
¢bm3ugeckuM mporieccam (0oree moapoodHo cMm. [2]).

3. Pa3zjieT mi1a3MEeHHOI0 CIYCTKA B BAKYYM

Ilocme BO3mEiCTBUS J1a3epHOTO W3IIyYeHUS Ha c(]epudeckylo TepMOSICpPHBI MHUIIEHb, OHa
TIPEICTABIIICT COOOM CTYCTOK IIOTHOM TOpSYeH T1a3Mbl. PaccMOTpUM acHMITTOTHYECKHX XapaKTEPUCTHK
CBOOO/IHOTO pa3iieTa CrycTKa IUIOTHOM ropsiued JByXTeMIepaTypHOW IUIa3Mbl, TOCIEAYIOIIUN pa3jier
3TOTO CryCTKa B BaKyyM. PelieHue 3TOH 3a1auu NPENCTaBISIET CAMOCTOATENbHBIAH HMHTEPEC C TOUYKU
3peHust 0OTPaOOTKH YUCIEHHONW METOIMKHU U UCCIICIOBAHUS

Ha pucynke 1 mpeacraBieHBl pacmpeleNeHusi CKOPOCTH, IUIOTHOCTH IUIa3MBl M TEMIIEPaTypbl
3JIEKTPOHOB B Pa3iUYHBbIE MOMEHTHI BpeMeHdu. U3 pucyHka 1(a) BHOHO, YTO pacrpenelieHHe CKOPOCTH
JTUHEWHO TI0 KOOPAMHATE, KaK U 3TO CIEeAyeT U3 U3BECTHOTO pelleHus 3aaun PuMaHa o eHTpUPOBaHHOM
BoHe pazpexeHus [10]. Bomma paspekeHHS ABMKETCS CO CKOPOCTBIO 3BYKa IO CTYCTKYy, a IOCTE
JNOCTIDKEHHSI €r0 IIEHTpa, IUIOTHOCTh B IIEHTPE CTyCTKa MOHOTOHHO mTajaer (pucyHok 1(0)). B

p/l p’ =const,

COOTBCTCTBUU C YPABHCHUCM a,I[I/Ia6aTI>I aHaJIOI'MYHbIM 06p3.30M BCAYyT cebs

TEMIEPaTypbl HOHOB U 3JIEKTPOHOB.
Ha pucynke 2 nis cityyaeB IUIOCKOH, HUJIMHIPUYIECKON U c(epruiecKoil CUMMETPUH NPEACTaBICHbBI
3aBUCHMMOCTU IUIOTHOCTHM M TEMIIEpaTypbl B LEHTPE CryCTKa OT BpeMEeHH. BuaHo, 4ro B ciydae

cdepudeckoil CUMMETpUH, KaK CIEJOBAJIO OXKHIAaTh, €€ IUIOTHOCTh M TEMIepaTypa HaJaioT Haubolee
OBICTO.

e Initial time = Initial time

ooo Time

& ¢ Time

+++ Time =

6 ns
12 s

18 ns

X [mm]

(a)

velosity [cm/s]

Time = 6 ns

= Initial time
+++ Time =6 ns
poo Time =12 ns
+ee Time =18 ns
== Sound velocity

= Time

t=- = Time

12 ns|
18 ns|

lon Temperature [eV]
]
I

x [mm] I

(©)

% [mm] )

(8)

Pucynoxk 1 - Pazner mia3MeHHOTO CTyCTKa B BaKyyM: pacipeaeieHue IUIOTHOCTH TUIa3MBI (@), CKOPOCTH TUIa3MBI (0), TeMueparypsl

18107

density [1/em?]

e plane case
cylindrical caseg
= = spherical case

time [ns]
(a)
PrcyHOK 2 - 3aBHCHMOCTH IUIOTHOCTH (&) M TEMIIEPATYPHI IIEHTpa crycTka (6) OT BpeMEHH JJIs TPEX BUIOB
TEOMETPHH: TUIOCKUH, HITHHIPHIECKHUH, CHEepHIECKIit

HOHOB (B) B pa3jIMIHbIC MOMCHTLI BDEMCHU

e plane case

lon Temperature [eV]
-1

b

cylindrical case|
- — - spherical case

— 155=——

time [ns]
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4. UccnenqoBaHue C;KaTUS CIYCTKA IUIA3Mbl YIaPHBIMU BOJTHAMHU

PaccmoTpum nporiece cxxatus epBOHAYaIbHO MOKOSIIErocs CrycTKa IU1a3Mbl YAApHBIMU BOJIHAMU B
JBYX CITy4asix: B TUIOCKOM U CEpHUECKHI CHMMETPHYHOM. B mepBoM cityuae paccMaTpUBaeTCsl TUIOCKHMA
CTYCTOK, a B IpyroM - cheprdeckuii. PaccMoTpuM BHavaie NOCTaHOBKY 3afa4yd ISl INIOCKOTO CIyCTKA.

[Iycte neBast ¥ mpaBasi rpaHULIBI 3TOrO NIEPBOHAYAIBHO IMOKOSIIETOCs CI0S HAYMHAIOT JBUTaThCs CO

>0 u U

CKOPOCTBIO U, ) bliator » COOTBETCTBEHHO. Takasi mMOCTaHOBKA 3a7]aud COOTBETCTBYET TOMY,

iator

YTO CT'YCTOK IUIa3Mbl CXKMMAETCS MACCUBHBIM CII0EM abJIsiTopa, KOTOPBIN OKpY)KaeT IeHTepuii-TpUTHEBYIO
cMech. B cuity cuMMeTpun 3amaud MOKHO paccMaTpUBaTh TOJNBKO TMOJOBHHY ciosi. Ha ocu cumMerpun
OyneM 3a7aBaTh yCJIOBHE PaBEHCTBA HYIIO BCEX MOTOKOB (IPOM3BOIHBIX MO KOOPAUHATE ISl TUIOTHOCTH,
CKOPOCTHU U TEMIIEPATYP HOHOB U JICKTPOHOB).

Ha pucynke 3 mnpencrtaBieHbl pe3ylnbTaThl PacyeTOB 3aBUCHUMOCTH PACIPEICICHHUE IJIOTHOCTH,
CKOPOCTH W TEMIIEpaTyphl B Pa3IMYHbIE MOMEHTHI BPEMEHH IJI MPaBOM YacTH IUIOCKOTO CJIOS, LIEHTP
KOTOpPOTO BBIOpPAaH IIGHTP OCH KOOpAMHAT. M3 pHCyHKa BHJHO, YTO B COOTBETCTBUM C H3BECTHBIM
pemieHueM 3agaud Pumana o pacmaje NpOM3BOJBHOTO pPa3pbiBa, B HAIIEM Ciydyae, BHYTPb CTyCTKa
TUTa3Mbl UAYT YAApHBIC BOJHBI C JIEBOM U MTPABON TPAHMIIBI.

Y napHas BoiHa, JOMAs J10 1IEHTpa CryCTKa U CTOJKHYBIIMCH TaM CO BCTPEUHON BOJIHOW, OTpaXKaeTcs
OT Hee W Jajeec B BUJE OTPAXCHHOW BOJHBI MJIET HABCTpeuy adnsTopy. AONSTOp 3lleChb UTpaeT poJib
OCCKOHEYHO TSDKEJIOT0, KECTKOrO IOPIIHS, CXKHMMammero ra3. Jlolias 1o TOpIIHA, yJapHas BOJHA
OTpa)kaeTcsi OT HETO M CHOBAa HIET K HEHTPY CTYCTKa. DTO MOBTOPSIOUIAsICS KapTHHA C)KATHS CTyCTKa
YAapHBIMU BOJTHAMH COOTBETCTBYET CXKAaTHIO IEHTEPUNH-TPUTHEBYIO MUIIIEHHU CIIOEM abJiaTopa.

=== Initial time
! +++ Time = 6 ns :
10 ooa Time= 12 ns j

& ¢ Time = 18 ns

J OOOI
i)

=

density [1/em?]

lon Temperature [eV]

110

Electron Temperature [eV]

02 04 06 08 b
x [mm]

01667 0.3333 ns 06667 0.8333 1 02 04 (13 0%
x [mm] x [mm]

(a) ©) (®)
Pucynok 3 - CxxaTue crycrka ropsiueii IJOTHOM MI1a3Mbl: pacipe/eseHue IIOTHOCTH I1a3Mbl (a), TeMIepatypbl HOHOB (0),
TeMIIepaTyphl 3JEKTPOHOB (B) B MOMEHTHI BpeMeHH 6, 12, 18 He

Ha pucynke 4 npezacraBieHbl aHAaJOTWYHbIE paclpeleNieHus A ciydas chepuueckoil CHUMMETPHH.
Tonbpko B JaHHOM ciy4ae, B OTJIMYME OT MJIOCKON CUMMETPHH, KapTHHA B3aUMOJACHCTBUS yIapHOI BOJHBI
co cBOMM 00pa3oM Ha OCH CHMMETPHUHM MEHSETCS Ha KapTHHY CXOJISIIEHCS K LEeHTpY cdepbl yaapHOH
BOJIHBL. B cuily cuMMeTpun Nmpou3BOIHBIE IO PaaMycCy B LEHTPE cdepbl TOXKE I0JaraloTcs pPaBHBIMH
HYJIIO.

Takoro poma pemieHHsl HCCIEAOBAJINCh B 33/Jadax O CXOXKICHMM YJApHOM BOJHBI B KOHUYECKHX
MUILEHSX, TAe BOJM3M LEHTpa B MAaTEeMaTHYECKONW IIOCTAHOBKE BO3HUKANAa CHHTYJSIPHOCTb, a B

OKCIICPUMEHTaX C BO3JACHCTBHEM JIA3€PHOTO M3IYyYCHUS W3 TOYKH CXOXICHUS YyIApHOH BOJHBI
(uKcHpoBascs BbIXOJ HEHTPOHOB [6].

S0

iy

= Initial time

e Iniitial time (000 Initial time
e Time = 6 ns

pre=t Time = 12 ns

+++ Time = 6 ns
ooa Time= 12 ns
&< Time = 18 ns

T'ime = 6 ns
1000{—z . = Time =12 ns

= = Time = 18 ns
1004

k coo Time = 18 ns
*
s L L L

density [ 1/em ]
z E
?

lon Temperature [eV]
=

Electron Temperature [eV]
(

o 02 0.4 06 0% 0 02 04 0.6 0.8

K[m‘-nl .‘;lm“‘] 0 02 U=x|‘“m| 0.6 08
(a) (©) (®)
Pucynok 4 - Cxatre chepHuecKoro cryctka ropsueii a3Mel yAapHBIME BOJHAME: paclpeieieHre IIOTHOCTH IL1a3Mel (a),
TeMIIepaTypbl HOHOB (0), TeMIepaTypbl JIEKTPOHOB (B) B MOMEHTHI BpeMenu 6, 12, 18 He
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5. O poau 3JEKTPOHHOH TEIUIOMPOBOJHOCTH MNPH CKATHH CryCTKAa IJIa3Mbl YAapPHBIMHA
BOJIHAMH

BaxHy1o poJib Mpyu ONMCAaHWU BO3JEMCTBUS OTOKOB SHEPTUHU HA IUIOTHYIO FOPSUYIO IUIa3My UIpaeT
AJIEKTPOHHAS TEIUIONPOBOIHOCTE. [IpoieMOHCTpUpYEM 3TO BIMSHUE HAa MPUMEPE 3aJla4d MPEABLIYIIETO
naparpada o CKaTWU IUIOCKOTO CryCTKa IUIa3Mbl YJApHBIMH BOJHAMHU. J[7si TOro, 4TOOBI YBEIHYHTH
CTEIeHb BIWSHUS DJICKTPOHHOW TEINIONMPOBOAHOCTH, YMeHbIIMM B 10000 pa3 miuoTHOCTH ma3Mbl. Ha
PUCYHKE 5 TIpeICTaBJICHbI COOTBETCTBYIOIIUE PE3YJIBTAThI PACUETOB PACIPEACICHUN TeMIIEPaTyphl HOHOB
W 3JEKTPOHOB. M3 pHUCYHKa BUJIHO, YTO B CJIy4ae BHICOKOH TEILIONMPOBOHOCTH DJICKTPOHHAS TeMIlepaTypa
MPaKTUYECKU OJIMHAKOBA MO BCEMY CTYCTKY, a Ha (pOHTE yJIapHOI BOJIHBI UMEETCS OTPBIB TEMIIEPATYPHI

HMOHOB OT 3JICKTPOHOB, COOTBETCTBUM C U3BECTHBIM PEIICHUEM 3a/ladd O CTPYKType (poHTa yAapHOU
BOJIHBI B IIJIa3Me€.

30) 30
ooo [nitial time xxx Initial time
E +++ Time = 6 ns = t+++ Time = 6 ns

o F -~ |a— i
?, 000 Time = 12 ns i 000 Time = 12 ns
e H 2 ooo Time =
o 20 ©0o Time = 18 ns 5 20 Time = 18 ns
E 2 e s
et L,
o E
= 5
£ e LI LLT T 1T 11 (v rrrreererrreny
= =
= R o S T R e T B s
= 10 = 10
= 8

o o

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
X [mm] x [mm]

(a) (©)
Pucynok 5 - CxaTtre Imia3Mbl B peKUME BEICOKOH TEIUIOPOBOJHOCTH TEMIIEPATyphI HOHOB (0), TeMIiepaTyphl
JJIEKTPOHOB (B) B pa3iIMYHBIE MOMEHTHI BPEMEHHU

6. YueT pa3zorpesa mjia3Mbl JIa3epHbIM M3JIyYeHHEM

PaccmoTpum  B3aumMozeicTBHE J1a3epHOTO H3IYUYEHHs] C MHUIIEHBIO, COCTOSAIIMN W3 JedTepuil-
TPUTHEBON CMECH, KOTOpas OKpYy>KEHa JIBYXCIOHHOW OOOJOYKOW, COCTOSIIMA W3 CJOs JeHTepuii-
TPUTHUEBOTO JIbJJa U TOHKOTO cjJ0s 30i0Ta. Ponb 0005I04KM CBOAMTCS K TOMY, YTO NPH OOTydYEeHUH
MHUILIEHH JIa3ePOM OHA UCTapseTCs U 00)KUMaeT (aHATOTUYHO MOPILHIO) JeUTEPUII-TPUTHEBYIO CMECh.

CxeMa (HU3MUYECKOTO MpoLEecca MPEACTaBISIETCS TaKOH, YTO MOCKOJBKY IUIOTHOCTH 3JICKTPOHOB B
000J104Ke MPEBBIIIAET KPUTUYECKYIO, TO BCE JIa3€PHOE U3IIydEHHE Iorjonaercs B Hel. Takum o0pa3om,
Ha HaYalbHOM cTaauii oOpasyercsi Topsdas IUIOTHas OO0OJOYKa, Macca KOTOpOH cocTaBisieT
3HAYMTENIFHYIO YacTh Macchl Bcell muieHd. Jlanee 3To 06on0uka pacnanaercs Ha e yactu. OnHa yacTb
pasiieTaercsi B BakyyM, o0pasys BOJIHY pa3peXeHusi, a Apyras 4acTb UJET BHYTpPb, 00pa3ys CXOISIILYIOCS
K LEHTPY YJapHYyIO BOJIHY. B 3TOM cilyyae oHa UIrpaeT pojb MOPIIHS, KOTOPBIM, CKUMAET AEHTEpUii-
TPUTHUEBOE SJIPO MUILICHHU.

B ciyuae cdepuueckoil reoMeTpuH, Npu MPOXOXKACHUE YIApHON BOJIHBI K LIEHTPY, OHA, IOCTHUras
HECKOJIBKO Pa3 LIEHTPa U OTPa)kasich OT HErO U IUIOTHOIO CJOs abisTopa, NPUBOJAUT K 3HAUYUTEIHHOMY
MOBBIIIEHUIO UIOTHOCTH U TEMIIEPATYPHI.

Ha pucynkax 6a - 60 mnpuBeneHbl 3HAaUY€HHE BCEX COOTBETCTBYIOLIMX THMAPOAMHAMHYECKHX
[apaMeTpOB: HA PUCYHKE 6a IIPUBEICHBI PACIpPEeICHUE INIOTHOCTH B Pa3JInyHble MOMEHTHI BpeMeHuU. B
HAYANEHBI MOMEHT BPEMEHH HMEETCs HOKOAIIMICS AeiTepHil-TpUTHEBbIH ra3 ¢ mioTHoCThI0 107 r/em’ u
HA TPAHUIAX CIOH JeHTEepUil-TPUTHEBOMH e ¢ WIOTHOCTBIO 0,25 r/cM’ 1 clioi aGnaTopa ¢ MIOTHOCTHIO
0,5 r/cm’. VI3 puCyHKa BHIHO, 4TO B LIEHTP MAET ciabas yaapHas BOiHA. B pacmpeseleHHe CKOPOCTH
(pucyHOK 6(0)) BOJTHAa pa3peKeHHsI COOTBETCTBYET JMHEHHON 3aBUCUMOCTH CKOPOCTH OT KOOPAMHATHI, &
BOJIHA C)KaTus, T.€. yAapHas BOJIHA, UAET BHYTPb.

Ha pucynke 7 noka3aHbl TeMmeparypa 3J1€KTPOHOB U UOHOB B MoMeHTHI BpeMeHu 0.06 He, 0.12 Hc,
0.18 He. Ilpu mpoxoskaeHun (poHTa yAAapHOHM BOJIHBI TEMIIEPAaTypa MOHOB PE3KO YBEIMUYHMBAETCS, U €€
3Ha4YeHHE UCTBITHIBAET PAa3pPhIB Ha CKAYKE INIOTHOCTH.

Ha pucynke 7(B) mpuBeneHbl TeMIEpaTypbl 3JIEKTPOHOB M MOHOB B MOMEHT Bpemenu 0,18 Hc ¢
LENBI0 IEMOHCTPALMN UX MOBEACHUs. 13 prCcyHKa BUIHO, YTO B XBOCTE BOJIHBI Pa3peKCHUS DJIEKTPOHHAS
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TEMIICPATypa 3HAYUTCIBbHO IMPEBLIITACT MOHHYIO, TaK KaK BpPEMA oOMeHa OHEPrun MeExKKAy HOHaMu H
QJICKTPOHAMU BCIIMKO HU3-3a OOJIBIIIOr0 OTHOIICHUS HX Macc.

0.1 8x10°
f=— Initial timg Initial timg
0.01 j= = 0.06 ns | s 0.06 ns
== 0.12ns 10 looe 0.12 ns
L 1x10 e+ 0.18ns || | 0.18 ns
= — 4x10
5 Sadia 2
& 1x10 11"""""""‘-'""'"11.-“ = =)
. 5 . 3
- = 2.0
Z 1o e
£ a0 s
.
= b T \._' C o
1210~ S
s
-7 _lens
1x10 o 05 1 s s o 0.5 1 1.5 2
X [mm
(mm] X [mm]
(@ (6)

Pucynok 6 - B3aumoeiicTBue j1a3epHOTo H3JIy4eHHs ¢ INIOTHON 000I09KON MaTepuaia abisTopa: pacnpeaeicHue
IUIOTHOCTH IIJIa3MBI (0) ¥ CKOPOCTH TI1a3Mbl (B) B pa3iIMYHbIe MOMEHTHI BPEMEHH
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Pucynok 7 - B3auMopeiicTBIE J1a3epHOTO U3ITYyUCHHUS C IUIOTHOM 000JI0UKOM MaTeprana adiaropa: pacupeaeieHie TeMIepaTyphl

HOHOB (a), TeMIepaTypsl 3JIeKTpoHOB (6) B MoMeHTHI Bpemeru 0.06, 0.12, 0.18 Hc u pacmpeneneHre TeMIepaTypsl SJIeKTPOHOB U
HOHOB B MOMeHT BpeMeHH (.18 He

3akJjouenue

B pabore Ha OCHOBE IBYXTEMIIEPATypHOH OIHOKHIKOCTHOW THIPOJMHAMUYCCKON MOICITH
PacCMOTPEHBI CBOMCTBA CI'yCTKa IUIOTHOM TOPSYEH TIa3Mbl MPUMEHUTEIHHO K MTPoOIeMe HHEPITHAIEHOTO
TepMOsiIEpHOTO cuHTe3a. [lpuBeneHbl ypaBHEHHS ABYXTEMIIEPATYpHOM THUAPOAMHAMHUKUA C YYETOM
ANIEKTPOHHOH TEILUIONPOBOJHOCTH, KHMHETUKU 3apsIOBOTO COCTaBa. PaccMOTpeHBI MOJIENBHBIE 3aJ[auH:
pasJieT MIa3MEHHOr0 CTYCTKa B BaKyyM, C)KaTHe IUTa3Mbl yAAPHBIMH BOJTHAMU, B3aUMOJCHCTBHE CTyCTKa
I1a3Mbl C JIa3epHBIM U3nyuyeHueM. Ha ocHoBe pa3paOOTaHHBIX YHCICHHBIX METOJIOB IOJYYCHBI H
MPOAHAIM3UPOBAHEl TECTOBBIE 3aJadd, BO3HHUKAIONINE B TMPOOJIeME HWHEPIHAIHHOTO TEPMOSAEPHOTO
CHHTE3a.

Buinonnennsvie  uccnedoeanus nposedenvt 6 pamxax HTIINeQl15PK03029 "HY-beprau:
cmpame2uyeckas NpoepamMma UCCred08anUs KPUMUUeCKo20 COCMOSHUSL GeujeCcmed, NepCneKmusHblX
Mamepuanos u ucmoynukos suepeuu (2014-2018 2.2.)" MOH PK.
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ThIFbI3 BICTBIK IIJIASMA KUBIHTBITbIHbIH
I'maPOAUHAMUKAJIBIK KACUETTEPIH 3EPTTEY

AHHOTAIMA: ByJ1 )KYMBICTa MHEPIUSIIBIK TEPMOSIPOJIBIK CHHTE3 IPo0eMachl asChIHAIa KOJAaHBUIATHIH THIFBI3
BICTHIK IJIa3MaHbIH TUAPOJIHMHAMUKAIIBIK KACHETTEPl 3EPTTENl. 3apsaAThIK KYPBUIBIM KHHETHKACHIHBIH JJICKTPOHIBI
JKBITYOTKI3TIIITITIH €CKepe OTHIPHIN, eKiTeMIepaTypaibl THIPOAWHAMEKA TeHAeylepi kenripimreH. [lma3manmbik
IOFBIPABIH, BaKyyMI€ YIIYbI, IUIa3MaHbBIH Kapchl TOJIKBIHAAPMEH CBHIFBUTYBI, AJIEKTPOHMBIK OTKI3TIMITIH IUIa3Ma
JKABIHTBIFBIH COKKBI TOJIKBIHAAPMEH KBICKaH KEe3JIeTi pelli, Tula3Ma IIOFBIPHIHBIH JIa3epil CoyleleHAIpyMeH JKoHE
aybIp MOHIAP IIOFBIPHIMEH dcepiiecyl CHUSAKTHI MOICIHBIIK ecenTep KapacThIpblaraH. JKacanraH CaHIBIK ecenTeyiiep
oIici HeTi3iHAe, WHEPHHUSIIBIK TEPMOSAPOIBIK CHHTE3 MOCEIICCIHEH TYBIHIAWTBHIH, TECTTIK €CenTep albIHABI KOHE
Tanmanael. HoTrokenepl HoHAap MEH 3JICKTPOHAAPIbIH MACCaIbIK KaThIHACKI YIIKCH 0OJIybIHA OalIaHbBICThI OJIAPIbIH
apachlHIAFbl JHEPTUS AJIMacy YakKbIThl JKOFApbl OOJFaHIBIKTaH CHPETYIIH TOJKBIHBI COHBIHAA 3JCKTPOH
TeMIepaTypachl HMOHHBIH TEMIICpaTypachlHa KaparaHIa alTapibIKTald »Korapel ekeHiH kepceremi. CoHpmai-ak,
cepalblKk TeOMETpUs Karaaiaa, COKKbI TOJIKBIHBIHBIH IICHTPre Kapad eTy OapbIChIHIA, O OipHEIIe PEeT LECHTPre
JKETIIl JKOHE a0ATOp KabaThIHAH MIAFBUIBICA OTBHIPBIIN IJIa3Ma THIFBI3ABIFEI MEH TEMIICPATYPAChIH €I0Yip apTybIHA
aJIBI Kesaesi.

Tyiiin ce3mep: THIFBI3 BICTHIK IUTa3Ma, [ MApOIUHAMUKANEIK MOJelb, COKKBI TOJKBIHBL, EXiTemIeparypabt
1a3Ma, MHepIHsIIbIK TepMOSIPOIIBIK CHHTE3 YINiH HbicaHanap, COKKBI TOJKBIHIAPMEH CEHIFY.
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