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

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

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

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

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

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

2 Method

2.1 Recurrent method for the construction of the orbit

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

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

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

4
m; =mg + g”?':3po

i1 =& +V;-cos(d; —v;) - At/r;

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

(M

Yi+1 = $; —arctan(

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

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

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

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

It is obvious that the smaller the step d?, the less error accumulates in this method of orbit calculation.
Check on the real orbit of the star S2 showed that at the apoapsis, where »~1950 AU, using df = 10 sec for
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one revolution the r is changed by 0:046 AU and if dt = 1000 sec is used the r changed by 4.5 AU. We
decided to perform our calculations using dz = 10 sec. The orbital parameters obtained in this way can be
considered as the most probable. The minimum »* value in our calculations was equal to 0.6969. The
result is shown in figure 1.

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

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

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

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

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

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

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

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

Epoch (year) | X (mas) | Y (mas) | ox (mas) | oy (mas) | Epoch (year) | X (mas) Y (mas) ox (mas) | oy (mas)
2003.554 38.63 84.30 0.89 0.82 2009.689 24.78 182.65 0.18 0.14
2004.327 35.95 115.39 0.76 0.62 2010.342 -31.94 180.59 0.12 0.12
2004.564 32.61 123.28 0.79 0.53 2010.511 -33.82 179.84 0.13 0.12
2004.660 31.37 125.84 0.69 0.60 2010.620 -35.01 179.31 0.16 0.13
2005.312 24.83 141.10 0.81 0.59 2011.401 -42.77 173.77 0.22 0.17
2005.566 20.84 149.20 0.83 1.10 2011.543 -44.23 171.96 0.14 0.14
2006.336 12.96 161.91 0.15 0.16 2011.642 -45.17 171.21 0.25 0.25
2008.371 -10.16 181.01 0.13 0.14 2012.371 -51.36 163.26 0.13 0.17
2008.562 -12.32 181.84 0.16 0.16 2012.562 -53.12 160.74 0.14 0.20
2009.340 -21.14 182.66 0.11 0.11 2013.318 -58.37 149.65 0.21 0.26
2009.561 -23.43 | 182.69. 0.13 0.20 2013.550 -59.79 - 14541 0.14 0.21
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Table 2 - Sample of S0-2 astrometric measurements obtained with VLT [2] used in this work

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

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

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




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

] 1
175 bt + 4+ VLT |
° & “i*_ 4 Keck
150 FF 1 + NTT -
[ ]
+
125 e =+
B
w100 - +
= e %
— =
o™
° %
50 :
+
25 *! =
0 *
+
100 50 0 —50 —100 —150
X (mas)

Figure 3 - (X,Y) coordinates of the star S2

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

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

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

3

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

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

Z?;’lfl; (3)

-n/2 =

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

K® = (8.0005 + 0.0983) x 10™"* mas/m

Q,(V=37°518 £ 1°.084

K®=(8.1070 + 0.0811) x 10""* mas/m

QP =39°436+ 1°.084

For VLT:

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

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

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

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

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

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

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

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

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

3 Conclusions

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

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

ACKNOWLEDGMENTS

The work was carried out within the framework of Project No. BR05236322 “Studies of physical
processes in extragalactic and galactic objects and their subsystems”, financed by the Ministry of
Education and Science of the Republic of Kazakhstan.

3.K. lennciok, A.B. CepeOpsiHckuii
DeceHKOB aTHIHAAFH aCTPO(YU3NKAIBIK HHCTUTYT, AnMatel, Kazakcran
FAJTAMHBIH HEHTPIHJEI'T S2=S0-2 KYJIIbI3bIHBIH OPBUTACBHI

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

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

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

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

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

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

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

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

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

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

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

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

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

KaroueBble cJI0Ba: raJlakTHKa: IEHTP, METObI; aHAJIM3 JAHHBIX, 3B€3/bl, KIHEMATHKA U ANHAMUKA.
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