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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 Mo / ps3is 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 103Mo, 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 ofthem 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 ofthe reasons for this difference is the lack of
data on the exact position ofthe CB in the images ofthe 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 ofthe 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=4/3nrBp0 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 p0. 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 p0 decreases from center to outer boundary according to the power law. However, a
significant heterogeneity in the distribution of MDM s also possible. Given these circumstances, we
decided to limit ourselves to finding the density p3, 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 m0 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 ti, q is the distance in the periapsis, Vi is the velocity vector module, diis the
angle between the X-axis and the radius vector ri, yi is the angle between velocity vector Vi 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:

m, =m0+ ~“mfpo

(€]

L+i = ((vi mcos(<h - y,))2+ (Vi sinto, - y,) - Atmam,"/r2)2)1/2

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

We begin with estimation of the orbital parameters and r(x;y;z) for which the observed and calculated
values of Vr 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: Tp - the moment of passage of the
pericentre, M - CB mass, angles ¢ and y which are equal to each other in the pericentre, Vp (velocity
module in the pericentre), e, i and p0. At ti moments for which observations are available, theoretical
values of Vr are calculated and x2is calculated from the differences between these values and the observed
values of Vr. [12].

It is obvious that the smaller the step dt, the less error accumulates in this method of orbit calculation.
Check on the real orbit ofthe star S2 showed that at the apoapsis, where r~1950 AU, using dt = 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 dt = 10 sec. The orbital parameters obtained in this way can be
considered as the most probable. The minimum x2 value in our calculations was equal to 0.6969. The
result is shown in figure 1.

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: Tp = 2002.3482 + 0.0009 year, q = (1.7416 +0.0018)x1015 cm,
dp = yp = 690.43+00.24, M =(4034%+13)x103 MO, e = 0.88657+0.00011, p = (4.76+ 1.5)x106 MO/ps3
~3.5x10-16g/cm3, i = 133°.83+0°.067.

The value p0~ 3.5 x10-16 g/cm3 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 MO0, and in the apoapsis it is ~640 MO0, 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) ax(mas) aY (mas) Epoch (year) X (mas) Y (mas) ax (mas) aY (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) aX(mas) aY (mas) Epoch(year) X (mas) Y (mas) aX(mas) aY (mas)

2003.214 411 66.6 0.3 0.4 2005.576 24.9 149.4 0.4 0.4
2003.351 414 75.0 0.3 0.3 2006.324 175 161.7 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
2003.452 415 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 -41.3 818 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
2003.678 411 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 1132 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 1811 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 1231 0.3 0.3 2009.303 -18.20 1815 0.3 0.3
2004.516 -35.2 1231 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 -34.3 123.9 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 1452 0.3 0.3 2009.606 -21.20 1815 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 ofthe 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 = 6.6845x10-9YK 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
oftime. 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 ..., 1land 22. For the second method, lengths of the chords were computed between stars 1 and 12, 2
and 13, 3and 14 ..., 11 and 22, in total for 11 chords in both cases.
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Figure 3 - (X,Y) coordinates of the star S2

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

(X ,-Xso0-,)2-(AX,2+AXg,_,) (Y,-Ypo-,)2 (AT,2+AY|0_,)

of = (*,-x50_,)2+(N-Vs0-i)2  (%<-*50-.)2+(n-"0-i)2

(2

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.

®)

The obtained values of K and Q 1for the two variants of chord selection are:
For Keck:

K () = (8.0005 + 0.0983) x 10-13 mas/m

Q:()=37°.518 + 1°.084

K@ = (8.1070 + 0.0811) x 10-13 mas/m

Q:(9=39°.436 + 1°.084

For VLT:

K@) = (7.9804 + 0.0750) x 10-13 mas/m
Q:(1) = 38°.244 = 0°.496

K@ = (7.9956 + 0.0660) x 10-13 mas/m
Q:(@= 38°.559 £ 0°.553
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The upper index corresponds to the chord selection method.
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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
AX(mas) AY(mas) AX(mas) AY(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 0.17445 -4.28+0.94

For each ofthese set of parameters the differences between the observed (table 2 and table 1) and the
theoretical values ofthe 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 = -3.7+0.6 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)x10-13mas/m and parameter Q1is 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: Tp = 2002.3482 + 0.0009 year, q = (1.74160 + 0018)x1015 cm,
h=y=69°43 + 0°.24, M = (4034 + 13)x103 MO0, e = 0.88657 + 0.00011,p = (4.76 £ 1.5)x106 MO0/ps3~
3.5x10-16g/cm3, 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, r0is assumed to
be a constant. The best value was determined to be r0= (5.2+1.5)x 106 M0/ps3. The presence of a dispersed
mass causes the rotation of the apoapsis relative to the CB. After each revolution around CB there is
rotation ofthe orbitto 0°.755. Full revolution ofthe 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 ofthe stars in the IR images are given must coincide with the CB
position. Sometimes, other stars are used as astrometric standards to determine the position of CB, which
may not have their proper motion known with sufficient precision. As a result, it turns out that the errors
of coordinate can be an order of magnitude greater than indicated in the publications. We suggest to use
the star S2 as an astrometric standard, the coordinates of which can be calculated with high accuracy or
one can use data given in Appendix A. This star is one of the brightest and closest to the CB. It is clear
that a similar study of other stars in the region of the center of the Galaxy will allow to obtain more
accurate parameters. This requires high-precision observational data obtained over long time intervals.
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3.K. deHuncrok, A.B. CepebpsaHCcKnii
®eceHKOB aTbiHAArbl acTPOPU3NKabL, MHCTUTYT, AnMaTbl, KasaxcTtaH
FANAMHbL, LEHTPIHAENL S2=S0-2 >)X¥14bl3blHbLL, OPENTACHI

AHHOTauUMA. ONIEMHLY, aibil >X3HE MacCUBT 00beKTifepi ranamgap >3He Keasapnap 60nbin Tabblnagbl.
Onapply, KebLL, LeHTPBAe, ArHN AAPOCbIHAA aca KyaTTbl 6ap/iblK TONKbIH ayMarbiHia cayne LbirapaTbiH Y/IKeH
Macca opHanackaH. Onapgbil W BAe 60nbiN XaTKaH (M3MKaiblK MNpouecTepai 3epTTey KYpgeni, cebebi 671
00beKTLUEPre apa-KalbIKTbIK aca Y/KeH. Eu »kakblHbl 6i341 FanamHbiy sapockl. Bipak, OHbl ga 3epTTeyaLy Y/ KeH
KMbIHAbIKTapbl 6ap. FanamHbIl LeHTPAIK aiMarbiHbIL, CypeTiH anyra mblujaraH napcek KawbIKTbIK Kefepri, Tek
KaHa 6”\pbIWTbIK CEKYHTTbIL, MblUHaH 6ipiH 6/pbIlWThIK Wewly KesiHae. COHbIMeH KaTap, FanaMmHbIl, LeHTpPI ThIrbI3
Wwat-to3augbl 6°nTTapmeH >kabblnraH. CoHAbIKTaH, FanamHbIl, LeHTPiH 6™NTTaH acbin TeK KaHa CnekTpaiy,
nHppakbi3bln (VKO aivarbiHaH 6akblnai anambl3. AfbIN TenecKonTapAbl KOMAAaHy apkblibl acTPOHOMUAAA
MHTephepoOMETPAI Xacay apKblibl, eTe Xoraprbl 6/\pbIWThIK pKcaTneH Ko eTiMai. Kabblngarbiw peTiHAe orapbl
Tnimginikteri MK matpuuanapbl Kongadbinagbl. OCbl TEXHUKaNbIK K¥pasifapdbll, apKacbiHAa FanamHbIL, LEeHTpILW
aymarbiHbIL, X3He 6acka ga 3pTYpni XKeke 06bEKTINepAiy cypeTepiH angbik. LleHTpluge KepiHOeWTiH MaccuTi
LEHTPANIK geHe 6ap 60nbIN WhIKTbl. OHbIL aliHanacbiHAa rpaBuTauMsAIbIK epicTe OHAaraH >X\abi3gap ariHanyga.
LLlamameH 20 blnga ocbiHAal X\ 1AbI3gapabll, KO3rasibICbiHbIL, KapTacblH K¥pbIM XX3He KebiHiL CnekTpw Tangay
3ficiMeH CaynenikK XbINAAMAbIKTbIL, YaKbIT 60MbIHLIA e3repy Tayenginiri aHbiktangbl. Bakbinay ManimeTrepiHil,
HerisiHge UeHTPRiK geHeHi (L) cvnaTTailTblH MapameTprep, OHbIL TFpaBUTaAUUANbIK epraHfie KosranaTblH
XANAbI3fapabily, opbuTanapbl aHbikTaigbl. LI >XakblH OpHaniackaH, S2 >kapblK XMAbl3bl KebipeK 3epTenreH.
OpTYpni obcepBaTopusnapaa anbiHraH HaTVKenep, anTap/blKTai esrewle 60nbIiN WbIKTbL. OHbIY, 6ip cebebi, MK
aymarbiHa ynbTpaxoraprbl 6/pbilWTbIK pAKcaTneH, FanamHbIL, LEeHTP/K ayMarbiHbIl 371 OPHbIH aHbIKTaWTbIH
MafliMeTrepaiy, OKTbIrbl. Caynenik XbIMAaMAbIKTbIL, YyaKbIT 60MblHLWA e3repy” ceiidepT ranamgapblHbiL,
A0PONAPbIHbIL, rpaBMTaUMsANbIK epraHe KosraiaTblH 3MUCCUANBIK 00beKTiNepail, opbuTanapblH ecenTeyaiy, agici
DADU eHpengi. S2 xAnabisbl YLWiH XapusinaHraH 6akbifiay ManiMeTTepiH KosfaHbin, FanaMHbiL, LEHTPAIK alimarbl
YwWwiH ocbl 3gicTi KongaHy wewingi. B~ x/™igbl3gbiy, opbuTackl  Kennepnik, MYMKIH KaHgahga fa 6ip
aybITKYy/TapMeH.

Caynenik >XblngamibIrbiHbIL, 6aKblnay ManimeTTepiHeH 6acka L[, maubiHfarbl X~ ngbi3gapabil, KoopavHa-
Tanapbl XaHe apTYpAi gayipnepgeri 6akbinaynap xapusnaHgel. KoopguHatanapbl MUIAUCEKYHTarbl goramMeH (ms)
6epinreH. bakbinaynap KEK »a3He VLT TeneckonTapbiHbIlL, KemerimeH anbiHAbl. KoopavHaTanapbliH aHbIKTay
Kateniri 1 ms acnafpl, apblkapai Tangay XYPprisyre ocbl el TefneckonTaH airaH acTpoMEeTpiK Manimertep
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KongaHbingbl. LA rpaBuTaumanbiK epiciHfe CbiHamabl [eHe KO3rasbICbiHbIL, OpOUTacblH Kypy PeKyppeHTrik
thopmyna apiciHe HerizgenreH. Op6uTa asbIKTbIrbIHAA AEHEHIL, XbI1AaMAbITbIH XX3HE OpPbIHbIH KaHaah aa 6ip
yaKbITKa aHblKTayra 6onagbl. S2 >Xyngbi3biHbIl 6apiblk 0opbuTanblK MapaMeTpriepiH aHblKTayra, 6akblnay
M3NiMeTrepiMeH >kaKCbl C3AKECTEHAIpyre >X3He MapameTpfepiil, KaTenikTepiH 6aranayra MyMKLIAW 6epegi.
AHbIKTaNraH 6akbinay manimetrepi LI aeH XXepre geiiHri KalwbIKTbIKTbI aHbIKTayra MyMLWHAK 6epesi. Teopnanbik
KOOpAMHaTanapAbl acrnaH »asblKTbIrbIHa | OYPbILLNEH NMPOEKUMANay apKblibl TabbliraH X3He Y3blHAbIKTbIL, METPIK
6ipnikTepiMeH 6akblnaynapfaH aiblHraH OypbIWTbIK KOOPAUHATTApMEH canbICTbIpy YLiH Y3blHABIK MeTPiK
6ipnikTepiHeH OypbIWTbIKKa K eTy KoathduuueHTiH Taby Kepek. K napameTpuiw, enwem 6ipniri - ms/m. LA neH
~NHre feliHri KawbIKTbiKk R=6.6845x10-9/K nc epHbINMeH aHbiKTanagbl. Bip yakbiTTa ekl Xynabi3gbly, apabikK
6aKblnaHaTblH 6arbITbIHbIL, TEOPUANBIK 0pbuTa acnaHblHA MPOEKLMACHI eKeYiHil, apacbiHAarbl KallbIKTbIKTbl 6eny
apKbinbl wWwewwes™ On Ymrn pafuyc-BeKTOpAbl KofjaHcaK OHAa OpTa/blK LW KTEHL, OpHanacyblHbIL, 6enricisgiri
aliTap/biKTali KaTeniktepre anbin Kenyi MYMKiH, eNTKeHi OpTa/iblK HYKTEHLL OpHbl, AeMeK, KeCKiHAepaeri
KoopauHaTanap Y WVeciHil, LeHTpi 43N aHbIKTanMaraH. CoHabIKTaH, 6y MakcaTra )eKe TefleckonTapra ecenTesnreH
X0pfa Y3blHAITbIHbIL, HATVKENepi KongaHblngbl. XKeke HyKTenepAen KoopavHaTablK KaTenikTepre 6annaHbictbl K
M3LL XKEeTKINIKTI XopAaHbil, M3epiHiL KaTbICybIMeH opTalla M3H peTiHAe aHbIKTanbl.

Opbutanblk napameTprepilw, Keneci MaHgepi Tabbiigbl: nepuogbl Tp = 2002.3482 + 0.0009 (xbin),
nepuLeHTperi KawbIKTblK q = (1.7416+£0.0018)x1015 cm, LLA maccacbl M = (4034+£13)x103 Mo, 3aKCLEHTpUCMTET
e = 0,88657+0,00011, p = (4.76+1.5)x106 M O/nc3 ~3.5x10-16 r/cm3 opbuTa Kenb6eyniri i = 133°.83+0°.067.
CoOHbIMeH, afblHraH opbuTasbiK napaMeTprep ey, MYMKIH M3HAep peTLufe KapacTbipblnagpl. bisgiy ecneteynepperi
X MuHuMMangbl wama 0.6969 Teu. AHbIKTa/IraH opouTasiblK NapMeTprepl, opTawa MaHai kKatenikrepi MoHTe-
Kapno aframeH Tabbingbl. LI rpaButauManbik epradfie Ko3ranaTblH KYNAbl3dbll, p napamMeTpiepAly wsaen
epekLUe Keuin 6eneTiH napameTp. FanamHbIL, LeHTPiHAeri wallbiparad MaccaHbll, opTalla Tbirbi3abirbl. FanamHbliy,
TEK LEHTPiHE KaTbICTbl e€MeC, apTKbl X3He anfblurbl XarbiHAarbl rasfgbl OynTTapibly, Cay/fefieHyi >X3He aschbl
6ipTekci3 6GeliHeneHreH. MaccaHbl gangikneH ecenteyre Y efilemMAi TbIrbi3abIKTbIl, TapanyblHbIL, (YHKLMACHIH
6iny KaxeT, 6ipak on 6enn3”2 XynAbi3blHbIL OpPOUTACLIHBIL, NapaMeTpiepiH ecentey Keswge Anddy3nAnbiK
MaccaHblIL, KOCblNybl 6aKbliaynapMeH CaKec KeneTw AW aHblikTangbl. Kapanalibim xargainga p = const gen anyra
6onagpl. Eu xakcbl calikecT p = (5.2+1.5)x106 M o/nc3 6onagbl. AucnepcusnbiK MaccaHblly 60nybl LI KaTbICTbI
opbuTa anoueHTpWL, aiHanybiHa 3kenefi. L[ ap6ip aiiHanyblHaH KeliiH 6apnblk op6uta 0°.755 6ypblnagbi.
Op6uTaHbIL, ToMbIK aiiHanybl 7760 Xbliga 6onagbl.

TyYLWH ce3fep: raakTuka: LeHTp, 340Tep; MaNiMeTrepai Tangjay, Xynabisfap; KMHemaTuKa XaHe guHaMuka.

3.K. feHucrok, A.B. CepebpsHCKui
AcTpousnyeckunii UHCTUTYT M. PeceHKoBa, AnMatbl, KasaxcTaH
OPBUTA 3BE3bl S2=S0-2 N LEHTP T'AJTAKTUKN

AHHOTauma. MNanakTk1 1 KBasapbl ABAAIOTCA CaMbIMW KPYMHbIMU U MacCUBHbIMW 06beKTaMun BO BceneHHoIA.
B ueHTpe 60NbLUMHCTBA M3 HUX PAcMofIOKeHbl A4pa 601bLIOA MacCbl - UCTOYHUKU MOLLHOFO M3/1yYeHUs BO BCEX
fmanasoHax A/IMH BOSIH. M3yyeHVe NPOUCXOAAMX Tam (U3NYECKUX MPOLECCOB 3aTPyAHEeHO MK3-3a 60/1bLUnX
paccToAHU A0 3TUX 06beKTOB. Hambonee 61M3KuUM ABNseTCA A4p0 Hawein Manaktvkn. OfHako W ero usyyeHwue
CBSA3aHO C 60MbLWIMMK TPyAHOCTSAMU. M3-3a paccTosiHMA B TbICAYM Mapcek MonyunTb M306paXkeHUe LeHTpasibHON
06n1acTy ManakTKn MOXHO TONbKO MPKW YrI0BOM paspeLleHnr nopsgKa 04HOM ThICAYHON Yr1oBoM ceKyHabl. Kpome
TOro, UeHTp ManakTnku 3aKpbIT NAOTHLIMY MblIeBbIMU 0bnakamu. MoaToMy HabnwgaTb LEHTP ManaKTUKU CKBO3b
obnaka ygaetcs TonbKo B nHpakpacHoi (MIK) obnactm cnekTpa. CBepXBbICOKOe YI/10BOE paspeLleHne, LOCTUIaeTcs
B acTPOHOMWUW MNYTEM CO34aHUA MHTep(epoOMEeTPOB C WUCMO/Ib30BAHMEM KPYMHEWLMX Teneckonos. B KauyecTse
NPUEMHWNKOB MPY 3TOM UCMO/b3YTCA BbICOKO3PdeKTUBHbIE K MaTpuLbl. C MOMOLLbIO 3TUX TEXHUYECKUX CPeLCTB
y4anocb NoNy4YnTb Kak CHUMKK LeHTpanbHOM 06n1acTy ManakTukm, Tak U CNeKTPbl Pas/IMYHbIX 0TAe/bHbIX 06beKTOB
B 9TOI ob6nacTn. OKasanocb, YTO B rpaBUTaLMOHHOM MOfe fiApa BpaljaloTcs AecATKM 38e3f. MpumepHo 3a 20 net
yAanocb MocTPouUTb KapTbl ABVKEHUS TaKMX 3Be3[ U METOAOM CMEKTPa/bHOro aHanusa nosyyvTb AN MHOTUX U3
HUX 3aBUCUMOCTWN M3MEHEHUS /y4eBbIX CKOPOCTei OT BpeMeHW. B pspge paboT Ha 6ase 3Toro HabnogaTenbHOro
MaTepuana OCyLLeCTBASNNCHL NMOUCKM NapameTpoB, XapaKTepusyroLWmX, Kak LeHTpanbHoe Teno (LUT), Tak n opouTbl
3Be34, 4BVKYLLMXCA B €ro rpaBMTaLluoHHOM rnosne. Hanbonee nccnefoBaHHON SABMSETCA JOCTATOYHO ApKas 3Be3ja
S2, 6nwxkaiiwas K LT. Okasanocb, YTO pesynbTaTbl 3TUX UCCeL0BaHMWI, NOMYYEHHbIX Ha pasHbIX 06cepBaTopumsX,
3aMeTHO OT/IMYatoTCs Apyr oT gpyra. OfHOM M3 NPUYMH TaKoro pasinynsa ABASETCA OTCYTCTBUE faHHbIX O TOYHOM
nonoxexnve LT Ha n306pa)keHMAX UeHTpanbHOW 06nacTu anakTuUKW, MOAYYEHHbIX C Y/1bTPaBbICOKUM Yr/10BbIM
paspeweHunem B K gnanasoHe. B A®U D paspaboTaH MeToj pacHeTa opobUT IMUCCUOHHBLIX 06BEKTOB, ABUXXYLLIUXCA
B rpaBMTaLMOHHOM M0/ie f4ep CeMepTOBCKMX raNakTuK, Mo U3MEHEHUNIO NX NyYeBbIX CKOPOCTe BO BpeMeHW. Bbiio
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peLeHo NPUMEHNTb 3TOT MeTo4 M ANA 06/1acTh LeHTpa ManakTuku, ucnonb3ys ony6anKoBaHHble HabnogaTe lbHble
faHHble ans 3Be3dbl S2. Opb6uTa 3TON 3Be3fbl [JO/HKHA ObITb KensepoBCKOW, BO3MOXHO, C HEKOTOPbIMU
OTKJIOHEHUAMMW.

MoMMMO faHHbIX HabnlogeHUA y4veBbIX CKOPOCTER A1 pasNMyHbIX 3M0X HabnwgeHuid ony6/MKoBaHbl 1
KOOpAMHaTbl 3Be3fbl B OKpecTHoCTAX LIT. KoopgumHaTtbl faloTca B MunaucekyHgax gyru (ms). HabniopeHus B
OCHOBHOM ObI/I MOMy4YeHbl ¢ nomowbio Teneckonos: KEK n VLT. [na ganbHelilwero aHanamsa MCMNonb30BanChb
acTpoMeTpuYecKne faHHble, MOSYYEHHbIE HA 3TUX ABYX Tefleckonax, npuyem ObiM UCMOSb30BaHbIl, TONbKO Te
[aHHble, A5 KOTOPbIX OLUMOKM OMnpefenieHns KoopanHat He npesbiwanu 1 ms. MeTod 0CHOBaH Ha peKyppeHTHbIX
thopmynax MoCTPoeHUs opbUTbl ABWXKEHWUS MPOOHOro Tena B rpaBuTauMoHHoOM none LIT. Ana nwo6oro mMomeHTa
BPEMEHW MOXHO OMpefe/inTb MOJIOKEHME N CKOPOCTb 3TOr0 Tena B MAI0CKOCTU OpbuTbl. 3TO MO3BO/SET HANTU BCe
opbuTanbHble napameTpbl 3Be3dbl S2, KOTOpble HawayylMM 06pasoM COrfacyroTcs C AaHHbIMW HabNLeHWA, 1
OLIEHVTb BO3MOXXHbIe OLUMOKM 3TUX NapameTpoB.

Vimerowmnecs gaHHble HabOLeHNI NMO3BONSAIOT HANTN TaKOM BaXHbIA NapaMeTp Kak paccTosiHue OT 3eMsum [o
LUT. Ana cpaBHeHWA TEOPETMYECKMX KOOPAWMHAT, KOTOPble HaXOAATCA NyTeM MPOEKLUN TeOpeTUYecKol opbuTbl Ha
NI0CKOCTb Heba MNof Yr/IoM i U BbIPaXEHHbIX B METPUYECKUX efMHMLAX A/IVHbI, C YIN0BbIMK KOOpAMHATamu,
nonyyaembIX M3 HabNOAeHN, HEOOXOANMO HaiiTn KoadduumneHT nepexofa K 0T MeTPUUECKUX efuHUL, O/INHbI K
yrnosbiM. PasmepHocTb napametpa K - ms/m. PacctosHve oT LT pgo ConHua onpegensetca no opmyne
R=6.6845x10-9K nc. Mpobnema peluaeTca NyTeM Ae/IEHUS L/IMHbI 0TPe3Ka MeXAy ABYMS MOSIOXKEHUSIMU 3Be3fbl B
NPOeKLUN Ha HebO TEOPETMUECKON OpbUTbI Ha paccTosiHMe MeXAy ABYMS HabalaeMbIMU NOMOXKEHUSAMMN 3Be3[bl
0N OAHMX W Tex e MOMEHTOB BpemeHW. Ecnu wucnonb3oBaTb AR 3TOW  LeNU paguyc-BeKTOpPbl, TO
Heornpe/esieHHOCTb NOMOXKeHUA LT MOXeT MpMBECTU K 3HAYUTENIbHBIM OLUMOKAaM, MOCKOMbKY nonoxeHue LT, a,
CnefoBaTeslbHO, W LieHTpa KOOPAMHATHOM CUCTeMbl Ha M306paXKeHNsX, OnpefensieTcs HeTOYHO . [1o3aTomy ans aTon
Lesin Ncnonb3oBa/inCb MMEHHO A/IMHBI XOPA, BbIYUCNEHHbIE OTAE/IbHO N0 pesynbTaTam A8 Kaxgoro teneckona. As-
3a OWMOOK KOOpAMHAT B OTAE/NbHbIX TOUKaxX BenmunHa K onpefensnacb Kak cpefHee, No/yYeHHOE C NPUB/IEYEHVEM
[OCTaTOYHO 60/ILLUIOIO YMcna Xopa.

HaligeHbl cnegytouinme 3HavyeHUs opbuTanbHbIX MapameTpoB: nepuog Tp = 2002.3482 + 0.0009 (B ropax),
paccTosiHue B nepuueHTpe q = (1.7416+0.0018)x1015 cm, macca UT M = (40341£13)x103 M O, 3KCUeHTpUCUTET
e =0,88657+0,00011, p = (4.76+1.5)x106 M O/nc3~3.5x10-16r/cM3HaK/10H 0p6UTbI | = 133°.83+0°.067.

Mony4yeHHble Takum o6pa3om opbuTanbHble MapameTpbl MOFYT paccMaTpuBaTbCA Kak Hanmbonee BeposTHbIE.
MwuHUManbHoe 3Ha4YeHne X2 B Halmx pacyeTax paBHO 0.6969.0WMOKM cpefHMX 3HAYEHWUI HaliAeHHbIX NapaMeTpoB
opbuTbl onpegensnvce metogom MoHTe-Kaprio.

Cpefyv napameTpoB, OMpefensatowmnx gsuxeHne 3se3fbl B rpaBuTalmoHHom nose LT creymanbHOro BHUMaHNSA
TpebyeT napameTp p. 3TO CpefHAS MIOTHOCTb PacCesiHHOM Macchbl B LeHTpe ManakTukn. Ha nsobpaxeHnsx LeHTpa
(hOH 0YeHb HEOAHOPOJEH W MpeAcTaBNseT CO6OM HaNoXeHWe M3Ty4eHUs rasoBbiX 06/1aK0B, KOTOPbIe PacnosioXeHbl
He TO/IbKO B HEMOCPeACTBEHHOM LEHTpe [MafakTUKW, HO 1 BNepesu 1 rnosagmn Hero.

[na TouyHoro ydyeta Takoi Maccbl HEO6XOAMMO 3HATb TPEXMEPHYH (YHKLMIO pacrnpegeneHns Mna0THOCTH,
0fHaKoO OHa Heu3BecTHa. lMpwu pacyeTe napameTpoB opbUTLI 3Be3Abl S2 ObINO YCTAHOBMIEHO, YTO [fo6aBneHue
Anhdy3HOM Macchbl ynydwaeT corfacme ¢ HabnwogeHuaMW. NS nNpocTeiiwero ciyyas MOXHO cumTaTb p = const.
Hawnnyuuwiee cornacue gocturaetcs npu p = (5.2+1.5)x106 M O/nc3. MpucyTcTBME ANCNEPCHON MacCbl NPUBOAUT K
BpaLLeHMIO anoueHTpa opbuTbl 0THoCUTeNbHO LIT. Mocne Kaxgoro o6opoTa BOKpyr LIT Bca op6uTa noBopaynsaeTcs
0°.755. MonHbIN 060pOT OPOMTHI NPOMCXOAMT 3a 7760 reT.

OnpegeneHbl NapameTpbl 0pbUThI 3Be34bl S2=S0-2, KoTopas ABMXeTCHA BO6M3N LeHTpa ManakTukn. MoayydeHsl
OLIEHKM Macchl LeHTpasnibHoro Tena Manaktukn (4034+13)x103M0, a Takxke ero pacctostHue oT ConHua, 8333.0+7.0 nc.
MNpegnoxkeH MeTof ONpefenieHUss MOJSIOKEHUSA CBEPXMAacCMBHOrO Tena B LEHTpe [anakTUKU € MCNOoJSib30BaHWEM
op6uTanbHbIX NapameTpoB 3Be3fbl S2.

KntoueBble c/i0Ba: raslakTukKa: LEeHTP, MeTOAbl; aHaIn3 faHHbIX, 3Be3fbl, KMHeMaTnKa U JUHaMmnKa.
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