ISSN 1991-346X 3.2019

NEWS

OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN
PHYSICO-MATHEMATICAL SERIES

ISSN 1991-346X https://doi.org/10.32014/2019.2518-1726.18
Volume 3, Number 325 (2019), 5 - 12

UDC 521.1
M.Zh. Minglibayev, A.T. Ibraimova*

Al-Farabi Kazakh National University, Almaty, Kazakhstan
Fesenkov Astrophysical Institute, Almaty, Kazakhstan

minglibayev(@gmail.com, ibraimova@aphi.kz

EQUATIONS OF MOTION OF THE RESTRICTED THREE-BODY
PROBLEM WITH NON-ISOTROPICALLY VARIABLE MASSES
WITH REACTIVE FORCES

Abstract. During the formation of planctary systems, especially at the non-stationary stage, the gravitational
field of the central protostar (e.g., protosun) and the most massive protoplanets (e.g., protojupiter) often dominate. In
this regard, we consider the restricted three-body problem with variable masses changing non-isotropically at
different rates, as a celestial-mechanical model of small-body motion in a non-stationary protoplanet system. Based
on the generalized Meshchersky equation, the differential equations of the restricted three-body problem are derived
in the absolute coordinate system and in the presence of a reactive forces. At the same time it is assumed that the
masses of the bodies are increasing due to accreting particles from the outer space, and decreasing due to the
particle loss. Based on the equation of motion obtained in the absolute coordinate system, the equations of motion in
a relative coordinate system whose origin is at the center of the protostar are derived in the presence of a reactive
forces. Special cases of the obtained differential equations of motion of a non-stationary dynamic system in a
relative coordinate system are discussed.
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1. Introduction. One¢ of the actual problems in modern astronomy is the origin and evolution of
small bodies (asteroids, comets) in planctary systems. Studying the movement and evolution of small
bodies, we will try to understand what the planetary system was in the past and how the planetary system
will be in the future. Small bodies collide with planets every day, in particular with the Earth in the Solar
system.

In the case of the Earth, in most cases they are small and burn in the atmosphere of the Earth, before
falling to the surface [1]. Nevertheless, even if we talk about less than 10 meters in size asteroids, there
were many of them in the Earth history. Only in the last century were two such events (at least) - the
Tungussky and the Chelyabinsk meteorites. This is one of the important aspects of the small bodies’
dynamics in planetary systems.

Now and in most cases, the dynamics of small bodies studies based on the Keplerian motion of the
two-body problem with constant masses [2]. However, such an important parameter of small bodies as a
mass is variable. Consequences of the small bodies” mass variability, especially during the stage of non-
stationarity of the gravitating system, have been little studied [3-7]. We have studied the motion of an
infinitesimal body in protoplanctary systems based on a restricted three-body problem with variable mass
in the presence of reactive forces. Here we got the differential equations of motion for the restricted three-
body problem with non-isotropically with variable mass in the absolute coordinate system and in the
relative coordinate system with the origin at the protostar center. The obtained equations of motion
describe the dynamic evolution of the considered non-stationary system of gravitating bodies with non-
isotropically changing masses in the presence of reactive forces.
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2. Problem statement and the equation of motion in the absolute coordinate system
2.1 Problem statement. Let's consider gravitating system consisting of three spherical celestial
bodies with variable masses. We assume that the bodies are bodies with spherical mass distributions or

points. Suppose, To - the central protostar (more massive body), Tl - protoplanet (less massive body), T2
- a body with a small mass. Accordingly, we denote the masses, which are functions of time.

m, = mo(t), m, = ml(t), m,=m, (t) 2.1

Suppose that the masses of the bodies are increasing due to accreting particles, and decreasing due to

the particle loss. In this case, the relative speed of the particles separating from the body is different than

the relative speed of the accreting particles to the body. Consider the general case when the masses of
bodies change not isotropically at different rates [8, 9, 10]

Sl Rl B 02 —Lx—2 (22)
my, m my, m, m, - m,
We assume that an infinitesimal body with mass 772, , does not affect the motion of the two massive

bodies with the masses 777, and 772, this is a restricted formulation of the three bodies problem with

variable mass in the presence of reactive forces [11-13]
my Ul m,, mll m,. (2.3)

Required description of the dynamical evolution of three gravitating bodies with variable mass in the
presence of reactive forces in this formulation.

2.2 Differential equations of motion in the absolute coordinate system. Based on the generalized
equations of Meshchersky [12-14], in the presence of reactive forces we get

moéo = gma’ﬁoU01 + mmﬁm + mozﬁm, (2.4)
m.m
Uy=f| =211, (2.3)
Ry,
Voo =ty — Ry, Vip =iy — Ry, (2.6)
t
my = my (1,) - |m01| + My, = J. |m01 )dt + J. Tty Mt . Q2.7
l

m, (to) = CONnSt mass of the body To at the initial time 7, 777,, - the mass of particles separated from

the body To in time 7 , 773y, - the mass of particles accreting to the body To in time 7 .

mR grad; Uy, + 1y, Vi +m,V,, (2.8)
m,m

U, = L0 | 2.9

w=J X, (2.9)

1711 =1, _}_élﬁ 1712 =1y, _}_éla (2.10)

mlzml(to)—|m11|+m12=ml( J.( 11|)alt+j 12)a’t. (2.11)
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m, (to) = CcOnst mass of the body Tl at the initial time 7, 77, - mass of particles separated from the

body Tl in time 7,77, -the mass of particles accreting to the body Tl intime 7 .

—

mzi;éz = gmdﬁzlj + 101,V + 1,V (2.12)
~ m, m
U= fmz[—°+ —1] (2.13)
RZO R21
Vzlzﬁzl_éza 172 =1l _Eza (2.14)
{
my =my(t,) —|my, |+ m,, = J. | et + J. iy, )t (2.15)
1y

m, (to) = const mass of the body T2 at the initial time 7, 72, - mass of partlcles separated from the
body T2 in time 7, 7,, - the mass of particles accreting to the body T2 intime 7 .

In equations (2.4) - (2.15) ﬁ01 , L_Z“ , ﬁ21 - are the absolute velocities of the separating particles,

— —

Vo=t =Ry, Viy=ty =R, V=1, = R, (2.16)
relative velocities of separating particles.
Accordingly, %, 02 u12 , ﬁzz - absolute velocities of the accreting particles,
Voo =ty =Ry, Viy =1, =R V), =iy, — R, 2.17)

relative velocities of accreting particles. Also marked, that R .- the radius vector of the center of mass
bodies in the absolute coordinate system( j=0,1 2) ,; —the mutual distances of the mass bodies

center ( J,i=0,1,2, j=#i ) [ - gravitational constant.
From equations (2.4) - (2.5), (2.8) - (2.9), (2.12) - (2.13) follows

1 -
R0 grad, U01+ ( 01V01+m02V) (2.18)
0
m
U :f[_l} (2.19)
01 R()l
! 1,. = R
R =grad,U,, +;(mMVM iV (2.20)
1
m
U zf[—()], (2.21)
10 Rlo
i g 1 ,. = o=
R, = grad, U +m—(m21V21 + 1V ) (2.22)
2
~ % m m
U=f [—0 —1] (2.23)
RZO R21
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Equations (2.18) - (2.19), (2.20) - (2.21) define the problem of two bodies with variable masses in the
presence of reactive forces for the absolute coordinate system.

Equations (2.22) - (2.23) define a restricted three body problem with variable masses in the presence
of reactive forces for the absolute coordinate system.

Following L.G. Lukyanov [15] we assume that the reactive forces is applied to the inertia center of
the corresponding spherical celestial bodies.

3. Equations of motion of bodies in a relative coordinate system
We introduce the relative coordinate system with the origin at the center of the central protostar 7,

whose axes are parallel to the corresponding axes of the absolute coordinate system. Denote
Ry=R —Ry. Ry =R, = R,. (3.1)

Then in relative coordinates equations of motion for the two primary bodies problem has the form

—

~ 1y, = . = Lo = . =
Ry, = gradﬁmUm T ;(muVu T leVIZ) - m_(mmV(n t monoz): (3:2)
1 0

A7 m, +m
7 = 0 1

o= :
Ry,

In relative coordinates, the equations of motion of a body with a small mass, in the attraction field of
two primary bodies, can be written as

(3.3)

= ~ % 1 . o P = 1 .1 S 54
Ry, = g’”adﬁozU + m_(mZIVZI W mszzz) - m_(mmV(n + monoz) : G4
2 0
Denote the reactive forces (per unit mass)
I VN R B P
chl (mllVll)_ (m01 01)> cDlz :_(mlelz)__(monoz)a (3.5)
o m my
F=F(1)=0,+,. (3.6)
=~ 1 ~ 1 S\ = 1 /,. = | R
®, = m_z(mlezl) - m_o(mmV(n ) LDy, = m_z(mszzz ) - m_o(monoz)a (3.7
E,=F(1)=0, +®,,. (33)

Note that the reactive forces (per unit mass) are due to separating particles denoted by
I N B I e
chl - _(mllVl ) - _(m01V01)> CI)21 - _(mlez ) - _(m01V01) ‘ (3.9)
m my m, my

Similarly, reactive forces (per unit mass) are due to accreting particles indicated by the formulas

5 1/,. = 1,. = - 1 ,. = 1,. =
0, = E(mlel ) - m_o(monoz)a D, = m_z(mszz ) - m_o(monoz) - (310
In the notation (3.5) - (3.8) formulas (3.2) (3.4) has the form

R, = gmdﬁmUOl + I (3.11)
R, = gmdﬁozﬁ* +F,. (3.12)

— § ——
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We introduce the following notation.
Ry=R-R,= ’_’{(xpylvzl)a Ryp=R,—R, = ’_;z(xz:ypzz)a n—rn="r. @13

The equations of motion (3.11) - two primary bodies problems with variable masses in the presence
of reactive forces (3.6) we can write in the form

= FE_=
F+ f(my+m)L=1F, (3.14)
b
y, Z\/xf +yl+2z7, (3.15)
E=F(t)=0, +®,,. (3.16)

Accordingly, the equations of motion of a body with a small mass (3.12), in the attraction field of two
primary bodies, can be written as

1'7'2 = gmd%(j* + 5,

The last equation can be written as

y+ f (my + my) 2= grad, U + I, (3.17)
7"2
U= fm L 5% THS T AR | (3.18)
Iy 4

_\/ 2 2 2
=0 =%) +(n-») +(z-2) . (3.19)
by = \/xl2 + y12 + 212 . h = \/x22 + y22 + 222 3 (3.20)
F,=F(1)=0, +®,,. (3.21)

The obtained equations of relative motion (3.17)-(3.21), a restricted three-body problem with variable
masses in the presence of reactive forces, more adequately describe the dynamic evolution of infinitesimal
body motion with variable mass in non-stationary gravitating multiple systems than the isotropic change
in the masses of bodies [4, 11, 15, 16]. In this case, the relative motion of the two primary bodies is
described by equations (3.14)-(3.16). Note that in some exoplanctary systems [17-19], where
nonstationary processes, apparently, in still dominates in the formation of planetary systems then the
equations obtained can be effectively used.

In orbital coordinate systems, reactive forces (3.16), (3.21) can be written as

Fy=E,(t)=F,, + Fy, + Fy, = Fy (5, (1), . (1), 5, (7). (322)
ﬁi - ﬁi(t) = ﬁir + ﬁir + ﬁin = ﬁi(Fir(t)7Fir (1)7Fin(t))’ (323)

where denoted by radial Fl.r , transversal Fl . and normal components Fm of reactive forces.

4. Particular cases of the equation of motion (3.14), (3.17). The obtained equations of motion in
the relative coordinate system, with the origin at the body center, describe the bodies dynamics in the
considered formulation of the problem in the general case. There is interest to study the problem under
consideration in various particular assumptions regarding in the bodies mass change. The possible
combination of three bodies mass change for different cases is quite a lot. A full analysis of various
particular cases will be performed in another work. In this paper we consider, as an example, one
interesting special case.

The case when the masses of three bodies are constant, but with variable composition. Let the
changes in the mass of each body be characterized by the fact that the second mass of the accreting

— Q —/—
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particles of a particular body is equal to the second mass of the same body discarded particles. Then we
have

% . .k & %
My = Moy =My, =My =My, =0, —My =My, =M,. 4.1

From formulas (2.7), (2.11), (2.15) it follows that the masses of the bodies are constant, but with
variable composition

m,=m, (to) = m; = conslt,
m, =m, (to) = ml* = conslt, (4.2)
m, =m, (to) = m; = const.

From formulas (3.6), (3.5) and (4.1), taking into account (2.6), (2.10), (2.14), we get

V _Vo1+_712'_702:

>
1
>
1
»—-e‘*
=)
Il
E | 3

" o (4.3)

m * * m * b 3
1 0 _
==LV + V) = =Ty + V) =
ml mo
. K .k
ml ok ok mo ok ]
= _(_ull + ulz)__(_um + uoz)-
m, m,

Similarly, taking into account formulas (3.8), (3.7), (4.1) and considering these formulas (2.6), (2.10),
(2.14), we get

= = 2w o=x My My 5o Wy 5 My, =
F,=F, =0, +0,, =—2V, - UV, + 2}, - 2}
m, m, m, m,
1/, 5 I 1/, 5 Y
= m_(mZIVZI + 15,V 5, ) - m_(mmV(n e monoz) = (4.4)
2
_ 2 _—’* ok __0 _—’* byt __2 __,* ok __0 __>* 3k
—_( V21+V22) ( Vo1+V02)— ( u21+u22) ( u01+u02)-
m, 1y m, 1y
As a result, we can write
o & o ¥ o % . ®
— ok m 5k ok m ok ok m % % m * *
— " (_ N —_1(_5 7o) =90 (_3 i7
Fl _Fl __( V11+V12) ( Vo1+V02)_ ( u11+u12) ( u01+u02)-(4~5)
m1 m, m, m,
* . * m* m*
0 >k a3 _ 2 % > 0 % %
F F - ( V21 sz) (_VOI + Voz) - _(_u21 + uzz) __(_um + uoz) - (4.6)
m, m, m, m,

Thus, in the particular case of (4.1), in the three-body gravitating system under consideration, each
body has a constant mass. But at the same time, the composition of each body changes, which may affect
the chemical structure of these bodies [20]. The relative coordinate system in the equation of motion
(3.14), (3.17) contains reactive forces according to (4.5) - (4.6).

The obtained equations of motion of the problem under consideration are rather complicated,
therefore, in the future they will be investigate by perturbation theory methods [8].

— ) ——
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5. Conclusion

The work investigated the movement of an infinitesimal body in the gravitational field of two
massive bodies in the framework of a restricted three-body problem with masses that changing at different
rates non-isotropically in the presence of reactive forces.

Based on the generalized Meshchersky equation, the differential equations of the restricted three-
body problem with masses varying at different rates non-isotropically are derived, in the absolute
coordinate system with the presence of reactive forces. At the same time, it is assumed that the masses of
the bodies are increasing due to accreting particles from the outer space, and decreasing due to the
particle loss. Also obtained equations of the relative motion for a restricted three-body problem with
variable masses, varying at non-isotropically different rates, in a relative coordinate system, in the
presence of reactive forces, with the origin at the central protostar center.

Discussed particular cases of the obtained differential equations of motion, considered for a
nonstationary dynamic system in a relative coordinate system. Considered one case, when the mass of
cach body is constant, but with variable composition.

The resulting equations of motion of the restricted three-body problem with non-isotropically varying
masses in the presence of reactive forces more adequately describe the dynamic evolution of a small-body
motion with a variable mass in non-stationary gravitating multiple systems than isotropic changing masses
of the bodies.
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On-Gapadu arpHiarel KazYV, Anvartsl K., Kazakcran
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PEAKTUBTI KYIII ECKEPUIT'EH MACCAJIAPBI T3OTPOIITHI EMEC
O3I'EPETIH INEKTEJIT'EH YII AEHE ECEBIHIH KO3T'AJIBIC TEHJAEYI

Annoranus. IlmaHeTamplK JKyHelep/MiH KaibmITacybl Ke3iHJe, acipece CTalMOHAp eMec Ke3eHAe OpTalbIK
TIPOTOXRYIIBI3IBIH (MBICAIBI, IIPOTOKYH) JK9HE €H MACCHBTI MPOTOILTAHETAHBIH (MBICANBL, IPOTOIONIATED) TPABUTAITSIILIK Opici
GaceiM. OchIFalH opall CTaIOHap eMec TPOTOINTAaHETATBIK KyHeep/ieri Killli JeHe KO3FalbICHIHBIH HET13I1 aclaH-MeXaHUKATBIK,
MOJIEI PeTIHJIe APTYPII KapKbIHIA U30TPOIITH eMec o3TePeTiH Maccachl alfHRIMAaTHI MIeKTeNreH eKi JieHe ecell KapacThIPhLUIabL.
Mermepckuiiie KamIpllaMa TeHAEYIH HeETI3re ana OTHIPHIT pPEeaKkTHBTI KYmTepi Gap aGcoiroTTi KOOpAWHAT KyMeciHaeri
TIeKTereH Y JieHe eceOiHiH mbdepeHimaniplk TeHaeynepi anbHasl. COHBIMEH, FapblOlTHIK OpTajaH KOCHUTATHIH
GoMTIeKTEPIH dcepiHeH MacCaHBIH Ocyi, COHJAl-aK MaKTHIPhUIATHIH OOIIIEKTep/IiH eceOiHeH MacCaHbIH a3alobl  GaffKamybl
MYMKIH JiereH OolkaM Jkacamyja. AOGCOMOTTI KOOPIMHAT JKYMeciHJe albIHFaH KO3Falblc TEHJEYIH ecKepe OTHIPHIT
CANBICTBEIPMAIBI KOOPJIMHAT KYHeCiHae OpTalblK IPOTOXYIIBI3IBIH IIEHTPI KOOpAUHATTap Gachl GOIBIT TabhUIATHIH PeaKTUBTL
KYTII eCKepireH KO3Falblc TeHeyl anbHabl. CamblcThIpMaTbl KOOPAUHAT KYHeciH/eri cTalMoHap eMec JUHAMUKATIBIK JKyliene
KapacTHIPhITFaH b hepeHI L bIK TeHIeYTEepIiH Jepbec xKarTalbl TATKbUTaHTbL

Tyiiin ce3ep: MeEKTeNTeH YITI JeHe eceGi, MacCaHbIH U30TPOITH €MeC 63Tepyi, peakTUBTI KYIIITep.

M. JI:x. Munriubaes, A.T. U6panmoBa

KaszHY um. anp-@apabu, AnmMatsl K., Kazaxcran
Actpodmsmdeckuit nHCTUTYT M. B.I". ®ecenkosa, T.AmMaTtel, Kazaxcran

YPABHEHMA IBKEHUSA OT PAHUUEHHOM 3AJAYH TPEX TEJ
C HEM30TPOIIHO U3MEHATOINMUCA MACCAMMU ITPU HAJIMYNHN PEAKTHUBHbIX CUJI

AnHoTainus. B xoje oOpa3oBaHMS IDIAaHETHBIX CHUCTEM, OCOOCHHO B 3Talleé HECTAIMOHAPHOCTH, YacTo JIOMHMHUPYET
I'paBUTAITHOHHOE II0JI€ IIEHTPATIBHOM IIPOTO3BE3/Ibl (HAIIPUMED, IIPOTOCONHIIE) U caMOH MAacCHBHOH IIPOTOILIAHETHI (HAIIPHUMED,
IIPOTOIONUTEP). B CBA3M ¢ 3THM, paccMaTpUBaeTCs OpaHUUYEHHAs 3a/0a4a TPeX Tell ¢ IIePEMEHHBIMU MacCaMy, H3MEHSIFOIIIMUCS
HE M30TPOITHO B Pa3IMHHBIX TEMIIaX, KaK UCXO0/(Has HeOeCHO-MeXaHMIecKasi MOJIENb JBIKEHUIM MaIoro Tella B HeCTaIlMOHaPHBIX
IIPOTOIUIAHETHBIX cucTeMax. Mexomsd u3 0G0CIIEHHOro ypaBHEHHSI MeImepekoro BhIBeIeHB! i depeHIManbHble yPaBHEHHUS
OIPaHUYEHHOM 3a/1autl TpeX Tel B aGCOIMIOTHON CHCTeME KOOD/MHAT, IIPY HATTMYMK PeakTUBHBIX ciil. [Ipu sToM mpeamonaraercs
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OJTHOBPEMEHHO POCT MAacchl TeJ U3-3a IPUCOETUHSIONIXCS (HAIUITAHKS ) YACTUIT U3 KOCMUUECKOH CPEIBL, a TaKKe YMEHBITICHHE
Macchl Tell 3a cUeT 0TOpachIBaeMBIX YacTHIl. VX015 U3 ypaBHEHUS TBIKEHMS, IOy YeHHBIE B aOCOIIIOTHOM cucTeMe KOOP/IMHAT,
BBIBEJICHBI YPABHEHUS JIBU)KEHHS B OTHOCUTEILHOM cHCTEMe KOOP/MHAT ¢ HayalloM B IIEHTpPE IEHTPAIBHOMN IIPOTO3BE3/IbL, IIPH
HAIMYMKM PEaKTUBHBIX cwl. OOCy’KgaeTcsl YacTHBIE CIydad IOJNYYEHHBIX U(QepeHIManbHbIX ypaBHEHUS JBIDKECHUS,
paccMOTPEHHO HecTallMOHAPHOH IMHAMHYECKON CUCTEMBI, B OTHOCUTENBFHON CHCTEME KOOP/IMHAT.

KitoueBble ciioBa: orpaHHUeHHAs 3a/[a4a TpeX Tell, HEM30TPOITHOE M3MEHEHHS Mace, PeakTUBHBIE CHIIBL

Information about authors

Minglibayev Mukhtar Zhumabekovich - Post address: Almaty, Zharokov st, 288, 35, Affiliation: al-Farabi Kazakh National
University, Fesenkov Astrophysical Institute, Chief Researcher. Tel: 2476086, e-mail: minglibayev(@gmail com

Ibraimova Aigerim - Post address: Almaty, Tattibekova st. 87. Affiliation: al-Farabi Kazakh National University, doctoral
student, Fesenkov Astrophysical Institute, Junior Researcher. Tel: +7 777 211 72 62, e-mail: ibraimova@aphi.kz

REFERENCES

[1] Shustova B.M. Ryhlova L.V. Asteroidno-kometnaja opasnost' vchera, segodnja, zavtra M.: Fizmatlit, 2010 (in
Russian)

[2] Engelhardt T. et. al. An Observational Upper Limit on the Interstellar Number Density of Asteroids and Comets. The
Astronomical Journal. 2017. V.153.Iss.3, 11 pp. (in Eng.)

[3] Omarov T.B. (Editor) Non-Stationary Dynamical Problems in Astronomy. New-York: Nova Science Publ. Inc., 2002.
- 260 p. (in Eng.)

[4] Eggleton P. Evolutionary processes in binary and multiple stars, Cambridge University Press, New York, 2006, 322 p.
(in Eng.)

[5] Cherepawuk A.M. Tesnye dvojnye zvezdy. Chast' I[.-M.: Fizmatlit, 2013. 572 p. (in Russian)

[6] Veras D., Hadjidemetriou J.D., Tout C.A. An Exoplanet’s Response to Anisotropic Stellar Mass-Loss During Birth
and Death. - MNRAS. 2013. DOIL: 10.1093/mnras/stt1451 (in Eng.)

[71 Surdin V.G. Solnechnaja sistema. M.: Fizmatlit, 2017. 460 p. (in Russian)

[8] Minglibaev M.Zh. Dinamika gravitirujuwih tel s peremennymi massami i razmerami. Postupatel'noe 1 postupatel'no-
vrawatel'noe dvizhenie. LAP LAMBERT Academic Publishing, Germanija, 2012, 229 p. (in Russian)

[9] Minglibayev M.Zh. AN. Prokopenya, M. Mayemerova, Zh.U. Imanova Three-body problem with variable masses
that change anisotropically at different rates. Mathematics in Computer Science, 2017, Vol.11, (3-4). P. 383-391 SJR 2016-0.288
(in Eng.)

[10] Jewitt D. The Active Asteroids, The Astronomical Journal. 2012. V.143. Iss.3. 14 pp. (in Eng.)

[11] Poljahova E.N. Nebesno-mehanicheskie aspekty zadach dvuh 1 treh tel s peremennymi massami // Uchenye zapiski
LGU, Ser. matem. nauk. 1989. T.42, Ne424, vyp. 64. P. 104-143. (in Russian)

[12] Lukjanov L.G., Shirmin G.I. Lekcii po nebesnoj mehanike. Almaty, 2009. 227 p. (in Russian)

[13] Mewerskij I.V. Raboty po mehanike tel peremennoj massy. M.: Gosudarstvennnoe izdatel'stvo tehniko-teoreticheskoj
literatury, 1952. 281 p. (in Russian)

[14] Kosmodem'janskij A.A. Kurs teoreticheskoj mehaniki. 2-0j tom. M.:Prosvewenie, 1966. 402 p. (in Russian)

[15] Luk'janov L.G. Dinamicheskaja jevoljucija orbit zvezd v tesnyh dvojnyh sistemah s konservativnym obmenom mass
// Astron.zhurn. 2008. T.85, Ne8. P.755-768. (in Russian)

[16] Bekov A.A., Omarov T.B. The Theory of Orbits in Non-Stationary Stellar Systems. // Astronomical and
Astrophysical Transactions. 2003. V.22. P. 145-153. (in Eng.)

[17] http://spacetimes.ru/exoplanets
| http://exoplanetarchive.ipac.caltech.edu

[18

[19] http://exoplanet.eu

[20] Busarev V.V. New Notions of Asteroids of Primitive Types. / Modern Star Astronomy. Vol. 1, Astronomy-2018
(XII Congress of the International Public Organization "Astronomical Society"). Conference Abstracts, Moscow: [ZMIRAN,
2018. P. 9-18. (in Eng.).




