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DIFFERENTIAL EQUATIONS OF PLANETARY SYSTEMS

Abstract. In this article will be considered many spherical bodies problem with variable masses, varying non-
isotropic at different rates as celestial-mechanical model of non-stationary planetary systems. In this article were
obtained differential equations of motions of spherical bodies with variable masses to reach purpose exploration of
evolution planetary systems. The scientific importance of the work is exploration to the effects of masses’ variability
of the dynamic evolution of the planetary system for a long period of time. According to equation of Mescherskiy,
we obtained differential equations of motions of planetary systems in the absolute coordinates system and the relative
coordinates system. On the basis of obtained differential equations in the relative coordinates system, we derived
equations of motions in osculating elements in form of Lagrange's equations and canonically equations in osculating
analogs second systems of Poincare's elements on the base aperiodic motion over the quasi-canonical cross- section.

Keywords: non-stationary star, planetary systems, variable mass, the many-body problem, osculating elements.

1. Introduction. Modern astronomical observations show, that the central star and the planetary
system around it, in many cases, are genetically mutually associated [1-3]. With this regard, exploration of
evolution of planetary systems with it’s central star are represented the interests. The evolution of
planetary systems in its non-stationary stage is special interesting, when main factor of dynamical
evolution is variable masses of planets and the central star [4-7].

With this regard, we investigate as a celestial-mechanical model of the planetary system, n+1 body
problems (7 >3) with masses, varying non-isotropic at different rates [1-5]. Bodies are considered as
spherical bodies, and also with spherical distributions of masses. For this reason, they can be considered as
Newtonian interaction of pointedly bodies, which positioned in the center of these spherical bodies. Based
on the equation of Mescherskiy, we obtained equations of motions of many planetary problems with
variable masses. In this case, masses of bodies varying non-isotropic at different rates with the presence of
reactive forces in the absolute rectangular Cartesian reference frame. Further, we obtained equations of
motions of considering the problem in the relative coordinates system. The center of the relative
coordinates system is located in the center of the most massive body — parent star. Bases on obtained
equations of motions in the relative coordinates system, we derived equations of perturbative motions in
the various osculating systems. Unperturbed motions are accepted as aperiodic motions over a quasi-
canonical cross-section [7].

2. Differential equations of motions of problem.

2.1 Statement of problem and differential equations of motions in the absolute coordinates
system.

Let us consider the planetary system, which consists of 7 +1 inter-gravitating spherical celestial

bodies with variable masses. The central body is denoted by 7,. Denoted body 7; has mass m,,
alongside this, it is considered as parent star of the planetary system. Planets are designated by 7;, and
corresponding masses of planets are represented by m,, here (i=1,2,...,n). Locations of planets are

such, that 7; is internal planet relative to planet 7,

i+1°?

and is external planet relative to planet 7, ,. Masses
of bodies vary non-isotropically, as presented in the following form

— |4 ——
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my=my(t), m=m(t), .., m, =m/t) (2.1)
Let rates of masses variation are different [7-8]

M P i—0,n, k=0,.n, i%k, 2.2)
m, m,

1

Mass of the parent star is more than the mass of certain planet in the considered system
my>m. (1=1,...,n). (2.3)

On the basis of the Mescherskiy equation and following by L.G. Lukyanov [9], we obtained
differential equations of motions in the absolute coordinates system

mk = fin Y PR g im0, (2.4)

i
k=0 ik

where f — the gravitational constant, R,— radius-vectors of centers of spherical bodies, R, — mutual

distances of the center of spherical bodies, sign "stroke" when summing denotes, that i # k , I7l — the
relative velocity of separated particles

V=i -R, 2.5)
when #,— the absolute velocity of separated particles.

Usually, in observational astronomy, of celestial bodies are defined the law of varying mass, which
presented by ratios (2.1)-(2.2), also the relative velocity of separated particles (2.5). For example, the
relative velocity of separated particles from Wolf-Rayet star (WR) is 1000 km/s, at the same time, the rate

of decrease of masses due to star wind is M ~—-10"M o / 200 . Stars of spectral class M shed mass at

the rate M ~—10°M o/ year [10]. For this reason, we will consider, that magnitudes (2.1)-(2.2) and
(2.5) known.

2.2 Differential equations of motions in the relative coordinates system.
Let's introduce enter the relative coordinates system with beginning in the center of parent star 7,

axes which parallel corresponding axes of the absolute coordinates system.
Let's introduce following notations

ﬁo; :E;_Roz

X

(2.6)

where 1?1. and EO — correspondingly radius-vectors of spherical bodies and of the parent star relative to the

center of the absolute coordinates system, R, — radius-vectors of bodies 7, from the center of the relative
coordinates system.

Thus, equations of motions of #n planets (2.4) in the relative coordinates system may be written the
following

.F;:_f(m0+m)

i

F, T
i +—V01 +fz m, [l_];__];j (2.7)

e Tk

Taking into consideration ratio (2.6) may be rewritten differential equations of motions of n bodies
(2.7) in the following way

= (m0+mi)» m; = mo 7 - ’7‘1{ Fk
r=—f - ”i"‘_lVi__Vo"‘fz m| 5 ——% (2.8)
h m m, k=1 T T
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Differential equations of motion of n body (2.8) may be represented as following

.. (mo +m.) m, m L X, =X, X
X =— —lx'+_lV __OV + m k i Tk
i f 1’2-3 i mi ix mo 0x f; k Afk }/'k3
iy (my+m) i, V=¥,
==y, +t—V, - yt m - 2.9
Vio=—=f Nt fz (Ta (2.9)
(m0+m) m, z,—z, z
- z,+—LV, ——V + m, | LTk
f l 1 mi 0z fz k Afk I";j

where distance between bodies A, are presented in as

Ay =5 =% ) + (3 =2,) +(z-2) (2.10

In that way, differential equations of motions of n bodies are reduced in the relative coordinates
system.

3. Equations of motions in osculating elements of aperiodic motion over a quasi-canonical cross-
section.

3.1 Highlighting perturbed functions. Equations of motions (2.8) are rewritten as following

m, +m. -
+f( - ) ’_/'; 7/1 l F; B803M (3'1)
1 7/1‘
where
: — mO(tO) + mi(tO) (32)
my(t) +m, (1)
F_’;,eos‘,u = @ri + qgi + qi (33)
@, =217, -2y, (3.4)
m, m,
E =1y T T 3.5
gi mk 3 3 ( . )
k=1 T Tk
i=-2y (3.6)

In the case, when the perturbative force (3.3) equals to zero, equations (3.1) describe aperiodic motion
over a quasi-canonical cross-section.

We can also rewrite the perturbative function (3.3) in another way

F;‘,eos.w = gradﬁ VV, (3 7)

W,=W,+W,+W, (3.8)
where components of force function have view
J (3.9
7

fz m, [— —'7] (3.10)

3
e I
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w.o=—Li,2 3.11)

In this way, by use designations (3.7)-(3.11) we can write equations of motions » planet (3.1) in
following way
(my+m) 7,
Tr[——ji = grad.W, (3.12)
Obtained equations of motions (3.12) convenient for using theories of perturbation, which formulated
for such non-stationary systems [7].

i+

3.2 Differential equations of motions for systems of osculating elements in form of Lagrange's
equations

According to equation of the relative motion of n planets (3.12) with beginning in the center of the
parent star, we can write different differential equations of motions in different systems of osculating
elements, on the basis of aperiodic motion over a quasi-canonical cross-section. We consider equations of
perturbative motions in osculating elements (a,,e,,i,,$3,7,,&,) in the form of Lagrange's equations

a, = i%, (3.13)
n.a; O,

l—e? oW, J1—e? .
el aVVl _ eI el 1 aVV: (314)

e,.: ) a 2 P a s
nae; 7Z'i 1+ H_ei n.a; gi

di cosec i, OW, tg(i/2) (oW, oW,
2 i - Ly —1 1, (3.15)

dt nl_al?\/]_el? oQ, nl_a2\/1_el_2 or, Oe,
&, = coseci; 61/.Vi ’ (3.16)

na’\l-e’ Oi
. tg(i/2) oW, N N1-¢&* ow, (3.17)
i n,-a,-2 1- ei2 al/ nfafzei aei ’ '
. j : NIEre .

2 oW, _telil2) oW, el-¢ 1 oW 3.18)

2 2 A 2 2 ’
na; aai na, \/l—ei ali 1+\/1—ei na; aei

where @, — analog of a semimajor, e, — analog of a eccentricity, i — analog of an angle of inclination of
orbit plane, ) — analog of a longitude of acsending angle, 7, — analog of a longitude of pericenter, ¢, —
analog of a longitude of epoch. In the case, when masses of considering bodies are constants, all of these

elements will turn into corresponding Kepler elements.
In equations (3.13)-(3.18) the force function (3.8)-(3.11) must be represented in explicit form

W, =W,(t,a,,e,i,,Q,7,¢,). (3.19)

1

Expressions of perturbative functions (3.19) via osculating elements, are cumbersome and laborious
work. Such work, on today's day, as a rule, are implemented with using of method of computer algebra
[11,12].

3.3 Equations of perturbative motions in analog of second systems of canonical elements of
Poincare

In some cases, it is convenient to use the canonical theory of perturbation for considerative non-
stationary gravitational systems. For our purposes, analogs second systems of canonical elements Poincare

(Ai,/li, & pi,q,.) are preferable, which are introduce by [7].
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A=

A=L+Q +o,

& z\/2\/7i0\/‘7i(1—ﬁ)6’0s72i
7 = —\/2\/;1_,.0 Ja, (1 ~Ji-¢ )Sinﬂi (3.20)

D, = \/ZJu—m\/a_mll —e’ (1—-Cosi, )CosQ),
q = —\/2\/;1_,.0 Ja\J1-¢ (1~ Cosi,)Sin<,

The system of differential equations of canonical osculating elements of » body in analogs of second
systems of Poincare variables has the form [7]

OR’ . OR OR’
A =L Sy i b o= i
S o P
- . . (3.21)
__OR . __OR . __OR
i aAl b 777‘ aé ) ‘],- apl 5
where
2 2
Lo | my(t)+m(2)
R' = : W t,A" i ‘,ﬂ“’ oM ) - 322
1 2A[2 |:m0(t0)+ml(lo) + l( lglpl 1771 qz) ( )

Canonical equations of perturbative motions (3.21) are very convenient to describe to dynamical
evolution of planetary systems, when inclinations of orbital planes and analogs of eccentricities are quite
small.

4. Conclusion

In this article we obtained different forms of differential equations for non-stationary planetary
systems, which contains » planet. Perturbative function is alloted, equations of perturbative motions are
leaded in form of Lagrange's equations and in analogs of second systems of Poincare's canonical elements.
In the further, we plan to obtain decompositions of perturbative function via osculating elements with
using of systems of analitical calculations "Wolfram Mathematica". Obtained equations will use for
exploration to effects of variable of masses during of evolution of ekzoplanety systems. At the same time,
effects of decreases of masses of the parent star and increases of masses of planets will be taken into
account due to accretion of particles from residues of the protoplanetary disk.

M.K. Munriaubaesn, A.b. Komep6aeBa

On-Oapabu areinarel KazYy, Anmarel, Kazakcran

IJIAHETA JKYWEJIEPIHIH JU®PEPEHIUAILIK TEHJIEYJIEPI

AHHoOTauMs. DK30IUIaHEeTa JKYHeCiHIH maiaa OOTyBIH JKOHE IBOJIOMMAICHH 3epTTEY — acllaH MEXaHHUKAChl MEH
ACTPOHOMHUSIHBIH ©3€KTi MacenenepiHi Oipi. 1950 *buUTbl SK30IIaHETA KYHENepiHIH albulybl 00JIAbL. DK30IUIaHeTa
JKyHenepl aHbIKTaIFaH Ke3/IeH OacTarl, ojapAblH makaa 00Jybl MEH JHHAMUKAIBIK BOJFOIMICHI OPTYPIIi o1icTepMEH
3eprrenin keieni. Kasipri Tanma sk30I1aneTa xKyienepin TaOyabIH Ceri3 9Iici KoaaHbuiaabl. bipiHiii omic — cayie
KBUIIAMJIBIFBI 9/1iC1, OCBI OICTI KOJAaHY apKbUIbl OPTAJIBIK JKYJIIbI3 TOHIPETIHICT1 SK30IUIaHEeTANIBIK KYHeep ambuia
Gacragel. Exinmi omic — «Kermuep» Faphilll TEIECKONbl MUCCHSICBHIHBIH Maiiia 0oyblHA GalIaHBICTBI TPAH3UTTEP
omici. By omicrepae, aeHenepaiH Maccaiapbl TYPaKThl PETiHJEC KapacThIPhLUIAbI KOHE KIIACCUKANBIK KEIIIepIIiK
KO3FaNbIC (hOpMyJiasiaphl, KIIACCHKAJIBIK acllaH MEXaHMKAChl KOJIaHbUIAIbl. AJaiiia mbIHANWBI FAPBIIITHIK Ky#enep —
cTaluoHap emec. belicTaloHap rpaBUTAlMsIIAHATHIH JISHEIePIiH MacCalapbIHbIH alHBIMAJIBUIBIFBI, OJIIEMICPIHIH
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aWHBIMAITBUIBIFBI  JKOHE IIIIHACPIHIH aWHBIMAIBUIBIFBl CHSKTBl JUHAMHKAIBIK OCEPJCPIiH KOMOHMHAIMSICHI
rpaBUTAlMSIIAHATBIH XKYHeIepaiH IBOIIOLUS JKOJAAPbIHBIH MOJI TYPiH aHBIKTal/bl. AClIaH MEeXaHHKAChl aCIEeKTiH/Ie
OCBI KYOBLIBICTAp/ABI 3ePTTCY IUIAHETA KYHENEPiHIH JAMHAMHKAIBIK 3BOJIIONUS TAaOWUFATBIH TYCIHY YIIIH KaXKer.
Kazipri Tanma acTpoHOMMSHBIH OeWCTaloHap IMHAMMKAIBIK Moceienepi KapKbIHIBI OHJENIN Keyeai. AcmnaH
JICHeJIepl MacCaJlapbIHBIH ©JIIeMAEPiHiH, MiNIHAEPiHIH >XKoHe O0acka Ja (U3HMKAIBIK IMapaMeTpiepiHiH YakKbIT
OolibIHIIa e3repici SKCHEPUMEHTTIK aHbIKTaMa Oepyre abin Keieli. COHIBIKTAH OCHl (DPM3MKAJIBIK MapameTpiaepi
HETi3re aia OTHIPHIN, JWHAMHUKAIBIK Mocelelepi Kypy JKOHe 3epTTey KaXeTTUTK Tydblpansl. Kemreren Oenrimi
sk3omnaneranap F, G, K xxone M cnexTpanbi Kiactapra KipeTiH XYIIbI3Aap TOHIpErinae KO3FajbIc xKacaiiabl. by
KYJIIBI3AAPIbIH MaccaIapbl alHBIMAIIBI )KOHE MJIaHETa KO3FAJIBICBIHA OPTAJIBIK HKYJIIBI3 MACCACBIHBIH aiHBIMAIIBIIBIK
ocepi a3 3epTTenreH. Anaiiia OpTaJbIK JKYIABI3 MAacCachbIHBIH alHBIMAIBUIBIFBIH €CKepPreH JKarIaimarbl
muddepeHanaplK KO3Falblc TEHJEYl HHTerpanjaHOaiibl, COHABIKTAH Moceje YWBITKY TEOpHsChI dJicTepiMeH
3eprrenieai. by TyprbiaH, YHBITKBIFAH KO3FAIBICTHIH KaHOH/IBIK TeHIEYJepi soHe Jlarpawk TeHueynepi Typinaeri
KBa3UKOHYCTHIK KMMa OOMBIHINA, allepUOATHIK KO3FalbIC HETI3IHIET! YHBITKbIFAH KO3FAJIbIC TCHICYJICPI KOJAMIbI.
BelicTanmonap r1iaHeTa >XYHENEpiHIH acHaH-MEXaHHKAChl MOJCIIHIE, OPTYpJi KAapKbIHMEH H30TPONTHl €MeC
©3repeTiH, alfHBIMAaJIbl Maccalbl, cepajibIK Koll JIeHe MaceNeci JKYMBICTa KapacThlpbuiraH. belicranuonap ruraHera
JKYHeIepiHiH BOJIIONMSACHIH 3epTT€y MaKCaThIHIA, alfHBIMANbl Maccajbl cepalblK JeHeNepaiH tuddepeHnuansl
KO3Falblc TeHJeyl ajiblHFaH. JKYMBICTBIH FBUIBIMH MOHI IUIaHETa >KYHENEepiHIH Y3aK YaKbIT MEepHOABIHIAFbI
JUHAMUKAJIBIK HBOJIOLMACHIHBIH aHBIMAJIBI Maccanap acepiepiH 3epTreyMeH OainaHbicTel. COHBIMEH Katap
OenmeKTepIiH aKKpeUWsUIaHyblHa OaiIaHBICTBI OPTANBIK >KYIABI3IBIH MACCACHIHBIH a3aiobl Kajlail eckepiice,
TUTaHeTaNapJblH MAacCachIHBIH KeOeroi nme eckepineni. Ilmanera >xyhenepiHiH muddepeHnnainbK TeHIeYI,
Merepckuiifin TeHASYyl apKbUIbl, aOCOTIOTTI KOOpAMHATANap KYHECiHAe XKOHE CalbICTHIPMalbl KOOpIAHMHATaap
JKYWECIHJIE aJIbIHFaH.

CanbicThIpMalIbl KOOpIUHATANAP KYHECIHe anblHFaH TU(depeHranpK TeHIeyJIep Heri3iHae, KBa3uKOHYC-
TBIK KMMa OOMBIHIIIA, arlepUOATHl KO3FaJIbICThI Ha3apFa ajia OThIpbIN, [lyaHkape aJieMeHTTepiHiH eKiHII KYyHeciHaeri
JIe3/1iK aHaJIOTTapbIHAAFbl KaHOH/BIK TeHJeylepae *koHe Jlarpawk TeHaeysepi TYPIHIEr! JIe3/iK 3JIEeMEHTTEepiH/e
KO3FaJIbIC TEH/IEY1 KOPBITBUIBII LIBIFAPbIIIBL.

Tyiiin ce3aep: OeiictanmoHap >XyiIbI3, IUIAaHETa Xyieci, alfHbIMaJIbI Macca, KOl JEHE MACeNeci, OCKYJIISALus
3JIEMEHTTEPI.

M./I:x. Munraubaes, A.b. Komep6aesa

KasHY um. anp-®apabu, Anmater, Kazaxcran

JANOPEPEHIUAJIBHBIE YPABHEHUS ITVIAHETHBIX CUCTEM

AnHOTauus. VccnenoBanue MporUCXOXKACHHUS U 3BOJIOLUUHU YK30IUIAHETHBIX CUCTEM — OJJHA U3 aKTYyaJIbHbIX TEM
HeOecHOW MeXaHWKU u acTpoHoMuu. B 1950 rogy Obina clienaHo OTKPHITHE 3K30IDIaHETHBIX cucTteM. C MOMEHTa
0oOHapyKEeHUS SK30IUIAHETHBIX CHCTEM Pa3HBIMH METOIAMHU H3YYarOTCS WX TOSBICHUS W JHHAMUYECKAs SBOOLIHUS.
B mHacrosimee BpeMsi HCIIONB3yeTCS BOCEMb METONOB OOHApyKEHHUS AK3OIUIAaHETHBIX cUcTeM. M3 Hux Hamboiee
MOMYJISIpHBIE — JBa MeTona. [lepBEI MeTon — METOZ JYYEeBBIX CKOPOCTEH, C HCIOIB30BAHHEM 3TOTO METOIa
HaYaJIMCh OTKPBITHUS DK30IUIAHETHBIX CHCTEM OKOJIO POAMTEILCKOM 3Be3/1bl. BTOpOil METO — 3TO METO/] TPAH3UTOB C
MOSIBIICHIEM MHCCHH KocMmdeckoro Teneckomna «Kemrep». B aTux MeTomax mcmomip3yercs: Kiaccuyeckast HebecHast
MEXaHHKa, TJIe€ MAacChl TNl CYMTAETCS MOCTOSIHHBIMH M HCIONB3YIOTCS (DOPMYIIbI KIIACCUYECKOTO KEIJIePOBCKOrO
nBikeHus. OJHaKO pealibHble KOCMHYECKHE CHUCTeMbl HeCTallMOHapHble. Pa3nuuHbie KOMOMHAIIMK TUHAMUYECKUX
3¢ (GEKTOB HECTAMOHAPHBIX T'PABUTUPYIONIMX TEJ, TAKUX KaK MEPEeMEHHOCTh MACChI, IIEPEMEHHOCTh Pa3MEpOB U
MEPEMEHHOCTh (POPMBI, MPEIOMPEALIIIIOT OOraroe pa3Hoo0pa3re SBOJIOIHOHHBIX MyTel TPABUTHPYIOLIMX CHCTEM.
UccrmenoBanust 3TUX SBJICHUA B HEOECHO-MEXAHMUYECKOM AaCHEKTe HEOOXOMUMBI Il ITOHWMAHHS IPUPOJIBI
MUHAMAYECKOH JBOJIOIMH IUTAHETHBIX CHCTeM. B Hacrosmiee BpeMs WHTCHCHBHO pPa3padaThIBAIOTCS
HECTAIMOHAPHBIC TUHAMUYECCKHE 3aJlaud acTPOHOMHHU. VI3MEHEHHWEe CO BpPEMEHEM MAacChl, pa3MepoB, (OPMBI U
IpyTux (U3UUECKUX IMapaMeTpoB HEOECHBIX Tel JOIMyCKaeT JSKCIIEpHMEHTalbHOe ompeneneHue. I[loatomy
HeoO0XoanMo (OPMYIIHPOBAaHUE M HWCCIENIOBaHWE MTUHAMUYCCKUX 3ajad, NPHUHAMAas BO BHUMAaHHE W3MEHEHHE CO
BpEMEHEM OTHX (PH3MUECKHX IMapaMeTpoB. BONBIIMHCTBO W3BECTHBIX S3K30IUIAHET BPAIIAIOTCS BOKPYT 3BE3[
cnekTpanbHbix KiaaccoB F, G, K u M. Maccel 3TuxX 3Be3 MEepeMEHHbIC W 3PQPEKT MePEeMEHHOCTh IICHTPAIBHON
3BE3Ibl Ha JABIKCHHWE IUIaHET Mayso u3ydeHbl. OnHako muddepeHnnasbHOEe ypaBHEHHE [BIKEHUS C yUETOM
MEPEMEHHOCTH MAacCC IICHTPAJIbHOMN 3BE3]Ibl HE HHTETPUPYEMBbIE, TIOATOMY MPOOJIeMa OOBIYHO MCCIICLYETCS METOIaMHU
TEOpUH BO3MyIIeHHHA. [Ipd 3TOM TMPEANOUTHTEIBHBI ypaBHEHHE BO3MYIICHHOIO JBIDKCHHS Ha 0Oase
anepUOIUUCCKOr0 JIBHKCHHUS M0 KBAa3WMKOHHMUYECKOMY CeucHHIO B (hopMme ypaBHEeHHs JlarpaHka v KaHOHHYCCKUE
ypaBHEHUsI BO3MYLIEHHOT'O ABU)KEHUS.
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B pabote paccmartpuBaercs 3amada MHOTHX CEPHUYECKHUX Tel C HEPEeMEHHBIMH MaccaMH, U3MEHSIOIIUMUCS
HEM30TPOIHO, B PA3IMYHBIX TEMIIaX Kak HeOeCHO-MeXaHW4YecKas MOIENb HeCTAI[MOHAPHBIX IUIAHETHBIX CHCTeM. B
cTarthe 1oiydeHsl quddepeHnnanbHble ypaBHeHUs ABHKEHUs ChepuIecKuX Tell ¢ IepeMEHHBIMUA MacCaMHt C LENIbI0
HCCIICIOBAHKUE DBOJIOIMHM HECTAIMOHAPHBIX IUIAHETHBIX CHCTeM. HaydHas 3HAYMMOCTh PabOThI 3aKIIOYaeTCS B
uccienaoBannu 3(Q(HEKTOB MEPEMEHHOCTH MAacC JUHAMHYCCKOW SBOJIOIMIA IJIAHETHOW CHUCTEMbI B JJIUTCILHBIN
neprot BpeMeHH. [Ipu 3ToM yunuThIBaeTCs Kak yOBIBAHUE MACC POJTUTEIHCKON 3BE3]IbI, TAK H POCT MACC IUIAHET U3-3a
aKkperuu Bemiecta. Vcxoas w3 ypaBHeHHH MeIepcKkoro, mony4eHsl nudGepeHnaabHbIe YPaBHCHUS TBIKCHUS
IUTAHETHBIX CUCTEM B a0CONIOTHOW CHCTEME KOOPJMHAT W B OTHOCUTEIBHOH cucTeMe KoopawHaT. Ha 0Oase
MOJYYCHHBIX IU(QQPEepeHINATFHBIX ypaBHCHHH B OTHOCHUTENBHOH CHCTEME KOOPAWHAT, BBIBEJCHBI YPaBHEHUS
IBIDKEHUS B OCKYIHPYIOIIMX OJJeMeHTaXx B (opme ypaBHeHus Jlarpamxka W KaHOHWYECKHE YpaBHEHHS B
OCKYJIHPYIOIINX aHalloTaX BTOPOW CHUCTEMHI 31eMeHToB [lyaHkape Ha 0a3e amepHoOIMYecKOro IBIDKEHHS I10
KBa3UKOHUYECKOMY CEUEHHUIO.

KiroueBble cjioBa: HecTalioHapHas 3Be3/a, IUTAHETHAs CHUCTEMa, IIEpEeMEHHas Macca, 3ajada MHOTHX Tell,
OCKYJIUPYIOLLIUE 3JIEMEHTHI.
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