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Awmreparypa

AHHOTAIUA

Ha ceseprom moaroce Catypna yxe 6oaee 30 Aer cyrmecTByer
TUTAHTCKHH IITOPM B (DOPME IIECTUYTOABHHKA, KaKAAfl CTOPOHA
KOTOPOTO OOABIIIE AHMAMETpa 3eMAH. DTOT INECTUYTOABHUK HE
IIEPEMEINACTCA HA IIAAHETE, BPAIIACTCA M COXPAHACT CBOIO (POpMYy.
Dro ABAGHHE AO cuUX IOp He mumMeer oObAcHenus. Hroke
IIPEAAATACTCA  MATEMATHYECKAA ~ MOAEAB  TAaKOrO  IOTOPMA,
AHAAOIMYHAA MATEMATHYECKOH MOAEAM OKEAHCKOTO BOAOBOPOTA
(mpearokeHHOI aBTOpoM panee). [Ipm sTOM IOKasBBaercd, YTO
HCTOYHUKOM SHEPIUH, ITO3BOASIOMIEH INTOPMY AAHTEABHOE BpeMd
BPAIlAThCsA, ABAACTCA TPaBUTAIIMOHHOE TT0Ae CaTypHa.

1. BBeaeHnue

Ha cesepunom moaroce Carypna yxe Ooaee 30 aAer cymectsyer
[UTAHTCKHH IOTOPM B (POPME IIECTUYTOABHHKA, KaKAAd CTOPOHA
KOTOporo Ooabmre amamerpa 3eman [1, 2]. DrTOT IIIECTHYTOABHUK He
[IEPEMEIIIACTCA HA IIAAHETE, BPAIIACTCA M COXpaHsaeT cBoro dopmy. OH
00AAAACT YAUBHTEABHOHN YCTONYHMBOCTBIO — CYIIECTBYeT yxe Ooaee 30
Aet. [TocTpoeHHIO MATEMATHIECKON MOACAH TAKOIO IIITOPMA ITOCBAIIIEHO
MHOTO PabOT, HO OOIEIIPU3HAHHAA MOAEAD OTCYTCTBYeT [3].

OueBHAHA BHEIIHAA AHAAOTUA 9TOrO INTOPMA H OKEAHCKOTO
BOAOBOpPOTA — CM. pHC. 1 u puc. 2. OCHOBHOE OTAHUYHE COCTOUT B hopme
oBepxHOCTH. MOXKHO CKa3aTh, IIOAYEPKHBAS 9Ty AHAAOIMIO, YTO Ha
CarypHe CyIIECTBYET ILICCTHVIOABHBIA "Ta3oBOpoT', B OTAHYHE OT
KPYI'AOI'O OKEAHCKOTO BOAOBOPOTA Ha 3EMAE.




Or1mernMm erre, 91O IIECTUYTOABHBIE Ta30BOPOTH HAOAFOAAIOTCA U
B 3EMHBIX VCAOBHAX: aHAAHN3 CIYTHHKOBBIX CHHMKOB ITOKA32A
IPUCYTCTBHE HAA AHOMAABHOH 30HOH B ATAAHTHYECKOM OKEaHE
M3BECTHOH KaK DEpPMyACKHH TPEyrOABHUK, OOAAKOB IIECTHYTOABHOM

dopmer — cm. puc. 3 [4].

Puc. 1.
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Aanee BHAYAAE crpomrcs MaTeMaTHJIeCKas MOAEAB
SAAHMIITUHYECKOTO  BOAOBOpPOTa. OHa CTPOHTCA IO aHAAOTHH  C
MaTEMATHYECKO MOAEABIO KPYTOBOTO BOAOBOpOTa [5] Ha oOcHOBe
perenns ypapHeHHI MakcBeAAa AAf TpaBUTOMarHeTusmMa [6].

3areM IIOKa3BIBAETCH, UTO INECTUYTOABHBIH TI'a30BOPOT ABAACTCH
CYMMOI 3AAHIITHYIECKHX Ta30BOPOTOB. KaKABII ra30BOPOT OIIpeAeAsieTcs
COOCTBEHHBIMU HAYAABHBIMH YCAOBUAMU B ypaBHeHHAX MakcBeaaa. Ilpu
CYIIIECTBOBAHUHM  HECKOABKHX  HE3aBHCHMBIX HAYAABHBIX  YCAOBHH
ITOABASAFOTCA HECKOABKO PEIIEHHUIl - JSAAMITHYECKUX Ta30BOPOTOB.
ITockoApKy cmcrema ypaBHeHHN MaxkcBeAAa ABAAETCA AWHEHHOM, TO
PEAABHOE PEIIEHHUE ABAAETCA CYMMOM 9THUX PEIICHUM. CyMMa MeEEeT BUA
IIIECTHUYTOABHOTO BOAOBOPOTA.

2. Kparkoe omnmcaHme MaTe€MaTUYIECKOM

MOA€AU 3EMHOT'O BOAOBOPOTA

B maTematmraeckoit MoAeAT BOAOBOPOTA [5] HCITOAB3yeETCS CHCTEMA
MaKCBEAAOIIOAOOHBIX ypaBHEHHH rpasutanun [6]. MoaeAp ocHOBaHa Ha
CAGAVIOIIUX  IPEAIIOAOKEHHAX. ABIKEHHE  BOABI  YIIOAOOASETCA
MACCOBBIM __TOKaM. MaccoBele TOKM B  TIPaBHUTAIIMOHHOM  IIOAE
OINCHIBAFOTCA  ypaBHeHHAMH MakcBeara AAfl  TPaBHTOMATHETH3MA
MaKCBEAAOIIOAOOHBIMU ypaBHeHHUAMU TIpaButaruu [6] (aasee — MIII™-
ypaBHeHHAMH). BsammoaeldcTBHE  MEKAY  ABIUKYIIMMHCA — MACCAMU
OIIHCHIBACTCA IPaBUTOMArHUTHBIMU cuAamu Aopenna (aasee I'A-cuasr),
AHAAOTHYIHBIMH CHAAM AOpEHIIA B IACKTPOAMHAMHKE, ACHCTBYIOIIUMHI

MEKAY ABHZKYILIIMUCS SACKTPUIECKAMU 3aPAAAMHU.

MaccoBble TOKH B BOAOBOPOTE ITUPKYAHPYIOT IO TOPH3OHTAABHBIM
CeYeHnsAM BOAOBOPOTA M ITO BepTuKaAu. KmHermdeckas sHeprus TaKOM
LIAPKYAALIMA PACXOAYETCA Ha IIOTepu OT BHyTpeHHero TpeHnd. OnHa
IIOCTYIIAET OT IPABUTHPYIOIIEro TeAa - 3eMan. IloTeHrimaspnas sHeprus
BOAOBOPOTA HE M3MEHAECTCHA M, CAEAOBATEABHO, He pacxoayercd. T.e. B
3TOM CAyYa€ HET IIPeOOpPA3OBAHUA IIOTCHIIMAABHOHN OSHEPIUU B
KHHETHYECKYI0O 1 00paTHO. OAHAKO IPABUTHPVIOIIEE TEAO PACXOAVET
CBOIO 9HEPIUIO HA CO3AAHHE U IIOAAEP/KAHHE MACCOBBIX TOKOB, T.€. Ha
COXpaHeHre BOAOBOPOTA

BoaoBopor, kak  ABHIKEHHE BOABL, JAOBAETBOPAET — TaKKe
ypaBuenuio HaBpe-Crokca AAA BA3KOW HECKHUMAEMOW KHAKOCTH. B [5]

IIOKA3aHO, YTO AABACHHC BOABI B BOAOBOPOTE MOXKHO PACCIHUTATH IIO
YPaBHCHHIO Hasre-Crokca B 3aBHCHMOCTH OT MACCOBBIX TOKOB. HpI/I
9TOM O6Hapy){<I/IBaCTCf{, 9710 FCOMCTpI/I"ICCKOC MECTO TOYEK C ITIOCTOAHHBIM
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3HAYCHUEM BEPTHKAABHOI COCTaBAAIOIINECH AABACHHA Ha CBOOOAHOI
IIOBEPXHOCTH ABASICTCHA OKPYKHOCTBIO AAHHOIO paanyca. AaBAaeHue Ha
CBOOOAHOH ITOBEPXHOCTH OTpaxKaeT (POPMY IOBEPXHOCTH BOAOBOPOTA.
CAeAOBaTEABHO, HAa  IIOBEPXHOCTH  BOAOBOPOTA  AOAMKHBI  OBITH
KOHIIEHTPUYECKHE  BBICTYIIBI W BIIAAHMHBEL,  COOTBETCTBYIOIIILE
BOAHOOOPA3HOH 3aBUCHUMOCTH AaBACHHA OT paauyca. Ha ocHose atoro B
[5] mocTpoeHa KapTHHA ITOBEPXHOCTH BOAOBOPOTA — CM. PHC. 4.

AHAAOTMYHBIA IIOAXOA HCHOAB3yeTcsi Hmxe. (OCTaercsi TOABKO
ITOKA32Th, YTO CYIIECTBYET peIIcHHE ypaBHeHHH MaxcBeara AAf
SAAHIITHYECKOTO ~ BOAOBOPOTA  H, AQA€e, AAA  IIECTHYTOABHOTO
BOAOBOPOTA.
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Puc. 4.

4. MaremMaTudecKass MOAEABb SAAUIITUYECKOIO

BOAOBOPOTA
VPQBHCHI/IH MaKCBCAAa ANAA CTaL[I/IOHﬂpHOFO FpaBI/ITOMarHI/ITHOFO
IIOAA UMCHOT BUA:

div(H)=0, M
div(J) =0, @)
rot(H)=J, 3)

rae H - rpaBuromarsuTHBIC HaIPSKEHHOCTH, J - IAOTHOCTH MACCOBBIX
TOKOB.
PaccmorpuM 2T ypaBHEHHA B 9AAMIITUYECKHX KOOPAMHATAX

&, @, |7, crp. 161] - cm. Taxxe puc. 5:

L heRh(EM, +sifoos(o M, )+

div(H )= AN =0, (@

aA\ o0& O 0z




oH
rot,(H )= L H, My =J., )
aA op Oz

oH 1 oH
rotq)(H)z( azé &fj J,, ©)

i3((?“(5)5“(5)H —cos(p)sin(p)H, )+
rot,(H)= L (H oM R
[35 640]
- oh()en(£)3; +sin(p)eos(p)d, )+

div(J)= L (2, a,) al, =0, ®)
| =+ +
arl o o9 ) @

TAC

A= E)-co5"(0), o

a - TOAY(POKYCHOE PACCTOAHUE,
KOOPAMHATH &, @, Z CBA3AHBI C HPAMOYTOABHBIMU KOOPAUHATAMH

X, Y, Z dopmyAsamMH BHAA

x = ach(&)cos(p), y =ash(&)sin(p), z=2z (10)
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Saturn.m: Fig.5.




[Ipn  duxcuposaHHbx £, Z TOYKA OIMCBIBACT JSAAHMIIC B
TOPU30OHTAABHOM IAOCKOoCcTH. [lpm  dukcupoBaHHBIX @, Z TOYKA

OIIHCBHIBACT THIIEPOOAY B TOPU3OHTAABHOM ITAOCKOCTH. B wactHOCTH, Ha
pHC. 5 IIOKa3aHBI SAAMIICEI U IHUIIEpPOOABI, moctpoennsie 1o (10) mpu
a=1 B sasucumoctn or 0<£<1.2, 0<p<2r.

OAHO 13 BO3MOMKHBIX perreHuii ypasHenuii (1-7) mmeer
CACAYIOIIHIT BUA (YTO ITOKA3aHO B IIPUAOKEHHH 1):

H,.=h.A’sin(p)cos(p), ®)
H,.=h,A’sh(£)eh(&), ©
H,=A, (10)
J, =£sin(¢)cos(go), (1)
3, ==Zsh(e)en ), 12
J - %(mshzg)cw(g)_ h, sin?(p)cos(p), 0

rae kouctarTer N, N ceasamer coornomenmem Braa
h.+h,=0. (14)
Ha puc. 6 moxazamsr rpaduxku  dyskmui  (8-13) mpm
a=1 h§ =1 h(p =—1 ma mAaockocTH (X, y), rAE (X, y) OIIPEAEACHBI TIO
(10) B saBumcmmoctm or 0<<&<& ., 0<@p<27z. Ha puc. 6a Aad

HATASIAHOCTH IIOKa3aHBI TE jKe IpadUKH, HO B AOrapuMUYECKOM
Macrirraoe.

Ha pumc. 7 B AeBoM  croaDre  HOKasaHbl  (DYHKITHH
H. (&), H,(&), H,() npu sannOM sHavernn ¢ . [Ipu sToM caomHOIL

AWHHEH, TOYKAMH M HYHKTHPOM IIOKA3aHBI 3TH (DYHKIUN IIpU
@ =1.05, 1.83, 3.67 coOTBETCTBEHHO.

Ha pumc. 7 B mpaBom croAbie 1okasaHsl  (DyHKINAK
H.(p), H,(¢), H,(p) upu aannom smavernu &. IIpu sToM criaommon
AMHHCEH, TOYKAMH UK IYHKTUPOM IIOKa3aHbl 9TH (DYHKIUN IIPH
£=0.4, 0.7, 1.4 cOOTBETCTBEHHO.
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Saturn.m: Fig.7.

5. MaremaTudeckas MOAEAB IIIECTUYTOABHOIO

BOAOBOPOTa

[Toxkazannmas mHa puc. 4 KapTHHA OIPEACAACTCA HAYAABHBIMU
VCAOBUAMH — MACCOBBIMH TOKAMH B OCHOBAHHMH BOAOBOpoTa. [lpm
CYITIIECTBOBAHUN HECKOABKHX TPYIII HE3aBUCHMBIX HAYAABHBIX YCAOBHI
ITOABASIFOTCA HECKOABKO PEIIEHHH yKka3aHHOTO BHAA. [TockoABKy crcrema
ypaBHeHN MakcBeAAa ABAAETCA AMHEHHOM, TO PEAABHOE pEIeHIe
ABAACTCH CYMMOM 9THX HECKOABKHX perneHuil. EcAm rpynma HavaABHBIX
YCAOBUH OIPEAEAAECT TPYIIIY SAAUIITUYECKHX BOAOBOPOTOB C OOIIHM
LIEHTPOM, TO CYMMAapHOE pEIIECHUE OYAECT OIIPEACAATH BOAOBODOT,
HMEIOTITIN KOH(UTYPAITIIO CYMMBI 9AAWUTICOB.

MoKHO ITOKa3aTh, YTO KOH(DUIYPAITUA CYMMBI SAAHIICOB HMEET
BUA 3aMKHYTOH KpubBoH I'. DTO 0O3HAa9aeT, 4TO reoMeTpHUYEeCcKOe MECTO
TOYEK C IIOCTOAHHBIM 3HAYEHHUEM BEPTUKAABHOHM COCTABAAIOIEH
AABACHHA HA CBOOOAHOM IIOBEPXHOCTH OTAHMYACTCA OT OKPYKHOCTH
AQHHOTO PaAdyca W UMeET BHA 3aMKHyTOH kpusoii 1. Ha atoit xpusoit I'
3HAYCHHE BEPTUKAABHON COCTABAAIOICH AABACHHA OYAET UMETh OAHY I
Ty ke BeAmduHy. CA€AOBATEABHO, Ha ITOBEPXHOCTH BOAOBOPOTA B 3TOM
CAy9ae€ BMECTO KOHIICHTPHYCCKHX OKPYKHOCTEH AOAKHBEI ~OYAyT
HAOAIOAQTHCA KOHIIEHTpUYeckne Kpusbie I
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Arobast 3aMKHYTAS BRIIVKAAA KpuBad [ MOKeT OBITh PA3AOIKEHA HA
CYMMY 9AAMIICOB. AAfl AOKA3aTEABCTBA 3aMETHM CAcAyrornee. AroOyro
TAaKYIO KPHBYIO MOYKHO IIPEACTABUTH ABYMA (DYHKIIHAMU yrAd ()

x=1,(0). M
y="1,(p). @
IIpeacraBaeHnble TaKUM OOpasom Auckperasie dyukiun (1, 2)
MOZKHO PA3AOKHUTH B TPUTOHOMETPUYIECKIE PAABI BUAA

x:ixn, €)

y=> Yo, 4)
X, =| a, COS(# g0j+ B, sin(%gyj , (5)

y, = (ﬂn cos(% (pj + A, sin(# goD . (6)

3A€Ch  KaKAAfA I1apa  CAAraeMBIX (Xn, yn) MPEACTABASICT DAAUIIC.

TAE

CACAOBaTeABHO, KpuBas I' aBasteTcs CYMMOI>'I 9AAUIICOB.

B npmaoxkenum 2 ommcaHO pasAOKEHHE IIECTHYTOABHHKA Ha
aaAuIichl. CyIecTBOBAHHE PEIIECHHA AASl SAAHUIITHYECKOIO BOAOBOPOTA
moka3aHo Boimre. CAGAOBATEABHO, BO3MOKHO CYIIIECTBOBAHHE TPYIIIIEI
HAYAABHBIX JCAOBUI AAA OOpa3sOBaHHA IIECTHYTOABHOIO BOAOBOPOTA.
Habaroaenna na Carypae n BepMyACKOM TpeyroAbHHKA ITOKa3bIBAIOT,
YIOMAHYTBIE  BBIIIIE  COYETAHUA  HAYAABHBIX  YCAOBHH  MOIYT
CYIIIECTBOBATD.

ITpusorxenune 1. Pemenne ypaBHeHuit Makcseasa B

IAAUTITUYIECCKUX NMUATHAPUYIECCKUX KOOPAUHATAX.

B pasaeae 4 mpuseaens! ypasHeHna MakcBeAAd B 9AAHIITHIECKIX
koopanHatax &, @, z (4.4-4.8).

byaem mckaTe perrenme 3TUX ypaBHEHHH B IIPEATIOAOKEHUH, UTO

BCE IIEPEMEHHBIC HE U3MEHAIOTCA BAOAB ocu Z. Toraa ypasuenus (2, 11-
13, 14) mpumyT BHA:

L Gh(ekn(on, +sinlplooslp)H, )+ [ Te+ T

—+ =0
s Op

(M




1 0H, _

@

aA dp <
1 oH
-——Ft=J_, 3)
aA o& 7
1 . 1 (cH 8H
e, et T T |,
1 _ 0, 3,
e, rsinlplesson, o T2+ 52 ] 0.

W3 (4.9) mariaem:

a(aA;) B a((ChZ(f);?SZ(w))lL 260*sh(£)eh(£).  ©
5(@;) _ ollen*(z )5::052((”))_ ): 2874 sin(p)cos(p). )

ITycts
H,.=h.A?sin(p)cos(p), ®
H,.=h,A%sh(&)en(£). ®

Toraa
?—;:hisin((p)cos(qo)a(g:; —24°*h, sin(p)cos(plh(£)en(), a0
a:—f:h sinlp)oos(o) ) onn si(peosio). )

Q 4

Mo _p shiekn(e )a(g(p) 2h, A“sh(E)eh(@)sin(p)cos(p). (12
nsnien(e) ) ox (o) .

s (1, 8-13) maxoaum:

1 sh(€)en(£h.A7 sin(p)cos(p) } [M“h . sin(p)oos(p)sh(sJen(¢) +
A sin(p)cos(p)h,A%sh(E)eh (&) 2A7*h sh(&)eh(&)sin(g)cos(p)

AN

3h. sin(g)cos(p)sh(&)ech(&)+3h,sh(&)eh(&)sin(g)cos() =0

AN

h.+h,=0. (14)
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W3 (4, 8-13) maxoanm:

L e, 35 En(e)-ososinoh s sifoloslo)

=,
i(zw h,sh?(£)ch?(£)— 24 *h, sin?(p)cos?(p))
(h,eh(e)h(£kn(e)en(£)h cos(p)sin(p)sin(p)cos(p))+) n
(2h¢sh2(§)ch2(§)—2h§ sin®(p)cos?(p)) I
3h,sh?(&)ch?(£)—3h, sin?(p)cos?(p) = aAl,
3 2 2 H 2
J,= a(hwsh (£)en?(€)-h sin?(p)cos?(p)) (15)
[ToacraBum (2, 3) B (4). Toraa moayaum
1 1 0H, 1 oH,
o snlekn(e) 2 s —sin(pleaso) 2 XL
L[ LOH, 10
aA 0poé  aA 8@85
[snen(2) 21 —sinfpoos(p) 71 | . 1
W3 (6, 7) HaxoAuM, 9TO
[sh«:)ch(z;)%)—sin(go)cos(go)%;)j:o. -
Cpasumbas (16, 17), 3ameuaem, uto
H,=A?. (18)
W3 (2, 3, 18) moaygaem:
J; =i—a(a¢ ) 19)
1 olA™?
Y or (20)
uAn, ¢ yaerom (6, 7),
J, zisin(go)cos(go), 1)
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3, == 2 sh(E)eh(&). e

Wrak, ecan mepemenneie H..m H_  ompeaeasrores mo (8, 9)

COOTBETCTBEHHO, TO Iepemennsle H,, J £ J o J, ompeaeasrorcs 1o

(18, 21, 22, 15) coorBeTcTBEHHO U BEIITOAHAETCA ycAoBHE (14).

ITpuaorxenne 2. PasaoskeHHe HIECTHYTOABHHKA HA

IAAUIICHI.

Paccmorpum  mrectuyroapHuK, u3oOpaxeHHsi Ha puc. 1. Ero
MOKHO TIPEACTABUTH ABYMA (DYHKIIUAME yTAd @ :

x=f(p), (1)
y="f,(p). @)

a5 al

a6

Puc. 1.

Ot dyHKnuA 1mokasanel Ha puc. 2. IlpeacraBum stu dyHKIHN
MHOKECTBOM TOoueK. Ha prc. 2 KamKABIT OTPE30K IPEACTABACH Tpems
toukamm: N =3, a orpesok [al, a2] moBropen ABamKAbL [1pu sTOM KaxaAasn
dyuxunsa npeacraasercs N =7N toukamu. [IpeacraBacHHBIC TaKuM
obpasom amckperueie Qyukimu (1, 2) MOXHO PasAOKUTL B
TpUroHoMeTpuaeckue pAAs BuAa (5.1, 5.2).
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Puc. 2.

MoaeAupoBaHHE TIOKAa3BIBAECT, YTO THOCTOAHHON BEAMYHHOM
mepBbIX cAaraemblx npu N=1 moxzO npeneOpeds. CAEAOBATEABHO,
dyuaxmuu (1, 2) B MOAAPHBIX B HHAMHAPHYECKHX KOOPAMHATAX MOMKHO
AIIIPOKCUMHUPOBATD MHOKECTBOM (N —l) pyHKIMI, OIMCHIBAIOIINX
aasumncel. Cymma Takux (PYHKIHHA H300pakKaeT IHECTUYTOABHHK.
Hanpumep, ma puc. 3 u 4 mokasauHsl (DUIYPHL, KaK PE3YABTAT TaKOH
ammpokcuManm npu N=3 u N=9coorBercrBenno. Ha puc. 6
IIOKA3aHBl IIEPBbIe 4 DSAAHIICA B PA3AOKECHUU IIECTHYTOABHUKA IIPH
N =3. Touxkamu BEIACACH IIEPBBII SAAUIIC.
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