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Ilpepucnosue

Eue co wkosbl s obpaTusn BHHMAaHHe Ha TO, UTO B Yy4eOHOH
JIUTepaTtype, MOCBsIIEeHHON 061iell Teopun otHocuTenpHOCTH (OTO),
MMeeT MeCTO SIBHBIH pPa3pblB MeXXIYy MOMYJSIPHBIM H3J0XKEHHEM, B
KOTOPOM TMPaKTHUECKHU OTCYTCTBYIOT (POPMYJIBI, U MOCJE0BATENbHBIM
CTPOTHUM H3JI0)KeHHeM, TPeOYIOIIMM 3HAHHUS BbICIIEH MaTeMaTHKH U
OOCTYMHBIM MO3TOMY JIMLIb JIOASAM, HMEIOLUIUM COOTBETCTBYIOLLYIO
noarotoBky. KoHeuyHo, oOl1yl0 TeOpHIO OTHOCUTENbHOCTH, OKOHYa-
TeJIbHO chopmyaupoBaHHyo Asbbeprom DiHiiTeiHOM (1879-1955)
B Hosi6pe 1915 r., HUKAK HeJsb3s Ha3BaTh NPOCTOH Teopuei. [loaTomy
CTIOPBI O ee CNPaBeAJHUBOCTH BeAYTCS 10 CHUX 1op. OnHaKO OCHOBHBIE
uled, Ha KOTOpbIX Oblja IOCTpOeHa o00llasi TeopHsi OTHOCHUTEJIb-
HOCTH, SIBJISIIOTCS BCe K€ JOCTATOYHO HArJIAAHBIMH. DTO CBS3aHO,
KaK Mbl YBHAMM, C T€OMETPHUYECKOH MPUPOLOH MHOTHUX KJIIOUEBBIX
nosoxkeHuH, nexawux B ocHoBe OTO. [loaToMy U KoJMueCTBEHHbBIE
ocHoBbl OTO MoryT GbITb H3J/I0XKEHB HA JOCTAaTOYHO POCTOM SI3bIKE,
OOCTYIMHBIM HIKOJBbHUKAM CTapliuX KJjaccoB. [Ipu aTom obcyxaeHue
MaTeMaTHUYeCKUX OCHOB 0O0Llel TeOPUH OTHOCHTEJNBHOCTH [103BOJSIET
NPUKOCHYTbCS U K caMoOl ceplleBUHe COBPEMeHHbIX TEOPUH 4acTHLL
U (Qusndeckux rnosel. [leficTBUTeNbHO, 0011as TEOPUST OTHOCUTEJb-
HOCTHU Obl7a OOHOW W3 MEePBBIX NEAYKTUBHBIX TEOPUH, MOCTPOEHHOU
Ha OCHOBe HEKOTOPBIX I[OCTYJATOB, KOTOPBIM HOJKHA YyIOBJETBO-
pATb NocJsefoBaTesnbHas Teopus. MIHbIMU cioBaMu, HabJIoneHNS NaJu
TOJIbKO TIePBBIH TOJUOK, a BCe JAajbHeHIIde MaTeMaTHUecKHe II0-
CTPOEHHSI MOAUHUHSJIUCH JIHIIb BHYTPEHHEH MaTeMaTH4YeCKOH JIOTHKe.
HmenHo Takum cnoco6om cTPOUTCS GOJBbILIMHCTBO COBPEMEHHBIX TEO-
pUil pU3NUeCKUX NoJed U 3JeMeHTapHbIX YacTHLL.

[Ipennaraemasi KHHMra OCHOBaHa Ha TOHOBOM Kypce «Bpenenue
B CIELHaJbHOCTb», KOTOPbIH 4uTaeTcs CTyneHTam |-2 KypcoB Ka-
tdenpsl mpobaeM (Guzuku U actpopusukn MPTU. On 3apymbiBacs
UMEHHO KakK MPOMeKYTO4YHOe 3BeHO MexKAy LIKOJbHOH MOArOTOBKOH
U Cepbe3HbIM M3y4YeHHeM TeopeTHUYecKoH (PH3UKH M acTPo(HU3UKH Ha
crapuux Kypcax. [eso B ToM, 4yTO B y4ueOHBIX NporpaMmax BCeraa
€CTb JOCTAaTOYHO MHOr0 (PyHAaMeHTaJbHBIX BOMPOCOB, Ha KOTOpbIE
00BIUHO He XBaTaeT BpeMeHH. MIMeHHO 06cyXIeHHI0 3TUX BOMPOCOB
MpyU MHUHMMAaJbHOM HCIOJb30BAaHUM MaTeMaTHKH M MOCBSillleHa Ha-
crosimiasi KHura. Tem cambIM, MO MHEHHIO aBTOpPa, W 3aKJ/alblBaeTCs
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MPOYHbIH (PYHOAMEHT, HA KOTOPOM BIOCJEACTBUH MOXKET ObITb IMO-
CTPOeHO MpouHoe 3HaHHWe. BmecTe ¢ TeM, XxoTesnoch Obl HagesiThCs,
4TO M3JaraeMblil MaTepuas OyleT MOHATEH W JJIsl MIKOJbHUKOB CTap-
IIMX KJacCOB, a Takxe MJis BCeX, KTO HHTepecyeTcs MpobieMaMu
COBPEMEHHOH acTPO(HU3UKH.

Agrtop 6naromaput B.JI. Boponoa u M. . HoBukoBa, MHOro-
qucJieHHble 6ecefibl ¢ KOTOPBIMH MO3BOJIMJIN HE MOTEPSITh CTPOTOCTb
ussnoxeHus, a takxke B.B. JlocskoBa, BHUMaTeIbHO MPOYUTABILETO
PYKOITUCh U C/IeJIaBIIEr0 MHOTO MOJIE3HBIX 3aMedaHui.



BBenenue

1. Actpocdusnueckoe BBemeHue. Kak XOpoIIo M3BECTHO, OC-
HOBHOH 00J1aCTbI0 NMPUMEHHUMOCTH O00lledl TeOPUH OTHOCHTEJbHOCTH
siBJIsieTcsl acTpo(hU3HKa, Y»Ke MHOTO JieT Urpatollasi poJb [OJHUr0oHa
IJ1s1 NIPOBEPKHM HOBBIX HAeH. DTO, BIpOYEM, He YIUBHUTEJNbHO, IO-
CKOJIbKY BO BcesleHHOH cylluecTBYIOT (pU3HUYecKHe YCJIOBHS, KOTOpbIE
HEeBO3MOXKHO BOCCO31aTb B Jaboparopud. HamomHuM, 4TO HMMeHHO
TOYHble aCTPOHOMHUYECKHE M3MepeHHSs MJAaHeTHbIX OpOUT NpHUBEJH B
UTOTe M K MOCTPOEHHIO HbIOTOHOBCKOH TEOPUM T'paBUTALUM (U, OA-
HOBPEMEHHO, K CO3[aHUI0 AH(QepeHIHalbHOT0 U HHTErpajbHOro
ucuncaenus). [Tostomy He yIHBHTENbHO, UTO H3JI0KEHHE OCHOB 00-
lled TeOPUH OTHOCHUTEJbHOCTU eCTeCTBEHHO IpHBelleT Hac K acTpo-
(bu3UUeCcKUM I[pHMepaM, [O3BOJSIOIIMM €CJU He IPOBEPUTh, TO 110
KpaiiHell Mepe NPOUJNIOCTPUPOBATb OCHOBHbBIE MOJIOXKEHHS TEOPHUH.

3nech HesuiIHe OblJIO Obl HANMOMHHUTb, 4YTO INPAaKTHUYECKH BO
BCeX CJydasiX, KacallUMXcs KOHKPETHBIX acCTPOHOMHYECKHX 00b-
€KTOB (3Be3/bl, TYMaHHOCTH, aCTEPOHAbl, KOCMHYECKHE Jy4H), B
TOM 4YHcJe W OOHApYXKEHHBIX B T0C/eAHHE Toibl (pafHONyJbCapsl,
PEHTIeHOBCKHe MyJbCapbl, UCTOUHHUKH IaMMa-BCIIJIECKOB), BHaualje
MPOMCXOAUJIO HAaKOIJIeHHe HabsonaTe bHOH MUH(MOPMALUH, W JHLIb
3aTeM ee (pusnuyeckoe ocMbicsieHue. Tak, Hamnpumep, B 1967 T.
cay4yallHO OBIJIM OTKPBITBl pagHoNyJ/bcapbl — ONMHOUHble ObICTPO-
Bpallamolidecss HeHTPOHHble 3Be3/bl (Macca MOpsaKa COJHEYHOH,
M ~ 1,4My ~ 3-10% r, mpu pamuyce R ammb 10-15 kM, xa-
pakTepHbIi mepuon BpalleHus P ~ 1 c), KoTopble NO/MKHBI 06pa-
30BBIBATbCS B pe3y/bTaTe KaTaCTPO(PHUUECKOro CxKaTHs (KoJJiarca)
OOBIUHBIX MAcCCHBHBIX 3Be€3/l Ha [03[Hel CTaguu UX 3BOJIOLHH WM,
Hanpumep, Oe/IbIX KapJHKOB, NPEBBICUBLIUX B pe3ysbTaTe aKKpeLHH
yaHapacekapoBCckUi mpepnen maccel Mey ~ 1,4M.

MHTepecHO, 4TO 0 BO3MOXKHOCTH CYLIECTBOBAHHUSI TaKHUX 0Obek-
TOB TOBOPMJIOCH ellle C TPUALATHIX TOJOB MPOLLJIOro Beka. bosee
TOrO, B Hayaje LIeCTHIECATHIX T'OLOB aKTHBHO 00CYyXKJAajnach BO3-
MOXKHOCTb CBEPXTeKY4YeCTH M CBEepXIPOBOAMMOCTH BO BHYTPEHHHX
00/1aCTSIX HEHTPOHHBIX 3Be3[. TeM He MeHee, CUMUTA/NOCh, YTO H3-3a
MaJioro pa3mepa (M, 3HAUMT, MaJOr0 SHEProBblAeeH 1) 0OHAPYKHUTD
HEeHTPOHHBIE 3Be3[bl NPAaKTHUeCKH HeBO3MOxHO. [Ipu 3ToM mpocto
He OBLIO Yy4YTEHO, YTO HEHUTPOHHbIe 3Be3/bl JOJKHBI BpallaTbCsl Ha-
CTOJIBKO OBICTPO, YTO OCHOBHBIM MCTOYHUKOM H3JyuaeMOH 3>HepruH
OyfeT KHHeTHYeCcKast SHeprusl BpalleHHs. A 3TOT BBIBOAL MOT ObITb
JIETKO CJeJlaH, TOCKOJBKY 32 CUeT COXPaHeHHUsl YIJIOBOTO MOMEH-
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ta J, = I,Q), tne I, ~ MR? — wmowmeHT UHEPLUH, CXKUMawllasacs
3Be3la Heu30exXHO H0JKHA Obla Pe3KO YBEJHUHUTb CBOIO YTJIOBYIO
CKOpOCTb BparleHus 2 = 2x/P.

B pesynbrate, He OblIO MPEANPUHATO U lLieJeHANPaB/JIeHHBIX I10-
MBITOK OOHAPYXKHTb MYJbCHPYIOLIEe H3Jy4eHHEe y H3BECTHBIX 00b-
eKkToB. M 3TO HecMOTps Ha TO, YTO K TOMY BpeMEHH B IeHTpe
KpaboBunHo#i TyMaHHOCTH yiKe Oblja 3aperucTpHpoBaHa HeoObUHas
ONTHYeCcKas 3Be3a, COBMAAIONIAS MO MOJNOXKEHHIO C TaKxkKe HeoObIu-
HBIM PaJiMOUCTOYHUKOM. VIMEHHO ¢ aKTHBHOCTBIO 3TOH 3Be3[bl CBS-
3bIBAJIOCh 3HeproBuiieseHne Wiy =~ 5 - 1038 spr/c, HeobXomumoe
0751 moAnuTKY KpaGoBHAHONW TyMaHHOCTH PENATHBUCTCKUMH 3JIeK-
TpoHaMmHu. B mpoTuBHOM ciydae onthyeckoe cBedeHue KpabosumHoh
TYMaHHOCTH JIaBHO OBl NPEKPATHJIOCh.

JInmb mocsie TOro Kak CTajo iCHO, UTO 3TOT HeOOBIYHBIH HCTOY-
HUK [EeHCTBUTEJIbHO CBSI3aH C Bpallaolledcss HEUTPOHHOH 3Be310H,
OblJ IPOBEJIeH aHaJ/n3 MepeMeHHOCTH ero onTudyeckoro noroka. Oka-
3a710Ch, YTO ONTHYECKOe H3JyueHHe TaKxkKe NMPUXOAHUT K HaM B BHIE
OT/IeJIbHBIX HMIYJIbCOB, Mepron KoTopeix (P =~ 0,033 ¢) B TOuHO-
CTH COBMNajaeT C MEPUOAOM PaAHOMMIMYJbCOB. MOMEHT Ke HCTHHBI
HaCTYNMJ/ TOC/]e TOro, Kak OblJa M3MepeHa CKOPOCTb 3aMe/lJIeHHS
BpallleHus nysbcapa B Kpa6oBuaHo# TymaHHOCTH €2 = 6€2/dt u cTano
SICHO, YTO

1) cKOpoCTb TOTEpH HEPrUM Bpallaolleiics HeUTPOHHOH 3Be3ibl,
ornpefesieHHasi IO CKOPOCTH 3aMellJIeHHsl YTJOBOH CKOPOCTH Bpalle-
Hust W = —I,Q8), cosnanaer ¢ BeJuunnoil Wios &~ 5 - 1038 apr/c;

2) xapakTepHblH Bo3pacT paauonysabcapa Tp = 0,50/|€2
~ 1000 ner coBnagaer ¢ Bo3pacToM KpaGOBHAHOH TYMaHHOCTH,
BO3HUKILIEH, KaK U3BeCTHO, BO BpeMsl B3pPblBA HCTOPUYECKOU
cBepxHoBo# AD 1054.

B pesysbrare, 6blJI0 OKOHUATENBHO YCTAHOBJEHO, YTO MYJIbCUPY-
[olllee U3JyueHHe PafHOIy/IbCapOB CBSI3aHO C BpallleHHeM HeHTpOH-
HbIX 3Be3A. [Ipn 3TOM Ha Bcex 04YeHb CHUJIBHOE BIleYaT/eHHe MPOU3BeEJ
TOT (paKT, UTO OTKPHITHE, 32 KOTOpOe, KcTaTH, B 1974 r. A. Xbtouury
Obla npucyxieHa HoOeseBckas npemus 1o (pusrke, GpakTHYeCKH,
JIeXKasno Ha MoBepxXHOCTH. Ecin 6bl aHA/MM3 Ha MepeMeHHOCThb Ofl-
THYECKOr0 H3Jy4yeHHs] HeoOblYHOH 3Be3Nbl B LeHTpe KpabGoumHoi
TYMaHHOCTH OblJl NIPOBelleH paHee, HEUTPOHHBIE 3Be31bl MOTJIU OBITh
OTKPBITHI [axKe 10 MOSIBJEHUS PaaroacTPOHOMHUH.

[TpuBeneHHbIN BhIlIe NpuUMep (Ha Hall B3rJIsgA, Haubosee Ha-
TJISIAHBIM, HO Ja/eKo He eIMHCTBEHHBIH) IOKa3blBaeT, HACKOJBKO
Mporpecc B CO3[JAaHUM HOBBIX TPUEMHHKOB KOCMHUECKOTO H3Jyye-
HUSI, IPUBEAIIMH K OypHOMY Pa3BHUTHIO PagHOACTPOHOMMH, a MOTOM

~
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PEHTreHOBCKOH M TaMMa-aCTPOHOMHH, OTepexKas pa3BUTHE TEOpPHH.
C npyro# CTOpPOHBI, B PeSITUBUCTCKOH 'PaBUTALMOHHOH acTPOHOMHH
(4, B 4aCTHOCTH, B KOCMOJIOTHH) TEOpHsl C CaMOTo Hayaja 3aMeTHO
onepexkasna HabJ/oneHUsl. MoxXHo cKasarh 6oJblle — 0 CUX MOp He
CYLLECTBYET OKOHUATeNbHbIX N0KA3aTe/NbCTB CIPaBeIJUBOCTH 00LIeH
TEOpUH OTHOCHTe bHOCTH! Jles10 B TOM, YTO XOPOILO H3BECTHBIE C Ha-
yaJsia NpOLIJIOro BeKa MpPUMephl KclepuMeHTa bHOH npoBepkd OTO
(nBukeHue nepuresnnsi Mepkypusi, rpaBUTAllMOHHOE KPACHOEe CMellle-
HHe, OTKJIOHEHHe CBeTa B rpaBUTalMOHHOM nosie CoJsiHIIA) COOTBET-
CTBYIOT CJy4arm cJaOblX I'PaBUTALHOHHBIX T0JIEH, NMpUYeM BCe 3TH
3(p(heKThl MOTYT OBITh OOBSICHEHBl U B PAMKAaX aJIbTePHATUBHBIX TEO-
puil rpaBuTauuu. o cHX Mop Mbl He UMeeM INPSIMBIX [0KAa3aTeJsbCTB
CTpaBeIJIMBOCTH 0Ollell TEOPUH OTHOCHUTENBbHOCTH B CHJIBHBIX Tpa-
BUTALMOHHBIX MOJSX. B 4acTHOCTH, HET MPSIMOTO I0Ka3aTesbCTBa
CYLIeCTBOBAHHSl UEPHBIX ObIp — OOBEKTOB, MPEACKA3aHHBIX elle B
HayaJle [IPOLLJIOro BeKa — XOTs KOCBEHHO OHH OOHapy2KeHbl B TeCHBIX
NBOHMHBIX CHUCTEMaX, a TAKxKe B LEHTPaX aKTHUBHBIX rallakTHK, U HX
CYLLeCTBOBAHHWE B HacTosillee BpeMs siBJseTCs OOLLeNPU3HAHHBIM.
OnHako, OHHM TMPOSABJSAIOT cebs JHILIb KaK HeBHAHMblE KOMIAKTHBIE
00BEKTBI, HA KOTOPBIE, B YACTHOCTH, MPOUCXOANT NepeTeKaHHe Bellle-
crBa. I[Ip 3TOM rpaBUTALHOHHOE MOJIEe TUIOTETUYECKHUX UEPHBIX JbIP
NposiB/seT ceds JIMIIb Ha PACCTOSIHUSAX, MHOTO OOJBLIMX MO CpaB-
HeHHMI0 C TPaBUTALMOHHBIM paguycoM 7y = 2GM/c?, rne ero yxe
O4YeHb TPYOHO OTJIHUYHUTH OT HbIOTOHOBCKOTO. [IpsIMBIX »Ke yKazaHUH
Ha HeoObluHBIE 3((PEKTHI, CBI3aHHBIE C CYLIECTBOBAHHWEM T'OPU30HTA
COOBITHH (TaKHX, HalpUMep, KaK OTCYTCTBHE TBEPLOH MOBEPXHOCTH,
TOJIHOE 3aMeJ/leHHe XOla BPeMeHH) 0 CHX MOp MOJydeHO He OblIO.

Ilo cux mop, HeT MpsIMBIX HabsoneHHd W npenckaszaHHeix OTO
TPaBUTALMOHHBIX BOJIH (HOCTATOYHO UYBCTBHUTEJbHblE MPUEMHHUKH
CTall CTPOUTbCS JIUIIb B IOCJAEIHEE NECATHJIETHE), XOTS U 37eCh
MMeIOTCS HalleKHble KOCBEHHble NaHHble. AHa/lu3 JBHXKeHHUsS] Hell-
TPOHHBIX 3Be3Jl B TeCHbIX (opOutasbHblil mepuon P, < 10 yacos)
IOBOMHBIX CHCTeMax [0KasaJj, 4TO TaKHe CHCTeMBl JeHCTBHUTEJNbHO
TEpPSIIOT SHEPrHI0 33 CUET H3JyueHHs TPaBUTALMOHHBIX BOJH, IpH-
gyeM corsiacue ¢ (opMysnod DUHIITeHHA [J/51 MOLUIHOCTH TOTePb, Kak
Mbl YBUIMM, B HacTosilllee BpeMsl MPOBEPEHO C TOUHOCTHIO AOJeEH
NpOLeHTA.

Taxum ob6pazom, [0 CHX MOp B IPaBUTALHOHHOH aCTPOHOMHH
Teopusi 3aMeTHO ornepexaeT Hab/woneHus. Kasasnoch Obl, Tem 060-
Jiee yIUBHUTEJbHO, KaK DUHIITEHHY yAaJ0Ch CPOPMYIHPOBATH CBOIO
TEOPUIO MOYTH CTO JeT TOMY Haszal, Koraa OblM M3BECTHB! JHLIb
HeMHOTOYMCJ/IeHHbIe TPUMEPBI OTKJOHEHHS OT HbIOTOHOBCKOH HepeJisi-
TUBHUCTCKOH TEOPHH I'PaBUTALMH, a TOYHOCTb HaOMIONEHHH Oblja 3Ha-
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YUTeJbHO HUKe. B 3TOM cMmbicie ucTOpusi co3naHus obulel TeopuH
OTHOCHUTEJILHOCTH OKa3bIBAaeTCsl Upe3BblYalHO MoyunTesbHOH. OHa
MOKAa3bIBAeT, UTO MHOrAA ObIBaeT MOJIE3HO MOJHOCTBIO OTPELIUTHCS
OT HaOJIIONEHUH U CTPOUTb TEOPHIO, OCHOBBIBASICb HA HEKOTOPBIX
KJII0YEBBbIX MPUHLMIAX, U3BECTHBIX, HaNpUMep, U3 APYTHX obJacTel
(usuku. M mumb 3aTeM IpoBOAUTh CpaBHEHUE MPeCKa3aHUH TeOPHH
C HnaHHbBIMU HabJjiofeHWH. Tak, 3aKOH coXpaHeHHs 3HepPruH, cdop-
MYJUPOBAHHBIA BHauaJje JHIIb [/ MeXaHUYeCKUX [BHXKEeHHH, 3a-
TeM OblJ pacnpocTpaHeH Ha Bce (uaudeckue sipaeHus. CoOCTBEHHO,
UMeHHO TakK Obla chOpMYyJHPOBAHA U IBKJNUIOBA T'E€OMETPHUS, XOTS,
KOHEUHO 2Ke, OHa B 3HAUUTEJIbHOH CTENeHU OMUpanach Ha MOBCETHEB-
HbIE omblT. Kak MBI BUAMM, HIes aKCMOMAaTHYECKOrO MOAXOAA TpH
MOCTPOEHUU (PU3UUECKHUX TEOPHUH HMeeT MHOTOBEKOBYIO TPAAUIIMIO.
[lo sTo# mpuuuHe MPH OOCYKAEHUU OCHOBHBIX TOJIOKEHUH, Jie-
JKAIlllMX B OCHOBe 00Ilell TeOPUH OTHOCUTEJLHOCTH, MBI Oynem obpa-
martb ocoboe BHMUMaHHe UMEHHO Ha TO, KakKMe OCHOBOIMOJarailiue
MPUHIMIBI (aKCHOMBbI) ObIJIK TOJIOXKEHBI B OCHOBY 0OIII€H TEOPHU OT-
HOCHTEJIbHOCTH, W KaK U3 3TUX MPHUHLMIIOB BO3HUKJO CTPOHHOE 31a-
HUe MaTeMaTUYeCKH CTPOTOH TEOPUH PesIITUBUCTCKON I'pDaBUTALUH.

2. Maremaruueckoe BBeneHue. CresaeM elle HECKOJbKO 3a-
MeuaHWH MaTeMaTHUeCcKoro Xxapakrtepa. Kak y»e roBOpHJIOCH, MBI
nocrapaemcsi cOpPMYJIMPOBATh BCe KJI0UYeBble COOTHOIIEHHS Ha 3Je-
MeHTapHOM si3blKe, T.e. 0e3 HCIOJb30BAaHUS BbICIIEH MaTeMaTH-
ku. C JIpyroél CTOPOHBI, COBCeM OOOUTHCH 0e3 MOTyuero ammapa-
Ta nuddepeHHaNbHOT0 HCUYHUCTeHUs Oblio Obl HempaBusbHO. Kak
yKe OTMeyaJoch, BbiClIas MaTeMaTHKa cosfaBagach . HbrioToHoM
(1643-1727) u I'. B. Jleiibuunem (1646-1716) B 3HaYUTEJbHOU CTe-
MeHW UMEHHO /151 TOTO, YTOOBI 3aKOHBI (PU3UKH MOXKHO OblI0 chop-
MyJHPOBATh MPOCTO ¥ KOMNAKTHO. PakTHUECKH Ke UMH OblI CO3AaH
HOBBI MaTeMaTU4eCKHUH S3bIK, MO3BOJSIOLMN aleKBATHO OMUCHIBATH
siBIeHUs IPUPOAbl. [lo 3TOro ke OCHOBHBIM $13bIKOM OblJ (POPMA/IU3M
KOHHYeCKUX CeYeHHWH; UMEHHO Ha HeM OblJ HamucaH ¥ OCHOBHOH
TpyL HbloToHa «MaTemaTHuecKUe OCHOBBl HaTypaJsbHOH (uJ0co-
(un». JI06OMBITHO, YTO ellle MHOTME TOAbl 3THU [Ba f3blKa CYIIe-
CTBOBaJIKM NapaJJenbHo. Hanpumep, MHOrHe nekabpucThl, Kak obpa-
30BaHHblE JIIOAW CBOEro BpPeMeHH, HM3ydald KOHUUECKHEe CedeHHs B
yHuBepcuTeTe. ONMHAKO HECOMHEHHOE MPeuMYIleCTBO HOBOTO $13bIKA
TOCTENEHHO MPUBEJNO K TOMY, UTO Au(QepeHNHaTbHOE HUCUNCIEHUE
CTaJI0 OCHOBHBIM $I3bIKOM Hay4YHOH JIUTEPATYPBHI.

[losToMy B HEKOTOpPBIX Cydasix Mbl OyleM MPUBOOUTbL U HUde-
peHIIHa/bHble COOTHOLIEHUS, KOTOPbIe, KaK MOXKHO HAAEesThCS, 10JIXK-
Hbl MPOSICHUTh 00Cy»KJaeMble BOMPOCHL [JIf UYHTaTessl, 3HAKOMOTO
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c BbiclIeld MareMaTHKOH. MHTerpasbl ke OyayT MOSBASTHCS JHIIb
B HCKJIIOUHTEJbHBIX caydasx. Ilas Tex ke, KTO elle He 3HAKOM C
MOHSATHEM MPOU3BOAHOM, ClefyeT pacCMaTpUBaTh «Heporand» dx Kak
MaJjioe MpHpalleHHe BeJHUHHBl z, T.e. dz &~ dx, a «Heporaud» dx/dt
KaK CKOPOCTb M3MEHEeHHsl BeJUYMHBl = NPH U3MEHEHHH t
dz bz ()
dt = ot
Tak, yxe mosBuBLIasiCA Bbille «CKOPOCTb H3MEHEHHs YIJIOBOH CKO-
pocTH BpaileHus» {2 = 0§}/0t ecTb He UTO HHOe KaK IpPOH3BOJ-
Hasl yryioBo# ckopoctd ) mo Bpemenu t: Q = dQ/dt. Tlpu atom
UCI0/Ib30BAHHE TepMHUHA «CKOPOCTb», KOHEUHO »Ke, He CJydaHHo.
Benb Bcem xopolio u3BecTHas (u3uuecKas BeJUUHHA — CKOPOCTb
YacTHLbl v, — M €CTb IPOMU3BOIHAS KOOPAMHATHl YaCTHLBl = IO
Bpement t: v, = dx/dt. «Uepornud» xe df (x,y)/Ox cooTBeTCTBYET
T.H. 4aCTHOH MPOU3BOAHOH (GyHKUHUU f(x,y) MO z, IPU BHIYUCIEHUH
KOTOPOH HYKHO CUMTATh, YTO TE€pPeMeHHasi y OCTaeTCsl MOCTOSHHOM.
Haxkonen, Besne Huxe 6GyneT ucnosnb3oBaTbes cuctema CI'CO.
MmeHHO 3Ta cucremMa efnHUL HanboJsee ecTeCTBEHHA TPH OMHUCAHHU
3JIeKTPOMAaTrHUTHBIX SIBJE€HUH, KOTOPble OCTOSIHHO OYyAyT 00CYKAaTh-
csl HHKe. B yacTHOCTH, B 3TOH cHcTeMe 3/eKTPUUECKHEe U MAarHUTHbBIE
ToJIsS UMEIOT OIMHAKOBYIO pa3MepHOCTb. B HacTosilee BpeMst ©MEHHO
3Ta CUCTEMa eUHUIL MTOBCEMEHHO MCIOJb3yeTcss B acTPO(U3NIeCKOH
JuTeparype.



[naBsa 1

OBIIAYd TEOPHUAd OTHOCHUTEJIBHOCTH —
OJIHA U3 MEPBBIX TEOPUH MOJA

1.1. HploToHOBCKas rpaBuTanus — mnpumep
HepPeJSITUBUCTCKOA Teopuu

BcnomHuM mpexne Bcero, 4To HaM H3BECTHO H3 ILIKOJBHOTO
Kypca (pU3HKHU. DTO, KOHEYHO Ke, 3aKOH BCEMHUPHOTO TATOTEHHS,
CBSI3bIBAIOIIMH HAMPSKEHHOCTb TPABUTALIMOHHOTO MOJS g W Maccy
Tarotempmniero teaa M

M
g=—Gon. ()

3mech G =6,67-1078 em3 r~! ¢? — yHuBepcanbHas rpaBHTALM-
OHHasi TOCTOSIHHAS, @ N — eIWHUYHBIH BEKTOp, HAMpaBJIEHHBIH OT
Tesla, KOTOPOE Mbl /IS YIOGCTBA TIOMECTH/IM B Haua/o KOOpaHHAT 1),
DTo o3HauaeT, yTo cusna F = mg, neicrBymomas Ha MpoOHOe TeJo
Maccel m, OyneT paBHA

Mm

F=-G—y

n, 3)

T
a COIJIaCHO TPeTbeMy 3aKOoHy HbloToOHa — 4TO Ta Ke cuJsa, B3siTas
c oOpaTHbIM 3HaKoM, OyneT nelicTBoBaTb Ha Teso Maccel M. 3mech
MMeeT MeCTO T0JIHasl aHaJorusl C 3JeKTPOCTaTHKOH, Koraa cuia F,
JeHcTBylollas Ha 3apsih ¢, AoJKHa ObiTh 3anucaHa B Buae F = ¢E,
rie E — HanpskeHHOCTb 3JeKTpHUeckoro moJsi. Bocmosnb3oBas-
IIKMCb Telepb BTOPbIM 3akKoHOM HbioortoHa F = ma, mosyyaem, uto
B [IPUCYTCTBUM TPaBUTALLMOHHOIO MOJS BCe Teja OYAYyT ABUraThes C
OIMHAKOBBIM YCKOPEHHEM

a=g. (4)

1) Koneuno 2Ke, Mbl elle MNPEeANOoJJOKHUJIN, YTO MacChl MOXKHO CHHTATb TO-
YEYHBIMH.
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[TosTOMYy-TO Hampsi)KEHHOCTb TPABUTALMOHHOTO TOJSI & OOBIUHO H
Ha3bIBalOT YCKOPEHHEM CBOGOIHOTO MafeHHsl, XOTs 3TOT TEPMHH CKO-
pee OTHOCHTCS K MPOOHBIM TeJslaM, a He K CaMOMY I'PaBHUTAaLlHOHHOMY
ToJI0.

HanpsixkeHHOCTH TpaBUTallMOHHOTO ToJst & (2) COOTBETCTBYeET
CKaJISIPHbIHA TPaBUTALMOHHBINA TOTEHIHAJ

_GM

r

()

(pa3mepHOCTb — KBaapaT CKOPOCTH). YIOOGCTBO 3TOH BEJMYHHBI CO-
CTOHMT B TOM, YTO OHa MPEeACTaBJsieT COO0H MOTEHLUHANbHYIO SHEPIUIO
TeJa eIMHUYHOH Macchl. B pesysbraTe, MoJHAs SHEPrUsl YaCTHULbI
MacChl m MOXKeT ObITb 3alHcaHa Kak
2
mu
E = o + M. (6)
[Ipu sTom B cthepruecku CUMMETPHUHOM cJlydae yCKOpeHHe CBOOOM-
Horo mnageHusi ¢(r) = gr(r) M TPaBUTALMOHHBIA MOTEHLHA] Qg ()

CBsA3aHbl NMPOCTBIM COOTHOLIEHHEM

Pg =

__dyg
9(r) ==, (7)

Ha nepBblfi B3r/isif, Bce CKasaHHOe Bbllle NOCTATOYHO 3JEMeEH-
tapHo. OpHakKo, y»Ke 3[eCb MOXHO cJesaTb HeCKOJbKO BaKHBIX
3aMe4yaHui OoJee oblIero xapakrepa.

1. W3 ypaBHeHusi (4) BHAHO, UTO yCKOpeHHE Teja He 3aBHUCHUT
OT ero Macchl. DTO CTaJO BO3MOXKHBEIM 6Jsarofapsi npeanosnoKeHHIo
(BooO1ie TOBOpSl, COBEpLIEHHO He OYEBHAHOMY) O paBeHCTBe rpa-
BUTAIlMOHHOM Macchl 1, BXOAslled B ypaBHeHHe (3), ¥ HHEPTHOU
Maccbl m, BXoAsiled Bo BTopod 3akoH Helorona F = ma. Itot
NPUHLIKI, KaK Mbl YBUAWM, SIBJISIeTCS OJHUM M3 KpaeyroJbHbIX KaM-
HeH MpH MMOCTPOEHUH 00ILEel TEOPUH OTHOCHUTENBHOCTH.

2. 3akoH nBUXKeHHs1 a = g (4) BBINVISAUT OIMHAKOBBIM B J1I060H
WUHepIHaJbHOH CHCTEMe OTcYeTa. DTO CBSI3aHO C TeM, UTO B JI060#H
MHepLHaJbHOH CHUCTeMe YCKOpeHHe a, OINpefesisieMoe yepe3 BTOpbIE
MPOM3BOJIHBIE KOOPAHHAT [0 BpPEeMEHH, Kak MU BesJuuuHa cuibl F (3),
OCTalOTCSl TeMH Ke CaMbIMH KakK B MOKosillelcs, TaK U B PaBHO-
MepHO ABHKYLIEHCS OTHOCUTEJbHO Hee CHUCTeMe KoopauHat. [leid-
CTBUTe/IbHO, BTOpas mpoussoaHas d’r(t)/dt’ or nuHeiiHOH QyHK-
uuu r(t) = vt + ro Bcerna paBHa Hy/10. Kak Mbl yBHIUM, NPUHLHKI
MHBapUaHTHOCTH (HE3aBUCHMOCTH MaTeMaTHUECKOH 3aMHUCH OT BBIGO-
pa cucTeMbl KOOPIMHAT) CTAHET ellle OAHHUM KJ/IOUEBBIM I0JI0KEHHEM
TPY NOCTPOEHUHU 00Llell TeOpUH OTHOCUTENbHOCTH.
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3. YpaBHEHHsI MOXKHO UHTaTh KaK CJieBa HampaBo (TAroTeiollre
MaccChl CO31al0T rpaBUTAlMOHHOE T10JIe), TaK ¥ ClipaBa HaJeBo (cylie-
CTBOBaHHME TPaBUTALMOHHOTO T0JISI TIPUBOAUT K YCKOPEHHIO MPOOHBIX
yacTull). MIMeHHO M03TOMY Mbl CHOPMYJTHPOBATH 3aKOH BCEMUPHOTO
TSTOTEHHUS] B HECKOJIbKO HeoObluHOH (hopme (2), a He (3), MOCKOIbKY
IS HAC 3[eCh BaXKHBIM OBILJIO UMEHHO TO, YTO MaTepHasbHbe Teja
CO3MAI0T BOKPYT cebsi rpaBUTalMOHHOE MOJIe.

4. I'paBUTallMOHHOE MOJIe MOXKET ObITb OMHCAHO KaK BEKTOPHOH
BEJIMUMHON — YyCKOpeHHeM CBOOGOAHOrO majeHus g (2), Tak U cKa-
JISIPHBIM TPAaBUTALMOHHBIM MOTEHIHAIOM @y (D). OQHAKO MOCKOMbKY
BeJIMYMHA g OJHO3HAYHO ONpeJesseTcs 4yepe3 MOTEHIHAN ¢y (CM.
cootHouieHue (7)), TO B AEHCTBUTEJIbHOCTH B HEPEJNSITHBHCTCKOM
TEOPHH TpPaBUTALIMKM HEOOXOAMMO 3alaTh JHIIb OIHY CKaJSPHYIO
(YHKIHIO — TPaBUTALMOHHbIH MOTEHIHAN Qg ().

1.2. Ilouemy noTpe6OBaIOCh U3MEHUTH TEOPUIO?
JlopeHII-UHBapUAHTHOCTD

Teopusi Tarorenuss HbioToHa siBisieTcsl 3aMKHYTOH (T.e. BHYT-
peHHe HeNpOTHBOPEUYMBON) TeOpHeH, MO3BOJSIOIIEH, B YaCTHOCTH,
OJIHO3HAYHO TPeNCKa3biBaTh JBHMKeHHe Tes. Kak XOpolio H3BecTHO,
UMEHHO Ha OCHOBE HbIOTOHOBCKOH TEOPUH TOJNYUUJH CBOE €CTECTBEH-
Hoe oObsicHeHHe 3akoHbl M. Kemsepa (1571-1630), a Takxke 6blji0
MpefCcKa3aHo CYLleCTBOBAaHWE BHEIIHMX MJjaHeT. TeM He MeHee, K
Hayany XX BeKa CTaJjo $ICHO, YTO KJacchieckas TeOpusl TATOTEHHUS
NOJ2KHA OBITh TIepecMOTpeHa.

KoneuHo ke, 0OCHOBHO! MPUYHHOH, TPUBEAIIEH K HEOOXOTUMOCTH
MepecMOTPETh OCHOBHBIE TOJIOXKEHHST KJaCCHUECKOH TEeOpHH, ObLIH
HabsroneHusi. Teopus tsaroreHusi HploToHa He Morsia OOBSCHUTD HU
OOTIOJIHUTEJBHOTO IBUKEeHUS nepuresns MepKypusi, HU OTKJIOHEHHUS
ceta B noJie CosHIla (B mocsieiHeM cyyuae NpeacKasaHue HepeJsiTh-
BUCTCKOH TEOpUM W HaOMIOJeHHUsT OTIHYaJuch B ABa pasa). C apyro#
CTOPOHBI, KJacCHUecKasi TeOpUsl TATOTEHWs TepecTasa yIOBJETBO-
pATb U PSALY NMPUHLMUIMANBHO BaXKHBIX CBOHCTB, KOTOpBIE HATPSIMYIO
BBITEKANHW W3 APYTUX TEOPHUH, a MMEHHO TEOPUM 3JEKTPOMAarHurT-
Horo moJsi, copmyanpoBanHoi 1. K. Makcsessom (1831-1879),
a TaKxKe CMeLHaJbHOH TEOPHUH OTHOCUTeNbHOCTH DHHIUTeHHa. Tak,
HaTpyuMep, 0Kas3asjocCh, UTO ypaBHeHUs HbloTOHa He WHBapHaHTHBI
M0 OTHOILIEHHIO K TpeoOpa3oBaHusM, OTKPbITHIMH X.A. JlopeHuom
(1853-1928), KoTOpbIE U3MEHSIOT HE TOJbKO MPOCTPAHCTBEHHBIE, HO
U BpeMeHHble KoopauHaThl. [lompocTy ke roBopsi, JIOPEHI-HHBApPH-
AaHTHOCTb Tpe6oBajia KOHEUHOCTH PACpPOCTPaHeHHsl CUTHAJIOB, TOTAA
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KaK HBIOTOHOBCKAasi TeOpHs I'PaBUTALMH (aKTHUECKH MpeAroJfarasa
MTHOBEHHOCTb pPaclpoCTPaHeHUs] IPaBUTALMOHHOIO B3aUMOAeHCTBHS.

Hanomuum, uto B Hauyase XX Beka JOpeHI-UMHBAapUAHTHOCThb
MpeAcTaB/siAach Kak yHHBepcajbHoe TpeboBaHHe K (pyHIAMeHTaJb-
HOHM Teopuu. Bo BeskoMm ciyuae, CrpaBefJIMBOCTb 3THX Mpeobpaso-
BaHUH OblJa 3KCIIEPUMEHTaJbHO MPOBEpeHa /151 3J1eKTPOMArHUTHBIX,
a BIIOCJEACTBUU /ISl CHUJBHBIX U cjabbiX B3auMmonercTBui. OnHako,
KaK Mbl YBUAWM, [JI5l FPABUTALHOHHOIO B3aUMOAEHCTBHUS OT yCJIOBHUS
JIODEHL-HHBAPUAHTHOCTH NPUXOAMUTCS OTKaszaTbecsi. TeM He MeHee,
TNIOCKOJIbKY YCJIOBHE JIOPEHIl-MHBAPUAHTHOCTH CBIrPajio KJUeBYIO
pOJib TIPU TOCTPOEHHWH TEOPUH OTHOCUTENBHOCTH, MpEeNCTaBJseTCs
1[e/1ecoo0pa3HbIM MOTPATHTh HEKOTOPOE BpeMsi Ha TO, 4T0Obl cdop-
MyJHpOBaTh 0o0Jiee TOYHO, UTO MBI B JajibHeilleM OyieM MOHHUMATb
10Jl UHBAPUAHTHOCTbIO TEOPHH.

dakTHUECKH, Mbl yXKe CTaJKHBaJUCh CO CBOHCTBOM HHBapH-
AaHTHOCTH Ha MpuMepe BTOoporo 3akoHa Heiotona. HesaBucumo ot
CUCTeMBl oTcueTa (KOTOpasi, OIHAKO, 00si3aTeNbHO [OJIKHA OBITh
MHEpLHAJbHON), 3aKOH ABHMKeHHUs uMeeT BUA ma = F = mg. [lpu
9TOM BBINOJIHSIETCSl JaxKe 0oJiee CUJbHOe YCJI0BHMe — W YCKOpeHHe
CBOOOJIHOTO NaJIeHHUs] g, U YCKOPeHHe a He U3MEeHSI0TCs [IPH Nlepexofe
OT OJHOW HMHEpLUHAaJbHOH CHCTEMBl K JAPYTOH.

[Ipexkme Bcero, HamOMHHM, 4TO Ji00asg WHBapHAHTHAs BeJHYH-
Ha (YHUCJIO CIYTHUKOB Y TJIAHET, YUCJIO HYKJOHOB B siipe, YHUCJIO
CTY/IEHTOB, MPUHATBIX B HHCTHUTYT) BOOOIe He MOJKHA 3aBHUCETb
oT BBIOOpA CHCTEMBI KOOpAMHAT.
CkansipHasi »Ke BeJIMUMHA, HaNpu- y
Mep, IPaBUTALMOHHBIA NOTeHLHAJ y z
©g(T), 3aBHCHUT JIMIIb OT MOJIOXKe- _-
HUSl TOYKH, a He OT TOro, Kak ue- 47 A 1
pe3 3Ty TOUKY MPOXOAST KOOPIAH- v
HaTHble JUHUHU. Ecau Mbl HMeeM @
IIeJI0 C BEKTOPOM (HarpaBJieHHbIM A, r
OTpe3KoM) A, TO ero KOOpIHHATEI
Az, Ay, A, T.e. IPOEKLHH BEKTO-
pa A Ha ocu x,y,z, KOHEYHO XK€,  Pyc. |. FsMeHeHHe KOOPAHHAT BEKTO-
6yLLyT 3aBUCETb OT HaIllpaBJIEeHHUS pa npu NoBOPOTe CUCTEMblI KOODAHHAT
3TUX ocel. TeM He MeHee, U3MeHe- Ha yroia ¢
HUe KOOPAMHAT AOJIKHO MPOUCXO-
IOUTb [0 BIIOJIHE ONpe/le/leHHbIM 3aKoHaM. Tak, Harnpumep, IpH MOBO-
poTax BOKPYT OCH z Ha yroJ ¢ (cM. puc. 1), Korna HOBble U CTaphbie
KOOPAWHATBl HEKOTOPOH TOYKU OyOYyT CBS3aHbl COOTHOLUEHUSIMU

¥ =xcosp+ysing; 1y =-—xsing+ycosy; 2 ==z (8)
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KOOpAHHaThl BekTopa A;, Ay, A, B ONHOH cHCcTeMe KOOPAMHAT U ero
KoopauHatel A,r, Ay, A,r B Ipyro# cucteMe N0JKHBEI ObITh CBA3AHbI
COOTHOILLEHUSIMH

Ay = Agcosp + Aysing;
Ay = —Agsinp 4 Ay cos p; 9)
Ay =A,.

HMeHHO NOJMIKHBI, TaK KaK B MPOTUBHOM cjaydae o6beKT A, 3anaBa-
eMBbIH ero TpeMsi KOOpAUHAaTaMHt, BOOOIIe HeJb3sl CUHTATh BEKTOPOM.
WubiMu coBamu, cooTHouieHus (9) ecTb onpeneseHue, a He CBOU-
ctBo BekTopa A. Ilpu 3TOM BaXKHO, UTO MpU NpeoOpa3oBaHUU KOOP-
JIMHAT HEKOTOpPble BEJMUHHBI OKA3bIBAIOTCS WHBAapUAHTHBIMU. [Ipex-

Jle BCero, 3To AJMHa Bektopa |A| = VA?, rae
2 2 2 2
AT = A7 + A, + A%, (10)

KOTOpasi OCTaeTcsl IOCTOSIHHOM NP NPOM3BOJNBHOM BbIGOpE OpPTOro-
HaJ/bHbIX ocell. K Apyrum HMHBapuaHTaM MOXKHO OTHECTH CKaJsipHOe
npou3BelleHUe 1BYX BEKTOPOB

(A-B) = A,B, + A,B, + A.B.. (11)

JleficTBUTE/IbBHO, 9Ta BeJMYHMHA MOXKET ObIThb OMpejesleHa He3aBHUCHU-
MBIM OT KOOPAMHATHOH CETKH CII0COOOM

(A-B)=|A| - |B|:cosb, (12)

roe § — yronm MeXIy BeKTOPaMH, KOTOPHIA BooOIle He Tpebyer
3HAHHUS KOOpIHUHAT.

Ecnn xe onHa cucTeMa KOOpAMHAT ABHKETCSI OTHOCUTEJBbHO IpY-
TOH €O CKOpOCThIO V' BIOJB OCH T, TaK YTO KOOPAMHATBI HEKOTOPOH
TOUYKH MpeodpasyroTes Kak

=Vt Y=y, 2=z (13)

TO B 3TOM CJydae KOOPAMHATHl BeKTopa BooOlle He OyAyT H3Me-
HATbCS (mepeMeHHOH OyneT JHIIb Hadasno BekTopa). HamomHum,
4TO BMECTe C OYEBHJHBIM Ha MepBHIH B3MVISAA MPEANONOKEHHEM 00
MHBAPUAHTHOCTH Xola BpeMmeHu t' = t mpeobpasoBanue (13) HOCHT
ums [ Tanunes (1564-1642).

3anuueM Tenepb npeodpaszosBanus JlopeHua, T.e. npeo6pasoBa-
HHS KOOPAMHAT W BPEMEHH [1Jif ABYX CHCTEM, ABHIKYIIUXCS OTHO-
CUTeJIbHO JpPyr ApPyra ¢ MOCTOSIHHOH CKOPOCTbIO V' BIOJb OCH .
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[Ipu 3TOM MBI cpasy 3amuiieM 3T NpeoOpa3oBaHUs [Js1 GECKOHEYHO
MaJibIX TIPOMEKYTKOB BpeMeHH dt W cMmerieHu# dr
, dt—Vdz/c? , dz—Vdt

dt

——; dt' = ——;
\/1—V2/CQ \/I—VQ/CQ (14)
dy' =dy; di =dz.

CpaBHuBasi Ternepb cooTHoueHus (8) u (14), MOXKHO 3aMeTHTb, 4YTO
npeobpaszoBanus JlopeHua U npeo6pa3zoBaHUsl KOOPAUHAT MPH IOBO-
pOTe KOOpPAMHATHBIX OCell MMeloT MHOro obuiero. JeHcCTBUTE/BHO,
BOCIOJ/Ib30BABIINCh M3BECTHBIMH TPUTOHOMETPHUUECKHMH TOXKECTBa-
MH, MOXKHO 3anucaTb npeodpasoBanue (8) Kak

_dz+tgedy, dy — dy —tgpdr,
V1ttgZo V1+tg2o

Kax mbl BuauM, Ko3(D(PUIHEHTH MPeoOpa3oBaHUs MEPEXOAAT APYT
B npyra npu sameHe —V?2/c? ma tg?p. Tlostomy npeo6pasoBaHus
JlopeHua Takke Ha3bIBalOT MOBOpoTaMH. Ho ToMbKO He B 0OBIYHOM
MpPOCTpPaHCTBe, TAe TPU MOBOPOTAX OCTAETCS WHBAPUAHTHOH [JIMHA
BekTopa (10), T.e. cymMMa Tpex KBaapaTOB ero KOOpAHHAT, a B de-
ThIpeXMEepPHOM IPOCTpPaHCTBe-BpeMeHH, B KOTOPOM «KBaJpaT JJHHbI»,
KOTOPBbI HOCUT Ha3BaHUe WHTepBaJa, onpenesseTcs Kak

(ds)? = —c2(dt)? + (dr)2. (16)

da’ d7 = dz. (15)

HNwmenno untepBan ds Mexay ABYMs TOUYKaMH B YeTbIpeXMEPHOM
NPOCTPAHCTBE-BPEMEHH OCTAeTCsl HHBAPHAHTHBIM IIPH NpeodpasoBa-
Husx Jlopenua. BrepBble reomerpudeckas WHTepmpeTrauus IJI0C-
KOTO TPOCTPAHCTBa-BpeMeHH Oblia cdopmynupoaHa I'. MuHKoB-
ckuM (1864-1909).

flcHO, 4YTO HM3MeHeHHe CHCTeMBbl OTCUeTa OOJKHO MPUBECTH H
K HM3MEHEHHIO KOOPIMHAT BEKTOPOB, COOTBETCTBYIOIIMX Pa3JHUYHBIM
(husndyeckuM BesuurHaM. OnHAKO, KaK U B c/ydae OOBIUHBIX [TOBOPO-
TOB, NpeoOpa3oBaHusl JIopeHla COXpaHsIOT UHBAPUAHTHBIMH HEKOTO-
pble BeJMUYMHBI. B 4yacTHOCTH, OKa3bIBaeTcs, UTO Hsz/I népeo6pa3013a-
nuax JlopeHla octaeTcs NOCTOSAHHOH BequmunHa £2 — c¢“p’ = mic?,

rae
m62

£= —— (17)

NI
mv

P=Tw/2

€CTh 3Heprus, a

(18)
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— HMMIYJAbC YacTHLbl. TakuMm oOpa3oM, HEPruss ¥ HMMYJIbC KOM-
OWHUDYIOTCA TaK »Ke, KaK U TPOMeXyTOK BpemeHW dt W paccTosi-
Hue dr (16). CuemoBaresbHO, MOXKHO clejaTb M 00Jiee CHJIBHOE
YTBEPKAeHHe: XOPOLIO H3BECTHble HAM BeJMYHMHBI — 3HEPTHs (Tpex-
MEpHBIH CKassip) U HUMIMYabC (BeKTOp) B NeHCTBHUTENbHOCTH SIBJISI-
I0TCS YeThIPbM$SI KOMIOHEHTaMH 4YeThIPEXMepPHOTO BEKTOpa SHepPTHH-
UMIYJIbCa, «JJHHA» KOTOPOTO COXpaHseTCs MpU Npeodpa3oBaHUAX
Jlopenua. [TosToMy He yAHMBHTEJIBHO, UTO CaMHU 3HEPrHsl U MUMIYJbC
MpU Tepexofie OT OfHOM CHCTeMbl KOOPAHWHAT K APYroil mpeobpasy-
I0TCs1 IOLOOHO TOMY, Kak IpeoOpasytoTcst BpeMsl ¢ U KOOpAMHATA I

o _ E—Vp: ,71036—V5/c2

y P = />
\/1—‘/2/62 \/1—‘/2/02 (19)
Py =Dy, DL = D2

Tenepb Mbl MoxkeM 6oJiee TOUHO C(HOPMYJIHUPOBATH, YTO O3HAYAET
JIOPEHL-HHBAPUAHTHOCTb TeOpHH. [Ipexne Bcero, OTMETHM, UTO CO-
IepxKaHue JI0O0H TEOPHUH He NOJKHO 3aBUCEThb OT TOTrO, «I10J KaKHUM
yrjaoM» Mbl Ha Hee cMoTpuM. [loaTomy ocobyio posb npuobpera-
I0T WHBapUAHTHbIE BEJHUYMHBI, He 3aBUCsIIHE OT BbIOOpPA CHCTEMBI
KoopauHat. Jlaxe ecnu O/ OMMCAHUS KaKOTO-HO0 (PU3HUECKOTO
mpolecca HaM MPUXOAUTCS BBECTH BEKTOPbI, Bcerna ObIBAET T0Je3HO
OTIpeNIeIUTh CKaJsipHble BEJHUMHBI, UMEIOIIHe SICHbIH HHBAPUAHTHBIHU
tdusnyeckuit cmeics. [lo-BUuarMOMYy, 3TO CBSI3aHO C TeM, YTO TJyOHH-
Hasi prpona (pU3UYECKUX 3aKOHOB HMeeT y00asbHY0 (HHTerpasb-
HYI0), a He JoKaabHYIO (nuddepeHIHaNIbHYO) TTPUPOLY.

Hanpumep, 3akoH coxpaHeHHs SHePTHH 03HAYaeT, YTO H3MEHEeHHe
SHEPTUU B HEKOTOPOM 0ObeMe 00s13aTe/bHO J0J2KHO COTPOBOXKAATh-
csl TIOTOKOM 3HEPrUH Yepe3 MOBEPXHOCTb, OTPAHHUUMBAIOIIMH 3TOT
oobeM. B Takoét ¢popMyaUpoBKe HU BeJMUYHMHA CKOPOCTH H3MEHEHHS
SHEpruu B 3aJaHHOM 00beMe, HU TOJHBIH TOTOK 3SHEPTHH 4Yepe3
MOBEPXHOCTb, OTPaHHYMBAIOLIUKA 3TO 00beM, He 3aBUCAT OT BbIOO-
pa cHUCTeMbl KOOpAMHAT. Ba)kHO JIMIb, UTO 3TO CBOHWCTBO AOJKHO
ObITb CIpaBenJuBO AJs N060r0 o6beMa. COOTBETCTBEHHO, B HBIOTO-
HOBCKOH MeXaHHKe BEKTOP CKOPOCTH H3MEHSIeTCSsl TIPU JBUXKEHHH B
rPaBUTALlMOHHOM MOJIe, OOHAKO SHEPTHS TeJsa OCTAeTCsl MOCTOSHHOH.
WNHorna 370 CBOHCTBO MO3BOJISIET Cpasy MOJYUHUTb OTBeT. Hampuwmep,
ILJIS1 OTIpe/ieJIeHUsI BEICOTHI, HA KOTOPYIO MOAHUMETCS OpOIIeHHbIH Bep-
THKaJbHO BBEPX KaMeHb, NOCTATOYHO 3alucaTh 3aKOH COXpPaHEeHHs
SHEpPryH, a He pelllaTh YPaBHEHHUS JIBHIKEHHSI.

BakHeHIMM MHBAapHAHTHBIM CBOHCTBOM 00/1aJaeT U TOJbKO YTO
BBEeleHHbIH HaMU HHTepBaJ ds? = —c2de? + dr?. Jle#icTBUTEJIBHO,
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MyCcThb Jy4 cBeTa Obl HCMYILIEH B MOMEHT BPEMEHH t| B TOUKe I'j
W TIOIJIOLUIEH B MOMEHT BpeMeHM to B TOuke rg. [lockosbKy cBeT
pacrpocTpaHseTcsi CO CKOPOCTBIO CBeTa, TO MHTepBaJs (UeTblpexmep-
HO€e pacCTOsIHHUe MeXAY 3THMH [BYMs MPOCTPaHCTBEHHO-BPEMEeHHBI-
MU TOUKaMH) OYHeT paBHBIM HYJIO:

(65)2 = —c2(6t)? + (0r)® = 0. (20)

3neck 0t =ty —t; U dr = ro — r|. Ho, Kak Mbl BUe/NH, HHTEPBAJ
He U3MeHsieTcsl Mpu npeobpasoBaHusix JlopeHua, U MosToMy B J1060H
IPYrod MHEepLHAJbHOH CHUCTEME OTCYeTa HHTepBasJ MeXAy ABYMs
COOBITHSIMM — H3JlyueHHeM M TOIJolleHHeM cBeta — OyneT paBeH
HyJ0. A 3TO U 03HaUaeT, YTO CKOPOCTb CBETa He 3aBUCHUT OT BblOOpa
CHUCTEMbl KOOPJIHHAT.

Hakonern, B Teopun Makcsesia npu npeo6pasosanusx Jlopenua
MHBapMAaHTHBIMH ocTatotcs ckansphl I = B2 — E? u I, = (E-B)
(namoMuHaem, uto 3aechb ucrosbayercs cuctema CI'C3I). Tlostomy
ecli Mbl HMeeM [eJo C 3JeKTPOMAarHUTHOW BOJIHOH, B KOTOPOH
sjeKTpudeckoe noje E paBHO Mo BesWuMHEe MarHuTHOMy mnojio B,
HO TMepreHIUKYJISIPHO eMy 110 HanpaBJjeHuo, Tak uto I} = Ip =0, To
9TO WHBApUAHThl OCTAHYTCS HYJEBBIMU M B JIIOOOH NPYyrOoH CHCTeMe
KOOpAMHAT. A 3TO 3HAUWT, UTO BOJIHA OCTAeTCS BOJHOH B J11060H
MHepLUHAIbHOU cHucTeMe. TakuM 06pa3oM, HEOOXOTUMBIM YCJIOBHEM
I CTIPaBeIJMBOCTH YTBEPXKAEHHS — 3JEKTPOMAarHUTHOE IoJe iB-
JsieTcst BOMHOH — OynyT ycqaosus I} = Iy = 0 (1, KoHeuHo ke, E # 0,
B # 0), onuHakoBble B J1060H HHEPLHAIbHOU CHCTEMe KOOPAMHAT.

Pasnnune uHTerpasbHoro u auddepeHLHaNbHOr0 MOAXOAA I10-
JIe3HO TIPOMJIJIIOCTPUPOBATh W HAa TPHUMepe TEOPHH BCEMHPHOTO THi-
rotenusi Hetortona. [leficTBUTeNBHO, I'DAaBUTALMOHHBIH MOTEHLIHAJ
g = —GM/r (5) (4, COOTBETCTBEHHO, HAMPSKEHHOCTb IPaBUTALH-
OHHOTO MoJIsl g = —G'M/r?) Ha caMoM JieJie JIOJXKHBI OMpeeAThCs
KaK pelleHHe ypaBHeHUs /s rpaBUTallMOHHOro noJs. B nuddepen-
nMaabHOH (opMe (M 1/ LEeHTpPaJbHO-CHMMETPUYHOTO paclpesele-
HHSl BelleCTBa, KOTJa BCe BeJHUUHHBI 3aBUCAT JIMLIbL OT pajuyca r),
3TO ypaBHEHHEe UMeeT BHJL

L d [ dpg
—— —= ) = 47Gp, 21
r2dr <7“ dr ) =P (21)

UJU [ YCKOpEeHUs] CBOOOIHOTO MalaeHUs g = gy

igdi (+29) = ~4nGipm. (22)
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3pech p,, — IJIOTHOCTb BeluecTBa. [loaTomy 3a mpemenamu rpaBu-
TUPYIOLIEro TeJa, Tle MJIOTHOCTb BElLleCTBa paBHA HYJIO, ypaBHe-
Hue (22) cBOmUTCS K ypaBHEHHIO

dg 99 o, (23)
dr r
Ymeromre nuddepeHIHPOBATE MOTYT JIETKO TPOBEPUTH, UTO pelleHHU-
eM 3TOro ypaBHeHHsl MOXKeT ObITh Jo6as GyHkuus suma C/r?, rie
C — nocrosiHHas. OpHako Ko3(duurueHT nponopurdoHasbHoCcTH C,
T.e. Macca M, u3 ypaBHeHus (23) onpenesieHa ObITb He MOXeT.

B unTerpanpHoil ke (opme ypaBHeHHe (22) raacuT, 4TO MOTOK
® = > gIS BekTOpa g yepes J10OYI0 3aMKHYTYIO TIOBEPXHOCTb PaBeH
CYMMapHOH Macce BelllecTBa, 3aKJIOUEHHOH B Tpefesax 3TOH MOBepX-
HOCTH, YMHOXeHHOU Ha —47G:

= —4xGM (24)

(3mecb 0S — 3JjieMeHT IJIOILAAM; €CTECTBEHHO, BeJMYHHA 0S ecTh
BEKTOp, MOCKOJBbKY OpHEeHTaLUsl IOBEPXHOCTH OIpejessieTCsl BeKTO-
poM HopMaJsiH). DTO eCTb 3aMeuaTesbHas Teopema [aycca, crpasen-
JIUBasi B YACTHOCTH M [JISl 3JIeKTPOMAarHUTHBIX SIBJeHHUH; ee Qop-
MYyJIMDOBKAa He 3aBUCHUT OT BblOopa cucTeMbl KoopauHat. Hsis pac-
CMaTPUBAEMOTO 37eCh LEHTPaJbHO-CHMMETPUYHOTO I0JISl eCTeCTBEH-
HO onpeneauTb nmotok $ uyepes cepy pamuyca r. B atom cn;mae
OH CBOAMTCS NPOCTO K MPOU3BENEHHUI0 MIowanu cdepbl 47re Ha
BeJIMUMHY BeKTOpa ¢ = |g|, mpuuyeM B3siTOMy CO 3HAKOM MHHYC,
TMIOCKOJIBKY BEKTOp g HalpaBJieH 110 HAMpaBJeHHUI0 K LEeHTPY chepbl.
B urore, Mbl MrHOBEHHO BO3BpalllaeMCsl K BbIpaKeHHIO (2).

31ech MoJie3HO clesaTh OfHO HCTOpHUeckoe 3aMmeuaHue. Heplo-
TOH, CpaBHUBasi yckopeHue JIyHBl NpHU ee ABHXKEHHH 10 OpOUTe C
YyCKOpeHHeM CBOOOIHOro MajfeHUsi Ha 3eMJe, JIerKO OLEHHJ, YTO
CHJIa TPaBUTALMK yMeHblIaeTcsl 0OpaTHO NPONOPLHUOHANBHO KBajpa-
Ty paccrosinusi. OgHako OH JBeHaALATh JeT He 00HApoAOBas CBOH
pesyJ/ibTart, II0CKOJIbKY eMy He OblJIO OYeBHJAHO, YTO reoMeTpHyecKas
CyMMa CHJI, IeHCTBYIOILAsl CO CTOPOHbI Pa3HBIX TOUEK 3eMHOTO Liapa
Ha TeJs0, HaXoJsllleecs Ha ero MOBEPXHOCTH, B TOUHOCTH paBHA CHJe
TSKECTH, TIPU YCJOBHMH, 4YTO BCS Macca 3eMJsd Oblia Obl cocpeno-
ToueHa B ee leHTpe. JIulb mocsae co3naHusi AUQGhepeHIIHaNbHOTO
MCUYHCJ/IEHUS, I03BOJIUBLIErO, B YACTHOCTH, 10Ka3aTb CIpaBelIMBOCTb
COOTHOIIEHHUS (24), 3TOT pe3ysbTaT CTaj OYeBHIHbIM.

Takum o6pasom, B MHTerpasbHOH (hopMe 3aKOHBI (PU3UKH [HeH-
CTBUTEJbHO MOXKHO C(OPMY/JIUPOBATH B BUIE, He 3aBUCSLIEM OT
BblOOpa cucTeMbl oTcuera. OnHaKo M3HA4a/lbHO HE OUEBHJHO, YTO
MaTeMaTH4ecKas 3amuch (PU3MYECKOro 3aKOHa B ero AuddepeHLHU-
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aJbHOH (OpMe OKaxKeTcsl ONMHAKOBOH B JI0OOH CHCTeMe KOOPAMHAT.
YcsoBHe e HHBAPUAHTHOCTH KaK pa3 ¥ COCTOUT B TOM, UTO MaTeMa-
THYecKas 3aluch (DU3UUECKOT0 3aKoHa B nU(depeHUHa bHON hopMe
He JOJI’)KHA 3aBHCETb OT BbIOOpPAa KOOPAMHATHOH CETKH (HAMOMHHM,
YTO B KJIACCHMUYECKOHU MeXaHHKe YCKODeHHe He 3aBHCeJs0 OT BhIOopa
MHEepPIHAJbHONH CHCTEMBl KOOPAMHAT). B yacTHOCTH, JIOpEHII-UHBAPHU-
AHTHOCTb TEOPHUH 03HAUAET, UTO B JIIOOBIX ABYX CUCTEMAaX, B KOTOPBIX
MPOCTPaHCTBEHHbIE W BPEeMeHHble KOOPAMHATBI CBS3aHBl COOTHOIIIE-
HusiMmu JlopeHna, 6yKBeHHOe BbIpayKeHHe 3aKOHA JIOJI)KHO OCTaBaThCs
HeM3MeHHBIM.

Tak, Hanpumep, eca¥ B ONHOH CHCTeMe KOOPAMHAT 3JeKTpude-
CKOe T0Jle PABHO HYJIO, a MarHUTHOE — HeT, TO B JAPYTOH CHUCTEMe
KOODAMHAT 3JeKTpUUecKoe 1oJje yxKe 6yaeT oTAU4HO OT Hyas. OpHa-
KO CaMHM 3aKOHbI 3JIEKTPOMAarHUTHOTrO MoJjist (a MMeHHO, UX MaTema-
THUeCKasl 3aMuChb) OCTAIOTCSl OJMHAKOBBLIMU B JIIOOOH CHCTEMe KOOp-
nuHat. B yacTHOCTH, 0cTalTCs MHBAPUAHTHBIMH yTBEPXKIEHUS, UTO
UCTOUHHUKAMHU 3JIEKTPHUUECKOTO TIOJIsI SIBJSIIOTCS 3apsifibl, 8 MaTHUTHOE
noJjie sIBJSIeTCS] BHUXPEBBIM, T.€. CHJIOBble JHHUH JIUOO 3aMKHYTHI,
b0 yXonsT Ha OeCKOHeuHOCTh. lpyroi mpumep: B J1000# cUcTeMe
OTCUeTa 3aKOH JIBUKEHHS YACTHIIbl B 3J€KTPOMAarHUTHOM T10Jie GyeT
UMeTb BU

F:e<E+%xB>, (25)

XOTSl BCe BeJMYMHBI, BXOASIIHE B 3TO ypaBHEHHE — HMITYJbC P H
BpeMs t, onpenesiouie cuny F = dp/dt, a TakKe seKTprdecKoe U
MarHuTHoe nosist — GyAyT pa3JUYHbBIMH B PA3HBIX CHCTEMAax OTCUeTa.
fcHo, 4TO Takoe yIUBHUTENbHOE CBOUCTBO MOXKET ObITh CIpaBelHBO
IaNeKo He TPHU BCAKOM MNpeoOpasoBaHHWH KOOpAMHAT. 3ameyaTesib-
HbIH 2Ke (paKT COCTOUT UMEHHO B TOM, UTO (popMa ypaBHeHHus (25),
OTpeeSIIOLIEro IBHKEHHEe 3aps2KeHHOH UaCTHIbl B TEOPHH 3J1€KTPO-
MarHeTH3Ma, OCTaeTCst HEM3MEeHHOH TOT/la ¥ TOJIbKO TOTJa, KOTa Mbl
MMeeM Jeslo ¢ npeodpasoBanueM JlopeHua.

Tenepb cTaHOBUTCS MOHSITHBIM, UTO MMeEJOCH B BHIY, KOTJA MbI
FOBOPUJIM O TOM, YTO HbIOTOHOBCKAsl T€OPHsl TPABUTALIUH He SIBJSIET-
csl JlopeHI-UHBapuaHTHOH. CaM BHeIIHWH BUA HU(QepeHLHaTbHBIX
ypaBHEHHH [BHMKeHHs HauMHAaeT 3aBHUCETb OT CKOPOCTH HHEepIH-
aJbHOU cUcTeMBbl. JeHCTBHUTEbHO, €CJIM MBI 3aMUllIeM, HarpuUMep,
Z-KOMIIOHEHTY YypaBHEHHs NBUXKEHHS B ONHOPOTHOM TPABHUTALIMOH-
HOM TI0JIe g, HalpaB/eHHOM BLOJb OCH Z,

0pz
W =mg, (26)
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TO NPH TNepexofe K APYroil CHCTeMe OTCueTa, JBHXKYIIEHCsS CO CKO-
poctbio V' BIOJB OCH x, OHO NPHOOpPETaeT BUJL

Spl, + VE/? ~ g 27)

5t + Vo' [c? ’

YTO He COBMAJaeT C 0XKHWJIAeMbIM 3HaYeHUEM
op;
ot’

Takum o6pa3oM, HbIOTOHOBCKAsl TeOPUsl I'PaBUTalUU TpeboBasa
KaKOro-To CYLIeCTBEHHOro M3MeHeHHs. Ellle pa3 HalmoMHHUM, 4YTO B
Havyase XX BeKa CyIIeCTBOBAJM JHLIb HECKOJIbKO HabJ/I0faTebHBIX
(haKTOB, MPOTUBOPEYALIMX KJIACCHUYECKOH HbIOTOHOBCKOH TEOpPHUH, TaK
4TO 3KCIIEPUMEHT He MOTI CTaTb HaleXHbIM (DyHIaMEeHTOM IpH IIo-
CTpOoeHUH HOBOH Teopuu. [TlosTomy DUHIITEHH MPeANPUHS NOMBITKY
NONOHTH K IpobJseMe MNOCTPOEHUS] TEOPUU C APYrod CTOPOHBI, a
MMEHHO CO CTOPOHBI HEKOTOPBIX OOIIUX MPUHLHMIIOB, KOTOPBIM A0JXK-
Ha YIOBJIETBOPSTb IOCJefOBaTes]bHas Teopus. FIMeHHO B 3ToM H
3aKJI0YaJCcs MPOPLIB B (DU3UKY HOBOTO CTOJIETHS.

JleficTBUTEIbHO, yaaua, KOTOpasi COMyTCTBOBaJa DUHIITeHHY, MO-
Kaszasa, uTo 1Ji NMOHWMaHHUs (U3UYeCKHUX SIBJIEHUH (HampuMmep, A/
MHTEpNpeTalny HaOMONeHHH B aCTPOHOMHH) He BCerga HeoOXOIHUMO
OTTaJKHBaThCsl OT HabJtoneHuH. MHorna KioueBble (M HeH3BECTHBIE
3apaHee) (u3MyeCcKre CBOUCTBA MOTYT OBbITh MOJIy4YeHbl (BbIBEIEHbI)
U3 0OLIMX MPHUHLHMIOB, CIIPaBelJMBOCTb KOTOPBIX IIpOBEpeHa B 1py-
rux obJacTax Hayku. B Hactosiiee BpeMsi MomoOHBIH AeNyKTHUBHBIH
MeTol, K OOCYXAEHHIO KOTOPOro Mbl M IMepexoiuM, U sBJjseTcs
OCHOBHBIM TPH TIOCTPOEHHUH COBPEMEHHBIX (PU3NYECKUX TEOPHH.

= mg. (28)

1.3. KuHeTnueckas aHeprus

Hrak, obmas Teopusi OTHOCUTEJNBHOCTH Obl1a, (PaKTHUECKH, Mep-
BOM TOCJIe]0BATEJbHON TeOpHeH, TOCTPOEHHON UCXOAS U3 HEKOTOPBIX
OOIIMX MPUHIIUIIOB, a He Ha OCHOBe aHaJjJu3a HabjwomeHu#. OpHAKO
BHYTPEHHSISI HENPOTUBOPEUYMBOCTb TEOPHH, KOHEYHO Ke, He MOXKEeT
CNYXHUTb NOCTATOYHBIM apryMEHTOM B I0JIb3y €€ CIPaBeAJHBOCTH.
M3BecTHble ke mpuMepsl dKcnepuMeHTa bHOH npoBepkun OTO, kak
MBIl YBHAUM, MOTYT ObITb OOBSCHEHBI M B paMKaX ajbTePHATHBHBIX
TeOpUl rpaBUTALUH.

KntoueBbiMU csioBaMU B mpenblayiieM a6saile OblIH «10CJAEN0-
BaTe/ibHasi TEOPHUS» U «aJbTepHaTUBHbIE Mojeu». OHU HABOASIT Ha
MBICJIb O TOM, 4TO
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1) mpaBu/IbHASE TEOPHS JOJKHA YAOBJIETBOPSITH HEKOTOPOMY Habo-
py byHIaMeHTaJbHBIX CBOHCTB (2KCHOM);

2) o6iiasi Teopusi OTHOCUTEJNBHOCTH Ha CaMOM JieJie He SIBJISeTCs
eIMHCTBEHHO BO3MOXKHOH TeopHed rpaBuTauuu (o6obiias —
Teopuer 1oJs).

WMHbiMU cioBaMH, BO3HUKAeT BOMPOC, MOXKHO JIM OINpPEeNesUTb BHJ
TEOpHH (T.e. BUJ ypaBHEHHH, OMUCHIBAIOIIUX €€ OCHOBHbIE 3aKOHbI),
UCXOASl JIWIIb U3 OOILIMX MPUHLIUIIOB, T. €. MOJHOCTbIO OTBJIEKASICh OT
HabJIIOIeHHH.

UroObl MOMBITATBCA OTBETHTb HA 3TOT BOMPOC, Mbl CHeJaeM
HEeCKOJIbKO 11ar0B Ha3aj, BEPHYBIUUCh K Ka3aJoch Obl OYEBHIHOMY
BOIMIPOCY O 3aBUCHMOCTH KHHETHUECKOH 3HepruH Eyi, OT CKOPOCTH v
U MacChl m B HEPEJNSTHBUCTCKOU TeopuH. [Ipu 3TOM MBI Ha BpeMs
OOJDKHBI 3a0bITh, UTO Mbl 3HaeM peNsTUBUCTCKOe o0o0lieHHe —
usBecTHoe cooTHomenue & = mc?/y/1 —v2/c2 (17).

Kak xopomio H3BeCTHO, B HBIOTOHOBCKOH MexaHUKe &y, =
= mw? /2, TaK 4TO IS OJHOMEPHOTO JBHKEHUS

777/02

xX
5 (29)
[loctaBuM Ternepb HECKOJIbKO HEOXKHAAHHBIA BOIPOC: SIBJSETCS JIH
3TO BBIpaXKEHHE JeHCTBUTEbHO eUHCTBEHHO BO3MOXKHBIM?

[Tpexne Bcero, xoTesoch Obl, 4TOOBI MpaBHJbHas (TodHee, 6O-
Jiee 00Ilasi) Teopusi MPH MaJbIX CKOPOCTSAX M Maccax CoBmajgana c
HbIOTOHOBCKHM TIpPeJie/ioM, CIPaBeAJHBOCTb KOTOPOTO MOATBEPKAEHA
MHOTOYMC/IEHHBIMH 3KCTIEPUMEHTAMH. DTO 3HAYHT, UTO pedb HUIET O
nornpaBkax K BblpaxkeHHI0 (29), KOTOpble HAUMHAIOT HTpaTh 3aMerT-
HYIO POJIb MPU OOJbIIKX v U m. VIHBIMH C/I0BaMH, MBI MOMBITAEMCS
MOHSITh, KAKHE CJaraeMble MOXXHO J100aBUTh K KJaCCHUECKOMY Bbipa-
X)eHuto (29), He Hapyas NMpyU 3TOM OOIIKMX MPUHIUIIOB.

[Ipexxne Bcero, MOCMOTPUM, MOYKHO JIM 100aBUTh K KJACCHUECKO-
My BbipaxkeHuio (29) ciaraemble, MPOMOPLHOHAJbHBIE m?2. Koneuo,
MpU 3TOM HeoOXOAHMMO OBITh BHHUMATeJbHBIM B OTHOILEHHM pasMep-
HOCTH, MOCKOJIbKY BeJIHUMHA m2v? He nmeer Pa3MepHOCTH IHEPTHH.
dta nmpobsema, 0oHAKO, MOXKeT ObITh JieTKO pasperieHa. s 3Toro
(BHHMaHue, BaxKHOe MecTo!) HeOOXOMMMO BBECTH B TEOPHIO IOTMOJI-
HUTeJNbHBLIN napameTp M pa3MepHOCTH Macchl. B pesysbTate, MOXKHO

3anucarb 9 9 9
< mus, n mouvg

kin = —5
2 M
ITo BblpaXkeHHe HAuWHAeT CYLIeCTBEHHO OT/IHYATbCS OT KJjaccuue-
CKOr0 JIMIIb MPH JOCTAaTOYHO OOJBLIMX MaccaX YacTHL, TaK YTO

npu m < M mnpeackasaHusi HOBOU TeOpUH He OYAyT CYLIECTBEHHO

Exin =

(30)
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OT/IMYaThCsl OT NpelcKa3aHWH KJjaccuyecKod MexaHUKH HerooToHa.
OnHako, Kak Jierko MpoBepuTb, BbipaxkeHue (30) HapyiaeT apyroe
Ba)KHOe CBOMCTBO — CyMMa 3HEpruil ABYyX TeJs Macchl m He OymeT
paBHa 3HEPTHM Teja C YABOEHHOH Maccod. A ¢ 3THM yXe HHKaK
HeJIb3sl COTJIACHUTbCS, TMOCKOJbKY JHEPrHs He MOXET 3aBHUCETb OT
TOrO, B KaKOH MOC/eOBATEJbHOCTH MBI CYHTAEM IOJHYIO SHEPTUIO
tesa. Kax Mbl BUAUM, 3TOT MyTh OKa3blBaeTCsi TYMHUKOBBIM, 1O Kpai-
Hell Mepe, B TaKOU NPOCTOH MOJIEJIH.

[TonpoGyem Tenepb f00aBUTb B BblpakKeHHe [J/151 SHEPTUU BeJIH-
YHHY, IPOMIOPLMOHABHYIO v, 31eCh HaM MOTPeGyeTcs yyKe KOHCTaH-
ta C' ¢ pa3MepHOCTbIO CKOPOCTH. B pesysbrate, nosyyaem

2 3
muv muy 31)

fun =57 ¢
Opnnako 3Ta Qopmyna AJs HEPrUU Tesa TakxKe oOJafaeT cylle-
CTBEHHBIM HeJOCTaTKOM, MOCKOJbKY H00aBKa K KJAaCCHYECKOMY Bbl-
pakeHHI0 MeHsIeT 3HaK MpH NnoBopoTe ocH x Ha 180°, T.e. npu 3ameHe
Uy Ha —U,. SICHO, UTO 3Heprus He MOJIKHA 3aBHCETb OT BbIOOpA
HamnpaBJ/ieHHs KOODAMHATHBIX OCel, W MOITOMYy 3SHEPrus He MOXKeT
cofiepaTh caaraemble, POMOPIHOHa/IbHBIE v°,

C 1pyroil CTOPOHBI, c/laraeMble, MPoNopuHoHabHbe vt /C?, Mo-
ryT ObITh Ge36oJie3HEHHO N00aBJeHbl K HepeJsiTUBUCTCKOMY BbIpa-
xkenuto (29). Ilpu stom koHcranta C' (koTopasi, BooOle TOBOpS,
MOXKeT ObITb NPOM3BOJIBHOH) 3aJaeT HaM XapaKTepHYI CKOPOCTb,
TPU KOTOPOH HAYMHAIOTCS 3aMeTHble OTJIHYHS OT HepessiTUBUCTCKOH
MeXaHHKH. BcrioMuHas Tenepb pesiiTHBUCTCKOe BeipaxkeHue (17) mus
SHEPrHH, KOTOpPOe NP JOCTATOYHO MaJBIX CKOPOCTSIX MOMKET OBbITh
3amucaHo B BUae & = mc® + Egin, T

mv2 3 mul

T
51(111 — 9 + 8 02
Mbl TIPHXOAMM K 3aKJUeHHI0, 4TO B gedcTBUTeSbHOCTH C =
= 4/8/3 ¢, rne ¢ — cKOpOCTh CBeTa.

O6cynuM Tenepb MOMOJHUTE/IbHBIE BO3MOXKHOCTH, CBSI3aHHbBIE C
TPEXMEPHOCThIO Halllero mpocTpaHcTBa. Ha mepBeiét B3rsisia, ecte-
CTBEHHO GbIJIO Gbl MPOCTO 3aMEHHTh KBaAPAT CKOPOCTH U2 Ha TOJIHBIH
kBagpar v> = v2 + v% + v2, Tem Gomee 4TO, KaK yxKe OTMeUasoCh,
KBaJpaT BEKTOpa He 3aBHUCHUT OT BbiOopa cucTeMbl oTcueTta. OmnHaKo
OKa3bIBaeTCsl, UTO Ha 3TOM MYTH MOSIBASIOTCS ropasno GoJee MIiU-
pOKHe BO3MOXKHOCTH. JleHCTBHTE/bHO, B OOILEM CJydae Aake MJist
HepesIITHBUCTCKOTO JBHMXKEHHS, KOrla KHHEeTHUecKasl SHeprus TeJa
MPOTOPIIMOHATbHA KBaApaTy CKOPOCTH, SHEPTHsi B OOIIEM CJydae

+..., (32)
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MOXKET OBITh 3alMcaHa B BHUE

2 My V2
MUy Mgy Vg Uy Mgz Vzp Uy My Vg Vy Yy

o y
blan = —5 9 5 T o Tt T
2
MyzUyls  MogpUp | MgV My U5
+ B + 5 + 5 + 5 (33)

Kak Mbl BUAMM, 3HEpPrusi 4acTHIbl TeNepb 3aBUCHT, BOOOIIEe TOBOPS,
OT JeBATH MOCTOSHHBIX C PA3MEPHOCTBIO MACChL: Mgy, Mgy, Mgz,
Myz, Myy, Myz, Mz, Mzy U M,,. ONIHAKO NOCKOJBKY B BbIDaXKe-
HUM (33) pakTHUECKH HeT pPa3HHUILbl MeXIy CJaraeMbIMH, COepKa-
UMK UpVy H VylUg, UzUz B VU, Uyl, H U Uy, TO MOXKHO INOJIOXKHUTD
Mapy = Myg, Mgz = Myp U My, = M. [lo3TOMy B 00leM ciyuae
MPUXOANUTCS BBECTH JIMILb LIECTh HE3aBUCHMBIX KOHCTAHT, KOTOpBIE
yOOOHO 3amucaTh B BUIE TaOMULbl, CUMMETPUYHOH OTHOCUTEJbHO

araroHaJi
Myy Mgy Mgy

(m) = May  Myy My |. (34)
Mgy My Mz
[Ipu 3TOM 06BIYHOE BBIpaXKeHHUE JJ151 S9HEPTUU OyIeT COOTBETCTBOBATD
CAYYAID Mgy = Myy = Moy = M U Mgy = My, = Myg = My, =
= My = My = 0, Tak 4TO

m 0 0
my=10 m 0]. (35)
0 0 m

Ha nepBbiil B3raisin, BelpaxkeHue (33) O/ SHEPrMH YaCTHIL Bbl-
TJISIAUT HECKOJIBKO MCKYCCTBEHHBIM. Bo BCsKOM ciydae, siCHO, UTO B
GoJIbIIMHCTBE cjayudaeB matpula (34) noskHa ObITb JHATOHAJTbHOM,
TaK 4YTO Mbl BO3BpallaeMcsi K oObluHOMY BbipaxkeHHIO (29). Tem He
MeHee, B HEKOTOPBIX CJyudasix Takoe 0000lieHHe OKa3blBaeTcsl Heu3-
6exxHbIM. Hanpumep, ec/ii Mbl XOTHM ONKCAThb IBUKEHUEe 3JIeKTPOHA,
OBHXKYIIErocss B KpUcTadaudeckod pemietke. [lockonbky cBoficTBa
KPHUCTa/IJIMUECKOH pelleTKH 3aBHUCST OT HampaBjeHHs (Takas cpena
Ha3bIBAaeTCsl aHU30TPOIHOM), TO 3a CUET B3aMMOAEHCTBHUS 3J1€KTPOHA
C aTOMaMH pelLIeTKH ero JHHaMHUecKHe CBOHCTBa (MOMPOCTY roBOpS,
CTMOCOGHOCTb COMPOTHUBJISATHCS BHEIIHEH CHJle) HAUUHAIOT 3aBUCETH OT
HarnpaBJeHUs IBHXKEeHHS. DTO U NPUBOAUT K HEOOXOAMMOCTH BBECTH
yXKe [IeCTb BeJUYMH C Pa3MEPHOCTBIO MAacChl, XapaKTepHU3YIOLIUX
MHepIHOHHbIE CBOHCTBA 4acTHIbl ). [IpH 5TOM upe3BEIYAHO BasKHO,

1) CTpaHJHO CKa3aTb, HO MPU ONpPEeNeJEHHBIX YCJIOBUAX HEKOTOPbIE KOMIIOHEHTHI
TEH30pa Macc MOryT OBITh Jaxe OTpulaTeJbHbIMH.



26 . 1. Obwas meopus omHOCUMEAbHOCMI — O00HA U3 NepevLx Meopuil nois

4TO BUJ TaOMUIB (MaTpHllbl) (34) 3aBUCHUT OT BHYTPEHHEH CTPYKTY-
pbl perieTkd. VIHBIMH CJI0BaMH, 3Hasi CTPOEHHE 3JeMeHTapHBIX sue-
€K, U3 KOTOPBIX COCTOUT KPHUCTAJ/J, MOXKHO OMpPedeSUTh KOJIUIECTBO
HEe3aBHUCUMBIX TapaMeTpoB, ONpeessIolMX WHepPIMOHHbIe CBOWUCTBA
3JIEKTPOHA.

Hanpuwmep, nns mpocreiiiieil pelieTKH, COCTOSIIIEH U3 ONHUHAKO-
BbIX KyOHUECKHX siUeekK, «TeH30p MacChl», KaK U B MyCTOM MPOCTPaH-
CTBE, CTAHOBUTCS JHArOHAJbHBIM C OfMHAKOBBIMU 3HAYEHUSIMH Mgy,
Myy ¥ M., U, CIEI0BATEJIbHO, Mbl MOXKeM OOOHUTHCH JIMIIb OLHOM
MIOCTOSTHHOH pa3MepHOCTH MaccChl. A 3TO H3HAuaJbHO COBEPIIEHHO
He 0YeBHIHO, MOCKOJbKY MeXaHU4YeCKHe CBOWCTBA KyOWYeCKOTo KpH-
cTajia MOTJIK Obl 3aBHUCETb OT HAMpaBJEeHHS MPHJOKEHHS CHJIBL.
[lokaxxem 3To n/si GoJjiee MpocToro AByMepHOro caydas. MHeimu
CJIOBAMH, MOKaXKeM, YTO JJisl [BYMEPHOT0 KPUCTaJia, COCTOSIIETO U3
KBaJlpaTHBIX sueekK, ABYMEpPHBIH «TeH30p Macchl»

(m) = (m” mxy) , (36)

Myz My

MMeeT NMaroHaJbHBIH BUI C PaBHbIMH 3HaYeHHSIMH Macc, CTOSIIMX
Ha JIMArOHANHU: My = My, Mgy = Myz = 0.

31ech Mbl IOJKHBI TIPUHSTh BO BHUMaHHe, YTO TOYHO TaK XKe KaK
B IIBYMEPHOM cJy4ae He Ji00ble Ba YHUCJA SIBJSIOTCS KOMIOHEHTaMH
BEKTOpa, He JtoOble YeThipe YMCJa, 3alucaHHble B Tabauie 2 X 2,
SIBJSIIOTCS KOMIIOHeHTaMH TeH3opa. OHU 006s13aHBI yIOBJIETBOPSITD
omnpeaesIeHHbIM COOTHOIIEHHSIM TMPH MOBOPOTE KOOPAMHATHOH CETKH
Ha yroJ :

Myl = Moy (:os2 @+ Mgy sin ¢ cos e+
. . 92
+ My SIN (Y COS P + My, SIN ©,
Mgty = —Mgg SN P COS © + My cos’ p—
— Myz sin? © + My Sin p cos @,
Myt = —Migg SINQ COS © — Mgy sin? p+
2 .
+ My COS™ Y + My, SIN Y COS @,
Meyry! = Mgy sin? © — Mgy SIN P COS P—
— Myg SIN QY COS @ + My cos? ®.
KcraTtu, cTaHOBUTCS MOHATHO, TOYEMY /IS U30TPOMHON Cpefibl, KOTAa
BHJ TeH30pa MaccChl BOOOIle He MOJKEH 3aBHCEThb OT yIja (, OH

Tak»Ke N0J2KeH ObITh IMPOMOpLUOHAIEH eIUHUYHOHW Mmatpuue. [eii-
CTBUTEJIbHO, JIUWb B CAYYae Mgy = Myy = M, Mgy = Myz; = 0
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nojayyaeM TOXAECTBEHHO IPpHU Jno60M yrjie ¢
Mgty = M, Myryr = 0, Myt gt = O, Myyryyr = M.

Ho okasbiBaeTcst, 4TO 1151 THaroHaJbHOCTH TE€H30pa MaccChl J10-
CTaTOYHO M TOTO, YTOObl HHUUEr0 He H3MEHHJOCHb NPH TOBOPOTE Ha
90°, 1. e. mpu ycaoBuH cosy = 0, sinp = 1. JleficTBUTENBHO, UMeEM
B 3TOM CJlyuyae

My ) = myy’ mx/y/ = —myz’
my/x/ = —mxy, my/y/ = My

YuuteMm Temepb TOT (DakT, 4TO Ha CaMOM JeJje TpPHU MOBOPOTe Ha
90° Hamia «pelreTka» COBNajgaeT ¢ TOH, KoTopas Oblia 10 NOBOPOTA.
[TosTomMy TeH30p Macchl JOJKeH ObITb B TOYHOCTH TaKHUM 2Ke, KaK U
10 oBOpoTa. B pesy/brare, nosyuyaeM BHOBb YCIOBHE My = My =
=m, Mgy = My, = 0 (31ech MBI BOCIO/b30BAINCE CBOHCTBOM, 4TO
TEH30p MacChl SABJSETCS CUMMETPHUHBIM).

M3 ckasaHHOro Bblllle MOXKHO C/eJaTh HECKOJbKO BaXKHBIX
BBIBOJIOB.

1. O6wue npuHUMIBl (CUMMETpHS, JIOPEHL-HHBAPUAHTHOCTb) MO-
ryT NOMOYb OrPaHMYMUTh TEOPUI0, HO B OOLIleM cJjydae He
onpene/gioT ee 10 KOHLA.

2. Tlpu pacuivpeHUH B TEOPHIO NMPUXOAWTCS BBOIHTb pa3MepHble
KOHCTaHThl (Macca M, CKOPOCTb ¢), BEJIMYMHBEI KOTOPbIX MOTYT
OBITh OIpeeJ/eHbl TOIBKO U3 HaOJMIOAeHHH.

3. B mpenenbHOM ciydae (B pacCMOTPEHHOM BbILE MpUMepe —
MPU HEPeJSITUBUCTCKUX CKOPOCTSAX v <& ¢) TEOpHs NOJKHa
CBOJIMTbCS K M3BECTHOH.

4. OnHO 13 BO3MOXKHBIX 0000IIEHHH — TIepexon OT CKaJjspoB
(umcen) K TeHzopaM (TabauIaM).

1.4. TlosaBasOTCA TE€H30pPbI

1.4.1. TpexmepHoe mnpoctpaHcTBo. [losiBieHHe HOBOro 00b-
eKTa — (CHUMMEeTPUYHBIX) TabJHL-MAaTpHULl, KOTOpble B OTJIMYHE OT
BEKTOPOB Mbl OyleM 0003HauyaTh Kak (m), (o), efc., B KOHIe TpeMbl-
Ayllero pasiesa OblJIO He caydaHHBIM. Bosiee Toro, kak Mbl YBHANM,
MMEHHO HCII0Jb3ysl 3TOT SI3bIK yAaeTcsl JOCTATOUHO IIPOCTO CPopMy-
JIMUPOBaTb OCHOBHble MOJIOXKEHHs1 00Llell TeOpHUH OTHOCHTEJbHOCTH.
[TosToMy 1 Ha 3TOM BoIpoce C/IefyeT OCTaHOBUThLCS OGosee NOAPOOHO.

[Tpexkne Bcero, BBeleHHe CHUMMETPUYHBIX MaTpHL, OKa3blBaeTCsl
TMOJIE3HBIM B TeX CJy4asix, KOrJa Mbl HMeeM JieJ0 ¢ KBaJpaTHUHBIMU
3aBUCUMOCTSIMH. TakK, B J€KapTOBbIX KOOpPAMHATAX HMHBApPHaHTHBIN
KBaipaT JJHHB GecKOHeuHo Majoro BekTopa (dr)? MoxeT ObITh
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6

a

|
|
|
|
|
|
|
|
|
|
|
|

Puc. 2. dnemeHT niuHbl dr B 1€KapTOBBIX (@), HHIUHAPHUECKHX () U MOJSIPHBIX (8)
KOOpAMHATAX

BbIpaxKeH yepes JtoO0H Habop KoopauHat. Hampumep B neKapTOBBIX
KOOpAMHATAX I, Yy, 2z (pUc. 2,a) nmeem

(dr)? = (dz)® + (dy)* + (d2). (38)
B uuauHApHUecKHX KOopauHaTax r, ¢,z (puc. 2, 6)
(dr)* = (dr)® + r*(de)* + (dz)”. (39)
Hakonern, B chepuueckux KoopauHartax r, 6, ¢ (puc. 2,8)
(dr)? = (dr)? +72(d6)? + 2 sin? (dp)?. (40)

Kak mbI BUOKM, BO BCeX CJayydadX KBaapaT AJHUHBI OTpe3kKa CKJiadbl-
BaeTCd M3 CyMMbl KBaApaToB KOOPDAWHAT, MpHUYEM BO BCeX CJayydasaX
KOOpAHWHaTHAasA CeTKa fABJIAeTCA OpTOFOHaJ’IbHOfI, T.€. KOOpAWHATHLbIE
JIMHHUH TiepeceKarTcd oA INpAMbIM YTIJIOM. B pesyJibTaTte, Kaxxaomy
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BEIOOPY KOOPAMHAT MOXKHO CONOCTABHUTb JHArOHAJ/bHYIO TaOJULY KO-
3(h(PULHEHTOB, a UMEHHO

1 0 O
(9)p = (0 1 0) (41)
0O 0 1
OJ1 IIeKapTOBOI.;I CUCTEMBI KOOpﬂHHaT,
1 0 O
<g>cyl =0 2 0 (42)
0O O 1
1151 UJHHAPUYECKOH, |
1 0 0
<g>sph =10 T2 0 (43)

0 0 r2sin 0

IJ151 cpeprUyecKod CHUCTeMbl KOOPAUHAT.

Bosee toro, ecau umeercst jobasi, He 0653aTeTbHO OPTOrOHAJb-
Hasi ceTKa KOOpPIUHAT P, q, h, TO el OyleT COOTBETCTBOBATb yXKe He
JIUaroHa/jbHasi, HO MO-MpeXXHEeMY CHMMeETpUYHAas MaTpuua Kodpdu-

LIUEHTOB
9op 9Ypa  Iph
(9 =\94¢ 9aa  Yan |, (44)
9ph  Y9gh  Yhh
TaK 4TO
(dr)* = gpp(dp)” + g4q(da)® + gnn(dh)*+
+ 29pq(dp)(dq) + 29, (dp)(dR) + 2g4n(dg)(dh).  (45)
Hanpumep, misi «kocoit nuHedku» (cM. puc. 3), y KOTOPOH
d=x—-y Y=y =2 (46)
TaK 4TO
(dr)? = (da’ + dy')* + (dy')* + (d2')* =
= (da')® + 2(dy’)(da’) + 2(dy')* + (d=')*, (47)
noJsy4aem
Y 1 1 0
(g) = (1 2 O). (48)

0 0 1

Ho B smo6om ciydae BeIOOp KOOPAMHATHOW CETKH OfHO3HAYHO (PUK-
CUpPYeT U MaTpuly Ko3(p¢uIHeHTOB. B nanbHeilleM /s TPOCTOTHI
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Mbl GyleM 4acTo OMyCKaThb CKOOKH B TMOAOOHBIX BBIPAXKEHHUSIX, T. €.
mucats ds® Bmecto (ds)?.

[TosiBuBIIAsicss Tabmuua Ko3(P(UUHUEHTOB (g), oOmpenessioLlas
paccTosiHMe MexAy ABYMsl OJM3KHUMH TOUYKAMH, KaK Mbl YBHIUM, H
HrpaeT ONpeessiolLyio posib B TeopuH rpaButaiiu. OHa HasblBaeTCs
MEeTPUYECKHUM TEeH30POM U (haKTHUECKHU SIBJISIETCS OCHOBHBIM 1€HCTBY-
IOIUM (paKTOPOM MPH TOCTPOEHUH TEOPHUH TPABUTALLMOHHOTO MOJIS.

JlpyrdMu mnpumMepaMu, B KO-

y Y TOPBIX OKa3blBaeTcss HeoOXOMH-
MBIM BBECTH TEH30pHbIE BeJHUH-
Hbl, MOTYT CJYXHTb (DU3HUECKHE
3aKOHBI, CBSI3bIBAIOLIME [[BE BeK-
TOpPHbIE BEJIMUHHBI, HATIPUMEp 3a-
7,7 KoH I'yka F = —kdr uau xe 3a-
kKoH Oma j = ocE. Brimucannse
BbILIIE COOTHOLIEHUs TpeArnoJara-
FOT, 4TO BEKTOPbl MeXaHHUYEeCKO-
rO CMeLIeHHUs 0T U 3JIeKTPHUUECKO-
Puc. 3. «Kocast anmeiika» kak mpu- O TOKa j MapajliiebHBl COOTBET-
Mep HeOpTOrOHa/bHOH CHCTeMbl Koop- ~ CTBEHHO NpPUJIOXKEeHHOH cuse F u
aunar. Ocd 2 M 2’ HanpasieHbl Mep-  BHEIIHEMY 3JIEKTPUIECKOMY MOJII0
NMeHAUKYJIAPHO MJIOCKOCTH PUCYHKA E OﬂHaKO B O6LIl€M C.quae 3TO
He TakK, TaK uTo, HalpUMep, 3aKOH

Owma cjenyet 3anucaTh B BUIE
Jo = Ogally + 00y By + 0. E,
Jy = Oye B + oyy By + 0y s, (49)
Jz = 0zaEy + 0y Ey + 02 E..
Kak ™Mbl BuUAMM, W B 3TOM cjydae KO3(PQpHUIUEeHTh YyH0OHO 3a-

nucaThb B BHOe KBajapaTHOH Tabmauubl. Hampumep, sicHo, uTo AJA
JUaroHaJbHOHW MaTpHULbI

00 0 0
(ey=10 o090 O (50)
0 0 o9

3akoH Oma cBomuTcs K OOBIUHOMY BbIpaxKeHuio j = ogE, Tak urto
BEKTOP 3JIeKTPUUeCKOro Toka OyneT napaJJeseH BeKTOpy 3JeKTpuye-
ckoro nosisi. Ecau e TeH30p (0) UMeeT BHJI

0O o O

o) =or 0 0], (51)
0 0 0
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TO TIPH NPHUJIOKEHUH K 00pasly 3JeKTPUUeCKOro MoJs BAOJIb OCH &
pesy/bTHPYIOLWUE TOK OyleT HampasJjeH BAOJb OCH Y, U HA00OPOT.
Ecan xe k 00pasuy OyneT NPUJIOXKEHO 3JeKTPHUeCKoe MoJe BIOJb
OCH z, TO, KaK BHUAHO U3 (opMmysbl (51), sneKTpuueckuil Tok Oynet
paBHBIM HY/JIIO.

[lopuepkHeMm, 4TO Ha MepPBHIH B3MVIAJ Kak TEeH30p MPOBOAHMMO-
cTH (o), Tak u TeH3op ynpyroctu (k) He 00si3aTeJIbHO IOJKHBI OBITh
CUMMEeTPUYHBIMU. TeM He MeHee, NOMOJHHUTE/bHbIE COOOpaXKEeHUS,
CBSI3aHHBIE C TEPMOAWHAMHUECKOH YCTOMYMBOCTBIO, IOKA3bIBAIOT, UTO
a10 He Tak. [loaTomy B nasnbHelieM Mbl OyneM 06CyKaaThb IVIaBHBIM
00pa3oM JHLIb CUMMETPHUHbIE MATPHUILBL.

Hakoner, nuHeiiHble npeo6pasoBaHust KoopauHat (8) ¥ KooOpau-
HaT BeKTOpoB (9) mpu BpalleHHH BOKPYT OCH z Ha YroJ ¢ MOXHO
MPeACTaBUTh B BUJE

a' = Tppr + T:Byy + Tyz2,
Y =Tyox + Tyyy + Ty, (52)
7 = T.pw + szy + T2,

Az’ = Ta:a:Ax + TxyAy + szAZa
Ay’ = TywAw + TyyAy + TyzAz’ (53)
Az/ =Tyl + szAy +T1..A,,

rae JeBiTb KO3((PUIHUEHTOB MNpeoOpa30oBaHHS BHOBb MOTYT ObITh
3alucaHbl B BUIe TaOJUIBI

cos sinp 0
(T) =| —sinp cosep O0]. (54)
0 0 |

Kak MBI BHAMM, HeauaroHasbHble KOMIIOHEHTbl MaTpHLbl MOBOPOTa
UMeIOT pasHble 3HAaKH; Takue TaOJHIbl HA3bIBAIOT AHTHUCHMMETPHU-
HBIMH.

Kak yxe nomuyepkuBasoch, He JI0O0H HabOp W3 ILIECTH YHCEeJ
MOXKHO paccMaTpuBaTb KakK KOMIIOHEHThl CHMMETPHUYHOIO TeH30pa:
KOMIIOHEHTBl MaTpHULbl JOJ2KHBI NPeoOpa3oBbIBATLCS 110 OINpefeseH-
HbIM NIPaBUJ/IaM MPH Nepexofe OT OJHOH CHUCTeMBl KOOPAMHAT K JpY-
roil. C 1pyro# CTOpPOHBI, KaK U B ciyyae BeKTOPOB, PH Npeodpas3oBa-
HUSIX KOOPAMHAT JOJKHbBI COXPaHSATbCS OMNpefeseHHble HHBAPUAHTHI.
Jnsi cHMMETPUUHBIX MaTpHLl TaKWMH CKaJspHBIMA HWHBapUaHTaMH
SBJSIOTCS
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1) «kBagpaT» MaTpHUILbI

(A)7 = (Aza)® +2(Any)” +2(A22)" + (Ayy)* + 2(4,2)° + (A)%,
(55)
2) cyMMa JHaroHaJsJbHbIX 3J€MEHTOB — T.H. «cjefl» (Mo-HeMelKH

«imyp» Spur)
Sp(A) = Az + Ay + A (56)

CnpaBen/inBocTh cooTHoleHUH (55) u (56) MOXKHO MPOBEPHTH, HC-
MoJib3ysi SIBHbIH BHJ NpeoOpa3oBaHKs KOMIOHeHT TeH3opa (37). Ha
caMoM Jiesie o6lHe BbIpaXKeHHs /IS KBaparta U cjella MaTpPHLbl UMe-
10T GoJiee CJIOXKHBIA BHJ, COMEpXKaIlUi KOMIOHEHTHl METPHUYECKOro
TeH3opa, cM. [lpunoxenue 2. B pesysnbraTte, MpaBUIBHBIM 00pa3oM
ompefesieHHasi onepanus cjiefa Sp naeT OTBeT 3 IJsi BCeX MEeTpPH-
4yecKUx TeH30poB (41)—(43). 3nech Mbl MPUBEJH OTpeesNeH s JHIIb
IJISl 1€KapTOBBIX CHCTEM KOOPAMHAT, 110 Pa3HOMY OpPHEHTHPOBAHHBIX
B MIPOCTPAHCTBE.

1.4.2. YerbipexMepHoe MPOCTPAHCTBO. DBrillle Mbl Besne ro-
BOPHJIK O TPeXMepHBIX BesaudyuHax. [loatomy u Tabauibl Koadhuum-
€HTOB MpeACTaBJAsANN COO0H MATpULBl pasmepoM 3 X 3. OnHaKO yxe
TOSIBUBILMECS] paHee NPHUMephl, TaKHWe Kak npeobpazoBaHus JlopeHna
M YeThIpeXMepPHOCTb HEPTHH-UMITYJbCa YACTHL, TOKAa3blBAIOT, UTO
HaM Heu30exXHO TMPUAETCS UMeTb AeJ0 ¢ MaTpulamu 4 x 4, KoTopele
OyLyT UMEeTb TPHU MPOCTPAHCTBEHHbIE U OIHY BPEMEHHYI0 KOOPAHUHATY
(KoTopast 0ObIYHO CTOMUT Ha MepPBOM MecTe). B aTom ciydyae cumMmeT-
pUUHasi MaTpula OyleT ONpeneNsTbCs AECATHI0 BEJUIMHAMM.

[Ipexkne Bcero, ueTblpeXMepHBIM OKa3bIBAeTCsl METPUUECKHH TeH-
30p (g). HelicTBUTENBHO, BBIpAXKEHHE /151 OECKOHEYHO MaJloro HHBA-
pPHAaHTHOTO HHTepBasia ds B JEKapTOBBIX U ChepuyecKUX KOOpAHHA-
TaxX MOXKET ObITb 3alKUCaHO B BUIE

ds? = gydt® + gppda® + g,y dy® + g..d22, (57)
ds? = gudt® + gprdr® + ggpd6? + gp,de?, (58)
e 1 0 0 0
0O 1 0 0
<g>Minkovsky,D - 0 0 1 0l (59)
0O 0 0 1
-1 0 0 0
0O 1 0 0
<g>Minkovsky,sph = 0 0 7,2 0 ) (60)
0 0 0 r’sin?0
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3nech ocoboe BHUMaHHe CjeflyeT 00paTUTh Ha 3HAK MHHYC B JIEBOM
BepxHeM yriy. FIMeHHO mosiBjieHHe 3TOTO 3HAKa M MPUBOIMT K Cylile-
CTBEHHOMY OTJHMYHIO TJIOCKOI'O TPEXMEpPHOr0 MPOCTPAHCTBA M IJIOC-
KOTO K€, HO YK€ YeTbIpeXMepPHOT0 MPOCTpaHCTBa-BpeMeHH. [loaTomy
X0Ts BHeliHe (popma (57) MaJso OTIHYAETCS OT COOTBETCTBYIOIIETO
TpexMepHoro Beipaxenus dr? = g,,dz’ + gyydy2 + g..dz2, cBoiicTBa
MPOCTPAHCTBA-BPEMEHH CYIIECTBEHHO OTJIHYAIOTCS OT OOBIYHOTO TPO-
cTpaHcTBa. Kak yke roBopu/ioch, MJIOCKOE MPOCTPAHCTBO-BpeMs C
meTpukoi (59) uau (60) HasbiBaeTcsi mpocTpaHCTBOM MUHKOBCKOTO.
B o6uiem ke caydyae ueTelpexMepHas CUMMETPHYHAST MaTPULIa UMeEeT
NeCsATb HE3aBUCUMBIX KOMIOHEHT.

lanee, u camu mnpeobpasoBanus JlopeHua (14), ocrapasioiiye
MOCTOSHHBIM MHBapHaHT ds?, TakxKe OueHb yA0OHO BEIPA3UTb C IO-
MOI1bI0 MaTpHIlbl 4 X 4

cdt! = Ayedt + Appde, (61)
dz’ = Aypedt + Ay, de, (62)
dy' = Ay,dy, (63)
dz' = A..dz, (64)
rae Kos(hhuIreHTh A MOXKHO 3amucaTth Kak
v Ve 5
V/e |

(A) =] — m m 0o 0]. (65)

0 0 1 O

0 0 0 1

3nech Mbl 17151 ynoOCcTBa 106aBUIN MHOXKHUTEJNb ¢ K BpEMEHH t, MocJjie
4yero pasMepHOCTb BCeX KOOPAMHAT cTaja OJUHAKOBOH.

HakoHel, Kak ToxKe OBbLJIO MOHATO 3a[40Jr0 10 JUHIITEHHA, BEJU-
YHHBI, XapaKTepHU3yIolll1e SHEPTHI0O U UMIYJbC CPefibl (8 He OTaesb-
HOH yacTHlbl!) B 00IEM c/yyae Tak»Ke JOJKHbBI ObITb 3aMUcaHbl B
BHE CUMMETPUYHOH YeTbIpeXMepPHOH MaTpHIlbl, W, CJeI0BaTeNbHO,
colepKaTh IeCcsiTb HEe3aBUCUMBbIX KOMIOHEeHT. [locTapaeMcsi MOHSATb
MPUUMHY TaKOTo MHOroo6pasus. Ha mepBblli B3rasig KaxKeTcsi, UTO
9HEPrusi U UMIYAbC Cpefibl, KAK W OAHOH YacCTHIbl, BIIOJHE OIMpe-
HeJSI0TC YeThipbMs BeJUUMHAMU, a UMEHHO ee 3Hepruedl W Tpems
KOMIIOHEHTaMH UMIyJbca. 31eCh OHAKO peub HIET He O MOJHOH (HH-
TerpasibHOHM) XapaKTEePUCTHKE OTAEJNbHOHW YACTHLbl, a O JIOKAJbHBIX
(mudbdepeHIMaNbHBIX) CBOUCTBAX CPEJbl, T. €. O MJIOTHOCTH SHEPrHU-

2 B.C. beckun
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UMITyJbca B enuHUlLe oObema. A Toraa HeoOGXOOUMOCTb BBEIEHHs
JeCsTH BeJIMUYMH CTAHOBUTCS BIOJIHE OMPaBIAHHOH.

Heno B TOM, 4TO, Kak yKe MOIUepKHBaJOCh, 3aKOHbl (DPU3HUKH
HOCSIT MHTerpaJ/ibHbl XapakTep, KOTOpble HaM, OJHAKO, IPUXOAUTCS
3aMUCchiBaTh B JIOKaJdbHOH (nuddepenunansHoi) gopme. [Toatomy
3aKOH COXpaHeHHs IHEePTHH — H3MeHeHHe 3IHEPTHH B HEKOTOPOM
o0beMe eCTb NMOTOK HEPTHH Uepe3 'PaHULly 3TOro oobeMa — B IU(D-
(hepeHLHaJbHOM BHIle TpeOyeT 3alaHHsl Kak IJIOTHOCTH HEPrUM &
(mepBHIil mapameTp, u3MepseTcs B 3pr/cM®), TaK U TPeX KOMIOHEHT
BEKTOpa MOTOKA SHEPTHH S B JaHHOH TOYKe (ellle TPU Mapamerpa,
uaMepsioTes B 3pr/em’- em/c). JIulb 3HAS 3T uyeTHIpe BeJHUMHBI,
MBI CMOYKEM TOJCUMTATh KaK HW3MeHEHHe Hepruu B J0O0M 3alaH-
HOM oObeMe 3a €AMHHIY BpeMeHH, TaK W TOTOK 3SHEpPTHH 4Yepes
MOBEPXHOCTb 3TOro ob6beMa. A majs 3anucd B JUbdepeHIHaNbHOH
(hopMe 3aKOHA COXPaHEHWUS HMIyJbca — H3MEHEHHEe HMITyJbCa B
HeKOTOpOM oObeMe ecTb MOTOK MMIYJbCa uUepe3 TPaHULY 3TOrO
o6beMa — HaM HeoOXONUMO 3HaTh KaK TPH KOMIIOHEHTBI MJIOTHOCTH
UMIysabca P (T.e. UMITyJbca Cpelbl B eIUHUIE 0ObeMa, H3MepsieTcs
B T-cM/c-1/cM3), Tak ¥ MOTOK KaXJI0H U3 TPeX KOMIOHEHT HMITyJb-
ca yepes3 MPOH3BOJbHO OPUEHTUPOBAHHYIO MJOLIAIKY.

HelicTBuTeNbHO, KaK MOKa3aHo Ha puc. 4, B obiiem ciaydae
U3MeHeHHe X-KOMIIOHEHTBl HMIyJbca B o0beMe KybOa CBSI3aHO He

TOJIBKO C TeyeHHeM Bellle-

/ CTBa Yepe3 MJOLIAAKH, Nep-

NeHIUKYJsSpHble OCH X, HO

U yepe3 BCe OCTaJ/bHble Tpa-

- HH (ecsqd, KOHEYHO, CKO-

pPOCTb Cpelbl He Hanpas-

N JeHa Bpoab ocu z). [lo-

[ 3TOMY JJi OMNHMCAHUS TO-

TOKa BEKTOPHOH BeJHUYHUHBI

yepe3 MPOU3BOJbHO OpHEH-

Puc. 4. MameHeHne z-KOMIOHEHTEl HMIY/IbCa  THPOBAHHYIO  TOBEPXHOCTb

B 00beMe Ky6a CBfI3aHO C TeHYeHHWEM BelleCTBa HEO6XOIH/IMO 3a/1aTh y}Ke
yepes BCe ero rpaHu

3 x 3 =9 Beauuun. Coot-

BETCTBYIOIIUHA TpexMepHBIH

TEH30p, KOTOpbIH Mbl OygeM o0003HauaTb Kak (t), HOCHT Ha-

3BaHUe TeH30pa HaTsDKEHWH, a pa3MepHOCTb €ro KOMIIOHEHT
ecth r'-cm/c-cem/c- 1/em.

Takum o6pasom, AJs 3aMUCH 3aKOHA COXPAHEHHUS HUMIMYJIbCA BO-
ob11e roBopsi TpebyeTcs 3anaTh ellle ABeHAAUaTh BeJuunH. OnHako

X
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1) pensTuBHCTCKass cBA3b p = Ev/c Mexay sHeprueil & =
=mc?/\/1 —v2/c? u umnyascom p = mv/+/1 —v2/c2 npu-
BOAUT K TOMY, YTO B pEJSITUBUCTCKOM CJyyae TpeXMepHbIH
BEKTOp MOTOKAa 3HEPTHH JHIb Kod(duuueHtom 1/c ormuya-
eTCsl OT TPEXMEPHOr0 BEKTOPA IMJOTHOCTH MMITYJIbCa; €CJH Ke
nepedTH OT MepeMeHHOU ¢ K MepeMeHHOU ct, KaK 3TO CHeJaHO
HH2KE, TO 3TH BEeJHUHHBI BOOOLIE OKaXKyTCsl OAHHAKOBBIMHU;

2) Kak W B cJayyae C TEH30paMH MPOBOAUMOCTH (o) H YNPYTrOCTH
(k), TeH30p HATsKEHHH (t) NOMXKEeH ObITb CHMMETPUYHBIM, H,
CJIe0BaTe/IbHO, 3aaBaThCs JIMIIb LIECTbIO BEJHUHHAMH.

[loguepkHeM, 9TO COOTHOILIEHHE P = Ev/cQ, NpUBOASiLIee K He0HXO-
[MOii CBA3H P = ev/c? MeXIy MJIOTHOCTBIO UMMyJabca P U TIOT-
HOCTbIO NIOTOKA 3HEPTHH S = £V, O0CTaeTCs CIPaBelJHBBIM U [Jis
(hOTOHOB, ABMXKYLIHXCS CO CKOPOCTBIO C.

B pesysnbrare, cummerpuuHas Tabauua 4 x 4, onwuceiBaolas
TJIOTHOCTb 3HEPTHH-UMITyJIbCa Cpefbl (ee HA3bIBAIOT MPOCTO TEH30-
pPOM 3HEPrUU-HUMITY/IbCa)

(T) = <§ <§>> , (66)

JNEUCTBUTEJbHO 3a[aeTCs NeCATbI0 He3aBUCHMBIMU MapaMeTpaMmu, a
UMEHHO CKaJsipHOH TMJIOTHOCTBIO HEPTHH &, TPeMs KOMIIOHEHTaMH
MOTOKa HEPTHH S U 1IeCTbl0 KOMIOHEHTAMH CUMMETPHYHOIO TEeH-
30pa HaTsKeHHH (t), OmpenessiOIMMUA MOTOKH UMIY/bCa MPH [1BH-
eHuH cpenbl. CTOMb HEOOBIYHBIH 00BEKT, KAK Mbl YBHIHM, TaKXKe
UTpaeT KJIOYEBYI0 POJib TMPU TOCTPOEHHH PENSITUBHUCTCKON TEOpUH
rpaBUTALIUH.

[lo ecTecTBeHHBIM MPUUMHAM, TEH30P IHEPTHU-UMIY/IbCA HE BXO-
OUT B TIpOrpamMMmy cpenHeid wikosbl. [loaToMy paccMOTpUM 31ecCh
HECKOJIbKO MPOCTBIX MPHUMEPOB, MO3BOJSAIOIIMX TOHATb, XOTs Obl B
o0IIUX YepTax, CBOHCTBA 3TOH (pr3uueckod BesuurHbl. Ho mpexnme
He0OX0IUMO OOBSCHUTH, M0YEMY TPEXMepHBIH TeH30p () HOCHUT Ha-
3BaHHe TeH30pa HaTsxkKeHWH. [les0 B TOM, UTO MO caMOMy CBOeMY
OTpefieJIeHHUI0 KOMIIOHEHTHl Te€H30pa HaTsKeHUH OompefessioT MOTOK
UMIYJ/IbCa Yepe3 elMHHUYHbIe MJOLIAJKH, 10-Pa3HOMY OPUEHTUPOBAH-
Hble B mpocTpaHcTBe. Hampumep, komnoHeHTa t,, 3afaeT MOTOK
2Z-KOMIIOHEHTBl UMMYJ/bCa 4Yepe3 eJUHUYHYIO MJOLIAAKY, MeprneHIn-
KYJIAPHYIO OCH T, KOMIIOHEHTA ¢z, — MOTOK Z-KOMIIOHEHThHI MMITyJ/bCa
yepe3 eQUHHYHYIO IJIOILANKY, NEPNeHIUKYJSPHYI OCH ¥y, U T.[.
Ho nmoTok ummysbca, Kak BHAHO U3 €ro Pa3MepHOCTH, €CTb He UTO
HHOe KaK CHJa, OTHeCceHHass K eJMWHHIe IJIollaad. Tak U JOJKHO
ObITb, MOCKOJIbKY H3MEHEHHEe UMIy/bCa CPelbl B HEKOTOPOM 0ObeMe

9
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JOJ?KHO ObITh CBSI3aHO UMEHHO C HeHCTBHEM CHJIBI, PHJIOKEHHOH K
rpaHuie 3toro o6bemMa. B 3TOM cMblic/e CHTyalHsi BIOJIHE aHaJso-
THYHA JaBJeHHI0 P, MOCKOJNbKY JaBJeHHe HMeeT CMBICJ KaK CHJIbI,
MPUJIOKEHHOH K eIMHWYHOH moBepxHocTH (P = cuja/miommans),
Tak M MJIOTHOCTH 3Hepruu (P = 3Heprus/o6beM). EnuHcTBeHHOE
OT/IMYHE — B HEPEJSATUBUCTCKYIO IJIOTHOCTb SHEPTHH He BXOAHMT
9HEPTHsI MOKOST YACTHII.

B kauecTBe mepBoro mprumepa pacCMOTPHUM CPey, COCTOSILLYIO U3
YaCTHIL, IBHXKYILIMXCS CO CKOPOCTbIO v BIOJb OCH x. Torma, Hampu-
Mep, TJIOTHOCTh MX SHEPTHH MOXKHO 3aMUCaTh KaK Epart = PmCY,
e pm — MJIOTHOCTb YacTHll, a v = 1/4/1 —v2/c2  — ux JopeHu-
daxrop. [ToTok e 3Hepruu GyleT BHIMAALTb KaK S = pnc’y(v/c),
T.e. TNPOH3BeJleHHe IJIOTHOCTH 3HEPTHMH Ha CKOPOCTb MepeMelleHHs
cpenbl (TOMONHUTENBHBIN (aKTOp ¢ BBEIEH AJIsSI TOTO, UTOOBI pa3mep-
HOCTb BCEX BEJIMUMH, BXOASILINX B TE€H30pP SHEPIHH-HUMIYyJbCa, ObLIN
onvHakoBbIMH). Kak yxe oTmeuasoch, Takas e BeJHUHHA OyneT U
y IJIOTHOCTH MMIysbca. HakoHel, MOTOK HMIyJsbca 3aMHIIeTCs] Kak
NPOU3BeeHHe MJIOTHOCTH UMIy/Ibca S Ha CKOpocTb v. B pesysbrarte,
TEH30p SHEPTHU-UMITY/IbCA TAKOH CPelbl MOXKET OBITh 3aMKCaH B BHIE

Epart (v/c)epart 0 0
272
(T = | Qe (e 0000 (67)
0 0 0 O

Teneps HeTpyaHO cO0OPa3UTh, YTO B CJydyae MPOU3BOJBHON CKOPOCTH
cpenbl HMeeM

(T)part =
Epart (vz/¢)epart (vy/c)epart (v2/c)epart
(vz/C)epart (U:%/CQ)Spart (vay/c2)5part (UIUZ/C2)5part
(vy/c)epart (U:v”y/CQ)gpart (”2/02)51)&% (UyUZ/CQ)gpart
(vz/c)epart (U:CUZ/CQ)fpart (UyUZ/CQ)gpart (712/‘32)5%lrt

Jlnist mokositieicst XKe Cpefibl MoJydyaeM MPOCTO

pmc® 0 0 0
0 0O 0 O

<T>part — 0 0 0 0 (69)
0 0O 0 O

B kauectBe npyroro mnpumepa MOXKHO PacCMOTPETb MJOCKYIO
37I€EKTPOMArHUTHYIO BOJIHY, TaKxKe paclpoCTPaHSAIOULYIOCS BIOJb
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ocd x. Lyl Hee TeH30p IHEPrUU-UMIyNbca OyAeT UMETh BUJ

€em €em 0 0

€em €em 0 O
Den=10" 0 o of

0 0 0 O

(70)

e eem = (E? + B?)/87 (cm. Tlpunoxenue 3). Kak u crenosaso
0XHJIaTh, TEH30D SHEPrHU-UMIYJbCa MJIOCKOH BOJHBI MOXKET ObITh
TMOJy4eH U3 TeH30pa SHEPTHU-UMITY/IbCa YACTHIL 3aMeHOH MJIOTHOCTH
9HEPrUH YaCTHL P, ¢~y Ha MJIOTHOCTb SHEPrHU 3/€KTPOMArHUTHOTO
nons (E% 4+ B?)/8m u mpenefbHBIM mnepexoaoM v — c. Hakower,
npejrosarasi, 4To Cpefia COCTOUT U3 TMOKOSIIIErocsi paBHOBECHOTO Ta-
3a, obsafamllero BHyTpeHHel sHepruell € U naB/eHueM P, rnosydaem

e 0 0 0
0 P 0 0

Des=10 0 P o0 71
0 0 0 P

ATOT TEH30pP SHEPTUHU-UMITYJIbCA UCIOJIb3YETCs MPH MOCTPOEHHUH KOC-
MOJIOTUYECKUX PpeLIeHUH, KOTOpble Mbl KPaTKO PacCMOTPHUM B TO-
cjemHed 4acth 3Toro pasmpesa. OTMeTHM, 4YTO AJS TeMIepaTyp
T < 10'' K, korma TermoBble CKOPOCTHM YaCTHUIl MHOTO MeHbIlle
CKOPOCTH CBETa, TEH30p dHepruu-umnysabca (71) mpakTHYecKH COB-
nagaet ¢ TeHsopom (69).

Eme pas momuepkHeM, YTO TEH30p HEPTUU-UMITYJIbCA MTO3BOJISET
copMynHpOBaTh KaK 3aKOH COXpaHeHHs! 3HepPTHH (IJsi 3TOro Heob-
XOJUMO BOCIOJIb30BaThCsl BeJMYHHAMM H3 MEPBOH CTPOKH), TaK W
3aKOH COXpaHeHWsI UMITyJbca (TpH ocTasbHble CTPoKH). [Ipu 3ToM
ero BaXKHEHLIMM CBOHCTBOM $IBJISIETCSl CBOMCTBO JIOPEHLl-UHBAPHUAHT-
HOCTH. DTO 3HAUUT, YTO TIPU Mepexofe B APYTYI0 CUCTEMY OTCYeTa
(T.e. TIpH JIOPEHIIEBOK 3aMeHe MepeMeHHbIX) BCe KOMIOHEHTH T€H30-
pa HEePTUU-UMITYJIbCA BHOBb OYAYT UMETh TOT K€ CMBICJ, UTO U B
UCXOHOH cucTeMe. MHBIMM c/loBaMH, ecii B JIEBOM BEpXHEM YIJTy
B OJHOH CHCTEMe KOOPAWHAT CTOsiJa BeJWYWHA, HUMEIL[as CMBIC
MJIOTHOCTH 3HEPTHHM &, TO W IMOCJe Tepexoia B JPYTrylo CHCTEMY
orcueta (Mp¥ KOTOPOH, HAMOMHHM, KOMIOHEHTBI TEH30pa MOJIKHBI
npeoOpPa30BLIBATLCS MO BIOJHE OMpeeseHHbIM MpaBunam!) Tam oka-
JKeTCs BeJMUYMHA, COBMajaloulasi ¢ MJIOTHOCTbIO IHEPTHH, HO yXKe B
IpPYyrod KOOpAHWHATHOM cucTeMe. Dojee TOro, eciu g KOMIIOHEHT
teHsopa (1) B OHOH cHCTeMe BHIIOJNHEH 3aKOH COXPaHEHHs SHEPTHH,
TO OH OymeT BHIIOJIHEH W BO BCeX JPYTHX CHUCTeMaX, CBS3aHHBIX
¢ ucxomHoU mpeobpasoBaHusiMu JlopeHnua. OTMeTHM, HaKOHeIl, UTO
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TEH30p Hepruu-UMIy/abca 00JafaeT NPOCTEIM CBOMCTBOM aiAHUTHB-
HOCTH — IOJIHBIH TEH30p 3HepPrHU-UMIyJbCca NpeiacTaB/sfeT CoO0H
CYyMMY TEH30DPOB 3/IeKTPOMATrHUTHOIO MOJ U YaCTHILL.

1.5. Kpususna

1.5.1. OnpeneneHue KpuBU3HBI. Bbl 00paTuid BHUMaHUE,
4TO, cOO6Hpasich 3aHATHCS TeOpHUEH r'paBUTAlMH, T.€. TEOPETHYECKOH
(pM3UKOM, MBI He3aMeTHO Mepelld K 00CYXIEHHI0 YUCTO MaTeMa-
TUYecKUX BompocoB? M 310 He ciydailHo. CoBpeMeHHBlE 006J1aCTH
TeopUH moJisi TpebyeT HUCTONb30BaHUS U CAMBIX COBpPeMEHHBIX 00Ja-
creil mateMaTuku. [lono6Has xe mpoGsema cTosiia M nepel DHH-
mreiiHoM. Ero renuanbHas porajka cocTosija B TOM, 4TO $I3BIKOM
TEOpPUU T'PABUTALMU N0JKHA ObITh AU(epeHIIHalbHAS TeOMeTPUS —
TOrga elle AOCTATOYHO MOJIOAAs W MaJjo HCIoJb3yeMas B (DHU3MKe
o6JlacTb MaTeMaTHKH, B pa3paboTKe KOTOPOH pellaroliasi posib MPH-
Hagnexur K. ®. Tayccy (1777-1855) u b. Pumany (1826-1866),
a takxe H.HW. Jlo6auesckomy (1792-1856), 2.b. Kpucroddesnio
(1829-1900) u I'. Puyuu-Kypbactpo (1853-1925). Ilo artoii mpu-
YhHe HaM TaKKe MpPUAETCS MOCBATHTb elle HEeCKOJbKO CTPaHHMIL
MaTeMaTHUeCKol MoArotoBKe. BepHemcsi mo3aToMy K MeTpUUYECKOMY

TeH30py (g) M TOKaxeM, Kak

3(ppuureHTOB, omnpenesoLen
paccTosiHie MexXAy AByMs OJn3-
Puc. 5. TlnockocTb, KOHyC, LHJIHHAP U
map — MpoCTeiiline MPUMepHl IBYMep-

cTBax mpoctpaHctBa. s Ha-
TJSIAHOCTH B 3TOM pasjiiesie Mbl
CYLIECTBEHHO YNPOCTHUM 3aaauy
u OyneM paccMaTpuBaTb He ye-
ThIpeXMepHbIE U Jla’Ke He Tpex-
MepHble, a JAByMepHbIE TIpO-
CTPAHCTBA, T.€. MOBEPXHOCTH.
Wrak, paccMoTpuMm Tnpous-

KHMMH TOYKaMH, MO2KHO II0JY-
HbIX ToBepxHocTel. KoHyc u uuauxap

YUTb HCUEPNbIBAIOILYI0 HH)OP-
MalH0 O reOMeTPUYECKUX CBOM-
MOXKHO Pa3BepPHYTb B IJIOCKOCTb BJOJb
LITPUXOBOH JIMHUH

BOJIbHYIO TIOBEPXHOCTb B Tpex-
MepHOM TMpocTpaHcTBe. [Ipume-
pBl TaKMX IOBEPXHOCTEH XOpo-

10 M3BECTHBI U3 Kypca FeoMeT-
pUM CpefHed WKOJbl — 3TO MJOCKOCTb, LUWJIHUHAP, KOHYC, cdepa
(cm. puc. 9). ITockosbKy B 3TOM c/aydae MosioxKeHHe JI0O0H TOUKH
Ha MMOBEPXHOCTH OYEeT ONpefesiTbCsl 3alaHleM IBYX KOOPAMHAT, TO,
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KaK MOXHO JIETKO J0rajfaThCsi, MeTPHUYECKHH TeH30p (g) MpeicTas-
JsieT co00H CHMMeTpPUUHYI0 Tabauuy 2 X 2, T.e. 3ajaeTcs Tpems
(DYHKLHSMHA KOOPAHHAT.

[Ipexxne Bcero, HeoOXOOUMO TOYHO C(OPMYJHUPOBATb, UYTO MBI
OyneM TMOHMMATh MO KPUBHU3HOW MOBepXHOCTH. Ha mepBblil B3T/IsAL,
CBOHCTBA LMJHHIPA M KOHyca OJuxkKe K cdepe, yeM K TJIOCKOCTH,
MOCKOJIbKY BCe OHHM HMMEIOT KpyIJible CeueHHsl MpU OllpeleJseHHOM
TMOJIOXKEHUU ceKylled nnockocTd. OnHAaKO B NeHCTBUTENBHOCTH 3TO
He Tak, U CBOWCTBAa KOHYCOB M LHJUHIPOB BO MHOTOM TOpPasio
OsmKe K IJIOCKOCTH, 4eM K I[OBEPXHOCTH cdepbl. [leficTBUTEJNBHO,
KaK KOHYC, TaK W LHUJHWHAP MOTYT OBITh Pa3BepHYThHl B IMJOCKOCTb.
Hnst cdeprl 370 choenatb Hesb3s, Tak 4TO I0Oyc MPUXOLUTCS 00-
KJleMBaTh MHOTHMH IosiockaMu Oymard. [lostomy JokanbHO, B Ma-
JIOW OKPECTHOCTHU /000U TOUKH, 32 UCKJIOUEHHEM BepLIMHBl KOHYCA,
MI0OBEPXHOCTb KOHYCa M LUMJMHApPa OyleT 3KBHBaJeHTHA IJIOCKOCTH,
KPHBH3HA KOTOPOH, eCTeCTBeHHO, paBHa Hymo. Orinune OyneT mpo-
SBJSITBCS JIMIIb Ha OOJBIIMX PACCTOSHHUSAX, T.K. OpMa BBIKPOUKH y
KOHyCa W UUJAUHApPA OyAyT Pa3jndHbl.

3Iech MBI HESBHO HCIOJIb30BajJH ONHO OUeHb BaXKHOe Tpero-
JIOXKeHHe: [0BepPXHOCTb HeJsb3sl, MOLOOHO pe3HHe, pacTAruBaTb B
pasHele CTOpPOHbI. VIMEHHO 3TO W 03HauaeT, 4TO Ha MOBEPXHOCTH
(huKcUpyeTCcs 2KecTKasi KOOpAHMHATHAS CeTKa, OOHO3HAUHO Olpene/isi-
[Ol1Asl PACCTOSIHUSA MeXKAy ABYMs OJU3KMUMH TOUKaMH. Takum obOpa-
30M, KOOPAHMHATHAsl CeTKa Ha MOBEPXHOCTH LUUJMHAPA WM KOHyca B
MaJIol OKPECTHOCTHU JI000H TOUKU (haKTHUeCKH He OyneT OTIMYaThCs
OT TJIOCKOH TOBEPXHOCTH. B yacTHOCTH, HA HHUX MOXHO BBECTH H
IEeKapToOBYy CHCTEMY KOOpAHMHAT.

Kak MBI BUIMM, HaWBHOe NpelCTaB/JeHHE O KPHBH3HE MOBEPXHO-
CTH He BCerna okasbiBaeTcsl BepHbIM. Kaxkyliasics KpUBH3HA KOHYCOB
U LUJHHAPOB HCYe3aeT, €C/AU 3TH [10BEPXHOCTH paclpsMUTb OTHO-
CUTEJIbHO JIMHWH, TI0Ka3aHHOH Ha puc. 5. CjienoBaTesbHO, KPUBH3HA
MIOBEPXHOCTH B JAHHOH TOUKe OKa3blBaeTCsl HYJIEBOH, €C/U B OIHOM
(¥ TOMBKO B OZIHOM) W3 CEUeHHH MOBEPXHOCTH MJIOCKOCTBIO MOJyyaeT-
CSl TMHMS, PaAHyC KPUBH3HEI B 3TOH TouKe 6eckoHeueH !). [ToHsATHO,
4TO U KOHYC, M LUMJMHAD UMeIOT TaKhe CeueHHs, Torga Kak IMpH
JI0O0M ceyeHUH cepbl N0Jy4aeTcss OKPYKHOCTh.

Takum o6pasom, KpuBH3HA Kk J[OJ/DKHA ONpeNessiTbCs He Of-
HUM, a ABYyMS paauycaMu KpHUBH3Hb [| W Ry, COOTBETCTBYIOLLH-
MU JBYyM, HauMeHblIeMy W HauboJblieMy (M, BooOlle roBopsi, pas-
HBIM) pafuycam OKpyKHOCTeH, BO3HUKAIOIIUM NP CeYeHHH UCKOMOH

') Mickmmiouenre cocTaBaiseT muocKoCTb, /s KOTOPOE Jo6oe ceueHHe naeT Mps-
MYIO JIMHHUIO.
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TIOBEPXHOCTH:
1

" RiRy

Tak, nas cdepsl (puc. 6), y KOTOPOH LEHTPHI JIOOBIX IBYX OKPYKHO-
CTell HaxomsTcs MO OOHY CTOPOHY OT 3JeMeHTa MOBEPXHOCTH, KpH-
BH3Ha cuuTaeTcs mnoJsoxutenbHoH. [losatomy cdepa cuuraercs mo-
BEPXHOCTbIO MOCTOSIHHOH MOJOXKUTeNbHOH KpUBU3HHL. [loBepXHOCTb
e ceiJla, TakxKe IO0KasaHHAas Ha pUC. 6, I/ KOTOPOH LEHTPHI
OKPY?KHOCTH Haxo[sITCsl MO PasHyl CTOPOHY OT MOBEPXHOCTH, KpH-
BHM3Ha OyleT OTPULATENbHOH (B 9TOM CJydae, Kak XOpOLIO U3BECTHO,
B KaK[IOH TOUKe CYLIeCTBYeT [Ba CedyeHHUs, AaIOLKe JIMHUU C HyJe-
BOM KPUBU3HOU B 3TOH Touke). Ec/iu »ke oMH U3 paglyCOB CTPEMMUT-
csl K 6ECKOHEUHOCTH, KaK 3TO UMeeT MecTO B cjydyae UUJAMHIPA HUIH
KOHYyCa, TO KPUBH3HA MOBEPXHOCTHU OyIeT paBHa HY.JIIO.

k (72)

Puc. 6. IloBepxHOCTH OTpHLATENbHOH (CeN10) M MHOJNOXKHUTeNbHOH (cdepa) Kpu-

BU3HBL. [lJs1 ccepel He CyIIeCTByeT CeUeHWH, OTJIMYHBIX OT OKpYKHOCTH. Jlyis

MOBEPXHOCTH K€ CelJ/a yepe3 KaXKAYH TOYKY MOXKHO IMPOBECTH [Be€ IMJIOCKOCTH,
nepeceKarollile OBePXHOCTD [10 JUHUSIM C HYJeBOH KPUBM3HOH B 3TOH TOUKe

OTmeTuM Temnepb cjenyioliee BaxkHoe obcTosiTesbeTBO. [Ipn Ha-
MUBHOM aHaJ/iM3e KPUBU3HBI IOBEPXHOCTH MBI, (PAaKTHUUECKH, OMTUPAJIUCD
Ha TOBelleHHe NBYMEPHBIX MOBEPXHOCTEH B TPEXMEPHOM MPOCTPaH-
cTBe. B uacTHoCTH, NpH M3MepeHUM paguyca KPUBHU3HBI Pa3/JUYHBIX
CeyeHHU HaM NPUXOAUJIOCH BBIUTH 3a IMpefesibl CAMOH MOBEPXHO-
ctu. COOTBETCTBEHHO, paclpsiMjeHHe KOHYCOB M LMJIHHAPOB Tak-
JKe TIpelIoJiarajo HX IepeMellleHHe B TPeXMEePHOM MPOCTPAHCTBE.
[Ipennonoxxum, oqHAKO, UTO y HAC HET BO3MOXKHOCTH MOKUIATh CaMy
nmoBepxHOCTb. CyIIEeCTBYeT JIM CrOCO0, MO3BOJSAMINNA CHOPMYTHPO-
BaTb MOHSITHE KPUBHU3HBI, OCTaBAsiCh B IIpelesaX paccMaTpHBaeMOH
noBepxHocTH? MHBIMH CJI0BaMH, MOTYT JIM JBYMepHble CYIIECTBa,
’KHUBYILIHE Ha ABYMEPHOH [TOBEPXHOCTH, ONPeNeNHTh KPUBU3HY CBOEro
mupar
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OkasbiBaeTcsl, TakoH Croco6 AeHCTBUTENbHO cyliecTByeT. [lis
3TOTO BCIIOMHHMM [IB€ BaXKHbIX TeOpEeMbl, H3BECTHble HaM M3 IJaHU-
MeTpHH.

e CymMMa yrJIOB B Tpeyro/ibHHKe Y paBHa 7m M He 3aBHUCHUT OT

pasMepa TPeyroJbHHKA.

e OTHoOILIeHHe IJUHBI OKPYKHOCTH K pauguycy Lg/R paBHO 27 1

He 3aBHUCHT OT pa3Mepa OKPYKHOCTH.
OnHako 3TH yTBepXKAEHWs CIPaBelJIUBbl JHLIb /s MOBEPXHOCTeH
C HyJIeBOH KPUBH3HOH. [leHCTBHUTEIbHO, CyMMa YTJIOB TPEYroJbHUKA
Ha MOBEPXHOCTH Cepbl, TOKA3aHHOTO HA pPUC. 7, cOCTaBaseT 37m/2,
a OTHOLIEHUe IJIMHBI OKPY’KHOCTH K paglycy (paccTosiHUIO 10 J000H

Puc. 7. Tpeyroabuuk ABC a) u okpyxHOCTb paguyca R = mR./2 6) Ha mo-

BepxHOCTH cpeppl. CymMa YIJIOB TPeyroJibHHKA eCThb 37/2, a OTHOLIEHHE MJIHHBI

OKPYKHOCTH (LITPUXOBAsl JIMHHS) K «paiuycy» (PacCTOSHHIO HO I0JIOCA BLOJb
MIOBEPXHOCTH c(epbl) paBHO 4

TOYKH OT TOJIF0CA BJOJb MOBEPXHOCTH Cepbl) AJs 3KBATOPa PaBHO
yeTplpeM. BmecTe ¢ TeM, 1751 MaJleHbKHX TPEYTOJBHUKOB H OKPYX-
HOCTeH, pagMep KOTOPbIX MHOTO MeHbllle paauyca c(epbl, KJacCH-
YyecKHe COOTHOLIeHUS OyayT BBINOJHEHBI, NMPUUYeM C TeM OoJblIel
TOYHOCTBIO, UeM MeHbllle pa3Mepbl camux ¢uryp. CienoBaresnbHO, Mbl
MPUXOIUM K BaXHOMY BBIBOJY, YTO MepPOH KPHUBHU3HBI NOBEPXHOCTH
MOXKET CJYXKHUThb XapaKTep U3MeHeHHUS CYMMBl YIJIOB TPeYyTroJbHUKA X
¥ OTHOLIEHHUS IJIHHbI OKPYXKHOCTH K paauycy Lo/ R npu yBenueHUH
UX JIMHEHHOTO pasmMepa.

1.5.2. T'eone3nueckmne. 31ecb HEOOXOAUMO CHeJaTh ellle OLHO
(Ha 3TOT pa3 mocJjenHee, HO OYeHb BaXKHOE) MaTeMaTHYeCKOe OT-
cTynieHre. Kak mpu onpeneseHHUU CyMMbl YTJIOB TPEYTOJbHUKA, TaK
M TIPU ONpefesieHUH OoTHoleHHusi Lo/ R, HaM HeoOXOHUMO 000OIINTD
MOHSATHE OTPe3Ka Ha CJydad MOBEPXHOCTEH C HeHYJeBOU KPUBU3HOM.
Tosbko B 3TOM cjiyyae Mbl CMOXKEM IOCTPOUTH TPEYTOJbHUK T10
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TPEM BeplIMHAM (M, 3HAYHUT, OMPENEJUTh CYMMY €ro YIJIOB) HJIH XKe
HauepTUTb OKPYXKHOCTb — KPHUBYIO, BCe TOUKH KOTOPOH ONHMHAKOBO
OTCTOAT OT ee LeHTpa.

[locnenHee o6cTOATEIBCTBO HAaBOAMT HAc Ha MBIC/b, UTO TaKoe
MOCTPOEHHE CTAHOBUTCH BO3MOXKHBIM B TOM M TOJBKO B TOM CJy-
yae, ecJd Mbl yMeeM OINpefessTb PacCTOSAHUS MexXAy ABYMS Ipo-
M3BOJNIbHBIMH TOYKaMHu. Torma mpsiMoil OyneT COOTBETCTBOBAaTb TaKas
KpHUBas, AJHHA KOTOPOH TPHU 3alaHHOM TOJIOKEHHH ee KOHLIOB OyleT
HauMeHbllel. B nuddepeHnnanbHoll reoMeTpun Takue KpPUBblE Ha-
3bIBAIOTCS ['EOfle3UYeCKUMH W UIpaloT CTOMb Ke (PyHAaMeHTaJbHYIO
poJib, Kak oOblYHble TpsSMble B TreoMeTpuM Ha mockocTu. Camo
X Ha3BaHUE $ICHO TMOKa3blBaeT, YTO BIIepPBble OHU BO3HHKJ/HU Kak
pa3 npu omnpejie/leHUH PACCTOSIHUM Ha MOBEPXHOCTH 3eMJH, T.e. Ha
TIOBEPXHOCTH, CBOMCTBA KOTOPOH OTJIMUAIOTCH OT CBOWCTB MJIOCKOCTH.

B KxauecTBe ynpaxkKHeHHs, HaIJISAHO [eMOHCTPUPYIOLLEro Io-
HSITUE TeOfle3UYeCKOH, MOXKHO pacCMOTPEeTh CJEAYIOILYI0 3ajady
(cm. puc. 8). ANBNUHUCT TbITaeTCs MOAHATHCS Ha BEPLIMHY TOPBI,
UMelollel uaeabHyl0 KOHHUecKyto (opMmy. OH 3aKMHYJ BepeBKy 3a
BEPIUMHY W, MOCTENEHHO YMeHbllasl ee AJHHY, NOAHHMAETCs BBEPX.
CrpamuBaeTcsi, IpY KaKUX 3HaYeHUSX yIJa « NPU BepLIMHE KOHYyCa
BepeBKa He OyIeT COCKaKMBaThb C BepIIMHbI? [leHcTBUTE/bHO, 1714
MaJ/lblX YIJIOB (v aJbIIMHHCTY, 0€3yCJOBHO, YAACTCs 3allellUTbCsl 3a
BEpLUMHY, TOTAA KakK TNpH KOHyce, OJHU3KHM K IJIOCKOCTH, MOAbBEM
YKa3aHHBIM CIIOCOOOM OKaKeTCsl HeBO3MOXKHBIM.

0
0

A A A’

Puc. 8. Anbnunuct A Ha GeCKOHeUHO IVIafKOH KOHHMUecKol noeepxHocTH. [eogne-

3UYecKas JIMHHUSI COOTBETCTBYeT MHHMMA/bHOM (/s KaXKIOTO MOJIOKEHHs aJlbIlv-

HHCTA) JJMHE BepeBKH. [I03TOMYy ec/iM B pa3BepTKe KOHYyCa YroJ IIPH BepIIMHe
okasbiBaercsi Gosibire 180°, BepeBka OyleT COCKAKHBATb C BEpPLIHHbI

OTBeT Jlerko MOXKeT ObITh TOJY4YeH, eCJTH Mbl 3aMETHM, 4TO Ha-
TSIHyTasl BepeBKa ONHCBIBAET KpaTdaillee paccTOsiHUE Jis JAHHOTO
MOJIOXKEeHUS! anbnuHuCcTa A Ha TOBepXHOCTH KoHyca. Kak Mbl yxke
TIOHS/IH, MTOBEPXHOCTb KOHYCa COBEPIUIEHHO aHaJOTH4YHa MJOCKOCTH,
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¥ TI09TOMY KpaT4yaHIIUM pacCTOSHHUEM MeXIy AByMs TOUKaMH OyneT
npsiMasi. PasBepHYB MOBEPXHOCTb KOHyca [0 Jydy, MPOXOISIIEMY
uepe3 TOYKY A M BepLIMHY KOHYyCa, MBI T€M CaMblM PaCHOJOXKHM
aJIbIIMHUCTA He TOJbKO B Touke A, Ho W B Touke A’. Teonesu-
ueckoll ke OyfeT MPOCTO MNpsiMasl, COeIMHSIOUlasl 5TH [Be TOUKH.
Ternepb cTaHOBUTCS MOHSITHBIM, 4TO ecau yroa AOA’ B pasBepTke
KOHyCa MeHbIlle ABYX MPSIMBIX, TO reofie3nyecKas NpsiMasi MpoHzeT
B Mpejesiax CaMOH MOBEPXHOCTH, Torma Kak mpu yrae AOA’ > 7
HaWMeHblllasi MpsiMasi JIeXKUT «BHE TOBEPXHOCTH», UTO W O3HAUaeT,
4TO BEPEBKA HE CMOXKEeT 3aleNUThCS 32 BepIIMHY. B pesysbrarte, Kak
JIETKO TIPOBEPUTb, KPUTMYECKHH Yros MpHU BeplLIMHE OTHOCHTENbHO
ocH KoHyca Oyzet paBeH 30°.

1.5.3. TpeyroibHUKM M OKPYIKHOCTH. TOJIbKO Terepb, Olpe-
IeJUB TIOHATHE TeOle3WYeCKOH, Mbl MOXKEM BEPHYTbCS K BOMPOCY
06 orpesesieHHH COOCTBEHHOH KPHUBHU3HBI MOBEPXHOCTH. PaccMoTrpum
CHayasa BOMPOC O CyMMe YIVIOB B TpeyroJbHHKe. [Ipenmosoxum,
4TO HaM M3BECTHBI KOOpAMHATH Tpex ero BepwnH A, B u C. Torna
HeO0OXOAHMMO BBIMOJHUTE CJENYIOLLYI0 MPOLELyPY.

1. ng KaxKAoH mapbl TOUeK HAaHTHU reofe3uuecKylo, COeIMHSIO-

IIYI0 3TH TOYKH.

2. Haiitu masible BeKTOpPH a; U ag, by u by, ¢ 1 c9, BEXOAAIIHE
COOTBETCTBeHHO U3 Toyek A, B u C' u napaJjjesbHble reoje-
3UYECKHM, COeNMHSIOUIMM BEpPIINHBI TPEyTOJbHUKOB.

3. g Kaxno# mapel Jiyued ONMpelesiuTh CKaJsipHOe MPou3Bejie-
Hue (aj - ag), U T.A. U IJIMHBI BEeKTOPOB |ai| = /(aj-a;), u
T. I.

4. C nomotusio dopmyssl cos o = (aj - ag)/(|ay||ag|), u T. 1. Haii-
TH yTJIBL.

[lopuepkHeM, 4TO B TpPex MepPBBIX MyHKTAX BBIYUCJAEHHUS] MOTYT
OBbITb BBITMOJIHEHB! JHIIb B TOM CJydae, eCJd U3BECTEH MEeTPHUeCKHH
teHsop (g). JelcTBUTENbHO, pacCMOTPUM MYHKT | GoJsiee moapoGHO.
Jlns onpenesieHus reofe3nyeckodl HeoOXOAUMO NPOBECTH HU3MepeHHe
IJIMH PA3JUUHBIX KPUBBIX. A 9TO MOXKHO CHE€JIaTh JIUIIb C TIOMOIILbIO
COOTHOLIEHHUS

5[2 = 911(961,962)5%% + 2912(1’1,332)5x15$2 + g22($1,$2)5$%, (73)

CYMMHUPYSl BeJIHUHHBI 0l TIpU 3aJlaHHOM H3MEeHEeHUM KOOpPAMHAT 0|
U dxo BOOJb NAHHOH KpuBoH. IIpy 3TOM upe3BEIUAHHO BaXKHO, UTO
JJIAHBL KpUBBIX [ = > ] (KOTOpble MOJHOCTBIO COOTBETCTBYIOT T10-
Kas3aTeJlo MPOUIEHHOr0 MyTH Ha CIHAOMETPe aBTOMOOUJISI) He OyayT
3aBUCeTb OT BbIOOpA KOOPAHHATHOH CETKH; KpUBas xkKe, COOTBETCTBY-
Iolas HauMeHbIIeH [JMHe, W OyaeT MO ONpeaeseHHI0 Ha3blBaTh-



44 Ta. 1. Obuias meopus OMHOCUMENbHOCMU — O00HQ U3 NepBvlx Mmeoputi noas

cst reone3ndeckoit. COOTBETCTBEHHO, CKa/spHOE MPOU3BEIeHHE IBYX
BEKTOPOB &] M ag, BHIXOASIIMX W3 Haua/a MPOU3BOJbHOH KOOPIAMHAT-
HOH ceTKH (p, q) ¥ UMEIIIUX KOOPAUHATH (p1,q1) U (pe, qo) ClenyeT
OTPEeIeTUTh Kak

(ar - a2) = grip1p2 + g12(P192 + P2q1) + 922q192- (74)

HakoHel, kBanpaT o/uHbBl BeKTOpa OyIeT MPOCTO

(a; -a1) = 91107 + 29190141 + 92243, (75)

YTO MOJIHOCTBIO COOTBETCTBYET COOTHOIIEHHIO (45).

Kak ™Mbl BUAMM, mpolleaypa ONpefeseHUs YIJOB OKasaJjach Jo-
BOJIbHO yTOMHUTesnbHOH. [loaToMy B panbHeilliem Mbl Oymem pac-
CMaTpPUBaTh JIMILb BTOPOH TNpHMep, a UMEHHO OTHOIIEHWe JIJIHHBI
OKPYKHOCTH K panuycy. B aToMm ciydae ymo6HO BOCIOJIB30BAThCS
MOJIIPHBIMM  KOOpPAMHATaMHU 7, . /s TJIOCKOH MeTpPHUKH COOTBET-
CTBYIOLIMH METPUUECKHH TeH30p

<g>polar = ((1) 02) ’ (76)

r
a BbIpaxkeHue [Jid dJ€MeHTa AJIHMHbI

di? = dr? + r2dy?. (77)

Kak Mbl BUIMM, U 31€Cb HaM MOTPeGOBANOCh 3HAHHWE METPHUYECKOTO
TeHsopa (g).

Tenepb, 3Hast BblpaxkeHHe MAJsi 3jJeMeHTa AJUHBI (77), HUUYEro
He CTOMT OIpeNesUTb OTHOLIEHHWE JJHMHBI OKPY>KHOCTH K paiuycy.
[Ipexkne Bcero, ompeesuM paccTosiHue R Mexay LEeHTPOM OKpPYK-
HocTH O, KOTOPBIH Mbl MOMECTHM B Hauajo koopauHat (r = 0), u
TOUKOH ¢ KoopauHatamu (7, ). He TpaTs Bpems Ha 10Ka3aTe/bCTBO
O4eBHIHOrO (hakTa (XOTs Ha CaMOM JieJie 3TO HeOOXOAUMO ClenaTh!),
4TO reofie3Uueckoll KPUBOH MOJ/KHA ObITh JIMHHSI MOCTOSIHHOTO YyTJia
¢ = const (¥ mosTomy BmoJb paauyca dp = 0), moaydyaem ¢ Imo-
Mottt (77), uto §l = or. CknanbiBasi Tenepb NMPUPALIEHUS AJIHH,
M¥MeeM, 4TO, KaK M CJIe[oBaJ0 OXKHJAAThb, PACCTOSIHUE | MeXIY LieH-
TPOM OKPYXKHOCTH H TOUKOH C KOOpAMHATOH (r,y) CoBNamaer c
KoopauHatoi r. [losTomy pamuMyc OKpYXKHOCTH C LEHTPOM B Ha-
yajie KOOPAHHAT, MPOXOAsiiel Yepe3 TOUKY C KOOpAMHATOH (T, ),
ecTb R=r.

PaccmoTpuM Tenepb TMpUpalleHHe AJMHBl [PU JIBHXKEHHH [0
OKPY?KHOCTH, Korja mno onpenesenuto or = 0. Bocnosnb3oBasmnch
BHOBb COOTHOILIEHHeM (77), TosydyaeM OUYEBHAHOE COOTHOLIEHHE

ol = riep. (78)



1.5. Kpususna 45

CkJyianbiBasi Terepb 3JeMeHTbl AJUHBI MPH H3MeHeHUH yraa ¢ oT 0
10 27, UMeeM JJIsi IJIMHBl OKPYKHOCTH Lo = > dl

Ly = 27 R. (79)

Kak u cnenoBano oxunatb, oTHolleHue Lg/R = 27 He 3aBHCHT OT
paznyca OKpy»>KHOCTH.

0

Puc. 9. Metpuka Ha rmoBepxHOCTH cepsl panuyca R

[lonpo6yem mpoBecTH MogoOHYIO Ke MPOLEeAYyPY Ha MOBEPXHOCTH
cepnl paguyca R.. B sToM ciayuyae, Kak MNokasaHo Ha puc. 9,
«papuycoM» R OKpy»KHOCTH OyneT AJMHA AYTH OOJBLIOrO Kpyra

R = OR.. (80)

MmenHo Takoe paccTosiHMe MeKIy LIeHTPOM OKPYKHOCTH M KaxKIoH
ee TOYKOH OTMepsIT IByMepHbIe CYyIlleCTBa, CIOCOOHBIE MepeMellaThCs
JIMILIb N0 NoBepxXHOCTH cepsl. [Ipy 3TOM BesinuuHa R He coBnanaer
C «UCTHHHBIM» PaguycoM

ry = R sin 6. (81)

B pesysbrate, Bocmnosb3oBaBikch cooTHoweHusimu (80) u (81), mo-
JyyaeM JJisi Majoro sjeMenta miuHe di? = dr? + r%dgpQ

di? = dr? + R?sin®(r/R.)dg?. (82)

CJIeIIOBaTeJH)HO, MeTpI/I‘{eCKI/Iﬁ TEH30p MMEeT BUJ

1 0
(9)spn = (0 R? sinQ(r/Rc)) ' (83)
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[Ipy TOM HEOOXOAMMO CHEeNaTh OfHO BaXKHOE YTOUHEHHE: B Cjyuae
MJIOCKOCTH (MeTpudeckuil TeHsop (76)) panuanbHasi KOOpAMHATa T
MOXeT MPUHUMATb J000e 3HaueHWe OT HyJsl 10 OeCKOHEUHOCTH,
TOTA KaK B cJydae MOBePXHOCTH cepbl (MeTpuueckui TeHsop (83))
paauanbHasi KoopAiHHaTa orpaHudeHa ceepxy: 0 < R < mR..
HatineHHblll HAMU MeTPUUECKHH TEH30P COMEPXKHUT BCIO HH(OpMa-
LIMI0 0 KPUBH3HE MOBEPXHOCTH cepbl. B yacTHOCTH, OH TMOKa3bIBaeT,
TMPU KaKUX pa3Mepax OKPYKHOCTH Mbl HaUHEM YyBCTBOBATb OT/JIHYHE
OT TJIOCKOH TOBEpPXHOCTH. Tak, CHO, YTO TPH MaJbIX pagnycax
R < R, rtensop (83) coBmamaeT ¢ MeTPHKOH TMJIOCKOTO MPOCTpaH-
ctBa (76). Yrobbl mokasaTb 3TO, JOCTATOYHO BOCIOJb30BATbCS H3-
BECTHBIM passioxkeHHeM sinz ~ x. C JIpyrod CTOPOHEI, NpH yBeJsH-
YeHUM «PaJnyCca» OKPYKHOCTH 7" OTHOLIEHHWE IJIMHBI OKPY?KHOCTH K
panuycy OymeT Termepb onpenessitbesi popmynoit (mposepbte!)

Lo R. . (R
"= 27r§ sin <Rc> . (84)

Kak mokaszano Ha puc. 10, 3T0 OTHOLIEHHWE yMeHbIIAeTCs MPU yBe-
JUUYEHUH paguyca R, Tak 4yto npu R = mR. IJMHA OKPYKHOCTH
obpauiaercsi B HOMb. Kak U c/e10oBaio 0XKUIATh, OTJIHUNE METPUKH
OT TJIOCKOH NpOSIBJseTCS MPH

Lo/R R~ R..
Kcratu, obpatute BHHMa-
HHUe Ha TO, UTO CTPYKTypa TeH-
3opa (83) 6aM3Ka K CTPYKType
TeHsopa (76), OMHUCHIBAIOLIETO
IJIOCKOE [BYMEpHO€e IMpOCTpaH-
ctBo. OHH OTJIHMYAIOTCH JIHIIb
W]'%C n  BbIPAXKEHHAMH B MPAaBOM HHXK-
HeM yray. OkasblBaeTcs, 3TO He
Puc. 10. 3aBucnmocts oTHowenns au- — CAydadHo. Jlesio B ToM, 4TO Kak
Hbl OKPyXHOCTH Lo K paguycy R npu  y2>Ke€ HEOJHOKPAaTHO MOJYEepPKHU-
M3MEHEHHH pasmepa (Urypbl BaJIoCh (M Kak OyneT MpoaeMoH-
CTPUPOBAHO B CJeAYIOLIEM pas-
liesie), UHBapHAHTHbIE BEJHUHHBI He JOJ/DKHBI 3aBHCETb OT BbIGOpa
cucteMbl orcyeTa. Ho npu Hajnuuuu Takod cBoOOLBl MBI BCerna
MOXKeM BbIOpAaThb TaKyl0 KOOPAMHATHYIO CeTKy (&, 3HAUWT, M TaKue
nepeMeHHble x| U T9), 4YTO JBe M3 TPeX BeJWYMH, BXOISLIMX B
IBYMEPHBIH METPHUeCKUH TeH30p, MOT'YT ObITb BHIOpaHBEI U3 cO0Opa-
’KeHUsl ynobcTBa. PaccMoTpeHHble Bbllle cjaydyad Kak pas U COOT-
BETCTBYIOT yI00HOMY BbIOOpY KoopauHaT, Korga g;; = 1 u gjo = 0.
COOTBETCTBEHHO, B YETBIPEXMEPHOM TIPOCTPAHCTBE BCETA MOXKHO
MPOBECTH TAKYIO 3aMeHY YeThipeX KOOPAMHAT, UTO METPHUUECKUN TeH-

27
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30p (g) OymeT UMeTb He HEeCsThb, a LIECTh HE3aBHCHMBIX KOMIIOHEHT.
®dusnyeckue ke pe3yabTaThl OT STOrO 3aBUCETh He OyAyT. 3aMOMHUM
M 3TO 3aMeyaTeJibHOE CBOHCTBO — OHO TaKxKe IOHAJOOMTCS HaM B
JlaJibHeHIIeM.

1.5.4. T'ayccoBa kpuBu3Ha. Termepb HaM 0CTaJOCh TMOHSITH,
KaK, 3Hasi SIBHbIH BHUI METPHYECKOro TeH3opa (g), ONpelesuTh KpH-
BU3HY k = 1/R| Ry (72). Jlns nByMepHBIX OBEPXHOCTEH OTBET ObLJI
nosyueH eile B Haduaste XIX Beka K.®. I'ayccom. CooTBeTcTBYyMOIIAS
hopMmyna AJist T. H. TayCCOBOM KPUBH3HBI UMeET BUA (g = g11922 — 9%2)

1 0? 0? 0?
k:—<2 g1z 9gn 922>+

29 \"0x10zy 9z 022

1 dg11\° 0g22 0911 Dgo2 \”
. YA g, 0722 DI Y922 _
T2 922<92> 9129192+911 91

1 0 0 0 0 0 0
——[g g1 (2 g2 922>_|_gll 922 (2 g2 911>]+

442 oy 0xo oxy 0xo oxq o0xo
g12 | 9922 g1 dgia  0goo g2 Ogn1
2 - 2 — .
T2 442 [&EQ oy + ( o9 oy oy o9 (85)

HecmoTpst Ha cBOIO OUeBHIHYIO 'POMO3IKOCTB, BhIpakeHHe (89)
IJsl TayCCOBOM KPHUBH3HBI SIBJISIETCS OJHOH M3 CaMblX 3aMeyaTeJib-
HbIX (opmysn B AuddepeHLHaIbHON reoMeTpuu. [leso B ToM, 4TO
pesy/bTaT — rayccoBa KpHUBH3HAa k — COBEpLIEHHO He 3aBHUCHUT OT
BelOOpa cUCTeMbl KOOpAMHAT. MoXKHO U3MepsiTb KOOpPAMHATYy x| B
KHJIOMeTpaxX a KOOpAMHAaTy L9 — B MUJJIMMETPax, MOXHO B3fTb
OPTOTOHA/NBHYIO WK JI0OYI0 APYTYyI0 KOOPAMHATHYIO CETKy — BCe
pPaBHO OTBeT OCTaHeTCs OAMHAKOBBIM. B yacTHOCTH, AJjs J11060H KO-
OpAMHATHOH CeTKI/I Ha IMJOCKOCTH MBI nosnyuuM k = 0, a B cayuae
ceprl k = R 2. JIns Hafi/IeHHBIX BhIlle METPUUECKHX TEH30POB STOT
(bakT mpoBepsieTCsl NPSAMBIM BBIYMC/IEHHeM. Tak, 1/ AeKapTOBBIX
KOOpPAUHAT T] = X, X9 = Y BCe MeTpHuecKHe Ko3((PULHEHTbl MOCTO-
SIHHBI (He 3aBHCAT OT & U ), TaK uTo pesysbraT k = 0 He BbI3bIBAaET
comMHeHHsi. [lJisi MOJISIpHBIX KOOpAMHAT x] = r, T = ¢ (gr = 1,

Jpp = r, Gro = gor = 0) uMeeM g = 2 u
— 1 a e Irr agww ?
b= "~ 2g Or? T g or ’ (86)

Bce ocranbHble ciaraeMble B TPOMO3AKOM BbipaxkKeHHH (85) Tox-
JIeCTBEHHO PaBHbI HYJ/10. BOCro/sb30BaBIIKCh Tenepb SIBHBIM BHIOM
BeJIMUHH ¢ Uy, NONydaeM BHOBb k = 0. C 1pyroil cTopoHsl, s
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MeTpuueckoro TeHsopa (83), omuchIBaIOIIEr0 METPUKY MOBEPXHOCTH
cepsl, nonyyaem, 1
(87)

3/1ech Mbl BOCTIOb30BAMCh BHIPAKEHHEM gy, = g = R2sin’(r/R.),
a Takxke TeM (hakToOM, 4TO cooTHoieHue (86) ocraeTcs CrpaBemsiu-
BBIM U 11 MeTpukHu (83).

Ho, xak yxe roBopusioch, (DU3HUECKHH pe3yabTaT (KpUBHU3HA
TMIOBEPXHOCTH) He JOJKEH 3aBHCETh OT BbIGOpPAa KOOPAMHATHOH CETKH.
Hanpumep, MOXHO B KauyecTBe paauajbHOH KOOPAHHATHI BHIOPAThH
BesuunHy 7. Torja yriosas dyacTh NpHpaileHds MIHHB dI2, Kak
M IS TUIOCKOCTH, GyneT uMeTsh Bua di? = r%dgpQ. [Ipupamienue xe
IJIMHBl 338 CUeT U3MeHEeHHUs] KOOPAWHATBI 7| 3alHUILIeTCsl Terepb Kak
di? = dr?/ cos? ©. B pesyiibrare, numeem

2
dry

a? = ——
=/

+ r2dg?. (88)

[loaTomy B aTOM caydae
(1-72/RH~1 0
= 177 . 89
<g>sph ( 0 ’l“% ( )
C npyro#l CTOpOHBI, BbIpaxkKeHHe JJIf TaycCOBOH KPHUBH3HBI TeTlepb
LOJI2KHO OBITb 3alIMCaHO Kak

2
k= _i 8294,050 rr 69904,0 Yoo Ogrr 8_9@90 (90)
2g 01"% 492 \ Ory 4¢2 Or; Or’

4YTO BHOBb JAaeT k = RC*Q. Ymeroune nuddepeHUHpPOBaTh MOTYT T10-
YIpaXKHATbCs, BbIOMpasi Apyrue (He 006s3aTeNbHO MPSIMOYTOJbHEIE)
CEeTKH KOOpPAMHAT ).

K coxaneHuto, KaKk Mbl BUAMM, [/ TOYHOTO MaTeMaTH4eCKOro
onpefiesieHUs KPUBHU3HBl 3HaHUe OU((epeHUHaNbHOIO0 HCYUCIEHHS
siBJsieTCsl HeOOXOOUMBbIM. TeM He MeHee, OOIIMH CMBICJ PaCCMOTpPEH-
HOH BBIlLIE TMPOLEAYPHl HE AOJKEH BbI3bIBaTh 3aTpynHeHUs. Kak yxe
FOBOPHUJIOCh, OHA CBOAMTCS, (PAKTHUECKH, K OIpelesieHHI0 XapaKTepa
M3MEeHeHHs CyMMbI YIJIOB TPEYrolbHUKA (MJIH ¥Ke OTHOLIEHHS JJTHHBI
OKPY?KHOCTH K Paguycy) MpH yBeJHUEHHH pa3Mepa reoMeTpHuecKOH
¢urypol. Tem cambiM, KpUBH3HA [TOBEPXHOCTH MOXKET OBITH OMpeje-
JIeHa JIOKaJIbHO M He BBIXOAS 3a IpeleJsbl caMoH noBepxHocTH. [Ipu

1) Vo6cTBO BBHIGOPA KOOPAMHAT 71, , M 3HAYMT, METPHUECKOro Ko3ddHIHEeHTa
Jop = 7% COCTOHT B TOM, YTO B STOM CJIy4ae CyMMa ABYX nepBbix cjaaraeMbix B (90)
TOXKJEeCTBEHHO pPaBHA HYJIIO.
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3TOM [ TIOBEPXHOCTEH T0JIOKUTENbHON KPUBU3HBI (chepa) cymma
YIVIOB TPeyroJbHUKA YBeJHUUHUBaAeTCsl, a OTHOLIEHHEe JIJIHHBI OKPY2KHO-
CTH K paflyCy yMeHbllaeTcs C yBesJuueHHeM pasmepa. M Haobopor,
IJISl TIOBEPXHOCTEH OTPULATENBbHOH KPUBH3HBI (CENJI0) CyMMa YIJIOB
TPeyroJibHHKa YMeHbILIAeTCs, a OTHOILLEHHWe AJHHBI OKPYXKHOCTHU K
paguycy yBeJHUHMBaeTCsl IpU pocTe pa3mepa ¢urypel. B yactHocTy,
yBeJiMYeHHe OTHOWeHUs Lo/ R 1/ MOBEPXHOCTH Ce/lia CBS3aHO MPO-
CTO C TeM, YTO IPH YyBeJHYEHUHU «paauyca» R Npu NBHXKEHUH 110
«OKPY?KHOCTH» R = const HaM NPUXOAMUTCS CIyCKaTbCsl BO Bce HoJee
rn1y060KHe JOJHUHBL U IONHUMATLCSl Ha Bce OoJlee BLICOKHE B3ropbs 110
Mepe TOro, Kak paauyc OyneT yBeJHUHBaTbCS. DTH CBOHCTBA XOPOLIO
BUJIHBI Ha puc. 6.

Hanee, kak nokaszaHo Ha puc. 10, oTHolleHHe NJUHBI OKPYXK-
HOCTH K pamuycy Lo/R ocTaeTcs NpakKTHYeCKH TMOCTOSIHHBIM IPH
MaJlblX pasMepax OKPYKHOCTH 10 CpaBHEHHIO C paguycoM cdepsl.
B pesysnbrare, KprBH3HA NIPONOPLHOHAJbHA «YCKOPEHHUIO» H3MEHEeHUS
oTHoweHuss Lg/R mnpu u3MeHeHMH R, T.e. BTOPOH MPOM3BOLHOM
d?(Lo/R)/dR?. Vimenno mnostomy B (opmyssl (85) u (86) BxomuT
BTOpasi MPOM3BOJHAS METPHUUYECKOrO TeH30pa Mo KOOopAMHATaM. A 3To
03Ha4aeT, UTo OTJAHYHe OTHOLIeHUS Lo/ R oT 27, KaK ¥ OTIHYHE CyM-
MBI YTJIOB TpPeyroJbHHUKA X OT 7, OyaeT NPONOPLHOHANBHO MJOLIAH
¢urypsl 6S. Tak, HanpuMep, MOKHO 110Ka3aThb, UTO

Y — 7 = koS, (91)

rie k — rayccoa KpuBH3Ha, a 0S < R2. CooTBeTCTBEHHO, pasmep-
HOCTb KO3((HIMEHTa PONOPLHOHAIBHOCTH k eCTh CM ™ 2.

Ewe onHo HeTpuBHa/bHOE CBOHCTBO ABYMEPHBIX I10BEPXHOCTEH
COCTOMT B TOM, UYTO KPHBHM3HA [ABYMEPHOH MOBEPXHOCTH MOJHOCTBIO
onpenessieTcsl MUIb OJHOW CKaJsipHOU BEJUYUMHON — rayCCOBOH KpH-
BU3HOH k. /s mpocTpaHCTB 60Jiee BBICOKMX Pa3MEPHOCTEH 3TO yxKe
He TakK, U M03TOMY HeOGXOIMMO BBOAUTH HECKOJBbKO BeJHUUH (3 aJis
TpexMepHOro W 14 nns 4eThpeXMepHOro), XapaKTepusymolIUX KpHu-
BHU3HY MHOIOMEPHOro IpocTpaHcTBa. HakoHel, Heo6XonMMo elle pas
MOAUePKHYTb, uTo (opmyna laycca (85) siBjsieTcss WHBapHaHTHOH,
T.e. OHa TI03BOJISIET OINpeNeJUTh HHBAPUAHTHYIO T'eOMETPUYECKYIO
BeJIMYUHY — TayCCOBY KPUBU3HY — IpH JIOOOM BbIOOpE CHUCTEMbI
kooparHat. Kak yxxe roBopusoch, Takue yHHBepcasbHble COOTHOLLIE-
HUS, He 3aBUCSILME OT BbLIOOpA CUCTEMBI OTCUETA WM MO3BOJISIOLINE
BBIYMCJIATE KJIOUeBble BEJHYMHBI, KaK pa3 U HeoOXOOUMBI B Kaye-
CTBe f3blKa 115 (POPMYJIHPOBKY UHBAPUAHTHBIX ypaBHEeHUH. FIMeHHO
M03TOMY f13bIK AH(QepeHNa bHON reOMeTPUU U Obll HCIMOJb30BaH
OUHILTEHHOM /151 MaTeMaTHYeCKOH 3aluCH CBOEH TeOpUM TrpaBUTa-
LIUOHHOTO MOJIS.
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1.6. Ilpsamoe ycMoTpeHUe UCTUHBI

1.6.1. HaBogsimue cooOpakeHus. Ternepb, MO3HAKOMHBIIHUCH
KPaTKO C HOBBIM MaTeMaTHYeCKHWM ammapaToM, MOKHO BEPHYThCS K
Halleli OCHOBHOM 3ajiaye. Mbl OCTAaHOBHUJIMCH Ha TOM, UTO TEOpHS
BCEMUPHOTO TsAroTeHuss HploToHA sABJsieTCs MPaBUIBHOH W MOCJ/eN0-
BaTe/bHOH, HO He yHUBepcaJbHOH Teopuel. OHa MPaBUJIBHO OMHCHI-
BaeT MeJlJIeHHOe JIBYKeHHe B CJ1a0blX IPaBUTALMOHHBIX TOJSIX, HO He
MOXKEeT OOBSICHUTH Psii HaO/OAATENbHBIX (PAKTOB (IOTONHUTENbHOE
NBUXeHHe nepurennss MepKypusi, He CBSI3aHHOE C IeHCTBUEM APYTHX
NJiaHeT, UK XKe KOJUUeCTBeHHOe 3HaueHHe yIJa OTKJOHEHHS CBeTa
B rpaBuTainronHom noje CoJiHIA), KOTa CKOPOCTH Tes W TpaBUTa-
[[UOHHbIEe TOJI CTAaHOBATCH AOCTaTouHO Bedukd. Kpome Toro, 3Ta
TeOpHsl He yIOBJETBOPSIET HEKOTOPBIM OOLIUM CBOMCTBAM, HalpUMep,
YCJIOBUIO MHBAPUAHTHOCTH 3aNlUcH AU depeHHaNbHbIX YPaBHEHHUH,
OTIMCHIBAIOLIUX JBHXKEHHE TeJ, KOTOPBIM JOJKHA Oblaa Obl ynoBJe-
TBOPSATH MOCJeN0BaTebHAS TEOPHSI.

Kcraty, WHTYUTUBHO OBIIM $ICHBlL M XapaKTepHble BeJHYUHbI
CKOPOCTU W T'DPAaBHUTAIMOHHOTO MOTEHIIMaJja, NMPH KOTOPBIX HauyHHAa-
€T YYBCTBOBATbCS OTPAaHUYEHHOCTb TEOPUU. BCIOMHHTE TOsiBIEeHHE
pasMepHBIX MMapaMeTPOB MPH aHaanu3de (HOPMYJIbI, ONPeNeSoed K1-
HeTHYeCKylo 3Hepruio. MasocTb CKOPOCTH 03HAa4yaeT ee MaJjoCThb T10
OTHOILIEHHIO K CKOPOCTH cBeTa ¢ ~ 300000 KM/c, MOCKOJIBbKY CIELH-
a/ibHas TeOpHUs OTHOCUTEJbHOCTH NOJKHA OBITh YacThio 0O0IleH Teo-
pPHUH OTHOCUTEJNIBHOCTH B CJabbIX TPaBUTALMOHHBIX MoJsix. MasocThb
’Ke TI'DaBHTAllMOHHOTO MOTEHLHala ¢y (ero pasMepHOCTb, KaK Mbl
TIOMHHUM, €CTh KBaJipaT CKOPOCTH) 03HAYaeT ero MaJjocThb M0 OTHOLIe-
HUIO K KBapaTy CKOPOCTH cBeTa ¢. [109TOMy XapaKTepHOH MaJofi
BEJIMUMHOH, KBHBaJE€HTHOH OTHOLLIEHHWIO CKOPOCTH TeJ K CKOPOCTH
CBeTa B CIELHAJbHOW TEOPUU OTHOCHUTEJNBHOCTH, B TEOPHUH TpaBH-
TalKMK NOJKHA ObITh BENHYMHA €5 = gog/CQ. Jns rpaBUTaLIOHHOTO
noJsi Tesa ¢ Maccod M W paguycom R 3Ta BeJMUYMHA UMeeT BUJ

GM
AR’
IIpn €, < 1 061mas TeopHs OTHOCHTENBHOCTH JOJIXKHA NePeXONHUTh B
OOBIYHYIO TEOPHIO BCEMHUPHOTrO TsroTeHust HbioToHa.

JIt060MBITHO, UTO BbIpaXKeHWe [IJisi TPaBUTALIMOHHOrO paauyca
Tesa Macchl M, T.e. Takoro pasmepa Teja, MPU KOTOPOM €ro fo-
BEPXHOCTb HE MOXET MOKHHYThb [aXKe Jiyd CBeTa, OBbLIO MOJY4eHO
[1. C. Jlamnacom (1749-1827) eme B 1795 r. Ha 0CHOBE HBIOTOHOB-

(92)

Eg =
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CKOH TeopuH TsroTeHus |). JIeHCTBHTENLHO, e/l MPUPABHATL BTO-
Pyl KOCMHYECKYI0 CKOpPOCTb w9 = 1/2GM/R K CKOPOCTH CBeTa c,
TO MBI NOJIy4aeM

2GM

- (93)

T‘g c
YnuBuTebHO, YTO BbIpaxkeHHe (93) ocraeTcsl CrpaBelMBbIM H B
00111eH TEOPUH OTHOCUTEJBHOCTH. 3aTIOMHUM 3Ty (hOPMYJly, OHA elle
He pa3 BO3HUKHET B JaJjbHekuem!

Takum o6pasom, yKe Ha 3TOM 3Tame MOXKHO CHAeJaTb BBIBOI,
4To 3(eKTh 0611el TeOPUH OTHOCHTEJIbHOCTH JI0JI2KHbI MPOSIBJSATH-
Csl JIMIIb JAJf AOCTATOYHO CHUJIBHBIX T'PaBUTALMOHHBIX mnosei. [Ipu
9TOM HEOOXOAMMBI HE CTOJIbKO OOJblINE MACChl TPABUTHPYIOLINX TeJI,
CKOJIbKO HX Upe3BBlYalHO MaJble pa3Mepbl. MIHBIMH cJ0BaMH, CHJIb-
Hoe otinyue npenckazaHud OTO ot mpeackasaHUH HbIOTOHOBCKOH
TEOpUM TpaBUTALMK OydeT MMeTb MeCTO JHILIb MPU pasMepax Teisa,
O6JM3KUX K TpaBUTAMOHHOMY panuycy. Ilpy 3ToM mnoBcenHeBHBIH
OTIBIT 371eCh OKA3bIBAETCS COBEPILEHHO OeCrose3HbIM, TTOCKOIbKY Kak
Ha 3eMmJ/e, TaK M B COJHEYHOH CHCTeMe NapaMeTp £, Upe3BblYaiiHO
maJi. leficTBuTeNbHO, 1151 3Be3nbl ¢ Maccoid ConHua Mg ~ 2 - 1033 ¢
TPaBUTALMOHHBIE paiWyC COCTaBJSET JWLIb 3 KM, TaK 4TO MAJs
nosepxHocTH CosHIA €6 ~ 1g/Ro ~ 10~°. CooTBeTCTBEHHO, A
3eman (Macca M ~ 6 - 10?7 1) rpaBUTALMOHHLIH PafHyC COCTAB/ISET
auwb 0,6 cM, Tak 4TO £4 ~ 10-8. HeynusuTtenbHo Mo3sTOMy, UTO B
GOJIBIIMHCTBE CJAy4yaeB HAaM OKAa3bIBAIOTCS JNOCTYIHBI JIHIIb INEPBbIE
TONPABKH B COOTBETCTBYIOIIMX PA3JIOXKEHHUAX 110 BEJHUYHHE £g.

OTMeTHM, HaKOHell, ellle OfHO HeMaJoBaXKHOe OOCTOSITE/bCTBO.
Kak BumHo n3 BeIpaxkeHus (93), obuias TeopHsi OTHOCHTEJbHOCTH
MOMMMO T'PaBUTALMOHHOH MOCTOSIHHOW (5, W3BECTHOH M3 HepessTH-
BUCTCKOH TEOPHH, U CKOPOCTH CBeTa ¢ He TpedyeT HHUKAKHX [0-
MOJIHATEJIbHBIX Pa3MepHbIX KOHCTaHT. B pe3ysnbrate, MOXKHO Mpen-
TMOJIOXKHUTb, YTO TPABUTALMOHHBIN TOTEHLHAJ MPU MaJblX 3HAUEHHUSIX
napameTpa £z A0JKEH UMEeT BHJL

2
D, = ¢? [1+%+A1 (%) +} (94)
rie A; — OespasMepHbId Ko3(p(ULMEHT nopsiaka eauHuubl. [Ipu

9TOM I0IBJIEHHE HYJIeBOIO YJleHa, OYeHb [10XOXKero, KCTaTH, Ha Io-
CTOAHHBI JOTONHUTeNbHBIE UMeH mc’ B BHIPAXKEHUH [/ KMHETHUe-
CKOM SHEpTHH, He MOXKET TMPUBECTH K HaOJofaTe bHBIM 3(deKTam,

DA 1o Hero, B 1783 r., aHIVIMACKUM CBSILIEHHUKOM M T€O0JIOTOM, OIHHM H3
OCHOBaTeJiell HayuHoU cedicMosoruu [Ixk. Muuesom
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T.K. B HbIOTOHOBCKOH TEOPHWH TPaBHUTALMOHHBIH MOTEHLMAN OmNpee-
JIIETCSl ¢ TOUHOCTBIO 10 IPOU3BOJIbHON KOHCTaHTHl. KoHeuHO XKe, Kak
U B CJlydae C BbIpaKEHUEM [J151 KHHETUYECKOH dHepruH, ONpeaeUTh
Koa(p(uureHT A| MOXHO, JHUIIb 3Has HWCTHHHBIA BUJI ypaBHeHHUH
TPaBUTALIMOHHOTO MOJISI.

Cy1ecTByeT, OfHAKO, OU€Hb NPOCTOE N0KA3aTeJNbCTBO TOTO, UTO
Teopusi TPaBUTALUM He MOXKeT ObITb CKaJjspHOH. [leficTBUTEJBHO,
pesITUBUCTCKAs HWHBAPUAHTHOCTb TpebyeT, 4TOOBl CKaJ/sIpHOE IoJie
(rpaBHTaLMOHHEIH MOTEHLHMA (g) ONpeJesscs CKalsapHOH e Xa-
PaKTEepUCTUKON BelllecTBa. Takod pa3yMHOH XapaKTepUCTUKOH MoO-
XKeT CJYXKHUTb CJeJl TeH30pa Hepruu-ummnysbca Sp (1'). OnHako ajs
YaCTHIL C HYJIeBOH Maccoil MoKosi, a, 3Ha4uT, U aJs ceeta, Sp (1) =0
(cm. TMpunoxenune 2). CienoBatenbHO, B CKaJISIPHOH TEOPUH CBET He
IOJ2KeH B3aUMOJEHCTBOBATH C BEIIECTBOM, YTO MPOTHUBOPEUYUT Ha-
6J1101aeMOMY OTKJIOHEHHIO Jlydel rpaBUTAaLHOHHBIM TosieM CoJHLa.

C npyroél CTOpPOHBI, MBI BHMEJH, UTO paCLIMpPeHHE TEOPUH MO-
JKeT ObITb CBSI3aHO C MEPEeXOfOM OT CKAJSIPHBIX BeJHYHMH K BEKTOP-
HBIM, U OT BEeKTOPHHIX — K TeH30pHBIM. [Ipocrefiinm o6oblieHreM
HbIOTOHOBCKOH TI'paBHTalLMH, KOTOpas TpedyeT 3afaHHusl JHLIb OLHOH
CKa/NiPHOH BEJMYMUHBl — TPAaBUTALMOHHOIO IMOTEHLHMA/IA (g, MOT
Obl OBITb W IEpeXoi K BeKTOPHOH TeOpUM, KOraa I'paBUTALMOHHBIA
MOTEHLHAJN SIBJSETCS Ha CaMOM JeJje BpPeMeHHOH KOMITIOHEHTOH ye-
TBIPEXMEPHOTr0 TOTeHLMana MOoJOoOHO TOMY, KaK 3SHepPrHs YacCTHILbI
SIBJISIETCS] BpEMEHHOU KOMIIOHEHTOH 4eThlpeXMEepPHOr0 BEKTOpa IHep-
THU-UMIyJabca. KcTaTd, MMEHHO Takylo CTPYKTYpy HMeeT Teopus
3JeKTpoMarHuTHoro nosss MakcBessia. JleHAcTBUTe/bHO, NPU Mel-
JIEHHOM JIBHXKE€HHHW YacTHI[ (M0 CPaBHEHHIO CO CKOPOCTBHIO CBeTa)
3JIEKTPUYECKOE T10JIe TTIOJHOCTbIO ONpefesieTcsl CKaAsIPHBIM 3JeKTpH-
YyecKUM mnoTeHUuanoM P, mpudem cuja B3aUMOJEHCTBUS MeXIy 3a-
pszamy, coryiacHo 3akoHy KysioHa, B TOUHOCTH 3KBHBaJIeHTHA 3aKOHY
BCEMHUPHOTO TATOTEHHSI.

OxasaJsioch, 0HAKO, UTO U TaKOH MOAXOJ He MOXKET IPHUBECTH K
ycnexy. JleldcTBUTEBHO, B 3/JeKTPOMarHeTU3Me OQHOMMEHHbIe 3apsi-
OBl OTTaJKHBAIOTCS, TOT/a KaK B TPaBUTAlMM, HAa0OOPOT, TPUTSATH-
BalOTCs. B 4acTHOCTH, B TaKOH TEOPUM aHTMYACTHLB (MTO3UTPOHHI,
AHTHUIIPOTOHBI) NOJKHBI OblJIK Obl He MajfaTh Ha 3eMJio a, Hao6opoT,
CTpPeMHUTbCSl YHUTU Ha OECKOHEUHOCTb. TeM He MeHee, KaK Mbl YBHU-
OUM, HEKOTOpble CJeACTBUS OOlleld TeOpUH OTHOCHTEJNBHOCTH OKa-
3BIBAIOTCS YIHUBUTENbHO CXO0XKH CO CBOHCTBAMH 3JIEKTPOMArHHUTHOTO
nosns. Takum o00pa3om, OOHUM M3 IEPBBIX BOMNPOCOB, BO3HUKILHX
MpH TIOCTPOEHHUH OOIIed TEeOPUH OTHOCUTEJbHOCTH, OBbLI BOMPOC O
CTPYKTyp€e TEOpPHH; NIPHUBELEHHbIE BhIlIe apryMeHThl I0KA3bIBAIOT, UTO
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nocJieIoBaTeIbHAsl TEOpHsl TPaBUTALMHM NOJKHA ObITh TEH30PHOH,
T. €. OTNUCBIBATbCS CHMMETPUUHOH MaTpuuel 4 x 4.

Ho ecnum 370 peficTBUTeNBHO Tak, TO 3[eCb MOXKHO CAeJaTb
ellle OJIMH Luar, MPOSICHSIME KOHTYpHl Oynyiied Teopuu. Heso B
TOM, UTO, KaK BHJHO M3 CaMOro ompejejenusi unrepsana ds® (58),
MaTPUYHBIH 3JIEMEHT gy IJIs1 TIOKOSIIMXCsl HabmonaTese (T. e. Korna
dr? = 0) cesspiBaeT uHTepBan ds’ M Xon BpeMeHH df ylaJeHHOro

HaOJII01aTeJIs:
ds? = —ggoc?dt?. (95)

3nech 1715 yno6cTBa MBI BBEJH BeJUUUHY goo = —gi > 0. Ho B aTom
caydae BeJaMuMHa \/ —ds? MMeeT CMBICA COOCTBEHHOTO BPEMEHH T,
u3MepsieMoro HabJonareseM, MOKOSIIIMMCS B 1aHHOU Touke. Cueno-
BaTe/JbHO, Mbl MOXKEM 3aMHcaTh

dr = \/goo dt. (96)

[Tostomy ecan gog < 1, To Bpemsi B 3TOl Touke OyneT Tedb MelJeH-
Hee M0 CPaBHEHHUIO ¢ OECKOHEUHO yHaJeHHOH TOUKOH, rae goo = 1.

C npyroéi cTOpoHB, M3MeHeHHE COOCTBEHHOTO BpPEMEHH MOXK-
HO HampsIMyI0 CBSI3aTh C BEJHUUYMHOH I'DABUTAIIMOHHOTO MOTEHIHAJIA.
JlelicTBUTEIBHO, 3aMe/lJleHHe BpeMeHH JIOJXKHO HeMeJJIeHHO TNpHBe-
CTH K YMeHbILEHHIO YacTOT KoJeOaHUH BCeX MPOLECCOB, TTPOUCXOAS-
KX B TPABUTALlMOHHOM I0JIe, HAIPUMEpP UacTOT KoleOaHUH MpyKHUH-
HBIX MasTHUKOB B OOBIYHBIX Yacax, 4acTOT KoJieGaHHUU 3JIEKTPOHOB
B aTOMax, 4acTOT KBAaHTOB CBeTa, PacClpOCTPAHSIOMIUXCSH BOJH3H
MAaCCHUBHBIX TeJl. cHO, 0HaKO, UTO caM HalbJonaTe b, HaxXomsaIuics
B TPaBUTAIlMOHHOM M0Jie, 0 CBOMM YacaM He JOJIKeH OOHApYKHUTb
HUKAKOro H3MeHeHHs. 1 Hero 4yactoThl KoJeGaHWH TPYXKHH U
YacTOThl AaTOMHBIX MEPEXON0B OYIyT TAKMUMHU 2Ke, KaK U B OTCYTCTBHE
rPaBUTALMOHHOTO TMoJisA. B 3TOM, KCTaTH, U NPOSIBISETCS NPUHIIUI
9KBUBAJIEHTHOCTH, TapaHTUPYIOUIUH TOXKIECTBEHHOCTh PE3YJbTaTOB
IKCIIEPUMEHTOB BO BceX cucTeMax oTcueta. Otauune OyIeT UMETh
MeCTO JIMIIb C TOYKU 3pPeHHs APYroro HabJionaTessi, HAXOASIIEr0Cs
BHE PaBUTALMOHHOTO TMOJIS.

Ho MBI 3HaeM, 4TO yacToTa ¥ CBETOBOIO KBaHTa, T.e. (POTOHA
CBsI3aHa C 3Heprueil cooTHouleHueM & = hv, rie h — MNoCTOsiHHASA
[lnanka. A 3To o3Hayaet, 4TO W 3Heprusi PoToHa E,, BBILIEMIIETO
13 00J1aCTH C HEHYJIEBBIM 'PABUTALIMOHHBIM TI0JIEM, T. €. U3MepeHHast
yIaJeHHbIM HaOMofaTesieM, OKaXKeTcsl MeHbIlle ero 3Heprud & TpH
U3JIyUeHUH, IPHUEM Terepb

goo = 1900 &, (97)
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4YTO TPUHATO cefiuac Ha3blBaTh KpaCHbIM CMeIleHHEM. EcrectBenno
CBsA3aTb TaKOe U3MEHEHHEe dHEPTrur C MOABJCHUEM I'paBUTALMOHHOI'O
[10Jis1, B NPUCYTCTBHU KOTOPOIr'o0 3aKOH COXpPaHEHHs SHEPrurh Humeet

BUJL
Eoo = € + mypy, (98)

rie smech m = £/c? — «Macca» GpoToHa. XOpoIIO H3BECTHBI Mexa-
HUYEeCKUH aHa/lor — KHHEeTHYecKasi SHeprus Teja yMeHbILIAeTcs pU
yhoaJeHuH OT TPaBUTUPYIOLIHX Tes. [TosTomy GoJiee TOYHO Caef0BAJO
Obl CKa3aTh, YTO H3MEHSIETCS] «KMHETHUYeCKas» sHeprus GoToHa hv, a
€ro mnoJiHasi s3Heprusi £, 0CTaeTcsl MOCTOSTHHOU. B pesynbraTte, cpas-
HuBasi cooTHoweHus (97) u (98), MBI MPUXOIUM K 3aKJIOUEHHIO, UTO
MaTpPUYHBIH 3JIEMEHT oo B ClaGOM TI'PAaBHUTALMOHHOM IOJIE OJI2KEH
BBINISIIETh KaK

2

[Ipu sTom BesnunHa P, (94) OyneT cooTBETCTBOBATH JIMILIb ONHOH U3
KOMIIOHEHT MeTPHUECKOr0 TeH30pa, a8 UMEHHO ¢y. YUUTHIBAS Terepb,
uTOo \/goo = (I)g/CQ, MBI BUAMM, uTO cooTHoweHHe (99) melcTBUTE b-
HO 613K0 Mo (opMe K BhipaxkeHHI0 (94), mosyueHHOMY paHee H3
6oJiee 0OIKX cOOOpaKeHHUH.

Crenytollell ocHoBomoJarawollel noragkod Oblja rumnoresa o
CBSI3W TPABUTALMOHHOIO TOJS M KPUBHU3HBI CAMOTO MPOCTPAHCTBA.
OcHoBaHHe 3TOrO MOJIOXKEHUS! B 00lleM He TpeOyeT KOMMEHTapHeB,

7 T v
7 T A

Puc. 11. B npucyTCcTBUM rpaBUTALMOHHBIX MOJIEH TPAEKTOPHS CBOOOAHO ABHKYIIHUX-
Csl Tesl UCKPHUBJSETCS, YTO MOXKHO CBSI3aTh C MCKPHUBJIEHHEM CaMOro NpOCTPAHCTBA

MOCKOJIbKY I'PaBUTALHOHHOE I10Jie MPUBOAUT K UCKPUBJIEHHUIO Tpaek-
TopuH. Xopollued HarJisAHON HJIIOCTPALUeld 3MeCh MOXKET CJHYKUThb
IBYMepHasi aHaJIorusi, nokasaHHas Ha puc. 11. Kak Mbl BUIuMm, Hasu-
yMe TATOTEIOLLero LEHTPa, UCKPHUBJSIOLLEr0 ABYMepPHYI0 MeMOpaHy,
MPUBOIUT K OTKJOHEHMIO IBHIKEHHA TeJsa OT NPSIMOJHHEHHOTO.

C npyro# CTOPOHBEl, ¥ B 3TOM BONpOCe OBLIO JaJeKo He Bce
MOHATHO. JeHCTBUTEbHO, UCKPUBJIEHHOCTb TPAEKTOPHH Pa3/JTUUHBIX
TeJ y MOBEPXHOCTH 3eMJH, Tle, OUYeBHAHO, CaMO TI'PAaBHUTALIMOHHOE
MoJie MOXKHO CYHUTATh MOCTOSHHBIM, 3aBEIOMO 3aBUCHUT OT HauaJ/bHOH
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ckopocTH 3THUX Tea (cMm. puc. 12). I[lostomy He mpexncraBjsieTcs
BO3MOKHBIM HampsiMylo CBfI3aTb KPUBH3HY TPAaeKTOPUH C HarpsKeH-
HOCTBIO TPaBUTALIMOHHOTO NoJIst (TOLOOHYI0 TEOPHIO MbITAJICS PA3BUTh
Puwman). B 4eMm e mpruurHa TaKOro OT/IHYHS B KPUBHU3HE TPAEKTOPUH
I/ OMHOTO W TOTO Ke T'PaBUTAlMOHHOrO moJsi? M MOXKHO /M Tak
OTIpeNeIUTh KPUBHU3HY TPAEKTOPHUM, UTOOBI OHA OMpefeJsijach JULIb
Hamnpsi>KeHHOCTbIO TPaBUTALMOH-
HOT'O TOJsl g, T.e. Oblaa Onu-
HaKOBOM /11 BCeX BO3MOX-
HBIX TpaekTopuii? OKasbiBaeTcs,
MoxHO. KM 3mech HaMm Ha To-
MOLb NEeHCTBUTENbHO MPUXOAUT
YyeTBEPTOe M3MEpEHHe.
O6cynum 3TOT BOMpOC TO-
IpoOHee — OH OYeHb MOy4YHTe-
nen !). PaccMoTpuM JBHKeHHe 1 2 T

Téna B ONHOPOAHOM TpaBUTALM-  p,. o TpaekTopuu [BUKEHUS TeJ,
OHHOM T0JIe g, OPOLIEHHOTO M3 Gpomwennbix u3 Toukd 1 B TOuKy 2 M0
TOUKH ] B TOUKY xo. [Ipu 3TOM  pasubiMu yriamu k ropusounty. Kpusus-

MBI 6yﬂeM HCCJIeoBaTh IBMXKe-  Ha TPaeKTOPUi B TPeXMEPHOM MPOCTpaH-
CTB€ OKa3bIBA€TCsA PA3IWUYHOU

HUe Tesla He MeXIY ABYMs IpO-

CTPAHCTBEHHBIMH TOYKaMH I'| U

re, a MeXIYy IBYMsi IPOCTPAHCTBEHHO-BPEMEeHHBIMH TOUKaMu (ry, )
¥ (ro,t; + 6t). dast yno6eTBa Mbl OyieM pacCMaTpPUBaTh OCb BpPeMeHH
KaK MPOCTPAaHCTBEHHYIO KOOPAMHATY. DTO MOXKHO JIeTKO CHeJaTh,
neperas OT NMepeMeHHOH ¢ K rnepeMeHHOH ct.

O6paTrTe BHUMaHHe — B CaMOH MOCTAHOBKe 3324l COEPKHUTCS
HOBBIH 3/ieMeHT. Mbl He XOTHM OMpelesNUTh TPaeKTOpHIO Tesa, Opo-
IIEHHOTO W3 TOYKH I| C OIpeleseHHOH CKOPOCThIO V, a 00CyKIaeM
TPaeKTOPHIO Tesa, KOTOPOe, HauaB [BHXKEHHWE B TOUKe ri, uepe3
HeKOTOpoe BpeMsi Ot OymeT HAXOAWTbCS B TOYKE C KOOPAMHATOH
ro. B aTom ciyuae HauanbHas CKOPOCTb Tesa Vo (BepTHKaJjbHas
HauaJibHas CKOPOCTb V() yKe He siBJIsieTCsi CBOOONHBIM Mapamert-
pOM, a JI0J’)KHa 3aBHUCETb OT BpeMeHH ABHKeHHsi Ot. [loHsITHO, 4TO
TPaeKTOpHsl JBHXKEHHsI, KaK U ee KPHUBH3HA, OyIeT TakxXKe 3aBUCETb
ot mnapamerpa o0t = 2Vjy/g. Tak, Hanpumep, HauGoJiblliasi BbICOTA
MofbeMa eCTh

z

Zmax — ]

g(6t)* (100)

') Bror mpumep B3aT M3 3ameuatenbHoil kuuru Y. JIx. Kaypmana «Kocmmue-
ckue py6exky TeOPHH OTHOCHTeJbHOCTH», M.: Mup, 1981.
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B pesynbrate, Kak nmokazaHo Ha puc. 13, KprBHU3HA BBICOKOH Tpa-
€KTOPHH, Ha MPOXOXKAEeHHE KOTOPOH HeoOXoouMo OoJibllle BpeMEeHH,
¥ KPHUBHU3HA HHU3KOH TPAEKTOPHU OKAXKyTCs ONHHAKOBBIMH. VHBIMH
CJI0OBAMH, Ha [ABYMEPHBIX MJOCKOCTSX, PAaCHOJOXKEHHBIX B YeTblpex-
MepHOM TPOCTPaHCTBe, Jt00asg TpaeKTopus OyneT MPeaCTaBJsiTh CO-
60H 4acTb OKPYKHOCTH, pafuyc KOTOpod OyneT ofvHakoB. [yisias Ha
DUCYHOK M YYMTBIBasi HepeJsTUBUCTCKUH XapaKTep NBHKeHHs (Tak
4TO €Ot >> Zmax U €Ot > x9 — x1), HETPYAHO COOOPA3UTDb, YTO

2

R.=—. (101)
g

Jlns rpaBUTALMOHHOTO T0JIS1 Ha MOBEPXHOCTH 3€MJH OH paBeH IBYM

CBETOBBIM TOfaM. JTO, B YaCTHOCTH, OTHOCHUTCS M K CBETOBOMY

Jqydy, AJs KOTOPOro B Tpex-

z ct MEPHOM MPOCTPAHCTBE TPAEKTO-

pust OyneT ucyesarolle Majo OT-

JUUaThCs OT TIPSIMOH JIMHHH.

VmeHHO 3Ty KpUBHU3HY, OAMHA-

KOBYIO /I BCeX JBHXKYLIUX-

ot csl TeJ, W CJelyeT CBA3aTb C

T — >  TPaBUTALHOHHBIM TMOJeM 3eM-

au. Takum o6pasom, ele Ofi-

Puc. 13. Tpaektopuu nABHKEHHUS TeJ, HOU TeHUaJbHOHU NOorafgkou DUH-

OpolIeHHbIX W3 TOUKK | B TOUKY 2 B Ye-  [irefiHa  6bLIa HEeOBXOIUMOCTh

TBIPEXMEPHOM IPOCTPAHCTBE. KpuBusna paccMaTpHBaTh  MCKPHBJEHHOE

BCEX TPAEKTOPUH OKa3blBaeTCsd OAMHAKO-

BOli YyeThIpexXMepHoe MPOCTPAHCTBO.

A nns omucaHHs KPUBH3HBI Ta-

KOr0 TPOCTPaHCTBAa, KaK Mbl yXKe BHIEJNH, KaK pa3 HeoOXOIUMO
BBECTH CUMMETPHUYHBIH MeTpUuecKUil TeH3op 4 X 4.

Crnenytoulee HaBofsillee cooOpakeHHe ObIIO CBSI3aHO C Treofe-
3UYECKUMH KPUBBIMH. JeHCTBUTENbHO, PaBEHCTBO KPUBU3HBI UETHI-
pexXMepHbIX TPaeKTOPUH A/ BCeX TeJl, BKJO4as U CBETOBOH Jyd,
HaBOAMT Ha MbICJb O TOM, YTO U CaMM TPaeKTOPHH, T.e. KPHUBBHIE,
BOJIb KOTOPBIX MPOUCXOAWUT ABHXKEHHE TeJ, NOJKHBI 06JafaTh Ka-
KOH-TO YHUBePCaJbHOCTbIO. A, KaK Mbl BUEJH, TAKUMH YHHUBEpPCAaJb-
HbIMHM KPHUBBIMH SIBJISIIOTCS reofie3uyecKkre. Ellle pa3 noguepkHeM, uTo
peuyb HIET O reofe3UyecKMX B UeTbIpeXMEPHOM IIPOCTPaHCTBE, T.e€.
0 KpaTyaHILKUX PACCTOSIHUSX, CBS3bIBAIOLIMX HE ABe MPOCTPAHCTBEH-
Hble, a JABe MPOCTPAHCTBEHHO-BpeMeHHble TOUKH. [loaromy Mepoi
IOJMHBl TPaeKTOPHM HOJKHA ObITb He TpexmepHas IJauHa dl, T.e.
noKasaTeJsib POUIEHHOTO MyTH Ha CUAoMeTpe, a uHTepBan ds (16).
JlelicTBUTENIBHO, B PACCMOTPEHHOM HaMH CJydae TpeXMepHble JJHHBI
BBICOKOH M HH3KOH TPAeKTOPUH MeKAy NBYMS MPOCTPAHCTBEHHBIMU
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TOYKAaMH r'| U Iy MOTYT OBITb COBEpIIEHHO pa3udyHbIMH. [losTomy
yCJI0BHE MHMHHMAJbHOCTH TPEXMEPHOIO PaCCTOSIHUS TPHUBENET Hac
K HEBEPHOMY pe3y/bTaTy — K NPSAMOH JIMHWH, COEIUHSIOLIEH 3TH
IBe TOYKH. B rpaBUTALMOHHOM T0Jie TaKas JIHHHUS He MOXKeT OBITh
TpaeKTOpHel peasibHBIX TeJ, BKJIOUAs U CBETOBOW JyY.

Ecsut ke MBI B KauecTBe MOKa3aHUH CIMIOMeTpa BhlOepeM HHTep-
BaJl S, TO «PacCTOSIHUE» MeKIy ABYMs POCTPAHCTBEHHO-BPEMEHHBI-
MU TOYKaMH | ¥ 2 OKaKeTcsi HAUMEHBIIUM MMEHHO Ha TPaeKTOpHH
cBOOOAHO ABHXKYLIeHCs 4YacTHLbl. 3HeChb MOA «PacCTOSTHUEM» MBI
JOJKHBI TIOHHMATh CYMMY MaJibiX MpupaiieHuii /—(ds)?, BblumC-
JIeHHBIX 1o Qopmyse (16) BrOJMb pa3HBIX UETBIPEXMEPHBIX KPUBBIX,
COEIMHSAIOIIMX 3TH TOYKH. [IpH 3TOM cjenyeT MMeTb B BHIY, 4TO
MOCKOJIbKY CKOPOCTh TeJia l/dT He MOXKeT MPEeBBIIATh CKOPOCTh CBe-
Ta ¢, IJIs1 BCeX TPAeKTOPHH peasbHbIX TeJ JOJKHO ObITb BBIIIOJHEHO
yenosre (6s5)% < 0. Takue TPaeKTOPHH Ha3bIBalOTCS BpeMEeHH-TION00-
HbIMU. [lo9TOMY mMOI TMOHSITHEM «PacCTOSIHHE» Mbl BBIILIE HMeJH B
BUly MOAYJb HM3MeHEHWs] WHTepBasa. «MuHpOBBe» Ke JUHUH, AJS
KoTopbiX (0s)? > 0 (OHM Ha3BIBAIOTCA MPOCTPAHCTBEHHO-TONOGHbI-
MH) He MOTYT ObITb TPaeKTOpHeH NBHKEHHS HUKAKUX (DU3UUECKHX
TeJl, TOCKOJIbKY B 3TOM CJydae ABHKEHHe NOJKHO OblIO Obl Mpo-
HCXOIUTb CO CKOPOCTbIO, MpeBbILIAMOIIENd CKOpocTh cBeta. M smmb
IS CBETOBOTO JIyda JOJKHO ObITh BhINOJHEHO ycaoBHe (6s)% = 0.
He crout HamomuHaTb, UTO OMNpejeseHHe TeOfe3UUecKOH JHHUU
HEBO3MOXKHO 0e3 3HaHUSl MeT-
pHYeckoro teHsopa (g).

3necb MOXHO CHesaTh elle
OJIHO 3aMeyaHHe HCTOPHUYECKO- Boanyx
ro xapakrepa. Mues o Tom, 4to
MCTHHHbIE TPaeKTOPUH COOT-
BETCTBYIOT KPHUBBIM, 1Js KOTO-
PBIX HEKOTOPBIH MapaMeTp A0J-
JKeH 0Ka3aTbCsl MUHHUMAaJbHBIM, \\\
BIepBble ObLIT CHOPMYJIUPOBaH
[1. ®epma (1601-1665) eure B Puc. 14. «[Ipunumn HaumeHbilero aei-
XVII Beke. CornacHo mpuHuu- —~ CTBHA> Ha npocTelieM nNpuMepe MPHUHIIHK-

na Pepma. [lpourpsiBast Ha nsuHe Tpa-
ny ®epma, TpaeKTOPHs Pacrpo- €KTOPHH, Jy4 CBeTa TMPOXOAUT BeCb MyTb

CTpaHeHHs1 CBeTa MeXIY ABY-  wmexay HayaJbHOH M KOHEUYHOH TOYKAMU
M MPOCTPAHCTBEHHBIMHU TOYKa- 3a KpaTLlaﬁLHee BpeMs

MH COOTBETCTBYeT MHHHUMaJb-

HOMY BpeMeHH paclpoCTpaHEHHUs CUTHaJja. B Bakyyme TakWMHu Tpa-
eKTOPUAMH OYAYT NpsIMble JIMHWH, COEAUHSIONINe HauyaJbHYI0 U KO-
HEeUHYI0 TOUKH TPAeKTOPHH. Ec/u XKe Jyd cBeTa nepecekaeTr rpaHULy

%9,
7l
4
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IBYX Cpell, B KOTOPbIX CKOPOCTH PaclpoCTPaHeHHUs OTAHUYAIOTCS APYT
OT Apyra, To, Kak MOKa3aHO Ha puc. 14, MpoUCXOAMUT BCeM XOPOLIO
M3BECTHOE sIBJIeHHe MpeJsioM/eHHs cBeTta. [Ipu sTom BequuyuHa U3-
JIoMa OKa3blBaeTCsl B TOUHOCTH TaKOH, 4YTO, TMPOUTpbIBast Ha [JHHE
TPaeKTOPUH, Jy4Y CBeTa MPOXOAUT BeCb MYyTh MeXAY HadajbHOH H
KOHEYHOH TOUKAMM 3a Kparyaiilliee BpeMs.

B nanbHediiieM wuages o TOM, YTO Ha peasbHOH TPaeKTOPHUH
TeJ HeKoTopas BeJWYMHA MOOJKHA TNPUHHMATh HaUMeHbllee W3
BO3MOXKHBIX 3HaueHWH, Oblna o6o6iiena I[I.JI. M. me Monepriou
(1698-1759), JI.diinepom (1707-1783) wu  2K.JI. Jlarpanxem
(1736-1813) Ha Bce ocrajbHble (DU3HUECKHE SIBJEHHUS W CTaJja
OIIHOW W3 KJIIOUEBBIX HJeH TeopeTHyecKoH (PU3UKH. TeM caMbiM ObLI
cpopmyMpoBaH OOLIMH peLenT MNOCTPOEHUS TeOPHUU, H3BECTHBIN
KaK MPUHLUI HauMeHblIero nedcTBUs. VIMEHHO 3TOT MpHUHLUUMN ObLI
MCII0/1b30BAH NPH (POPMYJNHUPOBKE YPaBHEHHUH I'PAaBUTALLHOHHOTO MOJS.
He ynuBHuTesnbHO 1M0O3TOMY, UTO, KaK MBI YBHAHM, B PaMKax IOCTPO-
€HHOH TaKuM 00pa3oM 0OIIell TeOpUU OTHOCHUTEJNBbHOCTH TPAEKTOPHUH
CBOOOIHO NBHIKYIIUXCS YACTHILL SABJSIOTCS T€Ofe3UYeCKUMH.

Haxkonel, nocsienHuM HaBOASALIUM COOOpaKEHUEM, MTO3BOJIUBILHUM
MOCTPOUTD MOCJEN0BATEbHYIO TEOPUIO IPABUTALIMOHHOTO MOJISA, CTAJ
TMPUHLUI 9KBUBAJEHTHOCTH I'PABUTALlMOHHON W MHEPTHOH Macc. Mbl
y»Ke 00CyxkJAaJu 3TO CBOHCTBO B caMoM Hayaje. [leficTBUTeNbHO,
elle C OMbITOB [anusess OblIO U3BECTHO, YTO BCe TeJsa NBHUKYTCS B
rPaBUTALMOHHOM TOJIe ¢ OAHMHAKOBBIM yCKOopeHHeM g (4) (KoHeuHO
’Ke, TIPY YCJIOBUH, YTO MBI NpeHeOperaeM CHJaMH TPEHHS W APYTH-
MU CHJIaMH, TIPUBOASIIIMMH K BbIJeJNEeHHIO 3Hepruu). BrocsienctBuu
JI. dreemr (1848-1919) ¢ momouIbl0 KPYTHJIBbHBIX BECOB MPOU3BEJI
CpaBHEHHE BOCBMH Pa3HbIX MaTepHaJsoB C TJIATHHOH, TPUHATOH 3a
stajoH. Ecin Obl MHepTHAs W TPaBUTAlLlMOHHAsE MacChl Pa3/JUYHBIX
TeJ OTJAMYAJNUCh OPYT OT APYra, TO OTJIHYAJMUCh Obl U LEeHTpoOeKHas
(HeuHepLHaIbHAST) U LIEHTPOCTPEMHUTE bHAS (TPaBUTALIMOHHAST) CHJIBI
NpH UX IBH2KEHHUH OTHOcHTesbHO COJIHLA, TaK 4TO pasjHyHble Teja
HauMHa/IM Obl ABHUraThCs C OTHOCHTEJbHBIM ycKopeHueMm. M Torma,
MPUKPEIUB pa3Hble Tesaa K Kopombicay KaBeHauina, MOKHO OblI0 ObI
YBUIETb, UTO OLHO U3 TeJs MOBEpHEeTCs Mo HampasseHHio K CosHIy
W MepeKpyTHT KBapLeByl0 HUTb. Ha camom nese, omHako, HUTb He
MepeKpyuuBaeTcs, U, ¢ TOYHOCTLIO 5 - 107, KOTOpPyI0 Aa/1 3TOT OMBIT,
MPUTS2KEHHUE ABYX NPEAMETOB CTPOro MPOMOPLHUOHANBHO LEHTPOOEXK-
HOMY 3(deKTy, KOTOpbli 00yc/oBaeH HHepuued. B 1961-1964 rr.
onbIThl P. JIMKKe MOATBEpAU/IN PAaBEHCTBO 000OMX BHJOB MacC yxe C
ToyHoctbio 10 3+ 1071 a 5 1971 r. B. B. Bparunckuii u B. Y. [Tanos
foBesi TouHocTh 10 10712, B onkITax ¢ pagMoakTHBHEIMH MaTepHa-
JIAMM HHUKaKOTO OTJIMYHS TaKxKe He ObLJIO HakgeHo.
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Ho ecsu TouHOE paBeHCTBO IPaBUTALUOHHOH W HHEPTHOH MacChl
NefCTBUTEJILHO UMEeT MeCTO, TO 3TO O3HAYaeT, YTO eCJH Mbl Mepei-
IeM B HeMHEpLUHaJbHYI0 CHCTEMY OTCUeTa, CBOOOAHO ABHXKYIIYIOCS
B TPABUTALMOHHOM MOJe (BCEM XOPOIIO H3BECTHBIH MpuUMep — GOPT
opOHTabHON CTAHLMH, XOTS caM JUHIITEHH paccMaTpuBas cBOOOA-
HO majawmui JudT), TO B TaKOH JadOpPaTOPUM TPaBHUTALLMOHHOE
nose 6yneT, (pakKTHUECKH, OTCYTCTBOBaTh. MIHEIMH cioBaMH, rpaBu-
TalUOHHOE II0JIe, 110 KpaiHed Mepe JIOKa/JbHO, MOXKET OBITb BCeraa
yCTpaHeHO MOAXOMSIUM BEIGOPOM CHCTEMBI KoOpAHHAT. M HUKaKKuMu
9KCTIePUMEHTAMHU, MPOBOAMMBIMU B TAaKOH CHCTeMe OTCUeTa, Mbl He
CMOXKEeM OMpPeNeNUTh, SBJSETCS JIM Hallla CUCTeMa OTCUeTa WHEepLHU-
albHOM, WJM Ke OHAa ABHXKETCS C YCKOpeHHeM BO BHeLIHeM Tpa-
BUTAlMOHHOM Tiosie. M1 HaoGopoT, HaGMonasi YCKOPeHHOe NBHKEHHe
NPOOHBIX TeJl, SKCIIEPUMEHTATOP HE CMOXKET YCTaHOBHTb, HAXOAUTCS
JIU ero jabopaTopusi BO BHELIHEM I'DPaBUTALMOHHOM II0JIe HJH 2Ke
rpaBUTAlMOHHOE TOJIe OTCYTCTBYET, HO cama J1abopaTopus JIBHXKeTCs
C YCKOpeHHUEM.

Ho ecnu rpaButanusi Moxet ObITh yCTPaHeHa, 10 KpakHeH Mepe
B MaJIOH OKPECTHOCTH HAHHOH TOYKH, MEPeXOAOM B YCKOPEHHYIO
cUcTeMy KOOpIHHAT (M Ha060POT, rPABUTAIIMOHHOE TI0JIe MOXKET OBITh
CLIMUTHPOBAHO T€PEeX0I0M B HEWHepLHAJbHYI0 CHCTEMY OTCUETA),
TO 3TO 03HA4yaeT, YTO IPHU ONHUCAHWU T'PABUTALMOHHOrO TMOJS MBI
OOJDKHBl HapyLIMTb ONHO W3 TJVIABHBIX TOJIOXKEHHH KJacCUYecKoH
MeXaHHUKH, 8 UMEHHO TPeJOJ0XKUTh, YTO MEXy HHepIHAJIbHBIMU U
HeMHepLHUaJbHbIMH CUCTEMAMH OTCUeTa HeT HUKAKHUX CYyLeCTBEHHBIX
pagnuuuii. [loaToMy MpUHUMI KBUBAJEHTHOCTH MOXKHO C(OPMYJIH-
pOBaTh U Kak TMPUHLHMI 5KBUBAJEHTHOCTH MHEPIMANbHBIX ¥ HEHHep-
[IUaJIbHBIX CUCTEM OTCUeTa.

Kpome Toro, nmprHUMN 5KBUBAJEHTHOCTH MPUBOAWT K €lle OIHO-
My HEOXKHIAHHOMY BBIBOAY. JleHCTBUTE/BHO, €Ci TPaBUTALLUOHHOE
MoJie MOXKET ObITb YCTPaHEHO COOTBETCTBYIOUIMM BBIGOPOM CHCTEMBI
0TCYeTa, TO He MMeeT CMbICja FOBOPUTb M O TAKHUX BeJMYMHAX, KakK
MJIOTHOCTb SHEPTHH U IMJOTHOCTb MUMITYJbCA IPABUTALIMOHHOIO TIOJIS.
WMHbiMU csioBaMH, TpaBUTAalMs A0JMKHA ObITh BKJIOYEeHA B PacCMOT-
peHHe He Kak HEKOTopasi cpeia B [OMOJHEHHEe K MaTepuHu (TeH30p
sHeprun-umnyabea (1')pare (67)) ¥ 3J€KTPOMArHUTHOMY MOJIO (TeH-
30p sHepruu-umnyibea (T)em (70)), a kaxk-To uHaue. Ho kak?..

1.6.2. YpaBHenns JiiHmTeidHa. Ternepb CTAaHOBUTCS IMOHSATHA
ocHOBHas uuesi JiHITeHa. OH MPENNoJoXKU/, UTO I'PABUTALMOH-
Hble CHJbl, MPUBOASIINE K YCKOPEHHOMY NBHKEHHIO TeJ, CBSI3aHBbI
C HMCKPHBJIEHHOCTBIO YeTbIPEXMEPHOr0 MPOCTPAHCTBA-BPEMEHH; 3TO
CBOHCTBO, KaK Mbl BHJEJH, MOJHOCTbIO OTNpeNesieTcsl METPUUECKHM
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TeH3opoM (g). IIpu 3TOM ABHXKEHHE Tes MPOUCXOAUT BJOJb Teofe-
3WYeCKHUX KPHBBIX, COIMHSIOLIMX ABE NMPOCTPAHCTBEHHO-BPEMEHHbIE
TOukKH (ry,?;) U (rg,?2). McTOUHMKOM Ke KPUBHM3HBI NIPOCTPAHCTBA-
BpPEMeHHU SBJSIeTCS MaTepus, T.e. MarepuasbHble Teja W TO0Js He
rpaBUTALMOHHON NpUpoabl. MHBIMU cioBamMH, KioueBoe GuU3HyecKoe
yTBepxkKAeHHe JUHIITeHHa (He 3aBHCslee OT BbIOOpA CHCTEMBI OT-
cyeral) COCTOSIIO B TOM, 4TO

® I'paBUTALIUsl €CTb NPOsIBIE€HHE KPUBHU3HBI MPOCTPAHCTBA,

e KpHMBM3HA OMNpefieisieTcsl MaTepred.

Heno tenepp Obl710 32 MajablM — 3anucatb AUQdepeHHaNbHble
ypaBHEHHS], BBIPaKAIOLIHe 3Ty KJIIOUEBYI0 (PU3HUECKYIO UMEl0. 3/1eCh,
OJIHAKO, BO3HMKaJa cepbe3Hasi MaTemaruueckas npobsema. [eso B
TOM, 4TO (hU3HUecKass HeOOXOMMMOCTb MPHU3HATH 3IKBHBAJEHTHOCTb
MHepLUHa/bHBIX M HeMHepLHUa/JbHBIX CHCTeM OTcyeTa NoTpeboBaja
0TKa3aThCsl OT JIOPEHIl-HHBAPUAHTHOCTH TEOPHH, MOCKOJbKY Npeos-
pazoBanus JlopeHLa, CTPOro roBopsi, OTHOCSITCS JHIIb K HHEPLH-
aJbHBIM cHCTeMaM KoopauHat. [lo3Tomy mpHHLMIN JIOpeHI-MHBAPHU-
AHTHOCTH TEOPHUH J0JKeH OBbITb 3aMeHeH 6oJiee OOLIMM MPUHLIUAIOM,
TMO3BOJISIIOLIMM (POPMYJIHPOBATh YPaBHEHHS Ha 513blKe HWHBAPHAHTHBIX
BEJMUUH. DTOT NPUHLMI HA3bIBAETCS MPUHLHUIOM KOBAapPHAHTHOCTH
(cm. Ilpunoxkenue 2). daxkTHuecKH, Mbl y:Ke BCTPeUauCh C 3THM
TMPUHIUIIOM Ha TpuMepe BbipakeHHs (85) mJsi rayccoBOH KPUBHU3HBI
MIOBEPXHOCTH K, KOTOpOe, XOTSl U OueHb I'POMO3JKO, BBIIVISAUT ONH-
HaKOBO BO BCeX CHCTeMaXx OTCYeTa M 1aeT OAWH M TOT K€ pe3y/bTaT.

BcrnioMHUM Tenepb Hall NpUMep ¢ KUHETHYECKOH 3Heprued Te-
Ja u nompobyeM CMOJeJUPOBaTh, XOTA Obl B OOLIMX uepTax, XOI
paccykieHUH DUHLITelHa, KOTOpble MPHUBEJNH ero K (hopMyJHPOBKE
ypaBHeHHH rpaBuTaLMoHHOro noJs. Mrak, ypaBHeHUe, onuchBawllee
rPaBUTALMOHHOE B3aUMOJEHCTBHE, AO/KHO OBLIO BBIVIAAETb Kak
TEH30pPHOE PaBEHCTBO, CBf3bIBalOlllee KPUBH3HY INPOCTpPAHCTBA-Bpe-
MeHU M MaTepuio. [Ipu sToM mpaBas yacTb TAKOro ypaBHEHHS He
BbI3bIBaJla 3aTPyJHEHUH — TaM J0JI?KeH OblJ1 CTOSITh TOJHBIH TEeH30p
sHeprud-ummnysbca cpensl (1'). Ho 4To no/xkHO OBITb B JIeBOH UacTh
ypaBHeHHs? 3/1eCb U BO3HHUKJ/H OCHOBHbIE TPYAHOCTH.

Ileo B TOM, 4TO, KaK y»Ke T'OBOPHJIOCH, B UETBIPEXMEPHOM
NPOCTPAHCTBE-BPEMEHH KPHUBU3HA He MOXKET ObITb ONHCAaHa OfHOH
cKaJsipHOH (yHKuMed. B ob6iieMm caydae mnosHas HH(OpMaUUs o
KPUBH3HE COMep:KHUTCS B T.H. TeH3ope Pumana ((R)), KOTOpBIH,
KaK W rayccoBa KpMBM3HA, XapaKTepusyeT H3MeHeHHe CyMMBbl yIJIOB
TpeyroJsbHUKa (OTHOLIEHHWE IJIWHBI OKPYKHOCTH K paiguycy) B pas-
JUYHBIX JByMEPHBIX CEUeHHAX UYeTBIPEXMEPHOTO MPOCTPaHCTBA-Bpe-
MeHH. M, Kak u rayccoBa KpuBHM3Ha, KOMIIOHEHTH TeH3opa PumaHa



1.6. [lpsamoe ycmomperue ucmurol 61

BBIP2XKAIOTCS Uepe3 BTOPble MPOU3BOAHbIE METPUUECKOTO TEH30pa IO
KOOpPAHWHATAM.

Hns omnpenenenusi tensopa PumaHa HaMm MoHamoOUTCS TpPeTHH
croco0 onpeeJsieHHs] KPUBU3HbI IOBEPXHOCTH, KOTOPbIH MOXKeT ObITb
OCYLIEeCTBJIeH He BbIXOAs 3a ee npefesbl. OkasplBaeTcs, Kak 3TO
MOKa3aHo Ha pHc. 15, B UCKPUBJIEHHOM IMPOCTPAHCTBE MPU MapaJs-
JIeIbHOM TlepeHOCe BeKTOpa BJOJb 3aMKHYTOrO KOHTypa (TO4HOe
onpejesieHHe 3TOH NPOLENYyphl HAM ceiiuac HecCylIeCTBEHHO ') Ha-
yaJ/ibHOe U KOHeUHOe HallpaBJ/leHusl BeKTopa He coBrnanawT. [1pu stom
oTainyre JA OGyneT NpsiMO MPONOPLHUOHAIBHO IJIOLIANH KOHTYpa d.S.
[Tockonbky paccorsacoBanve dA coBceM He 00s13aTe/lbHO Mapai-
JIeJIbHO caMOMy BeKTopy A, TO, KaK Mbl y»Ke 3HaeM, KOMIIOHEHTBI
TUX OBYX (UeTblpexMepHBIX!) BEeKTOpPOB OYAyT CBsi3aHbl HEKOTOPOM
MatpuLed (r) pasamepoM 4 x 4, KOTOpPYI0 MOXHO ONpeIesNUTb Kak

SA = (r)AJS. (102)

[Ipu stom cooTHowenue (102) GymeT pasgUYHBIM NPU PA3TUYHBIX
opueHTaLusX KoHTypa. [loaToMy 1.5 ompeneseHUss KPUBU3HBI MPO-
CTpaHCTBA HaM HEOOXOAMMO 3HATh He OJHY, a HECKOJbKO TabJauL (1),
COOTBETCTBYIOILMX PA3JIMUHBIM OPHEHTALHUAM KOHTYPOB 4.S.

Puc. 15. ITapannenbHblil mepeHoc BeKTopa A M0 3aMKHYTOMY KOHTYpPY (KOTOpBIi B

9TOM MpHMepe COCTOHUT M3 TpeX reofie3MvecKHx). B HCKpHBIEHHOM MpocTpaHCTBe

Haua/JbHOE M KOHEYHOe HaNpaBJjieHHsl BEKTOpa He COBMAAIOT, PHUEM OTJIHUME JA
6yneT MpsIMO TPOMOPIMOHAJBHO MJIOMAAH KOHTYpa 0S5

1) Ecnu KOHTYD COCTOUT H3 Ha60pa reoge3nyeCckKux, To HapaJIJIeJIbeIﬁ rnepeHoc
O3Ha4aeT, 4YTO YroJ MexAy BEKTOPOM K reone3nyeckor OCTaeTcsl MOCTOSTHHBIM.
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3aecb, ONHAKO, BO3HHMKAET elle OAHO ycJaoxkKHeHWe. Mpl mpu-
BBIKJIM, YTO 3JIEMEHT IJIOIIAAH SIBJISETCS BEKTOPOM, TOCKOJbKY €ro
OpHeHTalusi 3ajaeTcs BeKTOpoM HopMmanu. Ho 3To crnpaBeniuBo
JIUIIb B TPEXMEPHOM MPOCTPAHCTBE, KOTJIa MOXKHO BBECTH OTIEPALIHI0
BEKTOPHOTrO Tpou3BeleHus. HuU B JNByMepHOM, HH B UeThipexMep-
HOM TPOCTPAHCTBaxX 3TO HeBO3MOxKHO. [loaTomy B ofuieM ciaydae
3JieMeHT IJIOLIAAH OTNpelessieTcsl He BEKTOPOM HOpPMaJu, a JIBYMS
BEKTOPaMH, 3aJalollMMH 3TOT 3JEeMEHT TMoBepxXHocTH. PopmasbHO
TakuX KoMOMHauui oymet 4 x 4 = 16, T. e. 3/eMeHT IJoOWAAH J.S cam
saBasietcss Tabauneit 4 x 4. B pesynbrare, 05 MoJHOTO onpeneseHus
KPUBH3HBl HaM TMOTpeOyeTcsi 3HaHHWe TeH3opa (r) TpH OpHUEHTAllUH
KOHTYypa B MJOCKOCTH Xy, £z, xt, yz u T. . [loatomy TeHzop Pumana
cocTouT M3 4 X 4 x 4 x 4 = 256 komnoHeHT. [IpH 3TOM, MOCKOJBKY
MJIOCKOCTH Xy W YT W T.J. COBNAAalT, a IJOCKOCTH T H T. ..
BBIDOXK/IAIOTCS B JIMHUIO U He AT BKJajJa B paccoraacoBaHue JA,
TO MHOTHME KOMIIOHEHTHI TeH3opa PumaHa /Ju6O paBHBI HYJ0, JHOO
BhIpaXKalTCsS APYT 4epe3 Japyra. B uTOre, yeThipeXMepHBIH TEH30p
Pumana comep:kuT 14 He3aBUCHUMBIX KOMIOHEHT. B nBymepHOM ke
MPOCTPAHCTBE COOTBETCTBYIOMIMH TEH30p 2 X 2 X 2 X 2 UMeeT JIUIIb
OIHy HE3aBUCUMYIO KOMIIOHEHTY Rigi9, T.€. BCe OCTaJibHble JHOO
COBMaalT ¢ Rjo12, MO0 paBHB Hyao. Cama Ke BeJUUHMHA Ri219
COBMAJAeT C rayCcCoBOM KPUBU3HOU

Kax 6b1 To HU 6bl70, TeH30p PuMaHa siBsisieTcs ellle 6oJiee CI0KHBIM
00BEKTOM, 4eM 00Cy»KIaBlLiMecs Bbille MaTpuubl 4 X 4, u moatomy
ero Hesb3sl OBLIO paccMaTpPUBaTh B KauecTBe KaHIUIATa Ha POJb
JIeBOW UaCTH ypaBHEHHS TPABUTALMOHHOTO IOJIS.

C npyro#t ctopoHbl, B auddepeHIHaNbHOH TeOMEeTPUH MOXKHO
omnpesiesIuTh TeH30p 4 X 4, TakKe colep:Kalluil HHGOPMALHUIO O KpHU-
BM3He. DTO TaK Has3blBaeMblil TeH3op Puuum (R), KOTOpBIH mOJMY-
yaeTcsl M3 TeH3opa PuMaHa myTeM oIpeleseHHOIO CyMMHPOBaHUS
ero KomroHeHT !). TIo3TOMy KOMMOHEHTBl TeH30pa Puuum, Kak H
KOMIIOHEHTBI TeH30pa PrmaHa, BbIpaXKaloTCsi TMPUMEPHO TaKHM XKe
CJIOXKHBIM 00pa3oM Yepe3 KOMIOHEHTbI MeTPUYECKOro TeHzopa (g),
Kak ¥ rayccoBa KpuBuaHa k (85). [laxe emie Gosiee CIOXKHBIM 00-
pasoM, MOCKOJbKY Telepb B HallleM pAcCIoOpsiKEeHHWH yKe He IBe, a
yeThlpe He3aBUCHMbIX KOOPAMHATHI U He TPH, a JeCSATb He3aBUCHUMBIX
KOMIIOHEHT MeTPHUYECKOro TeH3opa. lTeM He MeHee, TeH30p Puuuu
TMO-NpeXXHEMY BBIPaXKaeTCsl yepe3 BTOpPble MPOHU3BOIAHbBIE 110 KOOPAH-

1) 3ra npouenypa sBaseTca 0606IIEHHeM onepaTopa Sp.
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HaTaM OT KOMIIOHEHT MeTpHYecKOoro TeH3opa (g), ¥ MOITOMY ero
pa3MepHOCTb CM 2 COBMafaeT C Pa3MepPHOCTbIO TayCCOBOH KPHBH3-
HBl k. DTOT TEH30p K TOMY e 06JiafiaeT U HEOOXOAUMBIM CBOHCTBOM
KOBAaPHAHTHOCTH, T.€. OH IO3BOJIS€T BHIYMC/IATb HHBApPHAHTHBIE Xa-
PaKTHPHUCTUKH HCKPHBJIEHHOTO TPOCTpaHCTBa-BpeMeHH. [lpu 3ToM,
MpaBja, PaBEHCTBO HYJIO BCEX KOMIOHEHT TeH3opa Puuun ele He
03HauaeT, YTO KPHBH3HA MPOCTPAHCTBA-BpeMeHM paBHa Hy:mo. s
9TOro HeoOXOAHMMO 6o0Jiee CHJIbHOE YCJOBHE: PABEHCTBO HYJIO BCEX
KOMIIOHEHT TeH3opa PumaHa.

Hano ckasaTb, 4To cam DHHIUTelH, HauMHas paboTaTb Haj I0-
CTpOeHHeM 0011el TeOpUH OTHOCUTEJNbHOCTH, OTPATU/ HE OIHMH Me-
CsIl Ha U3ydyeHUe OCHOB AU (pepeHUHaTbHON reOMETPUH, C KOTOPOH
npexjae He Obl1 3HAKOM. [IpyM 3TOM OH KOHCYJIbTHPOBAJICS Y CBOETO
npyra, matematuka Mapcenss I'poccmana (1878-1936), u mostomy
4acTo HasblBaJd AJs1 ce6s TeHsop Pumana tensopom ['poccmana.
HNmenno M. I'poccmaH pacckasan DUHIITEHHY, YTO YK€ CYLIeCTBY-
IOLUH annapat auddepeHHaIbHON TeOMEeTPUN AeHCTBUTENbHO M03-
BOJISIET HA MaTeMaTH4YeCKH CTPOroM (1 KoBapuaHTHOM!) si3bike cop-
MyJHPOBaTh (PU3UYECKHE UJIeH, KOTOPble DUHIITEHH XOTe ] 3a/10KHUTh
B (pyHOAMeHT cBoed TeopuH. UToOBl OTMeTHUTb poJsib [poccmaHa B
MOCTPOEHUH 00lell TeOpUU OTHOCHTENBHOCTH, B HacTosllee BpeMs
peryJIsipHO TIPOBOASITCS OOJiblIMe MeXXIyHapoiHble KOH(PepeHIHH 110
0011eH TEOpPUH OTHOCHTENbHOCTH M I'PaBUTALMH, TOCBSILIEHHbIE €ro
MaMsTH.

HUrak, nepen JitHwTeiiHOM Obln Habop u3 Tpex TeHsopos (7'),
(R) n (g) n ocHOBomoJarawiias uaes, YT0 KPUBU3HA MPOCTPAHCTBA
IOJKHA ompenensitbesi Marepueid. Kasanmoch, ecTrecTBeHHO Obl/IO GBI
3anucaTb OKHAAaeMoe ypaBHEHHE I'PaBUTALlMOHHOTO MOJs B BUJE

(R) =(T). (104)

KoHeuHo, NOCKO/IbKY pa3MepHOCTb TeH3opa Puuun (cMm~2) u pasmep-
HOCTb TEH30pa SHepruH-MMIyJ/ibca (3pr/cM®) He COBMamaiT, HeO6Xo-
AHUMO ObIIO BBECTH HEKOTOPYI PAa3MEPHYIO MOCTOSIHHYIO, MO3BOJISO-
I[yI0 CBsI3aTb 3TH BeJHUYMHBEL. VIMesi 1Be pasmepHble KOHCTAHTHI, ¢
u G, crenatbh 3TO He MpeACTaBJsieT Tpyaa. Kak Jierko MpoBepHUTb,
K03(MULHMEHT MPOMOPLHOHANLHOCTH N0JKeH uMeTh BUm G/c*, Tak
4TO ypaBHEHHE MOIJIO ObIThb 3aMHCaHO Kak

(R) = MG/c*\(T), (105)

rie A — 4Yuc/eHHbIH Koa(puuueHTt. Kak v B npuMepe ¢ KHHeTH-
YecKOH 3SHeprHed, OH MoOr Obl OBITH OMNpeaeseH U3 eCTeCTBEHHOIO
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MPEANOJIOXKEHHUS, UYTO B HEPEJSITUBUCTCKOM CJIydae Mbl JOJ2KHBI BEp-
HYTbCSl K HbIOTOHOBCKOH TEOPHH BCEMUPHOTO TSTOTEHHS.

OnHako, TMOCKOJbKY B HallleM pAcClOps)KeHHH HMeeTcsl elle H
MeTPUYEeCKHH TeH30p (g), CHUTyallusi CTAaHOBUTCS Tropas3io OoJsee
HeomnpenejseHHOH. Jlesno B TOM, 4TO, Kak OBLJIO CHELHAJTbHO TOMI-
YepKHYTO BbIIlIE, U3 JIOG0r0 TeH30pa 4 X 4 MOXKHO CKOHCTPYHPOBATh
MHBapHaHTHBIH cKasgp R = Sp(R), npeacTaB/sioluil co6oi cymmy
€ro IMaroHa/JbHBIX KOMIOHEHT. [109TOMy K JIeBOH UacTH ypaBHEHHS

MOXHO OBbLIO N00aBUTh BbIpa)keHHe BHOa AjR(g), rae A; — elle
ofHa 6e3pa3MepHasi MOCTOSIHHAS. YMHOXKEeHHe TeH30pa Ha YUCJO Tpo-
U3BOIUTCS TaK »Ke, KaK W yMHOXKEHHEe Ha YHUCJI0 BeKTOopa — BCe

KOMITOHEHTBI T€H30pa YMHOXKAIOTCSl HAa 3TO UHKCJO.

Takass npouenypa yxe cJAMIIKOM OyKBasbHO MOBTOpSJa H3BeCT-
HYI0 KapukaTypy, Ha KOTOpPOH H300pakeH DUHIITEHH, CTOSLIUH Y
JOCKH ¢ MesioM B pykax. OH 3anucas ypaBHeHne E = ma?®, HO OHO
€ro He yIOBJIETBOPHUJIO. 3aUePKHYB €ro, OH Hamucasa Apyroe cCOOTHO-
menre E = mb?. Onars Heynada. U umb cooTHowenne E = mc?
BBILISNEN0 yOenuTenbHo 1), Bee, 3HaioliMe MCTOPHIO CO3JaHHs 00-
led TeOpUH OTHOCHUTEJBHOCTH, HE CTAHYT OTPULATb, HACKOJbKO
MaJlo LIYTKHU B 3TOH LIyTKe.

KoneuHo, B 3TOH LIyTKe BCe »Ke 3HAYUTe/bHO OOJblle LIYTKH.
OxkoHuaTe/bHOE ypaBHeHHE OblIO MOYy4eHO DHUHIITEHHOM M3 CaMBIX
00LIMX cO0OpaKeHHH, TPUUEeM UMEHHO C HCI0Jb30BAHHEM MPUHIIHUIA
HauMeHbLIero 1efCTBHs, 0 KOTOPOM MBI yKe ynomsiHyau. [Ipu aTom
BaXKHO, UTO 3TO YAAJOCh CHeJaTh JHIIb T0C/Ae TOro, Kak DUHIITEHH
yOenuscsl, 4YTO MNPUHLUI KBHUBAJEHTHOCTH [eHCTBUTENbHO Tpedy-
eT TIOJIHOM He3aBUCHMOCTH BCeX CHCTeM OTCueTa, B TOM YHCJE H
HeuHepuHanbHbiX. OfHAaKO DUHIITEHH MHOTHE T'Oflbl CUMTAJ, YTO BCe
JKe CYILIECTBYeT HeKOTOphle BblieJieHHble CUCTEMBbI oTcueTta. MiMeHHO
3TOT MYHKT He [03BOJSJ eMy 3aKOHUUTb I[OCTPOEHHE TeOpUH Ha
MPOTS2KEHWH HecKoJbKUX JieT! [leso B TOM, UTO B JIEBOH YacTH
ypaBHeHUs1 DUHILTEHHA OJMydaeTcsl U3 MPUHLMIA HAUMEHbLIero Ae-
CTBUSl JIMIIb B TOM CJydae, eCJMd Mbl He HaKJalblBaeM HHUKaKHX
OrpaHUuYeHHH Ha BBHIOOP KOOpAMHAT.

B pesysbraTe, ypaBHeHHe TpPaBUTALUOHHOIO MOJIS, TOJNyUYeHHOe
D#iHTeHHOM B Hosibpe 1915 r., 3amucbiBaeTcsi Kak

1 87

(R) — §R<9> =a

DTO U €CTh HTOT necdaTu JieT pa6OTbI, npomwegmnux ¢ MOMEHTa CO-
3JlaHUS CIelHMaJbHOU TEOPHUHU OTHOCHUTEJJbHOCTH. HpI/I 3TOM KOE)qJ-

(T). (106)

1) Opyroit Bapuant: ditnwreiin nuwer E = ma® + mb? = m(a® + b*) = mc?.
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¢uurent —1/2 B neBoit yactu ypaBHeHusi (106) HermocpencTBeHHO
CJIefloBasl M3 TPUHIMIA HaUMeHbIlero neictBus. UTo ke Kacaercs
Ko3(uiHeHTa 87, TO OH BBITEKAasJ W3 YCJOBHS COOTBETCTBHS, CO-
TJIaCHO KOTOPOMY B CJlydae cJa0blX I'PaBHTALHMOHHBIX Mojed £, < 1
ypaBHeHHe DUHIITEHHA J0J/KHO MepexoiuTh B ypaBHeHHe (21) s
TPaBUTALMOHHOTO TMOTEHI[HA/a, COOTBETCTBYIOLIlee 3aKOHY BCEMHUPHO-
ro taroteHusi HeioToHa. IlpaBna, Gosee ToyHO OblIO OBl CKasaTh,
yTo BeaMuuMHa Kos(duuuenta 87G/c* momxkHa ompesensTbes U3
HaOJIIOIeHNH, KaK U caMH pa3MepHble MHPOBble KOHCTAHTH ¢ U G.
JlefiCTBUTENIBHO, PACCMOTPUM YpaBHEHHs, BO3HHKAIOLIME IPH
CPaBHEHHMH BeJIMUMH, CTOSILIMX B JIEBBIX BEPXHHUX YIJIaX BCeX ue-
ThipexMepHbIX MaTpull. CrpaBa B TeH30pe 3HEPTHU-UMIyJbCa TaM
HaXOMUTCS TJIOTHOCTb SHEPTHH BeIeCTBa, BKJUamllas B cebs U
sHepruto mokost (cm. (69)). Iloatomy miasi HepessITUBHCTCKHX ua-
crun umeem npocto Ty = p,,c. UTo ke KacaeTcs JeBOH uyacTH,
TO TaM CTOUT B OOlIeM cjydae upe3BbYAHHO CI0KHAs KOMOWUHALHUS
MPOU3BOIHBIX OT KOMIIOHEHT MeTPHYecKoro TeHsopa (g), KoTopas,
OJIHAKO, I/ cJabbIX IPaBUTALlMOHHBIX TMOJEH CBOIHUTCS K MPOU3BOJI-
HbIM JIMIIb OT KOMIIOHEHTHI gy. BOCMO/Nb30BaBIIKUCH Tenepb SIBHBIM
BUIOM gy (99), mosyyaeM B chepuuecKd CUMMETPUYHOM CJyyae

rar [P (1428 | =5 ) a0

r2dr dr 2 4

Mbl BUIUM, UTO MOCJe YCTPAHEHHS M3 3TOr0 yPaBHEHHS CKOPOCTH
cBeTa ¢ (4TO U JIO/KHO ObLI0 OBITh B HEPEJSITUBUCTCKOH TEOPUH) H
COKpAllleHHs1 Ha 2 OHO NeHCTBUTEJbHO MEPEXONUT B HEPesNsTUBUCT-
ckoe ypaBHeHue (21).

PaccmoTpeHHBIH Bbillle TPUMepP MOKa3bIBAET, YTO YpaBHeHUe DHH-
HITelHa, CBf3bIBAlOIlee CUMMETPHUUHble MaTpulbl 4 X 4, mpencras-
JseT coboif B MEHUCTBUTENbHOCTH [ECATb CKAaJSPHBIX YpPaBHEHHH.
Kasanoch 6bl, mecsiTblo HEM3BECTHBIMM (DYHKUHUAMU AOJKHBl ObITh
KakK pa3 [ecsiTb KOMIIOHEHT MeTPHUUeCKOro TeH30pa (g), MOCKOJbKY,
KaK y»Ke MOIYepKHBaJOCh, B JIEBOH UaCTH yPaBHEHHH CTOSIT BTOPbBIE
(yacTHbIE) TPOM3BOAHBIE MO KOOPAMHATAM OT BEeJHYHMH, COCTaBJs-
IOIMX MeTpUueckHil TeH3op (g). OnHako ecau Mbl JeHCTBUTEJbHO
BCTaJU HA TOUKY 3peHHs, YTO (PU3HUUECKUH pe3yJbTaT He JOJIKeH
3aBHCETh OT BbIOOpPA CHUCTEMBI OTCUETa, TO, KaK yKe ObIJIO MOguepK-
HYTO, COOTBETCTBYIOIEH 3aMeHOH uYeThipeX KOOPAMHAT Mbl BCeraa
MOXKeM BBIOpaTh 4eTbipe KOMIIOHEHTbl TeH30pa (g) MPOHU3BOJbHBIM
obpasom. Hampumep, MosoXHUTh YeThIpe W3 IIECTH HeJHaroHajbHbIX
KOMIIOHEHT PaBHBIMU HYJIO. VIMEHHO B 3TOM M COCTOUT MPHUHIUI
o61edt koBapuanTHoCcTH. CJieloBaTe/IbHO, TIOMUMO OMpeaeeHus: KpU-

3 B.C.beckun
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BU3HBI, YpaBHEHHs DHHIITEHHA NO/KHBI HECTH elle KaKyl-TO I0-
TIOJTHUTEJBbHYI0 HHPOPMALIKIO.

Urob6bl pazobpaTbCsi B 3TOM BOIMpOCe, HEOOXOAHWMO BOCIOJb30-
BaTbCSl HEKOTOPBIMM OOLIMMM TeopeMaMH AU (pepeHIHanbHoH reo-
Metpuu. [eno B Tom, 4TO JeBasi yacTb ypaBHeHusi (106) obnanmaer
3aMeyvaTesbHBIM CBOMCTBOM. Ee KOMIOHEHTH TOXKIECTBEHHO yIOBJIe-
TBOPSIIOT YeThipeM 3aKOHAM COXPaHeHHs [Jis JI060ro MeTPUUECKOro
TeHsopa (R). DTo 03HauaeT, HANpUMep, UYTO M3MeHEHHe BO BpeMe-
HU BeqnuuHbl Ry — (1/2)Rgy, crosiiedl B JIeBOM BepxHeM YIay
Ha MecTe MJOTHOCTH 3HEPrHH Cpellbl, TOKIECTBEHHO PaBHO MOTOKY
BEKTOpa, KOMIIOHEHTBI KOTOPOTO 3aHMMAIOT OCTaJbHbIE MO3ULHH B
nepBoil cTpoke TeHzopa (R) — (1/2)R(g). To ecTp Ha TOM camMoM
MecTe, rlle B TEH30pe 3IHEePrHUU-UMITy/JbCa HAXOMSATCS KOMIOHEHTHI
MOTOKA dHEPruU. DTO CBOUCTBO HOCHUT Ha3BaHHMe TOXKAECTB DuaHKH.

Ho ecsu 370 Tak, To 3aKOHaM COXpPaHEeHHs NOJIKEH YIOBJIETBO-
psitb u TeHsop (7T'), CTOSILMHA B MpPaBOM YacTH ypaBHEHHS, MpHU-
4eM Y/OBJIETBOPSTh TOXKJAeCTBeHHO. C/ieoBaTeNbHO, Mbl MPUXOAUM
K Ba)KHEHIIEeMY 3aKJIOYeHHIO, UTO 3aKOHBI COXPAaHEHHUS] SHEPTHH H
MMITyJbCa CONEp:KaTCs B CaMHUX ypaBHeHHsiX ODiHIITedHHa. A 3TO
O3HauaeT, 4YTO caMa MaTepusi, MPHUBOASAIIAS K HCKPHUBJEHHIO Tpo-
CTPaHCTBa-BPEMEHH, He MOXKET [BUraTbCSl MPOHU3BOJNBHBEIM 00Pa30M.
[TosTomy ypaBHeHHS] DUHILITEHHA aBTOMAaTUIeCKH COlePKaT He TOJb-
KO 3aKOHBI TPaBUTALMOHHOTO MOJs, HO W 3aKOHBI ABHKeHHs. Cie-
JI0BaTeNbHO, MOJKHO CKa3aTb, 4TO 00llasi TEOPHS] OTHOCHTEJbHOCTH
siBJIsieTcsl 0000LIeHHeM KaK 3aKOHAa BCEMHMPHOTO TSTOTEHHs, Tak H
3aKOHOB HbroToHa.

Kcratu, Tenepp MOXHO OTBETHTb M Ha BOIPOC O TOM, Te CO-
nep:KUTCs MH(OPMALHUs O ABUKEHHH TeJ BLOJb Teofe3ndecKux (Ko-
HeYHO, MPU OTCYTCTBHH 3J€KTPOMATHUTHBIX MOJeH; B 00l1eM caydae
IBHXKeHHe OyneT 6osee caoxxHbIM). OHa 3amngpoBaHa He B JIEBOH, a
B rpaBo# uacTtu ypaBHeHu# (106). [leficTBUTEIbHO, aBTOMAaTHYECKOE
BBINIOJIHEHHE 3aKOHA COXPaHeHWs HMMIyJbca KakK pa3 M O3Hayaer,
4TO JIBUJKEHHe TeJs OKasblBaeTcsi cBOOOAHBIM. Ho cBoGOmHBIM He
B MJIOCKOM, a B HCKPHBJIEHHOM TPOCTPAHCTBe-BpeMeHH. A 3To H
03HaYaeT, UTO IBUKEHHE TeJs OyIeT NPOUCXOIUTD 10 reoe3nIeCKUM.

3zechb, BIpoueM, COBepLIEHHO HEOOXOAUMO ClIesIaTh ellle HeCKOJIb-
KO 3aMeuaHMH HCTOpUYecKoro xapakrtepa. [Ipexkne Bcero, Hy»HO
npsiMO CcKasaTb, 4To B 1915 r. D#HIITEHH He 3HAN O TOXAECTBaX
buanku. Ilostomy ToT (hakT, 4yTo chopMy/JIUPOBAaHHBIE UM YpaBHe-
HUS COLEpXKAT M ypaBHEHHs NBHXKEHHS, CTaJd SICHbl DUHIITEHHY
HECKOJIbKO mo3xke. Jlasee, HEOOXOOAMMO OTMETHUTb, UTO DHHIUTEHH
Obli najeko He OAMH, KTO B gecsATble rogel XX Beka paspaba-
TBIBAJ TEOPUIO I'PAaBHUTALMOHHOTO Toss. B 3Tol o6aacTH aKTHBHO
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pa6otanmu M. Abparam (1875-1922), I'. Hopncrpem (1883-1923),
[ Mu (1868-1957). OgHako HHMKTO H3 HHX He [OOrafajcsi BhIATH
3a paMKH JIOpeHL-WHBapUaHTHBIX Teopui. OTHeNbHO ciaenyeT yIio-
MsaHYTb D. Maxa (1838-1916). MmenHo emy npuHapiexasa uues
0TKa3aTbCsl OT aOCOMIOTHOTO TMPOCTPAHCTBA, KOTOPAsk MOTOM, TpaB/a
B CYILECTBEHHO H3MEHEHHOM BHIE, U JIerja B OCHOBY OOLIEH TEOpUH
OTHOCHUTEJIBHOCTH.

Oco0eHHO HHTepecHBIM ObLI0 B3aUMONEeHCTBUE DUHIITEHHA C
. Tuns6eprom (1862-1943). Ocenbto 1915 r. DHHIITEHH KU B
Bepaune, a ['unpb6ept — B I'eTuHreHe, oHU OblIK B APY2KECKHX OTHO-
[IEHUSX W NeperuCbiBaIUCh NPAKTUYECKH KaxKIblHd neHb. [Ipu 3TOM
noyTa, HECMOTPSI Ha BOEHHOe BpeMsi, paboTasa HaCTOJbKO XOPOLIO,
4TO ecsii DUHIITEHH 32 yTpeHHUM Kode nucan [nib6epTy oTKPHITKY,
TO OHa B TOT »Ke JileHb Joxomuna no axapecara. Jletom 1915 r.
ditHwTedH roctua y [mabbepra B [eTHHreHe, U OHW NOCTHUTJIU MOJ-
HOT'0 COIJIaCH$l OTHOCUTEJbHO OOIIMX NPHUHIIUIIOB OCTPOEHHUS TEOPUH
rpaBUTalUM. B pesysbTaTe, 3aWHTEPeCOBABIIMCh MaTeMaTHUECKHMH
acrexkTamu TeopuH, [uab6epT ToxKe aKTHBHO BKJIOYHJCS B paborTy,...
1 OBl GJIM30K K TOMY, UTOObI OJMy4uTh ypaBHeHHe (106) Ha Hemesto
paHblile caMoro JUHILITEHHA.

Henbss ckazath, uTo DUHIITEHH OB OT 3TOTO B BOCTOPre, HO
Ipy>KeCKHe OTHOLIeHHs OblM BCKOpe TMOJHOCTbIO BOCCTAHOBJIEHHBI.
Heso B Tom, uto ['Mab6epT HUKOTIA He MpPETEHA0BAT Ha MPUOPHUTET
B CO3[aHUM OOIIeHd TeopuH OTHOcHUTesbHOCTH. OH Bcerma mnpu3Ha-
Ba/J MCKJIOYUTENbHYIO DPOJb DHHIITeHHA KakK aBToOpa (hU3UUYeCKOH
TEOpPUH TPAaBUTALMOHHOTO MOJS, a CBOM pabOThl paccMaTpuBaj Kak
MONBITKY C(OPMY/JHPOBaTh YypaBHEHHUS [PAaBUTALMOHHOTO IMOJS Ha
CTPOrOM MaTeMaTH4yeckoM si3bike. Bmecre ¢ tem, umeHHo [niabbep-
Ty TNpPUHAIJIEKHT 3acjayra MOCJIel0BaTEebHOIO BbIBOLA ypPaBHEHHH
DUHIITeHHA U3 BapUAlMOHHOTO MPUHIMIA HaUMEHbIIEro JeHUCTBUS,
KOTOpHIH ¥ H3/araeTcs Terepb BO BCeX yuyeGHMKax |). B pesyabrare,
B3aMMOJIEHCTBHE [BYX BbIJAIOLIMXCS JIIOAEH MO3BOJNU/IM HE TOJBKO
CO31aTh ONHY M3 CaMbIX M3SILIHBIX (PU3UYECKUX TEOPHH, HO MPHUIAThb
ell MateMaTHueCcKU 0e3ymnpeyHyo (Qopmy.

B 3akswodenue 3Toro pasgena HeoOXOOHUMO TMOAYEPKHYTb, UTO
o611as Teoprsi OTHOCHTEJbHOCTH, C(OPMYNHPOBAHHAS B BHIE ypaB-

1) Kax y2Ke O0TMevasoch, NPHUHLUI HAHMEHbIIEero NeHCTBUS HCHOJb30Bal U
DUHIITEHH, HO €ro BBIBOJL He OblJ MaTeMaTHuecKd CTporum. Jleno B TOM, 4TO
3HaHHWEe OOIIMX 3aKOHOB HEe BCerjga Mo3BOJSET MOJYUHTb OKOHUATEJbHBIH OTBET.
To4yHo Takke 3aKOH COXpaHEHHs SHEPTHH OKasblBaeTCs OecIoJIe3HbIM, eCJIH Mb
He 3HaeM IPaBUJbHBIX BbIPAXKEHWH A/ KMHETHYECKOH M MOTeHLMaJbHOH SHEPruu
Tesa.

3
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HeHnusi (106), He siBJsleTCS €IMHCTBEHHO BO3MOXKHOH TeOpHel rpa-
BUTAllUM Jla’kKe B PaMKax caMOUM TeoOMeTpU4ecKol uiew DUHIITeHHA.
Jlesio B TOM, 4TO, KaK ObIJIO CleHaNbHO MOAUYEPKHYTO B CAMOM Haua-
Jie, obl1Me MPUHLMUIIBI TIOCTPOEHHUsI TEOPUH MO3BOJISIOT CYLIECTBEHHO
CY3UTb BO3MOXKHBIH KJacC MoOJeJeH, HO He BCEeraa OMpefessioT HX
no konua. OkasaJjock, UTo K npaBod yacTu ypaBHeHHs (106) MoxHO
6e360J/1e3HeHHO 100aBUTh cjaaraemoe A(g), rie A mo/kHA paccmart-
pUBaTbCsl KakK HoBasi (hyHAAaMeHTaJ/bHasi KOHCTAaHTa. be3bo/ie3HeHHO
B TOM CMBICJIE, YTO TaKoe JONOJNHUTE/NbHOE cjaraeMoe He HapyllaeT
HY OJIMH M3 KJI0YeBbIX MPUHIIUIIOB, KOTOPbIM JOJ/KHA YIOBJIETBOPSATD
nocJie1oBaTebHAs TEOPHS.

[Ipu stom M3 camoro omnpejieseHHsi SCHO, YTO TOCTOsIHHAs A
MMeeT TaKylo 3Ke PasMepHOCTb CM ™2, KaK M CTOSIIHH B JeBOH 4acTH
ypaBHeHust Tensop Puuun. ITosTomy muHeHHbIH pasmep Ly = A~1/2
MOXKHO pacCMaTpuBaTb KaK XapakTepHbIH MacmTab, Ha KOTOPOM
POJib JIOTIOJIHUTEIBHOTO CJaraeMoOro CTaHOBUTCS cyllecTBeHHOH. Ca-
Ma JKe BeJMYMHAa A, KaKk M BCe OCTasbHble MHUPOBblE MOCTOSIHHBIE,
MoxeT ObITb OmpeneseHa Jullb K3 HabuogeHud. MmeHHo Habsio-
IeHHs W T10Kasajd, 4YTO BeJMYMHAa A He MpeBbIlIaeT 3HAUeHHUH
107%4-10-% cm~2. TTosTomy ans (GU3UYECKHMX NPOLECCOB, MacCIITa-
OBl KOTOPHLIX OrpaHMueHbl Haweil [amaktukoit (1023 cm) u maxe
Gamxaiimumu ranakrukamu (102° cm), ypasrenue (106), Gesycsos-
HO, ocTaeTcs crpaBeluBBIM. Jluib B Maciitabax BceeseHHOH 3TOT
IOTIOJIHATEJIbHBIM YJIeH Ha4YMHaeT UrpaTh 3aMeTHYIO POJib.

C jonosiHUTe IbHBIM caraeMbiM A(g) TakKe CBsi3aHa HHTepeCHasi
ucropus. Heno B ToM, 4YTO Takas 100aBKa CYLIeCTBEHHO MeHseT
CTPYKTYPy KOCMOJIOTHUECKHX perieHMHd. HamomHuM, 4TO B Hauase
XX Bexka cuMTajOoCh, YTO Halla BceseHHasi sIBJASETCS CTAaTUYECKOH,
T.e. He U3MeHsieTCsl BO BpeMeHU. MIMeHHO mo3TOMy DHUHIITEHH ObLI
BbIHY>KJIeH 100aBUTh cjaraemoe A(g) B cBoe ypaBHenue (106), uTo
TM03BOJIMJIO TIOJYYaTb pelleHHsi, He 3aBucsimue oT BpeMeHu. C npy-
roit ctoponsl, B 1922 r. pycckuil meteoposior Anexkcanap Ppunman
(1888-1925) mokasas, uto ypaBHenus: JiHwTeiHa (106) ¢ TeH30-
pOM 3Hepruu-umnysbca (71) neficTBUTENbHO HE UMEIOT CTaTHUECKHX
pelleHHH, Tak 4To pa3Mep BceseHHON no/KeH M3MEHSAThCS BO Bpe-
menu. A B 1929 r. nocse HaGmoneHnd dnBruHa Xa6omaa (1889-1953),
MU3MEpHUBILEr0 CKOPOCTH OJIMKAHIIUX raJakKTHK, CTaj0 SICHO, YTO MbI
’KHBEM B pacLIMpsiIolleMcsl MUpe W Halla BeesienHasi 3aBenomo He siB-
Jsiercst ctatndeckod. [loatomy DHUHIITEHH, KOTOPBIH, KCTaTH, XOTS H
He cpasy, HO BCe e MpPUHSJ pe3y/abTaThl PpupMana, B AajibHeHIEM
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HMKOTIa He pacCMaTpHBaj] CBOM ypaBHeHus c mnompaskoii A(g) D).
Tem He MeHee, B ToOCJeIHHME TOIbl MOSIBUJINUCH TpsiMble HabJrOfa-
TeJIbHble CBHUIETEJNbCTBA B I10/1b3Y TOTO, UYTO peasibHOe paclihpeHHe
BcenieHHO# Hesb3si 00bCHUTD Ha ocHOBe ypaBHeHus (106). [Toatomy
ceilyac BOMpPOC O MPHPOAE MHUPOBOH MOCTOSIHHOH A BHOBb LIMPOKO
o6cyxnaercsi. OnHAKO 3TO yKe COBCEM Apyrasi HCTOPHSI.

Hns Hac e 3mech OymeT MOJe3HO CHeJAaTh ellle OAHO 3aMme-
yaHue 00 eIMHCTBEHHOCTH TEOPHUH rpaBUTalMU. HauHeMm uspasneka.
Ecau Teopust mo/KHa INpeACKas3biBaTb CBS3b IBYX BeJWduH, A u
B, nmycTb naxe M OAMHAKOBOH pa3MepHOCTH, TO COBCeM He 00f-
3aTeJbHO, YTO MaTeMaTHYeCKM OHa JOJKHA BBbIPaXKaThCsl CBS3bIO
A = B. CyulecTByeT GecuncjieHHOe KOJUYECTBO OPYTHUX CBsi3el, Ha-
npumep A = KB? (K — pasMepHas KOHCTAaHTa) H T.J., KOTOpbIe
He coBnajailT ¢ paBeHcTBOoM A = B. Ecau ke Benuunbsl A u B
Oe3pa3MepHbl, TO BO3MOXKHBI M Teopuu Buga A =sin B, A = tg B
U T.J., COBNajawIlne ¢ Teopued A = B Jjuib npu Maieix A u B,
HO HaYMHAIOLIMe CYLIECTBEHHO OTJIMYaTbCs OT Hee mpu A ~ B ~ 1.
Kcrati, oTMeuyeHHOe BbIllle CBOHCTBO — TMOJIHBIH TEH30p HEPTHUH-
MMITyJIbCa TIPeaCTaB/sieT COO0H CYyMMY T€H30POB 3/1€KTPOMAarHUTHOTO
MoJIS U YaCTUL[ — TaKXKe eCTb He OoJiee YeM THIOTE3a.

TaxuMm 006pazoM, Mbl BUIHM, UTO 00llas TEOPUS OTHOCHUTEJb-
HOCTH IpeACTaB/sieT COOOH JHIIb MPOCTEHIIYI0 BEPCHIO TEOPHUH, B
KOTOPOH KPHUBH3HA TPOCTPAHCTBA OTpeNessieTcsl MaTepuer. Yoada xe
3aKJoy4asach B TOM, 4To 1Js ypaBHeHusi (106), rme Ttakasi CBsi3b
npeanosiaranach JUHEHHOH, ObLIM aBTOMATHYECKH BBITIOJHEHBl BCe
obuIre TpeGOBaHUS K TOCJAEIOBATENbHOH TEOPHH, T.e. yCJOBHUE KO-
BAapHAHTHOCTH U TIpeleJbHBIH Mepexon K HepesNsTHBUCTCKOH TEOPHH
TSITOTEHHSI, KOTOPble Mbl 00CYK a1 Bhille. UTO 2Ke KacaeTcs ajbTep-
HaTHBHBIX TEOPUH TPaBUTALMH (2 MX MO3Ke OblJ MPEJIOKEH He OIUH
NIeCSITOK, H He TOJIbKO B PaMKaX reoMeTpPHUUecKOH uaed DUHIITeHHA),
TO C TEOPETHUYECKOH TOYKH 3pEHHs BCe OHHM HMEIOT TaKoe e IpaBo
Ha CyIleCTBOBAaHHE, KaK M 00llas TeopHus OTHOCUTEJNbHOCTH. JIWIb
IKCTIEPUMEHT MOXKET OTBETHTb Ha BOMPOC, Kakas U3 TEOPHH T'paBH-
TallUK ABJSETCS MUCTHHHO BepHOH. MBI Moppo6GHO pacCMOTPHM 3TOT
BOMPOC B CJENYIOIIEH YacTH Hallero MoBeCTBOBAHHUS.

1.7. BeckpaiiHue BO3MOKHOCTH

Her comHenus, yto obiiasi TeOpUsi OTHOCHUTEJIbHOCTH SIBJSETCS
BEPLIMHOU TeopeTUYeCKOd (PU3UKHU, B 4eM-TO HENpPeB30OUOEHHOHU 10

D) [oBopsiT, uTo DiHIUTEHH CUMTA] BBEJEHHE 3TOrO JIOMOJHUTEJIBHOTO cJarae-
MOTO CBOEH caMoO# 0GO0JbIION OLIHOKOH.
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cux nop. Hns camoro DHHIITEHHA, KOTOPHIH ObIN TIpexie BCETO
(husnkoM, ee ycrex Obla1 CBSI3aH ¢ 0ObsSCHEHMEM BEKOBOTO [BHIKe-
HUS Nepureusi Mepkyprst U ¢ TOYHBIM NpelcKasaHHeM OTKJOHEeHUS
Jydya cBeTa B rpaBUTalUMOHHOM noje CoJsHLA, KOTOpoe OblIO MOJ-
TBepxkzaeHo B 1919 r. Bo Bpems cosnHeuHoro 3atmeHus. Huzke MbI
nogpo6Ho obcynum 3TH 3ddexTel. OqHAaKO Ha Teopuio DUHILTEHHA
MOKHO TOCMOTPeThb ropasno mupe. ChopMynnpoBaHHBIE UM YpaB-
HeHHsl T03BOJIMJM CYLIeCTBEHHO PaCLIMPUTh PaMKU BO3MOXKHOCTEH
TEeOPeTHYECKON (DHU3UKH.

OnHuM U3 TakMX NpUMepoB Oblia KocMoJorus. Obuias Teopust
OTHOCHUTEJIbHOCTH MO03BOJIMJIA MepeBecTH ee M3 paspsina HabJroza-
TeJbHOH B 00JacTb TOYHBIX HayK. JleACTBUTE/bHO, eC/d INpenro-
JIOXKUTh, 4YTO BcesieHHasi siBjisieTCs OJHOPOAHOH W H30TPOIHOH, TO
yooOHO BbIOpaTb METPUKY B BUIE

d 2
d82 = —CQd’T2 + ﬁ:'Q/Rg + 7"2((192 + Sin2 9dg02), (108)
rme 7 — coOcTBeHHOe BpeMsi, a R.(7) — T.H. mMacwtabHbi (hak-

TOp, 3aBUCSAIIMU JIHIIb OT BpeMeHH T. DTO T.H. MeTpuKa Pobept-
coHa—-YoJsiKkepa — HauboJiee 00l1as METpPUKa NIPOCTPAHCTBA, KOTOPOe
OLHOPOAHO U M30TPOIHO, TaK UYTO KPUBM3HA MHpa Be3le MOCTOSIH-
Ha. [Ipy 3TOM BesnMuMHA 3¢ ompefesisieT KPHUBHU3HY TPOCTPAHCTBA
(s = 0 mas myockoro Mupa, » = 1 19 NPOCTPAHCTBA TOJIOKH-
TeJbHOH U 7 = —1 JJI MPOCTPAaHCTBA OTPULATENBHON KPUBH3HBI).
B uactHocTH, nsisi 3akphITON BceesieHHOMH, MMerolled KOHEUHbIH 00b-
€M, ee TIPOCTPAHCTBEHHAsl YacTh Nofo0Ha AByMepHOH cdepe. FmeHHO
MO3TOMY B rIIpOCTpaHCTBeHHoﬁ 4acTW MeTPHUKH TOsiBUJCA (DaKTop
(1 —r2/R2)~!, momHoCTbIO SKBMBAMEHTHbIH COOTBETCTBYIONIEMY BbI-
paXkeHHI0 B MeTpuKe AByMepHOH cdepnl (88). B atom ciyuae 77 u
r7 KOMIIOHEHTbl YpaBHeHWH DUHIITEHHA W TNPUBOIASAT K ypaBHEHUSIM
®pupmMaHa /151 OTHOPOIHOH H30TPONMHON BcesenHo# (Touka o3Haua-
eT nuddepeHLHpOBaHNe 0 BPEMEHH T)

R x  81G

R_g + R—g - —302 g, (109)
R.  4nG

[Ipn sToM, KOHEYHO ke, ObLI BBIOpAH BIIOJIHE OIpeNeJeHHBIH BHUJ
TeH30pa Hepruu-uMmynbca, a umenHo tensop (71). Kax yxe roso-
pUJIOCh, 3Ta CHUCTEMa ypaBHEHHH He HMeeT CTaTHUYeCKHX pelleHHH
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R. = const. Ecan e Bocrno/sb3oBaTbCsl ypaBHEHUSIMH DUHILTEHHA C
A-useHom
1 81

<R>—§R<g> —C—4<T>+A<9>, (111)

TO ypaBHeHI/IH, OIlTHUChbIBaoOiye 3BOJIIOLIHUIO BCQJIeHHOI'/JI, HepeHI/ILHyTCH
B BUIE
Rk 81G 1,
e | KOO L A2 112
TR 32°73 (112)
R. AZ  4nG

R, 3 3¢2 (
31ech y»Ke BO3MOXKHBI pelleHHsl, B KOTOPBIX MaclITabHBIH (hakTop
Bcesnennoll R, ocTaeTcsi HeM3MeHHBIM. BbiGupas npyrue BO3MOXK-
Hble (M HEBO3MOXKHbIE) BbIPAKEHHUS 1JI1 TeH30pa SHEPTHUU-HMITYJIbCa,
MOJKHO ITI0JIy4aTb Apyrue peuleHus. Mx aHanus, ooHaKo, BEIXOAMT 3a
PaMKH Halllero H3JoXKeHHS.

JlpyruM npuMepoM siBJIsleTCs NpeicKa3aHue CyLeCTBOBAHUS Ipa-
BUTALMOHHBIX BOJIH. [lJs1 UX aHa/au3a cjaefiyeT NPeArooKHUTb, 4TO
rPaBUTALMOHHBIE BOJHBI €CTh Majioe BO3MYILIeHHe MJIOCKOH MeTpUKH
MunkoBckoro (M) = diag(—1,1,1,1) (59), T.e. BeIGOpaTh METPUKY
B BHIE

e +3P). (113)

{g) = (M) + (h), (114)

rae (h) < 1, T.e. Bce KOMIIOHEHTbI TeH30pa (h) MHOTO MeHbllle eIy-
HULEBL. B aToM ciydae ypaBHeHMs1 DHHIITeHA TPUBOAAT K OOBIYHBIM
BOJIHOBBIM ypaBHEHHSIM, TOOOIHBIM ypaBHeHHsM Makcesna (cMm.
HHKe)

o 1 9?

W(h}—C—QWUw:O. (115)

Kak mbl BUIMM, U3 ypaBHeHHs (115) aBTOMaTHUECKH CJeNYeT, 4To
CKOPOCTb pAaclpOCTPaHEHUs] TPaBUTALMOHHBIX BOJH COBMALAeT CO
CKOPOCTBbIO CBeTa. DTO eCTb NpsMoe cJeAcTBHe o0llell KoBapHaHT-
HOCTH ypaBHEHH 00lIell TeOPHH OTHOCUTENBHOCTH (UTO AJISI MaJbiX
BO3MYLIeHUH MeTpHUKHM MHHKOBCKOrO O3HayaeT ee JIOpeHL-UHBapH-
AHTHOCTB), GJarofaps yeMy B TEOPHH OTCYTCTBYIOT HHbIE MOCTO-
SIHHble Pa3MepPHOCTH CKOPOCTH 3a HCKJIIOUEHHeM CKOPOCTH CBeTa.
A mockosbKy B €/1a0bIX MOJAX Teopus DUHIITeHHA NO/MKHA ObITh JIO-
PeHLI-MHBApUAHTHA, TO CKOPOCTb PACpOCTPaHEHHs IPaBUTALIMOHHBIX
BOJIH IOJIXKHA COBMAAaTh CO CKOPOCTBHIO CBETA.

Uro ke KacaeTcsi MeXaHH3Ma M3JydeHHs] IPaBUTALUOHHBIX BOJH,
TO €ro NpHUpojJa B LIeJIOM MaJo OT/IMYaeTCsl OT MeXaHHU3Ma HU3JyyeHUs
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BOJIH 3JIeKTPOMarHUTHbIX. B 0o6oux c/aydasix KiaiueBbIM MOMEHTOM
sIBJISIeTCSl KOHEUHOCTb CKOPOCTH paclpoCTpaHeHus CurHaga, baarona-
pst yeMy HabJiofaTe b, HAXOASAIIUNCH B ToUKe A B MOMEHT BPeMeHH ¢
(cm. puc. 16), GymeT perucTpupoBaTh CHMIHAJ, XapaKTepU3yIOLIHi

t—r/c

Puc. 16. 3anasneiBanye curHasa npy U3JydeHHH TPaBUTALMOHBIX BoJsiH. Hab.iona-
TeJlb, HAXOASIIUHCH B TOUKE A B MOMEHT BpeMeHH ¢, GyleT perucTpUpoBaTh CUrHAJ,
XapaKTepU3YIOLMH HCTOYHHK B MOMEHT BpeMeHH t — 7/c

HCTOUHMK B MOMEHT BpemeHU t — r/c. Eciau macchl B HCTOYHHKe
OBHXKYTCS C YCKOPEHHeM, TO Ha OO0J/IbLIMX PaCCTOSIHHUSAX OT UCTOY-
HUKa TPaBUTAllMOHHOe Tojie OyleT WMeTb BUI c(hepudecKOH BOJHH,
yHOCsILleH 9Hepryio Ha 6eCKOHEYHOCTb.

Tax, 05 OBYX TOYEUHBIX Mace, BpallamLIUXCS 110 3JJIUNTHYe-
CKHM OpOHUTaM Ipyr OTHOCHTEJIbHO 1pyra, Bblpa:KeHHe /51 MOLLHO-
CTH TPaBUTALIMOHHOTO M3JydeHHs1 uMeeT BUA (cM. [Ipusoxenue D)

32 G*MPMZ (M, + Ms)
Wy = — Fr f(e). (116)
5 ca
3necs M| u Ms — macchl 00eux 3Be3l, & — CpelHee PacCTOsHHE
Mex/y 3Be3laMH, a

fle) = <1+§¥+S—ge‘*)(1—e2)—7/2 (117)

— JIOCTAaTOYHO CJIOXKHAs (YHKUHS SKIEHTPUCHTETa OPOHUTHI e.
B uwactHocTH, mas kpyroBoil op6uthl f(0) = 1. B Hacrosiee
BpeMsl [OCTPOEHbl YK€ HeCKOJbKO JeTeKTOPOB, CIOCOOGHBIX
3aperucTPUPOBATh TPAaBUTALMOHHOE H3JydYeHHe, BO3HHKAIOIIEE,
HampuMep, MPHU CTOJKHOBEHHM [BYX HEHTPOHHBIX 3Be3l. OmpHako
[0 CHUX MOp TIPaBHTAllMOHHbIE BOJHBI OOHApyKeHbl He ObLIH. ITO,
MO-BUAHMOMY, CBSI3aHO C PEIKOCTBI0 TaKUX COOBITHH, HMELINX
MEeCTO Ha MOCJe[HeH CTafHM SBOJIOLUHA TECHBIX IBOHHBIX CHCTEM.
[TopgpoGHee Mbl 0OCYIMM 3TOT BOMPOC B CJAeAyIOLIeH raBe.
Hakowen, cienctBiemM o0Lied TEOPHH OTHOCHTENbHOCTH OBLIO H
Mpe/cKa3aHne YepHbIX ABIP — COBEPIIEHHO HOBOTO KJjacca 06bEKTOB.
Ato pemenue Obio noaydeno K. [eapumuapgom (1873-1916).
JLisi 1eHTPasbHO-CUMMETPUUHOTO TPABUTALIMOHHOTO MOJsI pellleHHe
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ypaBHenusi (106) nasi caydass (T') = 0, T.e. BHe I'DaBUTHUPYIOLINX
Macc, UMeeT BUJ

—1
ds? = — <1 - 2GM> Adt? + (1 - 2GM> dr’+

627" CQT‘
+r2d6% + r?sin® 0dp®.  (118)

Oco6eHHOCTb 3TOH METPUKH IIPH T = T'g = 2G'M /c? Kax pas u npu-
BOJSIT K YAMBUTEJbHBIM CBOMCTBAM 4epHBIX Nblp. Huke 3T0 pemeHue
O6yner nonpoOHO mnpoaHanudupoBaHo. OMHAKO 3[eCh CJedyeT elle
pa3 HamoOMHMTb, YTO (DPU3UUYECKHE CBOHCTBA He JO/KHBI 3aBUCETb OT
BeIGOpA KOOPAMHATHOH ceTKH. [103TOMY CYILIECTBYIOT APYTHEe KOOp-
JIMHATHI, OTIUCBHIBAIOIIHE MPOCTPAHCTBO-BPeMsl BOJU3HW YePHOH JBIPHI,
NpPUYeM B HEKOTODPBIX M3 HUX OCOOEHHOCTb IPH 7 = Ty OTCYTCTBYET.
[Tostomy ocobenHocTh B MeTpuke (118) He cooTBeTCTBYeT peasibHOM
(hu3nYecKol 0COOEHHOCTH B TOM CMBbICJe UTO HUKaKHe WHBAapPHAHTHO
onpeie/ieHHble (U3MYeCKHe BeJHUHHBI (HalpuMep, MJIOTHOCTh rasa B
cHcTeMe OTCUYeTa, OTHOCUTEIbHO KOTOPO#H ra3 MOKOUTCs) He oOparia-
I0TCS1 B 0€CKOHEUHOCTh. B 4aCTHOCTH, NIpH 1 = 1y 0CTaeTCs KOHEYHOH
U KpUBHU3Ha R.

B HekoTophIX cayuasix ymoOHO BMECTO KOOPAMHATH 7 HUCIOJb30-
BaTb KOOPAMHATY p, TaKyto, 4TO

T:p<l+i—i). (119)

B 3ToM ciyuae MeTpuKa UMeeT BHL

2
ds? — _ (1=re/4e\T gl
1 +7g/4p

4
N <1+j;—g> (dp? + 26 + p?sin? 6d?). (120)
P

Kax Mbl BUAMM, MPOCTPAHCTBEHHAs 4YacTb METPUKH C TOYHOCTHIO
10 Ko3(pUlMeHTa COBMALaeT C METPUKOH MJOCKOrO MPOCTPAHCTBA,
3anucaHHol B cepuyeckux KoopauHartax. [loatomy Takue Koopau-
HaTbl HA3bIBAIOTCH CPEPUUECKUMH HU30TPOMHBIMHU.

Hakonen, Heo6xonuMo OTMeTHTb, uTo MeTpuka Bapuiuuiabna
OTIMCHIBAET HE TOJIbKO YepHble IbIPbl, HO U METPHUKY BCeX TPaBUTHU-
pytomiux Tesa. TosbKo JJis OOBIYHBIX 00BEKTOB (3BE3[bl, MJIAHETHI)
MOTIPaBKX K IJIOCKOH METPHKe OKa3bIBAlOTCSl He3HauuTesabHbIMH. Ho
OHHU U OTpeNessiloT OTJHMYME B TpeacKa3aHusXx obllell TeOpHUH OTHO-
CUTEJIbHOCTH U TEOPHUHM BCEMHUPHOTO TATOoTeHHs HbloToHA, K aHAIU3y
KOTOPBIX Mbl U TE€PEXOIHM.



[naBa 2

HABJIIOJAATEJIBHBIE ITPOSBJEHUA
OBIIIEM TEOPUH OTHOCHUTEJBHOCTH

2.1. 9¢pdekTs B cJIa0BIX rPABUTALMOHHBIX IOJSAX

Hrak, obcynuMm 3¢ deKkTbl, KOTOpPblE BO3HUKAIOT B AOCTATOYHO
cnabblX TPAaBUTALMOHHBIX TOMNAX. DTO TaK Ha3blBAEMBIE MOCTHBIOTO-
HOBCKHEe 3((eKThbl, KOTOpble CBfI3aHbl C OTJAHYHEM OT MpeAcKasa-
HUH KJIacCUUeCKOH TeOpHH BCEMHUPHOrO TAroTeHus. Kak Oblio mo-
Ka3aHo, MOMpPaBKH K T'PaBUTALLMOHHOMY TMOTEHLHAJNy NOJKHBl ObITh
nopsifiKa

GM

—— 121
AR’ (121)

Eg:

T. €. OHH 00PATHO TPOTOPLIMOHA/NBHBI KBaPATy CKOPOCTH CBETA. YKe
OTCIOfi@ CJIeAYeT, UTO /s 3HAUMMOTO OTJIWYMUS HEeO0OXOAHMMO JHOO
IBUXKEHHE CO CKOPOCTbIO, CPaBHHUMOH €O CKOPOCTbIO CBeTa, JHOO
61M30CTb pa3Mepa Tesa K rpaBUTallMOHHOMY paauycy re. OmnHaxo,
Kak y»ke FOBOPUJIOCh, Ha rosepxHocTH CosHua g4 ~ 2 - 1078, a na
TNIOBEPXHOCTH 3eMJH g ~ 7 - 10-10. [TosToMy B peasbHEIX yCJOBHAX
TIOCTHBIOTOHOBCKHE MOTPAaBKH OKa3bIBAIOTCS MaJbIMH, U 1J UX BBI-
sIBJIeHUS1 0OBIYHO TpeOyeTcsl KPONoTJauBas oOpaboTka HalJ/I0faTe b-
HBIX JQHHBIX.

[TockonbKy Hauedl 3agadeil OymeT mpoBepka MpeacKasaHWd 06-
el TeOpUH OTHOCHTEJBbHOCTH, TO XOTeJOCh Obl Cpa3y ydecTb
BCE BO3MOXHble OTKJIOHeHUs: oT mnpenckazanuit OTO. [daa 3toro
0OBIYHO MCMOJB3YIOTCS TPH He3aBHUCHMble Kod(pduuueHTa «, [ #
7, CTOsIlIMEe Tiepel TEPBbIMH UJEeHAMH pPa3JoKeHHS METPUKH 0
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CTeNeHsM BeJHYHHB £,. Hampumep, B HM30TPOMHBIX chepHUeCcKHX
KOOpAHWHaTax
2
T r
ds? = — [ 1—a=$ + 8.5 +... ) Pdt*+
p o 2p

+ <1 + 'yr—g + > (dp? + p2d6% + p?sin® 0de?), (122)
p
a niisi koopauHat metpuku LIBapiiuabia

B-ayry

ds® = — l—ar—g—{— T—}—... Cth2—|—

r 2
T'g 2 2 192 2 52 2
+(1+7—+...)dr 472407 + 2 sin? 0d?. (123)

T

[IpenckasanusiMm e 00IIeldl TEOPUM OTHOCHUTEJIBHOCTU OYIyT COOT-
BETCTBOBATb 3HAUEHUS
a=p=vy=1. (124)

OTmeTHM cpasdy, 4YTO BeJMYMHY « MOMKHO BCErfa MOJOXKHUTh
paBHOH enuHuue. [leficTBUTEe/NbHO, KaK y»Ke HEOJHOKPATHO MOJI-
4epKHBAJIOCh, HBIOTOHOBCKHH MOTEHIHAJ LEJHUKOM COLEPKHTCS B
MeTpudecKoM Kod(duiuente goo = 1 — 2GM/c?r. Tlostomy ans
a # 1 rpaBUTaLMOHHBIH TOTeHI AN Obl1 Obl paBeH g = —aGM/r.
Ho mnockosbKy y Hac HeT HHMKaKoro ApYroro crnocofa H3MepUTb
TPaBUTALMOHHYIO Maccy Teja, KpoMe Kak yepe3 H3MepeHHe ero
IPAaBUTALIMOHHOTO TOTEHLHANa g (YCKOpPeHHS CBOGOLHOTO MaJeHHs
g = aGM/r?), To haKTHYECKH B JI060OM TaKOM 3KCIIepHMeHTe OyaeT
M3MepsATbCS JIUIIb pousdBeneHrne oM. A 3To U 03HAUaeT, YTO MOXKHO
BCerja onpese/IuTh Maccy TeJa TakKMM 00pa3oM, 4ToObl o Obljla paBHa
eIMHHULE.

BepHemcsi, onHako, K 00CYy>KIE€HHIO OCHOBHBIX OTJIMYHMH B Ipei-
CKa3aHHAX O0OlleH TeOpHH OTHOCHUTENBHOCTH M BCEMHUPHOH TEOpHH
tarotenus. s e, < 1 merpuka lsapuwmmnsaa (118) nepenmucer-
BaeTcs B BUJE

ds? = — (1 - QGM) Adt? + (1 + 2GM) dr’+

CQT 027"
+r2d0% + 1% sin? 0dp®.  (125)

[Ipu ¢, < | monyuaem
GM 1 G*M?
_ 2 ~ 2
Pe = C VIO =C === =5 "33

3IL€Cb [epBoe cJjaraemoe eCTb IOCTOsAHHAasd BeJIMHUKWHA, KOTOopas He
IPUBOAUT K IMOABJEHHIO OOIOJHHUTEJIbHBIX CHJ, BTOpOE cJiaraemoe

(126)
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B TOUHOCTH COOTBETCTBYET HBIOTOHOBCKOMY MOTEHLHaly, a TpeTbe
cjaraeMoe Kak pas M ONHUCbIBaeT MaJjloe OTKJIOHeHHe OT MpefcKasa-
HUH TeopuH BceMHUpHOro TsiroTeHusi. C APYrod CTOPOHBI, KaK BUIHO
u3 Qopmyabl (125), mpu ckopocTsix, OJH3KHX K CKOPOCTH CBeTa c,
Korga AAdHbl dr CTaHOBSTCS OAHOrO mopsinka ¢ cdf, BO3HHKaeT
He0OXOMUMOCTb MPUHUMATh BO BHUMaHHWE W MEeTPHUUECKHH KO3(pdhu-
LOUEHT ¢,. [Ipy 3TOM B MeTpU4yecKOM KO3(P(PHULHUEHTE ¢, MOSABASETCS
TOYHO TaKasi e nompaska 2GM/c’r, Kak U B BeJHUMHe goo. Takum
06pasoM, Mpu v ~ ¢ B c1a6biX IPaBUTALMOHHBIX MO/AX MOMNPABKU K
IJIOCKOH MeTpuKe MUHKOBCKOTO B BhIpaXKEHUAX /S goo U grpr OYLYT
OIUHAKOBBIMH.

Ho camoe BaxxHOe OTJIMYHE TEOPUH OTHOCUTENBHOCTH OT HbIO-
TOHOBCKOHM TEOpPHH COCTOMUT B TOM, UTO IIOMUMO OOBIYHOH CHJIbI
rpaBuTauut F = mg Ha /100ble Tesa HauMHaeT AEHCTBOBATb CHUJA,
3aBUCALLas OT UX CKOpocTH V. IIpu aToM B caboM rpaBUTaLHOHHOM
roJle MMeeT MeCTO 3aMeudaTesbHas aHaJOTUsl MeXAY ['PaBUTALMOH-
HBIMM W 3JIeKTPOMAarHUTHBIMU YpaBHeHUSMHU. [leHCTBUTE/bHO, CHJA
F = ma, nelicTBylolas Ha TeJo Macchl m

F:m(g—l—%xH), (127)

BHELIHE IOJHOCTBIO COBMAJAeT C 3JeKTPOMAarHUTHOH cusoi (25).
TosbKo Tenepb BMeCTO 3apsifia YaCTHLbl € HY?KHO TTOACTaBUTb ee Mac-
Cy m W, KpOMe TOT0, BMECTO MarHUTHOro noJs B ydecTb nelcTBHe
coBeplleHHO HoBoro nosst H, KoTopoe 1o aHasnoruu ¢ 3JjeKTpomar-
HeTH3MOM Ha3blBalOT I'PaBUTOMArHUTHBIM.

Hanomuum, 4to BeipaxkeHue misi cuibl (127) cienyeT u3 ypas-
HeHWH DUHIITEeHHa, MOCKOJbKY OHH, KakK ObII0 MOKA3aHO, COMEp:KaT
He TOJIbKO ypaBHEHHS IJ51 TPaBUTALMOHHOTO I10Jisl, HO U YpaBHEHUS
OBUXXEHUS. YIHBUTEIbHO, YTO APYTrHe KOMIIOHEHTHl YpaBHeHUs DUH-
mTeiiHa B ¢a00M IPaBUTALMOHHOM TI0JI€ OKA3bIBAIOTCS MOJHOCTBIO
9KBHBAJIEHTHBIMU ypaBHeHHsM MakcBesia. DTa aHaJNOTHS HACTOJb-
KO KpacHBa, YTO HEBO3MOXKHO He IIPUBECTH 3TH yPaBHEHHUS B CTPOrOM
MaTeMaTHUeCKOM BHIE.

B nuddepenuuansHoil popme ypaBHeHUss MakcBeJsiia 3amuchbiBa-
1oTes Kak (mpo «ueporaudel» div u rot cm. [punoxenue 2)

divE = 47p,, (128)
1 0B
E+-—= 12
rot E + -y 0, (129)
divB =0, (130)
rotB—la—Ezél—ﬂ-j. (131)

c Ot c
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31ecChb pe €CTb MJIOTHOCTb 3JIEKTPUUECKOr0 3apsaa, a j = peV — IJIOT-
HOCTb 3JeKTpUueckoro Toka. [Ipu 3ToM (u3HUECKHH CMBICA 3THX
ypaBHeHU# xopollo H3BecTeH. [lepBoe ypaBHeHHe TOBOPUT O TOM,
4YTO HCTOYHUKOM 3JIEKTPUUYECKOTo I0JIs1 SIBJSIOTCS 3apsiibl. B HMHTe-
rpajibHON (hopMe 3TO U ecTh Teopema [aycca, 0 KOTOPOH TOBOPUIIOCH
Bbillle. Bropoe ypaBHeHue ectb 3akoH Papanes — I/1C, HaBogumas
B KOHTYp€, ONpefieisieTCs CKOPOCThIO H3MEHEHHUs] MarHUTHOTO MOTOKA
yepe3 3TOT KOHTYpP. DTO CBOHCTBO HMCHOJb3YyeTCs BO BCEX 3JEKTPO-
craHuusx. [anee, TpeTbe ypaBHeHHe FOBOPUT O TOM, UYTO MarHMUTHbIE
CUJIOBble JIMHUM Bceraa Ju00 3aMKHYTBI, JHOO yXomaT Ha OeckKo-
HeYHOCTb. A TmocJ/efHee ypaBHEHHE IOKa3blBA€T, YTO HCTOUHHKOM
CTaLMOHAPHOrO MAarHUTHOIO MOJSI SIBJASIIOTCS 3JeKTpPHUUYeCKHe TOKH.
[Ipu 3ToM BesMuUMHA MAarHUTHOTO TOJSI OMpenessieTcss U3 3aKoHa
buo-Cagapa.

Uro ke KacaeTcsl ypaBHeHUH DUHILITEHHA, TO B CabblX TpaBUTa-
LUOHHBIX NOJIAX U IPU v < ¢ OHHM 3alHCBIBAIOTCS B BHIE

divg = —47Gpp, (132)
rotg =0, (133)
divH =0, (134)

rotH—é%:—m—WGpmv. (135)
c Ot c

CTpyKTypa 3THX ypaBHeHHH OYeBHIHBIM 00pa3oM CJedyeT U3 ypaB-
HeHn# DiHmTelHa. CrpaBa CTOSIT UCTOUHUKH TIOJIsA, ColeprKallrecs
B TeH30pe 3Hepruu-umnysbca. CieBa e Bce MHOroo6pasue BTOPBIX
MPOU3BOIHBIX OT METPHUUYECKHX KO3(P(PHULHUEHTOB yIAETCsl CBECTH K
MepBBIM TIPOM3BOJHBEIM OT KOMIIOHEHT TpeXMepHbIX BeKTopoB g U H,
MUMEIOIIMX TIPO3pauHblil (pru3udecKni cmbica. Kak Mbl BUAUM, OTJIHUHE
OT ypaBHeHHMH MakcBesa COCTOMT JHIUb B 3HAaKax B TEePBOM H
nocJefHeM ypaBHeHHsX (OZHOMMEHHBblE 3apsiibl B TPaBUTALUH MpH-
TATHUBAIOTCA), a TaKKe B YMCJEHHBIX KOI((PHULUHEHTaX B MOC/eIHEM
ypaBHeHUH. VIHEIMH c/10BaMH, IPaBUTALHMOHHOE M0Jie g aHAJOTHYHO
3/JIeKTPUUeCcKOMYy [MO0JI0, a I'paBUTOMarHuTHoe mnoje H — wmaruur-
Homy mosiio B. [lpu 3TomM B cTauMoHapHOM C/ay4yae HCTOYHHUKOM
TPABUTOJEKTPUUYECKOTO TIOJS g SBJSIOTCS MAacChl, a HUCTOUHHKOM
rpaBuToMarsuTHoro noJsst H — notoku macc. B wacTtHocTH, ypaBHe-
Hue (132), cnenyoliee U3 ¢t KOMIIOHEHTHl YpaBHeHHH DUHIITeHHA, B
cpepryecky CUMMETPHUYHOM CJyyae COBMANaeT ¢ ypaBHeHHeM (22).
Kazasoce 6bl, Boasy OT rpaBUTHPYIOLIMX TeJ YpaBHeHHUs] DHHIITeHHA
OOJKHBI OBITh MOJHOCTBIO SKBHUBAJEHTHBl COOTBETCTBYIOIIMM YpaB-
HeHHussM MakcBeJi/1a, OMUCHIBAIOIINM 3JIEKTPOMArHUTHbIE BOJIHBI, pac-
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npocTpaHdluecsa co CKOpOCTbIO ¢

1 OB
E=——-— |
rot c ot (136)
1 OE
tB=-—. 137
To Py (137)

OpnHako 3TO He Tak, MOCKOJbKY I'DaBUTAllMOHHAs BOJIHA He IOJHO-
CTbI0 MOLOOHA 3JMEKTPOMArHUTHOM, TaK UTO B BOJHOBOH 30HE OHa He
OMNMCbIBAeTCA IBYMS BEKTOPHBIMH BeJqHYMHaMu g U H. DkBuUBaJeHT-
HOCTb HMeeT MeCTO JIMIIb B CTaTHYECKOM cJayuae, Korna d/0dt = 0.
[TosiBsieHHMe  1OMOJNHUTENBHOH
$V TPaBUTOMAarHUTHOH CHJIBl U SBJISIET-
csl HauboJjlee BaXKHBIM CJIeACTBHEM
IBHXKEHUS TesJ B O0OlLled TeopuH
OTHOCHUTEJIbHOCTH. Hanpuwmep,
MOKOALIMKICA OeCKOHeUHO IJIMHHBIH
MacCHBHBIH  LUUJHHAP  (KOTOPBIH
MBI  [JI1  NIPOCTOTHl  HAalpaBHM
BJIOJIb BEPTHKAJNbHOH OCH z) OyZHeT
CO3/1aBaThb BOKPYT ce0s pafualbHOe
rpaBUTALlMOHHOE [0JIe

=
Y

a
Y

-
Y

2G
g:__,u'gerlv (138)

- r1
Puc. 17. T'paButomarHuTHOe moOJE rne Mg(F/CM) Macca Ha €LHHHLE
H 863y onHopoaHoro uuauuapa,  AJIHHBL T — DacCTOSHUE OT OCH
JBUKYL1Erocsl BAOJb OCH 2 CO CKO- Z, a ep, — €IWHHWYHBbIM BEKTOD, Ha-
poctbio V MpaBJeHHBIH OT och z. Ecau xe

Ternepb UMJIMHADP OymeT ABHUraTbCs
BJIOJIb CBOeH ocCH co ckopocTbio V < ¢ (ecm. puc. 17), To B mo-
MoJIHEHHEe K TPaBUTOJEKTPUUECKOMY TOJI0 g TMOSBUTCS U I'PAaBUTO-
maruutHoe mnoje H, BesnuumHy KoToporo, coriacHo (135), MoxHO
OTIPeNIeJIUTh B TOUHOM COOTBETCTBHH ¢ 3akoHOM buo-CaBapa

8GV
i€, (139)

ric
[Tpn aTOM OCHOBHOE OT/IMYME OT CJyuast 3JeKTPOMarHeTU3Ma COCTOUT
B TOM, UTO B TEOPHH IPaBUTALUU CYLIECTBYIOT YaCTHLbI JIHLIb OJHOTO
3HaKa 3apAja, M M03TOMY IPaBUTOMArHWTHas cuja Bcerma B vV/c?
pa3 MeHblle OObIYHOH CHUJIBl I'PaBUTALUU. B asekTpoauHaMHKe XKe
BO3MOXKHA CHUTyallUsi, KOrZJa MpPOBOL C TOKOM 3JIeKTpOHeHTpaJeH,
T.€. KOTJa CyLIecTByeT JHIIb MarHUTHOE IoJie, a 3JeKTpHUuecKoe
nose BooOlle He BO3HHMKaeT. MHTepecHo, uTO 1Ba MNapaJJesbHBIX

H=-
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UUJAUHAPA, ABUKYLIHECS B OLHOM HalpaBJeHHWH BIOJb CBOMUX OCEH,
OynyT He NPUTATUBATBLCS, KaK /Ba NapaJjijesbHbIX TOKA, a, HA000poT,
OTTaJKHBaTbCs Apyr oT apyra. OnHako cu/ia OTTaJKHBaHHS, CBS-
3aHHas C rpaBUTOMarHUTHBEIM noseM H, Bcerna Oynet MeHbIe CHJIbI
MPUTS2KEHUS], CBA3aHHON C TPaBUTALIMOHHBIM MOJIEM g.

Jpyro# npumep — BpallaoILANAcA OLHOPOAHBIN 1ap ¢ Maccold M
¥ MOMEHTOM uMmysabca J, = 2/5 - M R?*Qe, GyneT co3iaBathb MoJs

M
g——1ln, (140)
r
H_EJT—Sn(JTn)’ (141)
C 7‘3

T.e. OOblYHOe TIoJie I'PaBUTALUHM U AMUIIOJNbHOE TPaBUTOMAaTrHUTHOE
noJse.

HakoHel, elle ofHHM cjelCTBUEM CYL1eCTBOBaHHUS TpaBUTOMar-
HUTHOTO TOJIsl SIBJISIETCS IPABUTOMArHUTHAS Mpelecchst THPOCKOIIOB.
MoxHO cKasaTb, 9TO 3TOT 3(PPEKT eCTh AAJbHUH POACTBEHHUK 3HA-
menuroro spgexra K.Bb.JI. dyko (1819-1868). Tonbko B ombiTe
DyKo MOBOPOT TJIOCKOCTH MAasTHHKA CBSI3aH C Bpawlamollecs 3eM-
Jiell, KoTopasi He sIBJsieTCs UHeplLHaJbHON cHcTeMol oTcueTa. B pe-
3yJbTaTe TOSIB/SIOTCS HEMHepLUaJbHble CHUJIbl, PUBOASIINE K MOBO-
POTY MJIOCKOCTH MasiTHUKA. ['paBUTOMarHuTHas e MpeLeccusl BO3-
HUKaeT 3a CUeT IMOsIBJEHHUS JOTOJHUTENbHBIX CHJ, KOTOPble 06YyCJ/I0B-
JIeHbl IBU2KEHHEeM TeJl; B pe3y/bTaTe, CHCTEMA O0TCUeTa, OKOMLLascs
OTHOCHTEJIbHO Y/aJleHHbIX 3Be3[l, CTAHOBUTCS HeHHEPLHOHHOH.

[Tomo6HbIH 3(DPEKT XOPOIIO HU3BECTEH W B JEKTPOIUHAMHUKE H
HasbiBaeTcs npelieccredl Jlapmopa. Kak nokasaHo Ha puc. 18, cuna
Jlopenua Fj; = ev x B/c, neficTByioliasi Ha 3JeKTPOH, ABHXKYILIHHCS
BO BHelIHeM MarHuTHOM moJsie B mo 3aMKHYTOH opOuTe, Hampumep,

B H

Fnot— 1 | Hes Tt~ |
T A
(0 O e S I N R e R

Puc. 18. Ilpeueccus Jlapmopa B marHutHoMm mnose B u mpeueccusi rupockona B

rpaButoMarauTHoM mosie H. Mowment cuabl Jloperua r X Fy, rone Fp = ev x B/c

MPUBOJIUT K TIPeLecCHH OPOUTHl 3/1eKTPOHA BOKPYT HAMpaBJeHHs BHELIHEro MarHMT-
HOTO 10J1s. AHAJIOrHUHBIA 3(P(heKT UMeeT MeCTO U B I'DAaBUTALIHOHHOM I0JIe
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B aToMme !), MPUBOAMT K TOSIBMEHMIO MOMEHTa CMJ, MPUBOAALIETO
K BpALleHHIO IJIOCKOCTH OPOUTBI 3/1€KTPOHA BOKPYT HalpaBJ/IeHHS
MarHUTHOTO MOJ ¢ 4aCTOTOH

_eB
© 2mec’

Q1 (142)
[TockonbKy »Ke, KaK MBI BUJEJH, CHJIA, AEHCTBYIOIIAs B IpaBUTALU-
OHHOM moJsie Ha ABHXKYylleecs Tejgo Fy = mv x H/c nono6Ha cune
JlopeHua, To Takas ke mnpeleccuss NOJMKHA HMeTb MeCTO W [
BpaLIAIOLErocsl TMPOCKONa, OCb KOTOPOTO He COBNAJaeT C Hampas-
JIeHHeM T'PaBUTOMarHUTHOrO moss. A Tak kKak udacrtorta Jlapmopa He
3aBHUCHUT OT paauMyca OpOUTHI (M, 3HAUMT, KaXKIblH 3/7€MEHT MacChl
TMpeleccupyeT ¢ OIMHAKOBOH 4acTOTOH), TO yIJIOBasi CKOPOCThb TIpe-
eccuu OyIeT ONMHAKOBOH MJis /060N (hopMBbl BpalllaloLlerocs TeJa.
[Tosromy B Beipaxkenuu (142) BMecTo 3apsijia € CaeayeT MNpocTo MOf-
CTaBUTb Maccy Tesa m. B pesysbrare, yactoTa npeLeccuy rupockona
3alNuIIeTcsl B BUIE o

g~ 9.

[Tockosnibky #u camo rpaButoMaruutHoe mnose H (141) mpomopumo-
HaibHO ¢!, 3((eKT MpeleccHH Takxke ABJAETCS MOCTHBIOTOHOB-
CKHUM: {lg 0C €7,

Bmecrte ¢ TeM, Hy»XKHO YeTKO MOHHUMAaTh, YTO AHAJIOTUSI MeXIy
rpaBUTalMeld W 3/eKTPOMarHeTH3MOM He siBjsieTcs NosHOH. [lei-
CTBUTEJIbHO, Mbl BHJEJH, UTO KJIIOYEBbIM CBOHCTBOM T'DaBUTALUH
SIBJIIETCA BO3MOXKHOCTb epeliTH B TaKyl0 HeHHepLHaJIbHYIO CHCTEMY
OTCuYeTa, B KOTOPOH rpaBUTauus OyldeT OTCYTCTBOBaTb. Huxe Mbl
YBUIMM, UTO (DU3HUECKH BbII€J€HHBIMU OyAyT T€ CHUCTEMBl OTCUETa, B
KOTOPBbIX OTCYTCTBYeT IpaBUTOMarHuTHoe noje H, T.e. Te cucremsl,
B KOTOPBIX OTCYTCTBYeT IpeLieccust rupockonos. C Apyrod cTOPOHH,
€CJIM 3/1eKTPOMAarHUTHOE T10JIe CyIeCTBYeT B OJHOH CHUCTeMe 0TCYeTa,
TO OHO OyJeT CyllecTBOBAaTb M BO BCeX JApyrux. s MHepLHaIbHBIX
CUCTEM OTCYeTa 3TO CTAHOBHUTCS SICHO, €CJIM Mbl BCIIOMHHM O Cyllle-
cTBOBaHMM uHBapuanTa I; = B — E2, kotopbiii, Gyniyun He paBHBIM
HYJI0 B OJHOH M3 CUCTeM KOOpAMHAT, HHUKOIJA He CMOXeT ObITb
paBHBIM HYJIIO B KakoH-HMOyab Apyrodl. Takoe oTiM4Me CBfI3aHO C
TeM, 4TO 3aKOHbl PpeoOpa3oBaHUs NPH Mepexole U3 OJHOH CHCTeMbI
B JPYTyl0 /IS 9JeKTPOMArHMTHBIX M IPaBUTALMOHHBIX MOJEH OTJIH-
4alTcs APYr OT Apyra.

(143)

1) dTa cuaa npeanoJiaraeTcs MaJol 1o CpaBHEHUIO CHJION KYJIOHOBCKOT'O B3aH-
MOJENCTBHS 3JIEKTPOHA C aTOMHBIM AAPOM.
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2.2. Knaccuueckne MOCTHbIOTOHOBCKHE 3KCIEePHUMEHTBI

2.2.1. I'paBuTanuoHHOe KpacHoe cmemeHue. Kak Mbl BHU-
neu, 3pHeKT TPaBUTALMOHHOIO KPACHOTO CMEIIeHHs CYIIeCTBYeT
U B HBIOTOHOBCKOH TeopuH. DPaKTUYECKH, OH O3HauaeT MPOCTO TO,
4YTO «KHHETHYecKas» 3Hepruss QotoHa hr, Kak U J0b6oro TeJa,
yMeHbIIaeTcsl MPU BBIXOJE M3 PaBUTALMOHHOrO moJs. [losTomy ags
MaJblX €, BeIpaxkeHHe (97) naeT nJa M3MeHeHHs 4acToThl (OTOHA v,
UCTYLIEHHOr0 Ha TOBEPXHOCTH 3Be3[bl paguyca R v NpUHUMaeMoro
Ha 0eCKOHEYHOCTH, Ay CGM

v AR’
Ecnn e QoTOH U3/nydaeTcss Ha pacCTOssHUHM R OT LleHTpa, a peru-
CTpUpYeTCs Ha BbIcOTe [, TO TOrna

Av GM 1 1
7_7<R_1_R_2>' (145)

BriepBrle rpaBUTAlMOHHOE KPACHOE CMellleHre OblJI0 00HApyKEHO
B 3eMHO#1 J1abopatopuu. M aTo HecMOTpsi Ha TO, UTO AJIs1 XapaKTePHOH
pasHocTH BeicoT H = Ry — R| =~ 10 M u3MeHeHHe 4acTOTH (HOTOHA
Av/v cocraBaser Bennunny nopanka 10715 (mostomy nns yno6ersa
pesy/nbTaT 4acTO MPeCTaBJsIOT MAJs 3KBUBAJEHTHOH CKOPOCTH v:
Av/v = v/c). OnHako 3TOT (haHTACTHUECKH MaJjbli 3PQPeKT Obl
nedictButenbHo uaMeper P. [laynnom u JI>k. Pebkoit B 1960 r. nJs
ramMma-jydeid. DTO CTajJ0 BO3MOXKHBIM OJsarogapsi TOMy, 4YTO TaMma-
JIy4H, UCTTyCKaeMble BO3OYKIEHHBIMU SIAPAMU, HMEIOT UCKIIOUUTENb-
HO MaJiblil pa3bpoc Mo HEPrusiM, 4TO MO03BOJISET TOYHO ONpelesUTh
4acTOThl UCMYIIEHHOTO W morjoleHHoro gotona. bauns B [apBapa-
CKOM yYHHBEPCHUTETe MMeJa BBICOTY 22,5 M, @ 4acTOTa MCIOMNb3yeMbIX
ramma-kBautoB v = 2,2 - 10191, B arom caydyae 0KaszaJioch, UTO
SKBHBaJIeHTHas CKopocTh v = 7,5 - 107° em/c. TIpn 5TOM H3MepeHHOe
1 TpelcKa3aHHOe 3HaueHHst Av /v HaXOAUJIHUCh B XOPOLIEM COTJIACHH

Ay(obs)

Ap(th)

BriocsiencTeuu cornacue Hab/tofeHUH ¢ pecKasaHUsMHU o0lel Teo-
PUH OTHOCHTEJNBbHOCTH ynanochk gosectd 10 0,02 %.

['paBrUTallMOHHOE KpacHOe cMelleHHe Oblio 0OHapyKeHO U y Oe-

JIBIX KapJHUKOB. 311eCh TAK»Ke MOXKHO MTPOBECTH YBepEeHHOE CpPaBHEHHE

TEOpUH W HaOJMIOAeHHH, MOCKOJbKY paguyc 0Oesoro kKapauka R c

XOpOLlel TOYHOCTbIO OLIEHUBAeTCsl M0 CBeTHMOCTH 3Be3lbl L U ee

remnepatype T (L = 4w R? ogT*, rne op — nocrosunas Credana-

Bosbimana), a macca M — no opOUTaJbHOMY JBHUKEHHIO B TBOHHOH

(144)

— 1,05+ 0,10. (146)
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Tabaunua 1. ['paBUTaLlHOHHOE KpacHOe CMelleHHe B CleKTpax OesblX KapJu-
koB. Ilns ynoGcTBa pe3ysbTaT NpeicTaBjeH /s 3KBUBAJEHTHOH CKOPOCTH v:

Av/v =v/c

Besnbiii M R v(obs) v(th)

KapJIiK (Mo) (Ro) [km/c] [km/c]
Cupuyc B 1,05 40,03 | 0,0074 40,0006 |89,04 1,6|90,048,0
40 dpupana B|0,48 =0,02| 0,0124 & 0,0005 |23,9+1,3|24,0=1,0
CD-38 10980 |0,74 +0,04|0,01245 40,0004 | 37,9 +£2,0| 37,7 +2,0
Wolf 485A 0,59+0,04| 0,0149+0,001 |24,9+3,2(250+1,7
1.268-92 0,70+0,12| 0,0149 +0,001 |30,2+5,0{29,8+5,1
G154-B5B 0,46 0,08 | 0,0130 £0,002 |22,6 +2,1[22,54+2,1
G181-B5B 0,504+0,05| 0,011+0,001 [29,0+0,8[28,9+2,9
G156-64 0,59+0,06| 0,011+0,001 |34,1+25|34,1+3,4
L481-60 0,53+0,05| 0,012+0,004 |29,7+3,2|28,0+2,8

cucteMe. B Ttabs. 1 npuBeneHsl HaGmogaeMble 3HaYeHHS KpPaCHBIX
CMeleHHH U KpacHble CMelleHHs, NpeacKa3aHHble 1o gopmyie (144).
3necb, KaK Mbl BUIUM, UMEET MeCTO COI/IaCHe Ha YpPOBHE OJHOTO
TpOLeHTa.

[TonsiTHO, 4TO elle GoJblIMe CMeLleHHs IOJKHBI MMETb MeCcTo
y HelTpoHHBIX 3Be3l. OfHaKo 31ech MOKa MpoBepKa MpeacKasaHUH
o0LIell TEeOpUH OTHOCHTEJbHOCTH IpOBeleHA OBITb He MOXKET, II0-
CKOJIbKY B HACToOsIllee BpeMs He CYILeCTBYeT HaleXHBIX MeTOIOB
TOUHOTO OIpeleseHHs] pajilycoB HeHTpPOHHBIX 3Be3l. K Tomy ke B
TEeIJIOBOM H3Jy4YeHHH HeHUTPOHHBIX 3Be3] [0 I0CJeJHero BpeMeHH
He Y/aBaJioChb OTOXKIECTBUTb JIMHWH, YACTOTBI KOTOPBIX OTpemessi-
JIUCh Obl U3BECTHBIMH ATOMHBIMH TEPeXONaMH MeXIY Pa3/JUYHbIMH
YPOBHSIMHM 3Heprud. LIMK/JOTpOHHble Ke JIMHHH, CBSI3aHHBIE C Bpa-
L[eHHeM 4acTHLl B MarHMUTHOM MoOJie, He MOTYT OBbITb HCIOJb30BaHbI
IJ1s1 OTIpefiesleHHs] KPAaCHOTO CMellleHHs], TIOCKOJIbKY TOUHasl BeJHuHHa
MarHUTHOTO MOJIsI HAaM HeU3BeCTHa.

Hakonell, He MCKJIIOYEHO, YTO IpaBUTALMOHHOE KpacHOe cMellle-
HHe OblJIO 3aPEerHCTPUPOBAHO B CIIEKTPAaX aKTHBHBIX TaJaKTHUECKHX
snep, KOTopele, Kak OyleT MOApPOOHO pPacCKa3aHO HUXKe, TMO-BUIHU-
MOMY $IBJISIIOTCS CBEPXMACCHBHBIMH UYepHBIMH AblpaMu. s 3TOro
MCIO0/b30BajMach JUHUSA K, CUIBHO MOHH3HPOBAHHBIX ATOMOB JXKe-
Je3a (T.e. siApa keje3a C OTHUM 3JEKTPOHOM), UMEIOILAsl SHEPTUIO
6,4 x3B. Jleso B ToM, UTO BellecTBO, Majawllee HAa YEPHYIO ABIPY,
JOJKHO CHJIBHO HarpeBaTbcsl U 3(pQpeKTHUBHO M3/aydaTb. [Ipn stom
3Hepruu (PoToHOB, HabJ/IOfaeMblX Y 3eMJH, KOTOpble OblIM HCHY-
LeHbl BOJM3U TOPU30HTA YePHOM IBIPHI, JOJIKHBI OBITb CYIIEeCTBEH-
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HO MeHbllle 9Hepruu (POTOHOB, U3Jy4aeMbIX M3 BHEIIHHX 00JacTed.
CrienoBaTesbHO, MPOQUIIL JUHHUK JAO/KEH HMeThb acCHMMETPHUYHYIO
tdopmy, mokazaHHywo Ha puc. 19. Cefiuac Takoél nmpodusb JHHUH
XKeJsleza 0OHApPYKeH y»Ke Y HECKOJbKHUX [eCSTKOB 0ObEKTOB, OfHAKO
HeolpeeseHHOCTb B HHTEpPIpeTally He MO03BOJSET MOoKa HaleXXHO
OTpeesUTh MapaMeTpbl UepHOH AbIPbl U MPOBEPUTH MpelcKa3aHHs
0011el TeOpHUH OTHOCHTENBHOCTH.

[NV}
(28

DO
(=)

MCG -06-30-15

—_
Ut

Ut

10! poronos cm 2 k3B L ¢!
=
(o=

Oueprus, k3B

Puc. 19. IIpoduap munun K, CHIBHO HOHHU3MPOBAHHBIX aTOMOB 2KeJse3a, HabJlioza-
eMblif B CIIEKTPAX aKTHBHBIX raJaKTHUeCKUX siep

B 3akJjiouyeHue, OTMETHM, UTO TPaBUTAIlMOHHOE KPAacHOe CMellle-
HHe MOXKeT ObITb C(DOPMYJHPOBAHO U Ha SI3bIKE XOPOLIO H3BECTHOTO
«mapajokca Osu3HeloB». Ec/iu OOMH udesoBeK MPOBENET KaKOe-TO
BpeMs B 6oJiee CUJIBHOM IPAaBUTALMOHHOM TI0JIe, TO OH OKaXKeTCs MO-
JIOXKe CBOero 6pata, HaXO[NUBILIErocsi BCe BPeMsl BAaNH OT TPaBUTHUPY-
toiux tesi. CrpaBefIMBOCTb 3TOTO 3aMeUaTeIbHOTO SIBJEHHUST TaKXkKe
He pa3 TPOBEPSIOCh IKCIMEPUMEHTANbHO. B OHOM M3 TakHUX 3JKCIe-
PUMEHTOB, MPOBeNeHHBIX MepueHICKUM yYHUBEPCUTETOM, ONHH H3
IBYX OJMHAKOBBIX I[€3UEBBIX YaCOB OBIIH yCTAaHOBJIEHBI B CaMOJIETE,
B TO BpeMs KaK JApPYyTHe 4achl ocTaBajuch Ha 3emJie. [locne nsitHa-
J11aTHYaCOBOr0 IM0JeTa 0Ka3aJoCh, YTO Yachl, HAXOAUBIIHECS] B CaMO-
JieTe, YUY Biepel Ha 47 HaHOCEKYH[. DTOT Pe3yJbTaT HAXONUTCS B
MPEBOCXOMHOM COTJIACHH C TNpPEeNCKA3aHUsIMU TEOPUH, MPHUEM TaKas
BeJMYMHa 00bACHSeTCS KoOMOMHAUuWed NBYX 3((eKTOB, CBA3aHHBIX
C peJNIATUBUCTCKUM H3MeHeHHeM Xoia 4acoB. JleHCTBUTE/NbHO, MO-
CKOJIBKY Yachl, YCTAHOBJIEHHbIE B CaMoOJieTe, HAXOIHUJINCh Ha OOJIbILIOH
BBICOTE M, CJIel0BaTeNbHO, B MeHee WHTEHCUBHOM I'DABUTALMOHHOM
noJie 3eMJIM, OHU YLLK Brepeld Ha 53 HC (rpaBUTALMOHHOE KpacHOe
CMellleHWe), HO B TO K€ BpeMsi OHM OTCTajJu Ha 6 HC, MOCKOJbKY
caMoJIeT JBUraJICsl OTHOCHUTE/IbHO HEIOABHXKHBIX 4acoB (3aMejJjeHue
BPEMEHH).
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2.2.2. Otkiaonenue csera B nmose Comana. Cam ¢akT oTKJIO-
HeHHSs Jiy4ya CBeTa B IPAaBUTALIMOHHOM MOJIe TaKXKe He SBJIseTCs CBOM-
CTBOM JIHLIb TOJBKO 00lllell TEOPUH OTHOCHUTENbHOCTH. Kak u Jitoboe
MaTepHUasbHOe TeJo, 00Jafaloliee SHEPrHel, Jyd cBeTa NOJ/KEeH OT-
KJIOHSITbCSI B TPaBUTALMOHHOM moJie. MHBIMU cjoBaMHU, OTKJIOHEHHE
CBeTa CYILECTBYeT YXKe B paMKaX TEOPUH BCEMHPHOTO TATOTEHHS.
Aror 3ddekrT, nmo-suaUMoMy, Obl1 H3BecTeH U HploTOHY, omHaKo
BrepBble 4eTKo Obla chopmyauposan M. T. 3onpanepom (1776-1833)
B camoMm HavaJse XIX Bexa. [IpocTeliinii pacuer mokaspiBaeT, 4yTo B
3TOM CJlydae yroJ OTKJOHEHHS COCTaBJseT

Al = 22GiM (147)
¢ Rin
rae Rpyin €CTb MUHHMaJsIbHOE COMMKEHHe Jyya CBeTa C TPaBUTHPYIO-
wuM TesoM. s ConHua npu Ruyin = Re Yrosa OTKJIOHEHHS paBeH
0,8 yra0oBbIX CEKYHBI.

OnHako, Kak Mbl BHAEJH, MPU CKOPOCTSAX, OJU3KHX K CKOPOCTH
cBeTa ¢, HeOOXOAMMO YYUTHIBATh OTJAMYHME OT €IMHHIIBI HE TOJBbKO B
METPUUECKOM KO3(p(ULIUEHTe ggg, HO U B MeTPUYECKOM KO3(PPHULHU-
eHTe ¢,r. Kak ObLIO MOKa3aHO, B CJa0bIX T'PABUTALMOHHBIX TOJSX
TMONPaBKU K TIJIOCKOH MeTpuKe MUHKOBCKOTO B BeJMYMHAX (oo H
grr B pamMkax OTO cosnapator. [lpu 3TOM 00e MOMpaBKH HMEKOT
OllMHAKOBBIH 3HaK. [loaTomy n/s syda cBeTa, Y KOTOPOrO CKOPOCTb
B TOUHOCTH paBHaA ¢, UMeeM
2GM
CQRmin’
1.e. 1 OTO TouHo B nBa pasza GoJsibllle, YeM 3TO JaeT HepessTH-
BUCTCKasi TEOPHS.

[Tostomy A. C. dnaunrton (1882-1944), npoBoguBuuii B 1919 r.
M3MepeHHsl BO BpeMs COJTHEYHOrO 3aTMEHHs], HMeJ YeTKYIo Mporpam-
My nedcTBUE. EMy mpencrtosisio BBISICHHTB, KaKOe H3 TpeX yTBEpXK-
JIeHUH:

1) ceet He oTkJoHseTcs B mose CosHIla,
2) cBeT oTKJOHsAeTcss Ha yroa 2GM/c?R cormacHo Teopuum Bee-
MHPHOTO TSATOTeHHUs, 4To coctaBiaserT 0,874 yryoBbX CeKyHI
s kpasi ConHLa,
3) cBeT oTkJoHseTca Ha yroa 4GM/c? R cormacHo o6uieil Teopuy
OTHOCHTEJILHOCTH, T. €. Ha 1,749 yrioBeIX CeKyHI,
SIBJISIeTCST MCTHHHBIM. Kak mokasanu H3MepeHHs, NMPOBeleHHblE B
IBYX MecCTaxX, BeJHYMHA OTKJOHeHus coctaBuaa 1,98 + 0,30 wu
1,61 £ 0,30 yrsioBeix cekyHa. MHbIMU c/ioBaMH, ¢ TOYHOCTBIO TOPSi[-
Ka 15% pesyabrat comanan c¢ mnpenackasanuem OTO. CoGeTBeHHO

AO = (1 +7) (148)
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rOBOPSI, UMEHHO MOCJe IKCNeIUIUH DAJUHTTOHA, OTBETHUBLIEH «1a»
Ha TPeTHH BOMPOC, TEOPHS OTHOCHTEJbHOCTH DUHINTeHHA U HadaJja
cBOe TpuyM(aJsbHOe LIecTBUe [0 MHUpY. BrocsencTBuu corsacue c
Teopuell ObLJIO CYLIECTBEHHO YJYULIEHO, U celuac Mbl UMeeM

% (1 +~)=1,001 4 0,003. (149)

2.2.3. [Buxenne nepureausi Mepkypusa. Kak yxe rosopu-
JIOCb, NBHMKeHHe mnepurenusi Mepkypus (mopsinka 43 yrioBbix ce-
KYHZbl 32 CTOJIeTHe) OBLI0 eIMHCTBEHHBIM CTPOT'O yCTaHOBJIEHHBIM
OTJIMYMEM OT TIPeJCKa3aHUH HepeATUBUCTCKOH TeOpHUH, KOTopoe Obl-
Jo u3BecTHO K Hadasay XX Beka. @usnuecku 3TOT 3PQPeKT CBsi3aH
C TeM, YTO 3aMKHyTas 3JJIMNTUYEeCKass OTOWTAa HMeeT MeCTO JIHIIb
715 HBIOTOHOBCKOTO MOTeHLHMana ¢, = —GM /1 (a Takxke Ans mo-
TEHLHAJ/IA TIPYXHUHBEl Qg X 72, KOTOPBIHl He MOXeT OLITh peanu30oBaH
B actpodusuke). Jlo6oe HeGoMbIIOE OTAMYHE OT ITOTO MOTEHLIHAJA
MPUBOIHUT K TOMY, UTO 3JIJIUIIC, 10 KOTOPOMY JBHKETCS MJIAHETa HJH
3Be3la, caM HauWHaeT MeJJIeHHO BpallaThbCs, TMOCKOJNBKY TeJ0 He
BO3BpAILlAeTCs TOYHO B Ty 2Ke TOUKY, U3 KOTOPOH OHO HAuHHAJO CBOE
I BUKEHHE.

TouHoe BeIpaXkeHHe AJisI YIVIOBOTO CMeIlleHHsl OpOUTEI TeJsa, Macca
KOTOPOT'O MHOTO MeHbllle MacChl LIeHTpasbHOH 3Be3nbl M, 3a onuH
000pOT HMeeT BUJ

GM
Ap=21(24+2y—8) 150
o =2m(2+ 2y ﬁ)cga(l_eg) (150)
rie ¢ — OoJbllas MOJYyoCb OpPOUTB, & € — ee SKLEHTPUCHTET.

PanuosiokaunoHHble XKe H3MepeHHs cMellleHusl nepurenust Mepkypus
JaKT elle 00/bIIYI0 TOYHOCTD

%(2+27_5>: 1,003 + 0,005. (151)

Ta6nuia 2. BekoBoe cMmellleHHe MepUresius [Jjsi MJIaHET CONHEUHOH CHCTEMbl
(yrai. cexkynn/100 set)

[nanera | A(H) AfPs) (2+2y—-0)/3
Mepkypnit | 43,03 | 43,11 +0,45 | 1,003 + 0,005

Benepa 8,63 8,44+48 0,97 + 0,55
Semas 3,84 50+ 1,2 1,34+£0,3
Mapc 1,0 1,3+0,4 1,3+0,4

Hxap 10,3 9,8+0,8 0,95+ 0,08
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Kak MBI BUAHM, 3[leCb TaKxKe CYLIeCTBYeT I0JIHOe COrJacue MpeacKa-
3aHWH 00I1eH TeOPUH OTHOCUTEJNbHOCTH U HabOJIOAeHUH.

Cefiuac BeKOBOe CMelleHHe NTEPUTeNHsl H3BECTHO U Y Psia IPYyTUX
MJIaHeT CosHeuHOH cucreMbl. IIpu aTom, Kak BuAHO K3 Tabia. 2, BO
BCeX C/1ydasx pesy/bTaTbl HaOJIOAEHUH He IPOTHBOpeUarT rnpeackasa-
HUSM OOLIeH TEOPHH OTHOCHTENbHOCTU. C IPYyTrOH CTOPOHBI, OCTaJb-
Hble TJaHeThl He MOTYT COMepHHYaTbh ¢ MepKyprHeM Mo TOYHOCTH
COBMAaJeHHs] TEOPHUH U HaOJIONEHUH.

2.3. HoBble 3KkcriepuMeHTBI

2.3.1. 3agepxka Hlanupo. DypHoe pasBuThe HabJonaTesb-
HOM acTPO(H3HUKH B HauaJle LeCTUAECATHIX [O0B PUBEJIO He TOJNBKO
K BO3MOXKHOCTH 0oJiee TOYHO INPOBEPUTh KJ/acCHUYECKHe IMOCTHbIO-
TOHOBCKHe 3(peKThl, HO U C(OPMY/IHPOBATb U IPOBEPUTb HOBBIE.
[Ipexxne Bcero, 611 chOPMYJHUPOBAH UEeTBEPThHIA MOCTHBIOTOHOBCKHH
3¢ (eKT, KOTOPbIH HOCUT HMSI PyKOBOAMTEJS NPOeKTa paauosoKallu-
oHHoOTO 3oHAupoBaHus maaHer Y. llanupo. Ecau BHyTpeHHAs mia-
HeTa, Mepkypull niau BeHepa, HaXxonuTCsl Ha HauMeHbLIEM YIJIOBOM
PACCTOSIHUM U IIPU 9TOM Ha NPOTUBOMOJOXKHOH 4acTH OpOUTHI, TO pa-
IUOCHUTHaJ/ OyleT paclpoCTPaHsTbCS B HENOCPeNCTBeHHOH OJIHM30CTH
ot CoJiHLIA, rPAaBUTALIHOHHOE 0JI€ KOTOPOTO COKPAIAeT MPOMEKYTKH
BpeMeHHU U YAJIHUHseT paccTosiHus. [lostomy curhany, (axkTuyeckw,
HY>KHO NPOUTH OoJbllee PACCTOSHHE, 4YeM TO, KOTOpoe OblLI0 Obl
B IIJIOCKOM IIPOCTPaHCTBE, He MCKaKeHHOM TPaBUTALlMOHHBIM I10JIEeM
CousHua.

B pesysnbraTe, Ha aseMeHTe Jydya AJHHBL 6/, HaXoAslleMcs Ha
pacctossHud 7 oT CoJsiHIIA, BpeMeHHas 3ailepKKa JO0J/2KHA COCTaBHUTh

2GM

62T

cots = (1 +7) 5l (152)

[IpocymMupoBaB Temnepb 3aAepKKy OT BCel IJIUHBI Jyda, MoJydyaeM

2GM . rg+1rp,+ R
Ats = (1+) a3 lan_'_Tp_R,
P

(153)

rae rg U rp — paccrosguus oT ConHua g0 3eM/d U M1aHeThH, a R —
pacctosiHUe MeXnay 3emsel U miaHeTod. PopmanbHO 3TOT 3hdeKT
NPOTIOPIIMOHAJIEH ¢~ 3, ofHaKO cooTHoweHHe (152) MokasbiBaeT, uTo
5T0 TakKoi ke 3D(EKT v~ ¢~ 2, KaK M KJaCCHYecKHe MOCTHBIOTOHOB-
ckie 3((eKTbl, a MOsiIBJeHHe JOMOJHUTEJbHOH CTENeHH ¢ CBsI3aH
C TeM, UTO Hac MHTEepecyeT BpeMs 3alep:KKH, a He Oe3pa3MepHBIH

yToJ.
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Puc. 20. 3anepxka Ilanupo npu papnosokanun niaaHer. CUrHas BO3BpaTHUTCS Ha
3eM/I0 4yTb MO3XkKe, ueM ecad Obl rpaBUTaluoHHOe mose CoJHLIA He HCKaXKaJjo
NPOCTPAHCTBO-BPEMS B CBO€H OKPECTHOCTH

[IpoBeneHHble Hab/IOeHUs T[0Ka3aau, 4To I Mepkypus ot
3JIOHTAlMK [0 BEPXHEro COeMHEHHUs BpeMsi 3allepKKH At H3MeHseT-
cst ot 15 no 240 mkc. Ilpu atom cornacue ¢ nmpenckaszanusamu OTO
cocTaBJsieT 1

§(l+7): 1,01 +0,02. (154)

XapakTepHbId X0I BpeMeHHOW 3aaepKKH mnokasaH Ha puc. 20. Bro-
CJeCTBUM IJIs1 onipeneseHus 3afep:xku Lllanupo 6bliu Mcmnoab30Ba-
Hbl KOCMHWYeCKHe ammnapaThl, 3amlylleHHble AJs U3y4deHHUs] BHEIIHHX
MJIaHeT COJIHEYHOH CUCTeMbl. B pesysbTaTe, cornacue ¢ Teopueid JUH-
wrefina 6bwta gosegexo o 1073 (VIKING), a sarem u mo 2 - 107°
(Cassini).

2.3.2. Pagnonynabcapsl B TECHBIX TBOWHBIX CHCTeMaX. YHU-
KaJbHOU JlabopaToprell A8 NpoBepku 3(PpdeKToB 0OLIel TEOPUH OT-
HOCUTEJNbHOCTH 0Ka3aJMCh PafuOoNyJibCapbl, BXOASIINE B COCTAB TeC-
HbIX IBOHHBIX cHcTeM. [leHcTBUTENBHO, MOCKOJBKY pPaaHoINyJ/bcaphl
TNpeaCTaB/SIOT COO0H TOUHBIE Yachl, JBHUXKYIHeCs B IPaBUTALMOHHOM
noJie 3Be3/bl-KOMIIAHbOHA, TO OHH MO3BOJSIOT MOJYUYUTb YHHKaJ/b-
HYI0 HH(QOPMALIHMIO O KPUBH3HE NIPOCTPAHCTBA-BpeMeHH. [leio B TOM,
4To cpenu GoJsiee CTa «IBOHHBIX» PagHOINY/IbCAPOB MU3BECTHbI IEBATDH
c/y4aeB, B KOTOPbIX 3Be3[1a-KOMIAHbOH TAKKe SIBJSIETCS HEUTPOHHOH
3Be3noil. A B cucreme J0737-3039 o6e HeHTpoHHbIE 3Be31bl Ha-
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GsogaloTes Kak paguonyabcapbl. [Ipy 3ToM B ceMM caydasx opouTa
OKa3blBaeTCsl J0CTATOUYHO TECHOH (OpOMUTA/bHBIA MEPUOL COCTABJSET
BCEro HECKOJbKO 4acoB), TakK 4TO B Hel ymaeTcsi 3aperHCTPUPOBATh
BCe TOCTHBIOTOHOBCKHE 3(P(EKTHl, TakWe, KaK U3MeHeHHe JOJTOTHI
nepuacTpa, rpaBUTAlMOHHOE KpacHoe cMellleHHe W 3anepxky [lla-
nupo. B atom ciydae ymaercsi onpenesuTb Bce 3JeMEHTBI OPOUTHI,
a TakXXe Macchl ob6enx 3Be3n. Ha ceronHsiliHUM neHb 3TO HauboJiee
TOYHOE OTIpe/ie/ieHHe MacChl 3Be3/lbl, JOCTUTHYTOE B aCTPOHOMHH.

B yacTHOCTH, 3TO CTAHOBUTCS BO3MOXKHBIM Osiarofapst TOMY, 4TO
y BCeX MyJIbCapOB, BXOMSIIUX B TeCHble JBOHHBbIE CHCTEMBI, IKIIEH-
TPUCHUTET OpPOMTHI OKa3bIBaeTCsl Upe3BbIUaWHO BHICOK (cM. Tabi. 3).
[TosTomy, HampuMep, TpaBUTAllMOHHOE KPACHOE CMellleHHe — H3Me-
HeHHe BO BPEMEeHHU YIVIOBOW CKOPOCTH BpALleHHs HEUTPOHHOH 3BE3/1Hl,
u3MepsieMoe yaaJeHHbIM HabJofaTeseM — CYLIeCTBEHHO 3aBUCUT OT
BpPeMeHH, MOCKOJIbKY PafHONyJ/bcap BUXKETCS B epeMeHHOM TpaBH-
TAlMOHHOM [10Jie CBOEro KoMNaHboHa. B utore, xotsi cam apdexT u
COCTaBJISIET JIMIIb HECKOJIbKO TBICSTYHBIX JNOJIEH CEKYHJbl, OH MOXET
ObITb YBepEHHO BblJeJ/eH. 31eCh CBOIO POJb ChIrPATH U YPe3BbIYalHO
y3KHe cpelHHe MPO(UIM HUMIyJabca pagdoU3aydeHHs (y MmyJbcapa
1913 + 16 — oM MHJJHMCEKYHIBI), UTO MO3BOJMJIO C OOJbIIOH
TOYHOCTbIO MPOBECTH BPEMEHHYIO MPUBS3KY.

HanomHuM, 4To KJaccHueckue MeTOHdbl HaOMOAATEbHOU acTpo-
HOMUH, omnpefesolirde ¢ moMollbio a¢pdexrta Jonnepa paananbHylo,
T. €. MapaJJ/esJbHYyI0 Jydy 3peHHs, KOMIOHEHTY CKOPOCTH OIHOH H3
3Be3n K (1), mokazaHHY Ha puc. 21, MO3BOJAIOT HAUTH JIHULIb YaCTh
nmapaMeTPOB, XapaKTePU3YIOIIUX [ABOUHYIO CHCTEMY. DTO TpexIe
BCcero OpOUTAJbHBINA mepuon P, W 3KUEHTPUCHUTET €, ONMHAKOBBIE
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Puc. 21. Kpusast snydeBoét ckopoctu K(t) pamuonyabcapa 1913 + 16, nsmepen-

Hasg mo sddexry Homnepa. Popma KpUBOH M03BOJSIET ONpPefeJUTb He TOJbKO

opbuTaNbHBEIA mepuon P, HO M 3KUeHTpucHTeT e u ¢yHKuuw mace f(M) (cm.
[Mpunoxenue 6)
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y 06eux 3Be3M, a Takxke KOMOWHAUHUS a|sini, e a; ecTb 60Jblias
MoJyoCh 3JMICA, O KOTOPOMY [BHKeTcsl HalJjionaemasi 3Be3na,
a ¢ — YToJl HaKJOHA IJOCKOCTH OPOUTH K KAapTHUHHOW TJIOCKOCTH
(mIoCcKOCTH, MepreHAuKYAspHOU Jydy 3peHus). Kpome Toro, onpene-
JsieTcs ele T. H. yHKIHUS Macc (moppobHee cm. [Ipusoxenue 6)

M3 sin® i

f(M) = (Ml +M2)2'

(155)
MHbIMM c/lOBaMH, He XBaTaeT ellle TPeX YpaBHEHHH MJisl onpeneJe-
HUSI BCeX MapaMeTpoOB MBOHHOH cHUCTeMbl. TpH MOCTHBIOTOHOBCKHE
TMOMPAaBKK KaK pa3 W IMO3BOJSIOT MOJYUHUTb HEOOXOAMMbIE IOMOJNHU-
TeJIbHble COOTHOILEHHS.

[Tpexne Bcero, 3T0 ckopocTh ABHKeHHs mepuactpa (150), KoTo-
past MOKeT OBbITb MepernucaHa B BULe

. B\ P ra\*? 2/3 2\-1
w:3<%> (C—3> (M) + My)?3(1 —e*)~ 1. (156)

dta Beqn4yMHA Obla ONpeaeseHa MPaKTHUEeCKH y BCeX TECHBIX ABOH-
HBIX CHCTeM, COMep:KallMX HeHTPOHHble 3Be3[bl, MOCKOJbKY AJS ee
ornpeje/ieHUs NOCTATOYHO JIHIIb HECKOJbKHUX MecslleB Hab/oaeHUH.
Kak ™Mbl BUIMM, BeJMUMHA w 3aBUCHUT JIMIIb OT TOJHOH MacChl CHCTe-
Mbl, YTO MO3BOJIMJIO AOCTATOYHO TOYHO OLEHUTh MacChl HEHTPOHHBIX
3Be3n. [Ipy sTom okasanoch, 4TO A/ BCeX OOBEKTOB MX MacChl C
ToyHOCTbIO Topsinka 10 % coBmanaloT ¢ 4aHApaceKapoBCKUM Ipele-
aoM Mcy ~ 1,4Mg. DTOT pesyibTaT, HECOMHEHHO, HMeeT (yHIa-
MeHTaJIbHOe 3HaueHHue /Il TEOPUH 0Opa30BaHUsl HEUTPOHHBIX 3BE3J.
Hanomuunm, 4To ¢ TeopeTHyecKo#l TOUKH 3peHHst HEHTPOHHAs 3Be3la
MOXKeT UMeTb ropasfo GoJsiee MHUPOKUH aAnuanazoH macc — ot 0,1 My
no (2 —3)Ms.

Bropoe momosHuTebHOE COOTHOLIEHHE Ha MapaMeTpbl OpOUTHI
JlaeT rpaBUTALMOHHOE KpPacHOe CMelleHHe, KOTOpoe He0OXOAUMO aHa-
JIU3UPOBATh BMeCTe C nornepeuHbiM s dektom Jonaepa (cm. [Tpuso-
XKeHHe 7). AMIUIUTYa IONOJMHUTENbHON 3a1epXKKH BpeMeHH MPUXo/a
MMITYJIbCOB 7y, MMeeT BHJ,

(157)

_ (B 13 G238 My (M, + 2My)
o=\ on 2 (M + My)4/3

J_IJ'IH CaMblX TE€CHBIX JBOHMHBIX CUCTEM, coepxKallx paaromnyabcapsl,
OHa COCTaBJIAE€T TbhICAYHbIE NOJW CEKYHIbI.
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Hakower, ere ogHUM H3MepsieMbIM 3Q(PEKTOM SBJISIETCS 3a1epK-
ka Hlanupo (153), KoTopasi MOXKeT ObITb IMepenucaHa B BHE

Atg = —2rgln [1 —ecos E—
— s[sinw(cos E —e) + (1 — e2)1/2 coswsin B]|.  (158)

3neck E — 3KIEHTpUYecKas aHOMaJisi — eCTb yTroJl, ONpeiesoni
nosioxkeHue Tesna Ha opoute (cm. [pusnoxenue 6). B obuiem caydae
3anepxkka lllanupo 3aBUCHUT OT ABYX MapaMeTpoB, s U §:

rg = Gj‘f{ (159)
s = sint, (160)

OIHAKO OOBIYHO yHAeTCsl YBEPEHHO OMPeAeJUTh JIUILb aMIIUTYAY T'S.

Kak BunHo u3 Tabu. 3, 6aaronaps yHUKaJAbHBIM (PU3UYECKUM Ma-
pameTpam, MOCTHBIOTOHOBCKHE 3(D(EKThl B IIECTH CHCTEMAax OKa3bl-
BAIOTCS Ype3BbIUAWHO OOJBbILIUMH. TakK, CKOPOCTb ABHKEHUS TE€pPUACT-

Ta6nuna 3. OcHoBHblE NapaMeTpPhl ABOHHBIX CHCTEM, COAEPKALIUX [Be HEHTPOH-

HbIe 3B€3]bl
P, | P, @, b, M,
Hynecap c IHU c rpan/ron | 10712 (Mg)
J0737-30394 | 0,0227 | 0,102 | 0,088 | 16,88 | —1,25(1) |1,3381(7)
J0737-3039B | 2,7735 1,2489(7)
J1141-6545 |0,3930(0,198 | 0,172 1,30(2)
0,98(2)
J1518+4904 |0,0409 | 8,634 | 0,249 | 0,011 1,56
1,05
B1534+12 0,0379|0,421 0,274 | 1,756 |-0,152(3) | 1,335(2)
1.344(2)
J1756-2251 | 0,0285(0,319 | 0,18 | 2,585 1,40(3)
1,18(3)
J1906+0746 |0,1441 0,166 | 0,085 | 7,57 1,31(5)
1,31(5)
B1913+16 0,0590|0,323 | 0,617 | 4,227 |-2,425(1) | 1,4414(2)
1,3867(2)
B2127+11C | 0,0305|0,335| 0,681 | 4,462 1,349(40)
1,363(40)
B2303+46 1,0664 | 12,34 | 0,658 | 0,010 1,30
1,34
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pa w MOXKET JOCTHUraTh HECKOJNBKHUX I'PAJyCcOB B T'OM, UTO HA YEThIpe
MOPSiIKA TMPEBBIIAET aHAJOTHUHYI0 CKOPOCThb JBHIXKEHHS IMepUreJvs
Mepkypusi 1). B pesysibrate, 3a 25 JeT, mpoweAIMX C MOMEHTa
oOHapy»KeHHUs1 NBOHHOTO mynbcapa 1913 + 16, ero opburta moBepHy-
nace 6osee yem Ha 90°. IlopaxkaeT W TOYHOCTb OmMpeseSeHHS] Macce
HEUTPOHHBIX 3Be3[, AocTUramlas yeteipex (!) 3Havaumx uudp.

Hakowren, B Tpex c/yyasix OblIO 3aperdCTPUPOBAHO HU3MEHEHHE
op6uTanpHOro mnepuona Py, mpupoay KOTOPOrO eCTECTBEHHO CBS3aTh
C TOTEePSIMH 3HEPruM, CBA3aHHBIMU C H3JydeHHeM TPaBUTALMOHHBIX
BOJIH. VIHBIMU c/l0BaMH, BIepBble yAaJ0Ch, 110 KpalHel Mepe KOCBeH-
HO, MOIATBEPAUTb MpeAcKa3aHus 0Ollell TeOpUH OTHOCHTEJbHOCTH B
6osiee BbICOKOM Topszke (o< 1/¢%), yeM MOCTHBIOTOHOBCKHE TIONPABKH
(o< 1/c?). TlonuepkHeM, 4TO caMma BO3MOXKHOCTb MPOBEPKH CBA3aHA C
TeM, YTO MOCTHBIOTOHOBCKHE 3(P(EKTH MMO3BOJNHUIN ONpPEAEIUTh BCE
napaMeTpsl JBOHHOH cucTeMbl. JIMIIb B 3TOM ciydyae BeJUYUHbl M,
My v a = a| 4+ ag MOTYT ObITh MOJACTABJEHH B (opMysny DUHIITEHHA
(116) nas MOIIHOCTH M3/y4eHHs PaBUTALMOHHBEIX BOJIH, KOTOpas
onpefeJsisieT BeJUUUHYy P,

. 1927 / P,\ 2% G330 M, 73 , 37 ,
A== (3)  whrae (e )

x (1 —€e?)772. (161)

OxkaszaJsoch, 4ToO TpeacKasaHus oOlIeld TEOPUH OTHOCHUTENBHOCTH
nns nynscapa 1913 4+ 16 okasanucb crnpaBelMBBIMH C TOYHOCTbIO,
COCTABJISIOILEH JIULIb A0JH MPOLEHTA:

Péobs)

——— =1,0013 £ 0,0021. (162)

plth)

b

Kax usBecTHO, 3a pa6oTsl B aTo# obsactu P. Xancy un [xx. Teitopy
B 1993 r. 6bia npucyxnena HobeneBckas npemus mno ¢usuke. Jei-
CTBUTEJIbHO, OTKPBbITHE NBOWHOH CHCTEMbI, BpeMsl XKU3HHU KOTOPOMU
(200 mJsiH. JIeT) CyIIeCTBEHHO MeHbllle BPeMeHH XHU3HH BcesieHHOH,
CTaJ/I0 OfHUM W3 Ba)KHeHIIMX COOBITHH MOCAeIHUX HeCATUIETUH. DTO
03Ha4aso, UYTo CJAHsSHHE HEHTPOHHBIX 3BE3J MNOJKHO OBITh J0CTATOU-
HO YacTbIM fiBJleHHeM. B HacTosiliee BpeMsi MOIeJb CHHSHHUS ABYX
HEeATPOHHBIX 3BE3[ paccMaTpUBaeTcs Kak ofHa U3 HanboJjee BEPOSIT-
HBIX MPUYUH KOCMOJIOTHYEeCKHX raMMa-BCILIECKOB; 3TOT 2Ke IMpolecct
npejcTaB/sieTcsi HanboJee MEPCHeKTHBHBIM B CBSI3W ¢ TPOoGJeMOH

') daxruuecku, cam 3hdeKT TOJNbKO Ha [Ba HIOPSAKA CHJABHEE, TOCKOJIbKY HMEeT
CMBICJI TOBOPHUTb JIMLIb 00 M3MEHEHHH MOJIOKEHHUs TTepHacTpa 3a OAUH TepHOA.
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0OHapy»KeHHs] T'DABUTAllMOHHBIX BOJIH. YIHUBUTEJBHO XOpoOllee Co-
raacve MMeeT MecTo W AJs ABodHoro mysabcapa J0737-3039, mas
KOTOPOTO Y/a/J0Ch BHIIENUTh 00a NapaMeTpa, r's U S, ONpeesomux
BeJIMUMHY 3anepkKH [1lanupo u, cienoBaTesbHO, IPOBEPUTD YKe [Ba
He3aBUCHMbIX TapameTpa

S(Obs)
2 —0,9999 + 0,0005, (163)
5(th)
P(obs)
“bo . —1,003 +0,012. (164)
plth)
b

ITo cTano BO3MOXKHBEIM Osarofapsi 6o/iee yoauHOMY PacroJfoKeHHIO
IJIOCKOCTH OpOMTHI IBOWHOH CHUCTeMbl — OHa BUIHA MPaKTHYECKH C
pebpa — YTO NPUBOAUT K CYLIECTBEHHOMY YBeJHUYEHHUI0 3(PPeKTOB
00111eH TEOPUH OTHOCHUTEJIbHOCTH TPHU NPOXOXKAEHHUH CUTHAJA BOJIU3H
C4MOM MOBEPXHOCTH 3BE3[bl-KOMIAaHbOHA.

Uro ke KacaeTcsd MABOWHOM CHCTeMbl, colep:allell MyJsabcap
1534 + 12, To 3mech cUTyalus OKasaJjach MeHee TPUBHAIbHOU. [lesio
B TOM, YTO ISl 3TOHM CHCTeMBl TakxKe yHaJ/ochb BbIENHTh 00a napa-
MeTpa, omnpefessInX Beanduny 3anep:xku [llanupo. Ho ecou nns
BEJIMUUHBI § TEOPHsl U HAOJIOLEHHsI HAXONSTCS B XOPOLIEM COTJIACHH:

g(obs)

SO = 1,010 + 0,008, (165)
TO AJ151 CKOPOCTH HM3MEeHEHHs! OpOMTaJbHOrO Tepuoia MpeackasaHue
U TeopHs SIBHO He COOTBETCTBYIOT APYT APYTy:

Péobs)
—— = 0,87 £0,09. (166)
pth)
b
HecwmoTpst Ha 3TO MpOTHUBOpeUHre, aBTOPHI BCe 2Ke He CKJIOHHBI CBS3bI-
BaTb €ro C BO3MOXKHBIM HapyllleHHeM caMOH TeOpHH OTHOCHTEJBbHO-
cTH. [les1o B TOM, UTO Ha OlpeleseHHe TapaMeTpoB ABOHHOH CHCTEMBI
LOJ2KHO OKa3blBaTb 3aMeTHOEe BJHsIHHE ee YCKOPeHHEe OTHOCHTEJbHO
3emsiH, KOTOpOe, B CBOIO Ouepefib, 3aBHUCHUT OT B3aHMHOIO pacro-
JIOXKEHHUSI MyJbcapa M colHedyHo# cucTtembl B [anakTuke. [lockosb-
Ky »Ke TOYHOCTb ONpefeseHHUs PacCTOSHHA A0 paguoNy/bCapoB B
HacTosilllee BpeMsl HeBeJMKa, TO He MCKJ/IOYeHO, YTO HUMEHHO 3TO
06CTOSITEJIbCTBO M NPUBOAUT K HabJl04aeMOMYy PaccoryiacoBaHHMIO.
OTMeTHM, HaKOHeL[, 4YTO BO3MOKHOCTb HCIIO/Jb30BAHUS (hOPMYJIbI
DUHIITeHHA JIS TPABUTAIMOHHOTO M3Jy4YeHHs peasibHbIX 00BEKTOB
TaKxKe He siBJsieTCsl 04eBUIHOH. B yacTHoCTH, H3MeHeHHe opOUTalb-
HOTrO Mepuofia MOXKET ObITh 00YCJIOBJIEHO MPUJIMBHBIMU 3(eKTaMy,
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BO3HMKAIOIMMH 3a CUYeT KOHEeYHOro pasmepa 3Be3n ((popmyna DiiH-
IITeHHa CrIpaBelJIMBa JIULIb AJs1 To4eyHbX Mace). Ho, Kak 6blio 1o-
Ka3aHo, NBOWHAsl CHCTeMa, COCTOSILAs M3 IBYX HEHTPOHHBIX 3BE3J,
SIBJISIETCS] BCe Ke J0CTATOYHO «YMCTOH» (pU3UUecKod sabopaTopue,
TaK YTO HEHUTPOHHbIE 3Be3/bl, GJarofapsi CBOeH KOMNAKTHOCTH, MOXK-
HO paccMaTpUBaTh Kak TOUEYHbIE.

2.3.3. I'paBuTanuoHHble JuH3bl. Ellle 0fHUM HOBBIM (hH3HUUe-
CKHM siBJIeHHeM (BIpPOUEM, TECHO CBSI3aHHBIM C 3(P(eKTOM OTKJOHE-
HUsl cBeta B nose CoJIHIA), OTKPHITEIM B KOHIe XX Beka, CTaJo
oOHapy»KeHHe JUH3UPOBAHHUS NaJeKUX KBa3apoB TPaBUTALHOHHBIM
nosieM Gojiee OJIU3KUX rafakTuk. PakTHUECKH, 3[eChb peub WAeT 00
elle OofHOM cJencTBUH ypaBHeHHsi (148). [lepBbiM Ha BO3MOXHOCTb
JIMH3UPOBAaHUS TPABUTALMOHHBIM TosieM ykasaa B 1924 r. merep-
6yprckuit ¢pusuk O. [1. XBosabcon (1852-1934). [lyGauxauus xe
DiHIITellHA HA 3Ty TeMy OTHocuTcs Jquwb K 1936 r.. OnHako u
XBOJIbCOH, W DUHILITEHH pacCMaTpUBAJ/M JIHIIb BO3MOXKHOCTb JIMH-
3UpoBaHMs Ha 3Be3fax. [loaToMy OHM CuUMTa/lH, YTO I'PaBUTALMOH-
HOe JIMH3WpoBaHHe (T.e. HaOMIOIEHHE BTOPOTO HM300paxKeHHs WJIH
»Ke KoJiblla) HaOsonaThbess He MoxkeT. Ha B0O3MOXKHOCTb HabJ/I0faTh
3((eKT TpaBUTALHOHHOIO JHH3UPOBAHHS Ha JaJeKHX TaJaKTHKax
o6patun Buumanue B 1937 r. ®. LlBuxkku (1898-1974). Onnako
noTpeboBasMoCh ellle COPOK JeT, YTOOB HabM0eHHe TPaBUTALMOHHBIX
JIMH3 CTaJjo peajbHOCTbI0. [lepBasi rpaBuTanMoHHas JWH3a Oblia
obHapyxeHa B 1979 r., a celiuac MOJIHBIH KaTaJor CONEPKHUT YyxKe
6osiee COTHU Takux 00beKTOB. [loaTomMy B Tabs. 4 MBI NPUBOAUM
JIULIb 0OBEKTHI, OTKPLITHIE 3 TepBble AeCSAThb JeT HaOJIIONeH .

Ta6nuua 4. rpaBHTaLlHOHHbIe JIMH3bI, OTKPbLIThHIE 3a TIepBoe AeCATUJETHE HX

HabJIloIeHU I
HasBanue Hueno Ab 21 | 2QSO Mertop Tox,
U300p. | yIJI. CeKYHJI

0957 + 561 2 6,1 0,36 | 1,41 | ont./pamuo | 1979
1115+ 080 4 2,3 0,29 | 1,72 OIT. 1980
2016 + 112 3 3,8 1,01 | 3,27 OIT. 1984
2237 + 0305 4 1,8 0,04 | 1,41 OIT. 1985
0142 + 100 2 2,2 0,49 | 2,72 OIT. 1987
3C324 3 2,0 0,84 | 1,21 | onr./pamuo | 1987
1413 + 117 4 1,1 1,40 | 2,55 | ont./panuo | 1988
1422 + 231 4 3,1 1,0 | 2,63 | onr./panuo | 1989
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Jlns ompenesneHuss XxapaKTepHOTO YIVIOBOrO pajauyca JHH3UPO-
BaHMs CJelyeT BHOBb BOCIOJb30BaThesi (opmynoit (148), koropas
JIETKO T103BOJISIET ONpeNeNUTb YIVIOBOH paauyc Kojbla Oyg, BO3HHU-
KaloLero B TOM CJydyae, e€C/IM BCe TPU TeJla, UCTOYHMK, JIMH3A U
3emJis1, HaxoAATCs Ha OofHOH mpsiMOH. [1oCcKOMbKY yroJ OTKJIOHEHUS
CBeTa paBeH CyMMe YIJIoB 0 U 6y (cM. puc. 22), To yroa Opg = 6,
omnpeneISIIOIIUA pafinyC KOJIbLEBOr0 U300paxKeHus, 3anuiieTcs Kak

o _ [4GM Dy 12
2772 DDy + Dy)

c

3necb D ecTb paccTosiHMe MeXay HabJrofareseM U JUH30H a Dy —
MeX/y JIMH30H M UCTOYHHUKOM. DTO U €CTb 3HAMEHHTOE BhIpaKeHHe
AJs pajpyca Kosbla XBOJbCOHa—-IHHIUTeHHA. [l XapaKTepHbIX
pacCTOSAHHMH 0 KBa3apoB M MacC JIMH3UPYIOIIMX TaJakKTHK yIJOBOe
paccTosiHHe MeXX1y M300paKeHHUsSIMH JOJIKHO COCTaBJ/ATb HECKOJBKO
YIVIOBBIX CeKYH].

(167)

62 ﬁ 91
Ksasap D, .HI}IIHE)a D, Ha6monarenn

Puc. 22. Onpenenenne paanyca XBosbcoHa—-DHUHIITEHHA

B neficTBHTE/BHOCTH, KOHEUHO 2Ke, WIeaJbHO COOCHBIH C/aydau
HUKOIZla He peanusyercsi. Kpome Toro, cama suH3upylomwas rasak-
THKa He siBJseTcsl ToYeuHbIM 06bekToM. [loaTomy o6bYHO H306pa-
JKeHHe Ja/leKoro KBasapa IpeAcTas/seT coO0H He Ko/bLOo XBOJb-
coHa-DUHIITeHHA, a8 HECKOJNBKO MPOTSKEHHBIX 06pa3oBaHUH, UHCJIO
KOTOPBIX 3aBHUCHUT OT paclpelesieHHss Macchl B JiMH3e. XapaKTepHble
u300pakeHust nokaszaHbl Ha puc. 23. CyllecTByeT naxe Teopema,
COIVIaCHO KOTOPOH [J1s MPO3PAaUHON HEeTOYeUYHOH JIMH3bl YUCJI0 H300-
pakeHUH MOJ/KHO ObITh HeyeTHbIM. OfHAKO BO BceX cayyasx (op-
mysa (167) naet mpaBU/BHYIO OLEHKY YIJIOBOTO PACCTOSIHUS MEXKIY
1300paKeHUsIMH.

N

.. Q‘«.
o IR ;é

Puc. 23. I'paButaunonnsie auu3sl MG J0414 + 0534 u «kpect DitHwTefiHa» QSO
223740305
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K coxanenuio, HeompeneseHHOCTb B paccTosHUAX D U Do,
KaK M B Macce JIMH3MpyolleHd rajakTHKH, He [03BOJSeT HCIOJb-
30BaTh I'PaBUTALHOHHBbIE JIUH3bl AJS MPOBEPKH OOLIEH TeOpHUH OT-
HOCUTeJNbHOCTH. BMecTe ¢ TeM, rpaBUTALHMOHHBIE JMH3BI MO3BOJSIOT
MOJYYUTh APYTYIO, 4acTO YHHKaJAbHYIO HH(popmauuio. Hampuwmep,
eCJIM HM3JlyueHHe KBa3apa CHJIbHO MepeMeHHO (a Takas epeMeHHOCTh
Ha Maclutabax BpeMeHH OT JAHeH N0 HeCKOJbKHUX JieT U SBJseTcs
OIHUM M3 0COOEHHOCTEH 3TOro KJjacca 0ObeKTOB), TO MO BpeMeHHOH
3a/lep:KKe MOKHO He3aBHCHUMO OIpeleJsIsiTb pacCTOsIHUS 10 KBasapa u
JIMH3UPYIOLlel rajJakTHKU. BpeMeHHAs 3amepKKa MPU 3TOM 10J2KHA
COCTaBJATh OT HECKONBKHX MeCsLEeB 0 rofa; Y HeCKOJbKUX rpaBUTa-
LMOHHBIX JIMH3 TakKas 3ajiepKKa AelCTBUTEbHO Oblia 0OHapy»KeHa.

2.3.4. MukpoauH3upoBaHue. KauecTBEHHO TeopuUsi MHKPO-
JIMH3UPOBAHUS IOJHOCTbIO COBNaJaeT C TeOpHeH OOBIUHBIX I'PaBHUTa-
LIMOHHBIX JIMH3. OT/HUMe COCTOUT JHIUIb B TOM, UTO TEPMHUH «MHK-
POJIMH3UPOBAHKE» UCIIOJNB3YeTCsl B TOM CJyudae, ecad KakK UCTOYHHK
CBeTa, TaK M JIMH3UPYIOlLee TeJO MNPeACTaBJsioT coO0H O0ObIUHbIE
3Be3nbl. [/ cpeiHMX pacCTOSTHUU MeKAy 3Be3faMu B Hamield [a-
JIAKTHKe yIJI0BOe PACCTOSIHHE MexX1y H300paKeHUsIMU [OJIXKHO ObITb
nopanka 107% yriosoii cekynnpl. IloatoMy, Kak yxe TOBOPHJIOCH,
U DUHLITEeHH, U XBOJbCOH CUHTAJH, UTO 3aPETrUCTPUPOBATH JUH3H-
poBaHHe Ha 3Be3[ax MpPakTHUeCKH HeBo3MoxkHO. Jlumb B 1970 r.
A.B.Bssnko nokasas, 4To NMpd MHUKPOJHH3UPOBAHHH MOXKET Cylle-
CTBEHHO U3MEHSITbCS CBEeTHMOCTb OoJsiee najleKoH 3Be3nbl. B pesysib-
TaTe CTAHOBUTCS BO3MOXKHBIM 33PETUCTPUPOBATh COOBITHE 10 HEMpo-
LOJKHTEJIbHOMY YCHJIeHHIO ee sipkocTH. OHaKO BEPOSTHOCTb TaKOro
coObiTHs Oblla OYeHb Maja, W MO3TOMY KasajoCb, YTO HHUKAKOH
HaJexX /bl Ha Mporpecc B 3TOU 00J1aCTH HerT.

Tem He MeHee, 31eCh TaKKe Obl JOCTUTHYT HECOMHEHHBIH yCIIEX.
N 3acayra B atom, 6e3ycnoBHO, mpuHannexuT b. IlaunHbckomy
(1940-2007). OH moOHsJI, YTO MHUKDPOJHUH3UPOBAHHE MOXKET OBbITh
0OHapy»KeHO, eC/JIH OJHOBPEMEHHO HabJ/I0faTh 00J/blLIOe KOJUYECTBO
3Be3n. Okasasoch, 4TO NMPHU M3BECTHOH MJIOTHOCTH 3Be3] B Halllel
[anakTuke nJsi perncTpUpOBaHUS HECKOJIbKHUX COOBITHH B ropx HeoO-
XOIMMO OTHOBPEMEHHO HabmoaaTh 32 O MUJIMOHAMU 3Be3a. [Ipudem
Ha0J/I0aTh eC/IM He eXKe[HEeBHO, TO 10 KpalHel Mepe pa3 B HeJeJo.
M, uto He MeHee BaxKHO, OH TaK:Ke [10Ka3aJjl, YTO YPOBeHb NPHEMHOH
anmnapaTypbl, OOCTHUTHYTBIH K KOHLY XX BeKa, [03BOJSIET PeLIUTb
3Ty 3aznady. ABroputer b. [launHbCKOrO, H3BECTHOrO acTpPOpHU3UKa-
TeopeTHKa, Obll BBICOK. 3ajada, MOCTaBJeHHAas MM, 4Ype3BblYalHO
uHTepecHa. Mrpa crouna cseu. Heckosbko rpynn opraHuU3oBaJjdd Ha-
6monenusi, 1 B 1993 r. nepBble 00BEKTH MUKPOJHUH3UPOBAHUS ObLIH
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obHapyxkeHbl. A K 2005 r. OBIJIO 3apETHCTPUPOBAHO YK€ HECKOJBKO
NeCSTKOB TaKMX COOBITHH.

Ha puc. 24 nokasana xapakTtepHas KpuBasi 6Jjiecka MpH MHKPO-
JMH3UPOBAaHUM Ha 3Be3nax Halued [anakTuku. JIMHUS COOTBETCTBY-
eT TeopeTHUYecKOMY mpenckasanuio. Kak bl Buaum, Kpusasi GJec-
Ka JOJ’KHA ObITh IMOJHOCTBIO CHMMETPHYHA H MMETb XapaKTepHYIO
KO0JI0K0J1000pa3Hyio (opMy, KOoTopasi, B CBOIO Odepelb, He IOJ/KHA
3aBHCETb OT AJIMHBI BOJHBl. DTHM OHA CYLIECTBEHHO OTJIMYAETCs OT
repeMeHHBIX 3Be3[l, KprBble 6/iecKa KOTOPBIX BCEra aCUMMETPHUUHBI.
[Tpono/mkUTeNBHOCTD K€ MHUKDPOJHH3WPOBAHHUSI COCTABJ/SET OOBIYHO
20-50 cyToK.

w 4’6__ Kpacubiii

log(Flu

4.4

}

IIIII
2400 2450 2500 2550 2600 2650 2700 2750 2800
Bpems (B ausx)

Tony6ou

log(Flux)

2400 2450 2500 2550 2600 2650 2700 2750 2800
Bpems (B aHAX)

Puc. 24. XapakrepHasi KpuBasi 6Jiecka NP MHUKPOJHH3UPOBAHUN

Kak u /MH3UpoBaHHe Ha ranakTHKaX, MUKPOJNHH3UPOBaHHE He
1103BOJISIeT NPOBOAUTb IPOBEPKY IpelacKasaHWd oOlledl TeOopHH OT-
HocuTebHOCTH. C Ipyrod CTOpPOHBI, Hab/onast 00bEKTEl MUKPOJIHH-
3UPOBAHHsl MOXKHO MOJYYUTb MOMNOJHUTENbHYI0 HH(OPMALHIO Kak
0 pacmpefieJleHMH 3Be3J IO MaccaM, TaK MU O CBOHCTBAX TeMHOH
MaTepuu. UpesBblUaHHO HMHTEPECHO ObLJIO Obl OOHAPYXKHTb TaKXKe
JMH3MpOBaHMe Ha IBOUHBIX 3Be3fax. B aTom cayuae kpuBas GJecka
He N0/IKHA ObITh IVIAAKOH, B OTJIHUME OT MOKa3aHHOH Ha puc. 24.

2.3.5. Ilpeueccus rupockomnoB. [HakoHell, Kak yxe TroBOpH-
JIOCb, ellle OIHUM 3aMedaTeJbHbIM IpelcKa3aHueM OOLled TeopuH
OTHOCHTEJIBHOCTH §IBJISIETCS] MPeLeccusi TMPOCKonoB. Beiie Mbl pac-
CMOTpEJIM NIPeLEeCCHIo, CBI3AaHHYIO C NOTOJHUTENbHBIMU TPAaBUTOMAT-
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HUTHBIMU CHJIAMH, KOTOpPble BOBHUKAIOT 33 CUET IBUXKEHHS TPaBUTH-
pytoinx macc. [ToHATHO, UTO Takasi Mpelecchst OTCYTCTBYeT B HbIO-
TOHOBCKOH TEOpHM TpaBUTALMH, ee HeT U B MeTpuke [lIBapuiunibaa.
OnHako ecqy TPaBUTHUPYIOIlee TeJo, HampUMep 3Be3fa WJH JAaxe
3emJisi, BpalllaeTcsi BOKPYT CBOEH OCH, TO CONJIacHO 00llell TeopuH
OTHOCHUTEJIbHOCTH, BO3HHKAIOT CHJIbI, NMPUBOISLIME K PEryasipHOMY
MIOBOPOTY OCH CBOOOIHO Bpalatolerocs teja. Kak MoxHO MOJyUHTh
u3 cootHomenuid (141) u (143), yrioBas yacToTa TpeLEecCHH Ha
3KBaTOPE UMeeT BU

1+~ GJ,
Qg = 5 32 (168)
roe J, — MOMEHT MMIIyJbCa LEHTPAJbHOrO TeJaa, a r — pPainuyc

opouthl. [lsis 3eMsau CKOPOCTb TOBOPOTA OCH BpAILEHHS COCTABJSET
quib 0,041 yrioBeX CeKyHIbl 32 OfMH TOJ.

IToT 3(eKT, OfHAKO, 3HAYUTENbHO MeHbIle T.H. reole3uye-
CKOM Mpeleccuu, KOTOpas BO3HHKAeT 3a CUET HCKPHUBJIEHHS MPO-
CTPaHCTBa-BpeMeHU BOJH3U T'PaBUTHPYIOLUIMX Macc. MHbIMH cjoBa-
MH, YBeJIMUeHHe IJIMH OTPE3KOB MPUBOAUT HE TOJNBKO K BpalleHHIO
3JITMITHYECKUX OPOUT, HO U K TIOBOPOTY OCH BpallleHHsl THPOCKOIIa,
IBHXKYIILErocsl 1Mo Takod opoute. B 3ToM ciyuyae yrjoBasi CKOPOCTb
MpereccHd THPOCKOMa JOJKHA COCTaBJSATh

1 + 2y GMuv
P =5 22 (159
rpe v — CKOpPOCTb MOBHXKEHHUA TeJa TI0 Op6I/ITe. ﬂ.}]ﬂ CIIyTHHKA,

Bpalllalolllerocsi BOKPYr 3eMJIH, YIJ0Basi 4acToTa reofie3Myeckoi mnpe-
[eCCHHU JI0JI>)KHA ObITh Mopsiika 6,6 yrioBbIX CEKYHABI 32 OfMH TOf.

Kak MBI BUIKMM, CKOPOCTH TpeLEeCCHH THPOCKOIOB BOJIM3H 3eMJ1
IOJ/KHA ObIThb Upe3BbHIYaWHO MaJja. TeM He MeHee, COBPEMEHHBIH
ypOBEeHb HM3MepeHUH B MpPUHLMIE T[03BOJSET BBIAEJUTH MOAOOHBIE
apdexter. B 2004 r. 6bn 3anymen cnytHuk QGravity Probe B,
CreLHa/NbHO CIIPOEKTHPOBAHHBIN 17151 0OHAPYKEHUs PeJiTHBUCTCKOH
npeueccuu. [locne 16 mecsueB paGoTbl SKCIIEPUMEHT OBII yCHELTHO
3aBeplleH, OAHAKO TOYHOCTb 00Pa0OTKM [NAHHBIX I103BOJIMJIA IOKa
MOATBEPANUTD JIMLIb HaJHUKe reoie3ndyecKod MpeLeccuH.

C npyroil CcTOpOHBI, Teole3ndeckas Mpeleccus B TECHBIX JBOM-
HbIX CHCTeMax, colepKalluX pafauolly/abcapbl, NOJMKHA ObITb 3HAUYH-
TeJbHO OoJblie. JleHcTBUTENbHO, Bpalllatoulascs HEeHTPOHHAs 3Be3/1a
TaKxKe TMpeACTaBJsieT cOO0OH THPOCKOM, W K HeH TNPHUMEHHMbl BCe
(opmyJsibl, paccMoTpeHHble Bhille. B pesysnbrate, corsmacHo (169),
yIJ0Basi CKOPOCTb IpellecCHd HeHTPOHHOH 3Be3lbl HOJKHA ObITb
nopsiika ogHoro rpagyca B rog. CiiegoBaTesbHO, 32 HECKOJIbKO JIeT

4 B.C. Beckun
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HaGJIIOIeHHE OCh BpallleHHsl pauoNy/ibcapa MOXKeT CYIIeCTBEHHO T10-
BEPHYTbCS, B PE3y/IbTaTe UEro He UCKJIOUEHO, YTO PafHo/yy BOOOLILe
nepecraHeT ronaznath Ha 3emiio. Bo BesikoM cayuae, reomesndeckas
TpeLecchst J0J2KHa MPUBOAUTb K HOCTATOYHO ObICTPOMY M3MEHEHHIO
cpenHuX mpoduael pagvonsnyueHus. B Hacrosliee BpeMs HMeOTCS
yeTKHe YKa3aHHs Ha TaKHe H3MEeHeHHUS CPeIHHMX Mpoduield Myb-
CapoB, BXOASIIUX B JBOWHBbIE CHCTEMBI, OJHAKO OTCYTCTBHE TOUHOH
TEOPHH PaTHOM3JIYUYeHHs] He MO3BOJISET MOKa ONpPeNeNUTb CKOPOCTb
npenieccud U3 HaGmoneHuid. Brnpouewm, setom 2008 r. mpuiio coob-
lleHHe, UTO PeJIITUBUCTCKas Tpelieccusi y nynabcapa J0737-3039 na
ypoBue 4,7 + 0,7 °/ron Bce ke Obl1a 3apeructpupoBaHa. [Ipu atom
coryiacue ¢ npenackasanusmu OTO
Q(obs)

OKas3aJioCb OOCTATOYHO BBLICOKHUM.



[naBa 3
YEPHBIE JIBIPHBI

3.1. Metpuka llIBapumuasaa

Hakoner, Mbl MOXeM TepeHTH K TOAPOOHOMY OOCYKAEHHIO
CBOMCTB uepHbIX Ablp. [Ipy 3TOM Halledl OCHOBHOH 3apaueir Oy-
IeT aHa/M3 TOYHBIX KOJMYECTBEHHBIX COOTHOLUEHWH, CJeNYIOLHX
U3 ypaBHeHMH JiHIuTeliHa. YUTo xe Kacaercs acTpo(u3HUecKHX
TNPUJIOKEHHUH, B TOM YHCJe U METOAUKH OINpejie/leHHs] MacC YepHBIX
Ablp (KaK COJIHEUHBIX Macc, TaK M CBEPXMACCHBHBIX) TO MBI OCTa-
HOBHMMCSI Ha 3THX BONpOCax JHUIIb OYeHb KpaTko. Bosee nogpobHoe
U3JI0’KeHHe MOXKHO HaWTH, HampuMep, B HeJaBHO H3[aHHOU KHHre
A. M. Yepenamyka u A.J[. UepunuHa «BceseHHasi, }K13Hb, UepHBIe
nbipel» (M.: Bek-II, 2003).

BesycJ/10BHO, mpejickasaHye CylLeCTBOBaHUS YePHbBIX AbIP SBJSET-
csl ONHUM K3 HauboJiee UHTpPUTYIOUMX Npenckazanuii OTO. Hauatb
X0Tsl OBl C TOrO, YTO uUepHasl Jblpa XapaKTepusyeTcs JHLIb TpeMs
napaMeTpamMM — Maccod M, yrJoBbIM MOMEHTOM HMIyabca J, U
3MEeKTPUUECKUM 3apsaoM () (mociemHMM, OfHAKO, AJST acTPOhH3U-
YeCKHX TPUJIOKEHUH MOXKHO TpeHeOpeub). MoxKHO caesnaTh YepHYIO
IBIPY M3 XOJIOLHOTO HJIM FOpsiYero rasa, u3 3JeKTPOH-NPOTOHHON HJIH
3JIeKTPOH-IIO3UTPOHHON MJ1a3Mbl, U3 J0OOro APYyroro BellecTBa —
BCe pPaBHO Bcs MH(opManus 06 UCXOAHOM MaTepuase OyIeT yTepsHa.

EcTtecTBeHHO HauaTb H3J0XKEHHE C HauboJee MPOCTOro cayyas —
HeBpalaoleicss yepHod abipbl (J, = 0). OHa onmucbiBaeTCss MeTpH-
ko# [lIBapummuabaa (118) — cdepruuecky CHMMETPUUHBIM pellleHHeM
ypaBHeHUs1 DilHWITelHA s caydas (T) =0

ds® = —a?2dt? + o 2dr? + r2d6? + r? sin® 9d902, (170)

4%
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rae
9 2GM
a”=1-— 5 -

r

(171)

C

OTmeTum cpasy, uto metpuka (170) sanucana /s onpeneseHHON
KOOPAMHATHOH CeTKH, B KOTOPOH paaudyc 4depHOH [bIpbl COOTBET-
CTBYeT KOOpAMHATe 7 = ry. HO 3TO ecTh /MIIb OfNHA M3 BO3MOX-
HbIX KOOpPIMHATHBIX CETOK M, KCTaTH, He Bcerja camasi ynobHas,
MOCKOJIbKY OHA MMeeT O0COOEHHOCTb NPU 1" = T'z. B yacTHOCTH, OHa
He OINMChIBaeT [BHKEHHe CBOOONHO Majamllero Habswojares, Ie-
peceKaloLlero ropu3oHT 4epHOH AbIpel. PuU3HUecKHe Ke CBOHUCTBA,
KaK HeOoJlHOKPAaTHO MOAYEPKHUBAJOCh BhIlLIE, HE NOJKHbBI 3aBHUCETb OT
BeIGOpA KOOPAMHATHOH ceTkHU. WM nelicTBHUTENbHO, MOXKHO MOKa3aTh,
4TO MHBapUaHTHAas XapakKTepUCTHKAa — CKaJsipHass KpHBHU3HA I[po-
CTPaHCTBA-BpeMeHH R — IPU 7 = ry OCTAETCH KOHEUHOH, HeCMOTpA
Ha PacXOAMMOCTb B METPUYECKOM KOI(PPHULUHUEHTE Gr.
(.)12345671"/7"g
, L

Puc. 25. CtpykTypa npocTpaHCTBa BOIHU3U YEPHOH IbIPHI

[Ipexxne Bcero, mocrapaeMcsi MOHSATH, YTO K€ O3HAYaeT cama Be-
JIMYKMHA TPAaBUTALMOHHOTO pajuyca ry = 2GM/c?, Ha KOTOPOM MeT-
puka lBapumunabna uMeer ocobeHHOCThb. 15 3TOr0 yno6HO BHOBb
BOCIIOJIb30BaThCsl IBYMEPHOH aHaJIoTHel, MOKa3aHHOH Ha puc. 25.
31ecb MO TOPU3OHTANBHOH OCH OTJIOXKEHa KOOpAHWHATa 7, a CcaMo
MPOCTPAHCTBO HCKPHUBJEHO. B pesynbrare, peasnbHoe paccTosiHue ol
MeXy TOUKaMH C KOOpIHMHATaMW r W 7 + Or, T.€. TO PacCTOsIHHE,
KOTOpOe CBOMM CAaHTHMETPOM H3MEPHUT HabJiogaTe b, HAXOASALIUHCS
B 9TOM MecCTe, KOHEYHO ke, He OyzmeT paBHo dr. CornacHo (170), oHo
OyneT paBHO Vds? npu dt =0, dd =0 u dp = 0, Tak uro

or

5l =" (172)
(6%

Kax mBl BUguM, peanbHOoe paccTosiHue ol OyneT OoJiblie, 4YeM KOOp-
IOUHATHOe pacCTOsiHUe Or MeXXAy 3THMH ABYyMs Toukamu. [losatomy
«pajiyC 4epHOH HBIPbl» Ty HMKAK He HMeeT CMbIC/JA DACCTOAHHS
MeX/y ee LIeHTPOM U MoBepxHocTbo. C NPYyrod CTOPOHBI, MPH MO-
CTOSIHHBIX ¢, r U 0 = w/2 (T.e. Ha 3KBaTope) HMeeM, Kak U B
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nockoM mpoctpanctse, ds® = r2dy?, 1.e. 61 = rd¢. [TosToMy mIHHA
OKDY2KHOCTH C 1 = 1y Oyner paBHa Lg = 27r,. Takum oGpasowm,
npaBUJibHEe TOBOPUTb, UTO 4YepHas Ablpa He eCcTb O0BEKT paauyca
g, @ 0OBEKT, IJHHA 3KBATOPA KOTOPOTO €CTh 277rg. A BeJNHUHHY Ty
JIy4Ille Ha3blBaTb «OKPYKHBIM PajdyCcoOM».
CoOTBETCTBEHHO, B I'DaBUTALIMOHHOM M0Jie OYAYT COKPALIAThCs U
MPOMEXYTKH BPEMEHH
0T = it (173)

rae 07 U 0t — COOTBETCTBEHHO NMPOMEXYTKH BpeMeHH, H3MepsieMble
HabmonaTeseM BOJHM3W UEPHOH NbIpbl M Ha OECKOHEYHOCTH. ITO,
KaK Mbl BUIEJH, B TOUHOCTH COOTBETCTBYET U3BECTHOMY «IapagoKCy
GJIM3HELOB»: BpeMs B CHUJIbHOM T'PaBUTALlMOHHOM [oJie TedyeT MeJ-
JileHHee, YeM BJaJIM OT IPaBUTHPYIOLIUX TeJs. B uTore, Mbl Tenepb C
JIETKOCTBIO MOXKeM OIpelesUTb KOOPAHHATHYIO CKOPOCTh CBeTa, pac-
MPOCTPAHSIIOIIEr0Cs BEPTUKAJBbHO BIOJb panuyca r. JledicTBUTeNBHO,
KaK Mbl MOAPOOHO 06CyXKHaju Bbllle, WHBAPUAHTHOCTb CKOPOCTH
CBeTa 03HAyaeT TO, UTO HHTepBa/J Js MeKIy MPOCTPAHCTBEHHO-Bpe-
MEeHHBIMH TOUKAaMH, MPOXOAMMBIH CBETOBBIM Jy4OM, JOJ/KEeH ObITb
paBeH Hyuswo. [Ipu 3ToM ckopocTb 6l/dT, U3MepeHHasn JIOOBIMH Ha-
OsogaTesIsIMM, B TOM YHCJe HaXONSIIMMHCS BOJH3U [OBEPXHOCTH
r = 1y, Bcerna Oyner paBHa c. Ho 3To coBceM He o3Hauaer, 4To
OCTaeTcsi HHBaPUAHTHOM KOOpPIMHATHAsI CKOPOCTb cBeTa V, = or/dt.
JleficTBUTEIbHO, BOCMOIb30BaBIINCh BhipaxkeHueM (170) nis df = 0
n dy = 0, HaxonuM, uTo ycaosue ds? = 0 GyeT BHINOJHEHO, KOT/Ia
dr/dt = o®c, Tak uto

V. = d’c. (174)

B uactHocTH, npu r = rg noayudaerca V. = 0. MupiMu csoBamy,
MOXKHO CKa3aTb, YTO Ha MOBEPXHOCTH " = 7'y I'PAaBUTALUS OCTAHABJIH-
BaeT CBETOBOM Jyd, TaK YTO HUKaKas HH(pOpMallUs He MOXKeT ObITb
nepefana U3 obnactv r < rg. [loaToMy 3Ta NOBEPXHOCTL Ha3bIBACTCH
ropu3oHTOM coObiTHE. [loBTOpHM, OfiHAKO, elle pa3, 4ToO peub 3[eCh
UJIET TOJBKO O KOOPAWUHATHOM CcKOpocTH. CKOPOCTb CBeTa OTHOCH-
TeJIbHO JIOOBIX MaTepHasbHBIX TeJ, NBHXKYIIUXCS BOJH3HM YepHOH
IbIPBI, MO-TIPEXKHEMY OCTaHETCs] PAaBHOH C.

Bocrnonb3oBasiunck Tenepb cooTHotieHdeM (174), MoxKHO ompe-
NeJUTh TPAEKTOPHIO Jiyda CBeTa, UCMYIIEHHOrO y TMOBEPXHOCTH uep-
HOU NbIpbl. Periasi ypaBHeHHe

dr_i(l—QGM> c (175)

e
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ct

Puc. 26. Tpaekrtopuu sydeil cBeTa, pacnpoCTPaHSIOUIMXCS B IPABUTALMOHHOM I10J1€
YepHOH AbIpbl

noJsydaem

r—1ro+rgln <W> = +ct. (176)
T — T‘g

31ech 19 — KOOpAMHATA Jlyua CBeTa B MOMeHT BpeMeHu t = 0, a nBa
3HaKa COOTBETCTBYIOT ABHXKEHMIO Jiyda OT U K MOBEPXHOCTH YepHOH
IBIPHL.

[Ipoananusupyem nosydyeHHoe pelleHHe. B ciayuae, Korma cBeT
U3JsydaeTcss Ha GOMBLUIOM PACCTOSIHUM OT UEPHOH ABIPBI, MOXKHO TIpe-
HeOpeub cjaraeMblM, COAEPKALLUMM HATypasbHBIH jgorapudm. B sTom

cydae UMeeM
r — 1o = =*ct, (177)

T.€. TPaeKTOPHUHU Jydyed cBeTa Ha IJIOCKOCTH (pamuyc r) — (Bpe-
Msi t) X (CKOpPOCTb CBeTa c¢) MpPEACTaBJSIOT COOOH MpsiMble, Ha-
KJIOHEHHbIE K TOPHU30HTaJbHOH ocH moa yriom 45°. OHU 0OpasyioT
BaXKHEHIIYI0 XapaKTepUCTHKY — CBETOBOH KOHYC, KOTOPBIH ompeje-
JISleT TPaHULY BO3MOXKHBIX TPAeKTOPHUH JIOOBIX MaTepuasbHBIX TeJl.
JIeHdCTBUTENIBHO, TOCKOJNBKY CKOPOCTH TeJ BCETla MeHbIle CKOPOCTH
CBeTa, UX TPAeKTOPUH JOJIKHBI JIeXKaTh B MpeJiesiaX TAKOr0 CBETOBOTO
KOHYycCa.

C npyro#i CTOpPOHEI, MO Mepe NPUONHKEHHUST K TOPU3OHTY YEPHOH
NBIPbl KOOPIUHATHAST CKOPOCTh PaclpOCTPAHEHHS CBeTa yMEHbIIaeT-
csl, a HAa caMOM T'OpPU30HTEe W BOBce ofOpailaercss B HoJb. [Ipu 3Tom
Ba)KHO, 4TO, COIVIaCHO cooTHouleHHIo (176), BpeMms, KOTOpOe HYXKHO
CBETY, UTOOBI MPOATH OT TOUKH C KOOPAMHATOH T ~2 Iy N0 TOYKH C
KOOPAMHATOH 7, IPUONHKAETCA K O@CKOHEUHOCTH IIPH 79 — Tg

At~ 81 <ﬂ> (178)
C TO*’/’g

Takum o6pazom, HHpOpMALMS O TOM, YTO NPOUCXOAUT BOJIH3U ca-
MOrO TOPHU30HTa, CTaHeT M3BECTHO YAaJeHHOMY HaOJIIOAaTe/ 0 co
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3HauMTe/bHOU 3amep:kkoid. Ho 3To, KOHeuHO ke, He 03Ha4aeT, 4TO
caMo nepeceyeHne TOPU30HTA KOCMHUUECKUM KopabsieM JeHCTBUTEJb-
HO MpoucxofuT B GeckoHeyHoM OyayuieM. [Ipocto nHpopmauus o6
5TOM JOHIeT H0 HaC CO 3HAYMTE/bHBIM ONO3JaHUEM.

KoneuHo ke, 3amel/ieHHe BpeMeHH, OIMCAHHOEe BBbILIE, COOTBET-
cTByeT npocto 3azepxke Llanupo. Tosbko A/s 4yepHOH HBIPBl 3Ta
3alepxKKa yxKe He SIBJSIeTCS MaJjoH MONPaBKOM K BpeMeHHW pacrpo-
CTPAaHEHHUS CHTHaJa, a caMa OompefesseT BpeMsl PaclpoCTpPaHeHHs.
C npyro#l cTOpoHbl, FPAaBUTALlMOHHOE M0J1€ YepPHOH IbIPbl IPUBOAUT U
K FPaBUTALlUOHHOMY KpPacHOMY cMelleHHI0. MIHEIMU c/0BaMH, [TOMH-
MO BpeMeHHOU 3aiepKKHU, 4acToTa (POTOHOB, U3JyUeHHBIX HA YACTOTe
Vg B TOYKe C KOOPAUHATOH r(, OyoeT perucTpUpoBaThCsl yAaleHHBIM
HaOJ/I0flaTesieM Ha 4acToTe

1/2
Voo = <1 — 2GM> V. (179)

02 T0

[Ipn sToM uacToTa NPHUHUMAEeMOro CHUrHaja, H3Jy4eHHOro BOJIM3U
rOpHU30HTa, OyeT 6iu3ka K Hymo. FMiMeHHO sToT apdpekT U 06Cyxk-
naJicst TIpyu aHasu3e npoQust JUHUK keqe3a 6,4 k3B, Habaonaemoro
B HEKOTOPBIX aKTUBHBIX raJlaKTHUECKUX SiApax.

Ha ¢opmyny (178) M0xKHO MOCMOTPETb W C APYTOH CTOPOHBI.
Ona nokasbiBaeT, 4To 111 yAaJeHHOro HabJioaaTess BpeMs, KOTopoe
HeoOXooMMO CBeTy (H, TeM GoJiee, JIOOOMY MaTepualbHOMY Tesy),
4TOOBl AOCTUTHYTb TOPHU30HTA, TaKXKe OECKOHEYHO BEeJNHKO. TaKuM
o0pa3oM, yhajeHHBId HabJsonatesnb HUKOrAa He YBHAMT, Kak, Ha-
npuMep, KOCMUUYecKHH KopabJib NepecekaeT FOPU3OHT YePHOH IbIPbI.
IT0 CBsA3aHO ¢ ABYMSI 00CTOsATeNbCTBAMU. Bo-mepBblX, HH(pOPMALUS
00 3TOM LOCTHUTHET ylaJjieHHOro HabJiofaTess JUllb B GeCKOHEUHOM
GynyuieM. Bo-BTOpbIX, 4acTOThl CHTHAJOB (M, 3HAYUT, UX SHEPrHs)
OyoyT HACTONBKO HU3KHMMM, UTO MX HEBO3MOXKHO OyleT 3aperucTpu-
poBaTh.

Eule ogHUM CyllecTBEHHBIM CBOWCTBOM TI'PaBUTALMOHHOIO MOJS
4yepHOH ABbIPHl SIBJSETCS OTCYTCTBHE YCTOHUMBBIX OPOMUT, OKPYXKHble
pajuychl KOTOPBIX JOCTAaTO4YHO MaJjbl. B merpuke llBapumusabaa
HAaUMEHbBIINH PafNyC TaKOH OpOUTHI faeTcsi GopMyJIoH

rog = 37g. (180)

HeCMOTpH Ha IpOCTOTYy, OJid BbIBOAA 3TOI'O0 COOTHOLIEHHS HYXKHO
[IPOBECTH ONpeleJeHHbIe BbIYHUCJ/ICHUA. HPE)KILG BCero, BOCIOJb3yeM-
Cd 3aKOHOM COXpaHeHHUsA MeXxaHHUUeCKoH 9HEepruu, KOTopoe B ob11eh
TE€OpPHHU OTHOCHUTEJIbHOCTH MO2KHO 3allMCaTb B BHUAE

& = mc®ay = const. (181)
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3nech v = (1 — (v?/c?))~1/? — nopeHu-(hakTOp YACTHILI, H3MEpEH-
HBIH TIOKOSILIUMCST HaOJIoaTesieM, PacrojioXKEeHHBIM B TOH TOUKe, TJie
HaxXOMHUTCsl Te0. B cabbix rpaBUTALMOHHBIX TOJSX M IJsi MaJbiX
CKOpPOCTEH v < € uMeeM

GM
)4
1 v?
R 1+§C—2y (183)
TaK 4ToO
2
M
€%m02+%—GTm. (184)

DTa BeJWYHHA C TOYHOCTBIO A0 3HEpPruu IMoKos m62 COBIlagaeT ¢

OOBIYHBIM BBIpaKEHHEM JJIf MeXaHH4eCKOH sHepruu. [TockosbKy xe
/1 IBMXKEHUSI B 5KBAaTOPHAJIbHOM IJIOCKOCTH OIpeJe/leHHe JIOPEeHIl-
daktopa v2(1 — v?/c?) = 1 MoxKeT GHITb MepenucaHo Kak

o Vo U5 o
Y=3r L (185)
TO 3aKOH COXPAHEHHs SHEPIHH MOXKHO 3aIHCaTh B BUAE
2 N 2 2
Yr 2 € Y, 2
— = (—) —1- =7 (186)
c a c

3/1ecb Mbl BBeJH yIeJbHYI0 (OTHECEHHYIO K eMHHLE MacChl) 3Hep-
ruio yactuubl € = £/mc?. Kpome Toro, mosBuBasics 31ech Be-
JUUHHA U, COOTBETCTBYET pafHaJbHOH CKOPOCTH, H3MEPEHHOH 10
CBOMM 4YacaM HalJiofartesieM, HaxXOHSIIUMCS B TOUKe 7, T.e. U, =
= 0l, /6. OHa cBs3aHa ¢ KOOpPAHHATHOH cKopocThbio dr/dt cooTHOLIe-
HueMm (174)

dr )

— = au,. 187
ikl (187)

C npyro#i ctopoHbl, 6yarogapsi COXpaHeHHI0 MOMEHTa MMITYyJIbCa,
JOJ2KHO OBITh BBIMIOJIHEHO COOTHOLIEHUE

L = rv,y = const. (188)

B utore, nonyuaem

2
(€)= = () =V(r), (189)

2
V(r) = (1 - 2%M> <1 + §7> . (190)

rue
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B pesysnbrare, ypaBHenue (189) MoxHO mepenucatb B «HepessiTH-
BUCTCKOM» (popme

d 2
7;<d;>«+aﬁw):5-wn8, (191)

rue

cha4

mﬂm:—gav[wv—vwﬂ+g—m8 (192)

ecTb 3(p(heKTUBHBIN NMoTeHIMal. B npenene v < ¢ BeqnuuHa Uy (7)
COBIIalaeT C HepeJIITUBUCTCKHUM BbIPaKeHHEM

Vs GMm  mL?
eff T) 27“2 y
C/IEIYIOUIMM M3 3aKOHA BCEMHUPHOTO TSTOTEHHS.

HanbHe#In# aHa M3 IPOBOAUTCS COBEPIIEHHO aHAJOIMMYHO Hepe-
NATUBUCTCKOMY caydato. [lockoibky Benumuuna (dr/dt)? pomxna
OBbITb HEOTPHULATEJNBHOM, TO MPU 3aAaHHOH HEPruu & TEeJO MONKET
HAXOMUTbCA UMb B 06aacTh & — me” > Uy (M. puc. 27). Ipexne

(193)

U,
. £> Eux

1
1
1
1
1
|
|
]
|
1
|
1
\
\
\
1

me2 < €< Epax

E< me?

Puc. 27. Od¢extusnblil noteHuunan Ueg(r) A pasIHUHBIX 3HAauUeHWH sHepruu &

u yraosoro Momenta L. Ilpu £ < mc?, T.e. npu e < 1 nBukeHue Tes (HHUT-

HO, a Tpu me® < € < Emax, op6uTa He3aMKHYTa, T.e. TeJO C IOJOXKHUTEJNbHON

sueprueit mv?/2 — GMm/r > 0 BHOBb YXOIMT Ha GecKoHeuHocTh. Hakomel, mpu

E > Emax CTAHOBUTCS BO3MOXKHBIM T'PAaBUTALMOHHBIH 3aXBaT TeJ, MPUXOASIINX M3

6eckoreuroctd. ITpuxoBoit quHueld nokasan addexTuBHbIA noteHuuan (193) B
HepeJISTUBUCTCKOH TeOpUH

BCero, npy £ < mc’ TeJo He MOXKeT YHTH Ha 6eCKOHEUHOCTb, a GyeT
HaXOIUTbCH B OTPAHMYEHHOH 00/MaCTH Tin < I < T'max. [IpH 9TOM, B
OTJIMYHE OT HepeJIITUBUCTCKOTrO IBHKEHHS, B o0lleM caydae opOUTa
OyneT He3aMKHYTOH. B uacTHocTH, KpyroBble opouthl v, = 0 moJXK-
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Hbl COOTBETCTBOBAaTb MUHUMYMY 3(deKkTHBHOr0 noteHuuana Ueg(r).
Jl1s1 HepeJIATHBHUCTCKOrO cjydasi (WITpUXoBas JUHUS Ha puc. 27)
MHUHMMYM 3HEPTHM MOXKeT CYyILIeCTBOBaTb INpH JIOOOM paauyce 7.
Jl1s1 4epHO Ke ABIPBI yMeHblleHHe BeauduHbl Ueg(r) mpu r — 0
TNPUBOIUT K TOMY, UTO 3(P(EKTHBHbIH MOTEHLHA] He MOXET HMETb
MHHHMMYMa NIPH LOCTAaTOYHO MaJ/blX pajMycax r HH NPH KaKHUX 3Ha-
yeHusx £ u L.

Anamus 3aBucumoctd Ueg(r) OT 7 Kak pas M IMOKA3bIBAET, UTO
nocseHsAs yCTOHYMBasg opOMTa CyllecTByeT HpH 7 = 3rg. B 3TOT
MOMEHT He TOJ/IbKO N1epBasi, HO U BTOpasi NPOU3BOAHAsT 3(P(HEKTHBHOIO
notenuuana Usg obOpalnaercs B HyJb. B pesynbrate, 3¢(heKTUBHBIH
NOTEHLMAJ] HUKOI[a He MMeeT MMHMMyMa IpH 7 < 3rg. IIpoBeputsb
3TO yTBep:KJeHHe Mbl peocTaB/seM yuratento. [Ipy sToM yrenbHas
9HEpPrusl N0J/KHA OBITb paBHA

¢ =1/8/9. (194)

COOTBeTCTBeHHO,9HepFHH CBA3H, NpUXOoAAllasicd Ha €AMHUIY MaCCHI,

COCTaBJIdET
5¢' =1—+/8/9 ~5,7%. (195)

IT0 ecTh [0/ SHEPTUH, KOTOpast NO/KHA ObITh MOTepsiHA YacTHLEH,
nepeMellanlnelics Ha IMOCNENHIO YCTOHYMBYIO KPYTOBYIO OPOMTY.
Kak Mbl BUanM, 3(ppeKTHUBHOCTD BBIAEJNEHHS I'PAaBUTALIHOHHON 9Hep-
THM TIPY 3TOM OKa3bIBAeTCsl CYyLleCTBEHHO Bbille 3()()eKTUBHOCTH
SIIEPHOTrO FOpeHHUs], KOTopasl He IpeBblllaeT J10Jel NpoLeHTa.

[Tpu me* < € < Emax(L), rie BenmuuuHa Enax (L) 3aBUCHT OT yT-
JIOBOrO MOMeHTa L, opOuTa He3aMKHYTa, T. e. TeJo, NpubJauKarollee-
csl K YepPHOH JIblpe C MOJIOKUTENbHOH (HepessiTHBUCTCKOH) SHepruei
mv? /2 — GMm/r > 0, BHOBb yXOAMT Ha GecKOHeuHocThb. Hakomerl,
npu € > Emax(L) B 0O0lIeldl TEOPHUH OTHOCHUTEJIbHOCTH CTAHOBHTCS
BO3MOXKHBIM ellle OAWH 3(P(eKT, OTCYTCTBYIOUMUHA B HbIOTOHOBCKOH
TEOPUH TATOTeHMs. DTO IPABUTALlMOHHBIM 3axBaT yacTul. JelcTBH-
TeJIbHO, B HEPeJSITUBUCTCKOH TeOpUM NaJeHHe Tesa Ha TPaBUTHPY-
IOLIUHA LEHTP MOXKET MPOUCXOAWUTB JIMLIb NPHU MPSIMOM COYAAapEHHH,
Koraa (popMasibHO PacCTOsIHUE B arnoacTpe (HaUMeHbILEM PacCTOSHHH
OT IPaBUTHPYIOLIEr0 LIEHTPa) CTAHOBUTCH MeHblIe pasMepa TeJa b).
B npotuBHOM c/y4ae TesO OO/I’KHO BHOBb YHTH Ha O€CKOHEUHOCTb.
DTO CBOKCTBO CBsi3aHO ¢ (popMoil 3(h(heKTHBHOrO MOTeHIMana (ILTPH-
XOBasi JIMHUSA), HEOTPAaHWUEHHO Bo3pacTarrero npu r — 0.

1) SHGCb MbI TOBOPHUM O TPAEKTOPHUU TOUEYHOTrO TeJa. Tesno e KOHEUHBIX pas-
MEpPOB 3a CHeT MNPUJUBHOTO B3aHMOﬂeﬁCTBHH, MIPUBOASALIErO0 K HarpeBy U IIOTepe
9HEPTUHU, MOXKET OBITb 3aXBau€HO U B paMKax HepEJIHTI/IBI/ICTCKOﬁ TEOPHUH.
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OnHako, Kak Mbl BHUAHM, B DEJNSTHBHUCTCKOH TeopuH 3((eKTHB-
HBIH TOTeHUMan uMeeT MakcuMmyM. [loaToMy Tesa ¢ JMOCTaTOYHO
60JbLI0KH 3Hepruet £ (uau, 6osee TOUHO, Tesa ¢ J0CTaTOUHO MaJibiM
YIENbHBIM YTJIOBBIM MOMEHTOM L TNpH 3a1aHHON BeJHUHHE SHEPTHH)
OynyT HeorpaHUUEHHO NPUOINKATBCS K YepHOH abipe. B pesysbrare,
ceueHHe 3axBaTa OKasbiBaeTcsl OOJibllle, YEM UHCTO reOMeTpHUYecKHe
pasMmepel uepHOH Ablpel. C APYrod CTOPOHBI, CYLIECTBYIOT TPaeKTO-
pYHU B palioHe MakcHMyMa 3(h()eKTHBHOTO MOTEHIIMAaa, s KOTOPBIX
TeJIo, TIpUXosilee U3 GeCKOHEYHOCTH, COBepIlliaeT MHOT0 060pOTOB
BOKDYT UEPHOU IBIPbl ¥ 3aTe€M BHOBb YXONUT Ha OECKOHEUHOCTb.

3.2. Bpamarmuuecss yepHbIe IbIPbI

Ecau yepHast npipa o6/anaeT COOCTBEHHBIM YIJIOBBIM MOMEHTOM
Jr, TO ee CBOHMCTBA CTAaHOBATCSA ellle Ooraye, MOCKOJIbKY Terepb BO3-
HUKAIOT JOTOJNHUTENbHbIE 3(D(PEeKThl, CBI3aHHBIE C I€HCTBHEM IpaBH-
TOMAarHWTHBIX CUJ. /Il CUJIBHBIX IPABUTALUOHHBIX T0JI€H 3TO O3Ha-
YaeT, UTO B METPHUUYECKOM TeH30pe (g) TMOSIBJASIOTCS HelHaroHaJbHble
s7eMeHThl. OOBIUHO MeTpUYeCcKUH TeH30p (KOTOPBIH, HATOMHUM, €CTb
pellieHHe ypaBHeHHH JiHIITedHa B myctoMm mnpoctpaHctBe (1) =0
BHe Bpallalolledcsi YepHOH AbIPbI) 3aMUCBHIBAIOT B BHJE

ds? = —a® Edt* + g, dr? + geed? + g (dp — wdt)®. (196)

B aTux KoopavHaTax MMeeT MeCTO JMIIb OIUH NepeKpPecTHBIH uJeH
dedt. Briepseie pemienne (196) 6bi10 nonyuero P. Keppom B 1963 .
[TosTomy MeTpuKy BpauiarmoLledcss YepHOH IbIpbl OOBIUHO Ha3blBAIOT
meTpukoi Keppa.

Inst Bpamaronieiicst 4epHON IbIPBI IPABUTAIIMOHHOE KPACHOE CMe-
lLleHHe (v, Olpeleisiollee 3aMelJleHHe X01a BpeMeHU, UMeeT BUIL

a= %JZ, (197)
rae Mbl BBeJM CTaHAApTHLIE 0003HaUeHUsa

A=r?+4a?—2GMr/S, (198)
pt =1r%+ a*cos? 0, (199)
2 = (r? 4+ a?)? — a®Asin® 6. (200)

3nech W fajee Mbl UCIOJb3yeM BbIpaXKeHHE

Jr

_ 201
a= - (201)

OHO MMeeT pa3MepHOCTb AJIUHBI U XapaKTepPU3YyeT yIeNbHbIH yTJI0BOH
MOMEHT, T.€. YIJIOBOH MOMEHT, OTHECEHHBIH K eIMHHYHOH Macce.
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J_Iaﬂee, NpOCTpaHCTBEHHasd 4aCTb METPUKH HMMEeT JIWLIb AuaroHalib-
Hbl€ KOMITIOHEHTbI
2 2

Pl 2 X7 o
— T = 2, —— 6. 202
G ="N0 900 =P Gep e sin (202)
Hakonell, MeTpHKa XxapaKTepH3yeTcsi TaKxKe YIJIOBOH CKOPOCTBIO
2aGMr

Kak Mbl yBHAMM, OHa COOTBETCTBYeT peasibHOMY MABHMXKEHHIO Ipo-
CTPaHCTBAa, KOTOPOE MOXKET ObITh 0OHAPYKEHO 3KCIEPHUMEHTANbHO.
HecmoTpst Ha rpomo3nkuil Bun Metpuku Keppa, oHa jierko mos-
BOJISIET OTIPeNesIUTh OCHOBHbIE XapaKTePUCTHKH Bpallamolleiics yep-
Hoil mbipbl. [Ipexkne Bcero, pasmep 4epHOU ABIPbl Telepb HaYMHAET
3aBHCETb OT YIJIOBOro MoMmeHTa .J,.. Bcromunas, 4to panuasnbHas
KOOpPIMHATA TOPU30HTA YePHOH IBIPBI OTpeesieTcsl U3 yCaoBUs Gec-
KOHeYHoro 3amenJseHus Bpemenu (o = 0), 1.e. A = 0, nonyyaem

GM G2 M?

Te =
8= T2 i

Kak MBI BUIMM, C yBeJHYEHHEM YIJOBOI'O MOMEHTa «PajHyC» yep-
HOH Iblpbl yMeHbluaetTcsi. [Ipu 3ToM HauGOJbILIKMH YIJIOBOH MOMEHT
uepHO# MBIPHl COOTBETCTByeT 3HaueHH0 a = GM/c?. Ero MoxHO
paccMaTpUBaTb KakK YTIJIOBOH MOMEHT, NMPH KOTOPOM CKOPOCTb Bpa-
IIEHHUS «OBEPXHOCTH UEPHOH MAbIPb» MPHONHKAETCS K CKOPOCTH
cBeTa. B paccmarpuBaeMblxX 31eCh KOOpPAMHATAX «pajuyc» YepHOH
IbIpBl He 3aBHUCUT OT WWHUPOTH #. ONHAKO ecJd MBI BBIUHCJIHUM
rayCccoBy KPHUBH3HY IOBEPXHOCTH TOpu3oHTa (8D), ubs HByMepHas
MeTpuKa mosydaetcs u3 (196) mpu ycaoBuu dt = 0, dr =0 (T.e.
dI? = ggpdh? + gw,d<p2), TO MBI C yAUBJIEHUEM YBHIUM, YTO KPHUBU3-
Ha MOBEPXHOCTH BpallAIOIEeNHCss UePHOH AbIPBI OTJIHYAETCS OT l/frg:

(ré + aQ)(ré — 3a’® cos? 0)
(rg + a2 cos? 0)3

—a?. (204)

C

k= (205)

Bosiee Toro, Kak Jerko mpoBeputh, npu ac’ /MG > /3 /2 B paii-
OHe II0JIIOCOB TayCcoBa KPUBH3HA CTAaHOBUTCS OTPULATEbHOH. DTOT
NpUMep ellle pa3 HaISAHO T0Ka3blBaeT, HACKOJbKO HYXKHO OBbITh
OCTOPOKHBIM, HCIOJB3YSl T€ WJIW HHble KOOPAHWHATH IIPU ONHCAHUH
UCKPHUBJIEHHOI'0 MPOCTPAHCTBA-BPEMEHH.

CoOTBEeTCTBEHHO, U3MEHSIeTCS PaIUyC MOCJeHEN YCTONYUBOM Op-
OUTBl T(, KOTOpPBIE TeMepb MOTYT CYILIECTBOBATH JHIUIb B 3KBAaTOPHU-
aqbHOH miaockocTH. K TOMy »kKe BesJMUMHA rg HauMHAeT 3aBUCETb
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OT HallpaBJIEHHs, B KOTOPOM BpalllaeTCd TeJlo. Tounoe BbIpaxkKeHune
HMeeT BUJ

GM
m:_g_P+ZfF¢®—Zm3+&+2%ﬂ, (206)
rage
a2t \"? a2 \'/? a2 \'*
Z1:1+<1—_G2M2> (H'GM) +<1_GM> ’
(207)
20 ; 1/2
7= (3gmp +7) o

Tak, n1s npefenbHoro BpamleHus a = GM/c> momydaem 1o =
= GM/c?® nns mpamoro u 9GM/c? nas o6paTHOTO BpalleHHs.
Jns HeBpawlatoulefics ke 4YepHOH ObIpbl Mbl BHOBb BO3BpallaeMcs
K BhIpaxeHH0 rg = 6GM/c? = 3rg. O6paTuTe BHMMaHHe, UTO NPHU
a=GM/c® (v 15 NpAMOro BpallleHHs) paauyC MOCTeNHeH yCTOH-
YUBOHU OPOUTHI (POPMAJIBHO COBMNAAAET C PANUYCOM FOPU30HTA YepHOU
neipbl. OnHAKO 3TO JMILb KaxKylieecs coBnaaeHue. Ecau BEIUUCIUTD
paccTosiHWe MeXKAY TOPU30HTOM U TIOCJeNHEH YCTOHUMBOH OpOUTOH,
TO 3TO PacCTOsiHHe oKaxkeTcsl GeckoHeyHbIM. Ha puc. 25 ato o3Haua-
JI0 Obl, UTO MPOCTPAHCTBO BOJIM3M MNpefe/IbHO OBICTPO Bpallatollencs
YepHOH ObIpbl MOZOOHO LHUJAMHIPY, BCe TOYKH KOTOPOrO MMEIOT KO-
opauHaty rg. OQHAKO OKDPYKHOCTb, COOTBETCTBYIOLLASi TOPH3OHTY,
HaxoAuTcsl 0eCKOHEYHO fasleKO BHU3Y 110 OTHOLLIEHHIO K OKPY2KHOCTH,
COOTBETCTBYIOILeH Moc/aeHeld yCTOUUNBOH OpOuUTe.

B pesynbrare, njsi npsMOro BpallleHHsl yAeJbHAsi HEPrus Ha
nocyefiHeH YCTOHUHMBOH OpOUTe CTAaHOBUTCS PaBHOH

e =+/1/3. (209)

COOTBeTCTBeHHO, 9HEeprugd CBfA3H, NPpUXOAALLasiCd Ha €AMHUIY MACCHI,

COCTaBJIAET Y)Ke
5 =1—+/1/3 ~ 42%. (210)

TakuM o6pasoMm, 3(h(PeKTHBHOCTb BBbILEJNEHHS 3HEPrUM B aKKpeLH-
OHHOM JHCKe, OKDY’KalollleM BpalLAIOLLYIOCsl YePHYI0 AbIPY, MOXKET
ObITb 3HAUMTE/bHO 0OJblle MO CPaBHEHHIO C LIBApLIIH/IbIOBCKOH
yepHOH AbIpod. C Apyrod CTOPOHBI, AJs1 00PAaTHOrO BpALLEHUS MOJY-

gaeM

6/2\/25/27, (211)
Tak 4TO 3(P(HEKTUBHOCTb BbIAEJEHHS SHEPIHM 31eCh He MPEBOCXO-
T 4 %.
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C nmpyro#l CTOpoHBI, Bpallamllasics uyepHast Iblpa o6JajgaeT M
PSIIOM HOBBIX 3aMedaTesibHbIX CBOHCTB, CBSI3aHHBIX C TOSIBJEHHEM
rPaBUTOMATHUTHBIX CHJ. KauecTBEHHO HX MOXHO OOBSICHUTL 3(h(heK-
TOM «yBJIeUeHHeM MPOCTPaHCTBa». IHBIMU C/JI0BAMH, MOXKHO CKa3arTh,
4TO CaMO MPOCTPAHCTBO, KaK BO3AYX B LIMKJOHE, YBJEKAaeTcsi BO
BpallleHWe BMeCTe C Bpalllaiollelcsi YepHOH NbIpod. YTJyioBasi CKO-
pocTh Takoro BpaieHus w (203) ¢ xopolei TOUHOCTbIO MOXKET ObITh
3amucaHa B BHJe

7,3
w=Qu-%, (212)
r
rae BeqnunHa Qg = w(rg),
¢ 213
Q == 1
SETe) Vo 219)

UMeeT CMbICJ YIVIOBOM CKOPOCTH BpalleHHWs 4epHOH nblpbl. [lei-
CTBUTEJIbHO, A/ HabJropaTesed, NBUXKYLIUXCS C YIJOBOH CKOPO-
ctbio do/dt = w, MeTpUYeCKHUH TeH30p CTAHOBHUTCSI NHATOHAJbHBIM.
Db dekT yBeYeHUS CHCTEM OTCYeTa Ha3blBalOT Takxke 3pHeKToM
Jlenze—Tuppunra.

Ha nepBeiil B3ryisin, cyllecTBOBaHHE BbIAEJEHHOH CHCTEMbl OT-
cyeTa TMPOTHBOPEUUT CaMOMYy AYXYy 00llell TeOpUH OTHOCUTEJbHO-
ctu. OnHako BpalleHHWe MO CBOEH CYyTH OTJIMYAeTCcsl OT JMHEHHOTO
nBUXKeHUsl. Eciu ogHa cucTeMa oTcueTa ABHXKETCS PaBHOMEPHO H
NPSIMOJMHEHHO OTHOCHTENbHO NIPYro, To HabjomaTesd (KaxKmabli
B CBOeH JsabopaTopuu) He CMOTYT OTBETHTb Ha BOMNPOC, Kakas H3
IBYX CHCTeM OTCYeTa MOKOMTCS, a KakKas HaXOAMTCH B JBHKEHHH.
Pesy/bTaThl ONBITOB OKaXKyTCs UAEHTHUYHBIMU. Ecan e onHa cucre-
Ma oTcyeTa MOKOUTCS, a [Ipyras BpallaeTcsi OTHOCHUTEJbHO MEePBOH,
TO HEHWHEPLHAJbHOCTb ONHOW M3 CHCTeM TMpHUBENeT K TMOSIBJEHHIO
JOMOJIHUTEJBHBIX CHJ, KOTOpble OyOyT HEMeAJNeHHO OOHapy»KeHHI.
Takum o6pasoM, TPsIMOH 3SKCTEPUMEHT (HaJHuHe WU OTCYTCTBHE
TMPeLeCCHH) TI03BOJISIET ONPENENUTb T€ CUCTEMbl OTCUETA, B KOTOPBIX
OTCYTCTBYET ['PaBUTOMAarHUTHOE II0Jle, T.€e. BpallleHHe THPOCKOIOB.

Ho ecnn «yBseueHHe mpocTpaHCTBa» sBJsieTcs (PU3UYECKH Ha-
6monaeMblM 3(p(PeKTOM, TO 3TO AOJNKHO INPUBECTH K PSIAY HOBBIX
HEOOBIYHBIX CBOHCTB, KOTOPBIMU OyayT 06JafgaTh Bpallalolirecs yep-
Hble 1bIpbl. JlefACTBUTE/IbHO, OKa3blBaeTCs, YTO BOJM3H Bpallaollei-
Csl YepHOH JbIpbl HUKAKOE TeJO He MOXKET HaxXOIUTbCH B IOKOE, T. €.
B COCTOSIHMH, NpPH KOTOPOM 7 = const, 0 = const, ¢ = const, m0-
CKOJIBKY B 3TOM CJly4ae eMy NPHUILJIOCh Obl ABUIaThCsl OTHOCUTEJbHO
MPOCTPaHCTBA CO CKOPOCTbIO, TPEBBILAIOIIEH CKOPOCTb CBeTa. bo-
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Jiee TOYHO, HEBO3MOXKHOCTb ITIOKOSI JOJ’KHA MMeTb MeCTO B 00J1acTH
re < T < Te, THE

2012
Te_G]2\4+\/Gi4 —a?cos? 0. (214)
c c

O6nacte B mpenenax rg < r < re HOCHT Ha3BaHHe 3procdepnl, a
TIOBEPXHOCTb 3Procepsl 7 = r, Ha3blBAETCs NPELEJOM CTaTHUHOCTH.
Kak noxasano Ha puc. 28, pas O6blcTpO BpallaloLleicss YePHOU IbIphI
«00beM» 3procepsl CTAHOBUTCS MO MOPSIAKY BeJIMYHMHBI CPaBHH-
MBbIM C «00BEMOM» CaMO# 4YepHO# NbIpbl. B HIBapIIIHIbIOBCKOH XKe
YepHOH Jbipe MOBEPXHOCTb 3procgepbl COBMALaeT C TOBEPXHOCTHIO
FOPU30HTA.

Puc. 28. dprocepa 6bicTpo Bpalalieiicss yepHoi aAbpbl. [ToKkazaH Takxke mporecc
[lenpoysa, mpy KOTOPOM BO3MOXKHO OTOMPATb SHEPrHi0 OT Bpallalolleicss YepHOH
JBIPBI

JleficTBUTENIBHO, PACCMOTPUM MUPOBYIO JIMHHIO TeJia, COOTBET-
CTBYIOIIYI0 €ro IMOKOKW B TodKe 7 = const, § = const, ¢ = const.
Torna uHTepBan ds? sanumercs B BUJE

ds? = —(62042 - gw,wQ)dtQ. (215)

[locnie Hec0KHBIX Mpeobpa3oBaHUil MoaydaeM

S
ds? = ) (7"2 + a® cos® 0 — QGMr/CQ)CthQ, (216)
P1

rae BeJIM4YHHA

S=rt+a*?Bcos®0— 1)+ a* cos®(2cos? § — 1)—
— 2GMra? sin’ 0/02 (217)



112 2. 3. Yeprote Ovipol

TMOJIOXKHUTENbHA NPU 7 > 1. [lo3TOMy KOOpAMHATa 7, COOTBETCTBYIO-
mas ycaosuio ds? = 0, I0MKHA OBITh HafifleHa U3 ypaBHeHHS

r2+a200529—2GMr/02 =0, (218)

pellleHHe KOTOPOTO W TPUBOAMT K BblpaxeHuto (214). B wurore, B
006nacTu 1y < 1 < re KBaApPaT MHTEPBa/A ds® Gymer MoJoKHUTeNBHOM
BeJMUUHOH. C APYrodl CTOPOHBI, KAK Mbl BHIEJH, NBHKEHHE MaTe-
pUAJIbHBIX TeJ BO3MOXKHO JIULIb [JI BDeMEHHU-MOA0OHBIX TPAeKTOPUH
ds?> < 0. A 370 u o3Hayaer, 4TO B Mpefesax 3procdepbl HUKAKOE
TeJIO He MOXKET OCTaBaThbCsl B COCTOSIHUM TOKOS.

Eute onHO yaMBHTeNbHOE CBOHCTBO BPALIAIOLUIMXCS YEPHBIX IBIP
COCTOHT B TOM, YTO BOJIU3H Bpallalollelcss Y4epHOH AbIPBl CTAHOBUTCS
BO3MOXKHBIM JIBHXKEHHe C OTpPHLATEeJ]bHOH (pesNsiTUBUCTCKON) 3Hep-
rueit £ < 0, T.e. nBHXeHHe, P KOTOPOM He(eKT Macchl 0oJblie
100 %. HeiictButesnbHo, B MeTprke Keppa sHeprusi yactur £ nme-

o E=mdc NN 219
= me Y (@ + wy/Gop Vo /). (219)

31ech Bce BeJIMUMHBI U3MEPSIOTCS HAOMIOAATENSMH, BPALLAIOMUMUCS
C YIVIOBOH CKOPOCTbIO w BOKPYI 4epHOH HbIpel. B pesynbraTe 1.1
YacTHLl, ABMXKYIIMXCS B HalpaBJ/eHHH, MPOTHBOIOJOKHOM Harpas-
JIEHHUIO BpallleHHs YepHOH AbIphl, Koraa v, < 0 (M BOMM3M rOPU30HTA,
rie o — 0) BeqnunHa £ MOXKeT cTaTbh OTpHULAaTesnbHOH. [Ipu 3ToMm
JIETKO TMOKa3aTh, UTO /5 YaCTHILl, KOTOpble ABHXKYTCS MO OKPYKHO-
CTH C yJbTPape/IATHBUCTCKON sHepruei (1. e. Koraa |v,| ~ c) ycaosHe
£ = 0 coBmagaer ¢ YCJOBHEM cCv = w\/gw, KOTOpOe, KaK BHIHO
13 cooTHolleHus (215), onpenessieT rpanuiy sprocdepsl (214). 3a
npesesaMu 3procdepsl SHePTHs TeJ BCeraa OyIeT MOJOXKHUTENbHOH.
To, 4To 3Heprus Tes, HaXOAAIWIMXCS B dprocdepe, MOKET ObITh
OTPULLATENBbHON, TPUBOAUT K TOMY, UTO yIJOBasi CKOPOCTb BpalleHUs
YepHOU JbIpbl MOXKET ObITb yMeHbIleHa. A 3TO 3HAUUT, YTO ISHEPrHs
BpALeHHs] MOXKeT GbITh MepeflaHa OKpyKaiowuM Teqam 1). eficTsu-
TeJbHO, €CJIM 4YacTula C OTPULIATeNbHOM 3Heprued nepeceuver ro-
DH3OHT COOBITHH, TO SHEPTUs UEPHOH ABIPBI HOJKHA YMEHBIIHUTbCS.
fcHo, onHaKoO, UTO TeJI0 C OTPHIIATENBHOH SHEPTHEeH HYKHO TIPUTOTO-
BUTb B CAMOH 3procdepe, MOCKOJIbKY MeXaHUYeCKasi pessiTHBUCTCKAS
3Heprusi teja £ BAAAM OT YepHOH [IBIPBl BCeraa MOJOXKHTEJbHA.
Kpome Toro, suiib B 3TOM ciayyae BpallaTesibHasi SHepPrys UepHOH
OBIPbl MOXKET ObITb MepenaHa Ha GeckoHeuHocTb. [Ipouecc Beigese-

') Imenno mostomy sprocdepa (T.e. 06/1acTb, THe MOXKET ObITh COBepIIeHA
paboTa) W mosyuusa CBOe Ha3BaHHUE.
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HUSl SHEPruM Bpallalollelicss UepHOH NbIpbl Ha3blBaeTCs MPOLECCOM
[Tenpoysa.

[Ipocreiimas peanusauus npouecca IleHpoysa cocToUT B ciaeny-
roreM (cm. puc. 28). [lycTh Ha GOJBIIOM PACCTOSHUU OT YEPHOH Mbl-
pPbl Mbl HMeeM CHCTeMY ABYX TeJ, COeIMHEHHBIX CXKATOH MPYKHHOH,
TMOJIHAST SHEPTrUsl KOTOPOH (BKJIHOYAs U SHEPTHIO CXKATOH MPYKHUHbI)
ecTb &ip. IloHATHO, YTO BMECTO MpPYKHUHBI MOXKeT ObITb HCIIOJIb30-
BaH JI0O0W NPYrodl MCTOUHHWK IHEPTHH, HalpUMep, PAaKeTHBIH IBHU-
ratesib. J[BUrasicb B TPaBUTALMOHHOM TI0Jie BpalllaolleHcs depHOH
IBIPbl, CUCTEMA MONafaeT B 3procdepy, rie cpabatbiBaeT CHYCKOBOH
MeXaHH3M. B pesysbrare, Teja HAYMHAIOT ABUraThCsl [0 Pa3HbIM
TpaekTopusiM. [Ipu ompeneseHHBIX YCNOBHSX, €CJAW IHEPTUS OTHOTO
U3 TeJl, MajaolUX Ha YepHYIO AbIPY, OKa3bIBAETCS OTPULATENbHOH,
BTOpOE TeJIO MOXKET MPUOOPECTH AOCTATOUHYIO SHEPTHIO, UTOOB! YHTH
Ha OeckoHeuHocTb. [Ipu aTOM 3Heprusi Tesma Eoyt, ylUeAllero Ha
GeCKOHeuHOCThb, OyneT 0oJblle Hada bHOH 3Heprun &,. YBeandeHue
’Ke SHepruu TeJsa, ylueallero Ha OeCKOHEUHOCTb, KOMIIEHCHpyeTcs
yMeHblIeHHEeM HEPruM BpallleHUsl YepHOH HbIpHI.

[IpaBna, TouHble pacyeThbl MOKa3blBAIOT, YTO JJIsl BbIAEJNEHUS
SHEpruy BpaLleHWs] YePHOH OBIPbl OTHOCHTEJIbHAS CKOPOCTb TeJs B
MOMEHT WX pasjera B 3procdepe I0J/KHA IMPEBLILATb [OJOBHUHY
ckopocTH cBeta. [loatomy addext Ilenpoysa Bpsiz nn MoxKHO GyneT
UCII0JIb30BaTh B KaueCTBE PeasibHOr0 UCTOUHHKA Hepruu. C npyro#
CTOPOHBI, 3aMeflieHHe BpAllleHHsl YEPHOU NBIPbl MOXKET ObIThb peasiu-
30BaHO /ISl 3JIEKTPOMArHUTHBIX BOJH. IHBIMHU C/I0BaMM, €C/H 3JeK-
TpPOMarHUTHAasi BOJIHA paccerBaeTcsl Ha Bpallarolleics YepHOH Ablpe,
TaK 4TO 4acTb, 00Jajamollas oTpUllaTe]IbHOH Heprueil, nepecekaer
TOPU3OHT COOBITHH, TO IHEPTHS yXOAsIIeH BOJHBI MOXKET MPEBBIIIAThH
9HEpPruio BOJHBI, Najamlell Ha yepHyto nblpy. Kak OyneT nmokasaHo
HU2Ke, 9TOT MPOLECC MOXKET UI'PaTh KJIOUEBYIO POJb [IPH BbIIENEHHH
SHEPruM B LEHTPAJNbHBIX 00/1aCTAX aKTUBHBIX rajlaKTHUECKUX silep.

3.3. Actpocdu3uka yepHBIX ABIP

B HacTosiliee Bpems yxKe MaJjio KTO COMHeBaeTcsl B CyLleCTBOBa-
HUM YepHbIX Ablp. Ha ceronHsiluHui neHb o6HapyKeHbl y2Ke HeCKOJb-
KO COT KOCMHYeCKMX HCTOYHHKOB, B KOTOPBIX IpelroJaraercs cy-
IleCTBOBaHHUE 3THX HEOOBIUHBIX 00BEKTOB, MPeACKa3blBaeMbIX 00LIEH
Teopred OTHOCUTEJbHOCTH. TeM He MeHee, HEOOXOAMMO Cpa3y OTMe-
TUTb, YTO BO BCE€X CJydasix pedyb HJAET He O NPSIMOM HalJIOfeHHH
YepHBIX AbIP, a 00 UX BJAHSHUM Ha IBUKEHHE OKPYKAIOLIKX TeJ.

JleficTBUTeNIbHO, TMOCKOJIBKY 4YepHasi Ablpa caMa H3JyuaTb He
MOXET, TO MBI MOXKEM Y3HaTb O €e CYLIECTBOBAHMHU JUOO ONMpeaess
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CBOHCTBA BelEeCTBAa, aKKPELUMPYIOUIET0 Ha YepHYIO IbIpy, JUO0 10
IBV2KEHHIO 3Be3Jl B ee OKpPecTHoCcTH. [loaToMy 10 CHUX ToOp Her
HU ONHOTO KaHAMIATA, NPeNCTaBJSIOUEro coO0H ONUHOUHYIO Yep-
Hylo nblpy. Bosee Toro, 3a uckiioueHueM JUHHUK kKeqe3a 6,4 k3B,
0 KOTOPOH TOBOPHJIOCH BHILlE, HET HH OJNHOrO HaOMIOIeHHs, KOTaa
M3JyJarollee BelUecTBO (M TO — MPeAIoJOoXKUTEbHO) HAXOMUTCS B
HENMoCpeACTBEHHON OJHM30CTH OT TOPHU30HTA COOBITHH, rle TpaBUTa-
LMOHHBI MOTeHIHAN g 6JHM30K K ¢, Bo Beex ocTasbHBIX Caydasix
rpaBUTALlMOHHOE TI0JIe B UCTOUHHKE HAOMI0IAaeMOro HU3Jy4eHHs [10-
CTaTOYHO ¢y1abo, TaK UTO OHO BIOJIHE MOXKET OBITh OMHCAHO B paMKax
HbIOTOHOBCKOH TEOpPHH BCEMHPHOTO TsiroTeHus. [losTomy, Kak Mbl
YBUIHMM, J0Ka3aTeJbCTBO TOTO, UTO B 3TOH 00JACTH MPOCTPaHCTBA
HaXOMUTCS uepHasi Ablpa, (PaKTHUECKH, MPOBOAMUTCS OT MPOTHBHOTO
(160 Hesib3st MpUAYMaTh 6oJiee Pa3yMHOTO OOBSICHEHHS).

3.3.1. TanakTuyeckne uyepHble [IbIPbl COJHEYHBIX Macc.
UepHble [BIPbl  COJHEYHBIX MacC MOTYyT 0Opa3oBBIBATbCS Ha
nocjeHed CTaguM 3BOJIOLMUM MacCHBHBIX 3Be3J, HalpuMep, Kak
pesy/nbTaT B3pbiBAa CBEPXHOBHIX. Ec/aM Macca LeHTpabHOro sijpa
npencsepxHoBoil npeseiiaer 10Ma, TO cUJBl TPaBUTALMU HE MOTYT
ObITb ypaBHOBellleHbl CHJIOH AaBjeHHs raza. HaunnaeTcs karacTpo-
(huueckoe CxKaTHe BHYTPEHHUMX o6JacTell 3Be3/bl, UTO U TPHUBOIHUT
K 06pa3oBaHMIO 4epHBIX AbIP ). MX Macchl NpH 3TOM JOJKHBI
ObiTh Gosibllle 3M); IPU MeHBIIMX Maccax o0pa3yeTcss HeUTpOHHas
3Be3/a, B KOTOPOH CHJ/Ibl TPABUTALIMH yPABHOBELIMBAIOTCS 1aBJeHHEM
HeHTpOHHOro BellecTBa. JIpyruM KaHajoM 00pa3oBaHUS YepHBIX
IbIP SIBJASIIOTCS TECHBblE JBOHHBIE CHUCTEMbI, B KOTOPbIX B pesy/bTaTe
aKKpelLWd Ha HEHTPOHHYIO 3Be3ly €ee Macca CTaHOBUTCs OoJiblie
npefesa MX ycTOMYMBOCTH ~ 3My. [loHATHO, 4YTO XapakTepHble
MacChl TAKHX YEPHBIX ABIP NOJKHBI cocTaBsaTh (3—30)Mq. MmeHHo
TaKHe Macchl U MMeIOT rajakTHyeckhe KaHIWIaTbl B UePHBIE JBIPHI.

Bce kanaupaTtbl B uepHBE JBIPBl COJHEYHBIX MacC BXOAAT B
COCTaB TECHBIX [BOHHBIX CHCTEM, B KOTOPBIX MPOMCXOIMUT IlepeTe-
KaHMe BellecTBa C HOPMaJIbHOH 3Be3/lbl HA DeJATUBUCTCKUN 00b-
ekT. JIulb B 3TOM cjyuae ynaeTcsi JOCTATOYHO TOYHO OLEHUTb HX
maccy. Harpes akkpenupyiouiero rasa, cBs3aHHbIH C BblIesJeHHEM
TPaBUTALMOHHON 3HEPrUM, NMPUBOAUT K TOMY, UTO BCe Takhe 00bek-
Thbl SIBJSIIOTCS MOLIHBIMH PEHTTeHOBCKHMM HCTOUHMKaMH. Kak yxe
TOBOPHUJIOCH, €CJIU CaM PeJIITUBUCTCKHE OOBEKT He PerucCTpUpyeTcs,
a HaOJI0IAeTCsT TOJBKO €ro KOMIaHbOH, TO MOYKHO OINpEeNeNHUTh JIUIIb

1) Cépoc e BHemHell 060M0uKH HaGMONAETCA KaK CBEPXHOBAS.
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Ta6auua 5. Kangunatel B rajakThyeckle depHble AbIPbl COJTHEYHBIX Macc. JlaHbl
3HaueHHst opGUTanbHOTO neprona Py, pyukunu mMace f(M), a TakKe Macc HEBHIU-
MOro KoMnaHboHa Mx U oObI4HOH 3Be3abl M,

Py, f(M), Mx M.,

Herounik oyt | (M) (M) | (Mo
Cyg X-1 55 | 0244001 | 16+5 | 33+9
LMC X-3 1,7 234+£0,3 942 642
LMC X-1 4,2 0,14 £0,05 7+3 224+ 4
A0 620-00 0,3 2,91 +£0,08 10+5 0,6 £0,1
GS 20234338 6,5 6,08 £ 0,06 1242 0,7+0,1
GS 2000425 0,3 497 +0,10 10+4 0,5+0,1
GRO J0422+32 0,2 1,13 4+ 0,09 10+ 5 0,4+0,1
GRO J1655-40 2,6 273+£0,09 | 6,3+05 | 24+04
H 1705-250 0,5 486 +0,13 6+1 0,4+0,1
40U 1543-47 1,1 0,22 +£0,02 541 25+1,0
GRS 1009-45 0,3 3,17+0,12 | 414+0,5 | 0,6 £0,1
SAX J1819.3-2525 2.8 274+£0,12 1 96+1,1 | 65£1,0
XTE J1118+4480 0,175 6,1 +0,3 6,8+0,9 | 0,3+0,2
GRS 1915+105 33,5 9,5+3,0 14+4 1,24+0,2

T. H. ()yHKLHIO Macc
M3 sin®
M)= 22— .

[Tockosbky sin¢ < 1, a Mx + M, > Mx, To (pyHKLHsI Macc oIpe-
IesisieT HHKHIOI T'PaHUILy MacChl PesIiTHBUCTCKOro oObekTa. Jlasb-
HeHIIWH aHa/Mu3 CBOOUTCS K TOMBITKE OLEHHUTb YroJ ¢ W Maccy
BUIMMOTI0 KOMIaHboHa M, 13 HabJofeHuH (3aTMeHMs, CIIEKTP BUAH-
MOT'0 KOMIIOHEHTa, HarpeB KOMIAaHbOHA PEHTTeHOBCKHUM H3JyueHHeM
KOMIaKTHOTO 00beKkTa). B Tabmuie mokasaHo, 4To Bce KaHIUIATHI
UMeIOT Macchl, npeBocxopsiue 3Ms, 4TO U SIBJISIETCS OCHOBHBIM
KpUTepreM UX oTOOpa.

[Ipy 3TOM Ba)KHO, UTO BCe KAHAMIATH 00/1afa0T CBOWCTBAMH,
KOTOpblEe MOXKHO OXKHMJATh JIUIIb AJs 0O0bEKTOB, COIEPKALIUX YepHEBIE
nblpel. Tak, HY ONMH M3 KaHAWAATOB He MpOsABJseT ceOs KaK peHT-
FeHOBCKHH MY/JbCap — HCTOUYHHUK MYJbCHUPYIOLIEr0 PEHTTeHOBCKOTO
u3aydeHusi. [lng 3Toro akkpeuus AO/KHA HMATH Ha HEHUTPOHHYIO
3Be3/ly C CUJIbHBIM THUIMOJbHBIM MarHUTHBIM ToJieM. BO/MH3K HeHTpOH-
HOW 3Be3Jbl, IZle MJOTHOCTb SHEPTHH MArHUTHOTO TOJIS CTAHOBHTCS
60JbllIe MIOTHOCTH HEPTUH M1a3Mbl, aKKPEUPYIOlllee BelLleCTBO Ha-
YMHaeT JIBUraThCsl BIOJIb MarHUTHBIX CHUJIOBBIX JIMHHH, T.€. CTPEMUT-

(220)
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csl K MarHUTHBIM MOJIOCAM, TJle TIPH CTOJKHOBEHHH C MOBEPXHOCTBIO
3Be3lbl U NPOUCXOAUT OCHOBHOE 3HeproBbliesieHHe. BpalleHue xe
HeATPOHHOH 3Be3/bl IPUBOAUT K TOMY, UTO yIaJeHHBbIH HAOM0naTe b
OyneT perncTprUpoBaTh epeMeHHOe PeHTTeHOBCKOe U3JyueHHe.
WMupiMu cnoBaMH, OJisi TOTO YTOOblI KOMIMAKTHBIH OOBEKT MOT
NposIBAATb ce0sl KaK PeHTreHOBCKUH MyJbcap, HEOOXOAUMO Ha/JU4yHe
TBEPAOH MOBEPXHOCTH M CHJIBHOTO JAWIOJBHOTO MArHUTHOTO TMOJS.
OpnHako, Kak GyneT MoKa3aHO B CjAeAyIOLUIeM pasjesie, YepHasi Ibipa
He MOxeT 00/1afiaTh COOCTBEHHBIM AMIOJBHBIM MarHUTHBIM IOJIEM.
C npyro#i CTOPOHEI, UepHbIE IBIPbl HE UMEIOT U TBEPAOH MOBEPXHOCTH,
TaK 4YTO OHHM [OIJIOLIAIOT He TOJbKO BEIeCTBO, HO U H3JyUeHHe.
[loaToMy OTCYyTCTBHE My/NbCHPYIOLIETO U3JIyYeHUs B 00beKTe, Macca
KOTOpOTO TpeBbiiaeT 3Mg, SBIASETCS «10KA3aTeJNbCTBOM OT MPOTHB-
HOTO» TOTO, YTO 3[€eChb, M0-BUANMOMY, HAXOANUTCS YepHas Ablpa.

3.3.2. CepxmMaccUBHbBIE YepHbIE AbIPbI B IEHTPAX TaJIaKTHUK.
Jlpyrum, GoJiee MHOTOYMCJEHHBIM KJaCCOM KaHIUIATOB B YepHbIE
IBIPHL SIBJSIIOTCS KOMIAKTHbIE OOBEKTHI, HAXOASIINECs B siipax ra-
JaKTUK. B nopaBasiomieM GosblIMHCTBe OJMXKAHIIMX K HaM rajak-
THK OHH TIPOSIBJISIOT ce0si JIMIIb 338 CYET CBOEro I'PaBUTALIMOHHOTO
noJisi, ONpefessiiollero NBHKEHHE 3Be3[ M rasa B paloHe ranak-
THdeckoro neHtpa. OQHAKO B LEHTPaX rajakTHK, HAXOASIIHUXCS Ha
KOCMoJIornyeckux paccrosinusax mnopsiaka 0,1-10 ruranmapcexk (uto
COOTBETCTBYET BPeMEHH, Korja Bo3pacT BcesleHHOU GBI B HECKOJIBKO
pa3 MeHbllle W, 3HAUUT, TaKWe TajlaKkTHKM HaXOAMJHCh Ha CaMOH
paHHEH cTaJuu CBOEH 3BOJIIOLMH), Hab/onaeTcss 6ypHOe 3HeproBhle-
JileHre, CPaBHUMOe MO MOLIHOCTH CO CBETHMMOCTbIO BCel TaJaKTUKH.
B crnenymomeM paspese Mbl MOAPOOHO OOCYOMM MeXaHU3M TaKOTO
SHEProBbIeNeHUs. 3/eCh e Mbl KPAaTKO 0OCyITUM MeXaHU3Mbl 00-
pa30BaHHs CBEPXMACCHBHBIX YepHBIX HBIP, a TakxkKe cPOpMyJHpyeM
OCHOBHbIe CBOWCTBa W HabJitofaTesbHble MPOSIBJEHUS YepHBIX IbIp,
HaXOASILIUXCSl B LEHTPAX CIHOKOWHBIX TaJaKTHK.

B HacTosilee BpeMs CylLIeCTByeT HECKOJBKO TOUEK 3peHHsI Ha BO-
npoc o0 TOM, 06pa3oBaJIUCh JIM TaKHe CBEPXMACCHBHBIE YEPHBIE JIbIPbI
y>Ke TMOoCJe BO3HHKHOBEHHS TaJaKTHK, B CaMOM Mpollecce MX oOpa-
30BaHHsl, MJIM K€ YepHble JABIPHl CYLIECTBOBAJNN 3aJ0JT0 JIO MOsIBJe-
HUS TaJaKTHK U CaMH CIOCOOCTBOBasd WX obpasoBaHuio. CoryacHo
COBPEMEHHBIM TpeJCTaBJEeHHSIM, MacCHBHbIE IeHTPaSbHble 00BLEKTHI
MPUCYTCTBYIOT B OOJIbIIMHCTBE TaJaKTHK U CTAHOBSITCS aKTHBHBIMH,
KOrJla Ha HUX B JOCTAaTOUYHOM KOJIMUECTBE MaJlaeT BEIeCTBO («ropro-
yee»). BHe 3aBUCUMOCTH OT COLEpXKAHHUS MeK3BE3IHOTO ra3a, BOJHU3H
[eHTPaJbHOTO 0ObEKTA BCETla UMEET MECTO Mpollecce, 06oTallaroIui
BEIIeCTBOM €ro OKPEeCTHOCTH — 3TO Pa3pbiB 3Be3[, MPOJEeTaOLIUX
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BOJIM3U UEPHOH ABIPbl, 3@ CUeT NPUJIUBHOrO Bo3MylleHHS. OUeHKH
M0Ka3blBAlOT, YTO B OObIYHOH rajlakTHKe Takoe COObITHE CJydyaeTcs
npuMepHo onuH pa3 B 10 Teicsy Jet. [lomumo TOro, 4To 3TOT mpoLecce
oforalaer akKkpeLHOHHbIH AUCK BOKPYT LIeHTPaJbHOr0 00beKTa, HH-
AMBUIYyaJbHOE COObITHE (IJHUTENBHOCTBIO OKOJIO HECKOJNbKHX Mecs-
IeB) MOXKET ObITb 3aPETUCTPUPOBAHO, U TaKWe HAGJIONEHUs MOTJIN Obl
MPeIoCTaBUTh ellle OAHY BO3MOXKHOCTb HCCJENOBAHHUS OJHKaANIINX
OKpEeCTHOCTeH LieHTpasibHOro obbvekta. B Hacrosiilee BpeMsi BenyTCs
TMIOUCKH TaKHUX COOBITHH, OIHAKO BO3MOXKHOCTH 9TOIO MeTOa OTPaHH-
YeHBl U3-3a CJIOXKHOCTH BO3HHUKAWIIMUX [IPH 3TOM ra30JUHAMHUUYECKHX
pacueToB, MO3TOMY BpSI JIK MOXKHO HalesATbCsl, Na)ke TMPU HaJHUHH
COOTBETCTBYIOIIMX HAOJMIONEHUH, BBIYUCAUTb NapaMeTpsl LeHTpasb-
HOro 00beKTa (CKOPOCTb BpAllleHHs YePHOH IbIPbl, YroJ HaKJOHA H
Maccy QucKa | T.IL.).

B snpax CnokoHHBIX rajakTHK CBepXMacCHBHble YepHble JbIPbl
PerucTpUpyIOTCs JHIIb MO HMX IPABUTALlMOHHOMY BO3JeHCTBHIO Ha
OKpy»Kalolui ra3 u 3pe3anl. [lpy 3TOM, Kak U B cjaydae Majomac-
CUBHBIX UEPHBIX JIBIP, YIJIOBOE paspelleHHe COBPeMEHHbIX MPHeMHHU-
KOB TI03BOJISIET CTPOMUTH JHIIb H300pa’KeHHWsi, Ha MHOTO IOPSIKOB
TMpeBbILIAOLIHE pa3Mep 4YepHOH ObIpel. TeM He MeHee, Mporpecc B
YIVIOBOM pa3pelleHUH, AOCTUIHYTbIH B MOCJIeJHHe TOAbl, [O3BOJIUJ
CYLIeCTBEHHO TPOABHHYTHCS B MOHHUMAHHH IPOLIECCOB, TPOUCXOMIS-
[IUX B 3TUX 00BEKTaX.

[Tpexxne Bcero, 3To KacaeTcss 4epHOH [bIPBI, HaxOAsILlEHCS B
nentpe Hamed lanaktuku. Ee macca omenusaetcss kak 2 - 1080
Opnnako nosroe BpeMsi Ha0J/1I0[leHHs1 TOKAa3blBAJIH JHLIb TO, YTO TaKas
Macca HaXxofHUTCs B o6beMe, THHEeHHBIH pagMep KOTOPOro COCTaBJIsieT
1 mapcex (3-10'® cm). B npunuume, Takoe ke Bo3jeHcTBHe Ha
OKpY2KaIOILIMH a3 M 3Be3/bl MOIVIO 0OKa3blBaTb KOMIIAKTHOE 3Be3[HOe
cKomJieHHe. JIWIIb B MocsefHUe TOABbl, KOTAa YAaJ0Ch MPOCJAEIUTH
TpPeXMepHOe [BHXKEHHEe OTHEeJbHbIX 3Be3ll, HaxXONfIIUXCA B Hero-
CPeNCTBEHHON OJM30CTH OT YepHOW ABIPHI, CTaJO CHO, YTO pas3Mep
oGnacty, comepxaueit maccy 2 - 1090/, ne npessimaer 0,001 nap-
ceka. [lo coBpeMeHHBIM NpenCcTaBAeHUSM BpeMs KH3HH 3BE3JIHOTO
CKOTJIeHHsI, pa3Mep kortoporo coctaBjser 0,001 mapceka, moJsikeH
ObITb MeHblle BpeMeHU XHU3HM [anakTuku. [lo ucreyeHun 3TOroO
BpEMEHH pa3Mep 3Be3[HOI0 CKOIJIEHHS 3a CyYeT I'PABUTALlMOHHOrO
B3aUMOJEHCTBUSl 3Be3J APYr C APYrOM HeU30exKHO NOJIKeH CTaTb
HaCTOJMBKO MaJsibiM (2 ero MJOTHOCTb, COOTBETCTBEHHO, HACTOJBKO
60JIbIION), YTO CTOJNIKHOBEHHE 3Be3]] BCE PABHO JOJKHO ObLJIO IMPH-
BECTH K 00pa30BaHHIO CBePXMACCUBHON 4epHOH IBIPHI.

Yro ke KacaeTcsi CBePXMACCHBHBIX YePHBIX Ilblg B siipax APYrUxX
raJakTHK, TO KOMIakTHoe siapo ¢ Maccamu 10%—107 M, o6uapysxeno
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yKe Y HeCKONbKHX cOTeH 00beKToB. OCHOBHBIMU MeTOHAMH 3[1€eCh
TaKxKe §IBJASIeTCS H3MEpPeHHe CKOPOCTeH BpallleHHsl 3Be3[ W Tras3a B
UX LEHTpasbHBIX 00/acTsX. B HeckoJbKUX cjydyasX B aKKpeLHOH-
HbIX IHUCKax yNaJocb 3aperucTpupoBaTb MasepHble HCTOUHHKH, UbH
COOCTBEHHbIE YaCTOThl M3JYy4YeHHsI U3BECTHBI C OUeHb BBICOKOH TOY-
HocTbio. [ToaTomy ¢ momouieio adpdexra Honnepa ass 3TUX ranakTHK
TaKXKe CTaJ0 BO3MOXKHBIM TOUHO ONpeNeUTh CKOPOCTH BpallleHHs B
AKKPELHOHHOM JIHCKe.

Ewe pas noguepkHeM, 4TO peub 3[eCb BHOBb WIeT JHLIb O KOC-
BEHHOM OOHapyKeHUM 4epHbIX Ablp. Kak W B ciyyae yepHOH IbIpbI
B LeHTpe Hawed [anakTHKH, MOXKHO CKa3aTb JIMILb TO, YTO Macca
LIeHTPaJbHOr0 00beKTa 3aKJ/lueHa B JOCTAaTOYHO MajoM oObeMe, B
KOTOPOM He MOXKeT HaXOAWTbCsS KOMIAKTHOE 3BEe3[HOEe CKOIMJEHHE.
OnHYM M3 HEMHOTMX TNpPSMbIX YKa3aHHH Ha CYyIIeCTBOBaHHE CBepX-
MaCCHBHBIX UYepHBIX IbIp (KOTOpble, K TOMY e, HOJKHbI OBICTPO
BpaIlaThCsl) SIBJASIETCS KPACHOe CMeIleHHe Y JMHUH kese3a 6,4 k3B.
JlelicTBUTEIbHO, KAK MBI BUIEJH, B Cydae HeBpallaIlencs YepHOH
OBIPbl TPAaBUTALMOHHOE KPacHOe CMelleHHWe Ha MocjenHeld yCTOHYH-
Bo#t opbute 1 — a(rg) ~ 0,06 (195) cauikoM MmaJno, 4ToObl 00b-
SICHUTb OOJbllIMe KpacHble CMeIleHHS. DTO MOXKHO CHeJaTb JHLIb
B ciaydae MeTpUKH Keppa, xorna mnocjenHsis ycrtoduuBasi opOuUTa
HaXo#UTCsl B 00Jiee CUIbHOM I'PABUTALMOHHOM IIOJIE.

3.4. dnekTpoaHaMHUYeCKas MOAEJb «LEHTPAJbHOMN
MalIMHbI» B aKTUBHBIX TajJJaKTUYECKHUX SApax

3.4.1. Crpyiiable BbIOpOCBHl. HabstomeHusi MOKa3bIBAIOT, YTO
CYI1eCTBOBAHHE CTPYHHBIX BHIOPOCOB (IKETOB), T. €. Y3KOHAIPaBJIeH-
HBIX TTOTOKOB BeLIEeCTBa, SIBJSETCS OOMIUM CBOHCTBOM, XapaKTePHBIM
IJ1s1 MHOTMX aCTPOHOMHYECKHX HCTOUHHKOB (cM. puc. 29). Onu Ha-
6sI00aI0TCS KaK B aKTHBHBIX SIAPAx yAaJeHHbIX TajakTHK, TaK U B
MHUKPOKBa3apax M pafuoly/bcapax, paclo/oKeHHbIX B Haleh [a-
JakTuke. Elle ofHUM KJaccoM 00beKTOB, 00/afalolUX CTPYyHHBIMU
BBIOPOCAMH, SIBJISIOTCS MOJIOfible 3Be3/bl. EcTh BCce OCHOBaHHS ToJa-
raTh, YTO NMPUPOAA AKTHBHOCTH raMMa-BCIIJIECKOB TAKXKe CBSI3aHA C
HarpaBJ/JeHHbIMH BBIOPOCAMH BeILECTBA.

YKe depe3 HECKOJIBKO JIET MOCJEe OTKPBITHS Ha pyOexe LIeCTH-
JeCSIThIX TOJOB pafiMoranakTHK — IU((PY3UOHHBIX obsacTeil, U3ay-
YallMX B panMopuanasoHe (puc. 29,a) — cTaso $CHO, YTO HX
AKTHBHOCTb CBfi3aHa CO CTPYHHBIMHM BBIOPOCAMH, HUCTEKAIIUMH H3
KBazapoB (no-aurauiicku QSO — KBa3u3Be3nHbIH 00beKT). KBaszaphl
MPEACTaBJSIOT COOOH siipa aKTUBHBIX raJaKTHK, CTOJb JaJeKHuX, 4To
UX ONTHYECKOe U300pakeHHe HEOTIHYUMO OT OOBIYHBIX 3Be3a. MMeH-



3.4. Inexmpoduramuneckas mooesb «UeHmpaibHOL MAUULHbLY 119

HO JI?KEThI IOCTABJISIIOT B 3TH 00/IaCTH BEIECTBO U SHEPTHIO, KOTOPbIe
caM JUKeT uepriaeT M3 akTHBHOTO siipa raJakTHKH. BelecTBo 1:xeToB
JBHXKETCS CO CKOPOCTSIMH v, OJIM3KHMH K CKOPOCTH CBeTa ¢, TaK
4To JopeHI-(akTop Axera Kak uenoro vy = 1/(1 —v?/c?)Y/? po-
CTHTaeT Kak MHHUMYM HeCKOJbKHX eIHHHL. XapaKTepHble pa3Mepbl
CTPYHHBIX BBIOPOCOB COCTABJSIIOT COTHH THICSIU CBETOBBIX JIET, YTO
CPaBHMMO C PAacCTOSIHUSIMH MeXAy TranakTHkaMHu. J[pyruM yauBH-
TeJIbHBIM CBOHMCTBOM JIJKETOB SIBJISIETCSI MX BBICOKAsi KOJJIMMALUs —
YroJ pAacXOKIEHHs COCTaBJsieT BCEro HECKONbKO rpapycos. [lpu
STOM TIOTEPH SHEPrUH, CBSI3aHHbE CO CTPYHHBIMHM TE€UEHHSIMH, MOTYT
nocturath 10% spr/c, uTo MmO TOPAAKY BEJMUMHBEI COBMAJaeT C
TMOJIHOH CBETHMOCTBIO IaJlaKTHKH.

R
| 0

a 6 8

Puc. 29. Crpyiinble BbIGpOCH, HaJ/1I01aeMble B aKTHBHBIX IaJaKTHIECKUX sapax (a),
MUKpOKBasapax (6) W MOJIOABIX 3Be3ax (8)

Cefiuac yXe Majo KTO COMHEBAaeTcsi B TOM, UTO MCTOYHHK aK-
TUBHOCTHM KBa3apoB CBs3aH C aKKpelluell (mageHuem) BellecTBa Ha
CBepXMacCHBHbIe UepHble AbIPbl (MX MacChl, KAK Mbl BUIEJH, OLEHH-
BAalOT B MHUJIJIMAPAbI COJTHEUHBIX MAcC), MOCKOJIbKY JIHIIb B 3TOM CJIY-
Yae ynaeTcss 00bSICHUTb BBICOKYIO 3((eKTHBHOCTb 3HEProBblAeJNeHHS
3THUX YOUBUTEJbHBIX MCTOYHUKOB. OTMETHM, UTO BpeMsi aKTHBHOH
(asbl KBa3apoB He MoxkeT mpeBbiaTh 107 jeT. 3a 9To Bpems uepHas
Jblpa TOIJIOUlAaeT MPAaKTHYeCKH BeChb OKPYXKalolUH ras W 3Be3[Hl,
MocJjie Yero akTUBHOCTb silep TajakTHK pe3Ko cHuxKaercsi. MMeHHO
TAKUMH <«BBIKJIIOUMBIIMMHUCS» KBa3apaMH U SBJSIOTCH LEHTPaJbHbIE
00JacTH OMMXKAUIIMX K HaM TaJakTHK, O KOTOPBIX LIJa pedb B
NpenbIAYyIIEM pasaeJe.

Ecnn nocrapatbess KpaTko cOpPMYyJHPOBaTb OCHOBHblE YepThI
«LIeHTpa/NbHOM MallUHbl», OTBETCTBEHHOH 3a aKTHBHOCTb sJep ra-
JIAKTUK Ha paHHEH CTaJHHd MX 3BOJIOLHH, TO B HACTOsIlee BpeMd
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OOJIBIIMHCTBO acTPO(U3NKOB CKJOHSETCH K ClAeAYIolled KapTHHE
(cm. puc. 30). B neHTpe ponnTeNbCKOH ralakKTHKH HAXOMUTCS CBEpX-
MaccHBHas yepHas abipa (ee macca mocturaer 106 — 10° M), Ha
KOTOPYI0 MPOUCXOAUT aKKpelMs OKpy»Kalollero pewlecTsa. [asee,
0OBIUHO MpeanoJaraeTcsi, YT0 aKKpelHusl BellecTBAa UMeeT JHCKOBHIN
xapaktep. TosbKO B 3TOM caydae ynaercss 0ObSICHUTb KaK 4Ype3Bbl-
YalHO BBICOKYI0 3(h(peKTHBHOCTb NMepepaboTKH Macchl Maalollero Be-
lecTBa B HabJ/ofaeMoe HU3jydyeHHe, TaK U KOMIAKTHOCTb LeHTpaJb-
HOH MawuHbl. [Ipu 3TOM 3HepreTHYecKMM HCTOUHHKOM aKTHBHOCTH
rajJakTUYECKHX s1lep MOXKeT ObITb KakK 3IHEeprusi BpallleHHs 4YepHOH

bIPbI
AbID 9

1,02 M ac?
ot = 5 ~1063(109M®) (GM> 3pr, (221)

TaKk U 3HepPrus akkpeuupytouero ellectBa. Kpome Ttoro, B mpo-
CTPaHCTBE eCTeCTBEHHbIM 00pa30oM BO3HHUKaeT BblJeJIeHHOE Halpab-
JIeHHe — 0Cb BpallleHUsl — BIOJIb KOTOPOr0 U MPOUCXOOUT (HOPMUPO-
BaHHe CTPYHHBIX BBIOPOCOB. MHOTOUMC/IEHHBIE NTaHHbIE HAO/I0eHUH
NelCTBHUTEJIbHO YKa3blBAIOT Ha NPUCYTCTBHE B LieHTpax rajakTuue-
CKHX §1Iep CBepXMAaCCHBHOIO LIeHTPaJbHOr0 00BbeKTa.

CrpyHHbIH
BHIOpOC

oo >

AKKpeUnOHHBIH
JIUCK

Puc. 30. Mogesb LeHTpa/bHbIX 00JacTell aKTHUBHBIX rajJakKTHYeCKUX si1ep, MUKPO-
KBa3apOB M MOJIOJbIX 3Be3[

HanpoTuB, OTKpEITEE 3HAUYUTEIBHO M032KE MUKPOKBA3apbl — 3TO
00beKThI, pacnosoxKeHHble B Halle#l [anaktuke (puc. 29, 6). ®opmu-
pOBaHHMe UX CTPYHUHBIX BbBIOPOCOB CBSI3BIBAIOT CO CBEPXKPUTHUECKOH
aKKpeLlMeH Ha 4epHYIO NbIpy WJIM HeHTPOHHYIO 3Be3[y COJIHEeYHBIX
Mace, Korga KOMIAKTHbIH OOBEKT He B COCTOSIHMM MOIJIOTHTb BCe
najaolllee Ha Hero BellecTBO. B 3TOM c/yuae 4acTh akKpeLHpyloLle-
ro BelllecTBa Heu30eKHO NOJKHA OBITb OTOPOIIEHA B OKpYyXKalolllee
MPOCTPaHCTBO. XapaKTepHBIH MPOAOJbHBIA pa3Mep TAKUX CTPYHHBIX



3.4. Inexmpoduramuneckas mooesb «UeHmpaibHOL MAUULHbLY 121

BEIOPOCOB COCTaBJIsieT OOBIYHO N0JM CcBeToBoro roma. O6mias xe
MOIIHOCTD M3/TyueHus onenusaetcs B 1037 apr/c, uto ML B ThICA-
gy pas 6ogblue cBetuMmoctd CosnHua. HecmoTtpsi Ha Gosibiioe pasJu-
yre B pa3Mepax M 3HeproBblAeJeHHH, BHEIIHe CTPyHHble BBIOPOCH Y
KBa3apoB MU MHKPOKBa3apOB OKa3blBalOTCS YPE3BBIYAHHO MOXOXKHMH,
4TO U 0OBSICHSIET BO3HUKHOBEHHE CaMOro TepMHHa MUKDPOKBasap.

Eme onuH kJaacc 06beKkTOB, 00afaOUIMX CTPYHHBIMU BBIOpOCA-
MU — MoJiofible 3Be3/1bl. OHM Obl/IM BrepBble KOCBEHHO 0OHAPYKEHbI B
HayaJsie ISATHAeCATHX ronoB, Korna k. Xepour u J[»K. Apo oTKpbLIH
HOBBIH KJacC TNMPOTSKEHHBIX 00pa30BaHWH, CYLIECTBYIOLIHUX OOBIYHO
napaMu (cMm. puc. 29, 8) U TakKe 4epraBIINX CBOIO SHEPTHIO U3 ABYX
CTpyHHBIX BbIOpocoB. OGpaszoBaHue e caMUX CTPYH, Kak CTaJjo siCHO
3HAYUTENbHO M032Ke, OBbIJIO CBA3aHO C MOJIOABIMH ObICTPO BpaLIAIOLIH-
mucst 3Be3namu. Y 60 % MCTOUHHMKOB BUAHBI 00a CTPYHHBIX BbIOpPOCaA,
a B OCTAJIbHBIX CJIyUasixX yHaJeHHBIH OT HAc BBIOPOC 3aKPBIT aKKPeLHU-
OHHBIM IUCKOM. [IpOTSI2KEHHOCTb J2KeTOB MOXKET JOCTHUraTh HECKOJIb-
KHX CBETOBBIX JIET NPH XapaKTepHOH CKOPOCTH ABHMKEHHS BellleCTBa
500 km/c. Kak Mbl BHIMM, CHTyalldsi 3[eCh BIIOJHE aHAJOrHYHA
AKTHBHBIM TajlaKTHYeCKUM siipaM, KOTja BHauase Obl1 OOHapy:KeH
LeJbIH psil pa3HOPOIHBIX HCTOYHHKOB (KBa3apbl, paJHOTalaKTHKH) U
JIMLIb 3aT€M CTaJ0 SCHO, UTO aKTUBHOCTb BCEX 3THX 0ObEKTOB UMEET
enuHylo npupony. Bosee Toro, momo6ue HabMOIATENBHBIX CBOHCTB
HAaBOAUT Ha MBbIC/Jb, YTO U (PU3UUECKHHA MeXaHU3M (DOPMHUPOBAHUS
HarpaBJeHHBIX TeUeHUH y 3THX OOBEKTOB MOXKET OBITb OIMHAKOB.
1 310 HecMoTpsi HAa TO, YTO (PU3HUUECKHE YCJIOBHS BOJIU3U MOJOMABIX
3Be3n (ux maccel nopsinka 3—10 macc CosHIla, a MosiHAs U3sydaemast
MorHocTh coctaBasier 1031—1036 spr/c) cymectsenno ornyaiores
OT YCJIOBUH B LIeHTPe KBa3apoB. Ml oMHUM U3 IVIaBHBIX OTJIMYMH SBJIS-
eTcsi HepeJIATUBUCTCKHE XapaKkTep UCTeYeHHs BElleCTBa U3 MOJOABIX
3Be3/.

Ecau Xe roBopuTb 00 HCTOYHHMKAX KOCMOJIOTHYECKHX TaMMa-
BCIIJIECKOB, TO 3[1€Ch UMEIOTCS JIMIIb KOCBEHHbIE, XOTS U JOCTaTOYHO
HaJleXKHble apryMeHThl B I0Jb3y CYLIeCTBOBAHUS y HHUX CTPYHHBIX
BBIOPOCOB, MPHUYEM HMEHHO CBSI3aHHBIX C PEJNITHBUCTCKHMH Tede-
HUSMH, O KOTOPBIX TOHAeT peub naasblue. Kak usBectHo, o6Hapy-
JKeHHe OmTHYecKoro mocjecBedyenusi (afterglow), mosposiuBIiee 1Mo
KPacHOMY CMeLIeHHIO OINpPeleJUTh PACCTOSHHS N0 3TUX OOBEKTOB,
HaKJ/aJblBaeT cepbe3Hble OTPAaHUUEHHS] HA UX dHepreTuky. Ecau cuu-
TaThb, UTO H3JyueHHe B TaMMa JHana3oHe MPOUCXOAUT H30TPOIHO, TO
I/ PACCTOSTHUH MOpPsiIKa HECKOJbKHX MUJIJIMAPIOB CBETOBBIX JIET,
XapaKTepHBIX /151 3THUX HCTOUHUKOB, MPUXOMUTCS TPENNONOKHUTh,
YTO MX MOJHAas cBeTMMOCTh gocturaer 10°% spr/c. Onmako B Ha-
cTosilllee BpeMsl TPOLECCH ¢ TaKHM OTPOMHBIM 3HEPTOBbIIe/eHUEM
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HaM HeW3BeCTHbl. Ec/u e cuuTaTh, YTO U3JAydeHHe MPOUCXOIUT B
Y3KOM KOHYce yryioB # mopsiaka 1°, To naaydaemasi MOLIHOCTb MOXKET
OBITH MoHMKeHa 10 10°! spr/c, uTo Mo MOPSAKY BEJMUYMHBI OGJIH3KO
K HEpruH, BblAEJSIOIENCS BO BPeMsl B3pbIBOB CBepXHOBBIX. Ho 310
03HayaeT, 4TO XapaKTepHbIH JOpPeHL-(aKTOp 4acTHUL, C KOTOPbIMH
CBsI3aHO HabsionaeMoe W3JydeHHe, JOJKEH COCTaBJATb HECKOJIbKO
coteH (v ~ 1/6 ~ 100—300).

Uro xe KacaeTcs caMOH LEHTPATbHOH MallWHBI, TPUBOASLIEH K
00pa3oBaHUI0 CTPYHUHBIX BBIOPOCOB, TO 3[eCh OOBIUHO 0OCYKAaeTCs
JIMOO0 CTOJIKHOBEHHE BYyX HEHTPOHHBIX 3Be3J HJM HEHTPOHHOH 3Bes-
Obl U YepHOU AbIpbl, JHUOO KOJJIANC MACCHUBHOTO siipa HEOOBIYHOU
cBepxHOBOH. OpnHakKo B GOJBIIMHCTBE MOJeJeHd B HUTOre BCE PaBHO
obpasyeTcsi OBICTPO BpallamoLlasics YepHasi Ablpa ¢ MAccoH mopsiaka
maccsl CoJlHLa, OKPYKeHHAsh aKKPEIIMOHHBIM JTUCcKOM. MHBIMU cioBa-
MM, MOZeJIb BHOBb CTPOUTCS MO TOH Ke CXeMe, UTO W JJis aKTUBHBIX
rajakTU4ecKux sifep.

3.4.2. cTOYHUK aKTUBHOCTY — Bpallalomiasicsl YepHas [bl-
pa. Takum o6pasom, cTpyiHBIE BEIOPOCH CYIIECTBYIOT HE TOJBKO B
PeNIATUBUCTCKUX 00bEeKTaxX, HO U B MOJIOABIX 3Be31aX, IIe CKOPOCTH
UCTEKAIOLLEero BelleCcTBa He SABJSAITCA pessiTHBUCTCKUMU. [lostomy
NpUYMHa HUX 00pa3oBaHUsl NOJIKHA ObITh NOCTAaTOUHO YHHBepcalb-
Ho#. Kak MBI BHOesnH, BO BCeX pacCMOTPEHHBIX Bbllle MpUMepax
TaKUM OOLHUM CBOHUCTBOM OblJa aKKpellUsi BeLleCTBA HA KOMMAKTHBIH
oobekt (cM. puc. 30). Ilpu aToM HalMuMe aKKPEIMOHHBIX IHCKOB
OZIHO3HAUHO yKasblBa/lo Ha TO, UTO Najamliee BellecTBO 00/anaeT
60JIbILIMM YIJIOBBIM MOMEHTOM. B c/iydae MoJOOBIX 3Be3d, MOMHMO
IMCKa, BpallaeTcss U cama MmoJjonas 3Be3na. Ho xopolio M3BecTHO,
4TO CyLleCTBOBaHHE YIJIOBOTO MOMEHTa MPEeNsiTCTBYeT MafeHHI0 Ha
TPaBUTHUPYIOILMH LeHTP. Ec/au noTepu 3HepPrud U yrJoBOrO MOMEHTA
OTCYTCTBYIOT, TO BpallleHHe MOXKeT MPONoJ/KATbCsl OECKOHEYHO AOJ-
ro. MiMeHHo Takas cuTyalusi MMeeT MeCTO B COJIHEUHOH CHCTeMe,
KOr[a IJaHeThl B CpelHeM HaXOASITCS HA MOCTOSIHHOM PacCTOSIHUU OT
Cosuua. C gpyro#i CTOpoHbI, ObIJIO SICHO, YTO €IMHCTBEHHBIM MeXa-
HU3MOM, CMOCOOHBIM OOBSICHUTb BBICOKYIO IHEPreTHKY KOMMAaKTHBIX
0OBEKTOB, SIBJSETCS BbIeJeHHe T'PAaBUTALHMOHHOH (T.e. TOMPOCTY
MOTEHIHabHOH) SHEPTUH TPU MaJeHHH BellecTBa HAa KOMIAKTHBIH
00bekT. [loaTomy n/si 0ObsicCHEHUS BBICOKOW aKTHBHOCTH KOMIMAKT-
HbIX 00BEKTOB (KOTOpasi Kak pa3 M MOKAa3blBaeT, UTO TeMI aKKpe-
IIMK BelleCTBa BO BCEX CJydasX AOCTATOYHO BeJIHUK) HEOOXOAMMO
Obl0 HaUTH 3((QeKTUBHBIH MeXaHHW3M OTBOA YIJOBOrO MOMEHTA
3a Ipelesibl aKKpeLHMOHHoro aucka. Kaxk okasajocb, HMEHHO 3Ty
pOJib U UTpaloT CTPyHHbIe BbIOPOCH. [ljifi MOJIOABIX 3BE3[ NMPU 3TOM
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6oJiee BaXKHO, UTO HCTEUeHHe BellleCTBA YMEHbIIAeT TAKXKe U YTJI0BOH
MOMEHT Bpallalolleicss MOJIONOH 3Be3Mbl, MOMOrasi el CxKaTbCsl M0
HEe0OXOAUMBIX Pa3MEpOB.

[locTpoeHue Mopesu LEHTpaJbHOH MallMHBl pacnajfaeTcs Ha
HecKoJ/1bKO yacTei. Heo6xonrMo 0ObSICHUTD MOJHBIE IOTEPH IHEPTUU
B KOMIIAKTHOM OObeKTe, MeXaHHW3M I[epefaul YIJIOBOIO MOMEHTa OT
AaKKpeLUPYIOLEero BelllecTBa K CTPYHHBIM BbIOpocaM W camy KoJ-
JUMalKio CTPyHHbIX BeIOpocOB. K cokasneHHI0, OCBeTUTb BCe 3TH
BOIIPOCBl He IpeiCTaBJ/sieTcsl BO3MOXKHBIM. [lo3ToMy Mbl 06cyaum
3/1eCh JIMILIb MOJeJ/b, B KOTOPOH OCHOBHOE MeCTO OTBOJMTCS Bpalllaio-
ekics YepHOH Iblpe — OCHOBHOMY OOBeKTY HAlllEro NOBECTBOBAHHS.
Kak Mbl BUgenu, 3T0T caydail peasusyercs Kak B caydae aKTHBHBIX
s1ep, Tak ¥ B MMKPOKBa3apax U HUCTOYHMKAX raMma-BcrieckoB. [Ipu
3TOM MBI COCPEOTOYUMCS JIMIIb HA MEXAaHU3ME NT0TePb IHEPTUH ITHUX
00BEKTOB, KOTOPBIH CBSI3aH C CHJBHBIMH 3JIEKTPUYECKUMH TOKaMH,
TeKYLIMMH B MarHuTocgepe 4epHOH bIPHI.

[Ipexknme Bcero, mocrapaeMmcsi MOHATb, TOUeMY MJisi OOBSCHEHHS
PENIITUBUCTCKUX CTPYHHBIX BBIOPOCOB HEOOXOAHWM CTOJIb HEOOBIUHBIH
00BbEeKT, KaKUM fiBJsieTcsl YyepHas abipa. Kak yxxe oTMmevaJsoch, B Ile-
peUYHUC/eHHBIX BbILIE CAY4asiX CKOPOCTH YACTHULl B CTPYyHHBIX BBIODPO-
cax OKasblBalOTCSl OJIM3KH K CKOPOCTH CBeTa. B MpHHIMIE, YACTHULLBI
MOTYT ObITh YCKOPEHBI 10 OOJbLIMX CKOPOCTeH 3a cyeT ra3oBoro Aas-
JIEHUs UJIM JaBjeHusi cBeTa. Ho 1/ 3TOro cBETUMOCTb KOMIAKTHOTO
00beKTa AOJKHA OBITb NOCTATOYHO BeJIMKA, Uero He HabJiogaeTcs
B JedcTBUTeNbHOCTH. [IpH akkpeLuu e pesIITUBUCTCKHE CKOPOCTH
MOTYT TIOSIBUTBbCSl JIMLIb B TOM CJy4ae, €CJd IPaBUTALMOHHBINA MO-
TeHIMan @, = —GM /R cpaBHMM C KBaZpaTOM CKOPOCTH CBeTa .
A 310 M o3Hauaer, UTO pagMyCc KOMMAKTHOTO oObekTa R mosKeH
ObITh GJM30K K pajiMyCy FOPU30OHTA YepPHOH AbIpHl 7g. Hamomuum, yto
07151 3Be3/bl COJTHEYHOH MacChl TPABUTALMOHHBIH PagUyC COCTABJSIET
JULIb 3 KM, a /IS CBEPXMACCHBHBIX YePHBIX JBIP B LIEHTPAX KBa3apoB
MOXKeT JOCTHraTb pPa3MepoB COJNIHEUHOH cHcTeMbl. KoHeuHo ke, mss
3(h()eKTUBHOrO OTBOA HEPTHMM M YIJIOBOTO MOMEHTa HeoOXOOUMO,
4yTOOBl CKOPOCTH 4acTHL OblIM HampaBJ/eHbl OT 4epHOH Abipbl. s
3TOTO W MPUXOAUTCS NPHUBJEKATb CHUJIbHbIE 3/JeKTPOMAaTHUTHbBIE MOJIS.

Hwmeetcst psii KOCBEHHBIX apryMeHTOB, MOBOPSILIMX B TOJB3Y CY-
111leCTBOBAHUS UepHOH IbIpbl Yy OCHOBaHMSA CTPYHHBIX BhIOpocoB. Kak
U3BECTHO, YepHasl Jblpa [0 ONpefieJleHHI0 He MOXKeT ObITb UCTOYHH-
KOM BelllecTBa. [ToaTOMy HCTeueHHe MOXKeT CTaTb BO3MOXKHBIM JIMLIb
B TOM CJydae, eC/H MjasMa cama OyneT poxAaThCs B MarHuTocepe
yepHo# abipbl. OKasasoch, uTo 3(h(MEKTUBHBIE MeXaHU3M POXKIEHUS
nia3Mbl JeHCTBUTENbHO cyuiecTByeT. [lesio B ToM, uto 6Jaromaps
CUJIbHOMY pa3orpeBy BHYTPEHHMX 00JacTed aKKpPElHOHHBIX AHCKOB
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OHHU JOJI2KHBI T€HepUpOBaThb OO0JIbIIOE KOJIMYECTBO KECTKHX raMMa-
KBAHTOB, SHEPTHH KOTOPBIX MPEBBIIAIOT SHEPTHI0 MOKOS 3/JeKTPOHA.
Jpyrum, He MeHee 3(P(MEKTHBHbHIM MeXaHH3MOM TeHepallMH 2KecT-
KHX IaMMa-KBaHTOB MOXKeT CJYyKMTb MPOLECC CTOJKHOBEHHS peJisi-
TUBUCTCKUX YaCTHL, PaHee DPOXKIEHHBIX B MarHutocdepe 4epHOH
IbIPBI, C ONTHYECKHMH M PEHTTeHOBCKMMH (DOTOHAMHM, H3JyyaeMbl-
MH 1ucKoM (T.H. obpaTHbi# adpdektT Komnrona). CroskHOBeHHE XKe
JKECTKHMX IaMMa-KBaHTOB C APYTMMH (POTOHAMH W MPUBOAHUT K POXK-
IEHHUIO 3/1eKTPOHHO-NIO3UTPOHHBIX N1ap, 3aNOJHAIINX MarHUToChepy
YEepHOH JBIPHI.

Takum o6pasom, MBI NPUXOOUM K 3aKJIOUEHHUIO, UTO CTPYHHBIE
BEIOPOCEI, CBSI3aHHBIE HE C aKKPELIHOHHBIM IUCKOM, a C YepHOH [bl-
PO, NOJI2KHBI COCTOSITb He U3 OOBIYHOM, a U3 3J€KTPOHHO-IIO3UTPOH-
HOW nyias3Mbl. B nosb3y 3TOH Mozje/u OBOPHUT, HAamlpuMmep, TOT (aKT,
4TO B PeNATHBHUCTCKMX BHIOPOCAX MHMKPOKBA3apoB He HabJIOAAITCA
9MHUCCHOHHBIE JIMHHMH, KOTOpble H3JjydyaeT OOBIYHOE BelleCTBO. YJlb-
TPapeJIITUBUCTCKUI XapaKkTep TeYeHHsl B ICTOYHHMKAX raMMa-BCIlIec-
KOB TaK»Ke HaKJaJblBaeT OrpaHMYeHHe Ha COCTaB YaCTHLL B CTPYHHOM
BeIOpOCe, T.K. CyLleCTBOBAHHE MPOTOHOB C TaKOH 3IHeprued Ipo-
TUBOPEUMJIO Obl MOJHOMY 3HEProBbIAeJEeHHI0 raMMa-Bcmecka. Kak
MIOKA3bIBAIOT OLEHKH, BKJIAJ IIPOTOHOB MAOJIK€H COCTAaBJIATH JIHLIb
1075 oT MOMHOrO UMCaIAa YACTHIL, TaK YTO M 371eCh Peub MOXKeT HATH
MMEHHO 00 3JIeKTPOHHO-TIO3UTPOHHBIX JI2KeTax.

Hanee, akkpenupyiollee BellecTBo, 0OJanawllee coOCTBEHHBIM
YTJIOBBIM MOMEHTOM, OY/IeT yBEJHUUHUBATh CKOPOCTh BpAILleHHUs] YEPHOH
neipbl. [loaToMy He MCKJ/IOUeHO, UTO 4YepHasi Ablpa CMOXKET pacKpy-
TUTBCSA [0 TPeJe/bHBIX 3HadeHUH (prg ~ c. Kak monaraioT, MMeHHO
3a CYeT aKKpeluH OBbLIM «PacKpydeHbl» MHJJHUCEKYHIHBbIE paIHO-
MyJbCcapebl, TaK YTO 3TOT MpoLecc AeHCTBUTENbHO MOXKET ObITh OYeHb
a(hdexTuBHBIM. B pesynbrare, B 00CyKI1aeMOH MOAEIN HUCTOYHUKOM
AKTHBHOCTH OyIeT He TOJIbKO I'PaBUTAllMOHHAS HEPTHus Mafaioliero
BellleCTBa, HO W 3Heprus BpalleHHs uepHOH Ablpbl. Torma ass cay-
yasi TpelesbHOTO BpAllleHHs 3arachl SHepPruu OyoyT CPaBHUMBI C ee
sHeprueil Mokos: &y ~ Mc?, uTo mas Macchl yepHOH abiper 109 M,
coctaBnseT Kak pas 10%3 apr. Droil sHeprum BHOMHE NOCTAaTOUHO,
4TOOBI 0OBSICHUTL HAOJ/I0aeMO€e SHEPTOBbIIEHHUHHE.

HaxkoHel, Kak Mbl BHIeJH, BblesNeHHe HEPIUMU BpallleHHsl He
NPOTHBOPEUUT TOMY (PaKTy, 4TO HM BeleCTBO, HH H3JyueHHe He
MOTYT MOKHHYTb YepHylo AbIpy. [Ipu onpeneseHHBIX yCAOBUAX 3HEP-
THS BelllecTBa U/UJH U3J1yUeHHs], IepeceKarollnX TOPU30HT COOBITHH,
MOxKeT ObITh OTPULLATEJbHON, UTO HOJI2KHO NIPUBECTH K yMEeHbLIEHHIO
9HEPrUU YepHOH IBIPHI.
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3.4.3. Yaunoasipabiii HHAYKTOP. YTOOBI MOHATH, MOUEMY CY-
IL[eCTBOBAaHME MATrHUTHOTO T0JIS MOXKeT MPUBOIAUTH K TOTEPSIM JHep-
THH Bpallaolielics 4epHOH AbIpbl, 06pPaTUMCS K U3BECTHOMY MPUMeEpY
YHUIOJSIPHOTO MHAYKTOpa, MPeACTaB/IsA0IIero codbol Bpallanuics
HaMarHUUYeHHBIH MI1ap, K KOTOPOMY JABYMSI KOHIIAMH MNPHCOeIHHEH
npoBogHUK (cMm. puc. 31). Ilpu atom 006si3aTesbHO TOJKHO OBITH
BBITIOJIHEHO Ba YCJIOBHS.
1. TlpoBomHHMK He MOJKEH BpalllaThCsi BMECTe C IIapoM (TOouHee,
OH He JIOJDKEH BpalllaThCsl C TOH Ke YIJIOBOH CKOPOCTHIO).

2. JIBa KOHLIA NPOBOJHHUKA NOJKHBI MOACOEIUHATHCS K LIapy Ha
pasHbIX WHpoTax (HauboJiee BBHITOAHBIH CMOCOO — TMOJIOC H
3KBaTOP).

Q:) Harpyska

Bpamarouuiics
HaMarHW4eHHbIH
map

Puc. 31. YHunossipHblit HHAYKTOP KaK MOJIE/b MarHUTOC(epbl KOMIAKTHOTO 00beK-
Ta. Bpamaromuiics HamarHMueHHbIH Wap UrpaeT posib HEHTPOHHOH 3Be3Mbl, TOrAa
KaK HeBpallalolKiCcs TPOBOAHUK MOAEJNUPYeT MarHUTHbIE CHJIOBBEIE JIMHUH

B pesysbraTe Mexny KOHLAMU MPOBOAHUKA TOSIBJSETCS PA3HOCTD
noteHuranos U, KoTopass U gBJseTCS UCTOUHHKOM 3JEeKTPUUYECKOTO
Toka. Ee BeJIMUMHY JIerKO OLIEHWTb, 3Hasi, YTO XOPOUIO MPOBOASAIILAS
cpena, ABUXKYILIAACS CO CKOPOCTbIO V B MarHuTHoM mnoJje B, co-
3naer anekTpuueckoe none E = —v x B/c, roe B HameMm ciyuae
v = X r. TO COOTHOIlIEHHe 03HAUAET MPOCTO, UTO BO Bpalllaiollei-
csl BMECTe C LIapoM CHCTeMe KOOPAMHAT 3JeKTPUYeCcKoe MoJe paBHO
nymo: E' = 0. CnenoBare/ibHO, 110 MOPSIAKY BEJHYMHBI PasHOCTb
noteHuuanoB U ~ EFR Ha KOHUAX NMPOBOAHHUKA OyAeT paBHA

QR
U~ =~ RBy, (222)

roe () — yryioBasi CKOPOCTb BpallleHus liapa, R — ero paguyc, a
By — MarHuTHOe moJie Ha ero noBepxHocTH. [Ipu 3ToM 3sekTpuue-
CKUU TOK I, TeKyuwMi BHOJb MPOBOAA, OYAEeT OTBOAUTb IHEPTHIO OT
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G6ataped (T.e. OT BpallaloLIerocs apa) K BHELIHEH Harpyske, rie
M MPOMCXONMT BBIIEJEHHE Temja. B urore, KuHeTHuecKass sHeprus
BpAllleHHs 32 CYeT AeHCTBHUS 3/eKTPOMArHUTHBIX CHJ OyleT YHOCHTb-
csl Ha GeckoHeyHOCTh. MeXxaHU3M Ke 3aMelJ/IeHHsl BpalleHUs: OyneT
CBSI3aH C TOBEPXHOCTHBIMH TOKAaMH, KOTOpble HEHU30€XKHO MOJIKHbI
TMOSIBUTBCS M/ 3aMBIKAHHSl TOKOB, TEKYIIMX 3a MpejesaMy Liapa.
Cuna Amnepa Fy = J x B/c, neiictByiolasi co CTOPOHBI TOKa Ha
MIOBEPXHOCTD Il1apa, ¥ MPUBOIUT K €ro TOPMOXKEHHIO.

[lopyepkHeM, UTO 34ech MOsIBJIEHHE 3JIEKTPOABHKYLIEH CHJIBI He
cBsizaHo ¢ 3pdextom Papanes. Kak BupHo uz puc. 31, maruur-
HBIH MOTOK Yepe3 BHEILIHWH KOHTYpP He H3MeHSIeTCSl CO BpeMeHeM.
DNeKTpPUUECKHH TOK CTAHOBHUTCS BO3MOXKHBEIM Osaromapsi MosiBJje-
HUIO CTOPOHHHUX CHJI, NEHUCTBYIOLIMX HA CBOOONHBIE 3JEKTPOHBI CO
CTOPOHBI BellleCcTBa Bpaulamllerocs wapa. [leficTBUTeNbHO, NOsIBIIe-
HUe 3nekTpudeckoro mojss E = —v x B/c B oObeme 1apa tpeby-
€T OTIpe/leJIEeHHOTO TepepacrpeneseHns B MOCAeIHEM 3EeKTPUIeCKUX
3apsinos. Heob6xonumoe agisi mogaepxkanust yciosust E' = 0 pacrpe-
LleJleHre 3apsiioB HapyllaeTcs, KOTAa 3JeKTPOHbl HAaUWHAIOT Tedb
BLOJIb MPOBOJHHKA OT OAHOW YacTW Lapa K Apyrod. B pesynbrate
B [lIape BO3HHWKAaeT JOMOJHHUTeJNbHbIE CUJbl, KOTOpPble U TepeMelaoT
3/JIEKTPOHBI [0 TOBEPXHOCTH LIapa MPOTHB AEHCTBUS 3JEKTPUUECKOTO
MoJisi, 3aMblKasi TOK, TEKYIHH 10 MPOBOLY.

B Hacrosilllee BpeMsi TOYHO YCTAHOBJIEHO, YTO HMEHHO TaKHUM
006pa3oM MPOUCXONUT BblleJI€eHHE SHEPTUH Y PalHONyNbCapOB — Bpa-
I[AIOLIUXCS HaMarHWYeHHBIX HEHTPOHHBIX 3Be3n (cM. puc. 32). [lpu
TOM MeXaHHU3M 3aMe[JIeHHUs] BpallleHUs CBf3aH C MOBEPXHOCTHBIMH
TOKaMH, KOTOpble HEH30eKHO NOJ/RKHBI TOSIBUTbCS /IS 3aMblKaHHS
TOKOB, TEKYIIHUX BHE 3Be3[bl 1). Cuna Awmnepa Fy = J x B/c, neit-
CTBYIOILLASl CO CTOPOHBI TOKA HAa MOBEPXHOCTb 3Be€3bl, U MPUBOAUT
K ee TopMmoxkeHHMI0. C Opyroél CTOPOHBI, OT IMOBEPXHOCTH 3BE3MIbl
9Heprusi OymeT YHOCHTbCS 3a cyeT rnoToka Bektopa [lofiHTHHra
S = (¢/4n)E x B. [lelicTBUTeNbHO, BpallleHHe 3Be3[bl MPUBOIUT K
BO3HMKHOBEHHIO 3JeKTpuueckoro nojs E, Torma kKak MpoaoJbHbIH
TOK TeHepupyeT TOpOMa/JbHOe MarHuTHoe noje B,. Kak nokasano
Ha puc. 32, 3TH N0/ U (POPMUPYIOT TIOTOK JEKTPOMATHUTHOTO TIOJIS.
[TonuepkHem, 4TO 3Ta 3HEPrUsl MEPEHOCHUTCS Ha HYJIEBOH YacTOTe
M T03TOMY YHOCslee 3Ty 3HEPruio 3JeKTPOMAarHUTHOE IIojie He
SIBJISIeTCS 3/JeKTPOMAarHUTHOH BOJIHOH B OOBIYHOM MOHUMaHHUH 3TOTO
CJIOBa.

') TToepxHOCTL HEHTPOHHOI 3BE3NbI COCTOMT M3 OOBIYHOTO, XOTS M CHJIBHO
C2KaTOTO BEIIeCTBa, CIIOCOOHOTO MPOBOAUTD 3JIEKTPUUECKUH TOK.
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BekTtop [lofinTrHra
Cenaparpuca

[ToBepxHOCTHBIE
TOKH

® O)
Cuna Amnepa Fy Fy

Topmossmuit  Hedirponnas
momeHT K sBeslla

Puc. 32. CtpyKrypa 3/1€KTPHUECKHX TOKOB BOJIM3M TOBEPXHOCTH HEHTPOHHOH 3Be3-

bl (KOHTypHBle cTpeskd). TokH, TeKyliMe B MarHutocdepe Myabcapa, LOJKHBI

3aMbIKaTbcsl Ha ero nosepxHocTd. Cusna Amnepa Fa, cBsi3aHHas ¢ TOBEPXHOCTHBIMH

ToKaMu Js, NPUBOAHT K 3aMelJIeHHIO BpalleHHs HeATpOHHOH 3Be3nbl. [Ipu stom

TOKH TeKyT JIHIIb B OTPaHUYEHHOH 006JIaCTH MarHUTOC(epbl, KOTOpas HE MOXEeT
BpalllaTbCsl BMECTE CO 3Be3J0H

Yro xe KacaeTcs BeJHUMHBl 3/JE€KTPHUECKOro Toka I, TO OHa
orpefiesisieTcss U3 CJenylux coobpakeHHH. [II0THOCTBL 3JeKTpHu-
4ecKOro 3apsiia pe, HeoOXomumasi 1Js TreHepaluu¥ HHAYKLHOHHO-
ro sjnektpudyeckoro noss E ~ (v/c)B, MoxeT ObITb OLleHeHa Kak
pe ~ E/L (cm. ypaBHeHue Maxcgesna (128)), rne L — xapakTepHbli
pasmep 06/1aCTH ¢ 3JeKTpHueckuM noseMm E. Jlns Bpauaroiierocs
tena v ~ QL. Tloatomy 10 MOPsSAKY BeJHUYUHBI po ~ QB /c. Tounoe
’Ke BblpaKeHHe [ MJIOTHOCTH 3apsiia UMeeT BUJ

po=-LB) (223)
21c
YMHOXasi Tenepb MJIOTHOCTb 3apsila pe Ha CKOPOCTh CBeTa ¢, a
TaK>Ke Ha IJIOLlafb 7TR(2), rie Ry — mnomepeyHbldl pasmep obJacTH,
B KOTOpPOM TeyeT TOK [, mosyuyaem

I ~ wR3pec. (224)

[Tonnble ke notepu sneprun W moryt 6piTh oueHensl Kak W = IU.
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ILJ'IH paguonyabCcapoB paiuyc RO ornpeneadgeTcsa pasMepoM Io-
J'IHpHOfI IankKu, U3 KOTOpOﬁ MarHuTHbI€ CHJIOBbl€ JIMHHUKW JHUIIOJIbHOTO
MarHuMTHOI'O MOJIAd YXOOSAT 3a MNpeaeJsibl T. H. CBE€TOBOI0O HHUJAHUHAPa

Ry, = q (225)
Jles0 B TOM, UTO MJasMa, 3aloJHsoLlas MarHuTochepy HeHTPOHHOH
3BE€3[bl, CTPEMHUTCS 3a3KPaHUPOBATh NPOLOJbHOE JIeKTPHUYecKoe Mo-
ne. IIpu 3ToM OHa HauMHaeT BpallaTbCs KaK Lesoe BMecTe CO 3Be3-
noil. Takas kopoTalMs XOpPOLIO U3BeCTHA B MarHutocdepe 3eMJu U
60/1bIIMX MJaHeT. fICHO, 0AHaKO, YTO KOPOTaLlMsl CTAHOBUTCS HEBO3-
MOXKHOH 3a NpeliejaMH CBETOBOIO LIMJHHAPA, T.K. 3M€Ch CKOPOCTb
BpallleHUs MpeBblllasa Obl CKOPOCTb cBeTa. IloaToMy, Kak MokasaHo
Ha puc. 33, B MarHuToc(epe BbIIENSOTCS ABe TPYNIbl MarHUTHBIX
cuioBbIX JMHUH. OfHa rpynmna, BHIXOASLlAs U3 NpelesioB MOJsSPHOU
LIANKK, NepecekaeT CBeTOBOM LUJIMHAD U YXOOUT HAa O@CKOHEUYHOCTb,
a Jpyrasi, HaXoidllascsl BJAJW OT MarHUTHOH OCH, 3aMbIKaeTcs B
npefesax cBeToBoro uuaunHapa. Ilpy atom nnasma, Haxoasilascs B
00/1aCTH 3aMKHYTBIX MarHUTHBIX CHJ/IOBBIX JHMHHH, OyleT BpallaTb-
Csl BMeCTe C HEHUTPOHHOH 3BEe3l0H, W, CJEeNOBATEJbHO, He CMOXKeT
y4acTBOBaTb B paboTe YHHUIIOJNAPHOrO HHAYKTOpa. [IponosbHbIe TOKH
CMOTYT Teub JIUWb B 00JIaCTH OTKPBITHIX CHJIOBBIX JIMHHUH.

CHJIOBBIE
JIMHUH

OTKpbITHIE |

o

AMKHYTbI€
CHJIOBbBIE

JINHUH | .
CaeToBOH

\/‘( Ry, iLLI/IJII/IHﬂp

Puc. 33. OTKpbIThIE U 3aMKHYTble CHUJIOBBIE IHHHM B MarHutocgepe paaromnyJ/bcapa
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Bocno/ib30BaBIHCh Tenephb oueHkoit Ry ~ (LR /c)!/?R, cnpasen-
JIMBOH [JIsl AUMOJIBHONO MarHUTHOTO MOJIst (3TO COOTHOLIEHHE MOXKHO
MOJIYUHTh, HANpPUMep, CPaBHHBAsi MarHUTHbIE MOTOKH, MPOXOASIIIHE
uepe3 MOJISPHYIO MIAMKY U MOBEPXHOCTh CBETOBOTO LHJHHApA), MO-
JlydaeM OKOHYATEeJIbHO XOPOILIO H3BECTHOE BbIpaXKeHWe JJisi MOTepb
SHEPrUH PaJHOIyJIbCapoB

ORy\ > QRr\*
W~ <C°> B3R3c = (C) B3R’c. (226)

Jlnsi cTaH#mapTHHIX MapaMeTpPOB HEHTPOHHBIX 3Be3[ (MarHUTHOE IO-
ne By ~ 10'2 Te, paguyc R ~ 10 &M, QR/c ~ 1072 — 107%) sra
(opmysia MOJHOCTBIO COOTBETCTBYET Hab/I0aeMbIM OTEPSIM SHEPTHH
paguonyascapos W = —I,Q0 ~ 1031-1038 spr/c.

Hrak, MarHuTHOE 10Jie IeHCTBUTENbHO MOXKET UTPaTh KJIOUYEBYIO
poJib B IpOLlecCe BblAEJEHUS] HEPTUU M3 ObICTPO BpalLAIOLIUXCS
KOMMAKTHbIX 00beKTOB. [T0HSITHO, YTO OJHOBPEMEHHO KOMMAKTHBIH
00beKkT OymeT TepsiTb U MOMEHT KOJWYecTBa NBHKeHHs. Mbl yxe
MoJUYepKHBaJH YHUBEPCANbHOCTb 3TOr0 MexaHuama. CjenoBaTesbHo,
MarHUTHOE TOPMOXKEHHE MOXKeT MMEeTb MeCTO y CaMBIX Pa3JHYHBIX
acTpo(pu3MUeCKHX HCTOYHHUKOB. B uyacTHOCTH, MOAOOHBIM Ke obpa-
30M JIOJ/IKHBI TEPSITh SHEPTHIO U YIJIOBOM MOMEHT HepessiTHBUCTCKHE
00bEKTH, T.e. 0OblYHble 3Be3abl. VM nelCTBUTENbHO, HAIEXKHO YyCTa-
HOBJIEHO, UTO «MarHUTHBIE» 3BE3[bl, Y KOTOPHIX MAarHUTHOE T0Jie Ha
TIOBEPXHOCTH JOCTHUTaeT HECKOJNBKUX KHJIOrayce, BpallanTcs ropasio
MelJieHHee, UeM 3Be3[bl, He 00/anallde TAaKUMH CHJAbHBIMU Mar-
HUTHBIMHM NOJISIMH. EcTeCcTBEHHO CBfi3aTb 3TO pasjvyle HMEHHO CO
3HauMTe/bHO Gosiee 3(D(heKTUBHBIM 3aMejlJieHHeM 3Be3[bl B TeyeHHe
ee XH3HU. He wHCK/II0YeHO, YTO HMMEHHO MAarHUTHOE TOPMOXKEHHE
0OBSICHSIET ¥ XOPOLIO U3BECTHBIH (haKT, UTO MOMEHT KOJMYECTBA 1BH-
JKEHUS] COJTHEYHOH cucTeMbl 00yc/oBaeH He CoJiHLIEM, 2 B OCHOBHOM
6OJbIIUMHU TIJIAHETAMH.

3.4.4. YepHas gpipa B MarHUTHOM moJje. [lpoctora u ecre-
CTBEHHOCTb, C KOTOPOH yAa/s0Ch 00BbSICHUTb aKTHBHOCTb PAAHOIYJIb-
capoB, MpHBeJa K TOMY, UTO 3TOT MPOLIECC CTaJ PacCMaTpHUBAThCS
KaK YHHBepCaJ/bHbIH MexaHW3M, MPUMEeHUMBIH U [JI5 caydasi Bpallia-
ouleficss yepHo# mbipel. s 3TOrO, Kak Mbl BHAENH, HeOOXOOUMO
CYL1EeCTBOBaHHE!

1) perynsipHOro MarHUTHOTO I0JIsi, UT'PAIOLLEr0 POJIb MPOBOJHUKA,

2) BpallleHHWs LEeHTPAJbHOIO TeJja, CO3[AKIIero Pa3HOCTh MOTEH-
uuanoB U, u

3) 3/IeKTpUUecKoro Toka [, YHOCSIIIEro 3HEPrui0 OT Bpallalolle-
rocsi Teja ¥ yMEHbIIAIOIIEr0 CKOPOCTh €r0 BpallleHHSl.

5 B.C. beckun
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[Ipu sToM ocHOBHOH 3amaued, KOTOPYIO HYXKHO ObLJIO PELIUTb INPU
onpefesieHUH TNPUPOABI AKTUBHOCTH KOMIIAKTHOTO 00BEKTa, CTaJja
3ajlaua HaxXOXIeHHUS CTPYKTYpPbl 3/J€KTPUUYECKUX TOKOB, TEKYIIUX B
ero MarHutocdepe.

3mech cjenyeT cienaTh IBa Ba)KHBIX 3aMedaHHs. Bo-mepBbix,
He0OXOAMMO OOBSCHUTH, TOYEMy MarHUTHOE I0Jie MOXKET HrpaThb
pOJIb TIPOBOJHHMKA (3TOT BOMPOC OTHOCHTCS W K MarHUTocdepe pa-
auony/abcapoB). [leliCTBUTENbHO, B OOBIYHBIX YCJIOBHSIX BHELIHEe
MarHuTHOe I0Jie, HamnpuMmep, cOOCTBEHHOE MarHUTHOe MoJse 3eMJiH,
HHMKaK He BJIMSIeT Ha HalpaBJ/eHHe PaclnpoCTpaHEeHHs TOKOB — OHH
OyLyT Teub JIMIIb BAOJb MPHUJIOKEHHOTO 3jeKTpudeckoro mojs. On-
HaKO eC/JIM MarHUTHOE T10Jie JOCTaTOYHO BEJIHMKO, a TJIOTHOCTb CPelbl
J0CTAaTOYHO Masa (Tak 4TO JJMHA CBOOOAHOTO Mpobera yacTHI CTa-
HOBUTCsI GOJIbIlIe paguyca OKPYKHOCTH 7, = mcv/eB, mo KoTopoH
3apsiKeHHasi yacTHIla ABHXKETCS B MarHUTHOM I10J1€), W NPHU 3TOM
panguyc i, OyieT MHOTO MeHble pa3Mepa CUCTEMBl, TO B 3TOM CJydae
MPOBOIMUMOCTb CpPefbl MOTepeK MArHUTHOTO TOJISI JO/KHA OBITh Cy-
LIeCTBEHHO MofiaBJeHa. B pesysnbrarte, ¢ Xopolueil TOUHOCTbIO MOXKHO
CUHTaTh, UTO 3apsiKEHHAs YaCTHLA, a, 3HAUUT, U JIEKTPUUECKUH TOK,
OyneT ABUraThCsl JHLIb BIOJb BHEIIHEr0 MarHUTHOTO MOJS.

Bo-BTOpBIX, COTJIACHO T.H. «TeopeMe 00 OTCYTCTBHM BOJIOC» Yep-
Hasl Oplpa He MOXKET UMeTb CBOEr0 COOCTBEHHOrO MAarHUTHOTO TOJISl.
MaruunTHoe moJsie JI060T0 UCTOYHMKA, HANPUMep, KOHTYpPa C TOKOM,
NpUO/MIKAIOIIET0CS K TOBEPXHOCTH UePHOH ABIPHl, OyAeT UCKAXKAThCs
ee rpPaBUTALMOHHBIM TI0JIEM, B pe3yJibTaTe Yero yaajeHHbIH HabJona-
TeJlb YBUAMT, UYTO MarHUTHOE I0JIe B €0 OKPeCTHOCTH OyneT ObICTPO
yMeHbLIATbCsl ¢ TeyeHHeM BpeMeHH. B uTore, B MOMEHT NpoXoxje-
HHS HCTOUHHKOM T'OPH30HTA COOBITHH MAarHUTHOE MoJie BHE YepHOH
IBIPEl OKaXKeTCsl PaBHBIM Hy/0. ENMHCTBEHHBIM COOCTBEHHBIM IIO-
JieM, KOTOpPbIM MoKeT 00/1ajlaTb yepHasi Ablpa, OyaeT 3JeKTpUyecKoe
1noJie TOYeYHOro 3apsiia, PAClOJIOKEHHOro B ee LEeHTpe.

UToO6bl MOHATH MPUYUHY ITOTO sBJEHUS, yHLoOHEe pacCMOTpeTh
He MarHUTHBIH, a 3JIeKTPUYeCKHH [AuMoJb, T.e. ABa OJH3KO pac-
TMOJIOXKEHHBIX PA3HOMMEHHBIX 3JeKTpHUUecKuX 3apsina. Ha puc. 34
MO0KA3aHO, KaK HCKa)KaeTcs 3JeKTPHUUeCKoe ToJie OJHOTO 3apsila ¢,
Haxopsilerocsi BOJIM3U ropu3oHTa coObITHH. HecmoTpss Ha To, uTo
3apsil ¢ HaXOAUTCA BOJM3U TOPU30HTA, YAaJeHHOMY HalJiofaTesio
OyneT KasaTbCs, YTO OH HAXOAMTCA BOJM3M LEHTPa YepPHOH MbIPHI.
A 3TO 3HAUMT, YTO NpPH NPUONHKEHHH 3JIEKTPUUECKOrO AMIONS K
TOPU30HTY COOBITHH M300pakeHHsl 3apsiioB 10 MHEHHIO YAaJIeHHOTO
Habuonaresnss OyAyT NpUOIHKATBCS APYT K APYTY, TaK 4YTO BeJH-
yuHa aunodbHoro mMomeHta d = ¢l 3a cuerT Kaxkyllerocsi yMeHb-
[eHUs] paccTosiHus | Mexxny 3apsnaMu OyfeT CTPEMHUTbCS K HYJIIO.
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CrenoBaTenbHO, OyieT CTPEMHUTbCS K HYJIO U 3JEeKTPUUecKoe MoJe
IMIIOJIS, PETUCTPUPYEMOEe BIAJIM OT YepHOH AbIPbl. TOYHO TaK xKe
OyleT yMeHbIIAThCSI U MAaTHUTHOE T10Jie MArHUTHOTO AMMOJS MO Mepe
€ro NpHOJIHKEHHUS K TOPU3OHTY COOBITHH.

Puc. 34. CusioBble JIMHUK 3JIEKTPUUECKOrO MOJIS 3apsiia ¢, HaxXoAsilerocs BOIU3U
ropu3oHTa 4epHO# AbIpbl. [lepemelleHHe H300pakeHHs 3apsifa B LEHTP YepHOH
NbIPBI CBSI3aH C KPUBHU3HOH MPOCTPAHCTBA-BPEMEHH, HO OH MOXeT ObITb (hopMaJsbHO
00BSICHEH M TIOSIBJIE€HHEM MOBEPXHOCTHBIX 3apsiioB. OnHAKO B NEHCTBHUTENBHOCTH
HUKAKHUX peasibHBIX 3apsiIoB Ha MOBEPXHOCTH TOPH30HTA He CYIIECTBYeT, a HeoO-
XOIHUMOCTh MX BBEJEHHS CBs3aHa C TeM, YTO yJIaJeHHbIH HaOJofaTe b HE MOXKET
noJy4yarb UH(GOpPMaLHI0 0 COObITUAX, NPOUCXOASALIUX BHYTPH TOPU3OHTA COOBITHH.
[TosToMy MBI BBIHY>KIE€HBl CUMTATh, YTO CHJIOBBIE JIMHWH, NPOXOASLIHE Yepe3 ropH-
30HT, OKAHUMBAIOTCS MJIM HAYMHAIOTCS HA NOBEPXHOCTHBIX 3apsiax

Takum o6pa3om, coOCTBEHHOe MarHUTHOE I0Jle YePHOH JbIpbl
IOJIKHO ObITh paBHO HyJ10. OfHAKO «TeopeMa 06 OTCYTCTBHH BOJIOCH
He 3ampelllaeT YepHOH Jblpe ObITb MOIPY’KEHHOH BO BHeIHee Mar-
HHUTHOe moJjle. Takoe MarHUTHOe I10Jie BIIOJIHE MOXKeT ObITh CO3[aHO
B AKKPELIHOHHOM JHCKe, KOTOPBIH CrocoOeH WUrpaTh posib AMHAMO-
MalinHbl. [109TOMy BO3MOXKHOCTb CYILLIECTBOBAHHS CHJILHOIO MarHUT-
HOTO T10J151 B PaCCMaTpHBaeMbIX CHCTEMaX He BBI3bIBAeT COMHEHHSI.

3.4.5. IIpouecc basnadopma—3naiieka. Mbl BUIUM, UTO
uzies YHUMNOJSPHOTO MHAYKTOpPA MOXKeT ObITb HaNpsaMylo NMpUMeHeHa
U K MarHuToc(epe 4epHOH IObIpbl. B 4acTHOCTH, Kaszajocb Obl, UTO
MOTEPU 3HEPTHUU MOXKHO OLleHMBATh TaK Ke, KaK 3TO ObLJIO CAeNaHO
0Js1 MarHuTocdepsl nynbcapoB. OTJIUUHE COCTOUT JIMIIb B TOM, UTO
panuyc MoJispHOH Wanku [y cienyeT 3aMeHUTb Ha TPaBUTALIMOHHBIN
pajuyc 7y, MOCKOJNBKY, B OTJIHYME OT DaJHONYyJbCapoB, BpalleHHe

5
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nJ1a3Mbl BOJIM3M MOBEPXHOCTH YepPHOH ABIPbI HE 0053aTesbHO TPOHUC-
XOIUT C TOH Ke YIJIOBOH CKOPOCTbIO, YTO U YIJIOBAsl CKOPOCTb YepHOU
neipbl. CyiefoBaTeNbHO, POJb YHHUIOJASPHOTO WHAYKTOPA MOXKET WT-
paTh BCS IOBEPXHOCTb FOPU30HTa COOBITHMH. B pesysbrare, oLeHKa
IJ151 oTepb Hepruu no (popmyne W = IU HeMe#JeHHO NMPHUBOIMT K
BbIpaKeHHIO

QT 2 2 9
WBZ ~ <7g> Bo’/‘gc, (227)

nonydeHHomy B 1977 r. P. Bnsundopnom u P. 3nailekom npu aHa-
JIM3e CTPOeHHsI MarHutocdepbl Bpallaiolleics uepHod Ablpel. s
napaMeTpoB, XapaKTepHBIX [Jsi aKTHUBHBIX sep (MarHUTHOe MoJie
By ~ 10 Tc, paguyc ueproii abipsl 7y ~ 101 cm, Qrg/c ~ 1), 31a
(opmys1a X0OpoLIO coraacyercsi ¢ HabMIOAAEMbIMU TOTEPSIMH SHEPTUU
W ~ 10% spr/c. Umenno Basuadopn u 3Hakiek nmepBbIME MOKa3aJH,
4TO Bpalllaolllasicsl YepHas Ablpa, IOrPYKeHHasl BO BHEIIHee MarHMT-
Hoe 1oJie, MOXKeT paboTaTh KaK YHHIIOJNSPHBIH HHIYKTOP, U MO3TOMY
3TOT MPOLECC HOCUT UX HUMS.

BwmecTe ¢ TeM, HeCMOTPsl Ha [IOBCEMeCTHOEe HCIOJb30BaHHe MeXa-
Hu3Ma basnndopna-3Haiieka /st 06bsiCHEHUS IPUPOABI AKTUBHOCTH
Pa3HbIX acTPOo(U3UUECKUX OOBEKTOB, CaMa BO3MOXKHOCTb 3JEKTpO-
MAarHUTHOTO BbIJ€J€HUS] SHEPTUM Bpallalollelcss YUepHOU NBIPOH yxkKe
MHOTO JIeT TOoJBepraercsi coMHeHHIo. [Ipn 3TOM Bompoc okasaljcs
CTOJIb Cepbe3HbIM, YTO B HEKOTOPBHIX pabdoTax Obl1 Haxe CAesaH
BBIBOZ O TOM, YTO 4epHasl Ablpa BooOlle He MoxeT padoTaTb Kak
yHUNOJMSApHBIA HUHAYKTOP. IHeno B ToM, uto B 1982 r. K. TopHom
u JI. MaknoHanbnoM 6bl1 c(HOPMYJIHUPOBAH MOAXOMA, KOTOPBIH MOJI-
HOCTBIO 3aKperisj aHaJOrHI0 MeXJy MarHuToc(epod HeHUTPOHHOU
3Be3/bl ¥ YepHOH AbIPbl. J[/1s1 3TOr0 OBIIO BBEEHO TOHSITHE TIPOBOAS-
el MeMOpaHbl, PAClOJNOKEHHOH y FOPU30HTA UEPHOH IbIPBI, CBOU-
CTBa KOTOPOH OBIIM MONHOCTHIO SKBUBAJEHTHBl CBOHCTBAM MOBEPXHO-
CTH HEHTPOHHOM 3Be31bl (M. puc. 35). B uacTHOCTH, MO MOBEPXHOCTH
MeMOpaHBl MOTJIM TeUb 3JIeKTPUUYeCKHe TOKH Jy, 3aMbIKaIOLIMe TOKH,
Tekylire B MarHutocgepe. IIpy aToMm Obl/I0 OKAa3aHO, YTO TOPMO3S-
liee neicTBre CUbl AMIepa, CBSI3aHHON C MOBEPXHOCTHBIMH TOKaMH,
NIEeHCTBUTENbHO NMPUBOAUT K BbIpaKeHHI0 (227) NJs MOTepb SHEPTHH
BpaLLAIOLIENCs YePHOU IbIPHI.

Kasanocp ©Obl, Takoe coOBNajeHHe MOXKHO ObIO paccMaTpH-
BaTb KaK MpsIMOe IMOATBEPXKAEHHEe CylllecTBOBaHUs npouecca bisna-
(opna—3naiieka. OgHaKO BCKOpe CTaJ0 SICHO, UTO MHOTHE 3JI€MEHTHI
TEOPHH, CBSI3aHHOW C MOBEPXHOCTHBIMHU TOKAaMH, He BBIAEPXKHBAIOT
KpuTHKHU. Hanprumep, Kak Mbl BUIeJ/H, I0BEPXHOCTb YEPHOH IbIPbI 110
oTpefesIeHHIO TPUUMHHO He CBSI3aHA C BHELIHUM MPOCTPAHCTBOM, TakK
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4TO MH(GOPMAIHUs O TIOBEPXHOCTHOM TOKe (&, 3HaYMT, U O BeJHUUHHE
NOTepb SHEPrHUM) He MOXKET ObITh MepeqaHa yiaJeHHOMY HabJsonare-
q0. Kpome Toro, uepHasi npipa He UMeeT TBepAOH moBepxHocTH. [lo-
3TOMY COBEpIIEHHO HEMOHSITHO, KAKOW CMBICJ HMEIOT MOBEPXHOCTHBIE
TOKH, U Ha YTO AEHUCTBYyeT cusa Amrepa, KoTopasi 10/XKHA TOPMO3HTh

YepHYIo IbIpY.

BekTtop [lofinTrHra

Topmossiu#

momeHT K

Puc. 35. CTpykTypa 3/€KTPHUECKHX TOKOB BOJIH3U MOBEPXHOCTH YEPHOH IbIPbI
(koHTypHBle cTpeskH). McTouHHKOM TOKa sBJseTCs 00JacThb POXKIEHHS 3JIeK-
TPOHHO-MO3UTPOHHBIX Nap (LWITPUXOBasi JHUHHS). 3aMbIKaHHe TOKa CBfI3aHO C TeM,
YTO B pPa3HbIX YacTAX TOPU30HTA COOBITMH €ro MepeceKkalT 4YacTHLbl Pa3HOro
3HaKa 3apsna. [lokasaH Ttakxe (UKTHBHBIH TOK Jm, TEKYLIMH MO NOBEPXHOCTH
MeMOpaHbl. Beinensiemass SHeprusi yHOCHTCS OT 4€PHOH JbIPbl 3/1€KTPOMAarHHTHBIM
noseM (BekropoM [lofinTunra S). Ilajatomias Ha YepHYyIO ABIPY 3J1€KTPOMAarHUTHAs
9Heprus oTpuuaresbHa. HanpapseHUs 3/1€KTPOMAarHUTHBIX [0JIeH MOKas3aHbl AJisl
HabJofaTenel, BpallaolIUXCsl C YIVIOBOH CKOPOCTBIO w

Jlume B camoe mocsenHee BpeMs CTajo SICHO, UYTO KPHUTHKA
KacaJjach JHIIb MeMOPaHHOH TPAaKTOBKM M He 3aTparuBaja CaMuX
OCHOB mpollecca basnndopna-3naiieka. [Ipexne Bcero, oTmerHm,
4TO B C/Ay4yae YepHOH ABIPHl AJIsl 3aMbIKAHUS TOKA COBCEM He HYKHO,
4TOObI 3apsiKEHHbIe YaCTHIb TTIOKUAANH UepHYI0 AbIPY (cM. puc. 35).
Jlast 3TOro moCTaTodyHO, YTOOBI CyMMAapHBIH 3apsil, MepeceKarolri
TOPU30HT COOBITHH, OBl paBeH HyJt0. DoJsiee Toro, mss 3amMbiKaHHs
TOKa 3apsiibl, (PaKTHUECKH, He MOJKHBI MepecekaTb W MaTHUTHbBIE
CHUJIOBBIE JIMHUM, KAK 3TO UMeJIO MECTO Ha MOBEPXHOCTH HEHUTPOHHOH
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3Be3nbl. Kak yxe oTMeuasnochb, ynaseHHOMYy Habmonatento OyaeT
Ka3aTbCsl, 4TO 1Ba Pa3HOMMEHHBIX 3apsiaa, NPUOIU3HUBLIMXCH K TOPH-
30HTY, OyAYT HAaXONUTbCSl B LleHTpPe YepHOH AbIpHl, Tle, C ero TOUKH
3peHHUs], U NMPOU30HIET 3aMblKaHHe TOKa. DTOT NpHMep MOKa3blBaerT,
4TO MOBEPXHOCTHBIE TOKH BOOOLE He AO/KHbBI UTPaTb HUKAKOH POJIH
[pU TOPMOXKEHHUH YEPHOH ABIPHL.
E Ho Torma B a/eKTpuyecKOM KOHTY-
==%7|  pe, colepxalleM YepHYI IbIPY, HeoO-
XOAUMO OblI0 HAUTH APYrod HCTOUHHK
3JIeKTPOIABHKYLLeH CHJIBL, T.K. Terepb
YyepHasl Ablpa yxKe He Morya ObITb HC-
TOYHUKOM CTOPOHHHX CHJI, H, CJeloBa-
TeJIbHO, UTPaTh Posib HaTapeu MOCTOSIH-
Horo toka. Okasasoch, 4TO MOsIBJIEHHE

E= VxB/c

E

T

Puc. 36. IlosiBieHue ssekTpo-
IBHXKYIIEH CHJIBI B KOHTY-
pe, MOKOSLIEMCS OTHOCHTeJb-
HO Bpaulamlleics 4YepHOH [bl-
pbl, MOTPY’KEHHOH BO BHellHee
MarHutHoe mnoJie. Hanpassienus
3JIEKTPUYECKOT0 MOJIs TOKA3aHbl

I C csizano ¢ achdexrom Jlenze-Tup-
putra (3¢heKToM yBJE€YEHHS CHCTEM
oTcueTa), T.€. C TMOsIBJeHHEeM TPaBUTO-
MarHUTHBIX chJI. JleficTBUTENBHO, Kak
MBI BUIEJH, TEJO, Haxolslleecs B IO-
KO€ OTHOCHTEJIbHO Bpallalolielcs uep-

JJI1 TIOKOAILLLUXCH Haé.ﬂ[OI[aTeJ]eI;I HOI';I ,H,blpbl, Ha caMOM JeJie JIBUXKeT-

Csl OTHOCHUTEJIbHO BblJeJIEHHOH CcHCTe-
MBI OTCUeTa, Bpallaiolledcs ¢ yryoBoH ckopocTeio Jlense—Tuppus-
ra w. Y takoe nBuKeHHe MOXKET OBITb 3apETUCTPUPOBAHO, HATIPUMED,
C MOMOLIbIO Bpallaloluxcsl rupockonos. [lostomy, kak u B caydae
3apsKeHHBIX TeJ, ABMXKYLIMXCS B MAarHUTHOM T10Jie, OTHOCHTEJIbHOE
IBUKEHHE MPUBOIUT K IOSIBJIEHHIO 3JIEKTPUUECKOTO MOJIs

E=-vx B/, (228)

roe v — JIMHeHHas CKOpPOCTb TeJja OTHOCUTEJbHO BbI€JEHHOW CH-
cTeMbl oTcueta. [Ipu 3TOM BaXKHO, 4TO yIyioBasi CKOPOCTb BpalleHUs
OyneT pa3iUuHOM Ha pasHBIX PAcCTOSIHUAX OT yepHOH Ablphl. [TosTo-
My, KaK M0Ka3aHO Ha pUC. 36, LUPKY/ALUS JeKTPUUECKOro MoJs B
KOHType OyieT OT/IMYHA OT HyJs. B pesynbrarte, naxe B TOM ciaydae,
€CJIM 3JIeKTPUUECKUH KOHTYD IOKOUTCS OTHOCHTEJ/bHO UepPHOH AbIPHI,
TaK 4YTO MarHUTHBHIHA MOTOK 4Yepe3 Hero OCTaeTcs IOCTOSIHHBIM, «J[BH-
JKeHHe MPOCTPaHCTBa» MNPUBENET K MOSBJEHUIO 3JEKTPOABHXKYILeH
CUJIBl B 3TOM KOHTYype. IIpu 3TOM, KaK Mbl BHAMM, «3JeKTpUyecKas
GaTapesi» OyleT HaXOAMTbCS HaJ [OBEPXHOCTBIO FOPU3OHTA YEpPHOH
IBIPHL.

HakoHel, kak y»xe mopyepkuBaJjoch, 1J/s1 TOro 4ToObl B MarHu-
Toc(epe UepPHOH IBIPBl MOTJIK TeYb 3JEKTPHUECKHe TOKU (M, 3HAYMT,
OHa Morja paboTaTh Kak YHHIOJSIPHBIE WHAYKTOpP), HYKHO, YTOOBI
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CYLIeCTBOBaJ MeXaHW3M PpOKAeHHs maasmbl. [Ipn 3ToMm, Kak W B
st ekre [lenpoysa, ofgHa yacTula A0/MKHA YNACTh HA YEPHYIO JBIPY,
a BTopast yHTH Ha 6ecKkoHeyHOCTh. TakuM obpasom, npoiiecc basun-
(oprna—3Haiieka sBJASETCS MPOCTO 3JeKTPOMArHUTHOH peaJsin3alveld
npouecca [lenpoysa. Tosbko OH KacaeTcss He caMHMX 3apsiKEHHBIX
YacTHL, a CO3/aBaeMOr0 MMM 3JeKTPOMarHUTHOro mnojs. To ecTb
3aMe/lIeHHe BpallleHUsl YepHOH AbIPbl CBS3aHO He C 3JIeKTPUUEeCKHUMHU
TOKaMH, TEKYIIHMH MO MOBEPXHOCTH FOPU30HTA, & C TeM, 4TO IJIOT-
HOCTb 3HEpPrHH 3JIeKTPOMArHUTHOrO I0JIs, NepeceKalollero MnoBepx-
HOCTb YepHOH JbIPbl, OKa3blBaeTCsl OTpHLATE]bHOH. DTa UHTepIpe-
TalWs TPeACTaBJseTcss ceddyac HauboJsiee MPaBIONOAOOHOH, TaK UTO
K HeH cKJoHsileTcsl OOJIBLUMHCTBO HCCJ/eloBaTesel, 3aHUMAIOLUXCs
3THUM KPYTrOM BOINPOCOB.

Takum 006paszoM, MOXKHO HafeATbCsl, YTO Mbl ceHdac MpaBUJIb-
HO MOHMMaeM MeXaHH3M BbleJIeHUs] SHePrUH PeJIITUBUCTCKUX KOM-
NakTHeIX 00bekToB. C [IpPYyrodl CTOPOHBI, MBIl BHIEJH, HACKOJIbKO
cjenyeT OBITb OCTOPOXKHBIM IIPH MOMBITKE [epeHecTH Hallle [OHHU-
MaHHe 3JeKTPOAUHAMHUUYECKHX TMPOLECCOB B MJOCKOM MPOCTPAaHCTBE
Ha cjydail MarHuToc(epbl 4epHOH nbipel. Hecmorpsi Ha TO, uTO
Bpallamllascs yepHas [Iblpa, NOrPYKeHHasl BO BHelLIHee MarHUTHOE
noJse, 1eHCTBUTENBbHO MOXKeET paboTaTb KaK YHHUIOJSPHBIA HHAYKTOP,
caM MexaHHU3M 3aMell/IeHHsl BpalleHHs] OKa3blBAeTCsl He CBSI3AHHBIM C
3/IeKTPUUEeCKUMU TOKAMH, TeKYLIMMH [0 TOBEPXHOCTH UepPHOH AbIPHI.



3akJaueHue

Takum o6pasom, o611ast TeopHsi OTHOCHTEbHOCTH, MOCTPOEHHAs
KaK 4MCTO NeNyKTHBHAsl TEOPHs, MO3BOJNU/IA CHEeIaTh MHOTOYHCJIEH-
Hble MPeACKa3aHusi, MHOTHE U3 KOTOPBIX OBbLIM BIOCJAEICTBUU yCIIell-
HO NOATBepxKJeHbl. Bosiee TOro, MoXKHO ¢ yBepeHHOCTBIO CKa3aTb,
4TO celiuac He CyLIeCTByeT HMKaKMX yKa3aHWH Ha Kakue-nub60 pac-
XOXKJIEHHsI MeXy TpeacKasaHHusMH 00Lel TeOpHH OTHOCUTEJIbHOCTH
1 HabOsoneHusivu. Bmecte ¢ TeM, He Hano 3abbiBaTh, UTO MOKA yna-
Joch npoBeputhb npenckazanuss OTO sumb B ci1a6oM rpaBUTAllMOH-
HoM roJie. [TosTomy roBopuTbh 06 OKOHUaTe/bHOH Nobefie elle Npex-
JieBpeMeHHO0. DTO MPeKpPacHO MOHUMAJ U DUHILITEHH, KOTOPbIH BCeraa
TMOAUEPKHBAJ, YTO SKCIIEPUMEHT HUKOILA He TOBOPUT «Ja», a JHIIb
«HET» WJIH «MOXKeT ObITh». OfHAKO caMa BO3MOXKHOCTb C(HOPMYJIHpPO-
BaTb YeTKHe MpeacKa3aHus (M, 3HAUMT, BIOCAEACTBUU OMPOBEPTHYTDH
TEOPHIO, €CJIM OHa OymeT NMPOTHBOPEUYUTb HAGJIONAaeMbIM AaHHBIM)
sBasieTcs: BaxkHeHwuM cBodictBoM OTO, xapakTepusyoLIMM ee Kak
MUCTHHHO HAyUHYIO TEOPHI0. DTHUM TEOPHS OTHOCHTEJbHOCTH BBITOL-
HO OTJIMYAeTCsl OT MHOTHX COBPEMEHHbIX TeOpHH (pyHIaMeHTasbHBIX
B3aHMOJEUCTBUIH, KOTOpbIE, HECMOTPS] Ha BHYTPEHHIOK CTPOHHOCTD
¥ MaTeMaTHYeCKOe COBEPIIEHCTBO, 0 CHUX TOp He chopMyaHpPOBAJH
HH OJHOr0 HabJII0aTeIbHOIO TecTa, CIOCOOHOro NPOBEpPUTh UX CIIpa-
BEIJIMBOCTb.

Uro ke pasbiie? UTo oxkupaer Hac B OuukaiiieM Oyayliem?
[Ipexne Bcero, aHajqM3 NPHUXOLA HMIYJbCOB OT IBOWHBIX IyJbCa-
POB TO3BOJIUT CPAaBHUTb MpeACKa3aHHs OOIIeHd TEOPHH OTHOCHTEJb-
HOCTH B CJIelylolleM MOpsiKe M0 BeJH4HHe 7g/T, T.e. N0 BeJH-
YUH ré/rQ ~ (v/c)*. D10 3aBEIOMO NOMKHO CIYUHTHCS yiKe depes
HECKOJIbKO JIET, TIOCKOJIBKY MpoLenypa o6paboTKH MOMEHTOB MPHUXO0Aa
paIMOHMITY/IbCOB YeTKO (PUKCHpPYeT BpeMs, KOTOpoe HeOOXOAUMO [JIs
NoJy4eHHs: HeoOX0AUMOH ToUuHOCTH. [lajee, ecTb peasbHas HaleXk/a,
uTo B OsnrKaiiiee BpeMs OyAyT OTKPBITHl IPABUTALlMOHHBIE BOJIHBI.
Ecau 3T0 npousoiifer, To TeoOpHsi OTHOCHTEbHOCTH OyfleT NpoBepeHa
BIJIOTh 10 BequuuH ~ (v/c)®. OmHako OKOHuUaTe/bHass MPOBEpKA
CTaHeT BO3MOXXHOH JMIIb NPU OOHapyKeHUH 3(P(PeKToB BOJIU3U TO-
DH30HTA COOBITHH UYepHBIX MAbIP, TAKHWX, KaK OTCYTCTBHE TBepIOH
MIOBEPXHOCTH M OeCKOHEUHO CHJIbHOE 3aMejJleHHe BpeMeHH BOJIM3U
ropusoHTa. J1asi 3TOro He0OXOAMMO YBEJHUNUTh YIJOBOE paspelleHHe
npreMHoil anmapatypsl 10 1078 yrmoeix cekynm. B stom ciyuae
CTaHeT BO3MOXKHBIM HaOJIIOAATh MPOLECChl BONIM3H CBEPXMACCHBHBIX
YepHBIX IBIP B siApax raJakTHK (a TakyKe paspellaTb U H300pake-
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HUS MHKPOJIMH3UPOBAaHHSl Ha YepHBIX NbIpax). B HacTosiee Bpems
TaKHe IKCIIEPUMEHTBI TaKxKe TJIaHUPYIOTCs, TaK UTO He HCKJIUEeHO,
uto B OJMXKaHIIMe MATb—AECSATb JET Mbl CMOXKEM HeNoCpelCTBeH-
HO HaOJIOaTh MPOLECCHl, NMPOUCXOASIIHE B LIEHTPaJbHOH MallKHe
AKTHBHBIX rajakTHueckux sijep ). TeM cambiM OyneT clesaH elie
ONMH IIAr K AJsiiiemMycsi yxe 6e3 Majoro CTo JieT CIOPy O TOM,
CrpaBel/IBa JIM TeOpHs I'paBUTalMH, copMmynupoBaHHas AsbbGep-
TOM JDHHIITEHHOM B HOsi6pe 1915 .

') Uro xe kacaetcsi BO3MOKHOCTH HAGMIONATh BHYTPeHHHE 0GJACTH aKKpelu-
OHHBIX JIHCKOB Y UePHBIX JbID COJHEUYHBIX MACC, TO A/ 3TOTO MOTPeGOBanoCh Obl
yriosoe paspemenne 1070 yraosbix cexym.



INPUJIO2ZKEHUA

Kak mokaspiBaeT ombiT, CeMHHapcKHe 3aHATHS (T.e. MOMPOCTY
pelieHue 3anay) SIBJASIOTCS COBEPIIEHHO HEOOXOAWMBIM 3JE€MEHTOM
npenonaBanus. [lo3ToMy Mbl NpUBeieM 3[1eChb BBIBOA HEKOTOPBIX
KJIIOUEBbIX COOTHOLLEHUH, KOTOpble OBLIM HCIIOJNb30BAHBl HAMU Bbl-
we. [Ipu sToM uHOTAA Mbl He GyneM HHTEPeCcOBATbCS UUCTEHHBIMH
KO3 (pULUEeHTaMH, a IPOCAEANM JIUIIb 3aBUCUMOCTb OT (PU3UYECKHX
napaMeTpoB, XapaKTepU3YIOILKX 3a1ady. Kak Mbl yBUANM, OOJbILHH-
CTBO TaKHUX COOTHOLIEHHH MOTYT ObITh MOJIydeHBl «Ha Majbliax», ec-
JIM TIPAaBUJIbHO MOHUMATb (PU3HUECKYI0 KapTHHY siBjJeHHH. C npyro#
CTOPOHBI, B HEKOTOPBIX CJydasiXx Mbl CMOXEM MOJYUUTb U TOYHBIE
BBIPaXKEHHS.

1. 3akoH nmpeoOpa3oBaHUA KOOPIUHAT
«H3 MEePBBIX MPUHLUIIOB»

Kak Mbl BUie M, 00bIUHO 00LIHe COOOpaXKeHUst (CHMMETpHS, JIO-
PEHI-HHBAPHAHTHOCTb) MOT'YT TMOMOYb OrPAHHUHUTL TEOPHIO, HO He
onpefiensioT ee 10 KoHua. OfHAKO B HEKOTOPBIX cJaydasxX caM Ma-
TeMaTUYeCKUH BHJ[ TEOPHUU MOXKET ObITh MOJYYeH «H3 TepPBbIX MPHUH-
uunoB». Mbl mokaxkeM 3To Ha npumepe dopmynasl (9) ans mpeo6-
pa3oBaHMs KOMIIOHEHT BEKTOpa MPU MOBOPOTAX CHCTEMBI KOOPIHMHAT,
KOTOpasi B IBYMEPHOM BHJIe 3aTUChIBAETCS KaK

Ay = Ay cosp + Aysing,

Ay = —Agsing + A, cos . (229)

[IpennosnoxkuM Temepb, YTO BUA MpeoOpa3oBaHUs HAM HeEU3Be-
creH. [loaTomy 3anuiem ero B camoMm 006IIeM BUIE

Ay = fi(p)As + fa(p)Ay, (230)
Ay = f3(p) Az + fa(p) Ay, (231)

KOTOPBIH MOXKeT MMeTb MEeCTO MNpH JUHEeHHOM NpeoOpasoBaHHH KO-
opauHat. Ilokaxkem Tenepb, UTO BCe UeThlpe HeU3BeCTHbIE (PYHKLHH
MOTYT ObITb HalleHbl, eClU Mbl MOTpedyeM, YTOOHI:
1) mpu moBopoTax ocTaBajachb HMHBAapUAHTHOH MJIMHA JI0OOT0O
BeKTOpa A (T.e. 4TOOBl BCera HMMeJO MECTO COOTHOLIEHHE
AZ 4 A = A2+ A2),
2) nBa mocJjenoBaTe IbHBIX MOBOPOTA BOKPYT OCH z Ha YIJbl ¢ H
¢/ OBLIM TaKKe TIOBOPOTOM HAa HEKOTOPBIH YroJ g (PyIMIoBoe
CBOMCTBO).
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PaccmoTpum mpexkae Bcero mnepBoe ycjoBue. Bo3Bons B KBazpat
Boipaxkenus (230)—(231), nonyuaem

AL+ A% = [fE(0) + f3(9))AZ + 2[f1(9) falo)+
+ f3(0) fa(@)] Ac Ay + [f5 () + fi(p)] AL = A2 + A2, (232)

[Ipy 5TOM Ba)KHO, UTO COOTHOLIeHHe (232) MO/KHO BBIMOJHSTHCS
15l ToOBIX BeKTOpoB A. A 3To 3HauuT, 4To KO3(duumeHTH f1(p),

fa(v), f3(¢) U fa(¢) DOMKHBI YHAOBJIETBOPSATH YCJIOBUSM

fie) + f2(p) = 1,
f1(@) fa(w) + f3(0) fa(w) =0, (233)
() + filp) =1 (234)

JUIST JTI0OBIX YTIJIOB IOBOPOTa . MoxxHo [oKasaTb, YTO 3TO CTAHOBHT-
Cq BOSMO2KHBIM JIMIIb IMPH YCJIOBUH

folp) =/1— fi(e),
fale) = —\/1 = fip), (235)
Ja(p) = fi(p). (236)

Taxkum o6pasom, npeobpa3oBaHUsi KOOPAUHAT BEKTOPOB MPH MOBOPO-
Tax KOODAHMHATHOH CEeTKH BOKPYI OCH 2z IOJHOCTBIO OIpeaessioTCs
JIMLIb ONHOU QyHKUMEH f1(p), KOTOPYIO HUXKe Mbl OyaeM 0003Ha4aTh
npocto f(p).

Hcnonb3yem Tenepb BTopoe (rpynmnoBoe) TpeboBanue. st 3TOro
COBEpIIMM ellle OAMH MOBOPOT Ha yrosa . Torma HOMKHBI GBITh
BBIMIOJIHEHB! YCJIOBHS

Apr = [1(¢")Awr + fo(@') Ay, (237)
Ay = f3(¢") Aw + fal@) Ay (238)

B pesynbrate, mosyuaem, Hanpumep, Ajs Ay

Aor = |10 = 1= Pl 1= P | e
+ [ L= f2(e) (@) + fle)/1 —fQ(w’)] A, (239)

(ypaBHeHHUE 17151 Ay OTIOJHUTEbHOM HH(pOPMALIMHU He naet). Ho no
BTOPOMY YCJIOBUIO Ba MOCJEN0BATEbHBIX MOBOPOTA TaKKe NOJI2KHBI
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ObITb TTOBOPOTOM Ha HEKOTOPBIH yrog @s. [losTomy mis nobeix yrioB
© U ' MOMKHBI OBITh BBHITIOJHEHBI COOTHOLIEHHS

Flea) = 1@ @) — /1= P 1 - e, (240)
V1= e \/1—f2 ) F@) + Fon/1 - £2(e). (241)
EnvHcTBeHHOE pellleHHe 3TOH CUCTeMbl UMeeT BUJ

f(p) = cos g, (242)
0s =P+ ¢, (243)

B pesysbraTe yero cootHouenusi (240)—(241) npespaiiaioTcs B X0-
pOLIO M3BECTHBIE TPUTOHOMETPHUUECKHE TOXK/IECTBA

cos(p + ') = cos(ip) cos(¢) — sin(ip) sin(y’), (244)
sin(p + ') = sin(y) cos(¢") + cos(¢) sin(¢’). (245)

Takum o6pasom, A5 IOBOPOTOB CUCTEM KOOPAMHAT caMa MaTeMaTH-
yeckas (popmysia npeo6pa3oBaHUsi KOOPAMHAT BEKTOPOB MOXKeET OBITh
noJiydeHa U3 OOLIMX CBOHCTB, KOTOPBIM JHOJKHBI YAOBJAETBOPSTh 3TH
npeobpa3oBaHus.

2. IlonaThe 0 KOBapUaHTHOI MPOM3BOIHOMU

Kaxk yxxe roBopusoch, B HHTerpasbHOH (opme 3aKOHBI (PHU3H-
KW MOTYT OBITb C(DOPMYJHMPOBAHBl HE3AaBUCUMO OT BbIOOpa KOOPAH-
HaTHOH ceTku. Hampumep, OoTCYyTCTBHE HCTOYHMKOB Yy MAarHHTHOTO
nosisi (MarHUTHBIE CHJIOBBIE JIMHUHM JIMOO 3aMKHYTBI, JHOO yXOASAT
Ha 6ECKOHEYHOCTb) MOXKHO C(DOPMYJHPOBATH KaK YCJIOBHE TOTO, YTO
MOTOK BEKTOpa MarHUTHOTO MOJisi Yepe3 Jo6y0 3aMKHYTYIO MTOBEpX-
HOCTb paBeH HYJIO; 31eCb YTOYHEHHUS 3aMKHYmMyno W 406yt sB-
JISIIOTCSL COBepIleHHO Heo0XonuMbIMH. C Opyro#l CTOPOHBI, MOHSITHO,
4TO CaMO YCJIOBHE OTCYTCTBHMSI MCTOUHHKOB He 3aBHCHUT OT BhIbopa
KoopAHHaT. Hanpumep, ecau Mbl HapucyeM 3aMKHYTble, HUTJe He
repeceKarolecs JUHUK Ha IJIOCKOH MOBEPXHOCTH, a 3aTeM CTaHeM
3TY MOBEPXHOCTh MPOHU3BOJBLHEIM 00pa3oM IeOopMHpPOBaTh, TO U Ha
UCKPUBJIEHHON MOBEPXHOCTH JIMHUM HUTOE NepeceKaTbesi He OyayT.

HanomuuM, 4To B eKapTOBBIX KOOpAMHATax ypaBHeHHe Makc-
Bessa div B = 0, onunceiBaolee B nugdepeHunanbHol Gopme yco-
BHEe OTCYTCTBHS UCTOUHHKOB y MarHUTHOro mnoJjs B, 3amnuceiBaercs

Kax 0B, OB, OB,

=0. 246
or + dy * 0z (246)
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BosHuKaer Bompoc, MOXHO JIM 3amucath 3TO AUQQepeHIHATbHOE
ypaBHeHHe TakKuUM 00pa3oM, 4YTOOBbl pe3y/abTaT He 3aBUCeJ HH OT
KPHUBH3HBI MOBEPXHOCTH, HH OT BblOOpa cucTeMbl KoopauHat. Oka-
3bIBaeTCs, MOXKHO. B 4acTHOCTH, 1151 IPOM3BOJIBHBIX OPTOrOHAJBHBIX
KOOPAMHAT |, L9 U T3 OHO HUMEeT BH]

L0 (M) L0 ()
V9 0 <\/911 1) * V9 O0x2 <\/922 B2 )+
Lo (Vo )
“ion () 0 @

rne Bi, By u B3 — npoekuunu BekTopa B Ha KoopiuHaTHBIE OcCH, a
g = g11922933 — HeTepMUHAHT MaTpuubl (g) !). Ypapuenue (247) u
eCTb IPUMep KOBapHaHTHOM 3anucu AHddepeHHalbHOTO OllepaTopa.

Uro ke KacaeTcsl onepatopa rot, To OH B 1€KapTOBBIX KOOpPAHHA-
Tax 3aMUCbIBaeTCs Kak

rotB = 0B. 9By e, + 0B, _ 0B e, +
oy 0z * 0z ox v
0B, 0B,
— = .. (24
< ox oy )e (248)

B [IPON3BOJIbHBIX 2K€ OPTOrOHAJIbHBIX KOOPDAWHATaX MMeeM

1 (0y/g33Bs 0\/922 By
rotB = \/g < D2 D3 ) \/9g11 er+ (249)

1 /0yguB1 0,/933 B3
. - 2
+ 7 < o O V922 €2+ (250)
1 (0922 By 0./g911 B
— — . 251
+ \/§< o, O V933 €3 (251)

Pewienne ypaBHeHusi rotB = 47j/c 3amaetcs Xopollo H3BeCTHOH
tdhopmynoit buo-Casapa.

CoOTBETCTBEHHO, KOMITOHEHTBI METPHUUECKOT0 TeH30pa (g) BXOIST
¥ B MHBapHaHTHbIE OTNpelesieHHs cjela U KBaaparta MPOHU3BOJBHOTO
TeHsopa. Tak, HanmpuMep, KOBapHaHTHOE OINpe/e/ieHHe cyeia IUaro-
HaJbHOM MAaTPULBl 3 X 3 BBIMVISAHT Kak

Ay Ay A
Sp(A) = ZL 222 28 (252)
gi1 g22 933

') KosapuaHTHas mpOM3BOAHAS MOXKET ObiTh 3alIMCAHA U [J15 IPOU3BOJNBHBIX (He
OPTOTOHAJIbHBIX) KOOPJAMHAT, HO BBIpaXKeHHe [Jisi Hee CJHLIKOM CJO0XKHO, H Mbl €ro
3/leCb He MPUBOJUM.
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W, aHaJIOTHYHO, AJs1 TeH3opa 4 x 4. [loaTomy, HezaBrcHUMO OT BbIGOpa
CUCTEeMbl OPTOTOHAJbHBIX KOOPAHHAT, MOJydaeM

Sp(9) = d, (253)

rie d — pa3MepHOCTb pocTpaHcTBa. COOTBETCTBEHHO, KBAAPAT CHM-
MeTPUUHOH MaTpUlbl 3 X 3 3amluIlIeTcss Kak
A? A, Al A} A3 Al
<A>2: 211+2 12 + 222+2 13 +2 23 + 533_
971 911922 939 911933 922933 Gi3

(254)

Kak ™Mbl BHAHM, A/ OHAroHaJbHOrO METPHUECKOrO TeH30pa (g)
KBaJpaT U CJef COBNAAAIT APYT C APYTOM.

3. IlnoTHOCTBL 3HEPrUM IEKTPOMArHUTHOTO U CIaboro
I'PaBUTAIMOHHOIO MOJeNn

Kak Mbl BUEJMH, NJIOTHOCTb 3HEPTrHU 3IJEKTPOMATHHUTHOTO I10J15
3alluCbiBaeTCsd B BHJE

E? + B?
Con = —————.
8m

(255)

[TokaxeMm, Kak AJisi 37eKTPUUECKOTO M0JIS OHO MOXKET OBITh MOJTY4YeHO
U3 3/eMeHTapHbIX coobpaxkeHUH. /s 9TOro paccMOTpUM KOHJeHca-
TOp, TJIOTHOCTb 3apsiia Ha 0OKJadKaX KOTOpOro ectb +o. (= 3a-
psin/miowans). Menosbays Teneps Teopemy aycca, JIerko MOMydHUTb,
4TO 3JIeKTPUUECKOe ToJie MeXAy oO0KaanakaMu OyneT paBHO

E =470, (256)

a BHe 00KJ/1aJ0K PaBHO HYJIIO.

[TepemectuM Tenepb OfHY M3 IJIACTUH Ha paccTosHuhe Oh. B
pesysbTare, 00beM, 3aHATBIH 3/J€KTPUUECKUM MOJeM, U3MEHHTCS Ha
BeJMUUHY 0V = Sdh, Tak 4TO 3HEPrus MoJjst U3MEHUTCS HA BEJIUUHHY
0 = €emSdh, THe E¢ — TMOBEPXHOCTHAS MJOTHOCTb SHEPTHH 3JIeK-
TpUueckoro noJjsi. [IoHATHO, UTO 3Ta HEPrusi NOJKHA OBITh paBHA
paboTe, KOTOPYIO HY?KHO 3aTPaTHUTb, UTOObI IEPEMECTUTH MJIACTHHY B
HOBOe MoJioKeHHe. DTa pabota paBHa dA = F'éh, roe cuna F' = QF
MOJKEeT ObITh 3alHcaHa B BHJE

F= %O—QSE. (257)

3/1echb NOMOJHUTeNbHBIH (pakTop 1/2 cBsidaH ¢ TeM, YTO MJIACTHHBI
HUKOTJA He ObIBAIOT UAeaJbHO TOHKHUMHU, TaK UTO B 0ObeMe MJIACTUHBI
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3/eKTPUUYecKoe MoJie crajgaeT oT BelHUUHb 4mo, n0 Hynsd. CpaBHHU-
Basl Ternepb BblpaxkeHHs1 A/ 0A u 0€, nosyyaeM OKOHYATeNbHO

E2
86m — 877-[-

Jlnst Hac BaXKHO, 4TO Mbl, (DAKTHYECKH, HUTIE HE HCIOJb30BaJN
TO 06CTOATENbCTBO, YTO OOKJAAKH KOHIEHCATOpa HMeJH 3apsibl
MPOTHBOMOJIOKHOTO 3HaKa. Te Ke caMble BBIKJIQAKH MOXHO Obl-
JIo Obl TIPOBECTH /151 IBYX OIAMHAKOBO 3apsiKEHHBIX MJACTHH (CM.
puc. 37,6). B aTom cayuae anekTpuueckoe roJje GyIeT UMEeTb MeCTO
JIMILb 32 NpefesaMyd OOKJALOK, ONHAKO €ro BeJMYHMHAa BHOBb OynIeT
onpenensThbCsl BbipaxkeHueM F = 4mo.. KoHeuyHo, B aToM ciyuae
9Heprusi noss OyfeT COCPefoTOYeHa Terepb JHIIb 3a MpelesaMu
o6ksanok. OnHako M3MeHeHHe 3HEPTHH € = £q Sdh ocTaetcs 6e3
u3MeHeHUH. B pesysbrare, MBl BHOBb BO3BpalllaeMcsl K BbIpaxe-

Huio (258).

(258)

[
[
[

Puc. 37. dnextpuyecKkoe nose B 06bIYHOM KOHJeHcaTope (@), 1oJie IBYX OfHHAKOBO

3apsiKeHHBIX MJIAcTHH (6), a Tak:Ke IPaBUTALMOHHOE IOJie IBYX MAacCHBHBIX Ilia-

ctuH (8). [lepemeliieHre MIaCTHH PUBOJHUT K H3MEHEHHIO 00beMa, 3aHSTOrO M0JIEM,
IpHYeM H3MeHeHHe SHEPTHHU MOoJisi PaBHO COBepluiaeMod paboTe

PaccmoTprM Temepb BOMPOC O MJOTHOCTH 3HEPrHM TpaBUTALU-
oHHoro mossi. Kak Oblo mokasaHo, B paMkax oOlled Teopuu OT-
HOCHUTEJIbHOCTH TaKasi MOCTAHOBKA 3a1aud HEKOPPeKTHA, MOCKOJbKY
TpaBUTAILMOHHOE T0JIE MOXKET ObITb YCTPAaHEHO MePexXoaoM B COOT-
BETCTBYIOILYIO cHcTeMy oTcueTa. OnHAaKO AJsi clabbiX rPaBUTAIIMOH-
HBIX TOJIeH, YIOBJETBOPSIOMNX «3/J€KTPOANHAMUYECKUM» YPaBHEHHU-
sm (132)—(135), moHsiTHe MJOTHOCTH SHEPrHU OKa3biBaeTcsl (PU3U-
4yecKH KoppeKTHBIM. [TosTomy /st onpenesneHus MJIOTHOCTH SHEPTHH
TPaBUTALMOHHOTO TOJISI Mbl MOXKEM PACCMOTpPETh T0Jie IBYX MacCHB-
HbIX miacTuH (cM. puc. 37,8). Ilpu atom mopobue ypaBHEHHH s
TPaBUTALMOHHBIX U 3JI€KTPOMATrHUTHBIX MOJIEH HEMeIIeHHO TPUBOIHUT
K BblpaxeHuto g = 4wGoy,, Toe oy — TMOBEPXHOCTHAS MJIOTHOCTD
Macchl. BHOBb paccmarpuBasi Ternepb H3MeHeHHe SHEPTHH TpaBHUTa-
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LIMOHHOTO TMO0JS BHE JABYX MAacCHBHBIX IJIACTHUH MpPHU TepeMelLleHHH
OJIHOH M3 HUX Ha paccTosiHue dh, mosydaem

2

-9
LA Ttel (259)

4. MarHuTogUNoJIbHOE U3JTyYyeHHue

Kak yke ynmomuHa/aoch BO BBeIEeHWH, MAarHUTOIHUIIONbHOE H3JTY-
yeHHe JI0/IF0 paccMaTPUBalOCh KaK OCHOBHOH MeXaHHU3M 3aMe/l/1eHHS
BpallleHUs] PauonyabcapoB. JIMIIb M03XkKe CTas0 SCHO, YTO OCHOBHBIE
MOTepPH 3HEPrHH CBsI3aHbl C TOKOBbIMU moTepsiMu (226). Tem He
MeHee, 10 CHX IMOpP B GOJBbIIMHCTBE PabOT, MOCBSIIIEHHBIX PaJHOMNYJb-
capaM, YyNOMHHaeTCss HMEHHO MarHUTOAMIONBHBIH MeXaHHU3M MOTepb
aHepruu. [IpuuuHa atoro OyneT sicHa U3 AajbHEHIIEro.

PaccMoTpuM HamarHu4eHHBIH Wwap (paguyc R, MarHUTHOe MoJe
Ha Tonioce By), Bpaulawliuiics ¢ yrioBod ckopocTbio (). Ecam
0Cb HaMarHHYEHHOCTH MapaJsijiejbHa OCH BpallleHHs, TO BHe Iiapa
MarHuTHoe mnojie OydeT COBMAAATh C IOJIEM TOYEYHOTO IHUIOJS, T.e.
Crajath ¢ PajgMycoM 7 Kak r >

R\ 3
B(r) ~ By <—) . (260)
r
Eciy »Ke oCcb MarHHTHOrO JMIONS HAKJOHEHA K OCH BpalleHHs, TO
BblpaxkeHHe (260) OyneT crnpaBensMBO JHUILIb HA MaJbX PACCTOSHUAX
r < ¢/S), Korna 3a BpeMs 0t = r/c 1ap He yCIeeT MOBEPHYTbCs Ha
OOCTAaTOUHO 60J/bIIOH yroJ. leficTBUTenbHO, 671arogapsi KOHEYHOCTH
CKOPOCTH PaCMpOCTPaHEHHUs 3JEeKTPOMArHUTHOTO CHUTHaJa, 0 KOTOPOH
FOBOPHUJIOCH BBbILe (cM. puc. 16), 3/1eKTpOMarHUTHOE T10JIe Ha PaccTo-
SHUM 7 OT 1iapa OyleT COOTBETCTBOBAaTb He MOMEHTY BpeMeHH ¢, a
MOMEeHTY BpeMeHHU ¢t — 7 /c. [To3TOMy ecsii Mbl OTOiIEM OT UCTOUHHKA
Ha pacCTosiHUeE T & ¢/(), TO HampaBJeHHe 110/ JOJKHO CYLIeCTBEHHO
OTJIMYATbCS OT CTATHYECKOTO.

PaccmoTpuM Temepb T.H. BOJHOBYIO 30HY 7 3> ¢/). B 3toil 06-
JIACTH 3JIEKTPOMArHUTHOE MoJie JOJKHO ObITh OJIM3KO K TOJIO 3JeK-
TPOMarHUTHOH BOJIHBI, B KoTopod ammautynsl |E| = |B| (I} = 0),
MpUUeM 3JeKTPUYeCKOe W MarHUTHOE MOJisl TepreHIUKYISPHBl IpyT
npyry (I = 0). [To3TOMY 10 MOPANKY BENMUHHBI 31€Ch £ A~ B2 /8T,
rie B — ammiutysa MarHutHoro noss. C Ipyro#él CTOPOHBI, 3Je€K-
TPOMarHWTHasi BOJIHA PAClpOCTPaHSIeTCs CO CKOPOCTBIO CBeTa, Tak
uTo 3a BpeMs Ot BCA SHeprus 4mrlcq,cdt, cocpeoTOUeHHas B 3a-
IITPUXOBAHHOH 00pacTH, MOKa3aHHOW Ha puc. 38, mepeceyer MoO-
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BEpXHOCTb cepbl paauyca r. CjenoBaTenbHO, MoTepu sHeprun W
(9Heprusi/Bpemsi) MOryT OBITh OLlEHEHbI KaK

Wind = 4712 eme. (261)

KoHeuHo, mpu cTporom aHa/u3e HeOOXOAMMO TaKxKe YYUTHIBAThH 3a-
BHUCHMOCTb IJIOTHOCTH 3HEPrHM OT moJjsipHoro yrzaa #. OpHako mo-
CKOJIbKY Hac 3[1eCb HHTEepeCyeT JIMIIb OLeHKa M0 MOPSAKY BeJHUHHBI,
9TOH 3aBUCHMOCTbIO MOXKHO TpeHeOpeub.

Puc. 38. OnekTpomarHuTHas BOJHA PAClpoCTpaHsieTcss co cKopocTbio c. ITosTomy
yepes BpeMsi 0t BCS 3HEPrUA 477 cemcdt, COCPENOTOYEHHAs B 3alITPUXOBAHHOM
ofpacTH, mepeceyeT NMOBEPXHOCTb cephl paguyca r

[ToHSITHO, YTO BeJIMUKMHA MOTEPb SHEPTHUH He 0JI?KHA 3aBUCETh OT
paadyca r, Ha KOTOPOM Mbl OLleHMBaeM IJOTHOCTb 3HEPTUU BOJHBI.
[ToaToMy MOXKHO cHesaTh BBIBOH, YTO B BOJIHOBOH 30HE MJOTHOCTD
3HEPTHH JO0JKHA BeCTH cebs Kak r~2, Tak 4TO MATHHUTHOE T0JIe 6ynet
CragaTh C PacCTOSIHHEM Kak r1

B(r) ~ s (262)
rie A — Hekoropasi nocrosiiHasi. C Ipyroil CTOpoHBI, mpH 7 ~ ¢/§)
nosisi (260) u (262) moskHBI ObITH OfHOrO mopsiaka (cm. puc. 39).
Ortciona J1erko MmosyyuThb, UTO

QQ R3

A~ By (263)

Bocnonb3oBaBikch Tenepb cooTHoueHussmMu (261) u (262), nomyua-
€M OKOHYaTeJbHO B2OARS

W ~ = (264)
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log B

log (¢/9) log 7

Puc. 39. 3aBHCHMOCTb aMIJIMTY/bl TEPEMEHHOI0 MarHUTHOTO MoJisi B oT paauyca r
1J11 HAKJIOHHOTO poTatopa

TouHoe e BbIpakeHHe MAJi MOLIHOCTH MarHUTOAMMOJBHBIX MOTEPb
HMeeT BUJI B
2 m?

“3
rae |m| = BOR3/2 — JUINOJIbHBIE MOMEHT Iuapa, a By — moJe Ha
MarHWTHOM moJioce. JlJisi Bpaluamoiierocsi mapa, y KOTOPOTO OCh
HaMarHM4eHHOCTH TepPHeHANKYAApHa OCH BpalleHus m = —Q’m, u
MBI TI0JIy4aem

w (269)

1 B2Q*RS
Wipg = = —90— . 266
6 3 (266)
COOTBeTCTBeHHO, JJ1d SHEKTpI/I‘{eCKOFO AUTIOJIA UMeeM
2 d?
W=—-—, 267
3 CS ( )

rae d =) . ¢;r; — 3JeKTPHUYECKHH JUINOJBHBEIH MOMEHT H3JyJarollei
CUCTEMBI 3apsiioB. B uacTHOCTH, Ass opHOM YacTuibl d = qr.

Kak MBI BUAMM, OLEHKa O/ MOLIHOCTH MarHUTOAMIIONbHBIX IO-
Tepb (264) B OYKBEHHOM BblpaXkKeHHH OKasasjacb B TOUHOCTH TaKOH
XKe, KaK U 15 motepb (226), cBsi3aHHBIX C TPOMOJbHBIMH TOKaMH,
TeKYIIMMH B MarHutocdepe paaudonynabcapoB. C 3TUM U CBSI3aH TOT
(hakT, UTO MAarHUTOAHUIONbHBIH MEXaHU3M [0 CHX IOP HCIOJb3yeTcs
IJ1s1 OLIeHKH MOTePb SHEPIrHU HEUTPOHHBIX 3BE3].

5. N3nyueHue rpaBUTALMOHHBIX BOJH

[Tokaxem Temepb, YTO Crnocod, KOTOPHIM Mbl BOCIMOJIb30BaJHUCh
BbILLIe TIPU BbiBOo#e (opmynbl (264) /s moTepb SHEpPruu NPH Mar-
HUTOIUIOJBbHOM H3JyUeHHH, TT03BOJISIET MOJAYYUTh U OLIEHKY (hopMy-
Jbl DiHITedHa (116) 1S MOLUIHOCTH H3Jy4YeHHs TPaBUTALMOHHBIX
BoJiH. [l/isf 3TOTO HAM HYXKHO OYJET ONMpPeNeTUTh XapakTep yObIBAHUS
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HaMpPs?>KEHHOCTH TPaBUTALLHOHHOTO MOJIsi (YCKOpeHHs CBOOOIHOrO Ma-
JIEHHS) g C PaCCTOSTHUEM 7.

s mpoCTOTHl PAaCCMOTPUM ABOHHYIO CHUCTEMY, COCTOSILIYIO W3
3Be3J OIMHAKOBOH Macchl M, BpallalolUXcs B MJIOCKOCTH Xy MO KPy-
roBeIM opbutam pamuyca a (cm. puc. 40). Torna Q%a = GM/(2a)?,
Tak 4TO YIJIOBasi CKOPOCTh BpalleHHs eCTh

_GM

02 ="
4a3

(268)

[Tocunraem yckopeHue cBoGogHOro maneHus g,(z,0) Ha ocn x B
HalpaB/JeHUH OCH y B OsrKHed 30He (x = r <K ¢/). Tlockosbky
npu a < ¢/§) ¢ I0CTaTOUHOE TOUHOCTBIO MOXKHO IMOJb30BATHCS Bbl-

paxenueM g = GM/I?, rne | — paccTosHHMe OT 3Be3J 10 TOYKHM
HaOJIIOIeHUS, TToJTydaeM
GMasin Qt n GMasin Qt
gy = — :
! (r2 + a2 — 2arcos W) (12 + a2 + 2ar cos Q)%
(269)

[TpoBonst HeCJOXKHBIE BBIUMCJEHHS, MMeeM B mpefene r >> a (u,
KOHEUHO, 1 < ¢/S)

G Ma? sin(2Qt)

- . (270)

gy:_3 ,

OTMeTHM 1Ba Ba)KHBIX MOMEHTa, KOTOpbIE CJEAYIOT W3 COOTHO-
wenus (270). [Ipexne Bcero, Mbl BUAMM, UTO HECMOTPS Ha TO, UTO
NBOWHAsl CHCTeMa BpalllaeTcs ¢ yIJOBOH CKOpPOCThIO (), mepeMeHHas
YacTb BEJUUMHBI ¢ U3MEHsIeTCs ¢ YABOEHHOH 4acToTol 22, MOCKOJIb-
Ky y2Ke uepes3 IMOJIOBUHY TIepHoJa CUCTeMa IMepeHfieT TOUHO B TaKoe
JKe COoCTosiHWe, Kak ¥ B MoMmeHT Bpemenu t = 0. Kpome Toro, B
OTJIMYHE OT JUMOJbHOTO HM3Jy4YeHHUs, CllalaHHue MepeMeHHOro I'paBH-

Puc. 40. OnpeneneHue BeJMYHHBl YCKOPEHHSI CBOOGOILHOTO NMajfeHHs g OT ABOHHON
cucrembl. Cymma n8yx cui, Fi u Fo, viMeeT coCTaB/SOIUIYI0 BIOJIb OCH ¥, 3aBUCS-
LIYI0 OT BPEMEHH
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TaLMOHHOTO MOoJi B OJMXKHEH 30He OKa3blBaeTcsl OoJiee ObICTPBIM:

g oc 7~ DT cBoiicTBa, CBS3aHHEIE C pPaBEeHCTBOM TPaBUTALIMOHHOH

U WHEpPTHOH Macc, MOKa3blBalOT, YTO MAUINOJbHOE TPaBHUTALHOHHOE

U3JlydeHre HEeBO3MOXKHO. M3nydeHue rpaBUTALMOHHBIX BOJH HUMEET

KBaJpPyMOJIbHBIH XapakTep. [ledCTBUTENBHO, 0 aHANOTHH C 3JEKTPO-

MarHeTM3MOM MOLIHOCTb AUMOJbHOIO I'PaBUTALHMOHHOTO HU3Jy4eHHS
cJiefioBasio Obl 3aMUCaTh B BUIE
232

W = g L dn

3 37

rae d,, = ), m;r; — JUIOJBHEIH MOMEHT cucTeMbl. Ho mockombKy

d,, =P, rue P =", m;v;, To 3aKoH COXpPaHeHHs! MOJIHOTO UMITYJIbCa

cuctembl P = 0 TpeGyet BoinosiHeHUs ycqaosus d,, = 0.

(271)

log g,

log (¢/92) log r

Puc. 41. 3aBUCUMOCTb aMIVIMTY/bl HANPSKEHHOCTH MePeMEHHOr0 I'PaBTALMOHHOIO
noJssi g, OT paguyca r

Uro e KacaeTcsl fajbHelllero pacyera, TO OH NPOBOAUTCS TOY-
HO TaK Ke, KaK M JJ/1 MarHUTOAMIIOJNBHOIO H3JyuyeHHs. B BoJHOBOH
30He r >> ¢/} MOIIHOCTb MOTepPb 3anuuercs Kak W, ~ 47rr2€gc.
[Tocko/abKy BhIpakeHHe 1J1sl IJIOTHOCTH 3HEePruu €, (259) nponopuu-
oHanbHO g%, MBI NPUXOAMM K 3aKJ/IIOYEHHIO, UTO B BOJIHOBOH 30HE

gy(r) ~ —, (272)

rae A, — Hekoropasi noctosiHHas. C APyroil CTOPOHEI, MpH 7 ~ ¢/
nossi (270) u (272) nmo/xkHbl ObITH OfHOTrO mopsinka (cMm. puc. 41).
Orctona /1erko MoJiy4dTh, 4TO

GMa?Q3

c3

Ay~ (273)



6. Dynkyus macc 149

Bocnonb3oBaBukch Tenepb cooTHomeHussMu (259) u (272), a Takxe
BhIpaxkeHuem (268) mss €2, mosydyaeM OKOHUATEJIbHO

G*M>®

Wy ~ B (274)

B TIOJIHOM COTJIACHH € (popMysnod DUHILTEHHA.

6. ®yHKIUA Macc

Kak y»e roBopusoch, (hyHKIHsSI MAcC JABOHHOH CHCTEMBI OMpeje-
JsieTcs ¢ momoIleio addexra Jonsepa, Mo3BOJAOIIETO HAUTH Paau-
asbHyI0 (MapaJsieibHyIo Jydy 3peHHs1) KOMIOHEHTY CKOPOCTHU OTHOM
u3 3Be3n K(t) (uamepsiercst B KM/c). [Lasi HEpeJNSITUBUCTCKUX CKO-
pocteit V < ¢ CBSI3b M€Ky 4aCTOTOH MCTOYHHMKA 1y U YaCTOTOH v,
KOTOpYyto GyIeT PerncTpUpPOBaTh HaOJMIONATENb, UMEeT BUI

0

v=——, 275
v /e (275)

rie V|| — MpoeKLHst CKOPOCTH HCTOUHMKA Ha Jiyd 3peHus. CooTHOLue-
Hue (275) ABJISETCA YMCTO KHHEMAaTHYECKMM, MOCKOMbKY npu V) # 0
CBeTy HeoOXOAMMO pa3Hoe BpeMsi, YTOObl NOCTHUTHYTb HaOJ0oaaTe s
OT pasHBIX YacTed TPaeKTOPUM HUCTOUHHKA. JlelicTBUTENbHO, Kak
MoKasaHo Ha puc. 42, ecau HUCTOUHHMK H3JAydaeT HMMYJbCh 4epes
MPOMEXYTKH BpeMeHH dt, TO K HabJIoIaTe 10 OHH Oy1YT NPUXOIHUTD C
uHTepBasnamu ot — V| 0t/c, 4To M 0TOGPaXKeHO B COOTHOUIEHUH (275).

(C*VH)(SL‘
~—

K nat6sroparesnio

B —.

Puc. 42. ekt Honnepa

Kak yxe mnomuepkuBasoch, AJs PAAHOMYJbCAPOB Mbl MOXKEM
ONpeJessiTh He TOJMBKO YaCTOTY €ro BpalleHHs, HO U BpeMs MpUXo/a
Kaxkoro ummnysabca. C ydeToMm cooTHolleHHs (275) MOKHO 3amucaTthb
BbIpakeHHe JJIsi Pa3HOCTH BpeMeHH mpuxona UMIy/abcoB AP Kak

C

AP=P<1—E>. (276)
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B pesysabrate, A/ J1HNTHYECKOH OpPOUTEI

K K
AP=p|=L cosw(cos E +e) — “LsinwsinE| . (277)
c c

31ech w — yTOJ, ONpeessIOUHUi MON0XKEHHe MepuacTpa, a
B (27G)'/3 My sini
PP (M + My)2/3(1 — e2)1/2

K (278)

€CTb aMIIIUTY/a HaOJIOIaeMOH JIy4eBOH CKOPOCTH (i — yTroJl HaKJoHa
TJIOCKOCTH OpPOUTBl K KapTHHHOH TmuockocTH). HakoHew, uwupoko
MCIOJIb3YeMbl B aCTPOHOMHM YroJ FE ecThb T.H. 3KIEHTpUUecKas
aHoMasusl, (PUKCHpyIOllasi MOJOXKeHHe Teja Ha opbure. yroa FE
CBSI3aH C YIJIOM (o, H3MepsieMbIM OTHOCHTEJIbHO (POKyca 3JIIHIICa,
COOTHOLIEHUSIMU

rcosp = a(cos E — e), (279)
rsing =a\ 1 —e? sin K, (280)
Tak uto r = a(l — ecos E), rue r — paccTosiHHe Tesa 10 (OKY-
ca opOuThl, a @ — OoJbluasi MONyoCb. B 4acTHOCTH, OJS1 OKpyX-

HOCTH F = . 3Hasg 3aBUCHUMOCTb SKIEHTPHUUECKOH aHoMauu FE
OT BpeMeHHU t, MOXKHO MO (OopMe 3aBUCUMOCTH JY4YeBOH CKOPOCTHU
Ki(t) = (AP/P)c oT BpeMeHH ONpPEeNeJUTb U SKIEHTPUCHTET Op-
OUTHI €.

Kak Mbl BMIMM, NMOMHMO H3BECTHBIX BeJHUUHH (OpOUTANBHBIN
nepuon P, SKUEHTPUCHUTET e), BeJHUUHMHA | 3aBUCHT JIHIIb OT
(PYHKLHMU MacC ABOUHOW CHCTeMBI

M3 sin®i

T =01+ 2y

(281)
CnenoBatesnbHo, BeanunHa f(M) MoxeT OBITb HENOCPENCTBEHHO
onpejie/sieHa U3 HabJIOfEHUH.

[Tosie3Ho MoOsTyuHTDb BEIpaXKEHHe 17151 BeJUUHHBl K| «Ha Masblax».
JLnst 3TOro paccMOTPUM JBOHHYIO CHCTEMY, B KOTOPOH 3Be3/bl 1BH-
XKYTCSl TI0 KPYTOBBIM OPOUTaM C paguycaMH a; U ag BOKPYT 0OLIEro
ueHTpa Macc. Torma 3akoH HbloToHa ans HaGmonaeMoHd 3Be3fibl C
mMaccodt My, ABHKYyUIEHCS MO OKPYKHOCTHU paguyca aj, 3aluIlLeTcs

B BUJE )
MV, GM; M
A8 I 2 (282)
ap (a1 + ag)
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31ecb Mbl Y4JM, YTO PACCTOSIHHE MeXIy 3Be3NaMH eCTb a] + ag.
JlaJsiee, o4eBUIHO, YTO

a1M1 = GQMQ. (283)

HaKOHeLI, €lle OAHO ypaBHEHHUE CJIeNYyeT U3 OllpeaeJ/eHHUs Op6I/ITaJIb-

HOTrO Tepuoaa
2mway

P, = . (284)
Vi
YuuTbIBas Tenepb, UTO B BblpaxkeHUU 15 apdekTa lonnepa BXOAUT
npoekuusi opOUTaIbHOM cxopocm Ha JIyd 3peHus, ToJyyaem Ajis
AMIIMTYABl JIY4€BOH CKOPOCTH K = Visini

1/3 ..
A (12/7;G) My sini (285)
(M + My)2/3°

4TO JJIST KPYTOBBIX OpOUT coBmanaet ¢ (278).

7. I'paBUTallUOHHOE KpacHOe CMellleHUue B JIBOMHBIX
cucremMax

[locmoTpuM Temnepb, KakKoBO OyneT BpeMsi 3afep>KKHW WMMYJbCOB,
€CJId Mbl yUTeM TI'PaBUTALlMOHHOE KpacHoe cMelleHHe. 31ech Heoob-
XOIMMO OTMETHTb, UTO HapsILy C 'PaBUTALMOHHBIM KPaCHBIM CMellle-
HUEeM HeoOXOAMMO YUMUTBIBATh TaKxKe U T.H. KBaApPaTUYHBIH 3PQeKT
Jonnepa, NOCKOJIBbKY IPU CKOPOCTAX ¥, CPABHUMBIX CO CKOPOCTBIO
CBeTa, HeOOXOAHMMO HCIOJb30BaTh TOUHYIO (DOPMYJy AJISI TOMJIEPOB-

CKOTO C/IBHT@ YaCTOTHI
o/ 1 —V2/c2
V= — (286)
L=Vj/e
Kak mMbl BUAHM, 3/1€Ch JOMOMHNTE/IbHAS IONPABKa K 4acTOTe U TaKkKe
OKa3bIBAETCS MPOMOPLMOHANBHOH ¢
B pesysibrate, H3MeHeHHe NeprHoaa MyJbCalnil cleayeT 3anucarhb
B BHIE 5
Vv GMQ
2¢2 " c?ryg )’

AP:P< W+ (287)

9TO MPH ABUKEHUU MO 3JIJTUITHUECKOH OpOUTE HaeT

AP =P [(5 cosw + —A> (cosE +e) — ﬁsinwsinE] . (288)
c? c

C
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31ech
(QWG)Q/SMQ(Ml + 2My)

PYP(My + My)*3(1 — e2).

(289)

Benunna ePyA/c? 1 IaeT aMILIUTYAy 3aJepXKKH Y (157).

BoipaxeHnue (288) mokasbiBaet, uTo 3afepxkKKa, CBf3aHHAs C rpa-
BUTALMOHHBIM KPACHBIM CMelleHHeM, MOxKeT OBbITb BbIAeJeHa JHIIb
B TOM CJlyyae, eCJH SKLEHTPUCHUTET OPOUTHI € OTJIHYEH OT HYJS.
B mportuBHOM cjyuae paauomysnbcap Haxomauscs Obl B TOCTOSSHHOM
rPaBUTALMOHHOM T10Jle KOMIIaHbOHA (a KBafpaT opOUTaIbHOH CKOPO-
CTH Takke Obl1 OBl MOCTOSIHHBIM). MeHee TpUBHAJIBHBIM 00CTOSTENb-
CTBOM $IBJISIETCS TO, UTO JJIS1 OTIpellesieHHsl BeJHUHHBl A HE0OXOIUMO
TaKKe, YTOObl UMeJI0 MECTO H3MeHeHHe NOJTOThl nepuactpa. Jeso B
TOM, UTO TIPU TOCTOSTHHOM 3HaU€HHWH w MOSIBJEHHE AOMOJHUTETBHOTO
cnaraemoro eA/c? B ypauennn (288) mpuBeeT JMIIb K Tepeomnpe-
LleJIeHHI0 BeJIUYUHbl K|, onpeeJsiolieli, Kak Mbl BUAEH, (PYHKLHIO
MacC CHCTEMBI.

8. JlBuikeHue nepuacrpa

[Ipexkne uem mepexoauTh K BeiBoAy (opmyabl (150) aast cMere-
HHUSI TlepuacTpa, paCCMOTPHM KoJieGaHHe MacChl m Ha MPYXKHHE BAOJb
OCH 2 BOKPYT MOJIOKEHHsI pABHOBECHS B TOUKE (. 3aKOH COXpaHEHHUSsI
SHEPrUH MOXKET ObITh 3alMCaH B BHIE

2
m (%’) w2 =t (290)
rue I
U(e) = 5 (@ - 20)” (201)

eCTb MOTeHLMa/NbHasl SHEepPrusl C:KaToH MPYKHUHBl a k — KECTKOCTb
NpyKUHbL. [/ MaJsblX rapMOHUYECKUX KoJieGaHUH

x = x0 + Agsin(Q), (292)

U TI03TOMY da

dt

[TockoabKy B mpaBoit yacTu ypaBHeHHst (290) CTOHT BENM4HHA, HE
3aBUCAIIAS OT BPEeMEHH, TO Ko3(puunents npu sin’(Qt) u cos?(Qt)
B JieBOK yacTH ypaBHeHHs: (290) m0/KHBI ObITH OIMHAKOBBIMH:

mARQ? kA3
2 2’

= Ao cos(Q2t). (293)

(294)
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YTo JaeT u3BecTHoe cooTHomenue 2 = k/m. C APyroil CTOPOHH,
BeJIMUMHA k eCTb BTOpasi MPOM3BOAHAs OT moTeHUWasna U, B3siTas B
Touke paBHOBecHs x = xo: k = U”(xp). B urore, monydaem

Z

o2 = Ulmo). (295)

m
Takum o6pas3oMm, [J1st OTpeeeHHs YaCTOThl MasblX KoseGaHUH HYX-
HO 3HaTb JIMIIb TOBeJleHHe MOTeHlMasa BOIM3U IT0JOKEHHS PaBHO-
BeCUS] T = .

[Tokaxkem Temepb, Kak ¢ MOMOIIbIO COOTHOILIeHUs (295) MOXKHO
NoJy4nTh BeipaxkeHue (150) n/1s yraia cMellieHHs mepUacTpa 3a OiuH
nepuon. [y 3TOro BOCMOJb3yeMcsi IBHBIM BblpaKeHHeM 3 peKTHB-
Horo nmoteniuana Ueg(r) (192)

vt =i (=) [eor = 0=3) (1 23
+&—mc®. (296)

[Tpn 3TOM HEOOXONMMO yuecTb TOT (DAKT, UTO HAC HHTEPECYIOT JIHLIb
MaJible TIOTIPAaBKH K HepeJsiTHBUCTCKOMY CJydalo, KOrjga OTHOLIEHHE
Tg/T MOXKHO CYMTaTh MaJsbiM. [loaTOMy paauyc KpyroBoi opOUTEHI 7,
onpenensieMblil U3 ycnoBusi dUeg/dr = 0, MoXeT ObITh 3amucaH Kak

re=m(1-32%), (297)
2 rg
rue
212 L?
= o T G (298)

— paguyc KpyroBo# opOUTHl 6e3 ydyeTa PesiTUBUCTCKUX 3(p(HeKTOoB.
[Tocsie aseMeHTapHBIX, XOTS U TPOMO3JKHX BBIUMCJEHUH, MOJydaeM

L? r
U"(re) = (1 g) . 299
0= g (1 9
[TosToMy yacToTa paguanbHbIX KoseGaHui (), 1715 caydas rg/ro < 1
Oynet paBHa
Q=L (141 (300)
T 6,7"8 2 7“0 .

C npyroil CTOpOHBI, UaCTOTa BpalleHHs Mo opbute (), Jerko
MOXKeT ObiThb HaiieHa M3 3aKOHa COXpPaHeHHs YIJOBOIO MOMEHTa
L = rv,y (188). 3meck HyXHO JHIIb He 3a0biTh, YTO CKOPOCTh
v, = rdy/dT nsmepserca no yacam HaGJaiofaTess, HaXOASIIErocs
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B PaBHTAllHOHHOM MoJie. B utore, mosydaem [jisi YrI0BOH YacTOTEI
Bpautenus €, = dp/dt

Qg,:e/—fd? <1+2—>. (301)
0

3/1ecb Mbl BHOBb BOCIOJIb30BAJMCh YCJIOBHEM vy = €/, a TaKxke
MaJIOCTBIO OTHOLIEHHS T'g /T

Kak Mbl BHOMM, HeBO3MYyIUEHHble BeJH4HHB {1, W (). coBma-
JAT APYr C APyromM. DTO W 03HAYaeT, YTO B HbIOTOHOBCKOH Teo-
DUH TPaeKTOPHUsl JBHXKEHHUS SIBJSETCS 3aMKHYTOH. YUeT »Ke DPeJisiTH-
BHUCTCKHX TOMPABOK MPUBOAMUT K TOMY, UTO TMEPUOABI OPOUTATLHOTO
(P, = 2m/Qy,) u paguanbHoro (P, = 27/€).) HBUXKeHHS yXKe He
GyLyT B TOUHOCTH paBHbI APYT APYTy. B pedynbrare, 3a onuH nepuon
opOMTa MOBepHEeTCA Ha NOMOJHHMTeNbHBIH yron Ap = Q,At, rue
At =27/, — 21 /§), — pasHOCTh MepHolOB KojeGaHuil. B utore,

nojydyaem 0 _Q sOM
Ap=2r—2 """ = on——| (302)
Q, c2rg

YTO COBIMNAJAeT ¢ TOYHLIM 3HayeHHeM (150).



10.

Ynpaxuenus

[TokaxkuTe, 4TO IJ5 ONpeneseHUs BUAa npeodpasoBaHuil JlopeHua
JOCTATOUHO MCIOJb30BaTh CJEAYIOIIHE YCIOBHUS:

a) npu Hp€06p330BaHI/IHX OCTaeTCsd HWHBAPUAHTHBIM HHTEPBAJ
ds? = —c2dt® + da? + dy? + d22,
6) IBa MocJeIoBaTe bHBEIX TPeoOpa3oBaHus JIopeHLa BIOJIb OCH &

co ckopoctsimu V) u Vo ecTb Takxke npeobpasosanue JlopeHua
C HEKOTOPOH CKOPOCThbIO V3.

O06bsicHuTe, KakK Macca Tesqa M MOXKeT MOSIBUTbCS B PELIEHHUH YpaB-
HeHus (23).

O6bsicHHTe, MOYEMY MOMPaBKH K KHHETHUYECKOH SHEPrHH He MOryT
MMeTb C/laraeMblX, PONOPLUHOHANBHBIX [V, [V[3, u T. 1.

Bocnonb3oBaBuinch peadysabTaTaMd MyHKTa 3.3, MOKaXKUTE, UTO AMa-
TOHAJIbHBIN TeH30p (35) sIBJsieTCs eIMHCTBEHHO BO3MOXHBIM TEH30-
pOM Macc A5 NPOCTOH KyOH4eCcKOH pelleTKH.

Haiinure mMeTprueckuil TeH30p MJOCKOTO NPOCTPAHCTBA B KOOPAMHA-
Tax u, v, ¢, CB3aHHBIX CO C(heprUyeCKUMH KOOpPAHHATaMU r, 6 U ¢
COOTHOLLIEHHUSIMH

u=r(l —cos#), (303)
v =r(l+ cosh). (304)
3anuiute Boipaxenus ajs div u rot (249)—(251) B 3TUX KoopaHHa-

Tax.

IIOKa)KI/ITe, 4YTO reone3nudyeCcKue B IMJIOCKOM TPEXMEPHOM IPOCTpaH-
CTBE €CTb IpsMbI€ JIMHUH.

[TpoBepeTe, uto mast ceprl paguyca R, popmyna [aycca (85) maer

kKpuBH3HY k = R72 u ans cdepuueckux KoopiauHat, Korma dr? =

= 72d#? + 7% sin® fd 2.
Haiinute KpuBU3HY MOBEPXHOCTH TUMep6OONIA BpalleHUs

?+yf -2 =R (305)
Haiinure ko3 puureHT A B BbIpa’KeHHH

Lo/R — 21 = \kSS. (306)

O6bsicHUTE, OYEMY OTJIHYHE CYMMbl YIJIOB TPEYroJbHHKA X OT
3aBHCHT TOJIBKO OT IJIOLIAAU TPEYTOJNbHHUKA, HO HE OT ero (JOpMBL.
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11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

[TokakuTe, uTO AJIsT 37EKTPOMAarHUTHOMH BosHbl Sp (T') = 0.

Kak BBIMVISANT HBIOTOHOBCKHH Mpefes ypaBHeHus ODHHIITeHHA C
JIAMOIA-4JIeHOM P

Haiinute kpuBusHy metpuku Pobeprcona-Yosxepa (108) B ceuenuu
dr =0, dp =0.

[Toxaxkute, uto AJs 2 = +1 TpexmepHblil 00beM MeTpukU Pobept-
cona—Yoskepa (108) (t.e. o6beM cedenusi d7 = 0) KoHeUeH U paBeH
272 RS,

Bocnonbzososuvcs ypasHenusivu (109)—(110) asst mockoro mupa
(s = 0), B KoTopoM momMuHHpyeT MaTepusi (P = 0), mosyuure 3Ha-
MeHHTOe peleHHe Ppuamana

9 2/3
Re(t) = <§H0t> , (307)

rae Hy = (R./R:)o — COBpeMeHHOe 3HaueHHe MOCTOssHHON XabbJa.

[Tonyuute popmyny DUHIITEHHA AJS MOIIHOCTH M3JYy4YeHHs TPaBH-
TAlMOHHBIX BOJH NpHU ycaoBun M < My. TlokaxuTe, 4TO U B 3TOM
caydyae U3lydeHUe HIET Ha YIABOEHHOU JacTOTe.

OGbsicHUTE, TIOUEMY 3JIEKTPOH (3apsil e, Macca ms), KOJeO IOUHHCs
B 10Jle 3J1eKTPOMArHUTHOH BOJIHbI, OyIeT H3Jy4YaTb QUIOJIbHYIO dJeK-
TPOMArHUTHYI0 BOJIHY (267), OIHAKO TPaBUTALMOHHOE IHMOJbHOE
U3JydyeHHe 37eKTpoHa (271) GyneT oTCyTCTBOBATD.

Metpuka rpaBUTaLHOHHON BOJIHBI, PACIPOCTPAHSIOLIEHCS BAOIb OCH
Z, ecThb

ds® = (1 = yar)da® = (1 = Yar)dy” + 294y dady — d2®,  (308)
rze
Yoo = are” R (309)
Yoy = age” W (310)
aa; <1 napy <1 ecTp KoHcTaHTE. HalinuTe rayccoBy KpUBH3HY

a) B CeueHHHU Ty,

6) B CEUEHHHU 2.

[Tosyuure dopmyny (142) mast yrioBoél ckopocTu mpeueccun Jlap-
Mopa.

[Tonyunte dopmyny (147) ans yria OTKJIOHEHHs] CBeTa B paMKax
HepeJIITUBUCTCKOH TEOPHH BCEMHPHOTO TATOTEHHUS.
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21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

[lepexonst mpu uHTerpupoBanuu k yray E (279)-(280), nokaxure,
4TO CpelHee MO BPeMEHH pPacCTOsIHHUE I1aHeThl OT (POKyca ecThb

rt:a<1—|—622). (311)

[ToxkakuTte, 4yTo AJs ABYX 3Be3n ¢ MaccaMu M| u My, IBUXKYIIHUXCS
M0 KPYyroBbIM OpOHUTAM, PacCTOSIHUE MEXJy HUMH @ 3a CUeT H3Jyye-
HUS TPaBUTALMOHHBIX BOJIH U3MeHsIeTCs KakK

1/4
a(t) = ao (1 —i> , (312)

rae BpeMsl XKHU3HH ABOMHOH CHUCTEMBI

s o
"~ 256 GBMlMQ(Ml +M2).

OueHnure tp /s peanbHbIX ABOHHBIX cHcTeM (cM. TabJ. 3.)

to (313)

O xako# niaHere uaet peub Ha puc. 20?

Ouenure Besen 3a b. [lauMHBCKMM KOJHYECTBO 3Be3l B Halled
[anakTrke n, KOTOpble HYXHO HabJIOfaTh B TeYeHHE OJHOTO TO-
na, 4tobbl 3apeructpupoBaTh 10 coOBITHE MHUKPOJWH3UPOBAHUS, a
TaK)Xe BPeMsi CaMOro MHUKDPOJIMH3UPOBaHHUsA. [IpUHATh pamuyc AMCKa
lanaktuku 15 K0k, ToauuHy nucka 0,3 KMk, MOJHOE YKC/IO 3BE3J B
Tanaktuke N = 10!, xapakrepHbie ckopoctu 3se3n 100 km/c.

OmnpenenuTe ypaBHEHHE KPHBOH Ha puc. 25.

Hafinure paccrosiHHe MeXAy TOYKAMH C KOOPAHMHATaMH 7 = 'y H
7 = 2ry AJs WBaPUIIHJIbIOBCKOH U KePPOBCKOK YePHOH HbIDHI.

[ToxkaxkuTe, 4TO paauyc MoCjaeqHed YCTOWYHUBONW OpPOUTHI, COOTBET-
CTBYIOLIUH MHUHUMYMY PeNSTUBUCTCKOrO 3(P(PeKTUBHOTO MOTeHIHa-
na (192), neficTBUTeNBHO 3aJlaeTCsl COOTHOLIEHHEM 79 = 37g.

[ToxakuTe, 4TO yIeJbHBIH YIJIOBOH MOMEHT YaCTHLbl HA MOC/AeqHEH
KPYroBo# ycToH4nBOH opbute ro = 3ry ecTb L = \/grgc.

[Toxaxkute, uTO AJS LIBAPLILU/IBIOBCKOH METPUKH paiUyC MOCJE-
Hell HeyCTOHUMBOH KPyroBOH OPOUTEI, COOTBETCTBYIOLIMH MaKCHUMYMY
s¢dextuBHoro noreHunana Uep(r), puc. 27, €CTb rmin = 37g/2.

HOKa)KI/ITe, 4TO B paMKax HepeJ’IHTI/IBI/ICTCKOIL/'I TE€OpUU BCEMHPHOTO
TATOTEHUA OJid IMOTEHIHaJaa

oo =~ (314)
r—Ty
(1. H. noreruuan [TaynHbckOro—BuKUTHI) paguyc nocjaenHei ycToiyu-
BO# OpOMTHI, Kak U B MeTpuke IlIBapuiuuniabia, 3agaetcs COOTHOLIE-
HHUEM 7 = 37'g, @ CKOPOCTb ABHIKEHHs [lepHacTpa cocTaBisieT 2/3 oT
uctuHHOro sHadenus (302).
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31

32.

33.

34.

35.

36.

37.

38.

39.

. TloxkakuTe mpsiMOii MOACTAHOBKOMH, YTO MTOBEPXHOCTH 3procdepsl uep-
HOU IbIpbl 7 = 7 (214), B mpenesax KOTOPOH OTCYTCTBHe BpallleHHs
1J151 n1060r0 Teja CTAHOBHUTCS HEBO3MOXKHBIM, 321aeTCsl YCJOBHEM

2.2 _ 2
acct = Wi Ggp.

[Toxkakute, 4TO TMepHOA OOpalleHUs] CIyTHHUKA MO0 KPYyTroBOH opOuTe
BOKPYT HeBpallalollleiicsl YepHOM AbIPbl [0 €ro yacaMm ecTb
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HcTOUHHK MOHOXPOMATHYECKOro CBeTa ¢ COOCTBEHHOH 4YacCTOTOH 1
(naszep) cBoGONHO MajaeT Ha YepHyto Abpy. [TokaxkuTe, 4To Ha GOJMb-
IIMX BpeMeHax yJajeHHbId Habsonatesb OyaeT MPUHUMATh CUrHAJ
Ha 4JacTtoTe
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[Tonyuute popmyay (205) /51 KpUBHU3HBI TIOBEPXHOCTH Bpalllaolei-
Csl YEPHOH ABIPHI.

OnpenenuTe rayccoBy KPHUBH3HY [BYMEPHOrO CeUYeHHUS METPHUKH

Meapuwmuabaa dt = 0, dd = 0 B 3kBaTOpHaNbHOH MJIOCKOCTH 0 =
=7/2.

[ToxkazkuTte, UTO yrJa0Bast CKOPOCThb {2 Jr0OOr0 Tesa BOIU3U MOBEPXHO-
CTH BpalllaIOlIeNCs] YePHOH BIPbl HOJI’KHA YIOBNETBOPSTb YCJIOBHIO
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o
OuenuTe BpeMs aKTMBHOH »ku3HM KBasapa (M ~ 10°My, W ~
~ 10% spr/c) u cpaBHHTe ero ¢ BpeMeHeM KM3HH BceseHHOI.

OueHuTe, Ha KaKOM PAcCTOSHHM OT YEPHOH IBIPBI, HaxoAslleHcs B
nenTpe Hamed lanaktuku (M ~ 2 - 105M), ona He Gymer paspyiie-
Ha NPUJUBHBIMU cuyaMu. OLeHHTe MHHHMaJIbHOE BpeMsl oOpalleHHs
3B€3/Ibl BOKPYT YEPHOH IBIPHI.

[Tomyuute BolpaxkeHHe (223) /15 MJIOTHOCTH 3apsiia BO Bpallaromed-
Csl 3aMarHM4YeHHOH cpeje.



