Jlekius 6

ypaBHeHI/IH TpPaBUTAIIMOHHOI'O ITOJIA M 3aKOHBbI COXpaHEeHUu:A

Ilo cux 1MOp MBI CYATAIU T€OMETPHUIO IIPOCTPAHCTBa-BpeMeHn 3ajannoil. Temepb Mbl XOTUM OTBETUTH Ha
BOIIPOC, KaK 3Ta I'€OMETPHUsl 3aBUCUT OT MaTepuu, KoTopas B Heil »kuBeT. CoryiacHO obIeil Teoprur OTHOCH-
TEJILHOCTH, T€OMETPHUsI TPOCTPAHCTBA-BPEMEHHU OIIPEJIEIISIETCS IIOTHOCTBIO SHEPIUHU, IJIOTHOCTHIO UMITY/IHCA
7 IJIOTHOCTBIO ITOTOKA MMILYJIbCA B CHCTEME, TO €CTh MEH30POM IHEP2UU-UMNYAbCA. KaK MBI BUJEIH, B 00IIIel
TEOPUU OTHOCUTEIBHOCTU YJOOHO OIIPENEJISITh TEH30D SHEPTUHU-UMITYJIHCA KAK BaAPUAIMOHHYIO IPOU3BOJIHYIO
OT JeficTBusI 10 MeTpuke. Takoe Ompeje/eHre COBIAAET ¢ KAHOHMYECKHM B CIydasxX MOJesefl ¢ MUHU-
MaJIbHOM CBS3bIO MATEPUU U I'DPABUTAIUHU, HO 00JIa/IaeT YHUBEPCAJIHHOCTHIO U HE CBA3AHO C OJIHOPOIHOCTHIO
U M30TPOIHUEN TPOCTPAHCTBA-BpeMeHn. Mbl MO ObI ONPEIEIATh TEH30D SHEPTUU-UMITYIIbCA, UCIOIb3YS
APYTryi0o CUMMETPUIO — MHBAPUAHTHOCTD ILeI;JICTBI/IH OTHOCHUTEJIbHO 3aM€H KOOpJAMHAT B IIPOCTPaHCTBE-BPEMe-
uu. [IpeobpazoBanusi KOOPJUHAT, KAK MBI TOBOPHUJIH, SIBISIOTCS cUMMeTpusmMu neiicreust. C cuMMmeTpusiMmu
0OBIYHO CBsI3aHbI 3aKOHBI coxpaHeHust (Teopema Hérep). OmHako, KaK Mbl YBUJIUM HUZKE, CBsI3aHHbBIE C JTOIi
CUMMeETPHE TOKH TOXK/IECTBEHHO 00PAIAIOTCS B HYJIb HA YPABHEHUSX JBUXKEHUSI, ITO O3HAYALT, 9TO JIAHHAS
CUMMETPHUS SBJISIETCS KaAubposourot. CoOCTBEHHO, TpeboBaHUe OOpallleHre B HYJIb TAKHX TOKOB U COCTaB-
JISIET CUCTEMY yPABHEHUIl JIBUKEHUsI TPABUTAIMOHHOI'O [10JIsI — ypaBHeHus JitHInTeiiHa. B nepsoii mosioBune
JIEKIIMU MBI BBIBEJIEM yPaBHEHUsI JUHINTEHA U3 HEKOTOPOM I'MIIOTE3bI I AEHCTBUSI MPABUTAIMOHHOIO II0-
Jisi. Bo BTOpOIT 1os10BHHE JieKInU MbI pasbepeMcs, KaK OMPEJIeIUTb SHEPTUIO, UMITYJILC U MOMEHT UMILY/IbCA
B ACUMIITOTUYECKHU ILIOCKOM ITPOCTPAHCTBE-BPEMEHH.

C »TOTO MOMEHTa MBI Oy/IeM pacCMATPHBATH METPUKY KakK JHHAMUYECKYIO mepemennyio. Jlas sToro B
neficteun Buga (5.20) He xBaraer wieHoB. [eficrBuresibHO, 0OpallieHe B HyJIb BApUAIUK JIeHCTBUsI MaTepu-
AJTLHBIX TTOJIEH TT0 METPUKE O3HAYAIIO ObI obpalenne B HyIb TEH30pa SHEPTUU-UMITYIbCA MATEPHUH, UTO STBHO
nedusnaHo. JlaBaiiTe MoCMOTPUM, KAKOT'O POJIa YIEHBI MOXKHO 100aBUTh. MbI 6yj1eM 00CyKIaTh TPOCTEHIITN
caydail, Korja JieiicTBue pa3OuBaeTcs B CyMMy

So6m[¢7g] = SMaT[¢|g] + SrpaB[g]a (61)

e Syar — JEHCTBHE MaTEepUN, MUHIMAJILHO CBA3aHHOM ¢ IpaBUTAIldEl, a BCA JUHAMUKA I'DABHTAIMOHHOIO
TIOJIsI COZIEPYKUTCS B TPABUTAIIMOHHOM JleficTBUN S’FpaBH He CoJIepXKallleM IoJIeil MaTepun. Y paBHEHHUE JTBUYKe-
HUS JIJIsT METPUKU IIPA 9TOM OyJIeT UMETh BHU/I

6S06m — 8(\/@‘60610;) _ a)\a(\/m[’(ﬁm +...=0 (62)
89 DGy DG\ ’

9TO 3KBHUBaJICHTHO TOMY, YTO Ha PEIICHUAX ypaBHeHI/IfI JABU2KCHM A CYMMaprIﬁ TEH30D 3HEPIrumn-nuMIIyJjIbCca

MaTepun U I'paBUTAllUA B TOYHOCTU PaBEH HYJIIO:

TH 4+ TH =0, (6.3)

rpas

To ecrb dpopMabHO SHEPIUsT U UMITYJILC HE MOT'YT PacCIpPOCTPAHSITHCA B IIPOCTPAHCTBE, & TOJBKO MEPEXOIST
UX I'PABUTAIMOHHON (POPMBI B «MATEPUAJBHYIO» U OOPATHO. DTO MPOTUBOPEUUT (PUIUIECKON WHTYUIUU, U
TOBOPUT O TOM, 9YTO SHEPIUI0 U MMIIYJILC IPABUTAIIMOHHOIO TOJISI CJIELYeT OIPEIEINTh KAK-TO II0-IPYTOMY.
Mpbr 0b6cyiuM 9TOT BOIIPOC B KOHIIE JICKITUN.

Teneps naiijiem B JeHCTBUA Sppas. CooTBeTCTBYIOMUil JArpamKuan Lrpas J0JKeH OBIThH CKaJIAPHOM
BeJIUYMHON. MBI IIPEIIOIOXKUM, 9TO OH COAEPXKUT IIEPBLIEe IIPOU3BOAHbIE METPUKH He 6ojiee 94eM BO BTOpPOil
CTEIeHH, a BTOPbIE MPOU3BOIHBIE — HE 0OJIee YeM B IEPBOil CTEeHH. DTO 3HAUUT, YTO KOMIIOHEHTHI METPUKHU
SIBJISIFOTCSI TIPABUJIHHBIME JINHAMUYECKUMU TI€PeMeHHbIMU (0BOOIIEHHBIME KOOPJAUHATAMHU ), & HAOOP KOMIIO-
HEHT METPUKH U UX IEPBBIX IIPOU3BOJHBIX 110 BPEMEHHU OIpeie/isgeT HadaIbHble YCI0BuA B 3agade Komm. 13
M3BECTHBIX HAM BEJIUYMH TOJbKO €INHMIA U CKaJisdp Puddn R ymoBierBopsaior 3ToMy ycaoBuio. CKajsipbl 60-
nee obmero suna f(R, RiaR'2%, R1234RY234 R1aR13R23 .. ) GyayT cosepsKaTh BHICIIHE TTPOM3BOHbIE, ITO
03HA4aJI0 OBl MMOSIBJIEHHE JIONOJTHUTE/IBLHBIX cTelreHelr cBoboabl. ITosToMy neiicTBue 3ammineM B BHJIE

— 1 d
SrpaB - _167TG /d x |g|(R + 2A)7 (64)

'MokHO paccMaTpuBarh i 60JIee CIIOMKHbIN BHL e CTBHS MATEPHH, COAEPYKAIINIA HEMIHUMAIbHbIE BKJIAbI BPOJIE RV (¢), nHo
B 9TOM CJIy4yae MOI'yT BOBHUKHYTH JIOIOJHUTEIbHBIE CTEIIEHN CBOOOBI, CBsI3aHHbIe ¢ TpaBuTanueii. Mozenn Takoro posa Tpedyior
OTJIEIBHOTO PACCMOTPEHUsI, M MBI OyJIeM CIYNTATH MX BBIXOJSIIUMA 33 PAMKH COOCTBEHHO OOIIEil T€OPUU OTHOCUTETBHOCTH.

6-1



rae G > 0 u A — e nocrostambie. JelicrBue Takoro Bua HasbiBaeTcs deticmeuem dtunwmetina—Ilurvbepma.
Bropoe ciaraemoe (Tak Ha3blBaeMblil AAMO0a-4.A€H) HE COAEPIKUT IIPOU3BOJHBIX U MOXKET OBITH OTHECEHO K
MaTepud. efcTBUTENTHHO, TOTOXKIM

O S AVA | N S (6.5)
47TG\/‘Q‘ aguu 8nG

Torma 1sMOIa-4/IeH MOXKHO MHTEPIPETHPOBATH KaK JIEHCTBHE JJIsT BENIECTBA C yDABHEHUEM COCTOSIHUS P =
—e = —A/87G. Eciu A > 0 mI0THOCTD SHEPIUU MOJIOKUTENIbHA, & JaBjieHre oTpunareabio. Ecm xe A < 0,
Bce Hao60pOT. MBI He 3HAaeM TaKOI'O POJa MAaTepUH, OJTHAKO B HEKOTODPBIX MOJEJbHBIX TEOPUSX IIOJIsl NMe-
I0TCSl METACTAOU/IbHBIE COCTOSIHUS C TAKUMU CBOfICTBaMI/I.ﬂ DKCHEPUMEHTAJILHO JISIMOJIa-UJIeH CJIMIITKOM MaJ,
4TOOBI UT'PATH POJIb BO B3AUMOJEHCTBUIX JIa2Ke HA TaJIaKTHYeCKUX MaciiTabax, U ero cjejyer IPUHIMAThL BO
BHUMAaHI€E TOJIBKO B KOCMOJIOIMYECKHUX 33/1a4aX, KOIJa pedb ujuer o0 3posonuu Beenennoit B nesioM. Mrak,
B JIAJIbHEHIIIEM JIsIMO/Ia-4JIeH MbI Oy/IeEM OITyCKaTh.

LeiicTBue COJIEP?KUT BTOPBIE IIPOM3BOIHBIE OT KOMIIOHEHT MeTPUKH. OOBIYHO BBICIINE IPOU3BO/IHBIE
B JIArDAHIKHAHE O3HAYAIOT HAJININE JIOTIOTHUTEIHHBIX cTerneneil cBoboabl B cucreme. Onnako B obIel Teopun
OTHOCUTEIFHOCTU TaKHUX JIOIOJHUTEBHBIX CTelleHell ¢cBOOO/bI HeT. [leso B ToM, 4TO J00aBIEeHHEM HJIEHA C
ITOJTHOW JMBEPreHITNell JIeficTBIEe MOXKHO ITPUBECTU K BUJLY

1 d
Stvals] =~ 1 [ '3 VI R(5.209). (6.6
e R saBisierca QyHKIMEH METPUKA U €€ MEePBBIX ITPOM3BOIHBIX:
R = " (DT, — TR TR (6.7

Bomee sasmo,
1

R = 190070 (g“”g“*g”” + g"g"7 gt — 29’““’9”’”9“) - (6.8)

Baxuo oTmMeTHTD, UTO BemiInHa R, B OTVIMINE OT CKAJISIPHON KPUBU3HBLI R, 3aBUCUT OT CUCTEMBI KOODINHAT,
TO €CTh HE 33J[a€T OJHO3HAYHO CKAJIPHYIO (DYHKIIUIO HA MHOTOOOPA3UU.
Haiinem Teneps ypaBHeHue jBukeHus Jjisd MeTpuku. I[IpoBapbupyeM rpaBUTAIIMOHHOE JIEiCTBUE:

5/ddw\/\g\R—5/ddx 919" Ry = /ddw (5vlg|R+ V19169" R + /]glg"” 5RW)
|
e (s,

Oka3sbIBaeTcs, MOCTEIHUI 9JIeH MO MHTErPAJIOM SBJISIETCs MTOJTHON IUBEepreHInei,

v _ A\ A A UV STA A v
l9lg"" 0 Ry = OA(V/|glw™) = /|glw™ .,  w” = g Ty, — gLy, (6.9)
1, TaKUM 00pa30M, JaeT HYJIEBOH BKJAJ, €CJIU Baphalds PaBHa HYJI0 Ha moBepxHOocTH. OTCIOIa MOJIydaeM
ypasrenus Jdnuwmetinag i METPUKH

R, — %QWR = 87GT),,. (6.10)
TakumM 06pa3oM, poJib HCTOYHUKA TPABUTAIMOHHOIO HOJIS B OOIIEil TEOPUH OTHOCUTEJILHOCTH HI'PAET TEH30D
SHepruu-uMIryjibca marepun. Cjieflyer oOpaTuTh BHUMAHUE HA JIBA OTJUYUsI OT HBIOTOHOBCKOI Teopuu. Bo-
[ePBBIX, UCTOYHUKOM I'DABUTAIUN SIBJISIETCSI HE TOJBKO IJIOTHOCTH MACCHI (MJIM [JIOTHOCTH SHEPIUH), HO U
[JIOTHOCTb UMILYJIbCA (MM [IJIOTHOCTD OTOKA SHEPIUH) U JarKe IJIOTHOCTD MOTOKA UMITYJIbCa (TeH30D HAIPsi-
ykennit). KoHeuHo, B coIHEUHOl cucTeMe BKJIAJbI IIOTOKOB SHEPIUU U UMILYJIbCa HUYITOXKHO Masbl. OJHAKO B
caydae 00bEKTOB, COCTOAIMX U3 OBICTPO IBHXKYIIMXCS TeJs, JUOO B clydae MoJeil UX HaJ0 YIUThIBATL. Bo-
BTOPLIX, rpasuTamponnoe noje B OTO obiagaer JuHAMUYECKUMEI CTEIEHIMEU CBOOO/IbI, TaK YTO UCTOYHUKHU

2Kp0Me TOIr'0, TAKUM CBOIICTBOM JOJIZKHO O6IIa.LL&TI> OCHOBHO€ COCTOdAHUE (BaKyyM) B KBaHTOBOI TEeOpUU I10JId. O,ZLHa.KO HalTH
IIJIOTHOCTH 9HEPIUU BaKyyMa yaaeTCd TOJIBKO IJigd UHTEIrPUPYEMbIX MO,I[eJIefI B IBYMEPHOM ILJIOCKOM IIPOCTPaHCTBE-BPEMEHU.
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HE MOT'YT OJHO3HAYHO 3aJIaBATh KOH(MUIYPAIMIO MOJsI. DTO BUIHO XOTs OBl M3 TOTrO, 9TO IpH d > 3 TEH30D
Pumana e onpenensiercs ogHo3HadHO TeH30poM Puwan. KorneuHo, B oT/imine OT 9/IEKTPOMATHATHOTO TIOJIS,
ypaBHEHHsI I'PABUTALMOHHOIO II0JIs HEJUHEHHBI, TaK YTO PEIleHNe HeJIb3sl PasOUTh B CYMMY BBLIHYXKJIEHHO-
ro u cBoboiHOTO ToJIsA. TeMm He MeHee, 3ajiada Ko M0/KHA COJEp:KaTh HE TOJIBKO HAYaJbHOE COCTOSTHUE
MaTepu, HO U HavYaJbHOE COCTOSIHIE TPABUTAIMOHHOIO IOJIsI, & MAJIble BO3MYIIEHUS IPABUTAIMOHHOIO IIOJIsT
PaCIpPOCTPAHSIOTCA KaK BOJIHBL. 1yTh HHKE MbI OOCYIHM 3TO CBOMCTBO.

Temeps cBepHEM ypaBHEHHE ¢ obparHoit MmeTpukoit g'”. MbI JIerko HaXOIIM

d—2
TR = —81GT, T = g"T,,. (6.11)

[Moxcrasnss 91o B (6.10), moayyaem ajabrepHATHBHBIN BUJI ypaBHEHUN DifHIITEHHA:

Ry, = 87G <TW - dgi”2T> . (6.12)

B wacTHOCTH, B OTCYyTCTBHE MaTepUU YpaBHEHUsI DWHINTEHHA 3aIUChIBAIOTCS KaK
R,, =0. (6.13)

PaccmorpuMm ypaBHeHusT DUHINITEIHA KAK YPABHEHUST SBOJIIOIUH I'PABUTAIIMOHHOTO TOJIsi. J[JisT 3TOr0 BBI-
JI€JIAM 4JIeHbI CO BTOPLIMU IIPOM3BOJIHBIE 110 BPEMEHU (xo) B TeHzope Puuyun. HeTpynao mpoBeputh, UTO

1 .. _ 1 .. _ 1 _
_ 77 - _ 07 - _ 00 -
Roo=—359 ?§ij + Roo, Roi = 59 ?Gij + Roi, Rij = =597 Gij + ij. (6.14)
Touknu naJ| 6GyKBaMu 3/1eCh 03HA49aIOT IIPOU3BOIHbIE 110 BpeMenn. depes I, 0003HaMeHbI WIEHE, COjleprKallue
He OoJlee WeM TepBble IMPOM3BOIHBIE IO BpeMeHU. MBI BUANM, UTO KOMIIOHEHTHI TeH30pa Putadm BooOIne He
coJiepzKaT BTOPBIX IIPOM3BO/IHBIX 110 BPEMEHH OT KOMIIOHEHT (o,. DTOT pe3yIbTaT OyJeT elle Bhpa3uTe/bHee,
€CJIM MBI TIOJHUMEM TEePBBI UHIEKC W BBIUTEM CJIE]T:

1 0 1= I
R8—§R=R8—§R, RO=T,
L o (6.15)
Rj— 5 R= (9" — 9" ¢") (015 — &3m) + B; — 5 R

To ecTb, MBI BUIM, 9TO d YPaBHEHUI, B JIEBYIO YACTh KOTOPBIX BXOIUT Rg, SABJISIOTCS C6A3AMU, & HE TUHAMU-
YECKUMU ypaBHEHUsIMU. J[MHAMUYECKUMU SIBJISFOTCS @ YPABHEHUI [JjIsT IPOCTPAHCTBEHHBIX KOMIIOHEHT.
DopMaJIbHO 3TO O3HATAET, ITO, YTOOBI 38,1aTh SBOJIIOIINIO METPUKH, MBI JTOJIKHBI 38/1aTh Ha TPOCTPAHCTBEHHO-
110/106H0it 110BepXHOCTU S) Hava/IbHbIE 3HAYCHH i, Jij, Jou — BCEIO d? nepemennnix. Ha camom jeite 4uciio
IIepeMEeHHbIX MECEHbIIIEC. MI)I 3&61)1.]'[1/1 O TOM, YTO BCe CbI/I3I/ILIeCKI/Ie BEJIMYMHBI JOJIZKHDbI 6]:>ITI) nHBapUaHTHBI 110
OTHOIIIEHUIO K 00IuM 3aMeHaM KoopauHaT. PopMaibHO 3aMEHbI KOOPIUHAT OIUCHIBAIOTCH d (DYHKITUSME TIe-
pemennbix 20, 2!, O[HAKO C JIMHAMIYECKON TOUKH 3PEHHUsI curyarus cjaoxkuee. YToObI ee onmcarh, gaBaiTe
JIIst JII0ODOTO peIlieHnsl BhIOEpeM CUHXPOHHYIO CHCTEMY KOODJUHAT, YTO OYJET COOTBETCTBOBATHL HEKOTOPOI
durcamyun KaaubpoBku. CHHXPOHHAS CHCTEMa KOOPJIMHAT, BOODIIE MOBOPsi, HE MOXKET OBITH OIpeJeieHa BO
BCEM IIPOCTPAHCTBE, HO HaM OyJleT JOCTATOYHO, YTO €€ MOXKHO BbIOpATh B OKPECTHOCTSX JII00O0# peryssp-
HOI TOYKU IPOCTPAHCTBa-BpeMeHu. B cHHXpOHHOI cucTeMe KOMIOHEHTHI (o, = g, bukcuposanbl. OcTraercs
V = d(d — 1) Ha9agbHBIX JAHHBIX HA [IPOCTPAHCTBEHHO-IIOMOOHON MOBEPXHOCTH. Y PABHEHUS, COIEPIKAIIIE
Rg, mator C' = d cBsa3eit Ha 3TU BesmauHbl. KpoMe TOro, CHHXPOHHAS CUCTEMa KOODAUHAT He (PUKCUPYET
Ka.HI/I6pOBKy ITIOJIHOCTBIO. OHa COXpaHdeT CBOMCTBO CHUHXPOHHOCTU IIpN HpeO6pa.3OBaHI/IHX BHUJIQ (323), ec/im
d¢gou = 0, To ecThb
o0 =0, &0 = —Losi-

OTO 3HAYUT, YTO BPEMEHHbIC IPOU3BOJHBIC BeJUYUH ), HOJHOCTBIO ONPEACIAIOTCA UX 3HAYCHUSMU U IIPO-
CTPAHCTBEHHBIMU ITPOU3BOJIHBIMU HA KAKOH-HUOYIL MPOCTPAHCTBEHHOIIOIOOHON rumeprioBepxuoctu. Taxkum
06pa3oM, «OCTATOYHAA> KAJIMOPOBOUYHAS CBOOOA HA HAYAJIbHON mOoBepxHOCTH Sy onucbiBaerca G = d yHK-
[UASIMEA TIPOCTPAHCTBEHHBIX KOOPJAUHAT. SHAUNT, HAYAJbHBIE JAHHBIE TPABUTAIIMOHHOIO TIOJIsI OIMACHIBAIOTCSI

V-C-G=dd—1)—d—d=d(d-3) (6.16)
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(bYHKIH/IHMI/I KoopauHaT. Hemuoro BosibHO MOXKHO CKa3aTb, 9YTO YHUCJIO COOCTBEHHBIX CTeIleHEeN CBO60,ILbI (HO—

d(d—3) .
—5 B KazKJI0M TOYKE.

JIOBUHA Pa3MEPHOCTH (Da30BOTO MPOCTPAHCTBA) TPABUTAIIMOHHOTO TIOJIsI COCTABIISICT
Msr1 310 ycTaHoBUM 60Jiee CTPOro, Korja Oy/ieM u3ydaTb IPaBUTAIIMOHHBIE BOJIHBIL.

Mpr roBopmIn, ITO ypaBHeHUs JitHIITeHa (DOPMATBLHO 03HAYAIOT OOpAIEHIe B HyJIb CyMMAPHOTO TEH-
30pa dHEPrUU-UMILyJIbca Marepun u rpasutanun (ypasaenue (6.3))). DTo, pasymeercsi, He HAPYIIAET 3aKOHOB
COXpaHEHUs SHEPTHUH, UMITY/JIbCa U MOMEHTa MUMILYJIbCA, HO JIeJ1aeT UX 0eccoIep:KaTeIbHBIMI: BCE 3TU BeJIMIH-
HBI Jyisi JIIOO0I 006JIACTH IPOCTPAHCTBA POCTO PABHBI HyJ0. ['paBuraiimonnas (j1a u Jjiobast Ipyras) BOJIHA
B TAKOW KapTUHE He IePEHOCUT SHEPIHUIO U UMITYJIBC, a IIPOCTO MEpeJlaeT CUTHAJ: IIPEBPATUTH TaKOE-TO KO-
JIMIECTBO SHEPTUH, UMITYJIbCA U MOMEHTA IPABUTAIME B TAKOW-TO TOYKE MPOCTPAHCTBA B SHEPTHUIO, UMITYJIHC
U MOMEHT MAaTepPHUH. XOTEJ0Ch ObI IIEPEOIPEIEUTh IPABUTAIIMOHHBIE SHEPTUI0 U UMIIYJIEC TAKHUM 00pasoM,
9TOOBI BEPHYTH CMBICJI OOBIYHON (PU3MIECKON WHTYHUIIN.

[TepBbiM 3THM BOIpOCOM 03aboTuCs DitainTeitH. OH MPEJIOKUIT BBIUYAC/ISITE TEH30D SHEPrUU-UMITYJIHCA
PABUTAIOHHOTO TIOJIsI TI0 CTAHJIAPTHON opMyJe st KAHOHIMYECKOTOo TeH30pa sHeprun-nmiysbca (5.9) B
TEOPUU TOJIT Uepe3 YCeUEHHBIN JIArpaHKUAH —ﬁR, paccMaTpuBasi METPUKY KaK I10Jie B ITPOCTPAHCTBE-
BPEMEHH, OTBEYAIONEM HEKOTOPOI BLIJETIEHHONW CUCTEME KOODINHAT:

- 1 R)
i = = (g 2R ) (6.17)

167G \ 7" 0gap,

DTOT 06BEKT HE COBIAIAECT C TEH30POM SHEPIUU-UMITYIILCA Tines. DOJIGE TOTO, OH HE SIBJISIETCST TEH30POM.
P )

ﬂef/'ICTBI/ITe.HbHO7 BeJIMYUHa R HE ABJIAETCA CKa.HSIpOI\/I — OHa 3aBHUCUT OT CHUCTEMBbI KOOp,ZLI/IHaT7 ,ua " BEJINYMHBI
Ja B, HE ABIAIOTCA KOMIOHEHTaMH TeH3opa. Bemuunna t,” HasbIBaeTcs ncesdomensopom sHepuu-umMnyivca
dinwmetina.

IToBTopsaa crangapTHbIi BoIBOJ (5.7)—(5.11), U3 MHBAPUAHTHOCTHU JICHCTBUA OTHOCUTEJILHO CIBUIOB KOOD-

)

JIUHAT TOJIYy9aeM

(VIgl(T” +1,7)) =0, (6.18)

WV

TaK 9TO BEKTOD

Ba= [ @t Vg0 +4,0) (6.19)

COXPaHAETCs: ]5”70 =0. .

HeunnpapuanTHOCTD IiceBOTeH30pa t,” O3HAYaeT, YTO HOHATHE SHEPIMU M UMIIY/IbCa I'DaBUTAIMOHHOIO
I0JIsl 3aBUCHUT OT cHCTeMbl oTcueTa. [lo cyTu, onpenenenne [IPUBSI3aHO K «(DOHOBOiI» IJIOCKOH MeTpH-
Ke. HOKa}KeM, YTO €CJIn MaCCBhbl COCPeI0TOYCHBI B KOHEYHOI O6JIaCTI/I n HaCTOdAIlasd MEeTPpUKa g/ﬂ, JOCTaTOYIHO
OBICTPO CTPEMUTCSI K TLJIOCKON Ha OOJIBIITUX PACCTOSHUSX OT 9TO 00JIACTH, SHEPIUsi U UMILYJIbC CUCTEMBI OIIpe-
JeJIeHbI OJTHO3HAYHO. JlefiCTBUTE/IbHO, PABEHCTBO HYJ/IIO JIUBEPreHIINA CYMMAPHOTO IICEBI0OTEH30pa SHEPIUU-
UMITYJIbCA B OTHOCBSI3HOM ITPOCTPAHCTBE SKBUBAJIEHTHO CYIIECTBOBAHIIO TAK HA3BIBAEMOIO CYNEPNOMEHUUAAA

T A, TaKoro 4To

V |9|(Tuy + Euy) =V |9|( ( rpaB) Y+ Euy) = a)x%uy)\v %uy)\ = _7~'u>\y- (6-20)

CyteprioTeHIuasI omnpeie/ieH HeoJHO3HAUHO. Kro MOXKHO HAlTH sIBHO, HAIIPUMED, B BUJIE

A -1/2 A
= 19172 gus X" . (6.21)
rjue
HVEX |g| WY KA K VA 6.22
Tor 99" = 9" 9"). (6.22)
Orcroma mojydaeM, 9TO BEKTOP UMITYJIBCA paBeHE|
D ~ VA 1 ~ VA
Pu= [ dfy 7" = 5 ¢ dfir 7" (6.23)
39nement (d — k)-MepHOI MOBEPXHOCTH ONPEICNACTCH KAK dfyy .y = ﬁemmud dxtk+1 A - - A dxtd. Tlogpobuo Teopema

Ocrporpajckoro—I'aycca na Mmuoroobpasun pasbupaercs B [loscuenun B.
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[IepBriit nHTErpaJ MpeICTABISET CODOI MHTErPaJI 110 TPOCTPAHCTBEHHOIOI00HON THIIEPIIOBEPXHOCTH, & BTO-
poii — 1o ee (d — 2)-mepHoii rpanure. Takum 06pa3oM, SHEPIUsl 1 UMILYJIbC CUCTEMbI OKA3bIBAIOTCS HE 3aBH-
CAMUMH OT CHUCTEM KOODJUHAT BOJIM3U IPABUTUPYIONIUX MACC, HO 3aBUCIT TOJBKO OT ACUMIITOTUK METPUKU
Ha OOJIBIIIUX PACCTOTHUAX, B ACUMIITOTUIECKH IJIOCKOH objiactu. B 9Toit 061acTH MBI MOXKeM BbIOpaTh OPTO-
rOHaJIbHbIE KOOPJIUHATHI ¢ METPUKOil MUHKOBCKOTO 1),,,, U TOTa YHCIIa pr = nHv ]5V OyayT BecTH cebs Kak
KOMITOHEHTBI BEKTOPA 10 OTHOIIEHUIO K IpeobpazoBanusM Jlopenra.

Henoctatok mceBmoTeH30pa SHEPTUA-UMITYIHCA JUHIITEHHA COCTOUT B TOM, UTO OH HECUMMETPHUYEH, 1
9TO HE MO3BOJISIET OMPEJIETUTh MOMEHT UMITY/IbCA U IEHTP UHEPIUU CUCTEMBI. DTOT HEJOCTATOK OBbLI UCIIPAB-
ster Jlannay n Jludmunem B pabore 1947 roga. OHU MpeJIOKMIIA CBOI TICEBIOTEH30P SHEPTUH-UMITYJIbCA,
OCHOBBIBAsICh Ha, CJIEIYIOIIEM paccykjeHuu. JlaBaiiTe paccMOTPUM OKPECTHOCTH TOUYKH & B «CBOOOIHO Ia-
JAloIeity CucTeMe OTCUYeTa, TO €CThb B CHCTEMe KOOPIWHAT, B KOTOPO# cuMmBOjbl Kpucrodderns B mamnHoit
TOYKE OOPAIAIOTCH B HYJIb: F;\W(az) = (. DTO 3HAYUT, YTO [IE€PBBIE TPOU3BOJHBIC METPUKU TOXKE DABHBI HY-
mo: g\ (2) = 0. B sroii cucreme orcuera rpaBUTAIMOHHOE 1I0JI€ JIOKAIBHO (B JIAHHOI TOUKE) OTCYyTCTBYET,
[I0O9TOMY €CTECTBEHHO CUYUTATD, UYTO B HEil SHEPIUS U UMIYJIbC I'PABUTAIMOHHOIO T10JIsi PABHBI HYJIIO. DTO CO-
IJIACYETCs C TeM, YTO B JIAHHON TOYKE TEH30D SHEPIUU-UMITYIbCA B 3TOH CUCTEMEe KOOPJAWHAT YIOBJIETBOPIET
ypasHeHnio HenpepbisHocTn: TH , = 0. IlceBnoTeH30p SHEPrUU-UMITYIbCa DUHINTEHHA B 9TOH TOYKe TOXKe
pasen Hymio. [TosTomy

91T (2) = —|gITH%, (&) = OAT (), (6.24)

rpas
e T — cynepnomenyuan Janday—Tuguuya:

R G (6.25)
BILGCI) MBI UCIIOJIB30BaJIU TOT CbaKT7 Y9TO IIepBbl€ ITPOU3BOJAHbBIEC METPUKHN B TOYKE T PaBHBI HYJIIO, 1 Mbl MO>KE€M
BBIHOCUTb KOMIIOHEHTHI METPUKH H3-TI0J, ONHOKPATHON IIPOU3BOAHON Jy. B mpaBoil u JIeBoOil 4acTsIX BTOPOIro
PpaBE€HCTBa B OCTaXOTCdA TOJIBKO YJIEHBbI C IBYKPATHBIMUA IIPOU3BOJIHBIMU METPUKHU.
B mponsBo/IbHOI crcTeMe KOOPAUHAT Ncesdomen3op snepeuu-umnyavea Jlanday—J/Tluduwuya onpenens-
€TCd PaBEHCTBOM
gt = |g| T, + 772 5. (6.26)

rpas

CooTBeTCTBEHHO, HA PEIIeHUX YPABHEHNN DIHIITEiHA TMeeM
lg|(TH 4 t1) = 7172 | (6.27)
B cniy aHTHCHMMETPUYHOCTH CyNePIOTEHIIMAaa 110 BTOPOi Iape WH/EKCOB MMeeT MeCTO 3aKOH COXPAHEHUs
(lgl(T" + 1)), = 0. (6.28)

9HepFI/I${ n I/IMHyJII:C CUCTEeMbl B KOHEYHOM O6'beMe JAIOTCs BBIpazKEHHUEM
1
pr = / o lgl (T 1) = f dfp T (6.29)

B GecKOHEYHOI acCHMITOTHYECKN IJIOCKOM cucTeMe OHU 00pasyIoT BEKTODP 10 OTHONIEHHIO K (aCHMIITOTHYE-
ckuM) npeobpasoanusim Jlopenra. He coBcem paBuibHO TOBOPUTD, UTO SHEPIUsT M UMITYJIbC IPABUTAIINOH-
HOI'O I10J1d H€ JIOKAJIN30BAHBI. B KOHII€ KOHIIOB, MBI MO2KEM HX OIIPEJIC/INTH B .HIO6OM KOHEYHOM 0613eMe n
OIIPEJIE/INTh UX IMOTOKM Yepe3 MOBEPXHOCTL. TouHee Oy/IeT cKa3aTb, YTO JIOKAJIM3AIUs SHEPIUA U UMITYIHCA
3aBUCUT OT BLIOOPA ITPOCTPAHCTBEHHONIOAO0HO TOBEPXHOCTH M COBOKYITHOCTH CUCTEM OTCUYETa B KAXKJION ee
TOYKE.

B cuny cummerpun cumBosioB M R)\J%)\ 10 OTHOIIIEHUIO K TIEPECTAHOBKE (i U V IiceBIoTeH30p Jlammay—
JIndmmia cuMMeTprdeH U TO3BOJISIET OMPEIEINTh COXPAHSIONNNACI MOMEHT UMIIYJIHCA

T — / Afa o] (T + 1) — (@ + ). (6.30)

MomeHT UMITY/IbCa TOXKE MOXKHO OIIPEIe/IUTh Yepe3 METPUKY CHCTEeMbI Ha TPAHUIE ITPOCTPAHCTBEHHO-IT0100-

HOI ITIOBEPXHOCTU:

1
T =2 7{ f o (7P — gvhel 4 ypabvy, (6.31)
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HenTp nHEpIUU CHCTEMBI B JIAHHOW CHUCTEME KOOPIUHAT OIpejiesisieTcss (hopMyIoi

Xi B fdd_lx |g|(TOO 4 tOO)xi )
g (T 1 ) (032

B acHMIITOTHYECKH MJIOCKOM TIPOCTPAHCTBE MEeHTP WHEPIUH JBHKETCS ¢ TIOCTOSTHHOM ckopocThio Vi = Pi/PY
B J1000i crucTeMe KOOpJMHAT, OJHAKO CAMO €r0 OIpee/IeHHe 3aBUCUT OT CHCTEMbI KOODIUHAT.

Onpe,ueﬂﬂs{ QHEPIruio, UMIIYJIbC 1 MOMEHT HUMIIYJIbCa CUCTEMbI, MbI IIpEAIIO/Iarajn, 9To Ha 60.HI>H_II/IX pac-
CTOSTHUSAX OT T'PABUTHPYIONIUX MacC MPOCTPAHCTBO-BPEMs HABJIAETCS ACUMITOTHYECKH ILJIOCKUM. XOTS TpU
U3YUIEHUU OTHEJIbHBIX MACCUBHBIX OOBEKTOB Takoe MPUOJIMKEHIE JOBOJHLHO XOPOIIO paboTaeT, B IIEJIOM 3TO
MIPEJITIOJIOYKEHIE HAXOIUTCS B IPOTUBOPETNH C HAOIIOAATEILHBIMU JAHHBIMU. B CHJIy OTHOCHUTE/IHLHON paBHO-
MEPHOCTH pacipeeeHust MacChbl BO BceesleHHOI, a TakzKe ILJIOXO U3ydIeHHOTo (haKTOpa, HA3bIBAEMOI'0 TeMHOI
SHEprueil (BKJIA KOTOPOil HAITOMIHAET BKJIAT KOCMOJIOTHYECKOiT TIOCTOSTHHO ), TPOCTPAHCTBO-BPEMsI HE SIBJIsI-
€TCsl ACUMITTOTUYECKHU IJIOCKUM. B ¢BsI3U ¢ 3TUM U3ydaroTcst MOIUMUKAIINY JIAHHOW KOHCTPYKIMH, B KOTOPBIX
BMECTO ILJIOCKOTO IMPOCTPAHCTBA PACCMATPUBAETCS ITPOU3BOJIbHAST «(DOHOBAsT> METPUKA, & SHEPTUS U UMITYJIHC
[IPUIUCHIBAIOTCS TOJIBKO OTKJIOHEHUSIM NeOMETPHH IIPOCTPAHCTBA-BPEMEHHN OT «(OHA>.

Sagaun

1. okaxkure .

2. TIposepbre hopmystb! , .

3. IlokazkuTe, YTO B ACHMITOTHYECKH IJIOCKOM IIPOCTPAHCTBE, IJIe METPUKA BeJeT cebs KaK (u, =
N + O(r3~%) Bramm ot rpasmTHpyOmUX Tes (r — MPOCTPAHCTEEHHOE PACCTOSHHE OT HCTOMHWKA TDABH-
TaIN), BEKTOPBI SHEPrUU-UMITYJIbca JiiHimreiina u Jlangay—/Iudmuna cosnanaror. [lokaxkure, uro npu
npeobpazoBanusgx JIopeHIa B acHMITOTHYECKO objacTu BeJmdIuHbl PH 1peodbpas3yiorcss KaK KOMITOHEHTBI
BEKTOpaA.

4. BoiBeuTe BhIpaXKeHUE JJIsT MOMEHTa UMILYJIbCca Yepe3 MHTerpaJl 110 IOBEPXHOCTH.

5*. Ilokaxwure, uro geiicrue Ditnmreiina—'minbepra (6.4) (¢ A = 0, KaK MbI yCIOBUINCH) MOXKHO

[IPUBECTHU K BHJLY ¢ jarpamxkuanoM (6.7))

Cemunap 6
CuHXpOHHAasI CHUCTEMa OTCYeTa

B Jekiun yke ynmoMuHAIACh CUHIPOHHAA CUCTNEMA OMCUEMa, TO €CTh CACTeMa KOOPIUHAT, B KOTOPOM
goo = 1, goi =0 & ds® = dt* — Vij da'da’ . (6.33)

Sro 3maunt, uro Taxke g0 = 1. B 3Toil cumcTeMe KOOpIMHAT BpeMsl SBJIAETCA COOCTBEHHBIM BPEMEHEM
HEKOTOPOIl BPEeMEHUIIOI00H0I reome3ndeckoil. leitctBurenbao, cumBosibl Kpucroddesns B Takoit cucreme
KOOD/IMHAT PaBHBI

1 . 1 . . .
0 _ e _ 0 __ . i ik i __ T
T, =Too =0, I%=5%0.  Tjo=357"mo  Tj=Tj
rie F}k — IPOCTPaHCTBEeHHBIe cuMBOJIbI Kpucrodderns, porauciennble 1o MeTpuke v;;. OTciona ypaBHeHHs

TreoJe3NICeCKUX NMEIOT BU/T
B4 Tya'al =0, @+ 20%a'a0 + Da'ah = 0. (6.34)

[ostomy, ecmn @' = 0, a #° = 1 B HEKOTOPBII MOMEHT BPEMEHH, TO 3TO YCJIOBHE BBIIOJHACTCH M BO BCE

ocTaJIbHbIe MOMEHTBI BPEMEHHU Ha KapTe, MOKPBIBAEMON 3TOI CHCTEMOI KOOPIUHAT. DTO O3HATAET, UTO KPH-
BbIe 2! = const 06pa3yIoT KOHIPYSHIMIO BPEMEHHIIONOOHBIX Te0Ie3NUeCKIX, TAPAMETPI30BAHHYIO IPOCTPAH-
CTBEHHBIMU KOODJMHATAME &', 3HAYUT TaKas CHCTeMa KOOPMHAT OrPAHIMYCHA TOUKAMH IIePECEUCHIs KPUBBIX
kourpysurun. CyrKas 06JIaCTb 3HAUCHMH T° MOYKHO TIPOJINTD WHTEPBAJ BPEMEHH, Ha KOTOPOM OIpe/eseHa
cHCTeMa KOOPJMHAT, HO He JAJBIIe 9eM JI0 KaAYCmuKr WIn GoKaAbHbIT 2UNepnoseprnocmet, TO eCTb THIePIIO-
BEPXHOCTEl, 00PAa30BAHHBIX (DOKAJIHLHBIMU TOYKAMU KOHIpydHINN. DoKaIbHble TOYKH TAI0T aDCOTIOTHBIN IIpe-
JIeJ1 TIPOJIOJIKEHNST CUHXPOHHOI CUCTEMbl KOOD/IMHAT U SBJSIOTCI MPENSITCTBUEM K MHTEI'PUPYEMOCTH YPaB-
HEHUN Te0/ie3nYecKuX. BHYyTpU CHHXPOHHON CHUCTEMBI KOODAMHAT (DOKAJIbHBIE TOYKU HAXOMAATCS U3 YCJIOBUS

det(%‘j) =0. (6.35)
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KaycTukn siBJISTIOTCsT THIIEPIIOBEPXHOCTSIMI, OTHOAIOIIUMH CEMENCTBO KPUBBIX.

[Tokaxkem Terepb, YTO B OKPECTHOCTH JIIO00N TOUKH IIPOCTPAHCTBEHHO-BPEMEHHOI'O MHOTO00PAa3HsT MOXKHO
[OCTPOUTDH CHHXPOHHYIO cucTeMy KoopjauHat. [lycrs {xH} — npousBosibHast cucTeMa KOOPIMHAT B HEKOTOPOIA
JIOCTATOYHO MaJjoit objactu mpocrpancTBa-BpeMenu U. Torma cobcTBeHHOE BpeMsi T, KOTOPOE CBSI3aHO €
nefictBueM S CBOOOHO MAJIAIOIIEH JaCTHUIIBI COOTHOIEHHEM T = —S/m, KaK (DYHKIUS KOHETHOW TOYKH
VI0BJIETBOPAET ypaBHeHNIO ['amuibTona—AK0o0n

g T, = 1. (6.36)

ITpu sTom
T = Gui”. (6.37)

Vpasuenne ((6.36)) nmeeT MOTHBIN HHTEIPAJI, 3ABUCAIINN OT d MapaMeTpPOB, IPUIEM OIUH U3 STUX IAPAMETPOB
MOXKHO BBIOpATH A IUTUBHON KOHCTAHTON, KOTOPYIO MOXKHO UCK/IIOYUTH. 1loaroMmy ocraBum Tosbko d — 1

mapaMeTp yl, RN ydilz
1 d—1
=fly,...,y"" ;x). (6.38)
leone3nmydeckue onmpeiesIgIOTCA Teleph CUCTEMON ypaBHEHUH
of
oy = zj, (6.39)
rae 21, ... ,24—1 — HOBbIe KOHCTaHTHI. JlaBaiiTe evibepem 3TH KOHCTAHTHI PABHBIMU HYJIIO:
of
= 6.40
5 (6.40)

DTOro Bcerga MOXKHO JIOOUThCS, B3sIB PeIlleHne ypaBHEHU C IPOU3BOJIBHBIMU 2; U IIEPEOIPEIC/ B
byukmuo f — f + 2y’ (cymvuposanue moppasymesaercs). Takoe Iepeonpeie/ieHue MepeBOJUT PelleHie
ypaBuenus (6.36) B pelteHre u SKBUBAJEHTHO CABUIY HAYAJIBLHOIO 3HAUEHUsT adpPUHHOrO mapamerpa 7T I0o-
OTIEJbHOCTHU JJIsI KarKIOH Ieode3ndeCcKOii.

Torma pasencrsa , NaloT cucTeMy d ypaBHEHHMil, HO3BOJISIONINX BBIPAs3uTh TV uepes y’ =

7,9y%, ..., y% ! u maoGopor. PaccMorpuM Geckoredno MaJblii naTepBas dr” i COOTBETCTBYIONIMH €My HHTEp-
BaJst dy*. Ilponuddepentuponan (6.38)) u ucrosnbzosas ((6.40), mosryaaem

of

—dzt = dy".

ozt Y

Bripazkas auddepenmuan dz# qepes yacTHbIC TPOU3BOIHBIE MO y; Tpn nocToannbix y°, y? (j # i), nomydaem

of ozt
Hasee ¢ momorupio (6.37) momydaem
Oxt Oxt Ox” Ox”
2 _ v __ O
ds” = g dxtdx’ = g, (8yody ay dy) <0 5 oy >
of ozt A\ f Yo
— K i v i
Guv (g o ——dy’ ay ) (g 8 dy’ + 8yldy>
= (dy 2— d dy" fod ‘dy’.
(dy°)? + auaz VAt Gy T W

Bropoe ciiaraemoe obpaiaercst B Hysib B cuity (6.41)), u MbI mosrydaem

oxH 0x”

Vi.i.. .42
g# 8y2 (9yJ (6 )

ds® = (dy°)? =y dy'dy’, iy = -

To ecrpb aeitcrBurensao {y*} maer cuHXpoHHYTO cucTeMy orcdera, a cucrema ([6.38)), (6.40) morpy»xkaer ee B
cucremy Koopauuatr {x*} obiiero Buja.
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