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NPEAUCIIOBUE

Be4Hasi 3aragka mvpa —

3TO ero rno3HaBaemocCTb. ...
Cam akT 310V No3HaBaemMocTu
rnpeacraBsigeTcs 4yoOoM.

AnbbepT SiAHWTENH

YBaxaembie yntatenn!

lNepen Bamu TpeTbsi KHUra rpakTm4ecku oAgHOro v To-
ro Xe KOJUIEKTVBA aBTOPOB, MOCBSLEHHAas O0LLer Teo-
puym otHocutesibHocTn (OTO), ee npoBepkamMm M BO3MOX-
HbIM ripunoxeHusiM. lNepBasi kHura «3arasbHa Teopisi Bia-
HOCHOCTI: BUNpobyBaHHS H4acomM» Bbiliia B 2005 r. B
naBHovi acTpoHomuveckori obcepsatopun HAH Yk-
pauHbl (r. Kne). Ee aBtopbl $.C. SlukmB, A.H. Anek-
caHapos, WN.6. Basunosa, B.N. >XKgaHos, 10.H. Kyaps,
C.J1. NapHosckuii, E.B. ®enoposa, C.B. Xmunb. KHura
Obinia rocssiljeHa BcemupHomMy roay usukm, rnpo-
BoarnaweHHomy IOHECKO k ctonetuio CcO BPEMEHU
BbIxoAa B CBET rnepBoi pabotsl AnbbepTta IVHLITEV-
Ha Mo Teopuy OTHOCUTESILHOCTH.

nntenbHoe Bpemsi obuiasi Teopusi OTHOCUTE/Ib-
HOCTU MHTEepecoBasa OrpPaHUYeHHbI KpYyr TeopeTu-
KoB. HO HOBblE aCTPOHOMUYECKNE OTKPLITUS OXUBWIN
MHTEPEeC Kak K camori obuieri Teopun OTHOCUTEJIb-
HOCTU, Tak n K ee npoBepkamM, a rosiBJIEHNEe HOBbIX
BbICOKOTOYHbIX KOCMUYECKUX U HA3EMHbIX U3MEPU-
TE€JIbHbIX CPEACTB OTKPbIJIO HOBbIE BO3MOXHOCTU A1
Takux rnpoBepoOK. ITa cuUTyauus oTpaxeHa BO BTOPOU
KHUre «3arasbHa Teopisi BifHOCHOCTI: rOPU30HTH BU-
npobysaHb» (aBTOopbl S1.C. Aukmus, A.H. AnekcaHapos,
N.b. Basunoa, B.U. XKgaHos, A.U. Xyk, 10.H. Kyaps,
C.J1. NapHosckuii, E.B. denoposa, C.B. Xmub), BbilLes-
weui B 2013 r.

B Tpetberi kHure CcyulectBeHHO repepaboTaH
marepuasa HeKoTopbix rnas. Kpome 1oro, B CBSI3U C
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NMpepucnoBue

U3MEHEHMEM roaxoAa K U3JI0XKEeHUI0 MmaTtepuana v C

YY4ETOM [10CSIELHUX AOCTVIXXEHWI B 3TOV 06/1aCTU HAayKu
BBefeHbl HoBble rniaBbl. Ocoboe BHUMaHWE YAE/eHO
mMoangukaumsam obLyei Teopun OTHOCUTEJIbHOCTU U
BoOrpocam KOCMOJIOruu paHHer BceseHHOo.

Kak v B npeablaylymx AByX KHUrax, 34€cb KpaTtko
M3J10XXEHbI OCHOBBbI 00LLEr Teopun OTHOCUTEIbHOCTY
M ee rnpoBepPoOK, 04epyYeHbl 061aCT COBPEMEHHBIX U
OyayLumx npuioXeHuii obLier Teopuy OTHOCUTEJIb-
HocTtu. [lpu n3noxeHun marepuana aBTopbl OTAaBa-
SN PearoyTeHne pes3ysibtartaM, KOTopble C 6OJIbLUIOV
A051ei BEPOSITHOCTU MOXHO CYUTaTb JOCTOBEPHbLIMU
U KOTOpbIE MOAYYNIN TMPUSHAHNE MEXAYHapOL4HOro
Hay4Horo coobujecTsa.

Upes HanucaHus KHUrK, ee BBOAHAaS U 3aKJo4u-
Te/ibHasi 4acTy, a Takxke obLiee pykoBOACTBO aBTOp-
CKUM KOJIJIEKTUBOM ripuHaanexart 5.C. Sukusy.

ABTOp repBoi n BTOPOU rnaB 06 ocHoBax o6Lien
Teopun oTHocuTesbHocTu B.U. XKgaHoB (n. 2.3 Ha-
nucaH coBmecTHO ¢ C.J1. [NapHoBckuM). ABTOP TpeTbel
rnaBbl M0 aJibTEPHATUBHbBIM TEOPUSIM rpaBuTaLnm
A.N. XKyk, 3a uckmodeHnem n. 3.1 n 3.2, koTopbie
HanucaHel B.U. XXgaHoBbim n A.H. AnekcaHapoBbiM.

B noarotoBke 6a30BOV 4eTBEPTOU rsaBbl, 10-
CBSILLUEHHOU rpaBUTALNOHHbBIM 9KCMEPUMEHTAM, MNpu-
Humany yqactune A.H. AnekcaHgpos, N.6. BaBwiioBa,
C.J1. MNapHoBCKM.

llatyto rnaBy O nepcnekTnBax rpaBUTaLNOHHO-
BOJIHOBbIX uccnenoBaHwii Hanvcan K.H. Kyapsi. B
paboTe Haza LIEeCTOU raBoi O MPUIOXEHUSIX 00LLen
TEopUM OTHOCUTESILHOCTU B acTpoduanke rnpuHuma-
am ydactme B.U. XpanoB, K0.H. Kyaps un E.B. ®e-
J0poBa.

Cenbmasi rnaBa no KOCMOJIOrMY rnoAroToB/IEHA
C.J1. NapHosckum (n. 7.1, 7.3—7.6) npu ydactuu
B.U. XKgaHosa (n. 7.2). Bocbmasi rnaBa no penstu-
BUCTCKOUW acTpomeTpumn noarotosaeHa 5.C. Suku-
BoM, A.H. AnekcaHapossim v B.N. XKnaHoBbIM.
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NMpepucnoBue

39710 pacnpeneneHne 4OCTaTO4YHO YCJIOBHO; B 00-
CYXOEHUN MHOrux rnas v naparpadoB npuHUMaimn
ydacTtue rnpakTu4ecku Bce aBTOopbl, MNpuyemM OThAEeJIb-
Hbl€ TEeKCTbl PoXAaincCb B pe3ysbTarte OYPHbIX ANC-
Kyccuii.

Haneemcsi, 4to KkHura OyadeT BOCIMPUHSITA Hay4YHOM
00LLECTBEHHOCTbIO C MHTEPECOM. bynem npusHatesb-
Hbl 38 3aMEYEHHbIE YNTATEJIIMU HEAOCTATKN M MOrpeLl-
HOCTU, KOTOPbIE B KHUIE€, KOHEYHO, UMEIOTCS N KOTO-
Ppble aBTOPbI Y4TYT B AaJIbHENLLINX NCCIEN0BAaHUSIX.

ABTOpPbI






BBEAEHUE

Bce [omkHO 6biTb M3/10KEHO
Tak rnpocTo, Kak TOJIbKO
BO3MOXXHO, HO He rpolLle.

AnbOepT DHWTENH

C naBHUX BpeMeH ¢uiocodbl U YUYeHbIE CTapaauCh
pasragaTh TallHbI NPUPOJbI, UCTOJB3Ys AJIsSI 3TOTO KakK
MOXHO MEHbIIIE MCXOAHBIX MOHATUI. B 3TOl CBSI3M
cpeau BEIUKUX (PUM3MKOB U aCTPOHOMOB 0CO00€ Mec-
TOo 3aHuMaloT HbloToH, MakcBean M DUHIINTEMH —
yUeHbIe, KOTOPHIC NOCTUIIM HAMOOJIBIIMX YCIEXOB B
MMO3HAHUM 3aKOHOB IPUPOJIHL.

Kak m3BecTHO, OTKpBITME CBOMCTB Haiieii Bce-
JIEHHOI COIMPOBOX/AJIOCh PEBOJIOLMOHHBIMU TepeMe-
Hamu: [Iudarop (oxomo 580—500 rr. go H. 3.) IO-
Jlarai, 4yto 3emuist uMeeT dopmy iiapa, KonepHuk u
Kemnep (XVI B.) mpemioXuin TreJMOLEHTPUUECKYIO
MOJIEIb MUpPA M 3aKOHBI ABVKEHUS IIJIAHET BOKPYT
Connua u 1. 1. Co BpemeHeM, OoJyiee Tpex CTOJETUiM
Ha3all, HayaJoch M3ydyeHHe (PU3MYEeCKON KapTUHBI MU-
pa. HbloTOH BrepBble MPEIIOXWI LEIOCTHYIO MaTe-
MAaTUYECKYIO0 MOJE]Ib BCEMUPHOTO TSTOTEHMUSI.

Yepes cro aeT MakcBean o0ObeIMHUI CUJTBI DJIEKT-
pyUYecTBa M MarHeTH3Ma, II0Ka3aB, UYTO CBET SIBJISICTCS
MPOSIBJICHUEM TaKOr0 €AMHCTBA. DTO CTAJIO0 HA4YajJoM
HOBOH 3pbl B Pa3BUTUM HAyKU W TEXHUKHU W HOBBIX
TeopeTnueckux mouckoB. B 1905 r. DitHmTeitH o0be-
JUHWJ TIOHSTUSI MPOCTPAHCTBA WM BpeMEHHU, a uyepes
ONMHHALIATD JIET OH e IOoKa3aj, YTO HbIOTOHOBCKAs
rpaBUTaLlUs SIBJISIETCS TIPOSIBIIGHUMEM 3TOr0 00be-
JUHEHUsI, a UMEHHO OIMCHIBAETCS KPWBU3HOW €Iu-
HOTO MPOCTPAHCTBEHHO-BPEMEHHOIO MHOI000pa3usl.
Tak Hayka oOoraTujaach IByMSI TeHUAJbHBIMU OTKPbI-
TUSIMU — CIEUUAJBHOM Teopueil OTHOCUTEIbHOCTHU
U 00l11eil Teopueil OTHOCUTEbHOCTH.



BBepeHune

OO1Iass Teopusi OTHOCUTEJIBHOCTH ObUIa copMyIMpoBaHa
Annbeprom BiiHINTEHHOM [139] B OKOHYATEILHOM BapuaHTE CTO JIeT
Hazan. [IpomokuTenbHOe BpeMsl SKCIEpUMEHTalbHas 06aza Ipo-
BEpPOK 3TOIl TeopuM OblIa BechbMa OorpaHMueHHO. OgHako B 60—
70-e rombl MPOINLIOTO CTOJETUSI HOBbIE aCTPOHOMWYECKUE OTKPBITHUS
BBI3BAJIM BCILIECK MHTEpeca K OO0lIel TeOPUM OTHOCUTEIbHOCTU U
ee MpoBepKaM, a MOSIBJICHME HOBBIX BBICOKOTOYHBIX CPEICTB W3-
MEpPEHUI MPEeIOCTaBWIO 11 HUX HOBBIE BO3MOXHOCTH.

HNHtepec K oOIel TeOprur OTHOCUTEIBHOCTHA 3HAYUTENIBHO BO3-
poc B mocienHue aecatwietus. [IpumumHBI 3m€ch TE XK€ caMble,
yto 1 B 1970-¢ rompl, Korma Havyajiud MHTEHCHMBHO MCIIOJIb30BaTh
HOBBIE CPEICTBA U3MEPEHUs] BPEMEHU U YIJIOBBIX aCTPOHOMMYEC-
KUX BEJIMYMH.

B Hamre BpemMsi HOBbIE BO3MOXHOCTU [IJi IIPOBEPOK OOIIEH
TEOPMM OTHOCUTEJIBLHOCTM B 3HAUMTEJIBbHON Mepe OOYyCIOBJIEHbI
HCIIOIb30BAHUEM KOCMUUYECKOM TEXHUKM M MACIITAOHBIMU 0030-
pamu Heb6a. CTUMYJIOM [JIs1 TOrO ObUIM M OCTAalOTCs CYrydoo Hayd-
HBIC OCHOBEI OOIIEH TEOPMM OTHOCUTEIBHOCTH, a TakKKe e¢ IIpH-
JIOKEHMSI, TIpeKAe BCETO B aCTPOHOMMUM.

B Hacrosiiee BpeMsi co30aHbl MOIIIHBIE Ha3eMHBIE U KOCMUYE-
CKHMe 00cepBaTOpUU, paguoOMHTEPHEPOMETPUUECKIEC KOMILIEKCHI,
m100aJIbHBIE HABUTAlIMOHHBIE CIIYTHHMKOBBIE CUCTEMBI, CBEPXTOY-
Hble CTaHOAPTbI BPEMEHU M Op. DTO CYILIECTBEHHO ITOBBICUIIO
TOYHOCTb ACTPOHOMMYECKUX HAONIONEHUII U IIPOBEIECHUE Ha UX
OCHOBE CHELMANbHBIX TECTOB OOLICH TEOPUU OTHOCUTEILHOCTH.

O6uiass Teopusi OTHOCUTEJIBHOCTU CTajla BaXKHBIM CpPEICTBOM
MOJyYeHUsI HOBBIX 3HaHUil o BcelleHHOI, B TOM 4ucie 00 2KCT-
peMaJIbHBIX acTpPO(PU3UUECKMX U KOCMOJOTUYECKUX SIBIeHusX. B
ConHEeYHO CHMCTeMe HEeBO3MOXHO BOCCO3/1aTh (PU3UYECKUE YCIIO-
BUS, KOTOpPbIE ObLIM B paHHel BceaeHHOIN M KOTOpbIE peaanu3yro-
TCSI BHYTPM aKTUBHBIX SIIEp TaJaKTUK, B TUIIEPHOBBIX 3BE3Iax.
JI1st M3yyeHusl 3TUX SIBJICHUI MTOBCEMECTHO MCIIOJIb3yeTCsl HayKa O
rpaButaniud. OmHAKO YPOBEHb Pa3BUTUS M SKCIIEPUMEHTAIHHOIO
MOATBEPXKACHUS OOLIEH TEOPUU OTHOCUTEIBLHOCTU B 3KCTPEMallb-
HBIX YCJIOBMSIX HE BCEIlla COOTBETCTBYET IOTPEOHOCTSIM HAyKM B
COBPEMEHHOM IIO3HAHUU MUpA.

BaxXHbIM TOJIYKOM [JisI TOMCKAa BO3MOXKHBIX OOOOILIEHUI 00-
LIEi TeOpUU OTHOCUTEIBHOCTU CTaJM KOCMOJIOTMYECKHE MpoodIie-
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BBepeHune

MBI, CBSI3aHHbIE C TEMHOW MaTepueil M TeMHOW sHepruei. 3a
OTKpPBITHE YCKOPEHHOIro paciuupeHus BcelleHHOI acTpohM3uKu
Con Ilepnmarrep, Anam Puc u bpaitan IIImuar ctanu HobGenes-
ckumu Jnaypeatamu 2011 r. mo dusuke.

Eme panbiie, B 2006 r., HobeneBckyio mpeMuio 1o (pusuke
nonyuwan IxxoH Mazep u JIxopmk CMyT 3a OTKpPBITHME aHU30-
TPONUM KOCMHUYECKOIO MHMKPOBOJHOBOTO (DOHOBOIO M3IYYCHMUS.
PazButHe 3TUX M APYrUX MCCACAOBAHMWI BbIBEJO KOCMOJIOTHUIO Ha
HOBBIN, 00Jice BHICOKMIT ypoBeHb. OMHAKO Ha 3TOM ypOBHE BO3-
HUKAIOT ¥ HOBBIE MPOOJIEMBI: KPYT HAllMX 3HAHWM pacIIvpsieTc,
OJHOBPEMEHHO YBEJIMYMBAETCS Ta TIpaHMIla 3HAHWI, TOe HayKa
COMpPHUKACAETCSI C HEU3BECTHBIM.






OBLLAS TEOPUS
OTHOCUTEJNIbHOCTM:

UcTopuKo-6ubnMorpaduyeckas cnpaska

Ho BOT Hactynun ABaauaTthbivi BEK,
BEK BbIAIOLLNXCS] OTKPbITUNA

Y OTKPOBEHUA.

Popxep MeHpoy3

1.1. TEHE3UC

Mnes o HeeBKIMIOBOCTU (hM3UUECKOTO MPOCTPAHCTBA TPO-
ouBana cebe gopory ¢ XIX Beka, HauuHast ot Huxkomnas
MBaHoBuua JlobaueBckoro u fAnoma boiisu. CHavana
ObLIO MMOKA3aHO, YTO TEOMETPUSI, HEe MCIIOb3YIoLasl MsThIi
noctyaat EBkivaa o mapajuiefbHbIX MPSIMbIX, BHYTPEHHE
HempoTuBopeunBa. EcTecTBeHHO, BO3HMKAaeT BOIIPOC,
HACKOJIBKO TISITHIN MOCTYJIaT COOTBETCTBYET (PM3MUECKUM
peammsiM. M3BectHo, uto Bemmkwmii Kapn ®@punpux aycc
TaKKe MPUIIET K aHAJOTUIHOW MBICTU (XOTS M HE IIO-
BeJl ee 10 3aKOHYEHHOU MyOaMKallMy) W MbITAICS Mpo-
BEpUTH 3TOT TOCTYJAT C TTOMOIIBIO TPUAHTYISIIMOHHBIX
usmepeHuit B ropax Iapua. B cBoeit pabore 1826 r. «O
Hayajax reomerpuu» JloGaueBCKUIl CTaBUT BOIPOC O
TTOCTICICTBUSAX HOBOM T€OMETPUM TSI ONMCAHUS MeXa-
HU4YecKux siBjaeHuil. bepHrapa PumaH, KOTOpHIA Cyllie-
CTBEHHO Da3BWI anmnapaT HeeBKJIMAOBOM (pUMaHOBOI)
reoMeTpyM, pasMbllLIsl B 1854 r. B 3TOM KOHTEKCTE O
«pPacIpoCTpaHEHUM SMITUPUYECKOTO OINBITa ... B Hampa-
BJIEHUM HEMOMEPHO OOJBbIIOr0 MJIM HEMOMEPHO MaJlo-
TO»; B YaCTHOCTH, OH JIOITyCKaJl CYIIECTBOBAHWE KPUBH-
3HBbI MPOCTPAHCTBA, OLIYTUMOI Ha OYEeHb OOJBIIUX Ma-
ciutabax, Mo CpaBHEHUIO C KOTOPBIMM «4acTb BceneH-
HOM, JOCTYIHas TeJiecKonaM, OYeHb Majla ...». YWIbsIM
Kmuddopa B 1876 1. npearnonaoxui, 4To MpOCTPaHCTBO
COCTOMT M3 YYaCTKOB Pa3JIMYHON KPMBU3HBI, IMpUYEM
W3MEHEHMST KPUBU3HBI CBSI3aHBI C ABIDKEHUEM MaTepHUU.
Ho >t goragku, XoTsl U OYEHb IIpaBWIbHBIC, ObLIM €llie
JaJjeKy OT TOCTPOEHUsI TMOCJea0BaTe/IbHOI TeOpUU Mpo-
CTPaHCTBA-BPEMEHH.
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1 O61was Teopus OTHOCUTENBHOCTH: MCTOPUKO-6UbBNMOrpaduueckas cnpaBKa

Hnsa Havyasa XX BeKa XxapaKTepHO TILATEJIbHOE OOCYXIeHUE B3au-
MOCBSI3U (PU3UUYECKOTO ONbITa, TEOPETUUECKUX MOJIENeil M aKCHuoMa-
THKH, CBSI3aHHBIX C TAKUMU (PYHIAMEHTATbHBIMU TTOHSITUSIMU, KaK TIPO-
CTPaHCTBO, BPeMsI U OTHOCUTEJIbHOCTh JBMXKEHUs. bblio ydoeauTeabHo
MPOIEMOHCTPUPOBAHO, YTO OIpENeIeHHbIE TEOPETUUECKUE KOHCTPYK-
LIMM TUIIA «a0COJIIOTHOM CHUCTeMbl KOOpAMHAT» M abCOJIOTHOTO Bpe-
MEHU OTHIONb He OOYCJIOBJIEHBI OIMBITOM. biecTsimme ycrexu creim-
ajbHOi Teopun oTHocuTenabHOCTU (CTO) moaTBEepAMAN TMPUHLIUMIIU-
aJbHYIO BaXXHOCTH aHa/IM3a M3MEPEHUN M B KOHECYHOM CUeTe — He-
00XOIUMOCTh MPaBUJIBLHOTO MOHUMAHMSI, YTO ACUCTBUTEIBLHO MOXET
U3MepsITh HabJtogaTeNb, a YTO SIBJSIETCS JIMILD IIJIOJO0M YeoBeYec-
Koil panTaszuu. Hampumep, ABMKEHHE MOXKET OBITh TOJIbKO OTHOCH-
TEJTbHBIM; aOCOJIIOTHOE IBIWKEHUE, 0e3 TMPUBA3KM K HaOII0maTemio,
SIBTIIETCS (DMKITHCHA.

B CTO uness oTHOCHUTEIBLHOCTH Kacajach TOJbKO WMHEPIMATIbHbIX
IBrkeHUil. OgHako DpHer Max nucan: «/Ijist MeHsT BOOOIle CyIeCT-
BYEeT TOJbKO OTHOCHUTEJbHOE ABMKEHME, M 51 HE MOTY 31IeCh IOITyC-
TUTh KaKOe-TO pasinyre MeXIy NBMKEHWEeM BpalllaTeIbHBIM U TI0-
cTymarenbHBIM. EcM Temo BpaliaeTcsi OTHOCHTETBHO HEITOIBUIKHBIX
3Be3]l, BO3HMKAIOT LIEHTPOOEXKHBIE CHIBLI ... MOXeM JU MBI, Iepxka
HEeMOABUXHO HBbIOTOHOB COCYJ C BOJOH, BpalllaTb OTHOCUTEIbHO HETO
HebO co 3Be3maMu U 0Ka3aTb, YTO B 3TOM LIEHTPOOEXKHBIE CHUJIBI OT-
CYTCTBYIOT?». 31eChb MOXHO BBIICIUTH ABa MYHKTA: a) JIOKaJIbHas OT-
HOCUTENIPHOCTh MHEPIIMAIBHBIX M HEMHEPIIMATBHBIX CUCTEM OTCYeTa,
0) nmpuHuun Maxa — uHepuusi TeJ oOyCIOBJI€HAa B3aUMOAECHCTBUEM
CcO BceMHM ApyruMu TeidamMu Bceenmennoit. Barmsamel Maxa TpousBenu
GoJplIoe BIleuaTieHWe Ha DiHmTeiHa [605, c. 27—32]. IlyHKT a)
peanuzoBadH B OTO u MeTpUYECKUX TECOPUSX TATOTEHUSI B BUAE TMPUH-
IIUIa 3KBUBAJEHTHOCTA MEXIY TpaBUTALIMEl M MHEpIUel; crpaBea-
JINBOCTb WJIW OIIMOOYHOCTh IMyHKTA 0) JO CHX IOp OCTaeTCS HEBHI-
SICHEHHOW.

B 1907 r. Ans0ept DitHiuTeiiH, BooaylueBiaeHHbIN ycnexom CTO,
pacmpocTpaHseT TPUHLIMUIT OTHOCUTEILHOCTA Ha HEWHepIUaJbHbIe
CUCTEMBI C TIOMOIIBIO IPUHIUIA SKBUBaJIEHTHOCTH [604, ¢c. 65—114]:
«... B TPaBUTAlIMOHHOM IIOJIC BCE TeJla YCKOPSIOTCS OAMHAKoBO. Ilo-
3TOMY ... OyAeM MpeanosaraTh MOJHYIO (PUNYECKYI0 PaBHOLIEHHOCTh
IPaBUTALIMOHHOIO TMOJISI MU COOTBETCTBYIOLIETO YCKOPEHMSI CUCTEMBbI
oTcyeTa. DTO TPEIITONIOKEHNE PACTIPOCTPAHSIET MPUHITUIT OTHOCUTEIThb-
HOCTM Ha CJIyyail paBHOMEPHO YCKOPEHHOTO IBWXEHUSI CUCTEMBbI OT-
cueta». Ha aTOif OCHOBE DWHILTEHH BBIYMCIWI KPAacHOE CMelleHHE
YacTOTHI CBETAa, NCTOYHUK KOTOPOTO HAXOAUTCS B TPAaBUTAIIMOHHOM
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nojie. OTo ObLI MEPBbIM pellalolIUii 1Iar B CO3JaHUM PESITUBUCT-
CKOM TEOpUM TITOTCHUSI.

ITocne HeygaYHBIX TTOMBITOK ITOCTPOUTh CKAJIIPHYIO TEOPUIO Tpa-
BUTALIMOHHOIO T0JI1 BTOPOW peliarolyii mar os1 caenad B 1913 r.,
Korga DUWHINTENH IMOHSJI, YTO Ui OIMMCAaHUs HaOIIOmaTeIbHBIX 3(¢-
(GeKTOB B I'paBUTAIIMOHHOM II0JI¢ HEOOXOMWMO IIPUBJICYb METPUIEC-
KW TEH30p YeTHIPeXMEPHOr0 pMMaHOBa ITPOCTpaHCTBa-BpeMeHHn. Ha
3Ty MBICIb €r0 HaBeJo 4deThipexmepHoe mnpexacrtaBieHue CTO, mpen-
JoXeHHoe B paborax I'epmana MunHkoBckoro. BaxHyio poib chirpa-
JIO TakXe COTpyaHMYecTBO ¢ Mapcenem I'poccMaHOM, C KOTOpPbIM
DWHINTEIH OPYXWI ellle co cTyaeHueckux et [605, ¢. 350—356]. Ho
MpaBWIbHBIE YPaBHEHUS IJIT METPUUYECKOTO TEH30pa ellle ObLTA HEen3-
BECTHBI; 3TO COCTaBWJIO OUYepemHylo 3amauy. [locie IMTeNBHBIX TO0-
WCKOB B KoHLe 1915 r. DiiHIITENH omnmybauKoBad OKOHYATEIbHbBIN
BUJ 3TUX ypaBHeHuii. Eie mo srtoro mm ObUIO Ipencka3aH 3(deKT
TPaBUTALIMOHHOTO OTKJIOHEHWs cBeTa B Trosie CoJHIIA M paccuMTaHa
PEIATUBUCTCKASI TIONpaBKa K TPEHecCUM mepureans MepKypus —
SOWHCTBCHHBIN HAONIOMAeMBIi Ha TOT MOMEHT acCTPOHOMMYECKMI
apdpexr OTO. CoBmageHue ¢ HaOIIOIATEIBLHBIM PE3YILTATOM IO~
TBEpAVJIO YBEPEHHOCTD B TIPABUJILHOCTH TEOPUHM, TIOCTPOSHHOMN IemyK-
TUBHBIM myTeM. [1oJTHOCTBIO TeopHusl B 3aBepIlicHHOM BUIe (HO elle
0e3 KOCMOJIOTUYECKOH MOCTOSIHHOM) Obla onmyOJMKoBaHa DUHIITEH-
HOM B 1916 1. [604, c. 452—504]. 3ameTtnM, 4yTO B 1915 T. ypaBHEHUS
TPaBUTALIMIOHHOTO TIOJNISI OBIIM TakKe ToydeHBI HaBumom I'mimbbep-
ToM [493, c. 133—145], KoTOphIil NCXOOMJI M3 BapHallMOHHOTO IPUH-
mumna. Tounee, 'mupOepT TIpetoKMI 00IIee pacCMOTpeHUe (PYHKIIM-
OHaJla JENCTBUS IJiA DJIEKTPUUYCCKUX W TPAaBUTALIMOHHBIX SIBJICHMIA,
U3 KOTOPOTO B YAaCTHOM CJlydyae TOJBKO IpaBUTALIMOHHOIO B3aUMO-
JIEMCTBUST BBITEKAIM MPaBUIbHBIE YPAaBHEHMUS AJIS1 METPUUECKOIO TEH30pa.

1.2. PA3BUTHUE

Pazsutne OTO He 3aBepinIoch MydauKaluein DiHTei-
HOM ee OCHOB B 1916 r. OTMeTrM Ham0oJjiee BaxkKHBIC BEXU B paspa-
0OTKE TeOpeTUUECKOTro armapara 3Toi Teopuu. IToagpobHbie nuTepa-
TYpPHBIE CChUIKM MOXHO Haith B [510, 556, 557, 562, 577]. OtHo-
cuTenbHO HabmomarenbHbiXx ocHOB OTO, ee acTpodu3MyecKux U
KOCMOJIOTUYECKUX TPUJIOKEHUI U COBPEMEHHOIO COCTOSIHUS TpaBU-
TalMOHHOTO 3KcrepuMeHTa cM. Takxke [606, 607]. CoBpemMeHHOE CO-
CTOSTHME M ITPO0JIEMBI KOCMOJIOTMM XOPOIIO OCBELIEHHI B [516, 517].

15



1 O61was Teopus OTHOCUTENBHOCTH: MCTOPUKO-6UbBNMOrpaduueckas cnpaBKa

1.2.1. ITocae cozganunst OTO Bo3HUKIIA WAES MPUMEHUTH TCOPUIO
K onucaHuio BceneHHoit B unenom. DitHiTeitH (1917) BBen B ypaB-
HEHHUST TIONST KOCMOJIOTMYECKYIO ITOCTOSTHHYIO, YTOOBI OOECITeYUTH
CYIIIECTBOBAaHME CTAIIMOHAPHOTO KOCMOJIOTMYECKOTO pellieHUusI. AHa-
JIOTMYHOe pellieHue ObLIo ucciaenoBaHo ae Currepom (1917). Tlocne
pabot DitnmTeitHa u ae Currepa A.A. @punman (1922) Hamren He-
CTallMOHApHBIE KOCMOJIOTMYECKHUE peIIeHMsI, OIMUCHIBAIOIIE OIHO-
poIHYI0 U u3oTporHyi BceneHHyto, a Y. Xa066a (1929) oOGHapyxua
pazberanue ramaktuk. Kaszamoch Obl, HEOOXOAMMOCTh BBEIEHMS KOC-
MOJIOTUYECKON MOCTOSIHHOM oTrnaja. OgHAaKO B KOHIIE MPOILLIOro BeKa
OBIJIO 3KCITEPUMEHTATBLHO BEISICHEHO, UTO 3Ta MOCTOSTHHAS MMeEeT He-
HyJIEBOE 3HAUYCHME.

[ns uccnenoBaHusl CTPYKTYpHOI 3BojOLMHU BceneHHol HeobXo-
IVMO U3YYUTh OTKJIOHEHMS OT YCJIOBUI OTHOPOTHOCTH W M30TPOITHU.
D1y 3amady BriepBble paccMmotpen E.M. JIndmmi (1946) mia HeGomb-
LIMX MacluTaboB MO CpaBHEHUIO ¢ KocMojiorndeckumu [550]; mosxe
9TU UCCJIeNOBaHUs ObLIM NOMOJHEHb MHOTMMU aBTOopamu [532]. HMc-
clenoBaHus (GU3NYECKUX T0JIe BO (PpUAMAHOBCKOM IMPOCTPAHCTBE-
BPEMEHHU, a TakXKe U3y4yeHUE TMAPOAMHAMUYECKHUX, IPaBUTALMOHHBIX
1 APYTUX OTKJIOHEHW OT OMHOPOMTHOTO WM M30TPOIHOTO (DOHA SIBIIS-
JOTCSl UCXOAHBIM 3JIEMEHTOM JUISl OOBSICHEHUST COBPEMEHHOM HEOMHO-
POIHOCTM B pachnpenejcHUM BellecTBa Bo BceneHHoil u Habmoae-
HUN MeJIKOMAacIITaOHONW aHM3O0TPONUN MUKPOBOJHOBOTO PETMKTOBOTO
U3TyYeHUS.

1.2.2. K BompocaM KOCMOJOTMM IIPUMBIKAIOT MaTeMaTU4YecKue
HCCIIeNOBaHUS OOIIeil CTPYKTYPBI IIPOCTpaHCTBa-BpeMeHn [575, 601].
B 60-x romax mpoILIioro BeKa BO3HUKIA OXUBICHHAS TUCKYCCHUSI O
CYIIIECTBOBAaHUM KOCMOJIOTMYECKON CHHTYJISIpHOCTU. HekoTophie aB-
TOPBI TPEAToIarajiv, YTo KOCMOJIOrMYecKasi CUHIY/ISIPHOCTb Tipu ¢ — 0,
XapakTepHas Wi peleHnit @puamMaHa, SIBISIETCS CICACTBUEM BBICO-
KOl cMMMETpUM U He Ipucyllia oblieMy ciaydaio. Kazanock, 4To mpu
Hajanyuu pactymux (npu ¢t — 0) BO3MYLIEHUI MOXHO ObLIO U30e-
KaTh CHHTYJISIPHOCTH W TaKMM 00pa3oM IPOAODKUTEL pellicHre B 00-
JIACTh OTpULIATENbHBIX f. OMHAKO BO BTOPOI mojioBMHE 1960-X romoB
Pomxepom IleHpoyzom u CTuBeHOM XOKWHIOM ObLT JOKa3zaH psii
TeopeM KadeCTBEHHOTO XapaKTepa O TeOIe3MIeCKOU IOJHOTE; OBIIN
MIPUBEACHBI YCJIOBUS, TIPU KOTOPBIX MM BO3HUKAET CHHTYJISIPHOCTD,
WA MMEIOTCSl APYryue MPUYMHBI, MO0 KOTOPHIM HEBO3MOXHO MPEIBU-
netb Oymyiiee. M3 3Tux paboT, B YaCTHOCTM, cledoBajia Hen30exk-
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HOCTh TEPBUYHOM KOCMOJIOTMYECKOW CHUHTYJISIPHOCTH B «CTaHIAPT-
HoIt» KocMoJjorndeckoir moaenu. C apyroii cropoHsl, B.A. benun-
ckuii, E.M. JIndmmua u V.M. XaraTHUKOB ITOCTPOMJIM OOIIlee acuM-
NTOTUYECKOE pEllIeHue YpaBHEHUI DHHINTEHA B OKPECTHOCTU Ha-
yajla KocMmoJiormyeckoro pacmupeHust [550], koTopoe coaepXKuT
CHHTYJISIPHOCTb. TTOCKONBKY TIpM HAMYWM CUHTYJISIPHOCTA TEOPHS
He paboTaeT, HeOOXOAUMO MOAMMUIIMPOBATL €€ B 00JaCTU aHOMAaJlb-
HO OOJBIINX THIOTHOCTEH, BEPOSITHO, C YYETOM KBAaHTOBBIX 3(Pdek-
TOB. Jlpyroit apryMeHT, CBUIETEILCTBYIOIINI O HEOOXOMUMOCTH MO-
IUGUKAIMM CTaHAAPTHOM MOMEIN, CBsSI3aH C KOCMOJIOTMYECKUMU
npobjeMamMu (rOpu30HTa, MIOCKOCTHOCTU U JIp.).

1.2.3. BHYTpeHHSISI HEIPOTUBOPEYMBOCTD M BO3MOXHOCTDH TIPEII-
BUETh Oyayllee MPUHLUMIMAIBHBL U1 000 Teopuu. Ha marema-
THYECKOM S$I3BIKE€ 3TO O3HA4YaeT CYIIECTBOBAHWE M €IWHCTBEHHOCTH
peLIEHUI 3BOJIIOLIMOHHBIX YpaBHEHUIA Teopuu, B faHHOM ciydyae OTO.
Hauunag c¢ 1950-x romoB, atu Bompochl paccmatpuBaiu WM. Illoxe-
Bpioa, A. JlmxuepoBuu, A. ®umiep, JIx. MapcaeH u apyrwe Hccle-
JOBaTeJIM, MCITONIb3ysl METOAbl HEJIMHEMHOIrO aHajam3a W TEOPUU TH-
MepOoJIMYECKUX YPABHEHUI B YaCTHBIX MPOU3BOAHBIX. 31eCh, Kak
MPaBUJIO, PeYb MACT O JIOKAJTLHBIX pe3yIbTaTax, T. €. CYIIECTBOBaHUE
pellleHusT MOKa3blBalOT B HEKOTOPOM OKpeCTHOCTH HaHHbIX Korm
(cM. oubnmuorpaduio B [579, 601]).

KauecTBeHHBIE pe3yabTaThl 1O TJI00AJEHBIM CBOMCTBAM pEILICHUN
(Tomosiorusl, TEOpeMbl O KOJIJIAICe U CUHTYJISIPHOCTH) OTPaKeHBbI B
pabotax P. ITenpoysa [575], C. Xokunra u Jx. Ommuca [601]. dig
aHanM3a TPOOJIeMbl MCXOMHBIX NaHHBIX M JUHAMUKU TPaBUTAIIMOH-
HOTO TI0JIsI CYLIECTBEHHYIO poJib chirpan ¢opmanusm AJIM (P. ApHo-
ButT, C. desep u Y. Muznep [494, 557]). [IpuHUUNIUAIBHO BaxKHBIM
SIBJIIETCS TOKA3aTeJbCTBO IMOJIOXKUTEIbHON OMpeneIeHHOCTH SHEePIUn
B OTO (I1. IoH, C. fo, . ButreH [385, 451, 594]).

1.2.4. Ina actpodu3nyecKux IIPUIOXKEHUI IIEPBOCTEIICHHYIO POJIb
WUTPAIOT TOYHbIE pELICHUS], OMMUCHIBalolIMe 4YepHble AbIpbl (Y/1): B
cheprueckn cummerpuuHoM cirydae (K. IBapmmmaba, 1916) u npu
nanuuuu BpaiueHust (P. I1. Kepp, 1963). U3BecTHBI 0600IIEHNS 3TUX
peweHuit Ha ciaydait, korna YJI umeer 3apsa (B 9TOM cliydyae pelialoT
COBMECTHYIO CUCTEMY YpaBHEHMI DiiHIITeliHAa 1 MakcBenia), a Takxke
IUIST HEHYJIEBOM KOCMOJIOTMYECKOM ITOCTOSHHOM [546]. BaxHbie pe-
3yJIbTaThl OTHOCUTEILHO CBOMCTB Y/l M yCa0BUiA UX 0Opa3oBaHMSI MOJIY-
yeHsl P. Ilenpoyszom, C. Xoxkunrom, B. Uzpasnem, b. Kaprepom
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[564, 575, 601]. letaabHO U3y4YeHbl YpaBHEHUsI, OMUCHIBAIOIIMUE IIPO-
LIECChl JIEKTPOMArHUTHOIO U TPaBUTALIMOHHOIO M3TYYEHHUSI B OKpe-
ctHoct Y/ [531, 564]. B reomerpun Keppa mjst ypaBHEHUI OCHOB-
HBIX BOJTHOBBIX ITOJIEMl MOXHO TIPOBECTU pasieieHHue IepeMEeHHBIX
(C.A. Twkoucku, 1972).

Kak m3Bectro, Y1 B OTO He mznydyaeT. OmHAKO KBAaHTOBEIE IIPO-
LIECCHI B OKPECTHOCTU KJIacCUYeCKUX (T. €. HeKBaHTOBbIX) Y/l mpuBomsT
K BO3HUKHOBEHUIO YePHOTEILHOTO M3TYIeHNS M K YMEHBIICHIIO MAacChI
IbIpbl. OTOT 3dekT BrnepBble paccuutaH C. XokuHroMm (1972) u Ho-
cut ero ums [564]. Cneundukoin n3nydeHns: XOKMHTa, OTIAYAIOLIEi
ero OT JPYyrMx KBaHTOBO-IIOJEBBIX IPOLIECCOB POXACHMSI 4YaCTUIl B
CUJIBHBIX TIOJISAX, SIBIISIETCSI €T0 OOYCIIOBIEHHOCTh HAJIMYMEM TOPHU30HTA
cobbituii. Ilpouecc XokuHra MoxeT OBITh acTpODU3NUYECKU 3HAUU-
MbIM IIpy Hamuun YJ1 ¢ maccoit menbiie ~ 10 r. Ho YJI ¢ takoii
MaJIoil Maccoit He MOXeT 00pa3oBaTbCsl B pe3y/ibTaTe OOBIYHOIO KOJI-
narica. M moka HeT HM yKasaHMI Ha CyILIECTBOBaHUE TaKMX OObEeK-
TOB, HU PacCyXIEHUI O BO3MOXHOCTSIX MX 0Opa3oBaHUsl. YHUKAIb-
HOE MO MOJIHOTE PacCMOTPEHUE MaTeMaTUYECKMX BOIPOCOB TEOPUU
YJ1 moxuo Haiitu B aByxroMHuke C. Yanmpacekapa [602] (dpopma-
m3M Heromena—Ilenpoysa, TeopeMmbr o YJI, meranm BBIBOma peliie-
Hus Keppa v ypaBHeHMiI BOJIHOBBIX MoJjieil B mpoctpaHcTBax IIIBapii-
mmibaa 1 Keppa). PaszauuHble BOIIPOCHI, CBsI3aHHBIE ¢ Teopueid U/,
paccMoOTpeHBI B pabdorax [515, 583, 589, 603].

1.2.5. Pemenus IBapummnsaa, Keppa m KocMojornueckue pe-
meHuss PpuamMaHa MOXHO CUMTaTh HauboJjee MIPUMEHSIEMbIMU Cpeau
MHOXECTBa TOUYHBIX pelneHMii, u3BecTHbIXx B OTO. Kak mpasuio,
TOYHBIEC PEIIeHUS] OTPAKAIOT OMpelneeHHbIE CUMMETPUU TTPOCTPaHC-
TBa-BpEMEHHU, U UX MOXHO MCKaTb C ITOMOILIbIO IPYIIIOBOIO aHAJIM3a.
MOIIHBIN UMITYJIBC K M3YYEHHWIO TOYHBIX PEIICHW B CBOE BpeMs
ObL1 JaH ajredOpanyeckoil KiaacCU(pUKalMed IpaBUTALMOHHBIX I10-
neir (A. 3. Ierpos, 1950 [576, 577]). Ha ocHOBe kiaccudukaiuu
ITerpoBa mo3Xe ObUIO BBISICHEHO aCUMNTOTMYECKOE MOBEAEHUE IT0-
JIe U3IydeHUs] M30JMPOBaHHOM cucTeMbl (TeopeMa Cakca O paciiier-
JICHUN).

HMHBapuaHTHBIN aHAIM3 METPUK IPOCTPAHCTBA-BPEMEHHU B CBA3U
¢ anredpanyeckoi CTpYKTypoil TeH30poB Pumana u Beiins, a takke
Ki1accudukalus Mo TIpynnaM ABMKEHMN IIpuMBedeHBI B paboTe
A. 3. TletpoBa [577]. BaxHyto poib Uid MOJyYeHUsI TOUHBIX pe3yjbTa-
ToB B OTO chbirpan ¢dhopMaiu3M M30TPOIMHON TEeTpaabl, MpPemIOXKeH-
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Hblii B. Hetomenom u P. Ilenpoysom (1962) [602]. JlocTaTouHO MOJHBI
nepedeHb TOYHBIX peleHnii ypaBHeHuid OTO MoxHO HaiiTh B [546].

1.2.6. B pa3Hble TIeproabl 3HAYNTEIbHOE BHUMAHUE YYCHBIX TIPH-
BJIEKAJIM TIPUOJIVMKEHHBIE METOIBI PEIIeHUs] YPaBHEHUI MOJISI, B YacT-
HOCTH, B CBSI3U C BBIBOJOM YPAaBHEHWI1 JBUXKEHUS MACCHUBHBLIX TE U
BblUMCIEHUEM 3(EdEKTOB T'paBUTALIMOHHOTO M3JydeHUs. B mepBbix
paboTax 1o mpobjieMe ABMXKEHHUSI, HAIMCAaHHBLIX IPU y4aCTUU DWH-
IITeifHa, MACCUBHBIC TeJIa CYMUTAIU TOUYEYHBIMM WJIM paccMaTpUBaIU
KaK CHHTYJSIDHOCTHA TIOJNS. DTO HAIlpaBJieHHE OTPaXXeHO B KHHTaX
[539, 587]. C coBpeMeHHOI TOUKM 3peHUsT Oonee (PU3NIECKON SIBISI-
eTcsA TOCTaHOBKA 3aJayi O ABIDKEHUU TIPOTSKEHHBIX aCTPOHOMMYEC-
KUX TeJI, 3TO HampapieHue HauaTo B. A. DokoMm [597] (cM. takke [507]).
bubnuorpadus pabor 1mo mpobieMe IBUXKEHUS B CBSI3U C KBaapy-
NnoJibHOM (hopMysiol DitHIITelHA /11 pacyeTa MoTepb SHEPrUM Npy Ha-
JIMYUY TPaBUTAIIMOHHOIO M3Iy4YeHus npuseaeHa B [502, 579].
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OCHOBbl
COBPEMEHHOM TEOPUY
rPABUTALIMK

Unen OuHWTENHA OTKPbIIN HOBbLIV MyThb
n3yyeHunss BceneHHoM v gaan HOBbIM
CTUMYJ1 CTapOVi aCTPOHOMUNYECKON Hayke,
CPaBHUMBbIV 110 Cuie NNl C TEM,
KOTOpPbIV Aasl eri KonepHuK.

Makc BopH

2.1. OCHOBHBIE MOJIOXXEH!A
OBLLEN TEOPUU OTHOCUTENBHOCTU
N METPUYECKUX TEOPUU TATOTEHUS

OO011ast Teopusi OTHOCUTENILHOCTU SIBJISIETCSI TIpeaCTaBu-
TeJIeM TaK Ha3bIBAEMbIX MEMpPUHecKux meopull mseomeHus,
KOTOpbIE YIOBJIETBOPSIIOT (hyHAAMEHTAIbHBIM MOCTYJaTaM
O CYIIIECTBOBAHMY PMMAHOBOM METPUKHM, a TAKXKe OOLIIM
MPUHLMIIAM, KOTOpPBIE OMpPENe/IsIOT MOBeNeHUE Herpa-
BHUTAIIMOHHBIX (DM3NIECKUX T0JIcii B MCKPUBJICHHOM ITIPO-
CTPaHCTBE-BpeMEHU. AKCMOMATUKY METPUYECKUX TEOPUIA
TSATOTEHMSI, KOTOpasi pe3KO OTpaHUYMBAET MOMCK Bapu-
aHTOB TEOpUHU, MPOBEPSIIOT C TOMOIBI0 TaK Ha3bIBae-
MBIX «HYJIEBBIX» DKCIIEPUMEHTOB. Bo Bcex MeTpuuyecKux
TEOPUSIX YpaBHEHUS HETpaBUTALMOHHBIX TOJeH B 3aJaH-
HOM TpaBUTAIIMOHHOM TTOJIe OJWHAKOBBI. PasHbIe MeTpu-
YyecKre TEOPUM pas3inyaloTcsl YpaBHEHUSIMM JJISI CAMOTO
METPUUYECKOTO TeH30pa.

2,1.1. TeomeTpusa NPOCTPUHCTBA-BPEMEHM

ITpocTpaHCTBEHHO-BpEMEHHBIE OTHOILICHUSI MEXIY OOBEeK-
TaMU MOJIEIMPYIOTCS OIpeAcIeHHBIMU MaTeMaTUYeCKH-
MM CPEACTBaMU, CPelIM KOTOPBIX OCHOBHYIO POJIb MTpa-
€T MHOXECTBO COOBITUU M, WU npocmpaHcmeo-epems
(ITB). Cobvimue — touka I1B — 3TO MCXOQHOE MOHSTHE
TEOPUU OTHOCHUTEJbHOCTH, aOCTpaKIMsl PeabHBIX CO-
OBITHMII, TaKWX, HAIlpUMep, KaK paclal YacTUILI WU
CTOJIKHOBEeHME JIByX ToueuHbIX Tesl. Cobwitue B I1B ompe-

JiesseTcsl YeThipbMsl KoopauHatamu x*, u=0,1,2,3.
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

B Teopun OTHOCUTEIBLHOCTUM MPUHUMAETCSI, YTO MHOXECTBO M
ABJISETCS  YETHIPEXMEPHBIM IU(BHEPEHIMPYEMBIM MHOToo0pasnem’.
OTO HaeT BO3MOXHOCTb MPUMEHSITh MOIIHBIM anmapaT MaTeMaTuyec-
KOTO aHaJM3a I onucaHus puamyeckux mnpoieccoB. COOTBETCTBUE
MEXIy MPOCTPAHCTBEHHO-BPEMEHHBIMU OTHOILEHUSIMUA, KOTOpbIE CYy-
LLIECTBYIOT B peaJIbHOM MHUpPE, U UX TEOPETUUYECKHUM OTOOpakeHuem
yCTaHABJIMBAETCS C IMOMOILBIO cUcHmeMbl omciema, KOTopasi CBI3bIBaeT
TEOpPeTUYECKYI0 MoOjeJb (U3MYECKOro IIpolecca ¢ MpaKTUYeCKOn
MIpPOLIEAYPOIi €ro M3MEPEHUIA.

B crnenmanbHOi TEOpUM OTHOCHUTEIBHOCTH MMEETCSl KJIacC BBIIE-
JIEHHBIX CUCTEM OTcueTa, sl OIpeleseHUs KOTOPbhIX HEOOXOAMMO
3a/1aTh LKAy BpeMEHU (Yachbl) U TPEXMEPHYIO MPSIMOYTOJIbHYIO JIeKap-
TOBY CHUCTEMY KOOpAMHAT, NPUYEM €€ HayaJlo M OCU (a TaKKe Yachl)
JKECTKO CBSI3aHbI C HEKOTOPBIM TEJOM OTcyeTa (MJIM TejlaMu), KOTO-
poe IBMKETCS MO MHEPLMHU U He Bpaiaercs. BpemeHHas och BMecTe
C MPOCTPAHCTBEHHBIMU OCSIMU KOOPAMHAT 00pa3yloT YeThIPEXMEPHYIO

JE€KapTOBY KOOPAMHATHYIO CETKY xz . Takue cucTteMsl oTcueTa (a TaKKE

KOOpIVHATBI) HA3bIBAIOT .10peHyesbiMy B 4eCcTb XeHapuka JlopeHIa,
KOTOpBII BHeC Bbimatomuiica Bkiaa B moctpoenHne CTO. Ilpu ¢puk-
CHPOBAaHHBIX SAMHUIIAX M3MEPEHUS BPEMEHN M PACCTOSTHUI JIOPESHIICBHI
CHCTEMBI OTCYETa Pa3IMYalOTCsl OTHOCUTEBLHON CKOPOCTBHIO, ITOJIOXKE-
HUEM Hauajaa KOOpAUHAT U OpUMEHTAalMel MPOCTPAHCTBEHHBIX OCEiA.

B mpucyrcTBMM TpaBUTALIMM TaKOTO OOIIEro kiacca (pU3WYeCKH
BBIZICJICHHBIX CHCTEM KOOPIMHAT, MOKPHIBAIOIINX BCE MPOCTPAHCTBO,
He cyulecTByeT. Bo3HuKaeT ajgpTepHaTMBa: WJIM BBOAUTL TaKUE CHUC-
TeMbl (hOpMaJIbHO, HE MPUBSI3bIBASICh K (PU3NUYECKUM OOBEKTaM, WU
CUMTaTh BCE CUCTEMBI KOOPAWHAT PABHOIMPABHBIMU U (HOPMYIUPO-
BaTh ypaBHEHUS MaTeMaTUUYECKON (PU3UKKM KOOPAWHATHO-HE3aBUCH-
MbIM 0Opa3oM. Bropoe TpeOoBaHUE BBIMIOJHSETCS, €CAW YpaBHEHUS
3aMMcaHbl B TEH30pPHOH (opme. DTO OOCTOSATEIBLCTBO HMMEET OO0Jb-
IIyI0 3BPUCTUYECKYIO IIEHHOCTb, €CJIM pacCMaTpuBaTh €ro cpeiau
IPYTUX TOCTYJIATOB TEOPUM TIATOTeHMS. M3BECTHO, YTO B TEH30PHOM
BUIE€ MOXHO 3amucaTb INPaKTUYECKU JIO0ble YpaBHEHUS, HO JUIS
9TOr0 HEOOXOIMMO BBECTH JOMOJHUTEIbHbBIE TEOMETPUYECKUE O0BEK-
THl (HampuMep, 0a3uCHBIE BEKTOPHBIC MOJISI HEKOTOPOW CHUCTEMBI KO-
opauHat). [1oaToMy HeTpUBHUAIBLHBIM SIBJISIETCSI MPEATIOI0XEHUE, YTO

! [loHsiTE MHOrOOGpa3Ksi — OAHO U3 0a30BbIX B COBPEMEHHON T€OMETPHUU.
C ¢usnyeckoil TOYKU 3peHMsI TJIABHBIM B 3TOM IMOHSITUM SIBJISIETCSl HAJIMYME — B
OKPECTHOCTM KaXIOH TOYKM — MHOXECTBAa CHCTEM KOOPAMHAT, KOTOPbIE CBsI3a-
HBI MeX1y coboii nuddepeHIIMPYeMbIMU TTPEOOPa30BaHUSIMMU.
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2,1, OcHOBHbIE NONOXEHHS 0BLLEIi TEOPUM OTHOCUTENILHOCTH M METPUUECKMX TEOPHIl TATOTEHUS

KOBapuUaHTHasl 3allMCh YPaBHEHUI TEOPUM TSATOTEHUSI 803MOXiCHA 6e3
66edeHUss JONOAHUMENbHBIX (NOMUMO MempuKy) 006eKmos uiu yciogull,
KOmopble ONUCbIBAIOM 6bl0eACHHYI0 CUCmeMY KoopouHam (NpUHUUN KO-
8apUAHMHOCIU).

PaccMoTpuM OCHOBHBIE MOHATHUSI M OIpEAeSIeHUsS] TEOPUU OTHO-
cutenbHocTU. IlycTh X, Xx+dx — 0aM3KME TOUKU Ha TPaeKTOPUU
x(p) HaOmomaTeNsi WJIM HEKOTOpPOro (pu3MYecKoro Tejia, pasMepamu
KOTOoporo MoxHo npeHeopeub. B CTO mig onpeneneHus MHTepBajia
COOCTBEHHOTO BpeMeHHU dt, U3MepsIeMOro JacaMu HaOIromaresss Me-
KAy 9TUMU TOYKaMU, CIipaBeiuBa opMyia

de=Lds 2.1)
C

o€ ¢ — CKOpPOCTh CBECTA,

dS2 = npvdx;dXZ’ || rlw || = diag(ls_L_ls_l) ’ x() =, (22)

npuyeM COOTHoOLIeHUe (2.2) crpaBelIMBO JUIIb B JIOPEHLEBBIX KO-

opIMHATax. BennmunHy ds’* Ha3bIBAIOT KBAIpPATOM UHMEPEAAd;, Ta Be-
JIuynHa uMmeeT yHaameHTadbHoe 3HaueHne B CTO. KsagpatuuHas
¢dopma (2.2) coxpaHsIeT BUI IIpM IIepexomax OT OJHOM JIOPEHILIEBOM
cucteMbl oTrcueta K Apyroil. CooTBETCTByIOLAs METpUKAa Ha3BaHa
uMeHeM ['epmaHa MMHKOBCKOTO, KOTOPBIi BIepBble MPOUHTEPIIpE-
tupoBai CTO Ha si3biKe reoMeTpuu yetbipexmepHoro I1B.

Hlanee BbIOMpaeM CUCTEMY €IWHMII, B KOTOPOM CKOpPOCTh CBETa
¢ =1. B 3ToM ciyyae Bce UeThIpe KOOPAMHATHI UMEIOT OJUHAKOBYIO

Pa3MEPHOCTb — JUIMHBL; B YaCTHOCTH x° =t; dt=ds.
ITocne mpeoOGpa3zoBaHUs OT JIOPEHUEBbIX KOOPAMHAT K MPOU3BOJIb-

_ B
HBIM X} — X% =x" (xL) rnoJjiyyaem (Gopmyiy

ds? = g, (X)dx"dx" 2.3)
C METPUYECKUM TEH30POM g, , THe
ox§ oxh
X) = . 2.4
guv( ) naB axu axv ( )

®opmyna (2.3) nenmnkoMm ompeneisier reometpuio I1B. C momolnpio
METPUUYECKOTO TEeH30pa BBIpAXKaloT YIJIBI MEXAY HampaBIeHUSIMU U
PacCTOSIHUSI MEXJY TOUKAaMU B COOCTBEHHOM TPEeXMEpPHOM IMPOCTpPaH-
CcTBe HaloaaTess.
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

BosHukaer Bompoc: Bcerma JIM MOXHO 3anucaTh MPOWU3BOJIbHBIN
METPUYCCKUI TeH30p g,, B Bume (2.4)? OTBeT HA 3TOT BOIPOC OTPHU-

HaTeabHbl. it Toro 4troObl paboTana ¢opmyna, nogodoHas (2.4),
HEoOXOIMMO M JOCTATOYHO (CM., Hampumep, [524]), yToObl BO BceM
IIPOCTPAHCTBE BHITIOJIHSIIOCH PABEHCTBO

R, =0, Q.5)

rae

R%,, =0,y -0, + T T —T0 T, (2.6)

— TEeH30p KpWBU3HBI PuMana, [, — pHUMaHOBa CBSI3HOCTH (CUMBO-

= 8" {55’@ L %8 8

2 | axP o ooax* oxY
3aech U gajee UCIOJb3yeM TpaBU0 DWHILTEMHA O CyMMMpPOBaHUM
110 TTOBTOPSIOIIMMCSI MHIEKCaM. PMMaHOBO IpPOCTPAaHCTBO C METPU-
YeCKUM TEH30pOM BHIa (2.4) ABIsETCA, MO ONPENeIeHUIO, MIJIOCKUM';
€r0 Ha3bIBAIOT MTPOCTPAHCTBOM MMHKOBCKOTO.

®OynpgamentanbHas uaest OTO DiiHINTeiHA cOCTOsIIa B TOM, YTOOBI
CBsI3aTh IPaBUTALMIO CO CBOMCTBAMHU IMPOCTpaHCTBa-BpeMeHU. Eciu

CYLIECTBOBAHWE JIOPEHIIEBOM CHCTEMBI KOOPIMHAT {X}}, Ie KOMIIO-

ael Kpucrodpdens Broporo poaa):

HCHTBI 8 ABJIAIOTCA ITOCTOAHHBIMM, OTpaXacT (l)aKT OJHOPOAHOCTHU

MPOCTPAHCTBA-BPEMEHHU, TO NMPU HAJTWYUMU TpaBUTALIMM TaKOW OMHO-
poaHocTh yxe HeT. OO0 3TOM CBMIETEJbCTBYIOT 3KCHEPUMEHTHI 10
U3MEPEHUIO MHTEPBAJIOB BPEMEHHU, a TakxKe HaOMIONEeHUsT TPaeKTOpUil
CBETOBBIX JIyueil B I'paBUTAaUMOHHOM Iioje. [loaToMy mnpu HaTUYUU
rpaBUTallMM HEOOXOAMMO OTKaszaTbCsl OT cooTHolueHust (2.4). Ilpu
9TOM KO3 bUIIMEHTH g, (X) KBampatniHOi (opmbl (2.3) mpruobpe-

TalOT HOBOE COIEepKaHMe: TTPOCTPAHCTBO-BPeMST He SIBIISIETCSI TUTOCKUM,
a TEH30p KPMBHM3HBI R, COOTBETCTBYIOIIMA g, , BOOOLIE rOBOp,

He paBeH Hymo. CurHatypy’? TeH3opa &,y » OTPAXAIOLIETO JIOKAIbHBIE
CBoO¥CTBa KBaapaTU4HO ¢opmbl (2.3), €CTeCTBEHHO BbIOpPaTh TaKylo

' TIocKOe MPOCTPAHCTBO MOXHO OMPEAEIUTh KAK PUMAHOBO TPOCTPAHCTBO C
PaBHBIM HYJIIO TEH30POM KPUBU3HBI.

2 CurHarypa KBaIpaTUYHOM (POPMBI — DPA3HOCTb MEXIY YMCIOM IIOJOXUTE/b-
HBIX W OTPULATENbHBIX KO3(PGULMEHTOB Mocje MPUBEAECHMS] K IMArOHaJbHOU

dopme.
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2,1, OcHOBHbIE NONOXEHHS 0BLLEIi TEOPUM OTHOCUTENILHOCTH M METPUUECKMX TEOPHIl TATOTEHUS

Xe, KakK y TeH30pa MMHKOBCKOTO (JIOpeHIleBa CUrHaTypa). DT0 Oo3Ha-
YaeT, 4To B Kaxmoil otmenbHOM Touke [1B myreM mpeoOpasoBaHms
KOOpAMHAT' KBagpaTW4yHas (POpMa MOXET ObITh NPUBEIEHA K BUY
(2.2). Takum obpa3oM, MHOJNCECMBO COObIMULL ecmb YemblpexmepHoe
DPUMAHOB0 MH02000pa3ue ¢ Mempuveckum MeH30pOM &, UMEuUM 10-
DeHye8y cueHamypy.

Otnuuue RaByS OT HYJA ABJIACTCA HEOOXOIUMBIM U JOCTATOUHBIM

MPU3HAKOM TMPUCYTCTBUSI HEHYJEBOIO IPaBUTALIMOHHOIO TOJIS, KOTO-
poe ONKCHIBAETCA METPUYECKUM TE€H30pOM g,,. B OTO KOMITOHEHTHI
&w, KOTOpbIE BXOmAT B (popmyiy (2.3) uid KBanpara MHTEpBaia, Lie-
JINKOM OMpPEIessIIoT TICEBAOPUMAHOBY T'€OMETPHUIO, & BMECTE C HEIO U
rpaBUTALIMOHHOE T0JIe, KOTOPOE IPOSIBIISIETCSI B U3MEPEHUSIX BpeMEHU
U HaOJIIOACHUSIX TpaeKTopuii MPOOHBIX TeJ. B yacTHOCTH, IpuU yciio-

Bun ds’ >0 cdopmyna (2.3) onpenensieT cOOCTBEHHOE BpEMSI, U3Me-
peHHOE YyacaMM HaOJoAaTesiss Ha TPAaeKTOpUM, COCOUHSIONICH Oau3Kue
TOYKU X U X + dX.

CyuiecTBOBaHME METPUYECKOTO TEH30PA g, MOXHO CUMUTATH Ma-
TEeMAaTUYECKNM OTPaKeHUEM Hallleil BO3MOXHOCTH M3MepSITh COOCT-
BEHHOE BpeMsl, IJIMHBI, YIJIBI U T. 1. B Teopuu rpaBUTallMM anipuopu
MOTYT (UTYpPUPOBaTh KPOME METPUKU €llle KaKHUe-TO CKaJspHble WU
TeH30pHblEe T0Jid. Hampumep, B M3BECTHBIX CKaJISIPHO-TEH30PHBIX
TEOPHUSIX TpaBUTALIMM HApSOy C METPUYECKUM TEH30pOM (urypupyer
CKaJIsSIpHOE TOoJIe.

2,1.2, MpuHUMN 3KBMBANEHTHOCTH

I'paBUTaIIMOHHOE TOJIE TIPOSIBIISIET ceOs Yepe3 B3anMMO-

MEeWCTBUE C APYTUMM TOJISIMU, HaIlpUMep, BIUSHUEM Ha TPacKTOPUM
MPOOHBIX Tel U GOTOHOB. [IyTh K TCOPETHUUYECKOMY ONUCAHMIO 3TOTO
B3aUMOJEUCTBUSA M HAOIIOZAEMBIX BEJIWYMH YKa3BIBAIOT Pa3INYHEIC
¢dopMynupoBKU TpuUHLMIIA 3KBUBaJleHTHocTu (I1D). B uacTtHOCTH,
KpaeyrojbHbBIM KaMHEM METPUYECKUX TEOPHUI TITOTCHUS SIBIISICTCS
UHWmMelHo8cKUll npunyun s3xeusasenmuocmu (OI19).

B dopmynupoBke DI1D MOXKHO BBIICIUTL TPU CocTaBisionme [593]:

caabwii npunyun sxeusarenmuocmu (CI1D) — TpaekTopusi Hesa-
PSDKEHHOTO TPOOHOTO Tejia 3aBHCUT TOJBKO OT €r0 HAdaJbHOTO TI0-
JIOXKEHUSI 1 HayaJIbHOM CKOPOCTH M HE 3aBUCUT OT €ro BHYTPEHHel
CTPYKTYPBI WJIM COCTaBa;

! JIng pasHbIX TOYEK TaKKe TPeoOpa3oBaHusl, BOOOLIE TOBOPs, OymIyT pa3sHbIMu!
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

npunyun aoKanvHou nopeny-uneapuanmuocmu (JIJIM) — pesynbrar
JIFOO0TO HETrpaBUTALIMOHHOTO JIOKAJTLHOTO 3KCIIEpUMEHTa HE 3aBUCHUT
OT CKOPOCTH CBOOOAHO Tajamollei JabopaTopuu;

NPUHYUN NOKAABHOU HNO3UUUOHHOU UHBAPUAHMHOCMU — DPE3YJIbTaT
JIFOO0TO HErpaBUTALIMOHHOTO JIOKAJTLHOTO 3KCIIEpUMEHTAa HE 3aBUCHUT
OT TOro, rae M Korga Bo BcelleHHOM OH IpoBoauTcs. B yacTHocCTH,
3HaYeHUsT (PyHIAMEHTAIbHbBIX (PU3NYECKUX KOHCTAHT HE M3MEHSIOTCS
HU C TeYeHHEM BPEeMEHM, HA B TIPOCTPAHCTBE.

Mubl npuBenu GopmyaupoBky DIID, KOTOopyild MOXHO CUMTATh
TpagunoHHoi. Ho mpm 3ToM Hamo caeaTh HEKOTOpEIC 3aMEYaHMUsI.
3mech CYIIECTBEHHO TOHSATHE <«JIOKAJTBHBIA 3KCIIEPUMEHT» TaK XKe,
Kak jajee TMOHSITUSI «JIOKaJIbHbIE M3MEpPEHUs», «JIOKajbHas Jiabopa-
Topusi». B pumanoBom I1B TOHSTHE JTOKATLHOCTH BIIOJTHE KOHKPET-
HO: 3[IeCh peub UACT 00 U3MEPEHUSIX WM IKCIIEPUMEHTaX, B KOTOPBIX
posab kpuBu3HbI [1B, omnpenensemoii TeH3opoM PumaHa 1 ero wMHBa-
puaHTaMH, IIpeHeOpexXuMo Maja. B Oojiee oOiieM ciiydae, WIM €ClIU
HE TPUBSI3BIBATBECS K ONPEaeIeHUIO KPUBU3HBI, pedb MIET O MacIlTa-
0ax, 3HAYUTEJIbHO MEHBILIMX, YeM HEKOTOPBIN XapaKTepHBI MaclTad
TPaBUTALIMOHHBIX «IIPUJIMBHBIX» 3(G(GEKTOB B CBOOOTHO IBIMKYILIEHCS
naboparopun. Jlajee, XOTs BO BTOPOM MYHKTE pedb MIET JIMIIL O He-
3aBUCUMOCTH OT CKOPOCTH JabopaTopuu, ObLIO Obl TOUHEE T'OBOPUTH
00 MHBApMAHTHOCTU SKCIICPUMEHTAJIBHBIX PE3yJIbTaTOB OTHOCUTEIIb-
HO NpeoOpa3oBaHUii COOCTBEHHOI OPTOXpPOHHOI rpyrmbl JlopeHia'.
Bropoit m TpeTwii TIpUHUMIIEI BMECTE CO3MAIOT aHaJOr ITyaHKape-
WHBAapUAHTHOCTU, TIPUCYIIUI (yHIAMEHTAIbHON (PU3UKE MPU OTCYT-
CTBUM TpaBuUTalMM. Ha JaHHBII MOMEHT HUKAKUX HapylLIeHWH 3TUX
MNPUHIAIIOB HE OOHAPYXEHO.

PaccMotpum HabrogeHus B JlabopaTopuu, pa3mMepbl KOTOPOUl 10-
CTaTOYHO MaJjbl MO CPaBHEHWIO C XapaKTepHbIMM MacluTabamu rpa-
BUTAIIMOHHOTO TI0JI1. [Ipenmonoxum, 4To Ha J1abopaTopUIo M3BHE HE
NEUCTBYIOT HUKAKUe CHJIbI, KpOME TpPaBUTALIMOHHBIX, T. €. OHAa CBO-
6OIHO OBIKETCS B TPAaBUTAIIMOHHOM Iojie. Torma, B COOTBETCTBUHU C
OIID, enympu makot aabopamopuu Jdeticmeyrom 3akonbt CTO. D10
YTBEpXACHUE JaeT ropasno O0oJibliie, YeM HEKUH MPUHLMI COOTBETC-
t8us, cBa3biBaoit OTO u CTO; ero meHHOCTh OOYCJIOBJICHA TEM,
YTO, 3allMCaB U3BECTHBIE YpPaBHEHUS Heepagumauuonubix tioneir CTO
B JIOKaJbHOU cuUCTeMe Habawomaressi, BBUAY IpPUHIMIIA KOBapuUaHT-
HOCTU MbI NojiyuuM ypaBHeHust OTO B n1060ii cucreme.

! OT™MeTHM, YTO NPM pacCMOTPEHMHU TIOOANBHBIX cBOVWCTB 1B Kak MHOroo6-
pasue CUMTaeTCsl OPUEHTUPYEMBIM MO HAMpPAaBJIEHUIO BPEMEHU U C YYETOM MpO-
CTpPaHCTBEHHOI opueHTauuu [575, 601].
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3aMeTuM, 4TO B CJ1aOOM MPUHLUIE SKBUBAJCHTHOCTU UCIOJIb3YeT-
¢S TIOHSITHE TPOOHON YaCcTUIBI KaK WACATM3UPOBAHHOTO TOYCUHOTO
00beKTa. DTOT MPUHIUN MPUMEHUM K pealibHbIM TeJIaM B TOUM Mepe,
B KOTOpPOWM MX MOXHO CYUTaThb MHPOOHBIMM 4acTuuaMu. CorjacHo
CIID rpaBuTallMOHHAsi Macca Kaxjaoro Teja CTPOro MpornopiuoHa-
JIbHA UHEPTHOM, TTOSTOMY IIpU OOBIYHOM BbIOOpE €AMHUIL] U3MEpPEeHUS
9TU MACChl CUMTAIOT PAaBHBIMU.

Hapsny ¢ CIID paccMaTpuBaIOT TaKXKe CUAbHbIL NPUHYUN IKBUBA-
AeHmuocmu, GOPMYIUPOBKA KOTOPOIO pacIpoOCTpaHsSIeTCS Ha Teja, B
KOTOPBIX OIIYTUM BKJIaH TpaBUTAIlUM B TOJHYIO Maccy (IpaBUTalIM-
OHHBIK JedeKkT Macchl). BOJBIIMHCTBO METPUYECKUX TPAaBUTALMOH-
HBIX TEOpUIl HE YyIOBJETBOpsSieT TpeboBaHMIO cuibHOro I1D, HO B
OTO 3TOT NpUHLMIT AEHCTBYET.

Mudd [375] BBIABMHYJI TUINOTE3Y, B COOTBETCTBUM C KOTOPOM
SMHIUTEMHOBCKUI MPUHLMUIT 3KBUBAJIEHTHOCTU €CTh CJIEACTBUE Clla-
ooro I1D. DTa runoTesa MoATBEpXKAeHA Ha MPUMepPe HEKOTOPHIX MO-
neneir (cMm., Hampumep, [593]). KoHeuHo, cTporoe mnoka3aTelbCTBO
ruttote3sl ndda BO3ZMOXKHO JUIIE B paMKaX €IWHOU TeOpeTHIeC-
KO CXEMBI, KOTOpas OXBaThIBAaeT METPUUYECKME W HEMETPUIECKUE
TEOPUHU TATOTCHUS.

Kak otnenbHBIN (XOTSI U HE COBCEM HE3aBUCHUMBII) ITOCTYJIAT OT-
METUM MPUHLMII COOTBETCTBUSI WM CYUICCMBOBAHUE HbIOMOHOBCKO20
npedesa IS DKCIIEPUMEHTOB B CJaboOM TIpaBUTALlMOHHOM Toje. M3
9TOTO TIPUHIIUIIA BBITEKAET, YTO B OINPEACTICHHON CHCTeMe KOOpIMHAT

g ~ 142U, 2.7)

rae U — HBIOTOHOBCKMII TPaBUTALIMOHHBINA ITOTCHILIMAJ, KOTOPBIA B
BbIOpaHHBIX eAuHuIaX Oe3paszmepeH. CooTHolueHue (2.7) TOJKHO

BBITTOJIHATHCS B JIMHEHHOM 110 | U |<< 1 mpuOamkeHnn. D10 — HEO0-

XOOIMMOEC M O0CTAaTOYHOC YCJIOBHC, YTOOBI YpaBHCHUA OBUKCHUA
l'[pO6HI)IX TEJI UMEJM HBIOTOHOBCKMM TIPEHET B clrabom IrpaBUTalln-
OHHOM I10JIC.

2.1.3. HerpasutauuoHHble nons u Habniogaembie
BENIMYMHBI B UcKpuBneHHom MB

DUHIITEHHOBCKUM MPUHIIAN 3KBUBAJICHTHOCTU — TJIy-
0okoe (hU3MYECKOE YTBEPXKIECHUE, KOTOPOE HY>XHO (DOpMaTnU30BaTh B
MaTeMaTU4eCcKrX TepMuHax. /st aToro yno6HO BBECTM JIOKAJbHO-JIO-
peHIIeBYy (B TOUKe) cUcTeMy KoopAauHaT. CUCTeMy KOOpIMHAT Ha3bl-
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BAIOT .10peHyeoll 6 mouke m (W A0KAAbHO-10PEHYe60l), €CTU B ITOM
cucteme g, (m)=mn, , IpuueM Bce MpousBoaHele 0,g, (m)=0. B

OKPECTHOCTM m 3Ta cHUCTeMa Haubojee COOTBETCTBYET CUCTEME OT-
cyeTa JIOKaJIbHOIO HaOJoaaTesisl, KOTOPhIii CBOOOIHO ABWKETCS B Ipa-
BUTAIMOHHOM TMojie. OHa MOAENUPYET Ty JIOKAJIbHYIO J1abopaTopuio,
0 KoTopoit uaet peub B DI1D. MoxHO nmoka3aTh, UTO Takas cucTema
BCeraa CYLIECTBYeT ISl 11000l Touku m . JIOKaabHO-JIOPEHIIEBbI KO-
OpAMHATBl COOTBETCTBYIOT MHEPLIMAJIBHON CUCTEME OTCUeTa IIOCKOTO
NPOCTPAHCTBA, IJIe METPUYCCKHUIA TEH30p CBOAMTCA K M, BO BCEM

IIPOCTPAHCTBE.

ITyctb m — mobGasi Touka MHOrooOpasusi coobiTuii M . Jlajib-
Helilllee yTBEpXAeHWE MOXHO cUuTaTh opManusanueit DI1D.

IlocTynar J0KajJbHO# JopeHueBOCTH. [lycmb cucmema KoopouHam
Aopenyesa 6 mouke m. Toeda e 3moi cucmeme 6ce ypasHeHus O A0-
KaAbHbIX DU3UMECKUX BeAUMUH 6 MOuKe M CO8NA0arom ¢ COOMEemcn-
syroujumu coomuoutenusmu CTO.

BToT noctynar rapaHtupyetr coorBerctBue ¢ CTO, T. e. nepexon
K CITeIIMaJIbHOM TEOPUU OTHOCHUTEIHLHOCTU TIPU YCIOBHUU OTCYTCTBUS
rpaBUTALNM, W, BMeCTe ¢ TpeOOBaHMEM KOBAapMAHTHOCTH, OTHO3HAY-
HO OIpeaesieT Bce TeH30pHBIE COOTHOIICHMS IS JIOKAIBHBIX ITOJIei
B METPUUYECKON TEOPHM TPaBUTAIMU. 3[0eCh MBI CUMTAEM, YTO JIOKAJThb-
HBIE COOTHOIIIEHUsI — 3TO TaKWe, KOTOPhIe OIpeAeeHbl B TOUKe TOJIe-
BBIMU (PYHKIMSAMU (KOMITOHEHTAMM HETpaBUTAIIMOHHBIX TTOJICIT) M WX
MMPOU3BOAHEIMUA HE BEINIE TepBOTO Mopsimka. COOTBETCTBEHHO OymeM
Ha3bIBaTh JIOKAJTHLHBIMU TIOJNIS WUIM BEJIMUMHEI, KOTOPbIE MOXKHO ITOJI-
HOCTBIO OINMCATh JIOKAJTLHBIMU COOTHOIIeHUsIMUA. Hampumep, siek-
TPOMAarHUTHOE TIOJie SIBJISIETCST JIOKAJIBHBIM, ITOCKOJIBKY YpaBHEHUS
MakcBemia Uil HaOIIOMaeMbIX BEJIMYMH — HAIPSDKEHHOCTEH 2J1eK-
TPUYECKOTO M MAarHUTHOTO TIOJII — COAEPXKAT JIUIID IEPBHIC TTPOM3-
BOJIHBIC.

BaxkHBIM SIBJISIETCSI BOIIPOC OIPENeIeHUsT HaOIIonaeMbIX BEJTMIMH,
CBSI3aHHBIX C BEKTOPHBIMM M TEH30PHBIMU (PU3NYECKUMU TTOSIMA B
MPOM3BOJIbHBIX KOOpAMHaTax. Hampumep, TEH30p 3J1eKTPOMAarHUT-
Horo mosnsgs FY B Kaxmoil Touke [IB — 3TO MHOrOKOMIIOHEHTHast
BeymurHa. Ee 4nciioBble 3HAUEHUST OTPENEISTIIOT OTHOCUTENTBHO JIOKAITh-

HOTO BEKTOPHOTO 0Oasuca e, (x) (B ckoOKax BHM3Y OOO3HaueH

Homep BekTopa: a =0,1,2,3). B CTO posab 6a3rca BBHIIOJHSIET KOOpP-

IUHATHBIA perep JIOPEHLIEBLIX KOOPAMHAT. YIOOHO paccMaTpuBaTh
OPTOHOPMHMPOBAHHBIN 0a3uc, T.e. 6a3mcC, YIOBIETBOPSIONINIA COOT-
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HOLLEHUSIM
8l € = Mw» 4,0 =0,1,2,3. 2.8)

Takyio OpTOHOPMMPOBAHHYIO YE€TBEPKY BEKTOPHBIX IMOJIell Ha3bIBAlOT
mempadoii'. Ha pakTvKe HanpaBJIeHUs] BEKTOPOB TeTpaibl (PMKCUPYIOT
C MOMOIIbI0 HEKOTOPOH (hU3MUECKOM MpoLeAyphl (HaIpuMmep, Ha-
OJIIONEHUSIMU BHETAIAKTUYECKMX MCTOYHMKOB u3nydyeHus). dopmab-
HO 3aJJaHHOE MOJIe TeTPajbl AAET BO3MOXHOCTb BOCCTAHOBUTb METPU-

YECKUI TEeH30p, MOCKOJbKY (opmysy (2.8) MOXHO 3amucaTb B BUJE

-1 e @e® (@
g =Mwe, e, , Tne e — marpuua, obparHas e, . OmHaKko mpak-

TUYECKU (3KCMEPUMEHTAIBHO) BEKTOPHI TETPaabl MOXHO OIPEACIUTD
TOJIbKO Ha MUWPOBBIX JIMHUSIX HaOmwomateneil. B npyrux toukax IIB,
re WCCIENyIOT TeH30pHBIE MO, TeTpaga MOXET OBbIThb OmpelejeHa
JIMIIb TEOPETUUYECKU C yueToM (popmyiibl (2.8), 3aKOHOB pacipocTpaHe-
HUSI CBeTa, YpaBHEHUI IBWXKEHUS W T. I, IJISI 4ero HYXXHO 3HaThb
MeTpuKy. [Ipu paccMOTpeHUN OrpaHMYEHHOIO Kpyra 3agay 4yacTo UcC-
MTOJTE3YIOT YAaCTUYHOE ONpenesicHre CHCTeMbI OTcUeTa, 3amaBasi B 0a-
30BBIX KOOpAMHATAX JIMIITb METPUKY (MM METPUKY M OTHO WM ABa
BEKTOpHBIX Mojs) [511, 563]. Bosee moapobHO cucTeMBI OTCYETa U
HabmomaeMmbie B OTO paccMoTpeHBI B IJ1aBe 9 B CBSI3W C aCTPOHOMM-
YEeCKUMU TIPUIIOXKECHUSIMMU.

IMIycte  x"(s) — wMupoBag auHUS (TpaeKTOpUs) HEKOTOPOro
KBa3MMHEPLMATIbHOTO HabromaTessl, rme s =t — COOCTBEHHOE BpeMs
Ha Tpaektopuu, u" =dx" /ds — ero 4-ckopoctb. B Touke m , KOTO-

past MPUHAUICKUT TPAEKTOPUM, BBOAUM JIOKAIBHO-JIOPEHLIEBY CUCTEMY
oTcueTa. B 3TOil TOUKe KOOpAMHATHEIN perep o0pasyeT OPpTOHOPMU-

POBaHHYyI0 TeTpany e, . [Tonoxum ej;, = ", OCTaTbHbIE BEKTOPbI TET-

pagbl peajusyioT AEKApTOBHI OPThI COOCTBEHHOM JIOKAJBHO-JIOPEH-
LIeBOM cucTeMbl HaOmopateis. Torga MOXHO HMCHOJB30BaThb ITPUH-
LIUTT JIOKAJbHOM JIOPESHIIEBOCTU W OIPEACIUTh B TOYKE /7 KOMIIO-

HeHTbl a7ekTpuueckoro E=(E;) m maruutHoro B =(B;) mnoneit
(u=1, 2, 3):

1
— [TREAY
B =—— )y sijke(j)e(k)F

_ ot LV
E; = elpent, 2 iKT2a v 2

uv?

rae &; — TpexMepHblii cuMBoi JleBu-Yusura.

! Bo3MoXHa M Apyras HODMHPOBKa TeTpajbl, Harpumep, B Terpary Hbiome-
Ha—IleHpoy3a BXOASAT U30TPOIIHbIE BEKTOPLI.
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PaccmoTtpuM, Kak pabGoTaeT MPWHIIMIT JIOKAJTBHON JIOPEHIIEBOCTH
Ha TIpYMEpPE ypaBHEHUI 3JIEKTPOMArHUTHOrO TojsA. B coorBeTcTBUM €
MOCTYJIATOM JIOKQJIBHOM JIOPEHLIEBOCTU B TOYKE M B CUCTEME KOOP-

JMHAT, KOTOpas COOTBETCTBYET 0asucy e, , YPABHEHMS 3JIEKTPOAM-

HaMUKM UMeIOT TOT Xe Bu, uro 1 B CTO. B n0KajbHO-TOpEHIIEBBIX
KOOpAMHATaX B TOUKE /M 4YacCTHBIE MPOM3BOMHBIC TEPBOrO MOPSIIKA
110 KOOpAMHATAM paBHBI KOMIIOHEHTAM KOBAapWAHTHOM ITPOM3BOIHOIA,
KOTOpast SIBJISICTCS TEH30pOM. 3anuilieM ypaBHeHHMS MakcBemia (Toka
YTO TOJILKO B TOUKE 7% ) COIVIACHO IOCTYJIATY JIOKAJTBLHOI JIOPEHIIEBOCTH,
3aMEHUB OOBIYHBIE TTPOU3BOJHBIE KOBAPUAHTHBIMMU:

Fv., = _4_75']“ , (2.9)
’ c
Fopiy + By + Fap = 0. (2.10)

Touka ¢ 3amsaToii B HMXKHEM MHIAECKCE O3HAyaeT KOBapnaHTHOC Z[I/I(I)—

depeHurpoBaHue. Jlajgee MCHoONb3yeM IpeAroaoxeHue, yrto FM
teH3op. Torma (2.10) sBAsieTcsl TEH30PHBIM COOTHOIUEHUEM; I10-
CKOJIBKY, €CJIM KOMITOHEHTHI TEH30pa pPaBHBI HYJIIO B OJHOM cUCTeMe
KOOpPIMHAT, TO OHU PaBHbI HYJIIO U BO BceX cucreMax. MTak, B TOUKe m
TeH30pHOe cooTHoleHue (2.10) MOJHOCThIO OMpeaeieHO KOMITOHEH-
TaMHU B JIOKAJTLHO-JIOPEHLIEBOM crcteMe. OIHAKO MOCKOJIBKY 71 BBIOpa-
Ha TIPOM3BOJIBHO, 3TO O3HAYAET, YTO COOTHOILLEHUE BBLITIOJIHSIETCS BO
BCEM IMPOCTPAHCTBE.

AHaJIOTUYHBIM CITOCOOOM MOXKHO TIOJIYYUTh YPABHEHUS JIBUKE-
HUS 3apsSDKEHHOM YacTUIIBI MajbIX pa3MepoB B TPABUTALIMOHHOM U
3JIEKTPOMArHUTHOM ITOJISIX:

du"

e
—=—F"u, 2.11
b 2.11)

rme s=1 — COOCTBEHHOE BPEMs BIOJb MUPOBOI JIMHUM YaCTHULBI
x(s), u" = dx"/ds ; 8/ds o3nauaeT koBapMaHTHOe AUdbepeHIPO-

BaHUC BAOJIb TPACKTOPUU YaCTUIIBI.
HpI/I OTCYTCTBMU DJICKTPOMArdHMUTHOI'O IT0JIA ITOJIyYacM

m
did; -0, (2.12)
S as

T. €. HpO6HO€ TEJI0 HeH}U’IeBOfI MacCChbl JIBMXKETCA BOOJIb I'€OAC3UYC-
CKO. ypaBHeHI/IH reole3NYEeCKUX ISl JIy4e CBETA MOXKHO ITTOJYYUTb
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B TIPUOJIKEHUHM TEOMETPUYECKOM ONTUKW HEMOCPEICTBEHHO W3
ypaBHeHuli MakcBemia (2.9), (2.10).

g peleHus 3aga4 acTpoPU3UKU U KOCMOJIOTUY K YpaBHEHUSIM
IBVDKEHUS TeJI M 3JEKTPOMArHUTHOTO ITONST HEOOXOAMMO IT0O0ABHTh
YpaBHEHHUS, KOTOpbIE OINMCHIBAIOT ABWKEHUE CIUIOIIHOM cpeabl. Bo
MHOTMX TaKMX 3amadax paboTaloT ypaBHeHUs ruapoauHamuku. [lpu
OTCYTCTBUM JTUCCUTATUBHBIX 3(P(PEKTOB WX IMOJYyYaloT U3 KOBapHUaHT-
HOTO 3aKOHA COXpaHEHMS:

™.,=0, (2.13)

Ilie TEeH30p PHEPTUU-UMITYIbCa
™ =(p+e)utu’ — pg" (2.14)

OIMCBIBACT WACATbHYIO PEISITUBUCTCKYIO XXMIKOCTb ¢ MHBApUMAHTHOM
IUIOTHOCTBIO 3HEPIrUu cpenbl' &(x); p — OaBIeHHE, KOTOPOE B 00-

LEM ciydae sBJIseTcsl (PyHKUMEH IBYX TEPMOIMHAMUYECKHUX Iapa-
MeTpoB (Hampumep, p = p(e,n), e n — IUIOTHOCTb GApMOHHOTO

yucna); u" :dx“/ds — DoainepoBa 4-ckopocTh. I'mapommHaMmyecKoe

OIMCaHNE BO3MOXHO TIPU YCJIOBUU JIOKAJIIBHOM M3OTPONUU UM JIOKAJIb-
HOTO TePMOAMHAMMWYECKOTO PaBHOBECHSI, MPUUYEM YpaBHEHUE JBUKe-
HUSA HEOOXOAWMO IOIOJHUTL YpaBHEHWEM COCTOSTHUS W HE3aBUCH-
MbIM ypaBHEHMEM JJIS1 ellle OJHOr0 TepPMOAMHAMUUYECKOTO IMapamer-
pa, HarmpuMep, 3aKOHOM COXpaHeHUsI OApUOHHOTO Yuca:
(nu“)'p =0. (2.15)
VpaBHeHus (2.13) (B ciayyae GapoTpornHoil cpeabl) win (2.13) co-
BMeCTHO ¢ (2.15) B Oosee oOIeM ciiydyae TOJTHOCTBIO OIPEAESIOT
Magkue TUApoAWHAMWYecKue TedyeHus. MMest ypaBHEHUSI COCTOSI-
HUS, MOXHO TEPEUTH K APYTMM TEPMOJUHAMUYECKUM IEPEMEHHBIM
C MOMOIIBIO BTOPOTO 3aKOHA TEPMOAUHAMUKU:

TdS =d(e/n)+ pd (1/n), (2.16)
rae S — yHeabHast SHTPOMNKS Ha oduH GapuoH. OTCIona, a TaKXke U3

ypaBHeHu#i (2.13), (2.14) 1 3aKoHa coxpaHeHMs] OAPUMOHHOIO 4Yucia
(2.15) BBITEKaeT coxpaHEHUE OSHTPOINMU B HENPEPLIBHOM TEUEHUU

"T.e. S(X) — IIJIOTHOCTb SHEPIMU B CHUCTEME IOKOA SJIEMCHTA KUIAKOCTU B
TOYKE X.
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

S, u" =0. B BA3KMX, a TAKKE B Pa3PbIBHBIX TEYECHUSIX SHTPOIMS BO3-

pacraer.

3anuiieM sl TTOJHOTHl YpaBHEHUSI MAarHUTHOM TUAPOIAMHAMUKU
IpyA OTCYTCTBUM AUCCHUIIATUBHBLIX 3(P(MEKTOB M O0ECKOHEYHOI IPOBO-
IUMOCTU. B aTOM ciyyae ajieKTpuyecKoe MoJjie B JOKAJIbHON cHUCTeMe
9JIEMEHTA Cpelbl PABHO HYJIO U TE€H30p F,, MOXHO CBECTH K 4-BeK-

TOpPY MAarHUTHOTO mons A" = —%e““BYFaBuy, rae e"? — aBGCoMOTHBIN

aHTUCMMMETPUYHBIN TeH30p JleBu-UuBuTa. YpaBHEHUE IBUXECHUS
IUJISL OTOTO Clyvasl TaKKe MOJyYyaloT U3 3aKOHA COXPAHEHWSI C TEH30-
POM BHEPTUU-UMITYJIbCA:

T =(p" +&")u'u’ — p*g* —Lh“hV , 2.17)
4r
. 2 . 2 2 “
V4 =p+$|h| , € :8+$|h| , |/’l| =-h h(x > 0.

YpaBHEeHUsI MAaTHUTHOM TMAPOAUHAMMKM PACCMATPUBAIOT BMECTE

¢ ypaBHeHUsIMU MakcBenia (2.9), KOTopble CBOISTCSI K COOTHOLLIEHUIO
(u'h” —h'u') =0.
!

YpaBHeHUEe TUAPOAUHAMUKM, 3alKcaHHble B Buie (2.13), Obux
OBl HEMOJHBIMU 0e3 (OPMYJIMPOBKM COOTHOIICHWI Ha pa3phiBax,
€CTECTBEHHBIM 00pa30oM BO3HUKAIOLIMX B TMAPOAMHAMUYECKUX MICallb-
HBIX TEUECHUSIX M OIMCHIBAIOIIMX YIAPHBIC BOJIHBI, KOTOPbIC UIPAIOT
BaXKHYIO pOJIb B HeCcTallMOHAPHBIX acTpodusnueckux mpoueccax. Co-
OTHOIIIEHUST Ha pa3pbiBaX MMEIOT BUI 3aKOHOB COXPaHEHUS SHEPTUM-

MMIlyJibca W OapMOHHOro 4uciaa [T “VNV] =0, [nu“NV] =0, rme

N, — HOpMaJIb K TMIOEPNOBEPXHOCTU pa3pbiBa. KBampaTHble CKOO-

v

KM O3HAYAIOT Pa3HOCTb BEJIMYMH Ha PasHBIX CTOPOHAX 3TOM IMIIEPIIO-
BepxHOCTU: [A]= A - A,, rne A, A, — mapamMeTphl Cpelibl Ha Pa3HBIX
CTOpOHAX pa3pbiBa. B MarHUTHON I'MApPOAMHAMUKE CIOAA JOOABIISIOT
COOTHOLIEHHSI U MATHUTHOTO TOJIsl HA TUIIEPITIOBEPXHOCTH Pa3phiBa

[(u“hV —h“uV)NV] = 0. JleTaJbHBI aHAJIM3 CBOMCTB PEISITUBUCTCKUX

VIAPHBIX BOJH MOXHO HaWTh B KHUTe JImxHepoBmda [261] (cM. Tak-
xKe [524, 554]). CranmapTHOE pacCMOTpPEHME pa3pbIBHBIX TEYCHUM
OINMMpaeTcd Ha YCJIOBHE BBIMTYKJIOCTH YpaBHEHUS COCTOSHMS (T. €.
BeIMyKJTocTH agmabat Ilyaccona S = const) [261, 524, 551, 552, 554];
MPU 3TOM UCHOJIL3YETCsT YCIOBUE BO3PACTAHUS SHTPOITUM Ha pa3phIBax.
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dnsa oOlMx ypaBHEHWIA COCTOSIHMSI B OOJIACTU CBEPXBBICOKUX
TUIOTHOCTEN YCJIOBME BBIMYKJIIOCTU MOXKET HapyllaTbCsl, OCOOEHHO B
OKpPEeCTHOCTH (ha30BBIX IMepexomoB. Kak CBUIETEIbCTBYIOT MPUMEPHI
U3 KJIACCUYECKON ruapoavMHaMuku [584], yciaoBusi BO3pacTaHUs SHT-
pOINUK B BTOM CJIyyae HEIOCTaTOYHO [Jisi KOPPEKTHOTO paccMOTpe-
HUS yIapHBIX BOJIH. Kputepuu cyiecTBOBaHUS yOapHBIX BOJH C 00-
IIMM YPaBHEHUEM COCTOSIHMSI MOXHO TOJyYUTb, BBOASI MaIylO BSI3-
KOCTb U MCIOJIb3Ysl €CTECTBEHHOE IMPEAIOI0XKEHUE O TOM, UTO Cylle-
CTBYET HeEIpepbIBHbIM MNpodwib BsI3koro TteueHust [584]. B cayuae
PEITUBUCTCKUX YIAPHBIX BOJIH, OMMChIBAEMbIX TEH30POM SHEPIUU-
umiyibca (2.14), cooTBeTCTBYIONIME PE3YabTaThl MOJydYeHbl B [77, 78,
508]. OO6oOllIeHre 3TUX pe3yabTaTOB Ha Ciayyail peasTUBUCTCKOM
MarHUTHOM TMAPOJUHAMUKH pacCMOTpeHO B [476, 480, 527].

2.2, ObLLUAS TEOPUA OTHOCUTENBHOCTU

2.2.1. YpasHeHus JMHLITEHHA

CornacHO BBICKA3bIBAHMSIM MHOTMX BBIAAIOIIMXCS YYEHBIX
OTO sBasitercsi ogHOU M3 HauboJiee KPaCUBBIX (PU3UUECKUX TEOPUIA.
OHa He WCHOJIB3YeT TSI BOCCTAHOBJICHMSI T€OMETPUM PUMAHOBOTO
I1B HuKakux AOMOJHUTEIbHBIX MOJE, KpOME CaMOro METPUUYECKOTO
TeH30pa, U B 3TOM MOHUMaHWU MaKCUMAaJIbHO YJIOBJIETBOPSET Tpebo-
BaHUSIM «OpUTBBI OKKaMa».

YpaBHeHMs 2eKTpoMarHuTHoro mosst (2.9)—(2.11), kak U ypaBHe-
HUSI MIEpBOTO MOpsiAKa ISl APYTMX HEerpaBUTALIMOHHBIX MOJIEH, SBISIOTCS
OOIIMMM TSI BCEX METPMUECKMX TEOpHUi TATOTeHUs. Pa3Hble MeTpu-
yecKue TEOPUM Pa3IMyaroTCsl YpaBHEHUSIMU IJISI METPUUECKOTO TeH-
sopa g, . B OTO 311 ypaBHEHUSI MOXHO TIOJyYUTh U3 MPUHIMIA CTa-
LIMOHAPHOIO AEHCTBUSI, MpemioxeHHoro JI»suaoMm I'mindeproM. Ilior-
HocTh (pyHkuuu Jlarpamka L B JOeUCTBUM ISl TpaBUTALIOHHOIO
MOJISI MOXXHO OTPEAEIMTh Ha OCHOBE TpeOOBaHUsI, YTOObI (pyHKIUS L
OblUTa MHBapUAHTHOW KOMOWHAIMEW METPUYECKOIO TeH3opa g, |

€TI0 IICPBbLIX U BTOPBLIX IMPOU3BOAHLIX, IIPUYCM YPABHCHHA I10JIA JOJIKHDBI
OBITh KBa3WIMHEHHBIMU YpaBHCHUAMM B YaCTHBIX ITPOU3BOJIHLIX BTO-
poro mnopsdiaka. HpI/I OTCYTCTBUM OOITOJHMUTECJIbHBIX, IIOMHUMO 8w o I10-

JIEBBIX (DYHKIUI 3TW YCIOBUSI OINPEACSTIOT L C TOYHOCTBIO IO IBYX
cBOOOAHBIX KOHCTAHT [510, 524]: L=C/R+C,, tne R — ckansipHas

kpuBu3Ha, C, GUKCUpPYETCS] HHIOTOHOBCKUM IPENESIOM M BbIpaxaeTcst
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

Yyepe3 KOHCTAHTY TPaBUTALIMOHHOTO B3aUMOAEUCTBUS, a C, MaeT HEHy-
JIEBYI0O KOCMOJIOTHYECKYIO TIOCTOSTHHYIO0, KOTOpasl ObUla ompeieieHa B
KOHILIE MPOLUIOr0 CTOJETUSI IO HAOMIONEHUSIM CBEpXHOBBIX TUIA la
[334, 360] n ymtoBOMYy CHEKTPY MEJKOMACIITAOHOW aHW30TPONUU pe-
JIMKTOBOTO U3iydeHus [124, 251, 328].

M3 mpuHUMOA CTAallMOHAPHOIO NEWCTBUS BBITEKAIOT YpaBHEHMS
rpaBUTALIMOHHOTO TOJIs DifHINITeiHA:

n

R“V_%RgHV_Aguv :SRGTW’ Ruv :Ramxv’ R:RH ¢ (218)

31ecb A — KOCMOJOTMYecKas IHOCTOAHHAaA, R — TCEH30p KpH-

Buv

BU3HH Pmmana, 7" — TeH30p 3HEPIMU-UMITYJIbCA HETPABUTAIIMOH-
HBIX Trosieit. ITlocTtosiHHAss A TIposSBsieT cebs Ha KOCMOJIOTMYECKUX
Maciutabax, YTo COOTBETCTBYET €€ Ha3BaHUIO.

ITpuBenemM KpaTkue CBEeIEeHUSI O JIUTepaType, Iie 3auHTepecOBaH-
HBI YUTaTeIb MOXET HAaUTU 0030phl pabOT 1 OoJiee MOJHBIM CIHUCOK
WUCCJIeAOBAaHUM ypaBHEHUI DUHIITEHHA U UX PEILICHUI.

VpaBHenus (2.18) cBomsITCS K CUCTEME B YAaCTHBIX ITPOM3BOIHBIX
BTOPOTO MOPSIAKA TUTIEPOOIMIESCKOTO TUIA C COOTBETCTBYIOIIMMU CBOM-
CTBAaMU OTHOCUTEJILHO CYIIECTBOBAHUS W €OWHCTBEHHOCTH PEIICHUS
samaun Komm [510, 557, 579, 597, 601]; npu sTtom ganabsie Kowmm Ha
HayaJbHOM TMIEPNOBEPXHOCTU MOJIKHBI YIOBJIETBOPSITL OMNpeAeIeH-
HBIM YCITOBUSIM CBS3U (CM., HarpuMmep, [577, 601]). M3BecTHO Goiblroe
KOJIMYECTBO TOYHBIX PELICHWI OSTUX ypaBHEHMH (CM., Hampumep,
[577]), cpeau KOTOpBIX HAUOOJBLIMNA (DUMYECKUN MHTEPEC UMEIOT
Metpukn IBapmmmasaa u Keppa [564, 602], onuceBaromme Y/, a
TaKXKe pelIeHUs KOCMOoJjiormyeckux ypaBHeHuii ®dpuamana [532]. B
MoHorpadusx [564, 602] MOXHO TakKe HAWTH pe3yiabTaThl OTHOCH-
TEJTbHO BO3MYIIEHUNM METPWKHN W TOBEICHUS (M3MYECKUX TOJIeH Ha
¢oHe yKa3aHHBIX TOUHBIX pelleHuii (cM. Takxke [515, 589]).

OTMETHM CTPOTUE PEe3yJIbTaThl, KOTOPbIE KACAIOTCSl KaueCTBEHHbIX
CBOWCTB pellIeHUii, CBI3aHHBIX CO cTpoeHreM YJI U CTpyKTypoi CHHIY-
JsgpHocTel [575, 601], acMMOTOTUYECKUM TOBEAEHUEM TIOJIE Baaiu
OT M30JIMPOBAHHBIX TPABUTHPYIOIIMX cUcTeM [564, 575, 600], mpobie-
moii sHeprun B OTO [95, 594]. HeoO6xonuMbIM YCJIOBUEM WMHTETpU-
pyemoctu ypaBHeHUI (2.18) siBisieTcsl KOBapUAHTHBIM 3aKOH COXpa-

HeHust T, =0, KOTOPbI MOXHO MCIIOJIb30BAaTh KaK CTAPTOBYIO T10-

3ULIMIO JIJIS BBIBOJA YPAaBHEHUI NBYDKEHUSI TPABUTHPYIOIINX TEN; CBS-
3aHHBIC C 3TUM TIpoOIeMBbl paccMoTpeHkl B [502, 512, 579, 587, 597].
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2.2.2, IpaBMTALMOHHOE NONE U3ONMPOBAHHBIX
cucrtem

IIpu OTCYTCTBMU BHEIIHEro M3JIY4YeHHUS] CUCTEMY Macc,
COCPENOTOUEHHYIO B OrPaHMYEHHON 06JIACTU IMPOCTpaHCTBa!, Hasbl-
BalOT M30IMpOoBaHHON. [1pocTpaHCTBO-BpeMsT U30JIMPOBAHHON CHCTEMBI
MPEAIoaaraeTcss aCUMITOTUYECKU TUIOCKUM, T. €. METPUUYECKUI TeH-
30p aroro IIB mpu cOOTBETCTBYIOIEM BbIOOpPE KOOPAMHAT Ha IIpO-
CTPaHCTBEHHOM OECKOHEUYHOCTU CTPEMUTCSl K TeH30py MMHKOBCKOTO;
IIJISI 3TOTO Mbl JOJDKHBI, B YACTHOCTU, MOTPeOOBaTh, YTOObI KOCMO-
Jlornyeckasl mocTosiHHasi Obula paBHOM Hymto. C ydyeToM KOCMOJIOTH-
YeCKUX peasuil TOHSITUE U30JUPOBAHHON CUCTEMBI SIBJISIETCS MICANU-
3alMeil Takoi ke, Kak, Hampumep, WHepLUUalbHble CUCTEMbl OTCYETA.
OpHaKo BBUAY MaJIOCTHM KOCMOJIOTMYECKMX 3(P(EKTOB 3Ta Maeanamn3a-
LU BIIOJTHE MpuemieMa s OOJbIIMHCTBA aCTPOHOMMYECKUX 3a1ad,
rae ¢GpUrypupyroT orpaHUUYE€HHbIE CUCTEMbI TeJl.

MHorue cBONCTBa T'paBUTALIMOHHOIO MOJISI U30JMPOBAHHOK CUC-
TeMbl aHAJOTUYHbI BJEKTPOAMHAMUKE, OJHAKO OHU UMEIOT U CBOIO
cneuuduky. Eciu B ypaBHeHUsIX MakcBesia IBUXKEHWE UCTOYHUKOB
IOJIT MOXHO 3alaBaTh IPOU3BOJILHO M 3TO HE NMPUBOAUT K MaTeMa-
TUYECKUM TPOTUBOPEUMSIM, TO B clydyae oOlleil TEOpUU OTHOCUTENIb-
HOCTM DWHINTEHHA YpaBHEHUS IBMKEHUSI TeJl CBSI3aHbl C YpaBHEHMSIMU
IOJIT M, CTPOTO TOBOPsSI, HE MOTYT OBITH 3amaHbl He3aBucumo. [lpu
OIMCAHMMU 3JEKTPOMArHUTHON CUCTEMBI MOXHO 3amaTh, Hampumep,
MEPUOANYECKUN MCTOUHUK, KOTOPBIM OyAeT u3jiaydyaTb OECKOHEUHOE
BpeMs, U 3TO He NpuBeIeT K (DOPMAaJbHBIM TPYIHOCTSIM, TTOCKOJIBKY
ypaBHeHMs MakcBesula He OrpaHMYMBAIOT BO3MOXHOCTHY JIs1 MOAKAYKHU
9Hepruu «co cropoHbl». B OTO uzonupoBaHHasi cUCTEMAa HE MOXKET
MU3JIy4aTb OECKOHEYHOEe BpeMsl, IIOCKOJbKY 3TO IT0TpeboBaio Obl Oec-
KOHEYHOI «HETrpaBUTALIMOHHO» 3JHEPIruu, OMNMCHIBAEMON MpaBoi
4yacTblo ypaBHeHMI DifHilTeiiHa. HeyueT aToro obcrosiTenbecTBa Mpu-
BeIeT JUOO K CHUHTYJSIPHBIM pelIeHUsM, JIMOO — TIpY MCIIOJIb30Ba-
HUU TPUOJVKEHHBIX METONOB — K IOSIBCHMIO PAcXOIUMOCTEl B
paaiMalMOHHBIX TOpsAKax NpubavkeHuil. bosee meraabHOEe paccMo-
TPEHUE M30JMPOBAHHBIX CUCTEM M PA3IMYHBIX ACTIEKTOB aCUMIITOTH-
yecku 1ockoro 1B ¢ mateMaTuyeckoii TOUKU 3peHUSI MOXHO HalTH
B [575, 594, 600]. dus acumnrorryecku Iutockux [1B ymaercs mony-
YUThb CTPOTME pPe3yJbTaTbl O KAau€CTBEHHOM TIOBEICHUU TIpaBUTALIM-

! TouHee, eCM ILIOTHOCTb SHEPIUM-MMIIYJIbCA HETPABUTALMOHHBIX IOJEH
JIOCTAaTOYHO OBICTPO YOBIBa€T Ha MPOCTPAHCTBEHHOIN OECKOHEYHOCTH.
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

OHHOTO TOJisI Ha 0€CKOHEYHOCTH (T0Jie U3TYyYeHUs) U J0Ka3aTb TeOo-
pPEMBI O TTOJOXUTEIbHOCTU SHEPTUU.

Crnengyer OTMETUTb, UTO TPAaBUTALIMOHHOE II0JI€ HEJOKAJIbHO, IT0-
9TOMY JJISl HETO HE CYILIECTBYET IJIOTHOCTU 3Hepruu. I1ocKojbKy 3TO
roJjie He SIBJISIeTCSl JIMHEWHBIM, HEBO3MOXHO BBIJACIUTH TOJHYIO €T0
SHEPruI0, €CJIM OHO He YOhIBaeT Ha OECKOHEUHOCTHU (T. €. CUCTeMa He
sIBJIsIeTCsl U30JupoBaHHOI). Ho mis1 acumnrotuuecku 1iockoro I1B
9HEprusi — BIIOJIHE OMpeaeeHHasl COXpaHsoLasics BEIUYUHA.

IMockoabky 3(hGEKTUBHO M3IydYeHHE IJIATCS KOHEUHBIA IpoMme-
KYTOK BPEMEHM, aCMMIITOTMKA METPUUECKOTo TeH30pa Ha OECKOHeu-
HOCTH (B COOTBETCTBYIOILEH CHUCTeME KOOPAMHAT) OO0 M IIOCJIE U3NIy-
YEHHUSI JTOJDKHA OBbITh MOJOOHA CIIy4yal0 CTaTUYeCKoi cucteMbl. M3BecTHO
[510, 550, 557], uTO MpU OTCYTCTBUM M3IYYECHUS MMEHHO 3Ta aCUMII-

TOTHUKA OIIPEACTIACT SHEPINIO-NUMITYJIbC CUCTEMBI P*. U3 (I)I/IBI/I‘{CCKI/IX

coo0OpaxeHUil BeKTOp P* MoJDKeH OBITh BPEeMEHUIIOMOOHBIM (OTHO-
CHUTEJIbHO METPUKU Ha OECKOHEYHOCTH, KOTOpasi CTPEMMUTCSI K METPU-
Ke MHMHKOBCKOI0). DTO 03HAyaeT, YTO B COOCTBEHHOI CUCTEME OTcYeTa
M30JIMPOBAaHHON TPaBUTHPYIOIIEH CHCTEMBI 3TOT BEKTOP MMEET JIUIIIb

OIHY HCTPMBUAJIbHYIO KOMITOHCHTY P e TTOJIOKUTCJIIbHYIO 3Hep1'I/IIOI.

B ciydae miockoro npoctpanctea P = 0.

Ha mporsckennm 1970-x romoB mmpo0iieMa  TTOJIOXKUTEIBHOCTA DHEP-
MY TPAaBUTAIIMOHHOTO IIOJISI TIPMBJIEKAja BHUMAaHWE MHOTUX BBIIAIO-
LIMUXCSl CHELMATMCTOB MO MaTeMaTuyeckoi ¢usuke. JJ0BOJbHO CI0X-
HOE pelleHne 3Toi ImpobjieMbl HaxoauMm B padotax Illona m o [385].
boiee mpocTtoe n0Ka3aTeabCTBO MOJOXUTEIBHOCTA SHEPTUM TIpUBENE-
Ho Butrrenom [451]. DT pabOThl CTUMYJIMPOBAIU Psii UCCISAOBA-
HUIA MateMaTuuecKoro xapakrepa [95, 329, 594], B ToMm uucie B CBsI-
3U C pa3IMYHbIMKA BapUaHTaMU A0KAa3aTeJIbCTBA IOJOXUTEIbHOCTU
9HEPIUM.

st moucka TOYHBIX pelleHuid ypaBHEHUI DiiHIITeliHa, pa3pabort-
KU TIpo0JIeM TPaBUTALMOHHOTO U3JIYYEHUs] M OPYTMX OOJBIIYIO POJIb
coirpayia anredpamdeckas kinaccudukanms A.3. IlerpoBa rpaBuTany-
OHHBIX Tosieit [576] (cm. Taxke [577, 578]). D1y kiaccuduKkainio
yI00HO paccMaTpuBaTh B TEPMUHAX TaK Ha3bIBa€MbIX IJIAaBHBIX (CBeE-

TOIoA00OHBIX) BeKTOpoB [ebeBe /* (cM., Hampumep, [530, 546]). Ilo-
CJIeTHME OTIPEACIISTIOT KaK PeIIeHUsT aJire0pandeckoro ypaBHEHUS

' B OTO cyLIecTBYIOT IIPUMEPBI METPHUK C OTPHMLIATEIbHON €HEPTUEil, HO OHM
HE COOTBETCTBYIOT (DM3UYECKMM YCJIOBUSIM Ha TEH30p SHEPrUU-MMIIyJIbca B Mpa-
BOI YacTW ypaBHEHMI DUHIITeITHA.
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2.2, 06109 TeOpUst OTHOCUTENBHOCTH

1.Copal P =0, (2.19)

rae

1 1 1 1
Coprio = Ropys _ingss +§Ra6gsy +§Rﬁyga6 _ERﬁSgav +

1
+8R(gm,gﬁs ~ 8u58p,)

— TeH30p KoH(opMHOI1 KpuBU3HBI Beitaa [577, 578], a kBagpaTHbIe
CKOOKM BHHM3Yy 0003HAYarOT aHTUCHUMMETPHU3AINIO TI0 COOTBETCTBYIO-
M uHaekcaM. HanomunM, uto C,; TIEPEXOAUT B TEH30P KPUBU3HBI

Pumana B obnactu, rae npaBasi 4yacTb ypaBHeHUi (2.18) paBHa HyJIIO.
B obmiem ciydae CymIecTBYIOT YeTBIpe Pa3HBIX pELIeHUs YpaBHEHUS
(2.19), torma IIB mpunamiexut tuny I mo IlerpoBy. JIBa peleHus
ypaBHeHus (2.19) MoryT coBmagaThb WM, YTO 9KBUBAJIEHTHO, MOXET
CYIIIeCTBOBATh HETPUBUAIBLHOE PelllcHUe YPaBHEHUS
s _
[ Copsl° = 0. (2.20)
ITo ITerpoBy, mpocTpaHCTBO-BpeMsl MpuHamiexuT tumy II, eciu
CYIIECTBYET JIMIIb OAHO pelieHue ypaBHeHUs (2.20), wau tuny D (ot
«degenerate») MpU YCIOBUM CYIIECTBOBAHMSI IBYX HE3aBHUCHUMBIX pe-
weHuit (2.20). Eciam coBmagaloT Tpu pellieHus: ypaBHeHus (2.19)
WINA, YTO SKBUBAJIEHTHO, CYIIECTBYET pellleHNe YpaBHEHUS
s _
Cosl'l° =0,
TO 3TO MPOCTPaHCTBO-BpeMs NpuHaaiexut tuny II1 mo Ilerpoy.
Ecau coBmagalor Bce yeThipe BekTopa lebGeBe WM CYILIECTBYET
peuIeHue ypaBHEHUS

C

apyd

I’=0,

TO TIPOCTPAHCTBO-BpeMsl TpUHALIeXKUT Tuily N (oT «nully). Jlamb-
Helilllee BBIPOXKACHWE BO3HUKAET MPU mepexoie K KOH(MOPMHO-TIIOCKUM

B, mnst xortopeix C,p5 = 0.

Hanuure wusnyyeHWs W30JIMPOBAHHON CHUCTEMBI OIPENEISIOT,
aHAJOTMYHO KJIACCUYECKOM 3IEKTPOAMHAMUKE, C TTOMOIIBIO ACHMIITO-
TUYCCKOI0 ITIOBCACHHS Ha HpOCTpaHCTBCHHOfI 0ECKOHEYHOCTU BIOOJIb
M30TPOITHBIX reome3nueckux. Kak ormevanocs Beie, 8 OTO nsomm-
pOBaHHOﬁ CUCTEME COOTBETCTBYET aCUMIITOTUYCCKHU IIJIOCKOEC HB B
3TOM ciydae cripaBemmmBa TeopemMa Cakca [366] o paciiueruieHuu,
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

COIJIACHO KOTOPOi TEH30p KPUBMU3HBI I'PABUTALMOHHOIO MOJISI BAOJb
M30TPOIHON Teole3udyecKoil MOXHO TpeACTaBUTb B BUIE pasioxke-
HUSA TI0 OOpaTHBIM CTEIIeHSIM PACCTOSIHUS F OT Havajla IIPOCTPAHCT-
BEHHBIX KOOPAMHAT, KOTOPOE HAXOAUTCS BHYTPU CUCTEMBbI Macc:

0
R - Lopss + Uaps + H(DZQBVS MLg,6 + Nogs (2.21)
r r r r r

afys T 5 4 2 ’

rae cuMBodnbl 1, 11, III, N 0603Haya1oT 4eThIpeXUHAEKCHBIE TEH30PhI,
KOTOpbIE UMEIOT CUMMETPUM TeH30pa PumaHa B mycTOTe U COOTBET-
crByior Tunam Ilerposa I, II, III, N, a I — HekoTOpOMY ClieLMaIb-
HOMY CJIy4dalo mepBoro tumna [576—578]; 3TM TeH30pBl B KaXIOM
cjlaraeMoM He 3aBMUCAT OT pacctosiHust r . M3 dopmynsl (2.21) Bua-
HO, YTO Ha OOJIbILIMX PACCTOSIHUSIX JOMUHUPYET CTPYKTypa TeH30pa
KpUBU3HBI TMna N. 3aMeTUM, YTO aHAJIOTMYHBIA pe3yJabTaT MOXHO
MOJIyUUTh, paccMaTpuBasl cliydyail cjiaboro u3iayyeHusi B JIMHEHHOM
npuonamxkenuu OTO.

2.3. HEPELLUEHHBIE NPOBJIEMbI OTO
2.3.1. CunrynapHoctu 8 OTO

YepHble ABIPbI HE M3JYyYalOT W MPOSIBISIOT Ce0s JIMIIb
rpaButauroHHo. ITostomy YJI oOHapyXuBalOT IO KOCBEHHBIM IIpU-
3HaKaM. Permaroineit siBsieTcsl OlleHKa MacChl HEBUIMMOTO OOBEKTa.
ITpssMO MOXHO HaOIOAATh TOJBKO aKKPELMOHHbIU aucK Bokpyr Y/I.
IToaToMy, CTpOro roBopsi, He UCKJIIOUEHO, YTO YaCTh M3BECTHBIX HaM
kaHauaaToB B YJI MoryT Ha camoM jejie oKa3zaThCs elle 0ojee 3K30-
TUYECKHMMU PEISITUBUCTCKUMMU OOBEKTaMU — TOJILIMUA CUHTYJISIPHOC-
tamu (I'C) (naked singularity). Cpeay TOYHBIX pellleHUid ypaBHEHUIA
OHHIITEHAa €CTh Takue, KOTopble omnuchiBaioT IIB ¢ ykazaHHbIMU
0CcoOeHHOCTAMU (CM., Harpumep, [546]). B ommmune ot YJI, cBoiicTBa
KOTOPBIX 3aBUCST JIUIIb OT TPeX MapaMeTpoB — MaccChl, YIJIOBOTO MO-
MeHTa U 3apsina, 'C MOTyT UMETh CYIIECTBEHHO pPa3Hblii BUI U CBOM-
ctBa. Cpeau HUX €CTb U TaKue, KOTOpbIe €ABa U COOTBETCTBYIOT pe-
aJIbHO CYUIECTBYIOIIMM OOBEKTaM, MOCKOJbKY MMEKOT OTPULIATEIbHYIO
maccy uiau B I1B BOKpyr HUX CYILIECTBYIOT 3aMKHYTbIE BPEMEHUIT0100-
HbIE Treofie3nYecKue JUHUU. B mociaenHeM ciydyae HaOaroaaresb, KO-
TOPbIIA CBOOOJHO ABMXKETCS 1O TaKOH MMPOBOU JIMHUU, OKAXETCS B
COOCTBEHHOM MPOILLJIOM, HapylluB, TaAKUM 00pa3oM, MPUHLIMI TpU-
YyUHHOCTHU. [Togo0OHbIe pelleHus1 OPTOAOKCaIbHbIE (DU3UKU CUUTAIOT
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2.3. HepeweHnbie npo6nemsi OTO

Hedusmueckumu. K HuM oTHocutcsd u I'C, KoTopas omuchIBaeTcs
MU3BECTHOI MeTpukoil Keppa nmpu HEKOTOPBIX COOTHOIIEHUSX MEXIY
mapamerpamu (cm. 1. 6.1.1). Ho cpean muoxectBa I'C ectb u coBcem
IpYyrue peuieHMs], KOTOpPble HE WMMEIOT KaKUX-JMOO MaTOJOTMUYECKUX
CBOMCTB. MOTYT i1 OHU ObITb peaibHBIMM KOCMUYECKMMMU OOBbeKTa-
mu? JIng orBeTa 1eiaecoodbpasHo paccMmorpeTh Takue I'C moapoOHee.

Yto Takoe cuHryaspHocTb BooOue? B OTO — st0 o006nacts,
UMelolasi 0ObIMHO HYJIEBOI 4YeThIpeXMEpHbIA 00beM, B KOTOPOM KOM-
MOHEHTHI TEH30pa KPMBU3HBI U €r0 MHBApPUAHTBI CTAHOBSTCSI OECKO-
HeyHbiMu'. C TOYKM 3pEHUsT MATEMATUKMA 3T CUHIYJIAPHOCTU HE
npuHamiexar K I1B, mostoMy MX CBOICTBa, He Tpuberas K MpenejbHbIM
nepexojaM, omnucaTb cJ0XHO. Ho uyeTblpexmepHasi runeproBepx-
HOCTb, KOTOpasli HaXOIMTCSI OECKOHEUYHO OJM3KO K CHUHTYJISIPHOCTH,
yxe mnpuHamiexutr IIB u MoxHo ompenenuts ee Tvumn. Eciau takas
TUIIEPIIOBEPXHOCTh MPOCTPAHCTBEHHOMOAO0HAa, TO M OCOOEHHOCTb
Ha3bIBaeTCsl MPOCTPaHCTBEHHOMOA00HOM. [IprMepoM Takoil ocoOeH-
HOCTH SIBJISIIOTCSI KOCMOJIOTMYECKasl CUHTYJISIPHOCTh (poxaeHue Bce-
JIEHHOI) U 0COOEHHOCTU BHYTpU He3apsikeHHbIX Y/I. B aTux ciyuyasix
HaOmogaTe b, KaK Obl OH HE ABUTAJICS, MPUOIKAETCS WIM OTHAJISICT-
csl OT MPOCTPAHCTBEHHOMOAOOHON CHHIYJISIPHOCTH BIOJb BPEeMEHHOI
KoopauHaTel. Eciv runeprnoBepXHOCTh, KOTOpasi OECKOHEUHO Ou3Ka
K CHHTYJSIPHOCTH, BPEMEHUIIOJ00Ha, TO Mbl MMEEM JieJlo C Bpeme-
HUIOAOOHOU CUHTYISIPHOCTBIO. JIBUraThCs MO HAMpaBlIeHUIO K TaKO
CUHTIYJISIPHOCTH HYXKHO BIOJIb MMPOCTPAHCTBEHHOI KoopAuHAaThl. Eciu
Ha HEKOTOPBIX CBOMX YJacTKaxX TaKasl JIMHUS TIPUOIMKEHUST CTAHOBUTCS
BPEMEHUIIONOOHOM, TO BPEeMEHUIIONO0HAsI CHHIYJISIPHOCTb OKpYXeHa
YETHBIM YHCJIOM TOPU30OHTOB COOBITMIM M OTHAJEHHBbINM HabJomaTesb
HE MOXET 3aperuCTPUpPOBaThb CUTHAJBI, KOTOPBIE WAYT OT BPEMEHM-
MOJOOHON CHHTIYJISIPHOCTH, TaK KaK MX He IMPOMYCTUT ropu3oHT. Ta-
Kasi cuTyallusl ciyvaeTcs, Harpumep, B 3apsbkeHHbIX Y], eciaum mx
3apsii He TMpeBbIIAeT WX Maccy (B €IWHUIAX, B KOTOpbIX ¢ =1,
G =1). Ecnu n1uHus Ha BCeM IMyTU OT BPEMEHUMNOMOOHON CUHTYJISIP-
HOCTM K TIPOCTPAHCTBEHHON OECKOHEYHOCTUM OCTAeTCSl MPOCTPAHCT-
BEHHOITOJOOHOM, TO 3Ty CUHTYJISIPHOCTbh Ha3bIBalOT TOJIOM.

I'C ormmuatorcs ot Y Tem, 4To moOCJIeIHUE MMEIOT TOPU30HT, a
nepBble — HeT. [loaTomMy HaGmomaTenb, KOTOPbIA CBOOOAHO MagaeT
Ha I'C, TeopeThuecku MOXeT B J000K MOMEHT — A0 TOMaJaHusl B
CHHTYJISIDHOCTb — yOexkaThb OT Hee monajibiine. KoHeuHo, mas 3TOro

' PaccMatpuBaioT ellie M APYrHe, TaK Ha3bIBAeMble MATOJOTMYECKUE OCOBEH-
HoctH [601], HO MBI He OyaeM MX ceiiuac ONMMChIBATh.
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

Hallo UMEThb PAaKeTy C MOIIHBIM IBUraTejeM, MpUUYeM IpearoaraeT-
Csl, UTO TIPUJIMBHBIE CUJIbI, KOTOPble OECKOHEUHO BO3pacTamT MpU
npuonmxkenun k I'C, ewe He pa3opBaiu HaOdOAATENs] Ha KYCKM.
Ecnu xe yenosek magaer Ha Y/, To mocie mepeceyeHUs TOPU3OHTA
OH yX€ HE MOXET BO3BPAaTUTHCS U JOJIKEH MPUOIMXKATHCS K CUHTY-
JIIPHOCTU, HECMOTPSI Ha MOIIHOCTb IBMTaTeNsl pakeTbl. Kpome Toro,
KaXIblii ymajJeHHbId HaOmonateab MoxeT BuiaeTh ['C (orcioma u
MPOUCXOJUT €€ Ha3BaHUE).

IMpu Hanmuuuu I'C MBI yke He MOXeM MOCTaBUThL 3amady Koim
IUTSL OTIpeaesieHYsT 3BOIOLIMK BceeHHOM Mo ee TPOIIUTBIM COCTOSTHUSIM,
T. €. HEBO3MOXHO IIpeacKasbiBaTh Oymyiuee. Ilo kpaliHeit mepe, 10
CHX TIOp HEM3BECTHO, KaK BBOJAWTH IPAHWYHBIC YCJIOBUS HA CUHTYJIS-
pHocTu. TakuMm 00pa3oM, HeNlb3sl UCKIIOUNUTh, uTo U3 I'C MoxXeT u3-
JIydaTbCsl MaTepus B JIIOOOM BHIE, BIMSIS TaKUM 00pa3oM Ha Oymyiiee
Bcenennoii. IlocmemMm ycnoKOWTh IIpUBEPXKEHIIEB (PaHTAaCTUKU —
XoTs cBoiicTBa I'C 4yeM-TO M HAaIOMMHAIOT «IIOpTajl B MHOM MUpP», U3
TakKoil OCOOEHHOCTHM HE MOTYT MOSIBUThCS OpPAbl TMPUILIEIbLEB WU
YepTH C BWIAMU, TaK KaK OECKOHEYHbI€ MPUIMBHbBIE CUJIbI PA30PBYT
Ha 3JeMeHTapHble YaCTULbl U MPUILIEIbLEB, U YepTe, U BUJIbI.

2,3.2. Tmnote3a KOCMMYECKOW LieH3Ypbi

HeBo3MoxHOCTh TTOCTaHOBKM 3amaum Koim, T. e. He-
BO3MOXHOCTb JelaTh KOPPEKTHBIE IIpeACKa3aHusl, SIBISIETCS OYeHb
HEyIOOHBIM OOCTOSITENILCTBOM B (u3uke. st odecriedeHUST «aCUMII-
TOTUYECKOU TpeackazyemocTu BcenenHoit» P. Ilenpoys [330] Bbia-
BUHYJ TaK Ha3blBaeMbIii TPpUHLMI KocMmuuyeckoil ueH3ypsl (ITKII,
Cosmic Censorship Principle), coriacHo koTopomy Ji1000il mpouecc
KoJIjiarnca MoXeT 3aKOH4YUThes oopa3oBanueM YJI, Ho He I'C. B aTom
cayyae Hu ogHa I'C He moxer cyuiecTBoBaTh Bo BceneHHoil. OTme-
M, yto TTKII siBnsiercst ToabKo rumnore3oi. M xoTsa omyOaukoBaHa
YK€ He OJHA CTaThsl, aBTOPBI KOTOPOI YTBEPXKIAdu, YTO OHU JTOKA3a-
mu win onpoBeprii IIKII, mmpobiema ero cripaBeaIMBOCTH OCTAa€TCs
OIHOU M3 (pyHAaAMEHTaIbHbIX HepeleHHbIX 3aaay OTO.

DTy npobiieMy TPYIHO PELIUTh MPU aHAJTUTUYECKOM WJIU YUCIIO-
BOM PAacCMOTpPEHUM Mpolecca KoJjiaanca u3-3a CJI0XHOCTH pacueToB,
HEe3HaHUSl YpaBHEHUSI COCTOSIHMSI CBEpXIUIOTHOW MaTepuyd U BCeX
MPOLIECCOB, KOTOPbie MOTYT IPOMCXOAUTH IMPU KOJUIarice, BKIIIOYas
KBaHTOBOE HU3JIy4YeHME, MOJSIpU3alvio (PU3NYecKoro Bakyyma u T. II.
Ha nHam B3risga, Haubosee TepCeKTUBHBIM HAIlpaBJIEeHUEM HCCIIEN0-
BaHus IIKII saBnsieTca ucciienoBanue cBoiictB camux ['C. Kak 6bu10
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BBISICHEHO, HeKoTopble TUlbl ['C uiIu BOOOILIE HE MOTYT O0Opa3oBbI-
BaThCsl TyTeM KoJjuiarica Wjid, 00pa3oBaBIIMCh, OCTaHABJIMBAIOT 3TOT
KOJIJIAIIC.

Otkygna ke MoryT nosiButbesi 'C? Bo3aMOXHO, HEKOTOPBIE U3 HUX
MOIJIM OBl POAUTBLCS BMecCTe co Bceil BcenmeHHoli B mpouecce bosb-
moro B3pbiBa. Ho ceifyac acTpoHOMBI YBEpEHBI, UTO BCSI M3BECTHAs
HaMm BcesieHHas 3aHMMana 10 MHGJSILIMOHHON CcTaauud 00beM, MEHb-
LU 9eM y aToMHoro siapa. BepositHocTh Bo3HUKHOBeHMsT ['C B TakoMm
MajJioM o0beMe, MO-BUAMMOMY, MPEHEOPEXKUMO Majla, U Mbl HE Haiimem
Bo BceneHHoil Hu omHoli I'C, KoTopasi cyiiecTBoBajia B JOMHQISILIU-
OHHYIO 3py WM poawiach 0bl BMecTe co BceM KocmocoM. MoxHO,
OIHAKO, TPEAIOJI0XUTh ApYyroil crnocod obpazoBaHust I'C BcaeacTBue
KoJIJIarnca CUJIbHO HECMMMETPUYHOW WM OBbICTPO BpalllalolIeiicsl KOH-
durypanum.

Baxnoii cocrapnswoiieit usydyenus ITKIL saBasiercss mpobiiema
knaccudukanmu pasubix TunoB I'C. He octaHaBnuBasch Ha AeTalsX,
MIPUBEIEM OCHOBHBIE pe3YJIbTAThl, TOCTUTHYThIE B 3TOi objactu. B
pabote [321] ObulO HaiineHo Haubosee oOOlIee pellleHUuEe YpaBHEHUI
OitHireliHa Bodsie ['C 1 BooOILe BO3JIe BPeMEHMIIOAOOHBIX CUHTYJISIP-
HocTeit, B [322] oHO OBLIO CIIMTO ¢ OOWIMM pelueHueM beanHcko-
ro—JInpmumna—XanatHukosa [52, 500] Bosie MpoCTpaHCTBEHHOIIO-
IOOHBIX cUHTYIsipHOCTel. [Tpobnema nmpu aHanuze cBoiictB [1B ¢ I'C
COCTOMT B TOM, YTO METpMKa 3alucaHa B HEM3BECTHON CUCTEME KO-
opaMHaT U aHanu3 cBoicTB [1B BkIIOYaeT aHaau3 CHUCTEMbl KOOPIU-
HaT TOYHOTO pelneHus. s ompeneseHNsT TUIIa UCTOYHNKA TpaBUTA-
muonHoro 1oyt B I'C 6wt paspaboran meron mauarpamMm [570]. Ero
npuMeHeHue K mpocTtbiM Mpumepam I1B ¢ I'C nokazano, 4To Kpome
OOBIYHBIX TOYEYHBIX M JIMHEMHBIX MCTOYHUKOB BO3MOXHBI M COBCEM
npyrue tunsl I'C co cBoiicTBaMM, KOTOPBIE HEBO3MOXKHBI B OOBIYHBIX
MPOCTPAHCTBAX C KOHEYHOW KpuBU3HOH [570]. DTU CUHTYJISIPHOCTU
OBIIM Ha3BaHBI MapagoKcaabHBIMU [567]. OKa3aioch, YTO GOJIBIIMHC-
TBo I'C, KOTOpBIE HE BpalllalOTCsI, B 3aBUCUMOCTH OT IapaMeTpOB OT-
HOCSTCSA K TOYEYHBIM OCOOEHHOCTSIM C OTpUIIATeJIbHON Maccoi (Ha-
npumep, usBectHoe peienue IBapimmnabia ¢ m < 0), JMHEHHBIM
HWCTOYHMKAM C TIOJIOXKUTEJIbHOM Maccoil M TapagoKCaJbHbIM CHHIY-
nsgpHocTsaM [570]. B mocaegHux macca He TOJBKO MOJOXMTENIbHA, HO
ee JIMHelHasl TUIOTHOCTb JOJDKHA IPEBbIIIATh OMNpPEACJEHHBbIA Mpe-
nenbHbI ypoBeHb. M3-3a atoro takme I'C He Moryr oOpa3oBaThbCst
HEMOCPeNCTBEHHO MpH KoJjuiarce. ToyeuHble e UCTOYHUKU C OTpU-
LIaTeJIbHOM Maccoil M3-3a TpaBUTAlLIMOHHOTO OTTaJKWBaHUS OCTaHO-
BUJIM ObI Tipoliecc Kosutarica. [ToaTOMy 3TOT TUIT TakKe HE MOXET
obpazoBaThcsl TIpU KoJuiarce.
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Biusnue BpaieHust O6bI10 McclienoBaHo B [568]. Okaszanoch, 4TO
Nnpu JIo0oM cinaboM BpallleHUuM Bodjie JuHelHbiXx ['C mosBistoTcs
3aMKHYTbI€ BPEMEHMIIOAOOHbBIE MUPOBBLIC JIMHUM, CBUIETEIbCTBYIOIIME
0 HapyleHWH NPUYMHHOCTU U He(U3MUECKOM XapaKTepe 3TOro pelie-
Husa. Ho ¢ ¢usnueckoit Touku 3peHust 3T0 He coBceM Tak. Ecim I'C
MMeeT Maccy, OoJibllle MIaHKOBCKOM (MHAaye ee HEBO3MOXHO paccMa-
TpuBath B paMkax OTO u Hamo kmaTh pa3pabOTKM KBAHTOBOI TeOpUU
MPOCTPAHCTBAa-BpEMEHM), TO 3TU 3aMKHYTbIE Te€ONe3WYECKUe JIMHUU
HaXoIsATCSl Ha PACCTOSIHMSX, MEHBIINX IJIAaHKOBCKOM MMHBI, oT ['C.
IToaToMy Bce 3aMKHYTBIE BPEeMEHUIOAOOHbBIE MUPOBBIE TUHUU HAXO-
ISITCS B 00J1aCTH, T HEBO3MOXKHO MPUMEHUTh 3aKOHBI COBPEMEHHOM
Gu3nKu.

CyuiecTBeHHOE BiMsiHME Ha TN U cBoiicTBa ['C MMeloT HerpaBu-
TalOHHBIE TT0JIsI, UICTOYHUKOM KOTOpPbIX cayxkuT ['C. Bo MHorux ciy-
yasgx HaTPSKEHHOCTh TaKMX TOJIe CTAaHOBUTCS OECKOHEYHOM BOJM3U
I'C u MBI He MoOXeM IpeHebperath uUx BausHueM Ha [1B. BnusiHue
HEKOTOPBIX MOJIEl paccMOTpeHo B pabotax [325, 567, 571].

B cuipHOM, a 4acTo M MepeMeHHOM BO BpEeMEHHU TI'paBUTALIMOH-
HOM II0JIe MPOUCXOISAT KBAaHTOBbIE 3(GMEKTHI, TaKMe KaK pOXIECHHUE
rnap yacTulia-aHTUYACTULIA WU Moasipu3aius (pu3nueckKoro Bakyyma,
KOTOpbIE MOTYT CYILLIECTBEHHO TOBJMSATh Ha X0 KoJsuiarnca. Eciu KBaH-
TOBbIE TIOTEpU OSHEPruy Osiarofapsl M3AYYEHUIO Map U WM3MEHEHUIO
9HEpPruM Bakyyma OyayT OOJIbILIMMM IO CPaBHEHMIO C BBICBOOOXIae-
MOM TpaBUTALIMOHHOM SHEPrUEM, TO XOI KOJUIAllCa MOXET 3aMEIJIUThb-
¢ HACTOJIbKO, YTO HECMMMETPUYHBIN KOJIJIAIC yCreeT CUMMMETPU30-
BaTbCS M 3aKOHUYMTHCST oopa3oBaHueM YJI, a He I'C. OueHb CHIbHBIE
IMOTEPU 3HEPIUM MOTYT Iaxke OCTaHOBUTH KoJjularic. Kak rmoxkazaHo B
[323], mpu Kosarice MacCUMBHOM 3apsiKeHHOH 000J0YKM KBAaHTOBBIE
MOTepU Ha HECKOJbKO JECSITKOB TMOPSAKOB TMPEBbIIAIOT TMOJHYIO
9HEepPruo 00ojouku. IloaToMy Kosutaric He 3aKOHYUTCSI 00pa3oBaHU-
em I'C Peiicnepa—HopacTpema. OH 3amMeqIMTCs HACTOJBKO, YTO 3a-
psii 000JIOUKM YMEHBIIUTCS M3-3a KBAaHTOBOTO POXIEHUS 3apsiKeH-
HBIX Map YacTUIA-aHTUYACTUIIA B CUJILHOM 3JIEKTPUUYECKOM T10JIe BO-
Kpyr o0O0JIOYKM M, KaK CJIeACTBUE, oopa3yercs 3apspkeHHass Y. Om-
Hako B OIHOM W3 HauboJjiee WMHTEPECHBIX ciayyaeB JUHeWHbIx ['C
KBAHTOBBIE MOTEPU MPAKTUUECKU OTCYTCTBYIOT [324].

M3 npoBeeHHBIX WCCIeNOBAaHUI BUIHO, YTO TIPU MPOBEPKE CIIpa-
BeayBoctu T1KII HeoOxomumo cocpemorounThes Ha AByx Tumax I'C.
3HauMTeNbHbII MHTEpeC BbI3bIBAET Haubosiee OOLIMiA KoJiebaTeabHbIi
i1t [321]. Ho ObicTphle M3MeHeHMs T0IsE BO BpeMEHU M IIPOCTPAHCTBE,
OYEBUIHO, MOTYT BbI3BaThb CHUJbHOE KBAHTOBOE M3JIy4€HUE, MOLIHOCTb

42



2.3. HepeweHnbie npo6nemsi OTO

KOTOPOTO, K COXAaJIEHUIO, TSKEJIO0 pacCUMUTaTh. DTO UBJTyYEHUE MOXET
MOBJIMSTh Ha X0 KoJularca, CUMMETPU3UPYsl €ro HaCTOJIbKO, YTO 00-
pasyercsa UJI. Tem He MeHee BTO MPEATOJOXEHUE ellle TpebyeT nera-
JbHOTO aHanu3a. JIuHeiHble 'C He MCHBITHIBAIOT BJIMSIHUSI KBAHTO-
BbIX 3(h(eKTOB, HO 3TO pellieHue He siBisgeTcss oouum. [ToaToMy Bce
OTKJIOHEHHUSI OT aKCUaJIbHOW CMMMETPUMM B paclipeiesieHUM KOoJuUlam-
cUpyIolLIEeil MaTepuu UM ee HeDOoJIbllIoe BpallleHUWe MOTYT BO3pacTaThb
BO BpeMsl KoJularca, Bo3Mylast MeTpuky I1B. Dot ciydail Takke Tpe-
OyeT JaJbHENIIero UCCIeqOBaHMSI.

Ecmu TIKII paxe OymeT ompoBeprHyT M OymeT mokasaHo, yto I'C
MOTYT OOpa30BbIBAThCSI, ATO MPUBEIET K HOBBIM Borpocam. Hampu-
Mep, OyIeT M 3BOJIIOLIMOHMPOBaTh obpazoBaHHasl I'C, uaMeHss1 pas-
Mepol U popmy? Byner au 3TOT Mpolecc COMpOBOXAATHCS KaKUM-TO
nanyuyeHuem? Kak Oymer mBuratbess I'C Bo BHeIIHEM TIpaBUTALMOH-
HOM T10JIe — IO T'e0Ae3UYeCKOi JTMHUM, KaK BCe OOBIYHBIE Teja, WU
Kak-To uHaye? M Moxer au B mpoiiecce sBomonuu I'C «omeTbesi»,
T. €. npeBpatutbcs B YII? Tlpumep Takoro «oieBaHUsI» KEPPOBCKOM
I'C npuBeneH B crathe [569]; 3mech paccuyuTaHO, IPHM KaKMX Maccax
U yrioBeix MoMeHTax I'C ycreroT «0meThCsl» 3a BpeMsl CYLIeCTBOBa-
Husg BceneHHOIA.

2,3.3. CkanspHbie nons
B OKPECTHOCTM KOMNAKTHBIX 061eKTOB

BaxHblii 1 10 KOHIIA €llle HEBbIICHEHHBIA BOIPOC Ka-
caeTcsl poJiM KOCMOJIOTMYECKHX T0JIeil, KOTOpble MCIOIb3YIOT AJIs1 TOTO,
yTOOBI BBECTU MHQIISILIMOHHBIN 3Tam paciuupeHus BcemenHoit [553]
WM X€ MOJYYUTh AMHAMUYECKUE MOJCIM TEMHOW SHEPruu, KOTopas
obecIteyrBaeT COBPEMEHHDIN 3Tar KOCMOJIOIMYECKOTO YCKOpeHus [369].
Cy1ecTByeT 0OJIbIIOE KOJIMYECTBO TEOPUIl CKAJISIPHOTO TOJISI, YIOB-
JIETBOPSIIOLIMX UMEIOLIMMCST HaOIoAaTeIbHbIM JaHHBIM, KOTOPbIE MOX-
HO TMPUMEHSITh — YaCTUYHO WJIM MOJHOCTbIO — B3aMEH MOCTOSIHHOM
A [369]. MoxHO, HaIlpUMep, TTOCTPOUTh MOIECTN CKAJISIPHOTO TIOJIS,
obecrnieunBalolliMe B TOYHOCTM TaKylo K€ auarpamMmy XaoOsja, Kak B
obbruHoit ACDM-monenu [478]. 3amaua 3akiiroyaeTcs B IIOMCKE Orpa-
HUYEHUH, KOTOpble MOMOTJIN Obl OTOOpaTh HauboJiee MepCIIeKTUBHBIX
MpeACTaBUTEIEll BCETO «300MapKa» albTepHATUBHEIX TEOPUA U OTOPO-
CUTb HEXU3HECTOCOOHBbIe BapraHThl. KOHEUHO, rpaBUTALlMOHHBIE TEC-
THl B HE OYE€Hb CUJIbHBIX IOJISIX TATOTEHWS HAIOT OIpeneSieHHBIE Or-
paHWYEHUS Ha psii TEOPUIA C JOMOJTHUTENIbHBIMU MoasiMu [447, 593].
OaHako BITOJIHE BO3MOXHO, UTO T10JIsI, KOTOPbIE MIpajli OCHOBHYIO
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poJib B Meproa MHGJISLUHU, SIBISIIOTCS MPEeHEOPEXXMMO MajbiIMU B CO-
BPEMEHHYIO 310Xy M HMX BKJaJ Ha MHOTO TOPSIAKOB MEHbIIE, 4yeM
TOYHOCTb HaOJIIOIEHUS PENSTUBUCTCKUX 3(P(PEKTOB B NBUKEHUU TeJl
U pachpoCTpaHEHUM U3JIydeHusi. Takke eCTeCTBEHHO MPEArON0XUTb,
YTO CKaJSIpHblE WJIM JApYrMe MoJjisd, AEHCTBYIOIIME Ha KOCMOJIOTUYEe-
CKHMX MaclliTabax WJIM KOTOphble NEeHCTBOBaJd B OYe€Hb paHHel Bce-
JICHHOM, BpSII JIU MOTYT BAMSTh Ha (DU3MKY KOMITAKTHBIX acTpodu3M-
YeCKMX OOBEKTOB, Aaxke 00JIamarollMX OYEHb CUJIbHBIM I'paBUTAIlMOH-
HBIM MoJieM. B 3TOM KOHTEKCTe MHTEpEeCHBI OINpeaeeHHbIe 0COOeH-
HOCTU TIPOCTpPaHCTBa-BpeMEHHU, KOTOpble BO3HUKAIOT IJisl JIIOOBIX, B
TOM 4YMCJie OYeHb MaJiblX, CKaJIsIpHbIX ToJjeid. ITpumep Takux oco-
OCHHOCTEeI MoKa3bIBaeT CHepUUeCKU-CUMMETPUYHOE pellieHUe ypaB-
HeHU# DUHIITEHA ¢ 0€3MaCcCOBBIM CKAJIIPHBIM TTOJIEM.

Do peuieHue, moayyeHHoe B 1948 r. 1.3. ®duuiepom [596], GbL1oO
nepeoTKphITo uepe3 20 jeT B Oosee M3BeCTHOI Ha 3amage padore [215].
B pemenun @uinepa Kak YrogHO MaJloe CKaJIIPHOE II0JIe Kapau-
HaJIbHO U3MEHSIET CTPYKTYpPY IPOCTPAHCTBA-BPEMEHM B OKPECTHOCTHU
KOMITAaKTHOro 00beKTa U MpUBOIUT K nosineHuto I'C. [ToHsATHO, 4TO
caMo Mo cebe 3TOo ellle He O3HayaeT Hajuyue 3HaUYMMBbIX HaOJtoaaTe/lb-
HBIX 2((PEeKTOB B ABDKEHUM BEIIECTBA, OKPYKAIOIIETO CUHTYJISIPHOCTD.
Hanpumep, npu HeGOJbIIMX 3HAYEHUSIX MapaMmeTpa ¢ = 1 —¢q , xapak-

TEepPU3YIOILEero MHTEHCUBHOCTh CKaJSIPHOTO MOJIsI, paclpeacieHue yc-
TOMYMBBIX KPYTOBHIX OpOUT st MeTpuku Puirepa momoOHO aHajo-
ruyHomy pacnpeaeneHuto B noje Y IIsapimunbaa. Ho ysenuue-
HHUE 2TOro mapameTpa 10 ¢ >1/2 maer KauecTBEHHbIE pa3ivyMs, Ta-

KM€ KaK HaJu4dye OBYX 00JlacTell YCTOMYMBEIX OPOWT, B TOM YHCIIC
TaKUX, KOTOPbIC SBJISIOTCS KaK YrOAHO OJU3KWMU K CHHTYJISIPHOCTH
(cM. 1. 2.3.4). TlocnenHee MOXeT UMETh HaOJIOAATEIbHbIE TTPOSIBJICHMUSI.

HexkoropeimMu aBTOpaMu OBLIM TIOJYYEHBI PE3yJIbTaThl, KOTOPBIC
CYMMUPYIOTCSI MOJ Ha3BaHUEM <«T€OpeM 00 OTCYTCTBUM Bosioc» y Y/I.
DTO o3HayaeT, YTo Mmosie u3oaupoBaHHOU YJl He COAEPXUT MYJIbTH-
MTOJIbHBIX COCTABJISIIOIINX, KOTOPBIE OBl OTJIMYANIM PElIeHHe ypaBHE-
HUl DiHIITeHAa oT pemeHus llIBapuimmnbga B ciaydae cdepuue-
CKOM CHMMETPUM M B OOIIEM cllydyae — IIPW OTCYTCTBUM 3JIEKTPO-
MAaTHUTHOTO WJIM IPYTMX HETPaBUTAIIMOHHBIX TOJIEM — OT pelIeHUs
Keppa. Ilpu HecheprueckoM KoJaarce MYJbTUIONbHbBIE COCTaB-
JITIONINE M3TyJaloTcss Ha OeCKOHEYHOCTh MO0 yxomsat B YJI BMecTe ¢
KOJUTAIICUPYIOIIUM TEJIOM.

B Teopusix co CKaJSIpHBIM TOJIEM «OTCYTCTBUE BOJIOC» TaKXKe 03-
HavaeT OTCYTCTBME HEHYJIEBOTO PETYIISIPHOTO CKAISIPHOTO TIOJIST B OK-
pPeCTHOCTH 4epHOM AbIpbl. OmHAKO BO3MOXKHBI HETPHUBHAILHBIE DPeE-
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LIeHus1, onuchiBawolme YJI ¢ ToMmoMHUTETbHBIMU TOJISIMU, B YACTHOCTH,
B ciyyae mnojieit Aura—Muwuuica (cM., Harpumep, o630p B [98]), cka-
JIIPHOTO I0JIs1 ¢ HEMUHUMAJIbHOM CBs3bI0 [506] MIu mpocTo mpu He-
BBIMOJHEHUM ONpPENEEHHbIX OrPpaHUYEHUII Ha TMOTEHLMal CKaJsIp-
HOro 1oJjisg (Hanpumep, B pabote [483] moTeHU AN He SIBISIETCS TIO-
JIOXKUTENbHO-ONPEIeIeHHBIM U OTPaHUYEHHBIM CHU3Y).

[IpotuBopeyar M TeopeMbl 00 «OTCYTCTBUM BOJIOC» BO3MOXKHOCTH
COCYILIECTBOBaHMSI KOCMOJIOTMUECKOIO CKAJISIPHOTO MOJISt U YEPHBIX JbIP?
Ckopee Bcero, HeT. Bo-TiepBbIX, OTCYTCTBHE PETYJSIPHOIO CKaJsp-
HOTO TOJISI Ha TOPU3OHTE MOXKET O3HauaTh, YTO B MpoOLecce KoJiaarnca
3TO TI0JIE U3ITYYaeTCsl U CTPEMUTCS K HYJIIO, aHAJIOTUYHO MYJIBTUITOIbHBIM
COCTaB/SIIOLIMM TpU KoJlaarce Hechepuyeckoro Ttejaa. Bo-BTophix,
pe3yjabTaT 00 <«OTCYTCTBMM BOJIOC» TIOJYyYeH MpPU ONpeacJeHHBIX
MPEATOIOKEHUSIX 00 aCMMIITOTUYECKUX CBOMCTBAX (aCMMIITOTHYECKU
ILUTOCKOE MPOCTPAHCTBO-BPEMSsI, CTAllMOHAPHOCTH), KOTOPbIE B peaslb-
Hoil BceneHHOli, CTpOro roBopsi, He BBIMOJHSIOTCS. bosee Toro, B
pabortax [59, 203, 214] oTMeUeHO, UTO CKaJsIpHbIE IMOJISI HE UCUYE3AI0T
MpY HaJWYMK BHEILIHEro IoJsl M B ABOMHBIX 3Be3max. HakoHen, He
HWCKJIIOYEHO, YTO TOJIble CUHTYJISIPHOCTU BCE XK€ MMEIOT OTHOIIEHUE K
acTpoU3NYECKUX PeasisiM, XOTsI UX CYIIECTBOBAaHUE CBUICTEIIBCTBY-
€T 0 HeOOXOIMMOCTU MOIUGMUIIMPOBATh TEOPUIO.

2.3.4. Pewenne GPuwepa

PaccMorpuMm Oosee mompoOHO Oe3mMaccoBOe CKaISIpHOE
nojie ¢ narpawxkuadom L =(1/2)¢ ¢* . B ciyyae ueHTpaIbHOM CUM-

METPUHU 3eCh UMeEET MecTo pelneHue Puiepa [596] coBMecTHOI cH-
CTEMbl YPaBHEHUI CKAJISIPHOTO TMOJISI, KOTOPbIE OTCIOA BBITEKAIOT, U
ypaBHeHul DiiHIuTeiHa (cM. Takxke [215]). Ecau npeanosoxurs, 4To
CKaJISIpHOE TO0JIe B3aMMOIEMCTBYET TOJbKO C TpaBUTaLMEl, TO IS
n3ydyeHus: 3PPeKToB B ABUXKEHUM MPOOHBIX TeJ WU MPOOHBIX MoJeit
JIIOCTATOYHO 3HATh TOJBKO METpUKy. KBampar MHTepBama I pellle-
Husa @uinepa MOXHO TMPEACTaBUTh B chepudyecKux KOoopauHaTax
1,p,0,0 B BUIE

ds? = A(p)di* —[A(p)]" dp* - r*(p)dO* (2.22)
rae
_ q
dO’ = do’ +sin’ 0dg’ , Alp) = [—p P J , ) =(p-p) " (p-p)",
P2
0<g<l.
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be3s morepu oOmHOCTM moOJdOXUM p, = 0, nOpuyeM gp, =
= 2GM /c* >0, 4TO COOTBETCTBYET OOBIYHON ACUMIITOTUKE METPUKU
Ha TIPOCTPAHCTBEHHON OECKOHEYHOCTU C TIOJIOXKUTEIbHONH Maccoit
cucteMbl M . OTinyue ¢ OT €AWHUIBI XapaKTepU3yeT «CUJy» CKa-
JIIPHOTO TOJIs; 3HaueHWe ¢ =1 COOTBETCTBYET OTCYTCTBUIO CKassip-
HOTO MOJIsI, B 3TOM ciydae ItojiydaeM MeTpuky IlBapmmmisma. Ho
ecim ¢ =1-—¢ Kak yromHo Majio OoTiiMyaeTcsl oT eauHMubl (g > 0), To
CKJISIPHOE TIOJIE MIMEET JIOTapU(PMUIECKYI0 OCOOYI0 TOUKY TPU p =p, ,

T. €. CYIIECTBYET «(hH3MUecKass» OCOOCHHOCTh CHCTEMBbI M peIIeHUe
HE MPOJO0JIKAETCS HAa 3HAYEHUS p < p, .

DTa 0COOEHHOCTD SIBJISIETCSI «T'OJIOK»; B YACTHOCTH, JIETKO BUIETh,
YTO BPEMS PaCNpOCTPAHEHWS CUTHAJIOB MO PAaAUyCy OT TOUKH p = p,

K yaajJeHHOMY HaOJronaresilo KoHeuHo. Takash KoH(pUrypalusi He sB-
JIsieTcs YepHoi ablpoil. BMecTte ¢ TeM M3-3a Majoro & pacrnpenese-
HHUE KPYTroBbIX OPOUT Majo OTJIMYAETCs OT aHAJOTMYHOIO paclipeie-
neHust g Metpuku IBapuinwibaa. 3To BUIHO U3 (OPMYIbI s
3((HEKTUBHOIO MOTEHLIMANA IJI Ie01e3UIYEeCKUX:

U(p) = A(p)(p; r(p)+m),

MUHMMYMbl 1 MaKCUMYyMbl KOTOPOI'O COOTBETCTBYIOT paauycaM ycC-
TOUYUBBIX U HEYCTOMUMBBIX KPYrOBbIX OpOUT. 3aech n =0 miasg uzo-

TPOITHBIX T€OAE3UYEeCKUX, 1 =1 — IS BpeMEHUTIOAO0OHBIX; TTOCTOSTH-
Hasl p, OTPENENSET PalyC KPyroBOii OpOUTHI.

B cayyae usorpomnHbix reopesuveckux (m=0) npu 1/2<g<1
norteHunan U(p) MMeeT MakCUMyM IIpU p > p;, COOTBETCTBYIOLLMMA
HEYCTOMYMBOM KpyroBoil uzorponHoii opoure. [Ipu 0 < g <1/2 kpy-
TOBBIX OPOWT HET.

AHaju3 BPEeMEHUIIOJOOHBIX TeOAe3UYEeCKUX IJI1 MeTpuku (2.22)
npoBeaeH B [97]. B ciaydae BpeMeHUNOAOOHBIX reome3nyeckux (n=1)
mpu g =1/2 oskcrpemymbl U(p) Bosuukawor mpu p2 > (33 /8)p; .
YcroitunBble KpyroBble OpOMTHI JiexkaT B obmactu p > 3p, /2, Heyc-
TOiuMBBIE — B obsnact p, < p < 3p, /2. OTMETUM, YTO B OTJIMYME OT

nosg IIBapuinnibaa pagdycbl HEYCTOMYMBBIX OPOUT MOTYT JeXaTb
CKOJIb YTOJHO OJIU3KO OT TOYKHU p,, KOTOpas COOTBETCTBYET HYJIEBO-

My paauycy B KOOpAMHATaX KPUBU3H.
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B Gonee obuem ciydae mist n =1 3kcTpeMyMmbl 3¢h@GEKTUBHOTO
MMOTeHIIAaja

Up)=pap—p) ' p" 2 +(1-p, /p)

OIPEAEIIIOTCS KOPHSIMU YpaBHEHUS
Ax-q-1/2) = f(x,q9) (2.23)

OTHOCUTENIBHO X =p/p, > 1, roe
Sx,g) =x"(x -0, gA=2p, /pi >0, qe(0,1).

I'paduk pyskimm fx, g) uMeeT TOUKY Tieperuda, mpudeM f(x,q) ~
~ Xx* Tpu GOJBIINX X . YUUTbIBAs MOJOXEHME TOUKU x=¢g+1/2,
roe npsmast y = A(x —q —1/2) mepecekaeT och abCIMCC, TOTyJaeM,
YTO 111 (PUKCUPOBAHHOIO ¢ B 3aBMCUMOCTM OT mapameTpa A ypaB-
HeHue (2.23) MOXeT He UMETh PelIeHU WIKM UMETh OHO, ABa WIU TpU
peienus. s ¢pUKCMpOBaHHOIO ¢ OM(pypKalMOHHbIE 3HAYEHUS Mapa-
MeTpa A, TIpU Tepexoae Yepe3 KOTOpoe MU3MEHSIETCSl KOJMYECTBO pelle-
HMI, COOTBETCTBYIOT CJTydasiM, Korga mpsmast y = A(x —q—1/2) xaca-
ercs rpacduka dyHkuuu f(x,q) > 0. BeaeacTBue 3Toro MoXHO JIETKO

HalTU 3Ha4YeHUA MapameTpa A.
Ob6acTi KPyroBbIX OPOMT OMpenessioTcsl BeMmuuHamMu X,,.(q) =

E%(3q+li\/5q2 -1).

Hnst g e(1/2,1) uMeeM ycTOMYMBBIE KPYTOBble OPOUTHI C paauy-
caMu B obsnacti X, (g) < X <o W HEyCTOWYMBBIE OPOUTHI U3 00JIACTU

g+1/2<x<X,.(q).

Inst g e(1/~/5, 1/2) cyuectByer oGIacTb YCTOWYMBBIX KPYTOBBIX
opour {x:1<x < X,_(q)}, NpUMBIKalo11as K HyJIeBOMy panuycy r = 0,

MPOMEXYTOUYHAs 00JIaCTb HEYCTOMUYMBBIX KPYTOBBIX OPOMT C pamuy-
camu {x:X, (9 <x<X,,(9} m obOmactb YyCTOWYMBBIX KPYTOBBIX

opout {x:x>X,,(q)}.

Ipu g (0, 1/+/5) Bce KpyroBble OPGHUTHI SBISIOTCS YCTONYH-
BBIMM, UX pagnuychl IpuHamiIexar oojaactu r € (0,00) B KoOpamHaTax
KPUBU3H.
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2 OcHOBbI COBPEMEHHOM TEOPUM rPUBUTALIMM

OTMETHMM, 4YTO Ha BO3MOXHOCTb CYILECTBOBAHUS YCTOMYMBBIX
KPYTOBBIX OPOUT CKOJIb YTOJHO MaJIOrO paauyca B chepruyecKr-CUM-
METPUYHBIX KOH(MUTYpaALUSIX CO CKAISPHBIM IOJEM C HEHYJEBBIM MO-
TeHLMAJIOM CaMOJEHCTBUSI, HO 03 aHajau3a OrpaHUYEeHMIA Ha 3THU II0-
TEHLMAJbI, OBIJIO YKa3aHo B [591].

2.3.5. «KpotoBbie HOpbI» NPOCTPUHCTBA-BPEMEHM

OrnpenefieHHbI UHTEPEC BbI3bIBAIOT PEILLIEHUS YpaBHEHUM
DHHIITeHA, KOTOpble MMEIOT HETPUBUAJIbHYIO TOMOJOIUIO, — TakK
Ha3bIBaeMbIe <«UEPBOTOUMHEI» WU «KPOTOBBIE HOPBI», C TIOMOIIBIO
KOTOPBIX JIIOOUTEIN HAYyYHOU (haHTACTMKK COOMpPAIOTCs TMyTellleCTBOBaTh
B MapasuiesibHble BcesieHHble. Cpa3dy OTMETHM, YTO MOAOOHBIE PelleHUs
CBSI3aHBI C BeChMa K30TMYECKMMU CBOMCTBAMHU ITPAaBOM YacTH ypaB-
HeHUI DiHINTeiiHa, T. €. YacTU, KOTopas MMeeT HerpaBUTallMOHHOE
npoucxoxaeHue. I[ToaTroMy, cTporo roBopsi, mpodaeMy «4epBOTOUUH»
U «KPOTOBBIX HOP» HEJIb3s CUMTaTh (PEIIeHHOW WIIM He pelleHHOIT)
npobaemoit OTO. dopManbHO MOXHO MPUAYMAaTh, HAIPUMEDP, pUMa-
HOBO TIPOCTPAHCTBO M3 JIBYX YacCTeil, COCTUHSICMBIX <«UePBOTOUMHOI»,
MMOACTAaBUTh COOTBETCTBYIOIINI METPHUECKMI TEH30p B YpaBHEHUS
DiHIITeHA U TTOJYYUTh TEH30P SHEPIUU-UMITY/IbCA, UMEIOIUIA BeChMa
HEOOBIYHEIE CBOMCTBA. 3IeCh OCHOBHOI BOIIPOC COCTOMT HE B CIIpa-
BemmmBocTu ypaBHeHuii OTO, a B TOM, CyIIeCTBYeT JIA BOOOILE Ma-
Tepusl ¢ ITUMU 3IK30TMUYECKUMMM cBoiictBamMu? C apyroii CTOpPOHBI,
HCCIIeN0BaHUsI B 00JJaCTU KOCMOJIOTMHU YK€ OTKpbUTU stk [TaHaopbl
C TaKMMM «HEKAaHOHWYECKUMM» MOJIEISIMU, KakK, Harpumep, haHTOM-
Hble WIM TaxWOHHBIE TOJISI, KOTOphIe paHee MHTepecoBaId BeChbMa Or-
paHMYEeHHBIM KPYT MCClieqoBaTeleii.

PaccMmoTpuM B 3T0i CBSI3U MOJEIL «KPOTOBOI HOphI» [229, 315, 394],
Kotopas, no MHeHuto Kapnamosa, HoBukosa, Illaiikoro, MoxeT onuchbI-
BaTh MO KpaifHeil Mepe HEKOTOphIE TUIThI aKTUBHBIX TaJlaKTUYECKUX
sgaep. DTa Mofesib He SBISETCS OOLIENPUHITON, HO OHA MHTEpecHa,
MOCKOJIbKY 3[IECh PACCMaTPUBAETCS! LIEHTPAIBbHBINA OOBEKT, OTJIUYHBIN
OT YepHOI IBIpBL. B 3TOi Momenam TiaBHYIO poib B (pOpMUPOBAaHMHU
JIKETOB MIpaeT MOHOMOJIBHOE MarHUTHOE T0JIe «KPOTOBOW HOPBI» WU €€
OCTaTKa, a CYILEeCTBOBAaHME IXKETOB 3aBUCHUT OT BEJMUYMHBI MATrHUT-
HOTO IO, 31ech «KpOTOBasi HOpa» — YCJIOBHOE Ha3BaHWE ITPOCTPAHCT-
Ba-BpEMEHM C METPUKOM THUMa HakaeHHoU B 1935 r. DiHIITEHHOM U
PozeHom. D10 pellieHre, TMOIy4YMBIIEeEe Ha3BaHWE MOCTA DWHINTEHA—
Posena, B mIpocTeitiiieM ciayJyae OIMMCHIBAETCS METPUUECKUM TEH30POM
Moppuca—TopHa [290]. «KpotoBas HOopa» MOXET ObITh <«IIPOXOIHOI»
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2.3. HepeweHnbie npo6nemsi OTO

(6e3 Topu3oHTa COOBITUIN) WJIM «HEMPOXOAMMOI» (TOPU30HT CYIIECT-
ByeT). IlomoOHoOe pellieHMe ypaBHEHUI DifHIlTeliHA B BakyyMe 0e3
KOCMOJIOTUYECKOU TOCTOSIHHOW sIBiIsieTcsl HecTaOuiabHbIM [290], HO
MMPUCYTCTBME MAarHUTHOTO TIOJISI M A-4leHa MOXET KOPeHHBIM o0pa-
30M U3MEHUTH cuTyauuoo [229]. Moct DitHiuTeiiHa—Po3eHa Moxer
ObITb CTAaOWUJIBbHBIM, €CJAM MMEET JOCTaTOYHO OOJIbILIONM MAarHWUTHBIN
MOMEHT, KOTOpbIiA OyaeT INpeaoTBpallaTh €ro «pacrai» Ha ase Y/I.
Ecau ke MarHUTHBII MOMEHT HEZOCTAaTOYEH, TO <«KpOTOBas HOpa»
mpeBpatutcd B ABe YJl wim ABe TONBIE CHUHTYISIPHOCTH — OCTaTKHU
«KpOTOBOM HOpbI». MHTEpPECHO, UTO TaKOH OCTAaTOK MOXET UMETh
MOHOITIOJIbHOE MarHuTHoe moJje [315].

B Takoit Mogenn IKeThl (DOPMUPYIOTCS BCIICACTBUE BIMSTHUS MO-
HOIIOJIbHOTO MAarHUTHOTO MOJISI «KPOTOBOM HOpPBI» Ha 3apsKeHHBIE
YaCTUIIbl TJIa3Mbl, KOTOpasl akKpeLupyeT, OTAEJsIsl 4acTULbI C pas-
HBIMU 3apsiiaMy U YCKOpsisi UX B pa3HbIX HampasieHusix [315]. Pac-
CMOTpEHME aKKpeIlMM B MOMAENM TOHKOTO OMCKa BOKPYT <«KpPOTOBOIt
HOpPBI» TTOKA3aJI0, YTO TPU OJMHAKOBBIX 3HAYCHUSIX MACChl, CKOPOCTH
aKKpeIIMM M MOMEHTA BpaIlleHWSI OOBEKT, KOTOPBIN COOEPXKUT «KPO-
TOBYIO HOpYy», OymeT MMEeTb 3HAUUTEJIbHO OOJBIIYI0 CBETUMOCTh U
MOYTH Ha MOPSAOK OoJbluylo (PGhEKTUBHOCTL MPeodpa3oBaHusl IHEP-
Ty BelllecTBa B usnydeHue, yeM oobekT ¢ Y Keppa [188].






MOAUDUKALIUK
OBLLEV TEOPUU OTHOCUTESIbHOCTU
U «AJIbTEPHATUBHbIE» TEOPUU

Bcsikasi 4OKTpUHa npoxoguT Tpu aTana:
cHayasia ee atakyioT, 00bsB/sis abcypaHoOW,
r1OTOM A0ryCKaloT, 4TO OHa, O4EBULHO,
cripasefsinBa, Ho He3Ha4nTeJslbHa.

lpu3HaloT, HaKOHEL], €€ HaCTOSILLYIO BaXHOCTb,
n Torga ee rpoTuBHUKN

0oCrnapuBaloT HECTb €€ OTKPLITUS.

Yunbam Ixenmc

3.1. HY)XHO JIU MOAUOULIMPOBATb
TEOPUIO rPABUTALIUA SUHLLTEMHA?

Jlio0as pusuyeckass Teopus UMeeT CBOM I'PaHUIILI IpHU-
MeHuMocT, 1 OTO He sBISETCS HCKIIOYEHHEM. DTa
KHUTa TIOCBSILEHA MPOBepKaM M TMPWIOXKEHMSIM Kjlac-
CUYeCKO# (T. €. HEKBAHTOBOI) PEJISTUBUCTCKOI TEOpUU
TaroteHusl. TeM He MeHee, OTMETUM, 4TO, MO OOleMy
MHEHMIO, TEOPUsI TPAaBUTALIMOHHOTO TMOJISI B MEPCIEKTU -
B€ JOJKHA YYUTHIBATh KBAaHTOBbIE 3(pdeKkThl. BeposTHo,
MyTh K TakoW MoaudUuKallMy MpoJjieraeT yepe3 oObeau-
HEHHWE B €OIWHYIO CXeMy BceX (M3MYECKMX B3auMOmcii-
CTBUI: CUJIBHOTO, CJIa00To, 3JeKTPOMarHUTHOTO M Tpa-
BUTAIIOHHOTO.

OrnpeneneHHble HaMEKM O HEOOXOIMMOCTU MOJIV-
¢duxkaumit ectb B camoii OTO: 310 HalIMuue B TEOPUU
OIpeE/IEHHBIX CUHIYJISIPHBIX pElleHUl (KOCMOJIOryecKast
CUHTYJIIPHOCTD, «TOJIbIE CUHTYJISIPHOCTA», CM. TI. 2.3.1),
KOTOpbIE OTrPaHUYMBAIOT BO3MOXHOCTb M3y4yaTb (DU3U-
yeckue peaquu U IpefcKasblBaTh Oyayllee — JuMOO B
pamkax 3agauu Koy, 1M60 KaKMM-TO UHBIM O0pas3om.
OpHako B HacToslee BpeMs HAauOOJbIIUM CTUMYJIOM
s mMoaupuxkauuit OTO gBASAIOTCI KOCMOJOTMYECKHE
npo6iemsl. UMerolecss HabogaTeIbHbIE aCTPOHOMM--
yeckue JaHHbIE YKa3blBalOT Ha HEAOCTATOUYHOCTb Tak
HA3bIBAEMOW CTAHJAPTHOW KOCMOJIOTUYECKOW MOJICIIH,
kotopast 6azupyercss Ha OTO c moctosiHHOUM A. 3jaech
BO3HMKAIOT MpobieMa roOpu30HTa, IIpodjeMa IJI0CKOCT-
HOCTH, SHTPONUH U Hp. (cM., HatipuMep, [442, 516, 517,
524]). B yactHocTH, TIpobemMa roOpM30HTa COCTOUT B TOM,
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3 Mopudukaumum obiei Teopun OTHOCUTENbHOCTH U KCNIbTEPHATHBHDIE» TEOPUM

YTO HampaBJieHWsI Ha HeOe, KOTOpble pa3jinyaloTcsl Ha HECKOJBKO
rpajiycoB, B CTaHIApTHOW Mojeiau abCOJIOTHO He3aBUCUMBbI (MpU-
YUHHO-HECBSI3aHHbBIe). OTCIOa HEIOHSATHO, ITOYeMy 3HAYEHUSI TeM-
nepaTypbl peJUKTOBOTO U3JIYYEHMSI, KOTOPbIE PErUCTPUPYIOT C pas-
HbIX HaIpaBJeHUl, COBIAJalOT C OTHOCUTEJIbHOW TOYHOCTHIO BILJIOThH
1o 1073?

M3BecTHBIN TyTh K pelLIeHUIO 3TUX Mpo0JeM aaeT MHOISILMOHHAS
Moneib (cM., Hampumep, [442, 501, 516, 517, 553]), koTopasi onupa-
eTCd Ha MPEeIIoJIoKeHNUE O CYLIECTBOBAHMU CTaJUM OUYE€Hb OBICTPOTO
pacumpenust paHHei Bcenennoii. OqHako Mmoka o (pu3uKe 3TOil CTamaumn
MOXHO TOBOPHUTH JIMIIb B OOLIMX YepTaX U BbIAEIUTb NMPUOPUTETHYIO
TEOPETUKO-TIOJIEBYIO MOJE/Ib, 00ECIeUnBAIOLLYIO 3Ty UH(ISLIMOHHYIO
CTau10, JOCTATOYHO TPYIHO.

31ech BO3HMKAET HECKOJIbKO BOIPOCOB, B TOM UMCJE KacalolMXCs
oboomenunit OTO. besycnoBHo, HeoOxomuMo obObeauHeHne OTO u
KBaHTOBOI Teopur. OQHAKO HE MCKIIIOYEHO, YTO MH(QISLIMOHHLIA 3Tall
pacuvpeHus BceleHHON MOXHO omnucaTh B TEpMMHAX HEKBAHTOBOM
rpaBUTallMU, TeM OoJjiee, UTO Tpe/roaraeMble XxapakTepHble BpeMeHa
3HAUYUTEIBHO OOJIbIIE MIAaHKOBCKMX.

He ¢akr, yto onucaHue MHGIIUMOHHON cTaauu — Tmpodiiema
cyrybo rpaBuTalimoHHas. Kak u3BeCTHO, MHQJISALIMIO C MOAXOASIIUMU
MapamMeTpamMu MOXHO TOJyYUTb MoAO0poM (heHOMEHOJOTUYECKU BBOAM-
MOTO YpaBHEHUsI COCTOsSIHUSI. He MCKIII0ueHOo, 4To CYIIECTBYIOT Ipy-
rue, JOOIOJHUTEIbHbIE K M3BECTHBIM, (DU3MUYECKME TOJsi, KOTOphIe
MOKHO YCJIOBHO Ha3BaTb KOCMOJIOTMYECKWMMU TOJISIMU, MOCKOJbKY OHU
MPOSIBJISIIOTCS HA KOCMOJIOTUYECKUX MacllTtabax u B paHHeil BceneH-
Hoii. Takoit moaxoxn [262, 367, 456] co3BydyeH BBENECHUIO «OOJIBIION»
KOCMOJIOTMYECKOM TMOCTOSIHHOM, KOoTopasi obecreudT MHGISALM0n. Mbl
He 3HaeM, KaK BedyT ceOsl 1 OObIYHBIE TTOJISI B YCJIOBUSX CBEPXBBICOKUX
TUIOTHOCTEN SHEPIUM C YUETOM OObeAMHEHMS] B3aMMOJEHCTBUM U T. TI.

MoOXHO JIN CBS3BIBaTh «IOMOJHUTEIbHBIE» TOJSI C TpaBUTALlME?
Eciu OyneT mokaszaHo, 4TO 3T MOJIT UMEIOT YHUBEpPCAIbHBINA XapakTep,
T. €. OJWHAKOBO JEHCTBYIOT HA BCE BUAbl MaTepuu, TOTAA, MO-BUIU-
MOMY, MMEET CMBICI TOBOPUTb O MOAMMUKALIUSIX PEJISITUBUCTCKOMN
TEOpUM TATOTEHUS. B 3TOM IMOHMMaHMU KOCMOJIOTMYECKHUE ITpobIIe-
MBI CTUMYJIMPYIOT pa3padoTky moaudukanuit OTO.

Bo3MoxXHO, 4TO OOMOJHUTEIbHBIE TOJST SIBJSIIOTCS MPOSIBIIEHUEM
KBaHTOBO-TPaBUTALMOHHBLIX 3(P@dekToB. Ecin 310 Tak, To s TIO-
CTPOEHUS T'PaBUTALMOHHOTO KJIACCUYECKOIo ACWUCTBUS CIEAyeT MpU-
BJIeub TIOCTOsSIHHYIO IlaHka A, Torma B TEOpUMU €CTECTBEHHBIM 00pa3oM
MOSIBJISIIOTCSI TOTTOJIHUTEJIbHBIC pa3MePHbIe KOHCTAHThl — TJIAHKOBCKUE

52
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IUTMHA, BpeMsi, Macca. Bo3MOXHOCTb «KBaHTOBOTO» poxmeHUsT Bce-
JICHHON M3 BaKyyMHbIX (hIyKTyallMii paccMmarpuBaeTcsi B pabotax [152,
598, 599].

C apyroit CTOpOHbI, HOBbIE KOHCTaHTbI, B YACTHOCTM, KOHCTaHTa
JUTMHBI, MOTYT OBITH BBEIEHBI M3 MHBIX COOOpaskeHWIA, HE3aBUCHUMO OT
IUIAHKOBCKUX TapameTpoB. OTcioga BO3HUKAIOT 00OOILEHHBIE BhIpaXKe-
HMS U OCHCTBUS B TaK Ha3blBaeMOMl «MOAMGMUIIMPOBAaHHON TpaBu-
Tauuu» uan f(R) rpaButauuu (CM., Harpumep, ccoliku B [306, 409]).

Bmecto muotHoctn jnarpanxuana L, = C,R+C,, KoTopasl JiMHelHa

MO CKaJsIpy KpMBU3HBI R, paccMaTpuBaioT Ooyiee 0OIIyI0 (YHKIUIO
L = f(R), xoTopast MOXeT OBITh JIaXe HeaHATUTUICCKON (pyHKIMeH R,

Wi emie OoJyee OOIIyI0 (PYHKIMIO WHBApHMAHTOB TEH30pa KPWUBU3-

HbI, Harpumep L = f (R, R, R*, RaBVSR“BYS). 3aMeTHM, YTO CYILECTBY-

€T OompeAeeHHOe COOTBETCTBHE MEXITYy MOIM(HUIIMPOBAHHON TpaBHTa-
el u crangaptHoit OTO co crneuMagbHbIM TUIIOM CKaJISIPHOTO TMOJIS
[409, 516].

[MonynsipubiMu Moaudukanusmu OTO gBASIOTCS TEOpUM C NO-
MOJHUTEJIbHBIMU U3MepeHUsIMU. B psine paboTr Habmomaemyio Bce-
JIEHHYI0 paccMaTpuBaloT Kak (3+1)-moBepXHOCTb, «OpaHy» (TepMMH
«bpaHa» — MHOTOMEpPHOE 000O0IleHNE, IPOUCXOIsIee OT CI0BA «MEM-
OpaHa»), KoTopas BJIOXeHa B MHOTOOOpa3mne 00Jjice BEICOKOI pa3Mep-
Hoctm [271, 368]. B momxomax tmma Kamymei—KieitHa [175—179]
JOTIOTHUTEIbHBIE M3MEPEHUS CYMTAIOT «KOMITAKTU(UIIMPOBAHHBIMIT»
T. €. OHM MMEIOT OYeHb MaJblii MaciTad W BCIEACTBHE 3TOTO HEHa-
0JII01aeMBbl.

ITonpoOGHEIi 0030p MOMCKOB B 00JaCTU TpaBUTALIMKA MOXHO HAWTU
B pabore [102]. X KOHEUYHOI1 LIeJIbIO SBISETCSI OOBEAMHEHUE DPEIsi-
TUBUCTCKOI TEOPUU TATOTEHUSI C Teoprel Ipyrux GyHIaMeHTaTbHBIX
B3aUMOJENCTBUIA, KOTOPOE€ MOXET IPOSCHUTb CTPYKTYpPY TEMHOI
SHEPryMM U, B KOHIIE KOHIIOB, NMPOMCXOXAeHVEe Hallleil BceseHHON.

3.2. HEMETPUYECKWE
OBOBLLEHUA TEOPUU TATOTEHUS

3.2.1. MotuBbl 0606LLEHMIH

Llenecoobpa3Ho mpoaHaaM3UpoOBaTh BO3MOXHOCTH MO-
mudukamuiit OTO Ha 0a30BOM ypOBHE, CBSI3aHHOM C M3MEHEHHEM
MOJIEJIM TPOCTPAHCTBAa-BpEMEHU. DTO HEOOXOAMMO Kak IJIsl TJIaHM-
pOBaHUSI MPOBEPOK TEOPUHU, TaK U JJIsI MCCIAeNOBaHUSI TpaHUL] ee
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NpUMeHUMOCTU. BaxkHbIM 111aroM Ha 3TOM IIyTU OBLIO HCCleIOBaHUE
KJacca METPUUYECKHUX TEOpHii, KOTOpPBIC IS CJIAbOTO IO MOXKHO
OIMcaTh B paMKax TaK Ha3bIBAEMOTrO IapaMeTPU30BAHOIO IOCTHBIO-
toHoBckoro (ITITH) dopmanuizma (cM. m. 4.2.1) [593]. Dtu Teopuu
VIOBJICTBOPSIIOT TIPUHIINITY SKBUBAJICHTHOCTH; B 3TOM KJIacCe TEOPHiA
MHTEPIPETUPYIOTCST PE3YJIbTATHl psiia «HEHYJIEBBIX» DKCIIEPUMEHTOB.
OpHako 4TOOBI PAcCMOTPETh 3TOT KOMILIEKC MpobiaeM ¢ Oojiee 1u-
POKMX TO3WMIINIA U aTh TEOPETUUIECKYIO OCHOBY IJISI aHAJM3a IPOBE-
POK HMEHHO TIPUHLIMIIOB 3KBUBAJIECHTHOCTH (cM. IT. 2.1.2), HyXeH
aHanu3 HemeTpuuyeckux Moaudukauuit OTO. Takux Teopuii cyuiecT-
BYeT O4eHb MHOTO, WX TIOJIHBIN 0030p MBI HE MPUBOAMM, a OTPaHM-
YUMCS JIMIIb OOLIMM OOCYXI€HUEM MPOOIEMBI.

I[MpuMepaMyn HeMETPUYECKMX TEOPU SABISAIOTCS ahGUHHO-MET-
pUYeCcKre TEOPUH, B KOTOPBIX HApSIy C METPUUCCKUM TEH30pOM HC-
MoJIb3yeTcsl HemeTpudeckasi ah@uHHasI CBSI3HOCTb, TEOPUM C HECKOJb-
KNMJ METpMKaMM Ha MHOTrooOpa3uy IpocTpaHCTBa-BpeMeHHM [448], a
Takke uHCIepoBbl 00001meHss OTO [496, 586]. Merpuko-aduHHEIE
o0oomenus OTO Bo3HMKAIOT €CTECTBEHHBIM OOpa3oM B paMKax Ka-
JIMOPOBOYHOIO MOAX0Aa K MOCTPOSHUIO TEOPUM TpaBUTALIMU (CM., Ha-
npumep, [171, 172, 535]).

®duncaeposbl 0600meHus OTO, onuparoliyecs Ha COOTBETCT-
Bywoiyio mMoaudukanuio CTO, mpuBiekaloT BO3MOXHOCTbIO MOOM-
GUUIMPOBATh PENATUBUCTCKYIO KUHEMATHKY IIpU OYEHb BBICOKMX
ckopoctsx [280], kak 3TO MpeanojiaraeTcsl B HEKOTOPBIX MOAX0Jax K
KBAaHTOBOI TpaBHTAllMKU. B nurepaType 0OCYXIarOTCS TECTBI, C TIO-
MOIIBIO KOTOPBIX MOXHO OOHApYXWUTh WU OTBEPrHYTh HEKOTOPHIE
HeMeTpudeckre 3(P@eKThl, TakKne KaK IBOMHOE ITy4eIpeIoOMIICHIE
CBETa MpHU PacIpoCTPaHEHUM B IpaBUTALIMOHHOM mone [342]. Hauum-
Hast ¢ u3BecTtHOro 7THep-popmammama [446, 593], HeMeTpudecKue
00001IeHUSI TPUMEHSIIOT IJIsI MHTEepIpeTalli Pe3yJIbTaTOB MPOBEPOK
MPUHLIUIIOB 9KBUBAJCHTHOCTU.

Kak 6buto oTMeueHo B 1. 2.1, BO BCeX METPUUECKUX TEOPUSIX
MMEETCS YHUBEPCAJIbHBINA aJrOPUTM, C IOMOIIbLIO KOTOPOIO aBTOMA-
TUYECKU MOJYyYaloT YpaBHEHMUS JEKTPOAUHAMUKU U APYruxX (usnye-
CKHUX TI0JIelt Ha (hOHE TPAaBUTAIIMOHHOTO, a TaKKe COOTHOIICHUS IUTS
JIOKaJIbHO HAOMI0JAaeMbIX BEJIMYMH, C YYETOM KOTOPBIX MOXKHO aHa-
JIU3UPOBaTh pe3ybTaThl MPaKTUYECKU Bcex U3MepeHuil. B HeMeTpu-
YEeCKMX TEOpHUSX, KOTOpBIe HE COAepXKaT IMPUHIUINA, aHAJIOTMYHOTO
MOCTYJaTy JOKAJIbHOM JIOPEHLIEBOCTH, IJIsl TIOJHOM (prU3MUecKoil Kap-
TUHBI HEOOXOAUMO aHAJIM3UPOBATh YPaBHEHUS IJISI KaXI0ro (pusuude-
CKOTO TIOJISI B OTACIBHOCTH.
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3.2, Hemetpuueckue 06061LeHUS TEOPUH TATOTEHUS

IMocnenoBarenbHasi rpaBUTALIMOHHAS TEOPUST JOJDKHA YAOBIETBOPSTH
KPUTEPUIO HOAHOMDBL, T. €. COAEpXaTb pelenTbl MOAU(UKALUU BCeX
YPaBHEHMII TEOPEeTUYECKON (DM3MKM MIpU ydeTe IpaBUTALMK. B mepByro
oyepeab peub UAET 00 YpaBHEHUSIX INEKTPOAUHAMUKU U YpaBHEHUSIX
IBDKEHUS TeJI M CIUIOLIHOM cpenbl. BmecTe ¢ TeM ociabjieHue Io-
CTYJIATOB METPUYHOCTU JOJDKHO COXpaHUTh Haubosiee (GyHIAMEH-
TaJlbHbIe TPeOOBaHUS CaMOCOINIACOBAHHOCTU U cooTBeTcTBUsA ¢ OTO
B OoIlpeesieHoN obacTu siBieHuid [593].

3.2.2. Bpems n ypaBHeHus ABUXEHNS NPOGHbIX TEN
B GUHCNEPOBON TEOPUU

Ilpexne Bcero paccMoTpuM (DMHCIEPOBO 000OIIEHNE
TEOpHUIi TpaBUTALIMU, KOTOPOE MPEACTaBIsSETCs, BO3MOXHO, Hanboee
€CTeCTBEHHBIM, KOT/Ia UAET peub 0 MOAMMHUKAIINA METPUIECKON TEOPUU
I1B. B sT0ii Teopuu auddepeHuran WHTEpBaJia ONpeaesieTcsl MoJio-
KUTEJIbHO-OIHOPOIHOK (popMOIi MepBoii cTeneHu 1o dx':

ds = O(x,dx) . 3.1

Ha Ttpaektopuu x(p) ¢ mapameTpoMm p mis nuddepeHiana codCT-
BEHHOTO BpeMeHU uMeeM (¢ =1)

dt = O(x,X)dp, X = d—x; (3.2)
dp

yYCJI0BUC OAHOPOAHOCTH o0ecrieunBaeT HE3aBMCHMMOCTh BBIYMCIICHUS

COOCTBEHHOIO0 BpEMEHM OT BblOOpa mapamerpa p. B ciayyae pumaHo-
BOW METPUKU

q)metr(x’ x) = {g“vxuxv }1/2 . (3.3)

HN3MepeHre BpeMeHHM, OYeBUIHO, HE MCUEPITLIBAET BCEX BO3MOXK-
HBIX M3MEPEHMIT HaOIIOgaeMbIX BeJIMUYMH. B yacTHocTH, WISt Teope-
TUYECKOIO OINKMCAHUs TFeOMETPUYECKUX U3MEPEHUI HEOoOXOaMMO 3a-
JIaTh CMOCOO BbIYMCIAEHUS YIJIOB MEXIy HaIlpaBlIeHUSIMU, T. €. aHa-
JIOT METPUYECKOIo TeH3opa. B 0000ILIeHHOM TEOpUM TATOTEHUSI STOT
TEH30p MOXHO MOJy4YuTh U3 opMbl (3.1) Tak, KaKk U B (DUHCIEPOBOM
reomerpun [586]:

107 @ (x*,)° ’
Gpv (Xa,yﬁ) = E% . (34)
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ODTOT METPUUYECKUI TEH30P 3aBUCUT HE TOJILKO OT TOYKM X*, HO W OT
HanpasieHus Bektopa y°. Takas 3aBUCMMOCTbL TpeOyeT (PU3MYECKOi
uHTepnpeTaiu. OArH U3 BO3MOXHBIX MTOIXOJOB COCTOMT B TOM, YTOObI
3a1aTh BEKTOPHOE Moje )P (x“) W MHTEPIPETUPOBATh €ro Kak IoJje

CKOPOCTH CHCTeMBI oTcueta [496, 586]. AnbTepHATUBHEIN TTOIXOI,
HAIlPUMEpP, COCTOUT B TOM, YTOOBI MHTEPIIPETUPOBATH )" (x“) KakK

HEKOTOPOE KOCMOJIOTUYECKOE MOJIE.

s aHanu3a HabMoaeHU HEOOXOAUMO BBECTU YPaBHEHUS BJi€K-
TPOAMHAMUMKHN, KOTOpble 0000I1al0T ypaBHEHMS MakcBeJiia Mpu Ha-
auyuu (puHcaepoBoir Metpuku (3.1). DTo, B CBOIO OYepedb, BiEUET
3a co0O0li aHaJIM3 BCEX aCTPOHOMMYECKMX HAOIIONEHUI U CUCTEM OT-
cyeTa, CBSI3aHHBIX MPSIMO WIM OMOCPEICTBOBAHHO C pacIpOCTpaHEHM-
€M D3JIEKTPOMArHUTHOTO M3aydyeHMsl. Bo3HuKaeT OoJIbIloe KOJIMYECTBO
BapUMaHTOB, OCOOEHHO B IJIaHE PACCMOTPEHUsT HAOJIONAEMbIX BEJIMUYMH.
Hanpumep, mist uamepeHusi BpeMeHU Majio ykKaszaTb ¢opmy (3.1),
HEeoOXOAMMO PacCMOTPETb KOHKPETHbIE MOJAEIM YacOB M CIOCOOBI
CpaBHEHMSI UX OTCUYETOB. JIelCTBUTENbHO, €CM B METPUUYECKON TeOo-
PUM BCE Yachl B JIOKAJIbHO-JOPEHLIEBOI CUCTEMe UAYT OJIMHAKOBO, TO
MpU OTCYTCTBUU 3TOTO CBOMCTBA MOXHO OXMIAaTh Pa3HOCTb ITOKa3a-
HuUii', HarpyMep, BOAOPOIHBIX MM LE3MEBBIX CTAHIAPTOB YACTOTHI U
reHepaToOpOB, CTAOMIM3MPOBAHHBIX CBEPXIIPOBOMSAIINM PE30HATOPOM.
B cBA3M ¢ 3TMM OXHUM M3 BO3MOXHBIX IMyTeil TEOPETUYECKOTO MC-
CJIeOBaHMS SIBISIETCS] MCIIOb30BaHKE TPUOIMXKEHHBIX (heHOMEHOJIOTH-
YeCcKMX CXeM, IO0A00HO HemeTpuueckoMy 7 Heu-bopManusmMy wWin
KCIIOB30BAHUIO MTApaMeTPU30BAHHBIX JIarpaHKnuaHoB [342, 446, 593].

B kauectBe mpocroro mpumepa cBsbkem ¢dopmy (3.1) ¢ narpaH-
KMaHOM IIpOOHOM 4YacTullpl. IlycTh mpoOHOE (TOYeYHOE) TeJO C He-
HYJIEBOI Maccoil MOKOsI ABVIKETCSI B IpaBUTaLlMOHHOM MoJjie. [To aHa-
snorun ¢ OTO ecTecTBEHHO BBECTU YpaBHEHUS ABUXKEHMS Teja ¢ MO-
MOILIBIO MHTErpaja IeACTBUL:

S, ~ [ ®(x, X)dp . (3.5)

DTO NOBOJBHO CWIBHOE MPEAINOJOXKEHUE, KOTOPOE NAET BO3MOXK-
HOCTh CPaBHMBATb PE3YJIbTaThl M3MEPEHMI BPEMEHU U Pe3YJIbTAThI
CJIeXXeHHUs 3a TpaeKTOpUusiMu Tea. B io0oM ciiyyae cieayeTr oXuaaTh,

yto BeimuuHa @O?(x,X) OyZeT Majao OTINYAaThC OT KBAaAPaTUUHOI

' OTMeTHM, YTO CYIIECTBYIOIIWE OSKCIEPUMEHTHI HE ITOKA3bIBAIOT TaKOM
pasHocTu xona (cMm. 1. 4.1, [423, 424]).
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dopMbl @, (x,X). OTKIAObIBAas BOMPOC O CIOCOOE BBIYUCIECHUS

HabJI0JaeMbIX BEJIWYMH, BBISICHUM, MOXHO JIM OTJWYWUTH YpaBHEHUS
NBIKEHUSI, KOTOPhIE COOTBETCTBYIOT HeicTBMIO (3.5), OT ypaBHEHMIA
reoJe3uYeCKrX JUHUN, KOTOPbIe COOTBETCTBYIOT HEKOTOPOMY METpU-
YECKOMY TEH30pY:

S, = [ L,(x,x)dt, L, =-mc*{g, 5x"}/?,

roe x* =dx" /drt.

ITycts {x"} = {ct, X}, TO€e  — KOOpAMHATHOE BpeMsl B ONpEAc/IeH-
HOI cucTeme, KOTopasl SIBJISIETCS aHAJIOrOM OapuLEHTPUYECKON CHUC-
TeMmbl oTcueTa 1151 CONIHEYHOUM CUCTEMBbI; V = dX/df (TOKOMIIOHEHTHO

Vo= dx' /dt , i=1,2,3) — oOblYHasl TpexMepHasi CKOPOCTb ABUXKECHMUSI
MPOOHOTO Teja, KOTopas B aCTPOHOMUYECKUX SIBJICHUSIX Maja IIo
CpPaBHEHMIO CO CKOPOCThIO CBETa: |v| << 1. Ilonarag p = t, uMeeM

| =8 = 2 [goo +2g,V' +g,.jv"vf]. (3.6)

2
(dsj dx* dx’
Bo Bcex 5KCIIEPUMEHTAX, KOTOpblE IUIAHUPYIOTCS B OJMKaiiliem
oynyiuem B COHEYHOM cUCTEME, BBIMOIHSIOTCS YCIOBUS

g;,w ~ npv; |g0[ |<< 19 | v |<< 1 .

HennaronanbHble WieHbI METPUKU CBS3BIBAIOT C TpaBUMAarHUT-
HBIMM 3¢ deKTaMMi, KOTOPhIe BO3ZHUKAIOT BCJICACTBUE BpAICHHS HC-
TOYHMKOB TpaBUTAaLIMOHHOTO Tojisd. Ouenka 3tux 3ddekroB B OTO
JlaeT BechbMa Malble BeJIWYUHBI (cM. T1. 4.2.3). [losToMy g TUIMY-
HBIX CIy4aeB BKJIAI JIMHEHHBIX IO CKOPOCTSIM WICHOB B KBaIpaTHBIX
CKOOKax maxke MEHbIIE, YeM KBaIpaTUIHBIX.

CpaBauMm (3.6) ¢ KBagpatoM BeldWYWMHBI @D(x,X%) = O(x,1,V)

(p = 7). PacknanpiBas 110 MaJIbIM BEJIMUMHAMU V', 3aMTUCHIBAEM
2 02 2
D° = Dy + Dy, . 3.7
31ech MEPBOE ClaraeMoe 0ObEIMHSET YWIEHBI 10 BTOPOTO MOpsAAKa 1o V'
BKJIIOUUTEJIBHO:

0h) = ©(1,0)+ 0} (610 L4 Z0l, (L0, (38)
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e (D2 :ﬂ 2 aQﬂ
Vi 5

o, " ov,0v;

1 T. O., @ BTOPO€ — OCTaJIbHbIC YJICHBI

pasJIoKeHUsI, B KOTOPOM OTPaHUYMMCS WIEHAMHU YeTBEPTOro IMOpsIIKa:

V. V.
V'Cgvk+lq>2 (x,1,0)%. (3.9)

4' viv.,-vkv,

1
2 2
Oy 5% (5 1.0)

OTtcroga BUAHO, YTO JUIST BBISABIACHUSI HEMETpUUeCcKUXx 3((HEeKTOB HAI0
BBIMTH 3a paMKU KBaIpaTUIHOTO TPpUOIMKeHUS. [efCTBUTEIBHO,
€C/IM OTPaHUYUTHCS YJE€HAMH, KBaIpPaTMUYHBIMU IO CKOPOCTSIM, TO
IIJIST TIPOM3BOJIBHOM (DUHCIIEpOBOit (POPMBI MOXKHO TTOHOOpaTh METPH-
YeCKUI TEeH30p ¢ KOMITOHEHTaMU
_ 2 _ 1 2 _ 1 2
gOO(x) =0 (X,I,O), 8oi = Eq)"i’ gij = Eq)v,-,vj 5 (310)
TakoM, 4To BeJMYMHA @ B 3TOM NMPUOIVIKEHUU COBIANAeT C BbIPaXKeHU-
eM (3.6) w1t COGCTBEHHOIO BpEMEHM MPOOHOM YaCTULBI B HEKOTOPOii
MeTpuyecKor Teopuu. JlaqbHeWIlnii BOMpPOC B TOM, COOTBETCTBYET JIU
oHa OTO wm HeT, cBoaUT Tocaedytouee paccmorperue K TTITH-dop-
MaJIU3My, KOTOPBIi IETATbHO M3y4eH (CM., Harpumep, [446, 448]).
PaccMoTpeHue ykaszaHHBIX BOIIPOCOB TOJIE3HO T10 KpaitHeil mepe
IJISI TOro, 4YTOObl CPaBHUTh pa3Hble SKCHEPUMEHTBHI U OMNpeAeUTh
HamboJlee ONTUMAaNbHEIC ITyTH VIS TOJYYEHHS OILIEHOK IapaMeTpOB,
KOTOpBIE OIpEAesIIoT HeMeTpuueckue 3¢pdekthl. Tak, MOXHO IIpo-
BepsATh opmyny (3.2) ¢ TMOMOIIBIO TIPSIMOTO M3MEPEHUSI BpPEMEHU
WIM YacCTOTBl B IPaBUTALIMOHHOM mojie. /o cux mop Hambojiee TOYHbIE
MPOBEPKU PEISITUBUMCTCKOTO CIOBMTa YacTOTHI MPOBOIMIUCHL B ITOJIE
3emnu. B nmpoekte CoTHEUHOro 30HAa paccMaTpUBAIOTCS U3MEPEHMUS
TPaBUTALIMOHHOTO CIABHTA YaCTOTHI HA PACCTOSTHUU 7 TIOPSIAKA UYEThI-
pex paguycoB ConHia. B aToM ciydyae MOXHO TpoBepUTh 3(h(eKThI

2
4 2
~ViVro/r mn (rgO/r) , Toe r,, =2GM, umerolme 31ech mopsi-

nok 10713,

OpHako coriacHo (3.5) uieHbl, KOTOpPbIE OTBEYAIOT 3a CABUT Yac-
TOTBHI, BOBHMKAIOT M B MTOCTHBIOTOHOBCKOM TIPUOIKEHUN IS ypaB-
HEHUI IBWDKEHUS MPoOHOro Tema. OHU BIMSIIOT Ha TaKOM PEeJISITUBHUCT-
ckuit 3¢ dexT, KaK Mpereccus Mmepureus MiaHeT, B YyacTHOCTH Mep-
kypusi. [ToaToMy uaMepeHHe BpeMeHU O€3 TPaeKTOPHbIX HaOMIOIeHUI
He IaeT HOBOM MH(OpMalMKU C TOUYKM 3PEHMS IOMCKAa BO3MOXKHBIX
OTKJIOHEHUM OT MeTpUYHOCTU. Bripouem, xoTs mnpeamnojoxeHue (3.5)
LIEJIMKOM IIPUEMJIEMO C TOUKU 3pPEHUS COBPEMEHHBIX TEOPETUYECKUX
MpeACTaBICHUI, €ro TaKXKe Hano IPOBEPATh.
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JonoaHuTeNbHbIE BO3MOXHOCTU IS TEOPETHMYECKMX COIOCTaB-
JICHUI BO3HHUKAIOT MPM MOCTPOSHUN KOHKPETHBIX MOJENeil m3mMepe-
Hug BpeMeHM. Hemerpuueckue momnpaBku B aeiicTBumu (3.5) maior
BKJaJ U B KBAHTOBbIE YpaBHEHUsI ABVKEHUSI, T. €. BIUSIOT Ha BeJIU-
YUHBI MePEXOJ0B MEXIY COCTOSIHUSMU B aToMe Bojopoaa u T. I. Ta-
KUM 00pa3oM, M3MEpUB CIBUI YacCTOTbI, MOXHO HE3aBUCHMO OlIe-
HUTb OTKJIOHEHHUS OT METPUYHOCTU. AHAJIOTMYHBIE TTPOBEPKH MOXKHO
MPOBOAUTL C IMOMOIIBIO CPaBHEHUsSI XOJa pa3HbIX TUIIOB YacOB, pas-
MEIIIEHHBIX B OIHOI J1abopaTOpuu.

OTMETHM, YTO TMOCTpOeHHE (PEHOMEHOJOTMYECKOro HeMeTpuye-
ckoro dopmanu3Ma ISl TIPOBEPOK TEOPMU TATOTEHUS MOXET OBITh
OCHOBAHO Ha TMapaMeTPU30BAHHBIX YPAaBHEHMSIX JABMKEHMSI, KOTOPHIE
BO3HMKAIOT, HalpuMep, IPU MUCIIOJIb30BAHWM YCIOBUI TPHOIMKEH-
HOIl JIOpEHII-UHBAPUAHTHOCTU IS TTOCTHBIOTOHOBCKUX JarpaHxXua-
HOB (CM., HarpuMep, [512—514]).

3.2.3. Hemetpuueckne 0606L1eHMs Teopum
NPOCTPAHCTBA-BPEMEHN

B nanbHeiiiieM paccMOTpEHUM OrpaHUYMMCS JIMILb TeMU
HeMmeTpuiyeckumMu 000601eHussMu OTO, KoTopble MOXHO OXapakTe-
pU30BaTh Kak eeomempuueckue. Kak v B ciydyae METPUYECKUX TEOPUIA,
MpUHUMAEM, YTO Modeavio IIB SIBIIsSIeTCSI YeThIpEXMEPHOE MHOTOO0Opa-
3ue M, a rpaBUTAlMOHHOE B3aUMOJEHCTBUE MOMEIUPYETCS] €r0 TeoMeT-
PUYECKOI CTPYKTYpOi. DTO CO3MAET ONpPENEIeHHYIO OCHOBY ISl obecrie-
YeHMSI MOJIHOTHI U CaMOCOIJIacoBaHHOCTHU. [Ipum mpumeHeHUM OoJiee
CJIOXKHBIX, YeM PMMaHOBa, FreOMEeTpUil OOBIYHO BO3HMKAET HECKOJBKO
BO3MOXHOCTE! MoAUMUKALIMU JTIOOOTO0 U3 OCHOBHBIX YpaBHEHU (bu-
31MKM, TO3TOMY ITPOBEPKM CAaMOCOIJIACOBAHHOCTU OCTAlOTCSl BaxKHOM
npobjeMoii. Hampumep, HeoOXOAMMO MpPOBEPSATh, YTO pa3HbIe IO
MPUHUUINY AEWCTBUS Yachbl B TMEPEMEHHOM TIpaBUTAllMOHHOM II0Je
M3MEHSIOT X0l OAWHAKOBO, MO KpaWHEW MeEpe B MPOBEPEHHBIX 9KC-
MepMMEHTaIbHO rpaHunax. I[logHOe HcciIemoBaHME 3TOTO BOIIpOCa
JIOCTAaTOYHO OOBEMHO; 3[eCh MbI OTrpaHWYMBAEMCS JIUIIL OOCYXKIECHUEM
HWCXOIHBIX TMOJIOXEHUI TEOPMM HAa OCHOBE aHajau3a JABMXXKEHUS MpoO-
HBIX TeJ [24].

Hanee, yuynThIBasi, 4TO IJisI HEKOTOPBIX sBJeHMIA BbIBoALI OTO
XOPOILLO MPOBEPEHBI, Mbl TPEOYEM BBIMTOJHEHMSI MPUHLMIIA COOTBET-
ctBust ¢ OTO. TouHee, cuuTaeM, 4TO B O0OOILEHHON TEOPUM CYlle-
CTBYET HeMpepbiBHbIN TpenenbHbii nepexon Kk OTO, eciu HeKOTOpbIi
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mapaMeTp @ cTpeMuTcs K Hymo' (3amerum, uto B [TITH-(popmanmus-
M€ TaKXe BBITIOJHSETCS 3TO YCJIOBUE).

I'maBHBIMY T€OMETPUYECKUMU CTPYKTYpaMU, HEOOXOIMMBIMU IS
¢u3uKU, SBISIOTCA MeTpuuyeckas dhopMa U CBsI3HOCTb. [lepBas maer
BO3MOXHOCTb MOJIEIMPOBATH MPOCTPAHCTBEHHO-BPEMEHHbIE M3MEPEHUSI,
BTOpasi — OINpPEIEIsATh MPOU3BOAHbIE TEH30pHbIX BeauuuMH. B TIB
MMHKOBCKOTO METpUKa TCEBIOCBKIMIOBA, a CBSI3HOCTb COOTBETCTBYET
a0COJIIOTHOMY TMapayiien3My. B MeTpuuecKux TeopusiX CBSI3BHOCTb
TOJIHOCTBIO OIpeessieTcsl pUMaHOBO MeTpuKoil. bymeM uckaTth aajib-
HeHIMe 00OOIIEHMSI 3TUX CTPYKTYpP, KOTOPbIE MOXHO OBUIO OBI CO-
[JIacoBaTh C TEMU MOJIOXEHUSIMU TEOPUM T'paBUTALIMM, KOTOPbIE HaJEeXK-
HO TIOATBEPXKICHBI OMBITOM. YKaXKeM, UTO M3 IMPUHIINIA COOTBETCTBUS
¢ CTO BbITeKaeT cylllecTBOBaHUE B Kaxaoil Touke [1B merpuueckoro
TEH30pa JIOPEHILIEBOU CUTHATYPHI.

IlepeiineM K OOCYXIOEHUIO BO3MOXHBIX OCJIA0JECHUI ITOCTYJIAaTOB
MeTpuyHocTH [446, 593]. HamomHuM, 4To cornacHo Ywury [446, 593]
METPUYECKHUE TEOPUU MOTYT ObITh OIpee/eHbl TAKUMHU MOCTYJIaTaMuU:

1) npocmpancmeo-epems umeem mempuky g.q ;

2) Mupoewvie AUHUU NPOOHBIX Mea ABATIOMC 2e00e3UHeCKUMU AUHUSI-
MU MOl MEMPUKU,

3) 6 10KaAbHBIX C60000HO NAOAIOWUX CUCMeEMaX omc4ema, Ha3vléae-
MbIX NOPEHUEBbIMU, HeSPAGUMAUUOHHbIE 3AKOHbl (DUUKU AGAAIOMCA 3a-
xonamu CTO.

[lepBrie ABa mOCTyJIaTa MMEIOT BIIOJIHE OINpEAeeHHOE FeOMEeTPU-
YeCcKOoe COIepXXaHMe, T. €. OHM KacaloTCs MaTeMaTHYeCKOM MO
II1B n nBuxenus ten. Tpertuii mocrynat (kKak u BI1D) chopmynupo-
BaH B (PM3MYECKUX TEPMUHAX U TpeOyeT MaTeMaTUYECKOTo YTOYHE-
HuA. [1oHATHO, YTO M3 PU3NUECKOTO TIPUHIINATIA HETb3s] BEIBECTH Ma-
TEeMAaTHYECKYI0 MOJIENh M OH He MOXET OBITh SKBUBAJICHTCH CHUCTEME
MaTeMaTH4YEeCKHMX ITOCTYJIaTOB. JIopeHlIeBa cucteMa oTcueTa (DakKTHUIeCK!
MOJEINPYETCS OPTOPEIIepoM, KOTOPBIM TePEHOCUTCS TMapaljieIbHO
BIOJIb T€ONE3UYECKOil TpaeKTopuu Habmomatesis. TpeTwil moctyiaaT
yYIBEpPXKIAeT TO, YTO HA3BIBAlOT MUHMMAJIBHBIM B3aMMOICHCTBUEM C
rpaButanmei. Ero MoxHo chopMyImpoBaTh Tak:

3') «8KAlOHeHUE> 2PABUMALUOHHO20 NOAS MOOeAUpyemcs nepexooom
om eekaudosol cesaznocmu npocmparncmea-epemenu CTO Kk pumanosoil
CA3HOCMU, KOMOPAs COOMEeMCcmeyem mempuke g, .

' Takux MmapaMeTpoB MOXET ObITh HECKOJIBbKO. IIpyM 3TOM Hallle paccMOTpe-
HME CIIPABEMIMBO [UIsl KaXIOro M3 HUX MPU HYJIEBBIX 3HAYEHUSIX OCTAIbHBIX.
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BcnenctBue BhIMOMHEHUS yciaoBuAa METPUYHOCTH 8upyy = 0 mvHbBI

BEKTOPOB M YIJBI MEXITy HUMHM He M3MEHSIOTCS TP MapaljiecTbHOM
MepeHEeCEeHUU.

B pengtuBucCTCKOil TeOopuM COOCTBEHHOE Bpems — HauboJjee
¢dyHaaMeHTanbHast uaMepsiemasi BeauuuHa. x. Cunr [590] npenna-
raj OTKa3aThCs BOOOIIE OT TepMUHA «TE€OMETPUS», 3aMEHUB €ro Ha
«xpoHoMeTpus». [TosTomy, mepexonst K MoaeIMpoBaHuIo reomeTpuu I1B,
Mpexae BCero HeoOXOAMMO OMpeaeauTh (GopMyJy AJIsi COOCTBEHHOrO
BpEMEHMU.

Hanee Mbl paccMaTpuBaeM IIpOOHbIE Tejla KaK MaTepuajbHbIe
TOYKM, C KOTOPBIMU MOXHO CBSI3aTh CTaHAApTHBIC Yachkl. COOTBETCT-
BeHHO CIID cumTaeM, 4TO IBUKEHHE MPOOHOIrO Tela OIpencasieTcs

HayalbHBIM MOJIOXEHUEM U cKopocThio. Ilycth x* = x" (p) — Tpaek-

TOpUsl Tejla, p — TPOU3BOJbHBIA MOHOTOHHO BO3pacTalollMil mapa-
meTp. Torma mig auddepeHranta cCOOCTBEHHOTO BPEMEHU CleayeT
npuHATh opmyiy (3.1).

Kaxk yxe orMmeuanoch, caMoil (hopmbl @(x“,dxﬁ) (3.1) Henmocra-

TOYHO MJISI MOJEIUPOBAHUSI TPOCTPAHCTBEHHO-BPEMEHHBIX H3Mepe-
Huit. g 3TOoro HeoOXOAUMO MMETh aHAJOI METPUYECKOro TEeH30pa.
W3 yciaoBust omHOPOAHOCTU (pyHKLIMU P BBITEKAET, UTO

(d7)’ =G, (x*,dx")dx"dx" , (3.11)

rae TeHsop G, (x“, yB) onpenensiercss opmynoit (3.4); oH sBasIETCS

OIHOPOIHBIM HYJIEBOW CTENEHM OJHOPOIHOCTH IO TMEPEMEHHBIM )P :
G, (x“,kyﬁ) =G, (x“,yB) .

DTO OIHO U3 BO3MOXKHBIX OIpPEAEIIEHUI METPUYECKOTO TEH30pa B
(bUHCIEPOBOii reoMeTpun. B pUMaHOBOI reoMeTpuM BBEICHUE MeET-
puuecKoii (DOPMbI SKBMBAJEHTHO BBEIECHUIO METPUYECKOTO TEH30DA.

B cayyae ¢puHCIEpOBOIl TeOMETPUHU 3TO YK€ HE TaK, M HET JTOCTaTOUHBIX
OCHOBaHUi, 4YTOOBI MPUHUMATH 3Ty opmyiay. Eciu 3amaBaTh Hero-

CPEICTBEHHO CUMMETPUYHBIM TEH30pD Guv(x“,yﬁ) HYJIEBOI CTeTIeHU

OIHOPOIHOCTU IO IMEPeMEHHbIM )P, T. e. OTKa3aTbcsl OT (OPMYJIbI
(3.4), To MpUXOIUM K TaK Ha3blBaeMbIM O00OOIIEHHBIM (DPUHCIEPOBLIM
reomeTpusiM. TakuM o0Opa3om, TIpeArioiaracM, 4TO IS pacCMaTph-
Ba€MOI0 HaMu KJjlacca T€OpUId CIIpaBeIMB CAEAYIOIIMIA 0000ILeHHbBII
MOCTYyJaT:
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1. Ha npocmpancmeenno-epemennom mHoeooopasuu M cywecmeyem
0000wennblll uHcaepos mempueckui mensop G, (x“,yﬁ); Keadpam

uHmepeana mexcoy oauskumu codovimusmu 3adaemcs gopmyaoi (3.11);
ecau @ cmpemumcs K Hyao, mo mensop G, cmpemumcs K mempuie-

ckomy menzopy OTO, G, (x“, yB)Tngw (x“) .

B cooTBeTcTBUM € NPUHLMIIOM COOTBETCTBUSL METPUYECKUIA TEH30p
MOXHO MPEACTaBUTh B Bume G, (x‘*,yﬁ) =&y (x“ ) +t®0,, (x“,yﬁ,w) ,
rme w0®,, (x“,yﬁ,m) — TeH3op Aedopmauuu MeTpuku. Ilpu @ =0

TeHsop G, =g, (x“) MMeeT JIOpeHlIeBy curHarypy. CurHatypa mo-
KeT M3MEHSThCS JIMIIb Ha TMIICPIIOBEPXHOCTSIX, KOTOPHIE OIIpEeaesi-
I0TCs1 ypaBHeHUeM det [Gw (x“, yﬁ)] = (0. OTo ypaBHEHUE UMEET OIHO

WIV HECKOJIBKO PELICHUN @ = Q(x“,yﬁ), HO HU OJHaA U3 3TUX II0-

BEPXHOCTEI He TepecekaeT MOBepXHOCTh @ = (), TTOCKOJIBKY paBeHCTBO
@ =0 BJIEKIO OBl BBIPOXKICHHOCTb METPUKHU g, (x“). Hrak, MoxHO

YTBEPXKIaTh, YTO B KaXKIIOM TOUKE (x“) M I BCEX HampaBJIeHUIA ( yB)
CYyIIIeCTBYeT KOHEUHBIN MHTEpBaJ 3HAYEHUI IapaMeTpa @, B KOTO-
poMm curHatypa TeHsopa G, octaeTcs JiopeHueBo. [ToaTomy mnpen-
CTaBJIIETCS CITPaBEUIMBLIM CIIEAYIONINIA TTOCTYJIAT:

2. Ypaeuenue G(xg,dxﬁ) =0 ebidenssem 6 KacameabHOM NPOCMPAH-

cmee T, M mouKku X, 08yXnoaocmHou ceemosoil KOHYC; Kaxcoomy 4-Ha-

npaeaenuro, Komopoe y0061emeopsem 3MOMY YPAGHEHUIO, COOMEEmC -
8yem mpaeKmopusi c8emosozo Ay4d.
Hanee, B COOTBETCTBUU C IIPUHSITOM MOJIEIbIO, MMEEM:

3. Yepes kaxncoyio mouky x, IIB ¢ kaxcoom 4-nanpaenenuu, makom,
Ymo G(xg,dxﬁ) > (0, npoxooum o0Ha u moavko 00Ha MpaeKmopus npoo-

Hoix men. C KaxscobiM NPOOHbIM MEAOM MOMNCHO C853amb CMAHOApmHble
yacel, NOKA3AHUS KOMOPbIX COBNAOAIOM C UHMEPBAAOM 8004b MPACKMOPULL.
O06006was moctyyaar 3’', Mbl IOKa He YyTOuHsieM CBsI3HOCTb [1B on-
HO3HAYHO, a JIMIIIb TPeOyeM:
4. Bausnue epasumauuu Ha OUHAMUKY Mamepuu modeaupyemcst égede-

Huem Hempusuanvhol cessHocmu Hg, na M; npu w =0 ceasnocms 1B

A6AAemcs nceeaopu/waﬁoeod, coomeemcmeymmeﬁ MEMPUKE Zup.
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HanbHeiiiee yrouHeHWe reoMeTpuyeckux cBoiictB IIB ciemyer
U3 OTOXIECTBICHUS TyTel MPOOHbBIX TEJ C Te0Ae3UYECKUMMU.

VpaBHeHue (3.1) (uxkcupyer omnpeaeseHHYI0 NapamMeTpu3aluio
TpaeKTOpUil YacTull HeHyjJeBOdW Macchl. Ero MoxHo 3amucatbh B
BUJIE

o(x*,dx" [dz) =1 (3.12)

M paccMaTpuBaThb KaK MHTErpayl IBMXKEHUSI WU KakK CBsA3b. Bceienct-
BUE BTOTO JIMIIb TPU KOMITOHEHTHI 4-BEKTOpa CKOPOCTU dx"/dr He-

3aBUCUMBI.
M3 TpeTrbero moctysiata BbITEKAET, YTO MYyTU MPOOHBIX TEa YIOB-
JIETBOPSTIOT CHCTeMe YpaBHEHUI BTOPOTO MOpPSIKa:

d*x*
d?

T

Y
+ K° [xﬁ,‘zi]ﬂ. (3.13)

dx’
ITpu sTom Oyaem cuutarb, uTo pyHKIMU K (xﬁ,d—] — OIHOPOIHBIEC
T

v
BTOPOIO ITopsdaaKa I10 d_ , TaK 4YTO UX MOXHO IIP€ACTaBUTL B BUJC
T

kel ) e[ a0l
dt Py dt ) dt dt

rme CUMMETPUYHBIE IO HMXHUM MHAEKCAaM KO3(h(GUILIMEHTHI

dx’ .
{x“, y SBJISTIOTCSI OJHOPOIHBIMU HYJIEBOI CTEIMEHHU IO CKOPO-
T

ctaMm. Takoe TIpednojioXXeHWe BaXXHO II0 HECKOJBKUM IPUYMHAM.
OHO 1aeT BO3MOXHOCTB: 1) BbIOMpaTh HE3aBUCUMBIM 00Pa30M €AUHUIILI
U3MEPEHUsI KOOpAUHAT U (COOCTBEHHOTO) BpeMeHU; 2) pacIpocTpa-
HUTH ypaBHeHUs (3.13) Ha cBeTOMOHOOHBIE TPAEKTOPUM, KOrJa Iapa-
MeTp T IpuoOpeTaeT MHOE (hU3MUYECKOE TOJIKOBAHME; 3) pacrpocTpa-
HUTb ypaBHeHUs1 (3.13) Ha MOPOCTPaHCTBEHHOIOJOOHBIE TPaeKTO-
puu, KOorda KBaJpaT MHTEpBajia CTAHOBUTCS OTpULAaTeIbHBIM. Crem-
CTBUEM B3TOM OJHOPOJHOCTHU SIBIISIETCS TO, YTO PEIICHUS YpaBHEHUS

(3.13) 3aBuCSAT OT HayaJdbHBIX CKOpocTeil X' A OT IapaMeTpa T

T=!

v

JIMILIb Yepe3 TTPOU3BEICHNSI (x

o T ) . 3Iech U B JaJIbHEMIIIEM OOBIYHbBIC
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MPOU3BOAHBIE MO COOCTBEHHOMY BpEMEHM O0O3HAyaeM TOYKOM BBEpXY,
dx* [dt =X .

VpaBaenus (3.13) u (3.14) xapakTepusylOoT KpUBbIE, KOTOPhIE MOXK-
HO Ha3BaTb eeode3uteckumu ISl paccMaTpuBaeMbIX OOOOIIEHHBIX
reometrpuii. C Touku 3peHUsT AuddepeHIUaTIbHON TeOMETPUU 3TU
YpaBHEHUS ONpPENEssoT TaK Ha3blBaeMylo IMyJjbBepu3aiuto. Ilpu rmipe-

00pa3oBaHUSIX KOOPAWHAT KO3(GQGUIUEHTHI K;;(x“,xV) mmpeoOpasy-
I0TCSA KaK KOMIIOHEHTBI CBSI3HOCTH.

C npyroii CTOPOHBI, MOXKHO OMPEAEIUTb Ieole3nyeckre Kak aBTo-
napasuiebHble KpUBbIE (UTOOBI BBIMOJHSICS OOOOIIEHHbBINA 3aKOH UHEP-

LMM) CBABHOCTH Hj, , CYIIECTBOBaHME KOTOPOW YTBEPXKIAETCS YETBEP-
TBIM IIOCTYJIATOM:
Dx*  dx*

= HY R =0 (3.15)

CpaBHuBas (3.15) ¢ npeablaAyliuMUA YpaBHEHUSIMU, MPUXOAUM K
BBIBOAY, UTO (DM3UYECKYIO CBA3HOCTH Hj , CYyLIECTBOBAHME KOTOPOW

YTBEPKIAETCS YETBEPTHIM ITOCTYJIATOM, MOXHO IIPEICTABUTH B BUIE
o TRV N o TR o TR
HBy(x , X )— K (x X )+l13y (x , X ), (3.16)

rae [, — TeH30p, KOTOPBIi yIOBIETBOPAET YCIOBUIO

LPx =0 (3.17)

Huddepenuupys (3.12) u yuutbiBasg ypaBHeHus (3.11), (3.13) u
(3.14), nonyyaem ycioBre, KOTOPOE CBSI3bIBAET OOOOILEHHBIE METPU-
YECKYIO U Te0Je3UUECKYIO CTPYKTYPhI:
(G —2G,: Ky, — Gy (Ko X" ) XK1 = 0. (3.18)
31ech OMHOM 3amsATol BHM3Y 0003HAYE€HbI YaCTHBIE MPOM3BOIHBIE IO
KOOpAMHAaTaM, a JBYMs 3allsSITBIMU — 4YacCTHblE TPOU3BOAHBIE IO
KOMITOHEHTaM CKOpoCTU. YpaBHeHMe (3.18) sBisieTcsd OIHOPOIHBIM
TpeTheil cTereHu Mo cKopocTssM. OHO 00001IaeT CBSI3b CUMBOJIOB
Kpucroddensi ¢ mpou3BogHBIMU METPUUYECKOTO TEH30pA.

Takum ob6pasoMm, reomerpusi IIB ompenensiercss MeTpUUYECKUM

TeH3opoM G, (x“, yﬁ) 7 CBS3HOCTEIO (3.16), KOTOpBIE YIOBIETBOPSIOT

ypaBHeHussM (3.17) u (3.18). Ilyctb gw<x‘*) — METPUYECKUN TeH-
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30p, KOTOpEI cooTBeTcTBYeT B pamkax OTO 3ToMy ke pacmpenene-
HUIO MaTepuu, U T'%; (X) — COOTBETCTBYIOLIAs PUMAHOBA CBA3HOCTD.

CormacHo IIPUHLUNITY COOTBETCTBUA CUUTAEM, YTO TCH30PD ):[e(bopMauI/m
CBA3HOCTU

M, (x*, ") = Hg, (x*, ") -T5, (x*) (3.19)

GopMaJIbHO TPOTIOPLIMOHAJIEH TTapaMETPY @ .
Ecnu cpaBHUTH reoje3uyeckue JMHWM, OINpeAeJeHHbIE ypaBHeE-
HueM (3.15), ¢ pUMaHOBBIMU TI'€OAE3UYECKHMMU, COOTBETCTBYIOIINMU

MeTpUKe g, (x“), TO NpPU OJMHAKOBBIX HAYaJbHBIX YCJIOBUSX OHU
OyoyT MOCTETIEHHO pacXxomuThbes. It MMHEHHON IO ITapaMeTpy
YaCTU 3TOTO YKJIOHEHHWS MOXHO HAWTU IMPEIACTABJICHUE 4Yepe3 KBal-
paTypsl OT TeH30paH“By. ITycth paccMaTpuBarTCs Teoae3udecKue,

IIpOXOOAIUEC IPpHU T = 0 4Eepe3 TOUYKY p. B PUMAaHOBLIX HOPpMaJIbHBIX

KOOpIMHATax Z°, OMpENE/siEMbIX METPUKOW g, U MMEIOIIMX HAYaIo

(e}

B p, Teole3myeckas, 3aJaBacMasl HayaJbHBIM YyCJIOBUEM Z°| =V°,
P

MMeeT BUJ MPOCTOro BeIpaxeHus: z°(t)=v°t. Kak mokasaHo B pa-

6ote [24], BeKTOp YKJIOHEHUS C"(v“r) IepopMUPOBAaHHBIX T'€ONE3M-
YeCKHUX 3aaeTCs BBIpAKCHUEM

¢ (vor) = —rjmﬁgw (vor)1ny, (v“t,vﬁ)v%wdr}ds . (3.20)
0 0

S2

rae g, u [T, — MeTPUYECKMIA TEH30P U TeH30p AeOpMALIMU CBA3-

HocTu B koopauHarax z°. C momoiipto opmyisl (3.20) MOXHO MO-
NeJTMPOBaTh BIUSHUE TeOMETPUUYECKUX OedopMainii (METPUIECKUX U
HEMETPUYECKUX) HA TUHAMUKY MPOOHBIX TEJl U JIyUYed.

Hanee, B KauyecTBe MpUMepa pacCMOTPUM 0oJjiee TIPOCTOM CITyJaif,
KOTIa KOMIIOHEHTBI METPMYECKOTO TeH30pa 1 KO3(D(MUIIMEHTBI CBI3-
HOCTM HE 3aBUCSIT OT cKopocTeil. YpaBHeHue (3.13) cTaHOBUTCS
ypaBHeHUEM a(p@UHHBIX reoe3ndeckKux, 1 Mbl IPUXOAUM K ahhUH-
HO-METpUYECKUM TeopusiM rpaButaumu [171, 172, 535]. B atom ciyuae
u3 ypaBHeHust (3.17) BbITeKaeT, YTO TEH30p Ly SIBIACTCS KOCOCHUM-
METPUYHBIM MO HVKHUM MHAEKCAM. DTO TaK Ha3bIBaeMblii TEH30p Ieo-

TE3UYEeCKOTO KPYYEeHUsI, KOTOPbI OOBIYHO OOO3HavaroT S%; . Ypas-
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HeHue (3.18) npuHUMaET BUI

5 _
G(aﬁ,y) -2G,,K;, =0 (3.21)
WA, €CJId BBOAWUTH OObIYHBIE OOO3HAYEHMS IJII KOBApUAHTHOTO Iuc-
depeHuypoBanusa 1 yyuteiBaTh (3.16) u (3.17),
G(am) =0. (3.22)
M3BectHO, yTO B JIIOOOM TIpocTpaHCTBe adh@GUHHON CBSIBHOCTU
3aaHUe TI0Js1 CUMMETPUUYHOTO TEH30pa BTOPOW BaJIEHTHOCTU

G, (X), KOTOpBIH MCMOJIb3YeTCs VISl XKOHIJIMPOBAHMsl MHIEKCAMM,

a

JIa€T BO3MOXKHOCTD MPEACTaBUTh KOI((MUIIMEHTHI CBSI3HOCTU B Bue [83]
o = {onv} + 0, + (B, — By, + By, )- (3.23)

Vo

3nech Mbl, B OTJINYKE OT OOILEro ciyvasi, 0003HAYWIM KO3(D(DUIIMEHTHI
apHUHHON CBA3HOCTU TPaIUIIMOHHO: T, = Gaﬁl"ﬁw, {apv} — cum-
Bonbl  Kpucrobdens, 0, =S, +S,, +S,, — TaK Ha3blBacMbIil

1
TEH30p KOHTOpCHH, S, = E(r“’” - Fw) — TeH30p KpyueHusi, B, =

1
=——ng — TCH30P «HCMCTPUYHOCTU». Tenepb YCJIOBHUE COXpPaHC-

2
HUst HOpMbI 4-ckopoctu (3.18) unu (3.21) o3HavyaeT, YTo MOJHOCTHIO
CUMMETpHUYHAasl YacThb T€H30pa HEMETPUUYHOCTU paBHa Hymo [83].

B Gonee oOliliemM ciayyae METpUUECKUM TeH30p U KO3(PPUIIMEHTHI
CBSIBHOCTH 3aBUCAT HE TOJBKO OT TOYKM IPOCTPAHCTBAa-BpeMEHHU, HO
TakXKe OT 4-HampaBJeHHUsI B 3TO TOUKe. DTO MOXHO Ha3BaTh (PUHC-
JIEpOBBIM 00001IIeHeM a(GUHHO-METPUUYECKIX TeoMeTpuit. PUHCIepo-
Ba TeOMETpHUsI OUYeHb OOrara BO3MOXHOCTSIMM IJII OOOOIIEHUSI OOBIYHBIX
MOHSITU, HO X MPUMEHUMOCTb B (DM3MKE TTOKA MCClIeI0BaHa HeI0CTa-
ToyHO. HampuMmep, M3BeCTHO HECKOJBKO Pa3HBIX OOOOIICHUI TOHS-
THSI yrjaa Mexay Bektopamu [586]. HeTpyaHO yBeJIMYMUTh MX KOJIMYE-
CTBO, OJHAKO HEOOXOAMMO IMPOAHATM3MPOBATh, KOTOPOE U3 HUX MOXHO
MMPUMEHUTh B KOHKPETHOW (DU3WUECKOM cHUTyalur. MBI TIojlaraem,
YTO 3[eCh B OINpPEACTIEHHONW CTENIEHU MOXKET IMMOMOYb MPUHIIUM COOT-
BercTBUsA. COTIacHO 3TOMY TIPUHLMITY IJIST 3HAYCHWI MMapaMeTrpa o,
KOTOpEIC TIpUHAMIEXKAT HEKOTOPON OKPECTHOCTH HYJISI, METPUUECKUIA

TeH3op G, (x“, y[’) IIPU BCEX 3HAYEHMAX TEPEMEHHBIX Xx*, )" MMeer

JIOpeHLIeBy curHatypy. Mtak, cylecTByeT none oproperepa A (x“, y") u
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JyanbHOTo Koperiepa A (x“,yﬁ), TaK uto G, (x“, yB) = . Kak
u B OTO, opTopernep MOXHO CUUTaTb MOJEJbIO JJOKAJIBHOI JIOPEHIICBOM
cucteMbl orcyeta. ITycTh B Touke Xx* 3agaH HEKOTOpbI BeKTOop A*.
Ero MoXHO pas3ioxuTh MO JUHEHHOMY Oasucy A* = A"hi“(x“,yﬁ).

OmHako BO3HMKAET BOIIPOC, KaK HYXXHO M30MpaTh M MHTEPIPETUPO-
BaTh apryMeHT y*, a Takxke CBf3aH JIM OH C BeKTOpoM A“. OmHa u3

BO3MOXHOCTEM COCTOUT B TOM, YTOOBI OTOXIECTBUTD BCKTOpP yﬁ c 4-

CKOpPOCTBIO CHCTeMBbI oTcueta (MoHamoii) [495]. C apyroit CTOpOHBI,
3TO MOXKET OBITh KaK0e-TO TMHAMMYECKOE WIIM TeOMETPUYECKOE BEK-

TOpHOE Toje )P (x“). B 06oux 3THX ciydasix opTopernep He 3aBUCUT

oT A%. DTO maer BO3MOXHOCTb OMNpPEAE]IUTb CKaJISIpHOE MpOou3Bee-
HHUE BEKTOPOB U Yrojl MeXIy HUMHU MPOCTbIM OOOOIIEHUEM COOTBET-
CTBYIOIINX PUMAHOBBIX OIIPEACICHIA.

Cnenyer 3aMeTUTb, OMHAKO, YTO TaKHMe T'MITOTE3bl OTXOAAT OT HC-
XOMHBIX (PUHCIEPOBBIX MPEATOIOKEHUIA, MOCKOJbKY, Hampumep, (op-
myna (3.1) MHTepHpeTHpyeTCs KaK «UIMHa» BeKTopa dx“. [TomoOHas
CHUTYyaIsl BOZHUKAET MPU OMPeIeICHUN KOBApUAHTHOM TTPOMN3BOIHOMN

uepe3 CBABHOCTh H (x“, y“). B ypaBHenum reomesudeckux (3.15)
apryMeHT )’ eCTeCTBEHHBIM 00pa3oM MHTEPIPETUPYETCS] KaK BEKTOP
CKOpOCTH, HO B obuieit dhopmyne A%, = A%, + Hj (x”, yV)Ay CHOBa
CTOUT BOMpPOC O poju BekTtopa y'. Eciu mpeamnosioXuTb, UYTO OH

CBSI3aH C BEKTOPOM A“, TO TepsieTcsl JUHEHHOCTh omnepauuu audde-
PEHLIMPOBaHUS.

Hrak, paccMmatpuBaeMblii kiacc 06001eHnii OTO moryckaer orpe-
JIJIEHUE JIOKAIBHO JIOPEHLIEBBIX CUCTEM OTCUYETa, HO TPEOYyeT NajibHEW-
mero uzydeHus. Ilo Bceil BUAMMOCTH, KjacC TEOpUil, KOTOPhIE YIOB-
JIETBOPSIIOT C(HOPMYJIMPOBAHHBIM TPeOOBAHUSM, CONEPXKUT LIEJIbI Ha-
0op pa3zHOOOpa3HbIX reoMeTpuil. Bo3HUKaeT BOIIpoc, KaKUM 00pa3oM
CpaBHUBATh MeEXAY CO00I0 U C HabMIOAATeIbHBIMU TAaHHBIMU BBIBOJIbBI
aJlbTepHAaTUBHBIX Teopuil. Hampumep, ecnm B auddepeHUMaTbHON
TeOMETPUM CPAaBHUBAIOT JIBa MPOCTPAHCTBA, TO OOBIYHO CUMUTAIOT, YTO
OHU OIlpeaeseHbl B OOIlIeld CUCTEME KOOpAMHAT. A CYLIECTBYET JIU
JJIsI paccMaTpuBaeMbIX I'€OMETPUIl KakKasi-TO oOlas cuctema pede-
peHLMU? YTBEpAUTEIbHbI OTBET HA 3TOT BOIMPOC Oa3upyercs Ha Ta-
KMX cooOpaxeHusx. Ha mpakThke cCHCTEMBI OTCUETa OINPEAESIOTCS
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ONTUYECKUMU HAOMIOACHUSIMU 3a HeOCCHBIMM TeIaMU U OIpeAesieH-
HBIMM AEHCTBUSIMM C YacaMM, TMpocKomamu u ap. Kaxmasg momHas
TeopUsl TPABUTALMM [OJJKHA COIEpXKAThb MaTeMaTUUeCKue MO
CBOOOJHOTO IBUKEHUS MTPOOHBIX TEJ, paclpoCcTpaHEeHUEe CBeTa U yKa-
3aHHBIX JeicTBuil. I1oaToOMy Kak OOILIyI0 OCHOBY [IJii CpaBHEHUS
MOXHO B3SITh TaKMe OIpelnesieHUs] CUCTeM OTcueTa, KOTopble Oasu-
pyIOTCSI MUMEHHO Ha 3THUX MOMEISAX, T. €. MaTeMaThueckass CHUCTeMa
OTcYeTa JOJDKHA MOAEIMPOBATh OMpeAesIeHHYI0 (U3UYECKYI0 KapTu-
Hy. DTO OTJIMYAET €¢ OT CUCTEMbl KOOPAMHAT, BHIOMpPaeMOil U3 co00-
paxeHUi yomoOCTBAa MpU PELICHUM MaTeMaTUYECKUX YpaBHEHUM, KO-
TOPYIO, BOOOIE TOBOPSI, HEU3BECTHO, KAK MOXHO ObLIO Obl peaan3o-
BaTb MPAKTUYECKU. TakuM oOpa3oM, 5TU ITOHSITUSI Pa3IMYaloTCs He
CTOJIBKO MaTeMaTUYEeCKUMM OOBEKTAMM, CKOJBKO UX MPWIOXECHUSIMMU.

B OTO Takme momend CUCTEM OTCUETa XOPOLIO M3BECTHBHI. DTO
TaK Has3bIBaeMble CHUCTEMBI OTCYETa JIOKAJIHHOTO HaOMfomaTesrst (CM.
n. 8.3), TakMe Kak cucteMa orcuera dPepMu M ONTHUUYECKAsT CUCTEMa
otcueta [579, 590]. UMeHHO OHU MOTYT ObITH O0OOIIEHBI U MOJIOXKE-
Hbl B OCHOBY CpaBHEHMUSI BHIBOJOB pa3HBIX TeOpUil rpaBUTaunu. OHU
0a3MpyIOTCST Ha PACCMOTPEHUM TeOde3MIeCKUX JIMHUM (B YaCTHOCTH,
CBETOBBIX) U MapajieJIbHOTO MepeHoca opTopernepa.

HMHurterpupoBaHue ypaBHEHUSI TEONE3MYCCKUX — CJIOXHAsT Mare-
MaTuyecKasl 3ajJadya, KOTopasi TOUHO pellaeTcsl JUllb B O4YeHb IPO-
CTHIX TIpocTpaHcTBaX. OXHAKO XOPOIIO M3BECTHO, KaK €¢ pEIlNUTh B
¢dopMe CTeneHHbIX PSOOB JUIsI OOLIEro ciaydasl IPOU3BOJIBHON MYJIb-
Bepuzaumu [579, 586]. PaspaGoTaH TakKe METOJI WHTETPUPOBAHUSI
reoie3nUeCKrX U MOCTPOCHMSI CUCTEM OTCUYEeTa JOKAJIbHOrO Haboaa-
TeNnsl B nmpuOmkeHnn cimabdoro momd [279, 302, 489, 492].

3.3. TEOPUS BPAHCA—AUKKE

OpnHoii U3 HauOoJjiee M3BECTHBIX PaHHMX AJIbTEPHATUB
OTO ssngercsa teopust bpanca—/dukke [70]. TouHee, mepBoHAYAIBHYIO
MOJEeJb CKaJIIPHO-TEH30PHOM Teopuu Tpemioxun B 1955 r. ITackyanb
Wopnan [221]. OgHako B 3Toit Mozmeau dyHkums JlarpaHxka oObIu-
HOI MaTepuu 3aBHCeIa OT BBOAMMOTO B TEOPUIO CKAISIPHOTO IOJIS,
YTO Hapyllajo Caa0blii MPUHLUN 3KBUBajieHTHocTU. Kapn bpaHc u
PoGept [InkKKe OoTKazajJMCh OT TaKOTO MOAXO0Aa U MPeaaoXuian GyHK-
uuto JlarpaHxa (JarpaH:eBy IJIOTHOCTb) B CJAEAYIOIIEM BUJE:

1 ¢t L
Ly =+&l 3 8nC ((\()R+(,06g'Ll 5H(p5v(Pj+Lm ) (3.24)
0
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3.3. Teopus Bpanca—lukke

roe ¢ — ckamxsgpHoe noje bpanca—JIukke, ITOCTOSHHAsE o — I1apa-
MeTp Teopuu, L, — JarpaHXuaH MaTepuu, He 3aBUCSALUMI OT MOJs
¢ . Kax BUIHO M3 TepBOro 4wieHa 3TOrO ypaBHEHUsS, OTHON M3 OC-

HOBHBIX OTJIMYUTEIbHBIX OCOOCHHOCTE! TaHHOI TEOPUM SIBJISIETCS TO,
yTto 3(p@dEeKTUBHAS TPABUTALMOHHAS <«IIOCTOSHHAS» HE SBISETCS
0oJibllIe YHMBEPCAJIbHON KOHCTAaHTOM, a 3aBUCHUT Telepb OT IOJIOXe-
HUS U BPEMEHU:

G =Gy /9. (3.25)
HetpynHo BuIeTh, YTO C IOMOIbBIO IIPeoOpa3oBaHUsI
¢ =ED? = a7, (3.26)
40

rme e=+1= Slgl’l ®, YICH C NPOM3BOAHBLIMU OT CKAJTAPHOIO IT10JIA
NPUHUMAET KAHOHUYECKUUN BU/I;

1 e
2 8nG,

Lo =+l gl (gcsz +68"0,00,d) + Lm}. (3.27)

Jlarpanxuansl (3.24) u (3.27) 3anucaHbl B NpeacTaBieHnn bpaH-
ca—JIukKe (MHOTOA MCIOB3YIOT TEPMUH <«IIpeCTaBiIeHne MopnaHa»
Wi «rpeacrasienne bpanca—/Iukke—Mopnana»). C  MOMOIIBIO
KOH(OPMHOTO MpeoOpa3oBaHusi METPUKH

g, =07, , Q= t (3.28)

U TIepexoaa K HOBOMY CKaJIIpHOMY TIOJIO G :

® =& %exp(Co), & =(6+40)" >0 (3.29)
nojyvyaeM ¢pyHkuMio Jlarpanxa B npedcmaenenuu JiHwmeina:
—I1 ¢ 5 _. -
Lyp =48] Em(RJfg“ 5u06v0)+Lm ) (3.30)

rme R — cKaspHas KpUBU3HA, PACCUMTAHHAS OTHOCUTETIHHO HOBOIA
METPUKU g, , L — KOH(POPMHO NMpeoOpa3soBaHHbIM JarpaHXuaH Ma-

TEPUH.
MaremaTtnyeckue u pusnmdeckue acrekTel Mojean bpanca—/Iuk-
Ke MoAapoOHO ucciaemoBaHbl B pabote [156]. PaccMoTpyM KpaTko Ha-
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3 Mopudukaumum obiei Teopun OTHOCUTENbHOCTH U KCNIbTEPHATHBHDIE» TEOPUM

OrfomaTeTbHEBIC CICICTBUST 3TOM Teopnu. Bo-TiepBEIX, Kak clieyeT U3
dopmynbl (3.25), B 210l Momenu 3(PdeKTUBHAs TpaBUTALIMOHHAS
«TIOCTOSIHHASI» SIBJISIETCS TIEPEMEHHOM BEJIMYMHONM UM B KOCMOJIOTH-

YecKMX 3a1ayax 3aBUCHUT OT BpeMeHU: G /G = —¢ /¢ . OnHaKoO cylie-

CTBYIOT CTPOTHME SKCIIEPUMEHTAIbHbIE OTpaHUYEeHUST HA Bapualluyd TpaBu-
TallMOHHOW mocTosiHHOW. Hampumep, u3 mpaHHbix WMAP cienyer
[457]:

-1,75-102 yr' <G /G <1,05-107" yr'. (3.31)

ITosToMy mpu uccleaOoBaHUM KOHKPETHBIX KOCMOJIOTMYECKUX MO-
neneit (YYMTBIBAIOLIMX BUJ MaTepUAbHBIX IMOJiei) HEOOXOAUMO Y4u-
THIBaTh 3TO orpaHudeHue. g acTpopu3nyecKux 3amad BaXKHBIM KpH-
TepreM >KM3HECIIOCOOHOCTU TEOPUHU SIBJISIETCS COOTBETCTBME €€ mapa-
MeTpu3oBaHHbIX TMOCTHbIOTOHOBCKUX (ITITH) mapameTpoB akchnepu-
MEHTaJIbHBIM orpaHmdyeHusiM. s momenn bpanca—/lukke ITITH ma-
paMeTpel v U B ompenensitorcs dhopmyiaamu [237, 333, 445]

1+
¥YBD :2—0) Bep = 1. (3.32)

+o
W3 Belpaxkenus mas ygp (3.32) BUIHO, 4TO MPENENT ® — o0 COOTBET-
ctByeT nepexony K OTO. IITH napamerp By, coBNagaeT co 3HAYECHU-
eM, noinydyaemMbiM B OTO. Ilo pesyabrataM KOCMMYECKOM MUCCUH
Cassini GbUIM MOJMYYECHBI OTPAHMYCHUS HA ¥ @ Yqp — 1 = (2,1£2,3)-107,
OTKyJZIa CJIeIyeT, 9YTO

®>4-10* (3.33)

IIpu Takux 3HAUYEHUSIX © OpUTMHAIbHas Monaeab bpaHca—Jlukke
npakTuyecku Heomuuma oT OTO. C 3Toil TOUKU 3peHUs] OHA He
SIBJISIETCSl TIEPCIIEKTUBHOM. Tem Gosee, YTO MpUpoaa CKAISIPHOTO MOJIsI
B 3TOI TeOpWU MOBOJBHO TyMaHHA. OIHAKO CYIIECTBYIOT Pa3InyHEIC
0000LICHHBIE CKAISIPHO-TEH30pHbIE MOAEIU, B KOTOPHIX MOXKHO 00O~
™1 orpaHuueHue (3.33) U B KOTOPBIX CKAJISIPHOE T10Jie BOZHUKAET €C-
TECTBEHHBIM 00pa3oM. K HMM OTHOCSTCS, HarpuMep, MOIEIN C BBIC-
IIMMUA TIPOU3BOAHBIMU (B TIpOCTEHIIEM Ciy4yae 3TO HEJIMHEIHbIE
f(R) Momenu), Tae CKaJsipHble MOJSI CBSI3aHbI C JOIMOJHUTEIbHBIMU

CTeNeHSIMU CBOOOJbI, BhI3BAHHBIMU HeluHelHOCThIO [404]. Teopuu ¢
TOTIOJTHUTEIbHBIMU U3MEPEHUSIMU B Pe3yJIbTaTe pa3MEepHON peayKLVu
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3.4. HenuneiiHbie f( R) mopenu

TakkKe CBOIATCS K CKaJsIpHO-TEH30PHBIM MOJENSIM, Te CKassipHbIe
MOJISI COOTBETCTBYIOT KOH(MOPMHBLIM BO30YXXACHUSM OOBEMa BHYT-
peHHux mnpoctpaHcTB [347]. B mocnenyrowux mnaparpagax Mbl pac-
CMOTPYM 3THU TEOPUHU.

3.4, HENUHENHBIE 7( #) MORENM

M3BectHO, uTo OTO He gBiseTCS MePeHOPMUPYEMOU U
MO3TOMY HE MOXET OBITh IMPOKBAHTOBAaHA CTAaHAAPTHHIM OOpa3oM.
OpHomneT/ieBble MepeHOPMUPOBKU MPUBOIAT K TOMY, UTO K T'paBUTa-
LIMOHHOMY JI€UCTBUIO ODHHILITEeHA [100aBASIOTCS WIEHbl TeH30pa
KPUBHM3HBI BBICIINX TMOPSOKOB [63, 431], T. e. Teopust CTaHOBUTCS
Teopueil ¢ BBICIIMMU TPOU3BOIHBIMU OTHOCUTEJIBHO METPUUECKUX
Koo puumreHTOoB. HelnnHeiiHble MO CKAJISIPHOW KpPUBU3HE YIEHBI
MOTYT BO3HMKATh B I'pPaBUTALMOHHOM [EHCTBUU TaKXe B pe3yjbTaTe
KOMMNAaKTU(MUKALIMA JOMOJHUTENbHBIX MPOCTPAHCTBEHHBIX U3Mepe-
Huii [308]. Teopuu, B KOTOPBIX JUHEUHBINM MO CKAJSIPHON KPUBU3HE
yjaeH R 3aMeHeH B JCHCTBMM Ha TPOM3BONBHYIO (yHKIMIO f (R),
MPEICTABISIIOT 0COOBII MHTEpEC, MOCKOJAbKY OHU CBOOOAHBI OT AYXO-
BbIX TEPEMEHHbIX M HecTabuiabHOCTM OCTporpajckoro. 9rta Hecra-
OMJIBHOCTb 3aK/II0YAeTCS B TOM, YTO B TEOPHUSIX C BHICIIMMM IIPOU3-
BomHbIMU (yHKUMS ['amMmibTOoHa He orpaHwyeHa cHu3y [223, 454].
Yro0Obl M30€XaTh 3TOro, B AAHHOW IJ1aBe MBI OrPaHUYMMCSI HEIr-
HelHbIMU f (R) TeopusiMu. DTU MoOIeNU, HAUMHAas C MMOHEePCKOil pa-
60T1h1 [408], TIpUBIEKIM BHUMaHUE, TaK KaK IIPEIJTOXWIN €CTECTBEH-
HbI MexaHu3M WH}AsAIUKU paHHeil BcenenHoii. HegaBHO ObLIO BBI-
SICHEHO, YTO 3TU TEOPUM MOTYT TakKxke OOBSICHUTh YCKOPEHHOE pac-
mmpeHue no3nHeil BeenenHoii. JlaHHOe HaOMI0OeHWE MPUBEIO K I10-
SIBJICHUIO OOJIBILLIOTO KOJIMYECTBA HOBBIX MyOJIMKALMi, MOCBSILEHHBIX
HeJInHeHHBIM MogesisiM. CBOIMCTBa HEJIMHEHMHBIX MOAENEH IT0JpOOHO
onucaHsl, Hanpumep, B [119, 223, 307, 404]. OcraHoBUMCSI Ha Hau-
Oosice XapaKTE€pHBIX OCOOEHHOCTSIX 3TUX Mopaeiaeid. Ilpu atoMm s
ynoOcTBa uyuTaTeseil OyaeM MCIOJIb30BaTh CUCTeMY €AWHUILI, MPUHSI-
TYI0 B 3TUX pabO0Tax M COOTBETCTBYIOILIYIO a0COMIOTHOMY OOJIBIIIMHCT-
BY CTaTeil O 3TOM TEME.

B f (R) IPaBUTALIAN JEMCTBUE UMEET BUJL
1
S =5 [dx=gf (R)+ S, (8:¥); (3.34)

e B NPUHATOI CHCTEME eQMHMI, CKOPOCTh cBeTa ¢ =1, k* =8nG,
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3 Mopudukaumum obiei Teopun OTHOCUTENbHOCTH U KCNIbTEPHATHBHDIE» TEOPUM

n S, — HOelcTBUE UII MaTePUAIBHBIX IOJIEH, OOO3HAYEHHBIX V.
DTOMy IEeHCTBUIO COOTBETCTBYET YPaBHEHUE TTOJIS:

F(R)R, —%f(R)gw ~V,V,F(R)+g,0F (R)=«T, . (3.35)

pv
Cren aTOro ypaBHeHUsl paBeH

30F (R)+ F(R)R-2f(R) = ’T. (3.36)

3nect F(R)=f'(R), T=¢"T, u DF:(l/W/—g)au (J—gg”“@vF).
WTtpux o3Havyaer nuddepenurpoBanue mo R. K BaxHOMy crenu-
AIbHOMY KJIacCy OTHOCSITCSI MOJENM, KOTOPble MMEIOT PelIeHUsT Riq
ypaBHEHUS

F(R)R-2f(R)=0. (3.37)

Kak BumHo, 310 BakyymHoe (7 =0) pemeHue ypasHenus (3.36) c

MOCTOSSHHBIM 3HAUY€HHEM CKaJISIPHON KPWBU3HBI (DF (R) = 0).TaKI/Ie

pelieHus1 HasbiBaloTcsl Toukamu ge Currepa [119]. B6ausu Touek
ne Cutrepa ¢yHKUUSA f (R) MNpPUHUMAET BUJL

f(R)=-2A+R+0(R-Ry), (3.38)

rie A= R, /4. O4eBUAHO, UTO 3TU MOJEIM CTPEMSITCSI ACUMITOTHU-
YecKM K TpocTpaHcTBy ne Currepa, korma R — R, # 0 ¢ kKocmoro-
TMYECKON MOCTOSIHHOM A = Ry /4. DTO MPOUCXOIUT, KOIAa KOCMO-

JIoTMYecKasl ITOCTOSTHHAsI JaeT OCHOBHOM BKJIan Bo BcemeHHO#, Kak
3TO MMEET MECTO B HacToslee BpeMs. M3BecTHO, 4YTO Haubosee I10-
MyJsIpHBIE U XU3HecnocoOHble Moaean CrapoouHckoro u Xy—Ca-
BULIKOTO (CM. HUKE) MUMEIOT CTabuJibHbIe TOUKM e Cutrepa.

IMokaxem, 4TO HeIMHEHHBIE f (R) MOJIESIA SIBJSIIOTCS 00O0OIIIEH-
HbeIMU MonenasimMu bpanca—/Iukke. 3anuineM neiicTBre BUaa

S =5 [d' e [ () £ (1) (R=2)]+ S, (8w) - (339

BapI/IaHI/If{ 3TOI0 JCWCTBUS OTHOCUTEJBHO X HIPUBOIUT K YPABHCHUIO

f"(x)(R-%)=0. (3.40)
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3.4. HenuneiiHbie f( R) mopenu

CnenoparenbHo, x = R mpu ycinosun f"(y) = 0. Jlerko BUIETh,

yto aeiictBue (3.39) coBmagaeT ¢ McXomHbIM aeiicTBueM (3.34). Mul
MOXEM TIepPeoIpeeUTh MoJe ¥ , BBeIsl HOBoe Tone ¢ = f'(y) M To-

TCHLIMAJ
V(o) =x(e)o—f(x(9). (3.41)

Torna nevicteue (3.39) NpMHUMAET BAL
1
S =25 [d'x-g[oR-V(@)]+S, (8:v) (3.42)

OueBuaHO, 4TO 3TO 00001IeHHOE neiictBue Bbpanca—/lukke c mapa-
MmeTpoM o = 0. 3HaueHue o =0 He O3HAYaeT, YTO JAHHbIE MOMACIU
MpoTUBOpeYaT HaOMIOACHUSIM, TaK Kak Teopusi (3.42) He coBragaer
TOXIECTBEHHO (M3-3a TPUCYTCTBUS IMOTEHLIMaa V(q))) C OpUTH-

HajibHOU Mopenblo bpanca—/lukke (3.19). C nmomouipio KOH(OPM-
HOTO TIpeoOpa3oBaHUs

g, =f"(R)g, =08, (3.43)
N TIIEPCOITpCaACIICHUA
0= /'(R)=exp(J(2/3) xo) (3.44)

MoJiyyaeM JIeiicTBUE B TIpeACTaBIeHUU DUHINTEHHA:

S=[d'xJg ﬁ—la”cauc—U(G) +S, (e"’(z/”“"gw,\um), (3.45)
2k 2

o€ MoTeHIMal

_ R@)f"(R(0) - f(R(0))

26 (f'(R(0))) (340

U(o)

CkajsipHble TI0JI1 ¢ M o HasbiBaloT cKansipoHamu [408]. Ksan-
pat 3¢hGheKTUBHON MacChl CKalsipoHa ompeaesisieTcsi (hopMynoi

S
my = 3(f” RJ. (3.47)
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3 Mopudukaumum obiei Teopun OTHOCUTENbHOCTH U KCNIbTEPHATHBHDIE» TEOPUM

®ynkums f(R) He siBAseTCs aOCOMIOTHO Mpou3BosbHO. Ha Hee

HaKJIaJbIBAIOTCSI TEOPETUUYECKUE U IKCMEpUMEHTabHbIE OrpaHuye-
Hus [223].

e ['paBUTAlLIMSI XOpOILLO TPOBEpeHa, HauyMHasi C paHHUX CTaauit
BcenenHolt, HanmpuMep, cCO BpeMeH MEPBUYHOIO HykjeocuHresa. [lo-
3TOMY Ha 3THX BpeMeHaxX moJpkHa BoccraHaBimBaTbess OTO. PDop-
MaJIbHO 3TO O3HAYaeT

f(R)> R, f'>11pu R— . (3.48)

e B o0Gnactax ¢ cuibHOM KpuBM3HOM, roe | Rf"|<<1 u f'~1,

BeIpaxkeHue (3.47) mid KBaapaTa MacChl IPMHUMAET BUI
) 1

My = 7 (3.49)

e [To3TOMY yCIIOBME OTCYTCTBUSI TaXMOHOB MPUBOIUT K TpeOOBa-
Huw f" > 0. YToObl rpaBUTOH HE CTAHOBUJICS «IyXOM», CJEAyeT IO-
TpeboBaTh BCIOAY BBIMOJHEHUS YCIOBUSA [ > 0.

e UTOOBI YyIOBIETBOPUTL OTPAaHMYCHUS Ha IIATYIO CHIIy (BO3HU-

KaIoIIyIO 3a CYET AOMOJHUTEIHHOM CKaJSIPHONM CTENeHM CBOOOIBI) B
CoJlHeYHO# cucTeMe HeOoOXOOUMO, YTOOBI B COBpeMeHHOI BceseH-

HO#1 BBITIONHsUTOCH | f'—1|<< 1. Hampumep, B [205] ObUIH MOIyYESHBI
orpanuyenus | f'—1]<10°.

B HacTtosiiiee BpeMst Haubosiee MOMYJISIPHBIMU MOAEJISIMU, KOTO-
pble MOTYT YIOBJIETBOPSITb 3TUM YCJOBMSIM, SIBIISIIOTCSI MOJAEIb Xy—
Casuukoro [205]:

bR

f(R)=R —W (3.50)
u moaeiab CrapoouHckoro [409]:
F(R)=R-bR[1-(1+ &/ R)""], (3.51)

rae b,a, R.>0 — mapameTpsl MOIEJEH.
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3.5. MHOTOMEPHbIE MOJAENMN KANYLIbI-KJEAHA

Kak oTmeuyasioch paHHee, B HacToslilee BpeMsl HabJo-
naemast BceneHHass Ha MOCTATOYHO OOJBIIMX PACCTOSIHUSIX XOPOIIIO
onuceiBaeTcss ACDM Mozenbio ¢ 4eTbipexMepHOl MeTpuKoil Dpui-
maHa—Pobeprcona—Yonkepa (FRW). OgHako BO3MOXHO, 4TO IIpO-
CTPAHCTBO-BpeMsI Ha MaJIbIX (TUTAHKOBCKUX) PACCTOSHUSIX MMEeT pa3-
MEpPHOCTb 0oJibllie, YeM 4, U CIOXHYIO TOMOJIOTUIO.

BriepBele rHITOTE3a MHOTOMEPHOCTH IIPOCTPAHCTBAa-BpeMEHU B
TEOpUHU TpaBUTALIMU DiHIITENHA Oblia BbicKazaHa B 20-x rogax XX Beka
B pabotax Teomopa Kamympr [226] n Ockapa KieitHa [236]. Oka3zanmoch,
YTO Maes MHOTOMEPHOCTH ITO3BOJISIET, B TIPUHIIMIIE, OCYIIECTBUTL 00b-
eIMHEHNEe Pa3HbIX (PYyHIAMEHTANBHBIX B3aMMOICHCTBUI C TpaBUTALMCH.
Kanyua u KneitH npoaeMoHCTprpoBaay 3TO Ha MpUMepe MSITUMEpHO-

ro MHoroobpasuss M = M*xS', tne M* — dYeTblpexmepHOE Ipo-

CTpaHCTBO-BpeMs, a S' 0603HayYaeT OIHOMEPHBII TOp (OKPYKHOCTB)
C MepuoaoM a. B mepBoHaYaIbHOM BapUaHTE 3TOM MO KOMIIOHEHTA

METPUKU g4y = —a2 CUnTajlacCb HOCTOHHHOﬁ, a BCC IPYIrme KOMIIOHCH-

Thl — 3aBUCUMBIMU TOJBKO OT KOOPAMHAT BHEIIHEro IMPOCTPAHCTBA.
B aToM ciyyae MeTprKy MHOTOMEPHOTO TTPOCTPAHCTBAa-BPEMEHU MOXHO
MpPEeCTaBUTh B BUIE

g = [BW-EAMWANE A (3.5
EA,(x)a -a

rme A,B=0,1,2,3,4;, w,v=0,1,2,3, a x — KOOpAUHATHI YEThIPEX-
MEPHOTO TPOCTPAHCTBA-BpeMeHU. [ paBUTAllMOHHAS YacTh ACHCTBUS
B TEOpUU TpaBUTALMU DUHILNTEIHA C MPOU3BOJBHLIM KOJIUUYECTBOM

n3mepenuit D = D +1 uMeeT BUI

— 1/2
S, = 2 2S jd x| & [RV?[g], (3.53)
rae S, =2r”?/I(D/2) — nonubii TenecHbid yron (mwiowans (D —1) -
MepHO#t cdepbl eIMHIYHOTO paanyca), a G, — TpaBUTALMOHHAS TIO-

cTrogHHas B D -MepHOM IIPOCTpaHCTBE-BpeMeHU. B ciyyae mSATH-
MepHOUM MeTpuku (3.52) mocje MHTerpMpoBaHMSI IO KOOpAMHATAM
BHYTPEHHETO TPOCTpaHCTBa (Takas MpolieAypa Ha3blBaeTCsl pa3Mep-
HOMl peayKlyeil) rpaBUTAllMOHHAS YacTh ACUCTBUSI MPUHUMAET BU
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4 v
S, =- 28G x| 2 R[g]——jdx g |F, F*, (3.54)

1€ Mbl BBEJIM HbIOTOHOBCKYIO IPaBUTALMOHHYIO TIOCTOSIHHYIO':
S, G,
N
47tV

int

(3.55)

1 00BEM BHYTPEHHEro MpocTpaHcTBa V,, =a, a mapamerp & orpe-

nensiercss M3 & = 161G, /a’; TeH30p HANPSIKEHHOCTU 3JIEKTPOMAr-
HutHOTO Tonist K, =0, A4, - 0,4, . OdyeBunHo, 4ro spdexTuBHAs pe-

IyLudpoBaHHasl 4deTbipexMepHass Teopust (3.54) omnuchiBaeT MOJENb,
KOTOpasi OObeAMHSIET I'PaBUTALIMOHHOE M DBJEKTPOMATHUTHOE B3au-
MOJEWCTBUS.

Briocneactsuum oT ycnoBus g, = CONst OTKa3ajluCh, B pe3yJbTaTe

yero ObuIa MojiydeHa TEOpUsl ¢ JOTOJHUTENbHBIM CKATSIPHBIM MOJIEM.
Hampuwmep, ecim B (3.52) momoxute 4, =0 u g, = —a;®*(x), Tae
a, — MacluTabHBI (akTOp BHYTPEHHETO IPOCTPAHCTBA B HACTOSI-
mee BpeMs f,, a GyHKUMs P(X) ONMCBIBAET OTKJIOHEHHWE OT 3TOTO
3HayeHusd, T. €. O(f =1,) =1, To pasmepHas penykuus aeicteus (3.53)
MPUBOIUT K BBIPAKEHUIO

x\/_R[g]GD (3.56)

S
& 28G

DTO0 — CcHeuuanbHBIA Cchydail CKaJsIpHO-TeH30pHOM Teopuu bpaH-
ca—/lukke ¢ mapamerpoM o = 0. HeclloXHO yOGemIUTHCSI, YTO KOH-
(opMHOe mpeoOpa3oBaHMe METPUKM BHEIIHETO IIPOCTPaHCTBa-Bpe-

MEHU g, = (p"gLLV U TepeompenesicHre CKaJIsIpHOIO IIOJIsI B BHIC
@ =./3/2 Inp npuBomgT aeiicTBue (3.56) K cleayiomeMy BUAY:

1
S
# 28G

xgl{Rigl+g 0,000} (3.57)

' B m. 3.3—3.6 mbl ucnonbdyem G, st 0003HAYEHUsI OOBIMHON <«ddbek-

TUBHOI» YEThIPEXMEPHON TPaBUTALIMOHHON IMOCTOSIHHOI, YTOOBI OTJIMYATh €€ OT
MHOTOMEPHOM «(yHIaMEHTAIbHON» IPaBUTALIMOHHON MOCTOSIHHOU G, .
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Takas acddekTuBHas peaylpOBaHHAasl YETbIpeXMepHasi TEOpUsl OIu-
CBIBAET MOJIEJIb C TPAaBUTALIMOHHBIM U CBOOOIHBIM (0€3 MoTeHIMaNa)
CKaJISIpHBIM TIOJISIMU B TIpeACTaBlIeHUM ODiHINTeiHa. ['oBOpAT, UYTO
NeCcTBUE U 3TOM Mozaenu B Buae (3.56) 3ammcaHO B IpencTaBie-
Humn bpaHca—/Iukke. Mbl oTMeuanu, 4To Mojaeab bpaHca—/Iukke ¢
napameTpoM o =0 TPOTMBOPEUUT HAOJIOJATEIbHBIM AaHHBIM. Oue-
BUIHO, 4To Mopenb Kanyubpi—KireitHa B ToM BuIe, B KakOM OHa
OIKMCaHa BBILIE, CIYXUT JUIS WUIIOCTPALIMOHHBIX LEJIEN, YTOOBI TIPO-
J€MOHCTPUPOBATh MEXaHU3M OObEIMHEHUST (DYHIaMEHTAIbHBIX B3au-
MOJEHCTBUI B MHOTOMEPHBIX TEOPUSIX.

B paHHux paboTtax mONOJHUTEIbHbIE U3MEPEHUST UCTIOIb30BAINCH
CcKOpee KaK MaTeMaTUYeCKU TPIOK sl MOJydeHUs TEOpUil oObenu-
HeHMST PU3NYECKUX B3aMMOAEHCTBUI B 3(h(EeKTUBHOM YEThIpEXMEPHOM
MPOCTPAHCTBE-BPEMEHU, YEM KaK PEaIbHO CYIECTBYIOIIUE MOIMOTHU-
TeJibHble KoopauHaThl. IIIMpoKyo NomnyasipHOCTh MHOTOMEPHbIE T€O-
puu npuobpenu B KoHle 70-x—Hauane 8§0-X romoB MpoILUIOTro BeKa B
CBSI3U C Pa3BUTUEM CTPYHHBIX, CYMEPCTPYHHBIX W CyMeprpaBUTaLIU-
OHHBIX Teopuil. B HacToslliee BpeMsi 3TOT UHTepeC MOAAepKUBAETCS
000011IeHMEM YKa3aHHBIX Teopuil Ha P-Opanbl, M- u F-teopun. B
OOJIBLIIMHCTBE CllyyaeB HanuboJsiee caMocoriacoBaHHas (popMyarupoBKa
3TUX Teopuil (OTCYTCTBHME aHOMAJIUi) UMEET MECTO B IIPOCTPAHCTBE-
BPEMEHM C KPUTUYECKUMU pasMePHOCTAMU D,, GomplIMMU 4eMm 4.
Hanpumep, D, =26 mis 6030HHOI 1 D, = 10 11 cynepcuMMeTpu-
YHOU BepcHUil TEOpPUM CTPYH. DTO a0 BO3MOXHOCTb B3IISIHYTh Ha
JTOTIOTHUTEJTbHBIE M3MEPEHMS KaK Ha PeaJlbHO CYILIECTBYIOIINE OOBEKTHIL.

bonbiioe KoanyecTBO MyOJMKALME O MHOTOMEPHBIX TEOpHUSIX,
MocJjeaoBaBllIee BCen 3a pa3BUTUEM CYNEPCTPYHHBIX TEOPUI, MTPUBE-
JIO K CO3JJaHMI0 MHOTOMEPHO KOCMOJIOTMHW, KOTOpasi MCCIEAYET IU-
HaMUKy BHEIIHUX W BHYTPEHHMX MPOCTPAHCTB ISl Pa3HBIX BapuaH-
TOB Teopuu. B OONBIIMHCTBE 3TUX PabOT MpeAIiojaraeTcs, 4Tro Mc-
clie1yeMoe MHOTOMEPHOE MHOToo0pasue MOJABEPIIOCh «CIHOHTAHHOMN
KoMmmnakTudukauums: M — M = M* x B>*, rne B”* — Kommakr-
HO€ BHYTpEHHEE ITPOCTPAHCTBO (MM MPSMOE ITPOU3BEICHUE HECKOJIb-
KUX KOMITAKTHBIX BHYTPEHHUX IPOCTPAHCTB). OOBIYHO MCCIEAYIOTCS
OIHOPOAHbIE MOJIENIH, Tlle B KaUeCTBE BHEILIHETO U BHYTPEHHETO Ipo-
CTPAHCTB BBHIOMPAIOTCS IIPOCTPAHCTBA MOCTOSIHHON KPWUBM3HBI WJIHU, B
Oojiee o0lIEM ciyyae, NMpoCcTpaHCTBa DifHiuTelHa. Toraga cioHTaHHO

KoMImakTuuurposanHoe D -MepHOe MHOrOOOpasue NMeeT BUII

M=RxM,xM x..xM,. (3.58)
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3nece M;, (i=0,...,n) ABISAIOTCS d-MEPHBIMU NPOCTPAHCTBAMM DIH-

n
mreiiHa, a D =1+ > d, — obias pasMepHOCTb IPOCTPAHCTBA-BpEME -
1]
i=0

HU, M, omucCbIBaeT BHELIHEee TpPeXMepHOoe MPOCTPaHCTBO. OOBIYHO
npennoiaraercsd, 4yro M; (i =0, ..., n) IBISIOTCS MaKCUMAaJIbHO CUM-

METPUYHBIMHM IIPOCTpAaHCTBaAMM, MW JIsd OIIMCaHUA HUX 3SBOJIOLUU
JIOCTaTOYHO OJHOI0 MAacCIITaGHOro (baKTopa a; LIl Kaxnoro m3s M ;e

CrenyeT 3aMeTUTh, YTO €CJIA Jaxe uaess MHOTOMepHOCTH BceneHHoOM
OKaXxeTcsl He OoJiee 4eM KpacHMBOM TUIIOTE30i, TO TeM He MEHee
MHOTHE Pe3yJbTaThl, TTOJYIeHHBIC TP MCCIETOBAHUA MHOTOMEPHBIX
KOCMOJIOTMYECKHUX MOJEJIei, He yTpaTAT CBOETO 3HAYEHMSI, TTOCKOJBbKY
OHM TIPUMEHMMBI K OITMCAHUIO SBOJIIOIIMU aHU3OTPOITHBIX MOIesei
Bcenenroit B OOBIYHOM YeTBIPEXMEPHOM ITPOCTPAHCTBE-BPEMEHH.
Hamnpuwmep, dopmyna (3.58) onuceiBaer buanku-1 monens, ecmu d; =1

(i=0,1,2) ; buauxku-III monens, ecnu M, — IByMEpHOE NMPOCTPaH-
CTBO TIOCTOSIHHOHM OTpMLIATEIbBHOM KpHUBMU3HBI, a d, =1 (n=1);
BeeneHHylo KantoBcku—Cakca, ecnmu M, — ABYMEpHOE MPOCTPAHCTBO
MTOCTOSIHHOM MOJIOXUTEIbHOM KpUBU3HBL, a d; =1 (n=1).

IIpennonoxus, 4To Halll MUP SIBIASIETCS MHOTOMEPHBIM, MbI, Ka-
3aJ0Chb Obl, Cpa3y MPUXOAUM K IPOTHMBOPEUMUIO C OOBIYHBIM ITOBCE-
JMTHEBHBIM OIIBITOM, MOCKOJIbKY M3 HAOJIOAeHUI ClIeAyeT, YTO Halll MUpP
Ha M3BECTHBIX HaM MakKpomacluTabax sIBJIsSEeTCS 4YETbIpeXMEpPHbIM, U
9KCIIEPUMEHThl Ha COBPEMEHHBIX YCKOPUTENSIX TakKXKe HE TMOJATBEpK-
Jal0OT Ha IOCTYIMHBIX B HAcToslIee BpeMsl MUKpoMaciiuTadax (T. €. 10
1 TaB! ~ 107" ¢M) cyllecTBOBaHME JOINOIHUTENBHBIX U3MepeHuii. C
JIPYroil CTOPOHBI, JOMOJHUTEIbHBIE U3MEPEHUST MOTYT OMOCPEICTBO-
BaHHO MpPOSIBUTH cebs M3 HaboaeHUN (@yHIaMEHTaIbHbIX IOCTO-
SIHHBIX, TMOCKOJIbKY IWHAMUYECKOE TOBEICHUE BHYTPEHHUX IIPO-
CTPaHCTB TMPUBOJAUT K BpeMeHHO# Bapuauuu 3(h¢GEeKTUBHBIX YEThIpeX-
MEpPHBbIX (PyHAAMEHTAJIbHBbIX KOHCTAHT. Takue BapualuMu A0 HACTOS-
IIETO BPEMEHU HE ObUIM OOHAPYKECHBI.

Takum oOpa3oM, AOMOJHUTENbHbIE U3MepeHust B Moaeau Kamy-
usl—KieitHa B HacTosee BpeMmsi He HaOJ0JaeMbl, €CJIU OHM SIBJISI-
I0TCSI CTATUYECKUMU WJIM TIOUTHU CTaTUUYECKUMU U UMEIOT pa3Mep MEHb-
e vy nopsaka 1077 cm. Torma Beenennas asinsercs 3pGeKTUBHO
YeThIPEXMEPHOU B COOTBETCTBMM C TPUBBIYHOU JISI HAaC KapTUHOM
mupa. YToObl ObITH B COMIACMM C TakKOM ITOCTAHOBKOM, MIIYT
pellieHUs] MHOTOMEPHBIX ypaBHEHUN DIHILITeiHa, o0ecrneuynuBaloimne
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pacllMpeHre 4acTU U3MEPEeHUi, KOTOpble COOTBETCTBYIOT BHEIIIHEMY
MPOCTPAHCTBY, M CXaTuWe OO0 TUIAHKOBCKMX pa3MEpPOB OCTABLIMXCS
TOTIOJTHUTEIbHBIX U3MepeHuii. B aToM ciydae roBopsIT, 4TO COCTOSI-
Jlach AMHAMUYecKasi KOMITaKTU(UKAIMS BHYTPEHHUX U3MEPEHUA.
IIpy 2TOM ecTecTBEHHO CUMTaTh, YTO CHauyaja BCEe H3MEpPEHMUS
ObLIM paBHOIIPAaBHBIMM M OJHOIO MOpSIIKA, a MOTOM B pe3yJibTaTe
9BOJIIOIIMM BceaeHHOI TMpOM30III0 HapylleHue CUMMETPUU MEXITY
BHEIIHUMU M BHYTPEHHUMU u3MepeHUsIMM. Ilpenrionaraercs, 4to B
pe3yJbTaTe IeHCTBUSI HEKOTOPBIX MEXaHU3MOB, KOTOPhIE ObLTN pacCMOT-
peHbI, HarpuMep, B pabdotax [176, 177, 179], MpOUCXOIUT 3aMOPaKH-
BaHHUE BHYTPEHHUX M3MEPEHMI BO3JIe TJIAHKOBCKUX MU (epMueBc-
KuxX MaciutaboB. ITo3ToMy 0COOBIN MHTEpec IPeAcTaBISIOT TOYHBIE
PELIeHNST CO CTaTMYECKUMM BHYTPEHHUMM ITpocTpaHcTBaMu. OYeBUIHO,
YTO 3TU PEIIeHUST TOJIKHBI OBITh CTAOMJIBHBIMU OTHOCUTEIBHO BO3-
MYIIEHU MacIITaOHBIX (DaKTOPOB BHYTPEHHUX IPOCTPAHCTB, T. €.
CTaTUYECKUE PeIIeHUsT TOJDKHBI COOTBETCTBOBATh MUHUMYMY 3(pdeK-
TUBHOTO TMoTeHLMata. DPdeKTUBHAS TEOpUs MOJIydyaeTcsl B pe3ybTa-
T€ pa3MepHOI peayKIIMM MHOTOMEPHOTO AENCTBUS K YEThIPEXMEPHO-
My [175, 176, 346]. IIpu stoM MaciutaOHble (DaKTOPbl BHYTPEHHUX
IIPOCTPAHCTB BHITJISAAT KaK CKaJSIpHBIEC ITOJISI, KOTOPBIE PacIpocTpa-
HSIIOTCS Ha (pOHE YEThIPEXMEPHOIO MPOCTPaHCTBA-BpeMeEHU, a 3dheK-
TUBHBIN TTOTEHILIMAT OIMPEIe/IAeT TMOTCHIMATBHYIO SHEPIUIO STUX TTOJEH.
JlaHHBIE CKaJSIpHBIE TIOJISI Ha3BaHBI B 3TUX paboTax pamdoOHAMH WM
TrpaBUTALIMOHHBIMU 3KCUTOHaMU. OHU CJ1Iab0 B3aUMOJEUCTBYIOT C MOJIsI-
MM OOBIYHOI MaTepuM, MO3TOMY MTPAIOT POJib TEMHOM MaTepuu.
Crabwmm3anus BHYTPEHHUX ITPOCTPAHCTB MOXKET OCYIIECTBIISITHCS
WIA YACTO TEOMETPUUYECKUM CITOCOOOM, €CIIM OTCYTCTBYET MaTepus,
HO B 3TOM ciydJae 3¢G¢eKTUBHASI KOCMOJOTHYECKas IMMOCTOSHHAST OT-
JINYHA OT HYJIS U OTpHIIATeIbHA, WA B IMIPUCYTCTBUHA MaTtepuu. B mo-
CJIeHEeM cilydae ¢ MOMOILBbIO TOHKOW MOJACTPOWMKU MapaMeTpoB MOJEIU
3(hGEKTUBHYIO KOCMOJIOTMUECKYIO TTOCTOSTHHYIO MOXHO CJIeJIaTh paBHOM
Hymo. Takke ¢ TTOMOIIBIO TOHKOM TOACTPONKM TTapaMeTpoOB MOXKHO
JTOOUTHCS, YTOOBI 3(P(PEKTUBHAS KOCMOJOrMYecKasi ITOCTOSTHHAs cTajia
TTOJIOXXUTENIBHON M ee 3HaueHWe OBUIO paBHBIM TUIOTHOCTU SHEPTHH
HabmomaeMoii ceiiyac TeMHOM 3Hepruu. Ui Takoli TOHKOW MOACTPOMKU
HamboJIee 9acTO MCTOJB3YIOT MTOTEHIINAJbI, B KOTOPBIX YUYTEHBI OITHO-
MeT/ieBble KBaHTOBbIE MOIpaBKu (B ToMm uucie addexkr Kasumupa), a
TaKKe «MOHOITOJIbHBIC» WICHB — TaK Ha3bIBaeMbIe «ITOJIST (DOPM».
ITonpoGHbie 0630psl Teopuit Kanyiibl—KieiitHa MoXHO HalTH B pa-
6otax [44, 320]. OtMeTM, YTO OKOJIO 15 JIeT Ha3ay MOSIBUWICS ajbTepHa-
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TUBHBIN MEXaHU3M OOBSICHEHMSI HEHA0TI0MaeMOCTH TOTIOJTHUTEIbHBIX
n3MepeHuii. B aTom ciryyae morrycKaeTcsl, 9To BCe TOJIsI, KOTOPBIE OT-
HOCSTCS K TaK Ha3bIBaeMOI CTaHOAPTHON MOMIENM DJIEMEHTApHBIX Ya-
CTUII, JIOKaJM30BaHHBI Ha TPEXMEPHOM MHOroobpa3um — OpaHe, KO-
TOpasl ONMMCHIBACT HAIll TPeXMEpHBIM MUp. OTHAKO TpaBUTALIMOHHOE
IoJjie He SIBJIIETCS JIOKAJM30BaHHBIM. Takue Momenu MOJy4YWIM Ha-
3BaHUE TEOPUMU MUPOB Ha OpaHe (cM., Hampumep, [499, 585]).

Hanee omuimeM, K KaKMM HaOIIOHaeMbBIM CJIEICTBUSAM B TPaHUIIAX
CoHEeYHOM CHCTeMBI TIPUBOIAT MHOTOMepHBIe Moaean Kamyrer—Kireit-
Ha M KaKye OTpaHWYeHUs Ha TapaMeTphl 3THUX MoIeJiei HaKIaIbIBaroT
W3BECTHBIC T'PAaBUTAIIMOHHBIE SKCIIEpUMEHTHI (oTKiIoHeHMe CoHIeM
JIyda cBeTa, CMellleHue Tmepureans MepKypusT M 3ala3ablBaHUE pagap-
HOTO 3Xa).

3.5.1. JkcnepumeHTanbHbIE OFPAHUYEHMS

OueBUIHO, YTO J100ast u3nyecKast Teopysl TOJbKO TOTIa
3aC/Iy’KMBaeT Cepbe3HOr0 BHUMAHUS, KOrJa HAaXOAUTCS B COIVIACUMU C
HabmoaeHusiMU. OO11ast TEOPUSI OTHOCUTEJbHOCTU B YETHIPEXMEPHOM
MPOCTPAHCTBE-BPEMEHN OUYEHb XOPOIIO COIJIacyeTcsi ¢ IpaBUTAllMOH-
HbIMU 3KcriepuMeHTaMu B CojiHeuHoi cucteme. K Takum 3kcriepu-
MEHTaM OTHOCSITCSI CIBUT TIEPUTENINS TUIAaHET, OTKJIOHEHWE JIyda CBeTa
CosHIIEM U BpeMeHHas 3aliep>KKa paaruoJ0KallMOHHOro curHania (3g-
¢ext lanupo). EctecTBEeHHO BO3HUKAET BOIPOC O COOTBETCTBUU MHO-
TOMEPHBIX TPAaBUTALIMOHHBIX TEOPUM 3TUM KIACCHMYECKMM TecTaM. B
OTO ans pacuera 3tuX 3pdekToB B CONHEUHON CUCTEME UCITOJb3Y-
eTcsl NpUOMIMKEeHHE CJIa00oTo MOosl, T. €. CYMTAIOT IpaBUTALIMOHHbIE
MOJISI CIaOBIMU Y CKOPOCTH IBMXKEHUSI TPAaBUTUPYIOLIUX T€1 HAMHOTO
MeHbllle ckopocTu cBeTa [550]. IIpu 3TOM TpaBUTHPYIOLIME MACCHI
MOXHO paccMaTpuBaTh KaK TOYeuHble MCTOYHMKU. [TokaxeM, K KaKum
HabMoaaTeIbHBIM CJEICTBUSIM MIPUBOAUT 3TOT MOJXOM B CJIydyae MHOTO-
MepHbIx Moneneit Kanmyubsli—KieitHa, misi KOTOpbIX ypaBHeHUE DiH-
LITeliHA, MoJyJ4aeMoe BapbUpoBaHUeM AeicTBud (3.53), MpUHUMAET BUI

25,G 1
_ 25 (r —D_lgiij. (3.59)
PaccMoTpuM cHavama Momenud ¢ TOPOMOAIBHON KOMITaKTH(MWKa-
LIMeil BHYTPEHHUX MPOCTPAHCTB, KOrNa BCE BHYTPEHHME MPOCTPAHCT-
Ba SIBJSIIOTCSl TOpaMu ¢ nepuogamu a,,i=1,...,D"'. [lonHslii 0ObeM
>
BHYTPEHHUX IIPOCTPAHCTB paBeH V,, = Ha,.. B npubmmxkenuu ciabo-

i=l1

R

]
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TO TOJISI JUISl TIOKOSIIIUXCS TPaBUTUPYIOIIMX OOBEKTOB €AMHCTBEHHOM
OTJIMYHON OT HYJIST KOMIIOHEHTOM TeH30pa SHEePTUU-WUMITYIbCa SBIIS-
erca Ty, ~pyc® ~0(c*), tne p, =md(F,) — D-MepHas IUIOTHOCTH
Macchl MIOKOSI TPAaBUTHPYIOLIEN TOYEYHON Maccel m, F, — D-MepHBIi
pagmyc-BekTop. TakuM oOGpa3oM, B 3TOM TIPUOIIKCHUM TPaBUTHPY-
IollIMe MCTOYHMKM XapaKTepU3YIOTCS TbUIEBBIMU YpaBHEHUSIMU CO-
crosiHusg P = 0 BO Bcex (T. €. BHEIIHMX U BHYTPEHHUX) MPOCTPAHCT-
BeHHBIX M3MepeHusx. Ecay rpaBuTHpylolas Macca paBHOMEPHO
pa3mazaHa/pacrpeneieHa 10 BHYTPEHHUM TIPOCTPAHCTBAM, TO pp =
= 3/ Vi = mSE)/ V.

PaccmotpuM citydait 6e3 pasmasku. Torma MOXKHO 1MOKas3aTh, YTO IS
TOYEYHOM MOKOMILEUCSA TPAaBUTUPYIOLLIEH MAaCChl /1 PELLEHUE JIMHEAPpU30-
BaHHBIX ypaBHeHUU (3.59) NMPUBOAUT K CJAEAYIOLIMM BbIPAXKEHUSIM JJIs1
MeTpruyecKnXx KoaduuueHToB [132]:

2 2 -
&oo z1+c_2(P(rD)+c_4(P2(rD)a (3.60)

D-2

®opmyisl (3.60) u (3.61) MoKa3bIBalOT, KAKUM 00Opa3oM HalIMuyue
IPaBUTUPYIOLIEH MacChl BO3MYIIAET (DOHOBOE ILIOCKOE IMPOCTPAHCT-

Bo-Bpems. [lanee GyneM 0603HayaTh BO3MylleHME Topsaka 1/¢’ Kak

o2
- _(1__.6_2([)(,0)}5@, o0 p=1, ... D (361)

hy W h,;. MBI BbIpa3Wii KOMIIOHEHTY g, C TOYHOCTHIO JIO 1 /ct
BKJIIOUUTEIbHO. Takas TOYHOCTb HyXHa JUIsl pacyeTa CIBUIa MEpuUre-
Just TiaHeT. OTHOCHTENIbHO MPOCTPAHCTBEHHBIX KOMITOHEHT g,
M3BECTHO, YTO MX JOCTATOYHO PACCUMTATh [0 Mopsiaka 1/c¢? BKIIOYM-
TenbHO. HepensaTuBUCTCKMI TpaBUTALIMOHHBIA MOTEHIMAN ¢(7,) YAOB-
JnetBopsier D-mepHoMy ypaBHeHUIo [lyaccoHa:

2
App =3 a_(% = 8,G,md(F,), (3.62)
ox*ox
rae
G, =2P=2¢ (3.63)
D-1

ABJIAETCS TIEPEOTPENEIEHHOM TIPaBUTALIMOHHOM MMOCTOSIHHOM B (D =
= D +1)-MepHOM IpOCTpaHCTBe-BpeMeHU. Kak yBuauM HMXKe, Takas
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MEPEHOPMUPOBKA YI0OHA TEM, YTO METPUYECKUI KOIPOULMEHT g,

MMPUHAMAET BMI, YIOOHBIN IJISI MCIIOJb30BaHUSI B TMapaMeTpU30BaH-
HOM TIOCTHBIOTOHOBCKOM ¢bopMaiuaMe. OTMETUM, UTO BBIOOP 3TOI Ka-
JIMOPOBKU (Kak W JI000I Ipyroif) He BIMSIET HA OCHOBHbIE BBIBOJbI
OTHOCUTEJIbHO TpUMeHUMOCTU Mojenein Kanyusl—KieiitHa. Takum
0o0pa3oM, IS OIpenesicHUsT MeTpuuecKux KoapduimeHtos (3.60) u
(3.61) HeoOxommMoO pemuTh ypaBHeHMe (3.62). OmHakKo elme IO pe-
IIEHUs 3TOTO ypaBHEHUS MOXHO BUIETb, YTO IIPU HMCIIOJb30BAaHUHU
paccMaTpUBaeMbIX MoOJIEJIed CTAIKUBAIOTCS C CEPbE3HON MpPOOIEeMOIA.
U3 dopmyn (3.60) u (3.61) ciaenyer, 4YTO OTHOIUEHUE BO3MYILIEHUIA
MeTpuieckux kosbduuuentos A, u hy, paBHo 1/(D-2). Takum

obpaszom, nipu D >3 3TO OTHOLIEHWE CWJIBHO OTJIMYAETCS OT €AWHULIBL.
OaHako MMEHHO 3TO OTHOILLUEGHWE OMpeaesisieT MOCTHbIOTOHOBCKUM
MmapaMmeTp y , KOTOPBI COMTACHO HAOMIOACHUSIM UYPE3BbIYAHO OJIM30K

K enquHuILe (CM. HMXE).
Ecau nmomosHuTebHBIE U3MEPEHUS HE KOMMAKTU(DUIIMPOBAHBI,

T. €. MOJIHOE MIPOCTPAHCTBO UMeeT Tonosorvio R” | To ypasuenue (3.62)
HMMeEET CJIeAyIollee pelleHNe:

G,m

-—2——, D2>3 3.64
(D_z)rlé)_za s ( )

¢ (rp) =

rae r, — MOAYJb paauyca-BeKTopa 7y, . DTO eIUHCTBEHHOE pEelIeHMe

(3.62), ymoBieTBOpSIOLEE HYJICBOMY IIPEICIbHOMY 3HAUCHMUIO Ha
OECKOHEUHOCTH.

Ecau Tonosorus mpoctpaHcTBa umeeT Bug R’ x T (T. e. ¢ Topo-
UIATbHONM KOMMNaKTUdUKaLKUeil BHYTPEeHHUX MPOCTPaHCTB), TO €cTec-
TBEHHO HAJIOXUTh Ha HEPEISITUBUCTCKUIN TPaBUTALIMOHHBINA ITOTEH-
MaJI TIEPUOINYECKHe TPaHUYHBIE YCIIOBUSI B HAIPABICHUM ITOTIOTHU-
TeNbHBIX M3MepeHuit. Torma ypaBHeHwne (3.62) mmeer petenue [134, 135]

1/2

GNm +00 +00 d k 2
¢ (1,&,...,&,) = — Z Z exp| —2n Z —+ | x
’3 ky=—» kd:—oo i=1 a,‘
2nk 2nk
xcos| g, |..cos| g |, (3.65)
a a,
rae 7, — MOIYJb paauyca-BEKTOpa B TPEXMEPHOM IPOCTPAHCTBE,
¢, €[0,a4,] — KoopIMHATA i-TO JOTOJHUTELHOTO U3MEPEHHUSI, @ HBIOTO-
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HOBCKasl IpaBUTAllMOHHAs TOCTOsIHHAsA G, CBf3aHa C MHOIOMEPHOM
IpaBUTALIMOHHON IOCTOSHHOR G :

Gy =2°0. o (3.66)

i=1
B sToit (bopMyne CTOUT NMECPECHOPMHUPOBAHHOC 3HAYCHUC G@a a HE

opurnHaibHOe G, Kak B (3.55). Jlerko BuneTh, yto B npenene a; — 0
HyJieBasg Mojia (pellleHue, B KOTOpoM Bce k, = 0 ) BHOCUT OCHOBHOI
BKJIaJ, ¥ MBI TTOJIy9aeM HbIOTOHOBCKMI IPaBUTALIMOHHBINM MOTEHIIAAI
o (1,§,...,6,) > —Gym/r,. @opmyna (3.65) nmokasplBaeT, yTo Iepe-
HopMMpoOBKa (3.63) GbuTa HeoOXoaMMa JUTS TIepexoa B 3TOM Tpeaese
K I'paBUTallMOHHOMY ToTeHUMany HploToHa 6e3 Kakux-Jubo I0TMoJ-
HUTENbHBIX NpedakTopoB. B nutepaType HeHyneBble MOIbI k; Ha3bl-
Batorcss Momamu Kamyupl—KieitHa. B mpoTHBOMONIOXHOM IIpenere,
T. €. €CJIM BCE @, —> +o0, CyMMBbI B (3.65) MOXHO 3aMEHUTb HA MHTET-
panbl. Mcronb3ys cTaHmapTHBIE WHTETPasBl, MOXHO TOKa3aTh, 4TO,
HaIlpuMep, B YaCTHBIX ciaydyasax d = 1, 2 Mbl TIOJy4YMM HEOOXOAUMBIMI
pesynbTar: ¢ (r,§,,...,&,) = ~G,m/[(D —-2) 2], T.e. TpeneabHbIi
repexof K peureHuio (3.64).

B cnyyae omHOro momoiaHUTEIbHOro u3MepeHuss d =1 MOXHO
BBIITOJIHUTh CyMMHUpPOBaHUE psiga B (3.65), mpuMeHss, HampuMep,
dopmyny Abensi—IInaHa MM OPOCTO MCIOJB3Yys TaONMLBI psgoB. B
pe3ysbTaTe MPUXOANM K KOMITAKTHOMY BBIPAsKEHUIO:

. 2nr,
h 3
Gom sin [ p j

£ cosh (27['3) — oS (27:&)
a a

rae r, €[0,+0) u & €[0,a]. HerpynHo npoBeputs, uro 3Ta opMyia
MMeeT TPaBWIbHbIE ACHUMNTOTUYECKUE BBIPAXEHUS Ml 1, >>a u
r<<a.

O4YeBHIHO, YTO TIPW PACCMOTPEHHMH TPAaBUTAITMOHHOTO TTOJISI Ha pac-
CTOSIHUSIX F; >> @, JIOCTAaTOYHO OrpaHUYMTBCS HyJ1eBoil Moot Kamyibi—

Kneiitna. HanmpuMep, 3T0 mpuOMmzkeHHe XOpOIIO MCITOJIb30BaTh IS
iaHeT COJIHEYHO# CHUCTEMBI, TIOCKOJIBKY 3KCIIEPUMEHTHI 110 TIPOBEp-
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3 Mopudukaumum obiei Teopun OTHOCUTENbHOCTH U KCNIbTEPHATHBHDIE» TEOPUM

K€ 3aKOHa OOpaTHBIX KBaapaTOB MOKAa3bIBAIOT, YTO JAOMOJHUTEIbHbIE
usMmepeHuss B Mmopensix Kanyubsl—KiieiiHa He HOJDKHBI TIpeBbIIIAThH
CyOMWITUMETPOBBIE paccTosiHUA. [1oaTOMy B 3TOM cilyyae TpaBHTa-
LIMOHHBIN MOTeHUMAT UMEET BUJ

2

GNm _ r,c
- b

r 2r

o(F) ~ — (3.68)

rae r, — TpexMepHblii pagnyc LlBapuimibia, pasHetii 2G m/ .

Bbiie Mbl oTMeuay BaXKHBIM YaCTHBIN Cllydyail TpaBUTHPYIOLIMX
Macc, paBHOMEPHO pa3Ma3aHHbIX MO BHYTPEHHUM IPOCTPAHCTBAM.
MoOXXHO TOKa3aTh, YTO ¢ TOUKU 3pEHUS] KBAHTOBOM MEXaHMKU OH CO-
OTBETCTBYET OCHOBHOMY COCTOSIHUIO T'DaBUTUPYIOILLETO HCTOYHMKA.
Jnsa pasMazaHHBIX TPABUTHPYIOIINX MUCTOYHMKOB HEPEISITUBUCTCKUIA
TPaBUTALIMOHHBIA TTOTEHIIMA TIOJHOCTBIO COBITAHACT C HBIOTOHOB-
CKMM BbIpaxkeHHeM (T. €. 3HaK TPHUOMKEHHOTO paBeHCTBa B (3.68)
HeoO0XOoIMMO 3aME€HUTh Ha 3HAK TOYHOro paBeHcTBa) [135]. B manb-
HellleM B OCHOBHOM OyleM MMETh JeJIO C pa3Ma3aHHBbIMU TPaBUTU-
PYIOIIIMMM MaccaMu. DTO OMNpaBAaHO M TeM, YTO pa3MasKa SIBJISICTCS
HEoOXOIUMBIM YCJIOBUEM COBMECTHOCTM ypaBHEHUI DiHILITeHA mst
MoJIe/el ¢ KpMBbIMY BHYTPEHHUMH TMIPOCTpaHCTBAMU DiiHIITeitHa [93].

Takum 00pa3oM, METpUKa pacCMaTPUMBAEMOro IPaBUTUPYIOLIETO UC-
TOYHHMKA B M30TPOITHBIX KOOPAWHATAX UMEET BUI

2
ds* ~ l—r—g—i-riz cdrr - 1+ 1 e X
2K D-2r,

1 r
x(dr} +rld®* + rsin’0dy’ —(1+ —ng
( 3 3 3 ) D-2I’:«’

x((dg,) +(de,) +...+(de,)). (3.69)

Tenepb MO2KHO IMPOBECTU PACUYCTHI IrpaBUTALIMOHHBIX TCCTOB.

Casur yacrorsi

[MockonbKy MeTpuueckuit Ko3pdULUEHT g, B METpU-
ke (3.69) coBmamaer ¢ g,, B Mmetpuke LlIBaprmmibaa, To dopmyra

CIBUTra 4acTOThI OymeT Takas xe, Kak u B OTO.
Hpyryie TecThl MOXHO PacCYMTaTh, HEIIOCPEACTBEHHO MCIIOJIb3YS
Bua MeTpuku (3.69) [132], a Takke U3BeCTHBIE (POPMYIIBI TTAPAMETPU -
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3.5. MHoromepHbie mogenu Kanyusi—KneiHa

30BaHOI0 MOCTHBIOTOHOBCKOTO hopmanuima (cMm. 1. 4.2.1). CpaBHe-
Hue Metpuku (3.69) ¢ dopmynamu (4.8) u (4.9) mokasbIBaeT, 4YTO
s paccMmaTpuBaembix Monenein Kanyipi—Koeitna TTTTH napameTpbl
PaBHbI

1

=1, y=——.
B =55

(3.70)

ITosToMy, ucronb3ysl ypaBHEeHUsI, MpuBeAeHHbIe B M. 4.2.1, momy-
YyaeM BBbIPaXXEHMS ISl TPaBUTALIMOHHbBIX TECTOB.

Casur nepurenns

1 3nr Drr
by =3 (2e 2Py
3 a(l-¢°) (D-2)a(l1-¢)

(3.71)

e a U e — OOJblIas MOJYOCh M IKCLEHTPUCUTET BJUIMIICA COOT-
BeTCTBeHHO. [ TpexmepHoro ciyyas D =3 3T0 ypaBHEHHUE B TOY-
HocTu coBmagaer ¢ dopmynoirt OTO. M3BecTHO, uTo Mepkypuii B
CoslHeUYHOl cucTteMe MMEET HauMOOJbIIYI0 PAa3HOCTb MEXIY M3MEpEeH-
HbIM 3HAaYEHWEM CABUra MEPUresvsl U 3HAYEHWEM, PACCUYMTAHHBIM C
KCIIOJb30BAaHWEM HbIOTOHOBCKOro opmanusma. HabmtonareabHast
pasHocThb coctaBiasieT 43,11+ 0,21 yrjioBbIX CeKyHA 3a CTOJETUE. DTO
3HauYeHUE OOBSICHSIETCS peaITUBUCTCKUMU 3PdexkTamu Buma (3.71).
OaHaKo TOJILKO B TpeXMepHOM ciayyae D =3 ¢ NoMOIbIo (OpMYyJIbl
(3.71) monyyaloT ymaoBJIETBOPUTEIbHBIN pe3yabrarT 42,94" | KoTopblit
JIEKUT B I'paHULIAX TOYHOCTU M3MepeHuit. Hampumep, mist Mozpeeit ¢
D=4 u D=9 mb HaxomuM 28,63 u 18,40"” COOTBETCTBEHHO, KO-
TOpbIE OYE€Hb NaJeKu OT HaOII0AATeIbHOTO 3HAYEHMSI.

Orknonenne ceera

r D_1r
Sy=(l+y)e=2"""¢ 3.72
v (+v)rm D27 (3.72)

rae r, — NpUUEIbHBIA mapamerp. B TpexmepHoM ciayyae D =3 st0

ypaBHeHHE B TOYHOCTH coBIagaeT ¢ popmynoit OTO. B OTO mna myga
CBeTa, Kacarolerocst Kpast mucka CoiHila, moinyyaeM Sy ~ 1,75 arcsec,

YTO XOPOIIO COTJIACYeTCS ¢ HaHHBIMU HabmomeHuii. @opmyma (3.72)
ITOKA3bIBACT, YTO MBI TTOJIyIaeM 3TO 3HaUYeHUE Sy TOJBKO IS OOBIY-
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HOTO TpeXMepHOoro npoctpaHcTBa. B ciayyasx D=4 u D=9 coor-
BeTCTBEHHO MMeeM Sy ~ 1,31" u Sy ~1,00" ; 3T BeIMYMHBI OYEHb
aJIeKn OT HabII0MaeMoro 3HaYCHUS.

Ipdexr Wanupo

IIpuBeneM BbIpaKeHUE IJISI BPEMEHHOM 3amepKKU pa-
JapHoro sxa (cMm. (4.11)):

_ D_lr_gln 4rEarrhrplanet )
D-2c R:

Sun

AT

(3.73)

OTa dopmyna coBnanaer ¢ BoipaxkeHuem ajasg OTO npu D =3.
OueBUAHO, YTO PACXOXICHUSI MEXIY BBIYMCICHHBIMU 3HAUCHUSI-

MU W JAaHHBIMU HaOaoneHuil mpu D >3 BO3HUKAIOT 3a CUET 3Haye-

Hus IIITH napametrpa y. Bropoe ypaBHeHue B (3.70) moka3sbIBaer,

YTO MapaMeTp y COBMAAAET C COOTBETCTBYIOLIMM BbipaxkeHuem OTO,
eciu D = 3. Tonbko B aToM ciydae y = 1. ComiacHO 3KCIEpUMEHTATb-
HbIM JaHHbIM, y JOJDKHO ObITh OYeHb 0mM3Ko K 1. Haubonee ctporue
OTpaHWYECHMS Ha y CJIAyIOT U3 9KcneprmMeHTa lllamipo o n3mepeHno
BPEMEHHOM 3a[ep>KKWA PalapHOTO 3Xa C MCIIONL30BAaHMEM KOCMHUYECKOTO
armapara Kacewnu: v —1=(2,1+2,3)-10”. Onnako npu D > 3 umMeeM

y-1~ 0(1). Hanpuwmep, nast D, paBHoro 4 u 9, nojayyaem, 4to y —1

paBHO —1/2 1 —6/7 cooTBeTcTBeHHO. KOHEUHO, 3TM 3HAYEHUS OYEHbB
TAJIEKN OT SKCIIepUMEHTATbHBIX TaHHBIX.

Takum o0Opa3zom, [JIs1 paccMaTpUBAEMbIX MOJEIEN BbIPAXXKEHUS
IUIS CIIBUTA TIepUresivsi, OTKJIoHeHus Jjiyda cBeta u T1TTH mapamerpa vy
MEMOHCTPHUPYIOT XOpOIIlee COITache C SKCIEePUMEHTAJIBHBIMU TaH-
HBEIMHM TOJIBKO B Ciy4yae OOBIYHOro TpexmepHoro (D = 3) mpocTpaH-
CcTBa. DTOT pe3yJNbTaT HE 3aBUCHUT OT pa3Mepa IOMOJTHUTEIBHBIX
n3MepeHuii. CremoBaTebHO, B 3THMX MHOTOMEPHBIX  MOJIENSIX
Kanyubi—KrneiiHa TouyeyHble Macchl (C TIBUIEBBIM YpPaBHEHMEM CO-
CTOSIHMSI BO BCEX IPOCTPAHCTBAX) HE MOTYT IMOPOXIATh TPAaBUTAIIMOH-
HBIE€ TIOJISI, KOTOPBIE COOTBETCTBYIOT KJIACCMYECKUM TPaBUTALIMOHHBIM
TectaM. JIaHHBINM BBEIBOI O0OOOIMAETCS W Ha TIPOTSDKEHHBIE KOMITAKT-
HbIe CEepUIHO-CUMMETPUYHBIE (B TPEXMEPHOM IIPOCTPAHCTBE) Tpa-
BUTHPYIOIINE OOBEKTHI C MBUIEBBIMUA YPaBHECHHMSIMM COCTOSIHUSI BO
Bcex mpoctpaHcTBax [130]. TToaToMy HeoOXOmMMO WJIM MOIU(UIIN-
poBaTh TPABUTAIIMOHHBINA MCTOUYHMK (pa3pelasi, HampuMep, MCTOYHHUKY
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3.5. MHoromepHbie mogenu Kanyusi—KneiHa

UMETb DEJSITUBUCTCKUE YPaBHEHMSI COCTOSIHMSI B JIOIIOJHUTEIbHBIX
U3MEpEeHUsIX), WJIM paccMaTpuBaTh KOMITAKTU(UKAIIMIO, OTIMYHYIO
OoT TopounanbHoii. [lepBoe mpemiokeHWe peaausyercsl Ul JTaTeHTHBIX
COJIMTOHOB M MX YACTHBIX CJIy4aeB — YEPHBIX CTPYH U YEePHBIX OpaH
[130, 133]. B ciyuae chepuueckoil KOMHOAKTU(GUKALIUUA TAKXKE MOX-
HO JOOUTBHCS corjiacusl ¢ 9KcrepuMeHTaMu [94] (cMm. Huxke).
PaccMoTpuM (hpusmyeckue MpUYMHBI TOTO, YTO B OMHUX CIydasix
MOZEIN TIPOTUBOpPEYAT SKCIIEPUMEHTAIBHBIM TaHHBIM, a IUIS IPYTUX
MOJIEJIE UMEET MECTO XOPOIIIEE COIIACUE C FPABUTALIMOHHBIMU TECTAMU
[136]. C sToi1 HIeNBI0 YIOOHO TpaBUTAIIMOHHYIO MTOCTOSTHHYI0 HbloTOHA
Gy BbIPa3UTb OTHOCUTEIbHO OPUTMHAJIbHOI MHOTOMEPHO! IrpaBUTALIU-

OHHOIT TTOCTOSTHHON G

D

B BUJE, aHaIoTU4YHOM (popmyie (3.55):

S, G,
=—_L£_2 3.74
N dn (3.74)
rae V, — o0beM BHYTpEHHEro MpocTpaHcTBa. Torma misi Moaelieit ¢

TOPOUIATIbHOM KOMHaKTI/Id)I/IKaL[I/Ieﬁ n B Cji1ydya€ TOYCYHOIO IrpaBUTU-
PYIOLIETO UCTOYHHKA C INbUIEBBIMU YPABHCHUAMM COCTOSAHUA BO BCEX

NPOCTPAHCTBAX BO3MyleHust Ay, u h,, (mopsaka O(1/ c?)) merpu-
YeCcKNX KO3(P(UIIMEHTOB MOXKHO 3alucaTh B BUIC

2D -2) 2Gym

e it R L 3.75
o D-1 ¢r (3.75)
- 2 ZG;N’", w=1,2.3, (3.76)

D-1 c°r,

2 2Gym
=—— , u=4,5,...,D. 3.77
s D-1 627‘3 H ( )

3mech TaTMHCKKME MHAEKCHI TIPMHUMAIOT 3HaYeHus1 i,k = 0,..., D, rpeye-
ckue — a,p=1,2,3 u pv=4,5..,D. C onHOI CTOPOHbI, OUEBU/I-
HO, 4TO JAHHOE IepeonpeaeieHre He BausieT Ha 3HayeHue TTTTH na-
pametpa y:y=h, /h, =1/(D-2). C opyroii, h, onpenenser Hepe-
JIATMBUCTCKUI TPaBUTALIMOHHBIN MOTEHIMAN: A, = 2¢/c’. Hanpuwmep, B
OTO  hy =2¢y/¢* =-2Gym/(c’r;) u hy =h,. B wamem ciydae

o

TPaBUTALIMOHHBIN TTOTeHIIMAT pruobpen tipedaxtop 2(D -2)/(D-1). B

87



3 Mopudukaumum obiei Teopun OTHOCUTENbHOCTH U KCNIbTEPHATHBHDIE» TEOPUM

YyeM MpUYMHA MOSIBJIEHUS 3TOro mpedakropa U HEpaBEeHCTBA MEXIY
hy n h, ? Jlerko yBUIETb, YTO BO3MYILEHUS METPUYECKUX KO3DhU-

LIAEHTOB Hy, W A, MOXHO 3allMCcaTh CIECAYIOIIAM 00pa3oM:

ho =+ 5V, (3.78)
h,=h, —%SV,, (3.79)
rae 5V, — OTHOCUTEIbHOE M3MEHEHHE o0BheMa BHYTPCHHETO ITPO-
CTpaHCTBa:
D 2(D-3)2Gym

5V = Sh, = 3.80
2 =" (3.80)

c’r
OyeBUIHO, YTO NTaHHOE BO3MYIIEHWE BbI3BAHO BHECEHUEM I'DABUTH-
pyoIieii Macchl B MEepPBOHAYAIBHO IIIOCKOE IIPOCTPAHCTBO-BPEMSI.
Takue Bo3MyllieHUsT HAOMIOOAIOTCS BO BHEIIHEM ITPOCTPAHCTBE B BUIE
CKaJISIPHBIX TIOJIeH, Ha3BaHHBIX BBIIIE PagOHAMU WIIM TPaBUTAIIMOH-
HBIMU 3KCUTOHAMM.

VpaBHenust (3.78) u (3.79) sBHBIM 00pa3oM NOKa3bIBaIOT, UYTO
npedakrop 2(D-2)/(D-1) B hy, a TaKXKe HEPaBEHCTBO MeEXIY /,

n hm BO3HHUKIJIM 34 CUCT IIPUMECU BOSMYLICHUA o0bema BHYTPCHHETO

npoctpancTBa. CpaBHenue 3V, ¢ 2¢,/c’ TOKa3bIBa€T, YTO 3TO BO3-

MYyILEHME COBIAAAET ¢ HbIOTOHOBCKUM BBHIPaXEHUEM C TOYHOCTBIO IO
npedaktopa 2(D -3)/(D—-1) u ynoBieTBopsieT ypaBHEHUIO, aHAJO-

rmaHoMy ypaBHeHMIo [lyaccona. OueBUIHO, YTO 3TO MPUBOAUT K H0-
IMOJTHUTEJIBHOM CuJjie, MPpONopLMOHaNbHOM cuie HpioroHa. OOBIYHO
Takas cuja HasbIBaeTCs TsITOM cwioil. OHa COOTBETCTBYET OOMEHY
CKaJISIPHBIMU YacTUIIAMU (paauoOHaMU) MEXIY IPaBUTUPYIOIIUMU Te-
snaMu. MTak, B JTaHHOI MoJIeIM Bapualusi 00beMa BHYTPEHHEIO IpO-
CTpPaHCTBA MOPOXKIACT TATYIO CUIY. B 3TOM M cOCTOUT TIpUYMHA TIPO-
THBOPEUYUS] MEXIY PACUETHBIMM BEJIMUMHAMM M DKCIEPUMEHTATBHBI-
MM JTaHHBIMU.

Berie MBI yKasbIBaIM Ha BO3MOXHOCTH OOOWTH ITPOTHBOpPEUHE
SKCIIEPUMEHTAIbHBIM JAaHHBIM B MOJIC/ISIX C TOPOUIAIbHOM KOMIIAK-
TU(UKAIIAEH, eCIU MTO3BOJIUTh IPAaBUTHPYIOIINM MCTOYHUKAM HUMETh
PENIATUBUCTCKYE YPaBHEHUST COCTOSTHHMSI BO BHYTPEHHUX IPOCTPAHCTBAX.
JeiiCTBUTENIbHO, CYIIECTBYET KJIACC TOYHBIX COJMTOHHBIX PELLIECHUI
(cM., Hampumep, [130, 133]) ¢ HeHyJleBHIMU ypaBHEHUSIMU COCTOSI-
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3.5. MHoromepHbie mogenu Kanyusi—KneiHa

HHA B OJOIIOJIHUTECIbHBIX M3MCPCHUAX, T. €. KOrJa KOMIIOHCHTbLI TCH-
30pa SHEPIrumn-"uMIltyjibCa BO BHYTPCHHEM IMPOCTPAHCTBE MMCIOT BU

1
T;iu z(’OHI/_D’p}(rS)Cl zmp%O’ H:4953-”1D1 (381)
rae o, — TapamMeTpbl ypaBHEHUI COCTOSIHYSI B IOTIONHUTEBHBIX M3~
MepeHusx. B mpubavkeHur ciaboro moJjisi BO3MYLIEHUSI METpUYec-
KX KO3(pPUILIMEHTOB i 3TUX peleHuit paBHbl [130]
hy = - 2(D-2)2Gym  2Q 2Gym
’ D-1 ¢, D-1 ¢c'r
. 2 2G2NmJr 20 2G2Nm, (3.83)
D-1 ¢, D-1 crn
2 2Gym ( Q jZGNm
=2, 2 O 2
”“ D-1 c'r D-1) cr,

, (3.82)

, (3.84)

D
rme Q= zpz4mu. O4YeBHUOHO, YTO BTOpPHIE WIEHHI B YpaBHEHUSX

(3.82)—(3.84) oOycioBaeHbI HEHYJIEBBIMU YPAaBHEHUSIMU COCTOSIHUS B
JIOTIOJTHUTEIbHBIX TMPOCTPAHCTBAX M B ciayyae Q=0 3T ypaBHEHMS
cpomarcs K (3.75)—(3.77). W3 ypaBHeHust (3.84) 71erko MoOJy4UThb
BBIpaXEHUE 1T Bapualldii 00beMa BHYTPEHHETO MPOCTPAaHCTBA:

> D-3 20 \2Gym
8V, =Sh =2 v
b= 2h (D—1+D—lj e,

, (3.85)

KOTOpO€e TMOKa3blBaeT, YTO BapMvalllsl BOZHMKAET BCJIEICTBUE IBYX -
¢exroB. IlepBbiii wieH oOpa3yeTcsi 3a CYET MHOTOMEPHOCTHU IpO-
crpaHcTBa (D > 3), a BTOpO# wieH MMeeT MeCcTo Oyiarogapsi HeHyJjie-

BbIM YPaBHCHUAM COCTOAHMSA B JOITOJTHUTCIIbHBIX M3MCPECHUAX (Q * 0) .

CylIecTBYET MHTEPECHBIN CIeLMAIbHBINA ClTy4aid, Koraa oda 3Th 3 deKTa
YHMUYTOXAIOT APYr Opyra:

0=-2_2 (3.86)

Taxoro pona peuieHus Ha3BaHbl B [130] JaTeHTHBIMU COJIUMTOHaAMU. B
3TOM cCJlyyae 00beM BHYTPEHHETO MPOCTPAHCTBA SBJISIETCS] TOCTOSTHHBIM:

5V, =0, (3.87)
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u My, M h, B TOYHOCTH COBMNALAIOT C HBIOTOHOBCKUMM BBIPAKEHUSI-
MY ¥ JPYT C APYTOM: hy = hyy = h,, = h,, . Yepnbie ctpynsl (D = 4) u
yepHble OpaHbl (D > 4) sBIAIOTCS YACTHBIMU CIIYYasiMM JIATEHTHBIX
COJIMTOHOB C OJIMHAKOBBIMU YPABHEHMSIMU COCTOsIHUSA o, = —1/2 BO

BCEX JOIOJHUTEILHBIX M3MEPEHMSIX. B 3THUX 4YacTHBIX cydyasx Bce
BO3MYIIIEHUST METPUYECKUX KoadduimeHTos 4, =0, T. e. Bce MacIi-

TabHbIe (aKTOpPhl BHYTPEHHUX MPOCTPAHCTB OCTAIOTCSI MOCTOSIHHbBI-
mu. OmHAKO B OOIIEM cllydae JIATEHTHBIX COJUTOHOB JISI COTJIACHSI C
HaOMoAaTeIbHBIMU JAHHBIMU JOCTATOYHO YAEPKUBATHh MOCTOSIHHBIM
0o0ILIMii 00beM BHYTPEHHMX ITPOCTPAHCTB. B 3TOM ciydae msitast cuia
OTCYTCTBYET, T. €. TPAaBUTUPYIOILLME MAcChl HE IPUBOISIT K BO30YXKIe-
Huto pagnoHoB. ITockombky Q <0, To BCce WJIM 4YacTh IapaMeTpPOB
®, HOJDKHBI ObITh OTpULATENbHbIMU. Takue ypaBHEHHs COCTOSHUS

BO BHYTPEHHUX MPOCTPAHCTBAX COOTBETCTBYIOT HaTsDKeHMI0. Ha maH-
HBIIT MOMEHT MBI He 3HaeM (PU3UYECKU Pa3yMHOTO OOBSICHEHUS TI0-
SIBJICHUIO HATSKeHUs (T. €. OTPULIATEIbHOIO PEJITUBUCTCKOTO AaBjie-
Hus!) IS Takux acTpodu3nmyeckux o0beKTOB, Kak Haiie CoJHIIe.
IToaTomMy XenaTeabHO CTPOUTH MonAeaW 0e3 HaTSKeHUs, KOTOpbIe
YIOBJIETBOPSIIM Obl TPABUTALIMOHHBIM 3KCIIEPUMEHTAM.

C oToit nenpio paccMoTpuMm Monenu Kamynei—KieiiHa, mist Ko-
TOPBIX BHYTPEHHHUE IIPOCTPAHCTBA SIBJISIIOTCS MPOM3BOJBHBIMU IIPO-
cTpaHcTBaMu DiiHINTeliHa. B 3ToM ciyyae (oHOBoe MHOrooopasue
MpeacTaBisieT co0ol MpsIMOE TMPOU3BENECHUE YEThIPEXMEPHOTO TLIOC-
KOro MHOTOoOpasusl ¢ MeTpukoir MuHkKoBckoro n, (i,k =0,1,2,3) n

KOMITAKTHOTO KPUBOIO MHOroOOpasusi ¢ MeTpukoit &, (L,V =
=4,5,...,D), COOTBETCTBYIOIIETO BHYTPEHHEMY IIPOCTPAHCTBY:

M, =M, xM,, D=1+D=4+d. (3.88)

ITpocTpaHcTBa DHHIITEHHA ONPEAESIOTCS YCI0OBUEM
R,I81=28,,, R'&1=2d, 1 =const. (3.89)
[MocTosiHHast A UMeeT MPOU3BOJBHBIN 3HaK. Hampumep, eciiu BHYT-
peHHee TMPOCTPAHCTBO — d-MepHas cdepa paavyca a, TO A =

=—(d-1)/ a’ (3HaK MUHYC COOTBETCTBYET BBIODAHHOMY HaMM OIIpe-

NIeJIEHWIO TeH30pa KPUBU3HBI M CUTHATYypbl MeTpuku). Ciydait A =0
COOTBETCTBYET PUYYM-IJIOCKOMY BHYTPEHHEMY IIPOCTPAHCTBY (HAIpu-
Mep, PACCMOTPEHHOI BbIllI€ TOPOUJATBHON KOMITAKTU(PUKALIUN).
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Tak Kak BHYTpeHHEe MPOCTPAHCTBO KPUBOE, TO HEOOXOAUMO MpHU-
cyTcTBYEe (DOHOBOM MaTepuu, KOTopasi co3naeT Takoi KprBoii ¢oH. Mc-
M0JIb3ysl MHOTOMEPHbIE YpaBHEHUS DUHIITEMHA 1151 BbIOpaHHOMK (ho-
HOBOIl METPUKHM, JIETKO OINpeAeauTb TpeOOBaHUS, KOTOPbIM AOJKHbI
YIIOBJIETBOPSITh KOMIIOHEHTHI TeH30pa 3HEPruu-uMmyjbca 3Toil (o-
HOBO#1 MaTepun [93]

f"=—[M+A®j6f, ﬁV=-(—Mdz‘2)+A®j5;, w=200 (390

! 2K K ct

B (3.90) u Huxe «uUIInKWu» 0003HAYaoT (poHOBbIE 3HAYeHUsI. MBI Tak-
K€ BKJTIOUMJIM B MOJIEJIb MHOTOMEPHYIO KOCMOJIOTUIECKYIO TIOCTOSTHHYIO
A, . Kak OyneT BUIHO HUXE, 3Ta KOCMOJIOTUYECKas TTOCTOSTHHAS WT-
paeT BaXKHYIO POJIb IJISI CTAOWIM3AallMd BHYTPEHHETO ITPOCTPAHCTBA.
DTU BbIpaXXEHUsI MOXHO 3arucaTh B BUAEC TeH30pa SHEPTUM-UMITYJIb-
ca UIeaJbHOM XUIKOCTU:

TY = diag(&,— Py, —Pys—Po»—Drses—0y )y M,N =0,1,...,D, (3.91)

d times

rac Jid IJIOTHOCTU SHEPIMU 1 ypaBHeHI/Iﬁ COCTOAHUSA BBINMOJIHAIOTCA
COOTHOLICHUA

. rd . A on A
£ = —(X+ A@j, Do = 0y, D = & (3.92)
C MapaMeTpaMu YpaBHEHUSI COCTOSTHUSI:
(2-d))-2kA,
=-1, == "/ “Mo 3.93
@ T TTd + 2kA, (3.93)

3mecb ®, =—1 COOTBETCTBYET YPAaBHEHUIO COCTOSHWS BaKyyma BO
BHEILIHEM MPOCTpPaHCTBE. Bo BHYTpeHHEM NPOCTPAHCTBE MapaMeTp o,
SBJISIETCS TIPOU3BOJIBHBIM. BBIOMpas pasHble 3HayeHUs o, (¢ pukcu-
POBaHHBIM ®, = —1), MOXHO MOZEJIMPOBATh Pa3INyHble (OPMBI MaTe-
pun. Hanpumep, o, =1 COOTBETCTBYET MOHOIOJBHBIM TOJSAM (HOPM

(o0o01IeHue aaekTpoMarHuTHoro mojst). C ydyetom addekra Kazm-
Mupa nmeeM o, =4 /d. Od4eBUIHO, 4TO IS 3TUX (POpM MaTepuum Mo-
KHO pPacCUYMTaTh ILIOTHOCTb DHEPTMM WM JaBJIEHHE BO BHEIIHEM U
BHYTPEHHEM IpocTpaHcTBax U ypaBHeHUs (3.92) u (3.93) momKHBI
paccMaTpUBaThCSI KaK YCIOBUS TOHKOM TTOACTPONKN MEXIY ITOJIEBBI-
MU MEPEMEHHBIMU U T€OMETPUUYECKUMU MapamMeTpaMu MOIEIH.
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YpasHenus (3.92) u (3.93) npuBOAAT K COOTHOLIEHUIO
€ =-1[x(1+0o)], (3.94)

KOTOpOE SIBJIIETCS HEOOXOMMMBIM YCIOBUEM CTAOMJIbHOW KOMITaKTU-
¢duKauny BHYTPpEHHEro mpocTpaHcTBa [93].

Pacnonoxxum Ha 3ToM (hoHe rpaBUTUPYIOLIYIO Maccy m. [Ipeamno-
JIOXKUM, YTO 3TOT MCTOUYHWUK MMEET TBIJICBOC YpaBHEHME COCTOSTHUS
BO BHEIITHEM TIPOCTPAHCTBE (KaK 3TO MMEET MECTO /I OOBIYHBIX acTpO-
(pusnueckux oobekToB THMa Hauero ConHua) p, =0 W MPOU3BOIB-
HOE JaBJieHWe P, BO BHYTPEHHEM IIPOCTPAHCTBE C MapaMeTpoOM ypaB-
HeHUsl cocTosiHus Q. OmpeneauM BO3MYLICHUS (POHOBOW METPUKHU
TAaHHBIM MCTOYHUKOM.

OueHb BaXXHOE CBOMCTBO paccMaTpUBaeMOil MOJECIN 3aKII04YaeTCs
B TOM, YTO B Cllydyae KPWBBIX BHYTPEHHUX TIPOCTPAHCTB A # 0 ypaes-
HeHus DuHwmelHa coeMecmHbl MOAbKO 045 PA3MA3AHHBIX 2PABUMUDYIO-
wux ucmournuxos [93]. Ecim A =0, To, Kak Mbl BUIEIU BBILIE, pa3-
Mas3Ka He SIBIIIETCS HEOOXOAWMBIM YCIIOBHEM COBMECTHOCTH. OmHAKO
B BTOM CJlyyae COIJIacHe C TPaBUTALIMOHHBIMU TECTAMH MUMEET MECTO
TOJbKO TIpU HEHYJIEBOM HaTSLKeHMM HuCToyHuMKa (Q=-1/2) Bo
BHYTPEHHEM IIPOCTPAHCTBE.

[nsa pazMazaHHOTO MO BHYTPEHHEMY MPOCTPAHCTBY I'PaBUTHPYIO-
IIEr0 MCTOYHWKA MacChl m W TIPOM3BOJIEHOTO 3HAYCHUS HABICHUS

Q) BO BHYTPEHHEM IPOCTPAHCTBE BO3MYILIEHUS (TOpsiaKa 0(1 / c2))

(GOHOBOIT METPUKU paBHHI [93]

2¢ d 2¢
iy = =28 {1+m(1+20)exp(—w3)}zc—2, (3.95)
20y d
By =20 1-——(1+20)exp(-ur) [, a=1,2,3, (3.96)
c 2+d

40 R
h =——Y _(1+2Q)exp(—ur , wv=4,5,..,D, 3.97
v (2+d)cz( )exp(-u73)&,,, K (3.97)
rae ¢y =-Gym/r, — HBIOTOHOBCKUI IPaBUTALIMOHHBINA MMOTEHLUAIL.
B cinyyae puyuun-ruiockux opocTpaHCTB A =0 = u =0 3Tu ypaBHeHUS

coBnagaloT ¢ ypaBHeHusMu (3.82)—(3.84) mpu ouyeBUAHOI 3aMeHE B
nocaeaHux Q — dQ. B 3TuX BbIpaXkeHUSIX Mbl YWIM T'paHUYHbIE
ycJIoBMS (T.e. METpUKa BAAJM OT MCTOYHMKA AOJKHA CTPEMMTBCS K
(OHOBOMY 3HAaYEHMIO), YTO, B CBOIO OUY€pElb, TPEOYET MOJOXKMUTENb-
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3.5. MHoromepHbie mogenu Kanyusi—KneiHa

HOCTM KBaJpaTra MacChl YacTULl B3aUMOICHCTBUSI IOkaBbI (I/IHI)IMI/I
CJioBaMH, KBaapaTa MacChl paI[I/IOHa/TpaBSKCI/ITOHa)Z

, W[2-d(1+w)] {@,>(2/d)—1, %<0,
ue = >

0
d+2 o <Q2/d)-1, 1>0.

(3.98)

DTO ycjoBUE TaKXKe SBISIETCS MTOCTATOYHBIM YCAOBUEM CTaOMJIbHOM
KOMITaKTU(UKALIMKA BHYTPEHHEro mpocTtpaHcTBa [93].

Kak ormeuanoch BblIllIe, i d-MepHOI cepbl paauyca a CKajsipHasi
KpuBM3Ha A =—(d 1)/ a*. V3 ypaBHeHus (3.97) ciedyer, 4To KOHC-
TaHTa B3aMMOJEUCTBUS g IOKABOBCKUX OO30HOB (B HalEM CIydyae 3TO
PaIOHBI/TPAaB3KCUTOHBI), 00€CTICIMBAIOIINX AOTIOTHUTEILHOE B3am-
MOJICUCTBUE MEXIY MAaCCMBHBIMU TeJaMu (TsiTas cuial), onpeaensier-
¢Sl Kak

) d
Takum ob6pa3oM, B OTJIMUME OT MacChl paguoHa p ~1/a KOHCTaHTa
B3aMMOJCICTBUSI HE 3aBUCUT OT pa3Mepa @ BHYTPEHHEro MpOCTPAHCTBA.
Bonee Toro, B ciaydyae 4YepHBIX CTpyH/OpaH, tme Q=-1/2, sT0

TOTIOJTHUTEIbHOE B3aMMOJIEHCTBUE MOJTHOCTBIO Mcye3aeT. B pesynbrate
MIPUCYTCTBUE TPABUTHUPYIOIIEH MacChl He BO3MYIIAET BHYTpPEHHEE IPO-
crpanctBo: A, =0.

O6patuMcsl K TpaBUTALIMOHHBIM TecTaM, TouHee paccmorpuMm TTTTH
napamerp vy =h,, /hy, B BaHHON Monemu. M3 skcnepumeHTa Mo W3-
MepeHUto 3ddekra Illanmmpo M3BECTHO, YTO TMapaMeTp y Ype3BbIUAii-
HO O;u30K K 1. B ciiyyae pyuy4yM-IIJIOCKUX MPOCTpaHCTB A =0=u =0
u3 dopmya (3.95) u (3.96) merko BUmETh, YTO 3TO 3HAYCHUE MOXKHO
IIOCTUYDb TOJIBKO B ciaydae Q — —1/2, T. e. IJIs YepHBIX CTpyH/OpaH.
Ecnu BHyTpeHHee mpocTpaHCTBO KpuBoe A # 0= p # 0, To umeroTcs
IIB€ BO3MOXKHOCTU JOCTHUYb COTJIACHUs C 3KCIIEPUMEHTOM. Bo-TiepBhIX,
B cJy4yae 4YepHbIX CTpyH/OpaH Q=-1/2 TIIIIH napametrp y B
ToyHOCTU paBeH 1, kak 1 B OTO. Bro mmeeT MecTo sl JHOOOM
Macchl pagMoHa |, T. €. pe3yabTaT He 3aBHCUT OT pa3Mepa
BHYTPEHHETO MNpoCTpaHCTBA. Bo-BTOpPBIX, Jierko Buaeth, uto IITTH
napameTrp y — 1 Ipu yBEIMYEHUM MAcCChl paauoHa W —» oo, T.€. TP
YMEHBIIIEHNX 00beMa BHYTPEHHErO IMPOCTPAHCTBA. DTO UMEET MECTO
MpU JIO00M JaBAEHUM (2 BO BHYTPEHHEM MPOCTPAHCTBE, BKIIIOYAs
HauboJjiee MHTEPECHBIN TbLIeBOM ciaydait Q =0 .
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Takvm oOpa3oM, Mbl MOCTPOWJIM MOJEJIb, KOTOpask HE MPOTUBO-
peYUT TPaBUTALIMOHHBIM TeCTaM B CJIydae HyJieBOro mamyieHus Q = 0
BO BHYTPEHHEM MpocTpaHcTBe. OMHAKO CUTyallMsl B LIEJIOM OKa3blBa-
ercs OoJiee ClOXHOU. JleJio B TOM, UTO I'paBUTUpYIOlllasi Macca BO3-
MylaeT OHOBBIA TEH30P DHEPIUU-UMITYJIbCA, MPUBOIS K JOIMOJTHU-
TeJIbHbIM CJIaTaeMbIM. OTHU BO3MYILEHMS JIOKAJTU3YIOTCS BO3JI€ I'paBU-
TUPYIOLIEH Macchl, craaasl SKCIMOHEHUMAIbHO C PACCTOSIHUEM F; OT
rpaBUTUpYOIIEro o0bekTa (cM. dopmynsl (3.95)—(3.97)). Bcenencr-
BUE 3TOTO 3aTpaBOYHAs TPABUTUPYIOIIAs Macca OACBACTCS «ILIyOOil».

PaccmoTpum cirydaii, Korma BHYTpPeHHEE IPOCTPAHCTBO SIBIISIETCS
nBymMepHoi cdepoil. Torma mist BHelIHero HaboaaTesss Takas Macca
xapakTepusyercss 3((GEKTUBHBIM TEH30pPOM BHEPIUM-UMITYJIbCA CO
CleAyIIIMMU HEHYJIeBBIMU KoMITOHeHTamu [137]:

7—60(8/‘7) ~ p(7‘3 )C2 (1 _%} (3.100)
1
T z_p(,a)g%, a=1,2,3, (3.101)
1
eff eff 1
T = T3 5 p(ry)c? 1 (3.102)

rae p(7) =md(%)/V,, V, =4na’, a GbICTPO YOBIBAIOILYIO SKCIIOHEH-
UATBHYI0 (QYHKIINIO MBI 3aMEHWIIN AeIbTa-(PYHKIINEH:

lexp —ﬂrg —>J.l,exp —ﬂrg dV3’><6(F3):58(73). (3.103)
a r a ®

r |

VpaBuenus (3.100)—(3.102) npeactaBasitoT 3(PHEKTUBHYIO TLIOT-
HOCTb 3HEPIuu U 3G (PEeKTUBHOE OaBICHUE «OAETON» rPaBUTUPYIOILECH
Macchl. BumHo, uto 3(peKTUBHAs TIOTHOCTL 3Heprun g4 = T

u sddexrusroe masnenue pi’ = -T*““) Bo BHelIHEM TPOCTPAHCTBE

3aBUCAT OT TapameTpa (2, KOTOPHI OMNpeeNseT ypaBHEHUE
COCTOSIHMSI 3aTPaBOYHOM MacChl BO BHYTPEHHEM ITPOCTPAHCTBE.
OnHako 5GQEKTUBHOE [aBJI€HUE BO BHYTPEHHEM IPOCTPAHCTBE
P = TP ne 3aBucuT oT Q U ABIAETCA OTPULATENBHBIM (ITapa-
MeTp ypaBHEHMS cOCTOsSIHUS paBeH —1/2). YpaBHeHue (3.101) IBHBIM
00pa3oM TOKa3bIBAET, UTO «OIeTask» Macca MPUOOPETAET PEJIATHBUCTCKOE
JaBJIeHME BO BHELIHEM (HalleM) MpOCTpaHcTBe. OUEBUIHO, YTO 3TO
HE MMEET MECTO Ui KOMMAKTHBIX acTpO(U3MYECKMX OOBEKTOB THUIIA
Haiero Cosinia. OGBIYHO OHU UMEIOT HEPEIATUBUCTCKME CKOPOCTH
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3.6. Mogenn mupa Ha 6paHe

B TPEXMEPHOM TIPOCTPAHCTBE U IABJIEHWE BHYTPU HUX HAMHOTO MEHBIIIE,
YeM IUIOTHOCTh 3Hepruu. B nmpubavkeHun caaboro mosst Takue o0b-
€KTbl XOPOLLO OMUCHIBAIOTCS MBUIEBBIM YPABHEHUEM COCTOSIHUSA p, = 0.
Jlerko BumeTh, yTO paBeHCTBO Q = 1/2 dBiIseTCS €IUHCTBEHHON

BO3MOXHOCTBIO MMeTh pi%) = (0. DT0 03HauyaeT, 4TO 3aTpaBOYHAs

IrpaBUTHpPYIOIIAsl Macca JOJDKHA 00JiagaTh HATSIKEHUEM BO BHYTPEH-
HeM IpPOCTPaHCTBE: p; = —¢/2 (AHAJIOTMYHO YEPHBIM CTPYHAM M 4Yep-
HbIM OpaHam). Torma ee addeKkTuBHAsE M 3aTpaBOYHAsl ILJIOTHOCTHU
SHEPTUM COBITANAIOT, M TPABUTHPYIOIIAs Macca, Kak M paHbIIle, NMe-
eT HyJIeBOE JaBJIieHVE B HallleM MpPOCTpaHCTBe. Bo BHyTpeHHEM Ipo-
CTpPaHCTBE TPAaBUTHPYIOIIAs Macca COXpaHsIeT HaTSDKEHHUE ¢ ImapaMeT-
pOM ypaBHEHUS cocTOsTHUS —1/2.

Takum 00pa3oM, HECMOTPSI Ha TO, YTO MOJAEIM C BHYTPEHHUMM
IIPOCTPAHCTBAMU B BHUJIE KPHMBBIX IMPOCTPAHCTB DUHINTEITHA YIOBICTBO-
PSIIOT TpaBUTALMOHHBIM TecTaM U mpu Q = 0, HaTsKkeHMe Q = —1/2
SIBJIIETCSI HEOOXOAMMBIM YCIIOBHEM, UYTOOBI 3TH MOMAEIN HE MPOTUBO-
peunnu (pU3NIECKUM CBOMCTBAM OOBIUHBIX acTpO(GU3NYECKUX 00BEK-
ToB. IlpoGyemMa 3akioyaeTcsi B 00bSICHEHUU (DU3MYECKONW MPUUYMHBI
BO3HMKHOBEHMS TaKOTO HATSKEHUsS TSI 3TUX 00bekToB. Ha maHHBIN
MOMEHT YIOBJIETBOPUTEIBHOTO OOBSICHEHUST HE CYIIIECTBYET.

3.6. MOZENU MUPA HA BPAHE

3.6.1. BonbluKe fonoNHUTENbHbIE H3MEPEHMUS

B monensax Kanyupi—KieiitHa, pacCMOTpPEHHBIX B TPe/bl-

IylieM maparpacde, Haille TPOCTPaHCTBO-BpeMsl SIBJsieTcsl 3(PhEeKTUBHO
YeTbIpeXMEPHbIM 0J1arofapsi KOMIAaKTHOCTU WM MaJIOCT BHYTPEHHUX MPO-
cTpaHcTB. B 3TOM cilyyae pasmep JOIOJHUTENbHBIX U3MEPEHUI B3KCIie-
PUMEHTATBHO OTpaHWYEeH MAaclITaboM 3JIEKTPOCIaboro B3aMMOAEHCTBUS
10" cm. OmHako 5((EKTUBHBIM YETHIPEXMEPHBIM TIPOCTPAHCTBO-BPEMSI
MOXET ObITb W B CIOydyasX, KOrma IOIOJHUTEIbHbIE M3MEPEHUSI MHOTO
Oosble, YeM MacliTad 37eKTpocaadoro B3aMMONCHCTBYS, U JdaXke SIBJIsI-
FOTCS1 OECKOHEUYHBIMU. DTa WISl PeaIU3yeTcsl B MOMENISIX MUpa Ha OpaHe.
HMHTtepec K 2TUM MoOIEJsIM BO3pPOC Cpa3y IOC/e BBIXOAA CTaTbU
Apkanu—Xamena, dumonoynoca u JIBanu [33], B KOTOpOil aBTOPbI
rnokKasajii, KakuM 00pa3oM B MHOTOMEPHBIX MOJENSIX MOXHO PEILIUTh
npobneMy uepapxuu. IIpobiema 3akiiroyaeTcsi B Upe3BblYaiHON Ma-
JIOCTY TPaBUTALIMOHHOTO B3aMMOJACUCTBUS MO CPABHEHUIO C IPYTUMU
¢dyHAaMEHTaJIbHbIMIA B3aUMOAECHCTBUSIMU. Eciu B 3HEpreTUYECKUX
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eIMHMILAX 3JIEKTpocaadoe B3aUMOJEHCTBUE COOTBETCTBYET MacIUTaly
Mgy, ~ 1 TaB, To rpaBUTallMOHHOE B3aUMOICUCTBUE XapaKTepU3yeTCs
maccoii ITnanka My = 1,22 - 10" T'sB. Takum 00pa3oM, MeXIy STH-
MM IBYMS MacluTabaMu JIEXKUT OTFPOMHBIM WHTepBan sHepruil. Ha-
MOMHUM, YTO TpaBUTALlMOHHAsi HbLIOTOHOBCKAsl MOCTOsSIHHasA (B edu-
HULAx ¢ =h =1) Bepaxaercs yepes maccy [lnanka: G, = M, . To-
3TOMY OrpoMHas Macca IljaHka MpUBOAWT K MajoMy 3HAY€HMIO Tpa-
BUTALlMOHHOM MocTosiHHOW HbloToHa.

ABtopbl ctatbu [33] B cBoell Mopaenu (IOJy4yMBIIEH Ha3BaHUE
ADD Mopaenb) npearnoyoXuad, 4YTo MoJjsd CTaHAapTHON MOIeau dJe-
MEHTApHbIX YaCTUII JIOKAJIU30BaHbl HA TPEXMEPHOI TUIIEPIIOBEPXHOCTH,
COOTBETCTBYIOLIIE Haleil BceneHHOI, a rpaBUTALlSI MOXET CBOOOII-
HO pachpoCTpaHITbCS IO BCEMY MHOIOMEPHOMY MHOroo0pasuio.
IIpu 3TOM, TOMOJOTHMSI TAaKOTrO MHOTO00Opa3usl (Ha3bIBAEMOIO YacTo
«0aJIKOM» WJIK 00bEMOM) COOTBETCTBYET TOIOJIOTMU Mojenei Kamyibi—

Kneitna. Torna yethipexmepHas G, W MHoromepHas G, = M,

rpaBUTAllMOHHBIE MOCTOSIHHBIE CBsI3aHbl hopmynamMu (3.55) u (3.74),
KOTOpbIE B 9HEPreTUUECKUX €IMHULIAX MOXHO 3aIMcaTh B BUJIE

2 2+D'
My ~V, M, (3.104)
rae D’ — moJaHOE 4YHuCio JOITOJTHUTEIIIbHBIX I/I3MGDGHI/II7[. Ecmun a —

XapaKTepHbIil pa3Mep IOMOJHUTENIBHOrO u3MepeHus, To V., ~a” u

int
u3 opmynsl (3.104) cnenyet
a~ VP 1062/ ey, (3.105)

int

TakuMm o6pa3om, 3a CUET JIOKAJIM3ALMKU TOJIe CTaHIapTHOW MO-
e Ha OpaHe HET MPOTUBOPEUYUS] IKCIIEPUMEHTATbHBIM JaHHBIM C
TOUKM 3peHUST (DU3UKH JIEMEHTAPHBIX YacTUII (€CJTM TONIIMHA OpaHbBI B
HaIpPaBJIeHUN IOMOJHUTEIbHBIX U3MEPEeHMIi He rpesbiinaer 10717 cm).
B Toxe BpeMsi, Tak KaK rpaBUTOHbI MOTYT PacIpOCTPaHSITLCS MO BCEMY
MHOTOMEPHOMY OaJIKy U TeM CaMbIM MOAM(PUIIMPOBATL 3aKOHKI T'pa-
BUTALIMU, pa3Mep JOIMOJIHUTEIbHBIX U3MEPEHUI OrpaHUIMBAECTCSI TPaBU-
TaIlMOHHBIMU 3KCIiepuMeHTaMu. HarprMep, sKCITeprMEeHTBI IO TIPOBEp-
K€ 3aKOHa OOpaTHBIX KBaapaTOB MOKAa3bIBaIOT [228], uTO pa3Mep AOIIOJI-
HUTEJBbHBIX U3MEPEHUI He JOJIKEeH IPEBbIIIATh HECKOJIBKUX JECITKOB
MUKpOMeTpPOB. Beioupast My, ~ 1 TaB, u3 dopmysr (3.105) Buaum, uto
BTOMY OIPaHMUYEHUIO YIOBIETBOPSIOT Moaeau ¢ D’ > 3. CriemoBaTenabHO,
pa3Mep JOTOJHUTEIbHBIX U3MEPEHUIT MOXHO YBEJIUYUTh YyTh JIU HE
JI0 MUKPOMETPOB, PEIIMB TeM CaMbIM IIPOOJIEMYy UEpapXUU SHEPreTHU-
YeCKMX MaclITaboB: cjabda ToNMbKO 3(Pp(eKTUBHAS YeThIpexMepHas Ipa-
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BUTALMS, 8 «OPUTMHAIbHAS»> MHOIOMEpPHAs TPABUTALIUS MOXET ObITh T10-
psiika 2JIEKTPOCIaboro B3ammomeiicTBus. [IpaBaa, BO3HUKAeT HOBast
uepapxust MeXIy XapakTepHbiM pasmepom 1077 ¢cMm siekrpociaboro
B3aMMOJIENCTBUS U PA3MEPOM OOJIBLINX JOMOTHUTETBHBIX N3MEPEHMUIA.

3.6.2. beckoHeuHble JONONHUTENbHbIE U3MEPEHUS

Kak ykaspiBajioch Bblllle, TpeXMepHasi OpaHa MpeacTaB-
JsieT Hainy BceneHHY0, BCTPOEHHYIO B (hyHIaMEHTAJIbHOE MHOTO-
MEpHOE MPOCTPaHCTBO. Takoil clieHapuii clieAyeT U3 TeOpUU CTPYH,
Hanpumep u3 ll-mepHoro mnpenena M-Teopuu, KOMIAKTU(MUIIMPO-
BaHHOM Ha S;/Z, opbudonne (MpeacTaBisIIoNeM CO00H OKPYXKHOCTb,
CJIOXKEHHYIO T10 IMaMeTpy, TAe JBe KOHIIEBbIE TOYKU SIBISIOTCS (DUK-
CUPOBAHHBIMU TOYKAMM, B KOTOPBIX MOIYT pacroJjaratbcsi oOpaHnl). B
peiieHun XopxkaBbl—ButteHa [202] kanuOpOBOUYHBIE TIOJSI CTaH-
JMapTHOW MOJAENM dJEMEHTApHBIX YACTHI 3aKJO4YeHbl Ha AByX (1+9)-
MEPHBIX TUIOCKOCTSIX/OpaHax, JIOKAIU30BaHHBIX B (DUKCUPOBAHHBIX
TOYKAaX. DTU MPOCTPAHCTBEHHO-BPEMEHHBIE TJIOCKOCTU TPENCTABIISI-
10T co0oif mpsiMoe TnpousBeneHne R x M, x M, tne M, — Tpexmep-

HO€ HEKOMITAaKTHOE MHOroobpasue u M, — LIECTUMEPHBIA KOM-
nakTHbE Kanmabn—Ay Tpudonn ¢ xapakTepHbIM MacIITabOM 7y .
Ecnu paccrosiHue MeXny MIOCKOCTSIMU R >> ., , TO TOrZa MOXHO

BBIMOJTHUTh Pa3MEPHYIO PEAYKIUIO, UHTErpUpYsI MO LIECTU KOMIAKT-
HbiM Kanadbu—Ay koopauHatam. B pesynbrate noayuum 3¢hGheKTUB-
HYIO TISITUMEPHYIO TeTeporuuyeckyto M-teopuio ¢ nByms (1+3)-
MEpPHBIMU TJIOCKOCTSIMU. OHA M3 3TUX TUIOCKOCTEH OMUCHIBACT Ha-
1y 6pany/BceneHHylo, a Ipyrasi COOTBETCTBYeT CKPBITOI OpaHe.
Mopensr XopxkaBbl—BurreHa mpeacTaBisieT OOUMH U3 BO3MOXKHBIX
CIleHapyeB BKIIIOYeHUS OpaH B MHOTOMEpPHOE ITPOCTPAHCTBO. DTOT
CLIEHapuii MHCIUMPUPOBAJ LIEJIbIA psil Mojeaeil Myupa Ha OpaHe [178,
499, 585]. OpHUMM M3 HauboJjiee TOIYJSIPHBIX SBJSIOTCS JIBE MOJE-
mm, npemioxeHHsie JIuzoir Penpmann m Pamanom Canppymom [348,
349]. B nepBoit Mmogenu [348] oHM paccMOTpear MATUMEPHOE IPO-
CTpaHCTBO-BpeMsl aHTU-Ae CuTTepa C IByMs OpaHamMu B (DUKCUPO-
BaHHBIX ToYKaX. BpaHBI XapaKTepu3yioTcsl HaTSDKeHUEM (T. €. OTpH-
HaTeJabHBIM AaBiieHueM). Hama BcenenHast pacrnosioxkeHa Ha OpaHe C
OTpULATEIbHBIM HaTsikeHUeM. Bo BTopoii monenu [349] narumepHoe
IIPOCTPAHCTBO HE SIBJIAETCSI KOMIIAKTHBIM (IOIOJTHUTEILHOE M3MEpe-
HUeE SBJISIETCS OECKOHEUHBbIM!) M CONEPXUT TOJBKO OJHY OpaHy C IO-
JIOXKUTENbHBIM HaTsDkeHueM. Ha 3Toil OpaHe pacrosoxeHa Halia
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Bcenennas. beimo mokasaHo, 4TO B 3TOM MOJIEIA MOXHO BOCIIPOU3-
BECTH OOBIYHYIO YeThIpexMepHylo rpaBuTauuio (T. e. OTO) Ha OpaHe.
ITpuBeneM KpaTKO BBIBOI BBIPAKEHUS IS METPUKHU U (OPMYITY Ipa-
BMTALIMOHHOTO IMOTEHIIMAJIa Ha OpaHe JUId BTOPOM MOIEIH.

M5! uleM pellieHre MeTPUKHA B BUIIE

ds’ = a(g)(c’dr* —dx’ —dy’ - dz*) - d¥? (3.106)

Toe —oo < & < 400 ABJIACTCA OOIOJHUTCIbHBIM M3MEPCHUEM. BI/IZ[HO,

YTO Takas METpPUKa YeThIpeXMepHO-IyaHKape-uHBapuaHTHa. EcrtecT-
BEHHO, 3Ta METpUKa JOJKHA OBITh pellieHUEM TSITUMEPHOIO ypaBHe-
HUA DUHIITENHA:

1 2
Ry =k(T,»k _ngikj_EASgika (3.107)
rne k=28 DG~® /c*, T, — TeH30p SHEPIMU-UMITYJIbCA MATEPUM, M MBI

BBEJIM MSTUMEPHYIO KOCMOJIOTMUECKYIO TTOCTOSIHHYIO As. B Bakyyme (T.e.
T, =0) 310 ypaBHeHHUEe DUHIITEHHA CBOOUTCS K CUCTEME YPaBHEHUI

ay: +§A5a =0,

2
a = _§A5a2 ,
I MHAEKC & 00O3HAYaeT YaCTHYIO MPOM3BOMHYIO 1o & . U3 BToporo
YPaBHEHUS Cpa3y ClefyeT ycaosue As <0 (T. €. GalK sBIsSETCS Mpo-
cTpaHcTBOM aHTU-fe CutTepa). IlpeanosoxuM, 4to B TOUKe & =0

pacnojioxeHa OECKOHEYHO TOHKasl (B HAMpPaBICHUM JOTIOJHUTENIb-
HOro u3MepeHusi &) TpexmepHasi OpaHa, XapakTepusyemasl TOJbKO
HaTsDKEHMEM o = const . DTy OpaHy MOXHO Y4YeCTb B BUAE I'paHWY-
Horo ycnoBusi M3pasng [213]:

(K, — gmnK)i:m -(K,, - gmnK)é?O =S, g, mn=0,1,2,3, (3.109)

(3.108)

rIe TEH30p JHEpPruM-uMMIyJabca Ha Opane S,, = -og,,, U TEH30D

BHewHel KpuBusdHel K,, =-(1/2)dg,,/0¢. B Hamem ciayyae 3TO
yCJIOBUE MPUHUMAET BUJL

3(da da

E(d_ﬁ |.§=+o _d_§ |g_oj =oa |g=o . (3.110)

Jlerko BUAETH, YTO €NMHCTBEHHBIM pPEIIEHUEM, YIOBJIETBOPSIOIINM
u cucreme (3.108), u rpanuuHoMy yciosuio (3.110), saBasiercs
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3.6. Mogenn mupa Ha 6paHe

a(€) = exp —J—%AS lg| = exp(—%cﬁo (3.111)

C YCJIOBUEM TOHKOU MOACTPOMKMU:
2
G 6
A, :_?E_Z_z’ (3.112)
IIe Mbl BBEJIM BEIMUYMHY [/, XapaKTepU3YIOIIYI0O MAacIuiTad KpUBU3HBI
MNATAUMEPHOIO MpocTpaHcTBa aHTU-Ae Currepa. OKOHYATEIHLHO MET-
puka (3.106) umeer BuUI

ds® = exp( —ﬁ)(&dﬂ —dx’ —dy’ —d’)-de’ . (3.113)

PaccmaTrpuBasi Bo3myllieHUsT (B TMHEApU30BaHHOM TIpefesie) 3Toit
METPUKHU TPAaBUTHUPYIOLIUM MCTOUHUKOM MacChl m Ha OpaHe, MOXHO
MOJIYYUTH BbIpaxkKeHUE IJIsI TpaBUTAlLlMOHHOIO MOTEHIMalla 3TOro MC-
ToyHMKa Ha Opane [349, 499, 585]:

- —— s, K<<
r o mh i
o(r;) = Com P Com (3.114)
| [1 —2]z— N >,
r, 2r, r

rne Gy =G /! 1 r, — MOLyJb TPEXMEPHOTO panuyca-BeKTopa Ha Opa-
He. Mbl BUAMM, YTO B omnpeaeaeHun 3¢ (GeKTUBHON HBIOTOHOBCKOM Ipa-
BUTALIMOHHOM MOCTOSIHHON (), CTOMT He OECKOHEUHBbII pazmep/o0beM

TOTIOJTHUTELHOTO M3MepeHUs (KaK 3TO MMeENIOo Obl MECTO B TpaaviIu-
oHHbIX Mozaensx Kanyusi—KineitHa (cMm., HanpuMmep, (3.55) u (3.74)),
a KOHEYHBIN XapakTepHblii MacwuTtad /. Takum obpaszoMm, G, SBIAET-

Csl XOpOLIO OIpeAesieHHON BeJMYMHON. MaTeMaTUYecKu 3TO MPOUC-
XOIUT M3-3a BKCIMOHEHLMAIbHOTO MpedakTopa exp(—2|§|/1) B BBI-

paxeHun mist meTpuku (3.113) [349]. 1o aToli XXe TpUYMHE TTOJHbBIN
00beM MHOTOMEPHOTO TPOCTPAHCTBA TAKXKE SBISIETCS KOHEYHBIM.

N3 ¢opmynsl (3.114) BUAHO, YTO HA MajbIX PACCTOSIHUSIX TPaBU-
Talus OTIMYAeTCS OT HBIOTOHOBCKOTO TIpefena. B mpuHIuIie, rpaBu-
TallMOHHBIE BSKCIEPUMEHTH MOTYT OOHApYXWTh 3TO pasiamuue. Jo
CHX MOp TaKoe pasiuyue He ObLI0 3a(UKCHUPOBAHO, YTO ITO3BOJISET
MTOJTYYUTh OTpaHWYEeHUS Ha TapaMeTpbl Momeian. Hampumep, skcie-
PHUMEHTEHI TI0 MPOBEpPKe 3aKOHA OOpPATHBIX KBAAPATOB IPUBOISIT K Ta-
KOMY BepxHeMy npeneny Ha napametp [ / < 10 mxwm [131].
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NPOBEPKU 5
FPABUTALIMOHHbLIX TEOPUU

Teopumn noao6HbI MbiLLIAM:

OHU MPOXOAST Hepe3 AeBSTb AblP
M 3aCcTpeBaroT B 4ECSTOM.
®paHcya BonbTtep

ITpoBepku OTO MOXHO pa3neauTh Ha ABE TPYIIbL «HY-
JIEBBIE» U «PE3YJIbTATUBHBIE» DKCIIEPMMEHTHI. B mepByio
(oueHb BaXkKHYI0) TPYIMITy BXOMSAT MHOTOUYWCJIEHHBIE MPO-
BepKM 0a30BBIX IPUHIUIIOB METPUYECKMX TEOPUU U
MpoOYMe MCCIIEeNOBaHUsI, B KOTOPBHIX OLIEHUBAIOT OTCYT-
ctBue 3¢ dekToB, He TpenpuaeHHbIx OTO. B yactHOCTH,
3HAUMTENIbHbIE YCUIMS TPAaBUTAIIMOHUCTOB ObLIM HampaB-
JIEHBI Ha TIPOBEpPKM BcexX cocTapisiommx DI1D [446]:
YHUBEPCATHHOCTU CBOOOMHOIO MafeHUs, JIOKATbHOM JIO-
peHl-uHBapuaHTHocTH (JIM) M J0KaabHOU TMO3ULIMOH-
Holt mHBapuaHTHocTu (cM. 1. 2.1.2). He ocraHaBnuBa-
SCh Ha 3TOM BOIIpOCE, TIepeagpecyeM YMTaTellT K KHATaM
Yuna [448, 593] u o63opam [190, 446].

CyiectByeT 00Jibllie COTHM HeHyJeBbIX 3(PdekToB
OTO [536], KOTOpBIE COCTaBJSIIOT <«PE3yJbTATUBHYIO»
rpynmny. OgHako OOJIBIIMHCTBO M3 HUX HE SIBJISIIOTCS He-
3aBUCHUMbIMU;, OHM MMEIOT OOIIYI0 (DU3UYECKYIO IIPUPOLY
U OIpPEeAeIIIOTCS OMHVWMM W TEMH X€ ITOCTHBIOTOHOB-
CKUMM mapamerpamu [446, 593]. Mbl orpaHUYMMCS
paccMoTpeHueM TeX 3¢ (EKTOB, KOTOphIE SBISIOTCS Oa-
30BBIMU KaK B TEOPETUUYECKOM IUIaHE, TaK U C TOUYKHU
3pEHUST COBPEMEHHBIX BOBMOXKHOCTEM ISl MX HAOIONEHUSI.

4.1. NPOBEPKK BA3OBbIX NMPUHLIAMNOB
TEOPUU TATOTEHUS

4,1.1. Mposepku NOPEHL=-MHBAPUAHTHOCTH

JlopeHII-MHBapUAaHTHOCTb, KOTOpPAs MpW HAJIWYUM Tpa-
BUTALIMOHHOIO TIOJISI CTAaHOBUTCS JIOKAJbHOM, — 3TO
OIMH W3 KpaeyroJjibHbIX KaMHEei He TOJbKO TeOpUU OT-
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4 MpoBepku rPABUTALMOHHDBIX TEOPHI

HOCHUTEJIBHOCTH, HO U Bceil (pyHmaMeHTaabHON (usuku. [TosTomy mo-
HUCKM BO3MOXKHBIX HapylueHuit JIM MMEIOT MCKIIOUUTEIBHO BaXKHOE
s3HaueHue [260, 280, 446, 593]. YBepeHHOCTh B clpaBemiuoctu JINU
IUTSl HeTpaBUTALIMOHHBIX B3aMMOACUCTBUI HeOOXoaMMa IIPU TeCTUPO-
BaHMU TIPAaBUTALIMOHHBLIX 3(G(EKTOB IMPU OOJBIIMX CKOPOCTSIX (CM.,
HarnpuMep, [337, 566]).

JlopeH1iieBo mpeobpa3oBaHre OT OMHON MHEPIIMAIbHOM CUCTEMBI
OTCYeTa K APYroi, KOTopash ABUKETCSI ¢ OTHOCUTEIBHON CKOPOCTHIO
V, XapaKTepu3yeTcsl TaK HasbiBaeMbIM y-(aktopoM JlopeHia vy =

= 1/ J1-v?/c* , KOTOpbIii TEOPETUYECKM MOXET MPUHUMATh HeOorpa-

HUYEHHbIE 3HaueHus. Brpouem, MOXHO IpPEAMNOJOXUTb, YTO MPU
OoJIbIIMX 3HaUeHUsX y-(hakTopa GopMysbl Mpeodpa3oBaHUil TpeOyIOT
Moaupukanuu. B 1abopaTOpHbIX YCIOBUSIX, KOHEYHO, HEBO3MOXHO
MOCTUYb OYEHb OOJbLIMX 3HaueHUil y-akTopa (Ha YCKOPUTENSIX
npoToHoB v ~ 10°). Ho mIa npoTOHOB B KOCMMYECKMX JIydaX CBEPX-
BbICOKMX 3Hepruit (E ~ 10% 3B) y yxe mopsaka 10!, Eme Gonbimx
3HAYEHUI MOXET IOCTUTaTh y-(PaKTop YacTull B OJIM3KONM OKPECTHO-
CTU YEPHBIX JbIP.

IIupoko pacrnpocTpaHEeHO MHEHHE, YTO E€CTECTBEHHYIO TI'paHUILy
npumeHuMoctu OTO ycraHaBiauBaeT ee OObEeAMHEHUE C KBAHTOBOM
Teopuel mosisi. Psgn COBpeMEHHBIX TEOPETUUYECKUX MOJEJEe KBAHTO-
BOW TIpaBUTALMM TIPEIyCMATPUBAET WM TIPEANoJaraeT HapylleHUe
JIN npu 3Heprusix, COU3MEPUMbIX C TaK Ha3bIBaeéMOI TIAHKOBCKOM

sHeprueit E, ~10%® 5B [260, 437]. [Ipu 5TOM NpUBIEKAET TO 00-

CTOSITEJILCTBO, YTO HapyiueHue JIM MoXeT peryisipu3oBaTh TEOPHIO
nonst. tak, pa3pbiB Mexny £, ¥ BbICOYANIIMMU HEPTUSIMU, KOTO-

pble HaAOMIOMAIOTCSI B KOCMUYECKUX JIy4aX, COCTABISIET MPUOIM3M-
TeJbHO BOCeMb MOPsiAKOB. He MCKIIoYeHo, YTo CHIbHOE HapylleHue
JIN mpu TJAHKOBCKUX 3HEPrUsiX MOXET TPUBOAUTH K HEKOTOPHIM
OTKJIOHEHUSIM OT JIW U Mpu MEeHbIINX 3HEPTIUsIX.

TectupoBanue JIM oxBaTbiBaeT (DU3UKY 3J€MEHTAPHBIX YaCTHII,
SJEPHYI0O U aTOMHYIO (PU3KKY, TPABUTALIMOHHYIO (DU3UKY U PENSITU-
BUCTCKYIO acTpodusuky [260, 280]. TeopeTnyeckue MOIXOabl, KOTOPhIE
WUCTIONB3YIOTCS Il MapaMeTpU3alvyd TUIOTEeTUYECKMX OTKJIOHEHMH
ot JIW, BapbUpyIOTCS OT HEMOCPEACTBEHHON MOAM(UKALIMN PEITTUBUCT-

CKOTO JUCIEPCUOHHOrO cooTHowienus E2 =c*m* + p®, roe E, p, m —

SHEPrusi, UMIYJIbC, Macca YacTHUIIbl, O TaK HA3bIBAEMOIO pacllIupe-
Hus ctaHgaptHoil monenu (Standard Model Extension) [107] — ry-
00KO pa3pabOTaHHOTO TEOPETUKO-IIOJIEBOro (opMainiMa, KOTOPBIit
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4.1. Mposepkyn 6a30BbIX NPUHLUMNOB TEOPUM TAFOTEHMS

YUUTHIBAET BO3MOXHBIE HApylLIEHUsI BCEX TUMOB B3aumMoneucTBuil. I1o-
ckonbKy JIM BHYTpeHHE CBsi3aHa ¢ Apyroii yHAaMEHTaJbHOU CHUM-
meTpueinr — CPT-uHBapuMaHTHOCTbIO, HapylleHUEe IocjaeaHei Oyner
OIHOBpPEMEHHO O3Ha4yaTh HapyieHnne JIN [166].

OcTaHOBMMCSI Ha HEKOTOPBIX acrnekTax TectupoBaHust JIN, Korto-
pble HanboJyiee TECHO CBSI3aHbI C TpaBUTALIMEH.

I'maBHOI1 6a30ii npoBepok JIW (kak B s3KCIIepUMEHTAIbHOM, TaK U
B TEOPETUUYECKOM IUIaHE) SIBJSIOTCS MPOLIECCHI C yYacTUEM 3JIEKTPO-
MarHUTHOTO B3auMonelcTBUs. [1pyu aHanm3e 3KCIEepUMMEHTOB C 3JIeK-
TPOMAarHUTHBIMU CUTHAJIAMU ILIMPOKO MTPUMEHSIETCS KMHeMaThdecKast
monenb Hapyuenus JIM, koropas Obuta mpenjioxkeHa PobGeprcoHoMm
[364], a mo3oHee pa3paborana Mancypu u Cekciiom [277]. B atom
MOJAX0Je MOIMYCKAeTCsl CYLIECTBOBAaHME BbIAEJICHHONW WMHEpLUaIbHON

CUCTEMDBI OTCYECTa E(I ,X) , OTHOCHUTECJIbHO KOTOpOfI CKOpPOCTb CB€Ta ¢

u3zoTponHa. IIpeobpazoBaHue JlopeHia, CBSI3bIBaIOIIEEe X C IPYroiu
MHEepLUUANLHON cucTeMoii orcyeta S(#,X'), KOTOpass PaBHOMEPHO

IBUKETCS CO CKOPOCTBIO V, 0000111aeTcs TaK [64]:

x=d"' x’—V(VX) +b (vzx)+a"v t’+@. 4.1)
v c

3nech Ko3hPULUEeHTH a, b, d — (PyHKIUM MOIYISI OTHOCUTEIBHON

CKOPOCTH V. DKCHEPUMEHTbI, O KOTOPBIX MOHAET pedb, HEUYBCTBU-
TeJIbHbI K TUMY CUHXPOHU3ALMUA YaCOB, MOITOMY IS IPOCTOTHI 31ECh
n3bpaHa CUMHXpoHHU3alus 1o DiHiuTeiHy. Ilpu sTom ycnoBuu (4.1)
SIBJISIETCSI HauOosiee OOLIMM B3aMMHO OJHO3HAYHBLIM IpeoOpa3oBaHU-
€M, KOTOpOE COXpaHseT IMPSIMOJUHEMHOCTb NBUXKEHUS MO WHEPLUMU.

B CTO umeeM a' =b=v, d=1. B nepBoM NpuOIMXKEHUN TI0 Ta-
pamerpy v?/c?
~1+8,,0°/c*, tak uto B OTO a5 =-1/2, B, =1/2, 8,5 =0.

Jlanee, UCIONB30BaB ypaBHEHUE CBETOBOro KoHyca c’f? = (xx) u mo-

nonaraeM a =l +a,5v° /¢, br1+B, /%, d=~

7n0XuB 7' = /(X'X'), HaXooMM BpeMsl PACIPOCTPAHEHMs CUTHANA Ha

paccTosHMe ' B cucTeMe oTcyeTa S(#,X') B 3aBUCHMOCTH OT yIia 6
MeXIy HaIlpaBJIeHUEM PACIIPOCTPAHEHUSI U BEKTOPOM V :
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’

, vl v
t :?|:1_(BMS_0“MS_1)C_2_[§_BMS +6MSJC—2511’126:|. (42)

DTO COOTHOLIEHUE TIPEACTABISIOT TaKXKEe B SKBUBAJIEHTHON (hopme:

2 2
c % 1 VoL,
?:|:1_(BMS_GMS_I)CT_(E_BMS+8MS]C_ZSIH 9}, 4.3)
rae ¢ — CKOpPOCTb CBeTa B CUCTEME OTCUeTa S(t',x’).

B kauecTBe cmcTeMBl OTCUeTa ¥ OOBIYHO MPUHHMMAIOT TaKyio, B
KOTOpOI PEIMKTOBOE M3JIydeHNEe B CpeTHEM HM30TPOITHO. OTHOCHUTEITEHO
Hee CosHeYHasi CHCTeMa [BHXETCS CO CKOpOCThiO V=~ 369,5 kM/c
B HampaBJeHMM C TajakThdyeckuMu KoopauHatamu (/II, bII) =
~ (264,4°, 48,4°) [240].

Mapamerp Py, =1/2-B,5 + 8,5 XapakTepusyeT 3aBUCUMOCTb CKO-

pOCTH CBeTa OT HallpaBJIEHUS] U U3MeEPSIETCsl B 3KCIEepUMMEHTaX, Ioa00-
HbIX omnblTaM MaiikenbcoHa u Mopau [284]. Ha npoTsskeHuM 3HA4U-
TEJIbHOTO BpEMEHM HauboJjiee CTPOroe OrpaHMYEeHUe Ha TaKylo aHU30-

TPOMUIO GBUIO MOIyYeHO B 1979 1. [74]: Ac/c <(1,5+2,5)-107", uro

cootsetcTBYyeT |P,,|<5-10”. HoBBIe 9KCMEPUMEHTHI, TPOBEICHHBIC

B TeyeHUe mnepBoro aecsAtwieTus XXI croneTus, MO3BOJMUIM TOCTe-
JIOBATeIbHO YIYYIIUTh TOYHOCTh TAKMX OLIEHOK. B paborax [141, 191]
MPUBEIECHbI pPe3yJbTaThl 3KCIEPUMEHTOB, B KOTOPBIX JOCTUTHYTO

OTrpaHWYECHUE HA AHU3O0TPOTIUIO Ac/c <1-10"" . OTHOCcHUTENBbHO ma-
pamerpa P,,, aBTOpHl 3TUX pabOT MPUBOILAT TaKU€ OTrPAaHUYEHMUS:
|PMM| s|44_r8|~10’12 [191] n |PMM| < 1,6J_r6i1,2|-10’12 [141].

[Mapametp Py = (Bys — 0ys —1) XapaKTepusyeT 3aBUCHMOCTb CKO-

pPOCTH CBeTa OT CKOPOCTH MCTOUYHMKA. OH M3MepeH B 3KCIIEpUMEHTAX
tuna omnsita KenHenu m TopHpaiika [192, 231]. B pabote [424], B
KOTOpOI MpUBeACHBbI pe3yabTaThl LecTwieTHuX (2002—2008) uzme-
peHUI BIMSIHUS CKOPOCTH 3eMJIM Ha CKOPOCTh CBeTa, JJII 3TOTO Ia-

paMeTpa ToJydyeHbl Takuhe 3HadeHus: P, =-1,7(4,0)- 10° — nna
CYTOYHBIX Bapuaumii, P, =-23(10)-10® — mna ronosbix. Basis B3Be-
LIEHHOE CpenHee 3Ha4eHMe, aBTOPhl HALLIM, YTO |P/<r| <4,8(3,7)-107%.

B skcnepumenTax ¢ yacaMu M B ombITax Tuiia AiliBca—Crmnyaia
10 U3MEPEHUSIM IOIUIEPOBCKOIO CIBUIA U3MEPSIETCS MapaMeTp o, , Xa-
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4.1. Mposepkyn 6a30BbIX NPUHLUMNOB TEOPUM TAFOTEHMS

PaKTEepU3YIOIINIT PEIITUBUCTCKOE 3aMenyieHre BpeMeHH [170, 361, 453].
Ero coBpemeHHas olieHKa NpuBeneHa B pabore [356]: |aMS +1/2| <

<8,4-107°.

Hamnoro 6ojee TouHOe oIpeAeieHUe BcexX Tpex MapaMeTpoB, KO-
TOpBIE ONMUCHIBAIOT OTKIOHeHUs oT JIM B popmammsme Pobeprcona—
Mancypu—Cekciia, MOXHO TMOJYUYUTh MOCJE TMPOBEAEHUS 3KCHEpU-
MEHTOB B KocMmoce [252].

PaccMoTpeHHBIN TOIXOA SBISICTCS CYyTy0O0 KUHEMATUYECKUM U
ITO3TOMY OITMCHIBAET JINIIIhL OTPAHWUYEHHBINA KPYT TUITOTETUYECKUX Ha-
pyiienuii JIM. bonee peTanbHbIe TEOPUU paccMaTpUBAIOT KOHKPET-
HBle MomudUKanuu ¢GyHIAMEHTAILHBIX YpaBHEHMI (DU3WKU, BBI-
3BaHHbIE TAaKMMU HapYLICHUSIMU, U COOTBETCTBYIOIIME HAOIIOIATEb-
Hble cneacTBusi. OQHO U3 HUX — 3TO aHU3OTPOIUSI UHEPTHOI MACCHI,
CYLLIECTBOBAHUE KOTOPOI, KOHEUYHO, TpeOOBajo Obl mepecMoTpa OcC-
HOBHBIX MPUHIKIIOB TEOpPUU TpaBUTalMu. [IpoBepka »TOro acmekra
JIN ocylecTBIsIeTCS ¢ TTOMOIIIBIO SKCIIEPUMEHTOB, HaYaThIX XbIO30M
[207] u Opesepom [128] B camom Hauane 60-X romoB MPOILIOTO CTO-
neruss. Ha mpoTsokeHUM TPpUOIU3UTENIBHO ABAALUATH JIET UX 3KCIe-
PUMEHTHI ObIIM HauboJiee TOYHBIMU TipoBepkamu JIW [446]. Dtu
SKCITEPUMEHTHI COCTOSAT B CPaBHEHUM TTOKA3aHWIT YacOB Pa3HBLIX TUIIOB,
KOTOpbIE HaXOISTCA PSIAOM M COBMECTHO IBUTAlOTCS BMecTe ¢ 3eM-
neit. CChUIKM Ha COBpPEMEHHbIE UCCEAOBaHUS B 3TOM HaIpaBICHUU
MoxHO Haitu B [280]. B yacTHOCTM, OLEHKM pa3HBIX KOMITOHEHT
TeH30pa aHU3O0TPOIIMM MACChl HEUTPOHA OTrpaHWYCHBbI 3HAYEHUSIMU
1071*—107"® 3B.

Elie oguH IIMPOKO MpUMEHSIEMbIi KUHEMATUYECKMI MOIXOJ K
onmcannio HapymeHuit JIM coctouT B MOAM(PUKALINU PEIISITUBUCT-

CKOTO JIMCTIEpCHOHHOTO ypaBHeHnst E’ = c*m? + p* [280], BMecTO Ko-
TOporo paccMatpuBaioT' pasHble dopmyinsl Buga E? =c'm? + p? +
+f(p). TIpn 9TOM HEKOTOpbIC ABTOPbI CUMTAIOT, YTO PENISTHBUCT-

ckast (popMysia crpaBeUTMBa JIUIIb B BBIACJICHHOM CHCTEME OTCUETa,
IpyTe — paccMaTpuBalOT BO3MOXHOCTh COXpaHEHUSI MHBApUAHTHO-
cty 3a cuer pedopmaunu rpymnisl Jlopenua [163, 273]. Ecau tpe6o-
BaTh COXpaHEHWS BpalllaTeJIbHOW WHBApMAHTHOCTH, TO (PyHKOUS [

OyIeT 3aBUCETb JIMIIbL OT MOAYJISI MUMITYJIbCa |p| . Hapymenue JIN Ha

! Takyro 3aMeHy MOXHO TPAaKTOBaTh KaK TEPEXo K (DUHCIEPOBON TEOMETPUM
IIB (cMm. m. 3.2).
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TUTAHKOBCKMX MacITabax SHEPryii MONEIMPYIOT TAKMM Pa3iokKeHUEM:
2 4 2 2 ) @) 2 fO
E*=c*‘m*+ p* + Ep fV |p|+ fUp +E—|p| o
Pl

Monudukauuss TUCIEPCUOHHOTO ypaBHEHMSI MpPHU TUIAHKOBCKHUX
SHEprusiXx MPUBOAUT K 3aBUCMMOCTU CKOPOCTH (DOTOHA OT €ro SHEpruu
U K BaKyyMHOMY ABOIHOMY JIy4eIpesIOMIeHUIO (CM., Hampumep, [257]).
ITpu sHeprusix, KOTopble TOCTYITHBI IJIs HAOMIOAeHUH, 3TH 3PDEKTHI
cauikoM Manbl. Ho ecim MCTOYHMK (DOTOHOB HAXOAMTCSl OYEHb Ja-
JIEKO, TO Pa3HOCTb BPeMEH pacIpOCTpaHEHMSI K HaOII0gaTeNio U3My-
YEeHMSI C pa3HbBIMU YaCTOTaMM U TOJISIPU3ALMSIMU CTAaHOBUTCS OOCTa-
TOYHO 3amMeTHoM. Haubojiee mpuromgHsl AJisl IPOBEPKU CYILECTBOBA-
HUSI MONOOHBIX 3(P@eKToB HaOIOAeHUE HaJeKuX U KOPOTKUX BO
BpEMEHU SIBJICHUI, TaKUX, HampuMep, Kak ramma-Bcrbliiku. Mccne-
JIOBaHUsI, TIPOBEICHHBIE B 3TOM HallpaBJeHUU 3a MOCJIeIHME ABa Je-
CATWIETHSI, He OOHAPYXWIIM IUCIIEPCUM CKOPOCTH (DOTOHOB M CYIIe-
CTBEHHO OTPaHUYWIM BO3MOXHOCTM UISI MOAM(PUKALIMU JUCIIEPCU-
OHHOTO ypaBHeHus [13, 62, 257].

HenaBHo rpynma yudeHbix [199] cooOwmia 0 HOBOM TecTe JIO-
KaJbHOW JIOPEHII-MHBAPUAHTHOCTU W SWHINTEHHOBCKOIO IMPUHIIMIIA
9KBUBAJIEHTHOCTU IS BJIEKTPOHOB C MCIOJb30BaHUEM JOJITOBpe-
MEHHBIX M3MEPEHUI YacTOThI Mepexofa MeXIy OBYMS MOUYTH BbIPOXK-
NEHHbBIMU COCTOSIHUSIMM aTOMHOTO JUCIPO3usl (peaKo3eMebHbIi
BJIEMEHT C aTOMHBIM HOMepoM 66). Pe3yinbTaTbl BBIUMCICHUI MOKa-
3aJIM, YTO DHEPIUM DPACIICTUICHUS] 3TUX COCTOSIHMN OYeHb YYBCTBU-
TeJIbHBl K BO3MOXHBIM HapylIEHUsIM KakK CIelMaTbHOM, TaKk M OOLlen
TEOPUU OTHOCUTENBHOCTH. OTHOIIEHWE YacTOT aTOMHBIX IEPEXOIIOB
pa3HBIX YacoB (T. €. YaCTOT Pa3HbIX AaTOMHBIX IEPEXOIOB) IOJIKHBI
OBITh HE3aBUCHMMBIMU OT CKOpPOCTH cucTteMbl orcyeta (JIJIM) m ot
Bapualvii rpaBUTalMOHHOrO moreHuuana (BI1D). OrpaHuyeHus Ha
HapyllleHHUe JOPEHI-MHBAPUAHTHOCTU I DJEKTPOHOB, MOJy4YEHHbIE
B padore [199], cocrasBmsor 1077 (OTHOCUTENBHAS IOIPEIIHOCTD).
Yto kacaercss aHOMaJIU TPABUTALIMOHHOTO KPACHOTO CMEILEHUS, TO
37€Ch OTHOCUTEJIbHBIE OrpaHndeHus coctasisaior 1078, TIpuBeneHHbIe
pe3yabTaThl 3HAYUTEJIBHO YJIYUIIAIOT MPEAIIeCTBYIOIINE OrpaHYEHMS
Ha HapylleHue 3THX (yHIaMEHTaJIbHbIX MPUHLMIOB. bosnee Toro, mo
MHEHUIO aBTOpOB [199], B mepcrnekTrBe 3THU 3KCIEPUMEHTbl MOTYT Or-
paHUYUTh HapyllleHWe JIOPEHII-MHBAPMAHTHOCTH €l1le Ha JBa MOpPsaKa.

Pestomupyst uznoxeHHoe Bblie o npoBepkax JIM, ormeTuMm, uto
HECMOTpSl Ha 3HAUMTE/bHbIE YCWJIMS UCCleaoBaresieil, Ha CeromHs
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4.1. Mposepkyn 6a30BbIX NPUHLUMNOB TEOPUM TAFOTEHMS

OTCYTCTBYIOT KaKuUe-JIM0O SKCIEPUMEHTATbHbIE CBUAETEILCTBA Hapylle-
auii JIW. o HemaBHEro BpeMEHHM Ka3aloCh, UTO 3Ty MIANUIAYECKYIO
KapTUHY HECKOJIPKO WCKaXajau NaHHBIE HAOMIOACHUIT KOCMUYECKUX
nyueit cBepxBbicokux sHepruii (KJIC3). B coorBeTcTBUM ¢ TeopeTu-
YeCKMMH pacueTaMM 3apssKeHHBIE YaCTUIIBI, B YACTHOCTH, TPOTOHEI,
¢ sHeprueit £ > 5-10" 3B 1oypKHBI JOBOJIBHO OBICTPO €€ TEPATh BCIIEN-
cTBUE (DOTOPOXACHUS TMMOHOB IMPH B3aUMOACHCTBUM ¢ KOCMHYECKUM
MUMKPOBOJHOBBIM (DOHOM (CJIeAyeT TaKKe YYUTHIBATb MPOLIECCHI POXK-
IeHUs DJIEKTPOH-TIO3UTPOHHBIX Tap, TAe, OJHAKO, IOTepH 3HAYM-
TeJIbHO MeHbllie). [ToaToOMy CHEKTp KOCMWYECKUX JIyYeld, perucrpu-
pyeMblii Ha 3emiie, TOJKEH OBICTPO YObIBaTh B obnactu E > 10% 3B.
D10 — TaK HaszpiBaemoe I'3K-o0pesaHue crnekrpa KJICHD (o gamu-
muam Kennera I'paiizena, I'eoprusa 3aunennHa u Baguma Ky3pmunHa
[169, 469], TeopeTnuecKM MpeAcKa3aBIIMX 3TOT 3¢ deKT). YObBaHMe
CIIEKTpa MMEET MECTO MPU €CTECTBEHHOM IIPEATIONOXEHUM 00 OIHO-
ponHoM pacnpeneseHun UcTouHUKoB KJICD B mpoctpaHcTBe. Ecnu
on1 Bce KJICD poxmanuch Ha pacctosiHuM MeHbleM 50 Mk, To 00-
pe3aHust Obl He ObUIO; HO TaKMX MCTOYHUKOB HE OBUIO HAMAEHO, U
MOJOOHBIE TMITOTE3bl HE HAXOMSAT MOATBEPKACHUSI.

Pacuetsr '3K-00pe3aHusi MCHONBb3YIOT U3BECTHBIE CBOICTBA B3a-
WMOJEHUCTBUS 3apsKeHHBIX YacTUll ¢ (oToHamu. B cucreme mokos
MPOTOHOB CBEPXBBICOKUX SHEPIUN (DOTOHBI PEJIMKTOBOTO M3IYYCHMUS
BBINJISIASIT KaK TraMMa-KBaHTBI, a Ipouecc (POTOPOXKIEHMSI MHOHOB
MpMU paccessHUM ramMma-(OTOHOB Ha IPOTOHaX Xopolluo u3ydeH. Ile-
pexon OoT JabopaTOPHON CUCTEMBI OTCYeTa K CHMCTEME IPOTOHA OIM-
paetcst Ha obiuue nojoxeHuss CTO, mostomy orcyrctBue ['3K-00pe-
3aHUSI MOXHO ObLIO ObI MHTEPIIPETUPOBaTh Kak HapyiueHue JIW mpu
BBICOKMX 3Heprusix [235]. KommyecTBO 4YacTUll CO CBEPXBbICOKMMU
BHEePrusiMy JOBOJIBHO MaJio, M MEPBbie UBMEPEHUS TTOTOKA HE MO3BO-
JISUTU TIPOBECTU JOCTOBEpHOE u3MepeHue crekrpa. C 3TUM CBsI3aHbI
Ccoo0IIeHUST 0 BO3MOXHOM oTcyTcTBuU ['3K-00pe3aHus M, Kak ciel-
CTBUE, MHOTOYMCIIEHHBIe TTONBITKU MepecmoTpa CTO. OgHako HaKo-
IUiIeHWe HabmomatelbHbIX gaHHBIX Tpynmoi HiRes [194] mo3Bonuno
HabpaTh HEOOXOAMMYIO CTaTHCTHKY, KOTOpas COTjacyeTcsl ¢ pacueTaMu
apdpekra '3K. DTOT BBIBOA IMOATBEPKAEH AAHHBIMU OOCEpPBATOPUU
IIeepa Oxe [421, 422]. B uenom, pe3yabTraTthl HaOMIOOEHUI COIIacy-
I0TCSl B Mpefesiax MOrPelIHOCTe ¢ TeopeTUYeCKUMU pacyeTamu [595,
403]. Ha cerogHst 5TO MPaKTUYECKU MCKIIOYACT OCHOBAHUS JIJIsI
npennonoxeHuiin o HapywieHun CTO B 00J1acTM  CBEPXBBICOKMX
SHEPrui.

107



4 MpoBepku rPABUTALMOHHDBIX TEOPHI

4.1.2. Mposepku cnaboro M3

OcTaHOBUMCSI Ha HECKOJbKUX MpSIMbIX mpoBepkax CI1D,
B JJaHHOE BpeMsi HauboJjiee TOYHBIX, — IKCIEPUMEHTAX TUIIA OIbITa
Oteemwa [593]. ITo cytu, mpoBepsIIOT paBEHCTBO YCKOPEHMI TeJl pas-
HOTrO COCTaBa B rPaBMTALIMOHHOM I0Jie, HapyllleHWe KOTOPOIo Xapak-
TEPU3YETCs TTapaMeTpoM DTBellla;

. |mg!1 ~ mg!2| N 2|al —a2|
| m o m, | |ay +a2|’

[€ m; — WHEPTHbIE MAacCChl TE€N, M,; — WX IPABUTALMOHHBIE MAcCChI,
a; — yckopeHus (i = 1, 2).

Tena MOMKHBI OBITh MaJbIMM IO CPAaBHEHMUIO C XapaKTEPHbIM
MaciraboM, Ha KOTOPOM OIIYTUMBI HEOTHOPOIHOCTH TPaBUTAIIMOH-
Horo moJjisi. B akcnepumeHTax Tuma DTBella HaOMIONa0T ABE MAacCCh
M3 pa3HbIX MaTepualioB, MOABEIIEHHbIE HAa KPYTUJIBHBIX Becax, Mpu-
YyeM cxema MOCTpOeHa TaKMM 00pa3oM, YTOObl MPU HaJUUYMU Hapy-
IIEHUIA MPUHIMIA SKBUBAJEHTHOCTU B IPaBUTALIMOHHOM IT0JI€ BO3-
HUKaJu Obl KpYTWIbHBIC KOJieOaHus. B yacTHOCTH, B AKCIIEpUMEHTAX
Ponna—KporkoBa—/Iuke B Ilpuncrone [365] u bparumHckoro—Ila-
HoBa B MockBe [505] akTUBHBIM (paKTOpOM ObLIO IpaBUTALIMOHHOE
nojie CosHLa; ¢ MOMOIIBIO 3TUX IKCIEPUMEHTOB OMpeNeeHbl Orpa-

HUYeHUs Ha ypoBHe m<10'?. HaubGonee XecTKue OrpaHUYEHUs

n<4-10" mnonyuensl B BammHrroHckoMm yHusepcutere [41, 413].

OTO OuYeHb BBICOKASI TOYHOCTh, KOTOpPAsl JaeT BO3MOXHOCTb YCTaHO-
BUTh OrpaHMYEHUs Ha HapyleHus 1D M pasHBIX TUIIOB MAacChl,
00yCJIOBJICHHBIE TUIIOM B3aMMOIEUCTBUS — SIAEPHBIM, 3JIEKTpOMar-
HUTHBIM WM cJ1abbiM. B dacTHOCTHM, B 1a0OpaTOPHBIX 3KCIEPUMEH-
TaX OTHOCUTEJIbHBIM BKaj CJIa0bIX B3aMMOACUMCTBUI B OOIIYI0 Maccy

Tes coctasiasier nopsiaka 107", mostomy mis 3TMX B3auModeicTBuil
n orpaHudeHo Ha ypoBHe 0,1 %. Bxian rpaBUTallIMOHHBIX B3aMMO-

IEeNACTBUIA B MacChl OOBIUHBIX T€JI B TaKUX OKCIIEPUMEHTAX CIMIIKOM
MaJi, IIO3TOMY HCJIb3A ITOJYYUTb aHAJOTMYHYIO OLICHKY.

4.1.3. Npoeepku cunbHoro M

s miaHeT rpaBUTALIMOHHBIN JeeKT MacCchl JOBOJbHO
3HAUUTEJIEH, YTO JaeT BO3MOXHOCTb MPOBepUTh cubHbIN T1D [311].
DTO BaXXHO OTMETUTh, MOCKOJIBKY BCE METPUUYECKUE TEOPUM TATOTEHUS
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YIOBIETBOPSIOT cilaboMy I1D, HO He oOsizaTenbHO cujabHOMY [13.
Hopareenr [312] mokaszaji, 4to B ciiydae HapylleHMs1 cujibHoro I19D
BO3HUKaJIM Obl aHOMaJIbHble KojieOaHUsl paccTosiHus 3emias—JIyHa,
T. €. KoJleOaHusl, KOTOpble HE BO3HMKAIOT NP €ro BbiMosHeHUU. O60-

m, M

3HAYUM A = —% _Vg’ rne M,, m, — rpaBUTALIMOHHBIE MAcChl 3eM-
m

g u JIyHBI, KOTOpBbIE WUTPalOT POJIb «TPAaBUTAIMOHHBIX 3apsiaoB», a

M, m — ux uHepTHble Macchl. [Ipu HapyiieHun cuiabHoro I1D am-

IUIUTyda aHOMAaJbHBIX KOJIEOAHUM p COCTABISIET NPHOIM3UTEIHLHO
p=21-10" cm (BbIBOm cM. B [593, 606]). OTCyTCTBME TakKmMX aHO-

MaJIBHBIX KOJIEOAHWI MaeT BO3MOXKHOCTH TPOBEPUTDH TIPUHIIUIT SKBH-
BAJIEHTHOCTU C BBICOKON TOYHOCTBIO, COIMOCTABMMOI C TOYHOCTBHIO
coBpeMeHHbIX TpoBepok CIID B nabopartopHbiX ycioBusix. Ho «iyH-
HBI SKCHEPUMEHT OTBella» IOATBEPKAACT TakKe CWIbHBINM 119,
TOTa KaK Ha3eMHbIe 9KCIIEPUMEHTHI MPOBEPSIOT JUILIb clabbiii [19.

OTHOCHTENTbHAS BEIMUYMHA TPaBUTAIMOHHOTO IedeKTa MAacCCHI,
KOTOpasi OILICHWBAECTCS C ITOMOIIBIO HBIOTOHOBCKOTO COOTHOIICHUS
JIJIsI TpaBUTALIMOHHOI BHEPIruu, B ciydae 3eMiu

AM
g SOM__ 4 jgm,
M 5CR,

arth

AHnajnornyHas BenmuuHa ajsg JIyHbI Ha mopsimok MeHble. Ilycts 110D
He BBITIOJIHSIETCS JIMILb JJIs1 yKa3aHHOTO I'paBUTALlMOHHOIO BKJada B

grav

maccy. Torma A = A, ~4-10"" u p=~8i M, e Kod3hduuM-

CHT IIPONNOPIMOHAIbHOCTU 7»1 C€CTCCTBCHHO B3ATb ITOpAAKa CAMHUIIbI.

HOI[pO6HI)IM HeOeCHO-MeXaHNYECKUM PaCCMOTPEHUEM  TTOJIYUYCHDbI
JOITIOJHUTECJILHBIC IIOIIPABKMU K p, KOTOPLIEC, OJHAKO, MOXHO YUYECTb

HE3aBMCHUMBIM 00pa30oM C Haiexallleil TOUHOCTbIO, TOCTaTOYHOM UIst
TOTO, YTOOBbI O0ECMEYUTh OLIEHKY aHOMAJIbHbIX KOJIEOaHUN C TTOMOILBIO
W3MepeHN paccTogHusg Mexny 3emieit m Jlyroit. OKoHuUareabHas
OoLeHKa p ~ 9\, M. B Hacrosiuiee Bpemsl pe3ysibTaThl Ja3epHOM JOKa-

1y JIyHBI OrpaHUYMBAIOT 3Ty BEJIMYMHY Ha YPOBHE CAHTUMETPOB.
TouHble M3MepeHUst paccTostHus 3emias—JlyHa Havamuch B 1969 r.,
KOrga Ha JIYHHOU TMOBEPXHOCTH 3SKUIIAX KOCMUYECKOTO Kopadis
«AnosioH-11» ycTaHOBWUJI YroJIKOBbIM oOTpaxaTeiab cBera. loroJ-
HUTENbHBIE OTpaxaTeJu ObUIM YCTAHOBJEHBI JKMUIIaKaMM KOCMHUYE-
CKMX Kopabieil «AmnoJuioH-14» u «AnoioH-15» 1 aBTOMaTUYECKUMU
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cranumsimMu «JIyna-17» n «Jlyna-21». biarogapst nasepHoOii JIoKalluu
JlyHa mosyumna cTtaTyc YHUKaJIbHOW J1aboOpaTOpUM TpaBUTALIMOHHO-
dusmyeckrx maMepeHuii. TeopeTndeckass MHTepHpPETAals TaKUX W3-
MEpPEHUII OCHOBBIBAETCSI Ha IMOCTHBIOTOHOBCKOWM TEOPUM IBUXKECHUS
JIyHBI ¢ y4eToM BO3MYyIIeHUI cO cTopoHbl ColHIIA M TIJIaHET. DTU
HCCIIeI0BaHMS TTOATBEPAUIN, YTO YCKOpeHus 3emuM v JIyHBI B rpa-
BUTALIMOHHOM TIOJIE OZMHAKOBBI C TOYHOCTBIO ~ 3-107" [29, 295,
313, 449]. BcaenctBue 4yBCTBUTEJBHOCTU M3MEPEHMIA K BKJIady rpa-
BUTAlLIMOHHOTO B3aMMOJAEHCTBUS B OOILLYI0 Maccy 3TO MOATBEpPXKIaeT
cunbHbIl 119 [390, 593].

Jpyroil BaxHbIA acneKT MPUHLMIIOB 3KBUBAJEHTHOCTU COCTaB-
JISIET TIPEAIIONIOKEHNEe 0 HEM3MEHHOCTH (PyHIaMEHTAJIBHBIX KOHCTAHT.
Wpaes BO3BMOXHBIX U3MEHEHUI (pyHIAMEHTAJIbHBIX KOHCTaHT C Teue-
HHeM BpeMeHM BIlepBble oO0CcyxXaaaach MuiHoM U JIupakoM ele BO BTO-
poit nonoBuHe 1930-x rogoB. MccnenoBanusi nBvxxeHUs: JIyHbI ¢ Mo-
MOILIbIO JIA3ePHOM JIOKALIMM OrPpaHUYMBAIOT M3MEHEHMSI TI'paBUTALIM-
OHHOIl TOCTOSIHHOI Ha ypOBHE (}’/G£5~10’12 3a rog (CM. Takxke
n. 4.2.2). Tlogapnstoliee OOJBIIMHCTBO UCCIEI0BAHUN CBUIETEIbCT-
BYET TaKXKE€ O HEM3MEHHOCTH TIOCTOSIHHON TOHKOW CTPYKTYDHI o (CM.,
Hanpumep, [114, 288, 446]). Kpome Toro, mosy4eHbl JOBOJIbHO CHJIb-
HbIE OLIEHKU BO3MOXHbBIX U3MEHEHMH ¢, /o, <6- 107 3a Gonee yem
10" jier, KOTOpbIE BBHITEKAIOT U3 Te0(MU3MIECKUX MCCIEN0BAHUI M30-
TOomHOTrO cocTaBa [115].

[TpoBepka HEM3MEHHOCTM IIOCTOSIHHOM TOHKOW CTPYKTYPBI O
MOXET OBITh ITOCTPOCHA M Ha HAOMIONCHUSX JTUHWUN ITOTJIOIICHUS B
CMEeKTpax JajeKuMX KBa3apoB. DbIIM aJbTepHATHBHbIE COOOIIEHUS O
AKOObI HAOMIONATEIbHOM J0KA3aTeJIbCTBE BapvalUMid o, Ha OCHOBE
HaOMIOACHUI JUHUNA TIOrJolIeHusT B criekTpax 28 kBazapoB (0,4 <
< z<3,5). OguH U3 MOCAEAHUX TaKUX PE3YJIbTaTOB B IOJb3y U3ME-
HEHMIA o, BO BpeMeHM (CM., Hanpumep, [297, 298]) akobbl maeT He-
HYJIEBYIO OLEHKY OTHOCUTEJIBHBIX Bapuauuii Aoy/o, = (-0,54 + 0,12) x
x 107, T. e. Ha ypoBHe 4,7 6. OQHAKO C MOMOILUBIO HEJABHO IPOBE-
JIeHHBIX HabmogeHuit [344] ¢ BBICOKOI paspellarollieil CrocoOHO-
CThIO TIO JJIMHE BOJIHBI Ha Tejeckore ESO VLT monydyeHbl BepxHMe
OTpaHUYEHUS OTHOCUTEJIbHBIX M3MEHEHMiI Ha yposHe 2 - 107%; mpu
9TOM HabJI0JaMUCh JIMHUU MOroleHus xenesa (z = 1,15) B HanpaBs-
neaun QSO HE 0515-4414.
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4.1.4. TpaBMTALMOHHOE KPACHOE CMELEeHne
M NOKANbHAS NO3MLUOHHAS MHBAPUUHTHOCTD

OpHoit 13 3HauuMBbIX npoBepok OTO DitHIUTEeHH cyu-
Tall 3pdexT rpaBuTaliMoHHOro KpacHoro cMmelleHus (I'KC) unm rpa-
BUTALIMOHHOTO CJBUIa 4YacTOTbl CIEKTPaJibHbIX JMHUI atoma [140].
IMoznHee BbIsicHuaach 3HauuMocTb I'KC nist mpoBepok siHIITEH-
HOBCKOTO TIPUHIIMIA 3KBUBAJEHTHOCTU [593], a UMEHHO ero TpeTheit
COCTaBJSIIOLUEH — HPUHUUNG AOKAAbHOU HNOSUUUOHHOU UHBAPUAHMHO-
cmu (cM. 1. 2.1.2.). HamoMHUM, 4TO COIJIaCHO 3TOMY IMPUHIIUMY BCe
MpoLECChl, MpoTeKarlre B (Majoil) (pU3MYeCKoll cucTeMe, OTHOCH-
TEJIbHO COOCTBEHHOM JIOKaIbHO-opeHLeBoil CO BBHITISAAAT OOUHAKO-
BO, HE3aBUCHUMO OT MPOCTPAaHCTBEHHO-BPEMEHHOIO MOJOXEHUST CHUC-
TeMBbl. B yacTHOCTH, 3TO MOXET OBITh JIIOOOI 3JIeMEHTApHBIA M3Ty4a-
Tellb (He 0053aTeIbHO aTOMHBIM 3JIEKTpOHHBIN niepexon). Dddekr 'KC
OIVHAKOB B JIFOOO METPUUYECKON TeOpUU, KOTOpast UMEeT MPaBUIhb-
HbIit HbIOTOHOB Tipenei. Mamepenuss 'KC noarBepxaarT HE TOJIbKO
OTO, HO M MOCTyJIaThl METPUUYECKUX TEOPUI B LICJIOM.

Ha xauyectBeHHOM ypoBHe 3ddekt 'KC nmeeT mpuHIMIIMAIBHOE
3HAYeHWe UIS1 BBISICHEHMS (pakTa MCKPUBICHHOCTH IIPOCTPaHCTBA-
BpeMeHHU. PaccMoTpeB MUPOBBIC JMHUM IBYX YaCTMI, HAXOMSLIMXCS
B TOKO€ OTHOCUTEJIbHO CTaTUYECKOIro TIpPaBUTALMOHHOIO IOJS, a
TakKXKe CBETOBBIX CUTHAJIOB, KOTOPBIMU OHU OOMEHUBAIOTCS, Albdpen
Mwnng [376] 3amerni, uto adpdexkt 'KC HecoBMeCTHM ¢ reoMeTpueit
I1B MUHKOBCKOTro. 3TO MOXHO MHTEPIIPETUPOBATh KaK CBUIIETEJIHCTBO
uckpupieHHocTtu I1B (cMm. takxke [557]).

Bddexkr 'KC coctouT B 3aBUCUMOCTM YacTOThl (pOTOHA OT IIO-
TeHIIMAJla TPaBUTALIMOHHOTO Toyst U M TIposBiseT cebst, eciau TIpH-
€MHUK CBeTa HaXOAUTCS B 00JIACTUM ¢ MEHBIIMM MO MOIYJIIO TpaBUTa-
LUOHHBIM TMoTeHIManoM Uy, dem wuanydarens'. B yactHocTH, ecim
HUCKJIIOUUTh OOBIYHBIN 2ddekT [domnepa, 3aBUCUMBIA OT CKOPOCTH,
TO M3MEpeHHas HabJonaTeseM 4YacToTa M3JYYeHUs] aToMa ®,, KO-

TOprfI HaxoauTCd B IpaBUTAlMOHHOM II0JI€E MAaCCHBHOIO HebecHo-
ro T¢€ja, 6yz[eT MCHBIIC 4YaCTOTbl M3JIYYCHHA TaKOIro XK€ aromMa

wg (> w,), Haxonsuerocs B cBOOOAHOM mpocTpaHcTBe. CornacHo
MIPUHLMITY JIOKAIBHON JIOPEHLIEBOCTH ®g — 3TO TAKXKe YacToTa 3TOTO

aToMa OTHOCHUTEJIbHO COOCTBEHHO JIOKAJIbHO-JIOPEHLIEBO CUCTEMBI
oTcycTa.

! Hal'[OMHI/IM, YTO IpaBIOTCHLMAIT U KOPPEKTHO CUMTATL OTPpULIATCIbHLIM.
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CMeleHue MOXKET MPOUCXOAUTh U B (DUOJIETOBYIO YaCTh CIIEKTpa
B CJIyJae, eCJIM HaOJIfoJaTelb HaXOOUTCS B 0ojiee CHIIBHOM TpaBHUTa-
LIMOHHOM TT0Jie, yeM ucTouyHuk. Paktuuecku 'KC — 310 TOT XKe
9¢hdeKT, 4TO M TIpaBUTALMOHHOE 3aMeUIeHHe BpPEeMEHHU: 4yeM OoJiee
CHJIBHOE TPaBUTALIMOHHOE TIOJIe, TeM OOJIbIIIe 3aMeJIeHne BpeMEHM.
Wrak, HabmonaTeab, KOTOPhIA HAXOAUTCS B 00JacTH ¢ APYrUM rpa-
BUTALMOHHBIM IMTOTEHILIMAJIOM, OyIET UHTEPIPETUPOBATh CIBUT YaCTOT
KaK M3MEHEHNE X0la BPeMEHM.

DiiHmTeH noayunn dopmyay sddekra 'KC, ucnonsdys 3akoH
coXpaHeHUs 3Heprnr. MOXHO IMOKa3aTh, YTO B CTATUYECKOM TpaBU-
TALMOHHOM T10J1€ [gyo(r)]"? E,o = const, rae E,., = hc/A,o — JOKaIb-
HO M3MEpeHHasl SHeprus 4YacTULbl, A, — JOKAJIbHO HM3MepeHHas
(KOMITOHOBCKAs) IJIMHA €€ BOJIHBI. B Takoii hopme 3akoH crpaBei-
JIUB JUIS 4acTUll ¢ HyJeBOW ((hOTOH) M HEHYJIEBOH Maccoi MOKOS.
Orcrona A, (gy) /? = const, uim

1+z=[g0 /gW'1"?, (4.4)

rae z =(wg —®,)/ 0y — KPaCHOE CMelLIeHNE.

Bo Bcex MeTpMUECKUX TEOPHUsIX TaKOW XKe pe3ylIbTaT BHITEKAeT M3
paccMOTpeHUsI COOCTBEHHOTO BpeMeHU ¢ yueToM dopmyra (2.1), (2.3)
IIJISI HEMOJABMIKHBIX M3JIydaTesisi U HaOiromaTessi B CTAaTUYECKOM IToJie
TSTOTCHMSI.

Orcioga, B ciayyae caaboro rpaBUTALIMOHHOTO TOJISI, MCHOJIb3YS
npuoamkeHHy1o dopmyay (2.7) nas gy, noayyaeMm

®, — 0, _Ul -0,
2

, 4.5)

o, c

rme o, U — yactoTa M3JydeHUs] M TMOTEHIMad MOJsI B COOTBETCT-
BYIOILIMX TOYKAX.

®opmyny (4.5) Jlerko MOMYyYUTh KaK pe3ysIbTaT COXpPaHEHUST dHEp-
ruu: (OTOHBI TEPSIIOT YacThb CBOel aHepruu E = i Ha MpeogosieHue
rpaBUTAllMM M MX 4YacTOTa, COOTBETCTBEHHO, yMeHbluaercs. [Ipu aTom
HESIBHO MCIMOJIb3YeTCsl MPEAIoNIoKEeHNE O paBeHCTBE WHEPTHOU U Tpa-
BUTALIMOHHOU Macchl (pOTOHA.

lposepka s¢gpexra IKC B rpasnraynorrHom none 3emmn

Bddexkr 'KC (1, BMecTe ¢ TeM, MPUHLUN JOKAIbHOMK
MMO3UIIMOHHOM WHBapMAaHTHOCTHM) B TIOJie 3€MJIM CTajJ0 BO3MOXKHBIM
3¢ @dekTUBHO IPOBEpUTh Julib B 1960—1965 rr. B cepuu 3KcIepu-
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meHTOB Ilaynma—Pebku—CHaiinepa [339, 340]. IIpoBepka cocTosiia
B M3MEPEHUM CIBUTA YaCTOTHI MEXKIY IBYMSI OMWHAKOBBIMM CTaHIApP-
TaMHM 4YacTOTHl (aTOMHBIMU YacaMHM), PACITOJIOKEHHBIMU Ha pPa3HBIX
BbICOTaxX HaJ IMOBEPXHOCThIO Jemu. Yacrtora Kaxkaoro craHiaapra B
COOCTBEHHOI JIOKAJIbHOW JIOPEHLIEBOM CUCTEMe OTcyeTa He 3aBUCHUT
OT TIOJIOXKEHUSI 3TOi cucTeMbl oTcuyeTa. CpaBHEHME YacTOT OBYX aTOM-
HBIX YacOB, KOTOPbIe HAXOMSATCSl Ha Pa3HbIX BbICOTAX, COOTBETCTBYET
CPaBHEHMIO CKOPOCTEH NIBYX JIOKAJIBHBIX JIOPEHIIEBBIX CHCTEM OTCYE-
Ta. A UIMEHHO, OlHA U3 HUX CBS3aHa C YyacaMHM BO BpeMSI U3IIyYCHMUSI
ero CWTHaJla, a BTOpas CHCTeMa OTCUeTa — CO BTOPHLIMU YacaMH BO
BpeMs TIpreMa 3TOro cUrHaja. Eciim B TakoM 3KCIIepMMeHTe OymeT
3aperucTpMpOBaH CABUT YACTOThI MEXAY ABYMSI aTOMHBIMM YacaMM,
TO 3TO €CTh CJEACTBUEM JIOITICPOBCKOTO CABWTA TIEPBOTO TOPSIKA
MEXIy IBYMs JIOKAJIbHO-JIOPEHILIEBBIMU CHCTeMaMu oTcuyeTa. Ecim
MPUHLIMIT JIOKAJIbHON TMO3ULIMOHHOW WHBAapMAHTHOCTM HapylllaeTcs,
TO CIBUT 4acTOT OydeT MpPOUCXOAUTh He Mo dopmyrne (4.5), a 1o
dopmyie
z,= (1 +a) AU/, (4.6)
IIe o — TECTOBbI MapaMeTp MPUHLMIA JOKaJbHOW MO3UIIMOHHOMN
WHBApUAHTHOCTH, XapaKTepU3YIOMINI JYachl, CABUT YaCTOTHI KOTOPHIX
U3MepSIeTCS, — MOXET ObITb HEHYJEeBbIM M 3aBUCHMBIM OT THUIIA 4Ya-
COB INPU OTKJIOHEHUU OT MPUHLIMIIOB METPUUYECKUX TEOPUIA.
IToctaHoBka 3kcnepumeHToB IlayHna—Pebku—CHailinepa [339,
340], KaKk ¥ MHOTMX CJIEIYIOIINX DSKCIIEPUMEHTOB II0 IIpOBEpKe
MPUHIINIIA JIOKAJIBHON TTO3WLIMOHHOM WHBAapMAHTHOCTH, CTajla BO3-
MOXHOM Oylaromapst oTKpbeITUIO 3pdekTa Meccbayepa (1959). B yka-
3aHHBIX 3KcIlepuMeHTax 3ddekT Meccbayepa ObLT MCIIOJb30BaH ISt
OIICHKW BIASTHUSI OTHOPOMTHOTO TPAaBUTAIIMOHHOTO TIOJIST HAa CMeEIeHUE
Y3KOM CIeKTpajbHOI JMHUM, 00pa30oBaHHON (h)OTOHAMM ramMma-jiaydyei
¢ sHeprueil 14,4 k3B, ucnyumeHnsiMu uzoronoM >’ Fe. WManydarens u
MTOTJIOTUTETh TaMMa-JIy4eil OBITM YCTAaHOBIICHBI B COCTOSTHUM TIOKOS B
MOA3eMHOM YacTU M Ha BepxHed 4yactu OawHu JIXedepcoHOBCKOM
dusndeckoit 1abopatopun ['apBapackoro yHuBepcuteta (A = 22,5 m).
Hrak, apdext 'KC, koTOpblii Ha OCHOBE TPUHIMNA SKBUBAJICHT-
HOCTM COCTaBJISIT (C YyUYETOM YCKOPEHMSI CBOOOIHOIO MaaeHUs B Mec-
T€ MPOBENEHUSI SKCIEPUMEHTa U BBICOTHI OawHu) AL/A = gh/c’ =
= 2,46 - 107", 6bUI IOATBEPXAEH ¢ TOYHOCTHIO 0 1 % [340]. Takum
00pa3oM, JIrMHA BOJHBI (POTOHOB 3aBUCUT JIMILIb OT CBOWMCTB aTOMOB
(uu saep), KOTOpbIe MX U3JIYy4YaloT. DTO OTHOCUTCS M K U3MEPEHUIO
BpEeMEHU aTOMHBIMHM YacamMu. OTMETMM, YTO B 3TMX S3KCIIEpUMEHTaX
OlIEHKE TIOIJICXKAJI0 MMEHHO pasiinuie coOCmeeHHo20 epemeHu At TBYX
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aTOMHBIX YacOB WJIM JABYX JIOKAJbHO-JIOPEHLIEBBIX CUCTEM OTCYeTa
(cM. [557, 1. 3, c. 299]).

Hpyras cepust akcriepuMeHToB 1o nposepke 'KC, obycioBieHHOTro
IrPaBUTALIMOHHBIM TOJiIeM 3eMJd, Oblla BhITTOTHeHa B 1960—70-x TT.
C WICITOJTb30BaHMEM aTOMHBIX YacOB, YCTAHOBJICHHBIX HAa caMOJIeTaX, pa-
KeTax U KocMmmueckux anmaparax (KA). B yacTHOCTH, B 3KCIIepMMEHTE
Omnes u ap. [27] pa3HOCTb MOKa3aHWM IBYX MACHTUYHBIX aTOMHBIX
4acoB, CMOHTHPOBAHHBIX B CIIEIIMAJIBbHBIX YCTAaHOBKAX, M3MepsIach
0 U TOCJIe TOro, Kak OIHa M3 YCTAHOBOK TPaHCIIOPTHUPOBAJIACh Ha
caMoJieTe B COIIPOBOXIECHUM paguoiokaTopa B TedyeHUM 15 94 Ha BBI-
core 10 km (B Xome 3KCIIepMMEHTa ObLIO BBIIOJIHEHO IISITh HE3aBHU-
cUMBIX ToJieToB). HapacTtaHue pa3sHOCTM BpeMeHU At B ITOKa3aHUSIX
YacoB PErHCTPHPOBAIOCH TEJIEMETPUYECKM C TTOMOIIBIO Ja3epHBIX MM-
MyJIbCOB MpoaosrkuteabHocThio 0,1 He. TeopeTuueckas olleHKa pas-
HOCTM BPEMEHM COCTaBIIsNA ATy, = 47,1 £ 0,25 HC, u B pesynbrare
SKCIIEPUMEHTA OBUIO TIOMYYEHO ATyen/ATreop = 0,987 £ 0,010.

Bonee xectkast BepxHsisl OIlEHKa IapaMeTpa o u3 (GopMmyibl (4.6)
ObL1a mosydyeHa B KoHue 1970-x romoB B akcnepuMmeHTe Becco—JleBuHa
[433, 434] no u3mepenuto 'KC B mone 3emmm. YacTtora BogopomHO-
Ma3epHbIX YacOB, YCTAHOBJICHHBIX Ha pakeTe, CpaBHMBAJIACH C YaCTOTOM
4yacoB, YCTAHOBJIEHHBbIX B Ha3eMHOI jabopatopuu. Breicota mombema
pakeThbl cocTaBisiyia 10 000 kM. D10 ObLT MEPBbIN CleUMATU3UPOBAH-
HBIM KocMmuueckuii 3amyck (muccusi Gravity Probe A), mpemHa3zHa-
YEHHBIH 1151 MPOBEepOK (hyHIaMEHTaIbHOTO usnyeckoro 3akoHa. Ilo

pe3yJIbTaTaM 9TOro SKCHepUMEHTa GbLIO ToNTydeHo |of < 1,4-107*.

Cpeny VHTEPECHBIX TPOBEPOK HPUHUUNA AOKAAbHOU NO3UYUOHHOU
UHBAPUAHMHOCMYU OTMETUM, TIPEXIE BCEro, «HYJIEBON» 3KCIEPUMEHT IO
CPaBHEHWIO OTHOCUTEJIbHBIX CKOPOCTEl pa3HbIX TUIOB YaCOB B 3aBUCH-
MOCTH OT WX ITOJIOXKEHMSI, KOTOPBIN ObLT TpoBeneH B arpenie 1976 1. B
CreHdopackoMm yHuBepcuteTe. Maest skcriepuMeHTa COCTOsUIa B UC-
TMOJIb30BAHUK TOTO (DaKTa, YTO BapHaLIUs COJTHEYHOro roTteHumana AU/c?
HMMEET NIBe COCTABJISIIOIIMX: CUHYCOMAAIbHYIO C 24-4aCOBBIM MEPUO-
JIOM U aMIumiTynoii 3 - 1073, BeI3BaHHYIO BpalleHueM 3eMiIu, U JIK-
HeiiHylo ¢ Temnom 3 - 1072 B CcyTKM, OOYC/IOBJIEHHYIO IBMXXEHUEM
3emymn o opoute. 11 OLIGHKM ITapaMeTpa o. ObUIa MCITOJIb30BaHaA CH-
cTeMa M3 JIBYX BOIOPOIHO-MAa3epHBIX YAaCOB M TPEX I€HEPaTOpOB, CTa-
OMJTM3MPOBAHHBIX CBEPXIPOBOMSIIMM KOHTYPOM. OTKIIOHEHMII OT MpHUH-
[IWTA JIOKATBHOW TO3WIIMOHHON WHBApMAHTHOCTH B TPAHUIIAX TECTO-
Boro mapamerpa | o®M? — K < 2.102 He 6bLTI0 HaitmeHO (3TY
TOYHOCTb B 1995 r. ynyunmiu ogon u mp. [162]; cMm. Takke [423]).
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Yuer nomnpasok 3a 'KC u 3amemieHue BpeMEeHM CTajJo HEOOXO-
IUMBIM 3JIEMEHTOM TaKUX MEXIyHAapOAHbIX HABUTALIMOHHBIX CUCTEM
Kak ['mobanbHas no3unmonHas cuctema (GPS), eBponeiickast «'anu-
neo», poccuiickasg I'TTOHACC u gp. [34], a Takxke mMpU paccMOTpe-
HUM reone3nueckux 3agady. Ecim He yuuthiBath 3¢¢ektet CTO u
OTO, 1o pacxoxaeHue MOKa3aHUI MeXIy OOPTOBBIMU U HAa3eMHBIMU
yacaMM JOCTUTaeT 39 MKC 3a CYTKM M MOXKET NMPUBOIUTH K IOTEpe
TOYHOCTU ITTO3ULIMOHUPOBAHUSI B HECKOJbKO KMJIIOMETPOB 3a CYTKU.
DT10oT 3deKT ObUT MOoATBEPXKACH elie B 1972 r. B NMpSIMOM 3KCIEpH-
meHTe Xadene—Kurtunra [185]. B xome 3TOoro skcrepuMeHTa B OK-
Tsi0pe 1971 . 4eTBepo 11e3MeBBIX aTOMHBIX YaCOB ObUIM YCTaHOBJICHBI
Ha peMCOBBIX caMoJieTaX, KOTOpbIE MBaXKAbl OOJIETETN BOKPYT 3eMJIU
(repBBIii pa3 B BOCTOYHOM HaIIpaBJIEeHUM, BTOPOI — B 3amagHOM).
HazemHble yacel Haxomwiuchb B Mopckoil ob6cepBatopuu CIIIA.
ITpenackazanue OTO, uyto GOpTOBBIE Yachl AOJKHBI OMa3nbiBaTh Ha
40 *+ 23 HC npu IBMXKEHUM HAa BOCTOK M OIlepexkaTh Ha3eMHbIE Yachl
Ha 275 + 21 HC mpu IBWKEHUMM Ha 3amai, ObLIM MOATBEPXIEHBI C
BBICOKOU TOYHOCTBIO.

ToOYHOCTh aTOMHBLIX YacOB, CO37aBaeMbIX B HACTOSLIEE BpeMms,
CTOJIb BBICOKA, UTO M3MEHEHUS MX XOJa CTAHOBSTCS 3aME€THBIMM Ja-
K€ MpPU U3MEHEHUM HUX MOJIOXKEHUS MO BbICOTE MEHee YeM Ha OJIMH
metp [96].

ITonyTHO yKaxxeMm, 4TO 3KCHEPUMEHTbl C aTOMHBIMM Yacamu, B
YaCTHOCTU 11€3UEBbIMHU, MPUBJIEKIM BHHUMaHWE acCTPOHOMOB. B Hauase
1990-x ObLIM MHULIMUPOBAHBI TEOPETUUYECKME MCCIIEAOBAHUS 1O BHE-
JIPEHUIO HOBOWM IMPOCTPAaHCTBEHHO-BPEMEHHOW METPUKU JJISI MEXIyHa-
POIHBIX CUCTEM OTcueTa (B TOM 4uclie OapULIEHTPUUYECKUX U TeOLIEH-
TPUUYECKUX) ¢ yyeToM MexnyHapogHoro atomHoro BpemeHu (TAI).

lposepka s¢pgpexra TKC B Conneyror cucreme

HecKonbko BaXXHBIX 3KCIIEPUMEHTOB ObLIO BBIMOJIHEHO
i npoeepku 'KC mopn neiicTBueM rpaBUTALlMOHHOTO TOJIS TUJIaHET
ConHeunoit cuctembl u Conxia [446—448, 504, 544, 593].

B cBoe Bpemsi DiiHIITEH oueHwl, yTto Jist CojHLA BEJIUYMHA
rPaBUTALIMOHHOTO KPacCHOIO CMEIIEHMSI B HbIOTOHOBCKOM MpPUOIM-
KEHUU COCTaBJIsAET NpUOMM3nTenbHo 2 - 10° mamMHbl BOMHBL DTy
OLIEHKY MOXHO MoJyuyuTh u3 ¢opMyiasl (4.4): niaa cdepuyecko-
CUMMETPUYHOro HebecHoro Tena ¢ maccod M u pamumycoMm R oHa
npuoodpeTaeT BUI
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2, =(-r, /R)?-1. 4.7)

Hanomuum, uro mapamerp r, = 2GM /c? VMeeT pa3sMepHOCTb UTHU-
uel. st ConHua r, ~3km, g, ~ 2 - 10° [604, c. 530—600]. B uact-

8
HOCTH, JUISL JUIMHBI BOJIHBL A = 5000 A mosayuaeM AL =~ 1072 A.

Hns Connua sdpdexkt 'KC mackupyeTcss OOBIYHBIM AOIICPOB-
CKAM CIBWUTOM, KOTOPBIM 3aBHMCHUT OT MecTa HaxoxmeHus Ha CojHIle
WCTOYHMKA W3TYyYeHUSI. DTO CBSI3aHO, TPEXIe BCETO, CO 3HAYUTENb-
HBIMU KOHBEKTMBHBIMU ABUXKEHUSIMU (TOpsiYMe TMOTOKM — Ha IO0-
BEpXHOCTh, XOJIOAHBIE — K HIDKHMM CJIOSIM aTtMocdephl), KOTOpEIE
clyXaT IpU4YMHOM noruiep-3¢dekra. JlormiepoBcKue COBUTU CIEK-
TPaJIbHbIX JIMHUKA B YCJOBUSIX COJHEYHOU (doTochepsl CHIBLHO Mac-
kupyetr I'KC. Tem He MmeHee, B 1962 r. bpoynry [71] ¢ momouibio
CMeaJbHO CKOHCTPYMPOBAHHOTO (POTOJIEKTPUUYECKOTO CIIEKTPO-
MeTpa ¢ JOBOJIHO Y3KO#l Ienblo yaanoch udMepuTb 'KC MoliHoit
crieKTpayibHOM nuHuK Hatpus D, (L = 5895,923 A), koTtopast oOpasy-
ercsl B BbICOKMX cliosix ¢otocepnl ConnHua. Dddexkt I'KC mis sToit
JVHUM Z, = AL/A = GMG/(R®c2) ObUI MOATBEPXIEH C TOYHOCTHIO IO
5 %. IlozoHee B skcrepuMenTte Mo usmepenuio 'KC mus tpuriera
JIMHUU KUCJIOpoJa B MH(PpaKpacHOM ydacTke criekTpa Jumba ConHua
OblIa TOCTUTHYTA TOYHOCTH 2 %, a TOYHOCTb MU3MEPEHUST COJTHEUHOTO
I'KC ¢ nomouipblo OCHMJUISITOPHBIX 4YacOB, YCTAHOBJIEHHbIX Ha KA
«[anuneo», cocrabwia 1 %.

B 1980—81 1r. ¢ TouHOCTBIO B 1 % mpoBepeH shdexkr 'KC, oby-
CJIOBJICHHBIN TIpaBUTAUMOHHBIM TosieM CaTypHa, ¢ IOMOIIBIO CTa-
OMJIbHBIX OCUMJUISTOPHBIX 4YacoB, YCTaHOBJIeHHbIX B 1977 r. Ha KA
«Bosimxep» [446, 448]. Hanomuum, uro amepukaHckue KA «Bosia-
xkep-1, 2» ObuIn 3amymieHsl B 1977 r. misg uMcciaeqoBaHus] BHELIHHUX
mnaHeT CoaHeuHolt cucteMbl. B 1980-x romax tpaektopuu KA mocie
00JIeTOB IUIAHEeT-TUTAaHTOB ObUIM pa3ldesieHbl TakK, 4ToObl KA mokuHy-
s CoJIHEUHYIO CUCTEMY B pa3HbIX HampabieHUsX («Bosmkep-2» je-
TUT B IOXHOU moiycdepe 1on ymiom 48° x skinuntuke, «Bogmkep-
I» — monm yrnom 38° Hanm sxymnTukoit). IlojaraioT, 4TO MOIIHOCTH
TpeX PamMON30TOIMHEIX TEPMOIIEKTPUICCKIX TEHEPATOPOB, TOTUIMBOM
st KoTophix ciryxkut Pu-238, xsatut no 2025 r. K cepenune 2012 1.
atu KA npeononenu 3oHy rejavornay3bl CoHEYHON CUCTEMbI U Haxo-
IITCSL Ha TpaHUIE C MEX3BE3IHbIM IIPOCTPAHCTBOM (AeTajbHee
CM. CalThl, MOCBALIEHHBIE 3TUM KA).
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TKC B rpasnraynoHHOM nosne KOMNAKTHbIX 3BE€34

HccaemoBanre TaknmxX HEOSCHBIX Tell KaK OeJible Kapii-
KW, HEUTPOHHBIC 3BE3MBI, KBa3aphl, TAJIAKTUKN C aKTUBHBIMU SIApAMU
BO3MOXHO TOJIbKO ¢ Mcrojb3oBaHrueM OTO, MocKojbKy KOMITAKTHbIE
3Be3Ibl Ha TTOCICIHUX CTAAMSIX CBOEH 3BONIOLMU SIBISIIOTCS PEJISATH-
BUCTCKUMH OOBEKTaMHU, a aKTMBHOCTb SITpa TATaKTUKM MOXHO OOBSIC-
HUTH aKKpEIMel BelllecTBa Ha HEHTPATBHYI0 MaccuBHYIO Y1 (cM. 11. 6.2).
st Takmx 00bekToB OTO CiyXXUT He KaK Teopusi, KoTopast TpeOyer
TTOATBEPXKICHMS, a KaK TeopUsl, KOTOopas TO3BOJISIeT yKa3aTh KPUTH-
YeCKHEe TECTHI TSI MIPOBEPKU acTPOGU3NUECKUX MOICIICH.
OtHocutenbHO 3 dexra 'KC orMeTuM, 4TO Ha MOBEPXHOCTU HEKO-
TOPBIX KOMIAKTHBIX 00BEKTOB BHEe COJIHEYHON CHCTEMBbI €r0 BEJIMUU-
Ha MOXET OBbITb COMOCTAaBUMOI C JIOIJIEPOBCKOMN ILIMPUHON JUHMHU.
Hamepenne 'KC mipemocraBiisieT BO3MOXKXHOCTD TTOJYYUTh TaHHBIE O
panuyce 3TuX HeOecHbIX Tesl. Ha moBepxHocTu 6enbix KapaukoB 'KC
mocTuraer z, ~ 107 1 mpesaaupyer Haj AOIIEPOBCKON IIMPUHOI JU-
Huu. Ecnum Gesblif KapauK BXOAWUT B JBOMHYIO CUCTEMY, TO C HalexX-
HOIl TOYHOCTBHIO MOXHO OLICHUTh €ro maccy M. Torma B dopmyne (4.7)
OCTaeTCsl OOUH CBOOOAHBINA ITapaMeTp — €ro paauyc R, KOTOpPBI ompe-
JEJIAI0T U3 3TOM (HOPMYJIBI IO pe3y/IbTataM U3MepeHuit z, u M.
Hawnbonee uHTepeCcHBIM M3 3TOro Kjaacca HeOECHBIX TeJl JJIUTENb-
HOe BpeMsl ocTaBajics KOoMMaHbOH Omwkaiiein kK CosHIly 3Be3Ibl
Cupuyc (paccrosiHUE COCTaBJISIET 8,6 CBETOBBIX JIET), KOTOPbLI, KakK
W3BECTHO, SIBJISIETCST ABOMHOM 3Be3noi. XoTrsa Cupuyc B (Genbliii kap-
JmK) 66T OTKPHIT A. Kitapkowm erie B 1862 1., TpobiieMa ero Ha0JIro-
IeHUs COCTOSJIa B TOM, YTO M3JIy4eHUE OT 3TOTO KOMITOHEHTa Mac-
KUPOBAJIOCh U3JyYeHUEM IJIaBHOM 3Be3ibl cucteMbl — Cupuyca A. U
qumb B 2005 r. Bapcroy u ap. [47], ucnonab3yst BO3BMOXHOCTU CIIEK-
tporpada STIS kocmuueckoro Teneckora Xabbja B ruiaHe paspe-
LIAIOIIEH CIOCOOHOCTH KOMITOHEHTOB Cupuyca, a Takxke aaTy Onu-
xaiiiero comkenust ¢ 3emieir B 1993 r., koraa ata paspeliamoonias
CIIOCOOHOCTL ObLIa HAMBHICIIECH, 0OpaboTanu JaHHBIE IIOJHOWN ce-
puun OGanbMepoBckux JuHuii Cupmnyca B u monyuunu mist Hero a¢-
ekt I'KC, sKkBUBaJIEHTHBIN IOIUIEPOBCKOMY CABHMIY IIPU CKOPOCTH
80,42 + 4,83 kM/c, a TakKKe HOBBIC OIEHKM MacChl W pammyca:
Msiius g = 1,02 £ 0,02 M, Rgyiys = 0,0081 £ 0,0002 R_. s ompene-
JIEHUs pamnlyca M Macchl (mo 3toro maccy Cupmyca B onpenensmi mo
rpaBUTALIMOHHOMY B3aumMojaeiicTBuio ¢ CupuycoM A) ObLIM MCIOJb-
30BaHbl (DOTOMETPUYECKUE JAHHbIE, a TakXkKe MapajlIakChl, MOJyYeH-
Hele KA «Hipparcos». WTtak, npu macce ouyeHb OJM3KOM K Macce
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CosHua u nuamerpe 12 ThIC. KM CUJIa TPaBUTALIMM HA €ro MOBEPXHOCTH
B 350 ThIc. pa3 OoJjblle 3eMHOKM (HAllOMHUM, YTO 4YeM OoJibllle Mac-
ca Oesoro kapjvkKa, TeM MeHblle ero nuamerp). Ilpu 3ToM miaB-
HbIIl KOMITOHEHT cucteMbl — Cupuyc A MMeer Maccy, paBHyio 2M
IMaMeTp — OKoJIO 2,4 MJIH KM, TOBEPXHOCTHYIO TeMmIlepaTtypy —
10 500 K.

Benble Kapauky cocTaBisioT mpuommsutenbHo 10 % ot obimero
3Be3nHoro HacejneHus lamaktuku. Ho mx poab B 0O0lleil 3BOJIOLIMMA
Marepud Bo BceneHHO#, Kak W B yCTAaHOBJIEHUMU HAIMX 3HAHUK 00
ee 3BOJIIOLMU, HAaMHOTO Oosbliie. HamoMHKMM, UTO KOMIIaKTHbIE Oeble
KapJuKU BCJEICTBUME aKKpelMM BellleCTBA Ha HUX OT TMIAHTCKUX
KOMITAaHbOHOB B JBOMHBIX CHCTEMAaX CO BPEMEHEM B3pbIBAIOTCS, Kak
CBepxHOBbIe 3Be3abl Tuna la. MIaMepeHus pacCTOSIHUIA 10 3TUX CBEpX-
HOBBIX B 1998 r. BMecTe ¢ MTaHHBIMU OTHOCUTEJIHLHO MUKPOBOJTHOBOTO
PEMKTOBOIO M3JIyYeHUs] YTBEPAMJIM HOBYIO KOCMOJOIMYECKYIO Mapa-
JIUTMYy 00 YCKOpPeHHOM pacluupeHuun BceeneHHOIA.

OueHb BaxHO uaMmepeHue achdekra 'KC nasg HEUTPOHHBIX 3Be3],
MOCKOJIbKY paanuyC HEUTPOHHOI 3Be31bl TPYAHO MOIIAETCS] OlleHKUBa-
HUIO, OCOOCHHO B ciy4yae pammomnyibcapoB. IlepBhIii HameXHbBIN pe-
3yJIbTAT IO OTOXAECTBJICHUIO CHEKTPAJIbHBIX JIMHUW HEUTPOHHOM
3Be37bl ObUI TOJYYEeH C TMOMOILIbI KOcMHUYecKoro Teieckorna KA
«XMM-Hgpioton» B HabmoneHusx 2000 r. peHTTeHOBCKOTO MCTOYHM-
ka EXO0748-676 [110, 371]. B cnekrpe 3TOil HEMTPOHHOI 3BE3.IbI
yIajaoch MACHTU(ULIMPOBATh JIMHUM «000oApaHHBLIX» aToMoB Fe XXVI
u Fe XXV (¢ nepexomamu n = 2+3), O VII u O VIII (c nepexogamu
n=1+2). JInuHb BOJH 3TUX JMWHUK CMEIIEHbl B KpPaCHYI 4YacTh
CIEKTpPa OAMHAKOBO Ha BeIMuYuHy Z, = 0,35. Eciau mpeanonoxurs,
YTO Macca 3Be3Ibl paBHA CTAHIAPTHOMW IJis OOJIBIIMHCTBA ITYJILCAPOB
(1,4 M), To TOrma MONYYCHHBIH PE3YJbTAT YAOBJICTBOPSICT MOICIU
OOBIYHOM HEWTPOHHOU 3Be31bl Oe3 MpuBIeYeHUsT (Hha30BbIX MEPEXOAO0B
B TIMOH-KAOHHBI KOHIEHCAT WIM KBapK-DIIOOHHYIO TUIasMy (CM.
. 6.2). Eciu Macca HeilTpoHHOM 3Be3abl M, , < 1,1M_, To nomyyeH-
HOe 3HaueHHWe pamuyca OymeT CIMIIKOM MajibiM, U ypaBHEHHE CO-
CTOSIHMSI HEUTPOHHOI 3BE31bI TPeOyeT YTOUHEHUIA.

Ilynbcapsl (HEMTpOHHBIE 3BE3Mbl) XapaKTEPU3YIOTCS BBICOKOTOU-
HBIMU TepuogaMu obpauieHusl. Eciu mynbcapbl SIBASIOTCS KOMIIO-
HEHTaMM IBOIHBIX 3BE3MHBIX CUCTEM, TO MMEIOTCS YHUKAJIbHBIE BO3-
MoxxHocTh TipoBepkKrM OTO B CHJIBHBIX TPaBUTALIMOHHBIX IOJSX, a
TakxKe MOXHO OIpeleuTh ux (uanueckue napameTpbl. Haubosee
MU3Y4EHbI C 3TOI TOukM 3peHust myiabcap PSR 1913+16 — wieH nBoii-
HOIl cucTeMbl, OTKPBIThIA XancoMm u Teitnopom B 1975 1. [209] u uc-
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4.1. Mposepkyn 6a30BbIX NPUHLUMNOB TEOPUM TAFOTEHMS

clleJoOBaHHbBII BO MHOrux paborax (cM., Hampumep, [118]), a Takxke
nBoitHo# paguonyiabcap PSR J0737-3039 A+B, oTkpbIThiii bypxe u
ap. B 2003 r. [80]. BaxHocTb mocieaHeidl cuctembl sl TPOBEPOK
OTO BriepBbIe ObIIa 0OTMeYeHa B padote [270]. D10 egMHCTBEeHHasI Ha
IaHHBII MOMEHT CHCTeMa, IJe HaOmojgamTcsd oba myabcapa. OHa
“MeeT HaMMEHbIIWil opOuTajabHbIil mepuon (2,45 4) cpeaud U3BeCT-
HBIX MMOJOOHBIX CHUCTeM, TAe HaOMOAAITCs HauboJjiee CUIbHBIE Pesi-
TuBUCTCKUE 3PpdekThl [249, 345]. OueHku 3¢h¢HEeKToB TpaBUTALIMOH-
HOTO HU3JIyYeHHUs] W TpaBUMArHUTHBIX 3((GEKTOB MpUBENEHLI B Clie-
IYIOIINX TJIaBax.

TKC gna cxonnenmit ranaxrmx

Haomonenue sadpdexkra 'KC B KocMonmormyeckux mac-
mtabax — HaMHOro 0oJjiee CIOXHas 3ajada, MO3TOMY CleayeT OTMe-
TUTBb PabOTy, BHIMIOJHEHHYIO Mol pykoBoacTBoM P. Boiitaka B 2011 T.
IS CKOIUIEHMIM TalaKTUK, OTOOpaHHBIX M3 Cl10aHOBCKOTO HUMpPO-
Boro o63opa ramaktuk SDSS [452]. Bddexkr 'KC B 3TOM Cciyyae co-
CTOWT B TOM, YTO (hOTOHBI, KOTOpBIE TIPUXOAST M3 IIEHTpa MAaCCUBHOTO
CKOIUIEHMSI rajakTUK, JOJKHBI CMEIIAThCSI B KPACHYIO YacTh CIEKTpa
cuibHee, 4yeM (DOTOHBI, KOTOPbI€ IMPUXOISIT M3 BHELIHUX objacteit
ckormtenusi. Ho g tunmuHoro ckomieHuss ['KC  3HauuMTenbHO
MeHbllle (Ha JBa TMOpsiKa), YeM KWHeMaTUudecKuil addexT, 3a cueT
IBIDKEHMS TaJIaKTUK B CKOIUIeHWU. Mmess MeToma, KOTOPBIi TTO3BOJISIET
pa3meanTh TPaBUTALIMOHHBIN M KWHEMATHYeCKU 3(POEKTHI, YINUTHI-
BaeT, YTO TOCJAEAHUN MNPUBOAUT K CHUMMETPUUYHOMY pACIIUPEHUIO
HaOmogaeMoro pacnpeneieHust dactor, torga kak I'KC casuraer
LIEHTPAJIBHYIO YacTh 3TOTo pacmpeneiaeHus. C y4eTOM MOpSIIKa BeJIM-
yuabl [KC craHoBUTCS MOHSTHO, YTO IS YBEPEHHOTO M3MEPCHMS
HEOoOXOIMMO MMETh OYeHb OOJIbIIOE KOJMYECTBO TajJaKTUK CO CIeK-
TpaJlbHO M3MEPEHHBIMM CKOPOCTSIMU, KOTOpPBIE CBSI3aHBI C UpPpPETy-
JIIPHOCTSIMU CTPYKTYPbl cKOIUieHUi. YTOObI pelinuTh 3Ty 3amady, Obl-
JIO MPOBEAECHO ycpedHeHUe NaHHBIX Mo mpuMepHo 8 000 ckomieHui
TaIaKTUK M TI0Ka3aHO, YTO CMeEIeHWEe K KPacHOMY KOHIIYy CITeKTpa
cormacyercs ¢ mipeackazanuamu OTO Ha 99 % ypoBHe cTaTUCTHYE-
ckoil 3HaunmocTtu. Briepsoie adexr 'KC ObLT moaATBEpXKIeH acTpo-
HOMMYECKMMM HaOMofeHUsAMA Ha Maciutabax B 10%? pa3 GoJbluuX,
yeM B JIaDOpaTOPHBIX HA3eMHBIX 3KCIEPMMEHTaX. ABTOPHI PadOTHI
[452] oTMeuarT, YTO TMOJYYEHHBINH Pe3yabTaT MOXET ObITh OO0bSICHEH
B pamkax OTO, HO OH He COOTBETCTBYET HEKOTOPBIM albTepPHATUB-
HBIM KOCMOJIOTUYECKM MOEIISIM 0e3 TEeMHOM MaTepuu.
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4.2. NPIMBIE NPOBEPKU OTO
B COJIHEYHOWU CUCTEME

4.2.1. MNapameTpu30BUHHDbIA NOCTHIOTOHOBCKUIA
dopmanusm ana chepryeckn-CMMMETPUYHBIX NONEH

s cpaBHEHUsI pa3HbIX METPUUYECKUX TEOPUM TATOTEHMS
B 1970-e romwl Obi1 cosman ITITH-cdopmanusm, KOTOphI JaeT BO3-
MOXHOCTbD TTOJIyYUTh YHUDUIIMPOBAHHOE BBIPAKEHUE TSI METPUIECCKOTO
TEH30pa B MOCTHBIOTOHOBCKOM Mpuoavxkenuu. Metpuka ITITH-dop-
MajiudMa COJIEPKUT OTpaHUUYEHHOE KOJUUYECTBO Oe3pa3MEepHBIX KOH-
CTaHT, 3HAYEHUS KOTOPHIX COOTBETCTBYIOT Pa3HBIM METPHYECCKUM
TeopusM. PopMaar3M OXBaTbIBAaeT MPAKTUYECKU BCE TaKUe TEOPUHU U
JlaeT BO3MOXKHOCTb OMNMCAThb BCE TPABUTALIMOHHBIE 3KCIIEPUMEHTHI, KO-
TOpbIE KacaloTcs JABVMXKEHUSI Tel U PACIpPOCTPAHEHUS 3JIEKTPOMarHUT-
Horo uanydyeHus1 B ConHeuHoit cucteme. Texnuka ITITH-dopmanuzma
ITOIPOOHO orMcaHa B pabotax [448, 557, 593] (cM. Takke 0630p B [446]).
Orpannuumcst ynpoliueHHbIM BapuaHnToMm ITITH-dopmanusma. Ec-
JIM HE pacCMaTpUBaTh TaKue 3K30THUYECKME d(PGhEKThI, KaK HaIu4ue Bbl-
JeJIEHHOM CHCTeMBI OTCUeTa, HapylIeHNe JIOPEHII-MHBAPUAHTHOCTH U
HapylleHue 3aKOHOB coxpaHeHus, To B IITTH-MeTpuke ocTaioTcs Juilb
JIBE CBOOOMHbIE KOHCTAHTbI. DTU KOHCTAHThbI BXOIST B BbIpaKEHUE IS
ITITH-MeTpuku chepuyeckKu-CUMMETPUYHOTO T10JIsI, C TTOMOILIbIO KO-
TOPOIl MOXHO OINMMCATh KJIACCUYECKHME DKCIIEPUMEHTHI 110 U3MEPEHUIO
IPaBUTALIMOHHOIO CIBUIA YacTOThl, UCKPUBJICHUSI TPAEKTOPUM CBETa,
3aJIep>KKU CUTHAJIOB, TIPELIECCUU TIEPUTEIUS TIJIaHeT.
O61asg MeTpuKa CTaTU4YeCKOro cepruiyecKu-CUMMETPUUHOTO TIOJS
MOXET ObIThb MpeACTaBieHa B C(epUUYECKUX M30TPOMHBIX KOOpAMHA-
Tax 1,r,0,p:

ds® = A(r)c*dt® — B(r){dr® + r*[d®* +sin® 0d¢?]}. (4.8)

Bun metpuku (4.8) MOXHO KOHKPETH3MPOBAThb, €CAU MPUHSTH, YTO
IPaBUTAILIMOHHOE TT0JIe co3aaeTcsl chepruueCKu-CUMMETPUYHBIM TEJIOM C
maccoii M U LieHTpoM B Haudaye KoopAauHaT r =0. @ynkuuu A u B
JIOJKHBI ObITH O6€3pasMepHBIMU (PYHKLMSIMUA OT Oe3pa3MepHbIX Ber-
YUH (HarlOMHUM, YTO KOOPAWHATBI U dS WUMEIOT pa3MepHOCTb JJIUHBI).
B paccmaTpuBaemoii cTtatrdeckoil 3amade Oe3pa3MepHbIe He3aBUCHMBbIE
rnepeMeHHbIe, OT KOTOPBIX 3aBUCAT 3TU (DYHKIMM, MOTYT OBbITh IIO-
CTPOCHBI JIMIb W3 PATUAIBHOW MEPEMEHHOW 7, TPAaBUTALMOHHON
MOCTOSIHHOU G, CKOPOCTH CBETA ¢ W MAacChl LIEHTPAJIIbHOTO Tejaa M .
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C TOYHOCTBIO A0 (PYHKIMOHAIHLHOTO MpeoOpa3oBaHUs eIWHOM TaKoi
MIEPEMEHHOM SIBIISICTCS 7, / r,roe r, =2GM / c?. Jnsa ConHua r,~ 3 KM.

Pamuyc ComHua R ~7 - 10° kM, orcioma Ha mosepxHoctd CoiHLA
r/R ~4 - 10°. ManocTb 3TOil BeJMYMHBI YKA3bIBACT HA MaJOCTh Ipa-
BUTAILIMOHHO-PEISITUBUCTCKUX 3¢dekToB B ConHeuHoit cucteme. Jlaiee,
YUMTHIBasA 1, /r <<1, pasnoxum A W B 1O CTENEHAM 3TOrO Majoro

napaMerpa:
2
A(r)=1—ar—g+ﬁ[r—gj b B =leyles (4.9)
r 2\r r

roe o,B,y — Oe3pasmepHble KoadduimeHtol. Popmyry (4.9) HasbI-
BaIOT pasJioKeHrueM DnuHrToHa—PobepTcoHa.

Cpa3y Xe MOXHO KOHKPETU3UPOBaTh MEPBbIA KO3(h(ULIMEHT,
cpaBHUB (4.9) ¢ (2.7): a=1. MoxHo moka3atb [593], yTo Takoil ke
pe3yabTat mnoaydyaercd u3 paccMorpeHust 'KC (popmyna (4.5)).

IlepeiineM K ApyrMM IpaBUTALIMOHHO-PEISITUBUCTCKUM 3(hdeKTam,
KOTOpBIE CBSI3aHbI C mapamerpamMu B v y (HamomHum, yto B OTO

=1, y=1).
IMapameTp y ompenenaseT MCKPUBJICHUE TPAGKTOPUI CBETOBBIX

JIy4eil B MOJIe KOMITAKTHOM chepruiecK-CUMMETPUYHOM Macchl. [1pu
5TOM YTOJI OTKJIOHEHHUS JIyda paBeH

So=(y+lr,/r,, (4.10)

rae r, — TpULEIbHOE PACCTOSIHUE OTHOCUTENbHO IeHTpa (Tenaa c
maccoir M ).

DTOT ke MapaMeTp ONpeAesseT IpaBUTALMOHHbBIM BKJaa BO Bpe-
Msl paclpoCTpaHEHHUs BJIEKTPOMAarHUTHBIX cuUrHajgoB (3ddexrt Ila-
nupo). DddekT ObLT HEOJHOKPATHO HM3MEpPeH IMpU PaavoJIOKaIU
KOCMUUecKMX amnmnapatoB U ruiaHer CojiHeyHoOU cuctembl. Eciu pa-
MHUOJOKAIIMOHHBIA CUTHAJI MPOXOAUT B I'PaBUTALIMOHHOM IIOJIE, CO3-
JlaBa€MOM HEKOTOpoil Maccoit M , TO BO3HMKAET IOIOJHUTEIbHAS
3agepxka. [TpuBegeMm dopmyiy sl 3TOM BEJIMUYMHBI B KOOpAMHATAaX,
KOTOpbI€ COOTBETCTBYIOT MeTpuke (4.8). IlycTb curHan usnydyaercss B
TOYKE Fr =17, MPOXOOUT MUMO Maccel M Ha pacCTOSIHWM F, , OTpa-

JKaeTcs oT peduekropa Mpu r = r,, MPOXOLUT OOpaTHBIA MyTb U pe-
TUCTPUPYETCS CHOBA B TOYKE r =r. BcnencTere rpaBUTallMM BO3HU-
KaeT OIMOJHUTEIbHAs 3alep>KKa BO BPEMEHU pacIpOCTPAHEHUsI CUT-
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HaJIOB, KOTOpas M3MEHSETCS TIpM TIepeMellleHUHN HaOmogaTens |
pedekTopa otHocuTenbHO CosHna. I'paBUTaIMOHHAs YacTh 3TOM
3alIep>KKU, KOTOpasi U3MEHSIETCSI ¢ MPULITbHBIM PacCTOSIHUEM 7, (CUM-
TaeM ero 3HAUUTEeJIbHO MEHBIIMM 10 CPaBHEHUIO C #; U F,), COCTaB-
ssier (cM., Hampumep, [557, 593])

4rn

2
m

A.11)

AT. =541
rpaB c

B ConHeyHoli cucTteMe 3Ta BeJIMYMHA MOXET AOCTMIaThb COTEH
MWKPOCEKYH. BKJam rpaBUTAllMOHHON 3alep>KKM HEOOXOIMMO YUH-
THIBaTh B COBPEMEHHBIX aCTPOMETPUUYECKIX HAOTIOACHUSIX, B YaCTHO-
CTU, B pagvouHTepdepoMeTpuu co cBepxaiuHHoi 6azoit (PCIAB) u
npu paguojokauuu 1miaaHeT 1 KA B ConHeuHoii cucteme. Eciau ceer
OT JaJeKMX KBa3apoOB ITPOXOAUT MHUMO TaJlaKTUKM, HaxomsIIencs
BOJIM3M Jlyya 3peHMs, TO I'paBUTALlMOHHAs 3alepxkKa MOXET AOCTHU-
raTb MecsileB U JieT. DTOT 3(pdekT obycnaBavMBaeT TaK Ha3blBAEMYIO
OTHOCHUTEJILHYIO BPEMEHHYIO 3aepXXKy BO BHETraJaKTUYECKUX T'paBM-
TallMOHHO-JIMH30BbIX CHUCTeMaX IpYM HAJIMYMU HECKOJbKHX M300pa-
JKeHUI KBazapa, KOTha CBEeT NPUXOAUT K HAOMIOJATENIO IO HECKOJIb-
KAM MyTsIM (CM. T1. 6.2).

Paccmorpum marematuueckyto moxaeiab PCIDB c¢ yyerom addexkroB
OTO. B mpouenype PCJlb-nabmomeHNiT perucTpUpPYyIOTCS CHUTHAJIBI
YIAJIEHHOTO PaIMOMCTOYHMKA HA MUPOBBIX JUHMSIX — 4-TPaeKTOPUSIX
aHTeHH X; (t;), i =1, 2. C IOMOIIIbIO CTAaHIAPTOB YAaCTOTHl HA TpaekK-
TOPUSIX aHTEHH MPOBOAMUTCS MpeoOpa3oBaHUE CUTHATIOB W TFeHepalus
MeTOK BpeMmeHHU. [locie BBIMMTAHUS YaCTOTHI CHTHAJIBI 3aIIMCHIBAIOT
Ha UMOPOBbIE HOCUTEIH, 3aTUCU HOPMUPOBAHHbBIX CUTHAJIOB Z 1(t) u
Z2(tr) mocrtynaioT B KoppehsaTtop. I[lompoOGHoe omnucaHue TeXHUKU
PCIAb moxHo HaiiTh B KHuUre [519].

ITockonbKy mapaMeTphbl COIPOBOXIECHUSI W MPeoOpa3oBaHUM CUT-
HaJIOB WM3BECTHBI, ISl MPOCTOThl MOXHO CUYMTaTh, YTO B KOPPEJISITOP
MOCTYIAalOT HEMOCPEACTBEHHO CUTHaibl Z1 u 72, npuyeM OJWH U3

CHTHAJIOB 3aJ€PXMBACTCA HAa BpeMd T, : Z2(r—t3). Koppensmuon-
Hble CBOICTBa MOJEH MU3TyYeHHUs] MOTYT ObIThb MCCIEIOBaHbl TaK e,
KakK B KJIacCCUYECKOU onTuke. sl mocaeayomero u3jaoxeHus 1ocTa-
TOYHO MHGbOpMaLMK 00 3HKOHae , MOCKOJbKY MaKCUMyM KOppe-
Jguuu curHaioB 1 u 2 B rpaHuniax touHoctu PCIADB npouenypsl co-
OTBETCTBYET PaBEHCTBY

Qx (1)) = Ax,y(1y)) (4.12)
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IJe T; — MOMEHTHI MPMXOa CUTHaja K aHTeHHaM |1 u 2 1o COOCTBEH-
HBIM YacaM KaXIoi M3 aHTeHH. DTo ocHOBHoe ypaBHeHue PCJIbB, ko-
TOpOE OTMpenessieT CBsI3b BPEMEH T,,T, U 3aBUCUMOCTb BPEMEHM 3a-
IEPXKU T, =T, —T, OT 3TUX BEJIWYMH, Hampumep, t,(t,) =1, —1,(1,),
Kak (pyHKUHO OT 1, (MO YacaM MEPBOI aHTEHHBI).

ITpu coBMecTHOI O0OPabOTKE CUTHAJIOB MOXHO OIpPENEIUTD APYTYIO
paauouHTepPepOMETPUUECKYI0O BEJIUUYMHY — 4YacTOTy HHTepdepeH-
uun o, Ilpu mepemHoxeHuUn curHajaoB Z1(t) u Z2(tr) ¢ ¢uxkcupo-
BaHHBIM BPEMEHEM 3a[epPKKU T, BOZHUKAIOT CUTHAJIBI C YaCTOTOM

o1 = [0 (e ) - 03 (2)]

=T,

CylecTByeT MHOE OIpeAceHHe 4YacTOThl MHTepdepeHIUr Kak
MpPOM3BOAHON OT BPEMEHM 3aJ€pPXKHW IO COOCTBEHHOMY BpEMEHU
OIHOW M3 aHTCHH:

_ dt

_ 3
;= O

b
dr,

II€ @, — CPEeOHsIsl YacTOTa MPUHSTOTO M3JTydyeHus. MOXHO Ha3BaTh
®, <«BBIUMCISIEMOIl yacTOoTON MHTepdepeHUUU». OnHaKoO «, Ooiee
O1M3Ka K KIACCMYECKOMY OIPEAEJICHUI0 YacTOThl MHTepdepeHLnH,
KOTOpasi B OOBIYHBIX MHTephEepOMeTpax M3MEPSIeTCs] HE3aBUCUMO OT
7,. JIeTKO MOMyYuTh CBSI3b

_ dQ dx

0, =0, ©, -
dx" dr,

BenuuuHa t, =1, —1, 3aBUCUT OT CHHXPOHM3aLMM YacOB Ha
TpaekTopusix aHTeHH. [Ipolienypa CMHXpOHU3ALMKU MOXET ObITh pa3-
HO: Ha OCHOBE TPAHCIOPTUPOBAHUS YacOB WJIM TYTEM TPUBSIZKU
MOMEHTOB 1, =1, = 0 K Kakoii-HuOynb cucteme otcyera. [Ipu muzme-
PEHUSAX YIJIOBBIX PACCTOSHUN MEXIy MCTOYHUKAMM Ha Hebe CMHXPO-
HM3AIMI0 MOXHO TIPOBOJIUTH [0 BPEMEHU IMpUXoJa CHUTHAjJa OT
OTMOPHOTO WMCTOYHMKA. B pesynbrare pa3HOCTb BpeMEHU 3adepxKKu
T, =1, — T, VIS ABYX Pa3HbIX UCTOYHUKOB M3JIyY€HUsI MOXKHO CBsI3aTh
C YIJIOM MEXIy HampaBJIeHUSIMA Ha 3TH MCTOYHUKU. DTO JaeT BO3-
MOXHOCTh TOJIYYMTh JTAHHBIA YTOJ C BBICOKO TOYHOCTBIO, KOTOpAs
OLICHUBAETCS BEIMUMHON cAt/L, TAe At — TOrPEelIHOCTh M3MEpPEeHUs
BPEeMEHM 3alepXKHU, L — paccTosiHue MeXay aHTeHHamu (6a3a WH-
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tepdepomerpa). CoBpeMeHHasl olleHKa ToyHocTu At ~1072c. Io-
CKOJIBKY UISI Ha3eMHBIX M3MEPEHMI L OrpaHMYeHO pa3MepaMH 3eM-
JIU, pa3pabaThIBalOTCS MPOEKTHl KOCMUYECKOI0 PaguonHTeppepOMET-
pa. B yvactHocTu, B utoje 2011 1. ObLT OCYIIECTBJIECH 3aIlyCK aHTEH-
HBl paguouHTepdepoMeTpa B paMmKax Ipoekra «PaguoacTpoH» (cM.
http://www.asc.rssi.ru/radioastron). Pacuerbl pensaruBucTcKuX 3dex-
toB B PCJIb MoxHo HaiiTu, HarpuMmep, B [487, 519].

IMTapameTp B B (4.9) xapakTepusyeT yxe HeJuHelHble 3(PdeKThl B
meTpuke IIB o Macce ucrouHuka mnossi. OH MposBisieT ceds B IO-
MpaBKax K TpaeKTopuu Tena. B HBIOTOHOBCKOI Teopuu opbuTa mpoo-
HOTO TeJla B TI0JIe TATOTEHUS KOMITAKTHOM chepuueCcKI-CUMMETPII-
HOW MacChl IBJISIETCS 3aMKHYTOM KPUBOW — 3JUIMIICOM, U U3MECHEHUE
yIaa MeXIy ITOCIemOBaTeIbHBIMA TIEPUIICHTPAMHU COCTABIISIET 27
(TToTHBII 000pOT). BIusHue peassTUBUCTCKONM TpaBUTALIMU OOYCIIOB-
JIUBAeT JOTMOJHUTEIbHbBIN Yyroj MOBOPOTA:

1 1
Swzﬁrg[1+y—%j(z+gj,

[Ae 4 U r, — 3HAueHUs! paJUaIbHOIl KOOPAMHATHI MEPULIEHTPA U aro-
meHTpa. BeiencTBue 3Toro opowra HedamkHyTa. [lepuiieHTp cmBura-
eTCs B HaIlpaBJICHUU ABIDKEHUS Teja, TpuueM 3(h¢GeKT HaKalIuBaeT-
¢ C KaxXIbIM IIOBOPDOTOM, 4YTO oOJierdaer ero Ha6momeHue. st
MepKypus peIITUBUCTCKUIA CIBUT TepUTeNns (T. €. TIEpUIICHTPa BO-
kpyr Connua) cocrasisiet 43" 3a 100 nert.

4,2.2, CopemenHble oueHku MMH-napamerpos

OO0ObsiCHEHHE aHOMAJIBHOTO CIOBWTa Ilepureiaust Mepky-
pust B 43" 3a 100 jmeT, KOTOphIiA He OBLT YIOBIETBOPUTEIBLHO MCTOJ-
KOBaH CO BPEMEHU €ro OTKpBITUS B 1859 T., cTajio MepBbIM yCIIEXOM
rpaBUTALIMOHHONM Teopun DitHiurteitHa [604, c. 452—504]. B 1919 r.
IIpY U3MEPEHUSIX OTKJIOHEHMSI CBeTa IpaBUTALIMOHHBIM ITosieM CoJHIa
BO BpeMsl €ro IIOJIHOIO 3aTMEHHUS ObLIO IMOJIYYEHO 3KCIePHMMEHTAIb-
HOe MOATBEpXIeHUE TMpeackazaHuii 3toii Teopuu [520]. ToyHOCTH
usMmepeHuii coctaBmwia 30 % [446]. 3a mpolueniiee BpeMsl TOYHOCTh
noarBepxaeHuss OTO Bo3pocia Ha MHOro mnopsakoB. Hampumep,
ciexeHnue 3a KA «BukuHr» Bo BpeMs ero mojera K Mapcy moarBep-
muno mnpeackazanust OTO (addexr Ilarmmpo) ¢ TouHocteio ~ 0,1 %
[351, 391].
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4.2, Npamsie nposepku OTO B ConHeuHol cucteme

PensituBucTcKUil 3hheKT OTKIOHEHUSI CBeTa MIpaeT CYLISCTBEH-
HYI0O POJIb B COBPEMEHHBIX acTpOMETpUUECKUX uccienoBaHusx. Mx
OCHOBY COCTABJISIIOT HAOJIIOAEHUSI KBAa3apoOB M AKTUBHBIX TaJIAKTUK C
nomouibio PCJIB. BenencrBue addekta OTKIOHEHUS! B3aUMHBIC yT-
JIOBbIE TOJIOXKEHUSI 3TUX MCTOUYHUKOB UYBCTBUTEIbHbBI K TOJOXEHUIO
ConHua Ha HebOecHol cdepe. B pesynbrate 00pabOTKU CBHILIE ABYX
MUWJUIMOHOB HaOJI0JeHUI MojlyueHa OlieHKa IMapamMeTpa vy:

|Y - 1|PCJ:[B <3107,

kotopas comtacyercsa ¢ OTO nHa yposHe ~ 0,03 % [258, 363, 446].

OaHuM u3 HaubOosiee TouHbIX cpeacTB npoBepku OTO B ConHeu-
HOIl cucteMe sBjsieTcs JazepHast jJokauus JlyHel, maaner u KA. Uc-
clleloBaHre paccTosiHUSI Mexay 3emieil u JIyHO#l MpUBOAUT K Bax-
HbIM BbIBogam [310]:

1) rpaBUTALIMOHHAS CUJIAa HE 3aBUCUT OT Pa3HOCTH B XMMWYECKOM
COCTaBe 3TUX TEJ;

2) nns ITITH-mapamerpa f 1mojyyeHa olleHKa

B-1<2-10;

3) npeueccust ae Cutepa (reome3uyeckasi mpeueccus), Mpeiacka-
3aHHagd OTO (cM. 1. 4.3.2), 3KCNEepUMEHTAJbHO TMOATBEPXIEHA Ha
yposHe 0,1 % [314];

4) rpaBUTallMOHHAs MOCTOsIHHAasE G HE WCIBITHIBAET BPEMEHHBIE

Baprauuu (o KpaiiHeii Mepe, G/G <5-107" 3a ronm).

MOXXHO OXHWIATh, UTO TOYHOCTD Ja3epHOM JIOKAMM JIYHBI TTOBBI-
CUTCS Ha MOPSIAOK Ojaroaapsi HOBOMY Hab0AaTeIbHOMY KOMILIEKCY
APOLLO (The Apache Point Observatory Lunar Laser-ranging Ope-
ration), pacrnojoxeHHoMy B Hrlo-Mekcuko [450].

Hau6Gonee tounas ouenka IIITH-mapamerpa y mojydyeHa B 3KC-

nepumeHTax ¢ KA «Kaccnmam» [61] (cM. Takke [430, 447]):
y—1= (2,112,3)-10’5.
DTOT pe3yabTaT dajl BO3MOXHOCTh HECKOJBKO YIYJIIUTh IPYTHE

OLIEHKM Ha OCHOBe JaHHbIX Jokauuu JlyHsl [430]. B yactHocTH, mis
BapMaldu rPaBUTALIMOHHOUN MOCTOSTHHOM MOJYyYeHbl TaKHWe Mpeesbl:

G/G = (0,46+1,0)-10™ 3a rox.

B ompeneneHHoil Mepe MOBBILIEHHE TOYHOCTH IpoBepok OTO
CTUMYJIMPOBAJIOCh MOTPEOHOCTSIMU KOCMUYeCKOi HaBuraruu. Kiac-

125



4 MpoBepku rPABUTALMOHHDBIX TEOPHI

CUYECKHEe TeOPUM JBUXKEHUS TUIAHET, MTOCTPOEHHbIE HA OCHOBE 3aKOHOB
KJTACCYECKON MeXaHWKH, 00eCIIeUYMBaIA TOYHOCTh B HECKOJIBKO COTCH
KAJIOMETPOB TIPY BHIYMCIICHWM KOOPAMHAT IUIaHET. Takas TOYHOCTb
Obl1a HEMTOCTATOUHOM [UIs O0ecreyeHMs] MEXIUIaHETHbIX TMojeToB. B
cBsi3u ¢ 3tuM B 1960—80 rr. MHCTUTYTOM PagrOTEXHUKU U DJIEKTPO-
Huku AH CCCP coBMecTHO ¢ ApYrMMU OpraHM3alUsIMU ObLIM Opra-
HU30BaHbl CHUCTEMATUYECKUE PAAUOJOKALMOHHbIC HAOIIONEHUS BHYT-
penHux 1uiaHer [542]. Kpome toro, Obuim 00pabOTaHBI pe3yIbTaThl
OINTUYECKUX HaOmomeHui raHer n CoyiHUA, MojgydyeHHble B Huko-
JIAaeBCKOM acTpPOHOMMUECKON 00CepBaTOpMU, a Takke HaOIIOmeHWIA
KA «Benepa-9, -10, -11, -12» u npyrue gaHHble. 11 o6paboTKU pe-
3yJIbTaTOB HAOJIOACHUI ObUIM CO3JaHbl MPOTPaMMHBIE KOMILIEKCHI
YUCJIEHHOTO MHTETPUPOBAHUS YpaBHEHMI ABIKEHUS TIAHET B KiIac-
CHUYECKOM HBIOTOHOBCKOM M PEIITMBUCTCKOM BapuaHTax. Ilpemmo-
Jlarajioch OMpeneieHrue He TOJbKO 3JIEMEHTOB OPOMT BHYTPEHHUX
IUTAaHET, HO M acCTPOHOMUYECKUX IOCTOSIHHBIX: ACTPOHOMUYECKOM
€IVHULIbI, PaaUyCOB IUIaHET U np. B pesynbTate 006pabOTKU BCEro
MacCuBa acCTPOMETPUYECKUX M PaJAUOJIOKALMOHHBIX AAHHBIX B peJis-
TUBUCTCKOM BapHMaHTe TCOPUU IBIDKCHMS IUIAHET 3HAYMTEIHLHO YITyd-
IIAJIACh COTIACOBAaHHOCTh M3MEPEHHBIX M TEOPETHMYECKM BBIYMCIIECH-
HbBIX BEJIMYMH (pacCTOSIHUM, YIIOBBIX KoopauHat). Tak Obuia ocylie-
CTBJIeHA MHTerpajibHasi mpoBepka OTO, KoTopasi BKJouyajga BCE€ BO3-
MOXHBbIe €€ 2(h@EeKThl B IBUXEHUM ITIJIaHET MU B PacIpOCTpaHEHUU
cBeTa ¢ TOYHOCTHIO 10 1 %.

AHaJIOTUYHBIE WCCIIEOOBAHUS MPOBOAWINCHE U B IPYTMX CTpaHaX.
IlInpokoe pacrpocTpaHeHHe TTOJYYMJIa TTOCTHBIOTOHOBCKAS MOIETh
DE405 mBwkenmst KpynmHbIX Tesqm CoOJTHEYHOM CHUCTEMBbI, pa3paboTaHHas
B JlabopaTopuu peaktuBHoro asuxkeHus (Jet Propulsion Laboratory,
JPL) KanudopHuiickoro texHoysoruyeckoro uHctutyra [407]. C no-
MOIIBIO 3TOM MOIENIW TIOJYYeHBI OapWIIEHTPUUECKHE KOOPAMHATEHI
rradet, Comuana u Jyasl Ha miepuon 1600—2200 IT. ¢ TOYHOCTHIO 10
HECKOJIbKUX YIJIOBbIX MWJIJIMCEKYHI. bojee moapoOHO 03HAKOMUTHCS
C peJISTUBUCTCKOM HeOECHOM MEXaHMKOIl MOXHO B [244].

YuuThiBasi AOMOJHUTENbHYI0 MH(MOPMAIIMIO, MOJYYEHHYI0 U3 Ha-
OMtofeHUid TIJIaHET, MOXHO 3HAUYUTEAbHO YAy4dlIUTh oueHku ITITH-
MapaMeTpoB M OTPaHMYEHHUs] Ha BapuallMM I'PaBUTALIMOHHON MOCTO-
sHHoil. B pesynbrare obpabotku Oosee yem 300 Thic. HaOMOACHUIA
miaHeT CojHeuHo# cuctembl B nepuon ¢ 1913 mo 2003 r., a Takxke
OOJIBIIIOrO KOJMUYECTBA BHICOKOTOUHBIX pagapHbix U1 PCIb Habmone-
HUIA BHYTPEHHUX TUIAHET M KOCMMYECKMX anmnapaToB ObUIM MOJYYEHbI
olLieHKH [581]
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4.2, Npamsie nposepku OTO B ConHeuHol cucteme

G/G <10 /rom ; B = 1,0000 + 0,0001; y = 0,999 + 0,0002,

KOTOpPBI€ TaKXKe MOJHOCThIO cooTBeTCTBYIOT OTO.

TakuM 0o06pa3oMm, ¢ MOMOLIbIO U3MEPEHUU TI'paBUTALIMOHHO-PESI-
TUBUCTCKUX 3¢ ¢ekToB B COJTHEUHOH CUCTEeME MOXHO IIPOBEPUTH
MOCTHBbIOTOHOBCKOE npubamkeHrne OTO ¢ BecbMa BBICOKOK TOYHOCTHIO.
JlornonHuTeIbHbIE BO3MOXHOCTH BO3HUKAIOT Ojaroaapsi HaOIIOAEHUSIM
JIBOMHBIX 3BE3AHBIX CUCTEM, KOTOPbIE COAEPXKAT IMyJbcapbl. B yacTHO-
CTH, TOYHOCTb M3MEPEHUS HEKOTOPBIX TTOCTHBIOTOHOBCKMX 3(h(PEeKTOB B
JIBUKEHUM cUCcTeMbl ABYX mynbcapoB J0737-3039 A+B yxe KOHKypu-
pyeT C TOYHOCThIO TecTOB B COJIHEUHOH CHUCTEME.

4,2.3. Mpoekrbl TecTupoBanus OTO
B KOCMMYECKMX IKCMEPUMEHTUX

ITepcriekTuBbl moBhIIeHWsT ToyHOCTH mpoBepok CTO m OTO B
3HAUYUTEILHOM CTEIEHU CBS3aHbI C MPOBEACHUEM CIELMAIBLHO CIUIa-
HUPOBAHHBIX KOCMUYECKUX SKCIIEPUMEHTOB. DTU UCCIEIOBAHUS COCTA-
BJISTIOT CYIIECTBEHHYIO 4YacThb 0OoJyiee IIMMPOKOM TIpOrpaMMbI TECTH-
poBaHusl (byHIAMEHTaJIbHbIX MOJIOXKEeHUI coBpeMeHHON duszuku. Co-
BEPIICHCTBOBAHWE TEXHOJIOTMII OOYCIOBWJIO CO3JaHUE U pa3BUTUE B
KoHle XX—Havayse XXI Beka MHOXeCTBa IPOEKTOB MOMOOHBIX TEC-
TOB [253, 254, 592] (cm. Takxke [606, 607]). K mpeumyiiecTBam Koc-
MUWYECKUX BKCIIEPUMEHTOB OTHOCUTCSI MCIIONBb30BaHUE HAMHOIO OOJIb-
X, YeM Ha 3eMJie, pacCTOSTHUI, OTHOCHUTEIBLHBIX CKOPOCTEH M Tie-
penagoB rpaBUTALIMOHHOIO IIOTEHIIMAaka, HAMHOTO MEHbBIINUX Herpa-
BUTALIMOHHBIX CUJIOBBIX BO3AEUCTBUI M yCKOpeHUil. baaronpusiTHbIM
dakTopoM SIBIISICTCSI TaKKe BO3MOXHOCTH CO3MAHUS TEPMOCTAOWIIH-
3UPOBAHHOIO OKPYKEHUs, KOMIIEHCALIMU HErPaBUTALIMOHHBIX IIIy-
MOB, MPUBSI3KU K MHEPLUUAIbHOU cucteme orcuera [125, 254, 592].

B ampene 2009 r. o srumoii EBporneiickoro KoCMMYeCKOro areHTCT-
Ba (ESA) Obna co3gana KoncyasratuHas rpynna (KI') mo paspabo-
TKE <«IOPOXHOI KapThl» B 00JacT¥ (pyHIAMEHTAIbHOW (GU3MKM' Wis
IJIAHUPOBAHUSI KOCMUUECKOW AesTenbHOoCcTH Ha mepuon 2015—2025 1.
IMocne obcyxneHUsT Ha MEXIyHApOIHbIX (hopymax ObLI MOATOTOBIEH
n B asrycre 2010 r. ornyOJIMKOBaH COOTBETCTBYIOLIMIA JOKYyMeHT . [IpuBe-
JIeM TIepeueHb KJIIOUEBBIX HAYYHBIX BOIIPOCOB U CBS3aHHBIX ¢ HUMU

! Fundamental Physics Roadmap (FPR) Advisory Team (FPR-AT).
2 A Roadmap for Fundamental Physics in Space (http://sci.esa.int/director-
desk/44552-fpr-at-home-page).
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4 MpoBepku rPABUTALMOHHDBIX TEOPHI

9KCIMEPUMEHTATBHBIX MCCICIOBAHUI TaK, KaK OHU OMpPEICICHbl B 3TOM
TIOKYMEHTE.

e [ToarBepxxaatoTcs U B npupone (pyHIaMeHTaIbHbIe TPUHIMTIBI
obuieit Teopun oTHocuTeabHOCTM? (CBOMCTBA TPaBUTALIMOHHBIX BOJIH
B muanaszo”e 107*—10"' I'u, mpoBepka NPUHIMIIA SKBUBAJIEHTHOCTH,
uamepenue I[MITH-mapamerpos, BiussHue I'KC Ha xom yacoB.)

e KakoB 3akoH rpaBuTaliMy Ha Bcex maciuTtabax? (IBukeHue mac-
CHMBHBIX TeJl, pactipoctpaHeHue cBeta, ' KC dacoB, rajaktuyeckve u
KOCMOJIOTMYECKUE HaOI0eHNS.)

e Kak BeneT cebs rpaBUTallMSl B PEXKUMME CUJIBHOTO Mot (BOJU3U
YEepHBIX AbIp, HEUTPOHHBIX 3Be3d)? (I'paBUTALlMOHHBIE BOJIHBI, PEHT-
TeHOBCKHE HAOMIOACHUS,...)

e SIBydeTcst I JOpeHL-UHBApUAHTHOCTh CUMMeETpueit Haiueil Bce-
neHHoi? (ITpoBepku JOKaJIbHOM JOPEHL-MHBAPUAHTHOCTA U MPUH-
[IUTIa SKBUBAJICHTHOCTH, M3yYeHNE YTAICHHBIX UCTOYHMKOB SHEpre-
TAYECKUX YACTUL U (POTOHOB.)

e [loaTBepxaaroTCs M 3aKOHBI KBAHTOBOM MEXaHMKH B MpUpoje?
(ITepenyTaHHble COCTOSIHUSI (DOTOHOB, IEKOT€PEHTHOCTb, MHTepde-
pOMETpPUsSI BOJIH MaTepUu.)

e MoxeM 71 MBI TIPOBEPUTH BO3MOXKHOE OOBEIMHEHWE I'paBUTA-
uun 1 KBaHToBOM Teopuu (CraHpmaptHas mozenb)? (IIpoBepka TpuH-
LIMIa 3KBUBAJIEHTHOCTM, HEMOCTOSIHCTBO KOHCTaHT, IpOBepKa JIo-
PEHII-MHBApUMAHTHOCTU, CEYEHUE B3aUMOJEWCTBUIA HEUTPUHO C ApPY-
TUMM YaCTHIIAMM TIPA BBICOKMX DHEPTUSIX, NETEKTUPOBAHME CBEPXTSI-
JKeJIbIX YacTHIl.)

e fIBaseTcss nu HoBass opmMa SHEPIrUU — TEMHash DHEpPTUst —
OTBETCTBEHHOI 3a HaOJIIOIaeMoe YCKOpeHue paciivpeHusi BceneH-
Hoilt, kKakoBa ee mpupoaa? (ITpoBepka mpuHLMIIA 5KBUBaJEHTHOCTH,
MPOBEPKM TMOCTOSIHCTBA KOHCTAHT, NpOBEepKa MalbHOACHCTBYIOIINX
CUJI, TPAaBUTAIIMOHHOE JIMH3MPOBAaHKE, CTAHAAPTHBIC CBEYW/IMHEMKU. )

e Eciu TemHass Marepusi CyllecTByeT, KakoBa ee mpupona? (Ie-
TEKTUPOBAHNE KOCMWYECKWX YaCTUIl BBICOKMX SHEpIUif, TPOBEepKa
MaTbHOACHCTBYIOIINX CWJI, BO3MOXHBIE paclaabl YACTUI TEMHOM Ma-
TE€pUM, JTIMH3UPOBAHMUE.)

e KakoBbl MexaHMU3Mbl YCKOpeHUsI KocMuueckux yactuu? (derek-
TUPOBAHNE BBICOKOIHEPTETUYECKUX KOCMUYECKUX YACTUIL Pa3IUYHbBIX
TUIOB: (POTOHOB, HEUTPUHO, IIPOTOHOB, NOHOB.)

ITonpo6Hoe paccmoTrpeHre FPR BbIXoauT 3a paMKu Hallleil KHUTH;
OTPaHUYMMCS KPaTKUM 0030pOM 3KCITEPHMMEHTOB, MMEIOIINX HETTOCPe-
ctBeHHoe oTHoueHue K OTO u Hambonee Onu3kux K peanm3aunu. KI'
MOJUYEpPKHYJIa, YTO TpU MpoekTa yxe npuHsIThl ESA. Bto LISA Path-
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4.2, Npamsie nposepku OTO B ConHeuHol cucteme

Finder, ACES n MICROSCOPE. Bt pa3paboTku criocoOCTBOBaIN
Pa3BUTHIO KITFOUEBBIX TEXHOJIIOTMUYECKUX TIPOTPaMM IIJIsT Oymyiieil hyH-
JlaMeHTalibHOW (u3uku B Kocmoce. Mx peanusaiius XUM3HEHHO Bax-
Ha; OHA MOBBICUT TEXHOJOIMYECKYIO0 TOTOBHOCTb BaXKHBIX MOJICHUCTEM,
KJTIOUEBBIX TS ycIexa Oymymmx Muccuif. OmmcaHne pean30BaHHBIX
MPOEKTOB IPaBUMATHUTHBIX 3KCIIEPUMEHTOB CM. B 1. 4.3.4.

LISA Pathfinder

Muccus LISA PathFinder 3amiaHupoBaHa K 3alycKy B
2015 r. OHa 3aHUMaET LEHTPaJIbHOE MECTO B IUlaHe (hyHIAaMeHTaslb-
HOI (bM3MKM KaK MO HAyYHOM IporpaMme, TaKk M IO TEXHOJIOIMYec-
KHUM pa3paboTkaM. DTa MUCCHUS TpU3BaHA IMPOJIOXKUTH IMyThb AJIsI Oy-
IYIIMX MPOEKTOB, MPOBEPUTh B KOCMUYECKOM MOJIeTe caMy KOHLIETILIMIO
NETEKTUPOBAHMSI TPABUTALIMOHHBIX BOJH (O I'paBUTALMOHHBIX BOJHAX
U UX JETeKTUpoBaHUM cM. I1. 5). KA Maccoit 1900 kr OyneT BbiBeAeH
Ha OKOJIO3eMHYIO OpPOMTY, a 3aTeM C IOMOIIBIO COOCTBEHHBIX JIBUTA-
TeJieit Tepeiimer Ha OpOUTY B OKPECTHOCTH TIEpBOI TOUKM JlarpaHxka
cucremMbl ConHue—3emis. IIpm 3ToM nBe TpoOOHBIE MacChl OymyT
MIPUBEACHBI B COCTOSTHUE TTOYTH WUIEATbHOTO CBOOOMTHOTO TTaiecHMS, U
OymeT OCYIIECTBJIEHO M3MEPEeHWEe WX ABIDKEHUS C OeCIpeleeHTHOMN
TOYHOCTBIO. HoBelilme TexHoJIOTMH, MpeaHa3HauYeHHbIE MUHUMM3K-
poBaTh BO3IEHCTBME BHEIIHUX CHJI Ha TIPOOHBIE MAcCChl U IS TPOBE-
NeHUsT W3MEPEeHUI, BKIIOYAIOT MHEPLUMAJIbHBIE CEHCOPHI, JIa3epPHO-
UHTEPHEPOMETPUIECKYIO METPOJIOTUIECKYIO CUCTEMY, CUCTEMY KOHT-
pOJisl OTKJIOHEHUIA OT CBOOOMHOTO MaleHUsI U CUCTEMY CBEPXTOUHBIX
MUMKPOpPEaKTUBHBIX nBuUrareseit. I[IpoekT B 1eJIoM SIBsIeTCSl €BpOIIeii-
CKHUM, HO CUCTEMY KOHTPOJISI U YIpPaBICHUS «I€OAE3UYHOCTbIO» TBU-
XeHus1 ooecrieunBaeT NASA.

ACES/PHARAO

IMTpoekt ACES — 3T0 3KCcnepUMEHT 10 (PYHKIIMOHUPO-
BaHUIO CBEPXTOYHEBIX YaCOB B YCIIOBHSIX MUKPOTPABUTAIIMM Ha OKOJIO-
3¢MHOM OpOMTe M TIepemade COOTBETCTBYIOIIETO CHMTHaIA Ha TOBEpPX-
HocTh 3emuii. CUTHaJBI BpeMEHU W YacTOTBI OYAYT T€HEpHUpPOBATHCS
0OpTOBOI cucTeMOlf, 0Opa30BaHHOW BOJOPOAHBIM Ma3epoM U (POH-
tanHeiMu  yacamu PHARAO (Project d’Horloge Atomique par
Refroidissement d’Atomes en Orbite). @oHTaHHBIE Yachl — 3TO HaW-
0oJjiee TOYHBIC Yachl (HA YPOBHE IEPBUYHOIO CTaHAApTa) HOBOIO I10-
kosneHus [359]. HamoMHuM, 4TO enMHMIIA BPEMEHM — CEKyHOa —
ompeelIsieTcss Yepe3 YacTOTy OIpENe/ICHHOrO Iepexoia B aToMe Lie3usl.
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4 MpoBepku rPABUTALMOHHDBIX TEOPHI

IMpuHuun geiicTBUs (POHTAHHBIX YaCOB COCTOMT B TOM, YTO CHaydaja
C MOMOIIBIO JIa3epHbIX Jyueil hopMupyeTcsl 00JIauKO aTOMOB Lie3us,
T. €. aHcaMOJib aTOMOB, MMEIOIIMX Y3KOe pacrpeneieHue Mo CKopo-
cTIM. OTO TaK Ha3blBaeMOE JIa3epHOe oxJaxaeHue. 3aTeM aTOMHOE
001a4KO TIPUBOAUTCS B COCTOSIHME CBOOOAHOTO TaaeHusi ((hOHTaH),
BO BpeMsI KOTOPOTO M T'€HEepUPYETCs COOCTBEHHAs YacTOTa HYKHOTO
nepexona. HazemHble (pOHTaHHBIE Yachl UMEIOT OTHOCUTENIbHYIO I1O-
rpemwHocTh ~ 107, Oxupaercsi, yTo B YCIOBUSIX MUKPOTpaBUTALMU
norpemrHocts yacoB PHARAO 6Gyner ~ 107'°. BomopomHblii Mazep
AMEEeT Ha TIOPSAOK MEHBIIYI0 TOYHOCTh, HO JIYUINYIO CTAOMIBLHOCTH
Ha KOpOTKMUX BpeMeHax. Ha 0a3ze curHajgoB oT 00OUX YyCTPOMCTB Oy-
neT chopMHMpOBaHA emMHAasl IIKajda BpeMeHHM M 4acTOThl. COOTBETCT-
BYIOILIME CUTHAJBI OyAyT IlepemaBaThbCs Ha 3eMJII0 MO CIeLMraJbHOMI
MUKPOBOJIHOBOI JIMHUU CBSI3U. OXUOAETCs, YTO 3TO MO3BOJMUT Ha
OIVH-[Ba TOPSIAKA MOBBICUTh TOYHOCTh CPaBHEHUSI YacOB Ha IMOBEPX-
HOCTU 3eMun U goBecTd ee 10 1077 mpyu BpeMeHU HAKOILUIEHHUS B He-
CKOJIBKO JHEi. DTO OTKPhIBAET BO3MOXKHOCTHU JIsI BOCCTAHOBJIEHUS
reornoTeHUMaNa ¢ pazpemeHuem 10 cm.

B nononaHeHue K MUKpPOBOJHOBOIM JMHUM OymeT 3aaelicTBOBaHa
ornruyeckasl JuHus (J1azepHoit) cBsa3u. Mx coBMecTHOE MCIOoJb30Ba-
HHE TO3BOJIUT CPAaBHMUTH JBa METOHA Tepenayd BPpeMEHW M HUCCIIEeNO0-
BaTh aTMOc(epHbBIe 3aepKKI. bopTOoBOIT KOMITIIEKC TaKKe BKIIFOUAET
MMPUEMHUK CITYTHUKOBOW HaBWTaIlMM, OOYCIOBIMBAIOIINIT aBTOHOM-
HOE oIpe/ie/ieHre KOOPIMHAT.

boproBoii koMruieKC OyaeT yCTaHOBJIEH Ha MexXnyHapoaHOU Ko-
CMUYECKON CTAaHUMU B CIIEIMAJILHOM HApYXXKHOM OTCEKe MOIYJIS
«Komambyc», mpuHamiexaiieM ESA. Muccus 3arutanmposada Ha 2016 T,
JIJTATEJIBHOCTh BKCIIepUMEHTa — 18 MecsieB ¢ BO3MOXHBIM IPOIOJI-
KEHUEM JI0 TpeX JIeT.

Peanuzalius mpoekTa MO3BOJUT PELUTh CIACAYIOLIME 3aJaui.

e CMHXpPOHM30BaTh Yachl B KOCMOCE UM Ha MOBEPXHOCTU 3eMIIU C
TOYHOCTBIO ~ 107'%. DTO MO3BOMUT peann3oBaTh NIOOATBHYIO CUCTEMY
BPEMEHHOM CHHXPOHM3AIIMM CO CBEPXBHICOKMMU XapaKTEePUCTUKAMU
W B TIEPCHEKTUBE TPEIOCTABUT HOBBIE BO3MOXHOCTH IIJIST HaBUTAIIA-
OHHBIX U MO3ULIMOHHBIX TPUMEHEHUIA.

e Usmepurs 3¢ dexr T'KC ¢ morpewmHoctsio < 50 - 10 mocre 300 ¢
n <2 -10° nocne 10 qHeil HaKOIUIEHUS.

e MI3MepuTh BpeMEHHBIE BapuallMd IOCTOSIHHON TOHKOM CTPYK-

Typbl o = e*/hc Ha ypoBHe TouHoctH o' do/dt <1-107"7 rog™ ¢ Bo3-

MOXHBIM TOBbILIEHHeM TouyHocTH 10 3-107"® rox™' B ciyyae mpomon-
>KEHUST MUCCUM J0 TpeX JIeT.
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e OCylIECTBUTh MOUCK AHU3OTPONUU CKOPOCTU CBETA HA YPOBHE
dc/e <107,
IMoapobHylo wuHGpoOpMalMio O TpoekTe cM. Ha mnopTtaine Earth

Observation: https://directory.eoportal.org/web/eoportal/satellite-missions/
i/iss-aces-pharao.

MICROSCOPE

ITpoekt MICROSCOPE (Micro-satellite a trainée Com-
pensée pour I’Observation du Principe d’Equivalence) nmeeT LieIblo

nposepky CITD ¢ Tounoctsio n<107. 3neck 1 = 2|(a] -a)/(a, +a, )| —

rmapaMeTp DTBella, KOTOPhIi XapaKTepU3yeT OTHOCUTEIbHYIO Pa3sHOCThb
ycKkopeHuit a; (i =1,2 ) AByX NPOOHBIX TeJ B rPaBUTALlMOHHOM TOJIe

maccel M (B cucTeMe oTcyeTa, IIe 3Ta Macca HaXOOUTCS B IIOKOE).
3aMeTuM, YTO B Ha3eMHBIX YCJIOBUSIX M TIPU JIa3epHOi JloKauu JIyHbI

He yJIaeTcsl JOCTMYb TOYHOCTH Jiydlueid, uem n ~ 107 . C npyroii cropo-

HBI, HU3KOZHEPIeTUUECKOE MPUOIKEHNE TEOPUM CTPYH TPELyCMaTpyBa-
€T HapyllIeH\e NPUHLIUIA SKBUBAJIEHTHOCTU Ha ypoBHEe 1 ~ 107% + 1071

[116]. B sxcnepumenre MICROSCOPE Gyner m3MepsThbCsi OTHOCH-
TeJbHOE YCKOPEHHUE ABYX COOCHBIX LIMJIMHAPOB, N3TOTOBIEHHBIX U3 pa3-
JIMYHBIX METAJUIOB, OOWH M3 KOTOPBIX HAXOIUTCS BHYTPU APYroro [56,
425]. Bropoii aHajlOTrM4YHbBII aKCeJIepoMeTp, B KOTOPOM 00a HMIMHIpa
cielaHbl M3 OJHOTO Marepuaia, OyaeT NMpUMEHEH IS yCTpaHEeHUs
CHCTEMaTUYECKUX IMOTPeLIHOCTel. AKceaepoMeTpbl OyayT HaXOMMTh-
Csl Ha CITyTHMKE, CBOOOJHOM OT CHOCa, Ha KPYTOBOM IIOJISIPHOM Op-
oute Ha BbicoTe ~ 700 KM, Bpallalolleicsi CHHXPOHHO C CYTOYHBIM 00-
pamennem CoyHIa st o0eclieyeHUsT TePMOCTAaOMILHOCTU. 3aIlyCcK
CITyTHMKA 3aIuTaHupoBaH Ha ampeib 2016 r. MHbOpMaIys O IIpoeKTe
npencTapieHa Ha caitre: http://smsc.cnes.fr/MICROSCOPE/index.htm
(cMm. Takke https://directory.eoportal.org/web/eoportal/satellite-missions/
m/microscope).

4.3. IOOEKTbI OTO, CBA3AHHbBIE C BPALLEHUEM TEN

PaccmotpuMm addexktel OTO, KoTopble MOMYYMIM Ha-
3BaHUE TPaBUMArHUTHBIX (MM TPAaBUTOMATHUTHBIX), U Tpouue 3d-
¢eKThl, CBSI3aHHbIE C BpallleHMEM MAaCCUBHBIX TeJl. B cOOTBETCTBUU C
peiieHusiMu ypaBHeHUd OTO BOKpyr Takux Tejl CylIeCTBYyeT 3(hGheKT
Tak Ha3bIBAEMOTO YBJIEUEHMSI CHUCTEMbl OTCUETa, BCJEICTBUME KOTOPOIoO
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BCE TeJa BO3JI€ LIEHTPAJbHOIO BpalllaloIIerocsi MaCCMBHOIO Teja Ha-
YHMHAIOT BpalllaTbCsl B TOM K€ HarpabieHur. Hanbosnee ssBHO 3TO siBje-
HME TIPOSIBJISIETCS] BO3JIE BPAILAIOIIMXCS YEPHBIX IBIP. AHAJIM3 COOT-
BETCTBYIOILIETO IPOCTPAHCTBA-BPEMEHU, KOTOPOE OMMUCHIBACTCSI M3BECT-
Hoit MeTpuKoii Keppa (cm. m. 6.1.1), moKa3bIBaeT, 4YTo BHe TOPU30HTA
TaKoi ABIPHI CYIIECTBYET TaK Ha3blBaeMas aprocgepa — MpOCTPAHCT-
BeHHasl 00JlacTb B (hopMe CIUTIOCHYTOIO SJUIMIICOMAA BpalleHMs, B
KOTOPOI BCE€ YaCTULIbl HOJKHBI BpalllaThbCsl BOKPYT AbIpbl. TONbKO 3a
MpeaenaMu 3Tol 3procdepsbl BOBMOXKHO CYIIECTBOBAHME YACTHII, He-
MOJIBUKHBIX OTHOCUTEJIbHO YAaJIeHHOTO HabJtogaTes.

B cnabom rpaBuUTAallMOHHOM IIOJIe, Hampumep, B rpaHuiax Coi-
HEYHOM CUCTeMbI, JCHCTBUE TPpaBUMArHUTHBIX 3(hdeKTOB oueHb caboe.
IMpubnuxeHHass MeTpUKa, KOTOpasi OMUCHIBAET MPOCTPAHCTBO-BPeMs
BOKPYT LIEHTPAJIbHOTO MEJIEHHO BpAIAIOIIErocsl Tejia co ChepruecKu-
CUMMETPMYHBIM pacrpeieeHueM Macchl, MMeeT BUI (MeTpuKa JleHze—
TuppuHra)

ds® = c? [1 - 2gﬁ4jdtz - (1 + Zcsz:’lJ(drz +r’do’ + r sin’ ed<p2) +

4GJ
Tt
c’r

rme M u J — Macca 1 MOMEHT UMITYJIbCa TeJla COOTBETCTBEHHO, a KO-
opauHatel (r, 0, ¢) Opu yMeHblleHUM M u J 10 HyJas TNepexonmsT B
O0bIUHBIE C(hepruecKrue KOopauHaThl. B mpubauxeHuu cjadboro moJist
U HEPeJITUBHUCTCKMX CKOPOCTEe Ha MPOOHYIO YaCTHILY, ABUXKYLIYIOCS
CO CKOpPOCTBIO V B IpaBUTaLlMOHHOM Tioje (4.13), meiicTByeT ycKope-
HUeEe, KOTOpOE MMEET BUJ, CXOXUN ¢ cujioin Amnepa win JlopeHua:

az[lxg} Bzﬁ.m n=X. (4.14)

b
c c P r

sin? 0 dtdg, (4.13)

3mech B 1 n — HaIpsKeHHOCTh TPaBUMArHUTHOTO TIONISI M €IVMHIY-
HBII BEKTOp B HaIIpaBJIEHUWU IMPOOHON YaCTUIIBI; ¢ — CKOPOCTb CBeTa
B BakyyMe, G — rpaBUTallMOHHAsl MocTosiHHas. M3 (opmynbl (4.14)
BMIIHO, YTO ITojie B MMeeT Takoil ke BMI, KaK M MarHUTHOE IOJIe
MaTHUTHOTO TUTIONS.

4.3.1. dddexr Jlense—Tuppunra

Jnst gacTuiibl, CBOOOMHO BpAaIllalOILIEHCsI BOKPYT 1I€H-
TPaJIbHOTO TeJIa, TAKOE I'PaBUMATHUTHOE YCKOpPEHUE MPUBOAUT K M3-
BecTHOMY 3¢ dekty Jlenze—Tuppunra [122, 259], npu KoTOpoM yB-

132
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JICYEHUE CHCTEMBI OTCYETA OOYCIOBIMBAET IPELIECCUI0O OPOMTHI YaCTH-
LBl DJUTMIITHYECKast OpONTa TIOBOPAYMBAETCS «KAK LIEJTOE», HE U3MEHSIS
CBOEro 9KCIUEHTPUCUTETA, BOKPYr LEHTPAJbHOIO Tejla C YIJIOBOM
cKopocThio [550, ¢. 426]

2GJ
Q= — 5T {“1 -3n, (m, nz)}, (4.15)
ca (1 —e )
Ie a, ¢ — COOTBETCTBEHHO MJIMHA OOJBIION MOIYOCU U BKCUECHTPU-
CHATET OpPOWTHI YacTULBI (ITPOOHOTO Tena), a M, N, — EANHUYHBIE

BEKTOpHI B HallpaBieHUsAX J M MOMEHTa MMITyJIbCa YAaCTHIIbI, CBSI-
3aHHOIO C €¢ OpOMTAIbHBIM ABWXKCHUEM. DTO IPUBOIUT K ITOCTOSIHHO-
MY BpalleHUIO IUIOCKOCTH OpPOMTHI BOKPYT HampaBleHUS OCH 00pa-
IEHNS IIEHTPAJBHOTO TeJjla M K TOTIOJHHUTEILHOMY CMEIICHUIO TIepH-
1eHTpa opouThl. CKOPOCTH TPEIECCUN JOITOTH BOCXOMSIIEro y3iua W
M apryMeHTa Mepuresl \y paBHBI

¥ o 2GJ — 6GJ cosi (4.16)

c2a3(1 —e2)3/2 Y c2a3(1 —e2)3/2 ’

rae [ — HakJIOH opOuThl. [IJIsi MCKYCCTBEHHOIO CHyTHMKA 3eMyiM Ha
OYeHb HU3KOI opOuTe nepsBas BeauurHa paBHa 0,26” 3a rom. Bropas
BeJIMUMHA CKJIaabiBaeTcsl ¢ Oojiee u3BecTHbIM 3dhdektom OTO —
CIBUIOM Mepurest CIyTHUKA 3eMJIM WM TIEpUreausl TUIaHeThl, Ha-
npumMep Mepkypus.

HeiictBue addekra Jlenze—TuppuHra He OrpaHUYMBACTCS M3Me-
HEHUEM d3JIEMEHTOB opOUThl. Eciiu Tesio, KoTopoe BpaulaeTcsi o op-
OuTe, UMEET COOCTBEHHbIA MOMEHT MMMYyJbca (HalpuUMeEp, OJUH U3
YyeThIpeX TMPOCKOMoB Ha cryTHuke Gravity Probe B), To oHO Hauu-
HaeT IpeleccupoBaTh ¢ olpeleaeHHoW 4dacToroil (4.15). BroT 30-
dext O6bu1 mpenckazaH Iuddgom. 3Hak addekra 3aBUCUT OT yria
MEXIy BEKTOpaMH N;, N, . DTO MOXHO OOBSICHUTH CIAEIYOIINM 00pa-

3oM. Ecim rupockomnm HaxomuTcsT BOJM3W TIONIOCA, TO OH ITHITACTCS
IIOBOPAYMBAThCsl B HAIIpaBJICHUM BpallleHWS 3eMJIM M3-3a YBICYCHUS
CUCTeMBI oTcueTa. EciM OH HaxommTcsl B 9KBAaTOPUAIBHOM IIOCKOCTH,
TO M TPaBUTAIIMOHHOE TIOJIe, W YBJIEUYEHUE CUCTEMBI OTCUETAa YMEHb-
IIAIOTCSL C paccTossHueM OT 3emui. IlpeacTaBUM T'MPOCKOII, OChb KO-
TOPOTrO OpPMEHTHpOBaHA MeprieHauKyIsIpHo 3emun. Torama Gosiee OaU3-
Kyl0 K 3eMJjie 4acTb TMPOCKOIA M3-3a YBJICUEHUS] CUCTEMBI OTCUeTa
CUJIbHEEe TSIHET B CTOPOHY BpallleHus 3emid. BeiemcTBre sToro mpo-
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HUCXOIUT TMPELEeCCUsl CIMHA TMPOCKOINa B HaIpaBJe€HUHU, MPOTUBOMNO-
JIOXKHOM BpateHrnio 3emi. OTMETHM, 9TO 3TO OTHOCHUTCS TOJIBKO K
cllyyalo cinabbIX ToJieil U CKOPOCTei, HEOOJbIIMX MO CPaBHEHUIO CO
CKOPOCTBhIO CBeTa, T. €. K COIHEUHOI cUCTeMe, HO HEe K YEPHBIM Jbl-
pam. M3-3a atoro addexra mepuom IpelecCurd OCU 3eMJIU paBeH
273 MpQ JIET, UTO CYILLECTBEHHO IpeBhIIaeT Bo3pacT BeeneHHOI.

4.3.2, Teopesnveckas npeweccus

IIpeueccus Jlenze—TuppuHra — He eOIUHCTBEHHasl pe-
JISTUBHUCTCKAs Tiperieccusa. EcThb elne reome3mdeckast TpeIecChst, KO-
TOpasi MPOMCXOAUT MPU MNapalJieIbHOM IepeHOCe KaXIOoro BeKTopa
(B TOM 4Mcjie BEKTOpa CIMHA BpalllalolIecsl YaCTULIbl WM TUPOCKO-
rna) B UCKPUBJIEHHOM IpocTpaHcTBe-BpeMenu . B 1916 r. ge Cur-
T€p PacCMOTPENI TEOME3NUECKYIO TIPellecCHio CHCTeMbl 3emMisi—JlyHa
(earth-moon gyroscope) B rpaButaiiioHHoMm none ConHua [122]. B
KoHue 1980-x romoB oHa ObLTa OOHApyXXeHa C MOMOILIbI0 KOMOMHALIUU
onpenenenust paccrossHus 10 Jynor u PCJB-na6monenuit [392]. Tou-
HOCTb 3TOI'0 ITOATBEPXKAECHUSI JOCTUraeT mopsiaka 1 % mocie MCmosib-
30BaHMsSI YTOUHEHHbIX AaHHbIX [449]. B [309, c. 497] yTBepxnmaercs,
yto bepToTTH M Ap. U3Mepwin 3TOT 3G@EKT C MOrPeIHOCTHIO MEHEee
yem 2 %. Ilpeueccust me Currepa (TaK Ha3bIBalOT Ie€OAE3MYECKYIO
MPELeCCUI0) TPOUCXOIUT B HAMPABICHUM IBIDKCHUS] CHCTEMBI 3eM-
na—JIyHa co ckopocthio 19,2 mas/rom (mas, milliarcsecond — yrmoBas
musuncekyHaa). Ilepuon npeneccuu ocu 3eMau U3-3a 3Toro 3¢ dex-
ta paBeH (5—6,7) - 107 ner (cMm. padory Kopunannesu u [Nanamnerpy B
[309]), uTro HamMHOTO OOJIBIIIE, YeM IIEPUO IIPELECCUN JIMHUU PaBHO-
neHcTBUsl Oyaromapsi B3auMozaeicTBuio ConHua u JIyHbI ¢ KBaapy-
IMOJIbHBIM MOMEHTOM 3eMJIY, IPUOJM3UTEIbHO PaBHBIN 26 THIC. JIET.

JIJIs1 OLIEHKM BO3MOXKHOCTM IPOBEPKM I'PaBMMArHUTHBLIX 3(DdeKTOB
B CosiHEeUHO# cucTeMe 3a mpenejamu cuctembl 3emusi—JlyHa uene-
CO00pa3HO paccyuTaTh BBI3BAHHBIM MMM CHBUT TIEPUTENIUST pa3HBIX
ten. Ilpeueccusi Jlense—TuppuHra mansg Mepkypus obecrieurBaeT
casur ero nepureaus Ha —0,0128” 3a 100 set. D10 Manasa pobaBKa Mo
cpaBHeHUIO co caBurom 43” 3a 100 jeT, KOTOpblii BOZHUKAET BCJE-
ctBue uzBecTHoro addekra OTO. i apyrux IUJIaHET MOpeueccus

! Takxe CyIIECTBYeT peNATUBMCTCKAs Tpeueccus Tomaca, KOTOpas HMMEET
MecTo U B riockoM [1B npu Hereome3nyeckom ABMKEHUM TMPOCKOIIA MO AeHCT-
BUEM BHEILIHEN CHUJIbI.
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Jlenze—TuppuHra o0yCIOBIMBAET €llle MEHbIIMIA caBUr. IlepcnekTu-
BaM ee M3MepeHUsl mocBsileHa padora [211]. Jlyymas cutyauust co
cnytHukamu 1uiaHeT. bnaropapst sgdexrty Jlenze—Tuppunra coyr-
Huk lOnutepa V (Amanbres) mMeeT IPaBUMATCHUTHBIM CIOBUT IepU-
LeHTpa 2,26" 3a To1, OMHAKO B HACTOSIIEE BPEMS €0 TSKEJIO U3MEPUTh.
Ananornunbiit adpdexr mis JIyaer coctasister —0,19 mas 3a 100 ner.
KoHeuyHo, MOXHO U3MEpsITh T'paBUMarHUTHBIE 3((MEKTH C OMOIILIO
HUCKYCCTBEHHBIX CITyTHMKOB CoiyiHIa. ['paBUMarHuTHbIE BKJIAIbI B OT-
KJIOHEHME CBeTa M 3aJepXKy CUTHajoB B mojie ConHla OyayT 3ameT-
HBIMU 1T M3MepeHuii B pamkax muccuit LATOR [429] u ASTROD
[305].

Takum oOpa3oM, IJisi MPOBEPKU I'PaBUMArHUTHBIX 3(P(EKTOB 1ie-
JiecooOpa3HO MPUMEHSITh UCKYCCTBEHHbIE CIIYTHUKU 3e€MJIM U UCCIie-
JIOBaTh 3BOJIIOLIMIO C TEUEHUEM BPEeMEHHU 3JIEeMEHTOB MX opout. Teo-
PETMYECKM MOXKHO TakXKe MCII0Jb30BaTh TOUHBIE CPABHEHUSI CKOPOCTU
T€YEeHMSI BPEMEHU Ha CIIyTHUMKE U Ha MoBepxHOCTH 3eMiau. OmHaKo
HECJIOXKHbIE OLIEHKM ITOKa3blBalOT, YTO 3TO €lle He IaeT BO3MOX-
HOCTh U3MEPUTh TPaBUMAarHUTHBIC 3 PEKTHI.

3a npenenamu CoOJHEUHOW CHUCTeMbl U3MEPEHMIO TOHKUX 3¢ dek-
TOB MEIIAIOT OOJBIIME MOTPEIIHOCTH M HEONPeIeIeHHOCTH B XapaK-
TEPUCTUKAX OTHAJCHHBIX KOCMUYECKMX cucTeM. OTMETUM IIpearo-
noxenue Kpamepa [246], yTo Teome3nueckast IIpelieccusi Myjabcapa
PSR 1913+16 — uneHa OBOIHOW CHUCTEMBI — 4Yepe3 HECKOJIBKO Jie-
CSITKOB JIET MOXET IMPUBECTU K OTKJIOHEHUIO U3IYYEHMS MyJbcapa OT
HampasieHus1 Ha 3emuto. st 3eMHOro HabJomaresisi OH MCYE3HET U
BOCCTAaHOBUTCSI 4Y€pe3 HECKOJbKO cTojieTuii. bonee mHopMaTUBHO
U3MEpEeHUe PESITUBUCTCKON MPELeCCMU B CUCTEME IBYX ITyJbCAapOB
J0737-3039 A+B. 3pech IUIOCKOCTH OpPOMTHI ITyJIbCAPOB BOKPYT 00-
IIEro LIEHTpa Macc MMeeT HeOOJBIIION yrojl HaKJIoHA K Jydy 3peHus
Ha HaOJonaTensl, BCAEACTBUME 4Yero HabatogaeTcss MpUOIM3UTETbHO
30-cexyHIHOe 3aTeMHEeHMe KOMITIOHEHThl A KOoMITIOHeHToi B (6saro-
Japsl MOMJIOLIEHUIO UMITYJILCOB OT A B MarHutocdepe myabcapa B). B
pabore bperona m np. [73] Obla ompeneneHa pelITUBUCTCKAST TIpe-
LieCcCUs OCU COOCTBEHHOIO BpallleHUSI OTHOCUTEJIbHO O0llero opou-
TaJbHOTO YIJIOBOIO MOMEHTa CUCTEMbl. DTa BeJWYMHA COCTaBMJIA

4,77°05: TpamycoB 3a rox (C HOBEPHTEIBHOII BEPOSTHOCTBIO 68 %),

yto corjacyercsa ¢ pacuetom nmo OTO B rpaHuiiax MOTrpelIHOCTU
14 %. Ho pacyeThl OIMpaInch Ha ONpPeIcICHHYIO MOAEIb U3IyYeHUS
IyJbcapa; CBSI3aHHBIE C 3TUM YTOYHEHUS PAacCMOTPEHBI B paboTe
Ilepepa u ap. [332].
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4.3.3. IpaBMMArHMTHOE BNMSIHME HO XOJ YCCOB

PaccMoTpuM KpyroByio opOMTY CIyTHMKa B 3KBaTOPU-
aJIbHOM TUIOCKOCTM 3eMJId B MPOCTPAHCTBE-BPEMEHM, OIMUCHIBAEMOM
meTpukoil (4.13). Ee ypaBHeHUe 1 0003HAYEHME KOOPAMHAT MMEIOT BUI,

x'=r=const, x’=0=n/2=const, X’ =p=of, x"=t. (4.17)
ITocne noacraHoBku (4.17) B ypaBHEHUsI re0ie3M4YECKUX

2.0 k !
d°x F,-dx dx

ds* Y ds ds (4.18)
MMEEeM OJIHO yCJIoBUE TIpu i =1:
Ty + 0" Ty + 20T, =0. (4.19)

Hcnonb3yst MpUOIMKeHHbIe 3HaueHusl [}, , TOMyYeHHbIE U3 MET-
puku (4.13), HaxonUM yCJIOBUE

GM 5, 2GJ
2 -0 Q)

o =0. (4.20)

NmeHHo mnocnenHuid uneH B (4.20) ykasblBaeT Ha OTJAMYME OT HblO-
TOHOBCKOTO TIPUOJMXKEHUS IS YIJIOBOWM CKOpPOCTH BpalleHus. Pe-
meHue (4.20) umeeT BUL

GM GJ

3

o 4.21)

IMocnennee ciaaraemoe B (4.21) oOycloBIMBAaeT HEOOJBIIOE OTKIOHE-
HUE OT HBIOTOHOBCKOW YIJIOBOM CKOPOCTHM BpalllcHWSI CITyTHUKA.
CKOpOCTh T€YCHHUsI BPEMEHM Ha ero OOpTy, M3MepsieMasl 3TaJOHOM
BpEeMEHM, paBHa

2 2
mr@_GM—“” +2GJ"°]. (4.22)

cr 202 ctr

IMocnennee cinaraemoe B (4.22) cBsI3aHO MMEHHO C BpallleHHueM 3eM-
au. ITocne moactaHoBku (4.21) B (4.22) monayyaem BJMSIHUE Bpallle-
HUs 3eMJIM Ha CKOPOCTh TEYEHWSI BPEMEHM Ha OOpPTY CITyTHHUKA:

E i
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BT0T 3ddeKT yMeHblIaeTcsl ¢ yBeaumyeHueM r. Ero makcumanb-
HOE 3HaYeHMEe ITOCTUTACTCS UISI OPOMTHI CIIyTHMKA BO3JIE TIOBEPXHOCTHU
3emum (oueHb HU3Kas opbuTa), ipu r ~ R = 6 371 110 M, u uMmeeT
nopsinok AT /T ~3,5-107%°, yTo MeHbllle, YeM MOrPELIHOCTb CYIIe-
CTBYIOLIMX CTaHAApTOB BpeMeHMU-4acToThl. Ho mpobiema He orpaHu-
YUBACTCS TOJBKO HEOOCTAaTOYHOM TOYHOCTBIO 3TajoHA BpPEMEHU.
Bropoe u Tpetbe ciaraembie B (4.22), CBI3aHHbBIE C BIUSHUEM MacChl
3eMJ, HAMHOTO MPEBbILIAIOT I'PaBUMAarHUTHBIN BKian. MMeHHO oHM
00eCcTieYnBaOT OCHOBHOE BJIMSHHWE Ha CKOPOCTb TEUCHMS BpEMEHMU.
OTtu cnaraemblie onuchiBaloT 3pdekT CTO, BbIZBAaHHBIA CKOPOCTHIO
cnytHuka, u apdekt OTO — rpaBUTALIMOHHOE KpacHOE CMellcHUE.
Pasznuuus B CKOPOCTH TeUEHMST BpeMEHHM XapaKTepU3YIOTCS OTHOIIE-
Huem AT/T. dna oboux ykazaHHBIX 3((HEKTOB OHO MMEET MOPSIIOK
r/R ~ 107", e ry ~ 0,444 MM — TPaBUTALMOHHBINA paguyc 3eMiH, a
R > 6400 kM — pamgMyc KpyroBoil opOMTBI ciyTHuKa. MTak, rpaBu-
MAaTHUTHBIA BKJIaA Ha NECIThb TMOPSAKOB MEHBIIE IBYX IPYTUX 3D-
dekToB. Kpome TOro, rpaBUTallMOHHOE T0Je 3eMJM OTIMYAeTCsl OT
MOJIT TOYEYHOro Teja. Ero MOXHO pas3ioXWUTh 10 MYJIBTUTIONAM U
OLICHUTDb BKJIAA OTIEIbHBIX COCTABJISIOIIMX B CKOPOCTb TEUEHMS Bpe-
MeHu. Bkian MoHomossi — Macchl 3eMJid — ObUT OLIGHEH BBIIIIE.

OlLeHUM Telepb BKJIAA KBaIpyrojis. B mepBoM mpubImKeHUH
MOXEM CYUTaThb 3eMJII0 CIUIIOCHYTbIM OSJJIMIICOMAOM BpallleHus, a
nMeHHO sjumniicongoM Kpacosckoro ¢ ocsamu a=6 378 245 M n
¢=6356 863 M. Cpennuit paguyc r=6371 110 M, macca M=
=5,98 - 10 r. TeH30p KBampYIIOJBLHOIO MOMEHTA XAPAKTEPU3YETCS
BEJIMYUHOM

D=D_ =-2D,=-2D,~08r(c—a)=-6517-10%r - c™m’.

B6im3u nosepxHocTu 3emiin (BeAb 'paBUMArHUTHBIM BKJad JOCTU-
raeT MakCMuMyMa JJIsi HU3KUX OpPOMT CITyTHHWKA) HEJb3s BbIACIUTH
BKJIaJl KBaJpYIOJbHOIO MOMEHTA, TaK KaK MYJIbTUIIOJBHOE Pa3/ioKeHUe
paboTaeT TOJBKO Ha OOJBbLIMX PACCTOSIHUSX, HO MOXHO OLIEHUTb
3TOT 3(PPeKT ¢ MOMOILBIO CTAHAAPTHOIO Pa3JIOKEeHMsI MOTEeHLIMalIa 10
MYJIBTUIIONAM Ha OONbIMX paccrostHusix or 3emmn: ¢ = o + @ +... .
KsaznpymosbHast coctabismonias ¢ o0ecreynBaeT pasHOCTh B CKO-
POCTSIX TEUEHHUSI BPEMEHU:

%: g0 —1 z%:%(ﬂcosz 6>—1). (4.24)
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3mech R — pammyc KpyroBoil OpOWTHI CITyTHWKA, O — €ro IIMpoTa,
YIJIOBbIE CKOOKM (...) O3HAYalOT ycpeaHeHWe 1o BpemeHu. Ilocre
BBIYMCIICHUI MMeeM

% =4,67-10" (?I (3(cos” 0) 1), (4.25)

roe r — paguyc 3emuin. DToT 3(P@PEKT AEHCTBYeT KaK Ha CITyTHUKE,
Tak U Ha 3emJje. Mbl MOXeM M3MEPUTh TOJBKO PA3HOCTb YKa3aHHBIX
BJIASTHUIA:

% =-3-4,67-10" };—C(3<cosz 0) - 1) ~
~1,1.10" ﬁ@(co& 0)~1). (4.26)

3mech h, = R— r — BBICOTA OpPOMTHI CIIyTHUKA HAI ITIOBEPXHOCTHIO
3emum. g pacyeta TOCIETHETO MHOXUTEINS MPUMEHsIeM cheprde-
CKYIO TPUTOHOMETPHIO U ITOJIydaeM

AT h

= %22-10" —C(l —gsin2 ocJ, 4.27)
T 500 xm 4

Ie o, — YroJ HakJoHa OpOMTHI CMyTHUKA K 3KBaTtopy. Takum obpa-
30M, BJIMSIHUE paccMaTpuBaeMoro 3@dekra OlEHUBAETCS Pa3HOCThIO
B CKOpOCTAX TeyeHMs BpeMeHM mnopsaka 107'°. D1o Toxe HaMHOro
OoJibllle TPaBUMArHUTHOTO BKJaga. AHaJIOTMYHBIM 00pPa3oM MOXHO
OLIEHWTb M BKJam 16-mojapHOI cocraBistomeir. Ho B oTnmume ot
Macchl 3eMJIM BEJIMUMHBI €€ MYJIbTUIIOJIbHBIX MOMEHTOB M3MEPEHBI C
ropasno MeHbIIeil TOYHOCTBIO. OOYCIOBICHHBIE 3TUM TOTPEITHOCTH
B ydyeTe BKJala MYJbTUIOJEH B CKOPOCTb TEYEHUSI BpeMeHU OyayT
MpeBbILIAaTh TPABUMArHUTHbBIN BkAan (4.23).

4.3.4. OpburanbHble rPUBMMArHUTHBIE SKCMEPUMEHTDI

Ha ocHOBaHWM W3J0XE€HHOTO BBIIIE MOXHO CHENIaTh
BBIBOJ, YTO IJISI TIOMCKA W M3MEPEHMST TPaBUMArHUTHBIX 3((HEKTOB
OTO cnenyeT coCcpemOTOYUTLCS Ha HCCIAEHOBAaHMM BBI3BAaHHOW HNMU
9BOJIIOLIMU OPOUT CITyTHUKOB.
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LAGEOS, LAGEOS Il n LARES

HauGonpliliero ycnexa AOCTUIIM 3KCIEPUMEHTHI C yda-
ctueM cnyTHUKoB cucteMbl LAGEOS (LAser GEOdynamic Satellite).
O10o — cnytHuk LAGEOS, kotopsiii 661 3amyiieH NASA B 1976 1.,
u cinytHuk LAGEOS 11, kotopslii O0bi1 3amymieH NASA BMecTe C
HTanbstHCKUM KOCMHMUYECKMM areHTCTBOM B 1992 1. TpeTuii CyTHUK,
HazBaHHbI LARES (LAser RElativity Satellite), 6bl1 BbIBeIeH Ha Op-
OuTy eBpoIleiicKoil pakeroii-HocuteleM «Bera» 13 despana 2012 r.
IMapameTpsl OPOUT 3TUX CITYTHUKOB M BeJIMYMHA MX TIpelieccuu JIeH-
3e—TuppuHra npuBeaeHbl B Ta0I. 4.1.

CnytHuku LAGEOS u LAGEOS II umeroT ¢dopmy 1apa aua-
MeTpoM 60 CM ¢ YIJIOBBIMU OTpaXKaTeJIsIMU, KOTOpBIE OTpakaloT Jia-
3epHble gyun ¢ 3emun, u Maccy 406 kr. 3a rombl MX Tojera 0ojee
yeM 50 cTaHUMEI Ha MOBEPXHOCTU 3eMJIM CAEIaIu MWIJIMOHBI Jlazep-
HBIX OIpeAeICHNI TOJOXEeHW 3TUX CITYTHUKOB C TTOTPEITHOCTBIO B
HECKOJIbKO MuUIMMeTpoB. HaOmiomeHuss mpomo/nKaloTcs; II0 OLIeH-
kaMm LAGEOS pocturHer 3eMHO aTMocdepbl TOJIBKO uyepe3 8.4
MWIUIAOHA JIeT. AHaIN3 W3MEpPEeHUN TOATBEPIMJI CYIIECTBOBAaHUE U
BequuuHy Tpeueccuun Jlense—Tuppunra. B pesyiabTate aHanu3a naH-
HbIX 3a 11 jeT ObLIO BBIYMCIIEHO, YTO OpOUTa CIYTHUKOB CMellagach
Ha 2 M B rol B HamnpaBji€HWU BpallleHUs 3emMyiM. DTO 3HAUEHMUE Ha
99 % coBmagaer ¢ mnpeackazaHHBIM OOllell Teopueil OTHOCUTEIbHO-
ctd 3 deKToM yBIEYEHUSI UHEPLMATbHBIX CUCTEM OTCYETa Bpalllalo-
LIAMCST TEJIOM.

CylIecTBYIOT HEKOTOpbIE pa3HOIJIacHUsl OTHOCHUTEIbHO TOYHOCTHU
9TOTO TTOATBEPXACHUS. DTO OOYCIOBICHO HE TOJBKO ITOBBIIIICHUEM
TOYHOCTU C TE€YeHWEM BPEMEHM 3a CUET HAKOIUICHWS HaOI0IaTeNThb-
HBIX JAHHBIX (B TEpBbIX MyOAMKALMSAX rpynnsl YuyhoaumHu peyb
naetr o TouHocty a0 30 % [101], B MoCJIeMIHMX — OHA YBEJIWYMJIIACH,
IOrPELIHOCTY OOCTUIIN YPOoBHSA 6 % [100]), HO U CIOXHOCTBIO yyeTa

Taonuuma 4.1. ITapamerpsi opoutr LAGEOS, LAGEOS II u LARES u ux npe-
neccus Jlense—Tuppunra

OpOuTaNbHBIN TTapaMeTp LAGEOS LAGEOS 11 LARES
a (1onyoch), KM 12270 12163 1450
e (9KCLICHTPHUCUTET) 0,0045 0,014 0,0008
i (HaKJIOH), Tpan 110 52,65 70
¥, , mas/ron 31 31,5 31
V., Mas/Tox 31,6 =57 -31,6
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addexToB HechepuuyHocTH 3emsu. [lorpenrHocTs u3-3a Hecdepuu-
HOCTM 3eMJIM 3HAUMTEIbHO IPEBBIIACT APYTHe MOTPEelIHOCTH, CBS3aH-
HblE C HETOYHOCTbIO yuyeTa aTMOC(HEpPHOT0 TOPMOXKEHMSI U AaBICHUS
COJTHEYHOT'O M3TYyYeHUsI, UBMEHEHUEM YIJIOBO CKOPOCTH BpallleHUS
3eMad U TIOJIOKEHMEM €€ IIOJIOCOB, CABMIOM Ha3eMHBIX CTaHIIUI
BCJIEZICTBUE Apeiida KOHTUHEHTOB, a TakXe rpaBUTALIMOHHBIMU BO3-
myiieHussMu ot ConHia, JIyHel u 1aHeT. bosiee Toro, BeaduudHa
CIBUTA OPOUTHI M3-3a HECHEPUYHOCTU 3eMJIM Ha HECKOJBKO TOPSIKOB
MpeBhIIAaeT BeJUYMHY caMoit mpeneccun Jlenze—Tuppunra. B cBsasu
C BTUM TPUMEHSIIUCH CJOXHBIE MOIEIN TPaBUTAIIMOHHOTO ITOJS
3emsmn. B pabore [101] ucrons3oBanack mozaeiabr EGM-96, a nHaGmo-
naeMast mipetieccusi coctaBmia 110 + 20 % oT TeopeTUUeCKU pacCUMTaH-
Hoit. B pabore [100] ucnonns3oBanachk yiaydiueHHas moneib EIGEN-
GRACEO02S, a na6mogaemas mpereccust cocrapwia 99 + 5 % ot teo-
petryeckoit. JIIst yaydiieHnsT TOYHOCTH TaKKe HMCIOJIb30BaI CYMMY
KOOPIMHAT Y3JIOB U TepUTeeB HECKOJIbKMX CIyTHUKOB. OmHako Mopuo
[212] yTBepXmaeT, 4YTO TOYHOCTb H3MepeHus Ipeueccuu JleH3e—
Tuppunra ¢ nomoiubto cnytHukoB LAGEOS Bcerma olieHuBajiach ¢
HEpeaJTMCTUYHbIM ONTUMU3MOM. OH CUMTAET, UTO HEOMpPEAEIEHHOCTh
BO BJIUSIHUM MEPBBIX YETHBIX WIEHOB MYJIbTUIIOJbHOIO DPa3/IOKEHUS
JAeT BeCbMa OOJIbIIYIO MOTPEUIHOCTh OMPENCAECHUST JIEMEHTOB OpOU-
Thl, TIOpsIIKA BEJIUUMHBI caMoi Tiperieccuu. [To3ToMy MOrpeirHoCTIM
B (1—3)c moxHBI cOOTBeTCTBOBaTh He 5—10 % o00lueil TouHOCTH, a
15—45 %, wm naxe 26—78 %.

CnytHuk LARES u3rotosneH u3 BoJib(ppaMOBBIX CILJIABOB U UMe-
eT 92 YrojkoBbIX OTpaxaTeseil (KyOmdecKmx peTpopedIeKTOpPOB), C
MOMOIIBIO KOTOPBIX MOXHO C BBICOKOW TOYHOCTBHIO (€AWHUIIBI CaH-
TUMETPOB) OTCJIEXMBATh TPAEKTOPUIO TOJeTa KOCMUUYECKOTO arrapa-
Ta, MCIOJIb3yS Jia3epHble JIOKAILIMOHHbIE CTAHLMW Ha TMOBEPXHOCTHU
3emmu. LARES umeer 36,4 cm B guamerpe u Maccy okojo 400 kr.
BeiBemeH Ha mNpakTWYeCKH KpPYroBylo opb6uty (trepureit 1437 xw,
artoreit 1451 kM) ¢ nmepuneHTpoM 1450 XM 1 HakjIoHOM 69,5 rpamgyca
(mompo6Hee cM. B [99]). Ilpeamnonaraercs, 4to OyaeT TOCTUTHyTa
ToYHOCTb B 1 % mipu usmepeHuu sddekra Jlense—Tuppunra. OnHa-
KO HEKOTOpble YYeHble, Mpexnae Bcero Mopuo, moaepriv 3To yT-
BepXXaeHWe KpUTUKEe (MHOTOUYMCIEHHBbIE CTaTb Mopuo M OTBET Ha
Hux YumydonuHu jaerko Haiitu B 0asze ADS). OueBUAHO, OKOHYA-
TeJbHBI pe3yJabTaT O TOM, KaKOBa TOYHOCTb M3MepeHus 3ddekra
Jlenze—Tuppunra ¢ nomombio LARES, Oyner monydyeH mocje Hako-
IUIEHUS. 1 00pabOTKU MAaHHBIX HAOIIOACHUM.
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st MUHUMU3AUY BAUSIHUSL HeC(epUYHOCTU 3eMJIM UCTIOJb3YIOT
B3BEIIEHHYI0O KOMOMHAIIMIO TIPELIeCCUil OPOUT TpeX YIMOMSIHYTBIX CITyT-
HUKOB, KOoTopasi cornacHo npeackazanussm OTO pasnHa 50,5 mas/ro.
IIpu sTtom BecoBoit kKoapdumueHt aist LAGEOS BeiOpaH paBHBIM 1,
a it LAGEOS II u LARES — 0,3586 u 0,0751 cOOTBETCTBEHHO.

Gravity Probe B (GP-B)

CylecTBeHHEIN TTpOTpecc B TOYHOCTH M3MEpPEHUS Tpa-
BUMAarHuTHBIX 3(@EKTOB oxupajiacs Ojlaromapsi 3aIlycKy CHYTHHUKaA
Gravity Probe B (mpoekt CtaH(poOpacKoii MUCCUI), C TTOMOIIbBIO KO-
TOPOro, KakK YTBEPXAAJIOCh, MOXHO MPOBEPUTh TI'PaBUMarHUTHbIC
¢ deKkTsI ¢ TTorpemHocThio 1 %. Unmes Crandopackoit Mmyuccun 6biia
BolABUHYTA ele B 1959 r. HIuddom. CyTh s3KcniepuMeHTa — HabI0-
JIEHUe TpelecCuyd TMPOCKOoINa, Bpalllalollerocsl Ha CIyTHUKE BOKPYT
3eMM, OTHOCUTEJbHO HAmNpaBJeHMS Ha OTHajJeHHylo 3Be3ny. OHa
MOJHOCTBIO OT/IMYaiach oT Muccuu crnytHuka Gravity Probe A (GP-A),
KOTOpbIiA ObL1 3amyiieH B 1976 1. NASA (Wallops Flight Center B
Bupmxunuu). Lenp Muccum — mnpoBepka 3d@dekra IpaBUTALIMOH-
HOTo KpacHoro cmeieHus (cMm. 1. 4.1.4). ITocne 1 u 55 MuH nosnera,
BbICOTa KOTOpOro gocturja 10 TeiC. KM HaJ TMOBEPXHOCTbIO 3eMJIH,
CIIYTHUK YITaJl B ATIaHTHYEeCKWiI okKeaH. Ha mpoTsokeHuwm moiera
aTOMHBIC YacChl M3MEPSIN CKOPOCTh T€YCHUS BPEMEHHU, KOTOPOE OT-
JINYAJIOCh OT aHAJIOTUYHOM CKOPOCTH Ha 3emire.

Ha cnyrauke GP-B He Oblto 3TajloHa BpeMeHM, HO OH MMeEJ Ha
60opTy 4 CBepXIPOBOOSIINX THpockoma. Ero moser OBIT MpOmOITKM-
TeJbHbIM (MMCCHUSI 3aBeplumiach 3 okTsiopst 2005 r., mepuon HakKoILie-
HUS HayYHBIX JaHHBIX mponosrkancst oT 28 aBrycra 2004 r. mo 14 aB-
rycta 2005 r.), a OCHOBHbIE U3MEPEHUSI TO3BOJUIM TOYHO OMNPENCIUThH
9JIEMEHTBl €r0 OpOMTHI M OpHEHTalMIo rupockorioB. MHbopManusa o
XOJIe MUCCUM pa3MellieHa Ha calite http://einstein.stanford.edu/.

IT10ockocTh OPOUTHI CITyTHUKA MPOXOAMIA uepe3 Tojtoca 3eMIIn U
HanpapieHue Ha 3Be3ny IM Ileraca (HD 216489), skBaTopuajibHbIE
KOOPAMHATBI KOTOPOii o = 22"53M02,2659°, § = 16°5028,298". Bricora
opoutel 640 kM. Teneckon Ha 6opty Gravity Probe B 0bu1 pukcupo-
BaHO HampaBjieH Ha 3Ty 3Be3my. 3Beszna IM Ileraca urpana kiroue-
BYIO pOJIb B 9KCIIEPUMMEHTE, MOCKOJbKY Oblia ONMOPHOI 3BE310M, OT-
HOCUTEJIbHO KOTOPOW M3MEPSICS CABUI KaK OPOUTHI CIYyTHUKA, TaK U
oceli rupockomnoB. [IpuBeneM ee OCHOBHbIE XapaKTepPUCTUKHU. DTO
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NBOIfHas epeMeHHasl 3Be3/1a, 3Be3Hasl BeJMYMHA KOTOPOil B MaKCU-
MyMme pocturaer 5,85. M3MeHeHHe SIPKOCTH MOOBOJBHO CIOXHOE,
OLIYTUMO BIMSHHE TgTeH. PaccrossHue no 3emun okojo 100 mk.
CrieKTpaJIbHBII TUII, paauyc, Maccy 000MX KOMIIOHEHTOB U MX OpOu-
TaJdbHBIE BJEMEHTHl MOXHO HalTM Ha calite http://www.yorku.ca/
bartel/guidestar/, mocpsieHHoM 3Toi 3Be3ne. C 1997 r. ¢ OMOIIbIO
CETU paIMOMHTEPGHEPOMETPOB CO CBEPXIIMHHON 06a3zoii HanmoHanbHOMI
paaroacTpoHoMuueckoii obceparopun CIIIA, cetu 65-MeTpOBBIX
anteHH Deep Space Network (NASA) u 100-meTpoBoii aHTeHHBEI Pa-
MIMOACTPOHOMMYECKOro nHcTUTyTa MM. Makca Ilnanka (Max-Planck-
Institut fur Radioastronomie, MPIfR) B 'epmanuu npoBoauaoch om-
pelesieHre TOJIOXKEHUST 3TOI 3Be3Ibl OTHOCHTENIBHO HE MeHee IBYX
kBa3apoB. Ceccnu NPOWCXOOWIN TIPUOIM3UTENIEHO 4 pa3a B TOm M
nnunuck He MeHble 18 4. Ilocne mpenBapuTenbHON 00pabOTKU B
NRAO (Cokoppo, Heio-Mexuko, CIIIA) gaHHble 00pabaThIBaJUCh B
Mopkckom yHusepcutere (Toponto, Kanama) u Tapsapa-Cmutco-
HOBCKOM lieHTpe actpodusuku (Kem6pumk, Maccauycerc, CIIA).
Oxka3zajoch, 4TO coOcTBeHHOEe ABIMKeHUe 3Be3abl IM Ileraca cocrtas-
JsieT 35 mas/roa, T. €. UMeeT TaKoi Xe TMOopsSaoK, Kak saddekt JleH-
3e—Tuppunra (6,32’ 3a 100 yet). Ho 1MOCKONBKY MOTPEITHOCTD ONpe-
IeJIeHUsT COOCTBEHHOTO IBMXXeHM paBHa (0,1 mas/Tom, TO OHO CyIIe-
CTBEHHO He BJIMSIET Ha TOYHOCTH 3KCIIeprMeHTa. [1ookeHMsT CryT-
Huka GP-B oTHOCHTENEHO OMOPHOI 3Be3AbI M3MEPSUTUCh MHOTUMU
HaOMOmaTeIPHBIMUA CTaHIMAMU. B YKpanHe HaGmromeHUs TTPOBOIM-
nuch I'naBHoM actpoHoMuueckoil oocepsaropueit (TAO HAHY).

Bo Bpems paboThl anmapaTypbl CITyTHUMKA OOHAPYKUJIMCh HEOXKM-
JaHHbIe (DAKTOPhI, YYET KOTOPBIX MPUBEI K TOMY, YTO OKOHYATENIb-
HBIIl OTYET O pe3yabTaTax MUCCUM MOSIBWICS ToJdbKo B Mmae 2011 .
[142]. B oTinume oT MpealliecTBYIOLIMX OTYETOB OH JaBajJl OKOH4YA-
TeJabHbIe pe3yiabTaThl —6601,8 + 18,3 mas/ron mis Treoge3ndecKou
npeueccuu U —37,2 = 7,2 mas/ron Ajs1 yBJI€UYEHUS] CUCTEMbl OTCUETa,
KOTOpbIE XOpOLIO COIJIACOBBIBAIOTCSI C pe3yjbTaTaMM, IpeacKasaH-
MU OTO, a umenHo —6606,1 mas/rox 1 —39,2 mas/ToI COOTBETCT-
BeHHO. OIHAKO CYIIECTBYET OINpeaeIeHHass HaCTOPOXKEHHOCTbh OTHO-
CHUTEJTbHO TOYHOCTH TIOJIYUEHHBIX Pe3yJbTaTOB, ITOCKOJBKY Ha arla-
paTypy IOelcTBOBaiM (aKTOpPhI, KOTOpPBIE HE TPEANONarajuch IIpH
IUTAHUPOBAaHMM MMCCUM. MX yd4eT OCyIIeCTBISUICS TOJBKO IIOCTIe
OKOHYAHUS IKcHepuMeHTa (moapobHee cM. B [444]).
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4.4, TPABUTALIMOHHOE U3NTYHEHUE
W NYNIbCAPBI B ABOWHBIX CUCTEMAX

4.4,1. ®opmyna JHHWTEHHA AN MOLHOCTH
IPUBUTALMOHHOTO M3Ny4eHMS

DitHTeH moaydun [604, c. 631—646] dopmyny wis
MOIITHOCTH TPAaBUTAIIMOHHOTO M3JIYyYCHHSI, CO3MaBaeMOIO IBMKYIIIH -
MUCS MACCAMM:

G jpi (4.28)

Egrav = ﬁl)’j N

e D, = j p(3xixj —Sijrz)dV — KBaJpyMHoJIbHbIi MOMEHT Mmacc. DTa
vV

¢dopMyJsia BbITEKAET M3 JIMHEAPUM3O0BAHHBIX YpaBHEHUU ODWHILITEHHA;
31ECb Mbl SIBHO BBIIMCBHIBAEM CKOPOCTb CBETa M TPaBUTALIMOHHYIO
MOCTOSTHHYIO.

Js ABYX TOYEUHBIX Macc m; U m,, KOTOPbIE BPALLAIOTCA BOKPYT

0o011Iero 1eHTpa Macc Ha pacCTOSSHUM [ Apyr OT Apyra ¢ 4acTOTOW o,
dopmyna (4.28) nmpuobperaet Takoit Bum [550]:

2
Eow =29 (M] oS (4.29)
S5 \m +m,

N3 sroit popmynel crepyet, yto npu m; = m, =11, I =1M, o =
=3.10° ¢! Besmmumua sdpdekra cocrasusger yumb 1072 spr/c. Ilo-
MOOHbIE OLEHKMU ObLIM MPUYUHON MECCUMMCTUUYECKOTO OTHOILIECHUS
SKCTIIEPUMEHTATOPOB K BO3MOXHON TeHepallid TpaBUTAIIMOHHBIX
BOJIH B JJabopaTOpHBIX yciaoBusXx. Ho B acTpodusrke Manbiii MHOXM-
tenb G/c® B dopmyne (4.29) MOXHO KOMIIEHCUMPOBATh GOJNLIIMMU
MaccaMy U pa3MepaMu U3Jy4arolleil CUCTEMBI.

3ameTum, uyto B obiiemM ciydyae B OTO cyuiecTtByer mpobiema
MPaBUJILHOTO OIpeNeeHUsI SHEPTUM TpaBUTALMOHHOro mojisg. OmHaKo
B juHeiiHOM npubmmkeHun OTO, B koTropoM mnonydeHa Qopmyna
(4.28), sTa mpobiiema oTcyTcTByeT. Jlajiee OTMETUM, UTO OpPOUTANIb-
Hble TIONPaBKU B JBMKEHUU W30JUPOBAHHOW CHUCTEMbl JABYX TeJ
CpaBHUMOM Macchl (HampuMep, JBOMHOTO IyJibcapa) 3a CUeT U3yye-
HUSI COOTBETCTBYIOT NOpSIIKY (V/ c)s, rIe v — XapakTepHas CKO-

POCTb B CUCTEME. OT0 00Jee BBHICOKUI nopAa0K TOYHOCTHU, YEM TOT,
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B KOTOpOM OblIa BrepBble MojiyueHa dopmyna (4.28). B cBs3u ¢
3TUM OBV MPOBEAECHBI MPSIMbIE PACUEThl YPABHEHUIA IBVDKEHUS IBYX

5
Ten 10 mopsaka (v/c)’, KoTopble He TpeOYIOT SHepPreTMuecKHuX co-

obpaxeHuii. Bbu1o ornpeaeseHo, YTO ydyeT MOIMOJHUTEIbHBIX MOoIpa-
BOK B JBUXXEHMM HE BJIMSICT Ha BBIBOI JHEPreTUYECKUX TOTeph B
IJIABHOM MOPSIAKE, T. €. PE3yJibTaTbl MCCIEeI0BaHUN MOATBEPIANIU
NpaBWIbHOCTb (popMyJibl DiiHIITEHA (4.28) (Oosiee MOAPOOHO CM. B
[502, 530, 579]).

4.4.2, CywwecTBOBAHME IPABUTALMOHHDIX BOJH
M HOBbIE TECTbl

Paccen Xanc m JIxo3ed Teityiop OTKphUIM M MCCIIEAO-
Bas paguornyiabcap PSR 1913+16 [209], KoTOpbIil cTan HacTOSIIER
Jlaboparopueil sl MCcCieloBaHUsl PEJITUBUCTCKUX 3(P(EKTOB. DTOT
MyJibcap SIBISIETCS WJIEHOM JBOMHONM CHUCTEMbI; OH JABWXKETCSI MO OYEHb
BBITSIHYTOI OpOMTE C 3KCLEHTPUCUTETOM 0KOJI0 0,6 1 mepuomom 7 4
45 muH. Ilpu 3TOM CpenHsIsi OopOUTalbHAS CKOPOCTh ITyJibcapa Co-
crapisier npubausureabHo 200 km/c. M3mepeHue BpeMeHU mpuxoja
WMITYJIbCOB OT MyJbcapa ¢ coOcTBeHHbIM mnepuoaom 0,059 ¢ nparor
BO3MOXHOCTb M3MeEpsITh cjlabbie 2¢h@eKThl B ABMXKEHMM Iyjabcapa,
obycnoBiieHHbie OTO. Yike B mepBBIe MecsSIbl HAOMIOACHUI ITyJIbcapa
ObLIO OIIpelesieHO PEIITUBUCTCKOE CMElleHHEe IeprhacTpa OpPOUTHI.
OHO okaszanoch paBHBIM 4,22663° 3a rom, 4To B 36 ThHIC. pa3 OOJbIIE
aHAJIOTMYHOM BEJUYMHBI 1151 opoutl MepKypusi B CoNHEYHOI cucTe-
me. PenstuBucrckue 3¢¢GeKThl ObLIM MCIOJAb30BaHbI ISl ONpenese-
HUSI TTApaMETPOB TBOWHOW CHUCTEMBI, B YACTHOCTA MACCHI ITyJIbCapa,
KoTOpas okasanach paBHoil 1,4411 maccel Convua M. B 1o Bpemst
TaKWe OILEHKW OBUIM TOJNydeHBI HamboJiee TOYHBIMU HM3MEpPECHUSIMU
MaccChl IyJibcapa.

®opmyna Il UI3MEHEHUsI OpOUTAIBHOTO Teproa TeCHOM JBOM-

HOM CUCTeMBI UMEET BUII
: 192nG5/3[Pj5/3
P=—F|— x

5¢° 2n

x (1-¢e*)7/? (1 +;—ie2 +%e4jmpmc(mp +m,)"'3, (4.30)

i€ ¢ — OJSKCHCHTPUCUTET Op6I/ITI>I, m, U m, — Macca IyJjbCapa U
€ro KOMITaHbOHa.
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4.4, IpaBMTALMOHHOE M3NY4YEHHe M MYNbCapbl B ABOMHBIX CUCTEMAX

[MaTHagaTHIIeTHUE HAOMIONEHUS IyJIbcapa Jajdd BO3MOXHOCTD
MPOBEPUTh OOHO M3 (yHAaMEHTaIbHBIX mpeackazaHuit OTO — cy-
LIECTBOBAHME TPaBUTALIMOHHOIO M3jaydyeHus. [IBa Teja, KOTOpble 00-
palarTcs BOKPYT OOIIEero IIeHTpa Macc, JAOJDKHBI TePSATb 3HEPIUIO
Ha M3Jy4YeHWE T'PaBUTALMOHHBIX BOJH B COOTBETCTBMM C (POPMYJIOit
(4.29), u3-3a yero opobura OymeT Bce BpeMsl yMmMeHbluatbes. s ma-
paMeTpoB ABoitHOro myibcapa' PSR 1913+16 dopmyna (4.30) mpen-
CKa3bIBaeT YMEHBIICHNE OPOUTAIIBHOIO MEPUOJA CO CKOPOCThIO BCETO
quib 75,8 mxc/ron. IlomydyeHHbie mo 1991 r. pe3ynbTaThl Jajau 3Ha-
yeane 76 * 0,3 MKc/rom, 4Tto ¢ 6GJECKOM TOATBEPAMIO TEOpETHUYE-
ckue pacuethl [118, 208, 417].

Ha nanHBII MOMEHT M3BECTHO OKOJIO AECSITH TECHBIX TBOMHBIX
CHCTEM, B KOTOPBIX I10 KpaiiHeil Mepe OOWH M3 KOMIIOHEHTOB SIBJISI-
eTcs mmyJibcapoM. ISl 4yacTu M3 HUX ONpelesicHO M3MEHEHHUE Ieprona,
KOTOpOe B IpefeTaX TOYHOCTH TakkKe coBHamaeT ¢ IpenckazanueMm OTO.
3a OTKpBITHE W WCCIEeHOBaHWE ITIEPBOTO IBOMHOIO pamgromyiIbcapa
PSR 1913+16 Teittopy u Xancy Obuta mpucyxneHa HoGeneBckast
npemust 1993 r. nmo c¢usuxke. Ceityac Mbl SIBISIEMCSI CBUAETEISIMU
cBoeoOpasHoro copeBHoBaHust Mexay PSR 1913+16 (B 1913+16) u
€IMHCTBEHHOW M3BECTHOM cucTteMoii nByx mynbcapoB J0737-3039 A+B.
[puBeneM pe3yabTaThl U3MEPEHUII CKOPOCT M3MEHEHUSI OpPOMTAJIBHOTO
nepuona dP /dt B 3tux aBoiHbIX cuctemax. g J0737-3039 A+B [248,

249] sTa BenmumHa coctaBasia’ P =-1,252(17)-10"2, a oTHoueHue

pacuera B OTO® x HabmoznarenbHOi onenke PR / P =0,997 . B pa-
6ote [447] (ouenka 2007 r. omy6aukoBaHa B 2010 r.) mna PSR
1913+16 mpuBeneHsl Takue naHHble: P = —2,4184(9)-107'2, PR /P =
= 1,0013(21). YHuxkanbHocTh J0737-3039 A+B cocroutr B TOM, 4YTO
37€Ch HAOMIOOAIOTCS CUTHAIBI OT 000MX KOMITOHEHTOB, XOTS M C pa3-
HBIM KadyecTBOM. Kpome Toro, B 3TOil cucTeMe IJIOCKOCTb OpPOWTHI
OJM3Ka K Jydy 3peHHus, MOITOMYy HaOJIomaeTcss 3aTMEHUE OIHOTO
KOMITOHEHTa JPYIUM, YTO JaeT IOIOJHUTEIbHYI0 WH(MOPMAIIUIO.
CienyeT yuuTbIBaTh, UTO MPU HAKOIUIEHUHU PE3yJIbTaTOB HAOMIIOACHUM

! MBI UCIIOJIb3yeM TEPMHH «IBOMHOM ITyJIbCap», TaK KaK OH YacTo BCTpeva-
etcs B siuteparype. B meiictBurensHoctu PSR 1913+16 — eduncmeentuiii ynbcap
B nBOiiHOI cucteme B 1913+16 — B ominume oT cucTeMbl dgyx mysibcapos J0737—
3039 A+B.

2 CkoOKM 1OCIie MPUBEIEHHOIO 3HAYEHUS O3HAYAIOT CPEIHEKBAAPATUYECKYIO
OIIMOKY B MOCTEAHUX LUppax.

3 IMo ompenejeHHbIM Ha OCHOBE HaOMIONEHMI MaccaM KOMIIAHHOHOB M 3KC-
LIEHTPUCUTETY.

145



4 MpoBepku rPABUTALMOHHDBIX TEOPHI

MOTrPELIHOCTb U3MepeHus: dP /dt ymeHbllIaeTcsl ¢ TeYeHUEM BpEeMEHU

Kak t>° [248]. Mo3sxe BenuuuHa dP /dt nns cuctemsl PSR 1913+16

Ooblma m3MepeHa [443] yxe ¢ TouHocThio MeHee 0,05 %. Ho musa
CPaBHEHMSI C TEOPETMYECKMM PACUEeTOM HEOOXOOMMO YJeCTh YCKOpe-
HUe cUcTeMbl (B moje ['ajJakTMKM) OTHOCUTEbHO HaOatodaTesnsi, KO-
TOpPO€ naeT OOIMOJHUTENbHBIA BKJIad B CHUCTEeMATUYECKYlO TMOTrpel-
HOCTh W OTpaHWYMBAaeT TOYHOCTH cpaBHeHMsT ¢ pacyetoM OTO B
pamkax 0,2 %. B cucreme J0737-3039 A+B, xoTopasi pacrosioxeHa
3HAYMTEIbHO OJIMXKE, BKJIAIOM OTHOCHUTEIbHOIO YCKOPEHHUS MOXHO
npeHeOpeub [247]; 3Mech CKOPOCTh M3MEHEHUsI Mepuoaa COCTaBJIsSIeT
107,79 £ 0,11 HaHOceKyHn 3a cyTKu, uto corjacyercsi ¢ OTO B pam-
Kax oTHocuTeJbHou morpeiuHoctu 0,1 % [247].

Boamoxxnoctu J0737-3039 A+B stuMm He ucuepnbiBatoTcs. B nBu-
KEHUW 3TON CUCTEMBI YETKO MPOSIBIISTIOTCS PEIITHUBUCTCKAsI TIpeIec-
cus nepuueHTpa U 3pdext lanvupo 3aaepXKu CUTHAJIOB B TpaBUTa-
LIMOHHOM TmoJjie. [109ToOMy MOXHO BBIYMCIUTH MapaMeTpbl OpOUTAIb-
HOTO JBMXEHUSI pa3HbIMU crocodamu, ucroib3ysd (opmyasr OTO.
CoBrageHue pe3yabTaTOB pacueTa, Iie 3aJeiiCTBOBaHbl He3aBUCUMBIE
HabJogaeMble BeJUUYMHBI, CBUAETEILCTBYET, UTO 3Ta TEOPUST HE IMPO-
THBOPEYNUT HAOMIONCHMSAM Ha YPOBHE OTHOCHTEJIBHON TOYHOCTU TIO-
psaaka ~ 0,01 %.

4.5. NMPOBEPKA 3AKOHA OEPATHbIX KBAJIPATOB

BonpIIMHCTBO aabTepHATUBHBIX TEOPHUI I'paBUTALUM B
Ipenesie ¢1aboro IoJsl MPUBOAST K BBIPAXKECHMSAM ISl TPaBUTAIIMOH-
HOTO TIOTEHIIMANa, OTIMYAIOIIMMCS OT CTaHIApTHOW HBIOTOHOBCKOI
dopmynsl ¢(r) ~1/r . NHOoraa aTo Ha3bIBAlOT MPOOJIEMON IMATON CH-

Jbl. Yaiie Bcero BcTpevaroTcs nBa tuna Moaudukauuu. [lepBoiii —
3TO MOIpPaBKU TUIla B3aumoaeircTBus KOKaBhbI:

GNm(

o(r) = - l+oe”), (4.31)

rme o — 0e3pa3MepHbIl mapaMeTp, XapaKTepU3YIOLIUA CUITy J00aBOY-
HOIO B3aMMOJEWCTBUSI, A — XapaKTepHbII MacluTad B3auMMOIEICTBUSL.
IOkaBckas momnpaBKka BO3HMKAeT 3a cYeT OOMEHa MEXIYy TIpaBUTH-
PYIOLIMMHU TeJIaMU BUPTYAJIbHBIMUA 0030HaMU ¢ Maccolt m, =h /(AC) .

Takue MONMpaBKM MMEIOT MECTO, Hampumep, B HeqMHeHHBIX f(R)
Teopusix [138], rae 6030HBI — 3TO CKaJSIPOHBI, COOTBETCTBYIOILIUE J10-
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4.5, MpoBepKa 30KOHA 06PATHLIX KBAAPATOB

MOJIHUTEJbHOI CTENEeHU CBOOOABI B 3TUX Teopusix (cMm. 1. 3.4). OHu
BO3HUKAIOT TakKXkKe B MHOTOMepHBIX Momensax Kamyier—Koeitna (cm.
m. 3.5). B aToM ciay4ae 6030HBI — 3TO PagUMOHBI/TPABIKCUTOHBI, CO-
OTBETCTBYIOIIME KOH(MOPMHBIM BO3MYIICHUSIM 00beMa BHYTPEHHETO
MTPOCTPAHCTBA OKOJIO TMOJIOKEHUSI pABHOBECHS.

Bropoii T monpaBoOK UMEET BUIL

(p(r):—G]:m 1+a(r—°) o (4.32)

B 5710i1 hopmyne o — Oe3pazmepHasi OCTOSIHHASL, F, COOTBETCTBYET

XapakKTepHOMY MacliTaby, CBSI3aHHOMY C HEHbIOTOHOBCKMMM IIPO-
meccaMu. Takoil TUI MOMpPaBOK MMEET MECTO, HallpuMep, B MHOTO-
MEpHBIX Mopeasix Mupa Ha OpaHe (cMm. (3.113)). B stoMm ciayuae
N =3, 1 monpaBKy BO3HUKAIOT 32 CUET CYMMUPOBAHUS IO Herpe-
PBIBHOMY CHIEKTPY KaIyIIbI-KJICHHOBCKIX TPAaBUTOHOB.

B pabore [17] npuBegeH moapoOHBIA 0030p 3KCIIEPMMEHTOB IIO
MPOBEPKE T'PAaBUTALIMOHHOIO 3aKOHA OOpAaTHBIX KBaapaTOB (CM. TakKe
OOHOBJIEHHbIE pe3yiabTaThl B [228]). Ecnu, Hampumep, KOHCTaHTa

B3aMMOJICUCTBUS o, ~ 0(1), TO XapaKTepHbIM MaciuTad HeHACTBUS CUI

IOKkaBbl He HOJDKEH MPEBBIIATH A < 56 MKM [228]. 3HAYMMBIX OT-
KJIOHEHWI OT HBIOTOHOBCKOTO 3aKOHA He 00HApYKeHO.
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NEPCMEKTUBDI 5
PABUTALIMOHHO-BOJIHOBOU
ACTPOOU3UKH

Ha BosiHbI rnsigs Baasb, 9 BCIOMUHAK
XW3Hb CBOIO, S NMOABOXY UTOrN.

Ha kaxaom rpe6He CBET N TeHb
KOJIbILLYTCSl — B HUX MPOLUJIOrO KapPTUHHbI...

Yont YntmeH

OOcyxaeHre TpaBUTALMOHHBIX SKCIIEPUMEHTOB ObLIO
Obl HEMOJHBIM 0€3 MIaBbl O I'PaBUTALMOHHOM M3JTyye-
Huu. Iloxanyit, HU OIMH TpPaBUTALIMOHHBINA 3KCMEPU-
MEHT He MPUBJIEKaJ CTOJbKO CWJI U CPEACTB, KaK IpoO-
IrpaMMbl CO3aHNs TPABUTALIMOHHBIX JeTeKTOpoB. U 3TO
HECMOTps Ha TO, YTO IO CUX MOP HU OJMWH TpaBUTALIU-
OHHBIN JETEKTOp He Oaj yOeAMTEJbHOTO CBUAETEIbCT-
Ba «JIOBJM TPaBUTAIIMOHHBIX BOJH». OTMETUM, 4YTO B
CYIIECTBOBAHUM T'PAaBUTALIMOHHOTO M3JIy4YeHUs BOOOIIIE,
B KaKOM-JM0O BMIE, HUKTO HE COMHeEBaeTcs: ceiuac
J00ast peITUBUCTCKAsi Teopusi MPUBOAUT B ClaboM
mnpeaene K BOJHOBOMY ypaBHeHUIO. MOXHO ObLIO Obl
BbIPAa3UTh COMHEHUSI, YTO XapaKTEPUCTUMKU TpaBUTALIM-
OHHBIX BOJIH JOJDXKHBI ObITh MMEHHO TaKue, Kak Mpe.-
ckaspiBaeT OTO. OgHako 3T COMHEHUS pacCcemBaloOTCs
no mepe ycrnexoB OTO B apyrux o01acTsaX U ¢ y4€TOM
TOIO, YTO €CTb U KOCBEHHbIC MOATBEPXKIECHUSI CYILIECTBO-
BaHUs TpaBUTALIMOHHOIO M3aydyeHus (cM. 1. 4.4.2). He-
JIaBHUE W3MEPEHMS TOSIpU3aLUU PEJIMKTOBOIO M3Jy-
YeHUsl, MO-BUAUMOMY, TakKXe MOXHO CUMTaTb HEKOTO-
DPbIM TOATBEPKAECHUEM CYILIECTBOBAHMWS TPAaBUTALIMOHHBIX
BOJIH, XOTSl COBEpIUIEHHO JAPYIOro IPOUCXOXICHHUS '.
BHuMaHue K mMoMcKamM TpaBUTALIMOHHOTO M3TyYeHUS
00YCJIOBJICHO HOBbIMU BO3MOXHOCTSIMU TMOJYYEHUS ac-
Tpodusnueckoit MHPOpMaLIMU, KOTOPblE OTKPbIBAIOTCS
B OTOM HallpaBJIeHUW U Tepel KOTOPhIMU Jaxke BO3HU-
Kalolle Mpu 3TOM BO3MOXHOCTU npoBepok OTO or-
XOIISIT HA BTOPOU TUIAH.

' CM. cHOCKy Ha c. 242.
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5 MepcnekTMBbI FPABUTALMOHHO-BONHOBOI ACTPOGU3UKY

5.1. AETEKTOPbI FPABUTALIMOHHBIX BOJIH

5.1.1. Neps.bie nonbiTkyM

CylllecTBOBaHHWE TPaBUTALIMOHHBIX BOJIH ObLIO TpeacKa-
3aHO DiHITEeHOM eme B 1916 1. mpu co3ganmu OTO. C Tex mop
OBIJIO CIeJaHO MHOTO TIOMBITOK WX AeTeKTHpoBaHWs. Ho ToimbKo Te-
Iepb pa3BUTHE TEXHWUKW M3MEpPEeHUI MPHOIM3UIIO HAC K BO3MOXHO-
CTH HaAONIONEHUs TPAaBUTAIIMOHHOTO M3JIYYCHUS OT PeaJbHBIX acTpo-
Gu3nIecKknx MCTOYHUKOB. CeromHsi HUKTO HE COMHEBAETCSl B peaibHO-
CTU TPABUTALIMOHHOTO M3JIYyYeHUsI, IOCKOJBKY €CTh KOCBEHHOE, HO
yOeIUTEeNbHOE CBHIETEILCTBO TOTO, YTO TPaBUTALIMOHHBIC BOJHBI
JIeCTBUTENBLHO cyllecTBYloT. OHO cienyeT M3 NaHHBIX HaOMIOAeHUI
3a IyJbCapaMu — YJ€HAMM TECHBIX JIBOMHBIX CUCTEM, B YAaCTHOCTH,
u3 HaGmogeHuii myabcapa PSR 1913 + 16, otkpbitoro P. Xancom u
Ix. Teitmopom! [209]. UccnenoBaHus 3TOro myjabcapa MPOBOIAT C
1974 r. Kak oTMeuasoch B II. 4.2, yMeHbIIIEHUE Tepuoaa oopallieHus
JIBOMHON CHUCTEMbI, B KOTOPYIO BXOOUT IIyJibCap, MPOUCXOIUT Tak,
Kak 370 mpenckaseiBacT OTO, BcieAcTBUE M3IyYeHUST TpaBUTAIIMOH-
HBIX BOJIH. PeanbHOe oOHapyXeHWE T'paBUTAIIMOHHOTO M3JIyYeHUs, C
OHOI CTOPOHBI, OTKPOET Ka4eCTBEHHO HOBOE OKHO IUISI acTpO(H3N-
YECKUX MCCIENOBAaHUN, a C APYrOM, MO3BOJUT MPOBEPUTH BBIBOJIBI
OTO misg CWIBHBIX TPaBUTALIMOHHBIX TTOJIER [466].

DKCIepUMEHTAIbHbI MMOMCK TPaBUTALIMOHHBIX BOJIH Haydajicsl B
1960-¢ romwl padotamu . BeGepa. OH mOCTpoMI HECKOJILKO Pe30-
HAHCHBIX MAacC-IETEKTOPOB M COOOIIMI O BO30OYXIECHUM IETEKTOPOB
NPUOIU3UTEIBHO pa3 B CYTKU, OOBSICHSIS 3TO OTKJIIMKOM Ha TpaBUTa-
IIMOHHBIE BOJHBI OT KOCMMYECKMX KatacTpod B IieHTpe [amakTuku
[440]. MHorouucieHHbIe TONBITKM TIOBTOPUTH pe3yJbTaThl Bebepa
uccienoBareassMu B MockBe, MionxeHe, Pouectepe, I'tazro u apy-
rux ropopax (B ToM uucie B KueBe, rae ObUl CO3MaH Pe30HAHCHbBIN
JETEKTOP BeOESPOBCKOr0 TUIIA B IPABUTALIMOHHON TIpyIIIie IO OOLIUM
pykoBoacTtBoM Tipodeccopa K.A. INuparaca [606]) ganmm oTpuIaTeIh-
Hbllt pedyabTaT. HayuyHoe cooOlllecTBO MPUIILUIO K BBIBOAY, UTO YKa-
3aHHBIC COOBITUS OOYCJIOBJIEHBI HErPaBUTALMOHHBIMU (haKTOPAMMU.
Ecnn Obl pe3oHaHCHBIE BCIUJIECKM Ha AeTeKTopax Bebepa aeiicTBuU-
TEJbHO OBIIM BBI3BAaHBI KOCMUUYECKUMU KaTacTpodaMu, TO C y4eTOM
YYBCTBUTEJIBHOCTH JIETEKTOPOB MOXKHO YTBEpPXIATh, YTO OHM HE MOI-
JI1 ObITh HE3aMEYEHHBIMU TIPU MPOBEACHUN APYTUX HAOMIOACHUIA.

' B mocienHue rombl UIsi 9TOW CHUCTEMBI MCMOJNB3YIOT Takke 0GO3HaueHHe
B 1913 + 16.
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5.1, [leTeKTOpbl rPABUTALMOHHBIX BOJIH

TexHuka pe30HaHCHBIX MacC-IE€TEKTOPOB C pa3MepaMu MIPUMEpPHO
1,5 M pa3BuBajach Ha MPOTSKEHUU Tpex HOecsaTuyieTuit. I'paBuTaiu-
OHHasl BOJIHA BbI3bIBAET MEXaHUUECKHUE KOJieOaHUsI TaKOTro AETeKTOopa,
KOTOpbIE MOXHO PErMCTpUpOBaTh C MOMOILbIO MPELUM3UOHHBIX AaT-
yuKOB. IS YMEHbIIEHUSI TETUIOBBIX IIYMOB NETEKTOPbI OXJaXKIaau
0 HECKOJIBKMX KeJbBUMHOB. B mocienHee BpeMsl MCMOAb30BAIM TaKKe
macc-getektopel: ALLEGRO, AURIGA, EXPLORER, NAUTILUS,
NIOBE. Bce oHM MMEOT MakKCMMyM YYBCTBUTEJIbHOCTM B KUJOTep-
1eBoii objactu yactoT. Bmecte ¢ TeM yxe Oojiee ABYX JAECATUIETUI
pa3BUBAETCsl MHOE HallpaBlieHWe KOHCTPYMPOBAaHUSI TPaBUTALIMOHHBIX
aHTeHH — Jla3epHO-UHTEP(hEPOMETPUIECKUE AETEKTOPbl KUJIOMETPOBBIX
pasMepoB. DTH LIMPOKOMNOJOCHbIE aHTEHHbBI YYBCTBUTEIbHBI B Auana-
30He yactoT oT 1 mo 1000 I', 1 MMEHHO Ha HUX ceiyac BO3JararoT
OoJiblMe HafexXabl. BeulM co3maHbl MATh MHTEPMHEPOMETPUUECKIX IETEK-
TopoB no mpoekram LIGO (2 aurenus, CIIA), VIRGO (Hramua—
®panuust), GEO600 (I'epmanusi—Benukobpuranus) u TAMA300
(AnoHus).

i npsiMOro AeTeKTUPOBAaHMWSI TPABUTAILIMOHHBIX BOJIH HEOOXO-
nuMma OecrpelieeHTHasE YyBCTBUTEJIbHOCTh I'DaBUTALIMOHHBIX NETEK-
TOPOB, MPUYEM MOJIE3HbI CUTHAN TpeOyeTcs BBIACIUTh Ha (PoHE Cy-
LIECTBEHHBIX ITOMEX CEHCMUYECKOTO WMJIM HMHOTO MPOMCXOXICHMSI.
MollHbBIe BCIUIECKM OT BCIBIIIKM CBepXHOBOM B Haiel [amakTuke
MOXHO OBIJIO OBl 3apeTMCTPUPOBATH YK€ TEXHUKON MUHYBIIETO CTO-
neruss. Ho Takoe coObiTME, MO CYIIECTBYIOLIUM OLIEHKaM, MOXET
npousoiTn juinb ogvH pa3 B 300 jer. /st meTeKTMpOBaHUS Tpa-
BUTALMOHHBIX BOJH OT peajbHbIX acTpOU3UYECKUX MWCTOYHUKOB
(«cmMnaHue» HEUTPOHHBIX 3BE3M, KOJIIAIC 3BE3MHBIX SIACP CBEPXHO-
BbIX B JIpDYTMX TaJlakTUMKax, Bpall€eHWE HEUTPOHHBIX 3Be3d ¢ nedop-
MMPOBAHHOU TTOBEPXHOCTBIO M T. I1.) HEOOXOAMMO ITOBBICUTH UYBCT-
BUTEJBLHOCTb JETEKTOPOB HAa MHOTO MOPSIAKOB. BO3MOXHOCTL 3TOro
ellle JO HeJaBHEro BpeMEHU BOCIpUMHUMAaIach ckentuuecku. M Bce-
Taku ypOBEHb COBPEMEHHON TEXHUKU NpUOIMKaeTcss K HeoOXoau-
MOMY IOpOTY.

5.1.2, llymoBble XapaKTepUCTMKK
M YYBCTBUTENbHOCTb A€TEKTOPOB

I'paBUTALIMOHHO-BOJIHOBOM JETEKTOP XapaKTePHU3YIOT
CIIEKTPaJIbHOM MOIIHOCTBIO €ro IIyMoB. I1ycTh meTeKTOp BBIIAET Psi
6e3pa3MepHBIX OTCUYETOB, HampuMep, Xx(f), KOTOphIe B Cllydae WHTEp-

(bepOMeTpa ABJIAIOTCA HOPMHUPOBAHHBIMU PA3HOCTAMU IJIMH IBYX €TI0
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5 MepcnekTMBbI FPABUTALMOHHO-BONHOBOI ACTPOGU3UKY

wieyeit. Ilpu OTCYTCTBUM KakKoOro-auOo IpaBUTALMOHHO-BOJIHOBOTO
CUTHajla Ha BBIXONIE NETEKTOpa MMEETCS TOJbKO 1iyM #(t). ABTOKOp-
pensguuoHHas GyHKUUA 1wyma «(f,f,) OIpeNensieTcsl YCpeaIHEHUEM
MO aHCaMOJII0 pealu3aluii yma:

K(t,,1,) = n(t,)n(t,) 5.1

(3mech yepTa — 3HAK YCPEIHEHUSI).

B mpenmonoxeHnn CTallMOHAPHOCTH LIYMOBOTO mpouecca Kk(f,t,) =
=«(#, —f,) 3aBUCUT TOJBKO OT Pa3HOCTU T =1, —1 , TIpU4eM «(1) =
= k(-t) . Jns1 peanbHbIX JETEKTOPOB CpelHee MO aHCaAMOJII0 MOXHO 3a-
MEHMTb Ha cpeJHee Mo BpeMeHU, Mpeanosarasi 3proauyHoCTb.

PeanbHble 1IyMBI IETEKTOPOB, OJHAKO, HE MCUEPIILIBAIOTCS TeIl-
JIOBBIMU IIIyMaMU U, CTPOTO TOBOpPSI, HE SIBISIIOTCSI CTallMOHAPHBIMU.
B yactHOCTM, MOTYT UMETb MECTO U3OBITOYHbIE (HETEIIOBBIE) IIIYMBbI,
CBSI3aHHBIE CO CBOMCTBaMU ITOABECOK, 3epKaa W T. 1. Ilpeamnonoxke-
HU€ O CTallMOHAPHOCTU MOXET ObITb MPUHSTO KakK MPUOJUXKEHHas
pabouyast rumnote3a. B aTOM cilyyae BBOAST OZHOCTOPOHHIOIO CIIEK-
TpaJIbHYI0 MOIIHOCTb 1IIyMa:

+00

S (f) = _J; k(t)expRrift)dtr, [ =0, (5.2)

0, [f<0.

[Mockonbky «k(t) — yeTHass pyHkums, To S,(f) sIBAsETCS AEHCT-
BUTENbHON (hyHKIIMEH yacToThl. OTCIoga BUIHO, YTO

AR (f') = S,(NS(f - f), (5.3)
rme #A(f) — mpeobpazoBanne Dyppe ot n(t), T.e. A(f)=

= _[n(t) exp(2nift)dt ; 3Be3mouyka O3HAYaeT KOMILJIEKCHOE COIpsixke-

Hue. U3 (5.3) cnenyer, yto GyHKUMA S,(f) TOJIOXUTENBHO OIpene-
JneHa. JIerko BUOETh, 4TO

() =2[ S,(N)df - (5.4)
0

DTO ypaBHEHWE ONpPaBAbLIBAET Ha3BaHUE «CIEKTPAJTbHAS MOIIHOCTH»
s S,(f).
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Bennmuuna S,(f) mMeeT pa3MEpHOCTb BPEMEHM, HO YIOOHO MC-
nosib30Bath paszmepHocTh [[1'], mockoneky S,(f) ompenmeneHa B

YaCcTOTHOM 06macTu. Mcmonmb3yloT TakKe JTMHEHHYIO XapaKTepUCTUKY
LIIYMOB:

h(f) =S,(f), (5.5)

uMerouIyio pasMepHocTh [I'2], u Ge3pasMepHYIO BETUYUHY
h(f) =S S,(f), (5.6)

KoTopasi Ha3bIBaeTcs 3(h(GEeKTUBHBIM IIIYMOM.
I'paBUTAlIMOHHO-BOJHOBBIE AMIUIMTYABl CPaBHUBAIOT C MHCTPY-
MEHTQJIbHON YYBCTBUTEJIBHOCTBIO JUISI OMNpeneaeHUs] BO3MOXHOCTU

HaOJOIeHNST KOHKPETHBIX UCTOYHUKOB. KomroHeHnTa Dypre A(f) =

= Ih(t) exp(2rift)dt neTepMUHUPOBAHHOTO CUTHaya A(?) (TpaBUTALIM-

OHHOW BOJHBI) UMeeT pasmepHocTh [T!], T.e. f ‘h( f )‘ — 0Oe3pas-
MepHasT BemunHa. [TociemHioo cpaBHUBAOT ¢ (5.6) I TOTO, YTOOBI
OTIpEeCNIUTh CHITy UCTOYHMKA OTHOCUTEJBHO ITyMa AeTeKropa. Takmm
K€ CITOCOOOM CPaBHUBAIOTCS BEJTUYMUHBI +f f ‘h( f )‘ u (5.5), umeroniue
pasmepHoctu [T'?].

JJ1s1 MOHOXpOMATUUECKUX UCTOUHUKOB 0e3pa3MepHYI0 aMILIUTYIy
/i, TPaBUTALIMOHHOM BOJIHBI CPaBHUBAIOT ¢ 3(D(EKTUBHBIM LIYMOM 3a

BpeMsl HAKOILIEHUSI C OXUIAEMBbIMU «MTHOBEHHBIMM» AMILIUTYIAMM.
MoHoxpoMaThueckasi BoJlHa C 4acTOTOM f,, HabaogaemMas Ha MHTep-
BaJie BpeMeHU 7, COOTBETCTBYET Y3KOl JIMHUM B YaCTOTHOM MHTEp-
Basie mmpuHoit Af =1/T BOmu3m f,. Lllym B >ToM wuHTepBaje
S,(NHAf =S,(f)/T. Takum o00pa3oM, OTHOLIEHWE p CUTHAIA K
1IyMy 3a BpeMs HaboneHuss 7 MOXHO 3amucaTh Tak:

o
SN XTAYER e

W3 10l hopMyITBI BUAHO, YTO OTHOIIEHWE CUTHAJ/IIIYM BO3pacTacT

0 aMIUIMTyJAE C TeYEeHMEM BpeMeHM HaOMoAeHus Kak ~71 , a 1o
MOIIHOCTH — Kak 7T .
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5.1.3. Pe3oHaHcHble AeTEKTOPbI IPABNTALMOHHDIX BOJH

IlepcnieKTUBBEI AETEKTUPOBAHUS TPAaBUTAIIMOHHBIX BOJH
3aBUCST OT BO3MOXHOCTEH PErMCTpalliid ONTUYECKUX WIM MEXaHUJe-
cknx 3G GEKTOB, KOTOPhIE BO3HUKAIOT IO ACHCTBHEM IIEPEMEHHOTO
MOJIsi TpaBUTAllMOHHOM BOJIHBI. JIBa OCHOBHBIX HAIlpaBJIEeHUS B 3TOU
obnacTu 0a3upyloTCsl Ha pa3pabOTKe Pe30HAHCHBIX W IIMPOKOIIOIOC-
HBIX CUCTEM. Pe30HAHCHBIN JNETEKTOP MMEET BBICOKOJOOPOTHEIN 3JIe-
MEHT, KOTOPbIi PE30HUPYET Ha OMpenesIeHHOU 4acToTe. DTO MOXKET
OBITH TEJO LWIMHAPUYECKONM WJIM KAaKOW-TO OPYyro (hOpMBI; €T0 Me-
XaHWYECKME KOJieOaHUsI PETMCTPUPYIOTCS MPELUM3MOHHBIMU JaTYMKAMMU.
Pe3oHaHCHBIN neTekTop Haubojiee BOCIPUUMYUB K M3IYYEHMIO OII-
peIeIeHHOM Y4acTOTHl MJIM Habopa OJMM3KMX 4YacTOT, KOTOPHIM MOXKET
BO3HUKAaTh, HalpuMep, OJiarogaps BpallleHUIO TYJIbCapoB.

3a 20 ;met, HauMHas C IEePBBIX JeTeKTOpoB Bebepa, 3a cuer BHe-
JIPEHUST KPUOTEHHOM TEXHUKU, CBEPXIIPOBOISIIMX YCYIMTECH, yaydlie-
HUSI BUOPOU3ONSILIMU, YBEIWYEHUS JOOPOTHOCTU M T. M. UyBCTBU-
TEJbHOCTh PE30HAHCHBIX TI'PAaBUTALIMOHHBIX aHTEHH YJIYYIIMJIACh Ha
HECKOJIbKO TOPSIAIKOB M CTajla JOCTaTOYHOW ISl JETEKTUPOBAHUS
rpaBUTALlMOHHBIX BOJH OT HMCTOYHUKOB 3PYNTUMBHOIO XapakTepa B
Haweii Fanaktuke [26, 343]. Co BpeMeHeM aeTeKTophl Bebepa Havaiu
HUCIOJIb30BaTh [JIs1 MOMCKA HEMPEePbIBHBIX IPaBUTALIMOHHO-BOJTHOBbIX
curHanoB [281]. Ho 2008 r. mpoBOIAWJIUCH U3MEPEHUS Ha TISITU Pe30-
HaHCHBIX KpuoreHHbIx AetekTopax: AURIGA (HauuoHanbHBIA WH-
ctutyT saepHbeix uccaenoBanuii INFN, HMranus, IlagoBa, BBeaeH B
neiicteue B 1997 r.), ALLEGRO (CIIIA, T'ocynapcTBEeHHbI yHUBEP-
cutet Jlynsuanwl, baron-Pyx, 1991 r.), EXPLORER (LIEPH, IlIBeii-
uapust, 1983 r., obGcayxkuBaeTcsl Tpynmoi PUMCKOro yHUBEpCUTETA),
NAUTILUS (INFN, Utamst, @packarru, 1994 r.) u NIOBE (Gravity
Discovery Centre, YHuBepcuteT 3anagHoit ABctpaiuu, 1993 r.). Ha-
YUHbIE COTPYAHMKHU, KOTOPBIE BBIMOJHSUIM HCCIEIOBAHUS Ha 3TUX
JIeTEKTOpax, KOOPAMHMPOBAIM CBOM IEHCTBUSI B pamMKax MexmyHa-
POIHOIO COTpPYIHMYECTBA MO IpaBUTAUMOHHBIM coObiTUsIM (IGEC,
International Gravitational Event Collaboration). Bce nsith merekrto-
POB PacCIIONIOXKEeHBI MPUOJM3UTEBHO B OJHOW TUIOCKOCTH, KOTOpast
MpoxoauT yepe3 HeHTp 3emiau. [Ipu 3ToM OCUM LIWJIMHAPOB MEpIeH-
IUKYJISIpHBI K 3TON TIJIOCKOCTH, T. €. JAuMarpaMMbl HarpaBJI€HHOCTHU
WMEJIN MIOJ00HBIE OPUEHTALINH.

ITpu pe3oHaHCHOM IETEKTUPOBAHMM CJIOXHO yrajaTh 4acTOTy, Ha
KOTOpPO HEOoOXOAMMO TMPOBOAWTH MOUCK curHana. bojee mepcrnek-
TUBHBIMM JUISI OTKPBITUS I'PaBUTALMOHHBIX BOJH SIBJISIIOTCS IIAPOKO-
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MOJIOCHBIE JIa3epHO-UHTephEepOMETpUYECKUE JeTeKTOphl. [losTomy
PE30HAHCHBIE JETEKTOPbl MOCTENEHHO BBIBOMSTCS M3 IKCIUTyaTalldMu.
B 2007 r. 3aKoHYMJ CBOIO pabOTy aMepUMKaHCKMI pe30HaHCHBINA Je-
tektop ALLEGRO. Ilocne 3Toro Habupaau maHHbIE OCTaJbHBIC JIe-
TeKTOpPHI, B yacTHOCTH, ¢ arnpessg 2007 r. o utoiab 2010 r. 6pu10 Mpo-
BelleHO S5 cepuil coBMecTHBIX u3MepeHuil merekropamu EXPLORER
u NAUTILUS [40]. A 3arem, nocie MHoroyieTHelr padotsl B LIEPH,
nerektop EXPLORER 6b11 neMoHTHpoBaH U B 2012 r. mepeHeceH B
EBponelickyio rpaButaiinoHHyto obcepatoputo (EGO) B r. Kacuuna
(6nuz ITuszbl, HMTanus) — MecTOHaxoXIAeHUe UWHTephepoMeTpuye-
ckoro gperekrtopa VIRGO. Ilepememienue EXPLORER B EGO saBisi-
eTCs YacTblo MPOEKTa CO3JaHWEe My3esl HayYHbIX MHCTPYMEHTOB MOJ
OTKpBITBIM HeOoM. C Takoif mHuumatuBoii BeicTymmia EGO mepen
agMuHUCcTpaumein KacumHBI B paMKaxX YCWJIMI, HaIlpaBIeHHBIX Ha
IOOIIPEHNE TYpH3Ma B 3TOM MECTHOCTH [69].

5.1.4. JlasepHo-uHTEpPEpOMETPUYECKHE AETEKTOPDI

B 1IMpOKOMOJIOCHBIX J1a3epHO-UHTEeP(hEPOMETPUIYECKUX
IPaBUTALIMOHHO-BOJIHOBBIX aHTEHHAX PErMCTpaliy IOIJIeXKaT U3MEHEHMS
OTHOCUTEJIbHBIX PACCTOSIHUI MEXIy ABYMSI CBOOOIHO MOIABEILIEHHBIMU
3epkasiaMu. HermocpeacTBEHHO 37eCh M3MEPSETCS OTHOCUTEIbHBIN
caBUT (pa3bl ONTUUYECKOTO CUTHAJIAa, KOTOPBI PacipoOCTPaHSIETCS] MEXIY
3epkaiamMu. MUTHTEpdepoMeTp JOMKEH OBITh MOJHOCTHIO M30JMPOBAH-
HBbIM OT BHELIHEro OKPY>KEHMSI, YTOObI 00eCIeYuTh UyBCTBUTEIBHOCTD
HWCKJIIOYUTEIbHO K TPaBUTALlMOHHBIM BoJHaM. [ly1st 3Toro paspabarbi-
BalOTCSl HOBbIE TEXHOJIOTMM B MPOU3BOACTBE MOILIHBIX JIa3epOB CTa-
OMJILHOTO M3JIy4eHMsI, 3epKaJl BEICOKOI OTpaxkalollieil CIIoOCOOHOCTU U
CceiicMUYECKOM U3O0MSILIMKU, KOHTPOJISI IOCTUPOBAHUS U MO3ULIUOHUPO-
BaHUs. ITOCKOJIBKY OCTaTOYHEIN Ta3 BAUSET HAa M3MEPEHUS, CBETOBOM
My4oK B MHTepdepoMeTpe MOKEH PaCIpOCTPaHSIThCSI B CBEPXBHICO-
KOM Bakyyme. TpyObI-pyKaBa TaKuUX HHTEp(HEPOMETPOB SIBIISIIOTCS
HauOOJBLIMMU B MUPE BaKYyMHBIMU KaMepaMU.

lpoexr LIGO

HawnGonee M3BeCTHBIM M aMOWIIMO3HBIM SBJISIETCS aMe-
pukanckuii mpoekt LIGO (Laser Interferometer Gravitational-wave
Observatory). LIGO — o6iuii mpoekt KanudopHuiickoro u Macca-
YYCETCKOTO TEXHOJOTUYECKNX MHCTUTYTOB, KOTOPBIN (PMHAHCHPYETCS
HanuvonanbHbeiM HayuHbIM ¢oHaoMm (National Scientific Foundation,
NSF). Co BpeMeHeM K MPOEKTY MPUCOSAUHUIUCH YUEHBIE IPYTUX
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WHCTUTYTOB U obpasoBanu HayuHoe corpymHuuectBo LIGO (LIGO
Scientific Collaboration, LSC); mpoekT cTajq MeXIyHapoaHbIM. B
2012 r. LSC HacuuThIBaJIO OKOJIO ThICSYM HAyYHbIX COTPYIHMKOB
BCEro MUpa, KOTOpble OOBENMHUIN CBOU YCUIWS ISl TTIOMCKA TpaBU-
TAIIMOHHBIX BOJIH OT HanboJIee TpaHINO3HBIX COOBITHI Bo BeeneHHOIA.

ITo mpoekty LIGO, ctoumocth Kotoporo B 2001 r. olieHMBanach
B 300 muiH mon. CIHIA, mocTpoeHbl NIBe Ja3epHO-UHTeppepoMeTpu-
yeckue aHTeHHBI B JIuBUHICTOHE, TtaT MepwieHn (merektop L1) u
B XaHdopae, wrtaT BammHrroH. OHU COCTOSIT U3 3epKajl, CMOHTUPO-
BaHHBIX B yIrjax T'MraHTCKoi L-o0pa3Hoii BaKyyMHOII CHUCTEMbI, KO-
TOopast IPOCTApaeTCs Ha 4 KM B KaXIylo M3 cTOpoH. MHTepdhepomeTp
B XaH(popae UMeeT Ha CpeauHEe ITyTH JIA3ePHOIO JIyya JOTOJIHUTEIb-
HBbIE ONTUYECKUE CHUCTEMBI, BCIICACTBUE UETO IETEKTOP MOXKET OIHO-
BpPEMEHHO paboTaTh B ABYX peXuUMax — C pykaBamu 4 U 2 KM (IeTeK-
topbl HI u H2 cooTBeTCTBEHHO).

B aBrycre 2002 r. 6bU1a JOCTUTHYTA UyBCTBUTEIBHOCTb A(f) ~ 2 x
x 102! T2 Ha vacrore okoso 300 I'u (s Haubojiee YYBCTBUTENb-
Horo aetekTopa L1). (ITpoekTHasi 4yBCTBUTEIbHOCTD A€TeKTOpa Oblia
Ha 2 mopsiaka BbIllIe, TIPU €€ JOCTHXKEHMU BO3MOKHBI M3MEPEHUST aM-
MTyasl Kosebanuii ~ 107'¢ cm). CrabunbHas paboTta Beex Tpex Je-
TEKTOPOB J1ajla BO3MOXHOCTb MPOBECTH TEPBYI0 HAYUHYIO CEPHUIO U3-
mepeHuit S1 — c 23 aBrycra no 9 cenrsa6ps 2002 r. To 2005 r. 6butn
MpPOBEACHbI ellle 3 HayyHble cepuM uaMmepeHuid (S2—S4), oTHocu-
TeJbHO KpaTKoBpeMeHHbIe. [IpOoeKTHOM 4yBCTBMTEIbHOCTH AETEKTO-
pel LIGO moutu nmocturnm B Konue 2007 r. [5].

B xonue 2005 r. 4yyBCTBUTENBHOCTh JETEKTOPOB IPUOIU3UIACH
K KOHCTPYKTMBHOM Ha OOJBIICH YacTH OHMara3oHa 4YacTOT TIPpU CTa-
OUNbHOI paboTe U BLICOKOM (haKTOpe 3aIlOJHEHUsI pabodyero BpeMeHU
(oTHOIIEHNST BpeMeHW Habopa JaHHBIX K TIOJTHOMY BpeMEHU PabOTHI).
Bruto pelieHO MPOBECTH MIMHHYIO HaydHylo cepuio usMepenuii. Ce-
pusi S5 npogomxanach ¢ 4 HosOpst 2005 r. (L1 Havan paboraTh He-
MHoro nosgHee, 14 Hosi6pst) 1o 1 okTsiops 2007 . [Tocne okoHYaHUS
cepum S5 nerektop H2 mpomoirkan padboTaTh B peXXUMeE «aCTPOBaXThI»
(Astrowatch) mapamreasHo ¢ GEO600. B 310 Xe Bpemst 4-Kuiio-
meTpoBble getekTopbl L1 u H1 ObIM MomepHM30BaHbI K YPOBHIO
Enhanced LIGO, yto 0o3Hayajio BBeJIeHUE M HUCIBITAHUE TEXHOJIOTHI
U METOJIOB U3MEPEHUsI, KOTOpble OyIyT MCMOJb30BAaTLCS BO BTOPOM
nokoJjieHuu aetekTopoB, Advanced LIGO. MonepHusauus Enhanced
LIGO mno3Boymna 1moBbicuTh yyBcTBUTEIbHOCTE L1 1 H1 B aBa pasa
Ha vactortax, 6osbiux 200 I'tu. Crenyroluass HayyHast cepust S6 Ipo-
Boauiack ¢ 7 uwoast 2009 r. mo 20 oktadps 2010 r. yxxe B craryce En-
hanced LIGO, 6e3 nerekropa H2, KOTOpbIii ObLT CHAT C AKCIUTyaTalluK.
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lpoexr VIRGO

BropsiM 1o pa3zmepy uHTep(PepOMETPUUECKON CUCTEMBI
SIBJISIETCSI COBMECTHBIN UTalbsiHO-(paHuy3ckuii ipoekT VIRGO, ko-
TophuIit Havas padoTty jetoM 2003 r. C UTANIBIHCKONM CTOPOHBI B IIPO-
eKTe TIpMHUMaeT yyacTue HalmoHaabHBI MHCTUTYT SIIEPHBIX MCCIIE-
noBaHuii (INFN), c dpaHiy3ckoit — HaluoHaabHBIN LEHTp Hayy-
Hbix ucciaenoaHuii (CNRS). Hetekrop VIRGO pacnonoxeH BOIU3U
uTanbsiHckoro ropoaa Iluza. OCHOBOI MpoeKTa €CTh JIa3epHbIl WH-
TepdepoMeTp ¢ OPTOrOHAJbHBIMU PYKaBaMH UIMHOW 3 KM KaXXIbIid.
MHorounciaeHHbIE OTpPaXXeHUS MEXIy 3epKaJlaMi, KOTOpPbIe pacIio-
JIOKEHBI Ha Kpasx KaXI0ro M3 pyKaBoB, YBEJIMUYMBAIOT 3 (HEKTUBHYIO
ONTUYECKYI JIMHY pyKaBa g0 120 kM. JIuamazon yactor VIRGO or
10 mo 6000 I'u. DTOT AMANA30H U OXUAaeMas BBICOKAsl YyBCTBUTEJIb-
HOCTb JAlOT BO3MOXHOCTb PErMCTPMpOBaTh I'PaBUTALMOHHBIE BOJIHBI
OT PEIKUX COOBITUI BCIBIIIKWA CBEPXHOBBIX U «CJIMITAHUS» JBOW-
HBIX CHCTeM B MIIEYHOM IIyTM W APYTUX TajJaKTUKaX, B YaCTHOCTHU
B CKOIUIeHMU Trajaktuk Virgo (JleBa), utro M 0OYCJIOBUJIO Ha3BaHUE
MTPOEKTA.

B oxkoHuaTenbHol KoH(purypauuu npoekTa aerektop VIRGO navan
pabotath B KoHie 2005 r., Mo3nHee APYrMX MHTEpdOEpOMETPUUYECKUX
neTeKTopoB. TTMKoBas YyBCTBUTENLHOCTL €ro coctapmwia 6 - 1072 T2
Ha yacrore 300 I'm. Jlerektrop VIRGO mnpucoeguHmicsa K COBMECT-
HbM ¢ LIGO u GEO600 HabmomeHusM Bo Bpems cepuu S5 LIGO,
HaumHag ¢ koHoa 2006 r. u mo mapra 2007 r., cHayajga B peXMMeE
«aCTPOBAXThI» IO BBIXOAHBIM JHAM. [lOJHOLIEHHBIN HAOOp HAaHHBIX
Havasicsl ¢ nepBoil HayuHoilt cepueir VIRGO (First VIRGO science
run, VSR1) 18 mag 2007 r. go okonyanust S5 LIGO 1 okta6pst 2007 T.
Bropas nayuyHast cepust uamepenuii VIRGO — VSR2 cocrosiiach ¢
7 vrons 2009 r. mo 8 suBaps 2010 r. ¢ yaydileHUEM YyBCTBUTEJIbHO-
CTU TIpUOIU3UTENIBHO B 2 pa3a no cpaBHeHUIO ¢ VSRI1. TpeTbs cepust
usmepeHuii VSR3 oObuta nposeaeHa ¢ 11 asrycra 2010 r. mo 20 ok-
1s0pss 2010 r. B menom Bpems 3ansgtoctu VIRGO Ha mporsskeHUn
STUX IBYX cepuil coctaBuio 78 %.

Aerexrop GEO600

HWuTepdepoMeTpruecKuii  OETEKTOp TIPaBUTALIMOHHBIX
BotH GEO600 pacnonioxeHn Hemaiaeko oT I'anHoBepa, 'epmanusi. OH
pa3paboTaH U YIpaBIsieTCsl YYeHbIMM M3 MHCTUTyTa TIpaBUTAllMOH-
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Hoit ¢usuku obiectBa Makca Ilnanka (Albert Einstein Institute,
AFEI) coBMmecTHO ¢ mapTHepamu U3 yHuBepcuteta [yasro (Benuko-
oputanus). B 1970-e rogbl HemelKast 1 OpuUTaHCKas TPYIIIbI UCCe-
nmoBaresieli HE3aBMCHMO Hauvadu pa3paboTKu JiazepHO-MHTepdepo-
METPUUYECKUX TPaBUTALIMOHHO-BOJIHOBBIX aHTeHH. B 1989 r. onu oObe-
IuHUIM cBou ycunus. Tak poauicsa npoekt GEO nperekrtopa ¢
3-KUJIOMETPOBLIMU pyKaBaMU; WOeaJbHBIM MECTOM €ro pacriojioxe-
Hus paccMmarpuBaiuch ropbl I'apu (CeBepHas I'epmanus). OmHako
BBUIY (DMHAHCOBBIX TPYIHOCTEH peanm3alvsl MPOeKTa He Hayauack.
B 1994 r. ObUTO IIpeaIoXKEeHO CO3JaTh MEHBIIMI 10 pa3MepaM JeTeK-
Top GEO600 ¢ mmmHoit pykaBoB 600 M, KOTOPBIi W OBUT TTOCTPOEH B
HU3MEHHOI MecTHOocTu O0nm3 I'anHoBepa. B 2002 r. Obu1 mpoBeneH
TIePBBIN TeCTOBBIN ceaHc HaOmomeHuit. Ha 2006 r. 6bTa TOCTUTHYTA
YyBCTBUTENBHOCTD ~2 - 1072 T '/? ma wacrore 500 I'u. Co cpeauHbl
2002 r. 1o oceHb 2006 r. OBIIO TIPOBEACHO MATH HAYYHBIX CEpHil M3-
MEpeHMiA, B OOJILIIMHCTBE cliyyaeB BMecTte ¢ nerekropamu LIGO,
yactuyHo ¢ VIRGO. C konma 2006 r. merekTop paboTaj B peXu-
M€ «aCTPOBaXThbl», MCIIOJb3ys OoJiee OJAaronpusITHOE IJisi U3MEpPEHUM
Hepabouee BpeMms. Jletom 2009 r. HavyanMch MocieaoBaTe/bHble 00-
HOBJICHUSI JETEKTOpa.

Aerexrop TAMA300

Anonckmit merekrop TAMA300, pacronoxkennbiii B Ha-
LIMOHAJTLHOI acTpoHOMMYeCcKOi obcepBaropun (Mwutaka, Tokuo), Obul
pa3paboTtaH Ha mpoTskeHuu 1995—1999 rr. u npeacrasisieT coO0
uHTepdepomeTp ¢ mimHamu pykaBoB 300 m. [derektrop TAMA300
ObIT TIEPBBEIM CpeIM APYTUX WHTePHEepOMETPUICCKUX JIETEKTOPOB,
BBEIEHHBIX B AeiicTBue. B aBrycre 1999 r. ObLIM mpoBeneHbl TEPBbIE
npoOHbIe u3MepeHus. JetekTop padotan no siHBapb 2004 r., npoBenst
9 HayyHBIX CEaHCOB HAKOIUIEHMSI JAHHBIX, M3 HUX TMOCJIEIHUE TPU
BMecte ¢ LIGO 1 GEO600. 3a BpeMs1 3KCITTyaTallud YyBCTBUTEIIHLHOCTD
JeTektopa nosbicwiack ot ~3 - 107 T ? no ~1,5 - 1072 I'u”? Ha vac-
tore 1 xI' [19]. TTo3nHee BHMMaHUE SIMOHCKUX MCCeaoBaTeei Te-
pekmovaerca Ha getekrop CLIO, Ha KOTopoM oTpabaThIBAIOTCS TeX-
Hojioruu oyayiiero aerekropa LCGT (KAGRA) Broporo rnokojieHusl.

Bropoe n 1perse nokonexns
HHTEPPEPOMETPHYECKHX HA3EMHBIX JETEKTOPOB

B xonme 2010 r. 3akoHYMJIACh MOCJIEAHSST HaydHasl ce-
pust S6 uamepenuii Ha gerekropax LIGO u smoxa mHTepdepoMeTpr-
YeCKUX JETEKTOPOB MepBOro nokojeHus. Heckoabko jieT OHU yCrieli-
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HO paboTajiM Ha ypOBHE WM BOJM3M KOHCTPYKTMBHOM UYBCTBUTE/Ib-
Hoctu. B corpymHuuectBe ¢ unrepbepomerpamu VIRGO u GEO600
OHM 00pa3oBaii BCEMUPHYIO CETh MHCTPYMEHTOB, IIEJIb KOTOPOM —
MpsSIMOE JOCTOBEPHOE BbISIBJIEHWE TPaBUTALIMOHHBIX BOJH. B mocnen-
HUe JBe HayuyHble cepuM uaMmepeHuil aetekTopbl LIGO Habupanu
naHHbele coBMecTHO ¢ VIRGO. DTt gaHHbIe B HACTOsIIEe BpeMs MpoO-
JOJKAIOT aHAIUM3UPOBATLCS [UIS1 BBISIBJICHMSI TPaBUTALIMOHHO-BOJHO-
BBIX CHTHAJIOB OT IBOMHBIX CHCTEM, MCTOYHUKOB BCIUIECKOB, CTOXa-
CTUYHOTO (oHa U OBICTPO BpalllalOIIUXCSI HEMTPOHHBIX 3BE3/.

Ha BpeMs okoHYaHus 1IECTONM HAyYHOW CEpUM U3MEPEHUI 4yB-
CTBUTEIBLHOCTH 4-KujoMeTpoBbeIX aeTekTopoB LIGO u merexropa
VIRGO 6buM Takue, 4TO OEeTeKTUPOBAThb IBOMHYIO CHUCTEMY KOM-
MaKTHBIX (HEUTPOHHBIX) 3Be31 ¢ MaccaMmu 110 1,4 maccel CoHIA ITpu
UX OJaronpusITHOM OpHMEHTALMM OTHOCUTEIbHO AETEKTOpa MOXHO
obuto 10 paccrosgHuit 49; 47 u 23 Mnk nng aerektopoB H1, L1 u
VIRGO cootBeTcTBEHHO [5].

B 2011—2020 rr. 3amjiaHMpOBaHO IMIPOBEACHUE MOACPHMU3ALUU
uHtepdpepoMerpoB LIGO — mnpoekr Advanced LIGO. [erekrop
Advanced LIGO npennonaraercsi B 10 pa3 0ojiee 4yBCTBUTEIbHbBIM,
yeMm LIGO. ITockoabky 00beM MCCAEAYEMOrO IeTeKTOPOM MPOCTpaH-
CTBa BO3pacTaeT KaK YyBCTBUTEJbHOCTb B TPETbei CTENEHHU, TO BME-
cro ogHoro cobOwitust B LIGO perektopom Advanced LIGO Oymer
peructpupoBatbcs 1000 coObITHIA.

19 guBaps 2012 r. HavyaJoch MOCTENEHHOE IepeoOOpYyIOBaHUE
nerektropa VIRGO B Advanced VIRGO. DtoT mpoliecc mo IUiaHy
JIojikeH ObITh 3akoHueH B 2015 r. PykoBoautenb mpoekta Advanced
VIRGO S. Losurdo BeIipasmi Hagexmy, 4ro g0 2016 r., x 100-meTuio
MpeAcKa3aHusi DUHINTEHHOM TpaBUTALIMOHHBIX BOJH, OHU OYyAyT OT-
KpHITHI [267].

OrpaHn4eHHOCTh MHMPAcTPYKTYphl B MecTonojoxkeHuun GEO600
He IMO3BOJISIET MPOBECTH KapAMHaJbHOe OOHOBIeHUEe aeTekTopa. [lo-
aToMy Hay4yHoe corpymHmyecTBO GEQO penmio IoBHIIIATE YYBCTBU-
TEJBLHOCTb AETEKTOpa C IOMOIIbIO HEOOJBIIUX IOCAEA0BATEIbHBIX
OOHOBJIEHUI (HEKOTOpPbIE M3 KOTOPbIX OYyIyT UCMBITAHBI CHayajaa Ha
nporotunax). PazpaboTku, TeCTUpOBaHUSI U YCTAHOBKM 3TUX OOHOB-
sneHuit HasbiBaloT npoektoM GEO-HF. Takue ycoBepilieHCTBOBaHUS
JMOJDKHBI  YIIYUIIUTh YyBCTBUTEIBLHOCTH JETEKTOpa IPUOIM3UTEITEHO
Ha TIOPSANOK BeJIMYMHBI Ha BBICOKMX 4acToTax [233]. Kak Toabko
KOHCTPYKTHUBHasA 4yBCTBUTEIbHOCTE GEO600 OymeT moCTUTHYyTa, Ie-
TEKTOp HayHeT paboTaTh KaK 4acThb BCEMUPHOM CETH.
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VYueHnle, Ybs AESITEIBHOCTh CBA3aHa ¢ mpoektoM GEO600, paco-
TalT B paMkax HaydyHoro coTpynHuuyectBa LIGO (LSC). Umu, B ua-
CTHOCTH, BMecTe c¢ JlazepHbIM LieHTpoM B ['aHHOBepe OblLIM CO3IaHbI
nazepsnl 11 Advanced LIGO.

K koMmmaHUM 3TUX <«IIPOABUHYTHIX» JETEKTOPOB MOXET ITPUCOE-
nuautbes grnoHckuit perekrop LCGT (The Large scale Cryogenic
Gravitational-wave Telescope), KOTOpbIil CTPOSIT MO 3eMJIEii B 1IaxXTe
Kamnoka (M3BeCTHOI TeM, YTO B HEl IIPOBOAST U ApPyrue usmye-
CKMe JSKCIEepUMEHTHI, Hampumep, Super-Kamiokande). erexkrop
LCGT c pgnuHaMu pykKaBoB 3 KM U candUpOBBIMU 3€pKajlaMu SIBJISI-
eTCA TIPOEKTOM TPYIIILI IT0 MCCICAOBAHWIO TPAaBUTAIIMOHHBIX BOJH
HWuctutyra ucciaenoBanus kocmudeckux ayueit (Institute for Cosmic
Ray Research, ICRR) Tokuiickoro ynusepcutera. IIpoekt LCGT 0b11
yTBepkKIeH MMHUCTePCTBOM 00pa30BaHMs, KyJbTyphl, CIIOPTa, HAYKU
u TexHosoruii AAnonun B uroHe 2010 r. IToka yto B maxre Kamuoka
noctpoeH nporotun LCGT c¢ pykaBamm 100 M — perekrop CLIO
(Criogenic Laser Interferometer Observatory), Ha KOTOPOM IIPOBOASIT
oTpaboTKy y310B u cucteM LCGT. IlmaHnupyeTcsi, 4TO 4yBCTBUTEIIb-
Hocth LCGT Oynmer comocTaBUMOM C 4yBCTBUTeJbHOCTbIO Advanced
LIGO u LCGT Oynmer momoiHSATH IepeKphITHUE HeOa APYrMMU HH-
teppepoMmeTpuuyeckumu gerekropamu. Illymer LCGT Oynyt Ha ABa
nopsigka MeHble 1mrymMmoB TAMAZ300. IlepBoie n3mepeHus TUIAHUPY-
10T nposBectd B 2017—2018 rr. [227]. 28 sauBapst 2012 . cocrosuiach
TOPXKECTBEHHAasl LIepeMOHMs1 Hauajia moctpoeHusi nerektopa LCGT
(ground-breaking ceremony); Npu 3TOM MPOEKT IMOJYyYUJ HOBOE Ha-
3BaHne — KAGRA (Kamioka Gravitational Wave Detector). B mapte
2014 r. 6pUTa 3aKOHYEHA MPOXOJKA 3-KMJIOMETPOBBIX TYHHEJICH.

Ha nporskenuu 2011—2012 rr. paccMarpuBajics MPOEKT Mepe-
Hoca ogHoro u3 aerekTropoB Advanced LIGO B Apctpanuto. I[TpoekT
nMen HasBaHue LIGO-Australia. B coTpynHuuyecTBe ¢ JIMaepoM TIpa-
BUTALIMOHHO-BOJHOBBIX M3dMepeHuit — LIGO — 3TuM mnpoekTtoM 3a-
HuMaincsa Australian Consortium for Interferometric Gravitational
Astronomy (ACIGA), Bxomsumii B LIGO Scientific Collaboration.
Pasmectuts uHTEpGEpOMETp Ipeaiaraioch B HaydHOM LieHTpe JIKuHI-
xkuH B 80 kM ot Ilepta B 3amagHoii ABctpanuu, rae ACIGA skc-
miyatupyet 80-MeTpoBbiii uHTEepdepomeTp. CTOMMOCTb TaKOro mepe-
Hoca ouieHuBasach B 140 thic. mon. CIHIA. [maBHbIA apryMeHT mepe-
HOca — ceTh MHTepPepoOMeTpUUYECKIX NeTeKTOpoB B 5—10 pa3 Oosee
yyBcTtBUTEeNbHA ¢ LIGO-Australia, yem 6e3 Hero.

OnHako TMpaBUTEILCTBO ABCTPAIUM OTKA3aJl0Ch BBIICIUTb CPEICTBA
Ha 00ycTpoiicTBO MH(PPACTPYKTYpHI JeTekTopa [362]. [TosToMy paccmar-
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pUBaeTcs Apyrasi BOBMOXHOCTb — TiepeHoc aetekropa H2 Advanced
LIGO B Muouio [145]. Heckoabko MHAUNWCKUX UHCTUTYTOB 00Opa3o0-
Basin KoHcopuuyM IndIGO mig peanuzauuu npoekta LIGO-UHaus.
Ha caiite aToro mpoekra ecTb COOOLLEHHE O TOM, uTo B aBrycte 2012 1.
HauuonanbHbiii HaydHblii coBeT CIIIA ymosHOMOYMJT 3aMeCTUTENs
nupekTopa mpoekrta Advanced LIGO BHecTM uU3MeHEHMSI B IIPOEKT,
KOTOpble KacaroTcsl nepeHeceHre B MHauio omgHoro nerexkTtopa (H2).
CornacHO HpuBeAeHHOMY rpaduKy BeChb KOMILJIEKC padoT IO Io-
CTPOCHUIO AeTeKTopa OyaeT miutbes 9 et — ¢ 2012 mo 2020 rr.

Pabotel Ham wWHTephEpOMETPUIECKUMU AETEKTOPaMU BTOPOTO
MOKOJIEHUSI TOJIbKO HAaYMHAIOTCSI, HO YX€ €CTh MPOEKT CJEIYIOLIETO,
TPETHEro IOKOJIEHUsI JETEKTOPOB, KOTOPbIA MMeeT Ha3BaHue Tene-
ckon OiHiuteitHa (Einstein Telescope, ET, http://www.et-gw.eu).
IIpennonaraercsi, yto ET Oymer cMoHTMpoBaH Ha riyomHe 800 M,
UMETh TpU pyKaBa IjauHOK 10 KM, oOpasyloliux MpaBUIbHBINA Tpe-
VTOJIbHUK, B KOTOPBIX OyIEeT CO3[aH MOYTU WACATbHBIA BaKyyM Ipu
temneparype Hike 100 K. BoceMb eBpomeiicCKMX HayYHBIX YUpEXKIe-
HUI, TOOMBIIMXCSI HAUOOJBIIMX YCIEXOB B I'PaBUTALIMOHHO-BOJHO-
BOI acCTpOHOMWM, OOBEOIVHWJINCH IS CO3MAHUS KOHCTPYKTOPCKOTO
npoekta EBpomneiickoro aeTeKropa, KOTOPbIi Obl TPEB30LIE MO0 YyB-
CTBUTEJbHOCTH JETEKTOPbI BTOPOro MOKOJEHMSI. MecTo ISl 1eTEeKTO-
pa ellle He BbIOpaHO, M3yyaeTcsl BO3MOXHOCTbh MCIMOJIb30BaHUSI Opo-
LIIEHHBIX 1IAXT eBpoHeMCKMX cTpaH. IIpoekT mnomaepxkuBaeTcs 7-u
PamouHoit nmporpammoii (FP7) HayyHbIX MCCAeIOBaAaHUN U TEXHOJIO-
ruuyeckoro pa3putusi EBporneiickoro Coroza. IlpenBaputenbHasi oligHKa
3aTpaT Ha npoekt 0,5—1 mnpn mon. CIIA.

5.2, UCTOYHWUKWU TPABUTALIMOHHDIX BOJIH

5.2.1. CnunaHue TecHbIX ABOMHBIX CUCTEM

OmHAM W3 MHOTOOOCIIAIOIINX UCTOYHWKOB TPaBUTAIIM-
OHHBIX BOJIH, KOTOPBIE MOIYT MCCJIEIOBaTh OYymyllUe NETEKTOPHI, SIB-
JIIOTCSI KOMIIAKTHBIC TBOMHBIC 3BE3MHBIC CHUCTEMbI, CPEIM KOTOPBIX
pa3MualoT TPU THUIA: CUCTEMBI, COCTOSIINE W3 IBYX HEUTPOHHBIX
3Be3n (H3 + H3), u3 yepHoil ObIpbl M HelTpoHHOM 3Be3anl (Y +
+ H3), u3 nByx uepHsbix abip (YO + Y/). [TockonbKy Takue CUCTEMBI
SBOJIIOIIMOHUPYIOT ¢ M3Jy4YeHUEM TPaBUTALIMOHHBIX BOJH, TO C Tede-
HUEM BPEMEHM OHM CTAHOBSITCS OoJiee TECHbIMM, M1 KOHEYHOM CTamau-
elf BOJIIOIUM SIBJISIETCSI CIMIIaHMe, KOTOPOE COIPOBOXIAETCS MOIII-
HBIM BCITJIECKOM TPaBUTALIMOHHBIX BOJIH.
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CyllIecTBYIOT JBa MOAXOIA JJISI OLIEHKM YacTOThl CIUITAHUS HeEl-
TpOHHBIX 3Be3ad. [lepBblii U3 HUX — MOMYJISLUUOHHBIE — OCHOBaH Ha
HEMHOTOUYUCIEHHBIX JaHHBIX O PEISTUBUCTCKUX IBOMHBIX IyJibcapax.
B uwacTHOCTH, M3 aHalM3a MapaMeTpPOB JMILb ABYX WIM TpeX TaKHUX
CUCTEM I10 OLIEHKaM pa3HbIX aBTOPOB YacTOTa CIMIIAHUSI B rajakTu-
Kax, MoJ00HbIX MiieyHOMy nyTH, cocTtasiser or 10 go 107 exeron-
Ho [518]. IlockonbKy HaOJIOIEHUS MYJIbCAPOB OXBaTHIBAIOT JIMILIb
1 % obbema T'ajakTUKK, a TUINWYHBIE PAAMOIYJbCAPhl B COOTBETCT-
BUU C TCOpHEH «BBIKITIOUAIOTCS» 3a0JIT0 IO CIUTAHMS, CUMTACTCS,
YTO HIKHSS TpaHWIA YacTOTHI CIWIIAHUS B ICHCTBUTENIBHOCTH Ha
MOPSIOK BHINIE. BTOpoil momxom OCHOBAaH Ha TEOPHUAX SBOIOINAHN
MIBOMHBIX 3BE3OHBIX CHUCTEM, KOTOpBIE NAIOT CHCTeMAaTHUYeCKH Oosee
BLICOKME 4acTOThl cmnanusg — ot 2 - 107° mo 3 - 107 3a rox [518].
B uactHocTHM, Hauboee BepOSITHOM cuuTaeTcs olieHKa beiinnca —
2 - 10 3a rox [45].

IMockonbKy BEIOOpKA IBOMHBIX ITyJIBCAPOB JIOBOJHLHO HEMHOTO-
YUCJIEHHA, TO OTKPBITUE HOBBLIX OOBEKTOB BHOCHUT CYLIECCTBEHHBIC
KOPPEKTUBBLI B pacueThl. B yacTHOCTH, ¢ yuyeTOM mapaMeTpOB JIBOI-

Horo nyiabcapa J0737-3039 oueHka KojuyecTBa ClIuINaHUi B Mieu-

HoM mytn cocraBuia 180%7,; 3a 10° ner. Dto B 6—7 pas Gonblie, yem

B cllydyae aHaJIOTMYHBIX IMOACYETOB Oe3 yuera myiabcapa J0737-3039
[225, 234].

O yepHoit avipe (YY) 3Be3nHOI MacChl U3BECTHO HAMHOTO MEHb-
1re. Y Haubosiee MCCIeIOBAaHHOIO U3 3TUX 00beKTOB Gyg X-1 opbOu-
TaJIbHbII MEPHOMA COCTABISET 5,6 CYTOK, Macca Y€PHOM AbIPbl OLICHU-
BaeTcss B 7—18 M®, a onTuyeckoro kommoHeHTa — B 20—30 M®.
CpenHsiss Macca YepHOM ABIPHI B BHIOOpKE KaHAWIATOB B aHAJOTMY-
HbIe CUCTEMBI COCTaBIsieT 8,5 M, 4TO HAMHOTO OOJIbILIE MAacChl HEii-
TpoHHO# 3Be3abl ~1,4 M_. T103TOMY C TOYKM 3PEHMSI PETMCTPALIMH
IPaBUTALIMOHHBIX BOJH HAOJIONEHUS CIUMAHMSI B IBOMHON CHCTeMe
C YEepHOI1 abpIpoii OoJiee MePCIIeKTUBHBI.

YyBCTBUTENBLHOCTh JIETEKTOpPa yI0OHO XapaKTepu30BaTb PacCTOsI-
HUEM JI0 TECHBIX JTBOMHBIX CUCTEM, C KOTOPOTO MOXHO 3aperucTpu-
poBath ciaumaHusl. Tak, eciu TpUHSTh, yTo Macca H3 cocraBisier
1,4 M_, Y1 — 10 M, o LIGO MOXeT MpUHATH CUTHA OT CUCTEMBI
H3 + H3 ¢ paccrosguusa 20 Mnk, Y + H3 — 40 Mnk, YO + YO —
100 Mnk. Hust Advanced LIGO 3Tu paccTOsSIHUSI COCTaBJISIIOT COOT-
BeTcTBeHHO 450, 1000 1 2000 Mnk (1aHHbIE TTPUBEACHbBI U3 TEXHUYE-
ckoil jokymeHtauuu LIGO [181]).

OLIEHKW YaCTOTHI CIIMITAHUS TeCHBIX TBOMHBIX CUCTEM It Miteu-
HOTO MYTHU BKCTPANoOJMPYIOTCSl Ha Apyrue rajaktuku. C ydyeTtoM TIiy-
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OMHBI 0030pa JETEKTOPOM MOXKHO BBIYMCIUTh KOJMYECTBO PErMCTpa-
LU coObITUi ciumnanusi. Tak, B [225] B COOTBETCTBUM C MPUBENCH-
HbIMU BbIllI€ JaHHLIMU O YacTOTE CJIMIIAHUSI HEUTPOHHBIX 3BE3l B

lajmakTKe KOMMYECTBO perWcTpanuii i uHTepdepomeTpa LIGO

JIJISI €T0 TEOPETUUYECKOM YYBCTBUTEJIILHOCTH OLIEHMBAETCS Kak 75f§8°

3a TeIcady JieT pabotel 1 40557 3a 1 rom paGorel mis Advanced

LIGO. bonee mnoszgHue OLEHKU SBISIIOTCS 00jJee CKPOMHBIMU: B
cpentem 0,02 u 40 3a rom cooTBETCTBEHHO [3].

M3 coBpeMeHHBIX KOHUEIIINIA 3BE3MHON IBONIOINM CIEAYET, UTO
¢ OOJIBIIOI BEPOSTHOCTBIO TEPBOE IKCIIEPUMEHTAIbHOE OOHApYXXEHHE
IrpaBUTALIMOHHBIX BOJIH OYIET CBS3aHO ¢ HAOJIOIEHUEM JBOMHBIX 3BE3/-
HBIX CUCTEM, Te KoMmnoHeHTamu siBsiorcst Y/, B pa6ote [436] mpu-
BeIeHbl pe3yIbTaThl MOIEIMPOBAHUS BBOJIOLIMK OOJBIIOTO KOJIUYe-
cTBa IBOMHBIX cucteM (~ 2 - 107) ¢ yueToMm MociaeqHux HadIoaaTelb-
HBIX JAaHHBIX, HA OCHOBAaHUM KOTOPBIX MPOBEJAEHA OLIEHKA YacTOThI
peructpaluu coobiTuii ciumnanus: ¢ nomoubio LIGO — 0,25 3a rog;
Advanced LIGO — 850 3a rox. Bo3MOXHO, YTO OLIEHKM 4YaCTOTBI
perucTpauyy 3TUX COOBITUM elle BbIlIE, €CAM y4ecTb, YTO 3HAYM-
TeJbHAsl YacTh 3Be3/ MMeeT MOHIDKEHHYI0 METAJUIMIHOCTh U C OO0JIb-
LIl BEepOSITHOCTBIO BBOJIOLIMOHUPYET K CTPYKTYpe 00Jee MacCUBHBIX
IBOWHBIX YEPHBIX IBIP, a He HEHUTPOHHBIX 3Be3d. Torma IeTeKTOPHI
CIeyIONIero MOKOJeHUsT «00si3aHbl» B Hauajie CBOell paboThl OOHa-
PYXUTb TpaBUTALIMOHHbIE BOJIHBI [245].

5.2.2, UcTouHMKM HenpepbIBHOTO
KBU3MMOHOXPOMATUYECKOTO U3Ny4EHMs

CuuTtaercd, yto B l'ajakTuke €cThb MO KpaiiHed Mepe
10® Bpawarommxcss HEATPOHHBIX 3Be3l. CyLECTBYET HECKOJBKO Me-
XaHU3MOB, 32 CYET KOTOPBIX 3TM 3BE3Ibl M3YYaloT rpaBUTALIMOHHbIC
BoHBI [518]. OnuH U3 HUX — BIMSHUE MaIbIX OTKJIOHEHUIA (POPMBI
HEWTPOHHBIX 3BE31 OT aKCUaJIbHO CUMMeTpuueckoi. HeuTpoHHbIe
3Be3[Ibl OOBIYHO BpAIAIOTCS ¢ BBICOKOIM 4acTOTOM (OT HECKOJbKUX 0
500 I'u). ITpu Takom OBICTPOM BpallleHUM 3Be3la YBEJUUMBAeTCsl B
SKBAaTOPUAJBHOM 30HE M CIUIIOIIMBAETCSI BO3JIe IOTI0COB. Hammame
MarHUTHOIO TOJSI MOXET cJeaaTh 3Be3dy HECUMMETPUUYHOM, YTO
MIPUBOINT K TIEPEMEHHOCTH BO BpPEMEHHM €ro KBaIpyITOJILHOTO MO-
MEHTa M BOBHMKHOBEHUIO IPaBUTALIMOHHBIX BOJIH.

3Be3/1a MOXET UMETh HEKOTOPble HEOAHOPOIHOCTH SApa WU KO-
PBI, KOTOpBIE OOPa30BAINCh TIPU €€ POXICHWW WJIM BO BpeMs Cle-
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IYIOIIUX HEYCTOMYMBBIX MBIDKEHMM B siape. [1py Hanmumy akKKpeiu-
OHHOTO IVCKAa HampaBJIeHWE €T0 YIJIOBOTO MOMEHTa He 00S3aTeThbHO
COBIIaZaeT C MOMEHTOM HUMIIYJbCA HEHATPOHHOM 3BE3MbI, YTO TaKXKe
MOXET HapyIIWUTh aKCUAJIbHYI0 CUMMETpHIO. BiIMsiHMe mucKa M CHITBI
peakiIny 3JIEKTPOMATHUTHOTO WM3IIydYeHWsST MOTYT BEI3BaTb W IIOTOM
MOJIEPKUBATh «IMOKAYMBaHWE» HENWTPOHHOU 3Be3abl. HopmanbHbIE
MOIBl KOJIcOaHMI HEUTPOHHBIX 3Be3l (pamuanbHbie M IPYTUe OCIIU-
JISIIMM) MOTYT 3a0MpaTh SHEPTIHIO BpaIlleHWS U ITOTOM Tepen3IyvaTh
e B BUJIe TPABUTALIMOHHBIX BOJIH.

5.2.3. UcTouHMKM 3pyNTMBHOTO XApaKTepa

Benpbikyu cBepxHOBbIX Il TuIla compoBOXIAIOTCS WH-
TEHCUBHBIM BEIOpOCOM BellecTBa co ckopoctsamu mnopsaka 0,001
CKOpPOCTU CBeTa UM 00pa3oBaHMEM KOMIIAKTHOIO OCTaTKa — HEUTPOH-
HOW 3Be3dbl WM 4YepHOU nabipbl. IlpM 3TOM u3Iy4yaeTcsi pa3HOCTb
9HEPruil CBSI3U MPEACBEPXHOBOK M 00pa30BaHHON KOMIAKTHON 3Be3-
IIbI, KOTOpasi OLIeHUBaeTCsI (pOpMyI0i

2 -1
|E| ~3-10% Ml (ﬁ} 3pr. (5.8)
Sun

U

IMotokom HeiiTpuHO yHOCcUTCS 99 % 3Toit sHepruu, mpumepHo 1 %
MEPEXOIUT B KMHETUYECKYIO SHEPIUIO BEIIECTBA, KOTOPOE BBIOpACHI-
BaeTcsA, a okojo 107 oT oOliell SHEpPruu M3JIy4aeTcd B BUIE SJIEK-
TPOMArHUTHBIX BOJH. B 3aBUCMMOCTM OT acCMMMETpPUM KOJIJIarca OIl-
peneieHHas YacTh SHEPTMM U3JTydaeTcsl TaKKe B BUAE TPAaBUTALIMOHHBIX
BOJH. B ciydae cdeprueckn-cMMMETPUYHOIO KOJUIarica 3Be3la He
MOXET OBITh MCTOYHUKOM TPaBUTALIMOHHOTO M3JIydeHUs. B cooTBeT-
CTBUM C YWCJIEHHBIM MOZENMpoBaHWeM [292] MOXHO TpeAroaraTh,
4yTO TOJNBKO 00 107 OOLIEl SHEPTUM U3JIydaeTcs B BUIAE TPABUTALI-
OHHBIX BOJIH. BMecTe ¢ HeomnpemeaeHHOCThIO YaCTOThl B3PhIBA CBEPX-
HOBBIX Il THITa 3TO He AaBajO HameXIbl HA BBISBICHUE TAKMX BCILIEC-
KOB JIETEKTOpaMu IMepBoro mnokoyieHusi. OQHAKO BTOPOE MOKOJICHUE
UHTEpPEPOMETPOB MOXKET 3aperMCTPUPOBATh PABUTALIMOHHBIA CUT-
HaJl OT CBEPXHOBOI Ha PAacCTOSIHMU CKOIUIeHUs1 B co3Be3nuu Jlesbl. C
y4ETOM OOJIBIIIOrO KOJUYECTBA OTHOCUTENBHO OJIM3KMUX TalaKTHUK
MecTHOTO CBEPXCKOIUIEHUSI YaCTOTa PETMCTPAllMM BCIIBIIIEK CBEpX-
HOBBIX JETEKTOPAaMU BTOPOTO IOKOJIEHWSI OLIEHMBAETCd 1O IECITH
coObITHiM 3a Top [518].

HexoTopast yacTh SHEpruMM M3JIy4aeTcsd Ha MPOTSIKEHUM OCOOBIX
CTaauii HECMMMETPUYHOIO KoJIiarca (3HaYyMTeIbHOE pacTATMBaHWE
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3Be31bl, KOHBEKTUBHASI HEYCTOMYMBOCTh B sape U T. m.). B atom
cllyyae U3JIydeHUE TPAaBUTALIMOHHBIX BOJIH MOXET 3a0MpaTh ¢ cO0O0it
1o 10°M_c* 3a neckonbko MumcekyHn [65]. Herekropsl LIGO u
VIRGO peructpupyloT Takoe coObITUE ¢ paccTosiHust no 50 Mnk
wm ¢ 5—10 Mnk, ecau BOJHBI TeHEPUPYIOTCS Ha BBICOKMX 4acTOTax
okojio 1 kI'u. Jerekrop GEO600 peructpupyeT moaoOHble CUTHAJIbI
Ha vactoTax okojio 200 I'i. KoHBeKTMBHAsI HEYCTOMYMBOCTh B SIApE
3Be3bl, KOTOpasl COXPAHSIETCSI OKOJIO CEKYHIBl IOCJIE OKOHYaHUS
KoJutarca, MOXeT ObITh MPUYMHON TPaBUTALIMOHHOIO M3IYYeHUS W3-
3a aHM3O0TPOITHOTO pacIipele/ieHUs U IBVKEHUS BellecTBa. B pabote
[293] ompeneneHo, yTO Oe3pa3MepHasl aMIUIMTyda BOJH Ha pPacCToOsi-
Huu 100 kK cocrasisteT A ~ 1072 U 3TM BOJIHBI OyIyT T€HEPUPO-
BaThcd Ha vacTtorax ~100 I

5.2.4. Croxactu4eckuii rpaBUTALMOHHO-BONIHOBOM ¢OH

OOHapyXeH1e HCTOYHMKA T'paBUTALIMOHHBIX BOJH OT-
paHUUMBAETCSI HE TOJBKO MHCTPYMEHTAJIBHBIMU IIIyMaMM, HO U BO3-
MOXHBIM TPaBUTALIMOHHO-BOJHOBBLIM LIIYMOM OT acTpOMdU3NUYECKUX U
KOCMOJIOTUYECKIX MCTOYHUKOB. CTOXacTMUecKmit (poH TpaBUTAIIM-
OHHOTO WU3JIyYeHUs! TOoJ00eH MUKPOBOJHOBOMY (DOHY, OH MOXKET
MPEeBbILLIATh MHCTPYMEHTAJIbHBIN 1LIyM. XOTA acTpodusnueckuii GoH
TPaBUTALIMOHHBIX BOJH BaXXeH caM IO cebe, ero MOXHO BOCIIPHHU-
MaTh KakK TIPETSITCTBUE OOHAPYXEHUSI CHUTHAJIOB OT MHTEPECHBIX II0-
TeHLIMAJIbHBIX UCTOYHUKOB I'PaBUTALIMOHHOIO U3JIy4YEeHUSI.

YacTOTHBIN CHEKTP CTOXAaCTMYECKOro (poHa ommchIBacTCs Oe3pas-
MEpHO# TIOTHOCThIO Q. (f) TPaBUTAlIMOHHO-BOJHOBOW SHEPIUM Ha

eIMHUILy JTorapudMa 4acTOThl, pa3eJeHHYI0 Ha KPUTHYECKYIO TUIOT-
HOCTb 3Heprun e, = 3¢*HE [87G :

f ngW
Q = 59
)= (5.9)
rae dsgw — IINIOTHOCTb SHEPIUHN FpaBHTaHHOHHOﬁ paananovn B 3JI€-

MEHTapHOM WHTEpBajie YacTOT.
Bennunna Q, (f) W crekTpaabHas MOIIHOCTb CTOXAaCTUYECKOTO

TPaBUTAIIMOHHO-BOIHOBOTO GboHa S, (f), KOTOpas omnpemessieTcs

yepe3 curHai A(¢f) mo ¢opMyiam, aHaaorudHbeIM (5.4) u (5.5), cBI3aHbI
TakKM 00pa3oM:
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3H;
1072

S () ==L 7Q,,(f). (5.10)

Bo u3bexaHue 3aBUCMMOCTU OT KOHKPETHOTO 3HaYeHMsI MOCTOSTHHOM
Xa66na H, Bmecto Q,(f) BBOmAT BemmumHy Q,(f)hy, =w, rae

ho = Hy /100 xm/c/Mnk.

5.3. COBPEMEHHOE COCTOSHWE WU NEPCMNEKTUBDI

5.3.1. dkcnepumeHTanNbHbIE Pe3ynbTaThi

YyBCTBUTETLHOCTH JIETEKTOPOB TIEPBOTO TIOKOJICHMS,
HACTIOJIb30BAHHEIX TIPU TIepeo0OpyIOBaHIUN B YCOBEPIIEHCTBOBAHHEIE
BapMaHTHl MHTep(EepOMETPOB, HE XBaTaeT I M3MEPEHUSI TpaBHTa-
IIMOHHOTO M3TYyYeHUSI OT MCTOYHUKOB, KOTOPHIE M3BECTHBI M3 OITH-
YeCKHUX M JIPYTMX HAOMIOACHWIT M MOTYT M3JIydaTb TpaBUTALIMOHHBIE
BoJHBL. [lo3TOMYy OXMIAeMBIM Pe3yJIBTAaTOM MCCIIEIOBAaHWA €CTh JIIIb
OLIEHKM BEPXHUX TPaHUIl I MOTOKOB TPAaBUTALIMOHHON 3HEPIHHU.
HayyHylo LIEHHOCTb MMeeT Tak:Ke ampoOamlusi MeTOIOB 00pabOTKU
MAHHBIX, B YACTHOCTU TEXHUKU ONTUMAIbHON (puiabTpamuu mis 3¢-
(beKTUBHOTO MOMCKA CUTHaja ¢ U3BECTHOM (hopMoit Ha (OHE IIIyMOB.
OnHM U Te XK€ JaHHbIe OT JETEKTOPOB (B MEPBYIO OYepedb, OT LIMPO-
KOITOJIOCHBIX MHTEepGhepOMETPOB) 00padaThIBAIOTCSI C MPUMEHEHHEM
pa3HBIX ONTHUMATLHBIX (MJIBTPOB B 3aBUCUMOCTH OT XapaKTepa HC-
TOYHUKOB OXMIaeMOTO CUTHAJIA.

B 1997—2003 rr. ObUIM TpPOBEAEHBI COBMECTHBIE M3MEpPEHUS
Ha pe3oHaHcHbIX geTtekTopax ALLEGRO, AURIGA, EXPLORER,
NAUTILUS, NIOBE B pamxkax IGEC. AHanu3 pe3yjabTaToB He IO-
KazaJl M3JWILIKA COBMANCHUN, KOTOPbIE HEIb3sl OOBSICHUTH CIIydaii-
HBIMUY TIpUYMHaMU [26].

B wactrHoct, B 1997—1998 1T. OBITA TIpOBEACHA CEpUS U3MEpe-
HUI Ha MATH AETEKTOpax, MpUYeM B KaXKIbIii MOMEHT BpeMeHU pabo-
TajJl0 HE MEHbIIIEe TpeX NETEKTOPOB. DTO ObLI MEPBbIA 3HAYMTETbHBIN
ceaHC TIOMCKa BOJIH TIPM YYaCTUM TAKOTO KOJIMYECTBA JIETEKTOPOB. TH-
MUYHBIA [OPOT YYBCTBUTEIbHOCTH cocTaBmsil A(f) ~4-1072' /Tu
st pypbe-komnoHneHTsl Ha 103 T

IMo3gHee UTANBSIHCKUE YYACTHUKM MPOBEICHHBIX 3KCIIEPUMEHTOB
nepecMotpenu pedyiabrarbl 1997—1998 rr. Ha ocHoBe nullib JaHHBIX OT
EXPLORER u NAUTILUS, nony4eHHbIX Ha MPOTSKEHUM TTPUOIU3U-
TeJIbHO 1iiecTh MecsieB 1998 r. (oOiee Bpems uaMepeHuii 94,5 cytok),
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ObLT HaiileH HEeOOJbILON M3JIMILIEK COBMNAACHUI B T€ Yachl 3BE3THOIO
BpEeMeHHU, KOTJIa MaKCHUMyM OUarpaMMbl HANpaBJICHHOCTH HampaBiIeH
Ha Tamaktnueckuii ueHTp [39]. B pabore [150] BbiBOA aBTOpPOB [39]
MOJBEPrHYT KPUTUKE, a MMEHHO YTBEPXKIaJOCh, YTO HEKOPPEKTHO
WCTIOJIB30BAJINCh CTATUCTUUYSCKIE KPUTEpUN 3HAYMMOCTH B OILIEHKaX.
Ho B 2001 r. 6b11 mpoBeneH HOBBINM 90-IHEBHBIN CeaHC U3MEPEHUI
Ha EXPLORER u NAUTILUS. Ananu3 pe3yabTaToB IOKa3ajl, Kak U
no gaHHBIM 1998 r., u3nuMIlIeK COBMAACHUI, IPUYEM IIPEUMYILECT-
BEHHO B Te¢ BpeMeHa, KOTJa IeTEeKTOpbl ObUIM OPUEHTHMPOBAaHBI Ha
ueHtp lanaktuxku [37]. ITo manHbiM 2003 u 2004 rr. OBUIO TIOATBEP-
XIEHO Halnyre HeOOJBbIIMX WM3JININKOB coBIageHuit [336]. B mo-
cnegaue roasl pabothl getektopa EXPLORER (2007—2010) Takxke
MpoBOAWIM TIOUCK coBmaaeHuit Ha jgerektopax EXPLORER wu
NAUTILUS. bbuia mnpuMeHeHa YCOBEPILICHCTBOBAHHAS METOAMKA
aHaJM3a COBMANEHUI C yYETOM ONTUMAJbHBIX 3HAYEHMI «CUTHaIa» U
«OKHa coBnaneHuii». M3mmmika coBnaneHnii He BoIsiiaeHO [40]. ITomck
COBMANCHUN MpPUBEI K MOOOYHBIM pe3ysibTaTaM, B YaCTHOCTH K BBI-
BOJY O BO3MOXHOCTU JETEKTUPOBAHUSI KOCMUYECKUX Jydeil, cUurHai
OT KOTOPBIX «MUMUKPHUPYET» MO IPaBUTALIMOHHO-BOJIHOBOM [36].

B pa6ore [38] ObLIO coobiieHo o mpoBeaeHHOM B 2001—2002 rr.
aHajM3e MHOrojieTHUX (HauuHas ¢ 1991 r.) maHHbBIX U3MEpEeHUI ne-
tektopa EXPLORER ¢ 1e/1bto movcka rpaBUTaliIMOHHOIO CUTHaJIa OT
BpAILIAIOIIMXCS HEHTPOHHBIX 3Be3l. PesynbraToM aHaim3a SBUJIOCH
YTBEPKIEHME, UYTO €CJIM C JIIOOOro HampabBjieHUS Ha 3eMJIIO ITOCTYIIaeT
CUTHAJI OT HEUTPOHHON 3Be3[bl, KOTOpAsl BPAILACTCSA C YaCTOTOM OT
921,00 mo 921,76 T'u, To aMIUIMTYIA 3TOTO CUTHAJIA MEHbLLE, yeM 2 - 1072,

IlepBast HayuHast cepusi usMepeHuit (S1) Ha umHTepdepomeTpax
LIGO o6buta npoBeneHa ¢ 23 aBrycra no 9 ceHrtsopss 2002 r.; B 310
ke BpeMs pabortan uHrepdepomerp GEO600 [7]. Pe3ynbrarhl mipuBe-
IIeHBbl B TSITM OCHOBHBIX pabOTaX, KOTOPbIC MOCTYIMJIM B 0a3y dJeK-
TPOHHBIX MPEenpUHTOB B aBrycre—aekaope 2003 r. OnucaHue nerek-
TOPOB M BBINOJHEHHBIX M3MEPEHMIA IPUBEAEHO B [7]. AHanu3 maH-
HBIX TIOMCKA BOJH OT MCTOYHMKOB YETBIPEX THUIIOB IIpPEICTaBieH B
paborax [6, 8, 9, 12].

Ha nporssxenun cienyrommx ner (mo 2009 r.) GbUTO MPOBEIEHO
ellle TATh HAYYHBIX cepuii m3MepeHUit (S2—S6), M3 KOTOpHIX ca-
MOW IIUTeNIbHOW Obl1a TouTu AByxJeTHsist cepus S5 (04.11.2005—
01.10.2007), mpuyeM B 3TO BpeMsl YYBCTBUTEJIbHOCTb AETEKTOPOB
LIGO Obuta 61M3K0i K KOHCTPYKTUBHOM. YacTh BpeMeHU IETEKTOP
LIGO BemmonHsn usMmepeHus coBMecTHo ¢ VIRGO, TAMA300,
GEO600 1 ALLEGRO. K coxaneHuio, rpaBUTalIMIOHHBIX BOJIH He ObI-
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JIO OOHApyXeHO HM B OJHOM M3 uccieaoBaHuil. OcTaHOBUMCS Ha
HEKOTOPBIX pe3ybTaTaX 10 YCTAHOBJICHUIO BEPXHUX TIPEIEIOB. DTU
MIPUMEPBI WILTIOCTPUPYIOT KPYT acTpOPU3NIECKMX 3agady, KOTOphIe B
Oyaylem OyayT pellaThCsl TPaBUTAMOHHBIMU HAOIIONEHUSIMU BMECTE C
TPaAVUIIMOHHBIMA aCTPOHOMMYECKMMU HAOTIONCHUSIMH.

B pa6orte [6] mpuBegeHbl pe3yabTaThl MOUCKA B JAaHHBIX cepuu Sl
CUTHQJIOB OT CJMSIHUM ABOMHBIX HEUTPOHHBIX 3BE3/, KOTOPbIE MOIYT
npoucxoauth B I'amakTuke, a Takke B boabimioMm u Manom Mareinna-
HOBBbIX obOJyiakax. s aHanv3a ObLIM MCIIOJb30BAaHbI TaHHBIE OT JIBYX
n3 tpex perektopoB LIGO. YcranosneH HaOmomaTeIbHBIA BEPXHUMA
npenen R < 170 3a roxg misi rajaktuku Ttuna MieyHoro Ilytu (c
90%-Holi HNOBEPUTEIBHON BEPOSATHOCTHIO) HAa YacTOTy R CIUSIHUS
JIBOMHBIX CHUCTEM, B KOTOPBIX KaXXIbIi KOMITOHEHT MMEET Maccy —
(1-3) M. BeposiTHOCTb AETeKTMPOBAHMsI TAKOrO MCTOYHHMKA 3aBHU-
CHUT OT TOTO, HACKOJIbKO NIOJITO YacTOTa CUTHaJla HaXOAUTCS B IOJIO-
ce YyBCTBUTEJIbHOCTU MHTepdepomeTpa. Ha mpotsikeHuu cepum Sl
nHtepdpepoMerpel LIGO Obutm Haumbosiee YyBCTBUTEIbHBI BOJIU3U
100 T'u. CorjnacHo olLeHKaM CHUTHaJ OT CJAWSIHUSI IBOMHOI HENUTPOH-
HOI1 3BE3/IbI C MaccaMy KOMIOHEHTOB 1,4 M B 1mosioce 1yBCTBUTE/b-
HOCTM OymeT HaxoauThes 2 c. [Ipu mOCTHMKEHUM TEOpeTUYECKON YyB-
CTBUTEJBHOCTH T10JI0Ca pacluvpuiaach npuoausureabHo g0 40 I'u, tak
YTO BO3MOXHBIM CUTHaAJN OymaeT HaXOOUTBhCS B TIOJIOCE UyBCTBUTEIIb-
Hoctu ~30 c.

Ilo pesynbTaram momcka KBa3WMEepUOAWYECKHX TPaBUTALIMOHHBIX
BOJIH OT M3BECTHBIX IyJbCapOB HAa OCHOBE NaHHbIX cepuu S1 ObLT
YCTaHOBJIEH BEpXHUN TIpenes IS HAIIPsSOKeHHOCTH BOJIH OT ITyJibcapa
J1939 + 2134 nHa oxunmaemoii yactore 1284 I'i [12]. 1o maHHBIM BTO-
poit cepmm wu3MepeHW S2 TIpoBeAeH TIOMCK TPaBUTAIIMOHHO-
BOJTHOBOTO CHMTHaJla OT 28-MM M3BECTHBIX IyJIbCAapOB, KOTOPBIE Xa-
paKTepu3yloTCs OBICTphIM BpalleHueM (dactota Ooubiue 20 I'n) u
BO3MOXKHOCTBIO OIPEIeSICHAs] CKOPOCTH M3MEHEHMS TIepUoIa C TOYHO-
CTBIO, HEOOXoauMoOM st ciaexeHus 3a ¢aszoit curHama [10]. Pesynb-
TaT NMOMCKa OTpULIATebHbIM.

B [9] Obl10 cOOOLIEHO O TMOMCKE IPaBUTALMOHHBIX BOJH OT MC-
TOYHUKOB 3PYNTHMBHOTO XapakTepa IO pe3yJibTaTaM H3MEpPeHWi Ha
nerektope LIGO Bo Bpemst cepun usmepenuit S1. [Mouck ObL1 Halie-
JIeH Ha BCIUIECKM BOJIH C MPOAOJKUTENbHOCThIO OoT 4 g0 100 mc B
noJjioce 4yBcTBUTeJNbHOCTU AeTekTopoB LIGO ot 150 mo 3000 I'w.
ITouck nmpoBomwics 1o JaHHBIM OT TpeXx AeTekTopoB LIGO. Onpene-
JIGHO, YTO JOBEPUTENIbHAS BEPOSATHOCTh YACTOTHI BCIUIECKOB MEHBIIIE
1,6 cobpITHs 3a cyTKMu paBHa 90 %.
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PesynbraThl MccaenoBaHUs CTOXaCTUYECKOTO I'PaBUTALIMOHHO-BOJ-
HOBOTO (poHA MO AAaHHBIM cepuu M3MepeHuil S1 mpuBeneHbl B pabo-

Te [8]. YcraHOBIEHBI BepxHUE npeaesbl mist Q,, (f )@200 =w B Juarna-

30He yactoT 40—314 I'u. Kpocc-KoppeasuMOHHbIA aHaau3 JaHHBIX
mapel gerektopoB H1—L1 man orpanudenust w <55+11 3a 64 yaca
HaOmooeHni, a g Tmaphl aetektopoB H2—L1 — w<23+4,6 mia
90%-Holi TOBEPUTEIbHOI BEPOSITHOCTH.

ITo mannbIM mepBoro roma cepum S5, Korma gerektopel LIGO
JOCTUTIN TIPOCKTHOM 4YBCTBUTEJIBHOCTH, OB MPOBEIACH MOMCK Ipa-
BUTALIMOHHBIX BOJIH OT KOMIIAKTHBIX ABOMHBIX CIMBAIOLIUXCS CUCTEM
MaJIbIX Macc ¢ ob1ieii Maccoi ot 2 10 35M_ m MUHUMAJIBHOI Maccoit
OJTHOTO M3 KOMIIOHCHTOB B 1 M_. B 3aBUCHMOCTH OT MacChl IETEKTO-
Pbl «UyBCTBYIOT» CIMSIHUSI 10 paccTtossHus 150 Mnk. I'paBuTaunoH-
HO-BOJTHOBBIX CHUTHAJIOB BBIIIE OXWIAEMOTO YPOBHS He HabIoma-
Jock. Ilpenmnonaras, 4To ABOWHbIE OOBEKTHI SIBISIOTCA cucteMbl H3 +
+ H3, H3 + YJI u YA + Y/ ¢ rayccoBCKMM pacrpeneieHueM Macc,
Ha 90%-HOM ypOBHE HOBEPUTEIBEHON BEPOSITHOCTU OBIIM pacCUMTAHEI
BEpXHME TMpeaesbl 4acTOThl CAUSIHUS. OHM COCTaBISIIOT COOTBETCT-

BEHHO s 9TMX cucteM 3,9-107 L 3a rom, 1,1-107 L 3a rox u

2,5-107 L 3a TOm I TaJaKTUKKU C TOJTYOO# CBETMMOCTBIO L, (B

10" cetumocTtax Connua) [11].

B aBrycre 2006 r. HabGmomancst cOOi «IyJIbCapHOTO BpeMEHU» B
PSR B0833-45 — mynbcapa B Ilapycax (Vela pulsar). CuuraioT, 4TO
¢usnyecKkue MeXaHM3Mbl, KOTOpbI€ IPUBOIAAT K COOI0, BO3HUKAIOT
M3-3a BO30YXIEHUSI KBa3MHOPMAJIbHBIX MOJ KOJIeOaHUI HEHTPOHHBIX
3Be3ll, KOTOPOE COMPOBOXIACTCS M3JIyYEHUEM TI'paBUTALMOHHBIX
BosiH. Bo Bpemsi cbOosi paboTaim OBa COBMELICHHBLIX JE€TEKTOpa B
XeHdopae; Ipy MOUCKE B MX JNaHHBIX COOTBETCTBYIOIIMX I'PaBUTALIU-
OHHBIX BOJIH He OOHapyxeHO. D10 ycTaHaBiauBaeT 90%-Hblii BepXHUIA
npeznen ot 6,3 - 102! 1o 1,4 - 10 Ha NUKOBYIO aMIUIUTYAy IpaBUTa-
LIMOHHOUN BOJHBI. COOTBETCTBYIOLIMI AMAIa30H BEPXHUX TPaHMIL
sHepruii 5,0 - 10¥—1,3 - 10% spr [2].

Bo Bpemst cepun usmepenuit S5 mpowusonuto 137 ramma-BCIIbILIEK
(GRB), koTopbie OblIM OOHApYXEHbI B CIIyTHMKOBBIX raMMa-3KCIIie-
puMeHTax (IJIaBHBIM 00pa3oM CIyTHUKOM «Swift»). Bbln mpoBeaeH
nouck B gaHHbIx cet LIGO + VIRGO rpaBUTallMOHHO-BOJIHOBBIX
BCILIeCKOB, cBsi3aHHBIX ¢ GRB. IIpu moucke ucrionb3oBajcs Kore-
PEHTHBIN CETeBO MeTOoI aHajau3a, B KOTOPOM YYMTHIBAIOTCS pa3HbIe
MOJIOXKEeHUsSI U OopueHTalu Tpex uHrepdepomerpoB LIGO u uHTEp-
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¢epomerpa VIRGO. CBuumerenbCcTB CBSI3U TPaBUTALIMOHHBIX CUTHA-
noB ¢ GRB 3To0ii BHIOOpKM He OOHApyKeHO. YCTAHOBJICHBI BEpXHUE
Mpeaesbl Ha aMIUTMTYAbl TPaBUTALMOHHBIX BOJIH, CBSI3aHHBIX C KaX-
noit GRB, 1 COOTBETCTBYIOIIME HIKHUE TIPEe)ibl pACCTOSTHUM JO KaxK-
moii GRB B mpeamnonoxeHnn (UKCUPOBAHHONW 3HEPIMU TpaBUTALIM-
OHHOTO M3My4yeHMs [4]. DTU pe3yabTaTbl MHTEPECHBI B ILIAHE Iep-
CIIEKTUB OYIyILMX CETEBLIX M3MEPEHUIT aHTeHHAMU BTOPOTO MTOKOJIEHUSI.

5.3.2, Ha6niogeHus 3a NynbCAPHLIM BpEeMEHEM

Kpome cnenyaabHO MOCTPOSHHBIX JETEKTOPOB TpaBU-
TallMOHHOTO M3JyYeHMST MOUCK TpaBUTALIMOHHO-BOJHOBBIX CUTHAJIOB
MOXKET OBITh OCYIIECTBJICH C ITOMOIINBIO «3KCIIEPUMEHTOB C TTyIbcap-
HBIM BpeMEHEeM» C WMCIOJb30BAaHMEM JAHHBIX, ITOJYYEHHBIX Ha pa-
nuoteneckonax. Brepseie a¢hdeKT BAMSHMS HAa NEPUOAUNYHOCTb CUT-
HaJIOB TIPYM MPOXOXKICHUN TPaBUTALMOHHOM BOJHBI OT MOCTOPOHHUX
WCTOYHUKOB ObUT BhluncieH CaxuHbiM [373], mo3nHee [leTBeitnepom
[123]. Kak u3BecTHO, MUJIUCEKYHIHBIC IMyJIbCaphbl SIBJSIOTCS OYEHb
TOYHBIMA KOCMUYECKUMHU YacaMM, KOTOpPBIE MMEIOT MHOTO IpPUMEHe-
HUI K 3amayaM (U3UKU U acTpODU3UKHU, B YAaCTHOCTU K TECTHPOBA-
auto OTO [406]. ITpn mpoxoXaeHUN TPaBUTAIIMOHHOM BOJHEBI YacTOTa
TTOCTYTIUIEHUSI CUTHAJIOB OT ITyJIbCapa ITOMIEKUT MOMYJISIIIUH.

CylIecTBYIOT IO MEHbIlIel Mepe Tpu KoJuiabopaluu, KOTOpPhIe
3aHMMAIOTCS JIETeKTUPOBAHMEM TPABUTAIIMOHHBIX BOJIH Ha OCHOBE
JIAHHBIX «ITyJIbCAPHOTO TaiiMuHra»: EBponeickuii MacCUB MyJIbCapHOTO
taitimunra (European Pulsar Timing Array, EPTA), corpymHuuecTBO
MEXIy MAThIO OOJBIIMMU PAIUOACTPOHOMUYECKUMU 00CEpBATOPUSIMU
EBponbl (Jodrell Bank, Effelsberg, Westerbork, Nancay and Sardinia)
[217], CeBepo-amMepuKaHcKass HaHOTepieBass oOcepBaTOpUSI rpaBUTa-
HUOHHBIX BOJH (the North American Nanohertz Observatory for
Gravitational Waves) [218] u Ilapkckuii MacCUB TyJbCapHOIO Taii-
munra (Parkes Pulsar Timing Array, Asctpamust) [196, 219]. [eranbHyro
WHGpOpMaLKIO 00 MCHOJB3YIOIIMXCSI METOAAX UM BEPXHUX IpaHUIIaX,
YCTAaHOBJICHHBIX B SKCIEPUMEHTAX C IMyJbCAPHBIM BPEMEHEM, MOXHO
HaAWTU B YKa3aHHBIX MTyOIMKAIIMAX 3TUX TPYIIT MCCIemoBaTesei.

Hdnsa moronHeHus Ilapkckoro maccuBa IyJIbCapHOTO TalMWHTA
(MIIT), nampumep, MPOBOIIT M3MEPEHHE BPEMEHU IPUXOda WMM-
MyJTbcOB OT 20 MWJITMCEKYHIHBIX ITYJIbCAPOB Ha TPeX paaruovacToTax
Ha ypOBHE TOYHOCTH, KOTOPBIM MpUOIMKAETCS K YPOBHIO, HEOOXO-
IUMOMY MJI1 OOHapy>XeHHUsI TpaBUTALIMOHHOro u3aydeHus. OCHOB-
HBIMU WCTOYHMKAMU TPAaBUTAIIMOHHBIX BOJH Ha HAHOTEPIIEBBIX Yac-
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ToTax, Ha KoTopeix MIIT Haunbosee YyBCTBUTENbHBIN, SIBASIOTCS, KakK
CUMTAIOT, CBepXMacCHBHBIC mBOMHEBIE Y/ B smpax ramakTuk. Teky-
IIMe pe3yabTaThl IIOKA HE HAKJIAAbIBAIOT CTPOTMX OrpaHUYEHMUI Ha
moaeau (popMUpPOBaHUS ABOWHBIX cucTeM Takux Y/, HO MOXHO
OXUIaTh, YTO Yepe3 HECKOJIBKO JIET WJIM COCTOMTCS JETEKTUpPOBaHUE
rPaBUTALIMOHHBIX BOJIH, WJIM OYAyT YCTAHOBJIEHHBIE 3KECTKHUE OTpaHU-
YeHMSI Ha COBpeMEHHbIe mpeAcTaBieHus: 0 opmupoBanuu Y/ u ciusi-
HUsl TaJlakKTUK. byaynime MHCTpyMeHTbI, Takue Kak Square Kilometer
Array («KBagpaTHasi KWJOMETpPOBasl pelleTKa»), MOKHbI HE TOJIbKO
O0OHApYXUTh TPaBUTAIIMOHHBIE BOJHEI OT acTpODU3MIECKUX MCTOU-
HUKOB M3JTy4eHUs, HO U 00ECIIeUUTh MPOBEACHUE IETAbHBLIX UCCIIe-
IOBaHUIA 3TUX UCTOYHUKOB [276].

5.3.3. Kocmnueckne nepcnexTusbl
[PABUTALMOHHO-BONTHOBOM ACTPO(U3UKM

Co BpeMeHEM Ha3eMHble NETEKTOPbl OYAYT JOTMOJHEHbI
KOCMHWUYECKHUMHI aHTEHHAMHM, KOTOPBIE CMOTYT MCKAaTh TPaBUTAIIMOH-
HbIe BOJHBI HA MHOTO 0oJiee HU3KMX YacToTaX, YeM B Ha3eMHBIX Ipa-
BUTaLlIOHHO-BOJIHOBBIX ~oOcepBatopusix. Haubonee pa3zpaboTaHHBIM
saBisieTcs poeKT Kkocmuaeckoit muccun LISA (The Laser Interferometer
Space Antenna), KOTOpPHI 1O HEITaBHETO BpeMEHU ObUI COBMECTHBLIM
npoektoM EBpormeiickoro kocmuyeckoro areHTcTBa (ESA) m NASA
(CIIA). OgHako ¢ 2011 r. amepukaHcKasi CTOpoHa Tpekpartuia (Gpu-
HaHCHpPOBaHUE TMPOEKTa, KOTOPhI TaKUM 0OOpa3oM paccMaTpuBaeTCs
ceilyac Kak YMCTO €BPOMENMCKUI MPOEKT, MOJYyYHUBILIUN odulMagbHOE
HazBaHue NGO (New Gravitational-Wave Observatory), a HeoduLu-
anbHOoe — eLISA (evolved LISA). MuHuManbHOe y4yacThe B IPOCKTE
NASA Bce-Taku ocCTaBiseT 3a CO00M, MIaHUpPysT (MHAHCUPOBAHUE
OCHOBHOM MCCJIEI0BATEIbCKOW TPYIIIIbI.

B HavanbHOM BapuaHTe mpoekTa LISA miaHupoBasoch 3amyCTUTh
TPY KOCMUYECKHMX ariapara 1 BBIBECTH WX Ha OpOMTHEI BOKpYT COJHIIA,
onuskue K 3emHoil. Ha sTux opburtax Tpu ammapara OyayT obpazo-
BbIBaThb PABHOCTOPOHHMI TPEYrOJbHMK CO CTOPOHOU B 5 MUJUIMOHOB
KAJIOMETPOB, IIEHTP KOTOPOTO IBUTAETCS MO opouTe 3eMIIM BOKPYT
ConHua, orcraBas oT 3emun Ha 20°. Il10ockocTh TpeyroibHUKa Ha-
KJIOHEeHa K IUIOCKOCTM SKIMNTUKUA Ha 60°. IlojoxkeHue armapaToB
OTHOCUTEILHO 3eMJIM BHIOpAHO KaK KOMITPOMUCC MEXIy HaMepeHM-
€M YMEHBIINTb 3(PDEKTH IepeMEeHHOIO TIPaBUTALMOHHOTO TIOJS
3eMau U BMECTe C TeM He OYeHb OTAAISTHCSA OT 3eMJu JUisl obJierye-
HUA CBA3W. TpeyroJbHWK KaK IIejloe OymeT oOpalaTthcs BOKPYT
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Connua. Takast koHdurypauust ynooHa 1Isl onpeaeJeHus] Harmpabe-
HUSA Ha UCTOYHWK TPaBUTALIMOHHBIX BOJTH.

LISA nonxHa Oblla 1eicTBOBaTh KaK CUCTEMa KOCMMYECKUX MH-
TepdepoMeTpOB C WACHTUYHBIM OCHAILIEHUWEM Tpex anmaparoB. Kax-
IbIii U3 HUX IOJDKEH M3JydaTh JIydd Jiazepa Imon yriamu 60° Ha aBa
NIpyrue, KOTopble B CBOIO o4yepelb OyAyT ACTeKTUPOBATh MOJYYSHHBIN
CHTHAJI ¥ TIepelaBaTh HOBBIM Iy4OK CBOMX OOPTOBBIX JIa3epOB oOpaT-
HO Ha mepBbIi anmapaT. Pas3bl MOJIYYEHHOTO W MepeaaHHOro MyYyKoB
OymyT CpaBHUBAThCS, a Pa3HOCTH (a3 MCITONb30BAaThCS IS OIpee-
JICHUs U3MEHEHHMI B pacCTOSHUM MEXIY aImapataMu (O JaJbHEHIINX
M3MEHEHMSIX 3TOTrO MpoeKkTa cM. jaaiee). I'paBUTAallMOHHAsT BOJHA Ie-
HEepUpyeT OTHOCUTENIbHBIC MaJlble M3MEHEHUSI B PACCTOSHUU MEXIY
anmaparamMy. AGcooTHas minHa pykaBoB LISA OymeT uaMepsiTbest C
TOYHOCThIO A0 10 M, a U3MEHEeHUs IJIMH — C TOYHOCTBIO, JIyyllen
10 M (ipuGmmsuTensHO 1/10 gacTh pasmepa atomal).

LISA poizxkHa OOMONHSATL Pe3yibTaThl, IojdydeHHble LIGO wun
JIpyrumMu HazemMHbIMU MHTepdepomerpamu. Eciu LIGO pabGortaer Ha
yactotax 10—1500 I'y (aHanor ontuuyeckoil acTpoHoMuM), To LISA —
Ha vactorax 0,0001—0,1 T'u (aHasor paguoactpoHOMUM). B ornuume
or LIGO, LISA He cMoxeT mosy4yaTh OaHHBbIE 119 (DU3MKW HeEM-
TpoHHbIX 3Be3A. OnHako LISA mact cBeneHust o cBepxMacCuBHBIX YJI
¢ MaccaMu (105—107)M®, KOTOpBIe HaxoIsATCd B IIEHTpax TaJIaKTUK U
KBa3apoB, B TO BpeMsl kak LIGO Oyner usyudars YJI 3Be3mMHBIX Macc B
nunama3zoHe (3—1000)M . Ecaiu LIGO Oymer usyyaTb CIUSIHUE HEil-
TpoHHBIX 3Be3n U Y, To LISA OyaeTr u3yyatb 3TU OOBEKThI 3aI0JIT0O
IO CIUSIHUSI, a TaKKe ABOMHBIC CUCTEMBI ¢ OeJbIMM Kapiaukamu. Ha-
koHell, ecnu LIGO OyameT u3dydaTb KOCMOJIOTMYECKUI T'paBUTAILIMOH-
HO-BOJIHOBOI (poH, HaumHag ¢ 107 ¢ mocne Bosblioro B3pbiBa
(10° T'sB), To LISA — ¢ 1072¢ (100 I'sB).

B npoekte LISA 3amiaHuMpoBaHbl MCCIAEIOBAHUSI KOMITAKTHBIX
JMBOMHBIX CHCTEM B IIAPOBBIX CKOIUICHUSIX KaK IMOTEHIIMAIBHBIX WC-
TOYHUKOB T'PaBUTAIIMOHHBIX BOJH. KOJIMYECTBO MCTOYHUKOB, KOTO-
pble MOTyT OBITh 3apeructpupoBaHbl LISA 3a roa, oueHuBaercst ot 10
1o 1000 nnsa BosH ¢ yactoroit 1 MI'l. DT UCTOYHMKU HE MOTYT OBbITh
3aperucTpYpPOBaHbl HA36MHBIMM IETEKTOpAMU, B YeM M COCTOMT IIpe-
MMYLIECTBO KOCMUYECKOW IPaBUTALLMOHHO-BOJIHOBOM aCTPOHOMMUHU.

OmHUMY 13 BO3MOXKHBIX MCTOYHWKOB TPABUTAIIMOHHBIX BOJIH, KO-
TOpbIe MOTYT ObIThb 3apeructpupoBaHbl LISA, ectb AM CVn-3Be3nbl
[300, 468]. DTO Kimacc OTBOMHBIX KOPOTKOTEPHMOIMUECKHMX (C TIEPHO-
JIOM OT 5 10 65 MMH) KaTakKJIM3MUYHO IMEPEMEHHBIX 3BE3/, KOTOPbIE B
OINTUYECKOM IMana3oHe HaOIIomaloT Kak ciabble rosyoble mepeMeH-
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Hble 3Be3nbl. Onpeaessioneidi 0COOEHHOCTbIO X CIIEKTPOB SIBJSETCS
HaJIMuMEe TeMeBbIX abCOPOLMOHHBIX (9MUCCUOHHBIX) JuHUi. Ha ok-
16pb 2003 1. 3TOT KJIacc coaepxan 10 moaTBEpXkAEHHBIX OObEKTOB U
2 kanmupara [467]. Ilo OpHMEHTUPOBOYHBIM OILIEHKAM, NPUOIU3U-
tenpeHO 11 000 AM CVn-3Be3n MOTYyT OBITh 3aperiCTpMpPOBaHBI KOC-
muyeckuM nHTepdepomerpom LISA [300].

Jwuama3zoH yactor LISA MoxXeT ObITh 3arpsi3HeH I'paBUTALlMOHHO-
BOJIHOBBIM IIIYMOM OT CJIMIIAIOLIMXCSI JABOMHBIX OEJbIX KapJauKOB U
HeUTpOHHBIX 3Be3d. YacToTa IOSBICHUS O0BEKTOB 00EUX IMOITYJISIIIAIA
B OKHE YYBCTBUTEJbHOCTM YHWCJIEHHO paBHAa 4YacTOTe HUX CIUSHUSL.
JIBOlHBIE Oenble KapJMKU MHOTOYMCIIEHHEE, YeM IBOMHBIE HEUTPOH-
Hble 3Be€3[bl, U 4YacTOTa WX CJIMUSIHUS CYIIECTBEHHO BbIILIE, YEM Y
JIBOMHBIX HEHWTPOHHBIX 3Be3M. JIBOiHBIE Oesible KapJauKu CAUMalTCs
1 pa3 B 300 ;er, Torma Kak ABOMHBIE HEHWTPOHHBIEC 3Be3Abl — 1 pa3
kaxaeie 10 000 net. ITocKONbKY MacChl 3TUX CUCTEM He OYeHb pa3-
JINYAIOTCSI, TO TPAaBUTALIMOHHO-BOJHOBOM IIyM OT O€JbIX KapJMKOB
OyzneT 0OJbIIMM, YEM OT HEUTPOHHBIX 3Be31 [518].

Ilo HavanbHBIM IUIAHAM 3allyCK KOcMUUYecKux ammapatoB LISA
6611 HaszHavyeH Ha 2010 r., ogHako OBLI IEepeHeceH Ha 0oJjiee MO3aHee
BpeMs. B mapte 2011 r. B cBs13u ¢ mpekpaiieHueM ydactuss NASA B
npoekte ESA 3asBuia O HEOOXOAMMOCTU M3ydyaTb BO3MOXHOCTH
MUCCUU KaK CYrybo eBpOIleiiCKOro mpoekTa. DTo O3HayaeT 3Hauyu-
TeJbHOE COKpallleHWe 3aTpaT, HO, KaK MOXHO HaAesIThCs, MPU CO-
XpaHEHMM €€ OCHOBHOM HayyHoii Leau. B pesynabTate ObLT paszpabo-
taH 11poekT eLISA/NGO, npuHSBIIMIT OCHOBHBIC mojioxkeHnsT LISA,
HO TIepeCMOTPEHHBIN ¢ TOUKM 3PEHUS yISIIEBICHMSI.

Annapatbel eLISA/NGO mianupyetcs 3anycTuth B Hauasie 2020-x
ronoB. OCHOBHOHN MPUHLMUIN AETEKTUPOBAHUSI FPaBUTALMOHHON BOJI-
HBI OCTaeTcsl TeM Xe, uTo 1 misd LISA — uaMmepeHue 3aBUCSIIUX OT
BpEMEHM U3MEHEHUI pPacCTOSIHUN MeXay CBOOOAHO MaAaloluMU
maccamMyu. MHOTro KOHCTPYKTMBHBIX M TE€XHOJOTMYECKUX pa3paboTok
OCTaBJIeHbl TAKUMM Xe, uTo U B LISA, HO ecTb U CYyllIECTBEHHbIE OT-
mmunsa. Ecim B mpoekTe LISA mpeniarajgochk 3aIllyCTUTb TPM PaBHO-
LIEHHBIX ammapaTa B BeplIMHAX PaBHOCTOPOHHETO TPEYroJibHUKa, TO
eLISA OyneT MMeTh «lIeHTpaJbHBIA y3ed» U 1Ba 0oJiee MPOCThIX aIl-
mapara, KOTOpble 00pa3yioT V-BUIHYIO (GopMy meTekropa. M3mepe-
HUA OyIyT NHPOMCXOMWUTH JIMIIb BOOJb IBYX PYKAaBOB IETEKTOpa C
amiHamu B 10° kM (BMecto 5 - 10° xm B LISA). pyras kimouesas
ocobeHHoCTh KoHLenuuu eLISA — npoOHble Macchl BHYTpU arimnapa-
TOB, IO KOTOPBIM OyIeT KOHTPOJMPOBATHCS TEOME3NIHOCTH IBIXKE-
HUS, TUATEJbHO 3alMIIEHbl OT BO3MYLIEHUH. MaKCUMyM 4yBCTBM-
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TeabHOCTU €LISA OyneT HaxoOuThCS MNPUOIM3UTEBHO Ha TOM Ke
yacrore 0,01 Tu, ytro u B LISA, u cocraButr ~4 - 10 T'u™®’ Ha
oonbiux 4yactotax (mo 1 I'u) uyBcTBUTeabHOCTH eLISA Oymer He-
CKOJIbKO Jyylle (Ha TMOoJIopsaKa), HoO Ha 0ojiee HU3KMX yacToTax (10
10* T'u) — Ha mopsAmok xyxe [28].

B 2015 r. ESA mnanupyet 3amyck MpOTOTHIIA KOCMUYECKOTO Je-
tektopa LISA — onmnHoro ammapara LISA Pathfinder [30]. Ero 3anma-
ya — OTpabaTbiBaHUE TEXHOJOTMYECKUX MPOLIECCOB M3MEPEHMSI, KO-
TOpBIe OymyT MpPUMEHEHBI B OCHOBHOUW MuccHH. KITloueBBIM 3KCITe-
pumeHTtoM Ha 6opTty LISA Pathfinder 6ymer tak HasbBaeMblii LISA
Technology Package (LTP), uenbio KOTOporo siisieTcsl mpeuu3rvoH-
Hoe wu3MepeHne NdGEepeHIINaTbHOTO YCKOPEHUsS MEXIy AIBYMS
MPOOHBIMM MaccaMu, KOTOPbI€ BXOAST B CUCTEMY KOCMUYECKOTO arl-
napara 0e3 «CHOCa».

PazpabaThiBaloTcsl TakXKe HECKOJIBKO APYTMX KOHLEMUUN KOCMU-
yeckux perektopoB. DECIGO (DECi-hertz Interferometer Gravita-
tional Wave Observatory) [230] — sIMOHCKUI1 TIPOEKT, 1LieJb KOTOPOIO
3aITOJTHATH TIPOOENT B YacTOTaxX MeXIy Ha3eMHBIMM IETEKTOpaMHM U
LISA, 1. e. nonocy 0,1—10 I'u. KoHcTtpykuust ero moxoxa Ha LISA ¢
TpeMsl KOCMUYECKHMMM ammnapaTamyd, HO pyKaBa HMEIOT MEHbUIYIO
nnuHy (1000 xm). EcTh miaHbl ABYX TpeaBapUTENbHBIX AEMOHCTpa-
uuoHHbIx Muccuii (DECIGO Pathfinder and Pre-DECIGO) ¢ 3a-
MYCKOM IJIaBHO# Muccuu B cepeanHe 2020-x romos.

CosmecTtHbIi TIpoekT NASA u ESA Big Bang Observer (BBO)
(cM., Hanpumep, [112]) moxox Ha DECIGO mno uactoTHO# moJjioce.
I'maBHaAsT 1eab — AETEKTUPOBATH CTOXACTMUECKMI TPaBUTALIMOHHO-
BOJIHOBOI (POH OT paHHeil BceiaeHHOI, HO OymeT MCIIOJIb30BaThCS U
IJIsS1 BBICOKOTOYHOM KocMmouioruu. KoHdburypalusi 1eTeKropa COCTOUT
M3 YEThIPEX CO3BE3AUI, Kaxaoe — M3 Tpex arnmapaToB, Kak U LISA,
HO C gauHaMmu pykaBoB 50 Thic. KM. [IBa co3Be3nus OymyT oOpa3oBbI-
BaTh rexcarpaMMy, IBa IpYyTHe M «TeKcarpaMMa» pasiefieHbl yIIaMu
120° Ha opOute 3emun. 3amyck 3TOM MMCCHUM IUIAHUPYETCS IOCTe
DECIGO (B nepcnektuBHoM I1aHe NASA — Ha 2025—2035 rr.),
YyBCTBUTEIBLHOCTh MOXET ObITh B 2—3 pa3a OoJibllIE.

Ha paccmorpeHun Ttakxke kuraiickue mpoektel ASTROD wu
ASTRODI1 [305]. Heap mpoekta ASTROD c¢ tpems KA cocrout B
BBITIOJTHEHUM IMPOKOTO CITEKTpa 3amad: M3MEpeHHe MOCTHBIOTOHOB-
CKHX TIapaMeTpoB B M y, COJTHEYHOTO KBaApPYINOJLHOTO MOMEHTa, a
Takke TpaBUTALIMOHHBIX BOJH. Kak MepBBIil 3Tam paccMaTpuBaeTCs
npoekt ASTRODI1 ¢ ongnum KA, ontuyecku cBI3aHHBIM C Ha3eMHOM
CTaHIIMeH. DTa MUCCUsI MMEET TTOATOTOBUTENIBHBIN XapakTep. B 3aBu-
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CHUMOCTH OT €€ pe3yJbTaToB OyAeT MPMHATO pelleHue o Oojee y3-
Kol cnenuanm3anuu cienyiomeir muccun — wmwm ASTROD, wm
ASTROD-GW. Eciu 0CHOBHBIMU 3ajadyaMu OyJEeT OIpeaesieH MOUCK
rpaBUTalMOHHBIX BOH (Muccusi ASTROD-GW), to B 2028 1. OyayT
3anyieHsl Tpu KA B okpecTHocTh Touek Jlarpamka 1.2, L3, 14 cuctembl
Comuue—3emnst. [loaydeHHass TakuM o0pazoM KOH(UTypaius IpuoIIv-
3WTEJIBHO PABHOCTOPOHHETO TPEYTOJIbHMKA CO CTOPOHOM 260 MIH KM
MIPUBOAUT K paboyeil Mojoce YacTOT MHTEPPEPOMETPUUECKON CUCTE-
Mbl 100 HI'u—1 M. B sTOM mmamas3oHe MOXHO M3y4aTh IPOLIECCHI
00IIIeHt SBOIOINHK TaJaKTUK M cBepXxMaccuBHBIX Y/I B mx smpax, oIl-
penensITh YpaBHEHUsI COCTOSHUS TEMHOM SHEPTWH, TECTUPOBATh WMH-
dsiLMoHHbIe TIpouecchl B paHHeil BcenenHoi u T. m. [72, 303].

B Hacrosiee BpeMs HET OOCTOBEPHBIX TAHHBIX OTHOCHUTEIBHO
PEeTUCTPaLiMM TpaBUTALIMOHHOTO ManmydyeHust. OmHako Gnaromapst Gecrpe-
LIEICHTHBIM YCWIMSIM IO TOBBIIIEHUIO YYBCTBUTEJIBHOCTU HA3€MHBIX
IPaBUTALIMOHHBIX JETEKTOPOB MOXHO OXWAAaTb OOHAaIeXKUBAIOIIUX
pe3yJIbTaTOB OT IETEKTOPOB BTOPOTO MOKOJEHMS yxXe B OnkaiiieM
OoynyiieMm. bosbllioe BHUMaHue, yaeaseMoe 3TOMY HaIlpaBJIeHUIO UC-
clleJOBaHWI BO BCeM MUpE, OOYCIOBAEHO OJECTSIIMMU TMEPCIEeKTHU-
BaMU TPaBUTALIMOHHO-BOJHOBOM acTpoHOMHMH. OHA OTKpHIBAET IOTMOJ-
HUTEIbHOE OKHO B OKpYyXKarllylo BceleHHyl0, MO3TOMY MOXHO OyaeT
MTOJTYYUTh OTBETHI Ha IIEJBIN PSII BOIPOCOB, KOTOPBIE BOJHYIOT CITe-
LIMAJTMCTOB MO PEISITUBUCTCKOIN acTpo(du3nKe U KOCMOJIOTHM.






OBLLAS TEOPUSA
OTHOCHUTEJNIbHOCTU
B 3AAYAX ACTPOOU3NKH

N3 Buanmoro no3Hasarvi HEBUAVMOE.
Mpuropuii CkoBopoaa

Paccmorpum  mipoGiaembl, rme OTO BbicTynmaer He
CTOJIBKO KaK OOBEKT TeCTUPOBaHMSI, CKOJIbKO KaK BIIOJHE
HEOOXOMMMBII 3JIEMEHT, 0€3 KOTOPOro HEBO3MOXKHO MPO-
BECTU aJCKBAaTHYIO MHTEPNPETALMI0 aCTPOHOMUYECKUX
Habmonenuii. Ecin 1o 1960—70-x romoB paccMOTpeHUE
BompocoB, cBsA3aHHBIX ¢ OTO, ObLIO 3MU30ANYECKUM,
TO MO3[HEE TI'PaBUTALMOHHO-PEISITUBUCTCKAsT TeMaTUKa
CTaHOBUTCSI HEOTbEMJIEMbIM 3JIEMEHTOM OYeHb OO0JIb-
IIOM YacTU acTPOHOMHUUYECKUX ucclieqoBaHuil. YepHble
IBIpbl — B3TO HauboJjiee SIpKUN MpeacTaBUTENIb Kjacca
PeSITUBUCTCKUX acTpodusndeckux oobekTos, rae OTO
BBICTYIAET BO Bceil cBoeil monHoTe. Cpeaun 3TuX oObeK-
TOB BBIIEJSIIOT cBepxMmaccuBHbie Yl B simpax rajiakTuk
u YJI 3Be30HBIX Macc, KOTOpbIe 00pa3yroTCsl BCIEACTBUE
9BOJIIOLIMM MACCUBHBIX 3Be3l, a Takke Y mpomexy-
TOYHBIX Macc, 4Ybsl pojib B 0Ollleil 3BOJIOIMOHHON Kap-
TUHE BceneHHol ceiiuac aKkTUBHO UCCIIEAYETCS.

6.1. YEPHBIE AbIPbl: TEOPETUMECKAS MOJEJb
6.1.1. Metpuka Keppa

YepHble AbIPbl — OTHOCUTEIBLHO ITPOCThIE C TeOpeTUYE-
CKOI TOYKM 3peHusl acTpodu3myeckue OO0BbeKThl. Mx
MOXHO omucarh 0e3 MPUBICUCHHUS CBEICHUI O CBOMCTBAX
BEIIECTBA, KOJUIANC KOTOPOTro MPUBOAMUT K TMOSIBICHUIO
YJI, B 4aCTHOCTU, HEe TpeOYIOTCS JaHHbIE 00 ypaBHEHUU
cocrosgHud. Teopust Y/l pazpadboraHa TOBOJHHO MOIPOO-
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HO M XOpOIIIo OoTpaXeHa B auTeparype (cM., Hampumep, [602]). Octa-
HOBHMMCS Ha HamboJjee BaxKHBIX cBoiicTBax Y/I.

IIpocTpaHCcTBO-BpeMsl BpalllaloIeiicss YepHOM ABIPHI OMMCHIBAET-
ca MeTpukoit Keppa [232], koTopast TIpecTaBlIsIeT OTHO M3 BaXKHEM-
IIMX TOYHBIX pellleHUil ypaBHeHuid OitHiuTeliHa. Pemrenue Keppa
SIBIISIETCSI €IMHCTBEHHBIM pellleHUeM BaKyyMHBIX YpaBHEHUI DitH-
LITeiHa, KOTOPOE OMNUCHIBAET KOHEYHOE ACUMIITOTUYECKOE COCTOSI-
HUE KOJIJIATICUPYIOLIEr0 He3apsKeHHOIo Tejla ¢ Maccoil M M MOMEH-
TOM BpallleHus1 J B ciaydyae aCMMITOTUYECKU IIJIOCKOTO MPOCTPAHCT-
Ba-BpeMeHN. COOTBETCTBYIOIINI KBaapaT MHTepBaia UMeeT BHI

2
ds’ = (1 —rs—f] (i)’ —%(dr)z —02(do) +

2
rgra

02

2arg ro.. 2 2 2 . 2 . 2
+——(sin®)°dtdo —| r* +a” + (sin 0)” [(sin 0dp)” , (6.1)
p

rne a = J/M, r,=2GM, p*= r* + a’cos’0, A = r* — ryr + a’. 31ech MeT-
pMKa 3amycaHa B KoopanHaTax boiiepa—JIuHaksucra [66] 1 B pe-
JIITUBUCTCKUX eauHuax (¢ = 1). U3BecTHO 00001IEHNE 3TOI METpU-
KM TpYM HaJIWM4YMM HeHyjJeBoro 3apsiaa (merpuka Keppa—HpblomeHa)
I"2
[546]. MoBepxHoCTh ¥ = R, , THe R, = 3+ % —a’ , UMeeT cBoiicTBa
TOPU30HTA COOBITHIT IJIST TIPOCTpaHCTBa-BpeMeHn Keppa: BHEIIHMIT Ha-
OJitoaTeslb HE MOXET TOJIyYUTh HUKAKUX (PU3MUECKUX CUTHAJIOB U3 00-
Jactu  r < R,. Topu3oHT coObITHMii TpocTpaHCTBa-BpeMeHM Keppa
HE COBIafaeT C TIOBEPXHOCTbIO OECKOHEYHOIo KPacHOTO CMEIICHUS
2
r
< _g’cos’0; oHa
4 b

Te

’
8y = 0; ypaBHEHUE 3TON MOBEPXHOCTU F = 7g+

JINIIIL KacaeTcsl ropu3oHTa B Tomiocax 0 =0,x /2. Obmacte Mexmy

TOPU30HTOM U TIOBEPXHOCTbIO OECKOHEYHOro KPacHOTo CMEIeHUS
Ha3bIBaIOT 3peocgepolii.

C oaprocepoil cBsg3aHa UMHTEpecHass BO3MOXHOCTb OTOMpaTh
sHepruto BpauueHus:t Y — mpouecc Ilenpoysa — B OTAWUYME OT He-
Bpamatouieiicas Y (IBapuiiuibaa), TAe 3TO HEBO3MOXHO (€Clu He
VUUTBIBATh KBAHTOBBIX d(ddekroB). Ilpu 3ToM Tak Ha3biBaemasi

1/2
. M

Henpueodumas macca 4eprou Ovipvt M, = {7( M +\IM?* -a* ) He

YMEHbIIIaeTCcsl HYM B KakKuxX B3auMopeicTBusax. B mporecce IleHpoysa
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6.1. YepHbie pbipbl: TeOpeTUYECKas MOAENb

Teno, Koropoe nagaeT B Y Keppa, nomagaer B ee aprocdepy, rie
paspylaeTcsl U pacnagaetcs. YacTb MaTepuu, KoTopasi oopa3oBaiach
Mpu 3TOM, TepSeT 3HEPTUIO W MpojorKaeT maaeHue Ha YJI, Torma
KakK JApyrasi 4yacTb IMpUOOpETaeT MOMOJHUTEIbHYIO DHEPIUIO U BbLIC-
TaeT u3 sprocdeprl. Matepusa, octapisast sprocepy Y, yMeHbIIaeT
y Hee MOMEHT BpallieHus1, 1 3procdepa Y/ cxkumaercs.

M3ydeHue kosnarca Teia ¢ TOYKM 3pEHUST OTHAJCHHOTO HaoJo-
Jarejisi He KacaeTcs O0JIaCTU IMOJ TOPM30HTOM «B YMCTOM Buae». Ilo
yacaM BHEIIHEro HaOJiomaTessl BEeIeCTBO 3BE3[bl BCEraa MOKpPHIBACT
TrOpu30HT. I'paHMIIa 3BE31bI C TEYEHUEM BPEMEHU CTPEMUTCSI K TOpU-
30HTY, HO HUKOTJA €ro He mocturaeT. OmHaKo, HauMHas C HEKOTO-
pOTO MOMEHTA, CUTHAJIbI OT KOJUIANICUPYIOLIETO BELIECTBA MPAKTUYECKHU
HE MOTYT IOCTUYb BHeIIHUX objacteii. CiaeayeT OTMETUTb, YTO CHUH-
TYJISIPHOCTb TIpOCTpaHCTBa-BpeMeHM Keppa (KoTopass HaxoauTcs B
00J1acTv MojA TOPU30HTOM) He HabsromaemMa ¢ TOYKM 3PEHHUS] BHELIHEro
HaOMofaTeN st U He MOXET BJIUSITh Ha MpPOLECcChl U3BHE TOPU30HTA
npu a<GM . D10 cieacTBue MMeeT NPUHIMUIIMAIbHOE 3HAYeHUe:
CHHTYJISIPHOCTb TOPOXKIAeT HENMPUSITHOCTU ISl JIIOOOW TeopuM, Mo-
CKOJIbKY 3TO, KaK MpaBWUJO, CBSI3aHO C HEBO3MOXKHOCTBIO [€JaTh
npeackaszanusa. Ho mis a > GM ropu3oHTa He CYILIECTBYET, T. €.
HMEEeM «TOJIyIo» CUHTYJISIPHOCTb, KOTOpas Habaromaercss u3BHe. Bos-
HUKalolasi Ipu 3ToM npobjiema onucaHa B 1. 2.3.1, 2.3.2: u3-3a or-
CYTCTBMSI TOPU30HTA BpeMsl NBUKEHMSI CUTHAJIOB OT «TOJIOM» CHHTY-
JISIPHOCTU K BHEILIHEMY HaOI0JaTe/l0 KOHEYHO, T. €. CUHIYJISIPHOCTh
MOXEeT HeIpeicKa3dyeMoO BJMSThL Ha OO0JacTU, OTHAJeHHbIE OT Hee.
Hamomuum, uyto IleHpoy3 BeumBuHya runotesdy [330], cormacHo KOTO-
POl BOBHUKHOBEHME «TOJIbIX» CUHTYJISIDHOCTEH HEBO3MOXHO, €CJIU
OHM HE CYIIECTBOBAJIM C CAMOT0 Havajla KOCMOJIOTMUYECKOTO pacIlIipe-
HUSL. AHaIM3 psna (pU3MUYECKUX CUTyalUdil Kak OyaTo MOITBepKIaeT
runotesy [leHpoy3a, HO JOCTATOYHO OOIIEro e€e JoKa3zaTeabCTBa A0 CHX
IOp He CYIIECTBYET, M 3TOT BaXXHBIN BOIIPOC OCTAETCS OTKPBHITHIM.

Metpuka Keppa sBiIseTCS YCTOMYMBBIM MpPEAEJIOM pelleHUi
ypaBHEHUN ODUWHINTEHA B TOM CMBICJIE, YTO MaJlblc BO3MYIICHMUS
9TOTO pellleH’s] YOBIBAIOT ¢ Te€UYEHUEM BPEMEHHM 10 HYJNS, 32 MCKIIO-
YEHUEM TeX, KOTOPbI€ OMMCHIBAIOT ABUKEHME YEPHOM ABIPbI UIU W3-
MEHEHHE €ro YIJIOBOIO0 MOMEHTa KaK I1IeJoro. YpaBHEHUs, OIMCHI-
BalolIe Majble BO3MYIIeHUST MeTpuku Keppa, momyckaloT pasaese-
HUSI TIEPEMEHHBIX, MOCAE Yero CBOASTCS K OObIKHOBEHHbIM Audde-
peHLMaibHbIM ypaBHeHUSIM Tiokonbckoro [419] (cm. Takke [341,
418, 420]). UnTepecHO, UTO ypaBHEHUS 3JEKTPOMArHUTHOIO TOJIS U
noJjisi 6e3MaccoBbIX HEUTPUHO CBOISATCS K AHAJIOTMYHBIM YpaBHEHM-
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6 O61was Teopns OTHOCUTENBHOCTH B 30AAYAX ACTPODUZMKM

SIM, KOTOpBIE Pas3TNyaloTCs JWINb 3HAYeHWEM CITMHOBOTO MapaMeTpa.
C moMoI1IpI0 ypaBHEHN TIOKOJIBCKOTO MOXHO PacCUMATHIBATH XapakK-
TEPUCTUKU TPABUTALIMOHHOIO M3JIyYE€HMsI, KOTOPOE BO3HUKAET IMOCIE
00pa30oBaHUs YepHOU ABIPH M HeceT MHMOPMAIUIO O €€ Macce M yr-
JIOBOM MOMEHTE.

6.2. YEPHBIE AbIPbl 3BE3[JHOW MACChI
W HEUTPOHHBIE 3BE3Abl

6.2.1. XapakrepHbie HabniopaTenbHbIE NPUHAKK

Vyet appexkroB OTO urpaer cylecTBeHHYIO pojib Mpu
M3YYeHNN KOHEYHBIX COCTOSTHUM 3BE3IHOI 3BOIOLNU — XOJOTHBIX
3Be3], N3PACXOMOBABIINX CBOE SIIepHOE Topiodyee. B 3BOMOIIMOHHOM
KOHTEKCTE XOJOMHBIMU HAa3bIBAIOTCSI 3BE3IbI, B KOTOPHIX TeMIlepa-
TypHBbIe 3(P(EKTH IaoT MPeHeOpesKMMO Majblii BKJIan B IaBIICHHUE,
MMPOTUBOACHCTBYIONIEE CUIaM TpaBUTAllMOHHOTO cxkaTus. K cBoemy
KOHEYHOMY COCTOSTHHIO 3Be3a MOXET IPUXOINTh Yepe3 Ceprio Mpo-
IIECCOB, KOTOPBIE COIMPOBOXIAIOTCT M3MEHEHUSIMA XMMHUYECKOTO CO-
craBa U yMmeHblieHMeM Macchl [501, 531]. OnHako BO3MOXKHBI JIUIIb
TP BapWaHTa KOHEYHOTO COCTOSTHWSI 3Be3I: Oeblii KapiauK, Hei-
TpoHHad 3Be3na 1 YJI.
st unmoctpaiuu BeauuuHbl 3¢ dektoB OTO B ciydae Tena
cMaccoii M W XapaKTepHbIM pasMepoM R BBeIeM ITapaMeTp
w,=r /R, tne r,=2GM . lna maccet ConHua M = M wnmeem

r, =3 KM, TIO3TOMY JUIsl 3Be31bl C Takoi Maccorl addekrer OTO

CYILIECTBEHHbI, €CIM 3Be3la MMEeT paauyc He OoJibllie ACCSITKOB
KuioMeTpoB. MIMEHHO TakKuMM €CTb paauyc IyJbCapoB — CUJIBHO
3aMarHMYEHHBIX OBICTPO BpAIIAIOIIMXCS HEUTPOHHBIX 3BE31; IS
Hux p, ~0,1. i cpaBHeHust mpuBeneM 3HadeHue st CoiHLa:

p, =4-10°; wis Genmbix KapaukoB: p, ~107. Ecu ke macca mpe-

BbILIIACT KpUTHYECKOe 3HaYeHue (3—5) M u XononHas 3Be3na KO-
JIafICUpYEeT, TO MNPUMEHEHUE HbIOTOHOBCKOW TEOpUM HEBO3MOXHO
JlaKe Ha KauyeCTBEHHOM ypoBHe. B 3TOM cilyyae BO3HMKAIOT MPUHLIM-
MUajlbHO HOBbIE — MO CPABHEHMIO C KJIACCUUYECKUM MOAXOJ0M — SIB-
sieHus. CTporo roBopsi, 34€Ch HeJb3sl TOBOPUTh O paauyce 3Be31bl B
OOBIYHOM TIOHUMAHWM; 3a PAIMyC YEPHOW [bIPbl MNPUHUMAIOT 7, .

YJl — UCTMHHO PEeJISITUBUCTCKUI OOBEKT.

180



6.2, YepHbie abipbl 3B€3[HOM MUCCHI M HETPOHHbIE 3BE3/bl

Hao6monatensHble gaHHbie 0 Y/I MOXHO MOJIY4YUTh JUILb MPU Ha-
JIMYUU IPYTUX 3BE3] WM aKKpeLUMUPYIOllero BelliecTBa BOJM3U HUX. B
MBOMHBIX 3BE3MHBIX CHCTEMaX WHAMKATOPOM KOMITAaKTHON MAacChl
MOXKET OBbITh PEHTI€HOBCKOE M3JIyYeHUE, KOTOPOE BO3HUKAET 3a CUET
nepetekaHus raza Ha YJI oT 3Be3mbl-koMmnaHboHa. [Ipu akkpeuuu
MepeTeKarolero BelecTBa ra3 pa3orpeBaeTcsl 10 TeMIeparyp', npu
KOTOpbIX HauyWHaeT W3ay4YaTb B PEHTTEHOBCKOM auana3oHe. Ho
PEHTTEHOBCKOE M3TydeHMe MOXKET BO3HMKAThb MpY aKKpPEIMW Ha ApyTve
BUIIBI KOMMAKTHBIX OOBEKTOB, KOTOPhIE CI1ab0 M3TYYaloT U MX TaKkKe
clloXXHO HaOmoaaTh. IToaTomy, 4TOOBI OMNpeAeauTbh TUMN HEBUAMUMOU
3Be3[Ibl, HAO OLICHUTh €€ Maccy. OTO BO3MOXHO, eciu Y]l sBaseTcs
YJIEHOM JBOMHOM CHUCTEMbl U € KOMIIAaHbOH — OObIYHAsl 3Be3/1a, KO-
TOPYIO MOXHO HaOJ101aTh, HalpyMMeEp, B ONTUYECKOM auaria3oHe. B
NBOMHOI cHCTeMe CIeKTpaJbHble JUHUU M3TYyYeHUS OOBIYHON 3BE3-
JIbl KOJIEOJTIOTCST BOKPYT CPEAHEro IMOJIOKEHUS. DTO JaeT BOZMOXHOCTh
OLICHUTb TIEPUON M TIpOYMe XapaKTEPUCTUKU OpOUTHI Mepruoaruye-
CKOTO JBMXXKEHUSI BOKPYI OOIIEro IeHTpa MacC M YCTaHOBUTb Orpa-
HUYEHUSI HA MacCy HeBUAMMOIO KoMmmnaHboHa. Eciu oHa mpeBblllaeT
npezienbHoe 3HaueHue (3—5) M, TO Ul XOJIOMHO 3BE3IbI OCTACTCSI
€IMHCTBeHHAs! BOBMOXHOCTb — OBITh YEPHOI TBIPOIA.

CaM (hpakT peHTTeHOBCKOTO U3JIyUeHUSI CBUAETEILCTBYET 00 OTHO-
CHUTEJIbHO HEOOJNBIIMX pa3Mepax OoOBbeKTa, Ha KOTOPBI MIOET aKKpe-
LUs1. DTO MOXET MPOUCXOIUTh B Clydyae HEUTPOHHOM 3BE3Ibl — UJjie-
Ha ABOIMHON cuctembl. Ho mpakThyecku Bce HEWTPOHHBIE 3BE3bI,
KOTOpbIE [0 CHUX IOp HaOIodalM, SBISIOTCS IyJibcapaMHu; B 3TOM
cllyyae B U3JIyYEHUM BO3HUKAIOT MEPUOAUYHOCTU. OTCYTCTBUE TaKUX
NEPUOINYHOCTEN — TAKXKE MPU3HAK YEPHOM IBIPHL.

Bce mnepeuncieHHble MpU3HAKW SIBISIOTCS JOCTaTOUHBIMU IS
TOro, YTOObI CYUTAThb PS OOBEKTOB XOPOIIO TMOATBEPXKIACHHBIMU
kanauaatamMu B YJI 3Be3aHbIX Macc. IlepBble CBUAETENbCTBA CYLIECT-
BOBAHMS YEPHBIX AbIP 3BE3AHON MaccChl MOSBUIMCH B Hauvane 1970-x
TOJIOB C OTKPBITHEM SIPKHMX PEHTTEHOBCKMX MCTOYHMKOB HE TOJBKO B
Haueil I'ajakTuke, HO M B ApYTuMX rajgaktukax. K Hactosiemy Bpe-
MEHU OOHApY>XE€HO HEMaji0 PEHTIeHOBCKWX WCTOYHUKOB B IBOMHBIX
cUCTeMax, rie Macca HEBUIMMBIX KOMITAHbOHOB MpPEBBILLIAET IOMYyC-
TUMble 3HaYeHUsS 11 HEWTPOHHOU 3Be3nbl. B uyacTHocTH, Macca
HauOoJiee U3BECTHOTO M K HACTOsIIEMY BpeMeHU HauboJiee UcCieao-
BaHHoOro uctouyHuka Gyg X-1 (Jlebeap X-1), KOTOpbI SIBISIETCS TH-

! Crporo roBopsi, ras, KOTOPbIii M3JIydaeT B aKKPELMOHHOM IMCKE, MOXET
OBITh TEPMOJMHAMUYECKH HEPABHOBECHBIM, Iaxe JIoOKalibHO. B aTOM ciyyae Tem-
repatypa BBOAUTCS YCIOBHO Kak Mepa KMHETUUECKOU dHEPruu 4acTull rasa.
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MUYHBIM TIPEeICTaBUTENIEM BTOro Kjacca OOBEKTOB, OLICHUBAETCS B
untepsane (6,8—13,3)M . OueHka MacChl NMPOBOAMTCS HA OCHOBE
OINTUYECKUX M PEHTTEHOBCKMX HAOMIONEHWI, C IMOMOIIBIO KOTOPBIX
MOKHO OLIEHUTb OPOUTATIbHBIN MEeproA U HAKJIOH OpOUTHI B JBOMHOM
CUCTEME TI0 TMEPUOAMYECKMM M3MEHEHMSIM CIBMIa CIIEKTpajbHBIX
JIMHUM U TIOJSIPUMETPUYECKHUM H3MEpPEHUsIM. DTO TO3BOJIIET CUM-
TaTb HEBUIUMBIA OOBEKT 4YepHOW nbIpoil. OTMETUM HemaBHUE pe-
3yJIbTAThl IO OINPEAEICHUIO CIIMHA YepHOM ABIphL [144, 164], cBOICTB
M3Jy4eHUs aKKpelMOoHHOro mucka [316], cTpyit or 3TOro oOBeKTa
[470] u T. m.

B otnmnuue or kaHaumatoB B YJI, KOJIMYECTBO KOTOPBHIX OTHOCH-
TeJbHO HEBEJIMKO, HEUTPOHHBIX 3Be3[ (IyJbCapoB) OOHAPY>XEHO H0-
BOJIbHO MHOTO U B PEHTT€HOBCKOM, U B paauonuanasoHax. Ilepuonbl
MOBTOPEHMUSI MMIYJIbCOB OT ONTMYECKMX WJIM PaauoNyIbCcapoB HO-
BOJIbHO CTaOWJIbHBI. ENMHCTBEHHBIM U3BECTHBIM MEXaHU3MOM, KOTO-
pbI OOBSICHSIET 3TO U COIJIACyeTCs ¢ HAOMIONATETbHBIMU XapaKTepU-
CTUKaMHM MMITYJIbCOB, MOXET OBbITb COOCTBEHHOE BpallleHUEe KOMIIaKT-
HOTo Tena. YIoBasi CKOPOCTb BpallleHWsl OYeHb MEUIEHHO YObIBAaeT M3-
3a TIOTepPh SHEPIMM Ha 3JEKTPOMarHUTHOe wuaiaydyeHue. Ilymbcapbl
HaOMI0Jal0T M KaK OTAEJbHbIE MCTOYHUKU pPamguo- M OINTUYECKOTO
U3Jy4yeHusl, 1 B JIBOMHBIX CUCTEeMaX, IJie aKKpelLusl BellleCTBa Ha He-
BUIMMBIIl KOMIIOHEHT SIBJISIETCS TIPUYMHONM PEHTTEHOBCKOTO M3ITyICHMUSL.

6.2.2. Kputueckne maccbl XONOAHbIX 3B€37

CpaBHEeHME MacChl WICHOB JBOMHBIX CUCTEM C KPUTH-
YEeCKMMU 3HAUYECHUSIMU SIBJISIETCSI BECOMBIM apryMEHTOM MpU OIpeae-
JICHUU TWTIAa 00BbeKTa. B CBSI3M ¢ 3TMM HAITOMHUM OCHOBHBIC (PU3M-
yeckue (HakToOpbl, KOTOPble HEOOXOIMMO YUYUTHIBATh IPU OMpenese-
HUW T'paHUIIbl YCTOMYMBOCTU XOJOAHOM 3Be3abl. Ilpu GoMbIIMX IaB-
JICHUSIX, TUTMYHBIX UIT BHYTPEHHMX 00JacTeil 3Be3Ibl, OCHOBHOM
BKJIaJ B MX 3HaY€HUE BHOCUT WOealbHbI pepmu-ras. BnepBbie mMo-
JIeJIb  BBIPOXIEHHOIO 3JIEGKTPOHHOro depMu-raza s OObSICHEHUS
MpUPOABI OENIBIX KapJauKOB OblTa ucroib3oBaHa P. Maynepom [154].
B 1931 r. Yannpacekap [88] paccuuTas Mozeyib 0eloro Kapiauka c
YUETOM HABJICHMS BHIPOKICHHOTO 3JICKTPOHHOTO Ta3a M BEISICHUI,
yTO Macca 0eoro Kapjavka He MOXET ObITh 00Jibllle HEKOTOPOTO 3Ha-
yeHus1 nopsiaka macchl CojHIAQ; MO3XKe 3Ta OlleHKa HEOMTHOKPATHO
yrouHsiack'. B 1932 r. Jlangay [549] man mpocroe OOBSCHEHME YaH-

' CospemenHas ouenka Mg, ~ 1,4 M.

182



6.2, YepHbie abipbl 3B€3[HOM MUCCHI M HETPOHHbIE 3BE3/bl

JIpacekapoBCKOIo Mpelesia; ero paccy>KAeHUs MOXHO UCIOJIb30BaTh U
IIJIST OLIEHKM TIpeIeTbHOM MacChl HEUTPOHHBIX 3Be31. Himke MBI orpa-
HUYKUMCS PacCMOTPEHMEM B3TOrO BOIIPOCA HAa KAuyeCTBEHHOM YPOBHE
(6onee moapooHo cMm. B [501, 510, 531]). OcHOBHOI BKJIaj B JaBie-
HHUE B XOJOMHOW 3Be3me 00ecreunBaT (PepMUOHBI (3JIEKTPOHBI MU
HENTPOHBI), KOTOpble INpHU HyJeBoil Temmeparype' 7 =0 o0pasyior
BBIpOXAeHHBIN (epmu-ras. I[pu ycinoBun 7= 0 ¢hepMHOHBI IOTHO
3aTIOJIHSIIOT BCE HMKHME COCTOSHUS U (DYHKIUS pacripeicsieHUs B
¢$a30BOM MPOCTPAHCTBE SBISIETCS TOCTOSIHHOM MJISI MMIYJILCOB,
MEHBIINX TI0 a0COJIOTHOM BEIMYMHE HEKOTOPOTO MAaKCHMAIbHOTO
3HaueHUs p (umirysbc @epMu), YTO YIPOIIAET pPacyeThl TEPMOIMHA-
MUYecKnX BelmunH. MmMmynsec DepMu MOXHO CBS3aThb ¢ OOBEMHON
IUTOTHOCTBIO YaCTHUII M OLICHUTH TTOJTHYIO 3Hepruio pepmu-raza. Eciam
NMpuOaBUThL K HEH SHEPruio I'paBUTALMOHHOIO B3aMMOIECHCTBMS, TO
MOXHO T0Ka3aTh, YTO MUHUMYM TOJHOU 3Heprun FE(R), kak ¢GyHK-

mun pampyca R chepruuecKu-CMMMETPUYHOM 3Be3Ibl, CYIIECTBYET
JIMIIB JUISl OTpaHUYEHHBIX 3HAYEHUH MacChl.

ITpu OGonplIMX 3HAYEHUSIX IJIOTHOCTU CPEOHSIST KUHETUYeCcKasl
9HEprusi 3JIEKTPOHOB B O€JIOM KapjMKe 3HAYUTEIbHO IMPEBbILIAET
SHEPIUI0 3IEKTPOCTATMUECKOIO B3aMMOICICTBYS JEKTPOHOB C SIIPaMU,
U 9TO HEPABEHCTBO YCUJIMBAETCS C YBEJIMYEHUEM ILIOTHOCTU BJIEK-
TPOHOB. DTO OMNpaBAbIBACT IPUMEHEHHE MOJCIN BBIPOXKIESHHOIO
uneanbHoro epMm-rasza. Ho ¢ Bospacrannem mmmyinbca @epmm cra-
HOBUTCSI BaxXHbIM OOpaTHBIN B-pacrnan (p + €~ — n + v), T. €. CTaHO-
BUTCSl HENPABWIbHBIM TMPEAMNOJOXEHUE O HEU3MEHHOCTU 4Yucia
3JIEKTPOHOB, KOTOPOE MCIIOIb3YeTCs I MCCAENOBAaHUS YCTOMUMBOCTH
OesibIX KapaukoB. Eciau TMIOTHOCTh BelllecTBa CTAaHOBUTCS IOpPSIAKA
SIIEPHOM, TO OCHOBHYIO MAacCy 3BE3bl COCTABISIIOT HEMTPOHBI, KOTO-
pble Takxke sBISOTCS (hepMroHamu. B TakoMm ciyyae MOXKXHO TMOBTO-
pUTh TPUBEICHHBIC BbILIE OLEHKM O CYLIECTBOBAHUU IMpeAeTbHOMN
Macchl, KOIJa OCHOBHOUW BKJaa B JaBJieHWE HA€T BbIPOXIECHHBIN
depMu-ra3 HEUTPOHOB. 3leCh MMEEM TaKoe X€ MO TOPSAKY 3Haye-
HUE TIPEACbHOM Macchl Kak ISl OeNbIX KapJauKOB, TaK W JUISI HEM-
TPOHHOM 3Be3bl, XOTS IS MOCJEeAHEW MpeaesabHass macca B 2—3
pas3a Oonblie. s 3Be3abl ¢ JOBOJIBLHO OOJIBIION Maccoil (OoJblieit
Heckonmbkux M) MuHuMyM yHkumu E(R) orcytcTByeT. DTO 03HA-

Y4acT, 4YTO CWJbl OaBJCHHUA HE MOIYT OCTAHOBHUTL TI'paBUTALIMOHHOC
CcXaTtue.

! Temmeparypa peajbHOI «XOJIOIHOM» 3BE3Ibl MOXET JOCTUIaTh HECKOJBKHUX
TBICSIY TPALyCOB, HO TEMIIEPATypHBII BKJIaJ B IaBJI€HUE 3[€Ch HECYLLECTBEHEH.
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IMocnenoBaTeabHOE pacCMOTpPEeHNE aCUMIITOTUYECKOIO MOBEASHUS
KoJutancupylolieit 3Be3nbl TpedyeT mnpumeHeHue anmapata OTO,
MIpUYeM BpallleHWe 3BE3I MOXET BHOCHUTH CYIICCTBEHHBIC KOPPEKTH-
Bbl B MpeAebHYI0 Maccy. BaxkHbBIM siBisieTcsl TakKe ydeT 3(pdekToB
(GU3NKU BJIEMEHTAPHBIX YaCTUIL MPU TOCTPOSHUM PEATUCTUUYECKOTO
YPaBHEHUSI COCTOSIHUSI IIPU CBEPXBBICOKMX IIJIOTHOCTSIX.

C mOMOIIBI0 COBPEMEHHBIX PACUECTOB HA OCHOBE YpaBHEHUSI pABHO-
BecHsl [IJisl HeBpallaloIIMXCsl OebIX KapJMKOB MOJY4YeHO CleAylolliee
3HaueHne mpenena Yaumpacekapa: Mg, ~ 1,4 M . Yuer abdekron

HEWTPOHM3AIMK BEILECTBA 11 Pa3HOI0 XMMHUUYECKOIO COCTaBa 3BE3IbI
MOXKET BHOCHTD TTOTIPAaBKY B 3Ty BeJMunHy B Tipenenax 10—20 % [186].
B 2003 r. 6b11a 0OHapykeHa oueHb sipkasi cBepxHoBast SNLS-03D3bb
(ee nHorma HasbiBau «Champagne Supernova» — «CBepXHOBasi-1lIaM-
MMaHCKOe»). DTOT pe3ynbTar Obl1 omyoaukoBad B 2006 1. [204]. Tocne
3TOro OBUIM OTKDBITHI €l¢ HECKOJbKO MOAOOHBIX CBEPXHOBBIX THIIA
la, KOTOpBIe, KaK CUMTAIOT, MOIJIA IIPOMCXOIUTH OT OCJIbIX KapJIMKOB
C Maccoyl 3HaYUTEIbHO Oosble M, (IMouTH B ABa pasa). IIpuunHOi

TaKOro MpPEeBBIIEHUS MOXET ObITh OBICTpOE BpallleHUEe OeJIoro Kap-
nuka (cM., Hanpumep, [182]). CoriracHo ajlbTepHATUBHOM TUMOTE3€
MPEBBIIIEHNE MAaCcChl MOXET OBITH CBSI3aHO C TEM, YTO TIEPe. BCIIBIII-
KOl CBEpXHOBOI CIMBAIOTCS Ba O€JIbIX Kapjvka. XOTs TaKUX O0beK-
TOB HEMHOTO, OHM TIPHWBJICKAIOT 3HAYUTEIbHOEC BHUMAaHUE, TTOCKOIb-
Ky MMEHHO CBEpPXHOBBIE la MCIOJIB3YIOTCSI B KOCMOJIOTMM KaK CTaH-
JapTHbIE CBEYU MPU OmpeneaeHU HOTOMETPUUECKUX PACCTOSIHUI 10
JajJeKnXx o0beKToB. OmHAKO XapaKTepUCTHKU STHX «IUCCUICHTCT-
BYIOIIIX» CBEPXHOBBIX TAKOBBI, YTO MX TPYIHO CITyTaTb ¢ OOBIYHBIMHU
CBEpXHOBBIMU 1a, UMEIOIIMMHU OOJIbILIIKE KPACHBIE CMELIECHUSI.

C noMOILbIO pacyeToB UIsi HEUTPOHHBIX 3Be3n mojyyeHo M <
< M, mex = 3,6 M M MUHUMAJBHBIA TIEPUO COOCTBEHHOTO oOOpaiie-
Hus nyiabscapoB 0,4 Mc. 3mech CUTyallUIO YCIOXHSET HEIOCTaTOYHOE
3HAHUE CBOMCTB CMJIbHBIX B3aMMOICHMCTBUN NpPU IUIOTHOCTSIX Mare-
pUM TIOpSAIKA SIePHBIX, TIOCKONBKY BaXHBIM SIBJISIETCS y4eT (pu3mde-
CKMX YCJIOBMH KakK B LICHTPE XOJOMHOM 3Be3dbl, TAK W BHE CBEpPX-
IUTOTHOTO gapa. s monydyeHus IpeaesbHO MacChl B LIEHTPaJIbHbIX
00JIaCTSIX MCITONB3YIOT MAKCUMAAbHO Jcecmkoe YPaBHEHNE COCTOSHUS
P= P, + (p — py) ISk TUIOTHOCTE#, GOMBIINX py ~ 5 - 10" 1/cm’. Ec-
JIU B 3TOM 00JIACTU MPEIINOJOXUTh OECKOHEeHHO Jicecmkoe YpaBHEHUE
COCTOSIHUSI p = const (YTO YK€ MPOTUBOPEUMUT TPeOOBAHUSIM TEOPUU
OTHOCUTEIBHOCTH), TO M, o ~5 M [189].
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6.2.3. B3pbiBHbIe NpoLECCHI
B CUCTEMOX C PENITUBUCTCKUMM 3BE3AAMM

OCHOBHBIE HAaIlpaBjieHUsI B MCCIEIOBAaHUSX Bpalllalo-
IIUXCST HENTPOHHBIX 3BE3I TECHO CBSA3aHBI ¢ M3YyYCHHEM KaK YCTOM-
YMBBIX PAaBHOBECHBIX KOH(UIYpALIMii, TaK M TUHAMMUYECKHX TIPOIIECCOB,
KOTOpbIE COIPOBOXIAIOT MX 00pa3oBaHUE, B YaCTHOCTH, BCIbILIEK
cBepxHOBbIX. OCHOBOM JIs1 pacyeToB SIBJSIETCSI CUCTeMa YpaBHEHMI
(2.13)—(2.15), (2.18). Ilo cpaBHEHUIO C HBIOTOHOBCKMM OIIMCAHHEM
OTO BHOCUT 3HAYMUTEJbHbIE KOPPEKTUBBI B MapaMeTpbl 3TUX AMHA-
MUYECKUX TpolieccoB (cM., Harpumep, [121]). PelieHre coBMecTHOM
cuctembl ypaBHeHuit OTO M ruapoaMHaAMUKM TpeOyeT NMpUMEHEHUe
YUCIEHHBIX MeToaoB (cM. [153, 317]).

HMccinenoBaHue yCTOMYMBOCTM CTallMOHAPHON XOJIOAHOW 3BE3.bl
TAKXKe CBSI3aHO C M3ydeHUEeM AMHAMUYecKUX IpolieccoB. OCHOBOI 31ech
CIY>XUT JIMHEeapUu30BaHHAs CHUCTEMa YpaBHEHU i1 BO3MYILEHUM
OTHOCUTEJIbBHO PAaBHOBECHOTO COCTOSIHWSI, KoTopas ciemyeT u3 (2.13)—
(2.15), (2.18). HecummeTpuuHasi Bpalluamlasicss KOH(UTypaius siBJIsi-
eTCA HEYCTOWYMBOI B CBSI3M C TIOTEPSIMHU SHEPTUH Ha TPaBUTALIMOHHOE
usnydyeHue. Eciau pedb MOET O MOCTATOYHO OOJBLIMX MPOMEXYTKaX
BPEMEHHU, TO MEPBOHAYAIBHO HECUMMETPUYHAsI 3Be3la «yCITIOKAUMBACTCSI»
A CTPEMUTCSI K HEKOTOPOMY aKCHAIBbHO-CUMMETPUIYHOMY COCTOSTHHIO
(nm chepryecK-CMMMETPUYHOMY, €CJIM BpallleHre HeBeauKo). [1o-
9TOMY B MCCJIEAOBAHMSIX YCTOMYMBOCTH YACTO OrpaHMYMBAIOTCSI BO3-
MYIICHUSIMM  aKCHAJIbHO-CUMMETPUYHBIX CTAlIMOHAPHBIX PEIICHUI.
Ho HeycToituuBble KOHUTYpallMy TaKXKe 3aCIy>KUBAIOT BHUMaHUs (B
3aBUCUMOCTH OT XapaKTEPHOTO BPEMEHM CYILeCTBOBaHUSI), TMOCKOJbKY
MOTYT ONHWCBHIBaTh HamboJiee MHTEHCHUBHBIE WMCTOYHMKHU TpaBUTAIIM-
OHHOTI'O M3JTy4YeHMs], HE PEJaKCUPOBABIIME K PABHOBECHOMY COCTOSIHMIO.

OtaenbHOE HampaBJieHWE COCTaBJISIIOT MCCIeN0BaHMSI KoJiaarnca
pensaTuBUCTCKUX 3Be3n. CormocTaBieHHWe ¢ HaOJI0JaTeJbHBIMUA JTaH-
HBIMU CBUIETEIbCTBYET O HEOOXOAMMOCTM H3ydeHUs HechepuuecKoro
KoJularica C YYE€TOM BpallEHUSI, HEYCTOMYMBOCTEM U BO3MOXHOM
¢parmMeHTauMu cuctembl (cM., Hampumep, [537, 538]). CnekTp uac-
TOT KoJjieOaHUii, KOTOpble BO3HMKAIOT IMOCJE KoJjgarca U oOpa3oBaHUs
HEWTPOHHOM 3Be31bl, HECET MHMOPMALIMIO O €€ CBEPXILJIOTHBIX He-
npax [410].

B HacTosiiiee BpeMsi HET OKOHYATEJIbHOIO MOHMMAHUS, KaK 00-
pasyloTcsl yaapHble BOJIHBI, KOTOPbIe MPUBOASAT K BCIbILLIKAM CBEPX-
HOBBIX [216]. 1s1 paccCMOTpeHUs MeXaHU3MOB (POPMUPOBAHUS yaap-
HOI BOJIHbI HEOOXOMMMBI KakK CJIOXHbIE THUAPOJMHAMUYECKUE pacye-
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Thl Hec(epuyeckKoro KoJiaarca, Tak M 4YETKOe MOHUMaHUE YCJIOBUIA
¢dopMUpoBaHUs B3pbIBa, KOTOPOMY IMPEIIIECTBYET KOJUIAIC 3BE3/bI, a
TaKXKe XapaKTepUMCTUK 3Be3ll U BELIECTBA, KOTOPOE MX OKpYXKaeT Iocie
B3pbiBa [81].

C 3TUM HampaBlIeHHEM TECHO CBSI3aHbl HCCJIEAOBAHMUS TraMMa-
BcnbIek [84, 265], KoTopble OBUIM OTKPBITEI B Havaye 1970-x romos,
a ceilyac peryJsipHO PEerucTPUPYIOTCS C MOMOILIbIO CITyTHMKOBBIX Ha-
OmoneHuil. OTo — HauboJiee SIpKUE M MOIIHBIE TMpoliecchl Bo Bcee-
JICHHOM. DHeprusi, KoTopas BbICBOOOXKIAETCS IMPU TaKOW BCIIBILIKE,
Mo KpaliHeil Mepe, He MeHblle 3Hepruu cBepxHoBoit [220]. ITpuun-
HOI1 TaMMa-BCIBILIKU MOXET ObITh KOJUIATC TUIIEPHOBOM 3BE31bI WU
CIIMSIHUE PEISITUBUCTCKUX 3Be3d. BeposiTHo, B MexaHM3Me obOpa3oBa-
HUS 9TUX BCIBILIEK €CTh HEMAJO 3JIEMEHTOB, MOAOOHBIX BCIIBIIIKAM
CBEPXHOBBIX, MMPUYEM B 00OMX CIyYasx JOJKEH paboTaTh HE OAMH, a
HECKOJIbKO MEXaHU3MOB (POpMUPOBAHMS yIApHOM BOJHBI B IIpoIIecCce
KoJLIarnca.

IlonBoast UTOr, OTMETUM, YTO MOXKHO CUMTAThb XOPOIIO OOOCHO-
BaHHBIM YTBEPXKIEHUE O TOM, YTO MaKCHMaJlbHas Macca CTalMoHap-
HOIi XOJIONHOM 3BE3Ibl' HE MOXET IPEBBILIATL BEJUUUHY MTPUMEPHO
3 M. Menee xectkasi «abCOMIOTHAs» OLIEHKA MaKCMMalbHOW Macchl
OeJloro KapJvkKa WIM HEWTPOHHOU 3Be3Ibl COCTaBsSECT MPUOIN3M-
TesbHO 5 M. OOuenpuHsATas TOYKa 3peHUs 3aKITI0YAETCS B TOM, 4TO
XOJIONMHBbIE OOBEKTHI C Maccoi, OOJiblle YKa3aHHOM TpaHMIIbI, HOJXK-
Hbl OBITb YEepHBIMU IblpaMu. IlpakTuyeckue acTpopu3uKyd OTHOCST
aJIbTepHAaTUBHbIE OODBSICHEHUS TaKUX KOJJIAIICUPYIOIIUX OOBEKTOB
(HampuMep, ToJIble CUHTYJISIPHOCTH) K 00JIaCTU 3K30THUKH.

BddexkTet OTO BHOCAT CyllIeCTBEHHbIE KOPPEKTUBBI B TEOPETHU-
YecKHe pacueTbl JUHAMUYECKHMX IPOLIECCOB, CBI3aHHBIX ¢ 0Opa3oBa-
HUEM U KOJeOaHUSIMU KOMITAKTHBIX XOJOIHBIX OOBEKTOB 3BE3MHOM
Macchbl. OIHAKO HY>KHO YUWTBIBATh, YTO B 3TU PE3YJIbTATHI YACTO BXOMST
HEU3BECTHbIE MapaMeTpbl, KOTOpbIE OTPAXalOT COCTaB BelIECTBA M
ero ypaBHeHue coctosiHus. IToatomy, xotss OTO u sBasieTcs HeoO-
XOOMMBIM 3JIEMEHTOM WHTEPIPETALMU HAOMOACHUI, 3TU HAOIIOACHUS
MOXHO UCIIOJIb30BaTh ISl TECTUPOBAHUS TEOPMU JIMILIL Ha KadyecT-
BeHHOM YypoBHe. HameeMcs, yTo B OymyllleM perucTpaiusi rpaBUTa-
LIMOHHBIX BOJH 3HAYUTEJIbHO YIYYIIUT MOHUMaHME (DU3UYECKUX YC-
JIOBUI M TMPOLIECCOB, KOTOPbIE COIPOBOXIAIOT 0Opa3oBaHUE HEil-
TPOHHBIX 3B€31l U YEPHBIX JAbIP.

'T. e. KOTOpas He ABJISAETCA YEPHOM ABIPOIA.
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6.3. CBEPXMACCHBHbIE YEPHBIE AbIPbI
B KBA3APAX U 9APAX FAJIAKTUK

BaxxHbIM K1accoM OOBEKTOB, TAe pEISITUBUMCTCKAs rpa-
BUTALIMS TIPOSIBIISIET ceOsI «B MOJHOM Mepe», SIBISTIOTCSI CBEPXMACCUB-
Hble yepHble abipbl (CMY/I) ¢ maccoit (10°—10°) M, B KBazapax u
sgapax rajakTuk. CorjacHO COBpeMEHHBIM MPEACTaBICHUSIM KBa3aphbl
U aKTUBHBbIE sapa rajaktuk (ASI) — 310 pa3Hble MPOSIBIEHUST OMHOTO
u Toro xe gaBiaeHusi. K kmaccy AAI, kpome KBazapoB, OTHOCST ra-
naktuku Ceiipepra, 61azaphl (JJauepTUabl), JaiHepbl U mp. Ousndecku
9TU OOBEKTHI CUUTAIOTCSI TOAOOHBIMU, XOTSI MOTYT CYILLIECTBEHHO DPaz/iu-
yaTbCsl MO CBETMMOCTU: HalpHUMep, UISI KBa3apoB OHA B CPEIHEM IpH-
OJIM3UTEIBLHO Ha JBa-TPH TMOpPSIKa Bblllle, 4yeM i ragakTtuk Ceiidepra.

Bcem m3BectHbiM ASI, He3aBUCHMO OT MX KOHKPETHOIO THIIA,
MPUCYLIM TaKWe CBOMCTBA: MOIIIHOE HETEIJIOBOE M3JIy4yeHHUE, KOTOpOe
HUCXOIUT, TJaBHBIM 00pa3oM, M3 LieHTpaJbHON uyactu AL, yabTpa-
(HOIEeTOBBIM M30BITOK MO CPAaBHEHUIO C HOPMaJbHBIMHU TrajlakTHKa-
MM, HaJu4yue MOIIHOTO PEHTITEHOBCKOIO M3Iy4YeHMSs, TTepEMEHHOCTh
U3JTy4YeHUsS B KOHTMHYyMe (Ha BpEMEHHBIX MacluTabaX OT HECKOJb-
KHUX JIET 0 HECKOJbKHUX YacoB).

BaxxHoi1 0COGEHHOCTbIO MOXET ObITh HAIMUME IIMPOKUX IMUCCU-
oHHbIX JuHUil (LLDJI) B onTUYecKMX M PEHTTEHOBCKMX CIIEKTpax U
CWJIbHO KOJUTUMUPOBAHHBIX PEISITUBMCTCKUX CTpPYyH Traza (IKETOB),
KOTOpbIE BBITEKAIOT M3 LeHTpajdbHOW objactu. Ecau mnosiBaeHue
IBJI obycnoBneHo OLICTPHIMM ABWXKEHMSIMU BelllecTBa Bokpyr CMY/I,
TO OTHOCUTEJbHO [IKETOB OKOHYATEJbHOTO ITOHUMAaHUs elle HeT.
BoibIIMHCTBO MPU3HAKOB yHaeTcsl OOBSICHUTh B paMKax TaK Ha3bl-
BaeMoOil  00OOIIEHHON (YHU(ULIMPOBAHHOM) CXeMbl (DU3UYECKOTro
crpoeHust AAT, koTopas TpakTyeT HabogaTeIbHbIe OTJIMYMS aKTUB-
HBIX siIep KakK C/IeACTBHE FeOMETPUYECKO OpUMEHTAIIMU OCU BpallleHUs
00beKTa OTHOCUTEJIBHO Jiyua 3peHus [31].

IMpuuuHoit MoltHoro uznydyeHus ASIT cuuTalorT akkpeluio Belle-
CTBa Ha LIEHTpaJbHBI MaccuBHBINA 00bekT — CMY/I. Unes, uTto ak-
TUBHOCTh KBa3apoB 00ycjoBneHa akkpeiueir Ha CMYJI, Oblia BriepBbie
BbICKa3aHa Ha OCHOBAaHMM TeOpeTUYeCKMX ucciaenoBaHuit f.b. 3enb-
noeuueM u M.JI. HoBukoBeiM [533] u He3aBucumo DaBuHoM CoJru-
tepoM [370] B 1964 1. BcKope ITociie OTKPBITHS KBa3apoB. I1o3xe aTa
uaest ObUIa TTONTBEPKAeHAa MHOTMMU aBTopaMu (CM., Hampumep, [269,
352]) Ha OCHOBE KaK TEOPETMYECKMX MCCJIEIOBaHUI, TaK M IPSIMbIX
HabOmogeHui. bbpicTpass MEepeMEHHOCTb U «CBEPXCBETOBBIE JKEThI»
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CBUIETEJILCTBOBAIM B I0JIb3Y PEISITUBUCTCKON MPUPOIBI «IIEHTPaIb-
Hoi MaiuHbl» B AAT.

DTo npeAcTaBieHUe ObUIO MOJOXEHO B OCHOBY YHM(MUIIMPOBAH-
HoIi cxeMbl ctpoeHust AL, BrepBble mpemiioxkeHHoi B 1985 1. Po-
o6epToM AHTOHY4Y4M U JIxkoHoM Musiepom [31]. MU ObLIO BBIIBUHYTO
npeamnosoxeHue o cdepuueckoir Hecummerpuu ASI, BcaeacTBue
KOTOpOii reoMeTpuueckue 3(PheKThl, 0O0YCIOBIEHHbIE OpHEeHTalMei
AT, moryT urparh KJlOUeBYlO pojb B (opMuUpoBaHUM HaOmroAa-
TeJTbHOW KapTUHBI KOHKpeTHOro ASII. B manHoe BpeMs CyIIecTByeT
3HAYMTEIbHOE KOJMYECTBO MOJAEJEH, KOTOpbIE SIBISIOTCS JdajdbHEu-
UMY Pa3BUTUSIMM TUIOTE3bl AHTOHYYYM W Mwujuiepa, U HMMEIOT
MHOTO OOIIMX YepT, XOTA U OTIMYAIOTCS pa3HBIMU TPEICTaBICHUSIMHU
0 cBoticTBax KoMIoHeHTOB ASII". CortacHO 3TUM MOIEISIM OCHOBHBIMU
KOMIIOHEHTaMU «leHTpaibHOK MaiHbly ASID cumtarorca CMY/,
aKKpEeLUMOHHBbI AUCK U KopoHa. OOLIETIPUHSATHIMU SIBJISIIOTCS MOZE-
au ¢ CMY/I, onuceiBaemble MeTpuKoil Keppa. XapaktepHblit pazMmep
obnactu, e cymectBeHHBI 3ddekTter OTO, ompenensieTca Maccoit
WIN TPaBUTALMOHHBIM paanycoM 4YepHoil Abipbl U w1t CMY/l umeer
nopsnok 3 - 10°—3 - 10° xkm (wm 0,02—20 a. e.).

Axkpeuuonnviit duck (AJl) mMeeT pa3Mepbl TOpSIKA ITOJOBUHBI
CBETOBBIX CYTOK MM MeHblIe (mpubmmsurensHo 10'° km); oH cocTo-
WUT U3 MOHM3MPOBaHHOM IIadMbl. YacTo paccMmartpuBaloT A/l reomeT-
pUYECKM TOHKMM B HEIOCPEACTBEHHON OMM30CTH OT LieHTpa [18] u
ITOCTEIIEHHO YTOJIIAIOIIMMCS C OTHAJIEHUEM OT HETO, MEePeXOISINM
B Ta30MbLUIEBOM TOp. B HeNpepbIBHOM CIIeKTpe MHCKa MMEIOTCS Kak
TEIUIOBasi, TaK M CUHXPOTPOHHAsl KOMIIOHEHThl. MaKCUMyM TeEIIo-
BOTO M3JIyYeHUs JIEKUT B yJIbTpaduoseTOBOM auana3oHe; HaumboJjee
Ooim3kue K HeHTpYy Jacth AJl M3IydaoT B XKECTKOM PEHTTEHOBCKOM
IHWana3oHe IyTeM CHHXPOTPOHHOTO M OOpPaTHOTO KOMITTOHOBCKOTO
MexaHuaMoB. KpoMe Toro, B ciektpe Al MOXeT MpUCYTCTBOBaTh M3-
JIydeHUue B JIMHUSX, HarpuMep, HelTpaiabHoro xenesa Fe-Ko (okoso
6,4 k5B). Jlunuu, koTopble (QOPMUPYIOTCS B HEMOCPEACTBEHHOM
onuzoctu or CMYJI, umMeroT XxapakTepHbI Mpoduib 3a cUeT peasTu-
BUCTCKUX 3((HEKTOB MpPU BpallleHUU IMCKA B TPABUTALIMOHHOM I0Jie
CMY/ [255]. U3amepeHue WIMPUHBI U GOPMBI POGWIST ITUX JTUHUK
U PacCTOSTHUI MeXIy MaKCMMyMaMH JaeT BO3MOXKHOCTH OIPEICNISITh
CKOPOCTb ABMXKEHHUS YaCTUIL B HeMocpencTBeHHOM onmzoctn k CMYI.
TakuMm obGpa3oM, MHTEPIIpETalMsl JaHHBIX 3TUX U3MEPEHUI CyIIeCT-
BeHHO onupaercst Ha OTO.
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6.3.1. HabniogarenbHbie meTofbl onpepeneHus
napamerpos CMY[

C xoHua 1970-x rogoB HayaJM HakKaluBaTbcs (HOTO-
METpUUYECKHE M CIIEKTpalIbHBIC JaHHBIC, KOTOPHIC TTOATBEPXKIAIN Ha-
JINYME€ MACCHUBHBIX YEPHBIX ABIP B IIEHTPAJIbHBIX OOJIACTSIX MHOTHX
TJIaKTUK PaHHUX TUIIOB. Moaenau ¢ YyepHOW AbIpOi XOPOILIO OOBsIC-
HSUIM Bce uMMmerolmecs: naHHble. HaobopoT, Moaenu 6e3 4yepHOi IbIpbl
OTIafaJM OfHA 3a OMHOM KaK HeCOBMECTUMBIE C HAOIIOMEHUSIMMU.

IToHsitHO, uTO cBUIeTeabCcTBa cyllecTBoBaHUs CMYJI momKHBI
OBITH BBEIBEICHBI M3 HAOMIOACHWI OYCHb MaJIOM LIEHTPaIbHON 00JacTH
ranakTuk. Jdns HaxoxaeHus macc CMYJI B rajakTMKax MCHOJb3YIOT
JIaBHBIM 00pa3oM JBa MeToaa. JIJist O1M3Kux o0beKTOB (10 COTHU MIIK)
HUCTIONB3YIOT JaHHBIE O KMHEMATHKe 3Be3ll MJIM Ta3a B Majoil 00JacTu
(mo 10 nK), OCHOBBIBAsICh Ha HBIOTOHOBCKOM 3aKOHE€ W TIpeirioJiarasi,
YTO TPaBUTALIMOHHOE BJIMSTHHME YSPHOI ABIPHEI B 3TOM OOJIACTH SIBIISICTCS
JTOMUHUPYIOIINM.

HNnoit meron ompeneneHuss macckl CMYJI ocHoOBaH Ha 3xoKap-
TUpOBaHUM (reverberation mapping), MpU 3TOM HCIOJb3YETCS Tepe-
MEHHOCTb u3nydyeHus ASL. M3BecTHO, UTO M3TyyeHUE B HENpPepbIB-
HOM CIeKTpe (ONTUYECKOM, PEHTITEHOBCKOM) BO3HMKAET B LICHTPAIbHOMN
obnactu AAT. DTOT crekTp nepeusnaydyaeTcss B SMUCCUOHHBIX JIMHUSX
(Hanpumep, IIDJI) HAa 3HAUUTENBLHOM PACCTOSHMU OT LieHTpa (rme
IrPaBUTALIMOHHOE I10JIE MOXHO OINMCHIBAaTh B HBIOTOHOBCKOM IpU-
OJIMXKEHUU), a 3HAYUT, C OINpeAeeHHO BpeMEHHOM 3amepkkoi. Ta-
KUM o0Opa3oM, U3MEHEHUs TMOTOKa B JMHUAX OyOyT 3ama3abiBaTh I10
CPaBHEHMIO ¢ M3MEHEHUSIMM TOTOKA B KOHTUHYYME, W BpeMs 3aras-
IBIBAHUS 3aBUCHUT OT pa3Mmepa o0JacTu, rae (GOPMUPYIOTCS 3TH JIH-
HUU. 3alepXKy, a 3HAYUT, U PACCTOSIHME IO LEHTpa OIpPeaessioT,
HaOJoIas KOPPEIAIUA MEXIY M3MECHEHUSMHU TTOTOKOB B KOHTUHYY-
M€ M B OMUCCHUOHHBIX JUHUAX. ITOCKOJBKY MO LIMPUHE SMUCCHUOH-
HBIX JIMHUM MOXHO OMNpEIeIuTh TakKXKe CKOPOCTM BpallaTeJbHOIo
IBIDKEHUs BEIECTBa, TO OTCIOAA TIOJYYalOT OIEHKY MacChl IIeH-
TPaJILHOIO O0BEKTA.

O6a MeToma, Kak 3XOKapTUpOBaHWE, TaK M aHalu3 KUHEMaTUKU
3BE3M WM Ta3a, UMEIOT M HEeIOCTaTKU, U TIpeuMyIlecTBa. TeM He MeHee,
CpaBHEHME IBYX METOMOB OIpeNe/]eHUs] MacC YEPHBIX IbIPp Ha HEKO-
TOPOM TIOAMHOXECTBE AKTUBHBIX SAep ITOKAa3bIBaeT WX HETIOXYIO
coriacoBaHHOCTb [147].

3aTpoHEM KpaTKO TeMy OIpenejeHUs] ellle OMHOTO KIII0YeBOro
rmapamMeTpa, Xapaktepusymoiero YJI — ee ymelbHBIN YIIIOBO MOMEHT a .
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OTOT mapameTp, B MPUHLMUIE, MOXET ObITh OLIEHEH Ha OCHOBE acTpo-
HOMMYECKIX HaOTIONeHWIA.

CyliecTByeT HECKOJIbKO METONOB, KOTOPBIE B 3aBUCMMOCTU OT
XapaKTEepUCTUK HabJI0IaeMOro o0beKTa M OCOOEHHOCTel cUTyaluuu
MOTYT JaTh Takylo oneHKy. Ilo-Bummmomy, Hauboee 3(PpPeKTUBHBIM
B HacToslIee BpeMs SIBISIETCS] METOJ, OCHOBAHHbBIN Ha UCCIEA0BAHUU
npopwisi GIOOpPEeCLeHTHBIX JUHUI, TaKUX KakK JuHUM Xene3a Fe-K
u Hukens Ni-K, KoTopble TeHepUpyloTCS B HEMOCPEICTBEHHOW Ou-
3octu Boane YJI. Camoii CHJIBHOW cpedy JTIOMUHECLUEHTHBIX JTUHUI
SIBJISIETCST TUHMSA Xeyie3a. B cucremax ¢ akkpernueir Ha Y/ nmpodumm
TakuxX JUHUN MCIBITHIBAIOT BAUsSHUE Kak 3ddekra lomnepa Bcien-
CTBME BpalllaTeJIbHOTO ABMXXEHUS BelecTBa BoKpyr YJI, Tak u kpac-
HOTO CMEIIeHMST B rpaBUTaloHHOM mojie YJI. B tummaHoM ciydae
pENSITUBUCTCKASI JIUHUS MUMEET OCHOBAaHUE, CUJILHO BHITSIHYTOE B CTO-
POHY MEHBIIUX BHepruii £ , Torma ee mpaBasi CTOPOHA MMeEET IIHK,
KOTOPBIN pPe3KO OOpbIBaeTCsl CO CTOPOHBI OoJbliMx E (CM., Hampu-
mep, [143, 222]). OtpuuareJbHbIM MOMEHTOM SIBJISIIOTCS HEKOTOpPbIE
IIeTan, KOTOpble OOYCIOBJICHBI HEM3BECTHBIM pacrpelecHrueM Be-
1IecTBa B akKKpelHMoHHOM aucke. Mopma NMHUI 3aBUCUT OT MACCHI,
YIJIOBOTO MOMEHTa Bpaiuaroleiicss Y/ v yrjiia HakjIoHa TIOCKOCTHU
IHUcKa K Jydy 3peHusi. Ha ¢opMy JAuMHUMI Takke MOTYT BIUSTb 3(]-
(eKThI, CBSI3aHHBIC C OTPaK€HUEM U3JIYyYeHUs B ITUX JIMHUSAX OT IIO-
BEPXHOCTH aKKPEeIIMOHHOTO ancKa. OmHaKo HEeOOXOIWMO TTOMHUTD,
YTO TIOMUMO JIIOMUHECUEHTHBIX JMHHUI B CIIEKTpaX OOBEKTOB, CO-
nepxaiiux YJI, MOryT mpucyTcTBOBaTh U peKOMOMHALIMOHHBIC JIMHUU
CHJIBHO MOHUM3WPOBAHHOTO Keje3a. Takwe JUHWUM MOTYT BO3HUKATH
KaKk B CUJbHO WOHU3UPOBAHHBIX, OMNTUYECKM TOHKMX BHYTPEHHMX
YacTsIX aKKpelUMOHHOTO JMCKa, TaK M B IMaJarolleM Ha AUCK BellecT-
Be WM BO BHEIIHUX OOJIACTSIX CUCTEMEI.

Jpyroii MeTon OLIEHKU @ OCHOBBLIBAE€TCS Ha HE3aBUCUMBbIX OLIEH-
Kax Macc M BpEeMEHHOIo MacluTaba MmepeMeHHOCTH. DTOT METOl, Kak,
BIIpPOYEM, M TIPEHbUIYIINiA, 0asupyeTcs] Ha TPEIIOJI0XKEHUU O TOM,
YTO PEHTTEHOBCKOE M3JYyYEHUE AKKPELMPYIOIIEro BEIIeCTBa BO3HU-
KaeT B HermocpeacTtBeHHoU Onm3octu ot YJI. B s3Tom ciydae ero me-
PEMEHHOCTb MOJLKHA OBITh CBSI3aHA C OPOMTANBHBIM IBIKEHUEM He-
OJHOPOAHOCTE aKKPELIMOHHOIO MOMCKa. XapaKTepHbI BpeMEHHOM
MaciTab TakKoi MepeMEeHHOCTH CBSI3aH C paglyCcOM YCTOMYMBOM Op-
OuTHI, OMMKaKIleil K BHYTpEHHEMY Kpaw AUcKa (MU BHYTPEHHEMY
panuycy ctadbuibHOCTH). Takoil MeToa HauIydlluM oOpa3oM MOAXOOUT
g 07a3apoB C MOLIHBIM M3JIydeHUEM B TramMa-auanazoHe [291].
OpgHako B IEeHCTBUTEIBLHOCTM BHYTPEHHUI paguyc aKKpeLMOHHOIO
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JIUCKa, OCOOEHHO IJIsI paAMOTPOMKUX OOBEKTOB, MOXKET CYLIECTBEHHO
OTJINYATLCS OT pagruyca HauMEHBIIEH YCTOMYMBOM opOUTHI [358].

Mwmerorca u apyrue MeToabl, pa3dpadaTbiBaeMble C LIEIbIO OLIEHUTh
3HAUeHUe CIMHA uHauBMayanbHoOU YJI [426] M cpemHee 3HAYEHME
BBIOOPKM B CTaTUCTUYECKOM Ttoaxone [389].

MHoroo6enaouM METOAOM MCCAEI0BAHUM LIEHTPAJIbHBIX YacTei
AT (B maHHOM ciyyae peub UAET OOJIbIIE YacThblo O KBa3apax) siB-
JISIETCSI BHETAJIAKTUYECKOE TPaBUTAIIMOHHOE JIMH3UPOBAHUE W MUK-
poavH3upoBaHue. CeroaHsi U3BECTHO 0oJiee COTHM KBa3apoB B Ipa-
BUTAIIMOHHO-JTMH30BBIX cucTeMax. C ITOMOIIBIO COOBITUI CHIIBHOTO
IrPaBUTALIMOHHOTO MHUKPOJUH3UPOBAHUSI BO BHETAJIAKTUYECKUX Tpa-
BUTAIIMOHHO-JIMH30BBIX CHUCTEMaX MOXKHO OIIEHMBAThb pa3Mephbl HC-
TOYHUKA M3Iy4eHUs. B 3TOM OTHOIIEHWM OCOOEHHO WMHTEPECHBIM
SIBJIIETCS WCCIIEIOBAHWE OMHUX M TeX X€ COOBITUIl B pa3IUYHBIX
IHana3oHax JUIMH BOJH M CpaBHEHHME TOJyYEHHBIX pa3MepoOB MCTOU-
HUKa.

MHudopmaTUBHBIMU SBISIOTCS HAOMIOAEHUS B 00JaCTU BBICOKMX
9HEpruii, 0COOEHHO B KECTKOM PEHTICHOBCKOM M TFaMMa-Iuaria3oHax;
usyyeHue HeHTtpajibHOK yactu AST cocTtaBiseT 3HAYMTENbHYIO NO-
JII0 BCEro M3JIy4YeHUs B 3TUX Avana3oHax 3Hepruil. [1pyu aToM BaKHBI
KaK CpaBHUTEJbHO KPAaTKOBPEMEHHBbIE (Yachl WJIM CYTKW) Habsroae-
HHUS C BBICOKMM CIIEKTpaJbHBIM paspelieHrueM (KOCMUYECKUE MHUC-
cun Chandra, XMM-Newton, Suzaku), Tak U MeHee TOYHbIE, HO
npoaokuTeabHble MOHUTOPUHTU (cnmyTHUKU INTEGRAL, «Swifts,
BeppoSAX): crnekTpajibHbIi aHaJIU3 W MEPEMEHHOCTHM Ha pa3HbIX
BPEMEHHBIX MacliTabax B 3TOil 00JacTW cIeKTpa HecyT HHpopma-
LIMIO O TIpolieccax, KOTOpble MPOUCXOIT B LieHTpaibHOU yactu AT .

HM3ydyeHue u yTouHeHUEe MPOCTPAHCTBEHHON CTPYKTYphI, KOTOpas
MU3TyYaeT B paaudoaMarna3oHe, a TakXkKe ee pPaauoCleKTpa SIBISIOTCS
BaXXKHBIM 1IIarOM K YCOBEPIIEHCTBOBAHMIO CYIIECTBYIOLIMX O0OOILIEH-
HBIX cxeM crpoeHMs1 Al M moHuMMaHuIO UX Npupoabl. biaromaps
Ha3eMHON cHUCcTeMe HaOMIOAeHUI BHEralaKTUYEeCKMX PaavOUCTOYHM-
koB Whole Earth Blazar Telescope (WEBT) ¢ momompbio PCAB [127]
JMIOCTUTHYT YPOBEHb TOYHOCTU TOpsIKa HECKOJBbKUX AECSITKOB MUK-
pocekyHa. JlaapbHeHInii mporpecc BO3MOXEH NpY BBIHECEHUM pa-
IUOUHTEPHEPOMETPOB Ha OKOJIO3EMHYI0 KOCMWYECKYID OpOuTY.
MHoroo6el1amimM B 3TOM TUIaHe sSBJsieTcs MpoeKT «PagnoacTpoH»,
B KOTOPOM MOXET ObITh MOBbILIEHA TOUHOCTb BOCIIPOM3BEIECHNUSI U30-
OpaxkeHMIA BHEraJIaKTUYECKMX O0OBEKTOB 10 MUKpoceKyHa ayru. Ilpo-
eKT MpeaHa3HauyeH ISl CUCTEMaTUUYECKUX WCCAEAOBAHUM LIEHTpaIb-
HbIx obnacreit AAIL, ranaktnyeckux YJI, HEATPOHHBIX 3Be3M, OOaac-
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Teil 3Be31000pa3oBaHusI, a TakKxKe rpaBUTALMOHHOTO mojst 3emiun. B
2018 r. 3ammaHupoBaH 3allyCK KOCMHUYECKOro ammapara «MmuuimmMe-
TPOH», KOTOPbI obecreunuT 0osiee BHICOKOE YIJIOBOE paspellieHue (10

HAHOCEKYH]I AYTH).

6.3.2. CMY]1 B uentpe FanakTuku

Merton omnpeneaeHUs] MacChl LIEHTPATbHOIO OOBEKTA IO
MTUHAMMKE OKPYKAIOIIMX 3Be3/ OBUT MPUMEHEH TPEeXIe BCETO K HaIlei
lanaktuke. B 1990-x romax ObuIM HayaThl HaOJIOOEHUS B WH(pa-
KpacHOM JMaria3oHe 3Be31 BOKPYI PaJMOUCTOYHMKA Sgr+, KOTOPbIA
HaxoauTcs B LieHTpe lasnaktuku. C nomoinpio HabmoaeHuii B 2005 T.
oIpezesieHa Macca LEHTPaJbHOI yepHoii awipel (3,7 + 0,2) - 10° M,
npu paccrosiHuu ot ueHTpa I'anaktrku go ConnHua 8 knk [159]. On-
HUM M3 MOCJIEeIHMX ompenejeHuil (mo HaomomeHusm ao 2009 r.) mo-
ayyeHo (4,1 + 0,3) - 10° M, npu paccrosuuu 8,0 + 0,3 knk [160,
463]. B OymoyireM ¢ MCIIOJIb30BaHMEM CBEPXMOIIHOTO TeJIeCKOIa TOY-
HOCTb ONpEHCICHUS MacChl 4epHOM AbIpbl gocturHeT 0,1 % [441].
IIpu 5TOM MOXHO OyIeT U3MEpPSTb PENSITUBUCTCKUE 3(DGhEKThl HU3-
WX TIOPSAKOB, TaKWe KakK Ipereccus OpOWUTHI, a B TIEPCIIEKTHBE,
Ipyu OOHAPYXKEHUM 3Be3M ¢ BHICOKOIKCIICHTPUYHBIMU OpOUTAMU — M
3(deKTH BBICIINX ITOPSIAKOB. XOTS 3[IeCh CIpaBEeIJIMBBI Te Xe 3¢-
ekt OTO, yto m mcnonsdyemble 11 npoBepok OTO B ComHeu-
HOIl cucTeMe, BaXXHOCTb TECTUPOBAaHUS 3TUX 3(PDEKTOB ¢ yyacTueMm
CMUY/I cBs13aHa ¢ Topas3no OOJBIIMMM MacIITabaMM MacC M PacCTOSTHUIA.
B nutepatype naBHO 0OCYXIaroTCs BO3MOXHbIE CBUIETEILCTBA B
MOJIB3Y YEPHBIX ABIP ¢ Maccamu ~103 M® BOJIM3M 1ieHTpa [ajmakTukm
[42, 173, 187, 274, 384].

6.3.3. ferextupoBanne CMYJ B apyrux ranakTukax

M3yueHne JUHAMUKU 3BE3M U3 OKPYKEHUS LIEHTPAJIbHOTO
MAaCCUBHOIO 00beKTa B APYTUX TajakTHMKaxX TpeOyeT O4YeHb BbICOKOM
(mecsTKM YIJIOBBIX MWIJIMCEKYH[) pa3pelialolleil ClIOCOOHOCTH IIpH-
€MHMKOB. 3a HeOOJBLINM MCKIIOUEHUEM HAa3eMHBIM TeJIeCKOIlaM He
XBaTaeT MPOCTPAHCTBEHHOTO paspelueHus «cdepnl BausHus» CMYJL
naxe miast omvikauux ranaktuk. Mzyduenne CMYJI B apyrux ranpak-
TUKaX TIOJYYWUJIO TOJYOK IOCHe 3aIllyCKka KOCMMYECKOIo TeIecKoIla
Xab6ma (Hubble Space Telescope, HST). IIpeumymecreo HST mepen
Ha3eMHBIMM TEJIeCKOIIaMM B 3TO 00JacTH OBIJIO 3HAYUTEILHBIM.
IMocne mpuOIU3NTEIBLHO OBYX ACCATUICTUN TPYAHBIX, HO Heyoemu-

192



6.3. CepxmaccuBHble YepHbIe Abipbl B KBA3APAX W AAPAX ranakTmk

TEJbHBIX HA3€MHBIX MCCIAEAOBAaHUI CIEKTpajbHble W OINTHUYECKUE
HaOmoaeHus: ¢ nomoubio HST mokaszanu cyliecTBOBaHUS CTPYKTYD,
MIPUCYIIMX YepHBIM ObipaM. Ha ocHOBaHMM pe3yIbTaTOB 3TUX MCCIE-
IOBaHMUI BBIMOJHEHB TOYHBIe olleHKM Macc CMYJl. C momoiibio
NIaHHBbIX, MoJy4eHHbIX ¢ Oopta HST, mpoBemeHO neTeKTUpOBaHUE
Y/l B HECKOJBKMX HEeCATKax IPYrMx rajakTuk. I[IpuMepbl MoxHO
Haiiti B [606].

6.3.4. Ceupetenncrea cywecrBoBaHus aBoiHbIx CMYJ,

Bomnpoc o cylecTBOBaHMM CBEPXMACCUBHBIX TBOMHBIX
YEpHBIX ABIPp OYEHb BaXKeH TSI PEllIeHUsT KIIOUEBBIX MPOOJIEM acTpo-
¢uszuku. OO6HapyXeHHe M OLIEHKM MX KOJMYECTBa JaayT BaxkKHbIE Or-
paHWYeHUST Ha Moaean (OPMUPOBAHUSA W SBONIOINHN TaJaKTHK, Ha
BO3MOXHBIE MEXaHM3MbI HapacTaHus uX Macc. CUMTAIOT, YTO OCHOBHBIM
nyteMm GopmupoBaHusl nBOHBIX YJI sIBIsieTCS CAMSIHME TaJlaKTUK.
Ecmu o6e cimBatonuecs rajnaktuku comepxat CMYJL, To mociennue
C TeYeHHEeM BPEeMEHM TakKe COJIBIOTCS. Mepapxuueckre MO CIvsI-
HUST TaJJaKTUK MPeayCMaTpUBAIOT JOBOJBHO YAaCThle Clyyau CIAUSTHUS
JIBOMHBIX YepHbIX AbIp (CM., Hampumep, [183]), mpuuemM yacrora Cimsi-
HUSI B CKOIUIEHMSIX M TPYIINAX rajakTUK IOBOJLHO Oosbliast. OgHaKo
cylllecTByeT Bepcusi (opmupoBaHMsi OBOWHBIX Y[ B 1LieHTpax mep-
BUYHBIX TajiakTuk [75]. Ciusinue 6osbiux YJ1 MoXeT CripoBOLIMPOBATH
BCHIBIIIKY 3Be31000pa30BaHUsI B OKOJOSIAEPHON OOJACTU TaJaKTUKU
[416], B TO Bpemst Kak ciaustHust MeHbIuX YJI BBI3OBYT aKTUBHOCTb
camoro snpa. Ilpu causuum asyx CMYJIL (Gosblieil yacTblo B 3J-
JIMIITUYECKUX TajlaKTUKax) BO3HMKAIOT KeppoBckue YJI, KoTopwie
OBICTPO BpaIIalOTCS, YTO MOXKET OBITH TIPUUNHON «paguoOTPOMKOCTH».
Panuotuxue siapa, HaxXoAsCh B CIMPAJbHBIX TalaKTHUKaX, UMEIOT Mell-
JneHHo Bpaiatommecst YJI.

Bo3moxxHO, uTO BCe Oiazapbl 00si3aHBI CBOMM ITPOMCXOXKIECHUEM
HaJIM4YUIO JBOMHBIX YepHbIX AbIp [435]. Paznuume mexmy pasHBIMU
TUITAMUA aKTUBHBIX sgaep B padore [435] oObICHSIIIM pa3HBIMU 3TallaMu
9BOJIIOLIMU: JJaepTUAbl M paauoraiaktuku knacca FRI npencrasns-
10T cO00# cTaauy C TECHBIMU JABOMHBIMM CUCTEMaMM, B TO BpeMs Kak
B pamuoranaktukax kjacca FRII gosmkHBI mpUCYTCTBOBaTh LIMPOKUE
mapel ¢ OOJBIIMMU OPOUTATBHBIMHU TIEPUOAAMU, KOTOPBIE CIIOXHEE
pacrno3Hatb npu HabmoaeHusix. HecoBnaneHue oceil paaroaKeTOB U
aKKPEIIMOHHBIX ITUCKOB AKTUBHBIX TaJaKTWK, KOTOpPOe WHOTrIa Ha-
Osomaercs, OOYCIOBJAEHO MMHYBIIMMU CIUSHUSIMU YEePHBIX [bID,
BO3MOXHO, HEOMHOKPATHBIMU. DTO KacaeTcsl Takxke TOro, YTo Opu-
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GHTalUU PaguoIXKEeTOB B aKTUBHBIX SIApaX MPAKTUYECKU MPOU3BOJIb-
Hbl OTHOCUTEJIbHO TIJIOCKOCTH 3B€3HOI0 AMCKA.

B cootBeTrcTBUM ¢ MOIENSIMU 3BOJIOUMU ABOMHBIX YEPHBIX IBIP
HauOOJbIINE BpeMEHHbIE MacIITaObl MPUXOASATCS Ha ClIy4aud TECHBIX
JIBOMHBIX CUCTEM C PacCTosiHMeM Mexay KomroHeHTamu ~ 0,01—10 mk.
IToaTOoMy GOJBLIMHCTBO TMap YEPHBIX IbIP HE MOTYT OBITh pasiefeHbl
B HaOJIOAEHUSIX. DTU Tapbl NPOSIBISIOT ce0s MEPUOAUYECKUMU SIB-
JICHUSIMU, TAaKUMU KaK TOKauMBaHUE PAIUOIKETOB, KBA3UIIEPUOIU-
yeckue MepeMeHHOCTU B KpHUBBIX Ojiecka. TeM He MeHee Mpeanosia-
raloT Hajauuude u 0oJiee IMPOKUX Tap, KOTOpPbIE MOTYT OBbITh pasie-
JIeHbl B HaOmoaeHMsIXx. Takue mapbl MOXHO 0OoJiee YBEpeHHO WIEH-
TUPULIMPOBATh, €CIM 00a KOMMOHEHTa aKTUBHBI. OueBUIHO, MHOTO
rnap, B KOTOPBIX BTOPOIi KOMIIOHEHT HEaKTUBEH, He OyAyT HalIeHBI.
Iloka u3BecTHa TOJBKO OJHA Mapa HaOIOJATEIbHO pasae]eHHbIX
PEHTTeHOBCKM aKTMBHBIX YEPHBIX IbIp B LIEHTPE OIMHOYHON rajak-
ik NGC 6240 ¢ paccTosTHUEM MeEXIYy KOMIIOHEHTAMH ~1,5 KIIK.

CnuBaromecs aBoviHble CMYJl mOomKHBI OBITH MOIIHBIMHM MC-
TOYHMKAMU TpaBUTALlMOHHBIX BOJH. HaOoneHus: BCIIECKOB I'paBU-
TAaMOHHOTO M3nydeHus1 oT ciaussHuss CMYJ mamyT mcciaeaoBaTeIsaM
HOBYIO LIEHHYIO0 UH(pOpPMALMIO 00 0COOEHHOCTIX 3THUX MPOLECCOB.

6.4. YEPHbIE AbIPbl MPOMEXYTOYHbIX MACC
6.4.1. Fpe HyxHbl YAMM?

JocTaToOYHO IONTO CYMTAIOCh, YTO B acTPODUIMIECKIX
cHUCTeMax BO3MOXKHBI Jiniib Y/] B AByX AuaIa3oHax Macc: YepHBIC ObIPhI
3gesnHbix Mace (YA3M), M, =(3—20) M, xoropsie o0pa3syoTcst
MpU KOJIJIATICe SIAEP MACCUBHBIX 3Be3ll, M CBEPXMACCHUBHBIE UEpPHBIE
apipsl ¢ Maccamu M, = (10° —10°°) M, KOTOpble HAXOMATCS B LiCH-
Tpax rajJakTUK M 0o0pa3yrTcs B XOIe TPOLIECCOB, MOKa J0 KOHILA He
BBISICHEHHBIX. [IpoGen B msATh mopsiakoB Macc, ~ (100 —10°) M,
JIOJITOE BpEMSI CUMTAJICS He3alloJHEHHBIM. MeXaHu3MBl 00pa30BaHMS
CMY/ He Tak xopouro orpabdoTtanbl, Kak misg Y/A3M. Bricokast cBe-
TUMOCTh MHOTHX AT, KoTOpass OOBSICHSIETCS BBICOKMM TEMIIOM aK-
KpelLuu, noackasbiBaeT, 4to Y[ pacTeT u3-3a MOIJIOLIEHUS MaTepUU
OT aKKpeLMOHHOTO aucka. OTHAKO eCTh JIU IpyThe MeXaHW3MBEI pocTa?
W xak BO3HUKIM «3aponbiiiueBbie» YJI, HACKOIBKO OOIblINE 3TU 3a-
ponbiu? Ecin oHM 06pa3oBaiuch B pe3ysibTaTe B3pblBa CBEPXHOBBIX
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3Be3n nonyasiuu I1I, yTo mpeacraBisieTcsl JOCTATOUHO BEPOSITHBIM,
TO KaKOi MEXaHU3M «IIPUKOPMKH» HEOOXOOWM JJisI TOrO, YTOOBI 3a
BpeMsl, MeHblIee Xa0010BcKoro, BeipacTuTh CMYI? O3HauvaioT Ju
HaliilegHHble Koppeasiuuu Mmexay maccoit CMYJl u maccoil Oammka
TaJIaKTUKM, a TaKKe IUCIIEPCHUEil CKOPOCTeH 3Be3 B SIEPHOM 00JIacTH,
TeHEeTUYECKYIO CBsI3b oOpa3oBaHus Y/ U X poaUTENbCKUX TaIaKTUK?
OTBeThl Ha 3TU W JIpPYrue MoJOoOHbIE BOMPOCHI CBSI3aHbBI C MpPEACTaB-
JieHUsiMM 00 oOpa3oBaHUMM U 3BoMOLMM Y[ MPOMEXYTOUHBIX Macc
(YAIIM) B muanazone ~ (10" —10°) M.

Cam dakt cymecrBoBanust YIAIIM saBisieTcsi KpUTUYECKUM B T10-
HUMaHUU mpolecca ux oopazoBaHus. B Tak Ha3bIBaeMoil «top-down»
MOJEeN, B KOTOpOil MpociexuBaercss odopazoBanue CMYJ] B oueHb
paHHUX CTaaMsIX 00pa30BaHUsSI TaJaKTUK, SIBJSIETCS €CTeCTBEHHOMN HMX-
Heas rpaHuna M, ~10° M, (cm., nanpumep, [184, 264, 398]). B mone-
au «bottom-up» ssaepHbie CMYJI obpasytorcs myrem ciaunanus YITTM,
PACHOJIOKEHHBIX U B TaJJaKTUUECKUX LIEHTPaX, U B LIAPOBBIX CKOILIE-
Husax [129, 338]. B takom cueHapum HET (U3MIECKUX MPUYWH ISt
3ampera 00pa30BaHWsSI YEPHBIX IBIP ¢ MaccamMu, MeHbrmMu 10° M®.
Wrak, HabmogaTeabHble JaHHBIE cyliecTBoBaHusl YIIM cBumetens-
CTBOBaJI ObI B MOJIb3Y CLUEHAPHUS CO CIUIAHUEM.

YIAIIM wuMeoT BaXHOE 3HAUYEHUWE B APYTUX acTpODU3UUYECKUX
npoieccax: JMHAMUYECKONW 3BOJIOLMM 3BE3IHBIX CKOIUJICHUM, TeHe-
palyy TpaBUTALIMOHHBIX BOJH (B JMaIla30HE 4YacTOT OYAyLIUX KOC-
MUYECKUX AeTeKTOpoB Tuna LISA), yapTpasgpKux peHTT€HOBCKUX MC-
TOYHUKOB BO BHESIIEPHBIX 00JIACTSX FaJIaKTUK U T. TI.

JaHHble, CBUACTEILCTBYIOLIME O BO3MOXHOM CYLIECTBOBAaHUU
Y/ITM, ctanu HakarmBaTbes, HaunHas ¢ 1990-x rogos. [Moctymator
OHUM TJIABHBIM 0O0pa3oM M3 M3YYEHMSI YIbTPasSPKUX PEHTTEHOBCKMX
uctouHukoB (YPU, Ultraluminous X-ray sources, ULXSs), 1apoBbIix
CKOIUICHUI U siiep KapJaMKOBBIX U 0e30aJIKeBbIX TaJJAKTUK MO3AHUX
tunoB. M3ydyenne YPU paer kanmuaatoB B Y IIM B HuKHEl yacTu
«Ipobesia» Macc, IIAapOBBIX CKOIUIEHUII — B €€ cepeauHe, siaep Kap-
JIMKOBBIX U MO3AHUX TajakTUK, B YACTHOCTU aKTUBHBIX, — B BEpXHel
YacTu npobea.

Bo3moxHo, uro YJIIM HaxopsiTcss u BOJM3U lLieHTpa Halueir I'a-
naktuku. MHppakpacHblii ucTouHUK IRS-13 ObLT OTOXIOECTBIEH C
WCTOYHUKOM PEHTIeHOBCKOTO M3JYyYEHUs MO JaHHBIM KOCMUYECKON
obcepBatopuu «Chandra» [42]. McToyHMK mpenctaBisieT coboil uc-
KJTIOUUTENbHO ITIJIOTHYKO KOHLEHTPALMI0 MAaCCUBHBIX TOPSTYMX 3BE3],
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IBWKYIIUXCS COBMecTHO. M3-3a aTOro OBLIa BBICKAa3aHa THMIIOTE3a,
yto IRS-13 gBasieTcsl octaTKoM spa paHee MacCUBHOIO CKOILJICHMSI
3Besn ¢ Y ¢ maccoit mpumepHo 1300 M, paspyiieHHOTO TPUIUB-
HbIMU cuidaMu leHTpasbHoii CMUYJI [274]. Dra rumnoresa, OJHAKO,
BbI3Bajla KPUTUKY, MOCKOJbKY HOBbIE OIpEACIeHUsT Macchl YepHOM
IBIPBI TIO TMHAMMKE 3Be37 CKOTUICHUS TTOKA3aJIM CIIMIITKOM OOJIBIIYIO
maccy — 7000 M, a OTOXIECTBICHNE CKOIUICHUSI C PEHTTCHOBCKUM
WCTOYHUKOM HEJIb3s CUMTATh HaleXXHbIM [384].

Hpyrue cBugerenbcTBa o Haamuuu YJATIM BOAM3M LEHTpaIbHOM
CMUY/I TanakTvky NOCTYNarOT M3 aHAJIM3a ABVMKEHUS 3BE3M LIEHTpalb-
HOro ckolvieHns. Hekotopele crienmdpuyecKkue NeTand pacrpeneiaeHus
3Be3] BOKPYr l'ajakTUYEeCKOro LEeHTpa MOTYT ObITh Jydllle OObSICHEHbI
npu Hanuyuu YIATIM [187]. Tlo HaGaoaeHusIM ABMXeHUsT 19 3Be3n
LICHTPAJIBHOTO CKOIMUIeHUs ['aJakTuKu caeflaH BbIBOI O BO3MOXHOCTHU
cyuiectBoBaHus ABoKHON cuctembl CMYI—YIIIM, npuuem 1o-
crenHsist umeer macey (2000—4000) M [173].

6.4.2, YAMM v ynbTpasipkue peHTTeHOBCKME UCTOYHUKM

DIOVHITOHOBCKAsl CBETUMOCTb aKKPELIMPYIOLIETO KOM-
MaKTHOTO 00bekTa Maccoil M pasHa L, =1,3-10%(M / My,,) spr/c.

D10 cocrabisger ~2-10*® spr/c mwis HeliTpoHHOI 3Be3mpl U (0,4—
2,0) - 10* spr/c mna YA3M. OgHako HEOXUIAHHO IO pe3yJbTaTaM
HaOmoaeHuit Ha cnyTHukax «Albert Einstein», ROSAT (Roentgen
Satellite) u «Chandra» y yactu 6JM3KUX TajlaKTUK ObLJIM OOHAPYKEHbI
WCTOUYHUKU C OOJbIIEH CBETUMOCThIO, yeM MoryT gath YJI3M. Eciu
IOITYCTUTh, YTO W3TyYeHHE TaKNX WMCTOYHHMKOB SIBISICTCSI M30TPOII-
HBIM, TO HaOJMIOJAaeMBIN TTOTOK YKa3bIBaeT Ha PEHTTCHOBCKYIO CBETH-

mocth 2-10* < L, <10* spr/c. Takue MCTOYHMKM CTalv Ha3bIBATh

YPU. Ux usorponHasi CBETUMOCTh MeHble, YyeM y CelidpepToBcKuX
rajaktik (10¥—10* s5pr/c), Tak 4TO OHU OTHOCATCHA K OOBLEKTAM C
YMEpPEHHOU PeHTreHOBCKOI CBEeTUMOCThIO [432].

YPH B obmieM citydae He 3aHMMAIOT LIEHTPHI TATaKTHK, CJIeI0Ba-
TEJbHO, HE CIIYKAT MPUYMHON aKTMBHOCTU SIE€pP, OTHOCUTEIHLHO HU3-
KO B TaHHOM cJiyyae. B o0lleM ciyyae OHM SBISIOTCS HepasaesieH-
HBIMU TIpA BBICOKOM IIPOCTPAHCTBEHHOM pas3pelieHun (TIpruOopEl
«Chandra», HanmpuMep, UMelT paspelueHue npumepHo 0.”5). C yue-
TOM TOTO, YTO MHOTHE M3 HUX ITOKa3bIBAIOT TIEPEMEHHOCTh, 3TO WC-
KJioyaeT rumoredy, 4to YPU gBnsgercda arperanyeil MCTOYHUKOB
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HU3Koi cBeTuMocTU. [leranbHoe nizydyeHue YPU B ramaktukax AH-
TeHHBI [471] mokas3ano, YTo OOJbIIMHCTBO U3 HUX HE TPOSBISIOTCS B
pamvoauanasoHe. BmecTe ¢ epeMeHHOCTBIO 3TO TIPOTUBOPEYUT TOMY,
yto YPU MoOryT OBITH MOJIOABIMM CBEPXHOBBIMU. OcTaeTcsl Mpeamno-
JIOXWTh, UTO MexaHn3M YPU ompenensieTcss akkpelelil Ha KOMITAaKTHBIA
00bekT. Chepuuecku cUMMeTpUUYHas akkpelus bonau HemoctaTtou-
Ha ISl OOBSICHEHUST HAOI0MaeMOil CBETUMOCTH; CJIeI0BAaTEIbHO, OC-
TaeTcs aKKpelusl OT 3Be3IbI-KOMITAaHbOHA B ABOMHOM cucteme. Takast
WHTEPIpeTalsl COOTBETCTBYET HA0II0AaeMOl TEPEMEHHOCTH U TOMY,
YTO HeKOTOphie Y P TTOKa3bIBAIOT MEPeXoabl OT HU3KOTO/KECTKOTO K
BBICOKOMY/MSITKOMY COCTOSIHMIO, 4YTO XapakTepHo i [amakTude-
CKUX PEHTTEHOBCKUX IBOWHBIX CUCTEM C HEUTPOHHOM 3BE30M.
Hexotopeie m3 Takmx OOBEKTOB MMEIOT PEHTTEHOBCKYIO CBETH-
MOCTb, KOTOPYIO TPYIHO OOBSICHUTH MPUBBLIUHON Moaeabio ¢ YJI3M,
He Hapyluas CTaHAapTHOE MPeAIoJoXeHue 00 3SIAMHITOHOBCKOM
npeaene. Ecim YPU m3nmydaior M30TpONHO Ha YPOBHE SIIWMHITOHOB-
CKOIi CBETMMOCTU, TO aKKPELUPYIOIIMMU OOBEKTaMU JTOJIKHBI OBITH
Y/ ¢ maccamu B nuamasone (15—1000) M,,,. CyO->0IMHTTOHOBCKOE

M3ITyJeHUE WM CYIIECTBEHHOE MOITOJIHUTEIbHOE W3IydeHWe B APYIUX,
HEPEeHTIeHOBCKUX, MHMana3oHax MPUBOIUT K elle OOJIbIIMM MaccaM.

OnHako Macca He MOXET ObITh Gonbine ~10°M, , WHaue 3a cyer

IUHAMMYECKOTO TPEHMSI OHA MepeMecTIIach Obl K LIEHTPY TaJIaKTUKKH
[224]. Takum obGpa3om, Haubojee «eCTeCTBEHHOI» Mojaeianio YPU
ectb Moaenb ¢ YJIIIM. Bonee Toro, moaroe Bpemsi YPU cuutanu
MpSIMBIM CBUICTEILCTBOM B IOJIB3Y akKpeuupymoieir YAIIM [106].
Ha ocnHoBe mpocroit Mmogenu YPW co3gaHa peHTreHOBCKAsh MO-
IIeJb CeKTpa, c(pOpMUPOBAHHOIO OMCKOBOM TEIJIOBO akKKpeuuei u
HeNpepbhIBHOM KOMITOHEHTOI CO CTeNeHHBbIM pacripeaeieHueM. Eciau
ATy MOJeNb NPUMEHUTH K crekTpy YPU, To moiyyum TemriepaTtypy
mucka 0,1—0,3 kaB (cM., Hanmpumep, [286]); 3TO MHOTO HIXKE, YeM
temneparypa [anakrnuecknx Y/ (0,6—1,0 kaB). Bonee xosomHbIit
IUCK sIBJIsIeTCs Oojiee KPYMHBIM AMCKOM. Tak CUMTalOT MOTOMY, UYTO
IUCK TsAHETCs mo Omkaiimeid Kk Y ycToiymBOiA OpOMTHI, U3 3TOIO
cinenyet 6osbinasg macca Y. Takue XonoaHbIE TUCKWA JEWCTBUTEIBHO
ObUTM HaiimeHbl B HecKoibkuX YPW. Kazamock Obl, 3TO MOATBEepXKIaeT
monenb YIAIIM kak yHuBepcaibHylo mis Bcex YPWU. Ho nmeranbHas
pa3paboTka Takoil YHUBEpPCaJIbHOW MOZAEJIM CTOJKHYJIAcCh C OIperae-
JICHHBIMM TEOpPeTUYECKMMU U HaOJIoJaTeJbHBIMU  MpOOJIeMaMU.
IIpoctaa momens ¢ YIAIIM He 00s513aTeIbHO XOPOIIO ANIIPOKCUMUPY-
€T PEeHTIeHOBCKUE CIEKTphl 111 MHorux YPU. Iloatomy cramm pac-
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cMaTpuBaTh U MEHee 3K30TUYECKHUE MOIEIU i1 o0bsiCHeHus YPU,
Takue Kak OMMUHT (KOJUIMMAUMSI) WM CBEPX-3AAUHITOHOBCKAs aK-
kpeuus. O6a 3Tu Moaxoda OOBSICHSIOT PEHTIeHOBCKUE CBOMCTBA
YPU 6e3 npusneueHus ugen o YIAIIM. Csepx-30QMHITOHOBCKUE
rajJjakTU4ecKre HCTOYHUKM XOPOIIO M3BECTHBI — 3TO JBOWHbIE C
Y3M GRS 1915 + 105, V4641 Sgr u, Bo3moxHo, SS 433. INocaen-
HUIl UCTOYHUK SIBJISETCSI MPUMEPOM OJHOBPEMEHHO M OMMMHra, U
CBEPX-3IAMHITOHOBCKOI SMUCCUM, KOMOMHALIMS KOTOPBIX MOXET MPOCTO
OO0BSICHUTD Iaxe OomblMHCTBO YPU [51].

Hutepnperauus YPU kak YAIIM umeer u apyrve mpoOJeMbl.
Hampumep, HeM3BeCTHBI ITyTH SBOJIIOIUKA CHCTEM IBOWHBIX 3BE3I,
KOTOpble MPUBOIAT K TpeOyeMbIM xapakTepuctukam YPU. Ecnu npu-
HaTh, yTo Y/IIIM oOpa3soBajach M30JMPOBAaHHO, a 3aTeM 3axBaTHila
KOMITAaHbOHA W3 TIIOTHOHN cpeabl NMPUIMBHBIMU CUJIaMU, TO CIIEIyeT
MPEANOJOXUTh MPSAMYIO CBI3b Mexny YPU u 3Be3NHBIMU CKOILICHMSI-
MM, 4ero, OogHakKo, He HaOmomaercs. B AnTteHHax, Hanpumep, YPU
4yacTo HaOJIOMAIOTCs BOMM3M CKOIUIEHMIA 3BE3l, HO HE COBMNANaloT
¢ Humu [471].

IMompoOHBIE MOIETMPOBAHMS PEHTTEHOBCKUX CIIEKTPOB OOHApPY-
KWJIM CBOMCTBA, KOTOPKIE 3aTPYAHSIOT JIIOOYIO MPOCTYIO YHUBEPCAIb-
HYI0O MHTEpIIpeTaluio, yKa3biBasi Ha TO, YTO Ha CaMOM Jgje CYIIeCT-
ByeT HeCKOJbKO KilaccoB YPU. BeposTHO, oHU TIpencTaBIISIIOT cO0O0it
COBOKYITHOCTb Pa3MYHBIX OOBEKTOB, KOTOpasl BKJIIOYAeT M KJacC
00BEKTOB 0oJiee HU3KOM PEHTICHOBCKOM CBETUMOCTH, TaKUX Kak
KJlaccuyeckue rajaktuyeckue KaHauaatel Ha YJA3M [57].

Ecnmu npunate mopens YPU ¢ YIAIIM, To mepcOneKTUBHBIM Me-
TomOM oleHKM Macc Bo3MoxHBIX YJIIM B YPU gBmgercs mMeton
kBasunepuoanyeckux ocumwmasgunii (KITO) peHTreHOBCKOTro u3nyve-
Hug. 3ametum, uyto Hannuue KITO cHavyana paccMaTpuBalIoCh Kak
XapaKTepHBIN TIPU3HAK HEUTPOHHBIX 3Be3n. OOHAKO TO3XKe, T0 pe-
3y/bTaTaM HaOmoaeHuii Ha obcepBaTopusix «I paHar» (Cankr-IleTepOypr,
P®) u «Ginga» (Snonus), KITO 6butm 0O0HApyXKeHBI B PEHTICHOB-
CKOM HM3JIy4CHUM TaKMX XOPOIIO M3BECTHBIX KaHauaaToB B YJ/I3M, kak
GX 339-4 u LMC X-1. IlocreneHHo cTtajo noHsTHO, uyto KITO gB-
JisieTcst oObIuHbIM siBieHueM U g Y/1. TlpennonoxeHue, yTo Mo cBOM-
CTBaM BpPEMEHHBIX BapUaLMii M3JTy4eHUs MOXHO oLeHUThL maccy Y/,
MOATBEPKIAJIOCh B OOJBIIOM KojudyecTBe pabor. Hampumep, B [282]
nokazaHo, yto CMY/l u YA3M 00pa3yioT «ILJI0CKOCTh MEPEMEHHOCTI»:
UMEETCS JIMHEWHASI 3aBUCUMOCTh MEXIY BPEMEHHOU IIKAJIOW mepe-
MEHHOCTU (KBa3uWMepruoAOoM) B IIMPOKOM IMaIla30He 4acTOT, CBETHU-
MOCTBIO 1 Maccoii. B [82] 3T0 cooTHOIlIIEHUE MPUMEHEHO JIJIs OLICHKU
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macc aByx YPU, M82 X-1 u NGC 5408 X-1 B mmanmazonax 115 <
<M,/M_ < 1300 u 95< M, /M < 1260 coorserctBenHO. Emie omun
CIT0co0 OLIEHKM Macc npemtoxkeH B [161]. ABTOpBI 3T0i pabOTHI ITOKa3a-
JIW, 4YTO aMIUTMTYIa BBICOKOYACTOTHOM (6ojee 10 I'l) peHTTeHOBCKOM
MMePEeMEHHOCTH B XE€CTKOM CITEKTPAJIbHOM COCTOSTHUU CBSI3aHA C Mac-
coit Y. dns xapiaukoBoii rajaktuku NGC4395 takuMm criocobom
OHU OLIEHWIM Maccy LieHTpanbHoit Y1 B M, ~ 3,9-10* M o

Ceifyac 1OCTaTOYHO TOYHO YCTAaHOBJIEHO, YTO HeKoTophie ['anmak-
tnyeckre Y (tak HaspiBaemble Thna C KITO), moka3blBalOT CUJIb-
HYIO KOPPEJSILUI0 MEXIYy CBOMMU CIEKTPAJIbHBIMU U BpPEMEHHBIMU
napameTrpamu. s 3TUX OOBEKTOB 3HAUYMUTEJbHAsI YacTb PEHTTEHOB-
CKOM CBETHUMOCTH TPWHAUICKUT HENPEepPBEIBHON KOMIIOHEHTE, IUIS
KOTOpO# CHeKTpaJibHbIiA MHAEKC KoppeaupyeT ¢ yactotoir KITO. B
pabote [393] mokazaHo, uyTo cooTHouueHue vactota KITO—cnek-
TpaJibHbIiA UHAEKC g uctoyHukoB Tuna C KITO moxeT ObITh McC-
MOJIb30BaHO IJig 3MMupuueckoil omleHku macchl YJI. C npumMeHeHU-
eM 3TOro MeToja, Hampumep, obuta oneHeHa Macca Y1 B NGC 5408
X-1 ot 2000 mo 5000 Ms [411]. Pe3ymbTaThl XOpOIIO COTJIACYIOTCS C
HE3aBUCHUMO OLIEHKO# paboTel [161]. BaxkHo, 4yTO HM OmHA U3 ITUX
oueHok He gaeT maccy Y/I, menbiyo 1000 Me. ABTOpBI 3TUX paboT
cuutaror, uto NGC 5408 X-1 comepxut YAIIM. Kanmumaramu B
YIIIM paccMmaTpuBatoTcs Takxke cieaytoiue YPU: X9 B ranakTuke
MS81 (M81 X9), CXOMS82 J0995550.2 + 694047 B HempaBWIbHOM
rajakTuke co 3Be3nooOpa3oBaHueM MS82, camMblii SIpKUA MCTOYHUK
HLX-1 B ramaktuke ESO 243-49 (ESO 243-49 HLX-1) u npyrue.

6.4.3. YAMM B ueHTpaX WAPOBLIX CKONNEHMUIH

HaBHo mnpeamonaranu, yro YJ c¢ maccamu M, =

=(10? +104)M® MOTYT OOpa30BBIBATHCS B LICHTPAaX IUIOTHBIX 3BE3M-

HBIX CKOIUIEHMI, TIpexae Bcero B LIapoBbix ckomieHusx (IC) (cm.,
HampuMmep, [286]). LLIC comepXaT OT HECKOJIbKO THICSY IO HECKOJb-
KO COTEH MWUIMOHOB CTaphbIX 3Be3/, VIIAKOBAaHHBLIX B 00JIACTh pa3Mme-
poMm ~10 k. X BeICOKAST TIJIOTHOCTH OOYCJIOBJIMBAET OOMBIIYIO BEPO-
STHOCTb B3aMMOJEHCTBUS U CTOJIKHOBEHMUS 3Be3l. B HEKOTOpHIX TeO-
peThueckKux paboTax OTMEUEeHO, YTO AUMHAMMYECKHE MpOoLecChl B
IUIOTHBIX BHYTpeHHMX obOnactsax IIIC moryr mpuBomuTh K oOpa3oBa-

Huto YJ1 ¢ maccoit ~10° Mo [287]. KoMmbioTepHOE MOAEIMPOBAHUE
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Takke MOKa3bIBaeT BO3MOXHOCTb oOpaszoBaHus YJIIM B Goratbix
IC (~10° M) u3 MOMOObIX MACCHBHBIX 3Be3l, MPUYEM Macca
YIIIM nomkna 66ITh TIopsiaka 0,1 % ot maccel ckorureHus [338].

OnHako MHOTOYHMCJIEHHBIE MOIEIMPOBAHMS TTOKA3BIBAIOT TaKXKe,
YTO 3Be3OHBIC B3aMMOACHCTBUS TIPUBEOYT K 3IKEKTUPOBAHUIO OOJb-
mwurHcTBa unu Beex Y/, oopasywomuxca B LIC. Hanpumep, ¢ 00b-
1ol BeposaTHOCTbIO YJI TOAYyYyUT OOJBILIOW PEAKTUBHBIM TOJIUOK
BCIIEACTBIE aHM30TPOITHOTO M3IyUYeHUs TPaBUTALIMOHHBIX BOJH M CO
ckopoctbio 10 4000 kMm/c BbUIeTMT U3 ckorieHus [200], T.e. IIC
MOTIYT OBITh «reHepatopamu» YIIIM, KoTopbie 3aTeM 3KEKTUPYIOTCS
B OKpyXaroliee IpocTpaHCTBO. ClencTBHEM 3XEKIWU SIBISIeTCS
OosplIast HaceaeHHOCTh rajo I'anakTuku oguHokumu YIIM, koto-
pble TPYIHO OOHAPYXUTh OOBIYHBIMU ACTPOHOMMUYECKUMU METOHXAMMU.
Kpome Toro, Takoif mpoiecc MOXeT OObSICHUTh OTHOCHTEITBHYIO Pell-
kocth gerektupoBanus YJIIIM B IIIC. CormacHo pacueram [200],
naxe eciu YAIIM mmeer HavyanabHyio Mmaccy ~ 10° M, T0 TONBKO B
60 u3 150 Tlamaktnueckux LLIC oHu ymepxkarcsi, MPUYEM TOJBKO B
KPYIHEHIINUX CKOIJICHUSIX.

Hab6mogate Y/I B IIIC no auHaMuKke 3Be31 TeMM METOHAMU, KO-
Topble ucnonb3ywresa mist CMY/, ropazgo TpyaHee. Paguyc Bimsi-
Hust GM /* B YJIIM mHoro mensiue, yeM B CMYJI. Hanpumep,

TUIIMYHBIM 3HAYEHUEM AUCIEPCUU CKOpOCTel BOJM3U LieHTpa [aak-
KM ecTh ~ 100 km/c, a msg LIC — ~ 10 km/c. UTak, pamnyc Biams-

nust YJ1 ¢ maccoit 3-10° M, B nentpe l'amaktuku B 30 pa3 Gosblie

aHaJIOrMYHOro paxuyca Bokpyr Y/ maccoit 10° M. Ha paccrosiiun
10 xnk 3Be3aHast opbuTa ¢ pagumycoMm BiaussHUsI Bokpyr Y ¢ maccoit

10° M Gyner HaxomuThCsl B mipenenax 1”, mostomy HaGmoneHus Oy-
YT TPYOHLIMU, HO HE HEBO3MOXHBIMHU. MTak, HazeMHBle HaOmome-
HUSI COBPEeMEHHBIMM MHCTPYMEHTAMU C aaliTUBHOM ONTUKOM BMeECTe
C HaOJIOJEHUSIMU Ha KOCMUYECKOM TeJIeCKOIe MOTYT ObITh Halese-
Hel Ha IIC nng nmoucka maccuBHbIX YAIIM. JIOMOJHUTENBLHO YC-
JIOXHSIETCS] HAaOMOIeHUe TeM, UTO B OTJIMYME OT SIPKMX 3BE3M B LICHTpPE
Hameil lajakTWKM, KOTOpble HaOMIOAAIOT YK€ B TeYeHue ABaalaTh
ner, IIIC HacensioT cTapble U TYCKJIbIE 3Be3/bl, He 00eCIeunBaolIne
JIOCTaTOYHYIO TOYHOCTh U3MEPEHMIA Macchl LeHTpaibHO Y/I.

Ecnu peiictButenbHo maccuBHble Y1 3anumarot neHTpsl HIC, TO
OHU JOJDKHBI BIMSITh Ha pacnpeae/ieHre U TUHAMUKY 3Be3]l, TPUBOIS
K MOSIBJICHUIO KACIIOB B MPOMUISAX UX TJIOTHOCTU U AUCIEPCUU CKO-
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pocTeit. OmHaKo HaOIIOHaTh TaKWe KAcIbl TPYIHO Iaxke TPU pas3pe-
IIEHNY KOCMUYECKOro Tejieckora Xaob6ma. [mst OonmpmmHcTBa IIC
IMOBEPXHOCTHASI SIPKOCTh M CIPOEKTUPOBAHHBINA MPOMWIb MJIOTHOCTU
XOpOIIIO BOCTIPOU3BOIATCS CEMEMCTBOM IIPOCTBIX MOJENEH, XapaKTe-
PUBYIOIINXCST TIPOTSKEHHBIM TUIOCKAM M30TEPMHYECKUM  SIIPOM U
MPWJIBHO ype3aHHOM nepudepreil — Tak HasbiBaeMble Moaenn KuHra.
OpHako ompeaeneHHas 4acTh (~15—20 % cornacHo [126]) TamakTu-
yecknx LIC 3HaYNTETEHO OTKJIOHSIETCS OT TaKOro moBeaeHus. I1po-
GUIM CIIPOEKTUPOBAHHON IIIOTHOCTM TAKWX CKOIUICHWI HE MMEIOT
dopMy TPOTSKEHHOTO TIJIOCKOTO SIApa, a OIMKMCHIBAIOTCS CTENEHHBIM

3aKOHOM X(7) oc ¥* ¢ a B uHTepBase oT —0,8 go —1,0. Moxenuposa-

HHUE TIOKa3bIBaeT, YTO TaKas KapTWHA TIOABISACTCS TIPW IWHAMHUYE-
CKOIi 3BOJIIOIIMU 3BE3IHBIX CHCTEM, B KOTOPBIX IPOU30IIET KOJUIATC
sapa. Takue CKOIUICHUSI HAa3bIBAIOTCS CKOMACHUAMU C NOCM-KOAAANCOM
sadpa (post-core collapse clusters). OgHako K Takoil opme mpoduis
IUTOTHOCTH 3Be€3[ CKOIJICHHWSI MOTYT TIPUBECTH U APYTUE IMPOLIECCHI, B
yactHocTH — BiugHue YIIM B lLieHTpasbHOM 4YacTW CKOIUJICHUS.
BriepBhie 3TO OBIJIO OTMEUYEHO, MO-BUIAMMOMY, B [458]. B aToii pabo-
Te IJIs1 OOBbSICHEHMSI U30bITKA Macc B LieHTpe HekoTophix IIIC Oblna
npeuioxkeHa Moaenb ckorteHus ¢ YJI B ueHtpe. [loznHee u3 aHam-
3a YeThIpeX M3BECTHBIX Ha TO BpeMsl PEHTTEHOBCKUX MCTOYHHUKOB,
naeHtnunmupoBanueix ¢ IIC, a mMmenno NGCI1851, NGC6441,
NGC6624 1 M15, ObLIO HPEANOI0XKEHO, YTO IMIPUUMHON PEHTICHOB-
CKOM 3MMCCUU €CTh aKKpelMsl ra3a Ha maccuBHyio YJ| B ueHTpax
ckortenuit [43]. HaGmogaTenbHble HAMEKM Ha BO3MOXKHOE CYIIECT-
BoBaHue YJI B IIIC npuBenu K TMOSIBICHUIO TEOPETUUECKUX PAOOT 1O
MOJIEIMPOBAHUIO PA3HBIX acTPOMPU3NUIECKUX SIBICHUN TIPU HAIMYNHU
YJ: npoduist MIOTHOCTU, BCIBIIIKU CBETUMOCTH B Pa3JWYHbIX ITHA-
IMa30Hax BCJIEACTBHE BO3MOXKHOTO 3axBara 3Be3nbl YJI, xapakTepHOit
MTMHAMMYECKON 3BOJIIOLMU CKOIJICHUS U T. II.

OagHako AeTallbHOE <«CTOJKHOBUTEIBLHOE» MOJeIMpoBaHUe N-Tes
U TEOPETUYECKME apryMEHThl MOKas3ajv, 4To npu Haauuuu YIATIM
BO3HMKACT CYIIECTBEHHO OTIMYMTEIbHBIA MPOMWIb TTOBEPXHOCTHOM
SIPKOCTH, YeM Mpu KoJjutarnce 3Be3nHoro siapa. LIC, kotopsle Hanbo-
see BeposiTHO coaepxaTt YJIIIM, yacto oOHapyXuBalOT HOPMAaJIbHYIO
Mozenb KuHra, 3a NCKITIOUeHHEM CaMbIX LIEHTPAIBHBIX O0MacTeil, rae
0XUAAeTCs OTKJIOHEHME OT IJIOCKOTo IMOBeAeHUsI B (opMe CTeneH-
Horo 3akoHa. Ho mnokasartejib 3TOro CTelleHHOro 3akoHa o ~ 0,2
MPEIoIaraeTcs 3HAYMTEIbHO MEHBIIE, YeM B MOJICIM C ITOCT-KOJ-
naricoM siapa [50].
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HauGonpimee BHMMaHMe KakK KaHaupaTel Ha Haymuume YIAIIM
npubliekaoT K cebe craenyromume IIC: Omera LleHtaBpa — omHO U3
CcaMbIX MAaCCHUBHBIX M KpYyIHeWInux B Hauleil I'amaktuke, kinaccudu-
Kauust kotoporo kak IIIC m3-3a 3TOro CTaBUTCS MOA COMHEHHUE U
KOTOpPOE MOXKET OBITh «000JPaHHBIM» SIIPOM SJLTANITUYECKOM KapJiH-
KOBO# rajaktuku; M15 — Xopolllo u3y4eHHOE CKOIUIeHHUE, C OYeHb
KPYTBIM LIEHTPAJbHLIM TMPOGUIeM CBETUMOCTU, ITPOUCXOXKICHUE KO-
TOpOro yKasbIiBaeT 0o Ha Hanmuue YIATIM, nubo Ha cTaguio mocie
kosutanca sapa; G1 B M31 (Mayall IT) — camoe MolllHOe CKOIUIEHUE

3Be3n (~ 107 M®) B MecTHOII TpyIme, UMeollee HauOOIBIIYIO OVC-
MePCUI0 LeHTPaIbHbIX cKopocTel (~ 28 km/c), u apyrue LIC.
OTMeTHM, YTO COBpPEMEHHBIE ITOIBITKM omnpedcanTth Maccy YJI B
HekoTopblx IIIC Ha ocHOBe (POTOMETPUUYECKUX M KUHEMATUYSCKUX
(crieKTpaJibHbIX) MCCJAEAOBAaHUI WX LIEHTpaJbHON 00JacTU SIBJISIIOTCS
MHOTOOO€IIAI0IINMK, HO TT0Ka He yOeIUTeIbHbIMU.

6.4.4. YepHbie Abipbl NPOMEXYTOUHBIX MACC
B KAPAMKOBBIX FANGKTUKAX M CMMPANbHBIX FANAKTUKAX
NO3JHUX TUNOB

JAnHaMn4ecKre WCCIIeIOBAHMS TaIaKTUK CBUIETENIbCT-
BYIOT O TOM, YTO OHM, KaK TpaBUO, UMEIOT LieHTpajabHbie CMY/I,
MAacChl KOTOPBIX KOPPEIMPYIOT ¢ OUCTIEpCHell CKOpOCTeil 3Be3n cde-

pOMIAIBLHON COCTaBsAIolel TanakTuku (6ammka) Kak M, o« o*.

OTOT pe3yabTaT OCHOBAH Ha JAHHBIX JJISI TaJaKTUK ¢ XaO0JOBCKUMU
TUIaMU, 0ojiee paHHUMH, yeM S,., ¢ aucnepcussMu o > 70 KM/c u

maccamu M, >2-10° M. HeunsBecTHO, MMeET JI MECTO TO XK€ COOTHO-

LIEHWE MJIs1 TATaKTUK MO3AHUX TUIOB W/WIM KapJUKOBBIX TJIaKTHK.
Eciu 3T0 Tak, TO MOXHO OXMWIaTh, YTO TaKMe TaJIaKTUKU COAepxkKaT
YJIIIM B cuily UX MEHEe MacCHUBHBIX C(heporaaabHbIX YacTel M, co-
OTBETCTBEHHO, MEHbIIIeH mucnepcuud ckopocteil. OaHAKO TMOKa HeT
HAICXKHBIX OMPEIEJICHUA YW M3MEPEHUN MAacChl JUISI TAKUX TAJIAKTUK.
Boo06iiie, He rapaHTHPOBAaHO, YTO TaKMe TaJaKTMKU HWMEIOT LIEHTpasib-
aeie Y. Ecim Obl OHM MX MMENM, TO 3TO OOECIeYyMsIo OBl eCTeCT-
BeHHOe 00bsicHeHue neduuuta AATD cpenu rajakTUK MO3AHUX TUIIOB
[195]. OmHako 1o KpaifHeli Mepe HEKOTOpble T'aJIaKTUKU TO3IHUX
TUIIOB SIBASIIOTCS poauTesibcKumu st A, CaMblit uU3BeCTHBIN
npuMmep — NGC 4395 — kapaukoBas rajakTvka Thna Sm, KoTopas
umeeT ceiideproBckoe siapo I tuma, Giavkaiiliee K HaM U HauboJee
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HU3KOI CBETMMOCTM CpedMd M3BECTHBIX B Hacrosllee BpeMs [149].
CorjlacHO TpaguIIMOHHOMY OOBSICHEHMIO Cel(epTOBCKON aKTUBHO-
CTM 3Ta TajlaKTUKa JOJKHA UMETh LeHTpaibHyto Y/I. ABTOpBI paboThI
[148] yrBepxknmaior, yto Macca 31oi Y]l nexur B amanasoHe 10—
10° M. DTO yBEpeHHO OTHOCHT €¢ K [IHMAMa3oHy MPOMEXYTOYHBIX
macc g YJI.

Hpyroii npumep — KapiukoBas rajaktuka POX 52, kotopasi Takxke
umeer ceideproBckuii criekTp I TMMa, MOYTH MOJHOCTBIO aHAJTOTUYHBIN
criektpy NGC 4395. LleHTpasibHast TUCHEPCHUSI CKOPOCTEN COCTABIISET

37 KM/c, 4TO yKa3blBaeT Ha Maccy BeposTHoil YJI okono 10° M o [49].
Aunamuyeckue uamepeHus: Macc YJI ragakTMK MO3OHMX TUIIOB
1 KapJIMKOBBIX TaJaKTUK OCJIOXHSIOTCS TeM, YTO TaKuhe TaJaKTUKHU
00BIYHO comepXKaTr SiAepHbIe 3BE3IHbIe CKOIUIEHUs ¢ MaccaMM B IHa-
na3oHe 106—107M®. Takue cKomieHMs 4acToO €aBa pa3pelialoTcsl Koc-
MUYECKUM TejieckonoM Xab0sa, Tak 4To 00JlaCTM MX TpaBUTALMOH-
HOTO BO3IEHMCTBHUS MOYTH TOYEUHBbIE. DTO MAcKUpyeT TUHAMMUYECKUI
apdexrt ot YJI, kpome caydast, korga Y MaccuBHee CKOIUICHUS WJIN
XoTs Obl Takol Xe Macchbl. Ho 3To He mpeamnosiaraeTcsl ¢ TOYKU 3pe-

HHA 3aBUCUMOCTU (M _,G) 1 HE COIJIacyCTCda C pE3yjbTaTaMu ACTaJIb-

HOTO MozenupoBaHus. Camoe sipKoe IIEHTPAIbHOE CKOIICHWE CPEenn
Bcex O0m3Kux cnupayiel umeetcs B rasaktuke 1C342 tuna Scd. Ana-
JIU3 JUCIIEPCUN CKOPOCTEil B CKOIUIeHMH Mokaszan [79], uto 1C342 He

MOXET UMeThb LeHTpaibHylo YJI, mpesbliuapolyo 5-10° M, uro B
6 pa3 MeHbllle, yeM B Haleil I'amaktuke npu pasmepax 1C342, omus-

KUX K pazMepaM Haileil [anakTuku.

Bonee crporme orpanmuyenus Ha Maccy YJI BO3MOXHBI B Mpele-
Jax MecTHOH TpyIIbI, IUISI KOTOPBIX MOXKHO IOJYYMTh CIIEKTpab-
Hble HAOJMIONEHUs C pa3ldeieHMEM Ha 3Be3Ibl LICHTPAJIbHBIX 3BE3IHBIX
CKoIuieHui. D10 ObLI0 MpoBeneHo M1t M33 (o = 24 KkMm/c), TpeTbeit
Mo SIPKOCTU TajakTMKu B MecTHoit rpynne. B pesynbrare Y]l ak-
TUYECKM He ObLIa BBISIBIEHA, YTO CTaJ0 JOCTATOYHO HEOXUIAHHBIM.
JlBe He3aBMCHMBbIC TPYMIBI WCCIemoBaTe el TpoaHaIM3UPOBAIN
cnektpol STIS u poromerpun WFPC2 ¢ teneckona Xad61a u mojy-
unm BepxHue rpanuibl 1500 M [158] u 3000 M [283]. Dro npu-
MEpHO Ha TIOPSIOK MEHBIIe 3HAYeHUS, MPEeAyCMOTPEHHOTO 3KCTpa-
nojsuMen 3aBucuMocTd (M,,c), TONYYeHHOI I TalakTUK C

OammkeM (paHHMX CIpaieil). BoIsIBIeHHBIN (paKT BakeH UL IIOHM-
MaHUs Toro, Kak Y/l cBSI3aHBI C UX POAUTEIECKMMU TaTaKTHKAMU, U
KaKue MEXaHU3Mbl BIMSIOT Ha (POPMHUPOBAHME U SBOIOLUIO 0OCUX.
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K coxaneHnuto, npsimblie usMepeHust macc YJIIIM HeBO3MOXHBI
3a npenejamMyu MeCTHOI TpyIIbl, MOCKOJbKY B 3TOM Cjy4yae MoKa
HENb3d pas3pelluTh Ha 3Be3Obl cepy TpaBUTAIIMOHHOTO BIUSHUS
YIAIIM. [TosToMy MOXHO HajesThcs HallTu 00beKThl THIa NGC4395
n POX52 B o030pax akTUBHBIX SIep TajakTuk. 1T HMX JOJKHBI
OBITh CITAOBIMU W WHTETPaIbHAsT CBETUMOCTH XO3SMCKOM TalaKTHUKH,
U paadalMOHHbIE CBUIETeNbCTBA akkpeuuy Ha YJI. PykoBoAaCTBYsICh
9TOM Maeel, aBTOpHI padot [167, 168] mpencTaBuiam BEIOOPKY M3 19
kangunatoB B YAIIM B smpax aKTMBHBIX TajlaKTHK, KOTOPbIE B3SThI
u3 nepBoro Bbimycka AaHHbIXx SDSS DRI1. Cpeau 153 Thicsy ranak-
™MK 1 kBaszapoB ¢ DRI SDSS xanmmparoB Ha Hamnuume YJIIIM
BBIOMpAIN TI0 IIMPOKON 3MUCCUOHHON JmHUM H, m cmaboctn mHTE-
rpajibHOM cBeTUMOCTU. C UCIOJb30BaHWEM MACIITAOHOTO COOTHOILIE-
Hus 1mpuHa JuHuM Hg-cBetumoctb—Macca Y/I, ycTaHOBIEHHOTO
IJIST aKTUBHBIX sIIep ¢ IMMPOKWMH SMUCCHOHHBIMM JIMHUSMM, OBUIN
oueHensl Macchl Y[ B nmamasone (8 - 10°*—10°)M_. B atom auama-
30HE JJISI JaHHBIX paboT ObLIM HaiiaeHbl Juilb NGC4395 u POX52,
BBIOpaHHBIE 110 Cei(epTOBCKON AaKTMBHOCTH. XOTS TTOJydeHHEIE
M300paxkeHUs] UMEIOT HEJOCTATOYHOE KAuyeCTBO JJISI BBISICHEHUS IO[I-
poOHOI MOPGOJOTUN POAUTEIBCKUX TaJakKTUK, HO aOCOJIIOTHBIC Be-
JINYWHBI TaJaKTUK W CBETHMMOCTHM SIpa YKa3bIBalOT Ha TO, YTO C
OOJNIBILION BEPOSATHOCTLIO BBIOOPKA COCTOUT U3 TaJlaKTUK ITO3THUX
TUIIOB.

Takum obpaszom, ecim YPU paror xangmpatoB B YAIIM B HmK-
HEeM IMalia3oHe Macc, LIapoBhble CKOIUIEHUSI — B CepeauHe IHaria3o-
Ha, TO TrajlakKTUYeCKUe siApa KapJUKOBBIX TaJIaKTUK U TajJaKTUK MO3/-
HUX THIIOB, B TOM YMNCJIe aKTMBHBIE — B BEpPXHEM AHMAIla30HE Macc
YAIIM. Mx uccnenoBaHUs MPOIOIXKAIOTCS.

6.4.5. BoamoxxHoe npoucxoxaexue YAMM
ot 38e3p nonynsuum lll

OTKpBITHE HECKOJbKMX OYeHb MAaCCHMBHBLIX 3Be3d B
IUTOTHBIX MoyoAbiXx ckorureHusax NGC3603 B Iamaktuke m R136 B
Boabiiom MareniaHoBoM o0Jake OTOABUHYJIM BEPXHIOK TpaHULLY
HayalbHOH 3Be3aHON (ynkumn macc (HOM) mo ~320M,, [111].

DTO OTKPBITUE COIJIACYETCS C TEOPUSIMU, KOTOpBIE IPEINoarajoT
OYeHb OOJbIIME HayajbHBIE Macchl 3Be3n M obpazoBanme YJIIIM ot
nepBbix 3Be31 nonyssuuu I11.
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PacueTbl 3BOJIOLIMOHHBIX TPEKOB IJIST 3BE3I C COBPEMEHHOM Me-
TaJUIMYHOCTBIO TIOKAa3bIBalOT, YTO MACCHBHBIE 3BE3Ibl OCTABJISIOT
KOMITAKTHBIE OCTaTKM C MaccaMu, MeHbLIMMH ~15 M, 4to cornacy-
eTcs ¢ M3MEepeHHbIMM Maccamu KaHmuaaTtoB B YJI3M B peHTreHOB-
CKUX ABOMHBIX. MUHMMAaIbHas HayajJbHas Macca JUIsl 3Be3bl, KOTO-
pasi sBomouroHupyeT B YJI (a He B HEMTPOHHYIO 3BE3My), COCTABJSET
~(20—25)M_. B cBoeil SBOJIONMK MAacCHBHBIC 3BE3[bl COPACHIBAIOT
OOBIITYI0O YacTh CBOE MacChl MOCPEIACTBOM 3BE3MTHOTO BETpa, BBI-
3BaHHOTO paJuallMOHHBIM naBieHueM. s 3Be3n ¢ maccamu, OOJIb-
wumu ~100 M, K JOMOTHUTETBHBIM MOTEPSIM MACChl TIPUBOIUT
MyJbCallMOHHAs HeCTaOMIbHOCTD sapa [1535].

st 3Be3m mepBOro MOKOJEHUS C HYJIEBOW MeTaLIMYHOCThIO (3BE3M
nonyasguuu I11) HayaabHBIE YCIOBUSI U 3BOJIIOLIMOHHBIE TPEKU CyLIE-
CTBEHHO MHbIe. [Ipy OTCYTCTBUM METAJIOB NMEepBOHAYAIbHBIE MOJE-
KYJISIpHBIE 00JIaka OXJIaXaaloTcs TMyTeM H3JIy4YeHUs B POTAllMOHHO-
KoJsiebaTeIbHBIX JIMHUSIX MOJIEKYJ Bojopoaa. MopelupoBaHUE KOJ-
Janca U (¢parMeHTaluu Takux o0yiakoB [14] mokasbIBalOT, YTO 3BE3-
JIbI TIEPBOW TEHEPALMK MMENIM TUTIMYHbBIE MAacChl MOpsiiKa COTeH M.
Kpome Toro, panriallmoHHbIE OTEPU MACChI SIBJISIIOTCSI TPEHEOPEKUMO
MaJIBIMA TIPY HYJIEBON METAINTMYHOCTH, a TIOTEPH MAcChl Ha SIEPHYIO
MyJIbCAallMOHHYIO0 HECTaOWJbHOCTh HAaMHOTO MeHblIe [155]. DBosto-
WsT MACCUBHBIX 3Be3n momyisauuu 111 3aBucHT OoT HaYaIbHOI MacCHI.
3Be3anl ¢ MaccaMu, MeHbIIMMU 140 M®, BO3MOXHO, 3BOJIIOLIMOHUPYIOT
B YJI mogo6HO 3Be3gaM HOPMaJbHON METAIMYHOCTH, HO TIPU ITOM
pe3yabtupytoiime YJ[ moryt ObITh 0Oojiee MaCCUBHBIMU, YEM COBpE-
MeHHble YJI 3Be3AHBIX Macc BCJIEACTBME MEHBIIE ITOTEpPU MAacCCHhl.
3Be3bl, M3HAYaIbHO ObIBIIME MaccuBHee 140 M, cramkuBarotcst ¢
HEYCTOMUMBOCTBIO TIPU TOpeHMM Kuciopona. B nuanazoHe macc ~(140—
260)M® 3TO MPUBOAUT K B3PBIBY, CYIIECTBEHHO 00Jiee MOLIHOMY, YeM y
HopMaJibHOM cBepxHOBOM. Ilpyn maccax Gosblie ~260 M mipoucxomut
npsiMoii KoJianc B YJI, MOCKOJIbKY SIAEPHOE TOpeHUe HEe MOXET OC-
TaHOBUTH KOJIJIATIC M T€HEepHpOBaTh B3phIB. OcTaToyHas Macca TIpe-
BBIIIIACT TTOJIOBUHY TIepBOHAYAIBHOM 3BE3MHOM MAacCCHI, TaK YTO 0Opa-
gyercss YATIM. OObeKTBI, KOTOpPhIE M3HAYAILHO ObLIM 0OJice MaCCHUBHBI-
MU, 4EM ~ 105M®, HE MOTYT MMEThb CTaOMJbHOE TOpeHre BOAOPOJa.
Kaxk pesynbTaT, Takue o0beKThl ObICTpO KoJiancupyioT B Y/, macca
KOTOpOii MoxeT gocturath 90 % OT HayallbHOM Macchl (IIPU KEPPOB-
CKOM 3HauyeHUM mapameTpa Bpamenust 0,97) [395].
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HMtak, BO3MOXHO M JaXe OYeHb BEPOSITHO, YTO MOMYJSILIUS
YIOIIM 6buta obpasoBaHa ot 3Be3a nonyasuuu II1. Pasmep 3Toit mo-
NyJsIMM OlleHEH B pabotax [272, 383]. MHorue neranyd npuBeneH-
HBIX BBIYMCJICHUI SIBJISIIOTCS HEOIpeAeIeHHbIMU, OJHAKO B 00euX
paboTax HaiiieHO, YTO MOMYJSLUMS MOXET JIeTKO ObITh chopMHUpPOBa-
Ha C IJ100aJbHOM MacCOBOU IJIOTHOCTHIO, IMPUMEPHO PaBHOM TOM,
yto nMmeeT Mecto a1 CMYJL Bo BceneHHoit, 1, BO3MOXHO, OOJIBIIIE.
YIAIIM ObuiM nperuMylleCTBEHHO C(OPMHUPOBAHbI Ha MUKE pacrpe-
NeJISHUST Macc MpY KpacHbIX cMeleHusix Z ~ 10 +20.

6.5. FPABUTALMOHHOE JINH3UPOBAHUE

6.5.1. TpasuTauMoHHOE NMH3MPOBAHME:
apdekT unum cpeacreo?

Ecnm Ha mepBBIX 3Tamax MCCAEIOBAaHWI TpaBUTALIMOH-
HbIE JIMH3bI TIPUBJIEKAIM BHUMAaHUE KaK KpacuBbIi mpumep 3ddekra
OTO, to B HacTosllee BpeMs IpaBUTALIMOHHO-JIMH30BbIE MCCIICAOBA-
HUSI BBICTYNAIOT B Kauye€CTBE IPOBEPEHHOIO BCIIOMOIATEILHOIO CpEll-
CTBa IJISI M3YYEHUS psifa acTpo(pU3MUEeCKUX BOIIPOCOB, HEIOCPEICT-
BeHHO ¢ OTO He cBI3aHHBIX.

Teopust u HaGIOAEHUS TPaBUTALIMOHHO-JIMH30BBIX cuctem (I'JIC)
SIBJISIIOTCSI YaCThIO TPaBUTAIMOHHO-JIMH30BOM ONTUKU, a B OoJiee 00-
1IeM KOHTEKCTe — HayKh O PpacHpoOCTpPaHEHUM BJEKTPOMArHUTHOTO
M3JIy9eHHUsI B UICKPUBJICHHOM mpocTpaHcTBe. [loxainyii, OoJbIle BCero
Hac MHTepecyeT B3auMOACHCTBUE 3JEKTPOMATHUTHOIO TOJSI C TSTO-
TeHHEM, KOTOPOE W TIO3BOJISIET «YBUAECTh» 3TO MCKPUBJIEHWE, a 3Ha-
YUT, ¥ MACCHI, KOTOphLIE €ro co3maloT. JIelCTBUTEIBbHO, Mbl BUIUM
OKpY:KalolIUil MUP BO BCEX €ro Kpackax Ojaromapsi B3auMOACHCTBUIO
CBETa C BelleCTBOM. BzammopeiicTBue 3JIeKTPOMAarHMTHOIO M3JIy4e-
HUS C TpaBUTalMeil 3HAYUTENIBHO cjabee, €ro Helb3s YBUIETh He-
BOOpPYXXKEHHBIM TJ1a30M, TeM HE MeHee OHO eCTh. YpaBHEHUS 3JeK-
TPOAMHAMMKNA B MCKPUBJIEHHOM ITPOCTPAHCTBE MOMOOHBI YPaBHEHUSIM
MakcBeia B cpeie ¢ HEOJHOPOIHBIM IIOKa3aTeJieM ITPeIOMJICHUS.
Orcroma cXOACTBO T'PaBUTALIMOHHOTO JIMH3UPOBAHMUS C MHOTUMM OII-
TUYECKUMU SIBJICHUSIMU. ['paBUTAlIMOHHOE I10JI¢ MACCHUBHBIX OOBEKTOB
MOXET AEUCTBOBATb KaK T'MTAHTCKMIA €CTECTBEHHbLIN TEJIECKOI, IO3BO-
JISIST UCCIIEA0BATh CTPOEHUE YIAJEeHHBIX MCTOUHMKOB, TAKUX KaK KBa3a-
pbl. I'paBUTALIMOHHOE JIMH3UPOBAHUE JACT BO3MOXHOCTb M3y4yaTh pac-
npeaeieHre TeMHOM Matepuu Bo BceneHHOl, 0OHApYKMBaTh IJIAHEThI
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B JIPYIUX 3BE3JHbIX CUCTEMaX, OLIEHMBATh MAacChl TajJaKTUK W 3BE3[-
HBIX CKOTLJICHUI.

B ocHoBe 3(dekTa TpaBUTALMOHHOW JMH3bI JEXUT dopmysa
DIHIITeHA TS YIJIa TPaBUTAIIMOHHOTO OTKIIOHeHUs [604, c. 452—504]:

o= 4}?324 , (6.2)
roe G — rpaBUTallMOHHAS TTOCTOSIHHAsl, ¢ — CKOPOCTh CBEeTa B Ba-
KyyMe B MPEAMNOJIOXKEHUHU, YTO JIyd CBETa PAacMpOCTPaHSIETCSI OT UC-
TOYHUKA U3ITYYCHUS] MUMO TOUYEYHON Macchl M ¢ TIpULIETIBHBIM pac-
crostaieM R. CBSI3b MEXIY TTOJIOKEHUEM M300pakeHUs X B IIOCKOCTHU
JIMH3BI ¥ MCXOMHBIM TTOJIOKEHUEM B TIIOCKOCTM MCTOYHWKA Y OIMCHI-
BaeTcsl ypaBHEHUEM

D
y= D—Sx - D, sa(x), (6.3)

L
rne Dg — paccrosgHue' or HaGaogarelss OO MCTOYHMKA U3IyYEHUS,
D, — paccrostHue OT HabGmomaTess 10 JIMH3UPYIOLIEl MacChl, D, g —
pacCTOSTHUE OT JIMH3BI A0 UCTOYHUKA M3TydeHUs.
Eciu B IUIOCKOCTH JIMH3BI HAXOMUTCSI HECKOJIBKO MAccC, TO BCJIEACT-
BHME MaJIOCTH o.(X) ISt KaskIOi MacChl MX BKIIAIbI YUMTHIBAIOT JIMHEITHO:

y=-"x-—E3M— (6.4)

rne M i »X; — TOYCYHBIC MACChl U MX IOJOXKCHUA B IUIOCKOCTU JIMH3bI.
AHAJIOTUYHO TIOCT ylaroT B CJIyda€ HCIIPEPLIBHOIO pacCripCaciCHUs Macc:

yoDs oo 4G?Ls [dx s(x) X=X (6.5)
¢ [x—x]

rme Y — MOBEPXHOCTHAS MJOTHOCTb MacChl B IJIOCKOCTH JIMH3BI. Pa-
3yMeeTcsl, TMpeICTaBlIeHME JIMH3UPYIOLIUX MacC TMOBEPXHOCTHOM
TUIOTHOCTBIO (T. €. YTO BCE MAacChl, HalpuMep, B Ciayyae JIMH30BOU
TaJlaKTUKU COCPENOTOYEHbI B OJHOM IMJIOCKOCTM) — 3TO MPUOIMKEHUE.
OnHako 3TO OYEHb XOpolliee MPUOIMKEHUE, €CAU YYECThb pa3Mephl
peabHbIX TAJJaKTUK IO CPaBHEHUIO C PACCTOSIHUSIMU 0 HAOItoAaTeNs 1
10 MCTOYHMKA M3JTydyeHMs1. Bo3aMoxkeH M 0ojiee CIOXHBIN ciaydyail —
€CJIM CYIIECTBYET HECKOJbKO IJIOCKOCTEH JIMH3UPYIOLIUX OOBEKTOB
(rpaBUTAlIMOHHBIE TEJIECKOIIbI). BripoueMm, ydyecTb 0ojiee oOluee Mmpo-

! 3nech Bee paccTosHusa — TI0 YIIoBoMy auaMeTpy. B kocmomnorun D= D, + Dy

207



6 O61wwas Teopns OTHOCUTENBHOCTH B 30AAYAX ACTPODU3NKM

CTPAaHCTBEHHOE paclpelnesieHrue MacC He MpeacTaBisieT OoJblIoi
CJIOXKHOCTHM, KaK 3TO, HaIlpuMep, nokasaHo B [528, 580]. B mmrepa-
Type MOXHO HalTH pa3jIvYHble BapUAHTbl YpaBHEHUS JUH3bI (6.3)—
(6.5) ¢ pa3HOI1 HOPMUPOBKOI ITEPEMEHHBIX, B YaCTHOCTH, HaIlMCaH-
HBIE B BUIE CBA3U YIJIOBBIX ITOJIOKEHWI MCTOYHWKA M M300pakeHUs
Ha HebecHoM cepe.

Kaxk Bumum, ocHoBHble ypaBHeHUss Teopuu [JIC dopmanbHO
MIPOCTHI; CJIOKHOCTA BO3HMKAIOT, B OCHOBHOM, TP YMCICHHOM MO-
NEeIUPOBAHUM KOHKPETHBIX CHUCTeM. DTOM TpobjeMe TMOCBSILIEHBI
MHOTOYMCJICHHBIC MCCIICIOBAHUS; TICPUOINYECKA BO3HUKACT psAI HO-
BBIX BOIIPOCOB, CBSI3aHHBIX C COBEPIICHCTBOBAHWEM METOIOB M aJIr0-
PUTMOB 00pabOTKM JaHHBIX, MCCAEAOBAaHUEM HOBBIX 3((EKTOB, KO-
TOpPBIE MOXHO OBIIO OBl MCITOJB30BaTh JJIS TTOJYYeHUS ITapaMeTpOB
I'JIC. O6mue Bompockl Teopun U HabmogeHuii I'JIC paccMoTpeHbl B
[382, 529, 558], B Tom uucie B padote Il. B. baunoxa u A. O. MuHa-
koBa [503] — mepBoit B Mupe MoHOrpadgum I10 BOIIpocaM I'paBUTa-
IIMOHHOTO JIMH3UPOBaHUs. B 3Toif TaBe MBI TakKKe OCHOBBIBAEMCSI
Ha pabotax [197, 397, 427, 438, 439, 474, 606].

Breixom 3a pamMKi TeOMeTpUUYECKON OITUKM TIPH PacIpoCTpaHe-
HUU M3TYyYEHUS] B Pa3IMIHBIX T'PaBUTAIIMOHHO-TMH30BBIX CHCTeMax
paccMmaTtpuBaiics B paborax [382, 477, 503]. OgHako 3KcneprMMEH-
TaJbHBEIX PaOOT B 3TOM HaIpaBJICeHWHM HET, HECMOTPS Ha TO, YTO Ha-
omoaeHue 3(p(GEKTOB, 3aBUCUMBIX OT JJIMHBI BOJHBI, OTKPHUIO ObI MyTh
K MPUHLMITMAIBHO HOBBIM MPOBEPKaM DPEJSITUBUCTCKON 3JEKTPOIM-
HAaMUKM B WMCKPUBJICHHOM IIPOCTPAHCTBE-BPEMEHH. DTO CBA3aHO C
Te€M, UTO IJisI YBEPEHHOTrO NETEKTUPOBAHMSI TaKMX 3¢(PeKTOB He00-
XOIWMO HAWTH IOCTATOYHO MOIIHBII WMCTOYHWUK MAaJbIX VTJIOBHIX
pa3MepoB B Ouana3oHe IJIWH BOJIH, CPaBHUMBIX C BEIWYMHON

GM / ¢* (noapobHee cM. B [477]).

Hpyroe o6o61eHune dopmya (6.2), (6.3) ucnoab3yercs B ciyyae,
KorIa JIMH3UPYIOIash Macca WIN ee DJIEMEHTBI COBEPIIAIOT PEIITUBU-
crckoe aBrmkeHue. Takag 3amaya pemreHa B [120]. ITpnmepom Takoit
CHCTEMBI MOXET OBITH OBICTPOOCIMJUIMPYIOIIAss KOCMUYeCcKast CTpyHa.
OTa Momelb UCIOJb30BaHa B [378] 1j1s1 OOBSICHEHUS aHOMAIbHbBIX
(CUHXpOHHBIX) KojieOaHMIT OJiecka OBYX M300paxkeHUil B CHUCTEMe
Q0957 + 561 A, B. HackoipKO Ham M3BECTHO, 3TO IMOKA YTO €IMHCT-
BEHHOE KOCBEHHOE yKa3aHWe Ha BO3MOXHOE (HO He 00s3aTebHOE)
nposiBieHne cTpyH. [10CKOMBKY OpyruxX MOMOOHBIX YKa3aHWA OO0 CUX
IOp TIOJYyYeHO He OBUIO, BEPOSITHO, 3TM aHOMAaJIbHBIE KOJIeOAHUS SIB-
JISIOTCST BCETO JIMIIL Pe3yJIbTaTOM WTPHI CIYYAaHBIX (DAaKTOPOB (XOTS
KOCMMYECKasl CTpYHA MOXKET OKa3aThCsI U YHUKAIbHBIM OOBEKTOM).
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Hanee cKoHIeHTpUpyeMcs Ha dopmyne (6.3) 1 ee MomrdUKaIIA-
sx (6.4), (6.5) Ha ciay4aii IeliCTBMSI MHOTHX Macc.

®opmyny (6.2) momydaror B OTO 1mipyt ycimoBUM ¢i1aboro Iojst B
OpUOJMKEHUM T€OMETPUUYECKON ONTHKU; ¢ Touku 3peHus IIITH-
dopmammama (cm. 1. 4.2.1) dopmyna (6.2) COOTBETCTBYET 3HAYEHMIO
ITOCTHBIOTOHOBCKOTO Tapamerpa v = 1. Otciona BuaHo, Hackoiabko [JIC
MOTYT CIOyXuUThb LeasiM mpoBepku OTO. Bce 3aBuCHUT OT TOro, Ha-
CKOJILKO CTPOTO M HACKOJIBKO TJIYOOKO MBI COOMpaeMcsl ITPOBEPSITH
Teoputo. C OIHON CTOPOHBI, €CIU Peub UIAET 00 YTOUHEHMSIX TMOCT-
HBIOTOHOBCKHX ITapaMeTpOB, TO TPaBUTAIIMOHHOE JWH3WpPOBaHWE Ha
BHETAJIAKTUICCKIUX OOBEKTaX M Ha 3Be3max [aJakTWKu Bpsm U MO-
KT IaTh 4To-To HOoBoe. C nmpyroit, 3nech addexter OTO neicTByIOT
Ha MHBIX MaciuTabax, OTJIMYHBIX OT MaciTaboB COJHEYHON CHUCTEMBI,
IIe CKOHUEeHTpupoBaHbl kinaccuyeckue tectbl OTO. Ilpuyem, BpeMst
OT BPEMEHU MOSIBJSIOTCS TEOPUM, B KOTOPBIX ONEPUPYIOT MOTEHLHUA-
JIaMH, OTJIMYAIOIIMMUCSA Ha OOJIBIIMX MaciiTabax OT KJIaCCMYECKOTO
MOTEHIIMAajia yXXe Ha ypOBHE HBIOTOHOBCKOTO mpexaena. [loatomy uc-
MOJIb30BaHME TaJTaKTMUECKMX M BHerasaktuiyeckux ['JIC mis mpoBepku
OTO npeacrapiasgeT NPpUHUMITMATLHBIN WHTEPEC.

6.5.2. O6wue cooTHOLWIEHUS M onpeaeneHuns

®opmyinbl (6.4), (6.5) ompenensioT JUH30BOE OTOOpa-
KEHHE X — y(X); 3TO OTOOpaXeHWE IJIOCKOCTH JHUH3BI X = {X;,X,}

Ha TUIOCKOCTb MCTOYHUMKA Yy = {y,,),}; 00paTHOe OTOOpaxeHue B 00-

meM cjiaydya€ HCOOJHO3HA4YHO, 4YTO M MOpPOoXKIACT HECKOJIbKO I/I306pa—
XEHUIN OTHOIO TOYEYHOTO UCTOYHMKA.
BaxxHoit 0COOEHHOCTBIO JTMH30BBIX OTO6pa)I(€HI/Iﬁ ABJIACTCA HAJIMYUEC

KPUTUYECKUX TOYEK, rae sikoouaH J = det ||6y,. / 8xj|| (i,j=1,2) obpa-

1IaeTcsl B HYJb, a yCUJEHUE H300pa)keHUs TOYSCYHOTO MCTOYHMKA
cTaHoBUTCA OecKoHeuyHbIM. COBOKYMHOCTh TaKUX TOYE€K oOpasyer
Kpumuveckue Kpuevle, a UX oToOpaxkeHue 1o dopmyne (6.3) Ha3bIBalOT
kaycmuxamu. Tlpyn nepeceyeHUU KayCTMK M300paxkKeHUsl TOYEUHOIO
WCTOYHMKA MOIYT BO3HMKAThb WJIM Mcye3aTb. Haumbonee BeposiTeH
clly4aii, Korga n300pakeHUs1 BOSHUKAIOT WM MCUe3ai0T MapaMu.

Koadduumenrom ycrieHUs JIMH3BI SBISETCS BeIMIWHA p = Jy/J,
roe J, — SIKOOWaH, BBIYMCIEHHBIN MPU OTCYTCTBUU JIMH3UPYIOLIUX
macc. JIuH30Boe 0TOOpakeHue CyleCTBEHHO HEJIMHENHOE: MaJoCTh
yrma a(X) B (6.3) KoMIleHCHpyeTcsT OOJpIIUMU paccTostHusIMU. [lo-
atomy B ['JIC ¢ GOJIbIIMM YMCIOM TOUYEUHBIX MacC-3Be3l MMEeTCs,
KaK TpaBUJIO, pa3BeTBIIEHHAs ceTh KaycTHK (puc. 6.1).
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i NpoTsSDKEHHOTO MCTOYHMKA C pachpenesieHueM sipkoctd B(y)
CyMMapHbIli KO3(h(PUILIMEHT YCUJIEHUS C YUeTOM BCEX U300pakeHUi B
I'JIC paBen

-1

w=[Byx)x| [ By)d*y' | . (6.6)
N

So

3nech MHTErpUPOBaHUE MPOBOIAT MO BCei 00JIaCTM MCTOYHUKA S, B

ero IIOCKOCTH U IO Bceil obsactu S, rae ecTb uzobpaxeHus. Ilo-
HSITHO, YTO MPU TMepeceyeHUMr KayCTUKM YCUJIEHUE MCTOYHMKA PE3KO
U3MEHSIeTCS: TeM CUJIbHee, YeM MeHbIle ero pasmep. Ilpumep Kpu-
BO#i Giiecka MmokasaH Ha puc. 6.2.

LlenTpoun sipkocTu (T. €. B3BELLIEHHOE CpelHee MOJIOKEHME LIEeH-
Tpa SIPKOCTH) B IJIOCKOCTU M300pakeHUsI UMEET B/

Y, = xB(y(x))dzx{ [ B(y(x))dzx} . (6.7)
S S

PaccmorpuMm ypaBHeHue JMH3bI B Buue (6.5), KOTOphlid Oosee
yIo00eH, ecIu MMEeM NIeJI0 ¢ HeMpPepbIBHBIM paclipeaesieHUeM MacChl
B IUIOCKOCTU JIUH3bI. HeTpyaHO BMAETb, UTO MpaByl 4YacTb 3TOTO
YpaBHEHUSI MOXHO TPEACTAaBUTh B TPAJUEHTHOM BUJIE:

n:X_V(Ds (68)
rac
D 4GD, ;D e '
=) =Ly, ®=—E"L[x 5(x)In|x-x| .  (6.9)
Dy c Dy

Puc. 6.1. TunuuHoe moie
K03(HULMEHTOB YCUIEHUS
TPaBUTALIMOHHO-JIMH30BOM
cuctembl [23]. Bonee Tem-
HBII IIBET COOTBETCTBYET
OonbliieMy ycwieHuto. Kay-
CTUKUA — TPaHUIIBl TEMHBIX
obnacreit. [lpsmas auHus —
TPaeKTOpUsI LIEHTpPa KCTOY-
HMKa, COOTBETCTBYIOIIAS (ISt
pa3HbIX MOJENe NCTOUHMKA)
KpUBBIM OJiecka Ha puc. 6.2




6.5, paBUTALMOHHOE NIMH3MPOBAHME

Puc. 6.2. 3aBucumocty KoagpuieHTa
ycuieHust K(f) oT BpeMeHu ! B clydae
MUKPOJIMH3UPOBAHUST OOJIBILIUM YMC-
JIOM TOYEYHBIX MacC IS ABYX MOJEei
pacrpeieneHus: IpPKOCTU 10 JUCKY UC-
ToyHuKa corsacHo [23] (Gs — rayccoBc-
kUil ucrouHuk, PL — creneHHoe pac-
npeaesieHue sipkoctv). IlonoxeHus
Macc OJMHAKOBBI IJIs1 00erx Moaesei

-2 0t

O6o3Hauas o(x) = L ¥(x), nonydyaem AD =2c . Bennuu-

4nGD,¢D
c*D

S
HY o(X), 3aJaHHYI0O Ha IUIOCKOCTM JIMH3bl, HA3bIBAIOT ONMUUECKOU

naomuocmoto (MCTIONB3YIOT TaKKe TEPMUHBI KoHeepeeHyus (convergence),
cxodumocmy). VI3 3TUX COOTHOIIEHWI CclieAyeT, 4TO MaTpulia A =

= ||ay,. / 6xj|| SIBJISIETCS] CUMMETPHMYHOI, IMpHYeM ee IINIyp paBeH

oy, /ox,+0y, /0x, =2—-A® =2 -2c. Torna B COOCTBEHHON cHCTEME
3Ty MaTpULly MOXHO 3alucarh B BUIE

l-c-vy 0
A= 6.10
( 0 1—G+’Y], ( )

roe y — mnapaMeTrp ciapura (shear, He MmyTaTb ¢ MOCTHbIOTOHOBCKUM

napametrpoM!). Ilpyu OTCYTCTBUM HENPEPHIBHOM MaTepuMM Ha Jyde
3pEeHUs ITOT MapaMeTp OJHO3HAYHO ompeaenseT aedhopMaiuio (cxa-
THE WM pacTsoKeHUME B HANpaBlICHUM T[JIABHBIX OCel MaTpulbl A)
U300paxkeHUsl UCTOYHMKA.

HanbHenii aHanu3 cBs3aH ¢ KOHKpeTHbIM Turiom [JIC. Oco-
0oro BHMMaHMsl 3aCHyXXUBAIOT epagumMAaulioHHoe MAaKpoAUH3UPOGAHUe,
MUKDPOAUH3UPOBAHUE W cAaboe AUH3UPOBaHUe, KOTODPbIE PAa3TUYalOTCs
XapaKTepHBIMM MaccaMu JIMH3, BPEMEHHBIMM MacluTabaMu IMpoliec-
COB, MCKaQXEHUSIMU U300pakeHUI yIaJeHHbIX OOBEKTOB.

6.5.3. Bueranaktuueckue M€

Bo BHeranakTuyeckux cUCTEMax MAKpPOAUH3UPOBAHUeE TIO-
POXIAET HECKOJBKO KBAa3UCTATUYECKUX M300PAXKEHUIA OJHOTO U TOTO XKe
00BeKTa, TOrAa KaK MUKPOAUH3UPOBAHUe CTAHOBUTCS TIPUYMHOM TUHAMU-
YECKMX M3MEHEHUI SIPKOCTUM HM300pakeHU Ha pPeaTMCTUYHBIX JJIsI
HaOI10[eHUIA BpeMEHHbIX MaciiTtadbax. B mepBoM ciyyae pojib JMH3bI

M
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WUrpaeT TajakTHMKa B ILIEJIOM M €€ CpeiHee IMOoJie TAroTeHWs, BO BTO-
pOM — OOBEKTHI 3BE3MHBIX MAacC, CO3IAOIINE TOBOJILHO CHIBHBIC JIO-
KaJbHBIE HeOomHOpOomHOCTU ToJsI. CpaBHMBasT U3MEHEHUS SIPKOCTH
pa3HbIX U300paxeHuit Bo BHeragaktuuyeckux I'JIC ¢ yyetoM oTHOCH-
TEJTLHOM BPEMEHHOM 3afep:KKMA, MOXHO OTHCINTh 3(P(HEKTH MUKPO-
JIMH3UPOBAHUS OT COOCTBEHHBIX KoJyieOaHMII Oiecka KBa3zapa. DTO
JlaeT BO3MOXHOCTb TOJIyyaTh MH(OpMALMIO KaK O CTPOSHUHU MCTOY-
HMKa W3JIy4eHWs, TAK M O CBOMCTBAX T'PABUTAIIMOHHOTO TIONS, (POpMH-
PYIOLLIETO U300pakKeHUsT TAKOTO UCTOUHMKA BeencTeue 3dpdekroB OTO.

IMTpusenem npumepsl BHeragaktuueckux IJIC (cm. [354, 475]).

Camas nepeas aunza 13 Bcex oTKpHIThIX [JIC — Q0957 + 561, ce
TaK M Ha3biBalOoT B Jutepartype «IlepBas nuHza» (The First Lens). B
aroir I'JIC HaGmopaloTcsl aBa M300pakeHUS KBa3apa C KpacHBIM
cMmemieHeM z,= 1,41 Ha (oHe JMH30BOM TalaKTUKW C KpacHbIM
cMeueHueM z, = 0,36 [250]. DroT KBasap paamorpomkuii. Bpems 3a-
JIepKKU MeXIy M300pakeHUsIMU — okoJio 415 cytok. B cBoe Bpems,
no nuuuuyarvpe P. Ilunna Obliv npoBeAeHbl HAOIIOAEHUS C ydyacTUEM
MHOTHMX OOCepBaTOpMii, KOTOpPBIE HaJIM BO3MOXHOCTH OIIPEIEIUTD
BpeMsl 3alepXXKU ¢ BbICOKOW ToyHocThlo [109] (mpoekT «Round the
Clock»). Uto6bl BbiAeauTb 3¢¢eKThl I'paBUTALMOHHOTO MUKPOJIMH-
s3upoBaHusi B 9Toil ['JIC, HyXXeH CTaTUCTUYECKUI aHAIWU3 JAHHBIX C
MPOAOKUTENbHBIMU psiiaMu HabmoaeHuil. Takue psiabl Habmroae-
Huil ObutM mosaydeHsl [108, 109], yTo gano BO3MOXHOCTb TOATBEpP-
IUTh MPUCYTCTBUE MUKPOJMH3UPOBAHUS B 3TON cucTeMe. JMCKyTu-
poBayica Borpoc [377, 379] o mamomaciuTaOHBIX Bapualysix SIPKOCTU
n300paxkeHni (Ha ypoBHE 5 % OT MHTEHCUBHOCTN); ITOXOXHE Bapua-
uvu Habmopanuch U B Apyrux [JIC. Bo3aMoxHO, OHM OOYCIOBIEHBI
MaJIOMAaCCUBHBIMU 3Be3IaMU (KOPUIHEBBIMUA KapJIMKaMH U T. T. 00BEK-
TamMHn), KoTopble B Haluel Il'amakThke oOpasyloT CaMyl0 MHOTOUMC-
JIEHHYIO MOITyJIsiuuio 3Be3n. [TomHuMancs: 1 BOmpoc 0 BO3MOXHON PO
MUKPOJIMH3 C TUIaHETapHBIMM MaccaMu, MopsiaKa (10‘3—10‘5)M®. 3a-
METUM, YTO B MOJEJSIX HeOapnoHHOM TeMHoi Matepuu (TM) B cBoe
BpEMSI pacCMaTpPUBAIMCh HEKOMITAKTHbIE OOBEKThI C €IIE MEHBbIIMMU
maccamu [180]. Ha ocHOBaHMM aHaiM3a BPEMEHHBIX 3a1€PKEK MEXIY
OTAEBHBIMU YaCTIMU MaKpPOJIMH30BbIX M300paxkeHMii B padote [464] mo-
JyyeH BepxHuit npenen 100 nk mist pa3mepa LEHTpaJIbHOM 00acT KBa-
3apa B Q0957 + 561. B paGore [378] yneneHO BHUMaHWE OOBSICHEHUSIM
CUHXPOHHBIX Bapvalnii sSIpKocTH B m3o0pakeHussx B Q0957 + 561A, B
KaK pe3yJibTaTa MUKPOJIMH3UPOBAHUS KOCMUAYECKOM CTPYHOM.

Camas 6auskas aunza Q2237 + 0305 «Kpect DitHIITEiHAa» ObLIa
obHapyxeHa B 1985 r. Ota I'JIC coaepXuUT yeTbipe U300paKeHus pa-
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JIMOTUXOr0 KBazapa, BMECTe OHU JEUCTBUTEIbHO HAIIOMUHAIOT KPECT.
KpacHoe cMmeleHne uCTOYHMKA Z,= 1,695, JIMH30BOI TIajJakKTUKU
Z,= 0,0394. B sroii I'JIC BpeMeHa OTHOCUTEIbHOM 3al€PXKU MEXIY
U300pakeHUSIMU COCTABJISIIOT Yachl, T. €. OHM 3HAYUTEJIbHO MEHBIIIE,
YyeM TUITMYHBIE BpeMeHa ITPOIECCOB MUKPOIMH3MPOBAHUS. DTO 00-
CTOSITEILCTBO, a TAKXKE OTHOCUTENbHASI OJIM30CTh TaJJAKTUKU-JIMH3bI K
Haueil [ajakTvKe M BbICOKAasi KOHLEHTpaLMsl 3Be3l Ha Jydye 3peHus
nenaiotr 31y [JIC yHuKanbHOII jnabopartopueil misi M3ydeHUeM IIpo-
eccoB MukponuH3upoBaHus. I[lostomy «Kpecty DitHiuTeiiHa» I10-
CBAIIEHO 3HAYNTETHbHOE KOJMISCTBO paboT (cM. [396, 475]).

Campiii  Oauskuii  epasumauuoHHo-auH3uposanusvili keazap IRXS
J113155.4-123155 ¢ xonbuoM DitHmTeliHA B onTuke. Ota I['JIC ObL1a
ciyyaitHo oTkpbiTa B 2002 r. Bo BpeMs MOJSIpUMETPUUYECKUX HAOJIO-
JIIeHU BBIOOPKU paguoOKBa3apoB HAYYHBIMU COTpYIHUKaMU JIbexk-
ckoro yHmBepcuteta (benmbrust) Ha 3,6-MeTpoBOM Tejeckore EBpo-
nerckoi roxxHou obcepBaropum (Jla Cumna, Ywmnm). CrekTpocko-
MUYECKNEe UCCISAOBAHUS TIOATBEPAUIN TPABUTALIMOHHO-JIUH30BYIO
npupony atoro oobekta [399, 400], MMewIIEro MOBOJBHO PEIKYIO
KBaZpyITOJIbHYIO CTPYKTYpYy C TIpM3HAKaMU CJIab0TO OITHYECKOTO
KoJblia DUHINTeHHA. S pKOCTM YeThIpeX TOYSUYHBIX KOMIIOHEHT U30-
OpaxxeHMs1 KBa3zapa B V-Iojioce HaxomdTcs B mpexaenax ot 17,5 mo
20,1 3Be31HON BEJWYMHBI, & TUTUYHOE PACCTOSIHUE MEXIY HUMM CO-
crasisieT ~1,2". B neHTpaJbHOIM YacTu M300paxkeHusl ynajloch Bble-
JIUTh TajJakTUKYy-JUH3Y, KOTopasli B Mpeaesiax Kpyra paguycom 4'
WMeeT WHTErpajbHyIO 3Be3OHyI0 BeauuumHy V =18,4. W3 aHanuza
CHEKTPOrpaMM HAWJIEHO, YTO KpacHOEe CMeElleHHEe KBa3apa COCTaBJISIET
z=0,658+0,001, 1. e. 3T0 — OMMKANIINI M3BECTHBIA KBa3ap, U30-
OpaxkeHUE KOTOPOro TOABEPXKEHO BIMSHUIO TaTaKTUKU-JIUH3BI C
KpacHbIM cmetnenueMm z = 0,295+ 0,002.

Camaa 6oavman epasumauuonnas aunza MACS J0717.5 + 3745
(z, = 0,546, z, ~2,5) [482]. OTO CKOIUIEHHE TAJIAKTUK C KOJIBLIOM

OiHmTeitHa 0, = (55+3)", yto cooTBeTcTBYeT Fp =350+ 20 KK Ha

KPACHOM CMELLEHUN CKOIUIeHUsI ¢ Maccoit 7-10™ M conHeyHBIX Macc.

B onucanuu cneayromux asyx I'JIC npunarareibHoe «camasi» OT-
CYTCTBYET, OJHAKO 3TU CHUCTEMBbI TAKXKe MHTEPECHBI.

PGI1115 + 080 «Btopasi nuH3a», oTKpbiTass B 1980 r., BKIIOYaeT
yeTbipe uzobpaxeHusi Al, A2, B u C pamnoruxoro kBaszapa ¢ Kpac-
HBIM cMmelleHueM z,= 1,722. B kayecTBe JIMH3BI BBICTYINAET IpyIna
rajJJakTUK ¢ KpaCHbIM cMelleHueM Z, = 0,31 (TouHee, ABE TaJTaKTUKU C
KpacHbIM cMmelieHueM z = 0,3098, nBe — ¢ z=0,3123 u omHa — ¢
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z=0,3095). JIpa uzodpaxenust (Al, A2) — HauboJjiee sipKue U OIU3-
KO pacmnoJyIOXXeHHbBIE, YTO TMO3BOJISIET CleJaTh BbIBOJ O OJIM30CTH KBa-
3apa K Makpokayctuke IJIC. Ilpu 3TOM SIpKOCTh M300pakeHUit
JIOJKHA OBbITh MOYTM OJAMHAKOBAa B Cydyae IJIaIKOro pacrpeacsieHus
MacChl B JIMH30BBLIX TaJJAKTUKAX. B IeficTBUTENEHOCTH TTOTOKU OT Al
U A2 CyIIEeCTBEHHO pa3M4YaloTCs; 3TO MPUMEP M3BECTHOM «aHOMAJIMHU
OTHOIlIeHUsT MOTOKOB» (flux ratio anomaly). B pasHbix HaOI0aEeHUSIX
ObII0 3a(UKCUPOBAaHO, YTO OTHoIeHne Al/A2 otamyaercst Ha 20—
30 % (cm. [428, Tabn. 1]). BoaMoxHOe 00BbsICHEHHE CBSI3aHO C CYILECT-
BOBaHMEM TPYIHO HaOJIIOJaeMBbIX JIOKAJbHBIX CYOCTPYKTYp C Maccamu
(10°—~10%)M_, GMM3KMX K KPUTMYECKOW KPWMBOH MAKpOIMH3bI — 3TO
MOTYT OBITb JIMOO KapJMKOBbIE TaJaKTUKU-CIYyTHUKU, JUOO 00paszo-
BaHUs M3 TEMHOM MaTtepnu (mompoOHee cM. B [396]).

HI413 + 117 «Jluct xineBepa». Yerpipe M300pakeHUs KBaszapa
«JIuct kneBepa» OblM oObHapyxkeHbl B 1988 r. (cm. [238]). KpacHoe
CMellleHWe KBa3apa Z,= 2,55; BTO KBazap € IIUPOKUMU JMHUSIMU
rnmoryiomeHust. JIMH3UPYIOIIyI0 Maccy MOOBOJBHO MHOJTO HE MOTJIHN
UIeHTU(UIIUPOBATD; 3IeCh B KAYeCTBE JIMH3BI BBICTYITAeT TPYIINA Ta-
JIAKTUK C KpacHbIMU cMmeleHusimu ot 0,61 mo 2,09 (cpenHee 3Have-
Hue z,= 1,55 [87, 238]). Kpome TOrO, €CTh €lie oaHa IpyIa rajak-
THK, KOTOpas TOpOXIaeT (hOHOBBIM CIBUT, CO CPEIHUM KpacHBIM
cmeuieHreMm nopsinka 0,9 [239]. Macca LieHTpajibHOTO 0ObeKTa CO-
crasnser 7,5 - 108 M [238]. B oTo0ii cucTeMe MpOLECCHl MUKPOIMH-
3UPOBAaHUS IMPOUCXOIAT OTHOCUTEIHLHO MEIIEHHO, TIO3TOMY MX TSIKe-
JIO OOHApyXWUTh M3 aHaiu3a (HOTOMETPUUECKUX PSJA0B HAOIIOACHUIA.
Ho mpu HaGmiomeHUsIX CHEKTPOB CBUICTENIBCTBOM 3TOTO IIpoliecca
SIBJISIIOTCSL pa3Hble OTHOLIEHMSI ITOTOKOB B OOJAaCTU 3MMCCHMOHHBIX
JIMHUI U B KOHTUHYyMe. OToT 3(ddekt B crnekrpax HI1413 + 117
BIIEpBBIC omucaH B paborax [53, 498].

Ecau He yuuThHIBaTb MUMKPOJMH3MPOBaHWE, TO KpPHUBBIE Oyiecka
pa3HbIX M300paxkeHUil ogHOro U Toro xe kBasapa B ['JIC, uHmynupo-
BaHHBIE €T0 COOCTBEHHBIMU KOJIEOAHWSIMU SIPKOCTH, HOJKHBI OBITH
MOYTU UACHTUYHBIMU MeEXIy CO0OI, ¢ HEKOTOpOil 3agepxKKOil BO
BpeMeHU. TUMUYHOE YIJIOBOE pasnefieHUe MeXIy H300pakeHUsIMU
KBa3apoOB COCTAaBJISIET YIJIOBBIE CEKyHOBI, XOTsI n3BecTHBI IJIC ¢ pa3-
Opocamu Oosiee AecsTKa CeKyHI. B mocienHem ciydyae MX HEIPOCTO
OTJIMYUTh OT pEabHBIX (bU3UYECKUX TMap KBa3apoB C OJU3KUMU
KpacHbIMU cMmelleHus MU [285, 318, 479]. TunuyHbIMM OCOOEHHO-
ctamu BHerajakTudyeckux I'JIC, ¢ moMolblo KOTOPBIX MOXHO OTJIM-
YUTh KpaTHbIE U300pakE€HUSI OJHOIO M TOTO Xe OOBEKTa OT MOXOXKMUX
M300pakeHN pa3HBIX OOBEKTOB, SBISIOTCS HaJIW4YMEe HE MEHee IBYX
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M300pakeHN, JUIST KOTOPBIX CPeIHNE OTHOIICHUS TTOTOKOB B Pa3HBIX
00J1acTAX CITeKTpa MPAKTHUYECKA ONMHAKOBBI, TAaKKe OIMHAKOBHI Kpac-
HblE CMELIEHUSI, a U3MEHEHUS SIPKOCTH 3TUX M300PaXeHWii BO Bpe-
MEHU KOPPETUPYIOT MEXIY COOOI ¢ HEKOTOPOI 3aJePKKOM.

6.5.4. MukponuHsupoBaHue Bo BHeranakTtuieckux M1C

CylIecTBeHHbIM OTIMUMEM MUKPOJMH3UPOBAHUSI OT MaK-
POJIMH3UPOBAaHUS SIBJISIETCSI, BO-TEPBbIX, TO, YTO 3TO SIBJIEHUE OYEHb
IMHamMuueckoe. biaromapsi OTHOCUTEILHOMY ABMXKEHUIO MCTOYHUKA
U JIMH3bl XapaKTepHOe BpeMmsl Tpoliecca MUKPOJUH3MPOBAHUSI COCTa-
BJISIET HEJEAU WU MECSLbl. YIVIOBOE PACCTOSTHUE MEXIY MUKPOU300-
paxXeHUsIMU OOBEKTOB — BEJIMUYMHA TOPSJIKA YITIOBBIX MUKPOCEKYH]I,
T. €. Ha COBPEMEHHOM YPOBHE TOYHOCTHU TO3UILIMOHHBIX W3MEPEHUI
WX HEBO3MOXHO pa3iejiuTb B HaOMOAeHMUsIX. Macchl MUKPOJUH3
00bryHO TpuHUMaloT U3 auanasona (0,01—10)M , xorst paccmarpu-
BalOT U MEHbIIIME 3HaYeHusl (TJIaHeTapHble MacChl).

B Hacrogiliee BpeMsI OCHOBHBIM MCTOYHMKOM HaOJII0IaTeIbHbIX
JJaHHBIX O TIpoleccaXx MUKPOJUH3UPOBAHMSI BO BHETaJaKTUUYECKUX
cUCTEMax SIBJISIETCSI OTHOCUTEJIbHBI (hOTOMETPUUECKUIT MOHUTOPUHT
OTAENbHBIX M300paxkeHuii. [TOHATHO, YTO OONBIIMI O00BEM WHGOP-
MallM¥d MOXHO TOJYYUTh M3 CHEKTPaJbHOr0O MOHUTOPMHIa M300pa-
xenuii I'JIC. Ho srta 3amaua TpeOyeT 3HAYMTEILHOTO HAOJIIOAATEIb-
HOTO BpEeMEHU Ha OOJIBIIMX TeJIeCKOIlax, YTO II0Ka 4YTO JeJlaeT ee
MMPAKTUYECKN HEBBITTOTHUMON. XOTs maxke MpH OTHOKPATHBIX CIIEK-
TpaJibHbIX HaOJIONEHUSIX MOXHO 3a(UKCUPOBaTb MUKPOJIMH3UPOBA-
HHUe KBa3apa, MOCKOJbKY KO3(P(PUILMEeHThl YCUIEHHUs, HallpuMmep, 00-
JIACTU LLIMPOKUX 3MMUCCUOHHBIX JUHUI M KOHTMHYyyMa pasHble, U TaKue
a(pdeKkThl AeNCTBUTENILHO HAOMIOAAINCh IIPU CPAaBHEHUU CIIEKTPOB
pa3HbIX u300paxeHUil. OTMETUM, YTO XOTSI TPaBUTALIMOHHAS JIMH3a
axpoMaTM4yHa, OHA IO-pa3HOMY YCUJIMBAaeT OOBEKThl Pa3HbIX Pa3MEpOB,
a o6sactp IIDJI 3HauMTENBHO OOJBIIE MO pazMepy, YeM o0J1acThb, TAe
dopMUpyeTcsl HeNMPEePLIBHBIN CIEKTp M3AydyeHUsl KBasapa. M3BecTHBI
MpeacKa3aHusl HacyeT OTHOCUTEILHBIX aedopManuii npodmrein TIDJT
[301] mpyu MMKPOJIMH3UPOBAHUU.

ITpuBeneHHble 3¢ (heKThl MUKPOJIUH3UPOBAHUSI BO BHErajakTuye-
ckux I'JIC Habmomanuch 00Jibllielt YacThio B ONTUUECKOM JIMAIla3oHe.
B pamnoauamnaszoHe pasmep u3ydyalrolieil o0jlacTU OYeHb BEJIUK IIO
CPaBHEHUIO C XapaKTepPHBIM pagurycoM DHHINTeiHA MUKPOJIUH3, IO-
9TOMY 3(P(PEeKTbl MUKPOJIMH3UPOBAHUS 31eCh Majlo3aMeTHbI. s pe-
JISITUBUCTCKOM TEOPUM TSATOTEHMSI BaxkHee HAOMIONEHUSI B PEHTTEHOB-
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CKOM JHamna3oHe, MOCKOJbKY OH HeceT MH(MOPMALUIO O «EHTPaIb-
HOI MallnHe» aKTUBHOTO smpa kBasapa [90, 91, 113, 146, 415, 465].
B [89] xpoMme mpu3HAKOB MUKPOJMH3UPOBAHUS B HENMPEPbIBHOU 00-
JIaCTU PEHTIC€HOBCKOIO CIEKTpa IMOJY4YeHbl TakkKe JaHHble HabJtoae-
HUI Bapuaumii moToka B JuHUM Xejie3a Fe Ko. 3ameTtnm, 4to Xapak-
Tep PeJATUBUCTCKON AedopMaiiuu mpoduiss JUHUIN Kene3a Bcesser
oIpee/ieHHbIe HaleXabl OTHOCUTEJIbHO MepcriekKTuB nposepku OTO
B CWJIBHOM TpaBuTanimoHHoM nojie HMY/l. ®opma 3ThX JTUHUIA Cy-
IIECTBEHHO 3aBUCUT KaK OT METPUKHU IIPOCTPAHCTBAa-BpeMEHM Ha
PacCTOSIHUM HECKOJbKMX TPaBUTALIMOHHBIX PaJuyCoOB, TaK U OT CKO-
pocTeil oOpalleHus BEeIIeCTBA BOKPYT YEPHOU AbIPbI, KOTOPBIE OISThH
K€ OIpeAessIioTcs MeTpuKoii. HeraTuBHBIM MOMEHTOM B IOCTaHOBKE
TaKoM 3ajayu SIBJISIETCS] TO, YTO Ha (hOpMY JIMHUI BJIUSIET TaKXKe pa-
IUaTbHOE pacrpenesieHre M3TyJyalollero BellecTBa. 31eCh MOTYT OBbITh
MOJIE3HBIMU IOTIOJHUTEIbHbIC NaHHbIE O pPACHpene]eHUU SPKOCTH,
KOTOPbIE MOXHO TOJYYUTh, €CIM MCTOYHMK M3TYyYeHUS] — KBazap —
Haxoautcsa B I'JIC, roe HaGmoparorcs 3(hGheKThl MUKPOJIMH3UPOBA-
HUs ¢ OoblIUMM ycuieHueM. KoHeuHo, Takue HaOMoAeHus — Aesio
OyaylIero, MOCKOJbKY TPeOYIOTCS TMPOAOJIKUTENIbHbIE W JTOCTAaTOUYHO
TOYHBIE HAOMIOACHUSI M PEHTTEHOBCKUX MCTOYHUKOB C JIMHUSIMHU XKe-
Jie3a, Kotopble Haxoasatcs B I'JIC, HacUMThIBAETCSl TOJBKO €AMHULIBI.
BDddekThl rpaBUTALIMOHHOIO MUKPOJMH3UPOBAaHUs HauboJiee 3a-
METHBI, €CJIM UCTOUHUK M3JIyUYeHUs MPOXOIUT Yepe3 KayCTUKY MMK-
pPOJIMH3bI — SIPKOCTb €ro M300paXEeHUI MOXET YBEJIMYMBATHCS B
noaTopa-aBa v Oosiee pa3. DTO SIBICHUE HA3BIBAIOT coObimuem MUKpo-
AuH3uposanuss ¢ ooavuium ycunenuem (CMDBY). Takue coOBITHUS OCO-
OeHHO BaxXHbI. OHM JAIOT BO3MOXHOCTb YACTUUHO OLIEHUTh MapaMeTphbl

Puc. 6.3. PesynbraThl moma-
TOHKM KpUBOiIl Osiecka B
n3obpaxeHun C CUCTEMBbI
Q2237 + 0305. Touku — Ha-
OmromaTeNTbHbIe  AaHHBIE  (C
norpelHocTsiMu).  TeopeTu-
YecKUid pesysIbTaT (CIUIOLI-
Hasl KpuBas) TIOJIyYeH B
pe3yJIbTaTe PasIoKeHMST JIMH-
30BOTO IMOTEHLMAIA B OK-
PECTHOCTU COOBITUSI C OOJIb-
MM yCWICHHEM, T. €. all-
) . ) . , . , MPOKCHMALIMSI XOPOLLO pa-
1200 1300 1400 1500 0oTaeT B OKPECTHOCTH MaK-
TD-2450000 cMyMa KpuBoii [25]

ITotok, MSfH
VO uO
N (9]

et
(%)
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WCTOYHMKA 3a OTHOCUTEJIbHO HEOOJbIIONH MPOMEXYTOK BPEMEHH,
TOrga KakK MeHee WHTCHCHBHBIE COOBITHSI C MaJbIMU (DIYKTyaIusIMu
SIPKOCTH CTaHOBSITCSI MH(GOPMATUBHBIMU TOJBKO ITOCJIE HAKOILICHMS
CTaTMCTUYECKOro Marepuasa Ha MpOTsSKeHUU aeciaTuaeTuid. [lostomy
0OJIbIIIOrO0 BHUMAaHMUS 3aciayxuBaioT, Hanpumep, CMDBY, BbisiBieH-
Hele B I[JIC Q2237 + 0305 nabmopateabHbiMu rpynnamMu OGLE u
GLITP [20, 455]. K coxalleHU0, OCHOBHbIE OOCTUXKEHUSI TIPU UC-
nosib3oBaHu CMDBY KacaloTcsi OlLIeHOK pa3MepoB MCTOUYHMKA, XOTS
HEKOTOpPbIe aBTOPhI YTBEPXKIAIM, YTO B KPUBBIX OJiecka M300paxkeHUI
Q2237 + 0305 BUOHBI TOHKHE AETaau CTPYKTYphl. B CBsI3u ¢ aTUM B
pabote [25] moka3aHoO, YTO C IOMOIIBIO MOAOOpPa ameKBaTHOII MOJE-
JIM TPaBUTALIMOHHO-JIMH30BOIO OTOOpaxkeHUs1 B oKpecTHocTh CMBY
MOXHO YIOBJIETBOPHUTEILHO amIpoOKCMMHUPOBAaTh KPUBYIO OJjecka,
Mperosarast IPOCTEMIIYIO TayCCOBCKYIO MOJENb UCTOYHMKA (puc. 6.3).
Meron anmpokcumaluyd pa3paboTaH B [25, 488] (moapobOHee cM. B
[23, 474, 4735)).

6.5.5. Cnaboe nuHsmupoBaHme

B uccnenoBaHusx crpoeHus BceneHHON 3HAUMTEIbHOE
BHUMAaHME IPUBJIEKAET caaboe epasumayuonHoe AuH3uposanue (KOc-
MUWYECKUI CIBUT, cosmic shear) — aedopmaliusg n3odpaxkeHuid nae-
KUX TaJakKTUK TMOJA JeHCTBUEM KPYIMHOMACIITAOHBIX IPaBUTALMOHHbIX
MOJIeit, co3MaBaeMbIX pacIipele/ieHUsIMU MacChl Ha TIepeIHeM TUIaHe.
Crnaboe — MOTOMY, UTO TMPWIOXEHUS! 3Toro 3¢deKkra mpexiae BCero
KacamoTcsl 00JIacTH, TIe KOCMUYECKUM CIBUT OTHOCHTEBHO HEBEJIVK.
TunuyHas BeaMYMHA WHIYLIMPOBAHHON SJUIMIITUYHOCTU M300paxe-
HUSI TIpU Takoi aedopMaluu cocrapisieT He Gosnee ~1 %. Bo uzbe-
>KaHWEe HeI0pa3yMEeHUil, OTMETUM, YTO TEPMHUH «Cjaaboe JMH3UPOBaA-
HUE» UCTHOJIB3YIOT U B Oosiee 0OLIEM KOHTEKCTE, KOrAa PacCTOSIHUE
OT JIMH3BI 10 JIyya 3peHUs1 OoJibllle pamuyca Kojbla DiHIITelHa. DTo
HarpaBJIicHHe HayaJl0 MHTEHCUBHO pa3BUBAThCS TOCIE TOTO, KaK ObI-
JIO MOKAa3aHO, YTO COBPEMEHHbIE HAOJIOJEHUST NEWCTBUTEIbHO NAIOT
BO3MOXHOCTb HW3MEpATh paclpeleicHre «KOCMHUYECKOTO CIBUTa».
CinaboMy JUMH3MPOBAHUIO TMOCBSIIEHO MHOXECTBO pabor (cm. [198,
296, 353], a Takxe omnucanue Teopun B [48, 380, 381]).

O6patumcs K dopmyie (6.10), U3 KOoTopoil BUIHO, Y4TO M300pa-
>KeHNE MCTOYHWKA (JIMH3UPYEMOTIO OOBEKTa) MCITBITHIBACT PACTIKe-
HHUE BIOJb OJHOW M3 TJaBHBIX oceil Marpuiibl A. EciM MCTOUYHUK
AMEET BUI OKPYKHOCTH, TO TIOCJIe JTWH3UPOBAHUS €ro M300paskeHMe
MpeBpaTUTCs B 2JUIUIC. Pazymeercsl, TaKUX MCTOYHUKOB HeT, OoJjiee
TOTO, HAOOAAsT TIPEAIONIOKUTELHO Ae(OopMIPOBAHHOE N300pakeHNeE,
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Mbl HE 3HAaeM, KaK BBIIJISIAUT MCTOYHUK B NEUCTBUTENbHOCTU. OnHa-
KO B CWJIy u30Tponuu BceneHHOI pacrpeneieHue opueHTalMid Beex
TaJIaKTUK B JIOOOM HampaBJeHUU HOJDKHO OBITh M30TPOMHBIM. [le-
dopmalust 3TOTO paclpenejeHusT JacT BO3MOXHOCTb OIPEIeIUThb
HampapJeHHMe IJIaBHbIX OCEil W OTHOIIEHUE COOCTBEHHBIX 3HAYEHMI
Marpuiibl A. OCHOBHASI CJIIOKHOCTD IIPH OMpPeaeIeHUN KOCMUYECKOTO
CIBUra COCTOUT B TOM, YTO HEOOXOIMMO HAOpaTh JOCTATOYHOE YMCJIO
TaJIAKTUK JUTST OLIEHKUW paclipefesieHus Ha Jiyde 3peHus. s yBepeH-
HOro pesyjbTaTa HYXXHO MMETb TIJyOOKMe 0030pbl Heba, KOTOpbIe
BKJTIOYAIOT MIJIJIMOHBI TaJJaKTUK Ha MacluTabe HeCKOJbKUX TPamgyCcoB.

HccaenoBanusi ¢ MoMolblo €1a00ro JMH3WPOBaHUS IMO3BOJISIIOT
MPOBOAUTH «KapTorpaduio» U «roMorpaduto» BceneHHOI, olieHMBas
npodwin TUIOTHOCTA Macchl. 3a ABaalaTh JieT, HauuHasg ¢ 1990-x
roJoB, KaprorpadupoBaHO MOpsAKa COTHU CKOIUIEHUI rajsaktuk. B
9TOM HAaIIpaBJICHUN OBIJIO TTOJIYYeHO ONHO M3 Hambojiee yOeauTeNIhb-
HBIX I0KA3aTeJIbCTB HEOAPMOHHOIO XapaKTepa TeMHOM MaTepuu (CM.,
HamnpuMep, [68, 105]). Tak, B pabote [105] moka3zaHo, 4TO pacrpene-
JICHVE TPaBUTALIMOHHOTO TOTeHLMala B CKoIuieHWu I[lyms He coort-
BETCTBYET paclpeleieHnI0 O0apuOHHONM KOMIIOHEHTHI MaccChl (TTOf-
pobHee cM. m. 7.5). I[IpuHuMNIMaNbHO cliaboe JUH3UPOBAHMUE TT03BO-
JISIET He TOJIBKO TIONIYYWUTH pacIipelesicHre MacC UIST OTHOCHUTEIIBHO
OJIM3KUX CKOIUICHUI, HO M OTCJIeXHBaTh pa3BUTHE KPYyMHOMACIITA0-
HOM CTPYKTypbl BO BPEMEHH, OMNPEIC/sITh KOMOMHAILIMU KOCMOJOIU-
YecKUX MapamMeTpoB Q, U oy (TIOCIENHSST XapaKTepU3yeT aMIUIUTYLY

JMCTIEPCUM Macchl BHYTpU cdepbl pagmyca 84" MIK U HOPMHUpPYET
CIIEKTP MOIITHOCTH pacTipeneeHNs TJIOTHOCTH Macchl) [386].

CienyeTr oTMETUTb, UYTO cJiaboe JMH3UPOBAHME OILYTUMO BUSIET
Ha CHEKTP MOIIHOCTU PEJIMKTOBOIO MMKPOBOJHOBOIo (oHa (cMm.
n. 7.2.4, 7.3). 3aecb posb cjiaboro JMH3MPOBAHUSI UMEET, B OIpele-
JICHHOM CMBICJIE, HeTaTUBHBIN OTTEHOK, ITOCKOJIBKY OHO JaeT BKJIAI B
TaKk HasbiBaemylo E-Moay Tmonsipyu3alvy PeJIUKTOBOTO U3JIyYeHMS
(cM. M. 7.2.4) Ha MaJibIX YIJIOBBIX MaciluTabax, MEHBIIUX MTPUMEPHO
0,1 paguaH.

XoTs1 cnaboe JMH3MPOBAHUE HE CIYXUT HENOCPEICTBEHHO ey
tectupoBanusgs OTO, B ciayyae peanm3alid COOTBETCTBYIOIIMX Ha-
OyromaTebHBIX MporpamMM [198] ero posb I HEMpsIMBIX ITPOBEPOK
OTO Oyner 3HAYMTENbHON. 30HAMPOBAHHWE KOCMUYECKUX CTPYKTYpP
pa3HBIX MAacIITabOB M Ha pa3HBIX KPACHBIX CMEIICHMSIX ITO3BOJINT
CPaBHUTH pa3iIuyHbie Moaeau TemMHoi sHepruu (TO) u TM, pa3Hbie
TEOpUU TpaBUTALMM, KOTOpPble MPUBEAYT K pasHbIM KOCMOJIOTMYE-
CKHM CIICHApUSIM.
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6.5.6. MukponunsupoBanue B lanaktuke

3HauyuTeIbHOE BHUMAaHUE yaeJsieTcs IpolieccaM, Koraa
JIMH3aMU SIBJISIIOTCS 3Be3/bl ['ajJaKTUKU, a UCTOYHUKOM U3JTYyYEeHUS —
3Be3bl COCEIHUX TaJlaKTUK WJIM OoJiee yaaJeHHBIC 3Be3abl [ anakTu-
ku. lajakTuyeckoe MUKPOJMH3MPOBAHMUE TIPOLLIE C TOUKM 3pEHUS
TEOPETUYECKOTO aHajM3a Oyiarogapss HU3KMM ONTHYECKMM IUIOTHOCTSIM
MUKPOJIMH3; 30eCh IPAaKTUYECKM HET BHEIIHEIO CABMIA U KOHBEp-
TFeHIIUM, CO3IaBaeMOTro paclipele/icHueM MaTepuu Bceil [amakTuku.
Ho BeposiTHOCTh MUKPOJMH3MPOBAHUS C y4acTMeM 3Be3n I ajakTukm

uMeeT nopsinok ~ 107°. 11 Toro 4to6sl HaGpaTh HOCTATOUHOE YKCIO
coObITH, TTaUMHCKUI MPEeaToXUI OTHOBPEMEHHO HaOI0IaTh MWJI-
JIMOHBI 3Be3 B MareuiaHoBbIX objakax. CoOTBETCTBYOILIAS HAOJI0-
JarejibHasi TexHuka Obula co3gaHa B 1990-e roawl. BriocneactBuu
MPOBOAWIM TTOA0OHBIE HabJtoneHus1 3Be3/ Oanaxka [ajakTuku v co-
ceHel AHApOMeIbI.

Ha ceromnsimiHuii 1eHb HAKOIUIEHbI BaXKHbIE JaHHbIE HAOIIOAEHUS
no nporpammaM MACHO (MAssive Compact Halo Object), EROS
(Experience de Researche d’Objets Sombres), OGLE (Optical
Gravitational Lens Experiment), koTopble UMEIOT OOJIbIIIOE 3HAYECHUE
IJIsST OTIpefesieHusT paclpeneneHus Macchl B l'ajakTuke, HauuHas ¢
HUCCIIeOBAaHUI B 9TOM HampaBJIeHMM Ha pyOexe ThicsuenaeTuit [21,
22, 54, 165, 278] u 10 OTHOCHUTEIHLHO HeAaBHUX pador [459—461].

OnuH u3 HamboJsiee BaXKHBIX PE3yJIbTaTOB 3TUX HAOMIOIEHMI Ka-
caeTcsl HeOapMOHHOW NpUpoabl Tano ['anakTuku. B KoHIle MUHYBILIETO
THICSTUENIETUSI ellle LUMPKYJIUPOBAIU MPEANOJIOXKEeHUsI, YTO B Maccy rajo
Hameil ['aJlakTMKW Jal0T BECOMbIM BKJIal MAacCHMBHBbIE KOMIIAKTHBIE
00BEeKThl U3 OapuOHHON MatepuM. PesyabTaThl HAOMIOACHUIA MOKa3a-
JIU, YTO TaKUX OOBEKTOB B rajo Inpaktudyecku HeT. [TocnegHue pabo-
THI [459—461] B 3TOM HaIlpaBJIEHUU OIPOBEPIJIM 3Ty TUIIOTE3y IpaK-
TUYECKU TOJHOCThbIO. COIMIaCHO COBPEMEHHBIM MpPEACTaBICHUSM, B
rajio TOMUHUpPYeT HebaprnoOHHAsI KOMITOHEHTA.

B nocnenHee BpeMsi omnpeneseHHOE BHMMaHWE MPUBJIEKAeT acT-
POMETPUYECKOE T'paBUTALMOHHOE MUKPOJWH3UWpOBaHUE. 3AeCh pPeyb
UaeT 00 OMHMX U TeX Xe O0BbeKTaxX M Jaxe o0 OOHUX U TeX Xe 3¢-
dektax OTO, Kak B 0OBIYHOM MUKPOJMH3UPOBAHUM, HO OCHOBHOM
aKIEeHT JejlaeTcsl He Ha (pOTOMETPUU, a Ha JABMXKEHMSIX U300pakeHUM
MUKPOJMHUPOBAHHBIX 00beKTOB. Ha maHHBIA MOMEHT HabJrogaTesb-
HBIX pe3y/JbTaTOB B 3TOM 00JACTH HET; MHTEpeC K ITOM TemaTuKe
CBSI3aH C IepCcreKTUBAaMM MUKPOCEKYHIHOU actpoMmeTpuu. Haneem-
cs, 4TO B OymylieM KOCMMYECKHE OO0CEepBaTOPUM CMOTYT M3MEPSITh
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TPAaeKTOPHUM LIEHTPOUIOB SIPKOCTH MUKPOJTMHHPOBAHHBIX M300paxke-
Huii. 1[eHHOCTh acTpOMETPUYECKUX AAHHBIX CBI3aHA C TEM, YTO OHU
COCOOHBI KOMITIEHCUPOBATh HEOMNPEAEICHHOCTU, OCTAIOLIMECd MOCye
doToMeTpUYECKNX HAOTIONCHMIA.

6.5.7. MukponuHsupoBanue
M TOYHOCTb NO3ULIMOHHDIX HAGNIOAEHMI

[ToBbllIeHHE TOYHOCTU OIpeAeSieHUsT KOOpAMHAT B ac-
TpoMeTpuu TpedyeT yuyera Bce Oosiee TOHKMX 3(pdekToB OTO npu
MOCTPOCHUM CHUCTeM oOTcyeTa. B mepcrekThBe BO3HUKAET BOMNPOC O
JNBUKEHUM M300paXXeHUN OTAAJeHHBIX MCTOYHUKOB M3JIYUYEHUS! MO
NIEUCTBUEM TPaBUTALIMOHHOIO TMOJISI, CO31aBa€MOI0 JBUXKYIIMMMUCS
3Be3gaMu Hawuen [amaktuku [541]. Hanee mis KpaTKOCTU Oynem Ha-
3bIBaThb 3TOT B(MDEKT epasumMauoHHbIM O0BUNICCHUEM U300PAMNCEHUL
(T’AIN) — B oTIMumMe OT COOCTBEHHBIX OBUXKEHUIA MCTOUHUKOB. CTa-
TUYECKOE OTKJIOHEHWE MOJIOXKEHUI OTHaJeHHBIX MCTOYHUKOB MOJEM
lajakTuky B MOZAENSIX C HENpepbIBHLIM paclpeae/ieHueM MacChl
[559, 560] cpaBHuTenbHO Beauko (10°—107¢ pagman). OgHako Ha-
OJIoIaeMbIM ¢ 3eMJIU SIBJISIETCS JIMILb U3MEHEHUE TaKOIo IMOJOXEHUS
Bo BpeMeHu. Benuuuna T'JIM, oOycioBieHHoOro mnojsMu 3Be3n la-
JIAKTUKM, MMEeT TMOPSIAOK HECKOJbKO YIIOBBIX MUKPOCEKYHI B TOI
[374, 473, 481, 528, 541, 588]. OgHako ecTb HamexXma, YTO U3Mepe-
HUS TIOJOOHBIX BEJIMYMH OYyAyT NOCTyNmHbIMUA B OyaymeM. OcHoBa-
HUSMU JIJISI 9TOTO CyXaT, B YACTHOCTH, MPOEKThl paauorMHTepdhepo-
MeTpa ¢ KOCMUYECKOM 0a30i.

Kak oTmeuaercsl B yKa3aHHBIX paboTax, MHTEpeC K 3TOU Mpoodiie-
M€ OOYCJIOBJIEH T€M, YTO NMPU MNO3UIIMOHMPOBAHUM KBa3apoOB MPaKTH-
YeCKM HEBO3MOXHO OTIEIUTb IpaBUTALIMOHHBIE BKJIAJbl TIPU OMpene-
JIEHUU TIOJIOXKEHUN M COOCTBEHHBIX ABUXKEHMI NajleKuX oObeKTOB. B
aroit cBI3u CaxuHbIM [588] 3aTpoHYT Bompoc O (pyHIaMEHTaIbHOM
npeneje TOYHOCTH acTpoMeTpuueckux uamepeHuii. TTockosbKy To-
JIOXXeHMe Bcex 3Be3n B l'ajakTumke HEM3BECTHO, HA TEPBBIM IUIaH BbI-
XOJUT CTATUCTUYECKUIA acIeKT 3TOM 3aaayuu.

B 1BMKEHMAX M300pakKeHMii' yIaleHHBIX UCTOYHUKOB CBETA I10-
JeM [ajlakTUKKM HEeOOXOOMMO YYEeCThb XapaKTep paclpeacsieHus Cy-
YailHbIX OJyXXKIaHWi. XapaKTepHasl BeJWYMHA OTKJIIOHEHUI OT Cpel-
Hero ompenessieTcs, Mpexae BCero, HEOAHOPOIHBIM paclpeneeHueM

! B acTpoMeTpuM ABMXEHHEM Ha3bIBAIOT YIJIIOBOE CMEIEHUWEe O0BbEKTa Ha He-
0e 3a eqUHUIlY BPEMEHM.
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6.5, paBUTALMOHHOE NIMH3MPOBAHME

Macc B HEIMOCPEACTBEHHOU OJIM30CTM OT Jiyya 3peHusi. B chiyuae,
korga I'JI oOycioBI€HO TOYEYHBIMM MacCaMM, KOTOPHIE IBVKYTCS
MPEMMYLIECTBEHHO B OJHOM HaIlpaBJI€HWU, MMEETCS 3HauyMTeSbHasl
acummMmeTpust pacrnpeaciaeHuss I'JIM. Xorss cpenHee 3HaueHue [/1U
paBHO HyJIO (T. €. B CpelHEM M300pakeHue OCTaeTcsl Ha OJTHOM MecC-
T€), BEPOSITHOCTb TOrO, YTO B JAHHBII MOMEHT M300pakeHUE MC-
TOYHMKA JBMXETCS B HaIpaBJeHUM ABMIKEHMST 3Be3l, 3HAYUTEIbHO
Oosibllle, 4YeM IJisd JBUXEHUST B MPOTUBOIIOJOXHOM HaMpaBieHUU
(omHaKO B IIOCJIEIHEM CiIy4yae IepeMelleHMs1 OyayT OoJjiee OBICTPBI-
Mu). 151 HEOOMBIIOrO YKCia YAAJEHHBIX UCTOYHUKOB 3TOT 3¢deKT
COXPaHUTCSI, XOTS MPU YBEJIWYEHUU 4YHUCIA UCTOYHMKOB 10 OecKo-
HEYHOCTHU, OYEBMUIHO, TMOJYYUMM CpedHee 3HAueHUE IBMXKEHUs, paB-
Hoe HyJio. B cyliecTBylolMX cUcTeMax OTCUYeTa 4YMCJIO BHErajaakTu-
YECKUX MCTOYHMKOB TOCTUTA€T HECKOJBbKHUX COTEH, 3TO TOBOJBHO
MaJIo JUIsl TIOJy4eHUsI HYJIEBOTO CpeIHero, T. €. 34eCh 3(PdeKT MoxeT
MMETh HEHYJIeBO€ 3HAaueHUE, XOTsI U o4eHb Mayoe. [logpobHee 3TOT
BOIIPOC paccMOTpeH B [474].

IMpusenyr mu st a¢ddexktel [JIM K mpuHIUNUAIBHBIM OTPaHU-
YEeHUSIM TOYHOCTU aCTPOMETPUUYECKUX HAOMIONEHUU U OMpeaesieHUIO
¢dyHaaMeHTaJIbHOU cucTeMbl orcueta? OUeBUAHO HET, XOTS MpU J0C-
TUXXEHUU JOCTAaTOYHON TOYHOCTM MO3MLMOHHBIX U3MEPEHUI HEOOXO0-
MO OylneT MPOBOAWTH IMEPUOJMNYECKOEe YTOYHEHME KaTalloroB BHE-
TraJIaKTUYECKUX HMCTOYHUKOB, KOTOpPBIE cCelyac CUYUTAIOTCS HEIoa-
BUXKHBIMU.
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OBLLAS TEOPUSA
OTHOCHUTEJNIbHOCTU
U KOCMosorug

TeMHble cuiibl HacTo
rnposinBaroT CBeT Ha CyTb AeJia.
CraHucnae Exn Jleu

7.1. KOCMOJNOrug, TEMHAS MATEPUA
W TEMHAS SHEPTUS: BBEAEHUE

PaccMatpuBast mpuiioskeHUs OOIIE TeOpUH OTHOCHUTEITh-
HOCTH, HeEJb3sl HE BCIIOMHUTH KOCMOJIOTMIO — HayKy O
CTpoeHUM U 2BoouMM BeeneHHoil. 3aech Teopust pa-
0oTaeT Ha HauOOJBIIUX, <«MIOOAJBHBIX», MacllTadax.
Ycrexy cOBpeMEHHO KOCMOJIOTMM MOXKHO paccMaTpH-
BaTb KaK KOcBeHHYI0 MpoBepky OTO, xoTsa ecTpb Mpo-
onembl (cMm. 1. 2.3 u 1. 3). YpaBHeHUS DUHILITEHHA C
HEHYJIEBOI KOCMOJIOTMYECKON TOCTOSIHHON YCHEUIHO
MPUMEHMMbI B KOCMOJIOTMM, HauWHas ¢ MajblX AOJei
CEKYHIIbI TIOCJIe Havyajia pacIlIMpeHrs W 0 HaIlleil 3IOXH.
OpHako npuaymaTh TpssMmble npoBepku OTO Ha ocHo-
BaHUM JINIIh KOCMOJIOTMYECKUX IAHHBIX ITOCTATOYHO
CJIOXKHO, B TIEPBYIO OuYepenb IMOTOMY, YTO IPU CpaBHE-
HUW HaOJIONEHUN C TEOPEeTUYECKMMU pacyeTamu Mpu-
XOIUTCS YUYUTHIBaTh MHOTHE 3(P(EKTHI, He CBSI3aHHBIC C
rpaBUTALIUEN.

PensituBucTCcKast KOCMOJIOTMSI — OYEHb MOJIOIOM pa3-
IIeJT HayKu, eit HeT u cTa JeT. Ee mosiBjIeHne CBSI3aHO C
nyonukaimmeir B 1917 r. pabotsl Asbbepra DifHINTEiTHA
«Kosmologische Betrachtungen zur allgemeinen Relati-
vitdtstheorie», B KOTOpOil OH BIIEPBBIC MPUMEHWI ypaB-
HEeHUST ToJbKO uTo coznaHHoit OTO ko Bceir BceneHHOIA.
DUHIITEHH XOTeJl OMucaTh CTATMYECKYIO, WU30TPOIHYIO
U OIHOPOJHYIO BceneHHy10; 0JHaKO BCKOpe ObLIO T0-
KazaHo, YTO Takas MOAeJb MPUBOAMT K HEYCTONYUBO-
ctam. B 1922 r. A A. ®puaMaHOM OB HAWICHBI pe-
LIeHUS VIS U30TPOMHOM, OMHOPOAHOM paCIIMPSIOLIECS
WM cxkumatouleiicss BeeneHHoit, KoTopele, Mocae OTKPbI-
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7 06Lias TeOpUs OTHOCUTENBHOCTU MU KOCMONOTUS

g D. Xad6soM B 1929 r. pa3beraHus rajakTvk', COCTABUIM OCHOBY
COBPEMEHHBIX KOCMOJIOTMYECKUX TpeacTaBieHuii. B Teopum pac-
CMaTpUBAIOTCS TaKXK€ aHWU3OTPOIHbBIE WJIM HEOTHOPOIHBIE PEIIEHUS,
HO BCE OHM HE€ JAal0T HUKAKMX TMPEUMYIIECTB MPU ONMHUCAHUU acTpO-
HOMUWYECKUX TaHHbIX. Yepe3 HeKOTOpoe BpeMsl 0Ka3aloCh, YTO MHOIUE
KOCMOJIOTMYECKUE MPObJeMbl MOXHO PacCMOTPETb U 0€3 MpuMeHe-
Hus OTO, paccMOTpeB B HbIOTOHOBCKOM MPUOJMKEHUM 3BOJIOLIMIO
HEeOOJIBIIIOTO y4YacTKa MPOCTPAHCTBA. DTO OOCTOSITEIbCTBO SIBJISIETCS
CJIEICTBMEM MPUHLINIA SKBUBAJIEHTHOCTH, COIJIACHO KOTOPOMY B JIOC-
TaToyHO Majoi obnactu ypaBHeHUs OTO mnpuBOAST K HBIOTOHOB-
ckoii ¢usuke. HepensiTUBUCTCKAash KOCMOJIOTMSI JOBOJIBHO IIPOCTAa,
YPAaBHECHUS HEPEISITUBUCTCKOW W3OTPOITHOW U OIHOPOOHOW KOCMO-
JIOTMX U MX pellieHUs OIMCcaHbl, HaIIpuMep, B padbote [574].

B 3T0li T1aBe NpuBeAEHbI PEIITUBUCTCKUE YPAaBHEHUS W30TPOIHOM
U OJHOPOAHON KOCMOJIOTMYECKOW MOIEIU U HEKOTOPbIE MX PELICHMUS.
OnHako cHayajga paccMOTpMM, 4eM 3amnojiHeHa Hauma BceneHHas,
MOCKOJIBKY C 3TUM CB$SI3aH BUJI TEH30pa 9HEPTUU-UMMYJIbCa B MPaBOi
yactu ypaBHeHuit OTO. 3a mocienHue nBa AECATUICTUSI TOJIyYEHbI
HEOXUJAaHHbIE pe3yJbTaTbl, KOTOPbIE IOJHOCTbIO W3MEHWJU Hallle
npencrapieHue od okpyxaronieM Mupe. Okazaaoch, YTO MpPUBBIYHAS
HaM MaTepusl, COCTOsIIAsl U3 MPOTOHOB W HEHUTPOHOB (€€ Ha3bIBAIOT
OaprMOHHOI MaTtepueil), U3 KOTOPOW COCTOST 3Be3Abl, 3eMJISI U MbI
caMU, COCTaBIISIET JIMIIb OKOJO 5 % TOJNHON TMJIOTHOCTM MAacchl BO
BceneHHoi, eciiv ycpenHUTh € Ha MacllTabax Mopsiika HECKOJIbKMX
COTEeH Meranapcek. bojbliiasi ee 4acTb MPUXOAUTCS Ha ABE, MOKa He-
TMIOHSTHBIE HAYKE, CYIIIHOCTH, HA3bIBAEMbIE mMeMHAsA Mamepus U mem-
Has dHepeusl.

ITosToMy BHavaje KpaTKo IMpoaHaIM3UpyeM, UTO Ha JAHHBI MO-
MEHT u3BecTHO mpo TM u TO, Kakue ecTb apryMeHThI B MOJIb3Y UX
CYIIECTBOBAHUSI, W JIMIIb TTOTOM PacCMOTPUM YpaBHEHUsS 3BOJIOLUU
BcenenHoit 6oJiee moapoOHO.

TeMHast Matepusi — 3TO HEBMIMMAasi HeOApUOHHAasl MaTepusi, KO-
TOpasi B3aMMOJEHUCTBYET ¢ OOBIYHOI OapHOHHOI MaTepuel IMpeumy-
IIECTBEHHO WIW MCKJIIOUUTEJIbHO MyTEM T'PABUTALIMOHHOIO MPUTSIKE-
Hus. T'unore3a o ee CyllleCTBOBAHMM ITO3BOJIMJIA OOBSICHUTH MHOTME
SBJIEHUSI, KOTOpble HabomalTcsd acTpoHoMamu. Ilepeunciaum oc-
HOBHBbIE cBolicTBa TM, M3BeCTHBIC U3 HAOIIOACHUIA.

' Crporo rosopst, ¢ Touku 3penuss OTO «pasberanue» — 3T0 KOOPIUHATHBII
adekr. TanakTuku B CpemHEM TOKOSITCS OTHOCUTEIBHO CUCTEMbI MOKOs Bce-
JICHHOM, a KpacHOe CMelleHUe, OTKpbIToe Xab0yoM, sIBIISIETCS CJIEACTBUEM pac-
mupenus: BeenenHoii (cM. manee m. 7.2.1).
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7.1. Kocmonorus, TeMHas marepus M TeMHQs SHEpPrus: BBefieHue

BceneHHast copepXuT 3HaUMTENbHOE KOAM4yecTBO TM, npubau3u-
teapHo 20 % cpenHeir moTHOCTH BeeneHHOI; ee B IATh-1IECTh pa3s
OoJibllle, YeM OOBIYHOI OApMOHHOU MaTepumu.

TM uMeeT Maccy; OHa B3aMMOJCIHCTBYET MeXIy cOOOil M C OObIU-
HOW MaTepuell TpaBUTAIIMOHHO, TIPUTSTHBas ee. BO3MOXHO, 4TO Cy-
LIECTBYET TaKXe ciaboe B3amMonaeicTBue Mexay TM 1 oObIlYHON Ma-
Tepueil, HO 9TO JMUIb MpearnoyiokeHue. MMeroTcs Takke TMITOTE3bl,
10 KOTOPBIM HMKAKOTO HETrpaBUTALIMOHHOTO B3aMMOACHCTBUS MEXIY
O0OBIYHOM M TEMHOU MaTepueil BooOlle HeT. B aToM ciydae TeMHylo
MaTepUI0 MHOTIA HA3bIBAIOT 3¢pKaTLHONM MaTepueid.

B ornmuuue ot oObuHONM Matepur TM He B3aMMOJEMCTBYET C
3JIEKTPOMATHUTHEIM HM3JTydeHHEeM (KpoMe KaK ITOCPEICTBOM TpaBUTA-
1IMK). DTO BHITEKAECT U3 UBJIOKEHHOrO BHIIIE, MOCKOJAbKY Ha TM He
IEUCTBYIOT 3JIEKTPOMAarHUTHBIE CUJIBI. UMEHHO ITO3TOMY MBI HE MO-
>XeM yBuaeTb TM, 4To U TMpUBEJIO K €€ Ha3BaHUIO.

ITpupona TM emie HeusBecTHa. OOpaboOTKa MaHHBIX 00 aHM30-
TPOIIUM PEJIUKTOBOTO M3JIy4yeHUs, paclpeleeHUU Pa3IuYHbIX 3Jie-
MEHTOB BO BcesieHHOI CBUIETELCTBYET O € HEOApMOHHOM XapaKTepe.

Eciu onuceiBath TM ¢ mOMOLIBIO THAPOAMHAMUYECKON MOAEIU
CILUTOITHOM Cpenmbl, TO e¢ AaBlIeHWe 3HAYMTETbHO MEHBIIE, YeM c¢
IUTOTHOCTh, YMHOXEHHAs Ha KBaapaT cKopocTH cBera. Takyio TM
Ha3bIBAIOT XOJOJHON TEMHOU MaTepuei.

B coBpeMeHHOlI (hu3MKe 3JIEKTpPOMarHUTHOE M CJiaboe B3auMO-
IEeUCTBUSA OOBEOMHEHBI B €OWHOE 3JIEKTpociadoe B3aMMOICIICTBHUE.
ITosToMy rumote3a o ToM, 4To TM B3aMMOAEKCTBYET IyTeM CJIabOro
B3aMMOJIEUCTBUSA, HO HE 3JIEKTPOMArHUTHOTO, HECKOJBKO IPOTHUBO-
peUYUT caMoil uaee €IMHOro 3JIEKTPOCIadOro B3aUMOACHCTBUS. XOTs
B 000MX CITyJyasX B3aMMOICHCTBHE MOXET OBITh TAKMM HWYTOXHO Ma-
JIBIM, YTO €r0 HeJIb3s 3aperucTpupoBaTh HUKAKUMM COBPEMEHHBIMM
crocobaMu.

TepMUH «TeMHasi SHEpPrusl» IMOSIBUJCI MO aHAJIOTUU C TEPMUHOM
«TeMHasi maTtepusi». B mpocreiiiiem ciaydyae TO — oOblYHAsT KOCMO-
JIoTMYecKasl MOCTOSIHHAsI B ypaBHeHUsIX DiiHiuTeiHa (2.18). Ee mox-
HO TIEpEHECTH B TPaBYI0 CTOPOHY YpaBHEHMS M CUMTATh JOOABKOW K
TEH30pY O2HEPIUM-UMIIYyJIbca OOBIYHON MaTepuu, TPEACTaBIsds B
(bopMe TeH30pa DHEPrUM-UMITYJIbca TEMHOM sHeprum'. Paccmorpum
ATOT MpoCTeillunii BapuaHT. BBegeM ruioTHocTh Macchl TO p, MiIoT-
HOCTb €€ DHEPruM & = pc® u aasieHue TD p = —e. Takum 06paszoMm,
€CJIM TUIOTHOCTh T MoJjIoXUTebHAsI, TO €€ JaBJIeHWEe OTPUIIATEIEHOE.

' Bosee moapoOHO BBEIEHME TEH30Pa SHEPTUU-UMITyIbca TD OmMUCaHO B

clenyoumx naparpadax.
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7 06Lias TeOpUs OTHOCUTENBHOCTU MU KOCMONOTUS

OCo0eHHOCTb UMEHHO TaKOTrO YpaBHEHMSI COCTOSIHUSI p = —& CO-
CTOUT HE TOJIBKO B TOM, YTO OHO COXpaHSIeT CBOM BHI B JIIOOOI cHCTeMe
OoTCUeTa, HO ¥ B TOM, YTO IIPW PACIIMPEHUM TaKOM Cpenmbl e IIOT-
HOCTb SHEPIUM COXpaHSETCs. DTO MOXET Ka3aThCsl CTPAHHBIM, IIOTO-
My 4TO, HamlpuMep, MIACAJbHbBIN ra3 Beeraa OXJIaxaaeTcs IpH paciiu-
peanu. Ho B ciydgae TeMHO# SHepruy OHA TIPU PACIIMPEHUM BEHITION-
HSeT paboTy MPOTHUB OTPUIIATEIHLHOTO IaBIEHUs, KOTOpas KOMIIEH-
CHUpYeT YMEHBIIICHNE ¢ M3-3a YBEJIMUYECHUST 00beMa. DTO JIETKO TOJTy-
YUTh U3 MEPBOro Havaja TepmMoauHaMuku dQ =dE + pdV , tone E —

sHeprus B oobeMe V . Ecnu mpouecc aauabatuueckuii, To dQ =0.
Torma dE = -pdV . Tlo onpeneneuuto E =¢cV |, dE = edV +Vde . Ot-
crona nonydaeMm Vde = —(p+¢)dV n

daz—(p+8)%,

T.¢. Ipu p+¢&=0 MBI UMeeM IOCTOSIHHYIO IDIOTHOCTh TD ¢ = const .

ITnoTHOCTH OOBIUHOM M TEMHOI MaTepuu YMEHbILAeTCsl TPU paciliu-
peHuun BceneHHoil. M3 3TOro BUOHO, YTO B paHHeW BceneHHoON
IJIOTHOCTh MaTepuM MpeBaupoBaia, a TO BHOCWIA OYE€Hb Maslblii BKJIA
B CKOpOCTb paclIUpeHUsi U ee usmMeHeHue. Eciau 0003HAYUTH Xapak-
TepHbIii Maciitab' Bo BceneHHOI OyKBOM g, TO €ro M3MEHEHUE BO
BPEMEHHU OIMMUCHIBAETCS YpaBHEHUEM, KOTOPOE BbITEKAEeT U3 ypaBHE-
HUM DitHIITeiHA 1J11 OAHOPOAHOM M30TpornHoK BeeneHHoi (¢ = 1):
a_ 4G 3y (7.1)
a 3 3
D10 omHO M3 ypaBHeHUi DpuamaHa, rae BBeAeHAa KOCMOJOTHYECKas
MOCTOsSIHHAsT A ; Oosiee TOJHas cucTeMa KOCMOJIOTMYECKHX YpaBHE-
HUM, KOTopasi BKJIOYAeT TakXe ypaBHEHMSI IBUXKEHUS MaTepuu,
MpUBeleHa HIXe. 3Mech Toyka Haa OyKBOW 0003HAyaeT MpPOU3BOA-
HYIO [0 KOCMOJIOTUYECKOMY BPEMEHM, KOTOpPOE SIBJISIETCSI COOCTBEH-
HBIM BPEMEHEM BOOOpaxkaeMoro HaOsoAaTesisl, MOKOSIIErocs OTHO-
CUTEJIbHO CUCTEMBI OTCYeTa, CBSI3aHHOM C PEJIMKTOBBIM M3TYyYCHUEM,
€ U p — IUIOTHOCTb SHEPIMU U JaBJeHUE MaTepuH.
Hns Bceit Marepuun (momMumMo TO) IJIOTHOCTb SHEPTMU U JaBJIEHUE
SIBJISIIOTCSL HEOTpUMIATEIbHBIMU BEJIMUMHAMU, TTIOTOMY YCKOpeHue Bce-
JICHHOH ¢ yBEeJIUYMBAETCS 3a CUET yMEHbIIeHUs 4jieHa €+ 3p B Ipa-

! Bonee cTporo BenuuMHa a OYIET ONpeaesieHa B ClenylolieM naparpade.
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7.2, OcHOBHblE YPUBHEHMS PENSTUBUCTCKON KOCMONOTMM

Boit yactu ypaBHeHusi (7.1). B To ke BpeMsi KocMmojiorhuecKasl Io-
CTOSIHHAsI JIaeT TMOJIOXUTEIbHBIN BKJIan B yckopeHue. Co BpeMeHeM BTO-
POl WieH He M3MEHSIETCs, a TIepBblii yMEeHbIlaeTcs o Momyso. Otcrona
MOHSITHO, YTO B KaKOW-TO MOMEHT BPEMEHU CKOPOCTb PACIIUPEHUS
BceneHHoM TpoXoauT yepe3 MMHUMYM U Aajibllie HAaUMHAeT BO3pacTaTh.

HM3mepeHust Tak HasbIBaeMbIX (POTOMETPUUECKUX PACCTOSIHMHI IO
cBepxHOBBIX THMa la mokasamu [335, 360], yto ceituac Bcenmennas
pacimpsieTcs: ¢ yckopeHueM. [1o3ToMy TMOSIBUJIOCH TOHSITUE O TeMHOM
SHEPTUM KaK O MPUYMHE YCKOPEHHOTo pacimmpeHus BcemenHoii. B
paMKax CTaHIApTHOH KOCMOJIOTMM TaKO€ YCKOpEHME BO3MOXKHO
TOJIBKO MpPHU CYILLIECTBOBAHUU MOJIOXUTEIbHOM KOCMOJIOTUYECKOM TMO-
crosiHHoM. [lo olleHKaM oHa oOecIeyrBaeT IJIOTHOCTh 3HEPTUU, KO-
TOpast IpuMepHo paBHa 5,98 - 107 [Ix/M’. B TIaHKOBCKMX €IMHMALIAX
3T0 cocTaBidgeT npuomsutenbHo 1072, TIpu 3ToM BO3HMKAeT Ipodsiema
O0OBSICHEHUST TaKOM BeJIMUMHBI, KoTopas Ha 120 mopsiikoB MeHbIIE TH-
MUYHOM TJIAHKOBCKOU BEJMYMHBI, HO He paBHa HyJt0. CoBpeMeHHas
Hayka MoKa He MOXET J1aThb OTBEeT Ha 3TOT Borpoc. [110THOCTh Macchl
TD u cocraBiseT okono 70 % oT cpemHeii IIOTHOCTU BeenmeHHOI.

OnHako TD He sBIsSETCS CUHOHMMOM KOCMOJIOTUYECKOU IOCTO-
sHHoi. KocMmosorn paccMarpuBaroT U apyrue moxeaud TO ¢ ypaBHe-
HUEM COCTOSTHUSI, OTJIUYHBIM OT p = —¢, B KOTOPBIX IJIOTHOCTh TD 1
ee JaBjieHrMe U3MEHSIIOTCSI BO BpeMeHU. bosiee MmoapoOHO 3TOT BO-
MPOC U3JIOXKEH B CIEAYIOLIMX naparpadax.

7.2, OCHOBHbIE YPABHEHUS
PENATUBMCTCKOU KOCMOJIOTUU

7.2.1. Metpuka u Habniogaembie

B Of{HOPOAHOW U3OTPOMHOM KOCMONOTUM

B cooTBeTCTBMM C KOCMOJIOTUYECKUM IIPUHIIMIIOM Ha-
ura BcenenHasa B Cp€AHEM MPOCTPAHCTBEHHO OOJHOPOAHA M M30TPOII-

Ha. YYeT 3Toro TpeOGOBaHUS 3HAYMTEIbHO YIPOILIAeT BUI METpUKU. B
COOTBETCTBYIOILECH CUCTEME KOOPAUHAT £, r, O, ¢ OHAa MMEET BUI

ds? = df* — a*(1) [drz + F(r)(d6* + sin” 8d¢? )] ,e=1, (12

rae ¢ — KoCMoJIornyeckoe Bpems', a(f) — MaciuTaGHblii (HakTop U Ju-

' D10 cOBCTBEHHOE BpEMA Ha6J'IIOI[aT€J'[$I, KOTOPBII MOKOUTCSI OTHOCUTEJBHO
PEIIUMKTOBOIO U3JIYUYCHUS.
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060 F(r) =sin(r) — 3amkHyTast Becenennas, r € (0,n), 1ub6o Hr) = sh(r) —
otkphiTast Becenennas, r e (0,0), 1ubo F(r) =r — NpoCTpaHCTBEH-
Ho-TocKast BcemeHHast (T. €. TMPOCTpaHCTBEHHAs 4YacTh METPHUKH
OITMCHIBAET IIOCKOE MPOCTPAHCTBO).

Breipaxenwe (7.2) HaspiBaloT MeTpukoit ®puamaHa—JleMerpa—
PobGeprcona—Yoxkepa. OTMeTM, YTO COIVIACHO TEOPUU WHOISILINU B
paHHeil BceaeHHOI TpexMepHOe IMPOCTPAHCTBO SIBJSIETCS IIpaKTUUe-
CKM TUJIOCKMM, T. €. IUIOTHOCTb Macchl BO BceneHHOIl ¢ OoJiblioit
TOYHOCTBIO paBHA KPUTHUYECKOI; 3TOT BapWMaHT COTJIACyeTCsI C Ha-
OMogaTeIbHBIMU JAHHBIMMU.

Ecnu usBecTHa 3aBUCUMOCTD a(f), TO C MOMOILbIO MeTpUKu (7.2)
MOXHO pacCcuuMTaTh BC€ HaOMIOJaeMble BEJIMYMHBI, B YAaCTHOCTH,
KOCMOJIOTMYECKOe KpacHOe CMEIeHMe, a TaKXkKe MpUHUMAaeMblil Mo-
TOK WM3JIy4eHUS OT STAJIOHHBIX MCTOYHWKOB (CTAaHOAPTHBIX CBedeit)
U pasHble TUIIBI PACCTOSHUI OO 3TUX OOBEKTOB (CM., HaIpuMep,
[510, 532]). BeiBoa Bcex 3TUX BEJMYMH OINMMpaAETCsl Ha YpaBHEHUS
M30TPOITHBIX T€OAE3MUSCKNX, KOTOPBhIe B ClAydae paguajbHOTO IBU-

xeHus (d0=de=0) ameMeHTapHO MOJyYaloT U3 ycaosua ds> =0:
r=+[dt/a().

W3 ypaBHeHuit reome3uueckux B I[I1B ¢ meTtpukoii (7.2) HaxomsT
COOTHOLICHHME MEXIY COOCTBEHHOMN YaCcTOTOM v, MCTOYHMKA U3TYYeHUsI
M YacTOTON M3JydeHHs, MPUHUMAEMOro HalsromaTeseM v
MEHHYIO 310Xy [ = :

B COBpe-

obs »

af
Yoo b Ty g =aly), (1.3)

v, a(t)

o€ BBECACHO, IIO OIIPECACICHUIO, KOCMOJIIOTMYECKOE KPAaCHOE CMCIIC-
HHME MCTOYHUKA ZT .

DJieMeHT TIPOCTPAHCTBEHHOIO pacCTosIHUS dI MexXay JByMs
OJIM3KUMU COOBITUSIMM, TIPOMCXOASIIMMU B OOUH U TOT K€ MOMEHT
KOCMOJIOTUYECKOTO BPEMEHU #, B UX COOCTBEHHOU CHUCTEME 3aaeTCs
IPOCTPAHCTBEHHOM 4acThli0 MeTpuKku (7.2):

di? = az(t)[drz + F(r)(d0® +sin® 0d¢? )]. (7.4)

DOU3NYECKYI0 TIPOLIEAYPY M3MEPEHMSI PACCTOSIHUSI OT OIHOM IIPO-
CTPAHCTBEHHOW TOYKM IO APYToil (MpYU OJWHAKOBBIX 3HAYEHUSIX 1)
MOXHO OCYILECTBUTh, HAMPUMEDP, «PaNOJIOKALMOHHBIM» CIIOCOOOM,
IOChLIasi CBETOBbIE CUTHAJbI M3 ONHOM TOYKW M PETUCTPUPYS BpeMs

228



7.2, OcHOBHblE YPUBHEHMS PENSTUBUCTCKON KOCMONOTMM

npueMa oTpaxeHHoro curHaia. IloguepkHeM, 4TO Takasl mpoleaypa
M3MEPEHMS PACCTOSHUS, KaK U Jpyrue, B UCKpUBIIeHHOM [1B mpumeHu-
Ma TOJILKO JJISI MajIbIX PACCTOSIHUI, JJIsSI KOTOPBIX BIUSIHUE KPUBU3-
Hbl [1B Ha runepnoBepXHOCTU TMOCTOSIHHOTO BpPeMEHU ! = const He-
CylIecTBEHHO. B ciyyae KOCMOJIOTMYECKM YHAJIEHHBIX OOBEKTOB C
TIOMOIIIbIO Pa3HBIX TIPOLICAYP M3MEPEHUSI PACCTOSIHUSI, KOTOpbIE ITpUME-
HUMBI B IJIOCKOM TPOCTPAHCTBE WU JJIs1 OJM3KUX COOBITUH, TMOIy4aroT
pa3HbIe pe3yJbTaTHI.

IIpuBenem nBa HamboJiee YaCTO MCHOJIb3yeMBIX CIIOcoba orpene-
JICHUSI PACCTOSHMSI, BBIPAXXKaeMOTO 4epe3 HEMOCPEICTBEHHO HAaOJIIo-
JlaeMble BEJIUUMNHBL.

ITycth HabMOgaEMBIl OOBEKT UMeEET YIJIOBO auaMmetp do << 1 (B
pamuaHax), U ero COOCTBEHHBIN AUaMeTp, CIPOEKTUPOBAHHBII Ha
JIOKAJIBHYIO TIOCKOCTh, MEPIEHAUKYJISIPHYIO JIydy 3peHus, ectb dl .
Ilycth, Hampumep, oIpeaensieTcsl PacCTOSHUE MEXAY COOBITUSIMU
(t,,r,8,90) u (¢),r =0), HaOMIOMATENTH HAXONWUTCA B Hayaje MPOCTPaH-
CTBEHHBIX KOOPAWHAT W COOBITHE U3MEpPEeHUS] MPOUCXOIUT B COBpe-
MEHHYIO 2I0XY f,. 3ama3nblBaHuE f, OTHOCUTEJBHO f, OMpENesieTCs
U3 YpaBHEHUS TeOle3MYECKOM, OIMCHIBAIOLIE paclpoCcTpaHEHUE
CBETOBOTO CUTHaia u3 (f,,7,0,9) B (#,,r =0). Torma s cTepxHs c

KOHUaMu B Toukax (r,0,¢) u (r,0,¢0+d¢), pacnoyoXKEHHOro Tep-
MEHIVKYISIPHO JIydy 3peHus, umeem dl = a(t)F(r)de.

Paccmosanuem no yeaoeomy ouamempy HasblBalOT BeIUYUHY D, ,
KOTOpask BXOAUT B COOTHOLIEHUE'

dl = D,do. (1.5)

Hnst metpuku (7.2) aTa BeJMuMHA ompeaesieHa OJHO3HAYHO U 3a-
naHa (opmysoi
0]
D, —att)F| [,
5 a(r)
Tae f, — COBpEMEHHas 3I110Xa, f;— MOMEHT BPEMEHU M3TyYEeHUsI CUTHAJIA.
Domomempuueckoe paccmosiHue — 3TO TaKOE pacCTOSTHUE, Ha KO-
TOPOM TIOTOK 3HEPTUM OT HETOIBUXHOTO OOBEKTa B EBKIMIOBOM
MPOCTPAHCTBE UMEET TaKyIo Xe IUIOTHOCTb B TOUKE HAOMIOACHUS, KaK
U OT TakKoro e oObekTa BO (hpuamaHoBckoil Bcenennoii. Ilyctb
MOIIHOCTb M3JIydeHUsI UCTOUHUKA B €r0 COOCTBEHHOI CUCTEME eCTh 1,

(7.6)

'T. e. B popMasibHOE COOTHOLIEHUE JUIs TUIOCKOTO MPOCTPAHCTBA.
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a TT — MOMIyJb TUIOTHOCTH TTOTOKA SHEPIUK', pErMCTPUPYEMOil HabIIIO-
nareneM. Toraa horomMeTpuyeckoe pacctosiHue — 370 BeauduHa D, ,

KOoTOopad BXOOAUT B COOTHOLICHUNEC
M=1/4xD3). (7.7)

MoxHo nokasatsb, yto D, = (1 +z)2Da , TIpUYEM BBIBOJ, MCHOJb-
3yeT Jullb BUA MeTpuku (7.2), He OonmuUpasich Ha KOHKPETHYIO 3aBU-
cuMocth a(t). Tloatomy HabialomarenbHass MPOBEpPKa 3TOrO0 COOTHO-

LIEHHUsT MOIJia Obl CIY>KUTh OOILIMM TECTOM IJISI METPUYECKUX Teopuit
B OJHOPOJAHOW u30TpornHoi BceneHHoi. OaHAaKO AJis1 MPOBEPKU 3a-
Bucumocreit D,(z) u D, (z), mony4aeMbIX B PasHbIX KOCMOJIOTUYE-

CKUX TeOpHsIX, MCIOJb3YIOTCS pa3Hble THUIIBI 00bEKTOB. B ciyyae
D,,(z) — 3TO «CTaHIapTHBIC UCTOYHUKM» — CBEPXHOBBbIC TUMA la. B
ciyyae D,(z) — 3TO HEKOTOpbIE XapaKTepHbIE pa3Mepbl, MOJydyae-

Mble TIPU MCCIENOBAaHUU pacmpeneiaeHus GayKTyaluid TeMmepaTrypbl
WIM TIOJISIPU3allUU PEJIMKTOBOIO U3TyYEeHUs .

IMapametrp H w1 maciuTaOHbIN (akKTOp a CBsI3aHbI C KPacHBIM
CMeIIeHNEM Z W (POTOMETPUYECKUM paccTostHueM D, TaKUM COOT-

HowreHueM [367, 510, 532]:

[ a (DN
H(z) = d_z(ﬁj , (7.8)

rne z = z(t, 1,), t, — coBpeMeHHas 3roxa (BpeMsi OoT poxiaeHus Bce-
JIEHHOI1).

7.2.2. YpasHenus ®pugmaHa

OTMETHM, YTO WIEH ¢ KOCMOJIOTUYECKOIM ITOCTOSIHHOM B
(2.18) MOXHO BKJIIOYMTh B TEH30p BHEPTrUU-UMITYJIbCA, TPAKTYSI €ro Kak
crennUUIecKyl0 KUIKOCTh C YPAaBHEHUEM COCTOSHUSI p = —&. OTO

JIETKO BUIIETb, €CJIU MEePEHeCTH WieH ¢ A B mpaBylo yactb (2.18) u moo-
xutb TP =—p g®, tne p, =—¢,. 3nech ¢, = Ac* /(8nG) wuHorma
MHTEPIIPETUPYIOT KaK IUIOTHOCTb 3HEpruu dusuueckoro Bakyyma. [lpu
srom T dopmanbHo umeer Bun (2.14). B Gosee MMPOKOM KOHTEKCTE

' T.e. sHeprusi, KoTopas IepecekaeT 3a €IWHUIY BPEMEHM EIMHUYHYIO

TJIOILAAKY, TIEPIIEHAUKYISIPHYIO HAllPaBI€HUIO Ha UCTOYHUK.
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COOTBETCTBYIOIIMIM BKJIAJ B TEH30D HEPTUU-UMITYJIbCA ACCOLIMAPYIOT
C «TEeMHOW 3Heprueli» — MpUYMHONM YCKOPEHHOro paciiupeHusi Bee-
JeHHol. TakuM oOpa3oMm, eciu B IpaBOl 4YacTU YpaBHEHUU DiH-
LITEHHA ceaaTh 3aMEHY:

™ =Ty =T +T)", (7.9)
TO ypaBHeHUs (2.18) MOXHO 3amucaTh B BUIIE

A% 1 A% VvV
R™ — 2 R =8xG Ty (7.10)

Metpuka (7.2) omnpenensieT Bce T€OMETPUYECKME COOTHOLICHUS Ha
KOCMOJIOTMYEeCKMX MaciuTadax. Ee moacraHoBKa B ypaBHEHUsT DUHINTE-
Ha (2.18) mpuBOOUT K WM3BECTHHIM ypaBHeHUssM Dpuamana (1922),
KOTOpBIE TMOJYJaloTcsl, €Cau Mpapasi yacTbh (2.18) sBisieTcss TeH30pOM
9HEPruu-UMMYJIbca PEISTUBUCTCKONW HIealbHON kuakoctu (2.14).
IMocnenHee He O3HAYAET, YTO MBI OTPAHUYMBAEMCS THAPOIMHAMWYECCKIM
OINKMCAaHWEM MATE€pPUM: JIETKO BUIETh, YTO MPU YCJIOBUM M30TPONUU U
OIHOPOIHOCTH JIIO0O¥ TEH30p dHEPruu-uMIyibca 1, MOXHO ¢op-

MAaJIBHO IPEICTABUTh B «TUIPOIMHAMUYECKOM» Bue. JleiiCTBUTEILHO, B
JIOKAJIGHOM CHCTeMe HaOJMomaTessl, KOTOPBIA ITOKOMTCS OTHOCUTEIBHO
PEMKTOBOTO M3JIy4eHUs, T. €. B KOOPOWHATAaX, CBSI3aHHBIX C CHCTE-
MOI1 TTOKOSI U30TPOITHOI BceneHHOI, B YaCTHOCTH, B KOTOPBIX 3aIlcaHa
metpuka (7.2), cnenyer monoxuts 1y, =0, T, =-pg, (i,j=1,2,3),
WHauye B KaXHOi TOYKe OymeM MMETb BbIIEJICHHBIE IPOCTPAHCTBEHHBIE
HanpasieHus. [1pu atom Ty, U p MOTYyT ObITH GYHKUMSIMU BPEMEHU
t. OgHaKo 110 TeM Xe MPUIMHAM YeTHIPEeXCKOPOCTh MACATBHON KU~
KOCTH, KOTOpas IOKOMTCSI OTHOCHUTEIbHO HM30TpOITHOM BcesaeHHOI,

UMeeT TOJbKO BPEMEHHYI0 KOMIOHeHTy: #* = (4°,0,0,0), a B ciayyae

Metpuku (7.2) nonydaeMm u° = 1. Kak Jerko BUIETb, B 3TOM CJIydae, 1o-
narast ¢ = T, moaydaem, uro 7, wmeer Bud (2.14) TeH30pa sHEp-

TMW-UMITYJIbCa PEISTUBMCTCKON UACATBHON XUIKOCTH.

B ruaponrHamMuuyeckoil MOAENIM MOXHO BBECTM HECKOJBKO KWI-
KOCTel, KOTOpble B3aMMOAECHCTBYIOT JIMIlIb rpaBUTAllMOHHO. Toraa B
obuiemM ciyJyae

w = (p+eutu’ - pg", (7.11)

rme €= an — CyMMa TIUIOTHOCTEM SHEPTUU BCEX KUIKOCTEWH,
n

P =)D, — CyMMa JaBJICHUIL.
n
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Hcnonb3yst ypaBHeHus1 DiiHiuTeiiHa B popme (7.10) mist MeTpuku
(7.2) 1 TuaEpOAMHAMUYECKUM TEH30p 3Hepruu-umiyiabca (7.11), mo-
JIy4aloT CIeOYIONIyI0 CucTeMy ypaBHeHMit PpuamaHa:

2
%:—4§Ga(g+3p), (7.12)
H? = SgGa—a—kz : (7.13)

rne H =a'da/dt — napamerp Xab6ma, k =—1 B ciyyae OTKPHITOI
Bcenennoit, k =0 B ciayyae mpoCTpaHCTBEHHO IUIOCKOU BceneHHOM,
k =1 B cnyvae 3amkHyTOlt BceneHnnoii. OOpaliaeM BHUMaHUE Ha TO,
yto B omiuuue ot (7.1), Tae sIBHO MPUCYTCTBYET MOCTOSIHHAsI A, B
(7.12) aTa nmocTosiHHAs HESIBHO MPUCYTCTBYET B TpaBOil 4acTHU ypaB-
HEHMI1 MTOCPENCTBOM p, U ¢, .

B coBpemeHHYy10 310Xy f = #, mapameTp Xa0bma paseH H, = H(%)).
OTy BeJIWUYUHY HA3bIBAIOT nocmosHHou Xab6baa. KpuTudyeckoil IIoT-
HOCTbIO (Tpu f =1,) OyaeM Ha3bIBaTh TAKYK IJIOTHOCTb, KOTOpAas
peanuayeT IMPOCTPAHCTBEHHO ILIocKyto Moaenb (k =0). B cuny (7.13)
9Ta TJIOTHOCTh UMEET BUII

6, =3H? / (81G). (7.14)
W3 (7.13) nipu ¢ =t,, obo3Havast Q, = &(t,) / €, , ©IMEEM
HX(1-0,)) =k /ai. (7.15)

Kaxk BUINM, 3HaK BCIMYMHBI I—QO OJHO3HAYHO ONpeacjsA€T 3HaK

KPUBU3HBI TPEXMEPHOIO MPOCTPAHCTBA COIJIACHO ITPOCTPAHCTBEHHO
yactu Metpuku (7.2).

B ypaBHenusix (7.12), (7.13), ¢purypupyoT cyMMbl BCeX IJIOTHO-
CTeil SHEepTUM U JaBJICHUIA, HO YpaBHEHUS TMAPOIVMHAMUKMU BBITEKA-
10T U3 KOBapMaHTHBIX 3aKOHOB coxpaHeHus (2.13) oTaenbHO 1715 Ka-
KOO0 KOMIOHEHTHI XXUIKOCTH, KOTOPbIE HE B3aMMOJIEICTBYIOT MEXIY
Cco0O0I1:

de,

dt

OueBUIHO, OTCIOAA CJEAYeT ypaBHEHME I CyMMapHOW IJIOTHOCTH
9HEPIrUM:

232

+3(gn+pn)%lna:0. (7.16)



7.2, OcHOBHblE YPUBHEHMS PENSTUBUCTCKON KOCMONOTMM

%+3(g+p)%lna:0, (7.17)

KOTOpOE MOXKHO MOJYYUTh U KakK claeAcTBUe ypaBHeHmit (7.12), (7.13).

Kak orMeueHo BbIllIe, YI€H ¢ KOCMOJIOTUYECKOW MOCTOSIHHOM (TeM-
HYIO 3HEPrUI0) MOXHO MHTEPIPETUPOBaTh KaK XMUAKOCTb CO CIeLHalb-
HBIM ypaBHeHUeM cocTtosiHus. st onvcanuss TM u GapuoHHOI MaTe-
puM Ha Maciutadax omHopomHoctd BeenenHoi (> 500 Mnk) MoXHO
HCITOJIb30BaTh YpPaBHEHHWE COCTOSTHUSI «XOJIOXHOI» Matepuu p =0;
CyMMAapHBII TeH30p sHepruu-ummnynsca 1" =g, u'u’. Cnenyer npe-
JIIOCTEpPeUYb, YTO TUAPOAMHAMUYECKUI TOIXOM 34eCh MOXHO HMCITOJIb-
30BaTh (OPMAJIbHO, KOTAa HE WrpaeT poJjib MPEennojoXeHue O Jo-
KaJbHOM TEePMOAMHAMUYECKOM paBHOBecwU. JjIst Gojiee TOHKUX BO-
MPOCOB, HamNpuMep, CBI3aHHBIX C POCTOM BO3MYILIEHWI B TEMHOI
MaTepuM, OCOOEHHO Ha HEOOJbLIMX MacilTabax, U ¢ BOBHUKHOBEHM-
eM CTpPYKTYpHl BceneHHOI Oojiee amekBaTeH KMHETUICCKUI TIOIXOI.
B ropsuyio spy mid omMcaHUs BbICOKOTEMIIEPATYpHOM ILIa3Mbl, B
KOTOpO# BELIECTBO HAXOAUJIOCh B TEPMOAMHAMUYECKOM DPAaBHOBECUU
C M3IyYeHHEM, MOXHO HCIIOJIb30BaTh YpaBHEHUE COCTOSHUS YJIbTpa-
PEeITUBUCTCKOTO raza p=¢ /3.

Hrak, paccmorpuM rumpomuHamudeckyiro ACDM-Mopenb, B KO-
Topoii BceneHHas 3amoiHeHa pasHBIMM HEB3aMMOICHCTBYIOIIMMM
KUIKOCTSIMUA C YPAaBHEHUSIMU COCTOSIHUSI p, = W,g, . 1oraa, MHTer-

pupys (7.16), morydaeM
g, ~a " wmn  g,(1) = ¢,(t)[a(t) / aO]" (7.18)

JJIA IIPOMU3BOJIBHO BbI6paHHOI‘0 MOMCHTa tl .

Beenem Q-napaMerp I KaXI0iW KOMIOHEHTHI OTHENbHO: Q, =
=¢,(t)) /¢, , oueBugHO, Q) = > Q, . Torna, ucnonesys (7.18) n (7.3),
n

umeeM 8ne /3= H; {z Q1+ z)“'“m} . C yuerom atoro, (7.13) mMox-

HO 3anumcarb B BUIC

H? = H; [ZQH(1+z)3<'*W") +Qk(1+z)2} , (7.19)

rae o6o3HayeHo Q, = -ka,”H,”, winu B BUIE OOBIKHOBEHHOTO M-

(epeHLIMANBHOTO YPaBHEHHSI OTHOCUTENIBHO o =a / ay =1/(1+2):
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dt

DTO ypaBHEHHME HAIlOMUHAET 3aKOH COXpaHEeHWs SHEPruu TpHU IBU-

[d_aj - H; {Zﬂna”w" +Qk} : (7.20)

o o 2
XEHMU YaCTUIIBI C KMHETUYecKon sHeprueil (do /dt)” /2 c moTeH-

unanoM —(1/2)H; Y. Q07"

Ecmm 143w, >0, To s XoTs1 Obl OOHOI M3 KOMITOHEHT KOCMO-

JIOTMYECKOM kunkoctu npu ¢+ — 0 umeeM o — 0, U B TakOM mpenene
BKJIaJlT KPWMBU3HbBI, OMUCHIBAEMbIA WIEHOM C (), HecyllleCTBeHeH. B
9TOM ciiyyae npu ¢ — 0 3BOJIOLMST TPOUMCXOAMT TaK Xe, KaK B Mpo-
CTPaHCTBEHHO-TUIOCKO BceneHHol. DToO uMeeT MeCTO Mpu HaIUdUu
ropsiueil UM XOJOAHOM MaTepuu, TOTAA I BpeMEH MopsiiKa IUIaH-
KOBCKHMX C YY€TOM M3BECTHBIX 3HAUEHUII KOCMOJIOTMYECKUX TTapaMeTpOB

pesmunHa 1 - Q(r) = —k H 2()a *(¢) oKa3blBaeTcsl HUYTOXHO Majoit. C

9TUM CBdA3aHa TaK Ha3bIBacMasd HpOG)'IeMa IINIOCKOCTHOCTH: IIPU POKIEC-
HUM BcenmeHHON ee «KMHeTHnJecKas SHEPruAa», OnMcbiBacMasad 4JICHOM

2 o
(da /dt)", c orpoMHOIl TOYHOCTBIO KOMIIEHCUDYETCS «TIOT€HLMANIb-

HOIi BHeprueil» (wieHsl HyY Q07" B npasoii yactu (7.20)).

n

7.2,3. OTKNOHEHHUs OT M30TPONUM N OJHOPORHOCTH

Xots1 Ha OoJbIIMX MaciuTabax BceneHHyl0 MOXKHO CUMTATh
MPOCTPAHCTBEHHO OTHOPOIHOW YW M30TPOMHOM, JUISI PELICHUS 3amay
IrpaBUTALIMOHHONW HEYCTOMUMBOCTM M 00pa30BaHUsI CTPYKTYphl (T. €.
BO3HMKHOBEHMSI KPYMHOMACIITAOHOW HEOAHOPOIHOCTH, U3 KOTOPOM
BO3HUKAIOT TAJIAKTUKWA U UX CKOIUIEHMS) HEOOXOMMMO MOAM(ULIMPOBATH
meTpuky (7.2). Bnepseie B OTO Takas 3amaya OblIa paccCMOTpeHa
E.M. JIupumuem (1946). ViM, B 4yacTHOCTM, OBUIO OTMEUEHO, YTO
BeIMUMHA (IIYKTyalnii IJIOTHOCTU, OLIEHMBAEMBIX IO KaHOHAM CTa-
TUCTUYECKON (DU3UKU, HEOOCTaTOYHA IS BOZHUKHOBEHUSI HAOJIIO-
maeMoit cTpykTypbl Beenennoii. CoBpeMeHHBIN ITOAXOHA K JaHHOM 3a-
Jaye CBsI3aH ¢ MHQIISIIMOHHBIM MEPUOAOM PaCIUPeHUs, KOTOPbI UMen
MPOIOJDKUATEBHOCTL Topsiaka 107! ¢, mpuyeM BOBHMKHOBEHME CTPYKTY-
pbl OOYCJIOBJIEHO KBAaHTOBBIMM (DJIyKTYallUsSIMA MaTepPUU C WX TOCIEIyIO-
MM HapacTaHueM. He yry0snssich B 3Ty TeMaTHKy, chOpMyIMpyeM OcC-
HOBHBIE COOTHOIIIEHMsI, HA OCHOBE KOTOPBIX CTPOMTCST aHAJIN3 MAJTbIX OT-
KJIIOHEHU OTHOPOIHOCTH M, B YAaCTHOCTH, IPOBOIUTCS MHTEPIIpeTa-
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LUsl HaOJrogaeMoO aHU3OTPOMUM PEIMKTOBOro uanydeHus. CremyeT
MOJYEPKHYTh, YTO Ha HEOOJBIIUX (B KOCMOJIOTMYECKOM CMBICIE)
MaciTabax pacrpeaejecHe MaTepur YxKe HeJb3sl CUUTaTb OJHOPOMHBIM.
OpHako ycJioBUE OJHOPOAHOCTU U M3OTPOMUM COXpPaHSETCS B CTaTU-
CTMYECKOM CMBbICTIE, T. €. «B cpeaHeM» BcesjieHHasi BBITJISIAUT Be3le U
BO BCEX HAIIpaBJIEHUSIX JOCTATOUYHO OAUHAKOBO. [IJ1s1 3TOro B TeOpUU
BBOASIT pa3jiMyHble CTaTUCTUYECKHUE XapaKTepUCTUKU, U3BECTHbIC U3
TEOPUU CIyYallHBIX MOJIeli, HAaIIpUMEpP, KOPPEISLUOHHbIE (DYHKIUU U
CHEKTPhl MOIIHOCTU pacIpeAeeHUI TNIOTHOCTU BellleCTBa.

Janee MCIONB3yeM HEKOTOPHIC YIPOIICHUS C YYETOM M3BECTHBIX
HaOJIIONEHUM, KOTOphie ITOKAa3hIBAlOT, YTO Hallla BceineHHas mocra-
TOYHO TOYHO OITMCHIBAETCSA IMPOCTPAHCTBEHHO-TUIOCKON MOJEIbIO.
ITpuueM, eciu B COBpeMEHHYIO 310Xy Hab/tonaTebHble TaHHbIe OrpaHu-
yuBatoT 1—Q(f,) BEJIMYMHON MOPsIKA MPOLIEHTA, TO VISl O0Jiee paHHUX

BpeMeH Bo BceneHHol, 3anofiHeHHON xosnonHoi Matepueid (p =0), 3Ta

BEJIMYMHA MMeET MopsinoK 1-Q ~ (1+2z)'(1-C,). B MOMeHT pekoM-
ouHauuu Bogopoga (z ~ 1000 ), mociae KOTOpOro peaumKTOBOE U3JY-
YeHUEe pacIpoCTpaHsIeTCsl HE3aBUCHMMO OT BellleCTBa, ITOJy4YaeM, IO
MOPSIAKY BEIUUYUHbBI, TTPUMEPHO |1 - Q(t)| <107. DTOT haKT OOBACHS-

eTcd B TeOpPUU paHHEeW WHQJISIUNA, COTJIACHO KOTOPOM COOTHOIICHHNE
Q, =1 HOMKHO BBIMOJHATBCS C OTPOMHON TOYHOCTBbIO. OTMETHUM,

yto Bkiaanm TO, omnpeaensieMblii KOCMOJOTMYECKON TMOCTOSIHHOM, KO-
TOPBIi JOMUHUPYET B COBPEMEHHYIO 3IOXY, B MPOILJIOM MaJoCyllie-
CTBEH, TaK KaK IUIOTHOCTb TO g, =const, a TUIOTHOCTb XOJOZHOM
Marepun e, (1) = &, ()1 +2)°.

Metpuky (7.2) B ciiyyae IMpOCTpaHCTBEHHO-ILIOCKOM BceneHHoit
MOHO 3alucath B TaK Ha3bIBA€MOM KOH(OPMHO-IIJIOCKOM BUIIE:

ds’ = @’ (v)(dv —dx’), (c=1), (7.21)

rme t — «KOH(OpMHOE» BpeMsl, CBSI3aHHOE C KOCMOJIOTUYECKMM BpeMe-
HeM { C MOMOILBIO cooTHOWeHus! a(t)dt = df , dx’ — oGBbIUHBII 2Jle-
MEHT PacCTOSHUS B TUIOCKOM TPEXMEPHOM TpOCTpaHCTBe dx’ = dr’ +
+r? (de2 +sin? edq>2).

Boamymienust metpuxku (7.21) MOXHO TpencTaBlsITh MO-pa3HOMY

B pa3HBIX CHCTeMaxX KOOpAMHAT (B pa3HBbIX KalMOPOBKAaX), KOTOPHIC
MaJio pa3IMyaloTCsI MeXIy coboil. MOXHO MoKa3aTh, YTO B ITOAXO-
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ISIIEeH KOOPIMHATHOW CHUCTEME BO3MYIIEHHYIO METPUKY MOXKHO
npuBecTy K Buay (i,j=1,2,3)

ds* = @’ (v)[ (1+20)de* — (1-2%)ax* - hydx'dx’ |, (7.22)

rme @ = d(t,x), ¥ = ¥(r,X) — cKasipHble GyHKIMU (ToTeHLMa bl bap-
nuHa), h; = h;(t,X) — momepevyHoe OeccreioBOe TEH30PHOE TI0e, KO-

TOpOE aCCOLMUPYIOT C KOCMOJOTMYECKUMM T'PaBUTAIMOHHBIMMU BOJI-
Hamu. MeTpuka MOXET coaepxaTb BO3MYIICHUS BEKTOPHOrO TUMA,
OHAKO OHM HECYIIECTBEHHBI B HBIHE M3BECTHBIX Momeisx. Ilomcra-
HOBKOI1 BbIpaxkeHUsI (7.22) B ypaBHeHUs DUHILITeHA MOXHO OMNpPENEIUTh
SBOJIIOLIMIO CKATSIPHBIX M TEH30PHBIX BO3MYILIEHUIA.

BenuuuHbl, XapakTepusyloliyMe OTKJIOHEeHUS MeTpuku oT (7.21),
MPUHATO aHAJIM3UPOBaTh B TEPMUHAX OMHOPOMHBIX CIyYalHBIX TOJIEH.
PaccMoTpuM 3TO Ha mpuMepe CKaJSIpHOro noreHuuasa @ . YcioBue
CTaTUCTUYECKON OMHOPOMHOCTH, IO OINPEIeICHNIO, MMEET BUI

<OX)D(x') >= F(x —x'). (7.23)
3mech CKOOKM < ... > O3HAYalOT CTAaTMCTMUYECKOE YCPETHEHME.

IMocne mnpeoGpazoBaHust Dypbe IO IPOCTPAHCTBEHHBIM IIEpe-
MEHHBIM

1
2n)}

KOTOpOE ClIeAyeT IOHUMAaTh MPUMEHUTEIBHO K TEOPUU CIyYalHBIX
IOJIeii, U3 CTAHIAPTHBIX IIPeOOPa30BaHUIl C YUETOM CTAaTHUCTHYECKOM
W30TPOITMU M OMHOPOITHOCTH BBITEKAET

o(x) = [d’ke*d(k), (k) = ( [d’xe ™ a(x),

< B(K)D* (k') >= 5(k — k') P, (K) , (7.24)
rac
— _ 1 3 —kx
P,(k) = P, (k) = o [d*xe™ Fy(x) (7.25)

— CHEKTP MOIIHOCTH' (3HEPreTHMYECKUA CIIEKTP) CIYYaifHOTO IPO-
mmecca. AHAJIOTUYHO CTPOST DHEPreTUUECKHUE CIIEKTPHI BCEX CIIydaii-
HO-OJHOPOAHBIX BeIUYMH. B cuiy nsorponuu Fy(x) = F (x) u

1 %sin(kx)
Fy (k) = Py (k) = 5 g TF‘D (x)x’dx

' B nuTepatype MCIONB3YIOT Pa3HbI€ ONpENETIeHUs, B PE3YILTATE YEro CIIEK-
TpaJibHbIe MOIIIHOCTH MOTYT Pa3in4aThCsi KO3(P UIIMEeHTaAMMU.
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Fy(x) = F, (x) = 4n°f %P(Dm)kzdk .
0

B pesynbraTe cpemHekBagpaTU4Has (payKryauus Imojisi @ paBHa
< ®*(x) >= F,(0) = [d’k P, (k) = [ A (k)d(In k) ,

rne Al(k)=4nk’P, (k).
B Teopum ciryyallHBIX TMOJiel MCIOJB3YIOT CTEIEHHBIE CIEKTPHI,
OM3KKMe K MacIITabHO-MHBAPUAHTHOMY, IS KOTOPOTrO IO OMpee/ieHUIO

Al (k) = const . XapakTepuCTMKaMM CTETIEHHOTO CIIEKTpa Al (k)=

-1 .
= A, (k/ k. )"‘ SIBJISIIOTCSL CTIEKTPAJIbHBIA WHIOEKC A, W aMIUIMTyHAa
A, , a XapakTepHOE 3HaueHMe k, BBIOMPAIOT M3 cOOOpaXeHWH yno0-
CTBa Mpu pacyerax. [lapamerp n, B TEOpEeTMYECKMX pacueTax U Mpu

WHTepIpeTauun HaOmoAeHuid OJU30K K eIuHUlle (XOTS M He paBeH
eil); ero CYMTaIOT IOCTOSIHHOM BEJIMYMHON 10O, B TaK Ha3bIBaeMbIX
TEOPUSIX C OETyIIMM MHIEKCOM, pPacCMaTPUBAIOT 3aBUCUMOCTh A, (k),

BBOJIsI, HAPUMED, MapaMeTp pasioxeHust o = dn, / d In(k) .

7.2.4. XapakrepucTukm
GHU30TPONWUM PENIUKTOBOTO M3NTy4YeHUs

O06o03HaYNM
@:&’ (7.26)
<T>
rme 7 =T(n) — TeMmmepaTypa pEJIUKTOBOTO W3JIy4eHUs, KOTOpOE

pacrnpocTpaHsieTCsl C HallpaBJeHMs, 3aJaBa€MOTr0 €IMHUYHBIM BEKTO-
poM n. Ha mpaktuke ycpenHeHHUE < ...> IMPOBOASAT CYMMHUPOBaHUEM
TIAaHHBIX, MOJYYEHHBIX B Pa3HbIX yyacTKax Heoa.

BenuuuHa ® He 3aBUCUT OT Z, MOCKOJIbKY YWCIMUTENIb U 3HAMeE-
Hartesb (7.26) omMHAKOBO YOBIBAIOT cO BpeMeHeM. [lJis psima OLEHOK
11eJIecoo0pa3Ho MPUOIMKEHHO MPHUHSATH, HANpUMEp, YTO PEeKOMOU-
Hamus Bogopoga (mpu z ~ 1000 ) mpoucxoauT MTHOBEHHO B MOMEHT
JMIOCTMIKEHMST HEOOXOIMMOM TeMIlepaTyphl, MOCJIE 4Yero peauKTOBOE
U3JydYeHUe PacIpoCTpaHseTcss B HEUTpaJbHOM BOAOPOJAE MpaKTUye-
cku 6e3 paccesHus. B aTom ciyyae HabiomaeMoe pejMKTOBOE M3IIY-
YEHUE HeceT UH(MOPMALIMIO OT MTOBEPXHOCTU MOCAEAHETO PACCESTHUS.
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1
Paznoxxum ©O(n) mo chepuyeckum GyHKUUAM', 3aJaHHBIM Ha
eIMHUYHOI cdepe:

o0 l
em) =Y > 6,Y,mn), n=(sin0cosg,sinOsin,cos0). (7.27)
1=0 m=-1

st CTaTUCTUYECKU M30TPOIMHOIO PacHpene/CHUS MOIy4aioT

<0,,0,, >=8,5,.C, (7.28)

!
—— > <6,0,, >, KOTOpble HE 3aBUCST OT
20+1 5=

m , ONpenessIioT U3 HaOIoNaeMOil KapThl pacnpenejaeHus TeMIepary-
pbl. CpenHee < ®(n)@(n') > 3aBUCUT TOJBKO OT yIJla MEXIY €IUHUY-

rIe Ko3(pUIMEHTh C’, =

HBIMHM BCKTOpaMM n, n’ , T. €. OT CKaJIAPHOTO IMPOU3BCACHUA 1 - n':

<omem)>=3C Bm-n), (7.29)
1=0
otkyna, yuutbiBasg (7.28), (7.29) u TeopemMy CIOXEHMST ISt
cepuueckux pyHkumii, nonyyaem C, = 2+ C,.

Nmenno Cl nim C[ IIOKa3bIBAlOT Ha I‘pa(I)I/IKaX TaK Ha3bIBA€MOI'O

YIJIOBOTO  CIIEKTpa AHWU30TPOIAK PEJIMKTOBOTO M3JIYYEHMS, KOTOpBIE
¢dopMabHO MOXHO OIMMCAThb HEMPEPbIBHOW KPUBOW C MHOTMMU MaKCH-
MyMaMu. DTy KPUBYIO MCIIOJIB3YIOT IS TTOATOHKM B paMKax pasziMYHbIX
TEOpEeTUUECKUX Mojesei. B KayecTBe mepBoro mMpuOIMKEHUsT IO TOJIo-
JKEHUIO TIEPBOTO TIMKA OIMPEIEIISIIOT TOJIHYIO TIIOTHOCTh 3HEPTUM, KOTO-
past (B paMKax CyILECTBYIOLIEH TOUHOCTH) paBHA KPUTUUECKOIA.

ITomumo TemriepaTypbl BasKHON XapaKTepHUCTUMKOW PEIMKTOBOTO H3-
JIVUECHUST SIBISIETCS  TIOJISIPU3ALIUSI, U3MEPSTh KOTOPYI0 HAYIM HE TakK
naBHo. IlpyuvHOW BOZHUKHOBEHWSI MOJISIPU3ALMU SIBJISIETCST paccestHue
(bOTOHOB Ha 3NIEKTPOHAX C YYETOM MAIOM HEOMHOPOMHOCTU IUIOTHOCTU
cpenpl. I3aMepsieMoli XapaKTEPUCTUKOM SIBJISIETCS TEH30P TMOJISIPU3ALIVU:

_<EE, >

n 2—, a,b=12,
<EE" >

' 3nech ucnonb3yoTes chepudeckue GYHKUMY, YIOBIETBOPSIOLINE COOTHO-

2
ILIEHUSIM OPTOHOPMMPOBAHHOCTU _HY,m (n)\ dn=1.
5
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IIe KOMIOHEHThl BEKTOpa HAMpPSIKEHHOCTU SJIEKTPUYECKOTO ITOJIS
E =(E,, E,,0), 3aBucALIME OT HANPABJIEHUS N, C KOTOPOTO IPOHUC-

XOIUT PEJIMKTOBOE U3JTyYeHHe, 3alucaHbl B I€KapTOBON CUCTEME KO-
OpIVHAT C OpTaMU €,,€, 1 €, =N .

MeTpuka Ha eIMHUYHON cdepe B chepuueckux KoopauHaTax 0,¢ ,
KOTOpbIe OOBIYHBIM 06PA30M CBSI3aHBI C JEKAPTOBBIMU KOOPIMHATAMHU,
3a7aHa BBIPAXEHMEM JUTA 2JleMeHTa paccTosiHus dO* = d6* +sin’ 0dg” .

Takum obpazoM, enMHUYHAs cepa SIBISIEeTCS IByMEPHBIM PUMAHOBBIM
MHOTOOOpa3ueM, Ha KOTOPOM BBOAUTCSI KOBapuaHTHoOe IuddepeH-
uuposanue. OueBuaHo, P,g® =1. BeslnypoBasi yacTh TEH30pa IMO-
JISIpU3allii UMEeT BUIL

- 1

P =P, ——
ab ab D)
C 1moMol11Ibl0 3TOro TeH30pa BBOJAT ABa mois: ckajisgpHoe (E-mona) u
ncesaockansapHoe (B-mopna):

E() =V°V’P,, B(n)=V°V'Pl,,

gab .

roe g, =0,a=0; ¢, =—¢, =\/§.

E-mona reHepupyetcss ¥ CKaJISIpHBIMM, M TEH30PHBIMU BO3MYILIE-
HUSIMU METpPUKH, B TO BpeMsl Kak B-moma — Juib TEH30PHBIMU
BO3MYILIEHMSIMU, XOTS Ha MajblX Maciiutadax (JOCTaTOYHO OOJbllIne
3HaYeHUsT WHOeKca /) B-Moma reHepupyeTcst B pe3ysbTaTe HEIMHEH-
HOro B3auMopeicTBUs U3 E-Mombl myTeM IpaBUTALMOHHOIO JMH3U-
pOBaHUS Ha CKOIUICHMSX TaylakTUK. Kak m duaykryanmm temmepary-
pbl, dyHkuuu E(n) u B(n) Takxke MOXHO Pa3lIoXUTh MO cepuue-
CKUM (QYHKIIMSAM U C TOMOILBIO KO3I(MOUIMEHTOB pasioXeHUs
copMUpOBaTh CIIEKTPHI MOIITHOCTHA. BaXXHO OTMETHTH, YTO BO BCEX
M3BECTHBIX MOJENSIX €CThb 00JlacTh He o4eHb Oosbliux [ <50, tae
B(n) MOXeT TMOSBUTBCS TOJBKO IPYM HAIMYMU T'PaBUTALUOHHBIX

BOJMH A;. BenexcrBue storo B-momy 1ienecoobpa3sHO HCIOIb30BaTh

Kak 3(@eKTUBHOE CpPeACTBO TECTUPOBAHUS TEOPUIl, KOTOpBIE IIpE.-
CKa3bIBAIOT MOSIBJICHUE 3TUX BOJH B pe3yjbTaTe MHOIISILNMN.
Koadpdnumnenter €, u aHamornyHble KO3OOULMEHTHl pasioxe-

Hus dyakuuit £(n) u B(n) Ha chepe MOXHO BbIpa3UTh Yepe3 CIeK-

TpajibHble MolHocTU Tumna (7.24) u, Takum oOpa3oM, OIpeAeauTb
rmapameTpsl #,, o IOCPEACTBOM IAaHHBIX HAOIIOACHUI aHU30TPOIUU

PCIIMKTOBOTO M3JIIYUYCHU.
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7.3. HABJIIOAEHKU
N OCHOBHbIE KOCMOJIOTM4ECKUE NMAPAMETPbI

Kocmonornueckue ypasHenust @punmana (7.12), (7.13)
SIBJISTIIOTCSL TIPSIMBIM  CJIEACTBMEM YpaBHEHUM DiHINTeliHa 111 U30-
TPOITHOW M OJHOPOAHOU BcenaeHHOM. JIulb ¢ yueToM KpUBU3HBI Ye-
TBIPEXMEPHOI'O MPOCTPAHCTBA-BPEMEHU HA KOCMOJIOTMYECKUX Mac-
mTabax MOXHO MPaBWJIBHO pacCuMTaThb CBSI3b TaKMX BEJUYMH, KakK
KpacHO€ CMeIIeHWe M TIOTOK HM3JIyYeHUsI, PeTUCTPUPYEMBIX IPU Ha-
OJIIONEHUSIX NaJeKUX OOBEKTOB, a TAakKXKe YIJIOBbIE paclpeaesieHus
GbaykTyaluii TeMnepaTypbl peJIMKTOBOrO M3y4yeHUs, KOTOpbIe Xapak-
TEpU3YIOT OTKJIOHEHUS TMOTOKOB M3JIy4YeHHUs OT M30TPOMHOro ¢oHa
2,7 K no nebecHoit cpepe. MUMeHHO Ha OCHOBE M3MEPEHMUS 3THUX Be-
JIMYMH B KOHIEe XX CTOJeTUsI ObUIM IIOJIy4eHbl HaOJrogaTebHbIC
NlaHHbIE, KOPEHHBIM 00pa3oM HM3MEHUBILME HaIllM IPEACTaBIEHUS O
cocraBe BceneHHoit u xapakrtepe ee pacuuupenusi [335, 405, 412].

IlepBbIM BaxXHBIM IIATOM B 3TOM HAIlpaBJICHUM OblIa OIICHKA
KOCMOJIOTMYECKOI MOCTOSIHHOM M3 HAOMIOAEHUIA BCTIBIILIEK CBEPXHOBBIX
Tura la ¥ cBSI3aHHBIN C HEIO BHIBOA O JOMUHUPYIOLIEH POJIM KOCMO-
JIOTUYECKOM MOCTOSIHHON Ha COBPEMEHHOM 3Tale KOCMOJOTHYECKOTO
paciipeHusi. B HacTosiiee BpeMs paciuvpenue BceeneHHoOR ycKopsi-
eTcsl, a He 3aMeyIsieTcsl, KaK cuuTajaoch paHee. Mopaenb BceneHHoit
0e3 KOCMOJIOTMUYECKOM MOCTOSTHHOM OKa3ajnach HEBEpHON. DTU BBIBOIbI
ObUIM TMOATBEPKIEHbI M YTOUYHEHbI HAOIIONECHUSIMU MEJKOMAaCIUTaOHOM
aHU3OTPOIUM PEIMKTOBOTO M3IY4EeHUsI, C TIOMOILIBIO YIJIIOBOTO 3HEP-
TeTUYECKOIo CIEKTpa KOTOPOro MOXKHO HE TOJBKO MOATBEPAUTDH, YTO
Haia BcesieHHasi MpOCTpaHCTBEHHO-TUIOCKAs! M B CPEIHEM OJHOPOJHA
¥ M30TPOITHA, HO M BBIICHUTH COCTaB MaTepHH, KOTOpas IaeT BKJIA.
B CPEIHIOI0 TUIOTHOCTh Macchl BceneHHOI.

B cranpmaprtHOil Momenu, KoTopas ceilyac sIBJIsIeTCSI 0a30BOIi B
KOCMOJIOTUH, JOMUHUPYIOT 0O0bIUHAs (OapuoOHHasl) MaTepusl, Hebapu-
OHHasg TeMHasl MaTepusl M KOCMOJIOTMYecKasl ITOCTOSIHHAs A, WU
TeMHasi SHEPrusi, KOTOPYI MOXHO OIMUCaThb M 0oJjiee CIOXHOW KOH-
cTpykuueit. 'eomeTpuueckue cBoiicTBa BceelleHHOU xapaKTepu3yoTcst
MOCTOSHHOW Xa0bsna H, u Q-napaMeTpaMu, KOTOpPbIE PaBHbI OTHO-
LIEHUIO TIJIOTHOCTU OIpEeAeJIeHHOIO TUIlAa MaTepuud K KPUTUUYECKOM.
Hanee Q, =Q.+Q,, Q. XxapakrepusyeT XOJOIHYIO TEMHYIO MAaTepHUIO
(HeOaprOHHY0), , — OapMOHHYIO0 Marepuio, (), — BKJAL KOCMO-
JIOTUYECKOM MOCTOSIHHOUW (MHOTAA Ha3blBalOT BKJIAJIOM 3HEPrUM Ba-
kyyma). CyMMa 3THX MapaMeTpoB BCeX BUIOB MaTepuu 2, oIpene-
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JISIeT 3HaK MpPOCTPAaHCTBEHHOW KpuBM3HBI BceneHHoil. B Tak HaszbI-
BaeMbIX MHQIISILMOHHBIX Monesssx BceneHHOI, KoTopble B HACTOSI-
1IIee BpeMsl COTJIacyIOTCS CO BCeMM HAOMIOACHUSIMM, CyMMapHasi KOc-
MOJIOTUYECKasl TUIOTHOCTh JOJKHA COBIAAaTh C KPUTUUECKOM, COOT-
BETCTBEHHO, (2, OyIeT paBHa eAMHULE.

[IpoananusupyeM mnonpoOHee HaOIIONEHUS, KOTOPbIE MCIONb3YIOT
IUJISI TIOJyYeHUs] KOCMOJIOTUUECKUX MapaMeTpoB. DTO, B YaCTHOCTH,
HaOJIOIEHMST BCIIBIIIIEK CBEPXHOBBIX THIIA la, KOTOpPBIE TTPOUCXOIST B
JMIBOMHBIX CHCTEMax C MepeTeKaHWEeM BelEeCTBa OT 3BE3/IbI-KOMIIAaHbOHA
Ha APYTYIO 3Be31dy, SIBIISIONIYIOCS OeJIbIM KapinkKoM. B atux cucremax
OeNIblli KapJMK YBEJIMYMBAET CBOIO MacCcy B pe3yjibTaTe aKKpeluu
BellleCTBA OT cocela A0 TeX IMOop, KOraa OoHa IMPEBBICUT YaHApaceKa-
poBckuil nipenen ycroiunBocty B 1,4 maccel ConHua. Ilocie 3Toro
3Be3lla KOJUIAIICUPYET C IIOCJEeNyIolleil BCIBIIIKOW CBEpXHOBOM. 3a
HECKOJILKO CEKYHI BBLICBOOOXIAeTcs 3Heprust nopsaka 10* JIx.
BcnencrBue mpuMepHO ONMHAKOBBIX HAYaJIbHBIX YCJIOBMI KoOJLUIarca
CBETMMOCTb CBEPXHOBBIX TAaKOI0 THUIMA JOCTATOYHO OAMHAKOBAa U MX
MOXHO paccMaTpWBaTh KaK «CTaHOapTHBIE cBeun». Kpome Toro, 1o
HaOMIONEHUSIM OJIM3KUX CBEPXHOBBIX yIAJIOCh YCTAHOBUTH ITOIPABKH,
CBSI3aHHBIE C KPUBOU Ojiecka KOHKPETHOW CBEPXHOBOU, BBEIECHUE
KOTOPBIX TIO3BOJIUJIO YTOYHUTH CBETHUMOCTH BO BpPeMs BCHBIIIKM Ha
YPOBHE HECKOJBKUX MPOILIEHTOB.

ITpu BcmbllIKe CBEpXHOBOM TUMa la Mo CrieKTpy ompenensieTcs ee
z-(akTop, a 1Mo MOTOKY M3JIy4eHUsT — (HhOTOMETPUUYECKOE PACCTOSTHUE
1o cBepxHOBOH# (7.7). 1o 3TUM AaHHBIM MOXHO Y3HaTh, KAK UMEHHO
M3MEHSIIOTCS] BO BpEMEHU MAacCIUTaOHBIN (pakTop M ITOCTOSTHHAsS Xa00J1a.
MmMeHHO oTcloja BIiepBbie ObLI cAedaH BBIBOJ O TOM, UTO Halua Bcee-
JIEHHasl B HACTOSIIMIA MOMEHT pacUIvMpsieTCsl YCKOPEHHO M MOCTOSIH-
Hag Xa00ira Bo3pacTtaeT co BpeMeHeM. JyIst 0ObsICHEHMSI 3TOTO HEe00-
XoauMa JIMOO KOCMOJIOrMyeckasi MoCcTosiHHas1, 6o mpucyrcteue TO
Oosee oOiero Buga. EcTecTBeHHO, YTO yBEJIMUYEHUE KOJMYECTBA AaH-
HBIX O BCIBIIIKAX CBEPXHOBBIX MPUBOIUT K YTOUHEHUIO KOCMOJIOTH-
YeCKHUX MapaMeTpoB.

Bropoii MCTOYHMK HaHHBIX [JIs TOJYYEHUS KOCMOJOTUYECKUX
napaMeTpoB — 3TO HaOJIOIEeHUS MeJIKOMaclTaOHOW aHU30TPONUU
PEIMKTOBOIO M3JIydyeHus1. VX MpOBOISAT ¢ KOCMMYECKMX aIllapaToB
(COBE, WMAP, «Planck»), ¢ neratejibHbIX amnmapaToB U ¢ 3emMju, B
yacTHOCTH, B AHTapkTtuae. [1o maHHBIM O pacIpeleeHUH TeMriepa-
TYpbl TOJYYEeH YIJIOBOM CIEKTP aHU30TPOMNUU PEJUKTOBOIO M3Iyye-
HUSI, OMUCAHHBbIK B M. 7.2.4, Ha OCHOBAaHWM KOTOPOTO MOJYyUYEeHbI
MHOTHE BBIBOJbI, BKJIIOYAsl OLIEHKY KOCMOJIOTMYECKUX MapaMeTpoB.
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B 2014 r. ¢ momolblo HazeMHbIX HaOmoaeHuit nmporpaMmmbl BICEP2
OBITM TTOJTyYeHBI TaHHBIE O CYIIECCTBOBAHWM CTAaTUCTUIECKN 3HAYMMEBIX
3HaueHuit B-Moabl (cM. 1. 7.2.4) moasipM3aldu pPEJMKTOBOTO U3JY-
yeHUs [16] Ha YIJIOBBIX MacmTabaX, COOTBETCTBYIOIIMX HOMEpaM
myabranosneit 30 < /< 150. ITo mueHuto aBropoB [16] — y4acTHHUKOB
MporpaMmbl, 3TOT 3(GGEKT MOXKET OBbITh BbI3BaH BIUSHUEM TEH30D-
HBIX BO3MYLIEHMIA METPUKM NpOCTpaHcTBa-BpeMeHu (h; B (7.22)),
IMOCKOJIBKY IIpU OTCYTCTBUM CHCTEMAaTUUYECKHUX TIOMEX OCTaJIbHbIe
OOBSICHEHUSI HE MOTYT 00eCIeUnTh HabII0AaeMOli BeTMUMHBI 3 deKTa.

HOHY‘-IGHHB.H OLCHKa OTHOILICHUMA BCJINYHNH TCH3OPHLIX N CKAJIAPHBIX

Bo3MmyleHuit r = 0,207)] COracoBBIBANACH C PSIOM TEOPETHYECKUX

pacueroB. OnHAKO ceifyac CYMTAIOT, UYTO IJisg Oojiee HaAEeXHOIrOo MOMI-
TBEPXKICHUS ITOM MHTEPIIPETALIMU CJIEAYeT TPOBEPUTDH BIUSIHUE MbLIU,
IIJISI 4yero HeoOXOAUMO J0XAaThCsl 00pabOTKU pPe3yJbTaTOB MUCCHUU
«Planck». IToaTomMy mmoka He OyaeM paccMaTpUBaTh CJACICTBUS U3 TOJTY-
YEHHOTO OTHOLIEHWSI BEJIMYMH TEH30PHBIX M CKAISPHBIX BO3MYLLIECHHIA ',
[ OUeHKU KOCMOJIOTUYECKUX MapaMETPOB HCMOJB3YIOT TaKXKe
JTAHHBIE O KJIACTEPU3ALIMU TATAKTUK, CBSI3aHHbIE C OAPMOHHBIMU aKyCTH-
yeckuMmu KojiebaHusimu (baryonic acoustic oscillations, BAO). MeHee
HaleXXHbIe JaHHBIC TIOJNyYeHBI MO HAOMIONEHWSM TPaBUTAIIMOHHOTO
JvH3upoBaHus. [Ipy TeopeTHyecKOM aHaIU3e YacTO UCIIOIB3YIOT COBME-
CTHBIE OTpaHWYCHUSI, TIOJyUYCHHBIC W3 IAHHBIX HAOMIONCHWI pa3HBIX
3 dexToB. JIOMOJTHUTEILHO UCHONb3YIOT JAaHHBIE O XUMUUYECKOM CO-
craBe BcesneHHoOI, HanpuMep, O I0J€ MEPBUYHOTO Telusl WU JEHTe-
pusi. I3 OLIEHOK HYKJIEOCMHTE3a U NAHHBIX O PaCIpOCTPAaHEHHOCTU
9JIEMEHTOB BO BcejleHHOM WM3BECTHO, UYTO BKJIal OOBIYHOM, Oapu-
OHHOM, MaTepuy B KOCMOJIOTMYECKYIO TUIOTHOCTh He TpeBbIaeT 5 %.
Hawubosnee Tounble Ha cerogHs onpenenenusa H,,Q,,Q, y4UTHI-

BalOT JaHHbIe HAOMIONEHWI BCHBIILIEK CBEPXHOBBIX la, U3MepeHMit
aHU30TPOINUU PEJIUMKTOBOTO M3JIyYeHUSI, a TaKXKe NaHHble O OapMOH-
HBIX aKyCTUYECKUX OCHWIISIUAX B KPYyIMHOMACIITAaOHOM paclipeie-
JeHuu TranakTuk. I[lpuBegemM pe3yabTaThl TaKOro OIMpeaejaeHus B
pamkax ACDM-Moaenu corinacHo padboTaMm, KOTOphIe 0a3upyloTcsl Ha
pe3yibTaTax HaOmomeHuii muccueii WMAP Ha mporsckeHun ceMu
[242] w neBstu net [193]. Ha Hain B3misia, pe3yabTaTbl 3TUX padoT

! TlocenHue pe3y/IbTaThl TPEX IPYIII, KOTOPhe 06pabaThiBali JaHHbIE KOC-
mudeckoir muccun «Planck», a Takxke aHtapkruueckux craHuuii BICEP2 u «Keck
Array», MOKa3ajid, 4TO B TMOJYYEHHOI OLIEHKE MapaMeTpa r JIOMUHMPYET BKJIAH MEX-
3Be30HOM MbUTH. CTATUCTUUECKU 3HAYMMBIIA BKJIAI TEH30PHOM MOIbI BCE K€ OTCYTCTBY-
€T ¥ TOBOPUTD O MOCJIEACTBUSIX ISl TEOPUM TTOKA PAHO.
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7.3. Ha6nioaeHus v OCHOBHbIE KOCMONOTMYECKHUe NAPAMETpbI

HauOoJiee MOJHO YYMTHIBAIOT CYLIECTBYIOIIME KOCMOJIOTMYECKUE HAOIO-
JIEHWUSI B paMKax OMpeleJeHHOM METOIUKNA O0padOTKM 3KCIEepUMEHTab-
HBIX JaHHBIX. Eciam, Hampumep, YyUUTBIBAaTb TOJNBKO pPE3yIbTaThl HAOJIO-
JIEHU aHW30TPOIMY PEJIMKTOBOTO U3IYYEHMSI, TO PE3yJbTaThl 0OpadoT-
KU1, OYE€BUIHO, OYIyT HECKOJBbKO ominyaThes [193], HO OHM coracyroTcs
¢ mapamMeTpaMHM B Ta0. 7.1 B paMKax 3asIBJICHHOU TOYHOCTHU.

B amnpene 2013 r. ony6aMKoOBaHBI TIepBble Pe3yabTaThl 00PabOTKU
IaHHBIX KocMmudeckoil muccuun «Planck» [15]. OHm OoJblieil YacThio
COBMANAIOT C pe3yJbTaTaMU MPEAIIECTBYIOIIMX UCCAEAOBAHU, B Ya-
CTHOCTHM C ITaHHBIMU 00paboTku maHHbIXx WMAP. Haubomnpiime pas-
JINYMS CBSI3aHBI ¢ M3MEPEHMEM BEJIMYMHEBI TTOCTOSTHHO# Xabbira, Ko-
Topast o maHHbIM «Planck» pasna H, = 67,4 + 1,4 xm/c/Mnk. C
YU4E€TOM JaHHBIX CJabOro rpaBUTALMOHHOTO JMH3WPOBAHUS MOJyda-
eTcsl coBMecTHasl onieHka H, = 67,9 + 1,5 kmM/c/MnkK. BTO HECKOIBKO
MEHbIllEe, YeM He3aBUCUMbIe W3MEpPEeHUs TOCTOsIHHOW Xabbna He-
CKOJbKMMMU Tpynrnamu HaOmogateneit [193]. Dra BeaumunMHa MUCIONb-
3yeTcsl IIPU OLIEHKE IJIOTHOCTEl TeMHOM M OapuoHHOi MaTepuu. Ilo
JaHHBIM KocMudeckoil muccun «Planck» Q4% = 0,02207 + 0,00033,
Qh* =0,1196 + 0,0031, mosromy ornenka Q, = 0,314 + 0,020 oxasza-
Jlach Oosbliieit, yeM npeabiayas oueHka WMAP. Ho ¢ yueTtom Tou-
HOCTM pas3jIMyMsl He CYLIECTBEHHBI.

HanbHeiliee HakoIUieHUE HaOMIOAaTebHBIX JAHHBIX MPUBEAECT K
MOBBILLIEHNIO TOYHOCTHU OIpeaeeHUsT KOCMOJIOTUUECKUX MapaMeTpoB,
KaK TPUBEIEHHBIX 3[€Ch, TaK U APYTMX, KOTOPBIE MBI OITyCTUIU. JTO,
B CBOIO ouepelb, OyAeT CTUMYJIUPOBAThb MOMCK OTBETOB Ha BOMPOC:
kakoBa mpupoaa TO u TM? Kakoa ¢uzuka MHGIAIIUOHHOTO Tie-
puona pacuupeHusi BceeneHHoU? CyllleCTBYIOT JiM PENSITUBUCTCKUE
cocrapisiromiie TM B MOMEHT peKOMOMHalMu, KpoMe (DOTOHOB U
HENUTPUHO, YeMy paBHa Macca pa3HbIX TUIIOB HEUTPUHO U T. M.

Ta6numa 7.1. 3HaYeHne KOCMOJIOrMYECKHX NapaMeTpoB no naHHbiIM WMAP*

H,

- el Mie! Q Q. (O 1, 10° ner

70,2+ 1,4 [0,0458 £ 0,0016 | 0,229 = 0,015 | 0,725 £ 0,016 | 13,76 = 0,11
69,33 = 0,88 | 0,0472 £ 0,0010 | 0,2408%3 | 0,712+ 0,010 | 13,750 0,085

*BepxHsia cTpoKa — pe3yabTaThl 0OpabOTKM CeMIJIETHMX HaOmomeHuii WMAP
[242], HuxHsst — peBatuiaeTHUX [193] ¢ yyeToM MaHHBIX O GAPUOHHBIX aKyCTUUECKUX
OCLIWJUISILMSIX M O HE3aBUCHUMBIX M3MEPEHUsIX IOCTOsIHHOM Xab6sa. IlorpeiHocTtu
MPUBEACHBI C JOBEPUTEILHON BEPOSITHOCTBIO 68 %; #, — BO3pacT BceleHHO; ocTalb-
HbIE MapaMeTpbl ONpeNesieHbl B TEKCTe.
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7 06Lias TeOpUs OTHOCUTENBHOCTU MU KOCMONOTUS

7.4. TEMHAS JHEPIA4
7.4.1. TemHas 3Heprus n Monmeepcym

Kak oTmeueHo Bblllie, B KOHIIE MPOIILIONO CTOJETHSI OBLIO
OIpeJe/iIeHO 3HaYeHUWE KOCMOJIOTMYECKOM TOCTOsSIHHOWM A . Brocnenct-
BUM 3TO 3HAYEHME YTOYHSIOCh, OHO OyIEeT YTOUHSATHCS W Jajee, Of-
HaKo He BO3HMKAeT COMHEHMI B TOM, 4yTo A = (. DTa BelMYMHA HU-
YTOXKHO Majiasi, €ClIi 3aIlicaTh €€ B «IJJAHKOBCKMX» WM, KaK elle
TOBOPSIT, €CTECTBEHHBIX eNMHUIIAX. B 9TOl CBS3M BO3HUKAET BOIPOC,
KOTOPBI MOXHO CUYUTaTh (MIOCODCKUM, HO MMEIOIIUM U (Pusnye-
CKYIO TIOIOILIEKY: MOoYeMy CYIIECTBYeT HEeHyJeBas KOCMOJIorMuecKast
MOCTOSIHHASL U TToYeMy OHa cTojib Mayia? OnMH M3 BO3MOXKHBIX OTBE-
TOB maeT HaMm Teopus IloamBepcyma BMeCTe ¢ TaK Ha3bIBAa€MBIM aH-
TponHbiM npuHLUIioM. Maes IMonusepcyma (Multiverse, Omniverse)
OCHOBaHa Ha HEKOTOPBIX BbIBOIAX TEOPUM WHQJISILMU, KOTOpas BO3-
HUKJa B Hayaie 80-X romoB MPOIILJIOro cTojieTus. B camom Havaie
pasButus BceneHHoi, mpubnusntensHo dyeped 107 cekyHapl mocie
Bonbioro B3peiBa, Hayaioch OYeHb OBICTPOE €€ 3KCIOHEHLMATbHOE
paciMpeHue. DTta ctagus IMOJIydrsia Ha3BaHUE KOCMUUYECKON MHOIS-
LMY WA MHQISALMOHHON craguu. [IpomorskurensHocTs crtagun 10732 c.
3a 310 BpeMsi pa3Mmepbl BceleHHOI yBEIMUYUIKUCH MPUOJIUIUTETBHO
Ha 26 mopsinkoB. K MoMmeHTy Havaja MHQJSIIMM Ta 4acTh BceseH-
HOi, KOTOpyl0 ceifyac MOXHO HabjiogaTh, MMela pa3Mep MEHbIIe
gaapa atoMa. Ilocine okoHuyaHUs1 MHQMISLUMOHHOW cTaauu BceneHHast
3a 13,8 MuuIMapaoB JIeT pacliMpuiach MPUOIU3UTENBHO BO CTOJIBKO
K€ pas, uTo U 3a NMepuo] MHQISALUHN.

Mudbnsauug Morna ObITh CIEACTBUEM KBAaHTOBOIO TYHHEJIBHOTO
nepexona BceaeHHON M3 COCTOSIHMSI JIOXKHOIO BaKyyma B «IIpaBWJIb-
HbI», 3aTyXaHWsI MAaCCUBHOTO CKaJSIPHOTO TI0JIsI, KOTOPOe POAWIOCH
BMecTe co BcenmeHHOI, KOMIAKTU(GUKAIIMKA IOMOJIHUTEIBHBIX IIPO-
CTPAHCTBEHHBIX M3MEPEHUI MPOCTPAHCTBA-BPEMEHU M T. M. YCTaHO-
BUTb 3TO OYEHb CJOXHO, €CJIM BOOOILE BO3MOXHO, TaK KaK WHQIISALIUS
XOpOLIO «3aTUpaeT Cledbl» — KapTWHA, KOTopas HabJiogaeTcsl mocie
UHQISIUMOHHON CTaauM, MPAaKTUYECKU ONMHAKOBas, HE3aBUCHMO OT
ee mpuauHBL. Ilociae okoHYaHUS WHQISLIMOHHOM CTaaMU KOCMOJIO-
ruyeckasi MOCTOSIHHAs YMEHbIIMWJIAch Ha AECATKU TOPSIAKOB IO Ha-
OJitogaeMoro 3HaYeHMUsI.

ITo onHoit u3 runote3 BceneHHas nocne bosbiioro B3peiBa Mor-
Jla UMETb OoJibllle TMPOCTPAHCTBEHHBIX HM3MepeHMi. BrocieacTBumn
TPU U3MEPEHUSA OCTAINCh, a NPYrue, JOIOTHUTEILHBIE, YMEHBIIN-
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7.4. TemHas 3Heprus

JIUCh 0 TUIAHKOBCKUX pa3MepoB. DTOT MPOILECC Ha3bIBAlOT KOMIIaK-
TUdUKaIei TOMOJHUTEIbHBIX U3MEPEHUA.

Jpyras rumore3a cBs3aHa C TeM, YTO B (DU3UKE XOPOILIO M3BECT-
Hbl HE OYE€Hb TOYHBIC, MPUOIU3UTENbHBIE cUMMeTpuu. Hampumep,
Macchl TIPOTOHA Y HEUTpOHA OIM3KM IPYT K IPYTy, HO pasinyaroTcs;
OJHAKO C TOYKU 3PEHUS CUJIbHBIX B3AUMOJEUCTBUIN 3TU JBE YACTULIBI
MIPENCTABISIOT IBA COBEPIIEHHO OJWHAKOBBIX COCTOSIHWS, a OTJIWYa-
I0TCSI OHU JIMIIb TI0CJIe BKJIIOYEHUS 3JIEKTPOCiIaboro B3aMMOMAEKCT-
Bus. [TomoOHBIE paccyXAeHUs UCIOJb3YIOTCA U IS 60Jiee MIMPOKOTO
KJjlacca 3JeMEHTapHbIX 4YacTull M UX B3aumopaelcTtBuii. CylecTByer
TUIoTe3a O TOM, YTO B OYE€Hb paHHeill BcejleHHOW 3T CUMMETpUU
ObLIM TOYHBIMU, HO MOTOM MPOU3OLIIO CIIOHTAHHOE WX HapylIeHMUE.
WUcxonHas BceneHHast ¢ uaeaqbHON CUMMETpUEN oKazajlach 3Hepre-
TUYECKM MEHEE BBITOJHOU, yeM oObluHasl BcejieHHas ¢ HapylleHHOMH
CUMMETPHUEN, YTO W OOYCIOBUJIO HEYCTOMYMBOCTH 3TOU «UAEATbHOU
BcenenHolt» M mepexol K COBPEMEHHOMY HECHUMMETPUYHOMY BUIY
MPYU MOHMXEHUN TeMIepaTypbl. DTOT MEPEXO CBI3aH C CYIlEeCTBOBa-
HUEM YacTHUll, U3BECTHBIX KaK 0O30HbI XHUITCA, WM HEKOTOPBIX aHa-
JIOTUYHBIX YacTHULl WK mnojieid. [Tepexon MOT 3aKOHUYUTHCS MOSIBICHU-
eM IIojisl Xurrca ¢ pa3HbIMM ITapaMeTpaMu, T. €. BcejneHHas moria
MepeiTu B pa3Hble KOHEUHbIE COCTOSIHMS. BbIOOp MexX1y KOHEUHbIMU
COCTOSIHUMSIMU TIpOU30lLIeN ciydailHo. Tak, NJIMHHbBIN 111€CT, MOCTaB-
JICHHbIA BEPTUKAJIbHO, 00513aTE€JIbHO YIaJeT M3-3a HEyCTOMYMBOCTHU
ero paBHOBECUSI, HO B KaKyl0 MUMEHHO CTOPOHY OH YMajaeT, 3aBUCHUT
oT ciaydyas. CyliecTByeT BO3MOXHOCTb TOTO, YTO B Pa3HBIX YaCTSIX
BceneHHOll cMOHTaHHOE HapylIEeHUWE CUMMETPUU IPOMU3OIILIO TO-
pa3HOMY U ceiiuac B 3TUX YacTSIX MOXHO HabJonaTh pa3Hylo GUMKY
U JaXe pa3IMuHOE KOJMYECTBO MPOCTPAHCTBEHHBIX U3MEPEHUIA.

Takast BceneHHasi, KOTOpYIO B 3TOM BapUaHTe MOXHO Ha3BaTb HE
YHupepcymoM, a IToauBepcyMoM (3TOT TEPMUH HCIIOJIb30Baj, B ya-
ctHoctH, C. Jlem), rmoxoxa Ha OOBIUHBIN (heppOMATrHETUK UIIM CeTHe-
TO2JIeKTpUK. OHa COCTOUT M3 OOJILIIOrO, a MOXET, U OYeHb O0OJib-
1IOTO KOJIMYECTBA JTOMEHOB, B KOTODPBIX I10JI€, MCIbITaBIl€e CIOH-
TaHHOE HapyllleHWe CHUMMETpUM, oauHakoBo. B deppomMarHernkax
ato mnoje Kropu—Baiica, a Bo BcelleHHOIl — pa3HooOpasHbie MOJISI
Xurrca. BHyTpu ogHOro nomMeHa HaOMI0Jar0TCs OAMHAKOBBIE 3aKOHBI
hU3UKHU, OJMHAKOBbIE B3aUMOMAEUCTBUS, HO B Pa3HbIX JOMEHaX OHU
paznuyaroTcs. JIOMEHBI OTHEJIEHBI OPYr OT Apyra JOMEHHBIMHU CTEH-
KaMu, KOTOPbIE UMEIOT AOTOJHUTENbHYIO TJIOTHOCTh 3HEepruu. biu-
Kailasi K HaM JIOMEHHasl CTeHKa HaxoIUTCsl JajeKo 3a TpaHulieit
TOl yactu BceneHHOM, KOTopasi AOCTyIHA IJis HAaOMIOAEHUI, T. €. 3a
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7 06Lias TeOpUs OTHOCUTENBHOCTU MU KOCMONOTUS

TaK Ha3blBAEMbIM KOCMOJIOTMYECKMM TOPU30HTOM. KWTEIU OZHOIO
JIOMEHa HUKOrIa He mojyyar uHdopMaluio o apyrux gomeHax. ITosro-
My cyliectBoBaHue [lommBepcyMa Hellb3sl J0Ka3aTh WA OIPOBEPTHYTh.

OnHako BO3MOXHOCTH cyllecTBoBaHUs IloauBepcyma BaxkHa He
TOJBKO ¢ HAYYHOM, HO M ¢ (GIIOCO(PCKON TOUKM 3peHMSI, KaK pelle-
HHUe TIpobJieM, CBSI3aHHBIX C aHTPOITHBIM MPUHIUIOM. M3BeCTHO, UTO
€C/IM HEMHOIro M3MEHWMTh 3HAYEHMS HEKOTOPbIX (U3MYECKMX KOH-
CTaHT, TO CYIIECTBOBAaHME XXM3HU B TPUBBIYHOM HaM BHUIE OymeT He-
BO3MOXHO. TakuM 00pa3oM, CYILIECTBYIOLIME 3aKOHbI ITPUPOIBI CIIO-
COOCTBYIOT CYIIECTBOBAHMIO XM3HU, B TOM 4YHCiIe pa3yMHoi. Heko-
TOPBIE PEIMTUO3HBIE OEATEIN WU (QIIOCOMBI CUYMTAIOT, YTO ITO SIB-
JISIeTCsT 10Ka3aTeJIbCTBOM CyllleCTBOBaHMST bora, KOTOphlit co3aan MUp
WMEHHO TaK, YTOOBI B HEM BO3HWKIIM pa3yMHEIe cyinectBa. OTBeT Ha
TakuMe MPEeAIoJOKEeHUsT AaeT aHTPOIHBIM MpUHILMI. B mpocteitieit
¢dopMe OH CBOAMTCSI K MBICM O TOM, YTO JJIsI TOrO, YTOOBI OOCYX-
JaThb YCJIOBUS JUIS CYIIECTBOBAHWUS pa3yMHOM XXW3HU, HYXHBI He
TOJBKO 3TU YCJIOBUS, HO U T€, KTO 3TO OOCYXHIaeT, T. €. pa3yMHbIe
cyliecTBa. BceneHHasi, B KOTOpOW HEBO3MOXHAa pa3yMHasl >XW3Hb,
NPUHUUIIUAIBHO HeHabJogaemMa, Tak Kak HeKoOMy Habjonatb. Yuu-
ThiBas uneu IloauBepcyma ¥ aHTPOIMHBIA MPUHLMI, TPUXOAUM K BbI-
BOIY, UTO CPeIN MHOTUX OTAEIBHBIX TOMEHOB — YHMBEPCYMOB Haii-
IyTCs TaKKE, TOe BO3ZMOXHO CYIIECTBOBAHME XU3HU MMEHHO B TaKOM
dopme, kak, Hampumep, Ha 3emsie. 1 MUMEHHO Takue AOMEHBI €CThb
KoMy Habmonath. IIpu atom IloauBepcym obecrieuyrBaeT CyllecTBO-
BaHHWE OIPOMHOrO 4YHCJa BapuaHTOB IS BbIOOpa, a aHTPOITHBIN
MPUHLIMIT — HEHA0II0AaeMOCTb HEMOAXOASIIUX JJIS1 XKM3HU BapUaHTOB.

BepHemcst K mpobiemMe BETUYUHBI CYIIECTBYIOIIEH KOCMOJIOTHYE-
CKOI mocTosiHHOM. Eciu Obl mocTossHHas ObLia 3HAYUTEIBLHO 00JIb-
11Ie, YeM ecThb Ha caMoM JneJie, To BceneHHas (YHUBepcyMm) paciuupsi-
Jlacb Obl 3HAYMTEJBbHO ObICTpee (HAOMHUM, UYTO MPOAOLKUTEIbHOCTh
nHpasAumoHHoi cranuu 107? ¢) U mpocTo He XBAaTUIO Obl BPEMEHU
IJIST TOTO, YTOOBI, HaIIpMMep, B pe3yJabTaTe TPaBUTALIMOHHOM HeEyc-
TOWYMBOCTH YCIIeIM OOpa30BaThCsl TANAKTUKM, 3BE3Ibl, IUIAHETHI U
MOSIBUWJIAch padyMHasl Xu3Hb. Eciu mocie CIOHTaHHOTO HapylleHUs
CUMMETPUU B pa3HBIX JOMEHAX — YHWBEpCyMaX BO3HUKHYT pa3HBIC
KOCMOJIOTUYECKME TTOCTOSIHHBIE, TO AHTPOIHBIA MPUHIMII OTOepeT
TOJBKO TaKue JAOMEHBbI, B KOTOPBIX KOCMOJIOTMYECKasl MOCTOsSTHHasI
3HAYMUTEIHLHO MEHBIIEe TUIAHKOBCKON BEIWYMHBI, T. €. aHTPOITHBIN
MPUHLIMIT MOXET OBITh OTBETOM Ha MpPOoOJeMy MOATOHKU WJIM TOHKOM
Hactpoiiku (fine tuning) napameTpoB BceneHHOIi, B YaCTHOCTH,
iotHocTu TO.
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7.4. TemHas 3Heprus

7.4.2, TemHas 3Heprus u npobnema coBnaaeHus

TeMHast sHeprusi UMeeT IJIOTHOCTb MpUOIU3UTeNbHO 0,7
KPUTUYECKON IJIOTHOCTH, MaTepus, Bkitodyas TM u usinydyeHue, —
npuoausuteabHo 0,3 KpUTUUYECKOW TUIOTHOCTU. BmecTte OoHM nmaroT
MOJIHYIO TIJIOTHOCTh, OJIM3KYI0 K KPUTHMYECKOH. DTO 0OCTOSITEILCTBO
SIBJISIETCS CIENCTBUEM UHMISIUMOHHOW CTaauu pa3BuTus BceneHHOIA,
rnocjie KOTOPOro BeJWYMHa () — OTHOIIEHWE CyMMapHOM IJIOTHOCTU
BCEX BUIOB MaTepuy K KPUTUYECKOM TJIOTHOCTM — C OTPOMHOM TOY-
HOCTBIO MPUOJU3UIACh K KPUTMUYECKOMY 3HaueHulo Q =1, a 3arem
MEJUIEHHO OTKJIOHSIETCS OT €AMHULBL. [l03TOMy 4YacTo MCHOJb3Y-
IOT TIPOCTEMINYI0 IPOCTPAHCTBEHHO-TUIOCKYIO MOJ€EIb, B KOTOPOIA'
Q, +Q, =1. 3HayeHne Q, MOXHO TMOJYYUTb IO HAOIIONECHUIAM
BCIBIIIEK CBEPXHOBBIX, MPU 00pabOTKe AaHHBIX 00 aHMU30TPONUU
PEJIMKTOBOrO M3JyYeHWs U MO NaHHBIM O KjacTepu3allMd rajaax-
TuK. Ecnin He HaknaabiBaTh ycjioBUs Q2 =1, TO B HacToslllee Bpe-
MS MOXHO YCTAaHOBUTb OTpaHWYEHHWE Ha BEJIUYMHY Q, =1-Q:

~0,0170 < Q, < 0,0068 [193].
BCJ'II/ILH/IHI)I Qm u Q A MMCIOT OAVH ITOPAIOK. C TEYCHNEM BPpEMCHU
INIOTHOCTb, a 3HA4YUT, N OTHOCUTEJIbHBIN BKJ1ag MaTepuun Qm MOHO-
TOHHO YMCHbLIIACTCA, a IIJIOTHOCTb SHCPIrUun €p s CBsA3aHHasA C KOCMO-
JIOTUYECKOU HOCTOHHHOﬁ, HE U3MCEHACTCA, TaK 4YTO Q A YBCJIMYUBACT-

ca. Ilo cpaBHeHMIO ¢ BO3pacToM BceeHHON IIOTHOCTM MaTepuu U
TEMHOI 3HEPTUU CPaBHSUIUCH IPYT C APYTOM OTHOCUTEJIBHO HEIAaBHO,
nouty B Hame Bpems. [loyemy 3TO MpoOM30LIIO MMEHHO ceifyac?
DTOT BOIPOC HA3BIBAIOT «IIpOOJIeMOi coBmageHus». Ho, kak Ham
KaxeTcsl, TepBbIM BO3HUKAET BOIIPOC, €CTh 3leCh BOOOIIE Kakas-TO
npobsieMa. B KOHIlE KOHLIOB, MOYeMy Mbl AOJKHBI CPaBHUBATb €, C
IUIOTHOCTBIO BCE XOJIOOHOW MaTepuu g, , a HE C TUIOTHOCTBbIO SHEp-
TMU PEJIMKTOBOIO M3JYYEHMs, KOTOpas ceiluac 3HAYMTEIbHO MEHbIe?
Wnm ¢ TIOTHOCTBIO PETMKTOBBIX HeUTpUHO? MM ¢ TIIIOTHOCTBIO Ma-
TepyMM B 3Be3lax M IUIaHETaX, KOTOpas COCTaB/seT BeCcbMa Majylo
4acThb €, ?

Moxert, npobjeMa BOOOIIE MMEET YMCTO ICUXOJOTMYECKYI0 OC-
HoBY? ECTb 1Be BeJIMUMHbBI, KOTOPbIE CIyYailHO OJU3KU APYT K APYTY.

! HarmoMHuM, 4TO Q,, — OTHOCHUTE/bHBIA BKJIAI «XOJOOHOI MaTepuu» C Hy-
JIEBbIM JaBJICHHEM, (), OMKCHIBAET BKJAJ KOCMOJOTMYECKOW MOCTOSIHHOW («TeM-
HOIl HEPTUM»).
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Ecin OBl OHM CYILIECTBEHHO pPa3IMYaIMCh, HUKTO HE Ha3Bajl Obl 3TO
npobneMoit HecoBrageHus. Kak oTmedanoch, IJIOTHOCTE (DOTOHOB
WIM HEUTPHMHO B COBpEMEHHOI BcejeHHOW HaMHOro MeEHbIle 4YeM
Q, u Q,, M HUIKTO HE CO3IacT U3 3Toro npobdiaeMy. BozmoxkHo, npo-

OJieMa COBMAAECHUSI Ha caMOM JieJie TPOCTO BblAyMaHa KocMojoramu?

OgHako CyLIECTBYeT M IPOTUBOIIOJOXKHAS Touka 3peHus. OHa
COCTOUT B TOM, UTO ITOJOOHOE COBITaJicHUE HE SIBJIIIETCS CIYYaHBIM,
OHO CYIIECTBOBAJIO paHblllie U OYyIEeT CYLIeCTBOBATH Aajiee B TCUCHUE
3HAUUTEIBLHOTO MPOMEXKYTKA BpeMEHU. DTO HEBO3MOXKHO, €CJIU TeM-
Hasi 3HEPTUS OOYCJIOBIEHA KOCMOJIOTUYECKOI ITOCTOSIHHOM C HEU3-
MEHHOI TUIOTHOCThIO. B 3TOil CBSI3M paccMaTpuUBalOT MOIEIH, IPU
KOTOPBIX TIOTHOCTh TO MOXET U3MEHSIThCS; TakuxX moaeseit THO cy-
LLIECTBYET JOBOJbHO MHOro. Haubosee pacnpocTpaHeHa Monesib CKa-
JIIPHOTO TIOJIS C TIOJOXUTEIbHBIM TIOTEHLMAIOM, KOTOPBIA HMeeT
MPOCTOI MUHWUMYM, WJIM TaK Ha3bIBaeMOM KBMHTAICceHIMU. CyliecT-
BYIOT MoJeiu ¢ (haHTOMHOI 3Heprueit, TaxuoHamu u T. 1. Cnenma-
JIUCTY, KOTOPBIiI paboTaeT B 3TOil 00JACTH, HECIOXHO MPUAYyMAaTh
CBOI0O COOCTBEHHYIO MOneab 1D, He NMpOTUBOpEUAIIyI0 HaOJIIOACHU-
sIM, 100 B HacCTosIIee BpeMs HET JaHHBIX IJisl TOro, 4ToObl OTOOpaTh
€IMHCTBEHHYIO aleKBAaTHYIO MOJCIb.

7.4.3. TemHas 3Heprus: NpocTeriiMe Moaenu

[IpoMeXyToK BpeMeHHU, Ha IPOTSLKEHMM KOTOpPOIo 4e-
JIOBEYECTBO IIPOBOAUT HAOJIOACHMSI, BeChMa MaJl IO CPaBHEHUIO C
BpeMEHEM CylllecTBOBaHMSI BceleHHOI. Y Hac HET BO3MOXHOCTH
MIPOBOIUThL 3KCIEPUMEHTHI ¢ BeeeHHOM, KoTopasl JOCTYIIHA B AVH-
CTBEHHOM 3K3eMIUIsIpe. MBI MMeeM TOJIbKO OrpaHMYCHMSI, ITOIyYCH-
Hble M3 IAaHHBIX aCTPOHOMUYECKMX HabmomeHuil. [loaToMy momy-
JIAPHBIMM SIBJISIIOTCSI IPOCTEMINMe Moaeau 1O ¢ MUHMMAaJIBHBIM KO-
JIMYECTBOM ITapaMeTpoB. YacTo ucmonp3yloT Moaeib TO ¢ ypaBHEHU-
€M COCTOSITHUSI:

P =we. (7.30)

3aech OTpULATENIbHOE AABJICHUE COOTBETCTBYeT w < (0, rpaBUTalU-
OHHOE OTTAJIKWBaHWE W YCKOpeHHOe paciurpeHue BceneHHol moss-
qsieTcss mpu w < —1/3. Momeiab ¢ «IIOCTOSTHHON KOCMOJIOTMYEeCKOM
MMOCTOSTHHOI» COOTBETCTBYeT w = —1. Pe3ynbTarel 00pabOTKM TaHHBIX
M0 PEIMKTOBOMY U3ITYYEHUIO OTPAHUYMBAIOT BETMYMHY W + 1 Ha ypOBHe
HeckoJabKUX coTbix [193, 241]. IlepBbie naHHble «Planck» BmecTe ¢
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JPYTUMM pe3yJIbTaTaMy JaloT orpaHudeHus w =—1,13703¢ (Bmecre ¢

naHHeiIMU WMAP 1 GapuOHHBIMM aKyCTUUECKMMU KOJEOAHUSIMU),
w=-1,09+0,17 (Bmecte ¢ nanHHbIMU WMAP u Union2.1 Supernova
Cosmology Project).

Ctporo roBopsi, HabJIIONEHUSI HE OTBEPralOT HU BapUaHT C «IIO-
CTOSIHHOM KOCMOJIOTMYECKOM MOCTOSIHHOM», HU 0o0Jiee CIO0XHBIE MO-
nenu TO. OTMETUM, UYTO CYIIECTBYIOT TaK Ha3blBa€MbIE MpPeKepHble
Modeau, CO3MaHHBIE TaKUM 00pa3oM, YTOObI OOecreyrBaTh COBIIAZIC-
HUe TIoTHOocTel TO u MaTepun (MO TMOPSIAKY BEJIUYMHBI) HA MPOTS-
KeHUY MIJIJIAAPAOB JIET.

W3 ypaBHeHmii rumpomuHaMuku (7.16) MOXHO crellaTh BBIBOJI,
YTO TUIOTHOCTb TO mpu w > —1 ymeHblIaeTcs, mpu w = —1 He u3Me-
HsieTcsl (KOCMOJIOTMYecKasi TTOCTOsiHHasl!), a pu w < —1 yBeJIu4yuBa-
ercd. B mocnenHeM ciiydyae MIOTHOCTh TO M CKOPOCTh pacllMpeHUs
BceneHHolt 3a KOHEUYHOE BpeMsl JOCTUTHYT OECKOHEYHO OOJBbIINX
3HaueHuil. Takoil BapuaHT TuOenu BceleHHON TMOay4Yyna Ha3BaHUE
boavuwoi paszpuie (Big Rip). Ho paxke M3 yXe CylIecTBYIOIIMX OTpaHU-
YEeHUIl HAa W TOHSITHO, YTO OOJBIION pa3pblB MOXKET MPOU3ONTU B
HACTOJILKO OTAAJIEHHOM OymyllieM, 4TO 3TO, CKOpee BCEro, HauMeHb-
1Iast U3 Tpo0JIeM, YIPOXKAIOLIUX YeJIOBEUYECTBY.

I'mpponmnamuyeckue momenu TO mMeroT (peHOMEHONIOTMYECKUIA
xapakTep. binxe K MHUKPOCKOIMWYECKOW TpPaKTOBKE, XOTs U OoJjee
CIIOXXHBIMU, SIBISIIOTCS AWHAMUYeCKUe Monaeau THD co cKaasapHBIMU
WIM WHBIMUA TOJSIMH. 371ech BKiaa 1D M COOTBETCTBYIOIIEe eMy 3(-
¢eKTUBHOE 3HaueHUe A TakXkKe SIBJISIIOTCS MEpPeMEHHBIMU BO BpeMe-
HU. JJOTIOTHUTEIEHOE «KOCMOJIOTHIECKOE» TIOJIE TIPOSIBIIIETCSI TOJIBKO
Ha IIpelesIbHO OOoJbIIMX MaciuTabax. B HacTosiee BpemMsi OHO obec-
TIeYnBaeT COBPEMEHHOE YCKOpeHUe pacinupeHus Bcenennoit [367], a
Ha paHHEM »JTale KOCMOJOTMYECKOTro paciuupeHusi 3(hGheKTUBHOE
3HAUEHME IIJIOTHOCTM BHEPIUMU 3TOTO MOJISI ObUIO OYEHb OOBIINM.
OHo obecrnieuwsio ObIcTpoe paciivpeHue BceneHHOU (MHOAALIMIO) U
MNPUYMHHYIO CBSI3b MEXIY pa3sHbIMU OOJIACTSIMU €€ BMIAMMOM 4YacTu
[521]. CoBpemenHOe 3(hPeKTUBHOE 3HAUYCHHE A 3HAYMTEILHO MEHBb-
1lle, HO OHO M celuac JaeT IJIaBHBIM BKJIAd B CPEAHIO KOCMOJIOTH-
YeCKYIO IJIOTHOCTb MacChl-3HEPIUU.

C touku 3peHust moagupukanuii OTO mepBbiii BOIPOC COCTOUT B
TOM, MOXHO JIU U HYXXHO JI1 3TO TMOJIe OTOXIECTBIISTh C IPaBUTAIIUA-
eif; IBIAETCS JIM OHO YHWBEPCATHLHBIM. MBI yKe OOCYXmald 3TO B
n. 3.1. Bo3MOXHO, YTO OHO M HE CBSI3aHO HAIpPSIMYIO C TpaBUTalLIMEi
U reoMeTpueil TpOoCTpaHCTBa-BpeMeHU. JIpyrve BOIpPOCHL: KaK 3TO
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TOJIE TIPABUJIBHO YYECTh B YPABHEHMSIX KOCMOJIOTHMM; BIIUSIET JIU OHO
Ha Macchbl 2JIEMEHTapHbIX YacTUll W 3Ha4YeHMUs1 (yHIaMEHTaJbHBIX
KOHCTaHT; MOXHO JIM 3aperMcTpupoBaTh Kakue-To 3pdektsl TO B
TPaBUTALIMOHHBIX 3KCIEPUMEHTAX U T. II.

Habop aumHamMuueckux Mojesieil KOCMOJOTHYECKOU TMOCTOSIHHOM,
coJepXalluX CKaJISIPHOE I0JIe, HECKOJIBKO TaKUX MOJIE WJIM BEKTOpP-
HbI€ MOJIsI, TocTaTouyHO obO1MpeH. KocMonornyeckoe mnoje, €civ OHO
JIEUCTBUTENLHO CYLIECTBYET, MOXET OBITh TOBOJIbHO CHEHU(PUUECKUM
00BEKTOM, CBOMCTBA KOTOPOIO CYLIECTBEHHO OTJIMYAIOTCS OT BCEX J0
CUX TIOp M3BECTHBIX mosieil. B CBSI3U ¢ 3TUM B JuTepaType aHaIU3U-
PYIOT BechMa pa3HOOOpa3HbIe JIarpaHXUaHbl TAKKUX TToJieit [367].

B xauectBe mpumMepa pacCMOTPUM OOLIYI0 MOAEIb C ONHUM CKa-
JISIPHBIM TIOJIEM, JIaTpaHXWaH KOTOPOTO PaBEH

L= LX), tme X =(1/2)g"8,00,0. (7.31)

COOTBETCTBYIOIIMIT TEH30p SHEPTUM UMITYJIbCA MMEET BUI
_0p Op OL g
ooxt oxY oX M
B omHOpOmHOIT M30TPOITHOI KOCMOJIOTUM B YPaBHEHUS BXOIST JIUIITH
MPOU3BOAHBIE TI0 BpeMeHU. TeH3op (7.32) MOXHO MpeacTaBUTh B BUIE
TeH30pa UIeAbHOW PEISTUBUCTCKON XUAKOCTU (2.14) u ero HeTpu-

BUaJIbHBIC KOMIIOHCHTBI OTOXICCTBUTHL C IT'MAPOAMHAMHWYCCKMUMMU IIa-
paME€TpaMHn — JAaBJICHUEM U IJNIOTHOCTHIO MAaCCbI-OHEPIUHU, I10oJarasd

(7.32)

£ = 2)(%— LX,9), p=LX,0). (7.33)

Ha sToM myTu HECJIOXKHO MOCTPOUTH JOCTATOUHO <«3aKOBLIPHUCTYIO»
MOJIeJIb YpaBHEHMST COCTOsSIHUS. B mpocreiiliem ciydyae, eciad Mbl XO-
TUM MOJIYYUTh p = —¢, uMeeM XOF /0X = 0. Ecnu npuHaTh 3TO yc-

JIOBUE ISl BCEX 3HAUEHUU aprymMmeHToB X, , TO MOJAyYuM, 4To F He

3aBUCUT OT X , 4TO HCIIPHUEMIICMO. OZ[HaKO Mbl HE 00s3aHBI pac-
CMaTpuBaThb YCJIOBHUEC p = —& KaK TOYHOC YCJIOBUC IIPU BCEX BO3MOXK-

HBIX X, . DTO yCIIOBHE MOXKET BBITIOJTHSITLCS, HAIIPUMEp, aCUMIITO-

TUYECKU U U ONPEICTIEHHBIX KJIACCOB PEILICHUM.
PaCCMOTpI/IM 9TO l'IOI[pO6H€e Ha MNpUMEPEC CKAJIAPHOIO IIOJA C
KBagpaTU4YHbIM ITOTCHLIMAJIOM:

LX,9p)=X —%mch2 , (7.34)
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IIPHU 9TOM

8:%(¢2+m2(p2), pz%(¢2—m2(p2). (7.35)

VpaBHeHMe ABMKEHUS (KOBapuaHTHOe ypaBHeHue JlanamOepa) ume-
€T BUJ

R S 7 5_"’}:_ 2
@axa[g 5 28 \= o,

a B cllyyae OJHOPOIHOTIO MOJisl ¢ yueToM MeTpuku (7.2) — BUI
$+3Hop+m*o=0, (7.36)

IJe TOYKW O3HAYAIOT MPOM3BOIHEIE MO KOCMOJIOTMYECKOMY BPEMEHHU [,
H — mapametp Xa66:1a. YpaBHeHue (7.36) — 3T0 ypaBHEHHUE IBVKEHMSI
OCLMJUISITOpA C TMepeMeHHbIM TpeHueM. Ecaiu H  Beiauko, To ecTect-
BEHHBIM SIBIISICTCSI «BSI3KO€» MOBEACHUE OCLUJUISITOpPA, KOTAAa «BO3B-

palaolas cuia» —m’e NPAKTUYECKU TOJHOCTBIO KOMIIEHCUPYETCS
TpEeHUEM, T. €.

6] <<|3H¢ |~ m’e, (7.37)

— TaK Ha3bIBaeMbIll «PEXMM MEIJIEHHOIO CKaTbhIBaHUS», CHUCTeMa
MEUIEHHO CITOJI3aeT MO CTEHKE MOTEHLUUATBHON AMbl m g’ /2.
IMpeanonoxum, yto H HACTOIBKO BEJIMKO, 4TO ¢° << m’g’, mid
yero B cuiy (7.37) moctaTtouHo, utroobl H >>m /3. WTak, KaK BUI-
Ho u3 (7.35), peanusyercsl ypaBHEHUE COCTOSIHUS p = —¢.

B pexume memneHHoro ckatbiBaHUsl ypaBHeHUe PpuamMana (7.13)
MIPUHAMAET BUII

N2
a 4r . k 4 k
(—j :—n((p2+m2(p2)——:—nm2(p2——.

a 3 a’ 3 a

HDI/I JII0OOM 3Hake Kk 31ech CYHICCTBYIOT PCXKHMMbI C BO3paCTaHUCM
a, IIpru KOTOpPbIX CjJaracMbIM C k MoOXHO HpeHe6peqL, Jaxe €Ciin
3TO cJlaraeMoe ObLIO OTHOTO nopdaaka € OCTaJlbHbIMU B HCKOTOprfI

4
HavyaibHbI MOMeHT. Torna H ~ Tﬂm(p ~2me u u3 (7.37) nonayya-

eM ¢~-m/6, T.¢e. @(f) yobBaeT juHeliHO. HeTpymHo momoOpaTh
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TaKMC 3HAYCHUA (p(to) n m, IPU KOTOPLIX BCC IMPCAITIOJIOXKECHUA OT-

HOCUTEJIBHO MCITOJIb30BAHHBIX MPUOIMKEHUI BBITIOJHSIIOTCS B Tede-
HUEe TTPOMEXYTKa BpeMEHM T, KOrma MacluTaOHbIN (pakTop yBeJIUMUu-
BaeTCsl B OCTAaTOYHOE YMCJIO pa3, YTOObI PELIUTh MPOOJEMbI FOpU-
30HTa U MJIOCKOCTHOCTH.

7.5. TEMHAS MATEPUS:
NPAMBIE U KOCBEHHBIE CBUAETEJIbCTBA

I'unote3a o cylecTBOBAHUM HEBUAMMOI MaTepuu (CKPBITOM MAacChl)
Bo3HUKJA emle B Havyaje 30-x romoB XX Beka. B 1932 r. romnaHn-
ckuii actpoHoM SIH I'eHpuk OopT ucclieaoBal ABUXKEHUS 3Be3] B Ha-
MpaBJICHUU, TIEPIEHAUKYIIPHOM K IUCKy [amaktuku. OH OpUMEHWIT
CTaTUCTUYECKUIA TIOAXOA, B KOTOPOM OTIEIbHBIE 3Be3[bl CUUTAIOTCS
YaCTUYKAMM OOILIETaIaAKTUYECKOI «3Be3MHOI aTMoc(epbl», KOTopasl Xa-
pakTepu3yeTcsl TIJIOTHOCThIO 3Be3/ U IUCIepcueil ux ckopocreit [319].
OopT 00HapyXuj, 4YTO MOTEHUHAIbHAS sIMa B TPaBUTAIMOHHOM I0OJIE
nucka lamakTuku, co3gaHHasl MoJieM M3BECTHBIX 3Be3Ml, HEJOCTATOUHO
1yooka, 4ToObl 06e3omacuTh I'ajlakTUKy OT OBICTpOI ITOTEpU 3BE3I.
IMosTOMY OH MPEANONOXWI, YTO B IIOCKOCTHU TaJIaKTUYECKOTO AMcCKa
MOXET OBITh ellie JOMOJHUTENIbHAS Macca, CBSI3aHHAsl ¢ HEBUAMMOI
matepueit. OopT cuuTan, YTO 3TO MPEUMYIIECTBEHHO MeXX3Be3IHbII
ra3. Ilo ero oueHkam Mmacca [alakTMKy OOMKHA ObLIa COCTAaBUTh
npubnusureasHo 10" M. OopT, COrIaCHO COBPEMEHHBIM MPE/CTaB-
JIEHUSIM, olIMOacsl, mockoiabKy TM He KOHLEHTpPUPYeTCS B TrajlakTu-
YEeCKOM JIMCKe, a 00pasyeT BOKPYT 'ajlakTMKM rajo, KOTOpoe MOUYTU He
BJIMSIET HA BO3MOXHOCTh BbUIETa 3Be3[ M3 rajJlakTuyeckoro avcka [201].

IlepBoe cyllleCTBEHHOE CBUAETENBCTBO CYIIECTBOBAHUSI CKPBHITON
Macchl 610 TToryyeHo dpunem LBukku B 1933 1. [484]. OH Brep-
Bble TIPUMEHUJI TEOpEeMY BUpHUalia IJig OLEHKHU MAacChl CKOIUICHUS B
co3Be3auu Bosioc BepoHUKM, KOTOpOe HACUMTHIBAET OKOJIO THICSIUM
rajakTuk. M3 HaOmomaTelbHBIX JAHHBIX — paavalbHBIX CKOPOCTEit
OTUX TaJlaKTUK U pa3MepoB cKoruieHus: — LIBUKKM Halllel cpeaHee
pPacCTOSIHUE MEXIYy TallakKTUKaMU CKOIUIEHUSI F U CPEAHIO CKO-
POCTb MX OTHOCHUTEJILHOTO IBUKEHUSI V. 3aTeM OH BBIMIOJHUJ TIpO-
cThie oleHKU. KuHeTnueckast sHeprusi N rajakTHUK CO cpeaHeil mac-

coit mpasna E, ~ Nmv* /2.
IMoteHuuanbHyo sHepruto N(N —1) /2 map raaakTUK MOXHO
OLICHUTH 10 (hopMyJie
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N(N -1) Gm?
2 ro
Teopema BupHana yTBEpXKIAeT, UTO B CPeIHEM IS TaKUX CHUCTEM
nosHas sHeprust £ =FE, +U =U /2. Orclona nMeeM OLIEHKY MaccChl
CHUCTEMBI:

U =

2m?

M = Nm =~

LIBuKKM oOHapyxXuj, 4To WIS cKoluieHus: B Bomocax BepoHuku
3Ta Macca NpuOIM3uTesNbHO B 160 pa3 Oosbllle MacChl, OLIEHEHHOMR
M0 CBETUMOCTU CKOIUJICHUSI, W TIPEAIIOJIOXMUJ, UTO OOJIBIIYIO YacThb
Macchl COCTaBiisieT HekKasi HeBuaumasi martepusi. [lociae yTtouHeHuUs
3HAYEHUSI TIOCTOSTHHOI Xa006J1a OleHKN M3MEHWINCh, HO He M3MEHMJICS
KauecTBeHHBINM BBIBOJA. [loHsTHO, uTo LIBMKKM He MMeNl OCHOBaHWUIA
IIJIsl oTpeAesieHUs1 HebapuOHHOTO xapakTtepa TM, MOCKOJBKY METOIbI
WCCIIEAOBAHMST TOPSTYETO Taza IO €ro PEHTTeHOBCKOMY W3TYyYEHUIO
WIM MBI TI0 €¢ MH(MPAKpPACHOMY M3JIyYeHUI0 ObUIM pa3padoTaHbI
3HAUUTENbHO To3aHee. O HebGapuoHHOM xapakTepe TM B 1933 r.,
CJIETYIOIIEM ITOC/Ie OTKPBITUSI HEMTPOHA, IaXKe He MOIJIO OBITh U PEUU.

ITocne mosiBAEHUST TUIIOTE3bl O CYILIECTBOBAHUM TEMHON 3HEPTUU
dopmyny Wi TeopeMbl BUpHalia HEOOXOONMO CKOPPEKTHUPOBATh, TT0-
cJie Yero oHa nMpuoopeTaeT BUI

E =%_ 47‘CG3PDE Zmi’}z ’ (7.38)

rie ppr OOO3HAYaeT MJIOTHOCTb TEMHOI SHEPruu, a OTAEJbHBbIE Ta-
JAKTUKA WMEIOT MacChl m;, U OaprOLEHTPUUYECKUE PACCTOSTHUS OT
LeHTpa cKoruleHust # [92]. lnst MecTHO# Tpymibl rajakTUK BTOPOE

cllaraeMoe BaXKHO, MOCKOJIbKY ITOMpaBKa Macchl U3-3a 3Toro 3gdekra
cocraBisger 30—50 %. Ho amHaMmueckash mMacca MECTHOM TI'PYIIIIbI
(3,2—3,7) - 10" M ocraetcsi CylIeCTBEHHO OOJIbIICH, YeM CyMMap-
Hasl Macca 3Be3] IBYX € HauOOoJbIIMX rajaktuk — MieuyHoro Ilytu
1 TymanHoctn Annpomensl (M31), xotopas pasHa 2 - 10" M . Dta
OoJibllIasi Pa3HOCTh OOECIeUrBaeTCsl MPEUMYIIECTBEHHO TEMHOM Ma-
tepueit [540]. Takas curtyamnusi, Korma BupuajabHas Macca CKOIUJICHUS
WA TPYNIbl TaJJaKTUK 3HAYUTEbHO OOJbIIE MAcChl MX CBETSIIEHCS
MaTepuu, TUITMYHA B aCTPOHOMMUM.

Hpyroe cBUIETENbCTBO cylliecTBOBaHUS TM maeT aHajlu3 KPUBBIX
BpallleHUs] CIUPAIbHBIX TAJIAKTUK, T. €. 3aBUCUMOCTU CKOPOCTH Bpa-
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LIeHUs Vv, HalaeHHO# ¢ momoluiblo addekTa Jdormaepa, oT paccros-
HUS r J0 LIEHTpa rajlakThuku. B ciydyae 1ieHTpalbHO-CUMMETPUYHOTO
pacrnpeneseHus] Macchl B TajlaKTUKE CKOPOCTh BpallleHUsI MO Kpy-
TOBOI1 opbOuTe paauyca » HaxomsT U3 3akoHa Kermepa wiu u3 ycio-
BUSI PaBEHCTBA LIEHTPOOEXHBIX M TI'PaBUTALMOHHBIX YCKOPEHUI IO
dopmyiie

GM(r)

r b

w(r) =

rone M(r) — macca 4acTu TrajlakTUKW BHYTpU cepbl paauyca r . Pe-

aJibHble CIMpaJbHbIe TATAKTUKU HE SBJISIOTCS C(epruyecKru-CUMMET-
PUYHBIMU, TO3TOMY 3Ty (POpPMYJTy MOXHO paccMaTpuBaTh Kak HEKO-
TOPYIO OLIEHKY, TOYHOCTb KOTOPOI BO3pacTaeT Ha JaJeKMX paccCTosi-
HUSIX OT rajakTHUKMU.

B Hacrosiiiee BpeMsi KpUBbIE BpallleHUs MOCTPOEHbI KakK ISl Ha-
LIl TaJaKTUKM, TaK U JJIs COTEH APYIMX TajJakTUK. OHU MMEIOT 00-
1IME KAayeCTBEHHbIE 4epThl. [Ipu MaJibIx ¥ CKOPOCTh BpallleHWUSl BO3-
pactaeT, HO TMOCJ€ IOCTMXKEHMUSI PACCTOSHUSI OKOJO 5 KMK WU
MEHbIlle, B 3aBUCMMOCTU OT MapaMeTpoB TajaKTUKHU, CKOPOCTh Bpa-
IIEHUSI CTAHOBUTCS MPUOJIM3UTEIBHO TMOCTOSIHHOW. OO0JacTh MOYTH
MOCTOSIHHOM CKOPOCTU BpallEHMSI JOCTUTAET PACCTOSTHUM, OOMbIIMX
YyeM BUAMMBbIC pa3Mephl ralakTuku. TOYKM Ha KpUBOK BpallleHUS Ha
ATUX PACCTOSHUSIX HAWAEHBI MO pe3yjbTaTaM M3MEPEHMST CKOpOCTei
BOJOPOAHBIX 00JAUYKOB 3a MpeaeaaMu rajJakTUKU, T. €. B TEX Clyyasx,
KOIJa CBSI3b MEXIY CKOPOCTbIO M PACCTOSSHUEM OT ILIEHTpa MOXET
laBaThb MOBOJBHO TOYHBIE OIlleHKU. OmHaKo YOBIBAaHUS CKOpOCTEH

BpalleHNs M0 3aKOHy V(r) ~ r /> He HaOIIONAIOT, YTO CBUIETENLCT-
BYET O TOM, YTO Macca M(r) Bo3pacTaeT U 3a IpeaejaaMu BUAMMOTO

rajjaktuyeckoro aucka. IToHATHO, YTO Takoe BO3pacTaHME MOXET
00ecreyuTh TOJAbKO TEMHasl MaTepusi, KOTOpasi OKpYy>XaeT BUIMMYIO
4yacThb rajlakTuku. Takoe o6iako TM monyuyusno Ha3BaHUE ean0 mem-
HOU Mamepuy VIIN meMHoe 24o0.

CoJtHIIe HaXOIMTCS TOBOJIBHO AaieKO OT LieHTpa l'ajlakTuWKu, Ha
paccTosiHuM 8,3 KNK WM 27 ThICSY CBETOBBIX JIET, BpalllasiCb BOKPYT
HeHTpa ¢ nepuogomM 230 MuwuIMOHOB JieT. Macca 'ajakTUKu BHYTpU

cepbl Takoro pamvyca npuémusutenbHo 10 M, HO OCHOBHasi 4acTb
rajo HaXoOMTCSl 3HAYMTEJbHO Aaybliie OT lLieHTpa. IToaTomy mosHas
macca Hameid lajakTUKu mpuOIM3WUTENbHO B JAECATh pa3 Oosblle U

nocturaet 102 M o
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Cuuralot, 4yTo pacnpeneicHrue TM B OTHEIbHON M30JUPOBAHHOM
rajakTike cepryecKu-CUMMMETPpUYIHO. [1aphl MU TPUIUIETHI TajlaKTUK
MOI'YT, B 3aBUCHMOCTH OT PACCTOSIHUSI MEXIY HUMH, UMETh WIH 00-
1Iee rajo, WIKM OTACAbHBIC Iajlo Y Kaxmoi u3 rajnakTtuk. CKOIUIeHMe
rajakTHMK MOXeT MMeTh OIHO OOIlee rajio, INIOTHOCTh KOTOPOTO OIIM-
CBIBACTCS MOJYSIMIIMPUUYECKOM (POPMYIIOIi:

= Po , 7.39
Pon ) e e 7

[Ie #,— XapaKTepHbI pa3Mep CKOIUIEHMS, p, — €ro XapakKTepHas
IUIOTHOCTb, TapaMeTp o JeXuT B uHTepBaje or 0 mo 1,5. Yaie
BCETO MCITOJIB3YIOTCSI BapMAaHTHI ¢ o = 1, TaK Ha3bIBaeMBI MPOPUITH
HaBappo—®penka—VYaiita [299], u a =1,5 [289]. B oboux ciyyasx
TUIOTHOCTb MMe€eT OCOOEHHOCTb B lieHTpe. MHorma, Bo u3bexaHue
OCCKOHEYHOM TJIOTHOCTU B (popmyise (7.39), mpocTo MCHOJB3YIOT €€
npu o =0. OTcyTCTBUE TaKOil 0COOEHHOCTU B HaOIIOJEHUSX, BOIpe-
k1 mpeackazaHussM ACDM-Moaenu, sBasieTcsl MpeaMeToM 0coboro
BHUMAaHMS YYEHBIX-TEOPETUKOB.

Celiuac M3BecTHO, 4To Macca TM cocTtaBisieT OOJIBIIYIO 4YacTb
MOJIHOM MAacChl TUIIMYHOTO CKOIUIEHMSI TalakKTUK, a Ha TopsyuMil ras
MPUXOAUTCS MeHble onHoi msiToit yactu [509]. Ho uMeHHO OH u3-
JIy4aeT PEeHTTeHOBCKOE M3JIyuyeHHE, MO0 TeMmIlepaType M MOTOKY KOTO-
pOro MOXHO OLICHUTh Maccy rasza. Bxiaa maccehl 3Be3n COCTaBisieT
nopsinka 2 %.

OTHeNnbHBIN CBETAIINIACS OOBEKT MOXKHO OXapaKTepH30BaTh OT-
HOLIEHWEM €ro Macchl K ero cBetumoctu. O0e BeIMUYMHBI OEpyT B
COJTHEYHBIX €IWHUIIAX, T. €. OTHOCSIT Maccy U CBETMMOCTh OOBbEKTa K
a"ajornyHoi BenmuwmHe it ComHma. 1 3Be3m TakKoe OTHOIICHHE
BapbupyeTcs oT 1 1o 10 B COHEYHBIX eNMHUIAX, B YACTHOCTH, JUIS
3Be3n BOam3u CojiHIa — OT 2,5 10 7, I 3Be3l AUCKa TalaKTUKU —
or 1 mo 1,7 [151]. Ina ckomienus B Bomocax Beponuku B rpanuiax
paguyca 200 KK 3TO OTHOILLIEHUE COCTaBIsIeT NpuodausuteabHo 400 B

COJIHEYHBIX eauHuuax [266]. i KapauKOBOil TaJakKTUKUA B CO3BE3-

auu [pakona — 330 + 125, B Auapomene IX — 9372 . NunamuuHo-

aktuBHOe ckomieHne AC 114 mo maHHBIM CUJIBHOTO TPaBUTAIIMOH-
Horo JmH3upoBaHug MMmeer oTtHomeHue 700 = 100 [388]. Cepxcia-
0as KapiauKoBas rajakTuka Segue 1 mMeeT OapMOHHYIO MAacCy JIMIIb
B 1000 macc ConHIa, cocpeloTOYEHHYIO B 3Be3OHOM AucKe. Macca
rano ¢ TM pnsg sToit tajaktuku MuHUMyM B 200 pa3 GoJbliue Gapu-
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OHHOM, MpPUYEM B HEKOTOPBIX MOAECJIX OTHOIlIeHUe Macchl TM K 0a-
puonHoi mocruraet 2000 [462].

Takum o6pa3oM, Ha MacilTabax rajlakTMK M MX CKOIUIEHWI Bcerma
omyiaercs npucyrcteue TM. OHa mposiBisieT ceOsl Jvilb T'paBUTa-
IIMOHHO, T. €. TI0 OBIKCHWIO TeJI WJIM Ta3a M3 OOBIYHOUW GapMOHHOI
MaTepuM B I'paBUTALIMOHHOM I10JIe, YTO M JaeT BO3MOXHOCTb OIpe-
JIeJISITh MecTa Jokanuzauuu TM.

BaxkHbIM CpecTBOM M3Y4eHUs] KPYITHOMACIITAOHBIX XapaKTepUCTUK
JIoKajbHOW BceseHHOU siBsieTcsl MccleaqoBaHUe KOJUIEKTUBHBIX IBU-
JKeHUH TalakTUK Ha (poHe UX xabboBcKoro pazdoeraHusi. OHO MO3BOJISI-
€T OOHApyXUTh O0JACTU C 0COOO MOBBILIEHHOU TJIOTHOCTHIO (BOJb-
moit ArtpakTop, cBepxckoruieHue Ilepceii-Priobi, KonueHTpanys Ilemn-
JIM U T. I.), MIYCTOThI (BOMIBI) U MPOYUE DAEMEHTHI KPYMHOMACUITAO-
HOI CTPYKTYpBI B pacripefeeHUM MaTepuM, a TakKKe OTKPbIBAET HOBBIN
METO/I MOJYYEeHUsI OLIEHOK HEKOTOPBIX KOCMOJIOTMUYECKUX MTapaMeTpOB.

OnuH "3 TOIXOMOB COCTOWT B MYJIBTUIIOJLHOM MOIETMPOBAHUU
MOJIsI KOJUIEKTUBHOM CKOPOCTM TajlaKTUK B 00beMe paauyCcoM TOpPSa-
ka 100 Mnk. JumnojbHoe U KBaapyIMoJbHOE MPUOIMXKEHUE U3YYEHO B
psae pabot (cM. ccouiku B [573]). B paborte [573] OGbuta pa3paboraHa
OKTYIOJIbHAsi MOJEIb M MOKa3aHO, YTO OKTYIOJbHAsI COCTaBJISIOLIAS
SIBJISIETCS CTATUCTUYECKM 3HAUYMMON. DTa MOAeNb ObUIa MOJydYeHa ITy-
TeM DPA3JIOXEHUS TIONSI TPEXMEPHBIX CKOPOCTEH, B clydae €BKIMIO-
BOIl TeoMeTpuu, B PsiI MO CTENEHSIM JeKapTOBbIX KOOPAMHAT IO BTO-
poro mnopsijika BKIoYMTebHO. HO yke B 3TOM NMpuOIMXKeHUuU Oosiee
rnocjiegoBaTelbHOe paccMoTpeHue Tpebyer mnpumeHeHue OTO, a
MMEHHO: y4yeTa KOocMoJjoruyeckoil kpususHbl 1B, yrouHeHus tuna
KOCMOJIOTUYECKOTO PACCTOSHUS, 3aMaHUsI TTOJISI 4-CKOPOCTH TaJIaAKTUK
Ha CBETOBOM KOHYCE IPOIIUIOrO0 M OTHECEHHS €ro K PesiTUBUCTCKOI
cUCTeMe OTcueTa JoKalbHOoro Habmwomarenst (cMm. 1. 8.3). PensituBu-
CTCKas OKTYMOJIbHAS MOJEJb IOJISI KOJUIEKTUBHOM CKOPOCTH Tajak-
TUK ObLIa pa3paboTtaHa B [547, 548]. CooTBeTCTBYOILIEE pa3ioXeHUe,
KpOMe JIOKQJIBHBIX XapaKTePUCTUK CaMOTO TIOJS, CONEPKUT TaKKe
ImapaMeTpbl KOCMOJIOTMYECKONM KPUBU3HBI, KOTOPBIE MOTYT OBITH OII-
pelesieHbl Mo HabmogaeMbIM TaHHBIM [572]. B HacTosiee BpeMsT He-
OTpeIeICHHOCTH B M3MEPEHUSIX XapaKTepPUCTUK TaJlaKTUK Oe3 ydera
IPYIUX JAHHBIX HE MO3BOJISIIOT MPOBECTH HE3aBUCHUMBbIE OLIEHKH KOC-
MOJIOTMYECKUX TapaMeTpOB yKa3aHHBIM MeTomoM [326], HO MOXHO
HaIesIThCS, YTO C TEUEHHUEM BPEMEHHM 3TO CTAHET JOCTYITHBIM.

I'paBUTaAlIMOHHOE TT0OJIE NEMCTBYET TaKKe Ha CBET, UCKPUBJISIS €ro
nyun (3pdexT TpaBUTAIIMOHHOTO JWH3WpOBaHUS, cM. 1II. 6.5). I[lo-
9TOMY MOXHO OIIPEIENISITh MAacChl KOCMUYECKHUX OOBEKTOB WJIM pPac-
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NnpeaeseHue CyMMapHOi MacChl OOBEKTOB BHOJb Jyya 3peHUS II0
y4acTKy HebecHol cdhepbl. OOpaboTKa JaHHBIX IO JIMH3UPOBAHUIO HE
TOJIBKO TIONTBEPKIAaeT HAJIMYME TEMHOI MaTepuM, HO M MOKa3bIBaeT,
YTO pacrpenejeHus] MJIOTHOCTU TEMHOM W CBETSILEICsT MaTepuu Mo-
TYT OBITh COBCEM pa3HBIMU.

Hosgrble, oueHb yOeauTeNbHbIE CBUAETEIBCTBA B MOJIb3Y CYIIECTBO-
BaHUSI TEMHOU MaTepuM IMOJIY4YEHBbI B pe3ybTaTe MCCAEAOBAHUSI CKO-
TUIEHUI rajlakTuK, KOTOpble MpOIUIM CKBO3b Ipyr mpyra [105]. O6bekT
1E0657-558, momyumsiivii Ha3Banue ckoruieHus Ilyms (Bullet cluster),
MIpeACTaBIsAeT COOOM IBa CKOIUICHUS, KOTOpPBIE HemaBHO (ITO acTpo-
HOMUYECKUM MepKaM) IPOLUTH APYT yepe3 apyra. Ilpu aTom 3Be3mbl
rajlakTK' M TeMHass MaTepusl IBYX CKOILIEHWI MPOLIUIN IPYI CKBO3b
Ipyra MpakKTUYeCcKN 0e3 paccessHrs. OTHAKO TOPSTYMiA Ta3 00eUX CKO-
IUIGHUI, KOTOPBI COCTaBJseT OCHOBHYIO YacTb OApMOHHON Macchl,
MPU 3TOM CTOJKHOBEHMWHU 3aTOPMO3WICS, 00pa3oBal yIapHYIO BOJIHY
W OCTaJICI MEXIY CKOIUICHUSMU. DTOT Ta3 PETUCTPUPYIOT IO €To
PEHTTEHOBCKOMY M3TYYEHUIO CO Creln¢pUIeCKUMU XapaKTepucTHKa-
MM, KOTOpbIE€ COOTBETCTBYIOT TEOPETUUYECKHMM pacyeTaMm Ipoliecca
cToKHOBeHMsI. C MOMOIIBIO C1ab0ro TPaBUTALIMOHHOTO JTMH3MPOBA-
HHUs ObUIO YCTAHOBJIEHO pachpeleieHue IUIOTHOCTH MacChl OObeKTa.
OHO uMeeT JBa YeTKHUX MakKCUMyMma, co3naHHbIX TM 1o o0e CTOpOHBI
OT MCTOYHUKOB peHTreHoBcKoro uanydyeHus [105]. ITpu orcyrcTBUM
TM ocHoOBHas1 Macca CKOIUICHUSI NOKHA HAXOAMThCSl B 00JIaCTU CO-
CPEIOTOUEHMS TOPSYErO Ta3a’, T. €. B 00JIACTH MEXIY CKOIIEHUSIMM.
DTO SIBHBIM 00pa3oM IMPOTUBOPEUMUT JAHHBIM CJIabOro rpaBUTALIMOH-
HOTO JIMH3MpOBaHUs. BcKope ObUT OTKPBIT BTOPOIT MOJTOOHBII OOBEKT
MACS J0025.4-1222 [68], 3aTeM ellie HECKOJIbKO.

Kpome 3THX MOYTHM MPSIMBIX aCTPOHOMUYECKUX CBUIETEILCTB B
MOJIb3y CyllecTBOBaHMUS TM ecTh ellle KOCBEHHBIE, CBSI3aHHBIE, Tpe-
WMYILECTBEHHO, ¢ KocMmoJjorueit. Ho oHM paioT HamboJiee TOUHBIE
OollcHKU cpeaHero cogepxumoro TM Bo Bcenmennoii. Ilpexne Bcero,
9TO aHaJIW3 JOAaHHBIX HaAOMIONEHUS HEOTHOPOMHOCTEH TeMIIepaTyphl
PEIMKTOBOTO W3JIy4YeHUs], B YACTHOCTH, pacHpeneaeHUs] aMIUTUTYI
daykryanuii mo cdepuyeckum rapmMoHukam [193, 242]. IlpuBenem

OLIEHKY MO [OaHHBIM CEMUTONOBbIX HabmoneHuit WMAP: Q h* =
=0,13347000%%, 100Q,h* = 2,258'00% [256]. 3nech mapametp A cBsi3aH
¢ MocTOsIHHO# Xab6na cootHomeHueM H = 1004 xm/c/Mnk. Takum

! BepoATHOCTb CTOJKHOBEHMI OTAEIbHBIX 3BE3] HUYTOXHO MaJa.
2 Macca rasa B CKOIUIEHMSIX CYILIECTBEHHO GOJIbIIE MACChl CBETALIECS MaTe-
pYu, CKOHLIEHTPUPOBAHHOU B 3Be31aX.
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00pa3oM, 0OaprOHBI 00eCIeYMBaOT NpHOIM3UTEIbHO 17 % oOIIeit
IUTOTHOCTH MAacChI XOJIOMHO# Matepuu, a 83 % — HebapmOHHAs TeM-
Hasl MaTtepus. JOMOJHUTENbHOE CBMIETEIHCTBO HEOOXOIMMOCTH CYy-
mectBoBaHus TM pgaeT MoaenupoBaHME OOpa3oBaHUsI TaJIAKTUK M
JIpyrux cTpykTyp Bo BcenenHoii. be3 mpucyrcTBUsl TeMHOI MaTtepuu
He yaaeTcs corjlacoBaTh JaHHbIE O COBPEMEHHOI CTpyKType BceneH-
HO# ¢ AaHHBIMM 00 AHU3OTPOIMHU PEJIMKTOBOTO M3aydyeHMsl. EcTh u
JIpyrve aprymMeHTbl B MOJIb3y cyllecTBOBaHUS TM, cBsi3aHHbIE C Oa-
PUOHHBIMM aKyCTMYECKMMU KosiebaHusmu, 3ddexkTom CloHsieBa—
3enpaoBuYa U T. 1.

MoxHO 71U O0OUTHMCH 0€3 MPEeaNnojoXEeHUsS O CYLIECTBOBAHUM
TM? CyluecTBYIOT TUIIOTE3bl, B KOTOPhIX BMecTo TM paccMmaTpuBaioT
HapylleHue 3aKOHOB (u3uku. B MoaupuuupoBaHHON HBIOTOHOB-
ckoil mexaHuke (modified Newtonian dynamics, MOND) cuwuTaior,
YTO BTOpPOIl 3aKOH HbloTOHa mepecrtaeT paboTaTh MPU CBEPXHU3KHUX
YCKOPEHMSIX; 3TO TO3BOJsIET OOBSICHUTh KPUBbIE BpallleHUs raJlaKTUK
6e3 TM. bpaHHble TeOpUHU UCXOAAT U3 TOro, 4yTo BceneHHas mMeeT
CKpPBIThIE M3MEPEHMsI, a JOCTYITHAsI HaM 4YacTh €CTh YEThIPEXMEPHOM
OpaHow (OT cjloBa MeMOpaHa) B MHOTOMEPHOM MPOCTPaHCTBE-Bpe-
MeHu. Hekoropble MoaudULIMpoOBaHHbIE TEOPUM TPaBUTALIMK paccMa-
TpuBalOT u3MeHeHue ypaBHeHuii OTO misi Toro, 4ToOBI MOJAYYUTH
appexkr TM «0e3 ee mpucyrcTBusi». CyllIecTByeT MHOTIO BapUaHTOB
MOJOOHBIX AJIbTEPHATUBHBIX OOBSICHEHUI, HO HU OAUH M3 HUX HE
SIBJISIETCS JJOCTaTOYHO pa3pabOTaHHBIM JJISI TOTO, YTOObI OOBSICHSITH
NIaHHbIE 6cex HAOJIOAEHUI, HEe MPUBOIS K PA3HOMIACUIO C JTaHHBIMU
9KCMEPUMEHTOB U aCTPOHOMUYECKUX HAOIIOACHUIA.

7.6. MUKPOCTPYKTYPA TM

7.6.1. unote3bl 0 xapakTepe TEMHON MATEPUM

ITpexne Bcero, O4YeBUAHO, YTO HEBUAMMOM (CKPBITOM)
Marepueil MOXHO CUMTAaThb COBCEM pa3Hbie O00BbeKThl. OmpeaeneHHas
HeOOJIbIlas YacTh HEBUAMMOM MaTepuy MOXKET COCTOSITb U3 OapHOHOB,
KOTOpPbIE CO3aI0T OOBEKThI, TIOYTH HE M3Jydyarmllde CBeT B BUAUMOM
JMara3oHe, Takue Kak 3Be3lbl — KOPUYHEBbIE KapJIUKKU, HEHTPOHHbIE
3Be3bl, MEXTaTaKTUUECKUi ra3. Ho ocHOBHas yacTb HEBUAMMOI Mate-
pUM HE MOXET COCTOSIThb M3 OaproHOoB. CylllecTBOBaJIa TUIIOTE3a, UYTO
TM cocTouT U3 GOJBLIOrO KOJUYECTBA MaJeHbKMX YEPHBIX IbIP, HO
9Ta TUIOTE3a MMeJia CIMIIKOM MHOTO HeaocTaTkoB. OrpaHuUYeHre Ha
TUIOTHOCTb OOBIYHBIX HEWTPUHO, TIOJYYEHHOE MO JAHHBIM MCCIIEA0BaHUS
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PEJIMKTOBOIO M3JIyYyeHHUsI, He TMO3BOJISIET CUUTaTh BKJIal 3TUX YAaCTUIL B
TUIOTHOCTh HeGaproHHON TM CylIeCTBEHHBIM.

ITosToMy paccmaTpuBarOT BapuaHThl TM, cocTosiieil U3 HOBBIX
TUIIOB YAaCTULl, CYILIECTBOBAHUE KOTOPbIX MPEINOsaraeTcsl psiioM TEOPUIA.
B 3aBUCHMMOCTM OT CKOPOCTM YacTUIl TeMHasli MaTepusi, KOTOPYIO OHU
o0pa3zyloT, MPUHAIJIEKUT K OJHOM U3 Tpex Kateropuit. Xosoowas TM
wm CDM (cold dark matter) cocToUT M3 HEPENSITUBUCTCKUX YACTUII,
CKOpPOCTb KOTOPBIX 3HAYUTEJIbHO MEHbllle CKOPOCTU cBeTa. lopsauas
TM cocTouT U3 peIsITUBMCTCKUX YaCTHUIl, CKOPOCTb KOTOPBIX paBHa
CKOpPOCTH CBeTa WJIM OUYeHb OJM3Ka K Hel, T. €. U3 0e3MacCOBbIX WIU
YIbTPAPENSITUBUCTCKUX 4YacTull. [TpoMeXyTOYHBIM BapuaHT TMOJYYWII
HazBaHue menaoy TM. Ilo maHHBIM aHU3O0TPONUM PEIMKTOBOTO W3-
JIy4yeHusT TipeoOjamaromiasd yacTb TM JgoKHa OTHOCUTBCS K XOJIOA-
Hoi win Teruioit Matepuu. IloHsaTHO, uto TM ¢ YyacTMLIaMM pa3HBIX
TUIIOB, MMEIOIIMX Pa3MyHbIe XapaKTepHble CKOPOCTH, MOXET OTHO-
CUTBCSI K Pa3HbIM KaTeropusiM, odpasysl CMEIIaHHYI0 TEMHYIO MaTe-
puio. B momynsipHBIX B HacTosIee BpeMs TEOPUSIX PAcCMaTPUBAIOT
pasHbie BUAbI TM, paznnyatrommecs CrnocoOHOCTBIO K Cl1aboMy B3au-
mogaeicTBuio. Hanmpumep, B mporuBoBec TM, KOTOpasi MOXeET B3au-
MOJEHCTBOBATh MCKIIIOUUTEIPHO TPAaBUTAIIMOHHO (€€ Ha3bIBAIOT 3ep-
KaavbHol Mamepuell), paccMarpuBaloT TM M3 Tak Ha3bIBa€MbIX «IpaBO-
CTOPOHHUX» (CTEPUJIbHBIX) HEUTPUHO.

IlepeuynciuM OCHOBHBIX KaHAMAATOB Ha poJjib HeOapuoHHOU TM.
B kauectBe xonomHoit TM mnpeuMylleCTBEHHO paccMaTpUBAaIOT Mac-
CHBHBIE C/1a00 B3aMMOJIEHCTBYIOIIME YaCTUIIbI, TaK Ha3biBaeMbie WIMP
(weakly interactive massive particles). Yacto o0CyXmaioT akKCUOHBI —
YacTULIbl, CYIIECTBOBAHME KOTOPBIX IPEAIOJaraeTcsl B HEKOTOPBIX
BapuaHTax KBAaHTOBOW XpPOMOIMHAMUKU; (HDEPMUOHBI — TUIIOTETHUYE-
CKH€ CyIepCUMMETPUYHbBIC MMapTHEPHI JIETKMX 0O030HOB — TPaBUTHUHO,
(GOTHHO; HECKOJIBKO BUIOB HEUTPAIMHO, KOTOPbIE MOSIBIISIIOTCSI B PSi-
Jie TEOpU CyNnepCUMMETPUN; MACCUBHbIE (CTEPUJIbHBIE) HEUTPUHO C
MPOTUBOMOJOXHONH XUPATbHOCTbIO U T. M. CTepubHbBIE HEUTPUHO
WIA TPaBUTMHO MOTIYT BBICTYIATh Takke B KayecTBe Teruion TM.
ITompobHee 3TOT BOIpoc paccMoTpeH B [60], HO 1 B 3TOi paboTe He
MPUBEACHBI BCE MPEIIOKEHHbIE BAPUAHTBHI.

7.6.2. Mouckn TemHOM matepumn B naéoparopmsx

OkcnepuMeHThl 1o noucky WIMP unu apyrux 4dacTtuil
TEeMHON MaTepuu BEAyTCS B MHOTHMX JIabopaTopusX, IpPEerMYIIeCT-
BEHHO MOJ 3eMJiei, YTOObl YMEHbBIIUTh paauallMOHHbIA (DOH OT KOC-
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MMUYECKMX Jydeil. YacTuubl 3epKaqbHON MaTepuu HEBO3MOXKHO Je-
TEKTUPOBATh B J1aOOPATOPHBIX yCIOBUSIX. UTO KacaeTcsl APYyrux 4YacTHIL,
TO COOTBETCTBYIOIINE SKCIIEPUMEHTHI OYeHb HEYOCAMTEIbHBI, YacTO pedb
UIET 00 eAMHUYHBIX COOBITHSIX, KOTOPbI€ MPUITMCHIBAIOTCS B3aUMO-
JIeUCTBUI0O aTOMOB MuUllleHU WMeHHO ¢ WIMP wiu apyrumu yactu-
umamMu TM. OcHoBHast uuesl UX OOHapy:KEHHUsI IpOcTa: KBaHTHL TM
cJ1ab0 B3aMMOMAEMCTBYIOT C BELIECTBOM MUILIEHM, MPU 3TOM HaM He
M3BECTHBI JeTalM 3TOro npouecca. Ho mpu B3auMOAEHCTBUM OTAEIbHBIE
aTOMbI MMIIIEHU TIOJIyYalOT SHEPTUIO U MMITYJIbC, KOTOpPble (PUKCHUPY-
I0TCSI OAHUM M3 MHOTOYHCJIEHHBIX CITOCO0OB, HAPUMeEp, C MOMOILbIO
CUMHUWIIIUOHHBIX JeTeKTopoB (DEAP-1, miniCLEAN, XMASS,
DAMA/LIBRA, KIMS, ANAIS), nerekropoB ¢oHoHOB (CRESST-1),
MY3bIPbKOBBIX AETEKTOPOB U T.A. T. €. UIIYT Cjeabl peakluil, KOTo-
pble HE MOTYT OBITb OOecIeueHbl M3BECTHBIMM 2JIEMEHTaApHBIMU 4Yac-
TULIAMU.

Crnenyer oTMETUTh, YTo XoTss TM obecreurBaeT JIbBUHYIO JOJIIO
macchl ['anakTMkM, oHa pacropenesieHa mo Bcemy rajgo. B ConHeuHoit
CHUCTEME CpPeIHSSI TUIOTHOCTb OOBIYHONM OapMOHHON MaTepuu 3HAYU-
TeJIbHO OOJIbIlIE, YeM CPeIHsISl TUIOTHOCTh ['ajJakKTUKU B LIEJIOM U OHa
3HAYMTEJIbHO TIPEBBIIIAECT CPeaHIO TUioTHOCTh TM. BzaumoneiicTBue
yactull TM ¢ JeTeKTOPOM AOJKHO OBITh peaKUM coObiTheM. T1oaTo-
MY BaXHbIM CTaHOBUTCSI BOIIPOC O TOM, KaK J10Ka3aTb, UTO B3aMMO-
neiictBue 6bU10 MMeHHO ¢ WIMP wim apyroit yactuukoit TM, a He ¢
HEUTPUHO, KOCMUYECKHUMU JIydaMM WJIM YacTUlLlaMu, 0Opa3oBaBILIM-
MUCS TIpU paarMoOaKTUBHOM pacliajie 3JIEMEHTOB BO3Jie IeTeKTopa.

CylIeCTBYIOT HEKOTOpBIE TMPEAIOJIO0KEHUsSI, KOTOPble MOTYT IIOJ-
TBEpAUTb, UTO 3aPETMCTPUPOBAHHBIN CUTHA ObUT co3maH MMeHHO TM.
Yactuusl TM, nanpumep WIMP, nonaB B CoJIHEYHYIO CHUCTEMY,
MpoJIeTaloT CKBO3b Hee. TOJbKO OYeHb HEeOOJbIIAas MX 4YacTh IIOC/Ie
rpaBUTAlMOHHOTO MaHeBpa B IOJie IJIaHET MOXET ObITh 3axBaueHa
noneM tarotenuss Comanua. ITostomy mnpeoOiamaioiee KOJMYECTBO
WIMP He nBuraerca Bmecte ¢ CojiHeuHO# cucTeMoii. Jlaboparopus
BMecTe ¢ 3emJieid BpamaeTcsl BoKpyr CojiHIA. B HEKOTOpbIA MOMEHT
CKOPOCTh €€ IBIIKEHUS HallpaBJieHa MPUOJIM3UTEIbHO BIOJbL HaIlpaB-
neHus aBrkeHus CosHia BoKpyr HeHTpa [anaktuku. B aToT mepuon
CKOpOCTb J1labopaTOpuud OTHOCUTENbHO Tajio TM pocTuraer Makcu-
MyMa M KOJMYECTBO 3aperMCTPUPOBAHHBIX B3aumoneicteuii ¢ WIMP
MOXeT yBeJnuuBaThcs. Uepes moiroga CKOpoCTb OTHOCUTEBLHO LIEHTpa
TlajlakTUKM CTAaHOBUTCSI MUHMMAJIBHOM, a ¢ HEl M KOJUUYECTBO 3ape-
TUCTPUPOBAHHBIX COOBITUI. [ToaTOMY BpeMeHHas1 3aBUCUMOCTb C TO-
MOBBIMM BapualMsIMM M BpeMEHaMM MaKCHMMyMa 4ucja COObITUI B
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caMOM HayaJie JeTa SIBJsIeTCSl AOTOJHUTEIbHBIM CBUIETEIBCTBOM B3aM-
MOZEUCTBUS AeTeKTopa uMeHHO ¢ WIMP.

CotpynHuku WTanbsiHCKON HalMoHaabHOU Jaboparopun MHCTUTY-
Ta siaepHoit usuku B I'pan Cacco yTBepXAaloT, YTO MOJYYWIM Ta-
KOW CUrHajq B JKCIepUMeHTax — B 3akoHuuBlIMMcI DAMA/Na u
npogoxkaommmMes: DAMA/LIBRA [58]. 3a 13 ner HaOmomeHUit
9¢hdeKT, Mo MHEHMIO 3TUX MccienoBareseil, TOCTOBEpeH Ha YpOBHE
8,96 [58]. Ho OOJNBIIMHCTBO YUYE€HBIX, CBSI3aHHBIX C IIOMCKAMM YaCTUI]
TM, He comlacHO C 3TUM BBIBOJOM.

O nowuckax yactuir TM moxHO y3HaTh u3 padort [350, 355]. Iloa-
pobHo cocrosiHue nen 3a 2013—2014 rr. onucano B [103, 104]. TTo-
ciienHssl pabota OCHOBaHa, B YACTHOCTH, Ha MOKJaaax Ha KOH(bepeH-
LIMKU MO MOUCKY TEMHON MaTepuu, coctosiBiieiics B deBpane 2014 r.
B UCLA (University of California, Los Angeles). B [103, 104] mox-
pobHO, ¢ rpad®MKaMd BpPeMEHHBIX 3aBUCUMOCTEH, MpOaHATU3UPOBAHBI
TpU pa3Hble MPUYMHBI, KOTOPbIE MOIYT BbI3bIBATH I'OMOBbIC Bapvalluu,
nmogoOHbie 3adUKCHpoBaHHBIM B 3KkcrepumeHte DAMA/LIBRA.
IlepBasg — BAMSIHHUE PATUOAKTUBHOIO pagoHa, KOHIIEHTpPALMSl Bbl-
OpOCOB KOTOPOTO BO BCEX IMOA3EMHEIX JIAOOPATOPUSIX MaKCHMMaJlbHa
JIETOM ¥ MUHMMaJIbHa 3UMOI. Bropass — Bapmalmu moToka HEHNTPOHOB.
Oror nmotok, no maHHbIM ICARUS, u3MeHsieTcd B TeyeHME roma Tak
Xe, KaK W YHMCJIO COOBITHI, 3aUKCUPOBAHHBIX B SKCIIEPUMEHTE
DAMA/LIBRA. TpeTbst — BapualMu TOTOKA MIO-ME30HOB, TpuUje-
TeBLIUX U3 KocMoca. OHM HE CTOJIb CWJIBHO KOPPEIUPYIOT C JaHHBIMU
DAMA/LIBRA, xak HEHUTpPOHHBIN TMOTOK, HO ONpenejeHHasT Koppe-
Jsuus cyuiectByeT. [1oaToMy romoBbie Bapualluy 4YMClia COOBITUI C
MaKCUMYMOM JIETOM B HAcCTOSIIee BpeMsI He paccMaTpWBAIOTCS Kak
yOenuTeTbHOE M0KAa3aTeIbCTBO TOTO, YTO B BKCIIEpMMEHTE HabIIoma-
1orcst uMmeHHo WIMP, Kak 3To cunuTagoch OKOJIO JECSITH JIET Ha3al.

PaccMoTpuM KpaTko Apyre Hanbojiee MHTEPECHBIE U JOCTOBEPHEIC
9KCIIEPUMEHThI 10 moucKy 4vactull, TM. BOJIbIIMHCTBO M3 HUX HeE
3aUKCHUpPOBaIU COOBITHSI, KOTOPbIE MOXHO ObUIO Obl MHTEPITPETUPO-
BaTh KakK MPEBBILICHWE YMCIa HAOMIOJEHHBIX B3aUMOIEWCTBUIA aTO-
MOB C BHEITHUMHU (DaKTOpaMU Ha OXHUIAeMBbIM YMCJIOM, CBSI3aHHBIM
C ecTecTBEHHBIM (hoHOM. B pesyibTaTe yCTaHOBJEH TOJBKO BEPXHUIA
npeaen mist Bo3moxHoro uncia WIMP. K nHanbosiee TOUHBIM 3KCIIe-
pumeHTaM 3Toi Tpynmbl oTHOocAT XENONI10 u XENONI100 B I'pan
Cacco u HoBblil akcnepuMmeHT LUX (Large Underground Xenon ) B
IOxnoit [Hakore. IlepBeie manusie LUX ObutM ONMyOIMKOBAaHBI B
KoH1e ceHTssops1 2013 r. mo pe3yabTaTaM 85-AHEBHBIX HAOJIIOAEHUIA.
3nech olleHMBaJach BOBMOXKHOCTh B3auMoneicTBusl yactull TM ¢ kce-
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HOHOM; Pe3yJIbTaT COOTBETCTBYET 35 % BEepOSITHOCTH HYJIEBOI THUIIO-
Te3bl, T. €. YTo HUkKakue WIMP He B3auMoOAeiCTBYIOT ¢ KCEHOHOM B
SKCIIEPUMEHTAJIBHON ycTaHOBKe. JlalbHellee HaKOIUIEHUE TaHHBIX
MOXET yCWIMTbh 3Ty oleHKy. IlapamrensHo rpynnamu CoGeNT u
CDMS II Takxke He OblIM OOHApy>XeHbI COOBITHSI, KOTOPbIe MOXKHO
ObL10 ObI cBI3aTh ¢ WIMP.

ITpu mpoBenenun skcrepumeHta CoGeNT B CymaHckoil mom-
3eMHoOM Jlabopatopun B MuHHecote (CIITA) 6b110 coobuieHo 06 00-
HapyxeHuM vyactul TM [1], mpuyeM sHeprusl 4yacTUll ObLIa OlleHEHa
B uHTepBasie 7—12 I'sB. OmHako B 3kcnepumeHTax XENONI0 u
XENON100, xotopble NOKHBI ObLIM TOKa3aTb B3aMMOIEHCTBUE C
WIMP takoii sHepruu, ciaeaoB MogoOHbIX coObiTUil [372] He 3aduk-
cupoBaHo. Ha mpoTsKeHUU AJIMTEeNbHOTO Nepruoja BpeMeHU He ObLIO
HaligeHo cienoB yactull TM Ttakxke B skcnepumente CDMS II [85].
Ho B 2013 r. rpynmna, KoTopasi IpOBOAUT MOMCKU Ha 3TOM Ipudope,
€oO0011IMIa, YTO OHM HAOIIOAAIM TPU COOBITHSI MPU OXUAAEMOM KO-
muuectBe 0,41 [86]. OHu oueHMIM Hambojee BO3MOXHYIO DHEPIUIO
WIMP 8,6 I'sB u ceyenue paccesnus 1,9 - 10! cm?. Ho 31u BBIBO-
IIbl clieJIaHbl HA OCHOBE aHalu3a JIUIb TPEX COOBITUIA.

IIpoBomsitcst Takke HaOmomeHuss B 3kcrepuMmeHTax CRESST,
EDELWEISS, EURECA, PICASSO, ZEPLIN, DEAP, ArDM, Ho o
MOJIOXKUTEJIbHBIX pe3yjbTaTaXx HeT cooOlueHuil. HoBblil ypoBeHb TOY-
HOCTU JOJDKHBI 00€CTeUnTh AeTEKTOPhl HOBOTO TTOKOJIEHUS, HAITPUMED,
npennaraeMblii gerekrop DARWIN ¢ 25-TOHHBIM pab0O4YMM TEJIOM.

He crnenyer, onHako, 3a0bIBaTh, UTO B ciyyae 3epkaibHoii TM
MOIOOHBIE 3KCIICPUMEHTHI B IPWHIIMIIE HE MOTYT JATh TOJIOXUTEIb-
HOTO pe3yjbTaTa. DTO Xe CIpaBeIMBO U B ciydae, eciii TM B mpu-
pojie HeT, a BCe CBUAETEIbCTBA €€ CYILECTBOBAHUSI — pe3yabTaT Aeki-
CTBMSI pa3IMYHBIX HEM3BECTHBIX HayKe (DaKTOPOB, KOTOPHIE OOBSC-
HSIIOT BCE 3TU HAOJIOAEHMST HE OMHON MPUYMHONW — CYIIECTBOBAHUEM
TM, a COBOKYITHOCTbIO pa3HbIX TMpuUMH. OOLIMI BBIBOJ Ha CEro-
IHSIIHUNA IeHb — OO CUX IOp HEeT HAJEeXHBIX CBUIETENBCTB CYIIECT-
BOBAHMS 4YACTHULl TEMHOH MaTepuu, KOTOpble IOJY4YeHbl B Jlabopa-
TOPHBIX YCJIOBUSIX.

7.6.3. TemHas matepus, TeMHAs dHeprus
U GpU3MKQ KOMNAKTHBIX 06BLEKTOB

ITockonbky B (pu3MKe CaoXuaach CUTyallus, Koraa He-
00X0AMMO YYUTHIBATH JIBA HEM3BECTHBIX (hakTopa — TO m TM, Bo3-
HUKJIM UAEU O TOM, YTO OHM KaK-TO CBsSI3aHbI Mexay coboit. Hampu-
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mep, yactuubl TM mipu pacnane odpasyroT yacTuubl TO unm Haobo-
pot. Tak kak o npupoae TM u ocobeHHO TD M3BECTHO OUEHb MaJo,
BONIPOC O TOM, B3aMMOIEUCTBYIOT JIU OHM MEXIy CO0OW, M, €ciu
B3aUMOJIEUCTBYIOT, TO KakMM 0Opa3oM, OBICTPO CTall OOBEKTOM
MHOTOYMCJICHHBIX CIIEKYJISAIi. MBI He TIpUBOAWM HU OOHY M3 3TUX
TUIO0Te3, IMOCKOJbKY Ceiuyac HET OCHOBAHMIA IJIs BblIEJIEHMS 1000
U3 HUX.

Crnenyer Takke OTMETUTh, YTO HEKOTOpBIE Moaeau TH, eclin OHU
OKaXXyTcsl TIpaBWJIbHBIMU, OYIyT BJIUATHL Ha MHOTME UCCIENOBAHUS B
du3MKe PEITITUBUCTCKUX KOMITAKTHBIX 00BEKTOB. HarloMHMM TOJIEKO
OIVH TIpUMeEp, PacCMOTpPeHHBIN B 1. 2.3.4: pemrenne Puirepa (1948)
[596]. B 3TOM penieHMM NMPHUCYTCTBUE CKOJIb-YIOIHO MajloTO CKaJIsIp-
HOTO TIOJISI TIPUBOAUT K TOMY, 4TO BMecTO MeTpukm LlIBapimmibaa ¢
TOPU30HTOM COOBITHIA TOJTy4aeM ChepuueCcKU-CUMMETPUIHOE CTaTHU-
YyecKoe pellleHue ypaBHeHMI DifHIlTelHa, KOTOpOe He MMEET Tropu-
30HTa, HO BMECTE C TeM MMeEET TOJIyI0 CUHTYJISIPHOCTh (cM. M. 2.3.4).
ITpuBoAUT MM 3TO K peajbHBIM IPOTUBOPEUMSIM, OKOHYATEIBHO HE
M3BECTHO. YKaxeM OIHAKO, YTO Mbl MOKa YTO HE MOXeM U3 HalJo-
IEeHWN pa3INdiTh YepHBIC OBIPHI W TOJIBIE CHHTYIISIPHOCTH TSI BCEX
aCTPOHOMUYECKUX OOBEKTOB, O KOTOPBIX MAET peyb B Ijase 6.
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PENATUBUCTCKUE
CMUCTEMbI OTCHETA

Y10 Takoe Bpems? Eciv HUKTO MEHs
06 3TOM He crpaluMBaerT, 1 3Halo,
4TO Takoe Bpems. Ecam 6bi 51 3axoTern
0OBLSICHUTL CrpaLINBaIOLLEMY —

HET, He 3Halo.

ABrycTvH BnaxeHHbI

B mocnennue pecsartunetust Kpyr npwioxenuii OTO pac-
IIMPSUICS He TOJBKO 3a CYeT MX MHTEHCUBHOTO MCITOb30-
BaHMS B acTpoU3MKEe U KOCMOJIOTMHU. 3HAYUTEIbHOE
TTOBBIIIICHNE TOYHOCTH aCTPOMETPUUYECKUX MCCIICIOBAHMIA
o0ycioBuiIo HeobxoaumocTh ydeTa 3ddekroB OTO B
KOOPJAMHATHBIX W BPEMEHHBIX M3MepeHMsX. Bo3Hukia
IMOTPEOHOCTh COOTBETCTBYIOIIETO YCOBEPIIEHCTBOBAHMS
CHUCTEM OTCYeTa, KOTOpble NMPUMEHSIOTCS B aCTPOMET-
puM, KOCMUYECKOW reogMHaMMKe W HaBurauuu [519,
522, 542, 545, 581, 610]. INompoOHbIE KOMMEHTAPUU K
COOTBETCTBYIOLIMM pe3omounsM ['eHepanbHOI accaM0-
e MeXIyHapogHOTO acTPOHOMHYECKOTO CO03a II0o
cucTeMaM oTcueTa ornyosMkKoBaHbl B [402].

Peanuzaiimeid cucteMbl oTcyeTa SIBJASIETCS COBOKYII-
HOCTh M3MEPUTEIBHBIX CPEACTB U METOIUK, TEOpETHUYE-
CKUX MOJejeil U aJropuTMOB, KOTOpbIE NalOT BO3MOXK-
HOCTb COMOCTAaBUTb KaxKIIOMy COOBITUIO YEThIpe 4YMCIA:
BpeMsI ¥ TIPOCTPAHCTBEHHbIC KOOPAWMHATHEI. MBI He aHa-
JIM3UpYeM 31eCh Becb HaOOp CBSI3aHHBIX C 3TUM BOIPOCOB,
HIDKe 00CYXKIAIOTCS JIMIIL T¢ aCIeKTHl CHCTEM OTCUeTa,
KOTOpPbIE KacaroTCsd ydyeTa peasITUBUCTCKUX 3(P(PEKTOB.
HMHbIMU cioBamMu, pedyb UAET O TEOPETUUYECKUX MOJEIISIX
cucTeM oTcueta B McKpuieHHoM IIB. B sToii obaactu
IOKa YTO JOCTAaTOYHO TOM TOYHOCTH, KOTOPYIO OOecIie-
YMBaeT MOCTHBIOTOHOBCKOE TIpromrkeHne OTO. OgHako ¢
TOYKM 3peHUS] OYIYIIEro Pa3sBUTHS W IJIsST TTOHUMaHUS
MPUHLUMITHAIBHBIX BOMPOCOB, CBSI3aHHBIX C MCIIOJb30-
BanueM OTO, B 4yacTHOCTM, B IIJIaHE €€ IPOBEPOK U
CpaBHEHMS C aJbTePHATUBHBIMU TEOPUSIMU TPaBUTALIUU
Heo0xoauM 0oJiee yriayOJeHHbI aHaIu3.
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8 PenatuBucTckue cucTeMbl oTcHeTa

8.1. HEBECHBIE CUCTEMbI OTCHETA

8.1.1. Kparkas ncropus cospanus
HebecHbIX cucTeM OTCyeTa

IMocTpoeHune cucTeMbl OTCYETa, C IOMOILBIO KOTOPOit
ObLIO Obl BOBMOXXHO M YAOOHO pellaTh 3aJayd HaBUTallMd U U3ydyaTh
NIBUKEHNE HEOECHBIX OOBEKTOB — TUIAHET, 3BE€3M, TFIaKTUK, SBJSETCS
OMHON M3 BaxKHEMIIMX IMPoOJeM acTPOHOMUM M, B YAaCTHOCTH, OI-
HOTo M3 JAPEBHEMHIIMX €€ pa3nejaoB — acTpoMeTpuu. Ilpu aToM oco-
0ast posib TIPUHAMIEXKUT BBIOOPY «OTMOPHBIX OOBEKTOB» IS OIpee-
JIEHMSI HaIlpaBJIeHMI oceil M Havyaja KoopauHat [609]. B ximaccuueckoit
MEXaHUKE TPUBUJICTUPOBAHHBIMM CUCTEMaMM OTCYETa SIBISIOTCS
WHEepILMaJbHbIE CUCTEMbI, KOTOpPbIE ABUTAIOTCS TIPSIMOJUHEWHO U
PaBHOMEPHO OJHA OTHOCHUTEIBHO APYroil. «OmopHbIM» OOBEKTOM TaKOM
cucteMbl Bo BpeMeHa HpioToHa ObLIO «aOCOJIIOTHOE MPOCTPAHCTBOY,
KOTOpPO€ OTOXIECTBIISIJIOCh CO chepoil «HEMOABMXKHBIX 3Be31». Ilocie
OTKPBITHSI COOCTBEHHBIX JBMXKEHUI 3Be31 IMpobjemMa IMOCTPOCHUS
vHepuuaabHol cucteMmbl KoopauHaT (MCK) 3HauuTenbHO YyCIOX-
HWJIach, M BCSI MCTOpHUS pa3BUTUSI acTpomeTrpuu B XIX cr. ObLIa
CBsI3aHa C YTOYHEHMEM COOCTBEHHBIX ABMXKEHUU 3BE3l, UX Iapa-
JIJAKCOB M TIapaMeTpoB BpalleHus 3eMJiu (MpeLeccuu, HyTauuu u
IBWXKEHUS TIOMIOCOB 3eMIM) C LIeJIbI0 MX ydyeTa IpU ITOCTPOCHUU
peaymmzanuit UCK.

B nauane XX cT. cHOBa MoJjilydusia OANEPKKY JaBHsS uaes Jlarm-
Jjlaca O BbIOOpE BHEraJIaKTUYECKHUX OOBEKTOB ISl (DUKCALMU CUCTEM
OoTcYeTa W OIpeAeeHUs] TaK Ha3bIBA€MbIX aOCOIIOTHBIX COOCTBEHHBIX
IBUXKEeHUU 3Be3n. Ho mosHomaciuTtabHas peanu3aivs 3TON uieu 3a-
Jepxajiach BILUIOTb J0 BTOPOH MOJOBMHBI XX CT., KOraa ObLIO BbISIC-
HEHO BHeTraJjaKTUYeCKoe MPOUCXOXIEHUE KBa3apoOB U IIPEUIOXEH
METOA pPaavOUHTEPGHEPOMETPUM C CBEPXIJMHHBIMU OazaMM IJIs UX
HaOJIIOAEHUTA.

DTO NMpUBEIO K 3HAYUTEJbHBIM W3MEHEHUSIM B acTPOMETPUN B
KOHIle XX CT., OOYCJIOBJI€HHBIM O€CHpPELCACHTHBIM YBEIUYECHUEM
TOYHOCTU aCTPOMETPUUYECKUX HAOJIOJEHUI U yCOBEPLIEHCTBOBAHUEM
TeopeTuueckux monesein acrpomerpuu. Meton PCIAbB noctur cyomu-
JIMCEKYHIHOI TOYHOCTU ONpEAC/IeHUs YIJIOBBIX MOJOXEHUI paauo-
WCTOYHUKOB, YTO ObUIO MCIOJIB30BAHO ISl peanu3allii CUCTEMBbI OT-
cuera. Kocmuueckas actpometrpus, a umeHHo npoekT HIPPARCOS,
obecrneynsia MWIMCEKYHIHYIO TOYHOCTb OINTUYECKUX ONpeaeaeHUuit
noJyiockeHuil 3Be3n sipue 10-i 3Be3nmHON BeauuyuHbl. JlazepHast Jioka-
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LIUSI MCKYCCTBEHHBIX CIIYTHUKOB 3eMJIM W pPaIMOTEeXHUYECKUE Ha-
omoaeHuss InoOanbHOI CHCTEMBI OIpEAeIeHUsS] MECTOIOJOXEHUS
(GPS) ucnonb3yrorcs Ay onpeaeaeHus napaMeTpoB BpalleHUsT 3eM-
JIM Ha CyOMUJIMCEKyHIHOM ypoBHe. Ha 3TOM ypoBHE TOYHOCTM pe-
OYKIWS HAOMIONeHW, WX aHalIM3 W peaau3allns CUCTEM OTcYeTa
TIOJDKHBI 0a3MpoBaThCsl HA COBPEMEHHOM TeopeThyeckoi 6ase, KOTo-
past u onpenenserca OTO.

B acTtpoHoMum U comnpeneabHBIX HayKaxX MCIOJL3YIOTCS JIBE
OCHOBHBIX CHUCTEMbl KOOpPAMHAT — HeOecHass cucTeMa KOOpAMHAT
(HCK) u 3emHas cucrema kKoopauHaT (3CK). B coorBeTcTBUM C Me-
>KAYHApOIHBIMU COIVIAILIEHUSIMUA CErOAHSI TaKUMU CHUCTEMaMHU KOOp-
IWHAT ecTb Mexcdynapoouas Hebecras cucmema koopounam (ICRS) n
Mexcoynapoonas 3emnaa cucmema koopournam (ITRS)!. lng Toro yro-
Obl OMHO3HAYHO M CTPOTO OINPEISTUTb 3TU CUCTEMBI KOOPIAWHAT,
MexnyHapoaHblii acTpoHoMHuueckuil coro3 (MAC) BBesll Ha OCHOBE
OTO aBe cucteMbl KOOpAUHAT — bapuuyenmpuueckyro cucmemy Koop-
dunam (BCRS) u [leouenmpuueckyro HebecHyr cucmemy KoopouHam
(GCRS). OHu ObUIM ompeneseHbl ¢ MCMOJb30BAaHUEM TMOCTHBIOTO-
HOBCKOTO TMPUOJMXKEHUS METPUKU W MPeoOpa3oBaHUsT KOOPAWHAT,
KOTOpOE€ YYUTHIBAET YCKOPEHME IBVIKEHUS TEOlLIEHTpa M BIMSHHUE
IrPaBUTALIMOHHOTO TOTEHIIMAIA.

Cucrembst BCRS u GCRS He Bpaluaiorcsl Apyr OTHOCHUTEJIHHO
Jpyra, HO MMEIOT pa3Hble IIKaibl BpeMeHU. ISl MpakKTUYeCKOM 1ie-
JIeCOOOPa3HOCTU AOMYCKAeTCsI, YTO OPHUEHTALIMS WX OCel 3amaeTcs
MOJIOXKEHWEM BBIOPAHHBIX PAAUOUCTOYHUKOB TaKUM OOpa3oM, YTOObI
TOYKA OTCYETa MPSIMBIX BOCXOXIEHMI ObLIa OJIM3KONM K TOYKE BECEH-
Hero paBHoAeHCTBUS Ha 3n0xy J2000.0, kak sto nmpuHsaTo B ICRS.

ITo nanHsiM PCIADB HaGmtoaeHWid ObUIO CO3IaHO HECKOJIBKO pea-
mm3anuit ICRS, mocnenneit n3 xotopwix siBasgercs ICRF-2. K stomy
pewienno MAC npubmavxancs rnocreneHHo, npuHumas ¢ 1988 r. co-
OTBETCTBYIOIIME PE3OJIOLIUU:

1988 . — TpeasoXeHO MCIOJAb30BaTh BHETAIAKTUUYECKHUE OOBEK-
Thl 1 peanudaunu HCK;

! Y106b1 M36€XKaTh TEPMUHOIOTUUECKOM ITyTAHUIIBI, OTMETHM, YTO B aHIJIO-
SI3bIYHOM JIUTEpaType MO acTpoMETpuM (CM., Hampumep, [402] ) ecTb Tpu pa3HbIX
noHsTUs: «coordinate system» (cucteMa KoopauHar), «reference system» (Teope-
TUYECKast KOHCTPYKILIMsI, KOTOpass KOHKPETU3UPYET CUCTEMY KOOPIMHAT COOTBET-
CTBEHHO OIpeAeIeHHON M3MepUTEIbHOU mpoleaype) u «reference frame» (Mate-
pUan3alys CUCTEMbl OTCYETa, HAMpuUMep, C TOMOILBIO KaTaJoroB BHeralakTuye-
ckux ucrouyHukoB). Ho B OTO mox tepmuHoM «reference frame» 4acTo MOHMMAIOT
MMEHHO MaTeMaTMYeCKyI0 MOJEJb ONpPENeJI€HHOU CUCTEMbI OTCYeTa (CM., HaNpH-
Mmep, [35, 117, 157, 401]).
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1991 e&. — OTO npuHATa 32 TEOPETUUECKYIO OCHOBY [JIsI CO3[a-
aust HCK;

1994 2. — npuHAT cIKMcOK okKoyio 600 BHerajakKTMYECKUX MCTOY-
HukoB w1 peaym3anuu HCK;

1997 o. — XXIII TI'enepanbHoit accambiieeit MAC mpuHsiTa pe3o-
JIIOINS, B KOTOpOIT peleHo BBecth ¢ 1 gHBapst 1998 r. HOBYIO cuc-
temy koopauHaT — ICRS u ee peanuszanuio ICRF, nmocrpoeHHyo Ha
ocHoBe PCJI1b nHabmoneHuit 212 onpeaeisionx UCTOUHUKOB;

1999 2. — co3paHbl IBa JOMOJIHEHUS K CIIMCKY PaIMOUCTOYHUKOB
ICRF;

2000 e. — yTOUHEHBI OIpeaeseHus cucTeMbl otcuera B pamkax OTO:
Pesomouun XXI TI'enepanbHoit accambien MAC (Manuectep, 2000 r.).

2006 e. — mipunsTo, uto opueHTanus oceit BCRS m GCRS 3ana-
erca opueHTauueit oceit ICRF;

2009 e. — XXVII T'enepanbHoii accambieeit MAC mpuHsiTa BTO-
pas peamm3anus ICRS, a mmenno ICRF2, koropast comepxut 295 ompe-
JIESIOLINUX PaIMOUCTOYHUKOB.

8.1.2. Wkanb Bpemenu u OTO

Kak u B ciayyae ompeneieHHs] HEOECHOM CUCTEMBI OT-
cyeTa U ee peaju3alliu, ¢ MOBBILIEHUEM TOYHOCTU M3MepeHuit MAC
ITOCTEIIEHHO TIEPEXONMJI U K OIpeAeSIeHUIO IITKaJl BPEMEHU C YUETOM
OTO. IlpuBeneM KpaTkoe oNMcaHWE IIKaJl BpeMeHH, cleaysl padbote
[545] (cMm. Taxke [174, 565]).

Cuauvana B cooTBeTcTBUM ¢ pekomeHmauusmu MAC (1976, 1979)
BMecTo 3demepuaHoro Bpemenu ET, BBemennoro B 1960 r., Gbu1o
BBEIECHO JBE HOBBIX IIIKAJIBI:

TDB (Barycentric Dynamical Time) — Bapuyenmpuueckoe ouna-
Muueckoe 8pems — PaBHOMEPHOE BpeMs, KOTOPOE BBICTYIAET B POJIM
apryMeHTa ypaBHeHUI Teopuu ABUXKeHMS Tesl COTHEUHON CUCTEMBI;

TDT (Terrestrial Dynamical Time) — 3emrnoe dunamuueckoe @pe-
M5 — apTYMEHT TeOLIeHTpUUeCKUX 3demMepus HeOeCHbIX Te.

Mxanst TDB u TDT pasznuyalorcs TOJAbKO NEPUOIAYECKUMU
yieHamMu. B repmubonornu OTO 3TH mKaabl MOXHO ObUIO paccMmar-
puBaTh Kak koopauHatHoe Bpemss BCRS u cobcTtBeHHOE Bpems yc-
JIOBHOTO HabOmmomaressi B LieHTpe 3eMJM COOTBeTCTBeHHO. Pedopma
1Kan 6buta poBeaeHa mast yuyeta OTO npu cozganuu apeMepun e
ConneuHoit cucteMmbl. B To Bpems, kak mkama ET Ga3upoBanach Ha
HBIOTOHOBCKOW TE€OPUM, HOBBIE ILIKAIbl 0a3MPOBAIMCH Ha PEJISITUBM-
CTCKOW TeopuHM W ObUIM MCIOJb30BaHbl B JlabopaTopuu peakKTUBHO-
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ro apuxkeHuss (JPL, ITacamena, CIIIA) mpu moarotoBke sdhemepu
DE200/LE200.
B pezomorusix MAC 0THOCHUTENIbHO HOBBIX 1IKaJT BpEMEHU YKa3aHO:
1. CyuTtaTh 3HAYeHWEM HYJb-IIYHKTA HOBOM WIKaJIbl BPEeMEHU
(TDT »mnoxy) nis BUAUMBIX T€OLIEHTPUUECKUX 3heMepu:

1977 auBapb 1,0°0m32,184 sTDT = 1977 gausaps 1,00 * 00 ™ 00 * TAI

2. Emumnuueit mkansl TDT cumTaTh CYTKM IJIUTEIBHOCTBIO B
86400 cexynn cucrembl CHU Ha cpemHeM ypoBHE MoOps.

Takum o0Opaszom, 1IKaay OapUIIEHTPUUECKOro IMHAMUYECKOIO Bpe-
menn TDB Obuto mpemiokeHO cYMTaTh ILIKAJOM KOOPAMHATHOTO Bpe-
MEHM OapUIIEHTPUYECKON KOOpAMHATHON cucTeMbl, wmKaxy TDT —
LIKAJION KOOPAMHATHOTO BPEMEHU TeOLICHTPUYECKON KOOPAMHATHOM
CUCTEMbI, a IIKaJoi COOCTBEHHOTO BpeMEeHM — IuKany MexayHa-
poagHoro aroMHoro BpemeHu — TAI. Paznocte Mexny TDT u TAI
omnpeaeseTcs: CIeayoIM COOTHOIIEHUEM:

TDT = TAI + 32°4,184.

Co BpeMeHeM BBISICHWJIOCH, YTO AMHAMUYECKUM IlIKajdaM Bpeme-
Hu TDT u TDB npucyiiu omnpeaeieHHbIE HEAOCTaTKU. Bo-IepBbIX,
ATO Kacajoch TEPMUHOJOTMYECKON HECOITaCOBAaHHOCTU OIpesaesie-
Huit TDB u TDT. Bo-BTophIX, CylllecTBOBaja HEOOAHO3HAYHOCTh OT-
HOCUTEJIbHO y4yeTa BEKOBOTro Apeiida aTHX IIKaj, a TakKe MpOoLeaypbl
onpeaeaeHUsT MepruoaInIeckoil KOMIIOHEHThI X pa3HocTu. Kpome Toro,
rnepexo OT OAHON CHCTeMbl KOOpPIMHAT KO BTOpPOW TpebOoBal M3Me-
HEHMSI YMCJIOBBIX 3HAUEHU HEKOTOPBIX ACTPOHOMUUYECKMX MOCTOSTHHBIX.

Yrobnl ycTpaHuTh HemocTaTku, B 1991 r. Ha XXI I'eHepanbHOM
accambiee MAC ObulM BBeleHbl HOBBIe 1Kanabl BpemMeHu TCB wu
TCG, a takxe mkanaa 3emHoro BpemeHu TT. Kpome Toro, Bmecto
HeoaHO3HayHOro oTHeceHuss CHY-ceKyHIbl, KaK eIUHULBI U3MEPEHUS
BPEMEHHU, K YPOBHIO MOpPsI ObLJIO peKOMEHIOBAHO OTHOCUTh €€ K Ieo-
U1y, KOTOPBIi COOTBETCTBYET 3HAUYEHMIO HOPMAJIbHOIO IeONOTeHIIMA-
na W, . beuio Takke peKOMEHIOBAaHO, YTOObl aCTPOHOMUYECKHUE I10-
CTOSIHHBIE MMEJIM OAMHAKOBBIE 3HAUYEHMSI BO BCEX CUCTEMax KOOpPIM-
HaT. [Ipy 3TOM OCHOBHBIMM (DM3NYECKUMU EIMHUIIAMU SIBJISIOTCS
CH-cexkyHaa cobctBeHHOro BpemMeHM U CH-MeTp COOCTBEHHON Iu-
HbI, KOTOphlii cBa3aH ¢ CH-cekyHIoON yepe3 3HAYEeHHME CKOPOCTHU
cBeta ¢ = 299792458 m/c.

[Ixaasl KOOPAMHATHOTO BPEMEHM MMEIOT TaKKUe OIpeaesieHus:

TCB (Barycentric Coordinate Time) — bapuyenmpuueckoe koop-
dunamnoe epemsa baputieHTprueckoii cucremsl KoopauHat (BCRS),
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TCG (Geocentric Coordinate Time) — [eouermpuueckoe koopou-
HamHoe epems I'eouieHTpruueckoil cucremnl KoopauHaTt (GCRS),

TT (Terrestrial Time) — 3emHoe 6pems, KOTOPOE UCHONBb3YIOT IS
duKcalMu aCTPOHOMMYECKMX HAOMIOACHWI Ha MOBEPXHOCTU 3eMJIU.
OTa 1Kaja BpeMEeHU MpaKTUUeCKU pean3yeTcsi Ha3eMHbIMU 3TaJlo-
HaMU BpEMEHU U YaCTOThI.

Ecmu mikaner Bpemenn TCB u TCG oTHOCSTCS K LIEHTpaM Macc
COOTBETCTBYIOIIMX CUCTEM, TO BpeMs TT sBisieTcss COOCTBEHHBIM
BpeMeHeM HabJjofaTesisi Ha MOBEPXHOCTHU (reouae) 3emiln.

HavanmbHbIi OTCYeT KOOPAWHATHBIX ITKAJ BPEMEHH! BEIETCSA OT SIOXU

1977 siuBaps 1,0" 0™ 32,184° TT = 1977 suBaps 1,0" 0™ 0,000° TAIL

(JD = 2443144,5 TAI) B reouieHTpe.

IIpuBeneM COOTHOILLEHMS IIKAJ:

TT = TDT = ET = TAS + 32,184 c;
TDB = TDT +(1/¢*)(V, (r-R,))+ P;
TCG =TT+ L;(t—-1,);
TCB =TDB + L, (t 1) ;
TCB =TCG + L, (1 -1,) +(1/¢’)(V,(r-R,))+ P,

rae
t—t, =[MJD(TAI) -43144,0]86400 c,

L; =6,969290134-107", L, =1,55951976772-10*,
L. =1,48082686741-107*,

r, R, — GapuiieHTpHYeCKIe paanyc-BeKTOPhI YacOB U LIEHTpa 3eMJIu,
V, — BeKTOp CKOpPOCTM IlieHTpa 3eMiu, P — mapaMeTp, KOTOpPBIii
TIPEICTaBISETCS COBOKYITHOCTBIO MEPUOANYECKUX UICHOB C TJIABHBIM
YJICHOM, aMILIUTYIa KOTOpOro pasHa 1,6 Mc.

8.2. KOOPAUHATbBI N CUCTEMbI OTCHETA B OTO

8.2.1. MpoctpaHcTBEHHO-BPEMEHHbIE N3MEPEeHUs
M 06was TeOpus OTHOCUTENBHOCTH

PaccmoTpum 0011IMe BONPOCHI BBEAEHUST CHUCTEM OTCUETa
B pamkax OTO. Henocpenctsenno HaOmomaembiMu B OTO sBistiorcst
COOCTBEHHOE BpeMsl, HATIpaBJIeHUSI Ha OTHAJICHHbIE UICTOUHUKU U3JIyde-
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HUSI, TPOCTPAHCTBEHHbIE KOOPAMHATHI COOBITUI U APYTU€ BEJIUYUHBI,
perucTpupyeMble OTHOCHUTEIbHO COOCTBEHHOM CHMCTEMbI OTCUeTa B
MaJIol oKpecTHOCTM Habmomarens. OnpeaenaeHue MpoCTPaHCTBEHHO-
BPEMEHHBIX XapaKTepUCTUK OTHAJICHHBIX COOBITUI TECHO CBSI3aHO C
¢GoTOMETpUUECKUMHU, CIEKTPaJbHBIMU U MOJSIPU3ALMOHHBIMU U3Me-
peHusmu. CylliecTByeT 3HAYMTEIbHOE KOJMYECTBO (PM3MUYECKUX Be-
JIMYMH, KOTOPbl€ MMEIOT BEKTOPHYIO WJIM TEH30PHYIO MPUPONY; OTU
BEJIMUMHBI TAaKKe HOKHBI OBITh KOPPEKTHO — C TOYKU 3pPEHUS
OTO — omnpenaesieHbl B OKPECTHOCTH HAOJI0IATENS.

CrenyeT uMeTb B BUIY, UTO pe3yJbTaThl U3MEPEHUH, NaKe Hau-
0oJ1ee HEIOCPENCTBEHHBIX, TOJyJaloT TOUHYI0O MHTEPIIPETaIlnio B paM-
Kax OMpEeIeSICHHOM TeopeTHIecKoi cucTembl. PyHIaMEHTAIBHOE OT-
JINYUE PeSIITUBUCTCKON TEOPUU TATOTEHUS OT KJIACCUYECKOW HbIOTO-
HOBCKOH CBSI3aHO C IPYroil reoMeTpuei, KOTopasi MPUMEHSIETCS ISt
MOJICIMPOBAHUS TTPOCTPAHCTBEHHO-BPEMEHHBIX OTHOIIEHU. B Kiac-
cuyeckor Gu3nKe MMEIT MECTO abCOIOTHOE BpEMsI M €BKJIMIOBA
reomeTpust TpexmepHoro mnpoctpaHctBa. B CTO reomerpust IIB —
9TO YeThlpexMepHasl mceBaoeBkanmoBa reomeTpusi; B OTO — yeThl-
pexMepHasl TICeBIOPMMAaHOBa TeoMeTpus. B Heli, B oTJM4Yne OT eBK-
JIMAOBOI T€OMETPUM, OTCYTCTBYET aOCOJIOTHBIMA MapajlieiIu3M — pe-
3yJIbTaT MapasuleJIbHOro MepeHeCceH!sl 3aBUCUT OT MyTH, BIOJb KOTO-
pOro OHO OCYIIECTBIISIETCS. DTO KOPEHHBIM 00pa3oM U3MEHSIET TE€O-
PETUYECKYI0 WHTEPHpPETALMIO TPOCTPAHCTBEHHO-BPEMEHHBIX M3Me-
peHuii. B yacTHOCTM, B PUMaHOBOM TMPOCTPAHCTBE BOOOIIE HET
O0OBIYHOI MapaUIeJIbHONM CEeTKM NeKapTOBBIX KOOPIMHAT, a ISl MIEH-
TU(UKALUU TOYEK (COOBITHIT) MCHONb3YIOTCS MPOU3BOJbHBIE KPUBO-

JuHelHble KoopauHatel x*, pu=0,1,2,3.

B OTO cnoxHo cpaBHUMBaTb CKOPOCTU TeJ B pa3HbIX TOUKax, Ta-
KW€ TIOHSITUSI KaK OTHOCHUTEJIbHAs CKOPOCTb M HEIMOABMKHOCTb Ka-
HOHMYECKHU OMpPenessiioTCs JUIb ISl TeJl B HEMOCPEJACTBEHHOM OK-
pPeCTHOCTH HabjtogaTens. DTO YCIOXHSIET KOBapUAHTHOE ONMCaHHWe
OTHOCUTEJILHOTO ABMKEHMST TeJl MPU HAJIWYUM KPUBU3HBI MPOCTPaH-
CTBa-BpeMeHU. 3aMeTUM, 4YTO KOBapMaHTHOE YpaBHEHWE OTHOCU-
TEJLHOTO JIBMXKEHUs NBYX MpoOHbIX Tead B OTO B mepBoM mpubIn-
KEHUW TI0 PACCTOSIHMIO MeXIy HUMU Obuto mosyyeHo CHHIOM B
1935 1. [414], a s KOHEYHOrO PACCTOSIHUSI MEXAY TedaMM ObLIOo
copMyIMPOBAHO C MOMOILBIO KOBAPUMAHTHBIX PsIOB B paboTax [490,
491] (cm. Takxke [579]).

s MpocTpaHCTBEHHO-BPEMEHHBIX M3MEPEHUI  HEOOXOAMMO
BBOIUTh CUCTEMY OTCUETa, KOTOpasi MPUITUCHIBACT KaXXIOMYy COOBITUIO
YeTbIpe KOOPAMHATBI, a TakKXKe CIYXUT IJis Pa3IoXeHUS TeH30PHBIX
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¢u3NYeCKUX BEIMYMH Ha OTIeJIbHBbIE KOMIIOHEHThI. PaccMarpuBast
TEOPETUIECKNE TIOMXOABI K ONpPEIeIeHUIO CUCTEMBI OTCUETa, YIUTHI-
BacM, YTO OHa Hapsly C TEOPETUUYECKON MOMENIbI0 JOKHA HMETh
aJleKBaTHYIO MPaKTUYECKYIO pealn3aluio. 3aMeTUM, YTO TakKasl Tpak-
TOBKa TIOHSITHUS cucmema omcyema, KOTOPOE CBSI3BIBACT €TO HETO-
CPEICTBEHHO C MHTEpIpeTaluueil MpOCTPaHCTBEHHO-BPEMEHHBIX W3-
MEpPEHUI, HEe UCUYEPIBIBAET BCEX €ro MPUMEHEHUI pa3HbIMU aBTOPaAMMU.
Bo MHorux ciyyasix mepexon K OpPyroit CUCTeMe OTcyera, Takoul, Ha-
npuMep, KakK «CIIMHOBas CHUCTeMa OTCYeTa» WM «CHUCTeMa OTcYeTa
aHTUHAOIIONATeNsA», CIeOyeT paccCMaTpyBaTh KaK MHOE MaTeMaThde-
CKOE€ TIpeACTaBlIeHUE TEOpHHU, KOTOPOE, KOHEUHO, CIIOCOOCTBYET ce
JIydilieMy MOHMMaHUI. MOXHO KoHcTaTupoBaTth, uTo B OTO TepMuH
cucmema omcyema UMeET pa3HbIe TOJIKOBAaHUS, U3 KOTOPBIX MBI O0Jice
MoapoOHO 00CyXKIaeM OJHO M3 HMX, Kacasichb IPYTyX JUIIb IMOIYTHO.
C pa3HOOOpa3HBIMU TMOAXOAAMU K OIPEACICHUIO CUCTEM OTcueTa B
OTO MoOxHO 03HaKOMHUThCS B padorax [401, 511, 534, 561, 563].

8.2.2. OTHOCMTENBHOCTD U KOOPANHATBI

B ocHoBe cucTeMBl OTcueTa BCeTHa JIEKUT HEKOTOpast
cucteMa koopauHar. Teopetuueckuit anmapatr OTO chopmynupoBaH
B OOIIEKOBAapMAaHTHOM BHIe. 1. €. BMECTO KOHKPETHBIX COOTHOIIIE-
HUM MEXIY YHUCITOBEIMHA BEJIWYMHAMMU, KOTOPBIE 3aBUCIT OT CHCTEMBEI
KOOpIOWHAT, (OPMYIUPYIOTCS OIpeAcIeHHBIE aJITOPUTMBI, C TIOMO-
IIBI0 KOTOPBIX MOXHO MOCTPOUTH COOTBETCTBYIOIINE COOTHOIICHUS B
MMPOU3BOJILHBIX KoopAanHaTax. CylllecTBOBaHME KOBapHAHTHOU op-
MYJIHIPOBKHM HEKOTOPOTO COOTHOIIICHMST TTOKA3bIBAET, UTO B €r0 OCHO-
Be JIEXKUT OTpeneieHHast (puznueckasi peaTbHOCTb.

I'eoMmerpuueckue cBoiictBa [IB ompemensioTcss MeTpUYECKUM

TEH30pPOM &, (x“) B JII00OI1 crcTeMe KoopauHaT. [deliCTBUTENIbHO, B

TOYKE C KOOpAWHATAMU X“ TIPU 3aJlaHHOW METPUKE OIPEAEICHO CKa-
JIIPHOE TIPOM3BeleHWE BEKTOPOB U, TAKUM 00pa3oM, MX JJIMHbBI U yT-
JIbl MeXay HUMH. Takxke 4yepe3 METpUUECKU TEH30p OIpeaesseTcs
napajleJIbHOE TIEPEHECEHUEe — OCHOBA CPaBHEHUS BEKTOPOB, KOTO-
pble 3aJaHbl B pa3HbIXx Toukax. Ha 3TOM OCHOBaHUM HEKOTOpHIE aB-
TOPBI OTOXJECTBJISIOT CUCTEMY OTCYETA C TPOU3BOJIBHO BBIODAaHHOW
CUCTEMOU KOOpAMHAT. 3aMEeTUM, YTO MMEHHO TaKOW MBICIU TIpUIep-
kuBajcst DitHiuTeitH. B padote 1917 r. [604, c. 580] oH cpaBHUBaeT
TEJI0 OTCYETa C MOJUTIOCKOM, KOTOPBI M3MeHseT cBolo dopMmy. daee
OWHIITEWH TMUILIET, YTO TaKOW «MOJUIIOCK OTCYeTa» — 3TO HarJsi-
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HbI1 00pa3, 9KBUBAJICHTHBINM MPOM3BOJILHON CUCTEME KOOPAMWHAT, U YTO
00U IPUHLIMI OTHOCUTEJIbHOCTU TpeOyeT, YTOObl BCE «MOJUTIOCKU»
MOTJIM TIPUMEHSATHCSA KaK Tejla OTCYeTa ¢ ONMHAKOBBIM YCIIEXOM.

C TeyeHMEM BpeMEHM CpelM CIIeLIMAIMCTOB OKpPEIUio yoexkaeHue,
YTO XOTS Kaxkaas CHCTeMa OTcueTa JEeMCTBUTEIbLHO OINMUpAeTCs Ha He-
KOTOpPYIO CHCTEMY KOOpIWHAT, O0IIas KOBapMAHTHOCTb M OTHOCH-
TEJLHOCTh K CUCTEME OTcyeTa — pasHble BewM. [lepBas siBisieTcst
MaTeMaTU4YeCKUM BbIpaKeHUEM (PUM3UYECKUX CBOMCTB; BTOpas — 3TO
HEOOXOIMMOCTb BBEICHMSI HEKOTOPBIX 3TAaJOHOB WU/UJIU pPemnepoB (B
IIAPOKOM TTOHMMAHMWM), YTOOBI CHENIaTh Pe3yabTaThbl M3MEPEHUM Of-
HO3HAYHBIMU.

B pamkax CTO (1. e. B yacTHOM ciyyae [1B MMHKOBCKOro) Bce
3aKOHBI (DM3MKU MHBAPMAHTHBI OTHOCHUTEJIBHO IIpeoOpa3oBaHUl U3
rpyrmsl [lyankape. Pe3yabTaTsl TI0OBIX 9KCIIEPUMEHTOB B 3aMKHYTOI
¢u3MYecKol cucTeMe He 3aBUCIT OT OOIlero MpoCTPaHCTBEHHOTO U
BPEMEHHOTO CIBUra CUCTEMBbI, IPOCTPAHCTBEHHON OpMEHTAUMU U
0o01IEero paBHOMEPHOIO JABMXEHMUs cucTteMbl. UTOOBI caenaTh IMpo-
CTPaHCTBEHHO-BPEMEHHOE OIKMCAHUE OIpeeIeHHbIM, HEOOXOAUMO
3a/1aTb MHEPILMATIbHYIO CHCTEMY OTCYEeTa: €€ TeopeTHyecKass MOJAesb
COCTOMT M3 TOYKM — Hayaja KOOpIMHAT (HampuMmep, MOJOXEeHUS
Ha0JtoaaTeNs1) 1 OpTOHOPMUPOBAHHOTO 4-periepa B 3Toi Touke. Ko-
HeuyHo, 1 B CTO MOXHO MCHOMB30BaTh TTPOM3BOJIBHEIC KPUBOJIMHEH-
Hble KOOPAMHATHI M YCKOPEHHBbIE CUCTEMbl OTCUETa; MO CPaBHEHMIO
C «MHEPLUAIbHBIMA KOOPIMHATAMU» MX OIpeAesieHue UMEET IOITO-
HUTEJbHBIE CTETICHU CBOOOIBI.

B OTO HeT nyaHKape-WMHBapMaHTHOCTH, HO BMECTO Hee eCThb JIO-
KaJbHasl JIOPEHI-UHBAPUAHTHOCTh U JIOKAJIbHAs MO3ULIMOHHAsI MHBA-
puaHTHocTh. MTak, B OTO mis omnpeneeHHOCTH U3MEPEHUI TakxKe
HeoOXonuMo, IO KpaliHell Mepe, 3agaTb OPTOHOPMUMPOBAHHBIN
4-periep B ogHoit Touke I1B. Jlajee MBI moKaxkeM, 4TO IIpH 3aJaHHOMN
METPUKE BTOr0 JIOCTAaTOYHO JUISl OMpEldeseHMs] CUCTeMbl OTcCYeTa.
CucreMbl OTcueTa, KOTOpPbIE OIPEAESIOTCS OpPTOpeNnepoM B OIHOM
TOYKE, HA3bIBAIOTCS cucmemamu omcyema JA0KAAbHO20 Habaodamens;
du3mUecKre BeIMUYMHEI, TpaHC(GOPMUPOBAHHEIE TAKUM 00pa3oM, YTO
OHM MOTYT OBITb OTHECEHHbIE K TOMY pEIepy, Ha30BEM .10KAAbHbIMU
Habarooaemoimu [579]. Cuctema KoopAMHAT, HA KOTOPOil Oasupyercs
cHCcTeMa OTcYeTa JIOKAJbHOTO HaOMIomaTessi, TakXkKe OIpenessieTcs
9TAJIOHHBIM perepoM. CHCTeMbl OTCYETa JIOKAJIbLHOTO HabJromatesist
paccMOTpPEHHI B II. 8.3.

273



8 PenatuBucTckue cucTeMbl oTcHeTa

8.2.3. BeegeHne cucTeMbl KOOPANHAT NO 3AAUHHOM
METPUKE U KOOPAWHATHbIE YCNOBUS

OcTaHOBUMCSI Ha Hpo6neMe KOHKpETHU3allunm KOOpAHn-
HaT. 3ajaHue SIBHOTO BUA MCETPHUYCCKOI0O TCH30pa 8 (XQ) OoIpeac-

JIEHHBIM 00pa3oM (pUKCUpyeT cucTteMy KoopauHar {x*}, MOCKOJbKY
Mepexon OT KOOpAMHAT Xx“ K APYyruM KoopauHatam x" = x (x“)

COMPOBOXIAETCA TpaHC(HOPMALMENR METPUKHM: g, (x“) —> gl (x’B) =

B «) Ox" oxY
- gHV (x )axlc axlr

pa KOOpAWHAT MOXKHO HaJIOXKUTb YE€TbIPE HE3aBHMCHUMbLIC ITOYTU IIPO-
M3BOJIbHBIC YCIIOBHA:

1"ﬂy(xﬁ,g“V (x“),@gw/é’x‘*,...):o, (8.1)

YTO MOXKET 3HAYUTEJIbHO YMPOCTUTh pellleHWe KOHKPETHOW 3agayu.
YcaoBus (8.1) Ha3bIBalOT KOOPAUHATHBIMU YCIOBUSIMU. ECnM OHU He
MPOTUBOpEYAT IPYT APYTYy U TPeOOBAHUIO HEBBIPOXKIEHHOCTU METPU-
yecKoil (opMbl, TO OHM HESIBHO OIPEIESISIIOT CUCTEMY KOOpAWHAT,
WA OTpaHUYEHHBIH KJIacC TaKUX CUCTEM.

IIpuMepoM KOOpPAMHATHOIO IPENCTABICHUSA &, (X) MOXET CIIy-
KUTh METpUKa TapaMeTpU30BaAaHHOIO ITOCTHBIOTOHOBCKOTO (opma-
ausma [593] (cm. m. 4.2.1). IToCTHBIOTOHOBCKAsl TOYHOCTh CUCTEMBbI
OTCYeTa IMOKa YTO ILIEJUMKOM JOCTAaTOYHA JJISI aCTPOMETPUUIECKUX TTPH-
JiokeHui. OgHako B MPUHIMIIMAIBHOM IUIaHE OTpaHUYMBATL OIpe-
JieJleHMe CUCTEeMbl OTCUeTa MCIIOJb30BaHHWEM KaKOro-jaubo TMpuOIM-
>KEHUSI HexXelaTreabHO. B cB3M ¢ 3TMM OoTMeTHM, 4To B paborax [35,
76, 117, 157, 243, 543] paccMaTpUBaJIMCh BOIIPOCHI BBEAEHUST CUCTEM
KOOpAMHAT 3a TpeaeaaMu JinHeiHoro npudaxenuss OTO.

Ocoboe MecTo 3aHUMalOT rapMoHudeckue KoopauHatel (I'K), xo-
TOpbI€, B YACTHOCTHU, TOJOXEHbI B OCHOBY peKoMeHaauuin MexmnyHa-
pOAHOro acTpoHoMUuYeckKoro cow3a [357, 402] OTHOCUTEIBLHO OIpe-
JIEJIEHUST aCTPOHOMUYECKUX CHCTEM OTCUETa C YYETOM PENIITUBMCTCKUX
3¢ dekToB. B 3THX peKoMeHIALMAX NAHO SIBHOE IPEACTABICHUE &,
Boiienennsbiit xapakrep 'K cBsizaH ¢ ompeaeaeHHbIMU MPEUMYILIECT-

BaMM MpU pellleHuu ypaBHeHuil DiHIuTeliHA. Ecau {x"} — Koopau-
HaTbl B IPOM3BOJIbHOI cucteMe, TO (pyHKUIMN npeodpazoBaHusd K 'K
y* = ¥*(x) ymoBIeTBOPSIIOT KOBapMaHTHOMY ypaBHeHUI0 [atambepa:
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8.2, KoopaumHatbl u cuctembl otcuera 8 OTO

V VEPE =0 (8.2)

Ecnu { y“} — I'K, To ypaBHeHue (8.2) CBOOMTCS K TaKUM YCJIO-

BUSIM Ha METPUUYECKUI TEH30p (KOOPAMHATHbBIE YCIOBUSI):

V) =0

roe g = det ||gMv
3amnrcaHHble YpaBHEHUSI B YACTHBIX IIPOM3BOMHBIX OCTABJIAIOT 3HAUM-
TEJIbHYIO CBOOOIY B BbIOOpE g, M HE (PUKCHUPYIOT CUCTEMY KOOPIHM-

, @ TWIbIOMA OTMEYECHBI BEIMYMHBI B KOOPAMHATAX {y“} .

HaT OMHO3HAYHO, €CJIM JOTIOJHUTEIBHO HE BBOIWTH I'PAHUYHBIX WU
KaKHX-TO APYTruX yciaoBuii. be3 aTux ycaoBuil ¢pyHKIMOHANIbHAS HeE-
OIPE/ICNICHHOCTh METPUYECKUX KOa(pPUIMEHTOB g, OcTaeTcs U B

TOM cCJlydyae, €CJd METPUYECKUIN TEH30p YIAOBJIETBOPSET YpaBHEHUSIM
OuHiuTetHa. HanpuMep, B MyCTOM MPOCTPAHCTBE pPELICHWEM YypaB-
HeHUi DWHIITeHAa ecTh g, =7, (TeH30op MuHkosckoro). Torna,

orpaHuumBasich B (8.2) ciayuaem ¥'(x*)=x", ¥ (x*)=¥'(x), i=
=1,2,3; x= {xl,xz,x3}, nonyyaeM AY' =0. DTo ypaBHEHME NOMYyC-

KaeT OeCKOHEYHbII HAOOp pElIeHUuN — TapMOHUYECKMX (DYHKIIMIA,
KOTOPBIM COOTBETCTBYIOT pa3Hble TAPMOHUYECKUE CUCTEMbl KOOPAU-
Hat. OuyeBMIHO, YTO IMOAOOHAs KapTWHA COXpPaHUTCS M B Oojiee 00-
1eM ciiydae uckpusiaeHHoro I1B.

C y4yeToM HU3JI0XEeHHOTo crocoOnl BBeaeHUs1 ['K mpuHIMnuaibHO
pa3IUuaoTCs IS clydasl peJIITUBMCTCKON OapUIIEHTPUYECKOM CHUC-
TeMmbl oTcueTa COJTHEUHOM CHUCTeMBbI U CUCTEM OTCUeTa TUIIa TeOLeH-
TPUYECKUX M CIIYTHUKOBBIX. B miepBOM ciyyae BBOISITCSI Tpeae/IbHBIC
yCnoBust Uik §,, Ha TPOCTPAHCTBEHHOW OECKOHEYHOCTH (YCIIOBUSI

U3JTy4YeHUs), KOTOpbIe XapaKTepHbl IS M30JMPOBAHHON TpaBUTH-
pyIoLIeil CUCTEMbI. DTU YCIIOBHSI OMPEENSIOT pelieHne g, ypaBHe-

HUlI DUHIITeHa, HAaUYMHAs C OECKOHEUYHOIro IIPOIIIOro, U BMECTe C
TpaekTopueit OapuueHTpa (omnpeneseHue kKotoporo B OTO wumeer
CBOM TPYOHOCTH) M pPETEPHBLIMU HAITpaBJICHUSIMU OTHO3HAYHO (DHK-
CUPYIOT PEISITUBUCTCKYIO CHCTeMy oTcyeTa. OTMETMM, YTO CYIIECT-
BOBaHMWE U EIMHCTBEHHOCTh pELIEHWM ypaBHeHMI DitHIITEeiHA
CTPOTO WCCIIELOBAaHbI JMINb B JIOKaabHOU 3amaye Komm [525, 601]
(T. e. A MHTEepBaja B OKPECTHOCTM HAyaJbHBIX JAHHBIX), a BOIPOC
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OTHOCHUTEJIbHO HEOTPAaHWYEHHOIO WHTEpPBajda OCTAaeTCsl OTKPBITHIM.
Tem He MeHee, B (M3MUECKUX pabOTax OOBIYHO MPEAIIOJIaraloT yT-
BEPAUTENILHBI OTBET U B 3TOM CJIyyae, MO KpalHel Mepe, Mpu J0-
BOJIbHO OOIIMX YCJIOBUSIX Ha TE€H30p 3HEPruM-uMnyjiabca 7", onuchi-
BaIOLIMIA U30JIMPOBAHHYIO CUCTEMY MAacC B OrpaHUYEHHOM 00JIacTH.
Ecnu xe I'K nipuBsi3bIBalOT K MUPOBOI JTUHUM HaAOMrOAATeNs] WIU
LeHTpa 3eMJu (TeoLleHTPUUECKUE CUCTEMbI KOOPAMHAT), KOTOPbIE HE
OIMCBIBAIOT WHEPUHMAIBHOE JBMXKEHME, TO 3[1eCh g, HE MMEeT KBa-

3UTATMIIEEBOI aCMMIITOTUKN Ha OECKOHEYHOCTH, YTO OTpaxkaeTcs Ha
BBEJCHUU TpaHUYHBIX yciaoBuil. [ToaTomMy, Hampumep, 4TOObI 3auK-
cupoBath cucrtemy KoopauHaT, bpymbepr um Komneiikun [243, 543]
(cMm. Takxe [76, 117]) BBOOIMIM IOIOJHUTEIbHBIE OrpAaHMYCHMS Ha
(dopmy TeH3opa g,, B BUIE MYJIBTUTIONBHBIX PAa3OXCHUI B OKPECT-

HOCTM Hayajla MPOCTPAHCTBEHHBIX KoopauHar. [IpeumyiiectBa 31Ol
pazHoBUaHOCTM 'K mposBisitoTcsl Mpexe BCEro B pacyeTax, CBSI3aH-
HBIX C pelleHMeM ypaBHeHMI DiiHITeitHa. OmHaKo BBIOOp yKa3aH-
HBIX PA3JIOXEHUIA, CBA3AHHBIN C aTOPUTMOM IOJNy4eHUst &, , Cylle-

CTBEHHBIM 00pa30M OTpaHMYEH MOCTHBIOTOHOBCKUM IPUOIMKEHHEM
WA ONpelnesieHHON anmpoKCMMAIlMOHHON Mpolieaypoit (CM., Hampu-
mep, [117, 243, 543]). DTa npoueaypa 4acTo JOBOJbHO I'POMO3IKA, U
TOrga BEIOOp FApMOHUYECKON CHCTEMBbI KOOPAWHAT HUYEM HE JIyYlle,
YyeM MpsIMOe 3alaHre SIBHOTO BUIA METPUKMU.

Bb160p KOOpAMHATHOTO MPENCTaBICHUSI METPUKM €lle He (PUKCu-
pyeT cucTteMmy oTcueTa, €Clyd He 3alaTh TpaeKTOpUIO HabywomaTesss 1
ero 4-pemep, KOTOPBI TpHUBSI3aH K OIMOPHBLIM HampaBieHUsIM (Ha
ornopHble McTouyHuKU [402]). CyllieCTBEHHO MHBIMU SIBJISIFOTCS CUC-
TeMbl OTCYETA JIOKAJTbHOTO HAOJIONATEeNs — UX CTPOSIT KOHCTPYKTHB-
HBIM TyTeM 4Yepe3 BeJIWYMHbI, OJHO3HAYHO CBSI3aHHbIC C HaOJIOAE-
HusiMU. B ompeneseHWU 3TUX CUCTEM HE MCIOJb3YIOT YpaBHEHUs MO-
JISI WM YpaBHEHUS IBWXXEHUS, OIMUCBIBAIOLIME AMHAMUKY Tejla OT-
cueta. IlpeumyliecTBa TakKux CHUCTEM HauOoJjiee OIIYTUMBI IpU pe-
LIEHUY 3a]ay, Koraa ABUKEHME Tesl, (PUTYPUPYIOLIMX B ONpeneaeHUn
CUCTEM OTCYE€Ta, 3aBUCHUT OT (pU3MNUECKUX (DAKTOPOB (KOTOPHIE MOXK-
HO YYMTHIBaTh, HampuMmep, Ha (EeHOMEHOJOTHUYECKOM YpPOBHE) WU
HE M3BECTHBI COOTBETCTBYIOLIME HAYAIbHBIE YCIOBMS' .

' Hanpumep, BpalleHre 3eMJIM, KaK M3BECTHO, CONEPXKUT BECbMa MaJjble, HO
CTOXaCTUYECKKE COCTABIISIIOILNE, CBA3AHHBIE C IBUXKEHUEM ITOJIIOCOB.
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8.3. CUCTEMbl OTCYETA
JIOKAJIbHOTO HABJNIOAATENA

PumaH B cBoeii MCTOPUYECKON BCTYNMUTEIbHOU JEKIIMU
[582] mocTaBuI Bompoc 00 OIpeneeHMN TaKMX KOOPAMHAT, KOTOPhIe
OBl HEe 3aBUCEM OT KOHKPETHON METPUKHU, IJIST TOTO YTOOBI MOXKHO
ObLIO CpaBHUBATh MCKPUBJIEHHBIE MPOCTPAHCTBAa MeXay cobor. Tam
K€ OH MPEeIJIOXUJI ONHO M3 BO3MOXHbBIX pelIeHU: KOOPAUHAThI, KO-
TOPBIE€ OMNPEACIISIIOT C MTOMOIIBIO TEOAE3UYECKUX JIMHUMI, MPOXOASIIIMX
yepe3 (PUKCUPOBAHHYIO TOYKY. DTU KOOPAWHATHI BIOCIEICTBUM OBLIU
Ha3BaHBl PMMAaHOBBIMU HOPMAaJIBHBIMU KoopauHaTamu. OHU HUTpaioT
BaXXHYIO pOJIb BO MHOTHUX reoMeTpuueckmx ucciaemoBanussx. B OTO
HOpMaJTbHbIe KOOPAWHATBHI HAIUTM IMMPOKOE TPUMEHEHHe B paboTax
Cunra [590], koTophmlii Takke ITOMy/sIpr30Banl KoopauHatel depmm
[595] 1 BBen onTUYECKHUE KOOPAWHATHI, ONMpeae/sieMble B OKPECTHO-
CTU MUPOBOH JMHUM HaOmomatens. Kak ¥ puMaHOBBI HOpMalbHbIE
KOOpAMHATBI, KoOpArHATH DepMU M ONTHYECKME KOOPIUHATHI CTPOST
C TIOMOIIBIO Teome3nueckuxX. KOHIemInio CUcTeM OTcueTa OJMHOY-
HOTo HaOroAaTes sl BBIABUHYJ U MccileaoBayl MULIKeBUY C COaBTOpaMu
[563]. JlokambHBIe HabmOgaeMble OBUTM BBeldeHBI B padote [490]. Uc-
MOJIb30BaHKE CUCTEM OTCYETa JIOKAIBHOTO HAOMIONATe sl ONUpaeTcsl Ha
XOpOLIO pa3BUTHIN aHAIUTUYECKUI ammapar [485, 579].

8.3.1. Cucrema orcuetra Pepmu

Koopouaater @epmm [590] mpencTaBiasSiOT OOUH W3
HauboJjiee U3BECTHBIX METOJOB BBEICHUS CUCTEMbl KOOPAMHAT B TEp-
MHUHaX XOPOIIO OIpeAeIeHHBIX I'€OMETPUYECKUX BeauduH g I1B
obuero Buna. IlpenmyinecTsamu KoopauHaT DepMu IBIISIIOTCS KOH-
LIeNTyaJbHas MPOCTOTA, HEMOCPEACTBEHHAsI CBSI3b C HAOIIOJaeMbIMU
BeIMYMHAMM W HaJIMYKMe OJHO3HAYHOTO MHBAPUAHTHOTO aJITOPUTMA,

KOTOpHII yCTaHABIMBAET CBSI3b KoopauHaT Pepmu y* = y*(x) ¢ apy-
TMMU KOOpIMHATaMK {x"}, eClii U3BECTCH METPUYECKHI TEH30p g, (X) .
DTOT aITOPUTM HE 3aBUCHUT OT TOTO, YAOBJIETBOPSET K g, (X) ypaB-
HEHUSIM DHHINTEeHA UM KAaKUM-TO IPYTUM.

Ilycte W} (s) — BpeMeHMIIOHOOHAsT MUPOBasl JIMHUS (TPAaeKTOPUS
HaOtoAaTeNsl Wi LeHTpa HebecHOro Tejia), KOTOpyl OyaeM Ha3bl-
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8 PenatuBucTckue cUcTeMbl OTCHETa

BaTh OIOPHOM TpaeKTOpHeid, § — COOCTBEHHOE BpEeMsI Ha 3TOM TPaeKTO-
puu; ) (s) — oproHopMupoBaHHbIi  4-pemep (cm. M. 2.1.3,

Ry fv)gaﬁ =1, , DIe 7, — TeH30p MMHKOBCKOI0), KOTOpPBIA TIe-

peHocutcst Bronb W/ (s) mo mpasuiay Pepmu—Yokepa [590], npu-

« AWy} .
ueM A (g, = % Penep ¢ ykazaHHBIMU CBOMCTBaMM CYIIIECTBYEeT Ha
s

moboit kpusoit W/ (s). IIpoCTpaHCTBEHHYIO OpHEHTALIMIO Hayasb-

Horo (aTanoHHoro) pemepa A°%,(0), (i=1,2,3) MOXHO cBsA3aTh C
(uzudecky orpeneIeHHBIMU ONOPHBIMM HaIlpaBJICHUSIMA B COOTBET-
CTBYIOIIMM MOMEHT BpeMeHHU. 1T TOYKM ¢ KoopawHaTamu {x"} B

HEKOTOPOil CHUCTEME KOOPAMHAT PAacCMOTPUM IIPOCTPAHCTBEHHOIIO-

62q“
NOOHYIO Teoae3uveckyo g" (T. e. 7o =(0, cuMBOJ & O3HaYyaeT Ko-
(o)

BapmaHTHOe IU(depeHINPOBaHNEe), TTPOXOISIIYI0 Yepe3 3Ty TOUKY
MPY HEKOTOPOM 3HAYEHUM CBOETO KAaHOHMYECKOTO IMapaMeTpa 6 =G ,
x"* = ¢"(6,n",s) ¥ OPTOrOHAJIBLHO IEPECEKAIOLIYIO OITOPHYIO TPAeKTO-
pHIO B MOMEHT COOCTBEHHOTO BpEMEHU § .

s TUMMMYHOTO CiIydasl CYIIECTBYET MOBOJHHO OOJBIIAs 00JIACTh
KoopnuHaT {x"}, KoTtopas comepxuT W} , Tme 3Ta reonesmyeckas

orpezesieHa eNMHCTBEHHBIM 00pa3oM CIIECAYIOIIMMY HAaYaJIbHBIMU yC-
JIOBUSIMU TIpU & = 0 :

dg* AW
= . n
do .

=0

Wi(s) =q"(0,n",s),  n" =0. (8.3

Torma xoopauHatel PepMu y* yKa3aHHON TOUYKHM OIPEICIISIOTCS Ta-
KUMM COOTHOLUECHUSIMU:

¥ =35, Y =2, i=1,23. (8.4)

B paGore [526] mpuBemeHbl OOILKME BHIPAXEHUS OIS METpUYE-
CKOTO TEH30pa U HaOJIIoJacMbIX BeJIMYMH B KoopauHaTax Depmm, c
MOMOILbIO KOTOPBIX, B YaCTHOCTH, MOXHO MOCTPOUThL g, (y) B BUIE

pa3IOXEHUI TI0 CTEIMEHSM IPOCTPAHCTBEHHBIX KoopauHaT. B ciyuae
cJ1a0BbIX TPaBUTAIIMOHHBIX TTOJIei, KOrma B HEKOTOPOIW CHUCTEME KOOp-
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IWHAT X% METPUYECKUN TEH30p 3allaH B BUIEC MAJIOTO BO3MYILICHUS
MeTpUKU MUHKOBCKOTO, g, (x"):nmB +h, (x”’), pa3BUT ajbTepHa-
TUBHBIA amrmapaT IMocTpoeHus koopauHaT PepMm B KBampaTypax OT
hy (x') 1279, 302, 492].

HMcnonb3yst npuBeIeHHbIE COOTHOLIEHUS, MOXHO A0Ka3aTh, YTO B
cucreMe koopamHaT Depmu cumBobl Kpuctoddens ymoieTBopsi-
10T ypaBHeHuo [7y'y/ =0, a Ha omnopHoii TpaekTopum (y' =0,
i=1,2,3) nmeem g, =n,, . DTO U €CThb KOOPAMHATHBIC YCIOBHUS, KO-
TOpbI€ OMPEAENSIOT MHOXECTBO cHCTeM KoopauHaT Depmu; KOH-
KpeTHasl cucTeMa KOOPIWHAT OIpelessieTcsl TpaekTopueit Wh(s) n

a

NpaBUJIOM TIepeHeceHus BIONb Hee perepa A (s). Ecam omophas

TpaeKTopus Teope3nyeckas, To nepeHoc MepmMu—Yokepa coBITama-
eT C MmapajuleJIbHbIM, MPU 3ToM KoopauHaTbl DepMU yTOUHSIOT JIO-
KaJIbHO-JIOPEHIIEBY CUCTEMY M MAaKCHMaJbHO MOXOXM Ha JIOPEHIIe-
Bbl KoopauHaThel miockoro ITB. B ciyuyae Hereome3umueckoir Tpa-
ekTopun W}'(s) OHM MOZEIMPYIOT CHUCTEMY OTCYETa YCKOPEHHOTO
HaOmopatenst. Mx Takke Hecl0XHO 000OIIMTh Ha clydyail HabIoaa-
Teqst, KOTopbii Bpaiaercsd [557]. ITocTpoeHue cucTeMbl OTCUeETa
®epmu 3aBeplIacTcs MOCTPOCHMEM IIOJISI opToperniepa MyTeM Mapa-

o

JICJIbHOTO IIEPCHCCCHUA pCIicpa X(p)(S) BIOJIb T€OJE3UYECKUX X" =

=g¢"(c,n",s) [563].

Omnpenenenue kKoopauHat depMu M COOTBETCTBYIOIIME aJITOPUT-
Mbl pacyeTa He OrpaHUYEeHbl KOHKPETHOU IMHAMUYECKOW 3amayeii;
OHM HE 3aBUCAT HU OT CTPYKTYPBI g, , HU OT JOMOJHUTEIbHBIX MO-
IEJbHBIX OTPAaHMYEHMI Ha METPUKY. DTO YIIPOIIAeT PacCMOTPEHUE U
SKOHOMUT YCWJINS TIPW WCCIAEHOBAHUM (PEHOMEHOJIOTMIECKNX MOIE-
Jeit B actpoMeTpuu, eciu ydyeT 3apdekroB OTO HeobOxoaum, B mep-
BYIO o4epelb, IS MPaBUILHOM WHTEPIIpETAalli pe3yJIbTaTOB HAOI0-
NIEHUI, CBSI3AaHHBIX C PaclpOCTPaHEHUEM 3JIEKTPOMArHUTHBIX BOJIH.
OTHOCUTENbHO AMHAMUYECKUX 3(h(eKTOB, 00YCIOBICHHBIX IBHXE-
HHUEM U BpallleHueM 3eMJId, TO 3[IeChb BKJal PEISITUBUCTCKUX 3P dek-
TOB OOBIYHO MacKUpyeTCs pa3HbIMU CIydalHbIMU (hakTopamMu (CM.,
Hanpumep, [608]).

K nHemocTtatkam koopmuHaT PepMu, CKOpee TeXHMIECKOTO XapaK-
Tepa, MOXHO OTHECTM HEMHOTO YCJIOXHEHHYIO pean3aiiio 3TUX
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CUCTEM KOOPAMHAT MPH MOCTPOEHUU T€OLUEHTPUUYECKOW CHUCTEMBI OT-
cuerta. B yactHocTHM, B OIpeneseHUEe TeOLCHTPUYECKUX KOOPAWHAT
®epMu BXOOUT WHBApUAHTHOE PACCTOSIHUME OT OIOPHON KpPUBO
(MUpOBOIi JTUHUY LIEHTpa 3eMJIM) K TeKylllell TouKe BAOJb MPOCTPaH-
CTBEHHO-IIOJOOHOI TIeoAe3M4YecKoif, KOTopass MHpPOXOAUT 4YacCTUYHO
BHYTpU MMpPOBOI TpyOku 3emyin. COOTBETCTBEHHO B pacyeThl BOMIET
MHBapUAHTHOE PacCTOSIHME OT LieHTpa 3eMiIu A0 MoBepXHOocTU. Huc-
JICHHOE 3HAaY€HUE PEJSATUBUCTCKON IMOMpPaBKM K 3TOW BEJIUYMHE MO-
psiKa HECKOJbKUX MWJJIMMETPOB 3aBUCUT OT paclipeaeseHUs MaccChl
BHYTpU 3eMJIN.

Jpyroii HEAOCTATOK Te€OLIEHTPUUYECKUX KOOPAMHAT TUIA KOOPAM-
Hat ®PepMu — HeymoOCTBO MX BBEIACHMS TIpU ydyeTe HechepuIHOCTH
3eMiiu, YTO TaKXe CBSI3aHO C MHTErPUPOBAHUEM YpaBHEHUU reoae3u-
YECKMX BO BHYTPEHHEU 00JacTu.

OTU HEOOCTaTKM OTCYTCTBYIOT B MOJAEIM TE€OLEHTPUUYECKON CHC-
TeMbl OTCYETa, OCHOBAaHHOW Ha MOAUMUIIMPOBAHHBIX KOOPAMHATAX
Depmu [35, 157] Ha 6Gase (HOHOBOII METPUKM, KOTOpPAsT OMMCHIBACT
rpaBUTaLIMOHHOE Tos1e Tedl COJHEYHOM CUCTEMBbI, KpOMe TOJsT 3eMJIN.
Ipouenypy mepexoga K MogudUIIMPOBaHHBEIM KoopauHataM depmu
MOXHO C(hOpMYJIMpPOBaTh TaK: CHayaja OIpPEAessiioT METPUYECKUM
TEH30p TOYHOI 3amaun g* u doHoBOW 3amaunm g,*" (Hampumep, B
0apuIIEeHTPUUYECKON TapMOHUYECKOW CHUCTeMe KOOpAWHAT), najbliie
Wi g,™" crposat KoopauHatel DepMM HAa MUPOBOI JIMHUM LEHTpA

3eMau, a moroM (OpMYJIbl Tepexona K 3TUM KoopauHatam Depmu
WCTIONB3YIOT IJIST TTOJYYeHUsS TOYHON METPMKM B HOBBIX KOOpIAMHA-
tax. OQHAKO U3BECTHO, YTO TIPOIEeAypa OTAEIEHUS MaJIOTO BO3MYIIIE-
HHUS OT (POHOBOIM METPUKM HETPUBHAIbHA W MOXET MPUBOIUTH K KO-
OPIMHATHBIM HEOTIPEIACTICHHOCTSIM.

8.3.2. OnTnyeckue KOOPAMHATDI

OnTuueckne KoopauHatbl [590] KOHCTPYKTMBHO OYE€Hb
6ym3kn K KoopauHatamM Mepmu 1 B omnpenesieHHON Mepe MOBTOPSIOT
X TIpeuMyIIecTBa U HemocTaTtku. OJHAKO OHM 00Jiee TECHO CBSI3aHBI
¢ HaOMIOAEHUSIMHU, TTOCKOJBKY HEMOCPEACTBEHHO MOKA3bIBAIOT ITOJIO0-
KEeHUS yIaJleHHBIX MCTOYHUKOB Ha HebecHoil cdepe. Kak u xoopau-
HaThl PepMu, onTHYECKME KOOPAMHATHI OIPENEISIOT OAHO3HAYHO
C TIOMOIIBIO MHBAPMAHTHOTO AaJITOPUTMAa, KOTOPBIA HE 3aBUCHUT OT
OrpaHMYEeHUI Ha MeTpU4ecKWii TeH3op. Ho mo cpaBHEHWIO ¢ KOOp-
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nuHataMu PepMM aJTOPUTM OIpeAeSIeHUST ONTUYSCKUX KOOpAWHAT
JIyYIlIe COOTBETCTBYET pPEaJbHBIM YCIOBUSAM acTPOMETPUYECCKUX
HaOMIONEHNI M MMeeT OoJiee MPO3padyHyio (PU3NIECKYI0 MHTEPIIpe-
TalUIO.

AHajlormyHO ciy4yaio KoopamHat PepMm 3mech TaKKe paccMart-
pUBAIOT MUPOBYIO JTUHUIO W (s) u 4-penep L, C TAKUMU XKe, KaK U
y koopauHaT PepMu, CBOMCTBAMMU.

IMycte dyHkIUMM ¢*(c,n",s), IIe ¢ — KAHOHMYECKUI IapameTp,
3a/1alI0T U3OTPOITHYIO I'€0Ae3UUYECKYI0 (B OTJAMYME OT MPOCTPAHCTBEH-
HOTIOMOOHOM Teome3nyeckoil B ciayyae KoopauHaT Pepmu), KoTopast
MPOXOAMUT Yepe3 TOUKY {x“} MpU 6 =G U MepecekaeT OMOPHYIO Tpa-
exropuio B Touke W/'(s). Torma onrtuueckue KOOpIUHATHL { y“} TOY-
KU {x“} (hopManbHO ompeaeneHbl COOTHOLIEHUsIMU (8.4), B KOTOPBIX
BMmecTo (8.3) mpu o = 0 Heobxommmo monoxute W, (s) = ¢*(0,n",s),

dq* . "
= , IpUYeM KacaTeJIbHbIli BEKTOp K Teole3nyeckoil B Ha-

(e

=0

YaJbHON TOYKE M3OTPOITHBINA: I’l”l’lH =0 (BMGCTO IIOCJICOAHETO YCIIOBUA

(8.3)).

AJITOpUTMBI pacueTta METpUUECKOro TeH30pa 1M HabJioJaeMbIX Be-
JIMYMH B ONTUYECKUX KOOPAMHATAX B BUIE PA3IOXKEHUI MO CTEIEeHSIM
MPOCTPAHCTBEHHBIX KOOPAUHAT IIpuBeaeHb! B [486]. g cnabbix rpa-
BUTALIMOHHBIX MoJiell B pabore [489] ykazaHbl COOTBETCTBYIOLIKUE Bbl-
paxkeHUsT 4yepe3 KBaapaTypbl OT BO3MYILIEHUS METPUKU MUHKOBCKOTO

h

» (xy).

nH

8.3.3. 0606weHHbIe KoopauHaTbl Pepmu (OKD)

PaccmoTpuM ompeneneHue peasiTUBUCTCKON reoae3nyde-
CKOM cucteMbl KoopauHat [472, 525], koTopas siBisieTcsl 0000IIeHM -
eM cucteMmbl KoopauHat PepMmu, He CBA3aHHBIM C (DMKTUBHOM MeT-
pUKO# (B MPOTHBOMOJIOXHOCTh MOAUMDUIIMPOBAHHBIM KOOpIMHATAM
®epmu). BMmecTe ¢ TeMm, 3TO ompeaeneHUe U30eraer pacCMOTPEHMUS
BHYTpeHHel o0yacT Tejia oTcyeTa (3eMiIM) IIpU PacCMOTPEHUM CHUC-
TeMbl OTCYeTa B OKOJO3eMHOM IpOoCTpaHCTBe. IIpemioxxeHHass KOH-
CTPYKLMST TMPEACTaBIsIET CO0OM IMPOMEXYTOUHBI BapUaHT MEXIY
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8 PenatuBucTckue cUcTeMbl OTCHETa

cUCTeMaMU KOOpAMHAT OJMHOYHOIO HabmogaTelst U CUCTEeMaMU KO-
OpAMHAT, OCHOBAHHBLIMU Ha BBeICHUM (PUKTUBHOIO MOJISI HAOIIOna-
Tenaeir Bo Bcem mpocrtpaHcTBe [511, 563]. BmecTo omHO# omopHOIt
MWPOBOI JIMHUM 3IeCh pacCMaTPHBAETCS CEMENCTBO MUPOBBIX JIMHHI
HabJoAaTeNieil Ha MOBEPXHOCTU 3eMJIU, K€CTKO CBSI3aHHBIX C HEl,
KOTOpOEe MOJIECIUPYeT TPAaeKTOPUM CEeTU HaOMoAaTebHbIX CTaHIUMA.
IIpeanonaraeTcsi, 4To 3TU TpaeKTOPUMU (JIMOO HX MHTEPHOJSILIUS)
IUTOTHO 3aIlOJHSIOT TTOBEPXHOCTh MUPOBOI TpyOKHM 3emin. MupoBast
auHug W*H(¢,\,¢) Kaxaoro HaOmomatensi (PUKCUPYETCs IapameTpa-
MU A,¢, B KaUeCTBE KOTOPBIX MOXHO BBIOpaTh KOOPAWHATBI Ha MO-
BEpPXHOCTM BO Bpallamwlleiicss ¢ 3emieil cucteMe KOOpAWHAT, [ —
COOCTBEHHOE BpeMs WJIM IPYroi BpeMeHHOU IapaMeTp. TpaeKTopum

WH(t, A, @) ompenensitoT MOBEPXHOCTh ¥ MHUPOBOU TPyOKU Tejia OT-

cyera, MpuyeM Mpu PUKCUPOBAHHOM ! MHOXECTBO Touek W*(¢,\, o)
C pasHbIMM KoOOpAMHaTaMU A, TromeoMopdHOo cdepe. CriocodObl
BBEICHUsI KOOPAMHAT Ha TTOBEPXHOCTH MUPOBOI TPyOKH ¥ pPacCMOT-
pPEHBI najee.

Hns onpenenenus OK® ctpoum reope3myeckue JIMHUU, KO-
TOpble OPTOTOHAJIBHO MepeceKaroT X B KaXIOl TOYKe 3TOW Io-
BepxHOocTU. YTOOBI He paccMaTpuBaTh TeOAe3UYECKUE BHYTPU
MUPOBOM TpyOKM, MHBApUAaHTHOE pPACCTOSHME BIOJbL Teome3uye-
CKMX OTCYMTBHIBAIOT HE OT MMPOBOM JIMHWMU IIEHTpa Tella, a OT ero
MOBEPXHOCTH.

Ilycts n*(t,A,) — HOpMAaJb K £ B Touke W*(¢,A, ), T. €.

n
‘3;; n =0, na =1, (8.5)

rae
a=0,1,2, u"=¢t, u'=r u=9.

Hdnst moObIX #,A,¢ €IMHCTBEHHBIM 00pa3oM ompeaeieHa IIpo-
CTPaHCTBEHHO-MOA00HAs reofe3ndyecKast

u
=g (thgoe),  SL=0. 020, (8.6)
(¢}
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8.3. Cucrembl oTCuETa NOKANLHOMO HAbMIOAATENS

KOTOpada yoaoBJCTBOPACT Ha4YaJIbHbIM YCJIOBUSAM:

¢ (1,3, 0,0) = W' (1,0, 0) 8.7)
n

947 ) (8.8)
do

=0
rae c — KaHOHMYECKUI ImapameTp, t,)\,,(p — (bI/IKCI/IDOBaHBI.
I/ITaK, TOYKE C KOOpAMHaTaMM {XH} COITOCTABJIACTCA 4YCTBCPKaA

HOBBIX KoopauHaT f,A,¢,c (OK®) B COOTBETCTBMM C COOTHOIIIE-
Husamu (8.6)—(8.8).

OueunHo, OK® ecTh pa3HOBUIHOCTHIO TayCCOBCKUX KOOPIHUHAT
[590]; mx MOXHO TakxKe MHTEPIpPETUPOBATh KaK OOOOIIEHMHE Teoie-
3MYECKHMX KOOpAMHAT KJlacCh4eckoil actpomerpuu [555]. g Toro
YTOOBI 0bOecreunTh OgHO3HAYHOCTE OK® 1 MCKII0UNTD TIepecedeHus
reoie3uvecKux JUHUN, MUpOBasi TPyOKa TpearoaracTcs aajee Bbl-
MyKJIOH, MpUYeM KOOPAMHAThl BBOJSATCS B OrpaHUWYEHHON 00JlacTu
MPOCTPAHCTBa-BpEMEHU BOKPYI MUPOBOU TpyOKM, rie HET TOYEK, CO-
MPSKEHHBIX ¢ TOYKAaMU Ha .

HanbHeie cooOpaXeHUs, KOTOpble KOHKPETU3UPYIOT OOIIMit
BUJ METPUKHU, CTaHmapTHBI (cMm., Hampumep, [590]). O6o3Haumm

u
v =%y 2% Bepencrsue (8.5), (8.6), (8.8) mpn Beex o

v

oc ' " ou
o 5 12
umeem: U, U* =-1 n %(UMI/;):U“W(U“):EWQ (vu+)=0,
3V sU

a

Ie y4TeHO, 4TO . Orcrona ¢ nomoltpio (8.5)—(8.7) mo-

c ou’
aydaem UV} =0 v B HOBBIX KOOPIMHATAX UMEEM

ds? = g, du'du’ - ds? (8.9)

rne g, =V}V,'g,., a, b=0,12.
AHAJIOTMYHYI0O KOHCTPYKLMIO MOXHO MPEAJOXUTb KakK 00001Lle-
HUE ONTUYECKUX KOOPIMHAT, €CIU CYUTaTh, YTO ¢" — M3O0TPOIMHAs

oq"
(e}

reoge3nydyeckas. B stoMm cydac [ J HEe MOXeT ObITh OpTOTIOo-
=0
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HaJILHBIM X, BMECTO 3TOTO TOJIOXKUM, YTO OpTOFOHaﬂBHOﬁ €CTb IIPO-
CTPaHCTBCHHAA 4YaCTb OTOI0 BEKTOpPAa B JIOKAJIbHBIX KOOpAMHATAaXx,

CBSI3aHHBIX C TpaekTopueir W*(¢,A,¢) B TOUKE NepeceuyeHus MmoBepx-
HocTH Tesla oTcuyeTra. COOTBETCTBEHHO HEOOXOIMMO 3aMEHUTb BEKTOP
HopMaJii #" Ha M30TPOITHBINA BEKTOp 7", HaNpaBJIEHHBIN B MPOIILIOE:

[
n“—)ﬁ“:n“—dW ,
dt
rae
n v
do= [WEW o
ot o
Toraa

ntn —
nnH—O.

C y4eToM 3TOii 3aMEHbI CBSI3b C HOBBIMM KOOpAMHATAMM 3aJaeTCsI
TeMHU Xe COOTHoleHusIMHA (8.6)—(8.8).

Koopounamot na nogepxmocmu x. Bribop koopmuHar u', u* Ha X
TakKKe MOXHO ciejiaTh WHBapUAaHTHBIM CITOCOOOM, KOTOPBIM acco-
LIUUPYETCSA C OMpeneicHNeM Tapajieieil 1 MepUANAaHOB Ha TOBEPX-
HOCTH 3eMJIU.

[ToBepxHOCTb ¥ ¢ WHAYUMPOBAaHHBIM METPUKON go. () = &,
(4,0 =0) sBHsAETCS TPeXMEPHBIM PUMAHOBBLIM MHOTroOOpa3ueM, B KO-
TOPOM MOXHO OmpeneauTb KoopauHatel Depmu mjid HEKOTOpPOM
onopHoil kpuBoi W} (t). [Jns 3TOoro HEoOXOOIMMO BBECTH Hayajo

oTCYeTa W 2-pernep, KOTOPBI MepeHOCUTCs BIOAb W/, mo mpaBuity

®epmu—Yokepa [590]. B xauectBe W} B ciayuae 3eMiIn MOXHO BbI-

OpaTb MUPOBYIO JIMHUIO OJHOIO M3 TOJIOCOB. B 0b6leM ciydyae mo-
TpeOYIOTCS JBE KapThl, KOTOPbIE COOTBETCTBYIOT TPAECKTOPUSIM IBYX
MOJIIOCOB (CEBEpPHOE W I0XKHOE TOJyllapusi) AJjisi TOro, 4ToObl ITO-
KPBITh BCIO MOBEPXHOCTh X IS JIIOOOTO KOHEYHOIO yyacTKa MHUPO-
Boli Tpyoku 3emau. B kimaccudeckom mipenene kKoopawHaThl Depmu
u',u* cBA3aHBI C OOBIYHBIMU LIMPOTON U JOJITOTOM.

Obuwee epems na nosepxnocmu pasnogecus. PaccMoTpuM craiuo-
HapHBIN Clly4yail, Tpeamnosaras CyLIeCTBOBaHME KOOPIWHAT, B KOTO-

PbIX g;’b HE 3aBUCUT OT LIO, a HaﬁJTIO,Z[aTeI[I/I Ha X HENOIBUXHHEI:
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W% u)=u®, a=0, 1, 2. IIyctb T ecTb MOBEPXHOCTbIO paBHOBeCUs (B
ciyyae TIOBEPXHOCTM 3eMJIM — TEOWNI), 4YTO OIpeaesisseM, Tpebys,
YTOOBI BCE TPACKTOPUM HEMOIBIKHBIX OTHOCHUTEIIBHO IOBEPXHOCTHU
HabJogaTeNeil ObIIM reoJe3nYecKUMU Ha Y. 3amuchiBas YpaBHEHUS

reole3uYecKnX MpU ydere CTALMOHAPHOCTH, TonyyaeM [§, =0 wmm
8w, =0, oTkyma gg =const Ha X. Wrtak, TeMi BpeMeHHU Ul He-

IMOABUKHBIX Ha6J'[IOI[aT€J'[CI71 Ha X OJMHAKOB BO BCEX TOYKax, 41O AACT
BO3MOXKHOCTb BBECTH IJTI00AIbHOE BpeEMS Ha X.

IIpumMep pacuera penITUBUCTCKUX nonpaBok K OK®D g mogenn
Hechepudeckoit 3eman rpuseneH B [607].






NOCNECNOBUE

lNpeasuaeHne Bcerga ncrosiHIeTCs!
HenpeaBugeHHbIM 06pa3om.
Takacun Mauyoka

Ob6Luasi Teopusi OTHOCUTE/IbHOCTU OTMEYaeT CBOVi CTOJIET-
Huvi obunen. Nocne co3naHnsi ee OCHOB YETbIpe [ecs-
tunetns OTO pasBuBasiacb rnaBHbiM 06pa3oM Kak Ma-
Temartudeckasi Teopusi, uMmeroLasl cinaboe akcriepyme-
HTa/lbHoe 0OOCHOBaHNE N BMECTE C TEM HECOMHEHHYIO
9CTETUYECKYIO MNpUBJeKaTesbHoCTb. B ganbHeviwem OTO
rnoslyynsia MHOIOYUCIIEHHbIE 3KCMEePUMEHTAasIbHbIE M0/-
TBEPXAEeHUs], cTana paboyuM UHCTPYMEHTOM COBpE-
MEHHOM aCTPOHOMUW W 3aHsiIa AOCTONHOE MECTO B Ha-
YYHOU KapTuHEe Mupa.

Kak oTMedeHO B npeamncrioBun, aBTopbl KHUrM OTaaBa-
S MPEearoyTeHne TeM peaysbTataM, KOTOpble 10-
JIYYUIIN [IPU3HAHNE MEXOYHapOAHOro Hay4HoOro coo6-
LectBa, M MornbITa/mMcb 06pUCoBaTb BO3MOXHbIE I1yTU
pa3sutns OTO; xoTa penatb npeackasaHus o Aallb-
Hewen cyabbe Teopun — HebnaroaapHoe 3aHsATne. B
HacTosiliee Bpems 00Lernpu3HaHo, 4TO M0C/ien0Ba-
Te/bHasi Teopusl AOJSIKHA OObEeAVNHUTb [PEeAcTaB/IEHUS
O MPOCTPAaHCTBE-BPEMEHN C 3PPEKTOM KBAHTOBOU u-
3ukn. Bo3amoxHo, aTo 6yaer caenaHo B paMkax Benu-
KOro obbeanHeHus C NUCroJib30BaHNEM CyrieprpaBuTa-
unn nnan apyrux naer Teopetundeckon u3nkv, KoTo-
PbI€ 110Ka 4TO AajeKku OT PeasibHbIX MPUIIOXEHW. B 1o
Xe BpeMsi «kjaccuyeckasi», T. €. HekBaHToBasi OTO,
KOTOPOW OCBSILLIEHO OCHOBHOE COAEPXAHNE KHUIMM,
Hy)Xaaercs B [Aa/ibHENLLIEN CEPbEe3HOV MPOBEPKE U B
CW/bHbIX MOJIIX PESITUBUCTCKUX acTPOpU3NYECKNX
00bLEKTOB, W KOCBEHHO, HA OCHOBE KOCMOJIOrMYECKNX
JaHHbIX. 3axBaTbIBaOLLAs AYX NHTPUra N OrPOMHbIV NH-
TeJI/IEKTYasIbHbIV BbI30B CTOSIT nepesn ¢usmnkori XXl Beka,
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Mocnecnosue

KoTopasi, HECOMHEHHO, OYAET pa3BuBaThb MPELCTAB/IEHNS] O CTPYKTYpE
rPoCTpaHcTBa-BpeMeH B 00/1aCTsiX CBEPXMAaJibIX U CBEepPXOObLUNX
macLutabos.

Cnenyet ocobo noayepkHyTtb, 4To OTO, koTopasi ba3vpyeTcs Ha
HEBOILLLIOM YMCIEe OBLUMX MOJIOXKEHW, MoKa 4TO sBseTcs Hanbo-
71e€e «3KOHOMHOW» 10 CPaBHEHWIO C KOHKYPUPYIOLUMMU TEOPUSMU
TSroTEHUS!, COAEPXaLUMyN [OrMOJIHNTESIbHbIE «CYLUHOCTWN» (4OroJ-
HUTEJIbHbIE [10Jis, KOHCTaHTbl U T. 1.). CO BPEMEHEM [OCTENEHHO
OyayT HakarmBaTbCsl HOBbIE AAHHbIE, KOTOPbIE, BO3MOXHO, MOTpe-
OylOT BBELEHUSI ITUX HOBbIX «CYLUHOCTEN», Harpumep, B CBSI3U C
mMoangukaumsamMm CTaHaapTHON KOCMOJIOMMYECKON MOAEIN, KOTopasi
ceviyac onupaercs Ha OTO. He nCK/IO4eHO, 4TO aTu Mogugukaumm
OyayT kacaTtbCs W APYrux pasfesioB TEOPUU 110J1S W MPUBEAYT K
pactumpeHnto camori OTO. Yctont nm OTO nepen aTumMun Bbl30Ba-
mu? Yto xger OTO B 6yaywem? HoBbie noaTBepXAeHUS Teopuu
nnn paavkasbHasl IOMKa rPUBbLIYHBLIX MOHATUI? Bpemsi nokaxer...



CMUCOK COKPALLIEHUA
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CINIC)

Bbaun!
Kosbma MpyTkoB

aKKpPEUMOHHBIN JUCK

aKTHUBHOE SIIPO TaTaKTUKU
TPaBUTALIMOHHOE JABMKEHUE U300paKeHUSs
TapMOHUYHbBIE KOOPAUHATHI
TpaBUTALIMOHHOE KPacHOE CMELIEHUE
TPaBUTALIMOHHO-JIMH30Bas cUCTEMa

rojlasi CUHTYJISIDHOCTD

KOCMMYECKHUI anrapar
KBa3UMNEPUOIUYECKNE OCLIMILISILIAN
JIOPEHII-MHBApPUAHTHOCTD

JIOKAJIbHAS JIOPEHLI-MHBAPUAHTHOCTD
MexnyHapoIHBII aCTPOHOMUYECKUI COI03
HEUTpOHHAas 3Be31a

HebecHasl cucteMa KOOpJauHat
00001IeHHBIe KOOpTUHATE DepMu

00111ast Teoprsi OTHOCUTEIbHOCTU
MPOCTPAHCTBO-BPEMSI

TMPUHLIMIT KOCMUYECKON LIEH3YPbI
nmapaMeTpU30BaHHbBIM MOCTHBIOTOHOBCKUIA
TMPUHILIUIT 3KBUBAJIEHTHOCTU
pamuonHTEPGEPOMETPHUSI CO CBEPXIVIMHHOM 0a30i1
COOBITHIE MUKPOJIMH3MPOBAHUS C OOJIBIIMM YCUJICHUEM
CBEpPXMAaCCUBHAas YepHas IbIpa

C/1a0bIil TPUHIIUIT SKBUBAJIEHTHOCTH
crielMajbHasl TeOpUsi OTHOCUTEIbHOCTHU
TeMHasi MaTepusi

TeMHasi SHeprusi

YJIBTPasIpPKUil PEHTTEHOBCKUI UCTOYHUK
yepHas Jbipa

YyepHas Ablpa 3BE3IHON MacCChl

YyepHas IbIpa MPOMEXYTOYHONH MaccChl
1IapOBOE CKOTUIEHUE

LIIUPOKHE IMUCCUOHHBIE JIMHUU
SHHINTEMHOBCKUM TIPUHLMI 3KBUBAJICHTHOCTHU

289



Cnucok cokpaleHui

ASTROD
BCRS
CNRS
EGO
GCRS
GP-B
GPS
GRB
HST
IGEC
INFN
KAGRA
LAGEOS
LARES
LATOR
LCGT
LIGO
LISA
LSC
MACHO
MICROSCOPE

NASA
NSF
OGLE
STEP
TAI
TCB
TCG
TDB
TDT
TT
WIMP
WMAP
ACDM

Astrodynamical Space Test of Relativity using Optical Devices
Barycentric Celestial Reference System

Centre National de la Recherche Scientifique
European Gravitational Observatory

Geocentric Celestial Reference System

Gravity Probe B

Global Positioning System

Gamma-ray burst

Hubble Space Telescope

International Gravitational Event Collaboration
Instituto Nazionale di Fisica Nucleare

Kamioka Gravitational Wave Detector

LAser GEOdynamic Satellite

LAser RElativity Satellite

Laser Astrometric Test of Relativity

Large Cryogenic Gravity Telescope

Laser Interferometer Gravitational-wave Observatory
Laser Interferometer Space Antenna

LIGO Scientific Collaboration

MAssive Compact Halo Object

Micro-satellite a trainée Compensée pour 1’Observation
du Principe d’Equivalence

National Aeronautics and Space Agency

National Scientific Foundation

Optical Gravitational Lens Experiment

Satellite Test of the Equivalence Principle
International Atomic Time

Barycentric Coordinate Time

Geocentric Coordinate Time

Barycentric Dynamical Time

Terrestrial Dynamical Time

Terrestrial Time

weakly interactive massive particles

Wilkinson Microwave Anisotropy Probe

Lambda Cold Dark Matter (Momesb ¢ KOCMOJIOTUUECKO
TOCTOSIHHOM M XOJIONHOM TEMHOU Matepueit)
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