9 I'paBuTaNNs B PAMKAaX AKCHOMATHKH AJIreOpbl CUTHATYP.
B3auMoneiicTBHe He3aAPAKEHHBIX «HACTHID)

9.1 Kparkuii aHaJu3 npeacTaBJIieHU 0 IpUpo/Je rPaBUTALNHU

B npeapiaymux rioaBax ObLIN HOJYYEHBI CIEIYIOLINE PE3yJIbTaThl:

- IpeJUIOKEHbl METPUKO-IMHAMUYECKHE MOJIEIN BCEX JJIEMEHTApHbIX «YACTHUID) U «aHTHYACTHUI»
(bepmuoHOB M 0030HOB), BXOIAMUX B cocTaB CTaHmapTHOW Mojenu (3a UCKIOYEHHEM OO030HOB
Xwurrca);

- PacCMOTPEHO Xa0TUYECKOE MOBEACHUE Sep U BHYTPEHHUX SAPBIIIEK «HACTUID) U «aHTUYACTUL»;

- 3aJI05KEHbI OCHOBBI KBAHTOBO-CTOXAaCTUYECKON reoOMeTpuH (reoMeTpapu3nKu);

- pacCMOTpEHBbI CTaTHKa U JUHAMHUKA CTaOMIbHBIX BAKYYMHBIX 00pa30BaHMM («4acTUL» U «aHTHYa-
CTHUI);

- 3QJI05KEHbI OCHOBA METPUKO-AMHAMUYECKOTO0 MOJEIUPOBAHUS PA3JIMYHBIX B3aUMOJICHCTBUI MEXIy
3apsSKEHHBIMU «HaCTUIIAMU» U «aHTUYACTULIAMUY.

JlpyruMu cioBaMu B MpPEAbIAYIIMX IJ1aBaX ObLIO MOKa3aHO, YTO KBAaHTOBO-CTOXAaCTHUYECKAs
CBETO-I€OMETpPHS, pa3BUBaeMas Ha 0a3e MaTeMaTHUECKOro amnmnapara Anredpbl CUTHATYyp, B COCTOSTHUM
ONHCaTh BCE U3BECTHBIE «YACTULBD U «AHTUYACTULIBD), BXOJAIME B cocTaB CTaHAapTHONH MoOJieNH
(kpome 6030HOB XUITCa) U BCE U3BECTHBIE BU/IbI B3aUMOICHCTBUS MEXIY HUMU: «CUJIbHBIE» (BHYTPH-
SJIEPHBIE), «CIadbIey», «IIEKTPO-ciaadble», «MarHUTHBIE», «AJIEKTPOCTATUUYECKHE», «IJEKTPOAUHAMU-
YECKHUE», «IIEKTPO-MarHUTHbIE». OCTaluCh HE ONUCAHHBIMU TOJIBKO TpaBUTALlMOHHBIE B3aUMOJIEH-
CTBUS MEX]ly CTAOMJIbHBIMU BaKyyMHBIMH 00pa30BaHUSMH.

B 37011 riiaBe 3akianbIBalOTCs MOJENbHBIE PECTABICHUS O IPAaBUTALUU (IPUTSDKEHUU) HETIO-
JBUKHBIX WM MEIJICHHO JIBUXKYLIUXCS 110 CPAaBHEHHUIO CO CKOPOCTBIO CBETAa HE3aPSKEHHBIX «HaCTUL»
(B 4aCTHOCTH TOJIBIX «3BE3/1» U «IUIAHET» WJIU «aTOMOB» U «MOJIEKYI»).

Bo3sbmute B pyky Kakoil-HUOYb peAMET, MOJHUMUTE €T0 Ha YPOBEHb IJ1a3 U otnycture. [lo-
4yeMmy IpeaMeT najieT Ha 3eMiIto?

BbI10 MHOKECTBO MOIBITOK OOBSICHUTH JaHHOE siBieHHe. HexkoTopeie npeBHHE (umocodbl
MPUAEPKUBAINCH MHEHUS, UTO Mup — 310 cMmelienue Buxpel JIrooBu u HenaBuctu, a TAroTeHHE — 3TO
€CTECTBEHHOE CBOICTBO JIOKAJIbHBIX CT'YCTKOB >KMBOW MaTepuu, 0OyCIOBIEHHOE BCEOOIIUM CTpeMJie-
HUEM K BOCCOEIMHEHHUIO.

bbuiy ¥ Takue mparMaTU4HbIE MBICIUTENN, KOTOPBIE MOJarajiu, 4YTo Ipyu cOIMMKEHUN Tel BCEro
JIUIIb YMEHbILAETCS COMPOTUBIIEHUE CPEeAbl MEXIy HUMU. TpeTbu, HAlIPOTUB, CUUTANIH, YTO OKpYXKa-
IOIasi Cpesla CMBIKAETCs 1033y COMMKAIOMIMXCS Tel M OKa3bIBaeT Ha HUX M30BITOUHOE JaBJIEHUE C

BHCIIHUX CTOPOH.
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ApHCTOTENIb HECKOJIBKO M3MEHUJI BEKTOP MBIIUIEHUSI B OTHOILIEHUU TPaBUTALIMM YTBEPHKICHU-
€M, YTO CKOPOCTb IaJICHUS TEJl Ha 3€MJIIO 3aBUCUT OT UX BEJIMYUHBI. J[efCTBUTEIBHO, €CIU C HEKOTO-
POl BBICOTBI OJIHOBPEMEHHO OTIIYCTUTh, HAPUMEp, KapaHJall U MyIIUHKY, TO KapaHAall JOCTUTHET
3eMJIM 3HAYUTEJbHO PaHbIIe MYLIINHKH.

C MHeHueM ApuCTOTelNs CYUTAIUCH O0Jiee IBYX ThicsueneTui, noka ['anuneo [Manuneit (1564 —
1642) ¢ copatHukamu He Hayan cOpacbiBaTh ¢ BepiuuHbl [In3anckoi OamrHu ognoBpemenHo 100 u 50
¢yHTOBBIE s1pa. KakoBo xe Obl10 ynuBneHue ["anumes u ero y4eHHUKOB, KOrja OHM yOeHIINCh, YTo,
BOIIPEKU (PU3UKE APHUCTOTEINS, LEN0€E SAPO U MOJOBUHA OT TAKOTO XK€ sijipa MaJaloT Ha 3eMJII0 OJIHO-
BpeMeHHO. Ha ocHOBaHMM nociienyromei cepun 3KCnepuMeHToB ['amieit ycTtaHOBWII, YTO B Cllydae,
KOI'/Ia COMPOTHUBIIEHUEM BO3/yXa MOKHO MpeHeOpeub, BCe Tejla HE3aBUCUMO OT UX pa3MepoB MaJar0T
Ha 3eMJII0 [I0 OJIHOMY U TOMY K€ 3aKOHY

s=4912, 9.1.1)
rje s — MyTh CBOOOJHOTO Na/ICHUS Tejla Ha 3€MJII0 B TEUEHUE JJIUTEIBHOCTH 7.

Crnenytoniyto CTpaHUIly B BOIIPOCE M3Y4EHHUs SIBJICHMs I'paBUTanuu nepesepHyin Mcaak Hero-
ToH (1642 — 1727). llpenanue rmacur, 4to koraa Ha HproToHa ymano s0710K0, eMy Ha yM MpHUIILIA
MBICJIb, YTO Ta K€ camasl Cujia, KOTopasi IPUTATUBAET K 3emiie 10JI0K0, yaepkuBaeT U JIyHy Ha opOute
3emuin. Pa3BuBas 31y uzaero, HpioToH B uTore copmyaupoBail 3aKOH BCEMUPHOTo TaroteHus: «Cuina,
C KOTOPOM MPUTATUBAIOTCS JBa TeJla, IPOMOPLUOHATIbHA IPOU3BEACHUIO UX Macc U 00paTHO MPOMOp-
LMOHAJIbHA KBaJpaTy paccTosiHus Mexay Humu». [locnenoBarenn HploToHa mpencraBumid AaHHOE
YMO3aKJII0YEHHE B BUJIE CIIETYIOLIEH KOMIIAKTHOM (hopMyIbI:

mM
F=G 7 (9.1.2)

r

rae M — macca IJIaHeTHl,

m — Macca Tella, MaJlaloliero Ha MOBEPXHOCTD IIJIaHEThI;

7 — paccTOSIHUE MEX]ly LIEHTPAMH IPAaBUTHPYIOIIUX TEJ;

G — rpaBuTarnmonnas nocrosunas (G = 6,6720-10"" H-m*/xr?).

Opnnaxko HproTOH ObLT BBIHYXKJIEH MPU3HATh: — «/lo cux mop

sl U3BSCHS HEOECHBIE SIBJIEHUS U IPUIUBbI HAIIMX MOPEH Ha OCHO-
BaHUU CWUJIbl TATOTEHHUS, HO Sl HE yKa3aJl MPUYMHBI CAMOIO TArOTe-
Hus... [IpudnHy e CHIIbI TATOTEHUS 5 10 CUX [Op HE MOT BBIBECTH
U3 SBJICHUN; TUIIOTE3 K€ 5 HE M3MBILLIA0... /JJOBOJBHO TOro, 4TO

TATOTEHHUE HAa CAMOM JIeJI€ CYIIECTBYET U JCHCTBYET COIJIACHO H3-

JIO’)KCHHBIM HAMU 3aKOHaM)».
Puc. 9.1.1. Cornacno runorese Jle-

B 1749 1. I'eopr Jlyu Jlecaxk mpemioKuil CIEAYIOMEee 00b-  caka BHEIIHEE IaBIEHUE JECAKEHOB

MIPpUBOAUT K COIMKEHHIO ABYX T€JI
SICHCHHEC SIBJICHUIO MPUTKCHHUA JIBYX MAaTCpHUAJIbHBIX TECII. On npea-
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IOJIOXKHJI, UTO MPOCTPAHCTBO 3ANOJHEHO MEIbYalIIMMU [TOABM>KHBIMU YaCTUI[AMU (BIOCJEICTBUU ATH
4acTHUIbl ObUTH Ha3BaHbI JecakeHamu). [10CKOJIbKY KOHIICHTpAIHsI JIECAXKEHOB C HAPY)KHOU CTOPOHBI
Ten 0osble, yeM Mexay HUMH (puc. 9.1.1), To Tena kak Obl MOATAIKUBAIOTCS APYT K APYry BHEIIHUM
naBJieHHeM JjecaxeHoB. [Ipu aTom, Tak ke Kak B 3aKOHE BceMupHoro TsaroteHus Herorona (9.1.2),
MPUTSDKEHUE TeN TMOJ JEHCTBUEM JIECaXKEHOB OKa3bIBAETCS OOpATHO MPOINOPLUOHAIBHBIM KBaJpaTry
PacCTOSIHUS MEXAY 3TUMU TEJIaMU.

I'unote3y Jlecaxa nmoasepr pasrpomHoil kputuke Aupu Ilyankape. OH yTBep:kaall, 4TO €Ciu
Obl JIeCa)KE€Hbl peajbHO CYILECTBOBAJIHN, TO JOJDKHBI ObUIM Obl HAOMIOJATHCS CIIEAYIOLIUE SIBJICHUS:
1) nBuxkyuuecs Tena B rase Jlecaxa BcieIcTBUE CONPOTUBIICHUS ABMKEHUIO BCTPEYHOIO NOTOKA 3TO-
ro rasa J0JLKHbI 3ameuiathes. [Ipuuem gocratouno Oeictpo. Ho Takoro 3amenenust He HaOmronaeTcs,
nHaye Obl BCe MIaHeThl AaBHO ynauu Ha CosHile; 2) IpU MOTJIOLEHUH JIECAXKEHOB OHU J0JKHBI Iepe-
JaBaTh TEJIaM CBOIO KMHETHYECKYIO 3Hepruto. [Ipu 3TOM MOBEpXHOCTH IJIAaHETHI (HampuMep, 3eMIIH)
NoJikHa Obli1a Obl pABHOMEPHO HArpeBaThCsl IO OUYEHb BBICOKON TeMIlepaTypbl, TOr/la KaK B pealbHO-
CTH BBICOKYIO TEMIIEPATYPY UMEET HE Kopa Hameu [nanetsl, a ee Heapa.

Kputuka I[lyankape ouryTumMo NMOHM3MIIa HHTEpPEC HAy4YHOUH OOIIECTBEHHOCTH K rumnorese Jle-
caxa. Tem Oousee, uto Ha pybexke XIX — XX BEKOB 4acCTHIIBI CO CBOWCTBaMU JIECAKEHOB (Hampumep,
HEUTPUHO) elle He OblIIM 0OHAPYKEHBI.

CoBpemenHast ¢pu3uka npeObIBa€T B YBEPEHHOCTH, YTO BCs BceneHHas mpoHM3aHa MOTOKaMHU
HEWTPUHO, YTO IO3BOJIMJIIO HEKOTOPBIM YYEHBIM BEpHYThCA K uaesM Jlecaxka. ['mmoresa o Tom, 4TO
HEHUTPUHO MOJKET UTPaTh POJIb JIECAXKEHOB, BIIOJHE MOXKET ObITh NPUMEHUMA K OOBSICHEHHIO B3aMHO-
ro commxenus HeOonbiux Ten. Ho st o0bsacHenus tsarorenus 3se3/ u [lnaHeT oHa SBHO He MOJXO-
mut. HeliTpuHo ciuiikom cinabo B3aWMOJEHMCTBYIOT C BEIIECTBOM, YTOOBI ¢ MOMOIIbIO MX MOTOKOB
MO>KHO ObLIO OOBSICHUTH yaep:kanue [Inaner Ha opourax CBeTu.

MaremaTuueckue MOAXO0Jbl, OCHOBaHHbIE HA MpPUHLHUIE «OIU3KOJACHCTBUS», MPUMEHEHHbIE
UTANbSIHCKUMU, (PPaHIy3CKUMH U aHIVIMHCKUMU HaydHbIMU IKojamMu B XV — XVIII BB. 115 BbIsiBIIE-
HUS MPUPOJIbI TPAaBUTALIMM, TaK U HE MPUBEIH K pelIeHHo 3Toi npobiemsl. [lostomy yuensie I'epma-
HUU U ABCTpO-BeHrpuu BBIIBUHYIH HICH0 «JAIBHOACUCTBUSN», COTJIACHO KOTOPOM TATOTEHUE MEXAY
TelaMHu OOBSICHSETCS KaK pe3ylbTaT MUpHa] ceu(pUYecKuX akTOB B3aUMHBIX OTHOILIEHUI BCEX TO-
yek BeeneHHoi ¢ kax10i TOUKON nccienryeMoi 006JacTi NpocTpaHcTBa. B paMkax Takoro pensiiuoH-
HOTO IM0/1X0J1a 0OBSICHSIETCA HE TOJBKO rpaBUTallMs, HO U BooOuIe Bce siBieHus [Ipuponsl. Pemnsiyon-
Hasl TUIIOTE3a MPOJI0JIKAET pa3padaThIBaThCS PAIOM COBPEMEHHBIX Hay4YHbIX LIEHTPOB. OqHaKo 00Jib-
IIMHCTBO (PU3UKOB OTHOCUTCS K JaHHOMY HAIPaBJICHUIO HCCIEA0BAHUN CKENTHUUECKU HE TOJIBKO M3-3a
CJIO’)KHOCTH MaTE€MaTUYECKUX MPOOJIeM, CTOAIIMX 3a 3TOW TMIOTE30H, HO M M3-3a TOTO, YTO IMepeaada

BCEX M3BECTHBIX HAYKEe B3aMMOJICHCTBUH (B T. 4. U IPaBUTALIMOHHBIX) IPOUCXOUT C KOHEYHON CKOPO-
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CThI0, HE MPEBBIIIAOIEH CKOPOCTU CBETA. PenslnonucTaM ecTb 4To Ha 3TO BO3pa3uTh, HO ATO HE pe-
[1aeT BEChb KOMILJIEKC 3aTPYAHEHUMN, CTOSIIIUX MEepe/l JaHHBIM HalPaBJIEHUEM HCCIIEJOBAHUM.

I'eopr ®puapux bepuxapn Puman (1826 — 1866) B pabote «PparmeHTsl puiiocodckoro co-
nepxxanusi» [50], Bemmenmeit B 1876 1., BeICKazan ciaeayomyo uaci: «CyIIecTBYIONYIO B KaXI0U
TOYKE MPOCTPAHCTBA OIPENEICHHYIO 110 BEJIMYMHE M HANpPaBJIEHUIO CUIYy YCKOPEHHUs (T. €. rpaBHUTa-
L[MU) 5 NBITalOCh OOBSCHUTH JBM)KEHHEM HEKOM CyOCTaHIMH, HAIOJHSAOUIEH Bce OECKOHEYHOE Mpo-
CTPaHCTBO, @ UMEHHO JIOIYCKal0, YTO HalpaBlieHHE €€ JABM)KCHMsSI COBIIAJAeT C HAIpPaBJICHUEM CHJIbI
yCKOpeHus1 (CBOOOHOTO IMaJIEHUs ), @ CKOPOCTh €€ MPOMOPIIMOHATBHA BETMYMHE CHIIBI YCKOPEHHS. DTy
CyOCTaHIIMIO MOXHO IPEJICTaBUTh cede Kak (pu3nueckoe MpoCTPaHCTBO, TOUKU KOTOPOTO ABUKYTCS B
reOMETPUUECKOM MpocTpaHcTBE. Ha 0OcCHOBaHUM 3TOro JOMYIEHUsI BCE BO3ACHCTBUS BECOMBIX TeJl Ha
BECOMBIE TeJa MEepealoTCsl B IIyCTOM MPOCTPAHCTBE MOCPEICTBOM HAa3BAaHHOW CyOCTaHLMH. ... Jlab-
HelIlee pa3BUTHE 3TOM TMIIOTE3bl pacnasaeTcsl Ha JABE YacTu: 1) u3ydyeHue 3aKOHOB JIBUKEHHS CyO-
CTaHILIMH, MTO3BOJISIOUINX JaTh OOBSICHEHHUE SIBJICHUSIM; 2) U3YYeHHUE MPUUYUH, OOBSICHSIIOMIMX CaMO BO3-
HUKHOBEHHUE 3TOTO JBMXKCHUSD.

OtuM BbicKa3zbiBaHueM b. Puman oOpatui BHUMaHUE Ha TO 0OCTOATENBCTBO, YTO BECOMBIE Tela
BEIyT ce0sl B IPaBUTALIMOHHOM I10JIE€ TOYHO TakK e, KaK TBEPAbIE IPEIMETHI IJIBIBYT B YCKOPEHHOM
noToke Bojbl. Hampumep, Gosnbiioe OpeBHO U MajleHbKasl LIENKa JABMXKYTCS B PEKE C OJIMHAKOBBIM
YCKOpPEHUEM, COBIAJAIOIINM C YCKOPEHUEM JIBUXKEHHs caMoil Bojbl. [1o106HO BOAsSHOMY MTOTOKY, He-
3puMas cyOctaHius Pumana, ycTpemieHHas K LEHTpY 3€MJId, YBJIEKAeT BCE, YTO BCTPEUAETCS Ha €€
IIyTH, ¥ IPUJIABIINBAET K TBEPAON NOBEPXHOCTH [ 1aHeTsI.

HNannast runore3a Pumana obnamaer, oJHAKO, OAHMM CYHIECTBEHHBIM HenocTaTkoM: «Eciu
HeKas TOHKasi cyOcTaHuus (puU3nyYecKoe MPOCTPAHCTBO, dPUp, QIIIOUIBI WU BaKyyM) MOCTOSIHHO B
OTPOMHOM KOJIMYECTBE CTEKAETCS U3 KOCMOCA K sI/IpY TUIAHEThI, TO KyJa OHa, B UTOTe, IOMEIAETCSI 7.

Bech Haml ¢u3nyeckuil OmbIT, BOCIUTAHHBIM HAa U3Y4€HWH OOMEHHBIX IPOILIECCOB, BOCCTAET
IIPOTUB TOTO, YTO HEJPA 3BE3]1 U IJIAHET MOTYT ObITh OECKOHEUHBIMH pe3epByapaMu TOHKOM CyOCTaH-
uuu. Kpome Toro, npu nocTossHHOM CT€YEHHHM TOHKOMATEpUAIbHOM CyOCTaHIIMU B HEApa rpaBUTUPY-
IOLUX TeJl OHA JOJDKHA B PE3YNbTAaTe TAKOTO Mpollecca MOCTENEHHO McYe3aTh U3 KOCMUYECKOTO Mpo-
CTPaHCTBA, YTO HEMUHYEMO JIOJIKHO MPOSBIATHCSA B BUAEC HEKUX (PU3UUYECKUX CIICACTBHM.

B coBpemeHnHOl (u3MKe CyHIECTBYIOT TEOPETUUYECKUE MOCTPOECHMSI, Pa3BUBAIOIIME T'MIIOTE3Y
Pumana. HexoTopsle nccienoBaTesy NoJjaratoT, YTO BaKyyM, IPOBAIMBAIOIINICS B HEJlpa IJIaHET, Bbl-
TEKaeT B AHTHUBCEIICHHYIO WJIM, IEpeMellasch M0 KPOTOBOW HOpE, OKa3bIBAE€TCS B JAPYIrOM MECTE
Hamel ke BeenenHoi.

Jlpyrue ydeHble CUMTAIOT, YTO NMPUTEKAIOUIMII U3 KOCMOCa BaKyyM HJET Ha pa3orpeB Heap
3BE3[] U IUIaHET U Ha 00pa30oBaHNe MaTepUaIbHbIX YaCTHULl, B PE3YJIbTAaTE YETO pa3Mephl 3B€3]1 U IJIAHET

AOJIKHBI ITOCTOAHHO YBCINYHMBATLCA. Ot HaITpaBJICHUA I/ICCJ'IGI[OBaHI/II\/'I HE MOJIYYHUJIU ITOKa HAACKHOI'O
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9KCIIEPUMEHTAIBHOIO MOATBEPKIACHUS, IO3TOMY M HE BBI3BAIM OLIYTHMMOTO JHTYy3Ma3Ma B IIMPOKHX
Hay4HBIX Kpyrax.

WNnen AnwpOepra DitHIITEITHA TPHOOPETH COBEPUICHHO MHOE JIOTUYECKOE MPOJAOIKEHUE. DUH-
LITEHH NPENOoI0XKUI, YTO KaXA0N CKOJIb YrOJHO Majloi 00JacTH TPaBUTALMOHHOTO I0JISI MOXHO I10-
CTaBUTh B COOTBETCTBHE JIOKAIbHYIO YCKOPEHHYIO CHUCTEMY OTCYeTa (IIPUHLUI SKBUBAJIEHTHOCTH).
Ecnu nHepTHAs M rpaBUTALIMOHHASL MAaCChl MaTEPUAIBHOTO TEJIA PABHBI, TO €0 MTOBEJIECHUE B YCKOPEH-
HOM CHCTEME OTCUETA OKa3bIBAETCS MTOJHOCTHIO COBIIAJAOLIMM C €r0 NOBEACHUEM B I'PABUTALUOHHOM
oJIe.

Pa3BuTHe e, OCHOBaHHBIX Ha MPUHLIUIIE YKBUBAJIEHTHOCTH, MPUBEIN DUHIITEHHA K cOo3/1a-
Huto obuelt Teopun otHocutenbHocTu (OTO), B pamkax KOTOpoOW IpaBUTaLUs OOBACHSAETCS CTAlMO-
HapHBbIM MCKPHUBJIIEHUEM IIPOCTPAHCTBEHHO-BPEMEHHOIO KOHTHHYYMa BOKPYI MAaCCHBHBIX MaTepHallb-
HBIX 0OBEKTOB.

[IpocTpancTBEHHO-BPEMEHHBIE BO33PECHHS A. DUHINTEHHA OKA3aJWCh JIMIICHHBIMUA HEI0CTAT-
koB runote3bl Pumana. Ilpu stom B pamkax OTO He noTpeboBasioch BBOJAUTH MPEICTABICHUS O HEKOM
AKCIEPUMEHTAJIbHO HEHAOII0/1aeMOll TOHKOMaTepuaabHOU cyOcTaHuu (3¢upa) U 0OBICHATH, Kyda
3Ta cyOCTaHLMs B UTOTE UCUE3aEeT MOCIIE TOr0, KaK OHA MOMaJaeT B HEpa 3BE3/ UIIH IJIaHEeT.

CranuoHnapHoe (T. €. He 3aBHCSIEe OT BPEMEHH) pPEeLIEHUE BAKYYMHOTO ypaBHEHUS DUHILITEH-
Ha JUIsl ITyCTOTO MPOCTPAHCTBA, OKPYKAIOIIETO MAaTEPUAIBHOE TEJIO C Maccou M,

Ri/: 0 (913)

os110 Haineno Kapnom IBapumunsaom B 1916 1., 1 umeet Bu

-1
ds’ =(1 —%jczdﬂ —(1 - 2MG) dr* —r*d0* —rsin® 0dg? (9.1.4)
r r
rie r — paavanbHas KOOpAUHATa (TO4HEe, AJMHA SKBATOPA, JAEJECHHAs Ha 27), Ha OOJIBIIOM YIAJICHUH
OT paccMaTpUBaEMOIo OOBEKTa; MOXHO CUUTATh, YTO ITO PACCTOSHHE, OTCUUTHIBAEMOE OT
LEHTPA 3BE€3/Ibl WX IJIAHETHI.
Ho 1 OTO He nuiieHa BHYyTPEHHUX IPOTUBOPEUNH, U OHA HE OOBSICHIET IPUPOY I'paBUTALIUHY,
a TOJIBKO MpeaaraeT 0ojiee TOHKYIO MOJIEIIb €€ OTIUCAHMSL.
Bo-nepBbIX, HCKPUBIIEHHOE «IIPOCTPAHCTBO-BpeMs», Ha koTopoe omupaercsi OTO, sBusercs
OYEHb XPYINKOW YMO3PHUTENIbHON KOHCTpyKUueH. Jle1o B TOM, 4TO, Kak yKasbIBaia euie DpHCT Max,
«IIPOCTPAHCTBO-BPEMS» HUKTO M HUKOTJIA HE BHUJIEN, IIOCKOJBKY HU IIPOCTPAHCTBO, HU BPEMS HE NOJI-
JAI0TCSL HEMOCPEACTBEHHOMY M3MepeHHto. OHU BCerza NposBIIAIOTCA JIMIIb KaK yJo0Hasi MaTeMaTuye-
cKasi abCTpaKIysl, KONUPYIOIIasi TOBEPXHOCTHBIE CBOIMCTBA MPOTSHKEHHBIX CPEl U JJIUTENBHOCTh pe-
QJIBHBIX ITPOLIECCOB.
Bo-BTophiX, DUHIITENHH NPOCTO JAEKJIApUPOBAJ, YTO MACCUBHOE TEJIO MCKPHUBISET MPOCTpaH-

CTBEHHO-BPEMEHHOI KOHTUHYYM, HO Kak OHO 3T0 nenaer, OTO ymamuuaer. Kpome Toro, macca rena
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M He sBIsIETCS TEOMETPU3UPOBAHHBIM TOHATHEM. Macca — 3To aBpucthuecku BBeaeHHas B OTO Be-
JMYWHA, TIpeJHa3HAuYCHHAs IS COTJIACOBAHUS PENIITUBUCTCKON TEOPUHM C HBIOTOHOBCKON HEOECHOM
MEXaHUKOM.

B-Tperbux, eciu npasasi cropoHa ypasHeHus (9.1.3) He paBHa HyIt0, TO ecTh eciau M # 0, TO B
OTO nHapymaroTcsi 3aKOHbI COXpaHEHUS YIHEPTHHU.

B Hacrosiiiee Bpemsi MPUpPOAY TPABHTAIUM TIHITAIOTCS MOCTUYh TEOPETHKH, Pa3BUBAIOIINE
«CTPYHHYIO» ITporpaMmy. B paMkax Teopun cynepcTpyH yAaeTcsi OUcaTh KBAHTOBBIH OOBEKT CO CIH-
HOM 2, KOTOPBI CUHTAIOT MaTEMAaTHYECKOW MOJENBIO TPAaBUTOHA — IMEPEHOCUYHKA TPABUTALMOHHOTO
B3anMoieiicTBusA. Ho oTBeT Ha Bompoc: — «Kak 3To momoraer B Jiefie TOCTH)KEHHUST TPUIHH BCEMUPHO-
rO TATOTEHHsI?», — TaK M OCTAETCS COKPBITHIM 32 MEJIICHOW MAaTEMaTHYECKOTO TyMaHa «CYIEpCTPYH-

HBIX» BO33PEHUM.

Puc. 9.1.2. OpaxTanpHble WUTIOCTPAIIY MHOTOCIIOHHOM 1 MHOroypoBHeBoi TkaHM JKusoro Ecrecta

B »T0i1 rmaBe Anrebpa curnaryp (Asicuraa), onupasice Ha ugaeu b. Pumana u A. DiiHmTeiiHa,
MpeJiaraeT MOJIHOCTHIO T€OMETPU3NPOBAHHOE OIMMCAHUE TPABUTAIMOHHBIX B3aMMOJICUCTBUN MEXKITY
CTAOWJIBHBIMHM HE3apsHKEHHBIMU M 3apsHKEHHBIMU BaKYYMHBIMH OOpa30BaHHSIMH, HAa MPUMEPE HCCIIe-

JOBaHUs B331/IMO)I€I>1CTBPI$I MCKIY I'OJIBIMU «3BE€3aMU» U «KIIJIAHCTaAMMN)).

9.1.1 OcHOBHbBIE 110JI0KeHHS] CBETO-TeOMeTPUH BAKYyMa
st ynoOcTBa CCBIJIOK MIPUBEIEM HEKOTOPHIE OCHOBHBIC MOJIOKEHUsSI ANreOpsl curHaryp (Aj-
CUTHBI). AJICUTHA B KQU€CTBE UHCTPYMEHTA U3yUYEHUS CBOICTB METPUKO-INHAMUYECKUX CBONCTB €CTe-
CTBEHHOM MPOTSHKEHHOCTHU (BaKyyma) MCIOJIb3yeT OCOOEHHOCTH pacHpoCTpaHEHHUs Jdydel cBera (Wiu
3BYyKa). 30HIUPYS OKPYXKAIOIIYI0 HAC MPOTSHKEHHOCTh MOHOXPOMATUYECKUMU JIydaMH CBETa/3BYyKa C

JUTMHOM BOJHBI A, 13 auanaszona AA = 10" + 10" cm Auscurna mosydaer 4D-nanmmadtsl (puc.
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9.1.1.1), reone3anyecKUMHU JMHUAMHU KOTOPBIX SIBJISIOTCA CaMU
npoOubie iyan cBeta (cmompume 2nasy 1). Taxon 4D - nmann-
madT AJICUTHA YCIIOBHO HA3bIBAET Ay.,-BaKyyMOM.

TouHo Tak »xe paccMaTpuBaeMblii 00bEM BaKyyMHOM
MPOTSHKEHHOCTH MOKHO 30HAMPOBATh IMPOOHBIMHU JIy4aMH CBe-
Ta/3ByKa C JPYIrMMHU JUIMHAMH BOJIH Arq. IIpn 5TOM momyuaercs
MHOECTBO A 4-BaKyyMOB, BJIOKEHHBIX JPYr B JIpyra IoJ00HO
Marpemikam (cumompume § 1.2).

Kak 6b110 1MokazaHo B riiaBe | MOHOXpoOMaTHUYECKUH JIy4
CBETa UMEET OECKOHEUHO CIIOKHYIO CTPYKTYPY

H'VHI (9.1.1.1)

KOTOpasAa AOOITyCKacT )IPICKpGTHLIfI pan BO3MOXKHOCTEH ITOHIDKE-

Puc. 9.1.1.1. Mtroctparust ycpeTHEeHHOT O
HUs (peoyKLUMH) ee CI0KHOCTH. B caMoM ynpolieHHOM ciiyuae, ABYXMepHOro cpesa 4D-nanmuadra

Am-n-BaKyyMa

Jyd CBETa COCTOUT M3 IPSIMONM MOHOXPOMAaTHYECKOW BOJIHBI C
CTUTHATYpOH {+———}:
expl{i(owt—k-r)} =exp{i(awt — kix —ky —ksz)}, (9.1.1.2)
rzie k — BOJTHOBOW BEKTOP, HAIIPABICHHE KOTOPOTO 3a/1a€T HAIPABJICHUE PACIIPOCTPAHEHUSI BOJIHBI, €TO
MOJyJIb paBeH |k| =2 /A; 1 06paTHON MOHOXPOMATHYECKOW BOJHBI CO CTUTHATYPOU {+———}:
exp{—i(axt—k-r)} =expli (— ot + kix + kyy + k3z)}. (9.1.1.3)

Ha crnemyromem ypoBHE CIIO)KHOCTH PAaCCMOTPEHHS KaXKIas W3 MOHOXPOMAaTHYECKUX BOJIH

(9.1.1.2) u (9.1.1.3) nmpencraBnsieTcss B BUAEC MYJbTUIUIMKATUBHOMN CYTEPIIO3UIIMNA CEMH KOMIUIEKCHBIX

AKCIIOHEHT {cmompume § 1.9}:

exp{i (koxo — kixi — koxa —ksxz)} = exp {i ( koo +kixi + kaxa + ksxz)} x
x €Xp {l (_ koxo — kixi — koxy + k3X3)} X
x €Xp {l( koxo — kixi — koxy + k3X3)} X
x exp {i (—koxo— kixi1+ koxo — k3xs)} x (9.1.1.4)
xexp {i ( koxo + kixi — koxo — ksxs)} x
x expii (—koxo + kixi — koxa — k3xs)} x
xexp {i ( koxo— kixi+ koxy — kax3)},

exp{i (— koxo+ kixy + koxa + kax3)} = exp{— i ( koxo + kix1 + kaxy + kax3)} x
x exp{— i (—koxo —kix1 — koxa + kax3)} %
xexp{— i ( koxo—kixi — koxa + k3x3)} x (9.1.1.5)
x exp{— 1 (—koxo — kixi + kpxo— kaxz)} x
x €Xp {_ l( koxo + kix1 — koxo — ksxs )} X
xexp {—1(—koxo + kixi — koxo — kax3)} x
xexp {— i ( koxo—kixi +koxo — k3xz)},
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DOKBUBaJICHTHbIE paH)XHUpHBbIE 3anucu BelpaxkeHudd (9.1.1.5) u (9.1.1.4) umeror crenyrommii

BU:

b ---
---4 o

- - o+

C— + ) (9.1.1.6) 4+ 4+ -+ (9.1.17)
{+ + - -} - -+ +}

-+ - -} {+ — + +}

(+ — + -} — + — 4}

- - b 4+

r7Ie YMHOXEHHE 3HAKOB B YHCIUTEAX paHxkupoB (9.1.1.6) u (9.1.1.7) ocymecTBasieTcst mo cToyionam,
a pe3ynbTaT TaKOro YMHOKEHHMSI 3alIMChIBAETCSl B 3HAMEHATEIb TOrO e CTojI0La.

[Ipu 30HAMpPOBaHNK BaKyyMHOW MPOTSHKEHHOCTH curHanamu Buaa (9.1.1.4) u (9.1.1.5) metpu-
Ka uccieayeMoil 001aactu A,.,-Bakyyma, 3aJ1a€Tcsl Cylnepno3unuei mecTHauaTH N0-METPUK C COOT-
BETCTBYIOIIMMU CUTHATYpamu (cmompume § 1.12):

dSzz — ds(+777)2 + ds(++++)2 + ds(777+)2 + ds(+7 —+)2 +
+ds" T dsTTT T astTT T st T (9.1.1.8)
FdsCrT? gt R g 2 gg G2 4
+ ds(++7+)2 + ds(77++)2 + ds(+7++)2+ ds(7+7+)2:0.

OKBHUBaJICHTHAS PpaHXXUpHaA 3allMCb JAHHOI'O0 BBIPAXKCHUA UMCCT BUL {cmompume 6blpAdoiCeHUe

(1.12.3)}:

++ + +) + - -- ) 0
- -7) + ++ +- =0
(F--H%) +  F+ =0
- -+ =) + ++ -+ =0
+ + - ) + - —+ 4 =
-+ - =) + +- + 4 =
+ -+ -) + (- +—- 4 =
=+ + 1 + + —— ) =
000 0)- O 000+ =0.

(9.1.1.9)
B panmxupax (9.1.1.9) 3Haku npocyMMHUpOBaHbI Kak 1o cTosiluam, Tak 1 o cTpoukam. B pam-

Kax AJICUTHEI JaHHas onepanurd Ha3bIBACTCA «PaClICIIIICHUEM HYJIIA)).

VIckpuBIEHHOE COCTOSIHUE HUCCIIETYEMOTO y4acTKa Ag:7-BaKyyMa OIHCBIBAE€TCS CIEAYIOIIEH

MeTpukou {cmompume §§ 1.18 — 1.20}:
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16 .
ds; =Y cPdxdx'= cVdxdx+ cVdxdx+ cPdddx'+ cPddx’ ;+
p=1

+ cfjs)dxidx’ + cé.é)dxidx’ + 02.7)dxidx’ + cfjg)dxidx’ +

(9.1.1.10)
+ cfjg)dxidx’ + c;.l O X dx’ + ci(j1 Ddx'dx’ + c;.l DX dx’ +
+ c;.l D dx + ci(j1 Y dx’ + c;.l VdxXdx’ + ci(j1 Sdxdy’ =0.
rae

(p) (p) (») (p)

Cog Clg ng C3op

(p) (p) (p) (p)
(p) _ cor oy Gf Gl 91111
(N G140

(p) (p) (p) (p)
Co3= €137 €33 C33

— METPUYECKUM TEH30P p-TO METPUIECKOTO 4-TIOITpOCTpaHCcTBa (T. €. 4-KapThl 16-1MCTHOTO aTiiaca) ¢
COOTBETCTBYIOIICH CUTHATYPOU U3 CIenyroelt MaTpuilsl {cmompume (1.20.2)}:
(++++) (F++-) (—++—)9 (++—+)13

Szgn(clgl’)):g:::;j E;:iig: E:_:ii;}o E;i;:;:g (9.1.1.12)

=+ =l r)® )

KoTopas popMupyercs B pe3yJabTaTe KPOHEKEPOBA BO3BEICHUS BO BTOPYIO CTEIICHb JABYXPSIHON MaT-

pULIBI
(++++) (F++-) (++-) (++-4) I H VI HI
et} 0 |+ (++4) (—++) (~+-4)| |IH HH VH HH
E ) Tes) (e =) e Ty oy | 01D
(--+-) +-+-) (~+-—=) (~=--)) UH'" HH' VH' HH'
AHanOTM4YHO METPUYECKUN TEH30P
B D PN (i HE VI HTY (koy Vi Vs Vg
o e e _|\{H HH VH HH|_ |V, I 7, V, ©.11.14)
Tl ol o Ty By vy BV ||V V., HOV
e ) oo ) v v vaow
COOTBETCTBYET KPOHEKEPOBOMY BO3BEICHHUIO BO BTOPYIO CTEIIEHb JBYXPSTHON MaTPHULIbI
I Hj I Hj [l[ [Hj [H[ HHJ
2
I HY (I HYI H H V H V IH 1v) \HH HV
[ j:[ j[ j— - (9.1.1.15)

H V H V) H V

_H[H I H\| |(HI HH VI VH) |
H V H V HH HV) \VH VvV
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OOpaTHbIii  aNrOpUTM TIO3BOJIIET CBOPAYMBATh
(xoMmakTUGUIUPOBATh) OECKOHEUHOE KOJIUYECTBO H3Me-
PEHHI 10 KOHEYHOTO KOJMYECTBA MU3MEPEHHU C JTUCKPET-
HBIM marom 2" (Te n —HaTypanbHbBIE YHCIIA).

B pamkax AJcurHel npenenbHbIi YPOBEHb KOM-
nakTU(UKALMKU TOTIOJHUTENbHBIX U3MEPEHUM MPUBOAUT K
MIPEJICTABICHUSM O JIBYXCTOPOHHEN MPOTSHKEHHOCTH Agysy-
BaKyyMa. B JaHHOM MakCHMAaJIbHO YIPOILEHHOM Cllydae,
Y4acCTOK GHeuiHel CTOPOHBI A,.,-BaKyymMa OIMCHIBAETCS
METPUKOU ds % ¢ CUTHATYpOU MpoCTpaHcTBa MUHKOBCKO-

ro (+——-), CHHTE3UPOBAHHOM U3 7-U MOJ-METPUK

ds(—)z :ds(————)2+ds(+++ 7)2+ds(7++7)2 +ds(++7+)2+

ST R g g O g (9.1.1.17)

rac

i Tl 0 O O L6 (9.1.1.18)
g ey & &f
— KOMIIOHEHTHI 8HeulHe20 METpUIecKoro TeH3opa (cvompume §§ 1.13 u 1.21);

C CUTHaTypaMH, BXOJAIIMMHA B YUCIIUTECIIb JICBOT'O paHKHpa:

-+ + ) -
-+ ++ + )
() -+ o)
C -+ ) ++ -9
+ + - ) (- — ++) (9.1.1.19)
- ) +- + 9
+ = + — 4
T— e

Buympennss ctopoHa TOro xe ydactka A,-,~-BaKyyma OIMUCHIBACTCS METPUKON ds(ﬂz, CUHTE3U-
POBAaHHOM M3 7-U IPYrUX NOA-METPUK C CUTHATYPAMH, BXOJSAIIMMHU B YUCIMUTENb IIPABOTO PAHKUPA
(9.1.1.19):

ds(+)2 _ ds(++++)2 + ds(fﬁﬂz + dsﬁf -H2 ds(ﬁ+7)2 +
+ds"T 4 dsC T P st T = gD avar, (9.1.1.20)

rac
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(+) (+) (+) (+)
oo & 820 83

(+) (+) (+) (+)
+ _| 8010 &1 8 831

8j = 9.1.1.21
U P B P Lo ( )

(+) (+) (+) (+)
g3 813 &3 833

— KOMITOHEHTBI 8HYMpeHHe20 METPUIECKOTO TEH30pa.

B 3namenarene neBoro pamkupa (9.1.1.21) okazanacek curaarypa npocrpanctBa MUHKOBCKOTO
(+ ——-), a B 3HAMEHATEIIe IPAaBOTO PaHXHUpPa MOJIyIHIaCh CHTHATYpa aHTUIIPOCTpaHCTBA MUHKOBCKO-
ro (—++ ).

B uneansHOM citydae COBEpIIIEHHO HEHCKaXXEHHOTO Y4acTKa A,.,-Bakyyma (puc. 9.1.1.2) npo-
CTPAaHCTBO MMHKOBCKOIO M aHTHUIIPOCTPAHCTBO MMHKOBCKOTO YIOBJIETBOPSIIOT UCXOJHOMY BaKyyM-
HOMY YCIIOBHIO:

ds® 2 4+ dsC T = (O + nyD)ax'dy’ =
= (*df —dx* — dy* — dP) + (- FdP +d + dy* + dZY) =0 (9.1.1.22)
¢ curHarypoi (+——-) +(=+++)=(0000).

Bnewmnsas ctopona
Am=n-BaKyyMa

Buympenuss ctopona
Am=n-BaKyyMa

X3

ds(,)z _ gij(i) dxi dxj ds(+)2 _ glj(+) dxi dxj ,

curarypa (+ ——-) curHarypa (—+++)

I
I
|
I
I
|
I
I
|
I
I
|
I
|
|
I
|
|
I
|
I
I
|
I
I
A
Zﬁ
----- >

Puc. 9.1.1.2. YcnoBHOE IBYXCTOPOHHE MPECTABICHHE YIacTKa A,,.,~-BaKyyMHOH MPOTSHKEHHOCTH,
o —)2 o
6HeluHsis CTOPOHA KOTOPOTO ONMCHIBAETCS METPHKOit ds' ), a grympennsis cropona — MeTpukoit ds

B cnywae koraa, paccMaTpuBaeMblil y4acTOK Ay.,-BaKyyMa Ae(QOpPMUPOBaH, TO B MPEAEIbHOM
cityyae & — 0 METPUKO-TMHAMHUYECKOE COCTOSIHUE HCCIIEyEMOTO Y4aCTKa A-,-BaKyyMa OIHUCHIBAECTCS
YCPEIHEHHON METPUKOM

dss”=Y[ds " P+ dsC T = lds" + ds ) = g + g N ad dY . (9.1.1.23)

Jliis onpeienieHnss MecTa MOJI0KEHUST KaKoro-Iu00 Tela B IPOCTPAHCTBE JOCTATOYHO B Kade-
CTBE CHCTEMBl OTCYETa HCIOJb30BaTh TOJBKO OJHO METPUUYECKOE IPOCTPAHCTBO, HANPUMEp, IIPO-
CTpaHCTBO MUHKOBCKOIrO ¢ curHatypoit (+ — — —). Eciu ke uccrienyrorcs MeTpUKO-IUHAMHYECKUE

CBOWCTBa CaMOT0 MPOCTPAHCTBA, TO OJHOCTOPOHHET0 PACCMOTPEHHUSI HE XBaTaeT, T. K. JedopMaruu
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OJIHOH U3 CTOPOH J11000 peaabHON MPOTAKEHHOCTH HEMUHYEMO COIPOBOKIAIOTCS EPEKPECTHO KOM-
MIEHCUPYIOIIUMHU aHTUIeHOpMAIUsIMU €€ MPOTHBOIOJIOKHONW CTOPOHBI. JTO 00IIIee CBOMCTBO BaKyyMma,
B KOTOPOM JIFOOBIC JIOKQJIbHBIE WJIM TJI0OO0AbHBIE OTKJIOHEHUS OT HACATIBHOTO MCXOJHOTO COCTOSHUS
OJIHOW €Tr0 CTOPOHBI HEMHHYEMO COIPOBOKIAIOTCS MEPEKPECTHO - KOMIECHCAITMOHHBIMH aHTHUOTKIIO-
HCHUAMU HpOTHBOHOJ’IO)KHOﬁ CTOPOHBI.

Wtak, 3a cueT nocienoBaTesIbHON NMpoLeaypbl YCPEAHEHUS (T.€. IUCKPETHOW PEeyKIMH CIOXK-
HOCTH PACCMOTPEHHMS), TITyOMHHBIE TIPEACTABICHHUS 0 OECKOHEYHOMEPHOU «TIIYOOKOM» MPOTSIKEHHO-
CTH Ap-y-BaKyyMa B TPEACIBHOM CIy4ae CBOMIITCS K HM3YyYEHUIO METPUKO-IMHAMUYECKUX CBOWMCTB

JIBYXCTOPOHHETO, 4 + 4 = § - MEpHOT0 POCTPAHCTBA.

9.2 T'on1as1 «3Be3/1a» U rojas «iianera» . Janamadt A¢.7-Bakyyma

[Tpupoy rpaBuTanuu OyaeM HcciaenoBaTh Ha MPUMEPE B3aUMOICHCTBHS «3BE3/b» U «IIJIaHe-
TBI», HO TIPH TOM II0/IPa3yMEBAETCS, YTO BCE PACCYKIICHHS U BBIBOJIBI, CACTAHHBIE B ATOH IIaBe Ka-
CaroTCs JIOOBIX JPYTUX CTAaOMIBHBIX BaKYyMHBIX 00pa30BaHMi C pa3MepaMu: OT MHKPOMHPA, 10 MUPA
raJlaKTHK ¥ METarajxakTUK.

«3BE3/IBI» U «IUTAHETHI» UMEIOT XapakTepHbie pasmepst ~ 10* + 107 km = 10° + 10'? cm, mosTo-
MY JUISL BBISBIICHHSI UX METPUKO-IMHAMHYECKOW CTPYKTYPHI C MOMOIIBIO 30HIUPOBAHHUS MECTa MX
HAXOKJICHHS JIydaMH CBeTa (TOYHee SUKOHAIIAMU MOHOXPOMATHYECKUX JIEKTPOMArHUTHBIX BOJIH) 110
MeToauke ormucanHou B §§ 1.3 — 1.7, HeoOX0AMMO MCTHOJIB30BaTh Jy4YH CBETA (T.€. paIUOBOJIHBI) U3
nuarnasona e BomH AL =10 + 100 kv = 10° + 107cm.

@pakTabHBIE WITIOCTPAIIMA BO3MOXHBIX PE3YJIBTaTOB PAaIUOJIOKAIIMOHHOTO 30HIAMPOBAHUS

«3BE3[» U IJIAHET» PAIMOBOJIHAMU C Pa3JIMYHBIMU JJIMHAMU BOJIH IMOKa3aHbl Ha puc. 9.2.1 —9.2.6

Puc. 9.2.1. ®pakranbHast WILTIOCTPAIHS PE3YIIHTATOB 30HIUPOBAHMS MECTa HAXOXKICHUS «3BE3AbD» (/WM «ILIAHETHD))
JIydaMH CBETA M3 JWAaIla30Ha JJIUH BOJIH AA = 10+ 10 ' cM. B 9TOM [Mama3oHe UIHH BOITH «3BE3IbD» H «ILTAHETHD
(Tounee maHmIA(THI A 4 . _16-BaKyyMa) BBITJIAAT COCTOSIIAMU U3 000JI0UEK «aTOMOBY,

«MOJICKY/» U CBOOOTHBIX JIEMEHTAPHBIX «YACTHUI)

370



Puc. 9.2.2. ®pakranpHas WUTIOCTPALUS PE3YIbTaTOB 30HANPOBAHUS MECTa HAXOXKICHUS «3BE3/bD» (MU «ILTAHETHI») JIy-
gamu cBeTa (PaJMOBONIH) U3 AMAna30Ha JTHH BomH AL =107+ 107° cM. B 5TOM /iMara3oHe JIMH BOJH «3BE3/IbD» U «ILIa-
HeTbD (TouHee JaHAmadTH A 5. ¢-BaKyyMma) BHITJISIAT COCTOSIIUMH U3 000J04EeK OMOJIOrMIECKUX «KIETOK», «OaKTepHii»,
«BHPYCOBY» U JIPYTUX «MHUKPOOPTaHU3MOBY
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Puc. 9.2.3. ®pakranbHble HUTIOCTPAIIUH PE3YIIHTATOB 30HIUPOBAHMS MECTa HAXOKICHUS «3BE3bD» (MM «ILIAHETHD))
1
JIy4aMH CBETa M3 JUana3oHa JIUH BOH AL = 10" + 10° cm. B 5TOM [Mana3oHe JUIMH BOJH «3BE3/IbI» U ILIAHEThI» (TouHee
JaHAMa(ThI Ag.3-BaKyyMa) BRIIAIAT KaK QIYKTyalldd U TypOYJICHTHOCTH CILIONTHOM CpeIbl

Puc. 9.2.4. ®paxTanpHasi WILTIOCTPAIMS PE3YIIbTATOB 30HIUPOBAHMS MECTa HAXOXKICHUS «3BE3AbD» (M/WIH «ILIAHETHD)
JIydaMH CBeTa (PaauoBOJIH) U3 Auana3oHa JiuH BoaH AA = 10 + 100 kM = 10° + 107cM. B 5TOM mmanasoHe JTHH BOIH
«3BE3]BD» U «IUIAHEThI» (TOYHEe JaHMA(ThI A .7-BaKyyMa) BBITJIIAT KaK 3BE3IHAS CUCTEMa, COCTOSIIAS U3 OMUHOYHBIX
chepruiecKkux BaKyyMHBIX 00pa30BaHHUN

«ATOMBD», «MOJIEKYIIbD», «OHOJIOTMYECKUE KIETKW», «OaKkTepuu» U Ipyrue HeOOoJblINe Tena

MPAKTUYECKH HE BIIMSIIOT HA PACIPOCTPAHCHHE CTOKUIIOMETPOBBIX pannoBoiH. [loatomy 4D - mann-
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madT Ag:7-BaKyyMa He oTpaxaeT (DakT UX CYIIECTBOBaHUS, a
BBISIBJISIET TOJIBKO YCPEJHEHHYIO MAaKPOCKOIIMUECKYI0 METPUKO
- JUHAMHYECKYIO CTPYKTYPY CaMOM «3Be3Abl» /WK caMoi
«mianete (puc. 9.2.4 u 9.2.5).

Hpyrumu cnoBamu, 4D-nanamadt Ae.7-Bakyyma B
OKPECTHOCTH s1JIpa «3BE3/Ib1» UIIU «ILTAHEThD» TaKOM, KaKkoil OH
OBLT OBI, €CJIM U3 PacCCMaTPUBAEMOTO 00beMa BaKyyMHOM IPO-
TSYKEHHOCTH Y/AaJI0Ch Obl yIaIUTh BCE 3JIEMEHTApHbIE «YaCTH-
LbI», «aTOMBI», «MOJIEKYJbD» U JPyrue MEJKHUE JIOKaJIbHbIE
BaKyyMHbI€ 00pa30BaHUsl.

Takoll HOJHOCTBIO OYHMIIEHHBI OT MEJIKHUX YacTUI] U

TeN 4-UCKPUBJICHHBIN y4acTOK Ag¢.7-BaKkyyMa OyJeM Ha3bIBaTh

METPHUKO - JTMHAMHYECKON CTPYKTYpPOHM TOJIOM «3BE3IbD» WU
Puc. 9.2.5. Nnmoctpanusi mpoTsHKEHHO-

CTH /16+7-BaKyyMa B OKPECTHOCTHU sAapa
roJIoMn «3BE3bI» WIHN KIIJIAHCTHD)

TOJION «ILJTAHETHI».

Onpenenenue 9.2.1 [onas «36e30a» uiu eonas «nia-
Hemay — 9Mo MAaKpPOCKONU4ecKoe 31eKmpuidecky HeumpaibHoe «4acmuye»-no0ooHoe 8aKyymHoe 00-
pazoeanue (puc. 9.2.5 u 9.2.6) ¢ paduycom s0pa nopsaoka ry;~ 1,4:10° cm {coenacno uepapxuu (2.6.20)).
Mempuko-ounamuyeckue mooenu «36e30bl» U «HIAHEeMbly NPAKMUYECKU HEOMIUUUMbL, OOHAKO pAa3-

Mepul 10pa «36e30bly, KAK NPAsUIo, NPesulularom pasmepul 0pa « JIaHembl».

Puc. 9.2.6. KoHTYpBI METPUKO-TUHAMUYECKOH CTPYKTYPHI TOJI0H (TIPO3payvHOii) «3Be31b» (MM TOJOH «IUIAHETHI»), T. €.

Jma”qadT UCKPUBIEHHOH 00J1acTh Ag.7-BaKyyMa B paiioHe s/jpa MaKpOCKOIIMYECKOro0 BaKyyMHOT'0 00pa30BaHusl, U3 KOTO-
poit popmanbHO "HcKMOYeHB" (TI0 CPEACTBOM 30HANPOBAHUS JUIMHHOBOIIHOBBIMU PaIMOBOJTHAMH) BCE MEJIKUE «YaCTH-
LBD): «3JEKTPOHBD), «ATOMBD», MOJIEKYIIbI», OAKTEPUU» U T. II.
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9.3 YupoueHHasi METPUKO-INHAMMYECKASI MO/IeJIb I'0JI0H «3Be3/1bD)
lNomas «3Be372» SABIAETCS AIEKTPUUECKUA HEUTpATBHBIM 00beKTOM. [loaTOMY coriiacHo uepap-
XUH BJIOKEHHBIX JIPYT B JIpyra cepuyecKux BaKyyMHbIX 0Opa30BaHMii, ONUCAHHBIX B § 2.6, UMEEM

CJICAYIOYIO MCTPUKO-IUHAMHUYCCKYIO MOJICIIb:

I'onasa «3BE3JIA»

(B wactHOCTH ronoe «CoHIE») (9.3.1)
C CUTHATypoM

+-——)+(+++H)=(0000)

BHemHss 0007109Ka roJioi «3Be3AbD»
B UHTEpBAJIE [y, 7]

2 2
I ds{" % = [1—@+r—z}'zdﬁ A 2 ‘rz(dt92 +sin29d(02)a (9.3.2)
r ¢ 1_@4_1’7
r l"22
7, r’ dr’
H dsy ™% = 1+=242 —— \?ds? ——2—r2(d92 +sin29d¢)2), (9.3.3)
ren (1+’7y4.2 _’”j
2
r 1”2
7, r’ ar’
v dsi 2 =| 1=t D T 2(40% +sin 0dg?), (9.3.4)
ron [ Foas _ T j
[==2 =
r 1”2
2 2
H’ dSi+777)2 :[1+M+%J02dt2_ dr . —I"z(d92+Sin29d(02)’ (935)
r ¢ [1+I/W+FJ
2
r 1’2
H (=+++)2 _ Va1 r2 27,2 dl"z P 2 .2 5 (9 3 6)
B e ——— )/ LS e L) B 3.
roon [1_%4.1+FJ
2
r 1’2
2 2
v a5+ = _[Hﬂ—r—zj&dﬁ b p(ae? vsin?0de?),  (93.7)
ron (Hm.z_rj
r 1”2
2
2 2
H dst 7 = _[1 _ﬁ—r—zjcza’t2 +L2+ rz(d92 +sin’ Odqoz), (9.3.8)
rooh 1-las T
r 1”2
2
2 2
I a5 = _(1 +M+r—2jc2dt2 o *(d0> +sin>0dp?),  (9.3.9)
r 1”2

2

14 r
I+ 4 —
r 7
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Snpo rosoi «3Be3abn»
B UHTEpBAJIE [y, 7'5)

2 2
I a2 = [1 -5y FTJCW A (4 sin0dp?). (9.3.10)
r K (1_’%+’”j
2
r K
(+——)2 _ 5 r 2 7.2 dr’ 2 2, 2 2
H a2 =1+ 5L e - — (467 +sin*0dg?), (9.3.11)
r Ko (1 ’%_’”j
r Kyil
2 2
Vo asi? [1 o dr - 2(40° +sin 0 dg?), (9.3.12)
r Tys s
( r I/.’y24.3j
2 2
H’ dsff"_)z—(Hrs 7’2_ cdt - cjr 5 —rz(d92+sin29dq02), (9.3.13)
rras (1 i FJ
+34+—
r Vg
H’ (—+44)2 _ LR PP dr’ 2( 102 | i 2 2 (9.3.14)
ds — =B a1 2(d0° +sin* 0. dg?); 3.
" T [_1’5 r J
2
r T
2 2
Vo dsr = —[H’i—’;—jczdtz b 2(a0 +sin*0dp?)), (9.3.15)
ron (1 B j
T
r Ty
(—+++)2 _ i) dr’ 2ap2 L2 g2
H o asir=d1-5- L ar + — L1 /2(d6% +sin* 0dg?), (9.3.16)
o Tas ( 5 _ T j
===
r Ty
2 2
I ds( 2 =—[1+i+r2—jc2dt2 +L2+r2(d92 +sin>0dp?), (9.3.17)
r Tyg (1+’”5+’”j
r 1”2
s4.4
IleabT «3BE3ABIDY
B uHTepBavie [0, o]
i ds 2 = e —dr” — 1 (d6* +sin® 0dg?), (9.3.18)
i’ ds\ ™ = e —dr® — 1 (d6* +sin® 0dg?), (9.3.19)

2 .
e r~ 10%° oM — pajmyc, COM3MEpPHMBIIT ¢ PagnyCOM SIPa METaralaKTHKH;
Foa1 ~Fs42~Tsa3 ~ Fsaa = Fsa ~ 10° cM — paguycel 4-x chepHuecKux cioes paxuu (GIM3K0 Pacroo-

KEHHBIX 110 OTHOIIECHUIO IPYT K IPYTY), OKPYXKAIOLIUX PO

TOJIOH «3BE3MBI»;

rs ~ 107 cm — paanyc, COU3MEPUMBIN € paguycoM OUOIOTMYECKON KIETKH.

375



B nanHoO# ynpoIeHHON METPUKO-AMHAMUYECKON MOJIEIN TOJION «3BE31Ib1» MPUHATHI CIEIYIO-
I1€ JIOMYIIEHHUS:

1. BmecTo r, MOTYT OBITh IOJICTABJICHBI 7| WIIH 73 U3 Uepapxuu (2.6.20), B
3aBUCHUMOCTU OT TOrO, BHYTPH Kakoro sifjpa Oosiee ri100aJbHOTO0 BaKyyMHOTO
00pa3oBaHUs HAXOJAUTCS SAPO TOJION «3BE3/bIY;

2. BmecTo 75 MOTYT OBITH IOJICTABIIEHBI ¥ WU 17 WIK 3 U T.J. U3 Uepap-
xuu (2.6.20), B 3aBUCUMOCTH OT TOTO, KaKoe s,Ipo 00jiee MEIKOro BaKyyMHOTO
00pa30BaHUs HAXOJIUTCS B SAPE TOJIOMN «3BE3/IbI»;

3. BuyTpu siipa rojoi «3Be3AbD» MOXKET HaXOAUTHCS MHOXECTBO sJEp

0ojiee MEIKUX BaKyyMHBIX oOpazoBaHuil (cmorpute puc. 9.2.2). OgHako s

npoctoTsl B Mozenu (9.3.1) npuBeneHo TOIBKO OJHO BHYTPEHHEE SJIPHILIKO C
pasuycoM rs.

B pamkax AsicUrHbI BO3MOKEH y4€T HAJIMYUS MHOKECTBA BHYTPEHHUX SIIPBILLIEK, HO IIPU 3TOM
METPUKO-TUHAMHUYECKAsi MOJEIb FOJION «3BE3/Ib» yciokHsAeTcs. Eciin BHYTpH siapa «3Be3b» (TOUHEE
BOJIM3U €ro IIEHTpa) HaXOATCs, BCErO TPU BHYTPEHHUX SIPBILIKA, TO B paMKaX AJICUTHBI, HAalIpUMED,

Metpuka (9.3.10) pacmieruisieTcst Ha TPy aHAJIOTUYHBIE METPUKH

2 2
. 7 7 dr )
ds( 2 = 1= Z0 o2y O 2 (0% +sin*0de®),  (9.3.20)
oy  Tsan 1_1”57'] T
2 + 2
Ty  Tean
2 2
o 7. 7, dr )
st = 1-52 4 1O | 2ge O 2 (0% +sin’0de®), (9.321)
Ty Tsan 1= 52 ")
2 2
oy  Fean
2 2
L 7. 7, dr '
ds 2 = 1= 4 O 122 ©) — 712 (dO* +sin?0dop?), 9.3.22
1.3 2 2 3) @
V(3) rs4.] 1— 7’5'3 7'(3)
2 2
T3y T

TAC 5.1, ¥s2, 53 — PaARYChl TPEX BHYTPEHHUX SIAPBIIIEK;
r(1y, 7(2), ¥(2) — PACCTOSIHMS OT LICHTPA COOTBETCTBYIOIIErO BHYTPEHHETO SAPBIIIKA, KOTOPOE HAXO-

JTCsl BOJTM3H LIEHTPA sIpa «3BE3]IBI».
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AHAJOTHYHO PACIICTUIAIOTCS BCe ocTayibHbIe MeTpuku (9.3.2) — (9.3.19). IIpu s3TOM MeTpuKoO-
JUHAMHYECKas MOJIEIb «3BE€3/1b» CTAHOBUTCS 3HAYUTENIHO 00Jiee IPOMO3AKOM.

OTkiI0HEHHE TH000Tr0 U3 ATUX TPEX SAPBIIEK OT LIEHTpa s/ipa «3BE3bl» MPUBOAUT K BO3HUK-
HOBEHHUIO HAIPSHKEHUH COOTBETCTBYIOUIETO CJIOSI BaKyyMHOM MPOTSIKEHHOCTH, KOTOPBIE CTPEMSTCS
BEPHYTH SJIPHIIIKO B UCXOJHBIA LEHTP (cMompume 2nagy 3). I103TOMY SAPBILIKK TOCTOSHHO XaoTHYe-
CKU JBMOXKYTCSI U CTAJIKUBAIOTCS JIPYT C JIPYIOM B OKPECTHOCTHU LIEHTpa siApa «3BE3bl», TAKUM oOpa-
30M, 4TO KaX0€ U3 PACCTOSIHUU 7(1) , 7(2), ¥(2) B CPEIHEM PABHO 7' — PACCTOSHUIO OT LIEHTpa spa
«3BE3/IbD».

4. Kaxnas u3 metpuk (9.3.2) — (9.3.5), (9.3.10) — (9.3.13) u (9.3.18) MoxeT OBITH TIpE/ICTABIIC-
Ha B BHJIE aJJIUTUBHOTO HAJOXEHHS (T.€. CYNEpIO3UIIMH) aHAJOTUYHBIX METPUK C CUTHATYpaMH W3
neBoro pamwkupa (9.1.1.19) wmm (5.11.33), nogoOuo (5.11.35). AHasiorn4HO Kaxaas u3 MeTpuk (9.3.6)
—1(9.3.9), (9.3.14) — (9.3.17) u (9.3.19) moxeT OBITH MpeACTaBICHA B BUJIC AJIMTHBHOTO HAJIOKEHUS
(T.e. Cynmepmo3uIMHM) AaHAJOTMYHBIX METPUK C CUTHATypamMu U3 mnpaBoro pamwxkupa (9.1.1.19) wmm
(5.11.34).

5. Takke BO3MOXKHBI pa3inuHble KOMOWHAIMU METPUK C OO0IIel CUTHATYpOH, COOTBETCTBYIO-

el CUTHAType MpocTpaHcTBa MUHKOBCKOTO (+ —— —), Hanpumep (cmompume § 2.9):
---4 (- -+ (- +-1)
(:I L :): 0323 TP 0324 (DTN (9305
(== (== (+--

WM CUTHATYpe aHTUIPOCTpaHCcTBa MUHKOBCKOTO (— + + +):

+++9) ++ -4 + -+
+-+ 93200 (--++H (9327 (++- (9.3.28)
-+ =+ +) =+ -1
-+ + b -+ + b -+ + b

B 3rom ciydae, Haripumep, pH UCHOIb30BaHUM panxkupa (9.3.23) merpuku (9.3.20) — (9.3.22)

00pa3yroT eIMHYI0 COBOKYITHOCTh METPHK C 001IeH (CpenHei) curuatypou (+———):
2 2
o 7 7 dr, )
ds(y 07 = 1-30 4 W le2gy? - O -7 dO +r5 sin* 0de®,  (9.3.29)
Ty Toan 1_r5.1 + Ty
2 2
"oy Tean
2 2
7 dr
(+-+-)2 _ Ts» 2 |.24,.2 [O) 2 5p2 2 2 2
ds,; =|l-=+——|c"dt" - —~+7,d0" —r5sin"0de”,  (9.3.30)
Ty Toan 1-"52 )
2 2
oy Fsan
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2

2
. T T
(++--)2 _|1_"53 3) 2 7,2 (3) 2 2 _ i 2 2
ds\?, =1 ey +—r2 codt” + . 15d0° —sin” Odep” (9.3.31)
3 Toan L RC)

2 2

Voan

Ue)

AHAJOTHUYHO PaCHICTUIIIOTCS Bce ocTaibHbie MeTpuku (9.3.2) — (9.3.5), (9.3.10) — (9.3.13) u
(9.3.18) c curnarypoii (+———).

B stom cimyuae Bce merpuku (9.3.6) — (9.3.9), (9.3.14) — (9.3.17) u (9.3.19) ¢ curnarypoit
(— + + +) pacweisiroTcst Ha TpU MeTpUKH ¢ curHarypamu (9.3.26) wnum (9.3.27) unm (9.3.28). Hampu-
Mep, MeTpuka (9.3.14) moxeT ObITh IpeACTaBICHA B BUJE aJIUTUBHOIO HAJIOKEHUS (T.€. CyNepno3u-

[IUH) TPEX METPUK C CUTHATypamMu u3 pamwkupa (9.3.26):

2 2
- r 7 dr, '
ds{ 7 = 1= 2 - |ctdr + O+ 73d0% — 1} sin? 0de®,  (9.3.32)
r(]) rs4.] 1_”‘57] r(])
2 + 2
Ty Toan
2 2
e 7. 7, dr, .
ds 77 =~ 1—57'2+% cdt* + () — r(zz)d92 + ré) sin®0de?, (9.3.33)
oy  Tsaa 1 T2 )
2 2
oy Toan
2 2
- . 7, dr, i
ds7 =~ 122+ 0L |Pdr’ - O +75d0% +sin’0de®,  (9.3.34)
7’(3) Ve 1— 55 7’(3)
2 2
Hay T

Yka3zaHHBIE BBIIIC YCIOKHEHUS METPUKO-TUHAMUYECKONH MOJIEIH «3BE3/bI» MOTYT PaCKpPHITH
CYTh MHOTHX IIPOILIECCOB M SIBJICHUH 3BE3THOTO WJIM IUIAHETAPHOTO MacmiTada, HO OHM HE3HAYUTEIHLHO
BIIMSIFOT Ha OOBSCHEHHE TIPUPO/IbI TPABUTAIINH, T. €. B3aHMHOTO MPUTSHKCHUS «3BE3/IbI» U €€ CITyTHH-
KOB — «1utaHeT». [1o3ToMy B 3TOM B 3TOM YacTu AJICUTHBI B JaJIbHEHIIIEM OyJIeM HCIOJIb30BaTh YIPO-
mieHHyto mMozenb (9.3.1) — (9.3.19), noMHs 0 pa3IMYHBIX BO3MOXKHOCTSIX €€ YCIIO0KHEHUS U pacIiupe-

HUA JJ1A pCIICHUSA 0oJ1ee CII0KHBIX 3aaa4.
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9.4 yl'lpOIlIeHHaﬂ METPUKO-AUHAMHUYECKAA MOAEJIb roJI0i «IJIAaHEThD»
YHpOHIGHHaSI MCTPHUKO-AUHAMUYCCKAA MOJCIIb TOJIOHM «INIAHETHI» IMOJTHOCTHIO coBIIagacT ¢ MO-

nenbio ToJIon «3Be3nbl» (9.3.1) — (9.3.19), 3a UCKITIOYEHHUEM TOTO, YTO PAIUYC SIAPA TOJIOU «IIJIAHETHD)

74 IPUMEPHO Ha MOPAJOK MEHBILIE SAPa FOJION «3BE3ABD Fy4:

Tonasa «ITJTIAHETA»

(B yacTHOCTH TosIast «3eMs») 9.4.1)
C CUTHAaTypoi

(F==)+ -+ =(0000)

BHemHss 0007109KAa roJioi «IJIaHEThD)
B MHTEPBAJIE (74, 7]

7 2 2
1 dS(+——f)2 — 1_ﬂ+r_ C2dt2 —L—FQ d92 +Si1’12 9d(p2 , (942)
1 rooor r 72
2 | A
( roor
(+——)2 P42 Y, dr’ TR 5
S = — ¢ -~ F sin o), 4.
H ds} L+ T o (d6% +sin* 6 do?) (9.4.3)
2 1402 1
( r ’”22
2 2
v ds{ " :[l—ﬂ—r—zj&dﬁ (a6 sin? 0dg? ), (9.4.4)
roor r r
2 [1_ p43 _2j
roon
2 2
H dsfﬁ”*)z =[1+ﬂ+r—2}'2dt2—Lz—rz(d92+sin29d¢2)a (9.4.5)
r r 44 | T
4 pat
[ r rzzJ
2 2
H ds( 2 = —[1 _ Lo + r—chzdtz + dr ~+ rz(dt92 +sin? ngoz)a (9.4.6)
r ) 1— Tpaa L
rooor
2 2
s ds{ 0 = —(1+ = —r—zjczdﬁ b (40 sin?0dg?),  (947)
ron 1 Ppaz 1™
roor
s dr?
H dsy " = 1= -7 + +12(d6* +sin> 0 de? ) (9.4.8)
3
r ’”22 1 Tpa3 r’
roon
Foas 17 dr?
R i P LR e +r2(d6? +sin*0dg?), (9.4.9)
rooon

2

r r
R
r ]"2
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SAnpo rosoi «ImJIaHeTbD)

2 2
I ds) = 1-5 4 I; Czdtz_L_rz(d82+sin2@d¢2)’
r T 7 r?
p4.1
2 2
H s = 1+5_ l; c2dt? —L—rz(dez +Sin29dq02),
F P £1+1”5_1”2]
2
I T
2 2
\Y4 s = 1_r_5_r2_ 2dr? _L—rz(dez +sin20d¢>2),
r rp4.3 _I/;s_ l"2
r ’”,;24.3
2 2
H a2 =105 |ear T 2(a0? +sin 0dg?),
r Vpaa 1 ’”52 r’
+5
r Toaa
2 2
H dsl(—+++)2 - _ 1_ﬁ+ I; czdtz+L+l"2(d02+5in20d§02)’
r Tha _5 r
r rpz4.1
2 2
N et b B R A dr +r2(d82 +sin28d¢>2),
" Tpas [1 Ko r ]
2
r Ty
2 2
H dS§_+++)2 — _Ll_r_S_ l; ]Czdlz +d;2+r2(d82 +Sil’12 80’(02)’
A 7. r
1-5_
L r ’”,;24.3]
2 2
I s = 1+5 4 l; czdﬁ+L+r2(d82+sin28dq02),
T Thaa 1+ri+—r2
r ’”,;24.4

B UHTEPBAJIE [Fp4 , 7's]

MleanT rooi «mjiaHeTnn

j dst 7

B uHTEpBasie [0, o]

= di’ —dr* —r*(d6” +sin* 0dg?),

i’ ds\ 2 = i —dr® — 1 (d6* +sin® 0dg?),

(9.4.10)

(9.4.11)

(9.4.12)

(9.4.13)

(9.4.14)

(9.4.15)

(9.4.16)

(9.4.17)

(9.4.18)

(9.4.19)

2 .
e 1, ~ 10% cM — pagmyc, COM3MepHMbIii C PAIHYCOM SPa METATaTaKTHKIL

Vpa 1 =Vpa2~Vpa3 ~ Vpad ~ Vps ~ 107 eM — pamychl 4-x cdeprudecKux c10eB pakuu (6IH3KO PacIiono-

KEHHBIX 110 OTHOILIEHUIO JPYT K JIPYTY), OKPYNKAIOLIUX

SIIPO TOJION «ILTAHETHIY;

rs ~ 107 cM— paanyc, COU3MEPUMBIN C pauycoOM OHMOJIOTHUECKOMN KIETKH.
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9.5 YcpenHeHHbIe MEeTPUKO-AMHAMHYECKHE MO/IeJIM BHEITHUX 000/104€eK
roJIOH «3Be3bI» U I'0JION «IJIAHEeThD)
JIist uccnenoBaHus SIBJICHHS TPABUTALIMM MEXKAY I'OJIOM «3BE3I0M» M TOJION «IUIAHETOW» elle
0oJiee ympoCTUM METPUKO-AMHAMUYECKAE MOJICIIH TAHHBIX CTAa0MIbHBIX BAKYYMHBIX 00Opa30BaHHIA.
Bo-nepBbIx, ocTaBUM B paMKaxX pacCMOTPEHHs TOJIBKO BHEITHUE O000JIOYKU «3BE3/bD» U «IIJia-
HETb». BO-BTOPBIX, YUUTBIBAS, UTO 72 >> Fey U 1y >> Fps, B MeTpHKaxX (9.3.2) — (9.3.9) u (9.4.2) -
(9.4.9) mpenebpexxeM BCEeMH cCllara€MbIMH, COJCpXKaIlUMU 7. B pesynbrare moimyuuMm eme Ooliee

YIPOIIEHHbIE, YCPEAHEHHbIE METPUKH JUIsl ONMCAHUSI BHEIIHUX 000JI0YEK «3BE3/IbI» U «IUIAHEThD»:

BHemHss 00071049Ka roJioi «3Be31bD»
B MHTEPBAJIE (74, 7]

I dsf

T dr’ .
1——=2L \c2d? [—1/‘)(6192 +sm29dg02) — ay-CyOKOHT, (9.5.1)

r 1 _ K§4.1 ]

r
H  dsi 7 = (1 + ”ﬁ)czdﬁ S
d (1 + rm)

r

2
Voo gstt? = —[1 —”ﬁ]czd#’ b 2(d0* +sin?0dg?) — asantucybront, (9.5.3)

r 1 Tsas
r

dr?

14 Jsas
r

BHemHss 0007109KAa rojioi «IJIaHEThD)
B UHTEPBAJIE [Fp4, 12]

—r2(d6? +sin*0dp?) — bycybron, (9.5.2)

H ds£_+++)2 = _(1 + nﬁ)czdﬁ + + r2(d92 + Sil’l2 0 d(pz) — bs-aHTI/Icy6KOHT. (954)

r

2
I gt z[l_rl’i]gdﬁ _L_,ﬁ(dm +sin29d(p2) — a,-CyOKOHT, (9.5.5)
r 1 T4
,
H g Fpaa ) oo dr’ (107 +sin? 0 do?) — by-cyb 9.5.6
ds, =|l+——|c’dt ———<—r (d@ +sin” Odg ) p~CYOKOHT, (9.5.6)
g 1+r"i
,

2
Vo gstrr o _[1 _ rpi}ﬂd,z + _dar + ,,Z(dQZ +sin20 dqﬂ) — ap,-aHTUCYOKOHT, (9.5.7)

r

+ rz(dez +sin’ @ dgpz) — b,-anTHCYOKOHT. (9.5.8)

r

H gsi? = —(1 +ﬂ)c2dﬁ o
4 pid
r
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9.6 CyOKOHT-aHTHCYOKOHTHBbIE TOKH (Te4eHHs) B OKPECTHOCTH SI/APa roJI0MH «3Be3/Ab»
U SIIPA roJIoi «IJIaHeThI»
Kax 6p110 okazano B § 5./0 u3 metpuk (9.5.1) — (9.5.4) cnenyer, 4To BO BHENIHEH 000J0UKE
«3BE3/IbD» UMEIOTCS YeThIpe CyOKOHT-aHTHUCYOKOHTHBIX TOKa (TE€UYEHHUs), KOTOPBIE IBUXKYTCS C YCKOpe-
HUSIMU:

- KOMITIOHCHTBI BEKTOPAa YCKOPCHUA as-cy6KOHma:

2 2
co____ ¢ Olyl-ny/r_ cn,

\/1—44-1 o 2r2\/1—r”'1
r r

ag" =0, (9.6.1)

(~a) _
as, =0,

a

- KOMIIOHEHTBI BEKTOPA YCKOPEHHUS by-CyOKOHmMA:

2 [ 2
0 _ _ C Oln 1+rs4'2/r _ CVys

arr - ]
\/1+rf4-2 o 2r2\/1+r”'2
r r
ag"” =0, (9.6.2)
a” =0,

3%

- KOMIIOHCHTBI BEKTOPa YCKOPCHUA as-aHmucy6KOHma:

at = — ¢ olny—(I-r,;/r) __ 02’7;4.3
sr \/l_l’m 51’* 2r2\/1_]/m s
r r
ay” =0, (9.6.3)
a’ =0,

sQ

- KOMIIOHEHTBI BEKTOPA YCKOpPEHUSs bs-anmucyokonma:

by — _ ¢! Olny—(+ry,/r) _ cr,,

arr - ]
\/1+rf4-4 o 2r2\/1+rf4-4
r r
ay” =0, (9.6.4)
at? =0

s T Yo

B cBsi3u ¢ TeéM, YTO CyOKOHT M aHTUCYOKOHT SBJIIIOTCS B3aUMHO MEPIEHAUKYIISIPHBIMU MIPOTS-
KEHHOCTAMU OOIIMN BEKTOpP YCKOPEHHUsS! CYOKOHT-aHTHCYOKOHTHOTO TOKa BO BHEUIHEH 00o0Jiouke

«3BE3/IBD» OMPEIEISIETCS KOMIUIEKCHBIM YuciIoM {cmompume §§ 5.7, 5.10}:
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a™ =aC0 4t 1 i@ +at). (9.6.5)

sr

C yaetom (9.6.1) — (9.6.4) umeem

2
(aby _ € Vo4 Vsa2 . V544 V543 (9.6.6)

a, —? - +1 -
TR
r r r r

[Ipu GoJsbIIOM yHameHuu OT siApa TOJIOHN «3BE3ABD» (T. €. TIPH Fs4 1, Fsa2, Fsa 3, Vsaa << ') BBRIpAXKE-

Hue (9.6.6) npUHUMAET yIPOILEHHBIN BUJ

4 — 02[77;4.1 T+ 14 = y4.3)], (9.6.7)

sr 27'2

OTKyJa CJICAYCT, YTO YCPCAHCHHAA JIMHUA YCKOPCHHOI'O pavajJlbHOI'O BaKYyMHOI'O TOKa, CTCKArOLIC-

roCs K SIIPY TOJIOH «3BE3/IbI», COCTOUT M3 JIBYX MEPETUICTCHHBIX CIIUpaIeh

¢’ (r +ir ) c'r cir
(a) _ s4.1 s4.4) _ s54.1 s4.4
af) = TR S S (9.6.8)
2 . 2 2.
a=_C (’”.;4.2 + ””.;4.3) _ Oy Clly, (9.6.9)
sro T 2 - P 5 .0.
2r 2r 2r

Bripaxxenue (9.6.8) onucsiBaeT 3aMeIEHUE CYOKOHM-AHMUCYOKOHMHO20 TOKA, OTTEKAIOIIETo
[0 COUpPAJIX OT siIpa TOJIOW «3Be37bl»; a BbhIpaxkeHue (9.6.9) ommcwiBaeT yCKOpPEHHUE CYOKOHM - aH-
MUCYOKOHMHO20 TOKA, TIPUTEKAOIIETO 110 CIIUPAIH K 3TOMY SIpY.

CornacHo 3aKOHY BCEMUPHOTO TAroTeHus1 HploTOHA crjia B3aMMOIEHCTBHS MEXKy ABYMS I'pa-

BUTHUPYIOUIUMU TesiaMu umeeT Buj (9.1.2)

mM M
F=G—~, wWm mg:G%, (9.6.10)

r

MI03TOMY YCKOpEHUE CBOOOHOTO Na/IeHUs g OIIUCHIBAETCS ypaBHEHUEM

g=—75". (9.6.11)

r
CpaBuuBas yckopenue (9.6.11) ¢ yckopenunem (9.6.7), oOHapyXKHBaeM CJEIYIOIIEe COOTBET-

CTBUC

= C2 \/(KM.I - K;4.22)22+ (K;4.4 - ]/;4.3)2 ) (96 12)
r

HOCHGILHCG BBIPAXXCHUEC MOKHO IMPEACTABUTDL B BU/IC

2lg.|r
\/(’”.;4.1 _’".;4.2)2 + Py — 543) | e | (9.6.13)

Amnanornuyno u3 metpuk (9.5.5) — (9.5.8) cnemyer, uro BO BHEUIHEH 000JIOUKE «IIJIAHETHI»

MMEIOTCS YeThIpe CYOKOHT-aHTHUCYOKOHTHBIX TOKA (T€UEHMUsI), KOTOPBIE IBUKYTCS C YCKOPEHUSIMHU:
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- KOMIIOHEHTBI BEKTOPA YCKOPEHUS a),-CYOKOHMA:

2 _ 2
ay _ c 61n1[1 I/‘p4'1/l/‘ c rp4'1

a

) \/1—'""“'1 o 2#\/1—'""“'1
r r

al =0, (9.6.14)

po

(-a) _
Apy =0,

- KOMIIOHEHTBI BEKTOPa YCKOPEHUs b,-cybkonma:

2 2
a(_b) _ c 61n,¢1+rp4'2/r C rp4'2

pr sk
r or r
4.2 4.2
1+-242 272 14+ -222
r r

al) =0, (9.6.15)

(=b) _
Apy =0,

- KOMIIOHCHTBI BEKTOPa YCKOPCHUA ap-aHmucy6KOHma:

a9 — ¢ OnyrUonan/n _ Cre
\/1—rp“~3 o 21/2\/1—%
r r
atio) =0, (9.6.16)
alt =0,

pe
- KOMIIOHEHTHI BEKTOPA YCKOPEHUs b,-anmucyoxonma:

4 - c? 61n4—(1+rp4'4/r) czrp4'4

rr r Oor*

|4 p44 292 14 V44
r r
aly) =0, (9.6.17)
at? =0.

Pe

OOmwmii BEKTOP YCKOPEHHSI CYOKOHT-aHTHCYOKOHTHOTO TOKa BO BHEIIHEW 00OJIOYKE «IUTaHe-
TBI» TaK ke Kak (9.6.5) onpeaensercss KOMIUIEKCHBIM YHCIIOM:

(ab) _ (-a) (=b) 4 ;¢ ,(+a) (+b)
a,’ =a,"” +a,” +i(a,"” +a,”). (9.6.18)

C yaetrom (9.5.9) — (9.5.12) umeem

@b _ € Vst _ Vh42 v Vpa4 _ Vpa3 ' (9.6.19)
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[Ipu GonbIIOM yJaNeHUH OT siAPA TOJIOU «IIITAHETHI (T. €. TIPH Fs4.1, Fsa2, Fsa 3, Fsaa << F) BBIpA-

xenue (9.6.19) npuHUMAaET yIpOIIeHHBIA BH]T

2 .
@) € [’”,;4.1 —Tpa2 +l(’”p4.4 _’”p4.3)]

(9.6.21)

a
2
r 2r

b

OTKyJa CJICAYCT, YTO YCPCAHCHHAA JIMHUA YCKOPCHHOI'O pavajJlbHOI'O BaKYYMHOI'O TOKa, CTCKArOLIC-

rocsl K siIpy TOJION «ITaHETh», COCTOUT U3 JABYX MEPEIIETEHHBIX CIHpaien

2 . 2 2.
c (r +ir ) cr c’ir
(a) _ p4.l p4d) p4.l p44
o = 2r° o2 " 2rt ©.6.22)
2( +i ) 2 2.
a® _ G \pua T3] Clpan €3 (9.6.23)
pro 2r? o 22 o

CpaBuuBas yckopenue (9.6.11) ¢ yckopennem (9.6.21), oOHapyKuBaeM Cieayroliee COOTBET-

CTBUC

‘g,, 272

HOCHGILHCG BBIPAXXCHUEC MOKHO IMPEACTABUTDL B BU/IC

2 2 2
‘: c \/(’”p4.1 _’”p4.2) +(’”,;4.4 _’”p4.3)

2‘g ‘rQ
2 2 _ p
\/(rp4.l - rp4.2) + (Vp4.4 - rp4.3) =

(9.6.24)

(9.6.25)

2
C

Hanpumep, B apeose Hamero oburanus |g,| = 9,8 M/c?, r ~ 6 400 000 M, ¢ ~ 3x10® m/c; mog-

CTaBJISISl 3TU 3HAYEHUSI B TOX1ECTBO (9.6.25), moyyduM OLIeHKY

\/(rp4.l _rp4.2)2 +(Fpas _rp4.3)2 ~ 9107 m = lem. (9.6.26)

Nrak, B pamkax IpencTaBIeHUA AJICUTHBI «3BE3/1a»
(WM «I1aHeTa») MPUTATUBACT JAPYrUe Telia IOTOMY, 9TO K e
SNIPy TMPUTEKAIOT C YCKOPEHHWEM JIBe CYOCTaHIIMOHAIbHBIE
MPOTSHKEHHOCTH: bg-CYOKOHM U Ag-HMUCYOKOHM, U OTTEKAIOT
OT €€ sJIpa C 3aMeJICHHEM JIBE MPOTHUBOIIOJIOKHBIC UM CYO-
CTAaHIIMOHAIBHBIC TPOTHKEHHOCTH: ds-CYOKOHmM W by - an-
mucyokonm, TPH OTOM B KaXKJIOH TOYKE IPOCTPAHCTBA,
OKPYKAOIIET0 SAPO, MPUTEKAMIINE TMPOTSHKEHHOCTH JIBH-
KYTCSA C HECKOJIbKO OOJIBITUM YCKOPEHUEM, YeM OTTEKaro-
IIUe MPOTSHKEHHOCTH 3a CYET TOTO, YTO, HAIpuMep, IS
(GBE3JIBI» PATUYCHI Fyq| U Fsasq HAXOIATCS JAJTBIIEC OT sIpa
(BBE3/IbI», YeM COOTBETCTBEHHO PAJUYCHI Fy4n U a3 [CMOT-

pute puc. 9.6.1, 9.6.2, 9.6.3 u Beipaxenue (9.6.12)].

\

10 -5 o <]

Puc. 9.6.1. Cunsist (BepxHsis) JHUHUA ay/r
[IOKa3bIBa€T YCKOPEHHE IPUTEKAIOLIEro
TOTOKA, a KpacHas (HWKHAS) JTHHUA dy/r”
MOKa3bIBaeT 3aMENJIEHHE OTTEKAIoOLIEero
MOTOKA B 3aBUCUMOCTU OT PACCTOSHHS IO
LEHTa «3Be3IbD» (WIH «IUIaHeTb»). [lpu
3TOM d; > a, , @ PE3YJIbTUPYIOIIEE yCKOope-
Hue (@, — a,)/r* OTHOCHTENEHO MaJIo H BCe-
IJla HAIPaBJIEHO B CTOPOHY SJpa «3BE3IbI»
(WM «TUTaHETBD))
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K

SoHa npoasacHUA PAsTUUHBIX CEePUUECKUX CTLOEa
DAL, OKPYAHCAIOUEIl A0PO 20JI0TL K AGHENbLY,
¢ paouyecamit Fs4 1, Fs4.2, F'sd 3, Fsd 4

KOPCJ «HAaHemot »

Puc. 9.6.2. Pazmuunvie cghepuueckue crou pakuu, okpyascarougue a0po 20101 «NIAHembLy (WU «36e30bL»),
C PAOUYCAMU Fsy. 1, Tsa 2, Fsa3s Tsad

Puc. 9.6.3. dpaxranpHble WIUIIOCTPALUU pakuil, KOTOPas COCTOUT U3 HECKOJIBKUX B CPEIHEM C(PEPUUECKUX CIIOEB,
HaIpuMep, ¢ pafiuycaMu Fs4 1, V'sa 2, V's43, V's4.4, OKPYKAIOIIUX AP0 «3BE3bI» (MIH «IUIAHETHD)
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JIpyrumMu CIIOBaMH, B paMKax HM3JIaraeéMoOW 371eCh TUTIOTE3bl U MPUMEHHUTENHFHO K IIaHEeTe 3eM-

7151, HaC TIPOHU3BIBAIOT J[BA YCPEAHEHHBIX CYOKOHT-aHTHCYOKOHTHBIX MTOTOKA!
- OJIUH NIOTOK TeUYeT U3 KOCMOoca K siipy Hamen [1nanersr;
- BTOPO# MIOTOK TEYET OT sifipa 3eMJI B KOCMUYECKOE TIPOCTPAHCTRBO.

Ho yckopeHue npuTekaroero notoka B Kaxaol TOUKe 00JIacTH, OKPYKaoLIEH Sapo Halleu
«TUTAHETB», HECKOJILKO TPEBBIMIACT 3aMeUIEHUE OTTEKAIOIIET0 MMOTOKa M3-3a CABHIa BHYTPH - BaKy-
yMHBIX ciioeB. [loaTtomy mro6oe Temo (T.€. JIoKalbHOE BaKyyMHOE 0Opa30BaHME), MOMABIIEE B TAHHYIO
001acTh BaKyyMHOW MPOTSHKEHHOCTH, B CPETHEM YBIIEKACTCS K SIIPY «IUIAHETBI») C HEKOMIIEHCHPO-
BaHHBIM ycKopeHueM (9.6.24) (puc. 9.6.1 u 9.6.2).

Bwmecre ¢ Tem, kak noka3aHo ¢ §§ 5.1, 5.2 u 5.7, BcTpeuHble CyOKOHT-aHTUCYOKOHTHBIE TOKHU
(motoxm) ¢ yckopenusimu (9.6.22) u (9.6.23) neperuierensl B kryTsl (puc. 9.6.4, 9.6.5 u 9.6.6).

Takum 00pazom, B paMKax AJICUTHBI TIPUPOJIA «3BE3JHO» - «IUTAHETAPHO» TPaBUTAIIUHU OKa3a-
Jach BIIOJHE OOBSCHUMBIM SIBJICHHEM, CBSI3aHHBIM C BCTPEYHBIMU (TIPUTEKAIONIUMH K PAKUH SIpa H
OTTEKAIOMIMMHU OT PAaKHH S/Ipa) MOTOKAMHU Pa3IMYHBIX CABHHYTBHIX OTHOCHTEIBHO APYT Jpyra CIOEB
BaKyYMHOU MPOTSDKEHHOCTH, KOTOPBIE OMHUChIBatoTCs MeTpukamu (9.5.1) — (9.5.4) mns BHemrHe# 060-
JIOYKH «3Be37b1», 1 MeTpukamu (9.5.5) — (9.5.8) nns BHemHEH 0007I0UKH «TIJIAHETHD.

OTU SIBJIEHUS MPUCYIIN BCEM YPOBHSIM ObITUs. HanpuMep, 1 Bo BHELIHEH 000JI0UKE «AIEKTPO-
Ha» WU «IIPOTOHA» CIBUTH BHYTPU-BAKYYMHBIX CIIO€B OTHOCHUTEIBHO JIPYT JAPYra TOXKE MPHUCYTCTBY-
10T. HO Ha NMHUKOCKOTIMYECKOM YpOBHE PAacCMOTPEHHSI HEKOMIICHCUPOBAHHBIE TOKH, CBSI3aHHBIE CO
CIIBUTAaMH BHYTPU-BAaKyyYMHBIX CIIO€B CTOJIb HE3HAYHTEIbHBI 10 CPABHEHUIO C BHYTPU-BAKyyMHBIMHU
TOKaMH OTBETCTBEHHBIMH 32 DJICKTPOMATrHUTHBIC B3aWMOJEHCTBHS MEXIY 3apsHKCHHBIMH «JacTHUIa-

MI» U «aHTHYacTUIamMu» (cMotpure 6 §§ 5.10, 5.11), 4TO UMU MOXKHO MpeHeOpeyb.

Puc. 9.6.4. ®pakranpHas WUTIOCTPALKUS BCTPEUHBIX CYOKOHT-aHTHCOKOHTHBIX TOKOB, MPUTEKAIOIINX
Y OTTEKAIOIIHX I10 MEePEIIETEHHBIM CITUPAIISIM K/OT sipa «3Be3/bD» ((IUIaHEeThI»). B kax ol Touke nqaHHO# obnacTu
BaKyyMa yCKOPEHHUE MPUTEKAIOIIEro CyOKOHT-aHTUCOKOHTHOTO MOTOKa HECKOJIBKO IPEBBIMIAET YCKOPEHHE OTTEKABIIEro
CyOKOHT-aHTUCOKOHTHBIX 1OTOKa. [1o3TOMY JI000€ TeNno, momnasiiee B JaHHYIO 00J1acTh BaKyyMHOH IPOTSDKEHHOCTH B
CPEIHEM YBIICKACTCA K AAPY «3BE3bD» (WIN «IUIAHETHY) ¢ HEKOMIICHCHPOBAHHBIM yckopeHueM (9.6.12) [ (9.6.24)]
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Puc. 9.6.5. ®paxranbHast WILTIOCTPAIMS EPEIUICTCHHBIX CYOKOHT-aHTHCOKOHTHBIC TOKOB, CTCKAIOIIUXCS U
OTTEKAIOIINX 110 CABOCHHBIM CIAPAJIAM K/OT BPAIIAIOIIETOCS Sapa «3BE3AbDy (MM «ILIAHETHD))

Puc. 9.6.6. Pa3mnunbic GpakTaabHble HIUTIOCTPAITUH MIEPEIUIETCHHBIX CYOKOHT-aHTHCOKOHTHBIX
TOKOB B OKPECTHOCTH SI/Ipa «3BE3]bD» (W ILTAHETHI»)
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Takoe OOBsICHEHUE SIBICHUS «3BE3MHON» (WM «IIJITAHETAPHOW») TPaBUTAIIMU JIUIIECHO HENO-
craTkoB runote3bl b. Pumana, ynomsinyroit B § 9.1, T.K. 0OHO 0OYCIIOBJICHO CIABHUTOM BCTPEUYHBIX CYyO-
KOHT-aHTUCYOKOHTHBIX TOTOKOB OTHOCUTENILHO JIPYT ApYyTa.

Ho nosiBuiicst apyroii Bonpoc, TpeOyromuii o0bsicHeHus: - «Eciu BHYTpU-BaKyyMHbIE CJIOU BO
BHEIIHEH 000J104Ke «3Be3/b» (WIN «IIJIAHETHI») MOCTOSIHHO CIIBUHYTHI OTHOCUTEIBHO APYT Apyra, TO
3TO NMPOTHBOPEUUT BAKYyMHOMY YCIIOBHIO, KOTOpOE€ TpeOyeT, 4ToObl J1000€ OTKIOHEHHE BaKyyMHOM
MPOTSHKEHHOCTH OT MCXOJIHOTO HEHCKaKEHHOTO COCTOSIHUSA JIOJKHO COMPOBOKIATHCS aHAIOTMUHBIMU

AHTUOTKIOHEHUSIMHU ?». OTBET Ha JAHHBIA BOIIPOC OyIeT JaH B CIEAyIOIIeM maparpade.

9.7 B3zanmoaencTBHe roJioi «3Be3AbD» U roJioi «IJIaHeThD»
PaccmoTpuM B3auMoIeliCTBHE «3BE3IBI» C OJTHOM M3 «IJIAHET», BXOJAIIEH B COCTAB «3BE3HO -

TJIaHeTapHOM» cucTeMsl (puc. 9.7.1).

Nnawetad ===

3Be3ga

CnyTHUK
MnaHeTbl 2

MnaHeta 2

Puc. 9.7.1. «3Be3nHO-IIaHETapHAS» CUCTEMA, TJE 4__>_j|» — BCTpEYHBIE CYOKOHT-aHTHCYOKOHTHBIEC TEUCHUSI

CyOKOHT-aHTUCYOKOHTHBIE TOKH, KOTOPHIE OTTEKAIOT OT slpa «3BE3IbD» C 3aMEJICHUSMU
(9.6.1) u (9.6.4), nanee yCKOPSIIOTCS, U MPUTEKAIOT K SAPY «IUIAHETh» ¢ yckopeHusiMu (9.6.15) u
(9.6.16), nocturas B ee paKuu MPaKTUYECKH CKOPOCTH CBETA.

B pakuu «mianeTs» IpoOUCXOAST CIO0XKHBIE TYpOyIeHTHBIE Tpotiecchl (puc. 9.6.3) u Te xe, HO
WHBEPTUPOBAHHBIE TOKH OTTEKAIOT OT s/ipa «IUIaHETh» ¢ 3amemieHusmMu (9.6.14) u (9.6.17). 3arem
OHU YCKOPSIFOTCSI, U TPUTEKAIOT K PaKWU, OKPYXKAIOUIEH SIpo «3Be3AbD» C yckopeHusiMu (9.6.2) u
(9.6.3), rie OHU CHOBA YYacCTBYIOT B CJIIOXKHBIX TYpOYJIEHTHBIX IIPOLIECCaX, UHBEPTUPYIOTCS U BHOBB C

3amemieHusMu (9.6.1) u (9.6.4) Bo3BpamiaroTcs K SApy «IJIaHETHI.
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Takum 00pa3oM, CYOKOHT - aHTUCYOKOHTHBIE TOKM HE MPUTEKAIOT K SAPY «3BE3AbI» U K SAPY
«IJIAaHEThD HUOTKYJA, U HE YTEKaIOT OT UX AJep B HUKY/A, @ OCTOSIHHO LUPKYIUPYIOT MEXKIY paKku-
SIMH «3BE3/1» U PakusIMH «1utaHeT» (puc. 9.7.1,9.7.2 u 9.7.3).

[Ipu sTOM, eciiu BO3JIe siipa «3BE3/IbI» MPHUTEKAIOIIHNE CYOKOHT-aHTUCYOKOHTHBIE TOKH B CPEll-
HEM MMEIOT OOJibliee YCKOPEHHE, YeM OTTEKaloIIhe CyOKOHT-aHTHCYOKOHTHBIE TOKHM (M3-3a TOrO, YTO
000JI0YKH, K KOTOPBIM OHU MPUTEKAIOT, MAJbIIE OT siApa «3Be3Abl», puc. 9.6.2, 9.7.2), To Bo3ne sapa
«IIJIAHETBD) MPUTEKAIOIINE CYOKOHT-aHTUCYOKOHTHBIE TOKH B CPEIHEM UMEIOT OOJiblliee YCKOpPEHHE,
YeM OTTEKAaroIllhe CyOKOHT-aHTUCYOKOHTHBIE TOKHU (M3-32 TOTO, YTO 00OJOUYKHU K KOTOPHIM OHU IpUTeE-

KaroT, TaK K€ HaXOJATCS JaNbIIIe OT SApa «IUIAHETh», puc. 9.7.2).

3BE3/I4

LT T -
Stersccntenange -

.....
..............
........

.............
“sses

TIJIAHETA

IT/TAHETA

Puc. 9.7.2. LHupkyssiius CyOKOHT-aHUTCYOKOHTHBIX TOKOB MEKIy PaKHEH «3BE3/bI» U PAKUCH «ILIAHETHD).
IIpu 3TOM CIBUT BHYTPHU-BaKYYMHBIX CIIOEB BO3JIE sIIpa «3BE3/bD» KOMIIEHCUPYETCS P OTUBOIIOIOKHBIM
CABHUI'OM TEX K€ CJIOEB BO3JI€ Apa «IUIAHETH

Puc. 9.7.3. ®pakranbHas WILTIOCTPAIUs «MEXK3BE3THBIX» U «3BE3IHO-TUTAHETAPHBIX)
BHYTPU-BaKYYMHBIX T€4eHHH (T.€. CYOKOHT-aHTHCYOKOHTHBIX TOKOB)
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BwMmecTe ¢ Tem, niepBbIe B BTOpPBIE MPUTEKAIONINE M OTTEKAIOIINE CYOKOHT-aHTUCYOKOHTHBIE TO-
KH TIEPEIJICTCHBI B JKTYThI, 1 00pa3yroT CIOXKHBIC y30psI (puc. 9.7.4, 9.7.5). Iloatomy (110 MHEHUIO
AJICHUTHBI) 3BE3[THO-TUIAaHETApHAsI TPABHUTAIHS JIOJITOE BPEMS OCTABaJOCh 3araJlOYHBIM U HETIOCTHIKH-

MBIM JJI Y€JIOBCUYCCKOTI'O MBIIIJICHUS ABJICHHUCM.

s

Puc. 9.7.4. ®paxTanpHast WILTIOCTpALMS CIOKHEHIITUX NeperieTeHni ePBBIX U BTOPBIX
CYOKOHT-aHTHCYOKOHTHBIX TOKOB BOKPYT sJpa «3Be3/bI» U SAPa «IUIAHEThD)

«36ez0a»

e T

L

P
«llnanemay

Puc. 9.7.5. TleperniereHne nepBbIX U BTOPHIX CyOKOHT-aHTUCYOKOHTHBIX TOKOB,
LUPKYIUPYIOLIUX MEXKIY SAPOM «3BE3Jb» U SIPOM IIAHETHD)

B pe3ynbrare mosrydaercsi, 9To Bce 0OBEKTHI (T.€. JIOKAIbHBIE BAKYYMHBIE 00pa30BaHMs), KOTO-

pBI€ HAXOJSATCS BO3JIE AJIpa «3BE3/b», B CPEIHEM YBIIEKAIOTCS (IPUTATUBAIOTCS) K SIAPY TOM «3BE3-
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IBD»; a Bce 0OBEKTHI, KOTOPBIE HAXOAATCS BO3JIE Spa «IUIAHETBD», B CPEITHEM YBIICKAIOTCS (IIPUTATH-
BAIOTCS) K SIJIPY 3TON «ILJTAHETHD».

B pamkax KBa3WCTallMOHAPHBIX MPEICTABICHUI AJICUTHBI, M3JIaraeMbIX B JAHHOK paboTe, mep-
BbIC M BTOpPBIE CYOKOHT-aHTUCYOKOHTHBIE TOKH, IUPKYIUPYIOIIHE MEXKIY PaKHel TOJIOW «3BE3IbD» U
paKuei TOJI0N «IUIaHEeTh» TOJTHOCTBhIO COaTaHCUPOBAHBL. TO €CTh, CKOJIBKO CYOKOHMA B CPETHEM IIO-
CTYIAeT OT PAKUU «3BE3/bD» K PAKUSAM «IUIAHET» (€€ CHCTEMBI), IIPAKTHIECKU CTOJIBKO XK€ aHmucyo-
KOHM@ BO3BPAIACTCS OT PAKHH «ITAHET» K PAKHH «3BE3/IBD).

BMmecTe ¢ Tem, cIBUT BHYTPH-BaKyyMHBIX CJIOE€B BO3JIE SIIpa «3BE3/bD» KOMIIEHCHPYETCS aHa-
JIOTUYHBIM, HO TIPOTHBOTIOJOXHBIM CIBHUTOM BHYTPH-BaKyyMHBIX CIIO€B BO3JIE SIIEP «ILIAHET», OKPY-
KAIOIIUX JTAaHHYIO «3Be3ay». Takum 00pa3om, B 1IEJIOM (B CPEIHEM) B «3BE3JIHO - TUIAHETAPHON» CH-
cTeMe BaKyyMHBIH OalaHC HE HapyIIaeTcs.

B pamkax Ascurssl, Tak ke Kak B (J.11.35), kaxmaas u3z metpuk (9.5.1) — (9.5.8) ¢ curnarypoit
{+ — — —} MoxkeT OBITh NpEACTaBIICHA B BUAEC CYMMbI CEMHU aHAIOTHYHBIX METPUK C CUTHATYpaMHU U3
yucauTens panxupa (9.7.1), a kaxaas U3 METPUK C CUTHATYpol {— + + +} MoKeT ObITh Ipe/cTaBICHA

B BHJIC CYMMBI CEMHU aHAJIOTUYHBIX METPUK C CUTHATYypaMU W3 YHCIUTENs pamxkupa (9.7.2):

SRR -
- - R
{+ - - +} -+ + -}
- -+ -} 9.7.1) + + -+ (972
- -
- -t
+ - + -} - + — +}
{+ — - =}« =+ + +}x,

[ToaTomy mipu Gosee eTallbHOM PacCMOTPEHHUM KI'YT, COCTABICHHBIA U3 4-X MEperyieTeHHbIX
CYOKOHT - aHTHUCYOKOHTHBIX TOKOB, LIUPKYJIUPYIOIINX MEXAY PAKHSIMU «3BE31bI» U «IUIAHEThD», MO-
KET COCTOATh U3 4 X 7 = 28 moa-TokoB (puc. 9.7.5). [loaToMy siBIeHHE TpaBUTAIIUU MOXKET OBITh pac-
CMOTPEHO Ha 3HaYUTENbHO 0oJiee TITyOMHHOM YPOBHE.

Cynepno3uniys 6ECKOHEYHOIO KOJIMYECTBA MEPEIUIETEHHBIX MEK3BE3HbIX U 3BE3/IHO - IIaHe-
TapHBIX CYOKOHM-AHMUCYOKOHMHBIX TOKOB (WM MOJ-TOKOB, WJIN MOJ-NOA-TOKOB) MPHUBOIUT K (op-
MHUPOBAHHUIO HEBOOOPA3UMO CJIOKHO MEPEIIETEHHOTO CyOKOHT-aHTUCYOKOHTHOTO «KOBPa», KOTOPBII
[TOBCEMECTHO OYpJIUT U MEPEIINBACTCS.

B xocMuueckoM mpocTpaHCcTBe (T. €. Ha 00JIBIIOM YAAJIEHUU OT «3BE3/» U «IIJIaHET)») CKOPOCTH
CyOKOHT-aHTHUCYOKOHTHBIX TOKOB OTHOCUTEJIbHO HEBEJIUKHU, HO TI0 Mepe NPUOIIKEHUS K SIpY «3BE3-

AbD) WA K AAPY «IIJIAHETBDY OHU YCKOPAIOTCA IIPAKTUYCCKH 10 CKOPOCTH CBCTA.
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9.8 B3aumozeiicTBue 0e3bsiIePHBIX KOCMUYECKUX 00bEeKTOB

[ToMrMO 0OMEHHO-CIIUPAIBHON CTPYKTYPBI «3BE3/THO-TUTAHETAPHBIX» B3aUMOJICHCTBUM, B paM-
Kax AJICUTHBI UMEETCA €Il€ OJHO HE MEHEE CEPhE3HOE OTINYUE OT COBPEMEHHOW KOCMOJIOTHH, OCHO-
BaHHOM Ha MOCTHBIOTOHOBCKOM HeOecHOl Mexanuke u Ha OTO A. DitHmreitHa. OTaUYME 3TO 3aKIIO-
YaeTcsl B TOM, YTO B paMKax MPEICTaBICHU AJICUTHBI HE BCE KOCMUYECKUE TeJIa UMEIOT TOJIOE SJIPO.

Ecnu y kocMuueckoro Tema HeT COOCTBEHHOTO TOJIOTO si/ipa, TO K HEMY HE CTEKAalOTCSA M OT He-
IO HE OTTEKAIOT CYOKOHM - aHmucyOKoHmHble TOKHU U, CII€0BATEIbHO, BOKPYT TaKOIro Tejla He 00pa3y-
€TCsl HEKOMIIEHCHPOBAHHOE YCKOPEHHOE CTeUEHUE Ag:7-BaKyyMa.

Hamnpumep, BosHe pe30HHO MPETOI0KUTh, YTO HE BCE KOMETHI U KPYITHBIE METEOPHUTHI 00J1a-
JAIOT TOJIBIMU SIAPAMH, U, CIIEOBATEIIHPHO, OHU HE MOT'YT OBITh IIEHTPaMU TPaBUTAITMOHHOTO TIPUTSDKE-
HUS. ITO OOBACHSIET, MoueMy OYIBDKHUKH B TIOSICE aCTEPOUIOB CO BPEMEHEM HE MPUTITHBAIOTCS APYT

K IpYTy, 1 He 00pa3yroT 00jiee MacCUBHbIE KOCMUYECKHE 00pa30BaHMUsL.

Puc. 9.8.1. Ilosic actepounoB. KaMHU B JTaHHBIX MOsicaX MPaKTUYECKU HE MIPUTATHBAIOTCS
JIPYT K OpYry B TeueHre OOIBIIOro Mepruoia BpeMeH!

B o1HOM M3 Ha3eMHBIX HKCIIEPUMEHTOB HCCIIEOBATENN THITATUCH U3MEPHUTH TPABUTAIIHOHHOE
BIHSIHHE TpsAbl Top. COryiacHO 3aKOHY BCEMHUPHOTO TSTOTEHUS MAaCCHUBHBIE TOPBI JOJDKHBI MPHUTSTH-
BaTh MaTepHAIIbHBIC MPEIMETHI, HAXOAIINECS BO3JIe UX MOAHOXHUA. OIHAKO TaKOTO BIMSHUS TOPBI,
CyZs TI0 COOOIIEHUIO JaHHOW TPYIIIBI YYCHBIX, 3a()UKCUPOBAThH HE YAaIOCh.

Ecnu, B camoMm zene, MOATBEPANTCS, YTO HE BCE MaTepHAlbHBIC Tela CO3Jal0T BOKPYT cels
IPaBUTAIIMOHHOE TI0JIE, TO KaK B TAKOM CIIy4ae OOBSCHUTH pe3yibTaThl dKkcniepuMeHToB . KaBenauma
(1798 r.), ®. beccens (1830 r.) u P. OtBema (1889 r.) mo nputsHKeHHIo ABYX 11apoB? B pTyTHBIX,
CBUHIIOBBIX M JIPYTHX IIapax, KOTOPHIE WCIOJIB30BAIHN 3TH M JIPYTHE SKCIIEPUMEHTATOPHI BO MHOTHX
nabopaTopHsIX MHpa JJIs TIOATBEPXKIICHHS 3aKOHA BCEMHPHOTO TATOTeHUs HpIOTOHA, SIBHO HET HUKa-
KAX COOCTBEHHBIX TOJIBIX SIZIEP, MPUTATHBAIONINX pa3IMuHbIe CJIOW BakyyMma. [yisi 0OBSCHEHHUS TaKOTO

poaa SKCIICPUMCHTOB MOKHO BBIABUHYTb TPU I'MIIOTE3bI:

393



1. l'osble siipa BHYTpHU 1IAPOB BCE K€ €CTh — 3TO sApa OTPOMHOT0 YHCJIa aTOMOB MJIM MOJIEKYJ,
U3 KOTOPBIX ATH IIAPhl COCTOSAT. B 3TOM cilyyae BO3MOKEH MHTErpajibHbIM 3PQEKT caBura BHYTpH-
BAKYyMHBIX CJIO€B BO BHEIIHUX O0OJIOUKAX «YaCTUI» M «AHTUYACTUL» B LUPKYJIALHUUA OIPOMHOIO
yuciia CyOKOHT-aHTUCYOKOHTHBIX TOKOB A.12:.16-BaKyyma (cmompume 2nagy §8). [Apyrumu cioBamu,
MPUTSDKEHHE MaKpOCKOMYECKHUX IIapOB, COIVIACHO JAHHOM THIOTe3e, OOYCIOBJIEHO HaJOXKEHHEM
OTPOMHOT0 KOJINYECTBA (PEPMUCKOMUYECKUX CYOKOHT-aHTUCYOKOHTHBIX TOKOB, CABHUHYTBIX OTHOCH-
TEJIBHO APYT Ipyra M3-3a HECOBMAJEHUsl CPepUUYECKUX TPAHUL] PA3JIUUYHbIX BHYTPH-BAKYYMHBIX CJIOEB
B PaKusX «aTOMOB» U «MOJIEKYI».

2. He uckioueHo, 4TO B NPUHIUIIE HEBO3MOXHO MOJIHOCTbIO CKOMIIEHCHPOBATH PAa3HOCTh
AIIEKTPUYECKHX 3apsi/IoB ABYX LIapoB. B 3ToM ciydyae ux NpUTSKEHUE MOXKET ObITh 00YCIOBJIEHO CH-
JIaMH 3JIEKTPOMarHUTHON IPUPOIbl (cmompume 2nagy §8).

3. Hakowner, He ciieyeT MOJIHOCTBIO OTBEprath uzeto Jlecaxka o ToM, YTO NPUTSHKEHUE MAKpO-
CKOITMYECKHX I1apOB MOKET ObITh 00YCIOBIIEHO BHEIIHUM JABJIEHUEM JIECAKEHOB (HarpuMep, IOTo-
KaMH «HEUTPHUHOY).

W3 cBeTo-reoMeTpuu AJICUTHBI TaKXe CIEIYeT, YTO MPUTATUBATHCS MOTYT TOJIbKO KOCMHYeE-
CKUE TeJla C MPOTHBOIOJIONKHBIM CIABUIOM BHYTPU-BAaKyyMHBIX CJO€B. J[pyrumu cioBamu, TSHYTCS
APYr K JIPYry TOJBKO TaKHMe€ KOCMHUYECKHE OOBEKThI, KOTOPBIE JOMOJIHSIOT APYr Apyra B OTHOLICHUU
KOMIIEHCAIlUU C/IBUTOB BHYTPU-BAKYYMHBIX CJIO€B C LIE€JIbIO BBIMIOJIHEHHS BAKYYMHOTO YCJIOBHSL

OpnHako cieayeT OXKumaTh, uyTo 3Be3nHO - [Imanerapusie OTHOIIEHUS B paMKax €IuHOW cOa-
JaHcupoBaHHOM kocMuyeckoil Cucrtembl (CeMbH) MOTYT ObITh HE TOJIBKO MPUTATUBAIOIIMMHU MM OT-

TaJIKUBArOIIMM, HO 3HAYUTCIIbHO 0oJiee CIIOKHBIMU.

9.9 BeiBoA®bI IO I71aBE 9

B pamkax moJsiHOCTbIO F€OMETPU3UPOBAHHON (U3UKH, Oazupymolieics Ha akcuoMaTuke Anreo-
pBl CUTHATyp, SIBJIEHHUE TIpaBUTALUU (MPUTSDKEHUS) MEXKIY JBYMsSI CTAOMJIBHBIMHU 3JIEKTPUYECKU
HEUTPaJIbHBIMU BaKyyMHBIMH 00pa30BaHUsIMU (OyJb TO «3BE3/bI» U «IIJIAHETHIY, UIH «aTOMBI» U «MO-
JIEKYJBI» U T.JI.) 00YCIIOBJIEHO CIBUIOM BHYTPU-BAaKyYyMHBIX CIO€B OTHOCHUTENIBHO JAPYT JApyra B pai-
OHE paxuii, OKPYXKaIOIINX sIpa B3aUMOICHCTBYIOIIMX JIOKAJTBHBIX BAKYyMHBIX 0Opa3oBaHuil. JlaHHBIN
C/IBUT' BHYTPU-BAaKYyMHBIX CJIO€B OUYE€Hb MaJ, NO3TOMY I'PaBUTALMOHHOE NPUTSKEHUE HE3aPSKECHHBIX
«aactaiy B ~ 10% pa3 cmabee 21eKTPOMArHHTHBIX B3aMMOICHCTBII MEX/ITY 3aPSKSHHBIMH «JaCTHIIA-
MI» U «@aHTHUYaCTHIIaMH», ONMCaHHBIMU B IJ1aBax 5 u 8.

PasBuree naHHOrO HampaBJIEHUs MCCIECNOBAHUN MOXKET IPUBECTH K BO3MOKHOCTH HMCIIOJIB30-
BaHHUS 3BE3/IHO-TUIAHETAPHBIX U MEX3BE3/IHbIX BHYTPU-BAKYYMHBIX (CYyOKOHT-aHTHCYOKOHTHBIX) TeUe-

HUN A TEPEMCIICHUA B KOCMHUYCECKOM ITPOCTPAHCTBCE.
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