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B xHure npeaiokeHsl HOBBIE KPUTEPHH M METOBI SKCIIEPUMEHTAIBHOM
MPOBEPKH OAJUTUCTHYECKON Teopuu Putiia. B ToM dmnciie 00CyKaaroTes dKcIie-
PUMEHTHI M METO/IBI TPOBEPKH HAa OCHOBE aCTPOHOMUYECKHX HAOMIONCHHH, TaH-
HbIX KocMuueckor pamuonokamuu, GPS u TJIOHACC. IlpenioxeHbl METObI
MIPOBEPKH Teopuu Putiia B 1a00paTopuu, Ha OCHOBE ONTHKH U JIa3epHOU (H3H-
ku. Takke MCCIeIOBaH PsiJi CXeM KCIIEPUMEHTOB B 00JIACTH sIEpHOI (HDU3HUKH,
(U3MKK BHICOKUX YHEPrHii, HA OCHOBE aHAIN3a JIaHHBIX 0 KOCMHUYECKUX JIydax
U 0 pekuMax paboTel yckoputenei. B paMkax OaJmUCTHUECKOW TEOpHH 00b-
SCHEH psi acTpodu3uyeckux 3P(PEeKTOB, XapaKTEPUCTUK CHHXPOTPOHHOTO, OH-
TYJIATOPHOTO U YEPEHKOBCKOTO M3NMy4yeHusa. Kuura Oyner HHTepecHa MHUPOKOMY
KpYTY YHTaTelNeH, BKIIIoUask CTy[CHTOB, MIPEIoaBaTeieii i CIIeI[HaIiuCTOB COOT-
BETCTBYIOIINX 00IacTe HayKH.
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OT ABTOPA

[Ipemraraemasi BHIMaHUIO YATATENs] KHHUTA TIPEICTABISIET COO0M Oornee
mopo0HOE M HAYYHO 000CHOBAaHHOE Pa3BUTHE KHUTH aBTopa «bammmcTniaeckas
Teopust PuTna u kaptuHa Muposnanusy (Brepsbie u3nannoi B 2009 1) u cepun
cTareil B HayYHO-TEXHWYECKUX M HAyYHBIX XXypHajaX, BKJIIOYas cTrathio «O0
9KCIIEPUMEHTAIILHOM ITPOBEPKe OaTHCTHUECKOH Teopun cBeTa» [A2]. Kak cie-
JIyeT U3 Ha3BaHMsl, HOBasi KHHUTa IOCBSIIIIEHA YKCIIEPUMEHTAIILHOM ITpoBepKe Oai-
JUCTHICCKON TEOpHUH, a Takxke Oosee MoApOoOHON TEOPETHUIESCKOU MPOopadoTKe
OCHOB TEOPHH, IPEK/E BCETO ONTHUKU U dICKTPOIMHAMHUKH. J[eo B TOM, 4TO 3a
MIpOIMIEANINe § JIeT HayKa SKCTIIEPIMEHTANbHAS ¥ TeOpeTHYEeCKasl MarHyia gae-
KO Brepén. Y OaIMCTUYECKOM TEOPUH MOSIBUIOCH MHOTO HOBBIX CTOPOHHHUKOB,
YeMy, HaJIeFoCh, CIIOCOOCTBOBAIIM | IIE€pBasi KHUTa, U CTaTbu aBTopa. Takum 00-
paszom, orpeboBaoch Ooliee MOAPOOHOE PYKOBOJCTBO-ITYTEBOAMUTEIND 110 Oa-
JUCTHICCKON TEOPHH U KOHKPETHBIH HaOOp KPUTSPUEB JJIS MPOBEPKH TaHHOM
TEOpHH, a TAK)KE KOHKPETHBIC Y(P(PEKTHI U MPAKTHIESCKUE TPUIIOKEHUS, KOTOPHIE
MOTJTH OBI IPUMEHHUTH MPAKTHUKU U HKCTIEPAMEHTATOPHI.

[lepBOHAYaIbHO MJIAHUPOBAIOCH peaIn30BaTh ATy paboTy B hopMe KaH-
JUJIATCKOM JUCCEepTAINU, HaJl KOTOpoit aBTop padotain ¢ 2010 r. — ¢ MoMeHTa To-
CTyIIJICHUS B acnupanTypy Hmkeroponckoro Yausepcurera umenu JlobaueBcko-
ro. C 3Toii 1IeTTbI0 aBTOPOM OBLIT OITyOJTMKOBAH PSIJT cTaTel B HAyYHBIX XKy pHAIaX,
B TOM umciie u3 ciucka BAK, ObuT cenan psn MOKIag0B Ha KOHPEPEHIHAX U
cemunapax B HHI'Y, UT1® PAH, HU®TU u T.1. (cM. IPUIOKESHHS U CITUCOK JIN-
Teparypbl). VicTopust 3TUX myOIMKanuii U BEICTYIUICHUH PEryJsIpHO OCBellaiach
Ha caiite aBropa www.ritz-btr.narod.ru, riie mpuBOAMINCH, BMECTE C TEKCTaMU
cTaTel M JIOKJIa/IOB, IIEPBOMCTOUYHHUKH M COIYTCTBYIOIINE CIIPAaBOYHBIC MaTepra-
JIBI, 7a0OBI OOJIErdUTh PaboTy IPYTUM HCKATEISIM UCTHHBL. OHAKO YaCTHYHO I10
BHHE aBTOPA, YACTHYHO 10 BHHE HE3aBHUCAIINX OT HETO OOCTOATENBCTB padboTa
HaJ AUCCepTaIel IPEBPATIIINCH B IOJITOCTPOM, a 3aIlUTa 3aTSHY/Iach Ha TOMBI.
[ToaTOMy OBLIO MPUHSTO pelIeHHE OMYOIMKOBATh JUCCEPTALUIO B CYIIECTBYIO-
IIeM BHJIE, IyCTh HE BIIOJHE 3aKOHYEHHOM W COBEPLIEHHOM, HO, HECOMHEHHO,
TIOJIE3HOM JUISI T€X, KTO TOTOB JIAJIBIIE 3alUINATh OaJUIMCTUYECKYIO TEOPHIO U
JUIA T€X, KTO HAMEPEH MaJbIle KPUTHUKOBaTh Teopuio. C OJHON CTOPOHBI, 3TO
MTO3BOJIUT PACIIMPHUTH KPYT 3aWHTEPECOBAHHBIX B MCCIECIOBAHUH TOH TEMBI, C
JPYTO — ITOMOXKET B JabHEHIICH 3aIUTe TUCCePTAIINH, TeM 0oJIee, CyIIeCTBY-
€T BapUAHT 3alllUThl AUCCEPTAllUN HE TOJBKO IO PYKOIIHMCHU, HO U 110 Ol'[y6J'II/IKO-
BaHHOU MOHOTrpaduu.

Hecmotpst Ha OArocTpol, s peryasipHO pa3Memiai MpeaBapuTeIbHbIC
BapHAaHTHI-PEIAKINN JHCCEPTAIUN Ha CBOEM aBTOPCKOM calTe WwWw.ritz-btr.
narod.ru (cM. mepedeHs IEKTPOHHBIX aJpecoB B KoHIe KHUTH). C OmHON CTO-
POHBI, 3TO CITOCOOCTBOBANIO HAKOIICHUIO KPUTHYECKHUX 3aMEUaHHWid CO CTOpPO-
HBI CIELHUAJIUCTOB M, TaKUM 00pa3oM, MOMOTaji0 yTOYHEHHIO auccepraiuu. C
JPYTO# CTOPOHBI, CAlT 3HAKOMWJI YHTATENICil B pealbHOM MaciuTabe BPeMEeHH C
XOJIOM Pa3BUTHs OAJUTMCTHYECKON TEOPUH, TIoMorast B 0osiee OBICTPOM Pa3BUTHH
TEOpHUH U yOeperast OT BO3MOKHBIX omiOok. KoHeuHOo, B Hay9HOI cpeie 0OBITHO

HE IPUHATO pasMEIIaTh AUCCEPTAIINNA B CETH 10 WX 3aIllIUTHI,
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B TIEPBYIO OYepeab B LEISIX 3amuThl HHpopManuu. OHAKO NP COBPEMEHHOM
YPOBHE€ TEXHHUKH CJIC)KCHUS, CIICHUAJIBHBIX CETCBLIX MNpOrpaMM MNPAKTUYCCKU
HHUKaKyl0 MH(GOPMAIMIO HElb3sl yIepXKaTh B CEKpeTe JaKe B TEUEHHE Mayioro
BpeMeHHU. [loaToMy, Kak BEpHO OTMETHJI Iepoil mosectu OparbeB CTpyramkux
«3a MIJUIHAP/ JIET O KOHIIA CBETay, JTyUIINi Cl0co0 3alIUThl — 3TO TIIACHOCTb.
Tem Oosee, OCHOBHOI 1LiesIbI0 aBTOpa OblIA HE CTOJIBKO 3AIIUTA AMCCEPTALNH,
CKOJIBKO PactpoCTpaHeHNE OaJUTNCTHIECKON TEOPHH.

Jeno B ToM, uTo OaJuTMCTHYECKas! TEOpUsl UMEJIa OUYCHb JUIMHHYIO U He-
3aBM/HYIO UCTOPUIO pa3BUTHUSA Kak B mupe, Tak u B CCCP, Poccuu B wactHOCTH.
Jonroe Bpemst OaJutMCTHYECKasi TEOPUsl HE MOTJIa Y HAC IPYIKUTHCS: YYEHBIC U
OHTY3HAacCThI, 3alllMIIABIINEC U PACIIPOCTPAHABIINE 3Ty TCOPHIO, MOABECPTraInNCh
Tpasie U MO0 yMHpaly, 1100 KOHYAIN KHU3Hb B CyMacIIeAnieM gome. B atom
cMBbIcie UcTOpUsl pacupocrpaHeHuss BTP HamomuHaer ucTopuio pacrnpocTpa-
HeHus kapTomku Ha Pycu. C camoro mosiBineHus B Poccuu 3T0it mosesHeimei
KyJIBTYpBI OHa ObIJTa BCTpEUEHa B IITHIKH, HOCKOJIBKY T€ HEMHOTHE, KTO TTBITAJICS
BBIpAIMBaTh KapTOILKY, HEPABUIBHO €€ YIOTpeOIsiiin, moeasi BMECTO Kiryo-
Hell — IJIO0/bl, B UTOTE JIIOIU TPABUIMCh U IOMHUPAIH, U HUKTO YXKE HE XOTell
CBA3BIBATHCSA C OTUM PACTCHUEM. B HTOTC, JaXKC KOrJia MpaBUTCILCTBO MBITAJIOCH
00BSICHUTb, KaK IIPABUIILHO BBIPAIIMBATH U YIIOTPEOJIATH KAPTOIIKY, H CTAJIO pac-
MIPOCTPAHATH KyJIbTYPY B IPUHYIUTEILHOM IOPSIIKE, JIFOJN OTKA3bIBAIUCH UMETh
C HeH J1eo U Jaxke TMOIHUMANH KapTodenpHble OyHTHI. Toraa yuiun cennpuxy
CTpaHbl ¥ MEHTAJMUTET HACEJICHUS ¥, BMECTO IPHHYANTEIBHOTO PACIIPOCTPaHE-
HUSI, CO3/IAJIN OTIBITHBIE YYACTKH 1O BBIPAIIMBAHUIO KAPTOIIKH, TOCAIKH KOTOPOH
aKKypaTHO OTOPOAMIM 3a00pOM M BBICTABWIIM CTOPOXKEH, 3arperast Opars Kap-
TOLIKY C y4acTka. B uTore uepe3 HECKOJIBKO JIET KapTOIlIKa CTajla pacTU BO BCEX
oropozax Poccun u 10 cux mop MCIOIb3yeTCs Kak OBOII IIEPBOCTEIICHHOM Bax-
HOCTH, 3aCIy’KEHHO Ha3bIBaeMBIil «BTOPHIM xJiebom». [IpumepHO TO Xe camoe
MPOU30IIIO ¢ OATUCTUIEeCKOH Teoprel. [TocMoTpeB Ha 3ampeTHbIe CAHKITUH B
OTHOIIECHWU TEOPUHU U OJHOBPEMEHHO YBHJEB, KAK YCIEIIHO M OBICTPO TEOpPHs
pa3BHBaeTCA, NPUHOCS BCE HOBBIC M HOBBIC IJIONBI OTKPBITHH, JIIOAM HE MOT-
JIM YCTOSATH Tepel UCKYILICHUEM 1 CaMU Hadalld Pa3BUBATh 3TY TEOPHIO HA CBOM
cTpax u puck. [Tocne 3Toro npu3HaHue TEOPUH CTAJIO TOIBKO BOIIPOCOM BPEMEHH.

KoHneuHo, 1ipy Takoi cuTyanuu He 00ONIIOCH O€3 CIOPOB, B TOM YHCIIE
cropoB o npuopurere. OJHaKO, KaKk OTMEYAJIOCh B IEpPBOM M3aHUHM KHUTH «bTP
W KapThHa MUPO3JaHusA», €CJIN YUCCTh Oosiee ueM BCKOBYIO UCTOPHUIO pa3BUTHUA
0aJTMCTHUECKON TEOPUH BO BCEM MHUpE, TEOPUIO HEJIb3sI IPUIHCATh HU OJHOMY
KOHKPETHOMY YEJIOBEKY (a)e €CIIM ydeCcTh OCHOBOIOJIATAIOIINI BKIa] Baib-
tepa Putna). bannnctrdeckas Teopus — 3TO pe3ysbTaT PasMBIIIICHUH, Teope-
THYECKOH M IKCIICPUMEHTAILHOMN JIESTENBHOCTH COTEH YYEHBIX, HCCIIeN0oBaTe-
JIeil ¥ IPOCTO AHTY3HACTOB. [lepeueHb MHOTUX U3 HUX, HACUUTBIBAIOLINN COTHU
UMEH, U OPUTMHAJIBHBIE PA0OTHI MJIM CCHIJIKM Ha HUX, €CTh Ha CaiiTe U B KHUTE
aBTOpa. XOTs MHOTHE UMEHA KaHYJIU B JICTY U OCTAJIUCh HCU3BECCTHBIMU. B stom
CMBICJIC pa3sBUTUC TCOPHUU U Heu30eKHas no6ez[a TCOPUU aHAJTIOTUYHBI 1'[066}16 B
Benmkoit OtedecTBeHHOi BoiiHe, rae [lobema OpLTa JOCTUTHYTA TPOMAIHBIMH

8



YCUJIMSIMU BCETO Hapojia, MapTU3aH, BOCHHBIX, @ HE TOJILKO TeHEepaioB, MapIiia-
noB 1 ToBapumia .B. Cranuna. Tak u pa3BuTHe 0aTHCTHUECKOM TEOPUH OBLIO
pe3yabTaTOM Ka)JOJAHEBHOTO TTOJIBUra U3BECTHBIX U O€3BECTHBIX FepOEB U MPO-
CTBIX TPYKeHUKOB. [T03TOMY X0UeTCs CO CBOEH CTOPOHBI OT BCeil Aymu modaro-
JIApUTH BCEX TEX, KTO MOMOTaJ aBTOPY B PAa3BUTHU TEOPHH, KTO MOIJICPKMBAI B
TPYIHYIO MUHYTY, IOMOT'aJ BEIXOAY M PACIPOCTPAHCHHUIO KHUTH.

IIpu 3TOM CeAyeT OTMETUTD, UTO BaXKHYIO CHHXPOHU3UPYIOLLYIO POJIb, YIIO-
PAIOYMBAIOLIYIO YCUIINS. MHOTUX JIFOAEH, ChIrpalo mnepBoe usnanue kHauru «bTP u
KapTHHA MUPO3/IaHHs», B KOTOPOM KakK pa3 BO BBEJICHHU CTAaBIJIACH 11€JIb CHHXPOHH-
3UpPOBATh, COHATIPABHUTD yCHJINSI MHOTHX HCCIIEZI0BaTeNei, TOT0OHO CHHXPOHN3ALNN
MoJ1 KonieOaHuit B ()eMTOCEKyHTHOM JIazepe. JTa 3a/1a4a Oblia perieHa TpeMs H31aHu-
SIMH KHUTH, CTaThsIMH, JTOKJIaJIaMH 1 BeO-CaliToM aBTOpa HaCTOIBKO 3 (hEeKTHBHO, UTO
U7IeN y UCCIIeNIoBaTeNeH 1 BIPSIMb CTaI TeHEPUPOBATHCS CUHXPOHHO, BO3HHKAS [OY-
TH OJIHOBpEMEHHO. Takum 00pa3zoM, OCHOBHasI 33/1a4a KHUTO# BBITIOJIHEHA YCIICIITHO.

UYuTast KHUTY, YMTaTeNIb TAKXKe JOJIKEH ITOHUMATh, YTO OaTHCTHUECKAs
Teopust PuTia ¥ cama KHUTa He SBISIIOTCS UCTHMHOW B KOHEYHOW MHCTAHIIMU.
[TosToMy K COAEpKMMOMY KHHWTH CIEIYET IOAXOAUTH KPUTHUECKH, TIOHUMAs,
YTO 3TO, TOBOPSI MO-HAYYHOMY, TOJIBKO MEpBOE MPHOIIKEHNE, KOTOPOE MOKHO
COBEPIICHCTBOBATh M COBEPILEHCTBOBATh, YTOUHSTH, MPUBOAS MPHOIMKCHUS
BTOPOTO, TPETHErO U APYrux nopsakos. Ha TakoM pasinokeHUU B Psii U OCHO-
BaHa Bcs teopusi Putna. Ilpu stom, cienys npumepy Putna, Hago moaxoauThb
K MTOHUMAHUIO OaJIMCTUYECKON TEOpHH OOPa3HO M C IOMOPOM, IMOHUMAsI, YTO
HEKOTOpBIE THITOTE3bI 3ByYaT 1Moka (haHtacTyHO. [103TOMY, 4TOOBI HECKOIBKO
CMSATYHTB CyXO€ U3J0KEHHE TEOPHUH, IPUBOANUM B KOHIIE KHUTU B KaY€CTBE MPH-
JIOXKEHUSI HECKOJIBKO HAy4YHO-IIOMYJISIPHBIX M HAYYHO-TEXHUYECKHX CTareil, uTo-
OBl TI0Ka3aTh, HACKOJILKO MHOTOCTOPOHHS U MHTEpecHa Teopusi PuTia, oXxBarkl-
BAIOLIAs B TOM 4YHciIe (PU3UKY aToMa, aTOMHOTO s/pa, aCTPOGHU3UKY 1 UMEIOLIast
PSA IPaKTHYECKUX U TEXHUYECKUX MPpHIIoKeHn . Takum o6pazom, Teopus Putia
OTKpBIBAaCT MONUCTHHE (DAHTACTHIECKUE MEPCHEKTUBBI. B 3TOM cMbIcie Teopust
Putna nonobua Teopeme depma, KOTOPYIO TOXKE JJOJITOE BPEMs TBITAIHUCH J10-
KazaTb MaTeMaTHUKH-CIIeHAINCThI 1 JitoouTenn. Ho HecMoTpst Ha OecruiofHble
yCuiinAa caM IMOUCK PCUHICHUSA, NJOKa3aTCJIbLCTBA HpI/IBéH K NOABJICHUIO OTPOMHOIO
YHClIa HOBBIX MaTeMaTH4eCKUX METOMIOB, 3aKET SHTY3Ua3MOM MHOTO HOBBIX HC-
ciepoBareneit. [loaTomy, korna B utore Teopema depma ObLTa CTPOTO TOKa3aHA
(XOTsl M HE TAaKUM METOIOM, KOTOPBIN mpesyiaran cam depma), B apceHae HayKu
MOSIBUIIOCH OTPOMHOE MHOXKECTBO MHCTPYMEHTOB U OPYAUI HUCCIIEAOBaHUs, Ha-
MHOTO MPEBOCXOJIAIINX [0 BaXKHOCTH caMy TeopeMy Depma.

BbIx01 HOBOM KHUTY TOKE BO MHOTOM ITPUYPOUYEH K BaXKHOU JJIs HAILIEH CTpa-
HBI fate — croneTruto OKTAOpHCKOM peBomonnu 1917 1., MOCKONBKY MEpBOE U3aHHe
KHHUTH KaK pa3 MPENoHOCHIOCH IO 3TUA0N PEBOMIOLNH B HAayKe U TEXHHKE, €CITN
YYeCTh OTPOMHBIC TICPCTIEKTHBEL, OTKPBIBAEMBIC OaJITHCTHISCKOM Teopueil. A BTP
(6poneTpaHCcnOpTEP) KaK CHMBOJ U MOZIENb PACIPOCTPAHEHUsI CBETa B OaJUTUCTH-
YECKOH TeOpUH, CITyXKIJI CHMBOJIOM peBooly. Takum o0pa3oM, OyjieM HaesTh-
cst, uto 2017 rox craHeT CyibOOHOCHBIM U JUIsl Pa3BUTHsI OAJUTUCTHYECKOH TEOPHUH.

C.A. Cemuxos



BBEOEHUE

B Hacrosmiee BpeMsi 0COOCHHO akTyaslbHa Mpo0ieMa TOYHOrO M3Mepe-
HUSI CKOPOCTH CBETA U BIUSHUS HAa HEE€ CKOPOCTH UCTOUHUKA [1, 2], B T.u. BBUIY
PETUCTPAINH IEKTPOMAarHUTHBIX BOJH C TPYMIIOBON CKOPOCTBIO BBIIIE CKOPO-
CTH CcBeTa B BakyyMme C [3, 4] u peructpannu B BaKyyMe CBETOBBIX CUTHAJIOB CO
ckopocThio HIke C [5]. OO akTyaqTbHOCTH TeMBI CBUETEIBCTBYET PsJl pador,
oIyONMKOBaHHBIX B ocienaue 15 ner akagemukom PAH E.B. AnekcanapoBbim,
A.M. bonu-bpyesuuem, I'b. Manbikunbim, A.C. Ma3manumBuiu u ap. [6—14].
W3 Hux cienyer, 4ro yreepauBLieecss B XX BEKE MHEHHE O IOCTOSIHCTBE CKO-
pocTH cBeTa (PAKTHUECKH HE MOATBEPKICHO ONBITAaMH. TOIBKO B TOCIEIHHUE
JIECATH JIET TIOCTABJIEHBI MPSAMbBIC 3KCIIEPHUMEHTHI, B TOM YHCJIE C IPUMEHEHHEM
CHHXPOTPOHHOTO U3JTy4€HUs, O3BOJSIOINE TOUHO U3MEPUTH BIMSIHUE CKOPO-
CTH UCTOYHHKA HA CKOPOCTb CBETA.

Kak ormeueno [6, 9, A1-AS5], npeskHue apryMeHTbI, OCHOBaHHBIC Ha aHa-
U3¢ HaOMFONCHUH ABOMHBIX 3BE3, MyTbCAPOB U 3aMepax CKOPOCTH M3IYyUICHUS
OT PENATHUBUCTCKHUX YACTHUI U sIJIEp, HE UMEIOT JI0Ka3aTeIbHON CHIIBI. AKTyasb-
HOCTb aHajM3a BIMSHUS UCTOYHUKA HA CKOPOCTh CBETA, MPEICKA3aHHOIO BEK
Ha3aja B pamkax bammuctuueckoit Teopun Purtna (BTP), nuktyerca u Tem, uto
13 Teopuu crenyet 3¢dext TpaHchopMaIiz 9acTOTH CBETa IMPH YCKOPEHUH HC-
TOYHHUKA. B ciygae nmoxrBepskaeHust 3G dexT Mo3BOIUT IUIABHO MIEpEeCTpanBaTh
YaCTOTY ONTHYECKOTO JIA3EPHOTO M3Ty4eHHs, IIEPEBOS €ro B JII000I NHOM /na-
M1a30H JIEKTPOMArHUTHBIX BOJH. B MpUMeHEeHUH K sBIEHHSAM KocMoca S QeKT
OOBSICHSIET Psijl aHOMAJIUIA, OTKPBITHIX NPU MCCIICIOBAHUH BHETAJTAKTHUECKUX U
raJlaKTH9ecKUX O0OBEKTOB, B T.4. 9K30IUIaHET. M3 GayumcTudeckoil Teopun cie-
JYIOT 3JIEKTPOJMHAMWYIECKIE COOTHOIICHHMSI, OTIIMYHBIEC OT HAal/ICHHBIX B paMKax
ANEKTpOANHAMUKN MakcBesuia. T.e. KOJIMYeCTBEeHHBIN aHaln3 B paMKax Oaim-
CTHUYECKON TEOPUH MO3BOJIUT YTOUHUTH IEKTPOJMHAMUYECKHUE XapaKTEePUCTH-
k1 1 oBbIcUTH KIIJ[ mpuGopoB, BKIIOYAss yCKOPUTETH IEMEHTAPHBIX YaCTHII
[A37, A45].

BamnmucTiueckyro Teopuio cBeTa BEIABUHYI B 1908 1. mBelnapckuii dhu-
3UK ¥ Maremaruk Bamerep Putn [15] B kauecTBe KilaccHuUecKo# aibTepHATH-
BbI crienuaibHoil Teopun otHocutenbHOCTH (CTO) 1 Teopuun 3pupa. B 1909—
1911 rr. 6annucTHYECKNE TUITOTE3bI He3aBUCUMO BBLABHHYIH Takxke J[.D. Kowm-
ctok, Jix. Kynm, P. Tomvmen, O.M. Crroapt u Ix.J[x. Tomcon [16]. CormacHo
0aJUTMCTHYECKON TEOPHH, IEKTPOMAarHUTHBIE BO3JICUCTBHSI, B YACTHOCTH CBET,
pacIpoCTpaHsOTCs, KaK B KOPIYCKYJIspHOHM Teopuu Hel0TOHA, aHAaIOTMYHO MO-
TOKY YaCTHIl, UCIYIICHHBIX OTHOCUTEIHHO UCTOYHHUKA CO CTaHAAPTHOM CKOpPO-
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CTBIO CBETa B BakyyMe ¢. [IpH IBHKEHUU UCTOYHMKA B MHEPLUAIBHON cucTeme
oTcuéra cO CKOPOCThIO V, 3Ta CKOPOCTh B MOMEHT H3JIyYECHUS] MEXaHHYECKH
nobasisieTcs K C, ¥ CKOPOCTh CBeTa C' B MHEPLMAIBLHOM crcTeMe Haluonaress
OTIpeJIeIIeTCs Kak BEKTOpHAsi CyMMa
c'=c+V, (1)
AQHAJIOTMYHO CKOPOCTH CHApsIOB M3 TOIBMKHOTO OpyAus (OTCIOA Ha3BaHHE
Teopun). OTa MeXaHH4YecKas MOJAETb AICKTPOMArHUTHBIX B3aMMOJCHCTBHH
Y/IOBJIETBOPSUIa TIPUHIMITY OTHOCHTEIBHOCTH ['anuiesi, OObSICHUB, KaKk OTMe4e-
HO [16, 17], abepparuto 3BE3AHOTO CBETA M OTPHUIATEIILHBINA PE3YJILTAT OIMBITOB
Maiikenbcona-Mopiu, Kennenu-Topuaaiika, Tpoyrona-HoOmna n apyrux onsitoB
10 BBISIBIICHUIO MHEPIMAIBHOTO JBIDKEHUS 3eMid. B pamkax 3Toif Teopun Putn
OOBSICHUIT M BOJIHOBBIE cBoMicTBa cBeta [15, A51], a /Ix./Ix. TomcoH BbIBen Bep-
HBIE BeIpaXKeHus [uis noneit E u H anemenTtaproro n3myvarens [18]. Otot ussiu-
HBIW BBIBOJI /IO CHX ITOP MPHBOIAT B COBPEMEHHBIX Kypcax (usuku [19].
OcHOBHOE cofiep)kaHHe OalTHCTHYEeCKOd Teopun PuTha, Kak OTMETHII
akagemuk M.A. EnbsimeBuu [20, 21], cocraBmiser OecroyieBoil 1OMaKCBEIIOB
MTOJIXOJ1 B SJICKTPOIMHAMUKE, BOCXOSAIIHIA K paboram Bebepa, ['aycca u Pumana.
B pamkax 3TOro moaxoja 3JIEKTPOMAarHUTHBIC CHIIBI OMPEACIISIOTCS MCKIIOUHN-
TENIbHO KaK (DyHKIIMH OTHOCHUTENBHBIX MOJIOKEHHUH, CKOPOCTEH U YCKOPEeHHIt 3a-
PAZIOB, a HE MyCTOrO MPOCTPAHCTBA MeXAy HUMHU. [l pacuéra aTux cun Purig
MIPEUIOKII, 3a70JIT0 A0 KBAaHTOBOW 3IEKTPOIMHAMMKH, TMIIOTE3y O KBAaHTaX
ANIEKTPUYECKOTO MO — O TIEPEHOCAIINX MEKTPUIECKOEe BO3/ICHCTBHE 3IEMEH-
TapHBIXYacTUI[AX — THIIOTE3a, BOocXondmas K uaesaM Jlemoxpura, Dnukypa H
Jlykpeuus Kapa, a raxxe Hprorona, Jlomonocosa u Jlecaxa. Jlanee, B cooTBeT-
ctBuu ¢ [A20], OyneM Ha3bIBaTh 9TH YaCTUIBI peOHaMH R, OT Tped «peoc» — Io-
TOK, UCTEYCHHUE, T.K. OAJUTUCTUUECKUE TEOPUH HA3BIBAIOT €Il SMHUCCUOHHBIMU
TeopHusiMH, TeopusimMu uctedenus [15, 16]. CormacHo rumoreze Putna peoHsr
MTOCTOSTHHO UCITYyCKAIOTCSI 3JIEKTPOHAMHU (M IPYTHMU 3apsKCHHBIMU YaCTHIIAMN)
CO CKOPOCTBIO CBETa C U MOMIOIIAIOTCS JIPYTUMU 3apsilaMH B X0 OOMEHHOTO
B3aumozencTBus. [10TOK 3TUX YacTul, NepeHOCs MEXaHUYECKUI UMITYIIbC, CO3-
Ma€T MpU yAapax 4acTHIl O JAPYTrHe AICKTPOHBI 3JIEKTPHUECKOE OTTAIKHBAHUE.
MexaHundeckoe J100aBIeHUE CKOPOCTH AIIEKTPOHOB M 00Pa30BaHHOTO U3 HUX UC-
TOYHHKA IOJIS — K CKOPOCTH UCIIYIIEHHBIX UMU «KBAHTOB MOJIH (peoros) mpu-
BOJUT K 3aBUCUMOCTH (1) CKOPOCTH 3JIEKTPHUYECKHX BO3AEHCTBHI M CBETa OT
CKOPOCTH HCTOUHHKA. T.e. aJleKTpUUYeCcKoe Mojie U MepeHOCAIINE ero YacTHIIbI-
PEOHBI COXPAHSIOT CKOPOCTh U3ITyUarOIIUX 3apsAI0B, UTO MOATBEPAUIH U PSIMbIE
SKCHEPUMEHTHI [22]. AHanu3 JuTepaTypshl, NPEeINPUHATHII aBTOPOM, MOKa3al,
YTO TEPMUH «peonbly MPEJIaraii MPeXk e U B OTHOUICHUH JIPyTUX TMIIOTEeTHYe-
CKHUX CyO2JIEKTPOHHBIX 4acTHIl, Harpumep, akagemukom H.C. AxynoBeim [23].
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MarHuTHble, HHIYKIMOHHbIE ¥ TPaBUTALMOHHbIC CHUIIBI B TeOpHH PuTia
MOJTYyYaJUCh B KaUeCTBE MaJbIX MOIMPABOK K AIEKTPUYECKON CHIIC, BHI3BAaHHBIX
OTHOCHTENBHBIM JIBIKEHHEM 3apsAfoB. PUTI] BeIBEN (hOPMYIIBI BCEX IEKTPOIH-
HAMHUYCCKAX PPEKTOB U KIIACCHYCCKU OOBSICHUI PEISATHBHCTCKUE IPPEKTHI,
BKJIIOYast POCT MacChl OBICTPBIX IEKTPOHOB M CMEIIICHHE NIepHuresis Mepkypus,
emé B 1908 . BepHO MpeAcKa3aB CMEIICHUS MEPUTEINeB IpyTrux miaHet [15] u
TTONYYHB JIJIs1 HUX (OPMYITY, COBIIABIIYIO C HAWICHHOM CITycTs 7 JeT DWHIITEH-
HOM B 001IIeif TeoprH OTHOCHTENBEHOCTH [24]. OTMeTnM, 4To PHTIN B ITedatn BEN
JMCKYCCHIO C DHHIITEHHOM M 110 BOIIPOCY 00 AIIEKTPOANHAMHUYECKOM MPHpOjIe
HEOOpaTHUMOCTH SIBIICHUH 1 00 ypaBHEHHSIX 3JIEKTPOJMHAMHKH B YaCTHBIX MPO-
M3BONHBIX [15, 295], utorn koTopo#t moapoOHO nccienoBansl B.B. UemeBsiM
[422], A. Maprtunesom [423], M.A. EnbsitueBuuem [21] u P.C. @purunycom.

Takum o6paszom, Teopust Putna — 310 yHIaMeHTabHas TEOPHsl, OXBAThI-
BaroIast INUPOKUI KPYT SIBICHUH M KJIACCHYECKU OOBsICHUBILAS Psijt 9PEKTOB,
OTKPHITHIX Ha pyOeske XIX-XX BB. B KauecTBE MPOTHBOPEUAIIIX KIACCHICCKOM
¢usuke. Tem campiM Teopust Putna cocraBuia cepbE3HYIO KIACCHUECKYIO ajlb-
tepHatuBy CTO, 0e3 KOpEeHHOM JIOMKH KIJIACCUUECKHX MPEACTaBICHNH.

Opnaxo Bek Hazal, B 19131914 rr., Teoputo PuTiia oTKIOHUIH, BIPO-
4yeM, Kak OTME4eHO B paborax [6, 25, 26], 6e3 1ocTaTouHBIX OCHOBaHMH. [1epBoIii
apryMeHt npotus Teopun Purtna, BeriBuHyThIN B 1913 1. [le CurrepoM u ocHO-
BaHHBIM Ha CIIEKTPOCKONNYECKNX M3MEPEHHSIX MCKaKEHUH B JBMIXKEHUH JBOM-
HBIX 3BE31, 3a CYET HOOABICHUS MX OPOUTAIBHOW CKOPOCTH K CKOPOCTH H3ITY-
yaeMoro uMu cBeta [24], kak mokasan k. @oke [25], He MMeeT 1oKa3areIbHOM
CHJIBI, €CJIM yUeCTb TEPEU3TyuCHNE CBETa 3BE31 MEX3BE3AHOM cpenoil. Cpena,
Kak HaOOp BTOPHYHBIX MCTOYHUKOB, NEPEU3IIydaeT CBET CO CKOPOCTBHIO C yxke
OTHOCHUTEIIBHO CpEJibl, T.€. HUBEIHPYET OTKIOHEHHsS CKOPOCTH CBETa OT CTaH-
JAPTHOTO 3HA4YEHUsI C, OTYETO HAOIIOIaeMble NCKaKEHHUST OKa3bIBAIOTCS KpaifHe
MaJibl. DTH OCTATOYHBIC YKIIOHEHHUS pealibHO Halmonatorcest B hopme s dexra
Bappa (§ 1.1). DT0 e OTHOCUTCS U K JPYTUM aCTPOHOMHUYCCKUM HAOJFOICHU-
sSIM, SIKOOBI IIPOTHBOpEYAIMM Teopur Putia. B ToM uucie 3To — 9KCrepuMeHT
CO CBETOM 3BE31, BHIMOJHCHHBIM P. Tomarmekom mo cxeme Maiikenscona [16]
u onbIT A.M. Bonu-bpyeBuua [27] — cpaBHEHHE CKOPOCTH ABIDKYIIHXCS KPaéB
Connna. Tak ke U BCe JIpyrue ONBITHI 10 CPAaBHEHMIO CKOPOCTEH CBeTa, Ipo-
HIEIIETO CKBO3b MEK3BE3THBIC M 3€MHBIE CPEJIbl, HE MOTYT CIIY>KHUTh JJOCTOBEP-
HBIMH KPUTEPUSIMH IPOBEPKH OasumicTHueckoi Teopun. Kak mokaszaHo B psize
pabor [25, 28-30, A2], pakTudecku He MPOTUBOPEYAT OATUTMCTHYCCKON TEOPUH
1 OIBITHI B 00J1aCTH (PM3MKH BBICOKMX DHEPIHH, M 3aMEPbl CKOPOCTH CBETa, UC-
MYIIEHHOTO PEJIITHBUCTCKUMH YaCTHLIAMH.
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Takum 00pa3oM, HECMOTPSI Ha BEKOBYIO MCTOPHIO TIPOBEPOK OaJINCTH-
YEeCKOIl TeOpuH, MOoKa HET 3KCIEPUMEHTOB, OJTHO3HAYHO JOKA3BIBAIOIINX OIIH-
0609HOCTH TeopuH PWTIIA M HE3aBHCHMOCTH CKOPOCTH CBETa OT CKOPOCTH HC-
TOYHHKA. HarmpoTuB, Kak MOKAa3aHO B KHHUTE, €CTh PsJI CBUACTCIBCTB B IIOJIB3Y
HEIOCTOSIHCTBA CKOPOCTU CBETa M BIUSHMUSA Ha He€ CKOPOCTH HUCTOuHHUKA. Ilo-
9TOMY TpPeOYIOTCSI HOBbIE, YTOUHEHHBIC SKCIIEPUMEHTBI JUIsl OJIHO3HAYHOM Hpo-
BEPKH MOCTOSHCTBA CKOPOCTH CBETAa B BaKyyMe, B TOM YHCIIE C MPAMEHEHHEM
PaNONIOKAIINY, JTA3ePHOH JIOKAINHU U (PeMTOCEKYHIHBIX JIa3epoB. TakKe IMEIOT
CMBICJT DKCIIEPUMEHTBI 110 TIPOBEPKE CJICACTBUN 0aJUIMCTUUECKOH TeoprH — d-
(beKTOB npeo6pa30BaHH${ YaCTOTHI CBE€TA U JJIMTCIIBHOCTH JIa3€PHBIX UMITYJILCOB.
B pabote paccMOTpHUM KIacCHYECKHE U COBPEMEHHBIC OIIBITHI U KPUTEPHH IIPO-
BEpKHU Teopud PUTHA M IpemiokuM HOBBIC. Peanmu3aryss HOBBIX DKCIIEPHMECH-
TOB ¥ METOJIOB [TPOBEPKH TEOPUH MTO3BOJIUT, BO-NIEPBBIX, MOJYYUTh YTOUHEHHOE
3Ha4E€HHE CKOPOCTH CBETAa C B BAKyyMe, BO-BTOPBIX,— OTHO3HAYHO NMPOBEPUTH €&
ITOCTOSTHCTBO U HE3aBUCHMOCTH OT CKOPOCTH HCTOYHHKA M HHBIX (PaKTOPOB, IS
OKOHYATEIBHOTO MPOSCHEHUS 3TOTO J0 CHX IMOp emé He PemI€HHOTO BOIMPOCca
OIITUKU ¥ AJICKTPOIUHAMHUKH.

B kHure npousBenéH moapoOHbIi aHAIM3 HAKOIUICHHBIX 332 BEK OIBITHBIX
JAHHBIX 110 MTPOBEpKE OATUTUCTHYECKON TEOPHH B KOCMOCE, B ONITHYECKHUX JKC-
MIEPUMEHTAX U B OIBITAaX U3 001aCcTH (PU3UKU BRICOKHX YHEPTUH, IPEATIOKEH PSiJT
HOBBIX METOJIOB Ml KDUTEPUEB ITPOBEPKH.

HayunasiHOBU3HanpOBEAEHHBIX UCCIIEA0BAHNIN 3aKIIF0YAETCS BCIEAYOLIEM:

1. Bmepseie paccMOTpeHBI APGEKTH OATTUCTUISCKON TEOPHH IS 3K30ILIa-
HET (Uckadicernue epaghuxos nyuebix CKOpocmell, UHEepCUsi OpOUMAaiIbHO-
20 0BUNICEHUsl, 2APMOHUKIU OPOUMATLHO2O NePUo0d HA KPUBOU JIyUesblx
ckopocmeti u m.o.). Ha KOHKpETHBIX MPUMEPAX IK30IIAHETHBIX CUCTEM U
CTaTUCTHKH SK30IUIAHET ITOKa3aHO, 9TO 3TH 3((EKTH, MPOTHBOPEUAIIHEC
COBPEMCHHOM acTpo(U3nKe, peabHO OOHAPYKEHBI W HAXOIST IPOCTOE
oObsicHeHue B Teopun Purna.

2. Tloka3aHo, 4TO M3 OAJTMCTHYECKOW Teopuu cieayeT 3ddexr mpeobdpaso-
BaHUS UTHHBI BOJIHBI OT YCKOPEHHO IBIDKYILIETOCS MCTOYHHKA (2¢hghexm
Pumya). Briepeie Ha ocHoBe 3((eKTa Ka4eCTBEHHO M KOJIUYCCTBECHHO
00BSICHEH POCT KPAaCHOTO CMCIICHHS Z C paccTosHueM (3axon Xabbna) B
paMKax Mojzenu craiuoHapHoi BeenenHoli. BriepBbie paccunTaHo Teope-
THYECKOE 3HAYCHHE MOCTOSHHON XabOma Omm3Kkoe K m3MepeHHoMy. O0b-
SICHCHBI TTAapaJiOKCHI 3aKoHa XaO0ma, He peHmIéHHBIC CTAaHAApPTHOW KOCMO-
JIOTHYeCcKol Mozieniblo. B wactHocTH, a3ddekt Pruria no3sonser o0bsICHUTH
Pa3HUILy KPaCHBIX CMEIICHUI y MapHBIX TaJTaKTHUK, H30BITOK Z Y KBa3apoB
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U JPYTHX aHOMAJIbHBIX OOBEKTOB, a TaKKe AS(MUIMT KPACHOTO CMEIICHHS
y HanOoJee 1anéKuX rajlakTHK, 0e3 MPUBICYSHNUS TUITOTE3 00 YCKOPEHHOM
pacumupenun BeeneHHol u 0 TEMHOM HEpruu.

BriepBrie B pamMkax 0auTCTHYECKOH TeOpHn 0OBSICHEHBI (B KAYECTBE €CTe-
CTBEHHBIX ciefcTBHH dddekra PuTa) Bce cBONCTBA M aHOMAIIUH ITyJIbCa-
poB, niedpens 1 Apyrux MEPEeMEHHBIX 3BE3N: apghexm Bnadicko, usmenenus
nepuooa Kpuseoti biecka, sapuayui CRekmpa u m.o.

[TonpoOHO paccMOTPEHBI Pe3yabTaThl KOCMHUUYECKON paauonokanuu. [lo-
Ka3aHo, YTO JaHHbIE paJUOJIOKAMN BeHepsl TOUHEE COOTBETCTBYIOT T'H-
MoTe3€ O BIMSHUU CKOPOCTH MCTOYHHKA HA CKOPOCTH CBETa, a HE MOCTY-
JIaTy O MOCTOSHCTBE ¢’ = ¢. BriepBble ¢ MO3UIMI OaITUCTHYECKON TEOPUH
00BbsICHEHBI aHOMaJIMK B JAaHHbBIX pajuonokanun AMC «[Iuonep-11, 12»,
«KaccuHu» 1 mokas3aHo, YTO UX aHOMAJbHOE YCKOPEHHE MO BEIMYUHE U
HAaIpaBJIEHHIO COOTBETCTBYET IPECKa3aHHOMY OaJUITMCTUYECKOH Teopuei.
[Tokazano, 4ro ommOKM cucteM cryTHUKOBOH Haurauuu GPS u IJIO-
HACC M0XHO CHU3UTB, €CJIH y4eCTh OUTHCTHUECKIN TpUHIKT. Briepsoie
Ha 0a3e Teopun Putna o0wsicHena Flyby-anomamus y AMC, mporneTarommx
BO3JIC 3EMIIH.

BriepBeie npeiokKeH ps HOBBIX KPHUTEPUEB TMPOBEPKU OATTHCTHUECKON
TEOPUN METOlaMH KOCMHMYECKOW paJNOIOKAalluy, JIA3ePHON JIOKAMH M
acTpomerpuu. Kputepuem mpoBepkr BIMSHHA CKOPOCTH HCTOYHHMKA Ha
CKOPOCTh CBETA CIYXKHUT COTIOCTABICHUE PE3yIbTaTOB U3MEPEHUN KOOPIH-
HAT U ckopocTeil HeOecHbIX Tea 1 AMC 3TUMH TpeMst METOJaMH.
[IpenyioxkeH psa HOBBIX CXEM ONTHYECKUX IKCIIEPHUMEHTOB, B TOM YHCIIE C
MIPUMEHEHHEM (eMTOCEKYH/IHBIX JIa3ePOB, JUIsL MPSIMOTO YTOYHEHHOTO H3-
MEpPEHUs] CKOPOCTH CBETa OT ABMKYILIETocs UCTOUHUKA U CPAaBHEHHUS €€ CO
CKOPOCTBIO OT HEMOABHKHOIO HCTOYHHUKA.

BriepBeie nipe/utoxkeHa cxema SKCIIepUMEHTa 110 1poBepke dddekra Puria
B 3€MHBIX JJA0OPATOPHAX, KOTOpas B CIIydae MOATBEPKACHHU dQdeKTa 11o-
3BOJIUT TPAHC(HOPMHUPOBATH JIA3EPHOE ONTHUYECKOE N3TTyUECHHE HCTOUHHUKA B
T00BIE IpyTHe YaCTOTHBIC TUAMAa30HbI.

ITocTpoena Teopust reHepaluy TapMOHHK HECYIIel YaCTOTHI JIA3EPHOTO M3~
JIy4EHHUsI IPY €r0 BO3AECHCTBUH HA aTOMBI ra3a UM HAHOYACTHUIIbI, OCHOBAH-
Hasl Ha TUIOTe3¢ BIHMSHUSA CKOPOCTH PACCEHMBAIOIINX YaCTHI[ HA CKOPOCTh
CBeTa: OCHMJIIAILIMY CBETOBOTO AABJICHUS MPUBOAAT K OCLMIIIALMSM CKOPO-
CTH CBETa M MCKaKECHHIO POMUIIS JIEKTPOMArHUTHON BOJIHBI.

ITocTpoeHa Teopus reHepaluy YepeHKOBCKOTO, CHHXPOTPOHHOIO U OHJTY-
JISITOPHOTO M3JTyYeHHH B paMKax OammucTudeckoil Teopun. [lokazano, 4to
pPErucCTpuUpyeMble XapaKTEPUCTUKU ITHX TUIIOB U3JIyUYE€HUH COMIACYIOTCS C
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BBIBOJIaMHU OQJUTMCTHYECKON TEOPHH.

10. ITokazaHo, YTO pe3ynbTaThl OMBITOB Ma3MaHUIIBUIM U AJEKCaHApPOBa
M0 M3MEPEHUI0 CKOPOCTH CHHXPOTPOHHOTO H3JIyYCHHS HE MPOTUBOPEUAT
0aJUTMCTUYECKOH TEOpHH, a CBHIETEIBCTBYIOT B MOJB3Yy 3TOH Teopuu. B
JIOTIOJTHEHHE K 3TUM OIBITAM MPEUIOKEH METO IPSMOTO U3MEPEHUs CKO-
POCTHU YaCTHUI[ ¥ UX U3Iy4EHUs], MO3BOJISIONINH OCYIIeCTBUTH TOUHYIO MPO-
BepKy Teopuu Purna.

OCHOBHBIE pe3yIbTaThl MOHOTpa(uu OIyOINKOBaHBI aBTOPOM B padoTax [Al-—

A56], o0mmM 006EMOM 972 c., B KOTOPBIX OPUTHHAIBHBIC PE3yIBTaThl aBTOPa

cocTaBisitoT 728 ¢. Pesynbrarsl npouum arnpodanuio Ha MexyHapoaHbIX, Bce-

POCCHICKMX M PETHOHAIILHBIX HAyYHBIX U HAyYHO-TEXHHYECKUX KOH(EPEHIHSIX,

¢dopymax u cemunapax (cM. uctounuku [A7-Al4, A17, A18, A52, A53, A55]u

[punoxenue 1).

ABTOp BBIpakaeT O1arolapHOCTh CBOEMY HAy9HOMY PYKOBOAWTEIIO IPO-
¢deccopy bakynoBy Muxauny VBaHoBHYy 3a KOHCTPYKTHBHBIE JUCKYCCHH, 32
LICHHBIE COBETHI M ITIOMOIIb B ITOATOTOBKE JUCCEPTALUH, TPaHC(HOPMHUPOBAHHOK
B kHHTY. Takxe aBTop Omarogaput npodeccopa CrenanoBa Huxonas CepreeBu-
Ya 3a pAJ MHTEPECHBIX 3aMEUaHuil, KOHCYJIbTAlN W aKICHTUPOBAaHNE BHUMA-
HUSL Ha psfe 3QQEKToB, CISAYIOMNX 13 OAJUTMCTUYECKON TEOPHU U IOCTYITHBIX
JUIS SKCTIEPUMEHTaNIBbHON MpoBepku. CTOUT TaKkke OTMETUTH MOMOIIb U COBETHI
k.(.-m.H. [{apéBa Makcuma Biagumuposuua npu odcyxaeHun 3¢dexros oa-
JIMCTUYECKON TEOPUH B KOCMOCE U B aTTOCEKYH/IHBIX YCTaHOBKaX. Tarke aBTop
BEIpakaeT OaroJapHOCTh 3a aHAIN3 YP(PEKTOB OATTHCTHIECKONW TEOpHH, KOH-
CTPYKTHBHYIO KPHUTHKY, OOCY>KICHUsI, B TOM YHCJIE B HAYYHOW IMEPHOIHKE, CO-
tpyauukam UII® PAH I'b. Mansikuny u B.B. Kouaposckomy.

C. Cemuxos
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Maga 1. AcTpoHOMMYECKME HabNOEHUA — KpUTepumn nNpo-
Bepku 6annnMcTnyeckon Teopum

Vcropruecku nepBoii craja mpoBepka 0aUTMCTHUECKOH TEOpUH B KOC-
Moce (meecamupe) [Al, A21, A34]. Beicokue ckopocTH 3emiid, 3BE3] U KOCMU-
geckux ammaparoB (V ~ 10* m/c), acTpOHOMHYECKHE TPOJIETHBIC IUCTAHITHN
(L ~ 10"-10" M) 1 KocMHUUYeCKUit BaKyyM (CHUKAIOLIHUH TIEpEU3IyueHHe) YIpo-
0T 3aMepPbl Bapualnii CKOPOCTH CBETA, 110 CPABHEHUIO C OIBITAMH B 36MHBIX
YCIIOBHSAX.

IlepBBIM aCTPOHOMHUYECKHM TECTOM OaJIITMCTHYECKON TEOPUH CBETa (IO
KWHEMAaTHKE aHAJIOTHYHOW KOpnyCKYAApHOU meopuu c6ema) CTalo OTKPBITHE
k. Bpamgmeem B 1725 1. abeppanuu 3BE3mHOTO cBeta (§ 1.3), T.e. OTKIOHCHHS
HarpaBsJIeHUH Jy4eil cBeTa 3BE3]L JAJIsl 3eMHOTO HAOIIOAATE s 38 CUET IBMOKCHHUS
3emuu [38]. Ananmu3 3BE3MHON abeppalliy BIICPBbIC MMO3BOIKMI YCTAHOBUTH OT-
HOCHTEJIbHBIN XapakTep ABUKEHUS cBeTa. Yke cam bpansei nareprnpetrupoBa
abepparmro Ha 0a3e KOPITyCKYISPHOW TEOPHU CBETa: CBET BEN cebs Kak ITOTOK
YaCTHII, BEKTOP CKOPOCTH C' KOTOPBIX MEHSIJICS ObI 3a CUET OTHOCUTEIBLHON CKO-
poctu 3Be3/bl V (HEMOJABMKHON B reJIMoLeHTpuueckoit cucreme). IToatomy Ha-
MpPaBJICHNE CKOPOCTH C' MEHSIOCH B 3aBUCHMOCTH OT CKOpPOCTH -V 3eMJIH, 4TO
B TEUEHHE JIByX BEKOB CITy’KHJIO apTyMEHTOM B MOJIb3Y KOPITYCKYJISIPHON TeOpUn
cBeTa.

Jnist OlleHKN BIMSIHUSI CKOPOCTH MCTOYHMKA HA CKOPOCTH CBETA IpUMe-
HSUIM TaK)Ke HaOJIOIEHHsI JIBOWHBIX 3BE3]1, OpONTANIbHAS CKOPOCTH KOTOPBIX, MO-
JyTUPysl CKOPOCTh CBETAa, UCKaXkasla Obl BUJAMMBIE IBIKEHUS 3BE3M. DTOT TECT
HCTOPHUECKH CTaJI IEPBBIM KPUTEPUEM IIPOBEPKHU OATITHCTHUECKON Teopun Put-
11a, U B Pa3HBIX BapHaHTaxX MPUMEHSETCS JUIsl IPOBEPKH TEOPUH IO HACTOSIIETO
BPEMCHH.

OcCHOBHBIE pe3yJIbTaThl IEPBOH INIaBbl OITyOIMKOBaHbI B paboTtax [Al, A2,
AS5-A9, A15,A19, A21, A23—-A26, A29, A34-A36, A39— AS51, AS6].

§ 1.1. Cmamucmuka 0eoliHbix 38630 u a¢h¢ghekm bappa

Yxe B 1909-1910 rr. JI.®. Komcrok oOparnn BHHUMaHHE Ha 3(PQEKThI
JIBOMHBIX 3BE37], BOBMOXKHbBIE MPU CIIOKEHUH CKOPOCTU CBETA CO CKOPOCTHIO HC-
tounuka [39]. Eciu 3Be31a-cryTHUK, JETsIas BOKPYT IIIaBHOHM 3BE3/bI CO CKO-
pocthio V 1o KpyroBoit opoute (nynkmup ua Puc. 1.1), mpu cOMIKEHAN TOCHI-
JIAeT CBET K 3eMJile CO CKOpOCThIO C' = C + V, OH jocTuraer 3emMiM 3a MEHbIIee
BpEMsi, YeM CBET, UCITYLIEHHBIH CO CKOpOCThIO C' = C — V npu ynanennu. B urore
BUAMMOE ABWKEHHUE 3Be31bl (cniownas aunus Ha Puc. 1.1) nckasurcs Tax, CoB-
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HO 3Be3/1a JISTUT ObICTpee, HaXO/SICh JlaJIbIIe OT 3eMJIH (32 KapTUHHOW ITUIOCKO-
CThI0), U MEIJICHHEE, HaXOmsiCh Onmmke (mepea KapTHHHOW MIockocThio) [40].
JIBIKeHHE 3BE3/IbI MTOKAXKETCA WAYIINM TI0 OpOUTe, BEITAHYTOH K 3emIe (¢ 107-
rotoit mepuactpa © = 90°). Kak ormernn B 1913 . B. le Currep, criekTpaibHO-
JIBOIMHBIE IMEIOT OYTH KPYTOBbIe OPOHTHI Oe3 McKaxeHui [41]. Dtot apryment
BBIJIBUTAJTU MPOTUB OATUCTUICCKOM Teopuu [38, 42].

Opnnako B ToM ke 1913 1. actporoms! I1. I'ytauk [43] u O. @peitnanux
[44] oTMeTHIH CIIOPHOCTH 3TOTO apryMeHTa. V3ydnmB CTAaTHCTHUKY IBOWHBIX
3BE3]], OHU MOKA3AJIM, YTO Y OOJBIIMHCTBA 3BE3/L OPOUTHI BBITSIHYTHI, M B OCHOB-
HOM MMEHHO B CTOPOHY 3eMJIM (JIOJTOTHI NEPUAcTPOB ® 3BE3] IPYIIHUPYIOTCS
Bo3Jie 3HaYeHUst ® = 90°), B coracuu ¢ npeackaszanuem reopun Putna [39]. Otor
3G GEeKT IPEUMYIIIECTBEHHON OPHUEHTAIIMM OPOUT 3BE3 K 3eMJjie, OTKPBITHINA B
1908 r. kanagckum actporomoM k.M. Bappom [45], moaTBep>KAEHHBIN COBpe-
MEHHBIMH acTpoHOMaMu [46—48], BKitouast OTeuecTBEHHBIX [49], u Ha3bIBaeMbIi
s¢dexrom bappa, 10 Hacrosero BpeMeHn He OOBSCHEH OHO3HAYHO. TakuMm
00pa3om, ero uHTepIperanus B 0AUIMCTUYECKONH TEOPUH 3acily)KMBAaeT BHUMa-

Hus [24]. "
3emna
\ - nyy 3peHus .

Fe
» ¢

2
-
=
-3

Ny4eBan CROPOCTL (MiC)

g8

02 00 02 04 06 08 10 12
taza

Puc. 1.1. Cxema ABIXeHHUS 3BE3]bI IO KPYroBOH opoute (nynxmup) n
kpuBast e€ iyueBoit cxopoctu V(t) (nymxmup). lobaBinenue ckopocTtu
3Be3bl V K CKOpOCTH cBeTa HckaxaeT rpaduk Vi(t) 1 BUIMMOE IBHKe-
HUE 3BE3.bl (CNI0WHAA TUHUA), COOTBETCTBYIOIINE OPOUTE, BBITIHYTOM K
3emie. Cnpasa — THIIMYHAS 1T 3BE3]] M3 DK30IUIAHETHBIX CHCTEM aCHM-
metpuaHast kpusas V(1) (e = 0,25, o* = 95°).

Kax moxazan I'ytauk [43], ecnmu BUAUMOE UCKAKEHHUE TBUKCHHUSI 3BE3]IbI
HEBEJINKO, TO ABIDKCHHE HE OyIeT 3aMeTHO OTKJIOHATHCS OT 3aKoHOB Kerure-
pa. [Tokaxercs mTUIIb, YTO 3BE3/1a IBMKETCS HE TI0 KPYTOBOM, a TIO BBITSIHYTOMN
QIUTUIITUYECKON OpOUTE, T.€. Y HeE MOSBUTCS KaXKYIIHUACS U30BITOUHBINA YKCIICH-
TpucuteT. JIJs1 COBPEMEHHOM aCTPOHOMHUHU 3TOT BBIBOJ OCOOCHHO MHTEPECEH,
T.K. TI03BOJISICT OOBSICHUTH aHOMAJIBHO BBICOKHE 3KCIICHTPUCHTETHI OPOUT K30~
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wianet [50, A6], cm. § 1.4. He uckiTtoueHoO, 4TO peaabHbIc OPOUTHI 3K30IUIAHET,
kak y muianeT COJHEYHO# CHCTEeMBI, TIOUTH KPYTrOBbIE, HO 0OpETaroT MHHMBbIC
SKCIICHTPUCUTETHI OT MCKaKCHUs UX Buaumoro aswkeHus (Puc. 1.1). Kak mo-
kazan Opeitaux [16, 44], uckakeHus Majibl, €CJIM Ha IyTH CBEeTa K 3emiie 3a-
BHCHMOCTB €TI0 CKOPOCTH C' OT CKOPOCTH UCTOUYHHMKA V ociallieHa, Tak 4To ore-
HUBaeMas 110 HCKKEHUSIM CKOPOCTh CBeTa OyieT
¢'=c+kV, (1.1)

rae k << 1. Io onenkam Jle Cutrepa k < 0,002 [16, 41].

[Mpuunny cHwkennst BiausHus V Ha €' (1.1) ycranoBmn B 1965
Jx.I. ®@okc [25]. TecHble IBOWMHBIC CHUCTEMBI, KaK MOKAa3al CICKTPAJIbHBIM
aHaJn3, OKPYKEHBI aTMOoc(hepaMu Mexk3BE3MHOTO ra3a [46, S1], KOTOphINA B HU-
YTOXXHOM KOHIICHTPAIMU HPUCYTCTBYET Ha BCEM IyTH cBeTa K 3emuie. [loatomy
U3 TeopeMbl moramieHus (sxcmunkyuu) DBanbra-O3eeHa [52] UCXOIHBIN CBET
3BE3/IbI [IOCTEIIEHHO IacuTCs 00JIaKaMy ra3a 1 Iepen3iIydaeTcs UMH YKe CO CKO-
POCTBIO C OTHOCUTEIBHO 001aK0B [25]. DT0 BeET K MOCTENEHHOMY BBIpaBHHBA-
HUIO CKOPOCTEH CBETa, UCITYIICHHBIX 3BE3/10i B Pa3HbIE MOMEHTHI, 1 OCHOBHYIO
YacTh MyTH JIy4d CBETa JBMKYTCSI C PABHBIMH CKOPOCTSIMH. Toraa BhIpaXkeHHE
(1.1) uMeer cMBICH CpemHEl CKOPOCTH CBETa Ha MyTH ' OT 3Be3/Ibl K 3emuie, a K
MPUOOPETET CMBICT OTHOCHTENbHOMN 1o k = I/r myTH |, Ha KOTOpOM CBET 3BE3-
b1, emE He OyIly4H Tepen3iTyuéH, IBUKETCS CO CKOPOCThIo Onm3Koii k € + V. Ha
9ToM myTH | JTyun u HabUPaArOT PA3HOCTh XO/a, HCKAKAIOUIYIO BUIUMOE JBHKE-
uue 38831, OcraBuryrocst yacTh myTu (1 — K) mepensnyuéHHbI CBET IBHKET-
Csl CO CKOPOCTBIO OM3KO# K C. I10 M3BECTHON KOHIIEHTpALMK aTOMOB BOJIOPOJIA
(Ny ~ 1 cm?) 1 mokazarens npeoOMICHHS N MEX3BE3MHOTO ra3a B [amakTuke,
Doxkc [25] oueHnn 3Ty THHY | B 0IMH CBETOBOI#T roj

[=M2n(n—1)=1 cB.TOA. (1.2)
Ha stom mytu nepeusnyuenue B exp(l) = 2,718 pa3 cHWKaeT aMILIMTYIy HC-
XOJIHOM BOJIHBI JIJTUHBI A.

Amnanornynyto oneHky caenan K. bpauep [31], BeIpazuB nokasarens npe-
JIOMJICHHSI MEXK3BE3IHOM IIIa3MBbl Yepe3 IUIa3MEHHYIO YacTOTY, U MOJYYUB JUIS
JUIMHBI IEPEU3ITyYeHUsI 3HAYCHUE

[ = (MrgN)'= 2 ¢B. roga, (1.3)
e ry=2,82-10"° M — kmaccudeckuii pagauyc anekrpona, N ~ Ny — KOHIIeHTpaus
JIEKTPOHOB.

[pounseeném HezaBrcHMYHO OlieHKY |. Eciu mokasaresb npenomiieH s Bo-
noponan =1+ 6 (tme 6 << 1), torga & = {Ny, rne { — koHcTaHTa. COOTBETCTBEH-
HO, junHa nepensinydenus | = A/21d = M/2alNy. [Ipi HOpMabHBIX YCIOBHSX 110-
Kaszarenb npesomieHus Bogopoaa N =1,00013 (6 =1,3-10*), a gucno atomoB Ny
B 1 c™® paBHO umciy Jlommura 2,69-10' (N = 2,69-10" cm™), u B kocMmoce, Tj1e
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Ny ~ 1 em?, Haxomum & = 1,3-10*Ny/Ny = 4,8:102%. Orcrona | = M/2nd = 3,3-10'6
M =~ 3,5 CBETOBBIX JIET, UTO TI0 TIOPSIKY BETMIMHEI COBIIAACT C OIleHKO DoKca.
Ty e BenuuuHy | MOXKHO TONYYIHTh, CUUTAS MEK3BESIHYIO CPELY BOIOPOIHON
Ia3MOM ¢ KOHI[CHTpanuen Bomopoa u »1ekTpoHoB Ny ~ N ~ 1 cm 3, Ha ocHO-
BE€ BBIPAKCHUS JUIS ITOKA3aTeNs MPETOMIICHHUS 1a3Mbl [53], (em. § 2.4). Takum
00pa3om, y OOJIBIIMHCTBA JIBOMHBIX 3BE3J CBET MMEPEU3IIyyaeTCsl Ha TUCTAHIIUU
TIOpsIJIKa CBETOBOTO T'0/Ia WIIM MEHee (T.K. TECHbIC JIBOWHBIC 3BE3/IbI TOTPYKEHBI
B 001Iyf0 atMocdepy ¢ emé Ooree BEICOKOI KOHICHTpanuei raza). [TockombKy
paccTOSHUS I' O UCCIIEIOBAHHBIX ABOMHBIX CHCTEM — MOPSIIKA COTEH CBETOBBIX
net, oTHoureHue K = I/ cocTaBUT Mopsi/ika THICSYHBIX JOJICH, B COIIACHH C Ha-
omonernsamu [16, 41]. T.e. oxumaemble 1Mo Teopuu PUTIA MCKa)KEHUST MBI H
Habsronarores B hopme 3pdexra bappa, a apryment ge Currepa He UMEET 10-
KazaTeabHOU cubl [25].

HUctopus otkpertus 3¢ dekra bappa u ero o0CykIeHus ormiucana B paboTe
[54]. Craructuka, uzydennas bappom, mokasana, 9To y CHEKTPATbHO-IBOWHBIX
3BE3]] OPOUTHI BBITSIHYTHI TPEUMYILECTBEHHO B CTOPOHY 3EMJIH, T.€. IEPHACTPBI
3BE3M YaIle PacIojOKEeHBI 32 KAPTHHHOW TUIOCKOCTBIO: JIONTOTHI MEPHUACTPOB
® npeodmanaror B auanasone 0° < o < 180° (Puc. 1.2). Dddext Obu1 MHOTO-
KpatHO noaTBepkaEH ¢usukamu [25] n actponomamu [46-48, 54-56], B T.4.
oreuecTBeHHBIMHE [49, 57-60], mpemnoxuBimmmMu it dbdekra bappa TepmuH
«B-a3bdexr» [58].

6.s ;IU “ . ERRER

Puc. 1.2. AcummeTpHYHbIE YITIOBBIE PAaCHpeeNeHHs EPHacTpoB 3BE3N 1O

JoirotaM o (YUcia yKas3bIBaloT KomumdecTBo 3BE37 N; ¢ mepracTpaMu B COOT-

BETCTBYIOLIEM CEKTOPE) Kak miutrocTparus a¢dexra Bappa, 1o 1aHHbIM pas-

HbIX aBTOPOB: @) bapp [45], 6) ®okc [25], 6) Barren [46], 2) Bpaxuukosa [57].
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B cuny npunnuna Konepuuka, TpyaHO A0MyCTUTh, uTo 3eMist u ConHie
BBIJICTICHBI CPEIU IPYTHX TUIAHET U 3BE3] (MHAUE HAyKa BEPHETCS K T€OIICHTPHU3-
My [54]). Kak ormernn Bapp, ckopee 3¢dh¢dexT BrI3BaH HCKa)XeHHEM TpaduKOB
JIy4eBBIX CKopocTei 38311 V((1), 10 KOTOPBIM ONpeeIIsin JONTOTy TIepruacTpa o,
9KCLIEHTPHUCUTET € U APyrue opouTanbHbie 1eMeHThl. B ntore rpaduk V(t), co-
OTBETCTBYIOIMI KPyroBoii opoute, mpeobpasyercs B rpaduk V (1), koropomy co-
OTBETCTBYET UINNTHYECKAst OpOUTa, BRITAHyTast K 3emie. T.e. y TBOMHBIX 3BE3]
TIOSIBJISICTCST M30BITOUHBIN Ka)XKyIIMHCS SKCIIEHTPUCUTET €', a JOJITOTHI UX Nepua-
CTPOB TPYyNIUPYOTCS Bo3iie 3HadeHUs ® = 90° (Puc. 1.2). YV 3BE3nHBIX 0pOUT,
OpPHEHTHUPOBAHHBIX CIIy4alHBIM 00pa30oM, C HCTUHHBIMHU AKCLIIEHTPUCUTETAMH €,
1pu 100aBICHNHT K HUM KaXYIIUXCS SKCLIEHTPUCUTETOB €', BO3HUKAET MILTIO3HS
HepaBHOMEpHOTO pactpezeneHust opout N(m) mo gonroram mepuactpoB ®. B
utore 38&3716I ¢ 0° < ® < 180° mpeobnanarot Haz 3BE3mamu ¢ 180° < @ < 360°
[25]. Ta >xe aHOMasusl OOHApPYXKEHA y SK30IUTAHET, TPUUEM y HUX HaOJIromaeTcst
M30BITOYHBIN AKCIEHTpUCHUTET (§ 1.4), He OOBSICHUMBIN B paMKax CyIIECTBYIO-
X Teopuii [A6, A43, A49]. ITockonbky 3ddexT bappa He TOTyYHI TOKa OKOH-
YaTeJIbHOTO M OJHO3HAYHOTO OOBSICHEHHUS, PACCMOTPHUM €ro U3BECTHBIC MHTEP-
MIPETALMH U UCCIIEyeM YCIIOBUS MPOosiBIeHUs d(dekTa.

[lepeuncanM 0cHOBHBIE THITOTE3HI 0 TIpupoze dhdekra bappa (B ckobkax
— aBTOPBI TUIIOTE3):

1) npuiBHOE MCKaXKeHUE (OPMBI 3BE3J, BBI3BIBAIOIIEE B XO/€ MX CHH-
XPOHHOTO BpaIlleHNs UCKaKeHHE Tpaduka mydeBbix ckopocteit (bapp [45]);

2) meificTBUTENbHAS BRITSHYTOCTH OPOHT 3BE3/T B HAMIPABICHUN 3€MJIH 32
CuéT MPEUMYIIIECTBCHHON opueHTanuu opout 38&31 B ['amakruke (bapp [45]);

3) naOmronmarenpHas CeJeKUus, OOyCIOBJICHHAS JYYLIMMH YCIOBHSIMHU
JUI OOHApYKEHHS 3BE3]] C AKCUEHTPUIHBIMUA OPOUTAMH, BBITIHYTHIMU K 3eMiIe
(bpaxumukosa [58]);

4) ucKa)XeHNE KPUBOH JIyueBBIX CKOPOCTEH MOTOKAMHM Ta3a u aTMocdepa-
MH, BpallIaloUMHCs BOKpYT 1BOHHBIX 3BE31 (CTpyse [61]);

5) pa3HHIIa CKOPOCTEH CBETA, UCITYIIEHHOTO 3BE3/I01 B pa3HBIE MOMEHTHI,
3a cuéT nBrKeHus 3Be3bl o opoute (I'yrank [43], Opeitammux [44]).

PaccMoTprM nepeunciIeHHbIe THITOTE3BI TI0 TTOPSIIKY.

1°. IlepBasi rumoTe3a, BeIIBUHYTasi camuM bappom B 1908 1. [45], 00B-
scusiet 3¢ ekt bappa hopMupoBaneM y 3BE31, 00pa3yroIUX JABOWHYIO CHCTE-
MY, IPHIUBHBIX TOPOOB, KOTOPBIE CHHXPOHHO BPAILAIOTCS C TIEPUOAOM PABHBIM
opbutansHoMy. Ecin BeIcOTa AS mprIinBa BeJIMKa U COIOCTaBUMa C PaJINyCOM S
3Be3/bI (T.€. (hopMa 3Be3/Ibl 3aMETHO HCKa)KEeHa), TOT/IA YYaCTKH 3BE3/Ibl B TOUKaX
NPWINBA U OTJIMBA, PACIIOJIOKEHHBIE HA PA3HOM YIAJICHUHU OT LIEHTpa 3BE3[bI,
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obnanaror no Teopeme ¢Gon Llalinens pa3Hoil IPKOCTBIO, U JAIOT CIIEKTPAIbHbIE
JIMHUK Pa3HON MHTCHCHBHOCTH. TakuM 0Opa3oM, OMpPEACSIONIAM s JAOIUIe-
POBCKOTO CMEIIEHHS M HAaliICHHBIX 110 HEMY KPHUBBIX JIyUEBBIX CKOPOCTEH OyneT
HE CKOPOCTh 3BE3[Ibl, @ CKOPOCTh €& SPKHUX y4aCTKOB, KOTOpas, 3a CUET Bpalle-
HUSI 3BE3/1bl, OTJIMYHA OT OPOUTANILHOM M MEHSIETCS CIIOKHBIM 00pa3oM IpH HU3-
MEHEHHWH BHIUMOH IUIONIa U apKux y4dacTtkoB. CormacHo bappy, 310 1 BHOCHT
HCKaXCHUS B KPUBYIO JIyUeBBIX CKOpocTeil. OfHaKO 3TOT MEXaHU3M HE ObLIT UM
n3ydeH noxpodHo. Kpome toro, acuMmeTpust Hocuia Obl Oosiee CIOKHBIN Xa-
paxTep U Beja Obl K HCKaKCHUSIM ITPOTUBOIIOJIOKHBIM, HEXKEJIN HaOII01aeMbIe B
addexre bappa: npeobiaganu Obl 10ITOTH epractpa ® =~ 270°, a He ® = 90°
[62]. Hakonen, cortacHo HaOmroneHHsIM, dhdext bappa nposiBisieTcst He TOIbKO
B UCKa)XEHUH TpaduKoB JIyueBbIX cKkopocTeil Vi(t), HO 1 B MCKa)KEHHH BUINMBIX
JIBIDKCHUH 3BE3]1, CKaXKEM, B 3aTMEHHBIX CHCTEMaX, y OOJIBIIMHCTBA KOTOPBIX Op-
OWTBI, PACCUYMTAHHBIE TIO KPUBOU OJIeCKa, TOXKE BBITSHYTHI MPEUMYIIECTBEHHO
B cTopony 3emin. Takxe apdext Habmoancs y mMpoKNX map 3BE3M, KOMIIO-
HEHTHI KOTOPBIX NaleKu ApYr oT apyra [63, 64]. IIockoIbKy B 3THX CITydasix
npuiMBHBIE AQ(EKTHI U IPKUE yYaCTKU Ha IIOBEPXHOCTH 3BE3/IbI HE MOT'YT BECTH
K MCKa)XCHUSM, OUCBHUIHO, d3PPCKT UMECT UHYIO MPHUPOIY, U IEPBasi TMIIOTE3a
OTMAJaeT.

2°. Bropas rumote3a, BeiaBrHYTast bappom B 1908 1. [45], npenmonara-
€T, YTO OOJIBIIE OCH OPOUT JBOWHBIX 3BE3J MPEUMYILECTBEHHO OPHEHTHPOBA-
HBI B HalPaBJICHUH TaJaKTHUECKOro neHrpa. Torna npu HabarOAeHUH ¢ 3eMin
y opOHuT 00Hapy) uiIachk Obl MpenMymiecTBeHHas opuerHTtanus. Cam bapp, moka
nostoxkenne Connna B ['anakTrke He OBIIIO M3BECTHO, mpearnoiarai, uto ConH-
LI PacIoIOKEHO BO3Jie LeHTpa ['alakTHKH, YTO OOBSCHSIIO ObI TaKyl0 OpUEH-
Taluo. BriocnencTBuu BeIICHUIOCH, 4T0 CONHEYHasi CUCTEMa PaCIooKeHa B
CTIIMPAJIbHBIX pyKaBax, Ha nepudepun ['anaktuku. Ho u B 3TOM ciydae y 6mm-
KaWIIEro OKpyXeHust 3eMian oOHapyXuUTcs 3PQPEKT NperMyIIeCTBEHHONH OpH-
eHranuu opouT. B cpenHem Gosnblime ocu opOUT OPUEHTUPOBAHBI O] CITyYaii-
HBIMH yIJIaMH K JTy4y 3peHus. OpHako y 3BE3x, jdexkamux Mexay ComHieMm u
neHTpoM ['anakTuky, T.e. Hanbonee MHOTOYNCICHHBIX U MPOIE 0OHAPYKUMBIX,
OpOUTBHI OKa)KyTCsl BBHITSHYTBHI B CPEIHEM B HAllpaBICHUH 3eMild. Bo3aMoxHBIE
MeXaHU3Mbl OpueHTauu opout B [anakruke uccnenosansl O.D. bpaxkankoBon
u ap. [59]. Oro oObscHenue 3¢dhdexra bappa COMHUTENBHO MO PSAY NPUYUUH.
Bo-niepBbix, kak mokaszan A.A. benononbekuii [65], opOUTHI 1BOWHBIX 3BE3N B
TECHBIX CHCTEMaX HCIBITHIBAIOT BEKOBOE BpAICHHE 3a CUET BO3MYILCHHH, HC-
KITIOYAIOLIMX MOCTOSHHYIO OPUEHTALMIO JIMHUH aliCH]] B HAIPaBJICHUH LIEHTpPa
lajakTUKK WM B MHOM H30paHHOM HarpaBicHUU. Bo-BTOPBIX, Y OpOUT 3BE3-
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KOMIIOHEHTOB JIBOWHON CHCTEMBI JIOJITOTHI NIEPHACTPOB OPOUT OTIMYAIOTCS Ha
180°, T.e. HE MOTYT IPUBOAUTH K ACUMMETPUYHOMY pacrpeiesieHuto mo ®. [1oa-
TOMY JIOITYCKAIOT CYIIIECTBOBAHHE JOMOTHUTEIEHBIX MEXaHU3MOB, BEI3BIBAIOIINX
MIPEUMYILECTBEHHYIO OPUEHTAIMI0 OpOUT Oosiee SIPKMX KOMIIOHEHT, KOTOpbIC
npoIie OTKPBITH [59]. B-TpeTbux, psia (pakroB CBUACTEIBCTBYET, YTO UCTHHHBIC
OpOUTHI 3BE3]] OPUEHTHPOBAHBI CIyYalHBIM 00pa3zoM, u 3¢dexr bappa Be3BaH
MMEHHO UCKaXEHHEM BHUIMMOTO JBIKCHUS 3BE31 U rpadukoB V,(t). DT (akTs
moipoOHO paccMOTpeHbl B MoHOTpaduu A. barrena [46], rie Ha psize IpuMepoB
MTOKa3aHo, YTO HAOIIOAAETCS IMEHHO NCKAKCHNE PACUETHBIX OPOUTAIBHBIX JJTe-
MEHTOB HEM3BECTHBIM d((eKTOM, a He peasibHas BEITIHYTOCTH OPOUT B OTHOM
HarpaBJIeHHH.

3°. TpeThbsi runoTe3a — rurnoTe3a HabMIAaTeIbHON CENEeKIINU — OOBSCHS-
et 3 dexr bappa Tem, 4TO BBULY pa3HBIX yCIOBHN HAOTIOCHMUS MTPOIIE OTKPHITH
JIBOMHBIE CHCTEMBI, B KOTOPBIX OPOMUTHI SIPKUX KOMIIOHEHT BBITSIHYTHI K 3eMIIe,
a He 00paTrHo, TorJa KaK B LEJIOM y 3BE3/1 ["aakTHKK OpOMTHI OPUEHTUPOBAHBI
CITydaifHBIM 00pa3zoM. DTa rumnores3a OblIa moApoOHO pa3padorana bpaxHuKo-
Boi1 [49, 58], nuzyunBIieil BO3MOKHBIC MEXaHI3MBI HAOMIOMaTeTFHON CEIEKIINH.
He ocranasnuBasich moJpoOHO Ha 3TUX MEXaHMU3Max, elE Hy>KAAIOMIUXCs B 000-
CHOBAaHWH, OTMCTHUM, YTO JaHHasd T'UIOTE3a CTAJIKUBACTCA C TEM K€ BO3PAKCHU-
€M, 4TO | Ipeaslaymast. T.e. OTKPBITHI JBOWHBIC 3BE3/IBI, TSI KOTOPBIX HAIEKHO
YCTAHOBIICHBI KPYTOBBIE OPOUTHI KOMITOHEHT, TOT/Ia Kak IpaduK JIy4eBbIX CKOPO-
cteit V() COOTBETCTBYET DKCIIEHTPUYIECKON OpOUTE, BRITIHYTON K 3eMiie WK B
Omm3koM HarpaeieHnd. TakoBa 3atmerHas 3Be3na U Lledes, y koTopoit kpuBas
Orecka CBUAETENLCTBYET O KPYyTroBOW OpOMTE, a KpHBasi JIy4eBbIX CKOPOCTEH —
00 smmuntudeckoit [46]. Apyroi npumep — aBoiinas 3Be3na RX Kaccuornewn, y
KOTOPOW KpHBasi Ty4eBBIX CKOPOCTEH OJHOTO KOMIIOHEHTa COOTBETCTBYET KPY-
TOBOI1 0pOHUTE, @ BTOPOTO — AIIMNTHYECKOH. [10CKOIIBKY OpOHUTHI TOJKHBI UMETh
OZIMHAKOBBIA AKCLEHTPUCUTET, OYEBHUIIHO, TpauK JIyuyeBBIX CKOPOCTEH OAHOTO
13 KOMITOHEHTOB UCKaXEH. DTH MPUMEPHI TIOKA3BIBAIOT, YTO MpU4IrHa dpdekra
Bappa cocTouT He B ICTHHHOM BBITSTHYTOCTH OPOHT 3BE3M, OTKPHITHIX IO AP QeK-
Ty HaOJIO/IaTEIbHON CENEKINH, a B UCKaKEHHH TPaUKOB JIyUeBBIX CKOPOCTEH
HEeKUM 3D PeKToM.

4°. YeTBépTas runoresa, npemioxennas Ctpyse u Xyanrom [61], 00b-
sicasier 3¢ dexr bappa MMeHHO HckakeHHEM TPa(UKOB JyYEBBIX CKOPOCTEH
CICKTpaIbHO-IBONHBIX 3BE31. [1o rumoreze CTpyBe, 3TO HCKaKCHUE 00YCIIOB-
JICHO MTOTOKAMH Ta3a OKOJIO3BE3IHBIX aTMocdep, B XOJe BPAIICHUS CO3AIOMINX
JUHAA TIOTJIOMICHUS, cMemEHHbIe 10 3 dekry Jlommepa oT MONOKEHHUH, COOT-
BETCTBYIOIINX OPOUTAIBHON CKOPOCTH 3BE3/. DTO SIKOOBI U BEAET K MCKAKSHUIO

rpauKOB JIy4eBBIX ckopocTeil. OTMETHM, UTO M B 3TOM CiIy4dae He BIIOJHE SICHO,
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MOYEeMY MCKaXXEHUsI HOCST HaOJItoaeMblii XapakTep M BelyT K KOHICHTpPALUU
Ppacu€THBIX JOJTOT MEPHACTPOB BO3JIC M30paHHBIX 3HaYeHHi. Kak mokaszaHo B
paborax [63, 64], 1 3Ta THIIOTE3a HE BEICPKUBACT KPUTHKH, TIOCKOIBKY 00IIHe
armoc(epbl CBOWCTBEHHBI TECHBIM I1apaM 3BE37, a 3¢ ¢exr bappa oOHapyxeH
TaKKe y NIMPOKUX rap 3BE3J, pa3HECEHHBIX Ha JAUCTAHIIMHA MHOTO OOJIBIINE pa3-
MepoB 3BE3], HE MMEIONMX o0ummx armocep. B Takux cirydasx MCKaXeHHs,
BHOCHMBIE arMoc(epaMH,— MaJOBEPOSTHBI. PsI HECOOTBETCTBHH T'MIIOTE3BI
CtpyBe — HaOMIOICHUSAM MepedrcicH B MoHorpaduu barrena [46]. OtMeTm,
gro 3ddexr bappa mposiBiseTcs He TOIBKO B HCKaKCHUH I'Pa(UKOB JIy4eBBIX
CKOPOCTEH, HO TaKXKe B HCKa)KCHNH BUIUMOTO JIBMKEHNUS 3BE3/ M KPUBOIL Oecka
3aTMEHHBIX cucTeM [64]. B cymme 3T (hakThl 03HAYAIOT, YTO MCKaXKCHUSI, BO-
NEPBLIX, p€aJlbHO UMEIOT MECTO, 4 BO-BTOPLIX, BbI3BAHBI KAKUM-TO O6HII/IM OIITU-
geckuM 3(dekToM (3aTparnBaromiM U CIEKTP, U BHIUMOE IBIDKCHHE 3BE3N),
TIPUPO/Y KOTOPOTO MPE/ICTONUT BBISICHUTb.

5°. IlaTas runoresa, npeanoxenHas [ 'yTHukoM [43] u pazsurtas Opeita-
nuxom [44] B 1913 1. (Bckope mociie oTKpeITHS 3 dekra bappa), ocHOBaHa Kak
pa3 Ha mjee Takoro ontudeckoro sddekra. ComacHo 3Toi TunoTE3E, I PEeKT
00YyCJIOBJIEH TE€M, YTO CBET 3BE3/Ibl M3 Pa3HBIX MMOJOKECHUH Ha OpOHMTE JOCTHTa-
eT 3eMIIM ¢ pa3Hoil CKOPOCTBIO, HCKaXKasi BUIMMOE JIBIIKCHUE 3BE3/Ibl U IPadK
JIy9IEBBIX CKOPOCTEH. DTa TMIIOTE3a HE TOIBKO CTaJIa OJHUM U3 MEPBBIX 00BsICHE-
Huii 3¢ pexra bappa (Oymydu BBIABHHYTA CITyCTS IISTH JIET ITOCTIE €TO OTKPBITHS),
HO U MO3BOJIMJIA €CTECTBCHHO HCTOJIKOBAaTh Bce 0coOCHHOCTH 3(dekra bappa,
MIPOTUBOpPEUAIUE IPyTrUM runoresam. [Ipupona HecoBnaseHUs CKOPOCTEH CBe-
Ta, UCITYIIIEHHOTO 3BE3/101 B pa3HbIC MOMEHTBI, MOJKET OBITh pazHoi. Hanmpumep,
B MOMEHT IPHOJIMIKEHHUS 3BE3/Ibl €€ CHEKTPaJIbHbIC JIMHUM CMELIEHBl B CHHIOIO
00J1acTh, U 3a CYET TUCTIEPCUH B MEXK3BE3IHOM I'a3e CBET COOTBETCTBYIOIICH Ya-
CTOTBI JIBUKETCSI UyTh MEIJICHHEH, UeM CBET, UCIYILIEHHBIA 3BE30U MpH yna-
JICHWH, KOTa e€ IMHUU CMEILEHBI B KPacHy0 o0nactb. OHAKO, IPH TUITMYHOH
TUIOTHOCTH MEXK3BE3/IHOTO Ia3a, TUCIIEPCHs Majla JUIsl CO3JaHus 3aMETHBIX UC-
kaxxeHnit. Kpome Toro, mpn HOpManbHOW AUCIIEpCHH (OTCTaBAaHUW CHHUX JIydel
OT KpacHBIX) AP dekt umen Obl 00paTHBIH 3HAK, 4eM B 3ddekre bappa. JJonrorsr
MIEPUACTPOB, KaK IMOKaKeM B § 1.4, KOHIICHTpUPOBAIKCH ObI BO3Je @ = 270°, a He
® = 90° (koHIEHTpaIHs Bo3sie ® = 90° BO3MOXKHA TIPH aHOMAJILHOW TUCTIEPCHH,
§ 1.4). T'yrauk 1 @pedHUINX TOMYCKaN, 9TO CKOPOCTH Jy4del CBeTa pas3iinda-
I0TCSI Ia)Ke B BaKyyMe 3a CUET BIMSIHUSI CKOPOCTH 3BE€3/1bI HA CKOPOCTh UCITYIIICH-
HOTO 3Be37I0H CBETa, COIIACHO OayumucTuueckoit Teopuu [43, 44], BRIIBUHYTOI B
1908 1. (B ommH o7 ¢ oTkpeiTHEeM dddekTa bappa [45]). [Tpuuém 1.P. KomcTok
B paMKax Teopuu PuTIa npezckasan OTMEUeHHBIC UCKaXKEHUS (10 CYTH, 93¢ dexm
bappa)[39, 88]3a 1Barona 10 IMKUPOKOI OTIIACKH 00 MX 0OHApYkeHHH [43, 44, 66].
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Puc. 1.3. Cxema MCKaXeHUsS] BUIUMOTO JBIDKEHUS 3BE3/IbI 0 OPOUTE C IKC-
neHtpucuteToM e = 0 u HakmoHeHueM i = 90°. Y 3Be3/bl, JETSIIEH 110 Kpyro-
BOI opOute (nynkmupuas aunus), no0aBIeHUE OpOUTANBHON CKOpocTh V K
CKOPOCTH CBETA C IPUBOMT K IEPEKoCy rpadvika IydeBbIX CKOpocTeH (crnioui-
HAs TUHUA), T.€. K TIOSBICHHIO MHUMOTO 9KcleHTpucuteta €' u B-addekra.

vy

CornacHo Oamnmuctrdeckoil Teopun Putna [15], cBeT nsmydaercs oTHO-
CUTEIHbHO MCTOYHUKA CO CTAHIAPTHOW CKOPOCTHIO CBETa C, a B CUCTEME, OTHO-
CHUTEJIbHO KOTOPOIl HCTOYHUK IBHIKETCSI CO CKOPOCTHIO V, CBET JOMOIHUTEIILHO
proOpeTaeT CKOPOCTh HCTOYHUKA (TIOOOHO TOMY KaK B OaJITHCTHKE CKOPOCTH
NOABUKHOTO OpyAus [lO6aBJ'DIeTCSI K CKOpPOCTH BBINYIIEHHOI'O UM CHapsja: OT-
CIofla Ha3BaHWE TEOpHH). B WTOre CKOPOCTH CBETa paBHA BEKTOPHOH CymMme
c'=c+ V. Ve B padore 1908 1. Puti| 00paTri BHUMaHUE HAa BO3MOXKHBIC aCTPO-
HOMUYECKHE MPOSBICHIS IEPEeMEHHON CKOPOCTH CBETA M HAa KPUTEPHUHU TIPOBEP-
ku 3Toro 3ddekra [15, cc. 180, 201, 267]. B 1909-1910 rr. J1.®. KomcTok [39,
88] BIepBBIC MPOAHATTU3UPOBATT BOBMOXKHBIE UCKKEHUS B JBMYKCHUN TBOMHBIX
3BE311, 00YCIIOBIICHHBIC BIUSIHUEM OPOUTANBHON CKOPOCTHU 3BE3/IbI HA CKOPOCTH
HCITYIIEHHOTO ei cBeTa. PaccMoTpuM Jtst ynoOCTBa 3BE3y-CITy THUK, JIETSIIIYIO
BOKpPYT TJIABHOW 3BE3IBI CO CKOPOCTBIO V TI0 KpyroBo#l opbute (nyrxmup Ha
Puc. 1.3), nexaineit B 0THO IJIOCKOCTH C JIy4OM 3peHHs (HAKJIOHEHUE OpOUTHI
i =90°). B MoMeHT mpHOIMKeHNs 3Be3/1a Mochuiana Obl K 3eMJyie CBET CO CKOPO-
CThIO C' = C+ V, 1 OH 10OXOAMJ OBl 32 MEHBIIIEE BPEMS, YEM CBET, UCITYIIIEHHBIN CO
CKOPOCTBIO C' = C — V IIpu yaaneHnu 3Be3/51. B uTore, BUINMOE ABIDKCHHE 3BE3/IBI
(cnnowmnas nunus va Puc. 1.3) B 1BOHHOM CUCTEMe UCKA3UTCS TaK, YTO MOKAKET-
sl HepaBHOMEPHBIM, CJIOBHO 3B€3/1a JICTUT OBICTpee, HAXOACH JalbIIe OT 3eMITH
(3a kapmunHOU n1IOCKOCMbIO), U MEIUICHHEE, HAXOISACH OJIMKE (neped KapmuHHOU
ninockocmoio) [39, 41, 88], cOOTBETCTBYS ABMKECHHUIO 110 IUTUIICY. DaKTHUYECKH,
KoMcTOK Ha OCHOBE OaIUTHCTHUECKON Teopun mpeackasan 3¢ ekt bappa, He Oy-
Jy4H 3HaKOM C ero paboroii [45], Bermemmeit B 1908 ., 3a rox 10 peacTaBIeHAS
crareu KoMcToka Ha chesne @usmueckoro Oomiectsa B [IpuacTone, B 19091 [39].
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1 NNOEKOCTb

A HabniaaTens

Puc.1.4.OpOuTansHble 3IeMEHTHI M CXeMa PacIoI0KeHN OpOUTHI ABOIHOM 3BE3-
JTBI [I0 OTHOIICHHUIO K HAOJIIOaTeNIo: S; — INIaBHas 3Be3/1a, S, — CITyTHHK, [/ —11epu-
acTp, A —anoactp, & —BOCXOMSAIIMIT y3€I1, V—HCTUHHAS aHOMAIIHUSL, [ — Iy 3pEHUSL.

Wrak, BiusiHEE OpOUTAIFHON CKOPOCTH 3BE3/bI HA CKOPOCTh HCITYILCH-
HOTO 3BE3[I0M CBETa TEOPETUYECKU BIIOJHE MOXKET OBbITh NMpUYMHOU d(pdexra
Bappa. [Ipnaém uckaxxenus, B coracuu ¢ HaOmoaeHusMu [59, 63], 3aTpoHyT 1
BUAMMOE JIBH)KCHHE 3BE3/IbI, U KPUBYIO JIY4EBBIX CKOPOCTEH.

OrnieHuM BeIMUYMHY 3TUX UCKKEHUH U MHUMOTO dKClleHTpucureTa. Pac-
CMOTPHM ABOMHYIO 3Be31y Ha paccTosHuu I ot 3emutn. [TycTs iy 3penns I ne-
JKUT B IDIOCKOCTU OpOUTHI BOWHOM 3Be31bl (Puc. 1.3), a 3Be3qa-CIiyTHUK JTBU-
JKETCs IO KPYTroBoil opOute ¢ opouTanbHON ckopocThio V u nepuogom P. s
ya00CTBa CYMTAEM, YTO Macca ITIABHOW 3BE3JIbI MHOTO OOJBIIE MACChl 3BE3/IbI-
CITyTHHKA: TOT/Ia IEHTP Macc CUCTEMBI (Oapuyenmp) COBIAIAET C IEHTPOM IJIaB-
HOU 3BE3/bl S;, KOTOPYIO CUUTAEM HETOJBIKHOM. ['paduk ryueBbIX cKopocTen
V(1) 3Be3abI-clTyTHHKA S, UMEET POPMY CHHYCOHIBI

V, =- Ksin(ﬁ],
P
rae K =V — noimyaMminTyza JIydeBoil CKOPOCTH, a 3a Hayajio 0TCUETa BPEMEHN
t{ IPUHSAT MOMEHT IPOXO’KACHHS 3BE3/101 caMoil yanéHHON OT 3eMJI TOUKH Op-
outsl 1 (Puc. 1.3).

CormacHo OayTHCTHYECKOMY NPHUHIIMITY, U3 TOYKM 2 3Be3[a MCITyCKaeT
CBET co ckopocThio (¢ + K), a u3 Touku 4 — co ckopoctblo (¢ — K). T.e. u3 noino-
JKEHUH 2 ¥ COCETHUX C HUM, CBET 3BE3/Ibl MPUXOIUT panblie pacuéTHoro no CTO
BpPEMEHH [/C, a U3 MOJOKEHHUH 4 — 3ama3IbIBacT, HCKaxast rpaK JTyIeBBIX CKO-
pocreii (Puc. 1.3). M3 npoMeKyTOYHBIX TOYEK OPOUTHI 3BE3/]a UCIYCKACT CBET
B HalpaBJIeHUH 3eMJIM CO CKOPOCThIO C — V,, rae V, — iydeBasi CKOpOCTh 3BE3/IbI
(mpoexums ckopoctu V Ha 1yd 3perus ). [Ipu V, << C cBeT U3 3THX TOUYeK OyneT
MIPUXOANTH C JIOTIOTHUTETHHON 3a/1ePKKON
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-
At = d - i ~ ”—} ;
e, & o
e | — spdexTuBHbIA My Th — MOpsiIKa JUTHHBT TiepensayacHns (1.2), Ha KoTopoM
y CBETOBBIX JIydel C pa3HbIMU CKOPOCTSMH HaberaeT pasHoCTh xoaa. Bee Toukn
rpaduka V,(t) cMecTaATCS TPONOPIIMOHATBHO WX JIyYeBOM cKopocTh V, u myTH |,
BeJlsl K IEPEKOCy rpaduka Jy4eBbIX cCKopocTel. Takoe nckaxeHnue npouisi Boji-
HbI V/(t) aHAITOTUYHO YBOJIIOIIMH BOJTHOBOTO I1yTa, TIOJYNHSIOLIETOCS YPABHEHUIO
MPOCTON BOJIHBI M MHBIX BOJIH B HEJIMHEUHOMN cpelie, B KOTOPOW CKOPOCTh 3aBU-
CHUT OT CMEUICHUS, aMIUTUTYBI [67]. [ToaTOMY, ¢ TOUKHM 3peHUs OaJLTHCTHICCKOM
TEOpHH, CBETOBAsI BOJIHA aHAJIOTUYHA KNHEMAaTHIECKOI BOJIHE B KIMCTPOHE, I7IC
MIOTOK 3JIEKTPOHOB, MOYJIMPOBAHHBIH MO CKOPOCTH, TI0 MEpPE JIBH)KEHNUST MEHSIET
PO UITb BOTHOBOTO PACTIPE/ICICHHUS JICKTPOHOB IO CKopocTsiM [67, AS51].
BriBesieM ypaBHeHue rpaduka JIy4eBbIX CKOPOCTEH 3BE3]] U3 YCIOBHS
3ama3/bIBaHus
p( (V) 2av)
rr:f(Vr)+Ar ~——| arcsin ——iJ+—,,’J (1.4)
i K BES
rae t' —3To BpeMsl perucTpanuy CUrHajia B CHCTeMe 3eMHOT0 HaOJoarTes, Cum-
Tas OT MOMEHTA MPUOBITHS CUTHANA, H3Ty4éHHOTo B MOMeHT t = 0 mpu V,(0) =0,
T.c. 0e3 yuéra BpeMeHHU pacnpocTpaneHus I/C. 13 ypaBuenus (1.4) Henb3s HalTH
B SIBHOM BH/I€ 3aBUCUMOCTD V(1), HO MOXKHO Pa3JIOKHTh B Psil
 =-K sin(izn(f_jf) ] ~ —K( siu(ﬁ) +é' siu(ﬂ] + ie’2 81 1(@]) _(L5)
r P P o B P JJ
B IpuOIIKeHNH, re apametp €' = nlK/Pc? << 1 1 orpaHHYHIINCE TONBKO Wiie-
HAaMU MOpsIKa e'2,
C apyroii CTOpOHBI, KpUBasl JTyUEBBIX CKOPOCTEH 3BE3JIbI, IBHKYIICHCS
T10 3JUTUIITHYECKON OPOHTE € IOATOTOM IIepracTpa M U 3KCLEHTPUCUTETOM €, 3a-
JaéTces yepes LEeNoYKy ypaBHEHUN

V. =K(cos(o+v)+ecosw)+Vy =V.47,.",

t v —lt £ rae b = 1~
582 5 B2 Vi (1.6)

P .
t=—(E-esmkFE),
T
rae V — UCTUHHAsI aHoMauInst 3Be3/bl (€€ yroBoe paccrosiaue [1S;S, oT nepua-

crpa), E — skcnenrpruueckas anomanus, V,'= Kcos(w + V) — 3aBucumasi ot Bpeme-
HHU 9acTh JTy4eBoil ckopoctH, V," = Kecos® + V, — IOCTOSHHAS COCTABIAIONIAS
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ny4yeBoi ckopoctu. M3 (1.6) ToXKe HElb3sI MOJTYYHUTh B SBHOM BUJIC 3aBUCIMOCTh
V/(t). [ToaTomy cHOBa orpanmaumcs 3asucuMoctbio t(V,')

ral 7
b= i(2arcrg(btg(i'11'ccos[IL) - 2]] - esin(2arctg(btg(l ﬂl‘CCOS( 7 173)))} (1.7)
2n 2 K 2 2 K7 2

s ® = 90°, mociie npeoOpa3oBaHuil U Pa3IokKeHUs B psia Teiopa, npu orpa-
HIYEHNH YICHAMH TIEPBOTO TIOPsiIKa MaJIocTH € << | (korma b = 1 — e), Haiiném

.f:%(arcsin(—b%]—o—eb%Jx }1 % .(1.8)

' J1-7,2 /K2
CpasuuBas (1.4) u (1.8), MoxxHO BuzeTh, uto mpu |V,| < 0,5K oHM mpuBOIST K
CXOJIHBIM 3aBHCHMOCTSM t OT JTydueBoii ckopoctu mipu € = €' = nlK/Pc?= la,/2¢2.
Ty ke BeIMUMHY MHUMOTO 3KcleHTpucurera paccuutan K. bpauep [31], Bcien
3a D. OpeitnanuxoM [44] NpeATOKUBITUN TEPMUH «KKYIIANHCS SKCIIEHTPUCH-
TeT». OTKIOHEHUS 3aMETHBI JIMIIb NTPU BBICOKMX AKCLUEHTPUCUTETaX U HPH JIy-
4YeBOM CKOpocTH OiM3Kol K amrumuTynHOM V,'= +K. Jljisi Takoro npuOImKeHus
MOKHO TaK K€ MOJIyYUTh

V. ~ — K| sin ﬁ + 2esin ﬂ +6’2 sin ﬂ . 19
| 2 P P (1.9)

OTcroa HaXoAWM, YTO UCKaKEHHAsI KPHUBas JIy4eBBIX ckopocteit (1.5) B
repBoM NpHOIKeHn (kak ormedeHo PpeiinainuxoM U ['yTHUKOM), neiicTBH-
TEIHHO, COOTBETCTBYET KPUBOH TyUeBhIX ckopocTeit (1.9) nist BRITSIHYTOM K 3eM-
JIe IUTANITAYECKON OpOUTHI ¢ sKcieHTprucuteToM € = €' = nlK/Pc?= la./c?, the
&; — LIGHTPOCTPEMHTEIILHOE YCKOPEHHUE 3BE3/Ibl, JIETSIIEH 0 KpYroBoii opouTe.

0°

| |4
s r i
arcsinf ——— |+e——| I+
K

A/ V. V. 0=

Puc. 1.5. CpaBHeHue HCKaXEHHOW KPHBOH JydeBbIX ckopocteit V,'(t) amst kpy-
roBoit opouts! ¢ €' = wlK/Pc? = 0,3 (cnrownas aunust) W KPUBO TyYEBBIX CKO-
pocreit Vi(t) mmst opoutsl ¢ skcueHTpucureToM €' = 0,3 (nynxkmupnas aunus).

B oOmewm citydae, uist OpOUTEI ¢ UCTUHHBIM 3KCIICHTPUCHTETOM € U JIOJNTOTOM
rnepuactpa o HaJiém

—arcco |
7] LK) 2)) Pt )

OTMeTHM, 9TO U B 3TOM CITydae IPH MAJIOCTH MCKAKEHUH KpUBas JTyde-
BBIX CKOpOCTEH OyZeT COOTBETCTBOBAaTh B NEPBOM NPHUOIMKECHUN KETJICPOBON
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opbuTe ¢ U3MCHEHHBIMU dJICMCHTaMU ¢’ = ¢ + Ae nu ®' = © + Aw, rae Ae — no-
IIpaBKa K 3KCIEHTPUCUTETY, A® — TIOMIPaBKa K JOJITOTE IIepruacTpa.

Brricants, BeI3BaH 11 3¢ dekt bappa BrusHIEM OpOUTAIBEHON CKOPOCTH
3BE3/IbI Ha CKOPOCTH HMCIYIIEHHOIO € CBEeTa, MOXKHO, IIPOBEPUB 8 OCHOBHBIX
KPUTEPHEB, BBIIBUHYTHIX aBTOPOM B [A6]:

1) Uckaxenue rpaduKoB JIyueBbIX CKOPOCTEH OT BapHallnii CKOPOCTHU CBE-

ta (1.1) Bemér k Kaxymemycs npeodnamganuio opour ¢ 0° < @ < 180°
Haxg opoutamu ¢ 180° < » <360°;

2) Bricokne MHUMBIE 3KCLIEHTPUCHUTETHI IIPE00IaIatoT y 3BE3]] C HAaUBbIC-
M oTHoIeHueM K/P: it HUX aCHMMETPHSI B paCIIPEICIICHUH 10
u >ddext bappa Hanboree OTIETINBHL;

3) Dddexr bappa Oyner mai mist 6mmu3kux 38E37 (I ~ 10 cB. J1eT) 1 BeIHMK
i ganékux 3BE31 (F ~ 100—1000 cB. 5eT), 0cOOCHHO MPHU OTpHUIIA-
TeJILHOMU JTy4eBOU CKopocTH 1eHTpa Macc V< 0;

4) JIyueBbIe CKOPOCTH IBYX KOMITOHEHT MEHSUTUCH OBl HE B IPOTHBO(hA3E.
[Tpu pazsbix ammnTygax K nm Obl OTBe4aIM pasHble SKCIIEHTPUCUTE-
TBI M CKOPOCTH LIeHTpa Macc V;

5) lonroThl mepruacTpoB KOMIOHEHT JBOWHBIX 3BE3M, B KOTOPBIX HAOIIO-

nmaetcs apdext bappa, TomKHBI oOTITHYaThCA MeHee ueM Ha 180°;

6) DKCIEHTPUCHUTET OpOWTHI, ONpENeNIEHHBIH ACTPOMETPUIECKUM HITH

(oTomeTprUeckuM MeToaMu (M0 KoJIeOaHHUsIM SIPKOCTH TIPH 3aTMe-
HUSIX), JIOJDKEH OTIIMYAThCsl OT AKCHEHTPUCHTETa OPOUTHI, H3MEPEH-
HOTO CIIEKTPOCKOITMYECKH 0 KPUBOM JIyUEBBIX CKOPOCTEH;

7) 1515t BBICOKMX MHAMBIX SKCIIEHTPUCHUTETOB HAOIIOAAINCH OBl OTKIIOHE-
HUSI OT TEOPETHUECKOW KPUBOMW JIy4EBBIX CKOPOCTEH, MMEIOLINE BH]
TapMOHHUK OpOUTAIHOTO MEPHO/A;

8) DKCUEHTPHUCUTET M TMOIYaMIUTUTyAa KoJeOaHWHA JIy9eBOH CKOPOCTH,
OTpeAeIEHHbBIEC IO Pa3HBIM TPYIIIaM CHEKTPaJIbHBIX JIMHUH, pa3inya-
JMCH OBI JUIsl OJTHOM M TOH e 3Be3/Ibl. TakiKe MOTYT pa3jindaThesi IKC-
LEHTPUCHUTETbI, U3MEPEHHBIC 10 JINHUSM Pa3HbIX KOMIIOHEHTOB.

PaccmoTpum, OTKyaa CIeIyIOT 3TH KPUTEPUH, U TPOBEPHM HX CIIPABEA-
JIMBOCTD Ha PUMEPAX.

1°. IlepBbIii KPUTEPHIi CICTYCT U3 TOTO, YTO UCKAXKCHUS OT J00ABICHHUS
CKOPOCTH MCTOYHHKA K CKOPOCTH CBETA BEIYT K OJHOMY U TOMY K€ THITY aCUM-
METPHH OPOUT, COOTBETCTBYIOIIEMY MHIMOMY BBITSTUBAHUIO PACYETHBIX OPOHUT
B cTopoHy 3emsn. Kak OTMeUeHO BBIIIE, 3TOT KPUTEPHUH, NEHCTBUTEIBHO, BbI-
MOJIHSAETCS, COIIACHO aHanu3y camoro bappa u apyrux actponomos (Puc. 1.2).

Bb11 paccMoTpeH npocTelmii cirydaii KpyroBoil OpOUTHI IBOMHBIX 3BE3.
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JlelicTBuTENbHBIE OPOUTHI 00JI1aI0T, KaK IPaBHJIO0, HEHYJIEBBIMU SKCIIEHTPUCH-
TETaMH €, K KOTOPBIM JJOOABIIAIOTCSI JIOXKHBIE IKCIIEHTPUCUTETHI A€, 00yCIIOBIICH-
HBIC NCKaKCHUEM KPUBOH JIyUeBBIX CKOPOCTEH, TaK YTO M3MEPEHHBIN KaXKyIIUi-
Cs1 OKCLIEHTPHUCHUTET e’ = ¢ + Ae. DT0 BeIET K MCKaYKEHNUIO UCTHHHOTO YKCIIEHTPHU-
cureTa OpOUTHI M JONTOTHI IepHacTpa, Ha uto emé B 1913 . oOparmt BHIMaHne
Kopteger [41],— aBTop ypaBHenus Kopresera-/le Bpusa, kak pa3 onuceIBaroe-
TO HEJIMHEHHbBIC NCKAKEHUS BOIH IIPH paciipocTpaneHnu [67]. B utore, y opour
¢ 0° < ® < 180° 9KCIIEHTPUCHUTET €', pACCUNTAHHBIH 110 HAOIIOAAEMOMY IpauKy
V/'(t), HapacTaeT o cpaBHEHHUIO C PEATBHBIM €, a pacyETHast JOJITOTa IepruacTpa
o' mpubnmxaetcs Kk ® = 90°. Hanpotus, y 38€31 ¢ 180° < @ < 360° pacu€rHblit
SKCIICHTPHUCUTET €' CHIKAeTCs, a ®', cMemasich K 90°, MOKeT IonacTb B HHTEp-
Baja 0° < @ < 180°. BBuay HaaMuus UCTUHHBIX SKCIIEHTPUCUTETOB €, IPU OJHO-
pomHOM pactpeneneHnu N(®), B pac4éTHOM pacIpeeIeHHH TOATOT EPUacTPOB
N'(o) HeT pezkoro MakcuMmyMma npu @ = 90°: ects npocto rnpeodiiazaHue opouT ¢
® Bo3ue 3HaYeHnA ® = 90° u B quanazone 0° < o < 180°. CreneHp aCHMMETPHH
B pacnpeznenenun N(m) Oyaem B ranbHeHIIeM XapaKTeprU30BaTh MPEAI0KCHHBIM
Jx. Dokcom [25] mapaMeTpoM aCUMMETPUN
_ N(0°=@<180°)
N(180°<® <360°)

T.e. orHomIeHreM uncia N(0° < @ < 180°) 3BE3HBIX OpOUT C nepuactpoM B [ 1
II xBampanTax k yucry N(180° < @ < 360°) 38&3x ¢ nepuactpom B III u IV kBa-
npanTax (Puc. 1.2).

Jlis paBHOMEpHOTO ciaydaiiHoro pacmpeneneHus R = 1, cpeanexBanpa-
truaroe otkonenue st N(0° < o < 180°) ot N/2 pasno o = N%/2, u cratncTu-
gyecku nomyctumoe mMakcumanbaoe N(0° < » < 180°) < N/2 + 6 = N/2 + N'3/2.
Ecmu R mpeBsimmaer 1 6omee yem Ha /N, OTKIIOHEHHE yXKe, BUIUMO, HOCHT HE
CllydaliHbIM, a CUCTEMaTHYeCKU XapakTep U 1°-blif KpUTEpUil MOXKHO CUUTATh
CTaTHCTHYECKH NOATBEP)KAEHHBIM, €CITH N3MEPEHHBIC OTKIIOHEHUS ITPEBBIIIAIOT
30, T.6. IpU

0,5N +1,5VN 3

> =l
05N NN

J11st Bcex pacCMOTpPEHHBIX CilydaeB U BEIOOpOK [25, 45, 46, 57] atot kpu-

Tepuil yaroBneTBopsieT HaOmoaeHusIM. Tak, JUIs JaHHbBIX, TPUBOAUMBIX BaTTeHOM,

R=1,75 (Puc. 1.2). A 13 3aKOHOB CTaTUCTHKH JUI PACCMOTPEHHOTO YNCIIa CUCTEM

N =110, mpu yuéTe BO3MOKXHBIX QIyKTyannii, BeMNINHA R MpakTHIeCKH HE MOXKET

ObITh BbILIe 3Ha4eHMs 1 +3N 12~ 1,29. CpaBHeHHE aHAIOT HYHBIX BEJTMYUH 15 pac-

nipeieNieH i, mocTpoeHHbIXx @okcom u bpaskHukoBoi, mpuBeieHb! B Tadmmie 1.1.

R
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o011ree Yncio JIOITyCTUMAsT H3MEpeHHast
aBTOp CUCTEM ACUMMETpHS ACUMMETPHS
N 1+ 3N R
bapp [45] 30 1,55 6,5
Barren [46] 110 1,29 1,75
Doxce [25] 228 1,20 1,68
Bbpaxunukosa [57] 245 1,19 1,55

Ta6muma 1.1. Koaddumnumentsr acummvetpun R pacnpenenenniit N(o),
MIOCTPOCHHBIX pa3HBIMH aBTOPAMH.

2°. Bropoii kpuTepuii cieayer U3 TOro, YTO MHUMBIA DKCIICHTPUCHUTET
e’ = nlK/Pc? pacTér npu yBeJMUCHNH TTOTYaMILTUTYIbI IydeBoil ckopoctn K u
yMeHbIIEHUH opOuTaIbHOrO repuosa P 3Be3sl, Torna kak a(hexTuBHas AIH-
Ha |, cocTaBisis mopsiika CBETOBOIO rofa, Majo OTIMYACTCS ULl CHCTEM, Pac-
TIOJIO’KEHHBIX Ha Pa3HBIX paccTossHUAX I. [TosaTomy a¢pdexr bappa cunbpree Bcero
TIPOSIBUIICS OBI JJIsl IBOMHBIX 3BE3 C HAMBBICIIMM OTHOWEeHneM K/P. DtoT kpu-
Tepuil ObLT BriepBbie mpemioken k. DokcoMm [25], KOTOPBIH MPOU3BEN CTATH-
CTUYECKNH aHaJIN3 3JIEMEHTOB JIBOMHBIX 3BE3]] M3 3BE3MHBIX KaTAJIOTOB. AHAIIN3
ToKasai, uTo y 3B&371 ¢ orHomenueM K/P >3 (km/c)/cyT HabnrofaeTcs 3aMeTHast
ACHMMETPHS B PACIIPENSIICHUH I0JITOT IEPHACTPOB o, T.e. ekt bappa spko BbI-
paxkeH. A st K/P < 3 (kM/c)/cyT pacmpenereHue 1Mo « MPaKTHIeCKy OTHOPOIHOE.
AHAJIOrMYHBIA CTATUCTUUYECKUI aHANIM3 TPOU3BENIM OTEUECTBEHHBIE acTPOHOMBI [49,
63], xotopble mokasam, 4to 3¢hdexr bappa 3aMeTHO MPOSIBIISIETCSI TOIBKO Y 3BE31 C Op-
OuranpHEIME TiepriofaMu P < 30 CyT, W MPaKTHYECKH OTCYTCTBYET y 3BE31 ¢ P > 30
cyT. Tot xe a3 dexr oOHapyKUBaeT U COBPEMEHHBIN aHaJIU3 CTATUCTUKHU JBOM-
HBIX 3BE31, HarpuMep, 1o Karaaory Sb9, rae y 38é3x ¢ P < 30 cyTt Toke 00HApY-
JKEHa 3aMETHAs aCUMMETPHsI B Paclpe/elICHNH MIEpPHacTpoB ¢ IpeodIagaHnueM
cucreM, Juist KoTopbix 0° <@ <180° [68]. IIpnuém crenens acummerpuu R pactér
MIpU CHIKEHUH P, B MOJHOM coracuu co 2°-bIM KpuTepueM. Takum obpazom,
CTaTHCTHYECKUI aHaJIM3 MOATBEPIMI peanbHocTh dddekra bappa n mokaszan,
410 3QPeKT CBI3aH NMEHHO C UCKaKEHHEM KPUBOH JIy4EBBIX CKOPOCTEHi 3a CYET
0aJITMCTUYECKOTO IPUHIIHIIA.

B cBsI3M ¢ HaMMYMEM MCTHHHBIX 3KCIEHTPHCHTETOB MHTEPECHO PACCMOTPEThH
Bospaxkerue [le Currepa mpotuB TpakToBKH dddekra bappa mo damcTudeckoii Teo-
prn. Jle Currep ormerri [41], uto ecim © y TBOWHBIX 3BE31T BO3HUKAN JIOTIOIHHUTEITb-
HBIN SKCIeHTprcHTeT BeymHbl ¢’ = nlK/PC? torma B cpemHeM HaOMOMaEeMBbIid
9KCIEHTPHUCUTET OBLT OBbI BBIIIE B CUCTEMax ¢ KOPOTKUM nepuonoMm P. A dak-
THUYECKHM HaOmonaeTcsi odparHas 3aBUCUMOCTb, BbIsiBiIeHHas JloneHnophom n
TIOKAa3bIBAIOINAs], YTO SKCIEHTPUCUTET PacTET nmpu yBenudeHun nepuona P. Co-
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miacHo Jle Cutrepy, 3TO CBHICTENLCTBYET MTPOTUB Teopun Purtna. B neiicTBu-
TEJNILHOCTH HaOJroiaeMasi Koppelsiiys Mexay € u P oTpakaeT M3MEHEHHUe Huc-
TUHHOTO 9KCIEHTPHCUTETA € mpu pocTe nepuoaa P. Benp 3a cuér npuimBHOTO
TPEHUSI, MOCTETNIEHHO «CKPYIIISIONIET0» OpOUTHI IUIAHET M 3BE3]L, Y TEI C MaJjbl-
MH OpOHMTaJIBbHBIMH TEPUOAAMH IKCIEHTPUCHTET B CPEIHEM HMXKE, YEM Y Tell
¢ 6onpiumu nepuopamu. [IpuianBHON 3QdekT, CHIKAIOMUN €, OICTPO PacTET
(TPOITOPLIMOHANEHO P °) MPH COKPAICHUN MEK3BE3THOIO PACCTOSHUS P M TIe-
puona P. Harmpotus, y nonroneprnogHsIX OpOUT UCTUHHBIC € BEIUKH, U MHUMBIC
9KCLIEHTPHUCUTETHI €' TepsttoTcsi Ha ux (one. [1o Tol e npuuuHe y 10Jronepu-
onHbIx opout (P > 30 cyt) addexr bappa npakruyecku orcyrcTByer [49, 63]. A
IUTS KOPOTKOTeproaHbIX opouT (P <30 cyT) addext bappa xoporo 3amereH, 3a
CuéT MaJOCTH HCTHHHBIX 3KCIIEHTPUCHTETOB €. Ha nx ¢oHe BrIpoCIIne MHAMBIE
skcuerTpucutetsl e’ = tlK/PC? 0TYETIMBO NPOSIBISAIOTCS M IPUBOMIAT K CHIIbHOM
acuMmMeTpuu B pactpenenenun N'(m).

Taxum o6pazom, 3 ekt bappa ynosneTBopsiet 2°-my kpurepuro. MoXHO
paccMOTpETh U APYrue KpUTepuy, B T.4. nmpemtoxkennsle . Komcrokom [39, 88]
JUISL BBISIBIICHUST aHOMAITHH (hOpMBI 3BE3IHBIX OpOUT. Bee OHM CBUIIETENBCTBYIOT
B TOJIb3Y OAJUTHCTHYCCKON MTPUPOIBI HCKAKECHHUH IPaQHKOB JTy4E€BbIX CKOPOCTEH.
[Ipennoxum Taxxe psii HOBBIX KpUTepueB cooTBeTCTBUS BTP.

3°. Tpernii kpuTepuii cienyer U3 TOro, YTO MHUMBINA 3KCHEHTPUCUTET
e’ = mrK/Pc? nponopiMoHaneH pacCTOsHUIO I' 3Be3/bl. [103TOMY Ui cpaBHU-
TEIBHO OMM3KHUX 3BE3 ¢ MasbiM I' (< 10—20 1MK) MHUMBII 3KCIIECHTPUCHUTET MaJl,
1 acCHMMETPHsI B PACHPENENICHHN 0 O JODKHA OTCYTCTBOBAaTh. A sl Aamié-
KHX 3BE3], ¢ BBICOKUM I (> 20 1K), MHUMBIH 3KcHieHTpucHuTeT U 3¢dexr bap-
pa JIoJDKeH OBITH XOpOIIO 3aMeTeH. Brpodem, cTporoi mporopuuoHaIbHOCTH
OKCLIEHTPHCUTETA PACCTOSIHUIO HE OyJ/IET, MOCKOJIBKY 3a CUET Mepen3IyueHus Ha
Gomnpmx aucTaHImsx > | akcuentpucuter e’ = nlK/Pc? mpomopiinonaneH yxe
sddexruBHOMy myTH | 1 ipH 7 > | mepecTaéT pacTy ¢ yBeIUYCHUEM PaCCTOSHHS
r. Opdexr bappa yaoBIeTBOpsET U ITOMY KPUTEPHIO, CY/sS TIO BBISIBICHHOMY
mmpotHomy dddekty [59]. st 3BE31, pacroIOKeHHBIX B BBICOKHX TaJlaKTHYe-
ckux mmporax |b| > 45°, sapdert Bappa mpakTHUeCcKn OTCYTCTBYET, a TS 3BE3I,
PACIIONOKEHHBIX ONU3KO K raJakTHYeCKOMY JKBaTopy, ¢ mmporamu |b| < 45°,
a¢ ekt Bappa siBHO BhipaskeH [59]. OueBHIHO, 3TO CBA3aHO C TEM, YTO 3BE3-
JIbl B BBICOKHX TaJIAKTUYECKUX IIUPOTAX PACIIONOKEHbBI CPABHUTEIHLHO OJIU3KO K
3emite: UX pacCTOSIHUS I HE MPEBBIMIAIOT ITOJIOBUHBI TOJIIIHHBI TATAKTHYECKOTO
aucka h ~ 20 nk (Puc. 1.6), coorBercTBeHHO, 1 3 ekt bappa st HUX Mao-
3aMeTeH. A 3BE3/IbI, PACTIONOKCHHBIC BO3JIC TAIAKTHYECKOTO 3KkBaropa |b| = 0°,
HaXOJSITCS Ha PACCTOSHUSIX I B COTHU pa3 OOJBIINX, T.€. MHUMbIE SKCIIEHTPH-
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curetsl ¢’ = nrK/Pc? s uux Benuku u 3dpdexr bappa oTUEINBO BRIPAKEH,
cornacHo HaOmroeHusM [59].

. b ‘ﬁ /- -\ AncK ManakTvku

ConHue—»: Y y

45 \—/

Puc. 1.6. B 3aBHCHMOCTH OT TaIlaKTHYECKON MIUPOTHI D TBOMHBIX
3BE31, 3¢ ekt bappa g HUX NPOSBIAETCS B pa3HOH CTEIEHH.

Oobmnacts, rae a3¢dexr bappa manozamereH, 3aKpalieHa CepbiM.

ITockonbky nckakeHUs, BbI3bIBatomue 3(dext bappa m MHUMBIH SKC-
neaTpucuteT €' = nlK/PC?, 06bIYHO MPOMOpIHOHATEHBI 3G OEKTHBHOMY My TH |,
a¢dext bappa Oynet Hambomnee 3ameTeH Ay 3BE31, ABIOKYIINXCS K 3emie. CHu-
*xenwne a¢dexTrBHOTO My TH | BRIZBaHO HHTEP(EPEHITMEH HCXOTHOTO U3y ICHHS
3BE3]T CO CBETOM, pAaCCESTHHBIM O0JIakaMH ra3a [25], Ho nHTephepeHITHs BO3MOXK-
Ha, KOIZIa PacCesTHHOE M3JIyUEHNE JBHKETCSI CO CKOPOCTHIO OOJIBIIIEH Miln modTH
PpaBHOM CKOPOCTH HCXOTHOTO. A CBET OT 3BE3/Ibl, MPHOIMKAIOMICHCS ¢ BEICOKOI
ckopocThio K 3emie (V< 0), o6maast HOBEIMIEHHOH CKOpOCThIO (¢ — V;), HE Mo-
KET MHTePEPUPOBATh C PACCESTHHBIM CBETOM. [1o3TOMYy ero ckopocTh He Oyaer
CHIDKAThCA (TIOKa OH HE MepecedET CIOH Ta3a ¢ Iy4eBOH CKOPOCTHIO OIM3KOH K
Vo). Ipu 3TOM TIepensnydeHre MpaKTHIECKH CHIKeHO win otcyTeTByeT (1~ 1, a
k=1/r=1). A i V,> 0 epensnyueHne mpoucXoauT Ha jumHe | ~ 1 ¢B. roma u
k=1I/r << 1, gro nemaet appexr bappa manozamerHbIM. J[eficTBUTEIBHO, CTATH-
CTHUYCCKUH aHaIH3, MPON3BEAEHHBIN BpayKHIKOBOH U 1Ip., IOKa3aj, 4yTo 3¢(dekr
Bappa oTuétnmBo HaOMIOMACTCS UG y 3BE3] C JIy9eBOW CKOPOCTHIO CHCTEMBI
V<0, a 1 38831 ¢ V> 0 BiCKa)KeHUs CYIIECTBEHHO HIDKE, 1 dpdexT bappa He
obOHapyxmBaercs [59].

4°. YeTBEPTHIii KPUTEPHUIi BHITEKACT U3 MPOITOPIIHOHAIEHOCTH MHIMOTO
skcrienTprcureta €' = nlK/Pc? ammmtye mydesoit ckopoctn K. CooTBeTCTBEH-
HO, €CIT KOMITOHEHTHI ABOMHON 3BE€3/1bI ABMKYTCS BOKPYT IIEHTpPA Macc MO Kpy-
TOBBIM OpPOHMTaM C pa3HbIMU OPOUTATBHBIMH CKOPOCTSIMH, MHUMBIH 9KCIIEHTPH-
cuTeT Oy/IeT BBIIIE Y KOMITOHEHTA ¢ OOJBIIeH CKOPOCTHIO (M MEHBIIIEH MacCoi),
Ha yto oOparmn BHuMaHme [1.C. Yukun [69] u C.A. CemuxoB [A21]. DTomy
KPUTEPHIO, IEHCTBUTENBHO, YIOBIETBOPSET Psifl CIIEKTPAIbHO-ABOMHBIX 3BE3I.
Hampumep, y 3Be3161 RX Kaccroneun kpuBble Ty4eBbIX CKOPOCTENH KOMIIOHEHTOB
COOTBETCTBYIOT Pa3HBIM AKCIIEHTPUCHTETAM, U JTy9EBbIE CKOPOCTH MEHSFOTCS HE
CHHXPOHHO [46, 61]. Y KOMIIOHEeHTa CIIeKTpanbHOTO Kiacca G KpuBas Ty9IeBBIX
CKOPOCTEH COOTBETCTBYET KpyroBoii opoute ¢ €,~ 0 (nyuxmup Ha Puc. 1.7),ay
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KOMIIOHEHTa KJlacca A KpHBasi COOTBETCTBYeET opoure ¢ €,~ 0,18, BBITAHYTOI K
3emne (wmpux-nynkmup). ITO MPOTUBOPEUNT HEOSCHONW MEXaHHUKE, COITIACHO
KOTOPOH Y KOMITOHEHTOB JIBOMHOIN CHCTEMBI SKCIIEHTPHUCUTETHI OPOUT JTOTKHBI
COBIAJIaTh, a KPUBBIE JIYUEBBIX CKOPOCTEH — MMETh 3€pPKAJIbHBIH XOJ, TaK YTO
Vi, 1 V), MeHstHCh OBI B mpoTuBO(dase. Takum 0O6pa3oM, B BUANMOM JBUKESHUHT
3BE3]] HAOJIOIAETCsl OTKIIOHEHHE OT 3aKOHOB Keriepa,— MILTI030pHBIN 3G QeKT,
npenckasanubli Teopuedt Putua [A15]. Iockonbky 3akonbl Keruiepa Bpsia jin
HapymaioTcs, batren [46] npumén kK BEIBOAY, 9TO KPHUBask TyYEBBIX CKOPOCTEH
KOMITOHEHTa A MckaxeHa 110 a¢dekry bappa. [Tpuuém ero nepuactp B coriacuu
¢ TeopHeill Putna pacmonoxeH 3a KapTHHHOU MIOCKOCTRIO (o = 37° [70]), ymo-
BJIeTBOpss nepBoMy Kputeputo. ¥ RX Kaccuonen oOHapyKeHBI U KoseOaHUs
BuANMOH sipkocTH |', maymue ¢ opouTanbHbIM nepruoxoM P, uro B pamkax Oai-
JTUCTUYIECKOHN TEOPUH €CTECTBEHHO 00BscHeTcsa ddhdextom Purma (§ 1.2, § 1.5),
MEHSIOLIMM BUAMMYIO SIPKOCTB |' M XOpOIIO 3aMEeTHBIM, UIMEHHO 3a CUET HCKa-
xeHuit rpaduka V(t).

[epekoc rpaduKoB JIy4eBbIX CKOPOCTEH HaOIONACTCs TAaKXkKe y 3BE3/Ibl
DU Bononaca [71] (Puc. 1.7), nepemennast spkocts |' KOTOpo#l TOXKEe MOXKET
ObITh cBs3aHa ¢ 3ddexkrom Putma (§ 1.2, § 1.5), BEI3BaBIINM 3TO MCKaKEHHE
Vi(t). ITepexoc xpuBbIX V,(t) KOMIIOHEHTOB B OJHY CTOPOHY HaOIOaeTcs Uy
TECHBIX (4acTo KOHTaKTHBIX) ABOHHBIX V701 Croprmona, V870 YKepTBeHHNKA,
DX Tyxana, VW Lledes;, GU Ennnopora, 4To 0iHAKO CBSI3bIBAIIU C TIPHIMBHBIM
3 PEeKTOM ¥ HEOJHOPOAHBIM PACIPE/ICIICHUEM SIPKOCTH T10 TIOBEPXHOCTH 3BE3]T
[72]. TlonTBeprxkmaeTcs KpuTepwid u A epeMeHHoit AW bomnbimoit MeaBeauibt
[73], y KOTOpOIi KpUBas Jy4YEBBIX CKOPOCTEH HE COOTBETCTBYCT KPHBOM OJiecka
JlayKe B paMKaxX MOZEIH KOHTAaKTHOM CHCTEMbI C HEOAHOPOIHBIM pacIpe/ieieHH-
eM sIpKocTH. DPPEKT HECOOTBETCTBUS KPUBBIX V(1) KOMIIOHEHTOB OOHApYKEH
TaKXke y nepeMeHHoi 3Be36l BW Jlucnudku, TBOHCTBEHHOCTh KOTOPOH, corac-
Ho I1.C. Ynkuny [69], 1 00bscHsET e€ mepeMeHHOCTh. Takke YNKUH moKasal,
gro mepekoc rpadukos V,'(t) mpu e’ = nlK/Pc*> 1 Benér k MOSBICHUIO HA HUX
Pa3phIBOB, HEOJHO3HAYHOCTEH M nepexJiécty BeTsel rpaduka V' (1), Tumnanomy
JUTA YIAPHBIX BOJH B HEIMHEHHBIX cpemax [67]. Dta aHomanus rpadukos V(1)
MIPOTUBOPEUHUT JIPYTUM 00bsicHeHnsIM dddekra bappa — apdexry cenexumn, ru-
nore3e CTpyBe, ralaKTH4eCKOH OpHEHTAMU OPOUT U T.1.
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Puc. 1.7. a) Cxema uckaxenuii rpadukos V,'(t) mis kpyroBeix opout (nym-
Kmup A Wmpux-nyHKmup), OTBEUaroluX HEBO3MOKHOMY CIIydaro, KOTa y op-
OUT KOMITIOHEHTOB Pa3HbIE SKCIIEHTPUCHTETHI M PABHBIE JOJITOTHI IEPUACTPOB.
6) PeanbHble rpaduky 1y4eBbIX ckopocTeii V,(t) KOMIIOHEHTOB COOTBETCTBYIOT
OopOUTaM paBHBIX SKCIEHTPUCHTETOB €; = €, ¥ IIPOTUBOIOJIOKHBIX JIOJITOT ITe-
puactpoB m,= 180°+ w, (cnrowmvle mnHuu). 6) Bo3MOXKHBII TpuMep MoJ00HOTO
HCKa)KeHMs1, HAOII0IaeMOoro y TecHoM aBoiHOIt 3Be3npl DU Bononaca [71].

Kpome toro, uckaxenus rpadguko V,'(t), COOTBETCTBYIOIIHE HEPABHBIM
MHHMBIM JKCLHEHTPUCUTETaM €' KOMIOHEHTOB, MPH IOCTOSHHOIN COCTaBIISIIO-
mieit ckopoctu V,'" = Ke'cosm + V,, mpUBeAyT K pa3InyuIoO pPacuETHBIX 3HAUCHHUN
BemmunH Ke'cosm n ckopoctell neHrpa macc V,' y komronenros. T.e. srydeBas
CKOpOCTB IIeHTpa Macc V,' cuctemsl, HaiiieHHas TI0 Pa3HBIM KOMIIOHEHTaM, I10-
JIy4uTCsl pa3Hoi, Bompeku 3akoHaMm Kerepa. Takas anoMamnusi, TeHCTBUTENBHO,
HabOronaercs B Bune s dexra Crpyse-Caxane [46, 74], ckaxem, y 3Be31b1 HD
190967 n AO Kaccuonen, a Takxe y HD 193576 [75].

5°. TlaTblii KpUTepUii crexyeT U3 TOTo, 9YTO MHUMBIH SKCIICHTPHCUTET
e' = nlK/PC? cOOTBETCTBYET «BBITATHBAHHIOY» OPOUT 0OCHX KOMITOHEHT S; U S, B
cropony 3emiu. T.e. Uit KPYroBoil OpOUTEI JIOJITOTHI MEPHACTPOB, OMPEIENEH-
HBIC W3 aHAJM3a MCKAXKEHHBIX KPUBBIX JIyUEBBIX CKOPOCTEH, OyayT COBIAAATh!
®,=®,=90° (Puc. 1.7). B 1eficTBUTEIILHOCTH Y KOMIIOHEHT S; M S, C 3JUTHITHYC-
CKUMH OpOMTaMH COOTBETCTBYIOINE 3HAYCHUS (3 U (0, IOJDKHBI Pa3INuaThCs Ha
180°, m s @,=90° Hatiném ©, = 180° + w,=270°. [Ipn HanM4IMK y OpOUT UCTHH-
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HOTO 3KCIEHTPUCHUTETA, JOTIOJIHUTEIILHOE BBITSTHBAHHE OPOUT B OJIHY CTOPOHY
TIPUBENET K TOMY, YTO PAa3HOCTh JIOITOT IEPHACTPOB OKaxkeTcst MeHsbIe 180°, T.e.
0 < |o;— oy < 180°. deiicTBuTenbHO, MOA00HBIH dh(hEeKT 00HAPYKEH, HATPUMED,
B ynoMmsHyThIx cuctemax DU Bomnonaca [71], V701 Cxopnuona, BW Jlucuuku
[69]: y o6enx kommoHeHT nepekoc rpaduxos V,'(t) uaET B 0HY CTOPOHY, CIIOBHO
y 0benx 38E371 0° < 0 < 180°, 1 0°< |, — @y < 180°.

6°. IllecToii kpuTEpHii TOXKE CIEAYET U3 TOTO, UTO IEPEMEHHOCTH CKOPO-
CTH CBETa BEAET JIMIIb K HILTIO30PHOMY POCTY 3KCIEHTPUCHUTETA, OIPEIeNIEHHO-
TO U3 KPUBOH JIyueBbIX cKopocTei. [loaToMy, MpUMEHSS APYTHE METOIbI, MOYKHO
BBISIBUTH HECOOTBETCTBUE pacuéTHOro 3HaueHus €. Tak, y 3aTMeHHOH 3Be3bl U
Hedes mo HabIrOneHUAM 3aTMEHHN U (OTOMETPUIECKON KpUBOW Oiecka pac-
4y&THAs BeJIMYMHA EcOos® OMI3Ka K Hylto. HammpoTus, KpuBas TydeBBIX CKOPOCTEH
IOKa3bIBAET BBICOKOE 3HaAUeHHE €cos®, pocruraromee 0,2—-0,4 1, COOTBETCTBEH-
HO,— BBICOKOE 3HAYCHHE IKCIEHTpUCHTETA € [46].

200 . .
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Puc. 1.8. Kpusas syuesbix ckopocreii U Ledes [46] e coorBet-
CTBYeT €€ KpUBOI1 OJiecKa, TOBOPSILECH O HyJI€BOM 3HAYCHUH € COSM.

OueBuiHO, OpOUTa 00J1aIaeT UCTHHHBIM 3KCICHTPUCUTETOM €, OJIHAKO
J00aBJIeHHE CKOPOCTH 3BE3/IbI K CKOPOCTH CBETa KOMIIEHCHPYET aCHMMETPHUIO
KpHBOI1 Oyiecka (3aTMEHUIT), HeUTpan3ysi pacu€THBIA HKCUEHTPUCUTET (110 Me-
xaHu3My, npeoxennomy Kopreserom [41]), Tak uto €' = e + Ae = 0. OgHako
s¢dext bappa He MoXkeT Ha BCEM IepHOJie HEWTPAIN30BaTh ACUMMETPHIO Tpa-
¢uxa mydeBbix ckopocteid V,(t). B utore coxpansiercsi 0CTaTOYHbIA IKCIEHTPH-
CHUTET, M3MepeHHBIH 110 rpaduKky V,(t). Psx 3BE3/1 ¢ TaKMM HECOOTBETCTBHEM KPH-
BBIX OJIECKa M KPUBBIX JIyUEBBIX CKOPOCTEH YIOMSHYT B MOHOTpaduu barrena
[46] 1 monpobHO uccnenoBan CaBeqOBEIM [76].

Takoit xpuTepuii 0COOCHHO aKTyalleH JUIi KOPOTKOTICPHUOAHBIX 3aTMEH-
HBIX CHCTEM, OTKPBITHIX B TIOCJIEIHIE TO/1bI B paMKkax npoekToB OGLE u Kepler.
B wactHOCTH, 3aT™MeHHast cuctema OGLE-TR-122 obnmamaeT 04eHb KOPOTKHM
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niepuosioM P = 7.3 cyT, npu KoTropom opOuTa 3B€3/1bl, 32 CYET MPUIINBHOTO CKPY-
IJICHUsI, JOJDKHA OBbITh TIPAKTUYECKU HJICATbHON OKPYKHOCTBIO C HYJIEBBIM JKC-
neHTpucuteToM [77]. OqHaKo KpHBas JIyU4eBHIX CKOPOCTEH CBHUACTEIBCTBYET 00
opOuTe, BBITSHYTOH B HampasieHnH 3emsn. Eciu yuecTs KOpoTKuil repuon u
BBICOKYIO MOJTyaMIUTUTY/Ly JiydeBoii ckopocti K = 10 km/c, Toria HaOmonaeMbIi
9KCLIEHTPUCUTET BIIOJIHE MOKET ObITh MHUMBIM €' = mIK/PC?. JlonmomHuTensHO
MIPOBEPUTH THIOTE3Yy 00 MCKaKEHUH TpaduKa JIyUIeBBIX CKOpPOCTell A derTamu
0aJUTICTHYECKON TEOPHH MOXKHO Kak pa3 Mo 6°-My KpHTEpHIO — 110 HaOIoae-
MoU KpuBOH OJiecka.

7°. CenbMoii kpuTepuii Obul Tipeioken J. @peitnanuxom [44], mo-
Ka3aBIINM, YTO MCKaKEHHAs KpUBasi Ty4eBBIX ckopocteit V,'(t) He BmomHe co-
otBeTcTBYeT rpaduky V(i) smmnTuueckoldl OpOUTHI: OTKIIOHEHUS UMCIOT BUJI
TapMOHHUK C 4aCTOTaMH KpaTHBIMH OCHOBHOHM 4acTOTe OpOMTaJIBLHOrO oOparie-
HUS. DTOT KPUTEPHIA CIEAyeT M3 TOro, YTO pasHUIA MEXIY HPHOIMKEHHBIMU
BeIpakeHusmu (1.5) u (1.9) mns otux QyHKINI IMeeT B TAPMOHUK OCHOBHOM
4acToThl. DAaKTHYECKH 3TOT KPUTEPUI CIIEAYeT U3 PA3JIOKEHUS MHUII000pasHON
kpuBoit (1.5) B psax ®ypswe. [To mepe yBemuuenus auctanuuu | u mapamerpa
e' = nlK/Pc? napacraror otkionenus V,'(t) oT rapMOHHYECKOro 3aKoHa. JTO Ha-
TIOMHHAET TOSBJICHHE BCE OOJee BBICOKMX TAPMOHHUK PACTyIIEH aMIUIUTYIbI B
KIIMCTPOHE, TJI€ HCXOHO OJJHOPOAHOE PACHPEICIICHHE SIEKTPOHOB, 110 MEpe MX
JIBMDKCHUSI, CTAHOBUTCS BCE 00Jiee HEOAHOPOAHBIM U aCHMMETPUYHBIM 32 CUET
MEPUOAUYHON MOTYIISIITUA CKOPOCTH JIEKTPOHOB [67]. Yike DpeltHammx oTMe-
YaJ, 9To MoJ00HbBIe OTKIOHCHHUS peaabHO HaOmomatoTes Ha rpadukax JTydIeBBIX
CKOpocTel JBOMHBIX 3BE31 [44]. [lelcTBUTENbHO, COBPEMEHHBIE MPEU3NOHHbIE
M3MEpEHNs JTy4eBBbIX CKOPOCTEH JIBOWHBIX 3BE3]l 0OHAPY)KMBAIOT CUCTEMATHYE-
CKHUE PACXOKACHHSI TEOPETHYCCKUX U HAOIIONAeMbIX TPahMKOB JTyUEBBIX CKOPO-
cteii [78]. AHamorndHeli 3(p(eKT HeKeIIepoBhIX IBIKEHUH (TI0 OMHOW U3 TH-
oTe3 BBI3BaHHBIN npuimBamu [62, 80]) oOHapykeH y IBOWHBIX MyabcapoB [81]
U BU3yaJbHO-ABOWHBIX 3BE37 [80]. B mocnennem cinyyae MCKaXeHUsI HEBEIIUKH,
BBUIY ONHM30CTH TaKUX CHCTEM, a COIIOCTABJICHHUE JIEMEHTOB OPOUT, H3MEpEH-
HBIX CTIEKTPOCKOITUYECKH U aCTPOMETPHUECKH, 110 BETHMUHHE pacxoxaeHuil [80]
TIO3BOJIUT MPOBEPHUTH 6°-i Kpurepumil. Takum oOpaszom, 7°-0i KpUTEpHi TOXe
MOATBEPIKIACTCS, TI0 KpaiHei Mepe, kauecTBeHHO. KonndecTBeHHast IpoBepKa
9THX KPUTEPHEB U CPaBHEHHE C JPYTUMH THIIOTE3aMHM, B T.4. C NPUIUBHBIMU
[80], BO3MOXKHA TIpH COTTOCTABICHUN M3MEPECHHBIX W pacuéTHHIX (1.8) nckaxe-
HUH U 1TpH yuére nckaxxenun ot a¢dpexra Purna (cm. § 1.4, § 1.5).

8°. BocbMoO¥i KpUTEpHii ClieyeT U3 TOTO, YTO OT JIJTMHBI BOJIHBI A CIICK-
TpaJbHON JHHUHU U OT COCTaBa MEPEH3IyUaronuX 00TaKoB ra3a 3aBUCUT JJITHHA
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nepeusnydenust — 3¢ dexruBHast aauHa | = A/2m(n — 1), Ha KOTOpOH Yy JTyueii cBe-
Ta pacTéT pa3HOCTh XO/1a, & 3HAYUT, ¥ CTEIICHb UCKakeHus rpaduka V,'(t) u Bemu-
YUHA MHUMOTO dKciieHTpucuteTa €'. [Tpruém apdexT nepensnydenus cuibHee
BCETO CKAXETCS IJIST 9aCTOT aOCOPOIMOHHBIX U 3MUCCHOHHBIX JIMHUHN 3JIeMCH-
TOB, IO KOTOPBIM U OTNPEACISIIOT CHEeKTpajibHOe cMenieHue. [lockoabpky BONMM3n
9TUX PE30HAHCHBIX YacCTOT fo; CIEKTpaNIbHBIX JIMHUIT TIOKA3aTeJb MPETOMIICHHS N
[82] ctpemurenpHO HapaCTaeT 10 3aKOHY

= ‘l Y Z (1.10)
\ 1 fOF f
JUISl HUX JIJTHHBI TIEPEeU3ITyYeHHs
L=N2n(n—1) (1.11)
Y TIPONIOPLUOHAIILHBIC UM UCKAXKEHHSI Ha MOPSIIKU CHIDKEHBL. [IpruéMm asist Kpu-
BBIX JIy94€BBIX CKOPOCTEH, TOCTPOCHHBIX MO PAa3HBIM I'PyIIaM JMHHUH A;, TH UC-
Ka)KEHHsl OKa)KyTCsl CHM)KEHBI B PA3HOW CTENEHH, ITOCKOIBKY B MEK3BE3IHOM
rase pasIM4aoTcst KOHIEHTpanuy N; aToMOB j-To rasa, a Takke Ko3(GUINCHTH
Si, XapaKTePH3YIOIHE 3apsi, MAcCy M CHUIIBI COOTBETCTBYIOMINX i-bIX OCLMIUIS-
TOpoB B arome. [TosTomy nckaxenust rpagukos V;'(t), MOCTPOEHHBIX 11O pa3HBIM
JIMHMSIM Ha 9acToTax fy pasHbIX 2MeMEHTOB, MOTYT 3aMETHO Pa3HHUTHCS. Pasiu-
9usl 3aTPOHYT Takxke U pacuérubie Bennunnbl € = 1lK/Pc? u @', koTopbie 3aBu-
CSAT OT PAcCTOSTHUS |;, TPOICHHOTO CBETOM 0 MOMEHTA [TEPEU3ITYUCHHSI.

DTOT KPUTEPHH TOXKE ITOATBEPIKAAIOT HAOIIOACHUS IS psijia 3BE3/, KaK
mokazan A. barren [46]. BriepBrie Ha pa3nudne SIeMEHTOB OpPOUT CIIEKTPaIbHO-
JIBOMHBIX, U3MEPEHHBIX B PA3HBIX YaCTOTHBIX JHala3oHax, 00paTHiI BHUMaHHE
A.A. benononsckmii u I.A. TuxoB Ha mpumepe 3Be3as! B Boznudero [65, §83].
Takoke pazianane rpaKoB JIyUeBBIX CKOPOCTEH, TOCTPOSHHBIX MO JIMHUSIM pa3-
HBIX JIEMEHTOB, 0110 oTMedeHo B 1949—-1950 rr. Crpyse [84] n Mak-Hamapoii
[85]. Hanpumep, pacuéTHble sreMeHThl opOuT aBoHON 3Be31bl U Crpensl pas-
JIMYAIUCh TSI KPUBBIX, TIOCTPOEHHBIX I10 JIMHUSAM BOJOPOJA U IO JIMHUAM Me-
tamtoB. Ananorngno, st AO Kaccuornen, no HabmroneHusM Abxunapa [86],
rpaUKy JIy4eBBIX CKOPOCTEH, MOCTPOCHHBIE 110 JMHUSIM BOAOPOAA M TEIHf,
pa3IM¥aInCh ¥ COOTBETCTBOBAJIM Pa3HBIM aMIUIUTYAaM Jy4eBbIX ckopocterd K.
Uckaxenue rpaduxos V,'(1) mis AO Kaccroren moarsepskaaeTcs u TeM, 9TO y
9TOM CHUCTEMBI TIOCTOSIHHBIE COCTABIISIOIINE JIy4eBOH CKOPOCTH V, KOMITOHEH-
TOB HE COBMAAAIOT [46, 74]. AHAIOTUYHO Y paCCMOTPEHHOH BhIIIE cucTeMbI RX
Kaccuormen pazinnune S5KCHEHTPUCUTETOB, PACCYMTAHHBIX 1O KPUBBIM JIyYEeBBIX
CKOPOCTEH pa3HbIX KOMIOHEHTOB, MOXKET OBITH OOYCIIOBIEHO TEM, UTO JUISl JIH-
HUN OHOTO KOoMITOHeHTa (kiacca G) nmepensiaydeHre IpOUCXOAUT Ha MEHBIIEH
aumse li, oraero nckaxenus u e’ = nliK/PC? 0ka3pIBaOTCS MEHBIIIE, YeM Y [VIaB-
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HOTO KOMIIOHEHTa (Kiacca A). A BEKOBbIC U3MCHCHUS COCTaBa M KOHIICHTPAIHH
MEX3BE3MHOTO Ta3a BAOJb JUHUHM BuzupoBanus RX Kaccuonen (3a cu€r npu-
JKCHUST MEK3BE3IHBIX 00aKOB Ta3a W BapHalWi CTENICHH UX MOHU3AINH) 00b-
SICHSIFOT, TIOYEMY pa3indaroTcs seMeHTh cucteMbl (K, K, u e), onpenenénnpie
B pasHble 310xH, B 1944 1. — Ctpyse [70] u yepe3 30 net [89].

Takum 00pazoM, BCe pacCCMOTPEHHBIE KPUTEPHH, IIPH COIIOCTABICHUH C
JAHHBIMH aCTPOMETPHH H CIIEKTPOCKOITUH, TIOATBEPIIITH, uTO Y dekT bappa 06-
YCIIOBJICH BJIMSHUEM OpPOUTAILHOW CKOPOCTHU 3BE3J Ha CKOPOCTh HMCITYIICHHOTO
ceera. T.e. apdexr bappa MOKHO paccMaTpuBaTh Kak CBUACTEIBCTBO B MOJIB3Y
0aJUTMCTHYECKOH TEOPUH, OCOOCHHO €CITH Y4eCTh, YTO Psii KPUTEPHUEB U TIPE-
CKasaHWil Teopuu Putna ObLI1 pa3paboTaH 3a10ro 0 MX (HaKTHUYECKOrO MOJ-
TBCp)K)ICHI/ISI B KOCMOCEC.

§ 1.2. 3¢pghekm Pumua u npupoda 3akoHa Xab6na
B npeapiayiem naparpade 0buT BcciaeoBaH d3PPEKT UCKAKCHUS BUIU-
MOTO JIBIKEHUS 3BE3M MPU M3MECHEHUH X JIY9€BOM CKOPOCTH M COOTBETCTBYIO-
IIMX BapHAIMIX CKOPOCTH cBeTa. PaccmoTpuM 3¢ ekt kommdecTBeHHO Ha TIpH-
Mepe HMCTOYHHKA, M3JIy4Yarolero CBETOBbIE CHTHAJBI Yepe3 Mallblii MHTEpBall
Bpemenn Ot 1 ymanéHHOro oT mpuéMHMKA Ha paccTosHue . CBET MCTOYHHKA,
WCIYIICHHBIA B MOMEHT t, TOCTUTHET MpHUEMHNKA B MOMEHT t' =1+ I/C', toe €' —
CKOpPOCTh CBeTa B Bakyyme. Bpems dt' mexmy mpuéMom JByX CBETOBBIX CHTHA-
JI0B HalaéTcst myTéM anddepeHpoBanus ¢ 1o t:
or 1 r oc

dt . (1.12)

ot ¢ '* ot

31ech paccCMOTPEH OOLIMH cliydaid, KOorjla CKOPOCTh CBETa C' UrpaeT polib
He KoHcTaHTH C (kak B CTO), a mepeMeHHOi1, Kak B 00IIeH TeOpHH OTHOCHUTEIh-
voctr (OTO) u B Teopun Purma [183]. Bapuanuu ckopocTr cBeTa B BaKyyme
BBISIBJICHBI, HAaIlpUMep, NMpH KocMUYeckod panuoinokaruu [90-93, A3]. Bro-
poe cimaraemoe B (1.12) xapakrepusyet saddexr Hormrepa dt' = (1 + V,/c')dt, T.k.
or/ot =V, — my4eBasi CKOPOCTh HCTOUYHHKA OTHOCHTEIBHO MPUEMHHKA, A TPEThe
cllaraeMoe XapakTepu3yeT U3MEHEHHE JUTUTEIbHOCTH CUI'HAJIOB 3a CUET Bapua-

[N CKOpPOCTH cBeTa. Takoh A ekt

" A Lr
e LY (1.13)
c? at)

ciietyeT U3 OaJUIMCTHYECKOTo MpuHIHMIA C' = ¢ + V, MEHSIOIIEro CKOpocThb CBe-
Ta NP YCKOPEHUH UCTOYHKKA. B HanpaBieHun npuéMHUKa CKOpOCTh cBeTa C' =
¢ —V,, rne V, — imyueBasi CKOpOCTh UCTOYHHUKA (Tpoekuns V Ha JIyd 3peHHs — Ha

38



paanyc-BeKTop ¥ uctounuka). Juddepeniupys oc'/ot = -0V, /ot = —a, (tne a, —
Jy4eBOe YCKOPEHNE UCTOYHMKA) U ToacTaBisd B (1.13), mpu V, << c, Haliaém
ra )
dt'=|1+—=L (dt. (1.14)
)

IIpupona >¢dpexra oueBnHA: IO OATITUCTHUECKON TEOPHH YCKOPSIEMBIN
MCTOYHUK B K&K/l MOCIIEAYIONMH MOMEHT COOOIIAeT CBETY HECKOJIBKO HHYIO
CKOPOCTh, M TIOCIIEOBATEIbHBIC CUTHANIBI (MM (POHTHI CBETOBBIX BOJH), HC-
MYIICHHbIE C Pa3HBIMH CKOPOCTSIMH, JOTOHSIIOT YT Jpyra (cCokpamias UIHHY
BOJIHBI A), THOO pacxomsaTcs (HapaliuBas JJIHHY BONHBEI A), IPUXOAS K MPHEM-
HUKY 4anie uin pexe. U3 npeobpasoBanus BpeMeHHbIX HHTepBasioB dt (1.14) u
neproga 7' cBeToBbIX Konebanuii T' = Tdt'/dt Haiiaém 11 M3MEHEHHUST HCXOIHON
JUTMHBI BOJIHBI A = CT, yactoTsl cBeta f = 1/T u qnmurensHoCTH nMysbea At, co-
OTBETCTBYIOIIHE MTPEOOPa30BaHHBIC TAPAMETPHI (UMPUXOBAHHBIE):

1
ra,. s ;a : 7.
} f’—lr'T—f(H ) m:m(u_;)_ (1.15)
c C' e

Opdexr (1.15), nomomustommii s3pdexr [orepa, OyneM Ha3bBaTh -
¢dexrom Purna: Putn BeiBen dpopmyiy (1.14) B 1908 . [15, c. 251]. Ilpu V, << c
3 (1.12) cnexyet obmee nmpeoOpa3oBaHme

4 - 4 =
dr’:(1+lf'+m,f” )dr. A —(1+I+mj”)h . (1.16)

A=cT'= 1(

C c” c c”

Hormep-spdexr dt' = (1 + V,/c)dt nerko perucrpupyercs B jaboparopuu, a -
¢exr Putna (1.14) o6HApYKUTh HAMHOTO CIIOKHEE, BBUTy MaJOCTH 7a, /C? << 1.
Ho Ha mucraHuusx I mOpsKa CBETOBOIO Toja Malible YCKOpeHHs a,~ C¥/r =
9,5 M/C? MOTYT MCHSITh BHIMMYIO [UTHTEIBHOCTH MPOIECCOB B PA3bI.

W3menenne BuaAnMO# aautenpHocTr dt' mporeccos mo addexty Purtia
(npencrarisioniee cod0i Takyro ke WLTIO3UI0 Kak usmenenue dt' mo addexry
Jloriepa) IPUBOIUT TaK)Ke K M3MEHEHUIO PETHCTPUPYEMOIT SIPKOCTH U3ITyUSHHUS
I'. JleficTBUTENBHO, €CTIM HCTOYHUK M3IYYHI B SIUHIYHYIO anepTypy GpoTonpu-
€MHIKa MOLIHOCTH | B TedeHue Bpemenu dt, TOra mo 3aKOHy COXpaHCHHUS YHEP-
run ldt, BocipuHumMaemoii 3a Bpemst dt', peructpupyercst momaocts |' = Idt/dt'.
Ortcrona, ¢ yaétom (1.14),

1
g 1(1+i} _ (1.17)
dr' ge )
Wrak, my4eBoe yCKOpEHNE UCTOUYHUKA 8, MPUBOAUT K U3MEHEHHIO BHUIIH-
MO sipkocTH ucTouHuKa |', a konebanus a,(t) BHI3BIBAIOT KOJeOAHUS BUIUMOM
siprocty |'(t) mcrounmka, HapuMep 3BE3/IbI.
D¢ dextT u3MeHeHHUsT PerucTpUpPyeMol JUIMTEIBHOCTH MO3BOJISIET Oosee
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rpocto (4em B § 1.1) BBIYHUCIUTD BEIMUUHBI MHUMBIX 9KCIIEHTPHCUTETOB 3BE3I,
JBIKYIIUXCS TI0 KPYyroBOH OpOHTE C LEHTPOCTPEMHTEIBHBIM YCKOPCHHEM &
(Puc. 1.3). [leiicTBUTENBHO, IEpe] KAPTHHHOM INIOCKOCTBIO B OJIFKalIIed K Ham
TOYKe OpOUTHI 3 (TIe 8, = &) JBIKCHUE 3BE3/Ibl Oy/lIeT Ka3aThCsl 3aME/IICHHBIM,
BBUY pacTsHkeHust nHTepBanoB Bpemenu dt'; = (1 + la/c?)dt mo adpdexry Putna
(1.14) na s>ddexrunoii umue r = |. A 3a KapTUHHON IIOCKOCTHIO B HAHOO-
nee ynan€HHou Touke opOuTsl 1 (Te @, = -8,) IBMKEHHE 3BE3/IbI OyJIET Ka3aThCst
YCKOPEHHBIM, BBHJIy COKAaTHs pErHCTpUpyeMbIx uHTepBanos dt'y = (1 — la/c?)dt.
Taxum o6pazom, B Toukax | ¥ 3 OTHOIIEHNE BUANMBIX YIIIOBBIX CMEIIICHUN U CO-
OTBETCTBYIOIIMX TPAHCBEPCAIBHBIX CKOPOCTEH JBIIKCHUS 3BE3bI MPUOOPETET
BUJL

Vo _dty _l+lalc?
£y pRHERe (1.18)
Viyoodity o 1- la /c”

OHO 3KBHBAJICHTHO BBITEKAIONIEeMy 13 2-10 3aKoHa Keriepa COOTHOIICHUIO JTy-
YEBBIX CKOPOCTEMH
N _py _l+e

Bop 1-e

(1.19)

y op6utsl, BeITAHYTOH K 3emue (Puc. 1.3, Puc. 1.4), ¢ skcueHTpHUCHTETOM €' 1
PaCCTOSIHUSIMH Py U P; 0 DIIABHOI 3BE3/1bI S;, COOTBETCTBEHHO, B repuactpe 1'
u anoactpe 3'. 13 cpaBHenus Beipakernit (1.18) u (1.19) MEHUMBI 3KCcTIeHTpH-
cutet €' = la,/c* = 2nlK/Pc2. OHaKo Mpu W3MEPEHUH SKCICHTPHCUTETA 110 KPH-
BOM JIyYEBBIX CKOPOCTEH, CKa)ke€M, 10 TAHI€HCY yIVla HAKJIOHA 0 KacaTeJbHOMU B
toukax 1 u 3 (Puc. 1.3), ckopocTh B HUX Aa€T JBOMHOMN BKJIaJ (32 CUET Pa3HUIIBI
CKOPOCTEH IBIKEHUS T10 JUTUITUICCKON OpOHMTE BO3JIE ATUX TOYCK M 32 CUET
pa3Hol ckopocTu e€ u3MeHeHus). JlelicTBUTeNbHO, TAHTEHC yIiia o KacaTelbHOMN
dV,/dt B mepuactpe 1' u amoactpe 3' paBeH YCKOPEHHIO 3BE3[bl B 3THX TOYKAX
a,"= dVy/dt = GM/p.? u a;' = dV;/dt = GM/p,%, tne G — rpaBuTalMOHHAS I10-
crosiHHass, M — Macca maBHOU 3Be3nsl S; (Puc. 1.4). Torma ycnmoBue momobus
rpaduros (Puc. 1.5) mpu €' << 1 3anmimercs B Buzme a;' = a dt/dt'y u a;' = a dt/dt';,

41O B NpHOIKeHnH €' << | 1aét cooTHOIIEHNE
2

dr', Y (P _1+2e

i p_ e e e’ = nlK/Pc’. (1.20)
1 3 1/

T.e. U3 reomeTpuueckux coobpaxkenuii €' = la/2¢? = nlK/Pc?, uto coBmamaer ¢

BBIP2)KEHUEM, HaMICHHBIM paHee YHCTO aHATUTHYECKH. VITak, MHUMBIE DKCIICH-

TPUCHTETHI 3BE3IHBIX OPOUT, U3MEPEHHBIE ACTPOMETPHYECCKU U CIIEKTPOCKOIIH-

YECKH, Pa3IHYaInCh ObI B 1B Pa3a, YTO CIYKHUT eHIE OMHUM KPUTSPHEM IS aHa-
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JIM3a IPUPOABI UCKAKEHUH, ICTUHHBIX JIBH)KCHUH M SKCIIEHTPUCHUTETOB OpOUT.
Ecm apdexr (1.14) umeer mecto, 1 BUIMMOE JBIKCHUE 3BE3]] HCKAXKALT-
Csl, TOTAa, KPOME OTMEUEHHOTO MCKaKEHUS, TPOU30IMIET TOMOIHUTEIBHOE CMe-
LIEHUE CIIEKTPAJIbHBIX JUHUH 110 3akoHy (1.15). OOliee n3mMeHeHue nepuosa u
JUTHHBI BOJTHBI CIICKTPAIBHOMN JTHHIH 33aH0 Gopmysioi (1.16). Takum oOpaszom,
OHO TIpeJICTaBIEHO CyMMOIi cMeteHuii mo addekry Jomepa n o adpexry Puria
AT L Tay
A c (12D)
WHTepripeTupyst 3T0 CMEIIEHNE KaK YHCTO JOIIIEPOBCKOE, HAXOAAT pacyéTHOE
3HAYEHNE CKOPOCTH

= AN s ra i 1.22
g T, e I (1.22)
P ;.\'_ P c s P

JnsirpadMKOB JTy4eBBIX CKOPOCTEH 3BE31, ABMXKYILIMXCSI TI0 KPYTOBOI OpOH-
Te, 3¢ dext Putia npuBeaéT K UBMEHEHHIO OpOUTAIBHOM (ha3bl 3Be31bl. VicTHHHAS
JIy4eBasi CKOPOCTb 3Be3/Ibl 331aHa BbipakeHneM V, =—Ksin(2xit/P), a ¢ yuérom ycko-
penus a,=dV, /dt=—2nK/P)cos(2nt/P), BHOCHMAast M 106aBOYHAS MHUMAsT (KaJiCy-
wascs) CKopocTh coctaBut V. * = ra, /c unu V,* = la, /C (B ciydae nepensiydeHus
ceerana uiuHe |). OTCrona MOy YnM, 9TO pacCYETHAS CKOPOCTH 33/1aHA BEIPAKCHUEM

2J q 4 ! . 2J 1'23
V=V, + Vr* =- Ksin( Tf)- Zulk cos( i J =- K’sul( il + q)). (123
P P P

He
rae casur 1o ase ¢ = arctg(2xl/Pc), a pacuérHast aMIUTUTY/1a JIy4€BOU CKOPOCTH
’ 2nl\? : %
K=K 1+( ] ~K|1+2025 (1.24)
' K
B MPUONMKCHUH JUTT MHIMOTO KciieHTpucutera €' = nlK/Pc? << 1.
T’ *
VLVL V. P27
KF

K

Puc. 1.9. Cxema uCKaXeHHs IOIUIEPOBCKOW KPHBOM Iy4EBBIX CKO-
pocreit V((t) (cniowmas nunus) OT JONOIHUTENBHOTO CABHUIA YacTO-
Thl 10 3(dekry Puria B BUIEC KPUBOH MHHMBIX JIyY4EBBIX CKOpPOCTEH
V/*(t) = la, /c (wumpux-nynkmupnas nunust) 1 COOTBETCTBYIOILIHE OpOH-
Thl. Pe3ynbTupyromas KpuBas CIEKTPAIbHBIX CMEIICHUH (nyHKmupHas
JquHust) NaéT JIOKHYHO JOMIepOBCKyro ckopocThb V,'(f) = Vi(t) + V.*(b).
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CwMmernienue no dase rpaduka mydesix ckopocteir V,'(t) (Puc. 1.9) Oy-
JACT 3aMCTHO Yy CHCKTpaHBHO-HBOﬁHBIX SBéSH, ABJIAONIUXCA OAHOBPEMEHHO
3aTMEHHO-IBOWHBIMU. TEOpEeTHYeCcKH 3aTMEHHE 3BE3IbI C KPYTOBOW OpOHTOM
HaOIo1as10ch OBl B MOMEHT HanOOJIbIIEro e€ ynaneHus B (haze KPUBOH JIydeBBIX
ckopocteii 0. Eciu kpuBasi cmerniena 3¢ ¢gexrom Putiia, 3aTMeHne npousoinéT ¢
3aro31aHHueM Ha Pa3HOCTh (a3 @, TOCTUTAONLYI0 71/2 (MK B OpOHUTaIbHOM (ase
® = 0,25 B acTpoHOMHYecKux 0003HaUeHUIX O = @/2m) B IpeAETHHOM cliydae,
KOT/Ia CMEIICHHE CIeKTpa 00yCJIOBICHO B OCHOBHOM 3(dekrom Purtma. Heco-
OTBETCTBHS KPHUBBIX OJIeCKa M JIy4eBOH CKOPOCTH PEaJIbHO OTKPBITHI, HAPUMED
y v Auapomenst (§ 1.5). DddekT oTMedeH Takke y ABOHHOro myiancapa PSR
1957+20, y koTOpOT0 3aTMEHHE HACTyMaeT B opouTansHoi daze © = 0,25 [411],
COBMAJIAIONIEH C MpeeNbHBIM 3HadeHueM @, Ipu KOTOPOM BapHanuy meprosa
IyJibcapa 1esikoM o0yciiosieHs! a¢dexrom Putna. K Tomy sxe THITY MOXKHO OT-
HecTH 1edensl (1o runorese bemononsckoro u Jla Po3el, mpencrasnsioriye co-
0011 1BOMHBIE 3BE3MBL, § 1.5), Y KOTOPBIX, KaK TaBHO OTKPBITO, KPUBEIEC TYIECBBIX
CKOpPOCTEH CMEIIECHBI Ha YETBEPTh IIEPHOJA 10 OTHOIICHHIO K TEOPETHUCCKHIM,
COOTBETCTBYIOIM KPHUBBIM OJiecka.

@Da30BbIi CABHUT TPahUKOB JTYUEBBIX CKOPOCTEH MOXKHO OOHAPYKUTH, HC-
creyst KoeGaHus CMEICHUH JIMHU# IBOWHBIX 3BE3/ HA Pa3HbIX yacToTax f;, Ha
KOTOPBIX 2 (HEKTHBHBIC PACCTOSHHUS I', paBHBIC JUTMHE Niepen3nydenus |;, pasmud-
Hel. B urore, cornacHo (1.10), (1.11) u (1.24), OynyT oTM4aThCss U CMEICHUS
nmuaui o addexry Puria (1.15), ammuutyasl gydeBoii ckopoctu K' =~ K[1 +
2(nl;/Pc)?] u dasossie casuru ¢ = arctg(2nl,/Pc) rpaduros V,'(t). deiicTBuTrens-
HO, y psiia ABOWHBIX 3BE31 Trpaduku V,'(l), TOCTpOEHHBIE 1O JMHUSAM pa3HbIX
SIIEMEHTOB Ha pasHbIX dactoTax fi, pasmudarorcs ammmutymon K', kak mokasan
A. barren [46, cc. 206, 209], u da3zoit ¢, kak mokazan [.A. Tuxos [83]. A Ha
KPHBBIX JIyUEBBIX CKOPOCTEH, MOCTPOCHHBIX IO SMHUCCHOHHBIM JmHUAM Cal n
Hell y 3armennoii 38e3p1 V 347 Kopmbl, o0HapyskeH (a3oBblii caBur rpadukoB
JY4EBBIX CKOPOCTEHl, OCTPOCHHBIX 110 Pa3HbIM JIMHHUSM, U HECOOTBETCTBHUE (ha3
rpadHKOB JTyYEBBIX CKOPOCTEH, MOCTPOCHHBIX 110 OJHOW JTUHHUH, Y JBYX KOMIIO-
HEHTOB 3Be37bl [94]. Takum obOpaszom, cuctemsl Tuna V 347 KopMmser matot emé
oauH nipumep d¢dexra bappa, st KOTOpOro BHIMOMHSIOTCS Kputepun 4° u 5°
u3 § 1.1.

B cnyuae, korga KpuBasi JIydeBBIX CKOPOCTEH 3BE3] C KpyTroBoil opOuTOit
nckaxkeHa a(dexrom Putia, 1 BEI3BaHHBIC UM CMEIIEHHUS HAMHOTO ITPEBOCXOIST
noruteposekue (V' = Vi*'), nckaxenus ot 3¢exra 3arna3abBaHUs TOKE BEILyT
K TOSIBJIGHUIO MHUMOTO JKCIIEHTPHCUTETA, HO SKBHBAJICHTHAS JIIMIITHYCCKAs
opbuta coorBercTByeT yxke ® = 180°. T.e. appexr Bappa mposiusics 651 1 B
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npeobaganuy opouT ¢  Boziie 3HaueHus 180°. [leficTBUTEIIbHO, IS KPYTOBOM
opburtsr &, = -(2nK/P)cos(2xnt/P), otkyna t = (P/2m)arccos(—Pa,/2nK), a B ciyyae
yuéTa JIOMONHUTENLHOTO 3ana3asiBanus ceeta Ha At = 1V, /c? = —IKsin(2nt/P)/c?,
nonarast At << P, mosyuum, ripu 3amene nlK/Pc? = e',

Per
| 2nk7 | ;'(1.25)

[ "2 ( / TN
I'=t{a )+ At~ iarccus} - Pﬂ"' |—'f£‘ [ _|I Pa"' | = i :uu-os: - Pd.’; ‘— 2|
' 2 k) 2\ \2amk) 2T 2ak7 | T
Otcrofa ToXe HeNb3s HANTH B SBHOM BHJC 3aBHCHMOCTb &, M MHUMOM
ckopoctu V,*' ot Bpemenu t'. Ho npnOamxEHHbBIN aHaIM3, TOJ00HBIH IPOBENEH-
HoMy BbILe s (1.6), HOKa3bIBaeT, 4TO MPH OrPAHMYCHUHU YICHAMH IIEPBOTO I10-
psiaka €' McKa)EHHAs! KpUBasi CIIBUTOB YACTOTHI COOTBETCTBYET UM THYCCKOM
opbute ¢ ® = 180°, skcuenrpucuterom € = €' = lK/Pc? u momyamruiurymoi
ckopoctu K' = 27nlK/Pc (Puc. 1.10), kak cieayer u3 (1.24) wium (1.7), mociue pas-
noxenus B pan Telnopa,

» | [ V /K'+e) (V [K'te '|J .
t'=—| arccod —————|-& |1 |
2n| [ Velk+lf "\ |VelK+1)

Pl (VY . | (VY17 12K
I.am:osl = ‘ .-e,l.ll ¥ : VK ;:. (1.26)

£

2n

Tem caMbIM norydaeT oObSICHEHUE aCUMMETPUSI PACIIPECICHUS JOITOT
nepuactpoB Mexay I u I, a Taxke mexay III u IV xBagpantamu u rpynnupo-
BaHUC JIOJTOT TepuacTpoB Bozie o = 180° (§ 1.4). JlelicTBuTenbHO, eciu UC-
THUHHBIE OPOHUTHI OOJBIIMHCTBA 3BE3] UMEIOT (popMy OKpyx)HOCTH (€ = (), TO Ha-
omromaemble nckaxEéHube rpaduku a(t) u V. *'(t), r.e. a(t') u V,*'(t'), kak BumHO
u3 (1.25), mpencTaBnsioT co00i TPOXouasl, o ¢popme Ommskne k rpaduky V(i)
u3 (1.26) mns o = 180° (Puc. 1.10). HdetictBurensHo, naTerpupys (1.14), MoxxHO
3amath QyHKIuio a,(t') mapamerpuuecku:

a, = -(2nK/P)cos(2nt/P) m t' = ¢ — (rK/c?)sin(2xt/P),
YTO COOTBETCTBYET YPaBHEHHUIO TPOXOHUABl (YKOPOUCHHOH WM YAJIUHEHHOU
LUKIOUABI). B ciydae ynnmmHEHHOW HIMKIOWIBI KPUBAsl JIy4EBBIX YCKOPEHHIA
CTAaHOBUTCS HCOJHO3HAYHOM, camorepecekaromeiicst. [Ipu aTom HabIrOMar0TCS
OZIHOBPEMEHHO HECKOJIbKO M300pa)KeHU OJIHOW U TOM K€ 3BE3JIbl, KOTOPBIM CO-
OTBETCTBYIOT pa3HbIe Jy4eBbIE CKOPOCTH U ycKkopeHus (§ 2.3).

[Tpu BeICOKOM pacu€THOM AKcleHTpUcHTeTE € ~ 0,5 U BbIIIe HCKaXKEHHE
HEJIOCTAaTOYHO JUIsi OOBSICHEHMs HAOJIOZaeMON KpPUBOH JIy4eBBIX CKOPOCTEH
(Puc. 1.10). Ilpu UmEHTPOCTPEMHUTEIEHOM YCKOPEHUH PAaBHOM KPUTHUYCCKOMY
ay = C¥/r u TIpeeNbHOM cTeneHn KoMmmnpeccuu dt'/dt = 0 B manpHei Touke OpOUTHI
1 (Puc. 1.3), moka Ha kpuBo# V,*'(t) HeT camonepeceueHwmii, B OmmKHEN K 3eMite
TOYKEe OpOWTHI 3 MakCHMalbHas CTEICHB pacTshkeHus cocrasut dt'/dt = 2. Uc-
THUHHAS CTETIEHb 3aMEUICHHs B aroacTpe (10 OTHOMICHHIO K CPeTHEN yIIIOBOH
CKOPOCTH Ha OpOUTE) MOYKET OBITh 3aMETHO BBIINIE. Tak, MPU IKCIEHTPUCHUTETE
e = 0,7 rpaduk aydeBbix ckopoctei V() COOTBETCTBYET 3aMEIJICHUIO B aroa-
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ctpe B dt'/ dt ~ 2,5 paza. [TonoGHbIe TpaduKu JIy4eBbIX CKOPOCTEN C ITyOOKMMHU
y3kumu MuHEMyMaMu (Puc. 1.10) Toxke XapakTepHbI AJIs JBOWHBIX MYIbCapOB,
Hanpumep PSR 1913+16, PSR 1741-3056. Ilpu 3ToM OTKIOHEHHS TpaduKOB
V/*'(t) ot Teopetnueckux V,(1), a Tak:ke UCKa)KECHHSI, BOSHUKAIOIINE B PE3YIbTATe
nepekoca rpadukos V(1) (Puc. 1.3) u crnoxeHus rpa)uKOB HCTHHHBIX U MHUMBIX
Jy4eBBIX CKopocTer (1.22), MHTepIpeTupyroT KaK PeISITUBUCTCKUE MOIPABKH
mo CTO u OTO. Ecnu xe npuanHa B 3ddekre Putma, 310 mMposBuTCS B IIe-
PHOIMYHOM M3MEHEHHH SKCIIEHTPHCUTETA B XOZ€ BEKOBOM NPENEeCCHH OpOHTHI
mynbcapoB (tak, y PSR J0737-3039 sror nepuon pasen 21 roay).

i,
il

t

Puc. 1.10. CpaBHeHre KpHBO MHHMBIX JIy4eBbIX ckopocteit V,*'(1)
(nynxkmup) ot dactotHoro crasura 1o 3¢dexry Puria, nckax&éHHou
ot a¢dexra 3anazapiBanus (npu wlK/Pc? = 0,3), 1 KpUBOii JIy4eBBIX
ckopocreit Vi(t) or casura wactotsl o 3¢ dexry Homnepa (cnrownast)
qutst opoutsl ¢ €' = 0,3 u o' = 180°. Kpusas V,*'(t) nononuurensuo
cmenieHa a3 Ha €'K = nlK?/Pc? no cosnanenus ¢ rpapuxom Vi(t).

D¢ dexr Bapuanun 4acToThl M JUIMHBI BOJHBI, TPOIIOPIHMOHAIBHBIN JIHC-
taHimu I, npeanonaran emé A. bemononbckuii [65, ¢. 272] mist oObsCHEHHS
KpPacHOTO CMEIIEHUS B CTICKTPax raJlakTuK. JledcTBUTENbHO, 3¢ dekT Purtia mpo-
e OOHAPY)KUTh HA THTAHTCKUX MEXTATaKTHYCCKUX NUCTAHUMSX I, TAe Hcye-
3al0lle Masa KOHLEHTpALHUs aToMOB HeiTpansHoro Bogopona Ny < 6-10°" em?
[87]. Cornacho (1.2), nuna nepeusnydenus | = 104ANy/(27-1,3-Ny) pactér mpo-
nopuuonansHo 1/N, orkyma | > 7-10%° ¢B. et >> r. T.e. nmepeusydeHus HET IS
OONBIMMHCTBA HAOTIOMACMBIX TATaKTUK. B wacTHOCTH, IO 3¢pdekty Putma L' =
M1 + ra,/c?), IpomopIHOHATIEHO PACCTOSHHUIO I' TaTaKTUK JOJDKHA PACTH JUTH-
Ha BOJIHBI A CBETA, UCITYIICHHOTO BUANMBIMH y4aCTKaMHU SIPKHX I'ajJaKTHIECKUX
ﬂ}lep-6aﬂ}17l(el\/’1, XapaKTCpHU3yEMbIX NHTCHCUBHBIMU CIICKTPAJIbHBIMU JIMHUAMU U
YCKOPEHHUSMH, HampaBIeHHBIMU OT 3emun (8, > 0) x menTpam ramakTuk (Puc.
1.11). Oddekr 1o popme aHamornvyeH oTkpeiToMy D. XaOO1I0M 3aKOHY Kpac-
HOTO CMEIICHUS B criekTpax raixaktuk A' = A(1 + rH/c). Koadpduuuent H = 68
(xm/c)/ Mk (nocrostnnast Xab6ma) Onu3ok K kodhuiueHTy a,./C, paccyuTaH-
HOMY 10 yckopeHusMm &, = V,%/R, 3BE31 B ramakTikax. B3sB 3a obOpaser Harry
lanakTuky (e€ XapaKTepUCTUKH THITUYHBI ISl CIIUPAJIBHBIX TaaKTHK, a 0aJiK
nmeet paauyc R, = 0,002 Mk 1 okpyxkHYyt0 ckopocTs 38E371 Vy, = 200 km/c [95]),
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TIOJTy4UM pacu€THOE 3HaYeHUe MocTosiHHOW Xabbmna H, = a,/c = 67 (kxm/c)/Mrk,
omuskoe k m3mepernomy H = 67,80 £ 0,77 (km/c)/Mrik [96]. [lns apyrux ranxak-
THK

H.=a,/c = V4R, (1.27)
MOKET HECKOJIBKO OTiIH4arhbest oT H,~ 67 (km/c)/MIK, BBUIY PaziIudus OKpPYX-
HBIX ckopocTtelt Vy, u panuycoB R, Ganmkeil (s1ep) rajlakTuk, HO OAMHAKOBBIC
THITBI TJIAKTUK oOsafany Obl OJMM3KUMHU XapaKTePHBIMH 3HAYCHUSIMHU I1apame-
tpa Xab6na H,. T.e. Ha quarpamMMe «paccTosHHE — KPaCHOE CMEILCHUE) TOYKH,
COOTBETCTBYIOIIME Pa3HbIM rajlaKTHKaM, Pa3MEeCTATCsl OJIM3KO K BBIXOASIICH U3
Hayaya KOOpAUHAT MPSIMOM JTMHUM, COOTBETCTBYIOMIEH 3akoHy Xab6ma. IToaTo-
MY IIpaBUIIbHEE TOBOPUTH HE O IMOCTOSIHHOI, a 0 mapameTpe Xa00ia, IoCKOIbKY
ko3 dunment H, 1omKeH pasnuyarbes A1 pa3HbIX ranakTuk. Tak v B IUTEpaTy-
pe 1o KOCMOJIOTHH BCTPEYaeTCsi MHEHHUE, YTO TIOCTOSIHHYI0 Xa00u1a npaBuiibHee
Ha3bIBaTh [ApaMETPOM, ITOCKOJIBKY OHa MEHSETCs, KAK MHHUMYM, BO BPEMEHH
[97].

3emns

Puc. 1.11. Cxema npeoOpa3oBaHust 4acTOTHI cBeTa 110 A dexTy
Putna y Bpamaromuxcs sijaep rajdakTuk. DPQPeKT IpUBOAUT K
3aKOHY KPacHOTO CMEIICHHs, aHAJIOTHYHOMY XaOOIOBCKOMY.

Cam Xa00x mokas3asi Ha OCHOBE CTaTHCTHYECKHUX MaHHBIX, YTO KPacHOE
CMeIIEeHNE BBI3BAHO He Joruiep-3(h(GeKToM oT pazderanus rajgaktuk [98, c. 342],
HO HEeKUM 3()(PEKTOM MOCTEIIEHHOTO CHIYKEHUSI 4aCTOTHI CBETA, 110 MEPE €ro JIBH-
KEHUsI, a TAJTAKTUKK 00J1a/Iaf0T CPABHUTEIBHO HEOONBIINMH NEKYISIPHBIMU CKO-
pOCTAMU. DTy THITOTE3Y, BEIIBUHYTYIO B 1929 1. acTpodmsukamu A. bemomorns-
ckuM [65, c. 272] u @. LBukku [99], nognepkaiu MHOTHE aCTPOHOMBI, HHXKEHE-
pol 1 Gusuky, Brmrodas K.9. [uonkosckoro [100, ¢. ¢. 286], C.I. BaBunosa [101,
c. 131], B.IL. Cene3uéna [102]. 1 B mampHelieM psa acTpo)U3UKOB, BKITIOTAS
P.B. Kynuukoro, b.A. Boponnosa-BenbsimuHoBa u akanemuka B.A. Ambapiry-
MsIHa, OTPULIAIU TeOpUI0 boibIIoro B3phiBa U paciuupeHus BeeaeHHoN Kak mpu-
YHHY KPACHOTO CMEIICHUS, TT0JIarasi BO3MOKHBIMH JIUIIB JIOKAJIbHBIE CITydaiiHbIe
JBIDKEeHUs ranakTuk. Otmernm, uro ¢usuk . JxoyHc, paccmarpuBast KpacHoe
CMeEIIEHHE TaJlakKTHK KaK pe3ynbrar 3¢ QeKra HapacTaHHs JUIMHBI BOJHBI CBETA,
MIPONOPIIMOHAIBFHO TPOHICHHOMY CBETOM IYTH, HPEATIONOKHI, YTO TMOXOMKHH
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3¢ {eKT BOSHUKHET IPH IPOIYCKAHUH JIA3€PHOTO U3ITyUEHHS 110 NPOTSHKEHHBIM
ceeroBojiam [103, c. 150]. [TonoOHbIi 3P deKT peanbHO OTKPHIT B CBETOBOJAX B
BHJI€ PAMAHOBCKOTO CMEIIEHHS YaCTOTHI, XOTS B 3TOM CJIy4ae OH CBSI3aH MCKIIO-
YUTEJIbHO C HEJIMHEHHBIMU cBOKMCTBaMU cpeabl [104].

l'unore3y o HeAOIIEPOBCKOM NPHPOIE KPACHOTO CMEILEHUS TOATBEPAUIT
U (HOTOMETpUYECKUil KpuTepui, npeioxkenHbiii D. Xadomom u P. TonmeHom
[98]. Ho mexanu3M 3¢ dexra KpacHOTO CMEUICHHS TaJaKTHK OCTAJCsS HEeBBISC-
HeHHbIM. [Tnonep HenuneltHoM onTuku C.J. BaBMIoB Tak 0XapaKTepHU30Ball 3Ty
HeonpeaenéuHocts [101, ¢. 133]: «KMOKHO 7T CUMTATh STO CMEILIEHUE TAKKE J10-
IUIEPOBCKUM, BbI3BAaHHBIM TPYJHO NOCTHKUMOM peueccueil TyMaHHOCTEH, UiIu
e MPUYMHA KPOETCSl B HOBBIX, HEM3BECTHBIX HaM JJOCEJIE CBOMCTBaX CBETa,—
9TO BOIIPOC OTKPBITHIH... Xa001, yCTaHOBUBIIHI caMblii ()aKT M 3aKOH KPacHO-
TO CMEIICHUS, CUUTALT, YTO (POTOMETPUYECKUE JTaHHbIE HE OJAronpHUsTCTBYIOT
HMHTEPIPETallii KPACHOTO CMEIICHUS KaK JOIUIepoBa». T.e. MHEHHE O TOM, UTO
Xab0:r oTKpBIT pacmrperne Beenennoit u moameprka Teopuio bombiroro B3psI-
Ba [105] B xopHe ommbouHo [98, c. 342].

Kak ormerun C.W. Basunos [101, c. 133], «u3y4das cBeT ciupabHbIX TYy-
MaHHOCTEH, Mbl UMEEM JEJIO0 C JIy4aMHU, HE UCIIBITABIIMMU HUKAKUX BO3IEHCTBUI
CO CTOPOHBI BEIIECTBA B TEUEHHE AECATKOB M COTCH MHJUIMOHOB JIET U CyIIe-
CTBOBABIIMMH 0€3 BCAKHX BO3ACHCTBUII B TEUCHNE ITUX TPOMAIHBIX TIEPHOIOBY,
M03TOMY Takod 3(PQEKT AOHKEH OTIMYAThCS OT M3BECTHBIX d(P(EKTOB TpaHC-
(dbopmMalmu 4acToThl CBETa NP B3auMOJelcTBUU co cpenoit [19, 104]. Dddexr
Putna (1.14) nneanpHO MOOXoAWUT HA poib 3 dexTa mpeodpa3oBaHUs JaCTOTHI
CBEeTa B KOCMHUYECKOM BaKyyMe, MOCKOJIbKY HE TOJBKO €CTECTBEHHO IEPEXOANUT
B Xa00JI0B 3aKOH KPacHOTO CMEIIEHHs, HO M CHUMAeT BCE BO3PAKEHMUS ITPOTUB
TPAaKTOBKH KPACHOTO CMEIIeHHUs 110 runotese benononsckoro-IBukku. Kpachoe
cMmereHne o 3h¢hexTy Putiia mposBiiseTcs: aHAIOTHIHO AOTUIeP-3PPEeKTy: Oau-
HAaKOBO Ha BCEX YaCTOTaX, BEJS K MPOIOPIIMOHAIBHOMY 3aMEVICHNIO BUIUMBIX
MpoIeccoB, cortacHo Gopmyie (1.14), yTo OOBICHSCT PaCTSHIKCHUE IITUTEIHHO-
CTH BCTIBIIIEK CBEPXHOBHIX la B ramaktukax [Al], mponopnuoHaaIbsHO UX Kpac-
HOMY cmemernto Z = (A' — A)/A (1.21). K cxomasim BeiBogam mpumén C. JleBacua
[106]. Bumumo, BriepBbie 3((HEKT KpaCHOTO CMEIICHHS MPOACCOIMAPOBAIN C
s¢pdexrom Putna B 2000 . A.H. TponnukoB u A. CalipeHnka, COOTBETCTBEH-
HO, B 2JIeKTpOHHBIX myOnukanusix [107] u [108]. Bropas u3 HuX yrnoMsiHyTa BO
2-om m3nauun xypHana «Modern Nonlinear Optics» [109]. Ho B monckoBukax
9T myOnukarwu npouHaekcupoBansl 2006 u 2009 rr. Takxe B padorax [107,
108] HEe 00BsICHEH MEXaHU3M UMEHHO KPACHOTO, 8 HE CHHETO CMEILICHHSI, HE pac-
cuMTaHO 3HadeHue H, He 0OBsICHEHBI MapagoKChl KpacHOTo cMmenieHus. Ho 3to
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c/ieslaHo B He3aBUCUMOM aHanuze [Al, A21, AS1].

Wrak, OamaucTuyeckass TeOpUsi COOTBETCTBYET JIAHHBIM BHETaJIaKTHYe-
CKOI acCTpOHOMHH, OOBSICHSISI KpacHOE CMeEIlleHHe 0e3 TMIIOTe3 O PaCIIupeHUH
BcenenHo, 0 TEMHONM MaTrepuu U dHEpruu. B mosb3y TpakTOBKM KOCMOJIOIH-
YECKOTO KpacHOTo cMmemieHus mo 3ddekty Putma cBUOETeNhCTBYET psI mapa-
JOKCOB KpacHoro cMmermeHus [110, 111], mpoTuBopedammx €ro IOMICPOBCKON
TpPaKTOBKE.

[lepBBIii mapagoOKC COCTOUT B TOM, YTO OJMHAKOBO YAaJIEHHBIE OOBEKTHI,
BOIPEKH 3aKOHY Xa00ia, 4acTo MMEIOT CHIIbHO Pa3HSIINECs KpacHble CMelle-
HUsI, HA OCHOBAaHHWHU KOTOPBIX OOBEKTaM CJIEZ0BAJIO Obl MIPHUITUCATH Pa3HbIE JIUC-
tanuuu I [112, c¢. 374]. Omnuuaroniyecs: B pa3sl KpacHble cMmelienus z = rH,/c
y PaBHOYJAJIEHHBIX CBS3aHHBIX ranakTuk [110] nerko oObscHUMBI 110 d3QderTy
Putia [A21, A26, AS1] pasuurei ux ycKopeHuii a,, T.e. 3HaueHuit H, = a,/c
(1.21). BuepBrsie Takoe HECOOTBETCTBHE KPACHBIX CMEIICHNH ycTaHoBwa . Aprr.
OH BBIIBUI OONBIIOE KOJTHYCCTBO TANAKTHK, (PU3MUCCKU CBSA3aHHBIX B TMapHI,
YTO MOATBEPKIATN COCTUHSIONINE ITH TATAKTHKU ITePeMbIYKi. HO KOMITOHEHTHI
TaKUX TAJAKTHK, HECMOTPSI Ha PaBHOYNAIEHHOCTB, 00J1a/laliv, BOIIPEKN 3aKOHY
Xa001a, pa3HBIMHM 3HAUCHHUSMH Z, TPUYEM pa3HHIAa HAMHOTO INPEBBICHIIA BO3-
MOYKHBIE JIOTIJIEPOBCKHME CABUIH OT ABMKCHHS KOMIIOHEHT B ABOIHON cucTeme
[113-116]. Spxwuii npumep — oObekT Mapkapsia 205 — cniyTHuk Tanaktikn NGC
4319, umeroreit 3aMeTHO MeHbIIIee KpacHoe cMenienue [117, c. 143]. UnTepec-
HO, 9TO BO BCEX MOOOHBIX CITydask y CITyTHUKOB, 00TaJaroInX MEHBIIINMH pas3-
MepaMu R, 9eM y TIIaBHOM raakTHKH, KpacHBIE CMEIICHHUS Z BCET/Ia BBIIIC, YeM Y
ramaktukd [ 118, c. 129]. C mo3ummii 6ammucTudeckoil Teopun u dddexra Purma
9TO OOBSICHUMO TEM, YTO JIJIsl MalbiX paanycoB R mapamerp Xa66ma H, = V?/Rc u
COOTBETCTBYIOIIIEE KpacHOE cMeleHue 1o 3pdekTy PuTiia momydaercs BbIIIE.

PazHuIy KpacHBIX CMELCHUH Y TapHBIX 00bEKTOB ApIia 00BSICHSIOT, ITPEe-
roJiarasi, YTo OHM He 00pa3yloT (PU3MUYECKH CBS3aHHBIC ITaphl, a JIMIIb IPOCIH-
PYIOTCS B COCEJIHHE TOUKH HeDOCBO/Ia, pacIiojiarasch Ha HEPaBHBIX PACCTOSHUSX
r. Ho Hanuune nepeMbIdek, COSAMHSIONINX 3TH apHble 00BEKTHI, M UX paclpo-
CTPaHEHHOCTH (MaJIOBEPOSTHAS JJISI CIyYalHBIX COBIAJCHWN) MOATBEPIKIAIOT
UX TECHYIO CBA3b. VI30BITOYHOE KPAaCHOE CMEIIICHNE CITYTHIKOB TaJTAKTHK HENb3s
OOBSCHUTH U TPABUTAIIIOHHBIM KpacHBIM cMerieHueM [117, c. 140]. [osBustoT-
sl BCE HOBBIC CBHJICTEILCTBA TOTO, YTO MAPHBIC TaJTAKTUKH C Pa3HBIMH KPaCHBI-
MU CMEIIEHUSIMH — 3TO HE MCKIIIOUYEHHeE, a npaBmio. Tak, puHcknit actpoduzuk
T. Slakkona oOHAPY>KUIT Psifl 1APAJOKCOB KPACHOTO CMEIIEHHSI, B YaCTHOCTH OT-
KPBIB, YTO OIMHAKOBO yaJIEHHBIEC CIMPAIBHBIC U JUTUITHYCCKUE TaJaKTUKH OT-
JIUYAIOTCS BETMUYMHON KPACHBIX CMEIICHUH Z, MPUYEM CHCTEMaTHIeCKH OObIIe
Z JUTS CIUPATTEHBIX TAJTAKTHK M MEHBIIE — JIs yunTudeckux [ 118, ¢. 130]. OT1o
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TOXKE HAXOAMT MPOCTOE OOBSICHEHHE B OAJUTMCTHUECKOW TEOPUU: ITOCKOJBbKY B
AIIMNTHYECKUX TAJaKTHKaX CKOpocTH BpamieHus V 3ametHo Huxe [117, c. 60].
CootBeTcTBeHHO, TapameTp Xab6ma H. = VZ/Rc u z = rH,/c — 3ameTHO HIDKE,
YeM Yy PacIoIOKEHHBIX Ha TOM )K€ PACCTOSIHUH 7' CIIUPAIIbHBIX TAAKTHK. Takxke
I Apn oOHapyxni1 cucremMaTHyeckoe pasiauyue napamerpa Xadona it qByx
THUIIOB CITUPAJILHBIX TajakTUK Sb 1 Sc [116], 4T0 MOXHO MHTEPIIPETHPOBATH 110
s¢dexry Puria pazuuneit ux pazmepon. JleUCTBUTENBHO, Y TANAKTHK THIA SC
pasmep R smep HamMeHBIINI Ccpeid BceX THUTIOB CITUPAIbHBIX ranakTuk [119, c.
77]. CooTBeTCTBEHHO, [UIs rajlakTUK SC napamerp Xa66ma H. = V#/Rc, npu Toit
e ckopocTH V, OyAeT HauBBICIINM CPEIN CIMPAIBHBIX TATAKTHK, B COITIACHH C
HabmroneHnssMu [116]. AHATOTHYHBIA Pe3yabTaT MOMydeH I CeHPEepTOBCKUX
raJakThK u kBa3apos (§ 2.2). Kak BumHO Ha muarpammve Xa0b6ma [119, c. 296,
120, c. 184], y ceiiepToBckuX TajgakTuK H=ZC/I CHCTEeMaTHYEeCKH HUXKE, YEM Y
CIHMPAIBHBIX, @ Y KBa3apoB — CUCTEeMaTH4YeCcKH BbIe. OOBIYHO M30BITOK Kpac-
HBIX CMEIICHUH KBa3apoB U AePUINT — y cel(pepTOBCKUX TaTaKTHK U TaJlaKTHK
TI0JIs1, TI0 CPABHEHUIO C SIPYANIIMMU TaJaKTHKaMHU TOTO e OJIeCKa B CKOIUICHH-
sIX, 0OBSCHAIOT iucriepcreid ceeruMocteil. Ho celidepToBekne ranakTuky — 3T0
THTAHTCKHME TaJIaKTHKH C siipaMu Oouibioro paguyca R [126], u mis Hux ciie-
J0Bajo O OXKUIATH MIPH TOM ke Oecke Ooliee BRICOKUX 3HAYCHUH Z. A B paMKax
sdexra Puria napamerp Xa66:1a H = VZ/Rc 1 kpacHOe CMEIEHHE TSl HUX KaK
pa3 HKKe, YeM y TalakThK. Y KBa3apos, Hanpotus, R mensine, a H = V¥/Rc —
BBIIIE, YEM Y OOBIUHBIX TaIaKTHK.

Slpkue mpuMephl HECOBIAJCHNS CMELICHUH Z JAI0T W3BECTHBIC TIPyI-
Bl TAJIAKTHK, Hampumep TpuruteT L[Buxku [122], kBunter Credana, cexcrer
Ceilidepra. HecoBnanenus Z TpakTyroT Kak CiIy4aifHOEe MpOeIHUpoBaHue Oosee
Janékoi MM ONMM3KOM TallakTUKU Ha CKOIUIEHHE, YTO, OHAKO, HUYEeM He IOJ-
TBepkaaercs. [1o3Tomy, BIIOITHE BO3MOXKHO, YTO PACCMOTPEHHBIE TAIAKTHKH 00-
PasyloT CB3aHHbIE IPYIIIBI C KPACHBIMH CMEIICHUSIMH, PA3JIHYAIONIMMHUCS HE 10
JI0TUIep-, a Mo pUTH-3PPEKTy.

Bce atu hakTsl npuBenu psi actpodusukos, Brimtouas I Apna, T. Slakko-
my, @.10. 3urens [118], B.M. Jlrororo [123] u ap., K MBICITH, 9TO 3akoH Xab0ma
HE MMEET YHHBEPCAIFHON MPUMEHUMOCTH KO BCEM BHETAIAKTHYCCKUM OOBEK-
tam. [1o kpaiineil Mepe, 115t pa3HBIX UX THUIIOB JIOJDKHBI IPUHUMATHCSI CBOM 3Ha-
YyeHHs apamerpa Xab0sa, uTo JIerko 00bsICHUTH 110 3ddekty PuTia.

Bropoii mapagokc cBs3aH ¢ KBa3apamu, 00JaJaloNIMMHA aHOMAaJIbHO BBHI-
COKHMH KPAaCHBIMH CMELIEHUSIMU, KOTOPBIM TI0 3aKOHY Xa00i1a cCOOTBETCTBYIOT
THTaHTCKHe paccTosHus. Ho cTonb Gomblive pacCTOSHUSI CBUAETEILCTBYIOT O
OoNBIINX pa3Mepax KBa3apoB M OTPOMHON CBETHUMOCTH, YTO MIPOTHBOPEUHUT ObI-
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CTPBIM BapualMsM SPKOCTH, O3HAYAIOIIUM UX MaJble Pa3Mephl.

Vike MEPBLIC U3MEPCHUA aHOMAJIbHO BBICOKHMX KPAaCHBIX CMeHICHPIfI z
KBa3apoB BBI3BAIN COMHEHHS B MX JOIUIEPOBCKOM MpHpone. A TOCIE OTKpPBI-
TS OBICTPBIX BapHanuii IPKOCTH KBa3apoB C XapaKTEPHBIM BPEMEHEM BapHalli
TIOpsIJIKa HEJIeIIH, CTAJIO SICHO, YTO 9TO — CPAaBHHUTEIILHO KOMITAKTHbIE OOBEKTBI,
KOTOPBIE HE MOTYT O6J'IallaTI) 6OJ'IBH_II/IMI/I JIMHEHUHBIMU pasMepaMu U CBETUMO-
CTSIMH, HaiiIGHHBIMH TI0 Z U 7 U3 3aK0Ha Xabbma z = rH/c [117]. 3arem I. Apn
OOHAPY>KHJI PsiJl KBa3apoB, CBA3AHHBIX C TAJIAKTHKAMH, HO UMEIOIINX HAMHOTO
00JIbIIIE KPacHbIE CMEIEHNUS, BOIIPEKHU 3aKOHY Xa00ua.

TpakToBKa KpacHOTO CMEIIEHHS rJIaKTHK 1 KBa3apoB 1o ¢ dexry Puria
JIETKO peIIaeT ATOT MapasioKc, IMOCKONIBKY, KaK MoKa3aHo aBTopoM [Al, A21],
KBa3apbl XapaKTepU3YIOTCs WHOM BeJIMYMHON mapamerpa Xabbma H = V?/Rc,
4yeM rajakTiuku. Eciam yuecTs mainble pa3mepbl R kBa3apoB, OLIEHEHHBIE 110 Bpe-
MEHH KoJIe0aHUi HX SIPKOCTH, IapameTp Xab0ia y KBa3apoB Oy/leT MHOTO BbIIIE,
4YeM y rajakTuk. Takum obpa3om, 3¢dexT Putna ecrecTBEHHO 0OBACHSIET aHO-
MaJIHO BBICOKHE KPACHBIE CMEILICHUS KBa3apOB 1 Pa3HUILy KPACHBIX CMEIICHUH
y KBa3apoB U FJIAKTHK, CBSI3aHHBIX B ITAPBI.

Wrak, kBa3apbl MOTYT OBITH CPAaBHUTEIBHO ONM3KHUMU OOBEKTAMH, yMe-
peHHo cBeTuMOCTH. Torna uX JIMHEWHBbIE pa3Mepbl, HaAWJEHHbIE U3 YIVIOBBIX
pa3MepoB, JIydllle COIIACYIOTCS C OLEHKAMH IO BapHalusM sipkocTh. [Ipoctoe
00BSICHEHHE TOJIyyaT U TaK Ha3bIBAEGMbIE «CBEPXCBETOBBIC)» BBHIOPOCHI M JIBHIKE-
Hus kBazapoB [105, c. 85]. Ecnu nepecuntarh TpaHCBEpCalbHBIE CKOPOCTH ATHX
nBwkeHnit V, = rde/dt, "3MepeHHBIX 110 BUINMOMY YITIOBOMY cMeIeHuto do/ dt,
OIMpasich Ha yTOYHEHHBIE PACCTOSHMS I KBa3apoB, B JICCSATKH Pa3 MEHBIINE
paccunTaHHBIX M3 3aKoHa XaOOia, HalaéM, 4To ckopocTH V, BHIOPOCOB 1 KBa-
3apoB — JOCBETOBbIE. Tak 4TO BOIPOC 00 MCTOYHUKE YHEPTHH, COOOLIAIONIEM
BBIOpPOCAM THTaHTCKYIO CKOPOCTh, CHUMaeTcs. HakoHer, ecii ydecTb Malible
pa3Mepbl KBa3apoB M UX arMocdep-raio, HalaéM, 4To 4acTH KBa3apoB, BHICTY-
TIAIOIIME U3 ATUX arMoc(ep WM BUIUMbIE B KOPHIOPHI (0OKHA@) MTPO3PauHOCTH,
MOTYT, 32 C4ET COOCTBEHHBIX JIBIIKEHUI ¢ O0Jiee BBICOKUMH YCKOPEHUSIMH, BECTH
K CTOJIb CHIIBHOMY KPacHOMY CMEILEHHUIO Z 10 PUTH-3((eKTy, 9To OH nepeBencT
OIITHYECKOE M3ITyUeHHE KBa3apa B paJMo/IMana3oH, oObSICHUB MOIIHOE Pajano-
N3JTyYeHHE KBa3apoB.

Dddexr Puria o0bsicHsIET TakKe ObICTPbIC BAPHAIIMU SIPKOCTH KBa3apoB.
[TockombKy pOCT JUTMHBI BOJMHBI A' M3My4YeHHs KBa3apa, COITIACHO (QopMyiaMm
(1.11) u (1.15), compoBoXkAaeTCs MPONOPLUHOHATBHBIM CIIJIOM BUANMOHN SPKO-
cru |', mpu mepeceueHNn MyTH CBETOBBIX JIydeil OT KBa3apa oOJakaMH MEX3-
Bé3}1HOFO rasa, NICpeus3IydCHUC B HUX MMPUBOAUT K BOCCTAHOBJIICHUIO HCXOHHOﬁ
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sipkocTh. TeM caMbIM JIBU)KEHHE OOJIaKoB Tra3za OBICTPO MOIYIHMPYET BHIMMYIO
SIPKOCTB KBa3apa, 0e3 M3MEHEHHsI ero UCTHHHOU sipkoctu /. [Ipoxonsamuii cBeT
CrocoOeH M caM MOJYJIMPOBaTh PPEKTUBHOCTh MEPEUBIYUCHHUS, MOCKOIbKY
M0 Mepe M3MECHEHUS [UIHHBI BOJTHBI A' B XOZIe pOCTa I' MEHsETCS KOdPPHUIUEHT
MOTVIOIICHHUSI CBETa, MOKa3arelh MPETOMIICHUS] N M [UTHHA Tepens3nyucHus | =
A2m(n — 1). [Tormnormas cBeT, ra3 HarpeBaeTCs, HOHU3YETCS, eI CHIIbHEE MCHSS
N, TEM caMbIM MOPOXK/ast ABTOKOJIEOATEIbHBIC MTPOLIECCHI, MEHSIOLINE BUIUMYIO
SIPKOCTB KBa3apa 110 MeXaHu3My, onrcaHHoMy teopueit C.A. XKeBakuna st 1e-
¢enn, rae NOTOK W3ITyYeHNs yIpaBisieT HOHM3aHel n K03 PUIMEeHTOM HOIIIo-
mieHus B atMmocdepe, Beas K KojaeOaHusIM siprocTH 3Be31sl (§ 1.5).

Konebanust 6iecka NCTIBITBIBAET TOIBKO HEMPEPBIBHBIN CIIEKTP KBa3apoB,
nipuuém, B corntacuu ¢ addexrom Purna (1.17), cOOTBETCTBEHHO MEHSIETCS [IBET
KBa3apa — CMeIaeTcs CeKTpaabHbIi MakcuMyM (1.15). JlnaeigaTslit criekTp He
WCIIBITHIBACT 3aMETHBIX KOJICOaHHH, TOCKOJIBKY BO3JIE YaCTOT CIIEKTPAJIbHBIX JIH-
HHH YCHIICHO IIOTVIOIICHNUE, CHIKCHA [UTMHA SKCTHHKINH |, T.e. mouTH ucuesaer
s¢dekrt Purna. C 3THM Ke cBsi3aHa MAJIOCTh KPACHOTO CMEILEHHUsI Z SMUCCHOH-
HBIX JINHNH KBa3apoB 10 CPABHEHMIO C BapHALUSAMU KO PHUIIMEHTA KOMIIPECCHN
g =f""/fy nenpepbiBHoro cniekrpa. Kosebanus Oiecka JUIMITHISCKUX TalTaKTHK
MOTYT OBITh TAK)KE CBSI3aHBI C HECHHXPOHHBIMH KOJICOaHUSMHU OJIeCKa BXOSIINX
B HHX 3BE3] 110 3(dekty Putiia npu nerkennu 38E37 o opouram. Eciu xapak-
TepHas aMIUINTYy/1a KosteOaHuii Oiiecka otHO# 3Be3/1bl siproctu | ectb Al ~ g/ (ipu
g >> 1), pmykryamuu 6mecka N 38é31 coctaBsat ~gIN'2, M B OTHOCHTENBHBIX
BenmmuuHax dly ~ gINVY/IN = g/NY2. TIpu XapakTepHOit Ul KBa3apoB BEJIUIHHE
g ~ 10° u uncne 38é371 B ranakruke N~ 10, maiiném ammutyay kojebGanuii Oie-
cka dly ~ 10 (T.e. 2—3 3BE3MHBIX BEIIMIHUHBI) C XapaKTEPHBIM BPEeMEHEM BapHaIlHid
HOpsJIKa HEJEIH, T.€. IOpsaKa OpOMTaIbHOTO Mepro/ia JBOMHBIX 3BE31. IMeHHO
Takye Bapuamuu oOHapyKeHHI y kBa3apos [128]. Ammmrtyna dl u xapakrepHoe
BpeMsi KojiebaHuil Oiiecka 3aBUCST OT pa3Mepa U TUIIA TajJaKTHUKH, a TakKe OT
CIEKTPAJIBHOTO Marna3oHa. Tak, IpH YMEHBIICHNH KOHLEHTPALNH I'a3a, pa3me-
pa ramaktukd u grcna N 3BE31 B Hell, koneGanus 6/ ~ g/NV? pactyt. [Tostomy
CYILECTBYET PsiJ] TUIIOB EPEMEHHbBIX 00BEKTOB — KBa3aphl, JIAEPTH b, ceiidep-
TOBCKHE T'aJIaKTUKH, N-raJJaKTUKU — C Pa3HBIMH XapaKTEePHBIMH aMILIUTYaMU
1 BpeMeHaMmu Kosebanuii 6necka. Kpome toro, npu HaOmroneHnn Bo BcE Oosee
BBICOKOYACTOTHBIX JMANa3oHax (B PEHTIEHOBCKOM M raMMa-[Hana3oHe) Xapak-
TEpHOE BpeMsi M3MEHEHUH Onecka ymenbmaercs [129, c. 378], 3a cuér pocra
JUTMHBI 9KCTHHKIAH | ¥ OT TONOMHUTENBHBIX BapUALHii OJIECKa B XOE CMEIICHHS
criekrpa 1o >pdexry Purna.

Tpetnii mapagokc cOCTOUT B A€(UINTE KPACHOTO CMEIICHUs y Hanbosee
Janékux ranakTuk [124], 4o MOXKeT OBITh CIEJCTBUEM IEPEH3IyYCHUS] MEXK-
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rajlakKTH4eCKUM Ta30M, KOIJia JUCTaHLUK I COITOCTABUMBI C JJTMHOW MEepeusity-
genus | ~ 2:10%° ¢B. 5teT, 10 MpeBBIIEHHH KOTOPOi KpacHoe cmertenwe Z (1.21)
HapacTajo 0bl Bc€ MeyieHHel. iMeHHo Ha Takux auctanimsx (I ~ 10 cB. ner,
910 cOOTBETCTBYET Z ~ (0,8), MPH KOTOPBIX I ~ |, U BBISIBICHBI OTKIOHEHUS OT 3a-
KoHa Xa0Oia B BuE AeUIMTA KPACHOTO CMEILCHUS Z, UHTEPIPETHUPOBAHHBIC
Kak ycKopeHHoe paciuupenue Beenennoii [124].

UeTBEpTHIN MapajloKCc: B Psiie CKOIICHUM TaJlaKTHK JUCIIEPCHUs JIyUeBbIX
CKopocTei, HalineHHas u3 3¢ ¢exra Jlomiepa Mo AUCIEpCHN KPACHBIX CMelle-
HUH TaJlakTHK, OKa3aJach MHOTO BBIIIEC AMCIICPCHH, PACCUNTAHHOM MO Macce
CKOIUICHHUS. DTa M30BITOYHAs JUCIEPCHUs] KPACHBIX CMEINCHWH M HaiICHHBIX
110 HUM CKOPOCTEH Tr'ajlaKTUK B CKOIIJICHUM IPHUBEIA aCTPOHOMOB K THUIIOTE3E O
CKpBITOH Macce (pacCYMTaHHOW M3 TEOPEMBI O BUpHAJIe), MHOT/A B JICCATKH pa3
TIPEBOCXOASAIICH Maccy CKOIICHUs, M3MEPEHHYIO MO OJIeCKy TaJaKTHK CKOTIIe-
Hust. ['unoresa o ckpbITOil Macce, BrepBble BoiBUHYTas P. [[Bukku, HecMOTps
Ha mpomemue 80 JeT, 1O cuX MOp HE MONy4Hiia MOATBEP)KIACHUS, TTOCKOIBKY
CKpbITasi Macca He OOHapy)KeHa HalpPSIMyI0 U UMEET HEBBIICHEHHYIO ITPHUPOLY.
[Tapamoke MOXeT OBITH CBsI3aH ¢ HEBEPHOM MHTEPIIPETalne KPacHbIX CMeIle-
HUi 10 2 ety Jomepa.

Ecnu kpacHble cMeIIeHNs Z TalaKTHK CKOIIJICHUS X pacyETHBIE CKOPOCTH
V,' (1.22) obycrnosiensl a¢dexrom Puria, Torna oHM MOTyT XapakTepru30BaThCst
3HAYNUTENHFHBIM Pa30pocoM (AHCIIepCHei), HECMOTPS Ha PAaBEHCTBO PACCTOSHHNA
r. Ilpuuém z OyayT paznuyarbcs HE TOJBKO JUIsl Pa3HBIX THUIOB TaJIaKTHK, HO U
JUTSA TaJaKTUK OJHOTO THUMA (C pa3HBIMH XapaKTEPUCTHKAMHM), XOTs pa30dpoc Imo
z Oyner main. Torna pasHUIly KpacHBIX CMEUICHHH (M30BITOYHYIO HCIICPCHIO)
YK€ HEJb3s1 IPUITNCATh PA3HUIIE HCTHHHBIX JIYYEBBIX CKOPOCTEH V, rajJakTHK B
CKOIUIEHHUH, pa3 NMpUUYUHA B pa3Hule nmapamerpoB H, (1.27). T.e. otnagaer Ha-
JOOHOCTB B THITOTE3€ CKPBITOI Macchl. B npyrux ciyuasx addexr Purna toxe
yCTpaHseT NapaloKC CKPHITOM, TEMHOM MacChl, €ClIM YYECTh KaxKylleecs u3Me-
HEHHE MacITada BPEMEHHU JIBI)KEHUSI M POCT CIIEKTPAIILHOTO C/BUTA, ITPEBOC-
XOZSIIETO JIOTIJIEPOBCKUM.

[IaTBIi MapasoKe COCTOUT B TOM, YTO Y OTAEJIBHBIX TaJAKTHK OTKPBITO
pazyinuue KPaCHbIX CMELIEHUH Z, U3BMEPEHHBIX JIJIs1 OTHOW U TOH e TaJIaKTUKHU 110
pasHbIM rpynnam auHui [125], oTHOCAIMMES K pa3HbIM 3J€MEHTaM WM K pas-
HBIM JIMaTia30HaM dJIeKTpOMarHuTHoOro crekTpa [110], xots rumoresa o morure-
POBCKOH IPUPOZIE KPACHOTO CMEILEHUSI IPENoIaraeT OJUHAKOBYIO BEIMUUHY Z
JUISL BCEX TPYTII JIMHUH, BO BCEX YaCTOTHBIX Anana3zoHax. Kpome Toro, y ramak-
THK ¥ KBa3apOB OTKPBITHI JIOTIOJHUTEIBHBIE CIIEKTPAIbHBIE JIMHUH MTOTJIOIICHHUS
C MPOMEXYTOYHBIM Z, MEHBIINM OCHOBHOTO. B ciydae KBa3apoB 4acTOKOJ Ta-
KUX JIMHUH Bogopoza L, naspisatot Jlaiiman-anbgda gecom. VX naTEpnipeTHpy1oT
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10 TUrore3e 00pa3oBaHMs JIMHUN MOMIOMICHUS B 00JIaKax MEKIaJlaKTHYECKOTO
rasa, pacIoJIOKEHHbIX OJIKe K 3emMile, a TOTOMY XapaKTepU3yeMbIX MEHbBIINM Z,
YeM Y TaJIaKTHK U KBa3apoB.

WHora J0MoMHUTENbHBIC JTMHUKM XapakTepu3yloTcs He neduuurom, a
N30BITKOM KPAaCHOTO CMEIIEHMS Z WM JaXXe CHHUM CMEIICHUEM, HapuMep, Y
ranaktiuky M82 [126]. Cyns no Bcemy, B pa3HBIX y4acTKaX raJlakKTUKU BEIMYUHA
a, pa3Hasi, 4To 1o puTH-3((HeKTy BENET K MOSBICHHIO JIMHUN C Pa3HbIMU CIBHIa-
MH 9acTOThI z = 3,/C%. C 3TUM 3Ke, BUIMMO, CBS3aHO YIIUPECHHUE CIIEKTPAIbHBIX
JIMHUI KBa3apoB: MMpuHa JuHUi cocrasiseT ~0,1AN, T.e. cpaBHUMA C BEJINYU-
HOH ux cmenienus A [126]. OueBuiHO, pa3Hbie y9aCcTKH KBa3apa ¢ Pa3HbIMH &,
JIAfOT YaCTOKOJI JINHHH, CIIMBIIMXCS B IIMPOKHE 1oJ0Ckl. Ha OimikHeM, ceBepHOM
KOHIIE T'aJJaKTUKH, T/I€ YCKOPEHUS HAIIPaBJICHBI OT 3eMJIH, CMEIlleHHe 110 dPdek-
Ty Putna xpacHoe, a Ha JaJbHEM I0’KHOM KOHIIE, TJI€ YCKOPEHUS HAIPaBIICHBI
K 3emiie, CMeIeHue OylIeT CHHUM, 9TO U HaOmomatoT y M82. DT1o cuHee cMe-
menne [A' — AJ/A TOYHO COBMANO ¢ KPaCHBIM CMEIICHHEM Z Ha OIMKHEH cTopo-
He M 82 u coorBercTBOBaO ckopoct V ~ 1000 xm/c, T.e. mopsiaka pacdéTHOM
ckopoctH ranaktuku V = rH ~ 300 xkm/c, i3MepeHHOH TI0 KpaCHOMY CMEILCHHUIO
z =rH/c na mucranmmu r = 4 Mnk. Bennuuna cMenenus pocia npu yaajaeHH:
OT IICHTpa TaNakTuk [ 126], B cormacuu ¢ apdexrom Putna, T.K. B siape yriioBas
CKOPOCTh ( BpPAIIEHUs 3BE3]] IIOUTH IOCTOSHHA, A IIEHTPOCTPEMUTENIBHOE YCKO-
peHre a = ®’R pacTéT NPOMOPLUHOHAIBHO PACCTOSHHUIO R OT LEHTpa,— TaK ke
KaK CHJIa TATOTEHHUS B IIAPOBOM sizipe, re npuMepHo F oc R. CooTBeTcTBEHHO, N
Z = ra/c? mponopumoHanbHO R. IHOTIA pasHATCs CMENICHHS JTHHUNA HEUTpasib-
HOTO BOAOPO/IA B paaroAnana3oHe U IMHUH onrtudeckoro criekrpa [110], Bompe-
KU JIOIUIEPOBCKOM TPAKTOBKE Z.

OTkpeITHE B cieKTpe M 82 CHHEro CMEIIeHUs U ero OTCYTCTBHUE Y O0Jb-
IIMHCTBA TAJIAKTHK, BUANMO, CBS3aHO C TE€M, YTO HCCIIEOBAINCH SMUCCHOHHBIC
JIMHUHM, U3JIy4aeMble IOTOKaMH ra3a: CBET YMUCCUOHHBIX JIMHUNA MEHee MojBep-
KEH Mepen3ydeHuIo0. Bo-nepBhIx, mepensiyuyeHne CBI3aHO ¢ MOMIOMICHUEM, a
roromy Hambosnee 3p(EeKTHBHO Ui JIMHUN TONIOLICHUS, & SMUCCHOHHBIC JIH-
HHUM W3HAYaJIBHO CMEILEHbI 101uIep-3p(HEeKToM OT Pe30HAHCHBIX YaCTOT 33 CUET
JBIDKCHUS Ta3a, M MEHEE MOABEPKEHBI NIEPEU3ITyUCHUI0, HAPACTAIOMIEMY BO3JIE
9THX 4acTOT. BO-BTOPBIX, MOTOKM Ta3a, U3Iy4asi SMUCCHOHHBIE JIMHUH, COO0IIIa-
IOT CBETY CBOIO CKOPOCTh V ~ 100 KM/C, a BTOPUYHOE M3JTyUYCHHE CO CKOPOCTHIO
C, KOTOpPOE TacUT MEPBUYHOE CO CKOPOCTHIO C + V, yke He MOXKET ero A0orHaTh
u oracuth. [ToaTOMy cBeT JBMXKETCs O€3 Mepens3nyyeHus:, peoopasysich puTIl-
a¢dexTom Ha BCEM Iy TH I

KpacHble cMenieHus! pa3HbIX y4acTKOB TaJIaKTHKH, 00yCIIOBIEHHBIE A(-
¢dexrom PuTna, MOTYT pa3nuuarbes, T.K. 3BE3/IbI, PACHONIOKEHHBIE HA Pa3HBIX
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JMCTaHLUSIX OT IIEHTPa raJlaKTUKK, 00J1a/1ast pa3HBIMHU JIy4eBBIMU YCKOPEHUSIMH,
[OJIYYaroT 1O PUTI-3PQEKTy pasHbie cMerieHus Z. OObIUHO 3TH pa3IHyus HU-
BEJMPYIOTCS MEK3BE3IHBIM Ta30oM [A26], HO UX CIEOBI OCTAIOTCS, TOCKOIBKY
CBET 3BE3]1 MPOJICIIBIBACT PA3HBII MyTh JO BHEIIHETO TIEPEN3ITydaromero cIos, 1
BIIMSTHHE ATOTO CJIOSl HA CKOPOCTh CBETa HEOIMHAKOBO. [111aBHOE N3MEHEHHME JTy-
YEBOT0 YCKOPEHUsI 3BE3/1 TP CMEILICHNH OT Kpasi FaJIaKTUKH K eHTpy 0 < a, < a,
MIPUBOANT, TOMUMO KPACHOTO CMEMICHHS, K YIIMPEHUIO CIEKTPAIbHBIX JIMHUH.
Takum 00pa3om, MOMUMO YIIMPEHHS CHEKTPAJbHBIX JIMHUN TaJaKTHK 3a CUET
JMCIIEPCHU JIYYEBBIX CKOpPOCTEH V,, TOIDKHO HaOIIOAAThCsl YIIMPEHUE 3a CUET
JIUCIIEPCUN JIyYeBbIX yCKOpeHMHl &, lIpuuém mupuHa AMHUI NOJKHA pacTd
TP YBEIWMYCHUN KPACHOTO CMeIIeHUs Z. Takoi a3 eKT pearbHO 0O0HAPYKEH B
mranazone 0 <z < 2 y sMHUCCHOHHBIX JIMHUH [127], U1 KOTOPBIX 3G dEKT mepe-
nzinydenus: Maa. OcobenHo 3¢dexT BeIpaXkeH Ul KBa3apoB U ceiidepToBCKux
rajlakTUK, Y KOTOPBIX NIMPUHA SMUCCHOHHBIX JTMHUI AL ~ 0,01A — 0,12, T.e. mmo-
psAnka cMmemeHns JTuHUE AL ~ zh ipu Z ~ 0,1 — 1 [128]. Takue 3HaueHus AL u
3aBHCUMOCTBH AA(Z) HETB3s1 OOBSACHUTD AUCIICPCUCH JTYIEBBIX CKOPOCTEH.
3BE3/bI, PACHIONIOKEHHBIE HA PA3HBIX PACCTOSHUSX R OT LIEHTpa TaiakTh-
KH, B CPETHEM Pa3JINYalOTCs U XMMUYECKUM COCTaBOM arMocdep, MeTaJuIn4HO-
cteto. [ToaToMy XapakTepHbIE JIMHUN TTOTJIOMIEHHS PA3HBIX IEMEHTOB, NMEIO-
IMe y pasHbIX 3BE3J pa3Hyl WHTEHCHBHOCTb, IPHOOPETAIOT pa3HbIC KpacHbIC
CMEIIEHHsI, B COOTBETCTBHH C PacIpe/ICICHHEM IEMEHTOB B rajlakTHKe. AHaJIO-
THYHO, Pa3JIMYMe KPACHBIX CMEIICHHUI JIMHUN B PaJINO- M ONTHYECKOM JIMarnaso-
HE MOXXHO OOBSICHUTH TEM, UTO B 3TUX AWAIA30HAX PA3HATCSA pa3Mephl IapOBOH
o0JacTH ranakTHKH, BHE KOTOPOH CBET yKe He nepensiydaercs. JIlygeBoe ycko-
peHHUE Ha 3TOI MOBEPXHOCTHU M 33/1aET BEJIMUUHY KPACHOTO CMEIICHUSI.
[TockonbKy 1J1st pa3HbIX JUANa30HOB JUIMH BOJH A TOJIIIMHA [IEper3Iyda-
forrero ciost | = A/2m(n — 1) pasnuyna, mepensIydeHUe PeKpaniacTes Ha pa3HbIX
paccrosiHusX R oT menrtpa, u manee gacrora mpeodpasyercs 1o 3akony (1.15),
7€ OMPEESIONUM OKa3bIBAETCs JIyUeBOE YCKOPEHHUE @, Ha 3TON MOBEPXHOCTH.
HebomnpImoe pa3nuane 3TUX YCKOPEHUH &, IS Paio- ¥ ONTHYECKOTO THaras3o-
Ha TPUBEAET K Pa3sHUIE M3MEPEHHBIX B HUX KPACHBIX CMEUIEHUH Z, B CONIACHN
¢ nabmonenusmu [110]. B Menbeii crenenn 3pQeKT MOXKET MPOSIBUTHCS IS
Pa3HbIX JUIMH BOJH A ONTHYECKOTO CHEKTpa W JUIsl JUIMH BOJIH A, OTBEYAIOIINX
CIEKTPAJIbHBIM JIMHUSM Pa3HbIX SJIEMEHTOB, MOCKOJBKY JUIsl JIMHUH Ka)kI0TO
snemenTa | = )/2m(n — 1) 3aBUCHT OT MOKA3aTeINs MPEIIOMICHHUSI N COOTBETCTBYIO-
IIEro rasa, HapacTaloIIEro BO3JIe PE30HAHCHBIX YacTOT (4acTOT CIIEKTPAaIbHBIX
JIMHUI Ta3a), a N 3aBUCUT OT IOPSAKOBOTO HOMEpA M TPYIIIBI AJIEMEHTa, OT €ro
MOHU3AIMOHHOIO TOTEHIHANa. DTUM MOXKHO OOBSICHUTH OTKPBITOE B HCCIIENO-

53



BaHuAX [125] paznuuune Z 1 OJJHON U TOH )K€ ralakTUKU B JTUHUSX IEITOYHbIX
U IEJT0YHO3EMETbHBIX JIEMEHTOB, a TAKXKE 3aBUCUMOCTb Z OT HOHU3AI[MOHHOTO
MOTEeHIMasa eMeHTa. HecoBnaeHne KpacHbIX CMEIIEHUH 1 pa3HbIX CHEK-
TPaJbHBIX JINHUH Pa3HBIX 2JIEMEHTOB 0OHAPYKEHO TakKe y KBazapos [128], BBu-
Jly pa3HOTO XUMHYECKOT0 cocTaBa arMoc(ep 3BE3 B pa3HBIX yyacTKax KBa3apa,
KOTOPBIM COOTBETCTBYIOT Pa3HbIC &, U BBUIY Pa3INyusl [UTHH Mepen3nydeHus |
JUISL pa3HBIX JIMHUH. B 3TOM ke, coriacHO 0auTMCTHYECKOI TeOpHH, MOXKET CO-
CTOSATH TIPUYHMHA 110 KOTOPOH Y KBa3apOB CMEIICHUS Z SMUCCUOHHBIX JIMHUN CH-
CTEMaTHUYECKH MPEBOCXOAAT 3HAUCHUS Z JIMHUH TTOTIIOMIEHHUS ¥ MOJICKYJISIPHBIX
JIUHWH B pajJioIMana3oHe, Kak nokasanu Haomronenus [ 110, 128].

IIlecToit mapagoKC COCTOUT B TOM, YTO OTAEIbHBIC 3BE3IHBIC U rajak-
TUYECKHE CKOIJICHUs MMEIOT MO OLIEHKaM BO3PacT, MPEBOCXOASAIININ pacuéTHOE
Bpemsi cymiectBoBanus Beenennoit T ~ 1/H [110]. Dot nmapagokc, OTKpbITHINA
@. IlBuxku [98, 110], 70 cux mop He peméH B CTaHAAPTHONW KOCMOJIOTHYECKOM
Mozenu. Ecnu 661 pacummpenue Beenennoit mocne bonbIoro B3peiBa Hadanock
T ~ 20 MuMap/oB JeT Ha3aj, CKOIUIeHUs He ycnenau Obl chopmupoBarbes. O
TOM K€ TOBOPAT OLIEHKHU BO3pacTa psijia 3BE31, MPEBOCXOAAIIETO TEOPETUUECKOE
Bpemsi T cymiecTBoBanus Beenennoii [118].

DTOT MapaJioKC JErKO pelIaeTcs B paMKax TPaKTOBKM 3aKoHa XaboOma u
noctostHHON Xab0ua o addexty PuTna, KOTOpHIi MO3BONISET OTKA3aThCs OT I'H-
MOTe3bI paciiupeHus: BeeneHHoH, sikoObl HauaBmierocss oxkojo 20 MIJIIMApIOB
net Hazaz. [1o apdexry Purna nocrosiunas Xa0061a HUKaK He CBs3aHa ¢ BO3pac-
TOM BceneHHoit, KoTopast B IPHHIIUIIE MOKET ObITh BEYHOMU, KaK ATO yTBEPIKIall
Xa061, benononbckuit, Linonkockuii [100], BaBuios u psj qpyrux GU3NKOB 1
aCTPOHOMOB.

Tak u B armocdepe 3BE3n Hamel ['amakTUKU BBI3BAHHOE TATOTEHHEM
3BE3/Ibl YCKOPEHHE CBOOOIHOTO MaICHUS U3Jy4YaloINX aTOMOB BEAET K TOsIBIIC-
HUIO KpacHoro cmenienus. Hanpumep, B armocdepe Connna maccst M u paany-
ca Rs a3 dekT KpacHOro CMEIIEHUS XOPOIIIO 3aMETEH OT JICTAIINX ¢ YCKOPECHUEM
a,(R) = GM/R? uajiy4aromux v rnepeusaydyaronmux aromos armocdepsl Conna,
CO3/IAIONIMX Ha IyTH OT MOBEPXHOCTH paanyca Rs 10 BHENIHUX CJIOEB KOPOHBI
panuyca R >> Rs caur

R
e fadR T GMiR M
B »[ '[chz TR
R R S

L)
OT10T CIBUT aHAJIOTHYCH U3MCHCHUIO AB Cpe€ne ¢ moKa3aTeaeM IIPEITOMIICHUA

n=MMA-A\) =1+ GM/Rc
ITosTomy myd cBeta, naynuii B mose TaroreHus CoHIA U Iepen3TyJac-
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MBIH YCKOPEHHO JICTSIIUMH aTOMaMHU €ro KOPOHBI, U3rnbaeTcs, Kak B cpere
rpaguentom dn/dR, 3aBucsiimum ot paccrosaust R g0 Connna. Ty ke 3aBucH-
MOCTB N, @ 3HAYHUT U OTKJIOHEHUs Jiy4a 0 ~ 1,75"” Bozne CounHila, mpeacKa3biBacT
obmrast Teopust otHOcuTeapbHOCTH (OTO) [42]. TakuM 0Opa3oM, perucTpupye-
Moe oTkyioHeHue 0 ~ 1,75" [182], MOXeT CBHAETEILCTBOBATh TAKXKE B IOJIB3Y
Teopuu u 3dpexra Purtna.

Kpacnoe cmermenne mMeeT MecTo He TOJbKO B criekTpe CoHIla, HO U B
CIEKTpE APYTuX 3BE3/1, HA BUANMOM MTOBEPXHOCTH KOTOPBIX YCKOPEHHE cBOOO-
HOTO TMaJIeHUs] HallpaBJICHO OT 3eMJIH, BBI3bIBas KpAacHOE CMEIIEHHE MO PUTII-
3¢ dexTy. DTUM MOKHO OOBSICHUTH BBICOKOE KpacHOe cMeleHue Z =~ 0,1 B criek-
tpe Cupuyca B u apyrux 3B€371 13 ymcia OenbIx KapiuKoB. A MOCKOJBKY Jiyde-
BbI€ YCKOPEHUS Ha TOBEPXHOCTH 3BE3]] pa3sHATCA, OT pa3HOTO HAPaBJICHHS CHIIBI
TSDKECTH W JIBUOKEHHMS TJ1a3Mbl B MAarHUTHBIX TIOJISIX, BO3HUKAIOIAS IMCIIEPCHsT
JIy4EBbIX YCKOPEHUU BEAET K 3HAUUTENIbHOW JHUCHEPCHM KPACHBIX CMEIICHUH,
T.€. K YIIMPEHHIO CIIEKTPAIbHBIX JINHUH, 0COOEHHO 3aMEeTHOMY Y KapiukoB. Tak
K€ M B CIIEKTpe APYrux 3BE37 ['allakTHKN OTMEUEHO HaIWYHe CHCTeMaTHYeCKO-
IO KpPacHOTO CMEIEHUs, MPOIOPLIHOHATBHOTO PACCTOSHUIO,— TaK HAa3bIBAeMBbIil
K-adpdexr. Emé B 1930 . A.A. Benononbckuii cootHEC 3TOT 3PPEKT ¢ Kpac-
HBIM CMEIIIEHUEM B CTIIEKTPaxX TajlakTUK [65], OTMETHB, UTO JIsl 3BE3]] TapaMeTp
Xa00sa MHOTO BBbIIIE. DTO €CTECTBEHHO, TIOCKOJIBKY YCKOPEHUSI Ha TOBEPXHOCTH
3BE3]] Ha MOPAJIKH IIPEBOCXOIAT YCKOPEHMsI B rajakTHKax. BrpoueM, [uist 3B€31
BHYTpH [anmakTuku puti-3¢Q ekt cMeneHus 4acTOThl CHIKEeH 3a cu€T addekra
NIEPEU3IIyUCHUs] B MEXK3BE3IHON Cpee.

Jpyras Bo3MOKHas IPUUUHA YITUPEHUS JINHUH — YCKOPEHNE, BEI3BAHHOE
cutoii JIopeHna mpu ABMKESHUHU N3TyYalONX HOHOB B MATHUTHOM T10JI€ 3BE3/IBI,
Benyuiee no dpdexram Puria u Jlomiepa k GOJIBIIOMY CMEIICHUIO CIEKTPajb-
HBIX JIMHUI TIONIEPEMEHHO B KPACHYIO 1 CHHIOI0 001acTh criektpa. [Ipu ycpenne-
HHUM TI0 BPEMEHH ¥ PA3HBIM CKOPOCTSIM 3TO BEIET K CAMMETPUYHOMY YIIHPEHHUIO
JIMHUI, HaOII0AaeMoMy y OeJIbIX KapiIHKOB, psijia KPACHBIX KapJIMKOB U CBEPXTH-
ranTos [119]. Ecau 65! ymmpenue 1nuio 3a cuéT JUCTIEPCHUH TyUeBBIX YCKOPEHHH
Ha MIOBEPXHOCTH 3BE3/Ibl, OHO OBIIO ObI ACHMMETPUYHBIM, BOITPEKH HAOIIOICHH-
SIM, TI0 KOTOPBIM JIMHUH MOTJIONIEHUS] UMEIOT CHMMETPUYHBIN MPOQHIIH.
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Puc.1.12. Dopmuposanue npoduis smuccuoHHbIX TuHUH Ca [l mpu nBmxeHnn no-
HOB B MAarHUTHOM T10J1¢ B 3Be31bI: @) TeopeTnuecKuii mpoduib, 6) Kpyrosas opoura
HMOHOB B 1oJie B 3Be3pl, 6) HaOmomaemele npodunu muaun Ca Il B ciexktpe SDSS
J1228+1040 no [415]. IlyHKTHPOM OTMEYEH TEOPETUYECKUH MPOQUIb JTUHHUM.

B ciydae smuccnoHHbBIX nuHUH (Hanpumep, noHoB Ca II), o6paszyembrx
JIOKAJIbHBIMHM TIOTOKaMH ra3a, HalpuMep B MAarHUTHOM II0Jie OeJIOoro Kapiiuka
SDSS J1228+1040 (Puc. 1.12), npoduias mpruoOperaeT CIOKHY (GopMy — C
JIByMsI OCTPBIMH NHKaMu 1o kpasim [415]. Takas ¢opma mpoduiist cBsizaHa ¢
TEM, YTO MHTEHCHBHOCTH KaXKI0ro ydacTka mpoduis S'd)\' mpornopiimoHaipHa
BpeMeHH 3Kcro3ulii Ot THHUKM C COOTBETCTBYIOIIUM CMEIICHHEM W JUTHHON
BOJIHBI A', T.e. S'dA' = sdt. T.k. Iy4ueBo€e yCKOpEHHE @, KaXKI0r0 HOHA CKJIa [bIBa-
€TCs U3 YCKOPEHUsI CBOOOTHOIO MaJeHUs 8y U YCKOPEHHUS 8y, OT cuiibl JlopeHua,
Haitném a, = a, + a,sin(ot), e ® — NUKIOTPOHHAs YacToTa MOHA. B utore, ¢
yuérom s¢derra Purma (1.15), npu ra,/c? << 1 HoBas jmHa BOIHBI A' = Ay(1 +
ra,/c®) = L + A\, tae A = Ay + Aora,/C* — cpeaHsisi IUIMHA BOJHBI JUHUH, AL =
Aoraysin(mt)/c? — ObIcTpOIIepEMEHHas MOMPaBKa K JuinHe BosHbl. OTcroma mpo-
(buIb TUHUY, T.€. CIIEKTPaIbHAS IJIOTHOCTh MOIHOCTH 3a/1aHbI BRIPAKEHUEM

dr *
SHAR g = =
dAM

e S* = sc¥/whoray, Ak, = Agra,,/c?. JleHcTBUTENbHO, TPO(UITE IMUCCHOHHBIX
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JIMHUH XapakTepu3yeTcsi UMEHHO Takoil ¢opmoii [415]. TIpoduns nuHMA MOXK-
HO TaKxke o0bsicHUTH 3 dexrom Jlomnepa npu BpalleHUH B MarHUTHOM MOJIE
HMOHOB, BBIOPOIIIEHHBIX TPH BCHBIMKax co ckopoctsamu ~1000 xm/c. TTo mepe
BpAIIEHUs 3BE3/1bI M PACIIOIOKEHHON Ha (PMKCUPOBAHHOM J10JTOTE AKTUBHOM 00-
JIACTH, M3JTyYaloIIei BBICOKOCKOPOCTHBIC MOHBI, U3MEHSETCS YroJl HaKJIOHA Op-
6I/ITBI HMOHOB K JIY4y 3pC€HHA U 3HAYCHUC MAKCUMAJIBHOT'O JIYUYCBOI'O YCKOPCHUA
1 JIy4eBoil ckopocTh. COOTBETCTBEHHO, MIMPUHA MPO(WIst OyaeT MepHOTUIHO
H3MEHATBCA. A B CIIydae, €ClI PONCXOIUT 3aTMEHHUE OT/ICJIBHBIX YUaCTKOB Tpa-
€KTOPUH MOHOB 3BE3/101, MPOQHIIb Oy/IeT CKaXKaThCs, 0ciadeBast B JUIMHHOBOJ-
HOBOI MJIM KOPOTKOBOJIHOBOW 4acTh. U JieiicTBUTENIbHO, HAOIIONAIOTCS UMEHHO
Takue UCKakeHHus npodms [415], mpuaém BeIpe3aHHas 9acTh MPOGUIA Kak pas3
COOTBETCTBYET OKPYIJIOH (popMe 3BE3/bI.

Otmetum, uto ynoMsHyTyo B § 1.1 anomanuto Ctpyse-Caxane [46, 74],
Hanpumep, y 38e3161 HD 190967 u AO Kaccuonen, MOXXHO OOBSICHUTD U TEM,
YTO pa3Hble YCKOPEHUSI CBOOOJHOTO Ma/ieHNs 8, Ha TIOBEPXHOCTH U B aTMocde-
pax ABYX 3BE3/ MPUBOAAT K PA3HUIIE Z JUI HUX, OTKY/a CICAYIOT HECOBIIa/Iat0-
IIMe OLCHKH JUIsl cpestHel ckopocTH (ckopocTh HeHTpa macce Vo). Tak, ckopocTh
Vy, B3MEpeHHas 10 KPUBOH JTy4eBBIX CKOpocTei sipkoro komrnonenta HD 190967
[46], moutH Hy7eBas, a y Broporo KomroHeHnTa V,~ 50 km/c: ero cnexTp obnana-
eT n00aBOYHBIM KpacHBIM cMemieHneM. MHTepecHo, uTo y 3Be3asl HD 193576
aHajorn4Hoe paznuuue ckopoctu Vo~ 100 kM/c 17151 pa3HBIX KOMIIOHEHTOB OBIIIO
emi€ B 1991 r. uaTepnpernponano 1. MapmMeToM 1Mo runore3e HaIH4IUs Y OJHOTO
13 KOMIOHEHTOB M30BITOYHOTO HEOIUIEPOBCKOTO KPACHOTO CMEIICHHUS Z, BbI-
3BaHHOTO TeM ke d(P(HEeKToM, 4TO M KpacHOE CMEIIEHHE B CIIEKTPaxX I'ajlaKTHK
u B cnekrpe Comnna [75]. HecooTBeTCTBHE MOXKET OBITh BBI3BAHO U TEM, YTO
NEPUOAUYHBIC CMEIICHUSA CHCKTPAJIbHBIX JIMHUM OTYACTH BBHI3BAHBI B(b(beKTOM
Putna. Torma nckaxxenns rpaduxos V,'(t) mpuBeayT K pa3Hoil BEeTHINHE YKCIICH-
TPUCHUTETOB €' KOMIIOHEHTOB, BBUAY pa3iuyus AiauH nepeusiaydenus | (§ 1.1).
[Tockonbky MCKaxEHHAs KpUBast JIy4eBBIX YCKOPEHUH (M MHUMBIX CKOPOCTEH
V,/*(t), Puc. 1.10) cooTBeTCTBYET KPUBOM JIy4EBBIX CKOPOCTEH C MOCTOSHHOMN J10-
6aBkoit V," = Ke'cosm + V, 3TH cMemIeHus pa3TudHbl Y IBYX KOMIIOHCHTOB. A
Jy4eBasi CKOpPOCTb IIeHTpa Macc V' cHCTEeMbI, N3MEpPEHHast 0 Pa3HBIM KOMITO-
HEHTaM, TOTJa pa3Hasi.

Wutepriperanus kpacHoro cMmemienus 1o 3¢ ¢exry Puria, 6e3 runoresst
pacumpenust Beenennoit u teopun bosbiioro B3pbiBa, HE NPOTHUBOPEUUT CY-
IIIECTBOBAHMIO MPE/ICKa3aHHOTO 3TOM TEOpHEeH pelnnKToBOro m3nydenus. Cyie-
CTBOBAHHUE TAKOTO M3JIyYCHUS] €CTECTBEHHO CIIE/IyeT M3 KIACCHUECKOH TEOpUu
BEYHOM crarpoHapHOW BceneHHol, npeactaBngs co0oi MpOCTO MUKPOBOIHO-
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Bo€ (DOHOBOE M3ITy4YEHHE KOCMHYECKOTO POCTPAHCTBA, 00J1aJal01Iee CIIEKTPOM
u3My4deHus uépHoro Tena ¢ temneparypoil B 2,7 K. Ilockonpky KocMudeckoe
MIPOCTPAHCTBO HAIIOJHEHO KpaifHe pa3peKeHHBIM MEK3BE3IHBIM U MEKTalaKTH-
YECKUM Ta30M U IBUIbIO, €CTECTBEHHO, YTO OYy4d HArpeThl H3ITyUYCHUEM 3BE3,
OHHU O0JIaJIa0T HEKOTOPOU paBHOBEeCHOU Temmeparypoii B 2,7 K. Takum obpa-
30M, He 00s13aTeJIbHO CUMTATh U3JIyUYCHHE PEITUKTOBBIM, T.€. COXPAHHBIIMMCS C
MOMEHTa POXJCeHUS BceneHHOH ocTaTouHBIM HarpeBOM, a MpaBHJIbHEE Hasbl-
BaTh M3JIyYCHHUE MHKPOBOIHOBBIM (POHOBBIM H3nyueHueM (Cosmic Microwave
Background) — nmeHHO Takoii TEpMUH MPUHSIT B 3apyOeKHO# TUTEpaType.

OnHUM U3 apTyMEHTOB B I10JIb3Y THIIOTE3HI O PETUKTOBOM MPHPOIE MUKPO-
BOJIHOBOTO (DOHOBOTO M3JIyYEHHs CYHTAIOT €r0 OTHOPOJHOCTH U H30TPOITHOCTb!
TeMneparypa ()OHa BO BCEX HANPABICHUSIX C BBICOKOH TOYHOCTBIO OJMHAKOBA
u paBHa 2,7 K, xapakrepusysch JUIIb MalbIMU GiykTyanusiMu. Ho paBeHCTBO
TeMIIepaTyphbl ra3a BO BCEX TOUKaX BCeNeHHON — ATO eCTeCTBEHHOE CIIE/ICTBHE
TEePMOJIMHAMUYECKOTO PABHOBECHS I'a30IbUIEBBIX 00IaK0OB. T.K. TaJIAKTUKH pac-
npeneneHsl BO BeeneHHOW B cpenHeM paBHOMepHO (BceneHHas omHOpomHa M
W30TPOIIHA), B 1000 Touke BeeeHHOI ra3 normomaer 1 u3iy4aeT B CpeTHeM
OJIHO M TO K€ KOJMYECTBO Teruia. TakoB jke MEXaHH3M OJJHOPOAHOTO (hOHOBOTO
CBEYCHHUS HOUHOTI0 Heba — 9TO Pe3ylibTaT pacCesHUs CBeTa 3BE3/ Ha ras3e U IbUIN
[129].

[TockonbKy (pOHOBOE M3ITyUEHHE MEK3BEZHOTO I'a3a U MbUIN — pAaBHOBEC-
HOE, JIETKO paccuuTarh ero TeMieparypy. Eciiu cuurars u3iydaroiuii ra3onsuie-
BOi1 006EM V abCcoMOTHO YEPHBIM TEJIOM, ToT/a 1Mo 3akoHy Credana-bonpnmana
OH M3JIy4YaeT B ¢IUHUILY BPEMEHH C SAMHHIBI YCIOBHOW TIOBEPXHOCTH YHEPTHUIO
oT4 e 6=5,67-10° Br/M?K*, a T — remmieparypa raza. Dta usaydaemas SHEPTUs
JOJDKHA PaBHATHCS YHEPTUH, MOTTIONIaeMOi 006EMOM V, T.e. SHEPTUH, MPUXOJIA-
et B 006éM V oT Beex 3BE3x, TanmakTuk Beenennoit. CpemHecTaTHCTHIECKAS
rajakTHKa M3JIy4aeT B CPEIHEM XapaKTepHyl MolnHocTh Py = 10°7 Br [130].
Beigenum B mpocTpaHcTBe BOKPYT 00béMa V cdepuueckuii caoi TommuHs! b u
paguyca r. On comepxut E4nr?h ramakruk (rae & — cpeaHss KOHIEHTPAIKs ra-
JIaKTHK BO BeenmenHoit) 1 namydaeT MomHoCTh Py = EPydnr?h. 13 st1oit MorHo-
CTH IIAPHK C MOMEPEUHBIM CEYCHHEM S OyAeT MOINIOMaTh MOIHOCTh SPy/47tr? =
SEPyb (Puc. 1.13). T.e. MOLIHOCTD, MOCTYMAOMNIast B 00BEM Ta3a oT chepruuecKo-
TO CJIOSI, HE 3aBUCHT OT pajiryca ciiost I. [1o3TomMy 0011yt0 MOIITHOCTD U3JTy4eHHS,
MTOCTYTIAONIYIO K Ta3y OT BceX cI0EB, HaWAEM Kak SEPRy, cymmupyst TommuHy
cnoéB: npuHsiB b paBHEIM paauycy Habmonaemoi BeenenHnoit Ry = 12-10° cBero-
BbIX JieT (~12-10% M), T.e. pacCTOSIHUIO IO CaMOTO0 JaJEKOT0 HAOIHIaeMOT0 00b-
exta. Konnenrpanus ranakruk & = N/(4nR%/3), tne N = 10" — gmciio ranakTuk B
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nabmonaemoii uactu Beenennoii [130], a 4nR3/3 — €€ 00bém.

Puc. 1.13. Chepuuecknii 00bEM Ta3za, HarpeThlil CBe-
TOM 3BE3[, M3ITydacT MPH PABHOBECHOW TemIeparype 1.

[TomHast MOLITHOCTE, M3Ty4YaeMas cepuaeckuM o0bpEMoM V Tasa u by,
4ScT4, 1omKHA COBIANAThL C MOMIOINAEMOI MOIIHOCTEIO 3SPyn/4nR 2. Otcrona
paBHOBecHas TemIieparypa oobéma rasa

T = (3Pon/166nR )",

TTocne moxacraHoBKU Beex 3HadeHuid Hangém T = 2,9 K, yro Onm3ko K
peanbHOI Temmeparype GpoHoBoro m3nydenus 1 = 2,7 K. Urtak, ¢poHOBOE M3ITY-
YEHHE — 9TO PAaBHOBECHOE M3IIyYEHUE MEKTaJIaKTUIECKOTO Ta3a U MbUIN, Iepe-
U3TY4aolINX YHEPTUIo, MPUXOAIIYI0 B Buae ceera. OTMerum, yto B 1995 1
AQHAJOTUYHYIO HJICI0 O MUKPOBOJIHOBOM ()OHOBOM M3JTyUCHHUH KaK O COBOKYITHOM
H3IlydeHun Bcex 3BE3x, Bbickazanu B.C. Tpouukwii [131] u H.A. Kyk [132] B
paMKax JIOTIOJHHUTEIBHBIX TMIIOTE3 O XapaKTepe MONIONICHHUS CBETAa MEX3BE3 -
HOM cpemoii, HO 0e3 YNCIIEHHBIX OIIEHOK TeMneparypsl (oHa. [lomoOHas orenka
oni1a gana B 2007 1. aBropom [A 10, A26] B X0/l HE3aBHCHMOTO aHAJIN3a, B KOTO-
pom Temneparypa T = 2,9 K (oHoBOro nzinydeHus paccuiraHa B paMmKax CTpo-
TOT0 aHaJn3a M0 CPeIHEel MOIIHOCTH M3JIyYEeHUs! I'ajJaKTHK, CBETUMOCTH KOTO-
PBIX IMEIOT MEHBIINH pa3opoc, ueM y 3BE311, a KOHIIEHTpaLHs N OIpeelsieTcs ¢
6omnbInei ToUHOCTHI0. OOBIYHO ra3 U3JIy4yaeT CIeKTPAIbHbIC JINHAH, a HE CIUIOLI-
HoHl criekTp. Ho xocMuueckast mbliib M MPOTSHKEHHBIE TOJIIM ra3a TEHEPUPYIOT
HETIPEePBIBHBIN CIIEKT), KaK moka3biBaeT npumep Connna. Temmneparypa 4€pHOTo
Tela, HarpeToro n3jyueHueM 3BE3 BceneHHOM, paccuuThiBaach U NPEexXe, U
noJyiydanachk Toro ke nopsaka ~2 K [133, c. 131]. Dta runore3a ecTeCTBEHHO
00BsICHSICT ONM3KNH OPSIOK INIOTHOCTH SHEPT U ONITHYECKOTO M3ITyYESHHUS BCEX
3BE3JT M PEITMKTOBOTO M3NydeHus ~0,5 5B/cM?, Ka3aBIIHIACS TPEXk/IC 3araJ0UHbIM
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[129, c. 248]. IIpu sTom paamyc R, Habaromaemoii BeenenHoit coorBeTcTByeT
He UCTUHHOMY pa3mepy BceneHHOIi (koTopasi B Kiiaccudeckoil (usmke Oe3rpa-
HUYHA 1 OECKOHEYHA), a — MPEACTHPHOMY PAaCCTOSHUIO R, Ha KOTOPOM pa3inuInM
cBeT ramakTuk. OHO omperessiercs: MO0 Kak CPeaHss JJIMHA CBOOOIHOTO MPo-
Ocra peoHoB B Bakyyme (§ 4.10), 1100 Kak cpenHsis IJIMHA podera Jrydei cBe-
Ta JI0 MOTIIONICHUS TBUTMHKaMH paguyca I~ 1076 m. J[nuHa mpobera CBETOBBIX
nyueit Ry = 1/27r2N ~ 10%° M, 0TKy/a KOHIIEHTPAIMS KOCMHYECKUX MBITHHOK BO
Bcenennoii N ~ 102° cM > — BelTMUUHY JIOMYCTUMYIO.

Ota runore3a OOBSICHSET M (IYKTyaluH, Majible HEOIHOPOJHOCTH pe-
JIMKTOBOTO M3JIyYCHHUs: B HEKOTOPBIX HAMPaBJICHHUSX €ro TemIieparypa 4yTb
BBIIIE, A B JIPYTHX — UyTh HIDKE CpeJHEro (oHa. DTO CBA3AHO C TEM, YTO B OA-
HUX yJacTKax BceneHHON KOHIICHTpAIHs TaIakTHK, B CHUTy UX CIy4aifHOTO pac-
MIpEe/ICIICHNs, Yy Th BBIIIE CPEIHEH, OTYEr0 BO3JIE TaIaKTHK MEKIalakTHIeCKHN
ra3 Harper cuibHee. A TaMm, IJie CKOIUICHHs TajlaKTHK pexe, TeMIeparypa He-
CKobKo HIKe. Tak, B co3Be3nu DpHuiaHa ecTh y9acTok Heba (Eridanis Super-
void), pakTHYeCKH CBOOOIHBINA OT 3BE3] M TaJIaKTUK, 00JIaaloIIUid TemIepa-
TYpOl peluKTOBOro u3nyueHus B cpeaHeM Ha 70 MxK MeHbIIe cTaHAapTHOM
2,7 K (xotst Tunmunsle (uaykryarmu penuktoBoro ¢ona ~18 mMkK) [134]. Oto
PenmnkroBoe Xomonuoe Ilsatao (CMB Cold Spot) ectecTBeHHO OOBSICHUTH TEM,
YTO B YYaCTKaX C AC(QHUIMTOM TaJIaKTHUK Ta3 HarpeT B MEHbIIeH creneHn [121,
A50]. Y HanpoTuB, B yuacTKax HeOa, Tl COCPEIOTOUCHO MHOTO TaJIAKTHYCCKUX
CKOIIJIEHUH, TeMIieparypa peuKToBOro ¢poHa — n30piTouHas. Tak, y CKOTUIEHUH
TaJIaKTHK, HacuuThIBatomux 1400 4ieHOB, OTKpHITa W30BITOYHAS TEMIIepaTypa
PEeIUKTOBOTO (pOHA, KOTOPYIO OOBSICHIIIN COINIACOBAHHBIM JBHKEHHEM CKOILIC-
HUH («TEMHBIM TIOTOKOMY), BeayluM 1o sddekry Jlomiepa kK pocTy 4acTOThl
CIEKTPaJIbHOIO MAKCUMyMa M K 3aBBIILICHHOW OLIEHKE TeMIIeparypbl MUKPOBOJI-
HOBOTO (poHa [AS50]. Ecnmt sxe doH mpencTaBiseT cod0il paBHOBECHOE TEIIOBOE
W3JIyYeHHE ra3a, TOT/Ia BO3JIe CKOIUICHHH ra3 1 MblJIb HarpeThl CUIbHEE,  4acTo-
Ta CHEKTPaJbHOro Makcumyma Bbimie. T.e. ¢urykryarmuu ¢oHa — 310 ciencTBue
(uryKTyanuii KOHIIEHTPALWY TaTakTHK. DIyKTyalul Mabl, T.K. IPH YCPEIHEHUN
1o GompImmM 00BEMAM paclpezielIeHHE TalaKTHK MPAKTHUECKH OTHOPOIHOE.
JleHCTBUTENBHO, COIACHO MTOCIIETHUM N3MEPEHUSM, B CPABHUTEIIBHO «ITYCTBIX)»
yuactkax BceseHHOM, O€HBIX raJlakTHKaMH U CKOIUICHUSIMH, TeMIIeparypa pe-
nmukToBOTO (poHa Ha 5—15 MKK HWKe, UeM cpelHsisi TemrepaTypa peIMKTOBOTO
(ona, a B paiioHe raakTHIecKux cKoruieHmit — Ha 5—10 MkK BrImIe, gem cpen-
HSISL TEMITepaTypa pesuKToBoro (oHa [424]. Dto emé pa3 CBUACTEIbCTBYET, YTO
TeMIieparypa pelIuKToBOro (hoHa — 3TO PAaBHOBECHAs TEMIIEpaTypa MeK3BE3IHO-
IO ra3a u IMbUIH.
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Takoke OTKpBITHI KpyITHOMAacIITaOHbIe (ITYyKTYyalllu, OXBaThIBAIOIINE 1IN~
pOKHe y4acTKH HeOa ¥ BHICTPOSHHBIC BIOJIb JIMHUH, HA3BAHHON «OCHIO 311a» 3a
HEBO3MO)KHOCTh OOBSICHUTBH €€ B paMkax Teopuu bombiroro B3peBa. C TOUKH
3peHust Teopur PuTiia pudYMHA B HEOAHOPOIHOM PacIpEAEIeHUH TaJaKTHK —
B KPYITHOMACIITaOHOH cTpyKType BceeneHHOi, MOCKONbKY CKOIUICHHS I'ajlaKTHK
IPYNIHUPYIOTCSl B «ONUHBIY U «BosiokHa» [136]. Haxoxsck B miockocTu «Omu-
Ha», «BOJIOKHA», B 3TOM MJIOCKOCTH M HAOIIONAIOT KOJeOaHMSI KOHIEHTpPAIUN
rajlakKTUK ¥ TeMIieparypsl poHa (IprMepHO Kak B ['aJlakTHKe SPKOCTh MEHSIeTCs
BZI0JIb MIOJIOCHI MIIEYHOTO Iy TH). DTa KpyIHOMacIuTabHast CTpyKTypa U3 MUpHa-
JIOB raJIaKTHK 00pa3yeT CBOETo pojia «CyNepPMIICUHBIH MyTh», BUJUMBIH B (hopme
BapHaruii penukToBoro ¢oHa. Tolf jke MPUPOABI MOXKET OBITH YIIIOBOM MHUKpO-
TpaiueHT TeMIIepaTyphl PeIUKTOBOTO (hoHa. OH MOXKET OBITh M KOXKYIIUMCS — OT
CMEIIEHHsI CIIEKTPAILHOT0 MakcuMyMa 3a cuér addexra [lomiepa npu aBrKe-
HuH 3eMin 1 ['agakTUKH OTHOCUTEIBHO MEKIaJaKTHIECKOIO rasa.

B mosip3y TOrO, YTO MUKPOBOJIHOBOE (DOHOBOE M3ITYUEHHE MPEICTABIIA-
eT co00li paBHOBECHOE M3ITyUYCHHE MEKIAIaKTHUECKOTO I'a3a, CBUJICTEIbCTBYET
u crnabasi noJspu3alusi MUKPOBOJIHOBOTO (pOHA, XaOTHYECKH MEHSIOMIAsCsl OT
TOYKM K Touke. Takas mosspusainusi 0ObIlYHA IIPU PACCESHUM CBETa OoOJiaKamMu
ra3a ¥ MbUIM C ONTUYECKN HEOJHOPOIHOH XaOTHYECKH MEHSIOMIEHCS] BOJTOKHH-
CTOM CTPYKTYpOH, COOTBETCTBEHHO MEHSIOIIEH HANPABICHNS 1 JUTHHBI BEKTOPOB
MoJIIpU3alluy, Kak mokaseiBaeT psa apropos [137, 138]. B cranmaptHO#l KOC-
MOJIOTHYECKOI MOJIETIM aHOMAaJIbHYIO MOJISIPU3ALIUIO, IPOTUBOPEUAIYIO0 MOJIEIN
MHKPOBOJTHOBOTO (JOHA KaK PEIMKTOBOTO M3IyUICHUs, OOBSCHIIOT B paMKaX J10-
TIOJTHUTEJBHBIX TUIIOTE3 00 MCKAKAIOIUX MUKPOBOIHOBBIN (DOH IpaBUTAIIMOH-
HBIX BoyiHax. OIHAKO B AajbHEHIIEM TEOPETHYECKUI aHaIU3 M CHATAsl 3aBUCH-
MOCTb BEJIMYMHBI (UIYKTYaAIMi OT JUIMHBI BOJIHBI TIOITBEPIMIH, 4TO (IIyKTyallun
TIOJISIPU3ALUH U TEMIIEPATyphl PEIMKTOBOTO (hoHA 0OYCIIOBIECHBI PACCESHIEM Ha
obmaxax ra3a u msutH [ 139—142]. 310 cBHAETENBCTBYET B ITOJIB3Y TOT'O, UTO U CaM
PENMKTOBBIH (DOH TpeJCcTaBiIseT COO0H PaBHOBECHOE M3IIyYCHHE MEKIaJaKTH-
YECKOro ra3a H IbUIH.

Takum 06pa3oM, ¢ TOUKH 3peHHs OATUTMCTHUYECKON TeOpHH HET Hazo0-
HOCTH B rurnorese bombioro B3pbiBa 1 pacmmpsironieiicst Becenennol, a kpacHoe
CMEIIEHNE U PEIMKTOBOE N3JTyUYeHHE OKa3bIBAIOTCS €CTECTBEHHBIM CIICICTBHEM
KIIACCUYECKNX 3aKOHOB MEXaHUKHN U TEPMOAMHAMUKH, IMTPEACKa3bIBasA MpPaBUJIb-
HBIE 3HAYCHHS TOCTOSHHON Xa007a 1 TeMItepaTypbl «pEITUKTOBOTOY (OHA.

OnmHUM U3 KPUTEPHEB HKCIICPUMEHTAIBLHON MPOBEPKH OaJUIMCTHYECKOH
Teopuu U posu dpdexra Putiia B co3aaHM KPaCHOTO CMELIEHUS FaJIaKTHK CTa-
HET HEe3aBUCHMOE M3MEpEHHE CKOPOCTH MX YIAJICHHs, HAIPUMEp, 10 CKOPOCTH
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COKpAIIEHUs YIJIOBBIX Pa3MepOB, WIIM MO CKOPOCTH CIIafa WX BHIMMOU SPKO-
ctu. CoBpeMeHHasl TEXHUKa aCTPOHOMUYECKUX M3MEPEHHH yKe JOCTHINA Tpe-
OyeMOIt JiIsl 9TOro TOYHOCTH. JIpyrMM METOJOM NPOBEPKH CTaHET M3MEpeHne
CKOPOCTH POCTa KpPAaCHOTO CMELIEeHUs Z = rH/C, eClli OHO BBI3BAHO Yy/AJIICHHEM
ranakTuk co ckopocteio V = rH. Torma r = ry + Vi, z = (r, + rHt)H/c, otkyna
dz/ dt = ryH¥c = zH. Tlpu z = V/¢ monyuanm AV = zHCAt = aAt, tiie 17st 00bEKTOB
¢ z= 1 xoapourment a = 7,5-1071% m/c?. [TockoIBKY COBpEMEHHAs CIIEKTPOCKO-
IUst ¥ J1a3epHast pr3nka mo3BOJISIIOT OOHAPYKUTh HUUTOKHBIE BAPHUAIIMN YacTO-
TBI, COOTBETCTBYIOIINE TOYHOCTH n3MepeHus ckopoctu AV ~ 1 cm/c, cnenosa-
TEJIHHO, IX MOYKHO OOHAPYKUTH 3a BpeMs At = AV/a ~ 0,5 roxa, 9To npeamaraoT
HCIIONB30BaTh I MPSIMOTO N3MEPEHUs YCKOPEHUs! pacnpeHus Beenennoii o
npeiidy mydaesoii ckopoctu V [143, 144]. Hanpotus, B paMKax 0alIHCTHIECKON
TEOPUH TAKOTO Apeida Z U yIIIOBBIX pa3MEpPOB NCTOYHMKA HEJb3s HAOIIOATh.
Kpome Toro, commacHo 6aumMCTHYECKON TEOPUHU, OOHAPYKUTCSI 3aMETHOE pa3-
JINYME BEJIMUYMHBI KPACHBIX CMEIIECHUI B Pa3HbIX ydacTKax OJHOW M TOM ke ra-
JIAKTHKH, U emé 0oJiee 3aMEeTHOE — B BEJIMYMHAX KPACHBIX CMEIEHUH raJakTHK,
00pa3yromux CBs3aHHble napbl. TakuM 00pa3oM, METOIbI COBPEMEHHOH BHE-
rajlakKTH4eCcKOil aCTPOHOMMH OTKPBIBAIOT PsiJi HOBBIX BO3MOXKHOCTEH TPOBEPKU
OasumcTHuecKoi Teopun U apdexra Purna.

§ 1.3. Agpghekm abeppayuu 36630HO20 ceema u e2o0 aHomMasnuu

D¢ dexr abeppanuu 3BE3THOIO CBETa COCTOUT B OTKIIOHEHHH JTy4el cBeTa
U CMENICHUH BUJIUMBIX ITOJIOKEHUH 3BE3/1 Ha HEOOCBOIE B X0J1e OPOUTATIBHOTO
nBrokeHust 3emuin. D¢ ekt OblT OTKPHIT U UHTepnpeTnpoBan Jx. bpamuieem B
1727 r. [38, 145] B paMKax KOPIYCKYISIPHOW TEOPUHU CBETA KaK CIEICTBHE OT-
HOCHTEIIBHOTO XapaKTepa JABMKEHHS CBETa, T.C. BIMSHHS JABIKEHHS 3eMJIM Ha
OTHOCHTEIJBHYIO CKOPOCTh cBeTa. Ha 3emite, neTsimieli mo opouTe co CKOpOCThIO
V =~ 30 xm/c, OTBECHO MaJaroNIye JIyYd CBETa, ABMKYIIUECS KakK IOTOKH KOp-
ITCKYJI CO CKOPOCTBIO C, TOJDKHBI IO KIACCHUECKOW KMHEMATHKE, OTKJIOHSATHCS
Ha yroin o = V/C. [leficTBUTENbHO, HAOMIONACTCSI CIOKEHHE BEKTOPOB OTHOCH-
TEJIBHOI CKOPOCTH 3Be31bI V (HETIOABIKHON B TEIIMONIEHTPUIECKON CUCTEME) 1
CKopocTH €€ cBeTa C 1o 3akoHy C' = C + V. 1 3Be31a perymsipHO cMemaercst oT
HCTUHHOTO TIOJIOXKEHHS Ha yTOlI L.

O dexr 3BE3mHOMN abepparyu 1 OmbIT MailikenbCoHa, IO CYTH, TOATBEp-
JIWIIH, YTO CKOPOCTh UCTOYHMKA V BIUSET HA CKOPOCTD C' UCITYIIIEHHOTO UM CBE-
ta. Ho B pamkax CTO cunrtanocs, 4To CKOPOCTb NCTOUYHHKA BIIMSET JINIIb HA Ha-
IIPaBJIEHUE CKOPOCTH UCITYIIEHHOTO UM CBETa, HO HE MEHSET €€ BEITMUNHY C' = C.
T.e. B penaTUBUCTCKOM KMHEMaTHKE MMEET MECTO TapajoKcalbHasl CHTYaIlus,
KOTJIa K CKOPOCTH CBETa J00aBIIsieTCs MMONepeyHas COCTaBIAoNIas ckopoctu V
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(M3MeHsIoIIas HAMPaBICHHE CKOPOCTH CBeTa C'), HO HE JO0aBISACTCS MPOIOIh-
Hasl, U3MEHSIOIIast BEJINYUHY C'.

IepOept JIuHIN npeanoxm ncroab3oBarsk dGdekT 3BE3HOM abepparyn
JUISL IPOBEPKH OAITMCTHYECKON TMIIOTE3bl O BIMSHUY UCTOYHUKA HA BEINYHUHY
ckopoctH cBera [145, 146], myrém cpaBHeHUs yria abeppanuu o 3BE3/ HamIei
lamakTvKH, M3My4alomuX CBET CO CKOPOCTHIO C' = C, U yria abeppanuu o' ra-
JIAKTUK (yAAISIOMINXCS, €CJIU CYyIUTh 10 KPAaCHOMY CMEIIEHHIO, CO CKOPOCTBIO
U, ~ 0,1C, T.e. M3TyYarOMHUX CBET CO CKOPOCTEIO C — ;). YTON abeppaliiil paBeH
OTHOIIICHNIO OPOUTATBHOM ckopocTh 3eMin V K CKOPOCTH CBETa C' OT UCTOYHH-
ka. CoracHO OaITHCTHYECKON TEOpHH,

a'=V/(c-v)na=V/c

pasnugamuck 061, a B CTO — coBnamanu Obl. HaGmroneHus moka3and, 4To YIJIbI
abepparmu 3BE37 U raJlakTUK paBHHI [ 147], Bonpeku Teopun Putna [6, 145]. Ho,
kak orMeTui1 cam Jlunrn [146] u aBropsl HaOmoaeHui [147], 3T0 BEPHO TOJIBKO
B Clly4ae, eClli KpacHOe CMEICHUE BbI3BAHO yNAJCHHEM rajakTuk. A sddekr
Putna o0bsiCHSIET KpacHOE CMelleHHe 0e3 TUIOTE3bl O TMTaHTCKUX CKOPOCTSIX
ranaktuk (§ 1.2), mporuBopeuameit psay aanusix [110, c. 9]. A mpu v, << ¢
YIJIBI 0’ ¥ 0L COBITAJYT.

BnpoueM, gaxke B ciyuyae ynaneHus rajakTHK co ckopocTsaMu v, ~ 0,1c,
HX CBET, OCIIE MePEU3IyYeHHs] MEeK3BE3IHBIM I'a30M B Halell [anaktuke, Boc-
CTaHaBIMBAJ OBl CTAHJIAPTHYIO CKOPOCThH C, M BOCIIPHHUMAJICS ObI BCErna 1o
OIIMHAKOBHIM abepparoHHBIM yIiioM o. KpoMme Toro, cBeT 3BE31 M raJlakTHK B
ComnHeuHOH cucTeMe NPOXOANUT CKBO3b ITOTOKH IUIA3MBbI (ConHeunblll 6emep), pac-
xomsmuecss ot ConHIa co ckopocThio U ~ 500 kM/c. 3a cuéT mepen3mydeHus
TIOABMKHON TUIA3MOM, CKOPOCTh CBETA, NMPUXOAAIIETO K 3eMile, CHIXKACTCS 10
3HaueHus C — V.. B utore BenmuumHa CKOPOCTH cBeTa C — Uy, HAMJCHHAS 1O H3-
MepeHHOMY yriry abepparun o = V/(C — v;), HOTy4IHUTCS HA BEIHUUHY U, ~ 500
KM/C MEHBIIIE 3HAYEHUS CKOPOCTHU CBETa ¢, U3MEPEHHOT0 B JIAOOPATOPHBIX KC-
TIepUMEHTAX.

JleficTBUTENFHO, aCTPOHOMHWYECKHE METOIBI U3MEPEHHS CKOPOCTH CBETa
(o abeppaliiOHHOMY YTIIY) JAIOT CUCTEMaTHUECKH MEHbIIee 3HAUCHHE, YeM Be-
nuyrHa € = 3-10% M/c, u3MepeHHas B BakyyMe B 3eMHBIX Jjaboparopusix [148, c.
209] (XoTs KOCMHYECKHi BaKyyM 0OoJjiee BBICOKHI, YeM B 3€MHBIX YCTaHOBKax,
U CKOPOCTH CBeTa C/N mpu N — 1 OblIa ObI TaM BhIIIE). DTOT (KT, TOJITOC Bpe-
Msl KazaBIIuiics 3aragounbiM [148], B OaJuMcTHYeCcKOl TEOpUH CBETA MOIYYHIT
€CTECTBEHHOE OOBSICHEHHE.

OTmeTuMm, 4TO CIIOKEHHE CKOPOCTU CBETA CO CKOPOCTBIO MOTOKOB IIa3-
MBI, BeIOpaceiBaeMbix CouHieM, kak npeamnonoxmi B.M. Cekepun [149], 00b-
SICHSIET M PE/IKME aHOMAaJIbHBIE BBIOPOCHI 3HAYCHWH CKOPOCTH CBETa B OIBITE
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Bonu-bpyeBnya 110 M3MepeHNI0 CKOPOCTH CBETA OT ABMKYIIMXCs KpaéB CoHia
[27]. OTnenbHBIE 3aMephl OKA3aJIM 3HAYEHUSI CKOPOCTH CBETA 3aMETHO BHIIIE C.
JleCTBUTENTPHO, HECMOTPSI Ha NPOXOKACHUE CBETa Yepe3 3eMHYI0 arMocdepy,
3 deKT nepensrydeHus Ui CBETa OKa3blBACTCsl MaJl, €CIIM CKOPOCTh U UCTOY-
HUKa (TU1a3Mbl) BeJiMKa M HarpasieHa Kk 3emie (§ 1.1), 4To 0coOeHHO cKakeTcst
Ha SMHUCCHOHHBIX JHUAX (§ 2.2). B Takux cimydasx armocdepa He ycrieBaeT
TIOTacUTh M30BITOK U CKOPOCTH CBETA, M 3TOT U30BITOK MOXKET OBITH HEMOCPEN-
CTBEHHO OOHapy>KeH.

Takum oOpa3om, pe3ynbrarhl aHanM3a abeppaluy CBeTa BHE3EMHBIX HC-
TOYHHUKOB HE MMPOTHBOpEYAT OaIMCTHYeCcKol Teopu. Kpome Toro, MoxxHoO 1o-
CTaBUTbH MPAMOHN IKCIIEPUMEHT TI0 MCCIICOBAHHIO BINSHHUIO CKOPOCTH U TNIAaHET
Comnneunoit cucremsl wm AMC Ha BenMUUHY aOeppallioHHOTO yIila WIyIIEeTo
OT HMX CBETa WJIN PAJMOU3ITyUEHHs B 00JIACTH, /i€ MEXKIUIAaHETHAs cpejia Mpak-
THUYECKH HE Tepensiydaer cBeT. BimsHue ckopoctu U, ~ 10 KM/C ITposiBUTCS B
M3MEHEHNH YIUIa O Ha BETHIUHY

Ao =a'—o=Vy,/c2=0,0007".
Takyro BenauHy Ao J1erKo 3apUKCHpOBaTh paanonHTEP(HEPOMETPOM CO CBEPX -
nuHHO# 6a30it (PCJIB). T.e. u3MepeHue o UMeeT CMBICT MPOBOIUTH st AMC,
TIOCBHIIAONINX PaJIHOCUTHAIIBI, HIIH [UIs TuaHeT — Mepkypwusi, Benepst, FOmnTe-
pa, MHTEHCHUBHO M3JIyYarollux B paguoauanaszone [150].

§ 1.4. AHomanuu aK3onnaHem Kak cnedcmeue eapuauyuli CKOpo-
cmu ceema

D¢ dexr bappa, paccmorpennsiii B § 1.1, ocobeHHO akTyaseH i coBpe-
MEHHOW aCTPOHOMHH, ITOCKOJIBbKY MO3BOJISICT OOBSICHUTH aHOMAIIUH YK30IUIAHET,
KOTOpBIE HE YaJIOCh HHTEPIIPETHPOBATh B PAMKaX COBPEMEHHOH acTpo(u3nuKu
1 KOCMOTOHHH TTAHETHBIX cUCTeM. Tak, y psia 3K30TUIaHET OTKPBITHI aHOMAJIb-
HO BBICOKHE OpONTAIIBHBIE 3KCIICHTPUCHUTETHI, IOCTUrAtoIIe 3Ha4eHui e = 0,3—
0,97. Takue HKCIIEHTPUCUTETDI, BO-TIEPBLIX, HETUITUYHBI 17151 1aHeT COoNTHeUHON
cucteMsl (Tne MmakcumansHoe € = 0,25 —y [myToHa, B CBSA3U C 3TUM U APYTHUMHU
AHOMAJTUSMH UCKITIOYEHHOTO coBeToM MAC 13 4mcia IUTaHeT), BO-BTOPBIX, TIPO-
THUBOpEYAT KOCMOTOHHYECKUM TEOpHsIM (POPMUPOBAHUS TUIAHET U3 Ta30TIBIICBO-
0 MPOTOIUIAaHETHOTO o0Naka (eunomesa LLImuoma). BeICOKUE IKCIIEHTPUCUTETHI
0OHapyKEeHbI Y KOPOTKOTIEPUOIHBIX IK30IUIAHET OJIM3KUX K POJUTEILCKOH 3Be3-
Ie, B 001acTH, /1€ IPIITHBHBIC () (EKTH, «CKPYTIISIONINE OPOUTHI, HCKITIOYAIOT
00pa3oBaHME IUIAHET C BBHICOKUMH OPOMTAILHBIMH SKCIEHTPUCHTETAMH. DIe-
MEHTBI OPOUT IJIAHET M3MEPSIOT KOCBEHHO, MO KPHUBBIM OJIECKa WIIM JIy4YeBBIX
CKOpOCTEH 3BE3/, ABMKYIIMXCS BO3JIE IIEHTpPa MAcC MO BIUSHUEM TATOTCHUS
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IUTAHET, ¥ €CTECTBEHHO JIOITYCTHTh, YTO BHICOKME PACUETHBIC IKCLIEHTPHCUTETHI
€' SIBISIFOTCS. MHUMBIMH, BBUJYy MCKa)KCHHSI KPUBBIX OJIECKa M JyUeBBIX CKOPO-
creii apdexrom bappa, kak B cirydae TBOMHBIX 3BE3.

B yactHoctH, s mianer WASP-18b u WASP-33b, obnanaromux npe-
JETFHO KOPOTKUMHE OpOHUTaIBHBIME IeprogamMu P ~ 1 cyT u cTonp OIM3KUX K
POANTENBCKUM 3BE3/1aM, UTO Ja)Ke HE3HAUUTEIbHBIC SKCIIEHTPUCHTETHI ISl HUX
HCKJIIOUEHBI, IPEIIIONIATal0T, YTO UX KPUBBIE JTYUYEBBIX CKOPOCTEH, COOTBETCTBY-
rowue 3xkcueHTpucureram 0,01 u 0,174, neldCTBUTENBHO UCKAXKEHBI, HATPUMED
npuinBHBIME ¢ dekramu [62]. [To cyTH, s 00bsSCHEHNsT aHOMAIUH aCTPOHO-
MBI BHOBb mpubernu k 1°-i runorese bappa (§ 1.1). He ocranaBiuBasch mo-
BTOPHO Ha €€ HeouEéTax, OTMETHM, YTO 3TH HCKaKEHUSI ECTECTBEHHO CIIEAYIOT
13 0AJUTMCTUUECKOH TEOPUH, MOCKOJIBKY MOJTyaMIUIUTY/a JIy4eBOil CKOPOCTH B
stux cuctemax K ~ 1 xm/c, a paccrossaus r ~ 300 cB. €T, © MHAMBIE HKCIICH-

tpucutetsl (1.20) MoryT coctaButh e’ = nrK/Pc*~ 1. Takum obpaszom, gaxe

w

ciydae CHmKeHus 3¢ PekTHBHOTO yTH | B IecsaTku pa3 mo cpaBHeHuo ¢ I (K

I/r ~0,01-0,1), MOXHO OXHJATh MOSBICHUSI MHUMOTO JKCIIEHTPUCUTETA €'
nlK/Pc?=nkrK/Pc?~ 0,01-0,1, uro u HaGromaercst. [Ipuuém rpadukam Iy9IeBbIx
ckopocteit WASP-18b 1 WASP-33b cooTBeTcTBYeT nonroTa mepuactpa o ~90°,
B comtacuu ¢ 1°-biM kputepueM u3 § 1.1. [IprmuBHOE Bo3neiicTBHE TIPUBEIIO OBI
K OoJee CIOKHBIM MCKaKCHUSIM M MHBIM 3HaueHUsIM ©. B¢ 3ameTHel nckaxke-
HUE ISl HEelaBHO OTKPBITOH TpaH3uTHOHU 3k301ianeTsl KOI-889 b, y kotopoit
r ~ 3000 cB. ner, opOUTaNBHBIH Tiepro P ~ 9 cyT M monyamInIMTya JIy4eBOi
ckopoctu K ~ 1,3 km/c [151, A6], otkyna e’ = nrK/Pc*~ 15. T.e. naxe npu cHH-
xeHuu d¢dexruBroro mytu | B Tpuanars pas no cpasuenuto ¢ I (I ~ 100 cB.
net u K = //r ~ 0,03), MEUMBIiT SKCIICHTPUCHTET MOXKET TOCTHYD HAOII0IAeMOro
3HaueHus €' = 0,57, KOTopoe aHOMAaJIBHO BEJIMKO IJIS TUIAHETHI CO CTOJIb MaJIbIM
TIEPUOJIOM U paanycoM opOuTsl (p ~ 2Re). CienoBarenbHo, B 3TOM cliydae, Be-
POSATHO, TOKe HabIroMaeTcs nckaxxénHas agpdexrom bappa kpuBast ;rydeBBIX CKO-
pocrteid, 4yTo NMoATBepXkKaaeT n3MepenHas no rpaguxy V,'(f) nonrora nmepuacrpa

®~ 63°, cpaBHUMAs C TEOpPETUIECKUM ® ~ 90°.
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Puc. 1.14. PacnpeneneHue 5K30ILIaHET 110 JOJITOTaM II€pUacTpa.

JlefcTBUTENIFHO, €CIIM BBICOKUE SKCIICHTPUCUTETHI HK30IUIAHET — MHU-
MbI€, a He UCTHHHBIE, TOT/IA M0 1°-My KPUTEPHIO JOHKHO HAOIIOAAThCS HEOTHO-
POIHOE paclpe/elieHie UX pacuETHRIX opOuT mo nonrotam nepuactpa N(o), ¢
3aMeTHBIM IpeodnaganreM opout B auanasone 0° < @ < 180° u 0coOeHHO mpH
® =90°. D10 IerKo MPOBEPHTH IO 0a3aM MaHHBIX YK30TUIAHETHBIX apaMETPOB.
Tak, pecypc [152] Briroyaer xapakTepucTuku okoso 1000 sK30MIaHeT ¢ u3Me-
PEHHBIMH OpOHUTATBHBIMH JIEMEHTAMH U YIOOHBIN HHTEp(dEHC I TOCTPOCHUS
tabmui u quarpamm. ['ucrorpamma N(m), mocTpoeHHas Ha € OCHOBE, Kak pa3
COIEPIKUT SPKO BBIpaKeHHBIH MakcuMyM mpH @ = 90° (Puc. 1.14), gTo coot-
BETCTBYET MPEACKA3aHUI0 OAJUNTUCTUYCCKOM Teopruu U 1°-My KpuTepuro dpdexra
Bappa. Ograko 3TH TaHHBIE COAEPKAT BRICOKHUIN TPOLIEHT YK30TIIAHET, BBISBICH-
HBIX METOJIOM TPaH3UTOB, I KOTOPBIX M3MEPCHHAS BEIMYMHA cos® ~ () He BCerma
03HadaeT, 9To M ~ 90°, a MOXKET TOBOPUTH O MAJIOCTH € << 1.

Jpyrast BO3MOXHasI CTaTUCTHYCCKAs TIPOBEPKA TISPBOTO KPHUTEPHS — HCCIICIO-
BaHME 3aBUCUMOCTH CPEITHETO (B TIPE/IENaX Y3KOIro CEKTOpa) SKCIEHTPUCHTETa <€> OT
JIONITOTHI niepracTpa . JIedcTBUTENbHO, CIBUTH ' = @ + A® CONPOBOXKIAIOTCS U3-
MEHEHUEM M3MEPEHHBIX dKCIeHTpUCcUTeTOB e’ = ¢ + Ae (§ 1.1). IIpruém oTki0-
Henne Ae > 0 o 0° < o < 180° (Ae makcumanbHO Tipr © = 90°) 1 Ae < 0 ms
180° < @ < 360° (Ae munumaibHO 1pu © = 270°). Takum ob6paszom, 1t © = 90°
TTONYYNM <€"> OOJIBIIe CPETHECTATHCTIYECKOro <€™> . a s o = 270°, HanmpoTHB,
<e"™> HIDKEe CPeHECTATHCTIHYCCKOro <€, . [TocTpoeHHOE ISl SK30IUIaHET pacmpe-
nernenne <€™> = f(w) moaTBepskmaet u stot kputepwii (Puc. 1.16). Hanbonee ot-
4YETIIMBO TAKOHM XapaKTep paclpelesieHUs] 00HAPYKUBACTCS TIPU OPOUTATBHOM
nepuoae P < 5 cyT, mpu KOTOPOM UCTUHHBIE SKCICHTPUCHTETHI MaJIbl, H TIOTOMY
pacrtipezenenue <e'> = f(w) orpaxkaer, no cyTH, pacrpe/e/ieHie MHUMBIX SKCLIEHTPH-
CHUTETOB, T.€. IOATBEPKAACTCSI U BTOPOU KPUTEPUIA.
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Puc. 1.15. Tnarpammer N(o) sx3omutaner [ 152] amst pasHbIX auama3oHoB K/P:
a) KPP < 3 (m/c)leyr, N = 330, 1 + 3N'2 = 1,17, R = 0,83;
0) K/P >3 (m/c)/cyr, N=39, 1 +3N"2=148,R=1,78;

6) K/P > 5 (m/c)leyr, N=28,1+3N"?=1,57,R=2.5;

2) K/P > 12 (m/c)/cyt, N =20, 1 + 3N2= 1,67, R = 3,0.

Otuérmuso BuaHo (Puc. 1.16), kax mpu ymeHnsleHnu neproaa P pacope-
JIeJICHUE U3 TIOYTH OJIHOPOIHOTO CTAHOBHUTCS PE3KO HEOJHOPOIHBIM C MAaKCHMY-
Mamu B paiione ® = 90°, ® = 180° n » = 0° (mpuuém npu P < 3 CyT 3KCHEHTPUCH-
TET MEX/Jy MAKCUMyMaMH MaJlaeT MOYTH JI0 HyJIsl, TOATBEPKIast YTO NCTHHHBIA
SKCIICHTPHUCHUTET € HyneBoi). Kak mokaxeM nmanee, HCKaKEHUS JIEHCTBUTEIEHO
JIOJDKHBI IPUBOIUTH U K YBEIMYCHHUIO SKCIICHTPUCUTETA, TOMUMO ® = 90°, emé u
B paitone ® = 180° u ® = 0°. OTcrona MOHATEH U TOT (GakKT, 4To MpH P < 3 CyT yxe
Ae > 0 nst 180° < @ <360°, T.x. 1u1st Mansix P peobnanaer yxe a¢dexr Puria,
a He Jlorurepa, n HaGMIOIAeTCSl KPUBAst MHUMBIX JTyUEBBIX CKOPOCTEH.

JeiicTBuTensHO, Oonee HATEKHBIM TIPEICTABILISTCS TIPOBEpKa 10 2°-My KpH-
TEpPHIO, KOTOPBIH TpH JT0GaBOYHOM dKcIieHTprcHTeTe ¢’ ~ TtFK/PC? BBIBISICT HEOITHO-
pomHocTh pactpenesnerust N(®) Tonbko mpu 3HaueHuu K/P Bblilie KpUTHYECKOTO,
T.e. y IUIAHET C KpaT4alluMu repuogaMu P u HauBhICHIMME OpOMTAIBEHBIMH
ckopocTsimu K, 1715t KOTOPBIX THIMYHBI HCTHHHBIE SKCIEHTPUCUTETHI € ~ 0. Jlyist
CTAaTHCTHKH CJIEAYET 0TOOPATh IUIAHETHI, BBISIBICHHBIE METOJIOM JIyYEBBIX CKOPO-

creii ¢ € > 0,01 (1t TOYHOTO M3MEPEHUS JONTOTHI IIEPHACTPa ©).
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Puc. 1.16. Tuctorpammel pactipeeseHnii <e™>=f(w) npu: a) mpor3BOIBHOM
opbutamsHOM nieprioze P, 6) ipu P < 10 cyT, 8) ipu P <5 cyT, &) ipu P <3 cyT.

Takol CTaTUCTUYECKUI aHAIU3, IPOBOJUMBIN B pa3HbIX JUaNa3oHax Ia-
pamerpa K/P, neiicTBHTENIBHO, BBIABII XapaKTEPHYIO KPUTHYECKYIO BEJIMUHHY
K/P ~ 3 (M/c)/cyT, Bblllie U HUXKE KOTOpOil pacnpezneseHust N(o) cyiniecTBeHHO
pasusres (Puc. 1.15). s K/P < 3 (m/c)/cyt pacnpenenenue N(m) — crarucruue-
CKH OIHOpOJIHOE (B Mpe/enax TpEX CTaHIapTHBIX OTKIOHeHH# 36), a 1t K/P >3
(M/c)/cyT pactipenencaue N(®) CTAHOBHUTCSI HCOIHOPOIHBIM, C 3aMETHBIM IPEO0-
naganuem opout ¢ 0° < @ < 180° (R > 1). Takxke nepuacTpbl HAYMHAIOT KOHIICH-
TPUPOBATHCS BO3JIE 3HAYCHUS © = 180°, 4TO MOXKET OBITh CIIEICTBUEM HCKKEHHUS
rpaduka MHUMBIX Jy4eBbIX ckopocTel o addexry Purna (Puc. 1.10). Ho, kak
orMeueHo B § 1.2, MakcMMaibHasi BEJIMYMHA MHUMBIX 9KCLEHTPHCUTETOB IS
® = 180° orpanuyena 3HaueHueM €' ~ 0,5. bonee BHICOKHE SKCIICHTPUCHTETHI B
obnacti ® ~ 180° 00ycoBIEHBI TEM, YTO JaXKe B OTCYTCTBUE MUCKaKEHHU €CTh
KpHBasi MHUMBIX JIy4eBBIX CKOPDOCTEH, @ UCTUHHBIE SKCIIEHTPHCUTETHI B JIBA pa3a
MeHbIIe pacuéTHBIX (cM. § 1.5).

CreneHp acuMMeTpuu R cTpeMuTENbHO HapacTaeT mo mepe pocra K/P,
1 KOJIMYECTBO OPOUT, «BBITSIHYTHIX» B CTOPOHY 3eMJIH, B TpH U Oojiee pa3 mpe-
BOCXO/IUT KOJIMYECTBO OPOUT, BEITSIHYTHIX B 00paTHyto cropoHy (R > 3). /lannoe
OTHOIICHHE R HAMHOTO MPEBOCXOAWT BO3MOMKHBIE CTATUCTUYECKUE OIIHUOKH U
BEpOATHBIE (NIYKTyallld U HE MOXKET OTPaKaThb PEalbHOTO pacIpeieIeHus op-
OWT TTAHET 110 HaNpaBJICHUSAM JIMHUI arcuy. T.e. aHOMaJIMK OpPOUT HK30IUIAHET
VIOBIETBOPSIOT 2°-My Kputeputo (§ 1.1), 9T0 mOATBEpKTaeT HATMYNE UCKaXKe-
HUH B rpauKax JTy9IeBBIX CKOPOCTEH.

Kputrueckuit mapametp K/P =3 (M/c)/CyT i 5K30TUTaHET B THICSATY pa3
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HWKE, 4eM aHamoruuHeiid napametp K/P = 3 (km/c)/cyT nBoinbix 38E31 (§ 1.1).
VICTUHHBINA SKCIIEHTPUCHUTET B CPEAHEM pacTET NpU yBeIWMYEHUHU mepuona P
3BE3]] 1 9K30MUIaHeT. A pasHuna kputndecknx K/P BbI3BaHa Tem, 4TO mpu Tex
xe repuosax P u paguycax opOUTHI aMIuMTya ay4eBoi ckopoctu K riaBHOH
3BE3/IbI 3aMETHO HIDKE JUIA 3K30IUTaHEeT, YeM U ABOMHBIX 3BE3M, T.K. MAcChI
9K30IUTAaHET B THICAYM Pa3 HUKE Macchl 3BE3[. [IpomoprioHanbHO HIKE U UX
BO3MyIIaroniee BozzaelcTaue. [loaTomy npu tex sxe mapamerpax K/P 1 MEUMBIX
9KCLEHTPHUCUTETAX €', Y IK30IUIAHET Mepuoj P 1 MCTUHHBINA SKCIEHTPHCUTET €
3aMETHO MEHbIIE, YeM y 3BE31. [105TOMy MHUMBIN SKCHEHTPUCHUTET 3aMETEH Ha
(oHE MCTHHHOTO SKCIIEHTPHCHUTETA MPH THICSYEKPATHO MEHBIINX 3HAYCHHIX
K/P y sk30miaseT, 4eM y JBOHHBIX 3BE3I.

Ecnu moctpouts pacnpenenenust N(®) mast pa3abix mapamerpos rK/P,
YUTS U PacCTOSHUS I' DK30IUIaHeT, Toraa acummeTpus R u adpdext bappa Bripa-
cryt. T.e. moaTBepxaaercs 3°-i KpUTEPHUH, TOBOPSIIHIA O 3aBUCUMOCTH d(dekTa
Bappa ot paccTossHH, XOTS 3Ta 3aBUCUMOCTh MEHEE SBHas, BBUAY Iepeu3IIyye-
HUSI, U3-32 KOTOPOTO HpH pocTe I 3¢ deKTuBHAS AUCTAHIMS HApacTaeT BCE Mea-
JICHHEH, TocTHTast BeNMUYUHBI |. YCIoBHe MPOsBICHNSI MHUMOTO SKCIICHTPHCHUTE-
Ta UMEeT BUJI!

e'~mrK/Pc? ~e. (1.28)

IMockonbKy e < 1, 1y1st 5K30ITaHET, Y KOTOPBIX BHIMOJHEHO ycimoBue nrK/Pc? ~ 1,
MOYKHO JIONYCTHUTb, YTO N30BITOYHBIN IKCIIEHTPUCUTET — MHUMBIN M BBI3BaH UC-
Ka)KeHHEM I'pa(uKoB JIy4eBBIX CKOPOCTEHL.

Kpowme Toro, ynosierBopsieTcst 3°-if Kputepuid, T.K. MHAMBIE, H30BITOU-
HBIC DKCIIEHTPUCUTETHI U dPdekT bappa HabmonatoTcss B OCHOBHOM ISl 9K30-
IUTAHET B 3BE3/IHBIX CHCTEMAX C JIy4eBOH CKOPOCThIO IeHTpa Mace V< 0, T.K. 11
HHX [Iepeu3lydeHre B OCHOBHOM oTcyTctByeT (K ~ 1). Tak, B pacCMOTpPEHHBIX
BBIIIIE CITydasiX aHOMAJIbHO BBICOKUX dKcIeHTprucuTeToB y WASP-33b ckopocTth
uentpa macc Vo= -6 km/c, y KOI-889 b — V= -60 km/c [151]. A y cucrem ¢
TTOJIOKUTENBHON JTy4eBOit CKopocThio Vo> 0 addext bappa n n30sITOIHBIE SKC-
LEHTPUCUTETHI MJIBL, THOO OTCYTCTBYIOT, BBULy IEPEH3ITyYECHHS CBETA B MEK3-
BE3IHOM Ta3e Ha KopoTko# auctannuu | ~ 1 ¢B. roma. Hanpumep, y WASP-18b
ipu Vo= 3 km/c niepensiyuenne s dextuHo (K << 1), 0T4ero Maa n30bITOYHbIN
sxcrenTpucuret € = 0,01, uto mpu pacyéTHOM €' = 1 TOBOPHT 0 BenmuuHe K =
I/r = 0,01. Ilpu aucranmum 3836l I = 326 CB. JIET 3TO COOTBETCTBYET AJHMHE
sreTHHKIWMH | = 4 ¢B. roza, uto 6mm3ko Kk ornenke Pokca [25]. Y mianerst KOI-
200 b cxopocts nmenTpa Mace Vo= 19 xm/c [151]: mepensmydenne BeIuKo, 1 Ha-
OnromaeMeblit SKCIieHTprucuTeT € = 0,29, BUANMO, UCTUHHBIN: OH COIIOCTABUM C
e =0,2 y Mepkypus.

Takxe OTKpBITHI aHOMAJIbHBIE 3K30TUIAHETHI, YIOBJIETBOPSIOMNE 6°-My
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kpureputo. Tak, y sk3orutaneTs v AHgpoMebl b ¢ opOUTaNIBHBIM TIeproaoM P =
4,6 CYTOK, Ha OCHOBaHHUHU Op6I/ITaJ'lI)HI)IX 3JIEMEHTOB, UBMCPCHHBIX CIICKTPaJIbHBIM
METOJIOM, TIpeICKa3aIi MaKCHMH3AIIHIO OIecKa K301UTaHeTH B (hase 0 (0T n3Me-
HEHHUs pa3Mepa BUANMOMN OCBEIIEHHON YacTH), KOT/Ia JIydeBasi CKOPOCTH 3BE3/IbI
paBHa HyI10. PeanbHo ke 1o (poToMeTpHYecKUM JaHHBIM Tesneckona « CruTiep»
MakcuMyM OJiecka (PUKCHPYIOT Ha YETBEPTh MEPUOJIA PaHbIIC — IPU MUHUMYME
Jy4eBOW CKOPOCTH 3BE3[BI (M MaKCHMYyM€ JIy9e€BOH CKOPOCTH IiaHeTsl) [153].
3TO MHTEPNPETUPYIOT KaK HAJIMYME HA IIAHETE TOPSTYETro SIPKOTO MSATHA, CMe-
MEHHOTO OT JIy4a 3peHHs I' ¢ KOHIIOM B IIeHTpe 3Be3/bl Ha 90°. [Toxoxkuii adexr
cMmenieHns ¢a3bl Oiecka 3a CY4ET CBETIIOTO MATHA OTKPHIT, HAIIPUMEP, Y CITyTHHKA
Carypna — SImera [ 154, c. 168], HO HamMYKe HEM3MEHHBIX SIPKUX IIATEH pa3MepOM
B TIOJTyIIIApHE COMHHUTENIFHO JUISl TIIIAHET-TUTaHTOB, K KOTOPBIM OTHOCHUTCS U AH-
npomenpl b. [Toatomy konebanus Onecka, BEPOSTHO, BEI3BAHBI HE M3MCHCHHECM
(ha3bl ¥ BUAMMOM TUTONIAAN OCBCIIEHHO! (JIHEBHOM) CTOPOHBI V AHApOMEbI b, a
KoJIeOaHMSIMH BUAUMOM ipKOCTH |' camoii 3Be311bI v AHApPOMETHI TT0 AP dexTy Put-
ua (1.17) mox BimstHEEM yCKOpEHUS &,, COOOIaeMOro Iu1aHeTol — 38e3ae [A49].
Tak e u caBuUr TUHUH V AHAPOMEBI, BUANMO, BbI3BaH B OCHOBHOM 3(h(eKTOM
Purtnia, a ve Jlonmepa, T.e. CHUMAIOT KPUBYIO MHUMBIX JTy4eBbIX ckopocTeit V. *(1).

VIMeHHO TIpHW TaKOM YCIIOBHH CHEKTpockomndeckas kpuBas V,*(t) ciBu-
HyTa 1o (aze oTHocHTeNnbHO TeopeTndeckoil Vi (t) Ha ¢ = arctg(2znl/Pc) = m/2.
Ecnu u3MepeHHbIe CrieKTpaJIbHbIE CMEIIECHHS 3BE3/(bI COOTBETCTBYIOT KOJIeOaHH-
sMm a, u V,* = la,/c, a He peanbHON CKOPOCTH V,, TOrA HCTHHHAS OpOUTAIBHAS
ckopocTh V MoxeT ObITh 3ameTHO HIDKe (Puc. 1.9). B utore, MHOTO MeHbIIIE 1
Macca IUIaHeTHl, BhI3bIBatomeii BosmyieHus V,(t), koneOanus 38€3/161 BO3JIE LICH-
Tpa Macc. Takum 00pa3zoM, aHOMaJIbHBIE IK30IIAHETHI MOTYT OKa3aThCs He Ta30-
BbIMU T'HI'aHTAMU, a IIJIaHCTAMU THUIIA MepKypI/m WK aCTCpornIaMu, KOTOPBIC U B
ComHeyHO# crcTeMe 9acTo 00JIaAat0T SKCIICHTPUIHBIMIA OPOUTAMH C TIEPHOIOM
B HECKOJIBKO CYTOK (ISl TAKMX MAJIBIX TUIAHET d(QQEKT NMPUIMBHOTO CKPYIIICHUS
OpOUT OTCYTCTBYET, T.K. U3-3a MAJIOW MacChl OHM HE BBI3BIBAIOT MIPUJINBOB B aT-
Mocdepe 3Be3mbl). B atom citydae addexr Purtiia Benuk, u KoieOaHus SPKOCTH
I'(t), BooOIIIE TOBOPSI, MOTYT OBITH BBI3BAHBI HE M3MEHEHHEM (Da3bl IIAHETHI, a
BapuanusmMu sipkoctu 1o addexry Putna [Al, A2, A6, A43, A49].

Psy cratHCTHYECKHUX J10KA3aTeNbCTB TOTO, YTO Y «TOPSYUX IOMUTEPOBY»
CIEKTpaJIbHBIC CMEIICHUS BbI3BaHbI He dpdekrom Jlomnepa, a adpdexrom Putiia,
peoOpa3yIonM pacuaETHRIC IEMEHTHl OpOHT, TpuBenu coTpynHukun [TAWIII
npod. MI'Y B.P. Mymamnos u B.C. Termnnkas [13, 14]. ITockonbKy aMruinTyna
KOJIcOAHMI CIICKTPABHBIX JIMHUI U pacu€THO# ckopoctu V. * = ra,/C mpormop-
LIMOHAJIbHA PACCTOSHUIO I, OOHAPYKEHHUE IJIAHET METOJIOM JIYYEBbIX CKOPOCTEH
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YIPOINAETCs TP YBEIMYESHUH UX AUCTAHIMU I, B COIIACHH CO CTaTUCTUKOM OT-
KpBITHIX 9K301u1aHeT [13]. [IpuMepom SK30MIaHeThl, Y KOTOPOH CHEeKTpalbHbIe
CMEIICHHS BBI3BaHBI B OCHOBHOM 3¢ dekrom Putma, moxer ciryxuts HD 74156
b, obagaromas nepuonoM P = 51 cyT u aHOMaIbHO BBICOKUM 3KCIIEHTPUCHTE-
ToM € = 0,63 (Puc. 1.20). BepositHO, HaOIrOMaeTCsA KPUBAasi MHUMBIX JTYYCBBIX
ckopocteit V,*(t), 0 4éM CBHIIETENBCTBYET HE TOIBKO BHICOKHA SKCIIEHTPUCUTET,
HO W €/1Ba 3aMETHBIC BTOPHYHBIE MUHUMYMBI Ha KpuBoii V,*(t). Torma nctuHHas
opOuTa MMeEeT B JiBa pa3za MEHBIINH SKcIeHTpHUCHTET € = 0,3, OIM3KHUH K DKCIICH-
Tpucutety MepKypusi, paiyc opOUTHI U epruoj P KOTOporo Toro ke nopsiaka.

AHoManmuu opOUT SK30IIAHET YIOBJIETBOPSIIOT W 7°-My KpuTepuio. B
psne ciydaeB HaOmonaemas kpuBas V() HE TOTHO COOTBETCTBYET TEOpETHYE-
CKUM Tpadrkam JIydeBBIX CKOPOCTEH pacuéTHON OpOUTHI OOJIBIIOTO IKCIEHTPH-
cureta [155]. OTKIOHEHUS OT TEOPETUYECKOH KPUBOW MMEIOT BHJ TapMOHHK
OpOUTANBHOTO TIEPHOJIa, B COTIACHU C TpeAcKazaHHbIMK D. DpeitHammxoM mo
teopun Purtna [44]. Takue rpaduKku Ty4eBbIX CKOPOCTEH HHTEPIIPETUPYIOT KaK
pe3yabTar BO3JCHCTBHS HE OJHOM, a JBYX IUIAHET, C KPaTHBIMHU TEPHOIAMH, B
opburanpHOM pe3onance 1:2 [155, 157]. Ilo cyTH, uckyccTBEeHHOE N0OaBICHHE
BCE HOBBIX DK30IIJIAHET — 3TO PE3yJIbTaT pasnokeHus rpaduka V(1) B psix Dypse,
T.e. TIpeACTaBICHUs Tepronnieckoi GpyHkmu V(t) B BHIE CyMMBI TapMOHHK
OCHOBHOM 4aCTOTHI.

VIMEHHO TaK BBISBJISIOT HOBBIC TUIAHETHI B 3BE3HBIX CUCTEMax, MPOU3-
Bonsl Dypbe-nipeoOpa3oBaHme OT CHATON 3aBucUMOCTH V(1), nim e€ oTkioHe-
HUH OT TEOPETHYECKOTo Tpaduka TydeBIX ckopocteii (1.6). Ha mocTpoenHoi
TIepUOIOTPAaMME — JTHarpaMMe CIIEKTPaJIbHOM INIOTHOCTH MOIIHOCTH OTKJIOHE-
HUH — MUKW Ha IAHHBIX eproJiax (MM 4acTOTaX) CUUTAIOT COOTBETCTBYIOIIMMU
peaNbHBIM IUTAHETaM C TaKUMH OpOWUTATBHBIMU MEpHOJaMH (WIIH 4acTOTaMH).
TakuM crocoO0M MOXKHO ONHCATh KPUBYIO ITyYEBBIX CKOPOCTEH IMPOM3BOIB-
HOU (POPMBI, TOCPEICTBOM BBEACHHS JOCTAaTOYHOTO YUCIa rapMoHHUK. 1o cyTn,
9TO — COBPEMEHHOE pa3BUTHE moaxona [ITosemes, BEpHO ONMUCABIIETO JBHIKE-
HUS TIJIAHET 10 HeOOCBOIY Ha OCHOBE OIIMOOYHOHN TEOICHTPUIESCKONW MOJIEINH,
3a c4€T OOJNBIIOTO YHCIa TAPMOHUK, KPYTOBBIX JBIKCHHH (HEOeCHBIX cdep
KpaTHeIMU TiepuogamMn). Tak, y 3Be3nbl Gliese 8§76 KpUBYIO JTy4eBBIX CKOPOCTEH
WHTEPIIPETUPOBAIIN KaK Pe3yJIbTaT BO3ICHCTBUS 3-X MJIaHET, HAXOASIIUXCS B Op-
OWTAJILHOM pE30HaHCe C OTHOIICHHEM mepuoioB 1:2:4. J{nsi CyTHUKOB TUTaHET
CTOJIb TOYHBIH PE30HAHC BO3MOKEH, BBUY OJM30CTH CITyTHUKOB JIPYT K IPYTY H
K TuaHete (B TOM ke pe3oHaHnce 1:2:4 HaxonsaTces ranuieeBs ciiyTHUKH FOmmTe-
pa—Uo, Espomna, I"'anumen). OHako A1 ITaHET pe3oHaHe Tuma 1:2 1 0COOCHHO
2:3 nabmronmancst Obl KpaiiHe PeaKo, BBHIY OJU30CTH OpOUTATBHBIX PATUyCOB
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U 3HAYUTEIBHOTO MEKIUIAHETHOTO B3aMMOJEHCTBUS, BEAYILEro K HEycToHuu-
BocTH opOuT. B wactHocTH, B CoOJTHEUHOH crcTteMe oOHapy)KeH JIMIIb MPHOIIH-
JKEHHBIN TUIAHETHBIN pe3oHaHc 2:5 u 1:2 y mnaneT-rurantoB — CarypH-FOnuTep
n Ypan-Hentyn [156]. Hanporus, cpean 3K30IU1aHET OpOMTANIBHBII pE30HAHC
LIMPOKO paclpoCTpaHéH W HAMHOTO Oosiee TOYEH, BONPEKH BCEM BEPOSTHOCT-
HbIM TIporHo3aM [A6]. CortacHo ananu3y [157], B opOuTamsHOM pe3onance 1:2
OKAa3bIBACTCS OKOJIO TOJIOBHHBI HCCIICOBAHHBIX IJIAHET, BOIPEKU BCEM BEpO-
SITHOCTHBIM ITPOTHO3aM M MOJIEJISIM ()OPMHPOBAHMS TUIAHETHBIX cucTeM. B To
K€ BpeMsi HHTepIpeTanus rpadukoB yueBbIX ckopocteit 1o addexry bappa n
s¢dekry Puria nossosser B OOJIBIINHCTBE Clly4aeB OObSCHUTH BCE aHOMAJIHU
KPHBBIX JIy4eBBIX CKOPOCTEH MOCPEACTBOM OJHOM, HanOoJiee MaCCHBHOM Ijia-
HETBI, JIBIXKYIICHCS 10 KpyroBoil opoure [A6, A43, A49]. Kak nerko BUICTh
n3 BeipakeHus (1.5), nckak€HHast KpUBast JIy4eBbIX CKOPOCTEH, JIeHCTBUTENBHO,
OiMKe K CyMMe JIByX CHHYCOM/I C OTHOILICHHEM TTepHOIOB 1:2, ueM KpuBast Jryde-
BbIX ckopocreit V(1) ammunrryeckoi opoutst (1.9), 171t KOTOPOI OTKIIOHEHKE OT
CYMMBI JIByX CHHYCOWMJI, BO3HUKAIOIIEE BO BTOPOM IIOPSIIKE MAJIOCTH €2, HMeeT
OoJiee BBICOKYIO BEJIMUUHY.

Emé onHa aHoMamnusi — MacCCUBHBIE IUIAHETHI-TUTAHTHI, PACHIOI0KEHHbBIE
OT POAMTENBCKHUX 3BE3]] HA NPEEIbHO MAJIBIX JUCTAHLUAX p (TTOPS/IKA COTHIX
JoIeit a.e.) u obliaaroIme aHOMalIbHBIMU dKCIEHTprucuTeTaMu e > 0,1, HeBo3-
MOYKHBIMH JUISI TAKUX TJIAaHET. DTHUM YCIIOBHUSIM COOTBETCTBYIOT BBICOKHE TEM-
reparypbl OBEPXHOCTH TUIAHET, HCKIIIOYAIOIINE CTAOMIBHOCT ATUX «TOPSUUX
IOMTUTEPOBY» — IA30BBIX TMT'AHTOB. TaK)ke COMHUTEIBHO CYIIECTBOBAHHE OJIM3KUX
K 3BE3/1aM MAaCCHBHBIX IJIAaHET, OTKPBITHIX METOJIOM JIyUEBBIX CKOpPOCTEH (10 Mme-
Mmooy maumurea) B CACTEMaXx IyJIbCapoB — IPE/II0JIaraeMbIX OCTaTKOB B3PHIBOB
CBEPXHOBBIX, KOTOpPbIC O Pa3pyIIMIN WIA OTOPOCHIIHN OJIM3JICIKAIUE TUIAHETHI.
Eciu B neHCTBUTENBHOCTH CHUMAOT KPHUBYI0 MHHMBIX JIYUEBBIX CKOPOCTEH
V/*(t), Torna namepenHast amruinTyaa JryueBbix ckopocteid K' (1.24) 3aBblena
110 CPaBHEHMIO C MCTHHHOHN K, W CABHI CIIEKTpAJIbHBIX JIMHUI 00ycIIoBIeH d¢-
(dexrom Putia, a He [loriepa [A6, A43]. D10 BenET K 3aBBINICHUIO MAcC TIAHET
Ha TMOPSIKHY, T.K. aMIUIUTY/ja JIy4eBOM CKOPOCTH 3B€3/Ibl MPONOPLHUOHATIBHA BO3-
MyIIaIIIeMy BO3/€IICTBUIO, CHle TATOTEHUS IIaHEeTh! U e€ Macce. Torna ucTuH-
HBIE MACChI IUTAaHET MHOT'O HIYKE M OJIM3KH K Macce acTepOUI0B, KOMET, KOTOpbIE
IIPY CBOEH MaJlol Macce He 00pa3yloT MPUIIMBHBIX TOPOOB B arMoc(epe 3Be3/1bl
Y HE UCHBITHIBAIOT NPUIMBHOTO CKpYIIIeHHs OpOuT [A49]. DTH Masible IUIaHeThl,
1oI00HO KOMETaM M acTepouiaM, MOTYT 00J1a/laTh BHICOKUMHU SKCIIEHTPUCUTE-
TaMH.

He uckitoueHo, 4To UCTHHHBIE OpOUTAIBHBIC MIEpUObl P 9K3011aneT B
psize cirydaeB JuiMHHee HaOmonaembix P'. [Ipy aBrKeHUH IIaHETHON CHCTEMBI
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C yCKOpeHHeM OJIM3KUM K KPUTHYECKOMY @, ~ —C?/I (Ha TaJakTHYeCKUX JUCTaH-
musx I takue a, ~ 0,01 m/c? Tunmans! st 38E31), aGdekr Puria npusenér k
CKATHIO TIeprosia MBIkeHus Twianet P'= P(1 + ra,/c?) B passl. Miumo3opHbie
Bapuanuu opOUTaIBHBIX TIEPHOIOB HAOIIONAIOTCS Uy CITyTHHKOB FOmmTepa, st
KOTOPBIX, Kak oTKpbul O. Pémep, addext [lorepa BappupyeT nepuossl Ha MH-
HYTBI, TIPH OTHOCHUTEIbHOM ABrKeHUU FOmmTepa u 3emiu [149]. Dddekt Putia
croco0eH COKpamarh BHIUMBIC TIEPHOIBI OOpAIeHNS IIAHET yKe B Pa3bl. ITO
TI03BOJISIET OOBSCHUTH OTKPHITHE OOJIBIIOTO YHCIIA TUIAHET ¢ HETUIMYHBIMHU Op-
OWTAJILHBIMU TIEPHOJIAaMU TIOPSJKA CYTOK U panycaMH OpOMT TOpsAKa COTOM
JIOJIU d.e.: UICTUHHBIE NIEPUOJIbI P 1 OOJIBIINE TIOIYOCH OPOHT IUTaHET B CHCTEMax
3BE3]T U ITyIHCAPOB MOTYT OBITH MHOTO OoJbine [A43].

B 3amnpezensaoM ciydae, korma &, < -C%r u P' < 0, BUIMMBIH MOPSIOK
COOBITHI MOKaXXeTCs 00paTHBIM, a BUIUMOE JABHXKEHHE 3BE3N M TUIAHET — UITy-
M B o0patHom HanpasieHud. [1.®. Komctok npenackaszai takoit 3¢ Gexr eré B
1910 r. [39]. D dexT mo3BoIIeT OOBIACHUTH OTKPHITHIE B TOCIEIHUE TOIBI IK30-
TUTAHETBI C 0OPaTHBIM (pempocpadnsim) OpOUTAIBHBIM BpallleHUEM, HaIpuMep
WASP-33b u HAT-P-7b, nporuBopeuaiue TeopusiM (GopMHUPOBAHUS TTIAHETHBIX
cucreM [A6, A43, A49]. OOpaTHOE BpalllcHHE BBISBIISAIOT [IPU aHAIN3€e rpad)ukoB
JTy4EeBBIX CKOPOCTEH — 1Mo aHOMalbHOMY 3¢ dekTy Poccurepa-MakJladmmna. Uc-
THHHOE JIBI)KCHNE TaKUX HK30TUIAHET MOXKET OBITH MPSIMBIM, HO TIPEACTABIISTHCS
oOparHbIM 3a cuéT apexra PuTna, MHBEPTHPYIOMETO BUIUMBIH MOPSIIOK CO-
ObITHil TipH @, < -C%/r u P' < 0, tak uyro B (1.15) dt' < 0 [A43]. Takum oOpaszom,
peTporpagHoe BpaleHHE HK30IUIAHET — TaKasl JKe WILTIO3HS, KaK STH30JMIECKOC
perporpaaHoe aBrkeHue miaHeT ColmHeuHol cucTeMbl, HaOMogaeMbIX ¢ 3eMin
[A43]. dns ianer CoTHEUHOW CHCTEMBI WILTFO3USI O0YCIIOBJICHA OTHOCHTEIb-
HBIM XapaKTepPOM JIBHIKCHUSI HEOECHBIX Tell, & JUIsl 9K30TUIAHET — OTHOCHUTEIbHBIM
neikeHneM ux csera (§ 1.2). ITo addexty Poccurepa-MaxJladmmHa OTKPBITHI
OpOUTHI PK30IUIAHET CO 3HAUUTENBHBIM (>10°) HAKIIOHOM K INIOCKOCTH HKBaTOpa
3BE3/1bl, HarpuMep y 3k3orutaneTsl XO-3 b [158], uTo MOXKeT OBITh WILTIO3UCH,
BBI3BAaHHOHN HMCKa)KCHHEM Tpa(UKOB JIyUeBBIX CKOpocTedt mo addekry Puria ot
Pa3HHULIBI JTyYEBBIX CKOPOCTEN U YCKOPEHUH Y 3aTMEBAEMBIX TUIAHETONW yYaCTKOB
3Be3/Ibl. 3aTMEHHUE LEHTPAIBHBIX YYacCTKOB 3BE3[bl, IJIe YCKOPEHHE CBOOOIHO-
TO MaJieHust CO3/1aéT U30BITOK KPACHOTO CMELICHUsI Mo PUTH-3((PeEKTy, BEAET K
CHIDKCHHUIO KPAaCHOTO CMEIIEHHsI B MOMEHTBI 3aTMEHH, YTO MHTEPIPETUPYIOT
Kak JBIKEHHE IUIAHETHl 10 HAKIOHHOM opOmTe. Brpodem, 3T0 HE MCKIIOUaeT
TIOJTHOCTBIO PETPOTPaJHbIC, HAKJIOHHBIE M 3KCIICHTPUYHBIC OPOUTHI PEIKUX K-
30IIJIaHET, KaK Y HeperyspHbIX ciyTHuKoB CarypHa (@eba), lOnmurepa, Ypana n
Henryna (Tpumomn) [154]. Ho Takue aHOMaIMK CBOMCTBEHHBI TNIAHETAM M CITyT-
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HUKaM YJaJEHHBIM OT TATOTEIOIETO TeJa, UMEIOLIMM BHEIIHEE TIPOUCXOXKICHHE
(rpaBuTanmoHHbIN 3axBar) [ 154]. Harporus, perporpaaHoe JBHKCHUE BbISBIIS-
10T y OJIM3KUX K 3BE3/I€ K30ILIAHET, «TOPSYNX FOIUTEPOBY: UX 00paTHOE JBHIKE-
HUE KpaliHe MaJIOBEpOSATHO.

V3meHeHHe 1eprogoB SK30IUIaHET PUBOIUT K JIOXKHBIM OIIGHKaM Macc
U pa3MepoB DK30IUIAHET, MOCKOJIbKY BaPHALIMN BUAUMBIX IIEPUOIOB U UIUTEIb-
HOCTHU TPAH3UTOB 3K30IUIAHET (BPEMEHU T MPOXOXKAEHUS MO JUCKY 3BE3[bl),
IIpU U3BECTHOI Macce U pajnyce 3Be3fbl JalyT 3aBBIIICHHYIO WIH 3aHUKEH-
HYIO OLICHKY paauyca miaHeTsl R. JleficTBUTeNnbHO, y psijia TUIaHET U3MEpPeHHUs
MIOKa3bIBAIOT aHOMAJIMK Pa3MEpOB, MPOTHUBOPEUAIUE TEOPUSIM (POPMHUPOBAHHUS
IUTaHEeT U (U3NYECKU JOIyCTUMBIM Xapakrepuctukam [159, 160]. 3menenue
opbutanbHOro neproya P' u criekrpanbHbie cMenienus 1o agdexry Purna Begyt
K ommnOKe M3MepeHHs Macchl M 3K30IIaHeT. B cymme 3TH OMIMOKHM NMPHUBOIST
K HEBEPHOMY H3MEPEHHIO IIOTHOCTH 3k30mianeT d = 3m/4nR3. JleficTBuTeb-
HO, OTKPBITHI 9K30IUIAHETHI C IUIOTHOCTHIO AHOMAJIBHO BBICOKOH (BBIIIE, YEM Y
3omota: Harmpumep, d = 25 r/em® y COROT-3b) nnu HuU3KO# (HUXKE, YeM y Te-
nommacta: d ~ 0,1 r/em® y WASP-17b). B paMkax 0amincTHUECKON TEOPUH ITH
TUIOTHOCTH WJUTIO30PHBI, @ MCTHHHBIE TUIOTHOCTH OTJIMYHBI OT U3MEPEHHBIX Ha
nopsiaxu [A6, A43, A49] u conocTaBUMBI ¢ INIOTHOCTBIO 3€MJIM U APYTUX IUIa-
HeT CONHEUHON CHCTEMBI.

VY mnaner ¢ K/P > 3 (M/c)/CyT 3KCIICHTPUCUTETH B OCHOBHOM MHUMBIC,
T.€. CWJIHO 3aBBIIICHBI 10 CPAaBHEHUIO C peasibHbIMK. Hamportus, Juis ruiaHer
¢ K/P < 3 (m/c)/cyt, nist kotopsix addekt bappa Beipaken ciabo, pacyérHbie
9KCLIEHTPUCUTETHI OJIM3KM K UICTUHHBIM, KOTOPbIE y TUIAaHET OOJIBIIHMX IEPHOJI0B
P MoryT octurarbk BRICOKMX 3HaueHHH, Kak y [limyTona. B aTux ciy4asx orcyr-
CTBHE CBSI3U M3MEPEHHOTO AKCIEHTPUCHUTETA C UCKAKEHHEM I'padHKa JIy4eBbIX
CKOPOCTEH OT 3ama3[bpIBaHus CBETa MOATBEPXKIACTCA TEM, YTO JUIsl HK30ILIaHET
u3 3TOrO psifa pacrpeneneHre N(®) — CpaBHUTENBHO OJHOPOAHOE, W JUIS I10-
noBuHbBI U3 HUX 180° < ® <360°. Ho B 3TOM ciyuae TOXe BO3MOXKHO HCKaKEHUE
rpadMKoB Jy4eBBIX CKOPOCTEH, HO MHBIMH MeXxaHu3MaMu. Eciu caBur gacro-
THI BbI3BaH B OCHOBHOM 3ddektom Puria, T.e. CHATHIN TpaduK CrIEKTpabHBIX
CMELICHHH OTpaXkaeT KoJIeOaHus JIy4eBOro YCKOPEHHS, a HE JIy4eBOH CKOPOCTH,
TOTIa pacyETHBIM AKCHEHTPUCHTET TOJIyYUTCS! 3aBBIIICHHBIM B JIBa pasza (CM.
§ 1.5). Takum 0Opa3zom, y IK30ILIAHET C OOJBINUMH MepHomaMu odpareHus P
WCTHHHBIC SKCLEHTPUCUTETHI € MOTYT OBITh B JIBa pa3a HIKE W3MEPEHHBIX €',
YTO JIyHYIlIe COIIACYETCsI C TEOPUIMH (POPMHUPOBAHNS IUIAHETHBIX CHCTEM H C 9KC-
LeHTpucuTeTaMu 1mianeT COJTHEYHON CUCTEMBI.

Ecnu y mianer ¢ KpyroBoi opOUTOl CIIEKTpaIbHBIE CMELICHUS 00YCIIOB-
JICHBI B OCHOBHOM 3(dekroM Putna, Torna nckaxeHne KpUBOH CIIEKTPaIbHBIX
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CMEILECHUH MPUBOAUT K KOHLEHTPAIMK IepHacTpoB HE TOJIBKO Bo3ne o = 180°
(Puc. 1.10), Ho 1 Bo31e ® = 0°, ecim addext Putna cxxumaer P 1o P' <0, uaBep-
THUPYS TIOPSI0K COOBITHI. 3amas/pIBaHUE CBETA U3 MOJIOXKEHHsI | U onepexeHune
U3 TOJIOKCHHUS 3 BBI3BIBACT 00OpaTHOE McKaxeHue rpaduka V,*(t), koropomy co-
orBerctByeT ® = 0° (Puc. 1.17), yro Habmonaercs y psiia rianer (Puc. 1.2, Puc.
1.15). Cxonublit 2p(heKT BBISBISET CTATUCTHKA JBOMHBIX 3BE3J C NEpHOIAMU
8I<P <1291 3169<P <5009 lnst HUX pacupeesieHue 10 J0AroTaM repruacTpa
® oOHapyKuBaeT MakcuMyMbl pu ® = 180° u npu @ = 0° [47], coOTBETCTBYIO-
LIMX MIPSIMOMY ¥ HHBEPTHPOBAHHOMY BO BPEMEHH MCKaKEHHOMY rpaduky MHH-
MBIX JIy4E€BBIX CKOPOCTEH.

2
Vi Was ©'=180° e=0/"-.§
a o t—lf . H

Puc. 1.17. I'paduk yueBbIX YCKOpPEHHMH M MHHMBIX JIydeBbIX ckopocteil V/*(t) =
ra.(t)/C st KpyroBoi OpOUTHI (wimpux-nyHKmupHas aunusl) U ICKKEHHBI 110 d(dek-
Ty Purna rpaduk mydeBsix ckopocteit V,*'(t) ¢ cootBeTcTBYIOIIEH pacuéTHOM OpOHTOI
(cnnowmas nunus) WISt IPSIMOTO TIOPSZIKA COOBITHI (a) ¥ 00patiéHHOro 1o 3hdeKTy
Purma (6). CoBriajeHre COOTBETCTBYIONIMX TPAQUKOB JydeBBIX ckopocTer V(1) ¢ Ha-
OmomaeMbpIMi HickaxEHHBIMU V. *'(f) mocThraeTcs mpM CMEIIEHHWH TOCTEIHUX BHU3
(@) wm BBepx (6), T.e. MPHU BBCACHHUH JOIOIHUTEIBLHON CKOPOCTH V|, IIEHTpa Macc.

MHHMBIH IKCHEHTPHUCUTET MOXKET ObITh OOYCIIOBJICH M HPUIMBHBIMU
HCKKCHUSIMU, U TPEUMYIIECTBEHHONH OpHEHTalMel OpOUT IUIaHEeT, Bemyuien
K KOHIIEHTpAIMK TepHacTpoB Bo3ne 3HaueHui o = 270° (§ 1.1). DTuM MOXHO
00BSICHUTB, TIOYEMY UIS OTACIBHBIX BBIOOPOK 3BE31 addekt bappa mumeer 00-
PaTHBIN 3HAK, T.€. IEpPHACTPHI B HUX YaIlle PACTIONOKECHBI ITepe] KapTHHHOI I110-
CKOCTBIO, a He 3a Hell [59]. [TogoOHble rpaduku JIy4eBbIX CKOPOCTEH THITUYHBI Y
9K30IUIAHET, OTKPBITBIX TPAH3UTHBIM MeToioM, Harpumep y WASP-8b, WASP-
117b, Kepler 78b, y koTOpbIX pu UX KOPOTKUX mepuoaax (P ~ 1 cyT) aHoMalibHO
BbICOKHi € =~ (0,3, a 1OoaroThl MepuacTpoB Onusku k ® = 270° [161-163]. s
STHX IUTaHET BBINONHAETCS Kputepuil (1.28), T.e. BO3MOXKHO, SKCLIIEHTPUCHUTET —
MHHUMBIH.

Jist itaHeT 0OJbIINX NepHoI0B P MCKaKeHUst MOTYT OBITh BBI3BaHBI KOC-
MUYECKOM IHcIiepcueil cBeTa, BIEpBBIC HccienoBaHHON A.A. benomoabckum
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[65] u ero yuenukom I A. TuxoBeim [83, 164, 165]. Kocmuueckas aucnepcus,
HazbiBaeMast dpexrom Tuxosa-Hopamana,— 1o gamuiisM acTpoHOMOB, He3a-
BHUCHMO OTKpBIBIINX 3 dekT B 1908 1., oOHapyKeHa y 3aTMEHHBIX 3BE3]1 110 3a-
Na3bIBAaHUIO 3aTMEHUH B KOPOTKOBOJIHOBOM "acTH criektpa. B 1917 r. X. Illernu
MpUBET PAJ TEOPETUUECKUX BO3PAKEHHUH NMPOTHB BO3MOXKHOCTH KOCMUYECKOM
JICIIepCHH, HO HOBbIE HaOmoneHus noxreepamii 3 dexr Tuxosa-Hopamana Bo
BCEX JHMAaIa30HaX AIEKTPOMArHUTHBIX BOJH [166, 167]. CoBpeMeHHBIC pabOThI
[1, 2] mo gucnepcuu cBeTa B BaKyyMme IOKa3bIBAIOT, UTO JaHHBIM BOIPOC BCE
el OTKPBIT.

[Tokazarenpb npenomMIIeHNs] MEX3BE3THOTO ra3a MPeIeIbHO OIN30K K eH-
HUIIE, a JMCHEPCHsT — K HYJII0, HO Ha OOJBUIMX JUCTAHLIMUSAX IPH HOPMaJIbHOU
JICIIEPCHU OHU CIIOCOOHBI BBI3BATh 3aMETHOE 3al1a3/IbIBAHUE BHICOKOYACTOTHOTO
U3Iy4eHUs OTHOCUTEIbHO HU3KOYACTOTHOIO, Ha UéM OCHOBaH METOJ| U3Mepe-
HUSI pacCTOSHUM 10 mynbcapos [119, 168]. B MOMeHTBI pHOIKEHUS 3BE3/IbI
CIEKTpaJIbHBIC JINHUH, CMELIEHHBIE B KOPOTKOBOJIHOBYIO 00J1aCTh, Oy1yT HaOI0-
JIaThCs UyTh 1103K€, a B MOMEHTBI OT/aJICHUs IMHUH, CMEIIEHHBIE B [UINHHOBOJI-
HOBYIO 00J1acTh, OyyT HAOJNIONATHCS Yy Th PaHbIIE MOMEHTOB, OXKHIAEMBIX ITPU
PaBEHCTBE CKOPOCTEH cBeTa. B uTore nckaxkeHue rpaduka Jy4eBbIX CKOPOCTEH
cranet oOpaTHbIM Habmonaemomy B addekre bappa. VickaxEHHbIE KpUBBIE JTy-
4yeBbIx ckopocteit (Puc. 1.18) OymyT cooTBeTCTBOBAaTH OPOUTAM, BHITSHYTHIM B
cTOpoHy OT 3emiu (® =270°).

e'=0 ©'=270°

¢

Puc. 1.18. Vckaxxenune rpaduka gydeBbIx ckopocrteit V() mpu mucnepenu
MEK3BE3THOTO Ia3a M COOTBETCTBYIOLIAS TeopeTHIecKast opouTa (crniowmas
JuHUST), TIO CpaBHEHHIO ¢ UCTUHHBIM V(t) (nynkmupras minus).

bammactrnyeckas TCOpUA OOIMYCKACT HAJIN4YUC ITUCIICPCUHU CBE€Ta U B

KOCMHYECKOM IPOCTPAHCTBE, CBOOOIHOM OT MEXK3BE3HOIO ra3za,— B BaKyyMe,
I7le BOBMOXKHA U aHOMaJsibHas aucrepcusi, kak nokazan C.I1. MacnukoB [166]
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un C.A. CemuxoB [A19]. Torna uckaxxeHns HOCAT 0OpaTHBIN XapakTep U BEXyT
K KOHIIEHTpAIMH TepruacTpoB Bozie ® = 90°, kak /yisi IpUMEPOB UCKAKEHUN Ha
Puc. 1.2

BelmenepeuncieHHOe MO3BOJSIET 00BSCHUTh AHOMAJILHO BBICOKHE JKC-
LIEHTPUCHUTETHI OPOUT IK30TUTaHET BO BCEM Auanazone 0° < » <360°. Mckaxenus
OynyT mponopuroHanbHbl K/P U paccTosiHUIO I' 3Be3/1bI, TOCKOJIBKY H3-3a JTUC-
MIePCUH pa3HHUIa CKOPOCTEH COXpaHAeTCs Ha BCEM Iy TH CBETa OT 3BE3/IbI K 3eMJIe.
OTa 3aBUCHMOCTb, JCHCTBUTEIBHO, IOATBEpIMIIachk. Hannune nmucniepcun ceera
B BaKyyMe TOXeE CBSI3BIBAIOT C Iepeiaueii COOCTBEHHOM CKOPOCTH U3ITyUarOIHX
aTOMOB WJIM DJIEKTPOHOB — cBeTy [ 166, A19]. Psn nanubix noarsepxaaet apdext
BO BCEM JIMama30He IeKTPOMArHUTHBIX BOJH [167]. KocMuueckyto qucnepcuio
MIpeX/Ie OTPHUILIAIN Ha TOM OCHOBAHMH, YTO Y NMEPEMEHHBIX 3BE3J1 B Cilydae JIUcC-
MIepCUX BapHaluK OJiecka B pa3HbIX [[BETAX BOSHUKAIU Obl HE CHHXPOHHO, YEeTO
sik00bI He HaOmonaercst [324]. Ho daxrtnyeckn Bapuanuy spKOCTH MePEMEHHBIX
3BE3]] CONPOBOXK/IAIOTCS BAPHAIIMSIMH CIIEKTPa, OTYETO HA PA3HBIX JUIMHAX BOJIH
MaKCHUMYMBI IPKOCTH He CHHXPOHHBI. [IpnuéMm, kak nokaszan [ A. Tuxos, caBur
1o haze oOHApy)KMBACTCS U JUISl KPUBBIX JIyYEBBIX CKOPOCTEH, MOCTPOCHHBIX IS
KOHKPETHBIX CIIEKTPAJIbHBIX JIMHHUH, [UIsl KOTOPBIX NIepepacipe/ieieHle SHEPTHn
B CIIEKTpE HE BIUSET Ha TOJIOKEHHUS MAaKCUMYMOB JTyueBoi ckopoctu [83, 169].
Taxum o06paszom, s ekt Tuxosa-Hopamana BeI3BaH pa3HUIICH CKOPOCTH JTyUeit
CBETa B KOCMOCE M CIIy)KHT apryMEHTOM B TIOJIb3y OaNIMCTHYECKOW TEOpHH,
npesiokeHHo! B ToM ke 1908 1., uTo 1 OTKpbITHI THXOBBIM 3D HEKT.

Wrak, aHOMaIMM IK30MJIAHET MOJIyYaloT MPOCTOE KAaueCTBEHHOE U KO-
JIMYECTBEHHOE OOBsICHeHHE Ha 0asze OammmucTHyeckoll Teopuu. MHTeprpera-
LUsl psifia TTapaMeTpoB M aHOMAIMH SK30IUIAHET KaK PeajbHO UMEIOIINX MECTO
MIPOTUBOPEUUT TEOPHSIM (hOPMHUPOBAHUS TUIAHETHBIX CUCTEM, 3aKOHAM HeOeCHON
MEXaHUKH, U TIPUHIKITY KonepHuKa, OTpUIAIOIEMY HCKIIOYHTEIIBHBIE XapaK-
TEPUCTUKHU 3eMIIH, BKIIIOUAsi IPEUMYIIIECTBEHHYIO OPHEHTAIHIO OpOUT B e€ Ha-
MIpaBJIeHHH. JTa KUCKIIIOUUTEIBHOCTBY BEAET K PEIUANBY HJCH IeolleHTpU3Ma
[170], ay»abIx coBpeMeHHOM acTpodusuke [54].

§ 1.5. A¢pghekm Pumua, deoliHble u nepeMeHHbIe 38E630bI

Bapuanuu ckopocTH cBeTa JBOMHBIX 3BE3/ IMPUBOIAT K IIPOCTOM UHTEP-
MIPETaNNH UCKAKEHUH HE TOJIBKO UX BUIMMOTO JIBHXKCHUSI U PACUETHON OpOMTHI,
HO U BuauMoit sipxkoctu I'(t) (1.17), MeHstomelica ¢ mepruoaoM paBHBIM OpOu-
tanbHOMY. B 1924 1., Bckope nociie co3aanusi 0aJuTMCTHYECKOM TEeOpHH, Ha 3TO
e€ ciencTBre oOpaTuiI BHUMaHue uTanbsiHckuil Gpusnk M. Jla Poza [171]. Ecin
CKOPOCTh MCTOYHHKA J00ABISIETCS K CKOPOCTH CBETA, TOTAA Y 3BE3[bI, KpOMeE
HCKaKECHUSI BUJIUMOTO JBIKCHUS! M TpaduKa JIy4eBbIX CKOPOCTEH, BO3HHKHYT
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cootsercTBytonye apdexry Purna (1.17) Bapuanuu sipkoctu 1'(t). Io adpdexry
Putna npoucxomut ¢aszosas GoxycupoBka cBera: BUmuMmas sipkocth |' mcrou-
HUKa MEHSETCSI, HECMOTPSI Ha MOCTOSIHCTBO €r0 CBETUMOCTH, KOTOPOW COOTBET-
CTBYET CPEIHsIs SIPKOCTH .

Io addexty Purna (1.16) CHHXpOHHO ¢ KOICOAHHUSIMU SIPKOCTHU JIBOMHOM
3Be3/bl B €€ crekTpe OyayT peryssipHO CMeUIaThesl JIMHUM TorioeHus. Takue
TiepeMeHHbIE 3BE3/IbI, IEPHOIMYHO U3MEHSIOIINE OJIECK U CIIEKTP, JaBHO HAOII0-
JIAl0TCs, HarIpuMep, B popme «ueden .

VY 3Be3nbl, JeTAIeH Mo KpyroBoi opbute paguyca R ¢ HakiIoHeHHEeM
i =90°, ckopocThio V ¥ LEHTPOCTPEMUTENLHBIM yeKoperueM a = V/R, makcu-
MaJibHbIe c1BUTH JIMHUH Puti-oddexrom (1.16)

Ahg=Ara/c? = ArV?4/Rc?.
VY TecHBIX JBOWHBIX 3BE3/ ATU CIIBUTH MOTYT Ha TOPSIAKH HPEBBIIATH MAKCH-
MaJIbHBIE JIOTIIEPOBCKHUE
Ahp=2AV/C.
Takum oOpazom, casur criektpa 1o dpdexry Puria AAg IpeBOCXOIUT JOILIEPOB-
CKHi1 cIBUT A)p B
Ake/ANp = rV/RC = 27r/cP
pas, T.€. 10 MOPSIIKY BETMYMHBI BO CTOJIBKO Pa3, BO CKOJILKO PACCTOSTHHE JI0 3BE3-
JIbl B CBETOBBIX rofax I/C mpesbliaet nepuox P = 2nR/V eé obpamenus B ro-
nax [A21]. Ecau ydects 2 QeKT nepensinyueHus, Torja B KauecTse I' cieayer
NPUHATH [UTHHY SKCTHHKIMHA | ~ 1 ¢B. roma. Toraa amst 3831 ¢ P < 1 roma (T.e.
JUISL TECHBIX T1ap 3BE3[]) CMENIeHUs TI0 PUTH-0((EKTy HAMHOTO MTPEB3OUIYT J10-
ruiepoBekue. st Takux 38E31 | MOXKeT MPUHUMATh U MEHBIIINE 3HAYCHHUS, U3-32
o0mmx arMocdep y TeCHBIX map.

B ciyuae annunTrdeckoit opouTel 3 ext Putia npuBeéT K HCKaKSHHIO
(dopMbI KpUBOIi JTyueBbIX ckopocTeit Vi(t) u cooTBeTcTBYIOMIEH (HOPMBI KPUBOI
onecka I'(t). Ecnu cmemenus mo 3ddexty PuTiia HAMHOTO MPEBOCXOIAT JIOTLIC-
poBckue, Torna u3 Gopmyssl (1.25) mist 3Be31bI ¢ @ = 0°, KOTOPOI COOTBETCTRY-
et uétHas (yHkuus V(t), cHATas KpUBas «MHUMBIX JIy4eBbIX cKopocTeid» V,*(t)
Oyzner HeuCTHOM (yHKIMEH, oTBevarolneii opoute ¢ ®' = 90° (Puc. 1.19). Takue
rpadMKy Jy4eBBIX CKOPOCTEH (C MEJICHHBIM POCTOM M PE3KHUM crajioM V) xa-
paKTepHBbI, HAIPUMED, JUIs eder .

HeiicteurenbHo, u3 (1.22) MHMMas TyueBas ckopocts V. * = la, /c, tne &, =
(GM/p?)sin(® + V) — TyueBo€ yCKOPEHUE CITyTHUKA S; MAacChl M, BBI3BAHHOE TATO-
TEHHEM IIIaBHOM 3Be31bl S; Macchl M >> m (Puc. 1.4), y KoTOpOii paccTosiHUE 10
CITyTHUKa MEHSETCS B3aBUCUMOCTH OT ICTHHHOI aHOMaNTK vKak p =p/(1+ecosv),
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Puc. 1.19. CpaBHeHue KpUBOH MHUMBIX JIy4€BBIX CKOpPOCTEH
V/*(t) ot cnBura gactoTsl 1o 3ddexry Putna (cnaownas aunus)
quist op6utsl ¢ € = 0,3 1 ® = 0° U KPUBOM JIy4EBBIX CKOPOCTEH
V(t) or cmBura uactotel mo 3ddexry Homnepa (nymxmuphas
aunus) st opoutsl ¢ €' = 0,6 u ® = 90°. Cnpasa — npumep
0olee TOYHOTO COOTBETCTBUSI KPUBOH «IIydEBBIX CKOPOCTEI»
3Be3nbl VB 57 (luaowt) — rpaduky V. *(t) (orcupnas aunus), ne-
xkenn rpaduky Vi(t) (mowuxas runus) npu € = 0,45, o = 0° [172].

rae p — GOoKaIbHBIN apaMeTp IIAIICa OpOUTHI ¢ HakIoHeHneM i = 90°. OTcrona
M3MEpEeHHast 10 CIABUTY J'[I/IHPII’I MHHUMas CKOPOCTh

0 y=1

e (1+ ecosm) sm(@+v). (1.29)
PP

B wactHoctH, mig o = 0° u3 (1.29) u (1.6), mocne pa3nokeHus B psiji 10 YICHOB
TOPSZIKA €2, IOy IrM

) . [ 4mt) . [6mt))
(r) K( smt J+ esml —KJ +3e? s;mtl JJ (1.30)
P kP B
Tounoe BbIpaxkeHHe UIsi TpadUKa «MHHUMBIX JIYYEBBIX CKOPOCTEi», ¢ yu&ToM
(1.6), mpumeT BUA

fGM(H 1-tg2(E/2)/ b J | *sinoll+ 2cteo ta(£/2)/ b - tg [E..-"z)f'bz)]_

VF‘E:“): 2 & 2
pc\ 1+1tg2(E/2)/b* ) \ 1+tg?(E2)/b
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IJIC SKCIICHTpHYCCKasi anoManus E Beipaxkaercs uepes t u3 ycnosus (1.6).

W3 ypasuenus (1.29) cnenyer 3aBucumocts V,*(V) — aHAIOT KPUBOIL Jy-

YEeBbIX CKOPOCTEH

V:* = (IGM/p%c)[sin(w + V) + 2esin(w + V)cosV + e%cos?V sin(w + V)],  (1.31)
KOTOpasi B IEPBOM TPHOJIMIKEHUH 110 €, C yu€TOM MOHOTOHHO HapacTaroleii 3a-
BucuMocTH V(t), Onmska K gorsiepoBckor KpuBoit V(1) mist opOUTHI ¢ TomyaMm-
mwmtynoit K'=IGM/p?c, nonroroii nepuactpa ' = @ + 90° 1 5KCHEHTPUCUTETOM
€', KOTOPBI B JIBa pa3a MPEBHIIAECT HCTHHHBIN SKCIIEHTPHCUTET €:

V; =K'[cos(ow + V') + e'cosmw] = K'[sin(w’ + V') + e'sinw']. (1.32)

BbiBozt 0 TOM, 9TO Tpadk MHUMBIX JIyUEBBIX CKOPOCTEH COOTBETCTBYET I'pa-
(MKy MCTHHHBIX JIy4EBBIX CKOPOCTEH Al OPOMTHI YABOCHHOTO 3KCIEHTPUCH-
TeTa, cuemyeT Takxke u3 auddepenuupoBanus Beipaxkenus V(1) (1.9), orkyma
crenyeT 3aBUCUMOCTD &,(t) u coorBercTBytomas ¢pyukuus V. *(t) = la,./c. Ilpu
9TOM CllaraemMoe, coziepraliee B KauecTse koadduireHTa € (BTopasi rapMOHHKa
2esin(4nt/P)), mocie nuddepeHpoBannst TPHOOPETAET yIBOCHHBIH KOd(hHH-
ueHT 4e, coorBercTBys rpaduky Vi(t) ams opOuUTH skcHeHTpucHTeTa €' = 2€.
Takoke ynBoeHHE SKCIEHTPUCUTETA CIIEAYET U3 CpaBHEHMS BhIpakeHui (1.19) n
(1.20), noka3pIBarONMX OTHOLIEHHE 3HAYEHHI B MUHUMYME M MakCUMyMe, CO-
otBercTBeHHO, st V, u V,* = la,/c. Kak Bugno (Puc. 1.20), 9Ti OTHOMICHUS
COBHAJIYT IIPH yCJIOBHH, uTo Juis rpaduka V,(t) 3Hauenue €' = 2e, T.e. B JBa pasa
BBIIIIC HICTHHHOTO €, cOoTBeTCTBYIOMIEro V. *(1).

Kax Bumno u3 (Puc. 1.19) u cpasuenus (1.12) u (1.31), HecmoTpst Ha
CXOJICTBO I'pa()MKOB JIyUEeBBIX CKOPOCTEH M MHHMBIX JYYEBBIX CKOPOCTEH, OHU
Bc€ ke oTnmuaroTca. B wactHocTH, Tpaduk V(1) 6onee maakuii, yem rpaduk
V,*(t) = la,(t)/c, Hapacrarommii mociie MUHHMyMa Goee pe3ko, a Bosie V,* =0 —
6omee monoro, wem V(). [loaTomy, cpaBHHBas 3aBHCHMOCTH CHEKTPATBHOTO
cMmemeHns ot BpeMeHu ¢ rpadukamu V(1) V. *(1), MOXXHO yCTaHOBHTH, KaKas
13 3aBHCHUMOCTEH JIydIlle COOTBETCTBYET HAOMIOACHHUSM M YCTaHOBUTb, BKJIAJ
KaKoTO CMelIeHus Beime — oT 3ddekra Jomnepa wiu Purna. [leiictButensHo, y
psina ABOMHBIX 3BE31 0OHAPYKEHO 3HAUYNTEIBFHOE OTKIOHEHUE CHATHIX Ipa(uKOB
JIy4EBBIX CKOpOCTEH OT pacu€THbIX. Tak, y 3BE3abl VB 57 u3 ckomenus ['mag
[172] oTkpBITa UMEHHO TaKas TEHACHIMS — rpaduK B pailoHE MaKCHMYMOB M
MHHHMYMOB Oojee KpyToi, a Bo3ne V, = 0 — Gonee monoruii (Puc. 1.19), uto
JIydIlle COracyercsi ¢ puTieBcKuM rpadukom V. *(t), uem ¢ noreposckum V(t).
[puuém Tennennust HalmonaeTcst [y 000MX KOMIIOHEHTOB M HE MOXKET OBbITh
pe3yabTaToM CIIy4alHBIX OMIMOOK. AHAJIOTHMYHAs CUTyalusl HaOJOIaeTcst JUIs
3Be3bl J 271 uz T'man [172].

MosKHO oTIeNUTh cMeleHus 1o 3¢ dexty Puria oT 1011epoBcKux, cpas-
HHBasi DJIEMEHTBI OPOUTHI, U3MEPEHHBIE CIIEKTPOCKOITNYECKH, aCTPOMETPUYECKU
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u (hoToMeTpHUUecKH — 110 Kosiebanusim Oiecka [A6, 13, 14]. Eciu opbura obnana-
€T UCTUHHBIM SKCLIEHTPHCUTETOM € U BBITAHYTA BJOJb JIyda 3peHus I (o = 270°
i o = 90°), Torna KpuBas O1ecka uMeeT BUJ YETHOH QyHKIMH, a V,(t) — Heuér-
Hoit. Ho addexr Putna uckaxaer rpaduk V,'(t) (Puc. 1.10) u co3naér MEHUMYIO
KPHBYIO JTy4eBbIX ckopocreii V,* (1), koTopoii coorBeTcTByeT ' =0° mm o' = 180°
(Puc. 1.20). HecoorBeTcTBUSI 251IeMEHTOB, M3MEPEHHBIX Pa3HbIMU METOJIAMH, Pe-
JIBHO OTKPBITH [46], Hanpumep, i U Ledes (Puc. 1.8).

.
%-100 !

-02 00 02 04 06 08 10 12

Puc. 1.20. CpaBuenue rpaduko V,*(t) (cnrownas runus, s e = 0,3 u @ = 90°)
u V(t) (nynkmupnas nunus, nns €' = 0,6 u o' = 180°). Cnpasa — npumep rpaduka
Vi (t) nost ax3oruranerst HD 74156 b ¢ anomanbHO BeicokuM €' = 0,63 u o' = 174°.
HctunHast opOuTa MOKET MIMETh YMEPEHHBIN SKceHTpucHuTeT € = 0,32 u o ~ 90°.

Otinuuns rpadukoB V,* (1) u V,(t) 3aMeTHBI JIHIIB TIPU BEICOKUX 3HAYCHHUSIX
e > 0,3. D10 3ameTHO 1Mo 0Opa3oBaHuio Ha rpaduke V,*(t) BTIOpHUHBIX MAKCH-
MyMOB U MUHHUMYMOB, OTCYTCTBYIOIINX Ha KPUBOW ITy4eBBIX cKopocTel V(1) u
V/(V), KaK JIerko yoeauThses, uccuenys Boipaxenue (1.32) Ha sKcTpeMyMsBl, dnc-
JIO KOTOPBIX Ha Tepuojie P paBHO JByM. AHAJIOTMYHBINA aHAJIM3 BBIPAKSHUS JUIs
MHHUMBIX Jy4eBbIX ckopocteit V. *(1) mmm V,*(V) (1.29) mokassIBaeT, 4T0 4UCIIO
9KCTpeMyMOB — pemteHnii ypasaenus dV,*/dv = 0 MoxeT TpeBbIIiars aBa. Tak,
i © = 90°, Kpome MIaBHBIX SKCTpeMyMOB (Tipu V; = 0 1 V, = T), €CTb BTOPHY-
HbIe — 1pH V3 = arccos(-1/3e) u v, = 21 — arccos(-1/3e). [TockonbKy 3aBUCHMOCTh
V(t) — MOHOTOHHO HapacTarollasi, COOTBETCTBYOIIHE IKCTPEMYMbl 00pa3yOTCs
1 Ha KpHBOii TyueBbIX ckopoctert V. *(1). Jlerko BUmeTh, 4TO BTOPUIHBIE MAKCH-
MYMBI 1 MUHHMYMBI B BHJIE TOPOOB M SIMOK BO3HMKAIOT Ha rpa(uKe JIy4eBbIX
CKOpOCTe# Juib rmpu € > 1/3 = 0,33. Kak nokaspIiBaeT KOMIIBIOTEPHOE MOICIUPO-
BaHUE U HcclieioBaHne BhIpakeHus (1.29) Ha 3KCTpeMyMBbl, TIPU OTJAJICHUH © OT
® = 90° (ot sin® = +1) BTOpUYIHBIE MAKCUMYMBI 00pa3yroTCs TpH emé OOIBIITNX
e. A mpu ® = 0° i © = 180° BTOpHUYHBIE SKCTPEMYMBI OTCYTCTBYIOT JAaXe MPH
e = 1, kak BuIHO U3 aHanu3a Beipakerus V. *(V) = (IGM/p%c)(1 + ecosv)Zsin(V).
IIpu e = 1 rpaduk V,*(t) mpuobperaer cTynenyaryro dopmy.
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HaubGonbmmx nckakenuit no s pexry Puria MoykHO 0KHAaTh y TBOHHBIX
IyJIbCApOB: UX OPOUTAJIBHBIE NTEpUOAbI P Masbl, a ckopoctH K 1 ieHTpocTpemMu-
TeNbHBIC YCKOpeHUs 8, — Besuku. CooTBeTCTBEHHO, ApdekT Purtna amst takux
CHCTEM TIOPOKIAET BBICOKMI MHUMBIN dKcIieHTprcuTeT €' = la./2¢? = nlK/Pc?.
JIeHCTBUTENBHO, AT TAKUX CHCTEM XapaKTepHbI aHOMallbHbIE € ~ 0,5-0,8, mpu
KOpPOTKHX opOuTanpHbIX mepuogax P ~ 10 cyt [173], mpu KOTOpPBIX TpeHHE B
arMocdepe 3BE3 M IPIIINBHOE TPEHUE CKPYTIIsieT opOuTHI 10 € ~ 0. Takum 00-
pa3oM, HICTHHHBIE OPOUTHI ITyJIbCAPOB MOTYT OBITH KPYTOBBIMH, & HAOIIONAEMBbIC
SKCIICHTPUCUTETH — MHUMBIMU (3dext bappa). nmu ucTuHHBIE SKCIICHTPHUCH-
TETHl MOTYT OBITH B J[Ba pa3a MEHBINIE PacUETHHIX, €CIM HaOIOIaeTCsl KpUBas
MHHMBIX JIy4eBbIX ckopocteld (Puc. 1.19, Puc. 1.20). [leiicTBuTensHo, y psaa
JIBOMHBIX ITyJIbCAPOB I'Ppa)MKH JIyUEBBIX CKOPOCTEH, H3MEPEHHbIE METOAOM Tai-
MHHTa, WCKaKEHBI: HAONIONAIOTCS CHUCTEMaTHYEeCKHE OCTAaTOYHBIC YKIOHCHHMS
rpa)MKOB JIy4EBBIX CKOpOCTEH oT Teopetrueckux [81, 174]. Ilpuuém ykioHe-
HHSI COOTBETCTBYIOT TEOPETHUECKOH (hopMe rpad kOB MHUMBIX JIy4EBBIX CKOPO-
creit V,*(t) [81].

VY 1BOMHBIX 3BE3]l CMELICHUS CIIEKTPAILHBIX a0COPOLMOHHBIX U dMUC-
CHOHHBIX JIMHUHU 110 3¢ dekty Putna (1.15) B OCHOBHOM CyIIECTBEHHO MEHbIIIE
TeX, KOTOPBIE MOYKHO OJKUAATh HA OCHOBAaHMU PAaCUETHOTO MaCIITaba HCKaKCHUS
KPHBO#i JTy4eBBIX CKOPOCTEH, I7Ie MHTEPBaJIbl At pacTATUBAIOTCS WIIH COKUMAIOTCS
B pa3sbl. [Ipu u3MEHEHNN 9acTOTHI B TOH k€ MPOMOPIMN MHUMBIE CKOpocTh V*
(1.22) 6p11H OBI COMTOCTaBUMBI CO CKOPOCTEIO cBeTa. Ha mpakTuke 3 dext mepe-
M3JTy9eHHs] Ha MOPSIKH CHIDKACT PUTIEBCKUH CABUT YAaCTOTHI (CTAHOBSIIHUHCS
CPaBHHMBIM C JIOTIEPOBCKMM) CHEKTPAIBHBIX JTUHUH. Bozie kaxmoi pezoHaHc-
HOU yactoThl fy mokasarens npenomiieHus N [82] CTpEeMUTETHHO PACTET KAk

(1.33)

e 3 — ko3 QUIMeHT, XapakTepu3yIOINil KOHIIEHTPALIUIO aTOMOB, MAaCCy U CHITY
ocuyIsITopoB. [ToaTomy utst HUX [UTHHBI iepen3nydens | =A/2n(n—1) u npomnop-
[IMOHAITHBIC UM CMeTIIeHu 10 3 dekTy Putiia AA/A =1, /C? CHIKEeHBI Ha TOPSIKY,
TaK YTO CTAHOBSITCS MEHbIIIE CMeleHHH 110 3¢ dexty Jlomepa nim cornocTaBuMbl
¢ HUMU. HenpepbIBHBIHN MJIaHKOBCKUM CIIEKTP, B KOTOPOM YacCTOTHI JJaJIEKU OT pe-
30HAHCHBIX, CMEIIaeTCs PUTI-3(p(HEeKTOM HAMHOTO CHIIBHEE, TPUBOAS K MHIMOMY
M3MEHEHHIO IIBETOBOW TeMIepaTypsl 3Be3/1bl. CIIEKTP MOMIOMIEHHUS CMEIIAeTCs
pUTL-3GPEKTOM B TOH K€ MEpPE, YTO U HETIPEPHIBHBIN CIIEKTP U3ITyUCHUS, JTHIIb
B IIPOCTPAHCTBE, CBOOOJHOM OT MEK3BE3HOTO Taza. Takue yCcIoBHs pealn3yioT-
Csl B MEXKT'AJJAKTUYECKOM IIPOCTPAHCTBE WIIH B «OKHAX», KKOPHIOpax» Mpo3pad-
HOCTH — y4yacTKax [ aJakTHKH, TPaKTHYECKH CBOOOIHBIX OT MEK3BE3HOTO rasa.
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[Ipy GOJBIIOM SKCUEHTPUCUTETE, COMOCTABUMOCTH JOILUIEPOBCKUX W
PUTLEBCKUX CMELIEHHH, a Taoke npy y4uére sddexra 3ana3abBaHus, HCKaKe-
HUSI IPHOOpETYyT Ooiee CIIOXKHBIN XapakTep. Pesynbrupyromast KpuBasi pacuér-
HBIX Jy4eBbIX ckopocteil V,'(1') ompenemnsiercst Ui Kaxa0ro 3HadeHus t uepes
napaMeTpu4ecKoe 3aJjaHue CKOPOCTH U MOMEHTOB Ha0moeHus ', BBIpaXeHHbIX
u3 yenosuit (1.6), (1.14), (1.23) u (1.29) uepe3 HCTHHHYIO aHOMAJIHIO V B TIETIOU-
Ke ypaBHEHUI

V.'(v)=F.+ I}I = K(cos(@+v)+ecosm)+ TV, + ]Gf}{ (I+ ecos;‘t»‘)2 sin(m+v),
pc
f(EJ—ir (EJ T Ll (134)
& O T T l+e’ '
t
P . IGM .
t=—(E—esinE), t'=t+ ,77'[(1 + ecosv)zsm((o +v)dt
2n pre”

0
3,HCCI>, TaK K€ KaK B IPCABILAYIINX ClIydasaXx, HC YUUTBIBACM IMOCTOAHHYIO Z[O6aB-

Ky I/C' Ha pacnpocTpaHeHue cBera — oTcuér t' Beaércsi oT MOMEHTa MPUOBITHS
JIyda CBETa, UCITYIIEHHOTO B MOMEHT ¢ = 0.

Ha rpaduxax mydeBsix ckopocreit V/'(t'), kak ormedeHo BbIle, 0Opa-
3yIOTCSl BTOPHYHBIE MAaKCUMYMbl I MUHUMYMBI, CTYIICHU H JIPYTHe aHOMaJIUH.
[TomoGHBIe MCKa)keHHsT OTMEUEHBI Y psina 3BE3x (Hanpumep, y RZ Illura), pac-
CMOTPEHHBIX B MOHOTpaduu [46]. BropuuHble MUHUMYMBI OOHAPY>KEHBI U B CH-
cTeMax sk3oruianet. Hampumep, y mianetst HD 74156 b Ha KpuBOii JTy4eBbIX
CKOpOCTeH B paiioHe MakCUMyMa, Tie Ha rpaduke V,*(t) momkeH OBITH HerTy-
OOKMIf JIOKAJIBbHBIH MUHUMYM, JIEHCTBUTEILHO, OOHAPY)KEHA TEH/ICHINS K cra-
oy nydeBorr ckopoctu (Puc. 1.20). Dto MoxeT o3Hauath, uto y HD 74156 b
opbuTa — AMIUNTHIECKast, HO 00IagaeT B 2 pa3a MEHBIIUM IKCIICHTPHCUTETOM
e ~ 0,3, u perucTpupyercs He UCTUHHAS KpHBas JIyueBbIX ckopocteil V(1), a
muuMas V. *(t), coneprkainas Bropuunbie MUHUMYMBI (Puc. 1.20). Tem xe 00b-
SICHUMBI aHOMaJIbHBIE (DOPMBI TPA(UKOB JIyUEBBIX CKOPOCTEH (CO BTOPUUHBIMH
MaKCHUMyMaMH) Yy psijia IEpEMEHHBIX 3BE3/1, BKIIIOUast edenabl U 3BE3/bI TUIIA
RR JIupst [175, 176], KOTOpble MOTYT MEHATH SAPKOCTh KakK 3a CUET MyIbCaLlUH,
TaK u 3a c4€T opOuTambHOrO BpameHus (3ddext 3atMenuii, 3¢hdexT mmncon-
JIaJIHOCTH U JIp.). B TakoM cityyae n3MeHeHHe TO0JIOKEHHsI BTOPUYHOTO MaKCH-
MyMa Ha KpUBOIi OJIecKa M Ha KPUBOM JIyUEBBIX CKOPOCTEH (00pa3yromuxX mocie-
JI0BaTeNIbHOCTH [epumimpyHra, B 3aBUCUMOCTH OT TepHoia KoiebaHuii Oiecka
[177]) oOBsICHSETCSI POCTOM IKCIICHTPUCUTETa OpOUTHI (IIPU YBEJIWYCHUU IIe-
pHozia) ¥ M3MEHEHUEM BPEMEHH 3ara3/ibIBaHKs BTOPHYHOTO MAKCUMyMa BBHUILY
N3MEHEHHsI OPOUTATBHON CKOPOCTH KOMITOHEHTOB.
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D¢ddekr Putiia, Kpome KojacOaHH BETA U JIyYCBOH CKOPOCTH, BENT OBI K
CHUHXPOHHBIM KolleOaHHsIM peructpupyemoit sipkoctu ' nBoiinbix 38E31 (1.17).
[IpeoOpazoBanue M3ITyueHHs] 3BE3/bl OCTOSHHOW CBETHMOCTH B HNEPHOIUYHO
MOJIYJIMPOBaHHOE U3iIyueHne sipkocTH I'(t) aHanoruuHo KIucTpoHHOMY S dek-
TY — HapacTakOIINM BJIOJIb IIyTH CBETA KOJICOAHHSIM IUIOTHOCTH IIOTOKA JIEKTPO-
HOB, MOAYIHPOBAHHOTO MO CKOpocTsaM [67, 178]. Tunmoresy NBOWCTBEHHOCTH
nedens, Kak IPUYMHBI KoleOaHuit nxX OJiecka U 1IBeTa, BbIIBUTAIIN YK€ HX Tep-
BooTkpbiBatenu — Jx. ['ynpaiik u pycckuii actpopusuk A.A. Benononbckuid,
OTKPBIBIIMI KoJieOaHus1 IMHUH y neden/, KaK y IBOMHbIX 3BE31 [65, 145].

IlepBoe oObsicHeHne KonebaHuii Onecka nedens Ha ocHoBe d(pdexra
Putna (1.17) npunagnexut M. Jla Pose [171, 179]. Tlozaueit o1y runoresy pas-
BuBanu I1. Myn u 1. Criencep [26], B.W. Cekepun [149], P.C. ®putiyc [79] u
B.M. JIrotsrii [123]. B wactHOCTH, B.M. JI10THIIf HicCNenoBa ABOWHbBIE PEHTIE-
HOBCKHE 3BE3/Ibl, Y KOTOPBIX HAOIIOAAI0TCS IJIaBHBIE KOJIeOaHHsI OJiecKa 1 [[BETO-
BOU TeMIIeparypbl, aHAJIOTHYHbIE [IePEHIHBIM, TPOUCXOASIINE C OPOUTAIBEHBIM
neprozoM P. Takke B pa3Hble T0/ibl HCCIIEJOBAaHUEM BapUallnil CIEKTPa U SPKO-
CTH IBOWHBIX 3BE31 110 3 dekry Puria 3anumanics M.I. Meanos, [1.C. Yukun
[69], JL.b. bonasipeBa u H.b. Cotuna [420].

Kak noxaszano aBropom [A23], adpdekr Purna o0bscHsIET Takke NpUpoIy
a¢dexra bnaxko y 38€31 tuna RR Jlupsl u kapiukoBsix nedens [176]. Eciun atn
THUIIBI TIEPEMEHHBIX 3BE3/ MIPEICTABISIIOT COOON TECHBIE TBOWHBIE CUCTEMBI (3TO
MOATBEPIUIOCH Tl HEKOTOPBIX Hedenn u 38€31 tuna RR Jlupsr [180]), Torna
1pHU OBICTPOM MOBOPOTE UX JIMHUIL arnicu/1 (LMKIMYHOM U3MEHEHHH ) OyJIeT 1H-
KJIMYHO MEHSTHCS KPUBasl JTy4eBbIX YCKOpeHHH &,(t) 1 MHUMBIX JTy4€BBIX CKOPO-
creit V,*'(t) (1.34). COOTBETCTBEHHO, IUKIMYHO MEHSICTCSI BhI3BaHHAS AP PEKTOM
Putna (1.17) kpusas 61ecka I'(t) u e€ acummerpus [A15]. ImenHo Takue Bapua-
UK KPUBBIX OJiecka HaOmonaTcs B addexre biakko.

Ecnu criektpanbHbie cMeIIeHus 00ycaoBIeHbI 3 dekTom Putia, Torma y
neden KpuBasi «Iy4eBbIX CKOPOCTE» OTpakaeT He KoyiebaHus ckopocTu V;, a
KosiebaHuss MHUMOI JiydeBoii ckopoctu V. * n yckopenus 3Be3nsl @, (1.22). 3to
00BsICHSCT PUPOLY MPOTHBO(DA3HBIX KojieOaHuid sprkocTH |'(f) U IHHBI BOJIHBI
A'(t) criekTpalibHBIX JIMHHUM, 10 KOTOPBIM CTPOSIT, COOTBETCTBEHHO, KPHUBbIE OJie-
CKa M KPUBbIE JIY4EBBIX CKOPOCTEH 1ieden i, COOTBETCTBEHHO,

I"'=1(1+ra/c)'ud'=N1+ra/c?. (1.35)

CaBur A' MEHsIET TaKkKe [BET: CIIEKTPAIbHbIM MAKCUMYM 3BE3J1bl CMEIIAEeTCS 110-

MEPEeMEHHO B KPAacHYIO WM CHHIOIO 007acTh crnekTpa. IlockompKy mokasarenb

[[BETa 3BE3/Ibl U TOJIOKEHHE CIIEKTPAILHOTO MaKCHMyMa I10 3aKOHY CMEICHUS

Buna xapaktepusyet Temieparypy, Bapuaiui 1nseta u sipkoctu (1.35) nnrepnpe-
TUPYIOT KaK BapHalllK «TeMIlepaTypbl» 3Be3/ibl B Gase ¢ oneckom (Puc. 1.21).

Konebanust Gimecka 38é31 mo 3¢ ¢dexty PuTiia mokaspBarOT CIOPHOCTH
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aprymenra Jle Currepa (§ 1.1). MccnenoBaHHbIe UM CHCTEMbI HE OOHAPYIKH-
JIM TiepeKoca rpahMKoB JIy4eBbIX CKOPOCTEH, MOCKOJIbKY BbI3BaHHBIN d(dhexTom
Putna nepexoc rpaduxos V() man s cucrem Onuskux K 3emie, a aist 0o-
Jiee yoanéHHBIX CHCTEM C 3aMeTHBIM HckaxeHueM V,'(t), oHO compoBoxmaeTcs
kosiebanusmu peructpupyemoii spkoctu I'(t) (1.17). CooTBeTcTBEHHO, 3Be31y
CUUTAJIM HE JIBOWHOM (Ha OOJBIIMX I BTOPOH KOMIIOHEHT HEpa3JIninM), a I1yJb-
cupyloleit 3Be3noi — nedenioi. B urore, nepexoc rpaMKoB JIy4eBbIX CKOPO-
cTeil y neden]1 He CBS3bIBAIM C OPOUTAIBLHBIM JIBHKEHHEM 3Be3/1bl M 3h(hexTaMu
Oasumictuueckoit Teopun. EnBa o1H 9(peKThl CTAaHOBSITCS 3aMETHbI, JIBOWHbBIE
3BE3/IbI U3-3a IEPEMEHHOM SIPKOCTH OTHOCAT yXKe K Leder1am, UCKITIoUast U3 pac-
CMOTpeHusl, Ha uTo BriepBbie oOpatui BHUMaHue [1.C. Yukun [69]. Takum 00-
paszom, Juis nedeu CyuecTByeT 30Ha U30eraHus: 3TH 3BE3/bI HE BCTPEUAIOTCS
Ha paccTosHuIX I MmeHnee 100 mk (~300 cBeToBbIx J1eT) oT CoiHIA, XOTA CPEAHss
KOHIIeHTparus neden B pykasax [anaktuku coctasiser N~ 107° nk >, T.e. cpen-
HEEe PacCTOSHHE TOIDKHO COCTABIATH ~ N1%/2 ~ 20 1K, 4TO HA MOPSIOK MEHbIIIE
u3mepenHoro ~ 100 nk. Bunumo, o mpesbliiennn 3Tol aucraniuu ~ 100 mk
kostebanust Orecka 1o addexry Purna (1.17) cTaHOBATCS 3aMETHBI U pacTyT IPU
nanbHeimem pocre . Tak, Onwkaiiinas k Ham nedeuna — [ossipHas 3Be31a,—
yaajieHa Ha pacctosiHue I = 430 cBEeTOBBIX JIET, U 00JIafaeT MaJIOH aMILIUTYIOM
kostebanmii Onecka 0,12™, mensist sipkocth Beero Ha 12 % [181]. Ilpu pocte r u
yeunennn 3¢dexra Putma (1.17) uedennpl BCTpeYaroTCs dalie, aMILuTUTYIbl KO-
nebanuii ux Orecka pactyT (HO TpH I ~ | 3TOT POCT OrpaHUYUBACTCS).

a

Puc. 1.21. HaGmonaemble y nedens konedanus sipkocty |', ckopoctu v, n
L[BETOBOM TeMIIepaTypsl T, kak ciaeacrsue dddexra Purna 1us ABOHHBIX

3é3: I' =I(1 + ra,/cd)!, v*= ra,/c, T = DN pae ' = Dl (1 + 12, /c?) .

Wrak, Momyssiiusi CKOPOCTH CBETa OT 3BE3JIbl, JIETSIIECH MO KPyroBon
opbute, BeAET K KoeOaHUM SIPKOCTH, HapacTAIOUIUM IIPH POCTE AMCTAHIHH.
O¢dexr aHasoruyeH KINCTPOHHOMY 3(deKTy, Kak OTMEUYEHO Mpodeccopom

H.C. CrenanoBriM. B KIIMCTPOHAX MNPOUCXOAUT NPOCTPAHCTBECHHO-BPEMCHHAA
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(okycupoBka »eKTpoHOB («(}azoBasi POKYCHPOBKa»), a B JBOMHBIX 3BE31aX —
cBera [67]. DTO MOSCHSIET NPOCTPAHCTBEHHO-BpeMeHHas auarpamma (Puc. 1.22),
aHAJIOTMYHAasl MPUBOIUMOMN 1J1sl kiucTpoHa [178], kak nokazan B.U. Cekepun
[149]. Poct sipkocTi 00yCIIOBJIEH KOHIIEHTpAIMEH Jy4ei, UCITyIICHHbIX B pa3-
HBIC MOMEHTBI, BO3JIE BPEMEHHOT0 ()OKyca, COOTBETCTBYIOIIETO KPUTHIECKOMY
nyTH fy = €%a, kak BuaHo u3 Puc. 1.22. Dddekr pocTa aMILIHTYIbI KoJIeOaHuUi
OJiecka IBOWHBIX 3BE3] P pocTe I < Iy, 1 00bsiCHsCT [69] oTcyTcTBHE Hedhens
B npeznenax 100 napcek ot ConHua.

%

Puc. 1.22. IIpocTpaHCTBEHHO-BPEMEHHAs JUarpaMma HILTIOCTPUPYET 3¢-

ekt rpynmupoBanus cBeta U (Ha3oBoil POKYCHPOBKU 3a CUET MOIYISILIHN
ckopoctH cBera C' = C — V() ckopoctbio uctounmnka Vi(t) = -Vosin(2at/P).

Dddexr Purna 7" = T(1 + ra,/c?) 3aMeTHO MEHSET SIPKOCTH 3BE3/bI [IPH
[ra./c? ~ 1, umu r/cP ~ ¢c/V (tne a, ~ V/P BbIpaxkeHO uepe3 opOUTaIbHBIE CKO-
pocth V u nepuon P 3Be311b1, win TouHee &, ~ 2nV/P u 2nr/cP ~ ¢/V). T.e. 3Be3ny
PETUCTPUPYIOT TIEPEMEHHOM, €CIM OTHOIIEHHE €€ JAUCTAHIMU I/C (B CBETOBBIX
rogax) k P (B rogax) npessicut C/V [A21, 13, 14]. 15t TeCHBIX ABOMHBIX 3BE3]
V ~ 102 xm/c, P ~ 0,1 roma. TTosromy Bapuarmu Grnecka 3836l 0 dPPeKTy
Purna craHoBsiTCS 3aMeTHBI Ha aucraHiuu /¢ > 300 cB. ser ~ 10?2 nk. C Takux
JMCTAHLUH ' M perucTpupyloT nedens [69].

Hanpumep, 1u1st KpyroBoit opOUTHI KpHBast Iy4eBOTO YCKOPEHUS 8, UIMEeT
¢dopmy cunycousl: a, = a-sin(2nt/P), ecnm Bpemst t oTCUMTHIBAaETCS OT MOMEHTA
TiepeceyeHust 33710 KapTHHHOM IUIOCKOCTH. B utore Gieck 3Be3/1bl U €€ n3me-
peHHast IpKOCTh |' MepuoANYHO MEHSIFOTCS IO CPABHEHHIO CO CPEIHEH SIPKOCTBIO
| (koTopast uMerna ObI MECTO B OTCYTCTBHE JBHIKESHUSI 3BE3/IbI ), IPOIIOPIIMOHAIBEHO

T ( ra . (zmn‘l
—=|l+—=sin| — )
i c* &

B utore peructpupyemast SpKOCTh 3BE3/IBI B IPUOIIKEHHN Fa/C? << 1 Oy-
JIeT MEHATHCS KaK
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1 P
I':I—,—I(l—kj—asil(zmw ~I( a (2TUJ] I- _\Jsm( ) (1.36)
c” P c‘ P P
MEPUOIMYHO MEHSISACh B POTHBOda3e ¢ yckopenueM a,. CuHyconaanbHas Kpu-
Bas Ostecka (1.36) kak pa3 xapakTepHa JJisl MaIOaMILTHTYIHBIX (PU3UUECKH TIepe-
MEHHBIX 3BE31, ISl KOTOPBIX ITyOUHA MOAYISIIUY sipkocTi M= Al/l = ra/c?<<1.
A B o0mem ciydvae, korma M;~ 1, kpuBas Omecka cnoxaee |'(t) u oTmmgaercs
PE3KUMHU BHICOKUMU MaKCUMyMaMu. B 3ToM citydae kpuBasi Oliecka HiTH SIPKOCTH
I'(t") MmoxeT OBITH MOTYYCHA B BUJIC TAPaMETPUICCKH 33JaHHOTO YPaBHEHHS (KaK
GbyHKIMS BpeMeHH B cHCTeMe MCTOYHHKA), TyTEM HHTETPUPOBAHUSI BhIpaXKe-
Hus (1.14) o mepexoma ko BpeMeHH t' B cucteme 3eMHOTO HaOmromaTens (6e3
yuéTa Ha BPEMs PaCIpOCTPAHCHHs CBETa r/c'):

I'= [(1 +—sm( 2 D
i P

., raP ( 2nt }
t'=1— cos| —
2mc? P
B obmem cityuae, eciau ABMKEHHE 3BE3/1bl, MEHSIOIIECH SIPKOCTH 110 3(-
¢dexry Purna, naér no smmnTudeckoi opoute (C opONTAIBHBIMU 3IIEMEHTaAMHU
P, e, o, i), monyunm u3 3aBucumoctu a,(t) 6osee obliee BbIpaXeHHe JUisi KOJie-
6anwmii siproctu 3Be3bl |'(t'). Kpusas 6necka u3 ypasuenuii (1.34) nomyuurcs B
BHUJIE NAapaMETPUUECKU 33JaHHOTO YpaBHEHHUs (Kak (YHKIMS SKCIEHTPHYECCKON
aHoMaiuu E)

. -1
I= 1(1 ; ﬂ(l + ecos(2arcig(tg(E/2)/B)))? sin(eo+ 2arcig(ig(E/2)/5)

IGM

p_C

f'

I(l+mos( arctg(tg(E/2)/ h))) sin(o+ 2arctg(tg(£/2)/b))1—ecos E )dE +
0
l-e

+i(E—esillE),, tneb=,—.
27 Vite

[Ipu 5TOM MpennonaraeTcs, 9T0 yCKOPEHUE UCTOYHIKA Ha BCEM TIEpHOJe HE J0-
CTHUTAeT KPUTHIECKOTO 3HaueHus &, = -C¥/|. A B cimyvae MOCTIKEHUS &, KPUTH-
YeCcKoil BeTMUuHBI, KpuBas a,(1') CTAHOBUTCS HEOMHO3HAYHOM, M TSI TTOACUYETA
WHTCHCUBHOCTHU CJIEIyeT CyMMHPOBAaTh HHTEHCHUBHOCTH OT BCEX yYaCTKOB Ipa-
(uKa, COOTBETCTBYIOMINX JaHHOMY MoMeHTy Bpemenn t', I's(t")=ZI"(t"), roe un-
JieKc | mpoberaeT 3HaueHust OT | JI0 YMCiTa yY4acTKOB, COOTBETCTBYIOIIMX MOMCH-
Ty HabmroneHus . @aKTUYECKH ATOT CiTydail pearu3yeTcsi B OCHOBHOM TOJBKO
JUTS TIYJTBCApOB, CBEPXHOBEIX (§ 2.1).

Ecmu medennst — 3To ABOitHBIE 3BE3/BI, Torna 3pdext Putna mo3Bomut
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JIETKO MHTEPIIPETUPOBATh aHOMAJIbHBIC CBOMCTBA IeeHl U IPYTruX MepeMeH-
HBIX 3BE3], HC HANICAIINX OOBSICHEHHS B PaMKax IyJIbCallMOHHOW Teopuu. He
3psi B IIOCJIEHUE TOJIbI IEPEMEHHOCTD, OCUMIIISIINY OJiecKa 3BE3/ 4acTO CBS3bI-
BAIOT C HAJIMYKUEM BO3JIE HUX 3BE3/-CITyTHUKOB U dK301utaHeT [184]. CoBpemen-
HbII yTouHEHHBIN aHanu3 runote3sl Jla Po3pi-Cexepuna [A23, A39] no3Bosnsier
YCTPAHHUTH OOJNBIIMHCTBO BO3PAKCHUN MPOTHUB 3TOM TUIIOTE3bI, B T.4. YIOMSIHY-
THIX B [6, 182, 183].

B gactHOCTH, ekt PuTia 00BSICHSACT CHHXPOHHBIC C KOJICOAHUSIMHU
Orecka KoseOaHusl IIBETOBOM TeMIleparyphl U JryueBoii ckopocth nedeunn (Puc.
1.21), u3MepeHHOM, COOTBETCTBEHHO, 110 CIEKTPY M3JIYYEHHs M IOTJIOLICHUS.
Ecnu xonebanust Onecka u cnekrpa oOycnosnensl addexrom Purna, nomkna
CYIIIECTBOBATh CBSI3b MEXJY XapaKTCPUCTHKAMHU KPUBBIX OJEeCKa, «JIYyYEeBBIX
CKOpOCTEi» M «Temrieparyp». [lefcTBUTENBHO, COIIACHO HAOIIOACHHSM, C Ha-
pacTaHMeM aMIUIUTYAbl KojeOaHuit Oecka, pacTéT aMILIMTYaa KojeOaHuil Tem-
rneparypsl U J1yueBbix ckopocteid [185-187]. PaccmoTpum 3Be3ny, yaan€HHYIO
Ha pacCTOsIHUE I, IBIKYILYIOCS TI0 KPYTOBOM OpOHTE C IEHTPOCTPEMHUTEIBHBIM
YCKOpeHHEeM a u obnaaaromnyto cpemnHeid sipkocthio |. Torma, cortacho (1.36),
sipkocthb B Makcumyme ~I(1 + ra/c?), a 8 munumyme ~I(1 — ra/c?), eciu rirybuna
MOJYJISLIUU SIPKOCTH M, HE CIIUIIIKOM BEJIHKA

m,= Al/l = ra/c*<0,5.

Te sxe mpeoOpa3zoBaHusi UCTIBITHIBAaCT Yactota f m mmnHa BonHbI A. Ilo-
9TOMY B CIIEKTPE U3IYYCHHUS 3BE3IbI CICKTPAIBHBIA MAKCUMYM A, PETYIISIP-
HO CMEIAeTCs, a MakcuMajbHoe cMenienune Af/f'= AML = ra/c?. Bapuamuu A,
HHTEPIPETUPYIOT KaK KoJicOaHus Temmeparypsl potochepsl. Ho criekTpanbHbIii
aHanu3, 1o 3akoHy cmeuienus Buna T, = b = 0,003 m'K, naér numb npero-
BYFO TEMIIEPATYpPy T, YaCTO HE COBMAIAIONIYIO C HICTUHHOM Temmepatypoit T [82,
188]. Ileproauunblie cMeleH s crieKTpa eder bl OIHO0YHO HHTEPIPETUPYIOT
KaK KoJicOaHHsI TEMIIepPaTyphl C IYOUMHOW MOIYJISIHH

My = AT/T, = Ahpax/Amax = Fa/C2.
Takum 06pa3oMm, CONIaCHO OAJUTMCTUYECKOM TEOPUH, TITyOHMHBI MOAYJISLIUHN TEM-
mepaTypbl My ¥ APKOCTH M, JOJDKHBI COBIA/IATh, B COMIACUH C HAOIFOICHUSIMHU.
B MoMeHTBI MakcHMyMOB Ha KpuBoii Oiecka I(t) 1 MUHHUMYMOB Ha KpuBO# a,(t),
KOT/Ia CHEKTp MPEIEIbHO CMENIEH B CHHIOIO 00JIACTh, BOSHUKHET WILTIO3MS, YTO
TemIieparypa 3Be3/ibl MakcuMasibHa. Majible pacxoxieHus B popme u dase Ko-
nebannit 1(t), T(t), Vi(t) oOycinoBieHbl pa3Hoil ATHHOM SKCTHHKIMH | Tydeii pas-
HOTO IIBETa B IPOMEKYTOUHOHU cpejie (B 00akax MeX3BE3IHOIO rasa). 1o He-
COBIaJIeHne KosleObaHui Oiiecka neden bl B pa3HbIX IBETaX, SIKOObI OTCYTCTBYIO-
11ee, IPUBOJIUIIN B KauecTBe MpoTuBopednst Mozenu nedens Jla Pospi-Cexepuna
[324]. A dakTHuecKH 3TO HECOBIIaICHHE KPUBBIX OJIECKa B pa3HbIX JAMAIa30HaxX
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oryémuBo Habromaercs [65, 189]. Kak ormernn Jla Po3a, pacxokaeHus B Gpop-
Me kosebanmit I(t), Te(t), Vi(t) uedenn oOycnoBIeHBI TeM, YTO 3TH KOJCOaHHS
oTOOpakaroT 00Ilee N3MEHEHHE SIPKOCTH U CIIEKTpa ABOMHOW 3BE3/Ibl, a KpUBas
JIy4EBBIX CKOPOCTEW — TOJIBKO OJHOTO KOMITOHEHTa. JIMHUM BTOPOTO KOMITOHEH-
Ta, Majnoro Onecka, He BuaHBL Ilo Teopuu u 3pdexry Purna xonedbanus (t),
Te(t) mIr030pHBI, @ UCTHHHAS SIPKOCTh M Temreparypa nedeun (OTau4Has ot
LIBETOBOI) — HEU3MEHHBI.

Mexny rryOuHamu Moayssinuu sspkoctu M= Al/l u my4eBbIx ckopocTen
m,= AV,/V, y)xe HeT cTpororo coorBeTcTBUs. JINHEHYaThIN CIIEKTpP HOIIOLICHUS
UCIIBITHIBAET MEHBILIUE KOJIeOaHMs, YeM HEIPEPBIBHBIN CIEKTP M3IIyYCHUs, T.K.
s¢dekt Purna npeodpasyeT crieKTp M3JIydeHUs] Ha 3HAYUTENILHOM YacTH 1My T I
CBETa, a CIIEKTP MOMIOIIEHHsI MOTYT CO3/1aBaTh CJIOM I'a3a Ha HPOMEKYTOUHOM
nyt |. Kpome Toro, y yactot f, Bo3sie TuHMI TOMIOIIEHHUS aTOMOB YBEJIUYCH 110~
Kazaresnb npenomiieHns N rasza (1.33) u cumken adpdexTuBHbIN My Th [ ~ A/27(Nn —
1) Tpanchopmanu cBera puti-3dpekrom. BoT mouemy npornopiroHanbHsie |
PUTLEBCKHE CMEIIEHHS CIIEKTPAIbHBIX JINHUN 3aMETHO CHHIKEHBI, IPHUYEM B pa3-
HOW CTENEHU JJIsl IMHUI pa3HbIX AJIEMEHTOB, B 3aBUCHMOCTH OT KOHLICHTpPALN
COOTBETCTBYIOIMX Ta30B U 3(dexkTHBHOCTH nepensnyueHnst B HUX. HecoBna-
JICHUE aMIUTUTY/1 KoJeOaHuil JIy4eBbIX CKOPOCTEH B JIMHUSX Pa3HBIX JIEMEHTOB
PEaNbHO OTKPBITO y TIeer T U JBOUHBIX 3BE31 [46, 175]. 3a cuéT nepensnydeHus
C/IBUTH CIIEKTpa nomiomeHus no apdexram Purna n Jlonnepa MoryT ObITh corto-
CTaBUMBI, a y psijia IEPEMEHHBIX 3BE3/1 JOIUIEPOBCKUE CMELIEHHs TPe00iIa atoT.

HaOumtonennst BBISSBUIIM CBSI3b aMILUIUTY/bI KojeOaHuil Onecka (TryOuHBI
MOAYJISIIMM M;) ¢ aCUMMETpHUel KpuBoii Onecka. [{ist nedenn xapakrepHo pes-
KOE€ HapacTaHue SIPKOCTH | TUIaBHBIN €€ crias. CTerneHb acHMMETPUH PacTéT Mpu
YBEJIMYCHUH aMILUIUTY/bI OecKa. DTO TOXKE HAaXOAUT OOBbsICHEHHE B OaiIucTHye-
CKOM TeopHH. Y OOJIBIIMHCTBA TECHBIX JBOMHBIX 3BE3]] OpOUTHI Kpyrossie. Torna
KpHBasi CIIEKTPAJIbHBIX CMeIIeHHH AL/ U JIy4eBBbIX CKOPOCTEH — 3TO CHHYCOU1a
(1.35). Onnaxo a¢dexr Purna co3naér acuMMeTpuio TpaduKoB JIy4eBbIX CKO-
pocrteii u Oiecka, mpuaaBasi UM nuIooopasuyr dopmy (§ 1.1, § 1.4). C ysenu-
YEHUEM IepeKoca PacTyT CONpoBOKAaoNIMe ero 1o 3¢ dexry Puria Bapuanmn
sipkoctu. [loaToMy KiaccMueckuM LedenaaM ¢ aCHMMETPUYHBIMH KPUBBIMH
V/(t) cBONCTBEHHBI BBICOKOAMILIMTY/HBIE KOeOaHUs Ojecka. A TepeMEeHHBIM
3BE371aM ¢ cHMHycouaaibHoW KpuBoi V(t), CBOHCTBEHHBI TOYTH TapMOHHYECKHE
kostebanust 6necka ¢ M; << 1, kak y MajoaMIUIMTYAHBIX nedens tuna { bimsne-
uos [175, 176]. Dror adpdexT muttocTpupyer TpéxMepHas ¢asoBast 1uarpamma
KIIMCTPOHA: NPH HAPACTaHUM aMILIMTY/bl KOJEOaHUI TUIOTHOCTH TOTOKA 3JIeK-
TPOHOB PACTET aCUMMETPHSI BOJH: U3 CHHYCOUIAIbHBIX OHH CTAHOBSITCS — KHOM-
JATbHBIMU, C OCTPBIMU TTUKamu [178].
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K acummerpun xpuBoii Onecka nedeny MOryT puBecTH 3PQeKThl B3au-
MOJEHCTBUS CBeTa C MEX3BE3NHON cpenoil. Cpena HUBETHPYET OTKIOHEHMS
CKOPOCTH CBETa OT CTaHJApTHOW B Pa3HOM CTENEHU JUIsl JIy4el, UCIYIIEHHBIX
C Pa3HOHM YacTOTOW M CKOPOCTHIO B MOMEHTHI IIPHOJIMKEHUST U OTJAJICHUS 3BE3-
nbl. Kak ormedyeno B § 1.1, MOCKoNbKY Iepen3iiydeHue OOyCIIOBJICHO HHTEp-
(epeHnmell NCXOHOTO M3JIyYEHUsS] CO BTOPUYHBIM, MEPEU3ITyuYEHHBIM CPEIOH,
OHO 3((PEKTHBHO JHIIb JJIS yAAISIOUMXCS UCTOUHUKOB: V, > 0. A mpu V, < 0
Neper3Ty4EHHBII CBET CO CKOPOCTBIO C HE JIOTOHSIET NEPBUYHOE U3ITyUCHUE CO
CKOpOCThIO C — V, > C, He MHTepEepUPYET U HE MEHSET ero CKopocTh. TouHee,
yBEJNYCHA [UTHHA SKCTHHKIMY |, Ha KOTOpOW MEHSIETCsl CKOPOCTh, T.K. B rase, 3a
Cu€T MaKCBEJJIOBCKOTO PacIpe/iesIeHHs], €CTh aTOMBI CO CKOJIb YTOJTHO BEICOKMMH
cKopocTsiMH. PaccessHHOE MU M3ITy4eHHE MMEET CKOPOCTh JOCTATOUHYIO IS
uHTepdepeHIn ¢ UICXOAHBIM H3nydenueM (§ 4.4, § 4.2).

B wnrore, npeodpazoBanue rpaduka JIy4eBbIX CKOPOCTEH CTaHOBUTCS He-
JIMHEHHBIM 110 V,, CO3/1aBasi aCHMMETPHIO KPHUBBIX OJIECKa ¥ JIy4eBBIX CKOPOCTEH
uedensi, BBIpOKEHHYIO TEM sipye, 4eM BBIIIE aMIUTUTYy/Aa KojeOaHuil Onecka.
Takum oOpazom, Konebanus Oiiecka HE TOJBKO HApacTaloT IO Mepe JABHKEHHS,
HO W yKpyd4aroT nepensuil ¢ppoHt. Topmo3ssinee AeiicTBUE MEK3BEIMHONU CPEIIbI
AQHAJIOTMYHO TOPMOXKEHHIO JTHOM ITOBEPXHOCTHBIX BOJH: NP BBIXOJE Ha Oeper
BOJIHBI HAPACTAIOT, 3a0CTPSIIOT IPEOHNU U YKPYUaroT EePeJHUH (PPOHT, BIUIOTH 110
ero onpokusiBanus. T.e. JuIst nedens n Apyrux NepeMeHHbIX 3BE3]] IBOJIONUI0
nipoduitst BosH I(t), V() MoxkHO onmcars uepe3 ypaBHeHne Yuzema.

Kpome nedenn, k puznveckn nepeMeHHbIM 3BE3/1aM OTHOCSIT TAKXKe 3BE3-
1wl Tumia RR JIuper, RV Tenbna u o Kura (mupuoder) [176]. Konebanus ux 6iecka
TaKKe MPUHATO OOBSICHATH MO TEOpHHU IMyibcanuid. OTHAKO OHA CONEPKUT Pl
rnapasiokcoB u npotuBopeunit [126]. Tak, B xoie mylnbcauuii 3Be3/bl €€ CIiek-
TpajbHbIC JIMHUU JIOJDKHBI HE CMEIIATHCS, a TIEPHOJMYHO YIIUPSATHCS IoIepe-
MEHHO B CTOPOHY KOPOTKMX M JUIMHHBIX BOJH. HOo HaOmroneHus mokasaliu, 4To
JIMHUY HE MEHSIOT IIMPHUHBL, 3 CMEIAOTCSl KaK 11eJI0€, CBU/ICTEIbCTBYSI O JIBU-
YKEHUH 110 OpOHUTEe HEM3MEHHOH 3Be3/1bl. OTCYTCTBHE NEPHOIUYHOIO YIIUPEHHUS
CIEKTPAJIbHBIX JIMHUH W TyJabcalui neden]] MOATBEPKAAIT U Pe3Kue, y3Kue
crniekTpaibHble TMHUY nedenn [126, c. 104]. [Tynascupyromue 3BE31b1 00a1a71
Obl HAaMBBICIIEH TEMIIEpaTypoil U SPKOCTHIO B MOMEHT IPEJIENIHOTO CHKAaTHsI IPU
V, = 0. PeanibHO ke 3Be3/1a sipue BCErO B MOMEHT PacHIMPEHHs ¢ MaKCUMajb-
HOMW CKOPOCTBIO, €CIIH HHTEPIPETUPOBATH CMEIIECHHS CIIEKTPaIbHBIX JIMHUH KaK
noruiepoBckue [126]. ITpuunHoit T0TO CUMTalOT HECMH(A3HOCTH IMyJIbCALUN
BHCIIIHUX U BHYTPEHHHX CJIOEB 3BE3/bI: BHEIIHUE CIIOU (xpomocgepa, 00Opasyro-
11ast JINHKUY MTOTVIOIIEHHMS) Tal0T KpHBYI0 ckopocreit Vi (t), a BHyTpennue (gomo-
cpepa) — xpuByro Onecka () [126].
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Jlpyroe HECOOTBETCTBHE — OTCYTCTBHE 3aTyXaHHMs ITyJIbcaluii 3BE3/1, He-
n30C)KHOE B TUCCHUIIATUBHBIX CHCTeMax. [IpenronaraoT Hajanyue aBTokojcOa-
TEJIBHOTO TPOIIecCca, OT PEryJsiPHOTO M3MEHEHUs KO (QUIIMCHTA MPOITYCKAHMUS
cllosi MOHM30BaHHOTO renust. Ho aTa rumore3a He OOBSCHSAET NMEPEMEHHOCTh
3BE3]1, COAEPIKALINX, CY/I 10 CIEKTpaM, HE3HAYUTEJIbHBINA MPOLEHT Tenus. A B
pamMkax OaJTMCTUYCCKOW TECOPHH, €CIH KOJicOaHus OjecKa BhI3BaHBI OPOUTAIIb-
HBIM JIBUKCHUEM JBONHBIX 3BE3]I, TOTA IEPEMEHHON MOXET OBITh 3BE3/1a JIH000-
rO pa3Mepa, CBETUMOCTH U XMMHUYECKOTO COCTaBa.

CornacHo runotese Jla Posei-Cekeprna, koiebanust Oiiecka He 3aryxa-
10T, IOCKOJIBKY OpOMTaJbHOE BpAlllEHHE — 3TO NpUMEp Hanboliee CTaOUIBHOTO
nBmkeHust. Ho u3BecTHBI neen ibl, SIM30INYeCKH TPEKPAINAOIINE MCHSTS SIp-
KOCTh U BHOBb HaunHaromue. Hanpumep, [lonsipras 3Be3na B Havane XX B. pa3
B YETBIPE JHS MCHsUIa IPKOCTh Ha 2M;= 15 %, a k xoHIly XX Beka KojeOaHHs
ucuesnu: 2m,; <1 % [181, 190]. B Hactosiee Bpems y [TonsipHoit ammuinTyna 2m,
cHoBa pocturia 4 %.

HecrabunbHocTh KoneOaHuii Onecka meden NPOTHBOPEYUT TEOPHU
mynbcanuii. B 0ammmcTuyeckoil Teopun 3Ta HECTAOMIIBHOCTh — CIICICTBUE ObI-
CTPBIX BapHAILMi IIEMEHTOB OPOUT B TECHBIX JIBOMHBIX CUCTEMaX (C MEpUOaMu
XapaKTepPHBIMH IS Teder]) 3a CYET TPAaBUTALMOHHBIX, TPWIMBHBIX CHII, YTO
orpaxkaetrcs Ha kpusoi a,(t) u Ha kpusoii Onecka I(t) [A23]. Tak, miockocTh
3BE3MHONM OPOUTHI B XOIC NPEIECCHU B IMOJIC TATOTCHHS IPYTHX 3BE3J U IUIa-
HET MEHSIET yroJl HAKJIOHEHUSI |, ¥ B OJIMH MOMEHT MOXET MPECTaTh BUIHUMOM B
TuiaHe (MepreHInKYISIpHO J1y4dy 3peHus I'), a B apyroii — ¢ pedpa (Puc. 1.23). B
nepBoM ciy4ae a, = 0 ycrpanset kojebanus Onecka, kak s rnedenast RU XKu-
pada. IIpu BeIxOmE OpOUTHI U3 3TOTO TIONOKeHHs &,(t) # 0, 1 Koebanus Oiecka
BOCCTaHAaBJIMBAIOTCSI.

63
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Puc. 1.23. Ilpeueccust OpOUT CIyTHHKOB BEAET K AMHU30IUUYECKOMY HC-
YEe3HOBEHHIO KOJIEOAHMIT YCKOPEHUs &; M HPEKPALIeHHIO ITyIbCaluid y
cucrem tuna [lonspras Aa u ['epkynec X-1. Hmxe — rpaduk xoneGanuit
1o put-3¢dexry spkoctu mynbcapa PSR B0943+10.
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[ockonbky y 3BE371, npeneccus OpouT, Kak y opouTs! JIyHBI, IMKIHMYHAS
(uepe3 OAMH NPELEeCCHOHHBIN NEepHo/ OpOrTa 3aHMMAET MPEXHEE MOJOKEHNE
[191]), ammunTyna konebanuii Onecka neden J0mKHa MEPUOANIHO MEHSTHCSL.
Takue Bapuaumu xapaktepHsl Juist 3883 Thra RR JIupbl u KapiaukoBbIX nede-
U] — NEePEMEHHBIX ¢ NEepUOAAMHU B HECKOJIBKO yacoB [176]. DTo ecTecTBEeHHO,
MIOCKOJIBKY MalJlblii TIeproji oOpalieHus o3Ha4aeT OJIM30CTh KOMIIOHEHT JBOM-
HOW 3Be3/1bl U 3HAYUTEILHOCTh 'PAaBUTAIIMOHHBIX BO3MYILEHUH OpOMT 3a CYET
PENSTUBUCTCKUX U MPpWIKMBHBIX dddekToB. [TosToMy y Takux 38311 HaOMOMaET-
Csl psiJl HEOOBSICHUMBIX TEOPUEH ITyJIbCAIMH aHOMAJIHMI: MIEPUOIMYHO MEHSETCS
¢dopma kpusoii onecka I'(t) (s¢phexm Braswcko) M 04€Hb MEIICHHO — TEPHOL
P ero xomebanuii [176]. B Oannuctiyeckoll TEOpUU 3TH Bapualuu OOBSCHHU-
MBI BpALIEHUEM JINHUHM AIICU/1 y 3BE3IHBIX OPOUT B TECHBIX JIBOMHBIX CHCTEMax
(Puc. 1.24). Buepssbie Takyto npereccuto opout Habmonan A.A. benornonbcknit
[65]. CornacHo (1.31), mo mMepe BpaleHusl OpOUTHI MEHSETCSI, B 3aBUCUMOCTH
oT ®, popma kpuBbIx a,(t), V,*(t) u perucrpupyemoit sipkocru I'(t) (Puc. 1.24).
[oce moHOTO 060pPOTa OPOUTHI KpHBasi OJiecka MPUHIUMACT HCXOHYIO (hopMy.
Takum oOpazom, B cortacuu ¢ addexrom braxkko, mpoduim KpuBoi Onecka 1u-
KIIMYHO TOBTOPSIIOTCS. Bpalienne opOUT M IMKIMYHOE M3MEHEHHE UX (OPMBI
MOYKET OBITh BBI3BAHO TAK)KE BOSMYIICHUSIMU CO CTOPOHBI 3BE3/1 U IIJIAHET.

Ecnmu nBvkeHne 3Be3nbl MO OpOUTE C OKCLEHTPUCHTETOM € IPOHCXO-
JUT C OpOUTAIBHBIM TIepUoAOM P, a JIMHUS arcua OpOUTHI IOBOPAYMBAETCS C
nepuosioM P,, Tak 4yro nonrora mepuactpa pactér kak o = 2nt/P,, Torna kpu-
Bas Onecka n3 ypaBHeHui (1.34) Moker OBbITH TOJIydeHA B BHJE ITapaMeTpH-
YEeCKH 3aJaHHOTO ypaBHEHHs (Kak (yHKLHUSI SKCIEHTPUUYECKOW aHomanuu E)

\ -1

I= [{1 ;' "7 (1+ ecos(2arctg(tg( £/2)/ b)Y’ sin(P(E —esin(E))/ P, + Zarctg{rg(Eﬁz)s’b]) ‘
y ee B /
E
IGM EED : . e
f'=—— J.{l + ecos(2arctg(tg( E/2)/b))) 3111[P{E—(?3111(E));fP‘ +231‘CTg([glEs’2];‘b}kl—t?COSE)(fE+
Py -

—3£1E—esinE)_ raeb= ‘I‘lj
In Vite

BeICTpBIl TTOBOPOT OPOUT MOXKET OBITH WILTFO30PHBIM, €CITU PUTI-3P(EKT
KoMmmpeccupyeT Habsonaemsit nepuox P' = P(1 + ra,/c?) nBoiHbIX 3BE311, LIEHTD
Macc KOTOPBIX JBHXKETCS C yCKopeHueM a.~ -C¥r. Torma nepuox P' obpatenus u
KosiebaHui OJ1ecka COKPATUTCS C CYTOK JI0 4acoB. [ IpornopioHaibHO COKpaTHTCS 1
W3MEPEHHBIN TIEPUOT IPELeCCUH OPOHTHI (CMEIEHH S IIEPUACTPa) U IINKIIMYHBIX Ba-
pHanmii KpuBbIX ckopocTeit n onecka. dddexr Purna npu Bapnanmsix a(t) oobscHs-
€T TaKKe MOHOTOHHBIH POCT co BpeMeHeM t mepuona P’ iedenn u mynmscapos (§ 2.1).

l
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Puc. 1.24. [ToBopoT MMHUH aricu1 opOUTHI U3 MOJIOKEHHUS 1-3 B 110-
noxenwue 1'-3"MenseT popmy kpuBoit yckopennii &,(t) mbmecka l'(t).

Habnromaemoe y nedena m3MeHEHHE MEPHOIa MOXKET OBITh TaKXKe BBI-
3BaHO TPWJIMBHBIMHA M PEISATHBUCTCKAME d(PPEKTaMU, MEHSIIOMIAMHI PaIHyChI
OpOUT 3BE3M B TECHBIX TBOWHBIX CHCTEMaX, BKIFOUAsl TBOWHBIC ITyIbcaphl. Tak,
Y ABOMHBIX ITyJTHCAPOB MEPUOIBI IOCTETICHHO COKPAIIAIOTCS 33 CUET M3ITyICHUS
SHEPTHU B BHJE TPABUTAIIMOHHBIX BONH [42, ¢. 117]. A y MBOWHBIX 3BE3] OpOu-
TaTBHBIN TIEPUOJ W PaBHBIN eMy Irepuos kKojeOaHmid Onmecka P, HampoTus, mo
CTaTUCTHKE PAcTET 3a CUET MpuiauBHOTO TpeHus. Tak, y [lomsproit mepuon P ~ 4
CYT ©XKETOHO HapacTaeT Ha § cekyH. [lomsgpHast BXOIUT B ABOHHYIO CHCTEMY,
rae koMnanboH Polaris Ab (kapiwk IaBHOI MOCIIEIOBATENEHOCTH) oOpammaeTcs
BO3JIe TNIaBHOU 3Be3bl Polaris Aa 3a 30 jet, kak ycraHoBun A. Bemomonbckmii
[65]. Konebanus 61ecka ¢ P ~ 4 cyt [lonspHOii BBI3BaHbI, BUAUMO, TIPUCYTCTBH-
eM Oosee OIM3KOTO CITyTHUKA.

ONU30MYeCKH, BMECTO TUTABHBIX, HAOTIOMAIOTCS CKAaYKOOOpa3HEIE H3Me-
HEHUSI IEPUOOB Tieenn (enumyu), HEOOBICHUMBIC B TCOPHH MyIbcartuii [ 176].
A B pamkax rumote3sl JIa-Po3pi—CekeprHa TIATYA MOTYT OBITH BBI3BAHEI CTOII-
KHOBCHHEM 3BE3/IBI C aCTEPONIaMU. YIap CKauKOM MEHSET CKOPOCTh 3BE3IIBI, €&
opOuTYy U eproz oOpamieHus. 3a cu€T MaIoil MacChl CTOIKHYBIIIETOCS TeJa, U3-
MEHCHHE TIepHo/ia, Kak MPaBUIIO, MaJIO TI0 CPABHEHUIO ¢ OPOUTAIEHBIM TIEPHO-
JoM. B yactHocTH, y nBOMHOM 3Be316l W bonbuioid Menseauist B 1964 r. nepu-
oJ1 oOpaIeHus 1 KoJieObaHuii Orecka CKa4KoM BBIPOC TIOCIIE KOPOTKOH BCIIBIIIKH
[175], xoTOpast MOXET OBITh CBHICTEITHCTBOM CTOIKHOBEHHS 3BE3/IbI C aCTEPOH-
JIOM, U3MEHUBIINM €€ opOuTy. CKauKoOOpa3HBIA pPOCT Tepruoa HAOTIOIANC U
st RU Exnaopora [175]. Takum 00pa3zoM, B OaJUTMCTHYECKOH TEOpUH BapHua-
MU XapaKTePUCTUK MEPEMEHHBIX 3BE3 — ATO CICICTBHE M3MEHEHUS pa3Mepa,
¢dbopmbl 1 opueHTarMK uX OpOHT. OTCIONAa MOKHO BBIBECTH HOBBIC KPHUTCPHH
MIPOBEPKH OaUTHCTHUECKON Teopuu u TuroTe3bl Jla-Po3s—CekeprHa.

XapaKTepUCTUKH TIEPEMEHHBIX 3BE3T MOTYT MEHATHCS U 3a CUET Bapua-
LU JUTHHBI SKCTUHKIMY | TIPH M3MEHEHHH KOHIICHTPAIIMU MEX3BE3THON CPe/Ibl
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Ha Jiyde 3peHus . J{ist psiaa qBorHbIX 3BE31, B yactHOCTU J 259 ([uaowr) u RX
Kaccuornen (§ 1.2), 0OHapyXeHO OTIIMYKME AMIUTUTY]] JIy4EBBIX CKOPOCTCH, U3-
MEpPEHHBIX B pa3Hbie 3moxu [172]. Ecnu nepuon konebanuii 61ecka P' mpeo6-
pasoBan s¢dexrom Puriia oTHOCHTEIBHO OpbuTanbpHoro P, Torma Bapuarnuu |
BBI30BYT M3MEHEHHE P',— M1aBHOE WK CKaukooOpa3Hoe (TIpU MepeCceUCHUH Tyda
cBera ppoHTaMH 00JIAKOB MEXK3BE3THOTO T'a3a).

B Ganmictiueckoil TeOpHH 3IEMEHTapHOE OOBSICHEHUE MOTydYaeT 3aBH-
CHMOCTB MEPHOJI-CBETUMOCTD ISl ieher 1, eciu neder/ bl — 5TO TECHbIE JABOMH-
HBIC CUCTEMBI, TJIC paJnycChl 3BE31 1 UX opOUT conoctaBumbl [51]. Torna Gomee
KpYIHBIE U sipkue nedenpl 001aaoT oee MUPOKUMH OpOUTaMHU, KOTOPBIM
COOTBETCTBYIOT OoJice JUIMHHBIC Mepuosl. HaOmoneHus, 1eiHCTBUTEIBHO, BhI-
SIBJISIFOT TaKyIO CBSI3b [EPUO/Ia U CBETUMOCTH Y TECHBIX JIBOMHBIX cucteM [46,
c. 180]. Hanpotus, ans 38&€3n tuna Mupsl Kura u RV Tensia, ¢ nepuogamu
TIOpsiJIKa TOa M IIMPOKUMH OpOMTaMH, OCHOBHOE 3Ha4€HHE NMpHoOpeTaeT Mac-
ca 3Be3/bl: Oosee SIPKUM M MacCHBHBIM 3BE3/1aM TAaKOTO THIA COOTBETCTBYIOT
Oosiee KOPOTKHE OpOWTANIbHBIC MEPUO/IBI CITYTHUKOB M BapHaluil Onecka. IT1o
00BsICHSICT 00paTHYIO (110 CpaBHEHHIO C medenamMu) 3aBUCUMOCTh «IICPUO/I-
CBETUMOCTB)» JUISl 3BE3/] TAKOTO THIIA: UIMHHBIM IIEPHOAAM OTBEYACT MEHBINAs
CBETHMOCTS [176], Bonmpeku Teopuu myibcanuii.

VY nedenn n 38837 Thna RR JIupsl kpuBbie Oiiecka 00BIYHO conlepiKaT He-
GosbIIol TOPOMK, BTOpUYHBIH MakcumyM [175]. B Teopun nynbcaimii ero o0b-
SICHSIIOT (HE BIIOJIHE CTPOTO) OTPAKECHUEM CEHCMUYECKOH Iy IbCAIIHOHHOW BOJIHBI
B atMoc(epe 1eder Il oT siipa 38e31bI [ 175] ¥ HaloKEHHEM 3TOTO0 BTOPUYHOTO
KoJicOaHMs CO CABHIOM 1O opOuTanbpHO# (aze AD Ha ocHoBHOe [185, c. §9].
[pome 0OBsCHIET BTOPUYHBIA MaKCUMYM THIIOTE3a JBOMCTBEHHOCTH Le(ens.
V 3BE371, 0Opa3zyromux nedenay, 3aMeTHa JIMIIb TIIaBHAs sipKasi 3Be3/1a, a Oyeck
3BE3/IbI-CITyTHHKA WJIM TUTAaHETHI TepseTcs Ha e€ (oHe, Kak rmokasan benonois-
ckuii [192]. Ecnu sipkocTu maBHO# 3Be31bl A 1 criyTHHKA B comocraBumbl, ux
kpuBble Onecka l4'(t) u Ip'(t) ¢ MakcuMymamu, yIIMpeHHBIME 32 CUET BpaILCHUs
3B&371 naayT npu cioxenud ls'(t) = 1,'(t) + I5'(t) 1Ba MakcumyMma 1 1Ba MEHUMYMa
(Puc. 1.25). Bannuctudeckast Teopusl IPEICKA3bIBACT, KPOME BEIIMYHUHBI CIIBUTA
opbutanbHoil hazel AD = 0,5 Broporo KOMIIOHEHTa (JIy4eBbIe YCKOPEHUS TTaphl
3BE311 MEHSIOTCS B mpoTHBO(ase), Habmomaecmoe nusmeHenune Ad,, (cMereHue
BTOPUYHOTO MakCMMyMa, ropOMKa) B 3aBUCMMOCTH OT riepuoaa P [175, 176] n
opOuTanbHBIX cKopocTeit 38€31 A u B. Dtu ckopoctu V,y 1 V,,, o OammucTuye-
CKOMY IPUHIIMILY, TPUBOAAT K pa3HOMY 3aIla3/(bIBaHHIO CBETA, MEHSISI PETUCTPH-
pYeMyI0 pa3HHUIy OpOUTANBHBIX (ha3 MAaKCUMYMOB AD, ..

CornacHo Teopun PuTna, BTOpHUHBII MAKCUMYM MOYKHO HaOJIIO/IaTh U Ha
KPHBOI1 OJiecka OfIHOW 3BE3[IblI, €CIIM CITyTHHUK — 3TO 3BE3/a MaJjoil CBETUMOCTH
(KpacHbIW, KOPUYHEBBI KapilMK) WK 9K30IIaHeTa. JleHCTBUTENbHO, KaK ITOKa-
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3aHo BhIIIe, pu € > 1/3 Ha rpaduke a.(t) u, cinenosarensHo, Ha |'(t) u V'(t) (1.35)
obpasyercst rop6. [To 3akony Jlronenmopda npu pocre P B cpenHem pactér e,
a Ha xpuBbIX I'(t) u V'(t) npu HexoM kpuTHueckoM P oOpasyercs BTOpUUHBII
MaKCHUMYM, KOTOPBIH IPH JJILHEHUIIEM POCTE MEPUOia CMELIACTCS M HCUE3aeT.
Tak ’ke ¥ KOMIBIOTEPHOE MOJICIMPOBAHUE MTOKA3bIBAET CMEIIEHHE BTOPUYHOTO
MakcuMyMa 1pu pocte neproza P riedenssl, B cortacuu ¢ Habmonenusivu [175,
176]: rpacduku I'(t) u V', () oOpasyrot nocnenoparensHoCTh [eprrmpynra [177].

L\ 1\ I

\B/ ¢
Puc. 1.25. Brieck 38831 A 1 B MensieTcs B mpotuBodase,

00pasys CIOKHYIO MHTErpajbHYyI0 KpHuBYyI0 Oimecka Mm(t)
i siproctH |(t), Tuna B JIupsr u W Bonbinoit MeaBeantis.

Hpyrass aHomaimusi kojeOaHWi Olecka COCTOMT B TOM, YTO WHOTZAA
OHHU TIPOMUCXOMAAT C JBYMs TIE€PHOJAMH: OIHO KOoJeOaHHE HAJIOKEHO Ha BTO-
poe, Harmpumep v AC Anmpomenst [176]. B pamkax OammmcTHdeckod Teo-
pUM HaJIM4Me ABYX IEPHOJOB — 3TO CJIEACTBHE BO3/CHCTBUS HA IVIABHYIO
3BE3[ly JBYX CIIyTHHKOB C pa3HBIMH OpOWTaNbHBIMH mepuomamu P; u P,.
Torga BbI3BaHHBIE WX TATOTEHHEM CMEIICHMS IVIABHOM 3BE31bI BO3JIE LCH-
Tpa Macc MPOMUCXOMAT C ABYMs IIEPHOJAMH, a KpuBas yckopenuit a.(t) m nn-
terpanpHOi sipkoctu I'(t) comepkut aBa mepmoma xonebanumit (Puec. 1.26.a).

CryTHHMKH BBISIBIICHBI Y PsZa TIEPEMEHHBIX 3BE3/1, B 4acTHOCTH y 6 CKop-
nroHa. [IpraéM ux opOuTaIbHBIE IEPHOIBI YaCTO COBMAIAIOT C MEPHOIOM KO-
nebanuii 6mecka [65, 46, c. 67]. JIBa mepuoma Ha KpUBOW Ollecka BO3MOYKHEI
1 B KPAaTHBIX CHCTEMaXx, I7I€ OJMH KOMIOHEHT JBOWHOMN 3BE3/IbI CaM SIBISICTCS
nBorHBIM (Prc. 1.26.6). Takue kpaTHBIC HEpapXHMUECKHAE CHCTEMBI IIHPOKO pac-
mpocTtpaHeHsl [46]. bricTprie konebanus ssprocTh |’(t), BEI3BaHHBIC TATOTEHHEM
CITyTHHKA, HAJIOXKECHBI HAa JOJTONEPUOIHBIC BapHALMK CPETHETO OIecKa 3BE3/Ibl
3a Cu€T ABIDKCHHS 3Be3IbI 1Mo mmpokoi opbute (Puc. 2.2). TlomoOHBIE KOITe-
Oanus Omecka oTkpbeIThl Yy DF Jlebens n npyrux 3Bé3n tuma RV Tensma [176].
JIBrXeHue ABYX CIyTHHKOB, OCOOEGHHO €CIIM MX OpOHUTaJIbHBIE EPHO/IbI ONN3KN
WM KpaTHBI, TIO3BOJISIET JIETKO MHTEPIPETHPOBATh UKINYHBIC BapHaluy Gop-
MBI KpUBO# Onecka (aghgpexm Bnaswcko), STU30MMIHOTO YCHIICHHUS U OCITa0ICHHS
Kosebanuii 6mecka nedena, mpyu CIOKEHUH IpaUKOB YCKOPEHUH OT KasKa0To
W3 CIIyTHUKOB, (popmupyromux mo 3¢gdexry Purna croxHyro KpuByro Oiecka
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3Be3nbl (Puc. 1.26, Puc. 2.2). B ciaywae 6muskux nepuonos P;, P, Bo3HUKHET
s¢dexr onenuii. Eciu rmaBHas 3Be3/1a obnanaer 6oiee ueM AByMS CIIy THUKAMH,
ux BozzeiicTBue Gopmupyer Oosee cnoxubie kpusble a.(t) u I'(t), n xonebanms
Orecka IproOpeTaroT BUJI CITy4allHbIX, HEMPABMIBHBIX. DTH HENPaBHJIbHBIC TIe-
pEeMeHHBIE 3BE3/IbI TPOTUBOPEUAT TEOPUHU Mybcanuil [176], Ho Jerko nHTEpnpe-
tupyrotes 1o 3¢ dexry Puriia. dypbe npeodpa3oBaHue OT KPUBOH OJiecka MM
JIy4eBBIX CKOPOCTEHl MO3BOJIUT 110 MAKCUMyMaM Ha MEpUOI0TpaMMe YCTaHOBUTh
3HAYEHUS] OPOUTAIBEHBIX TIEPHOJIOB CITyTHUKOB.

B Teopun 3BE31HBIX MyJIbCALINI CII0KEHHE HECKOJIBKUX KOJIeOaHHUH 3BE3/TbI
TOXKE BOBMOXKHO B BHJIE CyMMBbI HECKOJIBKHX THIIOB KOJIeOaHUI — B pa3HbIX 00e-
pTOHAX, MOJIaxX, paJfajbHbIX U HepaIraJbHBIX TUIIOB ITyJIbcaluii 38e3/16l. Ho npu
9TOM, JIa’Ke B CITy4ae MaJIbIX aMIUTUTY/], HE BBIIOJIHSAETCS TPUHIIMI CYTIEPIO3UIIHN
KOJIeOaHUH, TOCKOJIBKY (DPM3MUYECKIE M3MEHEHHS 3Be3/1bI (Harpumep, koadduim-
€HTaIPOITyCKaHHs CJIOS TeJINS ) OT KaK10T0 TUITa KoJIeOaHUH BITHSIIO OBl HA ApYTHE
MoIbI KosieOaHui. A QakTHUeCKH HaOII0AAeTCs MPOCTOE CIMKEHNE KosleOaHul
Oi1ecka, 3a UCKIIIOYCHUEM CITy4aeB, KOT/ia aMIUTUTY/Ibl KojieOaHNH Oecka BEJTMKU
(aToT cityuaii, Ha mpumepe 3Be3abl DF Jlebens, moapobuee paccmoTper B § 2.1).
B 3tom ciiyuae npubnmxenue (1.36) He paboTaert, U KoJicOaHUsI CTAHOBSITCS He-
JIMHEHHBIMHU, HCKJTIOYAIOIINMH ITPOCTYIO CYTEPIO3UIHIO OTACIBHBIX KOJICOaHUH.

B one3y runoresst Jla Po3bl cBUETETLCTBYET OTKPBITHE CITy THUKOB 3BE3]T
C IIepHOIaMH, COBITA/IAIOIIUMH C TEPUOAaMH KojieOanuii bnecka. [Ipumepom ciry-
xar 3 Jlupsr, W Bonbimoit Mensemuiipt, AO Kaccuonen [ 176, 194]. fokazano, 4to
y B JIupbl maBHbIE KostebaHus Oyiecka ¢ neproioM P = 13 cyT BbI3BaHBI 3BE3/101-

v

Puc. 1.26. Cresa — cxema JIBIDKEHHS 3BE3] B KPAaTHBIX CHCTEMax: d) ABa CIyT-
HUKa CBOUM TATOTEHHEM MEHSAIOT yckopeHue a,(t) TiaBHOI 3Be3abl, 6) KOM-
MOHCHT JIBOMHOW 3BE3/lbl M IVIaBHAs 3BE3[a MEHSIOT YCKOPEHHE Jpyroro
xomroHeHTa. Cnpasa — cymMMa Tpa(UKOB JIy4eBBIX yckopeHui a;(t) m ay(t)
OT CHJI TATOTEHUs JIBYyX 3BE3/1, PE3yNbTHPYIONIHE KONeOaHUs JIydeBOTO YCKO-
penus a(t) u obparHoit spxoctu I/I'(t) Tperbeit 3Be3apl mo puri-3ddexry.
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CITyTHUKOM C TeM ke opOuTanbHeIM nepuonoM P. Y W Bonbiioit Mensenuiibt
3Be3/1a-CIyTHUK oOpartiaetcs ¢ nepuosom 0,33 ¢y (00a nmeproa THITHYHBI IS 1e-
(denn u 38&3n Tuma RR JIuper). Habmogaemple CHHXpOHHBIE ¢ 00paIieHHueM 3BE3T
TUTaBHBIE KoJIeOaHus OJiecKa HeJlb3s OOBSACHUTH 3aTMEHUsIMU. [lo3TOMY IepemMen-
HocTh 3BE31 THa W Bomnbmoit Menseauibl 0OBSICHIIOT 3Q(EKTOM IUIUIICOH-
JIalIbHOCTH, a y 3 JInpbl npezonararor emeé 1 3aTMEHHsI ra30BbIM KOJIbIIoM [ 194].

B Gannuctuyeckoil TeOpHM WX CBOMCTBA MpoIle HHTEpIpeTnpoBars. Ko-
nebanus 6necka 1mo 3¢ ety Puria, mpoucxonsmme y AByX KOMIIOHEHT 3 JInpbt
B IIpoTHBOda3e (KaK y TpaduKOB TyUeBBIX YCKOpeHuH a,(t), nCKa)KEHHBIX 110 THITY
Puc. 1.17.6), 06pa3ytoT cyMMapHyI0 KpHBYIO OJiecKa ¢ IByMsI MAaKCHMyMaMH Ha
niepuoze (Puc. 1.25). Cpoiictsa 3 JIupsl cXonHbI CO CBOMCTBaMU Lieden 1 repe-
MeHHbIX THIIa RV Tenbua [ 176], 4To MOXKHO HHTEPIPETUPOBATH 10 PUTI-3QdeKTy
€JIMHBIM MEXaHU3MOM KosteOanuit Oirecka [A23, AS51]. Taxke 3TH 3BE311bI aHATIO-
TMYHBI IEPEMEHHBIM PEHTI€HOBCKHM HCTOYHHKAM, TNIABHO MEHSIOIINM OIITHYE-
CKYIO SIDKOCTH C NEpHOJIOM, PaBHBIM OpOHUTAILHOMY INEPUOY CITyTHUKOB DTHX
3B&371 [194]. [Tono6HO nedennam, STH UCTOYHUKH XapaKTEePU3YIOTCS TUIaBHBIMU
KPHUBBIMHU OJIECKa U JTy4eBOI CKOPOCTH, KOTOPBIE 3€PKaIbHO CHMMETPUYHBI U UH-
TEPIPETUPYIOTCS TIO TUTIOTE3€ O BBITSHYTOH, TPYIIEBUIHON (hopme 3BE3N ¢ He-
OZIHOPOJIHBIM pacIpeieieHIeM ITOBEPXHOCTHOH IPKOCTH, BEAYILECH K Bapuanusim
Oiecka Ipy BpallleHnH 3Be3/bl. 13 Oannuctinyeckol Teopun KoiaebaHus Onecka
U IpyTHe CBOMCTBA dTUX 3BE3N CIEMYIOT HemocpencTBeHHo (§ 2.1), 6e3 qomnonnu-
TEJNBHBIX THITOTE3 0 hopme 3Be3nbl. He cirydaiiHo y Takux 3BE31 (K HUM OTHOCST
HZ T'epkyneca u LienraBp X-3 [176, 194]), kak y nieden1, BMECTE C «SIPKOCTBHIO»
1 «Iy4eBOH CKOPOCTHIO» MEHSETCSI «IIBETOBAsI TEMIIEpATypa», B COTIIACHH € d(-
¢dexrom Purtna (1.35). [TnaBHbIe ko1eOaHUs ONTHYECKOTO OJiecKa 1 IIBETa C OpOH-
TaJgbHBIM mepuogoM P = 9,17 yaca, 0OHapyKEeHHbBIC Y JIBOHHOTO paaIuoITyibcapa
PSR 1957+20 [410], Toxe MoryT ObITh cniencTBreM 3 dexra Putma miast ontide-
CKOM KOMIOHEHTHI ITyiibcapa. OO 3TOM cBUAETEIbCTBYET (hopMa KpUBOH Onecka
I(t), coorBercTByromIas no adexry Purna popme rpaduka gydeBbIX yCKOpEHUH
a,(t) 3Be3pl, ABMKYHICHCS 110 AUTUNTHYCCKOM opOuTe. OTMETHM, YTO CIeIHa-
JIUCT 1O IBOMHBIM PEHTTEHOBCKUM 3B&311aM, B.M. JItoThIi1, moaepxuBai uHTep-
nperaruio 3h(}HeKToB IepeMEHHOCTH Ha OCHOBE OayutncTudeckoit Teopun [123].

Hpyrue actpodus3ukn Toke nmpuberaam K rumorese bemomnonbckoro n
Jla-Po3bi—CekeprHa, BBHIY CXOICTBAa CBOMCTB 1eden] U JABOHHBIX (MIPEKIC
X Aaxe oToxIecTBIM [46, 192]). B wactHocTH, I'M. Pymuunkuii [195] u
I1. Bepmmo3-Aptox [196] B Havame XXI Beka MpeIOKUIN BEPHYTHCS K THIIO-
Te3¢ IMepeMEeHHOCTH 3BE31 Thia Mupsl (0 Knuta) oT OpOMTaNbHOTO JBMXKCHUS
CITyTHUKOB C II€PHOZOM PaBHBIM IIEPHOY Bapuanuii Oiecka, CBI3aHHBIX C CHH-
XPOHHBIM CITyTHUKY BpallleHHEM ropsiiero nsTHa Ha 3Be3ne. [londupas anemen-

ThI 0p6I/IT, MOJCIIUPOBAIN BCC TUIIBI KPHUBBIX Oirecka MUpHUI, a BapUualun UXx I1e-
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PHOJIOB MHTEPIIPETHPOBAIIN KaK BapyUallli OpOUTANBHBIX NeprooB. [IpuunHoii
OTKJIOHEHHS THIOTE3bI BeIomonscKkoro Bek Ha3a/ cTana yaajaéHHOCTh Hedens u
mupuz (r > 100 1), 3arpyausionias oOHapyKeHHe UX CIIyTHUKOB, IPH UX MaJlon
CBETUMOCTH ¥ OJIM30CTH K IJIaBHOMW 3BE37IE.

B nmocnennue rosel y nepeMeHHbBIX KPACHBIX THTAHTOB (K KOTOPBIM OTHO-
CSIT MUPHIBI U TIe(Den IbT), IEHCTBUTEILHO, OTKPBITHI CITy THUKH ¢ OpPOUTAIBHBIMU
nepuogamu ~100 cyt [197], uTo 1o MOPSAKY BEIUYUHBI COBMAIACT C XapaKTep-
HBIMH TIEPHOJaMH TyJbcalui neden u Mupua. [Ipu 5ToM KpuBbIe KoseOaHui
61ecka popMOIi MOBTOPSIOT KPUBBIE TyUEBBIX CKOPOCTEH CITyTHHUKOB, a Koieba-
HUsE O1ecKa UIMEIOT BHJI, HETHITUYHBIH JIJIsI KPUBBIX OJIeCKa 3aTMEHHBIX U ITYJIbCH-
pytormx 38371 [197], HO COOTBETCTBYIOMIMK TPEACKa3aHUAM OaITHCTHIECKON
teopuu u Teopun Jla-Po3sel. Spkuit npumep Taxoit 38e3a61 — KIC 5006817 ¢ op-
ourtaapHBIM mrepuogoM P = 94,8 cyt [197], y KOoTOpoif Maible OTHOCHTEIBHEIC
Bapuanuu sipkocTH '/l TO4HO ¥ CHHXPOHHO MOBTOPSIIOT OTHOCUTEIBHBIC BapHa-
i gactothl f'/f muumit mornomenust (Puc. 1.27), B cormacuwu ¢ s¢dexrom Putia
(1.15), (1.17), (1.35). Amrututyna xonebanuii 6iecka cocrasisier 0,2 %, a am-
IATYa Konebannit 9acToTsl — okoiio 0,02 %,— B mecsaTh pa3 MeHbIIe. Buammo,
9TO CBSI3aHO C JIBIKEHUEM CBETa Yepe3 MeK3BE3HBIN ra3, 3 (ekTHBHO nepens-
JIJalOMINi CBET BO3JIE PE30HAHCHBIX YacTOT. Bapuariu Grecka 1moj BIUSIHUEM
IJIAHCT Ha4YaJIu O6Hapy)KI/IBaTb JIMIIBb B MOCJICAHCC NCCATUIICTUC, C TTIOABJIICHUCM
IpUOOPOB M ammaparoB, U3MEPSIONINX HE3HaYUTENbHbIC KoneOaHus Onecka (B
noiu nporienta) B mpoektax OGLE, Kepler, Superwasp.

Rilative Flux

96 04 02 00 02 04 08
Phase

Puc. 1.27. HaGmomaemble kpuBble ¢uykryanuii Omecka '/l (ssep-
xy) u vactotsl 1'/T (6nusy) mis neoiino# 3Be3asr KIC 5006817 [197].

Takum 00pa3oM, OCHOBHBIM KPUTCPUEM MPOBEPKH OAJUTHCTHYCCKON Te-
opun u runote3sl Jla-Po3si-CekeprHa cTaHeT oOHapyxeHue y mnedenn 3BE3-
criyTHUKOB. [lepBbiii crioco0 OOHApyKEHHs CITyTHHKOB COCTOUT B BBISIBICHUH
WX CHCKTPATbHBIX JIMHUHA, KOTOPBIC JOJDKHBI MEHATH HHTCHCHBHOCTH |' U cMe-
mierre AL B mpoTuBodase ¢ TIIaBHOU 3Be310H (Takoi a3 QeKT oOHapykKeH y psaaa
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nepeMeHHbIX 3BE31 [65, 149, A47, A48]). Bropoii crioco0d oOHapyKeHUs CIIyT-
HUKOB COCTOUT B IPSIMON PErucTpaluy M300pakeHHi crryTHUKOB. COBpeMeH-
HBIE ONTHUYECKUE U PaJANO-MHTEPHEPOMETPHI C paspeliaromieil ciocoOHOCThIO,
nocruraronieid AG ~ 0,0001", mo3BossAT BBISIBUTE Y 1ieen 1 (paciosoKeHHbIX Ha
paccrosiauu nopsiika I ~ 100 mk ~ 4-10'8 M) — cyTHUKH, yIanéHHbIE OT [TaBHOM
3Be3/ibl Becero Ha AOr ~ 20-10° M, T.e. Ha paccrosiHue B 1/8 acTpoHOMUYECKON
eIMHULBL. J[eficTBUTENbHO, TONBITKH OOHApYKEHHsI OJIM3KUX CIyTHHUKOB Lede-
un npeanpuaumatorcs [198], npuuém ycnemnsie [199].

EcTb 1 KOCBEHHBIE CBUJICTEILCTBA IPUCYTCTBHS CITyTHUKOB Lieden. Tak,
MHOTHE [e(en/Ibl B MAKCUMyMe OJiecKa yaBauBaroT yiHun [46, c. 66; 175, ¢. 84;
185, c. 134]. O10 xe BepHo juis 38€31 Tumna RR Jlupst [175, c. 84]. [lepuoanunoe
pa3aBOSHKE TMHUN KaK pa3 CBUIETEILCTBYET O JIBONCTBEHHOCTH Leden 1. Yoke cam
Benomnosnbckuii HaOIIONA B CIIEKTPax psifa Heen v ClIeKTPaIbHO-TIEPEMEHHBIX
38E31 (N Opia, o2 Tonunx Ilcos, { biau3HenoB u ap.) JBE IPYIIbI JIUHUA (CM.
paboty «O0 M3MEHEHNH UHTEHCUBHOCTH JIMHUH B CIIEKTPaX HEKOTOPBIX Iieden
[65]). IHTEHCUBHOCTH OAHUX JINHUH HapacTasla BMECTE C APKOCTbIO 3BE3Ibl, y APY-
I'MX MEHsUIach B MpoTuBodase. Bunumo, BTopyto rpymity JIMHHH CO3/1aET CITy THUK
ueden ibl, MEeHSIIOIIUH 8,, SpKOCTh |' 1 criekTpasnbHbIil caBur AA/A (1.35) B nportu-
Bo(aze ¢ maBHO# 3Be310i. CIyTHUK OTIIMYAeT MEHBIIUH OJeCK M MEHbIIash aM-
IUINTY/IA €ro KoJleOaHWi, M OH He BHOCHUT 3aMETHOTO BKJIaJia B 00IINe KoJeOaHus
Orecka nedenpl. Ecitn y 38371 OIM3KHE CIIEKTPBL,— UX JIMHUH HEJb3s Pa3pelinTh
OTJIEJIBHO, ¥ KOoJIeOaHWsI ”THTEHCUBHOCTH JIMHHUI MPOMCXOIAT C YABOCHHOI 4acTo-
TOH: 3a OAMH 1epuoy Kosiebanuii Grecka reden bl THTEHCUBHOCTD JIMHUH ycIe-
BaeT M3MEHHUTHCS JBAX/bI, B COIIaCHM ¢ HaOmoaeHusMu bemomonsckoro [65].

3T0 MOXKHO OOBSICHUTB TE€M, YTO KoJleOaHus Oecka co31aéT B OCHOBHOM
IJIaBHasl 3Be3/a, a KojeOaHWsl MHTEHCUBHOCTHU JIMHUK — 00a KomroHeHTa. MH-
TEHCUBHOCTb MX JIMHUW MEHSETCsI B MPOTUBO(a3e, U B CyMMe aéT Ha Ka)KIO0M
NepuoJie JIBa MaKCUMyMa M JIBA MUHMMYyMa, KaK Ha KpuBOH Onecka B JIupbl n
W bonbmoit Mensenuust (Puc. 1.25). benononbckuit otkpbul, uto y B JIupst
OT/IeJIbHBIE CIIEKTPAJIbHBIE JHHUH, COOTBETCTBYIOIIME Pa3HBIM 3BE31aM, TOXE
MEHSIIOT SIPKOCTh B potuBodase [65], B coracuu ¢ Teopueit Putia. [IpoTuBo-
(a3Hble KoeOaHUsT MHTEHCUBHOCTH SYMHCCHOHHBIX JIMHUN Y)ke Ooliee Beka Ha-
OJIIOIINCh Y CIIEKTPAIbHO-ABOMHBIX 3BE3] M HE HAXOAMIM OObsSCHEHUH [65].
JIub B 1991 . B.M. Cekepun ucronkoBai 3h(eKT Kak pe3yiasrar KosieOaHui
SIPKOCTH 3BE311 B PpOTHBO(a3e, 3a cu€T OayumucTuaeckoro npunnuma [ 149]. Ipu
COBIAJICHUU CBETUMOCTEH 3BE3/] 9TO BEIET K KOMIICHCAIMN criajia Oiaecka oHOM
3BE3/Ibl CHHXPOHHBIM POCTOM OJlecKa JIpyroi, 1 cyMMapHbIi OJecK CUCTEMBI He
Mensercst. Ho Bapuanuu spkocTy JIMHAH KOMIIOHEHTOB OTYETIIMBO Pa3IniynuMBbl.

CoBpeMeHHas acTpopu3HKa OOBSICHSIET YBOCHNE JIMHUHI ITYJIbCHPYFOLIHX
3BE3]] BCTPEYHBIMHU [IOTOKaMH rasa, Harpumep, y 38&3x tuna 3 bomsioro Ilca,
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1100 THIIOTE30i MAarHUTHBIX (CneKmpanbHO-nepemMentbix) 3BE31, T.e. JIMHUU pe-
TYISIPHO pacuieruisitores d¢dexrom 3eemMana B MarHUTHOM T1osie 3Be3/b! [200].
JlelicTBUTENBHO, B comiacuy ¢ 3¢ pekToM 3eeMana, CeKTPaIbHbIE KOMIOHEHTBI
LUPKYIISIPHO MOJISIPU30BaHbl, HO KapTHHA TOJISIPU3AIMU ¥ CTPYKTypa JIMHUH OT-
nu4vHa oT 3eemanoBckoi [201]. Tak, Bonpeku 3¢ dexTy 3eeMaHna, paciieriéHHbIC
CUMMETPHYHbIC KOMIIOHEHTBI JIMHUH HMEIOT Pa3Hyl0 MHTEHCHBHOCTB. Teopus
Putna snemeHTapHO OOBSICHSET Pa3HYI0 MHTEHCUBHOCTH JIMHMH TEM, 4TO UX
CO3/IAI0T pa3Hble KOMIIOHEHTHI JIBOWHOM 3BE3/lbl WJIM PA3MHOXKCHHBIE KpaTHbIE
nzobpaxenus 38e3abl (§ 2.3). OObscHsET OauIMCTHYECKasi TEOPHsI M Pa3HyIo
TIOJISIPU3ALUIO KOMITOHEHT, KaK Pe3yJIbTaT MHUMOTO PaCTSHKEHHSI-CIKaTHsI OPOUT
AJIEKTPOHOB, TTO00HO M300pakeHusM 3BE31 (§ 2.3).

Ecnu nepemennsie 38837161 THIIA RR JInupst (rupuost), § Ledes (yegeudsr),
o Kura (mupuowsr) u npyrux TMmnoB Gpuzndeckun He MEHSIOTCS, TOT/a MEePUo UX
BH3YyaJIbHON TIEPEMEHHOCTH 33/1aH OPOMTAIBHBIM TEPHOJIOM 3BE3/IbI-CITy THHKA
MWW TUTaHeThl. JIeHCTBUTENIBHO, IEPHO/IBI IEPEMEHHOCTH JIMPU (4achl), eden
(aenenn) w1 MupH[ (TOPS/IKA roja) TUIIMYHBI JUIsl OPOUTAIBHBIX ITEPUOIOB TEC-
HBIX 3BE3IHBIX Nap. T TeIbHOE BPEMsI CUUTAIOCh, U4TO e en ibl He MOTYT OBITh
JIBOWHBIMU 3BE3/1aMU, TOCKOJBbKY cBeTuMocTH ledeun (mopsaka 100—10000
COJIHEYHBIX) U crieKTpalibHble Kinacchl (F nim G), NpuBOANIN K OLIEHKaM paany-
ca takux 3831 B (25+30)Re. A mpu nepuojie nopsiika CyToK paauyc OpOUTHI
cocraBuT nopsiaka paauyca Conana Re [126]. T.e. opOuta 3Be3/bI-CITyTHHUKA
JISKUT T10]] TIOBEPXHOCTHIO TJIABHOM 3BE3Jbl, YTO HEBO3MOXHO. HO peanbHbIi
CIEKTPaJIbHBIN KJ1acc 3Be3/1bI MOXKET ObITh Oosiee panHuM (O mim B), T.x. adpdexr
Putna 3a cuér yckopeHust CBOOOIHOIO NaJeHUsI Ha MIOBEPXHOCTH 3BE3/IbI CMe-
[[aeT CIEKTP U3JIYYCHHUS B KPaCHYIO o0nacTh criekrpa (cM. § 1.2), kak y 3BE3x
kimaccoB F win G ¢ temmeparypoit T' ~ 5000 K. Ecnu niedennpr — 310 3BE311bI
knacco O u B, ux ucrunnas remneparypa T ~ 25000 K, u ipu To#i »e cBeTHMO-
ctu W, 1o 3akony Credana-bonbiimana W = 6ST*, paauyc 3Be3/1bl 10TKEH ObITh
B (T'/T)? ~ 25 pa3 MmeHblile, T.¢. mopsijika Re. [ToaToMy paanyc opOUTHI CIly THUKA
(MeHee sIpKO¥i 3Be3/IbI WK TTaHeThl) — nopsizka (2+3)Re 1 MpeBOCXOauT pajnyc
I1aBHOM 3Be3/bl. T.e. IBOMHBIE 3BE3/BI C TAKUMU CBOMCTBAMM BO3MOXKHBI. BbIco-
Kasi ICTHHHast Temrieparypa T 38é3x tuna nedeuna u RR JIupsl o cpaBHeHHIO €
M3MepeHHON T' MOATBEepPIKIAaeTCs BBICOKOH CTETICHBIO HOHU3AIMH 3THX 3BE3, 10
CpaBHEHHIO co 3Bé31amu Kkiacca F win G. OuenuBaeMasi Mo BUy CHEKTpa CTe-
TIeHb MOHM3AIMH KaK pa3 COOTBETCTBYET 3BE31aM KitaccoB O u B ¢ T ~ 25000 K.

3T0 e BEpHO B OTHOIIEHWU NepeMeHHbIX 3B&31 TunoB o Kura m RR
JIupbl — M3MepeHHas! 10 BHJY CIIEKTpa CTEIEeHb MOHW3AIMU arMocdep 3THX
3BE3]] BBIIAET MX OoJiee BHICOKYIO TeMIeparypy u Oojiee paHHUI CHEKTpaIbHbINA
KJIacc, 4YeM HM3MEpEHHbIC IO IIBETOBOW TEMIIepaTrype, T.€. PaJnoOMETpHYECKHE
pasMepbl 3TUX 3BE3]] 3aBBIICHBI HA MOPsIOK-1Ba. [lepronasl konebanuii Onecka
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3B&31 Tra RR Jlupsl, cocraistonme Heckonbko yacoB (0,2—1 cyT),— Toro xe
TOPsIJIKa, YTO ¥ OpPOUTAIBHBIC TIEPHO/IbI B TECHBIX JIBOMHBIX cUCTeMax, Tuina W
Bonbmoit Measenuib: — P = 0,33 cyt [175], y cniekTpaibHO-1BOIHOM Y Maoii
Mensenuisl — P = 0,1 cyt [202, c. 254]. Ho cBetumoctu 38E31 Tumna RR Jlupsr
10 OLIEHKAM IMPEBOCXOAAT coiHeuHyto B 40-50 pa3. ITockonbky 3TO — 3BE3/IBI
cnekrpajbHoro kinacca F [176], ux panuycsl IpeBOCXOMIN ObI COTHEUHBIN Re
B 5—7 pa3. A opOMTaJIbHBII NEPUOJ CIIyTHHKA, JBHXKYIIETOCs y MOBEPXHOCTH
TaKo} 3Be3/Ibl, C MACCOl MOPSAKA CONMHEUHOM, COCTAaBUT HECKOJIBKUX CYTOK, T.€.
MIPEBBICUT HaOII01aeMblil epro Kojtebanuii onecka B passl. Ho 3HaueHue cBe-
TUMOCTH 3BE3 THMa RR JIupbl HEe U3BECTHO IOCTOBEPHO, BBUY HEONpEAEIEH-
HOCTHU PacCTOSHUII 10 HUX (U3-3a OTCYTCTBHS U3MEPEHUI METOIOM IapaliaKca).
Ecnu aucraHuum 3Tux 3BE3/1 MEHbILE PACUETHBIX B pa3bl, TOTA UX CBETUMOCTH
U paJychl — MOPs/IKa COJTHEUHBIX, a MepHOJ 00palleHus CITyTHUKA 110 opOuTe
nopsiika Re cocraBuT yackl, kak nepuoa Py 38é3x tuna RR Jlupsr.

M3BecTHbI Takke 38E3/16I TUIIA RR JIupsbl, BXOAs11IME B 3aTMEHHO-ABOWHBIE
cuctembl [180], 4To MO3BOJISIET TOYHO U3MEPHUTHh MAaccy M pa3mep 3BE3[ TUIIA
RR JIupbl,— 1o aMIuIMTyAe JIy4yeBOil CKOPOCTH, MEPUOLY OOpaIleHUs U JJIH-
TEJILHOCTU 3aTMEHUM. JIeHCTBUTENBHO, /U OqHOW U3 Takux 3BE3M — RRLYR-
02792 [180] u3mMepeHHBIi 10 [UTUTEILHOCTH 3aTMEHHMI paauyc R =~ 2R, a macca
M = 0,26Me. Torna st 0ObsicHEeHHsT HaOIIOAAEMOTO TiepHoja myibcanuii P =
0,63 cyT CITyTHHK, MOYJIMPYIOIIHUH SIPKOCTB 3Be3/1bI 110 3 dexty Purna, nomken
o0palarscst ¢ Takum 1eprooM P o opbure pamuyca p = (GMP?%/47?)'3 = 2Re,
T.€. CHCTEMa MOXET ObITh KOHTAKTHOH. AHaJIN3 TaKMX 3aTMEHHO-IBOIHBIX CH-
CTEM HMHTEPECEH TEeM, YTO I03BOJISIET YCTAaHOBUTHb PEajbHO JU MEHSETCS pas-
Mep 3Be3/Ibl IIPH KoJieOaHusX e€ Oyiecka, MOCKOIbKY ITPU 9TOM JI0JKHA MEHSIThCS
JUTUTENILHOCTh 3aTMeHMid. [lockonbky 3Toro He Habmonaerces [180], odueBumHO,
MU3MCHCHUs OJ1ecka 00yCIIOBIICHBI HE KOJICOaHUAMU paanyca, a apdexrom Putia
Ipy KoJieOaHusIX ycKopeHus 3Be31bl a(t).

Paccrosinus r no 3B€3a tuna RR JIupel u3mMepsauch onTUYECKUMU HUH-
TepdepoMeTpaMu: Mo YIIOBBIM pasMepam 3Be3nbl ¢ = 2R/r, u3 cpaBHEHHs C
paIoMeTpHUYeCKOl OLIEHKOW X panuycoB R Beruaucisiau . Ho B aToM ciyuae,
Kak Juist nedens, 3HauuTeNbHas omroKa BO3HUKAJIA U3-32 OIIMOKH M3MEpeHHUs
TeMneparypsl, eciu y 3831 Tuna RR JIupel ucTuHHBIE ClIEKTpaIbHBIE KIIACCHI
Oonee paHHME, TOTZHA pa3Mepbl R W aucTaHuuM I 3aBblmieHbl T.e. U1 nepe-
MeHHbIX Tuna RR Jluper n nedens oCHOBHOHM KpUTEpHH NPOBEPKH TMIIOTE3BI
Jla-Po3bl — 3TO mpsiMble 3aMepBhl I' METOIOM MapajlIakCoB, HAIIPUMEp armnapaToM
«Hipparhos». A pac4ér I o n3mepeHHbIM HHTEp(EPOMETPAMU KOJICOAHHSM pa3-
Mepa R niedens Henb3s cunTaTh JOCTOBEPHBIMH, IIOCKOJIBKY OHM OCHOBAHBI Ha
IyJIbCAIIMOHHOM TUIOTe3e, NpUYEéM Bapuanuu HaOIIOTAEMBIX Pa3MepoOB 3BE3]
MOTYT BBI3bIBATH U JIpyrue NpuuuHsbl (§ 2.3).
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V3MeHeHne CeKTpaIbHOTO Kilacca MePEeMEHHBIX 3BE3M, CMEIIAIoIIee HX
Ha quarpamme [epummpysra-Peccena oObsicHsieT 1 00pa3oBaHie Ha HEH 110JI0-
Chbl HECTAOMIILHOCTH, TJI€ COCPEIOTOUEHBI BCe (DU3UUECKH MTEPEMEHHBIE 3BE3IBI.
Kak mokazan Jx. ®okc, addext Putna meHser Oneck 3BE31 JIHIIL B PEIKUX
clly4asix, KOrjia Maja SKCTHHKIHUS B aTMoc(epe dTHX 3BE3] U B MEK3BE3IHOM
raze. Ho B 9THx e ciyuasx, korga Benuk adgdexr Putna, ciekrpalibHblil Kiace
3BE3[Ibl, 32 CYET YCKOPEHHs CBOOOJIHOIO TaJICHUSI Ha [TOBEPXHOCTH, MEHSETCS
Ha 6ostee mo3aHMi (§ 1.2) [A44]. A OT HEBEepHOIl OLIEHKU TEMIEpaTyphsl 3Be3/1a
Ka)KEeTCs YIIEALICH ¢ INIaBHO M0CIeA0BaATEILHOCTH B [10JI0CY HECTAOMIIBHOCTH.
[Tonoca OTXOAUT OT TEX y4YaCTKOB IVIABHOM IOCJIENOBATEILHOCTH, B KOTOPBIX
3BE3/IbI yIKE 00JIaJIAI0T CBETUMOCTBIO, 00ECIICUMBAIOIICH JOCTATOYHOE CBETOBOE
JIaBJICHUE ISl «BBIJYBaHHUS» U3 OKOJIO3BE3THOTO MPOCTPAHCTBA TA30B U MEJIKOU
MIbUIH, T.€. YCTPAHSIOLIEH Nepen3yueHre B 3BE3JHOM KOPOHE.

D¢ dexr raBHbIX KosieOaHuil Onecka y ABOMHBIX 3BE3]] ObLI MpecKa3zaH
Jla Po3zoti [171] 1 mpoacconMupoBaH UM € IepeMeHHBIMU 3BE31amu emig B 1924 1.
A B XIX B. runoresy nepeMeHHOCTH OJiecka 3a CYET OPOUTAIILHOTO JIBUIKEHHUS
nedeun BeIABUrany UX nepBootkpbiBarenu k. ['yapaiik u A. benononbckuit
[192]. B 1953 r. k atoii runorese npudertu I1. My u 1. Criercep [26]. Dbdekr
MHOroKkpatHo «mnepeoTkpbiBayics» B CCCP (Poccun) — B 80-x . B.I1. Cene3né-
BbIM, B.H. JIémunbeiv, B.U. Cexepunbim [149, 203, 265], 8 2000-x — I1.C. Yu-
KkuHBIM [69] 1 A.B. Mamaessim [204], a B CIIHA — P.C. @putunycom [79]. Cam
aBTop He3zaBucumo npumién B 2002 1. k uaee s dexra Putiia y 1BOHHBIX 3BE31,
nprOOpETAOIIMX BUI MEPEMEHHBIX — Iiedern U mynbcapoB [A21], ctporo 00o-
cHoBaB 3ddekra Putna n o0bsicHuB psij dhPexroB nedens u ABOMHBIX, B T.4.
a¢dexrsl braxkko u bappa (§ 1.1).

OTMeTHM, 4TO OaJUTUCTUUECKas TEOpUsl HE OTBEPraeT MyJIbCalluOHHYIO
TEOpHI0, HO NaéT nedensam U psLy APyrux NepeMeHHbIX 3BE31 OoJiee POCTyI0
uHTepnperanuio. OnHaKo, HEKOTOPbIE 3BE3/IbI, OTHOCALIMECS K THUITY 3 Bosbio-
ro [Ica u  Lledest, y KOTOPBIX CHIEKTPAJIbHBIC TMHUH IIEPUOAMIHO YIIUPSIOTCS, a
KpHBBIE OJIeCKa 1 JTy4eBbIX CKOPOCTEil COOTBETCTBYIOT TEOPHUH ITYJIbCAIIMH, MOTYT
OBITH ITyTbCUPYIOIINMHE 10 MEXaHU3MY, IIpeayioxkeHHoMy C.A. )KepakuneiM. Ba-
pHaIHHK SIPKOCTH TaKUX 3BE3JI, B OTIIMUUE OT Leer ] U MUPHUJI, MAJIbl, COCTABIISIS
HECKOJIBKO TIPOIIEHTOB. 3BE3/BI 3TOTO TUIIA — 3TO HE KPACHBIE THTaHTBI, a 3BE3/IBI
[IaBHO# mocenoBareabHOCTH, KiaaccoB O u B. YV 38é31 tuna  bBonsiroro Ilca,
B Ledes u nexynsipHbIX Ap-3BE3/1 INIABHOM MTOCIIEIOBATEIBHOCTH, Y KOTOPBIX OT-
KPBIThI OCLHUIUISALIH OJiecKa ¢ nepuogoM 5—20 MUHYT, MEXaHH3M IEPEeMEHHOCTH
MOXET ObITh KOMOMHHPOBaHHBIM. T.e. SIPKOCTh BapbUpYyeT 3a CU€T MyJbcalui
armocepsl 3Be31bI U 0T 3 dexra PuTia, yCHIMBAIOMIETO OCHUIUISAIHH IPKOCTH
I' mo a¢ppexry Purna, aHamorugHOMy KIMCTPOHHOMY (T103TOMY JIMHUH BpeMeHa-
MU yaBauBatorcs [46, c. 66]). Tak, B armocdepe CosiHIa OTKPBITHI MATUMUHYT-

102



Hble koseOanus [119, ¢. 301]. Camu o cebe cTob ObICTPBIC KOJICOAHUS HE MO-
TYT IPUBECTU K 3aMETHOMY MU3MEHEHUIO Pauyca, TEMIIEPATYPbl U CBETUMOCTH
3Be3/Ibl, T.€. KoJieOaHus Oiiecka HeJIb3sl OOBSCHUTH B PAMKAX TEOPUH MYJIbCALIUH.
Ho momynsinus JiyueBoid ckopocTu arMochepsl 3Be31bI (¢ ammumutynoit 100-200
M/C) Ben€r no 3¢ dexry Purna Kk 3aMeTHBIM BapHalMsM SIPKOCTH, KaK MOKa3all
C. HeBacua [106]. Takue KOPOTKOIIEPHOIHBIC OCIHIUIALNYU OJIECKa C IIEPHOIOM
B HECKOJILKO MUHYT peaibHO HaOIIOIat0TCs y psija 38E31, Hanpumep y V391 Ile-
raca [184], y Oenbix kapiaukoB [119, ¢. 142]. T.k. aMIuintyna oCiHUIALUi O1ecka
BBICOKa, HanboJiee BeposiTHas IpuunHa Kosiebanuii — apdexr Purna.

D¢ dexr Purna no3sosisier Takke HHTEPIPETUPOBATH CBOMCTBA APYTUX TH-
IIOB EPEMEHHBIX 3BE3]1, BKJIIOYAs HOBbIE U CBEpXHOBBIE. Eciiu 9TH 3BE3/1bI NIpeEI-
CTaBJIAIOT COOOI AOJITONIEpUOIHbIE IBOWHBIE, Tora 110 3 dexTy Purua npu no-
CTHXKEHUHU OJJHOH U3 3BE3]] B TEUEHUE AITUTEIBHOTO BPEMEHU KPUTHYECKOTO yCKO-
peHus @, ~ -C%/r OyeT HabIIOAATHCS MOLIHAS BCIBILIKA ONTHYECKOT0, PEHTICHOB-
CKOTO ¥ raMMa-u3iyueHus. IMEHHO Takue BCIIBIIIKH PErHCTPUPYIOT Y HOBBIX U
CBEpPXHOBBIX 3BE€3/1(§ 2.1), y KOTOpBIX KaK pa3 00Hapy>keHa JBOHCTBEHHOCTB, C 4YeM
1 CBsI3bIBAIOT Bemblky [205]. Teopust u 3 ekt PuTiia 00bSICHSIIOT BpEMEHHYIO
CTPYKTYpY, CIIEKTP BCIBIIIEK, UX TTOBTOPSIEMOCTH U Apyrue cBoiictea [A21, A23,
A24, A29, A36, A39-A41, A47], psaa KOTOPBIX HE yaBal0Ch HHTEPIPETUPOBATh
B paMKaXx COBPEMEHHOH acTpOo(M3MKH U MOCTYJIATOB TEOPHUH OTHOCUTEIBEHOCTH.

l'unoresa Jla-Po3si-CexkeprHa NPUBOAUT K MPOCTOM HHTEPHIpETaLun
PEHTICHOBCKHX M PajHO-NIEpEMEHHBIX 3BE31, BKItouast mynbscapsl (§ 2.1). s
pOCTa 4acTOThI CBETA HAa MOPSAKH U MIEPEBOfia €0 B PEHTITEHOBCKUM namnasoH,
JI0CTATOYHO OIIM30CTH &, 3BE3/IbI K KPUTHYECKOMY &, < -C%/I, IPH KOTOPOM [IEPHOJL
CBETOBBIX KoyiebaHui cTpemutcst K Hymo (1.14), a yacrora — K 6ECKOHEYHOCTH
(1.15). st qucrantmu r ~ 10" M 910 naér Benuuuny a, = -0,1 m/c?. OpOuraib-
HBIE YCKOPEHHS B TECHBIX IBOMHBIX CHCTEMaX UMEIOT OJIM3KHH MOPSIIOK BETHYH-
HbI [46, 51]. ITosTOMY B X0/1¢ OPOUTAIEHOTO JBHKEHHS 3BE3/1a PETYIISIPHO MPOXO0-
JIUT TTOJIO’KEHUSI, T/I€ ONTHYECKOE M3ITydEeHHUE 3BE3/IbL, Tpeo0pasysich 1o apdekry
Putna, nepepabarbiBaeTCsi B PEHTTEHOBCKOE M TaMMa-HM3Ily4eHue. 3BE3/IbI C Ta-
KHMH CBOMCTBaMHU OTKPBITHI B ()OPME PEHTTEHOBCKHUX ITyJIbCAPOB M 6apcTepoB (§
2.1), CHeKTp BCHBIIEK KOTOPBIX MOI00EH CIIEKTPY aOCOIOTHO YEPHOTO Telia, HO
C MaKCUMYMOM CMEIIEHHBIM B PEHTI€HOBCKHI JMana3oH, CIOBHO TeMIepaTypa
~10-103 K [119, c. 139]. Takum 06pa3oM, 3TH 3BE3/IbI CIIYXKAT MOATBEPIKIACHHUEM
0aJUTHCTHYECKON TeOpHUH, IpecKa3aBIeii psit coiicTB [206, 208, A21, A47].

[TpoTuB TPaKTOBKH IEPEMEHHBIX 3BE3]] MO OAJUIMCTUYECKOI TEOPHHU BBI-
JIBUTAJIOCh U TaKOE BO3pAXKEHHE: €CiIM O CBET 3BE3]| Iepen3Iydacs: MeK3BE3 -
HBIM I'a30M, Pa3JINYaIiCh Obl JUTHHBI SKCTUHKIUK | =1/27t(N — 1) 17151 pa3HbIX JUTHH
BOJIH U3-3a aucnepcuu (pasHuibl N). COOTBETCTBEHHO, BEI3BAHHOE M3MEHEHHEM
CKOpPOCTH CBeTa 3araszpiBanue (1 asza MakcuMyMa Ha KpuBoi Oiecka) monyda-
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JI0Ch OBI pa3HBIM B pa3HBIX IIBETaX, 4ero sAkoOwl He Habmomaercs [183, 324]. Ho
¢axTryeckn HabIMogaeTCs IMEHHO TaKasi KapTHHA: y Le(en ] 1 3aTMEHHBIX 3BE3]
MOMEHTBI MAKCUMYMOB (MJIM MMHUMYMOB) B CHHHUX U KPACHBIX JTydaxX HE COBIa-
narot [65, 189], uro mpuseno . A. TuxoBa K BEIBOAY 0 KOCMHUYECKON TUCTICPCHH
cgeta [83]. pyras npuunHa — BapuaIliy 9acTOTHI, clieKTpa 1o 3¢dexry Putma.

Takum 00pazom, HaOMIONEHUS MEPEMEHHBIX 3BE3] CBHIETEIBCTBYIOT B
TI0JTBb3y OAITMCTHYECKOW TEOPUH U TPAKTOBKH TIEPEMEHHBIX 3BE3]I 10 THUITOTE3E
Jla-Po3bl. [IpennoxxeHHble KpUTEPUU U CXEMBI ACTPOHOMHYECKUX U PAIM0ACTPO-
HOMHYECKHX HaOIIOICHNH ITO3BOJIAT C/IENaTh OIHO3HAYHBIH BBIBOJ O TIPaBOMEp-
HOCTH OaIITHCTHIe KO TeoprH, dddekTa Purna nrunoress Jla-Pozsi—CekeprHa.

§ 1.6. Bbigo0hbi

W3 npoBen€HHOTO aHaM3a pe3y/ibTaToB aCTPOHOMHYECKUX HAOIIOACHHH,
a TaKk)Ke U3 JaHHBIX Ja3epHON M PAaJUOIOKAIMU CIIEAYET, UTO HAKOMJICHHBIE 3a
BEK JIaHHBIE HE ITPOTUBOpEYaT OaucTHYecKol Teopun. A psj 3QQeKToB, B TOM
yucne 3pdext bappa, mapagokchel KpaCHOTO CMELIEHUs! TaJIakTHK, d3PdeKTsl B
cucTeMax IIePEMEHHBIX 3BE3J CIIY)KaT KOCBEHHBIM IOATBEPXKJICHUEM Oaiu-
cruueckoit Teopur. Takum 06pa3zoM, aCTPOHOMUYECKHE HAOIIOAEHHUS, C OAHON
CTOPOHBI, CIIy’KaT KOHTPOJIbHBIMH SKCIIEPUMEHTAMHU, OCYLIECTBIEHHBIMU CAMOMI
NPUPOAOI B TMFAaHTCKOM «KocMHYecKol siaboparopum». C Ipyroil CTOPOHBI,
MMEHHO B paMKax TeopuH PHTIIa psii KOCMUUECKMX aHOMaIN i, 0OHApYKEHHBIX B
HOCIIETHUE JECATUIIETHS, TTOITy4aeT MPOCTYIO U €CTECTBEHHYIO HHTEPIPETALMIO.
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Maga2.KputepunnpoBepku 6annncTnyeckon Teopmmn metoaa-
MW PEHTFeHOBCKOW U paAnoacTPOHOMUU, Na3epHOM U pagauoriokauum

B nocnennue gecsaTuneTus MUPOKO Pa3BUBAIOTCA METOIbl PEHTTEHOB-
CKOM aCTPOHOMHM U PaJMOACTPOHOMHUH BBICOKOIO YINIOBOTO, BPEMEHHOIO U
CIEKTPAJIBHOTO pa3peleHns. DTH METObI IPUBEIN K HAKOIICHUIO JAHHBIX, He-
OOBSICHIMBIX B paMKax COBpeMEHHOH acTtpodusuku. [loaTomy ucciemxyeM 3Tti
aHOMaJIbHBIE PE3ydbTaThl ¢ MO3ULUN HOBBIX Teopuil. Kak mokxakem BO BTOpo
IV1aBe, aHOMAJINH TOJTy4YaroT MPOCTYI0 ¥ TOUYHYIO HHTEPIIPETAlnIo B OaIIHCTH-
YeCcKOl TEOpHH, elIE B IPOIILIOM BEKe MPEeICKa3aBIIei psii 0OHAPyKEHHBIX d(-
(exToB. YUEr BapHauii CKOPOCTH CBETA M PaAMOU3IYUYEHHs MO3BOJSIET JIETKO
HMHTEPIPETUPOBATH U sl aHOMAIIUI KOCMUYECKOH pajuo- U Ja3epHON JIOKaLuy,
BKItodast anomaiuw, BeisiBieHHbIe GPS 1 [JIOHACC. Takum o6pa3oM, HEONTH-
yecKasi aCTPOHOMHUS TaK K€ MPEIOCTABISET PsI AKCIIEPUMEHTAIBHBIX KPUTEPU-
€B ITPOBEPKH 0AJUTMCTUYECKOH TEOpHH.

OCHOBHBIE pe3yJIbTaThl BTOPOH ITIaBbI OIyOJIMKOBaHBI B paboTax [A3—A6,
Al4, A18, A33, A35, A39, A41, A46-A48, A50, A53, A56, A5T].

§ 2.1. Mynbcapsbl, 6apcmepsbl, HO8ble U CeepxXHO8bIe 38E30bI

ITepeMeHnHbIe 3BE31bI HEONTUYECKUX AUANA30HOB — PEHTTEHOBCKUE IyJIb-
capsl, PaJNOITyIIbcapsl U 0apcTephl, C OIHON CTOPOHBI CITYXaT JUIS TPOBEPKH
0aJUTCTHUECKOM TEOPHH, C APYTrOl — X CBOMCTBA HETIOCPEACTBEHHO CIIEAYIOT U3
Gaumctiuueckoi Teopun u rurnoressl Jla Po3si—Cekepuna [206-208, A21, A47].
B uvactHOCTH, IpOBEpKa Teopuu Putna ocymiecTBIsIach N0 aHAJINU3Y 3aTMEHHH
PEHTI€HOBCKUX MYJIbCApOB, BXOMSAIIMX B ABOiHbIE cucteMbl [31, 32, 183]. Ha
KPHBBIX OJIecKa peHTI€HOBCKHX ITyJIbCapOB M Ha rpaMKax JIy4eBbIX CKOPOCTEH
(M3MEepEeHHBIX METO/IOM TaMMHTa BCIIBIIIEK), COIACHO TeopuH PUTHA, BO3HUK-
HYT UCKa)KEHUs, KaK s ABOMHBIX 3B&31 (§ 1.1, § 1.2). g ontudeckoro us-
JIy4eHHs SKCTHUHKIHSA B MEXK3BE3THON Cpeaie HUBEIUPYET OTIMUUSI OT CKOPOCTH
cera 1 uckaxxenus (§ 1.1), a 115t peHTTeHOBCKOTO M3ITy4eHHs MTyJIbCapoB Tepe-
n3IydeHue nojaranu MaisM. K. bpadep, Ha ocHoBe aHanmm3a TpEX 3aTMEHHBIX
IyNbCapoOB MOKa3aJ, YTO U3MEPEHHbIE MCKAXKEHUsSI CTONb Majbl, 4YTO CKOPOCTb
IIyNbCAapOB MPAKTUYECKU HE JIOIKHA BIMATH HA CKOPOCTh UCIYIIEHHOTO CBETA.
Cuwuras cnpaeeuBbiM yenosue (1.1) ¢’ = ¢ + £V, Bpauep namén, urto kK < 107
[31, 183].

OnHako (hakTHYECKH MOKa3aTesb npesloMyIeHus 1 3 (HEeKTUBHOCTS TIepe-
M3Iy4YEeHUs] MEK3BE3IHBIM Ta30M Uil PEHTTCHOBCKUX JIydel He U3BeCTHH. B
PEHTTEHOBCKOM M TaMMa-auana3oHe uHa Iy ~ A/2a(n — 1) u k = ly/r moryt
OBITh Ia’Ke MEHBIIIE, YeM | B ONITHYECKOM, TOCKOJIBKY JUTHHA BOJHBI A — B THICSYH
pa3 Kopode, 4eM y BUAUMOTO CBETA, a IOKa3aTeNlb NPEIOMIIEHUS N — HE U3BECTEH
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onpenenéHHo. s peHTreHOBCKUX JIydeil B MEK3BE3IHOM M1a3Me MPUHUMAIOT
n =1 [25], otkyma lx = o, T.K. 9acToThI f BEICOKOPHEPTUYHBIX KBAHTOB HA ITO-
PSIIIKH TIPEBBINIAIOT PE30HAHCHBIC YACTOTHI fo; KomeGaHuii 3MeKTPOHOB BHEIITHUX
000J104€K aTOMOB, ¥ T€ MPAKTHYECKH HE MEHSIOT CKopocTh cBera [25]. [Ipu atom
HE YYUTHIBAJIHCH SJIEKTPOHBI BHYTPEHHUX O0OJIOYEK aTOMOB M aTOMHBIC S/Ipa,
4aCcTOTHI KOJIEOAHUIT KOTOPBIX JISKAT B PEHTTE€HOBCKOM U raMMa-IHana3oHax, T.c.
oHM 3Q(HEKTUBHO B3aUMOJICHCTBYIOT C U3TyYCHHEM, HapaIuBas N U CHIDKas ly.
JelicTBuTeNnbHO, 3aMephl N 1711 pEHTTEHOBCKUX JIy4yeil B 3eMHBIX Cpe/lax MoKa3a-
au, 9to N # 1 u Iy conocrasumo ¢ | st ontudeckux smyueii (eum. § 4.2). Tot daxr,
YTO PEHTTCHOBCKUE U TaMMa-Iy4d, HECMOTPS Ha ciaboe MOTIONICHHE B IIIOT-
HBIX CPeIax, B3aMMOICHCTBYIOT C BEIIECTBOM, TIOATBEPKAAET HEMPO3PAYHOCTh
3eMHO# armocdeps i HuX. [109TOMy peHTTeHOBCKHE U T'aMMa-TEJIECKOIIbI BbI-
HOCAT 3a mpezaesl arMocdepsl [194]. Ho armocdepa mpo3padHa Ijisi ONTHYC-
CKHX JIy4el, C KOTOPBIMH, KaK CUUTAJIOCh, B3auMo/ieiicTBre Oosee 3h(heKTUBHO.
Ecnu y pentreHoBckux myueit ¢ sHeprueit 30 k3B a5 BoJbI ¢ KOHIIEH-
tparueii atomoB N ~ 102 cm™ usmepeno |n — 1| ~ 107 [209], Torma i Mex3-
BE3/IHOIO raza, Tjie, MPOMOPIMOHAIBHO KOHIIEHTpauu cHusutest (N — 1) ~ 10730,
Orcrona asst peHTreHoBekux ydeit (A ~ 10719 m) | = A/2n(n — 1) ~ 10¥ m ~ 10°
CBETOBBIX JIET WJIM HIDKE, T.K. N ¥ | CHITBHO 3aBHCAT OT COCTaBa U KOHIICHTPAIIUH
rasa, KOTopasi B MeX3BE3IHBIX TYMAaHHOCTSIX CYIIECTBEHHO BBIIIE, ueM | cM .
Taxum obpazom, HEcMOTps Ha (N — 1) << 1, HeOompImas pasauua (N — 1)
nocrarouna st obecriedenus manoct | = A/2n(n — 1) u k = I/r. [ToaTomy ana-
JIN3 PEHTICHOBCKUX TEPEMEHHBIX 3BE3]l M raMMa-HCTOYHUKOB, MPEINPHHSTHINA
K. Bpauepom u mokazasmiui, uto K < 10 [31, 32, 183], Toxke BIOMHE yKIa bl
BaeTCs B PaMKU OaJITMCTUYECKON TEOPHH, CBUICTEIBCTBYS, UTO ITOTEPS] CBETOM
JIOTIOJTHUTEIFHONW CKOPOCTH, COOOIIEHHOHN 3BE370M, MPOUCXOIUT Ha IyTH, CO-
CTaBJISAIOIIEM OTHOCHTENLHYIO 100 K < 107° or mucranmmu 38e3asl (cM. § 1.1).
JlelicTBUTENBHO, M3MEPEHHAass bpauepoM BenmumHa K coracyercs ¢ OaaucTu-
YEeCKOil TeopHel, eciy y4ecTh Mepen3yuyeHre PeHTTeHOBCKUX JIyueil B o0mieit
armocgepe mynbcapos [25]. Jlns paccmorpennsix bpauepom cucrem Cen X-3,
Her X-1, SMC X-1, mpu opOutansusix nepuogax P ~ 1 ¢yt u ckopoctax V ~ 100
KM/C, painychl OpOUT ImysbcapoB cocTassT R ~ PV ~ 10 miH. kM. T.e. opOuTHI Je-
JKaT BHYTPH KOPOHBI ITIaBHOI 3BE31bl, I/e, Hanpumep, 11t ConHia, KOHIEHTpa-
st HoHOB N ~ 108 em® [119, ¢. 625]. U3 [31] I = (ArgN) ! ~ 2-101 m ~ 200 muH.
kM ~ 1 a.e., re ry=e?mc?= 2,82-105 M — kimaccuyeckuii pagnyc 3JIeKTpoHa, a
A= 2:-10" M mis pentreHoBckux nmydueit. O1o | comocraBumo ¢ R u xapakrep-
HBIM pa3MepoM KOpoH 3BE3x. T.e. y peHTITCHOBCKHUX MyIbCAPOB MEPEH3ITyUCHHE
MPOHMCXOIUT cpa3y B arMochepe I1aBHOM 3Be3/bl. U pu TUCTAHINH ITyTbCapOB
r~ 10 kmk [31], B pamxax BTP k=1/r < 107, B comtacuu ¢ pe3yasratom bpadepa.
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Bbpauep momaran, 4To MexaHW3M TeHEpPallMy PEHTTCHOBCKOTO H3JTyUeHHS
MyTbCApOB U FaMMa-U3Iy4eHUs Y UCTOYHUKOB ramma-Bemblimek (GRB) — cun-
XPOTPOHHBIN, @ CKOPOCTh HCTOYHMKA 3TOr0 m3nyudeHus V > 0,1¢, oTkyaa mo us-
MEpeHHOM uTuTensHOCTH At ramma-BemeckoB Harmén K = (¢?/2V)(Atr) < 1020
[32]. Ho peanbHBII MeXxaHW3M TeHEpPallMy PEHTTEHOBCKUX M TaMMa-BCIIBIIICK Y
GRB, kak ormeuan bpadep [32], He ycTaHOBIEeH OfMHO3HAa4YHO. Eciam B pamkax
Teopuu PuTna raMma-u3IydeHue — 3TO ONTUYECKOE N3TYUICHUE 3BE3/, TOBBICUB-
1iee 4actoTy no puru-a¢dexry (§ 1.5), Torna ucruHueie ckopoct V — Ha 10-
PSLIKH HIDKE, a K — Ha mopsiaku Beimre, gocturast K= 1/r ~ 10— 107,

WznydeHue paguonyabcapoB TOKE MOXKET OBbITh CIEICTBUEM KOHBEp-
CHHM ONTHUYECKOTO M3JTy4eHHs 3BE3 B paauonuana3zoH puti-addexrom, 3a cuér
YCKOpEHHsI CBOOOTHOTO MajieHNsl Ha MOBEPXHOCTH 3BE3]], CHIDKAIOIIETO YacTo-
Ty PEerHCTpUPYyeMOro Ha 3emMiie cBeTa. YCKOPEHHE M3Ty4aroluX aTOMOB Ha II0-
BEPXHOCTH 85 > 0 u MHOro Gosblie opOuTanbpHOro (8 >> |a,|), Hapamsas 1o
puTI-3dheKTy mepruom cBeToBbix Komebanuit T' = T(1 + ra,/c?) B MULTHAPIBI
pas, T.e. cHIKas 4acToty a0 3HadeHuii f ~ 1 [T (r.e. CBY u pagnonnanason).
B [BOIHBIX CHCTEMaX MEPHOINIHOC JBIKCHHE TAKUX 3BE3M BEJIO OBI K peryJisip-
HBIM BCIIJICCKaM PaJUOU3TYUICHUS IPU JOCTHKEHUHN OPOUTATIHHBIM YCKOPEHHEM
&, KPUTHIECKOTO 3HAYCHHUS -8y = -C%/I. Takke B 3TH MOMEHTBI Ha TIOPSIIKH POCIIO
ObI coOCTBEHHOE ciiaboe paauounsiyueHue 3BE31. T.e. peHTTEHOBCKUE U PaIno-
MyJIbCapbl MOTYT OBITh HE THIOTETUYCCKUMH HEUTPOHHBIMH 3BE3mamu [119], a
PAIOBBIMU JIBOMHBIMU 3BE3MAMU. Y PaJUOMyJIbcapoB OOHapyxeHa OMMomamb-
HOCTb pacIpeqeNeHusI IePUOI0B — IEPHOABI MyAbCAPOB IPYMITUPYIOTCS BO3JIE
snaueHuit P, ~ 1 ¢ u P,' ~ 10 Mc. DTO MOXHO OOBSICHUTH PA3IHMYHUCM THIIOB
HEOECHBIX Tell, ABMKYIIUXCS 110 OpOUTE BOKPYT IIABHOM 3BE3JIbI: B IEPBOM CIIy-
yae — 3T0 miIaHeTsl (¢ mepuogom P; ~ 1 roma), Bo BTropoMm ciy4dae — 3BE3MBI (C
nepuozoM P, ~ 1 ¢cyT), uto ipu kommpeccun g ~ 107 kak pa3 maér P,'=P,/g~1 ¢
u P, = Py/g ~ 10 mc [A47]. JIubo MUIUIMCEKYHIHBIE MTyJIbCAphl UIMEIOT WHYIO
MIPUPOAY U IyJIbCAIIUU UX OJIeCKa BBI3BAHBI KOJICOAHUSIMH TOBEPXHOCTH 3BE3/IbI
¢ mepuonoM P, ~ | MuH (kak y OenbIX KapiaukoB, § 1.5), THnHYHON A7 3BE3A
tuma Comuna. [Ipu g ~ 10* mepuon P,' = P,/g ~ 10 Mc. D10 00BsCHSET YacThie
IIUTYH U MEHBIIYIO CTA0OMIIBHOCTh TIEPHOAa MIJUTHCEKYHIHBIX ITyTbCaPOB.

Ecnmu pamguonynbcapbl — 3TO JABOWHBIE 3BE3/BI, TIEPUON KOJIEOAHUN WX
Orecka coBmaaan Obl ¢ opOuTanbHbIM P. [leprospl mynbcapoB COCTABISIOT OT
MUJUTUCEKYH/ 10 CEKyHJ, a MUHUMAJIbHBIC TIEPUOABI ABOMHBIX 3BE3M — YaCHI.
T.e. HaOmO@CTCSI KOMIIPECCHS TIEPUOIOB OOYCIIOBICHHAS TEM, YTO IMYJIbCAphl
BXOJIT B KpaTHBIE CUCTEMBI, IPHUEM JBOIHAS CHCTEMa IyJbcapa JABHKETCS Ha
OTAETBHBIX Y9acTKaX OpPOUTHI BO3JE TPEThel 3BE3/bI C YCKOPCHHEM OJIM3KUM
K KPUTHUYECKOMY ay < -3, = -C%/r. Torma HabIOgaeMblil epUOI OPOUTATBHOTO
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BpalieHus U KojaebaHui Omecka
P'=P(1 +ra,/c?) =P/g, 2.1

MOXKET COKpaTuThest B § ~ 108 pas: ¢ wacos 1o moneit cekyHmsl, rae g = P/P' =
(1 +ray,/c?) ' — K03 HULHUEHT KOMIIPECCUN BPEMEHHBIX HHTEPBAJIOB, PABHbIM KO-
3¢ PUIMEHTY YCHICHUS IPKOCTH.

OneHnM ycuieHne pUuTI-3(GEKTOM pagHoN3ITydeHHs myascapoB [Al2,
Al4, A47]. MoutHOCTs paAHON3IydeHHs IUIAHET U 3BE3 Mana. B gacTtHOCTH,
cetuMOoCTh Wy CosHIIa B painorania30He B MIJUTHAPABI Pa3 HIXKE, YeM B OIITH-
YEeCKOM, JIAKE BO BpeMs BCIbIeK He npesbiias 10°-10% Br, nmpu o6iueii cBeTu-
mocTr 383151 ~10%° BT. Ho ahdekt Putira MOKET MTOBBICHTH PETHCTPUPYEMYIO
panuosipkocTh lg' u pacuérayio mommuocTs WR' pagnonsrydeHust B MAJUTHOHBI
pa3. Tak, y niyabcapa B Kpabosuanoit tymannoct Wg'~ 102 Bt [119, 168], T.e.
PETUCTPUPYEMOE M3ITyUCHHE BIIOJTHE MOXET OBITh PE3yIbTaTOM IEPEBOAA OITH-
YECKOTO M3IYyYCHHS B PaJMOIMAIA30H, JTUOO0 — PE3yNbTaToM yCHUIICHUS PaHo-
M3My4deHus 3Be3nbl. [Ipu 3ToM opOHUTambHOE yCKOpEHHE &, MyJibcapa C)KUMaeT
neprof T' AIeKTPOMAarHUTHBIX KojeOaHwid M opOUTaIbHbIN nepuox P' mynscapa.
OT0 0OBACHAET OTKPBITYIO Y IMYITbCAPOB SMITMPHUECKYIO CBSI3b M3MEPEHHOH B
MTI 11 9acTOTHI CTIEKTPaTbHOTO MakcuMyma fo,.,' = 1/T' ¢ H3MEpEeHHBIM B CEKyHIax
nepuozioM P' mmymecapa: f,' = 120/P'%3¢, Tlo addexty Puriia

foax = fax/(1 + 1@y,/C?) = £ P/P" = s/P',
rae s = f..P — 3T0 XapakTepHblii mapaMeTp, MMEIONIHIA OJM3KHI TTOPAIOK BEJIH-
YHHBI 111 TECHBIX JBOWHBIX 3BE31 OMU3KHUX CHEKTPOB (CO CIIEKTPaIbHBIM MaK-
cumymoM Ha f,,) 1 opOuTansHbIx mepruonos P. Yurém, uto mist Gonee Maccus-
HBIX U TOPSTUMX 3BE3] f,., P 1 P' UMeIOT Goiee BHICOKHE 3HAYEHUS, IPUUEM BCE
3aBHCUMOCTH — cTeneHHble. COOTBETCTBEHHO, CTEIIEHHOW OyJeT 3aBHCHMOCTH
S(P) ~uP"u s(P") ~ U'P'", rme U, U' — koHCTaHTHI. OTCIONA CleayeT Ooiee TOUHAs
3aBHCHMOCTh
o =~ UY/PT D,

rae (1 —n) <1 (oxomno 0,3-0,4), a U' JOIDKHO cOCTaBIATH mopsiaka 120 ¢ ™.

[TocTostHCTBO OpOUTATBHOTO TIEpHOAA P CIIyTHHKOB MyJIbCapOB OOBICHS-
eT cTabuinpbHOCTh Tepuoaa P' konebanuii ux Onecka. MIMEIOT MeCTO JUIIb He-
3HAYNTENbHBIC BEKOBBIC N3MEHEHUSI OpPOUTATIBHBIX IEPHUOIOB ABOHHBIX 3BE3 3a
cuét mpuiuBHOTO TpeHus. Hampumep, y B Jlupsr nepuon pactér Ha 19 ¢ B rox
[46]. Ho puti-3ddekt dt' = dt(1 + ra,,/C?) mo3BOIUT pErUCTPUPOBATH BEKOBHIE
BapHaluy meprona P' mymscapoB YCKOPEHHBIMH B MIJUIHOHBI pas. Ilepuon P
MEHSETCS M 3a CUET BapHanuii Kodp(GUIlMeHTa KOMIIPECCUHU ( B XOJe BapHaIuid
YCKOPEHHUS @, IIPU MEJJIEHHOM JIBUKEHUH JIBOMHON 3BE3/bl 110 JOITONEPUOJHON
op6ute (Puc. 2.1). Torma u3MeHeHHs @, BO3JI€ KPUTHIECKOTO 3HAYEHMS -8, = -C%/F
MOYKHO CUHTATh JTUHEHHBIMU: 8y, = qf — 8y. COOTBETCTBEHHO, EPUOA PACTET IO
3aKOHY

108



P'=P(1 + a,/ay) = Prqt/c2.
Hab6nromaemsrit 1i1st mynbcapa Macirab Bpemenu dt’ = (rqt/c?)dt Toxe ormiuaet-
cst ot ucturHOrO dt. CrieoBaTesbHO, BpeMsl, HCTEKIIIEE 0 HAOTIONCHHUSIM C MO-
MmenTa t, = 0, coctaBur ¢’ = rqt?/2c% OTcrona HaxoauM 3aBUCHMOCTbD OT BPEMEHU
t' Habmromaemoro nmeproma KoineOanuii 6Iecka

\ [t 5o
P'= Py2rqt'/c”
M CKOPOCTH €r0 HapacCTaHHsI

dP'/dt = P\."'rrq /2'¢? .

Jens mepBoe Ha BTOPOE, IMOTyYUM BBIPAKEHUE
] r ‘-._1
¢ P ((JTP J ‘ (2.2)

2 X dt J

MO3BOJISAIOIIEE 110 TIeproay P' mymmbcapa u ckopoctu ero pocta dP'/dt' onenuts
Bpemst t', McTéKIIee ¢ MOMEHTA, KOTJla Mmepro mysbcapa P' = 0 mpu a,, = -C¥r.
B stor MmomenT, coracHo 3¢ dexty Putma (1.17), BO3HHKAeT sipkasi BCHBIIIKA
3BE€3/Ibl, AHAJIOTMYHAs 110 CBOMCTBAM BCIIBIIIKE CBEepXxHOBOM. Hampumep, nmns
mynbcapa PSR 0531+21 B KpaGosuaHoii TymannocTH, rae nepuon P'= 0,033 ¢
ndP'/dt' = 1,4-107 c/ron [119, c. 522], mony4nm pacuétroe Bpems ¢’ = 1180 mer
Hazaz. DTOT BO3pacT ¢ TOYHOCTHIO B 10 % coBmagaeT ¢ M3MEpEeHHBIM BPEMEHEM,
HCTEKIINM CO BCITBIIIKM CBEPXHOBOM, OTKPBITON Ha TOM K€ ydacTke HeOa, e
pacrionoxen myascap PSR 0531421 u rae HaOmonanack BCIBIIIKA THICTYCIICTHE
Hazam, B 1054 r. Takum o6pazom, yxe 3Ta rpydast OIleHKa TouHee 0OBIIHON

- P.( ar' 1’{ (2.3)

dt'
Beyllel K yIBOCHHOH OlLleHKe Bo3pacTa myascapa [210]. B coBpemenHoil Teo-
pUH IyJIbCAPOB 3TO HECOOTBETCTBHE OOXOSAT MPOU3BOIBHBIM J100aBICHUEM
(B paMKax MCKYCCTBEHHBIX MOJeJiei) NBOIKK B 3HaMeHatene (2.3), onpenenss
JuHaAMHYecknit Bo3pact (2.2) [211]. OTMernM, 4TO M3MEHEHUE YCKOPEHHUS MTPH
JIBIDKCHHUH TI0 IIMPOKOH OpOUTE MOXKHO CUMTATh JIMHEHHBIM JINIIb HAa MHTEPBAJIe
BPEMEHHM MHOTO MEHBIIIEM ITEPUO/Ia IBM)KEHHS TI0 IUPOKO opoure. Takum 00-
pasom, oneHka t' (2.2) paboTaer JuIIb HAa CPABHUTEIHHO KOPOTKUX BPEMEHHBIX
nHTepBanax (y Mosoabix myiabcapoB). Tak, y mymscapa PSR B1757-24 o usz-
MEPEHHON CKOPOCTU CMELIEHHS OT LIEHTPa TYMaHHOCTH M PACCTOSHUIO JIO HETO
Bo3pact coctaBuT 40000 set, a pacu€THbIA 0 (2.2) TMHAMHYECKHH BO3pacT —
17000 srer. B pamkax OajsIMCTHUECKOM TEOPHH PACXOKICHHE OOBSICHUMO He-
TIOCTOSTHCTBOM HAOJIIOZIaeMOH TpaHCBEpCalbHON cKopocTH Vi, majgaromel mpu
OTJAJICHHUH 8y, OT -8o. [103TOMY pacuéTHBIN MO PAaCIIMPEHHIO BO3PACT ITyJIbcapa
ToXke B 2 pa3a MeHblle ~20000 1et, 4To JIydlle COmacyeTcsl ¢ JMHAMHYECKUM
Bo3pactoM B 17000 srer. OcTaBiieecsi pacxoXkJAeHHE MOXHO OOBSICHHUTH HEJIH-
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HEWHBIMH BapHaLIUAMHU &y, B psizie cllydaeB yCKOpeHUeE Myabcapa ay, HE 10CTUTa-
€T KPUTHUYECKOT0 3HAYECHHUS -8y, HO, JOCTUTHYB MUHUMYMa, HAUWHAET HApacTaTh.
B sToM ciyuae nepuoa Toxke JOCTUraeT MUHUMYMa, a 3aTeéM BHOBb HapacTaeT, U

TOT/Ia BCIIBIIIKA OTCYTCTBYET, KaK Y paCCMOTPEHHOTO Jjaliee myabcapa GX 1+4.
49-  papnonynscapel (PSR) [ 49 penrrerosckve nynscapsi

0 0
=cly =
o6palienie ' B e
BpEMEHU |- . Z| Bpemenn
n]; @B s 1= i{1+ala,)y<0
IR i3
3 UMMYNEChI 11{E
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w

: nyn
P o hn S 1P no ' macwrab
yeenmuen ' yBe‘nma"t'

Puc. 2.1. ®opMupoBaHue HMITYJIbCOB PaIHONYJIbCAPOB
W PEHTTCHOBCKHUX IyJIbCapOB C IUIABHBIM HM3MEHEHHEM
NepHUoJia UMITYJIbCOB 3a CUET BapHalUil YCKOPEHMsS 8.

AHaNOrM4YHO OLEHUM BpeMsl ¢', KOTria BCIBIXHYJIM B BHJE CBEPXHOBBIX
opyrue myibcapsl. B wactHoctn, mymscap Vela (PSR 0833-45) B Ilapycax
(P'= 0,089 ¢, dP'/dt' = 3,9-10°° ¢/rox) moimkeH ObUI HOABUTHCS Ha HEOOCBOJIE
npumepHo ¢’ = 11400 net mazaz, uro 6mm3ko k 11000 et — Bo3pacty, paccauran-
HOMY IO CKOpOCTH pacmmperns TymanHocTH Ilapycos [210]. PSR 0531+21 u
0833-45 — cambre mononpie mynbeaps! [119], u apdexr Putma o0pscHseT, moye-
My y Takux 3BE31 Majioro Bo3pacra t' mepron P' = P(2rgt'/c?)"? — mai, a ckopocTh
ero pocra dP'/dt' = P(rg/2c?t")'? — Benuka [119]. Beicokast crerneHb KOMIPECCHU
g (2.1) ans 3THX MyIBCApPOB M Myhbcapa [eMuHra OOBACHICT X PaaUO-, ONTH-
YeCcKOe, PEHTICHOBCKOE M ramMMa-u3jiydeHue. PUTI-3QdeKT, cKuMas neproisl
MyJICAPOB B MUJUTHOHBI Pa3, MOBBIIIACT SIPKOCTh U 9acTOTy cBeTa B g ~ 10° pas,
MePEeBOJIsl €r0 B PEHTICHOBCKUI U TaMMa-uarna3oH. [103ToMy MOIIHOCTh U3ITy-
genust PSR 0531+21 B HeonTHYECKHUX TUANa30HaX B THICSYU Pa3 BHIIIE, YeM
y Conania — B ontudeckoM [119]. V Gonee npeBHHUX paanoIyascapoB § HEHO-
CTaTOYHO JIJIs TIepeBOJia CBETa B PEHTICHOBCKHI M raMMa-Juana3on. B pamkax
IPYTUX TeOpHi kECTKOe TaMMa-u3IydeHne, Hanpumep c sueprueid 400 3B y
mynbecapa PSR 0531421, e ynaBanocs OOBSICHUTS.

OTKpBITHI TAK)KE PEHTTCHOBCKHUE ITYIBCAPHI, Y KOTOPBIX P' cokpariaercs.
Ecnm 3710 cokpaleHre WIT030pHO, OHO 03HAYaeT MPHUOIIKEHUE ay K -3y (PHc.
2.1), u B UTOTE 3T IMyIHCAPHI BCIIBIXHYT KaK CBEPXHOBBIE, Kora P' coxmércs o
HYJIsI, TIPEJIeSIbHO CKOHIIEHTPUPOBAB CBET 3BE3/ibl BO BpeMeHH. Tak, y mysbcapa
Ienrasp X-3 P' =4,8 ¢, a dP'/dt' = -1,3-107 ¢/rox, otkyma t' = -1920 ner (3nak
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«MHUHYC» COOTBETCTBYeT Oymymiemy). T.e. mysibcap BCHBIXHET KaK CBEpXHOBAs
Yepe3 JBa THICAYCICTUS. OTMeTI/IM, YTO TaKUMHU HIIIIO30PHBIMU BCIIbIIIKAMH
3BE3]1, B paMKax 0aJNIMCTUUECKON TEOPHH, SIBIISIFOTCS TOJIBKO BCIIBIIIKKA CBEPXHO-
BbIx II Tuma (SN II), a Takke, BEPOSATHO, BCIIBIIIKH C CAMMETPHYHBIM IPOduIeM
y CBepxHOBBIX V THIA [95, c. 109], KOTOpEI TOXKE IpeAcKa3bIBacT Teopust Purtma
[A39]. A Bcbimku cBepxHOBBIX THIA la (SN Ia) mpencraBisror coboit peains-
HBIC B3PBIBEI 3BE31 [A44, A47].

Hanwnane y mynbcapoB pe3Knx CKauKoB, cOOEB Tepruofa (erumueti) MOX-
HO OOBSICHUTH CTOJIKHOBEHHEM 3BE3/l C aCTEPOMaMH, MEHSIOMINMH OpOUTAIb-
Hed mepuon P, kak y 3Be3nsl W bompmioit Mensemunst (§ 1.5). Ot penkue
COOBITHSI YUYAI[AIOTCsI TIPU CKaThu uHTepBanoB Bpemenu (1.14) B g ~ 10° pas:
CTOJIKHOBEHUSI, IIPOUCXO/SAIINE pa3 B MUJUIMOH JIET, MO)KHO BHJIETh €KETO/IHO.
310 00BsicHACT TUTYM y myabcapa SGR 1900+14, perynsipHo HaOmomaembie
npy Berblmkax. OTaenbHbIe IIMTYM CBS3aHbl C Bapualuel cxkarusi ¢ rnepuoja
P'=P(1 + ra,./c?) = P/g oT u3MeHeHus JIy4eBOro yCKOpeHust @, 1 3P HEKTHBHOTO
nytd » = [. Kpome Toro, ot 3BE311 peryJsipHO OTACINSIOTCS MPOTyOepaHIbl, a Ha
IyTH CBETa ' BCTPEYAIOTCSl MEX3BE3JHbIC 00JlaKa ra3a, OTKPBIThIC 10 CITyyaii-
HBIM MepuaHusM myascapos [119, 168, 175]. IlepensnyuéHHbIN UMHU CBET Te-
pseT U30BITOK CKOPOCTH, U Aanee pUTH-3QHEKT He MEHSET MEePUOJ MM MEHSET
€ro MHave, ecyi I ra3a a, 7 0. JIBmKeHHue MEX3BE3IHBIX 00JIAKOB U 3BE3JIbI
MEHSeT &;, I' u P' utaBHO, MO0 pe3Ko, ecimy B 001akax eCTh MPOCBETHI, CKAYKOM
YUTHHSIOMNE TyTh cBeTa I i Kommpeccuio g (2.1). Ecmu myd cBeta mepecedér
JIpyroe MEeX3BE3MHOE 00IaK0, MyTh I Pe3KO COKpaTUTCH, a mepuox P' — ckaukoM
yanuHATCS. B nTore, mocne mmTya MEHsSETCS U CKOPOCTh pocTa neprosa. Kor-
Jla K€ MPOCBETHI B MEK3BE3AHBIX OONakax M BHEIIHHE oOJiaka yXOsT C Jyda
3peHusi, EpUOJL ITyJIbcapa U CKOPOCTh €ro U3MEHEHHUs BOCCTaHaBIuBatoTcs. T.e.
B paMKax TeopuH PHTIa Bapmanuy nepuoioB IyJIbCapoB IONYYalOT IPOCTYIO
HHTEPIIPETALHIO.

Takoke OTKPBITHI HUKJINYHBIE BAPUALIUH TIEPHOJIOB ITYJILCAPOB, 00bICHEH-
Hble NIPUCYTCTBUEM ILTaHeT. OJJHaKo, eciii OBl MyNbcapbl MPEACTABISUIN COO0H
OCTaTKH B3PHIBOB CBEPXHOBBIX, TC HCH30EKHO OBl pa3pyIIMIN WIA OTOPOCHIH
Onu3nexkalyue MIaHEThl, MTO3TOMY IOJAraloT, YTO IUIAHETHI MOSBHIINCH IIOCIE
B3pbIBa. HO rutaHeTHBIE cuCTEMBI HE MOTYT (JOPMHMPOBATHCS 33 CPOK ITOPsAKA
BO3pacTa MyIbcapoB (OT THICAY 0 MIUIHOHA JIeT). B pamkax OammmcTHdeckoi
TEOpHH, 110 KOTOPOH peallbHOTO B3PhIBA HE IPOUCXONT, CYIIECTBOBAHHE IIJIAHET
BO3MOXHO. [Ipn 3TOM mmaneTsl, obeTas 3Be3/1y, BHOCST BO3MYIIICHUS B JIBIKCE-
HUE TyJbcapa, PerysipHO MEHSISI €T0 CKOPOCTh M YaCTOTY UMITYJIbCOB 110 3 dek-
tam lomnepa n Putna. Mensist nepuon, puti-3(h¢Gext MeHsieT U OJIeCK 3Be3/Ibl.

[TonoOHoe siBeHKe OTKpBITO Takoke y 3BE3x Tina RV Tenbua, RR JIups

111



u nedenn. Taxk, y [TonsipHo¥ 3Be3b1 iepuog P; = 4 cyT HapacTaeT Ha § CEKyHI B
o], a aMIUIUTY/ia Kostebanuii 6iecka najgaet. B pamkax treopuu Putia npuunna —
B 3Be3e [lomsipHast Ab, obneraromieii [lomsipryro Aa 3a nepuon P, ~ 30 ner, co-
00111as1 CBOMM TSATOTEHHUEM B TEUEHHUE YaCTH MepHoJia yObIBAIOIEe CO BpEMEHEM
yCKopeHue a,(t). B utore nagaer cpenusis siprocts <I'> = 1/(1 + ra,,./c?), pactér
nepuoy konebanuii onecka P,' = Py(1 + @,./ay), mamaer ux aMIUIUTyaa, BBHIY
OT/IaJIeHust @, OT -8, = -C%/I, T.€. OT cra/Ja r1yOuHbI MOIYIISIIUKA M YCKOpeHust (0T-
HOCHUTENBHO -8y) cryTHUKoM [lossipHoii ¢ nepuonom P, = 4 cyT. 3a nepuox ~30
net onHoro obopora [lonspHoit Ab BO3MOKHO BOCCTAHOBIICHHE MapaMeTpPOB.

AHanorn4Hele KojeOaHus OTKPHITH y 3831 Tuna RV Tenbua, ckaxkem y DF
JleGens1, y KOTOpOIi TpaduK JIy4eBBIX CKOpOCTeit [175] roBOpUT 0 HAHYUH JBYX
cyTHHKOB ¢ niepuogamu P, = 50 cyt u P,= 780 cyt (Puc. 2.2). O6neras 3Be31y,
OHU MEHSIIOT €€ yCKOpeHHe a,= a;,+ &, ¢ TeMu xe nepuopamu (Puc. 1.26), u Ha
JIBYJICTHHC KoJieOaHus OJecka Mo puTi-3PQeKTy HaImKeHa «PIO0b» C IMEPHOIOM
P,. JleficTBUTENBHO, ITyCTh JBHYKEHUE KOMIIOHEHTOB MPOUCXOIUT NPUOIMIKEHHO
[0 KPYrOBBIM OpOHUTaM, Tak 4To &;.= a;sin(2nt/P,) u a,.= a,sin(2at/P,), rae t
OTCUHUTBIBAETCSI OT MOMEHTA HHYKHET0 COEIMHEHUsI (TIPOTHBOCTOSHHS) CITy THUKOB
Hausy4e3penusi. Tornakpusas 6ieckal'(t) MoxxeT ObITh IpeicTaBICHA B BUIE TTapa-
METPHUYECKH 331aHHOH (QyHKIMH (KaK QyHKIUs BpeMeHH { B CHCTeME NCTOYHUKA):

\ -1
N o AR

Lo L4 (Em‘ 2 (Em‘
[I'=1| 1+ —-sinf — |+ —=smf — ‘
i o ¢ E |
{ L L Y

‘ 4 \ . \
| ra B 2nt | ra,rb, 2mt
[t'=t—-——C08) — |——=—-cos| —
[ 21c” \ Pl ) 2mc” "

Korma 6meck MakcumaneH, pacTéT aMIUIUTYIAa METTKUX KojeOauuit I, T.K.
MaJible Bapualuy &, B MOMEHTBI MPUOIMKEHUS K -8y CHIIBHEE MEHSIIOT IPKOCTh
3BE3/IbI, 32 CUET OONBIIeH TITyOUHBI MOAYIAIINN M = 8,/(8y— 8,). JlecTBUTEIBHO,
OTKPBITHI IBOHHBIE CHCTEMBI, HallpuMep, 3aTMeHHas 38e31a PG 1336-018, rne oqua
KOMITOHEHT — Ilepen1a, y KOTOpOi aMIUINTy/Ia KoslebaHuii O1ecka MaKCHMalIbHa B
MOMEHTBI MAKCUMHU3AINH CpeaHeH sspkocTH (Mnb1ecka) cuctemsl [212](Puc.2.2).

CxoHOE SIBICHNE OTKPBITO Y MyIbCAPOB, UIMITYIBCHI KOTOPBIX PETYIIPHO
ncuesaror [175]. CoBpeMeHHbIE MOJCTH TyIbCAPOB OOBACHSIOT «3aMHPAHUD)
myTéM BBOJIA CJIOXKHBIX JOTOMHUTENBHBIX TUIIoTe3. Hanpumep, peHTreHOBCKHUI
mynbcap Iepkynec X-1: ero peHTreHOBCKHE UMITYIBCH ¢ TepronoM P, = 1,24 ¢
peryJIsIpHO racHyT, BO-IIEPBBIX, OT 3arMeHus 3Be3noi HZ I'epkyneca, MeHsIOT
€T0 SIPKOCTb M TIEPEBOST ONTHUECKOE U3ITyUSHNE 3BE3/Ibl B PEHTI€HOBCKHIA JTHa-
naszoH. [Ipn otnanenun a, or -8, aMIUINTYAa KoiebaHUi PEHTTEHOBCKOTO Oie-
CKa M YacTOTHI Ma/Ia€T MOYTH J0 HyNs. A B ONTHYECKOM JHMaNa3oHe KoJIeOaHus
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onecka HZ T'epkyseca COXpaHSIOTCS, T.K. Y 3TOH MacCHBHOW 3BE3JIbI JIyUCBOE
YCKOpEHHE 8, He MPUONMKAETCS K -8y, 1 ONTHYECKOE H3ITyUYEeHHE PETUCTPUPYIOT
MTOCTOSIHHO, HO C TMEPEMEHHON HHTEHCUBHOCTBIO U I[BETOM. TeM CaMbIM TEOPHS
PuTtna nerko oObsicHseT HabIIOJaeMble CBOMCTBA JBOMHBIX 3BE3/-ITYIILCAPOB, UX
PEHTTeHOBCKOE M3NTyueHHe U 3amupanus [A39, A4l, A47].

a. P-""’fzr'epxyneca 6 AT ‘*\P
lepkynec X-1 '15\\ # 7 \Jz
e __f_-r
) P

A

Puc. 2.2. TlpuMepsl KpaTHbIX 3BE3AHBIX CHCTEM Medenq H Mmynbca-
poB: a) I'epkynec X-1 — HZ Tepkyneca, 6) Ilonspuas A u B win DF
JleGens, 6) kpuBas ITy4eBbIX yckopeHHi a,(t) 3Be3mbl A, 2) TeopeTH-
yeckasi KpuBasi Bapuauuii spkoctu I'(t") 3Be3nsr A mo sddexry Puria.

«3aMupaHus» MyIbCAPOB MOTYT OBITH BBI3BAHBI TAKXKE Ipeneccueit op-
OWTBI CITyTHUKA, B XOJI¢ KOTOPOW HAKIIOHEHHE OPOUTHI | K KAPTHHHOM MIIOCKOCTH
MeHsieTed, Hanpumep, ot 0 1o 2a. Tak, y mynscapa I'epkynec X-1 nepuon npe-
LIECCHUH IO OLICHKaM paBeH 35 cyT [194]. ¥V nynbcapos puti-a¢dekt npu g ~ 103
TBHICSTIEKPATHO YCKOPSET BUAUMYIO IPELECCHIO, U KOJIeOaHUs &, PETYISpPHO nc-
Ye3aloT, Korjaa opOuTa BUHA B IU1aHe — HakiIoHeHue | = 0° (Puc. 1.23), wmm xe
aMIUTUTYIa KosebaHuii a,(t) JocTUraeT MaKCUMalbHOH BETMYHMHBI, Korna i = 2a.
Konebanwus a,(t) umerot Buj

\ ) |

t Tt
'—"a 5111(0]8111( 1 -sin2 > (o )sin?
) ! BN

—= .7 :
| 27t

— |cos) —
|\ P
\

o ( 2n
a, :al-sm(i)cosi =
L4

[pu a — 0°: a,= 2a,0-cos(2nt/P,)sin(nt/P,). Tak, y Her X-1 Ha 11 mreit u3 35

HAKJIOH | OpOUTHI U aMILIATYAA &, ~ 28,0 B paMKax OaJIMCTHUSCKON TEOPUH JI0-
CTaTOYHBI [UISl IEPEBO/IA ONITHYECKOTO M3ITyYCHUS B X-TyUH (Gpay ~ 107).

[punss a, = 2a,0-cos(2nt/P,)sin(nt/P,), MOXHO MOIYYHTH BpEeMEH-

HYIO 3aBHCHMOCTH peructpupyemoii sprkoctu I'(t") B mapamerpuueckoit popme

(Puc. 1.23), Boipasus t' u3 dt’ = dt(1 + ra,/c?)
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Hecnoxuo unTerpupoBanreM dt' Haiitu u crporyro 3aBucumocts t'(t) u
JUTst OONbIHX o ~ 1.

Perynsapusie 3amupanus (#ywiune) 10 70 % BpeMeHU OTKPBITHI TAKKE y
paaronynbcapoB, B yacTHOCTH y PSR J1819+1305 u B1133+16. A mynscap PSR
B0943+10, mpekpainas u3j1y4arh B paguoarana3oHe, HaUWHAET TeHEPUPOBAThH
PEHTTEeHOBCKOE M3iydeHne, u Haobopot (Puc. 1.23). Dra cMeHa peKUMOB He
HaIia 0OBSICHEHNH B COBPEMEHHBIX MOJIENAX IyJIbCapOB, HO €CTECTBEHHO Clie-
nyeT u3 6amnuctryeckoit Teopun. Korma B Xome opOUTaNbHOTO ABHKCHHUS JTyde-
BOE YCKOpPEHHE &, MEHSET 3HaK (WJIM MepeceKaeT YPOBEHb -8;), CABHUT YacCTOTHI
puTi-3hekToM MEHSICT 3HAK (MIIH CHIKACTCSI), M YCKOPEHHE 3BE3bI IEPEBOIUT
M3y4YeHHE 3BE3/Ibl Y)ke He B PEHTT€HOBCKHH, a B paguonuamnas3oH. [Ipu Boccra-
HOBJICHHH 8, ~ -3y PaAUON3IIydYeHHEe TacHeT. J[pyras Bo3Mo)kHas IPHYUHA CMEHBI
PEKUMOB — PETyISIPHOE MOSIBICHUE Ha TYTH H3JTyUeHHS] MEXK3BE3THBIX 00IaKOB
raza, 3G (exTUBHO Mepen3nydyaonuX pagruolydd. Y HEKOTOPBIX IYJIbCapoB, B
TOM YHciie y mysbcapa B Kpabosumnoit rymannoctu (PSR 0531+21) u B co3Bes-
nmuu ITapycoB (PSR 0833—45) mynbcanun HaOMIOMAIOTCS BO BCEX JAMAaIia3oHax,
YTO CBSI3aHO C KOMIIPECCHEH BCEBOJIHOBOTO M3ITyUeHHS 3BE3IbI M KOPOHBI. Kpo-
Me TOTO0, 10 Mepe ABWKCHHS MPOQIIIb AEKTPOMATHUTHBIX BOJH HCKaXKaeTcs,
MIPUBOJIS K MOSBICHUIO BBICOKOYACTOTHBIX TAPMOHHK: TaK 00pa3yroTcs, Kpome
ONTHYECKUX MUMITYJILCOB, PEHTTC€HOBCKHAE U TaMMa-UMIyibehl [119, ¢. 525]. 3a
CY€T pas3HOH JJIMHBI TIepen3aydcHus | B pasHbIX Jxana3oHax UMITYJIBCHI B pas-
HBIX JIMaia30Hax CMENAoTCs 1Mo (aze 1 y HUX HEMHOTO OTJIIMYAIOTCS [IEPUOJIBI,
ot pasHoit komnpeccuu ¢(f). OT momiomeHnss ¥ 3HAYUTENLHON Pa3HULBI JUTHH
SKCTHHKIMU B PAIC AUANa30HOB IyJbCallMyd BooOmie He HaOmomatorcs. Taxk,
OOJBIIMHCTBO MYJIECAPOB IYJABCHPYIOT TOJIBKO B PaAHOIHAIIa30HE.

3amMupaHus paJHoOU3IydeHUs] OTKPHITHI U B JBOWHOM myibcape PSR
J0737-3039, tae omHa 3Be3na MOCTOSHHO TEHEPUPYET UMITYJIBCHI C TIEPHUOIO0M
P,"= 23 wmc, a Bropas — ¢ nepuonom P,' = 2,8 ¢ — TUIIb B OTIENBHBIX TOYKAX
opOUTBEL. DTO OOBSACHSIOT TEM, YTO OBICTpPBIH mynbcap (mepuoma P,'), oberas
MeJUICHHBIN mynbeap (nmepuona P,') 3a mepuon P;= 2,4 gaca, peryasipHO ycH-
JIUBAET €r0 UMITYIbCHl CBOMM MarHUTHBIM TOJIEM. A B paMKax OayTHCTHYECKOI
TEOPUHU TIPOUCXOAUT MPUONIMIKEHHE B OTACIbHBIX OPOUTAIBLHBIX (a3zax yCKope-
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HUS &, MyJIbcapa K KPUTUICCKOMY -: TOT/Ia TCHEPUPYETCS YaCTOKOJ UMITYIILCOB
X-uznyuenusi, kak y Her X-1. B ocTanbHOe BpeMsi yCKOpEHUE JANEKO OT -8, U
B YaCTOKOJIC HAOJIFONAIOTCs MpoBaibl — «3amupanus» (Puc. 2.3). V mynbecapa ¢
P," =23 Mmc ammiuTyna konebaHui a;, BBIIIC, U OH TCHEPUPYET BCIBIIIKH TTOCTO-
stHHO. OT/IAJICHUE YCKOPCHUS OT -8 BEIET K PEry/SIPHOMY YIUIMHCHHIO MTEPHUOIa
P,"=Py(1 +a,/ay) Ha 0,1 %. Bapuaruu P,' o0wscHsrOT Horuiep-apdexrom P,' =
P.(1+V,'/c) mpu V,' = ca,./a, = 300 km/c 1 3aMeIICHUEM BPEMECHH B T0JIC TATOTE-
Hus mynbeapoB. [1o addexry PuTiia HCTHHHBIC CKOPOCTH | TIOJIS ITYJIbCApOB — HA

NOPAAKU MCHBIIIEC.
,/ F r

dr  PpsR J0737-3039

Puc. 2.3. Cxema 3BE3MHOI CHCTEMBI JABOMHOTO TTYJIb-
capa, rpaduku JTy4eBbIx yckopeHuit a(t) ero xommo-
HEHTOB M pe3yabTHpyromme konedanus Onmecka I'(t).

Bo3morkHa 1 0OpaTHast CUTyalysl: yBeJIMUCHNE H3MEPEHHOT0 OJecka (sp-
KOCTH) M COKpAILlCHUE MepHoIa MyJabCallril, B X0/1e MPHOIMKSHUS YCKOPESHHS
3BE3BI 8y K -8y, BEIET K NCUC3HOBCHHUIO PEHTTCHOBCKUX BCIIBIIICK. [10100HBIH
a¢dekt oOHapyxeH y peHTreHoBckoro myibcapa GX 1+4, nepuon mysbcaiui
KOTOpOro B TeueHue 15 jer cokpamancs, a B 1985 ., TOCTUTHYB MHHHUMYyMa
P,' = 100 c, cran Tak >xe ObicTpo Hapactath (Puc. 2.4). Jns oObsicHEHNsT 9THX
Bapuanuii P;' ¢opManbHO NPHUHSIIN, YTO MAarHUTHBIE TOJISI U TPEHUE Bpaliaro-
LIETOCs ra30BOr0 KOJbIA, YCKOPSBIIETO BPalleHHE 3BE3/Ibl, CTaJI0 TOPMO3UTH €€
Bpamenue [213]. Ho 1o cux mop HE BBISICHEHBI MPUYMHBI CMEHBI HAIIPABICHUS
IIPH COXPAaHEHHH BEJIMYMHBI MOMEHTA TPEHHsI, KOTOPBIil orpoMeH, T.K. 3a 10 ner
B 2 pa3a MOBBICKJI TUTAHTCKYIO DHEPIHIO BPAIllEHHs MyJIbcapa, a 3aTeM CTOJb XKe
ObIcTpo €€ yMeHbIIHI. PUTI-0()(eKT a1eMeHTapHO OOBSICHSIET 9TH BapUaliy KaKk
wiro3opHble. CHavaa B X0e OpOUTAIBHOTO ABHKEHHS 3BE3/1bI (TTPUOIHKEHHO
IO KPYTOBOH OpOHTE) YCKOPEHHE &y, = a,c0s(ml) IpHOIImKaIoch K -8, COKparias
peructpupyemsiit nepuox P;' = P, + Pycos(wt), a 3aTeM oTnamsiocs, HapamuBas
P.', rne Py=Pyra,/c? u o = 27/P,. Macmrab spemenu dt' = dt/g cxxar nmponopiio-
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HaJBHO KoMmpeccu g, otkyna t' =t + Pgsin(ot)/@P;. T.e. rpaduk HabmOMaEMBIX
Bapuanuii P,'(1") mpencraBiser coboif YKOPOUSHHYIO LUKIOHIY (TPOXOHIY).
Bosne MuHIMYyMa, 3a0CTPEHNUS TUKION/BI, Py’ MEHSAETCS MOYTH JIMHEIHO, KaK Yy
GX 144 [214] (amanornyHble BapHaIy OTKPHITH y myibcapa 4U0900-40 [119,
c. 594]). Manbie OTKIIOHEHHsI OT ITUKJIOUIBI CBSI3aHBI C BapUAIlUsAMU @, B IMOJIE
TATOTEHUS CIYTHUKOB, MEHAIOMHUX P;' (B T.4. OT THMOTETHYECKOTO CIIyTHHUKA C
opbutanbHbIM mepuonoM B 304 cyT, COOTBETCTBYIONIMM KojicOanusM P'), u ¢
JBIDKCHUEM ITyJIbcapa 10 SJUTUITHYECKOH opoute. [l TOUHOTO COBMEILCHHUS
TEOPETUICCKON M IKCIIEpUMEHTaIbHON KpuBoi P'(1") m ompeneneHus mapame-
TPOB OpPOUTHI ITyJbcapa cienyeT npomsBecTn Ha IBM mepebop mapameTpos €,
a, ® OpOUTHI, MUHIMHU3UPYS OTKJIOHEHUS, THO0 MpenCcTaBUTh Ay (1) B BHUIE 1MO-
MHOMOB, psanoB (§ 1.1, § 1.5), mHaxoast ux mo metoay [409].

Camu BCIIBIIIKH, OYEBH/IHO, 00YCIIOBJICHBI, KaK B CIIydae IyJIbCcapos, pe-
T'YJISIPHOH KOMIIpeccHeil cBera aBoiHON 3Be3zbl 1o 3ddexty Purna. Oto moa-
TBepxkaeT nmpumep myabcapa GX 5-1, y KOTOpOro MOIIHOCTH BCIIBIIIEK HApac-
TaeT MPOIOPIMOHAIBHO WHTETPAIBHON CBETHMOCTH. B HEKOTOPBIX ciydasx
U3JTy4eHHE ITyNbCapoB M 0apCcTepoB NPEACTaBICHO MEPHOIUYHON MOCIEn0Ba-
TENBHOCTBIO TNIAJIKUX HMITYJIbCOB, 00pa3yIoIIUX KBa3UTapMOHUYECKYIO KpH-
Bylo Onecka. Takast kpuBasi Oyiecka MOXKET OBITh pe3yJIbTaTOM MHTEp(EpeHINN
2JIEKTPOMATHUTHBIX BOJIH OT KpaTHBIX n300paykenui 38e3ab! (Puc. 2.1, Puc. 2.6).
[Ipn >TOM SMHCHOHHOE H3Iy4eHHE 3BE3AHBIX arMoc(ep IO JIa3epHOMY WIH
Ma3epHOMYy MexaHu3My (§ 2.2) Wi HUKJIOTPOHHOE PaJMON3ITydeHHE SIIEKTPO-
HOB, JUINTEIHHO BPAIIAIOIINXCS TI0 CTAIIMOHAPHBIM OPONTaM B MarHUTHOM TOJIE
3BE3/Ibl, MOXKET 0071aJaTh BPEMEHHOI KOTE€PEHTHOCTbIO, JOCTATOYHOMN Ul MH-
TephepeHIInN U3IYUYeHHs OT JIBYX M300pakKeHHH 3Be3Mbl M3 TOJNIOKEHHH, 3Ha-
YUTENIFHO pa3sHECEHHBIX BO BPEMEHM, HO HAOJIONAEMBIX CHHXPOHHO. B aToM
cllyyae 4acTOThI M3JIY4EHHs OT JBYX M300paKCHHH 3BE3/Ibl, 00JIa/IAl0IINX He-
MHOTO OTIMYAONIIMHUCS JIY9eBEIMHA YCKOPEHHUAMH (8,'= -3, + da' u a," = -g -
da'), OyayTt oTimyaThes nocie npeodpasoBanus no adekry Purna f' = fay/ 6a'
u f""=fay/da" (s Broporo nzobpaxkeHus B3AT MOAY/b "', T.K. mpoucxoaut 06-
patieHme nopsika coObITHH, a TpeThe H300pakeHNe He paccMaTpuBaeM). B ciry-
Yae CIOKeHUst IByX konebannit E'(t) = Eqcos(2nf't) m E"(t) = Eqcos(2nf"'t) mpu
da' = da" << ayBO3HUKAIOT OMEHHUS, T.€. BAPHALINU AMIUIUTY/IBI KOJIEOaHUN OIS
mo 3akony Eg(t) = E'(t) + E"(t) = 2E,cos[ntfay(6a’ — da")/da'?]-cos[2ntfay,/da'].
Takum oOpaszom, OyayT HaOmonarbes KojeOaHMsi Oniecka MPOMOPIMOHAIBHO
(2Eqcos[ntfay(6a’ — da')/6a'?])? ¢ mepuogom P = da'?/fay(da’ — 6a"), koTopslit mpu
MaJIoi pa3HHUIlE &, U &, MOXKET TOCTUraTh MIJLIHUCEKYHN U ceKyHI. [Ipu 3ToMm,
BBHJY TIOCTENIEHHOTO M3MEeHeHHs yckopenui a,' (t) u a,"(t), a Taxoke npeiida ya-
CTOT M3JTyYarONINX 3JIEKTPOHOB M OTPAaHMYEHHOTO BPEMEHH KOT€PEHTHOCTH M-
ITYJIBECHI TTOTYYAI0TCS HE CTPOTO MEPUOIUIHBIMH, TIEPUO UX CIICIOBAHHS MOXKET
3HAQUUTEJIIFHO MEHATHCSI ¥ MOTYT BO3HHMKATh IIMTYM. VIMEHHO Takwe KBasuie-
PHOIMYHBIE OCIMIUIAIIN HAOMIONAIOTCS y 6apcTepoB W HEKOTOPHIX ITyJIbCAPOB.
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Jpyrum npumepom cirykut o0bekt TSX2 (mynbcap IGR J17480-2446 B
ckorureHun Terzan 5). YV Hero oOHapy)keHa IepeMEeHHOCTh OJecKa B PCHTTCHOB-
CKHX JIyyaX: MOMHMO OOBIYHBIX Mynbcaruii ¢ yactotoil 11 I'm, mabmromarorcs
kBazunepuoanyeckue ociuusiiuu (QPO) ¢ wactoroii mopsaka Ml [215]. Tak,
B TeueHue Mecsua y T5X2 nepuoj KBa3UNEpUOIUUECKUX OCUMIUIALUNA COKpa-
tres ¢ 1000 mo 200 c, a 3arem Beipoc 1o 1000 ¢ (Puc. 2.5). Poct gacToTs
koseOanuii omecka B 5 pa3 (¢ 1 mI'm g0 S5 mI'm) compoBoXkaacs MPOOPIHO-
HAJBHBIM HapaCTaHUEM PEHTICHOBCKOU sIpKOCTH B 5 pa3. Kak BumHO u3 Puc. 2.5,

-Aw=27/R
il T
/ il / I

t', (rogpi);
1870 1980 1990 2000 2010
Puc. 2.4. Cxema 3BE31HOI CHCTEMBI IyJILCAPOB U 0apCTEpOB HA MPUMEPE
mynscapa GX 1+4. Bapuarnun ero neprona P;' 3a cuér Bapuanmit opou-
TaJIbHOTO YCKOpEeHUs 3Be3/bl Ay (t). Kpacuasa cniowinas nunus — TeOpeTH-

yeckast kpusast P,'(t') (MonenpoBanue o addexry Purna), mouxu c un-
mepsanramu nozpewinocmeti — pe3yabrar u3MepeHuii nepuoxna [213, 214].

MaKCHMYM PEHTI'€HOBCKOTO OJIeCKa TOUHO COOTBETCTBYET MAaKCHMaJILHOM 4acTo-
Te KomebaHuil Ormecka. DTO €CTECTBEHHO MHTEPIIPETHPOBATh KaK IPOSBICHUE
sddekra Puria: npubnmkeHne yCKOpPEHHs: CUCTEMbI K KPUTHUECKOMY (Kak Ha
Puc. 2.4) conpoBokiaeTcss NMpONOPLUHOHAIBHBIM POCTOM YacCTOTHI KoJieOaHUH
Onecka W MHTCHCUBHOCTH B 4—5 pas, cormacHo (1.15) u (1.17). B pamxkax a¢-
¢exra Putia, GIHM30CTH YCKOPEHUSI K KPUTHUSCKOMY &, ~ -C¥/ 1 nemaet T5X2
PEHTI€HOBCKUM UCTOYHUKOM. IlapaiienbHblil pOCT MHTEHCUBHOCTH U LIBETOBOM
TEMITepaTyphl (YaCTOTHI CIIEKTPAIFHOTO MaKCHMyMa) PEHTI€HOBCKOTO H3IIyde-
HUS 00HapyXeH Takxke y mynmscapa IGR J18245-2452 [216]. Otmerum, 4910 Y
HETO MMyJIbCallu PEHTT€HOBCKOT'O Onecka IMEIOT BUJ MMOYTH NACATTbHBIX CUHYCO-
ua. ITO CBHJCTENIBCTBYET B IIOJIB3Y TOTO, YTO KOJIEOAHUs OOYCIIOBIICHBI JIBHIKE-
HHUEM 3BE3/IbI 110 KPYTOBOM OPOHTE C JIydEBBIM YCKOPEHUEM 8y, MEHSFOLITIMCSI IO
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Puc. 2.5. Crnesa — rpaduk konedaHHl PEHTIEHOBCKOM SPKOCTH OOBEKTa
T5X2 (IGR J17480-2446) B 2010 1. Cnpasa — rpadyku KonedaHUH cpea-
Hell peHTreHoBckol sipkocTH U 4acToTel QPO ocummanuit Onecka [215].

rapMoHuYeckoMy 3akony. 1o addexty Puria npu mamoi rryOuHEe MOYJISIHH
M << 1 3TO BBI3bIBAET KOJIeOAHMS OliecKa IO TAPMOHUYECKOMY 3aKOHY.
AmnanornyHbIii 3GEeKT OTKPHIT y 6apcTepOB — 0OBEKTOB, FEHEPUPYIOIIHX
KOPOTKHE PEHTTEHOBCKHE MIMITYJIECHI C TIEPUOIOM ITOBTOPEHHUS B HECKOJIBKO da-
coB. Kak mokazanu kpuBbie KoJieOaHUi peHTTeHOBCKoTo Onecka [217, c. 29], npu
YBEIMYCHUH MEPUOIA MEXKIy MMITYIbCAMH BCIBIIIEK MPONOPLIHOHATBEHO PacTeT
JUTUTEIBHOCTH UMITYJIECOB, YTO €CTECTBEHHO HHTEPIPETUPOBATH 110 3 dexTy Put-
11a MIPOTIOPIIOHATIBHBIM PACTSHKEHHEM BPEMEHHOTO MacIuTaba KoyeOaHui peHtT-
TEHOBCKOH sIpKOCTH. B paMkax OaTMCTUYECKOW Teopuu OapcTepbl MOTYT OBITH
OOBIYHBIMH 3BE3/1aMH, Y KOTOPBIX BO3MYILEHHUS CO CTOPOHBI CITyTHIKOB PETYIISIPHO
BapbUPYIOT &, 3Be37b1. [Ipy TOCTIDKeHNH &, 3HAYCHHH -8y CBET 3B€3/Ibl, HapaIluBas
HMHTEHCUBHOCTH U 9acToTy B § ~ 10° pas, mpeoOpa3yercsi B PEHTTEHOBCKHE BCIIBIIII-
Kd. DTO OOBSICHSAET COOTBETCTBHE CIEKTpA BCIBIIICK 0apCTEPOB — TEIUIOBOMY
CIIEKTPY 3Be3/1bI, CMEIEHHOMY U3 orTnueckoro (T, ~ 10% K) B peHTreHOBCKHiA -
ama3oH (T, '~ 107 K [119]). ITo 3akony cMmenieHus Buna npeoOpa3zoBaHHast 4acTota
criekrpaibHoro makcumyma f' = fT./T, ~ fg. DToT MexaHu3M BCIbIIIEK OOBSACHSET,
movyeMy y psiia 6apcTepoB BCIBIIKH, TIOJJOOHO HMITYJIECaM HEKOTOPBIX MyJIbCAPOB,
npoiabie [ 119, 218], nanpumep, y MXB 1636-53. T1pu niepexnécre BeTBei rpadu-
ka V(1) yckopeHue a, J0CTUraeT KpUTHIECKOTO -8y IBAXKIBI 38 TIEPUO]T, ¥ BCTIBITIIKA
craHoBUTCs ABOMHOMU (Puc. 2.6). CiiyTHHUKH 6apcTepoB OOHAPYKHBAIOT 110 MPOBa-
JlaM B KPHBOM PEHTTEHOBCKOIO OJIecKa Ha Kayk oM riepuose [218]. Y bapcrepos uH-
TepBai P, Mexxay Bembikamu BapsupyeT Ha 30—50 %. [pu pocte cpeanero pent-
TEHOBCKOTO OJlecKa 3Be3/IbI NIEPUOJ] MEXK BCIBIIIKaMu cokpariaercs [119, c. 139].
B pamkax 0a/UIMCTHYSCKON TEOPHH 3TO — CJICACTBHE OIM30CTH &y 3BE3-
JIbl K -3 B I10JIE€ TATOTEHUsI TPEThEH 3BE3/IBI, TaK UTO = a¢/(ay+ ay) ~ 10°. Te.
a¢dext Putiia ycuimBaeT CpeiHIO SIPKOCTb 3B€3/1bl B COTHU pa3, NepeBOIs 13-
Jy4eHHE B PEHTTCHOBCKHUI TUAIMA30H U COKpamas perucTpupyemMsrii nepuox Py’
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4 D7
Puc. 2.6. a) Vcxonnslii rpaduk JTydeBOH CKOPOCTH BOMHON
3BE3IBI (nyHKMuUp) U UCKXKEHHBIN (cniowmasn nunus). 6) Ipa-

(UK JTy4eBoro yckopeHus a,cuctembl. 6) COOTBETCTBYOLINE Ba-
puanuu BuauMOi sipkoctu ' u meprona P' UMIyibCOB CHCTEMBI.

CIIyTHHKA M BBI3BAHHBIX MM BCITBIIICK C JICT IO YaCOB. TATOTCHUE CITyTHHKA PETy-
JISIPHO COJIMIKAET @, 3BE3IbI C -8, eI HapaluBas OlecK. A TpeThs 3Be3/1a, Me/I-
JICHHO BapbHpYsl 8y, MeHseT komnpeccuto ¢ (2.1). HapauwmBas sipkocTb, 3 dexr
Putna nponopuuonanbHo cxxumaet nepuon P;' Benbiiek (Puc. 2.4). Korna pac-
yéTHas cBeTuMOCTh W' TOCTUTAaeT KPUTHUCCKOH (MPH HEU3MCHHOCTH UCTHHHOM
ceetumocTr W), pEHTTEHOBCKHUE BCIIBIIIKH UCYE3aI0T, T.K. pUTL-3((PEKT nepeBo-
JIMT U3JTy4eHHE yKe HEe B PEHTI€HOBCKHIL, a B TaMMa-/(uara3oH. J{efictBurensHo,
kputHdeckas cBetumocts W' ~ 10°° Bt B 10* pa3 BblIlie CBETUMOCTH 3BE3/IbI TUTIA
Commnmna [119, ¢. 139], cootBeTcTBYs pocTy 4actoThl B § ~ 10% paz — ¢ f~ 10%° 'y
10 f'~ 10" 'ty — rpaHMIbl PEHTIE€HOBCKOTO M FaMMa-uara3oHa.

Y  OapcrepoB  mIyOMHAa  MOXIYISIIMHM  YCKOPEHHS  CITyTHHKOM
m = a,/(ay— @,) = 1 (Puc. 2.8), 1 APKOCTH BCIIBIIICK B COTHIO Pa3 BBIIIC CPEAHEH
sproctu [119, c. 139]: g = a;m/(a;+ May,), Omax = doM/a;(1—m) ~ 102, Hapamusas
sipkocTb B 100 pa3, putu-a¢dexr B 100 pa3 cxumaeT JIHTENTBHOCTD BCIBIIKA. Y
MyJIbCAPOB, TIPU MAJIOW ITyOUHE MOIYJISIIMY &, TI0 3aKOHY 8, = 8,, + a;cos(2nt/Py),
BpEMs1 BCIBIILIKY (0KHO) PABHO BPEMEHH, B TEUEHHE KOTOPOTO &, ~ -8y, COCTABIISIS
BeanuuHy t, pu kotopoit cos(2at/P,) ~ 1, Tounee cos(2nt/P,) > 0,95, orkyna
t~0,05P,, T.e. mopsinka Habmomaemoro [119, c. 522]. V 6apcTepoB, OT BHICOKOM
crenenu cxkarust § ~ 102 1 BbIIIE, OKHO BCIIBIIIKK B CTO pas Kopoue: t~ 0,0005P,,
YTO COOTBETCTBYET HaOIrogaeMomy okHy Berblikd. [Tpu P; = 10 yacoB y 6ap-
CTEPOB [UTUTEIILHOCTH Bembimiek t ~ 0,0005P; ~ 10 ¢, uro GIu3k0 K M3MEPCHHOM
JumtenbHocTH Bembiiek [119, ¢. 139]. Takke BCHbINIKK 0apCTEpOB PACTSIHYTHI
3a CU€T TUCHEPCUU U TEePEeU3NyueHUs] CBeTa MEX3BE3MHBIM razom [168, 211].
[ToaTOMy BCTIBIIIKH OapCTEPOB PE3KO Pa3roparoTest U IMIIaBHO, SKCIIOHEHIINAIBHO
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yracatoT. C 9THM JKe CBSI3aHO PE3KOe Hayallo M IUIaBHOE yracaHHe TMraHTCKUX
BCITBIIIEK y CTOUYHIKOB Msirkux [ToBropHbIX ["amma-BemneckoB (MIII), Hanpu-
Mmep, y SGR 1806-20. Dnoxu crana akrusHocTH MIIT, Kak y mynbcapoB u 6ap-
CTEpPOB BBI3BaHbI BapHAIIHEH CPEHETO YCKOPEHUSI &, 1 3 derTuBHOTO Ty TH I = |.
He ciryqaiiHo y mys1bcapoB BKIIIOYECHUS U 3aMUPaHUS paJHOU3ITyYeHUs] OOBITHO
HaOJIOAIOTCS TIPH IIMTYAX — CKadyKaX Meprojia, 0ObIYHO TOXKe 00yCIIOBIEHHBIX
M3MCHCHHEM KOMIIPECCHH § OT M3MeHeHusi | Haberaromumu U yXOmsIUMH C
Jy4a 3peHus I objiakamMu rasa.

XapakTepHble 0COOCHHOCTH OTKPBITBI TAKXKE€ Yy BCIBIIIEK PaJHOITYJIb-
capoB. Tak, KaXIbIif UMITyIbC COCTOUT W3 psna cyommmynascoB [219]. C mo-
3UIUHA OAJUTUCTUYECKOM TEOPUH 3TO MOXXHO MHTEPIIPETHUPOBATh KaK BapHalMN
Osiecka 3Be3/bl 10]] BIMSHHUEM YCKOPEHHUS 3BE3[Ibl B MOJIC TATOTEHUS! MEHBIIHX
CIlyTHHKOB-IUIaHEeT. VX Bo3MymIaromiee Bo3eiCcTBIE coo0maeT rpaduxam Jiy-
YEeBBIX YCKOPEHUH U OecKa CIOKHYI0 HeperyssipHyro Gopmy (Puc. 2.6). Korna
YCKOPEHHUE 3BE3/bI B [I0JIC TATOTEHUS CIlyTHUKOB KPaTKOBPEMEHHO IIPUOIIIKACT-
Csl K -8y, TCHEPHPYETCS CHMMETPHYHBINA CYOUMITYIIBC.

BricTpblie Bapuaimu Oecka 3BE3/] O] BIUSHUEM TSATOTEHHS IJIaHET 00-
HapyXeHbI, Hanpumep, y 38e3161 OGLE-2003-BLG-235L [220]. Oxnaxo ux uH-
TEpHPETUPYIOT B paMKax odreit Teopun orHocuTenbHocTH (OTO) Kak pesyib-
Tar (hOKYCHPOBKH CBETA IMOJIEM TATOTECHUs IJIaHET (3¢hdhexm epagumayuonnozo
MUKponuH3uposarus). B paMkax 0aiIMCTHYECKON TEOPHH OIHA 3BE3/a, POXOJISI
niepen Apyroi, ycunusaer e€ Oneck no addekry Purna, a nmanera, n106aBoy-
HO Bapbupysl YCKOPEHHE 3BE3[Ibl BO3JIC 3HAUCHHS -8y, MOXKET 3aMETHO MEHSTh
e€ Omeck [A43, A47, A56]. Habmonaemas (opma KpuBOi Oiiecka ¢ TBOMHBIM
MaKCHMYMOM TOYHO COOTBETCTBYET MPEACKA3aHHOM U3 0aNIMCTHYECKOW TEOpHU
u 3¢ dexra Purna (Puc. 2.7). Bo3M0OXXHOCTh KpaTKOBPEMEHHOTO YCHIICHHSA OJre-
cKa TiaHetamu 1o 3¢ ¢dekty PuTia, kKak anbTepHATHBBl MUKPOJIMH3HPOBAHHIO,
ormeyan takxke P.C. ®purunyc [79].

nyy 3penua OGLE-2003-
¢ 3emnu~~ BLG-235L
4 ™

MOA dats in

1-day bins

Mogeification | M

o
P~

Puc. 2.7. Konebanus Onecka 3Be31bl, BbI3BaHHbBIC 3D (ek-
TOM PUTIa IpU ABMXKEHUH BOKPYT HEE DK3O0ILIAHETHI, Ha
npumepe 3Be3161 OGLE-2003-BLG-235L [220] (cnpasa).
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Eciau nepuon oOpaiueHust 3Be3ibl KpareH MEpUoay OOpalieHus CIyT-
HUKa, CyOMMIYJIbChI BOSHUKAIOT HA OJIHOM M TOM K€ y4acTKe MMITYIIbCa, KaK y
mynecapa PSR 1237+25, nnm apeiidyror Kk ero kparo, €ciiv IepHo/bl He TOUHO
kpatHbl. CyOUMITYJIbChI BO3HUKAIOT M OT MEPEMEHHON pPaJMOSPKOCTH 3BE3/IbI
tuna CoiHIla, U3-3a IUKIOB AKTUBHOCTH, BCIBIIIECK U BPAIICHNS! AKTUBHBIX 30H,
TeHEPUPYIOMINX paanonsirydeHne. [103ToMy UMITYIIBCHI PaJHON3ITyIEeHUs, YCH-
JIeHHbIE PUTL-I(PEKTOM, MEHee CTaOMIIbHBI, UMEIOT JPYTod CIeKTp U (hopmy,
yeMm ontudeckre [211] oT MOCTOSHHOTO CBEYCHHS 3BE3].

Penkne paqnonMITyiibChl MyJIbCAPOB OTIMYAET OTPOMHAsI HHTCHCUBHOCTb,
B COTHHM pa3 BbilIe 00br4HOM. [To apexry Purna ruranrckue MMIyIbChl — 3TO
cienctre Benblniek (y ConHIIa BCHBIIIKY YCHIMBAIOT paJiMOU3ITydeHNE Ha I10-
pAnKn), 1060 MPHUOIMKEHNST YCKOPEHHS 8y K KPUTHYECKOMY -8y B IOJIE TATO-
TeHust Tpethelt 3Be3anl (Puc. 2.3). [loaTomMy u3nydeHHe yCUIEHO HE B KpaTKUe
MHTEPBANbI (KaK y CyOUMITYIbCOB OT TSTOTEHHSI CIIyTHHKOB), & B TEUEHHE BCETO
HMITYJIbCa MJIM CEPHH UMITYJILCOB, T.K. YCKOPEHHE B XO/I€ ABHKEHHSI C IEPHUOIOM
P, nmurensHo cOnmxkaercs ¢ kputudeckuM -a, (Puc. 2.2, Puc. 2.3). A Bapua-
LIUH YCKOPEHHS CITyTHUKAMH BEAyT K OBICTPBIM KOJIEOaHUSAM SIPKOCTH Ha XBOCTE
TMraHTCKOM Bemblky, kak y MII u cBepxHoBbIX [A39, A47]. Dddexr Pur-
11a HapalBaeT PETUCTPUPYEMYIO MOIITHOCTh CBETa B COTHM Pa3 M TeHEpUpyeT
PEHTTCHOBCKOE W TaMMa-H3Jy4deHne, kak y mynbcapa PSR B1937+21. T'urant-
CKHE MMITYJILChl BOSHUKAIOT JIMIIb B TOUKaX OpOUTHI (T1e 8y = -8p), PETYISIPHO
noBTopssAch. Tak, y PSR J175242359 xaxnplit 570-1 UMITyIbC — THTAHTCKUH.

W3 Teopum Putia ciemyer Takke IMOSBICHHE WHTEPUMITYIbCOB — HM-
ITYJIBCOB, PETHCTPUPYEMBIX TIPUMEPHO MOCEPEIMHE TIEPHOa MEK/Ty OCHOBHBI-
MU, U C MEHbIIIeH aMIuIuTy0i, HanpuMep, Yy PSR B0906-49 [119]. I'eneparnuto
JByX HMMITYJIECOB 32 TIEPHOJ MHTEPIPETHUPYIOT KaK MOOUYEPENHBIN MOBOPOT K
3emiie IByX MarHUTHBIX TOJIIOCOB 3Be3/Ibl. Ho oTa rumoresa He 0OBsICHSET pa3-
HUILY CIIEKTPOB IVIABHBIX U MHTEPUMITYJIbCOB. [1o OamiucTudeckol TeOpuu UH-
TEPUMITYbCBI MOXKET CO3/]aBaTh KOMITAHBOH JBOMHOM 3BE3/bI, IBIKYIINICS B
npotuBogasze ¢ IaBHON 3BE3/J0H, OTYETO €r0 UMITYJIbC CABHHYT Ha MOJIEPUO-
Jla 1 UMECT MHOM CHeKTp, Kak rnokasaji P. ®purnuyc [207]. 38E3ab1 coodmaT
CBETYy pa3HbIC OpONTAIBHBIE CKOPOCTH, M MHTEPUMITYIBC OTCTAET HE TOYHO Ha
TIOJINIEPUO/IaA.

JIBOWHOW UMITYJIBC MOYKET HAOJIONATHCS U HAa KPUBOM OJIeCcKa OIHOM 3BE3-
16l [A41]. Ecnm xpuBasi TydeBBIX YCKOPEHHUN TMEpeceKaeT YPOBEHb -8, YUCIIO
BCIIBIILICK YABaUBAETCsI, IIOCKOJIBKY BCIIBIIIKM CO3/1aET Kak BeTBb rpaduka a(t)
BBIIIIE JINHUY -8y, TAK U BETBb, IPOXOSIIAsl HUKE, HA KOTOPOH MOPAJOK COOBITUI
00paTHBIii, a BCTIBIIKA cIBUHYTHI 1O (ase (Puc. 2.1). Ecnu rpaduk a,(t) momxo-
JIUT K JIMHUH -8, C IBYX CTOPOH, C pa3HbIMU IIIyOMHAMU MOJYJISILIMK M, TOra OT

Pa3HBIX J BCHOBIIIKKA MMEIOT pa3HyH0 MHTCHCUBHOCTb M IONAJAal0T B pa3HbIC Ya-
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CTOTHBIE uana3oHbl. Tak, y myabscapa B [lapycax BCHBIIKM B paAnogUana3oHe
C/IBUHYTBHI 10 (pa3e OTHOCHUTENILHO BCIBIILIEK B TaMMa- U ONITHYECKOM JIMara3oHe
[119]. JobaBouHas 3aaep:kka BO3HUKACT TAKXKE OT Pa3NAYHs [UTHH SKCTUHKIIUI
| B pasHpix nuanazonax f (1.10): UMITyJTECBI pa3HBIX YaCTOT JBHIKYTCS C H30BIT-
KOM CKOPOCTH pazHoe BpeMs. Takxke n Gpopma, JIUTEILHOCT PaJHOMMITYIILCOB
B pa3HBIX paguoanana3oHax OyaeT pa3Hoi. [IockonbKy MUKN B UMITYJIbCaxX COOT-
BETCTBYIOT MOMEHTaM, B KOTOPbIE YCKOpeHHUe a, = -8, = -C¥l, cienoarensHo, y
Pa3HbBIX UMITYJILCOB ITMKU HA UMITYJIbCax HAOMIONAIOTCS B pa3HbIE MOMEHTHI TIPH
JOCTH)KCHUH &, Pa3HbIX 3HaucHWid. [Ipu yMeHbIeHUH 4acToThl f, Ha KoTOpOM
BeIyT HAOMIONCHMSA, PACTET 8y, M MOTOMY COKpallaeTcs MHTEpBasl BpeMeHH At
MeXITy IByMs TiKaMu B uMItynbce (Puc. 2.6), moka Ha rpaduke a (1) He ocTaner-
Cs OJTHA TOUYKA ITEPECCUCHNUS C YPOBHEM &, = -8,. Tora JBOHHOM UMITYIIBC ITyJIb-
capa BBIPOJUTCS B OMHOYHBIA. A IpuU JanbHeHIeM craje 4acTOThl MOIIHOCTh
OIIMHOYHOTO MMITYJIbCa JOJDKHA CIaiarh. A Mocie TOCTHKEeHUs f pe3oHaHCHOH
gacToTsl fy 3aBHCHMOCTD HOPMBI HMITYJIBCA OT YACTOTHI CTaHeT 00paTHOiL. IMeH-
HO TaKasl 3aBUCUMOCTbH (DOPMBI UMITYJIbCa OT 4acTOThl M Habmonaercs [419]. ITo
ussectHoit u3 (1.10) 3aBucumoctu I(f) u cusiroit 3aBucumoctu At(f) merko Boc-
CTaHOBHUTbH 3aBUCUMOCTb &,(1), T.e. MOCTPOUTH rpadMK JIy4EBBIX CKOPOCTEH IyJIb-
CapHOM 3BE€3/bI.

BceBoHOBOE MMITYIIBCHOE M3ITyYEHHE OTKPBITO TaKke y oObekTa Swift
J1822.3-1606: emy mpucynu CBOHCTBA U PEHTTEHOBCKUX, U PaTUONYIbCAPOB.
CylecTBOBaHME JIBYX THIIOB MYJIbCApPOB, C TOYKH 3peHus dddexra Purna Bbi-
3BaHO TEM, 4TO JUIS PEHTTEHOBCKUX ITYJIbCAPOB YCKOPEHHUE 8, HIDKE KPUTHUC-
CKOTO -8y, Y PaJnOIyJIbCapoB — BBIIIE -8,. Toraa mpeodpa3oBaHue YaCTOTHI IO
s¢dekty Putna y aTuX mynscapoB pasHoe, OCKOJIBKY NPH @, < -8y UHBEPTUPY-
eTcst mopsiiok coobiTuit (g < 0) u paguonsiaydeHne 3QGHEKTHBHO MOTIONIACTCS
B Mek3BE31HOM Ta3e (§ 2.2). B urore, y paguomynbscapoB Meproa HapacTaeT (3a
Cu€T IPUIIMBHOTO TPEHHSI), @ y PEHTTCHOBCKHUX ITyJIbCAPOB MEPHOJ] COKpPAIIAeTCs
(Tak e cokpaiiaercst 1 OpOUTaNIbHBIN MEPHOJ ABOHHBIX MyJIbCAPOB, HAITPUMED
PSR 1913416 [42]). delicTBUTENBHO, TIPH 8, < -8y U P," = Py(1 + a,./8,) < 0 Bce
TIPOIIECCHI BRIIVISIAT HIYIIUMH B 00paTHYT0 cTopoHy. [Ipu 3TOM, B 3aBHCHMOCTH
OT COOTHOILICHHS MEXIY &, U -8y, OT Pa3HULBI | CHITbHEE MOMIOIIAOTCS PEHT-
TEHOBCKHUE WJIM PaJno-IIy4d. BO3MOXKHBIH NpUMEp TaKoro YCKOPEHHUSI U UHBEP-
CHH TIOpAJKa COOBITHI — «0OpaTHOE IBIKEHHE» MO OpOHUTE y IK30IUIAHET THIIA
WASP-33b (cm. § 1.4).

VY OTHEeNbHBIX MyJbCAPOB BO3JIEC TOYKM MEPECEUEHHs JIMHUM -8, rpadu-
koM a,(t) MOXXHO HaONIONaTh cpa3y U T U JAPYrue cBoiicTBa. OTKPBITHI TAKKE
aHOMAaJIbHBIE PEHTICHOBCKHE Mynbcapsl (AXP), mepuoas! KOTOpsIX Topsiaka 10
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CEeKYHJl M PacTyT, KaK y paauonyibscapoB. C Touku 3penust agdekra Purna sto —
CJIC/ICTBHE CHIDKCHUS KOMIIpeccur g 1 pocta P’ mpu oTnanennu ay, ot -ay. AHO-
MaJbHBIMU IyJibcapbl AXP Ha3Bajau BBUIY HEONPENEIEHHOCTH MCTOYHHMKA MX
9HEPruM, NOCKOJIbKY OHM BPAILAIOTCA MEIUIEHHO M HE OOHapyKHBAIOT CICIOB
akkpermu. He ynaércst 00bsACHUTB aKKpEIUCH U PCHTTCHOBCKOE U3JTyUCHUE CEMU
6mm3kux mynascapoB (RXJ), HazBaHHBIX «BenmkosienHOW cemEpkoit» (Puc. 2.8).
Onnaxo sneprust peTreHoBckoro mainydeHns AXP n RXJ moxer ObITh Tpeod-
pasoBanHOU 10 3(dekTy Putna sHEprueit onTHIECKOro TETIOBOTO M3ITYyUCHHS
3BE311. DTO MO3BOJIAET OOBSACHUTD, TIOUEMY CIIEKTP MyIbCapoB U OapCcTEpOB CXO-
JICH C YePHOTENIbHBIM CIIEKTPOM 3BE3JI, CIBUHYTHIM PUTL-I(P(PEKTOM B PEHTIe-
HOBCKHIA INaIa3oH, ¢ [BETOBOM Temmeparypoit T, ~ 10.~108 K [119, cc. 139, 586].
OpbuTansHOE IBIKEHNE MyTbCAPOB BAPEUPYET UX YCKOPEHHUE U CIBUT CIIEKTpa
0 pUTIH->PQEKTY, 4TO BOCIPUHUMAIOT KaK KojeOanus T, Ha AT, ~ 10° K, kak y
Sco X-1 [211]. OrToro B ero cnexkTpe ABe IPyIIbl CIEKTPAIbHBIX JINHUH, KOje-
Gironuxcst B mpotuBodase ¢ nepuogom 4 nus (Puc. 2.2), kak nokasan B.M. Jlro-
TE1i [211]. CMmemeHus TMHUA OTBEYaroT cKopocTsM V,' B Teicsuu kM/c. Ecmm
CMEIIEHHs BBI3BAHBI PUTI-3((PEKTOM, peabHbIe CKOPOCTH 3BE3/1 HAMHOTO HHXKE.

A% pagmonynbcapbl (PSR) £ 4% API, MITT (AXP) {

=ty d;
Ad: pentreHosckue ! 1 RRATs, “BenukonenHas
-ay nynecapbl _ cemépka’, bapcrepbl

— —

-y

Puc. 2.8. PazHble TUIIBI TyIbCAPOB M OapCTEPOB, KAK PE3yNbTaT BapHalui
Onecka u cnekrpa dppexroM Putma s pasHeIX THIOB rpadukoB a.(t).

Kommnpeccust HaOmoaeMbIX ABHKEHHI MyJIbCAPOB BEJIET K YCKOPESHHOMY
CHIDKEHHIO OpOMTAIILHOTO NEepHoJa B JBOMHBIX Myibcapax. Y 3BE3 U IUIAHET
MIPUINBHOE TPEHHUE COKpalIaeT OpOMTaIBHBIN PaNyC U IIEPUOJ KpaiiHe Me/JICH-
HO (Kak y cmyTHHKa Mapca — @oboca). B OTO 6ricTpoe cokpaiieHne nepruoaa
MHTEPIIPETHPYIOT KAK TOTEPI0 SHEPTUH HA TPABUTAIIMOHHBIC BOJIHBI B I10JIE TATO-
TeHus mynbcapoB [42]. Ho B Takom ciydae paccuntanasie mo OTO maccsl myib-
CapoB MPEBBIMIAIOT TEOPETHYECKHUN MPEe MacChl HEHTPOHHOM 3Be31bl (R2Mg),
ckakeM y mynbcapa PSR J1614-2230. B GamnmucTnieckoil TEOpUM MCTHHHBIN
OpOUTATBHBINA NEPHOJ] ABOWHBIX ITYJIECAPOB MOXKET OBITh BEIHK, MEHSSCHh Kpaii-
He MemenHo. OnHako 1o 3¢ dexry PuTna 3Tn Bapuanuy BUIHBI B YCKOPEHHOM
Macmirade.

AHaNOru4HO, OBICTPHIA MOBOPOT OPOUT JBOWHBIX MYJILCAPOB, HHOT/A 10
10° B rox, o0bsacHsIOT dddexTramu OTO. Ho opOUTHI TBOWHBIX 3BE3T MOTYT ObI-
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CTPO Bpalarbcs 1 OT Bo3MylieHui [46, 65]. [Ipuuém y nyabcapoB puti-addext
yCKOpsieT BHIMMOE BpalieHne opout B Thicsiunt pa3 (¢ ~ 10°). Torma mosopot
Ha 2" B roj BOoCIpUMeETCsl Ha 3eMJjie Kak TTIOBOPOT OpOUTHI HA Tpaaychl B roa. B
teopur Putia 3 ekt ycKopeHHOTo BpalieHus: OpOUT BOSMOXKCH M IS IPYTUX
nepeMeHHbIX 3831 (§ 1.5) — kapiaukoBsIx 1eden, 3831 Tuma RR Jlupsr, mpo-
SBISIACH B hopMme dddekra braxko [A23, A24].

YV IBOWHBIX MYIIECAPOB OTKPBITA TAKXKE aHOMAJIBHO OBICTpas MPereccus
OCH BpAIIeHNUs, BEAyIIas K PETYIAPHOMY IpeKpatieHunio myascanuii (Puc. 1.23),
9TO TOKe HHTEPIpeTUpYOT Kak dppext OTO. C Toukn 3peHns OaTiHCcTHIeCKOM
TEOPHH, IMEET MECTO MEIICHHAS MPEIeCCHs OCeH 3BE3/T M OPOUT UX CITyTHHKOB
1071 BO3MYIIAIOIINM BO3/ICHCTBHEM I'PaBUTAIIMOHHBIX MTOJIEH APYTUX HEOECHBIX
ten. Ho u3-3a puri-addexra nperneccust OpOUT BBIIVISIUT THICSUEKPATHO YCKO-
PEHHOH, IPUBOJISI K PETYIISIPHOMY ITPEKPALICHHIO MyJIbCAUH Y psa IyJIbcapoB
u niedenn. Ock 3eMiTi B X0OJI€ PEIECCHH JIeNIacT MOJHBINA 000poT 3a 26000 e,
a 'y nBoitHoro mynbcapa PSR J0737-3039 —3a 75 ner.

Taxke puti-3ddekr HapammBaeT CKOPOCTh COOCTBEHHOIO JIBMIKCHEHSI
MyTbCapoB, Hampumep, y mynbcapa KampBepa. THnudHbIE TpaHCBEpCalbHBIC
ckopoctH 3BE31 ~1-10 kM/c, a BUAMMOE IBM)KEHHE ITYIbCAPOB COOTBETCTBY-
et ckopoctsaM ~1000 km/c, kKaKk y myabpcapa B co3e3nuu llapycoB, a Takxke y
mynbcapoB IGR J11014-6103 u PSR J1357-6429. B coBpeMeHHO# Teopwu
ITyJTbCAPOB WX BBICOKHE CKOPOCTH OOBSICHSIOT TUITOTE30H KUKA — «TOTIKay, TI0-
Jy4SHHOTO TTyJIBCapOM IIPH B3PBIBE CBEPXHOBOW. Ho cyrecTBoBaHME TBOWHBIX
ITyJIECApPOB W IUIAHET Y MyJIbCAPOB C MOYTH KPYTOBBIMH OPOUTAMH IIPOTHBOPEYHT
9TOH TUIOTE3e, MTOCKOIBbKY y/Iap CONMPOBOKAAICSA OBl pa3pyllICHUEM JIBOWHBIX U
TUTAHETHBIX CHCTEM HJIM KaTacTpo(UUeCKuM UCKaKeHUEeM MX opout. HampoTus,
B paMKax OaJNIMCTHYECKOW TEOPHH MMEET MECTO WIUTIO30PHBIN B3pHIB, @ PUTII-
9 dEeKT ecTeCTBEHHO OOBSICHSET YCKOPEHUE BUAMMBIX JIBM)KCHHUI B THICSYHU pa3
(g ~ 10%), obecmeunBast ckopoctr ~10° kM/c. AHOMAIBHO OBICTPBIC JBUKEHHUS
3BE31T OTKPHITHI U B co3Be3anu CTperbplia, B IeHTpe [ amakTHKH, B KOTOPOM pac-
MTOJIOKEH panuomsnydaromuii 00pekt Crpernen-A (Sgr A*), rne B UK-muamnazone
OTKPBITHI 3BE3/IBL, IBIDKYIIUECS 10 OPOUTAM C TUTAaHTCKUMHE CKOpocTsMu. [1oa-
TOMY LEHTPaJIbHbIH OOBEKT CYMTAIOT CBEPXMACCHBHOW YEPHOH IBIPOI C Maccon
nopsiaka MuUInoHa conaedsix (M ~ 4,3-105Mg). A nprcyTCTBHE CBEPXMACCUB-
HOW 4€pHOI BIPBI BEJIO OBl K aKKPELUU Ha HEE MEXK3BE3IHOTO rasa, T.c. MOBbI-
LICHUIO €r0 KOHLEHTPALUH U TeMneparypbl. Ho 3ToMy mpoTHBOpEYHT CrieKTp
U3JTyYCHHUS IEHTPAJIbHBIX yYaCTKOB, KOTOPBI COOTBETCTBYET KpaiiHe pa3pekeH-
HOMY Ta3zy, CyAs 10 HaJIWYHMIO B CHEKTpe 3ampeuiéHHbIX auHui [112, c. 374].
Kpome Toro B pamkax OTO B moJie TATOTEHHsI CBEPXMACCUBHON YEPHOM JBIPBI
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npoucxosmiia Obl ObICTpast mpeueccust opOuT 3BE3[, Kak B ciaydae Mepkypus,
yero He HaOmonaercs. HanpoTtus, B pamkax puTi-addexra 3ToT 00bEKT MOKET
OKa3aThCsl OOBIYHON 3BE3/10H, MBHKYIICHCS CO 3BE3MAMU-CIIyTHHKAMH BOKPYT
neHrpa [aJakTuKy ¢ yCKOPEHHeM &, Iopsiaka -8y = -C%/r. COOTBETCTBEHHO, BCE
JIBYDKCHUS 3BE3/T YCKOPEHBI PUTIL-3((PEKTOM B THICSUHU pa3. DPPeKT oObsIcHsIeT
TaKKe paJron3ilydeHne o0beKToB Sgr A n Sgr A*, eciM ONTHYECKOe N3TydeHHE
3BE3]] IEpEeBOAUTCS PUTI-(PHEKTOM B painon3IydeHHe, 3a CUET YCKOPEHHs CBO-
6onHoOTO TMaIeHNA &, > 0 Ha X OBEPXHOCTH.

Takum 00pa3oM, cBepXOBICTpBIC IBIKEHHUS 3BE3] B IEHTPaIbHON 00-
nmacty [anakTuky (B KepHE) Bpsi JIM BBI3BaHBI TATOTEHHEM CBEPXMAaCCHBHOM
4y&pHOU AbIpbl. EcTecTBEHHEW JOMyCTHTh, YTO HAONIONACTCSl YCKOPEHNE BH/IH-
MOTO JIBMIKCHUS 3BE3]] BBUY MX OOIIETO JIBHXKEHHUSI C YCKOPEHHEM OJIM3KHM K
a. =~ -8y = -C¥r, eciu 3BE3/IHAS CHCTEMA C MACCHBHOM IEHTPAIBLHOM 3BE3/101 IBH-
XKETCSI C JIydeBbIM YCKOPEHHUEM &, ~ -8y B T10JIC TATOTCHHSI MACCUBHOM 3BE3/1bI MIIN
3BE3IHOTO CKOILIEHHUS.

PaccuntaeM BO CKOJIBKO pa3 YCKOPSIETCS BUJIMMOE JIBUIKEHHE 3BE3JIbI,
ecma (1 +ra /c?) = b << 1, t.e. K03)HULHMEHT KOMIPECCUH {, TOKA3BIBAFOIIHIA,
BO CKOJIBKO pa3 YOBbICTPSETCS 10 CPABHEHMIO ¢ HCTUHHBIM BUANMOE JABHKEHHE,
Oyner paseH g = dt/dt' = 1/b >> 1. IIpu TakoM mpenenbHOM CONMKEHUH YCKO-
peHUsI C KPUTHYECKUM OyneT HaOIIoNaThCsl PEXKUM CBEPXMOJYIISILIMN 4aCTOTHI
(CUM), xoraa manble MOTYIALUU CKOPOCTH cBeTa ¢’ = C — V,, BEI3BaHHbIE CO0-
CTBEHHBIMHU JIBIKCHUSIMH 3BE3]L C JIy4EBOW CKOPOCTHIO V,, MPUBOAAT K TUTAHT-
CKUM BapHaIHsIM 9acToThl. B o0miem cirydae, Ha ocHOBe dopmynsl (1.12), ecnn
yudecTb ¢’ # C ¥ CYMTaTh COOCTBEHHBIE OPOUTAIBHBIC YCKOPEHHS 3BE3]] MaJIbIMU
(T.e. MX pe3yNBTUPYIOIIEE JIy4eBOEe YCKOPEHHE &, ~ @,.), IIEPHO]] CBETOBBIX KOJIe-
OaHuit mpeodpasyeTcs Kak

V. ra )

i . ] V
T'=|1+-L+—L|T= 1+—+,
e ) | c’

V
rofonto

C

v v
r JT:(]—L bT. (2.4)
& \ cb)

AN
Taxkum oOpa3oM, ABHKECHHE 3B63,H BLIFHS[,I[I/IT yckopeHHBIM B § = 1/b pas,
TaK YTO HM3MEpEHHas acTPOMETPHYECKH TpaHCBEpCalbHAs CKOPOCTh 3BE3N
V{(t) = VT/T' = V(t)/b. A n3mepeHHas CIIEKTPOCKOITMYECKH JIydeBasi CKOPOCTb,
€CJIM HUCCIIeI0BaTh OTHOCHUTENILHBIE CMEIICHHS JIMHUN OT UX CPETHHX IOJIOXKE-
Huid, coctaBut V;'(t) = —V,(t)/b. Takum o6pa3oM, B 000X CIydasx MPOHCXOTHT
WIUTIO30pHOE yBelIn4ueHue ckopoctu B § = 1/b pas, HO Bo Bropom citydae Ha-
NpaBJIeHHE CKOPOCTH MeHseTcs Ha oOparHoe. Kazamock Obl, 3TO NmpUBERET K
HECOOTBETCTBHIO HaOIIOaeMOr0 acCTPOMETPUYECKH JABMKEHHS M M3MEPEHHO-
TO CHEKTPOCKONHMYeckH. Ho B AE€HCTBUTEIBHOCTH, OT HEONPEAEIEHHOCTH yIia
| = iy HAKJIOHEHUST OPOUTHI, TOCKOJIBKY HAOIFOTACTCS TOMBKO TPOCKIIUSI OPOUTHI
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Y BUJIUMOTO JBM)KEHHSI HA KaPTUHHYIO IJIOCKOCTh, UM MOTYT COOTBETCTBOBAaTh
JIBa ACTPOMETPHYECKU HEPA3IMINMbIX BAPHAHTA PACIIOIOKECHUS OPOUTHI | = iy 1
i = -y (Puc. 2.9). COOTBETCTBEHHO, KO3KJIOMY PACIIOIOKESHHUIO 3BE3/1bI OY/IyT OTBE-
4aTh J1Ba BOSMOXHBIX 3HaueHHA JTydeBoi ckopocTh V,'(t) = Vio(t) m V,'(t) = -V,o(1).
Takum o0pazom, B 3I€MEHTaX OPOWTHI, ONPEAEIEHHBIX ACTPOMETPUYECKU U
CTIEKTPOCKOMUYECKH, HEe OyIeT MPOTHBOPEUHii, HO BMECTO HCTHHHOTO yIia | = iy
MONYYHUTCS IOKHOE, MPOTHBOIONIOKHOE MO 3HAKY 3HAUCHHUE | = iy, KOTOPOMY CO-
OTBETCTBYET POTUBOIOIO0XKHOE 110 3HAKY 3HAYCHUE JTyUEBON CKOPOCTH.

Puc. 2.9. /IBa BapraHTa pacrionokeHust OpOUTHI (@ ¥ ), COOTBETCTBYIOIIIHEC
OINHAKOBOMY BUIMMOMY JIBHKSHHIO 3BE3/1bI HA KAPTHHHOM IJIOCKOCTH, HO
TIPOTHBOIIOIOXKHBEIM MO 3HAKy KPUBBIM JIy4eBBIX cKopocTeit V(1) y SO0-2.

TeMm HE MEHEe, HECOOTBETCTBHAE MOYKHO BEISIBUTB, MICCICAYS CIIEKTp 3BE3-
AbI, B KOTOPOM yl];aéTCﬂ YETKO BBIACTINUTL CHCKTP IHOITIOMICHUA W HU3JIYyUYCHUSA
Mexk3Bé3aHOoro rasa [135]. Ecnu npu HCTHHHOM PACIIONOKEHUH OPOHUTHI | = iy
HauOosee NaNEKo TOYKEe OPOUTHI COOTBETCTBYCT 0OJICe MHTCHCUBHBIN CIIEKTP
MTOTJIONICHUST MEXK3BE3IHOTO ra3a, TOTNA MPH JIOKHOM PACIIOJIOKCHUU OPOUTHI
| = —ly TOMy K€ BIDKCHHUIO 3BE3/IbI HA KAPTUHHOM MIIOCKOCTU COOTBETCTBOBAIIO
OBl camoe ONMM3KOE PACIIONIOKCHUE 3BE3/IbI 1 HANMEHEE WHTCHCHUBHBIA CIIEKTP
roronieHns ra3a. Ecim jke kapTuHa BapHanuil CIIEKTpa MOTIIONICHHS TPOTHBO-
MOJIOKHA TEOPETUYCCKOM, UM €CITU 3aTMEHUS [ICHTPAIBbHOM 3BE310H MPOHCXO-
JISIT B HEPACUETHBIE MOMEHTHI BPEMEHH, 3TO Oy/IeT 03HAYATh, YTO | OMpPEIEICHO
HEBEPHO W HaOIomaeTcs oOpalleHue 3HaKa JIy4eBoi ckopoctu. Kpome Toro,
€CJIM OPUEHTHPOBATHCS HE HA OTHOCHUTEBHOE CMEIIICHHE CTIEKTPATBHBIX JINHUH,
a Ha abCOJIOTHOE, MOJKHO OyZeT To)ke OOHApYXHTh HECOOTBETCTBHE, TaK Kak
u3 opmyist (2.4) ipu g ~ 10°, cumrast mpeobpa3oBaHNe YaCTOTHI BHI3BAHHBIM
s¢dexTom Jlomiepa, HaiilyT MHUMYIO JIy4eBYI0 ckopocTh V' ~ -C. Takum 00-
pa3om, HaOIIOaeTCsl OTPOMHOE CMEIICHHE CIEeKTPaJIbHBIX JHHUH, KOTOpOE He
00HAPYKUBAIOT UCKIFOYUTEIHHO [TOTOMY, YTO HEBEPHO HICHTU(DHUIUPYIOT, OTO-
JKJICCTBIISIOT CIICKTPATbHBIC JTHHUU. BUANMO, peruCTpUpyEMbIe CIICKTPAIBHEIC
JUHAW Tl U OpoMa Ha Jieie COOTBETCTBYIOT HH3KOUACTOTHOMY H3ITyUCHHIO
nanbHero MK-nnanazona u paJuoauHUi BOJOPOJA U Te€Iusl, CMEILEHHBIX PUTLI-
s dexrom B Ommkuuit MK-1mranazon.

B ciyuae, eciu onpeeéHHbIC aCTPOMETPUYUCCKU M CIICKTPOCKOTUYCCKH
JBIDKCHUSI 3BE3]1 BO3JIC TAJIAKTHYCCKOTO [IEHTPA MILTIO30PHO YCKOPECHBI AP dek-
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toMm Putna B g = 1/b ~ 400 pa3, Toraa MCTHHHBIE CKOPOCTH OKAXKYTCSl yMEPEH-
HBIMH, OJM3KUMH K THIOHYHOU ckopocTu 3BE31 V. ~ 10 kM/c, a opOUTAIBHBIC
MepHOJIbI OKXKYTCSl HaMHOTO Oosibie. Tak, y 3Be3/1bl SO-2, BMECTO U3MEPEHHOM
ckopocth V,'(t) ~ 4000 km/c, Haiiném uctuHHyI0 cKopocTh V() ~ 10 km/c, a op-
ouraneHblil nepuo He P' = 15 niet, a P = 6000 stet. CooTBEeTCTBEHHO, Macca LieH-
TpajbHOMU 3Be3/bl cocTaBuT He M' ~ 4,3-10°Mg, a M = M'/g? ~ 25Mq, T.€. BeH-
YUHY TUITUYHYIO JUIs 3BE3]1 IaBHOM mocienoBarenbHocTh kinaccoB O u B. Tlpu
9TOM XapaKTepHbIE MAcChl 3BE3/-CIIyTHUKOB, JIBUJKCHHUSI KOTOPBIX HAOJIONAIOT,
coctaBaT nopsiaka 0,1Me, 4TO TUTUYHO AJIT KPACHBIX KapiUKOB. Takas OlleH-
Ka Macc 3BE3/I-CITyTHUKOB MTPOTUBOPEUUT M3MEPEHHOMN LIMPHHE CHEKTPaIbHBIX
JIMHUAW: YIIMPEHUE JJUHUN COOTBETCTBYET OKPYKHOM CKOPOCTH BpalleHUs 3BE3]L
~220 k™/c, KOTOpasi THUIUYHA JJIsi MacCHUBHBIX 3BE31 (~15Mg) kmaccoB O u B.
Ho dakrrueckw, 3a cuér a¢ppexra CUM, u3mMepeHHOE yIIUPEHUE COOTBETCTBYET
HE UCTHHHOI OKpYXHOI ckopocth V,, a MHEMOH V,' = -V,/b. T.e. V,' ~ 220 km/c
npu 1/b ~ 400 coorBerctyer V, ~ 0,5 km/c. IMEHHO Takoii OPSIOK OKPYKHON
CKOPOCTH TUITMYEH JUIsl )KENTHIX U KPACHBIX KapJIMKOB.

UroObl 3BE3/1HAS CUCTEMA JBUTAIACh B TCUCHHE TaKOro Bpemenu P ~ 6000
JIET C yCKOPEHUEM OJIM3KUM K KPUTHYECKOMY @, =~ -8y, OHa JIOJDKHA JIETETh B MOJIe
TATOTEHUS IIAPOBOTO CKOIUICHUS, PacIOIOAKEHHOTO Ha paccTostHuu R ~ 100000
a.e. u ¢ maccoii M ~ 10’"Me. Takoe CKoOILIEHUE MOXKET cOCTOATh u3 108 3BE31
¢ maccoit ~10Me. IIpu 3TOM cxomnenue ¢ pazmepom ~ 10000 a.e. mpuBOAUT K
JIBIDKEHUIO IIEHTpalbHOMN 3Be3/1bl ¢ epuogoM P ~ 10000 nert. T.e. ucyesaer Ha-
JIOOHOCTh B IIEHTPAJIbHOM YEPHOIL AbIpe, a HAOIIOMAEMbIC SIBJICHUS OOBSICHUMBI
JIBIDKCHUEM DPSZIOBBIX 3BE3HBIX CUCTEM.

Takne mMaccUBHbIE CKOIUIEHUsI TUIIMYHBI ISl LIEHTPpaJIbHOTO paiioHa ['a-
JIAKTUKU — KepHa, TJie KOHIEHTpauus 3BE31 MakcuMmaibHa. M cam 1eHTp ciy-
JKUT LIEHTPOM TSTOTEHUSI, CIIOCOOHBIM OOECIEUUTh KPUTHUYECKOE YCKOpEHHE
a.~ -ay. Tak, Mo U3BeCTHOMY pacmpenesaeHuto Macc B kepHe [119, c. 197], map
pamuyca R B nenrpe Fanaktuku obnamaer maccoit M(R) = kR, rie k = 10'Me
1/mk. Orcrona KpuTHUecKoe pacctosiuue R, Halt€Tcs U3 yCKopeHus: Ha MOBepX-
HOCTH IlIapa TaKOro pajaiyca paBHOrO Kputuueckomy a,= GM/R2 Orcroma
R. = Gkr/c*=1,5-10* m = 1000 a.e. D10 3HaueHue R, B mpejeaax 0HOro Mopsi-
Ka COOTHOCHTCSI C U3MEPEHHBIMU pa3Mepamu opout SO0-2 u apyrux 3BE31, NBH-
JKYIIMXCSI BOKPYT LeHTpajbHOro oobekra [135]. T.e. B mpenenax mapa Takoro
pajuyca B LIEHTpE rajJlaKTUKH MHOTHE 00BEKTHI, JIETSIIE BOKPYT LIEHTpa, Oy1yT
o0JaiaTh yCKOPEHHEM TOPsIKa KPUTHUECKOTO: OTCIO[[a aKTHBHOCTD, BCIIBILIKH,
CBEpPXOBICTpPBIC JBIKCHUS, HOHU3UPYIOLIME M3JIy4YeHHs B IIEHTpe Hamel (Sgr
A*) n npyrux ranaktuk. TeM cambIM OTIIaaeT HaIOOHOCTD B IIEHTPAJILHOM 4€p-
HOM JpIpe, a HaOIIolaeMble SIBIICHUSI MOXXHO OOBSICHUTH JBHIKCHUEM OOBIYHOMN
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3BE3]JHOM CHCTEMBI 110 OPOUTE BOKPYT LEHTPA raJIaKTUKU WM JPYroil MaccHB-
HOM 3BE3HON cucteMbl. B Sgr A* oTKpBIT Takxke psiJ MyJIbCapoB, U30BITOK H3-
MEPEHHOH CKOPOCTH KOTOPBIX TOXKE MOXXHO 0OBSCHHUTH 3 pekrom Putia.

JIBOHOM cBepXMacCUBHOM UYEPHOM NBIPOM, KaK IOJararoT, SIBISETCS U
6mazap OJ 287 [417]. Ero BCHIBIIIKM HHTEPIPETUPYIOT KaK pe3yabTaT B3PHIBOO-
Opa3HOro HArpeBa ra3a pu NepeceueHnt OHON YEPHOH ABIPOI aKKPEIIOHHOTO
nucka apyroid. C toukn 3penust adpexra Putna, 3To MOryT OBITH 1BE PSIOBBIX
3BE3JHBIX CHCTEMBI, MEHSIOIINX SIPKOCTD TIPH BAPHALMAX 8, B XO€ JBIKCHUS IO
opbute. Y4acTOK 3T0i OpOHUTHI BHIICH, BBULY Pa3MBITH BIOTH HEE N300paKeHHS
6ma3zapa ot 3(h(hekToB, pacCMOTPEHHBIX B § 2.3. DT0O ABMXEHHUE IO OpOUTE C TIe-
puonoMm 12 et npuBOINT K THITMYHOM IBOMHOM BCTIBIIIIKE Ha KA)KIOM IIEPHOIE, B
coriacuu ¢ mpeackazanueM ¢ dekra Purna. B paMkax pensTHBUCTCKON acTpo-
(U3HKK PACCUMTHIBAIOT CXOIHBIC KPUBBIC OJicCKa HAa OCHOBE OuMUHT-3(dexra —
MEHSIIOIIETO SIPKOCTh pesITUBUCTCKOTO Addexra Jlomiepa y ABMKYIMXCS C
OTPOMHOI CKOPOCTBIO TUIa3MEHHBIX JKeToB [417]. CBepxcBeToBBIe ckopocTH OJ
287 ¥ IPKETOB — 3TO TOXKE CIICACTBUE YCKOPEHHSI BUAUMBIX IIPOIIECCOB dPPEKTOM
Putna (1.14). Cnexrp Bcex 01a3apoB COEPIKUT J1Ba OTYETIMBBIX MAKCUMyMa — B
BUMMOM JTHAMa30HE U B PCHTTCHOBCKOM HIIH Y-auamna3one. U3 a¢d¢exra Purna
MIPOUCXOK/ICHUE MX OUEBHIHO: 3BE3/IBI B cUcTeMe OJiazapa JISTAT 10 opOuTaMm ¢
YCKOpEeHUEM OJIM3KUM K KPUTHYECKOMY, U 3HAYUTEIILHYIO YacTh OPOUTAIBHOTO
[epuo/Ia X YCKOPEHUE MAKCUMAIIBHO &,~ 8, = C%/I WK MHHUMAIBHO &,~ -8,. Co-
OTBETCTBEHHO, Y YaCTH 3BE3]1 YaCTOTA N3ITyUCHHs CHIDKEHA IIPIMEPHO B J[Ba pa3a
(f"=1/2), a y npyroit yacTu — IpUMEpPHO B THICAYY pa3 yBeiudeHa 1o 3ddexry
Purma f' = f/(1 + a./a,) >> f. Pesynsrupyrommii criekTp Oasapa mpeacTaBiseT
co0oli MpHOMMKEHHO CYMMY JBYX CIIEKTPOB — TETIOBOTO, HO C B 2 pa3a MEHb-
el LBETOBOW TeMIepaTypoi 3BE31, U PEHTI€HOBCKOIO, IIOBTOPSIIOLIETO ONTH-
YECKUH, HO CMEUIEHHBIN B PEHTT€HOBCKUM WIN B Y-AHaIa30H. JleMCTBUTENBHO,
CIEKTp O1a3apoB MPEICTABICH CYMMOM BYX IUIAHKOBCKUX CIIEKTPOB, Y KOTOPBIX
BBICOTA MAaKCUMYMOB IIPHMEPHO OAMHAKOBA, T.K. OAMHAKOBO BPEMsI M3ITy4CHHUS
3BE3/] HA 000MX y94acTKax OPOUTEHI.

Bcenblikn HOBBIX 3BE3/T MMEIOT TY JK€ IIPUPOJLY, YTO M BCIIBIIIKKA CBEPXHO-
BbIX Il Tvna. T.e. HOBbIE 3BE3/1bI — 3TO PsIIOBBIE 3BE3/1bI IVIABHOM I10CIIEA0BATEIIb-
HOCTH MOCTOSTHHON CBETUMOCTH, MCHSIFOIIIUE BUAUMYIO sipkocTh I'(t") mo addek-
Ty PuTna npu cOnvkeHnu a, ¢ -8y B X0Je OpOUTAIBHOTO JIBIKEeHUS. [Ipu aTOM,
€CIIM 3Be3/1a enié M MEePHOJMYHO MEHSET YCKOPEHHE 8, C MaJoi aMIUINTYA0H 1
niepuosioM P 1o BimsiHEEM OJIM3KOTO CITyTHHKA, SIPKOCTH HOBOM OyaeT ObIcTpo
NepruoinaHO MeHsAThes. [Ipnuém nepron koebdanuit sipkoct P', kak B cimydae
panuonyascapoB OyeT MOCTENEHHO HapacTaTh M0 Mepe OTJaJICHUsI OT MOMEHTa
Bereimky (Puc. 2.6). iMeHHO Tako#l pocT mepuona KoiebaHuil Oiecka mocie

128



Bemeimky Habmonancs y Hosoit GK Ilepcest 1901 . (GK Ilepces) [418, c. 5].
[TockosbKy BCIIBIIIKM HOBBIX, CBEPXHOBBIX W ITyJIECAPOB O0YCIIOBJIECHBI
KOHIICHTpaMeH M3IydeHus 3Be3abl 10 ety Puria, Bcnsimkn OymyT Tem
sipye, yeM Ooble nepuos obpaineHus mo opoure. Bo Bpemst 3Toro JBrKeHUs
aKKYMYJIHPYETCsI SHEPTUsl BCIIBIIIKU: OHA IPOTOPIMOHANIBHA niepuoy P obpare-
HUst 3Be371b1. [10aTOMY camMble sIpKHe BCIIBIIIKH CBEPXHOBBIX MPOUCXOAT KpaiiHe
penxo. MeHee sipkue BCIBIIKY HOBBIX 3BE3]] poucxoaT vaiie. Hakonen, Benplim-
K1 HOBONOJO0OHBIX 3BE31 Thna U bimsHenos npoucxomst emé vare (y 3Be3/bl
BCTIBIIIIKH TIOBTOPSIIOTCS C MEPUOAOM MOPSIIKA Io/a), HO U POCT SIPKOCTH UX CPaB-
HUTETHHO HEBEINK,— BCEr0 YeTHIpe-TATh 3BE3NHBIX BenmunH [175]. B. Kyxkap-
kxuH U 1. [TapeHaro oTKpbIIN 3aBUCUMOCTb, CBSI3BIBAIOIIYIO IEPHO/] TIOBTOPEHUS
Benbiek U biin3Henos, T.e. BpeMsl, PeaIIeCTBYIOIIEE KayKAON BCIBILLIKE, C aM-
TUINTY/I0H, PAcTyILe! IIPH YBEIMUYSHUH Tieproaa P. DTo nmpaBUIIbHO CBSI3BIBAIOT C
TEM, YTO BO BCIIBIIIKE AKKYMYJIUPYETCsl SHEPTHsI, HAKOTUICHHAS 3B€3/101 B TIEPUOJ
TIepe/1 BCIBIIKOM [ 175], HO He HAXOMAT MPaBIOMOA00OHOTO MEXaHU3Ma HAKOILIC-
HUs. Dddext Putiia oObsCHIET U TpeACcKa3bIBaeT 3Ty 3aBUCUMOCTD €CTECTBEH-
HbIM 00pa3oM. T.e. cBepxHoBble I THITa, HOBBIE, TOBTOPHBIE HOBBIE M 3BE3/1bI THITA
U bnusHenoB 00pa3yroT HEMPEphIBHYIO MTOCIE0BATEIBHOCTD, B KOTOPOH 3BE3/IbI
OJTHOTO M TOT'O K€ THIA TEHEPUPYIOT BCIIBIIIKK 10 OZIHOMY M TOMY K€ MEXaHH3-
My (3pdekt Purna), a nmeproa M MOIIHOCTH BCIBIIIEK MOHOTOHHO HAapacTaroT.
Kax B ciryuae mynscapos (Puc. 2.8), 3Ti 3BE37161 OTIIMUAIOTCSI TOJIBKO Ipadukamn
BapHalyii Jy4eBoro yckopenusi: y cBepxHoBbix SN I ot Gosbiioro nepuona P
JUTUTEIILHO BBITOJHACTCS YCIOBHE &, <~ -8y, Y HOBBIX M MOBTOPHBIX HOBBIX ITPU
MeHblleM P ycioBue &, = -8, BBIIIOJIHSIETCS B TEUCHUE HEOOJBIIOI0 BPEMEHH, a
y 38&3x tuna U bian3Henos B TedeHHe €IIé MEHBIIET0 BPEMEHH, HO PETYIISIPHO.
JleficTBUTENIBHO, MPH JBMKCHUH 3BE3/IbI 110 KPYTOBOW OpOUTE C YCKO-
peHneM a cpenHsis 3a mepuos P SpKOCTh 3BE3/1bl JODKHA OBITH MOCTOSIHHON M
paBHoii uctiHHOH sproctu |. Dddexr Puria, o cyTH, akkyMynupyeT 3To U3Jy-
YeHHe B TeUCHHE opouTanpHoro epuona P. Ot pacTsokeHns Macmraba BpeMeHH
sipkocTh cHikaercst 1o 1/(1 + ra/c?), a B TeueHne Kparkoro BPEMEHH BCIIBIIIKH
At ~ 1 gaca sta sueprus ~P(l — I/(1 + ra/c?)) ~ Pl BocipuHEMaeTCs ¢ IPKOCTHIO
I' ~ 1/(1 — ra/c?). Orcrona U3 3aKOHa COXPAHEHHUsI SHEPIHHU SPKOCTH BCIIBIIIKH
I" ~ PI/At. Jlorapudmupysi, TOXy9nM aMIUTATYIy BCHBIIKH A ~ log, s (I'/1) =
3,5+ 2,5:1gP, npuOmmk€HHO COOTBETCTBYIONIYIO 3aBHCUMOCTH KykapknHa-
ITapenaro A4 = 2,00 + 1,78:1gP, roe P BeipaskeHo B cyTkax. Hekotopoe HecooT-
BETCTBHE KOI(PPHUIIMEHTOB CBSI3aHO C TPHOMIKEHHOCTHIO OlleHKH At ~ 1 gaca, He-
y4ETOM CIIOKHOU (POPMBI KPHBO#i OJICCKa U CMEIIECHHSI CIIEKTPa B BBICOKOYACTOT-
HYI0 0071aCTh, OTYETO POCT SIPKOCTH MEHBINE PACUETHOTO. AHAJIOTHIHBIA POCT
SIPKOCTH BCIIBILIKH ITPU POCTE MEpUO/ia OOHAPYIKEH y MOBTOPHBIX HOBBIX 3BE3I.
Y CBEpXHOBBIX, 32 CUET INTUTEIHHOTO BBITIOTHEHHUS YCIIOBHS &, = -8y, MOXK-
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HO IPUONIMKEHHO CUUTATH, YTO ME/JICHHO MEHSIIOIIEeCs YCKOPEHHE 8, ~ -8y, T.C.
YCKOpEeHHeE @, = -8y + a;cosml KomebieTcs ¢ aMIIUTYI0i &; TOIBKO 3a CuéT 00-
pameHns CIyTHHKA ¢ YIIIOBOH opOuTanbHoN cKopocThio o (Puc. 2.10). B Takom
cirydae, HHTerpupys ypaBHerue (1.14), HaitnéMm, 9TO perucTpupyeMblii MOMEHT
BpeMenn t' = rassin(wt)/mc?. OTcrona HaxoquM JUIst IPO(UIIs KojeOaHuii SPKOCTH
I'(t") m mygeBoro yckopernns a(1')

I'(t') = ZHI,f' I."r‘jalz fe* ot it a, (t") = iy :::':1\."1—0)3641“3 .-‘alzrz .
311ech K — 3T0 0ueHb GOMBIIOE LENOE YHCII0, TOKA3BIBAIOIIEE, CKOIBKO MIEPUOJIOB
koJyeOanmit yckopenus a () ymemiaercs Ha ypoBHE &, = -8, IIOCKOJIBKY yCKOpe-
HHUE @, =~ -8y C TCUYCHUEM BPEMCHH JOJDKHO MCHSTHCS U B HEKOTOPBIA MOMEHT
BPEMCHHU YCIIOBHE @, ~ -3y IePeCTaéT BBINOIHATLCS. B ciydyae uueanbHOro pa-
BEHCTBA @, = -8y B MPEABIIYIINX BRIPAXKCHUAX ITOYUATHCh ObI 3HAKH CTPOTOT0
paBeHCTBa, a K cTpeMuioch Obl K 6€CKOHEYHOCTH, COOTBETCTBEHHO M HHTCHCHUB-

HOCTB BCHBIIIKH |' — o0,
ra,

ra ra
ool oz L
Puc. 2.10. I'paduku Bapuanuii 1y4eBOro YCKOPEHUs 3BE3IbI B CHCTEME

orcuéra 3Be3/bl U 3eMHOro Habmronmaresns, ¥ rpaduk npoduis BO3HH-
Karomel IpH ATOM BCHBIIIKH 3BE3/bI — T'MIIOTETHYECKOH CBEPXHOBOM.

Wrak, HeorpaHNYEHHOE BO BpeMEHH t MBIDKEHHE 3BE3IBI 110 KPYTOBOIA Op-
OuTe C yCKOPEHHEM a; MOKET HaOMF0IaThCsI CKOMITPECCHPOBAaHHBIM B OTpaHIYCH-
HBI OTPE30K BpeMeHH -ra,/owc? <t' < ra,/c?. Y HenpephIBHO H3ITyJaroIast 38e3-
JIa IOCTOSIHHON CBETUMOCTH OyZIeT UMETh BH]I KOPOTKOH 1 OYCHB SIPKOU TBOMHOM
BCIBIIKK cBepXHOBOM SN II ¢ AHTETBHOCTRIO 2ra,/0C? U ¢ IPOPHIEM IPKOCTH
I'(t"), roe He TOIBKO Ha IIMKaX, HO M B TeYeHUE BCel BenbImkH ' — o0, ecii k — 0. B
9TOM OCHOBHOE OTIIMYHNE BCITBIIIICK CBEPXHOBBIX OT MEHEE IPKUX BCIIBIIIIEK HOBBIX.

[TockonbKy BCBIIIKHA HOBBIX BBI3BaHBI aKKYMYJIISIIHEH CBETOBOM SHEPTUHI
B MaJIOM HHTEpPBaJe BPEMEHH, IOHATHA U CIEAYIOIast 3aKOHOMEPHOCTh: YeM KO-
pode BCITBIIITIKA HOBOW, TeM BCITbIIKa sipue [418]. JleficTBUTENBHO, €CITH 331aHO

XapakTepHoe BpeMst At H3MEHEHHSI JTy4eBOr0 yCKOpeHust (Bo3uie &, = -C%/r), Torna,
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o 3¢pdexty Putnia 1 3akoHy cCOXpaHEHUS YHEPTHH, TIpU cxKaThH At 3Be31a CBETH-
moctr W TToKaxkeTcst IpKo ropsiineii B Teuenne Bpemenn At' = At(1 + ra,/ ¢?), 06-
PaTHO IMPOTIOPITHOHAIEHOTO SKBUBATIEHTHOH MonTHOCTH Benmbimkn W' = WA/ AL,
mwm W' = Kk/At', tme k — mocrostHHas. Ilpu morapuMUPOBAHUH TOTYUHM
1gW' = 1gk — 1gAt'. Ho oraputm SpKOCTH CBSI3aH ¢ pacCIYMTaHHBIM 110 H3MEPCH-
HOMY OJecky abcomotHbIM Greckom M = -blgW', tme b — xoncranra. Otcrona
M = -p + blgAt', e p = blgk. IMeHHO Takast 3aKOHOMEPHOCTD ¥ OBITA OTKPHITA,
npuuém p = 11,5, b = 2,5, ecnu 3a U3MEPEHHYIO JIUTEIBHOCTD BCIBIIKA At'
Opatb BpeMms craja sipkocTu B 16 pa3 [418].

Takum oOpa3om, HaOmIOmaeMble CBOHCTBA IIyJABCAPOB, OApCTEPOB H
CBEPXHOBBIX BIIOJIHE COITIACYIOTCS C IPEICKA3aHUSAMH OaTTUCTHYECKON TEOPHH.
CoBpeMeHHbIE aCTPOHOMHYECKHE U PAJH0acCTPOHOMUYECKHE METOBI HCCIIeNIO-
BaHUS IyJbCApOB MO3BOJAT C BBICOKOM TOYHOCTBIO IIPOBEPUTH OCHOBHBIE KPH-
TepHUU BEIOOpA MEXTy OaTUCTUIECKON TeOpHeH 1 Teopueil OTHOCHTENFHOCTH,
napayieIbHO YTOYHUB CTPOCHUE 3BE3IHBIX CHCTEM M OPOMTAJIbHBIE JIEMEHTHI
BXOJSIINX B HUX TEIL

§ 2.2. MexaHu3MbI 2eHepayuu 2upoJIuUHUl PeHMa2eHOB8CKUX MyJibca-
poe, paduoussiy4yeHus1 Keazapoe, paduonysibcapoe U KOCMUYeCKUX
ma3sepos

B GammicTudeckoil TEOpUHM €CTECTBEHHYIO MHTEPIPETALMIO MOIYYaloT
TAKKe TOHKHE OCOOGHHOCTH CHEKTPOB IYJIbCAapoB. Y PEHTICHOBCKUX IyJbCa-
poB, Bkirouas [epkynec X-1, oOHapykeHBI MHUKH (2upoauHuu) Ha CIUIONTHOM
peHTreHoBcKoM crektpe [119, c. 593]. DTi TMHUN HHTEPIPETHPYIOT KaK [IUKIO-
TPOHHOE M3TyYeHHUE MOHOPHEPTUYHBIX IEKTPOHOB B MATHUTHOM II0JIC 3BE3/IbI.
[Npore nHTEpIpeTHPOBATH TMHUU 110 3P deKTy PuTna, caBuraroimeMy ontude-
CKHME SMHCCHOHHBIC JMHHU aTOMOB B PEHTICHOBCKMH Iuara3oH. Eciam nepas
muaus bamesmepa H, ¢ gactoroit /= 4,6-10% 't nepeBoautest puti-3dhexrom B
ruponuamio hf' = 56 k3B y I'epkymeca X-1 (f' = gf = 1,35-10" I'r), Torma kom-
npeccust § = 3-10* — BenmunHa TUTMYHAS IS TyabcapoB (§ 2.1). TapMoHuKH
rupogactotsl Hf '— 310 pesymerar TpancopMaIvu 4acTOThI APYTHX JINHUI CIIEK-
Tpa WM UCKaKCHHs IPO(UIIs CBETOBOM BONHEI y jnHuu f' pu pacmpocrpane-
HUH, TOJOOHO TapMOHHAKaM OpOUTAIEHOTO TTepHo/ia dK301uTaHeT (§ 1.4).

Taroke BO3MOXKHO BBICBEUMBAHHE XapaKTEPHCTHYECKOTO PEHTICHOBCKO-
rO CIIEKTpa aTOMOB MEX3BE3HOIO Ta3a, MOCKOIbKY PUTH-d(G{EKT, HapalunBas
9acToThl f OmTHYECKOro W3IydeHHs: 3BE3/bl, IUIABHO CIBUTACT UX B PEHTIE-
HOBCKMU Auana3oH. Ilpu noctukeHMM Ha HEKOTOPOM JUCTAHLMM I 4acTOTOM
f'=1/(1 +ra,/C? xapaKTepHbIX PE30HAHCHBIX JacTOT aToMOB fy; (§ 1.1), m3myue-
HHe 3()(PEKTHBHO NOIIOIIAETCS U IIeper3iaydaercs. B urore cBer 3Be3/bl, mepe-

BEACHHBIN B XapaKTEPUCTHUECKUH PEHTTEHOBCKHHN CIIEKT, Jaee He mpeodpasy-
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eTcs. AHAJIOTHYHOE SIBJIICHHE TTO3BOJISICT OOBSICHUTh SMUCCHOHHBIE TYMAHHOCTH,
OKpYy>karorue 1edeunibl 1 CBEpXHOBBIE, €CIIH YUECTh IePEU3ITyueHNE MEK3BE3 -
HBIM Ta30M, Iie koHueHTpaims atoMoB N ~ 1 cm*. EcrecTBeHHYyI0 HHTEpIIpeTa-
LU0 TOJIyYaeT TAaKXKe CIEKTP KOCMHUYECKHX Ma3epoB M SMHCCHOHHBIX TyMaH-
HOCTel BOKpyT 3BE3m [A47, AS51], manpumep TymanHoctu Oxkepense [A40].
[ockonbky 3 PEeKTHBHOCTH MOMIOMICHHS ¥ PACCESIHUS CBETA CHIIBHO HapacTaer
BO3JIC PE30OHAHCHBIX YacTOT fy; JIMHEHYATOro CIIEKTpa aTOMOB M MOJIEKYJ, CBET
3BE3]], MEHSISI YACTOTY 110 PUTH-3(P(DEKTY, Cpasy MOMIOMACTCS M IEPEN3ITydaeTcs
110 JTOCTHKEHHH YacToToi ceta f' aTux wacror fy. Cormacuo (1.10), mokasarens
MPENOMIICHHS N CTPEMHUTENIBHO PAcTEéT BO3JE Pe30HAHCHBIX YacToT fy = C/A. B
UTOTE, ISl TUX YACTOT JUTHHBI iepensayucHust |; = A/2m(n — 1) CHIKEHBI: CBET
3¢ dHeKTUBHO MOIIOMAETCs U epensiiydaeTcs: Ha yacTtorax fy, u nanee adpexr
PI/ITL[a HE MCHSCT f'. T.e. 3ameTHas J0JIA U3JIYyYCHUA 3BC31bl BHICBECUUBACTCA B
BUJIC YMUCCUOHHBIX JIMHUI Ha 4acToTax f. DTO 00BsACHAET SMHCCHOHHBIC TY-
MaHHOCTH BOKPYT Lie(en U CBEPXHOBBIX, Y KOTOpbIX d3dexT Putna Benuk, T..
BEJIMKHU CMeIleHuns yacToThl ', mpoxomsiueit psig 3nauennit fo; [AS1].

CxofHOE SIBJICHUE OTKPBITO y MH(PAKPACHBIX 3BE3M, Y KOTOPHIX d(deKT
Purua, HanpoTuB, CHMXKAET 4aCTOTY U3I1y4eHHUs, nepeBoas ceet B K- u paguouns-
nydenue. Toraa 3HaYMTENIbHASL YaCTh ONTHYECKOTO M3JIy4EeHHS 3BE3/Ibl BHICBEUH-
BaeTcs B popMe paJHON3ITyICHHUS PE30HAHCHBIX YaCTOT MOJIEKYJ MEK3BE3THOTO
raza (CO, H,O u ap.). Y 3TuX 00bEKTOB (KOCMUYCCKIX Ma3epOB) MEXaHH3M IIe-
pepaboTKH CBETa B M3TyUYCHUE PATHONUHUI — BO MHOTOM HesiceH [150, 211]. Ha-
npotus, a3 dekT Purna serko nmpeodpasyer BCE U3ITyUeHUE 3BE3/bI B XapaKTepHbIE
yactotel K- u paguonuamnazona. He cirydaiino masepusiii adpdexr [119, ¢. 377]
COIPOBOYK/IACTCS CHIIbHBIM PAMOM3IYYEHUEM U THITHUCH JUISl MEPH] M KPACHBIX
CBEPXTHI'AHTOB, Y KOTOPBIX PUTL-3()(EKT 3HAUUTENBLHO MeHsieT YacToTy (§ 1.5).

DddexT nepensTydeHUs cBeTa M3MEHEHHON YacTOThI ' MeX3BE3IHBIM
Ta3oM MPOABJISICTCA U B Macirade TaJIaKTUK, O6’I))ICH$IH CBCUYCHHC I'aJI0O I'aJIaKTUK
B PEHTTEHOBCKOM U TaMMa-Juarna3oHax. [lefiCTBUTENbHO, IEPEN3IydeHUE CBETa
naubonee 3pdexTrBHO, KOraa napamerp ra,/c? = -1. B srom ciyyae yacrora f'
pacTéT Ha TOPSAAKH, IPOXOAS PsiJ 3HAUCHUH PE30HAHCHBIX YaCTOT aTOMOB U SI7IEP,
OTBEYAIOUINX PEHTT€HOBCKOMY U raMMa-anarna3zony. Takium o0pa3om, onTHIecKoe
M3ITyYeHHeE 3Be3Ibl, TOCIe Tpanchopmarin dpdexrom Putia, a3pdexrrnsHo nmepe-
U3ITy9aeTcsi MEeX3BE3HBIM ra3oM, IIepepadaThIBaIONIMM CBET B PEHTTEHOBCKOE 1
ramma-msiydenue. [Tockobky peakue atombl (N ~ 1 cM ) paccenBaroT cBeT BO Bce
CTOPOHBI, T'a3, OKPYKAIOMIN raJlakTHKy 1 00pa3yroluii rajo, GopMupyeT cBoero
pozia pEHTTEHOBCKYIO ¥ TaMMa-KOPOHY TaJIaKTUKU. AHAJIOTMYHO MHTEPIPETUPY-
eTcsl CBEUCHHE MEXTIAKTHIECKOTO r'a3a B CKOIUICHHSIX TaJIaKTHK, KOTOpOe, IPH
TEIIOBOM MPUPOJIE U3TydIeHH s, oTBedao 061 T ~ 10°~107 K, u Tarotenune ramak-
THK IO pacuéTraM He yaeprkaio Obl ra3 B ckoruieHnu. [Toatomy npoie oObsiCHUT
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PEHTI€HOBCKOE M3JTy4eHHE KaK ONTHYECKOE N3ITydeHHe 3BE3M, nepepaboTaHHOE
pUTL-3(GPEKTOM B PEHTICHOBCKHI JMAIla30H U IepensityuéHHoe razom [A40].
CnexTp paguoIyiibcapoB, B paMKax 0aJUIMCTHUECKON TEOPHH, TOXKE MOKET
OBITh TEIJIOBBIM YEPHOTEIBHBIM CIIEKTPOM H3ITyUeHHS 3BE3/1bl, IPE0OPa30BaHHBIM
B paanoanana3oH pdexrom Putma. [IpoTuB yepHOTETHHON TPHUPOIBI PATHON3-
JIy4EHHS ITyJIbCAPOB, KaK I10JIarajiy, CBUIETEIbCTBYET YObIBAIONIask CIEKTpaIbHast
wiotHOCTh MotHOCTH S(f), @ TS YePHOTENBHOTO M3y YCHIUSI B PaJHOIHANIa30HE,
comiacHo 3akoHy Panes-JDxunca, S oc f*= f? — mapacraer. Ho B pagnonuanazoxn
IONafaeT U yObIBalOIast BETBb CIIEKTPa, BBUAY CMEIICHUS PUTH-3QdeKToM, a
HapacTarollas BeTBb MOMaAET B HU3KOUACTOTHYIO oOnacTh. OHa Kak pa3 oOHa-
py’KeHa B 007acTH «3aBaja» crektpa Himke gactoT f ~ 100 MI'm [119, c. 523].
JleHCTBUTENBHO, CIIEKTP M3TYYEHHUS ITYJIECAPOB ¢ MAKCHMYMOM H CTIEKTPaIbHBIM
HHJICKCOM O = -2 B 00JIACTH 3aBaJia MoJ00CH MIAHKOBCKOMY YCPHOTCIBHOMY H3-
mydennto 38€3x1. [lomaranm, 9To CEKTp MyJIbCAPOB HETB3sI O0BSICHUTH KaK TETUIO-
BOWH, T.K. CIIEKTPaNIbHBINA MakcuMyM f',,., B pasnonuamasoHe mo 3akOHy CMEIICHHs
Bumna (f',,x = aT’) cooTBeTCTBYeT HU3KOI Temreparype T' UCTOUHHKA, TPU KOTO-
poii cBetuMocTh 10 3akony Credana-bonbimana L = 4nR%6T'* = 47R%cf ", Y/a*
MHOTO HIKe m3MepeHHoi. Ecimu sxe nuér mnmozoproe cMemnienwe f,, B pamwo-
nuanaszon 3ddexrom Purtna (f'. = df.., Toe g << 1), a Temneparypa T uctod-
HHKa BBICOKa, CBETUMOCTH P = 4nR%cf . 4/a*= 4nR%f", %/ g*a* ocranercs Bbico-
koi. Pagnonsimyuyenue ImynbcapoB MOXKET OBITH M paJMOU3ITydEHHEM OOBIYHBIX
3BE3]1, T.6. UMETh MUKIOTPOHHBINA MM CHHXPOTPOHHBIA MexaHn3M. OOBIYHO €ro
MOIIHOCTh Majia, HO PUTH-3(QQEKT yCHIMBACT MOLIHOCTh Ha mopsiku (§ 2.1).
Puti-a¢ddext crnocobeH Takke MEpeBOANUTH B PaJAMOIUAINIa30H ONTHYE-
CKOC M3JTyYCHHUE TaJaKTUK Ha ONDKHUX yYacTKax siaep, rae a, > 0 (§ 1.2). A na
yuyacTKax rajakTHK 3a MX IeHTpamu, rie &, < 0 puru-a¢dexr tpanchopmupyer
M3JTydeHHe 3BE3] B BHICOKOUACTOTHBIE ANana3oHbl. Ecim B 9THX yyacTkax mepe-
n3IydeHne mMajio (0COOCHHO B DJUTMNTHYSCKUX TaJIaKTHKaX, Il Majla KOHIECH-
Tpauus rasa), CHeKTp cMmemaercs B YP-, peHTTCHOBCKUH U raMMa-HaIa3oHbl.
3710 00BsicHsieT Tpupony YD-ranaktuk [221] 1 u30BITOK CHHETO 1IBETa KBa3apOB:
HECMOTpsSI Ha OOIIN CIBUT CIIEKTpa B KpacHyro obmacts (B K- u pagnonmarna-
30H [126]), oT yckopeHusi CBOOOHOTO TaJicHHs Ha TOBEpXHOCTH 3BE31 (§ 1.2).
MoIHble HICTOYHUKH PEHTT€HOBCKOTO U3ITyUCHHUS B pax raJaKTUK MOTYT OBITh
3BE37]AMHU CO CIIEKTPOM, CMENIEHHBIM PUTH-3()(PEKTOM, MILTIO30PHO «Ipeodpa-
3YOILIMM) TAJIAaKTUKH B KBa3aphl, JTalEPTHIbI, B3PbIBAIOIINECS U celi(hepTOBCKHE
ranakTuky [ 168]. Takke apPext BenET K mpoCToil HHTEPIPETAIIMY MOIIHBIX UC-
TOYHHMKOB PaIMOU3ITyUCHHS B SApaxX CeH(PEPTOBCKUX TaTaKTHK.
Panmonsnydenne KBa3apoB M CeH(EpPTOBCKNX TaJIaKTHK HCIBITHIBACT ObI-
CTpBbIE CllydaliHble BaApUALIUU, KOTOPBIE HE MOTI'YT OTPa)KaTh PEAJIbHbIX U3MEHEHUI
PaIroSPKOCTH, 3aHUMAIOIINX BEKa P TUTAHTCKUX pa3Mepax ranaktuk. Ho st Ba-
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pHaIyy MOTYT OBITh BBI3BaHBI U3MEHEHHEM KoMmIpeccru J ceeta (§ 1.2). beictprle
BapHaly KOHIIEHTPAIIMU HOHOB B CPABHUTEIILHO HEOOIBIIMX 00BbEMAX 110/ BIIUSI-
HueM Y®-iyuell, CHIIBHO MEHSIIOT CTEHEHb IEePeH3IIyueHNs], BbI3bIBasi ObICTphIC
BapHalMy PaIMoOIPKOCTH M YaCTOTHI CBETa rajlakTHk 1o 3 exry Purna. Habmnro-
JIaeTcst CBOETo poyia P PEeKT caMOMOAYIISIIIMH SIPKOCTH, KOT/ia HoHH3Mpyomiee YP-
U3ITy4YeHHe ObICTPO MEHSET KOHIIEHTPAIIN IO HOHOB M KOO (DHIIMEHT ITepen3ITyYeHUS,
BBI3bIBasi OBICTPBIC KOJICOAHNS IPKOCTH — aHatornyHo Mexanusmy C.A. XKeBaknna
qutst neen. [IpumepHo Tak v TypOyIEHTHOCTB B 3eMHO# arMocdepe BenET K Obl-
CTPBIM MEpLAHUSIM 3BE3]T, XOTS CaMH 3BE3/1bI HE MEHSIIOT OJiecK cTob ObIcTpo. Oco-
OEHHO 3HAaYMM PUTL-IPPEKT B TaaKTUKaX C HU3KOM KOHIEHTpalMel Mex3BE3 -
Horo ra3a. [Io3ToMy HMEHHO UIMNTHYECKUE TaJIaKTUKH, B KOTOPBIX Majla KOHIICH-
Tpalys ra3a u IblIH, T.€. IOYTH HET Nepen3IydeH s, KaK pa3 B OCHOBHOM U OKa3bl-
BAIOTCS UCTOYHUKAMU PEHTTEHOBCKOTO U PAMOM3IYUYECHUS,— paIUOraJakTHKAMU.

PannoranakTky n KBazapbl 0OHAPYKHMBAIOT JIMILB C JUCTaHLuUH I > 1000
Mk, npuuéM MHTEHCUBHOCTh PaJIMOMU3IIyUeHHs U KOHLEHTpAIUsl paguoraiak-
THK ¥ KBa3apoB OBICTPO HapacTaroT npu ymaienuu [97, 128, 211]. D10 unTep-
MPETUPYIOT KaK pe3yJbTaT 3BoMoNNN BeeneHHOM — yMeHbIIeHus yucia KBasa-
POB co BpeMeHeM. B Oammuctuyeckoit Teopun BeeneHnass MOKeT OBITh OECKo-
HEYHOM, Be4HO! U cTarinuHoil (§ 1.2), B cpeiHEM He MEHSISACh CO BpeMEeHEM. JTO
MOATBEPKJAeT OTCYTCTBUE M3MEHEHUI CTPYKTYphl U KOHIIEHTPALUHU TaTaKTUK
Ha OOJIBIINX AUCTAHIMSIX, B IPEKHHUE ATIOXH, OTBEYAIOIIUE BHICOKUM Z ~ 6, KOT/1a
rajlakTHKH 110 TeopuH boJbIioro B3pbIBa JIHIIb (OPMUPOBAIUCEH [222].

Jnist puUTI-KOHBEPCUH YacTOThI CBETa 3BE3/ B JAIBHHUN WH(paKpacHBIA
W pajiMo/iMana3oH HEAOCTaTOYHO OPOMTANBHBIX M TaJIAKTUYECKUX YCKOPEHHH
3BE311. ONpeensIouM CTAaHOBUTCS YCKOPEHHE Ha OBEPXHOCTH 3BE3/1, KOTOPOE
Ha TOPSAKM BBILIE W HapaluBaeT A HE B pasbl (Kak MPH KPAaCHOM CMEIICHHU
rajaxktuk), a B 10°-10° pa3. Torma joist pagnounsiydeHus pacTéT ¢ yBEIHYEHHEM
MPOIIEHHON CBETOM AUCTAHIMU I, 1 KOHLEHTPAIUs JTUITUYECKUX TalakTHK,
BOCIPUHHMAEMBIX KaK paJluOralakTHKH, HAPACTAET C POCTOM I, B COIIACUU C Ha-
omonerusimu [97, A50, A57]. Tpanchopmanus ONTUICCKOTO H3ITyUCHHS B PAJTH-
OZIMAITa30H 00BSICHAET OJIM3KYIO MOITHOCTD ONTHYECKOTO M3ITyYEeHUs TaTaKTHK U
PaTHOU3ITydeHNUs KBa3apoB, paguoraiaktuk: Py~ 103" Bt [223, ¢. 36]. Ananoruy-
HO JUIA KBa3apoB: C POCTOM I' M Z UX KOHIIGHTpALUs PacTET, HO IpH Z > 3 majaeT
[120, 128, 248], BBUY AaNbHEHIIETO CMEIIEHHUS CIIEKTPAIbHOTO MaKCUMyMa B
JUTMHHOBOJTHOBYIO 00JIaCTh PaMo/IMaa3oHa, BEIXOSIIYIO 3a ITPEAEIIbl narna3o-
Ha PErHCTPAIH PAJHOTENIECKONOB. Torna 00beKTH epecTaloT PErucTpUpPOBaTh
KaK KBa3aphl, a UX U3JIyuYeHHE MOMIOIAEeTCs MEKIaITaKTUUECKUM ra3oM MpH J0-
CTIKEHUH PE30HAHCHBIX 4acTOT. B ciywae, ecnu nmepeusiydeHue MPOUCXOAUT
BHYTPH TaJaKTUKU WIK § MaJo, ONTHYECKOe N3TydeHUe 3BE3]] ralakTUKU mepe-
Bonutcs B MK-u3nydenue, a paauousiryueHue rajJakTUKH OKa3bIBaeTCsl HE3Ha-
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YHUTENIBHBIM, YTO OOBSICHSET 3HAYMTEIBbHBIA MPOIEHT PaJNOTHXHX KBa3apoB.

B mporuecce cMenieHus HENpepbIBHOrO criekrpa no 3¢ ¢exry Purna n
BBICBEUMBAHHS €r0 HEPTUH Ha YacToTax f' CreKTpanbHBIX JHUHHU, HapHUMEp
naiimas-anbeda (L,), 1omkHO HAOMIOIaThCs pe3Koe 0CIabIeHne HelPEePHIBHOTO
CTIEKTpa Ha CHHEM KpbLJIe 3THX JTHHUIA — Ha yacTtoTax > f'. JleficTBUTENBHO, TO-
Clle TIepEen3Iy4YeHHs Ha ATUX YaCTOTax CBET yXe MepecTaéT MEHSITh YacTOTy 10
s¢dexry Putia, 1 HeNIpepbIBHBIN CEKTP Ha CHHEW CTOPOHE JIMHUH OOPBIBACTCSL.
Takoe siBieHune peanbHO oOHapyxeHo B Bue dddexra ['anHa-Ilerepcona: na
CHHEIl TpaHulle TMHNY L, HenmpepbIBHBIH CIIEKTp pe3Ko 0OphIBaeTCs, 1 Jlajiee Ha-
OJIrOaeTCs TOJIBKO YaCTOKOJ SMUCCHOHHBIX JIMHUM JaiiMaH-anb(a-ieca [129, c.
390], BO3HUKAIONIMX B PE3YJIBTATE JOMOTHUTENbHBIX U HECOBIAIAIONIUX CMEIlle-
HUH TuHMi L, B KpacHy0 001acTh. DTOT 3 PEKT HATIOMUHACT JIA3CPHBIIA U Ma3ep-
HBII: HENPEepBIBHOE M3IyUYEHHE, CIIEKTP KOTOporo cMernaercs ¢ dexrom Puria,
UTpaeT poiib HAKauKH, a CIIeKTpaJibHask JIMHUS L, UrpaeT poib M3iydaTeabHOro
repexoJia, Ha KOTOPOM «BBIEJACTCs» IHEprust Hakauku. [losromy 3a nuHuew L,
HETPEPBIBHBII CHEKTP OOPBIBAETCS U CHEKTP CTAHOBHUTCS YUCTO JIMHEWYATHIM.

C mepeunziyueHHEM MOXET OBbITh CBSI3aHO W T'PYNIUPOBAHHE KPACHBIX
CMeEIICHHH KBa3apoB BO3JIe psifa 3HaYeHHi (Harpumep, Z =~ 1,95 [110]). Yacrora
CBETa CHWXKAeTCsl pUTL-I(PPEKTOM, NOKA HE JOCTHTHET CIEAYIOIeH pe3oHaHC-
HOU 4acToThl, a 3aTeM d((EKTHBHO Mepeu3nyyaercs u najnee He meHsercs. [1o-
CKOJIBKY YaCTOTBI CIIEKTPAJIBHBIX CEpUil )KECTKO CBS3aHbI, CMEIICHUS] OCHOBHBIX
nuHU, Hanpumep H,, rpynnupyrorcst Bo3ne onpenenéunsix Z. C mepeusmyue-
HUEM MEK3BE3/IHBIM Ta30M CBS3aH BHJ| CIIEKTPOB KBa3apOB M PaJHMOTalIaKTHK:
10 CYTH 3TO — MHTETPAIBHBIN CHEKTp 3BE3J Pa3HBIX CIIEKTPAIbHBIX KIACCOB
C pa3HOW KOMIIpeccHel J, KOTOpbIe OT HEPaBHOI'O MEPEU3NTyUCHHUsS] CBETa pas-
HBIX 4aCTOT MOTYT (popMHpOBaTh CIieKTp Jitoboro npoduis. Kak mpasuiio, o
mpencraBmsier coboi cremeHHO crektp Buaa S oc f¢ [119]. Jlnsa kBasapoB u
panuorajiakTHK XapaKTepHOE 3HaYE€HHE CIIEKTPAIBLHOTO MHIEKca o = | MOXKHO
OOBSICHUTH MCKa)KEHHEM MPOoQ el 2IeKTPOMAarHUTHBIX BOJIH 32 CYET BPAICHUS
M3IYYaroIUX JJICKTPOHOB, THa 3pdekra bappa (§ 1.1). On memaet npoduib
PaIMOBOJH MHJI000Pa3HBIM CO CIIEKTPOM U3 rapMonuk yactot f' = Hf ¢ ammnu-
Tynoi, nanatomeit kak ~1/H (H € N). IIpu Beicoknx HOMepax rapmMonuk H ato
OOBSICHSIET PEHTTCHOBCKOE, Y-H3IyUeHHe 1 paauoctekTp Buaa F ~ '~ tunny-
HBIN JUIsl KBa3apoB, paauoraiakTuk tuma Jledens A, Jlea A [119, c. 543].

Takum oOpazom, OaiuMCTHYECKasi TEOPUsl CBETA HE TOJIBKO MPEKPACHO
cornacyercsi ¢ HaOIltojaeMbIMi OCOOEGHHOCTSIMH PaJO- ¥ PEHTTCHOBCKOTO H3-
JIy4eHUsI 3BE3]1 U TaJaKTUK, HO M ITO3BOJISIET OOBSICHUTD PsIJl UX CBOWCTB, HEIIO-
HSTHBIX B PaMKax CyLIECTBYIOIINX acTPOPHU3NIECKUX MOJIEIICH.
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§ 2.3. UckaxkeHue suduMbix KOHMYypoe 38E30, naHem u 2asiakKmuk
OpOuTasibHOE U 0CEBOE BpallleHUE 3BE3I, TOMHUMO MCKaKEHHS UX CIICK-
Tpa u Oinecka, MPUBEAET K MCKAKCHHUIO BHIUMON (DOpMBI 3BE3M — pacTshie-
HUIO WM CKaTHIO BUAWMBIX THICKOB 3BE3I, PETUCTPUPYEMBIC TEIECKOIAMU-
uHTephepoMeTpaMu. ITO CBA3aHO C TEM, YTO Pa3HbIC YYACTKHU 3BE3[bI, 00Ja-
JIAtoNIe 3a CYET BpAILIEHUS! PA3HBIMH JIYY€BBIMU CKOPOCTSIMH, UCITYyCKalOT CBET
C Pa3HOM CKOPOCTHIO, M OH JOCTHTAeT 3eMJIH 3a HepaBHBIC BpeMeHa. B nrore
36MHOW HaOIIOMaTeb OIHOBPEMEHHO PETUCTPUPYET CBET YHAISIONMIETOCS H
MIPUOTMIKAIOIETOCS Kpast 3BE3/1bl U3 Pa3HBIX MOJNIOXKEHUH Ha opoute. OT mpome-
JKYTOYHBIX YYAaCTKOB C IIPOMEKYTOUHBIMHU JTYIEBBIMH CKOPOCTSIMHU — U3 TPOMe-
JKYTOYHBIX TOJOKeHUH. COOTBETCTBEHHO, N300paKeHNE 3BE3/IbI BRIIIIUT pac-
TSHYTBIM BJIOJIb TPAEKTOPUH NoJETa. PaccMOTpUM 3Be3/1y Ha pacCTOsSIHUU I, C pa-
JInycoM R 1 BEKTOPOM YIJTIOBOI CKOPOCTH ( MEPIEHIUKYISIPHBIM K JIyqy 3pESHHUS
r (Puc. 2.11). DxBatopuanpHas Touka N Ha TMMOeE 3BE3/BI yIAIAETCS OT 3EMIH C
OKPYXKHOH CKOPOCTBIO U= ®R, a AmaMeTpanbHO MPOTHBOMIOIOKHAS Touka M — ¢
TaKOM K€ CKOPOCThIO IpudImKaercs. [10 0aumcTHIeCKOMY IPUHITUITY CKOPOCTh
CBETa C MEXaHMYECKU CKIAIBIBACTCS CO CKOPOCTHIO HCIYCTUBINNX €ro Touek M
u N 3Be3mpl. [TosTomy cBet ot Touku M mocturner 3emiu 3a Bpems I/(C + oR),
a or N — 3a Bpewms I/(c — ®R) u Bocipumercs Ha Bpemst T = 2roR/c? mo3anee.

R <dsw <l>

Puc. 2.11. 3ama3meiBanme cBeta OT TpaBoro kpas N Ha
nuMOe 3Be3Bl 10 CPAaBHEHHIO C JIEBBIM KpaemM M mpu-
BOAUT K HCKWKCHHIO BUIUMOH (OPMBI JIHCKA  3BE3/IBL

3a Bpems T 3Be311a, Y KOTOPOH CKOpPOCTh V NepHeHANKYIISIPHA OCH Bpalle-
HUSL 1 JTydy 3peHus I, cMecTutes Ha paccrosiaue S = VT ~ 2rVoR/c2. Tlostomy
Jy4d CBETa, BOCIIPHHAMAECMBIC OTHOBPEMEHHO OT KpaitHuX Todek M n N Ha 2k-
BaTope 3BE3/Ibl, UCITYIICHBI B Pa3HbIE MOMEHTBI, 13 Pa3HbIX ITOJIOKEHUH 3BE3/IbI,
pa3aenéHHbIX aucTannueit S. J[pyrue TOUKH 3B€3/1bl, OTCTOSIIHE OT OCH Bpallle-
HUS Ha TPUIETBHBIN mapameTp p < R, 00IamatoT mpoMeKyTOUHBIMHA JTYI€BEIMH
CKOPOCTAMH U, = £mp | pasHuIeil cMenenuit S' = 2rVop/c? < S, 3amonHss Bech
untepBai S (eciu S>> R) wiu S + 2R (ecnu S ~ R). T.e. o Teopun Putiia 38E3/161
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MIPUOOPETYT BHUJ| HE TOYEK, a INTPUXOB. M300parkeHue 3Be3/1bl PaCTSHETCS BJOJIb
TpaekTopuu noiéra. [Ipu THIMUHBIX cKopocTsax V 1 @ 3BE3/1 pa3MbITHE S CTONB
MaJlo, 4TO B TEJIECKOIBI 3B€3/1a BUHA KaK Touka. [IpenenpHoe paspemenne Temue-
ckoroB ~1" — 0,1". A yromn, mox KOTOPBIM BHAEH OTPE30K S, paBeH o ~ S/ =
2VoR/c? paaunaH, uto maxe st 38631 ¢ V ~ 200 km/c 1 oR ~ 100 xm/c maér
o~ 0,1". T.e. anst GONBIIMHCTBA 3BE3]] «BBITAHYTOCTh» HE3aMETHA.

B Hacrosiiee Bpems OypHO pa3BHBAETCSI METOX TEJIECKOMMYECKON HH-
TepdepoMeTpuu ¢ yrmoBeIM pazpemreHueM ~0,0001", mo3BoMUBIINM pa3ITHINTh
JIICKH 3BE3]1. DTH METO/IbI HAOIIOACHHUH BBIIBHIIHN (D (DEKT pacTsHKEHHS Y 3BE3] €
OBICTPBIM BpallleHHEM, HarpuMep y o Dpujana (Axeprap): OKpy>KHas CKOPOCTh
Ha 3kBaTope ®R ~ 240 kv/c. Bugumblii quck o Dpupana umeet GopMmy He Kpyra,
a aqumnca ¢ otHomreHueM oceit 2:3 (Puc. 2.12). Kak ormeuaroT acTpodusmkH,
BpaIlleHHe He MOKET MPHUIATh 3BE37C CTOJb OOJBIIOE MOIIpHOE cxKarue [224].
Kpome Toro, 3Be3na Takoi (popMbl HEYCTOWYHMBA: OTHOIICHNE SKBATOPHATIHLHOTO
JarameTpa K nossipaomy ~1,5-1,6, 4To OIM3KO K KPUTHIECKOMY.

DIUIUNICONIATTBHOCTD 0L DpUiaHa MOXKET ObITh MHUMOM,— OT MCKaXCHHSI
BuauMO# Gopmbl 3Be3abl (Puc. 2.12). Ecnu yciaoBHO pa3OUTh AUCK 3BE31bI HA
MOJIOCHI IUPUHBI 0p, TOTAA AT KaKION MOI0CHl dQ(PEKT pasMbITHS CO3aCT BH-
JMMBIH caBUT Ha S/2 ~ rVop/C?, pONOPIHOHATBHBIH TyY4eBON CKOPOCTH IIOIOCHI
®p U TPUILEITBHOMY NapaMeTpy p — pacCcTOSHMIO Nosockl 1o neHtpa O. B 3aBu-
CUMOCTH OT HAINpaBJICHUs TPAHCBEPCATBHON CKOPOCTH V, 3Be3/bl, €€ BUAMMBIN
pasmep M'N' pactsiercst nim coxxmércsi o cpasHenuto ¢ MN Ha anuny S, npu-
naB TUCKY 3Be3nsl ¢opmy ammunca (Puc. 2.11) [A24]. Dddexr oObscHIET Ha-
Giroaemyto (hopMy ¥ Apyrux ObICTpo Bpamaronuxcs 3831 — Peryna (o JIpa) u
Ansranpa (o Opia), SKBaTopuanbHbIi pagnyc KoTopbix Ha 20-30 % npeBbimaet
nossipHeIi (Puc. 2.12). ¥V Peryna moBepXHOCTHBIE SIPKOCTH TTOJIFOCOB U 3KBATOPa
MaJIo OTIMYAOTCA, XOTs 1Mo Teopeme ¢oH Llaiimens momroca, pacroIoKeHHbIE
Omrke K sApy 3Be3zbl, o0sanan 6 M30BITKOM SIPKOCTH. DTO JOKa3bIBAET, YTO
BBEITSIHYTast popma 3BE31 — MILTIO30pHA: NCTHHHAsS (popMa 3Be3/IbI OIM3Ka K 1apy,
a pacrpeielieHue TeMIepaTypsl U IPKOCTH 110 TOBEPXHOCTH MTOYTH OJJHOPOIHOE
[A40]. He namno oObsicHeHuid u ckatue Peryma Bmosib BekTopa ckopoctd V
3BE3/IbI — TAK, CJIOBHO OCh BpallleHHs coHampasieHa ¢ V. A teopust Purna kak
pas3 Ipe/icKa3bIBacT pacTsDKeHNe-CokaTre 3BE371 B0 BeKTopa V, Kora och Bpa-
menust neprenaukymsipaa V (Puc. 2.12), 4To TUIIMYHO 1Sl TBOHHBIX CUCTEM.

OuennM TeopeTrueckoe 3Hauenue S, = 2r'VwR/C? u cpaBHuM ¢ HabJrOqae-
MbIM S,. Tak, TpaHcBepcalbHasi CKOPOCTh COOCTBEHHOTO ABIDKCHHA AXEpHapa
V' = 21 xMm/c, OKpy>KHast CKOPOCTh Ha dKBaTope R ~ 250 KM/c, pacCTOSHUE 10
AxepHapa r = 139 cB. net ~ 1,3-10" M, otkyna S, ~ 143 muH. kM. Habmonaemas
pa3HMIa IKBATOPUAIILHOTO M TOJIIPHOTO JHaMeTpa S, ~ 6 MIIH. KM, T.€. Teope-
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THYECKOE S, IOCTATOYHO JJIsl 00BSICHEHUS HAOJFOIAaeMbIX UCKAXKEHHH. 3HaUeHHE
S, MeHbIIIe, BBUY TIEPEU3ITYUCHUs B MEK3BE3HOM Tase, Toraa S, = 2IVoR/c?=
So, TIPU JUTMHE SKCTUHKIMU [ ~ 6 CB. JIET, YTO IO MOPSIJIKY BEIUYMHBI COBIIAaeT
¢ onenkoir Mokca / ~ 1 ¢B. rozna (§ 1.1). B nelicTBUTENBHOCTH, Cy/s TIO BCEMY,
BEKTOp CKOpoCTH V HalpaBieH B/10Jb KOPOTKOH OCH 3B€3/1bl, T.€. 3BE3/1a CKara, a
He pactsHyTa (Puc. 2.11), a HaOMIOMaeMBbIi SKBATOPUAILHBIN THAMETp KaKeTCs
KOpoue noJsipHoro. JleiicTBUTENbHO, BEKTOP V COOCTBEHHOTO ABHKEHUS B IIPO-
€KLY Ha KapTHHHYIO IIOCKOCTh HANPaBJICH MO YIJIoM 24° (B 9KBaTOPHAIbHBIX
KOOp/IMHATAX), @ Majasi ocb AxepHapa — 1of yriioM 39°. Takoe Harpasienue V
TIOATBEPKIACTCS HATMYMEM Yy AXepHapa IPOTSHKEHHBIX CBETALIMXCS o0acTei,
BBITSHYTBIX BJIOJIb KOPOTKOH ocH 3Be3bl U HaOmonaembix B MK-nnanasone, B
KOTOPOM ToromnieHue raza u nsuti Hiwke (I Beie), mostomy S; = 2IVoR/c? mo-
XKET JOCTHrarh 3HaueHus S, =~ 143 MIIH. KM, IPEBBIIAIONIETO TUAMETP 3BE3/IbI
D = 15 mmn. kM. T.e. B UK-anana3oHe mpoucXOauT MHUMBIH ITEPEBOPOT H300pa-
JKEHUSI 3B€3/1bI. A CBET 3B€3/1bI IPHOOPETACT INHEHHYIO MOISPU3ALIUIO, TOCKOIb-
Ky KPyTOBBIE OPOUTHI 3IIEKTPOHOB HIUTIO30PHO BBITSTUBAIOTCS, TAK XK€ KaK JUCKN
3BE31. COOTBETCTBEHHO, aMIUIUTYABI oA E B mMpomomsHOM U TIoniepedHoM K V
HalpaBJIeHUH IIEPECTAIOT COBNAAATh, T.€. CBET MPHOOPETACT IMHEHHYIO MOJISIPH-
3anuio. [leificTBUTENBbHO, H3TydeHe AXepHapa IMoIApU30BaHoO, MPUIEM TO3HIIU-
OHHBIN yTon nofisipu3anud (37° B 9KBaTOpUATBHBIX KOOPAWHATAX) MPAKTHICCKH
COBIIAaeT ¢ yrIoM Majoi ocH (39°) AxepHapa, 9TO CIYXKHT ITOITBEPKICHUEM
JBIKCHUS AxepHapa B HaHpaBHeHI/II/I MaJoi ocH.

c 3emnu
Puc. 2.12. Cxema Bapuarnuii BUAAMON (GOPMBI 3BE3IbI 32
cu€T pa3HMULBI CKOPOCTEH cBeTa OT pa3HbIX YYacTKOB 3BE3-
Il U OT opOuTampHOH (a3l W HANpaBICHUS IBMIKCHUS.

HNckaxenus BuanMoin (popMel oOHapyKeHBI Takke y nedenn. B gactHo-
ctu, y TossipHoit 3Be3/bl npeanoarain 00HApYKUTh (B paMKax IyJIbCaI[HOH-
HOW Teopuu neden) paaraabHbIe MyabCalui, HO (aKTHUCCKH, B 3aBUCHMOCTH
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oT (a3bl KoeOaHuM, TUCK 3BE3/IbI U3MEHSUT HE pazMmep, a GopmMy, MorepeMeHHO
CTAHOBSICh BBITSIHYTBIM U C)KaThIM, CIIOBHO Pa3HbIe YUaCTKU 3BE3/IbI IYJILCHPOBa-
T HeCUHXPOHHO. CXomHbIi 3P (HEeKT OTKPBIT y JONTONEPHOANIECKON epeMeH-
Hoit 0 Kura (Mupa). B 6amnmuctiueckoit Teopuut 3¢ (GeKT MoTydus eCTeCTBEH-
HYIO MHTEpIIPETalIo, T.K. opOHuTabHOE IBMKeHKe 3Be3bl (Puc. 2.12) nomkHo
CHHXPOHHO MEHSITh BUJUMBIN Oneck u popmy 3Be3znl [A39, A41, AS50].
ITockonbKy Jyun cBeTa OT ABMXKYIIMXCS K 3emiie yyacTKoB M 3Be3s
OIIEPEXKAIOT JIyYH CBETA OT yIaJIIomuXcs yuyacTkoB N, opOuTansHOe IBIKEHNE
3Be3nbl B HanpaBneHun MN «cxxumaer» e€ muck Broiab MN (monoxenue 2 Ha
Puc. 2.12). B npoTHBOIONOKHOW TOYKE OPOUTHI TUCK 3BE3/bI, CMEIIAsICh B Ha-
npasnernn NM «pactsraeTcs» (monoxkernne 4 Ha Puc. 2.12). Konebanus BuanMoii
(hopMmBI 3BE371, B TAKT UX JBIHKEHUIO 110 OpOWTE, peasbHO 3aUKCHPOBAHBI OIITH-
4yeckuMu naTepdepomerpamu, ckaxem y § Jlupsi (Puc. 2.13), 0, Opuona u o Kura
(Puc.2.21), 6 Cxoprinona [225]. [Ipuuém, eciii BBITATHBaHHUE 3BE3]] B INIOCKOCTH
OpOUTHI OOBIYHO OOBSCHSIOT IPHIIMBHBIM HCKa)KeHHEM (OpMBI 3BE3]1, TOTAA Ha-
OmromaeMoe B HEKOTOPhIX (hazax y 38E3x B JIupsl u o Kuta cxxarue B 3T0# 1110-
CKOCTH MOXXHO OOBSICHUTH TOJILKO HIUIIO30PHBIM HUCKa)KEHHEM (DOPMBI 110 THITY
2 na Puc. 2.12. 1o Toii e npuurnHe uckaxaercs popma & CKoprimoHa, IpuyéM,
B cOIIacuy ¢ OAIMCTHYECKON Teopuel, NCKaKeHHEe MAaKCHMaJbHO Ha ydacT-
Ke OpOuTHI, TJie MaKCHUMalIbHa opOuTabHas ckopocTs V — B mepuactpe [AS56].
Kpome nckaxenuit Buaumont gopmsl y o Ledes u p Jlupsr (Puc. 2.13),
B TaKkT ¢ opOMTaILHON (pa3oil MeHsieTcs MOJIsIpU3altsl, HalpaBJIeHue KOTOPOH,
TaK ke KakK B clydae AXepHapa, OlpeersieTcs], 10 0aUIMCTHYECKO TeOpHH, Ha-
MIpaBJICHHEM MTHOBEHHOU ckopoctu V 3Be3nsl [A41]. Eciu miockocTs opOUTHI
Y OCh 3BE3JIbl HAKJIOHEHA K JIy4uy 3peHUsl I, a yIJIoBasi CKOPOCTh €€ MOBEPXHO-
CTH MEHsIETCs 1o mupote (Qupepenyuanvroe epaujerue), xonedbanus GopMsI
3Be3/IbI IPHOOPETYT OoJIee CIOKHBIN XapakTep. Y 3BE3]] ¢ TBEPIOTEIBHBIM Bpa-
IIEHUEM JIUCK PACTATHBAETCS MPOMOPLIHUOHAIBLHO U HAOIIOAAETCS B BUJE HIUTUIT-
ca, a 'y 3BE3x1 ¢ nuddepeHnanbHbIM BpaIEHUEM YKBAaTOPUAIBHBIE CEIMEHTBI,
BpAIIAsCh C U30BITKOM CKOPOCTH (, CO3AAI0T M30BITOYHOE PACTSIKEHUE SKBATO-
pa. Takas popma oOHapyxeHa y o XKeprBennuka (Puc. 2.13). Ecnu 3aBucHMOoCTh
® OT HMIMPOTHI () UIMEET BUJL
®(9) = ®)— ®;8in?Q, (2.5)
(xapakrepHubiid 1t ComHIIa, 711 KOTOporo @y = 0,25 pam/cyT, ; = 0,05 pax/cyt
[226]), Torma BuanMas hopma JcKa 3BE3/IbI 33/1aHa YPaBHEHHEM B 0CSIX X (BIIOTH
9KBaTOpa) 1 Y (BAOJIE OCH BPAIICHNUA):
7 i ) 278V N
x(y)=HR* -y’ 7@\;’}22 v = :\,-"IR2 —y? [1{ ok 7031‘1’—1 % . (2:6)
c ) v oL R e

139



IIpu ®; = 0, T.e. MpH TBEPAOTEIHLHOM BPAIICHUH, 3aBUCUMOCTH (2.6) COOTBET-
cTByeT uHncy. A npu quddepeHnnanbHOM BpaieHnd o, # 0, U AUCK 3Be3/Ibl
npuodperaeT caokuyw Gopmy (Puc. 2.13).

Puc. 2.13. Uckaxenune BuanMoi (OpMBI 3BE3IHBIX IHCKOB
npu  TBepHoTeNbHOM (cresa) u  auddepenimaibaoM (cnpa-
6a) BpaimieHuy, Ha npumepe 38E3x B Jlupsr u o JXKeprBeHHHKA.

AHanorn4sele KoyieOaHus pazMepoB U (HOpM, HEOOBSCHUMBIC B paMKax
TEOPUH MyNbCANH, 3apErHCTPUPOBAHBI TEJICCKOIIAMU-UHTEP()EpOMETpaMH TaK-
xe y berenbreiize (o Opuona). B takT ¢ xonebanusiMu 61ecka ¢ nepuogom P =
6,4 Tona 9Ta 3Be37a MEHSCT CBOM pa3Mepsl M (OpMy, HO MHAYe, YEM B TEOPUH
mynscanuii. [Ipeanonararor, 4To 3Be3/1a HIMEeT HeNpaBHIbHYIO GopMy U TOBOpa-
YHMBaeTCs K 3eMJyIe y9acTKaMH, UMEIOLIMMH pa3Hble KOHTYPHI U sIpKOCTH. C TOUKH
3peHus Teopur Putia 3Ti KosebaHus spKoCcTh U GOPMBI MOTYT OBITH MHUMBIMH,
BBI3BAHHBIMH BapHaIMsIMU CKOPOCTH cBeTa C' OT ABMXKEHHsS 3BE3/1bl, 00a/1at0-
et cepudeckort GopMoii M OTHOPOTHOMN IPKOCTHIO. I3MepeHst CpeTHuX ua-
METPOB TaKHX 3BE3 MHTEp(EpOMETpaMu MOKA3bIBAIOT UX KOJICOAHHS B TaKT C
KoJIeOaHUsIMU OJIecKa, XOTsl NCTUHHBIE Pa3Mephl U CBETUMOCTH 3BE3]I, COITIACHO
teopun Putna, He Mensrores (Puc. 2.12). AHamoru4HO, OTKPBITOS B MEPHOI C
1993 mo 2009 r. cxxarne aucka berensreiize Ha 15 % ¢ u3menennem QGpopmsl
U3 Kpyra B 3JUIMIIC, P HEM3MEHHOU SIPKOCTH M CKOPOCTHU BPAILCHHUS 3BE3/IBI,
MHTEPIIPETHPYETCSI B TEOPUU PHTIA Kak onTHYecKasl WILTIO3HS — pacTsKeHUeE-
cKaTue n300pakeHHsI.

B oOmem cimydyae och BpalleHUs 3Be3/ibl HAKJIOHEHA K JIydy 3pEHUs, U
ncKaxeHue (hopMbI HOCUT OoJiee CIIOXKHBIA Xapakrep. Ecim o — yron HakinoHa
9KBaTOPHUAIBLHON TUIOCKOCTH 3BE3/IbI K JIydy 3pEHHs, TOTJa JiydeBasi CKOPOCTh
Ha IUpoTe @ 1 poarote O (cuntast O OT HEHTPAIBHOTO 1O JANUCKY 3BE3/bI MEPH-
JIMaHa) COCTaBUT U,= Rw-cosa-cos@-sind. Torna mpu MCKaKEHUH OKPY>KHOCTH
JICKA (11m0) 3BE3]IBI TOXKE IPUOOPETET POPMY AIUIHIICA, HO CTETICHb HCKKCHHUS
CHH3UTCSI IPOITOPIIMOHAIBHO COSQL.

D¢ dexT BhITArNBaHNS N300paKEHNUH 3BE3/ BIIOJIb TPACKTOPUI MX MOIE-
Ta, OT Pa3HUIBI CKOPOCTEH JIydel cBeTa 3Be3/1bl (3a CUET MUCIICPCHN), BIICPBbIC
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npeackazan O. Kommwm [83, c. 141]. Ha Gayumnctryeckuit 3¢ GektT n3MEeHeHUs BU-
JUMOW (OPMBI KPYTSILIEHCS 3BE3/IbI ITPpU €€ JIBM)KCHUH BIIEpBbIe 00paTHiI BHH-
Manue aBropa K.A. Xaiinmapos B 2006 r. (paHee aHAJIOTUYHBIH d3PPEKT aBTOP OT-
MeTui B padore [A21]). Ynomunanue 3¢ddekra ectb Takxke B padorax M.U. Jly-
mmiesa [227, c. 85].

VY nedenn oTKpbITa M Apyras aHOMaJMs: MHOTHE M3 HHX, BKitodas [lo-
JISIPHYIO0, OKPYKaeT Mpo3padHasi 000JI0YKa-KOKOH, MMEIOIIasi BUJ KOJIbIa pa3Me-
pom ~2-3 nuameTpoB 3Be31bl U ~5 % sipkoctu [228, 229]. [Ipupona u crabuiib-
HOCTh «KOKOHOB)» HENOHsiTHA. [10 OaJuIMCTHYeCKOH TEOpUH KOJBLIEBOW Cliel
MOT' OCTaBHUTh CIYTHHK Le(eH/Ibl, MOMYIUPYIONMHA Oieck 3Be3abl 10 ddek-
Ty Purna. Tlpu ckopoctu BpamieHus ®R > Pc?/2rsini u3obpakeHue CiryTHUKA
pacTsiHeTCsI B/IOJb BCE OpOUTHI, 00pa3ysl CBETSIIEEeCs KOJIBIO, HIUINIC BOKPYT
3Be3nsl (Puc. 2.14). JIns Ionsproii ekt BO3MOXKEH NP Pa3HOCTH BPEMEH
xoma T = 2roR/c? > P, rne P = 4 cyr — nepuoz oOpaiieHus rUIoTeTHIECKOTO
CIIyTHHKa, paBHBIN MIepHOay KojicOaHuii Oiecka. Paccrosinue r/c no [lonspHoii B
cBeToBBIX rofax — 430 siet, uto B 40000 pa3 6omnbuie P. T.e. Tpedyercs sxBaropu-
aJlbHast CKOpOCTh ciiyTHHKA ®R > ¢/(2r/cP) = 4 km/c. lnst cpaBHenus, y ConHua
9KBaTOpHalbHas CKopocTh ®R = 2 kmM/c, y o Dpunana oR ~ 240 km/c.

rnasHas @
ase3na

Puc. 2.14. «KoxoHB» BOKpYT medena, Kak pe3ylnbraT «pa3Mbl-
THUS» U300paKEHUH CITy THUKOB BIOJb OPOUTHI B KOJIBLIO (cnpasa).

Kosnbiia Habmronanuch Takxke y OOBIYHBIX 3BE3]] M FAJIAKTHK, TPHIEM (-
¢ext 6bLT penckaszan emE B 1970 . b. Yomecom [55], 3agonro 10 oOHapyxe-
HUSI CTPYKTYpP MHTepdepoMeTpaMu. B OTAENbHBIX Cirydasx acTPOHOMBI HHTEp-
MIPETUPYIOT TaKHE KOJIbIIA KaK MPOSIBICHHUE TPaBUTALMOHHBIX JIMH3. Kombna, kak
MIPaBUJIO, HE3aMKHYTHI 1 Hallle UMeIoT GopMy y3koro ceprna. Ecim cTpyKTypsl
00pa3oBaHbI «pa3Ma3aHHBIMY BJIOJIb OPOUTHI N300PAKCHUEM 3BE3/IbI-CITy THHKA,
uX BUA otpenesiercs kodhdurmentom pasmbitast D = T/P. M300paxenus 38E31
¢ GompmmM nepuosoM P ~ 1 roga 0ObIYHO HE MOTYT pacTSHYTHCS BIOJb BCei
OpOUTBL, ¥ BUIHEI B (pOpME CEpIIOB, IyT U OTACIbHBIX ITpuXoB (Puc. 2.15).
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T/P=0.05 T/P=0.05

Puc. 2.15. Tunsl pasMbITus 3Be3Abl B 3aBUCHUMOCTHU
or D = T/P: a) xoms1o, 6) cepm, 6) nyra, ¢) MITPHX, O)
myHKTHP (k03¢ ¢unuent wmymsrummukanua N = 9).

Caersiluecss yru CMEINAIOTCS B XOJ€E JBUXKEHUS 3BE3/IbI-CITyTHHKA I10
opbute, 1 MO0 OKPYXKalOT LEHTPAIbHYIO 3BE3[y, JIMOO NepeceKaroT e€ BH-
JUMBIH AKCK. Bo BTOpoM cityyae n3o0pakeHHE CO3AACT BIIEUATIICHHE, YTO U3
3BE3/IbI BEIXOAUT MPOTSHKEHHBIN CBETAIINNCS BBIOPOC, YIAISIOMIUICS OT 3BE3/IBI
i 00pa3ylomuii neTy, Tumna npotyoepanmes. [1omo0HpIe TPOTHKEHHBIE «BBHI-
OpOCHD», «IPKETBI» OTKPBITH METOITaMH MHTEPHEPOMETPHN Y PsAAa IEPEMEHHBIX
3BE37, BKitovas [lomspuyto, berensreiize, o Kura [230], UV Kura [211] u ap.
(Puc. 2.21). HekoTtopble KpyHHBIE «BBIOPOCHD» MOTYT OKa3aThCs HILTIO30PHBI-
MH, Pa3MBITBIMH H300paKEHUSIMH JICTAILIUX 110 OPOUTE CITyTHUKOB 3BE3/IbI, WIIN
ed APKUX y4acTKOB ¢ M30BITKOM ckopocTh [A23, A24]. I[TogoOHbIE BBITAHYTHIC
BZOJIb TPACKTOPHU MOJNETA CBETSIIMECS CTPYKTYPhI OOBIYHO MHTEPHPETHPYIOT
KaK ra30IbUICBBIC XBOCTBI, BRIOPOCHI 3BE3THOTO BETPa 1 MIICH (B MEK3BESAHOTO
rasa, CBeYCHHE KOTOPOTO BO3OY>KAaeT JIeTsmas 38e31a. B ommane ot peanbHbIX
IIBUIEBBIX JJUCKOB, HAOJIIOIAEMBIX y TaKHX 3BE3], Kak PomasbrayT, WIII030pHbIE
XBOCTBI M CBETSIIMECS JUCKH OTINYACT aHOMAJIBHOE MOBEJCHHUE: OHU BO3HUKA-
0T 1 Bcye3aroT, kKak y 3Be31bl TYC 8241-2652, 1BoATCS ¥ CIMBAIOTCS, MEHSIOT
SIpKOCTB | ciiekTp [211, A47].

B psane ciryyaeB «pa3MbITBIE» BIOIb OPOUT M300payKEHMUs KPaTHBIX 3BE3]T
B JIECSITKH Pa3 MPEBOCXOAST Pa3Mephl CaMUX 3BE3]l, UMEIOIINX BU/J| IPKUX MATEH
Ha TYCKJIBIX Pa3MBITHIX B (popMe KITyOKa TPaeKTOPHid TUCKOBHUIHBIX CTPYKTYpax,
KOTOpbIE U NPUHUMAIOT 3a «3BE3IbI-TUraHThl». Takol BUI umeeT berenbreiize
(o OproHa). DTO MPUBOIUT K 3aBBIIIICHUIO YIIIOBBIX Pa3MeEPOB 3BE3-TUTAHTOB,
MIEPEMEHHOCTh KOTOPBIX B paMKax 3((dekra Putia cBsi3ana ¢ IBIKCHNEM 3BE3N-
cryTHUKOB (§ 1.5). Pa3sMbIThIMH N300paskeHUSAMH 3BE3 MOTYT OKa3aThCs TaKKe
CBETSIIHMECS BOJIOKHA, 00pa3ylolye BOJIOKHUCTHIE TYMaHHOCTH, TUIAHETApHBIC
TYMaHHOCTH M OCTAaTKHU BCIIBIIIEK CBEPXHOBBIX (mrepuonvl) [A41]. Mexanusm
CBEUCHMS U CTAOMIIBHOCTH TAKHUX «Ta30BBIX BOJIOKOH» J0 CHX IOP HE BBIICHEH.
A B pamkax Teopuu PuTia BosokHa MOryT ObITh onTH4eckuM 3¢ dexrom. [Ipu-

142



4EéM y BOJIOKOH SMHCCHOHHBIN CIICKTP, B COIIACHHU C OAJUTMCTHUYCCKON TEOpUEH,
T.K. 3TOT CIIEKTpP 00pa3yroT MOTOKHU Ta3a, IBIKYIINECS C BEICOKUMH CKOPOCTSIMU
V, < 0, st KoTopbIX P dexT nepensnyyeHus NpaKTuIecku OTCYTCTBYET U I10-
TOMY JUIMHA S, BIIOJIb KOTOPOW Pa3MbIThl TAKME HCTOUHUKH, MAKCHMAJIbHA.

B ¢opme myr, mrpuxoB HabMIOMAIOTCA TaKXkKe 3BE3MBI, KBa3aphl, rajakx-
THKH, 00pa3yoInue BMECTO OIHOTO — psijl H300paxeHuit, Hanpumep PKS 0637-
752. YMHOXEHHE M300paKCHH, KaK MMPaBUJIO, HHTEPIPETUPYIOT IO THIIOTE3E
rpaBuTanMoHHbIX JUH3. [lo Teopum Putma 3Be3ny mMokHO HaOmomaTh B psae
TOYEK e€ OpOUTBI, €CIIM CBET, M3IY4YEHHBIH B pa3Hble MOMEHTBI C Pa3HOW CKO-
POCTBIO, MPUXOAUT K 3emiie CHHXPOHHO. Toraa uncio n300pakeHnii 3a1aHo KO-
s¢dunmenToM MynbTUIIHKAAE N, KOTOPBIH T KpyroBoi opoutsr ¢ i = 90°
U OpOHUTANBHON CKOPOCTHIO V COCTaBIISIET MPU OOJIBILIOM YHUCIE N300paKEHUN
senmmunHy N ~ [4Vr/Pc?] (kBamparHbie CKOOKH BRIIEISIOT IIENyt0 YacTh) [A41], a
tounee N ~ [4Vr/Pc? + 1] £ 1, rie » — paccTosiHue 10 ABOiHOM cucTeMsl, V u P —
opbuTanbHbie CKOpOCTh U niepuoa. C yuérom BpareHus 383161 3QHeKT BeasT K
Pa3MBITHIO TOUSYHBIX U300PaKEHUH B yTH, IITPUXH, BHITIHYThIE BIOJIb OPOUTHI
(Puc. 2.15.0). Taxoii Bun nmeet oowvekt 0024+1654 (Puc. 2.16).

ILPfF | 3emns
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Puc. 2.16. Mexanusm ymHOxkeHUs yncia u3odpaxkennit (N = 3)
B kinacrepe 0024+1654 3a cu€T UCKaXEeHUs U HEOJHO3HAYHOCTH
KpHUBOH JTyueBBIX ckopocteil V, (1), BBUIYy HepaBeHCTBa CKOPO-
CTell CBeTA ¢, C;, €3, M3IYYaEMOT0 3BE3101 B MOJOKEeHUsX 1, 2, 3.

AHAJIOTHYHO MOXHO OOBSCHHUTH OTKPHITOE B TyMaHHOCTH AHApomensl (M31)
KOJIBLIO M3 COTEH OIMHAKOBBIX KPACHBIX 3BE3/, @ BHYTPH HETO — MEHBIIIEE KOJIBIIO
13 CHHUX 3BE37. B pamkax OayuimcTH4eckoil TEOpHuu KoJblida MOTYT (OPMHPO-
BaTh JIBE 3BE3/bI (MM J[BA IIAPOBBIX CKOIUICHMS) — PAHHETO U IO3JHETO CIEK-
TPaJbHBIX KJIACCOB, OOpamaronyecs Bosie neHTpa mMacc O 1Mo >IN THYECKUM
opb6uram (Puc. 2.17). 3a c4éT pa3HHUIBI CKOPOCTEH 3BE3T HAOTIOMAFOTCS THICSIH
n300pakeHnH 3BE3], paciipesenEéHHbIX BIoIb opOuT. Ecim opOuTanbHbli iepu-
oxt mpeobpasyetes mo spdekry Puria P' = (1 + ra,/c?)P, Bapuarmu y4eBoro
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YCKOPEHHUSI &, CUCTEMbI TIPUBOJIST K M3MEHEHHIO YUCIIa JOTOIHUTEIBHBIX H30-
Opaxenuit mo 3akony N’ = [4rV/c?P(1 + ra,/c?)] + 1, tne P' — nabmromaeMbiit
OpOUTATBHBIN TIEPUOJ CHCTEMBI, Kak TOKa3aHo aBTopoM [A41]. IMeHHO Takoii
3¢ GeKT HAOIFOAANICS MOCIIe BCIBIIKH cBepxHOBOM SN 1987A, ocTaTok KOTOpOi
TIPE/ICTABISIET COOOH CHCTEMY KoJiell, TPUYEM Ha IIEHTPaJIbHOM HaOIF0AaICs Psijt
APKUX TOUEK, uuciio N KOTOphIX O BpeMeHeM MeHsnoch [A41].

Puc. 2.17. BpameHue ABOHHOH 3Be3bl WM ABYX Ila-
POBBIX CKOIUIEHHMH oOpa3yeT 1Ba Koiblla M3 H300pa-
JKeHUI 3BE31, BBICTPOCHHBIX BHOIb OPOHUT (6HU3Y).

VY ranakTvk, BBUIY MeHbIICH d(QPEKTUBHOCTH TepensiaydeHus (0o0ib-
e JAJWHBI YKCTUHKIIMM B MEXKTaJTaKTMUECKOM Ta3e), YMHOXKEHHE M300pake-
Huil Habmonate mporie. [1. beprman mpenckasan u3 OAUIUCTHUCCKON TECOPHU
JIOTIOJTHUTENbHBIE N300paKeHUS-MUPAKU U CUUTAN UX OTCYTCTBHE apTyMEHTOM
nportus Teopun Purna [231]. A xorma KpaTHble n300paxkeHHs: OTKpbUK B 1979
I. y KkBa3aposB [42, c. 84], uX HHTEepNPETHPOBAIN KaK MOATBEPKICHUE TEOPUH OT-
HOCHUTEJIBHOCTH 1 d(dexTa rpaBUTAIIMOHHBIX JIMH3, HECMOTPS Ha PsiJ] IPOTHBO-
peunit (4ucio, CTpykTypa u3odpaxenuii). Tak, y mepBoro OTKpeITOrO ABOHHOTO
kBazapa QSO 0957+561 nzobpaxenus BLITIHYTHI BIob dmunca (Puc. 2.18).

Puc. 2.18. YMHoxeHue uncia nzo0paxenuil y kazapa QSO 0957+561, netsmero
TI0 TIPEAToIaraeMol opouTe (nyHKmup) BOKPYT LHEHTPaIbHOH rajgakTuku [AS0].

ITockosbKy B TEOPHH TPABUTAIIMOHHBIX JIH3 TaKasi CTPYKTYpa H300paxe-
HUI HEBO3MOXKHA, JIMIIHUE (IIPOTUBOPEYAIIIE TCOPUH ) N300PAKCHHUST HHTEPIIpe-
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THPYIOT KaK BBIOPOCHI I'aJIAKTHK — UX JPKETHI, XOTSI OHU HEOTIIMYMMBI OT APYTUX
n3o0pakenuit. HesamMkHyTOE MBIIKEHHE IPYIIT I'AJAKTHK IIPUBEIET, IPH Pa3HOM
3ana3/bIBAHNK U300paKEHUH OT TAIAKTHUK C Pa3HOM JIy4eBOM CKOPOCTBHIO (WMiIH
TIPY YMHOXKEHUH H300paKeHHH ) — K 00Pa30BaHHIO «IETIOYEK) TAIAKTUK: HMEHHO
takoil Bug umeroT VV 172 u NGC 1490 [168]. [TogoOHbIe 1emoYKH 00pa3yroT
MHOTJA U 3BE3IbI, M300pakeHHs KOTOPBIX CBSI3aHbI BOJOKHamH [126]. 1x Toxke
MOKHO MHTEPIIPETHPOBATH KaK Pe3yJIbTaT YMHOXKEHHUS 3BE3AHBIX N300paKeHUH 1
Pa3MBITHS BIIOJIb TPAEKTOPHIA. XapaKTepHbI KPaTHbIC N300pasKeHUS U JUIsl OOBEK-
ToB ['epOura-Apo, e YUCio CryIIEeHHH U UX SIPKOCTU |' OBICTPO MEHSIIOTCSI, 4TO
€CTECTBEHHO MHTEPIIPETHPOBATH M0 PUTI-(P(PEKTy, TaK KE KaKk CBEPXOBICTPOE
JBIDKEHHE M300pakeHHH, 0COOCHHO NPH TIOSIBJICHHH HOBBIX M300paXeHUH WMin
IIPU MX CIUSIHUM W MCUE3HOBEHHUHM (IIPU IEPEeCceYeHUH BPEMEHHBIM ceueHHeM f;
TeTesib Ha KPUBOH JIydeBbIX ckopocTeld [A21]). B 9Tu MOMEHTHI yCKOpeHue J10-
CTHIraeT KPUTUYESCKOU BEJIMIUHBI @, = -C%/I, yOBICTPSIst BUAUMBIC JABHIKEHUSI JTOTION-
HUTEJIBHBIX U300paXKeHHI, KOTOPBIE HHTEPIIPETHPYIOT KaK BBIOPOCHI, JOKETHI. 13-
MepeHHas TPaHCBEpCallbHast CKOPOCTh «BbiOpocosy V' = V. dt/dt' =V, /(1 + ra,/c?)
IIPU KPUTHYECKOM @, OECKOHEYHO HapacTaeT 10 CPaBHEHUIO C UCTHHHOW TpaHC-
BepcallbHOM CKOpoCThio V,. JleiicTBUTENBHO, Y KBa3apoB 0OHAPYKEHBI «BBIOPO-
cbI» co ckopoctsiMu V' >> ¢ [105, c. 85], koTopble 10 6aTMCTHYECKOI Teopru (He
OTpULIAIOIIEH CBEPXCBETOBBIX JBMKEHUH Yy yacTull, § 4.8) ABIAIOTCS KPaTHBIMU
N300paKeHUSIMU, CKOPOCTh KOTOPBIX yBelIn4eHa pUTH-3(QdexToM. 3aBbiieHue V'
CBSI3aHO M C 3aBBIIICHHBIM PacCTOSIHHEM KBazapos (§ 1.2).

IIIHEI.J-:

Puc. 2.19. IIpumepst <<rpaBHTauMOHﬁLIX uH3»  (68epxy)
W CTPYKTypa paclpefeleHus JTy4eBhIX CKOpOCTeil B 3aBu-
CUMOCTH OT cMemieHuss AX (6nu3y) Ha mpUMEpe TalaKTH-
yeckoro kiacrepa Diton 2218 m MACS J2135-0102 [232].

CBsI3b UCKaKCHHS H300paKeHIH 0OBEKTOB M Pa3HUIIBI CKOPOCTEH cBETa
OT Pa3HBIX HX YYaCTKOB IOATBEPIKIACTCS CIIEKTPaIbHBIM aHamu3oM. OOHapy-
JKCHO, YTO CICKTPANbHBIC JTHHAU MPOTUBOIIOIOKHBIX YIACTKOB U300paKCHUH,
HanpuMmep y oosekta MACS J2135-0102 [232], o6mamaioT cCHCTEMaTHIeCKIM
KpacHBIM U cuHUAM cMmemeHusMy (Puc. 2.19). JlelicTBUTENBHO, IO OayuTHCTHYe-
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CKOHM TeOpHH M300pakeHHE OT yYaCTKOB TaJIaKTHKH, IBIKYIINXCS B HAINlpaBie-
HUU 3eMJIH (cunee cmewjenue), CMEIIEHO BIIEPE B HAITPABICHUU JIBIKEHUS (110
OTHOIICHUIO K OCHOBHOMY H300paKeHHIO). A yU4aCTKU C HAUBBICIIEH CKOPOCTHIO
yhanenus (kpacnoe cmeujeHue) OTCTaloT OT OCHOBHOTO U300paKeHUs, U CMelIle-
HHEe AX OT LIEHTpa MPOMOPLUOHATIBHO JTy4eBOil ckopoctu V.. [leficTBUTENbHO,
HaOmonaemast 3aBucumoctsb AX(V,) B unrepane —30 <V, < +30 km/c (Puc.2.19)
Omm3ka K auHelHol [232]. HennHelHOCTB CBsI3aHa ¢ ieper3iydeHueM B o0akax
OKPY’KalOIIero raJlakTHKA MEX3BE3JHOTO ra3a, 0COOCHHO JJIsl y4aCTKOB Tajak-
THK, B KOTOPBIX JIy4eBbI€ CKOPOCTH CPAaBHHUTEIBHO Majibl. COOTBETCTBEHHO ISl
9THX yuyacTkoB rpaduk AX(V,) nmeer OONBIIYIO KPYTH3HY, HO CTAHOBHUTCS OoJiee
MOJIOTMM TPH YBEIWYEHUH MOIyJIs Ty4eBoil ckopoctu (Puc. 2.19). U3mepenHoe
pacripeziesieHue JIy4eBbIX CKOPOCTEH M0 H300paXKEHHIO 00BEKTOB MO3BOJIHT BOC-
CTAHOBUTH UCTUHHBIN BUJ T'aJIaKTHUK WJIN KBa3apoB.

B pamkax OammncTrueckod Teopuu u d((deKTa pasMbITHS TOIyYacT
€CTECTBCHHYIO MHTEPIIPETALNIO U JIBOWHAs CTPYKTypa pajuo-u300paxeHuid y
KBa3apoB U paauoranaktuk [A24, 128, c. 52]. HapaBHe ¢ IEHTPaJIbHBIM SPKUM
ONITUYCCKUM U paIn0-KOMIIOHEHTOM, Y HUX Ha6J'IIO}IaIOTCH OOKOBEIE CUMMCTpPUY-
HO PacHoJIOKEHHbIE PaJMOn3ITydarolie oonacTu (yusu), KOTOpble €CTECTBEHHO
COTOCTaBHUTh «OTCTAIOIIEMY» U «OIepexaronieMy» (BI0JIb BEKTOpa CKOPOCTH
COOCTBEHHOTO ABIKEHHS V) M300paKEHUIO TaJaKTUKH, KaK BIIEPBBIC OTMeye-
HO aBTOpoM [A24, A40, A15, c. 245]. McTouHUKOM cityKat b0 3BE3/IbL, MO0
ANIEKTPOHBI, KPYTSIINECS B MATHUTHOM TOJIE 3BE3]] CO CKOPOCTSAMH U ~ C U HU3-
JIy4qarolmue paguoBOIHBI IO CUHXPOTPOHHOMY MEXaHM3My B paMKaX MOZICIH
B.JI. Tunz0ypra. D1eKTpoHBI CO CKOPOCTHIO, HampaBieHHOH k 3emiie (V, = -v),
U3JTyyast CBET CO CKOPOCTHIO C + v, popMHPYIOT olepeskaroliiee H300pakeHue, a
co ckopocThio 0T 3emin (V, = v), U3jydasi CBET CO CKOPOCThIO C — U, (hopMupy-
10T oTcratoiiee u3oopaxenue (Puc. 2.20). [TonqoOHbIC «OMEPEKAIOINE» U «OT-
cTaromue» u3oodpaxenus odHapyxeHbl H.A. Ko3bsIpeBbIM Takke y OTACIBHBIX
3B&31 B MK-nuanasone npu perucrpamuu 6onomerpom [233, A40]. B UK- u
paanoauana3oHe, st KOTOPbIX UTMHA BOJIHBI A OOJIbINE, YeM Y BUIUMOTO CBETA,
“300paXKeHusI Mpoiie 00HAPYKUTh, BBUY MaJlOTO MOTIONIECHUSI.

B ciydae, ecin v ~ ¢ (y pelITUBHCTCKHX DJIEKTPOHOB, C OpOUTAMH, Ha-
KJIOHEHHBIMH Ha YTOJI 0L K JIydy 3pEHHs), CHMMETPHS ONIEPEIKAIOIIETo U OTCTalo-
IeT0 N300paKeHUH HapymaeTcs. JleHCTBUTEIBHO, H3TyUYCHHE OT COMMKAFOIIHX-
Cs1 2JIEKTPOHOB JIOCTUTAET 3eMJIH paHbliie Ha Bpems At, = I/C — r/(C + vcosal), uem
CBET CaMOM TaJlaKTUKU. A W3JIy4YeHHEe OTIAJSIFOIIMXCS SIEKTPOHOB — TO3KE Ha
Bpems At, = r/(C — vcosa) — r/C. COOTBETCTBEHHO, OIIEPEKAIOIICE U300PAKCHHE
PErUCTPUPYIOT Ha YIIIOBOM paccTosiuuu 0, = At;V,/r Biepean neHTpaibHoro (1o
xomy V IBWKCHUS TaJaKTHUKH), a OTCTaromee — oTcTalT Ha yroi 0, = AtV,/r ot
teHTpasbHoro. [Ipu v << € 31u ymisl 0; = 0,, a ipu v ~ € yxe 0; < 0,.
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Jetv
c-1 ranaxkTtuka,
_ [2 LieHTpanbLHoe apo
Sorcraiowee paguonzoGpaxeHme
Puc. 2.20. Cxema ¢opMupoBaHust JABOWHBIX pa-
TUOM300paKeHUH y  paJWoTallaKTUK ¥ KBa3apoB.

TPaEeKTOpPUA
ranaxkTuku

2

W3 3101 pa3HUIIBI 10 K3MEPEHHOMY CMEIICHUIO JIETKO OIPEICITUTh HATIPAB-
JICHUE U BEJIMYMHY TPAHCBEPCAIBbHON CKOPOCTH rajaktuku V, =2¢0,0,/(0,—6,), a
TaK)Ke BEJIMYUHY JIy4EeBOH CKOPOCTH MIEKTPOHOB Ucosa = c(0,—0,)/(0,+6,). Y ome-
PEKAOLIEr0 U300PAKEHHs, OT MPUOIKAIOUINXCSI YIEKTPOHOB, HHTEHCUBHOCTD
I, =~ 1(1 + veosa/c)’ = 1,46,%(0,+ 0,)? OyneT BbIlIe HHTEHCHBHOCTH OTCTAFOIIIETO
m3o6pakenus |, = lo(1 — vcosa/c)* = 1,40,%/(0,+ 0,)% JleHcTBUTENBHO, €CITH DIIEK-
TPOH B CBOCH CHCTeME OTCUETa M3JIy4all B HAIPABICHHH CKOPOCTH V B Mpeeax
tenecHoro yrima dQ = ds/(ct)? moruocts dW = |,dQr?, Torma npu 106aBIeHHH CKO-
POCTH V 3JIEKTPOHA K CKOPOCTH CBETA €, BEKTOP CKOPOCTH CBETA CTaHET C' =C + Vv,
1 Ta )K€ MOIHOCTD IIOCTYIIaeT B MeHbLmiA yron dQ, =~ ds/c'?t?~ ~ ds/(c + v)’t2 Or-
Crofia MHTEHCUBHOCTSH cBeta | = dW/dQ,r2~ 1,dQ/dQ, = lo(1+ v/C)?, win, ¢ yuérom
JIBHKEHUS TI0M yritoM o, |, = lo(1 + veosa/C)2. Paccykmas Tak e, HO MEHsIsI 3HaK
nepest v, moryyuM Beipaxkerne Ui |,. B urore momyuanm |,/1; = (0,/0,)%. JleiicTeu-
TEJILHO, 110 HAOIOICHUSIM Y PaIHOTAIAKTHK, KBa3apoB 1 N-ranaktuk 0; # 0,, npu-
4éM sipue BCer/ia M300paXkeHne, COOTBETCTBYOIIEE MEHbIEMY Yty 0, U B TOM ke
npomnopimi |,/1; = (0,/0,)%, cm. Tabnuiy 2.1 [128, c. 56]. Kak BuaHO, pe3ynbTarst
coBnajatot B npenenax 30-50 %: pacxoxkaeHue CBsI3aHO C HETOUHBIM U3MEPEHU-
em 0, u 0, (BBUILy TUCIIEPCHU CKOPOCTEH M, COOTBETCTBEHHO, Pa3MBITOCTU U30-
OpakeHUst) 1 HETOYHOCTBIO (opmyJibl Jutst yria d€);. TouHoe 3HaueHHE COCTABUT

dQ,=ds(c+ veosa)/c'*t2 CooTBETCTBEHHO, HAXOIMM TOYHOE OTHOIICHHE IPKOCTEH
, 3/2

{ y
I}, c-vcosa (c?+v?+2cvcosa ‘

I, c+vcosa | ¢2 +v2 —2cvcosa )
KOTOPOE MO3BOJISIET COIIACOBATh TEOPHUIO M JKCIepuMmeHT (tabmuia 2.1), a 1o
sradeHusM |,/1; u vcosa = ¢(0,— 0,)/(0,+ 0;) HalTH CKOPOCTH U U YOI QL

| 40, -16,) 1. = 0,-6, ¢_96,-6 fl |_4(6,-né,)

_C\'I(eszei}{ﬂ—l) l u_e:+81 v _82+81/'I V(6 +8,)(n-1)

raen = (|192/|261)2/3.
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3HaueHus (cM. Tabnuiry 2.1) onpeensoTes ¢ HOrPEIIHOCTEIO, T.K. DJICK-
TPOH U3JTyYaeT K HAOIFOIATEII0 HE TOJBKO MPH JBUKCHUU TIOJ YIJIOM O, K JIy4dy
3pEHMSI, HO U M3 COCEIHMX TOYeK. Takum o0pas3om, 3amepsl yrioB 0y, 0, u 1,/1;
MTO3BOJISIFOT YCTAHOBUTH HATIPABJICHUS U BEIMYUHBI CKOPOCTEH V U U rajlaKTHKH:
CKOPOCTh V, HalpaBIicHa BIIOJIb JIMHUH, COCAMHSIONICH H300paKEeHUs, B CTOPOHY
Oosiee OJIM3KOTO KOMITOHEHTA, OTCTOsANIero Ha yroi 0;. [To xapakTepHbIM CKOpO-
ctam ranaktuk Vi~ 10° kM/C 1 3BE31 WK 371€KTPOHOB B HHUX vcoso ~ 10°..10%
KM/Cc OaJuTMCTHYecKas TEOpHUsl MPEICKa3bIBACT XapaKTePHBIC YIVIOBBIC pa3Me-
PBI KBa3apoB ¥ pajguoraiaktuk 0, + 0,~ 2Vivcosa/c*= 5" — 50", Ginuskue K u3-
MepeHHbIM [128]. Tlo pacuérHpiM BenmumHaM V,, UCOSOL U MO M3MEPCHHOW W3
noruiep-3¢dexra 3aBUCUMOCTH Uy(X, Y), C TIOMOIIBIO MPOCTOH KOMITBIOTEPHOM
MIPOrpaMMbI MOYKHO BOCCTAHOBUTh UCTHHHOE (HEUCKAXKEHHOE) paInon300paske-
HUE TaJaKTUKU, COOTBETCTBCHHO CMECTHB OT/CIBHBIC TOYKH H300paKECHUS Ha
yrist 0;(v;) 1 0,(v;) 1 nponopunonansHo (0,/0,)? CKOpPEKTUPOBAB MX SIPKOCTH.

Hcrounnk 3C33 3C47 3C 109 3C 390.3
THUIT panuoraiakTika| ksazap |N-ramaktuka|N-rajakTuka
z 0,06 0,425 0,306 0,056
0y, cex. myru (") 109 24 37,5 101
0,, cex. myru (") 135 38 44 167
l;, 1072 Br/M*/T'1y 9,7 2,4 2,3 7,8
I, 1072 Br/mM¥/T'x 3.3 1,3 1,9 3,0
(/1) 2,94 1,84 1,21 2,6
(11/12)1e0p=(6:/0,)* 1,53 2,5 1,37 2,73
(Ur)reap=1C0OSQL, KM/C 32000 67700 24000 73800
Ureop» KM/C — 168600 182300 90650
o, Tpaxycsl ayru (°) - 66,3 82,5 35,4
Vreops KM/C 1645 189 738 743
Tabmnma 2.1.

D ek «pa3mbITH N300paKECHUH 3BE3 OOBACHICT U TYMAaHHOCTH BO-
KPYT IYJIbCapOB, IJe XOPOIIO PA3INYUMbI BOJIOKHA M [DKETBI — CTPYH CBETSILE-
rocs rasa, sIKoObl HCIYIIEHHOTO MyJbcapaMu. C TOYKH 3peHUs OaTTHCTHICCKON
TEOPHH «BOJIOKHA» MOTYT OBITH Pa3MBITBIMH BIOJb TPACKTOPHI M300paKeHUsI-
MU 3BE31 [A23, A24, Adl, A47], opMupyrOmUMH IpKUK KITyOOK TPacKTOPHIi.
DTH pa3MbIThIC U300pakeHHUs 3BE3] MMCIOT BUJI JXKETOB, OOHAPYKEHHBIX B BH-
aumoM, VK- M peHTreHOBCKOM JIHana3oHax, HampuMmep y o0bekra CKOpHHOH
X-1. B pamkax Teopuu PuTna 3TH JUKETHI M UX THTAHTCKAask CKOPOCTh MOTYT OBITh
WIUTIO3UEH, BBI3BAHHO «Pa3MBITHEM» 3BE3]] BIOJb TPACKTOPHH MOJIETA.
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UV Kuta 0 Kuta 6 OpuoHa

Puc.2.21.Cxemapa3MbITUs3BE3ABIOABTPACKTOPUIIIONETA
KaK MeXaHI3M (D OPMHUPOBAHUS BUIUMBIX BOJIOKHHCTBIX TY-
MaHHOCTEH, XBOCTOB, JUKETOB, CBETSIIIIXCS TUCKOB y 3BE3]I.

B Kaccuomnee A BojIOKHa BO3HMKAIOT U3 ITyCTOTHI, JBOSITCS M MCUE3AIOT
[211]. DTO OKA3BIBACT, YTO JYTH, JXKETHI M «XBOCTBI» 3BE3]I IPEICTABIAIOT CO-
0011 onTHYECKUE MIUTIO3UH: BOSHUKHOBEHHE, NCUE3HOBEHHE KPATHBIX 3BE3HBIX
n300pakeHUH JaBHO MpesackazaHo Teopuer Putia [231, A21]. B coBpeMeHHBIX
Teopuil IMyJIbCapoB HE yAAETCS OOBACHUTH TAKKE IPHUPOLY CBETALIErOCs TOpa
13 TeIsl, OOSICHIBAIOLIETO ITysibcap B KpaOoBUIHON TyMaHHOCTH, M KOJIBIIA BO-
Kpyr npyrux mynascapoB (Puc. 2.22). C Toukn 3peHns: 6auTMCTHUECKOH Teopun
TOP MOJKET OKa3aThCs HE KOJIBLIOM T'a3a, a «TpeKaMM» TelIMeBBIX 3BE3] Ki1acca B,
BPAIIAIOIINXCS BO3JIE ITyJIbCapa U 00pa3yIoNX Pa3MbIThIE BIOIb KPYTOBBIX Op-
OUT MpO3payvHbIe CJIE/BI C SMUCCHOHHBIM CIIEKTPOM reiust. Mizo0paxenus 3BE37,
pa3MbIThIE ¥ Pa3MHOXEHHBIE BJIOJIb KPYTOBBIX OPOUT, B TAKOM CIIy4ae U JJOJIKHBI
¢dopmuposars Top [A41, A47].

3Besfa-nynscap

Mynbcap B Tenbue Mynbcap 8 Mapycax

Puc. 2.22. Cxema o00pa3oBaHHA JDKETOB, XBOCTOB, KO-
Jen M TYMaHHOCTEH y TMylIbCapoB M HUX [PUMEPBL

IMockoNbKy UTHHA Pa3MbITOTO H300paxenus S = 2rV,wR/c? mponopumo-
HaJIbHA CKOPOCTH V, 3BE3/IbI, MOJTyYacT CCTECTBEHHOE O0BICHEHUE TOT (PAKT, UTO
ITyJTbCapHI ¢ OBICTPBIM COOCTBEHHBIM ABIKeHHEM V,, ckaxkeM IGR J11014-6103,
OCTAaBJISIOT JITUHHBIC cBeTsIecs nuieidsul (Puc. 2.22), «KeTsl», BEITIHYTHIC
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BIOJIb TpaekTopuu nonéra [A24, A47]. Spkue npumepsl — mynbcap B [lapycax
(Vela), I'emunra, PSR J0535+2200. DT CTPYKTyphl B paMKax IyJIbCAPHBIX Te-
opuil OOBSICHSUIN MCKIIIOYUTENIFHO B PaMKax I'MIOTE3bl O COBIIAJCHUH BEKTOpa
cKopocTH V IylbCcapoB C OCbIO UX BPAIEHUS, BIOIb KOTOPOH BBICTPEINBAIOT-
cst JokeTel. Ho Takoil mosiér mynbcapoB BOJAb OCH BpAILEHHsI MAJIOBEPOSTEH U
MIPOTUBOPEUUT PACUETHOMY HaIpaBiIeHUIO ux oceil [211]. JIeTbl, BBITAHYThIE
BJI0JIb BEKTOPA CKOPOCTH V MyJIbCApOB, YaCTO UMEIOT BHUJI CHHYCOUI, CIHpaJIeH,
HarpuMmep, y nyiabcapa [lapycoB u [eMuHru. 910 MOXET OBITH CBSI3aHO C JIBH-
JKEHHEM 3Be3/Ibl 110 BOJIHUCTOH Tpaekropuu (Puc. 2.22), 3a cuét Bo3my1eHus eé
TPAEKTOPUH TATOTeHHEM CIIyTHUKOB [A41, A47]. I1o Toii e mpUUnuHE «XBOCTBI»
MTyIbCAPOB OTKJIOHSIOTCS Ha HECKOJIBKO IPaLyCOB OT TPACKTOPUU MOJETA, @ UHO-
IJja PErUCTPUPYIOT U BTOPOH «XBOCT», BBIXOASAIIMH MOA yIJIOM K NE€PBOMY, Ha-
npumep y oobekra IGR J11014-6103. Bropoii [keT MOXeT OBbITh pe3ysIbTaToM
pa3MbITUSI U300paskeHus Oosiee JIETKOTo CIyTHHUKA. SIpKue IMSTHA B JPKETaX MO-
T'yT OBITh N300pKEHUSIMH 3BE3/1bI, PA3MHOKEHHBIMH BJI0JIb TPAEKTOPHUH MOJETA.
OOBIYHO JUIsi OOBSICHEHHSI ATUX AaHOMAJIHMH BBOIST BCE Oojiee CIIOKHBIE HOBBIE
THIIOTE3Bl, [10JIaras, 4To MyJbcap BEIOpachiBaeT ra3 crycrkamMu. Ho atu rumnore-
3b1 HE OOBSICHSIIOT MTPOTSHKEHHBIE PEHTICHOBCKHE XBOCTHI IylbcapoB Tuna PSR
J0357, y xoroporo mno paHHbIM opOHTanbHON oOcepBaropun «Depmm» XBOCT
HMeeT JJIMHY 4 CBETOBBIX I'0Jla U M3JIy4aeT CTOJIBKO )K€ DHEPIHH, CKOJIBKO CaM
mynbcap. Teopust Putia oObsiCHSIET «XBOCTBI) IyJIECApOB KaK Pa3sMbITOE H30-
Opakenue 3Be3/1bl. OTCIO1a TUTAHTCKAsi CBETUMOCTB «XBOCTa» — IOPSIIKA CBETH-
MOCTH camoii 3Be3/1bl [A47].

TyMaHHOCTH-TUIEPUOHBI Ha MECTE BCIIBIILIEK CBEPXHOBBIX, COIVIACHO Oall-
JIMCTUYECKOW TEOPHH, TOXKE IIPEJCTABISIOT COO0H HM300pa)KeHHs ITyJIbCapoB,
«pa3MbIThIE)» BAOJb TpaekTopuil. [103TOMy TyMaHHOCTH, Kak NpPaBUJIO, BBITS-
HYTBI BJIOJIb BeKTOpa cKopoctd V mysbcapa, B ToM uuciie y KpaboBuaHol Ty-
MaHHOCTH. DTO CBHUJETEIbCTBYET, YTO MHTEHCUBHO H3JIy4arolllue IUICPUOHBI C
CUMMETPHYHOH CTPYKTYpOii, 00pa30BaHHBIE HA MECTE BCIIBILIEK CBEPXHOBBIX 1
THUIIA,— WITK30PHBI, TaK XKe KaK B3pbIBbI 3THX 3BE31 (§ 1.5). OmHako TyMaHHO-
CTH CBEPXHOBBIX THIA la, MMeromme Bua cdepbl, 3al0JHEHHON Kiy0aMu rasa,
pealibHbI, TIPEJICTaBIIsIs COOOM Clie/Ibl pealIbHOTO B3pbIBa 3BE3/ [A44].

B mmaneTapHbpIx TymMmaHHOCTSIX 9 ekT Putna He cTonb cuiéH, Kak B 1ie-
puoHax. IToaTomy neHTpanbHas 3Be3/1a U TYMAHHOCTb U3JIy4atoT B OCHOBHOM B
ONTHYECKOM Juamna3zoHe. i1 COBPEMEHHBIX TEOPUH TPYIHOCTh MPEACTaBISIET
MIPUPOAA ONTUYECKOTO CBEUEHUS IUIAHETAPHBIX TYMAaHHOCTEH M BCEBOJIHOBOI'O
H3Iy4YeHUsl TyMaHHOCTeH-1IepuoHoB. [lpeanonaranoce, 4To €ro NoAAepKUBaeT
LIEHTpaJbHAas 3B€3/1a, N3Iy4arolasi CBeT U MOTOKH SHEPTUUHBIX JIEKTPOHOB, YTO
03HayaJI0 ObI THTAHTCKYIO MOIIHOCTb W3JTy4eHHs 3Be31bl. [Ipn aTOM y psina mie-
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puoHOB, ckaxeM y [letnu JleGens, neHrpanbHas 3Be3/1a BooOIe He 0OHapyxe-
Ha. C Touky 3peHust Teopun PuTiia Takue cBoiicTBa TYMaHHOCTEH €CTECTBEHHBI,
€CIIU T€ NPEJICTABISIIOT COO0M pe3ybTar pasMbITHS U PACCESTHUS CBETa MHOTHX
3BE3]], U3JIyYCHUE KOTOPBIX YCHWIICHO PUTH-3PPEKTOM. DTO 0OBSACHSIET, HOUYEMY
IIpU 4acTOTe BCIbIIIeKk cBepXHOBBIX 11 Tuma — pa3 B 50—-100 set, TyMaHHOCTEH-
mieproHoB B ['anaxruke kpaiine mazo [175, 210]. ITockonabky B paMKax TEOpHU
Putna Benbimky SN 1T — nnimo30pHs! (B 0IMYKE OT TEOPUH, 11O KOTOPOI BCTIBIII-
kxu SN II — 3T0 B3pBIBHI, CO cleaMu B BUJEe TyMaHHOCTEH U mynbscapos [211]),
IUIEPUOHBI 00Pa30BaHbl PA3MBITHIMH M300paKEHUSIMH 3BE3/I-CITyTHUKOB BOKPYT
LIEHTPaIbHOU IpKOi 3Be3/bl. T.K. 3BE3/IbI-CITlyTHUKH €CTh HE y BCEX PYNTHUBHBIX
3B€371, OonbIIMHCTBO Benbiiek SN 11 ocTaBiIsIoT 1mocie BCHbBIIIKY OJJMHOYHBIC
mysbcapsl 0e3 TymaHHoctel. JleificTBuTenbHO, HAOM0aeMoe YUCIIO IyJIbCapoB
HaMHOT0 JIy4Ille COOTHOCUTCS C 0XKHJIaeMbIM YHCIIOM OocTaTkoB Bemblmek SN II.
JBmwxenue Kk 3emiie ¢ WIUIIO30PHO BBICOKOW CKOpOCTBIO V' 3BE3THBIX
CKOIUICHUH, (POPMUPYIOLINX TYMaHHOCTH-IIJIEPHOHBI, OOBSCHSIET U OBICTPOE MX
«pacmmpenue». Poct yrioBoro pasmepa o = p/f ruiepuoHa BbI3BaH HE POCTOM
panuyca p, a cHikenueM aucranuumu I (Puc. 2.23). Poct yrmiooro pasmepa
da/dt =\'p/r?, 2.7)
Kak IpaBUJIo, OOBSCHSIOT PaCIIMPEHNEM TYMaHHOCTH (II0CJIe B3pbIBa) C TPaHC-
BEPCaAIbHON CKOPOCTHIO 00OIOUKH
V,=rda/dt = \V'p/r. (2.8)
Ecnu putn-addexr HapammBaeT peructpupyemyro ckopocts V' = Vg B MUILIIHO-
uel pas (g ~ 10°), o cpaBuenuio ¢ uctuuaon V ~ 10 xm/c (§ 2.1), Torna npu
o = p/r ~ 0,001 pan, Tunuarom st tymanHocteil B Tenbiie u Kaccuonee, Haii-
ném V,~ 10000 km/c — TUTAHTCKHE MHUMBIE CKOPOCTH «PaCIIMPEHUs», KOTOPbIe
nopsizika m3MepeHHbIx [210]. Teopust o0bsicHsieT 1 pocT V,, X0Ts pu 00pa3oBa-
HUM TYMaHHOCTEH IIpH B3pbIBE, MEX3BE3/IHAs Cpesia JIMIIb TOPMO3MiIa Obl BbI-
OporieHHbIH B3pbIBoM ra3. C no3unuii 6ammictuaeckoit reopun y KpadoBuHoi
U IpYTUX TyMaHHOCTeH poct ckopoctr V,= V'p/I BBI3BaH COKpAIlIEHUEM JIHCTaH-
uu I Ipu V' ~ 10 m/c, V,~ 107 m/c 1 r ~ 10%° M nonyuum yckopeHue
a,=dV,/dt=V\V'/r ~ 107 m/c?, (2.9)
omm3koe k usmepeHHomy y Kpadosunnoii tymanHoctu [210]. [TapannensHo cia-
OceT paJrou3TyYeHUEe TyMaHHOCTEH, OT CHIDKEHUS I U @,,. B KpaboBuaHoit Ty-
MaHHOCTH pOCTy nepuona myiscapa Ha 0,04 % B roji COOTBETCTBYET CIaj] Cpe-
neit paguospkoct lg' = Iz/(1 + ra,./c?) na nonu npouenra B rox [210].
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BWA TYMaHHOCTH
&

& # .

Puc. 2.23. YckopeHHOE BUANMOE ABMKEHHE 3BE3HOTO CKOIUICHUS CO3MAET MII-
JIIO3UI0 PACUIMPEHHs] U3 pajJuaHTa, IJie BUJACH SIPKUI HEMOJBIDKHBINA IyJbcap.

3a cuéT cOMMKeHUs] 1 pocTa BHIMMOTO pazMepa 3BE3THOTO CKOIUICHHUS
(1o ¢ dexTy nepcrneKkTHBbI) 3BE3BI KAXKYTCS pa30eraronMucs 13 ueHrpa (pa-
ouanma), OCTaBJIsIs B XOZI€ Pa3MbITHA paJuaibHble TPEKH, TUIIAa METEOPOB, pac-
xomsamuxcs u3 paguanrta (Puc. 2.23). Otu cBersmuecs TpeKU MOTYT OBITh IpHU-
HATHI 32 BOJIOKHA ra3a, BHIOPOILIICHHOTO B3phIBOM. PagnansHoe MBIKEHHE 3BE3
OTKPBITO TaKke y Jipyroro ckorieHust B Tenbue — y ['man, rae 3BE€31b1 ABUKYTCS
YK€ K paJiIlaHTy — CKOIUICHHE «CXKHUMaeTcs» B xofe yaanenus [200] (takue pa-
JIajbHbIC BOJIOKHA HAOIIONAIOTCS M B TUIAHETAPHBIX TyMaHHOCTSX). W Tonbko
ueHTpasibHas 3Be3na (p = 0), mis koropoit V,= V'p/r = 0, He cMmemaeres: eé
BOCTIPHHMMAIOT KaK SIPKUH Mynbcap (Tak ske Kak MeTeop B paJuaHTe UMEET BUJ
SIPKOM BCTIBIIIIKH, a HE TpeKa). [ uroTe3a oObsCHSIET, TIoYeMy Y 3BE3/Ibl B IICHTPE
TymaHHOCTH Kaccuornest A CIeKTp COOTBETCTBYET yIIepoaHOi atMocdepe, He-
BO3MOKHOM JUIsl ITyJIbCapa, HO TUIIMYHOM AJIS psiia 3BE3..

B TymMaHHOCTSIX, KpOME BOJIOKHHCTOM, paciupsiercst 1 aMopdHast CTpyK-
Typa. DTO CBSA3aHO JINOO CO CBETOBBIM DXO — 3aCBETKOM BCTIBIIIIKON BCE HOBBIX
YYaCTKOB MEK3BE3IHOTO ra3a, JM00 CO 3BE3MHBIM BETPOM — MOTOKAMH ILIa3Mbl
OT 3Be3[Ibl, OOpasyrouMu € KOpoHY. BOKpYT CBEpXHOBBIX 3BE3M U IMyJbCa-
POB SIPKOCTH KOPOHBI yBeinueHa puti-addexrom B g ~ 10° pas, oruero kopo-
Ha, MEK3BE3HBIN Ta3 (C SMUCCUOHHBIMHU JIMHUSIMU) M Pa3MBIThIC N300payKeHUS
3BE3]1 BRINIAIAT KaK TYMaHHOCTh. [[l1aBHOE cMeleHne 4acToThl BEJIET K BbICBE-
YUBAHUIO YMUCCHOHHBIX JIMHUI ra3a BOKpyr mynbcapa (§ 2.2). Dddekr Putia
BU3YaJH3UPYET U LUKIOTPOHHOE PaJMOU3ITyUCHHUE IEKTPOHOB y 3BE3]], TOBBI-
II1ast €r0 MOIIHOCTh U YaCTOTY. DTO OOBSICHSIET TIOJISIPU3AIMIO U BBICOKYIO CBETH-
MocTbh KpaboBuHO# TyMaHHOCTH, a IOTOKK 3BE3/JHOTO BETPa HAOIIOAI0TCSI KaKk
JDKETBI. B OTiIHUMe OT TOHKUX SPKHUX «JIKETOBY», 00Pa30BaHHBIX «Pa3MBITBIMK
U300paKeHUSIMH 3BE3]], 3TH IHPOKUe AU Qy3HBIE IHDKETHI, 00HApY)KEHHbIE, Ha-
npumep, B KpaboBuaHON TyMaHHOCTH, peaibHbl K UMEIOT IIEPEMEHHYO TOJIIH-
HY, BBUJy pacIIMpEHuUs rasa Mpu yJaJeHHH OT Imyibcapa. J[KeThl Toxke pa3Mbl-
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ThI BJIOJIb JIMHUU TOJIETA MyJbcapa BBUAY Pa3HULIBI CKOPOCTEH CBETA OT Pa3HbIX
YYacCTKOB JIBUXKYIIHUXCS 3BE3].

BricBeunBaHue M3ITydeHHs 3BE3bl B MEXK3BE3IHOM raze Ha pe30OHAHC-
HBIX yacToTax (§ 2.2) oOBsCHSIET TaK)KE CBEUCHHE TYMaHHOCTEH BOKPYI' HOBBIX
U CBEPXHOBBIX 3BE3/. 3Be3/a HAONOAETCsl KaK HOBAas MJIM CBEPXHOBAs, KOIJa
TIOBBIIIAET CBOIO SIPKOCTH 10 3ddekTy PuTia npu JOCTHIKEHUH yCKOpEHHEM
KPUTHYECKOM BEJIMYMHBI 8y, = -C%/I. Te yuacTKu MEK3BE3IMHOTO ra3a, B KOTOPBIX
9TO YCJIOBHE BBIIIOJIHEHO, TOXKE BBIIISIAT IPKUMH, T.K. S(PPEKTUBHO MOIIIONIAIOT
u m3ny4aroT cset (Puc. 2.24). Tlpu 3ToM B 3aJlaHHBIIl MOMEHT BPEMEHH MOKHO
OZIHOBPEMEHHO BUJIETh CBEUEHHE TeX ToueK M MeX3BE3HOTO rasa, Uisi KOTOPIX
cymMMa paccrostHui 10 3Be3asl AM n 3emun MB onmHakoBa: Torja nepeusity-
YEHHBII CBET 3aTpaynBaeT OIMHAKOBOE BpeMs ¢ = (AM + MB)/C Ha noctrmxeHue
3emin. C TeueHneM BPEMEHH t 9TOT AIIIMIICOU T paciupseTcst — pacTeéT Oonbiias
ock AM + MB= 2h. B mpocTpaHCTBE 3TH TOYKH PACHONATAI0TCS Ha IUTHIICOU IS
BpauieHus ¢ pokycamu A Ha 3Be3ne M B — Ha 3emiie. A MHOXXECTBO TOYEK, B
KOTODBIX BBIIIOJIHEHO YCIIOBHE &= C?/S, MpecTaBisieT co00i MI0CKOCTb, mep-
HEHIMKYJSIPHYIO BEKTOPY YCKOPEHUSI @ 3BE3/Ibl: OHA 3a/laHa YPaBHEHHEM as = C2,
i€ a — BEKTOP yCKOpeHwus, 8 — paanyc-ekrop AM toukn M , npoBenéHHbIi U3
3Be3abl A. Takum o0pa3om, cBeTsiasics 00J1acTh B BUJE CEYCHUS IIOCKOCTHIO
QIUIMIICOMA TIPENCTABIISACT COOOM 3JUIUIIC, OKPYKAIOMIMN 3Be31y. YpaBHEHHE
9TOro 3JUIUICA HAWAETCS KaK pelleHHe CUCTEMbl YPAaBHEHUH 3TOr0 AJUIMIICOUAA
X2/b% + y?/b? + 7%/h? = 1 (b — manas monyocs) 1 cekyiuei a,y + a,(Z — d) = €2, ot1-
Kyaa

I 2 g 3

. W= 2. 2y
| b & ( c b a,
o —+d +41, |—+d‘—1 s
\| h? \a; 2, h? a. h a,
A

rae poxycuoe paccrosiare d = (h? — b?)12, a mpoeKIuu yCKOpeHH s a 3BE3/Ibl Ha
OCH Y U Z — COCTAaBJIAIIOT, COOTBETCTBEHHO, dy U &;, €CIIU BI)I6paTB OCH KOOpJAuUHAT
TaK, 4TOObI B MOMEHT BPEMEHH t BEKTOP YCKOPEHHs & PACIIOJIarayics B IIOCKO-
ct YOZ, T.e. mpoekius a,= 0.

P Ay

\
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Ha aHTULEHTP
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nnockocTk ManakTuky

Bua ¢ 3emnu
Ha UeHTp

Puc. 2.24. Cxema BbICBEUMBAHMSI YYacTKOB MEX3BE3IHO-
ro raza 3a cuér s¢dekra Putia: a) BhICBEUMBAaHHE BOWHOTO
Kojblia OT AByX 3BE3x U miuepuoH SN 1987A B kadecTBe BO3-
MOXKHOTO TIpuMepa, 6) BbIcBeunBaHuWe Koubla JInnpOnana.

DTOT HIUUIIC C TEYSCHHEM BPEMEHH PacUIMPsIeTCsl, TOBOPAYMBAETCS U Me-
HAeT GopMy, T.K. & = ct/2 pacTET ¢ TeUeHHEM BPeMEHH {, a BeMMYUHEI 8, U &,
MEHSIOTCSI TIPH IBM>KEHHUH 3Be37IbI TI0 opOuTe. FIMEHHO Tak 1 pacmupsiorces 000-
JIOYKHU HOBBIX U CBEPXHOBBIX: IO CYTH 3TO — CBETOBOE X0 [A39].

ITockonbKy HOBBIE M CBEPXHOBBIE OOBIYHO MPEICTABISIOT COOOM JBOM-
HBIE 3BE3JBI, BTOPAsi 3BE3/1a TOXKE IPHBOJUT K 3aCBETKE MEK3BE3IHOTO rasa.
YckopeHue 3TOHM 3Be3/Ibl HAINPaBJIEHO MPOTHUBOIOJIIOKHO, M Ta3 3aCBEYMBACTCS
B TOYKAX MEPECEUEHUsI SIUTUICONAA MIOCKOCThIO, PACHIONIOKEHHOH ¢ 00paTHON
CTOPOHBI OT 3Be3/Ibl. B utore oOpasyercst 1Ba CBETSIMIMXCS KOJIbLA B BUJIE ABYX
01M3KHX 10 (POpME DIITMIICOB — OFMH YyTh MEHbIIE Apyroro. IMEHHO Tak BbI-
TISIIAT TyMaHHOCTB BOKPYT cBepxHOBOM SN 1987A (Puc. 2.24). B ciryuae, ecim
TUTOCKOCTH TIOYTH TapajijieNIbHbI JIydy 3pEHUsI, BUJIHBI TOJIBKO OJNM3KHE K 3BE3-
JIe YY4aCTKHU DJUTMIICOB — JIBE JAYTH WM JiBa CErMeHTa sJuinica. J{efictBurensHo,
OONBIIMHCTBO TYMAaHHOCTEH HOBBIX MMEIOT MMEHHO TakoH BHJI. B oTAenbHBIX
Clly4asix 3TH aMOp(HBIE CTPYKTYPbI JIOMOJHSIOTCS Pa3MBbITBIMH BJIOJIb TPAEKTO-
puit m306paskeHusIMA 3BE37]. OOBIYHO ¥ 000I0UEK CBEPXHOBBIX Pe3Kasi BHEITHSIS
TpaHMIa ¥ pa3MBITasi — BHYTPEHHSISL. DTO CBSI3aHO C MEPEU3ITyUYCHUEM HE TOJIBKO
npu I = -C¥a,, HO U [P MEHBIIUX PACCTOSHUSAX I, HAIPUMED IIPU JOCTUKEHUN
4acTOTOW SMUCCHOHHBIX JTHHUH, IpeoOpazyeMbIx dddexTom Putna,— npyrux pe-
30HAHCHBIX 4acTOT. C 3THUM e CBSI3aHO HAJIWYHME HECKOJIBKHUX BIMCAHHBIX OJHA
B Py 000JIOYEK, KAXKI0H M3 KOTOPBIX COOTBETCTBYET CBOM KO3(dHIIMEHT
IpeoOpa30BaHMs YAaCTOTHI M CBOSI CEKYIAsl INIOCKOCTh. Ty e CTPYyKTypy HMEIOT
1 00MacTy M3IMy4eHHst KocMHYecKuX MazepoB (§ 2.2). Hanpumep, obnacts mMa-
3€pPHOT0 M3JIy4eHHs BOKPYT 3Be3/ibl 0 Kura (Mupa) umeet popMy Kollblia, OKpy-
JKaromiero 3se3ay o Kura.
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MOXXHO HPEANoNOKUTh, YTO APEBHHE BCHBIIIKHM 3BE3]l 3aCBEUMBAIOT U
Oosiee mMpokue 00JIaCTH, OXBaThIBAIOIINE OrpoMHbIe obnactu anaktuku. Ha-
TIpUMep, U3BECTHO Ta30Boe Koiblo JInaabmana, m3mydatomee YP- u paguony-
4H, OKpyXkarolee 3eMIII0 U HakIoOHEHHOe Ha o = 20° k miockoctd ['anakTuku
[129]. Konb11o, KOTOpOE CYUTAIOT Pe3yIbTaTOM JPEBHEH BCIBIIIKU CBEPXHOBOM,
umeer pasmepsl 1000x500 mapcex u popmy sutunca (Puc. 2.24), T.e. MOXKeT
OBITH PE3yNBTATOM 3aCBETKM Ia3a, M3JIYYaIOUIEro 10 MA3epPHOMY H JIa3epHOMY
MexaHu3My. B aToii obnactu, ot BO30YKAE€HHS MOJIEKYJI M aTOMOB MEK3BE3THOTO
ra3a, OHM He MOIVIOIIAIOT, @ YCHWJINBAIOT U3IIyueHHe 3BE3]] [0 TOMY MEXaHU3MY.
OtToro B KOJbIE pa3IMuuMoO Oosbliie 3BE3/1: oHU oOpasyror nosic ['ynna [129,
408]. Dddexr ananornyeH ga3epHOMY HHIYIHPOBAHHOMY MPOCBETICHHUIO Cpe-
a1 {1t hopMupOBaHUS TAKOH KapTHUHBI 3B€3/1a MIIH IIapOBOE CKOTIIICHUE 3BE3]I,
3acBEYMBAIOIIEE T'a3, JOJDKHBI JIIMTENILHO JIBUTaThCsl C YCKOPEHHEM OIIM3KUM K
KPUTUYECKOMY, a pa3Mep IUIUIICONIA IIPU 3TOM OTpoMeH. Buaumo, cromieHue
PAcIIONOKEHO HaJl IIOCKOCTHIO TAIAKTHIECKOTO JHMCKA, PUTSKEHHE KOTOPOTO
1 cOo31a€T YCKOPEHHUE.

CoOcTBeHHOE ABMIKEHHE MyJIbCAPOB, IOMUMO PACTSKEHUS UX M300paxe-
HUM, BEIET K MHUMOMY PacTSHDKEHHIO OPOUT 3JIEKTPOHOB BJIOJIb BEKTOPA CKOPO-
CTH 3B€3/1bl, T.€. JIMHEHHO MOJISIPU3YET UX U3IYUEHHUE BJIOJIb TPAEKTOPUI 110OJIETA
[A41] (§ 2.2). [TosTOMY BOJIOKHA TYMAaHHOCTEH H JKETHI ITyJIHCAPOB MOJISPH30-
BaHBbI BJIOJIb BOJIOKOH M TPAeKTOPUU MOJNETA MyJbCapa, CKaKeM, y Mynbcapa B
co3pe3auu [lapycos. [Ipu aBmkeHnN mynbcapa o opouTe, B TaKT C KoJIeOaHMs-
MH SIPKOCTH MEHSETCS HAalPaBJICHNE MOIAPU3ALNH H3ITydeHUs MylIbcapa, mapai-
JIEIbBHOE MTHOBEHHOH ckopocTH mynbcapa [A41]. 3a cu€r oceBoro BpaleHHUs
3BE3/1bl U3JIy4EHHE 3JIEKTPOHOB MOISAPU3YETCS U 110 KPYTY, T.K. IBUKEHUE 3BE3/Ibl
BBI3BIBACT HEPABHOE PACTSHKEHNE OPOUT PIEKTPOHOB, KPYTAIINUXCA MO U MPOTHB
YaCOBOM CTPEIKH. DTO CO3MAET NMPEUMYIIECTBEHHYIO MIPABYIO MM JIEBYIO IUP-
KYJSIPHYFO TIOJISIPH3AIHIO, HATIPUMep, Y OClbIX KapiaukoB [194] u criekTpaabHO-
nepeMeHHbIX 3BE37 (§ 1.5). s anemeHTapHOrO M3iy4aTess — 3apsijia, JIBUKY-
IIETOCsI TI0 JIUIUICY € TIOMYOCsIMH & U D, pu MHUMOM pacTshkeHnu a win b
00111ast MOIITHOCTh N3Ty4EHHS HE MEHSIETCSI, HO JIOJIS IIUPKYJSIPHO MOJISIPU30BaH-
HOTO cBeTa MeHseTcs. Takoi 3¢ ekt oTKphIT y moisipoB, Tuia AM [epkyrneca
n DQ I'epkyneca, CHHXPOHHO C KoJeOaHUsIMU OJecKa MEHSIOIINX HallpaBiIeHHe
TOJISIPU3ALUK B XOJIe OPOUTAILHOTO BpAILEHHsI 3BE3/1bl, KOTOPYIO CUUTAIOT Oe-
7eIM KapiukoM [194]. B pamkax teopun PuTma 310 MOTYT OBITE 3BE3/IBI ITIABHOM
MIOCIIE0BATEILHOCTH, MEHSIOIINE SIPKOCTh, CIIEKTP M TOJSIPU3ALMIO 10 PUTI-
s dexTy. AMophHOE H3ITyUeHHE TYMAHHOCTEH TOXKE MOJISIPU30BAHO OT dPPeKTa
Pa3MBITHS U PACCESHHSI CBETA 3BE3/bI 00IaKaMu rasa.
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CXEMa UCKAMEHWA

BWJ, ranakTui

LEDA 074888 Al
Puc. 2.25. VckaxeHne BUAMMON (POPMBI TaJTAKTHK 32 CUET UX BPALICHUS U JIBHKCHMUSL.

VY rajakTvK pa3HHIA CKOPOCTEH CBeTa, UCITYIIEHHOTO PAa3HBIMH y4acT-
KaMH, TOXKe HCKaxaeT uxX Buaumyto ¢popmy [A24, A40]. Ha sTo Takxke odparmin
BanManne C. JleBacua [106]. Dddext oOpsicHsIeT aHOMaNBHBIC POPMBI TATAKTHK
¢ nepopmupoBaHHbEIME KpasmMu THITa NGC 660 [234], ¢ monspHBIME KOIbIIAMH
trma NGC 4650A, raakTHKH ¢ «BBIOpocamMm» Tumia M 82 1 «IIpsSMOYTOIBEHBIC)
ranaktuku Tana LEDA 074886 (Puc. 2.25). DpQext pasmbITHs BIOTH JTHHIH
1oJIéTa co CKOPOCTHIO V BEAET K TOMY, UTO IUIMIITHYECKHE TATAKTHKH, CoKaThle
BJIOJIb OCU BPALIEHUS, KaXXyTcs BBITAHYTBIMU BIOJIb 3TOH ocu [A40, AS1], u
HaOJII0/IaeTCsl HECOOTBETCTBUE CKOPOCTH BPAICHUS M C)KaTHsl rajmakTtuk [211].
[TockonbKy yrioBasi CKOPOCTh 3BE3/ 3aBHCUT OT PACCTOSHHMS JI0 IIEHTpa Tajak-
THKH, @ OpOUTHI 3BE3/1 HE KOHIICHTPUYECKNE U HEKOMIUTaHApHBIE, Ae(opMariis
Be/IET K OTKJIOHEHHIO HAOII0AaeMOoil ()OPMBI OT HIUTMITHYECKOH, KaK ISt 3BE3]] C
muddepernnanpHbM BpameHueM (Puc. 2.13). B 3aBucuMocTr oT HarpaBiIeHHS
JIBIDKCHUS, H300payKeHUE TaTaKTHKH, PACTATUBAsICh WIN CKUMAsICh, TprodpeTa-
et npsmoyroinbhyto Gopmy (boxy) (LEDA 074886, Puc. 2.25), nubo 1uCcKOBU/I-
uyto (disky).
Y

Puc. 2.26. Cxema UCKa)XSHUH (HOPMBI MUTUNTHISCKUX TalaKTHK: @) KO-
pobkoobpasnoro tuna (boxy), 6) auckoodpasnoro tuma (disky). Huxe
MIPHUBEICHBI COOTBETCTBYIOIINE KPUBBIC BpAIleHH rajakTuk [ 129, ¢. 227].
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HUckaxenus Takoro tuna (Puc. 2.26) oOHapy>KeHbI y psijia SIUTUITHIECKUX
ranaktuk [129, c. 227]. Touno paccuntars GpopMy TaKUX UCKAKEHHH MOKHO IO
KPHBOHM BpaIlIeHHs TAIAKTHK, KOTOPYI0 MOXHO aNNPOKCHMHPOBATH 3aKOHOM
v(X) = kx-exp(—|x/al), tme a — GombIiias MoNIyoCh TaJakTHKH, k — KO3 HUITHEHT
IpornopIroHanbHOCTH. Ecii TpaHcBepcaabHasi CKOPOCTh ralakTUKU V Hampas-
JICHA BIOJIb KBATOPHAILHON OCH rajiakTUkKu X, Touku A, B, ... C, D ramakTuxu
CMECTSTCS BAOJb X BBHLY 3alla3/bIBAHMUS MM ONIEPEIKSHUS] M300paKeHUH, TIpo-
HOPIMOHAIBHO U, YY4acTKa rallakTHKU, Ha paccrosaue S(X) = -V, ru,(x)/c?. Uc-
Kax€HHas (opMa KOHTypa ranaktuku umeet Bui (D — masas moiayocs):
x(y)== (n\.‘"ll =g Y = V\}_f)? | 2k K‘f exp[_— \I"Il -y2ib? )\| .

\ c ) . c ) o/

ITockonbKy ckopocTbh V rajakTHKH B 00IIEM CiTyyae OpHEHTHPOBAaHA IIPO-

M3BOJIBHBIM 00Pa30M MO OTHOILIEHHUIO K OCSIM TJIAKTHKH, 2 HEPABHOE CMEIIEHHE
TOYEK ONM3KMX K LIEHTPY M KPasM TaJaKTHKH MPHUBEAET K JONOJIHUTEIEHOMY
HCK@KECHUIO B PACIPEEIICHUH SIPKOCTH 110 TaJIAKTHYECKOMY JMCKY, TOTZA UC-
Ka)kKeHHsT M30(OT TalakTHKU NpUOOpeTyT emé Oosiee CIOKHBIA xapakrep. [1o-
CKOJIBKY Y SJUIMNTHYECKUX TAJAKTHK 3BE3/IbI MOT'YT BpAILATHCSI BOKPYT LIEHTpa
rajlaKTUKU B 00OMX HAIPaBIICHUSX, Y HEKOTOPBIX TAJIAKTHK OyaeT HaOIoaaThes
OJTHOBPEMEHHO J/IBa THIIa McKaxkeHuit [129, c. 228].

B ciydae cimpaibHBIX TaJIaKTHK CKATHE A/pa TalaKTHKY BJOJIb JUTHHHON
OCH CO3AaET WIIIFO3HIO TOTO, YTO JMCK, Y PsAa FaJaKTUK UMEIOIIUHI BU KOJIbLA
[119, c. 652], pacrionoxeH BIOIb KOPOTKOH OCH siipa (IPUHUMAEeMOM BBULY CKa-
THSI 32 NOJSIPHYI0). Tak BO3HMKAET WILTIO3MS MOJISIPHOTO KOJIbIIA Y TaJaKTHKH.
[Tomo6HbIe AP PEeKTh HAOTIOIATUCH U JUTS 3BE3M, HO y TaJIAKTHK WX HAOIOIaTh
TIpo1Ie, n3-3a BBICOKUX cKopocTeil Uy ~ 100 KM/c 1 OTCYTCTBUSI IEpEU3ITydCHUS
MEXK3BE3IHBIM ra30M.

O dext moxuaO HabmOHaTh 1 B COMTHEYHOH CHCTEME, HO TIOCKOJIBKY HC-
Ka)KCHUS IPOTIOPIIUOHAIIBHBI I, 3aMETUTh UX CIOKHO. Tak, nsoopaxkenue KOmu-
Tepa pacTsHeTcs 3a cuéT opOuTaNbHON ckopocTh V = 13 KM/C M OKPY)KHOH K-
BaTOpHaJIbHOU cKopocTH ®R = 12,5 kM/c Ha S = 2rVoR/C*= 3 kM, HE3aMETHBIX
Ha ()OHEe MCTHHHOTO PKBaTopuanbHoro ymupenns AR ~ 10000 kM. Y BHemHux
xoner; CaTypHa, HAKITOHEHHBIX Ha YTOIl @ = 27° K BEKTOPY OpOUTAIEHON CKOPO-
cti V = 9,5 Kxm/C M KpyTSIIAXCS CO CKOPOCThIO0 ®R =~ 17 kM/c, TO)Ke BO3HUKHET
pactshkerne S, = r'VowR/C?= 2,5 kM, 1 TIOBOPOT KoJIell Ha yroi o = S;sing/R = 2"
(Puc. 2.27). TTockosbKy BCE KOJIblIa BPAIIAIOTCS C PA3HOM YIIIOBOM CKOPOCTHIO
®, CJIEJIOBATEJILHO U PACTAHYTHI, HOBEPHYTHI BHELIHUE ¥ BHYTPEHHUE KOJIbLIA OY-
JyT HEOAMHAKOBO: S| # Sy, o # 0. B nTore BuauMoe BO3BbIILICHNE BHYTPEHHETO
Kpast KOJIblia HaJl BHEIITHUM cocTaBHT ~1 kM. JleficTBuTENBbHO, Ha (hoTOTrpadhusix ¢
AMC «Kaccuam» oOHapy»KeH ITOBOPOT INIOCKOCTH OJTHUX KOJIEIl OTHOCUTEIBHO
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JPYTUX Ha MaJIbIF YToJI, YTO CBSI3BIBAIOT C BOSMYILIEHUSIMH CO CTOPOHBI CITyTHH-
k0B [235]. [TockonmpKy HCKaKEHUS S TIPOMIOPIIMOHANBHEI I, BOMM3u CaTypHa OHH
MaJibl, 1 ¢ AMC «KaccruHm» KOJIbII0 HaOIFOIaIOCh TTOYTH TUIOCKUM,— TOJIIIUHON
~100 M. A OIICHKH TOJIIMHEI KOJIbIIA TP HAOIFOICHUY ¢ 3eMJIH JAFOT 3HAUCHHE
~1-10 kM [236, c. 60], BOIpEeKH TEOPETUICCKUM OICHKAM TOJIIUHBI KOJIEIl, He
MPEBBIIAIONICH HECKOIBKUX METPOB, T.K. YACTHIIBI KOJIBI[A PACTIONIOKEHBI B OJTMH
cioii [154]. [TosToMy OBIIO MIPU3HAHO, YTO BUAWMAS TOJIIHHA KOJIbIIA — MILITFO-
3opHa [ 154, 236]. Torga yTomniieHne KoJablla MOKHO OOBSICHUTh NCKAKEHUSIMA OT
HEpaBEHCTBA CKOPOCTEH CBeTa.

L
Bupg ¢ pebpa

Puc. 2.27. HckaxeHue BHIUMOH (GOPMBI KO-
nery CarypHa 3a CU€T JABIDKCHUSI M BpAICHUSL.

Takum 0Opa3zoM, HaOJIOMACMbIC HMCKaXKCHUs (POPM IIaHET, 3BE31 U Tra-
JIAKTHK CITYKaT CBUICTEIHCTBOM B ITOJIB3Y OAJUTHCTUYCCKON TEOPUH U JOTIOTHU-
TENbHBIM KPUTEPUEM €€ TIPOBEPKH.

§ 2.4. Hess3ku nnaHemHou paduoJsiokayuu u 6annucmuyeckasi Kop-
peKkyusi

BrnusiHue CKOPOCTH NCTOYHMKA MITH OTPAKAIOIIETO CBET Tella Ha CKOPOCTh
M3ITYy4EHHOTO CBETA BEJO OBl M K 3aMETHBIM OINOKaM B KOCMUYECKOH PaIioio-
Kalliu, T.K. B pacyére TUcTaHiuu I' = C't (Wi C't/2 npu y4ére BpeMEHH JBHIKE-
HUS OTPXEHHOTO CUTHAJIA) TI0 BPEMEHH IBUKCHUS T PaHOCUTHATA (QUTYPHUPYET
CKOPOCTH cBeTa C' 1 Hey4eT 3aBucuMocTH (1) Beaét k ommbKaM B U3MEPEHHH I

JeiictBuTensHo, yxe B 1960-x I'T. B IepBBIX ceaHcax pajguonokanuu Be-
Hepsbl, poBenéHHbIX rpynmoi B.A. KorensaukoBa B CCCP u U. Illamupo — B
CIIIA, BBIABHIN CUCTEMAaTHYECKUE PACXOKICHHS (Ha COTHH KHJIOMETPOB TIpe-
BBICHBIIIE BO3MOYKHBIEC OIIMOKH) MEK/1y M3MEPEHHBIMH pajilapaMy TOJIOKEHHsI-
MU IDTAaHETHl W TPEIBBIYUCICHHBIME d(peMepHIaMy, paCCANTaHHBIMHU IO JIaH-
HbIM acTpoMeTpun [237-239]. Kak nokazan b. Yomnec [91-93], pacxoxnenus
CHH3SITCSI B pa3bl, €CIIN yUECTh 3aBHCUMOCTE (1) ¢’ OT cKkopocTH pamapa Ha 3eM-
nie, 00Ja1aroIIero CKOpoCThio V BBHIy OCEBOTO BpALICHHUS 3eMIIH, BPAIICHUS
cucrembl 3emisi-JIyHa n obpamennst Bokpyr Connia. CooOleHre paanonydy
cKopocTH V MEHSET ero cKopocTh C + V 1 BpeMs T IBIKCHUS CUTHANA, 0 KOTO-
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poMmy ompezestor aucTanuio I 3emisi-Benepa (Puc. 2.28). Paccrostue Ct (uim
Ct/2, ¢ y4€ToM 3aJiepiKKU OTPKEHHOTO CUTHANA), HANJICHHOE 13 TIOCTOSIHHOH C,
OTIIMYAETCsl OT HICTHHHOTO paccTosiHus |C + V|, ecnu €' # c.

- -

- -
[ p——_

HWHKHEE coeanHEHWE
Puc. 2.28. Cxema nBwxkenust 3emim U Benepol Bo3ie
HIDKHETO COCIIMHCHUS, B MPUOIMKCHUN KPYTOBBIX OpOWT.

Bnusinue oceBoro BpalieHHs 3eMIIH, COOOINAIONIEH CBOIO OKPYKHYIO
ckopocTh (v ~ 500 M/C) paanOBOJIHAM, MPOSBUIOCH B TOM, YTO PaHOJIOKA-
uuonnsle cranimu CCCP u CIIA, pa3MemniéHHble B POTHBOIIONIOKHBIX TOU-
Kax 3eMiIM NpPU CHHXPOHHBIX 3aMepax paccTOSHUM 1o Benepsl, momydann
pasuble 3HadeHus. Kak ormeueno b. Yommecom [91-93], A.K. HlypynoBsm
[240], C.A. basuneBckum u B.M. CekepunbiM [149], cucremarndecku OONb-
e MOJy4YaliCh PACCTOSHMS y CTaHIMH, OTHANSBIIMXCS OT BeHepsl B Xoze
CYTOYHOTO BpAIlIEHHs M CHIKABIIMX 10 OAJUIMCTUYECKOH TEOPUH CKOPOCTh
¢' pagmocWrHana, HapamBas BpeMs 3ara3IblBaHUS T W PAacUETHYIO ITHCTaH-
o I'. HamportuB, y crannuii, npuOmmkaBnxcs Kk Benepe, paccrosHus 1mo-
JIy4aJHMCh CHCTEMaTH4eCKd MEHbIIe, 4TO [0 TEOpHH PHTIa BBI3BaHO YyBe-
JUYEHUEM CKOPOCTH C' pagHOCHTHAJNIa M CHIDKCHHEM BPEMEHU 3a/CPKKH T.

OnHoit U3 Tienel pagronokanuy BeHeps! ObLUTO yTOYHEHIE aCTPOHOMHYE-
CKOY eIMHUIIBI (a.e.) — paguyca 3eMHOU opOuThI R, (CpemHero paccTosHUS 3eMTH
ot CoznHiia, Puc. 2.28). [To usmepenHoit pagapom nucraniuu I 3emis-Benepa, u3
yrioB B Tpeyroibauke SVE (Connie-Benepa-3emitst) BRIYUCIISIN paccTosiame R,
3emia-CornHile, mporoproHansHoe I'. Ho pacuérHas a.e. peryisipHO MEHsIach
[241] c nepronamu, paBHBIMH CyTKaM, MeCAILly U CHHOANYECKOMY rofy Benepsr, ¢
KOTOPBIMH MEHSIIACh OTHOCHUTENbHAsI CKOPOCTh PaJIapoB, BHOCSIIAS OTKIOHEHHUS
B pacuéTHBIC AucTaHIMU BeHeps! ' 1 a.e. — R, [91, 92]. Panapnoe 3Hadenue a.e.
OTIINYAJIOCh TAKKe OT 3HAYCHUS, N3MEPEHHOTO METOIaMH BH3YaJIbHOW acTpoMe-
Tpuu. [Tpnuém pasHuma npeBbICHIIa TOTPEITHOCTH 000UX METO/IOB, YTO HE HAIIIO
oObsicuenuid [237, 241], x0T 0XKUAAIOCH B paMKax OaJUIMCTUYECKOH TEOPHH.

Benepa mpu cOMmKEeHNH TOXKE COOOIIAET CBOIO CKOPOCTH V, OTpaskEéHHO-
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MYy CHTHaJLy, TOraa C' > C, M OH JIOCTUTaeT 3eMJIM 3a MEHbILIee BpeMs T, 3aHMKast
pacuétHoe I'. [Tocne mpenenbHOro cOmmKeHus ¢ 3eMIEH B HIDKHEM COCTMHEHHH,
Benepa ynansercs: ckopocTh curHaina C' < C, M OH 3aTpadyuBaeT OOJIbIIee BpeMs
T, 3aBbllIasA I'. B uTore, 10 COCAMHCHUA pvaéTHbIe 3HA4YCHHUA JUCTAHLIUU Bemis-
Benepa ' = C1/2 u a.e. MOMYYaUCh HIKE PEANbHBIX, a TTOCIIE COCTMHEHUSI —
BoIe (Puc. 2.29) [241].
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Puc. 2.29. 3HayeHus acTpOHOMHUYECKOW EIMHHUIBI B
3aBUCUMOCTH OT JaThl ceaHca pajguoiokamuu [241,
c. 190] (mmwxuee coemunenue — 11 ampenst 1961 r).

K Benepe paguocursain JeTUT CO CKOPOCTBIO ¢ OTHOCHUTENIBHO 3eMIIH,
npoJieTast myTh I' 32 BpeMs T, = I/C. OTpaKEHHBIIA CUTHAJT TIPH JIy4eBOH (padu-
anvHou) ckopocTh Benepsl V, BepHETCS cO CKOpOCThIO C' = C — V, 3a Bpems T, =
r/c'. Torma obmiast 3amepxkka T = T, + T, = I/C + r/C'. HaiinenHoe u3 cTaHmapTHOH
CKOpPOCTH ¢ paccrosiHue I' = ¢t/2 = r + rV,/2C npeBbIcUT peaibHOE I Ha Al =
rV,/2c. U3 tpeyronbuuka SVE B npubmimkennn Kpyroseix opourt (Puc. 2.28) my-
yeBasi ckopocTh Benepst V.= (w,R,?— ®,R,?)sin(a)/r, rne w; = 3,2-107 pan/c,
®, = 2-107 pan/c — yrioBble T'eJIHONEHTPHUYECKHE CKOPOCTH, COOTBETCTBEHHO,
Benepsr 1 3emin, R, = 108-10° M, R,= 150-10° M — paguycel ux opowur, o = (o, —
®,) t — resmoneHTprueckuii yron WSE mex iy HumH, a t BIpakeHo B CyTKax, UC-
TEKIINX ¢ MOMEHTA HI)KHETO COeJMHEHMSI. Tora cucTeMaTnieckoe OTKIIOHEHHE
pacd€THOrO I' OT UICTHHHOTO I' COCTaBUT

Ar=r'—r= (0, — ®,)R;Rssin[(®, — ®,)t]/2¢ = 3350-sin(0,011t) km.  (2.10)
3T0 K€ OTKJIOHEHNUE, BEIPAKEHHOE B CBETOBBIX CEKYHAX (II0 BPEMEHH 3aJlepiK-
KH), COCTaBUT

At = Ar/c = 0,011-sin(0,011t) c. (2.11)

daxTryecKy HAOMIONAIOTCS HMEHHO TaKHUe BapHallUH CHCTEMATHYCCKHX
omnOoK-HeBs30K pacctossauil Ar (Puc. 2.30.a) nnu Bpemén At (Puc. 2.30.0), T.e.
pasHoCTel W3MEPEHHBIX T, M BBIYHCICHHBIX T, 0 TabmumaM Heroxoma. Brece-
HUE THX nompaBok (2.10) u (2.11), yuuTeiBarommx O0amIMCTHYECKUN TPHHIIAIL,
CHIDKAET CHCTEMATHYeCKHE OTKJIOHEHHS: OCTAIOTCS JIMIIb CIydalHble OLIMOKH,
KOTOPBIE CHU3STCS, €CIIM y4eCTh BIMSHUE BPALICHUS 3eMJIM Ha CKOPOCTh CHI-
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HanoB [91, 92] u nepeusnyuenune MexnnaaHneTHOU cpenoil. Ilo mepe pocra I u
CJI0s1 TIPOMACHHOW MEKIIJIAHETHOM IJIa3Mbl, IEPEU3TYUEHHBIN TIa3MON CUTHAJI
BOCCTaHABJIMBAET CKOPOCTh C, U OTKJIOHEHHSI IIEPECTAIOT PACTH MPU OTIAICHUN
ot HrkHero coeanHeHus (Puc. 2.30). DPPeKTUBHOCTh MEPEU3ITyICHUS MOXK-
HO OILICHUTb, COMOCTABUB I' ¢ JUIMHOW KkcTUHKIMHK | = M/2n(n — 1), u3 dopmyn
(1.2-1.3), mo pacuéTHOMY IJIS JUTMHBI BOJIHBI A TTOKA3aTEII0 PEIIOMIICHUS N — IO
KOHIICHTPAIIMU MEXIUIaHETHOH I1a3Mbl, ra3a U IbLIH.
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Puc. 2.30. OtkioHeHUs] pagapHbIX paccTosHHN Benepsl oT ade-
MepuIHbIX (1o Tabmuiam Hblokoma), H3MEpeHHbIE B KUJIOME-
Tpax (a, kpecmwi) [242] W CBETOBBIX MWUIMCEKYHAAX (6, Kpyoic-
ku) [241, c. 242], B CpaBHEHHM C TpEACKa3aHHBIMU 3aBUCHMO-
cramu (2.10) m (2.11) mo OGammucTHYECKOH Teopuu  (nyHKmup).

[Ipn KOHUEHTpaIW¥U 3JIEKTPOHOB M HWOHOB B MEXKIUIAHETHOH IIa3me
N ~ 0,1 em3 = 10° M3 [119, c. 398] u ipu paGoueii anHe BOMHBI A ~ 30 cM
(cootBercTBytOMIICH YacToTe paguocurHanos f = ¢/A ~ 1 [Ty [243]), pacuéTHbrit
TOKa3areNb mpeoMiIeHus HoHOocheps [53, ¢. 493] cocraBuT

n= \n‘lll —80,6N'/ f* =1-403N'/ f2, (2.12)
a JUTMHA Tepeu3ydeHusi, coracHo Gopmyse (1.2), T0OCTUTHET 3HAYCHU I
A 1.2-10°
= S f ~ 12 MITH. KM . (2.13)
27 —1 N'

Taxum oOpa3oM, JIMHA TEPEU3TYUICHUS COMOCTaBUMa C PACCTOSHUEM
MEX]y IJIAHETAMH B HIXKHEM COCIUHCHUHU ~42 MIIH. KM. DTO OOBSICHSCT, MO-
4eMy 110 Mepe YBEIUYeHUs B TeUeHHE NBYX MecsteB (t = 60 cyT) MeXTITaHeTHOM
JIUCTAHIUH OT 3HAYEHUS B 42 MIIH. KM JI0 3HAUCHUS

]
|2 2
r=vR~+R,” —2R/R, cos(®, —®, )t ~ 89 MIH. KM
HEBSI3KH MEPECTAIOT HapacTaTb M HKCIEPUMEHTAIbHBIE TOYKH BCE CHIIBHEE OT-
nanstoorces ot 3aBucuMocteit (2.10) u (2.11), TOCTPOEHHBIX ¢ Y4ETOM MOMPABOK
TO BETpa MaJIAI0T, OTYETO PACTET JIMHA MEPEN3ITyUCHNS U BEIMUMUHA PaJapHbIX
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Oayunctudeckoil Teopuu [A3, A46].

3HaueHue JUITMHBI TepensiaydeHus | Hemp3s paccuMTarh TOYHO, BBHUIY
CJIOKHOW 3aBHCHMOCTH KOHIICHTPAIMH IUIa3Mbl OT paccTostaus a0 CoiHia, B
TOM 4HCIe 3a c4ET TAroTeHus CoHIA, JaBICHIS COTHEYHOTO CBETA U IEPEMEH-
HOW MHTEHCHBHOCTH COTHEeYHOTo BeTpa [119].

BrusaneM nepen3rydeHus B MEKIUTAHETHOH I1a3Me MOYKHO OOBSICHUTH
Hecosmanenne ~1000 kM (BBIXOIIEE 3a MPEIeNTbl OMTHOOK palapHBIX METOIOB)
3HAUCHUH a.c., U3MCPCHHBIX Pa3HBIMHU PAJapHBIMH CTAHIMSIMU Ha Pa3HBIX Ya-
crotax 408 — 2388 MI'if [243]. HdeiictBuTensHO, coracHo (2.12) u (2.13), or
yacToThl f 3aBucAT N u auHa |, B peenax KOTOpoil CKOPOCTh pauoCHrHaa,
oTpakéHHOro Benepoii, otnnyna ot C. Kak ormeueno [243], 3Ty pa3HHUILy HENlb3s
CIHCaTh Ha JUCTICPCHIO MEK3BE3THON CpeAbl: OHA 3aHIDKaia OBl PacCTOSHUS,
M3MEpeHHBIC Ha KOPOTKUX BOJHAX. A (paKTHYECKH HAOIIOMAIOCH «OTCYTCTBHE
BUIMIMOH CBS3M MEKIY H3MEPCHHBIMH 3HAUCHUSAMU a.€. W 9acToToi». CormacHo
Teopun Putna, 4€TKOM CBSI3M U HE JOJDKHO OBITh, T.K. HA H3MEPECHHYIO BEIIMIUHY
a.e. BJIMSET, KpoMe 4acTtoThl f 30H1upyroniero curuaa (1 JUIUHBI SKCTHHKIUH 1),
enié U 3HaK, BEJIMYMHA CKOPOCTU BeHeps V,, a 3HAYUT,— U JaTa CCaHCOB PaHo-
JIOKAIINH, KOTOPBIE Pa3IMYalIiCh Y pa3HBIX 00CEepPBATOPHIA.

3aBHCHMOCTE OIMHOOK M3MEPEHHUS TUCTAHIIMK BeHeps! ot wactoTsl f ot-
Meuanack U b. Yommecom, KOTOPBIN CBSI3BIBAT HX C BIMSHUEM MEXIUIAaHETHOW
wra3Mel [91]. Yomrec ormerwi, uro amrumutyna 30-THEBHBIX KoleOaHUil (BHI-
3BaHHBIX KOJICOAaHHMEM CKOPOCTH 3EMITH MPH IBMKCHUH B clcTeMe 3emitsi-JIyHa)
pazapHoro 3HavyeHus a.e., uaMepenHoro Ha vacrore f =~ 440 MI'w (A = 70 cm),
B 5 pa3 mpeBbllIaia aMIUIUTYLy KojebaHui, n3MepeHHsix Ha gactore f =~ 1300
MI (A = 23 cm). DTo paznuuue Ar, O4eBUIHO, CBA3aHO C pa3InIleM AUCTaH-
Ui I 1 KoHIeHTpanuii miasmel N', B 3aBECHMOCTH OT JAThI JIOKAIIUH (COTIIaCHO
Yomnecy, naunsie Ha gactore f = 1300 MI'11 mosTyueHsI TO3IHEE), ¥ C pasHUIICH
JUTMH SKCTUHKIUY | utst pasubix yactot. Cornacuo (2.13), | 1omKkHO ObITH BbIlie
quis yacTothl f = 1300 MI'. COOTBETCTBEHHO, M BEIMUMHA OMUOO0K Al Ha DTO
4acToTe monydanach 0bl Bbimie. Ho f =~ 1300 MI't coOTBETCTBYET JTHHE BOJIHBI
A =23 cM 0aM3KOH K JUTMHE BOJIHBI HONJIOIIEHUS HEUTPaIbHOTO Bofopoaa A ~ 21
cM, Bo3Jie KoTopoii pactér |n — 1|. B urore, st f = 1300 MI'1y Beipocia GbI a¢h-
(heKTHBHOCTH MEPEH3IyUCHHUSI, U CHU3WIACH OBl JUTHHA Tepen3aydeHns |, tak
YTO aMIUIATY/Ia OMIMOOK crana Hike, 9eM Ha f ~ 440 MI', B cormacuu ¢ [91].
A wsmenenne | B 3aBHCHMOCTH OT KOHIICHTPAIIHK MEXKIDTaHeTHOM Tu1asmbl N', B
ronbl akTuBHOTO COJHITA, KOTAa KOHIIEHTPAIHS U CKOPOCTh COTHEUHOU TUTa3MBI
BBIIIIE, COKpAMIAno Obl JUTUHY SKCTHHKIUH |, MPUBOAS K CHUIKEHHIO OIIHOOK.
A B ol criokoiiHOro COJHIIA KOHIICHTPANUs M CKOPOCTH TUIA3MBbI, COJTHEYHO

162



omn6ok. [losToMy mapajuienbHO C© pajapHBIMU 3aMepaMH CIIEAYET OCYILEeCT-
BJISITh MOHUTOPUHT COCTOSIHHSI ME)KIJIAHETHOM TIA3MBbI.

ITockonbKy cHCTEMaTHUECKHE PACXOKICHUS PaJlapHBIX TaHHBIX C dde-
MEpHIaMH HE YAaBAIOCh OOBSICHUTD, PACXOKACHUS (POPMAIIBHO YCTPAHSUIN KOP-
pekuueil aemepu;, HapuMep, BHOCS NONpaBKu J[aHKkOMOa, «CMECTHBILIETO»
Benepy Bnepén o opoute Ha 290 KM, YBETMYUB TeTMOIEHTPUIECCKYIO JTOJITOTY
Benepsr ma 0,55 [241]. ITocKONBKY M TIPH 3TOM OCTAJMCh pacXoKaeHHs, Be-
Hepy cMecTHin emé Ha 270 KM, yBEIHYHMB €€ TeIMOLUEHTPUIECKYIO JOJTOTY
emé Ha 0,52 [244] ¥ TOCTPOUB YHCIICHHYIO TCOPHUIO TBUYKCHUSI ITAHETHI, COOT-
BETCTBYIOIIYIO JTaHHBIM pagapoB [242]. Tem He MeHee, CHCTEMaTHYeCKHe pac-
xoxernst ~10° kM (CoOTBETCTBYyIOIINE OIMOKE HEOSCHBIX KOOpAHHAT BeHepsl
~1") pagapHbIX naHHBIX ¢ Tabmuuamu Hpiokoma-/laHkoMOa U ¢ BU3yaJbHBIMA
JAHHBIMM COXPAHSUIUCh HA MPOTSHKEHUU Aecstuietuil [242-246] u 1o cux nop
He 00bsicHeHbl. Coriacue 3TUX JIBYX THUIIOB JIAHHBIX, KAK OTMEUYEHO,— JIMIIb Y10~
BieTBOpuTENnsHOE [245]. O TOM ke TOBOPAT COBPEMEHHBIC TaHHBIE.

[IpUHATO cUUTATh, YTO 3HAYUTENbHBIC OTKIOHEHHUS (~10° kM) HMenH Me-
CTO JIUIIb B MEPBBIX CEAHCAX PaAJMOJIOKALUH, KOT1a €€ TOYHOCTh Oblla HU3KOM,
a B XOJIC yTOYHEHHsI METO/IOB OIIMOKM CHU3WIUCH Ha nopsiaku. Ho dakrnueckn
pacxoxaeHns 3eMepua U JaHHBIX PaJHOIOKAINK COXPAHSUTUCH BCE BpeMsl, U
s¢eMepu bl MOCTEIIEHHO KOPPEKTUPOBAIIH 10 JAHHBIM pasiapos. He uckirodeHo,
410 B nonpaekax /lankom6a [247], dopmasibHO cMecTuBIero Benepy Brepén mo
opbute Ha 300 kM B sdemepunax 1960 ., ObUIM yUTEHBI PE3YNBTATHI PAJANO-
noxanuu Benepsr 1958 1. 8 CIHA (JIaboparopus JInakonsHa) [249] 1 1959 1 B
Anrmnn (Ixoxpen benk) [237]. B atux ceancax BIiepBEIC OBUIO OTKPBITO, YTO
Ipy ynaneHuy Benepsl e€ qucTaHiys MpeBbliiajia JUCTaHINI0, PACCUUTAHHYIO
o >pemepunam. Tem cambiM Tabnuusl JlankoM0a, M3n1aHHBIE Kak pa3 B 1958-
1961 rr. [248, 250], mpou3BeNn IEPBYIO UTEPALINIO, KOPPEKIIHIO d(PeMEepHI, KO-
TOpast HCKYCCTBEHHO CHU3MJIA PACXOXKJICHUSI MEX Ty d(deMepruaaMu U paJapHbl-
MU AaHHbIME 1961 1. B Xoe Takux mocnenoBaTeNbHbIX UTEPAUi PE3yIbTaThl
KaX/IbIX MOCTIETYIONNX PaJapHbIX 3aMEpOB BCE MEHBINE PACXOIIINCH C de-
Mepugamu [238, 251], mpeTteprieBaBIIIMA OHY PEAYKIINIO 3a Apyroi. OqHaKo
cUCTEeMaTHYecKasi OMMOKa M3MEPEHHBIX MOJIOXKEHUH BeHepsl,— B BHJIE pacxo-
KJICHHST paJlapHbIX U3MEPEHUIl C BU3YaJIbHBIMU YIJIOMEPHBIMU N3MEPECHUSIMHU,—
COXpaHsUIaCh Ha MPOTSHKEHNUH JIECIATKOB JieT Ha ypoBHEe A~ 1"~ 5:107° pan [245,
251], XoTs acTpOHOMHYECKHE TPUOOPHI (B T.9. OCHOBAaHHBIC Ha METONIAX WHTEP-
(epomerpun), CoBepIICHCTBOBAINCH. K HacToseMy BpeMEHH UX TOYHOCTB Cy-
IIECTBEHHO BhIpocia, focturays 0,01"-0,001".

Tem He MeHee, CHCTEeMaTHYECKUE PACXOXKIICHHSI MEKIY JTaHHBIMU OIITH-
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YEeCKHUX aCTPOMETPHYECKHX HM3MEPEHHH MOJIOKCHUH IUIaHeT W d(peMepuaam,
MIOCTPOCHHBIMH T10 PaJINOIOKAIMOHHBIM JJAHHBIM, COXPAHSIOTCS 10 HACTOAIIETO
BpemeHu [252, 253]. Takum obpa3oM, cucremMaTiudeckas ommoka A ~ 1" B amuH-
HBIX psijiaXx HaOJIIOACHUH Ha MOPSIOK NPEBBIIIACT TOYHOCTh MTPEKHUX acTpOMe-
TPUUYECKUX METOHOB (M Ha ITOPSIKU MIPEBOCXOANUT COBPEMEHHYIO TOUHOCTB aCTpO-
nHTEP()EPOMETPOB 1 PATMOTEIIECKOIIOB), COOTBETCTBYS Ha AUCTAHIMN Benepsl
CHUCTEMAaTUYCCKOMY CMEIICHUIO Topsinka RyA ~ 750 kM Bepén mo opoure. Jaxe
CIIYCTSI I€CATHIIETHE TOCNE MEPBBIX CEaHCOB paanoiiokanuu, 22 mronst 1972 .
mpu Bxoge AMC «Benepa-8» B armocthepy Benepsr 06110 3aduKcnpoBaHo 3Ha-
YHUTEeNBHOE pacxokaeHue (6onee 500 kM) MEXTy paJapHbIMU MOJIOKCHUSMH TLTa-
HEThI 1 d()eMEPUAHBIMHU, PACCYINTAHHBIMHU Ha OCHOBE aCTPOMETPHH U 3aKOHOB He-
6ecHoif Mmexanuku [254, c. 67]. IlosTomy B apeMepus! cTan BHOCUTH paJapHbIe
morpaBKy [242], TeM caMbIM BHOCS B HUX OIITHOKH.

Ot ommOKM sipko nposiBmiiuch B 2004, 2012 rr. ipy HaONIOIEHNH TTPO-
xokaeHnss Benepsl mo aucky ConHIIa: MOMEHTBHI KOHTAKTa IUTAHETHI C JHCKOM
Comarma oTcTaBany Ha BpeMs { mopsimka MUHYTH [255-257] oT adhemepuaHbIx
[258, 259], conmepxamux pajnapHble «momnpaBkm» [242], cmectuBiine Benepy
BHEPE]l 110 OpOUTE HA COTHU KUJIOMETPOB. 3a 3TO BpeMsi / ~ | MHH yIJIOBOE I'eJIHO-
LEHTpUYecKoe cMmemieHne Benepsr oTHocuTenbHO 3emimu o = (o, — o)t = 1", a
nuHelHOe — oR; = (0, — ®,)tR; = 500 kM. T.e. 3amepkka Moryia OBITH BBI3BaHA
OLIMOOYHBIM «CMEIICHHEM» TUIAaHEThl BHEPE M0 OpOHTE 10 JAHHBIM PaaapoB.
OT0 MOKHO TIPOBEPUTH B X0fe OOJIee TOYHBIX M3MEPEHHUN TONOKeHUH Benepst,
C WCIIOJIb30BAaHUEM COBPEMEHHBIX TEJIECKOIIOB W PAJHOTEIECKOIIOB CO CBEPX[-
muHHOM 6a3oii (PC/IB), nockonbKy pajuou3inydeHne ropsiuei mosepxaoctu Be-
Hepbl oT4émnBo peructpupyercs [150]. M3mepenne nonoxkennit Beneps! npu
9TOM MOYKHO MPOM3BOJMTH JHOO 10 M3MEPEHHI0 MOMEHTOB TOKpPhITHS Benepoit
TOYEUHBIX PaJIMON3ITYHAIOINX 00BEKTOB C M3BECTHBIMH HEOECHBIMH KOOPJIMHA-
TaMH, JINOO0 HEMOCPEICTBEHHO, 110 PETUCTPAIMY TEIUIOBOTO paIuon3IydeHus Be-
HEepbI,— 10 JaHHBIM paguonHTepdepoMeTpoB co cBepxmmHHON 6a3oii (PCUB)
WIN TPUAHTYJSIIMEH Ha 0a3e mopsjaka quameTpa 3eMild, ¢ pa3HeCEHHBIX ceTei
panuounreppepomerpoB. Tounocts n3mepenus yrios B PCIb nocturaer A6 =
0,0001", uto Ha muctantmu Berepsr 1 = 42:10° M (6 nuscnem coedunenuu) mpu-
BOJWT K NPEHU3MOHHOW TOYHOCTH M3MEpEHUs MOJOKeHUH Beneps! Ha opbute
ABr =20 M. DTO O3BOJIUT TOYHO KOHTPOJIHMPOBATH MOJIOKEHIE BeHepsl Ha opOu-
TE€ U CPABHUBATH €TI0 C MOJOKEHUAMH 10 JaHHBIM PajiapoB.

CpaBHUTENBHBIC U3MEPEHHS TIOJIOKEHUH U OpPOUTAIBHBIX AJIEMEHTOB 10
JaHHBIM JaJTbHOMEPHBIX, TOIJIEPOBCKHUX U YIIIOMEPHBIX U3MEPEHUI BO3ZMOXKHBI U
JUIsl IPYTUX IUIAHET, B TOM uMcie 11 Mepkypus u Mapca. VX nonoxxeHus u siie-
MEHTBI OpPOWT, PACCUYMTAHHBIE 110 JAHHBIM PaslapoB, TOXKE COAEPKAT CHCTEMaTH-

164



yeckue pacxoxaenus (~ 400 kM) ¢ anamuTrueckoit Teopueit Helokoma u aheme-
pUIaMH, PACCYUTAHHBIMH 110 aCTPOMETPUIECKIM NaHHBIM [245, 260]. s Map-
ca HEeBSI3KU PaJIapHBIX U 3(heMEpUIHBIX TaHHBIX, KaK 0Ka3ajock [261], HocAT ToT
ke Xapakrep, uto u st Benepsl. Ecin B Beipaskennu (2.10) u (2.11) B kauecTBe
R1 B3sTh pammyc opbutsl Mapca (R; = 228-10° M), a B Ka4eCTBEe (; — YIIIOBYIO
ckopocth Mapca (o, = 1,1-107 pan/c), moay4um CIeayroIyto 3aBUCUMOCTb
Ar = 5130-sin(0,008t) km, At = Ar/c = 0,017-sin(0,008t) c.

Je#cTBuTEeNnBHO, CHATAS B aBrycte 1971 1. 3aBHCHMOCTD U30BITOUHON 3aA€PIKKU
At(t) HOCUT nMeHHO Takoil xapakrep (Puc. 2.31), nuHeitHO HapacTas OT HyJ,

HauyMHas ¢ MOMEHTA MPOTUBOCTOSIHUS [261].
Ar, mc
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Puc. 2.31. HeBs3ku sdeMepumHbX M HM3MEPEHHBIX BpeMEH 3a-
JIEPKKU  TIpU  paguoniokauun  Mapca  (kpyoreku) [261, c. 257].
Jlnst cpaBHeHMs TIpUBEACHBI pPacu€THbIE B paMKax OaJIMCTHYe-
CKOM Teopuu PuTna HEBA3KM B OTCYTCTBUE MNepeusaydeHus (myu-
Kmup) ¥ TIpu TnepensnydeHun Ha juHe | ~ r/7 (wmpux-nynkmup).

3anazabiBaHnue MoMeHTa At = 0 Mc Ha 13 CyTOK OT MOMEHTa HPOTHBO-
crosuust (10 aseycma 1971 2.) 00bsiCHSIETCSl DIUIMITUYHOCTBIO opOnTHl Mapca.
W3-3a 9TOTO OTHOCHTENBHAS JIyyeBasi CKOPOCTh Mapca oOpaiiaercsi B HyIllb He
TOYHO B MOMEHT IIPOTUBOCTOSIHUS. T.€. MOMEHT, B KoTOpbI AT = 0 Mc, HacTyna-
et no3xnHee. Kpome Toro, npu ornanennn or Conxua (3a opOuTol 3emin) KoH-
LIEHTPAIHsI MEKIUTAHETHOTO BOAOPO/Ia MOXKET HapacTaTh, TIOCKOJIBKY CHIKACTCA
CBETOBOE JIaBJICHHUE, BBIAYBAIOIIEE ra3 u3 Ommkaimmx okpectHoctert Conana. B
UTOTE NOBBIIACTCS PPEKTUBHOCTD IIEPEUIITYUCHNS, U3-32 YETO 3HAUCHUS HEeBSI-
30K CHIDKEHBI IPUMEPHO B 7 pa3 MO CPaBHEHMIO C TEOPETUYECKUMHU. T.e. AIuHa
nepensiydenus | ~ r/7 = 11-10° M: IOpsIOK COBMAmAET C TEOPETHICCKOM [UTHHON
mepen3aydeHns Bo3ie opoutsl 3emim (2.13). B memom cxomHbIil xapakTep 3a-
BHCHUMOCTH BEJIMUYUHBI HEBA30K OT BpeMeHHu st Benepsl u Mapca cBuieTens-
CTBYeT 00 MX OJIMHAKOBOIl He cily4yaiiHO# npupose. Kak nokaszaHo, 3Tv OIHOKH
CHCTEMaTHYeCKHE U BIIOJIHE OOBSICHUMBI B paMKax OaJTHCTHIECKON TEOPUH.
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AHAIOTUYHO MPH PaJHONIOKaui MepKypHus, HarpuMmep, PH TOYHOM U3-
MEpEHUH BPEMEHH 3aIla3IbIBaHNS PaIHOCHTHATIA B TPABUTAIIMOHHOM T1051e ColTH-
1a TIPH OTPa’kKeHUH OT MEpKypHs B BEpXHEM COCTUHEHNH, SKCIICPUMEHTAIBHEIC
TOYKH CUCTEMATHYECKH CMEIAINCh OT TEOPETUYECKOM KpHBOM. [0 COeINHEHUS
3a/iepKKa CUrHaia Opuia uyTh Huxke pacuéTaoro mo OTO BpemeHu 3ama3apiBa-
HUS, a TIOCJIe coequHeHusI — uyTh Bbiie [90]. B paMkax GamiucTudeckon Teo-
PHH 3TO — CJIEACTBUE HATHYHUSA Y OPOUTAITEHON CKOPOCTH 3€MJIIH IO COSAMHEHUS
KOMITIOHEHTBI, HalpaBiIeHHON K MepKypHio, cooTBeTCTBEHHO, 110 BTP Bpems 3a-
Na3bIBaHMS CUTHAJIA CHIDXKAJIOCh, a I0CNIE COeqUHEeHus — 0T Mepkypusi, Bcies-
CTBHE 4Yero Bpemsl 3amasasiBanusi, cormacHo bTP, ysemuuusanocs (Puc. 2.32).
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Puc. 2.32. Cucremarnyueckoe CHIKEHHE 331€P’KKU OTpa-
skéHHOro MepKypueM paauocuriaia 0 BEpXHEro COen-
HEHHUS U YBEJIMUYCHUE 3a/ICPAKKH [10CIIC COCAUHEHUS (1yH-
Kmup) TO CPaBHEHHIO C TEOPETHYECKOH 3aBHCHMOCTHIO

(cnnowmnas nunus) npu paguonokanuu B 1967 r. [90].

XapakTepHOe 3ama3IbIBaHHE W OMEPESKEHHE COCTABINIO 1O TpaduKam
nopsaka At = 25 MKc, 4TO COOTBETCTBYET Pa3sHMIE PACUETHOM U U3MEpEH-
HOW auctaHimu Ar, = CAt = 7,5 kM, win cMmemeHu0 Mepkypusi 1o opoute
AL = ArRy/Re = 621 M, tae Ry = 58:10° M — cpennee paccrosiane Mepkypust
1o Conrna, Re= 7-10% M — cpennnit pamuyc Conana. Takum 06pa3om, HEBsI3-
KU pagapHOTO U TEOPETHIECKOTO MOJIOKEHUS MepKypusi HAMHOTO TPEBBIIIAIOT
BO3MOKHEIC pagapabie ommoOku (~10—-100 M s 1967 1) U cocTaBISIOT 110 TO-
PAAKY TY JKE BEJIHMUYUHY, YTO M HEBSI3KU MOJIOKCeHUsT BeHepsl Ha opoute. C TOYKH
3peHusl OAUTUCTUYCSCKON TEOPUH HEBs3Ka cocTaBmia Obl Ar, = rV,/C = 97 kwm,
rae V; = VeRe/Re = 140 m/c — cocTaBistomias opOUTaIbHON CKOPOCTH 3eMIIH
Ve= 30 km/c BIOIB OTpe3ka I 3emmsi-Mepkypuii, tie Re~ 1,5-10% M — cpenmee
paccrosinue 3eminn go Connua. Pacxoxaenue Ar,= 7,5 km u Ar, = 97 xm cBs-
3aHO € Mepeu3IydyeHrueM paauocurtaia B kopone CoiHIa, B pe3ysibraTe 4ero
OCHOBHYIO 4acTh MyTH PaJMOCUTHAI JIBHXKETCSI CO CTaHIAPTHON CKOPOCTHIO C.
Takum 00pa3oM, IpaBHIBHO UCKATh Ar, Kak Ar, = IV,/C, Tne ninHa nepeunsnyde-
uust [ = rAr,/Ar, = 16-10° M, 9T0 COBMAIAET 1O TMOPSIIKY BETMUUHBI C OIIEHKON
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| o mewsi3kam paguonokaiuu Benepsr, Mapca (I = 7/7 = 11-10° M) u oreHKo#M
qutuabl | = 12-10° M 10 KOHIIEHTpAIUU MEXKIUIAHETHOH tuia3mbl (2.13).

[Ipu 5TOM BIHSIHEE CKOPOCTH caMOoro MepKypus Ha CKOPOCTh PaJIHOCHT -
HaJla HUBEIHPOBAIOCH d(h(HEeKTOM Mepen3IydeHus, BBUAY Onmn3ocTH MepKypus
k CoJHIly 1 BBICOKOH KOHIICHTpanuu Iuia3Mel B kopone Comurma. C apyroit cTo-
poHblL, 715t Mapca u Mepkypusi, BBUIY UX BBICOKUX OpPOUTAIIBHBIX IKCIIEHTPHUCH-
TETOB, MOJKHO OXKUAATh eIl OOJBIIMX PACXOXKICHUI U HEBSA30K, 4eM it Bene-
pbl. OT epeMeHHOI CKOPOCTH JIBMKEHUS 110 OpOUTE paiapHble OIHOKN HEb3s
ITOJTHOCTBIO CKOMIICHCHPOBATh TOOABKOW ITOCTOSITHHOTO CMEIICHHUS IO OpOWTE.
Ho uucrnennas Teopus NBMKEHHUS IUIAHET, TOCTPOCHHAS 10 JaHHBIM Palapos,
Jy4Ille COTIacyeTcs ¢ NalbHEHITNMH paJlapHBIMH 3aMepaMHu (COAEPIKAIIIMHU Te
)K€ CHCTEMAaTHYECKHE OIIMOKH), YeM C aHAJTUTHUYCCKOM Teopueit Hprokoma [262].

OwuOKK pajMoIOKalui MOTYT CHITPaTh POKOBYIO POJIb M NPHU pacyére
OpOUT acTEepOMIIOB, NEPECEKAIONINX OPOUTY 3eMiIM M OJM3KO MOAXOISIINX K
IUTaHETe, OCOOCHHO B CBETE HE CIIPOTHO3MPOBAHHOTO MajeHHs UensiOMHCKOTO
(HYebapxymbckoro) Mereopura. s MpenoTBpAIeHAS aCTEPONTHON ONAaCHOCTH
TOYHOCTh KOCMHUYECKOM PaHONIOKANN CIeAyeT BCECTOPOHHE MOBBIMIATH, IIPO-
BEpSITh, COBEPILIEHCTBOBATh €€ METO/IbI, ITOBBIIIAThH JallbHOCTb M 1yBCTBUTEIb-
HOCTb KOCMUYECKHX PaJapoB.

§ 2.5. PadapHbie owubku AMC, GPS, INIOHACC u 6annucmu4eckue
nonpaeku

BriepBbie mOXHBIA «CABUT» BeHEphl 10 OpOMTE OTMETHI MHOHEP KOC-
muueckoir HaBuraruu B.I1. Cene3nér [263-265], corpyanuk C.I1. Koponésa u
aBrop MoHorpaduu «Hasurammonnsie ycrpoiicrBay (M.: O6oponrus, 1961),
CIPOEKTHPOBABIIMI CHCTEMbI HABUTAIIMU NIEPBBIX KOCMHUYECKHX Kopaoiei. Ce-
JIe3HEB MOKa3all, yTo Oe3 Teopruu PuTna «Ha OCHOBE Hay4YHBIX CBEICHHUH O CBETE
ACTPOHABUTAIIMS B MIPUHITAIIE HEBO3MOXHA» [264, ¢. 308], B ToM gucie y Koc-
MHYECKHX 30HI0B, P aBapuil KOTOpbIX, Hanpumep y AMC «®oboc-I, -1I», BbI-
3BaH pajgapHbiMu ommbkamu [203, 263-265].

He uckiitoueHo, 4To aBapuu IpyTrux anmaparoB, OTIPABICHHBIX B Pa3HbIC
roasl k Benepe u Mapcy, BBI3BaHBI CHCTEMAaTHYECKHUMHU OIIMOKaMU M3MEPEHHUS
TIOJIO’KEHUH alIaparoB M IUIAHET 110 AaHHBIM paanoiokanuu. JleficTBurensHo,
pasapHbIe H3MEPEHHS YIEMEHTOB OPOUT MAr0T BBICOKYIO TOYHOCTH (~100 M) mpu
M3MEPEeHUH AUCTAHINN, paftnycoB (00IpIINX TOIyoceit) opouT rraneT. UmenHo
9TH XapaKTEPUCTUKU UTPAIOT OCHOBHYIO POJIb B pacdyérax TPaeKTOpHil ammapa-
TOB, T.K. OINMOKM 3HAYCHUH a.e. U PaJuyCcoB OpPOUT IUIAHET BEIU OBl K YKIIO-
HECHHIO alllaparoB OT LM Ha PACCTOSHUS JI0 HECKOJIBKMX JNaMETPOB IUIAHET
tumnia Benepsr u Mapca [242, 243]. MeHee KpUTHYHBIH TTapaMeTp — MOJI0KEHUE
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IUlaHeT Ha opOure (McTMHHAs aHomanust V). HambOoiee TOYHO ero M3mepsor
METOJaMH acTpoMeTpuH. B wacTHOCTH, TpaekTopHs Moséra ABTOMAaTn4yeCcKOu
Mexmnanernoir Crannun (AMC) no nepexopHoit opoure ['omana mpoxoaur
10 KacaTelbHON K opOuTe BeHepsl, 1 HETOUHOCTH B OIPEACICHUHN TTOJIOKCHHUS
Ha OpOMTE CKaXKyTCs JIMIIb HA MOMEHTE JOCTHKEHHUS amllaparoM IJIaHETH, a
JMCTaHIUS TPEeIbHOTO COMMKEHUsI TIOUTH He M3MeHuTtcs. M3 coobpaxkeHuit
ya00CTBa CBA3M M IKOHOMHH BPEMEHH IPUMEHSIIOT 00Jiee KOPOTKHE EPEXOAHBIC
opouTHI, epecekaromne opouty 3emun u Bereps mox yrimom [254]. CooTseT-
CTBEHHO, OIIMOKY U3MEpeHHsI pajiapamu nojoxennii Benepst 1 AMC Ha opOute
~1000 kM Benmu ObI kK mpomaxam: AMC Moria Obl IPOHTH MHMO TUIAHETHI, HE
TIOTIaB B PaCYETHYIO TOUKY IMMOBEPXHOCTH, WiH Tpaekropusi AMC He momana Ob
B JIOIIYCTUMBIH JJMaIia3oH yIIoB BXoja B arMocdepy mianetsl. Ho, eciu paano-
JIOKAaTOp OTHOBPEMEHHO M3MepseT nucTannnu Berepst 1 AMC, kak y ammapara
«Benepa-8» [254], cucremarnieckne OMIMOKH pacCTOSTHUN KOMIIEHCHPYIOT JIpyT
Jpyra IpU BHIYUTAHUH U BHIYUCICHUN OTHOCUTEIBHOTO PacCTOsIHNS OT BeHepsl
10 AMC. A nipu commxennn AMC ¢ Benepoii pajnonokanusi miaHeTsl BenET-
cst Harpsimyto ¢ AMC, 9To CHIDKaeT BeIMYHHy ommOKku. Ho u B ATOM ciydae
OLIMOKK M3MEPEHH TOIOKEHHUH anmapaTa U MJIaHeThl MOTYT BECTH K aBapusiM U
mpomaxam, kak nokazain B.I1. Cenesnés [203, 265] u B.A. XXmyzas [206].
JeiicTBuTensHO, HCTHHHAS TpaekTopus nmonéra AMC «Benepa» Bozie
TUTAaHETHI OTKJIOHSUIACh Ha COTHH KM OT pacu€THoi [254]. Ho koppekius opOuThI
Ha KOHEYHOM YYacTKe TpaeKTopuu [254], a Takyke OONBIION AMaMeTp IIaHEThI
~12000 kM (TIpeBbIMIAIONINN OMINOKH), MTPAKTHYECKH UCKITIOYAIH ITPOXOKICHHE
AMC mumo nenn. CunbHee ckas3biBaroTcs omuoOku it AMC, HampaBIIeHHBIX
K Mapcy, Ui KOTOporo u3-3a OOJBIIEr0 PacCTOSIHUS M BBICOKOTO IKCLEHTPH-
CHUTETa OMIMOKHM M3MEPEHUH BBIIIE, a THAMETP IJIAHETHl B 2 pa3a MEHBIIE, CO-
craisist 6800 KM, 4TO COIOCTaBUMO € BeTMUMHOM ommoOku (~2000 kM) 1 MOXKeET
BecTH K aBapmsiM y MapcuaHckux AMC. Emg Boimre pons ommbok mis AMC,
HalpaBJIEeHHBIX K CITyTHUKAM IUIaHET, IMEIOIINM eIlé MeHbIINe pa3Mepsl. Tak,
pa3mep Poboca (cyrHuka Mapca) — Bcero 20 kM. COOTBETCTBEHHO, OIIMOKA B
usMepennn koopaunat ®odoca 1 AMC ~1000 kM Bena ObI K IpONIETY amnmapara
MHUMO LIEJIH WIH K CTOJKHOBEHUIO C €r0 MOBEPXHOCTBIO, BMECTO MSTKOW Mocaj-
ku. Kak momararot, ¢ aTum u cBsizanbl aBapun AMC «®oboc-I» u «Poboc-1I»
[265]. HdeiictBuTenbHO, aBapuu 3Tux AMC ObUIH CBSI3aHBI C TIOMEXaMH PaJIHo-
CBSI3M M HABUTAIIMOHHBIMHU ommbOkamu [266]. ITposeputs rumoresy Cene3néra
MOYKHO, COIIOCTAaBUB JIaHHBIE TPAaeKTOpHBIX M3MepeHnii AMC «®obocy, noiy-
YEHHBIX METOJJAMH PaTUOIOKAINH U pagronaTepdepomerpun [267]. s yTod-
HEHUsI COBPEMEHHBIX TPAeKTOPHBIX 3aMEPOB U MIPOBEPKHU MOCTOSHCTBA CKOPOCTH
CBETa CIIEIYeT CONOCTAaBUTh AaHHbBIE S-TH METOJOB: PAANOIOKANH, N3MEPECHUS
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KOOPJMHAT M0 CYUCIEHUIO MYTH (10 Jomiep-cABUry dacToTsl curtaga AMOC),
nazeproit nokarun, PCIIB-n3mepennii yrmoseix koopaunat, PCIB-n3mepenuit
JUCTaHINI METO/IoM TpuaHTynanuu [268]. OTMeTuM, YTO B HACTOSIIEEe BpeMs
PCIB (VLBI) m3mepenus B komOuHatwm ¢ GPS-m3MepeHnsMy ONOKeHIH Ha-
BUTAIIMOHHBIX CITyTHHUKOB YK€ HIMPOKO MPUMEHSIIOTCS, BBIABISISL CHCTEMaTHYe-
ckue ommbOku GPS-u3mepenwii [269].

Uccnenyem sdpdexr «I[Tuonepos» [270, A3, Al8, A27] — aHomauio,
BoIsABIeHHYIO JlabGoparopueii PeakruBHoro JIwxkenust (JPL NASA). Ckopo-
ctu AMC «ITuonep-10» u «ITuonep-11», uamepenusie pagapamu (1o JA0IIep-
cnBury yactotsl curnana or AMC), ommyanuck ot pacu€THbix [271]. M3mepen-
Hoe yckopenue «IInonepos» B mone Tsrorenust ComHua maccsl M npeBbICHIIO
pacuérroe a' = GM/r? ua Aa,= (8,74 £ 1,33)-107'° m/c? (na paccrosituu I Ypana
[270]). «ITuoHeps», ynanssich oT 3emii co ckopocThio V = 10 kM/c, u3nmydanu
CHTHAJI CO CKOpPOCTBIO C' = C — V, HapammBas 3ailepXKy T. A Ha 3emiie, IPUHSB
C' = C, CONOCTAaBISIIN U3MEPEHHBIE CKOPOCTH U ycKopeHust AMC — paccTosiHHIO
r'=ct=r+rV/c, a ue ucrunromy r = (C — V)1, rae yckopenne a = GM/r? pirie
pacuérroro a' = GM/r'? na

Aa,=a-a'=2aV/c=2VGM/cr (2.14)

Ha mucranmum Ypawa r = 3-10%2 M mpu V = 10 KM/C 3TO COCTaBUT pacuér-
HYIO BEJIMUMHY OMIMOKK Ad, ~ 9,9-1071° M/c?, Giu3Kkyro K U3MEPEHHON OmMOKe
Aa,~ 9-107'° m/c? [270]. Cxomubie aHoMauu BoisiBIIeHb y AMC «Vimce» [272]
n «Kaccunmy», y xoroporo Ha paccrosuuu Carypra (r = 1,5-10*2 M) usmepen-
HBIH M30BITOK ycKopeHus Aa,~ 3-107° m/c? [273] 6nu3ok k pacuétHOMy Aa, =
2VGM/cr? = 4-10° m/c? A u3MepeHHOE OTKJIOHEHHE anmnaparoB «IIuoHep» ot
pacu€THBIX MONOKEHUH B patione opouts! [LyTona (r= 7,4-10'2 M) coctaBmiio
Ar,=3,8-107 M, 4TO 110 MOPSIKY BETUUUHBI COITIACYETCS C PACUETHBIM 110 OaIH-
CTHYECKOMY MPUHIUITY OTKIOHEHHEM Al = 7' —r=rV/c =2,5-10" m.

CunTanock, 4To BeNWYMHA ycKopeHus Ad, «[IMoHepoBy» MpakTHUECKH He
MEHSTacCh Ha MPOTsbKeHnH Beero monérta AMC, a cormacHo (2.14) Aa, TOmMKHO
yObIBaTh mpomopuuoHaibHo 2. Ho ¢dakrtuueckn yrounéuubii anamuz C. Ty-
peimieBa [274] mokaszai, 9to BennmdnHA Ad, yObIBaeT ¢ paccrosHueM I. bomee
MeuieHHOe yObiBaHHe Ad,, yeM Ad, u3 Gopmyssl (2.14), 00yCIOBIEHO TEM, Y4TO
Ha pacCTOsIHUSX I ~ 1 a.e. B aHOMaJbHOE yCKOpPEHHE BHOCHT BKJIAJl JIABICHHE
cBeTa U conmHeuHoro BeTpa Ha AMC, co3parolee yCKOPEHUE, HAllPaBIEHHOE OT
ConHua u ucyesaromie mMajioe 3a opoutoit Omurepa (r > 5 a.e.) [271]. Taxke
Ha paccTosHUAX I MeHbIe auctannuy FOmumrtepa (I < 5 a.e.) ckaspiBaeTcs 3¢-
(exT nepensnyyeHns MeXIUIaHETHOH Cpeloi, KOTOpast HUBEJIMPYET OTKJIOHEHUS
CKOPOCTH CBETa M CHIDKAECT aHOMaJIbHOE ycKopeHue Ad,. [loaTomy mpu Manbix
I aHOMallbHOE yCKOpPEHHUE HIDKe, ueM cienyeT u3 (2.14). Ecian paanonepenaya
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Be/IETCS HA MEHBILNX YacToTax, apdexT nepensinyuenus Mai. B wactHocTH, uist
«[TnoHepoB» nepenaya Benach Ha JutrHe BosHbI 13 cM (S-band), a y «Kaccunm» —
Ha JuinHe BosHEI 15 cm (L-band). CoorBercTBeHHO, 1iist «KaccuHm» nokazarens
HpeJIOMIICHHST N MEX3BE3HOM cpeibl U 3P(DEKT nepen3sydeHus! HuKe, YeM s
«I[Tuonepos» Ha Tom xe r. [Toatomy y «Kaccunu» Ha aucranuuu CarypHa Ha-
GJIrO/1a1ach MMOYTH TTOJTHAS BEJTMUMHA aHOMAJILHOTO yCeKopeHust Aa, = 3-107% m/c?,
YTO JIKIIG Ha 25 % HUKe mpefcKa3anus 0autucTuYecKoil Teopu (2.14).

" v cp "1-!' ﬁ
ConHue . aHTOMHbI
«[uoHep» MoHep»

c-v
_.-* 3emnsa

Puc. 2.33. Cxema paguonoxauuu AMC «IIuonepy.

OcHOBHas TUIIOTE3a, 110 KOTOPOH aHOMajbHOE yckopeHue «lInonepoy
WHTEPIIPETHUPOBAIIN KaK CIIECTBUE PAHAIIIOHHBIX CHJI OT HEPaBHOMEPHOT'O Ha-
rpeBa KopIyca H30TOIHBIM HCTOUHUKOM [274], BBI3BIBAET COMHEHHUSI, TIOCKOIIBKY
AHOMAJIbHOE YCKOPEHHE TOW KE BEJIMUYUHBI U HAIIPABJICHUS OOHAPYKCHO Y psiia
apyrux AMC, ¢ pa3HbIMH MCTOYHMKAaMH IHTaHUs, TadapuTaMyd U CTPOCHHEM
koprrycoB. [ToaToMy ManoBEeposSITHO MOSIBICHHWE CHJ OJHOTO MOPS/KA BEIHYH-
HbI, HanpaBlieHHbIX Beera Kk Comnnity. Kopryce «[InonepoBy» 1ist TEpMOHU30IISILIMN
MOKPBIT OTpakarouied MIEHKON € 30JI0THIM HalbIJICHUEM, IJI0X0 U3TyYarolIuM
teruio. [Toaromy mnéHka Ha CTOpoHE anmapara, oopaméntoit ot ConHia, u3my-
yaya Obl TEIJI0 He MHTEHCUBHEH, a crabee, yem anTeHHa (oOpameénnas k ConH-
1y, 3emIe), TAe paauanuoHHas cuiia oopatHas. T.e. y paauarMoHHBIX CHII U Be-
JIMYMHA HUOKe pacuéTHol [274], u HanpaBiieHne, BeposiTHO, oOparHoe. Coracue
BEJIMYMHBI PaJIMAlMOHHOTO YCKOPEHUsI ¢ M3MEPEHHBIM O0YCIIOBIEHO BBIOOPOM
KO3 PHUIIUEHTOB, CBI3BIBAIOIIMX TEMIIEPATYPBI U PAHALIMOHHbIC CUIIbI [274].

Manocts paJuanoHHBIX CHJI CIEIYET TAKKEe W3 TOTO, YTO HEpaBHOMEp-
HBII HarpeB kopiryca «[InonepoBy» (cM. Puc. 2.34, rne BUIHO cMeIeHne 001acTh
MaKCHMaJIbHOTO Harpesa Ha h ~ 1 M oT ocu ammapara), co31aB pagHaluoOHHY0
cuny F u ycropenne Aa, = F/m ~ 107 m/c?, co3man 661 MoMeHT critsl M = Fh, koto-
PBIii 3a 1BaUATHIICTHUH CPOK { HEyNpaBIsieMOoro moJéTa OTKIOH Obl ocu «I1no-
HEpOB» M OCTPOHANPABICHHBIX MapadOIMYECKNX aHTEHH HA YTOJ 0, WCKIIFOYMB
obmeH curHanamu ¢ 3emnéil. Y «ITunoneposy 3a opoutoii FOnmrepa He neiicTByOT
peaKkTHBHBIE CUCTEMBI CTa0MIM3anuy HarpasieHus. Harpasnenue ocu armapara
CTaOMIIM3HUPYET TOJILKO BpAILlCHUE C YIIOBOH CKOpocThio ® = 4,8 06/ muH = 0,5
pan/c u MmomenToM umityibea lo ~ md?w/8 ~ mh?w Broms ocu anmapara, y Koto-
pOro MOMEHT MHepUHH | MOXXHO OLIEHWTHh KaK MOMEHT MHEpIMH JIMCKa Jnuame-
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TpoM d ~ 2,7 M 1 Maccel M. [103TOMy IOCTOSTHHBIH MONIEPEYHbIH K ocl MOMeHT M
(Puc. 2.34) 3a Bpems t cooOu ObI anmapary MornepeyHblii MOMEHT UMITyJibca Mt
U pa3BepHyJI ObI ero Ha yroi o = arctg(Mt/lm) ~ arctg(Aa,t/ oh) ~ 50°, monHOCTHIO
B cBsizu. [Ipu paboueit wactore 2292 MI'n (A = 0,13 M) u [raMeTpe aHTCH-
Hbl d = 2,7 M IJIaBHBIII JIEMECTOK e€ AMarpaMMbl HAMPABICHHOCTH HAMHOTO Ooree
y30K: 0, = Md = 0,048 paa ~ 3°. McxonHo aHTeHHa Oblia HAampaBieHa K 3emie, a
NP Pa3BOPOTE ammaparoB Ha yroi arctg(Aa,ty/mh) ~ ¢,/2 cBsi3p mpormana Obl Mo
HCTEeUCHUH BpeMeHH b ~ ohtg(,/2)/Aa, ~ 0,4 roga ux cBoGOIHOrO Monéra,— 3a-
JIOJITO 10 TiepecedeHus: opouThl Ypana. CoxpaHeHHE CBSI3M JCCATUICTUSIMU, JI0
niepeceueHust opOuThl [lmyTOHa, CBUIETENBCTBYET O COXPAHEHWH HAalpaBJICHHS
oceii «[THOHEPOB» B MPOCTPAHCTBE U OTCYTCTBUH 3aMETHBIX PATHAIIMOHHBIX HITH
WHBIX HEYUTEHHBIX CHIL.

dakTryecku, Bo3myIaronmii MoMeHT M BE ObI k emié 6osiee ObICTpOMY
YBOJLy OCH aHTEHHBI OT HampapJeHus Ha 3emiro. [lockobKy HarpaBieHHe Mo-
MeHTa M 3a cyér BpalieHus MOCTOSHHO MEHSETCS, OH HE MCHSICT HalpaBJICHHE
MOMEHTA UMITYJIbCa aliiapaTa B IPOCTPAHCTBE, @ OTKJIOHSET OCh alrnapara oT OCH
BpauieHus. B urore kaxaast TO4Ka Ha OCH amrapara olMChIBaeT PACIIUPSIOIITY0-
csl criupaltb, Kak B addekre [>xannOekoBa, rjie BO3MYIIAIONINNA MOMEHT TUIAaBHO
YBOJIUT INIaBHYIO OCh TeJIa OT OCH BpamieHus. Yuér adekra /xanndekosa, T.c.
TOSIBJICHHE OOABOYHOTO MOMEHTA IPU OTKJIOHEHHH aBHOi ocu AMC ot ocn
BpAIlICHHUS BEET K YCKOPEHHOMY OTKJIOHCHHIO AaHTCHHBI OT 3eMITH.

~3%

Puc. 2.34. AcuMMeTpuuHOE pacmpenesieHHe TeMIeparypsl (KpacHbBIM
OTMEYEHbl 00JIACTH C MAaKCHMAJIBHOM TeMIepaTrypoil, CHHHM — C MH-
HuMansHOW) 1o koprmycy AMC «Ilmomep» [274], co3maBast pajumary-
oHHyI0O cuiny F u aHomambHOEe yckopenue Ad, NpHBEIO OBl K MOsBIC-
Hut0 MoMmeHTa M, otkionstoniero anteHHy AMC B CTOpOHY OT 3eMiH.

Taxxe orkpbita Flyby-anomanus [270, 272], T.e. HEBSI3KM pacyETHHIX
U U3MEPEHHBIX pagapoM ckopocTted y AMC, mponeTaromux MUMO IUIaHET IO
runepoonuueckor Tpackropun. ¥ AMC «lanuneo», «NEAR», «Posertay mo-
cie mpoaéra MUMO 3€MIIM BBISIBIICH MPUPOCT CKOPOCTH Ha BEJIMUMHY HOpsIKa
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HECKOJILKMX MM/C, BOIIPEKU 3aKOHY COXpaHEHHs dHepruu. BeposTHas npuunna
OIIMOOK — MPUMEHEHHE ISl U3MEPEHUH CKOPOCTH U allliapaToB PENSITHBUCTCKOM
(bopmyitel goruiep-3pdpexra
e f\""l—u2 / c? (2.15)
. lxv/c
COTNIACHO KOTOpO# mpu cOmmkennn yactora f moeimena go fi~ f(1 + v/ic +
1%/2¢?), a ipu ynanennu — cHmwkera 1o f,~ f(1 — v/c + 1%/2¢?). A B Kitaccudeckoit
(u3MKe 1 B OAIITMCTHYECKON TEOPHH CBETa
S=f1+V/c)yuf,=A1-V/c), (2.16)
npuuéMm y AMC u3MepeHbl IMEHHO TaKue CHMMETPUYHBIC CMEIICHHST YaCTOTHI:
fi—f=f—f,. Takum 06pazoM, €CIIi HCXOIUTH U3 KITACCHYIECKUX (hOPMYIT, CKOPOCTH V
anmaparoB coxpansiercs. Ho, mpupasauBas mo CTO uzmepenHsie 4actoThl (2.16)
K pesaTHBUCTCKUM (2.15), HaxomsT mpu commkennu v~V —V?/2¢, anipn oTaaaeHin
v=V + V?/2¢, oTcrofa — JTOKHBIN BBIBOJI O TPUPOCTE CKOpOCTH Ha AV~ V?/C. [pu
ckopoctu V~10°mM/c, uTo Kak pa3co3nact wintro3uto mpupocraVuaAv~1-10mm/c.
AHaNOrM4HO, y CrryTHUKOB JIyHBI, 3eMJIN ¥ IJIaHET aHOMAJTMH JABHKECHHUS
MOTYT OBITH CBSI3aHBI HE TOJIBKO C aHOMAJIMSIMUA TPABUTALMOHHOTO TIOJS (MacKo-
Hamu), HO ¥ C CUCTEMaTHUECKUMU OIIMOKaMH paIoJIOKalliy OT Hey4éTa Bapua-
ui ckopocTy cBeTa i mpuMeHeHns popmyrt CTO. 31o 00bSICHIET BRICOKYTO TOU-
HOCTb U3MEPEHHS TPAaBUTAIOHHBIX aHOMAJIM C IPUMEHEHHEM JIBYX CITyTHHKOB
(manpumep, «260» n «Dmoy» B muccun «Grail» NASA). JIBurasce 1mo omHOM
opOuTe OJMH 3a APYTUM, IPHU PAAUOJIOKALUM U 3aMepe JOIIEPOBCKUX CIBUIOB,
OHH BBISIBIISIOT BapHAIIMN OTHOCHTEIIBHONW CKOPOCTH M ANCTAHIINN MEXKIY CITyT-
HUKaMH, TIPH BXOJIE B 30HBI IPAaBUTAIIMOHHBIX aHOManuii. Tak e sIImOHCKHUH 30H]T
«Karys», nersmuii mo Hu3Koi opouTe BOKPYT JIyHBI, BRIBIISCT TPABUTAIIOHHEIC
AQHOMAJIMH PaJANOJIOKALIel CO CIlyTHUKa-peTpaHcisitopa « OKWHay, JICTSIIETo 1o
BBICOKOIT opOuTe. C OHOM CTOPOHBI, 3TO TTO3BOJIET MOAICPKUBATH CBS3b C 3eM-
NEW ¥ IPOBOJINTH U3MEPEHNS, KOT/Ia OZIMH W3 CITyTHUKOB BXOJIMT B 00J1aCTh pajiu-
orenu JIyHBI, a C IpyTOif,— MPOBOIUTE OTHOCUTENIFHBIE N3MEPEHNS C OoJIee BhI-
COKO TOUHOCTBIO, YeM ITPU M3MEPEHUH aOCOJIIOTHBIX PACCTOSIHUI CITyTHUKOB 10
3emi. DTO CBA3aHO ¢ YMEHBIIIEHUEM OIIHOOK PH CHIKCHUH I, NCIE3HOBEHHEM
TIepeMEHHOM 3aIep)KKH paIiOCHTHaIa B HoHOCchepe 3eMiTH, a Takke C MaJOCThIO
OTHOCHUTEIBHON CKOPOCTH CITyTHHKOB, OCOOEHHO Y JISTAIMINX JPYT 32 JPYTOM IO
OiHOW opOuTE (10 CPAaBHEHHIO CO CKOPOCTHIO OTHOCHTENBHO 3eMiM). DTa CKO-
POCTB HE MEHSIET CKOPOCTB CUTHAJIA, U TOTPELITHOCT U3MEPEHHS PACCTOSHHIN Masa.
Owmbku BeIsIBISIIOT Takke cetn cryTHUkoB GPS m IJIOHACC [A3,
A33], Mo M3BECTHBIM KOOPIWHATAM KOTOPBIX W PACCTOSHHAM I = €T 10 TPEX-
YeThIPEX CITyTHUKOB, U3MEPEHHBIM TI0 3aJepKKEe T U3ITy4YEHHOTO UMK CHI'HAJA,
BBIUHCIISTIOTCS] KOOPAMHATHI MPUEMHNKA HA TOBEPXHOCTH 3EMITH.
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Puc. 2.35. Cxema IBIDKCHHS W PaJUOIOKAIlMK HABUTAMOHHBIX CITYTHHKOB 3EMIIH.

[onaratot, uto GPS u ITTOHACC noareepxaarot ¢popmyiy I = CT U 1O-
CTOSIHCTBO CKOPOCTH C CUTHAJIOB OT criyTHHKOB [275]. TIpoBepum 310. CiyTHUKH
BBIBOJIAIT Ha opOuTHI pamuyca R = 26000 kM. CkopocTts cryTHHKOB V = 4 KM/
CHI)KAeT CKOPOCTh UX PAJHMOCUTHANIOB 0 C' = ¢ — V,, Te V, — IydeBasi CKOpOCTh
cuytHuKa 1 npuémanka O. Ommbka paccrosuus A =~ rV,/c, tne V.= 0 misa
CIIyTHHKA B 3¢HUTE Z, U PACTET I10 MOJYITIO IIPY YBEIHMYCHUU KYJIIbMUHAIIMOHHO-
ro yria @ (ymia, OTCYATBIBAEMOIO OT TOYKH KYJbMHHAIUU Z B CTOPOHY JBHIKC-
Hus cryTHHKA): V.= V-sina-sing, tae sina = R;/R = 0,25, R;= 6400 xm — paanyc
3emmn (Puc. 2.35). Torma MakcuMaiabHas ommOKa quctaniuu A = rV,/c = 67 M
y cryTHHKa Bo3je ropu3oHTa H. [Tockoibky OOBIYHO TPUEMHHK PETHCTPUPY-
€T CHUTHAJIbI OT CHYTHHKOB, JICTSIIMX Ha HEKOTOPOH BBHICOTE HAJ OPU30HTOM,
¢ ¢ < 80°, 1 TWIOCKOCTh OPOUTHI CITyTHHKA B OOIIEM CITydae PACIIONOKEHa MO
yrom 0 > 0° x Beprukanu ZO (3eHUT-ipuéMHIK), Toraa V.= V-sina-sing-cosd. C
yuétom sing < 1, cosd < 1, uTo 1aéT CPeIHIO0 OIIHOKY

A= v sinc -sin@-cos® ~ 20 M, mIH AT = Ale = r¥,/c* = 0.07 Mxe. (2.17)
C

3neck A — ommbOKa U3MEpeHHs PACCTOSHUS 0 OJHOTO CITyTHMKA, a PacdéT Ko-
opanHat BeAyT 1o 6—10 crmyTHHKaM: Bce BHOCST OMIMOKM Pa3HBIX BEIWYNH H
3HAKOB, CIIy4ailHO CYMMHPYEMbIE B Pa3HbIX HAIPABICHUSX, U UX B3AHMHas KOM-
TICHCAIMS TIPH YCPEAHEHNHU JOMOJIHUTENBHO CHIDKaeT omunOKy. Ha atom ocHo-
BaHa TEXHUKA TOYHOTO U3MEPEHUsI KOOPIUHAT HEMOABHKHOTO NMPUEMHHUKA MTPU
JUTUTEIIbHOM MOHHUTOPHHIE U YCPEOHEHHH 110 OOJIBIIOMY MAacCHBY ITaHHBIX OT
Pa3HbBIX TPYNIT CITyTHUKOB M3 Pa3HBIX TOYEK OPOUTHI M C Pa3HBIMH BKJIAJAMH
CKOPOCTH CITyTHUKOB B BeJIMUMHY cMerieHus A. B Xxone ycpeanenus ommoka u3-
MepEeHHs KOOPIMHAT IPUEMHHKA CHI)KAETCS 10 HECKOIBKUX CM. A — 3TO MOJIHAs,
CpeIHEKBaApaTHYHAsl OIKOKa 1O BbIcOTe AZ U IO TOPU3OHTANIU Ap. A ommoOka
M3MEpeHusl MPOEeKIMN NMPUEMHHMKA Ha TIOBEPXHOCTh 3eMHOro mapa Ap B 1,5-2
pasa Hike. B urore, BHOCHMas Bapuanuell CKOPOCTH CBETa IOINPABKa K FOpH-
30HTAJILHBIM KOOpAMHATAM Ap IPHEMHHUKA — ITOPSIIIKA 5 M, T.€. BEIMYHHA TOTO XKe
TIOpPSIJIKa, YTO ¥ OIIMOKH, OOHapy>KeHHbIe Ha rpakThke npu GPS-nzmepenusix.
CornacHo dopmyiie (2.17), omndku A 00paIarTcs B HYIJIb IS CITyTHHU-
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KOB B 3€HHUTE Z ¥ PacTyT IPH YBEIMUYCHUH YIJIa (, TOCTHrasi MAaKCUMyMa, Korjia
CIIyTHHUK BHZEH Bo3Jie Topu30oHTa (¢ = £90°). OOBIYHO 3TO OOBSCHSIOT POCTOM
MIPOMJCHHOTO PaJMOCUTHAJIOM CJosi arMoc(epsl (B MEpPBYIO Ouepenb TPOIo-
cdepbl) U HOHOCHEPBI, MCHSIFOIICH CKOPOCTh PATMOBONIH U 3aJCPKKy T [276].
OnHako cpaBHEHHE BPEMEH T, M3BMEPEHHBIX Ha JIBYX YaCTOTaX (11 KOTOPBIX CKO-
pocTH, 3a CYET JUCIIEPCHH B MOHOC(EpE, OTIMYAIOTCS ), MO3BOJISIET UCKITIOUUTh
MOTPEITHOCTH, CBsI3aHHBIE ¢ pedpakuueil u qucnepcueii nonocdepsl. [loatomy
TOPSIJIOK BEJIMYMHBI OMIMOOK M UX 3aBHCUMOCTH OT BBICOTHI CITyTHHKA (T.€. OT
yIia () CBUAETEILCTBYET B IOJIb3Y BIUSHUS CKOPOCTH CITyTHHKA Ha CKOPOCTh
€ro pajinoCUrHaioB. /lelfiCTBUTENILHO, CBEPXTOYHYIO CITyTHUKOBYIO HaBHIAllUIO
(c omnOKoit Mo ropu3oHTaNMN ~1-2 cM) 00ECTIEUMBAIOT UIMEHHO CITyTHHKH, MPO-
xozsnpe yepes 3eHut Z [277]. Bkian 1o6aBouHOM 3a7ep>KKH B CII0€ aTMOC(hephl
1 MOHOC(]EPHI JIETKO YUECTh, U3MEPSIsl HEBSI3KHU ISl CITy THUKOB, JIBHIKYIIUXCS TIO
opb6uram oz yriom 0 # 0. CormacHo (2.17), ommbka ncue3aeT, KOraa CIyTHUK
HaxXomuTcs B KyldbMUHALMH (¢ = 0°), IPH TOM 4TO CIIOW HOHOCHEPHI U aTMocde-
PBI IIPU ATOM MPOJOJIKAIOT BHOCHTH 3aMETHYI0 omiOKy. Ciie1oBaTeIbHO, OCHOB-
HOU BKJIaJl B OIIMOKY BHOCHUT JIy4€Basi CKOPOCTb CITyTHHKA V.

O1wrOKY CHIKAIOT, TIPUMEHSISI KOPPEKTHPYIOIIUE TIPOLEYPbI, B TOM YHC-
ne nuddepeHraIbHbIe METObI C IPUBSI3KOM K 0a30BbIM craHuusM. Cucrema-
THYECKHE OLIMOKM B M3MEPEHUH a0COIIOTHBIX PACCTOSHUM I} OT CITyTHHKA 10
MOOMIIBHOTO NPUEMHHKA U I, — JI0 PACHONIOKEHHOH psijioM 0a30BOi cTaHINU (C
W3BECTHBIMU KOOPJIMHATAMH), UCYE3AIOT TP N3MEPEHUH OTHOCHTEIILHOTO pac-
CTOSIHUSI M TIOJIOKCHUSI NPUEMHHKA KaK pasHOCTH (Iy — I,), C Y4ETOM BBICOTHI
CIIyTHHUKA HaJl TOPU30HTOM. B yacTHOCTH, Ha TeppuTopun SIMOHUU ISt CBEPX-
touHoit GPS-naBuraumm ruranupyrot pazmectuts 1200 6a3oBbIx cranimii [277].
Ho B Tex Toukax 3emnu (B ToM yucie B okeaHe, Ha Tepputopun CIIA — ans
ITIOHACC, u na Teppurtopuu Poccuu — st GPS), rae ctanimu He MOTYT OBITh
YCTaHOBIICHBI, OIIMOKH CITy THUKOBOM HABUT ALK CYILIECTBEHHO BbIlIe. Eciu yuér
0aJUTMCTUUECKHX MTONTPABOK CHIYKAET ITH OMIMOKHM, TOT/Ia BHICOKAst TOUHOCTH Ha-
BUTanuK OyaeT NoCTHrHyTa 0e3 cTaHuui 1uddepeHranbHOol KOPPEKIUT, 9TO
HCKJIIOYUT SKOHOMUYECKHUE 3aTpaThl HA UX IMOCTPOHKY M 0OCITY)KHBaHHUE.

Kpome Toro, ogHy O1mmoOKy KOMIIEHCHPYIOT JIpyToii, KOppeKTHpys ademe-
PHIIBI CITyTHHKOB, «CIIBUTash» MX PAacu€THBIC MMOJIOKEHHUS BIIEpEN TI0 opOUTe Ha
COTHHU MeTpoB (Kak B ciydae Benepsl, § 2.4). Ecnu koopauHaThl 1 3 eMepuabt
CITyTHHKA PacCUUTAHBI 10 33JICPIKKE T €ro CUTHAJIOB, IPUHUMAEMBIX 0a30BBIMHU
CTaHIMSMH C U3BECTHBIMH KOOPJMHATAMH, TOT/Ia U3 IIOCTOSIHHOM CKOPOCTH CHT-
HaJia MMOJIOKEHHE CITyTHUKA ONPEENIST KaK CMEHIEHHOE OT PEeabHOr0, 4YeM TOY-
HO KOMIICHCUPYIOT OIIMOKY M3MEPEHHs PACCTOSHUN J10 MOOMIIBHBIX TPHUEMHH-
koB. O4eBUIHO, IPU TaKKUX ycIoBHUX HeT npotuBopeunii GPS ¢ CTO [275]. TTo-
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9TOMY ISl KOHTPOJISI ITOJIOKEHUH CITyTHUKOB MX CJIEAYET HE3aBUCHMO U3MEPSTh
Pa3HBIMU METOIaMU: BU3YaJIbHO (METO/I aCTPOMETPHH ); JIA3EPHOH JOKaIie (1o
BPEMEHH PACIPOCTPAHEHHs OTPAKEHHOTO CITyTHHKOM JIyda); paJuoJIOKaIen
(110 BpeMeHaM JBMKEHUS PaMOCHTHANIA OT HA3eMHOM CTaHIIMH K CITyTHUKY WITH
00paTHO), WU MOCPEICTBOM paguouHTephEepOMETPOB ¢ JIHMHHOM 0a30it [278],
a TaKk)Ke METOJIOM TPHAHTYIAINH [268]. B cirydae BIUSHNUSA CKOPOCTH HCTOYHHKA
Ha CKOPOCTb CBETA, BCE 3TH METO/bI IPUBEAYT K PA3HBIM pe3ylIbTaTaM.

BBozmsT Tarke ¥ 9UCTO (hOpMaIbHBIE AMIMPUYECKHE KOPPEKTHUPYIOIIHE
nonpaBku. Hanpumep, B [ITTIOHACC B xone pacuéra BpeMeHH 3aIePKKH CUTHAIA
BBOJISIT KOPPEKTHPYIOIILYIO «PETHBUCTCKYIO MonpaBky» Dy = -2rV/c? [414, c.
21], pakrnuecku, kak ormetrn W.B. By3maxos, npezacrasisitonyto cooit 6ammu-
CTHUYECKYIO MOIPABKY, CBI3aHHYIO C 3aBUCHMOCTBIO CKOPOCTH CBETA OT CKOPOCTH V,
HCTOYHHKA, T.K. FV/C2=TrV,/C2, 4TO COOTBETCTBYET MPOTHO3Y st AT 110 Teopuu Put-
1a (2.17). INosinenue koo uirreHTa 2 CBsI3aHO C TEM, YTO 10 3aJIepKKE T CUTHaa
TIOJIOKEHHUE arapara perucTpupyloT He B MOMEHT ITPUX0/ia CUTHAJIA, @ B MOMEHT
NPELIeCTBYIOLINH eMy Ha BpeMs I/C, 32 KOTOPOE CITyTHHK YCIIeBaeT OTIAIUTHCS Ha
paccrostane Ar =rV,/C, 4T0 S5KBUBaJICHTHO MOSIBJICHHIO IOTIOITHUTEIIBHOMN 3aJCPKKH
Ar/c = rV,/c?. COOTBETCTBEHHO, BBEICHHE YBOCHHON 00pATHOM OaJLTHCTHIECKOM
nonpasku At = -2rV/c? Gyzet popManbHO YCTPaHSITh HAOTIOMAEMBIC PACKXOMKICHHSL.

B anammze manapix GPS u [TIOHACC crenyer y4decTh mepeu3IydeHue
panuoBoiH B HoHOChepe 3emun. [Ipn KOHIIEHTpaIK IIEKTPOHOB B HOHOC(Epe
N; ~ 10® cm (Ha BeicoTe ~100 kM), ipu paboueii uTiHe BOTHBL A ~ 1 ¢M (qacTtoTta
f=c/A~30TTm), u3 (2.12) HaliAEM AIHHY TIEPCH3TYUCHHUSI

A 3.56-10"
27 -1 N;\
T.€. MAJIYIO BEJIMUMHY, 10 CPAaBHEHUIO C IPOsIETHOM nuctanuueit I ~20000 km. Ho
BbicoTa HoHOCc(hepsl ~100 kM. Takum 0Opa3om, HECMOTpsI HA JBIKCHUE HA I10-
CJICAIHUX YYaCTKax IyTH B HOHOC(HEPE CO CTaHAAPTHOM CKOPOCTHIO C/N, OCHOBHYIO
YacTh IMyTH I paANOCUTHAIIBI TPOXO/ST B KOCMUYIECKOM BaKyyMe, U BKJIa][ CKOPO-
CTH CIIyTHHKA B CKOPOCTb M BpeMs 3aJIep>KKH €r0 pPaJnOCHUTHAIOB 3HAYNTEIICH.

KoH1ieHTpalys HOHOB B MEXIUIAHETHOM HPOCTPAHCTBE M TaK Ha3blBac-
Moif mazmochepe 3emnn (IpocTrparomiecs 10 2-X paginycoB 3eMII) COCTaB-
asiet N, ~ 102 em™, otkyna

~35KM. (2.18)

3.56-10"
PN
T.e. nepensiyuenue Ha mytu I ~ 20000 kv << |, npakruyecku orcyrcrsyer. O1-

METHM, 4TO 9Ta OLICHKA JUTMHBI IIEPEH3ITyUeHUs] DKBUBAJICHTHA PUBEAEHHON B
§ 2.1 onenke |, = (ArN,)™', momyuennoi bpauepom [31] Ha ocHOBe CBA3H HOKa-

~ 356000 KM . (2.19)
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3aTesst NpesIoMIIeHHs N IJIa3MBbl C IUIa3MEHHOI 4acTOTO! M., BHIPRKEHHOU uepe3
KITACCHYECKHI painyc SJIEKTpoHa Fy= e2/mc?~ 2,82-10° m

[TomumMo nepensnydenust B HOHOC(hEpe U MEKIUIAHETHOM ITPOCTPAHCTBE,
CIIe/lyeT y4ecThb MepensilyueHne B PaJHalMOHHBIX Mosicax 3emiu (nosicax Ban
Annena), rne xonuentpamus N, ~ 107 cM >, a pa3mep MosicoB COMOCTABUM C pa-
nuycom 3emiu (Puc. 2.36). JInnHa nepen3ny4eHus B HUX COCTABUT

3.56-10"
-~ 4KM.
N,A

Takum 06paszom, mpu TommuHe mosicoB b ~ 1000 kM mepensnyueHue B
HHUX yCIIeeT IpeoOpa3oBaTh CKOPOCTh PaJHOCUTHANA, M3HAYAIBHO JICTEBILIETO
CO CKOPOCTBIO C', K CTaHJIApPTHOW CKOPOCTH CBETA ¢, U PAMOCHUIHAT 3aMETHYIO
4acTh MyTH (TTOPsIIKA MOJTOBHHBI AUCTAHIINU I' MEXKTy CITyTHHKOM M TPHUEMHH-
KOM) OyZIeT ABUIaThCsl CO CKOPOCTHIO C. B nTore ommbOku cHussTes B pasbl. Pajgu-
aIMOHHBIE T0SICA PACIIONOKEHBI BO3JIE 9KBATOPHAIBHOMN [NIOCKOCTH, a TTOJISIPHBIC
00J1acTH MPaKTUYECKU CBOOOTHBI OT SKPaHUPYIONIMX YacTull. T.e. B pUnossip-
HBIX 00JIaCTAX paJArOCHTHAN OyAeT AOCTUraTh MPUEMHHUKOB 0€3 Mepen3IydeHHS
paluanMoOHHBIMHU MTOSICAMH — CO CKOPOCTBIO OTIIMYHOM OT C 1 1poruo3oB CTO.
CootBercTtBeHHO, GPS-puéMHIKH B BBICOKMX MIMPOTax (B MPHUIOISPHBIX 00-
nacTsx), OynyT naBaTh Oosiee BBICOKYIO OIIMOKY, YeM MPUEMHHUKH B 3KBATOPH-
aNbHBIX ¥ yMepeHHBIX mupotax (Puc. 2.36).

a

HaBI»‘II'aU,HOHHbIet

w

paﬂHaLl,HOHHbIe nosca
Puc. 2.36. Cxema pazuanoHHbIX noscoB 3emin 1 GPS-paguonoxanuu.

JleficTBUTENBHO, JaBHO OTMEUEHO, uTo omuOku GPS-HaBHranmu 3amMer-
HO BBIIIE B TPUTIOIAPHBIX MHAPOTAX. DTO CIYKUT apTyMEHTOM B IOJIB3Y BIHS-
HUSI CKOPOCTH CITyTHHKA Ha CKOPOCTh CHTHAJIOB U B MOJIB3Y 3 dekra nepeusiny-
YeHHS B PAIMAllMOHHBIX TOsicaX 3eMii. BiusHue pagualioHHBIX MOSCOB 3eM-
JIU Ha CKOPOCTh CBETA M Ha OLIMOKMA KOCMHUYECKOW PaauoJIOKaIlMK OT HeydéTa
0aNIUCTHYECKOTO TIPHHIINTIA, OTMEYaN TAaKXKe KOHCTPYKTOP KOCMHYECKHUX paKeT
M.U. Aymnumes [227, c. 181].

JUis BU3yanmbHOTO aHalN3a MOJOKEHWH Ha opOWTEe yHOOHBI TeoCTaIo-
HApHBIC CIYTHUKHU (IIPUMEHSICMBIC B KAY€CTBE BCIIOMOTATCIIFHBIX B HABUTAIU-
OHHBIX cHCTeMax). VX mojiokeHHue Ha HEOOCBOIC MOYTH HE MEHSIETCS, YTO I10-
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3BOJISIET TOYHO M3MEPSTH UX KOOPAMHATHI METOAOM TpHaHTyisuuu. CpaBHEHHE
9THX TIOJIOKEHUH C JAaHHBIMH PaJIapoB M JIA3EPHOH JIOKALMK, U COMTOCTABICHHE
N3MEpPEHHON JUCTAHINH C TEOPETHUECKOH BBHICOTON I'e0CTAI[IOHAPHOW OpOUTHI
(ToYHO ompenenseMoil 1Mo OpOMTaIbHOMY IIEPHOMY, PABHOMY CHAECPUYECKUM
CYTKaM), TIO3BOJIUT BBISIBUTH MAJICHIIINE CIIE/bI BIMSHHUSA OPOUTAIBHON CKOPOCTH
CIIyTHHKa Ha CKOpOCTh cBeta. 00 ommokax B cucteme GPS 1 HecooTBeTCTBHH
JAHHBIX — TEOPUH OTHOCHTEIBHOCTH HE pa3 3agBisut u P. Xary [279] — nuonep
pazpabotok cuctems! GPS, rasa kommannu NavCom u MHCTHTYTa CHCTEM KOC-
muueckoit HaBuraruu (ION).

J11st OLIEHKH CTEIeHU BIMSHHSI CKOPOCTH MCTOYHHMKA HA CKOPOCThH CBETa
MOYKHO TaK)Ke MPUMEHUTb JIIOObIC MHBIE CITyTHUKH U OpOUTAJIbHBIC CTAHIMH, C
YCTAQHOBIICHHBIMH Ha HUX PaHO-PETPAHCISATOPAMU M YTOJIKOBBIMU OTpa)kare-
nsimu (§ 2.6). CpaBHEHHE pacCTOSTHUN M IIOJIOKEHUH armnaparoB, OJIHOBPEMEHHO
W3MEPEHHBIX Pa3HBIMH METOJAMH, DAa&T MPOCTON M HaJIEKHBIM KPUTEPUH Npo-
BEPKH OaJUTMCTUYECKOI TEOPHH M MOCTOSIHCTBA CKOPOCTHU CBeTa. Tarkke MOKHO
HCIIONIB30BaTh BOBMOXKHOCTH anmaparoB Tuna ciyTHuka «Konmop» («Kocmoc-
2487y), MoM0KEeHNE KOTOPOTO Ha OPOUTE TOYHO KOHTPOIHPYETCS U KOTOPBIA C
BBICOKOH TOYHOCTBIO M3MEpSIET KOOPAMHATHI Ha3eMHBIX O0bEKTOB. OTMETHM,
YTO M IPH «CTPENBHOE» CO CITyTHUKOB JIA3E€PHBIM JIy4OM IO HA3€MHBIM KOHTPOJIb-
HBIM MUIIEHSM YYHUTBIBAIOT OATMCTHUECKUN MPUHLUIL: 0€3 TOTo JIyd BCeraa
YXOIUT Ha HECKOJILKO METPOB BIlepé 3a cuéT a¢dexTa, aHATOTHIHOTO 3 dekTy
3BE3nHOM abepparmu (§ 1.3).

TakuM o00pa3oM, SKCIEpUMEHTadbHAs MpPOBEpKa OalTHCTUYECKON
Teopuu Putia B KocMoce KpaiiHe akTyalbHa, OCKOJIbKY pajlapHble OMUOKH OT
HEYUYTEHHBIX BapHaIMii CKODOCTH CBETa MOI'YT CHM)KaTh TOYHOCTh KOCMHUYECKUX
IpoOrpaMM M BECTH K aBapusIM KOCMHMYECKHX allllaparoB, a TaKXe CyIO0B U
aBromainH ¢ GPS uI'TIOHACC. OnHako mOCTOSTHCTBO CKOPOCTH CBETA B KOCMOCE
JI0 CHX TIOp OAHO3HAYHO HE MPOBEPEHO C IPUMEHEHHEM CITyTHHKOB, PakeT W
paznaposB, XOTsI BOIPOC O TAKOH MPOBEpKe HEOAHOKPATHO nogHMMacs. Tak, koraa
B 1961 1. Ha xoH(pepernnn NASA B CIIA 3ToT Bompoc OBUT MOCTABIICH, TAKYTO
MpoBepKy BooOme cowrn m3numrHei [280], XoTS B TOM e TOAy HETOYHOCTH
3HAYCHMsI CKOPOCTH CBETa JIalik 0 ceOe 3HaTh Mpu paguonokanuu Beneps [91,
92, 241].

Awmepukanckuii ¢pusuk b. Yomtec cessbiBan 3amopaxuanue B CIIA
o(uIHMaTbHBIX HCCIEOBAaHNUH U ITyOIMKaIHi 110 PaANOJIOKalyH I1aHeT B 1967 .
[245] — ¢ pa3BEpTHIBAHUEM MPOTPAMMBI «3BE3IHBIX BOMHY» (OIHUM M3 ITyHKTOB
koTopoii 6bu1a GPS), T1e BiMsiHME CKOPOCTH HCTOYHKKA HA CKOPOCTH CBETa OBIIIO
cTpareruuecku BakHOH uHpopmanueit [93, 149]. IlonobHast curyanus umena
MECTO BO BpeMst « MaHXITTEHCKOTO MPOEKTay, KOT/a MPeKpanieHne myonuKaui
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B 1940 r. mo peaxiusiM JieIeHUs] B aMEpUKaHCKHX JKypHaIax CTajJO0 CUTHAJIOM O
Havaje CEKPETHBIX paboT B 3TOi 00JIacTH, KOTOPBIA COBETCKUE (DM3UKH BEPHO
MCTOJIKOBAJIM JUIsl Haualla CBOEBPEMEHHBIX Pa3pabOTOK SepHOTO IUTa PouHBI.
Wtak, nperu3noHHbIe H3MEPEHHs] CKOPOCTH PaIMOCUTHAIIOB B KOCMOCE HMEIOT,
HOMHMMO TEOPETUYECKOT0, U MPUKIIAIHOE, B TOM YHCIe 000POHHOE 3HAYEHHE.

§ 2.6. Hees3ku nnazepHol 1IoKayuu, «<HepagHOMEPHOCMb» 8pawjeHust
JlyHbl u 3emnu

Emé oqaumM TectoM baiutrcTUaeckor Teopun ciyxut Jlazepras Jlokarus
Jlyns! (JIJJT). 3nauenus quctanimii, usMepeHHsIx metooM JIJIJI, cymecTBeHHO
3aBUCST OT MPUMEHSEMOro B pacuérax 3HaYeHUs] CKOpOoCcTH cBeTa C'. B ciydae
J00aBJIEHHsI CKOPOCTH JIA3EPHOTO UCTOYHUKA K CKOPOCTH CBETa METOJ JIa3ePHON
JIOKAIIMM M3 HEBEPHOT'O yCJIOBUsI C' = C BBISIBUT HECOOTBETCTBUS (HEBSI3KH) B 3a-
Mepax pacCTOSIHUM M YIVIOB, IO CPaBHEHHIO ¢ d(eMepuIaMu, pacCYMTaHHBIMU
HAa OCHOBE aCTPOHOMHUYECKHX U3MepeHHid. Vet MoT00HBIX SKCIIEPUMEHTOB BbI-
neurai, Hanpumep, M.U. Jymnumes [227, ¢. 180].

[IpunsTO CcuMTaTh, YTO Ja3epHbIC panapbl (1udapsl) HE BBISBISIOT pac-
XOXKJICHUH MEXIy JIapHbIMH KoopauHaramu JIynsl u apemepunamu [281]. Ho
(axTHYecKu Npu J1a3epHOH JIokauu JIyHbI M HCKYCCTBEHHBIX CITy THUKOB C YTOJI-
KOBBIMHU OTpakaTelsIMU BBISIBIICH psJl HeBsA30K [282]. Ilpu ckopocTu nazepHoro
ucrounuka V,~ 460 m/c (OKpy>KHasi CKOPOCTh 3EMJIH Ha 3KBATOPE) CBET MPOUIET
nyThb ' = 3,84-10% M mo JlyHs! GbicTpee Ha Bpems At = r/c —r/(Cc + V) = rV,/c*=
2-10°% ¢, 9T0 cOOTBETCTBYET pasHuile B Ar =~ AtC = 600 M, MpH 4yBCTBUTEIBHOCTH
nuaapoB ~0,01+1 m [286]. C yuérom cxopoctu C orpakéHHOro JIyHoil nyua,
oummbOka coctaBut Ar = 300 M. HeBsizku Takoro nopsijka Mex.y acTpOHOMHYE-
CKUMH U3MEPEHUSIMU U TAHHBIMHE JINAAPOB, ICHCTBUTEIILHO, 00HApYKeHbI [283].
[Tpu cHHXPOHHOM M3MEPEHNH JUCTaHIUK 3eMilsi-JlyHa cTaHIMsAME U3 IPOTHBO-
MOJIOKHBIX TOYEK 3eMiIM, Korna ofgHa aBmxkercs k JlyHe, a apyras ypansercs
(Puc. 2.37.a), Gannuctuyeckast TeOpHs IOATBEPIUTCS ITPU BBISIBICHUN Pa3HULbI
nuctaniuii Ar ~ 300 M. [ yMepeHHbIX IIUPOT pazHuiia MeHbine: Ar ~ 100 m.

JlazepHy1o JIOKalMIO MOYKET TAaK)K€ BECTH OJHA CTAHIMA, M3MEpSIoNas
paccrosiue 3emisi-JlyHa B TeueHue HOYH. Torna HeBsA3KH MEHSIIHCH ObI C TIEPHO-
JIOM B CYTKH €O CKOpOocThio ~100 M/24 u = 4 M/4, a IpeAe’IbHOE OTKIOHEHHE OT
HUCTHUHHOTO PACCTOSIHUSA COCTABUT OKOJIO CTa METPOB.
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Puc. 2.37. Cxema nazepHoii nokarmu JIyHsl. Heyur€Hnas Bapuatist CKOpOCTH CBETa
€031aET WILTFO3HIO CIIBUTA WK TI0BOpoTa JIyHbI (@), 3emi (6) 1 BApHALIIH CYTOK (6).

JevictBurensHo, HeBs3kn MaHHbIX JIJIJI u maHHBIX actpomerpuu (Ha
OCHOBE KOTOPBIX paccyuTaHbl dpemepuanl JIyHbI) 1OCTUralIu COTHH METPOB U
MEHSJTUCH CO CKOpPOCThIO ~4 M B yac [283, c. 193]. Kak noka3zan aHanu3 AaHHbBIX
JULT corpynuukom NASA JI. JIke3apu, BapHallMd CUCTEMATUYECKUX HEBS30K
MIPOTUBOPEYAT TTOCTOSTHCTBY CKOPOCTH CBETa, a y4éT OaIIMCTHYECKOTO HPHH-
[UIa CHIDKACT ITU BapHaluu U cuctemMaruueckue ommbku [282]. B CTO pac-
xokaenne naaasix JUJIJT u aemeprn HCKITIOUatoT myTéM KOPPEKITH d(heMepHI
JlyHBI IO JTaHHBIM J1a3epHOI1 JTokanuu. 11o cyTH, JIOKalMOHHbIE aHHBIE, KaK B
ciydae Beneps! (§ 2.4), cpaBHUBAIOT APYT C JPYTOM, a HE C TaHHBIMHU HaOIIO1a-
TEJIEHON acCTPOHOMHUH.

Ilonaras ckopocTh cBeTa KOHCTAHTOW ¢, HaXoJiT, uro JlyHa Ha Boc-
xozie OirKe, YeM Ha 3akare. DTO HEPaBEHCTBO MHTEPIPETHPYIOT KakK IMOBOPOT
3eMITi B CTOPOHY BpallleHUs] Ha M30BITOYHBIN yroa o = Ar/Rp=4,5-10°=9",7
(Puc. 2.37.6) mnm Kak CMEIIEHHE YTOJIKOBOTO oTpaxkatens ¢ JlyHoi Ha ro = 17
kM Briepén mo opoute (Puc. 2.37.a). Ot HakioHA JTyHHOW OPOWTHI K TUIOCKO-
CTH 3€MHOT0 KBaTopa paccrosHue I 10 JIlyHbl B KyJbMHUHALMM MEHSIETCS Ha
Ar ~ Re(1 — c0s23,5°) = 530 xm ¢ mepuogom B monmecsna (13,7 cyr), a yrom o —
Ha Ao = aAr/r = 0",013, 4To BOCIpUMYT KakK ITOKa4WBaHNE 3eMJIH BOKPYT OCH C
ammmutyaoi Ao/2 = 0",0066 1 moryMecsT9HBIM IeprooM T =~ 14 cyT 1Mo 3aKoHy
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da.=-0",0066-cos(2nt/T), (2.20)
rae t oTMepsiroT OT MOMeHTa nepecedeHust JIyHoM 5KBaTOpuanibHON IIOCKOCTH
3emnu. Bapuanus (2.20) co3mnact WUTIO31I0 BapUaluid YIJIOBOH CKOPOCTH 3eMiln
(o =27 pan/cyT) Ha

dw = d(da)/dt = 1,4-103-sin(27/T) pan/cyT, (2.21)
a JUTUTEILHOCTH CYTOK p — Ha Op = -pdm/®, CIIOBHO JIeHb MeHsieTcst Ha £0,2 Mc
Kakaple 14 mHel Kak
op = -0,2-sin(2xt/T) mc. (2.22)
Ha (Puc. 2.37.6) rpadux (2.22) HaHecEH CIUIOIHON nuHuei. JlazepHas
nokanus JIyHsl BeIsIBHIIa UMEHHO Takue Bapuaruu (Puc. 2.37.6, nynkmup): ux
nepuon — 14 cyTok, a ammutyna ~1 mc [284].
T.e. Bapuanuu p MOryT OBITh HJUTIO30PHBI, YTO MOKHO TIPOBEPUTD, U3Me-
Psist yToJI oL TOBOPOTa 3eMIIM U MTEPHOJ €€ BpaIlleHHs [T0 H3MEPEHHUSIM CyTOYHOTO
JIBMDKCHUS] TOYEUHBIX KOCMHUUYECKUX MCTOYHHKOB PaJUOUIIYyYCHUS 110 JAHHBIM
PCJIb, onpenensironumM Bapuanuu yriia o, ¢ TounocTsio 10 0",0001. dpyroii cro-
co0 MPOBEPKHU — U3MEPEHHNE BapHallMid TIOJI0KEHUN Te0CTAIIMOHAPHBIX CITyTHU-
KOB METOJIOM HHTEp(HEPOMETPHH, HITH H3MEPEHHE CO CITyTHUKOB ThIa « KoHI0p»
BapHalluil OJIOKEHUH 3eMHBIX PerepoB M 0a30BbIX CTaHIMM. PerynspHbie mo-
kauuBauus 3emin Ha Ao, = 0",013 cooTBeTCTBOBAIH OBl IEPUOAMYHOMY CMEIIIC-
HUIO pelepHBIX TOUYeK MpuMepHo Ha ~RgAa = 0,4 M.
PerynsapHpiMu KoJIeOaHUSMU TUCTAHIUH I U CKOPOCTH V, MOKHO 00BsC-
HUTb U APYTHE THIBI «BapUaIfii» CKOPOCTH BpalieHus 3eMin u JIyHsI ¢ Xxapak-
TEpHBIMH TIEpHOJaMHU KoJieOaHuil BennuuH I u V,, BbIsBIeHHBIE uaapamu. Ot
JIBIDKCHUSI 110 AJUIMITHYECKOi opbute paccrosuue Jlynsl mensiercs ot 350 10
400 TBIC. KM (Ar = 50 TBIC. KM). COOTBETCTBEHHO MEHSAETCS YTOJ 0 (HApaBIeHHS
Ha MHUMYO JIyHy) Ha Ao = aAr/r ~ 1". D10 KonebaHue, CHHXPOHHOE C OpOUTaIIb-
HBIM JIBIDKEHHEM, BOCIIPUMETCSI Kak «cABUI» JIyHBI 10 opOuTe (aHaIOTUUHBIN
«casury» Benepsl, § 2.4), MeHsoIuMiiCS B TaKT €€ MPUOIMIKEHHIO-OTIAJICHHIO.
OTH MHUMBIE CMEIICHHS HENb3s COIMIacoBaTh ¢ 3akoHamu Kerutepa, T.k. popma u
HAKJIOH TyHHON OpOUTHI PETYISIPHO MEHSIOTCS [283, ¢. 63], BHOCS TOMOTHUTEINb-
Hble Bapualuu B qucTaniuio 3emis-Jlyna Ar ~ 20 teic. kM 1 Ao = aAr/r ~ 0",5.
OTO MHTEPHPETUPYIOT KaK PEryasipHOE CMEIIEHHE YTOJKOBOTO OTpakaTeis Ha
rAa ~ 1 km or nokaunBauuii Jlynst (pagnyca Ry) Ha yron ¢ = Aar/R,~ 2". [leu-
CTBUTEIILHO, JINJIAPbI BHIIBIIIH Y JIyHBI HOKaYMBaHHs Ha 2', HHTEPIPETUPOBAHHBIE
Kak pealibHasi, (pu3nuecKas JIMOpaiusi, KoTopas TOKe MOXKET ObITh MILTIO30PHOM.
«IToxaunBanus» JIyHsl 1 3eMin 3a CUET MPUIMBOB OTKPBITHI U B aCTPO-
HOMHYecKHX HaOmoneHusix [283, 285]. Ho BbIsIBICHHBIE THIapaMy BapHaluu @
OTIIMYHBI OT HaOMroAaeMbIX. OIEHUTh BKJIAJ MHUMBIX KOJIEOAHHMH MOXKHO ITyTEM
CpaBHEHHsI aMIUTUTY/b! «ITOKaYMBaHUID JIyHBI U 3emiu, o JaHHBIM JHIApOB,
TEJIECKOIIOB U paguouHTepepoMeTpoB. Eciam Oammuctuyeckas Teopust Putia
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CIpaBe/INBA, UX JaHHBIC PA30HAYTCS Ha BEIUYHMHY, MEHSIOIIYIOCS 10 3aKOHY
(2.20). PasoiimyTcst Takke NaHHBIE CTAaHLMI pa3HBIX HIMPOT: BO3JIE JKBATOpa
kosiebanust Op — cuHycounanbHble (2.22), a sl YMEPEHHBIX IUPOT COCETHHE
MaKCUMyMBbI OyIyT pa3HOU BBICOTHI, uTo M HaOmonaercs (Puc. 2.37.6).

Ownbku auaapHbIX koopauHat JIyHBI BeayT K omMOKaM B KOOpJUHA-
Tax anmnaparoB Ha €€ MOBEPXHOCTH. Buaumo, 103TOMY Jla3epHBIN J1yd, KOTO-
peiit ¢ pazButueM texHuku JIJLJI 3acBeunBan Ha JlyHe BcE MeHbIIyI0 001acTh
(e€ momepeyHUK HBIHE COKPATHIICS 10 ~1 KM), MOTEpsUT YTONKOBBIN OTpa)xaTesb
«Jlynoxoma-1», OT JO)KHOTO CMEIICHHUS IO JAAHHBIM JHIApOB Ha FAa ~ 1 kM,
wim Ha ro ~ 17 kM, BBUAY BpaiieHus 3emin. B utore, mocie psga yaadHbIX
CeaHcoB J1a3zepHoi Jokanmu «JIyHoxoma-1» B 1970—1971 r., oH ObUT MOTEpPsH,
SIKOOBI B CBSI3U C BBIXOJIOM M3 CTPOsI YroJiIkoBoro orpaxaresns [286]. Ho s 2010 r.,
xoraa «JlyHoxoz-1» ObUT BU3yallbHO 0OHApYkeH Ha CHUMKax JIyHbI, cieiaHHbIX
JIYHHBIM opOuTanbHbiM 30H10M LRO [287], koopauHars! «JlyHoxona-1» Oblin
yYTOUHEHHI. VIcronp30BaHNEe UCTIPABICHHBIX KOOPAUHAT MO3BONMIO, CIycTs 40
JIET, BHOBb TOYHO HABECTH JIa3epHbI yuy Ha «JIyHOXO0A-1» 1 3aperucTpupoBaTh
«IyHHBIU 3alUUK» — OTPaXEHHBIN CUrHAJL. Ero HHTEHCUBHOCTH B Pa3bl IIPEBbI-
1aja MHTEHCUBHOCTh CUTHANA, OTpak€HHOTo «JIyHOX0MOM-2» [287], nazepHas
JIOKAIMsl KOTOPOTO MOAJACPKHUBACTCS A0 HACTOSAIIETO BPEMEHHU, U KOOPAWHATHI
KOTOPOTO HE OBbIJIM TOTEPSIHBI.

DT0 0Ka3bIBACT, YTO YTOIKOBBII oTpaxarenb «JlyHoxona-1» ObL1 Hctpa-
BEH, a ICYE3HOBEHHE OTPAXEHHOTO CUTHAJIA CBSI3aHO C MOTEpeit MPaBUIBHBIX KO-
OpIIMHAT arapara, n3-3a OIKMOKH B olpe/ieieHnn KoopauHar «Jlynoxoxa-1» mo
JTAaHHBIM JIMJapOB, MO0 CPAaBHEHHIO C KOTOPHIMU BU3yaJbHbIC JAHHBIC B PAJE CIIy-
4yaeB OKa3bIBAIOTCS TOuHee. BO3MOXKHO, ¢ 9TUM CBSi3aHa MOCTENEHHAas «aerpa-
Janus» (CHIKEHNE OTpakaTelIbHOM criocOOHOCTH) KaTta)OTOB JIPYTHX YEThIPEX
JIyHHBIX anmnaparoB [287]: u3-3a mocTeneHHoON MOTepu MPaBUIbLHBIX KOOPIWHAT,
B OTpakaTely MOMaaaeT TOIbKO Kpai JIa3epHoTo Iy4Ka, pacCesHHOro aTMocde-
poit u nudpaknueid, oTuero najgaeT UHTEHCUBHOCTh OTPaXEHHOTO cUrHaia. B
UTOTE PETYIAPHO KTEPSIOTC» OTPAKATEIU U IPYTUX YCTHIPEX JYHHBIX armnapa-
TOB, BKMIo4as «JIyHOX0x-2». JINIIb UCXOHOE BU3yalIbHOE M3MEPEHHE MOT0XKe-
HUI oTpaxkateneil (win u3MepeHus ¢ opOuTanbHbIX 30H10B THa LRO) obecre-
YHMBAIOT TPEOYEeMYIO TOYHOCTh HABOJKH JIyYa.

JlelicTBUTENBbHO, CPAaBHEHHE KOOPAMHAT YTOJIKOBBIX OTpa)kareliel ara-
patoB («JIyHoxon-1, 2», «Anomnnon-11, 14, 15») mo caumkam LRO 1 o nanHbiM
JIa3epHOIT JIOKAIMH BBISIBISIET CUCTEMAaTHYECKHUE PACXOKICHUSI 110 celleHOTpadu-
YeCcKUM IupoTraM u gonrotam ~0°,02 = 1' [288]. D10 cooTHOCHTCA € aMIUIU-
Tynoi ¢usuueckoit suopanyn JIlyHsl (10 TaHHBIM JIMJAPOB) U COOTBETCTBYET
pasHuIle KoopauHaT ~1 KM. DTa pa3HHIA MPEBBIIIAET MOTPEIIHOCTH 3aMEpOB
KOOpJIMHAT 000MX METOJIOB U MOXKET OBITh PE3YJIBTATOM HEYUTEHHBIX BapHUalui
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CKOPOCTH cBeTa B pacuérax no gaHasM JIJIJIL.

Takxum o0pa3oM, IpoBepKa MEPEMEHHOCTU CKOPOCTU CBETa B KOCMOCE U
COIOCTABJICHUE PACCTOSIHUN, M3MEPEHHBIX Pa3HbIMU METOJaMHM, MO3BOJIUT HE
TOJIEKO TIPOBEPUTH MOCTOSHCTBO CKOPOCTH CBETa M OANIMCTHYECKYIO TEOPHIO,
HO M YTOYHUTH XapaKTEPHCTHKH OCEBOTO M OpOMTAIBbHOTrO BpamieHus JIyHsI,
3eMiIM M MX CIYTHHKOB. TeM cambIM IpoBepKa 0aJUIMCTUYECKOH TEOpUH B 00-
JIACTHU KOCMHUECKOH JIa3epHOMN JIOKAllUU, KpPOME TEOPETUYECKOTO, UMEET U YUCTO
MIPUKJIaJHOE 3HAYCHUE.

§ 2.7. BbigoOhbl

U3 HpOBeI[éHHOI‘O aHaJin3a JaHHbIX aCTPOHOMUNYCCKUX U paagruOaCTPOHO-
MHYCCKUX Ha6.]'HOI[eHPIﬁ, paguo- u na3epH017I JIOKaluu CJIeAyeT, YTO HAKOILJICH-
HbIC 3a BCK JaHHBIC HC ITPOTUBOpEYAT 0aUIMCTHYECKOM TCOpPUU. A psaa S(b(i)eKTOB,
BKJIOYast 3(1)(1)6KTI:I B CUCTEMaX NYJIbCAPOB U APYTUX NMEPEMEHHBIX 3Bé3[[, HCBA3-
KM KOCMHYECKOW Pajino- U JIa3epHOi JIOKAIIMK CBHECTENILCTBYIOT B ITOJIb3Y Oai-
JIMCTUYECKOM TCOPUH. B cBs13u ¢ aTuM MPEAJIOKECHBI HOBBIC KPUTECPHUU U MCTObL
MPOBEPKU TCOpUU PI/ITHa, HyTéM COMOCTAaBJICHU JAHHBIX paanuo- U OITHYECKOI
I/IHTep(l)epOMeTpI/II/I, CIICKTPAJIbHOT'O aHaJIn3a Z[BOI7[HI>IX 3Bé3[[; CpaBHCHUA paguo-
JIOKAIITMOHHBIX, BU3YAJIbHbIX U JIMJAPHBIX MOJIOKEHUI KOCMHMYECKUX arraparoB
1 HeOECHBIX TEIL. Hpe}IHO)KeHHI)Ie MCETOAbI U KPUTCPHUU MO3BOJIAT MPOU3BECTU
TOYHYIO IMPOBEPKY MOCTOAHCTBA CKOPOCTU CBETA U YTOUHUTH DJICMCHTHI 0p61/IT
TJIAaHCT U KOCMHUYCCKUX allapaToB.
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Maga 3. OnTn4yeckue 3KCNepMMeHTbI MO HabnaeHUo
crnencTBUN 6annmMcTu4eckom Teopumn

B Tpetbeil m1aBe paccMOTPEHBI KIACCHUECKUE U TUIAHUPYEMbIE ONTHYE-
CKHe JKCIIEPUMEHTHI 110 TpoBepKe OammncTndeckoi Teopun. B Hagame XX B.,
I0CJIe MIEPBOTO 3Tala MPOBEPKH TEOPHU B KOCMOCE, ONTUYECKUE OMBITHI B 36M-
HBIX Jabopatopusx (8 Makpomupe) CTaal BTOPBIM dTaroM TectupoBanus BTP.
HccnenoBanu n3MEeHEHNE CKOPOCTH CBETA OT JIBIKYIIIUXCS] NCTOYHUKOB, 3€PKal,
1 CKOPOCTH CBETAa, IEpEen3yuéHHOro ABMxKyLIeics cpenoil. Kak npasuno, B i1u-
TepaType pPe3ynbTaThl ITUX AKCIIEpUMEHTOB (onbIThl Canbska, bondu-bpyesnya n
Ip.) TIPeICTaBICHBI KaK MPOTHBOpeUaIre dammcTuaeckon Teopun. Ho momgpo6-
HBIN aHAJIN3, KaK IIOKa)KEM J1aJIee, BBISBIISIET IOJTHOE COTIACHE PE3YIBTAaTOB 3THUX
OIIBITOB C Teopueil Putna, ecnu nmpuHATE BO BHUMaHKE 3()(HEKT mepens3nydeHus
cpenoit (B Bozmyxe ¢ N = 1,0003 anuHa mepensiayueHust | ~ 1 MM, a B IIIOTHBIX
cpemax tuma crekna | ~ 1 MKM) 1 IPOBOANTE aHa N3 Ha OCHOBE MOJICKYIISIPHON
OIITHKH, U3 KOTOPOI CIEAYIOT OJHO3HAYHBIE BHIBOABI O BETMUYNHE (a30BOM CKO-
poctu cBeta. Kpome Toro, psifi ONBITOB CBUAETEIBCTBYET B MOJIB3Y 3aBUCUMOCTH
CKOPOCTH CBETa OT CKOPOCTH HCTOYHMKA. B TpeThell maBe OymyT MpeaiokeHbl
HOBBIE CXEMBI ONTHYECKHX IKCIIEPUMEHTOB, B TOM YHCIE C NPUMEHEHHUEM Jia-
3€pPHOTO M3IIyYeHHUs, 0COOEHHO (DEMTOCEKYHIHBIX JIa3€POB, VISl MIPELU3HOHHON
MIPOBEPKH OAJUTHCTHYECKOTO MpUHIUTA 1 dPdexra Putia.

OCHOBHBIE pe3yIbTaThl INIaBhI OIyONNKOBaHKI B paborax [A2, A12, A15—
Al7, A28, A48, A53].

§ 3.1. Onbim CaHbsiKa, 1a3epHbIU 2UPOCKOM U y4ém epaujeHuUs1 3epKaJl

Kak moxazaHo B mepBoii TiIaBe, CKOPOCTH JIydeil cBeTa (epynnosas cko-
pocmyb) OT MOABWKHOTO NCTOYHMKA BOCCTAHABINBAET CTAHAAPTHOE 3HAUECHUE C
[10CJI€ IIEPEN3ITyYEHUs HEMTOABUKHON Cpeioi, aTOMBbI KOTOPOM UIPatOT pOJib BTO-
PHUYHBIX UCTOUYHHUKOB. Ha (ha30ByI0 CKOpPOCTB cBeTa cpena BiIUseT OojIee CIoXK-
HBIM 00pa3oM, BBHIY MHTEP(PEPEHINH HCXOAHOTO W BTOPUYHOTO H3ITYUCHHUS.
CornacHo Purtity, mpu oTpaskeHHH OT ABIKYIIErocs 3epkaia (pazoBasi CKOPOCTh
CBETa COXpaHSIETCA HEM3MEHHOW IO BEIWYHMHE OTHOCHUTEIFHO MCTOYHHKA [16].
Pe3ynbTaThbl ONBITOB € MOABMKHBIMU 3€PKaIaMy, HAIIPUMEpP OMbITE MalopaHsl,
COTTIACYIOTCA C 3TUM BBIBOAOM, Kak mokazan M.d. Mumo [16, 289].

K Toi1 e pa3HOBHUAHOCTH OIBITOB C MOABMXHBIMHU 3€pKajlaMHd OTHOCST
onblT CaHbsiKa, TIe MHTEPPEPUPYIOT CBETOBBIC JIyYH IIPU PAcIpOCTPAHEHHUU B
MIPOTHBOMOIOKHBIE CTOPOHBI M0 KOHTYpY 13 3epkai (Puc. 3.1). ITpu Bpamenwnn
KOHTYpa C YIJIIOBOM CKOPOCTBIO ) yun HaOMparoT pa3HOCTb X0, IPOIOPINO-
HaJBbHYTO () U MEHSIOT HHTEp(HEpEeHIINOHHYI0 KapTHHy. OnbIT CaHbsIKa CIUTAIOT
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npotuBopedaiium teopun Purna [6, 290, 291], T.K. HICTOYHUK A HETIOJBIIKECH
OTHOCHTEJIHO KOHTYpa u3 3epkai B, C, D u ¢orornactunku |, ycTaHOBICHHBIX
Ha ofHO# Targopme. [lorTomy mosaraiu, 4To nMpu ABMKEHUHU B BakyyMme (T.e. B
OTCYTCTBHE NEPEH3IYyUECHUs) CKOPOCTh JIy4el B CUCTEME OTCUETa UCTOYHUKA HE
MeHsIach OBl M He co3aia Obl pasHocTH xoaa [6, 290]. Ho B Teopun Purna cer
COXpaHsIeT CKOPOCThH C JIMIIH OTHOCUTEIBHO UCTOYHUKA B MHEPIIMAIBHON CHCTE-
Me otcuéra [15]. A Bo Bpamaromeics cucreMe JIBMKEHHE yCKopeHHoe. T.e. 1o
0aJUTHCTUYECKOH TEOPUU MHEpIMAaIbHOE ABHKEHHE CBETa I03BOJISET BBIIBUTH
BpatieHue B onbite CaHbsiKa, pABHO KaK HHEPIMOHHOE JBIKEHUE MasTHUKA BbI-
SIBJISIET BpallleHne 3eMiii B onbITe PyKo. AHAJIOTHYHO YCTPOCHBI JIa3epHbIE TH-
pockonsl [292].

Puc. 3.1. Cxema nBikeHus ydeii ceera B onbiTe CaHbsKa 10 OAJIHCTH-
yeckoil Teopun (a). CripaBa — yIUIMHEHHE TTyTH IS JTyda CBeTa (umpux-
nyHKmup), UAYLETo B HAIPaBICHUU BpallleHus uHTepdepomeTpa (0), u
COKpAIlleHNe IyTH JUIs JIyda (nyHkmup), UIyIIEero MPOTHB BpalleHus ().

Haiiném pasHocTh XoOma Jyded B JlabopaTropHOW cucteme oTcuéra
(Puc. 3.1.a). Kaxnprit orpesok nytu L = AB = BC = CD = DA npsimoro styua (B
HaMpaBJIeHUH BPAIIECHNS) YIJTHHUTCS 10

L; = L(1 + cos 45°-QR/c),
rie R — paccrosinuie ncroynuka u 3epkai jo ocu Bpamienust O. Tak, K MOMEHTY
npuxosa cBera K 3epkairy B oHo cmecturcs B B', yrumaus nyts AB 1o AB' =L,
Ha QR cos 45°, rne ¢ = QL/C — yroa moBopota KoHTypa 3a Bpemsi L/C. 1o Teopuu
Putna cBet ucrounnka A moitnér Baone AB co ckopoctsio €+ V, =C+V cos 45°.
[Tpu orpaxenuu 3epkanom B Brons BC, dazoBas ckopocTh cBeTa coxpaHsiercs
OTHOCHUTENBHO UCTOYHMKA U paBHA C — V|, = C — V sin 45°. CkopocTh cBeTa, 0Tpa-
x&unoro Baoyb BC, CD u DA, paBHa ckopoCTH mapauieabHbIX Jdydel ot A [16,
27]. Bpemst o0xona cBeroM koHtypa AB'C"'D™'l
T,=LyJ/(c+V,) +L/(c—V,)+L/(c—Vy)+L/(c+V,)=4L,/c,
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eciii OTOPOCUTH CllaraeMbie 2-r0 M BBICIHIAX HOPsIKOB Manoctu mo V/C. s
JIy4a, WAYIIEero MPOTHB HalpaBlieHus BpalleHus, orpesku nytu L = 4D = DC =
CB =BA, cokparsites 1o L, = AD' = L(1 — cos 45°-QR/C), n aHanorn4Helii pacuér
BpeMenu ooxona kourypa AD'C"B"'l nacr T, = 4L,/c.

Wrak, 1y1st 3aMKHYTOTO IIyTH BIMSHHE CKOPOCTH MCTOYHHMKA HAa CKOPOCTh
CBeTa HEMTpajau3yercs, ¥ BpeMeHa 1,3, T, OTIn4atoTcs oT pacuérHoro T = 4L/c
Tk 3a cuét u3meHenus nytH L. Torna pasnocts BpeMéH 00xona AT =T, — T, =
8QR?/c?, a pa3HHIA ONTHYCCKHUX MyTeil

ATc =4QS/c, (3.1)
rae S = 2R? — mioma i KOHTYpa, 06X0AUMOro Jiydom. D1o 3Hauenue (3.1) coBna-
naet ¢ pesynbratoM u3mepeHuid A7c B onbite CaHbsiKa M aHAJIOTHMYHBIX OIIBITOB,
Uit KoTophix (opmyna (3.1) obobiaeTes Ha ciiydail KOHTYpa MPOU3BOJIBHOM
¢dopmel. Tak uto Teopust Putia cornacyercs ¢ onbitoM CaHbsiKa.

[TockonbKy JIMIL YCKOPEHHOE, 8 HE MHEPLHAIbHOE BIKCHUE HCTOUHHKA
co31aéT pa3HOCTh X0/, TOTJIA OIBIT C MOCTYNATEeIbHBIM JIBH)KEHUEM HHTEpQe-
pomeTtpa Canbsika, npeanoxeHHbli [ b. ManbIkUHbBIM [6] 1 aHATIOTMYHBIH OTIBITY
MaiikenbcoHa, 1o Teopuu Putiia He BeISBUT JiBHoKeHUS [ 16]. Paccuntannas B [6]
JUTSI TAKO# CXeMBI pa3HOCTh BpeMEH xoma nopsiaka T(V/C)?, Buaumo, omubouHa, T.K.
9KBUBAJICHTHBIN pacuéTBCUCTEMEHHTEPPEepOoMeTpa1aéTHYICBOM pe3yIibTart,0e3V.

B oTHOUIEHNH OMBITOB C IPUMEHEHUEM MOJIBHIKHBIX 3epPKall BbICKa3bIBa-
JIOCh M TaKO€ BO3PAXKEHHUE: €CIIU B BAKYyME I'PYIIIOBasi CKOPOCTh CBETA, IIEper3-
JIy4EHHOTI'O 3€PKaJIOM, ABHKYIIUMCSI K MCTOYHUKY CO CKOpOCThio V, paBHa C + V,
a (hazoBas paBHa C, TOI/Ia BO3HUKAET IPOTHBOPEUNE PaBEHCTBY (ha30BOM U TpyII-
[MOBOM CKOPOCTH B BaKyyMe, Ijie HeT aucrepcun. Ho B bayircTH4eckol TeopuH,
B OTJIMYHE OT KJIACCHYECKOM AIEKTPOAMHAMUKH, (pa30Bast U IPYIIOBasi CKOPOCTh
MOTYT He coBnajarb B Bakyyme [AS1]. Spkuii npumep naér adbeppauust 3BE31-
Horo cBeta (§ 1.3): opburagbHas CKOPOCTh 3eMJIH MEHSIET IPYIIIIOBYIO CKOPOCTh
(CKOPOCTB PacpOCTPaHEHUs CBETOBBIX JIy4eil) 110 BEJIMUMHE U HAIPaBJICHUIO, a
(ha3oBasi CKOPOCTb CBETA, IEPIEH/UKYJIIPHAst ()POHTAM CBETOBBIX BOJIH, HE MEHSI-
ercst (Puc. 3.2). T.e. mpu abeppauuu B cucTeMe 3eMHOT0 HaOutonaress hazoBasi U
IpYIIIOBast CKOPOCTh HE COBIAJIAI0T HHU 110 BEJIMYMHE HU 110 HAITPABJICHHIO,— CUTY-
alysl aHaJOTWYHAas HAOIIOAeMOM [UIsl SJIEKTPOMArHUTHBIX BOJIH B 3aMarHUueH-
HOU Iu1a3mMe Win B kpucraioonTuke. B 2015 . HepaBeHCTBO (ha30BO# U TpyIIio-
BOIi CKOPOCTH CBEeTa B BaKyyMe 3a()MKCHPOBAJIM U B JTaADOPATOPHBIX ombiTax [5].
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Puc. 3.2. [Ipumepsr HecoBnaaeHust (pa3oBOH U TPYMIIOBOI CKO-
pOCTH CBeTa B BaKyyMme, COIIACHO OaJIMCTHYECKOH TEeOopHU
Putna. Ciydan IBYDKEHUS CBeTa B KocMoce (@), B CHCTEME 3eM-
Horo HaOmromarens (0) u B ombite [xemca m CrepHOepra (8).

Kpome Toro, GammmcTudeckast TeOpHs JOIMYCKAaeT CyIIECTBOBAHHUE JIHC-
TIEPCHUHM CBETA JIAKE B BaKyyMe, ITOCKOJIBKY JIEKTPOHBI, N3ITyJalolIie CBET C Pa3-
HBIMH 4acTOTaMH, IBMKYTCS ¢ pa3sHON ckopocThio. [Ipn coobmennu ceety, oHa
MOPOXKJIAET 3aBUCUMOCTb €r0 CKOPOCTH OT 4acToThl [A19]. Benuuuna nucnep-
CHHM MaJia, HO TPOSIBIISICTCS] HA THTAHTCKUX KOCMHUYECKHUX JUCTAHIMSIX. B mos3y
aToro, Kak nokaszai [.A. Tuxos [164], A.A. benononbckuii [65] u C.I1. Macnu-
kOB [166], cBHIETENbCTBYIOT HAOMIONEHHS ABOMHBIX U TIEPEMEHHBIX 3BE3[I, a M0
B.A. bynuny — u naboparophsie onbIThI [167].

C HeBEepHBIM IPEACTaBICHUEM O COOTHOIIEHHU (ha30BOW U TPYIIIOBOM
CKOPOCTH CBETa CBs3aHa TaKke HEKOPPEKTHasl HKCIIepUMEHTaJIbHas MpoBepKa
teopun Putna B ombite [xxemca u Crepabepra [145, 293]. B onbiTe nyd cBe-
Ta TEePEeH3TyJalicCsl Bpalaromeicss tracTuHkod. [Ipu cooOmeHnn CBETOBBIM
BOJIHAM PA3HOW CKOPOCTH — PAa3HBIMHU y4acTKaMHU IUTACTUHKH, ()POHT CBETOBOU
BonHBI ToBepHETC (Prc. 3.2.6). Ho mpu HaOmoneHn# depes TeIecKor He ObLUIo
3a(h)MKCHPOBAHO OTKJIOHEHHMS JIyda CBETA, YTO COWIN ITPOTUBOPEUNEM OAIIIHCTH-
yeckoit Teopnu. OmmoKa coCTosIa B TOM, YTO OTKJIIOHCHHE B 3TOM CITy4ae HUCTIbI-
TBIBAJI TOJIKO BEKTOp (ha30BO CKOPOCTH CBETA, & BEKTOP TPYIIIOBOH CKOPOCTH
CBETa, 331aHHbII CyMMO CKOPOCTH MCXO/IHOTO JIy4a € U IJTACTHHBI V, HE MEHSII
HanpasiieHus. IMEHHO BEKTOp IpyIINoBOit CKOPOCTH cBeTa V., M 331a€T Harpas-
JICHHE PaclpoCTPaHEHHs SHEPTUH, JTyueil cBeTa, Kak MOATBEpKIaeT abepparus
3Bé3auoro csera (Puc. 3.2). T.e. onbiT /xemca 1 CrepHOepra He IPOTHBOPEYHT
0aJUTMCTHUECKOM TEOPHH, HO €T0 MOYKHO BUIOM3MEHHTH TaK, YTOOBI CBET I1a/1all Ha
BPAIIAIOIIYIOCS IUTACTUHKY 11071 yritoM. [Ipu coobiienuu ckopoctu V CBETY, BeK-
TOP IPYIIIOBOM CKOPOCTHU U3MEHUT CBOE HAIIPABJICHUE HA YTOJI, ©3MEPUMBI TeJie-
ckoroM. [TooGHBIi omeT moctaBmwit M.U. Jlyrummies: pu maJeHuH J1a3epHOTO
Jyda Ha BPAILAIOIIUICS TUCK U3 OpreTekiIa OblIo 3a(hNKCHPOBAHO YITIOBOE CMe-
IICHUE JTy4da, COOTBETCTBYIOMIee Teopur Purna [227, 294]. AHAIOTUYHBIA OIIBIT
npeanoxui u Hezapucumo rnocrasui B.I1. Cene3nés ¢ Tem xe pesynbrarom [203].
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OTKJIOHEHHE CBETOBOTO Jiyya Obu10 00HapysxeHo JI. BOopoHHHBIM 1 IpH niepens-
JIy9eHUH JIy4a CBETa IBYKYIIIMMHUCS aTOMaMHU ra3a B Ta3opa3psiHoi namre [421].

Takum 00pa3om, B 0AJUTHCTUIECKON TEOPUH MPEACTABICHUE O COOTHOIIIE-
HuM (ha30BOH M IPYIIIOBOM CKOPOCTEH CBETa B BaKyyMe, IPH OTPAyKCHUH U pac-
MIPOCTPAHEHHH, B PSJIE CIy4yaeB OTIMYACTCS OT HPEICTABICHHH KIaCCHYeCKOU
anekTpoanHaMuku. T.e. IPU MOCTAHOBKE OIBITOB 1O MPOBEPKE OAITHCTHYSCKON
TEOPUH CIIEYEeT LEIIMKOM ONHUPAThCs Ha IIPUHIMIIBLI M CIICCTBHS Teopun Putia,
KOTOpPbIE MOXXHO MPUMEHHUThH B Ka4eCTBE JOMOIHUTEIBHBIX KPUTEPUEB POBEP-
ku. [Ipu 9TOM crienyer 4€TKO pa3iuyarb, 0 Kakoi UMEHHO CKopocTH ((ha3oBoit
WJIN TPYNIOBOW) UAET pedb B ONBITAX.

§ 3.2. OnbimbI ¢ dswxywumucs cpedamu — onbimbsl Pu3o, KaHmopa
u flynnuweesa

DKCMEepPUMEHTBI, B KOTOPBIX CBET WIEN B TMOJBMIKHOHM cpele, OT4acTh
AHAJIOTUYHBI OMBITaM C MOJBIKHBIMU 3epkaiamu. B pabore [6] ocnapuBaioch
yTBepxkieHne Putia o Tom, 4To (a3oBas CKOPOCTh CBETA, OTPAKEHHOTO 3epKa-
JIOM, paBHa C OTHOCUTENILHO HCTOUYHHUKA, a He 3epkaia [16], koTopoe B KauecTBe
BTOPUYHOIO MCTOYHHKA JIOJDKHO COOOIIATh CBOKO CKOPOCTHh cBeTy. [locnenHee
BEPHO JUISI 3JIEMEHTAPHOTO BTOPUYHOTO UCTOYHUKA, a (ha30Basi CKOPOCTh CBETa
OT 3epKajia 3ajaHa uHrepdepeHnreil BoIH, Nepenu3nydeHHbIX AIeMEHTAPHBIMU
U3JTy4aTeNIIMU-3JICKTPOHAMHU B TOJIIE 3€pKajia, W Pe3yJbTarT e€ HEOYEBHUJICH.
Tak, B cpeze ckopocTh cBeTa paBHa C/N BBUAY MHTEPPEPEHIMH MaJaromed n
BTOPUYHBIX BOJIH, PACCESTHHBIX IEKTPOHAMH cpenbl [82], XOTS 3TH BOJIHBI 00-
JIAJIAI0T CKOPOCTHIO C.

Puc. 3.3. Cxema u3MeHeHus: (a3oBOH CKOPOCTH CBETa OT JIBHIKY-
IIErocsi UCTOYHMKA B cpeie 3a cu€T mepeusinydeHus: (MM B DKBHU-
BaJICHTHOM CHUCTEMEC, TIAC HMCTOYHHUK JIBMKCTCSI OTHOCHUTCIIBHO HE-
MOABWKHOM ~ cpelibl), COomIacHo OajnmucTudeckoi Teopuu Purma.

B teopun Putna stor pesynsrar Mo>kHO 000OIIUTE Ha Cilydyail HCTOY-

HUKA, IBIKYIIErOCsl OTHOCUTEIHHO CPENIbl, IPOBEPUB COOTBETCTBHE TCOPUU —

ombity @m30 [16, 145]. CkopocTs cBeTa C* B cpene 0T HCTOYHUKA, ABIKYIIETOCS
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IO HOpMAJTH K TpaHuIie cpensl co ckopocthio V (Puc. 3.3), Haiiném mo npumepy
pacdéra B MOJICKYJISIPHON OITHKE I HETTOABI)KHOTO MCTOYHMKA [82, c. 425]. B
BaKyyMe HCTOYHHUK UCITyCKAeT CBET CO CKOPOCTHIO C + V, Tor/a mnoie euHUIHON
naaroiel BOJIHBI
Eo, = exp[i(ot — k'X)],
e O — MUKIMYeCKas 9acToTa najaroiieii Bosusl, K' = w/(C + V) —BosnHOBOE umC-
110. BosiHa B030y>X/aeT B cpejie BTOPHUYHBIE BOJIHBI CKOPOCTH C, B CyMME JIAIOIIUE
IUIOCKYIO BOJIHY C BEJTUUUHOM MOJIs
E, = -ikxbexp[i(wt — kx)],
rae K = ®/C — BOJIHOBOE YHCII0, X — TONIIMHA IPOWIEHHOrO CII0s Cpebl, b — 0e3-
pa3MepHbIil KOIPHULIUCHT, XapaKTEPU3YIOIINI ONTHYECKYIO TUIOTHOCTh CPEJIbI
(Puc. 3.3). Tlone pe3ynsTUPYIONIEH BOTHBI
E =E, + E; = (exp[ix(k — k)] — ikxb)exp[i(ot — kx)],
970, ¢ yYETOM pasnokenust exp(X) ~ 1 + X mpu mansix X u (K — k') = oV/c? = kV/c,
JaéT
E = (1 + ikxV/c — ikxb)exp[i(wt — kx)] = exp[i(wt — kx(1 + b — V/c))].
3neck kx(b — V/C) — ciBur $assl, MpOMOPIIHOHATBHBIN TyTH X M MEHSIFOIIHI (a-
30ByI0 CKOpOCTh C*. TTo cyTH, B cpeme BOMHOBOE 4yHcio K = ®/C 3amMeHseTcs
HOBBIM
k* = w/c* =Kk(1 +b - V/c).
Orcrona
c* = ck/k* =c/(1 + b - V/c).
Ipu V = 0 mosydnM CTaHIapTHYIO CKOPOCThH cBeTa B cpexe C* = ¢/(1 + b), e
(1 + b) — xoaddurment npemommenus N. Jsa 0 <V << ¢ momydnm
: G c c ¥ (3.2)

e

1+b-Vie n-Vie n n’
a JUIsl OKOJIOCBETOBBIX CKOpOCTEH V ~ C TOUHBIH pacuéT 1o 3ToMy METOoxy HaéT
D . (3.3)
n—Vi(e+V)

B cucreme orcuéra MCTOYHHKA, IJIe CO CKOPOCTBIO V JBMXKETCS cpena,
HaiaéM u3 (3.2), ¢ y4€TOM NMpUHIKIIA OTHOCUTEIBHOCTH, CIIPABEJIMBOTO B TE€O-
pun Putna, 4To cKOpOCTh CBETA B Cpejie

c'=c*-V=c/n-V( - 1/n.

OmnbiT OU30 BBISIBUI IMEHHO TaKylo 3aBUCHMOCTb, I7ie MHOXHTENb (1 —
1/n?) — koapdurment ysneuenust @peneist [38, 145]. Tak Teopus Puria oobsic-
HsieT onbIT PH30 U APYTHE ONBITHI C IBU)KCHUEM CPEJI, TJI€ aHAJIN3 CIIE/AYET BECTH
Ha OCHOBE MOJIEKYJISIpHON oNTUKH [A2, A25]. DTO yCTpaHUT HEOJHO3HAYHOCTD
onsiToB Y. Kanropa, M.U. lymnumesa, T. beprmana [145, 227, 294] u op.

Hanpuwmep, B onbite Kantopa Habmronano0cs cMemieHne nHTepQepeHim-
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OHHBIX IT0JI0C, COOTBETCTBYIOIIEE H3MEHEHHIO CKOPOCTH CBETA, MEPEeN3IyIEHHO-
0 JIBIKYIIUMHCS CTEKISIHHBIMH TUIACTHHKAMHE, IPUMEPHO Ha K = 2/3 BEelTHUHHBI
ckopocTH TutacTuH [145, 296]. ITockonbKy B JaHHOM OIBITE M3MepsiIach (azo-
Basi CKOPOCTH CBETA, IBMKYIIETOCs MO0 3aMKHYTOMY ITyTH, €r0 CPEIHUE CKOPOCTH
B IIPSIMOM M OOpaTHOM HampaBiIeHUH HE MOTIIN pa3nudarhes (M. onbIT CaHbsKa,
§ 3.1). T.e. ecnim ombIT KaHTOpa MpoBecTH B BaKyyMme, €ro pe3yabTar OyneT Hy-
neBbIM. JleiicTBuTenbHO, ONBIT KaHTopa, MOBTOpEeHHBIN beprManHoM B BakyyMme,
JlaJl HYJIEeBOH pe3ysbTaT, He BHISBUB BIMSHUS CKOPOCTH IUIACTUH Ha CKOPOCTH
cBeTa [297]. DTOT pe3yabTar TPaKTOBAIN KaK MOATBEPKACHHUE TTOCTOSIHCTBA CKO-
pOCTH CBeTa U MPOTUBOpeune OancTuaeckoit reopun [145]. Ho Teopus Putma
TOXKE TIPE/ICKA3bIBACT HYIEBOM pe3yibTaT. A MOMOKHUTEIBHBIN pe3yinbTaT OmbITa
KanTopa, BuamMo, CBsI3aH ¢ HAIMYHUEM Ha ITyTH CBETa BO3yXa, KOTOPHIH, 3a CUET
Mepen3IydeHNs, CHIDKAI CKOPOCTh CBETA /10 3HAYCHHUS C OTHOCUTEIHHO BO3/IyXa.
[ToaToMy B pa3HOCTH X0J1a BHOCHJI BKJIAI JINIIb HAYAJIBHBIN yUacTOK ITyTH CBETA,
I7ie BO3AYX YBJIEKAJCs ABIKCHHEM IUIACTHH M COCTABISIOMIMN KaK pa3 OKOJIO
MTOJIOBUHBI ITyTH CBETA.

C Hanmu4reM BO3AyXa B YCTaHOBKE, BUANMO, CBSI3aH U MOJIOKHUTEIbHBINA
pesyawrar onbita M.W. dymumesa [227, 294]. B ero ycTaHOBKE CBET MPOXOINT
4yepe3 ABMKYILUICS OPYCOK U3 OPrCTeKIIa, ¥ Ha SKpaHe HaOII01aI0Ch CMEIIeHHE
uHTepdEpEeHIIMOHHBIX TT0JI0C. OMBIT BBISBUII BIUSHUE CKOPOCTH MCTOYHHMKA Ha
CKOPOCTh CBETa, TaK KaK MepeHn3IyuyeHHe BO3IyXOM CTaBWJIO Jy4YH CBETa B He-
paBHBIE YCIOBHS, YTO U MTO3BOIMIIO OOHAPYKHUTh U3MEHEHHE CKOPOCTH CBETa Ha
3aMKHYTOM ITyTH. EC/i aHaTOTWYHEIH OIBIT TPOBECTH B BAaKyyMe, €T0 Pe3yJIbTaT,
COMTIACHO OATUCTUIECKON TEOPHH, OyIET OTPHUIIATENbHBIM. TakuM 00pa3om, mpu
9KCTIEPUMEHTAIILHOM H3MepeHHn (ha30BOil M TPYIIIOBOM CKOPOCTH cpela, Co-
IIacHO OAJTUCTUYECKOM TEOPUH, CYIIECTBEHHO BIMSAET Ha MCXO/] YKCIIEPHMEHTA.

§ 3.3. Konmponb nocmosiHcmea ckopocmu ceema ¢heMmoceKyHO-
HbIMU n1azepamu

JUis oHO3HAYHOM POBEPKH BIUSHUSA CKOPOCTH HCTOYHUKA HAa CKOPOCTD
CBETa TpeAsIaranoch Takke MPUMEHATh (peMTocekyHaHbIe na3epsl (B. IToarop-
ueliii [298], B. Cokonos [299]), AIUTENEHOCTS KMITYIBCOB KOTOPBIX (At~ 1074 ¢)
MTO3BOJISIET U3MEPATH COOTBETCTBYIOIINE PA3HOCTH BPEMEH X0/a JTy4eH, Y OIHO-
TO U3 KOTOPBIX CKOPOCTH C, a y Apyroro (¢ + V), npu ABMKEHUH BTOPOTO UCTOY-
HHKa OTHOCHUTEIBHO mepBoro co ckopocThio V. Ha mytu L ~ 10 M 3Ta pa3HoCcTh
BpeMEH X0J]a COCTABUT

At=L/c-L/(c+V)=LV/c? 3.4

u obHapyxutcs (At~ At; ) mpu ckopoctu V ~ 100 m/c, 1oCTHRXUMOI B 1abopa-
topuu. Ta ke pazHuna BpeMeH nponera ceeta (3.4) OT MOABMKHOTO UCTOYHHKA
nosrygaercs i mporao3oB bTP u CTO.
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Bo3moxHa Takke cxema 3KCIepUMEHTa C MPUMEHEHUEM OJIHOTO JIeTeK-
TOpa U JABYX MNOABWKXHBIX JIa3€PHBIX MCTOYHUKOB, CUHXPOHHO T'CHCPUPYIOIIUX
umnyascsl (Puc. 3.4.a) unu 1ByX CBETOBOIOB Ha BpAIIAIONIIEMCs TUCKE, CBSI3aH-
HBIX C HETIO/IBUKHBIM JIa3€POM depe3 MEPUCKOMUUECKYI0 CHCTEMY 3epKajl Ha OCH
BpamieHus (Puc. 3.4.6). BeIXonpl CBETOBOAOB pa3MeNIalOTCs B JTHAMETPaIbHO
MPOTHUBOTIOJIOKHBIX TOUKax 1 U 2 00072 JUCKa, KPYTSIIEToCs ¢ YaCTOTOM , TakK
YTO OJIMH MCTOYHUK JIBMKETCS K JIETEKTOPY €O CKOpocThio V = oR, a npyroit —
¢ ToOH ke ckopocThio V ymamsiercs. Hambonee ymoOHa cxema, Mo KOTOPOIl Mo
00071y KPYTALIEroCsI IUCKa MPOJIOYKEH CBETOBOJI KOJIBIIEBOTO BOJIOKOHHOTO (heM-
TOCEKYHJIHOTO Jiazepa ¢ AByMs Bbixogamu 1 u 2. Torma ycioBue CHUHXPOHHOU
TEeHCpal UMITYJIbCOB Ha BBIXOJax lu?2 6y,ueT BBITNIOJIHATHCA aBTOMAaTUYCCKH,
€CJIKM MOCTAaBUTH HAa OJHOM M3 BbIXOJOB JIMHHUIO 3aJICPKKHU B BHUJIC y4YaCTKa BO-
nokHa uinHoi b = 7R, Toraa GoTomeTeKTop i aBTOKOPPEISITOp Ha paccTostHum L
HETOCPEICTBEHHO 3apETUCTPUPYIOT 3aACPIKKY

At=L/(c-V)-L/(c+V)~=2LV/c?

MEX1y UMITyiabcaMu. YToObl paccTosiHusl L OT MCTOYHUKOB O (OTOIETEKTOpA
COBIIAJIH, CJICAYET HAITPABUTD JIA3EPHBIC JIYYH TaK, YTOOBI CBET PErUCTPHPOBAIICS
JIUIIB U3 ToueK | 1 2 paBHOYIANEHHBIX OT IETEKTOPa, IPU reHepallii UMITYJIbCOB
CHHXPOHHO C MPOXOKJIECHUEM UCTOUHUKAMH ITHUX TIOJIOKEHUN. ABTOKOPPEISATOP
U3MEPSET 3aJIEPKKY MEXTy UMITyIbcamu At oT 1-ro u 2-ro cBETOBOAA, TIO3BOJISIS
cnenarb BeIOOp Mexxay CTO u BTP npu V = oR ~ 100 m/c. Bapsupyst nyTs L
U CKOPOCTB BPAIICHUS O, T.€. OTHOCUTENIBHYIO CKOPOCTh V MCTOYHHKA, MOYKHO
MPOBEPUTH MPOMOPLUOHATBHOCTD 3a7epKKH At (M3MEpeHHOH aBTOKOPPESTO-
poMm) — BenuunHaM V u L, mposepus SaBI/ICI:rI‘MOCTb At=2LV/c%.
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Puc. 3.4. Cxemsl YCTaHOBOK ITO CPaBHEHUIO CKOpOCTefI CBETA OT ABUIKYIIUXCA UICTOYHHUKOB.

[Ipu BpameHu: KoJIbIIeBOTO BOJIOKOHHOTO Jia3epa PaCCHHXPOHU3AIMS U3-
JIy4EHUsI UMITYJIbCOB M3 OTBETBJIEHHUH CBETOBOAA 1 M 2 MOXET IPOM30MTH U 3a
cuér nedopmanuu ontoBosiokHa. [Ipu BpaiieHuu ¢ yactoroit ® = 200 ¢! cBe-
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TOBOZA, IPOJIOKEHHOTO BHYTPH CTaJIbHOTO 000aa ¢ paguycoM R = 0,5 m, o1-
HoOcHuTeNbHas AedopMalys ONTOBOJIOKHA onpenesiercs Aedopmarnueid o0oxa n
COCTaBWT BeMUUHy € = pRZw%Es~ 107, rie p u E; — motHoCcTh M Momyns FOunra
qutst cranu. [Tpu aToM, U3MEHsieTCst JUIMHA U TT0Ka3aTesb PEJIOMIICHHS BOJIOKHA.
B cymme aTn Ba daktopa BenyT K HaOery Ha JJIMHE BOJIOKHA S = TR Mexnay
BbIXOJaMu | u 2 CBETOBO/A JIOTIOJIHUTEIBHOU 3aepikKu Aty ~ (Sn/C)e ~ 1073 ¢,
T.€. Ha TOPSIOK OOJIbIe OXuaaeMoi 3aaepxku At ~ 107 ¢, Bo3uuKaromiei B
paMKax OayTMCTHYECKOW TeOpHH 3a CUET ABMKEHHS. [103TOMY U1l HCKITIOUEHHS
J00aBOYHOTO 3arasabBaHust Aty KOMIEHCUPYIOMINI Y4acTOK BOJIOKHA (JIMHUIO
3aJIEPKKN) CIIe/TyeT TPOKJIabIBaTh TaK JKE M0 OKPYXHOCTH, KaK OCHOBHOE BO-
JIOKHO, YTOOBI Y/UIMHEHHUS JIyT § BOJIOKOH KOMIIEHCHPOBAJIH APYT ApYyra.

MOJKHO Takke IPUMEHNUTH TeHEPaTOPBl HEMTPEPHIBHOTO JIA3EPHOTO M3ITy-
YEHUsI, yCTaHOBJICHHBIE Ha Bpallaromemes Jucke. [Ipu pacxoanmMocTs 1a3epHbIX
nyukoB @ = 0,001° qmuTenbHOCTh UMIYJIbCA 3a/laHa MHTEPBAJIOM T MMONaJaHus
JIa3epHOTO MyYyKa B JETEKTOp, Tak 4to T = ¢1/360°, rne T — nepuoy BparieHus
nucka. [Tpu yacrore Bpartenus 1000 06/c, 7= 0,006 ¢, orkyna t=17-10" ¢. ITo-
CKOJILKY T'€HEpaTopbl HEMPEPHIBHOTO M3y4eHHs (B T.4. JJa3epPHbIC TUOJIbI) PO-
1ie ¥ KOMMakTHed fS-nmasepoB, ux mpomie pa3mecTuTh Ha 0001e HeHTpUDYT U
COOOIUTH UM BBICOKYIO CKOPOCTB BpAI[CHUSI.

Bpemst 3amepxku At = 2LV/C? 10/5KHO OBITH HE MEHBIIE JTUTEIBHOCTH
umnyisca T = 17-107 ¢. T.e. npu V ~ 100 m/c qucranius L > 1¢%/2V ~ 8800 km.
[TomoOHBII SKCIEPIMEHT MOXKET OBITh TOCTABIICH TOJIBKO B KOCMOCE, I7Ie BEJIMKU
MIPONETHBIC UCTAaHIMU L, a mepensnydeHre B KOCMUYECKOM BaKyyMe B OITHKE
MIPaKTHYECKH OTCYTCTBYET. [Ipy pa3melieH!H MoABMKHBIX JIa3€PHBIX HCTOUHH-
xoB Ha cmyTHuke unu MKC, a netekropa — Ha Ipyrom CIlyTHHKE WJIH Ha 3emie,
MOXKHO M3MEPHUTH BpEMsl 3aJIepKKU Mex 1y umiryinbcamu At = 2LV/c? u ero 3a-
BHUCHMOCTB OT CKOpoCTH V M OT quctaHuu L.

KocMmuueckue ckopocTH peaii3yoT U B 3eMHBIX Jlaboparopusix. Tak, npu
BBICTPEJIE METaJUIMYECKOTO KOJIbIla MarHMUTOKYMYJISSTUBHBIM TEHEPAaTOpOM W3
B3pPBIBOMAarHUTHOM YCTaHOBKH (COBPEMEHHOTO Pa3BUTHSI MArHUTHBIX YCTAHOBOK
I1.JI. Kanuipr) mrocturHyThl ckopoctu koibia V ~ 100 km/c [221, c. 230]. Ora
ckopocTh coctasisieT 0,03 % oT ckopoCTH cBeTa C. YKpENnHB Ha KOJblle JIErKUi
TeHeparop Ja3epHBIX HMITYJIbCOB (HapUMep, BOJIOKOHHBIH JIa3ep) WU TPUMEHUB
3epKaJIbHOE KOJIBLIO (OTpakatolee GeMTOCEKyHIHbIE UMITYJIbChI), HA AUCTAHIMN
L ~ 10 M momyunm At = LV/c*~ 10" ¢ = 10 nic. T.e. 3aBHCHMOCTb CKOPOCTH CBETa
OT CKOPOCTH JIa3€pPHOT0 MCTOYHMKA (MJIM 3€pKaja) JIETKO MPOBEPUTh, H3MEPUB
CKOpPOCTB CBETa IO CUTHAJIaM JIBYX pa3HecEHHBIX Ha paccrosiuue L ¢oronerek-
TOpoB ¢ ObicTpozelicTBueM ~1 1c (kak y MIIM-doTonerekTopoB ¢ ObICTpOIEH-
crBueM ~500 I'T [300]), 1mb0 cpaBHMB MOMEHTBI PETHCTPALlMA HMITYJILCOB
OT JIBYyX MCTOYHMKOB. OJIMH M3 HUX HENOJBM)KEH, a BTOPOW YKPEIUIEH Ha IOoA-
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BIYKHOM KOJIBIIE U U3JIyYaeT UMITYJIEC B MOMEHT MPOJIETA MUMO HETIOABHKHOTO
ncrogHnka. YroOsl 10CcTHYb TPeOyeMOil TOUHOCTH U CHHXPOHHOCTH MOMEHTOB
W3JTyYeHHs] UMITYJIbCOB, IOCTATOYHO, YTOOBI B MOMEHT M3JIyUSHHUs MTPOJOIBEHOE
CMeIIEHHE NCTOYHHKA OTHOCUTENBLHO HEMO/BI)KHOTO ObLIO HE Oostee Afc ~ 3 MM.

[TomMuMO M3ydeHHs 3aBHCHMOCTH CKOPOCTH CBETa OT CKOPOCTH HCTOY-
HUKA, 5TH METOABI MO3BOJIAT YTOUHUTH 3HAYEHHUE C, T.K. U3MEPEHHE MOMEHTOB
perucrpaiyu ¢ To4HOCThIO ~107'* ¢ Ha myTu B 1000 M, KOTOPBIH CBET MPOXOAUT
3a 3-107° ¢, mO3BOJIUT U3MEPSITH C ¢ TOUHOCTBIO ~1074/107¢ ~ 107® e€ BenmumHbI,
T.e. ~1 M/c. Tem caMbIM MOXXHO IIPOBEPUTH MOCTOSIHCTBO CKOPOCTH CBETA C U 3a-
BHUCHMOCTB C' OT JIJIMHBI BOJIHBI A, TPABUTAILIMOHHOTO [TOTEHIMAJIA, HAPABICHUS
pacmipocTpaHeHus cBeTa U T.J.

§ 3.4. dkcnepumeHmanbHasi Npoeepka pumuy-aghgpekma memoodamu
nasepHol ¢pu3suku
CoBpeMeHHbIE JIa3epHble HCTOYHUKU MOYKHO IPUMEHHTH TaKXKe JUIsl IIPOo-
Bepku dpdekra Putna (§ 1.2). g Tpancopmariii 4acTOThI CBETa Ha MPOIICH-
TBHI WK B pasbl, B popmyne (1.15) na aimne r = L ast mpeoOpa3oBanust UTHHBI
BOJIHBI A, 4acToThI f U qumurenbHOCTH At Ta3epHOrO MMITY/IbCa B
f'1+ L(i}, \|. j'=f(1+ ,[(;;J,. J i\l . (3.5)
N et ) et c
U, COOTBETCTBEHHO, IS IPe0Opa30BaHMs TMKOBON MOIIHOCTH P 1 aMIummTysl
OIITHYECKOTO 110JIs £ B
\-1 g \-1/12
P’:Pﬁ—i:P(I—L(i" | . E= £ 1. Lar | (3.6)
At \ c= c7L)
cnenyer obecneunts La./c? ~ 1. [losTomy st maGOpaTOPHBIX THCTAHIIAI

L ~ 1 m TpeOyercs

A=A

-1
, At'= ar[ s

a, ~ +C%L = +a, ~ £10Y m/c2

DTO YCKOPEHUE HENOCTHKUMO ISl CBETOM3ITY YAIOLIMX PHOOPOB, HO €ro
JIETKO COOOIIUTE 3IEKTPOHAM HITH HOHAM, H3IYYAFOIHM CBET CAMOTIPOH3BOIHHO
(ecyu HCTOUHUKAMH CBETa CITYXKaT BO30YKIEHHBIE HOHBI), INOO0 ONIOCPEI0OBAHHO
(ecyu MOHBI CITYXKAT MEPEU3TYIAIOIIIMH [ICHTPAMH).

Takoe yckopeHne TUINYHO TS SJIEMEHTAPHBIX YaCTHLL, JETAIINX C OKO-
JIOCBETOBBIMU CKOPOCTSIMU V ~ ¢ B MarHUTHOM I10JI¢ [IMKINYECKHX yCKOpHUTE-
neit ¢ pagumycom opoutsl R ~ 1 M (Puc. 3.5). [Ipu 3ToM neHTpoCTpeMHUTETBHOE
yckopenne a = V¥R ~ 10Y m/c? Tak, B cuaxporpone 3¢ dexr Purna mo3soiaut
TpaHC(HOPMHUPOBATh Ja3ePHOE H3IYYCHHE NPH PACCESHHM Ha JBHKYIIHUXCS
anekTpoHax. Kak mpaBmilo, Jla3epHbIC MMITYJIBCHI, PacCesTHHBIC JIEKTPOHAMH,
npeobpasyrot 1o 3pdekry Jomiepa mpu gopeHi-pakrope y >> 1 [104, ¢. 171],
4TO TpeOyeT MOIIHBIX YCKOPHUTENICH ¢ OONbLIIMM pacxoqoM »Heprud. Harpo-
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TuB, 3pdexT PuTna no3BonuT TpaHcHOpPMHUPOBATH M3IYUYEHHE Jaxe MpH Y ~ 1
B KOMITAaKTHBIX IIMKJIOTPOHAX, CHHXPOTPOHAX M HAKOMHUTEJSIX MaJoil MOIHOCTH
C HU3KUMH CHHXPOTPOHHBIMH MTOTEPSIMH, T.K. YK€ IpH V ~ ¢ YCKOPEHHE YaCTHII
a~ay~ 10" m/c? (mpu L ~R ~ 1 m). [Ipu y ~ 1 paccessHHOE U3TydeHHE 3apsia
He 00aaeT OCTPO HANPaBICHHOCTHIO CHHXPOTPOHHOTO M3IIyYCHUS], U MaKCH-
ManbHas AGQPEKTUBHOCTL TPaHCHOPMAIIMKA YaCTOTHI PpUTI-d(H(EKToM JocTura-
eTCsl JUTS M3JIyYCHUsI BJIOJb BEKTOPA YCKOPEHUsI & 3JICKTPOHA, T.e. MOMepEK ero
CKOPOCTH U BJIOJIb Pa/Inyca OpOUTHI.

HaKONUTENb

Puc. 3.5. Cxemsl Tpanc(hOpMaTOpOB YaCTOTHI JTA3EPHOTO U3ITYUEHHS MIPH
paccesHUM Ha OaH4Yax 3JIEKTPOHOB, IUPKYIUPYIOMIUX B HAKOIUTEIIE: IS
COKpAILCHHUS JUIMHEI BOJHBI A (68epXy) WM IS PACTSDKEHUS A (6HU3Y).

[Ipu V ~ ¢ Bpemst nposiéra GaH4a 3JIEKTPOHOB uepe3 00JIacTh J1a3epHOTO
obmydenust T ~ R/V — nopsiika HAHOCEKYH/IbI, U JUIUTEILHOCTh MPeodpa3yeMbIx
JIa3ePHBIX UMIYIIECOB JOJDKHA OBITH TOTO ke mopsaka: At < 1. YnobHo mpume-
HUTH T€HEPATOPbl HAHOCEKYHJHBIX WJIM MHKOCEKYHHBIX HUMITYJIbCOB, 4acTOTa
TIOBTOPEHMSI KOTOPBIX paBHA YacTOTE OOPAIICHUS IEKTPOHHBIX CTYCTKOB (da-
CTOTE YCKOPSIOIIETO IMOJsl B CHHXPOTPOHE WiIn Hakomurtene). ['abaputsl ycTa-
HOBKHM 10 TpaHC(HOPMAIMN CBETa MOXXHO COKPATUTh B Pa3bl, IPOMOPIHUOHAIBEHO
cokpatuB L 1 R mo Heckompkux cM. A CHHU3MB pajuyc OopOWTHI 3iekTpoHa R
1o 0,1 mm, 6e3 u3menenust L ~ 1 M, CKOpOCTb 3NIEKTPOHOB MOYKHO CHH3HTH JI0
V ~ ¢(R/L)" ~ 0,0l¢ (IOCTHXUMOU yKe B NMEKTPOHHON MyIIKE), CYLISCTBEH-
HO COKpAaTHB 3aTpaThl SHEPTUU HA PA3TOH JIIEKTPOHOB, TeHEPALUI0 MAarHUTHOTO
oJjigd 1 YMEHBIINB Fa6apI/ITI:I YCTaHOBKH.

OTMeTHM, YTO TpU TpaHc(OpPMAIMU YaCTOThl CBETa B CHHXPOTPOHAX
OT HECHTPOCTPEMUTECIILHOTO YCKOPEHUA a CIABUT 4YaCTOTHI HE IIPONTOPIHNOHAIICH
La/ c2. YacToTa u JuTiHA BOJHBI CBeTa peobpasyercst o hopmyie (3.5), omHako
a, #a=V%R, u3asucumocts A' = A(1 + La,/C?) 3amumiercs gepes a cnokuee [A4,
AS53], .. yron Mex Iy I 1V MeHseTCs OT U3MEHEHH S HalIPaBJICHHUS Ha UCTOTHHUK A.
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Puc. 3.6. Cxema [BIKCHUS OJIEKTPOHOB TIO OpOHTE CHHXPOTPO-
HA W WM3MEHCHWs HMX Jy4eBOW CKOPOCTH OTHOCHTENbHO mpuémumnka C.

U3 Puc. 3.6, rae n3o0paxeHa opOHTa 3IEKTPOHA €, BUAHO, UTO JIydeBast
CKOpOCTh (Tpoekus ckopoctu V Ha I — yd 3peHus CA u3 npuémanka C) paBHa
V.= Vsina, tae a = 3 — ¢. [Ipu manocTa yrios 3 u ¢, onupatoniuxcs Ha ayry AB,
Haiiném = pOB/CB = @R/L. Otctoma V.= Vsin[p(R — L)/L] = —Vox/L, roe X =
(L—R)—cmemenue mpuémunka C ot ieaTpa opoutsr O snexTpona. JlygeBoe ycko-
penmue a,= dV,/dt~ —-Vox/L, rie © = dp/dt —yrimoBas ckopocTh 3JIEKTPOHA, OTKY/Ia

S =1/(1+La./c®) =f/(1 — xV*Rc?). 3.7

B npenensHom ciydae (X = 0), ecnn npuéMHUK C pacIionokeH B IEHTpe
opoutsr O, f'=1.

B npyrom mpenensHOM ciydae, eciy NpUEMHHK PacIloioKeH BO3JIE Tpa-
extopuu 3MekTpora (L = 0, X = -R), B Manoit okpectHOCTH TOUKH B 3TO 1BH-
JKEHWE MOKHO cuuTars mpsmomuueHbM, f' = /(1 + V2/c?). Tlo cytu, sadpderr
PuTna nepexonut B BeIpaxeHue nornepedHoro s¢dexra JJornepa, HO yaBoeHHON
BeJMYHUHEI 110 yacToTe (§ 3.6). [Ipu 3TOM yacToTa MEHSIETCS HE OT Bapuarmii V, a
oT u3MeHeHus HarpaieHuss CA Ha ICTOUHHK. AHAJIOTHYHBIA PE3yJIbTaT CIIeLyeT
m3 3¢dekra orrepa B cucreme orcuéra npuémanka [A22], cMm. § 3.6. D1o moka-
3BIBaCT YaCTHUHYIO SKBUBAJICHTHOCTH 3 dekron Hommepa u Putma (1.16), mepe-
XOISIINX OUH B JIPYTOH, B 3aBUCUMOCTH OT CHCTeMBI oTcuéra [AS51, c. 75].

B Tpetsem npenensHOM citydae, koraa L >> R (x = L), paboraet dpopmyna
(3.5), e a, = a = V%R, .. mpu L >> R HarnpasieHue Ha HCTOYHHUK HE MEHSETCS.
OT0T ciy4ail peannuzyeTcs IS 3BE3]] U TAIAKTHK, TJI€ paAnyCchl OpOUT R Mabl 1o
cpaBHeHHIO ¢ paccrossHueM L o Hux (I'masa 1). Haubomee obmuit ciyqait mpe-
00pa3oBaHMS YaCcTOTHI CBeTa paccMoTpeH B padbote B.IT. 3omoryxuna [301].

JUits IpuAaHusE SIICKTPOHAM yCKOpEHHs &, ~ +10Y M/c? MOJKHO TakiKe Ipu-
MEHUTB dJIeKTprdeckoe moie E, B kotropom a = Ee/m (rme e/m = 1,76-101 Kn/kr —
VACNbHBIH 3apsif 2ekTpoHa) gocturaet 10Y M/c? mpu CpaBHUTENBHO MO Ha-
npsokéanocTr E ~ 10° B/m. st yekopenust woHoB Tpebyercst E ~ 10° B/M. A B
(boKyce JTa3epHOTO ITydYKa TOCTUTHYTHI 3HAYEHUS BIUIOTEH 10 E ~ 1012 B/M [104].
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NPOIPa-HLIA  IMMTTED MyuKa e NN
ANEKTPOA,

;!.'! g;!

e CBETOUNETP

Puc. 3.7. Cxema ycTaHoBKH 1o npoBepke dddekra Putia, mpe-
obpa3syrorero 4actoty cseta f u mmrensHOCTD At 1a3epHbIX UM-
MyJIbCOB, PACCESIHHBIX YCKOPEHHO ABIKYIIMMHUCS JJIEKTPOHAMH.

B paborax [A2, AS, A16, A35, A36, A48] aBTOp MPEIITOKUI CXeMY yCTa-
HOBKH 110 TIpoBepke 3 dekra Putma (Puc. 3.7) B Buae BakyymHo# kameps! (Puc.
3.8), rae my4oK SIEKTPOHOB WIIM HMOHOB B moiie E momydaer yckopenue ~10Y
M/c?. JlazepHOe H3IIyUeHHe C HECYIeH YacToTol f 1 UTMTeNbHOCTRIO UMITYIIBCA
At ~ 1 nic pokycupyercst Ha ITyuKe, IpeTepIeBast paccestHue Ha 3JIeKTPOHaX (Min
MOHAaX) — BTOPUYHBIX MCTOYHMKAX. VX M3IydeHHE NMPOXOIUT B BAKyyME ITyTh
L ~ 1 m 10 cBeTodhmIBTpa (OTCEKAOIIETO CBET YacTOThI f) 1 mocTymaer B meTek-
Top u cnekrpomerp. [Ipu crnpaBennuBoctu 3¢ dexra Purna onun 3adukcupyror
CUrHAJ u3MEeHEHHOM jmurenbHOCTH At' 1 wactotsl ' (3.5).

B cimydae moATBepXkIEHMS TAHHBIA METOJ MO3BOJHUT TPAaHC(HOPMHUPO-
BaTh HECYIIYIO YaCTOTYy M KOMIPECCHPOBATh UMITYIIBCHI 0€3 PasroHa YacTHIL 710
OKOJIOCBETOBBIX CKOPOCTEHi, T.€. IPUMEHsIsI IPOCTOE 000PYAOBAHUE TIPH MaJIOM
pacxojie PHepruu 1 Mpou3Bost komnpeccuto ¢ Beicokum KITJI. JleficTBUTENBHO,
TTOCKOJIBKY B JIAHHOM METOJIE CYIIECTBEHHO YCKOPEHHE M3ITyUaroliX YacTHll, a
HE UX CKOpOCTh (Kak B addekre [omiepa), Torma npu yckopenun a ~ 1017 m/c?
CKOpPOCTh, KOTOPYIO YCIICIOT HabpaTh 4acTuIbl B none E 3a Bpemst BozneiicTBus
nazepHoro ummnynbsca t = 107 ¢, cocrasur V = at = 10° m/c, T.e. yMepeHHYIO
BEJINYMHY, CPABHUMYIO C TEIIOBBIMU CKOPOCTSIMH aTOMOB.

Kommpeccop nMITy16c0B MOKHO BBIOJIHUTE B BUIE BAKYYMHOTO OQJIIOHA,
B KOTOPBII HCXOAHOE M3TYUICHUE 3aBOANTCS depe3 okHO-THH3Y (Puc. 3.8) u mpo-
3pavHbIi 3JIEKTPO] (TaKKE AIEKTPOJIbI MOTYT OBITh BBIIIOJIHEHBI U3 MaTEPUAJIOB,
YCTOHYMBBIX K JIa3€pHOMY M3JIyYeHHMIO, B T.4. U3 Tpadena). Cer Gpokycupyercs
Ha ITyYKe JIEKTPOHOB (MOHOB), SMUTHPYEMBIX OOKOBBIM JIEKTPOIOM U TIOTA/Iat0-
IIMX B [10JIE OCHOBHBIX 3JIEKTPOJOB, K KOTOPBIM MPUIIOKEHO ITOCTOSHHOE HAIpsi-
KeHHe WK [IePEeMEeHHOE ¢ 4acTOTOl f, clienoBanus nazepHbIx nMiyibcoB. [Tocie
paccesiHus Ha yCKOPEHHBIX AMEeKTPHYeCKUM mojeM E anekrponax (noHax), u3iy-
YEHHUE BBIXOJMT Yepe3 OTBEPCTUE WIIM CETKY BTOPOTO AJIIEKTpoJia. 3aTeM Ha ITyTH
cBoOomHOTO TponéTa L mmimynse mpeodpasyercs mo apdekry (3.5), (3.6), MeHss
JUTUTeThHOCTE At' 11 gacToty Hecymeii f'. [Ipeobpa3oBaHHBIH HUMITYIIBC BBIXOIHT
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yepe3 BTopoe OKHO Komripeccopa. Koaddurment komnpeccun g uMImynsca pery-
JUpyeTcs MyTEM M3MEHEHUS BEJMIMHBI U HapasieHus noist E (T.e. m3MeHenu-
€M YCKOPEHHMS &) WM MPOJIETHON MUCTaHIMK L — oTnanenneM uiam npuoOirmke-
HHUEM TEepen3ITydaromiel TIIacTHHBI, Tacsiuield H30bITOK CKOPOCTH Y JIydel cBeTa.

npoapadukei, KOMNPECCOP MMNYNLCOB
anexTpos )

f10-Lalc)

warpisecroi nasat 2 EALT =AN1-Lalc)  neporinparens

Puc. 3.8. Cxema tpanchopmaTopa 4YacTOTHI
CBETa M KOMIIpECCOpa JIa3epHBIX HMITYJIBCOB.

Ecnu anekTpomb! m1ockue i KOHIICHT ALK JICKTPOHOB HEBEIINKA, TOTIA
moJie E mpakTiuecku oTHOPOIHOE M 00CCIIEUNBACT PABEHCTBO YCKOPEHH Y BCEX
AJICKTPOHOB, T.C. OIUHAKOBBIN K03 duitnent komnpeccuu g. [is sxcriepumeHTa
MOXKHO NPUMEHUTH CyLIecTBYIOIINe (oTodaekTporHbie kKaroasl (POK), B Buie
KaTo/Ia ¥ CETKH B BaKyyMHOM koj16e. [Ipu ocBelieHnn KaToa Ja3epHbIM U3Tyde-
HHEM M3 HETO BBUIETAIOT 3JICKTPOHBI, TIOMAIAIOIIHE B AIIEKTPHUIECKOE MOJIe MEXK-
Iy xarogoM u cetkoil. [lpu Hampspkenun U = 1000 B u MexaiexTpogHOM pac-
crostanu d = 1 MM, 3TO moJie JOCTHraeT KpUTHUIeCKo# Benmumusl E = U/d ~ 108
B/M, noctarounoit s HanéxHOM peructparmn dPdexra.

Wrone4arsli
Poa

ANexT|

N 17 =70-Laic
BUHTOB MUKPO- Lo o .
METPHYECKOA

ronaw =T Al =AK1-Lalc’)  RBmearers
Puc. 3.9. Cxema kommpeccopa HMITYIECOB C
YCKOPAIOIINM DJIEKTPOAOM-MUKPOOCTPUEM.

Bricokux 3HaueHuid E MOXXHO OCTHYB IyTEM MHHHUATIOPU3AIMHU 3JIEK-
tponoB (Puc. 3.9). Tak, Bo3ne oCTpus C painycoM 3aKpyIJICHUS I TOPSJIKa MH-
kpoHa (107 M) HanpspkéarOCTh ot E ~ U/r nocruraer snavenuii E ~ 10° B/m
yxke ipu U = 1 B. Takum o6pa3om, TpaHCHOPMATOpP YaCTOTHI CMOXKET paboTaTh
or Oatapeiiku, ecinu (OKyCHpPOBaTh CBET Jla3zepa Mepel OCTPUEM, ¢ KOTOPOTO
OCYIIECTBIISICTCS IMUCCHS EKTPOHOB. OCTpHE MOXKET CITYKHUTH d(PPEKTUBHBIM
HCTOYHUKOM 3JIEKTPOHOB WJIM MOHOB 3a CYET aBTORJIEKTPOHHOW, aBTOMOHHOU 1
XOJIOZHOM 3MHCCHH, WM OT OCBEIICHMS JIa3epHBIM HM3JIydeHUEM. DJIEKTPOJ B
BUIC OCTPUSA MMO3BOJIMT BBITIOJIHUTDH BTOpOﬁ OJICKTPOJ B BUAC HUIIUHIAPA, BMECTO
AJIEKTPOJIa ¢ OTBEPCTUEM (CETKOI), Kpas KOTOPOro MOTYT MEPEeH3Iydarh CBET,
HCKJIIo4asi mpeodpasoBanue 4actoThl. Jddext Puriia MoxeT ObITH MPOBEPEH
PaCCMOTPEHHBIM CITOCOOOM W /ISl HEMPEPHIBHOTO HM3ITyUeHHS BO30YKIEHHBIX
HMOHOB, YCKOPSIEMBIX JIEKTPHIECKUM TI07eM E ~ 10° B/m.
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[ =fr1+La, 1’| x10% Ty
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L, L=08m,
f=5x10"Ty
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3 -2 - d, x10" wic*
Puc. 3.10. I'papuk m3meHeHust yacToThl ', mMpeoOpazoBaHHON MO -
¢dexry Putna, B 3aBucHMMOCTH OT noiisi E 1 yckopeHus 8, 3J€KTPOHOB.

B paccMoTpeHHO# BblIlIe cXeMe YCTaHOBKH 110 MpoBepke dddekra Puria
(Puc. 3.7, Puc. 3.8) usmenénnas yacrora f', kak BugHo u3 (3.5), 3aBucHT OT Jiy-
YEBOTO YCKOPEHUsI ANIEKTPOHOB &, T.€. OT yckopsitotero mois E. Ipu a, = -c%/L
yactora f' ctpemurcs k 6eckoneunoctu (Puc. 3.10), u Masas Bapuanus a,, mpu
usmenenuu E wiu L, Bei3biBaeT rurantckoe namenenue f'. 3to oTkpeiBaet npo-
CTOI1 CI0CO0 NMEePECTPOIKH YaCTOTHI CBETA U3 BUIUMOI0 — B Y-, peHTI€HOBCKHIA
1 ramMma-auanasos. I1pu o6patHom 3Hake E, u @, yactora majgaet, 4To Mo3BOJIUT
TIEPEBOIUTD JIa3epHOE M3JIyYCHUE BHMMOIO AMaria3oHa — B MH(pakpacHoe U
TeparepieBoe. B pamkax ob6mieit Teopun otHocutensHocTH (OTO) yckopeHue
TOXe MeHsIeT yacToTy. OnHako ajs paccMoTpeHHoil cxembl OTO He mpeackasbl-
BaeT CABUTra 4acToThl (3.5), T.K. ISl TOrO NMPUEMHHK U3ITyUEHUs TOJHKEH YCKO-
PATBCSI BMECTE C HCTOYHUKOM.

[Tpu 6 > 0 adppexr Purna omimuen u ot addekra omepa, He MeHsrOLIE-
IO YaCTOTHI CBETA, MEPEH3Iy4EHHOTO B psiMoM Harpasienuu (6 = 0°). A ckopo-
CTH, COOOIIEHHBIE YaCTHIIAM 33 BpeMs JlazepHOro ummynbca At ~ 10712 ¢, cocra-
BaT V = a,At ~ 10° M/c, T.€. HEAOCTATOUHBI JJISI IOTLIEP-TPAHC(HOPMAIIUK YACTOTHI
cBeTa B pa3bl Win rerepanun Y®- U peHTIeHOBCKMX KBaHTOB TOPMO3HOTO M3-
nmydenust. [eHepanus mydka 3JIeKTPOHOB U 1oJisi E nMIyiabcaMu, CHHXpOHHBI-
MU ¢ Ja3epHbIMU (amutenbHOoCTH ~10712-107° ¢), CHU3UT 3aTpaThl SHEPIUH Ha
SMHCCHUIO, PA3TOH YacTHUI], YIIPOCTHT CXEMY T'eHepaTropa BBICOKOTO HAIPSKCHUS
B BH/JIE HCKPOBOTO pa3psHuka, TpaHcdopmaropa Tecna u T.1n.
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Puc. 3.11. I'padyik M3MEHEHHUS ATTHHBI BOJHBI &' M JUTUTEIILHOCTH HMITYJIb-
caAt' mo a¢pdexry Putia, B 3aBUCHMOCTH OT pacCTOSHHS 0 IpUEMHUKA L.

I'maBHAs ocobeHHOCTE 3 dekTa Putma — 310 3aBHCHMOCTS (3.5) 9acTOTHI,
JUTUHBI BOJIHBI U JUTUTEIEHOCTH HMITYIIbCa CBETa — OT JUCTaHIUH L, mpoiinennon
cBeToM B BakyyMme (Puc. 3.11). AHanm3 3T0i 3aBUCHMOCTH TP Bapuarmsx L —
9TO OCHOBHO KpUTEpHil poBepku dpdekra Putma.

Emé omHuM KpHTepHeM CIYXUT aHaiu3 3aBucumoctd f' or ymia 6
(Puc. 3.7), mom KOTOpEIM PETHCTPHUPYIOT m3mydeHue. [lockombky apdexr Put-
1a (3.5) 3aBUCHT HE OT MOAYJS BEKTOpa YCKOPEHHs a, HO OT €r0 MPOCKINN
a, = -acos0 Ha J1y4 3peHus I, I YaCTOTHI JOJDKHA BBITOIHATHCS 3aBUCHMOCTD

O -

1- Lf cos0)

“

(3.8)

B monspHBIX KOOpAMHATaX 3aBUCHUMOCTH (3.8) COOTBETCTBYET KOHHUE-
ckuM ceuerusm (Puc. 3.12), a mapamerp € = La/C? — ux skcuentpucutety. [Ipu
€ < 1 310 — 2nHMIICc (a B MIPOCTPAHCTBE — AIUIMIICOH]] BpaleHus) ¢ (POKycoM B
nosntoce (ncrounuke). [pu kputryeckoM € = 1 SIUTHIIC BRIPOXKIAETCS B apadory
(mapaGoon BpamieHus), a MakcuManbHas yactora f' ctpemurcst k GeckoHed-
Hoctu. [Ipu € > 1 3aBuCHUMOCTH (3.8) COOTBETCTBYET BETBU TUIICPOOIIHI (a B TIPO-
CTPAHCTBE — IIOJIOBUHE JIBYIIOJIOCTHOTO THIIEPOOJIOH/Ia BPAICHHUS), U 4acToTa
obOparaercsi B O6CKOHEYHOCTh B HarmpaBineHun 0, = arccos(C?/La) acumnror ru-
nepOoIIBI ¢ 3KcLeHTpUcHTeTOoM €. B nuTepBase |0 < 0y, rae ais yactotsl (3.5)
3HaMEHATEJIb OTPHIIATENCH (T.K. 3aHUEC (PPOHTHI OOTOHSIIOT MepeaHue), Oeperes
Moyib 4acToThl (3.8): 3aBUCMMOCTh M300pa3uTCsi BTOPOH, HO 3€pKajbHO 00-
paméHHON (OTHOCHUTENIBHO TOJF0CA) BETBBIO THIIEPOOIIBI (BTOPOii, HO mepeBép-
HYTOI 4acThIO IBYNOJIOCTHOTO runepoonona). [lockoabKy TOMCOHOBCKOE pac-
CESIHHOE M3JIyYeHUE JIMHEIHO MOJSIPU30BAHO, CIIEI0BATEIbHO, IIOJIyYEeHHOE TIPU
TpaHcopMaLuK U3TyUYeHHE TOXKE OyAeT JIMHEHHO IOJISIPU30BaHHBIM, 0COOEHHO
npu OonblIKX yriax 0. DTo OTKpbIBAET MPOCTOM MyTh FEHEPaIH MOJSIPU30BaH-
HBIX PEHTICHOBCKHUX U raMMa-I1y4KoB.
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Puc. 3.12. VYmioBas 3aBucumocth 4wactorel f'(0), mpeobGpasoBan-
HOM a(pexTom PuTIa, MpH pasHBIX 3HAYCHHsAX Tapamerpa € = La/c’

I'maBHOE TOCTOMHCTBO 3()ekra PUTIA COCTOUT B BOSMOKHOCTH HEOTpa-
HAYEHHOTO CKaTHs JUIUTENbHOCTH Al' (3.5) M TOBBITIICHHS TUKOBOW MOTITHOCTH P’
AMIYIbCoB (3.6). DTo crieyeT U3 OMHOBPEMEHHOTO COKPAIICHHUS IITHTEITHHOCTH
uMIynnbca At' ¥ ITMHBI BOIHBI A', TIepHOAa cBEeTOBBIX kKoebannit T' (Puc. 3.11),
C TIPOTIOPIIMOHATIBHBIM YIIUPEHUEM CIIeKTpa. T.e. NIUTeNbHOCTh UMITyJIbca At',
OrpaHUYEHHAsI CHU3Y TIEPHOIOM CBETOBBIX KoseOaHuit T' 1 00paTHOH MHpUHON
criektpa 1/Af' [104], MOKeT CTaTh CKOJIb YTOMHO Majoi, a MHTEHCHBHOCTE —
CKOJIb YTOJIHO BEICOKOM. B Touke F, e L = c¢%a (t.e. € = 1), peanusyercst abco-
moTHasA (azoBast HOKYCHPOBKA, T.€. BOIHOBEIC (DPOHTHI, HCITYIIICHHEIC B Pa3HBIC
MOMEHTSHI, B HampasieHIH 0 = 0° mpuxoasIT K MpUEMHHUKY omHOBpeMeHHo. [Ipn
9TOM JIa3epHOE M3IYYeHHEe OCTAETCs MOHOXPOMATHYHBIM B CHIIYy HOCTOSHCTBA
orromrenus f'/Af’ = fIAf. TIpu HeorpaHHUECHHOM COKPAIICHUH JUTHHBI BOJHEBI A,
TP TIOCTOSTHHOM JTHaMeTpe anepTypsl D, OSCKOHEYHO YMEHbIIAaeTCs H AU(paK-
IIMOHHAS PacXOMUMOCTh myuka 0 ~ A'/D, T.e. peanm3yroTcsi abCONOTHO HE pac-
XOSAIIMECs TyYKH, IPUMEHUMBIE, HAIPUMED, ISt TATbHEH KOCMUYSCKON CBSI3H.
HeorpanndeHHble c)KaTHEe U POCT IMTUKOBOH MOIIHOCTH P’ MMITYJIbCOB BO3MOYKHBI
TaKoKe 3a CYET MpeoOpa3oBaHUs UMITYJIBCOB B BaKyyMe, a HE B Cpefe, Iie Ipe-
JieTbHask MOLHOCTh MMITYJIbCa OrpaHMYeHa HENMHEHHBIMH (P eKTaMu, Morio-
LICHHEM ¥ IPOOOEM CpeJibl IO/ ACHCTBHEM MOIIHOTO JIA3ePHOTO M3IYYCHHUS.

Ecan ni1s ynpomnieHus: CYMTaTh HMITYJIEC HANIPSHKEHUS  UMITYJIBC JTa3ep-
HOTO MCTOYHHKA MPSMOYTOJIBHBIM, TOTA BPEMEHHYIO CTPYKTYPY HCXOIHOTO M
peoOpa30BaHHOTO UMITYJIBCA W YHPI YACTOTBI MOXKHO IIPEIICTABHUTH CIICAYIO-
M obpazom (Puc. 3.13). Buano, uto B pamkax CTO UMITyIbC IIHTETBHOCTH
Aty = t,— t; TOJDKEH UMETb COBCEM HHYIO (hopMy, 4eM ClieqyeT U3 OauTHCTH-
geckoit Teopuu. B CTO m3MeHeHne 9acTOTHI YHCTO JOTUICPOBCKOE (OT Hapac-
TaHMS CKOPOCTH BO3HHKAET YHMPII YACTOTHI), U NPH YKa3aHHBIX BBIIIE Mapame-
Tpax mocruraet 3HaueHust Afy = fV/c = faAty/c = fEeAtymc = 0,003f. A 8 BTP
IPH TeX JKe MapaMeTpax CABHI YaCTOTHI MOXKET ObITh HAMHOTO 3HAYHMTEIbHEH
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Af, ~ -fLa,./c?=fEe/mc? =~ f. A npu kpuTHUecKOM &, = -C?/L BO3MOXKEH POCT YacTo-
o1 Ha opsiaku Af, = f[(1 + La,/c?) ' — 1] >>f. [1pu 3tom o sdpdexry Putiia mor-
HOCTh H3JTyueHust P' mpeoOpasyercst B TOM ke MPOIOPIHH, 4To U yacTtoTa f', T.e.
¢ koadduientom xkommnpeccuu g = (1 + La,/c?)!. B cuity 3akoHa COXpaHEHUS
SHEPTUH B UMITYJIbCE TUIOIIA b IO KPHBBIME UMITYIbCOB P'(t) u f'(t) mpu mobom
peo0pa30BaHUM YACTOTHI JIOJIKHA OCTABATHCSl HEM3MEHHOW M PaBHOM Havajb-
noit wrormaau P(t) u f(t). ITocne okoHUaHMS HUMITYJIbCA MOILIHOCTD W3JTyYCHHUS
BOCCTaHaBIMBaeTcs Ha yposHe P. [Ipu aToM npenmomnaraercs, 4To 3a BpeMs Aeii-
CTBUSI IMITYJIbCA HANIPSDKEHHS U MMITYJIbCa CBETA ICKTPOHBI HE YCIIEBAIOT ITOKH-
HYTb 0051aCTh 00Ty 4eHH s JTa3ePHBIM HCTOUHUKOM. [IpH IIIMTEIbHOCTH HMITYIIBCA
t,— t,= Aty ~ 10712 ¢ aeKTpOHBI JaXe MPU OKOIOCBETOBO#M ckopocTn V ~ 108 m/c
MIPOXOJISIT JINIIb Mastblid myTh AL = AtV ~ 10~ M, He ycrieBast BbIATH U3 o0nacTu
oOmrydenwst. OTHAKO MTOCTEIICHHO paHee YCKOPEHHBIE 3JEKTPOHBI MOKUIAIOT 00-
nmacTb 00mydeHnss. COOTBETCTBEHHO, CBET Iepen3ydaeTcs 0oee MeUICHHBIMHI
9NEKTPOHAMH, 3Iy4CHHE KOTOPBIX MPUXOIHUT ¢ OOJIBbIICH 3a1epKKOM, OTYero Ha
XBOCTE UMITYJIbCa HAOMIONAaeTCsl KPATKOBPEMEHHBIH CriaJl MOILTHOCTH (KOMITCHCH-
PYIOLIHI H30BITOK MOIITHOCTH B TCUCHHUE UMITYJIbCA), [IOKA B 0OIACTH OOy YCHUS
HE OCTaHYTCS TOJBKO SJICKTPOHBI, HE HCITBITABIINE ACHCTBHS MOJIS, MOIIHOCTh
CBETa OT KOTOPBIX Jajiee MOCTOsIHHA U paBHa P. [Tpu 3ToM ToXKe BBIIIONHSIETCS 3a-
KOH COXpaHEHMs SHepIuH, 1a0bI miomaay moa kpusbivu P'(t) u P(t) coBnmagamm.

[ E = " E qa=W
f

" e E ‘. L L

o v
1" e T v 6.
/ AL M
t+Lic t+Lie ' i+ Lic |ttLi(ctalt,)
: =
P g.zxhy S
7 — 1) — )
I 1 ) 1
il o0l I, il
f.f
7B 2 c.
. | "
t+Llc t+lic titLic {i+Li(c+alt,)
> 7

Puc. 3.13. [IpeoOpazoBaHue 4acTOThl U3ITy4EHUs B TpaHchopmato-
pe Purna B mpsmom Hanpasienun (0 = 0°). Cresa — B pamxax CTO.
Cnpasa — B pamkax BTP. a) s uCX0MHOTO CHUTHANIA HEMPEPHIBHOTO
H3ITy4deHUs + UMITYIIbChI HanpspxeHus E(t), 6) mpeoOdpa3oBanusblii cur-
HaJl Ha PACCTOSHUU L, 6) HCXOHBIN CUTHAI JJI1 UMITYJIBCHOTO H3JTyue-
HHUS, ) IpeoOpa3oBaHHOE UMITYJIbCHOE M3TyUYeHHE Ha PacCTOSHUU L.
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B crnyuae Habopa SJIEKTpOHAMH PESITUBUCTCKUX CKOpocTed V kaprTu-
Ha MPeoOpa30BaHUS UMITYJIbCA YCIOKHUTCS, B TOM YHCIIC B CHJIY YCIOKHCHHUS
¢dbopmyier (1.16), mockonbky B popmysie (1.12) ciaenyeT yxe yudecTh H3MCHCHHE
ckopoctH C' = € — V,. Otkyna 6onee TouHas popMyra IBOHHOTO IpeoOpa3oBaHHUs
BPCMCHHBIX HHTEPBAJIOB B CJTy4ac MePEH3ITyUYCHHS CBETa B IPSIMOM HAIPABICHUH

V La

c+V (C +V }3 )
T.e. XBOCT MMITylIbCa C)KaT B MEHBIICH CTEIICHM, YEM TOJIOBHAS YacTb WM-
ITyJIbCa, COOTBETCTBEHHO W YacTOTa Ha XBOCTE PACTET B MEHBIIECH CTEIIEHH.
B CTO mnpeoOpazoBaHue JUIMTEIBHOCTH HMITYJIbca B HPSMOM HallpaBICHUN
(6 = 0°) BoOOMIIE OTCYTCTBYET, MOCKOIBKY JIa3ep M MPHEMHHUK HETIOIBHKHEL.

OueHNM MOIIHOCTH MPeoOpa3oOBaHHBIX UMITYNIECOB. Ecii ncxoqHoe us-
JIyd4eHue 001a1aeT MOITHOCTBIO Py, TOT/1a MOIITHOCTB PAacCESTHHOTO IEKTPOHAMH
m3mydeHus coctaBuT P = Py(1 — e™) = Pyt = PgNorX, e T = Nox << 1 — onrtu-
YyecKast TOJIIA CII0sI AMEKTPOHHOTO MydKa, N — KOHIIEHTpaIust B HEM JIEKTPOHOB,
X = 0,001 M — Tonmmuua myuka, or = (81/3)ry?2 = 6,65-10% M? — sdpdexruBHOE
CeYCHHE TOMCOHOBCKOTO pacCesiHusl, Iy — KIAaCCHUECKUH payc a1eKkTpona. [1pu
koHeHrpanuu 31ekTporoB N = 10% v~ [302] (mocTmkumoit mpu GpoTodNIeK-
TPOHHOM AIMHCCHU JIa3epPHBIM MMITYJIECOM W3 (OJIBIY WM B ITyYKaxX B3pBIBHOM
SNIEKTPOHHOM 3MuccHH, ¢ uMnyiabcamu ~100 mc [303]), nomyuum P ~ Py 1075,
Ipu cxarun umiyiabcoB B 10° pa3 u Beime, u3 (3.6) BbITEKAaeT BO3MOXKHOCTD
reHepalyy UMITYJIbCOB TaMMa-H3JIy4eHHUs! C IIMKOBOH MOIIHOCTBIO PAaBHOM, Win
BBIIIIE UCXOMHOM: P'~ P-10° ~ P,,.

Wrak, BO3MOXKHA reHepanysi KBa3UMOHOXPOMAaTHYHOTO PEHTICHOBCKOTO
U raMMa-H3JTyIeHUsI TIEPeCTPAnBaEMOM YaCTOTHI C MMKOBOW MOIHOCTBIO 10 10%°
BT (kak y neTaBaTTHOTO Jia3epa), HO Majioi [uiutenbHocTH At' ~ 1077 ¢ (mopsiaka
100-1000 mepuomos mosst). Takke BO3MOXHA TeHEPAIHs MyYKOB KOI'€PEHTHO-
TO PEHTT€HOBCKOTO M FaMMa-M3JIyuYeHNs] CO CBOWCTBAMHU JIA3€PHOTO M3ITYUIEHHUSL.
[Ipn BBICOKOW OFHOPOTHOCTH 3JIEKTPOHHOTO Mydka M moiisi E, masepHbIit my-
YOK, POWAS CKBO3b DICKTPOHHBINA MyYOK, KOTEPEHTHO pacceeTcst AIeKTpOHa-
MH B IIPSIMOM HallpaBJIeHUH B ITapajlIeNIbHbIH CBETOBOH ITy4OK, IpeoOpa3yeMbIi
pUTI-3GPEKTOM, €CIT UCKIIOYUTh HEPOBHOCTH BOJHOBBIX (DPOHTOB HEITHHEH-
HOH Koppekmueit BoimHoBoro ¢ponTa [292]. Mnave, npu cOMMKEHUH GPOHTOB 10
pacctostHuSL A' << A, MEKpOHEPOBHOCTH ()POHTOB TIPOSIBATCSI B BUJIE BapHaILlUH
JUTUHBI BOJHBI BIOJb (DPOHTA.

OTMeTHM, YTO HJCATBHO OJHOPOIAHOE I0JIE CO3/ATh CIIOXKHO, TOCKOIBKY
B OJTHOM M3 3JIEKTPO/IOB C/IEIAHO OTBEPCTHE (MIIH CETKa) /ISl BEIXOA M3y ICHHUSL.
HeonnopomHocTs mosst onpernernsiercs: (GOpMOi AJISKTPOAOB M pa3MEPOM ITydKa.
Kpome Toro, »JeKTpOHHBIN ITy4OK cO31aéT COOCTBEHHOE HEOJHOPOIHOE IIOJIE,
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HaNOKeHHOe Ha BHemrHee. [Ipu koHIeHTpaiwn 3mekTpoHoB N ~ 102 M (mpu
B3PBIBHOH BIEKTPOHHOMH 3MHCCHH) COOCTBEHHOE Moje 3nekTpoHoB AE ~ 10%°
B/M >> E ~ 10° B/m, 1 3T0 TI0JIe MEHSETCS BIOJb IIy4YKa, T.€. TI0JIe HEOJHOPOI-
Hoe. C oIHOW CTOPOHBI, 3TO MPEMATCTBYET IOJYYEHUI0 MOHOXPOMATHYECKOTO
W3JIy4eHHs], HO C JIPYTOi MMO3BOJISIET IPUMEHUTD ISl YCKOPEHHS DJIEKTPOHOB UX
COOCTBEHHOE T0JIe, HCKJIFOYHB BHEITHee nose. [Ipu KOHIeHTpaluy JIeKTPOHOB
N = 10* M (ZOCTHXUMOM B IydYKax M3 SICKTPOHHBIX MYIIEK) CTEEHb HEO/I-
HoponHocT AE/E ~ 0,001, n nucniepcus yckopenuit Aa/a ~ 0,001. ITpu stux
YCIIOBUSIX B CPEJJHEM CTETICHb KOMIIPECCHH, 33laHHasi pa30pocom, Tucrepcuen
ycKopeHuit <g> ~ a/Aa ~ 10°. Ho 310 orpanudeHre 4ucTO0 TEXHUYECKOTO, a He
(yHIaMEHTAILHOTO XapaKTepa: TEOPETHYECKH B IOJSIX ¢ OONbIICH OJHOPOA-
HOCTBIO, TIPH MEHBIIIeH KOHIIEHTpaiu N, BO3MOXKHBI HMITYJIbCHI CKOJIb YTOIHO
MaJIo JutnTenbHOCTH. Kpome Toro, B MMITyJIbCe BCEI/Ia €CTh MPEAEIbHO CoKaras
LEHTpaJIbHAs YacTh B BUJIE OCTPOTO MHKa U MbEAECTal (KPBUIbS UMITYJIbCA) C
MEHbIIIeH HHTEHCHBHOCTBIO (KPBUTBS UMITYITbca). UTOOBI BCE AMEKTPOHBI TPEObI-
BaJIM B OIMHAKOBOM TioJie E u 0Operany ofinHaKoBbIe YCKOPEHHsI, SJICKTPOHHBIN
ITy4OK ciieyeT (POKyCHpOBaTh, U B TY JKe TOUKY (POKYCHUPOBATh JIA3EPHBIH ITyUOK,
TaK 4yToOBI (POKYC TOMaall TOYHO B CEPEAMHY MEPETSHKKU IEKTPOHHOTO MyYKa,
rae coOCTBEHHOE I10JIe JIEKTPOHOB OTCYTCTBYET. JTO OOECIIEUUT OJMHAKOBOE
peoOpa3oBaHKUe YaCTOTHl M3JIyYEHUs] BCEMH DJIEKTPOHAMH, OHAKO paccesHHe
OyzeT pu ATOM YK€ HEKOTePEHTHBIM 1 HEHAIIpaBJIeHHBIM. B 3TOM cirydae mor-
HOCTb PAaCCEeSHHOIO CHTHAla, MOCTYyMAromias B TelaecHbIid yronm Q =~ nmR%/L? (B
areprypy JAeTeKTopa paauyca R), cocraBut

Pq = PNxQdo/dQ, (3.9)
rae do/dQ = o(3/16m)(1 + cos?0) — nuddepeHIanbHOE CeUeHUE TOMCOHOB-
ckoro paccestaust. [Ipu 0 = 0°, R/L ~ 0,05, npu Tex >xe mapameTpax, Mojay4um
Py~ Py 107, A MOIIHOCTE CHrHAJIa, pErUCTpUpyeMast IETEKTOPOM, TOCIIe pe-
obpazosanus ahpexrom Purna, cormacno ¢popmyne (3.6), cocraBut
e 3NG Q 1+cos’6 (3.10)

. :

Fr'= - R
i 1+La,/c” lem 1-egcosB

Ha Puc. 3.14 npeacrasieHs! AuarpaMMBbl HAaIIPAaBICHHOCTH W3TYYCHHUS 110
SHEPrUU UMITyIbca (IPOMOPIHOHANBHON Py), ¥ IO ero muKoBoi MomHOCTH Py’
(3.10). Ilpu & < | MakCUMyM NHUKOBOM MOIIHOCTH JOCTHTAeTCS B MPSIMOM Ha-
npasiennu (0 = 0°), rae makcumanpHa yactora (Puc. 3.12).

DKCIIEpUMEHT, OTYACTH HATIOMUHAIOIINH pacCMOTpeHHbIH, emé B 1950 .
wranupoBan akagemMuk C.M. BaBwiioB, nmest B BUAy Kak pa3 MPOBEPKy Oasiu-
CTHYECKOH Teopuu. byaydun muonepom HelMMHEHHOH onTHKH, B 1942 1. OH 3auH-
TepecoBalics TpaHchopMmanmeit onTudecKkoro crekrpa B Bakyyme [101, c. 130],
AHAJIOTHYHON KPACHOMY CMEIICHHUIO B CIIEKTPax rajakTuk (§ 1.2).
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Puc. 3.14. JluarpaMma HampaBiICHHOCTH PACCESHHOTO H3JIyYCHHUS II0
SHEPrHU MMIYJbCOB (MJIM MHKOBOH MomIHOCTH P, B MOMEHT pacces-
HUS) ¥ 10 MHKOBOI MomHOCTH Pg', mpeoOpasoBanHOU pUTH-3)HEKTOM.

BaBwioB ormermi, 4to «OKCIEPUMEHTANBHBIE MOMBITKH (0€3 Kakux-
700 CepbE3HBIX OIBITHBIX MM TEOPETHUECKIUX OCHOBAHHHN) BIMATH CHIOBBIMH
MOJISIMH Ha 4aCTOTY CBETOBOTO MOTOKA, HauMHarouuecs ¢ @apaaes 1 NpogoKa-
IolMecs A0 nocieaHero BpeMenu [304], HUKaKoro MoJIoKUTEIbHOTO pe3yabraTa
He gamm» [101, ¢. 133]. B 6annuctuyeckoii TeOpUn 3TH OCHOBAHUS MOSIBUIIHCH.
BaBuioB npeanokuia MOIYIHPOBaTh CKOPOCTh MyYKa MOHOB, MEHSS BETHUNHY
YCKOPSIIOILIETO TOJIS, ¥ NTPOBEPHUTH IPEJCKa3aHHOEe TeopHuel Purna m3MeHeHue
¢a3bl H, clIeAoBaTENbHO, YACTOTHl MOIYJIMPOBAHHOTO CBETOBOTrO curHaia [8].
Onnako cMepts BaBunosa B 1951 . momemana eMy MOCTPOUTH YCTAaHOBKY U
OCYyILECTBUTH 3KcrepuMeHT. Ero yuenuxk A.M. bonu-bpyeBuu Tax Bupousme-
HUJI CXEMY OIbITa, IPUMEHUB B KaueCTBE NCTOUHHKA ABIKYIHecs kpast ComHIa
[27], uTO HE TOJIBKO HE MOIVIM HAOJIIOAThCS IPeJicka3aHHble BaBnioBbIM 3¢ dek-
THI, HO 1 OaJIMCTHYECKasl TEOPHS HE MOIIIA OBITH TPOBEPEHA OTHO3HATHO.

§ 3.5. Apgpekm 2eHepayuu 2apMOHUK npu MOAynssyuUU ckopocmu
ceema

OJEeKTPOHBI, aTOMBI M HAHOYACTHUI[BI MOXKHO TaK)Ke YCKOPSATH TaBICHUEM
ceera p = 21/c, roe I — uarencuBHOCTH cBeta (Puc. 3.15). OHO coobmiaer yacTu-
e paguyca I ~ 10 M, mmotHocTH p ~ 10° Kr/™M* U Maccel M = 4nr’p/3, yckopeHue
a=pnr¥/M ~ I/pcr ~ 10Y m/c? yxe npu unrencusuoctu cgera | ~ Io ~ 10 Br/cm?,
JOCTIKUMOW B (heMTOCeKyHIHBIX uMITynbcax [104, c. 12]. demrocekyHaHbIe
HMIIYJIBCBI CIIOCOOHBI YCKOPSATH TaKXKe 3JIEKTPOHBI MOHIEPOMOTOPHON CHIION
(Ipu PENATHBUCTCKUX CKOPOCTSIX), MOJEM «KHJIBBATEPHOI» BOJIHBI B IIIa3Me
u T.10. [104, c. 165]. B TakoM cirydae nma3epHOE U3TYUYCHUE, YCKOPSS YaCTHIIHI,
Tiepen3IydaeTcst UMM U Jajiee ipeodpasyercs 1o addexry Purna.
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Puc. 3.15. Cxema hopMHUpOBaHHUS CIIEKTPA TAPMOHHK 32 CUET UCKAKCHUS

PO UL BOJIHBL, TEPeU3Ty4€HHON YCKOPEHHO ABMKY LIMMHCS YaCTUIIAMH.

JelicTBUTEeNbHO, B ONBITax HaOmromaeTcs npeoOpaszoBaHue (emroce-
KyHIHBIX JIQ3€PHBIX HMITYJIbCOB ONTHYECKOTO AMana3oHa B aTTOCEKYHIHbIE
HMITYJIbCBl PEHTTEHOBCKOTO MAla30Ha, IOCJE PACCESTHUS (PEMTOCEKYHTHBIX
UMIIYJILCOB Ha DJICKTPOHAX, YCKOPEHHBIX JIa3epHbIM UMITYIIbcoM [305]. Dddekr
HHTEPIPETHPYIOT KaK AOIICPOBCKHUIA POCT YaCTOTHI IIPH OTPAKCHUH UMITYJIbCOB
«QIIEKTPOHHBIM 3epKajiom». OHAKO 3TO MpeoOpa3oBaHHE MOXKET OBITh TaKKe
pe3yibTaToM HM3MEHEHUH 4acToThl d(pdekToM PHTIA, YTO JErko yCTaHOBHTH,
IIPOBEPHB BBINIOJIHEHHE B IKCIIeprMeHTe 3aBucumocTei (3.5-3.10), koTopsie He
TIPOSIBIISIFOTCSI TP JIOTUIEPOBCKOM NPe00pa30BaHMK YaCTOTHI.

[Ipu Bo3AEHCTBUN MMITYIIbCA CBETA HA aTOMBI WJIM HAHOYACTHIBI OT Ba-
puanuii untencuBHocty |(t) MeHsiercs u yckopenue dactun a ~ I/pcr. Toraa pas-
HBIC YaCTH MMITYJIbCA CKMMAFOTCS B Pa3HOU CTETICHU: MbEACCTa UMITYIIbCa, I1e
WHTEHCHBHOCTH U3JIy4eHHUs Malla, cxxuMmaercs ciado. [Toatomy, crporo rosops,
HMITYJIBC COXPAHSET NPEKHIOK AIUTEIBHOCTD, U JIMIIb 3a0CTPIETCA — COKUMAs
BepUIMHY (TaKoi 3(h(eKT OTMEUESH ¥ TIPH YNPII-KOMIPECCHH ), BIUIOTH JIO aTTOCE-
KyH/JHOH JUIUTEJIHOCTH.

Ha Bepimae umITybca, Tiie HHTEHCHBHOCTH moctosina (dl/dt = 0), nas-
JICHHE CBETa TOXKE MEHsIeTCsl, ocuuuinpyeT. OOBIYHO JIaBIeHHE CBETa HA YacTH-
Iy npu | = const CYMTAIOT IIOCTOSHHBIM, BBUY YCPEIHEHHS 110 BPEMEHH H I10-
BEPXHOCTH MAaKpOOOBEKTOB ¢ pa3MepoM I > A. Ho juis yacTuil pazmepom MeHee
\ cuIla TaBICHHS CBETa OCIMILIMPYET HA YIBOCHHOH yactote f komeGanuii cBe-
ToBOTO moJIsi. [lepeMeHHOe TaBIeHNE, MOIYIUPYs YCKOPEHHUE & YaCTHL] M BEITH-
uynHy 3¢ dexra Purna (3.5), nckasur npoduiib paccesHHONW BOJHBI, GOPMHUPYS
HEYETHBIC TApMOHUKY Hecymied yactoTsl f [A12, A14]. MomHocTH, 3aKIIOUEH-
Hble B rapMonukax Hf u ucxomHoM n3nydennn gactotsl f — cpaBHIMBI pH | ~ |,

JleHCTBUTENTBHO, TADMOHHUKH PETUCTPUPYIOT B TCHEPATOPaX aTTOCEKYHIHBIX UM-
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IYJILCOB, 7€ B (OKyce (PEeMTOCEKYH/IHOTO jIa3epa aTOMbl M HAHOYACTHIIBI TIO]
JIaBJICHAEM CBETa MONy4aroT yekoperuns 1o 102 m/c? [104]. T.e. peHTTCHOBCKHE
HMITYJIBCHI aTTOCEKYHIHOU junTensHocTh (107" ¢) MoryT ObITh MpeoOpa3oBaH-
HbIMU 110 pUTLH-3ddexty (3.5) peMToceKyHIHBIMUA ONTUYECKUMH UMITYJIbCAMH.
PaccMoTpuM reHepanmio rapMOHHK, COOTBETCTBEHHO, B ANIEKTPHYECKOM
1 MarHUTHOM TIOJISIX
Ex(t) = Egsin(ot) u By(t) = Besin(wt)
JIMHEHHO TNONSIPU30BaHHONW BJOJb X BOJHBI C LUKIMYECKOH YacTOTOH .
Bpemennas 3aBucumocts cuiisl JlopeHia F, 1 JaBieHUs CBETa Ha 4acTHUILy pa-
Jyca I ¥ POBOJMMOCTH G 3aJlaHa BhIPa)KEHHEM
F(t) ~ P*j(1)B(t) = rPoEB[1 — cos(Rmt)]/2. 3.11)
Kax Bunno u3 (3.11), F, 6sicTpo MeHsteTcs oT ocumuinuil nomst By(t) u miot-
HOCcTH TOoKa () = oE,(t) B wacTuie, MOIYTUPYs ¢ YacTOTOH 2 yCKOpEHUE 4ya-
crunpl @, = F(t)/M. Torna npoduib BONHBI, Eepen3TyuEHHONW DIEKTPOHAMHU
poBOAUMOCTH (Y KOTOPBIX B (hase ¢ momeM E, MeHseTCs MIOTHOCTH TOKA jy H,
COOTBETCTBCHHO, CKOPOCTh V), HCKA3UTCsI, IpuoOpeTst GopMy ONHU3KYIO K UM-
IyJIbCaM THIIA «MEAH/IP», CHEKTP KOTOPBIX 33JaH PA3IOKEHUEM B psia QYHKIMN
«meanap» E,'(1):
E,/'(t) = Eq¢[cos(wt) — cos(3mt)/3 + cos(Swt)/5 —...]; (3.12)
a y BOJIHBI, IEPEU3ITYYEHHON CBSI3aHHBIMH JJIEKTPOHAMH (y KOTOPBIX B IPOTH-
Bodase ¢ nonem E, meHsiercst cmenienne X U B ¢aze — yckopeHue a,),— Gpopmy
OMI3KYI0 K TpeyroasHeIM uMITynbcaM (Puc. 3.15), ciekTp KOTOpBIX 3agaH pas-
JIOKEHUEM B Psil QYHKIINU CUTHAJA TUIA «TpeyroasHuK» E,'(1):
E/'(t) = E¢[cos(wt) + cos(3mt)/9 + cos(Swt)/25 + ...]. (3.13)
T.e. creKTp 00pa3yroT HEYETHBIC TAPMOHUKH YacTOTHI f, BIJIOTH 10 TapMOHUK
4acToThl f,y, CHHTE3UPYIOIIUX CaMBIil OCTPBIM MM KPYTOM Y4aCTOK MTPOQUIIS.
MomHoCTb 60Jiee BEICOKHX TAPMOHUK MaJa.

B ombITax cnekTp aTToCeKyHAHBIX UMITYJIECOB, TeHEPHPYEMBIX (hemToce-
KyH/JHBIMU IMITYJIbCAMH B CTPY€ I'a3a WIH TP aOJISIIIMU TOBEPXHOCTH, 00pa30BaH
MMEHHO Heu€THBIMU rapmMoHukami [104]. 3a pe3kuM cragoM MOIIHOCTH NMEPBBIX
rapMOHHUK UAET MEJICHHOE YOBIBAHUE — KILIATOY, TIOJOOHOE ACUMIITOTUYECKOMY
yosiBanmo 1/H rapMoHUK «MeaHapa» ¢ 06psiBoM Ha gactote f,.. Peamusariro
JTAHHOTO MEXaHU3Ma MOYKHO ITPOBEPHUTH, H3YUNB 3aBUCUMOCTD CIIEKTPa NMITYJIb-
coB OT auctaHmmu L, HapammBaromei otkioneHus E,'(f) or rapmonmdeckoro
3akoHa. [leiicTBUTENBHO, 3aBUCHMOCTH (3.12) 1 (3.13) mpubmmKEHHO OTpakaroT
¢bopmy rpaduka E,'(t), korna aMmrnTyna yCKopeHHs pacCeMBAaIOIINX YaCTULT 0113~
Ka K KpuTHaeckoii a = C%/L. [Ipr MEHBITNX HHTCHCUBHOCTSIX HCKaKCHHUS MCHBIIIE
¥ MOITHOCTH rapMoHHUK Hmke. Ilpu pocte L orkimonenus rpaduka E,'(t) ot rap-
MOHHYECKOTO PacTyT, M MOITHOCTH BBICIINX TAPMOHHUK HApacTatoT. DTOT 3G eKT
aHAJOTWYEH KIMCTPOHHOMY (IpeoOpa3oBaHME WCXOTHOM YacTOTBI, ¢ KOTOPOH
MOJYJIUPYETCS CKOPOCTh MOTOKA 3IEKTPOHOB,— B CIIEKTP FapMOHUK [67]) u Mo-
JKEeT OBITh PACCMOTPEH MaTeMaTHUECKH C TOMOIIIBIO aHAJOTHYHOTO MaTaIlnapara.

D dexT n3MeHeHNs CIIeKTPa aTTOCEKYHTHBIX HMITYTHCOB B 3aBUCHMOCTH
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OT IIPOWICHHOTO CBeTOM TyTH L, 06HapyxeH Ha ombite [306, 307]. OmxHako 3TOT
3¢ (eKT HHTEPIPETHPYIOT KaK Pe3yIbTaT MPOCTPAHCTBEHHOH CEJIEKIINU TapMo-
Huk [308]. CornacHo monenu I1. Kopkyma u JI.B. Kengpimia, pasnsie rapmo-
HUKHU, OTBEYAIOLIUE PA3HBIM TPACKTOPUSIM JIEKTPOHOB, U3JIyYAIOTCS B Pa3HbIX
HanpasieHusx. [1o3ToMy mpu OTIaNeHUH OT MCTOYHHMKA B CHEKTPOMETp Mpe-
UMYIIECTBEHHO TMOCTYNAaOT (IMPOCTPAHCTBEHHO CEJEKTHPYIOTCS) TapMOHMKH,
U3Ty4EHHBIC B IPSIMOM HAIIPABICHUH, TOTJa KaK TAPMOHUKH, M3ITy4EHHbIE IO
OONBIIIMH yTIIAMH WIH ¢ OONBIIEH YITIOBOM PacXOIUMOCTBIO, YACTHYHO OTCEH-
BAIOTCSI, UTO MOATBEPKIACTCS M3MEHEHHEM CIEKTpa MPHU N3MEHEHHWH AUaMeTpa
mradparmer myuka [306, 307]. [IpoBepuTs, Kakoil U3 MEXaHU3MOB TpaHCHOpMa-
uu criekTpa 3()(eKTHBHEH, MOXKHO, N3YUHB XapaKkTep pocTa MHTEHCUBHOCTH
BBICIIUX TAPMOHMK MPHU OTJAJIEHUM CIHEKTPOMETPAa OT UCTOUYHHKA U CPABHUB C
BBIBOJIaMHU OaJUIMCTUYECKON TeopuH. J[pyriuM KpuTepHeM MpOBEPKH HOCITYKHUT
UCCIICIOBAaHNE BapHalUi CIEKTpa B XOJE MPOMOPIIMOHAIBHOTO YBEIHYCHHUS
amepTypsl CIeKTpoMeTpa (MpUCOBOM AnadparMoil) 1 pacCTOSHUA 10 UCTOYHHKA,
YTO MCKIFOYAET MPOCTPAHCTBEHHYIO CEJIEKIHIO TapMOHUK. Torna 3aBUCHMMOCTh
CIIEKTpPa OT PACCTOSHUSI Oy/eT CBU/IETEIBCTBOBATH B MONB3Y Teopuu PuTna.

[Tpn BO3AECHCTBHU (PEMTOCEKYHIHBIX MITYJIBCOB Ha IJIa3My, 0Opa3oBaH-
HYIO TIpH a0y TBEPAOH OBEPXHOCTH, (POPMUPOBAHNE FAPMOHUK HHTEPIIPE-
THPYIOT IO CXOIHOMY MEXaHH3MY, pacCMaTpHBasi OTpaKEHUE (IIeper3ydeHue)
BOJIHBI KOJICOJIIOIIMMCS T10]] JIaBJICHHEM CBETa IUIA3MEHHBIM «3€PKaJlOM», YTO
uckaxaeT npoduip anexkTpomarautHoil BonHbl E'(t) [309]. Torma mckakenus
oOycornieHs! 3¢ dexTom Jlomaepa, u crekTp He 3aBucen Obl oT myTH L cBera B
BakyyMme. TakuM 00Opa3om, IPoBEepKa 3aBUCHMOCTH CIIEKTPa UMITYIILCOB OT pac-
CTOSIHUSI /IO MOBEPXHOCTH MOXKET OBITH €IIE OTHUM KPHUTEPHEM IPOBEPKU (h-
¢exra Putna. I1pu 3TOM MOIIHOCTH HEKOTOPBIX TAPMOHHUK H30MPATEIBHO YCHIIE-
Hbl. Tak, y T1a3Mel U3 HOHOB UHAMS B pa3bl ycuneHa 13- rapmonuka [310, 311].
Buanmo, 3T0 CcBS3aHO ¢ TeM, YTO OT HEIWHEWHBIX M PE30HAHCHBIX d(PQEKTOB
KOJIe0aHUsI MOHOB B JIA3€PHOM I10JI€ BBICOKOW MHTEHCUBHOCTH MPOMUCXOIST HE
TOJIBKO Ha OCHOBHOM YaCTOTE Ja3epHOT0 M3Iy4EHHs, HO TaKXKe U Ha HEKOTOPBIX
KpaTHBIX 9acToTax. [Io3ToMy, eciii oJjHa 13 TapMOHUK BXOAUT B PE30HAHC C COO-
CTBEHHBIMHU KOJICOAHMSMH JJIEKTPOHOB B MOHAX, KOJICOAHHUA HAa 3THX 4acTOTax
n30MpaTeNbHO YCHIIMBAIOTCS, MOBBIIIAs HHTEHCHBHOCTH IaHHOW rapMoHUKH. C
HENMHEHHBIMA 3(D(EKTaMu CBA3aHO, BUANMO, U TOSIBICHHE B CIIEKTPE aTToCe-
KyHJIHBIX UMITYJIbCOB YETHBIX TapMOHHUK [311].

IIpu xoMmpeccun UMIyYNbCA €r0 ATUTEIbHOCTh COKPAIAETCs, a UHTEH-
cuBHOCTH | — pacTér. [Ipr 5TOM BO3MOXKEH POCT YaCTOTHI UyTh BBIIIE 3HAUYCHUI
KkpaTHbIX 4acToT Hf 3a CYéT mOCTOSHHOM COCTABISIONICH YCKOPEHHS @ M CHIIBI
nasienns (3.11), yepeauéunoit mo Bpemenu: F, ~ rPcEBy/2 [A4, A5, Al4]. Ta-
KO 3(PEKT MPH CHKATUU UMITYTBCOB 00HApYkeH [310]: 4acTOThI MUKOB B CICK-
Tpe mpeBbimany pacuéTaeie Hf, mpuuém Tem 3amerHel, ueM Kopode UMITYIIbC,
T.e. yeM cuiibHee 3¢ ekt Puria.

[Ipn HaKJIOHHOM NAJEHUH JA3E€PHOTO JIyya Ha MOBEPXHOCTb, OTPAKEH-
HBIH CBET PAacCEMBAETCSl HA MCHAPEHHBIX C MOBEPXHOCTH MOHAX, KOTOPBIE KO-
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TeOFOTCS TaKXKe MO ACUCTBUEM SJIEKTpIIecKoro moutst E(t) cBeToBO BONHEI B
IUIOCKOCTH TnajieHus. [1ockoIbKy KylnoHOBCKas cuiia €E HaMHOTo mpeBOCXOAUT
CHIIy CBETOBOTO AaBieHus F,, naxe mpu | << |y a¢pekTHBHOCTH TeHepanuu rap-
MOHHUK JIOJDKHA OBITh BEJIMKA M J0JDKHA 3aBUCETh OT yIVIa NaJIeHUs U MOJsipr3a-
LU rajatorero csera. [IpoBepka 3Toi 3aBUCHMOCTH MOXKET CIIYXKHUTh JOTIOJHH-
TEJILHBIM KpUTEpreM KOHTpouist 3¢ dexra Purma.

Pacuér BbINOIHEH JU1s1 IMHEIHO OIS PU30BAHHOIO CBETA. Y LIUPKYISIPHO
MOJISIPU30BAHHOTO CBETA JABJIEHHE HE OCHHUIUIUPYET (MOCKONBKY aOCONOTHBIC
3HadeHus nosiei E u B He 3aBHCAT OT BpeMEeHM: MX BEKTOPAa MEHSIOT TOJIBKO
HarpasJIeHUs), CO3/1aBasi MOCTOSIHHOE YCKOpeHHe YacThll. T.e. IMPKYJSIpHO I10-
JSIPH30BAaHHBIN CBET HE FEHEPHPYET rAPMOHKK 4acToThI f, a cmocoOeH Juib Ha-
pammBath e€ mo 3 dexry Purna (3.5). [eiicTBUTENBHO, KaK TOKA3aIH OIBITHI
[310], rapMOHUKH TeHEpUpPYET JUHEHHO, a HE MHUPKYISAPHO TOJISIPH30BAHHBII
cgeT [312]. Ho mupkymsipHO MOJSPU30BaHHOE U3TyUEHHUE TTO3BOJIUT HAOIIONATh
npeobpaszoBanue 4acToThl Mo 3hdekty Puria B unctom Buae mpu | ~ 1y ~ 10
Bt/cm?. Tlpu oueHb BHICOKMX MWHTEHCHBHOCTSIX JUISL UPKYISIPHO MOJISPU30BAH-
HOTO M3JTy4YeHUs], IeUCTBUTENILHO, yAa&TCs HaOmonaTh Npeodpa3oBaHne 4acTOThI
CBeTa, HOCSIEe MHOW XapaKTep, YeM IPH TeHEePaLUH aTTOCEKYHHBIX UMITYJIb-
COB JIMHENHO nossipu3oBaHHbIM cBeTOM [313, 314]. IIpu 3TOM nopor reHepauuu,
B cornacuu ¢ 3¢ dexrom Purtia, Ui HUPKYISIPHO MOISIPU30BAHHBIX UMITYIILCOB
CYIIIECTBEHHO BBIIIE, HO BhINIC W PPEKTHUBHOCTh MPEOOPA30BAHMUS YACTOTHI.
Tem He MeHee, CYIIeCTBYIOT OOBSICHEHHs TEHEPAIMK B TAKOM PEXHUME U B PaM-
Kax MOHU3ALMOHHOMN Teopuu [315].

D¢ dexr npeobpazoBaHus PEeMTOCEKYHIHBIX UMITYIECOB B aTTOCEKyH]I-
HbIe HaONomascs Takke B dkcmepuMeHnTte [316] mpu mpomyckanuu (emToce-
KYHIHOTO MIMITYJIbCa Yepe3 MyCTOTENbI KOHMUECKUH cepeOpsIHBI BOIHOBOL C
JIMAMETPOM BBIXOHOTO OTBepcTHs ~100 HM, 3aMOTHEHHBIH KCeHOHOM. [Ipu aTOM
JIa3epHOC U3jydeHue (HOPMHUPOBAJIO HA BBIXOZE BOIHOBOAA nuamerpoMm 100 HM
IUIa3MOHHBIE MOJSPUTOHBI C 'MTAHTCKOM MHTEHCHBHOCTBIO IOJIS, BBIIIE ITOPO-
TOBOI. DTO M MOIVIO IPUBOIUTH K ()OPMHPOBAHMIO ATTOCEKYHIHBIX MMITYJILCOB
3a cuéT npeobpazoBanust 1o 3pdexry Putna npu paccesnun GpeMToCeKyHTHBIX
HMITYJIbCOB Ha yCKOPEHHBIX JIA3E€PHBIM I0JIEM aTOMaX KCEHOHA.

Jnst vacTun pa3mMepoM MeHee MUKpPOHA OLEHKY |g clietyeT CKoppeKTHpo-
BaTh, MOCKOJbKY METAJUI TAKOM TOJIIMHBI MPO3padyeH JJisl CBETa, Nepe/arolie-
TO YaCTHLIE JIMIIb MAIYI0 YaCTh CBOETO MMITYJIbCa, TPOMOPIIMOHAIBHYIO YUCITY
9NEeKTpOHOB B yactuue. T.e. cuia maBneHus cBera F, oc I, u yckopeHue a He
3aBHCHT OT I, Tak Kak & = F,/M ~ r’cEBy/pr® ~ 2cp,l/p, otkyna Iy ~ 10 Br/cm?
(uta a ~ ap). [lpu yBenndyeHun I yCcKOpEeHHE YacTHII MOXKET PAacTH, BBUIY W3-
MEHEHHsI CBOMCTB BEIIECTBA NIPH MEPEXOJIE OT MUKPO- K Makpomaciradam. 1o
o0BsicHsET Oosee YPPEKTUBHYIO TeHePaIlUIO0 TAPMOHUK TIPH O0JIyHIeHUH HAHOYa-
CTHII, @ HE aTOMOB, HarpuMep, cepedpa [310]. s gacTui pasmepom I ~ 10 HM
9Ta OLEHKa |y SBIISIETCS HETOUHOM: IPYU IONEPEYHHKE TOPsAKA JIECSITH aTOMOB
YK€ CKasbIBaeTCsl JUCKPETHAas CTPYKTypa BellecTBa, kpaesbie a¢dexrsl u IJ1C
3aps10B, HaBeIEHHBIX rojeM E(t) Ha kpasx yacTui, a naBnenue Jlamnaca, cxu-
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Masl YaCTHILy, MEHSET €€ TIPOBOAMMOCTh G M JIPyTHE CBONCTBA.

VYCTaHOBUTH MEXaHHM3M T'€HEpalMd aTTOCCKYHIHBIX MMITYJIECOB U MPO-
BepuTh 3G dekT PUTIIA MOXKHO Taroke MO aHAIM3y 3aBHCHMOCTH CIIEKTpa OT a;
(3amannoro BennunHOH 1) [A4, AS, A14]. IlonTBepkaeHue 3aBucumoctei (3.5—
3.10) mo3BOIHUT MOBHICUTE 3(P(PEKTHBHOCTE TpaHCHOPMAITUH CBETA.

§ 3.6. lNonepeyHbIll u keadpamuyHbil 3hghekm Lonnepa e 6annu-
cmu4eckol meopuu

Emé ogaum xputepuem nposepku teopun Putna u CTO ciyxur aHa-
3 nonepevynoro sddekra Jlomrepa. Cunranock, 4To KiacCuuecKkasi TeOpHs, B
YaCTHOCTHU Teopusi PUTIA, HE MOXKET OOBSCHHUTH 3TOT dPQPEKT, U OH YUCTO pe-
naruBucTckuii [6, 145]. Cam Putn B muceme @. IMameny B 1909 1. mpemaran
TIOCTaBUTB OIIBIT 110 IIPOBepKe nornepeynoro 3¢ dexra Jomiepa: «Ilo Teopun ot-
HOCHTEeNbHOCTH JIopeHIa-DWHIITe i HA ITFHA BOJTHBL, H3Ty9aeMasi ABIDKYIITIMCS
aTOMOM, JOJDKHA MEHSTHCS MO MpUHIOMITY Jlomepa He TOIBKO B HANPaBICHHH
JBIDKCHUS, W NIPH HAOMIONECHUN TEPIEHANKYIISIPHO HAIpaBiICHUIO ckopocTH V
JIOJDKHO CYTIIECTBOBATh CMEIIEHHE K KpaCHOMY B OTHoIIeHHH AV?/2¢2... Henb3sst
ObI clieaTh TakK, 4TOObI JaTh TOUHBII OTBET HA BOIIPOC O CYIIECTBOBaHUU dPdek-
ta?» [145, 295].

v

S22
c'=ye-v =

= c(1-0°/2¢7)

Puc. 3.16. K pacuéry nonepeunoro adpdekra JJormtepa. UtoOsr
JIyd CBETA OT JBUKYIIETOCS MCTOYHUKA MOMA B NMPUEMHHK,
Jyd JIOJDKEH BBIXOIHUTH C YIJIOBBIM yHpekjaeHuem o ~ V/C.

[Tomo6HBIi OMBIT OBLT BBITIONHEH JHIb 30 JIeT CrycTss AWBCOM U TIOKa3ajl
nHanmaue 3¢dexra [145]. B npononsHoM addekre Jlomnepa n3MeHeHNE 4aCTOTHI
f'= A1+ V,/c) = A1 + Vcos(¢)/C) 06ycIOBIEHO TPOIOILHOM (B HAITPABICHHH I
Ha NMPUEMHUK) COCTaBIsoMmeN ckopocTh V, = Vcos(p) U 00BsICHIETCS KIIaccH-
yecku. A B nonepeunoM sddekre omrepa (Puc. 3.16), mpu ¢ = 90° u V, = 0,
N3MEHEHHE 9acTOThI TOBOPHUT, B pamkax CTO, 0 pelsITHBHCTCKOM HM3MEHEHHH
X0/Ia BPEMEHH.

B pamkax 6amIucTHUeCKo TEOpUH YaCTOTY MEHSIET TOJIBKO IIPOIOIBHBINA

knmaccuyeckuit a3 ekt Jomnepa. Ho cremyer ydecTs, 94To B cHCTEMe OTCUETa
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WCTOYHHMKA yTOJI (, TIOJl KOTOPBIM CBET MCITYCKAaeTCsl K HaOII0AaTeN0, OTIHYCH
ot 1/2 (Puc. 3.16). CornacHo 0ayNTUCTHYESCKOM TEOPHHU, CKOPOCTh CBETa CKJIA IbI-
BAeTCsl CO CKOPOCTBIO NCTOYHHKA, U Ty CBETA, JJOCTUTAIOIINI NPUEMHUKA, JIOJI-
JKEH BBUIETATh U3 HCTOYHHKA T10]] YIJIOM 0 K JIy4y 3peHus (3TOT yrox abepparun
OTYACTH aHAJIOTHUYEH OTKPBITOMY Yy 3BE3M, § 1.3) 1 Mo knaccuueckoMy NMpaBUITy
cloKeHus ckopocTeit u3 Puc. 3.16 ero ckopocthb
gl
=V -1? =~ (,(17177?1_
\  2¢7)
Takum o0pazom, ¢ = /2 + a. Xotst yron o << 1 u ¢ = 1/2, ogHako cos(¢) # 0:
cos(¢) = cos(n/2 + a) = -sin(a) = -V/C,

OTKy/1a
1" =1(1 + Vcos(p)/c) = f(1 — V?/c?). (3.14)
JImvHa BOJIHBI, HAIIPOTUB, PACTET Kak
p p
}._c'_c \,*I_szcz_ A 1 72
hf—’f—' 2;27." ‘)r)-f\. +’}2.
J° i ¥l - 2¢

VMeHHO Takue U3MEHEHUS [UTUHBI BOJTHBI H3ITyUeHHsI U ObLTH 3a()UKCUPOBAHEI B
onbiTax [188]. Takum 0Opa3omM, morepeyHbIil qorep-3hGeKT coracyercs ¢ Te-
opueit Putia, kak OTMEYCHO PSIIOM aBTOPOB, OTMEUABIIIAX POJIb YTIIa abeppariiu
[166, 317]. Pe3ynbrar coracyeTcst Jisl JUIMHbBI BOJHBL A', @ Jiyist 4acToThl f ' kpac-
HOE CMEILIEHHUE B JIBA pa3a BbIIIE PENIITUBUCTCKOTO, BBUY U3BMEHEHUSI CKOPOCTH
cBeta ¢'. Kak ormeuan B. [Taymu, B pamkax 0auiHCTHUECKON TEOPUH HETIOHSITHO,
Kakas BenmumduuHa — A Wik f uamepsiercs B onbitax [16]. Cyzas 1o Bcemy, B OIbITE
AftiBca M3MepsUIach JUTMHA BOJIHBI A, TOCKOJIBKY TU(PPAKIIMOHHAS PEIIETKA CIICK-
TPOCKOITA OTKJIOHACT JIy4H CBETa B 3aBI/I(I:/I/IMOCTI/I OT JUTUHBI BOJIHBI A.

MPHEMHHE
=R 1+cosplic)

4= HeosBV 1 -sin@F e Vie-

-sin'8: 1)

costp cosBV 1-sin B /c'-

-sinBV e

Puc. 3.17. Jlyd cBera, HCIyIEHHBIH 1O YTIIOM @ TIPH JOOABICHUH K
CKOPOCTH C CKOPOCTH MCTOYHMKA V, IPUXOJUT OJ YIIIOM 6, 0TYero
MeHsIeTcst yroil B popmyste Jlomepa, CIIOBHO CBET IOy H30bITOY-
HOE «KPAaCHOE CMEIICHHE», PACTYIIEe NMPU yBEIHMYCHUH CKOPOCTH.

Pesynbrar MOXKHO OOOOLINTH Ha CITydail M3ITy4EHHs CBETa IO MPOU3-
BOJIBHBIM YIJIOM, JJISl pacuéra KBaJpaTHYHOW MompaBku K 3¢dexry Jlomrepa
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(xBagparuaHOTO HoTIIep-3ddekTa). [IpuMenss knaccuuecKyro hopMyITy JoTuIep-
sddexra, crneayer yqecTb, YTO yroi ¢, MOX KOTOPBIM UCTOYHUK UCITYCKAeT H3-
JIy4eHHUe, He PaBeH yIiIy 0, Mo KOTOPEIM perucTpupyroT usnydenue (Puc. 3.17).
Mo GamucTHYECKOMY NPHHIMITY HCTOYHHK COOOLIAET CBOK CKOPOCTH CBETY, U
9TH yIIIBI OTIIMYAFOTCS HA BEIMYKHY yiia abeppaunu. V3nydenue, perucrpupye-

MOC o[ yIJIIOM 6, HCIIYCKACTCs MOA YIIIOM

[ 2

2w
—sin- 0—

[ c
S

|
@ = arccos| cos Bxu‘ll —sin0
\
COOTBETCTBEHHO, TIpeoOpa3OBaHHas YacTOTa, B OTIMYME OT hopMmyis Jlommepa
f'(p), cocTaBuT

7 1)

( ( R
f1(e)= f: 1 +Ki cos B\§Il—si113 ﬁV—, —sin? BE (3.15)
| c } 3

& ¢ L7

Takum 00pa3oM, H30BITOK KPACHOTO CMEIICHHUS Y CBETa OBICTPO JIETSIIHX
YacTHI] BbI3BaH He 3aMeuieHneM rporeccos 1o CTO, a BocripusiTueM n3imydeHus,
HCIYIIEHHOTO YaCTUIIeH Hazal — Mo ymioM ¢ > 90° K JTMHUM PEerucTpaluu u3-
nmydeHus. B pesynbrare y 9TuX Jiydei, CHIKarommx 9actoty 1o addexry Jorure-
pa, HO PEruCTPUpPYEMBIX B NiepeaHeM (110 XOIy YacTHII) MOJIYNPOCTPaHCTBE (1101
yrioM 0 < 90° ot nobasneHust ckopoctH V yacTHIl 1o Teopur PuUTIia), BO3MOKHO
KpacHOe CMEIIeHHe, BMECTO CHHETo0. YTou 0, TI0J] KOTOPBIM PErucTPUPYIOT HU3ITY-
YeHHe MCTOYHMKA Ha ucxoaHoi wactore (f' = f, Ha rpaHuMIle KpacHOTO U CHHETO
CMEILIEHNUH), HAWAETCS U3 YCIIOBUSI PETUCTPALMHU IO/ TAKUM YIIOM JIy4a, HUCITY-
[ICHHOTO B CHCTEME UCTOYHHKA oy yrtoM ¢ = 90°, mpu f' = f{1 + cos(p)V/c) =T.
DTOT JIyd perucTpupyroT mox yriiom 0 = arctg(c/V). T.e. poct ckopocTr V CHIKaeT
yroi 6 ot 90° 10 0°, B cortacuu ¢ pe3ynbTaToM ONbITOB. CBET, UCTIBITABIINI CHHEE
CMEILIEHUE, COCPEIOTOYCH B KOHYCE C yIlIoM pactBopa 26. U 3ToT KoHyc cyxaercst
nipu pocre ckopoctn V (Puc. 3.17).

YTOYHEHHBIH OTBIT IO MTPOBEPKE KBaaparuuHoro s dexra Jlomiepa s
CBeTa, M3IIyu€HHOTO0 1011 yIiioM O k ckopoctu V nonos Bogopona H," (Puc. 3.18),
noctapneHHblii rpymnmoit JLA. [Todenonocuesa B 1989 1., mokasan, uTo u3Me-
PEHHBIE CABUTHU CHEKTpa oTn4aroTcs ot nporuo3oB CTO (AV?/c?) B 1Ba u 60-
nee pa3 [318, 319]. OnHako cABUT OJNU30K K MPOTHO3Y OAJUTMCTHYCCKON TEOPUHU
(Asin?0-V?/c?, cm. Puc. 3.18) [A37]. lpeanaranochk HHTEPIPETHPOBATH PE3YJIb-
tathl onbiTa [318, 319] kak cnencTBue HEeyuéTa M3MEHEHUs HAIPaBJICHUS ITy-
yeii 3a cu€T addexra adepparyu [320]. OnHAKO CKOPOCTH HOHOB B OIIBITE MAaJIbI
10 CPaBHEHHUIO CO CKOPOCTBIO CBETA, MOITOMY YUET aOeppalyoHHOro yria He
ycTpaHsieT HaOmonaeMbIx pacxoxaeHuit. Kpome toro, penstuBucTckas popmy-
J1a TIOKa3bIBaeT 3HAYEHHE CKOPOCTHU B JIAOOPATOPHOH cucTeMe OTCUETa, TIe yiKe
yuTéH yrox abepparnuu. VIMEHHO Mo3TOMY M B aHaJIM3€e OnbITa AlBCa HE yYTEHBI
MOTPaBKHU Ha yrou abepparmu [ 188, c. 464].
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12

Takum 06pa3oMm, Hy>KHbI HOBBIE SKCIIEPUMEHTSHI 110 YTOUHEHHOMY H3Mepe-
HUIO BeMYHHBI 3¢dexra Jlomnnepa oT YacTHII, ABWKYIIUXCS C PEISTHUBHCTCKUMUA
ckopocTsiMu. VIHTepeceH ObIT OBI OTIBIT, BRITOTHEHHBIH TI0 cxeme B.M. IlerpoBa
[121] mo W3MepeHuto CABUTa YacTOTHI CBETA, HCIYIICHHOTO BIIEPET M Ha3a 1Mo
HaNpaBJICHUIO JABWKEHHS CTYCTKa MOHOB B yckopurene. IlomoOHbIN 3kcnepn-
MEHT OBUT MOCTABJIEH ¢ MOHAMHU JTUTHs 'Li*, yCKOpEHHBIMHU JI0 CKopocTe V =
0,064c mV =0,338c [321, 322]. CBeT uzmy4ascs 1o u MpOTHB IBIKCHHUS HOHOB,
OJIHAKO MCTOYHHKOM CJIy)KUITH HE MOHBI, @ HEMOABIDKHBIC JTa3ePbl, 4acToThl f; u
f, KOTOpBIX TepecTpanBatack 0 TEX IMOP, MOKa HE IPOUCKOAIIO PE30OHAHCHOTO
MOIJIOLICHNMS CBETa HOHAaMH Ha cTanaaptHoil gyactore f. HeoOxomumast st pe3o-
HaHCa MepecTpoiika YacToThl ¢ OOJBIION TOUHOCTBIO (~1077) cooTBeTCTBOBANA
mporao3dy CTO. OmgHako, STOT ke pe3yabTaT MOMydaeTcs W B paMKax KIacCH-
YeCKOM (PM3HKH, MPEICKashIBArONIeH KBaJpaTnuHyro mompasky (V/C)? 3a cuér
muoxkuTens (1 + V,/C) B 3HAMEHarerne, eClii BRIpaKaTh 4acTOTy MCTOUHHKA f) 1
f, uepes perucrpupyemyro dacrtoty f, a ckopocTs gacTui V H3MepsATh Kiaccuye-
CKH, 4TO TpH V ~ C 1aéT 3HAUCHNE HECKOIBKO OTIIMYHOE OT PEIATHBUCTCKOTO V
(§ 4.2). leficTBUTENBHO,
f,="f/(1+V/c)=f(1-V/c+ Ve uf,=1/(1-V/ic)=f(1 +V/c+V¥c?),
a B CTO crporoe penrenue (WK B PHOIMKEHUN MaJIBIX CKOPOCTEH V << C)

N-v/ec v M+v/c v
= fil—— = fll—+ o o SE— i e e T
5, f’\'[1+w’c Y c 12 /> f\llfv/c Y ¢ I

B 4acTHOCTH, B 9KCIIEPUMEHTAX 10 PE30HAHCHOMY MOITIONIEHUIO HOHAMHE
sutust "LiT, netsimmu co ckopocthio V = 0,338¢ [322], ObLIH MOTyYeHbI 4aCTo-
ThI MOIMYTHOTO J1a3epHoro ay4a f; = 0,777-10 ' 1 BCTpEeYHOT0 a3epHOro Jiyda
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f,=0,384-10" I'u. B cormacuu ¢ pensTUBUCTCKON (GopMysioil gomiep-3ddekTa,
3TO COOTBETCTBOBAIO PE30HAHCHOMY IMOTIIONICHNUI0 HOHA 'Li* Ha wactore f =
0,546-10% T'u. Ho u nipu pacuére B pamMkax Teopu Putna mpu V/¢ = 0,338¢ u3
kiaccuueckux opmyin amst f; u f, momydarorcst oqMHAKOBbIC 3HAUCHUSI YACTOTHI
f=0,514-10% I'iy (A = 583 HM), KOTOpBIE COOTBETCTBYIOT APYrOi PE30HAHCHON
JIMHUA WOHA JuThs 'Li'. st naeHTHUKAINK JTHHUHA, Ha KOTOPOH TIPOMCXOTUT
nororenue (aa f = 0,546-10% 'y wu f = 0,514-10% T'ix), uro6bI caenath BIOOP
mexay CTO u BTP, cneayer, miaBHO MeHsist 4acToTy jasepos f; u f,, momyuurts
HECKOJIBKO TTOCIIEZIOBATENBHBIX PE3OHAHCHBIX YacTOT MONIOLICHHMS, JUIs Ha K-
HOM WICHTU()UKALMK TMHUH B CIIEKTPE YacTOT.

[Monepeunstit adpdext Jlomaepa MOXKHO paccMaTpUBATh TAKKE B KAUECTBE
nposiiieHus 3¢ dexra PUTHA — OT U3MEHCHHS MTPOCKIIUH CKOPOCTH HUCTOYHHKA
Ha JIyd 3peHHMs, IPU M3MECHEHUH YITIa MEXIy CKOPOCTBIO M HAIIPABJICHUEM Ha
HCTOYHUK, 0e3 n3MeHeHUs MOIyIist ckopocTu V [A4]. D1ot adpdekt paccMoTpeH,
Hanpumep, B § 3.4, a Take B anekTponHoi padote B.IT. 3onoryxuna [301].

B mone3y 6ammictuaeckoit popmymst (3.15) s adpdexra Homnepa cBu-
JETEIbCTBYIOT TAKXKE PE3yJbTaThl KOCMHUUYCCKON DPAJUONIOKALUKM CIIyTHHUKOB,
MIpoJIeTAIOIMX M0 runepdonnueckoii opoure Bozie 3emun (Flyby-anomanns).
B citydae cripaBemIMBOCTH PEISITUBUCTCKON (hopmystbl addekra Jlommiepa, mpu
commkennn u ynaneann AMC HaOmonanach Obl pa3Hasi BEJIMYMHA KPACHOTO U
CHHETO CMEIICHHs YacTOThl. B JIeHCTBUTEILHOCTH PErHCTPUPYEMbIC 3HAYCHUS
KPAaCHBIX U CHHUX CMEILEHUH 110 MOJYJIIO IPAKTUUECKHU COBIAAAJIH, B COINIACUU
C KJTacCHuecKkoit popmyroit nomiep-3ddexra (§ 2.5).

V3meHeHne 4acTOThI AIEKTPOMArHUTHBIX CHT'HAJIOB B ITONEPEYHOM Ha-
MIPaBJIEHUU PETHCTPUPOBAIOCH TAKIKE T10 YACTOTE CUTHAJIOB OT ATaJIOHA YaCTOTHI
Ha 60pTY pakeTsl, momHsBIeiics Ha BeicoTy h ~ 10000 kM Han 3emnéii [42, 323].
PerucTprpoBaioch U3MEHEHHE YaCTOThI CHTHAIOB, COOTBETCTBYIOIIEE IIPEACKa-
3aHUSIM OOLIeH TEOpHUH OTHOCHUTENBHOCTH. B Oammicruueckoil Teopun Purna
TaKO€ M3MEHCHHE YaCTOThl MOYKHO O0BSCHHUTH MonepedHbiM 3¢ dexrom Jlorrepa
n 3pdexTom Putiia 3a c4éT yCKOpeHHOTO ABIKEHUS pakeThl [A46]. B miemom skc-
TIEpUMEHTHI 110 3Mepenuto ddekra [lomiepa He NpoTHBOpEYaT KIacCHYeCKON
KWHEMaTHKe U 0aJUIMCTHYECKON TEOpUH CBETa.

§ 3.7. Xapakmepucmuku aneMmeHmMapHbIX usslyyamesieli 8 meopuu
Pumua

B 6annuctuyeckoii Teopuu [15, ¢. 248] Putn npencTaBuit CBET B BUE TO-
TOKa 3JIEMEHTapHBIX YacTUll (peoHos), NCITyCKAaeMBbIX IEMEHTAPHBIMU 3apsijia-
MU (cM. Beenenue). Heronsrxkablii 3apsan Q reHepupyeT CTallMOHAPHbIH MOTOK

MIPSIMOJIMHEHHO Pa3NIeTAIOIUXCSl PEOHOB, OKAa3bIBAIOIINN TOCTOSTHHOE AIICKTPH-
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geckoe BozaeicTare cribl F = knc'2 (K — koapuimnenT, 3aBUCSIIHiA OT TPOGHOTO
3apsiaa g, N — KOHIIEHTpalMsl PEOHOB BO3JIE HETO, 3aBucsiias oT Q, C' — ckopocTh
peoHOB oTHOCHTENBHO 3apsiaa g [15, A15, A20]). Konebanust 3apsina Q ¢ gacto-
ToM f MOTYTUPYIOT CKOPOCTH TIOTOKA PEOHOB C YaCTOTOM f M MPOCTPaHCTBEHHBIM
nepuogioM A = ¢/f. B utore moTok Oka3pIBaCT MEPEMEHHOE AIICKTPUUECKOE BO3-
nefictere gacToTsl f. DT0 pacxomsimeecs co CKOPOCTHIO ¢ OCIMILTHPYIOIIEE MOJe
CKOPOCTEH M KOHIICHTPAINi U €CTh AIIEKTPOMarHUTHAs BOJHA, cBeT. Tak Purir n3
KOPITyCKYJISIPHOM TeOpHU cBeTa 00OBSCHHI BOJIHOBBIE CBOWCTBA CBETa, BKIIIOYAs
uaTepdepenuo u audpaxmmo [15, 295].

DIeKTpOMarHUTHEIC BOIHBI B TEOpUH PHUTIIAa IOAXOMAT 1oz Ooree obmiee
OTIPENICIICHUE BOJHBI B BUJIC MEPHOIUYHO MOIYJIHMPOBAHHOTO B IMIPOCTPAHCTBE U
BPEMEHHU paclpesieNieHus mapaMeTpoB (peoHoB). K ToMy e THITy OTHOCST Ku-
HEMaTHYECKHE BOJIHBI 2JIEKTPOHOB B KIMCTpoHE [67]. Takas BoimHa, B OTIMYME
OT BOJIH B CpeJie, 3aUMCTBYET CKOPOCTh HCTOYHHKA 110 OAIITMCTHYECKOMY TIPUH-
nury (1).

HMeHHO OammiCTHYeCKUH IPUHIINIL, Kak 1moka3an Purir [15], o0bscHseT
criaz nonei E u H xonebmromerocs 3apsijia ¢ paccTosHueM He Kak 1/r2, a kak 1/r
[A28]. [TpoBeném aHaIM3 MPOCTEHIIETO N3TyYaTeNns — MyIbCUPYIOIIETO U0
1 UCCIIETyeM eT0 M3IyYeHHE B JallbHEH 30HE, Ha pacCTOSHUU I >> A. IMeHHO B
nanbHer 30He ot E u H cmagaroT kak 1/r, a uHTeHCHBHOCTH cBeta EH — kak
1/r%

CormacHo 0amuCTHYECKOH Teopun, npuanHa — B 3 dekre Purma (1.15),
CIIpaBeIIMBOM JIUIs cBeTa. 3apsia Q, aurasichk ¢ yckopenueM a(t), coodiaeT peo-
HaM Pa3HyI0 CKOPOCTb, Bes K 3 (eKTy rpyniupoBaHus YacTHUI] B TIOTOKE, aHa-
JIOTHYHO KIUCTpoHHOMY 3 dekty [178, U.II]. B urore, mo 3¢ dexry Putma Bos-
HUKAIOT KOJICOaHUsI KOHIIEHTPAIIUK N' TOTOKA PEOHOB, PACTYIIUE C YBEIUUCHHUEM
I 1 aMIUTATY/IbI YCKOPEHUS &, AaHAJIOTUYHO BapHAIUsIM SPKOCTH cBeTa |’ IBOMHBIX
3BE3x (1.35). 3HaueHne KOHIICHTpAuU N' PEOHOB 3aBHCUT OT YCKOPCHHUS 8, 3a-
psana Q B MOMEHT M3ITy4CHHS STHX PECOHOB:

n'=n/(1 +ra,/c®) = n(1 —ra,/c?), (3.16)
r7e N — IUIOTHOCTh ITOTOKA PEOHOB, KOTOPYIO HA TOM K€ YIAJICHUH I CO3Mal OB
HEMOABWKHEIN 3aps U Te ra,/c? << 1. ITone E = F/q MeHsieTcst mponopimo-
HaipHO N'. T1o Mepe ABMKEHHUSI PEOHOB, MPOMOPIMOHAIBHO I4,/C? pacTéT am-
IUTATYa KoJeOaHMH MEKTPHYECKOTO Mo E, 4To MILTIOCTpHUPYIOT aHaloTHEH
ncToyHuka ceera U Bonbl [324, cc. 302, 308]. TlocTOSIHHYIO COCTaBISIIOIIYIO
nosist E xomrieHcupyeT mosie 00paTtHOro 3apsiia myJIbCHPYIOLIEro AUIONS U OHA
OBICTPO yOBIBAaET C PACCTOSHHUEM I

TMosne HemoaBuKHOTO 3apsaa Q Haxomures kak E = Q/4meyr?. IockoabKy
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E' nponopumonansHo N', momy4nM npu konebanusx 3apsna u3 (3.16) ammuuryny
nosist E, = Era/c?>= Qa/dne,rc?, tne a = w?l — aMmnTyaa yCKopeHus TapMOHH-
YEeCKH KOJNEOMIOIIErocst 3apsia, ® — IMKIHYecKas Jyactora 3apsiaa, | — makcu-
MajbpHas JIMHA aunoiis. T.e. aMIuiuTyaa KoseOaHuil monst E B BOTHOBOH 30HE
E. = Quw?l/4me,rc? yopiBaet kak 1/r, B coracuu ¢ onbitoM. [Tynbcupyrormuit au-
0JIb MOYKHO COTIOCTABHTh MO0 [epua ¢ ammuutynoii Toka | = Qo. T.k. €2 =
1/ g0, utst ummodtst amrutuTyaa E, = Qw2pol/4zr, uro coBmamaet ¢ BrIpaskeHHEM
Jutst iosst E sneMenTapHoro naimydarens B BOMHOBOI 30He [53]. Takum oOpazom,
rosie yobIBaeT Kak 1/f. AHAJOTHMYHBIN PacuéT Jerko MpoBECTH UISi MarHUTHO-
ro nosst H: momo0Ho anekTpudeckoMy, OHO TIPOMIOPIMOHAIBHO N'. A TJIOTHOCTH
MoIHOCTH u3nydenust S = EH (T.e. cooTBeTcTBYeT MHTEHCHBHOCTH cBeTa |) na-
JIaeT TIPOTIOPIIMOHAIBHO I? M pacTET MPOMOPIHOHATBEHO M*,

Taxxe OanmmucTHUECKast TEOPUs TPEICKa3bIBACT BEPHYIO THarpaMMy Ha-
MIPaBICHHOCTH aHTEHH [15], yxe B paMKkaX MpOCTEUNINX aHAIOTUH W MOAEICH
[324, c. 308]. BoiBon 3Hauennii E u H snementapHoro nzimyuaresns BrepBbie ObLT
nipeasoxker J[x. ToMcoHOM Ha OCHOBE OAJUTUCTUYECKOM aHAJIOTUY CHUIIOBBIX JIH-
HUH OT TOJIBU)KHOTO MCTOYHMKA TOJISl. DTOT BBIBOJI, OCHOBAHHBIH Ha OAJIIMCTH-
YeCKOW TEOPHH, JI0 CUX TIOp BKJIIOYAIOT B YUeOHUKH (DU3UKH KaK MPUMED M3SIII-
HOTO JToKa3aTenbeTa [19].

Konebanust 211eKTpOHOB B @aHTEHHAX MOTYT TaKXKe MIPUBOANUTH K MCKaxe-
HUIO CHHYCOMJAJIBHOM (OPMBI M3ITyd4aeMOM 3JIEKTPOMAarHUTHOW BOJHBI. Ecim
aHTEHHA PACIoJIoKeHa 1o yritoM 0 < 90° K Jiydy 3peHHsl, IBHKYIINECS IEKTPO-
HBI COOOIIAIOT CBOIO CKOPOCTh CBETY M MOJIOBHHY NIEPHO/Ia PEOHBI BBIJIETAIOT CO
CKOPOCTBIO BBIIIE C, a MOJIOBUHY — HIXKeE C. [Ipr 3TOM BO3MOXKHO NCKa)KEHUE CH-
HYCOM/IQILHOTO TIPO(MWUIISt BOJIHBI, KaK JUTst IBOWHBIX 3BE31 (cM. § 1.1). [lnst pajgu-
OBOJIH 3TH NCKa)KEHHSI MaJIbl, Kak Mmokas3ais Purit [15],  ux Henp3s 3aMETUTD, T.K.
CKOPOCTH 3JIEKTPOHOB B @HTEHHAX MHOTO MEHBIIIE CKOPOCTH CBETA, M MOAYJISLIUS
3NEKTPOHOM CKOPOCTH PEOHOB BEIET JMIIb K MaJbIM BOJHOBBIM BO3MYIIICHH-
SIM OZTHOPOJTHOTO MTOTOKAa PEOHOB, UTO M (POPMHUPYET IMEKTPOMArHUTHBIE BOJHBI.

Ecnu ckopocThb 351eKTPOHOB PUOIMIKAETCsI K CKOPOCTH CBETA, ATH MCKa-
JKEHUsI, PACTyIIe NPOIOPIIMOHAIBHO Iy TH CBETa I, MOTYT CTaTh 3aMETHBI Y)Ke Ha
71a00paTOPHBIX AUCTAHIMAX. TakK, B CHHXPOTPOHAX, I/I€ 3JIEKTPOHBI JBHIKYTCS C
OKOJIOCBETOBBIMU CKOPOCTSIMHU, OHH U3ITyUYalOT HErapMOHHUECKHE BOJHEI (§ 4.5).
Kaxk 3ameruin aropy npodeccop HHI'Y H.C. CtenanoB, 3TO IpOSBUTCS B YCIIOXK-
HEHUU CIIEKTPa U3JTyUCHUS, T.K. HEeTADMOHUYIECKUH NEPUOANYECKUI CUTHAT ITPU
Pa3NOKEHUN B CIEKTP AaéT, KPOME OCHOBHOM YacTOTHI, MHOXKECTBO KPATHBIX.
HepenstuBucTCKNE 3I€KTPOHBI M3Ty4alOT BOJHBI TOJBKO HA YacTOTE CBOETO
BpAIICHUs, a Y JIIEKTPOHOB B CHHXPOTPOHE CHHXPOTPOHHOE U3ITydeHHUE, COTIIac-
HO OAJIIIMCTHYECKON TEOPHH, XapaKTEPHU3yETCsl CIIOKHBIM YaCTOTHBIM CIIEKTPOM.
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JleWCTBUTENIBHO, Y CHHXPOTPOHHOTO H3JIy4eHHs, 10 Mepe pocTa CKO-
POCTH 3JIEKTPOHOB, OOHAPYKEHO YCIOKHEHUE CIIEKTPa, COJEPIKaIero, Kpome
OCHOBHO# 4acToThl f = 21/®, rapmonuku yactotsl Hf. Dddekr 3ameren naxe
y BJIEKTPOHOB B TUPOTPOHAX, 7€, KPOME H3ITyYCHHs] Ha LUKIOTPOHHOM 4acTo-
T€, PETUCTPUPYIOT U3ITyUeHHE Ha BTOpoi rapmonuke. C mpHOIKeHneM CKOpo-
CTH JIEKTPOHOB K CKOPOCTH CBETA, MHTCHCUBHOCTh FTapMOHMK pacTET M 3ajaHa
yepe3 Dypbe-1peodpazoBaHue HWINHIPUYECKUX (Oeccenesbix) QYHKIMH, KakK
JUISL BOJIH B KJIMCTPOHAX, IJIe MCKAXXCHHsI BOJH BBI3BAHBI CXOJHBIM MEXaHM3-
MOM U TIPUMECHSIFOTCS U YMHOXKCeHHS 4acToThl [178, 326]. [lonpoOHee cBoii-
CTBa CMHXPOTPOHHOTO M3JIy4eHHsI paccMOTpuM B § 4.5. YcinokHEHHE CrieKTpa
1 TeHepaLysi TapMOHHUK OTYACTH OOYCIIOBJIEHBI TAK)KE TEM, YTO CHHXPOTPOHHOE
W3JTyYeHHE MTOCTYIAET B ICTEKTOP UMITYJIbCaMH, 32 CUET OCTPOM 1narpaMmbl Ha-
TIPaBJIICHHOCTH M3JIyYeHUs IEeKTPOoHOB. Harpumep, B rHpOTpOHax y U3ITydCHHUs
SJIEKTPOHOB emI¢ HET OCTPOW JnarpaMMbl HalpaBIeHHOCTH, HO W3JIyYCHHE Te-
HEepHUpyeTcsl yXKe He TOJIBKO Ha LUKIOTPOHHOM, HO M Ha YJBOCHHOW W JPYrHUX
KpaTHbBIX 4acToTax. [IpoBepuTh CBSA3b yCIOKHEHUS CIIeKTpa ¢ 3(PEeKTOM MOIy-
JISIIIU CKOPOCTH M3JTYYCHHsI OT OOpaleHUs JIEKTPOHOB MOXKHO ITYyTEM aHAIIM3a
3aBUCHMOCTH CIIEKTpa OT IpoiiaeHHoro ceetoM mytu I (§ 3.5). B pamkxax CTO
CIIEKTpP HE 3aBUCHT OT pacCTOstHUs. HanpoTus, B OaUTMCTHUECKOW TEOpHUH, UH-
TEHCHBHOCTh FAPMOHHK JOJDKHA HApacTaTh MO0 MEpPe POCTa UCKAKEHUH CHrHaja
TIPY YBEITMUCHNUH TUCTAHIMK I ICTOYHHUKA CBETA.

Emé ogrH MOMEHT OTiIMYaeT OaJUIMCTHYECKYI0 TEOPHIO OT PENISITHBUCT-
CKOM DIICKTPOIMHAMUKH: JJIMHA BOJIHBI CBETA B BaKyyMe HE SIBJISICTCS] OJHO3HAY-
HO 3aJaHHO QyHKUHMeH peructpupyemoit yactotsl f. JleHCTBUTENBHO, B BaKyy-
M€ JUIMHY BOJIHBI A IIPUHSITO BBIPAXaTh B hopme

A=cf/f,N'=c/f".
A B OaniaucTHYeCcKOl TEOPHUH TMHA BOJIHBI OT HCTOYHHUKA C JIy4€BOH CKOPOCTBIO
V, cocraBisgeT
A= (c—= V.

HWrtak, 1MHA BOJNHBI 3aBHCUT HE TOJNBKO OT PErHCTPHUpyeMoii yacToTsl f', HO n
OT CKOpOCTH HCTOYHMKA V,. OTMETHM, YTO JJIMHA BOJIHBI, BBIpPAXKEHHAs Yepe3
qacTtoty uctounuka f = f'c/(c — V,), HANPOTHB, COBMAAACT C [UTHHOW BOJHBI OT
HETOJBIKHOTO ucTouHuKa ' = ¢/f = A u He 3aBuCUT OT ckopocTH V.

[IpoBeputs crpaBeAIMBOCTh OAJUTMCTHUECKOM TEOPUH MOXKHO ITyTEM
MIPSIMBIX 3aMEPOB CKOPOCTH UMITYJIbCOB OT HCTOYHHMKA (§ 3.3), miubo npu reHepa-
LIUM NCTOYHUKOM MOHOXPOMATHYHOH 3JIEKTPOMarHUTHOM BOJIHBI, M3MEPSIs JAJIH-
HY BOJIHBI CBeTa A' B BakyyMme. J[IMHy paavioBOIH CAHTHMETPOBOTO AMAlla30Ha
MOKHO M3MEPUTb, yCTAHOBHB BIOJIb IIyTH JIy4a J[BE aHTCHHBI, 1 U3MeEpsis 3aBH-
CHMOCTBH (Da30BOTO CIBHTa ( CUTHAJIA HA HUX OT cKkopocTtH V, ucrtounnka. B CTO

npu GUKcaMu perucTpupyeMoil yactotel ' (a3oBblil cBUI HA aHTECHHAX HE
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3aBUCHT OT CKOPOCTH NCTOYHHMKA, a B BTP 3aBrcumocTs oOHapyxurcs. [Ipu pac-
CTOSTHUY MEX aHTeHHamu L, cornmacHo Teopun Putia (pa3oBbIii cIBUT COCTaBHUT
¢ =2nL/A' =2nLf'/(c - V,),
410 oTaruaetcs ot nporsoza CTO (2nL/A) Ha
Ag = 2nL/\' — 2nL/\ = 27Lf'V, /%

Ipu gactore f' = 30 I'Tu (A = 1 c¢m) Ha mHe L = 10 M u ckopoctu V,~ 500
M/c 3TOT (ha30BbIi CABHI cocTaBUT BenuuuHy A@ = 0,01, KOTOpYIO JIerko 3a-
peructpupoBarh. Mcrounnk CBU-u3nyuenus nepecrpanBaemMoit yactotsl f (s
obecrieueHus mocTossHCTRA f') MOMmKEeH H3TyYarsh BIOIb OCH BAaKYyMHPOBAHHOTO
KaHana JuuHbL L, 12661 CBYU-BOIHBI POXOAMIM BO3MOXKHO JIJIBIIE OT CTEHOK
KaHaia, T.e. 0e3 Mepen3IyIeHUsI MU, He MeHsIsI (pa3oByI0 CKOpocTh (¢ — V) u
cnBur a3z Ag. CpaBHuTh cIBUT (a3 HAa aHTEHHAX JJISl TIOJBM)KHOTO M HETO-
BIYKHOTO MCTOYHHMKA MOYXKHO, ITPOITYCTUB M3JIyYEHUE Yepe3 HEMOABHIKHYIO JIN3-
JIEKTPUUYECKYIO TUIACTUHKY (TIPH 3TOM CKOPOCTh ¢ — V, MeHsIeTCs Ha ¢, a gacToTa f
coxpanseTcs). Takke 9TO MO3BOJIUT UCCIIEOBATH 3aBUCUMOCTH A OT TOJIIHHBI
IUTACTUHKY b 10 cpaBHeHUIO ¢ nHOM skcTuHKIm | = A/2n(n — 1). Tak, Ap =0
npu b << |, u Ap = 2zLf'V,/c? ipu b >> |. TIpu conocrasumoctu b ~ | ymact-
cs1 Habmronath Gosee cioxkHoe pacnpezaeienne A@(b). B kauectBe ncrounnka
CBY-n3imyueHnst MOXKET BBICTYIATh ITy4YOK MOHOHEPTUYHBIX JIEKTPOHOB, BIIC-
TAIOMIMX IOJ] YIJIOM 0. B MATHUTHOE MoJie B 1 m3mydaromux Ha MUKIOTPOHHON
yacrore f = eB/2nm na ckopoctu V,, paBHO# NMPOEKIMU HA JIyd 3pEHUs I CKOPO-
cTH BeayIero rentpa Veoso ~ 10* km/c.

[IpoTuB GaMTHCTHYECKON TEOPHUX BBIABHUTANICS W TaKOW apTyMeHT. Y u3-
Jydarens B BUJE 3apsiia, BPAIIAONIErocs mo opoute quamerpa d B MIIOCKOCTH
Yyeprexa ¢ yactoToi f, mpu Hapactanuu auamerpa opoutsl d yron 0, moa KoTo-
peiM ipuéMHAK O perucTpupyeT NCTOUYHUK Ha paccTosHAUH L, ecTh

0 ~d/L. 3.17)
A comacHo 3JIeKTPOMHAMHUKE, YITIOBasi PACXOAMMOCTbD U3ITyYCHUS! HCTOUHHKA
pasmepa d cocTaBuT

0 ~/d, (3.18)
T.e. CHI)KAeTCs IPH HapacTaHUM pazMepa M3JTydaronieid o0acTi — opouTHI Tua-
Mmetpa d.

Puc. 3.19. Mznyuenue 3apsaa (, ABHXKYIIETOCS M0 Kpy-
roBoit opbute, Habmomarenb O BuauT mox yraiom 6.
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B aeficTBUTENBHOCTH, IS yIiia 6 B KIIACCHYECKOM IEKTPOAMHAMUKE Pe-
3yJBTAT MOJYYUTCS TOXKICCTBCHHBIN ¢ OayumucTrueckor Teopueit (3.17). Ecnu
paccMOTpETh ABMKCHHUE 3apsijia M0 KPYroBOH OpOUTe, MPH YCKOPCHHOM JIBHKE-
HHUM OH TOXKe OyJeT M3JTydaTh CO BCEX YYACTKOB CBOCH TPACKTOPHH, BKIFOYAs
kpaiinue nonoxenust A u B. TIpruuéM BOJHBI OT 3THX YY4aCTKOB HE MOT'YT HHTEP-
(epupoBaTh, MOCKOIBKY U3TyYarOTCsl B PA3HBIC MOMEHTBI BDEMEHH U JABHXKYTCS,
COTIIACHO KJTACCHYECKON AIEKTPOANHAMHUKE, C OMMHAKOBOW CKOPOCTHIO C. B aTOM
ciyyae yroi 0 ~ A/d B popmysie (3.18) 3a1aét MUHUMAITBHBIN YITIOBOM pa3mep
HCTOYHHKA B 3aBUCHMOCTH HE OT pa3Mepa MCTOYHHKA, a OT pa3Mepa anepTypsl
d Teneckomna wiaM paguoreneckona. Uto kacaercsi rabaputoB ncrtounuka d, mo-
CKOJIbKY B MJIOCKOCTH OPOHTHI 3apsijia U3ITydYCHHE PACIPOCTPAHSIETCS H30TPOII-
HO, rabapUThl HCTOYHUKA HE JAOJIKHBI BIUSITH HA YIIIOBYIO pacxoquMocTh (3.18),
3a/IAFOIIY O JIUIIh MUHUMAJIBHO BO3MOKHYIO BETHUKHY yIiia 0, He Bcerma J0CTH-
KUMYI0. Bripouem, Ipu pessITUBUCTCKUX CKOPOCTSX 3apsijia, KOria OH HAYMHAET
TEHEePUPOBATh CHHXPOTPOHHOE U3ITYUCHHE, XapaKTePU3yeMoe OCTPOil uarpam-
MOU HAMPaBICHHOCTH, MPUEMHUK, ICHCTBUTEILHO, IO MEPE POCTa JAUAMETpPA
OpOHTHI U CKOPOCTH 3apsia HAYMHACT PETHCTPUPOBATH UCTOUYHHK cO BCE Ooree
Y3KOTO y4acTKa OpOUTHI, 1oj] Bc€ Ooiiee ocTphiM yriioM 0 (§ 4.5).

TakuM 00pa3oM, B PaCCMOTPEHHBIX CIyYasXx XapaKTePHUCTHKH TOJS OT
HCTOYHHKOB M3JTyUYCHUsI, IPEACKa3aHHbIC TeOpruel PUTIa M KITacCHUYECKO AeK-
TPOAMHAMMKOM, COBIAAAIOT.

§ 3.8. BbieoObi

Ananus PE3YIBTATOB ONTHYCCKUX SKCIICPUMECHTOB IMOKa3aJl OTCYTCTBUC
HpOTI/IBOpetﬂ/Iﬁ C Teopneﬁ PI/ITHa. YCTpaHeHa HCOAHO3HAYHOCTb B TPAKTOBKE
paaa ONTUYCCKUX SKCIICPUMEHTOB U MMOKAa3aHO, YTO PE3YyJbTAaThl ONBITOB CBU/IC-
TCJBCTBYIOT B MOJIB3Y BJIUAHUA CKOPOCTHU UCTOYHHMKA Ha CKOPOCTH CBETA U IIPO-
TUBOpeyar e€ MOCTOSHCTRY. [IpeoskeHbl HOBBIE METOABI U KPUTEPUH TPOBEPKU
0aJUTHCTHUECKOM TEOPUH ITyTEM COIMOCTABIICHHUS C ONBITOM 3(P(HEKTOB, TpeJICKa-
3aHHbIX B BTP. Hpe}IHO)KGHHI)Ie CXEMbl YCTAHOBOK, B CJlIy4ac MOATBCPKIACHUSA
s¢dekra Puria, craHyT 0CHOBOIl TpaHC(HOPMATOPOB JUINTEIBHOCTH JIA3ePHBIX
HUMITYJIBCOB U 4aCTOThI CBETA BO BCEM JArarna3oHe 3JICKTPOMAariuTHBIX BOJIH.
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Maga 4. Bannuctuyeckne ahpekTbl B husnke BbICOKUX IHEPrum

B gerBépToii TI1aBe MpOM3BEAEH aHATN3 IKCIIEPUMEHTOB B obmacTu hu-
3WKH BBICOKHX JHEPTHUil, smepHoi (pus3uku (Muxpomup). s WOHOB, smep H
3NIEMEHTAPHBIX YaCTHUI] C PEIATHBUCTCKIMHU CKOPOCTAMH 100aBIEHUE CKOPOCTH
YaCTHIl K CKOPOCTH H3JIy4EHHOTO YacCTUIIAMH CBETA JIETKO OOHApYKHTh. IIpu-
HATO CYMTATh, YTO TU HKCIEPUMEHTHI IPOTHBOPEYAT OAIITMCTHIECKONH TEOPHUH.
Ho monpo0ueril anamu3 u yu€t 3Qdexra mepen3nydeHns Cpeod MPUBOAUT K
BBIBOJy O HETIPOTHBOPEUNBOCTH HKCIIEPUMEHTOB — TEOPHH Putma. A psij ombl-
TOB, BKJIIOYAsl OMIBITHI C CHHXPOTPOHHBIM HM3Iy9E€HHEM, JIyHdIlle COOTBETCTBYIOT
Teopun Putia, yem nmoctymnaty o moctossHcTBe ckopocTH cBeta CTO. /g ogro-
3HAYHOTO PEIIEHNUS BOIIPOCA O BIMSAHUH CKOPOCTH HCTOUYHHMKA HA CKOPOCTh CBETA
B 4ETBEPTON INIaBe MPEJIOKEHBI HOBbIE METO/BI IPOBEPKU TeOopuu Putna u yco-
BEPIICHCTBOBAHHBIE CXEMBI SKCIIEPUMEHTOB.

OCHOBHBIE pe3yIbTaThI IIaBBI H3JIOKEHEI B padorax [A2, All, A37,
A38, A45, A52—-A55, AS8].

§ 4.1. SkcnepumeHmsI ¢ ucrnosib3oeaHuem aghgpekma Méccbayapa

Jns 1abopaTopHBIX MCTOYHHMKOB CBETA MUCTAaHLIUHM I M YCKOpeHHs a
CITHIIKOM Mautel (ra,/C? << 1) mmst obHapykenus s¢dexra PUTIa CrIeKTpaTbHbI-
MU MeTOTaMu. A 151 TpeoOpa30BaHMs YacTOTHI CBETa B pa3sbl, coracHo (3.5), Ha
1a00paTOPHBIX TUCTAHIIX I ~ 1 M TpebyeTcs o0ecTIeunTh

a, ~ C%/r ~ 10% m/c?,
KOTOPO€ MPAKTUYECKH HEBO3MOKHO MPUIATh UCTOUYHUKY CBETA. A IIpU KCTpe-
MaJbHBIX YCKOpEHHUsX &, ~ 107 M/c? (TOCTUTHYTHIX B YIBTPAIICHTPU(YTax ), CIBH-
T'M 9aCTOTBI CBETA CTOJIb MaJIbl

Af/f=ra,/c?~ 10710,
YTO UX HEJb3s 3apETUCTPUPOBATH CIIEKTPaIbHBIMU MeToAaMu. Ho Takue ciurn
Y4acTOTHI YAAETCS PErHCTPUPOBATh 1Mo 3 deKTy ayspa. Tak, B ombite bémmens
[145] ncTouHMK Y-Tydei ObUT yCTAaHOBJICH Ha ITbe30BHOpaTope, M Ha MPHEMHUKE
ObLT OOHAPYIKEH CABHUT YaCTOTHI

Af/f = ra,/c?.

OTOT pe3yasTaT COOTBETCTBYET pe3ynbrary onbiTa bémmens [145], Ho uaTepmpe-
tupyercs o CTO.

A B OIIBITE C AUCKOM, KPYTALIAMCS € 9acToTol o [145], meaTpocTpeMu-
TenmpHOE yckoperue a,(R) = ®w?R McTOYHMKA, aTOMOB BO3IyXa W CTEHOK JIHCKA,
MePEen3ITyYaoInX CBET Ha yTH oT Ry 10 R, (mpwu minae nepensiyuenust | ~ 0,1
MM, § 4.2), naét o puti-3d ety mpu a,R/c? << 1 caBUT 4aCTOTHI
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Af a dR c-.)f(Rj ~-R?)

f . @.1)

DTOT pe3ynbTaT TaK ke COBHaL[aeT C pe3yJbTaraMH BCeX IKCIIEPUMEHTOB 1107100~
Horo Tura [145].

He uckitoueno, uro B apdexre Méccbayspa B 1€iCTBUTENBHOCTH HPO-
HCXOIUT PE30HAHCHOE MOTIIOIICHNE, COOTBETCTBYOIIEe He yactote f, a mmnae
BOJIHBI A = ¢/f. B Ga/utncTHYeCKO# TEOpHH CKOPOCTH CBETA ¢’ He (PMKCHUPOBAHA, U
9TH XapaKTEPUCTUKH He Beerza skBuBaneHTHBI: A = ¢'/f # ¢/f (B ommune ot CTO,
rae A = ¢/f, cm. § 3.6). B 3aBHCUMOCTH OT METOIa H3MEPEHHIA YACTOTHI MJIH JIJIH-
HBI BOJTHBI CBETA, HE BCETIIa SICHO, O KaKOM XapakTepucTuke uaeT peus [16]. Ecin
PE30HAHCHOE TOIIOLICHUE COOTBETCTBYET AaHHOH A, Torna HalIoIaeMoe mpe-
00pa3oBaHKe JJIMHBI BOJIHBI MOYKHO OOBSICHUThH M B OTCYTCTBHUE IIEPEH3ITyYCHUS
cpenoii. Tak, npu pa3MelieHUH UCTOUYHHKA Ha 0001e poTtopa paauyca R, a mo-
DIIOTHTENSI — HA OCH BpamieHus, yactora f Ha usmyqarene u f'— Ha mommotuTene
cosnanyt: f' =T, cormacuo (3.7) mpu X = 0. T.e. IpH 3TOM MOXKET MEHATHCS JIUIIE
JUIMHA BOJIHBI. J[eHCTBUTENbHO, JUTMHA BOJIHBI Y-U3JIyUSHHUs HA MTOVIOTUTENe ' =
c'/f' mpeobpasyercst Mo CpaBHEHUIO ¢ UCXOMHOM A = C/f, T.K. CKOPOCTH CBETa Ha
nontotutene C' # C. [Tpu cxopocm norotutelst V= oR noxyanm

c‘—*\.'c——V——*\- 2 mp R (4.2)
otkyma A' = ¢'/f = AM(1 — ©?R?/2¢?) = M1 — V?/2¢?), cm § 3.6 [145, A51, A53].
B obuiem ciydae, eciii KICTOUHHUK | HAXOAUTCS HAa pacCTOsIHUM R, OT LieH-
Tpa portopa O, a npuémHuk 2 — Ha paccrosiHuu R, (Puc. 4.1), perucrpupyemas
yactora He mensiercst (f' = f, T.k. paccrosiuue 1-2 HEM3MEHHO), OKPYKHAsI CKO-
pocth ucrounuka V, = oR;, a npuémuuka V, = oR,. 13 (4.2) B naboparopHoii
cucTeMe 0TCYETa CKOPOCTh CBeTa C', WAYIIEro B HAIIPABICHUH MOTJIOTUTENS, CO-
CTaBUT

|I ¥ 2 |I ] ] 2
C‘F:"\IIC"L_VI :‘\IIC"‘_(D‘RI_
CkopocTb cBeta C" B ccTeMe 0TCUETa MOIIOTUTENSI U3 TPEYTOJIbHIKA CKOPOCTEH
(Puc. 4.1) paBna

A «U"Ic"'z +7,% = \."Ic"z —0’R’ +0’Ry’ ~ c[l + o’ {sz = ).-"2:‘2 ]

B takom ciiygae AL =L1"—A=C"/f—c/f=A0?(R,>— R,%)/2C? u AML= 0*(R>—
R1%)/2¢%, uto coBmamaet ¢ pe3yipTaTaMi OMBITOB C IpHMeHeHneM ¢ dexra Méc-
cOayapa[145,A51]. BuacTHOCTH, €CiIv HCTOYHUK pactionokeH B ieHTpe (R, =0), a
MOITIOTUTENb Ha 000/1€ R, momyurmM AL = Aw?R,%/2C?, 4T0 COBMAAAET C pacu€ToOM Ha
ocHogetnonepeunorodppexralomiepa(§3.6)ucpesyasraromonsiTos| 145]. lpu
R, =R, nosyurm AA = 0, 4TO COOTBETCTBYET pe3yibTary ombita Yamnuu u MyHa.
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/b
2" 2 NPUEMHMK

Puc. 4.1. Cxema u3MCHEHHSI CKOPOCTH CBETa Ha pOTOpE M JUIU-
Hbl BOJHBI Ipy M3MepeHun mno sddexry Meéccbayspa (HCTOUHUK U
MPUEMHHK-TIONTIOTATEb  HE  CTPOTO  JMAMETPAJbHO — HPOTHUBOIIONONK-
Hbl — W300paKEHbI B PasHbIE MOMEHTHI — H3JIYYCHHS M IOIIOLICHHUS).

Tak u B o€ TATOTEHUS OOHAPYKEH CIBUT YACTOTHI (UITMHBI BOJIHBI) U3-
Jy4eHHUs OT TraMMa-HCTOYHHKA, OTKPBITHINA 10 3dexty Méccbayspa B ombiTe
IMaynma u Pebke y npuémunka Ha Beicote h = 20 M Hax uctounnkom [327]. Be-
JIMYUHA CABUTA TOXKeE cienyeT u3 addexra Putna. 'aMma-nyun nepensimydaroTcs
MOJIEKYJTaMH BO3/yXa, JIETAIOLINMH B I10JI€ TATOTEHHUS C YCKOPEHUEM a, = J (BEK-
TOp I' HAIIPABJICH OT NPUEMHIKA K HCTOYHHUKY), U HAa IPHEMHHKE PETUCTPUPYIOT
MHYIO JUINHY BOJIHBI M 4AaCTOTY

A =M1 +gh/c®) uf =f(1—gh/c?).

B omblTax 0OHapy)XeH MMEHHO TaKOW COBHUI YacTOTHI Ha IOIIOTHTENE
ramma-iryueit [42, 327]. Ilepensnyuerne CymieCTBEHHO MPH UIMHE SKCTUHKITHH
| < h. Kak mokaszano B § 4.2 mst ramma-nyudeii B ractuke | ~ 0,1 mm. Cormacuo
[31], mmna nepensnydenus | = (ArgN) ! 06parHO MpoopIOHATEHA KOHIIEHTPA-
un atoMoB N, 1 B Bo3ayxe, e KoHIeHTpanus atoMoB N B ThICSITy pa3 MEHbIIIE,
gem B tactuke, | ~ 0,1 M < h =20 M. Takum 06pa3oM, U3TyUCHHEC UCTOTHHKA
mpeobpasyercs mo >pdexry Putma yxxe Ha pacctostHuu 10 cM OT HCTOYHHKA.
UT0OBI TPOBEPUTH, CBSA3AH JIU CBUT YaCTOTHI HAa OMIOTHTENE C dpdexTom Put-
11a WM C I3MEHEHNEM X0J1a BpeMeHH B 1ojie Tsarotenus no OTO, cnexyeT mosro-
PHTB OIIBIT B BaKyyMe Win Ha BeicoTe h << |. Eciu cABUT 9acTOTBI COXpaHUTC,
MIPUYNHY HAJ0 OyJeT cKaTh He B 3(pdekre Putia, a B M3MEHEHNH X0/1a BpEMEHH
WM B U3MEHEHNHU PE30HAHCHBIX YaCTOT aTOMHBIX sIJIEp, B 3aBUCUMOCTH OT T'pa-
BHUTAIIOHHOTO TTOTeHIana. Emé omua kputepuit Bproopa gaét onsit [laynna u
Pebxe ¢ mmoTHOH cpemoif MexX Ty HCTOUHHUKOM U TIOTTIOTHTENIEM: TIEPEH3ITydeHIe
OT IIPAaKTUYECKH HEMOIBI)KHBIX aTOMOB B Cpezie (CO CpeaHeil CKOPOCThIO PaBHOM
HYJTI0) HE JOJDKHO MEHATh 4acToTy 1o 3¢ddekry Purma. HampoTus, B pamkax
OTO caBur 4acTOTHI JOIKEH COXPAHSTHCS. Tak ’k€ M B ONBITAX C POTOPAMHU I10-
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BTOPEHHUE OIIBITOB C IUIOTHOM CPEIOi MEXy N3JTydaTesieM U NOIIOTUTENEeM 1acT
TaKou ke CABUT MO IJIMHE BOJIHBI, KaK B BaKyyM€, U HyﬂeBOﬁ CABMUI I10 4aCTOTEC.

B pamkax 6amncTHuecKoi TEOPHH XOA BPEMEHH He 3aBUCUT OT IPaBUTa-
LIMOHHOTO MOTEHIHaNa U oT yckopeHus, B ortuuue or OTO. ITosTomy B ki1accu-
yeCcKoH (1)1/131/11(6 HCCOBIIAJCHUC YAaCTOT HA UCTOYHUKEC U IMOTTIOTUTECIIC, UMCHOIIUX
Ppa3HbIC YCKOPCHUA UIIU HOMeHJ,éHH]:-IX B pa3HBIC I'PaABUTAIITMOHHBIC TOTCHIIUAJIBI,
MOXeT OBITh CBsI3aHO JIN0O ¢ 3 pekrom Purna, 11060 ¢ MICTUHHBIM CJIBUTOM pe-
30HAHCHOH 4acTOThl. TeopeTHUeCcKr He MCKIIYEHO M3MEHEHHE CKOPOCTH X0/a
JyacoB (KaK JJIA MasiTHUKOBBIX 4aCOB, MMOAHATBHIX HAa 3HAYUTCIIbHYIO BI)ICOTy), 663
HU3MCEHCHUSA UCTUHHOTO X04a BPECMCHHU. B cBsi3u ¢ aTUM 3aCJIy>KUBAOT BHUMaHUs
OIIBIThI Xa(bene u KutTuara ¢ aTOMHBIMHU qacaMiu, OJTHH U3 KOTOPLIX IMOMEIAJIN
Ha PeaKTHBHBIN caMONErT, JeTsuuii co ckopoctbio V ~ 300 M/c, a npyrue — He-
MOJIBYDKHO yCTaHABJIMBAIK Ha 3emuie. [locie mpu3emiicHus caMoiéra oOHapy-
JKUJICS 3aMETHBIN yXxoa 4acoB Bnepé,u 110 OTHOHICHHIO K YacaM, OCTaBHIMMCs
Ha 3emJyie. O/IHaKO, aTOMHBIE Yachl — HE CaMble TOYHBIC, TOCKOJIBKY Ha YacTOTy
ATOMHBIX NEPEXOA0B BIHACT SJICKTPUUCCKOC U MArHUTHOE I10JIC, a TaAKKE I'paBU-
TallMOHHOE ToJie ¥ yckopeHue [328]. DTo BIMSHHUE JIETKO OLEHUTH MO METOIY
BO3MYILEHUM.

B Oymytiem OyayT mOCTpOCHBI 00JIee COBEPIIICHHBIC THITBI YaCOB, TIO3BO-
JISIFOILE TOYHO MPOBEPHUTH MMOCTOSHCTBO XO/Ia BPEMEHH, HE3aBUCHMO OT YCJIO-
Buii. Hanpumep, dacel B Bujie ObICTPO BpALIAIOIIEIOCsS MaxoBHKa (Cynepmaxo-
6uKa) Ha MarHuTHOM IOJABECE B BAKYyMC MOTYT IUIMTCJIBHOC BPEMS BpallaTbCA
0e3 rmoTepy CKOpOCTH U Oe3 BIUSIHUS Ha YaCTOTY BPALIECHUS CO CTOPOHBI IPaBH-
TAIMOHHOTO ToJis ¥ yckopeHus [329]. Yacrora BpalieHus, UCIOIb3yeMast s
oTcuéra BpeMeHH, U3MEPSIETCsl TI0 YacTOTe UMITYJIbCOB ¢ (poTomeTeKTOpa, peru-
CTPHMPYIOIIETO CBET Yepe3 OTBEPCTHE B MaXOBUKE IPU KakaoM obopote [AS4].
FpaBl/ITaI_lI/IH OTYACTH BJIMACT U HA OTOT THII YaCOB, HO 3TO BJIMAHUE JICTKO YYECTh
U UCKIIIOYUTH, MCHAA MaTcpual MaxOBUKa, BBOASA TCOPETUUCCKUC IIOIPABKH,
TOIZa KaK aTOM — 3TO YEPHBIU SIIUK, U BCE BIMSHMS HA HEIO TPYAHO YUYECTh U
paccuntarb. Hecmotpst Ha aedopmaniio MaXOBUKOB TP BpalIeHUH (OTHOCH-
TenbHas aedopmanus R maxoBuka € = pR?w%/Es~ 107, rie p u E; — mutotHOCTS 1
Moy FOHra Matepuaia MaxoBuka, § 3.3), 4acToTa uX BpalleHus OyJIeT CoBIIa-
JaThb, €CJIM MaXOBUKHU CACTIaHbl U3 OJWHAKOBLIX MaT€praioB, HAIIPUMEDP 3a CUéT
nedopmanum, 1 BpalalTcs ¢ OMHAKOBOW cKopocThio. Ho nake npu pazindaun
CKOpPOCTEH BpalleHUs] 1 MaTeprajoB CYIECTBEHHA TOJILKO CTa0MIBHOCTB, I10-
CTOAHCTBO 4aCTOThI BpallCHUA, T.C. MaJiast CKOPOCTb eé y6bIBaHI/l§I, T.K. MOXXHO
IpOoNnoOpuIrOHATIBHO COOTHECTHU YaCTOThI BpAIlICHUA IBYX MaXOBUKOB.

Takxe rpaBuTalMsi U YCKOPEHHE HE BIMSIIOT Ha YacTOTYy PaclajoB pa-
JAWOAKTUBHBIX AO€P. HOBTOMy CO3IaHUC AJCPHBIX 4YaCOB (Hpe[[ﬂO)KeHH])IX BCK
Hazan [330, c. 392]), uamepsromux BpeMs M0 YacTOTe PaciajioB, U3MEPEHHON
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JICTEKTOPOM, TIO3BOJIUT M3MEPSTh BPEMs C OTPOMHON TOYHOCTBIO, MOCKOIBKY
pu 00JIBIIOM Yncie pacna o N, BKIIam CIydailHbIX (QIyKTyanui ux gucia (mo-
psika N'2) ctpemurcs k Hymto. TouHoCTh U3MepeHust Bpemern mopsiaka N'2/N =
N2, paBHast TO4HOCTH aTOMHBIX YacoB (107'°) mocTmkuMa npu YKcie pacnaaos
N = 10%. IIpu u3MepeHnr MHTEPBAJA B YaC YKUCIO aTOMOB, PACIAJAIOIIUXCS B
CEeKyH]Ty, COCTaBUT ~10%° — 3T0 THUMUYHASI CKOPOCTH pacmasa o0pasia Iy TOHUS
Pu**® (mepuon nmomypacnana 2,6 rogaa) Becom B 50 . OCOOCHHOCTD SICPHBIX Ya-
COB — B POCTE OTHOCHTEIILHOW TOYHOCTH U3MEPEHHUS BPEMEHH MPH YBEIUICHUN
M3MEepPSEeMOro HHTEepBaa BpeMeHn 1 urcia N. B nutepaType ynoMHUHAIOT 9KCIie-
PHMEHTBI, B KOTOPBIX, Ja)Ke TPUMCHSSI B HABUTAL[MOHHBIX CITYTHUKAX MPEIM3HU-
OHHBIC aTOMHBIC U KBAPLIEBBIC YaChI (C PEKOPAHON TOYHOCTHIO X0/1a), 00HAPYKH-
BaJIM OTCYTCTBUE IPABUTALMOHHOIO CJIBUT'a CKOPOCTH X0/1a ¥ yacToThl [279, 331].

TakuM 06pa3om, BOMPOC O TOM, OOYCIIOBIICH JIH CIBHT YaCTOTHI raMMa-
M3JIyYCHHS U 4aCTOThI aTOMHBIX YacoB addektom Puria niun addexramu OTO
0cTaéTCs OTKPBITBIM U TPEOyeT JOMOTHUTENbHON SKCIIEPUMEHTAIBHON MpeLy-
3MOHHOM MPOBEPKH MO MPETIOKCHHBIM B maparpade MeToankam.

§ 4.2. OnbimbI ¢ d8WKyW,UMUCSI Me30HaMU U siopamu

B naboparopHbIx onbitax 3QdeKT nepensnyueHns: HeOABHKHBIMHU 3EM-
HBIMU CpelaMHi HUBEJIUPYET OTINYUS CKOPOCTU CBETA OT CTaHJApTHOIO 3Haue-
Hus. [ToaTomMy npennokeHo U3MepsITh CKOPOCTh FraMMa-Tydel OT ABMXKYIIUXCS C
OKOJIOCBETOBBIMH CKOPOCTSIMU sJIEp U 27I€eMeHTapHbIX yacTull. [Ipeanonaranocs,
YTO raMMa-JIyuyd MPAaKTUYEeCKH He MEePeu3IydaroTcsl cpeJaMHu, T.K. 2JIEKTPOHBI
Cpeibl TeM ci1abee OTKIIMKAOTCS Ha U3IYYCHHUE, YeM BbIlIe ero yacrora (§ 1.1).
CoOTBETCTBEHHO, TEM MEHbIIIE MI0Ka3aTeb MPEIOMIEHHUS N U TEM MEHee UHTEH-
CHBHO PaCCEsIHHOE 3JIEKTPOHAMH U3JIyYeHHUE, MEHSIOIIEe CKOPOCTh CBeTa C' pu
nepensnydeHuu. [loaTomy gaxke y IIOTHBIX Cpell MOKa3aTesb IPEIOMICHUS s
PEHTTEHOBCKUX U raMMa-JIydel MOUTH He OTIIMYAETCsI OT €AUHUIIBL.

Jlx. @oKc cuuTan MMEHHO TaKOW TECT OJHO3HAYHBIM KPHUTEPHUEM IIpO-
BEpKH OayumcTUuecKkoi Teopuu. B padore [25] oH npuBEN B KauecTBe NprUMepa
onbIT AnbBarepa [332] ¢ raMMa-u3nydyeHUEM MPOTOHOB, JETSAIIUX CO CKOPO-
CTBIO OJIM3KOH K C, KaK YO€INUTEIbHOE CBUJIETEIBCTBO B MOJIb3Y HE3aBUCHMOCTH
CKOPOCTH CBETa OT CKOPOCTH UCTOYHHKA. B ombiTe Ha 6a3e B 31 M u3Mepsiiach
CKOPOCTh I'aMMa-JIyueil OT paclaaiolliXCsl Ha JIETy M°-ME30HOB OT MHILCHH,
O6omOaprupyemoil mpoToHamu. Vi3mepeHHasi CKOpPOCTh TaMMa-JIy4deil coBnajasa
¢ TabmU4HBIM 3HaYcHHEM C B mipeaenax 0,01 %.

CraBuiicsl TaKXkKe OIBIT C TaMMa-U3Iy4YeHUEM OT JABIKYIIUXCS C PeNiTu-
BUCTCKUMH CKOPOCTSAMU SiI€P, KOTOPBIHA HE BBISIBUI OTJIMYUN CKOPOCTH H3JTyue-
HUS OT cKopocTu cBeTa [82, 145]. dokc u Ouiummnac CTaBUJId OMBIT M0 U3Me-
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PEHHIO CKOPOCTH U3IYYCHUS OT JBUKYIIUXCS C PEISTUBUCTCKUMH CKOPOCTIMHU
n°-Me30H0B [333], ToKe MOKa3aBUIMI COBIAJECHHE CKOPOCTH MU3JIyYEHHs OT pe-
JISTABUCTCKUX T°-ME30HOB B HAMpPABICHUM BIOJbL M MPOTHUB ABMXKEHMs [145].
JIx. ®okc paccMarpuBall 3TOT SKCIIEPUMEHT B Ka4€CTBE PEIIAIOIIEro, OPOBEp-
raroInero OaUTMCTUYCCKYIO Teoputo [25].

Opnaxo, kak otmeuan cam ®oxkce [25, 333, 334] u KanTop [30], 5TOT BBHI-
BOJl HE BIIOJIHE 00OCHOBAH, IMOCKOJIbKY HE M3BECTHBI TOYHO MEXaHHM3MBI pacraia
Y U3TIYYCHUS, O KOTOPBIX CY/ISIT Ha OCHOBE KOCBCHHBIX JaHHBIX, TAK JK€ KaK O CKO-
POCTH M3IY4alOlIMX YacTHIl, KOTOpas He U3MepeHa HalpsMylo, a pacCiuTaHa B
paMKax HEKOTOPBIX JOIOJHUTEIBHBIX THIIOTE3 U PEIATUBUCTCKON KHHEMATHKU.

ABTOpPBI 3KCIICPUMEHTA OTMEUAJIH, YTO U3IYYCHUE IO MOCTYIUICHUS B
JICTEKTOPBI MPOXOJNT YePEe3 HEMOABUKHBIC CPEbI, T.C. MOKET MCPEU3ITydaThCs
HMHU U PaCIPOCTPAHATHCS JJAJIee CO CKOPOCTHIO C, yTPaTUB H30BITOK CKOPOCTH V.
B pabote [332] orieHeHa [jIMHA IepeU3TyvYeHus B atmocdepe (5 KM, YTO MHOTO
GosbInie MPONETHON JUCTAaHIMHU B 60 M, OTYEro nepeusiydeHueM npenedpera-
nu). Ho HET OICHOK JJTUHBI TePEH3TyUCHHsI B ONTHYCCKU OoJiee MIOTHOM Oe-
PHUTHEBOI MUILICHA ¥ MUJIAPOBOM OKHE, i€ JuinHa SKCTUHKImH | = A/27(n — 1)
B THICSIYU pa3 Kopoue. T.e. mepersnydeHre B OMBbITE BO3MOXKHO, U C €ro y4EToM
OIBIT HE MOXKET CBUICTEIILCTBOBATH MPOTHB OaJutrcTHUecKor Teopun [333].

JleicTBUTENIFHO, BO BCEX MEPEUYHCICHHBIX OMBITaX BBHI3BIBACT COMHECHUC
TUIIOTE3a, [0 KOTOPOU Cpejla MUIIICHU U JICTCKTOPOB HE MEHSET CKOPOCTh PEHT-
TCHOBCKUX M raMMa-Jyuel W3-3a WX CJIa00TO PACCEsIHUS AJIEKTPOHAMH CPEIIbI
[25], BBHIY Masioi 3¢ GEKTUBHOCTH paccesHUsI raMMa-Jryuel (IponopuuoHaib-
HOW A) M OTJINYHS YaCTOThI PEHTTCHOBCKUX U raMMa-JIyueii OT Pe30HAHCHBIX Ya-
CTOT PaCCCHBAOIIMX CBET BHEIIHUX JICKTPOHOB B aToMax. [103TOMy mmoka3areb
MPEIOMIICHUS N JUTA TaKUX M3IYYCHHU CYMTAIOT OJIM3KUM K CIMHUIIE, a UIUHY
skctuHkimu | = A/2n(n — 1) — cTosb GOBIIOH, YTO Mepeu3IydeHrueM npeHedpe-
ratot. Ho, xax ormetni Y. Kantop [30], Het npsimbix orienok N u |. Kpome Toro,
W3JIyYeHHE PACCEHBAIOT HE TOJIBKO CBOOOJHBIC W BHEIIHHE HJIEKTPOHBI aTOMOB,
HO U AJICKTPOHBI BHYTPECHHHUX 000JIOUECK, a TAKXKE SIIPa, Y KOTOPBIX PE30HAHCHBIC
YaCTOTHI JIGKAT B PSHTICHOBCKOM M FaMMa-/Ihara30HaxX U KOTOpbie 3PPEKTUBHO
B3aHMOJICHCTBYIOT ¢ M3JTyueHHEM, obecnieunBast 7 £ | u masbie |, 3a cuér manoit
JUTMHBI BOJIHBI A PEHTICHOBCKHX ¥ TaMMa-ny4eil. Torna nepen3nydeHue BO3MOXK-
HO U Ha JyuHax | MeHee mMuiMMeTpa — JJisl raMMa-Tydeil B 3eMHBIX Cpejiax,
U MEHEE aCTPOHOMHYCCKON CIUHMIBI — JIJISI PCHTTCHOBCKUX U TaMMa-Iydci B
MEX3BE3NHOM cpenie. T.e. OmBITHI, IJIe JIy4H LIUTH CKBO3b MUIlIeHH [25, 145, 333]
win Mex3BE3nHY0 cpeny (em. § 2.1 [31]), He mpotuBopeyar Teopuu Puria. Co-
[JIACHO TIOCJICTHUM M3MEPCHUSM, Il PCHTTCHOBCKUX U ramma-iydeii ko3hdu-
nueHT npenomieHus N # 1. Ecin 0603HaunTth N = 1 + §, TO ISl pEHTTCHOBCKUX
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nyueit 8] = 107-107. Tak, s peHTIeHOBCKUX Jyueii ¢ sHepruei 30 kaB (A =
4-10"" m) B Boze 6 =-2,6:107 [209], a nuist ramma-iyueii € aHeprueii 1,2 9B (A=
102 m) B cummxone 6 = 1,5-107° [335]. Orcrona aiuna

] A 8
2nn—1 27|
JUISl PEHTIeHOBCKUX Jiydel coctaBut | = 0,05 MM, a anst ramma-nyueii | = 0,1

MM, YTO COMOCTABUMO C JUIMHOM TiepensiyueHus ontuueckux syqeit | ~ 0,001
MM. [ToaToMy, TpoXosist CKBO3b IETEKTOPHI M ITACTHHKH, TOIIIMHONW B HECKOJIBKO
MHJUTAMETPOB, PEHTTEHOBCKHE W TaAMMa-JIyIH TIEPEN3ITydatoTCsl, Tepsisi H30BITOK
ckopoctH. Taknm 00pa3oM, B TOJJOOHBIX OTIBITAX HEIb35I TOBOPHUTH O TMPSIMO IPO-
BepKe OayuTMCTHUeCcKoil Teopuu. Tak 1 B MEK3BE3THOM Tra3e JUTHHBI ITeper3ITyde-
HUSA |y 71 |, U151 peHTTeHOBCKIX M raMMa-ITyqeif CpPaBHIMBI C JUTHHOI SKCTHHKIIUH
| nnst ontrueckoro m3ydeHus. T.e. aprymentsl bpauepa [31, 32] nporus 6an-
JIMCTUYECKON TEOPUH, OCHOBAaHHbIC HAa aHAJIN3E IBOWHBIX PEHTTCHOBCKUX ITyJIb-
CapoB 1 UCTOYHUKOB TaMMa-BeIlbIIek (§ 2.1), He NMEIOT T0Ka3aTeIbHON CHIIBI.

Haxower, kak ormetin Dokc [25], npeuioxkeHHas UM OLCHKA JUTHHBI |
SKCTUHKIMH (TIOTAIICHUSI NIEPBUYHON BOJHBI) CHpPaBEUIUBA JIUIIb JJISI CKOPO-
cTeit ncroynnka V << C 1 HeNPUMEHNMA K H3JTyYSHUIO PEISITUBICTCKUX YaCTHII.
OueHuTb | MOXKHO SMITUpHYECKH, BapbUPYSI TONIIMHY MHIICHH (HAIPUMED, €CITN
Ta COCTABJICHA U3 JIBYX CABHTAEMbBIX KIMHBLEB) U OI[CHMBAs BapUAIU CKOPOCTH
CcBeTa.

B kauectBe mpoBepku Oammuctudeckoil Teopun m CTO MOXHO Takke
paccMOTPETh OMBITHI O U3MEPEHNIO BpeMeHH >ku3HH THOHOB. [To CTO Bpems
KHM3HN TOJIBMDKHBIX YAaCTHIl PACTATHBACTCS MPONOPIHMOHAIBHO Y-(akTopy, a B
Teopun PuTna Bpemst )KN3HU 9aCTHUI] HE 3aBUCHUT OT CKOPOCTH. 13 ombITOB cieny-
eT, uTo BpeMs t = L/V monéra gacturpl, naxe mpu ckopoctu V = C (TIpenenbHOM
mo CTO), 3aMeTHO BBIIIE TAOMUYHOTO BPEMEHH KHU3HU T, I TEM 3aMETHEH, YeM
BbIIIIE SHEprust yacTuibl. [lonaramm, gro 510 onTBepskaaet BoBox CTO 06 n3-
MEHEHHH MaciTada BpEMEHH TPH JBMKECHHUH, Oy/ITO AJIsl TIO/IBMKHON YaCTHIIBI
BpeMs Teu€T Me/UICHHEH, U OHa YCIeBaeT IMPONUTH A0 MOMEHTA pacrazia 0oib-
mmwid myTh L. Ho, kak mokazan B 1959 r. I1. Pamee [336] m B 1983 . A.A. [lenncos
[337], aTo BepHO mums mipu V < €. B xiraccudeckoit (pu3nke Takoro OrpaHnIeHHUS
Het, u t = L/V He nu3MeHuTcs, ecam nporopurnoHansHo L Beipacraer V gacTuisl,
BIUTOTBH JIO CBEPXCBETOBBIX CKopocTeil V > . OueBuHO, Oosiee OBICTpBIC YacTH-
161 TIPOXO/IAT 32 BPEMsI pacmajia MporopIHOHATIBHO OOJIBIINH My Th.

B wactHOCTH, «3aMeATIeHUE BPEMEHH )KU3HI» HAOIIOAIN Y MIO-ME30HOB
(mroono6) [338]. B CTO Bpemst sxu3HH MIOOHOB t' = L/v pacCUUTHIBAIOT 11O MIM-
mynecy p = €BR (u3mepenHomy 1o paamycy R TpaekTopuu B MarHUTHOM MOJIE
B), cBsi3aHHOMY CO CKOPOCTBIO U PEISITUBHCTCKON (hOpMyIoi
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muv
p =

{ i
v1-v/e”
r7e M — Macca MIOOHa. B GayuincTnieckoit Teopuu ero CKopocTh HaiETest Kiac-
cuuecku V = p/m, mim

V1-v?/c? “3)

Ecmu B opmyne t = L/V ckopocth V 3aMeHNTD Ha €€ BhIpa)KEHHE Yepe3 U, Toraa
TIOJTY9UM

L .. I
—=t=——
v V1-v?/c?
1.e. popmyiny CTO mst mpeoOpa3oBaHUs BPEMEHH:
!
t'=————=ify.
-

T.e. no 6annmucruueckoi reopun npoder yactuu L = ¢’V = tyc pactér He oT pocra
BpeMeHH kHu3HH t' = ty mpu orpaHnyeHHoM ckopocTH V = ¢, a OT poCcTa CKOPOCTH
BIUIOTH 10 V = yC NpHU YIbTPApEISITUBUCTCKUX CKOPOCTSX U (PUKCHPOBAHHOM
BpeMeHu xu3Hu t' = t. Mtak, BEIOOp MeXIy OaNIMCTHUECKOW Teopuei u Teo-
puell OTHOCUTEIBHOCTH MOXKHO CJIeNIaTh IyTEM NMPSIMBIX 3aMEpOB CKopocTH V
ME30HOB.

CripaBe/UIMBOCTh PEISITUBUCTCKOW KMHEMAaTHKH O0O0OCHOBBIBAIOT JKCIIE-
pUMEHTaMH Ha KoJUTaiifiepax Mo CTOJIKHOBEHHIO 3apsKEHHBIX YacTHIl. Tak, mpu
paccesiHuU 3NIEKTPOHA Ha AIEKTPOHE, WM MIPOTOHA Ha MPOTOHE, YaCTHIIbI pasiie-
TaloTCs oA yrnoM MeHbIIMM 90° [339], Bonpeku KilacCuYecKoil KWHeMaTHKe, HO
B cornacuu ¢ kuHemaTtukoir CTO. Ho Taxoii se pe3ynbTar noixy4aeTcsl U B pam-
KaxX KJIACCMYECKON KMHEMAaTHKH, €CIM y4eCTh IMOTepI0 UMITYJIbCa U SHEPTHH Ya-
CTHII Ha M3JIy4eHHUE B XO/I¢ UX CTOJIKHOBCHMH, KOT/Ia T€ IBUXKYTCS C THTAHTCKH-
MH YCKOPEHUSIMH, KOTOPBIM COIMYTCTBYET MHTEHCHBHOE TOPMO3HOE HM3ITyuCHHE
[A38]. IIpu ob6cuére sxcniepuMeHTaIbHbIX NaHHbIX T0 CTO 3TH paguanoHHbIe
NONpPaBKU HEe OOHAPY)KEHBI, YTO CBHUETEIBCTBYET O HETOYHOCTH PENISITHBUCT-
ckux Gopmyi. JIuib B OTIeNbHBIX paboTax 3TH nonpasku yureHs! [339]. Urak,
HCCIIEIOBATh MPOLECCHl CTOIKHOBEHHUH B UHCTOM BHJIE, B OTCYTCTBHE pajHali-
OHHBIX 3()(HEKTOB, MOXKHO JIMIIb Y HEHTPaJIbHBIX YaCTHII, HATPUMED, IPU UCCIIe-
JIOBaHUM CTOJIKHOBCHHUI HEUTPOHOB, H3JTy4acMbIX OJIOKaMH SJACPHOTO peakTopa.

Kak nmpaBuio, ckOpocTh PEISITUBUCTCKUX YAaCTHUI] HE M3MEPSIOT Hamps-
MYIO 1O pPa3HHUIIE MOMEHTOB PETUCTpAIMM W3IY4YCHUS ABYMs pa3HECEHHBIMU
JETEKTOpaMH, HO CPAaBHHBAIOT CKOPOCTH MO Pa3HUIIC MOMEHTOB PETUCTpPAIUH
Pa3HBIX THUIIOB YACTHIl U UX M3My4eHMs JeTekropamu. [Ipu 3TOM HHUUYTOXKHYIO
Pa3HUILy CKOPOCTEH YacCTHIl U MX M3ITyUCHHUsS MHTEPIPETUPYIOT KaK pPaBEHCTBO
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HX CKOpocTell — ckopocTH cBeTa C. OgHako, kak nokaxeM paaiee (§ 4.4), ecnu
CKOPOCTb CBETA OT JBIDKYIIUXCS YaCTUI HE OTPaHUUYEHA, COIVIACHO Teopuu Put-
11a, TOrAA T€ K€ JAaHHBbIE COOTBETCTBYIOT CBEPXCBETOBBIM CKOPOCTSIM. AHaio-
TMYHO, NPU CPAaBHEHUHM CKOPOCTH PA3HBIX THUIOB YACTHIL, HE3HAUYMTEIHLHOE UX
paznmuue emé He o3Hadaer V = C. bonee Toro, B AKCIIEpUMEHTaxX TaKOro THIA
HEOJHOKPATHO PErUCTPUPOBAIM CBEPXCBETOBBIE YACTHUIIbI, HA3bIBAEMBIE MaAXLLO-
Hamu (C TOUKH 3peHHsI KIIACCUUECKOH (PU3MKU OHM MPUHIMIHAIBHO HE OTIHYa-
IOTCSI OT JOCBETOBBIX YaCTHI[). B 4aCTHOCTH OITBIT Ha yCKOpHUTEJe B J1aboparo-
pun Fermilab [340] mokasaii, 4To CKOPOCTh HEUTPHUHO OT pacmaga K-Me30HOB ¢
snepruei 75 I9B mpumepno Ha 0,1 % (10°*) mpeBoCXOmUT CKOPOCTh MEOOHOB,
00pa3yIoIINXCs B TOM )K€ pacriajie
Kf— pr+v,.

IIpu sTOoM HanéxkHO (C ITOCTOBEPHOCTHIO 99 %) pEerucTpupoBalioCh Orepe-
JKEHHE PErHCTpalliid HEHTPUHO MO CPABHEHUIO C PErucTpanueil MIOOHOB Ha
At=0,37 £ 0,24 He, yto Ha ponéTHOM 0a3e L = 720 M COOTBETCTBOBAIIO OTHOCH-
TeNbHOU pasHuie ckopocteit ~1073. TIockoNbKy faxe B paMKax pelsTHBUCTCKHUX
OLIEHOK CKOPOCTh MIOOHOB OT/IMYasach ot C yiuib Ha ~107° [316], oueBuaHO yixe
B 1976 1. ObLIH 3apEerHCTPUPOBAHBI HEHTPHHO CO CKOPOCTHIO BhIe C Ha ~(107 —
10-%)c ~ 300 km/c — pe3ynbTaT HeOAHOKPATHO moATBep kK AEHHBIN 1 B X XI Beke B
Tol ke nadoparopuu [341]. Takxke OH cOracyeTcs ¢ pe3yIbTaTOM YKCIIEPHMEH-
ta xoyutaboparmu «OPERA» [341] (Bpouem, HHTEPIIPETHPYEMOTO TETEPh KaK
omnOouHbIi). Ecin jke MCXOANTh N3 KIACCHYECKHX OLEHOK CKOPOCTH YacTHI]
T10 BEJIMYMHE UX UMITYJIbCA, TPEBBILIEHUE Oy/IeT ené 3aMeTHe, 4TO JIErKo Ipo-
BEPUTH NPSMBIMH U3MepeHus MU V.

[IpsiMble 3amepbl CKOPOCTH PENSITUBUCTCKUX M YIBTPAPEISITUBUCTCKUX
yacTull (10 pa3HUIIE MOMEHTOB PETrMCTPALMH JIETEKTOPaMH, YyCTAHOBJICHHBI-
MH B Hayaje ¥ B KOHLE MPOJETHOW 0a3bl) MPaKTHYECKH HUKOTIA HE NMPOBOJH-
nuchk. HecMoTpsl Ha MMPOKOE PACHPOCTPAaHEHHE MPSAMBIX HU3MEPEHHH CKOpO-
cTi MOoHOB BpeMAnponérHeiM MeTooM (Time-of-Flight — TOF-ngerexTopamu,
Hanpumep B ycraHoBke ALICE na yckoputrene LHC [342]), ux mpoBomst
IIPU CKOPOCTSX Jaj€KMX OT CBETOBOTrO Oapbepa — IUIsi MOHOB C dHeprueit < 1
B Ha HykioH. /st HUX, gaxe B paMKax KJIaCCHYECKOW (DU3UKU CKOPOCTh
V < C. A ans KiaccuuecKux ckopocteil V > C pesiTUBHCTCKUX M YIBTPapes-
THUBHCTCKMX 4YacTuI] NpsAMbIX 3amepoB TOF-kamepamn OOBIYHO HE TPOU3BO-
JT. B Tex penkux ciydasx, Korna NpsiMble 3aMepbl CKOPOCTH OCYILECTBIIS-
10T JUISl YJIBTPAPESITUBUCTCKUX YACTHL, HAIPUMEP M3 KOCMHYECKHX JIydew,
BCEIJa PEruCTPUPYIOT CBEPXCBETOBBIE CKOPOCTH, T.K. Bpems mpoiaéra At or-
JCNBHBIX YaCTHIl OKa3biBaeTCs MeHbie yeM L/C [343, 344]. Dror nmedurur
BpeMeHH At Hellb3sl criMcarh Ha OMIMOKM M3MEPEHMH, IMOCKOJIBbKY paclpesese-

HUe 4yacTHll no napamerpy (At — L/C) 3ameTHO omimuaercs ot 3akoHa [aycca.
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B kauectBe mpumepa npuBeném jase padotsl [193, 345] mo npsmomy
HM3MEPEHUI0 CKOPOCTH 4acTHul] B yckopurtenax. B mepoit [193] mpencrasieHs
pe3yabrarhl OmbITa bepToriy no npsMomMy M3MEPEHHIO0 CKOPOCTH 3JIEKTPOHOB,
(axTHyeckn MOATBEP/MBIINE, BONPEKH BBIBOAAM camoro beprorum, cBepx-
CBETOBYIO CKOPOCTBH AJIEKTPOHOB. IIpuM M3MEpeHHH CKOPOCTH JJIEKTPOHOB Ha
MposnETHOM uinHE §,4 M BHYTPU JIMHEHHOTO YCKOPUTEJNS, U3MEpsIIach CPEeAHAA
CKOPOCTbh 3JICKTPOHOB (IIPUOOPETABIINX HA BBIXOJC U3 YCKOPUTEIIS SHEPIuto 15
MbB), kotopast cocraBuiia o nuzmepenusim V = c. Ho, ecin yuects, 4To Ha BXozie
CKOPOCTB 3JIEKTPOHOB MpH 3ToM Obu1a V; << C, IIOCKOJIbKY HE BKIIFOYAJICSI YCKO-
pHUTEIb NPSIMOTo JeiicTBUs (eenepamop Ban-Oe-I paagha), Torna CKOPOCTh IICK-
TpoHOB Ha Bbixone V, > ¢, T.k. V, >V > V. [Ipuuém npesbienue V, vag V = ¢
MOIVIO OBITh CKOJIb YTOJTHO OOJIBIIMM, TIOCKOJIBLKY BHYTPH JIMHEHHOTO yCKOpUTE-
JISl M3-32 MaJIOM Ha4yajbHOW CKOPOCTH JUISl SJIEKTPOHOB Ha HAYaJIbHOM y4acTKe
Iy TH HE BBINOJIHSIOCH YCIIOBHE CHHXPOHHM3MA: HE 11011a/1asi B yCKOPSIIOLIYIO a3y
T10JIs1, DJIEKTPOHBI MOV d((PEKTUBHO YCKOPSTHCS TOJIBKO Ha KOHEUHBIX Y4acT-
Kax IyTH, OCIIe MprodpeTeHus ckopoctu V ~ C. Eciin Ha OCHOBHOI 4acTu myTH
V < ¢, Torna auist obecrieueHus cpeHel ckopoctu V = C, Ha KOPOTKOM KOHEYHOM
OTpE3Ke IMyTH CKOPOCTh IOJDKHA ObLiIa COCTaBUTH V, >> C.

B npyrom skcnepumente [345] mo n3MepeHHIO CKOPOCTH PEISTHBHUCT-
CKHUX YaCTHl] IO CUrHajlaM JETEKTOPOB, YCTAHOBJCHHLIX B Ha4YajJlC U B KOHIIC
AUCTAaHINH, TOXKE MOJTYyHUalOoCh V ~ C, l'[pI/I'-IéM NOATBEpANIACH PEIATUBUCTCKAA
3aBUCHMOCTB OT ramma-¢akropa. Hemouér takoro namepeHusi coctost B OJu-
30CTH BpeMEHM MNponéra JUCTaHIUHM cBeToM (90 HC) K mepuony, ¢ KOTOPhIM
CTYCTKH 4acTHLl OoMOapAnpoBaiy MHIIEHb. T.e. BO3ZHHKaIa HEOJHO3HAYHOCTH!
B 3aBHCHUMOCTH OT TOTO, KaKHM€ MMIIYJIbChI B ITOCJIEOBATEIILHOCTH C JIETEKTOpa
COMNOCTABISUTUCH APYT JAPYTY, TOJy4YaliCh pa3Hble 3HAYCHUS! CKOPOCTH, pa3Hs-
mpecs: B pasbl. M30exarh HEOHO3ZHAYHOCTH MOYKHO, COIIOCTaBHUB MMITYJIBCHI C
HECKOJIbKHUX ACTCKTOPOB, WKW NEpeMeIlas ACTCKTOPbI U UCCICAYSd U3MCHCHUA
3aras/ibiIBaHus UMITYJIbLCOB.

J1J1st TOYHOTO M3MEpPEeHHsI CKOPOCTH YaCTHIl OBICTPOJCHCTBHE U pa3pelie-
HHE TI0 BPEMEHHU Y JICTEKTOPOB YACTHII JODKHO cOocTaBiaTh ~107 ¢, mOCKONbKyY
XapakTepHOEe BpeMs Mpojéra JTabopaTopHbIX aucTaHmuid L ~ 1 M Ha ckopocTH
cBeta C cocraBuT mopsiaka L/c ~ 3-107 ¢. Takoii paspermiaroreii criocoGHOCTHIO
00J1a/1at0T CHMHTHIISILIMOHHBIE U MTOJTYIPOBOHUKOBBIE I€TEKTOPHI yacTuly [347,
c. 189]. Emé touHee neTekTopbl HE CaMUX YACTHII, & CO3/1aBA€MOT0 MU TOJIS
(xax B ombiTe bepronuu [193]), Hanpumep, B MHAYKIMOHHBIX JaT4lKax, B 4e-
PEHKOBCKUX JIETEKTOpaX, B ONTOBOJIOKOHHBIX JIaTYMKAX DJIEKTPUUECKOTO OIS
[363, 364]. Ilockonbky ObicTpoxpetictBie MIIM-(hoTOAETEKTOPOB NOCTUTACT
T~ 10" ¢ (cm. § 3.3), Torna npu Bpemenu poséra At ~ 10 ¢ ckopoCTh YacTHil
u3MepsieTcsi ¢ TO4HOCThIO T/At ~ 107, TIpu aTOM Bpemsi poséTa Ciaeayer usme-
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PATB TIPH TIOJIa4e CUT'HAJIOB C JICTEKTOPOB JIN00 Ha BXOA ocuuiuiorpada, 1udo Ha
CXEMY 3ara3/bIBAOIINX COBIAICHUH.

OTMmeTuM, 4TO CBEPXCBETOBasl CKOPOCTb AIEKTPOHOB ¢ dHeprueit 500
MbB (y = 1000) 1 uX 2J1E€KTPOMAarHUTHOTO TIOJISI 3apETMCTPUPOBaHa TAaKKe B
cpaBHHTENBHO HOBBIX (2012 1 2014 rr) skcniepumentax Jle Canrpo, coTpyHu-
KaMH pUMCKOTO MHCTHTYTa siiepHOl (u3uku [22]. T.e. cBepXCBETOBBIE CKOPOCTH
YaCTUI] B YCKOPUTENISIX HEOAHOKPATHO PETUCTPUPOBAIIUCH, U AJISl OTHO3HAUHOU
MIPOBEPKH OAJUTMCTHYECKOW TEOPHH MMEET CMBICI IIOBTOPHUTH MPSMBbIC U3MeEpe-
HUSI CKOPOCTH PEJIITUBUCTCKHUX YaCTHII, OCOOCHHO B DKCIIEPUMEHTAX, I7Ie U3Me-
PpSETCsl CKOPOCTh UCITYIIEHHOTO UMH U3ITyYCHHUS.

Takum 006pa3oM, ONBITHI M0 U3MEPEHHUIO CKOPOCTH YacTHIl U UX HM3JIyde-
Hust (§ 4.8) MOYKHO MPUMEHSTH JUIS TPSIMOM ITPOBEPKH OAJUTUCTHYECKON TEOPHH,
HO JIMIIb IPU YCIOBUM MPSIMOI0 U3MEPEHHs BEIIMUYHMHBI U HAIPaBJIEHUs] CKOPO-
CTH U3JIyHYaIOIUX YaCTHIL, a TAKIKE IPU YCIIOBUH IIOCTAHOBKHU OIBITOB B BAKyyMe
WITH TIPH TIPSIMOM OIICHKE TTOKA3aTelIs MPEIOMIICHUS ¥ ITTHHBI MIepen3TydeHus |.

§ 4.3. Ckopocmb aHHU2UJISIUUOHHO20 U3JTyYeHus1

B xauecTBe HCTOYHUKOB U3ITyU€HHUS], IBUKYIIUXCS C OKOJIOCBETOBBIMU CKO-
POCTSIMU, B OKCIIEPUMEHTAX IPUMEHSITN TAaKXKe aHHUTUIIMPYIOIIHE Taphl YaCTHIIA-
AQHTUYACTHUIIA. 3aMepPbl CKOPOCTH aHHUTHIISIIIMOHHOTO U3ITyYeHHs], COTNIACHO Oai-
JIMCTUYECKOW TEOPUH, JOJKHBI OBUIM BBISIBUTH 3aMETHBIC BapHallMU CKOPOCTH
W3JIyYeHHMs], B 3aBUCUMOCTH OT HAIPaBJICHNUS JIyda 3peHUs K CKOPOCTH V YacTHil.

B ombite, nmocrasnennom /. Cane (Puc. 4.2), cpaBHMBaNIM CKOpPOCTH
ramMMa-KBaHTOB, BO3HUKIINX B aKT€ aHHUTHIISAIMY HIICKTPOHA U MO3UTpoHa [33].
[Ipennonarany, 4TO aHHUTWIMPYIOIIAs Tapa YACTUL] COXPAHSIET 3aMETHYIO 4acTb
sHepruu u ckopoctu nozutpona (Vo =~ 0,89C), BbIeTast B TOM )K€ HaIllpaBICHUN
co ckopoctbio V = 0,6C. [lapel ¢ Takoil CKOPOCTBIO BBLICISUIM JIETEKTOPAMHU
raMMa-KBaHTOB, PACHOJIOKEHHBIMU IOJ] 3a/JlaHHBIMH yIJIaMH K JIMHUU MOJETA
MO3UTPOHA U PABHOYAANEHHBIMU OT MUIlIeHH. OHU BBIIBUIM CUHXPOHHBIN NpU-
X0J] raMMa-kBaHTOB. Ho, comtacHO 0ayuTMCTHYECKOH TeopWH, raMMma-KBaHTBI,
BBUICTABIINE U3 MOJABI)KHBIX YACTHUIl MO Pa3HBIMU yIJaMHM, MOIY4YHB Pa3HBIE
CKOPOCTH, HE MOITIM PEerUCTPUPOBATHCS CUHXPOHHO. B HampaBieHnu ckopocTu
TIO3UTPOHOB V, CKOPOCTh TaMMa-JIydeil Bozpocia Okl 710 €, = ¢ + Vcosa, a B 00-
paTHOM — CHHU3MIACH OBI 10 C, = ¢ — Vcosp.

OpnHnako, kak ormeTa Jlo CaBuo [28], COMHUTENBFHO, YTO CKOPOCTH V
AHHUTHJIMPYIOIUX nap gocruraia 0,6C, T.K. MO3UTPOH B XOJE CTOJIKHOBEHHH ¢
AJIEKTPOHAMH MHUIIEHU MEHSET HANPaBICHUE IBMXKEHUS U TepseT HadalbHYIO
CKOPOCTh (mepmanuzyemcsi) 3a01ro 10 anHuruisinmu [28, 346]. Ha rumorese o
MaJioii ckopocTH V << C aHHUTHJIMPYIOIIUX ITap OCHOBaHa TEXHHUKA TO3UTPOHHO-
smuccronHoit Tomorpaduu (I19T), rae perncTpupyroT raMma-KBaHTHl,
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Puc. 4.2. Cxema sxcniepumenta Caze.

paszJeTaroImecst OT aHHUTHIIMPYIONUX YacTuIl o yritoMm 180°, XoTs mo3utpo-
HBI BBUIETAIOT U3 SIJIEP C PeISITUBUCTCKUMHU cKopocTsimu. T.e. B onbite Cazie He-
W3BECTHBI HU MOJIYJIM CKOPOCTH aHHHUTI'MJIHMPYIOIIUX Map, HU UX HaIrpaBJICHHS,
Jlake TIPY M3BECTHBIX yIax pas3néra ramma-kBaHToB. Kak mokasan Jlo Caswuo,
IIPU U3MEPEHHON 3HEPrud raMMa-KBaHTOB, CKOPOCTh V' aHHHUIHJIMPYHOIIUX
rap HarpasJeHa MOYTH CTPOTO BJOJIb OMCCEKTPUCHI yIIa MEXKAY JIETEKTOpaMu
(155°). B Takom cnydae W OayuTMCTHYECKasl TEOPHS MpeCKa3biBajga CHHXPOH-
HYI0 PErHCTpalUI0 TaMMa-Jy4deld, OIMHAKOBO YBEJIMYHMBLIMX CBOI CKOPOCTh
¢' = c + Vecos(155°/2 — o) [28]. U3meputh C' MOKHO, Pa3MECTUB ICTEKTOPBI
Ha pa3HoOM yjajleHuu. B ciyuae, eciiu nmapbl COXpaHsUIM UCXOHOE HAIlpaBIeHHE
ckopoctH Vo, raMMa-KBaHThI He MOIJIM Obl BO3HMKATh B OJIHOM aKT€ aHHUTMJIS-
1IUY, €CTIU CYIUTH 10 WX dHEepruu, Kak mokasan A.I. bapanos [29, c. 284]. Ilpu
POXKACHHH B pPa3HOE BPEMsi, B PA3HBIX aKTaX aHHUTUIISIIIMY FAMMa-KBaHTbI MOTYT
PErHCTPUPOBATHCS CAHXPOHHO U IIPH HEPABHBIX CKOPOCTSX 0] POU3BOJIbHBI-
MU yTiiamu [29].

B ombiTax Taike He Y4 Hepen3ydeHHe cpe/loi, KOTOpoe, KaK mokasa-
HO (§ 4.2), MOXeT OBITH CTOJIb )K€ 3HAYNMO, Kak B onTHke. 3 omerku | = A/27[d)|
JUIsl raMMa-jiydeii ¢ sHeprueii ~0,5 MaB jnna nepeusinyuenus | ~ 0,01 MM, T.e.
MEHBIIIE TOJIIUHBI MUIICHU. TakuM 00pa3oM, B MHIIEHH MPOUCXOAUT HEepens3-
JIydeHHe raMMa-JIydeH, a gajee Jy4u JBIKYTCS BO BCEX HAIPABICHHUSIX CO CTaH-
JIAPTHON CKOPOCTBIO C, JOCTHrasl JIETEKTOPOB CUHXPOHHO. T.€. OMBITHI 10 HPO-
Bepke 0aJUIMCTUYECKON TEOPUH C MCII0JIb30BAHHEM aHHUTHIISILIMOHHOTO H3ITyde-
HUSL CJIEAYET IPOBOIUTL B BaKyyMe, IpUMeHsist ToHkue Muinern | ~ 0,001-0,01
MM. DTO MO3BOJIUT MCKIIOYHUTH MIEPEU3ITyUCHUE U TEPMATIH3ALUI0 TO3UTPOHOB.
A JIeTeKTOpBI ClielyeT pa3MellaTh Ha Pa3HbIX JUCTAHIMAX OT MHUILICHN WM Ha-
CTPOUTH HAa PETUCTPALINIO TAMMAa-KBAaHTOB COOTBETCTBYIOIIMX dHEPTUid [29], mist
OJTy4eHHsI OJIHO3HAYHBIX BBIBOJIOB.

OTMeTHM, 4TO B KJIACCHYECKOH (DU3HMKE 1 OAJITHCTHUECKOW TEOPHH dHEP-
I'¥st aHHATHISIHOHHOTO M3jtyueHns 2mc? =~ 1 MaB npezcrasisier co0oii He dHEp-
THI0 YHUUTOXKEHHS (aHHUUAAYUU) SIEKTPOHA U TIO3UTPOHA, a 3JIEKTPOCTaTHYe-
ckyto sHeprito eU = e¥/4neyl, BRIIeIIeMy O IPH COMMKEHUH YaCTHII 710 PACCTOS-
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HEsL I OPSIIKA KIIACCHYESCKOTO Pajinyca EKTPOHa Iy = €%/47eyMC?, Kak mokasain
B.B. Mantypos [348, A25, A51]. Toraa Beinessercs sueprust eU = e¥/4neggr, =
MC? mopsiaka u3MepeHHoii B ombirax. Hanporus, B CTO Henb3st 0OBSICHATH OT-
cyTcTBUE M30bITKa HHeprun €U npu aHHUTWIAINK. B Oannuctudeckol Teopuun
CIIEAyeT MepecMOTPETh U MEXaHU3MBI TeHeparun mnydeHus (cm. § 4.5, § 4.6
u § 4.7). JIumb npu TaKAX YCIOBUSAX SBICHHUE LIETUKOM HCCIIEAYETCS B paMKaxX
KIIACCHUECKOH (DPM3UKH U CIYXKHUT KPUTEPHUEM NPOBEPKH OAJUTMCTHIECKON Teo-
pun, kak ormetn Jx. oxc [25].

§ 4.4. OnbimbI ¢ CUHXPOMPOHHBIM U3Jly4eHuem (Ma3maHuweusnu,
AnekcaHopos)

B cBere clenaHHBIX 3aMEUYaHUH BBITOJHO OTIIMYACTCS OIBIT TPYIIIIBI
OmmummoBa 1 MasmarumBwin [11] u onsIT rpynmsr Anekcaraposa [9, 10] mo
HU3MEPEHUI0 CKOPOCTU CHHXPOTPOHHOTO M3IYYEHHs OT SIIEKTPOHOB, JETSIIUX
C OKOJIOCBETOBBIMH CKOPOCTsIMH V ~ C B BAaKYyMHON KaMmepe HaKOIHUTEJs, TIIe
CKOPOCTh CBETA 110 OAJUTMCTUYECKON TEOPUHU Ha BCEM MyTH COXPaHsIa 3HAYCHUE

c+V.
ocyunnorpadp

3epkano
C+V <% ocumnnorpacp

@

Puc. 4.3. Cxema onbiTa Ma3MaHUIIBUIN B JIByX BapHaHTax (a)
u (6). Jlnsa omblta @ TpeACTaBIEHbl OCHMLIOTPAMMBl HMITYJIb-
COB CHHXPOTPOHHOIO HM3JIy4eHHS Ha (OTOYMHOXKHTENC KaHa-
na Il (6) u cymmapHsIii curuai ¢ oboux QoroymHoKuTENEH (2).

Paccmotpum onbir @mnnmosa-MasmanumBwiy [11]. B omeite cpaBHu-
JIM CKOPOCTH M3JTyYECHUS OT JBIKYIIHXCS C OKOJIOCBETOBOIT CKOPOCTBIO ANIEKTPO-
HOB U CKOPOCTH M3JIy4EHHOTO MMM CBETA, POLIEAIIETO CKBO3b OKHO BBIBOJA H3-
nydeHus u atmocdepy. I1o cABUTY HMITYIIECOB PacCUUTAIH PA3HULLY CKOPOCTEH,
KOTOpast 1o pe3yabTaTaM AByX THITOB ombITOB (Puc. 4.3) He obnapyxumacs. [Ipu
HE3aBUCHMOCTHU CKOPOCTHU CBETa OT CKOPOCTH HCTOYHHKA PA3HHUIA MOMEHTOB pe-
TECTpanyy UMIynbcoB B kaHamax | u |l cocraBmma 651 5,5 He (POTOHBI KaHATA
| mpuxomaT MO3XKE). A B paMKax OaJUTMCTHYECKO Teopuu paccunTanHas B [11]
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pasHHIla MOMEHTOB PETHCTpAalMy MMIYIbcoB B KaHanax | u Il cocraBuia Ob
-4,2 uc (dhorons! kanana | mpuxoxsr pansme). [To m3MepeHUsIM (HOTOHBI KaHAIIA
| 3anma3neiBamy Ha 5,5 HC (Puc. 4.3.2), uto cunrtamu nmoareepxkacaneM CTO u
MIPOTUBOPEUNEM OATHCTHUECKOH TEOPHH.

Bo BTOpOoM BapuaHTE OITbITa CPAaBHUBAIM MOMEHTHI PETHCTPALMH HM-
ITYJIbCOB CHHXPOTPOHHOTO M3JIyYEHUS 10 ABYM KaHAJaM, NpUYéM 1o KaHaity |
cBeT &N 0e3 mepensiaydeHus, a 1mo kaHaiy |l — ¢ mepeusiydeHueM B BBIXOA-
HoM okHe u armocdepe (Puc. 4.3.6). ITo CTO pa3HuIIa MOMEHTOB PErHCTPALN
uMmmynbcoB B kaHanax | u Il cocrasuna 651 0,5 He (poTonb! KaHana | mpuxomst
mo3ke). A B OaIUTMCTUYECKON TEOpHU paccunTaHHas B [11] pasHua cocraBmia
051 -1,16 HC (poToHBI KaHana | mpuxomsT panpine). B ombite GpoToHb! KaHaNa |
peructpupoBanu Ha 0,5 He no3xe, B cornacuu ¢ CTO.

Heouér onpiTa cOCTOSUT B TOM, YTO HE M3MEPSIIACH HANPSIMYIO BETMUMHA
cKopocTH V 3JIEKTPOHOB, KOTOpPasi B KIIACCUUECKOH (PU3MKE PACCUUTHIBACTCS IO
BeJIMYMHE UMITysbca gacTull nHade, ueM B CTO (§ 4.2). CooTBeTCTBEHHO, ITpea-
CKa3aHus 0aJUIMCTUYECKON TEOPHHU JUIS BEJIMYMH CMELICHUI MMITYJIbCOB KaHa-
noB | u |l 6ynyT mHBIMH, YeM paccunTaHHbIe B padore [11]. Kpome Toro, He us-
MepeHa HanpsMyto 3(h(HEeKTUBHOCTH Tepen3itydeHns. Takum o0pa3om, pe3ysasTar
OITbITa HEOTHO3HAYEH.

pesbnarop T__ Al

Puc. 4.4. Cxema ombita AJICKCaHIPOBA.

B skcnepumente Anekcanaposa [9, 10] Tak jxe Ipou3BOANIOCH CPaBHE-
HUE CKOPOCTH HCITYIIEHHOTO 3JIEKTPOHAMH CHHXPOTPOHHOTO M3ITyYeH s, CBOOOA-
HO MPOJIETAIOILETO 3aJaHHYI0 AUCTAHLUIO, U U3IY4YEHUs, PACCEIHHOIO Cpelon
(Puc. 4.4). B nepBom BapuaHTe OIbITa AJIEKCaHIPOBA H3MEPSIIOCH BpEeMsi POIéTa
CHHXPOTPOHHOT'O M3JIYy4YEHHS — 10 MOMEHTY €TI0 PerucTpanuu (poToaeTeKTOpoOM
OTHOCHTEJIEHO MOMEHTA IPHUOBITHS IEKTPOHOB K pe3oHaropy. Bo Bropom Bapu-
aHTE CPAaBHHUBAJIOCH BPeMsl PETHCTPALMH U3ITy4eHHs (POTOAETEKTOPOM B Cllyda-
SIX, KOIJIa KaHaJl BBIBOZIA CBOOOJIEH, M KOT/IA TIEPEKPHIT CTEKISIHHON IITACTHHKOM,
KOTOpas 110 TEOpUH PUTHA, Iepen3aydnB CBET, CHIXKAET €ro CKOPOCTh OT C + V 110
CTaHJapTHOI'0 3HAUEHHUsI C, CIIBUTasi MOMEHT PETUCTPALUH UMITYJIbCOB H3ITyUEHHS.
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Puc. 4.5. DxcnepuMeHTaIbHbIE OCLHUUIOTPAMMbBI CHHXPOTPOHHOIO U3IYy-
yeHus [10] — 10 BHECEHHMS CTEKIISTHHON TIACTUHKH (86epxy) U MOCTE BHE-
cenust (6nu3y). CTpernkaMu OTMEUEHbI UMITYJIbChl BTOPUYHOTO HU3JTyUCHHUSL.

B nmepBom BapuaHTe CKOPOCTh M3ITyYSHHS COCTAaBUIIA C, @ BO BTOPOM — HE
MOSIBUJIOCH JIOMIOJTHUTENBHOM 3a/epkKu At UMIYJIBCOB Ha 9 HC OTHOCHUTENBHO
OTIOPHOTO curHana. Ho OnbIT HeNlb3s CYUTATh MPSIMBIM, a BBIBOJ] — OTHO3HAYHBIM.
Bo-nepBbIx, HanpsiMylo He U3MepeHa CKOPOCTh AeKTpoHoB V. OHa paccunTana
kocBeHHO 1o popmynam CTO, u3 kotopeix V = ¢ [9]. Ho B kitaccuueckoit husuke,
kak oTMeuan Puti [15, c. 266], CKOPOCTH 2/IEKTpOHA MOXKET MPEBBINIATh C, €CIIU
olleHMBarh V KilaccHuecKy yepe3 UMITyisc p = MV, Torna npu nopeHi-ghakrope
v >> 1 UMIyJIbC DIEKTPOHA p =~ YMC =450 M»1B/C [9], n3MepeHHBIH 110 KPpUBU3HE
TPaeKTOPUHU B MATHUTHOM I10JI€, COOTBETCTBYET ckopocTh V = yC ~ 880C. 3Hauur,
u3 Teopun Putiia 3anepxka At oTindHa OT 0kuaeMoil B [9], ¥ Hy>KHBI IPSIMBbIe
3aMepbl CKOPOCTH MEKTPOHOB MPOIETHO-UMITYIBCHBIM METOZOM — [0 BPEMEHU
niponéra 6a3oBoi JUIMHBI L, ©3MEpEeHHOMY YCTaHOBJIEHHBIMHU BJOJIb 0a3bl IETEK-
TOpaMHM 9acTHIl. B 1iuxingeckoM yckopuTese CKOpoCTh 3JIEKTPOHOB HENb3s OMpe-
JITIUTh OIHO3HAYHO, KaK OTHOIEHHE JUTMHBI OpOHUTHI AekTpoHa L k nepuony T
YCKOPSIOIIETO MOJIS WIN UMITYJIBCOB M3ITyUeHHs, T.K. 9TH MEePHO/IbI OTIHYHBI OT
Tiepro/ia OOpalleHs AIIEKTPOHOB, €CIIH B YCKOPHUTENE UPKYIIUPYET HECKOJIBKO
crycTkoB. VX 4nciio He n3MepeHo HanpsMyto. [ urmore3y o e JMHCTBEHHOM CTyCTKe
000CHOBJIM TEM, YTO B HAKOITUTEIb M3 JTMHEHHOTO YCKOPHUTEIIS 3aBOJUIICS OINH
cryctok. Ho, B 3aBUCMMOCTH OT JJIMHBI CTYCTKA U (pa3bl yCKOPSIOLIETO MOJIsl, OH
MOT JISJIUTHCSL Ha PsiJl CTYCTKOB, BO3JIE TOYEK PaBHOBECHBIX (pa3 BJOJIL OPOUTEI.

Bo-BTOpBIX, TTOCKOIBKY MMITYJbCHI H3JIy4EHUsS] 00pa3yoT NEPHOIUIHYIO
MIOCIIEIOBATEILHOCTD, HENb3sl OAHO3HAYHO ONPENENINUTh, MPOU30MIET UX CABUT
WM Het, pa3 no Teopun Putna At # 9 He. B yacTHOCTH, Hellb3sl OOHAPYKHUTH
3anepxkky At < 0,5 He [9] wiu 3amepkky At kpatHyro nepuoay T = 29 Hc mo-
BTOPEHHS UMITYJIbCOB (BBHY HAIOKEHHS HIMITYIILCOB — CTPO0-dhhexT). Dpdexr
MOYKHO MICKIIIOUHTB, BapbHpYsl 33epKKy At npu otnanenun oronaerexropa. B
ombITe Anekcanaposa Ha juHe S = 5,4 M Habupaetcs At, = S/c — S/(c + V) =
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S/c(1 + ¢/V) = 18 Hc, 4TO MEHbIIIe IepUoaa IOBTOPEHUS UMITYJILCOB T = 29 HC.
T.e. B tanHOM onbITe CTPOO-3Q ekt He nposiBuTcs. Ho B Apyrux omeirax, B T.4.
B onbiTe MasmanummBuiy, rae T = 19 ue (f = 52 MI'n) [7, 11], ctpoG-addexr
CIIeyeT yYUTHIBATH.

B-Tperpux, HEeT OmEHOK A(P(PEKTUBHOCTH MEPEHU3TYyUCHHS CTEKIITHHOM
mwracTHHKON. Cpena mepens3rydaeT JUIIb YacTh YHEPTUU CBETa. YeM Toume u
ONITHYECKH IIJIOTHEE CIOH CPEeAbl, TEM BBIIIE JOJIS BTOPHYHOTO M3ITYUYEHHUS OT
CpPEeABI CO CKOPOCTHIO C M HIKE OIS TIEPBUYHOTO, TOCTAHHOTO HCTOYHHUKOM CO
ckopocThio € + V. Kak nmokazan ®oxc [25], oneHka JUIMHbI epensaydenus | mpu-
MEHHMMa JIMIIb J1st cKkopocTel V << ¢. A st V ~ ¢ aiuHa | MoKeT ObITh MHOTO
MEHbIIIe WK Oonbine. B mepBoM ciydae OCTaTOUHBIN Ta3 B BAKYYMHOW Kamepe
Cpa3y MEepPEeH3IyuyuT CBET CO CKOPOCTHIO C, JIMIIUB OIMBIT CMBICTA. A B Ciydae
Hed(PPEKTUBHOTO MEPEU3NyUEHHUsI CTEKIISTHHAS TUIACTHHKA 3aMEUINT JIUIIh Ma-
JIyIO JTOJTIO CBETA, M OCHOBHAS €T0 YacTh COXPAHHUT CKOPOCTH C + V, He N3MEHHB
OCIHJIIOTPAMMY.

JeticTBuTenbHO, coritacHo Gopmyne (3.3),

c* =c¢/n* =c/[n-V/(c + V)],
TOTNA [T M3IY49EHHUS SJIEKTPOHOB ¢ V = C IMOKa3aTeslb MPEIOMIICHHS CTeKIa
n = 1,5 craHeT paBeH
n*=n-V/(c+V)=1.

D10 Ha mopsiaku yBenmuut | = A/2mw(n* — 1), 1 Ha TOJIIUHE IUIACTUHKH CBET
MTOYTH HE TIEPEU3ITydUTCS, IPOXOs CKBO3b IIIACTHHKY cO ckopocThio ¢ + V. Ho
MaJjas I0Jisl SHEPTUU MIEPEU3IIYIUTCS CO CKOpocThio C. Ha ocrimmmorpamme [10]
BHJHO, YTO MPU BBOJE IUIACTUHKH BBICOTA UMITYJIBCOB CHHU3WIACH: TIEPBHYHOE
M3Iy4YEeHHE CO CKOPOCTHIO C + V 0cnabino, 1 BOSHUKIN MaJIble HMITYJIbChI, 3ama3-
neiBarorue Ha At, = 17 e (Puc. 4.5). OHu He MOTYT OBITh PE3yJABTaTOM MEPEOT-
PaKCHHH, T.K. 3aICP)KKa OT JABYX [IEPEOTPAKCHHI Ha JIHHE S = 5,4 M OT IIepeus-
JIy4arolel mIacTUHKU 10 doromerekTopa, coctaBut At = 2S/c = 36 ue. Ho At, =
17 HC B mpenenax morpemHocTu (~1 HC) COOTBETCTBYET PACUETHON 3aJIepiKKe
At. = 18 HC UMIYTBCOB BTOPUYHOTO M3IYYEHHUs OT IUIACTUHKUA CO CKOPOCTHIO
c. T.e., ecnu mpuaepKuBaThecsl runore3sl Anexcanaposa V = ¢ [10], ombIT He
MIPOTHBOPEUUT Teopuu Putia.

Ecmu ke B paMkax Teopun Putiia mpuaepKuBaThCs METHKOM KIIacCHue-
CKOI TEOpHUH, CUUTAsi CKOPOCTh FIEKTPOHOB CBEPXCBETOBOM } >> C, cieyeT co-
OTBETCTBEHHO BUJIOM3MEHUTH (OPMYJLY AJIsl [UIMHBI SKCTHHKIHHU, TOJYYSHHON
DOKCOM 151 HEPEIIATUBUCTCKOTO Citydasi. Boobiie roBopst, ipu V' >> C nepeus-
Jy4yeHHe BOOOIe HEBO3MOXKHO, T.K. MO Tumore3e Pokca mepensiydeHne — 3To
Pe3yNIbTaT MOTAIICHUS MPpH MHTEP(EPEHINH MEePBUYHOTO M3Iy4eHHs (CO CKO-
pocThio ¢ + V) — BTOpUYIHBIM (CO CKOPOCTBIO C), PACCESITHHBIM aTOMaMU CPEIIbI
[25]. Omnako mpu V' >> C pa3HuIia CKOPOCTEH ATUX M3TYISHUN CIUIIKOM BEJIHMKa,
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T.€. HapyIIAeTCsl yCJIOBUE CHHXPOHHM3MA, U MHTEP(EpeHIHss HEBO3MOXHA: pac-
CESIHHOE M3JTy4Y€HHE HE MOXKET JIOTHATh IEpBUYHOE U3iyueHue. J{efictBurensHo,
JUIMHA CHHXPOHU3MA, T.€. JUIMHA, B MPEeax KOTOPOil IepBUYHAS U BTOPHYHAS
BOJIHBI HE yCIIEBAIOT Pa30UTHCh Ha paccrosiaue Sy — S = (C + V)t — ct Gonbiuee,
YeM I10JIOBUHA JITMHBI BOJIHBI A, ¥ MOTYT 3ddekTuBHO MHTEpdeprupoBaTs Ha
MIPOTSHDKEHUN BPEMEHHM CHHXpOHU3Ma t, cocraBisier S = Ct = Ac/2V, cm. [A25].
[Tpu manbix ckopoctsix V << ¢, n gaxe npu V < ¢, U3JIy4eHUEe yCrieBaeT IPOUH-
TepdeprpoBaTh Ha JUIMHE MEpeusaydeHus, T.K. S = Ac¢/2V > [= M2n(n — 1) ~ A.
A ipu V > ¢, u Tem 6onee ripu V >> ¢, ycioBHE CHHXPOHM3Ma HAPYILAETCs: U3-
JIydeHHUE He ycIeBaeT NponHTep(eprupoBaTh U CHU3UTH CBOIO CKOPOCTH B CpEJIe,
Jaxe eciu aiauHa cpesl oonbiie |, Ho S = Ac/2V < [ ~A. Ho B paMkax rumore-
3b1, BbIcka3zaHHOW B.B. KouapoBckum, juinHa repensinydeHust MOXKET BBIPacTH 1
MIPUOOPECTH B
I =Ay2n(n* —1).

Takast 3aBHCUMOCTb IMOJy4aeTcsl B MPEANOJIOKEHNH, YTO B BEIIECTBE HA BHY-
TPEHHHX 000JOYKaX aTroOMOB, MPUCYTCTBYIOT JJIEKTPOHBI C PEISTUBHCTCKUMU
cKopocTsiIMH, KOHLeHTpanust koTopbix N yObiBaeT kak No/y, rne Ny — oOmas
KOHIICHTPAIMS JIEKTPOHOB. A Julsi MHTEp(EPEHINH TIEPBUYHOTO UITyUEHUS CO
BTOPUYHBIM JIOJDKHO BBINOJHATBHCS YCJIOBUE CHMHXPOHHM3Ma, YTOOBI NEPBUYHOE
1 BTOPUYHOE M3JIy4YEeHUE JBUTAINCH C OJM3KHMMHU CKOPOCTSIMH, OTIINYAIOIINMH-
cst He Oonee yem Ha AV = 2S/Ac. T.e. mepeusiyueHne cBera OT JIEKTPOHOB C
JIOpPEHI-()aKTOPOM Y TIPOUCXOJHUT Ha JIEKTPOHAX C OJM3KMMHU CKOPOCTSMH U C
koHueHtparmeit N = No/y. B urore, amst aiuael nepeusnydenus | = (NArg) '~ lyy,
rae lo= (NoArg)™ — minMHa nepeusnydeHus CBeTa ¢ JJIMHONU BOJHBI A OT HEIMOJ-
BI)KHOTO HCTOYHHMKA.

Eciu sxe koHueHtpanus N B BemecTse (11a3me) 3ajaHa MaKCBEJUIOBCKUM
pacripezieneHueM

N = aVZexp(-mV?/2KkT)
(& — HOPMHPOBOYHBIH MHOKUTENb, BKIIOYAIONINN B KaueCTBE MOIMHOKUTEIS
MHTEpBaJI CKOpocTeil AV, JUIsi KOTOPBIX BBINOJHSAETCS YCIOBHE CHHXPOHHM3MA),
JUIMHA TIepen3iryueHus npu V = yC >> C ecTb
I = (NAro)' = exp(mV?/2kT)/aVZr, = exp(y?h)/y?Au,

e b = mc?/2KT, u = ac?ry. CKopocTh CBETa CHUIKASTCSI 10 CTAHJAPTHOIO 3HA-
YEHUSI ¢ HE CKaYKOM, a IUIaBHO, 110 MEPE KAaCKaJHOTO NEePEU3ITyYeHHs BCE HOBBI-
MH 3JIEKTPOHAMH CO BCE MEHBIIUMH CKOPOCTSIMHM, JUJIsl KOTOPBIX BBIMOJIHSETCS
YCJIOBHE CUHXPOHU3Ma C OCHOBHBIM (I10 SHEPI'HH) IOTOKOM HM3JIy4eHus. Tak xe
IUIaBHO I1aJaeT WHTEHCHBHOCTH MEPBUYHOTO M3JIyYEHHs M PACTET MHTEHCHB-
HOCTb BTOPHYHOTO. [I0CKOIBKY TIPH HOPMAbHBIX YCIOBHsX BenuuuHa b ~ 107,
JUTHHA SKCTUHKIUH | CTAHOBUTCSI OTPOMHOT, T.€. TIEPEH3Iy4YeHNUE OTCYTCTBYET, U
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MIEPBUYHOE U3ITyYEHHE MOXKET MIPOXOJUTH CKBO3b TOJICTBIE ITPErpabl, IpaKTHye-
CKH He TTpeo0pasysich. XOTs pacCesiHHbIC UMITYJIbCHI IPH 3TOM M BOZHUKAIOT, OHU
HE BIUSAIOT Ha MEPBUYHOE M3ITyYEHHE, KOTOPOE HE MOTYT JIOTHATh M MOTACUTh.
[lepensmydars MOTYT TaKXKe 3JIEKTPOHBI BHYTPEHHUX 000JI0YEK aTOMOB, 00Ja1a-
OIIFE BEICOKUMHU SHEPTHAMHU M CKOPOCTSIMHE, B TOM YHCIIE 32 CUET BO3OYKICHHS
aTOMOB CpeNbl PEHTTEHOBCKIMHY U TaMMa-Ty9aMi CHHXPOTPOHHOTO M3ITydeHHS.
IMpu nx yuére mIHHA epen3ydeHus | MoxkeT gocturarh 3HaueHui | ~ 10 m.

B urore, B skciepuMenTe AsleKCaHIpOBa BTOPUYHBIC MMITYIBCHI OKa3bI-
BAaIOTCSl Malibl, BBHJY CJIA0OT0 Mepeu3iIydyeHHs, U, BO3MOKHO, oT LC-dpunbrpa
(B T.4. B 9KBUBAJICHTHOH cXeMe (POTOMETEKTOpA), CIVIaUBIIEIO CUrHaI (oToe-
TEKTOpa U «3BOH», 3aMETHBIM Ha APYTrUX OCIMIIorpamMMax [9]. ABTOpHI dKCTIe-
pUMEHTa UHTEPIPETUPOBATIN BTOPUYHBIA UMITYJIbC KaK HABOJKY, BBUY €TO He-
YCTOWYMBON aMIUTUTY/bI 1 HEU3MEHHOCTH ITPU 3aKPbITUH OKHA BBIBOJIA YEPHOU
Oymaroii. OTHaKO CHHXPOTPOHHOE M3JTy4eHHE 001a/]aeT IIMPOKUM CIIEKTPOM OT
UK- 1o peHTreHoBcKoro auanas3oHa [9] u cogep uT, KpoMe KOMIOHEHThI BUAM-
MOTO [MaIa30Ha, emé W MPOHUKAIIIYI CKBO3b OyMary KOMIIOHCHTY JajbHe-
ro UK- (A = 50-2000 MKM) ¥ pEHTTCHOBCKOTO JHana3oHa (C MaKCHMyMOM Ha
L=61,3 A [9]), >ddexTuBHO NepensmydaemMyro cTekIoM (cM. § 4.2) u motomy 3a-
MA3/BIBAIOIIYI0 OTHOCHTEIFHO ONITHYECKUX UMITYIIbCOB Ha 18 He. JleiicTBUTEND-
HO, (hOTOIMOBI 00TaJaF0T HEOONBIION TyBCTBUTEIBHOCTHIO TAKXKE K TATbHEMY
UK- 1 peHTTeHOBCKOMY H3ITyYeHHIO, MEHSIONIEHCS B 3aBUCUMOCTH OT PeKUMa
pabotsl PIN-nnona. T.e. OTCYTCTBHE UMITYJICOB BTOPHYHOTO U3Iy4EHUS B IpY-
THX CEpUsIX U3MEPEHUIT — 3TO, BEPOSITHO, PE3yNIbTaT U3MEHEHUs THIa (oToanoaa
WUJTM CXEMBbI €T0 BKJIFOUEHUS U YCTaHOBKH [9].

Bo BropoM BapuaHTe OIbITa CKOPOCTH C' MMITYJIbCA CHHXPOTPOHHOTO H3-
JTy4deHHs uckaiu kak V = S,/t, rae S;= 7,2 M — [UTiHA KaHaIa BRIBOJA U3TYICHUS,
T =24 HC — U3MepeHHOe BpeMs Mpoiéra umimyibcea, otkyna V = 3-10% m/c. Bpems
T M3MEPSITH TI0 MOMEHTY PETUCTPAIH UMITYJIbCa OTHOCHTEIFHO MOMEHTA €ro
M3IYYCHHUS, C YIETOM BPEMEHHU TIPOJIETA CTYCTKOB JI0 YCKOPSIOIIETO pe30HATOpa
(Puc. 4.4) u daszoBoro casura ¢s = 75,6° (6 HC) MOMEHTOB TIPUXO/Ia CTYCTKOB K
pe3onaropy (Puc. 4.5) OTHOCHTENEHO MaKCHMyMa YCKOPSIOIIEro HaIlpsDKCHUS
Ha ocumiutorpamme [9, 10]. 3amepsl C' mpu dTOM coaepikar psija HEOAHO3HAY-
HOCTEH: BO-TIEPBBIX, HE U3MEpPEeHa HAPSAMYIO CKOPOCTh V 3JEKTPOHOB (1 BpeMs
nposéra UMH JUCTAHIUU S, = 2,8 M JI0 YCKOPSIIOIIETro pe30HaTopa); BO-BTOPbIX,
3aJIePKKY T MOKHO H3MEpPATh OTHOCHUTENIBHO Pa3HBIX HMIYJIBCOB B CEpHU;
B-TPEThUX, HEOJHO3HAYHOCTH BBI3BAHA HEONPE/ENEHHOCTBIO 3HAKa Halpsbke-
nust U Ha ocumimorpamme (Puc. 4.5). Pesynbrar onbita MOXKHO TPakToBaTh U
KaK MOATBEPIKIICHHE OAJUTMCTUYCCKONW TCOPHH, T.K. MPH KIACCHYCCKOH OICHKE
cKopocTH AekTpoHa V = yc = 880C, OH HOCTHTHET pe3oHaropa (ImyTh S, = 2,8
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M) MPAKTHYECKH OJHOBPEMEHHO C IPHUXOJOM K JIETEKTOPY CHHXPOTPOHHOTO M3-
nydenust (myTth S; = 7,2 m). 3agepkka coctaBut At = S)/(V + ¢) — Sy/V = 0,017
He. Ecin BepHO oTMepsTh (asy cryctka @s = 75,6° (6 HC) OT MakcuMyMa yCKo-
psromiero Hanpspkeruss U [9], on npuOyner kK pe3oHaTtopy MOYTH CHHXPOHHO ¢
perucrpanyell UMITyJIbca CHHXPOTPOHHOTO M3JIyHdEHUs IETEKTOPOM, B COITIACHH
¢ ocrmmiorpammoit (Puc. 4.5).

WTak, /U1 NCKITIOYEeHHST HEOAHO3HAYHOCTH, B OMBITE CIEAYET, BO-NIEPBBIX,
HanpsIMy!0 U3MEPHUTh CKOPOCTH V 3IIEKTPOHOB; BO-BTOPBIX, HCKJIIOUUTH CTPOO-
3¢ (eKT, MEHsIsI TPONETHBIE JUIMHBI; B-TPETHUX, OLIEHUTh BKJIAJ IEPEU3TyICHHS,
MEHSISI TUTACTUHKH U UCCIIeTys COITyTCTBYIOIINE U3MEHEHHUS ocIiorpamm. B
TaKOM BH/JIE OIIBIT MOXKET CTaTh PEIIAIOIIUM M BOWTH B yuyeOHHKH. B mpexHem
BUJIC OH HEOJHO3HaueH U He HOB [10], moBTopsist cxemy onbita A.C. Ma3zmaHuII-
Buin [11] u e€ HeAOUETHI.

B omnbiTe Ma3MaHUIIBIIIN, BUANMO, UMEN MECTO U 3P PEKT epeoTpake-
Huii. B nepBom Bapuanre onbita (Puc. 4.3, @) Bpems IpsiMoro 1 00paTHOTo Xoza
W3ITyYeHHsI, OTPXEHHOTO OKHOM B KaHae BbIBOAA (JiMHON L;= 2,1 M) 1 OKHOM
B Hakomurtene, coctaBuT 2L,/C = 14 Hc. [Ipn gacToTe MOBTOPEHHS UMITYIIECOB
f=52 MI'rt [11] u mepuome T = 1/f = 19 He 3TO MOPOAMITO OBI JTOMONHUTETH-
HBIIA cMemEHHBIN Ha 19 — 14 HC = 5 HC UMITYTBC CHHXPOTPOHHOTO U3TyYICHUS.
VIMeHHO Takoe cMeIIeHne NMITyiTbca 00Hapy)eHo B onbiTe (Puc. 4.3, 2). Takum
o0pa3om, 1Ba HaOIIOJaeMbIX UMITYTbCa COOTBETCTBYIOT HE pa3HBIM KaHalaM, a
HNEPBUYHOMY U OTPaKEHHOMY UMITyNbcaM ¢ KaHana |. A ummynsc ot kanauna Il e
HaOJTIoasICcs Ha OCLMIUIOpaMMe M3-3a OOJIBILION BENWYMHBI 3aepKKu. [1oaTo-
My nocie nepekpbiTus kanana |l Bropuunsiii nmmysse ocraincs (Ha Puc. 4.3,6
OTMEYEH CTpPEJKOW), HO B OCJIA0JICHHOM BHJE,— BEPOSITHO, OT IIEPECTAHOBKH
¢doronerekropos [11]. [lyist BBISICHEHUS MPUPO/BI UMITYJILCOB CIIEYEeT IO O4e-
penu mepekpsIBaTh KaHaibl. [lepekpbiTne kanana | Beso Obl Kk rameHnio o0onx
HMITYJIbCOB.

Bo Bropom Bapumante ombita @mmunmoBa-Masmanumsuin (Puc. 4.3,0)
M3IyYeHHE TOXKe, BUANMO, TIOCTYTIANO0 B (hoToeTekTOop ¢ oxHoro KaHana |l, BBu-
Jly CJIOXHOCTHU IOCTHPOBKH 3€pKaJia ¥ I€TEKTOpa, TpeOyeMoi Ul perucTpayun
MMITYIIECOB ¢ 00onx KaHayoB [11]. B ntore, 3epkano oTpakano K IeTeKTOpY CHT-
HaJ He u3 KaHania |, a u3 xanana |l. Kak ormerunu sxcniepumentaropsl [349], B
MCXO/IHBIX OIbITAX UMITYJIbChI KaHauia | 3amazapiBaiu Ha At, = 16 HC OTHOCUTEIb-
HO nMITyiibcoB KaHana |l. T.xk. At=L/c'—L/c, nmpu L = 1 M mosryuanack aHOMaJIbHO
HU3Kast ckopocTh C' = 0,2¢ [349]. Ho aTOT pe3ynbrar JIerko HHTEpPIPETUPOBaTh B
OayuucTHYeCcKol Teopuw, riae V = yC = 137¢, npu uMITyibce EKTPOHOB p = 70
Mb»B/c [11]. HetficTBurenbHo, o KaHaiy | cBet mpoxoaut 3a Bpems t; = L/(V + ¢),
o kaHany |l —3a Bpems t, = L/V, uro pu V >> ¢ naér t =1, — t, ~ -3 ue. W npu

236



COMOCTABJICHUH UMITYJIbCOB, CMEHIEHHBIX Ha OAMH 1epuox T = 19 Hc, 3anepkka
At, =T + © = 16 Hc. T.e. ucxoaHslil pe3yisTar onsita, nporusopeuamuit CTO,
cooTBeTCTBOBaJ Teopun Purna: At, = At,. Ho nociie cMmemenus 3epkania corpya-
aukoM YOTU J.U. Anevitummu [11, 349] 3anmepxka ucuesna (At, = 0,5 He),
BUNMO, 3a CUET Mapa3suTHOTO OTPAXKEHHS B JCTEKTOP 3€PKaJiOM PacCesHHOTO
cBeTa U3 kaHana /1.

CraBuiics TaKkKe OIIBIT 110 CPABHEHHMIO CKOPOCTH JIEKTPOHOB U3 yCKOPHU-
terst SLAC ¢ saeprueit 11 1B (y = 21500) i X CHHXPOTPOHHOTO M3ITyYCHUS
Ha 0aze S = 1 km [350]. JleTekTop perucTpupoBal YacTUIIBI U UX H3JTydeHHE
¢ 3amepkoit At < 5-10712 ¢ (Puc. 4.6). Pesynbrar TpaKTOBaM KakK COBITAJCHUE
CKOPOCTEH ¢ TOYHOCTBIO 107 1 MX paBeHCTBO ¢. A (haKTHUECKU HU CKOPOCTh Ya-
CTHII, HU CKOPOCTb M3JIyYECHUsI HE H3MEPSUINCH, TIO3TOMY OIIBIT HE TPOTHBOPEUUT
teopur Purtna. CortacHo OayumMcTHUeCKod Teopu, mpu Y =~ 21500 ckopocTh
ANeKTpoHOB V' = 21500¢c >> ¢, T.e. mumsb Ha 0,005% Hmxe ckopoct ¢ + V =
21501c¢ nx n3imyueHwus, OTYETO AUCTAHIMIO S = | KM OHH MPOXOMAT C Pa3pbIBOM
At, = SV — S/(c + V) ~ 7-10°5 ¢, 4TO yKIajpIBacTCsl B M3MEPECHHBIN HWHTEPBAI
At, <5102 ¢.

.//, AetexTop 1

yHenpe |
wnwets[ Ol T-mnysene 2l

AetexTop 2

Puc. 4.6. Cxema omsita bpayna.

AHaJOTMYHbIN OMBIT, TOBTOPEHHBIA MPHU SHEPTUAX AJIEKTPOHOB 15-20
B [351], Tak ke mokas3ar OTCYTCTBHE Pa3HHUIIBI CKOPOCTEH CBETa C TOYHOCTHIO
1077, yro TOXKE cornacyeTcs ¢ TEOPETHYECKH IPEICcKa3aHHOH B paMKax Oaiiu-
CTUYECKOM TEOpHUH pasHUIei MOMEHTOB peructpaiuu At, ~ 3-107 c.

JU1st MCKITFOYEeHUSI HEOHO3HAYHOCTH B TAKUX OIBITAX CIEAYET U3MEPSTh
CKOPOCTb YaCTHI[ U U3JIYYCHUS HECTTIOCPECIACTBECHHO, 0o MPUMEHUTD JId CpaB-
HEHUA U3JIyYCHUEC HEIIOABUKXHOI'O NICTOYHUKA. B YaCTHOCTH, y}:[O6HO IMPUMEHUTDH
1A CpaBHEHUS MUKOCEKYHAHBIC NI HAHOCCKYH/IHBIC UMITYJILCHI, OTpa)KéHHbIe
3epKaJIbHBIM ()OTOKATO/IOM, TEHEPHPYIOIINUM CI'yCTKH JIEKTPOHOB B YCKOPHTEIE
npsimoro neiicteusd Ha 1 MaB. Ecnu yckopenue uactui 1o ckopoctu v = 0,94¢
MPOU3BOIUTCS Ha KOPOTKOW AuCTaHIUK N ~ 1 M, 3aepKKa MKy IPHOBITHEM
9JIEKTPOHOB M MMITYJILCOB JIA3€PHOT'O M3JTyUEHHS Ha BBIXOJE YCKOPHUTEIIS COCTa-
BUT T =~ 2h/C <7 He. A pacxoxaeHHe MEXIy UMITYJIbCaMU JIEKTPOHOB M CBETa
Ha nponérHoit 6ase S = 1 km cocrasur o CTO Aty = S/v — S/c = 0,2 mxe. Co-
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m1acHo OaytncTrdeckot reopun Atg = S/V — S/c = -1,67 MKc, rae Kiaccuyeckas
omenka V = 2¢ (§ 4.8). Takum ob6pa3zom, pasunma Aty — Aty = 1,87 mxc HaMHOTO
TIPEBOCXOANT HAYaIIbHOE PACXOKACHUE MEXKITy UMITYIbCAMU 3JIEKTPOHOB U M3-
JMydeHus T < 7 HC, JaXe eCIIM COKPATHTh AUCTAHLIHUIO S 10 4 M. A IIpH peru-
CTpallMy MMITYJILCOB CHHXPOTPOHHOTO M Ja3€pPHOTO M3Iy4YeHUs (JUI KOTOPBIX
B CTO ckopoctu paBHbl), pazauna coctaBuT o CTO Atz = 0 Mkc, a mo BTP
Atg = S/(c + V) — S/c = -2,2 mKc, 4To NIerko 3apeructpuposarsb. B ombite [350]
KaK pa3 CPaBHWJIN CKOPOCTH 3JIEKTPOHOB M TOPMO3HOTO raMMa-M3ITy4eHHs OT
HETIOJBIKHON MUIIEHH U TI0 COBIIQJCHUIO MOMEHTOB MX PETHCTpPAIMU JIETEK-
TOpaMH yCTAHOBHJIM COBIIaJieHHE ckopocTed. Ho M B 3TOM OIBITE MCTOYHUK
(97IEKTPOHBI B MHUIIICHH) JBUTAIHCH CO CKOPOCTHIO V ~ C, KOTOpas 1o0aBisiach
K CKOPOCTH M3JTydeHHs. TakKe MOKHO CPaBHUBATH CKOPOCTH YACTHIl M UX H3-
JydeHus mpu y ~ 1, T.e. npu ckopoctr yactuly V ~ c. IIpu sTom B Teopun Puria
CKOpOCTH V 9acTHIl ¥ UX M3IydeHus C + V, BO-NIepBhIX, OyIyT YK€ 3aMETHO OT-
JIMYAThCSI, BO-BTOPBIX, 3TA PA3HUIIA MOXKET OBITh TOYHO M3MEPEHA, MOCKOJIBKY
Pa3HOCTb BPEMEH MPOJIETA COCTABUT NOPSAKA HAHOCEKYH.

Takum 00pa3oM, KCTIEPUMEHTHI PACCMOTPEHHOTO THUIIA COIEPKAT PAL
HEOIHO3HAYHOCTEH, CTaBSIIUX M0l COMHEHHE UX PE3YNIbTaThl, HO HEOJHO3HAY-
HOCTb JIETKO HCKIIIOUYUTH MOCPEACTBOM JIOTIOJTHUTEIBHBIX MU3MEPEHUH M MOJH-
(uKamii cXeMbl OImbITa. B ciydae MOATBEp KICHHSI CBEPXCBETOBOW CKOPOCTH
c'=c+V=c(l +7y) CHHXpPOTPOHHOTO M3Iy4YCHHUS, OTBIT OyIeT UMETh M Bax-
HOE€ TPUKIIAJHOE 3HAYCHHUE, MOCKOIBbKY TaKOE€ H3IIydyeHHE C MaJioi yIJIOBOH
pacxomuMocThio O ~ 1/y TTO3BOIHUT peaan30BaTh CBEPXCBETOBYIO KOCMHUYECKYTO
cBs13b. CHTHAIBI OT CHHXPOTPOHOB (¢ ¥ ~ 10000) Ha KOCMHYECKUX CTAHIUAX H
KOpaOJIsIX TIPEOIONEIOT MEXKIUTAHETHBIC TUCTAHIINH B THICSYM pa3 ObIcTpee, YeM
PaIOBOIHEI CO CKOPOCTHIO C, T.€. HE 32 MHUHYTHI, a 32 JOJIU CEKyH[BI, YTO CJIe-
JIaeT KOCMHYECKYIO CBs3b Oomee ynoOHoM, a ynpasienne AMC, myHoXonaMu 1
MapcoX0/1laMH — OBICTPBIM M HaJIEKHBIM.

§ 4.5. MexaHu3m 2eHepayuu CUHXPOMPOHHO20 U3JTy4eHus1 e basu-
cmuyeckol meopuu

Bce cBolicTBa CHHXPOTPOHHOTO H3ITy4YEeHHS COINIACYIOTCS ¢ GalutucTHde-
ckoit Teopueii [A4, A37, A52, 352], ocHOBaHHOII Ha KJIACCHYECKON MEXaHHKE,
€CIIM UCKIIIOYHTH PEIATHBUCTCKUH POCT Macchl M U mpexnen ckopoct V = C.
[ToaToMy B CHHXpPOTpOHAX MMITYJThC MeKTpoHOB MV = eBR = myc, nzmepen-
HBIA 10 paanycy R mx opOMT B MarHWTHOM Tone B, COOTBETCTBYeT CKOPOCTH
V =eBR/m = yc [A37]. Ot BekTOpHOTO N00aBIeHHUS CKOPOCTH V anmekTpoHa 4 K
CKOPOCTH C CHHXPOTpOHHOTO m3mydeHus (Puc. 4.7), 0HO BBIXOIUT MO MaJIbIMH
yrmamu ¢' K BekTopy V, Oymydu cobpaHO B KOHYyCe ¢ yIIoM oOpa3syromiei 6 =
arcsin(c/V) = 1/y [A37, 352]. Otcroma Taxxe clexyeT uarpaMMa HarpaBJIeHHO-
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CTH CHHXPOTPOHHOTO M3JTY4YCHHUS, HHTCHCUBHOCTH KOTOPOTO CIIafaeT K OOKOBOM
MTOBEPXHOCTH KOHYCA.

Puc. 4.7. Cxema U3MEHEHUS HANpaBICHUS U3JIyUCHUs DJIEKTPOHA IIPU
Mepexofie OT M30TPOIHO H3IyYarowiero (C OJMHAKOBOW CKOPOCTBIO C)
anekrpona O B CBs3aHHOM C HUM cuUCTeMe oTcuéra — K Jjaboparop-
HOW cucTeMe oTcuéra, e IEKTPOH A IBHIKETCS CO CKOPOCThIO V.

JeicTBUTENbHO, CUHXPOTPOHHOE H3JIyYEHHE COCPEIOTOYEHO B KOHY-
ce ¢ ymiom obpasytorieii 6 = 1/y k ocu koHyca (Bekropa V) U Ipu pocTe yriia
U3IYYCHUS (' OT HYJs 10 0 MHTCHCHBHOCTH Majgact. PaccMOTpuM U3JIydeHue,
PaBHOMEpPHO pacxoAsiieecsi OT 3apsjga B IUIOCKOCTH 4YepTeka (TepreH/uKYy-
JSIPHOW pajinycy OpOMTHI M YCKOPEHHIO 3apsiia) B mpenaenaax manoro yma do K
Heil. M3nydenue, ucnyiienHoe B cucteme 3apsina O B TenecHsiit yron doda (rae
yron do omupaeTcs Ha Ayry dS), BocmpuMmeTcs B Jab0opaTtopHO#l cHCTEME MOJ-
BIOKHOTO 3apsiaa A mpenenax yoia de'da, toe de' omupaercs ma orpesok dl =
dscos(¢"' + ). 3apsi B CBSI3aHHON C HUM CHCTEME OTCUETA U3ITy4YaeT B TEIECHBIN
yron dQ = deda momaocTs dP = ud@da, re yrioBas IIOTHOCTh MOIIHOCTH
U(p) = const, BBUAY KPyroBOd SKBAaTOPUANBHON JUArpamMMbl HAMIPABICHHOCTH
3apsina. Torna B 1aboparopHO cHCTeMe, U3 3aKOHAa COXPAaHEHMsI SHEPTHH, pe-
rucTpupyemas B tesiecHoM yrie dQ' = de'da cpemHsist Mo BpeMeHH MOIIHOCTh
dP Gynmer Toii sxe. Toraa B 1ab0paTopHOM cUcTEME OTCUETA yIIOBast JuarpaMMa
HampaBJICHHOCTU — YIJIOBas IJIOTHOCTH MOIITHOCTHU MU3JIYYCHUS B KIIACCUYCCKOM

npubamxennu V = y¢ >> ¢ (y >> 1)
dP . doda. . (ds/e) 7”"7 +¢” —2Vecoso - v Y

Sl = = = =u —
Yy do'do  (dllc') ccos(0+0") cos(o+9") cosoy1- 720" —ysin(20)/2

B kiaccnueckoit gpusuke, npu V >> ¢ (y >> 1), ¢ y4éTroM NOCTYIUICHUS B Tele-
cHbIl yroia de'do u3mydeHus, UCIYIIEHHOTO 3apsaoM Kak Hazaz (¢ < m/2), Tak
u Brepén (¢ > m/2), u ¢ yu€ToM npeoOpa3zoBaHMs IIUTEILHOCTH, & 3HAYUT U
MTHOBEHHOW MoInHOCTH 110 ¢ dekry Jlomiepa, cieayer BMECTo U MOACTaBUTh
U'(p) = u|l — Vcosgp/C|, Tie MOAYJIb yYUTHIBAET M3MEHEHUE HAITPABICHHS M 3HAKA
ckopoctu C'. Torna nonyynM npuoIMKEHHOE BBIPAKEHUE [UIsl YITIOBOH MJIOTHO-
CTH MTHOBCHHO# MOIITHOCTH
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dP 23;V2|coscp| . 2u~fz|c05(p| § 2”.:,2\,"1_},3@-3

dQY  c*cos(p+¢") cos(o+0) coscp\-"ll —v2¢'? —ysin(29)/2
TJIe YUJIH, YTO YToMl @' BeIpaxkaeTcs uepes ¢ u3 Tpeyronbaiuka OAB B npubminke-
HuH V >> C caeqyronM o0pa3om

. (4.4)

W26m®_ (4.5)

-\I,r

., (BH\ ( csing
@' =arctgl —— J = arctg
\AH ) \ V' —ccoso )

U3 dhopmyn (4.4) u (4.5) cnenyeT mapaMeTpHUISCKH 3aJaHHAs JUarpaMma
HaTPaBIEHHOCTH (II0 MOIIHOCTH) CHHXPOTpOHHOTO m3nydeHus P'(¢"). Hecmo-
Tpsi Ha POCT MHTETPAIbHONW MHTEHCUBHOCTH M3JYUYCHUs K KpasM, KaKk B KOHyce
pacmaga gactun [353], MHTEHCHBHOCTH BBICOKOYACTOTHOTO H3Iy4YCHHS YOBI-
BaeT K KpasMm JuarpaMmbl 3a cuét addekra Jlomuepa, CHUKAIOIIET0 MIHOBEH-
HYIO MOIIHOCTb M YaCTOTY U3JydeHus K kpasim. OTMeTumM, uto (yHkiws P'(¢")
0TOOpakaeT 3aBUCUMOCTb OT yIVIa (' MHTErPaJbHON MOIIHOCTH M3Jy4eHHs 110
BCEMY CIIEKTPY 4YacTOT. A IOCKOJbKY ISl pa3HbIX yrioB ¢' addexr Jloruepa
mpeobpasyeT 4acTOoTy M3IY4YCHHS B pa3HOW CTENEHH, KaK MOIIHOCTH B (4.4),
CJIC/IOBATENbHO, Ul Pa3HbIX JUANA30HOB JMarpaMma HalpaBlICHHOCTH OyaeT
pa3Hoii (CeayeT TaKkKe yuecTb FeHepalnio rapMOHHUK IUKIOTPOHHON YaCTOTBI,
cM. nanee). Tak, Ui ONTHYECKOTO M3JIyYSHUS] HAMBBICIIAs MOLIHOCTh M3Iyde-
Hus OyzeT HaOmromaThCs B HampasieHHH Buepén (Bmoas V, mpu ¢' = 0°), npu-
4éM MOIIHOCTh IUIABHO CIIAJIAeT JI0 HYyJsl Ha KpasxX JuarpamMMbl rmpu ¢ = 6.
[pesckazaHHOe pa3iiuyuue AUarpaMM HalpaBICHHOCTH JJIsl M3JIYYCHUH pa3HbIX
JIMANa30HOB MOXET CIIY)KHTh IIPOCTHIM KPUTEPUEM MPOBEPKH OaIIMCTHYSCKON
teopun. Tak, AuarpaMma HanpaBICHHOCTH CHHXPOTPOHHOTO PaJAMOU3ITy4CHHS,
JUTS 9aCTOT ONMHM3KUX K IIMKJIOTPOHHOH, XapakTepu3yeTcs Ha Kpasx (mpu ¢' = £0)
HE MUHUMyMaMmH, a MakcuMmyMmami, Borpexu CTO u ¢popmyne [orra [354, 355,
356, c. 206].

Taxkum 00pa3oM, COITaCHO OANIMCTUYECKOW TEOPHUH, TOIBKO Y BBICOKO-
YaCTOTHOTO CHHXPOTPOHHOTO M3JIyUeHHUs] MOIIHOCTH CIa/IaeT K KPasiM KOHyca ¢
yIJIOM packpbiBa 20 =~ 2/y, B coriacuu ¢ HaOJIIOIAEMO B OIBITaX JHarpaMMoin
HarpasieHHocTH. OCTpasi HalPaBIEHHOCTh CHHXPOTPOHHOTO H3JIy4eHHs pac-
CMaTpHUBajach Kak MPOTHUBOpeUre OAJUIMCTUYECKOMY MPHUHIMILY, T.€. 100aBie-
HUIO CKOPOCTH IEKTPOHOB K CKOPOCTH UCITYIIEHHOTO NMH m3myueHus [34]. Ta-
KOU BBIBOJ] CBSI3aH C OTCYTCTBHEM IPSMbBIX H3MEPEHUIH CKOPOCTH V H3ITydaroIInuX
YaCTHUII, IPUHATON paBHOU V = C (UTO HE BEJIO OBI K 3aMETHOMY 3a0CTPEHHIO JIHa-
TpaMMBl HAIIPaBJICHHOCTH), a U3 OaTuCcTHYecKoi Teopun V = yC, OTKy#a ciie-
JyeT ocTpasi [iarpaMMa HalpaBiIeHHOCTH u3inydeHusi. CTpOro roBops, aHajin3
CBOMCTB CHHXPOTPOHHOTO U3JTyYeHHs B paMKax OaJlJIMCTHYECKON TEOPUH ClIeLy-
€T IPOBOJIMTH LICIUKOM B PAMKaX 3TOil TEOPUH U KJIACCHYECKOW KHHEMATHKH, Ha
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OCHOBE TIPHHIIMIIA 3ama3AbIBAIONINX MOoTeHIMaNoB [15], kak otmedeno B [357].
ITpu Takom aHanmu3e pacxokIeHUs ¢ 0ATTMCTUISCKON TEOPHEH OTCYTCTBYIOT.

Wrak, xputeprem BBIOOpa MEXIY AByMS TCOPHSAMHU CTaHET MPsMOE U3-
MEpEeHHE CKOPOCTH V M3ITYyHaOUINX YacTUI] BPEeMANPOIETHRIM MeTooM. [Ipen-
MOJIarajIy, YTO CKOPOCTh YACTHI[ MOXKHO OTPENCINTh KaK OTHOUICHHE JIHHBI
op6uts! L x mepuony T yCKOPSIONIETO MO WM UMITYJIECOB CHHXPOTPOHHOTO
M3Iy4YeHHs OT crycTKoB. [Ipy TakoM moaxoze st KpyHHBIX YCKOpUTENeH, ana-
METPOM B COTHU MeTpoB, Ajis BU-uacToThl yckopsitoliero noss Kak pas moiy-
YaeTCsl 3HaUeHHEe CKOPOCTH BBIIIE CKopocTH cBeta [A27, 358]. TToaTomy B pam-
kax CTO nmaHHYIO OIIEHKY KOPPEKTHPYIOT, MPEAToaras NUPKyYIAIHIO B KOJIBIIE
HAKOMHUTENS IETIOYKH M3 LEJOTO Yucia ( CTyCTKOB. JJI MaslbIX yCKOpHUTEIeH
CUMTAIOT, YTO CT'YCTOK OJMH M HAXOMAAT €ro CKOPOCTh KaK OTHONICHHE JIMHBI
KOJIbITa ycKopuTens L k mepuomy T yCKOPSIIOIIETo Mouis, He U3Mepsist HalpsMYIo
YHCIIa CTYCTKOB. /|11 KPYTIHBIX yCKOPHUTETEH, THaMETPOM B COTHH METPOB YHUCIIO
CTYCTKOB OTPENENIAIOT KaK KPaTHOCTh yCKopeHus ( = L/CT — oTHoIIeHne Bpeme-
Hu t = L/C 00x0a Koyblia YCKOPUTEIIS YaCTHIIaMHU (Ha CKOPOCTH C) K MEPUOLY
T yCKOPSIOIIETO MO WK CIEIOBAHMS UMITYIIECOB. T.e. IMEeT MEeCTO IUKIIHYe-
ckoe obocHoBanue ycioBust V = L/QT = €. JIpyruM METOIOM U3MEPEHHS YnCIia
CTYCTKOB, HampuMep B OosbmioM agporHoM Komnaiaepe (BAK), ciyxut usme-
pEeHHE YacTOTHI CTOIKHOBEHHUH YaCTHUI[ — TI0 CBETUMOCTH YCKOPHUTEIS

G =1fN;Ny/S,

rae S — IUIoliaab MOMEPEYHOro CeUYeHHs CI'yCTKOB, B TpejesiaX KOTOpOW Hpo-
HCXOAWT uX croiakHOBeHHe, N; 1 N, — KoIruecTBa 4acTUI] B CTAIKUBAIOIINXCS
CTycTKax, f — gacToTa CTONKHOBEHUS CIYCTKOB, mpu ( = | paBHas yactoTe 00-
pamenust yactur] B yckopurene. [lockonbky o0brano uncna N; u N, gactuir B
CTyCTKax MPUMEPHO paBHbI, Toraa G MponopuuoHaIBLHO YUCTy crycTKoB (. T.e.
10 U3MEPEHHON CBETUMOCTH YCKOpUTeNss G MOJKHO OL[EHHUTh YHCIIO CIYCTKOB (.

B pamkax kiaccuueckoit GU3MKH U 0aJUTMCTHYECKOM TEOPUH, B KPYITHBIX
YCKOPHUTEISIX TIPH TOM ke yacTore f creqoBanus UMITyIbCOB CHHXPOTPOHHOTO
M3YYCHUS WM UMITYJIbCOB MHIYKITHOHHBIX JaTYUKOB CTYCTKOB, B KaXKIOM H3
MTyYKOB MOXKET OBITh M0 OIHOMY CTYCTKY, JIETSIIIEMY €O ckopocThio V = L/T, kak
oTMmeueHo, HarpuMep, A.B. MamaesbiM [358]. ITockonbsky B Teopuu Putna mis
YABTPAPEIATHBUCTCKUAX YacTUIl V = yC, T.e. B Y pa3 BbIIIE CKOPOCTH CBETA, IO-
JyYUM, YTO Ta K€ YacTOTa MMITYIbCOB MOJIYYHTCS IPH OJHOM CTYCTKE, OTKyaa
g = y. Je#ictBuTeNnbHO, U1 KPYMHEHIINX YCKOPHUTEIECH OOBIYHO BBIMOIHSICTCA
cooTHoleHue ( = vy, He Hamenmee oobsicHeHuil B CTO. Tak, B MpOTOHHOM CHH-
xpotpone (PS) B LIEPHe [332], mpu nummysbce mpotonos p = 19,2 IB/c (y = 20)
pacuéTtHoe umcio crycTtkoB ( = 19 = y. B yckoputene APYC npu sHepruu siex-
TporoB W =50 M»B (y = 98) pacuérnoe uncno cryctkos g =96 =y [359, c. 159].
B Bonbmiom Anponnom Komnaiinepe (BAK) npu saepruu nporonos W = 3 TaB
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(y = 3-10°) uncno cryctko gocturaet BenuuuHbl = 2,8-10° = y. Knaccuueckas
OLICHKA YHUCJIa CTYCTKOB M YacTOTHI MX OOpalleHUs] HE NPOTHBOPEUUT OLCHKAM
YHCIIa CryCTKOB MO cBeTUMOCTH G, T.K. yBennuenue G npu pocte Y MOKHO UH-
TepPIPETHPOBATh M KaK POCT YMCIa CTYCTKOB ( (Bemymuii Kk pocty f), u kak poct
4acTOThI 00paIieHHs ¥ CKOPOCTH V YacTHUIl P HEU3MEHHOM YHCIIE CT'YCTKOB (.

Wrak, B KpyIHBIX YCKOPUTENSIX ( U Y MO0 COBMAIAIOT, JIMOO KPaTHEL, a
B CTO onu HHUKaK He cBsi3aHbl. ONpeenTh NCTHHHYIO CKOPOCTH YacTHIL MOXK-
HO, BBIBOJISL MX M3 YCKOPUTENS U M3Mepsisi V BPEeMSINPOIIETHBIM METOIOM. Tak-
K€ MOYKHO PETHCTPUPOBATh YaCTOTY MMITYJIBCOB M3IIyUYEHUsI IPH LUPKYISIUN B
CHHXPOTPOHE BCET0 OJHOTO 31EKTpoHa. IMITyIbChl CHHXPOTPOHHOTO U3ITyYeHHUS
OT OJIMHOYHBIX 3JIEKTPOHOB OTYETIMBO PErUCTPUPYIOTCS B aKcniepruMeHTax [360,
361], a mo nepuony T MMIYJIbCOB (PETHCTPUPYEMBIX C BBICOKHM BPEMEHHBIM
paspemernem (At ~ 10 nic) u no JummHe L KoJblia yCKOPUTEs MOKHO OJTHO3HAY-
HO HaWTH CKOPOCTH AneKTpoHoB V = L/T.

Psit HECOOTBETCTBHI B COOTHOILICHUSX MEXKIAY U3MEPEHHBIM HMITYJIbCOM
1 SHEprUed PeIsITUBHUCTCKUX YacTHIL (10 CPAaBHEHHIO C TEOPETHUECKUMU PEJIsi-
TUBHCTCKMMH) OBbUT BBISIBJICH B DKCIIEpUMEHTax Ha yckopurene lllanxaiickoro
uHCcTHTYTa [362]. BBIIO 0OHAPYKEHO, BO-TIEPBBIX, YTO U3MEPEHHAS KaJOpHMe-
TPUYECKUM METOJIOM DHEpPIHs 3J1eKTpOHOB W, HarpeBaBIIMX METaJUTHUECKYIO
MHUILEHb MPU OCAXKJCHUM ITy4YKa, HE COOTBETCTBYET TEOPETHYECKOW IHEPrHU
9NeKTpoHOB €U, mpruoOpeTEHHOM KaXKAbIM 3JIEKTPOHOM B YCKOPSIOILIEM MOTEH-
nmane U yckopurens. B pamkax 6ayumcTnieckoif Teopun 3T0 00YyCIIOBIICHO 3a-
BHCHMOCTBIO CHJIBI 3JIEKTPUYECKOr0 BO3JCHUCTBHS M HanpspKEHHOCTH monst E'
B CHCTEME 3apsijia OT €ro OTHOCUTENbHOU ckopocTu V [A37, A45], cm. § 4.9.
Bo-BTOpBIX, N3MEpEHHAs KAJTOPUMETPUUECKUM METOJIOM SHEPTHSI AIEKTPOHOB B
pamkax CTO He cOOTBETCTBOBaJA UX PEIATUBUCTCKOMY MUMITYIbCY U CKOPOCTH,
M3MEpeHHON MpoNETHBIM MeTogoM. HampoTus, B kitaccnueckoit ¢pusrke u BTP
9TH BEJIMYMHBI COOTBETCTBYIOT JApyT Apyry. B BTP ummynscy p = mV = mycC yib-
TPapEeNATUBUCTCKOTO 3IIEKTPOHA COOTBeTCTBYET Heprust W = mV?/2 = my%c?/2,
a B pamkax CTO ummynbscy p coorserctyet sueprus W = pc = myc? T.e. emé
OJTHMM KpUTEpUEM BBIOOpa Mexay Oammmuctuueckor teopueir u CTO ciayxur
MpsIMOE M3MEPECHUE CKOPOCTHU, MMITYJIbca U dHepruu yacTuil (§ 4.8).

Kpome Toro, BO3MOXKHBI PEKHMBI Pa0OTHI YCKOPUTEJIS, TPU KOTOPBIX TI0
COOCHBIM OpOUTaM LHUPKYJIUPYIOT CI'YCTKH C Pa3HOW CKOPOCTBIO M C YaCTOTAMH
KpPaTHBIMHU YaCTOTE YCKOPSIroIIero moiist [A45]. DTo cBs3aHO ¢ HEOOBION acuM-
METpUCH BO3JCUCTBUI MOJSI HA YACTUIY B YCKOPSIOIICH U TOPMO3SIICH (a3ax
T10J1s1, BBULY Pa3HOW CKOPOCTH JBMKEHHS YacTHUIIbI B ATUX (azax v pa3Hoil Be-
JTMauHEL ostst E' B yckopsitorieit u topmo3siieit azax, 3a c4ér 0aJuMcTHIeCKuX
3¢ dexToB (§ 4.9). Dddekt yeckopeHHs YacTHIl C KPAaTHBIMH YacTOTaMU oOpaiie-
HUSI CBSI3aH C MCKaKCHUEM CHHYCOMAAJIBHOTO MPOQUIS CUTHANA B TeHepaTope

242



YCKOPSIIOLIETO HANPsDKEHUs, Ha JIMHUY U B YCKOPSIIOILEM PE30HATOPE, H3-32 YETO
BO3HMKAIOT 'APMOHUKH OCHOBHOH YacTOTHI, KOTOPbIE W TPHBOIAT K YCKOpe-
HUIO YaCTHI[ COOTBETCTBYIOIIMX 4acToT oOparieHus. Yckopsiromee mnoie E(t) =
Ya,cos(2nnfot + @,) comepkuT, KpoMe OCHOBHO# 4acTOTHI fy (4ACTOTHI yCKOPSIFO-
LIET0 I0JIs), TApPMOHUKHU C aMIUIUTYaMH a,, HoMepaMmu N ~ 100 u BeIiIe, ycKo-
psIFOLIME CHHXPOHHBIC YACTHIIBI ¢ YacToTamu obparuenus Nfy. Dddexr ananoru-
YeH [apaMeTPUIECKOMY PE30HAHCY: OJTHA YaCTOTa BO30YXK/IAeT PsiJi NPOAOIBHBIX
MOJ KoJleOaHWi. A JETEeKTOPbI CI'YCTKOB WIJIM CHHXPOTPOHHOTO HM3JIy4EeHUs pe-
THCTPUPYIOT HE CKOPOCTH ITPOXOXK/ICHHSI CAMHUX YaCTHII, & CKOPOCTb JIBH)KCHHUS
BOJIHBI IJIOTHOCTH, KOTOPAsi MOXKET OBITh MEHBIIIE CKOPOCTH YacTull. Mizmepursb
HCTHHHYIO 4acTOTy Nfy BpaleHus 3IeKTpoHa, MOYKHO, PETUCTPUPYSI HMITYJIbCHI C
BBICOKMM BpEMEHHBIM pazperieHueM (At ~ 10 1ic) nmpu BparieHun 0HOTO 3JI1eK-
TpoHna [360, 361].

[To Toii sxe MpuurHE HEIb3s1 UBMEPUTH CKOPOCTDH PACIIPOCTPAHEHHS JIEK-
TPOMAarHUTHBIX BOJIH B KOJIBLIEBOM BOJHOBOJE, A€Js JIMHY KOJIbIA Ha MEPHOJ
BO30Y>KJal0IIero reHepaTopa Wil Ha Meprol KojieOaHUH 3IIeKTPHYECKOTro TOJIst
B BOJIHOBOJIE, ITOCKOJIbKY B BOJIHOBOZE OJJHOBPEMEHHO BO30YKIAIOTCS pa3HbIC
MOJIbI — BOJIHBI, OEr'yIMe C pa3HOil CKOPOCTBIO, T.€. PETHCTPUPYIOT CYIEpIo3H-
uuro Mox. Ha erekropax uHTerpanbHblil curuai S(t) peructpupyeMoi 1o moio
KOHIIGHTPAIMU YaCTHIL[ OT CI'yCTKOB, JICTSAIINX 110 OPOMTaM Pa3HBIX PaJyCOB C
yacroramu Nfy, MOXHO Tpy0o0 mpeacTaButh B Bue cyneprnosuimn S(t) = b, [1 +
cos(2anfst + 0,)], rme b, — amnutyna, 0, — ¢gasza curaana N-oro THIA YaCTHI
(c yacToroii obpamienus Nfy), 3aBucsIIas OT PaBHOBECHOH (a3bl CrycTka u Io-
JIOKEHMs1 JieTeKkTopa Ha opoure. Curnan S(t) mMeer BUA MMIYJIBCOB 4acCTOTBI
fo. Dddexr aHanornyeH reHepannl KOPOTKUX JIA3ePHBIX UMITYIILCOB 4acTOTHI f;
npu cuHXpoHH3amu mMop Nfy pesonaropa. Ilpu V > € saddexr Bo3MOXeH U B
JIMHEHHBIX YCKOPHUTEISIX: B BOJHOBOJIE BO30Y)KJAalOTCSI MOJIBI B BHJIE BOJIH pa3-
HBIX (a30BBIX CKOpocTel V,, ycKOpsIolne CHHXPOHHBIE crycTkH. A S(1) coot-
BercTByeT V < C. T.e. U151 OTHO3HAYHOTO U3MEPEHUsI CKOPOCTH YaCTHI], CIEAYET
CernapupoBaTh YaCTUIIBI IO CKOPOCTSIM MarHUTHBIM TIOJIEM M U3MEPSATH CKOPOCTH
V,, pasHbIX Py YaCTHUIL HAIIPSIMYIO — IIPOJIETHBIM METO/IOM.

Jo cux mop perucTpanuio CrycTkoB ocyiecTsisuin BPM-partunkamu
(beam position monitor), GpuUKCHpYIOIUMHU 3apsijl, HAaBEAEHHBIN MTPOJIETAIOIINM
B BaKyyMHOH kamepe cryctkoM. OjHaKo, HU3KOe ObICTPOJEHCTBHE MO3BOJISIET
OIIPEENIATh TAKUM METOAOM TOJIBKO IONIEPEYHOE MTOJIOKEHHUE MTyUKa B Kamepe, a
HE ero MpoJoJIkHOE CMEelIeHHe, He0OX0AnMOoe ISl U3MEPEHHs CKOpOoCTH. B 1o-
clle/iHee BpeMsl OSIBHIIMCH JIEKTPOONTHYECKUE JaTYUKH, HETTOCPEIACTBEHHO U C
THTaHTCKUM OBICTPOAEHCTBHEM M3MEPSIOLINE JIEKTPUUECKOE MOoJIe IPOJIeTat0-
X crycTtkoB [363, 364]. DTO OTKPBIBAET BO3MOXKHOCTb MPSIMOTO M3MEPEHUS
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CKOPOCTH YacCTHILl B KaMepe yckopuTens. IMEHHO 3TOT TUI JaTYMKOB MO3BOJIMII
3aperuCTPUPOBaTh BHICOKHE TAPMOHHMKH (BIUIOTH /IO THICSYHOM) BBICOKOBOJIBT-
Horo Hanpspkenus B JIDII [364]. lanublii GpakT MOATBEPIKAALT, YTO HCKAKSHHUS
TapMOHUYECKOTO CUT'HAJIa HANPSKEHUS, B TOM YHCIIE B YCKOPUTEIbHBIX CTaHIIU-
AX, BCErJ]a MPUCYTCTBYIOT: UMEHHO 3TH HCKaKCHMs, KaK OTMEUEHO BBHIIIE, Jie-
JIAFOT BO3MOXKHBIM YCKOPEHHE YaCTHIl, JABWKYIHMXCS 110 OPOUTaM C 4aCcTOTaMH
KpaTHBIMH YacTOTE YCKOpsomero HampspkeHust [A45]. MHTepecHO OTMETHUTH,
YTO CHUTHAJ, PETUCTPUPYEMBIH B IUKINYECKUX YCKOPUTENSAX TTOCPEICTBOM DJICK-
TPOONTUYECKHUX TaTIYUKOB, IEHCTBUTEIBHO, IPEICTABISACT COOOW CUTHAI B BU/E
Habopa rapMOHHK C YKBUIUCTAHTHBIM CIIEKTpoM [363]. AHATOTUIHBIN BT IME-
€T, HalpuMep, BpEMEHHAsI CTPYKTypa (PeMTOCEKYHIHBIX JIa3€PHBIX UMITYIIECOB,
TaK )K€ MPEACTABIAIOMNX CO00H CyMMy OOJBIIOTO YHCIIa TAPMOHUK C SKBHUIHU-
CTaHTHBIM crieKTpoM [104].

Hpyroii criocod m3MepeHns CKOPOCTH YaCTHUI] 3aKIIFOYAETCsl B PETUCTpa-
LU OTPAKEHHOTO, PACCETHHOTO CTYCTKOM JIa3epHOTO WIIN PaTHON3ITYYCHHUS, KaK
TP PETHCTPALNH ITHPOKHIX aTMOC(EPHBIX IUBHEH YaCTHUI] KOCMUYECKHX JTydeH
[365]. ITIpu 5TOM CiieyeT perucTpupoBaTh HE CIBUT YaCTOTHI, a 3aAEPKKY MEKIY
JBYMSI TTOCJICIOBATEIIEHBIMA UMITYJICAMU U3TYICHUS, OTPAKEHHOTO CTYCTKOM.

OnennM umtensHOCTh AT UMITyIbca U3mydeHus B reopun Purtma: AT co-
OTBETCTBYET MPOJETY AMEKTPOHOM Iyru opouTsl d =~ 2RO ~ 2R/y — y4acTka Tpa-
EKTOPHH, C KOTOPOTO M3IyYCHHE MOCTYIACT B ACTEKTOP Ha paccTosHum L [354]
(Puc. 4.8). 13 nauana A unrepBaia d << R cBer noneraer 3a Bpemst ty= (d +
L)/(c + V), u3 xonma B — uepes Bpems tg= d/V + L/(C + V) nmocine uznyuenus B A.

At = t5— ta~ d/cy? = 2R/cy?, (4.6)

B COTVIACHH C TEOPETUYCCKUMH OIICHKAMHU JIUTEIHHOCTH HMITYyIbCa OT OIH-
HOYHBIX JJIEKTPOHOB B dJeKTpoarHaMuke [354]. ICTHHHBIN UMIYIIBC 3aMETHO
JUIMHHEE 33 CUET KOHEYHOW JJIMHBI CTYCTKA.

)
e, -

“Teurxporpon
Puc. 4.8. Cxema GopMUpOBaHUS UMITYJIBCOB CHHXPOTPOHHOTO U3Ty4EHHS.

OOBIYHO TAPMOHUKN CHHXPOTPOHHOTO M3ITyUIEHUs OOBSCHSIOT PpETrHCTpa-
IMel ero B BUAE KOPOTKHUX WMITYJIbCOB JUINTEIBHOCTHIO AT, OTYETo CHeKTp n
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bopmupyroT rapmornku Hf,, HaunHas oT MUKIOTPOHHOHN 4acToThI f, U 710 4acToT
f ~ 1/AT ~ vy°c/2R (Puc. 4.9.6). Ilpu 3TOM HHTCHCHBHOCTH BBICIIHX TapMOHUK
Mana. A ¢ yaérom spperra Puria (1.15), ocoberno mpu a, = -¢%/L, mpoduis nm-
myneca E(t) nckasnrcst, obperasi 0coOOEHHOCTH B BH/JIE YCTYIOB 1 ITIHKOB, TeM 00-
Jiee BEICOKHX, YeM OHU OJIMIKE K CEPEIMHE UMITYIILCA M YEM MEHBILIE YTOJI () TOUKH
M3IydeHus, Tae a, = -8y (Puc. 4.8). D10 mpuBenéT kK pocTy HHTEHCUBHOCTH Tap-
MOHHK M HEOTPaHHUCHHOMY pOCTy HoMepoB rapMoHuk H. JlyueBoe yckopenue
a, = -asing, rye sing ~ sin® ~ 1/y, u yciosue a, = -¢?/L reHepanuu BHICOKOYACTOT-
HOTO M3ITy4eHHs (B TOM YHCIIE KECTKOTO PEHTIT€HOBCKOTO M raMMa-U3TydeHNUs)
peanmusyercst pu L = R/y?sing ~ R/y. Torma yxe mpu mansix v ~ R/L Bo3MokHa
reHepanus KECTKOTO M3IydeHUs], MyTEM yIIMHEHNs KaHalla BeIBoAa L mm co-
KpalieHus pagnyca opouTsl R, 4eM u nonb3yrorcs Ha pakTuke. [1ockonbKy mpu
CHIKEHHH @ < 0, COOTBETCTBYyIOIIee nose £ pacTér, nanbHeliiee yBelInueHne
L = R/y?sine HapamuBaeT HHTCHCHBHOCTH TapMOHKK. MOIIIHOCTH M3TyYCHHUS Ha
gacrtore f, U €€ rapMOHHKaxX CpaBHHMBI, KOTJIa yCKOpEHHe IeKTpoHa a = VZ/R
nocruraer nopora a,= ¢%/L ~ 10 m/c? (mpu L ~ R ~ 1 m), t.e. ipu V ~ ¢. [eii-
CTBUTEINIBHO, TIPH V ~ ¢ 3IEKTPOHBI, KPOME M3TyUCHHUsI 4acToThI f,, reHepupyroT
e€ rapMOHUKH B (hopMe CHHXPOTPOHHOTO M3TydeHHs. OTHOIIEHHE CUTHAJ/IITyM
TapMOHUK (€CJIM IO ITyMOM ITOHUMATh CHTHAJ IIMKJIOTPOHHOH M ONM3KHUX Ha-
ctot f;) pacTé€T mpu BHIBOJIE M3MyYCHHUS Yepe3 BaKyyMHBbIC KaHAJIbl, JIMHA KOTO-
PBIX 1715 BUauMoro cBeTa L ~ 1 M, a 17151 )KECTKOTO PEHTTEHOBCKOTO M3ITyUeHUsT —
L ~ 100 m [354], BBuay pocta HOMepoB H 1 MOITHOCTH rapMOHUK Tipu pocTe L.
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Puc. 4.9. Cxema (opMHpPOBaHHUsS CIEKTpa rap-
MOHHMK OT HWCK&XEHUS OpOQUIS  BOJHBI, HU3Iy-
YEHHOM YaCTUIAMH B  YCKOPUTENISX: @) IHKIO-
TPOHHBIM  PEXUM, 6) CHHXPOTPOHHBIH  PEKUM.
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OueHNM HWHTETPAJIbHYI0O MOIIHOCTH CHHXPOTPOHHOTO M3JIyYCHHUS B
Gammctiuueckoil Teopun. I1ocKombKy MONIHOCTE P; M3ITydeHHs OJUHOYHOTO
SJIEKTPOHA MPOIIOPIHOHAIIBHA KBAAPAaTy YCKOPEHUS @, CICA0BaTeNbHO Py oc 82 =
V4/R? o« y¥/R2 Tak W B paMKaX MaKCBEIUIOBCKO# snekrpommHamukn, CTO u
¢dopmyasl [lorra MotHOCTE M3MyUeHns Py oo B%p? oc v¥/R2, rie uHayKIMsA Mar-
HUTHOTO IT0JIsI, B KOTOPOM JIBIDKETCSl YacTHIA, B o y, T.K. HMIyJIbe 3IE€KTpOHA
mV = eBR o y — [355]. T.e. CTO u GammucTudeckas TEOPHs IPEICKa3bIBAIOT
OZIMHAKOBYIO 3aBHCHMOCTh MOIIHOCTH CHHXPOTPOHHOTO HM3Iy4eHHUs OT Y. Pa3-
HUIA JUIb B ko3¢ dunuente. T.e. 3aMepbl MOIIHOCTH U3ITyYSHUS! OJHHOYHOTO
anektpona [360, 361] narot mpocToii KpuTepuii BEIOOpa MEKIY PEIATHBUCTCKOM
1 0aTITMCTHYCCKOH TEOpHUEH.

Takum 00pa3zom, OOJBITMHCTBO CBOWCTB CHHXPOTPOHHOTO H3ITyHYCHUS
OZIMHAKOBO TOYHO NHpeJcKa3bIBaeT U Oammctryeckas teopusi, 1 CTO. Paznumy
UX TpeIcKa3aHnil MOXHO OOHApYKUTh TOJIBKO JJIsI HEKOTOPBIX MaJION3YIEeHHBIX
XapaKTEePUCTUK M3Iy9IEHHs, B TOM YHCIIE ISl TOYHOTO YITIOBOTO PACIPEICICHUS
BHE KOHYCa ¢ yriioM obpasyromeii 6 = 1/y (tme mo CTO, B otmiaue ot BTP, mom-
HOCTh OTIMYHA OT HYyJIS) U JUIA KO3 QUIIEHTa MONIOMIEHUSI CHHXPOTPOHHOTO
M3JTyYeHHs B Pa3HBIX MaTepuaiax, KoTopsii, cormacHo bTP, cymecTBenHo Hixe
(§ 4.4). Tak 4TO WCCIIEOBAaHUE ITHX CBOWCTB OBLIO OBI BeChbMa JKEJIATEIILHO B
IUTaHEe BBIOOpa MeX Iy OammmcTiaeckoit Teopueit u CTO.

§ 4.6. MexaHu3m eeHepauyuu u ceolicmea YepeHKOB8CKO20 u3jty4eHusi
OnuH U3 crocoO0B U3MEPEHUsI CKOPOCTH YaCTHI] COCTOHUT B HCCIIEI0BA-
HUM XapaKTEPUCTHUK MX YEPEHKOBCKOTO M3IIyYECHHUS OT PEISTUBHCTCKUX YACTHIL
B cpezie ¢ mokasareneM npesnomsienns N. CormacHo Teopun dddekra BaBnnosa-
YepenkoBa, yro 6, o KOTOPBIM pacipoCTPaHAETCs N3TyUSHHE IO OTHOIICHHIO
K BekTopy ckopocta V (Puc. 4.10), onpenenseTcs HA OCHOBaHUHU (POPMYITHI
cos = c/nv, 4.7)
YTO B CIIydae YAbTPAPEIITUBUCTCKIX CKOPOCTEH, BRIpaXKEHHBIX uepes JlopeHt-
¢daxrop y >> 1, naér

P ; gl
cosf = — 1 P
ny1-1/y2 B’
Haiinennsie o n3MepeHHOMY yIiry 6 CKOPOCTH YaCTHIL
v = ¢/ncosb 4.8)
HETPEBBIIIAIOT CKOPOCTHU CBETA € B BAKYYME U COITIACYIOTCS CO3HAYEHUEM CKOPOCTH
U, onpeieNnéHHBIM Ha OCHOBAaHHUH PEISITHBUCTCKUX (DOPMYIT ITO M3MEPEHHOMY M-
myneey yactuil. OnHaxo popmyna(4.8), BeiBeieHHas BaBuiossim, Tammom u @pan-
KOM B paMKax peJIsITHBUCTCKOH Teopru 2 hexTa,—3To Cle/IcTBHE psijia yIpOIeHHH
1 TIPEIIONIOKEHNH, TpeOyIOMNX MPsSIMOI ONBITHON pOBepKH. B pamkax Oammu-
CTUYECKOM TEOPUH MEXAHU3M I'eHepallui YePEHKOBCKOT O M3Ty4E€HHsI COBCEM HHOI.
246



Puc. 4.10. Cxema reHepaiyii 4epeHKOBCKOTO H3ITYUYECHUS B
CTO u 6ammuctuueckoii reopun. Ckopocts V mo-pasHomy

BBIPAKACTCSL 4epe3 yroi O YepeHKOBCKOrO H3IyuYCHHS.

B wactHocTH, B 3kcniepuMeHTax rpymnmnbl A.A. Tsankuna [36] Obuto OT-
KPBITO YEPEHKOBCKOE M3JIy4eHHEe, TeHepHpYyeMOoe T10] 3aKPUTHUECKUMHU yIIIaMU
0 > arccos(C/Nv) — pakT, KOTOPBIN CBHUACTEIBLCTBYET O CBEPXCBETOBON CKOPOCTH
U 4acCTUI U HYKJIaeTcsl B JalbHEHIIEeH npoBepke. B yacTHOCTH, cpa3y BO3HUK U
JI0 CHX TIOp OJJTHO3HAYHO HE PEIIEH BOIIPOC O TOM, CITY>KHUT JIM UCTOYHUKOM YEPEeH-
KOBCKOT'O M3JIy4YCHHsI camMa YyacTHUIla WM Cpejia, B KOTOPOil yacTula apmkercs. B
paMKax peHHTHBI/ICTCKOﬁ TCOPUHN UCTOYHUKOM U3TTYUCHHS CIIYKHUT CpE€aa, B KOTO-
poit yactuia Bo3OyxaaeT konedanust 3apsiioB. [lo muenuto C.W. Basunosa, co-
BMECTHO ¢ UepeHKOBBIM OTKPBIBIIETO d(PPEKT, HCTOUHHUKOM H3ITyUCHUS CIYKUT
cama JIBI)KYIIAsICS YaCTHIIA, KOTOpast KOJIEOIEeTCs MO/ BIMSHUEM AIIEKTPHUECKUX
IoJIel aTOMOB CPellbl, MUMO KOTOPBIX IIPOJIETACT, U3Jlydas B COIYTCTBYIOIIEH
cucreMe orcuéra cepuueckyro BoaHy. MuTepecHo, uyto O. XeBucaiin, emé B
1888 . mpexnckazas spdexr BaBunosa-UepeHkoBa y 3apsifioB, ABHKYIIUXCS CO
CBerCBeTOBOﬁ CKOPOCTBIO, CYHUTAJI, YTO UCTOYHHUKOM H3JIYUCHUS CIIY)KHUT CaM
JBIDKYIIMICS 3apsii, a He cpefa. B npuHIue, BO3MOXKHBI CIy4au peann3alun
" TOIrO U APYroro MexaHuima reHepanuvun 4€PECHKOBCKOIO MU3JTYUCHUS. B yacrt-
HOCTH, €CJIM UCTOYHHUKOM, BOS6y)K}]aIOH_II/IM YECPECHKOBCKOC U3TYUCHHUEC, CIIYKHUT
HE 4yacTula, a (pPOHT HEOAHOPOIHOIO PACIIPE/ICIICHHS IEKTPOMArHUTHBIX Xa-
PaKTEepUCTUK CPEbl, HAIIPUMEP AIEKTPOHHON KOHUEHTPALUH, OISpU3aLUN UIH
HEJIMHEHHOCTH (KOT/Ia peasin3yIoTCsl CBEPXCBETOBBIE CKOPOCTH ), TOT/Ia HCTOUHH-
KOM Y€PEHKOBCKOTO U3IIyUSHUSI CIIY)KHT CamMa Cpesia, B KOTOPOid IBHKETCSt (PPOHT
COOTBETCTBYIOIETO PaCIPEACICHHSL.

IIpu knaccuueckoit uuTepnperaiuu >(dekra Basuinosa-UepeHkosa,
€CIIU 110 Teopur XeBucaiiaa u 0UTMCTUYECKON TEOPHH U3ITyUCHUE TeHEPUPYET
cam 3apsj, TOIAa CKOpPOCTh C' MCITYIICHHBIX YaCTUIIEH CBETOBBIX BOJIH B Cpe-
Jie paBHa yxe He ¢/N, a BeKTopHO# cymme ¢/n + V/n? (§ 3.2). COOTBETCTBEHHO,
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ckopocTh BonH B cpefie (Puc. 4.10) B mpsiMOM HampaBi€HUU OTHOCUTENBHO HC-
TOYHHKA paBHA

c/n=V(1-1/n?),
Kak 1mokasai oIt ®m3o (§ 3.2). B aTom cirydae cootHoteHue (4.7) yxKe HE BBI-
TIOJTHSICTCHL.

[TycTb anexTpoH, BbueTaromui u3 Touku O, U3IyYUI CBETOBYIO BOJIHY
(Puc. 4.10). Yepes Bpemsi t on gocturner touku A, tak uro OA = Vt. 3a ato
BpeMsi uciylieHHass B Touke O cdepuyeckas CBETOBasi BOJIIHA PACHIMPUTCS 10
pamuyca BS = ct/n, a 1ienTp BosiHBI cMecTUTCsI B TOUKY B, mpoiins nmyts OB =
Vt/n2, JleficTBuTeNBHO, U3 § 3.2 CKOPOCTH TOUEK S BOJHBI MPEACTABISAET COOOM
BEKTOPHYIO CYMMY JIBYX JBMIKCHUI: paJiMaibHOTO PaclUIMpEeHUs BOJHBI CO CKO-
POCTBIO ¢/N M IEPEHOCHOTO JABIKCHHS IIEHTPa U3TydeHUst A O CKOpOoCThio V/N2,
COOOIIEHHOM AMeKTPOoHOM. B ntore, ceprudeckne BOJTHBI, TCHEPUPYEMBIE ITEK-
TpoHoM Ha myT OA, TIpH CIIOKEHUH 00pa3yroT OTHOAIOIIHIA BOTHOBOH (DPOHT B
BHJE KOHYyCa, KacaTeIFHOTO K ATHM BOJIHAM, C YIIIOM HOpPMaJIH 00pasyromeil K
ocu 0 = ZSBA. 13 npsmoyronbsHoro Tpeyroibauka ASB Haitném cosd = BS/BA,
rne BA=0OA - OB = Vt— Vt/n?. Orcrona

cosB = ¢/nV(1 — 1/n?),
T.€. TIOSIBIISIETCS] MHOXKUTEIb, PaBHBIA KodpduumeHTy ypnedennus Ppenens (1 —
1/n?). CiieoBarensHo,
V'=c/n(1 - 1/n?)cosH, 4.9)
a UMITYJIbC DJICKTPOHA
p=mV=mc/n(1 —1/n?cosh. (4.10)
OTO0 3HAYCHHE TPEBBINIACT 3HAYCHUE p, HAIEHHOE B PENATUBUCTCKON MOJICITH
mpu v = ¢ u3 (4.8),
p=muv/(1 - 1#c?)"2=mc/(1 — 1/n’cos?0)">. (4.11)
Herounoe coBniazienue kiaccnueckoit popmyisl (4.10) u pensituBucrckoit (4.11)
CBSI3aHO C TeM, 4To (hopmysia yBiedeHust DpeHenst Ui pesITHBUCTCKUX CKOPO-
CTeli BBIBE/ICHA JJIS CIIydasl M3y4YeHHs, HAYIIETO B MPSIMOM MM 0OpaTHOM Ha-
MIpaBJIeHNUH (TI0 BEKTOPY OTHOCHUTENFHON CKOPOCTH cpenbl). Ho s u3mydeHus,
HCIYIICHHOTO O YIJIOM, BKJIaJ ckopocTu V He paccyuTaH B § 3.2, U I HETO
BBINOJTHSETCS O0JIee CI0KHast 3aBHCUMOCTb. B urore ¢pponT Bonub! Ha Puc. 4.10
n300pasuTcs yKe He CPepUIecKoil, a Ooee CIOKHOU MOBEPXHOCTHIO ¢ MHOM
orubarorieii mo yrounéuuou popmyse (4.10).

Kax BprsicHmm B § 3.2, 4aCTHIBI C PEIATUBUCTCKUME CKOPOCTSMHU HC-
ITyCKAIOT CBET B MPSIMOM HAIPaBIEHUH CO CKOpocThio C' = ¢/[n — V/(c + V)]. Ilox
yriioM 6 x BekTopy V cocTaBisronias CKOpocTH JacThilel paBHa Vceosf. Torma B
HarpasJIeHUH O CKOPOCTH CBETA 3a/1aHa YPABHECHUEM

¢"=c/[n—Vcosb/(c + Vcosh)]. (4.12)
Ot0 ypaBHeHHE U 3a1aT MPoduiib 00pasyromeii PpoHTa CBETOBOM BOJIHBI, TIPS/ -
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CTaBJIAIONIeH COOOH TEJI0 BpalleHUs C OChIO, HAIIPAaBIEHHOH BIIOJIb BekTOpa V.
Braze,mpun=1+3, e 6 << 1 u d << ¢/V, nonyunm ypaBHeHne o0pazyromuien
Buaa C' = C + Vcos. B ceyeHNH TIOCKOCTHIO TOTYYHUM B MOJISIPHBIX KOOPAMHA-
Tax ypaBHeHHE oOpa3yloleil B hopMe KOHXOH bl OKpykHOCTH (yrumxu [lacka-
Jis) — KPHBOM, KOTOPYIO OIUCHIBAET TOYKA Ha KOJIECEe, KaTAIEMCsI TI0 KOJIECY TOTO
xe panuyca. KacarenpHas k 3Tol BOJHE, IpOBEAEHHAS Yepe3 TOuKy A, 1 3a1aéT
¢dopmy (hpoHTa orubaroreii BOTHBI YepeHKoBCcKoro u3inydenus (Puc. 4.11). OT-
crofia HalJEM U1l yIvla YEPEHKOBCKOTO U3ITYUYEHHS

cos0 =— : Sp— : : (4.13)

m1-c2/V?  ny1-1/y>

yro npu V = yC >> C yxe ONmke K 3aBUCUMOCTH (4.7), IpH U = ¢ MOATBEPKIEH-
HOW B skcnepuMeHTax. Eciam mopcraButh B (4.13) BeIpaskeHUe [UIsl KiaccHye-
CKOH ckopocTH (4.3), Tor/Ia MOMYYHM BhIPAKCHHUEC

1 el 2y

ny1-1/y2 B’
COBIAfaroIIee ¢ Kiaccudeckum (4.7), Tie mpenaenbHbIi yron cosd = 1/n coot-
BETCTBYET OIIBITY.

Wrak, MOMOJHUTENBHBIM KPUTEPHEM NPOBEPKH Teopuu Purna craHer
CpaBHEHHE UMITYJIbCA YaCTHII, I3MEPEHHOTO 110 KPUBU3HE TPACKTOPUH JIIEKTPO-
Ha B MarHUTHOM I10JI€, U UMITYJIbCa, PACCYMTAHHOTO MO YEPEHKOBCKOMY YIiry 0
knaccuueckuM (4.10), (4.13) u pensituBuctckum (4.11) criocobom.

Krnaccuueckast orieHka ckopocTd (4.9) mpuBoauT k 60siee BEICOKUM 3Ha-
YEHUSIM CKOPOCTH, 4eM craHnaptTHas ¢popmyina (4.8). Tak, st Bogst (n = 1,3) B
CTO npenenbHblit yroi cosd = 1/n coorBeTcTBYeT U= ¢/Ncosh = ¢, a B GamicTu-
YECKOW TEOpUHU OH COOTBETCTBYET CBEPXCBETOBOW CKOPOCTH

V=c/(1-1/n?)=245c.

Takum 00pa3om, OLIEHKA CKOPOCTH M3ITYyUEHUsS IO CTAaHIapTHON (opmyrie
BaswmiioBa-Uepenkona (4.8) naBasia 3aHIKEHHOE 3HAYEHHE CKOPOCTH YaCTHUII, IO
CPaBHEHHIO C PE3yJIbTaTOM OAIITMCTHYECKON TeopHuu. VICTHHHBIE CKOPOCTH MO-
r'yT OBITB BbIIIE B pa3bl. Takke n camo 3HaueHue cosb = 1/n — He mpenen, Kak
rokasanu skcrepuMenTsl Ha yckopuresie CERN, nocrasieHHble 1011 pyKOBOA-
ctBoM A.A. Tankuna [36, 366, 367]. JleicTBUTENbHO, TUHIIUYHAS KOHCTPYKIIHS
YEPEHKOBCKHX JIETEKTOPOB HE JOIYCKAET PErHCTPAlMU M3IyUYeHUsl MOJ 3arpe-
JIeTbHBIMU yIJIaMH 0, T.K. YepPEHKOBCKHE JETEKTOPbI OOBIYHO MEpPSIOT HE Yroi
0, a peruCTpUPYIOT YaCTHUIIBI, N3JTyUYaloIUe MO ONpeeIEHHBIM yIiioM 0 B ua-
nazoHe 1/n<cosb < 1. A a5 3aMepOB CKOPOCTH YACTHUI] TPUMEHSIOT TOPOTOBBIC
CuéTUMKH, CpabaThIBAIOIINE, KOT/A YACTHIIA HAYNHACT TCHEPUPOBATH U3ITyIEHHE,
otkyna u3 CTO cosf = ¢/nv= 1. B Takux c4éTINKaX IPUMEHSIOT Ta30BYIO CPEY,
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rae N =1+ 6 npu & << l. [loBbImas gaBieHMe ra3a u ero NoKa3arelb peIoMie-
HUSE N, JI0 MOSIBIICHUS M3JTyYEHUsS TIPU U = ¢/N, HAXOJAT 1O TIOPOTOBOMY N
v=c/n=c-dc.
Ho ecnu nipepenbHOMY yriry cosf = 1 cooTBeTCTBYET
V=c/n(l - 1/n?) = ¢/23, (4.14)
Toraa npH & << | moporoBble c4éTYNKN UepeHKOBa PErnCTPUPYIOT YaCTHIIBI C
V >>¢. B pamkax CTO cHMXeHHE § M TOPOTOBOTO JIaBJICHUSI Ta3a COOTBETCTBYET
MIPUOIMKEHHIO U K ¢. A B paMKax OaJUTMCTHYECKOW TEOPHH CHIDKEHHE O COOT-
BETCTBYET HEOIPaHUUEHHOMY pocTy ckopocTu V. Toraa ckopocTs
v=c/nN=c-dc,
HaiinenHast B pamkax CTO, COOTBETCTBYET PEISITUBUCTCKOMY UMITYJIbCY
p~=mc/(1 — v?¥c?)">=mc/(25)'7, (4.15)
COBITQ/IAIOIIEMY C U3MEPEHHBIM 110 KPUBH3HE TPACKTOPHUI B MarHUTHOM 11ojie B
3HaueHuto p (§ 4.4). [loxoxee Ha (4.15) BeIpakeHHE ClIETyeT TaKXKe U3 KIaCCH-
YECKOTO BBIPAKEHUS JUIsl IMITYIIbCa
p=mV = mc/29, (4.16)
€CIIM MCII0JIb30BaTh 3HAYEHUE CKOPOCTH (4.14), paccunTaHHOE B paMKax Oanim-
CTHUYECKON TEOpUH.
HecoBnanenune crenenu B 3HameHaredne (4.15) u (4.16) o0ycnoBieHo TeM,
410 (hopmyisl (4.14) u (4.16) nonydeHsl B paMKax NpHOIMKeHUH, 1 Koddduim-
eHT yBiedeHus1 penestst TeOpeTHYECKH M SKCIIEPUMEHTAIBEHO HAMICH JINIIb IS
V <<, a Ju1sl BBICOKHUX CKOPOCTEH OH OMpeJeNsieTcs: CIoKHEe.
Tounsrit pacuér (§ 3.2) moka3bIBacT, YTO M3IyUYEHHE YACTHIL ITOTyIaeT B
cpelie ¢ mokasarelneM npenoMieHus N = 1 + § ckopocts C' = ¢/[n —V/(C+ V)], u
YEepPEHKOBCKHE TIOPOTOBBIE IETEKTOPHI IpH C' = V (TIOpOT) perncTpUpyIOT YacTH-
IbI CO CKOPOCThIO V = C/3'2>> ¢, oTBeYarOIIeH HMITYIbCY
p=mV=mc/3" (4.17)
®opmyna (4.17) yke COOTBETCTBYET, C TOYHOCTBHIO JIO KOd(PQHIIUEHTA
2'2 — penstuBuctckorr popmyne (4.15), koTopasi cormacyercsi ¢ W3MEPEHHBIM
HUMITYJIECOM YacCTHII, TEHEPUPYIOIUX YEPEHKOBCKOE U3ITyueHue. PacxoxaeHue B
Buze ko3 urmenta 22 naét JONOTHUTEIBHBIN KPUTEPHI IIPOBEPKH OaUIHCTH-
YeCKOW TEOpUH M KpUTEepHi BEIOOpa OpMyII, JIydllle COOTBETCTBYIOIINX U3Me-
peHHOMY UMITYIBCY 110 yrity 0. ITo cyTu, Kputepuii mpoBepeH B 9KCIIEpUMEHTaX
[35, 367], noka3aBIINX, YTO YACTHUIbl HAUMHAIOT T€HEPUPOBATH U3ITyUEHUE NIPU
3HAYE€HUH UMIYJIECA p MEHBIIIE NOPOTOBOTO.

Taxoke B CTO u 6auTMCTHYCCKOM TEOPUH CXOIHBIA BUI UMCIOT 3aBUCHMO-
ctu moporosoro N ot y. B CTO v=c/n=c(1 —J), oTKyaa s ynpTpapeIsiTHBHCT-
CKHX YaCTHIL TOPOToBoe & = 1/2y% B GanmucTrdeckoii Teopun u3 yciosus V = ¢’
mopor &= 1/y? ¢ TO4HOCTHIO 10 MHOXKHTEIIS 1/2 COBMAMAET C PEISTUBUCTCKUM. DTa
pasHuIa 00yCIIOBJICHA TE€M, YTO 3aBUCHUMOCTS (4.12) HOCUT NPHOIVKEHHBIN Xa-
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paKTep U NpH YABTPAPEIITUBUCTCKUX CKOPOCTAX (Y>> 1) HapymaeTcst. ITo Toxe
JaéT MPOCTOM KpUTEpHil MPOBEpKH Teopur Putia, B paMKax KOTOPOil H3MepeH-
Has BeJMYIrHA & << | COOTBETCTBYET CBEPXCBETOBBIM CKOpOCTsIM V = ¢y = ¢/3'2,
Taxum 00pazoM, W B 3TOM Cllydae OCHOBHOW KpHUTEPHH MPOBEPKU OaIIHCTH-
YECKOH TEOpUH — ITO NIPSIMOE H3MEPEHHEe CKOPOCTH V HPOJIETHBIM METOIOM.

Puc. 4.11. ®opma BonHOBOTO pPOHTA OT PEIITHBUCTCKOH
YaCTHUIIBI B Cpelie U KOHYChI OTHOAIOINX 3TUX (POHTOB.
ITynkmup — o0Opa3syrolmue KOHyca HOPMAJbHOIO 4epeH-
KOBCKOTO d(deKTa, wimpux-nynkmup — aHOMAIBHOTO.

VYroi 6 uepeHKOBCKOTO U3ITyueHHs B TeOpUH PUTIA BBIpakaeTcst HEOAHO-
3nauHo (Puc. 4.11). Ecau nHa cxopocts ¢’ = ¢/[n — V,/(C + V,)] B HanpaBnennu 0
BIIMSICT JIMIIb paaibHasi KOMIIOHEHTa cKkopocTH 3apsiia V, = Vcos, mpu V ~ ¢
(bopma BosTHOBOTO (hpOHTA B MOJSIPHBIX KOOPANHATAX 3a/[aHa KaK

c'(®) =c/[n—(c/NVcosO + 1)1],
T.e. omnyHa ot cepuueckoii (Puc. 4.12). A mpu V > ¢ (B CTO 510 COOTBETCTBY-
et v>0,71¢) BoHOBO# (PPOHT — caMOTEepPECEeKANIUICS, C 0COOCHHOCTRIO THIIA
neriecTka. JlelcTBUTENFHO, (PPOHT CTAHOBHUTCSI CaMOIEPECEKaIOUMCsI, KO/
CBET, U3TYIEHHBIN B HapaBIieHNH Ha3as (0 = 7, cos® =—1), oT 1o6aBIeHNUS CKO-
POCTH MCTOYHHKA, IBHKETCs Briepén, T.e. ¢(m) = ¢/[n — (1 — ¢/V) '] < 0. B atom
cirydae 3aHAA 4acTb (PpoHTa BeITHOAETCS BIEpEN, 00pasys MOMOTHUTEIbHBINA
BBITSIHYTBIM B HAaIlIPaBJICHUU CKOPOCTH JIETIECTOK, C CAMOIIEPECEUEHHEM B OO~
ce O (Puc. 4.12). Torna, kpoMe HOPMAITLHOTO KOHYCA YEPEHKOBCKOTO U3ITyUCHHUS
(BHemHel orudaromniel ppoHTOB, ¢ yriom 0, Ha Puc. 4.11), popmupyercs y3kuit
KOHYC — orubatormas jienectka (¢ yriom 0,). IIpu n < 1,5 3ToT aHOMaNbHBIH KOHYC
o0pasyeTcst pH JIOMOPOTOBBIX 3HAYCHUSX V. JIelCTBUTENBLHO, YCIIOBUE TeHepa-
1 n3mydenus V = ¢/[n — V/(c + V)] naér nBa pemenus: V, ,=c(-1 + [1 +4/(n—
1)]"2)/2, tme V; oTBewaeT MOPOTy TeHEPAIUH HOPMATbHOTO YEPEHKOBCKOTO H3-
ny4enust, a V, — J0N0poroBoMy (aHOMAIbHOMY) U3ITYyYEHUIO, CYIIECTBYIOIEMY B
muarnazoHe ¢ <V < |V,|. Ecnu Vy =c(—1 + [1 +4/(n—1)]"%)/2 > ¢, T.e. HOpManbHOE
YEePEHKOBCKOE M3ITyUeHUE TeHepupyeTcs npu V > ¢, a aHOMalIbHOE YePEHKOBCKOE
U3JIydeHHe, COOTBETCTBYIOIIEE JICMIECTKY, TeHepupyeTcs pu V, — 10 mopora V,
HOPMAIbHO20 N3ITYYSHNUS, YTO BBIMOIHSETCS pu N < 1,5. ITO aHOMalIbHOE YepeH-
KOBCKOE M3JIy4€HHE BOSHUKHET, eciii Ha yauTke [lackasst mosiBUTCS 3a0CTpeHHe
B moitoce O, 1 0Ha BRIPOIUTCS B Kapauouay C' ~ (1 + cosb), rae ¢'= 0 mpu 6 = 7.
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v=1,12 =14 y=1,8
Puc. 4.12. DBomonyst BOJIHOBOTO (POHTA OT PEIIITUBUCTCKON YaCTHIIBI

B cpezie TIpH pocTe Y-(hakropa TMPUOIMKEHHO COOTBETCTBYET IBOIIOLNH
KOHXOMIbI oKpyxkHOCTH C' =V(C/V + cos0) npu n3menenun napamerpa c/V.

Jonoporosasi reHepanus ObUIa OTKPHITA B JKCIIEPUMEHTaX C HOHAMU
cBuHIA [35] 1 c noHamu 30110Ta [366]. KOHYC HOPMabHOTO YEPEHKOBCKOTO 3Ty~
YEHUsI Cy’KaJICsl 110 Mepe pocTta N wiK V, TO KOHYC aHOMAJIBHOTO — paclInpsiics, B
coracuu ¢ Teopue Putma. Ha gpotorpadusix [36] Habmonanu 18a KOIbIa: OTHO
OTBEYAJI0 HOPMAJIEHOMY YEepeHKOBCKOMY 3¢ dekty (0;), a BTOpoe, aHOMaIbHO
ITUPOKOE KOJIBIIO0,— U3ITYUSHHIO OT yacTull ¢ V > ¢ [36]. Cyas o Bcemy, ero rese-
PHUPYIOT T€ JKE YaCTHUIIBI: aHOMAJILHOE U3JTy4YeHUE U HOPMHPYET 2-¢ KOJIbIIo (0,).
OTMeTHM, YTO PEIATUBUCTCKAsI TEOPHSI HE NCKIIIOYAET JI0IIOPOTOBO reHeparuu
YEPEHKOBCKOTO M3JTyYCHHMS], TIOCKOJIBKY /ISl YaCTOT, COOTBETCTBYIOIINX JINHUAM
TIOTIIONICHUS CPeAbI-pauaropa, N pacTér B pasbl, 10 3HadeHmiA N' > N. CooTBeT-
CTBEHHO, Ha JAHHBIX YaCTOTAaX YePEHKOBCKOE M3ITydeHHE BO3HUKaeT mpu V =c/n’,
410 MeHbIue rmopora V = ¢/N. OHako aHOMaJIbHOE U3JTy4eHHE, OTKPHITOE B OIIbI-
Tax [35, 36, 366], HEe MOXKET UMETh TaKyI0 IPUPO/LY, TOCKOIBKY €ro CIIEKTP HE OT-
JIMYAETCs OT KIJIACCHUYECKOTO YePEeHKOBCKOTo crekrpa. Kpome Toro, anomasnabHoe
YEpPEHKOBCKOE M3ITyUCHHE XapaKTEePU3YeTCs aHOMAJIbHO BBICOKOW MHTEHCHBHO-
CTBIO [36], 9TO CBHICTEIBCTBYET O TCHEPAIINU U3TYICHHUS HE PEIKUMHE CBEPXCBE-
TOBBIMH YaCTHIIAMH, & OCHOBHBIM TIOTOKOM YacTull. Kpome Toro, momoporoBoe
AHOMAJIFHOE YEPEHKOBCKOE M3JIyUeHHE Mpeaarand 0ObsICHATh Ha OCHOBE TEO-
PpHUH CBEpXUEpEeHKOBCKOTo M3myueHus [367]. Ho B 3ToM citydae omsTh )ke He COTo-
CTaBJISUTUCh TEOPCTHUYCCKUC U HAOIIOMACMBIC XapaKTePUCTUKHU, CIICKTPHI [366].

U3 (4.17) cnenyer, uTo B OQJUITMCTHYECKON TEOPUH YaCTHUIIBI HE TEHEPUPY-
10T YEPEHKOBCKOTO M3iy4denus B Bakyyme (N = 1, 6 = 0). Ho B Teopuu Putna sto
MIPOMCXOUT HE IO MPUYNHE «HEIOCTHKMMOCTH CKOPOCTH CBETa B BAKyyMe», a
BBHUJY TOTO, YTO JUIsl TeHEpalMu TpedyeTcss OECKOHEUHO BBICOKAasi CKOPOCTh Ya-
crut: V= ¢/n(1 — 1/n?) — co. B Bakyym™e ucue3aeT npeuMyIeCTBEHHAs CHCTEMA
oTcuéra, CB3aHHas CO CPEOil, U N3ITyUYEeHHE PACXOJUTCSl OTHOCUTEIILHO 3apsiia
BO BCEX HaIPaBJICHHUSX C OAMHAKOBOH CKOPOCTBIO c. T.e. 3apsii HE MOXKET J10-
THaTh CBET, JIBUTasICh C MOCTOSIHHOW CKOPOCTBIO.

Takum 00pa3om, U B 3TOM Cilydae MPOBEPUTH OAIITMCTHYECKYIO TEOPHIO
MOYKHO JINOO MOCTAaHOBKOH JIOMOJHUTENIBHBIX IKCIIEPUMEHTOB 10 YTOYHEHHUIO
XapaKTEePUCTUK YEPEHKOBCKOTO H3JIy4EHUs, JIMOO IMyTEM NPSIMOTO M3MEpPEHHUs
CKOPOCTH YaCTHII, FTCHEPUPYIOLINX YePEHKOBCKOE U3ITyUCHHE.
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§ 4.7. Ceolicmea oHOy/IIMOPHO20 U3Jsly4YeHus1 8 basanucmu4veckou
meopuu

JUnst TeHepauuy CHHXPOTPOHHOIO M3JIyYEHHS YJIBTPAPENIITHBUCTCKHMH
9IIEKTPOHAMH TIPUMEHSIOT, KPOME OJHOPOIHOIO, eI ¥ 3HAKOIIEPEeMEHHOE Mar-
HUTHOE TI0JIe C MPOCTPAHCTBEHHBIM TmepuonoM L B ommymsaropax (Puc. 4.13).
DNEeKTPOH, IBIKYIIMNACS IO TPACKTOPUH B BUJIE 3MEHKH, KOJeOIeTCs U IeHepH-
pyet oHaynsTopHOe m3nyueHne Ha gactore f = V/L [354]. Ocrpas HampasieH-
HOCTH OHIYJIATOPHOTO W3IYYCHHUS, COCPEIOTOUEHHOTO B KOHYyCE ¢ yriioM 0 ~ 1/y
oOpasyromieii K BeKTopy V, KaK Uil CHHXPOTPOHHOTO H3IIy4eHHs, [IOATBEPIKAAET
3aBHCUMOCTb CKOPOCTH CBETa OT CKOPOCTH V HCTOYHHKA.

DIIeKTPOH M3JIydYaeT Ha yacTtoTe cBomx kKoneOanwmii f = V/L. OnHako He-
TTOJBIDKHBIA HAOJIOIAaTeNb, COTMIACHO Kiaccumueckomy 3¢ dexty [omepa, 3ape-
THCTPHUPYET U3JIy4eHHE Ha YaCTOTe

f'=1f(1 +V/c)= (1 + V/c)V/L = V?/Lc (upu V >> C).

Puc. 4.13. I'enepanyist CHHXpOTPOHHOTO H3IIy9I€HHS B OHIYIATOPE
KOJIEOITIOIIMHUCS SEKTPOHAMH €, IETSAIIMH B 0aTapee MarHUTOB.

JlefiCTBUTENBHO, YacTOTa OHAYIATOPHOTO H3IYYEHHS HapacTaeT IpH
pocTe ummynsca p u ckopoctu V amektpona mo 3akony f' =~ fyy? [354, 368],
e fy= /L, a B pamrax Gammuctideckoit Teopun y = p/mc = V/c. Otciona,
f' = V¥ Lc = fyy?. Takum 006pa3oM, SKCIIEPUMEHTAIBHO YCTaHOBICHHAS 3aBHCH-
mocTb f'(y) cormacyercs ¢ 6ammmcTuueckoit Teopueii. CaemoBaTebHO, BBICOKAs
gacrora ' = (1 + V/C)V/L oHAyISATOPHOTO M3TyUCHHUS CIICAYET U3 TCOPUH PHTIa
TIPH KJIACCHYECKOH orleHKe ckopoctu V anexrpona (§ 4.4). Takum obpas3om, 1 B
9TOM CiIydae NPOCTEHIINM KPUTEPUEM IIPOBEPKH OATIMCTHYECKON TEOPHH CTa-
HET MPAMOE H3MEPEHHE CKOPOCTH V JIEKTPOHOB B OHIYJATOPE.

JU1st n3ITydenus, MCIyIEHHOTO MOJ YIJIOM (@ K HAIPaBJICHHIO JABMKCHUS
4acTHUIIH! (B CBA3aHHOW C YaCTHIEH cucTeMe 0TcuéTa), yacToTa 1mo 3ddexry o-
iepa npeodpasyercs yxe 1o 3aKOHy

f' =f(1 + Vcose/c).
B naGoparopHo#i cucteMe 0TCUéTa N3MydeHNE PErHCTPUPYIOT oz yriiom 0. Ot-
ciona, u3 § 3.6,
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f'=.f"(1+K
\ c

cos 6\||'1—V—25inl o—sinZ0 ‘ L = j(l + *,f'_cos 04/1—72sin” 6 —ysin 2 D
\ C C )

JlelcTBUTENBHO, JUTl CHHXPOTPOHHOTO M3JIy4YeHHsI OOHApy»KEHO, YTO MpH
HapacTaHu¥ yria 0, moj; KOTOpbIM PEerUCTPUPYIOT H3ITyUeHHE, YacTOTa CBETa Ma-
naet. B CTO vactoTa konebaHuid yIbTpapessITHBUCTCKOrO nekTpona f = V/L =
¢/L, a u3 6ammcriyeckoii Teopun f = V/L = ye/L (npu y >> 1). BeiOpats u3 AByX
TEOpH MOXKHO, PETHCTPUPYS U3TydEHHE NIEKTPOHA B IOIIEPEYHOM HaIPaBICHUH,
B KOTOPOM 4acTOTa M3MEHSIETCS TONBKO 3a CUET mornepedHoro s gexra JJomnepa.
B aTOM HampaBieHUH perucTpanys U3IydeHHs BO3MoKHa Jumb pu V < c. Jls
3amMepoB f MOXKHO Taxke IPUMEHHUTh U3IYYCHUE NIEKTPOHA, JICTSIIEro Hall Me-
TAJUTNYECKOH udpakunonHoi pemérkoi (m3mydenne Cmura-Ilapcemna) [369].
DJIEeKTPOH, IBUTAsICh CO CKOPOCTHIO V, TO)KE COBEpINAET KOJIeOaHMsI C YacTOTOMH
f=V/L, usnydas Ha yactore f 1 HaBOJIS TOKM B PEIIETKE, y4ACTKU KOTOPOH CTaHO-
BATCS] BTOPHYHBIMU U3Ty4aTesiMU. [10 4acToTe 3TOro U3IryueHnss MOKHO OLIEHUTH
f. TIoCKOJIBKY TIPH PENATUBUCTCKUX CKOPOCTSIX pacuéTHOE (110 KPUBU3HE TPACKTO-
pun 1 ramMMa-(axTopy y) 3HaueHue ckopocTr V B pamkax CTO u bammcTnaeckoit
TEOPHH Pa3IMIACTCs, OTINYAIOTCS U PECKa3aH s TEOPHUit U1t 4acToTh! f: Oarmu-
CTHYECKast TCOpusl IPeCcKa3bIBacT B Y pa3 Oojplne yacToThl. Paznmmunbie npen-
CKa3aHMs MOTy4aroTCs U JUId quarpammbl HarpaeieHHocTH. CTO u knaccuueckas
DNIEKTPOJMHAMUKA MPEICKA3bIBAIOT MaKCUMyMBI u3inyuenus Cmura-Ilapcenna B
roriepedHoM K V HampaBleHUH, a OalIMCTHYecKast TeOpusl TPeCKa3bIBAacT X
CMEIIECHHE B CTOPOHY V, aHAJIOTHYHO CHHXPOTpOHHOMY (§ 4.5) m oHmymsiTop-
HOMY M3JTydeHHUsIM. [leHicTBUTENbHO, OOHAPYKEHO, YTO B IPSIMOM HAIpaBICHUN
1 IOl MaJIBIMK yIJIaMy K V' MHTEHCHBHOCTDH M3nmydeHus Cmwura-Ilapcenna ano-
MAaJIbHO yBEIIMUYEHA, Ha MOPSAKY MpeBblas pacuéTHyto [369]. IIpoBeputs coot-
BETCTBHE ITOT0 pe3ynibTaTra —TeOpUH PUTIIa MOXKHO, U3MEPHB YAaCTOTY U3IIyUEHHS
Cwmura-Ilapcernia B psIMOM M ITOTIEPEYHOM HAITPABICHUH K BEKTOPY CKopocTH V.

Tak ke Kak B CHHXPOTPOHAX, JUINTEIbHOCTh HMITYJIbCA U3IIy4EHHs OT OfIU-
HOYHOT0 3JIEKTPOHA 110 (4.6) B oH Iy siTope IuinHbl d BeIpakaeTcs B Buae At~ d/cy?.
[MosTomy 3amepsl At, Haripumep, B ycranoBke « FLASH», e At, ~ 25 ¢c ~ d/cy?
[370], He mpotuBOpevaT OGaumcTrdeckoir Teopun. Tak, B ycraHoBke « FLASH»
amuHa onaynsitopa d = 30 M, v = 1400, otkyza, At. = 50 ¢c,— Toro e nopsaka, 4to
1 peTucTpupyeMast JUIMTEINbHOCTh UMITyITbcaAt, ~ 25 ¢hc. JlononauTensHOE cokpa-
LIEHUE ATUTENBHOCTU UMITYJIbCA CBA3aHO C TEM, YTO CKOPOCTH 3JEKTPOHA B OHIY-
JIITOPE MEHAETCSI OT IOTEPh YHEPTUU HA OHTYIATOPHOE M3ITyYEHNE WU OT JOMOI-
HUTEIBHOTO YCKOPEHUsI DIIEKTPOHA MEXKY CEKIMSIMHU OHIYISATOPA B yCTAHOBKE.
Ecnu B Hauasie A ceKIMH OHAYISATOPA CKOPOCTH AMMEKTpoHa V, a B koHIe B yxe KV,
rae k ~ 1 — koadduimeHT n3MeHeHns CKopocTH, Gopmyrna s At 3anumercs Kak
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At=tg—ty=d/kV —d/(c + V) = d(c + V — kV)/c¥y2.
AT MoOXeT caenarb CKOJIb YTOAHO MaJlod BelnnanHoOu rpu C + V — kV = 0, uto
HMeEeT MECTO MpHU
k=(y+ 1)/y=1,0007,

T.e. mpu MasioM (Ha 0,07 %) yBEeIMYEHUH CKOPOCTH B KOHIIC CEKIUH, B ycCTa-
Hoke FLASH, BBUly nepenaun sHEprUH 3JEKTPOHY B YCKOPUTEIIBHBIX CEKIUSIX
MEXAy ceKuusMu oHayistopa [370].

Wrak, OanaucTryeckas M peliiTHBUCTCKAS TEOPUH MPE/ICKa3bIBAIOT CXO-
HbIC Xapaktepuctuku 0(y) u At(y) m3nyuenus [354, A37, A38, A45]. s on-
JYISITOPHOTO M3JTy4eHHs MPOCTEHIINM KputepreM Beioopa mexiy bTP u CTO
CTaHyT MpsIMbIE 3aMepbl ckopocTu yacTul [A2, A37].

§ 4.8. lNMpsiMbie 3amMepbl CKOPOCMU pPesIIMuU8UCMCKUX Yacmuy, U us-
ny4yeHusi

Kak mokazano B mpensiayiux naparpadax, SKCIepUMEHTHl B 00nacTu
(U3MKH BBICOKHX DHEPIHH M TIPUHIUITEI PA0OTHI YCKOPUTENIEH HE IPOTHBOpeYaT
0aJUTMCTHUECKOH TEOPUH, T.K. B HUX HE MPOBOJST MPSMBIX 3aMEPOB CKOPOCTH
YaCTUI] U U3ITy4eHUs. 371eCh MPEATIOKHUM CXEMbI BO3ZMOXKHBIX 3KCIIEPUMEHTOB I10
MPSIMOMY U3MEPEHHUI0 CKOPOCTH YHEPIUYHBIX YACTHUIl, B YACTHOCTH HA CUJIBHO-
TOYHOM KOpOTKOUMITYyabcHOM yckopurene MII® PAH u nuneitHoM yckoputene
Kypuarosckoro MHcTuTyTa.

HawuBsIcmias TOUHOCTb TOCTHKUMA IIPU 3aMepax CKOPOCTH SJIEKTPOHOB B
JIMHEHHBIX YCKOPUTEISIX MPSIMOTro JielcTBHs. [Ipr 9TOM BCe a51eKTpoHbI 00Maa-
10T OJIMHAKOBOM SHEpPrueit 1 CKOPOCTHIO, YTO MO3BOMISIET FeHEPUPOBATh KOPOTKHE
CTYCTKH 3JIEKTPOHOB, JIsl TOYHOTO U3MEPEHHsI BPEMEHH MPOJIETa CTYCTKOM JTUC-
TaHIIMU MEXAY ABYyMs JieTeKTopamMu. KopoTkne crycTkH 3ieKTpOHOB, HEOOX0/H-
MBI€ /7151 TOYHOTO U3MEPEHUSI IPOJIETHOTO BPEMEHH, MOTYT OBITh ITOJYyUYEHBI TPU
(OTORIIEKTPOHHOM SMHUCCHH C ITOBEPXHOCTH XOJIOIHOTO KaToJa MoJ JeHCTBHEM
MUKOCEKYH/THOTO JIa3epHOTr0 UMITYIbCA UM NP B3PBIBHON AJIEKTPOHHOI 3MuC-
cum [302, 303]. [yiimHa Takoro cryctka moxker gocrturath | ~ 1 cm, a Bpems
ero mposiéTa MUMO JETEKTOpa U COOTBETCTBYIOINAs AJIUTEIBHOCTh MMITYNbCA
At ~ 107°-10°° ¢. 3HaueHHsT MAKCUMAJIBHOI SHEPTHU SICKTPOHOB U MUHHMAIb-
HOM JUIUTENHHOCTH UMITYJILCOB B OCHOBHBIX THIax yckopurenei cM. [371]. Tloa-
XOJSIIIMMH JUTsl DKCIIEpUMEHTa NapaMeTpamu o0JaJaeT CHIBHOTOYHBIN YCKO-
putens UII® PAH u yckoputens «Cunyc-5» [372]. Taxke MOXKHO IPUMEHUTD
yCKOpUTENH «Sinus-7» U cyOHaHOCEKyHIHBIC yekopuTenu tumna «PATAH-220».
B rabnure 4.1 npruBeieHbI XapaKTePUCTHKK YCKOPHUTEIISH 1 pacdETHAs [UTUTEIb-
HocTh nposiéra 7= L/V 6a3oBoii qucrannuu L = 10 M Ha ckopoctu V, olleHeHHON
B paMKax OayutrcTuueckoi Teopuu u B pamkax CTO.
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W, MaB|p, MaB/c| A, ue I(p), ue | T(p), ue ST = AUT

™I BpeMs | BpeMms

cxopurtens | HEPTHA|HMIYIEC JUIMTCIBHOCTE) |\ e | OTHOCHT.

y MACTHIB] YaCTHIIBI| HMITYJIbCA ommoka
(CTO) | (BTP)

CUJIBHOTOYHBIN

cxopuers M ~0,7 0,85 17 39 20 ~60 %

«Cunyc-5» ~0,5 0,71 5 41 24 ~15%

«PAJJAH-220» | ~0,3 0,55 0,2-0,45 45 31 ~1 %

«Sinus-7» ~1,5 1,24 40 36 14 | ~100 %
Tab6auua 4.1.

Ipenckazannbie CTO u BTP 3navenust BpeméH nposéra 6a3bl L ommnyarorcs B
1,5-2 pasa. Takue OTIHYUS JIETKO BBIBUTH JIETEKTOpAMH YacTHIl. B ycTaHOBKax
«PAJIAH-220» n «Cunyc-5» TOYHOCTH JOCTUTAET HECKOJILKUX MPOIICHTOB, TO-
3BOJISAA CAETATh BBIBOJ B MOJIB3Y OAHOM 13 Teopuil. B ycranoske «PAJIAH-220»
0a3a MokeT ObITh cokpartiieHa 1o L = 1 M npu Tounoctu usmepenus ~10 %.

OTMeTHM, YTO B OaNIMCTHYECKOW TEOPHH NP PEISTUBUCTCKUX CKOPO-
CTSIX 2MeKTPOHOB V ~ € ux sHeprus W yxe He TOYHO NMPOIMOPIIMOHAIBHA YCKO-
pstomemy HanpsbkeHuio U (§ 4.9), T.e. He BoImonHsAeTcs 3akoH W = eU [A38,
A45, A54]. D1o cBs3aHO ¢ OAJUTMCTUYECKOI 3aBUCHMOCTBIO YCKOPSIOIINX MOJIeH
u cun ot ckopoctu V wactun [15, A20, AS8]. ITostomy pacuéTHble 3HAUCHUS
sHepruii 31ekTpoHoB W, = eU BBICTYNAIOT JHIIb B KAYECTBE OPHEHTHPOBOYHBIX.
ToyHO M3MEPEHO MOXKET OBITh TOJBKO 3HAYCHHE UMITYJbCA p IJIEKTPOHOB (I10
KPUBU3HE TPAEKTOPHH 3JIEKTPOHOB B MAarHUTHOM II0JI€), HA OCHOBAaHUH KOTO-
pOro W MpPOU3BOAATCS PACUETHI KIACCUUYECKOW M PENSITUBUCTCKOM CKOPOCTH B
Tabua. 4.1. Huxe npuBoauM BBIpaXKEHUS IS CBSA3U KHMHETHUecKol sHeprun W,
UMITYJIbCA p U CKOPOCTH V B KJIACCHYECKOM U PENISITUBUCTCKON (husnke (HEprus
nokost Wy = moC?, My — Macca mokosi).

DyHKIUA Knacc. ¢pusuxa (BTP) CTO
(W) p =2Wmy =J2WW, e p =2 £ 20 W, Jc
V= i

V(p) V= p/mg Jm2+p2ic?
o) T:%:L% r_ L AT+ o)

¢ pe

W(V) W= mgV2/2 = p¥/2m,

Taoauua 4.2
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JU1s nu3MepeHust CKOpOCTHU AIEKTPOHOB MOTYT TAaK)K€ HAWTU MPUMEHEHUE
PE30HAHCHbIC JIMHEHHBIC YCKOPHUTEIN HA CTOSUCH Win Oeryiiei BoyHe. B yact-
HOCTH, MO)KHO TTPAMEHUTH JTMHEHHBIN YCKOPHUTENb eKTpoHOoB Ha 80—100 M>B
Kypuarosckoro mucTtHTyTa [373, 374]. dnuHa yckoputenst — 6 M, a JUIUTEIb-
HocTh nmIyibea At = 18 ue. Takum 00pa3zom, Ipu N3MEPEHNH BPEMEHH ITPOIIETa
aneKTpoHaMu JutnHbI L = 10 M XapakrepHoe BpeMs IpoJiéTa AUCTaHIIMU Ha CKO-
poctu cBeta C coctaBut 7 = L/c = 33 HC, 4TO COMOCTABUMO C JTUTEIBHOCTHIO
numiyibcea At, T.e. CKOPOCTb HE MOXKET ObITh U3MEPEHa TOUYHO, HO ATOH TOYHOCTH
JOCTATOYHO IS BBIOOpa Mexkay Teopueit Purma (BTP) u CTO.

Tounsle n3mepennst V MOXHO ITPOM3BECTH B BAKyYMHPOBaHHOM KaHalle
mHoM L ~ 1 kM, Ha BeIxone n3 yckopurens. Torna 7'= L/c = 3,3 MKc, 1 OTHO-
curtesibHas ommnoka namepenus ckopoctu AV/V = At/T ~ 0,5 %. Bupouewm, npu
snepruu 100 M»pB, n3 kitaccndeckol OIEHKH CKOPOCTH deKTpoHoB V =~ 200c
Bpems mponéra 7' = L/V = 17 HC, 9TO CpaBHUMO C UINTETFHOCTHIO MMITYIbCA
18 1, HO M BeIOOpa Mexxy CTO u BTP TounoCTh moctaTouna. Bo Beex pac-
CMOTPEHHBIX IKCIIEPUMEHTaX Ha JUIMHE L TOIDKHO OTCyTCTBOBAaTh yCKOpSIOIIee
niosie. [Ipu 3TOM CKOPOCTB AIEKTPOHOB V TIOCTOSIHHA, YTO MCKJIIOYAET OIIHOKH 1
HETOYHOCTH, BOSHUKABIIKE B onbiTe beprorm (§ 4.2).

B onbITax mo mpoBepke PENATUBHCTCKOTO COOTHOIICHHS MEXIY KHHeE-
TH4eckoi sHeprueit u nmmynbcoM (Tabmmma 4.2), Hanpumep B ombiTe MapBse-
J1a, TMOATBEPANBIIEM PEJISITUBUCTCKYIO 3aBHcUMOCTh p(W), Takke comepkarcs
omnOky. Benmunna knHetnueckoit sneprun W 3J1eKTpOHOB, H3MEpEHHAs! KpeM-
HHUEBBIM JIETEKTOPOM, BCETJa IMOJy4yaeTcs 3aHIKEHHOH, T.K. B JETEKTOpe IO-
IJIOIIAETCS TONBKO YaCTh HEPTHH JIEKTPOHOB, TIOCKOIBKY TOHKas (~3 MM) TO-
JTyIPOBOJHMKOBASI TUNIACTUHKA ITOYTH HE 3aJIePKUBACT TOPMO3HOE Y-N3ITydeHHE
DJIEKTPOHOB, KOTOPBIE U CaMHU IMOKUAAIOT CIOW MOIYyNpPOBOJHUKA, COXPAHUB
3HAUYUTENIBbHBIN 3anac dHepruu. [1oaToMy /U TOYHBIX HU3MEPEHUH ciexyeT npu-
MEHSTb JETEKTOPBI 3HAYUTEIbHOM anepTypsl U TONIUHEI (~10 cM), HarpuMep B
Buze Garapen U3 CIOKEHHBIX CTOIKOM JI€TEKTOPOB, U3MEPSIOIIUX YHEPTHIO OT-
JIETIBHBIX 3JIEKTPOHOB 10 MHTETPAIBHBIM UMITYJIECAM TOKa OT BCEX JAETEKTOPOB
10 CXEME COBIAACHUH (CyMMHUPYIOTCS JINIIb CHHXPOHHBIE UMITYIIBCHI). Jpyroi
CIoco0 COCTOMT B TOYHOM HM3MEPEHHH YHEPTHH JJIEKTPOHOB KaJOpUMETpHYE-
CKUM MeTOZIOM. TOJIBKO B TaKOil MOCTaHOBKE MOJKHO TOUHO NMPOMEPATH U CPaB-
HUTH 3aBUCUMOCTH p(W).

B skcneprMeHTax 1o CPaBHEHUIO CKOPOCTH JIEKTPOHOB M CKOPOCTH CBE-
Ta, B Ka4ECTBE OIOPHOTO CBETOBOTO CHUTHAJIA CIIEIYeT MPUMEHSTH H3IydeHHe
OT HENOJABMKHOTO UCTOUHHKA, & HE OT ABMKYILIUXCS AJIEKTPOHOB, T.K. CBET, U3-
JTy4EHHBIH WM PACCESTHHBIM TOJBHKHBIMH 3JIEKTPOHAMH, COTNIACHO OaJlsIMCTH-
YEeCKOW TEOpUH, 3aUMCTBYET UX CKOPOCTh. Tak, MMKOCEKYHIHbII 1in pemroce-
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KYHJIHBII JIa3ep ¢ JTUTENbHOCThIO uMiTyibea At ~ 107410712 ¢ He ToIbKO T103B0-
JIUT TOYHO MU3MEPUTH CKOpOocTh cBeta (§ 3.3), HO M CpaBHUTH €€ CO CKOPOCTHIO
CBETa OT HIEKTPOHOB U CO CKOPOCTHIO CaMUX AJIEKTPOHOB. [Ipu 3TOM OmHOBpE-
MEHHOE M3JIyYCHHE UMITYJIbCA CBETA M HJICKTPOHOB MOJKHO OCYIIECTBUTH ITyTEM
BO3JICHCTBHS (PEMTOCEKYHIHOTO WM IHKOCEKYHIHOTO HMMITyJbca Ha (OTOKa-
tox. Torna mMpoMCcXoauT OAHOBPEMEHHBIH BBIIET OTPAKEHHOTO KaToIOM CBETa M
9JIEKTPOHOB, Pa3TOHIEMBIX JIajIee B T10JIC YCKOPUTENS. J[eTeKTOpbI 3JIEKTPOHOB 1
CBeTa B KOHIIC NMPOJIETHON 0a3bl O3BOJISIT TOYHO MU3MEPHUTH PA3HUILY MOMEHTOB
MIPUX0/1a U3TY4YEHHUH, B 3aBUCIMOCTH OT SHEPTUH 3JIEKTPOHOB, JUIS OIPEICIICHUS
V u npoBepku Teopuu Putna. B kauecTBe E€TEKTOPOB AIEKTPOHHBIX CI'yCTKOB
MOYKHO ITPUMEHUTD IEKTPOONITHUECKUH AETEKTOP C Pa3pelieHueM 10 BpeMEeHN
~200 mc [363]. dns cBepXOBICTPOTO IETCKTUPOBAHHS CTYCTKOB SJICKTPOHOB C
BBICOKMM BPEMEHHBIM pa3pelieHueM HalayT MPUMEHEHHWE W APYTUe THIIBI Jie-
TEKTOPOB, B T.4. BPEMS-IPOEKIHOHHBIE KaMepbl [375] U MI0CKO-IPOEKIIMOHHBIE
kamepsl [342] ¢ pexopaHbIM BpeMeHHBIM pazpewenuemM 50—-100 nc. B yactHo-
ctu, kamepa ALICE (c paspemennem no Bpemenu ~100 1ic) mpuMeHnMa Jyist u3-
MEpEHHSI CKOPOCTH PEISITUBUCTCKUX YaCTHIl U3 JIFOOBIX THIIOB YCKOpHUTeieH. B
TaKNX U3MEPEHHSX, ICHCTBUTEIILHO, PETHCTPUPOBAIIN CBEPXCBETOBBIC YaCTHIIbI,
3HAUEHHUS] CKOPOCTH KOTOPBIX COOTBETCTBYIOT Kilaccuieckoi ¢usuke, a He CTO
[343, 344].

Jns u3MepeHnsi CKOPOCTH CHHXPOTPOHHOTO (OHIYJISITOPHOTO) H3ITyde-
HUSL OT PEJIATUBUCTCKUX WM YIABTPAPEIATHBUCTCKHUX JICKTPOHOB B YCKOPHTEIE
UX CJIyeT MPOITyCKaTh Yepe3 o0NacTb ¢ MarHUTHBIM TojieM. Torna JUInTeib-
HOCTh UMITyJIbca At orpeznensercss BpeMEHEM IpoJIETa CrycTka BJIOJIb MaJloro
ydJacTKa TPaeKTOpUH, Ha KOTOPOM JEHCTBYeT MarHuTHoe roie. [Ipu ckopoctn
V 3JIeKTPOHHOTO CrycTKa M ero npoTshkéHHOCTH d ~ 0,5 M, JUIUTEIBHOCTh UM-
nynsca At = d/V, uto npu V ~ ¢ gaér Bennunny At ~ 2-10° ¢. Ecnu B pamkax
KJIACCUUECKOW (PU3MKM y4YeCTh CBEPXCBETOBYIO CKOPOCTBH YJIBTPapesIiTHBUCT-
CKHX JJICKTPOHOB M Kytaccnueckuii adpdexr lomaepa, Toraa UMITYIIbC OTYIUTCS
cymiectBeHHO Kopoue: At' = At/(1 + V/c) = dc/V? = d/cy? o GammcTuaeckoi
TEOpUH BpeMs MPoJETa NMITyabcoM auctannnu L cocrasur T =L/(c + V) = L/cy.
A oTHOcuTenbHas ommoOKa u3Mepenust T Oyner At'/T ~ d/Ly, T.e. ~10+-107, urto
o0ecIieunT 04eHb BBICOKYIO TOYHOCTh H3MEPEHNUs CKOpOoCTH V.

Hawubonee naTepecen ObUT OBl SKCIICPUMEHT 110 U3MEPEHHIO CKOPOCTH pe-
JIITHUBUCTCKUX YaCTHIl M MX U3JTydeHus B kocMoce. Harpumep, eciti pasmecTuThb
KOMITAaKTHBIH YCKOPUTENb 3JIEKTPOHOB Ha OPOUTAIBHON CTAaHIINH, TOT/Ia IPH BbI-
CTPENTMBAHUH YCKOPUTEIEM KOPOTKOTO CIyCTKa YABTPAPEIATHBUCTCKUX YacTHIL,
B (hopMe UMITyJIbCa JUTUTENBHOCTBIO At ~ 107 ¢, crycTok OyaeT 3aperucTpupoBaH
Ha OTAAJIEHHOM CIIyTHHKE WM Ha oBepXHOCTH JIyHBI ¢ 3aaepxkoit Ts = I/C (110
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CTO) u Tg = r/yc (mo BTP). Orta 3amepxka T MOKeT OBITH TOYHO M3MEpEHA IO
MIOKa3aHUSAM aTOMHBIX 4aCOB, yCTAHOBJICHHBIX HAa OOPTY CTAHIINH ¥ HA CITyTHHKE.
AHaNIOTUYHO MOXKET OBITh H3MEPEHA CKOPOCTH CBETA, M3IIyYEHHOTO ABHKYIIIIM-
sl B MATHUTHOM T10J1e AneKTpoHOM: 75 = I/C (mo CTO) u Tr = r/(y + 1)C (mo BTP).
BBuay 60sbImmx NpoN€THBIX ANCTAHIMHN I' M OTCYTCTBUS IEPEU3TYICHHS, BPEMS
Ts okaxercst 6ompmM ~1 ¢ 1 Ty = 0, Tak 9YTO COOTBETCTBHE PE3YNbTAaTa OIBITA
OJIHO# U3 Teopuil MOXKET ObITh TOYHO ycTaHoBIeHO. [Ipu ¥ ~ 10 u r ~ 3-10° m
pasuuma coctaBut At =Ts— Tr=r/c—r/(y + 1)c=ry/(y + 1)c = | c. [logobHOE
N3MEpPEHNE HE TOJBKO MO3BOJHUT TOUYHEE M3MEPUTH CKOPOCTh V YacTHIl M Hpo-
Beputh CTO u BTP, HO 1 co3maTh B MepCIIEKTHBE MEPEJaTINKA CBEPXCBETOBBIX
CUTHAJIOB C BPEMEHEM PACIPOCTPAHEHHS B Y pa3 MEHBIINM, YeM y PaHOBOIH
U CBETA.

WTak, cCKOpOCTh AIEKTPOHOB MOXHO TOYHO M3MEPHUTH HA JICHCTBYIOIINX
JIMHEHHBIX YCKOPHUTENAX. A Ul M3MEPEHHs CKOPOCTH HOHOB U sifiep TpeOyroTcs
HaMHOTO OoJiee MOIIHBIE YCKOpUTEH. B 3aKiitoueHne CHOBa OTMETHM, 4TO 0e3
TIPSMBIX H3MEPEHHUH CKOPOCTH PEISATUBUCTCKUX YACTHIL TFO00H SKCTIEPUMEHT TI0
N3MEPEHNIO XapaKTEPUCTHUK WIIN CKOPOCTH M3ITyUEHHs YaCTHI], HE IMEET CMbIC-
na.

§ 4.9. bannucmuyeckasi aniekmpoouHaMuKa

B mone3y OamnucTHdecKol TEOPHH CBUAETEIBCTBYIOT TAKXKE 3KCIECPH-
MEHTBI 10 U3MEPEHNIO CKOPOCTH C' pacrpoCTPaHEHHs MMEKTPOMATHUTHBIX BO3-
JIEUCTBUH OT 3apsAJ10B, IBUKYILIUXCS C PENSITUBUCTCKUMU ckopocTsamu V. K auc-
Iy TakuxX 3((EeKToB OTHOCHUTCS 3aBUCHMOCTh KYJTOHOBCKOW CHJIBI OT CKOPOCTH
3apsina, T.e. AIEeKTpoIuHaMIIecKas cua F' otnnaaerces ot anekTpocTaTndeckon
Fy [15, 376]. Cormmacuo Teopun Putna, cuna F' mpomoprmonaisHa KBaapary oT-
HOCHTETIBHON CKOPOCTH ¢’ TIOTOKA PEOHOB, Yaphl KOTOPBIX O 3apsi/bl U CO3/At0T
HMMITYIIECBI, BOCTIpHHIMaeMbIe B GopMe KymoHOBCcKo# cmibl [A20, A30]. Ipu
MoJIETe 3apsiia Co CKOPOCThIO V OTHOCHTENBHO HETOABIKHOTO TOUEYHOTO 3a-
psima cria pacTéT Win cHmKaercst kKak F' = Fy(C'/C)?%, unu B BeKTOpHO# (opme
F' = c'FyC'/c?, Trme C' — BEKTOp CKOPOCTH PEOHOB B CHCTEME OTCUETA 3apsiia, HC-
MIBITHIBAOIIIETO BO3/ieiicTBIE F'.

Tak, B 9KCIIEpUMEHTaX OOHAPYKEHO, YTO BeNMYHMHA d(PPEKTUBHOTO ce-
YEHUSI pacCesTHNS IPOTOHOB G aHOMAJIBHO HAPACTAET MPU YBEINUYECHUN SHEPTHN
gactur MV?/2 [377]. DTOT pocT, HEMOHATHBIN B paMKaXx 3JICKTPOJMHAMUKHE Mak-
cBeuta (T7e yroi paccesiaus 0 o hopmyite Pesepdopna ctg(6/2) = 2me;mV2b/ Ze?,
b — mpuuensHbIi mapamerp, Ze — 3apsa sapa), Oake ¢ yIETOM PEIITHBHCT-
CKMX M KBAaHTOBBIX MOMPABOK, €CTECTBEHHO CJIEAyeT W3 Teopum Purna, rme
cwna F' = F(c'/c)?, otkyma ctg(6/2) = 2meomV2b/(1 + aV?/c?)Ze?, a — koHCcTaHTA.
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JleWicTBHUTENbHO, COIIACHO TeOpHH PUTIA yBenMUYeHHEe dHEPTUH U CKopocTH V
COYJapSIIOIIMXCS SIIEP BENET K POCTY KYJOHOBCKOM CHIIBI TIPH COMMKEHUH (TIpe-
BBIIIIAIOIIIEMY €€ criaj npu otnaicHun [A49, AS54]), T.e. — K pOCTy CEUCHUS pac-
CeSTHUSL.

Jlpyroii oKCrIepuMEeHT, 00OHAPYKUBIIHH OTKJIOHEHUS OT (POPMYIT MAKCBEII-
noBckoit anexTpoanHamuku 1 CTO, Obut ocTaBneH Ha yckopuTtede Lllanxaiicko-
ro uactutyta B Kurae [362]. B akcriepuMenTe ObLUT0 00HAPYKEHO, YTO U3MEPEH-
Hasl KaJIOPUMETPUIECKUM MeTosoM dHeprust W yCKOpEHHBIX 2JIEKTPOHOB, YHCIIO
N KOTOpBIX U3MEPEHO 0 3apsy, NONIOMEHHOMY MHUIIEHBIO, MEHBIIIE SHEPTUU
NeU, nproOpeTéHHOl AIeKTPOHAMHU B YCKOPSIOIIEH pa3HOCTH MmoTeHuanos U.
310T 3PPEKT — MpsIMOe CIIEACTBHE OAJUTMCTUYECKOI TEOPHH, TMTOCKOIBKY Peo-
HaM, JIETAIIUM OT YCKOPSIOUIMX MJIACTUH B HANIPaBJICHUU CKOPOCTH HJIEKTPOHOB,
MIPUXOJIUTCS TOTOHATH UX, T.€. UMITYJIbC y/apa MafaeT, U BO3ACHCTBUE CHUKEHO
10 BemmunHbl F' = Fy(C'/C)? = Fo(C — V)%/C? 0 cpaBHEHHIO C BETHUHHOMN CHIIBI Fo,
JeHcTByroe Ha Takoi ke HeMmoABMKHBIN 3apsii. COOTBETCTBEHHO, SHEPTHs,
npruodpeTaemMas KaxIbIM IEKTpoHOM, OyneT MeHbine eU. TouHas cBsI3b MEXIy
sHepruerd W u HanpspkeHreM U BBIBOIUTCS 110 M3BECTHOW KOHCTPYKILUH M Ta-
pameTpam yCKOpPHUTEIIs, U3 paclpeieIeHus 3apsaaa U yCKOPSIOLIEro MOTeHI[aa.
TeM caMmbIM aHaIU3 CBSI3M U3MEPEHHOMN SHEPTUH, UMIYNbCA, CKOPOCTH U YCKO-
PAIOIIETO HANpPsHKEHUS AaéT elmé ouH KpuTepuii BeI0opa Mex Iy Teopuei Puria
u CTO.

Emé ogHuM KkpuTepueM NMpPOBEPKHU CIyXkaT MpsSMbIE 3aMepbl CKOPOCTH
pactipoctpanenus aekrpuueckoro nois €. [To CTO B Bakyyme 3Ta CKOPOCTb
paBHa C ¥ HE 3aBHCHUT OT CKOPOCTH HCTOYHHKA, a B TeOprH Putia C' paBHO cymme
ckopocTH V HCTOYHHMKA M CKOPOCTH C IOJIsl OTHOCUTEIBHO UCTOYHUKA. T.e. morne
JIBMDKETCSI BMECTE C MICTOYHHKOM, JIOTIOJHUTEIBHO MPHOOpeTast ero ckopocts V.
Wmenno tak B. [Taynu ¢popmynupoBai 0autMCTHYECKY IO TEOPHIO, 3aIIHCaB ypaB-
HeHust anexrpoauHaMuku o(r, t), A(r, t) ¢ 3agepxkoil Bpemenn At, 3aBucsiien
oT ckopocTd V ¥ KOOpJAWHAT ' ucTouHuKa [16]. DKCriepuMeHTBI MOATBEPAMIH,
YTO T10JIE IBUKETCS C HCTOUHUKOM, 3aUMCTBYS €r0 CKOpOCTh [22].

Jlnist BelIMYMHBI MArHUTHOTO TI0JIS1 B OaJUTMCTUYECKOM TEOPUH MOTy4daroT-
Cs1 Te JKe 3aBUCUMOCTH, 4TO U B KJlaccuueckoil anexrpoauHamuke [A20]. A camu
MarHuTHBIE U MHJYKIIMOHHBIE CHIIBI, Kak Mokasan Puti [15], 3T0 — cinencTBue
3aBHCHUMOCTHU 3JEKTPUUECKHUX CHUJI OT CKOpPOCTH. Tak, ecinu B ABYX Hapaselb-
HBIX TPOBOAHUKAX KYJIOHOBCKUE CHJIBI OTHOMMEHHBIX ¥ PA3HOMMEHHBIX 3aps/I0B
CKOMIIEHCUPOBAHBI, TOTA MPU MPOIyCKaHUU TOKA, T.€. IPU JABMKCHUU HIEKTPO-
HOB, KYJIOHOBCKHE CHJIBI ' MEHSIOTCS1, OaIaHC CHIJI HapyIIaeTCsl: BO3ZHUKAET CHJla
Amrepa, 1o CyTH — dJIeKTprudeckas cuiaa. AHanoru4aHo juis cuisl Jlopenna [A20,
A30, A58]. Pacuérnbii n30bITOK cHIbl AF cOBMajiaeT ¢ BBIpaKEHUEM JUTST CHITBI
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Awmmepa F, = pol?l/2nh ¢ Tounocteio 10 kosdduitmenta 1,5, moaTBEpk) IEHHOTO
B OTJeNbHBIX ombiTax emeé MakcBemiom [A20, 38, c. 93]. SIpko 310 oTnuune
MPOSIBUTCS B TUHY-3(Q(eKTe.

[IpoBOMHKKH C COHAMpPABICHHBIMU TOKAMHU PAaBHOW BEJIMYHHBI MOKHO
MIPE/ICTABUTh KaK JBIKYIIHECS OTHOCHTEIBHO IMOJOKUTEIBHBIX HOHOB ITOTO-
KM 2JIeKTpOHOB. [10CKOJIBKY B 9TOM cilydae cuiia Amriepa rnpeacrasisier cooon
CYyMMY IIOIIPAaBOK K KYJOHOBCKOW CHJIE B3aUMOJICHCTBHS Pa3HOMMEHHBIX 3apsi-
JIOB, CJI/IOBATEIbHO MarHUTHOE BO3/JCHCTBHE B PABHOW CTETIEHH WCITBITHIBAIOT
U TIOJIOXKUTEIIbHBIC M OTpHLATENbHBIE 3apsiibl. T.e. cujia BO3ACHCTBHS Ha IOA-
BIDKHBIC DJICKTPOHBI B METAJUIMYECKOM IPOBOHUKE MM B TUIa3ME paBHA T10JIO-
BUHE Ki1accuieckoi cuibl AMnepa F, = Fy/2, B oinume ot nprHATOrO 3HaUCHUS
Fe = Fa. D10 oTitiume Jierko 0OHapyKHUTh, HANpUMEP, B MTUHY-2(deKTe, KOTOPHIH
MIPOSIBJIICTCS B CY>KCHHUH IJIA3MEHHOTO ITyYKa 3a CUET MPUTSDKCHHUS JIBHKYIITHXCSI
3apsiI0B, AIIEKTPOHOB, 00JIaJAIONINX 00Jiee BHICOKUMH CKOPOCTSMH, YeM HOHBI.
COOTBETCTBEHHO, B paMKax OaJIIMCTHYECKON TEOPUH BETMUMHA MUHY-dPdekTa
OyzeT B JiBa pa3a MEHBIIIE TEOPETUUECKOTO 3HAYCHHS.

W3BecTeH u psiji ApYyrux NEKTPOANHAMUYECKNX KCIIEPUMEHTOB (B 4acT-
HOCTH, ONBIT ['paHo) 1 mapa oKCoB, HEOOBSICHUMBIX B PAMKaX MaKCBEJIIIOBCKOU
anektponuHamMuk [378, 379], HO MOMYyYUBIINX OOBSICHEHUE B OAJLTHCTUYCCKOM
aneKTpoanHaMuke. B wactHoctH, apdekt Aaponosa-boma, T.e. MarHUTHOE BO3-
JICWCTBHE Ha DJICKTPOHBI, MPOJICTAIOINE BO3JIE JJIMHHOTO COJICHOMJa — B 00-
JIACTH, TJIE, COTIACHO JJIEKTPOJMHAMHMKe MakcBelia, OTCYyTCTBYET MarHUTHOE
T10JIe, ECTECTBEHHO OOBSICHSIOTCS B paMKax OaJNTMCTHUECKOW TEOPUH, COITaCHO
KOTOPOU KBaJIpaTHUHBIC 1O U/C mompaBKu (00YyCIIOBICHHBIC ApeH(pOM IEKTPo-
HOB IPOBOJIHUKA CO CKOPOCTHIO V) B BeIpakeHnu F' = Fy(C'/C)? He MoryT OBITH
ckoMmrieHcupoBansl [AS51]. Kpome Toro, cormacHo snextpoaunnamuke Putia, mo-
MHMO IOTIEpeYHOi K ckopocTH V cocTapisironieid cuibl JlopeHna, B psae ciryda-
€B BO3MOYKHO TIPOSIBIICHHE ITPOJOJILHOM cocTaBsioneid cuibl JlopeHia, kotopast
OTCYTCTBYET B KJIACCUYECKOH AIEKTPOAMHAMUKE M HEe HAOIOaeTcsi B OOJIBIINH-
CTBE ONBITOB JJa)Ke B paMKax OaJUIMCTHUECKOH AIIEKTPOIMHAMUKH, BBHJLY KOM-
MICHCAIIUU TPOJIONBHBIX CHJ B 3aMKHYTBIX KOHTypax. B pamkax teopuu Putia
9Ta CHJIa MEHSIET CKOPOCTh 3JIEKTPOHOB M CKa3bIBaeTCs Ha BUJIE MHTEP(EPEHIH-
OHHOHM KapTHHBI OT JJIEKTPOHOB, 110 M3MEHEHUIO KOTOPOH U PETHCTPUPYIOT d(-
¢dexr Aaponosa-boma. Mi3amenenne ckopocTi 0OHapy»KEHO M HATIPSIMYIO B OTIBITE
CosyHuHa, B KOTOPOM JJIEKTPOHBI B AJIEKTPOHHO-IIYYE€BOH TPyOKe MpOJICTAIOT
CKBO3b TOPOUJAIBHYIO KaTyIIKY, & 3aTeM MEX/y OTKJIOHSIONIMMH IUIAaCTUHAMU
[378]. IIpu >TOM, B 3aBUCUMOCTH OT BETMYMHBI TOKAa B KaTyIIKE, MEHSETCS OT-
KJIOHEHHUE JIEKTPOHHOTO JIyya Ha SKpaHe, BBUIY U3MEHEHUS €ro CKOPOCTH TI0]T
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JCWCTBHEM MPOJOJILHOM COCTABISIONIEH CHIBL. A B paMKax 3JIEKTPOJHMHAMUKN
MakcBeiuia BHE TOPOUAAIBHOW KaTyIIKHM MarHUTHOE I10JI€ U MarHUTHBIC BO3-
JICUCTBHSI OTCYTCTBYIOT.

Wrak, HecMOTps Ha CXOACTBO (hOPMYIT KJIACCHYECKOH (MaKCBEIJIOBCKOM)
1 OJUTMCTHYECKON (PUTLIEBON) AIIEKTPOIMHAMUUECKIX TEOPUH, OHU COAEpIKar
pa3ynuus B BEJIMYMHAX BBICIIMX MOPSKOB IO U/C M B BEJMYMHAX MTPOJOIBHBIX
cuit. C 0IHOH CTOPOHBI, ATO MO3BOJISIET OOBSICHUTH HEKOTOPHIE TapaoKChl K aHO-
MaJIUH KJIACCHMYECKON AJICKTPOANHAMUKH, a TaKKe OT/IEJIbHBIE HECOOTBETCTBHUS
9KCIIEPUMEHTOB M TEOPHH, a C JPYrod CTOPOHBI, MPUBOAUT K HEOOXOIUMOCTH
MTOCTAHOBKH IKCIIEPUMEHTOB M0 CPABHEHHUIO JBYX TE€OpHi. B psine oTHOmeHun
ANEKTPOANHAMUYECKUE SKCIIEPUMEHTBI TIPOIIE ONTHYECKUX, M TAKOH IyTh MPO-
BEpKH OAIIMCTHYECKOW TEOPHHU TPENoUYTHTENeH. KpoMe yTOUHEHHUS IIeKTpo-
JMHAMMKH, B CIydae NOATBEP)KACHUS TEOpUH PHTIa, MpoBepKa MO3BOJIUT MOBBI-
CUTh 3PPEKTUBHOCTD PEISITUBUCTCKOM AJIEKTPOHHKH, B T.4. yCKopuTelnei [358,
376, A38, A45, A49, A54, A58].

§4.10. KeaHmoenble aghghekmbi 6annucmudeckol 351ekmpoOuUHaMuKu

[ToarBepkaeHneM 0aUIMCTUYECKON TEOPUU MOXKET CIY)KUTh W DKCIIe-
pPUMEHTaJIbHOE OOHAPYKEHHE KBAHTOB SJIEKTPUYECKOTO Nouisi — peoHoB. Cam
B. Puti Ha3bIBaJ 5TH YaCTHIIBI, HCITyCKAaEeMBbIe 3apsjaMu,— QUKTHBHBIMHU YaCTH-
namu [15], mogpa3zymeBasi, 4To 3TH YaCTHIBI MOKHO pacCMaTpUBaTh U Kak Mate-
MaTuuecKylo adbcrpakiuo. PakTuuecku xe, kKak ormedeHo [21], Puri nokaszan
MIPEUMYILECTBA NOOOHOTO MEXaHNYECKOT'O OTIMCAHMSI HJICKTPOMAarHUTHBIX B3aH-
MOJeHCTBUI 1 Ha3bIBAJI CBOIO TEOPUIO «MEXAHUYECKON TEOPHEH AEKTPUIECTBAY
[15, c. 149]. KBaHTBI 21€KTPUYECKOTO OIS, UCITyCKaeMbIe 3apsiiaMu, TpU3HAET
Y COBpPEMEHHAas KBAHTOBAsI ANEKTPOAMHAMUKA B ()OPME BUPTYaJIbHBIX (POTOHOB.
Coznarenu kBaHToBo# anekrpoauHamuku (KO/) P. deitaman u J[x. Yuiep, paz-
BHBasI UCI0 BUPTYaJIbHBIX (DOTOHOB, 3aI1a3AbIBAIONINX U ONEPEIKAIOLIUX ITOTCH-
LIMaJIOB, BO MHOTOM ONHpPaJICh Ha paboThl PHUTIA, ¢ KOTOPBIMU OBLIN O3HAKOM-
neHsl yepe3 A. Ditnmreitna [380, 381].

BBuay ManbIx pa3MepoB peOHOB (110 CPABHEHHUIO C AIEKTPOHOM ), UX MOXKHO
PErUCTPUPOBATH TOJIBKO KOCBEHHO, HAIPHUMED, 110 XaOTUYECKOMY JIBUKEHHIO CBO-
0O/IHBIX AJIEKTPOHOB ITPH UCITYCKAHWH U TIOIVIOIIEHUU PEOHOB. JleiicTBUTENbHO, Y
ANIEKTPOHOB, IIUPKYJINPYIOLINX B CHHXPOTPOHE, OBIIIH OTKPBITHI XA0THUECKHE JIBH-
xeHus (Puc. 4.14.a), npuuéM B perysasipHbIX MOJISX U B OTCYTCTBHE CTOJIKHOBEHHH
C aTOMaMH U JpyTruMu snekTponamu [382, 383]. OnuHOYHBIN yABTpApEISITUBUCT-
CKUI1 AJIEKTPOH CITY’KUT UCTOUHHKOM CUHXPOTPOHHOTO M3JIyYEHHUS C MOIIHOCTBIO
JoctatouHoit qnd peructpauu [360, 361]. Ilpuuém usmyueHne ocTpoHarpaBieH-
HOE, U MOCJIE0BATENIbHBIC TOJIOKEHUS TEKTPOHA B ITONIEPEYHOM CEUCHUH BaKy-
YMHO# KaMepbl TOYHO U3MepsIOTCsl. Tak ObuTi 00HApYKEHBI OECIIOPSIIOYHBIE JIBH-
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JKCHUS AICKTPOHA, TUTIA Xa0TUYCCKUX ABIKCHUI OpoyHOBCKHX yacTuil [382,383].
a)

Puc. 4.14. a) Xaotuueckoe IBIKEHUE 3JIEKTPOHA € B IONIEPEYHOM
cedeHnuu kamepsl yckopurens BOIIII-3 [382, 383], kak BO3MOX-
HBII pe3ysbTaT UCITyCKaHWs U MONIONIeHNs peoHOB R; 0) Bpae-
HHME HJIEKTPOHA KaK PE3yJIbTaT UCITYCKAaHUS U ITOIVIOIEHHS PEOHOB.

B pamkax teopuu Putiia naBHO mpenckasbiBaiu MOI00HOE «OpOYHOB-
CKOe» NIBMKEHHE 3apsAI0B MOX yaapamu peoHos [15, 37, AS51]. JlelicTBuTens-
HO, CBOOOIHBIE IEKTPOHBI, MPH MCITYCKAaHUH W TMOIVIOMIEHUH PEOHOB JIOJKHBI
JpOKaTh, CMEIIAThCS B CIyYaifHOM HAIPaBICHHUHU 3a CYET MMITYIbCOB OTAAYN U
yIAapoB PEOHOB. B TakoM ciryyae 3neKTpoH, IeHCTBUTEIBHO, BEN ObI ceds aHao-
THYHO OPOYHOBCKOW YaCTHIIE, XaOTUYHO ABIKYIIEHCS IO yIapaMy CO CTOPOHBI
MOJICKYJT BOZBI FITH BO3yXa.

KBanTOBas TeOpus TOXKE MPEICKAZBIBACT «OTCKOKI AIEKTPOHA TIPH HC-
ITyCKAaHUS KBAHTOB CHHXPOTPOHHOTO HM3JIyYEHHS B CIyYalHBIX HAIPaBICHUSIX
[355, 382]. Ho B KBaHTOBO PEeNATHBUCTCKON TEOPHUH HHTCHCUBHOCTH OPOYHOB-
CKOTO IBMDKEHUS IIPH POCTE SHEPTHH HIEKTPOHA CHIDKACTCSA, BBUIY POCTa PEIsi-
THUBUCTCKOM MAacCHI 3JICKTPOHA M YMEHBIIICHUS YITIa N3TY9ICHUS, T.€. OTHOIICHHS
MTOTIEPEYHBIX UMIYIBCOB (POTOHOB K MPOAOIBEHOMY (BIOJIE BEKTOpPAa CKOPOCTH)
HMMITYIIbCY 3JEKTPOHA, HECMOTPS Ha POCT YHUCIIA U BETMYMHBI UMITYJIECOB OT/Ia-
Y [PY YCWICHHH CHHXPOTPOHHOTO M3ITydeHHs. A B Teopuu PuTiia HHTEHCHUB-
HOCTb «OpOYHOBCKOTO» JBHIKEHHSI 3JICKTPOHA COXpaHseTCs (BBU/LY TIOCTOSIHCTBA
HMMIIYJIBCOB OT/AA4N), M JaXKe PacTET (BBHUIY y4alleHHs COYIapeHUH ¢ peoHaMH
BCTPEUHOTO MOTOKA).

Habnronaemoe «6poyHOBCKOE» ABHKEHHUE dJIEKTPOHOB [382], monTBepanB
pearbHOCTh PEOHOB, MO3BOJIIET PACCUUTATH UX MACCy |l M 9aCTOTY HCITYCKaHHS
N, Tak ke KaKk JBIDKEHHE OPOYHOBCKHX YaCTHUI[ MMOATBEPANIO PEATbHOCTD aTo-
MOB M TIO3BOJIMJIO OIEHHUTH MX MAcChl. ECM KylTOHOBCKOE OTTAJIKMBAaHHUE IBYX
AJIEKTPOHOB BBI3BAHO yAapaMHU HCIYIIEHHBIX IMH PeoHOB (cM. Benenue), Tor-
Ja JIeTKo cBs3ath W, N ¥ paanyc 3meKTpoHa I, 3a1al0Hid CeUeHNE TMOTIONCHHS
anekrpona (Puc. 4.15).

HelictBuTtenbHo, PUTHl yTBEep»Kaan, 4TO KaXKIbId 3JIEMEHTapHbIA 3apsil
(anexmpon) eXeceKyHIHO HCITyCKAeT TOCTOSTHHOE Yiciio peoHoB N BO BCeX Ha-
MPaBJICHUSAX CO CKOPOCTHIO cBeTa ¢ [15]. M3 HUX Malioe KOJMYeCTBO N PEOHOB
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J0JIETACT A0 APYTOTro 3JICKTPOHA Ha paCCTOAHNUU R. OueHum N, cuuTas 3JIEKTPOH

Puc. 4.15. Cxema ucmyckaHus SJIeKTpOHAMH YaCTHIL, TPOU3BOSILINX CBOU-
MH yIapaMH 3JIEKTPUYECKOE OTTAITKHBAHUE C KYJIOHOBCKO# crioit F ~ 1/R2,

HIapuKoM panuyca I'. [IoCKOJIBKyY JIEeKTPOH eXKeCeKyHIHO UcimyckaeT N yacTuil,
TaKOE YK€ YMCIIO YaCTHIl JOJDKHO €KECEKYHIHO Mepecekarh MOBEPXHOCTh 47R?
OKpPYIKAIOIIEH MEeKTPOH cepbl. [I0CKOMbKY YaCTUIIBI PA3JICTAIOTCS MO BCEM Ha-
MIPaBJICHUSAM PaBHOMEPHO (BBUIY M30TPOITHOCTH MO E anmexrpona), cienoa-
TEJIBHO, B JIEKTPOH C MOIMEPEIHBIM CEUCHHEM Tl PACIIOI0KEHHBIN HA PACCTOS-
HuH R, OmMafaeT qoist 9acTHIl, COCTABISIONIAs Tr%/47tR? OT MONHOTO WX MOTOKA
N. Taxum obpazom,
n = Nrur?/4nR?= Nr?/4R2,
Torna crna F oTTankuBaHUs ABYX JIEKTPOHOB, PACIIONOKEHHBIX Ha PACCTOSHUI
R (Puc. 4.15)
F = nuc = Nr2uc/4R2,

Io cyTH, 3TO — MexaHMYECKOe BbIpakeHHe 3akoHa KynoHa: cuia oTtai-
KHBaHUA, JEHCTBYIOMIAs MEXX/TY ABYMs JIEMEHTAPHBIMHU 3apsiiaMHy, IPOIOPIIHO-
HasipHa 1/R?. Eciu 3apsiapl He 2IeMEHTapHbI, a CONEpIKar IIepBbIi — (; AIEKTPO-
HOB, BTOPOIl — (; SJIEKTPOHOB, PE3yIBTUPYIONIAs CHIa B3aWMOICHCTBHUS paBHA
CyMME 3JIEMEHTapHBIX CHJI B3aHMOICHCTBHUS DIEMEHTAPHBIX 3aps0B BO BCEX
BO3MOXKHBIX KOMOMHAIMAX. PaboTaeT MpUHLUI CYIEepHO3UIUH — BO3ACHCTBHS
OT pa3HBIX MEKTPOHOB HE BIUSIOT APYT Ha APYyTa, T.€. IOTOKH PEOHOB OT Pa3HbIX
SIIEKTPOHOB HE B3aHMMOJICHCTBYIOT IIPU MIEPECEUCHUH, BBUILY HUUTOXKHBIX pa3Me-
POB PEOHOB, CBOIALINX K HYIIO BEPOSTHOCTh MX CTOJKHOBEHHUI MEXTy COOOIL.
Torma KaXablid U3 J; DICKTPOHOB B3aUMOJCHCTBYET C KaXIbIM U3 (, NEKTPO-
HOB. T.e. Bcero (y(, OMMHAKOBBIX IEMEHTAPHBIX CHI oTTankuBanust Nr2pc/4R2,
B CyMMe 00pa3yIOIIuX CHITY

F = q,0,Nr2uc/4R? = Aq,q,/R?, (4.18)
rme A = Nr’uc/4 — GpynmaMeHTanbHasi KOHCTaHTa, (g U 0, — 3apsibl TEJ, BBIpa-
JKEHHBIC B 3aps1ax eKTpoHa €. TeM caMbIM MPUXOMM K IMOJTHON (hOPMYIHPOB-
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ke 3akoHa Kynona:
F = q:0,6%/4neyR?, (4.19)

TJIe € — 3apsi]l IEKTPOHA, € — MEKTPUUECKas TOCTOSIHHAS.

U3 hopmyie (4.18) u Beipaxkenus st 3akona Kyiona (4.19) MoxHO HaWTH

A = Nr?uc/4 = e%/4ne,, nmn TNr?p = e?/ce,.
Ortciona cienyer cooTHomeHue, cesi3biBatoniee N, |, 7 U QyHIaMEHTANbHBIE
KOHCTaHTHI €, C, &
N = e¥/nr?uce,. (4.20)

Onnaxo n3 (4.20) Henb3st BeIBecTH 3Ha4eHus N, ' U |, gaxce monaras pa-
JIYC I' 3JIEKTPOHA N3BECTHBIM M PABHBIM KJIACCHYECKOMY paJInyCy JIEKTPOHa Iy
(pakTruecku, KaKk MOKa3bIBAIOT OLEHKH, 1 << r;). I[loaToMy aist onpeneneHus
Macchl |L peoHa MPUMEHUM JIOTIOJIHUTEIbHBIC THIIOTE3b], Kak B padorax [AS],
384] unu y4réM JIONOIHUTEIBHBIEC YCIOBUS, HANPHUMEP XapaKTEPUCTUKHU CITy-
YallHOTO JIBMKEHHMS AIIEKTPOHOB. [lpumMensist Gpopmyny DiHIITEelHA U1 Opoy-
HOBCKOTO JIBMKEHHUS [385], MOXKHO HAaWTH JJI CPEeHEro KBajJpaTa CMELICHUs
aJIeKTpoHa <X?> = 21C?Bt 3a Bpewmst t, rie B — momBmIKHOCTD, XapakTepu3yolas
CONPOTHUBIICHUE JIBHIKCHUIO DJIEKTpOHA. J[i1s1 OpOYHOBCKMX YaCTHIl ATOT KOd(]-
(UIMEHT XapaKTepH3yeT CHITY BSI3KOTO TPEHUSI CPE/Ibl, a JUIsl DIICKTPOHA — CHITY
panuanMoHHOTO TPeHUs (CHITY peaKlny, JACHCTBYIOIIYIO Ha 3JIEKTPOH IPH U3ITy-
YEHUHM B MOMEHTBI CKauKOOOpa3HbIX MEPEMELICHHUH) U CHITy CONPOTHBIICHUS (o-
KyCHPYIOILIETO MarHUTHOTO TOJISI, Y/ICPYKUBAIOIIETO 3JIEKTPOHBI Ha OpOUTaX BO3-
J1e ocu Kamepbl. YToOBI BEIPa3UTh CMEIIEHNE Yepe3 XapaKTePUCTHKHU AIIEKTPOHA,
MIpUMEHUM (HOPMYITY Ul CMEIIEHHsI YacTUIbl Yepe3 kodpuuueHt muddysun
D = a%/t [385, 386]

<x*>=2Dt.
31ech a — cpesiHee CMEIleHHE MIEKTPOHA MOCTIe COYAapeHus, T — CpeTHEe BpeMs
MEXAY JBYMs yIapaMu PEOHOB IO 3JIEKTPOHY, MM MEXK1y HUCITyCKaHHEM JBYX
peoHoB. ITo 3akoHy COXpaHEHHs UMITYIbCa CKOPOCTH IEKTPOHA Iocie 1I000BOTo
coyaapenusi ¢ peoHoM V= pc/m. Torna cpeaHee cMeleHue 3a BpeMst T COCTaBUT
a = pct/m. Otcrona Haitném
<x2> = 2u2ctt/m?.

Xapakreproe Bpems T= 1/N — BemuurHa 00paTHast YaCTOTE UCITYCKAHUS U TIOTIO-
mienns peonos N. OTcrona BeIpa3suM Maccy [ peoHoB. Eciu r = ry = e¥/4ngomc?,
u3 ycnoBus (4.20) MOXHO paccCuuTaTh KOJIMYECTBO PeOHOB N, HMCIyCKacMbIX

SJIEKTPOHOM B EIUHHUILY BPEMEHHU
(mY ¢

=4 — .[ —=l,

\nAr) (4.21)

B wurore, npu u3MeperHoi BennunHe D = <x?>/2t, npuxoaum K cucreme
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ypaBHEHUI

i 4 e 2

D=p"c"/2Nm

N =16meggm-c’/pe”
Orcroma MOXHO HETIOCPEICTBEHHO ONpenenuTh 3HaueHus U u N. B nrore Ha-
XOJIIM:

3
|

. .
hl =23 4:ITEOc’Dm4.:"e*

i m—
M= 4il'|27{_803(?8.‘}f2/D€?4

JlaHHbIe 3HAYEHHsI MACCHI M YACTOThI UCITYCKAHUSI PEOHOB CIIPABE/TUBBI
JIMIIB B CITyYae, €CITA UCTUHHBII PaInyC SICKTPOHA I PABEH KIIACCHUYESCKOMY Paii-
yCy 3MeKTpoHa ry. OMHAKO Psi/l JaHHBIX CBUICTENILCTBYET, YTO PEABHBINA Panyc
r << 7y. A TIpH F ~ 1y BIEKTPUUECCKOE MOJIC IKPAHUPOBAIOCH OBl B TUIIEKTPHKAX
MaJioi TOJIMHBL | OT 3aropaskuBaHuUsI IOTOKA PEOHOB MOTIEPEUHBIMH CEUCHUSIMU
3nekTpoHOB B auanekTpuke (I ~ 1/nry?k ~ 1 cM, rie KOHIEHTPAIHS ICKTPOHOB B
nudnektpuke k ~ 10%° em ). Ho Takoro skpaHupoBaHus Ha PAKTHKE HE HAOIHO-
naetcsi. Takum 00pa3oM, TpeThei HEM3BECTHOM SBISICTCS PAIyC IEKTPOHA I, 1
JUTST OTIPEICIICHNMS BeeX TPEX 3HaueHu# 1, N M I CHCTeMy ClielyeT JOMONTHHUTD eié
OIHMM ypaBHCHHEM, HAIOXKHUB el OTHO (PU3UUECKOE yCIOBHE-OPAHHUUYCHHE.

B Hacrosiiiiee BpeMsi U3BECTHO, 4TO paauyc anekrpona I < 1022 m [387,
388, 389, c. 277]. Ta ke oneHKa sl paanyca dJIEKTPOHA CIEIYET U3 yCIIOBUS,
YTO CPEAHSIst TMHA CBOOOTHOTO mpobera peoHa B toniie 3emuu | = 1/4znr?n npe-
BBIIIACT paanyc R 3eMin mpu KOHIEHTPAIUK 3MeKTPOHOB N. MHaue 3emiist ya-
CTUYHO DKPAHUPYET MEPECHOCHMBIE PEOHAMH DJIEKTPOMATHUTHBIEC U IPABUTAIH-
OHHBIEC BO3/JICHCTBHS, YTO MPOSBUIIOCH Obl B UCKAKCHUH JBHXKEHHIA CITyTHUKOB U
HEeOECHBIX Tl M B OTKJIIOHEHHUSIX OT 3akoHOB Kermepa. [axe MpUHSB BCIO Maccy
3emui 00pa30BaHHO U3 AIICKTPOHOB (T.K. B MOJIENIM atoMa PUTIa sijjpa aToMOB 1
HYKJIOHBI B KOHCYHOM CUETE COCTABIICHBI U3 TIO3UTPOHOB U 3MEKTPpOHOB [A13]),
Haiiaém, uro n = 3M/m4nR3, e macca 3emiu M = 6-10% kr, Macca 31eKTpoHa
m=9,1-103! xr, R = 6,4-10° m, otkyma r < R(m/3M)"?> = 1,4-10' m. Ananorny-
Has orerka ast Comana (R = 7-108 m, M = 2:10% kr) maér r < 2,7-10%* m. Tee.
U3 YCIOBHUSI OTCYTCTBHUSI dKpaHUPOBKH MIOTHBIM BernectBoM (I > R), cieayer
r <1022 M, 94TO COBMAJIAET C IKCHEPUMEHTAIBHOMN OrfeHKo# I < 10722 m [387].

DddexTUBHOE CeUCHHE PACCESHUS PEOHOB HA PEOHAX Ogg << Oge — MHOTO
MEHBIIIC CCYCHHS MOMIONICHHS Gg, PEOHOB IEKTPOHAMHU: TIOTOKH PEOHOB CBO-
00/IHO MPOXOJIAT CKBO3b IPYT APYTa, HE PACCCUBASCH, HE MEHSISI CKOPOCTH. JlTiHa
cBOOOIHOTO Mpobera peoHa B BaKyyMe (3al0OJTHEHHOTO TTOTOKAMU PEOHOB) OyIeT
HE MEHbIIIE pajuyca HabmogaeMoi Beenennoi R ~ 10%° M. D10 00bsCHSIET IPUH-
AT CYTICPIIO3UIMU JIIEKTPUUCCKHUX TONICH M OrpaHudeHue pajuyca R Habmro-
naeMoil Beenennoil mpu pacuére TemIneparypsl peIMKTOBOTO u3mydeHus (§1.2).
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Ha GonbImux paccTossHUSX ~R TMOTOKH PEOHOB YK€ HAYHHAIOT PACCEHUBATHCS, U
SHEPTUs U3TydeHUst 3BE3M TepsieTcsl. IMEHHO MOTOMY MMEET CMBICI TOBOPHUTH
o pamuyce R Habmonaemoli Beenennoid, Xots cama BeeneHnnast He orpaHuueHa.

W3 panee HalineHHOro BbIpaxeHus (4.21) ciemyeT COOTHOIICHUE
ry/C = 4(m/p)/N, mokassIBaroIIee CKOPOCTh MOTEPU MACCHI JICKTPOHOM. DTOMY
BBIP2KCHUIO MOXKHO TPHIATh MPOCTYIO MHTEpIperanuio. B j1eBoit yactu cto-
UT BpeMs, 32 KOTOPOE CBET MPOXOMHUT MyTh B PAmlyC 3JIEKTPOHA: T = ry/C =
2,8:10*/(3-10%) = 10* c. A B mpaBoif YacTH — y4eTBEPEHHOE YHCIO PEOHOB B
3MEKTPOHE, JAeiéHHOe Ha YacToTy N nx ucmyckanus. OaKTHUECKH, IO TOPSIIKY
BEITMUYHMHBI — 3TO BpeMsi T, 32 KOTOpOE Macca dICKTPOHA B XOJIC paclajia Ha peo-
HBI COKPATHUTCS 10 HYJIS. BBIXOAUT, 3JICKTPOH JODKCH MOJHOCTHIO PACTacThCs
3a T ~ 102 cexkyHpl, wiau ObICTpee, ecliu 1 << ro. Ho 31eKTPOHBI He HCYe3ar0T
3a CTONIb KOPOTKOE BPEeMsI M HE PacajarTcsi 332 MHOTO OOJIBIIIHE BPEMEHa, CO-
XpaHsisi IOCTOSTHHYIO Maccy M.

Tot (hakT, 4TO MOCTOSHHAS YTEUKA PEOHOB C NEKTPOHA HE CHIKACT €ro
Maccy ¥ 9HEPIHI0, OOBSCHSIETCS TEM, YTO AICKTPOH HE TOIBKO UCIYCKACT, HO U
TMOTIIOIIACT PEOHBI, UCIYIICHHBIC APYTHUMH 3apsiaaMi. [[pOUCXONT MOCTOSHHBIN
O0OMEH 4YacTHIIAMH, MOAACPKUBAIOIINA ANHAMHYCCKOE PABHOBECHE 3HAYCHHI
mapamerpoB M, I u N. [Ipenmonoxue Takoit oomeH, B. Putil BriepBbie BhICKa3a
UIet0 OOMEHHOTO B3aUMOJICHCTBYS, IPUHATYIO TO31Hee HH3UKAMU B KBAHTOBOU
anekrponuHamuke (KI/I).

HUrak, B mporecce 0OMeHa peOHaMH, B3aMEH OTACIHBIINXCS, K DICKTPO-
HY CO BCEX CTOPOH MPUXOMAT BHEIIHHE PEOHBbI. BecuucieHHbIe DICKTPOHBI B
OeckoHeuHOW BeeeHHOM, HaurHast ¢ HEKOTOPO# JMCTAHIINH, JOKHBI 3aKPHITh
SIIEKTPOH CBOMMH IMOTMEPEYHHKAMH CO BCEX CTOPOH, OKPY)KHB CILUTOMIHOHN ce-
poii Hekoro paauyca R (Puc. 4.15). Uunciio anektponos Ha chepe Z = 4nR?/nr?. Ot
Ka)KJI0TO TEKTPOHA Cephl K IIEHTPATBHOMY MEKTPOHY CXOAUTCS KECEKYHTHO
Nr2/4R? peonoB. B cymme co Beeit cdepsl k anekrpony mpuxoaut ZNr/4R? = N
peonoB. T.e. 3MEKTPOH MOTIOIIACT B CANHUIYY BPEMEHH TaKOE K€ KOJIUYECTBO
PEOHOB, KoTOpoe TepsieT. Takoi jxe pe3yspTaT MmorydyaeTcs npu 0000IeHHN 3a-
JIa4¥ Ha CITy4ail SJIeKTPOHOB, MPOU3BOILHO PACTIONOKEHHBIX B IPOCTPAHCTBE.

B 10113y KBaHTOBaHHUSI DJIEKTPOMATHUTHBIX BO3/ICHCTBHI KOCBEHHO CBH-
JICTETIbCTBYET M MATHUTHBIH MOMEHT SJICKTPOHA, KaK PEe3yJbTaT €ro BpallCHHs
(cniuHa). JleficTBUTENBHO, UCITyCKAHUE U MOTNIOIICHHE PEOHOB MPUBENIO Obl HE
TOJTBKO K MX XaOTHUECKOMY JIBHKCHHUIO, HO U K BPAICHHIO BOKPYT OCH, HAIO-
nobue BeTpsiHoro win (etiepBepounoro koneca (Puc. 4.14.0) [A42, A48]. Tak
e Kak OpOYHOBCKHE YACTHIIBI MOJ YAapaMH MOJICKYJ BOJBI, BO3AyXa euié u
Bpammarotcst [385, ¢. 214], aeKTpOHBI O]] yIapaMu PEOHOB MPHOOPETAIOT Bpa-
niexre. HeonHakoBoe BO3MEHCTBHE HA BPAIIAIOIIYIOCS TTOBEPXHOCTH AIEKTPO-

Ha BCTPEYHOI'O0 U IMOMYTHOT'O IMOTOKa PEOHOB, a TAKKC BO3MOXHOC HAJINYUC Y
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AJIEKTPOHA aCUMMETPHH (POPMBI PUBOJUT K IMOSBICHUIO y HETO MOCTOSHHOTO
BpAIllCHHsSI B OJJHY CTOPOHY CO CTaHIAPTHON YCTaHOBUBIIEHCS yacToToi. Kpome
TOTO, UCITyCKaHHE PEOHOB TOJILKO C TOBEPXHOCTH BPAIAIOIICTOCS AIICKTPOHA
OOBSICHSICT U THPOMArHUTHOE OTHOIICHUE, COCTABJISIFOILSE JJIs CITUHA 3JICKTPOHA
Yy = -e/m, 4To B JBa pa3a OoJbliie opoUTaIbHOTO. [IpUOTH3UTEIHHO TAKOE OTHO-
LICHUC TIOJIyYaCTCs, CCIIU CYUTATh 3apsi PACCPEIOTOUCHHBIM 10 MOBEPXHOCTH
AJIEKTPOHA, YTO IKBUBAJICHTHO HUCITYCKAHUIO PEOHOB TOJBKO C TIOBEPXHOCTH. TakK,
JUISL BIEKTPOHa B (hopMe Imapa MOMEHT UMIyJbca pasen N, = 2mrw/5, a MaruuT-
HBI MOMEHT MPY MHTEMPUPOBAHKH I10 TOBEPXHOCTH Iapa |, = -emr?/3. Orcrona
THPOMarHUTHOE OTHOLIEeHuE Y = [1,/N, = -5/6m, 4To yxe 61IM3K0 K H3MEPEHHOMY
THPOMArHUTHOMY OTHOILICHHFO JJIs1 AJICKTpoHa. Eciu ke anmekTpon umeet Gopmy
SITUIICOM/IA, BBITSHYTOTO BJIOJIb OCH BPAIICHUS, TOT/Ia OTHOIIICHHE MOXKET CTaTh
CKOJIb YTOJHO OJIM3KHMM K Y = -€/M IpH pocTe OTHOLIEHHUs moiyoceid. Maioe
ommyre ko3 duimenrta nepen /M oT SIUHUIIBI B MCHBIIYIO CTOPOHY PeallbHO
HaOJroaeTCs B 9KcrepuMeHTax tuna bapHerra u Dvinmreitna-ae [aaza [413].

Takum 00pa3oM, B MOJIb3Y UCITYCKaHHS PEOHOB JICKTPOHAMH KOCBEHHO
CBUJICTCIILCTBYCT PSII SKCIICPUMCHTAIIBHBIX JaHHBIX. CaM (pakT CyIIeCTBOBAHHUS
3akoHa KynmoHa O3HadaeT, YTO MMITYJIbC OT 3apsijia K 3apsy MCPEHOCHUT HEKHA
MaTepuagbHbIA areHT, B BUJI€ KBAaHTOB deKTpoMarHuTHoro nosst. B KOJ ato—
BUpPTyaJIbHBIE (POTOHBI, a B OayuncTHdeckol Teopun Purtna — peonst. [Ipemio-
JKCHHBIC BBIIIC KPUTCPHUHU MO3BOJISIT BEISICHUTh, KAKUC M3 3TUX YACTHI MIPOSIBIIS-
FOTCS B 9KCIICPUMCHTAX.

§ 4.11. AHomasniuu u cmamucmuyeckue xapakKmepucmuKku KocMu4ye-
CKux siyyeu

Kak ormeuyeHo B mpenpiayiux naparpadax, pes3ysibraTbl OOJbIIMHCTBA
OITBITOB I10 TIPOBEPKE OAJUIMCTUYECKOH TEOPUHM HEOIHO3HAYHBI, BBUJY OTCYT-
CTBUSI IPSMBIX U3MEPEHUIN CKOPOCTH YaCTHUI[ U UX U3NyueHus. 1 Tonbko npsmoe
HM3MEPEHUE CKOPOCTHU YaCTHIl U U3ITyUYEHHH BPeMsINPOIETHBIM METOIOM, 110 pas-
HUIIE MOMEHTOB PETUCTPAIK ACTEKTOPAMHU, pa3HECEHHBIMU HA 3aJaHHOE pac-
CTOSIHME, TIO3BOJIUT C/IEaTh OAHO3HAYHBIM BBIBOJ] O CIIPABEATUBOCTH WIIN OIIH-
6ouHocTH Teopun Purna.

[TockonbKy HaWBBICIIUMHU SHEPTUSIMU 00JIAJIAI0T YaCTHIIBI KOCMHUYECKUX
JIy4eil, eCTECTBEHHO MIMEHHO Yy HUX OKHUJIaTh CBEPXCBETOBBIE CkopocTH. [leiicTBu-
tenbHO, B [1Iupokux Armocdepusix Jlunsx (ILIAJT) cBepXcCBETOBBIE CKOPOCTH
HEOJHOKpATHO peructpupoBanu [343, 344, 390-394], B yaCTHOCTH NP NPSIMBIX
3aMepax CKOPOCTHU U HaNpaBlICHUH MpUXoa KOCMUYECKHX JIyuell BpeMsnponér-
Hoii kamepoit ALICE [343, 344]. O0bIYHO U3MEPECHHUE CKOPOCTH (PPOHTA IIHUPO-
KOTO aTMOC(EPHOTO JIMBHS OCIJIOKHSIETCS TEM, YTO HE U3BECTHO HAIPABIICHUE, C
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KOTOPOTO TIPUXO/NT JIMBEHb. [10 pa3HHIle MOMEHTOB PErHCTpalMy (PPOHTA JIMB-
HS1 IETEKTOPaMH, PacIIOI0KEHHBIMH Ha OOJIBIION TUIOIIA M, OTIPECIISIFOT TOJIBKO
Pa3HMIly MOMEHTOB PETHCTPAIMH 110 TOpU30HTAIH. [ToaTOMY TpeOyeTcst 3HaTh U
HarpasJeHHe Npuxo/a JUBHA. Ero MoXXHO onpenenuTs 1o Gpopme nsTHa cpado-
TaBIIUX AETEKTOPOB. II0CKONBKY CTyCTOK YacTHIl, 00pa3yIOIIUX JTUBEHb, HMEET
LWTUHPUYECKYIO WIIH JIMH30BUAHYIO (POPMY, 110 aCIIEKTHOMY OTHOLICHHIO MST-
Ha cpabOoTaBIIUX IETEKTOPOB MOXHO ONPENENUTh YroJ MPHUXOJa JIMBHS, a IO
HEMY M IO pa3HHUIIE MOMEHTOB PErHCTPALlUU,— CKOPOCTh JUBHS. DTO MO3BOJIUT
COIMOCTABUTH U3MEPEHHOE JETEKTOPaMU U PENIITUBUCTCKOE 3HAYEHUE CKOPOCTH
W SHEPTUM YacTHll, a TaKKe MPOBEPUTH, UMEET JIM MECTO PEISITUBUCTCKUIT A(b-
(exT pacTshkeHHs BpeMeHH sku3Hu yactul (§ 4.2).

B pamkax kiaccuueckoil pU3NKH CKOPOCTh YacCTUI] KOCMHYECKHX JIyden
9KCTPEMaJIbHBIX SHEPTUil JOJKHA OBITH CBEpXCBETOBOH. JlelicTBUTENBHO, IPH-
PaBHUBAs PEKOP/HYIO SHEPIHIO YacTHI] KocMudeckux nyueid W ~ 102 5B (u3me-
PEHHYIO KaJIOPUMETPHIECKUM MeToIoM [395]) k kuneTrueckoit sueprun MV?/2,
HOIyYUM st citydast ipotoroB ¢ Wo= Mc?= 938 M»aB, V = ¢(2W/W,)"2~ 105c.

B momnb3y CBEpXCBETOBBIX CKOPOCTEH y 4acTHIl B LIMPOKUX arMmocdep-
HBIX JIUBHAX ¢ pexopaHoit sneprueit (W > 10! 3B) cBHAETEIBCTBYET, HAPH-
Mep, 3eHUTHAsl aHOMAJIUSI — CTaTUCTUYECKOE PACIPEeICHEe KOCMUYECKUX JIUB-
HEH 10 3eHUTHBIM yriiaMm 0. BoibIMHCTBO arMoC(hepHBIX JMBHEH C peKOpAHON
sueprueit W ~ 10" 3B npuxoasat mpakrudecku u3 3eHuTa (0 < 10°-20°), cioBHO
MEePBUYHBIC YACTUIIBI MAJal0T OTBECHO, XOTs TEOPETHUECKU UX paclpe/esieHHe
T10 HAINpPAaBJICHHUSIM JOJDKHO OBITH CiTyyalHbIM. JlelicTBUTENILHO, Y OOIBITMHCTBA
NHMBHEH ¢ pekopaHoit sueprueit W > 10" 3B u3MepeHHbI# 10 pa3HUIIE MOMEHTOB
peructparu yroi 0 < 15° [396]. 3eHuTHSBI yrou 0 npuxoa JUBHS H3MEPSIFOT 10
3ajepxke At perucTpay JUBHS JETEKTOpaMU, pa3HECEHHBIMU 110 TOPU3OHTA-
nu Ha paccrosiaue b (Puc. 4.16). Ilpunsas ckopocTs nuBHS V,~ C, HAXOAAT sinb =
CAt/b = 0, cIIOBHO YaCTHIIBI TAAAIOT OTBECHO. Eciu jxe B paMKax KJIacCHUeCKOM
¢usuku (§ 4.2) onpenensTs yIbTpapesiTHBUCTCKYIO CKOPOCTh YacTHIl Kak V, =
v2C (y,>> 1), Toraa sin = y,CAt/b, u yron 0 6onbiie Haiigenuoro mo CTO B vy,
pa3. C TOYKHU 3peHHS KIACCHUCCKON (DU3MKH, Take CHHXPOHHOE CpadaThIBaHUC
neTekTopoB (At = 0) He cCBUAETEILCTBYET 00 OTBECHOM IaICHUH JINBHSI, @ MOXKET
TOBOPHUTH O THIIEPCBETOBOI CKOpOCTH V), >> C. UeM BblllIe SHEPIHs NEPBUUHON
YacTHUIIBI U Y, TeM oTBecHel (B pamkax CTO) mpencraBisieTcst MacHUE JTUBHS.
Teopust KOCMHUUECKUX JIy4del MpeAcKa3blBacT OOpaTHBIN pe3ysbTar: YeM DHep-
TMYHEH JIMBEHb, TEM MPOIIE €ro 4acTHLaM Iepecedb 3eMHYI0 arMocdepy Toj
OoTBIINM yIIIOM 0.

VlcTUHHBINA yroi NpUXoja JIMUBHSA, KaK OTMEUYAJIOCh, MOXKHO OINpPEICIUTh
o ¢opme nsTHa cpaboraBmmx nerektopoB (Puc. 4.17). 3eHUTHBIC YIIIBI, U3-
MEpEHHBIC 10 BPEMEHHU 3aJICPIKKH cpadaThiBaHus AeTeKTOpoB O = arcsin(VAt/b)
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nepen4Han 4acTuua
i
NWBEHb BTOPHUYHbLIX V :'
1

Puc. 4.16. Meton m3Mmepenmst yrma 6 mpuxona JIUB-
HS IO 33JIep’KKEe €ro perucTpanuu aetexkropamu 1 u 2.

(mmpu V = ¢) u o popme (acnexktHOMy oTHOeHuIO a/b, Puc. 4.17) natHa cpabo-
TaBIIHX JIETEKTOPOB Os = arccos(a/b), B psizte cimyuaes He coBmanarot. [Ipumepom
CITy’)KaT pe3yabTaThl M3MEPEHUH ONHOTO W3 JHBHEW Ha ycraHoBke TyHka-133
[397]. Usmepennstii o 3aaepskke At yrom 0; = arcsin(CAt/b) = 13,4°, Torna xak
¢dopma msITHA CpabOTaBIINX JETEKTOPOB COOTBETCTBYET HAKIOHHOMY MaJCHUIO
JIMBHS TIOJI 3€HUTHBIM yriioM 05 = arccos(a/b) = 45°, tme a u b — manas u 6011b-
I1asi OCH 3JUINIICA, OUYEPUNBAIOIIETO Kpas MATHA cpaboTaBIINX AeTekTopoB. Ho
3Ha4YeHUs yrIoB coBmaayT (0 = 05 =~ 45°), ecnim mcTuHHAst ckopocTh V'~ 3¢, T.e.
€CIIH CKOPOCTb — CBEPXCBETOBAS.

BA CBEPXY —» |

Puc. 4.17. TIlatHo cpaboTaBmIMX JETEKTO-
poB or suBHS ¢ osHeprueir W = 3-10Y 3B
[397]. WHTEeHCHBHOCTH CHTrHaJla C JIETEKTO-
POB pacTéT C yBeIMYEHHEM paanuyca KPYIKKOB.

Wrak, cBepXxcBeToBast CKOPOCTh JIMBHS V = yYC 0OBSICHSIET 3¢HUTHYIO aHO-
MaJIMIO KaK WIDTIO3HMIO0 OTBECHOTO IAJICHUs JIMBHEH. B nureparype Berpedaercs
TaKke MHEHHE, Oy/ITO aHOMAJIBHO yBEIMYEHO YHCIIO JIMBHEH, IPUXO/SIINX 0]
GonbIIMMHY 3eHUTHBIMU yritamu [398]. OHaKo 3T0 BEPHO JUIs JIMBHEH C SHEPTH-
eit W ~ 10 9B, uto nipu umcie gactuil iuBHS N, > 107 03Ha4aeT, 4To CpeaHsis
sueprust uactuy Wy < 108 3B = 100 M»B, T.e. MeHbIII€ SHEPTUH TTOKOSI MEOOHOB U
MIPOTOHOB — OCHOBHBIX KOMITOHEHTOB [ITAJI. Takum oOpa3oM, B paMKax Oajutu-
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CTUYECKOM TEOPHUH JUIsl YaCTHIl TaKUX JIMBHEH y =~ 1, n ckopoctu vactuy V < C.
D70 ¥ BEET K 3aBBIIICHHIO 3€HUTHBIX YIIIOB O = arcsin(CAt/b) mo cpaBHeHuIO ¢
uctuaHbIMHA O = arcsin(VAUb). HanpoTus, 1u1s THBHEH ¢ peKOPIHON dHEprue
W ~ 10"-10% 5B u aj11 MHTErPaIbHOrO 3€HUTHOTO pachpeaeeHus JIUBHER ¢
MIPOU3BOJILHOM IHEprucii HaOmoaaeTcs mpeobiiaaHue TUBHEH C MaJIBIMU 3CHUT-
HeiMu yriiamu 6 = 0° (Puc. 4.18). ['mnore3y o cBepXcBeTOBOM cKopocTH V moa-
TBEPXKJAET PErUCTpaLysl y JIMBHEH ¢ MabIMU 0 HaMOOJIBIIETO YKCiIa IPEKypco-
POB — YaCTHIL, ONIEPEKAIOIUX (PPOHT JIMBHS U MPETTOIOKUTEIBHO SBIISIOIIUXCS
taxuoHamu ¢ V > ¢ [394].

i

E2)

mpqla

Puc. 4.18. TunmmuHoe 3eHUTHO-yIIIOBOE pactpeaenenue LIAJT [412].

C omnO0YHBIM U3MEpEeHUEM yria O mpruxoaa JIMBHEH U UX CKOPOCTH V,
BHUJMMO, CBSI3aHO U OTCYTCTBHE aHU30TPONUM B YIIIOBOM pPacCHpeAelIeHHUU Ha-
TIpaBJICHUH PUX0Ja KOCMHUYECKHX JIydel BBICOKUX aHepruit [399, 400]. Ommb-
Ka B ONPEJEIICHUH UX HANPAaBJIECHUS, MEHAIOLIAsCS B 3aBUCUMOCTH OT BPEMEHH
CYTOK ¥ rojia (B COOTBETCTBHHU CO CMEIIEHHEM 3eHUTa 1o HeOecHOM cdepe), Be-
JET K paccesiHUIO HaNpaBJIEHUH MpHUXo/a Jiydell o HeGecHo cdepe. B urore,
YIJIOBOE pacIpesieieHre KOCMIUECKHX JTydel OJIM3KO K H30TPOITHOMY, HE acco-
LUUPYIOMUMCS HH € TAJIaKTUYECKON MII0CKOCTBIO, HU C HEHTPOM ['anakTuky, HU
C MCTOYHUKAaMH PEHTTEHOBCKOI0, TaMMa- U paJino-U3IydeHusI.

Tax, B okcniepumenTe AGASA Tonbko [uist TuBHE#H ¢ sHeprueir W ~ 10"
5B 3amerHa anusorponus ~4 % 1 KOppemsAlHs MAKCUMYMOB YIJIOBOTO pacmpe-
nenenus IAJI ¢ nanpaBnenneM Ha uentp [anakruxu [401]. Taxoke u 115 Koc-
Muveckux nyueit TaB-nuana3ona, ¢ sHeprueii ~10'? 5B Gbuia 00HapykeHa aHU-
30TPOIIHS B pacIIpe/IeICHUH HATIpaBICHUH puxona ¢ MmacmraboMm ~10° [402]. B
JaHHOM CITy4ae Koppessiius Bo3HuKaeT, T.K. pu W ~ 10'2-10' 5B cpeumsist cko-
POCTh YaCTHI] KOCMHUYECKHX JIydei ci1abo OTIINYaeTcs OT CKOPOCTH CBETa. A TpH
Gosiee BBICOKHUX, pekopaHbIX dHeprusix W ~ 10"°—10%° 5B anuzorporus ucyezaet
[401], x0T OkHIAIOCH 0OpaTHOE — HApacTaHUE aHU3OTPOITUH TIPH POCTE FHEP-
run [403], TOCKONbKY BHYTPUTaJIaKTHUE€CKHE MAarHUTHBIE I10JIs1 TEM CUJIBHEE pac-
CEMBAIOT HAMPaBIECHUSI KOCMUUYECKUX JTy4eil, ueM BbIlIEe UX 3Heprus. JlelcTBu-
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TEJIbHO, NIPH POCTE IHEPrHUU KOCMHUYECKUX JTyueil aHU30TpOnus pocia U OT4ET-
JIUBO TMPOSIBIIATIACH JUIS YACTULl CBEPXBBICOKUX dHepruit [403]. A npu nanbHei-
nreM HapacTanuu 3Hepruu yactuil (Boime W ~ 10" 3B) anuzoTponus ucuesana.

B nuteparype BcTpedaroTcsi yTBEpKICHUS 00 OTKPHITUH aHM30TPOIHU
TaKKe y KOCMUYECKHX JIyuei cBepxBbICOKHX dHepruit W > 10'¢ 5B [404—406]. Ho
TaKasi aHM30TPOIUsI OOHapyKeHa JIMIIb [TPHU a3UMYTAJIbHBIX U3MEPEHHSX, KOT/Ia
H3MepseTcs a3UMYT HalpaBJIeHUs pUxo/a IuBHs, npuuém amns HAJL, npuxons-
LUX 107 OOJBINUME 3¢HUTHBIMU yriiamu 6 > 50° [404]. TIpu 3TOM, BO-TICPBBIX,
pa3dpoc KOCMHYECKHX JIy4el 110 3eHUTHOMY YTy 6 BHOCHT MEHBIIYIO OIIMOKY
B OIpeJIeJICHNE HAIPABJICHUsI, T.K. U3MepsieTcs He 0, a a3uMyT, Ha U3MEpeHHe KO-
TOPOTO HE BIMSIET MPUHITOE 3HaueHue ckopoctu [404]. Bo-BTOpBIX, AJsi KOCMHU-
YEeCKHX JIy4ed, KOTOPBIM COOTBETCTBYIOT Ooublne 0, He BBIIOIHSIETCS YCIOBHE
V >> C, U perucTpupyIoT yxe JaBUHY BTOPHYHBIX KOCMHYECKHX JIyuei ¢ V ~ C,
BO3HMKIIMX I10CJIE MHOTOKPATHOTO PACCESHUs, 3a CYET OOJBIION JUIMHBI ITyTH
JMBHS B arMocgepe 3emin. B ntore omuoka B onpeeseHuy HanpaBieHni npu-
xona [ITAJI oka3biBaeTCsl HE3HAUUTENBHOM. B HacTosiiee BpeMst aHN30TpOIus Ha-
MIpaBJICHUH PUX0/Ia KOCMUYECKUX JIy4el CBEpXBBICOKMX YHEPruil 0OHapyKeHa
C BBICOKOM CTENEHbI0 HaJI&KHOCTH, ¥ HAIIPABJIEHUE HAa UCTOYHUK, IPETIOIONKH-
TeJBHO pacnonaokeHHbIN B 100 nk ot 3eMiu, onpeaensiercs ¢ TOUHOCTHIo A0 10°
[402]. Taxxe oOHApyKeHA aHU30TPOIIUS B BUJIC U30BITKA YaCTHIl CBEPXBBICOKHX
SHEPruM, NPUXOISALINX C HAapaBiIeHus Ha LeHTp [anakTuki [ 1] ¥ LeHTp ranakTu-
ku [Tepceit A (NGC 1275) [405]. Ho B Takux U3MEpEHUsSIX [IPUMEHSIIOT yXKe a3H-
MyTaJIbHBIE U NPSIMBIE METO/bl U3MEPEHUS HAIIPABICHUIN NMPUX0/1a KOCMHUYECKUX
JIyuell, B KOTOPBIX HE JIeJIAI0T MPEINOI0KEeH!H 0 BETUUUHE CKOPOCTU YACTHIL.
Tak, aHM30TpONHIO KOCMUYECKUX Jiyueit [405] peructpupyrot ycraHoBkoii Fly’s
Eye, u3mepsitorieii HanpaslieHNs PUX0/1a JIMBHS HETIOCPEACTBEHHO (paceToYHbI-
MU JETEKTOPAMHU, PETUCTPUPYIOLIMMU U3y YAt BTOPUUHBIE YACTUIIBI U CBET
ctBou [IIAJI [395]. Ycranogkoii Fly’s Eye, kak monaratot aBrops [392], BbIsIBIIC-
HBI TAK)K€ aHOMaJIbHBIE YaCTHIIBl CO CBEPXCBETOBBIMU CKOPOCTSIMH (MAXUOHDL).

[IpousBecty npsiMoe M3MEpPEHNE CKOPOCTH HauOosee SHEPrUYHBIX IIH-
POKHX arMOc(EepHBIX JIMBHEH MOXKHO M TIOCPEACTBOM paauookanuu. CKopocTh
n3MeHeHus: paccrosiHus 10 ¢pponra [1IAJI MOXKHO M3MEPSATH KOCBEHHO — 1O 3(-
¢bexry Jomnepa, mubo HemocpeacTBeHHO — kak V= dr/dt, Gepsi mpousBoaHYyIO
10 BPEMEHU OT PacCTOAHUS I', U3MepsieMoro paauosnokaropoM [365]. M3mepenue
ckopoctu 110 3 dexty Joriepa conepKuT HEONHO3HAYHOCTh, T.K. B CTO dop-
Myna joruiep-addexra Bceraa npuBoauT K V < C, a B pamMkax Teopun Purna npu
TEX K€ CIIBUTAX YaCTOTBhI CKOPOCTh MOXKET OBITh CBEpXCBETOBOU V > C (§ 3.0).
Takum oOpazom, npsimoe nzmepenue ckopoctu V pponta HIAJI cerbio Hazem-
HBIX JIETEKTOPOB M collocTaBiieHne V co 3HaueHHneM, HaWJEHHBIM I10 JIOTLIep-
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3G GEKTY, CIAYKUT eI OTHUM KPUTECPUEM IIPOBEPKU OATUTUCTHYCCKOI TCOPUH U
¢dopmyinsl addexra Homiepa.

CBepXCBETOBYIO CKOPOCTh KOCMHYECKHUX JIyuyed MOATBEPKIAIOT TaKkKe
JAHHBIC [T0 PETUCTPAIIH YaCTHUII, OTICPESKAIONINX (PPOHT JIMBHS HA JOJU CCKYH-
Iel [390, 391, 407], 4T0 HEBO3MOXKHO, €CIM BCE YACTHLIBI JIETAT CO CKOPOCTAMHU
ONMM3KUMU K TipenebHoi V =~ €. Ho eciin TUBEHB, pacTpaTUB YHEPTHUIO HA ITYTH K
JETEKTOPY, 3aMEUTUTCS 10 CKopocTH V,~ C, Tora Handoee ObICTPhIC YaCTHIIBI
€O CKOpocThio V| >> C mpoiiayT myTh L~ 10 kM 10 AeTeKTOpa MOYTH MTHOBEHHO
(L/V, = 0), onepenuB dpout muBHs HA Af = L/V,— LV, ~ L/c ~ 10 ¢: peru-
CTPUPOBAJIM UMEHHO TaKUE 3aJCPIKKUA. DTHM K€ MOKHO OOBSICHUTH OTKPHITHE B
skcriepumenTe «BOT'A» cepuii u3 1ByX, TpEX U 60siee UMITYTbCOB KOCMHYECKUX
nydeit, paznenéunbix uatepBatamu At ~ 107 ¢. B pamkax CTO 3T0 HEBO3MOKHO,
ITOCKOJIBKY, MPH OJIM3KOM CKOPOCTH YacTull JIUBHS V = C, 3TO BEIET K BBIBOAY O
cKopocTH onepexaronmx gactuil V > € [407]. A B xiraccudeckor (pU3UKE 3TO
€CTECTBEHHO, T.K. TI0 OIIEHKaM CKOPOCTH pa3HBIX rpymi yactuil Vi, Vs, V; ... co-
crapysitot nopsiika 10°c, u mpu L~ 10 kM, At = L/V,— L/V,~ 107 c.

He wucxitodeHo, 4To MOCIIEIOBATEIEHOCTE UMITYJIBCOB CO3/IaHa CBEpX-
CBETOBBIMH YaCTHIIAMH TEXHOTCHHOW MPUPOIBI, TIEPEHOCAIINMHI HH(HOPMAIIHIO
B (OpMe MMIYIIECOB «TOYEK» M «THUPE» CBOETO Po/a MEXK3BE3THOTO TeNlerpa-
da [A15, A27]. [lelicTBUTEIBHO, CBOWCTBA KOCMHUYECKUX JIydeil, Takue Kak
AQHOMAJIMHM CIIEKTpa CBEPXIHEPTMUHBIX KOCMHUYECKHMX JIydeld W OOHapyKeHue
YacTHUI] ¢ Hepruei Beile, yeM npenen CroHseBa-3anenuHa, BCE Jalie 3acTaB-
JITIOT CKJIOHATBCS K HEACTPO(PU3UUCCKUM OOBSICHCHHUSIM KOCMHUYECKHX JIydeit
IKCTpeMalbHbIX dHepruid [395, A49, AS54]. Kpome TOro, OBICTpPBIC U CIIOXKHBIC
BapHUallM MOTOKa KOCMUYECKUX Jy4yel, hcciaeoBaHHbIe eI UX MEePBOOTKPHI-
BatenieMm B.®. ['eccom, To)Ke HABOIST HA MBICTH 00 MX MCKYCCTBEHHOU TIPUPO/IE.
J1eHCTBUTENBHO, €CIIM CBEPXCBETOBBIE CKOPOCTH YACTULl KOCMUYECKHUX JIydel U
CHHXPOTPOHHOTO M3ITyUeHHS TOATBEPISATCS B SKCICPUMEHTAX, MX MOXKHO TIPH-
MEHHTH /ISl CBEPXCBETOBOH CBSA3M B KOCMOCE, HEOOXOMMMON JTake B Ipeenax
ComHeyHOH cHCTeMBI. A Tiepefada COOOIICHNH Ha MEK3BE3IAHBIC IHCTAHITHH
BOOOIIIE TEpAET CMBICT AJIS CHUTHAIOB, OBIDKYIIUXCS CO CKOPOCTBIO MEHBIICH
WM PAaBHON CKOPOCTH CBETA, T.K. MHTEPBAJIbI MEXKIY Nepenaded u MpuéMoM
CHUTHAJIOB 3aHUMay Obl TOAbl. OTMETHM, YTO Hiaes pacmupoBku HHOpMa-
1M1, «3alMCaHHOW» B KOCMUYECKHX Jy4aX, BeIABUTANACh yxke A. KoMnToHOM.

B nonb3y nckyCCTBEHHOM PUPOABI KOCMUYECKUX JIy4el CBUACTEILCTBY -
€T UX cOoCTaB. B KOCMUYECKHX JydaxX MPOLEHTHOE COJepKaHUe saep JETKUX
anemenToB (Li, Be, B) aHOMaTbHO BEIHKO 1O CPAaBHCHHIO C MX COJICPIKAHUEM B
3BE3/71aX, METEOPUTHOM BellleCTBE U Mex3BE3THOM raze [408]. B ciyuae uckyc-
CTBCHHOTO TIPOUCXOXKICHISI KOCMUYCCKHX JTydel M300MIIMe B UX COCTaBE sep
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JIETKUX DJIEMEHTOB BIIOJIHE €CTECTBEHHO, MOCKONIBKY sSIIpa Majlod Macchl M MpH
Toii ke sHepruu W = mV?/2 umeror Gojee BbiCOKHEe cKopocTd V u Haubonee
yAO0OHBI 1715l CBEPXCBETOBOI nepenaun uHpopMaruu. B mons3y nckyccrBeHHON
TIPUPOJBI KOCMUUECKHX JIyUeil CBHIETEIILCTBYET TAK)KEe OOHApYKEHUE B UX CO-
CTaBe si/Iep TPaHCYpPaHOBBIX AJIEMEHTOB, HE CYIIECTBYIONIMX B IIPUPOJIE, HATIPH-
Mep, sipa ¢ Homepom Z = 106 (cubopruii, Sg) [408]. T.k. cpennee Bpems pac-
rajia Takux siAep — MOpsiiKa MUHYTHI, @ NCTOYHUKN YHEPTUYHBIX KOCMHUYECKUX
JIy4ed HaXoJsTCs Ha PACCTOSHHUSX B MHOTHE CBETOBBIC TOABI, Spa JJIsl 1OCTH-
JKEHHs 3eMITH TOJDKHBI OBUTH JIETETH cO cKopocThio V ~ 10°C, uto cormacyercs
C TPUBEJEHHON BBIIIE OLIEHKOH V HanOosee SHEPIrHYHBIX KOCMHYECKHX JIy4YeH.
Ecnu xe nomyctuth oOpazoBanue siiep Sg yxe B armochepe 3emin mpu 6oMm-
OGapaupoBke €€ aTOMOB JIETKMMU SIIPaMH, TOTAA BEPOSATHOCTH TAKUX COOBITHI
ucyesaronie Maia, T.K. JaKe B YCKOPHUTENSX IPH BBHICOKOHW IIOTHOCTH ITOTOKa
siiep, OOCTPEeNIMBAIOLIMX MJIOTHBIE MHIICHH, 00pa3ylOTCsl HUYTOXKHBIE KOJIMYe-
CTBa aTOMOB CHOOPTHSI.

B pamkax CTO oOHapykeHHE B cOCTaBE KOCMHUUECKHUX JIy4el KOPOTKO-
YKMBYIIHX SI/IEP, @ BO BTOPUYHBIX JIy4aX — KOPOTKOKHBYIIIMX MIOOHOB HHTEPIIPE-
TUPYIOT KaK 3aMe/JICHHE BPEMEHH XXM3HU | OBICTPO JBMXKYILIMXCS YaCTHI[ O
3akony T' = Tgy, rae y — JlopeHn-(hakTop, HapacTaroIUi NPH yBEIHYECHUH YHEP-
Uy 9acTull. JleficTBUTENbHO, OOHAPYKEHO, YTO MIOOHBI 3 BTOPHYHBIX KOCMH-
YECKHX JIydeH MPOXOJAT 0 TOBEPXHOCTH 3eMITH IyTh S ~ CTyy MHOTO OOJIBILINHA,
4eM myTh Sy = CTy, KOTOPBIA MOTIH ObI IIPOWUTH 3a XapaKTEPHOE BPEeMs pacraia
Ty MEOOHBI, ABIKYIIHECS cO CKOPOCThEO C. B CTO 3TOT (hakT MHTEPIIPETUPYIOT
Kak 3 QeKT 3aMeJICHNs] BPEMEHH JKU3HH T', BEAYIUH K pocty myt S' = CT' =
CTyy, a B 0aJUIMCTUYECKOM TEOPHUH, KaK MOKa3aHo B § 4.2, yIulnHEeHue 1y Ty S' Ipu
HapacTaHWM PHEPIHH YaCTHI[ €CTECTBEHHO OOBSCHAETCS POCTOM HX CKOPOCTH
V = yC no 3HaueHuii V >> €. COOTBETCTBEHHO, MTPOXOUMBIN YaCTHLIEH /10 pac-
nana myte S' = VT = cTgy [A37, A45], uTo coBmajaeT ¢ pe3yJabTaToM OIBITOB H
BbiBojioM CTO. Takum 0OpaszoM, ¥ B JaHHOM ClTydae KpUTEPHUEM BbIOOPa MEXITY
6ammucruueckoit Teopuer 1 CTO ciykuT IpsiMoe U3MEpEeHHe CKOPOCTH KOCMH-
YECKUX JIYUEH.

K xocMHYecKHM JIydaM OTHOCSIT U BBICOKOOHEPTHYHBIC KBAaHThI PEHTTE-
HOBCKOTO M TaMMa-HM3JIy4eHHsl, PABHOMEPHO MPUXOASIINE K 3eMJie U3 BCEX TO-
yek Heba. VX mpupona 1o cux nop He pasranaHa. Kaxplil anekTpoH B atome,
W3JTy4arolUi CBETOBBIC BOJIHBI, aHAJIOTMYEH 3BE3/IE, IBMKYIIEHCst 1o opoute. U
Kak JUIst ABOMHBIX 3BE3/1, MPOQUIIb STHX BOJH UCKa)KaeTcs 10 Mepe pacipocTpa-
HEHHs, a B CIIEKTPE CUrHaJIa MOSIBISIIOTCS FapMOHUKHU ¢ HOMepamu H 10 Thicsiy,
T.. MOSBISIETCS M3JYYCHHE C ThICSYEKpaTHO Bhipociieii yactoroii f (Puc. 4.9).
310 U Oyner (oHOBOE PEHTreHOBCKOE M3iTydeHHe. [lo Takomy ke MexaHu3My
MOYKET I'eHEepUPOBATh PEHTIEHOBCKUE U raMMa-BCIBIIIKY FOmuTep, B MarHuToc-
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(epe KOTOPOro AEKTPOHBI JIBHIKYTCSI C BBICOKUMH CKOPOCTSIMU U YCKOPEHUSIMH.
[TosTOoMy Ha GOJBIINX PACCTOSHUSAX UX IIMKIOTPOHHOE PaIHoON3IIydYeHUE TPaHC-
(bopmupyeTcs B X- U Y-TydH.

Wrak, mpsiMoe n3MepeHne CKOPOCTH M HAIPaBICHUI NMPUX0Ja MIHPOKUX
arMoc(epHBIX JIMBHEH U 4aCTHUIl KOCMHUYECKHX JIy4eil MTO3BOJIUT HE TOJBKO MPO-
BEPUTH OAJTCTHUYECKYIO TEOPHIO, HO M YTOUHHTH paciipe/ie/ieHie Ha HeOe UCToY-
HUKOB KOCMHUYECKHX JIyueil I COMOCTABICHUS C AKTUBHBIMU TaJJaKTHYECKUMHU
1 BHETAJIaKTHYeCKMMHU 00bekTaMu. [IpsiMmoe n3MepeHne CkopocT KOCMHUYECKUX
JTUBHEH MO)KHO OCYIIECTBUTH, YCTAHOBUB JETEKTOPHI YACTHI[ HE TOJIBKO HA TO-
PHU30HTAIBHOM MTOBEPXHOCTH, HO U HA BBICOTE, HAIIPUMEP, HA CKIIOHAX U BEPILH-
Hax rop (eciu ycTaHOBKa pa3MellleHa B ropax, Kak, Hanpumep, Tanb-11lanbpckas
cTaHnus). Takxke TOMONHUTENbHBIC JETEKTOPHI MOKHO pa3MECTUTh Ha MauTe B
LIEHTPE CeTH AETEKTOPOB. DTO MO3BOIUT HAMPIMYIO U3MEPATh CKOPOCTh JTUBHS
U TOYHO OINpPEJENATh HAPABICHUE NPUXOAA AUBHA. J[1Is1 U3MEpEHUs: CKOPOCTH
SHEPTHYHBIX YacTHIl MOryT HaiTh mpuMeHenne u TOF-merexropsr (Time-of-
Flight), Tuma xamepsr ALICE. Kak ormeuanocs, pyu Takoi cxeme M3MepeHHHA
peaibHO 00HAPYKEHBI YaCTHUIIBI C BpeMeHeM mpojiéra At < L/c [344, 345].

[Ipsimoe moaTBep:kKJI€HUE CBEPXCBETOBOM ckopocTd V = yC 4acTHI[ B
KOCMHUYECKHUX JIy4aX U YCKOPUTENSAX B MPEAJIOKEHHBIX SKCIEPUMEHTAX MOXKET
MMETb U MPUKIIAJHOE 3HAUYCHHE, T03BOJIUB OCYILECTBUTh CBEPXCBETOBYIO MEXK-
TUTAHETHYIO U MEK3BE3THYIO CBSA3b. YCKOPHUTEINb IIEKTPOHOB, YCTAHOBICHHBIN Ha
KOCMHYECKOM KOpadIie W BBICTPEIUBAIOIIIIA MOIYIHNPOBAHHBIN IOTOK YaCTHI] CO
ckopocThio V = yC, mo3BosuT (ipu ¥ ~ 1000) OCyIIECTBUTH CBSI3b CO 3BE3AHBIMU
CHCTEMaMM Ha PACCTOSHUSX B HECKOJIBKO CBETOBBIX JIET 32 BPEMEHA, HCUHCIIse-
MBbI€ HE roflaMu, a cyTkamu. KpoMe Toro, npuMeHeHne yCKopuTeneil B KauecTBe
PaKeTHBIX PEaKTUBHBIX JIBUraTesei, BHIOPACHIBAIOIINX ITOTOKH CBEPXCBETOBBIX
YaCTHII, TIO3BOIUT 10 (hopmyIie L[ONKOBCKOTO CTPOUTH CBEPXCBETOBBIEC KOCMHU-
YecKue Kopadii, MPEeoIoIeBaroIIe MEK3BE3IHBIC TUCTAHIINN HE 3a TOIBL, a 3a
Mecssl, 1. He uckmodeno, 4to Hanbonee 3HEPTUIHbIe KOCMUYECKHE JTyqIH
MIPE/ICTABIISIFOT COOOM OTYACTH JIyYH KOCMUYECKOH CBSI3H, @ OTYACTH — BBIXJIOIBI
KOCMHYCCKUX KOpaOJeH, T.e. UMCIOT B OCHOBHOM TEXHOTCHHYIO mpupoxy [A27,
A54]. D10 00BSCHSET CIEKTP KOCMHYECKHX JIydei (ero M3jaoM M aHOMaJbHBIN
POCT YHCIIa YaCTHIl YIBTPABBICOKUX JHEPTHH), a TaKKEe PErHCTPALINI0 YaCTHUI]
C PHepruei BhImIe mpezena 3anennHa-CroHsgeBa-3eIbp10BHYa. TaKue YacTHIIBI,
o0Opa3zyeMble Ha PACCTOSTHUAX €CTECTBEHHBIX MCTOYHMKOB KOCMHYECKUX JTyUeH,
COIVIACHO TEOPHH, HE MOTYT AOCTHTaTh 3eMJIM, BBUAY MOTEPH UMHU SHEPTHH MIPU
paccessHuU Ha KBaHTax (hoHOBOro m3nydenus [395]. Ho my4yu MOryT UMETh UC-
KyCCTBEHHOE, TEXHOT€HHOE IIPOUCXOXKIEHHE, M TOIAAa UX UCTOUYHUKH MOTYT pac-
TOJIaraThCsl Ha JTFOOOM PACCTOSHHUH OT 3EMIIH.
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§ 4.12. BbieoObI

B ueTBEpTOil IMIaBe MOKa3aHO, YTO IKCIEPUMEHTHI B 0OTACTH (H3UKH
BBICOKHMX JHEPIuil, IpUBJIEKacMble B KadecTBe HamOosee yOeAWTEIbHOTO Te-
CTa HECOCTOSATENFHOCTH OaymmucTiaeckoit Teopun [9—11, 25], dakTiuecku, Kak
TIOKa3aJl TPEJCTABICHHBIM aHaNN3, HE NPOTUBOPEYAT €i, €CIIM PacCUUTHIBATH
KMHEMAaTH4eCKNE XapaKTepPUCTUKN YaCTHIl U UX H3Iy4eHHsS B paMKax TEOpPHU
Putna u yanteiBath 3¢ ¢deKT nmepemsinydeHus cpenoid. Omnpenenenne CKOpoCTH
YaCTHI] U3 KJIACCHUECKON (PM3UKHU ITO3BOJIUT HE TOJIBKO OOBSICHUTD PSiZ 3KCIEPH-
MEHTAJIbHBIX aHOMAJIHNH, HO U HHTEPIIPETUPOBATh PE3YIIBTAThI ONBITOB KaK MOA-
TBEpXKJICHNE Teopun Putna. [|ByCMBICIEHHOCTh B MHTEPIPETALNH PE3YIbTATOB
TaKUX OIBITOB IMPUBOAUT K BBIBOAY O HEOOXOAMMOCTH HOBBIX KCIIEPHMEHTOB
1 JONOJIHUTENBHBIX, KOHTPOIBHBIX M3MEPEHHN W YTOYHEHHH CYIIECTBYIOIINX
CXEM OMBITOB. B mepByro odepenp 3T0 — NpsIMOE M3MEPEHHE CKOPOCTH YaCTHUI]
BPEMSAIPOIETHBIM METOZOM, YTO ITO3BOJINT YTOYHUTH UCTUHHYIO BEINYNHY CKO-
POCTH YacCTHIl U XapaKTEePUCTHKH KocMudeckux Jryueil u3 LIIAJI, koTopeie He-
OOBSICHUMBI C MO3UIMHA PENATHBUCTCKUX OIEHOK CKOPOCTH M SHEPIMH YacTHUI]
KOCMHUYECKHUX JIy4eil.
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3AKNIOYEHUE

[IpoBenénuslit B paboTe BCECTOPOHHUI aHATH3 PE3yIETaTOB HAKOILICH-

HBIX 32 BEK 9KCIIEPUMEHTAIBHBIX JaHHbBIX U HAOIIOAEHHH B KOCMOce (Mezamupe),

B 3€MHBIX JIa0OPaTOpUsX (Makpomupe) U B 00IACTH (PU3UKH BBICOKUX SHEPTHHA

(Muxpomupe) MOKa3bIBAET, YTO K HACTOSIIEMY BPEMEHH HET JaHHBIX, OMHO3HAY-

HO CBHJIETENBCTBYIOLIUX MPOTUB Teopun Purna. HampoTus, psn JaHHBIX MOA-

TBEp)KIaeT OauMcTHIecKyto Teoputo. 1o kpaiiHeil mepe, 3T JaHHBIE HAXOIAT

Oornee MOTHYIO M TOUHYIO MHTEPIPETaluio B paMkax Teopun Putna. /s ogHo-

3HAQYHOTO PEIIEHNUS BOIIPOCA O BIMAHUH CKOPOCTH HCTOUYHHKA HA CKOPOCTh CBETA

TIPEATIOKEH P HOBBIX METONOB, KPUTEPHEB M CXEM 3KCIIEPHIMEHTOB B KOCMOCE,

B ONITHYECKHUX J1a00PaTOPHSIX U Ha yckopuTelsix. C OJHOM CTOPOHBI, yCOBEPILCH-

CTBOBAHHBIE CXEMBI 3KCIEPHMEHTOB T03BOJIAT TOYHEE PEIINTh BOIIPOC O Iepe-

MEHHOCTH CKOpOCTH cBeTa. C Ipyroil CTOPOHBI, HOBBIE SKCIIEPUMEHTHI TI03BOJISIT

MIPOBEPUTH PsAI CIACICTBHHA OaJUTMCTHYECKOW Teopwu, BKIIO4ast dpdexT Puria,

1 YTOYHUTH IApaMETPBhI, MOPOKAAIOIINE HEOJHO3HAYHOCTh B MHTEPIIPETALINN

OIIBITHBIX JTAaHHBIX. Y TOYHEHHE UMEN0 OBl M YMCTO MPHKIIATHOE 3HAUYCHUE, B TOM

YHCIIe IS PAAUoIOKAINH, ISl TEHEPAaTOPOB CHHXPOTPOHHOTO U APYTUX TUIIOB

BCEBOJIHOBBIX M3ITy4YEHHH.

B 3axioueHne epednciInM OCHOBHBIE TIPEUIOKEHHbBIE B KHUT€ METO/IbI

MIPOBEPKH OATUTUCTUUECKON TEOPUH U IEPEMEHHOCTH CKOPOCTH CBETA:

1) nccnenoBanne mapaMeTpPOB IBOWHBIX 3BE3]] M 3K30IIAHET HE3aBUCHMBIMH Me-
TOIaMH M CTaTUCTUYECKUH aHAIN3 JIEMEHTOB OPOUT B paMKax OanncTude-
CKOW U PEJSITUBUCTCKON TEOPUL;

2) CpaBHHUTENBHBIA aHAIW3 MPENCKa3aHUH OaTUCTUIECKON TeOpuH I Kpar-
HBIX 3BE31 M HAOMIOMAeMBIX aHOMAJUi B CHEKTpaxX W BHIUMOH CTPYKType
rajlaKTHK, KBa3apoB, MyJIbCAPOB U OAPCTEPOB;

3) aHaNMM3 HEBSI30K IAaHHBIX KOCMUUYECKON pPanoI0Kalnuy, aCTPOMETPUH U PAJH-
onHTEp(HEpPOMETPHH TIPHU U3MEPEHNH MojokeHuil mianetr, AMC u ciyTHH-
KOB B paMKax 0aJUTMCTHYECKOM TEOpHUH;

4) aHanmu3 HEBSI30K JAHHBIX JIA3€PHOI JIOKALUH, PaJHOJIOKALNNA U aCTPOMETPH-
YEeCKHUX U3MEepeHHi nojiokeHuit ciryTHUKOB (B T.4. GPS, [JIOHACC) u JIyHbl
IIpU COIIOCTABJIEHUHU C Teopueil Purua;

5) BKCIIEpUMEHTBHI IO IPSIMOMY H3MEPEHUIO CKOPOCTH CBETA OT JBIKYIIINXCS HC-
TOYHHUKOB U 3€pKaJl C IPUMEHEHNEM (DEMTOCEKYHIHBIX JIa3€POB U aImapary-
pbI st peructpanuu fS-nmitysabcos;

6) SKCIIEPUMEHTHI 110 TPE0OPa30BAHHUIO YaCTOTHI CBETAa M JITUTEIHHOCTH JIa3ep-
HBIX UMITYJIbCOB MOCPEACTBOM 3¢dexra Puria mpu paccesHUN MMITYIBLCOB
Ha YCKOPEHHO JIBIDKYIIMXCS YaCTHIIAX;
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7) ontuyeckue U paano(U3NIEcKue SIKCIIEPUMEHTHI 110 H3MEPEHUIO CKOPOCTH U
JUIMHBI BOJIHBI CBETA OT JIBHIKYIIMXCSI HCTOYHUKOB U 3€PKaI;

8) yTOuHEHHBIE SKCIIEPUMEHTBI 110 U3MEPEHUIO CKOPOCTH raMMa-JIy4ell U peHT-
TEHOBCKUX JIy4eid, FTeHEpUPYEMBIX PEJIITHBUCTCKUMH YaCTHLIAMH;

9) ONBITHI 10 IPSMOMY M3MEPEHHIO CKOPOCTH U OCHOBHBIX XapaKTEPHCTHK CHUH-
XPOTPOHHOIO U OHIYJIATOPHOIO M3Iy4eHUs (Yacmomubwiil cnekmp, yeno6ol
cnexmp, sHepaus, ONUMENTbHOCHb UMNYIILCA);

10) aHanu3 XapakTEpPUCTHUK M3JIYUYECHUS] U JABHIKEHUS OJAMHOYHBIX JIEKTPOHOB B
PENSITUBUCTCKOM JIEKTPOHUKE, YCKOPHUTEISX, OHIYJIATOPAX;

11) aHamM3 PHEPreTHUECKHX, YIIIOBBIX PACIpEe/ICHUI U APYTUX XapaKTePUCTUK
y KOCMHYECKHX JIy4dei, a TaKke NpsMble BPEMSIIPOJIETHBIEC 3aMePbl UX CKO-
pocTH.

Takum o0Opa3om, npoBepka OAITMCTHYECKOW TEOPUM M IIOCTOSHCTBA
CKOPOCTH CBETa MMEET HE TOJIbKO TEOPETHYECKHH, HO U YHCTO NMPAKTHUSCKUM,
NIPUKJIaJHOW MHTepec. bosee Toro, eciim HEKOTOpbIE CIIEACTBHS OalIuCTHYe-
cKoii Teopun (Harpumep, ekt Puriia) noaTBepAsTCs, 3TO OTKPOET IMPHHIH-
MTUaJIbHO HOBBIE BO3MO)KHOCTH B IUIaHE NPe00pa3oBaHus Ja3ePHOTO U3ITyUCHHUS
B JIpyT'i€ YacTOTHbIE AMAIa30Hbl (paJnoAnalia3oH, TeparepLeBblii, peHTTEHOB-
CKWH M raMMa-iManasoH). Y TBEp)KICHHUE CIIPABEIUINBO U B OTHOLICHUH JPYTHX
CJIC/ICTBUH OaJTMCTHUECKOH Teopun PuTia, KOTOpbIE MOTYT MUMETh OIPOMHOE
MIPUKJIaJIHOE 3HAYCHUE.

Wrak, npoBepka OajummcTH4Yeckol Teopun PuTia mocpencrsoM mpesjio-
YKEHHBIX B KHUTE METOJIHK, DKCIIEPUMEHTOB U KPUTEPUEB MPEACTABISETCS Kpaii-
HE aKTyaJIbHOH U 11es1ecoo0pa3HoH.
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HEKOTOPbIE PABOTbI MO TEOPUU PUTLIA
MAIHATHBIE 3BE3/[]bl - KOMITAC 3BE3/[JOJIETA

MarauTHBIN 1ap, MOAOPOIICHHBIH Ha BO3-
IyX, IPUTATUBAT K ceOe JKee30 10 MPSAMOM JINHUH,
BCJIEJICTBHE YETO [JIeTaromas | KoJeCHUIa He MOTJia
YKIOHHTBCSA B CTOPOHY..., TaK KaK KOJECHHIA HE
nepecrasaia TSHYTbCSA K MarHUTY.
Cupano oe bepowcepax «Hnotl ceem unu eocyoapecmea u umnepuu Jlynoi»

MarauTtHoe mosne 3eMIM U3/pEBiIe MOMOTaIO0 JIFOSIM OTBICKUBATH ITyTh
Ha cyIIe u B okeane. Korjga uenoBeuecTBo 00paTHiio B30p B KOCMHUECKHUH OKe-
aH, MAarHATHOE TI0JI€ OOHAPYKMIIN TAKXKE Y IPYTUX KOCMUYECKHX TEll, BKJIIOUAst
Comune u nHbIe 3BE315I [Z1]. HeokumanHo, C TOMOIIBIO TapEeNKK PaIHoTeNe-
ckoma, J[xocemnu bemn oOHapykmina u 3BE36I CO CBEPXCIIIBHBIMI MarHUTHBI-
MH TOJISIMH — IyJIbCaphl, KOTOPbIM MTPOPOUYMIM B KOCMOCE POk Komraca [Z2].
Ionaranu, 4TO CHIBHOE MAarHUTHOE MOJIE M BEAET K I'EHEpAalUH IyJbcapamu
MOIIHBIX PaJHOMMITYJIBCOB, IO KOTOPBIM B JIIO0OH TOYKE TaJlaKTHKH, KaK IO
3eMHBIM PaJIOMasiKaM, JIETKO OMPENEIUTh ralaKTHIeCKyI0 IUPOTY, AOITOTY U
HarpasjeHHe Ha 3eMiro win Ha nomoc [amaktukun. Ho Mexanu3m renepanyn
MarHUTHOTO TIOJIS ITyJIbCapaMu U JPYTMMH MarHUTHBIMU 3BE3/1aMU 10 CUX TIOp
BO MHOT'OM 3araJio4eH.

BriepBrie MmarauTHOE TONTe 3BE31 0OHapy)mi Xoin B 1908 1. y Gmikaii-
el K HaM 3Be3/bI 1o AP dexTy 3eeMaHa — PacIICIUICHHIO CIICKTPaTbHBIX JTMHHIHA
B MarHuTHOM Tiosie Conana [Z1]. A Bckope OTKPBIIH 3BE3IBI ¢ HAMHOTO OoJiee
CHJIbHBIMH MarHUTHBIMH NOJAMH [Z3]. Yke TOrAa 3TO MOKa3ajJoCh CTPAHHBIM,
Be/lb B OTAMYME OT 3eMJIM, MarHETU3M KOTOPOH MPEXe OOBSICHSUIN KEIEe3HBIM
aapom, B Comnrle HeT TBEpAOro *xemne3a. [To mponnn cynp0sr B ToM ke 1908
PuTn npeuioxnt 6amIuCcTHIECKY 0 TEOPUIO, B UTOTE JIETKO PELIMBIIYIO 3aTajKy
MarHUTHbBIX 3BE3]] [Z2], XOTS HJIeH STOH TEOPUH BHICKA3bIBAIKCH U MPEIK/IC, B TOM
gncne [annneem, ['accernu n Cupano B «MIHOM cBeTe». DTH MarHUTHBIC 3BE3/IBI
(Ha3BaHHBIC TTEKYSIPHBIMU AP-3BE31aMHU WIIN CIIEKTPAIHHO-TIEPEMEHHBIMH) OT-
KpBIT pycckuii actpoHoM A.A. Bemomonsckuii [Z4]. Tak, y 3Be3asl o, [oHunx
IcoB criekTpanbHbIC JTUHUU PETYISPHO MEHSIM WHTEHCHBHOCTDh M Pa3aBanBa-
JIUCH, YTO PACLEHIIIN KaK pacuierieane TuHni mo 3¢ddexty 3eemana. Cam be-
JIOTIONBCKUHM OOBSACHS 3TO «pa3/BOCHUE JTMYHOCTWY JBIKCHUEM Mapbl 3BE3M:
WX CIEKTPaIbHbIC THHUU CXOIATCS U pacxoasTes (puc. 1).
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QO-nonsipuzaumns”
Puc. 1. ameHeHwue yacToTbl Af u nonsapuaayun

CneKTpanbHbIX NUHWA ABOWMHBIX 3BE3A NOXHO
0BBACHSAIOT KaK BpaLLeHWe MarHUTHOW 3B&3AbI.

OTO NOATBEPKIATIOCH U TEM, YTO JIMHUU OT/CIBHBIX JJIEMEHTOB HE pas-
JIBaNBAJIUCh, a JIMIIb CMEIaTNCh (OT JedUIUTa dJIeMEHTa B OfHON M3 3BE3N).
Taxk, y a, ['onunx [1coB UM 3pOUst ¥ XpoMa CMEIIAINCH B IPOTUBO(A3E IpYT C
JPYTOM, YTO TOBOPHJIO O MPOTUBO(hA3HOM OpONUTAILHOM JIBHYKCHUH JIBYX 3BE3]I,
coziepkaiux 3pouit 1 xpoM B armocdepe. B npornBodaze meHsIach U MHTEH-
CHBHOCTB JIMHHUH Takux 3BE37 [Z4]. ¥V psina nuHMi, Kak oOHapyxuia bemomnois-
CKH, ”HTEHCHBHOCTb MEHSIIACh JIBAYK/IbI 3a eproz, BUANMO oT dddekra Puria,
MeHstomero spkoctb W 3Be3asl Ha paccTossHuu I' kak W'=W( u yactory f criek-
TpanbHbIX TuHEN Kak f'=fg B g=1/(1+ra,/C?) pa3, or KoieOaHuil Iy4eBOro yCKO-
penust &, 38e371b1 [Z2]. [Ipn cpaBHUMOH SPKOCTH 3BE31L NX CYMMApHBIN OJecK U
SIPKOCTb OT/ICJIBHBIX CIIEKTPAIBHBIX JIMHUN OY/TyT MEHSTHCS JIBaXK/IbI 32 TIEPHO]I,
HalIeHHBIH 110 Tpad UKy JIyueBbIX cKopocTei. Kazaock 061, mpoTnBo(asHble Ko-
neGaHus Oecka JBYX 3BE3JI CKOMIICHCUPYIOT IpyT Apyra [Z5]. Ho dakruueckn
MakcHMyMbI KpuBBIX Ostecka W'(t) 3aocTpsitorest apexrom Puriia u yxxe He KOM-
TICHCUPYIOT O/IHA APYTYIO: HHTETpallbHast KpuBas OJiecKa IoirydaeTcs IByropoon
(puc. 2), xak y nBoiHBIX 3B&3 Thma [ Jluper 1 W bonemroit Mensemutpr [Z6].

Yke MHOTHE acTpO(M3UKH JIOIyCKAIOT, YTO IJIaBHBIC KosieOaHMs Onecka
3BE3]] BBI3BAaHBI JIBIDKCHHEM TI0 OpOUTE. DTy TEOPHIO JJIsI MEPEeMEHHBIX THIIA
Mupsr (o Kuta) 3anmuman ['"M. Pynaunkuii [Z5]. YV 3BE31 B OCHOBaHUU TJIaB-
HOM TIOCJIEIOBATEIBHOCTH M3-32 BBICOKOH IJIOTHOCTH TPOTOIUIAHETHOTO 00JIaKa
1 MEX3BE3JHOTO Tra3a CBET 3BE3/Ibl yCIICBACT MEPEHU3IyUnThCs, o0peTas (QuK-
CHPOBaHHYIO CKOPOCTb C, a y KPYITHBIX 3BE3]] HA BEpIIMHE IVIaBHOM ITOCIIENO-
BaTEIBHOCTH CBET IepensiaydaeT MomHas arMocdepa [Z1]. [Tostomy B 06omx
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Puc. 2. KonebaHws ny4eBoro YCcKOpPeHWA Yy ABOWHbLIX 3B&3Q
NPUBOAAT K BCNbILWKaM nynkcapa Tuna PSR 0531+21 (a). OpbutancHoe

OBWHKEHWe TaKkoW CcWUCcTeMbl BOKPYr TpeTbed 3Be3fibl MPUBOAWT
K koneGaHuAM APKOCTW BCNbILEK ¢ 3a0CTPEHHBIMU MUHUMYMamK (6, &).

ciydasx adexr Purtiia Ma, ¥ IepeMEHHBIMU CTAHOBSTCS JIUIIb 3BE3/IbI B Y3KOU
nosioce HecrabwibHOCTH [Z6]. M3penka u KpyrHble 3BE3/bI MEHSIOT SIPKOCTh
IIPY CHU)KEHMHU KOHIEHTPAIMHU Ta3a, HO UX KOJeOaHUsI HeCTaOUIIbHBL.

T'unore3y benononbckoro cMeHMIa runoTe3a MarHUTHBIX 3BE3]1, XOTS He-
MMOHATHO KaK BO3HHUKAIOT TUTaHTCKUE MAarHUTHBIC 1M0JIst 3THX 3BE37 (~1000 ['c) u
M0YeMY B OJJHUX Y4acCTKax 3B€3/Ibl OOJIbILE OJJHUX JIEMEHTOB, a B IPYTUX — JIPY-
rux. [ToaTomy soruyHo BepHYyThCS K TUnorese benononabckoro, kotopast o0Obsic-
HsCT eié U KoJIcOaHUs SIPKOCTH, LIBETA TaKUX 3BE31 110 3dekry Purtiia.

C apyroii CTOpOHBI, TUIIOTE32 MAarHUTHBIX 3BE3]l OOBSICHSUIA LIUPKYJISP-
HYIO TOJSPU3ALMIO0 OJHUX JIMHUK 0 4acOBOM, a APYrHX — MPOTHUB YAaCOBOU
ctpenku — 1o 3ddekry 3eemana. Ho u Oammuctuyeckasi Teopust peacKas3biBa-
eT MOJISIPU3ALIUIO U3ITyUeHHUs, Belb IPU JBUKEHUH 3BE3] WLTIO30PHO PACTATH-
BAIOTCSl HE TOJIKO MX M300pa)keHHsl, HO 1 OpOUTHI 2neKkTpoHoB [Z2]. B urore
AJNIEKTPOH, JISTAILINHI 110 KPYroBoil opOuTe, N3JIyyaeT Kak Ha BBITSHYTOH 1 Ha000-
pot (puc. 1). COOTBETCTBEHHO, Y U3Iy4YCHUS TOSBUTCS JUHEHHAS UM KPYToBast
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noJsipu3anus. Y OJHOM 3Be3[bl M COOTBETCTBYIOIINX JIMHUK M3ITyYCHUE TOT/A
MOJIIPU30BAHO 110 YaCOBOM, a y APyrou 3Be3/1bl — IPOTUB 4acOBOH cTpenku. Benpb
Ha MOBCPXHOCTHU 3BE3bI OAMHAKOBOEC YUCJIO JJICKTPOHOB, KPYTALIUXCA B JICBYIO
U TpaByio cTopoHy. Ho nBikeHue Ben€T K MHUMOMY CXKaTHIO OJHHX OpOUT n
PACTSKEHUIO APYTUX — COOTBETCTBEHHO, MHTCHCUBHOCTD OIHOH IMOJAPHU3ALIIH,
HarpuMep NpaBoH, pacTéT, a JeBOW — yMEHbIIAeTcs. Y 3BE3/IbI-CITyTHHKA — 00-
patHas cuTyanus, T.K. € CKOPOCTh HampasieHa 00paTHo (puc. 1). CooTBeTCTBEH-
HO, y CICKTpaJbHBIX JIUHUMN 3Bé3£[ IMPOTHUBOIIOJIOXKHBIC MOJIAPpU3alU, U JTUHUU
TIEPHUOTNYHO CXOAATC-PACXOIATCS 3a CUET Aoruiep-3¢hdexra. Bo3moxHo paciie-
IJICHUC U HA MHOTI'O HHHHﬁ, C€CIIn I/I306pa)KeHI/I${ 3BE€31bl YMHOXXCHBI ITIEPEKOCOM
rpaduka sy4eBbix ckopoctelt Vi(t) [Z2]: kaxoMy H300pa)KeHHIO OTBEYaeT CBOS
CKOPOCTB M CBOW cIBHT 4acToThl Af (puc. 1, IITpUX-IyHKTUP). DTO TOXKE pac-
LEHST Kak rposipiieHue 3dpdexra 3eemana, T.e. MOSIBICHUE MAarHUTHOTO 1ojst. Ho
paclieruieHle U pacdéTHOE MarHUTHOE T10JI€ MEHSIETCS HE TUIaBHO, @ CKaYKaMH,
Mo00HO JIy4eBOH CKOPOCTH, Ha Tpauke KOTOPOH BO3ZHUKAIOT Pa3phIBbI, KAK Y
3B&371 Tumna 3 bombsnroro Ilca [Z6]. JIuanu nossipu30BaHbl ¥ MaJIbIM MarHUTHBIM
TI0JIEM 3BE3]L, TIE€ KPYTATCS DIEKTPOHBI.

VY nexyssipHbIX Ap-3BE31 0OHApYKEHBI U KOPOTKOIIEPHOMYHbIE KojieOa-
Hus Onecka ¢ mepuogoMm 5—20 muHyT [Z3]. VIX Henb3s 00BSICHUTH MBIKCHUEM
CIIYTHHKA, HO C TAKUM MNECPHUOAOM MPOUCXOAAT MAJIBIC MYyJIbCAIIUN ITOBEPXHOCTHU
3B&37 [Z7]. Harrpumep, y Connna arMocdepa KonedIeTcst ¢ HeproioM 5 MUHYT
U ¢ aMIuIUTyaoi ckopoctr ~100 m/c [Z8]. DTi xoneOaHUs HETOCTATOYHBI IS
3aMETHBIX Bapualuil sipkoctd. Ho Ha OONBLIMX TUCTAHIMSX HE3HAYUTEIbHBIC
Bapuannuy CKOPOCTH arMoc(ephl BBI3BIBAIOT 3aMETHBIC BapUAIUU SPKOCTH IO
s dexry Purna, kak nmokaszan C. JleBacua [Z7]. Bo3HHKaeT KOMIPOMHCC MEXITY
OOBSICHEHHEM TEPEMEHHBIX 3BE3] IO TEOPHH PUTHA M 1O TEOPHHU MYIbCAIHH.
Tax xe u y OenbIX KapIuKOB KoJeOaHHs ONTHYECKOTO OJecKa W MOJSIPU3AIIH
C MEPUOJIOM B HECKOJIBKO MHUHYT [Z8] MOKHO OOBSCHHUTH ITyNbCalleil OBEpX-
HOCTH C TE€M e IepHoJoM. DTH KoneOaHus Oecka TOKE MITIO30PHBI, KaK U T'H-
raHTCKoe MarHuTHOE mojie ~107 I'c GesbIx KapiIuKoB, 0GHAPYKEHHOE TI0 TIEPHO-
JMYHOMY PACIIETIIICHHUIO CIIEKTPAIbHBIX JIMHUI. Ho, Kak B ciry4ae «MarHUTHBIX»
3BE3]1, pacIleIICHHEe BO3MOXHO U OT OpOUTAIILHOTO BIKEHHMS (pHC. 1).

OCOOEHHOCTBIO MEKYJISIPHBIX 3BE3J CIY)KaT MX CHEKTPbI, IJIe MHOTO JIU-
HUH TIEPEXOIHBIX AJIEMEHTOB — XPOMa 1 PEIKO3EMEIbHBIX JIEMEHTOB, THIIA JIaH-
TaHa, EBPOITHS, TAIOJIUHUS, TUCTIPO3HS U T.11. [Z3]. 3a N300MIue ITHX DIIEMEHTOB,
penKux st 3BE31, UX U Ha3BaJIM MEKYJISIPHBIMU (T.€. HETUIIMYHBIMU), CIIOBHO H
CaMU 3THU 3BE3/bI — DK30THKA, pelKHe «3eMiIn». Ho eciau onHaxapl 1OIUIBIBEM
JI0 HUX Ha KOCMHUYECKOM Kopalie, OKaKEeTCs, YTO ITO PSAOBbIC 3BE3/IBI IVIaB-
HOW TOCIIEN0BATEIBHOCTH, MEHSIONINE CIEKTP M SpKocTh 1o 3ddekry Purma.
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A o0naka MeX3BE3JHOTO Ta3a, CKBO3b KOTOPBIE JIETUT CBET 3BE3J, oboramarr
€r0 CBOMMH CIIEKTPAIbHBIMU JINHUSMU. B CIIeKkTpe repexoHbIX JIEMEHTOB Hau-
OoIpliee YUCIO JNTUHUH, d(PPEKTHBHO 3alacarolliX, a 3aTeM BBHICBCUMBAIOIINX
SHEPTHUIO, U3-32 YeTO XPOM, HEOUM, dpOUid, UTTEPOH MPUMEHSIOT B Jlazepax.
[Toatomy, Koraa CBeT, mpeodpasys 4acToTy pUTI-3hdexToM [Z9], mpoXoauT ue-
pe3 3Tu obaka, oH 3 PEKTHBHO MONIOLIACTCS ¥ IEPEN3ITYIaeTCs IEPEXOHBIMU
9JIEMEHTaMH (aTOMBI KOTOPBIX BIOOABOK MOHHW30BAHBI M JBYKPAaTHO MOHHM30Ba-
HBI [Z6] Y®-cBetom, co3maHHEIM Purtm-addexrom). OTTOTO B CHIEKTpe 3BE3N,
JUISL KOTOPBIX CUIIEH 3(dekT PUTIa, MOABIAIOTCS JIMHUU 3TUX JIEMEHTOB — 3TO
CBOETO pojia KocMUUYecKuil Ja3ep. Tak 1 kocMUYECKHE Ma3epbl BBICBEUHUBAKOT 110
puti-3¢pdexry mmann OH, CO, H,0O, KOTOpBIX HET B CHEKTpax 3BE3[, HO €CTh B
oOrakax MeX3BE3THOTO Ta3a Ha IMyTH cBeTa [Z9].

3acBeTKa 3BE37I0H MEX3BE3IHOTO ra3a Ha PE30HAHCHBIX acTOTaX 00b-
SICHSIET U CBEYCHUE TYMaHHOCTEH BOKPYT HOBBIX U CBEPXHOBBIX 3BE3]l, KOTOPBIC
TOXe OBIBAIOT MarHUTHBIMH, Hanpumep V1500 JleGens. 3Be3na HabmromaeTcs
KakK HOBasi MJIM CBEPXHOBAs, KOT/Ia MOBBIMIAET CBOIO SIPKOCTH 10 3¢ dexry Purna
TIPH JOCTHKCHUH YCKOPEHUEM KPUTHYECKON BETMUHMHEI &,=-C%/I [Z2]. Te yuacT-
K1 Me)K?)Bé?)I[HOFO rasa, sl KOTOPBIX 3TO YCJIOBUC BBIITOJTHEHO, TOXKE BBITVIAIAT
SIPKUMH, T.K. 3()(PEKTHBHO NONIOLIAIOT M U3JIyYaloT CBET, 4aCTOTa KOTOPOTo ObI-
CTpO TpoOeraeT Bce pe3oHaHCHBIC YacTOTHI. [Ipy 3TOM MOXHO OJHOBPEMEHHO
BUJIETh CBEUCHNE TOJIBKO TeX ToUeK M MeX3BE3THOTO rasa, Uil KOTOPBIX CyMMa
paccrostaui 10 3Be3a61 AM 1 1o 3emuin MB opnnakoBa. Torna nepensmyd€HHbIN
CBET 3aTpaunBact ofuHakoBoe Bpemst t=(AM+MB)/c Ha niyTs 10 3emiu (puc. 3).
B mpocTpaHCTBE 9TH TOUKH PacroyiararoTcsl Ha IUIMIICOUIC BPAILCHUS C (OKY-
camu A Ha 3Be3nie 1 B — Ha 3emite. C TeueHnem BpeMeHH t 3TOT syummncons pac-
mmpsieTcst: pactér 6ompinas ock AM+MB=2h.
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Nlnipbnana

nnockocTe ManakTukm
BWA G 3eMnu Ha LEeHTp

BUA C 3eMNK Ha aHTULEHTP
nnockocTs ManakTmkm
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Puc. 3. Cxema oOpa3soBaHus CBETALWMXCA Konew
rasa BOKpyr cBepxHoBbIX (a) u nosica lynaa c KonbLoM
INlunpbnana ot 3aceeTku rasa no acdekTy Pmua%ﬁ).

MHokecTBO To4eK M, B KOTOPBIX BBIIIOIHEHO YCIOBUE 3aCBETKH a—C?/S,
rae S=AM, mpencraBnseT co00il IUTOCKOCTh, MEPIECHAUKYIIPHYIO BEKTOPY
YCKOpCHHsI 3BE3/Ibl: OHA 3a1aHa YpaBHCHHEM aS=C?, IIe a — BEKTOP yCKOPCHHUS,
S— paguyc-Bekrop AM touku M, mpoBenénnsIii u3 3Be3abl A. Mrak, cBeTsamasi-
cst 00MacTb B BUJIE CEUEHUSI DIUIMIICOM/A MPEACTABISAET COO0M IIINIC BOKPYT
3Be3/bI (MM OKPY>KHOCTB, €CIIH YCKOPEHHE HaIpaBlieHO TOYHO K 3emie [Z10]).
YpaBHeHue durnca Y(X) HaliaETcs n3 pelreHus CHCTEMBI YPaBHEHHU dIUTUTICOU-
na X2/ b*+y?/b?+z2/h?=1 (b — manas momyocs, d — pokycHOe paccrosiHue, puc. 3)
U cekyeil miockocTu ay+a,(z—d)=c? rae a,, 8, — NPOeKIMK YCKOPEHHUs & Ha
ocu y u z (,=0). Co Bpemenem amutc Y(X) pacmupsiercst ot pocrta h. MMenHo
TaK BBIIVIIIAT ITyXHYIIHE 000JI0YKN HOBBIX M CBEPXHOBBIX, 110 CyTH,— CBETOBOE
9x0 [Z2, Z10]. M3-3a 3Xa uX BCITBIIIKK PE3KO Pa3roparoTcs U IUIABHO yracaroT:
TaK ¥ PE3KHi 3BYK, XJIONOK MHOTOKPAaTHO OTpakaeTcs OT CTEH M Kpecel 3aia,
MIOCTETIEHHO yracas (peBepOepanus). B peqkux ciydasx, B OTCyTCTBHE Ta3a Ha
IIyTH CBETA, Y CBEPXHOBBIX V THIIAa HAOMIONAIOT CHMMETPUYHYIO KPHBYIO Oie-
cka [Z11], To9HO COOTBETCTBYIOMIYIO PACUETHON KPHBOI Onecka TBOWHON 3Be3-
161, [ToCKOIIBKY HOBBIE M CBEPXHOBBIE — 3TO OOBIYHO MMEHHO JIBOWHBIC 3BE3/IBI,
BTOpasi 3B€3/1a TOKE 3aCBEUMBACT MEX3BE3IHBIN ra3. YCKOpEHHE HTOH 3BE3/bI
&, HaIpPaBJICHO MTPOTUBOMOJIOKHO ¢y, M T'a3 3aCBEUMBACTCS C 0OOPATHOI CTOPOHBI
OT 3Be3/bl. B urore oOpasyeTcs Ba CBETAMIMXCS KOJbLA-IIUINAICA: OJHO UyTh
MeHblIe aApyroro (puc. 3). IMEHHO Tak BBINISIAUT TYMaHHOCTh BOKPYT CBEpPX-
HoBoii SN 1987A.

Ecnu mockocTr MOYTH NapaulenbHbl JIydy 3peHus I, BUAHBI TOJIBKO
O1M3KHe K 3Be3/Ie YYaCTKH, CEIrMEHTBI JIIMIICOB — JIBE JYTH, JIBE APKH, NMEIO-

284



L[Me BUJI TUTICpOOIT 13-3a dddekra nepcrnektussl (puc. 4). Ecnu 3Bé31Hast cucre-
Ma HaCcUMTHIBAET 3 U OOJIbIIE 3BE3]], TOTA PACTET YHCIIO 3aCBEUCHHBIX IIIUIICOB
WIN UX AYT, KaKk B TyMaHHOCTsIX «Dckumo» (NGC 2392) unu He 2-47. U tou-
HO, OOJIBIIMHCTBO TYMaHHOCTEH HOBBIX MMEIOT Takol BUJI. B psye ciyyaes atn
amMop(HbIE CTPYKTYPHI JOTOJIHSIIOTCS Pa3MBITBIMU BJIOJb TPAeKTOpUH M300pa-
eHUsiMU 3BE371. OOBIYHO Y 000JI0YEK CBEPXHOBBIX Pe3Kasi BHEILIHSISI TPaHula U
pa3MbiTasi — BHYTPEHHsSI, KOO CBET MEPEU3IYIAETCS HE TONBKO MPH S=C?/@s, HO
Y TPU MEHBIINX JUCTAHIUSIX S, HAPUMED NP PUTL-TPAHCHOPMALINT YACTOTHI
f SMHCCHOHHBIX THHHUN B JApyrue pe3oHaHcHbie yacToThl f'=gf. [loaTomy uHO-
raa 000JI0YeK BUHO MHOTO: KaXJIOH COOTBETCTBYET CBOM KOA(PQHUIMEHT g Tpe-
00pa3oBaHMs YaCTOTHI U CBOSI CEKyIIasl MJIOCKOCTh. MIHTepecHo, 4To nonooHoe
OTpa)kKEHHE CBETA BCIIBILIKH 3€PKaIbHON 000JI0UKOH, MMEIOIIee BUJI PAaCIIUPSIIO-
LIMXCST KOJIEI, PACCMOTPEI BIIEPBBIC B paMKax OaJUIMCTUYECKOH TEOpHU TOBa-
pumy Putna — I1. Opendecr B padore «Kpusuc B rumnorese 0 CBETOBOM dpUpe».

Puc. 4. TyMaHHOCTU C MHOXECTBEHHbLIMMU
KonbLiamn 1 pagvanbHbiMy Ny4amu.

Tak sxe 1 «KOKOHBI», CBETSIINECS 000JI0UKH BOKPYT 1eder 1 MOTYT OBbITh
pe3yabTaToOM 3aCBETKH MEX3BE3MHBIX 007aKoB. [la M BBHISBICHHbIE 3BE3IHBIMHU
uHTepdepoMeTpamMu JAUCKH Leder]] MOTYT COOTBETCTBOBATh HE MCTHHHOI I10-
BEPXHOCTH 3BE3]], @ 3aCBCUCHHBIM YJacTKaM ra3a. A MOCKOJBKY MEHSETCS Ha-
MIpaBJICHUE BEKTOPa YCKOPEHMS 3BE3JbI (M IMOJOKEHUE CEKyIIeH IIOCKOCTH),
MeHsIeTCsI U pa3Mep, (Gopma CBETSIIErocs dIUIMICA, YTO BOCIHPUHHMAIOT Kak
MyJTbCAIIMIO 3BE3/IbI-TUTaHTa. PeanbHas 3Be3[a HE MyJIbCUPYET, a ABIDKETCS IO
opbute u e€ pasmepsl MHOTO MeHbIe [Z2, Z10]. AHanoruyHbie 000I0UKA BU/I-
HBI Y DJUIMITHYECKUX TAIAKTHK [Z12]. YV HUX TOXE U3ITydeHUE OT/CIbHBIX 3BE3]T
PETYJISIPHO JIOCTHUTAECT KPUTUUECKON BEIMYMHBI 8:=C%/S, U B psme Touek M ux
OIITHYECKOE M3JIy4YCHHE M0 PUTH-I(PPEKTY MEePEeBOANTCS B PEHTTCHOBCKUI JTa-
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Ma30H, nepeusnyyasck B HEM. [103ToMy psit SIUITMITUYECKHUX TaJaKTUK OKPY>KEH
PEHTIEHOBCKHMM TaJo, 110 CTHEKTPY KOTOPOTO PACUETHBIC TEMIIEPaTyphl ra3a —
MUJUTHOHBI KETEBUHOB [Z12], XOTS UCTHHHAS TEMIIepaTypa Maja.

CaeTsmmumecs KoibIla BOKPYT TAJIAKTHK M KpaTHBIE H300pakeHHs KBa3apoB
TOXKE WHOTZIA MOTYT OBITH CIICICTBUEM 3aCBETKH OOJIAKOB Ia3a BIOJIb CEUCHHS-
AIHTIca. DTO OOBSICHICT CHHXPOHHBIC KOJCOAHWSI APKOCTH M300pakeHHMH, T.K.
CBET MPOXOIUT OT KBazapa J0 3eMJIn OauHaKoBbIH myTh 2h (puc. 5). HeGombmioe
3ama3/pIBaHNe KOJIeOaHUil SPKOCTH OTHIX M300paKEHUI OTHOCUTEIFHO IPYyTHX
BBI3BAHO PA3HUIEH CKOPOCTEH CBETa, MCIYIIEHHOTO KBAa3apoM B Pa3HBIX Ha-
npaBieHusX. Camu KoneOaHus SIPKOCTH KBA3apoB, C XapaKTEPHBIMH IEPHOIaMU
OT CYTOK JI0 HeNelb, TOKe 00bsIcHUMEI d(pdekrom Putma. Kak ormeuan aBTop
[Z9, Z13], xBa3apsbl, paanoranakTHKH, JaepTUIbl PEACTABIAIOT COOOH, BUIN-
MO, TIPOCTO MUINITUYECKNE TATAKTHKH, B KOTOPBIX MaJIo Ta3a M mblTH. [loaTomy
CBET MPOXOINT CKBO3b HUX 0€3 epen3IydeHus, mpeodpa3sysick apdexrom Putia.
Koneuno, »tn xonebanns siproctr Ha ~AW y kaxmoit n3 N 3BE31 cpenHeit spko-
ctr W He CHHXPOHHBI ¥ OOBIYHO TacsT JIPYT APYTa, HO ¥ IPH CITyJafHOM CIIOXKe-
HUH OHH co3afoT GykTyarmn spkoctt ~AWNY2 1 oTHOCHTEBHbIE KOJTeOaH s
sproctt SWy~(AW/W)N-2, Torma mpu amrumuryae (AW/W)~10* ramaktrka w3
Mmuutrapaa 38é3xn (N=10°%) menstet siprkocth Ha 30 %. Bexp B oTCyTCTBHE ITEpen3-
JyHIeHUsI KaKask 3B€3/1a, JETSMIast 0 CBOEH OpOHTE, PErysIpHO JOCTHTAeT KpH-
THYECKOTO YCKOPEHHMs, BCIIbIXMBast 1Mo 3ddekry Puria kak HOBas. AMIUINTYna
1 XapakTepHOE BpeMs KojeOaHui Oiecka 3aBHCST OT pa3Mepa, THIa TaIaKTHKA
1 CIICKTPAJILHOTO Anana3oHa. Tak Mpu yMEHBIIEHNH KOHLEHTPALNH Ta3a, pas-
Mepa Tanaktuku u unciaa N 38é3n B Hei, komebanust SWy~(AW/W)N-2 pactyrt
[Z12]. He 3pst ecTh MHOTO THITOB NIEPEMEHHBIX TaJIAKTHK — KBa3aphl, JalepTUIHI,
celihepTOBCKHE ranakTUKN, N-TaJaKTHKH — C Pa3HBIMU XapaKTEPHBIMU aMITIH-
TyAaMH B BpeMeHaMU KojeOanmii 6mecka. Kpome Toro, nmpu HabMrOneHNN Ha BCE
OoIree BEICOKMX YacTOTaX (B PEHTTCHOBCKOM M raMMa-JHaIa30He) XapaKTepHOe
BpeMsI H3MEHEHHI Onecka ymenbmaercs [Z12], 3a cuét cHmkeHns dQQexra me-
peM3IIydeHus ¥ OT BapHannii OJiecka mpu CMEIeHUHN CIIeKTpa 1o dpdexTy Purma.

OTMuuTh 3aCBEUYEHHBIN ra3 (B (hopMe OYT M KOJIEI[) OT Pa3MBITHIX H30-
OpakeHUH 3BE31 M KBa3apoB JIETKO: PA3MBIThIC N300PAKCHNST — TOHKHUE, SIPKUE
1 4ETKHUE, a 3aCBEUCHHBIE 00JIaKa — KJIOYKOBAaThIe, HEPOBHBIEC, TYMAHHBIC, KaK Y
mapsl korrert SN 1987A u y xonbita tymarHocTH Oepenbe (puc. 4). Kpome Toro,
Y TA30BBIX KOJIEIl CHEKTP SMUCCHOHHBIN, 1 OOBITHO BBICBEUMBAIOTCS 3aIPEIIEH-
HBIC JINHUX. A KOIIbI[a, BO3HUKIIINE B XOJIC Pa3MBITHS 1 PAa3MHOKECHUS H300paKe-
HUH 3BE3]], XapaKTepHU3yeT OOBIYHBIN HETIPEPHIBHBIN MITH SMHUCCHOHHBIH CIIEKTP
13 pa3pei€HHbIX JIUHUH.
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/ LeHTpansHas

ranakTuKa

®«<"ha06pa KeHye B

0. cekyllas’ Bug ¢ 3emMnu

Puc. 5. ObpasoBaHue KoreL, BOKpYT ranakTuk
M KpaTHbIX M306paKeHWit ¢ HECUHXPOHHBIMK
KonebaHWAMW SpPKOCTW Yy KOMMNOHEHTOB.

Slpkue y3mbl Ha Konblle TymanHocTH Oskepenbe (puc. 4) W paguaibHO
pacxosIecs: OT HUX CBETIIBIE TOJIOCHI 00yCIOBICHBI, BUANMO, MOMIONICHUEM
1 TIepen3IydeHreM cBeTa oOlakaMM rasa W IbUTH. B mTore, pocT spKocTh 1O
s¢dexty Puta naér aumb B y3KHX CEKTOpax — B OKHaX Mpo3padHocTd. OTcrona
SIPKUE Y3JI6I M PACXOISIIIIMECS OT HUX JIyYH — KaK Ha 3eMHBIX 00J1aKax, MPOCBETHI
B KOTOPBIX BBICBEUHMBAIOT CHOIIBI JIyueil conHma. Takue ke paguaibHbIC JTydH-
cruipl BUIHBI B TyMaHHOcTH ['anTens, GK Ilepcest n B apyrux TyMaHHOCTSX
(puc. 4). SIpkue y3116I BUIHBI B TOUKAX, TJE as ~ C?, a JIy4H COOTBETCTBYIOT Ooliee
JaNEKUM yJacTKaM, 10 KOTOPBIX JIOXOANT CBET, HE UCITBITABIINH ITIEPEU3ITydCHUS
cpasy. Ecim yactora f ojHON SMUCCHOHHOI TMHUK IpeoOpasyeTcs B Ipyryto f ' =
fg, ycnoBue yixe as = C?— €?/g. Pa3HO# KOMIIpecCHU § COOTBETCTBYIOT pa3HbIe ce-
KyIIFe TNIOCKOCTH, 00pasyIolye Ha JUTUIICOUIE HE OJIMH JIUIUIIC, @ CEMEHCTBO
OJIM3KHX CBETSIINXCS HIUINTICOB. DTUM MOXKHO OOBSICHUTH TyMaHHOCTH THIIa [1e-
COuHBIC Yackl U ap. (puc. 4). IHTEprpeTHpoBaTh Kak pa3MbIThle N300pasKeHUs
3BE3]] MO>KHO JIMIITH YETKHE BHY TPEHHHE KOJIbIa 3TUX TyMaHHocTel [Z14], a BHer-
HUE, KJIIOYKOBAThIE M HEPOBHBIE — 3TO, CKOpEE, PE3yJIbTaT 3aCBETKH 00JIAKOB rasa.

Ecnu y4ecTh, 4TO yCKOpEeHHE 3BE3/Ibl MEHSETCS, CeKYIIasl TPEACTaBIISET
c000i1 He TNTOCKOCTB, a CIIOKHYIO MTOBEPXHOCTD, 1 SJUTHIIC UCKAXAETCSI, IEPEKpPy-
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4yuBaeTcs, npuoodperast GopMy BOCBMEPKH, UTO OOBSCHIET CKPYYEHHOE BOChH-
MEPKOH cBeTsIeecs KObIO Traza B Sgr A* (XOTs 3TO MOXKET OBbITh U pa3MbITOE
BJIOJIb CJIOKHOU OpOUTHI ckorwicHue 3BE3x [Z14]). Jlunus nepeceyeHus: MOKET
OBITH M BUHTOBOH (€CJIM yCKOPEHUE MOHOTOHHO pacTéT). CeTsimuecs crupaiu
HaOMoaroTesl y psifa 3BE31 B BUJE CIUPAIBHBIX JPKETOB, Kak y R Ckynbrro-
pa (puc. 4). Kak BoimeOHbIH (OHAPH, MM TPOXKEKTOP, KOTOPHIM HIKETOpOI-
CKUIl ONTHK, MEXaHUK, U300peTaTesib CAMOXOIHBIX KOJICCHHII M Kopaomueit, .
KynubuH, prcoBan Ha o0jakax KapTHHBI, IPEJABOCXUTHUB Ja3epHBIC 1IOY, TaK U
BCIBIILIKY 3BE3/1 PUCYIOT Ha o0Jlakax raza KpacOYHbIe KapTHHBI, Pa3MEpPOM TIpe-
BOCXOJSIIE 3BE3BL.

MOKHO TMPEANoIOKUTh, YTO JPEBHHUE BCIBIIIKK 3BE3]l 3aCBEUMBAIOT U
HaMHOTO OoJiee MHUPOKUE 00JIaCTH, OXBATHIBAIOLINE OTPOMHBIE Y4acTku [ anak-
tuku. Hampumep, n3BecTHO ra3oBoe koibllo JIuHaOmana, usnydaromuee YO- u
panuonyyu, oKpyxkaromiee 3emio U HakiIoHEHHOe Ha 20° k mnockoctu [anak-
tuku. Konbio umeet pazmepsr 1000x500 mapcek u popMy 3JUTUIICA, T.C. MOXKET
OBITH PE3yJIBTaTOM 3aCBETKH ra3a, N3JIy4Yarolero o TOMY e MEXaHH3MY, 4TO U
Maszepsl (puc. 3). B aToii sxe obnmacty 3a cu€t Bo30yKACHUsI MOJIEKYII MEK3BE3 -
HOTO ra3a, OHU He MOMIOLIAI0T, a YCHIIUBAIOT U3JTyueHHe 3BE3] 0 TOMY )K€ MeXa-
Hu3My. OTTOTO B 3TOM KOJIbIle HaOJtoaeTcst 0obIie 3BE3/1 — OHU 00Pa3yIoT MOsIC
I'ynna [Z12]. Bo3nukaeT 3h(eKT aHaIOTHYHbIH JIa3epHOMY HHAYIHPOBAHHOMY
MIPOCBETIICHUIO cpeabl. [jist hopMuUpOBaHUs TAaKOH KapTHHBI BCIIBIXHYBIIAS 3BE3-
Jla WIN [IapOBOE CKOIJICHUE 3BE3/ JOJDKHBI JJIMTENLHO 00IaaTh yCKOPEHHEM
OJIM3KMM K KPHUTHYECKOMY, a pa3Mep SIUIMIICOM/IA IIPU 3TOM OrpoMeH. Beposit-
Hell Bcero, apoBOe CKOIIEHUE PACHIOI0KEHO HaJl INIOCKOCTHIO FAITAKTUYECKOTO
JIUCKa, TPUTSHKEHHUE KOTOPOTo U CO31aéT JOCTaTOUHOE YCKOopeHue. Tak xe u s
3BE3]], PaCIIOJIOKEHHBIX Haj M 01 LeHTpoM [ anmaktuxu, s¢pdexr Putua Benuk,
OT 3HAYMTENILHBIX CHJI MPUTSDKEHUS K FaJIAKTHYECKOMY LIEHTPY, OOJIBIIOro pac-
CTOSIHUSI JI0 HETO W MaJIOW KOHIEHTpAlMM INepeusnyyaroniero raza. Oomactu,
B KOTOPBIX YCKOPEHHS JOCTUTAIOT KPUTHUECKOH BEIMUUHBI, ONN3KN K CErMeH-
tam cep. D10 00BsICHICT HAOMIOMACMOE HAJ M MO TUIOCKOCThIO ['amakTuku
raMMma-cBeYeHHE — TaK Ha3blBaeMble ramMma-mys3bipu [Z12, c. 236] u ranakTu-
yeckre (OHTaHbI — BEIOPOCHI I'a3a, U3JTyYarolie PEHTICHOBCKHE JIYYH U COOT-
BETCTBYIOIIUE OTPOMHOI TeMmeparype [Z12, c. 147]. Ha nene 310 MOXET OBITh
ra3 yMepeHHOH TeMIIepaTypbl, IIepen3ITydarolii CBET 3BE3]1, MPeoOpa3oBaHHbIN
a¢dexTom Putiia B YO- u peHTTCHOBCKUI THANa30H.

VY CBepXHOBBIX M HOBBIX 3BE3/ Oneck KoneOlieTcss ¥ MOCie BCIIBIIIKH.
[TpruunHa MOXKET OBITH B OPOUTAILHOM JIBUYKEHHH 3BE3/IbI: KOJIEOAHMs IPOUCXO-
JUIT ¢ OpOUTANIBHBIM ITIEPHOIOM, CKaThIM 110 3 dexty Purna B g pas: P'=P/g. Io-
CKOJIBKY SIPKOCTh HOBBIX TaJ[aeT CO BPEMEHEM OT CHI)KEHHMs J, epuos Kojeda-
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Huii Onecka P'=P/g pactér [Z13]. Takoii a¢dekr nHadnronancs y Hosoii [Tepces,
BenbixHyBIIed B 1901 1. [Z11]. KoneOanus Onecka ¢ MepeMEHHBIM TIEPHOIOM
W aMIUTMTYJI0H OOHapy»KEeHBI TaKKe y 3BE3]], OTKPBITHIX TeseckornoM «Kermepy,
Hanpumep y KIC 3858884. Dtu Bapuanuu Ojecka COOTBETCTBYIOT IpadpuKam
JIy4eBBIX CKopocTeil mim yckopenuii [Z13, Z15]. A menkast psiOb Ha rpadukax
BbI3BaHa JIBYKEHHUEM B TOJIE TATOTEHUsI OIM3KUX CITyTHUKOB. YacToTa, aMIuIuTy-
Jla MEITKO# psiOn pacTET Bo3iie MAaKCHMYMOB M MUHHMYMOB OJIecKa BBHJy pOCTa
KOMIIpeccuH g.

Y MOBTOPHBIX HOBBIX U HOBOMOMOOHBIX 3BE31 THma U Biu3Henos Toxe
OTKpBITa CBSI3b AMIUIMTYBI BCHBIIEK A M meproga P MexX BCHBIIIKAMH: 4eM
OoJTbIIIE TIEPHO]I, TEM SIpUE BCIIBIIIKH. DTa 3aBUCUMOCTh, OTKpbITast KykapknHbIM
u Ilapenaro, cnenyer u3 apdexra Puria, mockonbKy cpeaHssi SpKOCTh 3BE3/IbI
MOCTOSTHHA M paBHa €€ ncTHHHOH sipkoct W. Dddext Purna, coxumas ummress-
HOCTB, TI0 CYTH, aKKyMYJIHPYET 9TO n3iIydeHue spkoctu W, ucnyuieHHoe B Te-
YeHHe Tepuosa P MexIy JAByMsl TOCTHXKEHUSIMHU a,~-C¥/F, CKa)KeM B KpaTHOU
cucreme, rie P mensercs. OT pacTsbkeHnst MaciiTada BpeMEHN MEK/Ty BCIIBIII-
KaMu IpKOCTh magaet 10 ~W/(1+ra/C?), a BOCIpUHUMACTCS «IIOTEPSIHHAS SHEP-
rust ~PW 3a kparkuit mur Benbimiku At. Otcroza sipkocth Benbimku W'~PW/AL.
Jlorapudmupysi, HoIyuuM aMIunTyay Benbiku A~log, s (W'/W)= 3,5+2,5-1gP,
MIPUMEPHO COOTBETCTBYIONIYIO 3akoHy Kykapkuna-Ilapenaro A=2,00+1,78-1gP
s U biusuenos, rie P BeipakeHo B cyTkax [Z16]. HecoorBeTcTBHE 00YCIIOB-
JICHO HETOYHOCTBIO OLEHKH At~1 yaca m HeydéToM CIIOXHOW (GOpMBI KPHBOH
Olecka M CMEIEHUSI CIEKTpa 3Be3/Ibl B BBICOKOYACTOTHYIO 00iacTh. B mrore
POCT SIPKOCTH HECKOJILKO MEHbIIIE PACUETHOTO U Pa3JINYEH y Pa3HbIX 3BE3.

Ocrarkamu B3pbIBOB CBEPXHOBBIX CUMTAIOT ITyJbcaphl. X Toxe mosnara-
10T MarHUTHBIMH 3BE31aMu. Ecin mysibcap BXOIUT B ABOMHYIO CHCTEMY, €r0 CKO-
pocTh n3mepsttor 1o 3ddekry Jomiepa MeTo oM TaliMUHTa — TI0 BapUAIIMsM Iie-
puona mynscanuii. Ho Bapuaiu MoryT ObITh BBI3BaHBI Kak a¢dexrom Jlomepa,
tak ¥ 3¢ pexrom Puria. Cuanrast 3T0 CMEIIEHHE YHCTO JOTUIEPOBCKUM, HAXOIST
pacuéTHOe 3HaYeHUE cKopocTh V,'=CANMA=V,+ra,/C, OTIMYHOE OT UCTHUHHOTO V.

Jnst rpauKOB JIydeBBIX CKOPOCTEW 3BE3I, JIETSAIIMX 1O KPYroBOW Op-
oure (puc. 6), apdexr Puriia npuBenéT Kk U3MEHEHHIO OpOUTANIBHONU (a3l O
3Be3/bl. JIydeBas CKOpOCTh 3Be3qbl MeHseTcs kak V,=-Vsin(2znt/P), a yckope-
uue a,=dV,/dt=-(2nV/P)cos(2nt/P), 1 BHOCHMAas UM JIUIIHAS MHUAMAs (Kaxcy-
wascs) ckopocthb V,*=ra,/Cc. OTcrofa pacuéTHas CKOPOCTh 3aj[aHa BhIPAKCHUECM
V,'=V,+V,*=-K'sin(2at/P+¢), tae capur no dasze ¢=arctg(2nr/Pc), a pacuérHas
amrututyna K'=K[1+(2zr/Pc)?]">.

dazoBoe cmemnienne rpaduka aydeBbix ckopocreit V,'(t) (Puc. 6) MoxHO
OOHAPYKHUTh Y CIIEKTPaILHO-IBOMHBIX 3BE3], €CIIM OHU 3aTMeHHbIe. TeopeTnye-
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CKU 3aTMEHHE 3BE3/Ibl C KPYTOBOM OpOUTON HAOIFOAAI0Ch ObI B MOMEHT HAHOOJIh-
miero e€ ynajeHus B pa3e KpUBOi JiyueBbIX ckopocTeit 0. Eciu kpuBas uckaxeHa
s¢dexrom Putiia, 3aTmMenne 3amno3aaetT OTHOCHTENBHO (a3bl 0 Ha pa3HOCTD (a3
¢, mocturaromryo /2 (B opouransHoit haze ©=0,25) B mpenensHOM cirydae, Kor-
Jla CMEIlIeHHe CIIEKTPa BbI3BaHO B 0CHOBHOM 3¢ dexrom Purna. HecoorBercTBust
KPHBBIX OJI€CKa U JTy4eBOM CKOPOCTH PEATbHO OTKPBITHI, CKa)KeM Yy 3Be31bI U AH-
npomennl [Z15], y aBoiiHoro mynscapa PSR 1957420. V Hero 3aTMeHue HacTyma-
eT B opbutanbHoii daze ©=0,25 [Z17], coBnagaromiei ¢ npeneibHbIM 3HaYCHU-
em 0,25, mpu KOTOPOM Bapualuu MEePUOa [ETHMKOM BbI3BaHbI dPdexrom PuTtiia.

V..V, oPi2g

Puc. 6. Mpadmku nyuesbix CKOPOCTEN U MHUMbIX
NyYeBbIX CKOPOCTEN, ONPeAenéHHbIE U3 CMeLYeHUN
yactotel no 3adhcpektam Putya u [onnepa.

Taxoke y nBoitHOTO paguonynscapa PSR 1957+20 oTKpBITH TITaBHBIE KO-
nebaHus ONITUYECKOTO OJiecKa M I[BeTa ¢ opOUTaIbHBIM mepuoaoM P<9,17 aca
[Z18] — emé oxHo nposiBieHue 3¢ dexra Purna. He 3pst hopma kpupoii Onecka
W'(t) coorBetcTByet no ahpexry Purtna rpaduxy syueBbix yckopeHui a,(t) s
3BE3/IbI, JIETSIIEH 0 AN THYeckoil opoure (puc. 2) [Z19]. Takol ke s3pdekr—y
mynecapa PSR 1913+16: y Hero rpaduk JIy4eBbIX CKOPOCTEH TOXKE OTpaskaeT Ko-
nebaHus Ty9IeBOTO YCKOPEHUS (BapBHPYIOIIETO YaCTOTY ITyIbCALINH 10 AP PEKTy
Putna). [Ipu 3TOM KpuBast 11 KpyroBoil opOUTH NCKakeHa ddexrom Putna, n
JIMIIb IPUMEPHO COOTBETCTBYET AIUIMNTHYECKOI opoute [Z19]. Tot xe sddekr y
mynbcapoB PSR 1741-3056 u PSR J1311-3430. IIpoBeputhb 3T0 MOXXHO, HaOJII0-
Jasi I3MEHEeHue rpadurka Jy4eBbIX CKOPOCTEH IPH MOBOPOTE OPOMTHI (ITOITHBIN
OBOPOT opbuta jaenaer 3a 85 ner). Teopernueckn yepes mnonmepuoaa (depes
42 roma mocne OTKpeITHA B 1974 1, T.e. ceifyac) rpaduK JIyU4eBHIX CKOPOCTEH
JIOJKEH CTaTh 3epPKAJIbHBIM OTpa)keHHEM NpekHero. Ha nere 3o He Tak, n6o B
MHHUMYMax Ipaduk JIy4eBbIX CKOPOCTEH CKaT 110 ocH BpeMeHH dpdekrom Put-
na (puc. 2). Emeé OpicTpee mpouCcXOuT MOBOPOT opOUTHI myinbecapa PSR JO737-
3039, orkpsrroro B 2003 1.,— monHbIH 060poT 3a 21 roz. [To3TOMy CKOpPO T0TKHBI
OOHAPY>KUTHCSI HECTHIKOBKM OKMIAEMOTO M HaOIfogaeMoro rpaduka JIydeBbIxX
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ckopocreil. HabnrogaeTcss ”UMEHHO KpUBast JTy4eBBIX CKOPOCTEH ¢ TIEpeKOCOM 110
saddexry bappa, ot adhdexra Putna [Z13, Z19]. HecoorBeTcTBUSI IPUBEAYT, MO
Mepe BpaIIeHus! OpOUTHI, K MHUMOMY H3MEHEHHIO SKCIICHTPUCUTETA H CKOPOCTH
meHTpa Macc, 9to u Habmonaetcest y PSR 1913+16 u apyrux nBoitHbx 38831 [Z20].

YToObl BBISICHUTH MCTHHHOE YCTPOWCTBO MAarHMUTHBIX 3BE3J, HOBBIX U
CBEPXHOBBIX, HAJIO CBSI3aThCsI C OOMTATENSIMU UX TIAHET, JINOO ClieTaTh K HUM. B
9TOM TOKE TIOMOYKET OATUTHCTHYECKAs TEOPHs, TO3BOIIIONIAS CTPOUTH aHTUTPaB-
JBUTATEIH (B T.4. MATHUTHBIC ), CBEPXCBETOBBIC KOPAOIH U epenaTyuku [15, 22].
IIpu pasroHe 3MeMEHTapHBIX YaCTHUI[ IO CBEPXCBETOBBIX CKOPOCTEH C UX MOTO-
KOM MOYKHO TIEpECBUIATh COOOIICHNS B NANEKHE 3BE3HBIC CUCTEMBI 32 CEKYH/IBI.
Taxast cBepXCBETOBas TeErPaMMa-MOIHHUS TPEACTABIACT COO0H MOTYTHPOBaH-
HBII MTOTOK 3apsDKEHHBIX YaCTHII, PA30THAHHBIX YCKOPHTEIEM, IPUMEPHO KakK B
¢ubmMe «Most Mayexa-MHOTUIAHETSIHKa).

Kocmuueckuil nBurarens MOCTPOWTh HAMHOTO ciokHee. OH TOIDKEH
OBITh NETKUM U 3(PPEKTUBHBIM, PA3TOHATH YaCTHUITHI O BBHICOKMX CKOPOCTEH ¢
MUHUMAaJIBHBIME 3aTpaTaMy SHEpTHH. Takol qBUraTeIh TOXKE MOKHO TIOCTPOUTH
Ha OCHOBE 0AJUTUCTUYECKOM TeopHu. J[iIst 5TOT0 pasroH 4acTHI] MOKHO OCYILECT-
BJISITh YCKOPUTEISIMU THIA TaHAeMHOro [Z21]. BHavase mojoKUTENbHO 3apsi-
JKCHHAs TuadparMa MpUTATUBACT M YCKOPSET OTPHUIATEIHHBIC HOHBL, a 3aTEM B
TOHKOM CJIO€¢ (DOJIBI'H WJIH TIPH BO3ACUCTBUH JIA3EPHOTO U3ITYYCHHUS TPOUCXOIUT
00IpKa AIIEKTPOHOB U OCTABIIEECs MOJIOKHUTENIFHOE AP0 aradparMa ycKopsieT
YK€ OTTaJIKUBaHUEM. MOKHO yCTaHOBUTD PsiJi TAKUX CEKLUH, I00YEPENHO IIPU-
COCIHMHSSA U OTPBIBAs JICKTPOHBI OT aTOMOB. TaKwe 3HaKOTIepeMEHHBIE TNTAaCTHHBI
MOYKHO 3apsSIUTh CHIIBHEE, YeM PsiJ IDTACTHH OHOTO 3HaKa. He HCKITF0YeHO, 9TOo
KOCMHUYECKHE JIy4d CO3JJaHbl MIMEHHO MOTOKAMU CBEPX3HEPTHUHBIX YACTHI[ OT
MHOIUTaHETHBIX KOopaliieil, a BOBce HE OT MAarHUTHBIX 3BE3/-ITYIbCAPOB U CBEPX-
HOBBIX [Z22]. C apyroii CTOPOHBI, 3TH 3BE3/1bI, OCTATKU CBEPXHOBBIX, MYJILCAPHI
MOTYT CTaTh YAOOHBIMH OPHEHTHUPAMH JUII KOCMHYCCKUAX MyTEIICCTBHUI, B TOM
YHCIIe YISl ONPeIeNICHNs] KOOPIMHAT U CKOpOCTH Kopadist. Tak, yacTora UMITyJIb-
COB ITyJbCAPOB, YMCIIO SIPKUX Y3JI0B Ha cBeTsmeMcs Konbile SN 1987A u npyrux
KpaTHBIX N300pakeHnH, OyeT MEHATHCS B 3aBUCUMOCTH OT CKOPOCTH U TTOJIOXKe-
HUS KOCMHYECKOTO KOpaoIs.

Jpyroit TUn aBUTaTens — MarHUTHBINA — OPUEHTUPYET CUIbHBIM MarHuT-
HBIM TIOJIEM paclajaronipecs sapa (HampuMmep koOambra), KOTOphIe yKe caMu
Mo ce0e M3TYJaroT YaCTHIBI C OTPOMHBIMH CKOPOCTSIMHA. [T0CKOIBKY TPOIYKTHI
pactmaga BBUICTAFOT IPSHMYIICCTBCHHO B OTHOM HAaIPaBJICHUH, IBUTATENb OyIeT
CO3/1aBaTh OLIYTHMYIO TATY Jake 0€3 TOMOIHUTEIBHBIX 3aTpaT Ha yCKOPEHHE Ya-
ctuil. CnemyeT TONbKO MoJ00paTh THII Aep, Y KOTOPBIX Jensiuecs (parMeHThl
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MMEIOT HauBBICIIYIO Maccy M 9HEPTrHIo, a IepHo/] 1oirypacnaga Mai. MueansHo
JUISL OTOW 1IeJIM TOAXOAAT Pajuii M TpaHCYypaHOBBIE ANIEMEHTHI. Jlaxke B OTCyT-
CTBHME MarHUTHOTO IIOJISl MUPHUaJIbl KPYIHUI] TAKOI'0 BEIeCTBa OyIyT cO3/1aBaTh
3aMeTHYIO TATy. Eciin ke aToMbl 5TOT0 BelecTBa emé 1 OpueHTUPOBaTh MarHUT-
HBIM TOJIEM (HalprMep, B TOHKOM CJIO€ BOIbI), TSATY MOXHO OyJIeT CyIeCTBEH-
HO THOBBICUTH. Bripouem, spdexTrBHOCTS M 0€30MACHOCTH TAaKOrO JIBUraTels
HE CJIMILIKOM BEJIHMKa: OH 00ECIEYHUT CKOPOCTh KOCMHYECKOTO KOpaldiIst mopsiiKa
CKOPOCTH CBETa, a ypPOBEHb pajuanuu OyJeT o4eHb BeJuK. [IJist 3aiuThl OT Heé
rorpedyeTcs TojcTasi OpoHs, KOTopast, IOIVIOIas TPOAYKTHI pacmajia, BbUIeTaro-
mue Briepén, OyneT coobiars kopadito 100aBOUHBINA UMITyJIbe. EnuHcTBEHHOG
MIPEUMYILECTBO TAKOTO JIBUTATEINS — IIPOCTOTA U JICIIEBU3HA: KaK B XMMHUYECKUX
pakeTrax TOIUIMBO 3/1eCh OyJeT cpa3y ¥ MCTOYHMKOM SHEpPIuu, U paboyrM Belle-
ctBoM. Maest takoro nsurarens npenioxena . JhxoyHcoMm [Z23] u sipko mpo-
wrocTprupoBana B puiibmMe «Diradboepy.

o GayumcTHyeckoi TeOpHK BO3MOXKEH M YMCTO MAarHUTHBIN JIBUTATEINb,
OPHEHTHPYIOLIMI MOIIHBIM MarHUTHBIM IOJIEM 3JIEKTPOHBI TaK, YTOObI OHU UC-
ITyCKaJIM YacTHUIIBI-PEOHBI IIPEUMYIIIECTBEHHO B OJIHY CTOPOHY, CO3/aBasi peak-
THUBHYIO CHJTY. DTOH 1I€JIM MOTYT CIIy>KUTh HOBbIE MAarHUTHBIE MaTepHalibl, BHICO-
KOTEMIIepaTypHbIe CBEPXIIPOBOIHHUKH. Toro xe adexra MOKHO TOOUTHCS ObI-
CTPBIM BpaIllEHUEM JIMCKOB. BBIXOIUT, Iy TOUHBIN MarHUTHBII ABUTaTENb U3 110~
Becreit Cupano nie bepxepaka «noii cger...», H. HocoBa «He3naiika Ha JIyHe»
He Tak yx (aHtactudeH. TakuM oOpa3om, JeTaresibHbIe annaparbl U3 CKa3oK,
Bkittovast ckazku llexepesanpl «Thics4ya 1 0/JHa HOUBY», U3 PYCCKHX, CJIABSIHCKUX
HapOIHBIX cka3ok [Z24] tuma «Cemb CumeoHOB» u «JleTyunii kopabiiby (cM.
OZHOMMEHHBIH MYJBT(QHIbM), BO3MOXKHO, BIIOJHE pPEAIN3yeMbl, €CIIM IOJ0-
Oparh, KaK B CKa3Ke, 0COObII Marepua, CO3lalolnil MOABEMHYIO CHITY, O Y&€M
nucai emé Cudr, ne bepxkepak u Yamwic. OCOOCHHO UHTEPECEH JIBUTATEIb Jie-
Ty4ero kopaous, rnosiér koroporo 24 utonst 1709 r. (3a 75 ner no nonéra Mosn-
ronb(bepoB U 3a 200 yeT 10 co3naHusl OAJUTUCTUYECKOW Teopuu) Haldionana
Macca Hapojy, YTO JOKYMEHTAJIFHO 3aCBHUJIETEIHCTBOBAHO BEHCKOH TIa3eToil.
Otot neryunii kopabib «Passarolay mocTpoun U3BeCTHBIN Opa3HiIbCKUN UHIKE-
Hep bapranamey Jloypency ne ['yxxmaona. [lo omucanuio kopadib OTIHYAICS
OT OOBIYHBIX a9POCTATOB, & JABUTATEIEM €My CIIYXKHJIM MarHUThl U NEPHOTUIHO
YKpEIUIEHHBIE KYCKH STHTaps (CII0COOHOT0 AIIEKTPH30BATHCS, 3aPSIKATHCS).

KoHneuHo, Tsira Takux JBUTATENIEH BPSL JIW BEJIMKA, 3aTO BpeMsl JCHCTBHUS
HE OrpaHHYEHO, U MPH JUINTEIbHBIX NONETaX JBUIATeN MaJOH TSATH JAIOT Iie-
peBec Mo cpaBHEHHUIO ¢ pakeTHbIMU [Z25]. Bo3moxHo, kopadip «Passarolay u
OITMCaH B pacckasax, puibmMax o bapoHe MroHxray3eHe u ero nojérax Ha Jlyny.
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WuTtepecHo, 4TO B OCHOBE Oaek 0 MIOHXTay3eHe M ero MOoMOILIHUKAaX — pyccKas
cka3ka «Cemb CumeoHoBY. Benib icToprueckuii 6apon MioHXray3eH J0JITo CITy-
w1 B Poccun, a B ['epmanuu moBenan o cBoux npukiroucHusx [Z26]. ITo mo-
THUBaM JTHX CKa30K CHST M BOCTOUHbIH (uiibM «CeMb caMmypaeBy, U 3araHblid
¢unbM «BenukonenHast cemépka» [Z2]. [la u B moBectu H. Hocosa «He3naiika
Ha JIyHe» BUIHBI MOTHBHI TOH ke cKa3ku. Bo3MokHO, B cka3ke o cemu Cumeo-
HaX ¥ MIOHXTay3€eHe MMOJ CBEPXCIOCOOHOCTAMHU OpaThEeB-IOMOIIHUKOB 00pa3HO
onmucaHbl QYHKINH Pa3HBIX MPHOOPOB KOCMHUYECKOTO KOpadis: TaabHOOOIHAS
CBSI3b «BBICTPEIAMI» MUKPOYACTHL], PETUCTPATOP 3TUX YACTHII-(CITyXaud», «Te-
JIECKOID», «XOJIOAMIBHUK» ISl «JIBUTATEIISD», «3aIPABIINK U KOHBEPTEP) — MOIJI0-
TUTEJb TOIUIMBA U TpaHc(opMaTop MaTepuu Jyist ABUTaTeNs, U T.1. [1o kpaiinei

OTCEKKW

Puc. 7. CxemMa KOCMUYECKOTO Kopabns ¢ nnasmeHHbIM
3aWWTHBIM  3KPaHOM W NNa3MEHHbIM JBUraTenem:
CTpykTypa marHutHOro nons (a), eua B paspese (6),
TPaeKkTopwun ABWKEHUA 3apAA0B HA rPaHuLEe NosCcoB (8).

ITockonbky mpu c60€ MBUIMHKK YacThb 3JIEKTPOHOB BBIOBIBAET, UX 3arac
HAaJIO TMOTIOJIHATh, CKaYKEM, 3a CUET BTOPUIHON IMUCCHUH NIEKTPOHOB U3 aTOMOB,
BTN B Xofe mx OomOapampoBku. Hambonee ymoOeH Kopabib cheprudeckoit
(hopMBI, HATOMUHAIOITNI MOHTONBb(BEP WIH 3BE3AONET U3 QribMa «ABTOCTO-
oM 1o [amaktuke», mynsTdrisma «[IuH-kom» n moBectn I. Yamica «IlepBeie
moau Ha JIyHe». MaruutHoe 1ojie MOKeT MIMETh Pa3HyI0 KOH(UTypanuio: TOpo-
UAAIBbHYIO (YaCTHUIIBI OTHOAIOT KOpaldilb IO KPUBOJIMHEWHBIM TPACKTOPHSIM, PHC.
7), NONONJANBHYIO, KaK Y 3eMJiIH (TPaeKTOPUHU YacTHIl HABUBAIOTCS 110 BUHTO-
BBIM JIMHUSIM BOKPYT MarHUTHBIX JIMHKH B, 00pa3ys mosica TIa pajuanioHHbIX
nosicoB Ban Aitena, puc. 8), mi0o ciioxHyo. B iepBoM ciryyae BUTKH C TOKOM
TIPOXOJISIT 110 MEpUIMaHaM cheprHuecKoro Kopaobiisi, BO BTOPOM — I10 MapauieisiM
(kak B m1ape, M3roToBJIeHHOM [ MIbOEPTOM ISt IEMOHCTpAIIMK MarHeTu3ma 3em-
mu [Z30]), a B TpeTbeM — ToJie co3AaéTcsl JUIIb Ha n3rndax xopmyca. [Ipu to-
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POMIANEHON CTPYKTYPE TOKOHECYIIHE KaOeIH WIIM CBEPXIIPOBOIHUKH JOJIKHBI
HAMaThIBaThCs TAK, YTOOBI C IBYX CTOPOH MAarHUTHOE IOJIC B JIBYX MOJTYIIAPHUSIX
ObL10 HanpasieHo BeTpedHo. [Ipu 3amycke ¢ Hoca KopadJsi POTHBOIIOIOKHO 3a-
PSKEHHBIX YaCTHII (JICKTPOHOB U MMO3UTPOHOB, TIOJIOKUTEIBHBIX U OTPHUIIATEITb-
HBIX HOHOB), MOJIOKUTEIBHBIE 3aPsIbI JIETAT BIIOJIb OJJHOTO MOTYIIAPUs, & OTPH-
LaTeIbHbBIC — BIOJB APYyroro (puc. 7). He3amuiméHHpIM OCTaHEeTCS JIUIIb Y3KHIA
MTOTPAHUYHBIN MOSIC MEK HUMH. Ero MOXXHO 3allIUTUTh, C TIOMOIIIBIO JT00aBOYHBIX
MarHuTOB MyCKas YaCTULIbI 3MEHUKOI, EPEKPhIBAIOIIECH BO3ZMOKHBIE TPACKTOPUU
HaJeTaronMx yacTtull. Torna mosica 3apsHKeHHBIX YacTULl HATIOMUHAIOT TEHHUC-
HbI Ms4. [IpumMeHeHre IBYX TUIIOB 3apsiI0B KOMIIEHCHPYET OTTAIKMBAHUE MTy4-
KOB U OaHYCH U3 OJHOMMEHHO 3apsDKCHHBIX YacTHIl. [1o3ToMy B uiease cieayer
YBEJIMUYUTH YKCIIO KOJIEll, TOSCOB U3 YePEAYIOUINXCS PAa3HOUMEHHO 3apsKEHHBIX
yactull. [IpuMeHeHne 3alUTHOTO 3KpaHa U3 MO3UTPOHOB MO3BOJSCT OOOUTHCH
MEHBIIEH KOHIIEHTpAIMel YacTull, MOCKOIbKY aHHUTHIISIIUS TIO3UTPOHOB C Ya-
CTHIIaMU TBUIH MPUBOAUT K MUKPOB3PBIBY, PACIBUISIOIIEMY U OTOPAChIBAOIIC-
MY MbLIb, METEOPUTHI.

oTCeKn

Puc. 8. Cxema Kocmu4veckoro Kopabns ¢ nnasMeHHbIM
3alUNUTHBIM 9KpaHOM nNpu reHepauun nonsa nNOBEPXHOCTHLIM
TOKOM (&), UNK coneHouaoM ¢ ABYMS BapuaHTamu asuxeHus V, (6).

[Ipu numonbHOM CTPYKType MoJsl YacTHIAM He 00s13aTeIbHO MpOJIeTaTh
00paTHO K HOCOBOM YacTH CKBO3b KOPaOIb — OHU MOTYT CHOBATh TyAa-00paTHO

BI10JIb MAaroHuTHBIX CHUJIOBBIX HHHHﬁ, 3alcpThIC B MarHUTHOM 6yTI>IIIKe, HO)I06HO

n00poMy JDKUHY orpakaast kopabmnb (puc. 8). MarHuTHOE MoJie TP 3TOM 3ally-

maeT Kopadib ¥ caMo 1o cebe, OO OCHOBHAs Cpefla KocMoca — 3TO TuTa3ma — 3a-

PAKCHHBIC YaCTULIBI, A/1pa, NOHBI, OJICKTPOHBI. Binieras B MaruuTHoOE mose B, OHH

OTKJIOHAIOTCA UM WJIM 3aKPYYUBAIOTCA, KaK YaCTHUIBI COJTHECYHOTO BETPa B IOJIC

3eMutH, TeM CaMbIM TI0JIE 3alTUIaeT Kopabib Tak ke, Kak 3eMitro. Takoi 3aiuT-

HBIH DKpaH crioco0eH 3alUTHTh KOPaOJib U OT CHAPSIOB, OT CTOJIKHOBEHUH C ApY-

TUMHU KOpa6H${MI/I 1 KPYITHBIMHU ME€TCOPUTAMM, €CJIU IMOTOK DJICKTPOHOB UCIIapsACT
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Mepe, B pacckase P. lllexnn «CnenuanicT» paccMOTpEHa UIMEHHO TaKasl BepCusl.

Ha OKOJIOCBETOBBIX M CBEPXCBETOBBIX KOPaOJsIX Ba)KHO Takke obdecre-
YHUTH 3aLIUTY KOPAOIIsi OT MUKPOMETEOPUTOB, MEK3BE3THOTO Ta3a U MbIIH, ITPEa-
CTaBJIAIOUIMX Ha TAKUX CKOPOCTAX CEphE3HYIO Yyrpo3y aist Kopaodms. Tyt momo-
JKET TEXHOJIOTHS 3alUTHOTO JKpaHa, MpeaokeHHOro Myp3mikoll B NOBECTH
«S16ena-Kopsibena u €€ mpoaenku»: Juisl 3alMThl OT OIS OH MpeJyiarai cje-
nath GOHTaHbBI, CTPYH KOTOPBIX COMBAIOT KAIlIH JOXKAS, OKPY’Kasi IEPUMETp He-
poOMBaeMOM CTEHOW. A JUIsl 3aLIUTHI OT KOCMHYECKOTO JIOKAS U3 MUKPOMETE0-
PHTOB, IBIJIM ¥ aTOMOB TTOCITYKaT MOTOKH 3apsHKEHHBIX yacTull. Jist oTux nenei
TOXKE MOAOWIYT YCKOPUTEIH M HAKOIMUTENHM 3apsKEHHbBIX YaCTHLl, HO BEIHECECH-
HBIE HapyXy Kopaois. [IoTokH 31€KTPOHOB U A/ep, IUPKYJIUPYIOIIUE B BAKyyMe
BOKPYT' KOCMHUYECKOT0 KOpaoJIsi, CO3al0T CBOETO PoJia 3al[UTHBIN SKpaH B BUJIE
TOPOUAANTBLHON 00004KH (C 00pa3yrolieil B BUIC TPACKTOpUU dacTuil [Z27]).
Onu cOMBAIOT ¢ TTyTH KOpaOJIsi aTOMBI r'a3a, YaCTHUIIBI [TbUIH, MUKPOMETEOPHUTHI U
KOCMHUUECKHH MYyCOp, OTAaCHbIE U JIJIsl OKOJIO3EMHBIX KOpalieH, Jaxke eciy pedb
UAET 0 HUUTOXKHOM KpyTUIle KpacKku, yacTurle caxu [Z28].

Jist 9TOro BOKpYr KOCMHUYECKOTO KOpalisi clieyeT CO3JaTh MarHUTHOE
moJic B, B KOTOpOM YacTHUIIBI, BEUICTASI M3 HOCOBOM YacTH KOpaoiisi, orudanu 0 ero
T10 TIEPUMETPY, CONBast TOCTOPOHHKE YaCTHIIbI, U, 3aJIETasi B KOPMY, BHOBb HallpaB-
JISUTUCH OBl K HOCy Kopalist (puc. 7). OeHUM IIIOTHOCTh MOTOKA YacTHIl, He00-
XOAUMYIO JUTS OTPAXKEHHUS yIAPOB MUKPOMETEOPHUTOB, MBLTHHOK JramMeTpoM d~1
MKM (THIIMYHBIA pa3mep KocMudeckoi nbuin). Ckopocth nbutMHKH V~10 xM/c,
macca M~10"" kr, ummynbce p=MV. UTo0bI COMTH MBUTHHKY, HY’KHO COOOIIUTH e
MIPUMEPHO TAKOH YK€ UMITYIIBC p. DTOT UMITYJIBC COOOILAIOT yAaphl AIEKTPOHOB,
KOHIICHTpAIMs KOTOpBIX N, Macca m~10-3° kr, ckopocth V~10% M/c. Cuna, co3na-
BaeMas yJapaMM 3THX YacTHIl B ceUeHHe MbUTMHKY S=ntd?/4, cocraBur F~mnSv2,
UYacruiia, 3a Bpems nponéra At=L/V ckBo3b 0aHY WK y4OK TONNIHHOM L=1 cM,
JIOJDKHA TproOpecTH nonepeynslid uMiynsc p=FAt. Otcrona HeoOXonumas KoH-
HeHTpanus yactuil B myuke N=4MV ?/mrd?v2L=10% cmM~ — Takue KOHIEHTpaI|H
TUIMYHBI U151 TOTOKOB YaCTHII B BAKYYMHOH PEJIITHBUCTCKON, BHICOKOYACTOTHOM
ANIEKTPOHHUKE, TJIE SHEPTUH ANMEKTPoHOB focturarot 0,5 MaB, a tokn I~10 kA (ru-
POTPOHBI, YOUTPOHBI, JIa3epbl HAa CBOOOAHBIX AEKTPOHAxX ¥ T.1.). [Ipu yBenuue-
HUH CKOPOCTH V YaCTHI[ MOXKHO OOOWTHCH M MEHBLIMMH KOHIEHTpalusIMu. Tak,
npu nopent-pakrope y~1000, n=4MV mnd2c?y?L=10° cM™ — KOHIIEHTpAIlHs
TUMUYHAS 75t OaHUel B CMHXPOTpPOHAX, Tae B ummyibce ~10° wactui [Z229]. C
POCTOM CKOPOCTH KOpalIisi 10 OKOJIOCBETOBOM Oy/IeT HapacTaTh CKOPOCTh BCTPeY-
HbIX yactul V. T.e. mpuaércst MOBBIIIATH CKOPOCTh U KOHIIGHTPALMIO JJIEKTPO-
HOB. [Ipy TakuX BBICOKMX KOHIEHTPALMIX M CKOPOCTSIX MIPOUCXOAUT YKe HCIa-
PEHHUE YaCTHIl TIOTOKOM 3JIEKTPOHOB, KaK ITpH IJIa3MEHHOM, 3JIEKTPOHHOMN pe3Ke.
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UX Kak NpH 3JIEKTPOHHOM, IIa3MeHHOH pe3ke. Kpome Toro, mosic 3JeKTpoHOB
pacceuBaeT, 0TpaXkaeT, KaK IIa3MeHHOE 3epKaJlo, Najiarolee Ha Kopalib u3iyue-
HUE, HAITPUMeEP JIa3ePHOE, T.€. BHITIOJIHSIET BCE (DYHKIIMH 3aIUTHOTO KpaHa KaK B
¢dubMe «3BE3HBIC BOIHBD), HAPUMED Y UMIIEPCKOH 00€BO# cTaHIMKU B hopme
mapa. Koaddumuent orpakenns mia3MeHHOro 3epKalia ToMmuHoi L 6nm3ok k
eIMHHUIE TP KOHIIEHTPAIMH 3J1eKTpoHOB N~1/(LAr,), Kak crenyeT n3 Gopmysibt
JUTSL JUTHHBI Tiepensiyuerus [Z19], tae ry=3-107"° M — ki1accuyeckuii pagnyc 31ek-
Tpona, A~107° M — qiHa BOJIHBI TTaaaronero uinydenus. Orcrona n~10% ecm, Te.
TOTO K€ MOPSIJIKA, YTO TPEOYETCs AJIsl 3aIUTHI OT MBI M BIIOJIHE JOCTHKUMOTO.
Takoi kKopaOib, CBETSIIIMNCS OT MOHU3AIMU aTOMOB ra3za M OTPAXKEHUs CBETa,
eclii OH uMeeT emmé u OoMbIIoN pa3Mep, OyJeT BOCIPUHUMATBCS Kak 3Be3Ja C
KOHBEKTUBHBIMU suciikamu [Z1], oOnanaroniasi BA0OABOK MarHUTHBIM ITOJICM.

IIpuHIUN mMIa3MEHHOTO 3epKaja IO3BOJSET CKOHCTPYHUpPOBAaTh M Jia-
3epHBIA M€Y U3 TOTo ke (QuibMa. /11 3TOro HECKOJBKO JIa3epHBIX JIydel ToJ
OCTpPBIM YIJIOM (DOKYCHPYIOT B OZIHY TOUKY, I7ie 00pasyeTcs Iia3Ma, Iiia3MeHHoe
3epKayo, OT KOTOPOTo Ja3epHbIe JIyYH OTPa’KaroTCsl, BO3BPAILAsCh B PE30HATOP
(puc. 9). Takyro ropsuryro Mmia3MeHHYI0 TOYKY MOXKHO BHIICTh B (POKYCE MOIIIHO-
ro emTOoCeKyHIHOTO J1a3epa. B Bo3myxe, B 30He nepecedeHust Ja3epHbIX Jyden
o0pa3zyeTrcs IUIa3MEHHBIN NIHYP, OTPaKAIONIHi JIa3epHbIC JIYYH U MOJOKUTEIb-
HO 3apsDKEHHBIN, MOCKOJIBKY B IJIa3Me OBICTpBIC JIETKHUE DJIEKTPOHBI MTOKHIAIOT
o0nacTh 00TyUeHHs, a MOJIOKUTEIbHBIC HOHBI He ycneBatoT. [ToaToMy ropsimne
OZIHOMMEHHO 3apsDKCHHBIE «JIE3BUS» JIA3EPHBIX MeYel OTTaJIKUBAIOTCS, OTCKa-
KHMBAIOT OJIHO OT Jipyroro. VM3BecTeH psj TakuX MPOEKTOB Jla3epHBIX Medei (B
T.4. y M. T'ajnuHCKOro) n naxke NEHCTBYIONIMX MPOTOTUIIOB, MIPaB/ia C MUTAHH-
eM OT MpoBosoB. Takue yazepHble OPYIUsI PUTOAATCS U JUIS PACUMCTKHU ITyTH
KOpadJIsl OT KPYIMHBIX MeTeopuToB. [Ta3MeHHbIME TOuKaMu Jlaxe (GopMHUPYIOT
MOZIBMKHBIE 00BEMHBIE N300PaKEHHSA-TOIOTPAMMBI B BO3/YXE.

[Tna3meHHBIN 9KpaH (HE MyTaTh C TEIEIKPaHOM!) MOXKET BBINOIHATH U
(YHKIMU 3alIMTHOTO MPOTHBOMETEOPUTHOTO Kynosia [Z31], Hanpumep y Koiio-
Huii Ha Mapce, JIyHe u criyTHUKaX Ipyrux riaHet. [{jist 5Toro neHTpaibHbIA Mar-
HUT CJIEJyeT OKPYXHUTh KOJIBIOM U3 epr(epuitHbIX MarHUTOB, MAarHUTHOE MOJIE
KOTOPBIX MO 3G PEKTy MarHUTHOU MPOOKH, OTPaXKaeT TPACKTOPUH 3apsKEHHBIX
YacTHll, 00pa3yoUUX 3allMTHBIC MOJIOCKHI THUIA 3yOII0OB Ha KPEIOCTHOH OamrHe
(puc. 9). Takoli Kynost MOXET Jlaske yIep»KUBaTh aTMOC(epy BHYTPH, TOCKOJIBKY
ANIEKTPOHBI ITPH CTOJIKHOBEHUSIX C MOJIEKYJIaMH BO3/lyXa, HAJICTAIOIMMH Ha Tpa-
HUIIBI KyTI0J1a, HOHU3YIOT U OTTAJIKHBAIOT X 00paTHO, CO3/1aBast TOCTOSTHHBIN TOK
raza (MOHHBIN BeTep), MEIIAIOIINIT MPUOIMKEHHUIO APYTUX aTOMOB Bo3ayxa. Tak
BO3JyX OyJIeT yAep>KUBAThCS MO KYIIOJIOM, BII0OOaBOK HOHH3YSICh. Tak 4To Kymou
BBINOJHSLT ObI e1é 1 QyHKIMH JTIOCTPBI UNMKEBCKOTO, HACKIIIAsl BO3/1yX HOHAMH,
YTO 0COOCHHO Ba)KHO BO BpeMsi JIYHHOM HOYHM, Juisiieiics nBe Hexenu. Kak mo-
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kazan YmxeBckuil [Z32], UMCHHO AC(HUIUT UOHOB YaCTO BBI3BIBACT YTHETEH-
HOC COCTOSIHUC Y OOuTaTeNIeH 3aKPBITHIX MOMCIICHU, OpOUTATBHBIX CTAHIIUI U
MOJI3¢MHBIX OyHKEpOB. VM HaNpOTUB, CBEXKUI BO3IYX, HACBIIICHHBIM HOHAMH, Ha-
MpUMEP B TOpax WM Mocie r‘po3_lI;1_, _60[&)1“, CTUMyJHpYeT )KI/_IE?%I‘[EHTGIILHOCTL.

Featlt A

nnasMeHHoe 3epKano
Puc. 9. Cxembl TexHonorui npownoro u Byayuwero
neTyuuii kopabne “Passarola” (a), 3awmTHbIi Kynon (6)
NpoekT nasepHoro Mevya W3 WHTepHeT-U3aaHwui (8)

Camoe nHTepecHOe, YTO 3aIUTHBIN 9KPaH MOITYTHO BHITTOIHSI ObI (DyHK-
UM ABUTATEIIS, BEJ(b TP CTOJIKHOBEHUSIX 3JIEKTPOHBI, OTOpAchIBast Ha3a/[ IIOTO-
KM Tra3a 1 nelm (puc. 7), MpUAAIoT KOpadirio UMITYIIbC, HAlPaBICHHBIN BIIEPE.
TopounaneHbIi TIA3MEHHBIH BUXPh BOKPYT KOpaOIIsi BMKET €ro, Mogo0HO KO-
JIEYKy JIbIMa B BO3IyXE, BUXPEBOH TpyOKe Ha MOBEpXHOCTH BOAbI min ComHia
[Z1]. Xotst kocMuYecKas cpenia KpaiiHe pa3pekeHa, Ha OKOJIOCBETOBBIX CKOPO-
CTAX €€ TIOTOK JOCTATOUCH JUTS CO3/1aHus TATH chepraecknm kopadbiém. Tak uto
Gaitkn MionxrayszeHa, CupaHo M aHEKJOTHI PO C(HEPUUECKOTO KOHS HE TaK yxkK
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(anracTnuHbl. BO3MOXHO, TaKo# IBUTaTeNIb CMOXKET paboTaTh U B pa3perKeHHON
armocdepe, B €€ BEpXHHX CJIOSIX, IOCKOJIBbKY TPH BEICOKHX CKOPOCTSX JJIEKTPO-
HOB OHH, CTaJIKUBAsICh C aTOMAMU, OYTH HE MEHSIOT HaNpaBJICHUN JIBUKEHUSI.
IIpy CTONKHOBEHHSAX HMEKTPOHOB C aTOMaMHU BO3HHKAaeT MOHHU3AlMsg U CBeue-
HUe arMocdepbl. A B OTCYTCTBHE CTOJIKHOBEHHUH MOTOKHM 3JIEKTPOHOB 00pazy-
10T MJIA3MEHHOE 3epKallo, OTpaXarolllee Bce BUAbI u3nydeHuil. He nckiroueHo,
YTO CIy4au HaOIOJCHUS 3ePKAIBHON «ITOBEPXHOCTHY M CBEUCHUS «JICTAIOIINX
TapeJIOK» B BUJE JWCKOB, TOPOHUIOB OOBSICHSIOTCS TAKUM JIBUraTesieM W Kpa-
HOM, HETIpOOMBAEMBIM JJIsl 3EMHBIX PAKET, CHapsA0B, 3amyckasimxcs no HJI10
¢ 3eMHBIX ucTpedurencii u opyauii [IBO. [IpoOutk Takoii sSKpaH criocoOeH 100
KPYIHBIA 00BEKT ¢ OOJIBIION CKOPOCTHIO (TapaH), IM00 SHEPTUYHOE H3ITyUeHHE,
CKayKeM OT OJIM3KOTO SIIEPHOTO B3PbIBa, JINOO 0Yepe/ib N3 CHAPSIO0B C OYCHb BbI-
COKOH cKopocThio ~100 KM/C U3 MarHUTOKYMYJISTUBHON nymiku. Cepust cHapsi-
JIOB TI0O3TAITHO BBIBOJIUT JIEKTPOHBI U3 TOTOKA M IPOOMBAET AJICKTPOHHBIN IIUT.

Takum oOpazom, OayTMcTHUECKas TEOPHs HE TOJIBKO OTKPbHIBAaeT IJia3a
Ha UCTUHHOE YCTPONCTBO KOCMOCA, 3BE3HBIX CUCTEM, HO U MO3BOJISIET CTPOUTH
KOCMHMYECKHUE JIBUraTeNn A uX focTuxkeHus. OqHaKo B HacTodllee Bpems Mo-
CTPOMKY TaKMX MEXK3BE3HBIX KOpaOiell U OCBOCHUE TANaKTHYECKHX Tpacc BCE
BpeMsl OTKJIa/IbIBAIOT, TOAMEHSSI HCTUHHBIE MTyTEUIECTBUS WLTIO30PHBIMHU, BHUP-
TYaJIbHBIMH MTPaMH B KHOEPIPOCTPAHCTBE, HACaK/Aasi KyJbT HACIAXKICHUH U
npespainas 3emito B cBoero poaa «OctpoB aypakos» u3 «Hesnaiiku Ha JlyHe»,
a Jironiei — B 6apaHoB, JIOMAITHUX JIIOOUMIIEB U3 oqHoMMEHHOM moBectH K. by-
npluéBa. B uTOre HE TONBKO HE PA3BUBAIOTCS HOBBIE TEXHOJIOTHH, HO U CaMU
JIFOJI HE3aMETHO ITPEBPAIaloTcs B 0apaHOB, KOTOPBIMHU JIETKO MaHHITYJIHPOBATh.
Kak BepHO orMeueHO B (miibMe «Tpacca 60», JTr0mu, OCBOMB BeCh 36MHOM IIap,
CTaJM JIerpaiupoBaTh, KOrja MepecTaiy JBUraThCs K IpaHulle, Oapbepy Heus-
BeaHHoro. Mrak, ocBoeHHe 0aUIMCTUYECKUX TEXHOJIOTHH MO3BOJIUT ClENIaTh
MarHuTHOE T10JIe U3 3€MHOT0 Oapbepa — JBUTaTeleM. A «MarHUTHBIC» 3BE3/IbI
yKa3alu MyTh K €ro MOCTPoiike, CTaB KOMIIACOM JUIs 3Be3/10J1ETa!
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MATHUTHBbIA KITIOY K MUKPOMUPY

OTa aBepla 1 3TOT 30J0TOH KIIOUHMK CHENIAHbI
OYEHb JIABHO KaKMM-TO HCKYCHBIM MacTEPOM.

A.H. Toncmou «3onomorii knouuk,

unu npuxmouenus bypamuno» [K1]

ATOM [aBHO CUMTAIOT OTKPHITOW KHUTOMN: SIKOOBI BCE 3araJKd MUKPOMH-
pa yKe pelieHbl U CTPOCHUE aTOMOB M Cy0aTOMHBIX yacTHil n3BecTHo [K2]. Ho
B TIOCJIE/IHIE TO/Ibl OOHAPYXKEH PsIJl ABICHUH, B KOPHE MPOTHBOpPEUAIINX MPEa-
CTaBJICHUSM 00 yCTpOMCTBE aTOMOB | >neMeHTapHbIX gactull [K3]. Tak, oOHa-
PY’KEH psiJi aHOMAJIMH HPU PACCESTHUH BBICOKOIHEPTUYHBIX MPOTOHOB. OTKpHI-
THI BBICOKOTEMIIEPATYPHBIE CBEPXIIPOBOIHHUKH Ccpeau (eppOMarHETHKOB, XOTS
MarHeTH3M BCETJa MPEMsITCTBOBAT CBEPXIPOBOANMOCTH [K4]. DTH cropnpussl
B TIOMCKaX y4YEHBIX HAIOMHHAIOT OIBITHI DIMCOHA, IEPeOPaBIIETO THICSIYU CO-
PTOB APEBECUHBI, IPEXIE YeM HANTH MOAXOISIINN MaTepya AJIsl HUTU B JTaMIIe
HaKaJIWBaHUs. A UCTUHHBIA H300peTaTenb TamMmbl — JIOABITHH cpa3y HAamIEN MoI-
XOJISIIIYIO YTOJIbHYIO, @ 3aTe€M M BOJIb()PAMOBYIO HUTh Hakana. Tak u yuéHble,
CITydaifHO OOHApy>KUB CBEPXIPOBOTUMOCTh M APYTHE CBOICTBA, OOBIYHO 00e-
CKypaKUBAIOTCs, Kak croyisip [Kys3emnmne, OTKpBIBIINN YIUBUTEIbHBIE CBOWCTBA
nosieHa. Takue CIoprpu3bl IPU MOUCKE METOJIOM «HAyYHOTO THIKa» BO3HUKAIOT
OT HE3HAHMA CTPYKTYPbI aTOMOB U X KOHITIOMepaToB. OTTOro Moka U HeT (aH-
TAaCTUYECKNX YCTPOUCTB, TUIIA JIEBUTATOPOB, TOPTATUBHBIX PeakTopos u T.1. Ho
Takoe 3HaHWe nact Oammuctuueckas Teopus (BTP) n MmaranTHast Mozenp aTroma
Putma, oTkpeIiBaromast Bce TalWHBI MUKPOMHpA Kak MarHUTHBIN Kifod [K5]. A
ITyTEBOIHOM HUTBIO B TAOMPHUHTE aTOMa CTAHET CIICKTPOCKOMHS, 3apOIUBILAsICS,
xoraa HproToH mpoOwit 0TBEpCTHE B CTaBHE U Pa3lIOKMII CBET B CHEKTp. Tak uTo
HaYHEM IMyTELIeCTBUE K LICHTPY aToMa, IPOJOIKHB paciIi(pOBKY PyH aTOMHBIX
CHeKTpoB, HavyaTyio Kupxrohom u Bynzenom B Te xe 1860-e roapl, Koraa KI0Ib-
BEPHOBCKHUI repoif, pacmmdpoBaB pyHHI IpeBHero anxumuka A. CakHycceMma,
TIPEATIPUHSIT Ty TEIECTBHE K LIEHTPY 3eMIIH.

PaccmoTpuM B kauecTBe mpoOHOTO KaMHS 3 dexT 3eemana. Panee mo-
Ka3aji, 9TO MarHWTHas MOJETh aroMa MpeKkpacHO oObsacHsAeT 3¢ddekt [K5].
HanomanM, 3¢ddext 3eemana COCTONT B pacIICIUICHUH KaXIOW CHEKTPAIbHON
JIMHUY Ha psJ KoMIOHeHT. Ho umcio, monokeHne 1 NHTEHCUBHOCTH KOMITOHEHT
YacTO HE COOTBETCTBYIOT IIPOTHO3aM KBaHTOBOW Teopuu. IlosTomMy BBOAAT HO-
BbIE MOJIEITH ¥ X YTOYHEHHMS, YTOOBI JOOUTHCS COOTBETCTBHS, a B Teopun Putna
BC€ IOJIy4aeTCs caMo.
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Puc.1. KnioueBag dopmMyna ana yrna Mex
MarHUTHeIM norem B v HopmManketo K rpaHu
W Tabnuya HOpPManbHOMC pPacLUEenneHus.
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[To Teopun Putna a¢hpexr 3eemana 00ycnoBIeH HAIO)KEHUEM BHEIITHETO
MarHuTHOTO 1OJIs B Ha BHyTpHaToMHOE nosie B, OunupamuiaibHOTo 0CcTOBa aTro-
Ma (puc. 1). Torna anekTpoH, KpyTSILIIMICS B MarHUTHOM TioJie aroma By ¢ pukcn-
poBanHoii yactoroi f;=eBy/2nm, MeHsieT yacToTy BpauieHus Ha f=e(By+B,)/2zm.
[Mpoexunst nmonst B,=Bcosa Ha HOpManb Z K IUIOCKOCTH BpAIIEHHS 3JIEKTPO-
Ha MOXET NMPUHUMATh PsAJ] 3HAUCHUH, B 3aBUCUMOCTH OT OPHUCHTAIMU aToma K
BHEITHEMY TIOJII0 U OT TOTO, Ha KakoW IPaHM CHAWUT I'€HEPHPYIOIINI AJICKTPOH.
CoOTBETCTBEHHO, BMECTO OJIHOM JIMHHMH, TEHEPUPYETCSl PSJl JIMHUK ¢ OIHM3KH-
mu yactoramu [K5]. Panee oOcymmmm renepanuto tpurwiera JlopeHna — Tpéx
muHUE B mpoctoM 3¢ddekTe 3eemana. Jlaxke 3mech KBaHTOBas TEOPHs JEacT
psn npomariek. Tak, KBaHTOBast TEOPHsI IPEJICKAa3bIBACT, UTO MPH HAOIIOACHUH
B/I0JIb MAarHUTHOTO IT0JIS1 BUJJHO BCETO JIBE JMHUM, a Ha JICJIC BUIHBI TPH JIMHUH,
B COINIACHM ¢ MarHUTHOH Mozienbio [K5], HO n3ityueHne neHTpaabHOM JINHUN HEe
TIOJISIPU30BAHO, ¥ MaJla €€ MHTECHCHUBHOCTB, ITOCKOJIBKY €€ TeHEpUPYIOT JIEKTPO-
HBI Ha MEPErOpoJIKE OCTOBA, IE MEKTPOH MOXKET OKa3aThbCs C BEPOSTHOCTHIO
1/3. Kpome TOro, y s1eKTpoHa, JETSIIEro 1Mo KpyroBoi opOuTe, 1o Juarpamme
HalpaBJIeHHOCTH MHTCHCUBHOCTH M3JIyYCHHUS B IUIOCKOCTH OpOMTHI B JBa pasa
HIDKE, YEM B TONEPEYHOM. A TIPH M3yUCHHH 4Yepe3 IMOJISIPH3aTOpPhl, U3MEPSIO-
IKe IUPKYISPHYIO MOJSIPU3aLNI0, HHTEHCUBHOCTD e cHipkaercs. CirydaiiHoe
JBIDKCHUE DJICKTPOHOB OT y3J71a K Y3y M COOTBETCTBYIOIIME MHTCHCUBHOCTH
CIEKTPAJIbHBIX JIMHUH MOXKHO paccunTars MeTogoM Monre-Kapio.
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A Termepb HcceayeM 0oee CI0KHBIC KapTHHBI PACIICIUICHUS, HAIPHUMEP
B CIICKTP HATPUs, JICTAITBHO U3YYCHHOM CIICKTpockomnucToM P. BymoMm, He ycTy-
MaBIIEM B IUIAHE 030PCTBA M JIETCKTUBHBIX MOMCKOB JICPCBIHHOMY UCIIOBCUKY
[K6]. XKénras munus Hatpust D, pacineruisercst Ha 4 KOMIIOHEHTBL. J[e10 B ToM,
YTO y THIIA aTOMOB HATPHs, KOTOPBIH TCHEPUPYET NAHHYIO JIMHUIO, OCTOBBI BO
BHCIIIHEM MarHUTHOM TIOJIC OPHUCHTUPYIOT OCH HE BIOJb mojs B, a moj yriom
0, BBUIly HAJIMYKS Y OCTOBA, KPOME COOCTBEHHOI'O MarHUTHOTO MOMCHTA, Mar-
HUTHOTO MOMCHTA JJICKTPOHOB, U OOIIMI MOMEHT J1; HAIIPABJICH MO yIJioM 0 K
ocu octoBa (puc. 2). B urore, nupamMuIanbHbI aTOMHBIA OCTOB B Tojie B mo-
BOpPAuMBACTCS BOKPYT JUATOHAIN KBaJPAaTHOTO OCHOBAHU Ha yroi 0, u y 3Jek-
TPOHOB, CHISIIMX Ha JIBYX CMEXKHBIX OOKOBBIX TPAHSX FCHEPHPYCTCS YaCTOTHI
f=fo(1£B4/By), a y amexTponoB Ha AByX apyrux rpausx f=fo(1+B,/By), rne mpo-
exiuu B;=Bcosa,, B,~Bcoso,. Torma BMecTo 0OQHOMN, BO3HUKAIOT 4 ONM3KHUX JIH-
HUU MIOYTU PABHON HHTCHCUBHOCTH, TIOCKOJIBKY pa3MEIICHHS 3JICKTPOHA HA BCEX
YeThIPEX TPaHAX OCTOBA PABHOBEPOSTHBI, KAK PaBHBI BEPOSITHOCTU BBITAIUTH
JAHHYIO MACTh U3 KOJIOJIbI KapT, YaCTO CKJIABIBACMBIX ITUPAMHUION, TUIIA OCTOBA
aroma. [To pa3Huiie yactor nerko Hait B;, B, u yrmist o 1 0 (puc. 2). [Ipu Takux
yIJIaX o MOHSTHO, MOYEMY JIMHUHU, COOTBETCTBYFOIIUC 0;=72°, UMCIOT MPOIO0JIb-
Hyr nono B m-momsipusanuio, a 0,=50° — momnepeyHyro G-nonspusamnuo. T.K.
0;,790°, 0,,70° ¥ OCTOB MOXKET BpaIIaThCsl BOKPYT B, y IMHUIT MOXKHO HAOIIONAT
U ClIa0bIC G- U T-KOMIIOHEHTEHI.

&, tmaHTMex | & BTP

0 |B| ¢ o Ar2mum fBe | coson
1] 16% |30° (48| +71.8° 0,33 +0,31
2| 16% Ja0°| 45° |+49.5%| o +0,67 +0,85

= |nonap

Puc. 2. Cxema pacwennenua D -nuHWWM
HaTpusA B MarHUTHoM none B Ha yeTbipe
KOMMOHEHTDI € YKasaHWeM nonapusalui.
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O1eHNM CTPOTO BEJTMYMHY PACIEIUICHHsL. YTOJI MEK/1y T'PaHbIO U OChIO Ou-
rmupamuabl f=30° [K5], maTa ock moBEpHYTA Ha yroi O K oo B, BokpyT ocu Bpa-
LL[EHHUS, PACIIOJIOKEHHOW B OCHOBAHUY OJHOM M3 UpaMUJI TI0J] yIJIOM ( K CpeIHEN
JIUHAH KBAJIPaTHOTO OCHOBaHWs (puc. 1). Toraa u3 TpUTOHOMETPHH JIETKO HAWTH,
YTO yToJl 0. MeXKAY HOPMaJIbIO Z 1 osieM B ecThb cosa=sinf-cosf—cosf-sinf-sine.
3TO 30JI0TO€ COOTHOIIEHHE U3 MSITU 3JIEMEHTOB AAa&T KIJII0Y K MUpaMUJIe aToMa U
pacuéry BemmuuHbI paciierienus Af=eBcosa/2nm, mpu r060M oBopoTe 0cTOBA
110 MOJIAPHOMY YTy O M asumyTaibHOMY yriy ¢. Eciiu cuutarh, 4To CMEIICHHS
Af Gnu3kne K pacu€THBIM MO KBAHTMEXY, HOJIYYHM st TUHUK D; crieyromiye
yoasl @, o 1 pacinerienus d=Af2nm/eB=cosa (puc. 2). Buano, uto pacuérHbie
3HAYEHUS O HE COBITA/IAIOT C U3BECTHBIMHU. Y IeHiCTBUTENBHO, TOUHBIE H3MEPEHHUS
MTOKa3aJIi OTKJIOHEHHSI OT KBAHTOBOTO pacyéTa: HEMHOTO HapyIIaeTcss KpaTHOCTh
(nmpaBuito PyHre) u HapylaeTcsi CAMMETPHSI CMEICHUS JINHUK. DTO MOKa3bIBa-
eT IPEeUMYyIIecTBa KIIACCHYECKO Mozeny. Bripoyem 1 OHA HECOBEpIIEHHA, T.K.
IpEACKa3bIBACT CUMMETPUYHBIC CMCIICHUS. HpOCTO B pa0qéTe HC Yy4JIu MarauT-
HBII MOMEHT CaMOTO H3JTy4Yarollero 3JIeKTPOHA, €T0 MOMEHT IPH CIIOKECHUU C
MOMEHTOM OCTOBA, B 3aBUCHMOCTH OT I'PaHHU, JaET HEMHOT'O pa3HbIM CyMMapHbIN
MOMEHT ;. T.€. pa3HbIM TOJI0KEHUSM MIEKTPOHA COOTBETCTBYET HEMHOTO Pa3HbIE
yrie1 6. COOTBETCTBEHHO, HEMHOTO M3MEHATCS H YIJIBI O, HAPYIIIUB CHMMETPHIO.

Hpyrast nmuaus gyonera — D, pacuiernsisiercst Ha 6 KOMIIOHEHT, TTOCKOJIbKY
OCTOB TIOBOPAYMBAETCS yIKE BOKPYT CPEIHEH IMHIH KBaIPaTHOTO OCHOBAHUS TTH-
paMHIaNbHOTO KapKaca Ha yroi o,. COOTBETCTBEHHO, Ha BEPXHEH I'paHH OCTOBA
noste B;=Bcosoy, Ha ABYX mMpoTHBOIOIOKHBIX OOKOBBIX TpaHsix B,=Bcosa,, Ha
HIKHEH B;=Bcoso;. B urore, y IByX CpeqHHMX CHEKTpPANbHBIX JHHUMN, COOTBET-
cTByIoIMX B,, spkocTh OyneT B JBa pa3a BbINIE, T.K. Y JIEKTPOHA BEPOSITHOCTh
0Ka3aThCsl HAa HUX B JIBa pa3a BbILLIE, YeM Ha BepXHEH M HUKHEH. [IoHsATHBI n
nossipu3anuy JuHui (puc. 3). Kpome Toro, ”HTEHCHBHOCTh 3aBUCHUT OT yIIa (.,
ITOCKOJIBKY THarpaMMa HarpaBICHHOCTH [UIS U3y4aTelis B BUJC BPAIIAIOIICTO-
cs 3apsia JaéT MaKCUMYMBI B HAITPABJICHUH MIEPIICHANKIIIPHOM K IUIOCKOCTH Op-
OWTHI 3apsi/a, a TIPH BBIICJICHUHN JaHHOH MOJSIPU3ALNY T WK G TEPSETCs 4acTh
WHTCHCUBHOCTHU. [IJI T-TIONApHU3aMd MaKCUMYM HHTEHCHBHOCTH JOCTHTACTCS
mpu o 6mu3koM K 90°, a 1t 6 — npu o 6iuskoM k 0°. Tlo quarpamme Hampag-
JICHHOCTH, YCPETHsS 10 BCEM yIIaM MTOBOPOTa OCTOBA BOKPYT JIMHUH TOJs B,
JIETKO HAWUTH TOYHOE 3HaY€HHWE UHTEHCUBHOCTHU JUHUNA. BuaHo, 4TO HalileHHbIE
CMEILEHHs] HE COBCEM COBIAAAIOT C paCUETHBIMH 110 KBaHTMeXyY. 1 nelicTBUTENb-
HO, TOYHBIC U3MEPEHHS TOKA3bIBAIOT, YTO CMENICHHUS JIMHUHA HE COBCEM COOT-
BETCTBYIOT TEOPHU KBAHT. Y JIPyTUX 3JIEMEHTOB BO3MO)KHO PACIIEIUICHHE JINHUH
IyO7eToB Ha OOJNbIIee YMCIIO KOMIIOHEHT. TaK, €CIIi aTOMHBI OCTOB MOBEPHYT
Ha MaJiblil yroi 6; OTHOCHTENBHO JIMHHUM, HE COBMAJAIONICH HU C JTMAarOHANIbIO
KBaJ[paTHOTO OCHOBAHUS OCTOBA, HA CO CPEIHEH JTMHUCH, TOT/Ia y BCEX YCTHIPEX
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Puc. 3. Cxema pacuiennesus D,-nuHum
HaTpWA B MarHWTHOM Mose B Ha WecTk
KOMMOHEHT C YKa3aHuem HD.FIF!DMEE!HMI?I.

OOKOBBIX TpaHell ymisl K momo B OyayT 4yTh OTimuarscs APYr OT Apyra |
or 3HaueHusi mpu 0;=0°. CoOTBETCTBEHHO, Kakmas JWHUSA Tpuruieta Jlo-
peHIa mpeodpasyeTrcs B UETHIPE JIMHHUH, COOTBETCTBYIOIIME pa3HBIM TIpa-
HSM, WM TIEPETOPOJKaM, Ha KOTOPBIX PACHONOKEH TeHEPHUPYIOMINH 3JIeK-
TpoH (puc. 4). MIMeHHO Takas KapTUHA paciierieHust 1 HaOmomaercs [K7].

KoMIOHEHTBI, pacTionoKeHHbIe OMKe K UCXOqHON gactote fy, momspu-
30BaHbl BAOJb MOJS (T-TIONISPHU3ANHs), T.K. MIIOCKOCTh, B KOTOPOH BPamaroTCs
AIEKTPOHBI, TIOUTH TapajuiebHa Moo (0~90°). A KOMITOHEHTHI, PACTIOIOKEH-
HBIC Janbiie oT fy, IMET monepeuHyro K Moo G-TOMSIPU3aIHo. B MarHUTHON
MOJIENIHM TO €CTECTBEHHO, T.K. CABHUI 4acToThl Af=eBcosa/2nm, u yem MeHbIne
yroi o kK momo B, Tem Ommke monmspu3anys K MOMEPEYHON G M TeM OOJbIIe
cueur dactotel Af. Tak MarHuTHas MOICTH SIEMEHTAPHO OOBSICHSET, TTOYEMY
MOJISIPU3AIHS TaKasi, a He WHasl, YeTO KBAaHTOBas MeXaHuKa He MoxeT. [1pu aTom
HET CTPOTUX I'PaHUl] MEXY OAHOHN U APYroi NoJjaspu3auueil, HoO, HAYMHAsL C He-
KOTO yIJia 0, OJHa HAYMHAET MpeobragaTe HaJ IPYyrod. ITO XOPOIIO BHIHO B
a¢dexre 3eemana, HAOMIOIAEMOM TI0 aJICOPOIIMOHHOMY CIIEKTPY — ecTh o0ia-
CTH, B KOTOPBIX IPHUCYTCTBYIOT CPa3y KOMIIOHECHTHI C - U C G-TIOJSPU3ALIUCH.
Jla u B criek- Tpe M3IydeHHs eCTh JIMHUH Ha TPAHUIIE, Y KOTOPBIX €CTh 00¢e Co-
CTaBIAIOMNX TT- U 6- [K7]. 3HAYNT, SEKTPOH ABUKETCS MO OKPYKHOCTH, U MBI
JIUIIB BBIJCISAEM TONIPU3aTOPOM KOMITOHEHTHI 3TOTO JBIDKEHHS U U3ITyYICHUS.

B cinywae TpumiieToB aTroM yke MOXKET MPUHUMATH JBa TIOJIOKECHUS IO
OTHOIICHHIO K BHEUIHEMY ITOJIO: OJHO — KOTZIa MOMEHT OCTOBAa COHAIPABIICH C
nojyieM B, BTopoe — Korma octoB HakIOHEH mox yrioM O k momio B. Tpuriers:

OOBIYHBI JJIs1 3JICMCHTOB BTOpOﬁ TPYIIbI — OWHKA, KaJIbIUA. DTO €CTECTBEHHO:
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JIBa MX BHEIIHHUX IEKTPOHA MOTYT PACIIONararhCst IMOO Ha MPOTHBOIIOIOKHBIX
OOKOBBIX I'paHAX, OO HA CMEXKHBIX. B 1mepBoM ciryuae morepedHble MOMEHTHI
KOMITEHCHPYIOT JAPYT JpyTa (L; HarmpasieH BIOJIb OCH OCTOBA) U OCTOB yCTaHAB-
JMBaeTCs BAONb noist B — HaOmioaercst siopentieB TpurieT. Bo BropoM ciryuae
TIOTICPEYHbIC MOMEHTBI HE CKOMITEHCHPOBAHHI (|1 HAIIpaBJIeH Mo yritoM 0 k ocn)
1 aToM TOBEPHYT Nox yriioM 6 k momro B, 9To Be#éT K pacmienyieHuio Kak Juis
nyOmneToB. B urore CekTphl OT BYX THIIOB aTOMOB CKJIA/IBIBAIOTCS, U BMECTO
KaXI0M M3 TpEX NUHUNA TpuIUieTa HalOmromaercs nubo omHa, OO0 TpH, THOO
IISITh, B 3aBUCMOCTH OT TOTO KaKWE€ KapTHHBI PACIHICIUICHNS CKIIIbIBAIOTCS. A
y ayOneToB 31eMeHTOB 1-# rpyImsl, HANpUMEp, HATPHS, €ANHCTBECHHBIN BHEII-
HUH 2JIEKTPOH MOXKET CO3/1aTh CAMHCTBEHHYIO OPHEHTAIIMIO MOMEHTA [1; B aTOME,
MIO3TOMY BCE JIMHUY CHEKTPA TEHEPUPYET OMH THIT aTOMHBIX OCTOBOB.

Hnst aromoB VI u VII rpynn — ¢ 6-10 1 7-10 BHELIHUMH 3JIEKTPOHAMHU,
HampuMep y Xpoma, Homa, pacmieruieHune emé cnoxnee [K7, K8]. Tyt cremy-
€T y4ecTb, YTO aTOM BO BHEIITHEM I10JI€ TIOBOpaYnBacTcs, Kak Oapaban B «Ilome
qyJIeC», MHOKECTBOM CIIOCOOO0B, B 3aBHCUMOCTH OT TOTO, KaK HaIllpaBJICHBI Mar-
HUTHBIC MOMEHTBHI JIEKTPOHOB, JIAIOIINE B CyMME MOMEHT ;. 1 3TuM pasHeIM
COYCTAHUSIM COOTBETCTBYET pa3Hasi OPHEHTAIMsI aTOMOB B TpocTpaHcTie. T.e.
Ka)XJJOMY THITy aTOMOB OTBEYAET CBOM CIIEKTP, YTO JIETKO ITPOBEPHUTH, Pa3/IeIIsis
aToMbl HEOJHOPOIAHBIM MAarHUTHBIM TOJIEM M HCCIETYS! MX CIEKTPBI OTICIBHO



[K5]. B utore arombl, U3J1y4aBIine My40K pacIleIEHHBIX JIMHUI pacrayTcst Ha
ITyYKH aTOMOB, KaX/IbI U3 KOTOPBIX TEHEPUPYET CBOIO JIMHUIO WU TPYIITY JIH-
Huil. CTOUT OTMETUTh, uTo Urpa «lIlomne uynecy sSBISETCS aHAJIOTOM PYJIETKH, TaK
npociasusieil Monrte-Kapno. Y 3Ta urpa He TONbKo MOpoaMIa OJHOUMEHHBIN
MaTeMaTU4eCKUI METO/I, HO MOXKET CUMBOJIM3UPOBATh CTPYKTYpPYy aTOMOB U JIBU-
JKEeHUsI B HUX 21eKTpoHoB [K21]. TyT n kpectoBrHa (aHAJIOT aTOMHOM), U JIBHIKE-
HUE HIapHKa (aHajo0ra 3JeKTPoHa) MO CIUPAIIH C 3aAMUPAHUEM B OTHOM U3 y3JIOB,
U CTPYKTypa TaOJMIIbI U3 HOMEPOB, OTPaXKAIOIIasi PACIIONIOKEHHE AIIEKTPOHOB
WM HYKJIOHOB B CJOSIX atoMa U siapa. [IpuuéM B aMepuKaHCKON pyseTKe NepBbIi
CJIOW COCTOMT KaK pa3 U3 JIBYX KJIETOK-YaCTHIL — «3€pO» U «J1ali-3epo».

Bo Bcex ciydasx pacuienia€HHble KOMIIOHEHThI CMEIEHbI OT IIeHTpallb-
HOM, KaK CYMTAIOT, HA CTPOTrO (PMKCUPOBAHHBIE HHTEPBAJIbI YACTOT, OTHOCSIIHECS
k yacrote Jlapmopa €B/4mm kak HeOoJbIINE pallMOHAIBHBIE YUCIIA 10 TPaBHITY
Pynre. A ¢axTnieckn TOYHbIE U3MEPEHHsI CIIEKTPOB ITOKA3aJIH, YTO IPaBHUIIO HE
BhInosHseTcs crporo [K7]. YacToTsl 4yTh OTIMYAIOTCS OT PacUETHBIX M3 KBaH-
TOBOW MEXaHUKH, KaK MOKa3bIBAIOT TOYHBIC U3MEPEHHs MPUOOpaMH BBICOKOTO
CIIEKTPaJIbHOTO pa3pelieHus, Hanpumep narepdepomerpom Padpu-Ilepo [K9].
Benpb coso e HHOTAA CITydalfHO COBMAJAET C Pal[IOHAIILHBIMU YK CIaMH (CKa-
YKEM JIJISl YIVIOB 0L B €THIIETCKHUX TPEYroJIbHUKaX ), Hanpumep cos60°=1/2. Kcraru,
I'paHy 0CTOBA HAKJIOHEHBI K OCH OMITMpamMuIbl He o0si3aresibHO Ha $=30°, HO BO3-
MOYKHO U Ha 35°, ecM OCTOB U3 MOJOBUHOK OKTa’Apa — JABYyX YETHIPEXIPAaHHBIX
MUPaMUJ, CIIOKEHHBIX HE OCHOBAaHMSIMHU, a BEPIIMHAMU. YTOJI 0L MOJKHO OIpejie-
JIUTh MPEIM3MOHHBIM M3MEPEHHEM BEIIMUYMHBI pacuieruieHus. [loka sxe mable
HECOBIIAJICHUS BEJIUUUHBI PACIIEIUICHHsI C PACUETHON CIUCHIBAIOT HA HETOYHO-
CTH u3MepeHuit nonst B, Af 1 HETOYHOCTH KBAaHTOBBIX MOJICIICH.

[IpoBeputs MozENb pacuieIUIeHHs MOXKHO, IIPHHYANTEIBHO OPUEHTUPYS
OCTOBBI aTOMOB B 3aJIaHHOM HamnpaBlieHWH. Beib 0OBIYHO OCTOBBI OPUEHTHUDY-
IOTCSI MAarHUTHBIM T10JIEM Ha (PUKCHPOBaHHBIE O U ¢, ¥ TPOMEPSTH 3aBUCHMOCTh
Af ot 0 1 ¢ Henb3s. Ho ecnu anexTpuyeckum mosiem E copieHTHpoBath 0CTOB,
o0JIalatoNHii TUIOIBHBIM MOMEHTOM, @ MarHUTHBIM B — JMIIb MEHSTH YacTo-
Ty TeHepaluu IEKTPOHOB B y3/1ax, TOIZa MOXHO, IIOBOpaduBas OCTOB B pas-
HBIE CTOPOHBI M HaOJOast U3MEHEHNE YHCIIa, TOJISIPU3AUHA U MHTEHCUBHOCTH
KOMIIOHEHT, ITPOBEPHUTH NPABUIBHOCTh TUIIOTE3bL. Jpyroii ciocod — Hadmonars
s¢dekT 3eemMaHa Ha JTMHUIX MONIOLIEHHS B KpUCTAJUIAX (HapuMep, KCEHOTHTa
u tuzonuta [K10]). Torma reHepupyromme aroMbl, CTPOro OPUCHTUPOBAHHBIC
B KPHUCTAJIMYECKOW pElIETKe, MarTpulle Kpucrajaia, OyayT IOBOpauMBaTHCs
BMecTe ¢ kpucramwioMm (puc. 5). [loBopaumBas Kpucrasi, MOXHO HaONIONATh
pasuble THIBI d¢Qdekra 3eeMaHa, W Takoil aHM30TPONHBIA 3(dexr 3eemaHa
peanbHO OOHapykeH B psje kpucramio [K11], Hanpumep it HOHOB TepOUs
B Marpuie amromuHaTa U rpanara [K12]. Bonee Toro, HaGmromast KpUcTaul B
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MONIEPEYHOM B3Iy MArHUTHOM IOJIE C PAa3HBIX CTOPOH, MOXHO M3Y4MTh 3a-
BHCHMOCTh UHTEHCUBHOCTH PACIIEIUIEHHBIX KOMIIOHEHT OT YIJIOB ¢, O m yria
IIOBOPOTA OCTOBA K HAOJIOATENIO, @ Y aTOMOB I'a3a MOKHO HaOIIONATh JIMIIb
YCPEIHEHHYIO KapTHHY. AHAJIOTHYHBIH 3()(EKT BOSMOXKEH y KPUCTAIIIOB U B OT-
HOLIEHUH DJIEKTPUYECKOro mnoss: odoHapyxurcs sgdekr Illrapka, 3aBucsmmi
HE TOJILKO OT aTOMOB KpHUcTaiia ¥ nois E, Ho ¥ oT ymioB moBopoTa Kpucrai-
na B mone E. U Takoit anuzorponsbil 3¢ dekt Lltapka peaabHO 0OHApYKEH B
KpHCTaJUIaX, MOATBEPAUB MpaBmibHOCTh Mogenu [K2, K13]. Oto HanomuHaer
AQHU30TPOINHUIO IOJIEHA: 10 OJHMM HAMpaBJICHUSIM OHO pacLICIUISeTCs JIETKOo, a
0 APYrMM — HeT. Tak MOXHO JEeTajJbHO M3yYUTh MEXAHU3M aTOMa, YCTPOEH-
HOTO Hanono0ne MyIPEHBIX MIBEHIIAPCKUX YacOB MJIM YaCOB HUXKETOPOJCKOTO
Mmacrepa W. Kynubuna B Buze siina [K14]. Yacer KynmuOuna npencrasisum co-
0011 1Be COCTMHEHHBIX MEPEMBIYKON MMOJOBUHKH, TUIA JBYX MOJIOBHHOK OCTO-
Ba aTOMa, CO CJIOKHOW HAUYMHKOH-SJpOM, I/ie KPYTHJIUCh, HAIIOJO0HE 2JIEKTPO-
HOB, COTHHM MEJIKMX KOJIECHKOB, IIOKa3bIBasl BPEMsI U PacKpbIBas MPUUYUINBBINA
CIEKTP KyKOJIBHOTO MpeCTaBIeHUs. Takue MeXaHU3Mbl — IPEIKH COBPEMEHHBIX
poboToB-aBTOMaToB OBLIM BechMa MOMYJSIpHBI B EBporie Toii s1oxu, Kak moka-
3bIBaET NPUMEp JUCHEEBCKOro Mynsrdmibma «[InHOKkHO», Tne macrep JDxke-
neTto (aHanor mamnsl Kapio 1_Halllero Kynubuna) cTpoms Takne MeXaHH3MBI.

o

Puc, 5. KpucTannel B MarHutHom
none B (a) m anektpuueckom E (6).
BHuay - ckaHguHaeckan pyHa “far” (e).

MarnuTtHass MOziesIb atoMa OOBSICHAET M 3(PEKT MapaMarHUTHOTO pe-
30HaHCa — OH OOYCIIOBJICH 3JIEKTPOHAMH, PACIIOJIOKCHHBIMH Ha OHMCCEKTpHCe
TpaHy, e BHYTPUATOMHBIC MarHUTHBIC o By ckommnencuposans! [K5, K15].
Ecnu BBIIENUTD Z1Ba COCEAHUX MIIH J[Ba IPOTHUBOJICKAMNX pedpa OMITMPaMHUIbL,

Toraa oOpasyeTcst KpeCTOBHMHA, HAIIOMUHAIOMIAs KpecT (Bary MapHOHETOK) C
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Puc. 6. dopmupoBaHMe MONEKYNSAPHbLIX
CNekKTpoB. reHepHpg e atombl pacnonara-
toTca B y3nax 1, 2, 3... Ha BuccekTpuce rpaHu.

OTXOJSIIIUMH OT He€ HEBUIUMBIMHU HUTSAMH CHIIOBBIX JIMHUHA MarHUTHOTO TOJS,
YIPaBISAIONIIMHU 3JIEKTPOHAMH, KOTOPbIE KPYTATCSA B MATHUTHOM TI0JIE€ ¥ TeHEepH-
pytoT n3ny4enue. Ha GuccekTpuce yria 3Toil KpeCTOBUHEI ITOTIEPEUHbIC K TPaHH
1 opbuTe >IeKTpoHa moist By ckoMnencupoBaHsl, HO BO BHEIIHEM Tose B amek-
TPOHBI MOTYT Kosiebarhest ¢ uactotoit f=eB,/2nm, u npu Bo3aeiicTBIN H3MydeHHs
takoi yactotsl f CBU-auarna3ona BO3HUKHET pE30HAHCHOE MOTIONIEHUE H3ITyde-
Hust. KpoMe BHEITHETO 1MoJis 3JIEKTPOH HAXOAUTCS TakXKe B CIIa0OM IT0JIe JPYTHX
ANIEKTPOHOB H s1JIpa, KOTOpOoe crielin(pUUHO JUIsi pa3HbIX aTOMOB: €ciiu Tolie B He-
BEJIMKO Y Ka)KJI0TO aTroMa Oy/eT CBOM MHIMBUAYaIbHBIN OPTPET CHEKTpa pe3o-
HAHCHBIX YacTOT. Tak METOI0M MapaMarHUTHOTO PE30HAHCA MOXKHO YCTAaHOBHUTD
SJIEMEHTHBIA COCTAB Ta30BOM Cpebl M KOHIICHTPALIMIO Pa3HBIX aTOMOB B Cpe/ie.

Y MOJIeKyI CHEKTPHBI CIIOKHEE M CTAHOBSATCS MTOJIOCATHIMU, PUIEM KaXkKast
1oJioca TpejcTaBlieHa Ha JieJie HA0OpOM OYeHb ONM3KUX JIMHUK. Takol CreKTp
TOXE TeHEPUPYIOT SJIEKTPOHBI Ha OMCCEKTPUCE TPaHU, OOBIYHO «MOTUYAIIINE) U3~
3a HyJIeBoro mnoisi By, HO «mpockInaronuecs» B ojie coceaHero aroma (puc. 6).
[TocKkonbKy HCTOYHUK MO JOCTATOYHO OTAAJIEH, B COCEAHUX y3/Iax Ha Ouccek-
TpHCE MOIEepPeyHOe K IPaHN MarHUTHOE TOJIe MaJIo M MEHSETCS OT y3Ja K Y31y
MIPUMEPHO Ha OfIHY H Ty ke BeTnuuny AB,. [ToaToMy MOIEKyISpHBINA CIIEKTp (€ro
HA3bIBAIOT BpAIATEIbHBIM) MIOUTH YKBUANCTAHTHBIN, T.€. BCE JIMHUHU B CIIEKTPE
OTCTOSIT IPYT OT APYTa MOYTH Ha OIHY U Ty ke Beauuny Af=eAB,/27tm u pacro-
noxensl B MK-auanazone. CBeTsbie 1 TEMHBIE TIOIOCH CIEKTPa YePEAYIOTCS, KaK
B mrrpuxkone. Bennunna Af mensiercst miubo B ymanéHHbIX y3max, rie mone AB,
3aMETHO CIa/IaeT, JIM00 B APYTUX CEPHSIX, IJIe MArHUTHOE TI0JIE COCEIHEr0 aToMa
HMHa4Ye OPHEHTHPOBAHO OT APYTOTO PACHONOKEHHS cocenHero aroma. [lpu atom
pas3HbIC aTOMBI C IICKTPOHAMH B OTHOM M TOM K€ y3JIe TeHEPUPYIOT UyTh Pa3HbIC
YacTOTHI, T.K. KpOME MarHUTHOTO TOJISI OCTOBA, HJICKTPOHBI OKa3bIBAIOTCS B TIOJIE
COCEIHMX aTOMOB MOJICKYIIbI, B 3aBUCIMOCTH OT PACIOJIOKEHHS B HUX AIICKTPO-
HOB CO3JIAlOIIME 4YyTh pasHble No0aBouHble moms B,<<B,. IlosTomy BmMecTO
onuoii muanu f=eB,/2nm BuaeH yactokos muHuii ¢ yacroramu f=e(B,+B;)/2mm,
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T.€. MOJIEKYJISIpHAsI [10J10Ca, IIUPHHA KOTOPOi TeM 0oJIbllie, ueM 00JIblie pa3dopoc
nosst By;,— 4em pasiplie 21eKTpoH OT IeHTpa. M TouHO, MOJIOCh! PacIIUpsIIOTCs
K TPaHMIE CEpHH, T.. IIPH YBEIMUCHUH HOMEpa IOJIOCHI, HOMepa y3Ja BIOJb
OuccexTpuchl. B TBEPABIX Temax, Mpy COSAMHEHNH MHOTHUX aTOMOB, THHUN CTa-
HOBHUTCs CTOJIb MHOI'O, YTO OHH CJIMBAKOTCS B HerepBIBHBIﬁ CIIEKTpP, 4YTO 06'13-
sicHsieT 3akoH IlnaHka pacnpesesnieHust SHEPTUM B CIIEKTpE YEPHOTrO Tella, Kak
CYMMY M3IIYy49E€HHH OT y3JIOBBIX 3JIEKTPOHOB, I'€HEPUPYIOMNX (DPUKCHPOBAHHBIC
YaCTOTHI B y3J1aX, CJIOBHO HOTBI — HA HOTHBIX CTPOKAaX, N OPOUTAJIBHBIX JIEKTPO-
HOB, JICTAIIHNX I10 TPACKTOPUAM, CBUBAIOIITUMCH Hal'IOI[O6I/Ie CKPUITUYHOTI'O KJIrO4a.

HeTtouHbIM MOXKET OBITh U 3HaUCHHUE MOCTOsIHHO# [1nanka h, n3amepenHoe,
ckaxeM, B potorddexre. Benp, B 3aBUCHMOCTH OT THIIA aTOMOB MOTYT HEMHOTO
MEHSATBCSI PACCTOSIHUS MEK/Ty TUIIONISIMH, 00pa3yIOIINMH MaTrHUTHBIE OCH, & TaK-
K€ HalPaBJICHUS 2JIEMEHTapHBIX MArHUTHBIX MOMEHTOB Y 3apsA0B, 00pa3yroInx
9TH OCH. B uTore MeHsieTcss MarHuTHOE 110J1€, B KOTOPOM BPAILAIOTCs AJIEKTPOHBI
10 opOuTaM BOKpPYTI OCTOBAa aToMa M BOKPYT y3IJIOB Ha TpaHsx. JleHcTBuTelDh-
HO, 3HaueHust N, m3mepennsie B HoToahdexre mim u3 mocTossHHON Pruabepra R
JUISL BOZIOPOJIONIOIOOHBIX aTOMOB HJIM aTOMOB LIEJIOYHBIX METaJIOB, HEMHOTO
OTIMYAIOTCS OT TabNMUYHOro N, mpuyéM He TOMBKO OT pa3HOi Macchl simep. A
TIOTIPABKH K R, osryueHHbIE B paMKax KBaHTOBOI anekTponuHaMuky, B BTP mo-
JI9al0TCs OT Pa3HOTO PA3MEIICHUS B OCTOBE 3aps0B — ITHX JIEMEHTapHBIX (.

Jpyras aHomManus — THpPOMarHUTHOE OTHOIIEHHUE AT AeKTpoHa. Kak mo-
KasbIBaeT pacuéT JuIs 3apsja, ABHKYIIErocs o OpOuTe, OTHOILICHNE MarHUTHOTO
MOMEHTAa K MOMEHTY MMIIyJIbca BCeraa paBHO -€/2M. Ho 1t cimHOBOTO MOMEH-
Ta, T.6. MATHUTHOTO MOMEHTA 3JIEKTPOHA, 0OYCIIOBIEHHOIO €r0 OCEBBIM Bpallle-
HHEM, THPOMArHUTHOE OTHOIIIEHHE 0Ka3aJioCh B JBa pa3a OoJbine: y=-e/M, BO-
npeku pacuéram (puc. 7). bannucriuueckas Teopusi 1 MarHUTHAsi MOJIEIIb aTOMa
9JIEMEHTAPHO PELIAIOT 3Ty 3arajKy. Beap sIeKTpOH M3IIydaeT PeoHBI TOJIBKO C
MIOBEPXHOCTHU. A pa3 UCITyCKaHHE PEOHOB U BENIET K MOSIBICHNIO MEKTPHUECKOTO
BO3ACUCTBHS 3apsijia, 3TOT 3apsi pacHpeneiéH Mo MOBEPXHOCTH, a Macca dJeK-
TpOHA pacripezesneHa Bo BcéM o0béMe. B ntore, juis anexTpona B opme mapa
MOMEHT UMITyJbca paBern N=2Mr2w/5, a MarHUTHBII MOMEHT IIPU HHTETPHPOBa-
HUH 110 chepe p=-emr?3. Orcrona TMpoMaruuTHoe otHomenue y=p/N=-e5/6m,
YTO YK€ OIM3KO K M3MEPEHHOMY THPOMarHUTHOMY OTHOIICHHUIO /IS 2IEeKTPOHA.
Eciu e a1ekTpoH uMeeT (hopMy SIUTUIICOH/IA, BBITIHYTOTO BIOJIb OCH BPaIlICHHS,
TOT/Ia OTHOLIEHHE MOXET CTaTh CKOJIb YTOIHO OJIM3KHUM K y=-e/M. [Ipruém manoe
omyre KodppuIreHTa B y mepen /M oT eIWHUIB B MEHBIIYI0 CTOPOHY pe-
aJIbHO HAOJFOZAETCs B OKCIIepuMeHTax bapuerra u Ditniireiina-ae ['aaza [K16].
OtMmeTnM, 4TO emI€ B Hayalle NPOLUIOr0 BeKa HEKOTOpbIE yuE€HbIE, HAIpUMep
AOGparam, HalLIM pacu€THOE 3HAUCHHE Y=-€5/6M N3 MPEeACTaBICHUS JIEKTPOHA
LIAPUKOM, €CJIM €r0 Macca 3IeKTPOMarHUTHON IPUPOABI — THIIOTE3a, TTOAPOOHO
nccienoBanHas Putiem. BBumy ormmmams GopMel 371€KTpOHA OT MIAPOBOM €ro
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y=-e/2m y=-e/m

Y=-5e/6m

Puc. 7. TmpoMarHuTHoe oTHOLLEHWE
ana snekTpoHa: OpButansHoe (&) u
CruHOBOe ANA LWaposoro (6) u
BepeTEHOBUAHOrO 3neKkTpoHa (8).

MarHUTHBII MOMEHT OTIIMYaeTcs U OT MarHeToHa bopa py=e#/2m: p=1,00012,.
OTa pa3HHIA CI0XKHO BBIPAXKAETCA B KBAHTOBOW MJIEKTPOANHAMUKE Yepe3 TOCTO-
SIHHYO TOHKOM CTPYKTYPBI 0. A B KJIACCUY€CKOI MarHUTHON MOJIEJ I aTOMa U dJ1eK-
TPOHA 3TO OTIIMYHUE M caMa BEJIMUYMHA 0, — 3TO IPOCTO CIEACTBIE HEC(HEPUIHOCTH
9NIEKTPOHA (0L BEIPA3UTCS Yepe3 OTHOIICHHE NOoTyocel anekTpoHa). MiHTepecHo
OTMETHTB, YTO B Oy IMICKIX XpaMax, KOTOPbIE, KAK MHOTHE IpyTHe XPAMBI, ITPEa-
TIOJIO’KUTENIBHO OTPaXkatoT cTpoeHue aroMoB [K2 1], kak pa3 pacronaraioTcs Mac-
CHBHBIEC MOJIUTBEHHBIC KaMEHHBIE 0apabaHbl, BPAIIAIOIIHeCs BOKPYT BEPTHKAIb-
HOM ocH, Harogobue Oapabana B «Ilome Uynec». Ot GapabaHBI KaKk pa3 MOTYT
CHMBOJIM3MPOBATH BBITSIHYTHIE JJIEKTPOHBI, BPAIIAIOIINECS] BOKPYT CBOUX Oceil 1
TOXE IEPHOJIMYHO PACTIONIOKEHHBIE B TMPAMHUIAIEHOM aTOMHOM OCTOBE. Tak 4To
JPEBHHE XPaMbl MOTYT HECTH IPEBHIOIO MYAPOCTh HE TOJILKO B CBOMX CKPHIKAJISIX
1 YICHUSIX MOHAXOB, HO U JIA)KE B CBOCH apXUTEKTYpE, IUIaHE yCTPOWCTBA 31aHUsL.

[IpaBwiIbHOE MOHNMAHUE TPUPO/BI MATHUTHOTO TIOJIS1 aTOMa MMEET KITFo-
YeBOE 3HAUCHHUE U JUISl TOHUMaHNS MArHUTHBIX M CBEPXITPOBOJISIIINX CBOICTB Ma-
Tepuanos. [Ipexie oTMedany, YTo MarHUTHBIMU CBOWCTBAaMH JOJDKHBI 001a1aTh
9NIEMEHTHI YETHBIX TIEPHO/IOB, Y KOTOPHIX MPOUCXOIUT 3aIIOTHEHHE MIEKTPOHAMHA
CJIOSL B/IOJIb TIEPUMETPA BEPXHEH YacTH OMIMpaMHUJaIbHOTO OCTOBA, HAIIOMUHA-
rorero kommak ¢ kucroukoit [K15, K17]. HammoMHAM, 31€KTPOHBI IOCTETICHHO
3aM0JIHSAIOT YPOBEHB 110 CBEPTHIBAIOLICHCS KBAIPATHON CIMPaH, TUIIA AaHTEHHBI
B MarHUTHBIX KapTOUYKAX, CIYKAIUX KJIFOUOM-IIPOITYyCKOM B METPO. DIIEKTPOHBI
0OYEPETHO 3aNOIHSIIOT CHauasa LEJIUMKOM BEpXHUH CIIOM, 3aTeM HU>KHUM, 3aTeM
CHOBA BEPXHMH U T.A., 1a0bl MUHIMHU3UPOBATh SHEPTHIO B3aNMOJICHCTBUS C I10-

JIOXKUTENBHBIM SIAPOM B IEHTPE OCTOBA, U ¢ MATHUTHBIM I10JIEM 0CTOBa. IMEHHO
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10 OTHOIICHHUIO K HAIPaBJICHUIO €r0 MAarHUTHOTO TI0JII MOJKHO TOBOPUTH O BEpXe
WIN HU3e. DTUM CIIOCOOOM MarHMWTHasi MOJIEJb MpesicKasana (heppoMarHeTn3m
Jake y TeX JIEMEHTOB, Y KOTOPhIX MarHeTu3M He oxunanu [K3]. C npyroii cto-
POHBI, UCXOMA U3 CBOWCTB TaOMUIBI MeHeneeBa, MOKHO MPEANOI0KUTh aHa-
JIOTHYHBIC CBOIMCTBA y 3JIEMCHTOB HEUETHBIX MEPHOIOB TexX ke rpym (Si, P, S,
Mo, Ru, Rh, Pd, akrunounmpl). JleficTBUTENBHO, y psZa TAKUX 3JICMEHTOB OOHA-
pyXeH (eppoMarHeTH3M M aHTH(EPPOMArHeTH3M, HallpUMep Y aKTHHOUJIOB,
BKJIIOUAs ypaH, HenTyHwuid, rnytonuit u T.1. [K18]. Crenndudeckre MarHuTHbIC
CBOMCTBA MOJKHO O’KMJIaTh, HAIIPUMEP, Y COCAUHEHUM CEPBI.

ITockonbKy MarHeTHsM U CBEPXIPOBOAUMOCTb — POJICTBEHHBIC SIBICHHS
[K3], y 9TUX 31I€MEHTOB MOXHO MPEANOIOKUATh M CBEPXITPOBOJIAIINE CBOMCTBA
[K17]. JleficTBUTENBEHO, MHOTHE JIAHTAHOHIBI — 3TO HE TOJIBKO (heppOMarHeTHUKH,
HO U cBepxmnpoBogHuKH [K19]. [la u akTHHOUABI — TOPHUL, IPOTAKTUHHN, YpaH U
psn coenunenuit Th, Pa, U okazanuce cepxnpoBonuukamu [K4, K19]. Ceepx-
MIPOBOJMMOCTh MOXKHO TaKXKe OKMJaTh Y COCTUHEHUH IUTyTOHHs. Takue BbICO-
KOTEMIIepaTypHbIe CBEPXIIPOBOJAHUKN OYEHb HYXKHBI B JIIEKTPOHUKE U POOOTO-
TeXHHKEe, U0O TO3BOJSIIOT CO3JaTh MPOCThIC MepeKIroYaTen-pene (KIoYd Ha
koHTakte J[xo3edcona). JleficTBUTEIbHO, UMCHHO Ha KPHOIJIEKTPOHHBIX CXeMax
13 KPHOTPOHOB TpeAIaraloT CTPOUTh YCTPONHCTBA HCKYCCTBEHHOTO MHTEIUICKTA,
Kak B pacckazax A. Azumona u A. Knapka [K20]. Ha HenuHeiHOW MarHUTHON
CBSI3H, JOMEHHON CTPYKTYpe, 001agaromeil namMsTbio, BO3MOKHO U CO3JaHHE HO-
BBIX THIIOB AYMAIOIIMX MAIlIMH — TJIe MPOIecChl He IHU(POBBIE, a aHAJIOTOBbIE,
Kak B HelipoHax Mo3ra u ¢puibme «KopoTkoe 3ambikanuey. [10sIBUTCs JIM B TaKUX
MallHax emé ¥ MarHuTHasi COBECTh — 3TO BOIPOC, HO JyMaTh, CaMOO0Oy4aThCst
oHu cMoryT. KoMOMHAIMU CBEPXIPOBOJHUK-MArHUT CTaHYT OCHOBOW ISl pO-
0OTOB, YaCTH KOTOPBIX AMCTAHI[MOHHO YIEP)KUBAIOTCS U MEPEMELIAIOTCs KaK y
MapHOHETOK, HO POJIb HEBUAUMBIX HUTEH UTPAIOT CUJIOBbIE TMHUN MarHUTHOTO
TI0JIS1 ¥ paJIMOBOJIHEI 1715 iepeaaun komaua [K17], a ponb yrpasisionero kpecra
(Bara) urpaet MHKpocxeMa ¢ OTpOCTKaMHM BbIBOJIOB. HaBepHsIKa, ecTh BellecTBa,
MePeXO/AIIMe B CBEPXIPOBOAAIIEE COCTOSHUE M MPH HOPMAaJIbHBIX YCIOBHSX,
IIPY KOMHATHOM TEMIIepaType, 4eM MOKHO OOBSICHUTH APEBHUE TAPSIIIHE CTaTyH
1 JIETAIOMNK TPAHCIOPT Ha CBEPXIPOBOAHUKAX, MAPAIIMX B MATHUTHOM IIOJE
[K17], xax B dpunbme «IlyremecrBue k uentpy 3emun». OnHako, Bce 3TH Jpa-
TOIICHHBIEC JIPEBHUE 3HAHUSA BMECTE C MOJAEIBIO CTPOEHHUS aToMa, CBEPXIPOBO-
JUIIUX CBOMCTB (heppOMarHeTHKOB 1 aHTH(EepPOMarHeTHKOB KaHy.u B JleTy, rmo-
IPY3WIKCH 1O Boay ¢ ATnantunoit [K21], cIOBHO OCTPOB B JKIOJIb-BEPHOBCKOI
noBecTH «IIpukirodenust qsmomkn AHTH(Epay, WK 3aTepsUIMCh B CHETax rop,
kak O0pyueBckas «3emiist CaHHHKOBa» U «ILIyTOHUSY.

Ho BepHEMCS K 00CYK/ICHHIO U3BECTHBIX KaH/M/ATOB B CBEPXITPOBOIHH-
KH ¥ (eppoMarHeTuku. B3sTh TOT e TUIyTOHHMN: IPUMEHEHUE ero B KauecTBe
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MarHUTHOTO ¥ CBEPXIIPOBOAAIICIO MaTepHajia 0COOCHHO MEPCIEKTHBHO, BE/lb
y TUIyTOHHS IIECTh KPUCTAIMYECKUX MOAN(DHUKALMN U IIECTh CTEIeHEe OKHUC-
nennst [K20], T.e. o 00pa3yer HIMPOKHI CHEKTP KPUCTAJIIOB U COCAMHEHUH,
00JIalaroNNX YHUKAJIBHBIMU CBOMCTBAMHU. XOTS y CaMOTo0 ITyTOHHSI CBEPXIPO-
BOJMMOCTH TT0Ka He 0OHapy)KeHa, psil €ro COSANHEHUI OKa3aliCh CBEPXIIPOBO-
JHUKAMH ¢ KPUTHYECKOM TeMreparypoil T, Ha MOps/IOK BBIIIE, YEM Yy COEANHE-
HUM aHAJIOTUYHBIX JIEMEHTOB. /1 Ha OCHOBE IUTYTOHHS CTPEMSATCS CO3/1aTh HO-
BBIM KJIacc CBEPXIIPOBOIHUKOB. B HEKOTOPOM poOJie 3T CiTydyalfHO OTKPbIBAEMbIE
«BOJIIICOHBIC» BEIIECTBA — BEICOKOTEMIIEPATypPHBIC CBEPXITIPOBOIHNKH, KOTOPBIC
ripu T>20 °C no3BoJIT co34aTh HOBBIE THITBI POOOTOB, MO00HBI OXKUBIISIOIIEMY
nopoiky u3 ckasku A.M. Bonkosa «Ypbun JIKIOC 1 €ro IepeBSHHbIC COIIATHI
(y Heé Toxe ObLT 3amanHbiid mpoTtoTHi — ckazka JI.D. bayma «Crpana O3» u
pycckast ckazka «JleTyunii kopaOib», TIe «IpOBa» OKUBHIN «OOEBBIX IPOHUIIOBY
[K22]). 11 B cka3kax BomkoBa cTpomsin «OOEBBIX APOMIIOB» 3a CUET CBOMCTB
HOBOro BemiecTBa. Kcrary, nTa cka3ka 0 4eTHIPEXCEKTOPHON CTpaHe TOXe Ha-
ChIIIICHA CUMBOJIMKOM KPUCTAJIIIUYCCKOI'0 IMAUpaMUaaIbHOTO lIE!TBIpéX1"p21HH01"0
aroma, ¢ EnToi nuHUel HaTpus B kadectBe kiroua [K21]. Bexp BonkoB ObLn
CTIEMATINCTOM — IperoiaBai B HCTUTYTe IBETHBIX METAJIIOB.

Wrax, MarHuTHas: MOZIENIb aToMa 00J1a/IaeT OrPOMHON MPOTHOCTHYECKON
cuiioi. Pacienyienue criekTpaibHbIX JIMHUHN B ah(exTe 3eemana, OTKpbIBas yTh
K CTPOGHHMIO aTOMa, OTKPBIBACT U CIIOCOOBI pacuieruieHus sapa. Bexap, k addexry
3eemMaHa IPUBOJUT HE TOJIHKO BHEIIHEE MATHUTHOE I0JIE, HO U TOJIE SiApa. JTO
obHapyxuBaetcs 1o 3¢ppexry Méccbayaspa, MO3BOIAIONIEMY U3YyYUTh TOHKYIO
CTPYKTYpPY PEHTI'€HOBCKHX W ramMmma-crekTpoB. Cam apdexr Mécchayspa Toxe
CBsi3aH ¢ MarHeTu3Mom. Hampumep, simpo xobGansra Co mpeBpariaercs B sipo
xene3a Fe npu 3axBare ainekrpona ¢ K-000m04kn aToMa, T 3JIEKTPOH o0agaet
cTporo (pukcupoBaHHOH 3Hepruei. [ToaToMy mpH yCKOPEeHNH SAPOM, Bpamiasich
B MarHuTHOM Tosie By ocToBa, OH M3MydaeT Ha (PUKCHPOBAHHOI YacTOTE, KO-
TOpast BBIACPIKUBACTCSI ¢ TOUHOCTHIO 10 10712, CocemHie aToMbl, HapUMEp B
kpucrtamre remaruta (Fe,O;) HeMHOTO MEHSIOT YHEPTHUIO SJICKTPOHA U BETHINHY
1oJ1st B, mpr4éM psiioM CIIOCO00B, B 3aBUCHMOCTH OT PAcIONOXKEHHUs! 0CTOBa. B
UTOTE IMHMS MECCOAYIPOBCKOT0 ontoneHus Toxe pacuerisiercs [K23]. He uc-
KJIFOUCHO, YTO U PACHICIUICHUEC dApa IIIYTOHUA yIaCTCA OCYHICCTBUTD, YIIPpAaBJIAA
BHYTPEHHMMH U BHELITHUMH MAarHUTHBIMHU HOJISIMH, BIUSIOUIMMHI HA CTPYKTYpY
sIIpa M €T0 CTaOMIbHOCTh. Tak, IMEHHO MarHUTHAast OUIMpaMuIaIbHAS MOACTD
aroma M sipa OOBSICHSACT IToYeMy TSDKEIbBIC sIpa ACJSATCS Ha YacTH OTHOIICHHE
MacC KOTOPBIX OJIM3KO K 30JI0TOMY ceueHuto — uncity Ounus — O=1,618 [K24] —
OTO OTHOIICHUE MACC JIBYX NHUPaMHUJOK AApa, T.€. COCCIHUX MArn4CCKUX YnCeI
[K15, K21]. He 3pst unciy @ nmesno MaruuecKkuii, cakpajibHbiil cMbici. Tak xe u
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BEJINKYIO MEUTY QIXMMHUKOB — TPAHCMYTALIUIO, IPEBPAILECHUE OTHIX JIEMEHTOB
B JpyTrHe, HallpuMep PTYTH — B 30J10TO, MOXHO OyJeT OCYIIECTBUTH, BO3JICH-
CTBYsl MOIIHBIM 3JICKTPOMAarHuTHBIM IIOJIEM Ha sdApa, MPOTATHUBas JICHTY TUIIa
MarHUTO(OHHON C MUKPOKPYIHIAMH METAJUIOB BIUIOTHYIO K CBEPXMOIIHOMY
ANIEKTPOMArHUTY WU JIEKTpopaspsAHuKy. [1paBuiibHO mogodpanHast KOHQUry-
pauust 1 BpeMEeHHas CTPYKTypa oI, OPUEHTALMS] MUKPOKPUCTAIIIIOB IPUBEAET
K ACJICHUIO AA€P U TPEBPALICHUIO UX B TOYKE BOSHeﬁCTBHH B dApa UHBIX DJICMCH-
TOB, B T.4. 30JI0Ta, KaK B IpeueckoM Mu(E 0 30JI0TOM KacaHuH 1apsi Munaca.

OTMeTHM, YTO B OCHOBHOM C IOMOIIBI0 MarHUTHOTO TIOJIST M OCYIIECT-
BIISIOT IPOHNKHOBEHHE B TAWHBI MUKPOMHPA, BEIb MATHUTHI IPUMEHSIOT B TIPH-
Gopax A7 N3BJIEUEHHS SHEPTUN M3ITyUCHHUs aTOMa, CKaKeM B Mas3epax. Masepbl
MIPUPOJHOTO TPOUCXOXKICHHUSI OOHApyX eHbl M B KocMmoce. Hampumep, BOKpyT
3BE3n Trma mupux (Omukpon Kura — Mupa), ectp 00macTh, H3IyJaromas uH-
TEHCUBHBIC PAIMOJMHUM Ta3a, COBCEM Kak 3eMHBIC Ma3ephl. JTa o0iacTs 00-
pa3yeT KOIIbII0 BOKPYT 3Be3Ibl. Benp mo s dexty Putma o0brdHO TIepen3nydaeT
CBET LICHTPAJIBHON 3BE3/IbI I'a3, PACTIOIOKCHHBII B IIpe/iesIaX CeUSHHNs HIUTUTICOH-
Jla TIIOCKOCTHIO, T.€. KaK pa3 B Ipenenax kombia [K22].

Camoe uHTEepecHoe — HaOmonenue 3¢ pexra 3eeMana B CHEKTpax 3BE3N.
[Ipennonararor, 4To yABOCGHHWE JWHUHA W CHJIbHAs TOJSIPU3ALMS H3JTyYCHUS B
CTIEKTpE MOJISIPOB ¥ MarHUTHBIX 3BE3[, a TaKkKe OEJIbIX KapIMKOB CBsi3aHa C 3(-
(dexTom 3eemana, Hanpumep, y 3Be3nsl EUVE J0317-855. Ho ckopee mossipu-
3aIus BbI3BaHA JBIDKCHHEM 3BE3] — PAa3MBITHEM MX M300pa’KeHUH M ANEKTPOH-
HBIX opOuT. [TosToMy Hanpumep y B JIupsl monsipuzaiys MEHSETCS CHHXPOHHO
C OpOUTAJILHBIM JIBIKEHHEM M M3MEHEHHEM BUANMOI1 (hopmbl 3BE31. KoneuHo, y
3BE3/1 €CTh MarHUTHBIC TIOJIS,, HO HEOOJbIIKE, TTOpsiiKa 00Hapy)eHHBIX Yy ColH-
na. Y nanékux 3BE3] 3a CUET YCKOPEHHUs OT cuiibl JIopeHIa B ATUX MOJsX, Mpo-
HUCXOAUT CUJIIbHOC CMCHICHUC YAaCTOThI M3JIYUYCHUA NONCPEMEHHO B 60ﬂbLﬂle u
MEHBIIYI0 CTOPOHY. DTO M BEAET K CUMMETPHYHOMY YIIMPEHUIO JTUHUH OebIX
KapJIMKOB, Psijia KPAaCHBIX KapiuKoB 1 cBepxrurantoB [K25]. Eciu Ob1 yimpenue
MIPOUCXO/IUIIO JIMIIB 32 CYET JUCIIEPCHHU JIyYEeBBIX YCKOPEHUI Ha TOBEPXHOCTH
3BE3/IbI OHO MOJYYaJIOCh OB ACHMMETPUYHBIM — TOJIBKO B KPACHYIO CTOPOHY, BO-
nipeku HabmoaeHusM. Takoit ahdext oOHapyKeH TakxkKe y rajJakTHK B Hara3oHe
KpacHbIX cMerteHuit 0<Z<2 [K26], B 3MUCCHOHHBIX JIMHHSX, I KOTOPBIX d(¢-
¢exr Putna 0coOeHHO BENMK, TaK KaK OHHM MOYTH HE NMEPEH3IIydaoTCsl CPENOM.
Uro npuunHa B dddexre Putma, moaTBep)KAaeT M POCT IIMPHUHBI JTHHHUN TIPO-
MTOPITMOHATIFHO KPACHOMY CMEIICHHUIO Z, T.e. paccTosHHIO I. OCOOEHHO CHITBHO
3¢ PeKT BBIpaXKeH s KBa3apoB U Ce(hepTOBCKUX TATAKTHK, Y KOTOPBIX IIUPHHA
AMUCCHOHHBIX JITHUH AA~0,011— 0,14, T.e. 6u3Kka K ux cMeriennto AA~ZA [K27].

Tak ke ¥ TepeMeHHas] NOJSIpU3AINs, aHOMAJIbHBIE CBOWCTBA MarHera-
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POB, IyJIbCapOB M UCTOYHUKOB ramMma-seiuieckoB (GRB) csizanbl, BuIuMo, He
C MarHeTH3MOM 3THX 3BE31, a ¢ a(pdexTom PuTia, BBI3BIBAIOIINM HMILTIO30pHBIE
BCIBIILKK B raMMa-Juana3oHe M BapHalMy WX Iepuoia. Tak, y UCTOYHUKA B
co3Be3nuu Pei0, BembixayBmiero B 1979 r. [K26] mynbscamuu Griecka, O4eBU/I-
HO, OBUIN BBI3BaHBI OPOUTAILHBIM BpallleHHeM 3Be3zbl. [loaTomMy B corilacuu ¢
Teopueil Purtia nHaOmonanachk peskasi BCIIBIIIKA, a 3aTeM IUIABHOE yracaHHue C
OCLMJUIALUAMU IepeMeHHoro nepuoja [K28].

Ho rmaBHast 3aMo4Hasi CKBa)KHMHa, CKPBIBAIOIAsi BCE TallHBI KOCMOCa, Ha-
XOJIUTCS B sJIpe, TOYHEE B KEpHE, B LIEHTpe ["alakTHKN — B paoMN3IydaonieM
obbekTe Sgr A*, riie, Kak MosiararoT, HaXOIUTCs CBEpXMAacCUBHAsl YEpHAs JIbIpa.
[Monarator, 4to e€ TAroTeHue, Kak MOIHbIM MarHUT, IPUBOANUT K OBICTPBIM JIBH-
JKEHUSIM 3BE3]1 Bo3yie 1ieHTpa ['anaktuku (puc. 8). [Iprnuém ruranTckue ckopocTu
3BE3]] YCTAHABJIMBAIOT KaK [0 BUIMMOMY JIBH)KEHHUIO, TaK U 110 CIIEKTPaM, KOTO-
PpBbI€ BIIOJIHE COOTBETCTBYIOT HaOI0AaeMoMy ABrkeHHo 38E371 [K29]. Ho moxxHO
paccMOTpeTh U Apyrue oObsCHEHUs OBICTPBIX JBMKEHUN B LIEHTpE [ amakThKH.
Tem Oosnee OTCYTCTBHE CBEPXMACCUBHBIX TEJ B LIEHTPE HAILEH U APYTUX Trajak-
THK TIOATBEPIKAACT CIEKTP M3JIyUYCHHs] STUX YHYaCTKOB, KOTOPBIH COOTBETCTBYET
KpaiiHe pa3peKeHHOMY Ta3y, CyJisl 110 HAJIMYHUIO B CHIEKTPE 3alpeliEHHbIX JIMHUN
[K7, c. 374]. A cBepxmaccuBHas 4€pHasi JbIpa BbI3bIBala Obl aKKPEIMH MEXK3-
BE3IHOTO Ta3a, MOBBIIICHUE €ro KOHIIEHTpAIMU U Temreparypsl. Kpome Toro,
OHa BeJia Obl K OBICTPOI NpeLeccuu, TOBOPOTy OpOUT 3BE31, Oosiee ObICTPOMY,
yeM y Mepkypust. Ho takue addextsl He 0OHapyKEHBI.

[ToaToMy ecTecTBEHHEH MIPEAIOIOKHITE, YTO HAOIIOAECTCS MILTIO30PHBIN
POCT CKOPOCTH BUIMMOTO JABHKEHUSI 3BE3] 32 CUET UX JBMIKEHHS C YCKOPEHUEM
OJIU3KUM K KPUTHUECKOMY @~ -8,=-C%/r. Hanpumep, eciiu 3BE3/1Hast cHUCTEMA C
MacCHUBHO LIEHTPAIbHOMN 3BE3/10M JIBMKETCS C JIy4EBBIM YCKOPEHHEM -8, B MOJIE
TSATOTEHUS PYrOf MacCHUBHOM 3Be3/1bI MK 3BE3/IHOTO cKoruieHus. [Ipennpumem
Iy TEeIIeCTBUE K LIEHTPY [ alaKTHKHM 1 paccuuTaeM BO CKOJIBKO Pa3 yCKOPSIETCS BH-
JMMOE JBHXKEHHE 3Be3/1b1, ecin (1+ra, /c?)=h<<1, 1.e. K03 PpuumeHT KOMIpeccHn
g, IIOKa3bIBAIOLIHH, BO CKOJILKO pa3 yOBICTPEHO [10 CPAaBHEHHUIO C HICTUHHBIM BH/IH-
Moe nBIKeHue, Oynet paseH g=dt/dt'=1/b>>1. B ciy4ae mpenenbHOro cOnmxke-
HUSI YCKOPEHUSI C KPUTUYECKUM -8y BOSHHUKHET PEKUM CBEPXMOYJISIIIMU YaCTOTHI
(CUM), xora MaJible MOIYJISILIMM CKOPOCTH CBETA ¢ '=c—V;, BbI3BaHHBIE COOCTBEH-
HBIMH JIBIOKEHHUSIMH 3BE3J1 € JIy4e€BOW CKOPOCTHIO V,, BEI30OBYT TMTaHTCKUE Bapua-
LUK 4acTOThI. B 00111eM cityuae reprost CBETOBBIX KoJieOaHM i npeo6pa3yeTc;1 KaK

(BB ls B, wn L]
T'=|1+—L+—L 7= |1——
A Cc G
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Puc. 8. JeumweHune 38€3 Boane LeHTpa ManakTuku
Sgr A* (a), opbuTta 1 KpuBas nyYeBbIx ckopocTei (6)
3eeanbl S0-2. [1Ba aCTPOMETPUYECKN HEPAZNUYMMBIX
BapWaHTa pacnonoxeHwsa opbuTel 3eeags! (e, 2).

Takum 00pa3oM, JBHKEHHE 3BE3J BBINIAAUT YCKOPEHHBIM B §=1/b pas,
TaK YTO H3MEPEHHasi acCTPOMETPHYCCKHM TPaHCBEpCabHAas CKOPOCTH 3BE3]
V)=V, T/ T=V(t)/b. A aydeBast CKOpPOCTb, M3MEPEHHAS CIIEKTPOCKOIMYECKH,
€CJIM UCCJIE10BATh OTHOCUTEINIbHBIE CMEILEHUS TIMHUI OT UX CPEJITHUX MOJIOKEHUH,
cocraBut V,'(t)=-V,(t)/b. Takum o6pa3om, B 000HX CIIydasx MPOUCXOIUT UILIIO-
30PHBIA POCT CKOPOCTH B ( pa3, HO BO BTOPOM Cllydac pacu€THOEC HAIpaBICHHE
CKOPOCTH CTAaHOBHUTCsI 00paTHbIM. Ka3anock Obl, 3T0 TPUBEAET K HECOOTBETCTBUIO
HAOJIFOIAEMOTO aCTPOMETPHUCCKHU JBMKCHHS M H3MEPCHHOTO CIICKTPOCKOITHYC-
cku. Ha jene ot HeompenenéHHOCTH yIiia i=iy HaKJIOHEHHsT OPOUTHI, MOCKOIBKY
HAOJIFOIACTCS TOIBKO MPOCKIIUsS OPOUTHI M BUIMMOIO IBHKCHHUS HA KAPTHHHYIO
MJIOCKOCTH (pHUC. §8), UM MOTYT COOTBETCTBOBATH J[Ba HEPA3TMUUMBIX BapHaHTa
PacTONOKEeHHUsT OPOUTHI =iy 11 1= -iy. Y KaKIOMY TTOJIOKECHHIO 3BE3IbI OYIyT OT-
BEYATh JBA BO3MOXKHBIX 3HaYCHHsI TyueBoit ckopoctu V,'=V,o u V,'=-V,o. Takum
00pa3om, B 3JieMeHTaX OPOUTHI, OIPEACIEHHBIX ACTPOMETPHUCCKHU M CIICKTPOCKO-
MTUYECKH, HET MPOTUBOPEUHI, HO BMECTO HCTHHHOTO yIia i=iy MOayYaT JOKHOE
3HAYEHHE I=-iy, KOTOPOMY COOTBETCTBYET 3HAUECHHUE JIy4EBOM CKOpOCTH V;'=-V,q.

HecooTBeTcTBHE MOXXHO BBISIBUTH 110 CIIEKTPY 3BE3IIbI, B KOTOPOM Yia-
€rcd 4€TKO BBIJICTUTh CHEKTP MOMIOLIEHUS U M3JIyYEHUS MEX3BE3IHOIO Trasza
[K27]. Ecnu st MCTHHHON OpOUTHI ¢ i=iy Hanbosee nanékoil TOYKEe COOTBET-
CTByeT Han0OJICe WHTCHCUBHBIN CIIEKTP MOIIOIICHHS MEX3BE3IHOTO rasa, JUis
JIOKHOU OPOUTHI C I=-iy TOMY K€ JIBHIKEHHIO 3BE3/(bl HA KAPTHHHOM IJIOCKOCTH
COOTBETCTBYET HanOoJIee OJIM3KOE PACIIONIOKECHUE 3BE3/IbI U CIIA0BII CIICKTP I10-
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DIOMICHHS Ta3a, 4To OyIeT 03HAYaTh HEBEPHOE 3HAYCHHE | U oOpalieHne 3HaKa
JIy4eBOW CKOPOCTH. A €CIIM N3MEpsATh He Ha OTHOCHUTEIILHOE CMEIICHUE CIeK-
TPaNbHBIX JTUHNH, @ a0COIOTHOE, MOJKHO TOXKE HAWTH HECOOTBETCTBHE, BEIb U3
¢dopmynst (1) npu T'<<T no s¢ddexry Jloruepa TpedyeTcs ydeBasi CKOPOCTh
V,'~ €. tak, HaOIr0qaeTCss OTPOMHOE CMEIIICHHUE CIIEKTPABLHBIX JIMHUIA, KOTOPOE
HE 3aMeYaroT MOTOMY, YTO HEBEPHO OTOXK/ECTBIISIOT CIIEKTPaIbHbIE JIMHUA. Bu-
JIIMO, PETUCTPUPYEMBIE CIIEKTPaJIbHBIC JIMHUN TENUs 1 OpoMa Ha JIeNie COOTBET-
CTBYIOT HU3KOYaCTOTHOMY M3JTy4eHuIo naabHeMy VK- u pagnonuauii Bogopona
U Tesust, CMEIEHHBIX pUTI-3(QdexTom B Omxuuit MK-nuanazon.

Ecnu n3aMepeHHbICe acTPOMETPUYECKH M CIIEKTPOCKOIIMYECKN JIBH)KCHHUS
3BE3]] BO3JIE TaJIAKTUYECKOTO IIEHTPa MILTIO30PHO yCKopeHs!I 3ddexTom Prrma
B §=1/b~400 pa3, Torma UCTUHHBIE CKOPOCTH OKAKYTCS MHOTO MCHBIIE, & Op-
OuTaNIbHBIE TIEPHOJIBI — MHOTO Oonblie pacu€THbIX. Hanpumep, y 3Be3ast S0-2,
BMecTo n3MepeHHoi ckopocth V,'~4000 km/c, HaliiéM, YTO HCTHHHAS CKOPOCTh
Vi~10 xm/c, a opburansuenii epuon He P'=15 met, a P=6000 net. Torma macca
LEHTPaIBHOM 3Be3/bI TIonyuntcest He M'~4-10°Me, a M=M"/g*~25Me, T.€. BeIH-
YyyuHA TUMNHYHAs Ui 3BE3] IIaBHOW mocienoBarenabHocTu kinacca O u B. Tlpu
9TOM XapaKTepHbIC MACChl 3BE3A-CIYTHUKOB cocTaBAT ~0,1Mg. UToOBI 3BE31-
Hasl CHCTEeMa JBHUTANach B TeUeHHe Takoro Bpemern P~6000 et ¢ yckopeHueMm
OJIM3KUM K KPUTHYECKOMY a~-ag= -Cz/r, OHa JO0JI’KHA JICTCTh B IIOJIC TATOTCHUS
LIaPOBOTO CKOIUICHHMSI, PACIIONIOKEHHOTO OT 3Be3/bl Ha paccrostunu R~100000
a.e. u umerorero maccy M~10"Mg. Takas cuctema MoxeT BKTrodars 10° 3BE37
¢ maccoii ~10Me. [Tpn aTOM TITApOBOE CKOTIIICHHE MOKET UMETh pazmep ~10000
a.e., BeJIs K JIBIDKEHUIO [IEHTPATBLHOM 3Be3/bI ¢ Tieproiom P~10000 net.

Takne MaccHBHBIE CKOIUIEHHS KaK pa3 TUIIMYHEI IS IeHTpa [ anakTuky, B
KEepHe, I7Ie KOHIICHTPAIHs 3BE3/] MaKCHMaITbHA. J]a ¥ caM [IEHTP CITYXKHT LIEHTPOM
TSATOTEHUSI, CIOCOOHBIM 00ECTIEUNTh KPUTHUECKOE YCKOpeHHe a,~-8,. JleticTBr-
TEJIbHO, 110 M3BECTHOMY pactpeaeacuuto Mace [K25, ¢. 197], BHyTpu mapa paau-
yca R Bosne nentpa (B kepue) Famaktixku M(R)=kR, rae £=10"Me 1/mk. Otcrona
KpHUTHYECKOE paccTossHue R, Halinéres U3 ycioBus paBeHCTBA YCKOPEHNS Ha I10-
BEPXHOCTH Iapa kpurudeckomy 8,=Gm/R 2. Otkyna R =Gkr/c=1,5-10 m=1000
a.e. OT0 3Ha4eHue R, B mpeenax mopsaKa COOTBETCTBYET pasmepam opout SO-2
U IPYTHX 3BE3/I, ABHKYIIMXCS BOKPYT LEHTpajbHOro oobekTa [K29]. Takum 06-
pasom, B mpezenax mapa paguyca R=1000 a.e. B nentpe ['amaktuku MHOTHE
00BEKTHI, 00IeTAIOIINE IEHTP, 00IaTaf0T YCKOPEHHEM TIOPSIKA KPUTHUIECKOTO.
Ortcrona — Bo3HUKaroMe 1o dpdexry PuTia akTHBHOCTB, BCIIBIIIKH, OBICTPbIE
JIBIDKCHUSI, HOHU3UPYIOIINE N3TyYEHHS B [IEHTPE HAIIeH U IPYTHX rajakTuk. Tak
aCTPOHOMBI-PENATUBHUCTHI TpeBpatiiiy neHTp ['anakruku B [Tose uynec B Crpane
JyPaKoB, TI€ M3 OHOMN 3BE3/IbI «BBIPACTAIOT» MIIIIIHOHKI Macc Conuna. Ha neme
BCE SBJICHUS MOKHO OOBSICHUTH KITACCHUECKHUM JBIKCHHEM OOBIYHOM 3BE3MHOM
CHCTEMBI IO OpOHTE BOKPYT LEHTpa [ aakTUKU mim Ipyroi 3BE3MHON CHCTEMBI.
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opbuta .~

OJ 287 BepeT & paambiTHiO MaoGpaxeHns
W Chertp Gasapa sa culr WTodkbera
Takoit nBoitHON cBepXMacCHBHOW Y€pHOM JbIpoi cuurtanu u Onazap OJ
287, yeM OOBSICHSUIM €T0 BCIBIIIKU IPH NEPECEUEHUN OIHOM JIBIPOH aKKpeIu-
OHHOTO JucKa npyroir. Ho 310 MOryT OBITH U JIBE MPOCTHIC 3BE3MHBIC CUCTEMBI,
MeHsIoLIMe SIPKOCTh 10 3 dexTy Purna npu qBrkeHun o opoure. Ota opoura
Jlake BUJTHA: BJIOJIb HEE Pa3MbITO H300paxeHue Onaszapa (puc. 9) u paciiernieHo
Ha TPU — TaKOe YMHO)KEHHE N300paKeHHUIT B SJIEKTPOIMHAMUKE TOXKE MPe/ICKa3all
Putu. [Ipuuém nBrxeHne o opouTe ¢ nepuogoM 12 jer mpuBOAXUT K TUIIMYHOU
BCIIBILIIKE JIBAXIbI 32 TIeprol. MHTepecHO, 4To acTpO(U3UKH MOTYHAIOT TOXOKUE
KpHBBIE OJiecka Ha OCHOBE OMMUHT-((eKTa — MEHSIOIIETO SIPKOCTh PENISITHBUCT-
ckoro a¢dexra Jlomiepa y ABUKYIIMXCS ¢ OTPOMHON CKOPOCTBIO IJIa3MEHHBIX
mxeroB [K30], ciioBHO 60opoza pa3BUBAIONIMXCS B CTOPOHBI OT BpallaroIeics
3Be3nbl [K21, K22, K28]. CepxcBetoBble ckopoctu OJ 287 u ero JKeToB — 3T0
TOXE CJICICTBHE YCKOPEHUS BUAUMBIX MporieccoB apdekrom Puria. He 3ps OJ
287 Ha3bIBaIOT PO3ETCKUM KaMHeM acTpodusukoB [K31]: umenHO 3ToT Giazap
MPOJINBACT CBET Ha ueporudbl criekTpoB Oa3apos. CrekTp Bcex 01a3apoB co-
JEPAKUT J1BAa OTUETIMBBIX MAKCHUMyMa — B BHIMMOM JHAara3oHe U B PEHTTEHOB-
ckoM. B pamkax 3ddekra PuTia mpoucxokaeHHe UX OYEBUIHO: 3BE3/BI B CH-
creMe Oazapa JBHXXYTCS 10 OpOUTaM C yCKOpPEHHEM OJIM3KUM K KPUTHYECKOMY
Y 3HAYUTEJIBHYIO YacTh OPOMTAJIBHOIO MEpHOJia UX YCKOPEHHE MaKCHMallbHO
a,~ a,;=C%I W1 MHHUMAIIBHO &,~ -8). COOTBETCTBEHHO, Y YaCTH 3BE3/ 4acToTa
U3JTyYeHHs CHUKEHa puMepHo B jiBa pasa (f '=f/2), a y apyroii uactu — npumep-
HO B ThICSIUY pa3 yBenudeHa o 3¢ dexry Putia f'=f /(1+a, /a,)>>f. Pesynsrupyro-

317



M cieKTp Onazapa — 3TO CyMMa JIBYX CIIEKTPOB — OOBIYHOTO TEIIJIOBOTO, HO C B
2 pa3a MEHbIIEH I[BETOBOM TeMIepaTypoi 3BE3/1 U PEHTIT€HOBCKOTO — IOBTOPSIIO-
IIeTO ONTHYSCKUHN, HO CMEIIEHHBIN B PEHTTCHOBCKHIA Arana3oH (puc. 9). U Tou-
HO, CTIEKTP TPECTABIEH CyMMOH JIBYX CIIEKTPOB, OJMM3KHUX K TETIJIOBBIM, U MaK-
CHMYMBI UX ITPUMEPHO PaBHBI, T.K. BPEMsI H3Iy4EHH 3BE3]] B 000MX MOJIOKEHHIX
IpUMEpPHO paBHOE. Tak cka304HbIC OOBEKTHI (THIIA HEUTPOHHBIX 3BE31 U T.11.) U3
cKka30uHOM Marepuu 3¢ ¢ext Purtna marndecknum o0pa3oMm IpeBpariaeT B 00b4-
HBIE 3BE3/1b1, XOTS caM (P (EKT U TOPOHI HIUTIO3UI0 aKTHBHOCTH 3THX OOBEKTOB.

Takum 00pa3zom, COBpeMEHHbIE CKa3KH 0 TEMHOW MaTepHUH M CBEPXMACCHB-
HBIX YEPHBIX IBIPax ¥ T.1. TOpoii emé Oomee (haHTaCTHIHBI, 9eM MPEIKHIE MUPHI O
MHpE, MJIaBAIOLIEM B OKEaHE Ha CIIMHE TUTAHTCKOW Yepernaxy ¢ YeThIPbMsI CIIOHA-
MH Ha MaHIMpe, Kak 00pa3Ho rokasaHo B puibMe «LBer BonmiedcTBay. [IpesxHue
TIpEe/ICTaBICHHs OYIyT lake MeHee (haHTaCTHYHBI, €CITH M0l OKEaHOM ITOHUMATh
KOCMOC, TIOJ BCEJICHCKUM JIMCKOM M Yeperaxoi — 3eMIII0 WM TaJlaKTHKY, a O]
YETBIPbMSI CJIOHAMH — (PyHIAMEHT MUPO3/IaHHUS aTOM C €TO YeThIPbMsI I'PaHsIMH, Ha
KOTOPBIX OOWTArOT JIeKTPOHBI. Ha omHOM npeBHEi rpaBiope ecTh H300pakeHHe
YyeJ0BeKa, MpoOHUBaroIeTo 1o coBety J[x. bpyHo Ha kparo Mupa oTBEpCTHE B Ky-
nosie HeOOCBO/IA ¥ BUJISIIIIETO 32 HUM COBCEM HHYIO KApTUHY SIBJICHHH — M3HAHKY
WJITI0O30PHOTO KYKOJIBHOTO MPE/ICTABICHHS, Pa3bIrPhIBAIONIETOCS Ha HEOOCBOIE.
Tak u BTP, npo6uBast cBeToBoii Oapbep U XpycTaibHbIe cepbl aToMa, BCKpbIBa-
€T MCTHHHBIC TIPHYMHBI SIBJICHUH, O3BOJISIA YBUJIETh SBJICHHUS B UCTUHHOM CBE-
te. Bosmoxno, nmenno Ix. BpyHo cram mpororumnom i obdpasa Bypaturo y
A.H. Toncroro, mockonbKy coBceM Kak «lInHokkwmo» Kommoan poaucs u »ui B
Wranuu, ckuTancs 1mo CBeTy, ces PeBONOIMOHHbBIE HIeH, CTPEMSICh OCBOOOTUTH
JIOfIel oT JorM, kcratu, kak u caM Kapno Komnoan — yyacTHUK HallMOHaJIbHO-
ocBobozuTensHOro JBrkenus. Y bypatnHo 4yTh He paspemw ydacts bpyHo,
KOTOPOTO COXIVIM HA KOCTpE. A poJlb MHKBU3UINH, KOHEUHO, chirpai Kapabac-
Bapabac ¢ ero mnérkoii u koctpom. st camoro e Komroau mpototuriom [TurOK-
KHO, BUauMo, ctan CupaHo e bepxepak — HOcaThIi 1MOAT, MHOTO COYMHSIBIITANA
B cruiie Oyprecka [K22] v Hanpomanyro KOJOBIIAN OCTPBIM CIIOBOM U IIITAroi.

KitrouoM k mepeocMBICIEHHI0 MUKPOMHpa M MeraMmupa (kocMoca) Ciy-
JKUT MarHUTHAs! MOJICJIb aTOMa, TApMOHUYHAsI, KaK yackl wiu jipa. He 3pst arom
W3aBHA CPABHUBAIM C MY3BIKAJIBHBIM HHCTPYMEHTOM, OPTaHOM, IIapMaHKOM,
My3BIKaJbHOM Tabakepkoit [K6, c. 102]. ITo mudy Opdeii kak pa3 ¢ TOMOIIBIO
JIUPBI CIYCTWIICS B NMOA3EMHBIH MHUP M IYTELIECTBOBAJI TaM, CIOBHO aTOMHas
nozi3eMHast Jozka u3 punbMa «Sapoy». Tak Jupa ceirpaia poiib Kioda K 9TOMY
mupy. He uckiroueno, uto mudornpencrarieHue 00 Auje (rpeueckoM aje) — 3To
CHMBOJIMYECKOE M300paKEHNE MUKPOMHpa (aToMa, OTCIOAA CO3BYYHE) HIIH Me-
ramupa (sapa [anakTukn), a aMpa — 3T0 JPEBHsA MOJEb, CUMBOJ aroma. la n
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B OubnelickoMm mude, paccMOTpeHHOM, HarpuMmep y Jlanre, az (Tak ke Kak paii)
cocTosut U3 7 ypoBHe# (KpyroB) [K32], uTo cooTBeTCTBYET 7 YPOBHSAM aToMa, Ha
KOTOPBIX PACTIONIOKEHBI AIEKTPOHBI (OTCIOA 7 TIEPHOIOB TaOIUIIEI MeHIeneeBa).
Tak e u B rpedecknx Mudax MoJ3eMHOE [[APCTBO MHOTOATAKHOE — 110 AUIOM
pacrionaraincs Taprap. A B pyCCKHMX CKa3Kax MO/ MEAHBIM (MJTH XKEJIe3HBIM) pac-
T10J1arajoch cepeOpsiHoe HapCTBO, a MO HAM — 30510T0e. COBCEM Kak 3JIEMEHTHI
Cu, Ag, Au pacrionoXeHsI B [UTHHHOTIEPHOTHON Tabmuiie MeHeneeBa OIiH O/
Jpyr'MM B IE€PUOAAX, COOTBETCTBYIOLIUX 3aIlOJHEHMIO AJIEKTPOHAMHU dTaxel-
ypOBHei#i atToMHoro ocToBa. Kcraru, u B pycckoi ckaske Cako Iy TeecTBoBal B
TIOZIBOJTHOM IIapPCTBE, KaK aTOMHasl [TOIBO/IHAS JIOZIKA, OJ1arosiapsi ryciisiM, KOTOpbIe
TOYKE MOTIT CHMBOJIM3UPOBATh Mozienb aroma [K7]. He cirydaiino, mMeHHO oTeue-
cTBeHHBIH QuitbM «Ca/iko», Kak TOKa3bIBACT PsiJi apaiesed (B TOM YHCIIe Moj-
BOJIHOE ITyTEIIECTBHE, IOTHINU KOpalieH, clieHbl OUTB, MOABOAHBIX TOPOJIOB,
YCBHITISIONINX Ta30B), OBUI MOJIOXKEH B OCHOBY 3aIIaJHOTO (DHIIbMA «3BE3THBIE BO-
WHBD, HOBECTBYIOIIEM O TPO3HOM aTOMHO-JTyYEBOM OPYXHHU — «3BE37IE CMEPTH.

Beixomut, apeBHee mpeacTaBieHne 00 ajie,— 3TO JIMIIb CTHIM30BAHHOE
MIPE/ICTaBICHNE O MUKPOMHUPE BEYHOTO Xa0Ca, aTOMHOTO OTHSI, SAEPHBIX PEAKLIUH.
Taxk >ke Kak pacIiojoKeHHast 32 04aroM MUKpO/IBEpIia B ckazkax o byparuno nim
00 Ammce JI. Kappoma [K28]. UToOBI OTKPEITE U TPOHTH B 3Ty ABEPH, TPeOOBAIOCH
YMEHBIINTHCS, U3MCHUTh HEHAJOJITO aTOMApPHYIO CTPYKTYpy. 3HaHHE yCTPO-
CTBa aToMa KaK pa3 MO3BOJIHUT CTPOUTH TAKUE TOJI3EMHBIE JIOJKH, TIPOHUKAIOIINE
CKBO3b TOpHBIE ITOPOJIEL, Kak B pacckase I. 'appucona «[IpoHHKIIHI B CKaIBI».
Benp aromsr — 3to moutn Ha 100 % mycToe mMpoCTpaHCTBO, IIIe Ha OO SApa ’
ANIEKTPOHOB MTPUXOANUTCS MU3EpHAst 103151 00bEMA, T0ITOMY pacKadynBasi IEKTPO-
HBI, aTOMHBIE OCTOBBI BHEIIHUM I10JIEM, MOJKHO «ITPOTUCKHBATH» TBEP/bIC TENa
CKBO3b CKaJbHYI0 nopoay [K3]. BeposiTHO, Takoe CUMBOJIIMYHOE OMUCAHUE MU-
KpPOMHpa €CTh ¥ B MATPHYHOM BapHaHTe KBAHTOBOW MEXaHNKH. MaTpuIia Kak pa3
HaIOMHUHAET CTPYKTYPOU aTOMHYIO TUIOCKOCTb, TJI€ YHCJla PACIIOIOKEHbI B siUei-
Kax, y3J1ax. A MUKpoMup rogooen Mupy ¢uinbma «Matpunay — iudpoBoro Mupa
MarHUTHBIX MaTPUI TAMSITH, TJI€ 3HAYSHUS KOOPANHAT, MOMEHTOB MEHSIFOTCS JTNC-
KPETHO, 110 CTPOTUM IIPaBUJIaM, KaK B IPOTpaMMax, HEPBBIE U3 KOTOPBIX pa3pado-
tana Ana Jlasnetic (balipoH) Kak pa3 B T€ rojibl, KOT/1a BO3HHUKJIA CTIEKTPOCKOIIHS.

A 0COOCHHO HACHIILICHbI CUMBOJIMKOM aToMa U MAarHUTHOW MOJEIH CO-
BpEMEHHBIE (haHTAaCTHUECKUE (DMIIBMBI, OCOOCHHO CHSTHIC C TOJA4YM HILTIO-
MuHaToB, Hanpumep «Munmana [[xonc u IlocienHuil KpecToBBIA MOXOD»,
KOTOPBIA COZICPXKHUT W Ppsia mapamiened ¢ coBerckuMm ¢uibMom «Ilpukitro-
yeHust bByparuno». JleficTBUTENBHO, KpecT M TIpaajib, KaKk JAaBHO OTMEYEHO
[K21, K37], aT0 — Tunn4Has Moxesibs MarHUTHOro aroma. Ilpumuém B ¢duibme
OTMEYEHO, uTO ['paanp — 3TO HE MPOCTO CUMBOJI, a €LE U IPO3HOE opyxkue. B
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¢ubMe, 1Mo CyTH, OTpakKeHa MCTOpPUS MOMBITOK OBiajeHusi Tperbum Pelixom
TalfHOM aTOMHOTO OpPY>KUSI M MOIBITOK 3alpeTUTh TAaKoe OpYXKHe SHUHIITEH-
HOIIOZOOHBIM CITYKaIlUM OIOpO, CTaBSIMM OIPAaHWYMBAIOIIMKA 3HAK O0Jb-
woit neyatn. Gunbm «Mumuana JKoHe» BOOOIIE BBINOIHEH B CHMBOJIWYHO-
OTpakalollell MaHepe, W TOJO0HO aToMy, COCTOMT M3 JBYX 3€PKaJbHO CHUM-
METPUYHBIX MOJOBUH C IIGHTPOM CHMMETpUHU B CIieHe mnapana B bepnune.

CuMBOJIMKa aToMa BCTPEYAeTCs U B HApOJHBIX IPOMBICTIAX. Y30pbl Ha
pYCCKHX py0Oalikax, rapMoIlKax W T.J. U3 POMOOB M BCTPEYHBIX TPEYTOJbHU-
KOB OU€Hb HAaIIOMHHAIOT MHUKCEIbHYIO CTPYKTYpY aroMa. Tak >ke ¥ B Urpax TUMa
KPECTHKOB-HOJIMKOB, PEHJ3I0, TOYEK, MPOUCXOISAIIUX OT APEBHUX WIp, TUMA
IaxMar ¥ ro, MOXeT OBITh OTPaKEHO JUCKPETHOE CTPOCHHE aToMa C y3JIaMH,
B KOTOPBIX MOTYT PacIojiaraTbCs U MPBITaTh YACTHIIBI JBYX THUIIOB — OTPHIIA-
TENIbHBIC AJIEKTPOHBI MJIM TMOJIOKHUTENBHBIE sApa W TO3UTPOHBI, 00pasyromiye
cnoxkubie koH(buUrypamuu [K15, K33]. CoBepiieHCTBO, H3SIECTBO YaCOBOTO
MEXaHH3Ma aToMa M YCTPOICTBa MMKpPOYACTHUI] HACTOJIBKO YIUBUTEIBHBI, YTO
CO3/IAI0T WIUTIO3MIO TOTO, OY/ITO OHHM, KaK U caMa MOJIeNIb aToMa, CKOHCTPYHPO-
BaHbI B Havyajie BpeMEH KaKUM-TO UCKYCHBIM MactepoM tumna Kymubuna. Otpa-
JKEHHE dTOH MOJENIN aTOMa MOXKHO BUJAETh U B CKAHAMHABCKUX PYHaX, CKaXeM
B pyHe «Dagy, kak pa3 o3Hauarome «CBeT», «cepeiuHa JIHs, JIeTa», Bellb aTOM
— 3TO ANIEMEHTApHBIM U3TydaTenb CBETa, LIEHTP, OCHOBA Mupo3nanus. He ciy-
yaiiHO pyHa «Dag» — mocnenusis, pacrnoyiio)keHa BHU3Y a(aBUTa: TaK U aTOMBI,
spa Jiexar B pyHAaMeHTe MUpo3aHusl. Tak 4To pyHBI HE 3psl CIyKaT KIF0YOM
K MOJBAlIbHBIM dTa’kaM MHpo3JaHus B pomaHax JKromb-Bepna u P. Tonkuena.
Kcraru, n nepas Oyksa pycckoro andaBura «A» W3Ha4aIbHO MOINIA O3HAYaTh
ocHOBY Mupa — atoM (BcriomEuM A [K5]), a mociennss 6ykBa KMPUILTHITEL «ST»,
HaloMHUHaIOIasi B JpeBHeM Hanucanuu (B OykBune — «lka» & [K34]) pyny
«Dagy, mora cumBonu3upoBarh sapo [K28]. Mo OykBbI CUMBOJIM3UPOBATH
U OTJEJIbHBIC AJIEMEHTHI, TeM 00Jiee TOYKH Y MHOTHX OyKB (€, 1) HAIOMHHAIOT
0003HaYEHUs HJIEKTPOHOB y aTOMHOTO octoBa B Mozeiu Jlbronca u Jlenrmio-
pa. la u cama npeBHecnaBsiHCKast a30yka-Oyksuiia 7x7 [K34] u andasut can-
CKpUTa HalOMHHAIOT Tabnuiyy MeHzeneesa, B KOTOPOI AJIEeMEHThI 0003HaUEHBI
OykBaMmH (B MCXOAHBIX anaBuTax 4ucio Oyks goxonauio no 100, kak B Tabmu-
1IC — DJICMCHTOB). YU&HBIN UCXOIHO TaK U CTPOII TAONHUIly — KaK MaTpuiy 7%7.
[Tpuuém andaBuT — 3TO MaTpulla yHUBEpCaJIbHAs, TUIIA MArHYECKOT0 KBaIpara,
Jlaroias Koy M K MEUKpoMupy, U k kocmocy [K33, K34, K35], orciona anxu-
MHUECKHE COOTBETCTBHS JIEMEHTOB M IiaHeT. [loaTomy a30yka, M3HauaJbHO
noxyueHHas byparuno ot mansl Kapno, yxe cama mo cebe Obuia KITFOUMKOM
K MHUPO3JIaHHIO, eclii Obl OH TOJBKO 3HaJl. B KkauecTBe Takoil a30yku «c uya-
HBIMU [BETHBIMH KapTUHKAMI» U KJIFOYOM — CHMBOJIMYCCKHM H300pakCHUEM

CTPOCHHUS DJICKTPOHOB, aTOMOB, MIPOTOHOB, MUKpPOMHUPA U KOCMOCA, MOXKET BbI-
320



ctynare u actpoknura . Jlesurt [K36]. Mozens atomMa U spa MOXKHO yCMO-
TpeTh U B erunerckux nupamuaax [K5, K37], u naxxe B CHMBOJIHMKE ¢ OOJIOXKKH
U AMCKa XKypHaa «XUMHS U KU3HB» (OH KaK pa3 MOCBSIIEH aHAINU3Y CBOWCTB
aTOMOB W coefauHeHuit). [la u penakuus KypHayia pacroyiokeHa B Mockse B
3naHuu VIHCTUTYTa €rUNTONIOTHU, CPEAN KOPIYCOB XMMHUYECKUX HHCTHTYTOB.
Takum 0Opa3zoM, OaJTHCTHYECKAs TEOPUS M MAarHUTHAs MOJCIb aToMa
PACKPBIBAIOT HE TOJBKO TAWHBI CTPOCHHUS aTOMa M KOCMHYECKUX 00BEKTOB, HO U
MO3BOJISIOT MOHAITH YCTPONUCTBO JIEMEHTAPHBIX YACTHUI], B TOM YHUCIIE IS BbIJe-
JICHHSI CKPBITOW B HUX TUTAHTCKOM SHEPTHH, KaK MTOIpOOHEe pPacCKa3aHo B TOKJIA-
nax aBTopa Ha MexayHaponHoi koH(pepeniun [K38] n HaydHO-TEXHHUYCCKUX
vuHuKoOHpepeHnusx [K39, K40]. rak, uMeHHO OayuTHCTHYCCKAS TCOPHSI ¥ Mar-
HUTHAS MOJICJIb aTOMa IMPUHOCSIT OCBOOOKICHHE OT MayTHHBI JIOTM, HAaBsI3aHHBIX
KYKJIOBOZaMH, MAHUITYJUPYIOIIMMH CO3HAHUEM CBOMX MapHUOHETOK. A MarHuT-
Has MOJIEJIb aTOMa CJIY>)KUT TEM MAarHUTHBIM KIIIOYOM, KOTOPBIA OTKpBIBAaeT 3a-
KIIOUEHHOMY pa3yMy IyTh K CBOOOJIC MBICIIH, HAYKU U BBIXOJ] YHEPTUU MHUKPO-

MHpa — aTOMHOT'0 04ara, 3a KOTOPbIM CKpbITa JABEplia aTOMHOTO SiApa.
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PEMNCTPALMS 3BE3HbIX [TATEH U TIJTAHET
METOLOM CIEKTPAJIbHOU TOMOIPA®UN

© Kparkue Te3uchl paboThl, HanpaBieHHOH B «KocMuueckue ucciae0BaHus»

Knrouegvie cnoga: NIaHETHI, aCTEPOUIBI, COTHEUHBIE IITHA, CITy THHKH, K30IL1a-
HETHI, JIOIUIEPOBCKasi TOMOTpadus, aBTOMaTHYECKUE MEKIUIAHETHBIE CTAHLIUH,
CTIIEKTPOCKOIIHS BBICOKOTO pa3perieHus, ekt Putima.

OOHapyXeHHe CONHEYHBIX ISITEH W IUIAHET, MPOXOIAIINX IO JIUCKY
ConHila, HE TPEJICTABIACT CIOXKHOCTU Ul acTpoHOMHUH. OJHAKO OTCIEKH-
BaHHUE MPOXOKIACHHUA N0 AucKy CoNHIIa MaNbIX IUIAHET (aCTepOHIOB), KOMET,
MEJIKUX TSATEH, a TaKKe MOHHTOPMHT KOCMUYECKHX amlMapaTroB (CITyTHHUKOB,
AMC ¥ T.11.) TIpeACTaBISCT U3BECTHYIO TPYAHOCTH. Kpome Toro, 3TOT Imporiecc
MIOCTOSTHHOTO MOHHUTOPHHTA CJIOKHO aBTOMATH3HPOBAaTh, YUUTHIBAs HEOOXOIH-
MOCTH 00pa0OTKH IBYMEPHBIX H300pakeHHI, Ha KOTOPBIX CIEAYET BBIIACIATH U3
ITYMOBBIX (P EKTOB peaibHble 00beKTH. B pabore pa3paboTaH HOBBIN TpaH-
3UTHBIM METOZ IETEKTUPOBAHMS TJIAHET M COJHEYHBIX IATEH, KOTOPHIH MOYKHO
TIPUMEHUTD U JUIS TIONCKA SK30IIIAHET BO BPEMsI TPAH3UTOB, a TAKKE JUIs OTCIIe-
JKUBAHUS Bapuanuid GOpPMBI U PacIpeaeTICHUs TOBEPXHOCTHON SPKOCTH 3BE3.

Mertozn oCHOBaH Ha MccieOBaHUU npodus muHKi noronienus: ConH-
na (uam ar000i MHOW 3BE3MBI) CHEKTPAILHBIMH MPHOOpaMHU BBICOKOW paspe-
IIAOMIEH CHUJIBI M SBISIETCSI PAa3BUTHUEM METOJA «IOIJIEPOBCKON TOMOTpaduiny
[S1]. 3a cuér rddexTa TOMISPOBCKOTO YITUPEHUS JIUHUI, BRI3BAHHOTO OCEBBIM
BpAIIEHUEM 3BE3/bI, T.€. Pa30pPOCOM, JHCHEPCHEit TyueBBIX CKOPOCTEH MO JIUC-
Ky 3BE3[bl, OTJCIbHAS CIEKTpPaJIbHASA JIMHUA MPUOOpETaeT Mpoduib, Kakaas
TOYKa KOTOPOTO MPUMEPHO COOTBETCTBYET JOJTOTE WM MPULIETLHOMY Iapame-
TPy COOTBETCTBYIOIIMX TOUYEK 3Be3/1bl. [I0CKONBKY OKpyXKHasl KBaTOpUasbHAS
cKopocTh 3BE31 gocturaeT ~10-100 km/c, mmpuHa PO TUHANA TOCTUTACT
A~ 1 8M =10 A (zna Comnma V, = 2 km/c 1 Ak, ~ 0,1 A), T.e. momnaéres
TOYHOMY MPOMEPY CHEKTPATbHBIMHU MPUOOPAMH BEICOKON Pa3pelIatoIieii CHUIIbL.
ITpoxoxenne (TPaH3UT) MIAHETHI WIIN IIATHA MO AUCKY 3BE3/1bI COMPOBOXKACT-
Csl Ta/ICHNEM MHTEHCHUBHOCTH Y4acTKa MpO(WIIs IMHUN TOTJIOLICHUSI WIIN U3ITy-
YEHUS Ha COOTBETCTBYIOLIEH JIOJITOTE C COOTBETCTBYIOIIEH JTy4EBOU CKOPOCTHIO
V.. Takum o6pazom, o Gopme mpoduis 1 MO ABWKECHUIO €T0 AeTalield MOXKHO
JIETKO BBISIBIISITH MPOXOKACHHE TUIAHET U MISTEH 110 AUCKY 3BE3/IbI, OIPEIEIss nX
JIOJITOTHI M, KaK MOKaKeM Jajiee, IIHPOTHI, ONPENCISATh 3JIEMEHTEI OpOUT, pas-
Mep, CKOpOCTh, TIeprof U T.11. [Ipu 35ToM HaMHOTO ynpoIaeTcst Takxke 00padoTka
TaHHBIX Ha DBM, MOCKONMBEKY IPOQIIIE IMHUH JIETKO 3aIACHIBACTCS M MONAAET-
cs1 OBICTPOM aBTOMATHYECKOW 00paboOTKe, B OTIHMYNE OT CIydast HAMHOTO Oojee
CIIOKHOH ¥ JOATOH 00pabOTKH IBYMEPHBIX N300pakeHHH.
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Jo cux mop mogoOHbIH MeTO/ moucka 3k3orutaneT [S1, S2] u 3BE3MHBIX
nsaTeH [S3], OTKPBITBI HECKOJBKO JIET Ha3ajl, HAaXOIWJI OrpaHUYCHHOE MpHUMe-
HEeHHe, BBUJYy MaJOi YyBCTBHTEJILHOCTH. B HacTosmield pabore pa3zpaboTaHbl
TEOPETHYECKHE OCHOBBI METO/Ia M TIPEJIOKEHBI CXEMbI OIITUYECKUX CUCTEM LIS
TIOBBILICHUS 9yBCTBUTEIBHOCTH METO/IA.

Paccmorpum 3Be3y B popme miapa, KOTOpasi BpalaeTcsi ¢ yrioBoil cko-
pPOCTBhIO ® M MMeeT paanyc R, mpuuéMm och BpallleHHs MEPIEHIUKYISpHA JIydy
3penus I (puc. 1). B Takom ciydae jydeBasi CKOpPOCTb Ha Kpasix 3Be3/bl (B DKBa-
TOPHAJIBHBIX TOYKAX Ha JIUMOeE 3Be3/bl) OyJIeT TOCTHraTh SKCTPEMaIbHBIX 3Haue-
Huii V; = +oR. B 1pyrux Toukax Ha AMCKe 3BE3/IbI Ty4eBbIe CKOPOCTH IPUHUMA-
10T TPOMEXKYTOYHBIE 3HaYeHUs -0OR <V, < ®R. YcI0BHO pa3iennum JUCK 3Be3/bl
Ha T0JI0CHI TIapaJuIeNIbHBIE OCH BPAIEHHS U CMEIIEHHBIC OT He€ B IPOCKIINH Ha
KapTHHHYIO TJIOCKOCTh Ha Pa3Hble PacCTOSHUS p (HampaBHM OCh p BIIpaBo). B
9TOM ClTy4ae JIETKO [0Ka3aTb, YTO JIyyeBasi CKOPOCTh TOUYEK B MPE/IENax MOI0CHI
ectb V; = op. CooTBETCTBEHHO, 3a cu€T ¢ dekra Jlomiepa 1 AUCIIEPCUH JTyde-
BBIX CKOPOCTEH 10 JHcKy 3Be3/bl (AV, = 20R) npoduiis TUHMI MOMIOMEHHS IO
sddexry Homnepa ymupurcs u npuodpeTér GopMy, IPUMEPHO COOTBETCTBYIO-
LIYIO pacrpeaeIeHUI0 HHTCHCUBHOCTH JIMHUK TOIJIOLICHUS 110 TUCKY 3BE3JIbIL.
DTO crpaBeIUBO, el yimupeHue 2AA 3a cuét pazdpoca (Jucrepcun) JIy4eBbIX
ckopocreit AV, MHOTO 00JbIIIe COOCTBEHHO IIUPUHBI JIMHUU OA HA y4acTKax C
V, = 0. J{ns 6onpiumHCTBa TMHUH, HanipuMep y ColTHIIa, 9TO YCIIOBUE MPAaKTHYe-
CKU HE BBINOJHSACTCS, BBU/Y YIINPEHHS JIMHUH 3a CYET aBJICHHUS, TEMITEPaTyphl
(xaoTnyeckoe JIOIUIEPOBCKOE YIIMPEHUE) M MHAWBUIYaJIbHBIX JBIKCHUH I10-
BEPXHOCTH, B TOM YHCJIE 32 CUET KOHBEKLIMH B rpaHynax. Ho B cnekrpe ConHua u
JPYTHX MEJICHHO BPAIIAIONINXCS 3BE3T MOXKHO OOHAPYXUTh OT/CIIbHBIC y3KHE
JIMHUM, JUTSL KOTOPBIX YCIIOBHE BhITTONHsIeTCs. KpoMe Toro, ycinoBre 0ObIYHO BbI-
TIOJTHSIETCS JUTS 3BE3/1 C BRICOKMMU OKpYKHBIMHU ckopocTsimu (V ~ 100 km/c), Ha-
npumep Juist Ansranpa [4] u qpyrux 0sIcTpo Bpamaronmxces 38€3x [S1, S2].

[TockonbKy MpH 3THX YCIOBUSX HHTEHCUBHOCTD y4acTKa a0COPOIIMOHHON
JIMHUH, COOTBETCTBYIOIIET0 HEKOTOPOH JTyueBOi ckopocTH V,, MpuOInkEHHO ITpo-
MOpIHOHANBHA TuTonIaan dS cBeTAIIeiics MOBEPXHOCTH (TONOCKI) C TAKOH CKO-
poctbio B uaTepBaie ot V; 10 V,+ dV,, Haiaém uyTo npoduIib TMHUM MOTIOIECHHS
AW(AL) nnu nznydenus OyneT npuOIMKEHHO OBTOPSTH (POPMY JIMICKa 3BE3/IbI.
T.e. npo¢uns muaun nornomenust AW(AL) Oynet B miepBoM pUOIHKEHHH HUMETh
(opMy IOJIOBUHBI YTH OKPYKHOCTH, IIUIICA, €CIIM HE YYUTHIBATh TIOTEMHEHNE
K Kpato 3Be3/1bl (MIOTEeMHEHHE K Kparo 00BIYHO MaJIo /It KpacHbIX 1 MH(pakpac-
HBIX Jy4eid [S5]), a Takke yBEIUYECHUE TONIIMHBI TPOXOAUMOTO JIy4YaMH CBETa
11051 XpoMoc(epbl 3Be3/1bl, KOTOPOE 0TYACTH KOMIIEHCUPYET AP deKT moTeMHEeHNST
K Kpato. JleiicTBUTENBHO, Y OBICTPO Bpalliatomuxcst 3BE3/1, Harpumep y AJbsTanpa,
npoduiIb CIEKTPAIbHBIX JMHUA UMEeT MPUOMKEHHO IUIHIITHYECKYIO hopmy
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Puc. 1. Cxema BpamieHus 3Be3[bl U YIIUPEHHA NPOQHIA JHUHUU MO-
IJIOIICHUS: B CIyyae YHCTOrO JMCKAa 3BE3Ibl (creéa) W 4aCTHYHO 3a-
KPBITOTO TEHBIO IUTAHeTHl WM 3BE3NHBIM IDITHOM IUIOmansio AS,
(cnpasa). Tlo Mepe NBWKEHWsS ISATHA WIM JIUCKAa IUIAHETBHI [0 JUC-
Ky COOTBETCTBEHHO CMEIIAeTCsl JIOKAIBHBI MaKCUMyM Ha CIEKTpe.

[S4] (puc. 1). Ecinu sxe ydyecTb MOTEMHEHHE K KPalo TMCKa, H3MEHEHHUE ITyTH CBETa
B xpomocdepe 38E31, nuddhepeHIaIbpHOe BpallleHHe 1 U3HAYAIBHYIO ITUPUHY
npoduitst TMHUM OA (Ha y4yactkax ¢ V, = 0), ¢popma npoduis Oyner omimdaTbes
oT KpyroBoii. BoccranoButs Gopmy npoduiist, 00ycIoBIEHHYO TOJIBKO Bpala-
TENBHBIM YHIMPEHHEM, MOXKHO, €CJIH Y4eCTh 3TH 3(PEKThl U BECTH 00pabOTKy
npoduiast Ha DBM ¢ COOTBETCTBYIOIIMMH KOPPEKTHPYIOIIUMHU ITOTPABKAMH.

JleWicTBUTENIBHO, U3BECTHO, YTO MPOQHIHN JIMHUH OBICTPO BpAIIAIOIINX-
cs 3B€31, Thna Anbraupa U AxepHapa, UMeIOT (HOpPMy ITOIYOKPYKHOCTH, I10-
nyamunca [S1, S2, S4]. OnHako i OBICTPOBpAIIAIOLIMXCS 3BE3M, HAOIIO-
Jla€MBIX CO CTOPOHBI IOJIFOCA, HApuMep Juis Bern, nmpoduib Ooee CIOKHBIH.
JleWicTBUTENBbHO, NTPU HAOJIOAEHUH IOYTH BIOJIL OCH BpaileHus AV, cHmxKa-
eTcsl, a MHTEHCUBHOCTH JIMHUU CYNIECTBEHHO HapacTaeT B LEHTpe npoduirs,
cooTBeTcTBytomero nomocy ¢ V, = 0, 3a c4ér u30bITKa MOBEPXHOCTHOM sIp-
KOCTHU TOJISIPHBIX y4acTKoB 1o Teopeme don llaiinens [S6]. B ciaydae 3amer-
HOTO TIOTEMHEHUsI K Kpalo WIHM B CIy4ae 3HAYUTEIBHOTO OTKIOHEHUS (OPMBI
3Be31bl OT JIUIMIICOMJIA BpalleHHs (HarmpuMep, 3a CY4ET NPUIUBHBIX dPdek-
TOB), TPOGWIb JUHUHM TOIIOLICHUs] 3aMETHO MCKa3uTCs W OyJeT OoTinvaTh-
csl OT mojdykpyra. Takum oOpasom, Jaxe 0e3 NMPUMEHEHHs CIOKHOH TeXHH-
KH ONTHUYECKOH HHTephepoMeTpun (TerecKonbl-nHTEPPEepOMETpPhI), MOKHO
YCTAQHOBHUTH 110 OJHOMY TOJIKO NMPOQWII0 JUHUH NODIOmIeHUs: (GopMy JHC-
Ka 3B€3Ibl M HEOJHOPOIHOCTh B PAaCIpPEACICHUH ITOBEPXHOCTHOW SIPKOCTH.

[Tockonbky YacTH4HOE 3aTMEHHE, IOTEMHEHHUE JIUCKa 3BE3[bl, BHI3BAH-
HOE€ TUIAaHETOW WIIM 3BE3IHBIM IISITHOM, MPUBOAMUT K YMEHBUICHHWIO ILIOIIAAN
TIOJIOCHI, COOTBETCTBYIONICH ONpeNeIEHHOMY 3HAaueHHIO V,, COOTBETCTBEHHO
OyZleT MEHSTbCS M MHTEHCUBHOCTH B Ipoduie JUHUM nomiomenus. Ha npo-
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¢dusie IMHUM TONIOUICHUS MOSBUTCS JIOKAIBHBIH MakcumyM (puc. 1), mo mo-
JIOKEHHIO W CKOPOCTH CMEUICHHsI KOTOPOTO MOXXHO OOHapy>XHBaTh IUIAHETHI
U YCTaHABIIUBATh KOOPAMHATHI, SJIEMEHTHI OPOMTHI W TPAHCBEPCAIBHYIO CKO-
POCTh U X TPOXOKICHUS MO JUCKY 3Be3nbl. JleiicTBUTENbHO, 1MOK00HBIE Ba-
puanuu npoduIIs JTMHUAHN MOIIOIIEHHUS ITPH TIPOXOKIACHUH SK30IUIAHET 110 JINC-
Ky 3BE&37 HaOmomarorcsi B (hopMe JIOKAIBHOTO MakKCUMyMa, JBIIKYIIErocs IO
MPOQUITIO JIMHUH, TO3BOJISISI WCCIE0BaTh MapaMeTphl ABMKEHHS HK30IUIaHET
METOJIOM TaK Ha3bIBaeMOU IoriepoBckoit Tomorpaduu [S1, S2]. Ananormu-
HBI METOJ| MO3BOJSIET PETUCTPUPOBATh U JABMXKEHHE 3BE3AHBIX msaTeH [S3].

[Tockonbky npodwilb JMHUHA MOIIOMIEHHS OOBIYHO W3pe3aH HIyMaMH,
BBIJICIISITH MAKCHMYM, COOTBETCTBYIOIIMH HE IIYMY, @ MPOXOXK/ICHUIO IUIaHETBI,
MOXKHO 110 U3MEHEHHIO TTOJIOKEHHS MakcuMyMa Ha npoduie muaun AM(t) ~ Kut,
rae k — koHcTaHTa. B oTianyme oT ciay4aiiHOro LIyma, CUTHAJl OT MPOXOXKICHHUS
COJIHEYHOTO ITSITHA WJIU TUIAHETHI — TOYTH NOCTOSIHHBIN, 1 MAaKCHUMYM OT TIAHETHI
CMEIIaeTCs MO CIEKTPAILHOMY NPO(QUII0 B CTOPOHY JUIMHHBIX BOJH C MOYTH
MOCTOSHHOM cKopocThio dAM/AE = kv (B ciiydae mpsiMOro ABHXKCHUSI TIJTAHETHI),
WK ¢ TApMOHHYECKH MeHsttoteiics ckopocthio dALN/dt = koRcos(wt) — B ciyyae
JBIDKCHUS TISITHA, KOT/Ia t OTCUMTHIBAIOT OT MOMEHTA IIPOXOXK/ICHUS MISITHA Yepe3
0Ch CHMMETpUH Aucka (Ha Mepuauane ¢ p = 0). DTO MO3BOJIUT JIETKO OTHCIUTH
CHTHAJI OT CIy4YaiHbIX IIyMOB Ha PO(uIIe IMHUK MOTIONICHUSI.

JlelicTBUTENBHO, IEPHO/] TOBTOPEHHSI MAKCHMYMOB, JIBHOKYILIUXCSI 110 TIPO-
Gburo ¢ HEKOTOPO# «cKOpocThio» dAL/L, paBeH opOuTansHOMY Meproy P miane-
TBI MJTM TIEPHO/TY 0OpalieHus T MsTHa Ha TUCKE 3BE3/1bl, CBI3aHHOMY C BpallleHHEM
TIOBEPXHOCTH 3Be3/Ibl. Bpems 3armenust At, eciiu iiaHeTa mpoxXouT 1o 9KBaTopy
3BE3/Ibl, IO3BOJIUT HAUTH COOTHOILIICHUE MEXK/Ty OPOUTAIIBLHBIM pajinycoM (TIoiry-
OCBIO @) M SKBAaTOPUABHBIM PalnyCcoOM 3Be31bl R (B cllyyae KpyroBoil OpOHTHI):

a/R = P/mAt.

Takum 06pazom, 3Hast pauyc R 3Be3/1b1, HAITPUMED U3 ACTPOMETPHUECKHX
HU3MEPEHUIT, MOYKHO ONPEICIIUTh PaanyC 3BE3MHOM opouThI a (puc. 2). [Ipoxoxk-
JICHUE TIJIAHETHI 110 9KBAaTOPY 3BE3/Ibl OOHAPYKHMBACTCS IO TOMY, YTO MAaKCHMyM
MIPOXOJIUT BCIO MIMPHUHY MPOGHILs 2AL,,, OT JIEBOTO J10 IPABOTO Kpasi. DTO 03Ha4a-
€T, 4TO HaKJIOHEHHEe OpOuTHI IaneTsl | = 90°. Eciu ke JBHKEHHE MaKCUMyMa
HayMHAeTcsl He OT KpaéB mpoduist +AL,, a 0T IPOMEXKYTOUYHBIX y4acTKOB AA,
COOTBETCTBYIOIMX POMEKYTOUHBIM JIy4EBBIM CKOPOCTSIM IMOBEPXHOCTH 3BE3-
JIbI, TOTJIa HAKJIOHEHHE OpOUTHI OTKu4HO OT | = 90°. B ciyuae a >> R, cuuras
JIBMDKCHUE TTAHETHI TIPOUCXO/ISIIUM I10 JIUCKY 3BE3/IbI C HOCTOSIHHON CKOPOCTBIO
U, TIOJTyYHMM JUJIS JUTMHBI 2p, TPOXOJMMOMN BJIOJIb TUCKA, M JUISl ydacTKa CIIeKTpa,
MIPOXOJMMOTO BJOJIb MpoduiLst JuHuH, 2AN = 2pAA./R, e a/p = P/nAt. Orcrona
13 TPUTOHOMETPHUH JIETKO ONPEJEIUTh HAKIIOHEHHE OPOUTEI
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Ecny nBmkynmiicsi MakCHMyM Ha poguiie 00yCIIOBIIEH JBHKEHUEM COJT-

HEYHOrO (3BE3JHOrO0) ISITHA, TOLAA 10 Hayaldy TPAH3HUTa C y4acTKa, OTCTOAIIETO
OT IIeHTpa npod st Ha AL JIETKO HAWTH IUPOTY IIsITHA @ = arccos(AMAL,,). [ei-
CTBHUTEIILHO, IPOXOXKJICHNE TISATEH MO AUCKaM 3BE3/] OTYETIIMBO PETUCTPUPYETCS
1o BapranusiM GopMsl Tipoduitei THui nortomeHust [S3].

B ciyuae, ecnu JBMXKEHWE IUIAHETHl NPOUCXOJUT TI0 OIIUIMIITHYE-
CKOH OpOUTE, JIETKO ONPEASNIUTh SKCUEHTPUCUTET M AOArOTy HepHacTpa op-

OWTBHI 1O MU3MCHEHHUIO CKOPOCTH JIBHKCHUS MAKCHMyMa IO MPO(UIIO JUHHH
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Puc. 2. K pacuéry a1eMeHTOB OpOUTHI TUIAHETHI C HAKIIOHEHHEM OTIIHYHBIM OT | = 90°.

noromieHnst. Kpome Toro, KOMOMHHPYS 3TOT METOJ] C METOJIOM JIY4EBBIX CKOPO-
CTEW MO JOIUIEP-CMEIIEHUSIM CHEKTPaIbHbBIX JIMHUH, JETKO YTOYHHUTH 3TU dIe-
MEHTBI ¥ COITOCTABHUTh CO 3HAUCHUSIMH, HalICHHBIMHU JIPYTHMHU METOJIAMH.

ONeMEHTapHO OINpeNeNsaeTcss Takke pasMep IJIaHeThl WM MATHA
10 WHTEHCHBHOCTH O0pasylolerocs MakcMMyMmMa Ha Hpoduie CHeKTpaib-
HOW JMHWU. JIeHCTBUTENBHO, CIIEKTpalbHAas HMHTCHCHUBHOCTH JIMHUU I10-
miomeHnst AW (€€ MOXHO OINpeAeNNuTh KaK JIOKaJIbHYI0 DIyOHMHY Tpodu-
71 TIODJIOLICHUS], pHc. |) MpONOpIHOHANbHA IUIOMAAN MOJOCH AS ¢ IIUpH-
HOW pPaBHOM TONEPEYHMKY ISATHA WIM TuiaHeThl. Cuuras, 4To B Tpenenax
OTOM TONOCHl JTy4deBas CKOPOCTh U TOBEPXHOCTHAs SIPKOCTb IMOCTOSHHBI
(T.e. TIpM TIOCTOSHHOM KOI(QHIMEHTE MPONOPIHOHAILHOCTH U), HalaEM

AWAML = UAS.

[ToaToMy 3aTMeHME yuacTKa MOIOCHI JUCKOM IIIAHETH! WK MATHOM ILIO-
maau AS, IpUBOAUT K IafeHUI0 cpenHell nHTeHcuBHOCTH AW' yuacTka IMHUN
HONIOIIEHUsT MUPUHOH AL, (B Hpenenax KOTOPOro HaOMIOgaeTcs JIOKAJIbHbIHA
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MaKCHMYyM) IO OTHOIIEHHUIO K UCXOJJHON MHTEHCUBHOCTHU y4acTKa JIMHUU MOIIO-
menust AW nporopruyoHansHO
AW'/AW = (AS — AS,)/AS.

Tem caMbIM OTKPBIBAETCSI BOBMOKHOCTh TOYHOTO M3MEPEHUS DIIEMEHTOB OPOHT
1 pa3MepoB HEOECHBIX TEJ MJIM IISITEH, MPOXOISIIMX MO BUANMOMY JUCKY 3B€3-
nbl. [IpeutoxkeHHbIid MeTo/1 Hanboee 3(h(heKTUBEH B OTHOILICHUH HEOECHBIX Tell,
nated 1 AMC, npoxonsamux no aucky CoJHIa, MOCKOJIBKY CHEKTP U3ITyUYeHUs
u nuHuK nornouieHns CoiHIa JOCTaTOYHO MHTEHCHUBHBI, YTO MO3BOJUT BECTH
n3MepeHne npoduirst JIMHUIN MOMVIOIICHUST ¢ OPOMHOM pa3perarolei crnocoo-
HocThio. Y CoiHua npoduiib JIMHAU 3aMETHO OTIMYAETCS OT {yT'H OKPY>KHOCTH,
JIIIMIICA, BBUAY CPaBHUTEIBHO MAaJIOW OKPYXKHON 3KBAaTOPHAIBHOM CKOPOCTH
Connua (V, ~ 2 KM/C) 1 3HAYNTEIBHOTO YIIMPEHHS JIMHUN OT JPYTHX 3P PEKTOB.
Tem He MeHee, MPUCYTCTBYET 3aMETHOE yIIHpeHue npoduiis 3a cuéT BparieHus,
TaK 4YTO, CPABHMBAs IIPU KOMIBIOTEPHON 00pa0OTKe MCKaKEHHBIN (IIpU 3aTMe-
HUU) U HCHCKAXCHHBIA MPOQHUIL CICKTPAIBHBIX JIUHHUHA, MOXKHO YCTaHOBHUTH
MOJIOKEHUE TUTAHETHI, MsITHA, ciyTHHKa, AMC n ux aswxenue. Haubonee noa-
poOHO TouHas Teopus 3 dekra paccmorpena B [S1, S3].

Kpome Toro, o ¢opme npoduiist IOKaIbHOTO MaKCUMyMa 1 TI0 €€ u3me-
HCHHIO B MHTEPBAJIC BPEMCHU MEK/Y IEPBBIM U BTOPHIM MOMCHTAMH KOHTAaKTa
¢ TMMOOM 3BE3/Ibl, MO)KHO IPUMEPHO OIPEAeIuTh (popMy 3aTMEBaloIIeil MiaHe-
ThI WK KocMuueckoro ammapara (AMC, MC3), nanpumep, mosaras ux Gopmy
CUMMETPHYHOM. ITO TO3BOJIMUT MJICHTU(PHUIMPOBATH KOCMHYECKHI armapar 1o
ero pasmepy u (opme, aHAJIOTHYHO PACIIO3HABAHUIO BO BPEMsI BOMH BOCHHBIX
KOpaoOJel ¥ CaMOJIETOB TOJIBKO 110 UX CHITYITY.

MWKPONUH3bI
npuama 2

TpaHcnapaHT

Puc. 3. Cxema cniexrporpada At U3y4eHus nH-
TErpajbHOTO HPOGUIS CHEKTPAIBHBIX JIHHHH.

npuama 1

B ciryuae apyrux 3BE31 MHTEHCHBHOCTH CBETA, KaK MPABHJIO, CIHMIIKOM
MaJia, 9TOObI MOAPOOHO NMPOMEPUTH CIEKTPANBHBIN NPO(WIb JMHUM TOIIO-
IIEHUsI C JOCTaTOYHO BBICOKUM CHEKTPAJIbHBIM pa3perieHueM. JlefcTBuTemb-
HO, SHEPTHs N3JIy4eHHs B IIPEAeiax MUPUHBI OJHOM JIMHUN CIHIIKOM Maia, u
npoduiab He NOANAETCS MOAPOOHOMY IPOMEPY METOIOM (DOTOMETPHHU ydacTKa
CIIEKTPa WM CTETEHH MOYEpHEHNUs ydacTKoB (hororuractuaku. Ho B aTom ciry-
Yae, MOCKOJIbKY He TpeOyeTcsl HCCIeI0BaTh ABYMEPHOTO N300paKEHHS, MOTYT
HalTH NPUMEHEHNE MHOTO3EpKaJIbHBIEC TEJIECKOIBI, COOMPAIOIINE CBET 3BE3/IbI
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C OIpOMHOI1 TIOIIAAM Ha Mmenu cnekrporpada 6e3 crporoi HOKyCHpPOBKH, UTO
o0ecIeynT AOCTaTOUYHYI0 CBETOCHIIY M pasperiarollyio crnocodHocts. Kpome
TOT0, MIOCKOJIbKY Y MHOTMX JINHUH MTPOQHIIb TPUMEPHO OJMHAKOB (€Cin paccMma-
TPUBATH JTUHUHU, POPMUPYIOIIHECS B XpoMochepe 3Be3/1bI), MOJKHO HCCIIeIOBATh
HWHTETPATIHHYIO MOIITHOCTD U3TYYCHHUS OT Psiia TAKUX CIIEKTPATbHBIX JIMHHMH, CO-
Ompast X M300pakeHUs] B OXHO HA ONHOW (POTOXMOIHON JHHElKe miu (HoTo-
rtactuHke (puc. 3). Tem cambIM, 3a CUET yBEIMYECHUSI CBETOCHIIBI, MOXKET OBITh
JOCTHTHYTa OIPOMHAs pa3peliaoliias cliocoOHOCTh MO YacTOTe (JUIMHE BOJHBI
A) nipu uccaenoBaHuu (GopMbl MPOGUIIS JTUHUE MorIoneHus. J[edCTBUTEIBHO,
KOHKpETHas JUTMHA BOJHBI A, Ha KOTOPOH MUCCIEIYIOT MPOIIIb, HE CTOIh CyIIe-
CTBEHHA, T.K. BO BceX (pOpMyIax MpeIoKeHHOTO MeTo1a (GUTYpUPYIOT OTHOCH-
TEJbHBIC IIUPUHBI U KOOPAWHATHI TPOoG et TUHIA AM/ Ay,

Criextporpad uist TOAPOOHOTO HCCICIOBAHUS MTPOGUIICH CIIEKTPATBHBIX
smHnit CotHIa M 3BE3]I MOXKET OBITh YCTPOECH Cliety oM oopazoM. Cucrema rio-
CKHX 3€pKaJ C 2JIEKTPOMEXaHUIECKUM MTPUBOIOM, PACTIPENCTIEHHBIX IO OOIBIION
rwroraau (~1 kM?) ¥ CHHXpOHHO yrpaBisieMbix DBM, cobupaet mapaiensHbie
Jy4H CBETA OT 3BE3/BI B Y3KYIO allepTypy Ha BEPIINHE W3MEPUTEIFHON OalTHI—
oOcepBaTopuu. 3aTeM ITy4OK CBETa, PO Yyepe3 KOJUTMMATOP-KOHIEHCOP, CO-
OupaeTcs Ha LIenH creKTporpada, pasjiararoiero CBeT B crekTp (puc. 3). Otot
CIIEKTp TPOCIUPYETCS HA DKPaH B BHJIE MAacKH (TpaHCIapaHTa) ¢ Mpope3siMu Ha-
[IPOTHUB JINHUH MOITIONIEHHUS. 3aTeM KOPOTKHE YU4aCTKU CIEKTPa, POLICIIHIE Ye-
pe3 3THU MIEJH, HAPABIISIOTCS Ha IPOTHBOIIONOKHO OPUEHTHPOBAHHYIO TIPU3MY
Wi TUPPaKIHOHHYIO PEIIETKY, KOTOpast BHOBb COOMPAET CIIEKTP B Tapaielb-
HBII ITyYOK U Yepe3 JIMH3Y (POKYCHPYET B Y3KHIl OTpe30K Ha (hOTOIHOMHYIO JIH-
HelKy (1160 @DV -nHHelKy) criekTpomeTpa, 00 Ha GOTOTIACTHHKY JUIs H3Me-
PEHUS B YCIOBUSIX JUTMTEIBHOM IKCIIO3UIMH. Eciy OBl JyuH MpoCcTo MpOXOAHIH
4yepes Mpopesu B Macke (TpaHCHapaHTe), OHU Obl (POKYCHPOBAIMCH B OHY JIHHHIO
(o dopme BxomHOU menw criekrporpada). Ho mockonbKy TpeOyeTcs moayduTh
PO UITb TUHUN MTOTIIONICHHUS, TTPOCTO COBMECTUB Pa3HbBIC JIMHUH, HEOOXOANMO
MOCIIe KXIOM MIeIN MacKH-TPaHCIapaHTa IOCTaBUTHh Y3KYIO COOHMPAFOIIYIO
LWTHHPUYECKYIO JINH3Y, TPOU3BOIAIILYIO 1e(OKYCHPOBKY KaXJIOTO ITy4YKa, TaK
4YTOOBI Ha CHEKTPOMETPE MM (POTOIIACTHHKE CBET OT KaKAOH mpope3u Goky-
CHPOBAJICS] HE B JIMHHUIO, @ B I10JIOCY, Kpasi KOTOPOil COOTBETCTBYIOT KpasiM AL,
CHeKTpaJIbHOTO TTpoduist Ui, [Ipu 3TOM HHTETpaBbHBIN POQWITL JIMHUAHN TI0-
JYYUTCS, €CIH Ton00paTh (POKYCHBIC PACCTOSHHS JTMH3 TAaKUM 00pa3oM, YTOOBI
Kpasi mpomieil y COBMEIIAEMBIX CIEKTPATbHBIX JUHHUNA coBmagamd (puc. 3).
CoOTBETCTBEHHO, MHTEHCHUBHOCTb HMHTErpalbHOrO mnpodmis Oyner 3amMeTHO
BBIIIE, YeM JJIsl KaXK/I0W OT/AEIBbHON JIMHKUM, YTO MO3BOJHUT OYEHb TOYHO TPOME-
PATH MPOGMITH JIMHUH TTOIIOMIEHHS TIPH BBICOKOM CIIEKTPaJIbHOM Pa3pelieHUH.

Crnennguyecku J0HKeH ObITh YCTPOEH U KOHAEHCOP, COOMparoNyii myy-
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KM cBeTa Ha mmenu crnekrporpada. [Tockonbky (okycupyromias cucrema acTpo-
criekrporpada coOupaer OTAesbHbIE NapaulelbHble IyYKHd CBETa OT IUIOCKHX
3epKajl B OJIHY anepTypy, UX Hellb3si coOpaTh HUKaKoi (hoKycHpyrolel cucre-
Mo# B oiHy Touky. OJHaKO, IIOCKOJILKY HE TpeOyeTcs Moiydarh MpaBHIBHOTO
JIBYMEPHOTO M300paKeHUs, JIy4H JOCTATOUHO MPHOIMKEHHO CBECTH B OJMH Ta-
paJuIeNbHBIN MYYO0K, a 3aTeM c(hOKyCHpOBaTh JMH30M B TOUKY Ha ILEJU CIIEKTPO-
ckorna. Takas KOJUIMMalKs MYyYKOB MOXKHO OCYIIECTBUTH IOCPEICTBOM BOPOH-
KOBUJIHOTO 3€PKaJIbHOTO KOJUIMMATOpa-KoHAeHcopa (puc. 4), MpeACTaBIIsIONEro
co00i1 0CeCMMMETPUYHYIO TTOBEPXHOCTh, COCTABICHHYIO U3 psijia MOCIea0Ba-
TEJIBHBIX KOJIBLEBBIX KOHUUECKUX 3€pKajl C 00pas3yrollel o4ty rnapajuiebHON
OCH KoJutumaTopa (C ymioM K Heil ¢ ~ 1°) 1 00paIiéHHbBIX B CTOPOHY BBIXOAHOTO
koHIIa nprbopa. T.e. KOJUIMMATOP J10IKEH OBIThH BHINOJIHEH B BUJIE TOBEPXHOCTH
BpalIeHUsI, HATOMHHAIOIIEH TPYOOUKY JJIsl KOKTEHIISL.

\\ \\\\\\\\\\\\\‘\\\W\\a
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Puc. 4. Cxema yHUBEpCATBHOTO KOJTUMATOPa-KOHACHCOpA CBETA.

Ecnu rcxomHslit Tyd magaet Mo yIvIoM o K OCH KOJITIMAaTopa, TOTaa pH
KaXXIOM TIOCJEAYIONIeM OTPaXCHUH OT CTEHOK KOJUTMMATOpa 3TOT YIroJl YMEHb-
mraercs Ha 2, TaK 4TO TOcJe N-TO OTPAKEHUS YTOMI K OCH Y OTPAKEHHOTO JTyda
o, = o — 2¢N. Takum 06pa3oM, MPaKTUIECKH HE3aBUCHUMO OT TOTO, B KaKOIl TOUKE
1 TIOJ KaKUM YTJIOM BOIIIIH JIy9d B KOJJTMMATOP, €CIIM MaKCHMaJIbHBIA YTOJ UX
BXOJIa PAaBEH 0, TOTAA Yepe3 /7 = o/2¢ OTpaXKeHUH BXOIAIINI IMy9IOK Ha BBIXOJEC
KOJUTUMATopa mpeodpa3yeTcs B MOYTH MapalIeIbHBIN My90K JIy4eH, T.K. o, ~ 0°.
BaxHoe CBOHCTBO TAaKOTO KOJUTUMATOPa COCTOUT B TOM, UTO €TI0 KOJUTUMAIIHOHHAS
CIOCOOHOCTD YBEIIMYUBACTCS C YBEITMUCHHUEM YTIIA (L, IOCKOIBKY C yBEITHUCHHEM
o pacTéT 9ucIo N oTpaskeHui Ha JuinHe L konaeHcopa. Tak 4To Bce JTyqn CBOIAT-
Cs1 B apaUIeNIbHBIN MyYOK MPHIMEPHO Ha OTHOM U TOM K€ PAaCCTOSTHUH L OT TOukH
BXOza B mpudop. Jpyroe BakHOE OTIIHYHE OT Pe(ICKTOPHBIX U pehPaKTOPHBIX
CHCTEM COCTOHUT B TOM, YTO KOJUTUMAI[OHHAS CIOCOOHOCTH KOHICHCOpA OINHA-
KOBa JUTS JTy4deil, BXOAAIINX B allepTypy Ha Pa3HOM PACCTOSHUHU OT ONTHYECKON
ocH (0CH CUMMETPHH KoJuTuMaropa). IMeHHO 3TO MO3BOJISIET COOMPATh B OUH
TapaJuIeTbHBINA MyY0K BCE TyIH, HE3aBHCHMO OT YIJIa l TOYKH UX BXOZA B CUCTEMY.
[Ipu 3naguTensHOM pasmepe anepTypsl (D ~ 1 M) u ¢ ~ 1°, mmrHa KommmuMaropa,
HeoOxonuMast 1y coopa cBeTa B MapaJUIeNbHBINA IMyYOK, JOKHA OBITh L ~ D/@
(Tme ¢ BBIpaXXeHO B paanaHax), oTkyaa L ~ 60 M. T.e. KommmMaTop HoJDKeH obma-

JIaTh OOJIBIITUM Pa3MEPOM U pacrioyiararbes B OamrHe 00cepBaTOpUN BEPTHKAIb-
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HO, T.€. CIIeKTporpad Ha BbIX0/e KOJJIMMAaTOpa PacloIoKeH B OCHOBAaHUH OAIlIHH.

Jnst yBenMUYeHUs TOYHOCTH KOJUIMMAalMu (yMEHbLIEHHs pa30poca 1o
yIJlaM BBIXOJIa JIy4yei) clielyeT YMEHbIIATh (. DTO 00ecIeunBaeT KoIIMMAaInIo
JIy4eH, nepeceKaronx och KoJUIMMaTopa min OM3KuX K Hell. J{is koummmanun
u cONMKeHNUs JIyded, BXOSIIIUX B anepTypy Ha 3HaUUTEIbHOM PAcCTOSIHUHM OT
ocu (T.e. JIy4el, CKPEIIMBAIOLINXCS C OCBIO), CIEAYET MMOCTENIEHHO YMEHbIIATh
panuyc KOHMYECKHX 3epKaJl 110 Mepe MPUOIMKEHHs K BBIXOAY KoliuMaropa. B
TaKOM Clly4ae 10 Mepe MPUOIMKEHUs K BBIXOAY ITy4OK OyJIeT CTaHOBUTHCS HE
TOJIBKO BCE OJIMKE K MapaiIeIbHOMY, HO U OyIET Cy»KaThCsl.

3areM y3KHii, MOYTH NapaulesIbHbIH, apaKCHAIbHBIN My40K (GOKyCUpy-
eTcsl JIMH30M B Imenb cnekrporpada. Takoil KommmmaTtop—KOHIAEHCOP BPsiA JIU
HalET NpUMEHEHNE B ONTHKE JUIsl (JOPMUPOBAHMS IPABHIIBHBIX H300paKEHUH,
T.K. OT/JeJIbHBIC JIY4H B ITy4YKe He C(ha3MpOBaHBL: Jy4aM COOTBETCTBYIOT Pa3HbIe
JUTMHBI ONITHYECKHX ITyTEH, U OHM BBIXOJAT I10J] HECKOJIBKO Pa3HbIMHU YIJIAMH Ol,.
Ho B xadectBe mpuOIMXEHHO COOMpAIOIEH CBET CHUCTEMbI TAKOHW HOBBIH THII
KOJUIUMATOPOB-KOHAEHCOPOB MOXET HAUTH MPUMEHEHHE.

Emgé sdpdexTuBHEl OKakeTcss pacCMOTPEHHBIH METOZ TOMCKA IUIAHET
IIPU HCCIIEOBaHUN TPO(QUIICH SMUCCHOHHBIX JMHHMU. JlelicTBUTENBHO, sIp-
KOCTb 3MUCCHOHHBIX JINHUH B OTJEJIBHBIX CJIydasX CONOCTaBHMA C MHTETpasib-
HOU SIPKOCTBIO CaMMX HeOeCHBIX Tel, 3BE31. B 4yacTHOCTH, CHEKTpHI KBa3apoB
Coiep>KaT OYEHb SAPKUE IMHUCCHOHHBIC JIMHUU. B psge ciaydaeB UX cMelleHHE
U yIIMPEHWEe MOXKET OBITh BBI3BAHO HE AOMIep-3QQEeKToM, a TUIOTEeTHYE-
ckuM sddexrom Purna [S7-S11]. ComracHo 3tomy 3ddekty, cieayromemy
n3 GayuMcTUUecKoil Teopun Putia, MpOMCXOAUT JIOMIOIHUTEIBHOE N3MEHEHHE
JUIMHBI BOJIHBI 32 CYET HaIM4Ms y 3BE3J JIydyeBOTO yckopeHus a,. IIpeobOpa-
30BaHHAasI JUTMHA BOJHBI A' 1 dactoTa f' BbIpassrTcs depe3 ucxomgusie A u f kak

A =M1 +ra/c?), f'=1/(1+ra/c?), @)

e I — pacCTOsIHKE JI0 3B€3/1bl, KBa3apa, C — CKOPOCTb CBETa B BAKyyMe.

ITockonbky y 3BE3/1 TydeBble yCKOPEHUS &, U3JTyYatOIIUX U ITONIOMAOIIHNX
aTOMOB OTJIMYAIOTCS KaK 3a CYET Pa3HON BENNYHHBI JTy4€BOT0 OPOUTAIILHOTO YCKO-
peHus, TaK 1 3a CYET pa3HHILIBI YCKOPEHUI CBOOOIHOTO NaJIeHNUs Ha IIOBEPXHOCTH
Pa3HbIX 3BE3]1, CIIEKTPAJIbHBIC JIMHUN IPUOOPETAIOT pa3Hble KPACHBIE CMELIEHUSL.

B ciryyae SMHUCCHOHHBIX JIMHUN TPOQUIIN MOTYyYaIOTCs 00JIee CIIOKHBI-
MH, YeM Y JIMHHUH TTOTJIOLIEHHSI, YTO CBSI3aHO C 00JIee CIIOKHBIM pacIpeaeieHueM
CKOPOCTEH, TaKk KaK IMUCCHOHHBIE TMHUHU CO3/1at0TCS TOTOKAMHU ra30B, UCITyCKa-
€MBbIX 3BE3/1aMH C BBICOKOH CKOpPOCThI0. COOTBETCTBEHHO, MPO(MIIb CIIEKTPab-
HBIX JJMHUHN 3aMETHO YCIIOXKHUTCS U UcKaszuTcs. [Ipu 3ToM u3nydaromnye HOHBI,
HarpuMep, BEIOPOIICHHBIE BO BCIIBIIIKAX, ABWKYTCS B MArHUTHOM I10JI€ 3BE3/IbI
C BBICOKMMH YCKOPEHUSIMU @, ¥ cKopocTsiMu V, ~ 100 kM/c rox ieficTBUEM CHIIBI

J'IopeHua, HaBHBasA TPAaCKTOPHU Ha CUJIIOBBIC JIMHUU MAIrHUTHOTI'O I1OJIA. By,ueM JUIsL
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YIPOIIEHHsI CYMTATh, YTO JABMIKEHHE T0J] JelicTBHEM cuiibl JlopeHna npoucxo-
JIUT 110 OKPY)KHOCTH (T.K. IIPOJIOJIBHAS K TIOJIIO COCTABIISIONIAsi CKOPOCTH MEHSIET
JMIIb 00IIee CMeeHUe JIMHUHM, a He e€ poduiib), Torna jy4yeBasi CKOpoCTh HO-
HOB MCHSICTCS B 3aBUCHMOCTH OT BpeMeHH t 1o 3akony V(1) = Vsin(owt), roe V,,—
aMIUIMTY/a JTy4eBOH CKOPOCTH, ® — UKJIOTPOHHAS YacToTa HOHOB. Toraa nzme-
HEHHMe JUTHHBI BOJHBI cBeTa 1o dddekty Jlomiepa Oyaer konedarbest O 3aKOHY
ANMY) = AV psin(ot)/c = Alysin(ot).
HurencuBHOCTh yuacTka npodust WAA' mporopiioHanbHa BpeMEHH dKCIIO3H-
1 dt TMHEK ¢ COOTBETCTBYIOIIUM CMEIICHUEM AL M JTTMHOM BOTHBI A/ = L+ AL,
T.e. WdA' = wdt, tne w — konctanTta. OTcrona npoQuib JHHKUH, T.C. CIICKTpaibHas
iotHocTh MotHocTH W(L') ecTh
dt w#

dAL AR /AL
\ m

}’V(:'u. 4 A?..] =W (2)
rae w* =wc/®AVy, Ahy = AV, /C. JlelcTBUTEIBHO, TPOMUITH SMHUCCHOHHBIX JTIMHHIMA
XapaKTepU3yeTcsi UMEHHO Takoi (JOPMOM THIIA «IACTOYKHH XBOCT», HAIPUMEP
y Oenoro kapiuka SDSS J1228+1040 [S16, S17]. Ilpu unTepipeTaiiun HadI0-
nmaemoro npoduis tuHuii [S16] mo addexty Jlomiepa HOHBI JOIKHBI IBUTATHCSI
co ckopoctsimu ~1000 KM/C, YTO COOTBETCTBYET THIIMYHON CKOPOCTH MOHOB BO
Benbimkax ConHna u 38€31. OTMETHM, 4TO B padote [S16] kak pa3 npeagokeHo
CTPOUTb JOIUIEPOBCKUM METOAOM U300paskeHne, HO TOJIBKO HE BUANMOTO JHCKa
3BE3/IbI, @ OKPY’KAIOIIETO 3BE3/Iy T'a30BOT0 IMCKA, KOJIBIIA.

Jlpyrast BO3MO)XHast IPUYMHA YIIMPEHHS SMUCCUOHHBIX JINHUH — yCKOpe-
HHe, BbI3BaHHOE cuitoi JIopeHa npu IBMKEHUHU W3JTy4aroluX HOHOB B MarHUT-
HOM I10J1¢ 3Be3/1b1, Beayiiee mo 3¢ dexry Putiia (1) K 3HAYUTEIIEHOMY CMEIICHUIO
CIEKTPaJIbHBIX JIMHUW MONEPEMEHHO B KPACHYIO U CHHIOK 00JIacTh CIEKTpA.
[Ipu ycpeaHeHHU 1O BPEMEHHM M Pa3HBIM CKOPOCTSIM 3Ta JAMCIEPCHUS JIyYeBbIX
YCKOPEHUH NPUBOIUT K CUMMETPUYHOMY YIIMPEHHIO JIMHUH, HaOIltoIaeMomMy
y OenbIX KapJIMKOB, psiia KPACHBIX KapiMKOB U cBepxrurantoB [S4]. Eciu Obl
YIIMPEHUE 1110 332 CYET JUCIEPCHU JYUYEBbIX YCKOPEHHI CBOOOIHOTO MaJleHUs
Ha MIOBEPXHOCTH 3BE3/Ibl, OHO OBLIO ObI ACHMMETPUYHBIM, BOIIPEKH HAOIIOICHH-
sSIM, TI0 KOTOPBIM JINHUU MOIJIOLICHUS] UIMEIOT CHMMETPUYHBIN nipoduiis. B ciy-
yae YMUCCUOHHBIX JTHHUH (Hampumep, noHoB Ca II), cozgaBaemMbIX JOKaIbHBIMU
BBICOKOCKOPOCTHBIMH ITOTOKaMH ra3a, ABHKYIIUMHUCS B MAPHUTHOM Ti0Jie Oelio-
ro Kapiuka, npouiib npuodperaer Oosee CIoKHY0 GOpMy — C IBYMsI OCTpPbI-
MU nukamu 1o kpasim [S16]. Takyro ¢popmy npoduist ¢ Touku 3peHus dpdexra
PuTiia MOXKHO BBIBECTH TaK e, Kak IpH BbiBoJE (hopmysbl uis nipoduis (2),
paccuntanHoro u3 3¢ ¢exra Jlomiepa. Eciu nydeBoe yckopeHue @, KaXioro
MOHA CKJIAJbIBACTCSA M3 JTy4EeBOTO YCKOPEHHs CBOOOJHOTO MANEHUs 8y U yCKO-
peHus ay, ot cuisl JlopeHna, HalinéM a,= a,+ apsin(wt), Tae © — MUKIOTPOHHAS
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yacrora uoHa. B urore, ¢ yuétom saddekra Purna, HaligéM HOBYIO JIJIHHY BOJIHBI
X =M1 +ra /c?) =L+ A\, tae A = A + Aolay/C? — cpeHsis JTHHA BOJHBI JIMHUH,
A = hora,sin(mt)/c? — GeicTporiepeMeHHas TIOTPaBKa K JTMHE BOJHBL, A — HC-
XoJHast JuyinHa BosHBL. OTcrona npodwib JUHUH, T.€. CIIEKTpalibHasl MJIOTHOCTh
MOIITHOCTH 3aJaHBl TAaKUM K€ BEIpaKEHHEM (2), Kak B CIIydae TOIUICPOBCKOTO
yumperus. Ho mpu 3ToM B BeIpakeHHH (2) crienyeT NpUHATE w¥ = we?/oAglay,
a AL = \gra,/c%. Kak oTrMeuanoch, HabIOMaeMbIi Y HEKOTOPBIX 3BE3 MPOMHITL
SMHCCHUOHHBIX JIMHUN XapaKTepU3yeT UMEHHO Takasi popma [S16, S17].

B xone oceBoro BpamieHus 3B€3/1bI ¥ pacoloKeHHOH Ha (pUKCHpoBaHHON
JIOJITOTE aKTUBHOMN 00J1aCTH, U3Ty4aroIiel SHepTrHYHbIe HOHBI, U3MEHSACTCS YTl
HaKJIOHA OPOUTHI HOHOB B MarHUTHOM II0JI€ K JIydy 3pEHHS U 3HAYCHUE MaKCH-
MaJIbHBIX JTY9EBBIX YCKOPEHUH 8, 1 ckopocTeit V,,. COOTBeTCTBEHHO, IIMPHUHA ITPO-
¢uist OyzeT nepruoMuHO U3MEHSTHCS. A B Cilydae, €ClIi IPOMCXOANT 3aTMEHNE
OT/ZIEJIbHBIX yYaCTKOB TPACKTOPUU HOHOB 3BE3/101, TPO(DMIIL OyIeT NCKAKATHCA,
ociabeBasi Ha JUIMHHOBOJIHOBOM MJIM KOPOTKOBOJIHOBOM Kpae mpoduis. 1 nei-
CTBHUTEIHHO, HAOTIOMAIOTCA MMEHHO TaKue nckakeHus npodust [S16, S17], mpu-
4EM BBIpE3aHHas 4acTh NPOQUIIS Kak pa3 COOTBETCTBYET OKPYIIION opMe 3BE3/1bI.

Kak mokazano B pabote, MpeyIOKEHHBI METOJ HCCIIEIOBAHHUS TOHKUX
0coOeHHOCTEH MTpoduiIell SIMUCCHOHHBIX U a0COPOLIMOHHBIX CIEKTPAIbHBIX JIH-
HUH TI03BOJIUT YTOYHNTH apaMeTPhl IBH)KCHNSI AKTUBHBIX YYaCTKOB COJTHEUHON
¥ 3BE3/IHOM MTOBEPXHOCTH B poTocdhepe n XapaKTepUCTHKU ABHKECHHS ra3a B Xpo-
Mocdepe 3Be3/1bl, He Tprderast K MeToiaM 0OBIYHON TenecKOnuH. Takyke HOBBIN
METOJI TI03BOJIUT YTOYHUTh TOHKHE OCOOCHHOCTH JIBMDKCHUSI AeTalleil 3BE3MHON
TIOBEPXHOCTHU (COTHEUHBIX TISATEH, BCHBIEK U T.JI.). Kpome Toro, HOBBIM MeTO
TIOUCKA IUIAHET, 9K30IUIaHeT, MOHUTOpuHra AMC ¥ CIIyTHUKOB, HPEICTABIISIIO-
Uil co0Oil yCOBEpPIIEHCTBOBAHHBIH METOJ JOIUIEpOBCKOil Tomorpadun [S1,
S2], mO3BONHT 3IEMEHTApHO PErHCTPHUPOBATh MPOXOKACHKE 1Mo qucKy CoiHIa
HE TOJIBKO IUIAHET, HO U CPaBHUTEIBHO HEOOJBLIMX TENl — aCTEPOUIOB, KOMET,
AMC, CIyTHHKOB H T.J., @ B CITydae HHBIX 3BE3]] — TPOXOXKICHHE O TUCKAM 3BE3/T
9K30IUTAHET, JOMOJHUTEIFHO YTOYHUB dieMeHThl opOut [S11]. D10 mo3Boaut
TOYHEE PACCUUTATH SIEMEHTHI OPOUT COOTBETCTBYIOINX HeOecHBIX Ten 1 AMC,
JIOIIOJIHUB I/IH(bOpMaLlI/IIO 0 HUX, MMOJYYCHHYIO APYTUMHU METOJAaMU — METOJaMU
(oromeTpuu, Ty4eBBIX ckopocTeit U T.1. OcobeHHO 3(p(heKTHBEH OyaeT MeTox
IPU KCCIIEJOBAaHUH 3BE3]] MAJIOTO TMAMETPA, JUIsl KOTOPBIX OTHOCHTENIBHOE M3-
MCHEHHE CBETALICHCS MJIOMAAN BBIIIE, YeM ISl KPYIHBIX 3BE3]I, YTO MO3BOJIHT
PETHCTPUPOBATH POXOXK/ICHUE 0 AUCKAM 3BE3]T MEIIKUX HEOCCHBIX TeJl.

ABTOp BBIp@)XKaeT MPU3HATEIBLHOCTD 32 00CYXK/IEHHE BOIPOCOB, CBSI3aH-
HBIX C 0COOEHHOCTSIMU TPE0OPA30BAHUS JUIMHBI BOJIHBI CTIEKTPAJIbHBIX JINHHUN,—
npodeccopy Hmxkeroponckoro I'ocynusepcutera M.M. BakyHoBy, a Taxxe co-
tpynaukam UI1® PAH B.B. Kouaposckomy u I.b. Mansikuny.
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