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BBEAEHUE

B nactosmiee Bpemsi 0co00 akTyaiabHa MpobsieMa TOYHOTO M3MEPEHHUS] CKOPOCTH CBETOBBIX CHUT-
HAJIOB U BJIMSHUA HA HEE CKOPOCTH MCTOYHMKA [1, 2], B T.4. B CBETE 3KCHEPUMEHTOB 10 PETUCTPAIIUU
AJIEKTPOMATHUTHBIX BOJH B KOCMOCE U B TaOOPaTOpUU C TPYNIIOBON CKOPOCTHIO BBIIIE CKOPOCTH CBETA
B BakyyMe ¢ [3, 4]. Takxe B BaKkyyMme 3aperucTpUpPOBAHbBI CBETOBBIEC CUTHAJIBI CO CKOPOCTHIO MEHBIIICH
¢ [5]. O6 akTyalbHOCTH TEMBI CBUIETEIBCTBYET P padOT, OMyOJMKOBAHHBIX B TocieaHue 15 mer
aKaJEMHUKOM PAH E.b. AnexcanpoBbIM, M.A. bonu-bpyeBuuem, I'.b. ManbikuHbIM,
A.C. Ma3zmanumBwiu u ap. [6—14]. U3 Hux cnexyer, yto yrBepauBLieecss B XX BEKE MHEHHUE O IO-
CTOSIHCTBE CKOPOCTH CBeTa ()aKTHYECKH HE IMOATBEPXKICHO 3KCIICpUMEHTaMHU. TOJILKO B TIOCTICIHUC
JIECATH JIET MOCTABJICHBI NPSIMbIE SKCIEPUMEHTBI, B TOM YHCJIE C IPUMEHEHHEM CHUHXPOTPOHHOI'O M3-
Jy4€HHs], MO3BOJISAIOIINE TOYHO U3MEPUTH BIUSHUE CKOPOCTU UCTOYHHKA.

Kak ormeueno [6, 9, A2, AS5], npexxHue apryMeHTHl, OCHOBAaHHBIC Ha aHANU3€ HAOIOJACHUN
JIBOMHBIX 3BE3]1, MyJIHCAPOB U 3aMEPaX CKOPOCTH U3IYUYCHHS OT PEIATUBUCTCKUX YACTHUIl U sIEp, HE
MMEIOT JO0Ka3aTeJIbHOM CHJIbl. AKTYyaJbHOCTh AHAJIW3a BJIMSHUS CKOPOCTHM HCTOYHUKA HA CKOPOCTh
CBeTa, MPEeJICKa3aHHOTO BeK Ha3aj B paMkax bammuctuyeckoit Teopuu Putna (bTP), nukryercs u tem,
YTO U3 TeOopuu cieayet 3¢ deKT TpancGopMaIi 4acTOThI CBETa MPH YCKOPEHUH UCTOYHUKA. B cimydae
MOATBEPKIeHUS 2PPEKT MO3BOJIUT TUIABHO MEPECTPAUBATh YACTOTY ONTHYECKOTO JIA3EPHOTO H3IIyde-
HUs, TIEPEBOJIS €ro B 000 MHOM AMamna3oH AJIEKTPOMATHUTHBIX BOJIH. B mpuMeHEHUU K SBICHUSIM
KocMoca 3QPeKT 0OBICHIET psAJl aHOMAJUI, OTKPBITHIX MPU UCCIIEJOBAHUM BHETAJTaKTUUYECKUX U ra-
JAKTUYECKUX OOBEKTOB, B T.4. DK30IUIaHET. M3 OanIncTH4YeCKOW TEOPHH CIEIYIOT ICKTPOAMHAMMUYE-
CKHE COOTHONICHUS, OTJIMYHbIE OT HAMIEHHBIX B paMKax 3JeKTpoanHamMukun Makcsemia. T.e. konnue-
CTBEHHBIN aHAIIN3 B paMKax OaJTUCTHYECKON TEOPUH MO3BOJUT YTOYHHUTH IJICKTPOIMHAMUICCKHIC Xa-
paktepuctuku ¥ moBeicuTh KIIJI mpubopoB., B T.4. yckopuTenei sneMenTapHbix dacTtuil [A37, A45].

bannmuctuyeckyro Teopuro cBeta BoIABUHYI B 1908 r. mBeinapckuii pusnk u MmatemMaTuk Banib-
tep Purn [15] B kayecTBe KiIacCHMYECKOH albTEPHATHUBBI CHELMAIBHOM TEOPUHM OTHOCUTEIIBHOCTH
(CTO) u Teopuu 3¢upa. B 1909-1911 rr. GammmcTuueckie runoTe3bl HE3aBUCUMO BBIIBUHYJIN TaKKE
J.®. Komctoxk, Ix. Kynn, P. Tonmen, O.M. Crroapt u [x.J[x. Tomcon [16]. CornacHo OammucTude-
CKOW TEOpHUH, FJIEKTPOMATHUTHBIE BO3JCUCTBUS, CBET, PACHPOCTPAHSIOTCA, KaK B KOPIYCKYJISIPHON
teopur HpI0TOHA, aHAJIOTMYHO MOTOKY YaCTHUIl, UCITYHIEHHBIX OTHOCUTEIHHO UCTOUYHHUKA C HOMHHAJIb-
HOM CKOPOCTBIO CBETa B BakyyMe €. [Ipu IBM)KEHUM UCTOYHMKA B MHEPIIUAIBHOU CUCTEME OTCUYETA CO
CKOPOCTBIO V, 3Ta CKOPOCTh B MOMEHT U3TyUYEHUSI MEXaHUYECKHU 100aBIISIeTCs K €, U CKOPOCTh CBETa €'
B MHEPILIUAJIHLHON CUCTEME HAOII0AaTeNs ONpeIesieTCsl KaKk BEKTOpPHAsl cyMMa

¢'=ctV, (1)



AQHAJIOTMYHO CKOPOCTH CHApSAJOB U3 MOABMXKHOIO OpyAus (0TCI0/la Ha3BaHHE TEOPHH). DTa MEXaHUYe-
CKas MOZEJIb YIEKTPOMAarHUTHBIX B3aMMOJCHCTBUM yJOBIIETBOPsAJIA NIPUHLUITY OTHOCUTENbHOCTH ['a-
aunesi, 00BbsICHUB, Kak oTMeudeHo [16, 17], abepparuio 3BE3AHOrO CBETa U OTPULIATEIbHBIN pe3yIbTaT
onbIToB Maiikenscona-Mopnu, Kennenu-Topuaaiika, Tpoyrona-HoGmna u Ipyrux ONBITOB IO BBISB-
JICHUIO MHEPLMAIBLHOTO ABM>KEHUS 3eMiu. B pamkax aToif Teopun PuTiy 00bsSCHUI U BOITHOBBIE CBOIi-
cTBa cBeta [15, A48], a [Ix.J[)x. TomcoH BeiBen BepHbIe BeipakeHus 115 nojei E u H snemenraproro
u3nyqarens [18]. DTOT u3sImHBINA BBIBOJ 10 CUX NOP MPHUBOJAT B COBPEMEHHBIX Kypcax ¢usuku [19].

OcHOBHOE conepkaHHe OalaucTHYecKoM Teopun PuTma, Kak OTMETHI — aKaJeMUK
M.A. EnpsimieBuy [20, 21], coctaBisieT 6€CrosieBoi JOMAaKCBEIJIOB MOAXO] B 3JIEKTPOIMHAMHKE, BOC-
xonamuid kK paboram BebGepa, ["'aycca n Pumana. B paMkax 3Toro moaxoma 3J€KTPOMAarHUTHBIE CHITBI
OTpeNeISUTUCh UCKITIOYUTENBHO KaK (YHKIIMH OTHOCHUTENIBHBIX TMOJO0XKEHUH, CKOPOCTEH U yCKOpPEHUH
3apsJ0B, @ HE IyCTOr0 MPOCTPaHCTBA MEXAy HUMHU. [l ux onucanus Putn npenioxui, 3a10ro 10
KBAaHTOBOM 3JIEKTPOJMHAMUKH, TUIIOTE3Y O KBAHTAX 3JIEKTPUYECKOIO IMOJI — MEPEHOCSIINUX 3JIEKTPH-
YecKoe BO3ACHCTBUE JIEMEHTapHBIX 4acTULAX (peonax R, OT Tped «PEOG) — MOTOK, UCTEUYEHUE, TaK
KaK OaJITMCTHYECKHE TEOPUU HA3bIBAIOT elI€ TeopusiMu ucteuenus [15, 16, A20]), mocTossHHO UCIycC-
Ka€MbIX JIEKTPOHaMH (M IPYTMMHU 3apsKEHHBIMU YaCTUI[AMH) CO CKOPOCTBIO CBETA ¢ M MOIVIOIIAEMBIX
JIPYyTUMH 3apsiiaMi B XOA€ OOMEHHOTO B3aMMOAEHCTBHUS. [I0TOK 3THMX YacTHII, IEPEHOCS MEXaHWYe-
CKUH MMITYJIbC, CO3AET PU yJapax 4acTULl O JPYTHe 3JIEKTPOHBI AIEKTPUUYECKOE OTTAIIKMBaHue. Me-
XaHWYecKoe 100aBIEHUE CKOPOCTH 3JIEKTPOHOB U MCTOUYHUKA K CKOPOCTU MCIYIIEHHBIX UMH KBaHTOB
(peonos) MpUBOAUT K 3aBUCUMOCTH (1) CKOPOCTH 3IEKTPUUYECKUX BO3JEHCTBUI U CBETAa OT CKOPOCTH
UCTOYHUKA. TO €CTh 3JIEKTPUUECKOE TOJIE U NEPEHOCSIINE €TI0 YACTULBI-PEOHBI COXPAHSIIOT CKOPOCTh
U3JTYYaloUUX 3apsiioB, YTO MOATBEPAWIN U NPSIMbIE SKCIIEPUMEHTHI [22]. AHaIN3 IUTEpaTyphl, Npea-
IIPUHATHIN aBTOPOM, ITOKA3aJl, YTO TEPMHUH «PEOHbI» TPEUIarajics NpeXkae U B OTHOILIECHUU JPYTHUX T'H-
HOTETHYECKUX CYyOdIEKTPOHHBIX YacTull, Hanpumep akageMukom H.C. AkynoBbim [23].

MaruuTtHble, UHIYKIIMOHHBIE U TPAaBUTAL[MOHHBIE CUJIBI B TEOpUU PUTIA MTOJTy4aauch B KaueCcTBE
MaJbIX MONPABOK K 3JIEKTPUYECKOW CHJIE, BBI3BAHHBIX OTHOCUTENBHBIM JABM)KEHHEM 3apsnoB. Putn
BBIBEJI 3aBUCUMOCTH JJIs1 BCEX JJIEKTPOJIUHAMUYECKHX I(P(EKTOB U KIACCUUYECKU OOBACHII PEISATHUBH-
cTckMe A(PQEKThI, BKIIIOYasi POCT MAcChl OBICTPBIX 3JIEKTPOHOB M CMEIlleHHe nepurenus Mepkypus,
emé B 1908 r. BepHO IpelcKa3aB CMEILIEHUS MEPUTEIUEB APYrux IiaHeT [15] m momyuyuB ansd HUX
dbopmMyIy, COBIABIIYIO ¢ HaWIGHHON CIycTsl 7 JieT DUHINTEHHOM B OOIIEH TEOPUU OTHOCUTEITBHOCTH
[24].

Taxum obpazom, Teopust Putna — 310 pyHIaMEeHTalIbHAs TEOPUs, OXBATHIBAIOIIAS IIUPOKUI KPYyT
SIBIICHUH M KJIACCHYECKU 0O0BsiICHUBIIAS Pl 3 (PEKTOB, OTKPHITHIX Ha pyOeke XIX-XX BB. B KauecTBe
NPOTHBOpEYAIIUX Kiaccudecko ¢usuke. Tem cambiM Teopust PuTia cocraBmina cepbE3HyI0 Kiaccuie-

ckyto anbrepHatuBy CTO, 6€3 KOpEeHHOH JJOMKH KJIACCUYECKUX TPEICTABICHHM.



Opnnaxko Bek Hazam, B 1913—1914 rr., Teoputo Putiia oTKIIOHMIIN, KaK OTMEUEHO B paboTax [6, 25,
26], 6e3 J0CTaTOYHBIX OCHOBAHUMU, IO HEKOPPEKTHBIM KpuUTepusM. [IepBolii apryMeHT MPOTHUB TECOPUHU
Purtua, BeinBunyTHIN B 1913 1. [le CuTTepOoM M OCHOBaHHBIM HAa ACTPOHOMHYECKUX M3MEPEHUSIX UCKa-
KEHUU B JBIDKEHUM JBOWHBIX 3BE3J, 3@ CUET BIMSHUS UX OPOUTAIBHOM CKOPOCTH HAa CKOPOCTh H3IY-
4aeMOTo CBeTa, Kak nokaszan Jlx. @okc [25], He umeeT noka3aTenbHOU cuibl. Eciu ydyecTsh paccesiHue
CBETa MEX3BE3HOMN CpeAon, KOTOpasi B KAYECTBE BTOPUYHOTO UCTOYHUKA MEPEU3ITYYAET CBET CO CKO-
POCTBIO € YK€ OTHOCUTEIBHO CPEJIbl, T.€. HUBEJIUPYET OTKJIOHEHUS CKOPOCTU CBETA OT HOMUHAIBHOTO
3HAa4YeHHUs ¢, TO HAOII0AaeMble NCKAXKEHUS OKAXKYTCSl KpallHEe MaJibl, B COTJIACHU C HAOMIOACHUAMU. DTH
OCTaTOYHBIE YKIIOHEHUS peajbHO HabmomaoTes B popme agdexra bappa (§ 1.1). To xe oTHOCHTCS K
JIPYTUM aCTPOHOMHYECKUM HaOJIOICHUSIM, IPUBOJUMBIM B KaueCTBE MPOTHUBOpeYalux Teopun Purna.
B TOM umcne 310 — S3KCEPUMEHT CO CBETOM 3BE37, BhIIONMHEHHBIN P. TomamekoM no cxeme Maiikens-
coHa [16] u onslT A.M. bonu-bpyeBuua [27] — cpaBHeHHE CKOpOCTH ABMXKYyLuXxcsl kpaés CoiHIa.
AHaJOrMYHO BCE JPYIHE OIBITHI IO CPABHEHUIO CKOPOCTEN CBETA, MPOLIEAIIEr0 CKBO3b MEXK3BE3IHbIE
U 3€MHBIE Cpe/ibl, HE MOTYT CIIYKHThb JOCTOBEPHBIMU KPUTEPUSMHU MTPOBEPKU OAIITUCTUYECKON TEOPHH.
Kak noka3zano B psae pa6ort [25, 28-30, A2], pakTruecku He TPOTHUBOPEYAT OATITMCTUIECKON TEOpUU
U ONIBITHI B 00JIACTH (PU3MKH BHICOKUX SHEPTHIA U 3aMepbl CKOPOCTH CBETA PEISTUBUCTCKUX YACTHII.

TakuM oOpa3oM, HECMOTPSI Ha BEKOBYIO MCTOPHUIO MPOBEPOK OAIITUCTHUECKON TEOPUH U MOCTO-
SHCTBAa CKOPOCTH CBETa, BCE €€ HET 3KCIEPUMEHTOB, OJHO3HAYHO JIOKA3bIBAIOLIMX OIMIMOOYHOCTH
TeopuH PUTIa 1 HE3aBUCUMOCTh CKOPOCTH CBETa OT CKOPOCTH MUCTOYHUKA. [ HAanmpOTHB, KaKk MOKa3aHO
B JJaHHOI paboTe, CYIIECTBYET psifl KOCBEHHBIX CBUACTEIHCTB B MOJIb3y HEMOCTOSIHCTBA CKOPOCTH CBE-
Ta ¥ BIMSIHUS HA He€ CKOPOCTU UCTOYHMKA. [loaToMy TpeOyroTcsi HOBbIE, YTOUHEHHbIE SKCIIEPUMEHTHI
JUIsL OHO3HAYHOM MPOBEPKH MOCTOSHCTBA CKOPOCTH CBETa B BaKyyMe€, B TOM UHCJE C IOMOIIBIO pa-
JTUOJIOKAINH, JTa3epHOMN JOKAlMU U (PeMTOCEKYHIHBIX J1a3epoB. Takke 3TO MOTYT ObITh SKCIIEPUMEHTHI
M0 TIPOBEPKE BBHITEKAIOIINX U3 OAIITUCTHUECKON Teopuu 3PPeKToB nMpeoOpa3oBaHUs YACTOTHI CBETa U
JUTMTENIFHOCTH JIa3ePHBIX UMIYJILCOB. B pabore OyayT paccMOTpEeHbI KIaCCHYECKHE U COBPEMEHHBIE
OTIBITHI U KPUTEPUHU NTPOBEPKU Teopur PuTiia 1 npeanokeHsl HOBbIEe. Peann3anys HOBBIX SKCIIEPUMEH-
TOB U METOJIOB IIPOBEPKHU OAJITUCTUYECKOI TEOPUH MO3BOJIUT, BO-IIEPBBIX, MOIYYUTh YTOUHEHHOE 3HA-
YEHUE CKOPOCTHU CBETA B BaKyyMe€, BO-BTOPBIX,— OJIHO3HAYHO MPOBEPUTH €€ MOCTOSHCTBO U HE3aBUCHU-
MOCTBh OT CKOPOCTH MCTOYHHUKA U OT JIPYTHX (PAaKTOPOB, C LEIHI0 OKOHYATEIHHOTO MPOSCHEHHS 3TOTO
BCE €II€ HE PEMIEHHOTO BOIIPOCA ONTUKU U DJIEKTPOANHAMUKH.

B nuccepranmonnoil pabore npousBeAEH MOAPOOHBIM aHANIM3 HAKOIJICHHBIX 32 BEK OMBITHBIX
TaHHBIX MO0 MPOBEpPKE OAITUCTHUECKONH TEOPUH B KOCMOCE, B ONTHUYECKUX IKCIEPUMEHTaX U OMBITAX
U3 00s1acTH (PU3MKH BHICOKUX SHEPTHA, PEATIOKEH Psil HOBBIX METOAOB M KPUTEPUEB MPOBEPKHU.

HayuHast HOBU3Ha IPOBEAEHHBIX HUCCIEJOBAHUN 3aKIIOUAETCS B CIEAYIOLIEM:



Briepsrie paccMoTpeHsl 3 (HeKThl OaTUTCTHUECKOW TEOPHUHU ISl SK30IUTaHET (uUcKadceHue epaghu-
Ka JIy4esbiX CKOpocmell, UHBEPCUsl OPOUMATbHO20 O8UNCEHUS, 2APMOHUKU OPOUMATIbHO20 Nepuooa
Ha Kpueou jyuesvix ckopocmell u m.d.). Ha KOHKpPETHBIX MpHMepax SK30IJIAaHETHBIX CHCTEM U
CTaTUCTHKH SK30IUIAHET MOKa3aHo, YTO 3TU 3(PQEKThI, MPOTHBOpEUAINE COBPEMEHHON acTpodu-
3WKe, pealbHO OOHAPYKEHBI U HAXOAT MPOCTOE O0BSICHEHNE B TeopuH Puta.

[Tokazano, 4T0 W3 OGAITUCTHYECKON Teopun cieayeT 3G deKT mpeoOpa3oBaHUs JJIUHBI BOJTHBI OT
YCKOPEHHO ABIKYIIETocs] UCTOUHMKA (3¢hgpexm Pumya). BriepBbie Ha ocHOBe 3ddekTa KayecT-
BEHHO U KOJIMYECTBEHHO OO0BsICHEH XaOOIOBCKHUI 3aKOH KPAaCHOTO CMEIICHUS B PaMKax MOJENN
cTalnoHapHoi BcenenHoil. BriepBble paccuMTaHO TEOpETHUYECKOE 3HAaUEHHE MOCTOSSHHOW Xab01a
Oomm3koe K m3MepeHHoMy. OOBsICHEHBI MapajoKChl 3aKkoHa Xab0ya, He pelI€HHbIE CTaHIapTHOMN
KOCMOJIOTHUYECKO Mozenbto. B wactHocTH, 3¢ dekt Putia no3Bosnser oObsICHUTH pa3HUILy Kpac-
HBIX CMEILCHUH Yy MapHBIX TaJaKTHK, H30bITOK KPACHOTO CMEIEHUS KBAa3apoB U JIPYTHX aHOMAJlb-
HBIX OOBEKTOB U NEPUIIUT KPACHOTO CMEIIEHUs Yy HanboJsiee Nal€KNX TajJlakKTHK 0e3 MpUBIICYCHUS
runote3 o0 yCKOpEeHHOM pacimupeHuu BeenenHoit 1 o TEMHOM SHEPTuu.

BrnepBbie B pamkax 0amiMCTUYECKON TeOpHH OOBICHEHBI (B KaueCTBE €CTECTBEHHBIX CIEICTBUIN
s¢dexra Putia) Bce cBOWCTBA M aHOMAJHMH IyJIbCapoB, Ledena U Opyrux NepeMEHHbIX 3BE3N:
agpgpexm Brasicko, uzmenenus nepuooa Kpusoli diecka, 6apuayuu CReKkmpa u m.o.

[TompoOHO paccMOTPEHBI pe3ysbTaThl KOCMHYECKOW panuonokanuu. [loka3aHo, 4To naHHBIE pa-
nuosokaiy BeHepsl TouHee COOTBETCTBYIOT THIIOTE3€ O BIUSHUM CKOPOCTH MCTOYHHMKA Ha CKO-
pPOCTh CBETa, a HE MOCTYyJNaTy O €€ MOCTOSHCTBE. BriepBbie ¢ MO3UIMI OATITMCTUYECKON TEOpUU
00BSICHEHBI aHOMANUU aHHBIX paguonokaruu Takux AMC kak «IIuonep-11, 12», «Kaccuan» u
MOKa3aHo, YTO WX aHOMAJIbHOE YCKOPEHHUE TI0 BEJTMYUHE U HAIIPABJICHUIO COOTBETCTBYET IMpEICKa-
3aHHOMY OayuMcThyeckor Teopueit. Bmepsoie u3 teopum Putia oOwscuena Flyby-anomanus y
AMC, nponeTamux MUMO 3eMJITU 0 THIEPOOINYECKON TPAeKTOPHH.

BriepBble npenioxkeH psii HOBBIX KPUTEPUEB MPOBEPKU OATUIMCTHUECKONW TEOPUM METOJaMHU KOC-
MHUYECKOH paJnoJIOKAINH, JIA3€PHOM JIOKAMU M acTpoMeTpuu. Kpurepruem NMpOBEpKU BIHSHUS
CKOPOCTH MCTOYHHKA Ha CKOPOCTb CBETA CIIYXKHUT COIMOCTaBJICHHE PE3yJIbTaTOB U3MEPEHUN KOOp-
JUHAT U cKOpocTeil HeOecHBIX Ten 1 AMC, MoJy4eHHBIX STUMH TPEMSI METOaMH.

[IpennoxxkeH psii HOBBIX CXEM ONTHYECKHX SKCIIEPUMEHTOB, B TOM YHCIIE C IPUMEHEHUEM (heMTO-
CEKYHJHBIX JIa3epOB, JJIS MPSIMOTO YTOYHEHHOTO M3MEPEHHUS! CKOPOCTH CBETAa OT ABIDKYIIETOCS
HCTOYHUKA U CPABHEHHUS €€ CO CKOPOCTHIO OT HEMOJIBUYKHOTO UCTOYHHUKA.

BrnepBbie mpeiokeHa cxema 3KCIepUMeHTa 1o mpoBepke 3pdekxra Putia B 3eMHBIX TabopaTo-
pUsIX, KOTOpas B Cllyyae MOATBEpKICHHS 3PQeKTa Mo3BoIUT TPaHCPOPMHUPOBATH Ja3EePHOE ONTH-

YCCKOC M3TYUYCHUC NCTOYHUKA B JIFOOKIC APYruc 4aCTOTHBIC JUAIIA30HbI.



8. IlocTpoeHa Teopus reHepaluuy FapMOHUK HECYIIEH 4acTOTHI JIA3EPHOIO M3JIy4YEHUS IIPU €r0 BO3-
JIEMCTBUU Ha aTOMBI ra3a WIM HAaHOYACTHIIbl, OCHOBAHHAs Ha T'MIIOTE3€ BIIMSHHUS CKOPOCTH pac-
CEMBAIOIMX YACTHIl HA CKOPOCTh CBETA: OCLMJUISALMM CBETOBOTO JIaBJICHUS MPUBOJAT K OCLUILIS-
LIUSIM CKOPOCTH CBETa U UCKAXKEHUIO MPO(UIIS 3JEKTPOMArHUTHON BOJIHBI.

9. IloctpoeHa Teopus TeHEpallui YEPEHKOBCKOTO, CHHXPOTPOHHOTO M OHIYJIATOPHOTO M3ITyYeHH B
pamkax OayumucTuuyeckoi Teopuu. IlokazaHo, 4TO perucTpupyeMble XapaKTEpPUCTHKH 3THUX THIIOB
U3ITYYEHUH COTTIaCyIOTCs C BHIBOJAMH OaJTMCTUUECKOM TEOpHH.

10. BrepBble MOKa3aHO, YTO Pe3yJIbTAThl ONBITOB Ma3MaHUIIBUIN U AJIEKCAHIPOBA MO M3MEPEHHIO
CKOpPOCTH CHHXPOTPOHHOTO W3IYYCHHS HE MPOTHBOpPEYAT OAITMCTUYECKON TEOPHH, a KOCBEHHO
CBHUJIETEJILCTBYIOT B €€ oJb3y. [Ipennoxken MeToq NpsMOro U3MEpeHHsl CKOPOCTH YacTHIl U UX
U3TYYEeHHUs, TO3BOJISIONINI OCYIIIECTBUTH OJIHO3HAUHYIO IPOBEPKY Teopuu Putia.

Bo BBegeHun 000CHOBaHa aKTyalbHOCTb pabOTHI, (HOPMYITUPYIOTCS €€ IeNIH, KPaTKO U3JI0KEHO
COJIepKaHNE JIUCCEPTAIMH, TIPUBEICHBI OCHOBHBIE TTOJI0KEHUS, BRIHOCUMBIE Ha 3aIIHTY.

B mnepBoii riaaBe mpousBen€H aHANIM3 MPOBEPOK OANTMCTUYECKOW TEOPUU CBETa B KOCMOCE
CpEeICTBaMHU ONTHYECKOM aCTPOHOMUH, IPEAOCTABUBIICH MEPBbIE KPUTEPUH POBEPKU TEOPHUH.

B § 1.1 paccmoTpeH 3 deKT UCKakeHUs B ABMKEHUH JIBOMHBIX 3BE3/1, 00YCIIOBIEHHBIH, COrac-
HO OaJUTMCTUYECKOM Teopuu, 100aBICHUEM UX OpOUTAIIbLHON CKOPOCTH K CKOpocTu cBeTa. OTMeueHo,
4yT0 3¢ deKT peanpHO HabmomaeTcs B Buue 3gdekra bappa, T.e. mpeobiamanus ABOWHBIX 3BE31 C Op-
Outamu, BBITAHYTBIMM K 3emie (C JOJroTaMM MepuacTpa, IpyHIHUPYIOLIMMUCA BO3JIE 3HAYEHUS
® = 90°). IIpennoxeHbl KPUTEPUU NIPOBEPKH, YCTaHaBIMBaroIue cBsa3b 3ddekra bappa ¢ nepemenHo-
CTBIO CKOpOCTH cBeTa. [loka3aHo, yTo Bce MpHUBEIEHHBIE KPUTEPUH YAOBIECTBOPSIOTCS.

B § 1.2 B pamkax Oammctudeckoil Teopun obocHoBaH dhdekt Purna, 1.e. 3pdexT mpeobdpaso-
BaHUs JUIMHBI BOJIHBI A CBETA OT UCTOYHMKA, PACIIOJIOKEHHOTO HAa PACCTOSIHAU L M IBHXKYLIErocs ¢ yc-
KOPEHHEM a, HalpaBJICHHbIM B CTOPOHY OT HaOmrojaTels, Tak YTO MpeoOpa3oBaHHAs JJIMHA BOJHBI
A = M1 + Lal/c®). Tlokazano, uto u3 >pdexra PuTna B pamMkax MOJeNH CTAalHOHApHOIH BceneHHoi
ciemyeT XxaOOJOBCKUH 3aKOH KpacHOTo cMmerneHus raaktuk A = A(1 + LH/c). T1o u3BeCTHBIM IIEHTPO-
CTPEMHTEBHBIM YCKOPEHUSAM a 3BE37 B sipax ralakTHK 3(QQEKT MO3BOJSIET pacCUUTaTh TEOpeTHde-
CKO€ 3HaueHHe NMOoCTOsTHHON Xa0b6na H = a/c, 6nu3koe k n3MepeHHoMmy. Ha psije npumepoB 1mokasaHo,
910 3¢ (PeKT 0OBACHIET BCe MapaJ0KChl KPACHOTO CMEIICHUS U aHOMAJIUK 3akoHa Xa00ia, He Hale-
IIME UHTEPIPETAlNi B paMKaX CTaHJAPTHOW KOCMOJIOTHYECKONW MOJEIIH.

B § 1.3 ormeueno, uro a3ddext abepparuu 3BE3MHOTO CBETa OTKPHIT U 00bsICHEH k. bpanneem
B paMKax OaJUTMCTUYECKOTO NPUHIMIA U MOXKET paccMaTpUBAThCS KaK OJHO U3 COBPEMEHHBIX IMOJ-
TBEPKACHUH OammucTuyeckor teopuu. IlokasaHo, 4To paBeHCTBO a0eppalMOHHBIX YTIJIOB JJISi CBETA,
U3TYYEHHOTO TaJaKTUKAMH W 3BE3JJaMH, HE MPOTHBOPEUYHUT OAJUITMCTHUECKOW TEOPHH, €CIH KpacHOe

cMmetnieHne ooycioieHo addexrom Putia, a He pacmupernruem BeeneHHO.



B § 1.4 uccrnenoBana cTaTUCTHKA HK30IUIAHET U MPUMEPHI K30IUIAHETHBIX CUCTEM C aHOMAaJlb-
HBIMU CBONCTBaMU (0OpamubimM 8pawjeHuem, aHOMAIUAMU NIOMHOCMU U m.0.), @ TAKKe HETUTHYHBIMU
JUTSL TUTAHET OpOUTaMU (8b1COKULL dKCYeHmpucumem, usbupamenbHas opueHmayus opoum, aHoOMAaIbHO
Mmanvie u donvuue paouycel opoum). IlokaszaHo, 9TO 3TH aHOMAJIMM IpecKa3aHbl OAITUCTUYECKON
TeopueH U MOIy4aroT IPOCTOE ECTECTBEHHOE 0OBSICHEHUE B €€ paMKax.

B § 1.5 npoananmu3upoBaHsbl cieACTBUS OaTUCTHYECKON Teopuu u dddexra Putna s cucrem
TBOMHBIX 3BE3/, B TOM YHCIIe KoJeOaHusl OJiecka M CIIEKTPOB ABOWHBIX 3BE3]1, 00YCIOBIEHHBIE UX Op-
OutanpHbIM JABHKeHHEM. OO0ocHOBaHa rumnore3a Jla Po3pi-CekepuHa, COTIaCHO KOTOPOH (hu3HUecKU
NepeMEeHHbIE 3BE3/IBI, Ie(EHIbI TIPEACTABISIOT COO0I ABOWHBIE 3BE3/IbI, MEHSIOIINE CBOIO SIPKOCTH 110
s dexty Putna. B pamkax 3Toil rumoTe3bl 0OBSICHEHBI aHOMAJIbHBIE CBOMCTBA MEPEMEHHBIX 3BE3,
BKJIIOYAsl TUTABHBIC U CKAYKOOOpa3HbIEe BapHAaIlMK IIEPUOJIOB, AMILTUTYI KpUBO Ojecka, agpdext braxk-
ko ¥ T.74. [Ipennoxkensl kpurepuu nposepku runoressl Jla Po3el-CekepurHa.

Bo BTOpOIi ri1aBe pacCMOTPEHBI METOIBI MPOBEPKH OATUCTHYECKONW TEOPUH CPEACTBAMHU pa-
JTNO-, PEHTIT€HOBCKON M raMMa-aCTPOHOMUU B COTIOCTABJIEHUH C IaHHBIMH ONTHYECKUX METOIOB.

B § 2.1 uccnenoBan u3BecTHbIN aprymeHT bpauepa [31, 32], cormacHo KOTOpoMy HaOIIOIEHUS
PEHTTEHOBCKHUX ITyJIbCAPOB U OApCTEpPOB MPOTUBOpeUaT OammcTuyeckoi Teopun. [lokazaHo, uro dax-
TUYECKH, YUET MEPEU3TyUCHUsI MEXK3BE3IHOM cpesloil cHUMaeT 3To npotuBopeune. [Ipoaemoncrpupo-
BaHO, YTO psJ] aHOMaJMI MyJabcapoB U OAPCTEPOB €CTECTBEHHO OOBSACHSAETCS B pamMKax OayuiucTuye-
CKOW T€OpHH, KAY€CTBEHHO U KOJWYECTBEHHO MPEICKA3bIBAOIICH MOA00HBIE 3P (HEKTHI.

B § 2.2 nokazano, uto u3 addexra Purna cnexyer 3¢dekT renepayiyi peHTTeHOBCKUX JIMHUHN U
PaauONMHIM U3TyYeHHsI KOCMUYECKHUX Ma3epoB, a TAaKXKe paJno- U PEHTTE€HOBCKOTO M3ITyYeHHs KBa3a-
POB, paJMOTaNIaKTHK, B3PBIBAIOIINXCS, CEH(PEPTOBCKUX TallaKTUK | yaneptua. Kpome toro, sddexr
Putna o0bsicHsieT ObIcTpble BapHallid HHTEHCUBHOCTHU M3TYUYEHHS 3TUX TalaKTHK.

B § 2.3 paccMoTpenbl BO3MOKHBIE 3(DPEKThI, BOSHUKAIOIIUE MPU UCKAKEHUU CTPYKTYpPbI U yM-
HOXXCHHMHU YHcIia N300paKeHUH 3BE3/1 U FaJIaKTUK, BBI3BAHHbBIE X BPALICHUEM U OPOUTANBHBIM JIBUXKE-
HueM. [Ipenckasannble OaNIUCTHUECKON TeOpuel NCKAaKEHUSI COMOCTaBJIEHbI ¢ HAOIIOaeMbIMU HCKa-
HKEHUSAMU (POPMBI TATAKTUK U 3BE3/, MO JaHHBIM ONTUYECKUX U PaTUOTEIECKONOB-UHTEP(HEpOMETPOB,
0071212101 X PEKOPIHBIM YTIOBBIM Pa3peLICHUEM.

B § 2.4 uccnenoBanbl pe3yabTaThl IJIAHETHOW PaIUOJIOKALMH, B MIEPBYIO OYEpPEb, PE3YIbTAThI
pamuonokanuu Benepel. O6ocHoBana aprymenTanus b. Yomneca u B.I1. CenesnéBa o uHTepmpera-
IIUU HEBS30K IUIAHETHOM paJMOJIOKAllMU KaK pe3yJsibTaTa Hey4€Ta BIUSHUS CKOPOCTHU IUIAHET Ha CKO-
POCTh M3My4YEHHOTO U OTPAKEHHOTO paJlOCUTHAaNa. YUET OaUIMCTUYECKOTO MPUHIIMIIA CHUXKAET Be-
JMYUHY HEBS30K, MTOBBIIIAs TOYHOCTh PAIaPHBIX 3aMEPOB OPOUTAIBHBIX HJIIEMEHTOB TJIAHET.

B § 2.5 npousBenén ananu3 ommoOOK HABUTAIIMU KOCMUYECKHX amnmaparos, Bkiodas AMC «®Do-

6oc-1, II», «ITuonep-11, 12» u «Kaccuan». B Teopun Putiia 3t ommbku MHTEpIPETUPOBAHBI O€3 TH-



note3bl 00 aHOMaJIbHOM YCKOPEHUH anmnapaToB B HampasiieHuu CoONHIIA, HO KakK CleACTBHE HEydéTa
BIuHUA ckopocTd AMC Ha CKOpOCTh pajuocHrHajiga. B paMkax KiaacCHYeCKOW (M3MKU OOBsICHEHA
Flyby-anomanus, o6napysxennass y AMC Ha npoi€THBIX TPACKTOPHIX BO3JIE 3EMIIH.

B § 2.6 npousBenéH aHanu3 pe3ynbTaToOB Ja3epHOU JIoKauu JIyHbl 1 KOCMMUYECKHX aIllapaTos.
Jloka3aHo, YTO HEBS3KH JAaHHBIX JIA3EPHOH JIOKAIMH M d(eMepui, TOCTPOCHHBIX IO JTaHHBIM acTpO-
METPHUH, UCUE3aI0T NIPU YUYETE BIMSIHUSA CKOPOCTH 3eMiH U JIyHbl Ha ckopocTh cBeTa. [lokazaHo, 4To
Y4ET MEPEMEHHOCTH CKOPOCTH CBETA YCTPAHSET TaKKe s/l «HEPABHOMEPHOCTEN» B NBHKEHUH JIyHBI
1 3eMJIU, BBISIBJIEHHBIX METOAOM JIa3epHOM JloKaluu. [IpeyioxkeHbl KpuTeprun MpoBEPKH 3TOM THIIOTE-
3bl ¥ BIUSHUS CKOPOCTH UCTOYHHMKA Ha CKOPOCTh CBETa B KOCMOCE.

B Tperbel ri1aBe MpoM3BEIEH aHANN3 PE3YyJIbTaTOB ONTUYECKUX HKCIIEPUMEHTOB IO MPOBEPKE
OaITMCTUYECKON TEOpUU U TPEIIOKEHBI HOBBIE CXEMBI OMBITOB U KPUTEPUH ISl MIPSIMBIX METO/OB
npoBepku dpdexTa Putia u BAUSHUS CKOPOCTH HCTOYHUKA Ha CKOPOCTH CBETA.

B § 3.1 uccnenoBanbl pe3ysbTaThl ONBITOB C BPAILAIOLIIUMUCS 3€pKajlaMU M CTEKJISIHHBIMU IUIa-
CTUHKaMH, B TOM yuciie onblT CaHbsiKa, OnbIT Xappeca, MPUHIUIBI paOOThI JIa3epHBIX TUPOCKOIOB.
Bormpeku pacnpocTpaHéHHOMY MHEHHIO, TTOKa3aHO, YTO JAHHBIC 3TUX OMBITOB U MPUOOPOB HE MPOTH-
BOpeYaT OAJUIMCTHYECKON TEOPHH, MPEICKa3aBIIeH TOUHOE 3HaUCHUE JJIsl BEJIMYMHBI CIBUTa HHTEpde-
PEHIMOHHBIX noJioc. [IpennokeHpl cXxemMbl YCTaHOBOK, BUIOM3MEHSIONIUX SKCIIEPUMEHT TaKUM 00pa-
30M, YTOOBI pealn30BaTh OJHO3HAYHYIO MMPOBEPKY OATUTMCTHUECKON TEOPHH.

B § 3.2 B pamkax OauIMCTHYECKON TEOpHUU pacCUMTaHa 3aBUCHMOCTH CKOPOCTH CBETa OT MOJ-
BI)KHOT'O MCTOYHUKA B HEMOJBMXKHOW CpeJie, a TaK)Ke AJI1 CKOPOCTHU CBETA HEMOJBM)KHOTO MCTOYHHKA
B JBIOKylIeics cpene. l1lokazaHo, 4ro pacu€rHas BEJIMYMHA CKOPOCTH COOTBETCTBYET PpE3YJIbTaTy
onbiTa @U30 U AHAITOTUYHBIX OINBITOB, BKIIO4as onbIThl Y. Kantopa u M.U. Iynnuniesa.

B § 3.3 paccMOTpeHBI CXeMBbI SKCIIEPUMEHTOB C UCIOJIB30BAHUEM JIa3€POB, B YaCTHOCTH (pemMTo-
CEKYHJHBIX M BOJIOKOHHBIX, JUISI IPSIMOTO U3MEPEHUSI CKOPOCTH CBETA OT ABMXKYILETOCS WCTOYHMKA.
[Toxa3zaHo, 4TO COBpeMeHHas Jia3epHas TEXHUKA M03BOJIIET OOHAPYKUTh BapUaIlMl CKOPOCTH CBETA 32
C4€T JBMKEHMSI HCTOUHUKA, TOCPEACTBOM IPSIMBIX U3MEPEHUN CKOPOCTH CBETA.

B § 3.4 npenyoxxeHbl cXeMbI J1a3epHBIX YCTAaHOBOK I poBepkH A dexra Putna n mpeodbpaso-
BaHUs ONTHYECKOTO Ja3€PHOT0 M3ITYUYCHHs YaCTOTHI f, IOCIIE pacCesHUs Ha YCKOPEHHO JIETAIUX Yac-
THIAX,— B U3JIydeHHE M3MEHEHHOH uyacTotsl f = f/(1 — La/c®), B T.4. MHBIX YAaCTOTHBIX JHAIA30HOB.
PacuéTHas KpUTHUECKas BeqmuuHa yckopenns a ~ 10" m/c?, tpeGyemas s Tpanchopmamuu f B pa-
3bl, KaK MOKa3aHO, BIIOJIHE JTOCTHKUMA B AJIEKTPUYECKUX U MAarHUTHBIX MOJIAX JUISL JIEKTPOHOB, aTO-
MOB M HAaHOYACTHII, CIIyKalllMX NEpen3IydyarllluMHi LHeHTpaMu. PaccunTanbl TEOpETUUECKHE XapaKTe-
PUCTHKH BBIXOAHOI'O M3JIy4EHHs — HECYILas 4acTOTa, MOIIHOCTb, JIUTEIbHOCTh UMITYJIbCA U3IyUYEHHUS

B 3aBUCHUMOCTH OT XapaKTCPUCTHUK paCCGI/IBaIOHIefI Cpeanl, OT yIJja pacCCIHud U ONTHUYCCKOI'O ITYTH.
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YcraHoBKa, coOpaHHas MO PacCMOTPEHHOM CXEeMe, TTO3BOJIUT OJJHO3HAYHO MPOBEpUTh 3P dekT Putia,
U, B cllydae ero NoATBEP>KICHHs,— IUIaBHO NIepecTpauBaTh YacTOTy CBETA.

B § 3.5 moctpoeHna Teopust reHepaluy TapMOHHK JIa3ePHOTO U3TYUYEHHsI, pACCETHHOTO Ha aTOMax
WM HaHovacTunax. [lokazano, 4To OBICTPBIE OCHMIUISIIMHE CBETOBOTO AABJICHHSI, MOLYJIUPYSI CKOPOCTh
YaCTHIl U CKOPOCTh NEPEU3Ty4EHHOTO MU CBETA, MPUBOJAT K UCKaXKEHHUIO TapMOHUYECKOIO CUTHaja
U, KaK CJIe/ICTBHE, K TeHepalliu BbICIINX rapMoHuK. [lokazaHo, 4Tto 3 dekT no3Bosser 00bICHUTD P
CBOMCTB aTTOCEKYHIIHBIX HMITYJIBCOB, F€HEPUPYEMBIX MPH BO3AECHCTBUU JIa3€pPHOTO H3IITYUYCHHs Ha
aTOMBI ra3a WM IU1a3My, 0Opa30BaHHYIO MpHU absiuu TBEPION moBepXHOCTU. [IpemioskeHsl KpuTe-
puH, MO3BOJIAIOIINE ClIeTaTh BBIBOJ O MPUPOJIE TOMUHHUPYIOIIETO MEXaHU3Ma reHepalui rapMOHUK U
0 €ro CBS3M C MOAYJISIMEN CKOPOCTH CBETA.

B § 3.6 npousBenén pacué€rt BenuuuHbl nonepeuHoro 3¢dexra Jlomnepa U KkBagpaTtuyHOro 3¢-
dexra Jlomnepa B pamkax OammucTuyeckoil Teopun. [loka3aHo, 94TO BBIBOJIBI OATUTHCTUYECKON TEOPHH,
BO-TIEPBBIX, HE TIPOTUBOPEYAT PE3yJIbTaTaM OIBITOB 110 M3MEPEHHIO KBaIpaTUIHOTO 3 dekra [orie-
pa, BO-BTOPBIX, B Psiie CIy4aeB Jydllle COTJIACYIOTCA C TaHHBIMU OMbITOB, 4YeM nporuo3sl CTO. B ya-
CTHOCTH, Kinaccuueckuit agdext Jlorepa nerko oobsicuser Flyby-anomanuro.

B § 3.7 paccunrtaHbl XapaKTEpUCTHUKU U3IYUYEHUS NPOCTEUIINX TUIIOB M3IydyaTesled 3JIEKTpO-
MarHUTHbIX BOJIH (aumnounb ['epua, Bpamaroniuiics 3apsa 1 T.1.) ¢ HO3ULMH OalIMCTHYECKON TEOPHH.
[TokazaHo, 4To npecKa3aHHble OATUTMCTUYECKON IEKTPOJUHAMUKON XapaKTEPUCTUKU COTIIACYIOTCS C
MU3MEPEHHBIMU U C PaCUUTAHHBIMH B paMKax 3JEKTPOAMHAMUKN MakcBea.

B § 3.8 uccnenoBansl nposinenus dddexra Purna amas y-uCTOYHUKOB, YCTAHOBICHHBIX Ha pa3-
HOW BBICOTE WMJIM Ha BPAILAIOMIMXCS TUCKAX, YTO MO3BOJISIET BBISBIATH CABUIH YacTOTHI MO 3ddekty
Méccbhayapa. [Tokazano, uro u3MepeHHbIN 10 3P dexty MéccbOayspa CABUT YaCTOTHI IMMOJTHOCTHIO CO-
riiacyeTcs ¢ mpejickazanusaMu Teopur Putna, npu yuére addekra nepensnydenus. B orcyrcrsue ne-
peu3TydYeHHs TpeACKa3aHus OalTUCTHUYECKOH TEOPHH COTJIACYIOTCS C M3MEPEHHBIMU BapHAIMSIMU
JUIMHBI BOJTHBI M3JIy4YEHUS. AHAIOTUYHO MOKA3aHO, YTO CABHUI YaCTOTHI Y-UCTOYHHMKA B TPAaBUTALIMOH-
HOM IT0JIC TOKE MOKET OBITh 00BSICHEH 110 A dekTy Putia.

B yeTrBépTOil IJ1aBe paCCMOTPEHBI HKCIEPUMEHTHI 110 U3MEPEHUIO U CPABHEHUIO CKOPOCTH H3-
Jy4YEHHUS OT JBUXKYIIUXCS PEISITUBUCTCKUX YacTuil. [IpoeMOHCTpHpOBaHO, YTO PE3yNIbTaThl U3BECT-
HBIX 9KCIIEPUMEHTOB JIaHHOTO THIIAa HE MPOTUBOpEYAT OAIITUCTUYECKON TEOPHUH.

B § 4.1 paccMOoTpeHb! ONBITHI € PENSITUBUCTCKUMH IPOTOHAMU, SPAaMU U ME30HAMHU, B TOM YHC-
je ombIT AnbBarepa. [lokazaHo, 4TO pe3ynbTaThl 3TUX OIBITOB HE MPOTHUBOpEYAT OATIMCTUYECKOM
TEOpuH, B ciiydae yuéra aQdekra nepensnydeHus, KOTOpbIM MpeHeOperaiy B SKCIIEPUMEHTaX C PEHT-
TFE€HOBCKMM M TaMMa-U3JIyYE€HUEM OT PENIATUBUCTCKUX YacTUl. IIpennoxkeHbpl yTOUHEHHBIE METOBI U

KpUTEPUHU IPOBEPKHU OAJUTMCTUYECKON TEOPUHU B IKCIIEPUMEHTAX MOA0OHOT0 TUIA.
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B § 4.2 npousBenén ananu3 pesynbratoB onbita Cane [33] Mo cpaBHEHHIO CKOPOCTH aHHUTHIISA-
IIUOHHOTO Y-U3JyUYEHUs OT 3JIEKTPOH-TIO3UTPOHHBIX Nap. [loka3aHo, 4TO OMBIT HE MPOTUBOPEUUT Oaj-
JUCTUYECKON TEOpHWH, T.K. HAMPSAMYIO HE M3MEPEeHa BEIMYMHA U HAMpaBJICHHE CKOPOCTH aHHUTHIIU-
PYIOIIMX YaCTHUL, YTO AENAET Pe3yJbTaT OIbITa HEOAHO3HAauHBbIM. IIpennokeHa yTouHEHHas cxema
OTbITa C Pa3HBIMU MPOJETHBIMU JAJIMHAMHU, JUISl IPSMOTO U3MEPEHUS CKOPOCTH raMMa-JIydei.

B § 4.3 mpousBeaéH aHanu3 onbITOB Ma3MaHUIIBUIN U AJIEKCAaHIPOBA MO U3MEPEHUIO CKOPOCTH
CUHXPOTPOHHOTO M3IyYEHUs PENSITUBUCTCKHUX 3JIEKTPOHOB, KOTOPBIE MPUHITO pacCMaTpuBaTh B Kaye-
CTBE IPOTHUBOpPEYAITNX OAITHUCTUYECKON TeoprH. OTMEUEHbl OCHOBHBIE HEOUYETHI MOJOOHBIX OIBITOB
— OTCYTCTBHUE KCIIEPUMEHTAIBHBIX U TEOPETUYECKUX OLICHOK JIJIMHBI MEPEU3IYUEHUS B Cpelie Ui pe-
JSTUBUCTCKUX CKOPOCTEH, a TaKyKe€ OTCYTCTBHE MPSAMBIX MU3MEPEHUIN CKOPOCTH M3ITy4YalolUX YacTHII,
YTO JIelaeT Pe3yibTaThl OMBITOB HEOJHO3HAUHBIMH. [IpesioKeHbI yCOBEPIICHCTBOBAHHBIE CXEMBI
OTIBITOB U METOJbI U3MEPEHUHN [Tl YCTPaHEHHsI 3TOM HEOAHO3HAUYHOCTHU U JUI TOYHOM MpoBepKu Oai-
aucTuyeckoi teopuu. IlokazaHo, UTO OTAENbHBIE PE3YIbTAThl SKCIIEPUMEHTA MOTYT PacCMaTPUBATHCS
B KaU€CTBE KOCBEHHOT'O MOJITBEPKICHUS OaJUTMCTUYECKON TEOpUH.

B § 4.4 B pamkax OanIMCTHYECKONW TEOPUH MOCTPOCH KIIACCHYECKHI BapUaHT TEOPUU CHUHXPO-
TpoHHOTO H3nydeHus. [lokazaHo, YTO MpeJCcKa3aHHbIE OAJUIMCTHYECKOW TeopHed XapaKTepUCTUKU
CUHXPOTPOHHOI'O U3IIy4€HUs (yenosoe pacnpeoenerue, cCnekmp u OIumenbHOCHb UMNYIbCO8) COTra-
CYIOTCSI C OKCIIEpUMEHTAJIbHBIMU, BOIIpeKU apryMeHTy Hpro0ypra [34]. A psia XapakTepUCTUK CUHXPO-
TPOHHOTO M3JIy4YEeHHMsI, HAaIPUMEp, BIMSHUE JJIMHBI KaHalla BBIBOJA HA CIEKTP M3JIY4YEHHs, Jydlle Co-
TJIaCyIOTCS C BBIBOJAAMH OATUCTHUECKON TeopuH, 4yem ¢ nporHozamu CTO.

B § 4.5 Ha ocHOBe OaTUCTUYECKOW TEOPHH IMOCTPOEHA KIlacCHYecKasl TEOpUs YePEHKOBCKOTO
U3y4eHUs OT OBICTPO JIETALIMX YacTull B cpene. [lokazaHo, 4To 3KCepuMEeHTaIbHbIE XapaKTEPUCTH-
KU YE€PEHKOBCKOT'O U3IYUYEHHs COTJIACYIOTCS C MpeAcKa3aHHbIMU OaNIMCTUYECKON Teopuel, mpu Kiac-
CHUYECKOW OLIEHKE CKOPOCTH 4acTull U yuére koddduimenta ypnedenus Openens. [loctpoeHnas teo-
pusi OOBSCHSIET HEKOTOPBIE CBOICTBA UYEPEHKOBCKOTO W3IYYEHMS, OTKPBITHIE MOJ PYKOBOACTBOM
A.A. Tankuna [35, 36], He HaxoAsIINE OOBICHCHHI B paMKaX PESITHBHCTCKOW TCOPHH.

B § 4.6 B pamMkax OaqIMCTHYECKON TEOPUM MOCTPOCHA TEOPHUS OHAYJSATOPHOTrO M3imydeHus. Ha
psiie MPUMEPOB MOKa3aHO, YTO TEOPHUS COTTIACYETCs C XapaKTePUCTUKAMH OHIYJISTOPHOTO U3TYUYEHUS.
A 3KCIEpUMEHTAIbHBIE U3MEPEHUS JUINTENBHOCTH MUMITYJIbCOB OHIIYJIATOPHOTO M3JIy4E€HMsI, IPUBOIU-
MBI€ B KQUECTBE MPOTUBOPEYAIINX TeOpuH Putia, hakTH4ecku, COOTBETCTBYIOT €.

B § 4.7 npensioxeHbl cXeMbl KCIIEPUMEHTOB MO MPSIMOMY U3MEPEHHUIO CKOPOCTH PEISTUBUCT-
CKHUX YacCTHI[ BpeMs-NIPOJETHBIM METOAOM. PaccumTaHbl 3HaYeHHMsS] CKOPOCTH YaCTHUIl B KOHKPETHBIX
TUNAX JUHEHHBIX YCKOpHUTENIEeH B paMKax CHEIMaIbHOH TEOPHHM OTHOCUTEIBHOCTH U B OammucTuye-

ckoil Teopun. [lokazaHo, YTO TOUHOCTh U3MEPEHUN B TaKUX CXEMaxX JOCTATOYHA JJi BHIOOpA MEXKIY
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IBYMS TeOpusiMHU. [IpeastoKeHbI CXeMBI 110 CPAaBHEHUIO CKOPOCTH 3JICKTPOMATHUTHOTO U3TYUYEHUS pe-

JSTUBUCTCKUX YACTHII CO CKOPOCTHIO CBETA HEMOBUKHOTO HCTOYHUKA.

B § 4.8 paccMoTepHBI OCHOBBI OAMITUCTUYECKON SNIEKTPOJUHAMUKU U OTAETIbHBIC dPHEKThI, OT-
JUYAIONINEe JAHHBIN THUIT AJIEKTPOJAMHAMUKH OT Teopun MakcBemna. [IpeaokeHbl cXeMbl SKCIepH-
MEHTOB 110 TIpoBepke 3TuX dpdexToB. [IponsBenéH aHATN3 IKCIIEPUMEHTAILHO BBISIBJICHHBIX aHOMa-
nui (MpoTHBOpEYAIINX dJIEKTpoaMHaMuKe MakcBenia, B T.4. 3¢ dekra AapoHoBa—boma), koTtopsie
CBUJECTENHCTBYIOT B MOJb3Y CyIIecTBOBaHUSA Y (HEKTOB, MOATBEPKIAIONINX OATTUCTUYECKYIO TEOPHIO.

B § 4.9 paccmoTpenbl KBaHTOBBIE APPEKTH OATUIMCTHYECKONW TEOpHH. B 4acTHOCTH, UMEHHO B
OAJTMCTHYECKON TCOPUH BIIEPBBIC MPEICKa3aHbl KBAHTHI YJICKTPHUECKOTO TOJIS (peorsl), yIapbl KOTO-
pBIX 00 AJIEKTPOHBI BEIYT K MX XaoTH4yeckomy aABmxkeHuto [15, 37]. Umenno takoi adpdext HabIIIO-
nancs B oHayisitope Ha ycranoBke BOIIII-3. TlokazaHo, 4TO 3TO XaOTHYECKOE JIBHXKEHUE AIEKTPOHOB
B PETYJISPHBIX MOJSIX KOCBEHHO MOATBEPkKAAET PEabHOCTh PEOHOB. 10 CHATHIM Mapamerpam XaoTH-
YECKOT0 JIBIKEHHS AJIEKTPOHOB PAacCYMTaHA MacCa, YaCTOTA BBUIETA U YJJapOB PEOHOB.

B § 4.10 uccnenoBanbl CBOMCTBA M CTATUCTUYECKUE XapPaKTEPUCTUKH KOCMHUUYECKUX JIy4eH IKC-
TpeMallbHBIX HEPIHii, B YaCTHOCTH 3€HUTHO-YTIIOBOE pacnpeaeneHue. [lokasano, uto Habmo1aeMble
CBOICTBA COTTIACYIOTCSI ¢ KIIACCUYECKUMHE OIIEHKAMU CKOPOCTH YaCTHII U OAJUTHCTUYECKOM Teopueit, HO
PacXoIsATCs C MPOTHO30M PEIIATUBHCTCKON Teopruu. OOOCHOBAH BBIBOJI O TOM, YTO MPSIMOE U3MEpPEHUE
BEJIMYMH M HAIMPABJICHUNA CKOPOCTH YaCTHIl U3 KOCMUYECCKUX JIy4eH W YCKOpPHUTENeH CTaHeT Hanboiee
MPOCTBHIM U OJTHO3HAYHBIM TECTOM JIJIsl POBEPKHU OATUIHCTUUECKON TEOPHUH.

B 3aki04eHuH KpaTko cHOPMYyIUPOBAHBI OCHOBHBIE PE3YITAThI AUCCEPTAIIIH.

Ha 3ammuty BBIHOCSTCS CIIEIYIOIINE OCHOBHbIE HAYYHbIE MOJI0KEHUsI
1. Pe3ynbTaThl HAKOIICHHBIX 32 BEK JAHHBIX aCTPOHOMUYCCKUX HAOIOJCHUN W JTa0OpaTOPHBIX DKC-

MEPUMEHTOB HE MPOTUBOpEYaT OaUIMCTUYECKOW TEOpUH, a JaHHbIE KOCMUYECKOW paJHOIOKaluH,
HaOMIOIEHU JABOWHBIX 3BE3 M psla JIaOOPATOPHBIX OMBITOB KOCBEHHO MOJTBEPXKIAIOT TEOPHUIO
Putia. Takum oOpa3om, BOPOC O BIUSHUM CKOPOCTH MCTOYHHKA HA CKOPOCTH CBETA OCTAETCS OT-
KPBITBIM B TPEOYET JIJIS pEIICHHSI TOTIOTHUTEIBHBIX YTOUHEHHBIX YKCIICPUMEHTOB.

2. Pe3ynbTaThl KOCMUYECKOW PAJAMOJIOKAIIMN U JA3€PHON JIOKAUKA TTOATBEPKIAIOT BIUSIHUE CKOPOCTH
MCTOYHUKA U OTPAXKAIOIIETO0 CUTHAIBI HEOECHOTO Tela Ha CKOPOCTh CBETA. Y TOUHEHHOE U3MEPEHUE
CKOPOCTEH, TON0KEHUH, OpOUT HEOECHBIX TeN U KOCMHUYECKUX allapaTroB Pa3HbIMH METOJAMU U
COITOCTABJICHUE UX PE3YIbTATOB — OCHOBHOW KPUTEPUI MTPOBEPKHU TEOpHUH PuTLa.

3. U3 Gammctrueckoit Teopun cieayer d3hdexT npeodpa3oBaHus JUTMHBI BOJIHBI A, JUIMTEILHOCTH U
MOIIIHOCTH CBETOBBIX MMITYJIbCOB OT YCKOPEHHO JBIIKYIIErOCs MCTOYHHKA, MPUYEM M3MEHEHHE A
MIPOTMOPIIMOHATILHO YCKOPEHUIO UCTOUYHUKA U AUCTAHIIUH, IPOUIEHHOW CBETOM B BaKyyMe.

4. HNausbii a3¢dekt (3¢ghgpexm Pumya) Ka4eCTBEHHO W KOJUYIESCTBEHHO OOBICHICT XaOOIOBCKUH 3aKOH

KpPacHOTO CMEIIICHUS TaJIaKTHUK, 0€3 TUIoTEe3hI 0 paciupennn Beenennoit. Takxe addext o0bsacHs-
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eT MapaJoKChl KPACHOTO CMEIICHHUS, B TOM YHCJIE MapHbIe TATaKTUKA ApIia, HECOBIAJICHUE Kpac-
HBIX CMEUICHUI B Pa3HBIX TPyNIaxX JUHUH, TeDUIUT KPAaCHOTO CMEIICHNS Ha OONBIINX JUCTAaHIUSIX
U T.1. PennkroBoe m3imydeHHe B TAaKOM Cllydae CIIeAyeT pacCMaTpUBATh KaK PaBHOBECHOE M3ITyde-
HHUE MEXTaJIaKTHYeCKOr 0 ra3a, HarpeToro U3Iy4eHUEM OKPYKAIOIIUX TaaKTHK.

Psin cBoiicTB mynbcapoB, nedenn u APYTrUX MEPEeMEHHBIX 3BE3/I HAXOIUT MPOCTOE OOBSICHEHUE B
paMKax OayuTMCTHYecKOW TeopuH. B gacTHOCTH, MpoCcTOe 0OBSICHEHHE MOIYyYaeT CIEeKTp MepeMeH-
HBIX 3BE3]I, a TAK)KE BapUalliy MEPHUOJIa, aMILTUTY bl B (HOPMBI HX KPHBOH OJiecka.

O¢pdexr Putna mMoxker OBITH MpOBEpeH B JTAOOPATOPHBIX YCIOBHSX, MPH COOOIIEHUH IEPEU3ITY-
YarOIIUM YaCTHIIAM KPUTHUECKOTO ycKopeHus. KocBeHHBIMU TposiBIIeHUsIME 3TOTO 3¢ dekra MoryT
CTaTh HEKOTOPHIE CBOMCTBA CHHXPOTPOHHOTO M3TY4YEHUS U aTTOCEKYHIHBIX UMITYJIbCOB.

BnusiHue CKOpOCTM MCTOYHHMKA Ha CKOPOCTh CBETa MOXET OBITh HENOCPEACTBEHHO MPOBEPEHO B
NPEUIOKEHHBIX B JICCEPTALMHU SKCIIEPUMEHTAIBHBIX CXeMax Ha OCHOBE (DEMTOCEKYH/IHBIX JIa3€pPOB
¥ TEHEPaTOPOB HETPEPHIBHOTO JIA3EPHOTO M3ITyUCHHS.

[Ipn neiicTBUM JTa3epHOTO M3ITYyYCHHS HA aTOMBI ra3a WIM HAaHOYACTHIBI, OBICTPBHIC OCIMIUIAILIMH
CBETOBOT'O JIABJICHUSI M YCKOPEHUs YacTHUI[ MPUBOAAT MO 3dekTy Puria k mckaxeHuro npodus
nepen3TydEHHOM YaCcTHIIaMU BOJIHBI M, KaK CIIEICTBUE, K TeHepallii TapMOHHUK HECYIIeH 4acTOTHI.
OTO SIBJICHHE CITYKUT JIOTIOIHUTEIILHBIM KpUTEpHEM NpoBepku 3P dexTa u Teopun Purna.
banmuctrueckas Teopusi PUTiia ka4uecTBEHHO M KOJMUYECTBEHHO OOBSCHSET BCE CBOWCTBA CHHXPO-
TPOHHOTO, OHAYJIATOPHOTO W YEPEHKOBCKOTO M3IIyYCHHS B paMKax KJIaCCHYECKOH (pu3uku. A OT-
JIeTTbHBIC CBOMCTBA ATUX U3TyYEHHI MOIYydYaloT 00jiee eCTECTBEHHOE, IPOCTOE H TOYHOE ONMCAHUE B

paMKax OaJUIMCTHYECKOM, a HE PENIATUBUCTCKON TEOPUH.

10. Oxcnepumentsl A.C. MasmanumBuin u E.b. AnekcanapoBa mo U3MepeHUI0 CKOPOCTH CHHXPO-

TPOHHOTO M3JIy4YEHHUs HE MPOTUBOpeYaT OaUIMCTUYECKOW TEOPUH, B CIydyae ONpPEeIeHUs CKOPO-

CTH 3JIEKTPOHOB 10 (hOpMyJIaM KJIaCCUUECKOH (PU3HKH.

11. IIpsmoe wu3MEpEeHHE CKOPOCTM YAaCTHULl B YCKOPHUTENSAX M KOCMHMYECKHMX JydaX IpOJETHO-

AMIYJIbCHBIM METOAOM M CPAaBHEHHE M3MEPEHHOrO 3HAYEHHUS C MPEICKa3aHUSMH KJIACCUYECKOMN
(bUM3UKHM W TEOPUU OTHOCHUTEIBHOCTH CIYKUT HanOoJiee MPOCTHIM KPUTEPHEM MPOBEPKU OalTn-
CTUYECKOM TEOpUU W MO3BOJUT YTOUHUTH HANpPABJICHHUS NPHUXOAa KOCMUYECKUX JIyded M CO-
CTaBJICHHsI HEOECHOM KapThl pacrpeieIeHNs] HCTOYHUKOB KOCMUYECKUX JTy4ei.

baaropapuocTu

ABTOp BbIpa)kaeT OJaroJapHOCTb CBOEMY HAay4HOMY pyKoBoauTento mpodeccopy bakyHoBy

MI/IXB.I/IJ'Iy I/IBaHOBI/I‘{y 34 KOHCTPYKTHUBHbBIC JUCKYCCHUH, 3a LICHHBIC COBCTHI U IOMOIIb B IMMOATOTOBKEC

nucceprauuu. Taxoke aBTop Omarogaput npogeccopa CrenanoBa Hukomas CepreeBuua 3a psifi HHTe-

PECHBIX 3aMeUYaHMii, KOHCYJIbTAlMI U aKIEHTHPOBaHNE BHUMAHHA Ha pse 2PPeKToB, CIEeqYIONNX U3

OaJTMCTUYECKON TEOPUU U JOCTYIHBIX ISl SKCIIEPUMEHTAIbHOW MpoBepKU. bonblryto nmpusHaTenb-
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HOCTH aBTOp BBIpaxkaeT K.(.-M.H. [lapéBy Makcumy Bnagumuposuay 3a o0cyxaeHue 3pQpexron Oa-

JINCTHYCCKOM TCOPHHU B KOCMOCE U B aTTOCCKYHAHBIX YCTaHOBKAX.
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MnaBa 1. AcTpoHOMMYEeCKMe HabnoaeHUs Kak KpuTepuin npoBepkn 6annu-

CTU4YecKomn Teopun

HcTopuyecku mepBoii cTana mpoBepka OalTUCTUYECKONH TEOPHM CBETa B KOCMoce (mezamupe).
CpaBHUTENBHO BHICOKHE CKOPOCTH 3eMimd, 3BE37 M KocMmdecknx ammapatos (¥~ 10% m/c), actporo-
MUYECKHE MPOJIETHBIE NUCTAHIMH (L ~ 10"-10"® M) ¥ KOCMHUYECKUH BaKyyM (MCKITIOUYAIOIINNA TTepEn3-
Jy4YeHHE) YIPOIIaloT O0HAPYKEHHE BIUSHUSA CKOPOCTH HUCTOUYHUKA Ha CKOPOCTh CBETA, MO CPABHEHUIO
C 36MHBIMH YCIIOBHSIMHU U TaOOPAaTOPHBIMH SKCIIEPUMEHTAMHU.

dakTUYeCcKH, MEPBHIM aCTPOHOMUYECKIM TECTOM OAJUTMCTUYECKOH TeOpuH CBETa (IO CyTH, KOp-
nyckyaaprou meopuu ceema Hvromona) crano otkpeitue Jlx. bpamieem B 1725 1. abeppanun 3BE31-
HOT'O CBETa, TO €CTh OTKJIOHEHUS HAIpaBJICHUH Tydyei cBeTa 3BE3[ UL 3€MHOT0 HaOmogaTens 3a CUET
nskeHus 3emiuu [38]. 3Bé3nnas abeppalyst BIepBble MO3BOJIMIA OOHAPYKUTh OTHOCHTEIBHBIN Xa-
pakTep JBMKEHHUS CBETA U YK€ caMMM bpajjeeMm HMHTepHIpeTHpoBajach Ha OCHOBE KOPIYCKYJISIPHOMN
TEOpUU CBETA: CBET BEN ce0sl Kak MOTOK KOPIYCKYJ, OTHOCUTENIbHAs CKOPOCTh €' KOTOPOro 3aBHcesa
oT ckopocTH HaOmoaarens V. [loaToMy HampaBieHHE CKOPOCTH ¢ MEHSUIOCH B 3aBUCUMOCTHU OT CKO-
pocTu 3eMIIH, YTO HA MPOTSDKEHUH JIBYX BEKOB CIIYXKHJIO OCHOBHBIM apIyMEHTOM B MOJIb3y KOPIYCKY-
JISIPHOM, a HE BOJIHOBOM Teopuu cBeTa. OIHAKO U3MEHEHHME HANpaBJICHHsI CKOPOCTH CBETa U 3BE3IHYIO
abeppaluio nMpeAcKa3bIBaeT U ClieUalIbHas TEOPUsi OTHOCUTEIBbHOCTH.

J171st mpoBepKH BIUSAHUSA CKOPOCTU MCTOYHUKA HA BETMUHUHY CKOPOCTH CBETa MpeJiaraiu mpume-
HUTh TaK)Ke HAONIONEHUS JABOMHBIX 3BE3], OpOUTAIbHAsI CKOPOCTh KOTOPBIX, MEHSISI CKOPOCTh CBETA,
UCKakaja Obl BUAMMBIC IBIKEHUS 3BE37. VIMEHHO 3TOT TECT MCTOPHUYECKHU CTal MEPBBIM KPUTEPUEM
BBIOOpaA MEXIYy OaTMCTUYECKON Teopuel Putiia u Teopreld OTHOCUTENIBHOCTH, TaK YTO OH B Pa3HBIX
BapHalMsIX TPUMEHSETCS IS IPOBEPKU TEOPUU BIUIOTH 10 HACTOSIIETO BPEMEHHU.

OcHOBHBIE pe3yNbTaTh TaBbI Oy OIMKOBaHBI B paboTax [A1-A54].

§ 1.1. Cmamucmuka 080UHbIx 36630 u a¢hghekm bappa

Vxe B 1909-1910 rr. JI.®d. KomcTok oOpatun BHUMaHue Ha 3PPEKThl ABOWHBIX 3BE3]I, BO3MOXK-
HBIE [IPU CJI0KEHUU CKOPOCTHU CBETA CO CKOPOCThIO UCTOYHHMKA-3B€3/1bI [39]. 3Be31a-Clly THUK, JeTsIas
BOKPYT TJIAaBHOM 3BE3/Ibl CO CKOPOCTHIO V o KpyroBoit opoure (nynxkmup Ha Puc. 1.1), npu conmxe-
HUU TMOCBIJIAET CBET K 3eMJIe CO CKOPOCThIO ¢ + V, 1 OH jgocturan Obl 3eMIid 32 MEHbIIIEe BpeMs, 4eM
CBCT, HCHyLLICHHBIﬁ CO CKOPOCTBIO C — V' B MOMEHT YAaJICHUA. B wnrore BUAUMOC ABUXCHUE 3BE3bIL
(cnnownas runus va Puc. 1.2) B ABOWHOM crcTeMe UCKA3WIIOCh OBl TaK, CJIOBHO 3B€3/1a JICTHT OBICTpEe,
KOI'Jla HaXOAMUTCA Aajiblie OT 3eMiM (32 KapTHHHOM IUIOCKOCTHIO), U MeJJICHHee, KOrja HaXOAUTCS

Oonmxe (mepen KapTUHHOW MI0CKOCThIO) [40]. JBMKeHHe 3Be37bl MOKA3aI0Ch ObI MPOUCXOISAIINM 110
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opbure, BoITAHYyTOH K 3emiie. Kak ormerun B 1913 r. rommanackuii acrponom B. Jle Currep, psin
3BE3]1, BKIIIOYasl CHEKTPalIbHO-BOMHBIE, 10 HAOIIOJEHUSIM MMEIOT MOYTH KPYroBble OpOUTHI O€3 Io-
NOOHBIX MCKa)KEHHH, BONpekH Oanmuctuyeckoi Teopuu [41]. IMEHHO 3TOT apryMeHT NPUBOJAT B Ka-
YeCTBE OCHOBHOT'O MPOTUBOPEUHs OATUIUCTHUECKOM Teopuu [38, 42].

Opnnako B Tom xe 1913 r. acrponomsl II. I'ytauk [43] u O. @peitnanux [44] oTMETUIIN CIIOP-
HOCTh JJAaHHOTO apryMeHTa. M3y4uB CTaTUCTUKY JBOWHBIX 3BE3], OHM IOKA3ald, YTO Y OOJIBIIMHCTBA
3BE3/1 OpPOUTHI BCE e BBITSHYTHI, 1 B OCHOBHOM KaK pa3 B CTOPOHY 3€MJIH (JOJTOTHI MEPHACTPOB
TpyNIUpyOTCs Bo3ie 3HaueHus o = 90°), B cornacuu ¢ npeackasanueM teopun Purna [39]. Drot 3¢-
(exT NMpeuMyIeCTBEHHOW BBITAHYTOCTU OpOUT 3BE3] K 3emiie, OTKpbIThIA B 1908 r. kaHajckuM ac-
tpoHoMoM J[:x.M. Bappom [45], noaTBEpKAEHHBIA COBPEMEHHBIMU acTpoHOMamu [46—48], BKio4as
oredyecTBeHHBIX [49], u Ha3bIBaeMblil 3 dexToM bappa, 1o cux nmop He 00bsICHEH oxHO3HAYHO. ITo-

ATOMY €r0 MHTEPIIpETaIysl B 0aJUTMCTUYECKOI TEOPUH 3acIyKHUBaeT BHUMaHuUs [24].
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Puc. 1.1. Cxema IBMKCHHUS 3BE31BI 10 KPYTOBOI opOuTe (nyHkmup) M KpuBas €€ JTy9eBOi CKOPOCTH
V(f) (nynkmup eénusy). JlobaBieHne CKOpOCTH 3Be3/bl V' K CKOpOCTH cBeTa UcKaxaeT rpaduk V(f) u
BHUIVMOE ABIDKCHHUE 3BE3Ibl (CAIOWHAA NUHUA), COOTBETCTBYIOIINE OpOMTE, BHITAHYTOH K 3emie.

Cnpasa — THIIAYHAS JUTS 9K30IUIAHET aCHMMeTpHaHas kpusast V(7) (e = 0,25, @ = 95°).

Kax nokazan I'ytHuk [43], eciiu BUAMMOE UCKA)KEHHUE ABUKEHUS 3BE3/bl HEBEIUKO, 3TO JIBHKE-
HUE He OyJeT 3aMETHO OTKJIOHAThCS OT 3aKkoHOB Kemepa. [TokaxeTcst umib, 4To 3B€3/1a IBHKETCS HE
10 KPYTOBOH, a MO BBITSIHYTOW AJUTMIITHYECKON OpOUTE, T.€. Y HE€ MOSBUTCS KaXKyIIHICS N30BITOUHBII
skcueHTpucuteT. C TOYKU 3pEHUs] COBPEMEHHOW acTPOHOMHH 3TOT BBIBOJ OCOOEHHO MHTEPECEH, MO-
CKOJIBKY TIO3BOJISIET OOBSCHUTH aHOMAJIBHO BBICOKHE IKCIEHTPUCUTETHI OpOUT dk30tmianeT [50], cm. §
1.4. He ucKiII04€HO, YTO pealibHbIe OpOUTHI IK30ILIAHET, T0J00H0 opOuTam tuiaHeT COTHEYHOH CHC-
TEMBI, [TIOYTU KPYroBbIe, HO OOPETAIOT MHUMbIEC HKCHEHTPUCUTETHI OT UCKAKEHUS UX BUAUMOTO JBH-
xenus (Puc. 1.1). Kak ormerun @peitaanux [16, 44], BuguMble HCKa)KEHUST MaJlbl, €CITU Ha IMyTH CBETa
K 3emiie 3aBUCUMOCTb €T0 CKOPOCTH OT CKOPOCTH MCTOYHHMKA MO KAKUM-TO MPUYMHAM OCJIa0JeHa, U
OIICHUBaeMasl M0 UCKKEHHSIM CKOPOCTh CBETa UMEET BUJ]

c¢'=c+kV, (1.1)

rae k << 1 u cocraBmuset no ouenke Jle Currepa 3nauenue k& < 0,002 [16, 41].
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[lpuunHy CHIDKEHMSI BIMSHUSL CKOPOCTH HMCTOYHMKAa Ha CKOpPOCTh CBeTa ykazal B 1965 T.
Hx.I'. ®okc [25]. [TockonbKy TECHBIE TBOMHBIE CUCTEMBI, KaK MTOKA3bIBAET CIIEKTPAIbHBIN aHAIN3, OK-
py>keHbl aTMocepaMu Mex3BE3MHOTO ra3a [46, 51], KOTOPbIi B HUYTOKHOW KOHLIEHTPALIUUA TIPUCYT-
CTBYET TaKKe Ha BCEM IyTH CBETa K 3emiie, TO MO TEOpPEeME MOTalleHUus (IKcmuHKyuu) DBallbJa-
OzeeHa [52] uCXOAHBIN CBET 3BE€3/Ibl OCTENEHHO racUTCs 00JaKaMu ra3a U Mepeus3iydyacTcsl UM yKe
CO CKOPOCTBIO ¢ OTHOCUTENIbHO 00J1aKOB. JTO BEAET K MOCTENIEHHOMY BBIPAaBHHUBAHUIO CKOPOCTEH CBe-
Ta, UCMYIIEHHBIX 3BE3/I0i B pa3HbIe MOMEHTHI, U OCHOBHYIO YacTh MyTH JIyYH CBETa JBUXKYTCS C PaB-
HbIMU cKopocTsMmu. Toraa Beipaxenue (1.1) umeer cmbici cpeAHEl CKOpPOCTHM CBETAa HA IMYTH 7 OT
3Be3/1bI K 3emite, a K03 HUIMEHT kK TIPHOOPETET CMBICI OTHOCUTENBLHON 0N k = I/r iyTH [, Ha KOTO-
pOM CBET 3Be3/1bl, €IIé He Oyayun mepen3aydéH, ABIKETCS CO CKOPOCThIO Omu3koi k ¢ + V. Ha satom
nyTtd [ u HabupaeTcs pa3HOCTh XOoja Jyuel, MCKaxKarollas BUAUMOE JIBIKeHue 3BE37. OcTaBIiyrocs
gacTh myTH (1 — k)r mepen3nydEHHBIN CBET IBUKETCS CO CKOPOCThIO Onmm3koi K c¢. 1o m3BecTHBIM
OIIEHKaM KOHIIGHTPALMH aTOMOB Boopoaa (N ~ 1 ¢M ) 1 mokasaTess IPeTOMICHHS /1 MEK3BE3IHOTO
raza B ['anaktuke, @OKC OLIEHW B OJIMH CBETOBOM IrOJ] 3Ty XapaKTEPHYIO IJIUHY

[ =N2n(n—1), (1.2)
Ha KOTOpOH nepeunsinydenue B 2,718 pa3 CHIDKAET aMIUIUTYy UCXOIHOM BOJIHBI JJTUHBI A [25].

Ty e ouenky nosnyuun K. Bpauep [31], BbIpa3uB moka3aTesb NPEIOMIICHHUS MEK3BE3THOU

TJ1a3Mbl 4epe3 MIa3MEHHYI0 YacTOTY, U MOJIYYUB JIJISl JJIMHBI TIEPEU3TyUYCHUS
I = (oNy (1.3)
MOpsIZIKa ABYX CBETOBBIX JIET, TIE 7) = lmct= 2,82 107" M — knaccuueckwuii paauyc 3JIEKTpOHa 7.

[TpousBeném He3aBHcUMYIO OoLeHKY /. Ecnu mokasarens npenomiieHust Bogopona n = 1+ 6 (rae
0 <<1), TO & IPONOPIHOHATILHO €r0 KOHIEeHTpauu Ny. COOTBETCTBEHHO, JJIMHA TIEpEU3NydeHus [ =
M2md obpatHO mponopuroHanbHa Ny. [ToCKONIbKY MTpU HOPMAJIBHBIX YCIOBUAX IMOKa3aTelbh MPEIOM-
nenust Bogoponaa n = 1,00013 (&= 1,3-104), a coJepkaHue aTOMOB B 1 oM’ paBHO umciy Jlommuara
2,69-1019 (N= 2,69-1019 CM_3), TO B KocMoce, Tae Ny ~ 1 CM_3, MPOMOPLHOHANTEHO HIbKe 0 = 1,3-10°
. Nw/N = 4,810, Orcrona [ = M2rd =~ 3,3-10'® M = 3,5 cBeTOBBIX JIET, UTO 1O TOPSTIKY BEITUIHHBI COB-
nazgaet ¢ oneHkoit dokca. Benuunny / TOro ke nopsiika MOXHO MOJIYYUTh, UCXOJS U3 TOTO, YTO MEX-
3BE3HAS cpela MpelcTaBisieT co00il BOAOPOIHYIO IMIa3My C KOHIEHTpaluell MOHOB BOJOpOJA H
31eKTPOHOB N ~ 1 CM °, Ha OCHOBE BBIPAXKEHHS TS [IOKA3ATE/Is IPEIOMICHHUS M1a3Mbl [53], eM. dop-
myiy (2.12). Takum 00pa3om, y OOJBITUHCTBA ABOWHBIX 3BE3]I CBET MEPEU3TyUYaeTCs HA TUCTAHIIAU
MOpsIJIKa CBETOBOTO I'oJla UM MeHee (T.K. TECHbIE ABOMHBIE 3BE3/bI MOTPYKEHBI B 00IIyI0 aTMochepy
¢ emé OombIIel KOHIeHTpanuel ra3a). [lockonpky paccTOsIHUS 7 10 UCCIIEJOBAHHBIX TBOMHBIX CHCTEM
— MOpsIIKa COTEH CBETOBBIX JIET, OTHOIICHHUE k = [/r COCTaBUT KaK pa3 MOPsAKa THICSYHBIX aosei. To
€CTh OKHJAaeMbIe TI0 TeopuH PuTiia HcKaskeHUs Maibl U HaOmroparoTes B oopme 3ddekra bappa, a ap-

ryMeHT Jie CuTrepa He UMEET JOKa3aTeabHOM CUilbl [25].
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Dddexr bappa otkpeir B 1908 1. xanaackum acrporomom J[x. Mumtepom Bappom [45] npu
aHaJIM3€ CTATUCTHKU OPOUTATBbHBIX 3JIEMEHTOB CHEKTPajJbHO-ABOMHBIX 3BE37. McTopusi OTKpbITHS U
ero obcysxeHus moapoOHo onucana B pabote [54]. Cratuctuka, uzyuennas bappom, mokasana, 4to y
OOJIBIIMHCTBA CIIEKTPATHHO-ABOWHBIX 3BE3]T OPOUTHI BRITSHYTHI PEUMYIIIECTBEHHO B CTOPOHY 3eMIIH,
TO €CTh NEPHUACTPBI 3BE3]] Yallle PACIIOJIOKEHBI 3a KAPTUHHOM IMJIOCKOCTBIO: JOJITOTHI IEPUACTPOB M
npeobnanaroT B auamnazone 0° < o < 180° (Puc. 1.2). [Toznuee 3¢ dexT Obut HE pa3 MOATBEPKIEH du-
3ukamu [25] u actpoHomamu [46, 49, 54-56], B ToM umciie oreuecTBeHHbIMU [49, 57-60], npenno-
XKUBIIUMU [T 3 dexrta bappa repmun «B-apdext» [58].

8.x

Puc. 1.2. AcumMMeTpHYHBIE YTIIOBBIE PACTIPEACICHUS IIEPUACTPOB 3BE3I IO AONTOTaM @ (YHCIa yKa3bl-
BalOT KOJMYECTBO 3BE31 NV; C TiepruacTpaMu B JAHHOM CeKTope) Kak wiumoctpanus dddexra bappa, mo

JIaHHBIM pPa3HbIX aBTOPOB: a) bapp [45], 6) Dokc [25], 8) barten [46], 2) bpaxHukosa [57].

B cuny npunnuna KonepHuka, TpyAHO JOMYyCTHTb, 4TO 3eMiisi 1 COJTHIE BbIAEIEHBI CPEAU JIPY-
TUX TUTAHET U 3BE3] (MPOTHUBHOE 03Ha4yaio Obl BO3BpaT K reoneHTpusMy [54]). [TosTomy, Kak oTMETHI
cam bapp, s dexT BbI3BaH HMcKkakeHHEM TrpaduKOB JIy4EeBBIX CKOpocTel 3BE31 V,(f), IO KOTOPBIM OTI-
penensiiach TOATroTa MepruacTpa o, SKCUEHTPUCHTET e U JAPYrHe OpOHUTalIbHbIE 3JIEMEHTHl. DTO HElu-
HEHWHOE MCKaKCHHE MPOSIBIISIETCS TAKUM 00pa3oM, uTo rpaduk V,(f), COOTBETCTBYIOLIUN KPYTOBOM Op-
oute, nmpeobpasyercs B rpaduk V,(¢), KOTOPOMY COOTBETCTBYET AJUIMNITUYECKAsT OpOHTA, BHITSHYTAs K
3emie. IHaue roBops, y IBOMHBIX 3BE3[ MOSBISETCS U3OBITOYHBINA KAXYLIUICS SKCIIEHTPUCHUTET €', a
JOJITOTHI X MIEPHACTPOB TPYMIUPYIOTCS Bo3iie 3HaueHus ® = 90° (Puc. 1.2). V 3BE3mHBIX OpOUT, OpH-
E€HTHPOBAHHBIX CIIy4aliHBIM 00pa3oM M 00JaNal0MINX UCTHHHBIMU SKCIEHTPUCUTETAMH e, TIPH J100aB-
JICHUM K HUM Ka)XyIIHUXCS SKCIIEHTPUCUTETOB €', CO31aéTCs MILTIO3HSI HEPAaBHOMEPHOT'O pacipeleeHUs
op6ut N(®) mo gonroram nepuactpoB ®. B utore 38&3161 ¢ 0° < 0 < 180° npeobianaroT Haa 3BE3AaMU
¢ 180° < ® < 360°. AHanoruuHas aHoManus oOHapyKeHa B MOCIEAHUE TOABl Y HK30IJIaHET, MPUUEM Y
HUX TOXX€ HAOII0AaeTCs M30BITOUHBIA IKCIEHTPUCUTET, KOTOPHI HE yAaércs OOBSCHUTH B paMKax

cymectBytomux Teopuii [A43, A49]. Ilockonbky 3¢ dext bappa He MomydnI Moka OKOHYATEIBHOTO U
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OJIHO3HAYHOT'O OOBSICHEHUSI, PACCMOTPUM €T0 W3BECTHBIE MHTEPIIPETALIMM U UCCIIENYEM YCIIOBUS MPO-
sBiieHus 3 dekra.

[Tepeuncaum runotess! o npupoae spdexra bappa (B ckoOkax yka3zaHbl aBTOPbI THIIOTE3):

1) mpuinBHOE UCKakeHUE (POPMBI 3BE3]1, BHI3BIBAIOIIEE B XOJ€ UX CHHXPOHHOTO BpAIICHHUS HC-
KaykeHue rpaduka gyueBbix ckopocrteit (bapp [45]);

2) nedcTBUTENbHAS BBITSHYTOCTh OPOUT 3BE3]1 B HAIPaBICHUU 3eMJIM 3a CUET MPEUMYILECTBEH-
HOM opueHTaruu opout 3B€31 B ["anaktuke (bapp [45]);

3) nabmrogarenbHas celeKius, 00yCcIOBICHHAS YIPOILIEHHBIM BbISIBICHUEM 3KCIIEHTPUYHBIX Op-
ouT, BRITAHYTHIX K 3emiie (bpaxuukosa [58]);

4) UCKa)Xe€HUE KPUBOHM JIy4EBBIX CKOPOCTEH MOTOKAaMHU Ta3a M arMocdepamu, BpaliarondMUCS
BOKpYT ABONHBIX 3BE37 (CTpyBe [61]);

5) pa3HuLIa CKOPOCTEH CBeTa, UCIYLIEHHOTO 3BE370M B pa3HbIE MOMEHTHI, 3a CUET ABUKEHUS
3Be3/bl 10 opoute (I'yTHuK [43], @peitnmnux [44]).

PaccmoTpuM nepeudncieHHble THIOTE3bI 110 MOPAAKY.

1°. IlepBasi runore3a, BeABHHYTas camuM bappom B 1908 r. [45], oObscuser addext bappa
¢dopmupoBaHueM y 3BE3], 00pa3yIoOMUX IBOMHYIO CUCTEMY, IPHIMBHBIX TOPOOB, KOTOPHIE CHHXPOHHO
BpalllaloTCs € MEPUOJIOM paBHBIM opOuTanbHOMYy. Eciu BeicoTa AR mpuinBa BelIMKa U COIOCTaBUMA C
paauycom R 3Be3blI (T.€. popMa 3BE3/Ibl 3aMETHO MCKAXKEHA), TO YYACTKHU 3BE3/Ibl B TOUKAX MPUIMBA U
OTJIMBA, PACIIONOKEHHBIE HA PA3HOM yJIAaJIeHUH OT LIEHTpa 3Be3/bl, 00s1afatoT 1o teopeMe ¢on Laiine-
751 pa3HOU SIPKOCTBIO, U JIAIOT CIIEKTPAJIbHbIC JIUHUM PAa3HOM MHTEHCUBHOCTH. TakuMm oOpa3om, orpe-
JeITSIOUINM JUIs JIOTUIEPOBCKOTO CMELICHUS M HAWJICHHBIX IO HEMY KPHBBIX JIYYEBBIX CKOPOCTEH Oyer
HE CKOPOCTb 3B€3/Ibl, @ CKOPOCTh HanboJiee IpKUX Yy4acTKOB, KOTOPas, 32 CUET BpaIEHUsI 3BE3/bl, OT-
JU4YHA OT OpOUTAIBHON M MEHsETCsl 0ojiee CIIOKHBIM 00pa3oM B XOJ€ M3MEHEHMs BUAMMOM IUIONAAN
Apkux y4dacTtkoB. CornacHo bappy, 3TO U BHOCUT MCKa)K€HHsI B KPUBYIO JIy4eBbIX cKOopocTe. OHaKo
3TOT MEXaHMU3M He ObUI UM paccMOTpeH nopoOHo. Kpome Toro, acumMmmeTpust Hocuia Obl 60see CIoX-
HBII XapakTep U Besa Obl K HCKaKEHHSIM TPOTUBOIIONIOKHBIM, HEXEIH Ha0mogaemble B apdexre bap-
pa: mpeobnamanu Ob1 monroTsl epuactpa @ = 270°, a He ® = 90° [62]. Hakoner, coriaacHo HaOmroe-
HUM, 3 dekt bappa BeIpaxkaeTcs He TOJBKO B UCKAXEHUHU I'paUKOB JTydeBBIX CKOpOCTeH V(f), HO n
B UCKQXCHUU BHJIUMBIX JBIKCHHN 3BE3]], CKQ)KEM, B 3aTMEHHBIX CUCTEMaX, Y OOJBIIMHCTBA KOTOPBIX
OpOMTBI, pacCUUTaHHBIE IO KPUBOM OsiecKa, TOXKE BBITSAHYTHl MPEUMYILIECTBEHHO B CTOPOHY 3€MIIH.
Taxoke 3pdexT HabmogaNCs y MUPOKUX Hap 3BE3], KOMIOHEHTH! KOTOPBIX JOCTATOYHO JAJIEKHU ApPYT
ot apyra [63, 64]. [lockonbKy B 3TUX CIIy4asiX NpUIUBHBIC d3PGEKTHI U IPKUE YYaCTKU HA MOBEPXHO-
CTH 3BE€3/Ibl HE MOTYT BECTH K UCKAXKECHUSAM, OYEBUIHO, 3(PPEKT nMEeT HHYIO IPUPOTY, U TIEpBasi TUIIO-

TC3a OTIIagacT.
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2°. Bropas runore3a, BeliBUHYyTast bappom B 1908 r. [45], npeanonaraet, 4ro OojplIME OCU
OpOUT IBOIHBIX 3BE3]T MPEUMYIIIECTBEHHO OPUEHTUPOBAHBI B HAIIPABJICHUH TaJJaKTUYECKOro LeHTpa. B
TaKOM CiIy4ae Mpu HaOIoJIeHUU ¢ 3eMiu y opOout obHapykuiach Obl MPEeUMYIECTBEHHAs OpUEHTa-
must. Cam bapp, noka nonoxenne Connua B [anakTike He ObIO TOYHO M3BECTHO, MPEATIONAral, YTo
CouHIle pacmonokeHo Bo3Je IeHTpa ["amakTiky, 4To 00BSICHITO OBl TAaKyIO OpHEHTAIHo0. Briocnenct-
BUU BBIACHUJIOCH, yTO CoJIHEYHasl CUCTEMa paclojoXeHa B CIHpalbHBIX pyKaBax, Ha nepudepun ['a-
nakTukd. Ho ¥ B 3TOM citydae y OmmKalIiero oKpy>kKeHus: 3eMiin 0OHapYKUTCS pacCCMOTPEHHBIN (-
(deKT mpenMyIIeCTBEeHHON OpHeHTaluu opout. B cpeqHem Oolbline ocu OpOUT OPUEHTUPOBAHBI TIO]T
CIly4aifHBIMU yTJIaMU K JIMHUH BU3UpoBaHus. OgHAKO y 3BE3N, examux Mexay COHIEM U IICHTPOM
["anakTuku, TO €cTh HanboIee MHOTOUHCICHHBIX U JIETKO OTKPHIBAEMBIX, OPOUTHI OKa)KyTCS BBITSHYTHI
B CpeJHEM B HampaBiieHWU 3emuid. Bo3MoXxHBbIE MEXaHU3MbI OpuUeHTalMu opout B ['amaktuke Obun
noipoOHO paccMoTpensl D.D. bpaxuukosoi u ap. [59]. Jlannoe o0bsicHenue 3¢ dexra bappa comuu-
TEJLHO TO psiay npuuuH. Bo-mepBriX, kak mokaszan emé A.A. bemononbckuit [65], opOUTHI TBOWHBIX
3BE3/] B TECHBIX CUCTEMaX UCIBITHIBAIOT BEKOBOE BpAIECHHUE O] BIUSHUEM BO3MYIICHUN, YTO UCKIIIO-
YaeT BO3MOXHOCTh MTOCTOSTHHOM OPUEHTAINH UX OOJBIINX MOTYyocel K HeHTpy ['alakThK Wi B UHOM
U30paHHOM HanpaBieHUU. BO-BTOPBIX, Y OpOUT 3BE31-KOMIIOHEHTOB, BXOAIINX B JBOWHYIO CHCTEMY,
JIOJITOTHI TIEPUACTPOB OpOUT oTiauvaroTcs Ha 180°, TO ecTh HE MOTYT co37aTh ACUMMETPUYHOTO pac-
npeneneHus no o. IlosToMy nomyckaroT CylieCTBOBAaHUE JOMOJIHUTEIbHBIX MEXaHU3MOB, BBI3BIBAIO-
HIMX MPEUMYIIECTBEHHYI0 OPUEHTALMI0O OpOUT Oosiee SIPKUX KOMIIOHEHT, KOTOpBIE IMPOLIE OTKPBITH
[59]. B-Tpetbux, psia ¢$hakToB CBHIETEIBCTBYET, YTO peajbHbIe OPOUTHI 3BE3J OPUEHTHUPOBAHBI CIIY-
YJaifHbIM 00pa3oM, u 3¢ ekt bappa BbI3BaH UMEHHO UCKa)KEHUEM BHIUMOTO JBWXKEHHS 3BE3] U Tpa-
¢dukoB V,(¢). Ot PakTel MOIPOOHO paccMOTpeHBI B MoHOTpaduu A. barrena [46], riae Ha pse TpH-
MEpOB MOKa3aHO, YTO UMEET MECTO MMEHHO HCKaXXCHHE PACUETHBIX OPOUTAIBHBIX 3JE€MEHTOB HEU3-
BeCTHBIM 3((pexToM, a He peabHasl BBITAHYTOCTh OPOUT B 3aJaHHOM HampasieHuu. [logpoGHee 3Tu
(axThl OyAyT pacCCMOTPEHBI HUXKE.

3°. TpeTbsi rUNOTE3a — TUTIOTE3a HAOIOJATEIHLHON cenekuun — o0bsicHseT 3¢ dekt bappa Tem,
YTO MO0 HEKUM MPUYUHAM IPOIIE OTKPHITH JBOMHBIE CUCTEMBI, B KOTOPBHIX OPOUTHI APKUX KOMIIOHEHT
BBITSIHYTHI B HAIllpaBJICHWU 3eMJIH, a HE B 00OpaTHOM, TOrJa Kak B IeIoM y 3BE31 ['amakTuku opOUTHI
OpPUEHTUPOBAHBI CITydyaifHBIM 00pa3oM. JTta runore3a Obuia noapoOHo pa3padoTana bpaxknukoBoi [49,
58], m3yuuBIIei BO3MOKHBIE MEXaHU3MbI HAOTIOAaTEILHON celleKnnu. He ocTaHaBIMBasCh OPOOHO
Ha ATHX MEXaHHU3Max, el HYKIAloMXcs B 000CHOBaHUHU, OTMETUM, YTO JaHHAs TUIIOTE3a CTAJIKUBa-
€TCsl C TeM K€ BO3PaKEHHEM, YTO M Mpenbiaynias. To ecTb, OTKPBITHI ABOMHBIE 3BE3MBI, AJIs1 KOTOPHIX
Ha/I&KHO YCTAaHOBJICHBI KPYTOBbIe OPOUTHI KOMIIOHEHT, TOT1a Kak rpaduk Jy4eBol ckopoctu V(f) co-
OTBETCTBYET SKCIEHTPHUUECKOW OpOWTE, BBITAHYTOW K 3emiie Wiau B OJIM3KOM HampaBieHuH. TakoBa

3armeHHas 3Be31a U Lledesi, y koTopoii kpuBas Ojecka CBHIETEIBLCTBYET O KPYTOBOM OpOUTE, a KpH-
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Basl JIy4eBBIX CKOPOCTEH — 00 aumunTudeckoi opoure [46]. Jpyroit mpumep — nBoitHas 3Be3ga RX
Kaccuonen, y KOTOpol KpuBas JIy4EBBIX CKOPOCTEW OJTHOIO KOMIIOHEHTa COOTBETCTBYET KPYIroBOM
opbuTe, a BTOPOro — IunTHuYeckoil. [lockoiabKy OpOUTHI AOTKHBI UMETh OJJMHAKOBBIN SKCIICHTPUCH-
TET, OYEBHUJIHO, TPA(UK JTYUEBBIX CKOPOCTEH OJHOTO M3 KOMIIOHEHTOB MCKaXEH. DTH MPUMEPHI JOKa-
3BIBAIOT, 4TO Npu4nHA 3(dekra bappa cocToUT He B HCTHHHOM BBITSIHYTOCTH OPOUT 3BE3J, BBISBIICH-
HBIX Onaromapst 3¢ hekTy HaOI0AaTeTbHON CEeNeKIH, a — B 3P (deKTe UCKaKeHUS TpadUKOB JTyUEBBIX
CKOPOCTEI HEKMM HEU3BECTHBIM I(PHEKTOM.

4°. YerBépTasa runoresa, npeaioxennas Crpyse u XyanroMm [61], oowsacuser a¢pdexr bappa
KaK pa3 HMCKaKEHHEM TpapUKOB JIYYEBBIX CKOPOCTEH CHEKTpPaNbHO-IBOWHBIX 3BE3N. [lo rumorese
CtpyBe, 3TO MCKa)K€HHE BbI3BAHO MOTOKAMU T'a3a OKOJO03BE3MHBIX aTMochep, B XO/A€ BpaLICHHs CO3-
JAIONINX JIMHUY TOTJIOMICHUS, CMeIIEHHbIe 10 3 dekTy [lomnepa oT moioKeHuid, COOTBETCTBYIOIINX
OpOUTANILHOMY JIBWXKCHMIO 3BE3/1. DTO SKOOBI U BEAET K MCKAKECHUIO TPApUKOB JTyUEBBIX CKOPOCTEH.
OTmeTHM, 4TO U B 3TOM CJIy4ae HE BIIOJHE SICHO, MOYEMY MCKaXEHMs HOCAT HaOII0JaeMblil XapakTep
U BEIYT K KOHLIEHTPALUU pacYETHBIX JIOJITOT MEPUAcTPOB BO3Je 30paHHbIX 3HadeHHi. Kak mokazaHo
B paboTtax [63, 64], u 3Ta rUNOTE3a HE BBLACPKUBACT KPUTUKH, TIOCKOJIbKY 001111e aTMOC(hephl CBOKCT-
BEHHBI TECHBIM Iapam 3BE31, Toraa kak 3¢dexr bappa oOHapykeH M y MIMPOKHUX Hap 3BE3M, pa3He-
CEHHBIX Ha TUCTAHIIMM MHOTO OOJBIIKME pa3MepoB 3BE3J, HE MMEIOMHUX OO0muX atMocdep. B Takmx
cilydasix WCKa)KeHHUs, BHOCHMBbIE aTMoc(epaMu,— MajloOBEpOATHBI. Psl HECOOTBETCTBHI THITOTE3BI
CrpyBe — HaOMOAeHUAM niepeuncieH B MoHorpadun barrena [46]. Hakoner, ciiemyeT OTMETUTD, YTO
s dext bappa HabnrogaeTcs He TOIBKO B opMe UCKaKEHHUS TPadUKOB JTyYEBBIX CKOPOCTEH, HO U B
UCK)KEHUH BUIMMOTO JBM)KEHUS 3BE31 U KpUBOM OJecka B 3aTMEHHBIX cuctemax [64]. Be€ ato mpu-
BOJIUT K MBICJIH, YTO UCKa)KEHUS, BO-TIEPBBIX, PEATEHO UMEIOT MECTO, a BO-BTOPHIX, BBI3BAHBI KAKHM-
TO Oosiee OOmMMM ONTHYECKUM IP(DHEKTOM (3aTparMBalOIIUM KaK CHEKTP, TaK M BUIAMMOE IBHIKECHUE
3BE31), MPUPOAY KOTOPOTO MPEICTOUT BHISICHUTD.

5°. IIsTas runortesa, npennoxenHas ['yraukoM [43] u pas3Butas @peitnanuxom [44] B 1913 1.
(Bckope mocie oTKpeITHS dQdexTa bappa), ocHOBaHa Kak pa3 Ha Ujaee TaKOTro ONTHYECKOoro 3¢ dekra.
CormacHo ux rumnotese, 3QheKkT 00yCIOBICH TEM, YTO CBET 3BE3/Ibl U3 PA3HBIX MOJIOKEHUN Ha OpOUTE
JOCTUTAET 3eMJIM C Pa3HON CKOPOCTHIO, BHI3bIBAs HCKAXKEHNE BUIMMOTO ABMKEHUS 3BE3/Ibl U Tpaduka
Jy4eBBIX CKOpOCTEH. DTa Tumore3a He TOJIBKO CTajla OJJHUM U3 NEepBbIX 00bsicHeHHH rddekTa bappa
(Oyayur BBIABUHYTA CIYCTS IISITh JIET TIOCJIE €r0 OTKPBITHUS), HO U MO3BOJIUIIA €CTECTBEHHO MCTOJIKO-
BaTh Bce ocoOeHHocTH 3(dekra bappa, mpoTtuBopedamue npyruMm rumore3am. Ilpupona pasmudus
CKOpPOCTEi cBeTa, UCIYIIEHHOTO 3BE3/I0M B pa3HbIe MOMEHTHI, MOKET ObITh pa3Hoii. Hampumep, B Mo-
MEHT NPHUOIMKEHHS 3BE3/Ibl €€ CIEKTPAIbHBIC IMHUK CMEIIEHBI B CHHIOIO 00JIacTh, U 3a CU€T AUCIIEp-
CUU B MEK3BE3THOM Ia3e CBET COOTBETCTBYIOIIEH YAaCTOThI ABMXKETCSA UyTh MEAJIEHHEH, YEM CBET, HC-

MyIICHHBIA 3BE3710M MPH yAAJICHUH, KOT/Ia €€ JTMHUU CMEIICHBI B KpacHY0 obsacth. OaHAKO, TIPH TH-

22



MUYHOM IJIOTHOCTH MEX3BE3HOIO rasa, AUCIEpPCHs Maja JUIsl CO3JaHus 3aMETHbIX McKakeHuil. Kpo-
M€ TOT0, P HOPMAJILHOUN AucCTiepcruu (OTCTaBaHUU CHHHUX Jy4del OT KpacHbBIX) ddexT umen Obl 00-
paTHbIll 3HaK, yeM 3¢ dekt bappa. Jlonrorsl nepuacTpoB, kak mokaxkem B § 1.4, KOHIIECHTPUPOBAIHCH
05b1 Bozsie ® =270°, a He ® = 90°. I'yTHuK 1 OpeldHAINX JOMyCKall, 9YTO CKOPOCTH Jyueil cBeTa pas-
JMYa0TCs JaXke B BAKyyMe 3a CUET BIMSHUSA CKOPOCTH 3BE€3/1bl HA CKOPOCTh €€ CBETa, COrJIacHO Oau-
ctudyeckor Teopuu [43, 44], BeragunyToi B 1908 1. (B 0omuH rox ¢ otkpeiTieM 3 dexra bappa [45]).
[Mpuuém J1.®. KomcTok B pamkax Teopuu PuTia mpeackasan yka3aHHbIE MCKaKeHUs (IO CYyTH 3¢h-

¢exm Bappa) [39] 3a n1Ba roga 1o mIMPOKOH ormacku 00 ux oOHapyxenuu [43, 44, 66, 125].

cevyeHune
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Puc. 1.3. CxeMa nCKaXeHUS BUAMMOTO JBUKEHUS 3BE3]IbI IO OPOUTE C dKCIIEHTpHCUTETOM ¢ = 0 1

HakyoHeHueM [ = 90°. V 3Be3/bl, JIETAIEH 10 KPYroBoil opoute (nyHKmupHas auHus), BIASTHUE
OpOUTaJIBHOW CKOPOCTH V Ha CKOPOCTH CBETa ¢ BEAET K mepeKkocy rpaduka JydeBbIX CKOpOCTEH

(cnnownas nunus), T.€. K NOSBICHUIO MHUMOTO KCLieHTpucuTeTa e’ u B-addexra.

CornacHo Oammuctraeckoit Teopun Putna [15], cBeT ucmyckaercss OTHOCUTEILHO HCTOYHHKA CO
CTaHJapTHON CKOPOCTHIO CBETA €, @ B CHCTEME, OTHOCHUTEIHFHO KOTOPO MCTOUYHHUK JIBUKETCS CO CKO-
pocThi0 V, CBET JAOIOIHUTENBHO MIPHOOPETAET CKOPOCTh UCTOYHUKA (ITOJOOHO TOMY, KaK B OAJUTHCTH-
K€ CKOPOCTh TOJIBIDKHOTO OPYJIHUs JOOABISETCS K CKOPOCTH BBITYIICHHOTO UM CHapsiaa, OTCIOJa Ha-
3BaHUE TEOpHUH). B nTOTe CKOPOCTH CBETA paBHA BEKTOPHOU cymme ¢' = ¢ + V. Vike B padote 1908 r.
Puti oOpaTun BHUMaHUE HAa BO3MOKHBIE ACTPOHOMUYECKHE MPOSIBICHUS TIEPEMEHHON CKOPOCTH CBETA
U Ha KpUTepuu npoBepku 31oro addexra [15]. B 1909-1910 rr. 1.d. Komcrok [39, 41] BnepBbie mpo-
AHATM3UPOBAT BO3MOKHBIC HCKAKCHHS B JBMKCHUH JIBOWHBIX 3BE3, BOSHUKAIONIUE TIPH BIUSIHUH Op-
OMTANBHONM CKOPOCTH 3BE37bI HA CKOPOCTh MCHYIIEHHOTO el cBeTa. Ecnmu s yao0cTBa paccMOTpUM
3BE3/y-CIIyTHUK, JIETSIIYI0 BOKPYT TJIABHOM 3BE3MIbI CO CKOPOCTHIO V TI0 KpYroBOM opOuTe (nyHxkmup
Ha Puc. 1.3), nexarieil B 0JTHOM MIOCKOCTH € JIy4OM 3peHHus (HakJIoHeHue opoutsl i = 90°), To B Mo-
MEHT TPHUOJIMKEHUS 3Be3/1a MOochliaia Obl K 3eMiie CBET CO CKOPOCTHIO ¢ + V, u OH Joxomws Okl 3a
MEHBIIIEe BPEMsI, UEM CBET, HCITYIICHHBII CO CKOPOCThIO ¢ — V mpu yaaneHuu 3Be3sl. B utore, Buau-
MO€ JIBHXKEHHE 3Be3/Ibl (cniownas aunus Ha Puc. 1.3) B ABOIHOI cricTeMe NCKa3UIIoCh ObI TaK, CTIOBHO

3Be3/1a JIETUT OBICTPEE, HAXOAACH AANbIIe OT 3eMIIU (3a KApMUHHOU NIOCKOCHbIO), U MEIJICHHee, Ha-
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XOJISICh Oke (neped kapmunnou niockocmoio) [39, 41]. Torma paBHOMEpHOE JBUKCHHUE 3BE3/IBI T10-
KaKETCSI HePaBHOMEPHBIM, HUAYIIUM IO AJUIMIITHYECKOW OpOuTe, BRITIHYTOH K 3emiie. dDakTudecku,
KomcTok Ha ocHOBe Oamnmuctudeckoit Teopun npenckaszan 3ddexr bappa, He Oyayuu 3HAKOM C €ro
paboroii [45], Bemmeameii B 1908 r., 32 rog 10 npencrasieHus ctathii KoMmcToka Ha chesne dusmnde-

ckoro O6mectra B [Ipuncrone, B 1909 . [39].

KapTuHHas
1 nnogkocTs

A Habnogatens
Puc. 1.4. OpOuTanbHbIe 3IEMEHTHl U CXeMa PACIIOJIOKEHUSI OPOUTHI ABOMHON 3BE3/IBI 110
OTHOWLIEHHIO K HaOmonaremo: S| — riaBHas 3Be3na, S; — CIYTHHK, [/ — mepuactp, 4 —

anoactp, ¢} — BOCXOIAIMHI y3€eJl, v — HCTUHHAS RHOMAJIHS, 7 — JTyd 3PEHHS.

Wrak, BnustHuE OpOUTATIBFHON CKOPOCTH 3BE3/IbI HA CKOPOCTh UCITYIIIEHHOTO €i CBETa TeOpEeTHYE-
CKU MOXeT ObITh ipuunHOii 3Qdekra bappa. PaBHOMepHOE nBIKEeHHE 3BE3] MO KPYTroBOW opOUTE Mo-
Ka)KETCS TOTJ]a HEPaBHOMEPHBIM, HIyIIUM TI0 BBITSIHYTON opoute. [Ipuuém mckaxeHwusl, B COTJIACUU C
HAOIOZICHUSIMHU, 3aTPOHYT U BUIUMOE JBUYKEHUE, U KPUBYIO JTyUEBBIX CKOPOCTEH.

OueHuM BEIWYMHY 3THUX HCKAXEHUM W MHHUMOTO SKCUEHTpUCHTETA. PaccMOTpuUM JBOWHYIO
3Be3/ly Ha pacCTOSHUU 7 OT 3emiu. [1ycTh myd 3peHus r JeKUT B TNIOCKOCTH OPOUTHI IBOHHOI 3BE3/IbI
(Puc. 1.3), a 3Be3ma-CmyTHUK ABMXKETCS IO KPYTOBOM OpOUTE C OpOUTAIBHON CKOPOCTHIO V U mepuo-

noM P. I'paduk mydeBbIX cKOpocTel V,(f) 3Be3abI-CIyTHHKA S> IMeeT OpPMY CHHYCOUIBI
. (2mt
V.= -Ksm(lj,
P

rae K = V — noiyaMIuIuTyAa JIy4e€BOM CKOPOCTH, a 32 HA4aJIO OTCYETA BPEMEHH / PUHIT MOMEHT, KO-
r7a 3Be3/1a MPOXOIUT JAJTBHIOK OT 3eMJTH TOUKY OpOHUTHI 1.

CornacHo 0amIMCTUYECKOMY MPUHIUMY, U3 TOYKHA 2 3Be3[a MCIYCKAeT CBET CO CKOPOCTHIO
¢ + K, au3 Touku 4 — co ckopocTbio ¢ — K. T.e. u3 1oyiokeHuii 2 U COCEAHUX C HUM, CBET 3BE3/bI IIPH-
XOIuT paHblie pacuétHoro BpemeHu (B pamkax CTO), a u3 nmonokeHuil 4 — 3ama3/bIBacT, UCKaXast
rpaduk gydeBbix ckopoctei (Puc. 1.2). VI3 mpomMexyTOUHBIX TOYEK OpOMTHI 3BE€37la B HAIlpaBICHUU
3eMITi UCITyCKAaeT CBET CO CKOPOCThIO ¢ — V), Tae V, — nmydeBast CKOPOCTh 3Be3/bl (IIPOEKIIUs CKOPOCTU
V' Ha nyu 3penus r). Torga cBet U3 3TUX ToYeK OyleT MPUXOIUTH M03XKE HA BpeMs

14
At = —r—,

c-V. ¢ ¢

rae [ — >QpexTuBHbIN MyTh (MOPSAAKA IIUHBI IEPEU3TyUeHUs ), HA KOTOPOM Y CBETOBBIX Jy4eil HaOu-

paetcs pazHocTh Xoza. Bee Touku rpaduka V,(f) cMecTATCs IpONOPLUOHATIBHO UX JIy4YeBOW CKOPOCTH

24



V. u mytH [, Bens K nepexocy rpaduka Jy4eBbiX ckopocTeld. Takoe mocTeneHHoe NCKaKEeHNe TPOQHIIs
BOJIHBI V() aHAaJOrMYHO 3BOJIIOLUHU BOJHOBOI'O 1[yra, NOJUUHSIONIET0Cs YPAaBHEHUIO IPOCTOM BOJIHBL,
WIN IPYTUX BOJIH B HEJIMHEWHBIX Cpefax, II€ CKOPOCTh 3aBUCHUT OT CMELIEHUs, aMIuuTyasl [67]. Ilo-
3TOMY, C TOYKH 3pEHUS OAJUTMCTUYECKOM TeOpHUH, CBETOBAasl BOJIHA aHAJOIMYHA KHHEMATHYECKOH BOJI-
HE B KJIMCTPOHE, I'/I€ TOTOK 3JIEKTPOHOB, MOAYJIUPOBAHHBIA IO CKOPOCTH, IO MEPE JABUKCHUS MEHSET
po(HIIh BOJTHOBOTO PAaCTIpeICICHUS HIEKTPOHOB IO CKOpOCTsM [A48].

BriBenieM ypaBHeHue rpaduka qydeBbIX CKOpOCTel 3BE31 U3 yCIOBHS 3aMa3bIBaHUS

27thr)
P2 )

t'=t(V,.)+ At = i(arcsin(— &) +
2n K

HOCKOHLKy N3 3TOI'O YpaBHCHHA HCJIB34 MOJIYUYUTh B ABHOM BH/JIC 3aBUCUMOCTD Vr(t), TO U3 yCJIOBUSA

V.=-K sin(@) , (1.4)

f
r— 2
NOJYYUM B IPUOJIMKEHNH, B KOTOPOM napametp e’ = n/K/Pc” << 1, 3aBUCUMOCTb

V, = —K(sin(@j +é sin(@) + ie’2 sin(@D , (1.5)
P P 2 P

IJIe TIPU PA3IOKEHUN B ST OTPAHUIIIIACH YICHAMH TOPSIIKA e,
B TO ke BpeMst KpuBasi JIyueBbIX CKOPOCTEH 3BE3/bl, ABMKYLICICS MO AIIUNTHYECKON opOuTe ¢
JIOJITOTOM IEpHAcTpa ( U IKCLIEHTPUCUTETOM e, 3aJa€TCs Yepe3 LET0YKY YPAaBHECHUN

V.=K(cos(o+v)+ecoso)+Vy=V."+V.", (1.6)

v 1 E |
tgl — |=—tg| — |,tneb = ,
g(z) bg(zjm Ite

tzﬁ(E—esinE),
2n

rJie v — UCTUHHAs aHOMallus 3Be3/1bl (€€ yriioBoe paccrosiHue /1515, ot nepuactpa), £ — s3kcueHTpuye-
ckast anomanus, V,' = Kcos(® + v) — 3aBucuMas OT BpEMEHHU 4acTh JIyueBou ckopoct, V," = Kecosw +
Vo — mocrosiHHas 4acTh JIy4eBou ckopoctu. M3 (1.6) Toke Henb3s MOTYyYUTh B SBHOM BHJE 3aBUCH-

MocThb V,(¢). [ToaTomMy cHOBa orpaHu4YuMcst 3aBUCUMOCTBIO (V")

t= %(hrctg(btg(% arccos(%) - %D - esin(2arctg(btg(% arccos(%) - %DD . (1.7)

Jns o = 90°, nocne npeoOpa3oBaHuil U pas3noxkeHus B psa Telnopa npu orpaHU4YeHUH YWiCHAMHU Tep-

BOTO Mopsiika Manoctu e << | (korma b = 1 — e), Hailném

tzi(arcsin(—bﬂj+ebﬁ)z£ arcsin(—ﬁjjteE 1+; . (1.8)
K K K K

2n 2n ll_Vrz/KZ

CpaBuuBas (1.2) u (1.8), MOXHO BHUIIETh, YTO OHU JAIOT CXOJHBIC 3aBUCHMOCTH BPEMEHHU OT JIy4EBOM

2 2
ckopoctu npu e = e'= nlK/Pc"= la/2c’. Ty *e BeJIWYMHY MHHMOIO SKCLEHTPUCUTETA BBIYMCIMI
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K. Bpoauep [31], Bcaexn 3a 3. OpelHITUXOM MPEAJIOKUBITUN TEPMUH «KKYIIHICS YKCIEHTPUCUTETY.
OTKIJIOHEHHUsT 3aMETHBI JIMIIb TPU BBICOKUX SKCIEHTPUCUTETAX M JYYEBOW CKOPOCTH OJIM3KOH K JKC-

TpeMalbHbIM 3HaueHUsAM V,'= +K. J[ns Takoro npuOIMKeHHsI TOKE MOKHO MOJTy4YUTh

V ~-K]| sin 2t + 2esin ant +e’sin ont . (1.9)
P P P

Otcrofa HaXOAMM, YTO UCKaXEHHAs KpUBas JyuyeBbIX ckopocteii (1.4) B mepBoM MpUOTMKEHUH,

JIeHCTBUTENHHO (Kak oTMedeHO DpeitHamnxom u ['yTHUKOM), COOTBETCTBYET KPHBOMW JTyUEBBIX CKOPO-
. . o 2

creit (1.9) st BEITSHYTOW K 3eMJie SJUTMIITUICCKOW OPOUTHI ¢ AKCIIEHTPUCHTETOM e = e' = ml/K/Pc” =

la./c*, e a. — HeHTPOCTPEMHUTEIBHOE YCKOPEHHE 3BE3IbL, JICTSIICH 110 KPYTOBOH OpOHTe.
A/ V. V.
v

Y

Puc. 1.5. CpaBHeHHEe NCKaXEHHONW KPUBOU JIYUEBBIX CKOpocTer V,.'(f) mist KpyroBon
op6uTh ¢ e’ = lK/Pc* = 0,3 (cniowmnas aunus) 1 KPUBOIX JMy4YeBBIX cKopocTeit V,(f)

U OpOUTHI ¢ 3KcueHTpucuTeToM e’ = 0,3 (nynkmupHas nunus).

B o6miem ciyuae, nmst opOUTHI, 001a1at0IIeH HICTHHHBIM SKCIIEHTPUCUTETOM € U JIOJITOTOM Tie-

puacTpa ® MOKHO MOTYYHUTh

t= L (221rctg(b‘[g(l arccos(V—’j - ED —e sin(2arctg(btg(l arccos(V_’) _ QDJ " 2nlV, ) '
2n 2 K 2 5 I 5 o

OTMeTHUM, YTO M B 3TOM ClIy4ae IMPHU MAJIOCTH MCKKEHHUIN KPUBas JIy4EBBIX CKOPOCTEH OyaeT co-

OTBETCTBOBaTh B IEPBOM MNPHOIMKEHUM KEIUIEPOBOH OpOHMTE, HO C W3MEHEHHBIMM DIIEMEHTaMHU
e'=etAeu o' =0+ Ao, rie Ae — nomnpaBka K SKCUEHTPUCUTETY, BHOCUMAsl MUCKKEHUSMHU (MHH-
MBIM 3KCIIEHTPUCUTETOM), a A® — NOMpaBKa K JOJITOTE IepruacTpa.
Brusicauts, BeI3BaH 1 3¢ ¢dext bappa BrusHEEM OpOMTAIBbHONW CKOPOCTH 3BE3IbI HA CKOPOCTH
HCITYILIEHHOTO €l CBEeTa, MOKHO, PACCMOTPEB 8 OCHOBHBIX KPUTEPHUEB, BBIIBUHYTHIX B [AS1]:
1) UckaxeHne rpadukoB JIyu4eBbIX CKOpocTell OT Bapuauuii ckopoctu csera (1.1) mpuBenér x
KaxyteMycs npeobnananuto opout ¢ 0° < o < 180° mag opburamu ¢ 180° < o <360°;
2) Bricokre MHUMBIE SKCHEHTPUCHTETHI MTPE00IaatoT y 3BE3]1 ¢ HAWBBICIINM OTHOUIeHHEM K/P
— y HUX aCHMMETpPHS B pacrpeaesieHnn 1no o u 3¢ ekt bappa Hanbonee oTYETINBEL;
3) O¢ddexr bappa nomxen ObITh Man y 6au3kux 3BE31 (r~ 10 cB. JIeT) M BENUK JUIS JAIEKHX
3831 (¥ ~ 100—1000 cB. 71€T) ¢ OTpULIATEILHON JTy4eBOM CKOPOCThIO IIeHTpa Macc V< 0;
4) JIy4eBble CKOPOCTH KOMIIOHEHT C Pa3HBIMH aMIUTUTyJaMu K KoseOanuchk Obl He B IPOTHBOdA-

3¢: UM OTBeYaau OBl Pa3HBIC SOKCHECHTPHUCHUTETBI U CKOPOCTH HEHTpAa MaCC CUCTEMBI,
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5) JlonroTel mepruacTpoB KOMIIOHEHTOB JIBOMHBIX 3BE3]1, B KOTOPBIX Habmogaercs 3dhdexr bappa,
JOJDKHEI OT/IMYAThCI MeHee uyeM Ha 180°;
6) DKCLEHTpUCUTET OPOUTHI, ONpPeAEIEHHBIH aCTPOMETPUUECKUM MU (POTOMETPUUECKUM METO-
namu (1o KoJieOaHUsAM SIPKOCTH MPHU 3aTMEHMAX), TOJDKEH OTJIMYAThCS OT SKCLUEHTPUCHTETA
OpOUTHI, U3MEPEHHOTO CIEKTPOCKOIMYECKH 110 KPUBOM JIy4EBBIX CKOPOCTEH;
7) A5 BBICOKMX MHHUMBIX 3KCLHEHTPUCUTETOB HAOIIOAAINCh Obl OTKIIOHEHUS OT TEOPETUYECKON
KPHUBOH JIy4eBbIX CKOPOCTEH, UMEIOIME BUJI TAPMOHUK OPOUTAILHOTO MIEPHO/Ia;
8) DKCUEHTPUCHUTET M MOIyaMIUTUTYAa KojeOaHUH JTyuyeBOW CKOPOCTH, ONpenelEHHBIE M0 pa3-
HBIM TPYIINIaM JIMHUH, MOTYT Pa3JIn4aThCs ISl OJHOM M TOH ke opOuThl. Takyke MOTYT pasiu-
4aTbCsl OKCLIEHTPUCUTETHI, U3MEPEHHBIE 110 JTUHUAM Pa3HBIX KOMIIOHEHTOB.
PaccmoTpuM, 0TKyZa CleAyIoT 3TH KPUTEPHUH, U COOTBETCTBYeT M 3 dext bappa n nHabmonae-
MbI€ aHOMAJIUU OPOUT 3BE3/ ITUM KPUTEPHSIM.

1°. llepBblii KPUTEPHIi CIIEAYET U3 TOTO, YTO UCKAKEHUSI, 00YCIIOBICHHBIC BIMSHUEM CKOPOCTH
MCTOYHHUKA HAa CKOPOCTh CBETA, BEAYT K OHOMY M TOMY K€ THUILy aCUMMETPHUH, BbI3bIBasi MHUMOE BbI-
TATMBAaHUE Pacu€THBIX OpOUT B CTOpOHY 3eMin. Kak oTMeueHO BbIlIe, 3TOT KPUTEPHUM, 1EHCTBUTEb-
HO, BBITIOJTHSETCS, COTTIaCHO aHainu3y camoro bappa u npyrux acrponomos (Puc. 1.2).

b1 paccmoTpen nmpocTeiimuii ciyyail KpyroBoil OpOUThI ABOMHBIX 3BE3[. JlelicTBUTENbHbBIE Op-
OuTHl 00J7a/1al0T, KaK MPABUIJIO, HEHYJIEBBIMU HCTUHHBIMU SKCLIEHTPUCUTETAMU €, K KOTOPhIM J100aB-
JSIFOTCS Ka)KyIMECs] 3KCLIEHTPUCUTEThI Ae, 00yCIIOBICHHbIE MCKa)KEHHUEM KpPUBOM JIyuyeBBIX CKOPO-
CTEeH, TaK YTO U3MEPEHHBIN MHUMBIN 3KCUEHTPUCHUTET e’ = e + Ae. DTO BeAET K UCKAKEHUIO JEHCTBU-
TEJIBHOTO 3KCIIEHTPUCUTETA OPOUTHI M JOITOTH e€ mepuactpa, Ha uto emé B 1913 r. oOparun BHUMA-
Hue Kopreser [41],— aBTop ypaBHeHust Kopresera-/leBpusa, kak pa3 ONMCHIBAIOLIETO HEJIMHEHHbIE
MCKa)XEHHs BOJIH MpHU pacnpoctpaHeHuu [67]. B urore, y opout ¢ 0° < < 180° pacu€THbIi 3KCIIEH-
TPUCHUTET e’ HapacTaeT M0 CPAaBHEHUIO C PEAbHBIM e, a pacy€THas J0JIrora nepuactpa o' npuommkaer-
cs1 k 90°. Hamporus, y 3B&31 ¢ 180° < 0 <360° pacy€THBII SKCLEHTPUCUTET €' CHIKAETCS, U ' MOXKET
nornacth B uHTEpBa 0° < < 180°. IIpn ncxoAHO OIHOPOIHOM pactpeneneHnn N(m), U3-3a HaTu4IHs
UCTUHHBIX HKCIIEHTPUCUTETOB €, B paCUETHOM paclpeieIeHUn J0IroT nepuactpoB N'(®) HET pe3Koro
MakcumyMa npu © =90°, Ho HabmoaeTcs npeobiagaHue OpOUT € » BO3JIE JAaHHOIO 3HAYEHMS B JlMaria-
30He 0° < @ < 180°. CremneHs 3TOi acHMMETpUU B pactipeencHnn N(®) OyieM B JalbHEHIIIeM XapaKTepr30-
BaTh npeyioxkeHHbM k. dokcom [25] mapamMeTpoM acUMMETpHN

_ N(0°<®<180°)
N(180°< ®<360°)°

TO €CTh, OTHOIIEHHEM YHCIa 3BE3MHBIX opOUT ¢ mepuactpoM B I u Il kBagpaHTax K 4MCIy 3BE3IHBIX

op6ut ¢ nepuactpom B III u IV xBaapanTtax (Puc. 1.2).
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s paBHOMEpHOro Cily4alHOTO pachpeneneHus R =<1, cpenHeKBaJpaTUYHOE OTKIOHEHUE IS
N(0° <®<180°) ot N/2 paBHO G = N2, 1 cratucTyeckn oxuzaeMoe NO°<w<180°)<N2+c=N2+
N"2. Ecii R > 1 Gonee 4em Ha /N, 0 1°-biit Kputepuid yaoBierBopsiercst. Kpurepuii MOXHO CUATATh CTATH-
CTUUECKH NOATBEPAKIEHHBIM, €CJIM N3MEPEHHBIE OTKJIIOHEHUS IIPEBBILIAIOT 3G, TO €CTh IPH
05N +1,5vN 3
R> =1+ .
0,5N VN

Jlist Bcex pacCMOTPEHHBIX clydaeB U BBIOOpOK [15, 25, 46, 57] aTOT KpUTepuil ya0BICTBOPSIET

HaOmoaeHusIM. Tak, JUIsl OTHOCUTENBHO HENABHUX JAHHBIX, MPUBOAUMBIX barrenom, R=1,75 (Puc.
1.2). B To BpeMst Kak [yt paccMOTpeHHOro uucia cucteM N = 110 npu yuére BO3MOXKHBIX (PITyKTyarmii Be-
JMYMHA R PaKTUYECKH HE MOJKET ObITh BbIILIE 3HauUeHus 1 + 3N 221,29 CpaBHEHHE aHAIOTWYHBIX BEIMYUH

JUTSL pactipeiesieHni, moctpoeHHbIX PokcoM n bpaskankoBoid, npuseaens! B Tabme 1.1.

HU3MCPCHHAsA aCUMMETPUA 06H_{ee YHCJIO0 CUCTEM A0ImyCTuMast aCUMMCTPUSL
P R N 143N
Bapp [45] 6,5 30 1,55
barren [46] 1,75 110 1,29
®okc [25] 1,68 228 1,20
Bbpaxuukosa [57] 1,55 245 1,19
Ta6mmua 1.1. KoddpuIHeHTb acnMMeTpun pactpeenenuit N(m), IOCTPOEHHBIX Pa3HbIMH aBTOPAMH.

2°. Bropoii kpuTepuii cieyer U3 TOro, YTO MHUMBIN SKCIIEHTPUCHUTET e’ = nlK/Pc* pacTéT npu
YBEIIMYCHUH TTOTyaMILTUTYIbI JTy4eBOW CKOpOCTH K M YMEHBIICHHH OpOUTAIBHOTO Teproza P 3Be3/bl,
Torna Kak 3 deKkTuBHas IIMHA [/, COCTABIISAA MOPSAIKA CBETOBOTO T'0Jla, CI1a00 pa3IMyaeTcs NJis CHC-
TEM, PacIoJIOKEHHBIX Ha pa3HbIX auctaHuusax r. [loatomy addext bappa cunbHee Bcero mposiBUiICS
OBl 111 TBOMHBIX 3BE3]l C HAMBBICIIUM OTHOIIEHHWEM K/P. DTOT KpuTepHil ObUl BIepBbIE MPEATIONKEH
JIx. ®okcoM [25], KOTOPBIM MPOU3BEN CTATUCTUUYECKUN aHATU3 3JEMEHTOB JBOWHBIX 3BE3J, MPUBE-
NEHHBIX B 3BE3/IHBIX KaTajorax. AHalu3 1mokasai, 4To y 3BE€31 ¢ oTHomeHneM K/P >3 (km/c)/cyT Ha-
OJro/1aeTcsl 3aMeTHasi aCUMMETPHUS B paclipe/ieJIeHUH JI0JIT0T NMEPUacTpoB ®, TO ecTh 3pdexT bappa spko
BeIpakeH. A it K/P < 3 (kM/c)/cyT pacnpeneneHue mno o MpakTUIecKu OJJHOPOIHOE. AHAIOTUYHBIN CTa-
THCTUYECKUI aHAJIM3 TIPOM3BEIIM OTE€UECTBEHHbIE aCTpOHOMEI [49, 63], koTopble mokasanu, uto 3¢ ekt bappa
3aMEeTHO TPOSIBIISICTCS TOJIBKO Y 3BE31 ¢ OpOHTabHBIME TieprogamMu P < 30 cyT, ¥ MPaKTHUECKH OTCYTCTBY-
eT y 38831 ¢ P > 30 cyr. Takoi xe 3 deKkT oOHapyKUBAET COBPEMEHHBIN aHAIN3 CTATUCTUKH JIBOM-
HBIX 3BE3]1, HApUMep, mo karanory Sb9, rae y 38&31 ¢ P <30 cyT Toxke 0OHapyKUBaeTCs 3aMeTHas
aCUMMETpPHUSL B pAaCHpelesieHMH IepHacTpoB C 3aMETHBIM MpeoOaJjaHUEeM CHUCTEeM, JUIsI KOTOPBIX
0° < <180° [68]. IIpuuém cTeneHb acCUMMETPUHN R pacTET NpH COKpaILEHUH P, B MOJIHOM COTJIaCHH CO
2°-pIM KpuTEepueM. TakuMm 00pa3oM, CTATUCTUYECKHI aHaIM3 HE TOJIBKO MOATBEPAMI PEAbHOCTD d-

Q)CKTa Bappa, HO " NIpeAoCTaBUJI psaJ CBUACTCILCTB TOI'0, YTO 9(1)(1)CKT CBA3aH UMCHHO C MCKaXXCHHCM
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KPHUBOH JIy4eBBIX CKOPOCTEH 3a CYET OAUTMCTHYECKOTO MPUHIUIA, TIOCKOJIBKY MOATBEPAMINCH 00a
[JIaBHBIX KPUTEPHUS, BHITEKAIOIINX U3 ATOrO MPHUHIIUIIA.

B cBsi31 ¢ HaMuMeM UCTHHHBIX AKCHEHTPUCUTETOB MHTEPECHO paccMOTpeTh Bospaxkenue [le Currepa
MPOTHB TPaKTOBKHU dpdekta bappa no Garmmictudaeckoii Teopun. e Currep otmerwn [41], uto ecu 6 y JBOIA-
HBIX 3BE37( BOSHUKAIT JIOTIONHHTE/BHBIN SKCLICHTPHUCHTET BEIMUHHEL e’ = /K/Pc”, T0 B cpenHeM HabIo1ae-
MBI AKCIICHTPUCUTET ObLT OBl BBINIE B CUCTEMAX C KOPOTKHUM MEpHOAOM P. A B NEeHCTBUTEIHLHOCTH
Habmo1aeTcsi oOpaTHasi 3aBUCUMOCTD, BbIsiBIICHHas emé JlrogenaopdoM U Moka3bpIBaroOIIasi, 4TO KC-
LEHTPUCUTET PacTET npH yBenuuenuu nepuona P. Cornacuo Jle Currepy, 3T0 CBUACTENbCTBYET MPO-
TuB Teopuu Putma. Ho B neficTBUTENLHOCTH HAOMIOaeMast KOPPEISIUsS MEXIY e U P OTpakaeT u3Me-
HEHUE MCTUHHOTO 3KCIEHTPUCUTETA e MPHU YBEIWYeHUU reproja P. Xopomio u3BeCTHO, YTO ISl He-
OeCHBIX Tell ¢ OONBIIMMH OPOUTATIHLHBIMU MEPUOJAMU YKCIEHTPUCUTET B CPEHEM BBIIIE, UeM ISl Tell
C MaJbIMH OpOMTAJIBHBIMH MEPUOJIAMH, YTO CBA3aHO C NPWIMBHBIM TPEHHEM, KOTOPOE MOCTEHNEHHO
«CKpyTIsieT» opOuTHl TuiaHeT u 3BE3A. [Ipruém npunmmBHOM 3¢ dekTt, cHIKaommii e, OBICTPO pacTéT
(IIPOTIOPLMOHATIBHO p ) IIPU COKPAIIECHHH OPOUTAIBHOTO paguyca p 1 nepuona P. Ilosromy mst 1oi-
TOMEPUOUIECKIX OPOUT MHHUMBIE IKCHEHTPUCUTETHI e’ MOIHOCThIO TepSAI0TCS Ha (POHE UCTHHHBIX e.
[To Toif sxe mpuuuHe y nonronepuoandeckux opout (P > 30 cyT) addext bappa npaktudecku He 00-
HapyxuBaetcs [49, 63]. A nns kopoTtkonepuoandeckux opout (P <30 cyt) adpdexr bappa cranoBut-
Csl XOpOILIO 3aMETEH, 3a CYET MAJIOCTH MCTHUHHBIX AKCLEHTPUCUTETOB €, HA (POHE KOTOPHIX MHHUMBbIE
SKCLEeHTPHCHTETH e’ = TIK/P¢® (K TOMy e BBIPOCIIHE) CTAHOBSTCS XOPOLIO 3aMETHBI M IPUBOIAT K
CUJIBHOM acUMMETpHUH B pacnpeneieHun N'(o).

Taxum obpazom, 3pdexT bappa ynoBieTBOpsSeT KpUTEPUIO 3aBUCUMOCTH MHUMOTO SKCIICHTPH-
CHUTETa, BHIBEJICHHOMY W3 TeopuH Putma. MOXHO paccMOTpeTb W psiji IPYTHX KPUTEPHEB, YACTUIHO
npemtoxeHHbIx yxe /. Komcrokom [39] nns BeisiBIIeHUss aHOMaNid (hOpMBI 3BE3THBIX OpOUT. Bee onm
B paMKaX COBPEMEHHOIO aHalln3a CBUAETEIbCTBYIOT B MOJb3y OAIITUCTHUECKON MPUPOABI HCKAKEHUN
rpaduka JiyueBbIX ckopocTeil. IIpeanokum Takke HeCKOJIbKO HOBBIX KPUTEPUEB.

3°. TpeTnii KpUTEPHii CIEAYeT U3 TOTO, YTO MHUMEIH 3KcueHTprcuTeT e’ = 1rK/Pc’® mpomop-
IIMOHAJICH PACCTOSHUIO 7 3Be3/bl. [10ATOMY 17151 CpaBHUTENBHO OJM3KUX 3BE3/1 ¢ MabiM 7 (< 10-20 1K)
MHUMBINA SKCHEHTPUCUTET Mall U aCUMMETPHUS B PACIpeAeNICHUH IO I0JIr0TaM MEepUacTpoB AOHKHA
OTCYTCTBOBaTh. A aisi Aan€kux 3BE3M, ¢ BHICOKUM 7 (> 20 MK), MHUMBIH 3KCLEHTPUCUTET U 3P PeKT
bappa pomkeH ObITh XOpollo 3amMeTeH. Brpouem, cTporoil mponopruoOHaIbHOCTH 3KCIIEHTPUCUTETA
PACCTOSIHUIO HE JOKHO BO3HUKATh, IIOCKOJIbKY 3a CUET Mepeu3TyyeHus Ha OONbIINX AUCTAHUIUAX ¥ > [
SKcHeHTpHCHTeT ¢ = T/K/P¢® mporopioHaneH yxe >(dektuBHoMy myTH [ u mpu 7> [ mepectadt
pactu ¢ yBenuueHueM pacctosuus r. dddekr bappa ynoBieTBopseT U ’TOMy KpUTEpUIO, CYIs MO BbI-
sBIeHHOMY 1151 a9 dexTa bappa mmporHomy 3ddekry. s 38E31, pacmonoKeHHBIX B BEICOKHX TaJlaK-

THYECKUX IMIHPOTaX KT MPaKTUYECKU OTCYTCTBYET, a JUIS 3BE3 ITOJI0KEHHBIX
ec oTax |b| > 45°, a¢dext bappa npa €CKHM OTCYTCTBYET, a 3BE3]1, PACIIOIONKE
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OJIN3KO K TaJIaKTHYECKOMY DKBATOpy, ¢ mmpoTamu |b| < 45°, addekr bappa sBHO BIpakeH [59]. Ode-
BUJTHO, 3TO CBSI3aHO C TE€M, YTO 3BE3JIbl B BHICOKHMX TJIAKTMYECKUX IIMPOTAX PACIIONIOKEHBI CPaBHU-
TEIbHO ONM3KO K 3eMJie: UX PACCTOSIHUS ¥ HE TPEBBIIIAIOT MOJIOBUHBI TOJIIMHBI TAIAKTUYECKOTO JIUC-
ka h ~ 20 nx (Puc. 1.6), coorBercTBeHHO U 3 dekT bappa ans HUX Mano3ameTeH. A 3BE3/bI, Pacmoso-
YKEHHBIC BO3JIC TAJIAKTUYECKOT0 SKBaTopa |b| = 0°, HaXOAATCS HA PACCTOSHUAX 7 B COTHHU Pa3 OOJBIINX,
COOTBETCTBEHHO MHHUMBIE IKCIICHTPUCUTETHI e’ = 7rK/Pc? U151l HUX BEIUKH U a¢ddext bappa oruérnuso

BBIPAXXEH, B COTTIACHH ¢ HaOmoneHusMu [59].

h
v b I ANCK [anakTuku
ConHue—» /‘; - /\
%45
\,/

Puc. 1.6. B 3aBrcuMOCTH OT raJlakTHYECKOM MIMPOTHI b TBOMHBIX 3BE31, 3ddekt bappa miist Hux npo-

P

SIBIIICTCS B pa3Hoil crenienn. O6nacts, riae 3 dekr bappa Mano3ameTeH, 3aKpaiicHa CephiM.

TTOCKOJIbKY HCKaXKEHHs, BbI3bIBaroLIie 3pdext bappa u MHUMEIH sKcueHTprcuTeT e’ = nlK/Pc?,
OOBIYHO MPOMOPIMOHAIBEHBI HE TUCTAHLIUY 7, a 3QPEKTUBHOMY ITyTH /, B TIpe/ienax KOTOPOro CBET He
yCIIeJ TOJTHOCTBIO MEepen3IyduThes, To 3ddexr bappa momkeH ObITh Hambosiee 3aMeTeH s 3BE3,
nBIKyIuxcs k 3emie. Ilockonbky cHukeHHe 3(h()eKTUBHOTO ITyTH BBI3BAHO MHTEp(EpEeHIIue UCXo-
HOT'O M3Iy4YeHHUs 3BE3/ CO CBETOM, pacCesHHbIM OOJaKaMHM rasa, BeAyLIed K MOrameHHI0 UCXOIHOIO
u3nydeHus [25], To uHTepdepeHIrs BO3MOXKHA, KOTJIa pacCesHHOE MU3IYyYeHHE JIBUKETCS CO CKOPO-
CThI0 OOJIbIIEH WK MPAKTUYECKU PAaBHOM CKOPOCTH UCXOJHOTO. A CBET OT 3BE€3/Ibl, MPUOIMKAIOIIEH s
K 3emiie ¢ BBICOKOW CKOPOCTBIO, 00J1afias M30BITOYHON CKOPOCThIO (¢ — V), TpH JIy4eBOH CKOPOCTH
Vo< 0 He MoxeT nHTep(hepupoBaTh C paccesiHHbIM cBeTOM. [loaToMy ero ckopocTh He OyAeT CHHU-
*atbes (IIOKa OH He nepeceder obaka raza ¢ Jy4eBOi CKOpoCThIo 0in3koit k V). I1pu sToM ycnoBun
MIEPEH3ITyICHUE MMPAKTUICCKU OTCYTCTBYeT: [~ r,a k= 1I/r= 1. A mns V> 0 nepen3nydeHue mponcxo-
nuT Ha juymHe [~ 1 ¢B. rona u k= I/r << 1, uto nmenaet 3¢ ekt bappa He cymecTBeHHbIM. [lelicTBU-
TEJIbHO, CTAaTUCTUYECKUN aHaiIM3, MpoU3BeNEHHBIN BpakHUKOBOW M APYrMMH, Mokasai, uTo 3¢ddexr
Bappa otuérnuBo Habmogaercs b y 3831 ¢ Vo< 0, a u1st 3BE371 ¢ Vo> 0 HCKaXXeHUsI OKa3bIBAIOTCS
CYIIIECTBEHHO HUXeE, U 3P ekt bappa orcyTcTByer [59].

4°., YerBépThHIii KPUTEPHH BBITEKACT M3 MPONOPLUHOHAIBHOCTH MHHUMOIO HKCIIEHTPUCUTETA
e'=nlK/Pc* ammmutyze nydeBoii ckopocti K. COOTBETCTBEHHO, €CITH KOMIIOHCHTHI BOMHON 3BE3/IBI
JBIDKYTCS BOKPYT LIEHTpa Macc MO KPYroBbIM OpOMTaM C pa3HbIMH OpOUTAIBHBIMU CKOPOCTSMH, TO
MHUMBIH 3KCLIEHTPUCUTET OYyJEeT BBILIE Y KOMIIOHEHTA ¢ OOJIbIIEH CKOPOCThIO (M MEHbLIEH Maccoil),
Ha yTo oOpatun BHuMaHue [1.C. Yukun [69] u C.A. CemukoB [A21]. [lepBomy Kputepuio, ACHCTBU-
TEJIbHO, YAOBJIETBOPSET Psill CIIEKTPaIbHO-1BOMHBIX 3BE3/. Hanpumep, y 3Be3ap1 RX Kaccuonen kpu-

BBIC JTYYCBBIX CKOpOCTefI KOMITIOHCHTOB COOTBCTCTBYIOT pa3HbIM 3KCHCHTPHUCHUTCTAM, a4 JIYUCBBIC CKO-
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pOCTH MEHSIOTCSI HE CUHXPOHHO [46, 61]. Ecn y koMnoHeHTa crniekTpaibHOro kinacca G Kpuas Jiyde-
BBIX CKOPOCTEH COOTBETCTBYET KPYroBou opbute ¢ e~ 0 (nynkmup Ha Puc. 1.7), To y KOMIIOHEHTa
Kjacca A KpuBas COOTBETCTBYeT opbute ¢ e;= 0,18, BBITSIHYTON K 3emie (wmpux-nyHkmup). ITO
IPOTUBOPEYUT HEOECHON MEXaHHKE, COrJIACHO KOTOPOM y KOMIIOHEHTOB JABOMHON CHUCTEMBI HKCIICH-
TPUCUTETHI OPOUT JTOJIKHBI COBMA/IaTh, & KPUBbIE JIyUEBbIX CKOPOCTEN — UMETh 3€pKaJIbHBIM X0, TaKk
yto V,1 u V,, MeHsutuch Ob1 B ipotrBOo(aze. Takum oOpazoM, B BUAMMOM JBIKEHUU 3BE3]T HAOIIOMa-
eTcsl OTKJIOHeHHE OT 3akoHoB Kemnepa,— nimmo30pHbiid 3¢ dekt, npenckasaHHblil Teopueil Purna
[A15]. ITockonpky 3akoHbl Kerepa Bpsan nu Hapymatorcs, barren [46] npumén k BeIBOAY, UTO KpH-
Bas JIYYEeBBIX CKOPOCTEH BTOPOTrO KOMIIOHEHTa MCKakeHa 1o 3ddexty bappa. [Ipuduém y koMmoHeHTa
A, ¢ HCKaXEHHBIM TpaUKOM CKOPOCTEH, IepracTp B COOTBETCTBUH ¢ dddexTom Putia okaspiBaercs
pacIoyio’keH 3a KapTUHHOMN MIocKocThIO (0 = 37° [70]), ynoBieTBopsis nepBoMy Kputepuio. OTMETHM,
yro y RX Kaccuonen oOHapysxeHbl Takxke KojaeOaHus IpKOCTH /', MPOUCXOIAIINE C OPOUTATIBHBIM I1e-
pHOIOM P, 9TO ¢ MO3UINi OATUTMCTHYECKOW TEOPUU €CTECTBEHHO 00BsicHseTCs apdexToM Puria, ko-
TOPBIH, KaK MOKaKeM B § 1.5, MEHsSIET BUTUMYIO SIPKOCTh /' M IOJHKEH OBITh XOPOIIIO 3aMETEH, CY/IS 10
HAIMYUIO UCKaXeHUH rpaduka V(7).

[TonoGHBII mepekoc TpaduKOB JIy4eBbIX CKOPOCTEH HabMIOAaeTcs Uy nepeMeHHo# 3Be3161 DU
Bonomaca [71] (Puc. 1.7), mepemenHas sspkocTh /' KOTOPO# TOXE MOXKET OBITh CBs3aHa ¢ 3PderTom
Puria, Bei3BaBmIuM 3TOT nepekoc. [1o700HbIH Iepekoc rpaduKOB JIy4EBBIX CKOPOCTEH KOMIIOHEHTOB B
OJIHY CTOPOHY HaOJIOJAETCsl TaKKe Y TECHBIX (OOBIYHO KOHTAKTHBIX) MBOMHBIX V701 CkoprmoHa,
V870 XKepreennuka, DX Tykana, VW Iledes, 4To 01HAKO CBSA3BIBAIOT C NPUIMBHBIM 3PPEKTOM U
HEOJHOPOIHBIM pacIpeAesICeHUEM IPKOCTH IO MOBEpXHOCTU 3BE31 [72]. [loaTBepkaaeTcs KkpuTepuii u
Uit nepeMeHHol 3Be3apl AW bonbmioit Measeauus! [73], npuuéM KpuBas JIydeBBIX CKOpPOCTEH He
COOTBETCTBYIOT KpHBOW Ojecka Ja)keé B paMKaX MOJEJIN KOHTAKTHOW CHCTEMBI C HEOIHOPOJHBIM
pacripesielieHueM sIPKOCTH. AHAJIOTUYHBIN 3()(PEKT HECOOTBETCTBUS KPUBBIX JIyUEBBIX CKOPOCTEH KOM-
IIOHEHTOB OTKPBIT y ImepeMeHHOW 3Be3abl BW Jlucuyky, ABOMCTBEHHOCTH KOTOPOM, COTIJIACHO
[1.C. Yukuny [69], 1 o0bsicHseT €€ mepeMeHHOCTb. OH K€ MOoKa3al, 4TO MepeKoc rpaduKOB JTyIEBBIX
ckopocreii ipu e’ = nlK/Pc*> 1 npuBenét Ha rpadukax V,/(f) K TOSBICHHIO pa3pbIBOB, HEOXHO3HAU-
HOCTH U nepexiécty BeTBell rpaduka V,/(f), THMMYHOMY ISl yIApHBIX BOJIH B HEJIMHEWHBIX cpelax
[67]. DTa anomanus rpauKOB JyYEBBIX CKOPOCTEH MPOTUBOPEUHUT APYTHUM OOBsSCHEHUAM 3(PdekTa

bappa — s dexry cenexium, runoreze CTpyBe, ralakTHIECKON OpUEHTAUU OPOUT U T.1I.
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Puc. 1.7. a) Cxema uckaxeHnuit rpadukoB V,'(f) it KpyroBbIX OpOUT (MYHKMUp W wimpux-nyHKmup), OTBe-
YaIONIMX HEBO3MOYKHOMY CIIy4alo, KOTJla Y OpOUT KOMIIOHEHTOB pa3Hble SKCIIEHTPUCHUTETHI U PAaBHBIE JIOJITOTHI
nepruacTpoB. 6) PeanpHble TpaduKy JIydeBBIX CKOpocTel V,(f) KOMIIOHEHTOB COOTBETCTBYIOT OpOMTaM PaBHBIX
SKCHEHTPHUCUTETOB €| = € U MPOTUBOIIOJIOKHBIX HONT0T = 180°+ w, (cnrowmvle mnuu). 8) Bo3MOXHBIH TpH-

Mep 1MoI00HOTO UCKAKEeHNs1, HAOJII0IaeMOro y TeCHOI aBoiiHoM 3Be31b1 DU Bosnonaca [71].

Kpowme Toro, obycnoBneHHbIe UCKaKEHUAMU V,.(f) HEOTMHAKOBBIE MHUMBIE SKCIICHTPUCUTETHI e’
KOMIIOHEHTOB, NpPH (PUKCUPOBAHHBIX 3HAYEHMSX MOCTOSIHHOM cocTamisitomiein V"' = Ke'cosw + V),
MPUBEAYT K PA3IUYUIO0 PACUETHBIX 3HAUYCHUIN BEIWYMH Ke'COs® M CKOpOCTel LIeHTpa mMacc V) KoMmIio-
HeHTOB. To ecTh, TyueBas CKOPOCTh IIEHTPa Macc V) CUCTeMbl, Hali/IeHHas TI0 pa3HbIM KOMIIOHEHTaM,
MIOJTYYUTCS Pa3Hoi, Bompeku 3akoHaM Kermnepa. U takast aHoManus peaabHO HaOmroaaeTcs B BUae 3¢-
dexra CrpyBe-Caxazne [46, 74], ckaxeM, y 3Be3apl HD 190967 u AO Kaccuonen, a taxxke y HD
193576 [75].

5°. IIaThIii KPUTEPHIA CIEAYET U3 TOTO, YTO MHUMBIN SKCIIEHTPUCUTET e’ = nlK/Pc* cooTBetcT-
BYET «BBITSTUBAHUIO» OPOUT 000UX KOMIOHEHTOB S| U S, B cTOpoHy 3eminn. To ecTh, B ciydae Kpyro-
BOIl OpOUTHI TOJITOTHI IEPUACTPOB, OMpPENEIEHHBIE U3 aHAIN3Aa UCKAKEHHBIX KPUBBIX JTyUEBbIX CKOPO-
cTel, OynyT coBmanath: ®; = ;= 90° (Puc. 1.7). Torga kak B IeHCTBUTEIBHOCTH Y KOMIIOHEHTOB S| U
S) C AIAUNTHYECKUMU OPOUTAMU COOTBETCTBYIOIINE 3HAYCHHSI ] U (0 JOJDKHBI pa3nuuaThes Ha 180°,
u st = 90° Haitném ;= 180° + w,= 270°. Ilpu Hanu4uu y OpOUT UCTUHHOTO SKCIIEHTPUCHUTETA JI0-
MIOJTHUTEIBHOE BBITSTUBAHUE OPOUT B OJHY CTOPOHY NMPUBEAET K TOMY, YTO Pa3HOCTH JIOJITOT TIepUacT-
poB okaxetcst meHbie 180°, T.e. 0 < |m;—wy|< 180°. eiicTBUTEnbHO, MOA00HBIN 3¢ (EKT MHOTIA Ha-
Onrofaercs, Hanpumep, B ynoMsaHyThix cuctemax DU Bononaca [71], V701 Ckopnimona, BW Jlucuu-
ki [69]: y 000MX KOMIOHEHTOB Tepekoc rpadukoB V,'(f) uaéT B OOHY U Ty K€ CTOPOHY, CIOBHO Y
00oux koMmoHEHTOB 0° < < 180°, 1 0°< |w; — w,| < 180°.

6°. IllecToii KpuTEPHUIl TOXKE CIEAYET U3 TOrO, YTO NMEPEMEHHOCTh CKOPOCTH CBETA BBI3BIBACT

JIMIIb BUAUMOC YBCIIMUCHUC SKCHCHTPUCHUTCTA, onpez[enéHHoro u3 KpI/IBOI\/’I JIYYCBBIX CKOpOCTeﬁ. ITo-
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TOMY, IPUMEHSSI IPYTHE METOJIbI, MOKHO BBISIBUTH 3TO HECOOTBETCTBUE. TakK, y 3aTMEHHOM 3Be31b1 U
[ledes mo HabmroaeHUSAM 3aTMEHHN U (DOTOMETPUUECKON KPUBOU OJIeCKa pacuéTHas BEIMYMHA eCOSM
Onu3ka K Hysr0. Toraa Kak KpuBasi JTy4eBbIX CKOPOCTEH MOKA3bIBAECT BHICOKOEC 3HAUYCHUE €COS®, IOCTH-

rarouiee 0,2—0,4 1, COOTBETCTBEHHO, BHICOKUN IKCLICHTPUCUTET e.

2001

< 3

1
=
S

Jyveban cxopocms, Km /6

Pasn

Puc. 1.8. Kpunas nyueBsix ckopocreit U Ledes [46] He cooTBeTCTBYET

e€ KpUBOii OJiecKa, TOBOPSIICH O HYJICBOM 3HAUCHUH €COSM.

OueBuaHO, OpOHUTA 00JIAAAET UCTUHHBIM SKCIEHTPHUCUTETOM e, OJHAKO T00aBJIEHHUE CKOPOCTU
3BE3/IbI K CKOPOCTH CBETa KOMIICHCHPYET aCHMMETPHIO KPUBOH OJiecka (3aTMEHUH ), HEUTpaIU3ys pac-
4€THBIN SKCIeHTpUCUTET (Mo MexaHu3my Koprtesera [41]), Tak uto e’ = e + Ae = 0. Ognako >dexr
Bappa He MoxeT Ha BCEM MPOTSKEHUH HEUTPAIU30BATh ACUMMETPHIO Ipaduka JydeBBIX CKOPOCTEH
V.(f), rae Oomnple Touek. B urore coxpaHseTcst OCTATOUHBINA SKCHEHTPUCUTET, KOTOPBIN BBISBIISIIOT 110
rpaduxy V,(f). Psg 3BE31 ¢ TakuM B3aMMHBIM HECOOTBETCTBHEM KPHBBIX OJIeCKa M KPHUBBIX JTYYEBBIX
CKOpOCTeH ynmomsiHyT B MoHorpaduu batrena [46] u moapodHo ucciaenoan CaBenoBbiM [76]. K Toit
K€ KaTEeropuu MOKHO OTHECTH Ieeusibl, Y KOTOPBIX, KaK JaBHO OTKPBITO, KPUBBIE JTYUEBBIX CKOPO-
CTeil cMelleHbl Ha YeTBEPTh MEePHO/ia M0 OTHOIICHUIO K KPUBBIM OJlecKa.

JlaHHbIi KpuTepuil 0COOCHHO aKTyaJeH JJIsi KOPOTKONEPHOAUYHBIX 3aTMEHHBIX CUCTEM, OTKPbI-
TBIX B ToclieaHue roasl B pamkax npoektoB OGLE u Kepler. B wactHocTH, 3aTMEHHas cuctema
OGLE-TR-122 ob6namaer oueHb KOPOTKUM TIeproioM P = 7,3 cyT, Ipu KOTOpOM opOuTa 3BE31 3a CUET
MPUIUBHOTO CKPYIJICHUS TOJKHA OBITh MPAKTUYECKU UACATBHON OKPYKHOCTHIO C HYJEBBIM JKCIICH-
TpucuteToM [77]. OnHAKO KpUBas JIy4eBBIX CKOPOCTEH CBUAETENBCTBYET 00 OpOUTE, BHITAHYTOH B Ha-
npasyieHun 3emid. Eciu yyecTb KOpOTKUM MEPHOJ M BBICOKYIO MOJYyaMIUIUTY]ly JIy4eBOW CKOpPOCTHU
K =10 km/c, To HAOJIFOAaEMBII SKIIEHTPUCUTET BITOJIHE MOYKET OBITh MHUMBIM e’ = nlK/Pc*. JlommonHu-
TEJIbHO MPOBEPUTH THIOTE3y 00 MCKaXKEHHH rpaduka TydeBbIX ckopocTed sddextamu OammucTuye-
CKOM TEOPHH MOXKHO KaK pa3 1o 6°-My KpUTEPHIO — 110 HaOJII0JaeMOi KpUBOii Oiiecka.

7°. CenbMmoii kpuTepuii O0buT nipeuIokeH OpelinmmuxoM [44], TOKa3aBIINM, YTO UCKAKEHHAST
KpHBas JIy4eBbIX cKopocTeit V,'(f) He BIoJIHE COOTBETCTBYET rpaduky V,(¢) snIunTudeckor OpOUTHI:
OTKJIOHEHHSI UMEIOT BUJ TAPMOHUK C YaCTOTAMH KPAaTHBIMH OCHOBHOW 4acTOTE OpOUTAILHOTO o0Opa-

HIEHUsI. DTOT KPUTEPUH CIETyeT U3 TOro, YTO pa3HUIlA MEXIY NPUOIMKEHHBIMU BbIpakeHusMU (1.4)
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u (1.9) nng >TUX QYHKIMI MMeeT BUA FapMOHUK OCHOBHOM 4acTOThl. DakTHUECKH 3TOT KpUTEpUN
CIeyeT U3 paslioKeHus muiaooopa3Hoit kpusoit (1.4) B psin Dypse. [lo Mmepe yBenuveHus: AuCTaHIUy /
v napamerpa e’ = n/K/Pc’ HapacTaioT oTKioHeHus V,(f) OT rapMOHHYECKOTO 3aKOHA. ITO HATIOMHHACT
nosiBlicHHe BcE Oojiee BHICOKMX FAPMOHMK PACTYIIEH aMIUIMTYAbl B KIUCTPOHE, TJI€ MCXOAHO OJIHO-
POZIHOE paclpesiesICHUE 3JIEKTPOHOB, IO MEPE UX JABU)KEHHUS, CTAHOBUTCS BCE 00JIe€ HEOJTHOPOIHBIM U
ACUMMETPUYHBIM 32 CUET NEPUOAUIHON MOIYJISIUUA CKOPOCTH JIEKTPOHOB [67]. Vike OpelHanux oT-
Medall, YTO NOJOOHbIC OTKJIOHEHHs pealbHO HaOIoJaroTcs Ha rpaduKkax JydyeBbIX CKOPOCTEH JIBOM-
HbIX 3BE3N [44]. JlelcTBUTEIBHO, COBPEMEHHBIE MPELU3UOHHBIE H3MEPEHHUs JYUYEBBIX CKOpPOCTEH
JIBOWHBIX 3BE37] OOHAPYKMBAIOT CHCTEMATHUECKHE PACXOXKACHUS TEOPETHUECKUX W HAOII0IaeMbIX
rpaduKOB JIy4eBBIX CKopocTei [78], kotopsie P. @putimyc Kak pa3 MHTEPHPETUPYET MO TUIIOTE3e
Opeitnmxa [[@]. Ananorudmsiii 53QdeKT HeKemIepOBBIX ABHKEHHH (IO OAHON H3 THIIOTE3 BHI3BAH-
HbII npunuBamu [62, 80]) oOHapyskeH y ABOWHBIX myJbcapoB [81] u BU3yanbHO-1BOMHBIX 3BE37 [80].
B nocnennem ciiydyae uckaxeHUs] HEBEJIMKH, BBUJLy CPAaBHUTEJIBHON OJIM30CTH JaHHBIX CHCTEM, a CO-
IIOCTaBJIEHUE HJIEMEHTOB OPOUT, U3MEPEHHBIX CIIEKTPOCKOIMNYECKU U aCTPOMETPUUECKU U UX PACXOXK-
nenue [80] mo3BonUT mpoBeputh 6°-if kputepuil. Takum oOpa3om, 7°-oif KpUTEpUl TOXKE MOITBEp-
XKAaercs, 10 KpaiiHel Mepe, kKauecTBeHHO. KonndyecTBeHHas MpoBEpKa 3TUX KPUTEPUEB U CPABHEHUE C
JIpYTMMHM, B T.4. NpwinBHbIMH [80], runore3amMu, BO3MOKHA MPU COMOCTABIEHUU U3MEPEHHBIX U pac-
yétHbIX (1.8) nckaxeHnH, a Takke mpu yuére uckaxxenuit ot a¢¢dekra Purna (cm. § 1.4, § 1.5).

8°. BocbMoii KpuTepHii BHITEKAET U3 TOTO, YTO OT JUTMHBI BOJHBI A CIEKTPATbHOW JTUHUU U OT
cOCTaBa Mepeu3TyqarolX 00JaKoB raza 3aBUCUT JJIMHA mepeusiydyeHus — 3¢dexkTuBHas 1mHa [ =
M2m(n — 1), Ha KOTOPOHl y JTydel cBeTa pacTET pa3HOCTb X0/, a 3HAUYUT, CTENIEHb HCKaKEeHHs rpaduka
V() m Bemuunna MEUMOTO SKcueHTpUcHTeTa e'. [Iprmuém ekt nepensaydeHuns, Kak 0TMEYaoCh,
JIOJDKEH CHIIBHEE BCETO CKa3bIBAaThCS AJIS 4aCTOT aOCOPOLMOHHBIX M SMUCCHOHHBIX JIMHUH 2JIEMEHTOB,
[0 KOTOPBIM U ONPEIEISAIOT CIEKTpajabHOe cMeleHue. [1ockonbKy BOJINM3M 3TUX PE30HAHCHBIX YaCTOT

fo; IOKa3aTeNb MpenoMIIeHus # [82] CTpEMUTENIbHO HapacTaeT Mo 3aKOHY

N;s;

TO OJId HUX NJIMHBI IICPCU3TYUYCHUA

liZXi/Zn(n—l) (111)
U NPONOPLUHOHAIBHBIE UM HCKaXXEHUSI CWJIBHO CHMKEHBI. [Ipndyém BCe CHMKEHBI B PAa3HOU CTEIEHH,
MIOCKOJIBKY B MEX3BE3THOM ra3e pa3inyaroTcsl KOHUEHTpauuu N; aTOMOB pa3HbIX 3JIEMEHTOB, a TAKKE
KO3(PPHUILIMEHTHI §;, XapaKTePUIYIOIIUE 3apsi/ibl, MACCHl U CHJIBI COOTBETCTBYIOLIMX OCUMIIATOPOB. [To-
ITOMY UCKa)XeHUs TpagukoB V,.'(f), HOCTPOCHHBIX IO Pa3HBIM JMHHUSIM Ha YaCTOTaX fo; pa3HBIX dJIEMEH-
TOB, MOTYT CYHIECTBEHHO Pa3HUTHCS. Paznnuns 3aTpOHYT pacu€THbIC BEIIMYUHBI e’ = nlK/IPS* v o,

KOTOPBIC 3aBUCAT OT paCCTOAHUS l,‘, HpOfI,Z[eHHOFO CBCTOM 10 NICPCUITYUCHUS.
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OTOT KpUTEpHUH TOKE MOJITBEPKIAETCs HAOTIOACHUSIMU JUIsl psifa 3BE3N, KaK CIENyeT U3 MOHO-
rpaduu A. batrena [46]. BnepBbie Ha pa3nudue 3JIEMEHTOB OPOUT CIEKTPATbHO-IBONHBIX, U3MEPECH-
HBIX B Pa3HbIX YaCTOTHBIX AWamna3oHax, oOparun BHUMaHue A.A. benononwsckuii u I'.A. TuxoB Ha
npumepe 3Be31bl 3 Bosamuero [65, 83]. Taxxke paznuune rpadUKoOB Ty4eBbIX CKOPOCTEH, MOCTPOCH-
HBIX TI0 JIMHUSIM pPa3HbIX 3J1eMEHTOB, B 1949—-1950 rr. ormetunu Ctpyse [84] u Mak-Hamapa [85].
Hampumep, pacuérabie 35eMeHThl OpOUT ABOIHOM 3Be376l U CTpeinbl pa3nuyainuch Il KPUBBIX, MO-
CTPOEHHBIX IO JTUHUSAM BOJOPOJA M IO JUHHUSAM MeTaioB. AHajorudHo, st AO Kaccuoneu, mo Ha-
omonenusM AbxuHapa [86], rpaduku JTy4eBBIX CKOPOCTEH, OCTPOEHHBIE MO JIMHUSM BOJOPOJA U Te-
JMsl, pa3Myaiich U COOTBETCTBOBAJIM Pa3HbIM aMIUIMTYAaM Jy4yeBbIX ckopoctell K. MckaxxeHue rpa-
¢ukoB V,'(f) nns AO Kaccuonen moarBepaaeTcss ¥ TEM, YTO y 3TOH CHCTEMBI TTOCTOSIHHBIE COCTaB-
JSIOIIKE JTyYEeBOM CKOPOCTU V) KOMIOHEHTOB He coBmaaaroT [46, 74]. HakoHew, y paccCMOTpEeHHOU
cuctembl RX Kaccuoneu pasznuune 3KCIIEHTPUCUTETOB, PACCUUTAHHBIX IO KPUBBIM JIyYEBBIX CKOPO-
CTEH pa3HBIX KOMITOHEHTOB, MOKET OBITH OOYCIIOBJICHO TEM, YTO JJIsl JIMHUM OJHOTO KOMIIOHEHTA
(xnmacca G) mepeusnydeHne MeX3BE3THBIM ra30M MPOUCXOAUT PaHbIIIe, OTYETO UCKAKEHHUS] 1 MHUMBIN
9KCLIEHTPUCUTET OKA3bIBAIOTCS MEHbINE, YeM y TJIaBHOTO KOMIIOHEHTa (kiacca A). A BEKOBbIE H3Me-
HEHUS COCTaBa U KOHILIEHTpalMM MEX3BE3IHOT0 ra3a Baojib JMHUM BuzupoBanus RX Kaccuonen (Ha-
IpUMeEp, 3a CYET IBUKEHUS MEK3BE3IHBIX 00JIAKOB Ira3a M BapUalMil CTENEHU UX MOHU3ALMU) MOTYT
OOBSCHUTH, MOYEMY pa3INyYalOTCs 3JIEMEHTHI cucTeMsl (K, K> U e), onpeienéHHbIe B pa3HbIe dII0XH, B
1944 r. — Ctpyse [88] u uepe3 30 siet nmociie Hero [89].

TakuMm 00pa3oM, Bce pacCCMOTPEHHBIE KPUTEPHH, IPU COMOCTABICHUH C JaHHBIMU HAOIIOACHUIA,
noaTBepAnH, 4to 3ddext bappa oOycrioBieH BIUsSHHEM OpOUTANBHOM CKOPOCTH 3BE3]] HA CKOPOCTh
UCITyIIEHHOTO MMHU cBeTa. To ectb, apdexT bappa MoKHO paccMaTpuBaTh Kak KOCBEHHOE IOJATBEP-
KICHHE OANTUCTHUYECKON TEOPHH, OCOOEHHO €CIM YUYEeCTb, YTO P KPUTEPUEB U MpElCKa3aHUi Teo-

pun Putna OBLI pa3pa60TaH 3a40JII'0 40 UX (1)aKTI/ILIeCKOFO MNOATBCPIKACHUSA B KOCMOCC.

§ 1.2. 3¢pghekm Pumua u npupoda 3akoHa Xab6sa

B npenpinyniemM myHKTe paccMoTpeH 3(h(eKT UCKaXKeHUs BUIUMOTO JBMXKEHUS 3BE3]T IIPH H3Me-
HEHHMHU X JIy4eBOW CKOPOCTH M COOTBETCTBYIOLIMX BapHAIMAX CKOPOCTH cBeTa. PaccMoTpum 3¢ ekt
KOJINYECTBEHHO Ha MpUMEpPE MCTOYHMKA, M3JIyHYalOIIEro CBETOBBIE CHUTHAJBI Uepe3 Mallblii MHTEpBal
BpPEMEHHU dt U yJan€HHOTo OT NMPUEMHUKA Ha paccTosHue 7. CBeT UCTOYHMKA, UCITYIIEHHbII B MOMEHT
t, TOCTUTHET NMPUEMHUKA B MOMEHT ¢’ = ¢ + r/c’, TIe ¢’ — CKOpOCTh CBeTa B BakyyMme. Bpems dt’ mexny

npUEMOM JIBYX CBETOBBIX CUTHANIOB HaWETCs nuddepenHupoBanuem ¢’ o t:

dt':(1+—-———-— dt . (1.12)
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31ech pacCMOTPEH OOIIHI CiTy4ai, Korja CKOPOCTh CBETA ¢’ UTPAET POJIh HE KOHCTAHTHI ¢ (KaK B
CTO), a nmepemenHoM, kak B oOmieit Teopun otHocutenbHOocTH (OTO) u Teopun Putna. Bapuarnum
CKOPOCTH CBETa B BaKyyMe€ BBISBJIECHBI MPU KOCMUYECKOM paguosiokauuu [90-93, A3]. Eciu BTOpOE
ciaraemoe B (1.12) xapaktepusyer a¢dexr Jomnepa dt’' = (1 + V,/c")dt, T.x. Or/Ot = V, — ny4eBas cKo-
POCTh MCTOYHHMKA OTHOCUTENIBHO MPUEMHMKA, TO TPEThE CIaraéMoe XapaKTepU3yeT U3MEHEHUE JIN-

TETHLHOCTH CUTHAJIOB 3a CUET BapHaIluii CKOPOCTH cBeTa. JaHHbIi 2 ekt

dt':(l—L~6—c)dt, (1.13)
c'c ot

cieyeT u3 OAJUIMCTUYECKOTo MpHHIKNA ¢ = ¢ + V, MEHSIOIEro CKOPOCTh CBETA MPU YCKOPESHUH HC-
TOYHUKA. B HanpaBineHU: NpuUEMHUKA CKOPOCTh cBeta ¢’ = ¢ — V,, rae V, — JydeBasi CKOPOCTh UCTOY-
HUKa (mpoekiust V Ha JIyd 3peHusl — Ha paJuyc-BeKTOp I ucTo4yHuKa). Juddepenuupys Oc'’/ot = —

oV, /ot = —a, (roe a, — TyueBoe yCKOPEHNE UCTOUYHUKA) U noAcTaisis B (1.13), mpu V, << ¢, Haliaém

c2

ra
dt':(1+ ’)dt. (1.14)
[Tpupona >ddekra nmpospayHa: 1Mo OAVTUCTUYECKONW TEOPHH YCKOPSIEMBIM UCTOYHUK B KaXIbIN
MOCJICTYFOIIUI MOMEHT COOOIIAeT CBETY HECKOJIBKO MHYK) CKOPOCTh, W TIOCJIEIOBATEIbHBIC CUTHAJIBI
(. GPOHTHI CBETOBBIX BOJH), UCIYUICHHBIE C Pa3HBIMH CKOPOCTSAMH, AOTOHSIOT APYT Jpyra (Cokpa-
I1ast JJIMHY BOJIHBI), THOO pacxoisaTcs (HapamuBasi [UIMHY BOJIHBI), IPUXOAs K NPUEMHHKY Yalle WIN

pexe. U3 mpeobpazoBanus nepuona dt (1.14) maiiném juisi M3MEHEHHS WCXOJHOW JUIMHBI BOJIHBI

A = cdt, yacToThl cBeTa f = 1/dt n IIUTEeN HOCTH UMMTYJIbCa Af, COOTBETCTBEHHO,

-1
N=cdi'= x(1+m—;j, f=1/dt'= f(l + ”’;j , At'= At(1+ ”’2) . (1.15)
¢ c c
O¢dexr (1.15), nononusromuit >3pdext Jomnepa, nanee 6yaem HazbiBaTh 3¢p¢dexkrom Purna:
Purtn BeiBen popmyny (1.14) B 1908 r. [15]. ITpu V. << c u3 (1.12) cnexyet obuiee npeodpazoBanue

df:(1+5+%jdt, x'=(1+5+%)x (1.16)
C C

c ¢
Ecmu nommep-addexr dt'= (1 + V,/c)dt nerko BBIABISAIOT B JlabopaTopuu, TO 3pdekr Purna
(1.14) BBIABUTH CJIOKHEE, BBUIY €r0 MaJIOCTH. HO Ha qUCTaHIIUAX 7 TIOpsAIKA CBETOBOTO I'0jla YMEpEH-
HbI€ YCKOPEHUS ) ~ Alr=9.5 m/c? MOTYT MEHATh BUJIUMYIO JJIUTEIbHOCTh MPOLECCOB B Pa3bl.
H3meHeHre BUAMMOMN IIIMTENBLHOCTH TporieccoB no 3ddekty Purna (mpeacrasnsromee codo
TaKyIo0 jK€ WILTIO3HI0 KaK u3MeHeHune 1o 3 dekry Jlomnepa) NpuBOIUT U K U3MEHEHHUIO PErHCTPUpYE-
MO sipkocTH u3nydeHus /. JIeicTBUTENbHO, €CITM UCTOYHUK M3IyYHI B €AMHUYHYIO arnepTypy (oTo-

NpUEMHUKA MOIIHOCTD / B TEUEHUE BPEMEHHU df, TO MO 3aKOHY COXpaHEHUs dHepruu Idt, BocIpuHATON

3a BpeMms dt', peructpupoBanack 061 MomHOCTh I’ = Idt/dt'. Otcrona, ¢ yuétom (1.14),
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-1
1'=1%=1(1+m;) . (1.17)

c
Wtak, myueBoe yCKOpEHHE UCTOYHHKA @, IPUBOANT K U3MEHEHHUIO BUANMOMN SPKOCTH UCTOYHHKA
I', a xoneGaHus a, BHI3BIBAIOT KOJICOAHHS BUAMMOM SPKOCTH MCTOUYHUKA, HAITPUMEP 3BE3/IbI.
D¢ deKkT n3MEeHeHUsT BUIUMON JTUTSIBHOCTH MPUBOJIUT K O0JI€e MPOCTOMY CITOCOOY BBIYHMCIIC-
HUS BEJIMYMHBI MHUMOTO DKCIICHTPUCUTETA 3BE3/Ibl, JIETAILIEH MO KPYyTroBOM OpOUTE C IEHTPOCTPEMHU-
TEIbHBIM ycKopeHueM a. (Puc. 1.3), uem paccmorpennsiii B § 1.1. [elicTButensHo, nepes KapTUHHOU
IUTOCKOCTBIO B Omkaimeil Kk HaMm To4uke opoutsl 3 (TOe a, = a.) IBWKEHUE 3Be3/bI OyIeT Ka3aThCs
3aMe/UICHHBIM, BBUY PaCTSIKeHHs MOMEHTOB dt’s = (1 + la/c?)dt o sddexry Purua (1.14) Ha sddek-
TUBHOM AnuHe ¥ = /. A 3a KapTUHHOI TUIOCKOCTBIO B Hanbonee ynanéHHoi Touke opoutsl 1 (rae a, = -
a.) IBUXKECHHE 3Be3bl OyJEeT Ka3aThCsl YCKOPEHHBIM OT CXKaTHS BUAMMBIX WHTepBanioB dt'y = (1 —
la/c*)dt. Takum 06pa3oM, B ToYKax | ¥ 3 OTHOMICHHE BHIMMBIX YIJIOBBIX CMEIICHHI H COOTBETCT-
BYIOUIMX TaHT€HIUAIbHBIX CKOPOCTEH JABMKEHUS 3BE3/bl IPUOOPETET BUL
VY odry 1+lalc?
Vs N dt', - l—lac/c2 '

(1.18)

OHO SKBUBAJICHTHO BBITCKAOIIEMY U3 2-ro 3aKOHa Kermepa COOTHOLICHUTO JIYYCBBIX CKOpOCTefI

Nh_ps_1+e (1.19)
i opp 1=¢

y opoutsl, BeITSHYTOH K 3emie (Puc. 1.3, Puc. 1.4), ¢ 3KCIEHTPUCUTETOM e’ U PACCTOSTHUSIMU P U P3
10 TIIaBHOM 3Be3.bI S), COOTBETCTBEHHO, B mepuactpe | u amoactpe 3. M3 cpaBHEHHUS BbIpaXEHHI
(1.18) u (1.19) MHUMBII SKCLIIEHTPHUCUTET e’ = la/c* = 2nlK/Pc*. Onnaxo MpU U3MEPEHUU IKCLEHTPU-
CHUTETa MO KPUBOH JIy4eBbIX CKOPOCTEH, CKaXKeM, 10 TAHT'CHCY yTJIa HAKJIOHA 0 KacaTebHON B TOYKaxX
1 u 3 (Puc. 1.3), ckopocTh B HUX Ia€T ABOMHOM BKJIAJ (32 CYET pa3sHUILIBI CKOPOCTEH JABMIKEHUS 110 JI-
JUNITHYECKON OpOMTE BO3JIE ITHX TOUEK U 3a CUET pa3HOM CKOPOCTH €€ m3MeHeHus ). JleCTBUTENbHO,
TaHTEeHC yriia o KacarenbHou dV,/dt B mepuactpe 1 u amoactpe 3 paBeH YCKOPEHUIO 3BE3/bI B 3TUX
Toukax a;= dVi/dt= GM/p12 u ay= dV3/dt = GM/p32, rae G — rpaBUTAIlMOHHAs TOCTOsIHHAS, M —
macca riraBHo# 3Be31bl S) (Puc. 1.4). Torma ycnoue nogo6us rpaduxos (Puc. 1.5) mpu e’ << 1 3ammu-

niercs Kak a; oc 1/dt'y m a3 oc 1/dt's, aro B mpubmmkennu e’ << 1 maér

iy _ay_(ps) _1+2e

~ . (1.20)
dt'y a3 \p; 1-2e'

Orcrona e' = la/2¢* = nlK/Pc’, 910 COBMANACT C BHIPAKEHUEM, HaiiICHHBIM PAHEE YHCTO AHATHTHUEC-
cki. To ecTb, MHUMBbIE 9KCLIEHTPUCUTETHI OPOUTHI IBOMHON 3BE3/Ibl, H3MEPEHHBIE ACTPOMETPUUECKU U
1o gomep-3hQeKTy, pasauyaauch Obl B Ba pa3a, YTO MOXKHO HCIIOJIb30BAaTh KaK KPUTEpUIl aHaIM3a

MPUPOJIBI UCKAKEHUH, JIs1 OTIPEICTICHUSI MICTUHHOTO JBMKEHUS U DKCIICHTPUCUTETA 3BE3I.
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Ecmu adpdexr (1.14) nmeer MecTo, 1 BUAMMOE IBHIKECHUE 3BE3]T MCKAXKAETCS, TOT/A, KPOME OT-
MEUYEHHOI'0 MCKa)KE€HUsI, IPOU30UIET NOMOJHUTEIBHOE CMEIICHUE CIEKTPATIbHBIX JUHUN MO0 3aKOHY
(1.15). OGee u3MeHeHue nepruoia U ATUHBI BOJIHBI CHEKTPalbHOM JIMHUU 3a1aHo (opmyioi (1.16),
TO €CTh, IPEJICTABICHO CYMMO# cMeteHuit o 3¢ dexry Jomnepa u no a¢dekry Putna:

AN V. ra
=—=-"14

= (1.21)

z
A c 2

NHTepnpeTupys 3TO CMEIIEHNE KaK YUCTO AOIUIEPOBCKOE, HAWAYT PACUETHOE 3HAUYEHUE CKOPOCTH

Vr': CA_X — V}’ + ra}’ . (122)
A c

st rpaMKOB JTy4eBBIX CKOPOCTEH 3BE3M, NBHKYIIMXCS MO KpyroBoi opowute, apdext Putma
NpUBENET K M3MEHEHHI0 OpOUTaIbHOU (a3bl 3Be3/bl. Eciu ucTHHHAS JTydeBasi CKOPOCTh 3BE3/bl 3aa-
Ha BbIpakeHueM V), = —Ksin(2n#/P), To nyist yckopenus a, = dV,/dt = —(2xK/P)cos(2xt/P), u BHOCUMas
UM 100aBOYHAS MHUMAs (Kadcywasics) CKOPOCTh V,* = ra,/c nm Vr* = la,/c (B cmy4ae mepensnydeHus
cBeTa Ha ;urHE /). OTCI0/1a TTOTyYnM, 9TO PacYETHAS CKOPOCTH 3a/1aHa BBIPAKCHUEM

vV, =V, +V, =- Ksin( Zntj 2K cos[ 2m) =- K'sin(ﬁ + (P) ; (1.23)
P Pc P P

rjae caBur 1o ¢ase ¢ = arctg(2nl/Pc), a pacu€THasi aMILTUTY /1 JTy9eBOH CKOPOCTH
2 2
K=K 1+(2—“1j ~K|1+202 5, (1.24)
Pc K

B PHUOIIDKCHAN JUTE MHAMOTO SKCIIEHTpHCHTeTa e’ = TIK/Pc® << 1.

1 *
hvrxvn \4
K

Puc. 1.9. CxemMa uckaxeHUs JOTUICEPOBCKOM KPHUBOH Jy4eBBIX ckopoctelt V,(f) (cnrownas aunus) OT IOTIOIN-
o o *

HHUTEJBHOTO CIBUTra 4acTOTHI 10 3 dexry Putna B BUae KpHuBOH MHHUMBIX JIy4eBHIX ckopoctei V, (f) = la,/c

(wmpux-nynxmupnas aunus) 1 COOTBETCTBYIOLINE OpOUTHL. Pe3ynbTupyromas KpuBas CHEKTPAIBHBIX CMe-

WeHUH (nyHKMUpHas Tunus) TaéT TOKHYIO TOMIEPOBCKYIO CKopocTs V(1) = V(f) + V, (f).

Casur rpaduka tydeBbix ckopocteit V,'(f) (Puc. 1.9) Oyxer 3aMeTeH y cHeKTpaibHO-IBOMHBIX
3BE3/1, SABJIAIOIIUXCSA OJHOBPEMEHHO 3aTMEHHO-/IBOMHBIMH. TeopeTHueckn 3aTMEHHE 3BE3/Ibl C KPYyTo-
BOI opOHTON HAOIOIAI0CH OBl B MOMEHT HaHOOJIBIIETO e€ ynajaeHus B (pa3e KPUBO JIy9eBBIX CKOPO-
creit 0. Ecniu kpuBas cmeniena sapdexrom Putna, 3aTMeHne npon3onaeT ¢ 3amo31aHieM OTHOCUTEIb-

HO ¢a3bl 0 Ha pa3HOCTh (ha3 ¢, JOCTUTAIOIIYIO 7/2 B MPEJENbHOM CiIydae, KOT/la CMEIEHHE CHEeKTpa
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00yciioBiIeHO B 0CHOBHOM 3(dexTom Putia. [Togo0HBIE HECOOTBETCTBUSI KPUBBIX OJIECKa W JIyIeBOU
CKOPOCTHU peajibHO OTKPBITHI, HATPUMEP Y UV AHAPOMEbI, Kak Mmokaxem B § 1.5.

®a30Bblif cABUT TpadUKOB TYUEBHIX CKOPOCTEH MOXHO OOHApY>KUTh, UCCIENys KoyeOaHUs
CMEILEHUH JTMHUN JABOMHBIX 3BE3 Ha Pa3HBIX YAacTOTaX f;, HA KOTOPHIX 3(pPEeKTUBHBIC PACCTOSIHUA 7,
paBHbBIE JUIMHE TIEpEeU3IyueHus /;, pa3nuunsl, U, coraacHo (1.10), (1.11) u (1.24), otnuuatecs OyayT
cMeteHns JmHAi 110 ddexty Pura (1.15), ammmry s 1yuesoii ckopoct K'~ K[1 + 2(nli/Pc)’] u
dazoBbie casuru ¢ = arctg(2n/,/Pc) rpaduxos V,(f). deiictBurensHo, rpaduku V,'(f) onHUX U TeX xe
TBOMHBIX 3BE3]I, MOCTPOCHHBIE IO JIMHUSM Pa3HBIX AJIEMEHTOB HAa Pa3HBIX YacTOTaX f;, pa3mU4arOTCs
amruaTyi0i K', kak mokazai A. barren [46], u da3oii ¢, kak mokazan ['.A. Tuxos [83]. A npu uccie-
JIOBAaHWU TPaUKOB JyUEBBIX CKOPOCTEH, MOCTPOCHHBIX MO AMuUccHOHHBIM jmHHAM Cal u Hell y
3aTMeHHO# 3Be3bl V 347 Kopwmbl, o6Hapysxuics (pa3oBblit cIBUT IpadUKOB JTyd4EBBIX CKOPOCTEH, MO-
CTPOCHHBIX 10 Pa3HBIM JIMHUSM, a TaKkke (pa3oBoe HECOOTBETCTBHE y TPAPHUKOB JTyUEBHIX CKOPOCTEH,
MOCTPOEHHBIX 1O OJHOW JIMHUHU, y ABYX KOMIIOHEHTOB 3Be3/bl [94]. B maHHOM ciyuyae BBITIOJIHSIETCS
emni€ oJHa Pa3HOBUIHOCTH KpuTepueB 3¢ dexra bappa 4° u 5° u3 § 1.1.

B cnyuae, koraa kpuBas Jy4eBBIX CKOPOCTEH 3BE3 C KPYroBoi opOHUTON HcKaxeHa 3hdekTom
PuTua, U BBI3BAHHBIC MM CMELICHHS HAMHOTO IPEBOCXOMIT HoIuIepoBckue (V' = V, '), HCKaXeHHs OT
s dexTa 3ama3abIBaHUs TOKE BEAYT K MOSBICHUIO MHUMOTO SKCLIEHTPUCHTETA, HO SKBUBAJICHTHAS JJI-
JIUNTHYecKas opourta Oyner cooTBeTcTBOBaTh yke ® = 180°. To ectb addexT bappa mposiBuiics Ob1 1 B
npeoOiaagaHuu OpOUT C ® BO3JIE ATOrO 3HauyeHUs. JleHCTBUTENBHO, NJIi KPYTrOBOW OpOUTHI a, = -
(2nK/P)cos(2nt/P), otkyna t = (P/2m)arccos(—Pa,/2nK), a B ciay4dae AOMOIHUTENBHOTO 3ama3iblBaHuUs
ceeta Ha At = [V,/c* = —lein(2nt/P)/cz, MOJTy4rM, TIPU 3aMEHE nlK/P* = ¢,

P P IK Pa, \* P PcV.
t=t(ar)+At=arccos(— arj— 1—( arj — | arccos| — 1 |-
2n 21K

c? 2nK 2n 21Kl

o o *
OTCIOI[a TOXC HCJIb34 HAUTU B IBHOM BHJC 3aBUCUMOCTL @ U MHUMOU CKOPOCTH I/, "oT BpPCMCHHU
t. Ho mpubmmkEHHbIN aHanu3, moo0HbINH TpoBenéHHOMY s (1.6), moka3bIBaeT, 4To MpU OTpaHuYe-
HUM WICHAMH TICPBOTO MOPs/IKa ¢’ MCKaKEHHAsE KpUBasl CABUIOB YacTOTHI COOTBETCTBYET AJLIMIITHYC-

[ —

-~ 2 v
ckoil opbure ¢ o'= 180°, skcueHTpucureroM e = e'= m/K/Pc® W TNOIyaMIUIUTYIOH CKOpPOCTH

K'=2nlK/Pc (puc. 6), xak cineayeT u3 Beipakenus (1.7), mocie paznoxkenus B psia Teiopa,

’ ’ 2 2 ’
2n Vel K'+1 V.elK'+1 2n K’ k') \1+V. /K’

Tem caMbIM TIOJTydaeT 0OBSICHEHUE aCHMMETPHS PACIIPEICICHUS JOITOT MEPHacTpoB Mexay |
II, a Taxke mexay Il u [V kBagpanTaMu U rpynnupoBaHuE AOJTOT MEPHACTPOB BO3JIE 3HAYCHUS ® =
180° (§ 1.4). leiicTBUTEIHHO, €CITU UCTUHHBIE OPOUTHI OONBIIMHCTBA 3BE3] MPECTABIAIOT COO0M OK-

.. *
pyKHOCTH, TO HabIIOMaeMble HcKaxkEHHbIe Tpaduku a,(t) u V, '(f), kak nerko mokaszars u3 (1.26) npu

39



e =0, mpencTaBiIsOT cO00M TPOXOUIbI, MPUOIMKEHHO COOTBETCTBYOIINE Ipaduky V() nins o = 180°
(Puc. 1.10). B cnydae GombIoi BEeTUYUHBI PaCUETHOTO KCIIEHTpUcUTeTa e ~ 0,5 1 BBIIIEe UCKaKECHUE
HEJOCTAaTOYHO N7l 00bsCHEHUsI HaOM0aeMoil KpuBoil ydeBsix ckopocteit (Puc. 1.10). IIpu nentpo-
CTPEMHUTEILHOM YCKOPEHHH @ = ¢’/ U MpeeNnbHOM cTereHn cxartus di/dt =0 B Gmmxaiimeil Touke
opouTtsl 3 (Puc. 1.3), moka Ha KpUBOM JIy4EBBIX CKOPOCTEH HET CAaMOTIEPECEUCHUM, B abHEH OT 3eM-
JU TOYKE OpOMTHI | MakcMMalbHasi CTENEHb PACTSHKEHUS COCTAaBUT dt'/dt = 2. JlelicTBUTENbHAS CTe-
MIEHb 3aMeJJICHUS JIBIKEHUS B anoacTpe (M0 OTHOMICHHUIO K CPeTHEN YTIIOBOW CKOPOCTH JBUKECHHUS TIO
opbute) MOkeT ObITh 3aMeTHO BhIIe. Tak, mpu skcueHTpucurere e = 0,7 rpaduk JiydeBbIX CKOpocTei

COOTBETCTBYET PacTsDKEHUIO B dt'/dt ~ 2,5 pa3sa.

AV y
b.
) t

o o *,
Puc. 1.10. CpaBHeHre KpHUBOW MHHUMBIX JY4eBBIX CKopocTeil V), (f) (nymxmup) OT 9acTOTHOTO CIOBHUTA IIO
abdexty Putna, nckax€unoil ot a¢dexra 3amazasBanus (Ipu nlK/Pc* = 0,3), 1 kpuBoi JTy4eBBIX CKOPOCTEN

V(f) o capura yactoTsl o 3ddexry Jorepa (cnrownas) nis opoute ¢ e’ = 0,3 u o’ = 180°.

JlonomHUTENbHBIN 3((EeKT CMEIeHUs YacTOThl U JJIMHBI BOJHBI, TPOIOPLHUOHATIBHBIN paccTos-
HUIO 7, npeanonaran eme A. benononbekuit [65] mis 00OBsSCHEHUS KPACHOTO CMEIICHHS B CIIEKTpax
raynakTuk. JlelictBurenbHoO, 3¢ dekT PuTtia MokeT 3aMEeTHO MPOSBUTHCS HA OTPOMHBIX MEKrajlakThye-
CKUX TUCTAHIMSIX 7, TI€ K TOMY K€ HUUTOKHO Majla KOHILIEHTPAllUsd aTOMOB HEUTPaJIbHOTO BOJIOPOA
N<610"" cm [87]. Cornacro (1.4), mmHa nepensnydenus | pacTéT nponopuuoHanbHo 1/N, oTkyaa
1>2-10" cB. mer >> r. To eCTb, IEPEH3ITyUCHHS IPAKTHIECKH HET JUISl GOJIBIINHCTBA HABII0IaeMBIX
ranaktuk. B wactHoctH, mo a¢dexry Purna A'= M1 + ra,/c?) wimHa BOJHBI A CBETa, HCITYIICHHOTO
BUJUMBIMU Y4acTKaMH SPKUX TaJaKTUYECKUX siiep-Oamkel, Jaromux Hanbojaee NHTCHCUBHbBIE CIICK-
TpaJbHbIC TUHUU U 00J1aIal0NINX YCKOPEHUSIMH, HApaBJIeHHBIMU OT HAc (g, > 0) K LIEHTpaM rajlakTuK,
JIOJDKHA PACTH MPOTIOPLUMOHATBHO paccTossHUIO # ranakTuk (Puc. 1.11). Takoi 3¢ ekt Bo MHOrOM Ha-
MMOMHUHAET KPACHOE CMEIIeHUE B CIeKTpax ranakTuk A'= A(1 + rH/c), otkpsiToe D. Xadc6moMm. Koad-
dunueHT nponopuroHanbHOCTH H = 68 (km/c)/Mmk (moctosiHHas Xa06ma) 61130k K K0P PUIIMEHTY
a,/c, PACCUMTAHHOMY IO M3BECTHBIM YCKOPEHHSIM @, = Vj*/R, B ramakTikax. Bsss 3a obpaser Haury
lanakTKy, XapakTepUCTUKH KOTOPOW THITMYHBI JJISi CIHPAIBHBIX TATAKTHK, a 0allK UMEET paanyc
Ry =0,002 Mk u okpyx HYIO CKOpOocTh V), =200 xm/c [95], momyunm pacu€THOE 3HaUYC€HUE MOCTOSH-
HOMl XabOma H.=a,/c=67 (xkm/c)/Mnk, Omm3koe K u3MepeHHo BenumumHe H= 67,80+ 0,77
(xm/c)/Mmxk [96]. Ins Apyrux ranakTHK BEIUMYUHA

H.=a,/c = V*/Rec (1.27)
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MOKET HECKOJIBKO OTINYaThCsl, BBUAY PA3IMYHsI OKPYKHBIX CKOPOCTEH V' M paanycoB R rajgakTHK, HO
OJIHM M T€ K€ THIIBI TaJJaKTUK 00J1aany Obl OJM3KUMH XapaKTePHBIMU 3HAYCHUSIMU TTapaMmeTpa Xab0-
na H.. To ecTb Ha quarpamme «paccTOSIHHE — KPACHOE CMEIEHUE» TOUYKHU, COOTBETCTBYIOIINE Pa3HBIM
raJlakTHKaM, pacroioKarcs OJM3KO K BBIXOJAIICH M3 Hadajga KOOPAMHAT MPSMOW JIMHUH, MU300pa-
Karoten 3akoH Xa00:ma. [losTromy npaBuiibHEE TOBOPUTH HE O MOCTOSIHHOM, a UMEHHO O TMapaMeTpe
Xab6ma, mockoybKy KodhdunueHT H, pa3nuyuaercs A pa3HbIX TATaKTUK. J[eCTBUTENBHO, B TUTEpa-
Type M0 KOCMOJIOTUU MIPUBOJUTCS MHEHHE, UTO MOCTOSIHHYI0 Xa00ia npaBuibHee Ha3bIBaTh MapaMeT-

POM, ITOCKOJIBKY OHa MEHSETCs, KAK MUHUMYM, BO BpeMeHH [97].

“.” 3emns

Puc. 1.11. Cxema npeoOpa3oBaHus 4acTOThI CBeTa 110 3¢ dexTy PuTia y Bpamaromuxcs saep ra-

nakTuK. DPdeKT MpUBOIUT K 3aKOHY KPaCHOTO CMELIEHUs, aHAIOTHYHOMY Xa00I0BCKOMY .

Cam Xa001 noKa3bIBall, YTO KpacHOE cCMelleHHe 00yCIOBIEHO He JTomiep-3pdekTom oT ynanie-
HUS TanakTHK [98], HO HeKkuM 3¢ (HEeKTOM NOCTENEeHHOTO0 CHIXKEHHSI YaCTOThI CBETA, 110 MEPEe €ro JBH-
KEHHS K HaM, a TaJaKTHKH 00JIaal0T CPAaBHUTEIBHO HEOOJBIIUMH TEKYISPHBIMUA CKOPOCTSAMHU. DTy
runote3y BeIIBUHYJIU B 1929 r. actpodusuku A. benononsckuii [65] u @. LBukku [99]. E€ moanep-
KaJl psiJl MHXKEHEpOB, acCTPOHOMOB M (¢u3ukoB, Bkiaodas K.O. Iluonkosckoro [100], C.1. BaBunosa
[101], B.IL Cene3znéBa [102]. Jla m mo3mHee psn actpodu3ukos, BikIrodas P.B. Kynuikoro,
b.A. BoponnoBa-BenbsiMmunoBa u akamemuka B.A. AmOapuymsnHa, oTpumanu Teoputo bombioro
B3pbIBAa M pacuIMpeHus BceneHHOMH, Npu3BaHHYIO OOBACHUTH KPacHOE CMEIEHUE, U OTMEYald, 4TO
MO>KHO TOBOPHUTB JIMILB O JIOKAJIbHBIX JIBMKECHUSAX T'aJaKTUK, & HE O paclIMpeHuu BceneHHol B LeIoM.
Wutepecno, uto amepukanckuil ¢usuk . JKoyHe, paccMaTpuBasi KpacCHOE CMEICHHE TaJlaKTHK Kak
pe3ynbTat 3¢ dexTa HapacTaHus JTUHBI BOJIHBI CBETA, MPOMOPIIHOHAILHO MMPOHACHHOMY CBETOM Iy TH,
MIPEAMOIOXKMI, YTO MOXOXKHUH dPDeKT OyneT HaOI0IaThC MPHU MPOIMYCKAHUH JIA3EPHOTO U3ITyYCHHS
no mpoTskEHHBIM cBeToBoAaMm [103, c. 150]. Kak okazanock, mogoOHbIi 3¢ ekt peansHOo UMEeT Me-
CTO B CBETOBOJAX B BHJIE€ PAMAaHOBCKOI'O CMEILEHUS YAaCTOThI, XOTS B 3TOM CIIy4yae OH CBsI3aH MCKIIIO-
YUTEIHHO C HETMHEWHBIMU CBOMCTBaMHU cpensl [104].

['unoTte3y o HEMOIIIEPOBCKOW MPHUPOE KPACHOTO CMEIICHHs TOATBEPANUT U (POTOMETPUICCKUI
KpUTEpHi, NpeiokeHHbIl O. Xab6som u P. Tonmenowm [105]. Onnako mexanusMm 3¢ ¢dexra KpacHOro
CMEIIEHN TalaKTUK OCTaJCsl HEBBISICHEHHBIM. [Inonep HenuneitHol ontuku C.M. BaBuios Tak oxa-
paktepuzoBai 3Ty HeonpenenéHHocTs [101, c. 133]: «M0oKHO M CUYUTATh 3TO CMEIICHUE TAKXKE JIOT-
JIEPOBCKHM, BBI3BaHHBIM TPYJHO MOCTHKUMOW PELIECCHEW TYMAHHOCTEH, WM K€ NMPUYMHA KPOETCS B

HOBBIX, HCU3BCCTHBIX HaM JOCCJIIC CBOMCTBax CBCTa,— 3TO BOIIPOC OTKpBITBIﬁ... Xa66n, YCTaHOBI/IBH_II/Iﬁ
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cambIil (paKkT M 3aKOH KPAaCHOTO CMEIIEHHsI, CIUTAET, YTO (HOTOMETPHUECKUE TaHHBIE HE OJIaronpusT-
CTBYIOT MHTEPIPETAUU KPACHOTO CMEILIEHHUS KaK JIOTIIEPOBay.

Kak otmerun C.M. BaBunos [101, c. 133], «u3y4ast cBeT ciMpalIbHBIX TYMaHHOCTEH, Mbl IMEEM
JIENI0 € JIy4aMH, HE MCIBITABIIMMHU HUKAKUX BO3IEHCTBHUI CO CTOPOHBI BEIIECTBA B TEUEHHE JECATKOB
¥ COTCH MIJUIMOHOB JIET M CYIIECTBOBABIIUMHU 0€3 BCIKUX BO3IACHCTBUI B TEUEHUE STHX T'POMAIHBIX
MIEPHOJIOBY», TTIO3TOMY JaHHBIN A((PEKT TOIDKEH OTINYATBCS OT U3BECTHHIX 3P(HEKTOB MpeoOpa3oBaHUs
4acTOTHI CBETA MPHU B3auMoJieicTBUH co cpenoii [19, 104]. Ddbdext Putna (1.14) naeansHo moaxoauT
Ha posb 3¢ddexra npeodpazoBaHMU YACTOTHI CBETA B KOCMUYECKOM BaKyyMe, MOCKOJIbKY HE TOJIBKO
€CTECTBEHHO TEPEXOAUT B XaOOIOBCKUI 3aKOH KPAaCHOTO CMEMICHHUS, HO M CHUMAET BCE BO3PAKCHUS
IIPOTUB TPAKTOBKH KPaCHOTO cMelleHus o runotese benononbckoro-1Bukku. Kpacnoe cmemienue no
a¢ddexty Putna mposiBisiercs aHanoruuHo Ioruiep-3h@exTy: OAMHAKOBO HAa BCEX YaCTOTaX, BEAS K
MPOMOPIIMOHATIFHOMY 3aMEIJICHHIO0 BUTUMBIX MPOLECCOB, coriacHo ¢opmyie (1.14), uto oObsICHsET
pacTsDKEHHE JUIMTEIbHOCTH BCIIBIIIEK CBEPXHOBBIX la B ramaktukax [Al], mponopuuoHagbHO UX Kpac-
Homy cmemennio z = (A'— A)/A (1.21). K cxomapim BeiBogam mpumén C. [leBacua [106]. Tlo-
BUJUMOMY, BIEpBbIe 3PPEKT KpacHOro cMemeHus npoaccoruupoBaiu ¢ d¢pdexrom Putia B 2000 r.
A.H. TponiHuKOB — B 31ekTpoHHOM myOnukanmu [107] u A. CalipeHuKa — B 3JI€KTPOHHOM Iy OJIMKaIMN
[108], ynoMsiHyTOM BO 2-0M m3naHuu )xypHaia «Advances in Chemical Physics» [109]. Ho B psiae mo-
UCKOBUKOB 3TU MmyOnukanuu npounaekcupoBanbl 2006 u 2009 rr. Taxxke B padortax [107, 108] ne
00BSACHEH MEXaHU3M CO3J]aHUsl IMEHHO KPacHOTO, a HE CHHEro CMEIIEHHUs, HE PacCCUMTAHO 3HAUCHUE
H, coBnapnaroree ¢ M3BECTHBIM, HE OOBSICHEHBI TAPaJOKChl KPACHOTO CMEIICHHS, UTO CAETIaHO B HE3a-
BrcuMOM aHaim3e [Al, A21, A48].

Wrak, Gamnmuctudeckas teopust 1 3G ekt Putina He mpoTuBOpedaT JaHHBIM BHETAJAKTHUECKON
aCTPOHOMHUHU, OOBSCHSSI KPaCHOE CMEILEHUE U €ro aHOMaJIuK 0e3 runoTe3 o pacuupeHun Beenennoil,
0 TEMHOW MaTepuu U TEMHOU 3Hepruu. B monbp3y TPakTOBKU KOCMOJIOTUYECKOTO KPACHOTO CMEIICHUS
no 3¢ dexry Putna cBuaeTensCTByeT paa napagokcoB kpacHoro cmemenus [110, 111], nporuBopeya-
LIUX €ro JIOIUIEPOBCKON NMPUPOJIE ITPU THIIOTETUYECKOM PaCIIMpEHNH BCeeHHON.

[TepBbIit mapaJoKC COCTOUT B TOM, YTO OJIMHAKOBO YJalIEHHBIE O0OBEKTHI, BONPEKH 3aKOHY Xa00-
Ja, 4aCTO MMEIOT CHJIBHO pa3jMyalolluecsl KpacHbIE CMEIIEHUS, HA OCHOBAaHWU KOTOPBIX OOBEKTaM
cienoBasio Obl MpUIKCaTh pasHble AucTaHiuy » [112]. OTnnyaromumecs B pa3bl KpacCHbIE CMEIICHUS Z Y
PaBHOYJAIEHHBIX CBs3aHHBIX TalakThK [110] nerko o0bsicHuMBI 0 3 dekty Putma [A48] pasuureit
WX YCKOPECHHMH a,, Aarouux pasHeie H.= a,/c u pazneie z (1.21). BnepBbsie Takoe HECOOTBETCTBHE
KpacHBIX cMellleHui Ob110 BbIsiBIIEHO ['. Apriom. OH BBISIBUJ O0JBIIIOE KOJTUYECTBO TAIaKTHK, (pU3HYe-
CKHU CBSI3aHHBIX B Iapbl, 0 YEM CBUAETEIBCTBOBANIO HE TOJIBKO UX COCEICTBO Ha HEOOCBOJAE, HO M CO-
€AMHSIOINE 3TU TaJIAKTUKY MEPEMbIUKH, HO KOMIOHEHThI TAKUX TaJIaKTHK, HECMOTPS HA OJIMHAKOBYIO

yAaN€HHOCTh, 001a/1aH, BOIPEKH 3aKOHY Xa00a, pa3HbIMH 3HAUEHUSMU Z, TAK YTO pa3HUIIAa HAMHOTO
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IIPEBOCXOMIA BO3MOXKHbBIE JIOIUIEPOBCKUE CIIBUTM OT JABM)KEHHS KOMIIOHEHT B JBOMHOHN cHucTeMe
[113-116]. Apkuit mpumep — 00bekT Mapkapsia 205 — ciyTHuk ranaktuku NGC 4319, umeromieit 3a-
METHO MeHbIee KpacHoe cmerenue [117, c. 143]. MHtepecHo, 4TO BO BCeX MOAOOHBIX CIIy4asx Y
CIIyTHHKOB, OOJIaJJafoIlMX MEHBIIUMHU pa3MepaMu R, 4eM y TJIaBHOW TaJaKTHKH, KpacHbIE CMEIICHUS
umeroT Oonee Boicokue 3HadeHud [118]. C mosunmit 6ammuctuueckord Teopun U dddexra Purna sto
OOBACHSCTCS TeM, YTO ISl MalbIX paguycoB R mapamerp Xa66ma H. = V?/Rc U COOTBETCTBYIOLIEE
KpacHoe cMmelneHue 1o 3¢ ¢dexty Putia nomyuyaercs Bblle.

Paznuuue KpacHbIX CMEIIEHUH y TapHBIX 00BEKTOB ApIa MBITATUCH O0BSICHUTD, PEINOI0XKHUB,
YTO OHU HE 00pa3yloT (PM3HUYECKU CBSI3aHHBIE NApbl, @ PACIIOJIO0KEHBI HA Pa3HBIX PACCTOSHUSAX 7, TIPO-
enupysich B COCEAHHE TOUKHM HeOocBoaa. OAHAKO HalIW4KMe MEPEMbIYEK, COCIUHSIONINX ITH MapHbIE
00BEKTBI, U YacCTOTa, ¢ KOTOPOH OHM BCTpEyaroTCs (MajoOBEpOsiTHAs IS CIydalHBIX COBIAJEHUI)
MOJTBEPIKIAIOT UX TECHYIO CBsA3b. [OMBITKH UCTOIKOBATh N30BITOYHOE KPACHOE CMEIIEHUE CITyTHUKOB
TaJaKTUK KaK pe3yJIbTaT TPAaBUTALIMOHHOTO KPACHOTO CMEIIEHHUs, TOXe He nMmenu ycnexa [117]. Takum
0o0pa3oM, B paMKax COBPEMEHHON KOCMOJIOTMH 3arajika apHbIX 00ObEKTOB IIOKa He pemeHa. bonee To-
ro, MOCTOSIHHO MOSIBJISIIOTCS BCE HOBBIE CBHUJETENILCTBA TOTO, YTO CBSI3aHHBIE TAIAKTUKU, HUMEIOIINE
pasHble KpacHbIE CMEIICHUST — 3TO HE MCKIIOYEeHHEe, a npaBwio. Tak, (uHCKUN acTpopu3uk
T. Slakkona, OOHapYXHMBIIWH e€m€ psAA MapajoKCOB KPACHOTO CMEUICHHsS, OTKPBUI, YTO OJUHAKOBO
yAaNéHHbIE CINHPAIbHbIE U AJUIMNTUYECKHE TaJaKTUKW HMMEIOT 3aMETHO OTJIMYAIOIIMECs KpacHbIE
CMEILEHMsI, TPUUEM CUCTEMATHUECKU OOJblIe MOJYYaroTCsd CMEUICHUs JUIsl CIMPAJIbHBIX TaJakTHK U
MeHbIle — Juist AmunTudeckux [118]. DTo Toke HAXOAUT MpocToe O0BACHEHHE B OATTMCTHYECKOU
TEOPUU: MTOCKOJIBKY B SJUIMIITUYECKUX TaJaKTUKaX CKOPOCTH BpaieHus V 3amerHo Huke [117]. Coot-
BETCTBEHHO, mapamerp Xa06ma H, = V*/Rc, i BeIM4HHA KPACHOTO CMEIICHHS Z TTOTyYaeTCs 3aMETHO
HIDKE, YEM Y PACIIOJIOKEHHBIX HA TOM K€ PACCTOSHUU CHMPAJIbHBIX rajgakTvk. Taxxke I'. Apn oOHapy-
KU CUCTEMaTHYeCKOe pa3finuue napaMerpa Xab0ma A IBYX TUIOB CIHMPAJIbHBIX TajJakTHK Sb u Sc
[116], yTo MOXHO 00BSICHUTH 1O 3(pPexTy Putna pasuuueit ux pazmepos. JlelicTBUTENbHO, y TAIaKTUK
tuna Sc pasmep R s7ep HauMEHBIINH CPed BCEX TUIOB CUpalbHbIX ranaktuk [119, c. 77]. CooTBeT-
CTBEHHO, JUIS TaNakTHK Sc mapamerp Xa66ma H, = V*/Rc, npu TOH 5Ke CKOPOCTH V, MONY4HTCS Hau-
BBICIIIUM CPENIU CIIUPANIbHBIX TaIaKTHUK, B COTIacuu ¢ HabmoaeHusamMu [116]. AHanoruuHbIi pe3yiabTart
NOJy4eH JUId cei(epTOBCKHUX TaJakTHK M KBa3apoB (§ 2.2): kak BUAHO 1Mo auarpamme Xab6ma [120, c.
184], y ceiihepToBCKMX TaNaKTUK H CUCTEMaTHUECKH HUKE, YEM y CIHPAIIbHBIX, a Y KBa3apOB — CHC-
TEMaTUYECKH BBIILIE.

SIpkue npuMepsl HECOBMAACHHS KPACHBIX CMEILEHUH Jal0T U3BECTHBIE TPYIIbI MAJIAKTHK, TaKUe
kak Tpumuier L[Bukku, kBunTer Ctedana, cexcrer Celidepra. Tpuruier L{Bukku — rpymnmna u3 Tpéx ra-
JIAKTHUK, JBE U3 KOTOPBIX UMEIOT OJIM3KME KpacHbIE CMEIIEHMUS], a Y TPEThel KpacCHOE CMELEHUE 3aMeT-

HO OTJIMYAETCS, COOTBETCTBYSI YAQICHHIO OT TPYMIBI CO CKOpocThio okosio 7000 xkm/c [122]. KBunTer
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Credana — rpymnma u3 T CBA3aHHBIX B CKOIUICHUE TATaKTHK, YETHIPE U3 KOTOPHIX, CY/s MO KPacHO-
My CMEIIEHUIO, YAAISIOTCSA OT 3eMiIi cO cKkopocThio 6600 km/c, a miarast — co ckopocThio 790 km/c. To
€CTb, €CIIM IIPUIUCcaTh KpacHoe cMmelieHue 3pdexty Jomnepa, ragakTika He MOXKET BXOIUTh B CKOII-
JIeHHe, a JAO0JDKHA YIAIAThCS OT Hero co ckopocThio cBbime 5000 km/c [122]. Cekcrer Ceiidepra —
rpynmna M3 IIECTU TallakTHK, MATh U3 KOTOPBIX MMEIOT OJM3KHE KpacHblE CMELIEHHS, OTBEYAIOIIHE
ckopocTsm nopsiaka 4000 kM/c, a y mecToi KpacHOe cMelIeHne cooTBeTcTByeT ckopocT 20000 km/c,
TO €CTh — yJAJIEHUIO OT TPYIIBI co ckopocThio 16000 kM/c. Takue HeCOBMAAEHUS TPAKTYIOT KaK CITy-
YaifHOe MpOoeNHUpoBaHue Oojee NaNIEKON MM OMU3KOW TaJaKTUKU Ha CKOIUICHHE, YTO, OJHAKO, HUYEeM
He noaTBepkaaercs. [loaToMy, BIloJIHE BOZMOXKHO, YTO PACCMOTPEHHBIE TaJaKTUKNU 00pa3yloT CBA3aH-
HbI€ TPYIIIBI C pA3HBIMU KPACHBIMU CMELLICHUSIMHU.

Bce st ¢aktel npuBenu Takux actpodusmkos, kak I'. Apm, T. flakkona, @.1O. 3urens [118],
B.M. JIroterit [123], 1 HEKOTOPBIX APYTUX, K MBICIH, YTO 3aKOH Xa00yia HE MMEeT YHUBEPCAILHOM
IPUMEHUMOCTH KO BCEM BHETallakTHuecKUM oObekTam. [lo kpaiiHell Mmepe, JUIsl pa3sHbIX UX THUIIOB
JIOJDKHBI IPUHUMATHCSI CBOM 3HAaUEHUs MapameTrpa Xab0ma, B cornacuu ¢ 3¢ dexkrom Putia.

Bropoii napagokc cBsi3aH ¢ KBazapaMmu, 001aJaroIluX aHOMaJIbHO BHICOKMMHU KPAaCHBIMH CMelle-
HUSIMH, KOTOPBIM IO 3aKOHY Xa00ja COOTBETCTBYIOT TMTaHTCKHE paccTostHui. Ho cTonb Oombiune
paccTOsIHUSA TOBOPMIIM ObI 0 OOJBIINX pa3Mepax KBa3apoB U OTPOMHOM aOCOJIIOTHOW CBETUMOCTH, YTO
POTHBOPEYHT OBICTPHIM BapHAIMSIM SPKOCTH, TOBOPSIIMM 00 MX MAJIBIX pa3Mepax.

Vike mocie nepBbIX U3MEPEHUN KPAaCHBIX CMEIEHUI KBa3apoB, UX BBICOKAs BEJIMYMHA BbI3BANIA
COMHEHHMsI B JOIUIEPOBCKOM MPUPOJE ITHUX CMEUICHUH. A TOCIe OTKPBITUS OBICTPHIX BapUalUil SpKO-
CTH KBa3apoOB C XapaKTEpHBIM BPEMEHEM BapHallUi MOpPSAIKa HEIENH, CTaJo SICHO, YTO TO CpPaBHH-
TEJIEHO KOMIIAKTHBIE OOBEKTHI, KOTOPhIE HE MOTYT HMETh OOJIbIIHE JIMHEHHBIE pa3Mepbl U CBETUMOCTH,
KOTOpPbIE UM CJIEJIOBAJIO MPUIUCATh HA OCHOBAHUU YJAJIEHHOCTH, U3MEPEHHON M0 KPaCHOMY CMellle-
HUIO U3 3aKoHa Xa60ma [117]. Hakonen, Apn oOHapy>kui psifi KBa3apoB WM KBa3apOHoJ00HBIX 00b-
€KTOB, CBSI3aHHBIX C TJIAKTUKaMH, MMEIOLIMX NPU TOM XK€ YIaJCHHMH HAMHOTO OONbIINE KpacHbIE
CMEILIEHHsI, BOTIPEKU 3aKoHy Xa00a. Bo3Hukmiee mpoTHUBOpeyre ¢ 3aKOHOM Xa00ia MbITaIuch yCT-
PaHMUTBb TUIOTE30M O TOM, YTO CHIIBHOE KPAaCHOE CMEILEHUE KBAa3apOB UMEET HE KOCMOJIOTMYECKYIO, a
IpaBUTALIMOHHYIO pupoay. Ho mpu paccunTaHHBIX MCXOS U3 ITOT0 XapaKTepUCTUKAX KBAa3apoB, OHU
HE MOTJIH OBITh cTaOMIbHBIMU 0Opa3oBanusiMu [117]. Takum obpazom, mpobdiaema aHOMaIbHO BBICOKO-
ro KpacHOTO CMEIIEHHS KBa3apoB JI0 CHX IOp HE pelIeHa.

TpakToBKa KpacHOr0 CMEILIEHMs TaJlakTUK M KBa3apoB o 3¢ddexry Putna nerko pemaer 31ot
napazokc, MOCKOJIbKY, KaK MOKAa3aHO BbIIIE, KBa3apbl XapaKTepU3yIOTCsI HHOW BEJIMYMHOM MapameTpa
Xa66mna H = V*/Rc, uem ranaktuku. ECIM yuecTb MX Majble pasMepsl R, OLIGHEHHBIE [0 KONeGaHUM
APKOCTH, TapaMeTp Xab0ma Juisi KBa3apoB MOKET 0Ka3aTbCsl HAMHOTO BBIIIE, YEM Y TajakTHK. Takum

obpazom, 3¢ dekT Putiia ecTeCTBEHHO OOBICHSAET AHOMAJILHO BBICOKHE KPACHBIE CMEIICHHs KBAa3apOB.
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OTHUM ke 00BICHAETCS TOT (PaKT, MOYEMYy OJMHAKOBO YIAIEHHBIC TaJaKTUKU M KBa3aphl, CBI3aHHEIC B
napbl, 4acTo 00J1a/1al0T CUIIBLHO PA3HAIIMMHUCS KPACHBIMH CMELICHUSIMHU.

[Tockonbky u3 3¢ dexra Puriia BEICOKOE KpacHOE CMEIICHHE KBa3apoB HE TOBOPUT O OOIBIIIOM
PAcCTOSIHUU J0 HUX, TO 3TO MOTYT OBITh CPAaBHHUTEIHHO ONM3KHE OOBEKTHI, U UX a0CONIOTHASI CBETH-
MOCTb OKa)ETCSl YMEPEHHOW. A MX JIMHEHHBIE pa3Mepbl, HAUJEHHbIE U3 YIJIOBBIX Pa3MEpOB KBa3apa,
y>Ke JIydllle COrJacyloTcs ¢ HalJIEHHBIMU MO BapuanusaMm gpkocTH. [Ipoctoe oObscHeHue moiydar u
TaK Ha3bIBa€MbI€ «CBEPXCBETOBBIC» BHIOPOCHI M JBIDKEHHUS KBa3apoB. Eciu mepecunTaTh CKOPOCTH
ATUX JIBJKCHHUM, U3MEPEHHBIX MO BUAMMOMY YIIIOBOMY MEPEMEIECHHIO, ONMUPAsACh HA YTOUHEHHBIE,
Oosee ONMU3KHME PACCTOSIHUS KBA3apoB, KOTOPHIC B JCCSITKU pa3 MEHbBIINEC PACCUUTAHHBIX IO 3aKOHY
Xab06ma, TO OKaXeTCs, YTO CKOPOCTU BHIOPOCOB M CaMHUX KBa3apoB — JOCBETOBBIC. Tak 4TO BOMpoc 00
UCTOYHUKE SHEPTuH, COOOIIaloIIeM BhIOpOCaM THMTAaHTCKYIO CKOPOCTh, CHUMaeTcs. Hakonern, eciu
y4ecTh MaJlble pa3Mephbl KBa3apoB U MANYIO TOJIIMHY OKYTBHIBAIOIINX KBa3aphl 00JAKOB raza, OKaxeT-
Cs, UYTO YaCTH KBa3apoB, BBHICTYMAIOIINE W3 ITUX OOJAKOB WM BUIUMBIC B KOPHAOPHI MPO3PAYHOCTH,
MOTYT, 32 C4ET COOCTBEHHBIX JBHKEHUH C 0oJjiee BBICOKUMHU YCKOPEHUSIMU, BECTU K CTOJb CHIILHOMY
KpacHOMY cMemieHuio 1o 3¢dexty Putma, uto oH mepeBeA€T ONTHYECKOE M3IIydYeHHE KBazapa B pa-
JUOTNATIa30H, OOBSCHSS MHTEHCUBHOE PAIMON3TYUCHHE KBA3apOB.

Dddext Putna oObsICHICT U OBICTPBIC BapHalMK SPKOCTH KBa3apoB. [IOCKONBKY JITMHA BOJHBI
M3JTy4eHHS KBa3apoB MOBLIIICHA B 1,5—2 pa3a, 3TO yBEJIMUYEHHUE COMPOBOXKIAECTCS MPOMOPIIMOHATEHBIM
CHaJioM BUJIUMON SIPKOCTH KBa3apoB. OJIHAKO, €CIIM MyTh CBETOBBIX Jyuel OT KBA3apoOB MEpeceKaroT
o0raka MeX3BE3IHOTO rasa, TOTAa Mepeu3IyyeHre B HUX BEAET K BOCCTAHOBIICHUIO MCXOJHOU SPKO-
ctu. Takum 0OpaszoM, JBIKEHHE O00JaKOB raza ObICTPO MOAYJIHPYET BHIMMYIO SIPKOCTh KBa3apa, 0e3
WU3MCHCHHUSI €T0 MCTUHHOW SPKOCTU. [IpoXoasimuii CBET CIOCOOCH W caM MOJYJIHPOBaTh d(P(HEKTHB-
HOCTb TEepPEen3NyuyeHusi, MOCKOJIbKY MO Mepe U3MEHEHUS JUIMHBI BOJHBI MEHseTCs KOd(p(UIUEHT Mo-
TJIONICHUS CBETA, a 3HAYHUT MOKa3aTelb MPeloMIICHUS U JJIMHA nepeusnydenus. [lormomas csert, ras
HarpeBaeTcsi, HOHU3YETCsl, €lIE CUIIbHEE MEHsIS MOKa3aTellb MPEJIOMJICHUS, TEM CaMbIM MOPOXKIasi aB-
TOKOJIEOATENbHBIE MPOIIECCHl, MEHSIONIME BHAUMYIO SIPKOCTh KBazapa MO MEXaHHU3MY, OMHCAHHOMY
teopuelt XKeBakuna 115 nedens, rae NOoTOK M3TyUeHHUsl TOKE YIpaBIigeT HOHU3anueil u korddunmeH-
TOM TIOTJIONIEHUs B aTMoc(epe, Bels K KoJIeOaHUsIM IPKOCTH 3BE3/IbI.

Tperuii mapagoKC COCTOUT B ACPUIIMTE KPACHOTO CMENICHUs y Hamboiee NanéKuX TalaKTHK
[124] 1 MOXeT OBITH CIEICTBHEM NEPEUIITYICHUS MEKTATAKTUISCKIM Ta30M, KOTJa AUCTAHIIMU 7 CO-
MMOCTaBUMBI C JJIMHOW TEePEU3TydeHHs [ ~ 2:10'" ¢B. ner, mo MPEBBIIICHUU KOTOPOl KpacHOE CMellle-
Hue z (1.21) napacrano 6s1 Bc€ memienneid. Ha Takux aucraniusx (7 ~ 10'° ¢s. JIET, 4YTO COOTBETCTBY-
et z ~ 0,8), koraa r ~ /, 1 BBISIBIICHBI OTKJIOHEHUS OT 3akoHa Xab0uya B Buae AedUIUTa KPAaCHOTO CMe-

LIEHUS Z, UHTEPIIPETUPOBAHHbIE KaK YCKOPEHHOE paciiupenue Beenennoil [124].
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YeTBEPTHIN MapasoKe: B HEKOTOPHIX CKOIUIEHUSIX TaJIAKTUK JAUCIIEPCHS JIy4EBBIX CKOPOCTEN uJie-
HOB CKOIUJIEHMs, HaliieHHas u3 3ddekra Jlomnepa no qucnepcun KpacHbIX CMEIEHUH rajgakTHK, OKa-
3ajJach MHOT'O BBIIIE JUCHEPCUH, PACCUUTAHHOM MO Macce CKOIUIEHUs. JTa W30BITOYHAs JUCTIEepPCUs
KpacHBIX CMEIIEHUN U HaliJIEHHBIX 110 HUM CKOPOCTEW TrajlakKTHK B CKOIUIEHUU U IIPUBEJIA BIIEPBBIE ac-
TPOHOMOB K THUIIOTE3€ O CKPBITOM Macce (pacCUMTaHHOM U3 TEOPEMBI O BHUpHUAJE), HHOTAA B JAECATKH
pa3 NMpeBOCXOAsl Maccy CKOIUICHHsI, U3MEPEHHYIO 110 CBETUMOCTSIM TaJaKTHK, 00pa3yIoIMX CKOILIe-
Hue. ['nnoresa o ckpbiTOi Macce, BuepBble BbliBUHYTas @. [[Bukku, HecMoTps Ha mporemue 80 e,
JI0 CHX TOp HE IMOJy4YWJia MOATBEPKICHHS, MOCKOIbKY CKpBITasi Macca He OOHapy)XeHa HampsMylo U
UMeeT HEBBIACHEHHYIO mpupony. [lapagokc Toke MOKeT OBITH CBsI3aH C HEBEPHOW WMHTEpHpeTanueit
KpacHbIX cMmetnennit mo 3¢ dexry oriepa u 3akony Xaooua.

Ecnu kpacHble cMelleHHs z TalakKTUK CKOIIJIEHHs BbI3BaHbI 3pdexToM Puria, To OHM MOTyT 3a-
METHO Pa3JIn4aThCsi, HECMOTPS HA PaBEHCTBO paccTosiHui 7. [Ipuuém z OyayT paznuyarbes HE TOJIBKO
JUISL pa3HbIX TUIIOB FaJIaKTHK, HO U JIJIS TAJIAKTUK OJTHOTO THMA (C HEMHOI'O OTJIMYAIOIIMMHUCS XapaKTe-
pUCTHKaMU), XOTs pa3dpoc 1o z OyaeT Mai. B TakoM citydae pa3HUIly KPacHBIX CMEIIEHUN (M30BITOY-
HYIO JTUCTIEPCHIO) YK€ HENb3s LIEIMKOM MPUIKCHIBATh pa3HUIIE JyUEBBbIX CKOPOCTEH rajlakTUK B CKOII-
JICHUH, pa3 IpUYMHA B pa3Hoi BenuunHe napamerpa H, (1.27). T.e. ornagaer HaoOHOCTh B TUIIOTE3€
O CKpBITOM Macce, HAlICHHOW U3 3aBBIIICHHOIO 3HAYEHUS JUCIIEPCUH CKOpocTel. MIHTepecHo, 4To U B
IpyTux ciaydasx a¢dext Putna ycrpanser napagoke CKpbeITO, TEMHON Macchl, €CIH Y4eCTh IPOU3BO-
IUMbIE UM S(PQPEKTHl CXKATUA MM PACTSHKEHUS BUIAMMOIO BPEMEHHU JBM)KEHUS, YBEIMYEHHUE CIIEK-
TPaJbHOI'O CJIBUTA, HAMHOT'O ITPEBOCXOASAIIETO JOMIEPOBCKHMA.

I1aTHIi TapaOKC COCTOUT B TOM, YTO Y OTAEJIbHBIX FaJaKTUK OTKPBITO pa3inuue KPaCHbIX CMe-
IIEHUN z, U3MEPEHHBIX JUUIS OJTHOM M TOM € TajlakKTUKM 10 pa3HbIM rpynnaMm jJuHuil [125], otHOCH-
IIMMCSI K pa3HbIM 3JIEMEHTaM WJIM K Pa3HbIM JWara3oHaM 3JIEKTpoMarHuTHoro crekrtpa [110], xors
TUIIOTE3a O JOIUIEPOBCKOM MPUPOIE KPACHOIO CMEILEHHSI MPEAIOoaraeT OJJUHAKOBYIO BEIUYHMHY Z JUIs
BCEX TPYMNII JIMHUM, BO BCEX YACTOTHBIX AMana3oHax. Kpome Toro, y manékux rajakTUK M KBa3apoB
OTKPBITHI JIONOJHUTENbHBIE CIIEKTPAJIbHBIE TUHUH C IPOMEXYTOUHBIM Z, MEHBIIIUM U3MEPEHHOIO AJIs
HUX. B ciydae kBa3apoB 4acTOKOJ TaKWX JIMHUN Bojgopoja JlalimaH-anb(ha ¢ mMpoMeXyTOYHBIM CMe-
mieHueM HasbiBaroT JlaliMaH-anbga gecom. VX HHTepHpeTHpYIOT Mo runore3e GopMUPOBaHUS JTUHUN
MOTJIOIIEHHS B 00J1aKaX MEXTaJlakKTHYEeCKOTO ra3a, pacrlooKeHHBIX Ha MEHbBIIIEM YAAJICHUN OT 3eMIIH,
a TIOTOMY 00JIaIalONINX MEHBIINM KPAaCHBIM CMEUICHHWEM, YeM y TajdakTuku. OIHAaKO MHOTA JIOTOJ-
HUTEJIbHbBIC JIMHUM UMEIOT HE CHI)KEHHOE, a U30BITOYHOE KPAaCHOE CMELICHHWE WIN CHHEE CMEILEHHE,
HanpuMmep, y ranaktuku M82 [126]. OueBuHO, 3TO CBA3aHO C TEM, YTO B Pa3HBIX y4acCTKax raJaKTUKU
BEJIMYMHA JIy4€BOI'O YCKOPEHHUS pa3Hasi, 4YTO BEAET K MOSBICHUIO JIUHUM C pa3HbIMM CABUIAMHU YacTO-
Thl. [10 TOI ke mpUYMHE CIIEKTpalbHbIE JIMHUU KBAa3apOB CUJIBHO YIIMPEHBI, TAK YTO IIMPHUHA JTUHUH

coctasisieT nopsaka 0,1AA, To ecTh, cpaBHUMA ¢ BeMMUMHON WX cMmenieHus AL [126]. Tlo cytu, 3to
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pa3HbIC YYaCTKH KBa3apa AT YacCTOKOJ JIMHWMW, CIIMBIIUXCS BMecTe. Eciii Ha OJIMKHEM, CEBEPHOM
KOHIIE TaJlaKTUKH, TJIe YCKOPEHHUsI HalpaBjeHbl OT Hac, cMelleHue no >3gdexty Putna kpacHoe, To Ha
Oosee HanékoM I0KHOM KOHIIE — CMEILIEHUE CUHEe, YTO U Habmonaercs y M82. D10 cuHee cMmenieHue
B TOYHOCTHU PABHSJIOCH KPACHOMY CMEIIECHUIO Ha BUAUMON CTOpoHEe M 82 M COOTBETCTBOBAIO CKOPO-
ctu V'~ 1000 km/c, T.e. opsiika pacu€THOW MO KPaCHOMY CMEIICHUI0 z = rH/c CKOPOCTH TaJaKTUKU
V'=rH ~ 300 km/c Ha € nuctanuuu » = 4 Mnk. Benmnuuna cMenieHus pociia npy yAaJICHUH OT LIEHTpa
TaJIaKTUKH, YTO COBEPIICHHO HEMOHSATHO, €CIM HHTEPIPETUPOBATH POCT Z KaK POCT CKOpocTu V)
(1.21), usmepennoii mo gomnep-3¢dexry [126]. C touku 3penus 3dpdexra Putma 310 ecTecTBEHHO
OOBSICHSICTCS, T.K. B SIAPE yIIIOBasi CKOPOCTh ® BPAIICHUS 3BE3]] MOYTH MMOCTOSIHHA, a IIEHTPOCTPEMH-
TENBbHOE YCKOPEHHE ¢ = »°R pacTéT MpOIOPIHOHAIBHO PACCTOSHUIO R OT LEHTpa, Oy/Iydn Mpomop-
[IUOHATILHO CHJIC TATOTEHHUS BHYTPH IApPOBOTO sijipa, pactymuM ocR. COOTBETCTBEHHO, CMEIICHHE
z=ralc*? NponopiuoHanbHO R. MHOTHAa pa3nuyaroTcsi CMEIIEHHUS JTMHUNA HEUTPaJbHOTO BOJIOPOJA B
paanoAnana3oHe U JUHUM onTuyeckoro crnektpa [110], Bompeku HomnepoBCKol TPaKTOBKE KPACHOTO
CMEIICHHUS.

[Tpuuunna, no kotopoit y M 82 cunee cmenienne yaércs OOHapyKuTh, a B IPYTUX rajlakTHKaX —
HET, CBsI3aHa C TEM, YTO OHO OTKPBITO Y SMUCCUOHHBIX TUHUHN — APKUX JTMHUN, U3ITy4aeMbIX TOTOKAMHU
ropsiyero raza. A CBET SMHUCCHOHHBIX TUHUI MEHEE MOABEPKEH MEPEUITYUCHUIO MEXK3BEZIHBIM Fa30M.
Bo-niepBbIX, mepensayueHne TECHO CBSI3aHO C MOTJIONICHUEM, M CHIIbHEE BCETO BIHSCT Ha TEMHBIC JTU-
HUW TOTJIONMEHUsI. BO-BTOPBIX, SMUCCHOHHBIE TMHUHM W3HAYAIBHO CMEIIEHBI TI0 3 dekty [ormiepa ot
XapaKTepPHBIX PE30HAHCHBIX YAaCTOT 3a CYET JBIIKEHHS Ta3a, U MEHEe MOJABEPKEHBI MEPEU3ITyUCHHUIO,
YCUJIGHHOMY BO3JI€ 3THX YacTOT. B-TpeThux, MOTOKHU Ta3a, u3iaydasi SMUCCUOHHbBIE IMHUU, COOOIIAI0T
CBETy CBOIO cKopocTh V ~ 100 km/c. [ToaTOMy BTOpHYHOE HU3ITyUYEHUE CO CKOPOCTHIO ¢, OOBIYHO Tacs-
niee IEPBUYHOE CO CKOPOCTHIO ¢ + V, HE MOXKET €ro JOTHATh U IMOTACHUTh, U CBET JABWKETCS Oe3 mepe-
U3ITy9CeHHS, TPeoOpa3ysich pUTI-3HPeKToM Ha BCEM Ty TH 7.

Kpacubie cMenienusi ramakTuku, oOycioBieHHble 3¢ ¢dekTom Putiia, Moryt pasnuyarbes, T.K.
3BE3/IbI, PACIIONIOKECHHBIE HA PAa3HBIX PACCTOSHUSAX OT IIEHTPA TATAKTHKH, 00JIajas pa3HbBIMU JTy4eBbI-
MU YCKOPCHHSIMH, TIOTYYaIOT MO PUTI-3PPEKTy pa3HbIe CMEHICHUS z. XOTS 3TH Pa3Indds HUBCIHUPY-
FOTCSI MEK3BE3HBIM Ta3oM [A26], UX clielibl OCTalOTCs, OCKOJIbKY CBET 3BE3/ MPOJEIBIBAECT Pa3HbIi
MyTh 10 BHEUTHETO MEPEHU3IYyHaIOIIEro CII0s, U BIUSHUE 3TOTO CJIOS Ha CKOPOCTh CBETa HEOJUHAKOBO.
[InaBHOE W3MEHEHWE TY4YEBOTO YCKOpPEHHUsS 3BE3N MPU CMEHICHHH OT Kpas TalaKTUKH K ICHTPY
0 <a, < a,, IPUBOIUT, IOMUMO KPACHOTO CMEIICHHS, K YIIUPEHHUIO CTICKTPATbHBIX JTUHHUHA. Takum 00-
pa3zoM, IOMUMO YIIUPEHUS CIEKTPaIbHBIX JMHUM rajdakTHK 3a CYET JUCIEPCUU JIyYEeBBIX CKOPOCTEH,
JOJKHO HAOMIOIAThCS YIIMPEHHE 32 CUET AMCIEPCUH JIy4YeBBIX YCKopeHHid. [Ipuuém mmpuHa TuHUMA
JIOJDKHA HApacTaTh MPH YBEITHMUEHUH KPAcHOTO cMelleHus z. Takoil adexT, nedcTBUTeNbHO, O0HAPY-

eH B auanazone 0 <z <2y SMUCCHOHHBIX JUHUH [127], 11 KOTOPhIX 3PPEKT mepenu3TydeHus: Mal.
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OcobenHo cuitbHO 3(h(eKT BbIpakeH sl KBa3apoB U CeH()EPTOBCKUX TaJIAKTHK, Y KOTOPHIX IIHPHHA
SMUCCHOHHBIX JTHHUH AA ~ 0,014 —0,1A u yxe 6im3ka k cmenieHuto Juaui AA ~ zA [128]. Takue 3Ha-
yeHust AL U TeM OoJiee 3aBUCUMOCTh AA OT z YK€ Hellb3sl OObSICHUTD JUCTIEPCUE CKOPOCTEH.

3BE3/1b1, PACIIOJIOKEHHBIE HA Pa3HBIX PACCTOSHUAX OT LIEHTPA TaJaKTUKU, UMEIOT B CPEHEM He-
MHOT'0 OTJIMYAIOIIMKCA XUMUYECKUH cocTaB atMocdep. [loaToMy xapakTepHble JIMHUU MOTJIOIIEHUS
Pa3HBIX 3JIEMEHTOB, 00JaAAIOIINX Y Pa3HbIX 3BE3/] pa3HON MHTEHCUBHOCTHIO, MOJIYYalOT pa3Hble Kpac-
HBIE CMEILIEHHUS, B COOTBETCTBUU C PACIPEEICHUEM 3TUX 3JIEMEHTOB B raJlakKTHKe. AHAIOTHYHO, pa3-
JMYUE KPACHBIX CMELICHUN JTMHUHN B Paau0- U ONTHYECKOM JTMANa30HE MOXKET OBITh BBI3BAHO TEM, YTO
B ATUX JMAala30Hax pa3/InyaroTcsl pa3Mephl MAapOBOI 00JacTH rajJakTUKHU, BHE KOTOPOU CBET yKe He
nepeusiydaercsa. FiIMeHHO JydyeBoe yCKOpeHHe Ha 3TOI MOBEPXHOCTH ONpEAEseT BEIMUNHY KPAaCHOIO
cMmernieHus. [TockonbKy A pa3HbIX AMAMA30HOB JJIMH BOJIH A TONIIMHA MEPEen3Tydaromero cios / =
M2m(n — 1) pa3nuyHa, TO Ha pa3HBIX PACCTOSHUSAX R OT IIEHTpa MpeKpalaeTcs nepensiydyeHue, 1 aa-
Jiee yactoTa npeoodpaszyercs 1o 3akony (1.15), rae onpeaensonmm OKa3bIBAETCs JIy4YEBOE YCKOPEHHUE
a, Ha 3TOM moBepxHOcTU. Hebounbloe pa3nuyuue 3TUX YCKOPEHUH a, AJid Pauo- U ONTHYECKOro Aua-
na3zoHa MpUBEIET K pa3HHUIE U3MEPEHHBIX B HUX KPACHBIX CMEIICHUN Z, B COTJIACUH C HAOIIOICHUIMU
[110]. B menb1ueit crenenn 3¢ (GHeKT MOKET IPOSIBUTHCA JUISl Pa3HbIX JUIMH BOJIH A ONITHYECKOTO CIEK-
Tpa Y 7S JJIMH BOJIH A, OTBEYAIOIINX CIEKTPAJIbHBIM JIMHUAM Pa3HbIX 3JIEMEHTOB, IOCKOJBKY JIs JIU-
HUN Kaxaoro anmeMeHTa [ = A2m(n — 1) 3aBUCHT OT MMOKa3aTels MPEJIOMIICHHS 7 COOTBETCTBYIOIIETO
ra3a, HapacTalolero Bo3Jie pe30HAHCHBIX YacTOT (4aCTOT CHEKTPAJbHBIX JTUHUM Tra3a), a # 3aBUCUT OT
MOPSIKOBOTO HOMEpPA U OT TPYIIIBI JIEMEHTa, OT €r0 MOHU3AIMOHHOTO MOTEHIMala. JTUM MOXHO
OOBSICHUTH OTKPBITOE B MCCIeAOBaHUAX [125] paznuuue z Ui OMHON M TOM K€ TalaKTUKHU B JTUHHSIX
IIEJIOYHBIX U IIEJIOYHO3EMENbHBIX AJIEMEHTOB, @ TaK)XXE 3aBHCHUMOCTb Z OT MOHU3ALMOHHOTO MOTEH-
nuana snemMeHTa. HecoBnaaeHne KpacHbIX CMEIICHUN ISl Pa3HbIX CHEKTPAIbHBIX JIMHUN pa3HBIX dJe-
MEHTOB OOHapy»eHO M y KBa3apoB [128], BBHIy pa3HOro XMMHUYECKOrO cocTaBa atMocdep 3BE3A B
Pa3HBIX ydacTKaX KBa3zapa, KOTOPbIM COOTBETCTBYIOT pa3HBIE d,, & TAK)KE BBUAY pa3ivuus IJIMH Iepe-
U3ITy4deHus [ s pa3HbIX JUHUN. B 3TOM e, coriacHo 0a/uTMCTUYECKOW TEOPUU, MOXKET COCTOSITh
MpUYMHA TI0 KOTOPOM y KBa3apoB z SMUCCHOHHBIX JMHHUM CHCTEMaTH4YEeCKH MPEBOCXOAUT 3HAUEHUS Z
JUTSL JIMHUHW TIOTJIOLIEHUS U JUISL MOJICKYJISIPHBIX JIMHUNA B paJuoIMana3oHe, Kak MoKa3anu HaOIIoACHUS
[128].

[lecToif mapagoKC COCTOUT B TOM, YTO OTAEJbHBIE 3BE3/IHBIC U FATAKTUUYECKHE CKOIUICHUS UMe-
IOT 10 OLIEHKAaM BO3PAaCT, MPEBOCXOIAIINI pacy€THOE BpeMsl pacmiupeHus BceneHHoi, olieHuBaemoe
Kak BeqmunHa obpatHas H [110]. Drot napanokc, Toxxe oTkpbIThiid @. LBukku [98, 110], no cux nop
He peméH B paMKax CTaHAApPTHOM KocMmojoruueckoi moaenu. Eciu Ob1 pacmmpenue Beenennoii mo-

cie bonbiioro B3psiBa Hauanoch 20 MUJUIMAPIOB JIET Ha3a, TOT/1a HAOII01aeMbIe HBIHE CKOTUICHHS HE
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ycnenu 0b1 chopmupoBatbesi. O TOM ke TOBOPAT OLIEHKH BO3pacTa HEKOTOPBIX 3BE3[, 3aMETHO Ipe-
BOCXOJSIIIETO TEOPETHUUECKOE BpeMs cyliecTBoBaHus Beenennoii [118].

OTOT napaZoKe JEerKo PelraeTcs B paMKax TPaKTOBKHM 3akoHa Xa06ya u noctosHHoi Xab0ia no
addekry Putiia, KOTOpBIN MO3BOJISET OTKA3aThCS OT TUIIOTE3bI pacHimpeHus: BeeneHHoi, sskoObl Ha-
gaBmierocsi okoJyio 20 MuurapaoB JieT Hazan. [1o agdexry Putia mocrosinnas Xa00a HUKaK HE CBS-
3aHa C Bo3pacToM BceneHHoi, KoTopasi B IPUHITUIIE MOXET OBITh BEYHOM, KaK 3TO YTBEepKaan Xaoo0i1,
benononsckuit, Lnonkosckuii [100], BaBunos u apyrue Gusuku u acTpou3uKH.

Tak xe u B aTMocdepe 3BE3 Halel ['anakTuku BBI3BAHHOE TATOTEHHEM 3BE3/Ibl YCKOPEHHE M3-
JTyYaromuX aTOMOB BEJET K MOSIBIICHUIO KpacHOTO cMmemeHns. Tak, B atmocdepe ConHIla ¢ ero Maccoi
M u panguycoM Rs 3¢pdeKkT KpacHOro CMEIICHHS XOPOUIO 3aMeTeH OT JEeTSIIUX C YCKOPEHUEM
a(R) = GM/R* M31y4aiomyx ¥ NepensIydaionux aToMoB armocdepst CONHIA, CO3MAIONMUX HA MyTH
OT IIOBEPXHOCTH pajguyca Rs 10 BHEIIHUX CI0EB KOPOHBI paauyca Rr >> Rg caBur

R
a,dR IF GMdR  GM

R%c? RS6‘2 .

6‘2

Rp
M= |
Rg Rg

OTOT CIIBUT aHAJIOTHYEH U3MEHEHUIO A B CpEJie C TI0Ka3aTeIeM NpeIoMIICHUS

n=Mh—-AN)=1+GM/R

[ToaTomy nyu cBeTa, uayuui B noje TsrotreHus CoiHIa U Mepen3inydacMblii YCKOPEHHO JeTs-
MU aTOMaMH €ro KOpOHbI, U3rubaercs, Kak B cpelie ¢ IPaJMeHTOM 71, 3aBUCAIIMM OT PAcCTOAHUSA R
1o Connna. Ty e 3aBUCUMOCTD 7, @ 3HAUUT U OTKJIOHeHHUs jdyda 0 = 1,75" Bo3ne CosHna, npeickasbl-
BaeT obmrast reopust otHocutenbHOCTH (OTO) [42]. Takum 00pa3om, perucTpupyemMoe OTKIOHEHHE O =
1,75" [182], MOXET CBHIIETEIILCTBOBATH U B MOJIB3Yy Teopuu U dpdekra Putia.

KpacHoe cmemenne OyaeT MIMeTh MECTO He TOJIbKO B criekTpe CoJHIa, HO U B CIIEKTPE APYTUX
3BE3/1, B BUJUMOM 4aCTH MOBEPXHOCTH KOTOPBIX YCKOPEHHE CBOOOTHOIO MaACHUs HApaBJIeHO OT Hac,
BBI3BIBAsl KPACHOE CMEILEHUE MO PUTL-IPPEKTY. DTUM MOKHO OOBSICHUTH BBICOKOE KpacHOE CMellle-
Hue z = 0,1 B cnektpe Cupuyca B u npyrux 3B€311, OTHOCUMBIX K OeNbIM KapinkaM. Tak ke U B CIieK-
Tpe Ipyrux 3BE31 ['amakTHKM OTMEYEHO HAIU4Me CUCTEMATHYECKOro KPAacCHOro CMEUIEHHUs, MPOIop-
IIUOHATILHOTO PAcCTOSAHUIO,— TaK Ha3biBaeMblil K-addext. Emeé B 1930 r. A.A. benomnonbckuii cooTHEC
9TOT 3(pPEeKT ¢ KpaCHBIM CMEIIEHUEM B CIIEKTpaX TalaKTUK [65], XOTS OTMETHII, 4TO ISl 3BE3] mapa-
MeTp Xab0y1a MHOTO BBIIIE. ITO €CTECTBEHHO, €CJIA YUECTh, YTO YCKOPEHHUSI HA TOBEPXHOCTH 3BE3 HA
HOPSIIKY NMPEBOCXOAT YCKOPEHUs B rajlakTukax. Bnpouem, muis 38€31 BHyTpH ["anaktuku s¢ ekt oc-
nabssiercst 23 GEeKToOM Mepen3IydeHus B MEeX3BEZTHOM cpeie.

OtmeTnm, uro ynoMmsHyTyro B § 1.1 anomanuio Ctpyse-Caxane [46, 74], ckaxeMm, y 38e3a61 HD
190967 u AO Kaccronen MOXHO OOBSICHUTH TE€M, YTO Pa3Hble YCKOPEHHUsSI CBOOOIHOTO MaJCHHS d, Ha

MIOBEPXHOCTH U B aTMoc(epax ABYX 3BE3I MPUBOAAT K Pa3HUIIE z U HUX, OTKYy/Ia CIEIYIOT HeCOBIIa-
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JIAIoIMe OLIEHKH AJI CKOpocTH LieHTpa Macc V. Tak, ecinu Vo, u3MepeHHas 0 KpUBOU JIy4eBbIX CKO-
pocrteit siprkoro kommonenta HD 190967 [46], modTu HyJieBasi, TO y BTOPOro KommoHeHTa Vo~ 50 km/c:
ero crekTp obianaeT 700aBOUYHBIM KpacHBIM cMelieHneM. MHTepecHo, 4to y 3Be3asl HD 193576 ana-
JOTHYHOE pasznuuue ckopocTH Vo~ 100 km/c 11 pa3HbIX KOMIIOHEHTOB Oblio emé B 1991 r. unTep-
npetupoBato [1. MapmeToM 1o runoTe3e HalIU4Yus y OJHOTO U3 KOMIIOHEHTOB M30BITOYHOIO HEOILIe-
POBCKOT0 KPacHOTO CMEILIEHHUS z, BBI3BAHHOTO TeM ke 3(PPEeKTOM, YTO U KpacHOE CMEIIEHUE B CIEK-
Tpax ranakTuk u B cnektpe Comnnua [75]. HecooTBeTcTBHE MOXKET OBITh BHI3BAHO U TEM, YTO IEPUO-
JMYHBIE CMEIIEHUS CHEeKTPAIbHBIX JMHUN OoT4acTW BbI3BaHbI 3¢ ¢dexkrom Purna. Tornma nckaxeHus
rpaduxoB V,(f) mpuBeayT K pa3HOW BEIUYHHE SKCIICHTPUCHTETOB ¢’ KOMIIOHCHTOB, BBUIY Pa3ITUUHS
JUTMH Tiepen3iaydenus [ (peanbHo oOHapyxeHHbIH 3¢ dekT, § 1.1). [Tockonbky nckaxEHHast KpuBas Jy-
YeBBIX YCKOPEHHIT (M MHEMBIX JIy4eBBIX cKopocTeil V. (f), Puc. 1.10) COOTBETCTBYET KPHBOIi Ty4eBBIX
CKOPOCTEH ¢ MOCTOSIHHOM 100aBKoO# yueBoil ckopoctu V," = Ke'cosm + V), To 3TH 100aBKU OKa3bl-
BalOTCA Pa3HbIMH JJI1 KOMIIOHEHTOB. Torja jgy4yeBasi CKOPOCTh LIEHTpa Macc Vy cucTeMbl, U3MEpEHHas
10 pa3HbIM KOMIIOHEHTaM, MOJy4YUTCS Pa3HOM.

WuTepnperanust KpacHOTO cMmeleHus mo 3¢gdexrty Purna, 6e3 runotessl pacmmpenus Beenen-
HOM ¥ TeopuH bosbIIOro B3phIBa, HE NMPOTUBOPEUYUT CYIIECTBOBAHUIO IIPEICKA3aHHOIO 3TOM TEOpUEHN
penukToBOro usnydeHus. CyliecTBOBaHUE TaKOT'O U3JIyYEHUs €CTECTBEHHO CJENYeT U3 KIacCHUECKON
TEOPHH BEYHOU CTalMOHAPHOW BcenenHoii, mpeacrapiss coO0H MPOCTO MUKPOBOJIHOBOE (DOHOBOE H3-
Jy4yeHHe KOCMUYECKOTO MPOCTPaHCTBa, 00JIaiarolee CIeKTPOM U3JIydYeHUs YEPHOTo Tela ¢ TemIepa-
Typoil B 2,7 xenbBuHA. [IOCKONBKY KOCMHUYECKOE MPOCTPAHCTBO HAIMOJHEHO KpaiHe pa3peskeHHBIM
MEX3BE3IHBIM M MEXTaTaKTUYECKUM Ia30M, ECTECTBEHHO, YTO ATOT a3, HArPEThIN HAYILUM Yepe3 He-
ro U3JTy4YeHHUEeM 3BE31, o0IagacT HEKOTOpOH paBHOBeCHOM Temreparypoi B 2,7 K. Takum oOpazom, He
00s3aTeNIbHO CUNTATh U3IYyYEHHE PEIUKTOBBIM, T.€. COXPAHUBLIMMCS C MOMEHTa pokJaeHHs Bcenen-
HOM OCTaTOYHBIM HArpeBOM, CKOpee IMpaBWJIbHEE HU3IIy4YeHHE HA3bIBaTh MUKPOBOJIHOBBIM (DOHOBBIM
uznyuenueM (Cosmic Microwave Backgraund) — iMEHHO TakoW TEPMHUH MPHHAT B 3apyOEKHOU JTUTE-
patype.

OaHUM U3 apryMEHTOB B I0JIb3Y THUIIOTE3bI O PEIIMKTOBOM MPHUPOIE€ MUKPOBOJIHOBOTO (HOHOBOTO
U3Ty4YEHUS] CUUTAIOT €r0 OJTHOPOAHOCTh M H30TPOMHOCTH: TemrepaTypa (GoHa BO BceX HAMpaBICHUIX C
00JIBIIION TOYHOCTHIO O/IMHAKOBA U paBHa 2,7 K, n o0nagaer Auib HE3HAYUTEIBHBIMH (PITYKTYaIHSIMH.
Ho paBenctBo Temmeparypsl raza Bo Bcex TOUKax BceleHHOM — 3TO €CTECTBEHHOE CIIEJICTBUE TOTO,
YTO ra3 npeObIBaeT B TEPMOJUHAMUYECKOM PaBHOBECHH. A IMOCKOJBKY TaJJAKTUKH PACIpPEIEICHbI BO
Bcenennoii B cpeqnem paBHoMepHo (BcenenHas ogHOpoaHa M U30TPOMHA), TO B 000N Touke Bce-
JIEHHOM ra3 MOTJIOIIAET U U3JIY4YaeT B CPEAHEM OJHO U TO KE KOIMUYECTBO Tema. [IpumepHo TakoB xe
MEXaHMU3M OJIHOPOAHOIO c1aboro ()OHOBOIO CBEUEHHUSI HOUHOTO Heba — 3TO pe3yJIbTaT PAcCEsHUs CBe-

Ta 3BE3]] HA MEK3BE3HOM Ta3e U nbuu [ 129].
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[Tockonbky (GOHOBOE M3ITy4YCHHE MEXK3BE3IHOTO ra3a — PaBHOBECHOE, JIETKO pPAcCYUTATh €ro
temnepatypy. Ecnu cunutath nM3nmyvaromuii o0bEM ra3a aOCONIOTHO YEPHBIM TEJIOM, TO, IO 3aKOHY
Credpana-BobiMana, OH GyeT H3TydaTh B SAMHUIYY BPEMEHH C CAHHHIIBI TTOBEPXHOCTH SHepruio o7,
rae 6= 5,67-10° Br/mK*, a T — TeMIlepaTypa rasa. JTa W3iydaeMas 3HEpIus JOJDKHA PaBHATHCS
SHEPIHUH, MOTJIOIAEMOM ra30M, TO €CTh SHEPTUU, IPUXOAAIIEH B JaHHBIN 00BEM OT BCeX 3BE3], rajlak-
TUK Bcenennoil. CpenHecTaTucTUUYECKas: TalaKTHKAa M3JIy4yaeT B CPEAHEM XapaKTEpHYIO MOIIHOCTb
Po=10" Br [130]. Eciiut BELICTHTH B MIPOCTPAHCTBE BOKPYT 00BEMA raza cepudecKuil caoi TOMIIIU-
HBI b 1 paguyca r, oH OyzeT coepxath E47m”b ranaktuk (re & — CpeiHss KOHICHTPALHS FATAKTHK BO
Bcenennoi) n GyeT H3IydaTh HOTHYI0 MOIHOCT Ps = EPod4mr’b. VI3 3TOi MOIHOCTH MIAPHK Ta3a C
MOTIEPEYHBIM ceYeHHEM S OyAeT MoryionaTh MOIIHOCTh SP2/4nr2 = SEPyb (Puc. 1.12). To ectb MomI-
HOCTb, MOCTynaroIas B 00bEM rasza ot c(hepuyeckoro ciosi, He 3aBUCUT OT pajuyca cios. [loaromy
OO0IIyI0 MOIIIHOCTh M3TYYEHHMS, MOCTYMAIONIYIO0 K ra3y OT BceX CI0EB, HallnéM kak SEPGR, mpocyMMu-
pPOBaB TOJIIMHY CJIOEB: NMPHUHIB b paBHBIM pamuycy Habmomaemoir Beemennoit R = 12-10° cBeToBBIX
ner (mpumepro 12-10%° M), T.e. PaCCTOSHUIO [0 CAMOTo HAIEKOro HabJII0KaeMoro oGbexra. KoHIeH-
Tpamusi TalakTHK & = N/(47IR3 /3), tne N = 10"" — 4ucno ranakTuk B HaOJrronaeMoii yactu BceeneHHol

[130], a 4nR*/3 — €& 06BEM.

Puc. 1.12. Chepuueckuii 00bEM raza, HarpeThIii CBETOM 3BE31, U3JIy4YaeT IIPU paBHOBECHOU Temmeparype 7.

[osHast MOLIHOCTB, H3Ty4acMasi cheprudecKuM 06bEMoM raza, 4567, NOIKHA COBIAATH C II0-
[JIOIMAEMON MOIITHOCTEIO 3SP0n/4nR2. Otcroa y1si paBHOBECHOM TeMIIEpaTyphl 3TOro o0béMa raza 7' =
(3Pon/ 16GT[R2)1/4. [Tocne moactaHoBkH Bcex 3HaueHud Hainém 7 = 2,9 K, uro OiamM3ko K peasbHOU
temneparype ¢ponooro mznyuenus 7' = 2,7 K. Utak, GoHOBOE H3IIydeHHE — 3TO OOBIYHOE PABHOBEC-
HOE M3ITyYeHHE MEKIaJaKTHUECKOTO Ta3a, MePen3ydaromiero SHEPrHio, IPUXOAAIIYI0 K HEMy B BHJIE
ceera. OtMeTnM, 4TO B 1995 1. aHAOTHYHYIO HJICI0 O MUKPOBOJIHOBOM (DOHOBOM H3ITyYCHHH KaK O
COBOKYITHOM H3JIydeHUHU BceX 3B€37 Bbickazan B.C. Tpounkumii [131], a Taxke H.A. XKyk [132],— B
pamMKax HEKOTOPBIX JTOTIOJHUTEIBHBIX MPEANONI0KEHUN 0 XapaKTepe MOTIOMIEHUS CBETa MEXK3BE3THOM
cpemoii, Ho 0e3 KOHKPETHBIX YHCICHHBIX OICHOK TeMIlepaTrypbl (POHOBOTO u3nydeHus. l[lomoOHas
orieHka Obuta gana B 2007 1. aBTopoMm [A26, A9] B X0/1e HE3aBUCUMOTO aHAIN3a, B KOTOPOM TeMIIepa-

typa T = 2,9 K MukpoBoaHOBOTO (hOHOBOTO M3IydeHHs ObLTa paccuyuTaHa B paMKax 0oJiee CTpOroro
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aHaJM3a Ha OCHOBE CpEJHEW MOILIHOCTU W3JIy4Y€HHs TajakTHK (2 He 3BE3]), CBETUMOCTU KOTOPBIX
UMEIOT MEHBIINH pa3opoc, 4eM y 3BE3/1, a KOHLEHTpaLUs onpeaensercs ¢ 6ojiee BBICOKONH TOUHOCTBIO.
OOBIYHO HATpeTHIi ra3 U3IyYaeT OTJCNbHbIC CIIEKTPaIbHbIC JUHHUH, a HE CIUIOMHOM cnekTp. Ho mpo-
TSOKEHHBIE TOJILHU T'a3a FEHEPUPYIOT HENPEPBIBHBIN CIEKTP, Kak MokasbiBaeT npumep ComnnHua. OTme-
TUM, YTO TeMIlepaTypa 4E€pHOro Tejla, HarpeToro M3JyuyeHUEeM Bcex 3BE3 BceeneHHOM, paccunThiBa-
J1aCh | 3a10JIT0 J0 3TOr0, MOJy4asssCh IPUMEPHO TOTO ke nopsiaka — okoyio 2 K [133].

Jannas runore3a oO0bICcHIET U QIyKTyallu, HeOOIbIINE HEOAHOPOAHOCTH PEIUKTOBOIO H3ITY-
YEHHUS: B HEKOTOPBIX HANpPaBJICHUSX €0 TeMIIEpaTypa 4yTh BBILIE, a B APYTUX — YyTh HUXKE CPEIHETO
¢oHa. ITO CBSA3aHO C TEM, UYTO B OJIHUX ydyacTKax BceneHHOW KOHIEHTpalus rajakTHK, B CHIIy HX
CIIy4ailHOro pacrpeaeneHus, YyTh BbIIIE CPEAHEH, OTYEro BO3J€ TalaKTHK MEXralaKTHUYEeCKHH ra3s
HarpeT CuibHee. A TaM, Iie CKOIUICHHUS TalaKTHK peke, TeMIepaTrypa HECKOJIbKo Huxke. Tak, B co-
3BE3IUM DpUjaHa ecTh ydacTok Heba (Eridanis Supervoid), mpakTudecku CBOOOIHBINA OT 3BE3[ U ra-
JIAKTHUK, O0JaJar0NIi TeMIIepaTypoil peTMKTOBOro u3iayueHus B cpenneMm Ha 70 MkK MeHbIe cTaH-
naptHoit 2,7 K (xoTss Tunuunable GaykTyuu penukroBoro ¢ona ~18 mkK) [134]. DTo PenukroBoe
Xonoanoe Ilstno (CMB Cold Spot) ectecTBeHHO OOBSCHAETCA TEM, YTO B y4yacTKaxX C Je(UIIUTOM
3BE37 ra3 HarpeT B MeHbinei crenenu [135, A50]. U HanmpoTtuBs, B yuacTkax Heba, Te COCPEAOTOUCHO
MHOT0 TaJJaKTUYECKUX CKOIUIEHUH, TeEMIEpaTypa pelauKkToBoro gona — n3osirounas. Tak, y 1400 cko-
IUIEHUI TaJaKTHK OTKPBITAa M30BITOYHAS TEMIIEpaTypa PEIMKTOBOTO (pOHA, KOTOPYIO OOBSCHHIM CO-
TJIACOBAHHBIM JBMIKEHUEM ITHX CKOIUICHUH («TEMHBIM IOTOKOMY), BeaymuM 1o dddekrty Jlomepa
POCTY YacTOTHI CIIEKTPATHHOIO MAKCUMYyMa M K 3aBBIIICHHOHN OIICHKE TeMIIepPaTypbl MUKPOBOIHOBOTO
¢ona [AS50]. Eciu ke ¢on mpeacraBisieT coboil paBHOBECHOE TEIJIOBOE M3JIyueHHE ra3a, TO eCTeCT-
BEHHO, YTO BO3JIE€ CKOIUICHUI 3TOT ra3 HarpeT CWJIbHEE, COOTBETCTBEHHO, YAaCTOTa CIEKTPAIbHOIO
MakcuMyMa Beile. To ecth duykryanuu ¢oHa — 3TO ciaeAcTBUE (PIyKTyalnuid KOHLEHTPALUU rajiak-
TUK. Bripouem, prykTyanuu manbl, MOCKOJIBKY MIPHU YCPEAHEHUH MO OONBIINM 00bEMaM pacrpesaene-
HUE FaJakTUK IPAKTUYECKH OJHOPOIHOE.

Takxe OTKpBITHI KpyNHOMAacIITaOHble (IyKTyallud, OXBaTbIBAIOLIUE IIUPOKUE YUACTKU Heba u
BBICTPOCHHBIE BJIOJIb JINHUU, HA3BAHHOM «OCBIO 371a» 332 HEBO3MOXKHOCTh OOBSICHUTH €€ B paMKax Teo-
pun bonbmioro B3psiBa. C TOUKM 3peHHs Teopun PuTiia HET «ocH 371a», a €CTh HEOAHOPOAHOCTh B pac-
npeeNieHHH TATaKTUK — B KPYITHOMACIITaOHOH CTPyKType BceneHHOH, MOCKONIbKY CKOIUICHHUS rajlak-
TUK TPYIIUPYIOTCA B «OJIMHB U «BoJIOKHA» [136]. Haxonsck B miuockocTu «OIMHA», «BOJOKHA», B
9TOM TJIOCKOCTH M HAOJIIOMAIOT KOJICOaHUsI KOHIIEHTPAIIMY TATaKTUK U TeMIiepaTyphl (oHa (TPUMEPHO
Tak B ['amakTuke sipKOCTh MEHSETCS BJIOJIb MOJIOCH MIIEYHOTO MyTH). DTa KpyMHOMAacITabHas CTPYK-
Typa M3 MHUPHAJOB raJlakTUK 00pa3yeT CBOET0 pojia «CyMEeprajlakTUKY», «CYNepMIICUHbIN IyTh», BH-
IUMBIN B (hopMe Bapuanuii penukToBoro ¢ona. TeM ke BbI3BaH HEOOJBIION IPaJUEHT TEMIIEPATyPhI

penukToBOro gona. Bnpodewm, rpagueHT TemMrnepaTypbl peIUKTOBOrO (hoHA MOXKET OBITh U KaXKyIIUM-
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Csl, BBI3BAHHBIM CMEIICHUEM CIIEKTPAJIbHOTO MakcumyMa 3a cu€t sddekra Jlomepa npu IBUKEHUN
3emin ¥ ["anakTHKU OTHOCUTEILHO MEXIaJaKTHYECKOro rasa.

B monb3y Toro, 4to MUKpOBOJIHOBOE (DOHOBOE U3TyUYEHHUE MPEACTABIAECT CO0O paBHOBECHOE
U3JTy4YCHUE MEXTaJaKTHYeCKOro ra3a, CBUIETELCTBYET U caabasi moyisipu3anus MUKPOBOIHOBOTO (o-
Ha, XaOTUYECKH MEHSIOMIASACS OT TOYKH K To4Ke. Takas monspu3amnus oObIYHA KaK pa3 MPH PaCcCesTHUU
cBeTa 00JlaKaMU ra3a U MbUIH ¢ HEOJTHOPOHON XaOTHYECKH MEHSIOIICHCS BOJOKHUCTON CTPYKTYPOH,
BeJyIel K COOTBETCTBYIOIIMM KOJIEOAaHUSM HAMpaBiICHHs U BEJTMYMUHBI BEKTOpa MOJSAPU3AINH, apTy-
MEHTHI B [10JIb3Y YETO MPUBOAUT psif aBTOpoB [137, 138]. A B cTaHAapTHONW KOCMOJIOTUYECKOM MOJENIN
TaKy0 aHOMAJIBHYIO TOJISIPU3AINIO0, TPOTHBOPEYAILYIO MOJIEITH MUKPOBOJIHOBOTO (pOHA KaK PEMKTO-
BOT'O M3JIy4YEHHUS, OOBICHIIOT B paMKaX JOMOJHUTEIbHBIX THIIOTE3 00 UCKAXKAIOIIHUX MUKPOBOJIHOBBIN
¢boH rpaBUTAIIMOHHBIX BONHAaX. OJHAKO B JalNbHEHIIEM TEOPETUYECKUN aHAIM3 U W3MEpPEHHas 3aBH-
CHUMOCTb BEJIMYHMHBI (UIYKTyaluil OT JUIMHBI BOJHBI MOATBEPIMIN, YTO (UIYKTYallud MOJSPU3ALUU U
TEMIIepaTyphl PETUKTOBOTO (poHA 00YCIOBIEHBI MMEHHO paccestHMEeM Ha o0Jiakax rasa u mputd [139-
142]. DTO CBUIETEILCTBYET B MOJB3Y TOTO, YTO PEITUKTOBBIN (DOH MPECTABIAECT COOON PaBHOBECHOE
U3TTyYEHUE MEKTAIaKTUYECKOTO Ta3a U MbLIH.

Taxum 06pa3oM, C TOUKH 3peHHs OATUTMCTUYECKOM TEOPHH HET HaJOOHOCTH B runote3e bombimo-
r'o B3pbIBa U pacimpstolieiicss BeeneHHol, a KpacHOe CMEIIEHHE U PEIMKTOBOE M3JIyYeHHE OKa3blBa-
IOTCSl €CTECTBEHHBIM CJIEACTBHEM KJIACCUYECKUX 3aKOHOB MEXAaHUKHM M TEPMOJMHAMUKH, MPEACKa3bl-
Bas MIPaBUJIbHbIE 3HAUEHHUS TOCTOSTHHOM Xa00i1a 1 TeMIiepaTypbl «PEIUKTOBOr0» (oHa.

OaHUM U3 KpUTEPUEB SKCIIEPUMEHTAIBHON MPOBEPKU OAIITUCTHUECKON TEOPUH U poiu dPdekra
Putna B co3maHMu KpacHOTO CMEUICHHS TaJaKTHK MOTJIO Obl CTaTh HENOCPEICTBEHHOE HM3MEpPEHHE
CKOPOCTH MX YJaJIE€HUs, HAPUMEp, 110 CKOPOCTU COKPAILEHUS YIJIOBBIX Pa3MEpOB, WIH MO CKOPOCTU
cnaja ux BUAUMOM sipkocTu. COBpeMEeHHAas TEXHUKAa aCTPOHOMHYECKHMX W3MEpEHUll yKe NOCTUIIIA
TpeOyeMoii Ui 3TOTO TOYHOCTH. [[pyruM MeTOJO0M MPOBEPKH MOTJIO ObI CTaTh U3MEPEHUE CKOPOCTH
pocTa KpacHOrO0 CMEUICHMs Z 110 MEpe yJaJeHUsl TaJIaKTUKH, IPOUCXOIALIEE B CIy4yae, €ClIu KPacHOe
CMeIlleHNEe BbI3BaHO ynaieHneM. COBpeMEeHHas CIIEKTPOCKOMUS | Jla3epHash (PU3MKa JEeNarloT NoJ00H0e
MPELHU3UOHHOE U3MEPEHNE HUYTOXKHBIX BapHalMil 4aCTOThI, COOTBETCTBYIOIIEE TOUHOCTH U3MEPEHUs
CKOpOCTH ~1 cMm/c, BIOJNIHE peann3yeMbIM, YTO MPEANaraloT MCMHOIb30BaTh IS MPSIMOTrO U3MEPEHUs
yCKOpeHus pacmupenust Beenennoii mo aperidy mydesoit ckopoctu [143, 144]. Kpome Toro, coriacHo
OaJTMCTUYECKON TEOPHH, OOHAPYKUTCS 3aMETHOE Pa3IniyMe BEIMYMHBI KPACHBIX CMEIIEHUN B Pa3HbIX
y4acTKax OJHOMW TraJlakKTHKH, U ené 0ojee 3aMEeTHOE — B BEJIMYMHAX KPACHBIX CMEIIEHHUI TallaKTUK,
0o0pa3yronmx CBsi3aHHbIE Mapbl. TakuM 00pa3oM, METOABI COBPEMEHHOW BHETallaKTUYECKOM acTPOHO-

MHH OTKPBIBAIOT Psii BO3MOXXHOCTEH MPOBEPKH OaTMCTHUECKOM Teopun U 3dpdexra Putia.
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§ 1.3. ¢pgpekm abeppayuu 36630H020 ceema u e2o aHoMaJsluu

DddekT abepparuy 3BE3MHOTO CBETAa COCTOUT B OTKJIOHCHHH JIyYel CBETa M CMEIICHUW BUJIH-
MBIX TOJOXEHHUI 3BE3]] Ha HEOOCBO/E B XOA€ OPOUTAIBLHOTO NBMKEHUS 3eMiIn. D(PPeKT ObLT OTKPHIT
JIx. bpanneem B 1727 r. [38, 145] 1 ucToNKOBAaH UM O KOPITYCKYJISIPHOW TEOPUM CBETA KaK CIEACT-
BHE€ OTHOCUTEJILHOTO JBM)KEHUSI CBETA, TAK UTO HA OTHOCUTEJIbHYIO CKOPOCTh CBETA BIIUSET ABM)KCHUE
3emmn. Ha 3emute, netsiieit mo opOuUTe co CKOPOCThIO V, BEPTUKAILHO TAJArOIIUE JIyYd CBETa, JBU-
KYIIUECs, TOJOOHO MOTOKaM KOPITYCKYJI CO CKOPOCTBIO ¢, IOJKHBI, COTTIACHO MpaBUJIaM KUHEMATHUKH,
OTKJIOHATBHCS Ha yroJ o = V/c, aHaJOTMYHO MOTOKAaM OTBECHO MaJAOLINX KaIlesb JOX/s, BOCTIPHHU-
MaeMbIM OETYIINM YeJIOBEKOM KaK Hayeraromue crepean. @akTnyeckn HaOII0IaeTCsl CII0KEHUE BEK-
TOPOB OTHOCHUTEIIBHOW CKOPOCTH 3B€3/1bl V' 1 CKOpOCTH €€ cBeTa ¢ 1o 3aKkoHy (1).

DddexT 3BE3aHON abeppanuu U onbIT MaiikenbcoHa, Mo CyTH, MOATBEPIUIN, YTO CKOPOCTH UC-
TOYHUKA V BJIMSET HAa CKOPOCTh ¢ HciyiieHHoro uM ceera. Ho B pamkax CTO cuuranocs, 4To cKo-
POCTb UCTOYHHKA BIIMSET JIUIIb HA HAIPaBJICHUE CKOPOCTH UCIYLIEHHOIO UM CBETA, HO HE MEHSET €&
BennunHy. To ecTh, B peATUBUCTCKON KMHEMaTHKE UMEET MECTO MapaJoKcallbHas CUTYyallusl, Korjaa K
CKOPOCTH CBETa J100aBIIIeTCs MONepeyHasi COCTaBISIoNasi CKOPOCTH V (MEHSIOIIasi HanmpaBiIeHHE CKO-
poctu cBeTa ¢'), HO He J00aBIsIeTCs MPOI0JIbHAS, MEHSIOIIAs BEIMYUHY €'

I'. IuHr1 mpeuiokKiT UCIoib30BaTh dG(deKT 3BE3MHON abeppaliuu IS MPOBEPKH OaUTHCTHIC-
CKOHM TUIOTe3bl O BJIMSHUU MCTOYHHMKA HAa BEJIMYMHY CKOPOCTH cBeTa [12], myTéM cpaBHEHUS yrua
abeppanuu o, 3BE3/1 Hamiei [amakTuKu, U3ITyqaroIuX CBET CO CKOPOCThIO ¢’ = ¢, U yria abepparuu o’
TATaKTUK (yJAISIOMIUXCS, €CIIH CYIUTh 10 KPACHOMY CMEIIEHHUI0, CO CKOpOCThIO Uy ~ 0,1¢, T.€. ucmyc-
KaIOIINX CBET CO CKOPOCTBIO ¢ — Uy). YTON aleppanuy paBeH OTHOUICHHIO OPOUTATLHOHW CKOPOCTH
3emiu V' k ckopocTH cBeTa ¢’ oT uctoyHuka. CoriaacHo 0aIMCTUYECKOM TEOPUH, YTIIbI

a'=Vl(c—v)yna=Vc
pasnmuyanuck 061, a B pamkax CTO — coBnananu Obl. HabmoneHus mokasand, 4To yriibl abepparuu
3BE3/] M TAIAKTUK paBHbI [ 147], 4To cownn apryMeHToM NpoTuB Teopun Putua [6, 145]. Ho, kak oTme-
yan caMm Jlunrn [146] u aBropsl HabmoaeHuit [147], BBIBOA cripaBeUIUB JUIIb B ClIy4ae, €CJIU KPacHOe
CMEIllEHHE TaJaKTHK BbI3BAHO MX yhaneHueM. A »(dext Putia, kak nokasano B § 1.2, oObsicHsieT
KpacHO€ cMellleHue 0e3 TUIIOTE3bl O TUTAaHTCKUX CKOPOCTSIX T'ajJaKTUK, MPOTHUBOPEYALUX U PSAAY ApY-
rux Habmonenuit [110, c. 9]. To ects, npu v, << ¢, yIIbl o' ¥ 0 COBMATYT.

Bnpouewm, naxxe B ciiydae yJganeHus TajJakTHK co ckopocTsaMu U, ~ 0,1c, uX cBeT, mocie nepens-
Jy4yeHHUs] MeX3BE3IHBIM Ta30M B Haiel ["anakTuke, BoccTaHaBiIMBaI Obl HOMUHAIBHYIO CKOPOCTh C, U
BOCIPUHUMAJICS OBl TIOJ TeM kK€ abeppallMOHHBIM yrioM o. Kpome Toro, cBeT 3BE3] U TalakTUK B
ConHeuyHOM cucTeMe NMPOXOAUT CKBO3b IOTOKHU IIA3MBbI (conneunwlil gemep), pacxonsamuecs ot ComH-
11a CO CKOPOCTHIO U, ~ 500 km/c. 3a cuéT mepenusnydeHus MOJIBIKHOM MIa3MOM, CKOPOCTh CBETA, MPHU-

XOASAIIEro K 3emiie, CHUXKAETCS 10 3HAYEHUd ¢ — U,.. B uTOre BelIMuMHa CKOPOCTU CBETA C — Uy, HaW-
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JIeHHass TI0 U3MEpPEeHHOMY yriy abeppauuu o' = V/(c — v,), moaydnutcss Ha BenuuuHy U, ~ 500 xm/c
MEHBIIIE 3HAUE€HUSI CKOPOCTH CBETA ¢, U3MEPEHHOTO MPSMbIM METOJOM B 3€MHBIX yCIIOBUSX.

JleiicTBUTENBHO, ACTPOHOMUYECKHE METOJbI U3MEPEHUS CKOPOCTU CBeTa (M0 abeppaliOHHOMY
YI71y) JAI0T CHCTEMATHYECKH MCHBIIICE 3HAUYCHHE, YeM BenndrHa ¢ = 3-10° M/c, m3MepeHHas B BaKyyMe
B 3eMHBIX J1abopaTopusix [148, c. 209] (x0T KOCMUYECKUI BaKyyM Jaxke 0oyiee BBICOKUH, YeM TOCTH-
KUMBII B 3eMHBIX YCJIOBHUSX, 1 CKOPOCTh CBeTa TaM Obuia Obl BbIe). COOTBETCTBEHHO, U3MEPEHHOE
3HaueHue abeppanroHHoro yraa o' = V/(c — v,) noiry4aercss CUCTEMaTUYECKU OOJIbIIIe TEOPETUIECKOTO
3HaYCHUs abeppalrmoHHOro yria o = V/c. DToT (hakT, 1oaroe BpeMs Ka3aBIIUics 3aragodnbm [ 148], B
OaITMCTUYECKOM TeOpHUU CBETa MOJTYYWI €CTECTBEHHOE O0BSICHEHHE.

OTMETHM, YTO CIIOKEHHE CKOPOCTH CBETa CO CKOPOCTBHIO MOTOKOB ILIA3MBI, BBIOPACHIBAEMBIX
Conanem, kak npenmnonioxun B.M. Cekepun [149], oOBsCHSET U pelKre aHOMAaTIbHBIC BBEIOPOCH B
onbiTe boH4-bpyeBruua no U3MepeHnIo0 CKOPOCTH CBeTa OT ABMXKyIuxcsa kpaéB Connna [27]. Otaens-
HBIE 3aMephl MOKA3bIBAIM 3HAYEHUSI CKOPOCTU CBETa 3aMETHO BhIIIE c. JleMcTBUTEIHHO, HECMOTPS Ha
TO, YTO CBET IPOXOJWJ Yepe3 3eMHYyI0 atMochepy, d3PPeKT nepensayyeHus A HEero OKas3bIBaeTcs
MaJji, eClid CKOPOCTh U MCTOYHHWKA (TU1a3Mbl) BelMka W HampasieHa K 3emue (§ 1.1), yto ocoGeHHO
JIOJDKHO TIPOSIBUTHCS I SMUCCHOHHBIX THHHH (§ 2.2). B Takux cimydasx atMocepa He yCreBaeT Imo-
racuTh U30BITOK U CKOPOCTH CBETA, U 3TOT U30BITOK MOXKET OBITh HEMOCPEACTBEHHO OOHAPYKEH.

TakuMm o0pazom, pe3yibTaThl aHaIM3a adeppalui CBeTa BHE3EMHBIX HCTOUHUKOB HE ITPOTUBOPE-
yaT OaTMCTUYECKON Teopuu. Takke BO3ZMOXKEH MPSIMOW SKCIEPUMEHT IO HCCIEIOBAHUIO BIHUSHUIO
ckopoctH v mnaHet ConneyHol cucteMbl Wi AMC Ha BenmnuuHy abeppalniMOHHOTO YTia UAYIIETO OT
HUX CBETA WIN PaJMOU3IyUYeHUs B 00JIaCTH, TJIe MEXKIUIAHETHAs Cpe/la MPAKTUYECKU HE Mepen3nydacT
cBeT. Biusiaue ckopoctu v, ~ 10 KM/c IPOSBUTCSA B U3MEHEHUH yTia 0L HA BEIUYUHY

Ao=a'—a = Vv’ =0,0007".
Takyro BenuuuHy Ao JIerko 3adUKCHPOBATh PAIUOMHTEPHEPOMETPOM CO CBEPXUTMHHOM 0a3oit
(PCAb). T.e. usmepenue o UMeeT CMbICT TPOBOAUTH 11 AMC, MOCHUIAIONIUX PaJUOCUTHAIIBI, WIIN

Ui maHeT — Mepkypust, Benepsl, FOnurepa, ”HTEHCUBHO M3Tydarolux B paauoauanasone [150].

§ 1.4. AHomanuu ak3onsaHem Kak csiedcmeue eapuayuli ckopocmu ceema

Dddext Bappa, paccmorpennsiii B § 1.1, mpeacTaBisiet Il COBPEMEHHOH acCTPOHOMHH 0COOYIO
aKTyaJIbHOCTb, TI03BOJISIE OOBSICHUTD PSAJl AHOMAJIMK 3K30IUIAaHET, KOTOpPhIE HE yAajJoch OOBSICHUTH B
paMKax COBPEMEHHOUW acTpOoPHU3MKU M KOCMOTOHUU IJIAHETHBIX CHCTeM. B "acTHOCTH, y psaa 3K30-
IUTAHET OTKPBITBI aHOMAJIBHO BBICOKHE OpPOUTANIbHBIE SKCIEHTPHUCHUTETHI, JOCTUTAIOIINE 3HAYCHUU
e=0,3-0,97. Takue 3KCUEHTPUCUTETHI, BO-MIEPBBIX, HE TUMUYHBI [JIs TIaHEeT CONHEYHOW CHUCTEMBI
(TIme MakcUMaIbHBIM dKCIIeHTpUcUTeTOM e = 0,25 obmamaet [1myToH, BBHAY 9TOTO U MaJIO MacChl UC-

K1r0u€HHBIA coBeToM MAC m3 uncia l'IJ'IaHeT), BO-BTOPBIX, ITPOTHUBOPEYAT KOCMOTOHUYCCKHUM TCOPUAM
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dbopMHUpPOBaHMSI TUIAHET U3 Ta30MbBLJIEBOTO MPOTOIJIAHETHOTO obnaka (eunomesa LlImuoma). Beicokue
9KCUEHTPUCUTETHI YaCTO HAOIIOAAI0TCS Y KOPOTKONEPUOINYECKHUX K30IUIAHET OYEeHb OJIM3KHUX K pO-
JUTEIbCKON 3BE3/€, TO €CTh B TOW 00JaCTH, Iie MPUWINBHBIE 3()(PEKThI, «CKPYIIIAIOLINE» OPOUTHI, HC-
KJIIOYAIOT CYIIECTBOBAHUE TUIAHET C BHICOKMMH OpPOUTAIBLHBIMH AKCIEHTpUcHuTeTaMu. [lockonbky ae-
MEHTBI OPOUT IJIaHET U3MEPSIIOT HE HAIPSIMYIO, @ IO KPUBBIM JIyUYEBBIX CKOPOCTEH 3BE3/1, TBUKYIIUX-
Cs1 BO3JI€ IIEHTPA Macc MO/ BIMSHUEM TATOTEHUS IUIAHET, TO €CTECTBEHHO IPUHATbH, YTO HAOII01aeMble
BBICOKHE HKCIIEHTPUCUTETHI TOXKE SIBJIIOTCS MHUMBIMH, BBHJLy UCKa)KEHUS IT'PaHUKOB JIyUEBBIX CKOPO-
cteii apdexToM bappa, Kak B cirydae ABOHHBIX 3BE3I.

B gactHOCcTH, ms uraner WASP-18b 1 WASP-33b, obnagarommx npeaenbHO KOPOTKHUMH Op-
OuTanbHBIMU NeproaaMu P ~ 1 CyT U pacloioKEHHBIMH CTOJIb OJIM3KO K POAUTENIBCKUM 3BE3AaM, YTO
Jla’ke HEe3HAUUTENIbHbIE SKCLEHTPUCUTETBI JJIi HUX UCKIIFOUEHBI, IPENOIaratoT, YTO KPUBBIE JTyUeBbIX
CKOpOCTEeM 3TuX cucrtem, coorBercTBytomue sxkcuentpucureram 0,01 u 0,174,— nelcTBUTENHHO HCKa-
JKEHBI, HarpuMep NpuiuBHBIMA dddekxtamu [62]. Tlo cytn, misi 00bICHEHUS aHOMAIUHA ACTPOHOMBI
BHOBB oOpaTmiuch K 1°-it runore3e bappa. He ocranaBnmBasick moBTOpHO Ha €€ HEMOYETaX, OTMETUM,
YTO 3TU UCKAXKEHUS €CTECTBEHHO CIEYIOT U3 OaJIMCTUYECKON TeOpUH, MOCKOJIbKY MOIyaMILTUTYAA
JTy4eBOM CKOPOCTH B 3TUX cucTeMax K ~ 1 km/c, a pacctosiHus » ~ 300 CB. JIeT, TO3TOMY MHUMBIE SKC-
LEHTPUCUTETH MOTYT COCTABHTH ¢’ = mrK/Pc” ~ 1. TakuM 06pa3oM, 1ae eCili MPOUCXOINT CHIKCHHUE
3 PEeKTHBHOTO MyTH / B IECATKH pa3 1o cpaBHeHuto ¢ r (k = [/r ~0,01-0,1), MOXHO OXHIATh MMOSBIIC-
HUS MHHUMOTO JKCIIEHTpUCUTETA e’ = an/Pczzner/Pcz~0,01—0,1, yTo W Habmomaercs. [Ipuuém
rpagukam nyuyeBbix ckopocteit WASP-18b u WASP-33b cooTBeTcTBYeT nonrora nepuactpa o = 90°,
B cornacuu ¢ 1°-piM kputepuem u3 § 1.1. IlpunuBHOe HcKaxkeHHe co3a0 Obl O0Jee CI0KHYIO KapTh-
HYy C UHBIM 3HaueHHeM ©. Emé 3ameTHel Oyner nckaxeHue A HeJaBHO OTKPBITOM TPAaH3UTHOM 3K30-
miaHeTsl KOI-889 b, pacnonoxxennoi Ha paccrosiuuu 7 ~ 3000 c¢B. yet, obnagaromieii opOUTaILHBIM
nepuogoM P ~9 cyT u momyammiauTynou nydeBod ckopoctu K~ 1,3 km/c [151, A2], oTkyna
e'=mrK/Pc*~ 15. To ecTh, naxe Npy CHWKEHHH S((PEKTHBHOrO paccTOSHWs [ B TPHALATH Pa3 IO
cpaBaeruio ¢ ([ ~ 100 cB. netr u k = I/r ~ 0,03), MHUMBIH SKCIICHTPUCUTET MOXET COCTABUThH HAOJIO-
naemyro BenmuuHy e’ = 0,57, KoTopas NpeaCcTaBIsieTCd aHOMAJIBHO BBICOKOW [JIsl TIJIAHETHI CO CTOJb
MaJIbIM MEPHOAOM U paguycoM opOuTsl. Ilo3TOMy B JaHHOM ciyyae, BEpOSTHO, TOKE HAOIOAAeTCs
uckaxénnas 3¢pdexrom bappa kpuBas nmydeBbIX CKOpOCTel, 0 U€M CBUAETEIBLCTBYET U3MEPEHHAs! 110

rpaduxy V,'(f) nonrora nepuactpa ® ~ 63°, cCONocTaBUMas C TEOPETHUECKUM 3HaUCHHEM ® ~ 90°.
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Puc. 1.13. Pacnpenenenue 3k30IU1aHET O JOATOTaM IEepPHACTpA.

JleficTBUTENBHO, €CIIM BBICOKHE IKCIEHTPUCUTETHI HK30IJIaHET — MHUMbIE, a HE UCTUHHBIE, TO-
I71a, COrJIacHoO 1°-My KpHUTEpHIO, TOJDKHO HAOII0AAaThCS HEOJHOPOIHOE pacIpeesieHue UX pacuETHBIX
opOuT Mo nonrotam nepuactpa N(w), ¢ 3aMeTHBIM npeodaganueM opout B nuamnazone 0° < o < 180° u
ocoOeHHO Tpu ® = 90°. DTO JIETKO MPOBEPUTH 1O COBPEMEHHBIM 0a3aM JaHHBIX 3K30IUIAHETHBIX MMapa-
MeTpoB. Tak, pecypc [152] Briarouaer xapaktepuctuku 6onee 700 3K30MIaHET ¢ U3MEPEHHBIMH OpOH-
TaJIbHBIMU 3JIEMEHTaMU M YAOOHBIM nHTepdeiic Uit mocTpoeHus Tabaull U JuarpaMM. [ ucrorpamma
N(w), mocTpoeHHass Ha €€ OCHOBE, NEHCTBUTEILHO, COACPKUT SPKO BBIPAKECHHBI MAKCUMYM IIPH
®=90° (Puc. 1.13), 9T0 COOTBETCTBYET MpECKA3aHUIO OALTUCTUYECKON TEOPUH U 1°-My KpUTEpHIO
a¢ddexra bappa. OgHako 5TU JaHHBIE COIEPIKAT BBHICOKUI MPOIEHT 3K30IUIAHET, BBISIBICHHBIX METO-
JIOM TPAaH3UTOB, I KOTOPHIX M3MEPEHHAas BENMYKMHA ecos® ~ () He Bceraa CBHUICTENLCTBYET O 3HAYEHUU

® =~ 90°, HO MOXKET OBITh CJIEACTBHEM MAJIOCTH SKCLEHTpUcuTeTa e << 1.
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Puc. 1.14. Tnarpammer M) sk30tuianet [ 152] aist pasHbIx guana3oHoB K/P:
a) KIP<3 (m/c)leyr, N=330,1+3N"*=1,17,R=0,83;

6) KIP>3 (m/c)leyr, N=39, 1 + 3N =148, R=1,78;

6) KIP>5 (wc)lcyr, N=28, 1 + 3N *=1,57, R=2,5;

2) K/P> 12 (wc)lcyr, N=20, 1 + 3N = 1,67, R=3,0.
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TTosToMy 6GOJTee HAEKHOI PEACTABISCTCS IPOBEPKA T10 2°-My KPHTEPHIO, KOTOpBIA rpu e’ = 1rK/Pc”
BBISIBJIAET HEOTHOPOJHOCTh pactpesieieHns N(®) JuIlb py 3HaueHUH K/P Bblllle KpUTHUECKOTO, TO €CTh
y IJIaHET C KpaTyalIlIuMu epruoAaaMy P 1 HauBBICIIUMU OpOUTAIBHBIMU CKOPOCTIMHU K, 00s1aaromux
TaK)K€ MMUHHUMAaJbHBIMU MUCTHMHHBIMHM JKCLEHTpUCHUTETaMH e. /I CTaTUCTUYECKOrO aHalIHu3a CIEAyeT
0TOOpaTh UCKIIOYUTENIBHO IUJIAHETHI, BBISIBJICHHBIE METOJIOM JYUYEBBIX CKOpPOCTEH, C 3KCIIEHTPUCHUTE-
ToM e > 0,01 (1 ToYHOTO OMpeeNeH s JOATOTH epracTpa ®). [10M00HBIM CTaTHCTHYECKUI aHATN3,
IPOBOJUMBIN B Pa3HbIX JHanazoHax napamerpa K/P, NefiCTBUTENbHO, BBISIBIII XapaKTEPHYIO KpUTHYE-
ckyto Bennuuny K/P ~ 3 (M/c)/cyT, BbIlIe U HUXKE KOTOPOH pacrpeneneHust N(®) CyIecTBEHHO pas-
usarcs (Puc. 1.14). Ecmu s K/P < 3 (M/c)/cyTt pacnpeneneane N(®) — CTaTUCTHYECKU OJHOPOAHOE (B
npeaenax TpéX CTaHAapTHBIX omuook 36), To st K/P > 3 (M/c)/cyT pacnpenenenue N(w) CTAHOBUTCS
HEOJTHOPOJHBIM, C 3aMeTHBIM mnpeodnananuemM opout ¢ 0° << 180° (R > 1). Taxxe mepuacTpbl Ha-
YHHAIOT KOHIEHTPUPOBATHCA BO37€ 3HAaYeHUS ® = 180°, 4TO MOXKET OBITH CIIECTBUEM HCKAKCHUS
rpaduka MHUMBIX JIy4eBbIX ckopocted mo s¢dexty Purna (Puc. 1.10). Ho, xak ormeueno B § 1.2,
MaKCHUMaJIbHas BEJIMYMHA MHUMBIX SKCIEHTPUCUTETOB st ® = 180° orpannyena 3HaueHuem e’ ~ 0,5.
Bonee BbicOKHE SKCHEHTPUCUTETHI B 001acTh ® ~ 180° 00yCIOBIEHBI TEM, UTO JIa)Ke B OTCYTCTBHUE HC-
KaXeHUH HaOII0JaeTcsi KpuBasi MHUMBIX JIyYEBBIX CKOPOCTEH, a MCTUHHBIC HKCIICHTPHCUTETHI B J[BA
pasa MeHbIle pacyeTHrIX (cM. § 1.5).

CreneHp acHMMETPUM R CTPEMUTENIHHO HapacTaeT mo mepe pocta K/P, W KOJIMYECTBO OpOWT,
«BBITSIHYTBIX» B CTOPOHY 3€MJIM, B TpU U OoJiee pa3 MPEBOCXOAUT KOJIUYECTBO OPOUT, BBITSHYTHIX B
o0paTHy10 cTOpoHy (R > 3). JlaHHOe OoTHOLIEHHE R HAMHOT'O IPEBBIIIAET BO3MOKHbIE CTATUCTUYECKUE
OLIMOKH U BEPOSTHBIC (DIYKTyallud M HE MOXET OTpa)kaTh PEaIbHOTO pacIpenesieHUs] OpOUT IJIaHeT
10 HampasJeHUsM. ToO ecTb, aHOMAJIMU OPOUT IK3OIUIAHET yIOBIETBOPSIOT 2°-My kputepuio (§ 1.1),
YTO JI0Ka3bIBAET, YTO HAOIIONAIOTCS UCKAKEHHBIE KPUBBIE JIy4EBBIX CKOPOCTEH.

Otmertum, yTo KpuTHUYeckuid mapamerp K/P =3 (M/c)/cyT Ui SK30IUIaHET B ThICAYY pa3 HUXKE,
yeM aHaloru4Hblil napamerp K/P =3 (km/c)/cyT ains 3BE34. ICTUHHBIN SKCIIEHTPUCUTET, KaK OTMEYe-
HO, PacT€T NpH yBEJIMYECHUU mnepuoaa Py 3BE31 u sk301u1aHeT. [loaToMy paszHHIla UX KPUTHUECKUX
K/P BbI3BaHa T€M, UTO MPH TOM K€ Nepuosie P 1 paaumyce opOUTHl aMILIUTY/1a JTy4eBOW CKOpoCcTH K
3BE3/1bl 3aMETHO HUXKE B ClIydae HK30IUIAHET, YeM B Cllyyae JBOMHBIX 3BE31. JleHCTBUTENBHO, MACCh
HK30IUIAaHET B THICSIUM pa3 HMXKE Macchl 3BE31. IIponopruonanbHo crnabee W MX BO3MYINAIOIIEE BO3-
neiicrue. [TosTomy mpu ToM ke mapamerpe K/P 1 TOM e MHUMOM 3KCLIEHTPUCHUTETE e, y dK30I1Ia-
HET NepuoA P 1 UCTUHHBINA SKCLHEHTPUCUTET e OyleT 3aMETHO MEHbIIE, YeM Yy 3BE34. DTO U MO3BOJISET
MHHMOMY 3KCIIEHTPUCUTETY IMPOSBUTHCS HA (POHE MCTUHHOTO SKCLUEHTPUCHUTETAa MPU THICSYEKPATHO
MEHBIIUX 3HAYCHUAX K/P y 5K30IUIaHET, 4YeM y JBOWHBIX 3BE3.

Ecmu moctpouts pacripenenenust N(®) Ui pa3HBIX napaMeTpoB 7K/P, yuTs U pacCTOSIHUSA 7 9K-

IJIAHET, TO aCUMMETPHSI R 1 KT BBIPACTYT. Th TOATBEPAMICS 3°-M KpUTEPHI, TOBO-
30IIaHET, TO ac e R n sdpdexr bappa ac To ec OJITBE csa 3° epHii, TOBO
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psammii o 3aBucuMoctd 3ddexra bappa oT paccTosHUS, XOTS 3Ta 3aBUCUMOCTH MCHEE SIBHAs, BBHILY
NepenusNIydeHus, U3-3a KOTOporo npu pocrte r 3¢G(deKTUuBHAsT TUCTAHIMS HapacTaeT BCE MeAJieHHEH,
JOCTUTAs BEIMYUHBI /. Y CIIOBHE MPOSIBICHUS MHUMOTO SKCIICHTPUCUTETA UMEET BUI:

e'=mrK/Pc* ~0,1—1. (1.28)
JITst 9K30IUTAHET, Y KOTOPBIX yciaoBue 7rK/Pc® ~ 1 BBITIOMHSETCS, MOKHO TIPEJIONAraTh, 4T0 H30bI-
TOYHBIN SKCLIEHTPUCUTET — MHUMBII U BBI3BaH UCKAKEHUEM TPaUKOB JIyUEBBIX CKOPOCTEH.

Kpome Toro, 3°-i1 kpuTepuii y10BIETBOPSIETCS, TOCKOIbKY MHUMBIE U U30BITOUHBIE SKCIIEHTPH-
CUTETHI, TaK ke Kak dpdext bappa, HaOMo1aI0TCS B OCHOBHOM JJISl 9K30IUTAHET B 3BE3/IHBIX CHCTEMAX
C JIy4eBOM CKOpPOCTbHIO LIeHTpa Macc V< 0, MOCKONbKY /JIsl HUX NEPEU3yueHHe B OCHOBHOM OTCYTCT-
ByeT (k=1). Tak, B pacCMOTPEHHBIX BBIIIE€ CIIy4asX AHOMAJIbHO BBICOKHUX JKCIEHTPUCUTETOB Y
WASP-33b ckopocts nentpa mace Vo= -6 km/c, y KOI-889 b — V= -60 km/c [151]. Torna kak y cuc-
TEM C TOJIOKUTEIBHOM JTy4yeBOU CKOpocTbio Vo> 0 addext bappa u u30bITOUHBIE SKCIEHTPUCUTETHI
MaJibl, JITOO OTCYTCTBYIOT, BBHYy OBICTPOTO TIEpEU3ITydeHHs CBeTa B MEXK3BE3AHOM ra3e. Hanpumep, y
WASP-18b npu V= 3 km/c nmepensnydeHnue T0KHO ObITh 3G (HeKTUBHBIM (k << 1), oTuero mai u30bI-
TOUHBIN 3KcHeHTpUcUTET e = 0,01, 4TO MpU MHUMOM SKCLIEHTPUCHUTETE e'= | TOBOPUT O BENUUHHE k =
l/r=10,01. ITpu nucraniuu 38e3161 7 = 326 CB. JIET 3TO COOTBETCTBYET JJMHE NepeusnyueHus / = 4 cB.
roJia, 9T0 COOTHOCHTCS ¢ oreHKoi Dokca [25]. ¥ mnanerst KOI-200 b ckopocts menTpa macc Vo= 19
kM/c [151], oTuero mepensmydeHue BEIUKO, U HAOIIOAaeMbIi SKCcIieHTpucuTeT e = 0,29, BUANMO, Hc-
THHHBIN: OH OJIM30K K dKCIEHTpucuTeTy Mepkypus e = 0,2.

Takxke OTKPBITHI aHOMABHBIE IK30IUIAHETHI, YIOBIETBOpPSIONINe 6°-My KpuTeputo. Tak, y 9K30-
IUTAHEeTHl V AHJpoMensl b ¢ opOuTanbHBIM TieprogoM P = 4,6 CyTOK, HA OCHOBaHHH OPOUTAIBHBIX
AJIEMEHTOB, U3MEPEHHBIX CIIEKTPAIbHBIM METOJIOM, MPEACKa3alIl MAaKCUMHU3alUI0 OJiecKa IK30IIaHe-
ThI, IPU U3MEHEHUH pa3Mepa BUAUMOM OCBEIEHHON YacTH B X0J1e OpOUTAIILHOTO IBHXKEHUS, B ¢a3ze 0,
KOTI'Jla JIy4deBasi CKOPOCTh 3BE3/Ibl paBHA HYJIO. PeabHO ke hoToMeTpUYecKrue U3MEPEeHHs TEIeCcKomna
«CrnuTrep» mokazaid, YT0 MaKCUMyM Oliecka (PUKCUPYIOT HA Y€TBEPTh MEPUOAA PAHBIIEC — MIPH MH-
HUMYME JIy4eBOM CKOPOCTHU 3Be3[lbl (M MaKCUMyMe JIy4eBoW ckopocTu miaHeTsl) [153]. Oto unrep-
NPETUPYIOT KaK HaJN4Ke Ha MJIaHETe rOpsSYero pKoro msITHa, CMEUIEHHOTO OT MOJA3BE3AHON TOUKU Ha
90°. TTono6HbIl 3hdexT KonedbaHuit IPKOCTU CO CABUIOM MO (a3e 3a CUET CBETJIOTO MATHA OTKPHIT,
Hanpumep, y ciyTHuka CatypHa — Snera [154, c. 168], HO HanM4Ke HENOABUKHBIX SIPKUX ISTEH CO-
MHUTEIIBHO ISl TA30BBIX IJIAHET-TUTAHTOB, K KOTOPBIM OTHOCHUTCS V AHApomensl b. [Toatom koneba-
HUs OJe€CKa MOTYT OBITh BBI3BaHBI HE M3MEHEHHEM (ha3bl U BUIUMOM TIJIOMIAIH OCBEIIEHHON (IHEBHOM)
CTOPOHBI V AHIpOMeEBI b, a KoneGaHUsIMU BUAUMOM ApKOCTH [’ camoit 3Be311bl V AHAPOMENBI 10 3¢-
dexry Putna (1.17) mox BIusSHUEM yCKOpPEHUS @), COO0IIaeMoro rmianetoi — 3se3ne [A49]. Tak xe u
CABUT JIMHUK V AHAPOME]IBI, BUIMMO, BBI3BaH B OCHOBHOM 3(dexTom Purnia, a He J{omutepa, u Hadro0-

o sk
JAeTCsl KpUBasi MHUMBIX JTy4eBBIX CKOpocTe V. ().
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VIMEHHO TP TAKOM YCIOBHH CIICKTPOCKOIMYECKast KpuBasi V. (f) cIBHHYTa mo (pase OTHOCH-
TEIBLHO TeopeTudeckoil V,(f) Ha 3Hadenume ¢ = arctg(2m//Pc)=mn/2. IlockonbKy W3MEpEHHBIE CIEK-
TpaJIbHBIC CMEIIEHHS 3BE3/IbI COOTBETCTBYIOT KoebanHusM a, u V, = la,/c, a He pealbHOil cKOpocTH V.,
TO UCTHHHASI OpOUTANIbHASL CKOPOCTh V' MOXeT ObITh 3ameTHO Hike (Puc. 1.9). B utore, MHOrO MeHbB-
II€ ¥ Macca IUIaHEThl, BbI3bIBAIOLIEH BO3MYIIIEHUS, KOJIeOaHUs 3B€3/1bl BO3J€ IIeHTpa Macc. TakuMm 00-
pa3oM, aHOMaJIbHbIE HK30IUIAHETHl MOTYT OKa3aTbCsl HE ra30BbIMHA TMIAHTAMM, a IUIAHETAMM THIIA
Mepkypus wiu acrepousiaMmu, Kotopbie B CONHEUHOM CHUCTeMe, B OTJIIMYKE OT IUIaHET, 4acTo o0saja-
IOT CUJIBHO 3KCIICHTPUYHBIMU OPOUTaMHU C MEPHOJOM B HECKOJBKO CYTOK (ISl TAKUX MaJbIX IJIAHET
3 PEeKT MPUIMBHOTO CKPYTJIEHUS OPOUT OTCYTCTBYET, T.K. M3-3a MaJIOW MacChl OHHM IOYTH HE BBI3bI-
BalOT MPWIMBOB B aTMOcdepe poauTenbckoi 3Be3/nl). [lockonbky B maHHOM cirydae 3ddext Putia
BEJIHMK, TO U KonebaHus sipkoctu ', BOoOIIe TOBOPSI, MOTYT OBITh BBI3BaHbI HE H3MEHEHHEM (ha3bl IIa-
HETBHI, a BapuausMu sipkocTtH 1o 3¢ dekry Purna [Al, A2, A43, A49].

Pan cratucTUyecKUX 10Ka3aTeIbCTB TOTO, YTO Y «TOPSYUX FOMUTEPOB) CIIEKTpPaIbHbIE CMEIle-
HUs BbI3BaHbI He 3¢ dexTom [Jorutepa, a apdexkrom Purina, mpeodpasyronum pacuéTHBIE 3JIEMEHTHI
opour, npusén corpynnuk 'TANII npop. MI'Y B.P. Mymaunos u B.C. Terunmukas [13, 14]. Ilo-
CKOJIBKY aMIUTUTY/Aa KoJeOaHi CIIEKTPaIbHBIX JTUHUN U PACYETHON CKOPOCTH v, =ralc [IPOIOPLIKO-
HaJIbHA PAaCCTOSIHUIO 7, TO OOHAPY>KEHUE MJIAHET METOJIOM JIYUYEBBIX CKOPOCTEH yIpoLIlaeTcs IpU yBe-
JTUYCHUH UX JUCTAHIINH ¥, B COTJIACHH CO CTATUCTUKOMN OTKPBITHIX dk301utaHeT [13]. b.P. Mymaunos u
B.C. Tenunuukasi npeyioKuId MPOBEPUTh TO, COMOCTABUB MapaMeTPhbl U 3JIEMEHThI OpOUT HK30ILIa-
HET, ONpe/IeIEHHBIE Pa3HBIMU METOAaMu. B 4acTHOCTH, €CiM y TUIaHET, OTKPBITBIX TPAH3UTHBIM METO-
JIOM, M3BECTHA KpHUBAs JYYEBBIX CKOPOCTEH, TO MpHU €€ MCKAKEHUHM HAOII0aeMble MOMEHTHI, (a3bl
TpaH3WUTa HE COBMAAYT C OXKHUIAEMBIMI Ha OCHOBE IpauKa Jy4eBBIX CKOPOCTEH, YTO peabHO HaOIro-
naeTcs y psana sk3orianeT. Hanpumep, y BeimeynoMsayToi manetsl KOI-889 b, y koTopoit kpuBas
Jy4YeBBIX CKOpPOCTEH ¢ OOJBINOI BEepOSITHOCTHIO HcKaxkeHa ddexrom bappa, Tpansut (¢ = 0) momxeH
HaOJI0/1aThCs, COTIIACHO pacuéram, MPH MOYTH HYJIEBOM CKOpOCTH V), 3Be3abl. PeanbHo ke Ha rpaduke
Jy4yeBbIX ckopocTed ¢a3za @ =0 COOTBETCTBYET BBICOKOH MEPEMEHHON COCTaBIISIIOIIEH CKOPOCTH
V,~ 100 m/c [151]. TIpumMepoM 3K30IUTaHETHI, Y KOTOPOU CIIEKTPaIbHBIC CMEIICHHS BhI3BaHBI B OCHOB-
HOoM 3¢ dexrom Putna, moxet ciayxuts HD 74156 b, o6nanatomas nepuogom P =51 cyT u aHoManb-
HO BBICOKUM 3KcueHTpucuteroM e = 0,63 (Puc. 1.19). BeposarHo, HaOnromaeTcst KpuBass MHUMBIX JIy-
4eBBIX CKOPOCTEHl V). (f), 0 UM CBUIETENBCTBYET HE TOIBKO BHICOKHIT KCIIEHTPUCHTET, HO U €/Ba 3a-
METHbIE BTOPUYHBIE MUHUMYMBbI Ha KPUBOH V,*(t). Torpma neiicTBUTENbHAS OpOWTA MMEET B JIBa pasa
MEHBIIHHA IKCHEHTPUCUTET e =~ (0,3, OMU3KUI K SKCLUEeHTpUCUTETy MepKypusi, paanyc opOUTHI U MEpH-
011 P KOTOpOro TOro ke MmopsaKa.

Kpowme Toro, anomanuu opOUT IK30IUTAHET yIOBIETBOPSIOT 7°-My Kputepuio. Bo MHOrux ciyyva-

ax HabOI0JaeMasi KpUBasi JTy4eBBbIX CKOPOCTEH HE TOYHO COOTBETCTBYET TEOPETUUYECKUM Ipadukam Jiy-
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YEeBBIX CKOPOCTEH pacu€THON OpOHUTHI O0bIIOrO SKcHeHTprcHTeTa [155]. OTKIOHEHHS OT TeopeTnde-
CKOW KPUBOH HMMEIOT BHJ TAPMOHUK OpOMTAIBHOTO TMEpPHOJa, B COTJIacuM C mpeackazanueM dpeiiH-
muxa [44]. Takue rpaduku Ty4eBBIX CKOPOCTEH MpeiaraloT MHTEPIPETUPOBATh KaK BHI3BAaHHBIC HE
OJTHOM TIJIAHETOM, a ABYMsI, C KPATHBIMH OPOUTANbHBIMU MEPHOAAMHU, HAXOISIIIUMUCA B OpOUTAIHLHOM
pe3onance 1:2 [155, 157]. [1o cyTH, Takoe UCKYCCTBEHHOE BBEJICHHE BCE HOBBIX IK30IUIAHET — TO Pe-
3yJibTaT pa3ioxKeHus rpaduka IydeBbIx ckopocTei B psia Dypbe, To eCTh NpeICTaBICHUE TEPUOInYe-
ckoit pyHkimu V,(f) B BUJIe CyMMbI TAPMOHUK OCHOBHOM YaCTOTHI.

MIMeHHO Tak BBISBJSIOT HOBBIE IUIAHETHI B 3BE3AHBIX cuUcTeMax, npousBoas Dypbe-
npeoOpa3oBaHUE OT CHATOHN 3aBUCUMOCTH V,(f), nin e€ OTKIOHEHUH OT TEOPETHUECKOro rpaduka y-
yeBbIX ckopocteit (1.6). Ha mocTpoeHHo# mepuogorpamMme — auarpamMme CHEeKTPaJbHOW TJIOTHOCTH
MOIIHOCTH OTKJIOHEHUI — MUKW Ha JAaHHBIX MepuoAax (MM 4acTOTaX) CUUTAIOT COOTBETCTBYIOIIUMU
peabHBIM IIaHETaM C TAKUMH OpOUTAIbHBIMU MeproaMu (MM 4yacToTaMu). TakuM crmocobom Mox-
HO OINUCaTh KPHUBYIO JIyYEBBIX CKOPOCTEH NMPOMU3BOJILHON (OPMBI, TOCPEICTBOM BBEICHHS J0CTATOY-
HOro yucia rapmonuk. [lo cyTH, 310 — coBpemMeHHOe pa3Butue noaxosa [Itonemes, BepHO onucasiie-
rO JBIKEHUS IJIaHEeT Mo HeOOCBOAY Ha OCHOBE OIMIMOOYHOM T'€OLEHTPUYECKON MoIemH, 3a CUET O0b-
IIOTO YHCJIa TAPMOHUK, KPYTOBBIX JBWXKEHUN (HeOeCHBIX cep ¢ KpaTHBIMU mepuogamu). Tak, B ciy-
yae ruraneTsl Gliese 876 KpHUBYIO JTy4eBBIX CKOPOCTEH MHTEPIPETHPOBAIIHM KaK Pe3yJIbTaT BO3ICHCTBUS
3-X IJIaHET, HAaXOJSAIINXCSl B OPOUTATLHOM PE30HAHCE C OTHOIICHUEM TeproAoB 1:2:4. Jns CIyTHUKOB
IUTAHET CTOJIb TOYHBIM Pe30HAHC BO3MOXKEH, BBUY OJIM30CTH CIYTHUKOB JIPYT K JIPYTY U K IUIaHETe (B
TOM ke pe3oHaHce 1:2:4 Haxonsarcs ranuineeBbl cnyTHukH FOnurtepa — Mo, EBpomna, I'anumen). OqnHa-
KO /IS TUTAaHeT pe3oHaHc tumna 1:2 u ocobenHo 2:3 Habmogancs Obl KpaliHE PelKo, BBULY OIH30CTU
OpOUTATIBHBIX PaINyCOB (BEIyIIEH K HEYyCTOWYUBOCTH OPOUT) M CPABHUTEIHHO MAJIOTO B3aMMOJICHCT-
BUS MeXy TutaHeTamu. B wactHocTH, B CosTHeUHO# cucTeMe 0OHapy KeH JIUIIh MPUOIMKEHHBIN T1J1a-
HETHBIN pe3oHaHc 2:5 u 1:2 y maner-rurantoB — CarypHa u lOnutepa, Ypana u Henryna [156]. O0-
paTHas KapTHHA HAOIIOJAETCsl y SK30IUIAHET, CPEAN KOTOPBIX OpOMTANBHBIA PE30HAHC IIUPOKO pac-
npocTpanéH U HaMHOTO Oosiee ToueH. CornacHo ananu3zy [157], B opouTtasibHOM pe3oHaHce 1:2 okasbl-
BAETCSl OKOJIO TIOJIOBUHBI UCCIIEIOBAHHBIX TJIAHET, BOIIPEKU BCEM BEPOSTHOCTHBIM MPOTHO3aM U MOJe-
asM (GOpMUPOBaHUS TUIAHETHBIX CUCTEM. B To ke Bpems uHTeprnpeTranusi rpaduKoB JTy4eBBIX CKOPO-
cteit mo addekry bappa u s3ddexry Putiia mo3Bosnser B OONBIIMHCTBE clydyaeB 0OBSICHUTH BCE aHOMa-
JIMM KPHUBBIX JIyUEBBIX CKOPOCTEW IMOCPEACTBOM OJIHOM, HanbOJIee MAaCCUBHOM TUIAHETHI, IBIKYIICHCS
o kpyroBoit opoute [A43, A49]. Kak nerko Bumeth u3 BeipakeHus (1.5), nuckaxEnHas KpuBas Jyde-
BBIX CKOPOCTEH, AeMCTBUTEIHHO, OMKE K CyMME JIBYX CHHYCOHUJ C OTHOIICHHEM MepuoaoB 1:2, uem
KpHBast JIy4eBbIX CKOpocTel V,(f) ammnTuueckoir opOuTtsl (1.9), 11 KOTOpoil OTKJIOHEHHE OT CyMMBI

2
ABYX CUHYCOH I, BOSHUKAIOIICC BO BTOPOM IMOPAAKE MAJIOCTH € , UMECT Ooiece BBICOKYIO BCIIMYMHY.
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Emé onHa aHoManus 3K30IUIaHET — OTKPBITHE MACCUBHBIX IIJIAHET-TUTAHTOB, PACIIOJI0KEHHBIX OT
POIUTENBCKUX 3BE3/ HAa MPEAEIbHO MaJlbIX PAaCCTOSHUAX p (HOpsKA COThIX AOJEH a.e.) U oOnajaro-
IIMX aHOMAJIbHO BBICOKUMU 3KCLEHTpucureramu e > 0,1, HeBO3MOXKHBIMU I KOPOTKOIEPUOIUYHBIX
riaHeT. TakuM pacCTOSIHUAM COOTBETCTBYIOT BBICOKME TEMIIEpPaTypbl MOBEPXHOCTH IUIAHET, MCKIIO-
YaloIUe CTa0MIFHOE CYIIECTBOBAHHE THX T'a30BBIX TUTAHTOB, HA3BaHHBIX 110 3TOW MPHUUUHE «TOPS-
YiUMH ronurepaMm». CToJb ke COMHHUTEIBHO CYLIECTBOBAaHUE OIM3KUX K POJUTEIBCKUM 3BE3/1aM Mac-
CUBHBIX IIJIAHET, OTKPBITBIX METOJIOM JIyU€BBIX CKOPOCTEH (Memodom matimunea) B cUCTeMax CpaBHU-
TEJIBHO MOJIOJIBIX ITyJIbCAPOB, CUUTAIOIIUXCS OCTATKAMHU B3PHIBOB CBEPXHOBBIX, KOTOPbIE YHUUTOXKUIN
Obl OnH3IIeXKaNUe IJIAHETHI, 2 HOBBIC TUIAHETHI HE ycrenu Obl copmupoBatbes. Eciu ke perucrpu-
PYIOT KPHBYIO MHEMBIX JIy4eBBIX CKOpOCTeil ¥, (f), TO, BEPOATHO, H3MEPEHHAS AMILTHTYA JIydeBbIX
ckopocteit K' (1.24) cuiabHO 3aBblllIeHa IO CPAaBHEHUIO C UICTUHHOM K, €CIM CIIBUT CHEKTPAJIbHBIX JIH-
HUI 00ycioBieH B 0ocHOBHOM 3(dexTom Putna, a e [ormiepa [A43]. D10 Beno Obl K 3aBBIICHUIO
Macc IJIaHET Ha MOPSAAKH, MOCKOJIBbKY JIy4YeBasi CKOPOCTh 3BE3/Ibl IPONOPLMOHAIEHA BO3MYILIAIOLIEMY
BO3/ICHCTBUIO, CUJIE TATOTEHUS IIJIAHETHI, TO €CTh, €€ Macce. TakuM 00pa3oM, Macchl IUIAHET HAMHOTO
HIDKE U MPUOIMKAIOTCS K Macce acTepOUIOB U KOMET, KOTOpbIE IIPU CBOEH HEBBICOKOM Macce He CO3-
JIAI0T TPWIMBHBIX TopOoOB B aTMocdepe 3Be3/bl U HE HCIBITHIBAIOT MPUIMBHOTO CKPYTJIEHUS OpOMT
[A49]. OTu Mambie TIaHEThI, TOJ00HO KOMETaM M acTepouaaM, moaAXoAsmuM 0au3ko k ColHily, Mo-
ryT 00ja1aTh BBICOKMMH SKCLIEHTPUCUTETAMHU.

He uckirodeHo, 4TO UCTUHHBIE OPOUTATIBHBIE NTEPUOABI P 3K30IUIaHET B PsJie CIydaeB JJIMHHEE
HaOmronaeMblx P'. Tak, npu JBUKEHUU IUIAHETHOM CUCTEMBI C OJIM3KMM K KPUTHUECKOMY Jy4YEBBIM
YCKOPEHHEM a,~ —c*/r (KOTOpOe Ha KOCMHYECKHX JUCTAHLUAX F UMEET YMEPEHHYIO BEIMUHHY, TH-
OUYHYI0 Ui 3BE31), dddexkr Putma mpuBenér k cxKaTuio BUAMMOTO IEPHOAA IBIKEHUS IIAHET
P'=P( + ra,/cz) JI0 TIOYTH HyJIeBOTO. MI3MEeHEeHNEe BUIUMBIX MIEPHUOIOB OOpaIieHus: HaOIo1aeTcs U y
cnyTHUKOB FOmuTepa, nepuo/ipl KOTOphIX, Kak oTKpel1 O. Pémep, 3a cuét sddexra [lomnepa ObiBaroT
Ha MUHYTBI KOpOUYE€ UCTHHHBIX, BBUIY OTHOCUTENbHOTO JIBMkeHus FOmnurepa u 3emmn [149]. Dddekr
Putna cnocoben cokpamarh BUAUMBbIE IEPUO/IbI OOPAILEHHUS TUIAHET YK€ B pa3bl. ITO MO3BOJSET 00b-
SCHUTh OTKPBITHE OOJIBLIOrO YMCIa [UIAHET ¢ HETUIMUYHBIMU OpOUTAIBHBIMU NEPUOAAMU NOPSIKA CY-
TOK M pajiycaMH OpOUT MOpsIIKa COTOM JOJHU a.e.: UCTUHHbIE epro/ibl P 1 60blINe MOIyocH OpOUT
IUTAaHET B CUCTEMax 3BE3 U MyJIbCapOB MOTYT ObITh MHOTO Oosbie [A43].

B 3ampenensHOM CiIydae, KOraa a,< -¢*/r u P'< 0, BUIUMBIH MOPSIIOK COOBITHI MTOKAXKETCS 06-
paTHBIM, @ BUAMMOE IBUXKEHHE 3BE3]1 U IUIaHET — UAYIIUM B OOpaTHOM HaIlpaBiIeHUH — 3P PeKT, mpe-
ckazannbiil [[.d. Komctokom emé B 1910 r. [39]. D10 mo3BoisIeT 00BACHUTH OTKPBITHIE B TIOCTEAHNE
TOJIbl 3K30IIJIAHETHI ¢ 0OpaTHBIM (pempozpadnsim) opOUTANBEHBIM BpamieHueM, Hanpumep WASP-33b
u HAT-P-7b, npotuBopeyamiie TeopusiM (popMupoBaHus miaHeTHBIX cucteM [A43, A49]. O6paTHoe

(pempocpaomnoe) BpalieHUE BBISBISIIOT TIPU aHATN3€ TPA(PUKOB JIy4EBBIX CKOPOCTEH — IO aHOMAJIbHO-

62



My 3¢dexty Poccurepa-MaxJladmuna (Puc. 1.15). McTuHHOE NBMKEHHE TaKMX SK30IUIAHET MOXKET
OBITH MPSMBIM, HO TIPEACTABISITHCS 00paTHBIM 3a cu€T 3(pdekra PuTia, HHBEPTUPYIOMIETO BUIAMBII
TMOPSIIOK COOBITHIT IpH g, < -c/r 1 P' < 0, Tak uto B (1.15) dt' < 0 [A43]. Takum 06pa3zoM, peTporpas-
HOE BpallleHHEe 3K30IJIaHET MPEJCTaBIsAeT COOON TaKyro e HIUIIO3UI0 KaK PeTpOrpaaHoe JBUKECHUE
riaHeT COMHEYHOM CUCTEMBI, HAOJIIOMAeMbIX ¢ 3eMJIM B HEKOTOPbIE MOMEHTHI BpeMeHHu [A43]. [dns
rianeT CONHEYHOW CHUCTEMbl WILTIO3HSI 00YCIOBIEHAa OTHOCUTENBHBIM XapakTepoM ABM)KEHUs Hebec-
HBIX TEJI, a JUIS 9K30TIaHET — OTHOCUTEIBHBIM XapakTepoM JBIKeHUs ux ceta (§ 1.2). Taxxke mo a¢-
dexry Poccurepa-MaxJladmuHa OTKPBITEI OPOUTHI HK30IIAHET CO 3HAYUTEIHHBIM (>10°) HaKIIOHOM K
TUTOCKOCTH 3KBaTOpPa 3Be3/bl, HarpuMep y dk3omuiaHeTsl XO-3 b [158], uTo Takke MOKET OBITh HILTIO-
3WeH, BHI3BAHHOW MCKa)K€HHWEM TpadUKOB JyUeBBIX CKopocTei mo ahdexty Purna, BBULY paszmudus
Jy4YEeBBIX CKOPOCTEH U yCKOPEHUH y 3aTMEBAaEeMbIX IUIAHETOM y4acTKOB 3BE3/bl. 3aTMEHUE LIEHTPAJIhb-
HBIX YYaCTKOB 3B€3/Ibl, I'7I€ YCKOPEHHE CBOOOIHOTO MAJACHUS CO3/1aBa0 M30BITOK KPACHOTO CMEIICHUS
1o puti-3¢dexry, BenET K CHCTEMaTHIECKOMY CHI)KEHUIO KPACHOTO CMEIICHUSI B MOMEHTHI 3aTMEHU I
(cpenuuii rpaduk Ha Puc. 1.15), 9T0 HHTEPNIPETUPYIOT KaK ABUKEHUE TUIAHETHI 10 HAKJIOHHOW OpOu-
Te. Tem He MeHee, 3TO He UCKIII0YAET, UTO Y Psia 9K30MIIaHET OPOUTHI — pETPOrpagHble, HAKJIOHHBIE U
CHJIBHO SKCIICHTPHYHBIC, KaK y OTAEIbHBIX HEperyysipHbIX cimyTHHKOB CartypHa (@eba), HOnwurepa,
Vpana u Henryna (7pumon) [154]. Ho Takue aHOManuy CBOMCTBEHHBI CAMBIM BHEITHUM TUIAHETaM U
CIYTHHKaM, YJAJIEHHBIM OT TATOTEIOLIEro Teja U, KaK MpaBUJI0, UMEIOIMM BHEIIHEE MTPOUCXOXKIACHNE
[154]. Hanpotus, peTporpaiHoe IBUKEHUE BBISBIAIOT Y BHYTPEHHHUX SK30IJIAHET, «TOPSIYMX FOMUTE-

POB», IJIsT KOTOPBIX O6paTHOG JABMOKCHUC KpaﬁHe MaJIOBEPOSATHO.
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Puc. 1.15. HopmainsHblil u anomanbhbli 3¢ dext Poccnrepa-MakJladumna [158].

M3MeHeHHe neprooB 3K30IIaHeT 1o 3G GexTy PUTLa NPUBOIUT U K JIOKHBIM OLIEHKAaM Macc U
pasMepoB 3K30IUIAHET, MOCKOJIbKY BapHallMM BUIMMBIX MEPUOAOB U JUINTEILHOCTH TPAaH3UTOB 3K30-
IUTAaHET (BPEMEHHU IPOXOXKAECHHUS IUIAHETHI 110 AUCKY 3BE37bl), P U3BECTHOW Macce W pajnyce 3BE3-
JIbl, OLIEHKU pajinyca R MiaHeTsl JaayT 3aBbIIICHHYIO WM 3aHM)KEHHYIO BETMUMHY. J[efiCTBUTENBHO, Y
psiAa IJIaHeT U3MEPEHUs NOKa3bIBAIOT aHOMAJIMU Pa3MEpoB, MPOTHBOpEUAIne TeopusM (popMuposa-
HUS TUTaHET ¥ (PU3WYECKU JOMYCTUMBIM MX Xapakrepuctukam [159, 160]. M3ameHnenune opOutaibHOTO
nepuoja P’ u cuekTpanbHble cMerieHus no 3¢dexry Putna npusenyT K ommoKe W3MEpPEeHUs: MacChl 7
sk30mIaHeT. [1o OTAeNbHOCTH U B COBOKYIMHOCTH 3TH OIMIMOKM MPHBOISAT K HEBEPHOMY H3MEPEHUIO

3 . o
MJIOTHOCTH 2K30IIaHeT d = 3m/4nR’. JIeCTBUTENBHO, OTKPBITHI SK30IIJIAHETHI C aHOMAJIBHO BBICOKOM
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IUIOTHOCTBIO (BBILIE, 4eM Y 30710Ta: Hampumep, d =~ 25 r/em’ y COROT-3b) i aHOMAIbHO HH3KON
IUIOTHOCTBIO (HIDKE, 4eM y MeHoruiacta: Hampumep, d ~ 0,1 r/em® y WASP-17b), mpupoaa KOTOPBIX
MoKa He yCTaHOBNieHa. B paMkax OamiMCTUYECKON TEOpUU 3TH IUIOTHOCTH WIUTIO30PHBI, U UCTUHHBIC
TUIOTHOCTU OTJIMYAIOTCS OT M3MEPEHHBIX Ha mopsaku [A43, A49], Oyaydu COMOCTaBUMBI C IJIOTHO-
CThI0 3eMiu U Apyrux miaHeT COTHEYHON CUCTEMBI.

Y mnaner ¢ K/P >3 (M/C)/CyT SKCIICHTPUCHUTETH B OCHOBHOM MHHUMBIE, T.€. CUJIBHO 3aBBIIIICHBI
M0 CpaBHEHUIO C peanbHbIMU. HampoTus, 1 mnanet ¢ K/P <3 (m/c)/cyT, nns koTopsix 3@ dekt bappa
BBIPAXEH CJ1a00, paCUETHBIC IKCIICHTPUCUTETHI OJIM3KU K UICTHHHBIM, KOTOPBIE y TUTAHET JTMHHBIX TIe-
puoa0B P, NEMCTBUTENBHO, MOTYT JOCTUTAaTh BBICOKUX 3HAYEHUM, KaK MOKa3biBaeT npumep [lnytoHa.
B »THX ciydasix OTCYyTCTBHE CBSI3M M3MEPEHHOTO HKCLUEHTPUCUTETA ¢ UCKaXEHHEM rpaduka JTyueBbIX
CKOpPOCTEH OT 3ama3bIBaHUs CBETA MOATBEPKIACTCS TEM, UTO JAJISl SK30IUIAHET U3 3TOTO Psijia pacipe-
nenenue N(®) — CpaBHUTEIHHO OAHOPOHOE, U At MHOTHX u3 HUX 180° <  <360°. Ho B aTOM Ccitydae
TOXE BO3MOXKHO HCKa)XCHHE TpaUKOB JIYYEBBIX CKOPOCTEH, HO MHBIMU MEXaHW3MaMH. Tak, eciu
CIIBUT YaCTOTHI BBI3BaH B OCHOBHOM 3¢ dekToM PuTtiia, a He 3¢ dexTom Jlomepa, TO €CTh CHATHIN Tpa-
(UK CreKTpaNbHBIX CMEILIEHUI OTpakaeT KoieOaHus JTy4eBOr0 YCKOPEHHsS, a He JYyYeBOU CKOpPOCTH,
TO 3TO MPUBEET K 3aBBIIICHUIO PACYETHOTO SKCLIEHTPUCHTETA B /1Ba pasa (cM. § 1.5). Takum obpazom,
y 9K30IUTaHET ¢ OOJIBITUMU TIEPHOAAMHE O0paIeHUS P UCTHHHBIE YKCIIEHTPUCUTETHI MOTYT OBITH B JIBA
pasa HIKe, 4TO JIyUIIe COIIaCyeTCs ¢ TEOpUAMH (POPMUPOBAHUS TUIAHETHBIX CUCTEM U C SKCIEHTPH-
cuteraMu maHeT CONMHEYHON CUCTEMBI.

Ecnu y nnaneT ¢ KpyroBoit opOUTON CHEKTpadbHbIe CMEIICHHSI 00YCIOBIEHB B OCHOBHOM 3()-
dexrom Putia, To MCKakeHHUE KPUBOW CIIEKTPAIBHBIX CMEIIEHUH MOKET MPUBOJAUTH K KOHIIEHTPALIUU
nepuacTpoB He ToJbKo Bo3die @ = 180° (Puc. 1.10), HO u Bo3ne o = 0°, ecnu 3gdext Putma cxmmaer
nepuon 10 P’ < (0, uHBepTUPYS BUIMMBIN MOPSAIOK COOBITHIA. 3ama3gpIBaHUE CBETa W3 TOJIOKEHUS |1 U
OTIEPEKCHHE U3 TOTOKCHHS 3 BBI3BIBACT 0OPATHOE HCKaxkeHHe rpaduka V, (f), KOTOPOMY COOTBETCT-
ByeT ® =0° (Puc. 1.16), uro Habmomaetrcs y psaa minaHetr (Puc. 1.2, Puc. 1.14). Tot xe addekr
IOKA3BIBACT CTATHCTHKA JBOMHBIX 3BE3]1 ¢ mepromamu 8¢ < P < 1291 3167 < P < 5007, st otux 388371
pacrpezieyieHre o J0JITroTaM IepracTpa o 0OHapyKUBaeT MaKCUMYMbI OJTHOBPEMEHHO yta » = 180°
u ana o = 0° [47], COOTBETCTBYIOIIMX MPSMOMY U HHBEPTUPOBAHHOMY BO BPEMEHH HMCKaKEHHOMY

rpauKy MHUMBIX JTyYEBBIX CKOPOCTEH.
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Puc. 1.16. Tpaduk jydeBBIX YCKOPCHMiI M MHHAMBIX JIy9eBEIX CKOPOCTEH V, (f) juisi KpyroBoil opOHTBI (wumpuox-
NYHKIMUPHASL UHUS) V ACKOKSHHBIH 110 3dgexTy Prrria rpaduk yueBsix ckopoctei ¥, (f) ¢ cooTBeTcTBYIOMIEH 0pOHTOi

(cnnownas nunust) U1 IPSIMOTO TIOPsiZKa COOBITHIA (66¢pxy) U s 00pati€HHoro 110 ddexry Purtna (61u3y).

MHUMBIH 3KCHEHTPUCUTET MOXKET OBITh BBI3BAH U NPUJIMBHBIMH HCKAKEHUSMU U MIPEUMYIIECT-
BCHHOM OpHEHTaluel OpOWT IUIaHeT, BeAyled K KOHIEHTpAIMHW TIEPUACTPOB BO3JIC 3HAYCHHUI
®=270° (§ 1.1). OTUM MOXHO OOBSICHUTB, IOYEMY Ul OTAEIBHBIX BBIOOPOK 3BE31 addexT bappa
uMeeT 0OpaTHBIN 3HAK, TO €CTh EPUACTPhI B HUX Yallle PACIIONOKEHBI IIepe/l KAPTHHHOM MIIOCKOCTHIO,
a "He mo3aau Heé [59]. ['pynmupoBaHue AOATOT MEpPHACTPOB Boziie ® = 270° BO3MOXXHO U B CiIy4ae
OOBIYHOTO HMCKa)KEHHUS KPHUBBIX JYUEBBIX CKOPOCTEH, BEAYIIEr0 K KOHIEHTpPAlUU MEepUacTpoB BO3JIE
® =90° (Puc. 1.2). Ognako, eciu 3a c4€T OOIIETO ABMKEHUS 3BE3THON CUCTEMBI C YCKOPEHUEM 4, < —
¢*/r IPOMCXOIUT MHBEPCHS BHMMOTO TIOPSIIKA COBBITHIA, TO KPUBAsI JTy4eBBIX CKOPOCTEHl IIoTydaeT 06-
paTHOe uckaxenue, coorserctBytomiee ® = 270° (Puc. 1.17). [lonoGHbIe TpaduKy TydeBBIX CKOPOCTEH
peanbHO HAOMIOMAUCh y JK30IIAHET, OTKPBITBIX TPAH3WTHBIM MeToaoM, Hampumep y WASP-8b,
WASP-117b, Kepler 78b, y KOTOpBIX IIpH UX KOPOTKUX MEPHUOIaX aHOMAJILHO BbICOKHIL e = 0,3, a 1oJ1-
roThl mepuacTpoB Oiam3ku Kk ® =270° [161-163]. ITpuuém y WASP-8b nBmxenue mo opobure xak pas
oOpatHoe [161], uTo cBUAETENLCTBYET 00 U3MEHEHUH HOPMAJILHOTO MOpsiiKa COObITUN. OTMETUM, YTO
JUISL OTUX TUIaHET BBIMOJHsAETCS Kputepuil (1.28), To ecTh XapaKTepUCTUKH SK30IUTAHET JOMYCKAIoT,
YTO HAOI0Ia€MBIi SKIIEHTPUCUTET — MHUMBIH.

Jlnist rutaneT 60NbIINX NEPUOJIOB P UCKaKEHHUS. MOTYT OBbITh BBI3BaHBI KOCMHUYECKOH Aucnepcueii
CBeTa, BHEpBbIe HccienoBanHol A.A. benononsckum [65] u ero yuenukom [.A. TuxoBeim [83, 164,
165]. OtoT 3¢ dekT, oTkprIThIH emé B 1908 1. y 3aTMEHHBIX 3BE37] B BUJC 3ala3/IbIBAHUS 3aTMCHUI B
KOPOTKOBOJIHOBOHM YacTH CTIEKTpa, ObUT Ha3zBaH 3(pdekrom Tuxoa-Hopamana, mo UMEHH POCCHICKOTO
actpoHoma I'.A. TuxoBa u ¢panirysckoro actponoma III. Hopamana, He3aBUCUMO OTKPBIBIIUX 3(-
¢dext. HecmoTpst Ha 10, uro B 1917 1. X. Ulennu npuBEN psii TEOPETUUECKUX BO3PAKEHUN NMPOTUB
BO3MO>KHOCTH KOCMMYECKOH AucIiepcuu, 0ojiee Mo31HNE HAOII0IEHUS] IOATBEPAUIN CYLIECTBOBAHNE
a¢pdexra Tuxosa-Hopmmana, mpuduém BO BceX auama3zoHax 3JEKTPOMArHUTHBIX BOJH [166, 167].
CoBpemennbie padoThl [1, 2] Mo u3MepeHNI0 BEIMUYUHBI KOCMHUYECKON AUCTIEPCUH CBUAECTEILCTBYIOT O

TOM, YTO JAHHBIN BOIIPOC J0 CHUX MOP €UI€ OHO3HAYHO HE PELIEH.
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PaspeskeHHBIN MEX3BE3AHBIN Ta3 00JIagaeT MmoKa3aTeseM NPEIOMIICHUS MPEesbHO OJIM3KUM K
€MHMIIE, HO Ha OOJIbIIUX JAUCTAHIUSAX CIOCOOEH BBI3BATh 3aMETHOE 3ala3/ibIBaHNuE BHICOKOYACTOTHO-
r'O U3IyYEHUs MO0 OTHOLIEHUIO K HU3KOYACTOTHOMY (Ha 3TOM 3 eKTe OCHOBAH METO] M3MEPEHHUSI pac-
CTOSIHUI JI0 MyJICApOB — MO0 CPABHEHUIO BPEMEHH 3ama3/IbIBaHNs UMITYJIbCOB IyJIbcapa B Pa3HbIX AHa-
nazoHax [119, 168]). B pe3ynbrare, korjaa 3Be3/a yaansercs, U e€ CeKTpaIbHbIE JIMHUH CMEIICHBI B
JUTMHHOBOJIHOBYIO 00J1aCTh, OHU OyAyT HAOJIIOAAaThCs YyTh PaHBIIE, a KOT/Ia 3Be3/a MpUOImKaeTcs, U
e JTMHUU CMENICHbl B KOPOTKOBOJIHOBYIO 007acTh, OHM OyAyT HaOMIOIAThCS UyTh MO3KE. ITO TOXKE
NpUBEAET K MCKaKEHHUIO rpaduKa JIyueBbIX CKOPOCTEH, 0OpaTHOMY TOMY, KOTOpoe HabI0Aanoch B
s dexre bappa. Habnromaembie nckaxEHHbIe KpHUBBIe JIy4eBbIX ckopoctei (Puc. 1.17) OyayT coot-

BETCTBOBATh OPOUTAM, BRITSIHYTHIM B CTOpPOHY OT 3emutu (® = 270°).
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Puc. 1.17. Hckaxenue rpauka JtydeBbIx ckopocteit V,(f) mpu yuére mucniepcin Mex-
3BE3HOTO Ta3a M PACCUUTAHHOH 10 HeMY OpPOHTHI (CriowHas ) TIO CPABHEHHIO C JIeH-

CTBUTEITHHBIM TPa(QUKOM JTy9eBBIX CKOPOCTeH V(7) (nyHxmupHas nurus).

bannuctuueckas Teopus 10MyCcKaeT HAJIMYKME AUCIIEPCUU CBETA M B KOCMUYECKOM ITPOCTPAHCTBE,
CBOOOZIHOM OT MEX3BE3HOTO Taza,— B Bakyyme [166, A19]. B sTom cnyuae 3Hak nucnepcuu oOpat-
HbIi. COOTBETCTBEHHO, MCKAKEHHUS HOCSAT OOpaTHBIA XapakTep, TO €CTh MPUBOJAAT K KOHIICHTPALUU
nepuacTpoB Bozsie ® =90°, KaKk B CiIydyae pacCCMOTPEHHBIX BbIIIE UCKaxkeHuit (Puc. 1.2).

BelenepeuncienHoe N03BOMISIET OOBACHUTh AaHOMAJIBHO BBICOKHE SKCLIEHTPUCUTETHI OPOUT IK-
30IU1aHeT BO BcéM auamnazoHe 0° < o <360°. Mckaxenus OyIyT NponopuuoHanbHbl K/P 1 pacCTOSHUIO
¥ 3BE3Ibl, IOCKOJIbKY M3-3a JUCIIEPCUN pa3HHIIa CKOPOCTEH COXpaHAETCsl Ha BCEM IyTH CBETa OT 3BE3-
Ibl K 3emiie. OTa 3aBUCUMOCTb, JEHCTBUTENBHO, TOATBepkAaeTcs. Hanuune aucnepcun cBera B KOC-
MHUYECKOM MPOCTPAHCTBE, CBOOOJHOM OT MEK3BE3IHOIO Ia3a, B BAKYyMe, TOKE CBS3bIBAIOT C Mepesa-
4yell COOCTBEHHOM CKOPOCTH HM3JTY4alOIIUX aTOMOB WJIM DJIEKTPOHOB — cBeTy [166, A19]. Psan nanHbIX
noaTBepkaaeT 3pPEeKT BO BCEM AMANA30HE JIEKTPOMArHUTHBIX BOJH [167]. Dddexkt xocMuyeckoi
JUCIIEPCUN IPEKIAE OTPULIAIIM HA TOM OCHOBAHHMM, YTO Yy NEPEMEHHBIX 3BE3]l BapHalUMM SIPKOCTU CO-

IMPOBOXAAIOTCA BapualsMU CIICKTpa, OTUCTO HAa PAa3HBIX JJIMHAX BOJH MAaKCUMYMBI APKOCTU HC CUH-
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xponHbl. Ho, kak mokasan I'.A. Tuxos, casur mo ¢aze oOHAPYKUBACTCS U JUISI KPUBBIX JTyYEBBIX CKO-
pOCTEl, MOCTPOCHHBIX [UIsl KOHKPETHBIX CHEKTPAJIBHBIX JIMHUMW, IUIsI KOTOPBIX IEepepaclnpencieHue
SHEPTUU B CIEKTPE HE BIUSAET HA MOJOKEHUS MAaKCUMyMOB ITyueBoil ckopoctH [83, 169]. Takum obpa-
30M, 3¢ ekt TuxoBa-Hopamana BeI3BaH pa3HHLIEH CKOPOCTH JIy4yeil cBeTa B KOCMOCE U CTaJl OJHUM U3
NEPBBIX APIYMEHTOB B MOJIb3y HEMOCTOSHCTBA CKOPOCTH CBETA U B IOJIb3Y OAIJIMCTHUYECKON TEOPHH,
npeaiokeHHo B ToM ke 1908 1., korza oTKpsIT A3 PexT.

Wtak, aHOMaIuM 3K30IIaHET MOJIyYaloT IPOCTOE KaYeCTBEHHOE U KOJIMYECTBEHHOE 0OBICHEHHE
Ha Oaze »ddekra bappa u Gammctudeckoil Teopuu. MHTEprperanus psaa nmapaMeTpoB U aHOMaJIUi
9K30IUIaHET KaK PeajbHO MMEIOUINX MECTO, MPOTUBOPEUUT HE TOJIBKO TEOPUsM (HOPMHUPOBAHHS IIa-
HETHBIX CUCTEM U 3aKOHAM HEOECHOW MEXaHUKH, HO M npuHIMIy KonepHuka, OTpuIaromeMy HCKII-
YUTEIbHbIE XapaKTEPUCTUKU 3E€MIIH, BKJIIOYAsl IPEUMYIECTBEHHYIO OPUEHTAIIUI0 OpPOUT B €€ HaIlpaB-
nenun. OOHapyskeHue Takux cBOHCTB 3emin U COTHEUHOM CUCTEMbI MPUBOIUT K PELUANBY HJIEH Teo-

nerTpusma [ 170], 9y>KapIX COBpEMEHHOM acTpOHOMUH U acTpodusuke [54].

§ 1.5. 3¢pgpekm Pumua, d80liHbIe U nepeMeHHbIe 38E30bI

Bapmanuu cKOpoCTH cBeTa OT JBOWHBIX 3BE3] MO3BOJIIOT MHTEPIPETHPOBATH HE TOJIBKO MCKa-
JKEHHE WX BUIUMOTO JIBIDKCHHS U pacu€THON OpOUTHI, HO W BapHaluu ux BuauMoin sipkoctu I’ (1.17),
MOBTOPSIONINECS C IEPUOIOM oOpatieHus 38E31. Beckope mocne coznanus 6aIMCcTUYECKON Teopun Ha
9TO e€ ClelICTBUE 00paThil BHUMaHUE UTaNbsHCKUN Gu3uk U actponoM M. Jla Poza [171]. Ecnu cko-
POCTh HCTOUYHUKA BEKTOPHO JT00aBISETCSA K CKOPOCTH CBETA, TO Y 3BE3/IbI, KPOME YCKOPEHHUSI BUAUMOTO
JBUKEHHS] HA OJTHUX y4acTKax OpOWTHI U 3aMEAJICHUS] Ha JAPYTrux, OyIyT HaOJI01aThCs TaKKe BapHa-
U SIPKOCTU /', COOTBETCTBYIOIINE U3MEHEHHIO MaciiTaba BpeMeHu. [Ipoucxoaut csoero poaa Bpe-
MEeHHAs (poKycHpOBKa CBETa, KOTAA OT U30BITKA CKOPOCTH, COOOIIEHHONW NCTOYHUKOM, OJJHH CBETOBBIE
Jy49H OTOHSIOT APYTHE, UCHYUICHHBIE paHee, OTYETO BUIAMMAs SAPKOCTh /' MCTOYHHUKA MEHSETCs, He-
CMOTpS Ha MOCTOSIHCTBO €r0 CBETUMOCTH M TEOPETUUECKON pKOCTH /.

[To addexty Putna (1.16), cMHHXpOHHO ¢ KONIEOaHUSIMH SIPKOCTH JBOMHOMN 3BE3/bI B €€ CIEKTpe
OyayT peryisipHO CMEIAThCs JIMHUY MOoTroIeHus. Takue nepeMeHHble 3BE3/Ibl, IEPHOANYHO MEHSIO-
IIME IPKOCTh U CIIEKTP U3BECTHBI aCTPOHOMAaM, HanpuMep, B popme «redeny.

VY 3Be3pl, JETAIICH IO KPyrOBOM OpOUTE paanyca 7, CO CKOPOCTHIO V' U IEHTPOCTPEMHUTEIbHBIM
YCKOpEHHeM a = V*/r, CMeIeH s CIIeKTPaIbHBIX JTHHHI 0T 3¢ dekta Putua (1.16) cocrast

Ahg=ALalc* = LV*Irc*.
JU1st TECHBIX TBOMHBIX 3BE3]1 3TH CMEIIEHHUS MOTYT Ha MOPSIKU MPEBOCXOAHUTH JOTUIEPOBCKUE
Ahp=2AV]c.
Takum o6pa3om, caBur criekTpa 1o 3hdexty Putma Adlg IpeBOCXOAUT NOTICPOBCKUI CABUT ALp B

AAp/ ANp = LV/rc =2nL/cP ~ (L/c)/P,
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T.€. IPUMEPHO BO CTOJBKO pa3, BO CKOJIBKO PACCTOSIHUE IO 3BE3/bI B CBETOBBIX rojiax L/c MpeBbImIaeT
nepuon P = 2nr/V eé obpamenus [A21]. Ecnu ydyects addekt nepensnydenus, To B KauecTBe L clie-
NyeT MPUHATH IIUHY SKCTHHKIMH [ ~ 1 cB. rona. Torma mist 38€31 ¢ P < 1 roxa (T.e. Ui TECHBIX Map
3BE3/) cMelIeHUs MO0 PUTH-2G(EKTy HAMHOTO MPEeB30MAYT moruiepoBckue. [[mst Takux 3BE37 [ MOXKET
NPUHUMATh U MEHBIINE 3HAYCHUS, BBULY HATMYHS Y HUX OOLINX aTMocdep.

B cnydae smuntudeckoit opouts 3pdext Putma npuBenér k uckakeHuro GopMbl KPUBOU JTy-
4yeBbIX CKopocTell V,(f) u cooTBeTcTBYyIOMIEH (hopMbl KprBoii Oaecka /(7). Eciu cmemenus no 3¢dex-
Ty PHUTIa HAMHOTO PEBOCXOAT AOIUIEPOBCKUE, TO U3 ¢-Jbl (1.25) s 3Be3nsl ¢ @ = 0°, KOTOpOH co-
OoTBeTCTBYeT 4€THast QyHKUUS V(f), peructpupyemasi KpuBas «MHHUMBIX JIy4EBBIX CKOPOCTEID» Vr*(t)
Oyner Heu€THOU GyHKIMEH, oTBevaromieil opoure ¢ o’'=90° (Puc. 1.18). Takue rpaduku aydeBBIX

CKOpOCTeﬁ, C MCIJICHHBIM POCTOM H PE3KUM CIIaA0OM V. XapaKTCPHBI AJI1 Lle(l)eI/I,I[.

day
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Puc. 1.18. CpaBHeHHe KPUBOiT MHUMBIX JTy4eBBIX CKOPOCTeH ;. (f) OT CABHIa 4acToThl 1o 3(dexTy
Putna (cnnownas aunus) st opoutei ¢ e = 0,3 u @ = 0° 1 KpUBO# Ty4eBBIX cKOpocTei V,(f) oT cnBura
yacToThl 1o b dexry dorutepa (nywkmupras aunusi) 1t opoutsl ¢ e’ = 0,6 u ' = 90°. Cnpasa — npu-
Mep 6oJIee TOYHOrO COOTBETCTBHS KPHBOM «Iy4eBBIX CKOPOCTEil» 38e31bI VB 57 — rpaduky V, (7)

(orcupnas nunus), nexenn rpaduxy V(t) (mounkas aunus) npu (e = 0,45, @ = 0°).

JleHCTBUTENLHO, B 3TOM ClTydae V," =lalec, tne a, = —(GM/p*)sin(o + v) — nydeBoe yCKOpeHHe
CILyTHHKa S>, BEI3BAaHHOE TATOTEHHEM IJIaBHOM 3Be3/bl S Macchl M (Puc. 1.4), paccTosiHue 10 KOTOPOi
OT CIIyTHUKA MeHseTcs Kak p = p/(1 + ecosv), rae p — hokabHbIN napaMeTp diutumnca opouTsl. OTcro-
Jla U3MEPEHHAs TI0 CMEICHHUIO JIMHUH MHHMasi CKOPOCTh BBIPA3UTCS KaK

IGM

pic

V. (v)=- (1+ ecosv)” sin(o +v). (1.29)

B uwactHOoCcTH, 17151 0 = 0° 13 (1.29) 1 (1.6) MOXKHO MOTYUYUTH, IIOCIIE PA3IOKESHHUS B P,

V,*(t) ~ —K(sin(zm) +2e sin(w) +3e? sin(wn s (1.30)
P P P

TouHoe BbIpaXkeHHe AJs rpaduKa «MHUMBIX JIy4eBBIX CKOpPOCTEW», ¢ yuéTtoMm (1.6), mpumer BuA

o oM () 1o (ER) ?(‘sin (1 + 2ctgo tg(E/2)/ b - tg> (E/2)/b?)
ple 1+tg2(E2)/b? 1+tg?(E2)/b?
/i€ SKCIIEHTPUYECKas aHoMaus £ BbIpaxkaeTcs uepes ¢ u3 yciaosus (1.6).

* v v
N3 ypaBuenus (1.29) cnenyet 3aBucuMOCTb V, (V) — aHAIOT KPUBOH JIy4EBBIX CKOPOCTEH
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V," = (IGMIp*c)[sin(w + v) + 2esin(o® + v)cosy + e*cos’v sin(w + v)], (1.31)
KOTOpasi B IEPBOM MPUOIIKEHUH, ¢ YIETOM 3aBUCUMOCTH V(¢), OJM3Ka K TOTJICPOBCKOM KPUBOH JTyUe-
BBIX CKOpOCTeil V(f) mist opbutsl ¢ momyammiutynoil K'=IGM/p’c, ¢ monrotoit mepuactpa ' =
® + 90° 1 SKCLIIEHTPUCUTETOM e’ B JIBa pa3a OOJBIINM, YeM e:

V,=K'[cos(w + v) + e'cosw] = —K'[sin(w'+ v) + e'sinw]. (1.32)

BeiBoz 0 TOM, 4TO rpadik MHUMBIX JY4YEBBIX CKOPOCTEH COOTBETCTBYET rpaUKy UCTUHHBIX JTyUEBbIX
CKOPOCTEH 711 OpOUTHI YIBOCHHOTO AKCLIEHTPUCUTETA, CIeAyeT yxKe U3 AuddepeHInpoBaHus BeIpa-
xenus V(1) (1.9), xoropoe na€t rpaduk a,(f) ¥ COOTBETCTBYIOMIUNA Trpaduk Vv, () = la,c. [Ipu sTom
cilaraeMoe, cojeprkamiee B KadecTBe KOd(pQHIMEHTa SKCUESHTPUCHTET e (BTOpas TapMOHHUKA
2esin(4nt/P)), nocne auddepeHuupoBaHus IPHOOPETACT yABOCHHBIA KOG UIIMEHT 4e, COOTBETCTBYS
rpaduxy V(t) nns opobutsl skcueHTpucurera e’ = 2e. Taxxke yABOGHHE MHHMOIO IKCIEHTPUCUTETA
cienyer u3 cpaBHeHus Bbipakenuit (1.19) u (1.20), moka3piBaronMX OTHOLIEHUE 3HAYEHUN B MUHU-
MyM€ U MaKCUMyMe€, COOTBETCTBEHHO, IS Jy4E€BOW CKOPOCTH V), M MHHUMOM JIy4€BOW CKOpPOCTH
V," = la,/c. Kax BUIHO (Puc. 1.19), 5T oTHOIICHHsI COBMAAYT MPH yCIOBUH, YTO IS rpaduka V. (f)
IKCIGHTPHCHTET e’ = 2e, TO eCTh B B Pa3a BBIIIE HCTHHHOTO €, COOTBETCTBYIOMIEro V; (f).

Kak Buano (Puc. 1.18), HecMOTpst Ha CXO/ACTBO TPa(HKOB JIy4eBbIX CKOPOCTEH M rpaduka MHH-
MBIX JIy9€BBbIX CKOPOCTEH, OHU BCE K€ colepkaT oTinyus. B wactHOCTH, BHIIHO, YTO Tpaduk V,(f) 60-
Jiee TIIAIKAN, 9eM Tpaduk V,*(t) = la,/c, y KOTOpPOTO TOCIIc MUHIMYMa OoJiee Pe3Ko HapacTaer, oopa-
3ysl TOUKY IMepernda v BBIMYKJIbIA y4acToK, Oojee MpuOImKeHHbIH K ocu BpeMeHu. [1loatomy, cpaBHU-
Basi CHATYIO 3aBUCHMOCTB CIIEKTPAIBHOTO CMEIICHHS OT BpeMeHH ¢ rpadukamu Vi(f) u V) (f), MOKHO
YCTaHOBMTH, KaKasg U3 3aBUCHMOCTEH JIyd4llle ONMMUCHIBAECT HAOIIOAAEeMbli rpaduk M, COOTBETCTBEHHO,
YCTaHOBUTH, YeM B OOJIbIIECH CTereHn 0oO0yciIoBICHO cMmerieHne — 3¢dexrom Jlormrepa win Putia.
JleficTBUTENBHO, Y HEKOTOPBIX ABOWHBIX 3BE37 HAONIOAAETCS SPKO BHIPAKEHHOE OTKIOHEHHUE CHSTBIX
rpaduKOB JIy4eBBIX CKOPOCTEH OT Teoperuueckux. Hampumep, y 3B€3ab1 VB 57 u3 ckoruenus ['man
[172] nabmogaercss UMEHHO Takas TeHACHLHUs — rpaduk B pailoHe MaKCUMYMOB U MUHUMYMOB 00pa-
3yeT TOYKHM Ieperunda, OTKIOHSSICh K ocu BpeMeHHu (Puc. 1.18), uTo HamHOro sydie corijacyercs c
PHUTIIEBCKUM TpaduKOM V,*(t), 4yeM ¢ IotuiepoBckuM Vo (f). Tlpuuém Tennennms HadmroaaeTcs 11t 000-
X KOMIIOHEHTOB M HE MOXXET OBbITh Pe3yJbTaTOM CIy4YalHBIX OIIMOOK. AHAJIOTWYHAs CUTyalus Ha-
omromaeTcs s 3Be3abl J 271, Toxke u3 I'mag [172].

OTnenuth CHEeKTpalibHBIe cMeleHus 1mo 3¢dexry Putna oT AOriepoBCKHUX, MOKHO, CPaBHUB
3JIEMEHTbI OPOUTHI, U3MEPEHHBIE CIIEKTPOCKONMMYECKH U BU3yallbHO, 10 KojebaHusM Gnecka. Eciu op-
Outa 00/aJaeT MCTUHHBIM JKCIICHTPUCUTETOM W BBHITSHYTa BIONb Jy4a 3peHus r (o =270° wiu
®=90°), To kpuBas Onecka umeeT BUI 4ETHON (GyHKUMHU, HO 3dext Putna uckaxaer rpapux V,'(r)

3 v * (i
(Puc. 1.10) unu co3naét MHUMYIO KpPUBYIO JIy4€BbIX cKopocTel V, (), KOTOpoi coOTBETCTBYET ' = 0°
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wi ©'=180° (Puc. 1.19). HecooTBeTCTBUS 371€MEHTOB, U3MEPEHHBIX Pa3HBIMU CIIOCOOAMHU, JEHCTBU-

TeILHO, 0OOHapyKeHbI [46], Harpumep, y 3Be3abl U [ledes (Puc. 1.8).

HD 74156 b

i
\

f

Radial Velocity (m/s)

f
s
[

-02 00 02 04 06 08 10 12
Phase € anetsar

Puc. 1.19. CpaBHeHue rpauKOB MHUMBIX JTy4eBEIX cKopocTeii ¥, (f) oT ciBura yacTotsl o 3ddekry Putna (cnrowmnas
aunus, 1 e = 0,3 1 ® = 90°) u my4yeBsIX ckopoctel V,(f) oT casura wactotsl o 3ddekry Jormnepa (nynkmuphas nunus,
st e'=0,6 u ' = 180°). Cnpasa — npumep rpaduka V,(f) mist sx3oruranetsl HD 74156 b ¢ aHOMabHO BEICOKUM e’ =

0,63 u ®' = 174°. E€ uctunHas opOHTa MOXKET 00J1aaTh yMEPEHHBIM dKCIeHTprucuTeToM e = 0,32 1 @ ~ 90°.

Otauuus rpaduKoB Vr*(t) u V,(f) CTaHOBSTCS 3aMETHBI JIUIIb MPU BHICOKUX 3HAYCHHUSIX IKCIICH-
TpucuTera e > 0,3. DT0 SPKO MPOSBUTCS MPH 06pa3oBaHuH Ha rpaduke V. (f) BTOPHIHBIX MAKCHMYMOB
U MUHUMYMOB, OTCYTCTBYIOIIMX Ha KPUBOH JIyueBBIX cKopocTel V,(f) u V,(v), Kak Jerko yoeauTbes,
uccienys BoipaxkeHue (1.32) Ha SKCTpEMyMbl, YHCIO KOTOPBIX Ha OJAHOM Iepuone P Bceraa paBHO
JBYM. AHAJIOTMYHBIN aHAJIU3 BBIPAXKEHUS U1 MHUMBIX JIy4EBBIX CKOPOCTEH Vr*(v) (1.29) nokassiBaer,
YTO YHCJIO PEIICHUI-IKCTPEMYMOB YpaBHEHUS dV,’/dv = 0 Moxer MpeBbINIATh Ba. Tak, st @ = 90°
HalAEM, KpOMe TTIaBHBIX IKCTpeMyMoB (mipu v; = 0 U v, = 1), emé BTOpuYHbIE — MpH v3 = arccos(-1/3e)
u v4 = 21 — arccos(-1/3e). IlockonbKy 3aBUCUMOCTD V(f) — MOHOTOHHO HapacTarolas, COOTBETCTBYIO-
IIME JOMOJIHUTEIbHBIE IKCTPEMYMBI 00pa3yrOTCsl U HAa KPUBOM JIy4EBBIX CKOPOCTEH Vr*(t). Jlerko Bu-
JI€Th, YTO 3TH BTOPUYHBIE MAKCUMYyMbl 1 MUHUMYMBbI B BUJI€ HEOOJIBIIMX FOPOOB M IMOK BO3HHMKAIOT
Ha rpaduke JIy4eBbIX CKOpocTell mumb mpu e > 1/3 = 0,33. Kak noka3bIBaeT KOMIBIOTEPHOE MOJICIH-
poBaHMe U HccienoBaHue BolpakeHus (1.29) Ha skcTpeMyMsbl, IpU OTAAIEHUU ® OT 3HaYeHUs ® = 90°
(oT sin® = +1) BTOpu4YHbIE MAKCUMYMBI 00Pa3yIOTCs TpH emé O0OIBIINX 3HAUYCHHUIX e. B mpenene, npu
® =0° wmm © = 180° BTOpUYHBIE IKCTPEMYMBbI OTCYTCTBYIOT JaXKe MPU e =~ 1, KaK BUIIHO, UCCIEAYS
BBIPAKEHHE v, (v)= —(lGM/pzc)(l + ecosv)’sin(v) Ha skcTpemyMsl. [lpu e = 1 rpaduk v, (6) npuoope-
TaeT CTyNeHYaTyio Gopmy.

Haunbonpmmx rickakeHuit mo 3gpdexry Putma MoxHO 0XKHIATh Y ABOHHBIX ITyJIECAPOB: UX OpOH-
TaJIbHBIE NEPUOJIbl P Malibl, a CKOPOCTH K U IEHTPOCTPEMUTENBHBIE YCKOPEHUS . — BeIMKU. COOTBET-
CTBEHHO, 3pdeKkT Purna /uid TakuxX CHUCTEM MOXKET MOPOKIAaTh BBICOKUI MHUMBIH 3KCLIEHTPUCHUTET
e'=la/2¢* = mlK/Pc*. JIeHCTBUTEIBHO, JUTSl TAKHX CHCTEM XapaKTEPHbI BHICOKHE SKCIEHTPHCHTETHI
e ~ 0,5-0,8, npu kopoTkux opoOutanbHbIX nepuongax P~ 10 cyt [173], npu KOTOpHIX TPEHHUE B aTMO-
chepe 3BE3N U MPUIUBHOE TPEHHUE CKpyTIsieT opoutsl 10 e =~ 0. Takum 006pa3oM, UCTUHHBIE OPOUTHI
MyJIbCAPOB MOTYT OBITH KPYTOBBIMH, @ HAOJIIOAaeMble BBHICOKHE HKCLEHTPUCUTETHI — MHUMBIMH, CO3-

JAHHBIMH pUTL-3PdexToM. My HCTHHHBIE 3KCLIEHTPUCUTETHI B JBa pa3a MEHbBIIE pacuéTHBIX, €CIU
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Ha0JII0/1aeTCsl KpUBasi MHUMBIX JTyueBbIX ckopoctelt (Puc. 1.18, Puc. 1.19). B nonb3y uckaxenuii rpa-
(GUKOB JTy4eBBIX CKOpocTei 1o 3¢ ety Putia u BKiIaga MHUMBIX JIy4EBBIX CKOPOCTEH V,*(t) CBHJIC-
TENbCTBYIOT TAK)K€ aHOMAIUHU B JABM)KEHUU MYJbCAPOB, UX TPaQHUKOB JIy4EeBBIX CKOPOCTEH U paccyu-
TaHHBIX 110 HUM OpPOUT, OTJIMYHBIX OT KEIUIEPOBCKUX. TakK, y psAla ABOHHBIX IyJIbCApOB HAOIIOAAIOTCS
CHUCTEMaTHYECKHUE OCTATOYHBIE YKIOHEHHS MOJYYCHHBIX CIIEKTPOMETPUYECKH TPa(HKOB JIy4eBBIX
ckopocteit ot Teopernueckux [81, 174]. [Ipu4uém yKIOHEHHsS] COOTBETCTBYIOT TEOPETHUYECKON (hopme
rpahMKOB MHEMBIX Jy4eBbIX ckopocteii V. (£) [81].

OOBIYHO CMENICHHUS CIIEKTPATIbHBIX a0COPOIIMOHHBIX M SMUCCHOHHBIX JTUHUMN 110 3¢ dexry Putna
(1.15) cymiecTBEHHO MEHBIIIE TeX, KOTOPhIE MOXKHO OXKMJATh Ha OCHOBAHHHM MAaCIITA00OB MCKaKCHUS
BPEMEHH Ha KPUBOM JIyUEBBIX CKOPOCTEH (Hampumep, y nedeum), rae MHTEPBaIbl df pacTATUBAIOTCS
M CKAMAIOTCS B pasbl. 1IpH H3MEHEHHH YaCTOTHI B TOM ke MPOIOPIMK MHUMEIE ckopocTi V- (1.22)
ObuTH OB COMOCTABMMBI CO CKOPOCTHIO cBeTa. Ha mpaktuke 3¢pdext nepensnydeHus: Ha NOPSAKH CHU-
KAeT CABHUT OT PUTH-dPdeKTa (CTAHOBSIIUNACS CPAaBHUMBIM C JOIUIEPOBCKHUM) JJISl YACTOT JIMHHMA TTO-
IJIOIIEHUSI aTOMOB, MPUMEHSAEMBIX JIJISI OLIEHOK CMEIICHUM crieKTpa. Bosne kaxaoil pe30HaHCHOM Yyac-

TOTHI fj) MOKa3aTesb npeaoMieHus 7 [82] cTpeMUTeIbHO HapacTaeT

(f2- )

(rme x — k03(ppuLMEHT, XapaKTEPU3YIOLUINI KOHIIEHTPAIIUIO0 aTOMOB, MAacCy M CHIIy OCLWJIISTOPOB), U

(1.33)

JUIE HUX JUIMHBL niepensiydenus [ = A/2n(n — 1) 1 mponopuuoHadbHBIE UM CMEHICHUS 10 3P eKTy
Puria AMA = la,/c2 CHIDKEHBI Ha TIOPSJIKH, TaK YTO CTAHOBSITCS MEHBIIIE WU COTIOCTABUMBI CO CMeEIIIe-
HusiMu 10 3¢ dekry Jlomnepa. HenpepbIBHBINM MIaHKOBCKUN CHEKTP, TNI€ YaCTOTHI AANEKU OT PE30-
HAHCHBIX, CMeIaeTcsl puTL-3(pPekToM HAMHOTO CUJIbHEE, TPUBO/ISL K MHUMOMY M3MEHEHMIO 1IBETOBOM
Temrepatypsl 3Be3/1bl. CIIEKTp MOTIIOMIEHUS cMeIaeTcst puT-3(h(HEKToM B TOMH K€ Mepe, YTO W TUIaH-
KOBCKHIA, JIMIIb MIPU JABMXKEHUU CBETA B MPOCTPAHCTBE, CBOOOAHOM OT MEX3BE3AHOrO rasza. Takue yc-
JIOBHSI PEAM3YIOTCSI B MEKTAIAKTHYECKOM MPOCTPAHCTBE WIIM «OKHAX», KOPUAOpaX MPO3PavyHOCTH —
yudacTkax ['anakTuku, IpakTH4eCKd CBOOOTHBIX OT MEXK3BE3ZHOTO rasa.

[Tpr GONBIIOM SKCHEHTPUCHUTETE, COMOCTABUMOCTH JIOTUIEPOBCKUX W PUTIEBBIX CMEIICHUH, a
Tarke npu yuére sddexra 3ama3apIBaHus, UCKAXKEHU MPUOOpPETyT Oosiee CIOKHBIA XapakTep. Pe-
3yJIBTHPYIOIIAsl KpUBas pacuETHBIX JIy4eBbIX CKOopocTeid V,(¢') onmpenensiercst Ans KaXKIoro 3HA4eHUs ¢
yepe3 MapaMeTpudecKkoe 3aJaHhe CKOPOCTH U MOMEHTOB HAONIOACHUS ', BHIPQXKECHHBIX U3 YCIOBUH

(1.6), (1.14), (1.23) u (1.29) yepe3 UCTUHHYIO AaHOMAJIUIO V B IIENIOYKE ypaBHEHUI

V./(v)=V, +V." = K(cos(w+v)+ecosw)+ ¥, - lG—zM(l +ecosv)® sin(w+v), (1.34)
c

82)7 8 ) lte’
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t
I(l + ecosv )’ sin(w + v)dt .
0

_IGM
202

tzi(E—esinE), I'=t
2n

Ha pesynbrupyrommx rpadukax JydeBbIX cKopocTei V,'(¢'), kKak OTMEueHO BBIIIE, MOTYT IOs-
BUTBHCS BTOPUYHBIE MAKCUMYMbI U MUHUMYMBI, CTylIeHH U Apyrue aHoManuu. [lonoOHble nckaxkeHus
OTMEUEHBI Y pana 3BE3 (Hampumep, y 3Be3asl RZ 1llurta), paccmoTpennbix B MoHorpaduu [46]. Bro-
pUYHBIE MUHUMYMBI OOHApYXEHbI U B CHCTEMax 3K30IUIaHeT, HarpuMep, y mianetsl HD 74156 b Ha
KPHBOI{ JIy9EeBBIX CKOPOCTEii B paiioHe MakcHMyMa, IJie Ha rpaduke V) (f) JOIDKeH HaOIIOIaThCs He-
TyOOKHH JIOKAIbHBI MUHUMYM, JE€HCTBUTEIHLHO, OOHAPYKUBAETCS TEHCHIINS K CIIay JIy4eBOH CKO-
poctu (Puc. 1.19). 910 MmoxeTt o3Hauate, uro y HD 74156 b opbura — snauntudeckas, HO 00J1aaeT B
2 pa3za MEHbBIIUM IKCLUEHTPUCUTETOM e ~ 0,3, U perucTpupyeTcsi He UICTUHHAs KpUBasl JIy4E€BBIX CKOPO-
cret V,(t), a MHUMasd V,,*(t), cojaepxaias BropuuHbie MUHUMYMBI (Puc. 1.19). TeM xe 0OBSICHUMBI
aHoOMaJIbHbIE (OPMBI TPA(PUKOB JTyUEBBIX CKOPOCTEH (C BTOPUIHBIMH MAaKCUMyMaMHu) Yy psifia epeMeH-
HBIX 3BE31, BKItouas nedeunst u 38E3161 THa RR Jlupser [175, 176], koTOpble MOTYT MEHSTDH SIPKOCTh
KaK 3a cuéT MyJbCalii, Tak 1 3a cu€T opOuTampHoro BpauieHus (3ddexr 3atmenuit, apdexr ruammn-
COMJIAIBHOCTU U 1Ip.). B Takom ciydae M3MeHEHHUE MOJIOKEHUS BTOPUYHOIO MaKCUMyMa Ha KpPHUBOMU
OJiecka U KpUBOM JIy4eBbIX cKopocTel (00pa3yromux MOoCciIeI0BaTeIbHOCTh | epuimnpyHra, B 3aBUCH-
MOCTH OT mepuonaa konebanuil Gnecka [177]) oObsSICHSIETCS POCTOM ADKCUEHTPUCUTETA OPOUTHI MpHU
YBEJIMUEHUHU NEPUOAA U U3MEHEHUEM BPEMEHHU 3ala3blBaHUs BTOPUYHOIO MakKCHMyMa BBUIY H3Me-
HEHUS! OpOUTATILHONW CKOPOCTH KOMIIOHEHTOB.

Dddext Putna, moMmuMo konebGaHuil IBETa U JTy4E€BOW CKOPOCTH, BET OBl K CHHXPOHHBIM KOJIe-
OanusiM BUIUMOM sipkoctu I’ nBoiHBIX 3BE31 (1.17). IIpeoOpa3zoBanue, Mo Mepe JBUKECHHS CBETA, U3-
Jy4YeHHs 3B€3/bl IOCTOSSHHOW CBETMMOCTH B NEPUOAMYHO MOJYJMPOBAHHOE U3IYyUYEHHE NEPEMEHHOM
SPKOCTH /' aHAJOTMYHO KIMCTPOHHOMY 3(h(eKTy — HapacTalOUIMM BJIOJIb MYTH KOJIEOAHUSM TUIOTHO-
CTU MOTOKA 3JIEKTPOHOB, MOJYJIMPOBAHHOTO MO CKOpocTsM [67, 178]. 'unore3y ABONCTBEHHOCTH 1I€-
deun, kKak BO3MOXHOW MPUYUHBI KOJIEOAHUIN MX SIPKOCTU M 1IBETA, BBIIBUTAIN YK€ UX MEPBOOTKPHIBA-
tenb — JIxk. Uyapaiik, u pycckuii actpodusuk A.A. benononbCkuil, OTKPBIBIINN KOneOaHUs JTHHUNA B
CHeKTpax neden 1, aHaTorndHble OOHAPYKEHHBIM y TBOWHBIX 3BE31 [65, 145].

ITepBoe oOBsicHeHHe Kosebanuii Oecka neden Ha ocHoBe ¢ dexra Putna (1.17) npunapiexxur
M. Jla Poze [171, 179]. Ilo3nueli oty runore3y paszsusanu II. Myn u JI. Cniencep [26], B.1. Cexepun
[149], P.C. ®putauyc [79] u B.M. Jlroteiit [123]. B wactHoctu, B.M. JItoThIil HccnenoBan ABOMHbBIE
PEHTTEHOBCKHUE 3BE3/bI, Y KOTOPHIX HAOIIOJAIOTCA TUIaBHbIE KojeOaHus OJiecKa U IBETOBOW TeMmIepa-
TYpbl, aHAJIOTMYHbIE LIe(pEeUTHBIM, TPOUCXOASIINE C OPOUTATBHBIM IEPUOAOM P.

Kax mokazano aBropom [A23], addext Putna obbsicHseT Takke npupoay 3¢dekra braxko y
3B€31 Tuna RR Jlupsl u kapnukossix nedeun [176]. Ecnu 5Tu TUIBI IEpeMEHHBIX 3BE3/ MPEICTaBIIs-

I0T 000 TeCHbIE ABOHHBIE CUCTEMBI (3TO MOATBEPIMIOCH JJIi HEKOTOPBIX Hedenn u 3831 Thna RR
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JIupei [180]), To npu ObICTPOM NOBOPOTE UX JUHUH anicul (IUKIMYHOM U3MEHEHUU ®) OyJeT LUKINY-
HO MEHATHCSI KPUBasl JIy4EBbIX YCKOPEHUU a,(f) 1 MHUMBIX JIY4EBBIX CKOPOCTEH V,*'(t) (1.34). Coor-
BETCTBEHHO, MEHseTcsa BbI3BaHHas »ddexkrom Purtna (1.17) xpuBas Onecka ['(f) u e€ acummeTpus
[A15]. ImeHHO Takue Bapualiuu KpUBBIX OJecka HabmogaroTcs B 3gdexre braxko.

Ecmu cniekrpasibHbIC cMmemieHust 00yciioBieHbl d3gdexkrom Putma, Torna y nedens kpuBas «ry-
YEBBIX CKOPOCTEW» OTpa)kaeT He KOJeOaHUsI CKOPOCTH, a KoeOaHUss MHUMOM JTy4eBOI CKOPOCTH U yC-
KopeHus 3Be3bl (1.22). 910 00bsicHSIEeT npUpoy NPOTUBO(hA3HBIX KonebaHul sipkocTy [ (f) ¥ ATUHBI
BOJIHBI A () Ha KpUBBIX OJIECKA U JIyUEBBIX CKOPOCTEH 1eder ], COOTBETCTBEHHO,

I'=I1+ra/c?) " uk" =M1+ ralc). (1.35)
CaBur A" MEHsIET TaK)Ke I[BET: CIIEKTPAIbHBII MAKCUMYM 3BE3/Ibl CMELAETCsl IONIEPEMEHHO B KPaCHYIO
WIN CUHIOIO 00s1acTh. [TockonbKy mokasaresb 11BeTa 3B€3/Ibl U MOJI0KEHUE CIIEKTPAIbHOTO MaKCUMyMa
110 3aKOHY cMelleHHs] BuHa XxapakTepusyeT TeMIleparypy, TO Bapualuu LBeTa U spkoctH (1.35) un-
TEPIPETUPYIOT KaK BapHaIH «TeMIEpaTyps» 3Be31bl B (haze ¢ Oieckom (Puc. 1.20).

Konebanust spkoctu 3BE31 MOKA3BIBAIOT HECOCTOATENbHOCTh aprymeHta Jle Currepa (§ 1.1).
HccnenoBaHHble UM 3BE3JIHBIE CHCTEMBbl HE OOHApYXWIM Nepekoca rpaduKoB JIyueBbIX CKOPOCTEH,
NIOCKOJIbKY BBI3BaHHBIN 3¢ dexToM Purtna nepekoc rpadukoB V,(¢) Man 1t cucteM OJIM3KHX K 3emiie,
a s 0osiee yIan€HHBIX CUCTEM MEPEKOC TparKOB JIyUEBBIX CKOPOCTEH COMPOBOXKAANCS ObI KoJieOa-
HussMU apkocTH " (1.17). CoOoTBETCTBEHHO, 3B€3/ly CUUTAIM HE ABOMHOMN (Ha OOJBIINUX 7 BTOPOU KOM-
MOHEHT HEePa3JIMUMM), a MyJILCUPYIONICH 3Be3101 — nedenoi. B urore 3HaUMTENBHBINA TTEPEKOC Tpa-
(HMKOB JIy4eBbIX CKOpOCTEH y Lieen]1 He CBA3BIBAIN ¢ OPOUTATIBHBIM JBM)KEHUEM 3Be3/bl U 3(dexra-
MU Oamnmuctudeckoit Teopun. Ensa atu 3¢pextsl craHOBUIMCH 3aMETHBI, IBOMHbBIE 3BE3/BI U3-3a TIE-
PEMEHHOM SIPKOCTH OTHOCHJIM YK€ K nedenaM, UCKITIoUas U3 pacCCMOTPEHHsI, Ha YTO BIIEpPBBIE 0Opa-
tun BHuMaHue [1.C. Yukun [69]. dpyrumu croBamu, s nedeuna CymecTByeT 30Ha U30eraHus: 3TH
3BE3/1bI HE BcTpeuaroTcsl Ha paccTosHusAX » MeHee 100 nx (~300 cBetoBbix JsieT) oT Connua. [o mpe-
BBILLICHUN 3TOW JUCTaHUUU Konebanus 6necka no 3¢dexry Putma (1.17) cranoBsiTCs 3aMETHBI U pac-
TYT MPHU JaJibHEWIeM pocte ». Tak, Onmkaiiias k Ham niedenna — [lomsipHas 3Be31a, yaaieHa Ha pac-
crosiaue 7 =~ 430 CBETOBBIX JIET, M 00JaJaeT Majoi aMILIMTY10i KoseOanuii Oiecka 0,12", mensist sp-
KocTb Bcero Ha 12% [181]. Ilpu pocre r u ycunenuu >3¢pdexra Putna (1.17) uedeunst ooHapyx uBa-

IOTCS Yallle, U aMIUTUTY /bl KoJieOaHui ux Oiecka pacTyT.
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Puc. 1.20. Habnronaemeie y nedena koedanus Oaecka m, CKOPOCTH U, U

temriepaTypsl 7. kak ciencteue agdekra Putna s ABOMHBIX 3BE31.

WTak, MOy JISAIIUS. CKOPOCTH CBETA MPH JABIKEHHH 3BE3JIbI IO OpOHTE MPUBOIUT K KOJICOAHUAM
SPKOCTH, HAPACTAIOUIUM TIPHU yAAJIEHUU OT 3Be3/bl. DP(HEKT aHATOTHYCH KIUCTPOHHOMY P (DEKTy, Kak
ob110 otmMeueHo npodeccopom H.C. CrenaHoBbiM. Ecniu B KITUCTpOHAX MPOUCXOIUT MPOCTPAHCTBEH-
HO-BpeMeHHasi OKyCHPOBKA IIEKTPOHHBIX Tyuel («da3zoBasi (OKYCHPOBKa»), TO B JBOMHBIX 3BE3aX
— CBETOBBIX Jyuel [67]. DTo mosicHsAET MPOCTPaHCTBEHHO-BpeMeHHas auarpamma (Puc. 1.21), anano-
TUYHAs U3BECTHOM Jy1s KiucTpoHa [178], kak moka3an B.U. Cekepun [149]. PocT sipkocTu 00ycioBieH
cOOpOM JIyueil, UCIyIIEHHBIX B Pa3Hble MOMEHTHI, BO3JIE OTJENIBHBIX TOUEK. DTOT BPEMEHHOU (oKyc
COOTBETCTBYET MyTH r = ¢*/a, Kak BHAHO U3 Puc. 1.21. Dddext HapacTaHus aMIUTATYIBI KOIeOaHH I
Oyiecka IBOMHBIX 3BE3] MPOMOPIIMOHAIBHO 7, OOBICHSIET, KaK OTMEUAJIOCh BhIE [69], MOIHOE OTCYT-

ctBue nedenna B npeaenax 100 mapcek ot CosnHia.

I L=clay/ /) / / /)] [ ]/ /]

Visin(2mt/P)_

SUAFELLL L /;{// (LA [ffome,
/e

Puc. 1.21. IIpocTpaHcTBEeHHO-BpEMEHHas AUarpaMma WUTIOCTPUPYET 3P QPEKT IpynInupoBaHust ceta u Gpop-

MHPOBaHHS KHHEMAaTHYECKIX BOJH 33 CUET MOAYIIALNU CKOPOCTH V, MOTOKA YacTHUIl Ha epuoje P.

Addexr Purna T° = T(1 + ra,/c*) HAYHET 3aMETHO MEHSTB SPKOCTb 3BE3IBI IPU ra,/c ~ |, win
r/cP ~c/V (tae a, ~ V/P BblpaxeHO uepe3 opOuTalbHbIE CKOPOCTh V u mepuon P 3Be3asl). To ecTb,
3Be3/1a BOCIPUMETCS KaK MepeMeHHasl, €CJIM OTHOILICHUE TUCTAHIUH #/c 3Be3/bl (B CBETOBBIX rojax) K
P npeseicut ¢/V [A21, 13, 14]. TTocKoIBKY I TECHBIX JBOWHBIX 3BE3]] TUITUYHBIE CKOPOCTH V ~ 10
km/c, a iepuonbl P~ 0,1 rona, To konebaHus Oiecka CTaHyT 3aMETHBI Ha AucTaHIusax r/c ~ 300 cB.

net ~ 10% 1. [TpumepHO ¢ Takoil TUCTAaHIIMKN U OOHApYKUBatoTCs Hehens [69].
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Hanpumep, a5 kpyroBoil opOUTHI KpuBas JIy4€BOI'O YCKOPEHUS a, UMeeT (POpMYy CHHYCOUbL:
a, = a-sin(2nt/P), oTyero u3MepeHHas CBETUMOCTh U SPKOCTb [ MIEPUOANIHO MEHSETCS 110 CPAaBHCHUIO

C UCTUHHOM [ (KOTOpaﬂ nMesa ObI MECTO B OTCYTCTBUC NBUKCHUA 3Be3JIBI), MponopuruoOHaJIbHO

T ( ra . (sz—l
—=|14+—sin| — .
T c? P

B HTOre CBETHMOCT 3BE3/IbI B MPHOTIKEHHH ra/c” << | IpUMeT BHI
-1
=1 _ 1(1 ; ﬂsm(@)) N 1(1 - ﬂsin(@j) , (1.36)
T c? P c? P

NEpUOJIMYHO MEHsSICh B MpoTUBO(da3e ¢ yckopeHueM a,. [lepuoanunas kpusas 6iecka (1.36) kak pa3
XapakTepHa JUIsl MaJOaMIUTUTYIHBIX (PU3MYECKH MEePEMEHHBIX 3BE3/, JJIS KOTOPBIX MIyOMHA MOIYJIs-
iy siproctu my= Al/l = ralc* << 1. Eciu neden sl — 3TO ABOMHEIC 3BE3/bBI, Toraa dddekt Putma mo-
3BOJIUT JIETKO MHTEPIIPETUPOBATh aHOMaJbHbIE CBOMCTBA Ledens U Apyrux MEepeMEeHHBIX 3BE3A, A0
CHX TOp HE MOJIyYMBLIMX BCECTOPOHHEI0 OOBSCHEHMs B paMKax IyJIbCAllMOHHOM Teopuu. Takxe co-
BpPEMEHHBIN YTOUHEHHBIN aHann3 runotessl Jla Po3b-CekeprHa Mo3BOIIET YCTPAaHUTh OOJIBIIMHCTBO
BO3pa)KEHUI IPOTHUB 3TOM TMIIOTE3bl, HAIIPUMED, YIOMSIHYTHIX B [6, 182—-184].

B gactHoCTH, 3ddexT Putia 00bsicHAET CHHXPOHHBIE ¢ KoJieOaHUsAMH OJiecka KoyieOaHUs [IBETO-
BOM Temmepatypsl 1 j1ydeBoil ckopoctu nedeun (Puc. 1.20), u3smepeHHO, COOTBETCTBEHHO, IO CIIEK-
Tpy u3iydeHus u nornomeHus. Eciu xonebanus Onecka u crekrpa oOycioBieHsl dddextom Putna,
TO JIOJKHA CYIIECTBOBATh CBSI3b MEXKAY XapaKTEPUCTUKAMU KPUBBIX OJIECKA, «IyYEBBIX CKOPOCTEI» U
«remnepaTtyp». JlelcTBUTENBHO, COIJIaCHO HAONIOJEHMSAM, C HapacCTaHUEM aMIUIUTY]bl KOJIeOaHUMH
Oyiecka, pacTéT aMIUTMTya KojeOaHWil TeMIiepaTyp U JIydeBbIX ckopocteit [185—-187]. PaccMoTpum
3Be3/ly, YAAJEHHYIO Ha PacCTOSIHUE 7, BUXKYILYIOCS MO KPYyroBoi OpOHMTE ¢ YCKOpEHHEM a U 00ia-
Jaronyro cpenueit spkocteio [. Torma, cornacuo (1.36), sipkocth B Makcumyme — I(1 + ralc®), a B Mu-
aumyme — I(1 — ra/c?). Takum 06pa3oM, TIyGHHA MOTYIALNN SPKOCTH

mr=Alll = ralc*.

Te e npeoOpa3oBaHUs UCHBITHIBAET YacTOTa f M JUIMHA BOJHBI A. IloaTOMY B criekTpe nzmyye-
HUS 3BE3JIbl CIIEKTPATIBHBIH MAKCUMYM Amax HNEPUOJIUYHO CMEIIACTCS, U MAaKCUMAJIbHOE CMEIICHUE
AIf= AML = ra/c*. Bapuamun Amex HHTEPIPETHPYIOT KAK KOJTEOAHHS TeMIIepaTypsl 38e3abl. OIHAKO
CIIEKTPAJbHBIN aHAIM3, M0 3aKOoHY cMmemeHust Buna T Am.x = b = 0,003 m-K, gaét nmumb oneHoYHyro
LIBETOBYIO TemIiepaTypy Tena 7., 4acTo He COBNAJAIOUIYI0 ¢ peanbHoM Temneparypoit T [82, 188]. Co-
OTBETCTBEHHO, MEPHUOMYHBIC CMEIICHUS CIEKTPATBHOTO MaKCUMyMa ederibl OIMO0YHO UHTEPIIpE-
TUPYIOT KaK KoJieOaHUsl €€ TeMIepaTyphbl

mr= AT/ Te= Anax/Amax = ralc’.

Taxum 00pa3oM, cOriaacHo GATTMCTUUECKON TEOpHUH, IITyOMHBI MOIYJISIIUM TEMIIEPATypbl My U SAPKO-

CTH m; TOJDKHBI COBIAJIaTh, YTO U HaOmMomaercs y nedeun. B MoMeHT Makcumyma Oliecka U ycKope-
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HUS, KOTJa CHEKTP MAaKCUMaJIbHO CMEIEH B CHUHIOI 00JIacTh, MOKAXETCs, YTO 3BE37a UMEET MaKCH-
MajpHyI0 Temmneparypy. Hebonbimme pacxoxnaenust B popme u daze s xkonedanuid [(t), T.(z), V(1)
MOTYT OBITh 00YCJIOBIIEHBI Pa3HOW SKCTUHKIIMEH (MOTJIOUICHHEM M MEepPEeu3TydeHHeM) Jy4Yeil pa3Horo
[[BETa, 00JIAJJAl0IIUX Pa3HONH CKOPOCTHIO, C MPOMEKYTOUHOM cpenoii (obsakaMu rasza). OTo HECOBMaA-
JeHue KoyieOanuii Oyiecka meden sl B pa3HbIX I[BETaX, KOTOPOE SKOOBI HE HAOJFOIaI0Ch, TOXKE MMPUBO-
UM B KadecTBe nmpoTuBopeuns moaenu nedeus Jla Po3si-Cekepuna [184]. B neiicTBUTENIBHOCTH 3TO
HECOBIAa/IeHNUE KPUBBIX OJIECKa B pa3HBIX AHAana3oHax oT4ETIuBO Habmomaercs [65, 189]. Kpome Toro,
kak ormetun Jla Poza, pacxoxnenust B hopme konebanwii 1(t), T.(¢), V,(t) uepenn oOycaoBIeHbI TEM,
YTO KPHUBBIE OJIECKa M TEMITEPaTyp OTOOpaXkaroT 00IIee U3MEHEHNE IPKOCTH M CIIEKTpa JIBOMHON 3Be3-
IIbl, @ HE OJHOTO KOMIIOHEHTA, KaK KpHBas JIy4eBOW CKOpOCTH. JINHUK BTOPOTro KOMIIOHEHTA, C MEHb-
UM OJIeCKOM, He BUIHBI MK clabbl. OTMETHM, UTO B paMKaxX OaTMCTUYECKOW TEOPUU ITU Koleha-
HUS, BI3BaHHBIC Y (ekToM PuTiia, HILTFO30pHEI, TOT/Ia KaK HCTHHHAS IPKOCTh M TeMIiepaTypa mneqen
(OTNMYHAs OT I[BETOBOI) — HEU3MEHHA.

Mexnay riayOuHaM#u MOIYJISIIUHM SIPKOCTH m;= Al/l u y4eBbIX ckopocteit my= AV,/V, yxe HeT
CTPOTOro cOOTBETCTBUSA. JIMHEHUaThIi CIIEKTP MOTJIONMIEHUS UCTILITHIBAET MHOTO MEHBIIINE KOJICOaHMUs,
4eM HEMPEPHIBHBINA CIIEKTp M3MydeHus, T.K. 3pdext Putna npeodbpaszyeT CekTp U3NydeHUs Ha BCEM
IyTH 7 CBETa K 3emile, a CIEKTP MOTJIOUIEHUSI MOXET CO3/1aBaTh KaK caMma 3Be3/a, TaKU U CJIOU Ta3a,
pacroNiokeHHbIe Ha MEHBIIEM YyJalleHHH 7 oT 3emiii. Kpome Toro, y 4acToT fy BO3JIe pe30HaHCHBIX
JUHUHN TIOTJIONMICHUS aTOMOB YBEJIMUEH TOKa3aTelb npenomiieHus n raza (1.33) u camwkeH 3¢ exTus-
HBINA TyTh [ ~ A/21(n — 1) Tpancdopmanuu cBera puti-3pdexrom. BoT moueMy npomnopuroHanbHbIe
PUTIIEBCKHE CMEIIECHUS CTIICKTPATBHBIX JTHHHUIA 3aMETHO CHIDKCHBI, TPUUEM B PA3HOM CTETICHH AJIS JIU-
HUH pa3HBIX AJIEMEHTOB, B 3aBUCUMOCTH OT KOHIIEHTPAIIMH COOTBETCTBYIOIIUX T'a30B U 3()h(HEeKTUBHO-
CTH UX nepeusnyuyeHus. Paznuuue aMmnuTy KoseOaHHi JTy4yeBbIX CKOPOCTEH B JMHMSIX Pa3HBIX dJje-
MEHTOB peaJlbHO OTKPHITO y medens u ABOHHBIX 3BE3xA [46, 175]. 3a cuér mepeusnyuyeHHs CABUTU
CIIEKTpa MOTJIONICHHUs, BhI3BaHHbIe dQdekramu Putiia u [lomnepa, MHOTIa COMOCTAaBUMBI, a Y psija Te-
PEMEHHBIX 3BE3]] IOTICPOBCKUE CMEIIEHUS MPe00IIaaatoT.

HaGmronenus BBISBUIIHM CBS3b aMILTUTYABI KoJieOaHu Oecka (rTyOuHBI MOIYJISIIUHN 71;) C aCUM-
MeTpuel KpuBoi Onecka. [l nedena xapakTepHO pe3koe HapacTaHHWE SPKOCTH U TUIABHBIN €€ craj.
CremneHb aCUMMETPHUH PACTET MPHU YBEIHMUECHUU aMIUTUTYIbI KoleOaHuil Oiecka. DTO TOXKE HAXOAHT
0o0BsicCHEHHE B paMKax Oayunctudeckoil Teopun. Kak mpaBuiio, TecHble IBOMHBIE 3BE3AbI UMEIOT KpYy-
TOBBIE OPOUTHI M, COOTBETCTBEHHO, KpUBAs CIIEKTPAJIbHBIX CMEIICHUH AA/A M JTy4eBBIX CKOPOCTEH —
ato cunycouna (1.35). Ognaxo >3¢pdext Putia cozgaér acummeTpuio rpaduKoB JIy4eBbIX CKOPOCTEH U
Onecka, mpuaaBast M muiooopazHyro Gopmy (§ 1.1, § 1.4). Uem cunbHel 3TOT MEPEKOC, TEM BHIIIIE
cornpoBokaaromue ero no 3ddexry Putna Bapmanum sprkocTd. ITO MO30BOJSIET OOBICHUTH HAOIIO-

naemMyio 3aBUcHUMOCTh. [loaTomy kiaccuueckue nedeuabl ¢ aCUMMETPUYHBIMU KPHUBBIMU JTy4EBBIX

76



CKOpPOCTEH, MMOKa3bIBaIOT CUIIbHBIE KOJIeOaHUs Ojecka. 3aTo MepeMEeHHbIM 3BE37jaM C CHMMETPHUYHOM,
CHHYCOMJIAJIbHON KPUBOM OJiecka, CBOMCTBEHHBI KoyieOaHus Oecka ¢ my; << 1, Kak y MaJloaMIUTUTY/I-
HbIX Ledeun tuna  biuznenos [175, 176]. Ot1oT 3dpdext mmmocTpupyet TpéxmepHas ¢a3opas Jua-
rpamMma KJIMCTPOHA: PU HApaCTaHWU aMILUIUTYbl KOJeOaHUH TUIOTHOCTH MOTOKA JIEKTPOHOB PACTET
ACUMMETpUS BOJIH, KOTOPbIE CTAHOBATCS U3 CUHYCOUAAIBHBIX — KHOUJAIBHBIMH, C OCTPBIMU IMUKaMU
[178].

AcumMeTpHIO KpUBOii Orecka nedeuns MoryT nopoauTh U 3¢ (eKTsl B3aMMOAECHCTBHS CBETa MO/-
BIDKHOM 3BE3/bl C MEXK3BE3THOM cpefioil. DTO BO3EHUCTBHE CPElbl, HUBEIUPYIOIIEE OTKJIOHEHUSI CKO-
pOCTH CBETa OT HOMUHAJIBHOM, PA3JIMYHO [JIs JIyYed CBETA, UCIYIICHHBIX C pa3HOM YaCTOTOM U CKOPO-
CTBIO B MOMEHTHI PUOIMKEHUS U OTAaIeHHs 3Be3/bl. Kak oTMeueHo B § 1.1, TOCKOJIBKY Tiepen3inyue-
HHUe 00yCJIOBICHO MHTep(hEepeHIMeH HCXOJHOTO U3TyUeH s CO BTOPUYHBIM, NEPEeU3TydEHHBIM HETO/I-
BIDKHOU cpefioi, TO OHO 3PPEKTUBHO JIHIIE ISl YIAISIOIMIUXCS UCTOUYHUKOB: V,. > 0. A mpu V, <0 me-
pEn3IIy4EHHBIM CBET CO CKOPOCTBIO ¢ HE JOTHSET IEPBUYHOE U3IYyYEHUE CO CKOpPOCThIO ¢ — V. > ¢, He
UHTEepQEpUPYET C HUM M HE MEHSET ero cKopocTH. Ecnu TouHee, yBenuueHa AJMHA SKCTUHKLUY /, Ha
KOTOPOM MEHSIETCSI CKOPOCTb, TOCKOJIBKY B I'a3€ 3a CUET MAKCBEJUIOBCKOIO PACIIPEACIEHUS €CTh aTOMBI
CO CKOJIb YTO/IHO BBICOKMMH CKOPOCTSIMU. PaccestHHOe MU n3mydeHue 001aJaeT J0CTaTOYHOH CKOpo-
CTBIO JJIs1 UHTEP(PEPEHIINH C UCXOJHBIM U3ITyUYEHUEM.

B urore, npeobpa3oBanue rpaduka JydeBbIX CKOPOCTEN CTAHOBUTCS HEIMHEWHBIM 10 V,, co3aa-
Bas J0OABOYHYIO aCUMMETPHIO KPUBBIX OJ€CKa M JIy4eBbIX CKOpOCTEN Lie(eunsi, BEIPaKEHHYIO TEM sSIp-
4e, 4eM BbIIIE aMIUIUTYyAa Kojebanuil 6iecka. Takum obpa3om, kojeOaHus Oiiecka He TOJIBKO Hapac-
TAlOT 10 Mepe IBM)KECHUS, HO U YKPY4YaloT NepeaHuil GpoHT. B 3TOM cMbIcie Topmo3siiee IeicTBre
MEX3BE3/IHOM CpeJibl aHAJIOTHYHO TOPMOYKEHHIO BOJIH HA BOJIE THOM: IIPU BBIXOJI€ HA Oeper BOJHBI HE
TOJIbKO HAapacTaloT U 3a0CTPAIOT IPEOHHU, HO U YKPYUalOT NepeHui GPOHT, BIUIOTh 10 €r0 OINPOKHU/IbI-
BaHUs. COOTBETCTBEHHO, AJs Ledeua U Ipyrux MepeMeHHbIX 3BE31 3BONIONMS npoduiis BoiaH I(f),
V() MmoxeT OBbITh OMMCaHa C IOMOIIBIO ypaBHEHHs Yu3eMa. TOpMOKEHHE CBETOBBIX BOJIH OT Iie(en]
MEX3BE3THOM Cpefoi CieyeT yuecTh M IIOTOMY, YTO OHO COKpamaeT 3pQeKTHBHBIN MyTh /, HA KOTO-
poM mpoucxoaut npeodpazoBanue cBeta no dddexry Putna.

Kpome nedenn, k husnuecku nepeMeHHbIM 3BE3AaM OTHOCAT Takke 3BE3bI THHA RR Jluper, RV
Tenpria 1 Mupsl — o Kura [176]. Konebanus ux Gnecka Takke MPUHATO OOBSICHATH MO0 TEOPUU ITyJIb-
canuid. OJIHAKO YK€ MPHU CO3JIaHUM OHA COJIEpKajia psiJ MapagoKcoB W mpoTuBopeuunid [126]. Tak, B
XOJI€ IMyJIbCAlUM 3BE€3/Ibl €€ CIEKTPAIBHBIC JIMHAN JTOJDKHBI HE CMEIIATHCA, a IEPUOAUYHO YIIUPSTHCS
HONIEPEMEHHO B CTOPOHY KOPOTKHMX U JUIMHHBIX BOJH (Puc. 1.22). Ho nHabmoaeHus nokasanu, 4To Jiu-
HUM HE MEHSIOT IIUPUHY, @ CMEIIAIOTCS KakK 11eJI0€, CBUJCTEIbCTBYS O JBMKEHHMHU 3BE3]bl IO opOUTE
Kak 1enoro. OTcyTcTBHE NEPUOIUYHOTO YIIUPEHUS CIEKTPaIbHBIX JIUHUM U IMyJibcaluil nedens noa-

TBEP)KJIAETCS TeM, UTO Lie(enibl XapaKTepU3yIOTCsl OYEHb PE3KUMH, Y3KUMU CHEKTPaIbHBIMHU JTUHUS-
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Mmu [126, c. 104]. [lynbcupytromue 3BE€3A6I HAMOOIBIIEH TEMIIEPAaTYpOil U APKOCTHIO 00s1agan Obl B
MOMEHT TpeaeapHoro cxatus npu V, = (0. PeanbHO ke 3Be3/a pye BCEr0 B MOMEHT PACIIMPEHUS C
MaKCHUMaJbHOU CKOPOCTBIO, €CIIM MHTEPIPETUPOBATh CMEIIEHUS CIIEKTPAIbHBIX TUHHUH KaK J10TUIEPOB-
ckue [126]. IIpuunHON 3TOr0 CYMTAIOT HECHH(A3HOCTH MyJbCALMl BHEUIHUX U BHYTPEHHUX CIIOEB
3BE3/IbI: BHEIIHUE CIIOU (xpomocgepa, 0Opa3yroliasi TUHUU TOTJIONMIEHUS) JAI0T KPUBYIO CKOPOCTEH

V(t), a BHyTpeHnue (pomocghepa) — xpuByto osecka I(¢) [126].

-y, ::ﬁm
: 2 P Bpeﬂlllﬂ
7;N max

I

TemMnepartypa "CKopocTb" spKOCTb

Puc. 1.22. CuaxpoHHbIE K0JIeOaHHS IPKOCTH, JIy4eBOH CKOPOCTH U TeMIlepaTypsl edens,

npoTuBOpeyanue Teopun mynascanuit (TI1), cnexyroT uz 6ammuctiuueckont Teopun Purma (BTP).

Jlpyroe HECOOTBETCTBHE — OTCYTCTBHUE 3aTyXaHHWsl ITyJIbCAllMi 3BE3J, HEM30CIKHOE B JTUCCHIIA-
TUBHBIX cucTteMax. [loaTomy nomyckaioT Haluyhe aBTOKOJIE0ATEeNbHOTO IMpoliecca, OT U3MEHEHHs B
X0JIe MmyJibcaluid K03 PUIeHTa IPOMyCKaHUsl CI0sS HOHU30BaHHOTO renus. Ho B pamkax 3Toii rumo-
Te3bl HENb3s1 OOBSCHUTH NMEPEMEHHOCTh 3BE3JI, COACPIKAIIUX, CYAS MO CIIEKTpaM, HE3HAYUTEIbHBIH
MPOIEHT Tenus. B Xo/e BBOJa BCE HOBBIX THIIOTE3 M BO3HUKIIA COBPEMECHHASI TCOPUS 3BE3THBIX ITYJIhb-
Callui, IPU BCEH CIIOKHOCTH HEe OOBSCHSIONIAs BceX cBOMCTB Iedenn. HampoTus, n3 6ammmcTuaeckoi
TEOpHH U TUTOTE3b A.A. Belonosbckoro o ABOMCTBEHHOCTH Ieen 1 ClenyroT Bce MX CBOMCTBA. B
YaCTHOCTH, €CJIM KosieOaHusl Ojecka BbI3BaHBI OPOUTATBHBIM JBM)KEHHUEM JIBOMHBIX 3BE3M, TO Mepe-
MEHHOM MOKET OBITh 3B€3/1a JTF0O0T0 pa3Mepa, CBETUMOCTU U XUMUYECKOTO COCTaBa.

CornacHo runorese Jla Po3pi-Cekeprna, konebaHusi O6yiecka 3Be3/bl HE 3aTyXaroT MO TOW Mpu-
YHHE, YTO BBI3BIBAIOIIEE UX OPOUTANILHOE BpAIllEHUE — 3TO MpUMEp Hanbosiee CTaOUILHOTO IBUKEHUS.
OpnnHako U3BECTHBI IeEUabl, SMU30JUIECKH MPEKPAIIAIONINE MEHATh SIPKOCTh, WM BHOBb HAUHHAIO-
me. [Ipumepom ciyxur [lonspHas 3Be3aa. B Hauane XX B. €€ ApKOCTh pa3 B UETHIPE JHS MEHSIACH
Ha 15 %, a k koHIly XX BeKka 3Be3Jla mepecraia Murarh: m; causuiaoch 10 1 % [181, 190]. B nacros-
niee Bpems lonsipuast crabunusupyercs: m; 1ocTurio 4 %.

HecrtabunpHocTh Konebanmii Omecka nedeus mpeacTaBiseT cepbE3HyI0 MpodiemMy A TeOpUuu
nyiabcauuii. B OamnmucTuueckoil Teopun 3Ta HECTAOMIBHOCTH OOBSICHMMA OBICTPHIMH BapHALUSIMU
AJIEMEHTOB OPOHT B TECHBIX JBOWHBIX CHCTEMaX (C MEPHOAAMH XapaKTEPHBIMH IS Hedena) 3a cueT
IPaBUTALMOHHBIX, TMPUIUBHBIX CHJI, YTO OTpa)kaeTcsl Ha KpUBOHM a,(f) U, ClIeOBATEIbHO, HA KPUBOM

onecka /(f) [A23]. B yacTHOCTH, MJIOCKOCTH 3BE3HON OPOUTHI B XOJI€ MIPELIECCUU MEHSET HAKJIOHEHHE
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I K KapTHHHOﬁ IJIOCKOCTH, U B OAWH MOMCHT MOXCT NPCACTATH BH)II/IMOﬁ B IIJIaHEC (HepHeHI[I/IKy.TIHpHO
JIydy 3peHwusi), a B apyroui — ¢ pedpa (Puc. 1.23). B nepBom ciyuae a, = 0 ycrpanser koyiedanus OJie-
CKa, uTo Habmonanock, Hanpumep, ais nedeunst RU Xupada. [lpu Beixome opOUTHI U3 3TOTO MOJO-

xxeHnns a,# 0 1 kosrebanus 0Jiecka BOCCTaHABIUBAIOTCSL.

Puc. 1.23. I3MeHeHne HaKIIOHA K JTydy 3p€HHS IUIOCKOCTH BOTYKA M 3BE3THON OPOUTHL.

[Tockonbky y 3BE37, Kak y JIyHbI, npenieccust opoUT HUKINYHAS (Yepe3 OMH NEepro]l MPELECCHU
opOuTa 3aHUMAET IpexHee nojoxkenue [191]), To ammuTyna konebanuii 6yecka meden s qomKHa Te-
PUOAMYHO MEHATHCA. Takue Bapuanuu XapakTepHsl s 38E31 Tuna RR JIuper u kapaukoBeIx nedena
— MEePEMEHHBIX C MEPUOIaMU B HECKOJIBKO 4acoB [176]. DTo ecTeCTBEHHO, MOCKOJIBbKY MalbIi MepHoT
oOpamieHus O3Ha4yaeT OJIM30CTh KOMIIOHEHT JBOWHOW 3BE3[bl U 3HAYUTEIHHOCTh I'PAaBUTALIMOHHBIX
BO3MYIICHUH OPOWT 3a CUET PEISTUBUCTCKUX W NMPWIMBHBIX 3P ¢ekToB. [TosToMy y Takux 3BE3 Ha-
OnroiaeTcst psii HEOOBSICHUMBIX TEOpUEH MyJbCalliii aHOMaJHil: IepUoOANYHO MeHseTcs popma Kpu-
Boil 6mecka I(f) (3dpdext bnaxko) u oyenb MeaneHHo — nepuoj P ero konebanuit [176]. B pamkax
0aJUTMCTHUYECKOM TEOPHH TH BapHalMU OOBSICHUMBI BPAILICHUEM JIMHUM aliCU y OpOMT 3BE31 B Tec-
HBIX J1BOIHBIX cuctemax (Puc. 1.24). BnepBble Takylo IpeLeccuto opoOUT ABOMHBIX 3BE3]1 OOHAPYKHII
A.A. benononbckuii [65]. T1o Mepe BpaieHusi OpOUTHI MEHSETCS, B 3aBUCUMOCTH OT JOJITOTHI Iepra-
cTpa,— popMma KpUBOM yCKOpeHuil a,(f) u, cienoBaTenbHo, kpuoi Omnecka /(¢) (Puc. 1.24). Ilocne mon-
HOTro 000poTa OpOUTHI KpuBas OJecka MPUHUMAET UCXOAHYI0 popmy. Takum oOpa3om, B COTrJIacHH C
s dekrom braxko, mpoduau KpuBOi Oyiecka MEPHOINYHO MOBTOPSIOTCA. BpamieHue opOUT W IHK-
JMYHOE U3MEHEHHUE UX (OPMbI MOKET OBITh TaK)K€ BHI3BAHO BO3MYIIAIOIINM BO3IEHCTBHEM CO CTOPO-

HBI 3BE3] U IJIaHET, BeAymuM K 3¢ dekty bmaxko [175].

—— VA& m - BuamMMbIn Bneck
/////—_:2\\\ T|=
N B AN
ot i NCY, l 3
!65////_/ A '
(/77771 ¢
§, Trry 11
§l¢” i m 1,1- nepmac]'rp
N ' '
& ALY
\ 2/ m
N // 0 \37

mg - HavanbHbIN 6neck (f/f=1)
Puc. 1.24. IToBOpOT TMHAU aniCUa OpOUTHI U3 MOJIOKEeHUS 1-3 B

nojoxxeHue 1'-3' mensier popmMy KpuBOH yCKOpEHUs a, U Oiiecka mi.
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Y cKOpeHHBIH TTOBOPOT OPOUT MOXKET OBITh WILTIO30PHBIM, €CIIU PUTL-3PPEKT «COKMET» HAOIIO-
naeMbrit nepuon P = P(1 + m,/cz) JIBOMHBIX 3BE3M, IEHTP MACC KOTOPHIX JIBIXKETCS C YCKOPEHUEM )~
-¢*/r. Torna W3MepeHHbI epHo 1 00paIeHHs 1 KoTeGaH il Gecka COKPATHTCS ¢ CYTOK 0 9acoB, yC-
KOPUB CMELICHUS TIepHacTpOB M LUKIMYHbIC BapUallMd KPUBBIX CKopocTeil u Onecka. D¢ ekt Purna
pU BapHuanusax a,(t) mo3BoJisieT 00BACHUTH POCT nepuoaa P’ nedeuns, myapcapoB U YCKOPEHHBIN (110
CpPaBHEHHUIO C BEKOBOM MPEIeCCUeii) MOBOPOT OpOUT Takmx 3BE3 (§ 2.1).

Habmonaemoe y nedenn miaBHOE W3MEHEHHE MEePHOJa MOXKET ObITh Take BBI3BAHO MPHIIMB-
HBIMH ¥ PEISTUBHCTCKUMHE Y (HEeKTaMu, MEHSIIOIIMMHE PanyChl OPOUT 3BE3/ B TECHBIX ABOWHBIX CHC-
TeMax, BKJIIOYas JBOMHBIC myJibcapwl [42, c. 117]. B pesynbraTe HapacTaeT opOUTaIBHBIN MEPUOJ U
paBHBIN emy nepuoja Kojebanuii 6mecka P. B wactHoctH, y [lonspHO# 3BE3/bI MEpHO €KETOTHO Ha-
pactaer Ha 8 cexkyHa. [lonsipHas BXOOUT B ABOWHYIO cHCTeMy, rie komnaHboH Polaris Ab (kapmuk
TJIABHOHM TOCIIE0BATEIHLHOCTH) o0paiaeTcs: Bo3je TiaBHOM 3Be3bl Polaris Aa 3a 30 ner, kak ycTaHo-
Bui A. benononsckuii [65]. Konebanust 6aecka ¢ nepuogom P =4 cyt y IlonsipHoli BbI3BaHbl, BEPOST-
HO, MPUCYTCTBHUEM OJM3KOT0 CITYTHHUKA MAJIoro 0JecKka (3BE3/Ibl WU TIJIAHETHI).

ONU3041MYeCKH, BMECTO TUIaBHBIX, HAOIIOJAIOTCS CKAaYKOOOpa3HbIe U3MEHEHHsI MIEPHOIOB 1ede-
ua (enumuyu), HEOOBSICHUMBIE B TeOpUH myJibcanuid [176]. A B pamkax rumnoresbl Jla-Po3s—Cekepuna
[JINTYU MOTYT OBbITh BbI3BaHbl CTOJIKHOBEHHEM 3BE€3/bl C MAaJbIMU KOCMUYECKUMU TeJIaMH. Y 1ap cKay-
KOM MEHSET CKOPOCTb 3B€3/bl, €€ OpOUTY U mepuo]l odOpamieHus. 3a c4€T MaJloil MacChl CTOJIKHYBIIIE-
rocs Tena, U3MEHEHHe Nepruoia, KaK MpaBuilo, MaJlo B CPAaBHEHUU C OpOUTANIbHBIM IiepruoaoM. B vact-
HOCTH, y IBOIHOM 3Be3pl W bomnbioit Mensenuiisl B 1964 r. nepuos obparienus u kojeOanuii Oie-
CKa CKa4yKOM BBIPOC IOCIE KOPOTKOW BCHBIMIKHM [175], KOTOpas MOKET CIy’KHUTb CBHUIETEIbCTBOM
CTOJIKHOBEHHS 3BE3/IbI C ACTEPOMIOM, M3MEHUBIIMM €€ OpOUTY. AHAJIOTHYHBIA CKaYKOOOPa3HBIA pPOCT
nepuona Hadmoaancs st RU Enunopora [175]. Takum o6pa3om, ¢ mo3uIuii 0auIMCTUUECKOW TE€O-
pHH, BapHUalliy XapaKTEPUCTHK MEPEMEHHBIX 3BE3] — 3TO CIEACTBUE M3MEHEHUs pa3Mepa, GOpMBbI U
MPOCTPAHCTBEHHOW OpUeHTaruu ux opobut. OTcrola MOKHO BBIBECTH OTIOJHHUTEIBHBIC KPUTEPUU
IPOBEPKHU OaruMcTUyecKoil Teopuu u runotessl Jla-Po3pi—Cekepuna.

XapakTepUCTUKU MEPEMEHHBIX 3BE3/] MOTYT TaK)K€ MEHATHCSA 3a CU€T BapHalMil JJIUHBI JKC-
TUHKLIWY [ TpY U3MEHEHUHU KOHLIEHTPALUK MEX3BE3THON Cpepl Ha JTyde 3peHus r. B yactHocTH, s
psana IBOMHBIX 3BE31, B yacTHOCTH J 259 (I'mankr), oOHApyKEHO OTIMYKE aMILTUTY/] JIy9eBBIX CKOPO-
CTeH, I3MEPEHHBIX B pasHbie 3moxu [172]. Takxe agdext odHapyxken miss RX Kaccuoren (§ 1.2). Ec-
U miepuo kojebanui Onecka P’ mpeobpazoBad 3ddexrom Putia oTHOCHTENBHO OpOUTANBHOTO P,
TOTJ]a BapyUalnu / BEI30BYT U3MEHEHHUE P’,— MiIaBHOE WU CKAaYK00Opa3Hoe (erumuu) Ipy NepecedeHUH
JTyd4a cBeTa (ppoHTaMH 00JaKOB MEK3BEZTHOTO raza.

B pamkax GainucTuueckoi TEOpuM 3JIeMEHTapHOE 00BSCHEHUE MOMYyYaeT 3aBUCUMOCTh IEPUO/-

cBetuMmocTh 1t nedeuna. [ockonpky mo rumnorese Jla-Po3br niedenpl — 3T0 TECHBIC JBOMHBIE CUCTE-
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MBI, TJIe PaaUuyChl 3BE3N M UX OPOUT comocTaBUMBI [S51], To Oonee kpymnHbBIE U spkue Hedenasl ooma-
JarT OoJjiee MHUPOKUMH OpOMTaMH, KOTOPHIM COOTBETCTBYIOT Oojiee IIMHHBIC mepuoabl. Habmrome-
HUS, TEHCTBUTENHHO, BRISIBISIIOT MOI0OHYIO CBSI3b MEPUOAA U CBETUMOCTH JJII TECHBIX ABOWHBIX CHC-
TeM [46, c. 180]. Hanpotus, nmns 38€3x Tuna Mupsl Kura u RV Tenbia, o61anaomux nepuoaaMu mo-
pAlKa rojia ¥ MUpoKUMHU opOutamu (o runorese Jla Po3bl), ocHOBHOE 3HaUY€HHE TPHOOpETaeT Macca
3Be3zbl. T.e. OoJiee IPKUM U MAaCCUBHBIM 3BE3/1aM TaKOI'O THIIA COOTBETCTBYIOT O0jiee KOPOTKUE OpOu-
TaJbHBIC TIEPUOJBI CIIYTHUKOB U BapHaluii Oiecka. 9To 00bsACHsAET o0paTHYIO (IO CpaBHEHUIO C Iie-
dbengamMn) 3aBUCHMOCTh «IIEPUOI-CBETUMOCTEY JIJIS 3BE3/] TAKOTO TUIIA: JUIMHHBIM TIEPHOJIaM OTBEYAeT
MEHbIIIasi CBETUMOCTS [ 176], BOpEKH TEOPUU ITyJIbCAIIHA.

VY nedenn u 3831 Tuna RR JIupsel kpuBbie O1ecka 0OBIYHO COAEpKaT HEOOJBIION TOpOUK, BTO-
puunblii MakcumyMm (Puc. 1.22) [175]. B Teopun mynbcanuii ero oObICHSIOT (HE BIIOJIHE CTPOTo) OT-
pakeHueM Konebanuit arMocdeps! nedensl oT siapa 38e3/bl [175] U HalnoKEHUEM 3TOr0 BTOPUYHOTO
Kosiebanus co casuroM mo daze A Ha ocHoBHOE [185, c. 89]. IIporie 0OBICHICT BTOPUIHBINH MaKCH-
MYyM TUIIOTE3a JBOMCTBEHHOCTH Iedena. Y NBONHBIX 3BE37, 00pasyromux Hedenabl, 3aMeTHa JIHILIb
TJIaBHAS sIpKasi 3Be3/1a, a OJIeCK 3BE3/bI-CITyTHUKA WIIW TUIAHETHI TepsieTcs Ha e€ ¢oHe, kak noka3an be-
nomnonbekuit [192]. Ecnu sipkocTu r1aBHOW 3BE31bI M CITyTHUKA COTIOCTABUMEI, MX KPUBBIE OliecKa C
MaKCUMyMaMH, YITUPECHHBIMH 3a CU€T BpalleHUs 3BE3M, MaAyT MPHU CIOKEHUU JIBA MAaKCUMyMa U JBa
muHumyma (Puc. 1.25). bammuctudeckas Teopust npeckas3blBaeT, KpoMe BelIWYMHbI caBura A = 0,5
(JrydeBbIe YCKOpPEHUS Taphl 3BE3] MEHSIOTCS B MpoTUBO(a3e), n3meHeHne A@ (cMmemieHue ropomka) B
3aBUCHUMOCTH OT niepuoga P [175, 176], u cnenoBaTenbHO, OpOUTATBHBIX CKOPOCTEH TTIABHOM 3BE3/IbI U
CIyTHUKA. DTH CKOpPOCTU V, U V,, 10 0aNIMCTUYECKOMY MPHHIIUITY BBI30BYT pPa3HOE 3ama3/bIBaHUE
CBETa, MCHSSI AQ MEXIy TJIABHBIM H BTOPHYHBIM MaKCHMYMOM.

BropuunbIii MaKCHMyM MOXET HaOJIIOIaThCsl M HA KPUBOM Osiecka oaHOM 3Be3/bl. Kak oTMedeHo
BbIIIIe, TpaduK a@,(f) UMEET OJIMH MaKCUMYyM Ha MEPHOJIe JIUIIb Ui 3BE3]1 ¢ OpOUTaMU Majioro 3KCIICH-
Tpucurera e. Ilpu e > 0,33 na rpaduke a,(¢) u, cnenoarensHo, Ha ['(¢) (1.35) obpazyercst ropo (Puc.
1.22). KoMmnploTepHOE€ MOJEIMPOBAHUE MO3BOJSET HAOIIOATh CMELIEHHE BTOPUYHOIO MAKCUMYMa

MpH yBeIMueHUH nepuoa P niedennibl, B cornacuu ¢ Habmoaenusmu [175, 176].

Puc. 1.25. breck 3831 A 1 B MeHsieTcs B mpoTuBOdase, 00pasys CIOKHYIO

HHTErpajbHY0 KpUBYI0 Oniecka m, tumna  Jlupst 1 W bonbiioit Mensenuisl.

81



Hpyrast anomanust kosnedaHuii 0Jecka COCTOUT B TOM, YTO MHOTJIa OHU MPOUCXOAST cpa3y C ABY-
Ms TIepUOAaMu: OJHO KoJiebaHWe HaJ0KEeHO Ha BTopoe, Hanpumep y AC Auapomens! [176]. B pamkax
OaITMCTUYECKON TEOpUH HaMYHe ABYX MEPUOJIOB — 3TO CIEACTBHE OOpallleHUs Y TJIaBHOM 3BE3Ibl
YK€ IBYX CIYTHUKOB C Pa3HBIMU OpOUTaTbHBIMU TiepuoaaMu P; u P,. Toraa BbI3BaHHBIE HX TATOTE-
HUEM CMEIIEHHsI TJIABHOW 3BE3/IbI BO3JIE IIEHTPA Macc MPOUCXOIAT C ABYMS MEPHOAAMHU, U €€ KpUBas
YCKOpPEHUH U OJIecKa COJEPIKUT JIBa XapaKTEPHBIX Neproa koiedbanuii (Puc. 1.26.a).

CryTHHKY BBISIBJICHBI Y psifia IEPEMEHHBIX 3BE3]1, B YacTHOCTH y ¢ CkoprninoHa. [Ipuuém ux op-
OuTanbHbIE IEPUO/IBI YACTO COBMAAAIOT C MIEpUOOM KonebaHuii Oiecka [65, 46, c. 67]. [iBa nepuona
Ha KPUBOH OJIeCKa BO3MOXKHBI U B KPAaTHBIX CHCTEMAX, TJI€ OJUH KOMIIOHEHT JBOWHOW 3BE3/IbI SBIISET-
cs nBorHbIM (Puc. 1.26.0). Takue Tpéx-, 4ETHIPEXKPATHBIC CUCTEMBI IIUPOKO PACTIPOCTPAHEHBI [46].
BricTprie konebGanus sipkoctu ['(f), BEI3BaHHBIE TATOTCHHEM CITyTHUKA, HAJIOXKEHBI HA OJITONEPHOI-
HbIC BapualMy CpeaHero OJiecka 3Be3/bl 3a CUET ABMKEHHS 3Be3/bl 10 MHMpoKoi opouTte. [TogoGHbIE
kosiebanus Oyecka oTkpbIThl y DF Jlebens u npyrux 3Bé3n tima RV Tenwma [176]. [ABmkeHne aByX
CIyTHHUKOB, OCOOCHHO €CJIM UX OpOUTaNbHbIE Mepuoibl OJU3KHU WM KPATHBI, IPUBOJIUT U K IPOCTOU
MHTEPIIpEeTalluy UKINYHBIX Bapualuii popmbl KpuBoil Onecka (a3¢pgpexm Bnasicko), 3MU30MUECKOTO
yCWIIeHUs U ociabieHus KoneOaHuii 6mecka nedenst, mpyu Cyneprno3uiuu rpadukoB YCKOPEHUH, U Co-
OTBETCTBEHHO, OJIeCKa 3BE3/bl OT KaXJIOro W3 CIyTHHUKOB. [lo cytu, 310 — 3pdext Ouenwmii. Ecim
rJIaBHAs 3Be3a oOnagaer Ooyiee yeM ABYMs CITyTHHKaMHM, UX TPaBUTAIIMOHHOE BO3/CHCTBHE HA TJaB-
HYI0 3Be31y (popMuUpyeT KpuUBYIO yckopeHui a,(t) u 6necka /'(f) 6onee CloXHOTO BUAQ, U KOJICOAHUS
Onecka MpUOOPETAlOT BUJ CIYyYalHBIX, HEMPaBWIbHBIX. OOHapyKeHHE TaKUX HEMPaBWIBHBIX Iepe-
MEHHBIX 3BE3]1 IPOTUBOPEUYUT TEOPUU IyJibcauii [176].

B Teopun 3BE3MHBIX MyJbcalluii CIIOKEHHE HECKOIBKHX KOJEOAaHWH 3BE3IbI TOXKE BO3MOXHO B
BUJIE CYMMBbI HECKOJIBKUX THIIOB KOJeOaHUN — B pa3HbIX 00EpTOHAX, MOJAaX, paJuaibHbIX U HEpaIu-
aNbHBIX MyJbcalluii 3Be3/1bl. HO Mpu 3TOM He BBIMOJIHACTCS MPUHIUI CYNEPIO3ULIUN KoieOaHuil, mo-
CKOJIBKY (pr3nyeckre M3MEHEeHHUs 3Be3[bl (Hampumep, Kod(p(UIMEeHTa MPOIyCKaHUs CIOsI TeIHs) OT
Ka)XJIOTO THTIA KoJIeOaHUi BIMsI0 OBl HAa IpyTryue MOIbI KoeOaHuid. A (pakTHUECKH HaOII01aeTCst po-
CTOE CIIOKEHHE KoJieOaHui OJjiecka, 3a UCKITIOYCHUEM CIIydaeB, KOT/Ia aMIUIUTYIbI KoJieOaHui Oyiecka

BEJIMKHM (3TOT citydaid, Ha npumepe 3Be316l DF Jlebens, monpobHee paccMoTpeH B § 2.1).

Puc. 1.26. B xpaTHBIX cuCTeMaX CIOKeHUE rpaUKOB YCKOPEHHIA 00pazyeT
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cioxHbIe (POPMBI KoJIeOaHUH YCKOPEHUi @, 1 Oiecka m 1o putu-3ddexTy.

B nonw3y runoressl Jla Po3bl cBUIETENBCTBYET OTKPBITHE y 3BE3] CIIyTHUKOB C IIEPUOJAMHY,
COBMAJAIOIIMMU C MepuojiaMu Kojedbanuit Oiecka. [Ipumepom Takux 3Be3n ciyxart cucremsl 3 JIupsl,
W Bonbmoit Menseaunpi, AO Kaccuomnen [176, 194]. Yke nokazano, uro y [ JIupsl miaBHbIe KoOJIe-
Oanust Onecka ¢ nepuogoM P = 13 cyT BbI3BaHbI T'PAaBUTAIMOHHBIM BO3JICHCTBUEM 3BE3/IbI-CITyTHHUKA C
TEM ke opOuTanbHeIM nepuosoM P. Y W Bonbmioii MenBeauipl 3Be31a-CIyTHUK oOparaercs ¢ me-
puonom 0,33 cyT (0b6a mepuona TunwuHbl 11 Hedena u 38€3a tuna RR Jluper). HaGnmromaemeie cuH-
XPOHHBIE C oOpaIreHrueM 3BE3] TUIaBHBIC KOJIeOaHUs OJieCKa HeNb3sl OOBACHUTH SMHU30IMYECKUMU 3a-
TMEHUSIMH, TIOATOMY MepeMeHHOCTh 3BE31 Tuna W bonbiioit Menseauibl o0bACHIIOT 3P deKToM 31-
JMICOUJANBHOCTU. A st 00bsCHEHUsI CBOMCTB B JIMphl MpeanonoXuian Halu4yue BO3J€ OJHOW U3
3BE3]] ra30BOTO KOJIbIa [194], a Takke KOHIICHTPUISCKUX aTMocdep.

B pamkax OanmucTHYecKoi TEOpuHM CBOMCTBA CHCTEMBI IPOIEe MHTEepHpeTHpoBaTh. Konebanus
6necka no »¢dekry Purna, npoucxonsuiue y 18yx komrnonentos  Jlupsl B mpotuBodasze, o0paszyror
CyMMapHYI0 KpUBYIO Onecka ¢ ABymsi Makcumymamu Ha nepuoxae (Puc. 1.25). B menom cBoiictBa 3
JIupsl cxoansl co cBoiicTBaMu Ledenn u nepemeHHbix tTuna RV Tenbua [176]. Takxke oTKpbITHI Iepe-
MEHHBIE PEHTT€HOBCKHE UCTOYHUKH, IJIABHO MEHSIOIINE ONTUYECKYIO SIPKOCTh C MEPUOJO0M, PaBHBIM
OpOUTaTFHOMY MEPUOAY CITyTHUKOB ATUX 3BE31 [ 194]. [Tomo6HO nedengam, 3TH HICTOYHUKH OTIUYAOT
IUTaBHBIE KPUBBIE OJiecKa M JIy4eBOM CKOPOCTH, 3€pKalbHO CUMMETPUYHBIE OTHOCHTEIBHO OCH f, UH-
TEPIPETUPYEMBIE TI0 THIIOTE3€ O BBITSHYTOW, IPYLIEBUIHON (hopMe 3BE3N C HEOAHOPOAHBIM pacripe-
JIeNIEHHEeM TTOBEPXHOCTHOM SIPKOCTH, BEAYIIEH K BapuamusM OJiecKa NP BpaIIeHWH 3Be3bl. M3 Oa-
JUCTUYECKON Teopuu KojiebaHus Ojiecka U Ipyrue CBOMCTBA TaKUX 3BE3[ CIEAYIOT HEMOCPEICTBEHHO
(§ 2.1), 6e3 mOMOTHUTENBHBIX MpeAnoiaoxkeHuil o Gopme 3Be3abl. He cayuaiiHo y Takux 3BE31 (K HUM
otHocsT HZ T'epkyneca u Llenrasp X-3 [176, 194]), kak y nieden, BMECTE C «IPKOCTHIO» U «Iy4eBOU
CKOPOCTBIO» MEHSIETCSI «I[BETOBAs TEMIIEpaTypay, B coriacuu ¢ 3¢pdexrom Purna (1.35). B wactrOCTH,
CIIEIUAJTUCT T10 IBOWHBIM PEHTI€HOBCKUM 3BE37aM, B.M. JI10ThIN, moaaepKuBall HHTEPIPETALINIO (-
¢dbexToB Ha OCHOBE OanmucTHueckoi Teopuu [123].

Hpyrue actpodusuku Toxe mpuberanu k runoreze benononsckoro u Jla-Po3pi—Cekepuna, BBU-
Iy CXOJICTBA CBOWCTB Ie)er]] U JBOMHBIX (M3-3a YETO ATU THUIIBI 3BE3]] MPEXKIE OTOXKIECTBISIN [46,
192]), u B cBeTe OOHApPYKEHUSI CIIYyTHHUKOB Y PEHTTEHOBCKUX IMEPEMEHHBIX, TUIABHO MEHSIOIIUX SIp-
KOCTh U I[BET CHHXPOHHO C OpOHWTaIbHBIM BpallleHHEM CHYTHUKOB. B wactHoctu, I'.M. Pynuunkuii
[195] u I1. bepnuo3-Aptaz [196] B Hawane XXI Beka npeuioKuin BEpHYThCS K THUIIOTE3€ IEPEMEHHO-
ctu 3BE37 Tuna Mupsl (o Kura) ot opbutansHOro oOparieHusi CIyTHUKOB C IEPHOAOM PAaBHBIM IIe-
puony Bapuanuii Ojecka, CBA3aHHOTO C HAJMYMEM Ha 3BE3/I€ TOpAYEro MsATHA, BPalllalollerocs CHUH-

XPOHHO CO CITYTHUKOM. HOI[6I/IpaH 3JICMCHTBI 0p6I/ITBI, MOJCIMPOBAINA BCEC Ha6J'IIOI[aeMBIC THUIIBI KpHU-
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BBIX OJIeCKa MUPHJ], a BapuallMH HX MEPHUOJOB MHTEPIPETHPOBAIN KaK BapUallMd OpOUTAIBHBIX TIe-
puonoB. OnHOM M3 NPUYMH OTKJIOHEHUS Tunore3bl benononbckoro crana O6onbluas yAaaEéHHOCTb Lie-
deun u mupua (» > 100 nk), 3aTpyaHsromas npsiMoe oOHapyKeHUE UX CIYTHUKOB, OT MUX Majoi cBe-
TUMOCTH U OJIM30CTH K IJIaBHOI 3Be37i€ B TECHOM JBOWHOMN CHUCTEME.

B nocnenHue ronpl y psja nepeMEHHbIX KpacHbIX TMTAHTOB (THUIT 3BE31, K KOTOPOMY OTHOCST
MUPHUIBI U TIeenibl), TeHCTBUTEILHO, OOHAPYKEHBI CIIYTHHKH C OpOMTaNbHBIMH mepuogamu ~100
cyT [197], yTo Mo MOPAAKY BEJIMYMHBI COBIANAET C XapaKTEPHBIMH MEPHOAAMHU IyJbCallUui Ledeus.
IIpu sTOM KpuBBIE KOIeOaHMii Oecka POpMOiIl TOBTOPSIOT KPHUBBIE JIy4EBbIX CKOPOCTEH CITyTHUKOB, a
KosieOanus Oiecka UMeroT BU [197], HETUITUYHBINA IS KPUBBIX OJIECKA 3aTMEHHBIX U ITYJIbCUPYIOLIIX
3BE3/I, HO COTIACYIOIIMICS ¢ TpeICcKa3aHusIMHU OauTMCTHYECKOo Teopuu U Teopuu Jla-Po3sbl. Spxuit
npumep Takoi 3Be3abl — KIC 5006817 ¢ opburansabM nepuogom P = 94,8 cyt [197], nna koTopoit
OTHOCHUTEIIbHBIE Bapualuu SPKOCTH [’/ TOUHO M CHHXPOHHO IHOBTOPSIOT OTHOCHTEJIbHBIC BapHALUU
yacToThl f/f muanii ornomenus (Puc. 1.27), B cornacuu ¢ 3dpdexrom Purna (1.15), (1.17), (1.35). Ho
€CJIM aMIUIUTyla Kojiebanuit Osecka coctasmisieT 0,2 %, To aMIIMTy1a KojieOaHUH YacTOTHI — OKOJIO
0,02 %,— B necaTh pa3 MeHbIE, YTO, BUAMMO CBSI3aHO C MPOXOXKJICHUEM CBETa uepe3 MEeX3BE3THBIN
ra3, 3(QQEeKTUBHO MEpeu3Nyyaroluii CBET BO3JE pPE30HAHCHBIX YacTOT. Bapuamum Onecka mnon
BIMSIHUEM TutaHeT M 3dexra Puria Hauanu oOHapyKUBATh TOJIBKO B MOCIEIHUI JAECATOK JIET, BBUAY
BO3MO>KHOCTH U3MEPEHNUS HE3HAUUTENbHBIX Kosie0aHuil Oecka (B 10U MPOLEHTA) B paMKaX IMPOEKTOB

OGLE u Kepler.

02 0.0 0.2 04 06
Phase

Puc. 1.27. Kpussie puykryanuii 01ecka [/ (66epxy) 1 4acTOTHI

f'lf (6nu3y) nns nBoitHOi 3Be3b1 KIC 5006817 [197].

TakuM 00pa3oM, OCHOBHBIM KpUTEpPHEM MPOBEPKH OAJUIMCTUYECKOW Teopuu U rumnortessl Jla-
Pospi—Cekepuna craner oOHapykeHue y nedenn 3BE3N-CyTHUKOB. [lepBbIii criocod oOHapy keHHs
CIIyTHUKOB COCTOUT B BBISBJICHHHM HMX CHEKTPAJIbHBIX JMHUNA, KOTOPBIC MOJKHBI MEHSATh WHTCHCHB-
HOCTh /' 1 cMemenne AMA B mpoTuBodase ¢ TiIaBHOM 3Be370i (Takoi 3¢ dekT oOHapyX eH y psja mnepe-
MEHHBIX 3BE31 [65, 149, A47, A48]). Bropoii crtoco6 oOHApYKEHHUsI CITyTHUKOB COCTOUT B HEMOCPE]I-

CTBEHHOW perucrpanuu u3o0pakeHud cnyTHUKOB. COBpeMEHHbIE ONTHYECKHE U paauouHTepdepo-
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METpHI C pa3pemaronieii cnocooHocThIo, gocturaromeid AQ ~ 0,0001"”, TO3BOJAT BEIIBUTE y Tedeus,
pacmnoJIOKEHHBIX Ha paccTositHuU mnopsiaka » ~ 100 K ~ 4-10"%, CIyTHUKH, YJaJ€HHbIC OT TJIaBHOM
3Be31bl BCETO Ha AOr ~20-10° M, T.€. Ha paccTosiHue B 1/8 acTpoHOMuYeckoil eauHuIb. [[eiicTBu-
TEJIbHO, TIOTIBITKH OOHApyKEeHUs1 OMU3KUX CIyTHUKOB Iiedenn npeanpuaumMaiorcs [198], npuuém yc-
nemrHbie [ 199].

Ha naHHbIli MOMEHT €CTh JIMIIIb KOCBEHHBIE J0Ka3aTeIbCTBA MPUCYTCTBUS CIyTHUKOB LE(enI.
Tak, MHOTHE 1Iedenabl B MakcuMyMe Onecka (M HauOOJBIIETO PACXOKICHUS CIEKTPAIbHBIX JTHMHUN
napsl 38€3]1 1o runorese benononsckoro), ooHapykuBarT 3¢ eKT yaBoeHus JuHwui [46, c. 66; 175, c.
84; 185, c. 134]. To xe BepHo mnsa 3B&3a Tuna RR Jluper [175, c. 84]. [lepuoanunoe pa3nBoeHue Ju-
HUW W CIY>KUT CBHJICTEILCTBOM JBOMCTBEHHOCTH 3BE3M. Yke cam bemomonbckuii HaOMoOal B CIIEK-
Tpax psina nedenn (1 Opna, o Fonunx [cos, { BamsHenos u ap.) ABe rpymms TuHui (cM. paboty be-
nomnosbekoro «O0 M3MEHEHUH MHTEHCUBHOCTH JIMHUN B CIIEKTPaxX HEKOTOPBIX nedeuny [65]). MuTen-
CHUBHOCTH OJIHUX JIMHUW HapacTaja BMECTE C SPKOCTBIO 3BE3[Ibl, Y APYTHX MEHsIAch B MPOTHBO(dA3e.
Bunumo, BTOpas rpynma JHHHA TPUHAAJICKUT CIYTHUKY HePEerbl, MCHSIOMEMY d,, SAPKOCTh I’ U
cnekTpanbHbelid caBur AMA (1.35) B mpoTtuBodaze ¢ riaBHOM 3Be3noi. CIyTHMK XapaKTepU3yeTcs
MEHBIIUM OJIECKOM M MEHBIIEH aMIUIUTYIOH ero KojeOaHHil, U MOTOMY He BHOCUT 3aMETHOTO BKJaza
B o0mue konebanusi Onecka nedeuasl. Ecnu y 3BE31 OMU3KME CIEKTPHI, U MX JIMHUU HEJIb3sl pas3pe-
IIUTH MO-OTAENBHOCTH, TO KOJIEOaH!UsI MHTEHCUBHOCTHU JIMHUI MPOUCXOJAT C YBOCHHON YacTOTOM: 3a
OJIMH Tepuo KojebaHuil Onecka 1edenbl THTEHCUBHOCTh JIMHUN yCIeBaeT U3MEHHUTHCS IBAXKIbI, B
corjlacuu ¢ HaOmoaeHusIMU bemononbekoro [65].

B pamkax runore3sl beaonoabckoro 3To MOXKHO OOBSCHUTH TEM, YTO O0IIME KOJeOaHHs SpKO-
CTH cO37a€T B OCHOBHOM TJIaBHas 3Be€3/1a, a KOJIeOaHUs] MHTEHCUBHOCTU JIMHUN — 00a KOMIIAaHbOHA.
MHTEeHCUBHOCTD MX JIMHUN MEHSETCS B MPOTHBO(dAa3e U B cyMMe Aa€T Ha KaKJIOM MEepUoJie 1Ba MaKCH-
MyMa U JIBa MUHMMYyMa, Kak Ha KpuBoi 6iecka [ JIupsl 1 W bonbioit Measenunst (Puc. 1.25). beno-
HOJIBCKUI OTKPBUL, YTO Yy 3 JIUpBI OTAeNbHBIE CEKTPAIbHbBIE TUHUH, COOTBETCTBYIOIUE PA3HBIM 3BE3-
JaM, TOKE€ MEHSIOT SIPKOCTh B MpoTHBOdase, B cormacuu ¢ Teopueit Purna [65]. DddexT xomedanwmii
SAPKOCTH 3MHUCCHOHHBIX JINHUH B MPOTHUBO(A3€ 1aBHO OTKPHIT Y CIIEKTPAIbHO-ABOMHBIX 3BE3]] U HE Ha-
xoaun oObsicheHud. Jlumps B 1991 r. B.M. Cekepun ucronkoBal 3¢(eKT Kak pe3yibTaT KojeOaHui
SpKOCTH 3BE3]] B npoTuBo(dase, 3a cuér Oammuctuyeckoro npunnuna [149]. Ilpu coBnagenun cBeTH-
MoOCTeM 3BE31] 3TO BEAET K KOMIIEHCAIMU Ccrajia 0Jiecka OHOM 3B€3/1bl CHHXPOHHBIM HapacTaHHeM OJie-
CKa JpyToH, 1 001asi CBEeTUMOCTh CUCTEMBI IIOYTH He MeHsieTcsl. Ho Bapuanuu ipkocTH CrieKTpalibHbIX
JUHUA KOMIIOHEHTOB OTUYETIIMBO PA3IUYUMBI.

CoBpemeHHass acTpou3nKa OOBIACHSACT YABOEHHE JIMHHUH IMyJIbCUPYIOMNX 3BE3 BCTPEUHBIMU
MOTOKaMH rasa, Harpumep, y 3B€31 tuna f3 bonpmoro Ilca, 1160 runoTe30if MarHuTHLIX (cnekmpan-

HO-nepemeHublx) 3BE3/, 0 KOTOPOU JIMHUU PETYISPHO pacleruiaioTes 3gpdekrom 3eeMaHa B MarHUT-
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HOM moJie 3Be3abl [200]. JleicTBUTENBHO, Y TaKUX 3BE3N, B corjacuu ¢ 3¢ dekrom 3eeMaHa, CIICK-
TpaJibHbl€ KOMIIOHEHThI LIMPKYJISIPHO MOJSPU30BaHbl, HO KapTHHA MOJSPU3ALMU U CTPYKTypa JTUHHMA
oTanyHa oT 3eemMaHoBckoi [201]. Kpome Toro, pacuieriéHHble JUHUHU, Bonpeku 3¢ ¢ekTy 3eemana,
UMEIOT pa3Hyl0 MHTEHCUBHOCTb. T.e. TMIOTe3a MarHUTHBIX 3BE3/ HE BHOJHE obocHOBaHa. C npyroi
CTOPOHBI, OAIITUCTHYECKAsI TEOPUS DJIEMEHTAPHO OOBSCHSET Pa3HYI0 MHTEHCUBHOCTb JIMHUW TEM, YTO
UX CO3/JAI0T pa3Hble KOMIIOHEHTHI ABOMHON 3Be3Nbl. OOBACHAET OayuMCTUYECKas TEOPUS U Pa3HYIO
MUPKYJSPHYIO TOJSPU3AINI0 KOMIIOHEHTOB, KaK PE3yJlbTaT MHHUMOTO PAaCTsDKEHHUS-CXKATUS OpOUT
3JIEKTPOHOB, aHAJIOTHYHO Je(opMaliui U300pakeHnit Bpamatonmxcs 38837 (§ 2.3).

Ecmm nepemennsie 383161 THIIa RR JIupwr (rupuost), o Ledes (yegeuowt), o Kuta (mupuowt) u
Ip. TMIPEACTaBISAIOT co00i1 ABOMHBIE 3BE3/IBI, TO MEPUOJ UX TIEPEMEHHOCTH 3a/1aH OpOUTAIBHBIM NIEPUO-
JIOM JIBOMHOMN cucTeMBbl. JleiiCTBUTENBHO, MEPHOIbl IEPEMEHHOCTH JTUPUA (4achl), 1edena (CyTKH) U
MUpH]T (TObI) TUITMYHBI 711 OpOUTAILHBIX MIEPHOJIOB TECHBIX 3BE3MHBIX Map. [murenpHoe BpeMs cuu-
TaJIOCh, YTO Ie(en bl He MOTYT OBITH ABOWHBIMU 3BE3/IaMH, TOCKOJIBKY CBETUMOCTH Lieden (opsiaka
100-10000 comueunsix) U criektpanbHble Kiaacchl (F wim G), mpuBogmiM K OIEHKaM paauyca TaKux
38€31 B (25+30)R,. A npu nepuoje mopsika CYTOK paauyc OpOMTBHI COCTAaBUT MOpsAJKA pauyca
Comuua R [126]. T.e. opOuTa 3B€3/1bI-CIIyTHUKA JIEXKHUT MOJ IOBEPXHOCTBIO TIIABHON 3BE3/IbI, YTO HE-
BO3MOXKHO. HO peasibHBII CIIEKTpalbHBIA KJIacC 3BE31bI MOXKET ObITh Oosiee panHuM (O wiu B), Tak
Kak 3¢ ekt Putna 3a c4ét yckopeHus CBOOOTHOTO MaIeHUS Ha MOBEPXHOCTH 3BE3/IbI CMEIIAET CIIEKTP
W3IIy4eHHS B KpacHy0 o0macTh cnektpa (cm. § 1.2), kak y 3B€3xa kinaccoB F uimm G ¢ TemmnepaTtypoit
T'~ 5000 K. Ecnu xe nedeunnsl — 310 3BE3161 KinaccoB O u B, ux ucrtunnas temneparypa 7 ~ 25000
K, u ipu To¥ 3xe cBetumoctu W, no 3akony Credana-bonapimana

W=oT ,

pazuyc 3Be31bl oikeH Obith B (T7/T)” ~ 25 pa3 MeHbIIIe, TO eCTh IOPsAKa R o 1103TOMY pajuyc opou-
Thl KOMIIOHEHTA (MCHEE SIPKOM 3BE3/1bl WJIU IUIAHETHI), COCTABIIIOIMIA NOpsiaKa (2+3)R , IPEeBOCXOUT
paauyc rinaBHOU 3Be3abl. To ecTh JBOWHBIEC 3BE3/IBI C MOJAOOHBIMUA CBOWCTBAMH U TMEPHOJAMU BIIOJIHE
peaJIbHBI, 1 KOMITAHBOHBI Pa3/ICJICHbl 3HAUMTEIBLHOM AUCTaHLMEN. Bbicokas uctuHHas temneparypa 7'
3B&3n tuma nedeun u RR Jluper mo cpaBHeHuto ¢ u3mepeHHou 7' moaTBepKaaeTcss 0osee BBICOKOM
CTETNEeHbI0 MOHU3ALIMU 3TUX 3BE3]I IO CPABHEHMIO CO 3BE3/IaMU TOTO K€ CIEKTpalbHOTO Kiacca. Ore-
HUBaeMas 10 BUJly CIIEKTpa CTEIEHb MOHU3ALUU COOTBETCTBYET He 3BE€3aaM kiaccoB F u G ¢ remnepa-
typoit 7"~ 5000 K, a 3Bé3nam kitaccoB O u B, ¢ T~ 25000 K.

To »e BepHO B OTHOLIEHUH NIEpeMEHHBIX 3BE3/ TUNOB 0 Kuta u RR JIupel — u3mepeHHas no Bu-
Ny CTIEKTpa CTEMeHb HOHU3ALUN aTMOc(ep ITUX 3BE3M BbIIAET UX Oosiee BHICOKYIO TeMIepaTypy u 6o-
Jie€ paHHUH CIIEKTpaJIbHBIN KJIACC, YEM M3MEPEHHBIE 110 LIBETOBOM TEMIIEPATYypE, a CIEN0BATENBHO pa-
JUOMETPUYECKHE pa3Mepbl 3THUX 3BE3]l 3aBbIIIEHbI Ha NOpsAAOK-IBa. llepuoabl xonebanuil Gnecka

3B&31 Tuma RR JIupel, cocraBnsronue Heckoibko 9acoB (0,2—1 cyT),— TOro e mopsiaka, 9ro u opou-
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TaJbHBIC TIEPUOJIBI B TECHBIX ABOMHBIX cucTteMax, Tuna W bosnbmoit Measeauist — P = 0,33 cyt [175],
y CreKTpaabHO-1BOWHOK Y Manoit Menseaunnsl — P = 0,1 cyt [202, c. 254]. Ho aGcomoTHBIE CBETUMO-
ctu 3B&31 Tna RR JIupsel no ouenkam npeBocxoadr coiHeunyto B 40—50 pa3. [TockonbKy 3T0 — 3BE3-
Zbl crieKTpanbHoOro kinacca F [176], ux paanycbl mpeBocxoauiu Obl conHedHbii R | B 5—7 pas. A opou-
TaJbHBIN MEPHOJ] CIIyTHUKA, JABMKYIIETOCsS Y MOBEPXHOCTH TaKOM 3BE3/1bl, C MACCOM MOpAAKA COIHEY-
HOM, COCTaBUT MOPsAKAa HECKOJIbKHX CYTOK, TO €CTh IMPEBBICUT HAOIOAaeMBbli Mepuos KojaeOaHuu
Onecka B pa3sl. Ho 3HaueHmne abcomoTHOlM cBeTuMocTH 3BE3 Tuna RR JIupel He u3BecTHO, BBUIY He-
ONPEENEHHOCTH PACCTOSIHUI 0 HUX (M3-3a OTCYTCTBHUSI M3MEpPEHUN MeToloM mapasuiakca). Eciu
JTUCTAHIIMU 3TUX 3BE3]I MEHBIIE PACUETHBIX B Pa3bl, TO UX CBETUMOCTH M PAJANYCHI — MOPSIAKA COTHEY-
HBIX, a IIEPUOJ] 00PAIICHHS THIIOTETHYECKOTO CIyTHHKA 110 OPOUTE MOpPs/IKA R | COCTABUT MOpsijKa ya-
COB, Kak nepuon Py 38€3x tuna RR JIupsr.

N3BectHb! 3BE31b1 TUNIa RR JIupsel, BXoAsmIMe B 3aTMEHHO-ABOMHBIE cucTeMbl [180], uTo mo3Bo-
JISIeT TOYHO MU3MEPUTh Maccy W pasmep 3BE3a Ttuna RR JIupel, BXOAANUX B TaKUE CUCTEMBI,— IO aM-
TUTUTYJIe JIy9eBOM CKOPOCTH, MEPUOAY OOpAIIeHUs] U JTUTEIBHOCTH 3aTMEHUN. J|eWCTBUTENBHO, IS
onHoi u3 Takux 3BE€34 — RRLYR-02792 [180] m3aMepeHHbI MO AIUTEIBHOCTH 3aTMEHUN panyc
R=2R, a macca M= 0,26M . Torxa nyis o0bsCHEHHs HAOMIOAAEMOTO NIeproaa mynbcauni P = 0,63
CYT CITyTHHK JIOJKEH 0OpAIIaThes ¢ TAKMM TeprogoM P 1o opOute pamuyca p = (GMP* /47'52)1/3 ~2R,,
T.€. CUCTEMA MOXET ObITb KOHTAKTHOM. AHAINU3 TaKMX 3aTMEHHO-JBOMHBIX CUCTEM MHTEPECEH €lIE U
TEM, YTO YCTAHOBHUTbH PEaJbHO JIU MEHSETCS pa3Mep 3Be3/bl MpH KosneOaHusx e€ Onecka, MOCKOJIbKY B
TaKUX YCIIOBHUSX JIOJDKHA MEHSTHCS JUIUTENbHOCTh 3aTMEHUU. [lockonbKky HUYEero mogoOHOToO HE Ha-
omonaercs [180], To, oueBUaHO, U3MEHEHHS OJecka 0OyCIIOBICHBI He KoleOaHUsIMU paauyca, a 3¢-
¢dexrom Putna npu konedaHUsIX yCKOPEHUS 3BE3/IbI.

Paccrosinus r no 38é3n Tima RR JIuper Toke M3MEPSIUCH ¢ TOMOIIBIO ONTHYECKUX HHTEpGEpo-
METPOB: IO YTJIOBBIM pa3MepaM 3BE€3/lbl, U3 CPABHEHUS C PAJUOMETPUUECKON OLIEHKOW UX panyCcoB
(0 CBETHMOCTH M I[BETOBOU TemrepaType) usmepsuiu ». Ho B 3ToMm ciyuae, Kak ams reden, 3Hadn-
TeJbHAs OMMOKa BO3HMKAJNA M3-3a OMIMOKK M3MEPEHHUs! TeMIeparyphl, ecin y 3BE€31 tuna RR Jlupsr
UCTHHHBIE CTIEKTpasbHble Kiacchl Ooniee paHHue, yeM F. CooTBETCTBEHHO, UX pa3Mepbl U JUCTAHLIUU
MOJNTy4Yaaich 3aBBINICHHBIMU. T.e. mya mepeMeHHbIx Tuna RR Jlupel u nedenn ocHOBHOW KpuTepuid
npoBepku Tunore3sl JIa-Po3bl — 3TO MpsiMbie 3aMephl # METOI0M MapaJIaKCOB.

M3MeHeHre CIeKTpaIbHOIO Kiacca MEPEMEHHBIX 3BE3]l U COOTBETCTBYIOIIEE MX CMEILIEHHE Ha
nuarpamme [epiimmpynra-Peccena oObscHsAET Takke 00pa3oBaHME HA HEH IMOJIOCH HECTAOMIBHOCTH,
I/Ie COCPEOTOUYEHBI Bce (hr3nuecku nepeMeHHble 3BE3bl. Kak mokazan J[x. ®oke, sadhdext Putia me-
HSIET SPKOCTh 3BE3] JIUIIH B PEIKHUX CIyYasiX, KOTJa Maja SKCTUHKIHS B aTMOoc(epe 3TUX 3BE3N U B
MEX3BE3/IHOM Trase, BBUY HAJIMYMs OKOH, KOPUIOPOB mpo3padyHocTh. Ho B 3THX ke ciayuasx, Korjaa

BeMK 3¢ dekT Putna, cniekTpanbHbIN KiIacc 3Be3/bl, 32 CYET YCKOPEHHsI CBOOOIHOTO MaJeHHsI, CMEHSI-
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eTcsl Ha Oosiee MO3AHMI, U BBHly HEBEPHOU OLIEHKH TEMIIEpATyphl 3B€3/1a KaXKEeTCs yIIEIIIel C I1aB-
HOM TOCJIeI0BaTENbHOCTH U MOMNABIIeH B MOJOCY HECTAOWIBLHOCTU. DTa MOJ0Ca HAYMHAETCS OT TeX
Y4acTKOB IJIABHOM MOCIIEI0BATEIFHOCTH, B KOTOPBIX 3BE3/IbI YK€ 00J1a1al0T CBETUMOCTBIO, 00ecTeyu-
BaIOLLEN JOCTATOYHOE CBETOBOE JABJICHUE ISl «BbIYBaHUSA» U3 OKOJIO3BE3AHOIO IPOCTPAHCTBA ra30B
Y MEJIKOW TN, U CHUYKEHUSI SKCTUHKIIMU B 3BE3HON KOPOHE.

DddexT miaBHbIX KoJieOaHu OJecka y TBOWHBIX 3BE37 ObLT npezckaszaH Jla Pozoit [171] u mpo-
ACCOLIMMPOBAH UM C MepeMeHHbIMU 3BE3aamu enl€ B 1924 r. 'unore3y nepeMeHHOCTH OJecka 3a CUET
opOUTANBHOrO JBMXKEHUS Ledena 3amoiaro 10 31oro, B XIX B., BBIABUrald UX NEPBOOTKPHIBATEIN
Jx. I'ynpaiik u A. benononbekuii [192]. B 1953 1. k aTo# runore3e odpatwinck MyH u Cniencep [26].
B 80-x 1. apdext 6611 MHOTOKpaTHO TIEPeOTKPHIT B Poccun B.U. Cexepunbim, B.I1. Ceneznérpim [203,
149], B 2000-x — I1.C. Yukunbm [69] u A.B. Mamaesbim [204], a B CLIA — P.C. @putiuycom [79].
Cam aBtop HezaBucumo npumén B 2002 r. x uaee apdexra Puria y qBOWHBIX 3BE3N, MPEANONOKUB
ero y nedeus, myabcapoB, HOBBIX H IPYTHX NepeMeHHbIX [A21]. 3aTemM UM BiepBbIe OBLIO JaHO CTPO-
roe obocHoBanue 3hdeKTa U MHTEpHpeTanus psga MPoOJIEMHBIX ISl TEOpHH MyJbcaruil 3GPeKToB
nedeuna u IBOMHBIX, BKItouas 3¢ dektsl bnaxko u bappa.

OtmertuMm, uTO OaTMCTUYECKas TEOPUS HE OTBEPraeT MyJIbCAllHOHHYIO TEOpHIO, HO AaéT nedeu-
JlaM | psy JpyTruX NEpEeMEHHBIX 3BE37 OoJiee MpocTyro uHTepnpeTanuio. OIHaKo, HEKOTOpPbIE 3BE3/IbI,
otHocsmmecs K tuny [ Bompmoro Ilca u f Lledes, y KOTOPHIX CHEKTpajIbHBIE JTHHUU MEPUOJAUIHO
VIIUPSIOTCS, @ KPUBBIE OJiecKa U JIyUYeBbIX CKOPOCTEH COOTBETCTBYIOT TE€OPUH IyJIbCALUNA, MOTYT OBIThH
MyJIbCUPYIOIIUMHU 10 MeXaHu3Mmy, npeanoxkeHHomy C.A. XKeBakunbiM. Bapuamum sipkocTu Takux
3BE3/1, B OTJIMYKE OT Leen s U MUPHJI, MaJlbl, COCTABIISISE HECKOJIBKO MPOLEHTOB. 3BE3/IbI JAHHOTO THIIA
— 9TO HE KpacHBbIC THUTAHTHI, a 3BE3/IbI TJIABHOM MocieaoBaTesibHOCTH, kKinaccoB O u B. B ciyuae 38E31
tumna [ boxwsmoro Ilca u B Iledes, a Takke neKyaapHbIX Ap-3BE37 TIABHOW MOCIIEIOBATEILHOCTH, Y
KOTOPBIX OTKPBITHI OCIIIIISINH SIPKOCTHU ¢ nepruogamMu 5—20 MUHYT, MEXaHU3M MEPEMEHHOCTH MOXKET
ObITh KOMOMHHUPOBAaHHBIM. TO €CTh APKOCTh BapbHUPYET 3a CUET MyJIbcalluii aTMOCQephl 3BE3/bI U 32
cuér a¢dpdexra Putma, ycunmBaromero OCIUIINAN IPKOCTH / TI0 KJIMCTPOHHOMY MEXaHu3My. Tak, B
atMocdepe ComHIla OTKPBITH MSITUMUHYTHBIC KoJieOaHusi. Camu Mo ceGe CToJIb OBICTphIe KOJIeOaHus
HE CITOCOOHBI MPUBECTU K 3aMETHOMY M3MEHEHUIO pajiyca, TEMIEPaTypbl U HICTUHHOM SIPKOCTH 3BE3-
161, ¥ HaOJI0JaeMble KoJjeOaHHsI Helb3s1 OOBSICHUTH B paMKaxX TEOPHUH IyJibcaruid. OHaKO MOIYIISILINS
JTy4eBOM CKOpPOCTH atMocdeps! 3Be3nbl mpuBenET 1o 3¢dexry Purna k 3aMeTHBIM BapualysM SPKO-
cty, Kak nokasan C. Jleacua [106].

Oddext Putna mo3BoiseT Takke WHTEPIPETHPOBATH CBOMCTBA IPYTHMX THUIOB MEPEMEHHBIX
3BE3/1, BKJIIOYAsi HOBBIE M CBEPXHOBBIC. ECiM 3TH 3BE31bI PEACTABISIOT COOON J0JITONEPUOINIECKHE
JIBOWHBIE, TO 110 3P dexTy PUTHa Npy JOCTIKEHUH OTHOM U3 3BE3/T KPUTHUYECKOTO YCKOPEHUS ), ~ -Clr

TCHCPUPOBATIUCH OBI MOIITHBIE BCIBIIIKK ONITHYCCKOI'0 U3JTYYCHHA, COACPKAIMNE TAKKE COCTABIAIOIINUC
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PEHTT€HOBCKOTO ¥ raMMa-/iMarna3oHa. VMIMeHHO Takue BCIBIIIKY HAOJI0Jal0TCs Y HOBBIX U CBEPXHOBBIX
3BE3/, y KOTOPBIX B HACTOSIIIEE BpeMs, AeHCTBUTEIbHO, OOHApYKeHa ABOWCTBEHHOCTb, C KOTOPOM CBsI-
3bIBatoT Bemblky [205]. bannuctuueckas teopus u 3¢ dext Puria mo3ponsier 00bICHUTH BPEMEHHYIO
CTPYKTYpY, CIEKTp BCHBILIEK, UX MOBTOPSIEMOCTh U Apyrue xapakrepuctuku [A21, A23, A24, A29,
A36, A39—-A41, A47], psin KOTOPBIX HE yAaBAJIOCh HHTEPIPETUPOBATH B pAMKaX COBPEMEHHOM acTpo-
(GU3MKY U TUIMOTE3bI O TOCTOSIHCTBE CKOPOCTHU CBETA.

I'unote3a Jla-Po3pi—CekepriHa MPUBOAUT U K MPOCTOM MHTEPHpPETAIMM PEHTIC€HOBCKHUX Mepe-
MEHHBIX 3BE3]1 — myJbcapoB (§ 2.1). s pocta 4acTOThI CBETa Ha MOPSIKUA U MEPEBOJA €TO B PEHTTE-
HOBCKHIT MAITA30H, JOCTATOYHO OIIM30CTH d, 3BE3/IbI K KPUTHIECKOMY d) = -¢’/F, IPH KOTOPOM TEPHOS
CBETOBBIX KoJIeOaHu cTpeMuTcs K HyJto (1.14), a yactota — k 6eckoneuroctu (1.15). ns quctanmum
r~10" M 310 MAéT BEIUYHHY a, <~ -0,1 M/, OpOuTanbHble YCKOPEHUS B TECHBIX JIBOMHBIX CHCTEMax
UMEIOT ONMU3KHiA OpsAI0K BenuduHbl [46, 51]. [ToaTroMy B X01€e OpOUTAILHOTO IBHXKEHUS 3BE3BI pe-
TYJSIPHO TIPOXOMST IOJIOKEHHSI, T/Ie UX CBET, MpeTepreBasl MpeoOdpa3oBaHUE YacTOTHI MO IPPEKTy
Putna, nepeBoauTCS B pEHTI€HOBCKOE U T'aMMa-U3lydyeHue. 3BE3/bl C TAKUMHU CBONCTBAMHU OTKPBITHI B
BUJIE PEHTI€HOBCKHX MyJbCapoB U 6apctepoB (§ 2.1), cekTp BCHBIIIEK KOTOPBIX CXOACH CO CIIEKTPOM
abCoIIIOTHO YEPHOTO TeNa, HO CO CHEKTPAIbHBIM MAaKCUMYyMOM, CMEIIEHHBIM B 00J1aCTh BBICOKHX Yac-
TOT, CJIOBHO TEMIIEpaTypa 3Be3/bl JOCTUTAET MUJUTMOHOB KeiabBUHOB [119, c. 139]. Takum oOpa3zom,
CYILIECTBOBaHHE TAKUX 3BE3[] CIYKUT KOCBEHHBIM MOJITBEPXKJIECHUEM OATMCTUYECKON TEOpHH, Mpea-
CKazaBlIeH Bce uX cBoicTBa [206].

[TpoTUB TPaKTOBKH MEPEMEHHBIX 3BE3]] MO 0aUIMCTUYECKONW TEOPUH BBIIBUTAIOCH U TAKOE BO3-
pakeHue: ecau O CBET 3BE3] MepeHsydancs MEX3BE3HBIM Ta30M, TO JJsl PAa3HBIX JJIUH BOJH H3-32
pasnuuus mokasarenel MpeJoMIICHUS Ta3a JJIMHBI IKCTUHKITUU pa3nudanuch Obl. COOTBETCTBEHHO 3a-
na3JpIBaHNUe, BbI3BAHHOE BIIMSHUEM CKOPOCTH 3BE€3JIbl HA CKOPOCTh CBETA, MOJIYYaJlIoCh Obl pa3HbIM B
pa3HBIX IIBETaX, 4yero sSkoObl He HaOmomaercs [184]. B melicTBUTENbHOCTH HaOMIOAaeTCs UMEHHO Ta-
Kasi KApTUHA: Y 3aTMEHHBIX 3BE3]1 MOMEHTHI 3aTMEHUS B CHHUX JIy4aX HE COBMAJAal0T C MOMEHTAaMH 3a-
TMEHHsI B KpacHbIX [65, 189], uro mpuBeno I'.A. TuxoBa K BBIBOJYy O CYIIECTBOBAHMH KOCMUYECKOU
JUCTIEPCUU CBETa B BakyyMme [83]. AHalOTHYHOE SIBJICHUE OTKPBITO Y Lepera: AJisk HUX B Pa3HBIX I[BE-
TaX MaKCUMYMBbI OJiecKa HACTYyHaloT B pa3HbIX (a3zax.

Taxum 006pa3om, HAOIIOAEHUS IEPEMEHHBIX 3BE3]] CBUACTEIBCTBYIOT B MOJB3Yy OAJUIMCTHYECKON
TEOpUHU U TPAKTOBKU MEPEMEHHBIX 3BE31 no runorese Jla-Posbl. IlpennoxeHHble KpUTEPUU U CXEMBI
ACTPOHOMMYECKUX U PaIMOaCTPOHOMUYECKUX HAOIIOACHUI MO3BOJIAT CAENaTh OJHO3HAYHBIN BBIBOJ O

PaBOMEPHOCTH OaJIIIMCTHYECKOM Teopun U rumnotessl JIa-Pozpi—Cekepuna.
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§ 1.6. BbigoObI

13 npoBenEHHOTrO aHaIM3a JaHHBIX ACTPOHOMHWYECKUX HAOIIOCHNH, a TaKkXKe U3 JJAHHBIX Jla3ep-
HOHM 1 painoJIOKaIlK CIIeTyeT, YTO HaKOIUICHHBIE 32 BEK JaHHbIC HE MPOTHBOpEYaT OaTMCTHYECKON
Tteopur. A psaa 3¢ dexToB, B ToM uncie 3gpdexT bappa, napagokcel KpaCHOTO CMELICHHUS TaTaKTHK, Psi
3pPEeKTOB B CHCTEMAaX MEPEMEHHBIX 3BE3J CIYKAT KOCBEHHBIM MOJTBEPXKIECHHUEM OalTUCTUYECKON
teopuu. Takum 00pa3oM, aCTpOHOMHYECKHE HAOIIOICHNS, C OJJHOM CTOPOHBI, CITy’KaT MPOBEPOYHBIMH
9KCTIIEPHUMEHTAaMH, OCYIIECTBIEHHBIMU CaMOH MPHPOJION B THTAaHTCKOW «KOCMHYECKON J1a00paTOpHm,
C IpyTOil CTOPOHBI, UMEHHO B PaMKax TEOPHH PUTLA psiJ KOCMHUUYECKUX aHOMaJUil, OOHApYy>KEHHBIX B

MOCJICOHUC OACCATUIICTHA, MOXKCET IMOJTYYHUTH HpOCTeI\/JIIHYIO HUHTCPIIPECTALUIO.
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MnaBa 2. Kputepuu npoBepku 6annncTMyeckon Teopun MeTonamMmm peHT-

reHOBCKOM M paAnoacTPOHOMMUN, Nla3epHON U paanosioKaLum

B nocnennue necATUnIETHS LIMPOKO PA3BUBAIOTCS METObI PEHTTEHOBCKOW M PaMOaCcTPOHOMHUHU
BBICOKOI'O YTJIOBOI'O, BpDEMEHHOI'O U CIIEKTPaJIbHOrO paspelieHus. OHM NpUBEIM K HAKOIUIEHUIO JaH-
HBIX, HE 0OBSCHEHUMBIX B paMKaxX COBpeMEHHOU acTpodu3uku. [loaTomMy mpencraBiser HHTEpeC aHa-
JIN3 3TUX JAHHBIX C MO3ULMHA TEOPHU albTEPHATUBHBIX OPUIIMAIBLHO NPUHATHIM. Kak nokaxkeM B JaH-
HOU IJ1aBe, psAA OTKPBITHIX aHOMAIMH MOJy4YaeT MPOCTYIO U TOYHYIO HHTEPIPETALMIO B paMKax Oaliu-
CTUYECKON TEOPHH, €LIE B MPOIIIOM BEKE IPEACKA3aBIIECH MHOTHE U3 HUX. YUET BapUaLUil CKOPOCTH
CBETa M PAJMOM3IYUYEHMsI MO3BOJISIET TAKXKE JIETKO MHTEPIPETUPOBATh PsAJl AaHOMAIMM KOCMUYECKOU
paauo- U Ja3epHOM JIOKAIuH, BKIItOYast aHoManuu, BeisiBiieHHbIe cucteMamu GPS u I'NJTIOHACC. Ta-
KUM 00pa3oM, HEONTHUYECKAsE aCTPOHOMHUS MPEIOCTABISAET Psifl SKCIEPUMEHTAIBHBIX KPUTEPUEB MPO-
BEPKH OAJUTMCTUYECKOM TEOpHH, a TaKXKe €€ YaCTHBIX CIIEICTBHM.

OcHoBHBIE pe3yJbTaThl IVIaBbl OMyOJIMKOBaHEI B paboTtax [A3—-AS, Al12, Al4, A18, A33, A35,
A39, A41, A46, A47, A50, A53].

§ 2.1. PeHmeeHoeckue nynbcapbl, 6apcmepbl, HO8bIe U C8EPXHOBbLIE 38E30bI KakK
cnedcmeue agpghekma Pumuya

Kputepun npoBepku OamIMCTHUECKOW TEOPUHU CIEAYIOT TAaKXKE M3 aHaJU3a MEPEeMEHHBIX 3BE3]
HEONTUYECKUX JMANA30HOB — PEHTTEHOBCKUX MYJbCAPOB, PAAHOIYIECAPOB U OapCcTEpPOB, CBOWCTB KO-
TOPBIX MPEICKa3bIBACT OayTcTHUecKas Teopust u runotesa Jla Po3sl [206-208, A21, A47]. B wactHo-
CTH, IpOBepKa Oa/NIMCTUYECKOW TEOPUM OCYIIECTBISIACh MO aHAINW3Y 3aTMEHHM PEHTI€HOBCKHUX
MyJIbCApOB, BXOAIIUX B JBOMHBIEC cucTeMbl [31, 183, 184]. Ha xpuBbIX Oyiecka peHTT€HOBCKHUX MYJIb-
CapoB U Ha rpaduKax JIy4eBbIX CKOPOCTEH (M3MEPEHHBIX METO/IOM TaliMHHTa BCIIBIIIEK) OOHApYKaTCs
T€ K€ UCKaXXCHUS, KOTOPBIE MpEAToaraly 1o reopuu Putna y neoiHex 38€31. M ecinu g ontude-
CKOT'O M3JTyY€HUs SKCTUHKINS B MEX3BE3IHON Cpelie MPaKTUUECKH HUBEJIUPYET OTJINYMS OT CKOPOCTHU
CBETA U UCKAXEHUS, TO JI1 PEHTT€HOBCKOTO U3JIyYEHUS ITyJIbCAPOB MEPEU3ITyUEHUE TI0JIarall MaJbIM.
Tak, K. Bpauep, Ha ocHOBe aHanM3a TPEX 3aTMEHHBIX MYJbCAPOB MOKAa3all, YTO U3MEPEHHBIE HUCKaXKe-
HUS CTOJIb MaJIbl, UTO CKOPOCTH ITyJIbCAPOB MPAKTUYECKU HE JOJKHA BIUATh HA CKOPOCTH UCITYIIIEHHO-
ro umu cBeta. [lo kpaitHeit mepe, cuutas crnpaBenauBbiM ycioBue (1.1) ¢' = ¢+kV, bpauep namén,
aro k < 107 [31, 183].

Opnnako (pakTHUECKH MOKa3aTelb MPENOMICHUS U d(PPEKTUBHOCTD MEPEUINYUCHHUS MEXK3BE3-
HBIM T'a30M JJI1 PEHTI€HOBCKHUX JIy4eld TOYHO HE M3BECTHBI. B PEHTT€HOBCKOM M raMMa-Auana3oHe
mmHa [~ M2n(n — 1) u k = [/r MOTYT OBITH @K€ MEHBIIE, YEM B ONITUYECKOM, TIOCKOJIBKY JIJTHHA BOJI-
HBI A — B THICSIUM Pa3 KOpOUY€, YEM Y BUJUMOTO CBETA, a IOKA3aTeJb MIPEJIOMIICHUS 71 — HE U3BECTEH OIl-
penenéuHo. [Iyisi peHTreHOBCKHX JTyuel B MEK3BE3IHOM Tu1azme mpuHuMatot n = 1 [25], otkynaa [y = o,
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T.K. 9aCTOTHI f BBICOKOPHEPTHYHBIX KBAHTOB Ha MOPSIKU MPEBHIMIAIOT PE30HAHCHBIE YaCTOTHI fj; KOJIe-
OaHUI DJIEKTPOHOB BHEIIHUX O0OJIOYEK aTOMOB, M T€ MPAKTHYECKH HE MEHSIOT CKOPOCTh cBeTa [25].
[Ipu >TOM HE YYUTBIBATUCH AJIEKTPOHBI BHYTPEHHUX 000JI0YEK aTOMOB M aTOMHBIE Si7pa, YaCTOTHI KO-
ne0aHMii KOTOPBIX JIe)KAaT B PEHTTEHOBCKOM M raMMa-auana3oHax, T.e. 3((EKTUBHO B3aMMOJCUCT-
BYIOLIHE C U3JTyUYE€HUEM, HapallUBasi # U CHIDKas [y. JledCTBUTENBbHO, U3MEPEHHUS 11 111 PEHTT€HOBCKUX
Jydel B 3eMHBIX CpeJllax MoKa3alio, 4To # # 1 u [y cormocTaBUMO ¢ / i1t ONTHYECKUX Jtydeit (cm. § 4.1).
Totr ¢akrt, 4TO PEeHTreHOBCKOE M raMMa-u3Iy4YeHHs, HECMOTpsl Ha cllaboe MOTJIOUIEHHE B IIOTHBIX
cpenax, 3pPeKTUBHO B3aUMOJECHCTBYET C BELIECTBOM, MOJATBEPKAAET HEMPO3PAYHOCTH aTMochepsl
3eMin 111 pEHTT€HOBCKUX M raMMa-Jiydeld, BBUAY nornomieHus. [1o 3Toil nmpudrHe peHTreHOBCKUE U
raMMa-TeJIeCKOIbI BBIHOCAT 3a npezensl atmocdeps! [194]. [Ipu aTom 3eMHas atMocdepa mpo3padHa
JUTISL U3ITyYEHUsl ONTUYECKOTo JUarna3oHa, ¢ KOTOPhIM, KaK CYMTAIOCh, OHA B3aUMOJEHCTBYET OoJee
3P PEeKTHUBHO.

ECiu /U1 peHTIeHOBCKHX JIyueii ¢ sueprueii 30 k3B B Boje ¢ KoHIeHTpamueii aromos N ~ 107
cM u3MepeHo |n — 1| ~ 107 [209], To nma Mex3BE3nHOrO rasa, rae N~ 1 cM MPONOPLIMOHATBHO
menbmre (7— 1) ~107". Orciona mwis PEHTTEHOBCKUX Iyuen (A ~ 10" M) 1= M2n(n— 1)~ 10"
M ~ 10° CBETOBBIX JIET WJTH HIDKE, T.K. 71 ¥ [ CHIIBHO 3aBUCAT OT COCTaBa Ta3a.

Taxum o0OpaszoMm, HecmoTpst Ha (n — 1) << 1, HeOompIas pazHuna (n — 1) gocrarouna s odec-
neuenus Manoct [ = M2n(n— 1) u k= [/r. [looTroMy aHamu3 pEHTTEHOBCKUX NMEPEMEHHBIX 3BE3N U
raMMa-uCTOYHHMKOB, mpeanpuHsaTeii K. bpauepom m mokazaBmmid, uto k < 107 [31, 32, 183], Toxe
BIIOJIHE YKJIAJBIBACTCS B PAaMKU OAJUTMCTUYECKON TEOPUH, CBUICTENBCTBYS JUIIIb, YTO MOTEPSI CBETOM
JOTIOTHUTEIFHOU CKOPOCTH, COOOIIEHHOW 3BE3/I0M, MPOMCXOIUT HA MYTH, COCTABISIONIEM OTHOCH-
TEJIBHYIO JTONI0 k < 10 or gucranHmmM 3Be3aBI (CM. § 1.1). HdeiictBuTensHo, u3MepeHHas bpauepom
BEIIMYMHA k coryacyercs ¢ Oa/NIMCTUYECKOW TeopueH, eciau ydecTh mo Dokcy [25], 4To peHTTeHOB-
CKHE JIy4H Tepeu3NlydaloTcs B oOImieil atMocdepe peHTIeHOBCKHUX MyibcapoB. st paccMOTpEeHHBIX
Bpauepom cucrem Cen X-3, Her X-1, SMC X-1, npu opOutansHbIX niepuogax P ~ 1 cyT u cKopocTsx
V'~ 100 xM/c, paguycsl opOUT mynbcapoB cocTaBiaT R ~ PV~ 10 muH. kM. To ecThb OpOHUTHI Jiexar
BHYTPU KOPOHBI TJIaBHOW 3B€3/bl, rae, HanpuMmep, At ConHia, KOHLEHTpalus UOHOB N ~ 10% em™
[119, c. 625]. Cormacro [31], [= (MroN) ' ~ 210" M~ 200 mun. kM ~ | a.e., Tae ro= e*/mc*~ 2,82-10°
"> M — kmaccuueckuii paamyc 3mekTpoHa, a A~ 2-107'" M I peHTreHoBCKMX ydeil. ITo 3HaucHue /
CPaBHHUMO € R U XapaKTepHBbIM pa3MepOM KOPOH 3BE31. To ecTh, y pEHTT€HOBCKHUX IyJIbCAPOB MEPEN3-
Jy4deHHE TIPOUCXOJNUT B atMocdepe TiaBHOM 3Be3bl. M mipu auctaniuu myibcapoB 7 ~ 10 knk [31], B
pamrax BTP k= I/r < 10, B cormacuu ¢ pe3yasratom Bpauepa.

Kpome Ttoro, bpauep npeamonaraer, yTo MEXaHM3M I'€HEpALMU PEHTIC€HOBCKOI'O H3IIy4EHUs
MyJIbcapoB U raMMa-u3nydeHus: y GRB — cuHXpOoTpoHHBIN, IPUHUMAs, UTO CKOPOCTh UCTOYHUKA ITOTO

u3nyderuss V> 0,lc, oTkyaa 1Mo W3MEpPEHHOHW MJIUTETLHOCTH df TaMMa-BCIUIECKOB IMOJydYaeT, YTO B
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(1.1) k= (c*/2V)(dt/r) < 10° [32]. Ho peanbHbIii MEXAaHH3M TEHEPAIMH PEHTTCHOBCKHX M IaMMa-
Benbimiek y GRB, kak otmeuan bpauep [32], He ycTaHOBIeH ogHO3Ha4YHO. [loaTOMy, ecin B paMkax
0aJUTMCTHUYECKON TEOpUH raMMa-u3JIyuyeHHe MpeAcTaBiIsieT co00i ONTHUecKoe H3JIydyeHue 3BE3N, MO-
BbICHBIIEE YacToTy 1o 3¢pdexry Purna (§ 1.5), To HCTUHHBIE CKOPOCTH V — Ha MOPSIIKK HIDKE, a kK — Ha
TIOPSIKH BBIIIIE, JOCTUTast BETMUMHBI, CONTACYIOLIEHCS ¢ H3MepeHHbM k < 10720,

W3ny4yeHne paguomnyabcapoB TOKE MOXKET ObITh CII€ACTBUEM KOHBEPCHM ONTHUYECKOIO H3IIyye-
HUS 3BE3]1 B paIn0IMana3oH pUTL-3PPEeKTOM, 3a CUET YCKOPEHUS CBOOOAHOTO Ma/ieH!Us] Ha TIOBEPXHO-
CTH 3BE3]l, IOHMKAOIIET0 YacTOTY PETUCTPUPYEMOIO Ha 3emile cBeTa. B IBOMHBIX cHUCTEMax Mepuo-
JUYHOE JIBU)KEHUE TaKUX 3BE3]] BEJIO ObI K PEryJISIPHBIM BCIUIECKAM PAAMOU3IyUEHUS IPU JOCTUKEHUU
OPOUTATBHBIM YCKOPEHHEM ¢, KPUTHUECKOrO 3HAYCHHS -do = -¢/r. Takke B 3TH MOMEHTHI HA MOPSIKH
yCUIIMBAJIOCh ObI COOCTBEHHOE ciaboe paanousityueHue 38€31. To ecTh, peHTTeHOBCKUE U PAAHOILYIb-
capbl MOTYT OBITh HE TOJIBKO TMIIOTETUYECKUMU HEHTPOHHBIMU 3BE3JaMH, HO U PSIIOBBIMHU ABOWHBIMU
3BE3/1aMH, B TOM UYHMCJIE 3BE3JaMU IJIaBHOW MTOCIE0BATEIbHOCTH.

Ecnu paguomnynbscapel — 3TO 1BOMHbIE 3BE3]IbI, TO MEPUO] KosleOaHUi nxX Ojecka coBnazai Obl ¢
opoutanbHeiM P. [leprnopl mynbcapoB COCTABISIOT OT MUJUTUCEKYH/ 10 CEKYH/], @ MUHUMAJIbHBIE T1e-
pHOIbI IBOMHBIX 3BE3/ — NOPSKA YacoB, T.€. pa3In4aroTcs Ha nopsaku. Ho ecnu cucreMsl mynbscapoB
IPEJICTaBISIIOT COOOM KpaTHBIE CUCTEMBI, TaK YTO JBOIHASI 3B€3/1a ABUKETCS BOKPYT TPEThEN 3BE3/bI C
YCKOPEHHEM 4, = -dp, T.€. GIH3KIM K KPUTHUIECKOMY do = ¢/, TO HAGII0AaeMblil OpOHTATBHBII MEPHOS
P'w paBHBIN eMy nieproJ1 Kojebanuii 6ecka

P'=P(1 + ra,/c*) = Plg, 2.1
MOXeT coKpaTHThest B g ~ 10° pas: ¢ wacos 1o moneii cexynsy, rae g = P/P' = 1/(1 + ra,/c?) — xoa¢-
(UIHEHT KOMITPECCUU BPEMEHHBIX HHTEPBAJIOB U KO3 (PUIIMEHT yCHUIICHHS SIPKOCTH.

DddexT Puriia 00bsICHAET TaKKe HHTEHCUBHOE PaMOU3ITydYeHHE MyJibcapoB [A12, A14]. Mom-
HOCTb PaJIMOM3ITyYeHHsI TUTaHEeT U 3BE3/ Masla, IO CPAaBHEHMIO C ITyJibcapaMu. B dyacTHOCTH, paauosp-
KOCTb /g 1 cBeTUMOCTh Py CoNHIIA B paJuoAHana3oHe B MUJUIMAPIBI Pa3 HUXKE, YEM B ONTHUECKOM,
Jla’ke€ BO BPEMsl BCIBILIEK HE MPEBbIIIAS 10"°-10% Br, pu O0IIe CBETUMOCTH 3BE3/IbI ~10* Br. Ho
s¢¢ext Puria cnocoOeH MOBBICUTh U3MEPEHHYIO SIPKOCTh [z’ palMOnU3IyyeHHs B MUJUIMOHBI Pa3, Kak
y mynbcapa B KpaGoBuaHoit TymanHoctu ¢ Ip' ~ 10” Br [168]. B pPaZMoOBOJIHEI TpeolOpa3yeTcst U BU-
JMMBIH CBET 3BE3] U IJIAHET, T.K. YCKOPEHUE d; U3JIyYaIOIMX aTOMOB Ha MX MIOBEPXHOCTH HapaliBaeT
o putu-3¢dekty mepron ceToBbix komebanuit T'= T(1 + ray/c’) B Mummuapas! pa3. Hanporus, 06-
ee YCKOPEHUe @, 3BE31Ibl, JETAIIEH Mo opOuTe, CKUMaeT rnepuoa P’ mynbscapa u nepuos T 3JIeKTpo-
MarHUTHBIX KOJI€OaHUH. DTO OOBSACHIET OTKPBITYIO y MyJIbCAPOB CBSA3b MU3MEPEHHOM B MI'I| yacToThI
CHEKTPAIBHOTO MAaKCUMyMa fmax'= 1/7" ¢ W3MEpeHHBIM B CeKyHJOax nepuojgoM P’ myinbcapa:
frnax' = 120/P°. Cormacuo s dexry Puriia,

Jrnax' = fnad (1 + ra,/c?) = fonaxP/P' = s/P",
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T€ S = fmaxP — DTO XapakTepHas BeIMYMHA, MMEIOUIast OMU3KUN TMOPSAIOK BEIWYHMHBI IS TECHBIX
JIBOMHBIX 3BE3]T OJIM3KUX CTHEKTPOB (CO CHEKTPATHHBIM MAKCUMYMOM Ha fax) U OPOUTATBHBIX TIEPHO-
noB P. Yutém, uto A 0ojiee MAaCCUBHBIX U TOPAYUX 3BE3N fmax, P ¥ P’ UMeIOT Oosiee BHICOKUE 3HaYe-
HUS, TpU4EM BCE 3aBHCUMOCTH cTeneHHble. COOTBETCTBEHHO, CTEIEHHON OyJeT 3aBUCHUMOCTH
s(P) ~uP" us(P") ~u'P", tie u, u'— koncrantsl. OTCroza ciemyer 6ojiee CII0KHask 3aBUCHMOCTh

o = w7,
rae (1 —n) <1, au’ OIKHO coCTaBIATh Hopsiaka ~ 120 ¢ .

[TocTosIHCTBO OPOUTANIBHOTO TIEPUOJIA MTYJIECAPOB OOBSICHIET CTAOMIBHOCT KoJeOaHuii ux Oe-
cka. MIMeroT MecTo JIMIh He3HAYNTEIbHBIE BEKOBBIC M3MEHCHUS OPOUTAIBLHBIX TEPUOIOB JIBOWHBIX
3BE31 3a CUET MPUIIMBHOTO TpeHus. B wactHocTH, y B JIupel nepuon Hapacraer Ha 19 ¢ B rox [46]. Ho
puri-oddext di’ = di(1 + ra,/c®) TO3BOIHT PerHCTPHPOBATH BEKOBBIC BAPHALMH IepHoa P’ myibca-
POB YCKOPEHHBIMU B MHJUTHOHBI pa3. Kpome Toro, mepuon P’ MeHsieTcs 3a CYET U3MEeHEeHUs Kodpdu-
LIUEHTa KOMIIPECCUU g B XOJE BapHaLMi YCKOPEHUS a, IPU JBHKEHUU ABOMHOW 3BE3[IbI 110 IIUPOKOHN
nosroniepuoaudeckoit opoure (Puc. 2.1). Torna usmeHnenus a, Bo3jiae KpUTHUUECKOTO - = -*/r MOXHO
CUMTATh JTUHEUHBIMU: a,= gt — ag. COOTBETCTBEHHO, IEPUO/]] PACTET MO 3aKOHY

P'=P(1 + a,/ay) = Prqt/c’.

[IocKOIIBbKY HABII0IaeMBIiH IS IyJIbcapa MaciuTab BpeMeHH di’ = dirqt/c* Toxe OTIMYeH OT HCTHHHO-
ro dt, To BpeMs, UCTEKIIIEeE IO HAOIIOACHHUSIM ¢ MOMeHTa ¢y = 0, cocTaBuT t' = rqt2/2c2. OTcroa Haxo-
JIUM 3aBUCUMOCTH OT BPEMEHH ¢’ HaOJIF0JaeMoro nepuoja Koiedanuii 01ecka

P'= P(2rqt'/cz)1/2,
U CKOPOCTH €TI0 HapacTaHus

dP'ldt’ = P(rq/2¢%t)".
Jlens nepBoe Ha BTOPOE, OJTYUYUM BbIpaXKeHHE
t'= P'72(dP'/dt"), (2.2)

NO3BOJISIONIEE 10 Mepuoay P’ mynbcapa U CKOPOCTH €ro pocta dP'/dt' oueHuTs Bpems t', CTEKIIEee ¢
MOMEHTa, KOTZa MepUoi myiscapa P'=0 mpu a,= -c¢*/r. B aToT MoMeHT, cormacHo 3bdexry Puria
(1.17), BO3HUKAET sipKasi BCIIBIIIKA 3BE3/bl, AHAJIOTMYHAS TI0 CBOWCTBAM BCTBIIIKE CBEpXHOBOM. Ha-
npumep, st myiascapa PSR 0531+21 B KpaGosugHolt TymanHoctu, rae nepuon P'= 0,033 c u
dP'ldt' = 1,4-107 ¢/ron [119, c. 522], momyunm pacuétHoe Bpems t'= 1180 meT. D10 BpeMs ¢ TOYHO-
cThio 10 10% coBmamaeT ¢ 3aperucTpupoOBaHHBIM BPEMEHEM BCIIBIIIKA CBEPXHOBOM, OTKPBITON Ha TOM
Ke ydacTke HeOa, rae pacrosoxeH myibcap PSR 0531+21, u kotopyro Habmt01amu ThICSYEIeTHE Ha-
3an, B 1054 r. Takum oOpa3om, yxe 3Ta rpyOast OlleHKa OKa3bIBAETCs TOUYHEE OOBITHOM

t'=P'/(dP'/dt"), (2.3)
BEIIyIICH K yIBOCHHOW OLIEHKE Bo3pacTta myJibcapa [210]. B coBpeMeHHON TeOpuu MmyabCapoB 3TO He-

COOTBETCTBUE 00XO/ISIT UCKYCCTBEHHBIM JT0OOABICHUEM (B paMKax CrielU(PUIECKUX MOJIeIel) TBONKH B
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3HameHatene (2.3), onpeaensst AMHAMUYECKUN Bo3pact (2.2) [211]. OTmeTuM, 9TO U3MEHEHUE YCKO-
peHus MpH ABMKEHUU 10 IIUPOKONH OpOUTE MOKHO CUUTATh JTMHEWHBIM JIMIIb Ha UHTEPBaJie BpEMEHU
MHOTO MEHBIIIEM NEPUOa ABMKEHHUS MO MUPOKOoH opOute. Takum obpas3oM, oreHka ¢’ (2.2) pabotaer
JIUIIb Ha CPABHUTEIBHO KOPOTKHUX BPEMEHHBIX MHTEpBaiax (y MOJOJBIX MyibcapoB). Tak, y mylbcapa
PSR B1757-24 o n3aMepeHHON CKOPOCTU CMEIIEHHUS OT IEHTPa TyMaHHOCTH M PAaCCTOSHUIO 10 HETO
Bo3pact coctaBuT 40000 net, a pacu€tHbid 10 (2.2) nuHamuueckuii Bo3pacT — 17000 net. B pamkax
OaITMCTUYECKON TEOpUHU PacX0kIeHHUE OOBSICHUMO HEMOCTOSSHCTBOM HaO0JI0/1aeMOil TaHTeHIIUAIbHOU
CKOpOCTH, TaJalolleil NMpH OTHAICHUU da, OT -ao. 1loaTOMy pacuéTHbI BO3pacT myjibcapa B 2 pasa
meHs1e ~20000 net, 4To Jyulle coryiacyercs ¢ AuHaMuueckuM Bo3pactoM B 17000 net. OctaBuieecs

PacxoKIeHNE MOKHO OOBSICHUTH HETMHEHHBIMY BapHALIMSAMU ;.

49r paguonynecapel (PSR) I 49 pewrreqoeckve nynscaps:
0 < 0 "
=y =l
obpaLieHue] obpaLueHie
BPEMEHH | % BpEMEHM
417 7] Ji s s|r'=1(1+ala,)<0
g 113
— 3 ]
é ..__I_:MMI'ny'IbC I:I:- M Mﬂﬁ:’.l:lbcbl::.-:l .:: E
W = o' dhad t'
“P' . 5 “P no ' macwrabd
no ¢ Mmacra P yBENUYEH |,
yBenuien f

Puc. 2.1. ®opmupoBaHue UMITyJILCOB PAJUONYIbCAPOB U PEHTTEHOBCKUX ITyJIbCAPOB

C IUTABHBIM M3MEHEHHEM TIEPHO/Ia UMITYJILCOB 3a CUET BapHalui YCKOPEHHS dy;.

AHAJIOTUYHO OLIEHUM BpeMs ¢, KOTAa BCIBIXHYJIU WIN BCIBIXHYT B BHUJI€ CBEPXHOBBIX JIpyrue
nyiabcapel. B uactHocTH, mynbscap Vela (PSR 0833-45) B cosse3nuum IlapycoB (P'=0,089 c,
dP'/dt' = 3,9-10_6 c/rox [119]) momxen ObLT MOSIBUTHCS Ha HeOe mopsinka ¢’ = 11400 ner Hazaz, 4To
omm3ko k 11000 jeT — pacu€THOMY BO3pacTy, MO CKOPOCTU paciiupeHus tymanHoctu [lapycos [210].
PSR 0531+21 u 0833-45 — cambie momoabie myascapsl [119], u apdexr Purma oobsicHsET, modemy y
TakuX 3BE31 Majoro Bo3pacta ¢’ mnepuox P'= P(qut'/cz)l/ 2~ Mmam, a CKOpPOCTh €ro pocTa
dP'ldt' = P(rq/2¢*t)"* — Bennka [119]. Beicokast crermens kommpeccun g (2.1) st 9THX MyIbcapoB
i myJibcapa ['eMuHra OOBSCHSIET MX PAaaUo-, ONTHYECKOE, PEHTTEHOBCKOE M T'aMMa-H3JIydeHHE.
Puti-5ddeKT, CRUMAs TIEPHOIBI TTyIHCAPOB B MHILTHOHBI pa3, B g ~ 10° pa3 MOBBIIIAET APKOCTh 1 Yac-
TOTY CBETa, IEPEBO/S €r0 B PEHTI€HOBCKHI M ramma-auana3oH. Iloatomy momHocTs u3nyuyenus PSR
0531+21 B HeonTHUECKUX OUAIA30HAX B THICAYMU pa3 Bbille, yeM y ConHua — B ontuueckom [119]. ¥V
paauoIyIbcapoB OOJBIIETO BO3pAcTa, KOMIPECCHS g MEHbBIIIE W HEJJOCTATOYHA JUIsl IEPEBO/Ia CBETA B
PEHTTEHOBCKUI U raMma-auana3oH. B pamkax apyrux Teopuii xk€cTkoe raMma-u3ilydyeHue, HalpuMep
c sneprueii 400 3B y nmynscapa PSR 0531+21, He ynaBanoch 00bSICHUTb.

OTKpBITHI TaK)K€ PEHTTEHOBCKUE MyJbCaphl, Y KOTOPBIX nepuoa P’ cokpamaercs. Eciu 3to co-

KpaleHHe WUTI030pHO, TO O3Ha4yaeT mpubimxeHue a, K -ap (Puc. 2.1), u B Oyaymiem 3TH myibcapbl
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BCIIBIXHYT B BHJI€ CBEPXHOBBIX, KOTIa iepuo P’ COXMETCS 10 HYJIs, CKOHIIEHTPUPOBAB CBET 3BE31 BO
BpeMeHH. B uactHoCTH, y mynbcapa Llentasp X-3 nepuox P’ = 4,8 ¢, a dP'/dt’ = -1,3:10" c/rox, OTKy-
na t'=-1920 ner (3HaK «MUHYC» COOTBETCTBYET OyayiieMy). Takum oOpa3oM, 3TOT Mylbcap JOJKEH
BCIIBIXHYTh B BUJIE CBEPXHOBOM 4epe3 /iBa ThICAUEICTHS.

VY myabcapoB OTKPBITHI M PE3KUE CKAYKU, COOM TIEpHoI0B (IuTuM). YacTh X BhI3BAHA CTOJIKHO-
BEHHEM 3BE3] C aCTEpOUIaMH, MCHSIONMMU OpOUTAIBHBIN Tepuoa P. B 4acTHOCTH, y ABOWHON 3BE3-
ne1 W bonbiioii MenBenuisl opOUTaIbHBINA TEPUOA M PaBHBIA €My MEepUO MUTAHUN CKa4KOM BBIPOC
1ocjie BCTBIMIKY 3Be31bl B 1964 1. [175], BbI3BaHHOI, BEPOATHO, y1apOM acTepOM]ia, U3MEHUBILETO
OpOUTY M OPOUTANBHBIN TIEPUOJ 3BE3bl. DTH PEAKUE COOBITHS YUAIIAOTCS MPH CKATUU HHTECPBAJIOB
Bpemenu (1.14) B g~ 10° pa3: CTOJIKHOBEHUS, MPOUCXOASANIME pa3 B MWIJIMOH JIET, MOXHO BHJIETh
€XKEeroJHo. ITo 00bsACHSET ruTuM y nmyiabscapa SGR 1900+14, perymisipHo HabtogaeMble PU BCIBIIII-
kax. OTzenbHbIE TIIMTYM CBSI3aHBI C BapUallel cTenenu cxarus g nepuoaa P'= P(1 + ra,lc*) = P/ g or
WU3MEHEHUS JIyYeBOTO YCKOpPEeHHs a, U 3P deKkTuBHOTO IyTH 7 = [. KpoMe Toro, OT 3BE31] peryJsipHO OT-
NENSIOTCS IPOTyOepaHIlbl, a Ha MYTH CBETa 7 BCTPEUAIOTCS MEX3BE3/IHbIE 00JIaka ra3a, OTKPBITHIE IO
MepuanuaM mynscapoB [175]. [lepensnyd€HHblit UMH CBET TepsieT U30BITOK CKOPOCTH, U Jlajiee PUTII-
a¢deKT He MEHsIeT epUo/I UM MEHSIET €ro WHave, eciu s ras3a a, # 0. JIBmkeHne Mex3BE3IHBIX 00-
JIaKOB U 3BE3/bl MEHSIET d,, ¥ U P’ 1aBHO, TMO0 PE3KO, €Ci B 00JaKax €CTh IPOCBET, CKAYKOM yJIHU-
HSIOIIMKA MyTh CBETa 7 U cxatue g nepuona (2.1). B ciyuae, ecnm myTh cBeTa mepeceyér MOTOTHU-
TeIbHOE MEX3BE3IHOE 00J1aK0, MyTh 7 PE3KO COKPATUTCS, a MEPUOJ — CKAaYKOM YUIMHUTCA. B utore,
nocJie TJIMTYa MEHSIETCA U CKOPOCTh HapacTaHus nepuoja. Koraa e mpocBeThl B MEK3BE3AHBIX 0071a-
Kax W BBIIIENEXKaIMe objlaka YUIyT ¢ MyTH CBeTa, MEPHOJ MyJIbcapa U CKOPOCTh €ro U3MEHEHHS BOC-
cTaHoBsTca. Takum 00pa3oM, B paMKax Oa/TMCTUYECKOW TEOPHH BapHAIUU TIEPHUOJIOB ITYJIHCAPOB IMO-
Jy4aroT HarOoJiee MPOCTYI0 UHTEPIPETALHIO.

Take OTKpPBITHl LUKIWYHBIE BapUAIlUU MEPUOAOB MyJIhCAPOB, BEPHO OOBSICHEHHBIE MPUCYTCT-
BUeM TutaHeT. Kak oTMedeHo, eciu Obl mysibcaphl MPEACTABISIIN COO0M OCTaTKU B3PHIBOB CBEPXHOBBIX,
OHM HEU30EXKHO O YHHUUTOXWIM Onu3iexamiue raHeTsl. [103ToMy mojararoT, 4TO TJIAaHETHI MOSBU-
JUCh TIOCTIE B3phIBA, OJHAKO TJIAHETHBIE CUCTEMBI HE MOTYT (hOPMHpOBATHCS 32 CPOK MOPsIKA BO3pac-
Ta MyJbCapoB (OT THICAY JO MUJUTMOHA JeT). B paMkax GammucTudeckoil Teopuu, Mo KOTOPOH peasib-
HOTO B3pbIBA HE MPOUCXOANT, CYIIECTBOBAHNE TNIAHET BIOJTHE BO3MOXKHO. [ImaHeTsl, obneTas 3Be3ny,
CBOMIM TSATOTEHUEM PETYJSIPHO MEHSIOT €€ CKOPOCTh M 9acTOTy MUTaHui 1o 3ddekram Jlorepa u
Putna. Mensis niepuon, puti-3pdext MeHseT u O6yeck 3Be3/bl. [1og00HOE SIBJICHUE OTKPBITO TAKXKE Y
3B&3q Tuma RV Tenbia, RR Jluper u nedenn: Bapuanuu mepuona — 3TO pasHOBUIHOCTH dddexTa
bnaxxko [175]. Tak, y ITonspHoii 3Be31b1 nepuo Py = 4 cyT HapacTaeT Ha § CEKYH]I B I0Jl, @ aMIUIUTY-
na xonebanmii 6mecka nmagaer (§ 1.5). C Touku 3peHus 0AUTUCTHYECKONH TEOPHH MPHYWHA MOXKET CO-

crosTh B 3Be3ie [lomspras Ab, obneraromieit [lonspayro Aa 3a mepuon P, = 30 net, cooOmras eit Bcé
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MEHBIILICE YCKOPEHHE ). COOTBETCTBEHHO, MajgaeT cpennsisi ssprocts I = I/(1 + ra,/c®), pactér Buan-
MBI iepuon kojebanuit 6necka P;'= Pi(1 + ay/ap), magaer ux aMIinTyaa, BBUAY OTIAJICHUS a, OT -
ao=-c*/r ¥ CHIKEHHS TIyOHHBI MOJYISAIMM /1 YCKOPECHHS M SIPKOCTH CIIYTHHKOM ITOISpHOlA, 06e-
rarormmM e€ 3a nepuon P =4 cyr. Torna 3a mepuon ~30 ner, korna [lonspHas Ab cremaer MoNHBIHA
000pOT, MOKHO OKUIATh BOCCTAHOBITHUS MPEKHUX MTAPAMETPOB.

AHanornunblie KoneOanus OTKpHITH y 38371 Tuna RV Tenbia, ckaxkem y DF Jlebens, y kotopoi
rpaduk TydeBbIX ckopocteit [175] roBOpUT O HaMMUYWU ABYX CIYTHUKOB ¢ mepuoaamu P =50 cyT u
P>=780 cyt (Puc. 2.2). Obneras 3Be3y, OHU MEHSIOT €€ YCKOpEHUe a,= a1, + ay, C 3TUMU TIepruo/ia-
MU, ¥ Ha JBYJIETHUE KoJieOaHus Onecka mo puT-3¢h(deKTy HallokeHa «psowy» ¢ mepuogom P;. Korma
APKOCTh MaKCHMaJlbHa, PAacTET aMIUIMTYAa MEJIKUX KoseOaHui /', MOCKONbKY Malible BapHalllH Jyde-
BOT'O YCKOPEHUS @ B MOMEHTHI €0 MPUOIIKEHUS K 3HAUCHHUIO -d( 32 CYET BBIPOCIICH TTTyOUHBI MOJTY-
s m = a,/(ap+ a,) CUIbHEE MEHSIOT SIPKOCTh 3BE3/bl. JIeHCTBUTENEHO, OTKPBITHI ABOWHBIE CHUC-
TEMBI, HallpUMep, 3aTMEHHas 1BoitHas 3Be31a PG 1336-018, rae oauH M3 KOMIIOHEHTOB — (hU3HUecKast
nepemMeHHas (medeunsa), y KOTOpOH aMmIuIMTyAa KojiebaHui Ojecka MaKCUMHU3UPYETCS B MOMEHTHI

MaKCUMU3ALMK CpeIHEN CBETUMOCTHU cucteMsbl [212], kak Ha Puc. 2.2.
A ar

MonspHas 1
H,Z‘ffpwnecT OF ﬂ?ﬁ_‘?ﬂﬂ“ﬁ
” :

" ", ! . " P -.
R P \R.@pa, B

e a1 b

air

t1=1:|1+a/a| m=ay:(a*az)

Puc. 2.2. Cxemsbl konebanuii yckopenus u Oecka B cucremax tumna nedeun, DF Jlebeast u mynbcapos.

CxonHOE SIBJIEHHE OTKPBITO Y IyJIbCAPOB, UMITYJIbChI KOTOPBIX PETyJsipHO ucye3atoT. [locne re-
HEpalHKU CEPUU MMITYJIbCOB MYyJIbCAP 3aMUPAET, a CIyCTs BpeMs BHe3anHo «oxuBaeT» [175]. CoBpe-
MEHHBIE MOJENU MYyJbCAPOB HE MO3BOJSIOT OOBSCHUTH «3aMHUpPaHUs» 0e3 BBOJA CIIOXKHBIX JIOTIOTHH-
TeNBbHBIX THIOTE3. [IpuMep momoOHOTO SIBICHUS TTOKa3bIBaeT PEHTIeHOBCKU mynbeap ['epkynec X-1:
€ro pPEeHTr€HOBCKHUE MMIYJIbCHI ¢ mepuogoM Py = 1,24 ¢ perynspHO racHyT, BO-TIEPBBIX OT 3aTMEHHS
3Be3ao0il HZ I'epkyneca, Bo3je KOTOPOH MyJibcap KPY>KUT € mepuojom Pz = 1,7 cyT, CHHXpOHHO MEHSs
Oneck u 1BeT 3Be37bl [194], 4T0 MOXKHO OOBICHUTH pUTL-3d(dekToM. Bo-BTOpHIX, MyJbcap racHET Ha
24 cyt ¢ nepuogoM P, =35 cyT. B cymecTByommx MOAENAX IyJIbCapoB 3TO SBJIEHUE HE YJIaBajoCh
00BsicHUTH [194, 211]. A B pamkax 3¢ddekra Putia 3amupanue Ha 2/3 nepruona P, MOXKHO OOBSICHHTH
JBIDKCHHUEM ITyJIbcapa BOKPYT TPEThEH 3BE3/bl ¢ OpOUTAIbHBIM TieprooM P, = 35 cyt (Puc. 2.2). To-

2 ,
I7la YCKOpEHHUE IyJbcapa a, PeryJsipHO NMpHOIMKaeTcs K -dg= -c~/r, BO3JIe KOTOPOro 3a CYET BBIPOC-
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HIei TTyOWHBI MOTYJISIIUU m MEJIKHE KoieOaHus @, MOJ BIUSHUEM CITyTHHKA Tyibscapa (P;= 1,24 ¢)
YK€ 3aMETHO MEHSIOT €ro SPKOCTh, IEPEBOMS ONTHYECKOE H3IydyeHUe MyJibcapa B PEHTIC€HOBCKHIA
nuana3o. [Ipu oTnaneHuu a, oT -ap aMIUIUTYy1a KoJeOaHW PEHTT€HOBCKOTO Oyiecka M 4acTOTHI Maja-
€T TIOYTH JI0 HyJsl. A B ONITUYECKOM JIMana3zoHe KoynebaHus 6necka 3se3anpl HZ ['epkyeca coxpaHsoT-
Cs1, TTIOCKOJIBKY JIa’K€ B OTCYTCTBHE TECHOTO MPUOJIMKEHUS JTy4€BOTO YCKOPEHHUS a, K 3HAYEHUIO - OTl-
TUYECKOE M3TyUYeHHE TeHEepUpyeTCs U BapbupyeT. TakuM oOpa3oM, OayincTuueckas Teopus Mo3BOJIs-
€T JIETKO OOBSICHUTHh HAOII0/IaeMble CBOMCTBA ABOMHBIX 3BE3/-TyJIbCAPOB, UX PEHTITC€HOBCKOE H3IIyde-

Hue ¥ 3amupanus [A39, A4l1].
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Puc. 2.3. [Ipeueccust opOUT CIIyTHHKOB BEAET K SMMN30ANIECKOMY MCUE3HOBEHHUIO KOJIeOaHUIT

YCKOpEHHUS ), ¥ IPEKpaIeHHIo Imybcanuii y cucteM tumna [lomsapaas Aa u I'epkynec X-1.

«3aMupaHus» MTyJTHCAPOB MOTYT OBITH BBI3BAHBI U MPELIECCHE OpOUTHI cryTHHUKA. Tak, y mynb-
capa ['epkynec X-1 mepuon npeneccun 1mo omneHkaM paseH 35 cyT [194]. V mynscapoB putir-ahdext
npu g~ 107 ThICSUEKpaTHO yCKOPSIET BUAMMYIO MPELECCHIO, U KONCOAHHs a, PEryIspHO HCYE3aloT,
Korja opourta BuaHa B miaHe — Hakionenue i = 0° (Puc. 2.3). Konebanus a, umerot Buj

a, = aysin(i)cos(2nt/Py) = 2ao|sin(nt/P,)|sino[ 1 — sin(n#/P,)sin’a]*cos(2nt/Py).
[Ipu o — 0°: a,= 2ap0sin(nt/P;)|cos(2nt/Py). Tak, y Her X-1 na 11 gue#t u3 35 HaK/IOH i OpOUTHI U
aMILTATY A d, (2d00)) JOCTATOUHBI TS IIEPEBO/IA ONITHYECKOr0 H3TyYCHUS B X-Ty4H (Zmax ~ 107).

Perynsapusie 3amupanust (hyaaune) 10 70 % BpeMeHU OTKPBITHI TAKXKE y PaUOIyIbCapoB, B Ya-
ctHoctr y PSR J1819+1305 u B1133+16. A nynscap PSR B0943+10, npekparast u3inyyaTs B paano-
Jana3oHe, UCIyCKaeT PeHTTeHOBCKHUE JIyUH, U HA000pOT. DTa CMEHa PEeXUMOB HE Hallla O0bsICHEHHH
B COBPEMEHHBIX MOJENSIX MyJIbCapoB, HO €CTECTBEHHO cleayeT u3 Oamnmuctudeckor Teopun. Korma B
X0Jle¢ OpOMTANBFHOTO JABIKEHHUS JyYeBOE YCKOPEHHE d, MEHSET 3HaK WM IMepeceKaeT YPOBEHb -dj,
C/IBHUT YacCTOTHI PUTL-3(p(PEeKTOM MEHSET 3HaK WM CHIXKACTCS, M YCKOPEHHE 3BE3/bl MEPEBOIUT CBET
3BE3/Ibl YK€ HE B PEHTTEHOBCKUH, a B paauoauamnazoH. Korna a, BoccraHaBiMBaeTcsl, paJuoyyu rac-
HYT. 3aMUpaHus PaAUOU3TyYeHUs OTKPBITHI U B ABOMHOM IyJibcape PSR J0737-3039, rae oqHa 3Be31a
MOCTOSIHHO T€HEPUPYET UMITYJIbChI ¢ mepuogom Pi'= 23 mc, a BTopas — ¢ nepuogom P,'= 2.8 ¢ —

JIUIIb B OTAEIBHBIX TOUKAX OPOUTHL. DTO OOBSICHSIOT TEM, YTO OBICTPBIN mynbcap (mepuona P;’), obe-
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rasi MeJJICHHBIN myJbcap (nmepuoaa P,’) 3a nepuon P; = 2,4 yaca, peryJiipHO YCUJIMBAET €r0 UMITYJIbChI
CBOMM MAarHUTHbIM IoJeM. B OammucTuyeckoll TEOpUH «3aMHUpPaHUs» 3TO CIEACTBHE NMPUOIMKEHUS
JMIIb B OTAEIBHBIX OPOUTANBHBIX (ha3ax yCKOPEHHS @, MyJibcapa K KpUTHYECKOMY -do, (OpMUPYsI yac-
TOKOJI UMITYJIbCOB X-U3JIy4eHHUs], KaK y I'epkyneca X-1. B ocTanbHOE BpeMsl yCKOpEHHE JAJIEKO OT -do,
U B yactokouse npoBaisl (Puc. 2.4). ¥V nynscapa ¢ P’ = 23 mc amiuutyaa KoneOaHull a;, BbIILIE U Te-
HEpUPYET BCHBIIIKHU MOCTOSAHHO. OTAaIeHne YCKOPEHUS OT -do BEAET K PEryIIpHOMY YAJIUHEHHUIO I1e-
puona P,'= Pi(1 + a,/ap) na 0,1 %. Bapuanuu P’ o6bsacustor pomnep-3dpdexrom P'= Pi(1 + V,'/c)
npu V,' = ca,/ap = 300 kM/C U «pacTspKEHHEM» BPEMEHHU B IOJIE TATOTEHHUS IyJIbCcapoB. Toraa Kak 1mo
OammmcTrueckoi Teopuu u 3p¢dekTy PUTHA HCTHHHBIE CKOPOCTH W TPABUTAIIOHHBIE TTOJIS ITYJIHCAPOB

— Ha MOPSIIKK HIXKE PaCYETHBIX.

7 ANy

i '/' v Y
dr  psr Jovs?-aosgfgg_f} )
2 : 4

Puc. 2.4. Cxema IBOWHOTO ITyJbcapa, rpaduKu IydeBBIX YCKOPEHUN

a,(t) ero KOMIIOHEHTOB | pe3yJbTHpYoIIHe Kojebanus Onecka I '(f).

Bosmoxna oOpaTHasi cuUTyalus: yBeIWYEHHE BUIUMOW CBETUMOCTH M COKpallleHHE IMepuoja
NyJbCallui, B X0/€ MPUONMKEHNUSI YCKOPEHUS 3BE3/bl K -dg, BEAET K UCUC3HOBEHUIO PEHTI€HOBCKHX
Benbiniek. [1o1oOHbIN A dexT Habmoancs y peHTTeHOBCKOro mysbcapa GX—1+4, nepuon myabcanuit
KOTOpPOTo B TeueHHE 15 jeT cokpamaincs, nmoka B 1985 r., 1ocTUrHYyB MUHUMYMa, HE CTaJl CTOJb KE
owicTpo HapacTaTh (Puc. 2.5). lns oObsicHeHus 3TUX Bapuanuii P’ GopManbHO MPUHSIN, YTO TPECHUE
U JIaBIICHUE Ta3a, pa3roHsBIIEE BpaIEHUE 3BE3/bl, CTAI0 TOPMO3UTh e€ BpaieHue [213]. Ho mo cux
MOp HE BBISICHEHBI MPUYMWHBI CMEHBI HAMPABJICHHS W COXPAHEHUS BEIWYHHBI CHUIIBI TPEHUS, KOTOpas
orpomHa, T.K. 32 10 jeT B 2 pa3a MoBbICHJIa TUTAHTCKYIO SHEPTUIO BpallleHus Iyibcapa. [Ipoire 00b-
SCHSAET BapHalK Nepruoaa puTH-3PQeKT, KOTOPbIH MOT IJIaBHO U3MEHATH nepuoj. CHayana B Xoze
OpOUTANLHOTO JBUKECHHUSI 3BE3/bl CPEAHEE YCKOPEHHUE da, = drCcOS(Mf) MPUOINKAIOCH K -dj, COKpalas
nepuon Pi'= P+ Pycos(wt), a 3aTeM cTajio OTAANAThCS, HapamuBas P,', roe Py= Piraslc. [Tockonbky
MacmrTad BpeMeHU dt' =dt/g cKar TPONOPIHOHATIBHO KOMIIPECCUH g, TO HaWmEM, dYTO
t' =t + Pysin(ow?t)/oP,. To ects rpadux Habm0omaeMbIx Bapuanuii P '(t") npeacrasiser co0oit Tpoxou-
ny. Bo3ne MuHMMyMa, 3a0CTpeHuUss TPOXOUIBI, P’ MEHseTCd MOYTH JIMHENWHO, Kak y GX—-1+4 [214].

Amnanornusele Bapuauuu HaOmonanuch s myibscapa 4U0900-40 [119, c. 594]. HeGonpime oTKIIO0-
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HCHHUA OT TpOXOI/II[I)I CBs3aHBbI, BepOHTHO, C OOIIOJIHUTCIIBHBIMHU MaJIbIMU BapI/IaIII/ISIMI/I a, B IIOJIC TATO-
TEHUS CIIyTHUKOB, COOTBETCTBEHHO MEHsOMMMU nepuoa P;’. B munumyme nepuona P’ = 100 ¢ 3Be3-
Jla TiepecTaia U3ydaTh PEHTTEHOBCKHUE JIydd. B pamkax 0amincTUYecKO TEOpUU 3TO BBI3BAHO TEM,
qTo BLIpOCIJ_Ia}I CTCIICHb KOMHpCCCI/II/I g HepeBO,Z[I/IT OIITHUYECKOC I/I3Hy‘-I€HI/Ie 3BC34bI y)KC HC B peHTre-
HOBCKHI, a B raMMa-auana3od. Ho B ramma-iydax 3Be37y Ha TOT MOMEHT HE UCCJIEA0BAJM, U €€ nepe-

MCHHOCTBH B raMMa-auarna3oHe — 1o BOITPOCOM.

nepuog GX-1+4

120

110} t', (roabl)
1970 1580 1980 2000 2010

Puc. 2.5. Bapuamun neprona P’y mynbcapa GX-1+4 u GapcTepoB 3a CU€T yCKOpEeHUs
3Be3bl. Kpacnasa cnaownasn aunusa — TEOpeTHYecKas KpuBas (MOIEIHPOBaHHUE MO d]-

¢bexty Putna), mouku — pe3ynbrat uaMepenuit nepuoja [213, 214].

Hpyrum npumepom sddekra ciayxkut oobekt TSX2 (mynscap IGR J17480-2446), y xoToporo
TOXXe OOHApyKEeHA MEPEMEHHOCTh OJIeCKa B PEHTTCHOBCKHX JIy4aX: TIOMUMO OOBIYHBIX ITYJIbCAIHNA C
ygactotor 11 I'i, HabmomaroTcst kBazunepuoandeckue ocrmuinuu (QSO) ¢ vactoToit mopsiaka ml 1t
[215]. B teuenue ogHoro mecsna y TS5X2 nepuosa KBa3unepuoaAHMYECKUX OCHMIUISIIUN COKpATUICS C
1000 mo 200 c, a 3atem cHoBa BoIpoc A0 1000 ¢ (Puc. 2.6). Poct gactoTs! konebanuii 6mecka B 5 pas (¢
1 MI'11 o 5 MI') compoBoXkaaICs NPONOPIMOHATBHBIM HApACTAaHUEM PEHTI€HOBCKON SIPKOCTH B 5 pas.
Kax BunHO u3 Puc. 2.6, MakcuMyM pEHTI€HOBCKOTO 0JI€CKa TOYHO COOTBETCTBYET MAaKCHMAaJIBHOM Yac-
TOTE KoNleOaHui O6iecka. DTO eCTeCTBEHHO HHTEPIPETUPOBAThH Kak mposiBieHue 3ddexra Purtna: npu-
ONMKeHNE YCKOPEHHsSI CHCTEMBI K KpUTHYeCKoMy (Kak Ha Puc. 2.5) compoBoaaeTcs mpomopIHoOHaTb-
HBIM POCTOM YacTOTHI KojeOaHWi OJecka M MHTEHCUBHOCTU B 4—5 pa3, cormacHo (1.15) u (1.17). Tlo
s¢dexry Puria, 61H30CTh YCKOPEHUS K KPUTHIECKOMY ) ~ -¢*/r 1 fenaet cucreMy T5X2 peHTreHOB-
CKUM HMCTOYHHUKOM. [lapanienbHblii pOCT MHTEHCUBHOCTH U I[BETOBOM TeMIiepaTyphl (4acTOThI CIIEK-
TPaJbHOI0 MaKCUMyMa) PEHTTEHOBCKOTO M3IIy4eHUs] OOHapy>KeH Takke y mynbcapa IGR J18245-2452
[216]. Otmerum, uto y IGR J17480-2446 mynbcanuy pPEeHTTEHOBCKOTO OJeCKa MMEIOT BHJ TOYTH
UJCANBHBIX CUHYCOUJ. DTO CBUAECTEIBCTBYET B MOJIb3Y TOTO, YTO KOJIeOaHUsI 00YCIIOBICHBI JBUKECHH-

€M 3BC3/bI I10 prrOBOﬁ Op6I/ITe C JIYYCBBIM YCKOPCHHUECM d,, UBMCHAIOMUMCS 110 TApPMOHUYCCKOMY 3a-
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koHy. [lo a¢dexry Putma npu manoii rmy6une Moaymsmun m << 1 3T0 BbI3bIBaeT KojeOaHus Oyiecka
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Puc. 2.6. I'paduku xonedanuii peHTreHOBCKOI sipkoctn oobekta T5X2 B 2010 1. CripaBa

— rpaduku KosieObaHui cpeHel SPKOCTH M 4acTOTHI KosiebaHuii Oiecka [215].

AHanorn4HeIii 3QpQeKT OTKpHIT y 0apcTepoB — 00BEKTOB, TEHEPUPYIOIIUX KOPOTKUE PEHTICHOB-
CKHE€ UMITYJIbCHI C NIEPHOJOM MOBTOPEHUSI B HECKOJIbKO yacoB. Kak moka3pIBaloT KpUBbIE KOJeOaHUN
peHTreHoBckoro Onecka [217, c. 29], npu yBeIHMYEeHHH MEepUoAa MEXKIY UMITYJIbCAaMU BCIIBIIIEK MPO-
MOPLUOHAIILHO HAPACTAaeT AJTUTEIbHOCTh UMITYJIbCOB, YTO €CTECTBEHHO MHTEPIPETUPOBATH 10 3 dek-
Ty Putna nponopuroHanbHbIM pacTsSKEHHEM BpEMEHHOro MaciTaba kojeOaHUi PEeHTIeHOBCKOU sIp-
KocTd. B paMkax OamaucTU4ecKoi Teopuu 6apcTepbl TOXXKE MOTYT OKa3aThCsl OOBIYHBIMU 3BE3IAMH, Y
KOTOPBIX BO3MYILIEHHS CO CTOPOHBI CIYTHHUKOB BBI3BIBAIOT PETYJISIPHbIE Bapuauuu a, 3Be3abl. llpu
JOCTIDKECHHH @, 3HAYCHUH -do CBET 3BE3/IbI, HAPAIMBAS HHTCHCHBHOCTB H 4acToTy B g ~ 10° pas, mpe-
o0pa3yeTcsi B peHTTEHOBCKUE BCTIBIIIKU. DTO OOBSICHSET, TOUYEMY CIIEKTP BCIBIIIEK OapCTEPOB MOJIO0-
OCH TeIJIOBOMY CIEKTPY 3BE3/lbl, CMEIIEHHOMY M3 ONTHYECKOTO B PEHTT€HOBCKHMH AMANa3zoH. JTOT
MEXaHMU3M BCHBILIEK OOBSCHSET, IOYEMY Yy psiia 6apcTepOB BCIBIIIKH, TOJA00HO UMITYJIbCAM OTJIENb-
HBIX TyJIbCapoB, ABOMHBIC [218] — mpu mepexnécre BeTBel rpaduka V. (f) yCKOpeHHE a, JOCTUTAET
KPUTHYECKOTO -d¢ ABAXIbI 32 Mepuo. J[elcTBUTENbHO, IO IpoBajiaM B KPUBOW PEHTI€HOBCKOro OJie-
CKa y psizia 6apcTepoB OTKPBITHI CITyTHUKH C TIEPUOJIOM PaBHBIM MEPHOAY TOBTOPEHHS Bembliiek [218].
VY GapctepoB unTepBan P;’ Mexay BemblmkaMu BapbupyeT Ha 30-50 %. Ilpu pocte cpennei cBeTUMO-
CTH 3BE€3/bl MEPHUOJI MEXKITY BCIBIIIKaMH cokpamaercs [119, c. 139].

B pamkax 6amiucTUYECKOil TEOpUU 3TO CIeNCTBUE OIU30CTH @, 3BE3MbI K -d¢ B TIOJIE TATOTCHUS
TPEThe 3BE3/Ibl, TaK UTO g = ao/(ap+ a,) ~ 10°. [Toatomy 3¢ dext Putiia ycunupaer CpeiHIO IPKOCTh
3BE3/Ibl B COTHU pa3, IEPEBO/IS B PEHTTEHOBCKUI AMAINa30H U COKpallas BUAUMBIN niepuof P’ cryTHu-
Ka M BBI3BAaHHBIX UM BCIIBIILIEK C JIET IO YacOB. TSArOTE€HHE CIYTHHUKA JOMOJHUTENIBHO DPETYJSPHO
CONMMXKaeT a, 3BE3/blI C -d(, HapaluBasi OJeCK. A TPEeThs 3B€3/1a, MEJJICHHO BapbUPYS d2,, MEHSIET KOM-

npeccuio g (2.1). Hapammsas sipkocts, 3pdexT Putiia nmponopiimoHanbHo cKUMaeT nepuost P’ Mexay
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Benbikamu (Puc. 2.5). Korga cBeTUMOCTh TOCTUraeT KpUTUYECKOM, BCIIBIIIKK MCYE3al0T, T.K. PUTII-
3¢ (dexT nepeBoIUT U3TyUYeHHE YK€ B raMMma-Iuana3oH, B KOTOPOM He MPOBOAAT u3MepeHui. Jleicr-
BHTE/IBHO, KpUTHUeCKas MomHocTh m3nyderns 10°° Bt — B 10 pa3s Bbimme cBeTMMOCTH 3Be3/1bl THIIA
Conrma [119, c. 139], COOTBETCTBYS CHKATHIO Ieproa Konebaruit mons B g ~ 10* pa3 u pocty ux uac-
Totel 10 10" Ty — IPaHULBI PEHTT€HOBCKOI0 ¥ FraMMa-I1ana3oHa.

VY GapcTepoB riryOMHA MOIYJIAIMHA YCKOPEHHS CITyTHUKOM m = a1/(ap+ az;) = 1 (Puc. 2.8), u sp-
KOCTh BCHBIIIEK B COTHIO pa3 Beimie cpenueit [119, c. 139]: g= ao/(ma;+ aiy), Emax = ao/(ma;—
a)) = aglai(m—1) ~ 10>. Hapammsas spkocte B 100 pa3, purm-oddexr B 100 pas cxumaer
JUINTEIBHOCTh BCIBIIIKHU. Y IyJIbCApOB, NMPU MaJION TiyOMHE MOIYJALMU @, MO 3aKOHY ar = day +
aicos(2nt/Py), BpeMs BCIBIIIKU (0KHO) PAaBHO BPEMEHH, B T€UEHHUE KOTOPOTO @, = -d(, YTO COCTABJISET
BEJIMUMHY {, IPU KOTOpOit cos(2nt/P;) = 1, Tounee cos(2nt/P;) > 0,95, otkyna ¢ ~ 0,05P), T.e. mopsaka
nabmomaemoro [119, c. 522]. V GapcrepoB, BCIEICTBHE BBICOKOH CTEIeHH CxkaTHs g~ 107, OKHO
BCIIBIIIKU B CTO pa3 kopoue: ¢~ 0,0005P;, 4TO COOTBETCTBYET HAOIIOJaEMOMY OKHY BCHBIIIKH. Tak,
npu P; =10 yacoB y OapctepoB mmmtenbHOCTh Bembliiek ¢~ 0,0005P;~ 10 ¢, uro Onu3ko K
u3MepeHHoU anuTensHocTH Bembiek [119, ¢. 139]. Kpome Toro, Bcnbiliku 6apcTepoB pacTsHYThI OT
TUCTICPCUU U TIEpEer3ITyueHusl CBeTa MEeX3BE3MHBIM ra3oM [168, 211]. IlosToMy BembImku O0apcTepoB
PE3KO pasroparoTcsi M IJIaBHO, SKCIIOHEHIMaIbHO yracatoT. C 3TUM e CBA3aHO PE3KOe Hayallo U
IUTABHOE YTracaHWE THTaHTCKUX BCIBIIIEK y MCTOYHMKOB Msrkux [loBTopHBIX ['amma-BcruieckoB
(MIIT), marmpumep, y SGR 1806-20. A smoxu cnaga aktuBHocTH MIIT, Kak y myabcapoB u 6apcTepos,
MOTYT OBbITh BBI3BaHbl M3MEHEHHEM BeTUYMHBI dPdekra Putna 3a cuér Bapuanuil yckopeHUs a, U
JUIMHBL TyTH cBeta » = /. He ciydailHO y myJbcapoB BKIIIOYEHHS U 3aMHUPAHUSA PATUOU3ITYUYCHHUS
OOBIYHO HAONIOMAIOTCS TPU TIIMTYAX — PE3KUX CKAuKax MEepuoia, BUAMMO, TOXKE OOYCIOBICHHBIX
n3MeHeHHuEM Kod(PHuImeHTa KOMIPECCUH g.

XapakTepHble OCOOEHHOCTH OTKPBITHI TAaK)K€ Yy BCIIBIIIEK PaJUOMyIbcapoB. Tak, KaAbld HM-
MyJIbC COCTOUT M3 psifa cyoumiynscos [219]. C no3unuii 6auIMCTHUECKON TEOPHH 3TO MOXKHO HHTEP-
NPEeTUPOBATh KaK BapHalWW Oyiecka 3BE3Zbl O]l BIUSHHEM YCKOPEHHsS 3BE3IIbI B TOJIE TATOTCHUS
MEHBIINX CITyTHUKOB-IJIaHeT. VX Bo3MyIiaroliee BO3JIEHCTBUE cOOOIIaeT rpadukam JIydeBbIX yCKO-
peHwuit u Grecka CIOXKHYI0 HeperysipHyto ¢dopmy. Korna yckopenue 3Be3/bl B TOJIE TATOTEHUS CITYT-
HUKOB KPAaTKOBPEMEHHO NMPHUOIIKACTCA K -d(, BCTIBIXUBAET CUMMETPHYHBIN CYyOUMITYJIbC.

BbeicTpeie Bapuanuu Onecka 3BE3[ MO BIMSHUEM TATOTEHHS IUIAHET, ACWCTBUTEIHHO, OOHApY-
’)KeHbl, B yacTHOCTH y 3Be31bl OGLE-2003-BLG-235L [220], ogHakKO UX UHTEPHPETUPYIOT B paMKax
oOmeit Teopun otHOcUTenbHOCTH (OTO) Kak (HOKYCHPOBKY CBeTa MOJIEM TATOTEHMS MJIaHeT (3ggpexm
2pasuUmMayuoOHHO20 MUKpOIUH3Uposanus). B pamkax OaqMcTHYECKOW TEOpUHM OJHA 3BE3/a, MPOXO.s
nepesa Apyroi, ycuimaeT e€ Oieck mo a¢dexrty Purna, a uianera, 106aBOYHO BapbUPys yCKOpPEHHE

3BE3/IbI BO3JIC 3HAYCHUS -, MOKET PE3KO MEHATH €€ Oneck [A43, A47]. [lpuuém nabnrogaemas popma
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KpPHUBO# OJiecka, Ha KOTOPOU OTYETIMBO BUJCH JBOWHON MaKCHMyM, TOYHO COOTBETCTBYET IpeCcKa3a-
HUsAM OayumrcTrdeckoi Teopuu u 3¢ dekra Putna (Puc. 2.7). Bugumo, oqHuM U3 MEpBBIX MOI00HYIO
UJCI0 KPAaTKOBPEMEHHOT'O YCHIICHUS SIPKOCTH TutaHeTaMu 1o 3¢ dekty Putiia, kak aabTepHATUBBI 00b-

SICHEHUIO MUKPOJIMH3UpOBaHueM, BbiABUHYI P.C. ®putumyc [79].

nyu 3perus OGLE-2003-
c 3e|\,||ng|,/ BLG'235L

r

Magnification

Magnification

HID - 2450000

Puc. 2.7. Kosnebanus sipkocTH 3Be3/1bl, BEI3BaHHbBIE A pekToM PuTiia npu 1BrmxeHnn

BONM3M He€ dK30IUIaHeTh, Ha mpuMepe 3Be3nsl OGLE-2003-BLG-235L1 [220].

B cnyuae nmynbcapos, eciau nepuos oOpalieHust 3Be3/1bl KpaTeH Mepruoy oOpalieHus CIyTHHKA,
CyOUMITYJIbCHI TIOSIBIISIIOTCSI B OJJTHOM M TOM JK€ Y4acTKE MMITYJIbCa, WK APEHPYIOT K ero Kparo, eciiu
nepuoJ bl He TOYHO KpaTHBI. CyOUMITYJIBCHI MOTYT TaK)kKe€ BO3HUKATh OT MEPEMEHHON PaguosIpPKOCTH
3Be3/bl THNa CoOJHIA, CBSI3aHHOM € LIMKIIAMM COJTHEYHOW aKTMBHOCTH, BCIIBIIIKAMU U BpAIEHUEM aK-
TUBHBIX 30H, TEHEPUPYIOLINX PaIUOU3ITyYeHHE. ITO OOBACHSET, TOUYEMY UMITYJIbChl PaIMOU3ITYYCHHUS,
yCcHuJIeHHbIe pUTIH-3(h(eKkToM, MeHee CTaOMIBbHBI M OJTHOPOIHBI, UMEIOT IPYToil crekTp u (Gopmy, yem
ONTHYECKHE, 00YCIIOBIICHHBIE TTOCTOSIHHBIM CBeUeHUEeM 3B&E31 [211].

Penxue pannouMIynbChl My/ibcapoB OTIMYAET OTPOMHAs MHTEHCHBHOCTb, B COTHHM Pa3 BbIIIE
0OBIYHON MHTEHCHBHOCTU MMITYJIbCOB. B pamkax sddexra PuTna rurantckue UMIyJIbChl 3TO CIEICT-
Bue 60 Benbiniek (y CosHIa BCHBILIKYA YCUIUBAIOT PAJAUON3IIyYeHUE HA MOPSAIKH), 1100 Oojee Tou-
HOTO BBITIOJIHEHHUSI YCITIOBUS @~ -a B TI0JIe TpeThel 3Be3/bl (Puc. 2.4). [ToaToMy usnydeHue ycuaeHo B
TEYEHHUE BCET0 UMITYJIbCa, & HE B KPaTKHUE MHTEPBaJIbl CyOUMITYJILCOB OT CIIyTHUKOB. Ho Bapuamuu yc-
KOpPEHUsI CIyTHUKAMHU BeAYT K OBICTPHIM KOJeOaHHUSIM IPKOCTH HAa XBOCTE TUTAHTCKOW BCHBIIIKH, KaK Y
MIII" u cBepxHOBBIX [A39]. IIpu sTOM >dexT Putiia He TOIBKO HapaIlMBaeT MHTEHCHUBHOCTD H3ITY-
YEHUS] B COTHHU Pa3, HO U T'€HEPUPYET PEHTTEHOBCKOE M ramMma-u3iydeHue, CKaxeM y mysbcapa PSR
B1937+21. Ecnu ruranTckue UMITYJIbChl OOYCIIOBIICHBI OPOUTAIEHBIM JABHKEHUEM, TO TIOJydaeT 00b-
SCHEHHME TOT (PAKT, YTO OHM BO3ZHHUKAIOT JIMILIb B PEAKHX TOUYKaX OPOUTHI U PETYJIIPHO MOBTOPSIOTCS.
Hampumep, y PSR J1752+2359 kaxnpiit 270-i1 UMITyJIbC — THTAHTCKUA.

Jpyrasi 0cOOEHHOCTH ITyJIbCAPOB — 3TO WHTEPUMITYJIbCHI,— MaJIbie UMITYJIbChI, TCHEPHUPYEMBIC B
MHTEpBajie MEXIy OCHOBHbIMHU, Hanpumep, Y PSR B0906—49 [119]. I'enepaiuio AByX UMITyJIbCOB 3a
HEepUOJT UHTEPIIPETUPYIOT KaK MOOYEPENHBIA MOBOPOT K 3eMile ABYX MarHMUTHBIX IOJIOCOB 3BE3[IBI.
OpnHako 3Ta runoTe3a He OOBACHICT pa3IMyUe CIIEKTPOB OCHOBHBIX M MHTEPUMITYJIbCOB. C TOUKH 3pe-

HUs 3 dexra Putna mHTEpUMITYITBLCH MOXKET (POPMUPOBATH KOMITAHEOH TBOWHOW 3BE31bI, IBHKYIIIHIA-
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cs B mpoTuBo(daze ¢ riaBHoi 3Be310i (Puc. 2.2). Torga ero uMmysibCc CABUHYT Ha MOJINEPUOIA U UME-
€T MHOM CIIEKTp, Ha YTO BIEpBbIe 00paTui BHUMaHue P. ®putimyc [207].

[TockonbKy 3BE37bI COOOIIAIOT CBETY pa3Hble OPOUTANIBHBIE CKOPOCTH, TO MHTEPUMITYJIbC OTCTA-
€T He TOYHO Ha mosrnepuosa. /IBoWHON MMITYyJIbC MOXKET HaOII0JaThcs M Ha KPUBOW Oyecka OJHOM
3Be3/bl [A41]. Ecnu kpuBas 1y4eBbIX YCKOPEHUI NEpeceKaeT ypoBEHb -y, TO YUCIIO BCIBILIEK yABau-
BAETCsl, IOCKOJIbKY BCIBILIIKM CO3JaET HE TOJBKO BETBb Ipaduka a,(f) BbIIIE JUHUU -dj, HO U BETBb,
OpoXoslIasl HUXKe, Ha KOTOPOH MOPsIIOK COOBITHI OOpaTHBIN, a BCIBILKKA CABMHYTHI O ¢a3ze (Puc.
2.1). Ecnu rpaduk a,(f) mOAXOIUT K JTUHHUM -dp C ABYX CTOPOH C Pa3HBIMHU INTyOMHAMH MOZIYJISILUU M,
TO OT Pa3HbIX g BCHBILIKKA OyAyT MMETh Pa3HYI0 MHTEHCHUBHOCTb U IONAJaTh B Pa3HbIC YACTOTHBIE
JIUana3oHbl. JTO MO3BOJIAET MOHATH, IMOYEMY Yy IIynbcapa B llapycax BCIBIIKM B paguoguana3oHe
CABHMHYTBHI 1O (pa3e OTHOCUTENILHO BCIIBIILIEK B FaMMa- U ONTHYECKOM JuanaszoHe [119]. lonoaHurens-
Hasl 3a€pKKa MOXKET BO3HUKATh U OT Pa3jIMuus JJIUH SKCTUHKIMU JJI Pa3HbIX JUANa30HOB, T.€. UM-
MYJIbChI Pa3HBIX AMANA30HOB JABHKYTCS C U30BITOK CKOPOCTH pPa3HOE BPEMSL.

BceBosiHOBOE MMITYJIBCHOE HW3ITyYEHHE OTKPBHITO Takke y oObekta Swift J1822.3—-1606: emy
IIPUCYIIM CBOMCTBA M PEHTIC€HOBCKHX, U paauoIybcapoB. CyleCTBOBaHHME BYX TUIIOB IyJIbCapoOB, C
TOuKU 3peHus d¢p¢dekra PuTtna cBA3aHO ¢ TeM, 4TO JUIsl PEHTTEHOBCKUX ITyJIbCApOB YCKOPEHHE HUXKE
KPUTHYECKOTO -dy, Y PAIUOITyILCAPOB — BHIIIE -dp. Toraa npeodpazoBaHue 4acToThl 1o dpdekty Put-
1[a y 3THUX IyJIbCAapOB Pa3HOE, MOCKOJBKY IMpPH a, < -a) UHBEPTUpPYyETCs nopsaaok coOwituii (g <0). B
UTOre, y paJivoIlyJIbCapoB NEPUO]] HAPACTAET (3a CUET MPHIIMBHOIO TPEHUS), & Y PEHTTEHOBCKUX ITyJIb-
capoB MEPHOJ] COKpalaercs, T.K. npH a, < -ao u P'= P(1 + a,/ap) < 0 Bce nporuecchl BHITTSAAAT UAYIIH-
MU B O0OpaTHYIO CTOpPOHY. BO3MOXHBIN IpuMep TaKOro YCKOPEHHsS U WHBEPCUU MOPSJIKA COOBITUI —
«obpaTHOE TBMKEHHE» 10 opouTe y sK301uaneT, Tuna WASP-33b (cm. § 1.4).

VY oTnenpHBIX MyJIhCapOB BO3JIE TOUKH MEPECEUCHUs] JIMHUU -d¢ TpaduKkoM a,(f) MOKHO HabIIt0-
JaTh cpa3y U Te U Apyrue cBoicTBa. OTKPBITHI TAK)KE aHOMAJIbHBIE PEHTI€HOBCKHE Myibcapbl (AXP),
nepuoJibl KOTOPhIX mopsiaka 10 cekyHI U pacTyT, Kak y panuomnyiscapoB. C Touku 3peHus dpdexra
Putma sTo cineacTBue pocta KOMIpECCHH g U P IIpu OTAAJICHUH JTy4€BOT0 YCKOPEHHS d, OT -dp. AHO-
MalbHbIMU ITyjbcapbl AXP HasBanm Takke BBUAY HEONPEACIEHHOCTH MCTOYHMKA MX DHEPIHHM, IO-
CKOJIbKY OHH BpAIIalOTCSl MEJUIEHHO U He OOHapy»XMBalOT cieqoB akkpeuuu. He ynaércs oObsICHUTH
aKKpelHen 1 peHTTeHOBCKOE U3TyUeHHne ceMH ONM3KuX mynbcapoB (RXJ), Ha3BaHHBIX «BETUKOJICITHON
cemépkoit» (Puc. 2.8). Onnako 3Heprust peHtreHoBckux Jdydeil AXP u RXJ moxer ObITh npeoOpa3zo-
BaHHOM 10 3((eKTy pUTIA SHEPrUed ONTHUYECKOTO U3ITyUeHUs 3BE31. DTO OOBICHAET, IOYEMY CIIEKTP
MyJbCApOB U OAPCTEPOB CXOAEH C YEPHOTEIBHBIM CIIEKTPOM 3BE3Jl, CIABUHYTHIM PHUTL-3(PPEKTOM B
PEHTTEHOBCKHIT MAIIA30H, C SKBUBATCHTHOH 1{BeTOBO# Temmepatypoii T, ~ 10° K [119]. Opburansuoe
JIBIDKEHUE ITYJIHCAPOB BapbUPYET WX YCKOPEHHE W CIIBUT CIIEKTPA MO PUTH-3PQEKTy, YTO BOCTIPUHH-

MaroT Kak xoxebanns T, Ha AT, ~ 10°, kax y Ckoprirona X-1 [211]. Otroro ero cnekrpajbHbI€ JUHUU
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koseOmroTess B mpotuBodaze ¢ mepuogom 4 mHs (Puc. 2.2), xak mokaszan B.M. Jlorenii [123, 211].
CwmenieHus TUHUN OTBEUYAIOT CKOPOCTAM V' B Thicsium KM/c. OHAKO, €CIIM CMEIICHUS BbI3BaHBI PUTII-

3¢ dexToM, TO peanbHble CKOPOCTHU 3BE3]T MHOTO HUXKE.

A%paguonynbcapel (PSR) £ 4% AP, MITT (AXP) f

o

[2mcmcmommn

=y (25
Ad, peHTreHoBckue [ T RRATs, “BenukonenHas
-, nynecapel cemépka’, bapcTepbl

Puc. 2.8. PazHbIe TUIIBI ITyTbCApOB B OApCTEPOB, KaK Pe3yNIbTaT BapHallnit

Osrecka u criekTpa 3ddexrom Putia 3a cuér pasauuus rpadukoB a, ().

YckopeHne HaOMOAAEMBIX JBHKEHHUN MYJIHCAPOB BEAET K YCKOPEHHOMY CHIDKEHHIO OpOUTAITB-
HOT'O TMepuoJa B JBOMHBIX ITyJIbCapax, TOr/a Kak y OOBIYHBIX 3BE3] M IUIAHET NMPHJIMBHOE TPEHHUE CO-
KpalaeTr opOUTaIbHBIN pajuyc U Mepuo] KpaiiHe MeajaeHHo (Kak y crmyTHuka Mapca — doboca). B
pamkax OTO ObIcTpoe COoKpalieHne Mepruoa UHTEPIPETUPYIOT KaK MOTEPIO SHEPTHH HAa TPaBUTAIH-
OHHBIE BOJIHBI B CUJIBHOM IIOJI€ TATOTEHUs MyjbcapoB. OgHako paccuntaHHble B pamkax OTO maccsl
IyJIbCAPOB CTOJIb BEJIMKH, YTO MPEBBIMIAIOT TEOPETUUYECKUH Mpesen Macchl HEMTPOHHOMU 3Be3abl ( ~
nByx macc ComHia), ckaxxkeM y mynbscapa PSR J1614-2230. B pamkax OamiucTuyeckoi TEOpUH HC-
TUHHBII OpOUTATBHBIN IEPUOJ] ABOMHBIX ITyJIbCAPOB MOKET ObITh BEJUK U MEHAThCS MeasieHHO. Ho 3a
cuét puTI-3¢hPeKTa TH BapHauy HaOII0IAI0TCS B YCKOPEHHOM MaciTade.

AHanornyHo, OBICTPBIA TOBOPOT OPOUT IBOWHBIX IMYJIbCAPOB, MocTUraroniuii 10° B roa, oobsic-
HSIOT T€M, YTO B MX TECHBIX CUCTEMaX B BBICOKHMX HOJAX TAroTeHus Benuku 3¢dexrsr OTO. Ho opbu-
ThI OOBIYHBIX IBOMHBIX 3BE3/1 TOXKE BpALIAlOTCA 3a CUET BO3MYILEHHH [46, 65], kak opouta Mepkypus,
KOTOpast 3a BEK MOBOPAYMBAETCS OT BO3MYIIICHHI cO cTOpoHbI muanet Ha 0,15°, u em€ Ha 42" — 3a cuér
PENIATUBUCTCKUX HOIPABOK K CHUJIe TAroTeHus. OHAKO y MyJIbCcapoB PUTL-3(P(PEKT yCKOpsSET BUAUMOE
BpallleHue OpOUT B THICSYHU pa3 (g ~ 10%). Torma IIOBOPOT Ha 2" B roJi BOCIIPUMETCS Ha 3eMile KakK I10-
BOPOT OpOMTHI Ha HECKOJIBKO I'PaJycoB B rojl. B pamkax Oammuctuueckoi Teopuu 3p(HeKT yCKOPEHHO-
ro BpalleHus OpOUT BO3MOXKEH U Y APYTUX NMepeMeHHbIX 3BE31 (cM. § 1.5) — kapnukoBeIxX nedenn u
3B&31 Tuna RR Jluper B Buge addexra bnaxko [A23, A24].

VY IBOHHBIX IyJIbCApPOB OTKPBITA TAK)KE AHOMAJIbHO OBICTpasl Mpereccust OCH BpallleHUs, Bely-
11as K peryJsipHOMY IpPEKpalleHUIo MyIbcaluil, 4To Toxe nHTepnpeTupytoT kak 3gpdext OTO. C Tou-
KU 3peHHs OaJUTMCTUYECKOH TEOpuH, MMEeT MECTO MEIJICHHas Mpeleccusi oceidl 3BE3M M OopOUT X
CIYTHHUKOB IOJI BO3MYILIAIOIINM BO3JEHCTBUEM I'PaBUTALMOHHBIX IMOJIeH Apyrux HebecHbIx Ten. Ho
u3-3a pUTL-3(deKTa npereccus OpOUT BBINVIAIUT THICSYEKPATHO YCKOPEHHOM, MPUBOJS K PEryJIsIpHO-
My MpEKpaLICHUIO MMyJIbcalluil y psaa myabcapoB u nedenst. Ecau ock 3eMin B X0o/€ MpeLeccuu Jiena-

eT moJHbINA 000poT 3a 26000 net, To y ABoiHOro myabscapa PSR J0737-3039 —3a 75 ner.
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Taroke puti-3QQeKT HapamBaeT CKOPOCTh BUAMMOTO JBWKCHHS IYyJIbCApOB, HANpUMEDp, Y
nynbcapa Kambpepa. Tunuvnable TaHTCHIIMATIBHBIE CKOpOCcTH 3BE3NM ~10 KM/C, a BUIUMOE JBUKCHHUE
MyJIbCAPOB COOTBETCTBYET ckopocTsaM ~1000 km/c, kak y myabcapa B co3Be3auu [lapycos, a Takxke y
nyiascapoB IGR J11014—6103 u PSR J1357-6429. B coBpeMeHHOI TEOpUH ITyJIbCApOB UX BBICOKHE
CKOPOCTH OOBSICHSIIOT TMIOTE30M KHKA — «TOJYKa», MOJYUYEHHOrO MyJbCapOM IPH B3pPHIBE CBEPXHO-
BOil. OiHaKO CyIIeCTBOBAaHUE JBOMHBIX IMyJIbCAPOB U IIAHET BOKPYT MYJbCAPOB C MOYTH KPYTOBBIMU
opOUTaMH MPOTHBOPEUUT STOM TUIOTE3E, MOCKOIBKY yAap COMPOBOXKIANCA Obl pa3pyllIeHUEM BOIi-
HBIX ¥ TUIAHETHBIX CUCTEM HJIM UCKa)XXeHHeM ux opout. Hamportus, puti-3ddekr ecrecTBeHHO 00bsiC-
HSIET YCKOPEHHE BUIMMbIX JBIDKCHHH B ThICsam pa3 (g ~ 10°), obecreunBass u3MepeHHbIe CKOPOCTH
~10* km/c. AHOMAIBHO OBICTpBIC NBMXKCHHS 3BE3] OTKPBITHI UM B co3Be3auu Ctpenblia, B neHTpe [a-
JIAKTUKH, TJIe paclojiokeH paauonsinydaronmii o0bekT Ctpenen-A (Sgr A*), rae 8 UK-anamnazone ot-
KPBITHI 3BE3/IBI, IBUKYIIMECS 110 OPOUTaM C TMTAaHTCKHUMHU CKOpocTsMU. [1o3TOMy LeHTpasbHbI 00b-
€KT CUATAIOT CBEPXMACCUBHOM YEPHOMU JIBIPOM ¢ MACCOM MOPsAAKAa MIJIJIMOHA coHeuHbIX. Ho B cirydae
CIIPaBEUTMBOCTH PUTI-I(PPEKTa 3TOT 0OBEKT MOKET OKA3aThCsl OOBIYHOM 3BE3I0H, ABUKYIIECHUCS C OK-
PYAIOIMMHI 3BE3aMH-CITyTHUKAMH BOKPYT LEHTpa 'alaKTHKH ¢ YCKOPEHHEM MOpSAKA dy= -C°/r.
COOTBETCTBEHHO, BCE JIBUKCHUS 3BE3M KaXKYTCS YCKOPEHHBIMU PUTL-3PPEKTOM B THICSYU pa3. Dh-
ekt 00bACHsAET U paauousnyuyeHue oobekra Crpenen-A, eciau ONTUYECKOE U3ITydeHHEe 3BE3]] IEPEBO-
TUTCs pUTH-3(PPEKTOM B paguon3IydeHne, 3a CUET YCKOPEHUSI CBOOOTHOTO MAICHUS @, Ha UX MOBEPX-
HOCTH. B Toit ke oOmactu Sgr A* OTKPBIT psifl MyJIbCAPOB, U30BITOK U3MEPEHHONW CKOPOCTH KOTOPBIX
TOK€ MOKHO 00BsACHUTH dPdekTom Putia. OTCyTCTBHE CBEpXMACCUBHBIX TEJl B LIEHTPE HAIIECH U ApY-
IMX TFaJIaKTHK IOATBEPKIAETCS CIEKTPOM M3IYyUEHHUS ITHUX y4aCTKOB, KOTOPBIM COOTBETCTBYET KpaiiHe
pa3peKEeHHOMY ra3y, Cyas M0 HAJIMYUIO B CHEKTpe 3anpeméHubix Junuit [112, c. 374]. IlpucyrcrBue
CBEPXMACCUBHBIX YEPHBIX NIbIP BBI3BIBATO OBl aKKPEIMI0 MEX3BE3IHOTO ra3a, 3aMETHO TOBBICHB €ro
KOHIICHTPAIHIO.

Taxum o0pa3oM, HabIIOAaeMble CBOMCTBA MyJIbCApOB, OAPCTEPOB M CBEPXHOBBIX BIIOJIHE COTJIa-
CYIOTCSl C MpeacKa3zaHusiMu Oayunctudeckoil Teopuu. COBpeMEHHbIE aCTPOHOMHYECKHE U pajauoac-
TPOHOMHYECKHE METObl MCCIIEIOBAaHUS IMyJIbCAPOB MO3BOJSAT C BHICOKOW TOYHOCTBIO MPOBEPUTH OC-

HOBHBIE KPUTEPHH BbIOOpa MEXKAY OaNTUCTUYECKON Teoprel U Teoprel OTHOCUTENLHOCTH.

§ 2.2. MexaHU3MbI 2eHepayuu 2upOoJIUHUL PeHM2eHOBCKUX MNyJ/ibcapoe, paduoussy4e-
Husi K8a3apos, paduorlysibcapoe U KOCMU4YeCKUX Ma3epoe

B Gannuctudeckoil TeOpun €CTECTBEHHYIO HHTEPIPETALIUIO TIOTYYar0T Tak)Ke TOHKME 0COOCHHO-
CTH CIIEKTPOB ITyJbCAPOB. Y PEHTTEHOBCKHUX IMyJIbcapoB, BKitouas ['epkynec X-1, oOHapyeHBI MUKU
(euponunuu) Ha CIUIOIIHOM PEHTTeHOBCKOM crektpe [119, c. 593]. Otu nuHuUM OOBIACHSIOT IUKIIO-

TPOHHBIM H3JIIYUYCHUCM OT SHCPIrUYHBIX JJICKTPOHOB, IIPU BpAllICHUHU B MAIHUTHOM I10JIC 3BC3/bI. HpO—

106



IIe WHTEPIPETHPOBATh JUHUHU 10 3 dekTy Purtna, caBuraroneMy OnTHIECKUe IMUCCHOHHBIC JTHHUU
aTOMOB B PEHTT€HOBCKHMI nuana3oH. Ecnu npeanonoxuts, uto nepsas auHusg bansmepa H, ¢ wacro-
Toit f=4,6:10" T mepeBomures puri-3bdekrom B rupommHmio Af'=56 k3B Iepkymeca X-1
("= 1,35-10" T'm), Torma koshuImeHT KoMIpeccHn cocTaBut g = 3-10% — BeumMHy THIHYHYIO TS
nyascapoB (§ 2.1). ['apMOHHMKHM THPOYACTOTHI — ATO JIMOO pe3ysbTaT MPeoOpa3oBaHUs APYTUX JTHHUN
CIEKTpa, OO0 CIEeICTBUE UCKAXKEHUS NPOQHIIA BOJIHBI Y JIMHUY f' MPU paclpOCTPAHEHUH — KaK JAJIs
TapMOHHUK OpOUTAIBLHOTO Mepuoa y sK301uianeT (§ 1.4).

Taxoke BO3MOXKHO BBICBEUMBAHUE XapAKTEPUCTHUECKOTO PEHTTEHOBCKOTO CIEKTPa aTOMOB MEX-
3BE3IHOTO Ta3a, MOCKONBKY PUTIH-3((EKT, HapamuBas 4acTOTHl f ONTHYECKOTO H3ITyYeHHs 3BE3J,
IUIAaBHO CIBUTaeT €€ B PEHTICHOBCKUI auana3oH. B MOMeHT, korja 4yacrora f' JOCTUraeT Xapakrep-
HBIX PE30HAHCHBIX YaCTOT aTOMOB, M3JIy4€HUE CHIIBHO MOIJIOMAeTcs U A3PPEKTUBHO MEePEeU3NyyaeTcs.
B pesynbrare cBET 3BE3/1bl, IEPEBEAEHHBIN B XapaKTEPUCTUYECKUM PEHTICHOBCKUN CIIEKTp, AaJiee He
npeoOpa3yercsi. AHATIOTUYHOE SBJICHUE MO3BOJISIET OOBSICHUTD SIPKHE YMUCCHOHHBIE TYMAaHHOCTH, OK-
py»katomue 1nedenipl 1 CBEpXHOBBIE 3BE3/bI, €CIIM YUECTh MEPEN3IyUeHHE MEK3BE3IHBIM Ia30M, IIe
KOHIEHTpauus atoMoB N ~ 1 cM . ECTeCTBEHHYI0 HHTEPIPETALHIO MTOTYYaeT TAKXKE CIIEKTP KOCMHYC-
CKUX Ma3epoB M 3MUCCHOHHBIX TyMaHHOCTEH BOKpYT 3BE31 [A47, A48]. [lockonbKy 3¢ (heKTHBHOCTH
TIOTJIOIIEHHS M PACCESTHHSI CBETa HApacTaeT BO3JIE PE30HAHCHBIX YacTOT fy; IMHEHYATOrO CIEKTpa aTo-
MOB M MOJIEKYJI, TO CBET 3BE3[, TI0 MEpE IBIKCHHUS IJIABHO MEHSS 4acTOTy OT pUTL-d]dexTa, spdek-
TUBHO IOTJIOLIAETCS U MEpPEenu3ydyaeTcs Mo JOCTH)KEHUH 4acTOTOM cBeTa f' 3TUX 4acTort fy;.. CoriacHo
(1.10), moka3arens MpeIOMIICHHUS /7 CTPEMHUTEIBLHO PacTET BO3JE PE30HAHCHBIX YacToT fo, = c¢/A;. B
UTOTE, JUISl TUX YacTOT JUTHHBI mepeusnydeHus /; = A/2n(n — 1) cHKeHbI: cBeT 3PGEKTUBHO MOTIIO-
IIaeTCs U MEPEen3yyaeTcsi Ha 4acToTax fy, U nanee s¢ ekt Purna He menser yactory. Torna 3Haun-
TEJIbHAsS J0Js1 U3JIy4Y€HUs 3BE3/1bl BBICBEUMBAETCS B BUJIE IPKMX YMHCCUOHHBIX JTMHUN HA 4acTOTax fo;.
OTcroza ciefyer CyLecTBOBaHME 3MMCCHOHHBIX TYMAaHHOCTEH BOKPYT Le(eua U CBEPXHOBBIX, IS
KOTOpbIX 3P dexT Putia ocobenno Benuk [A48].

CxomHoe SIBICHUE OTKPBITO Y HH(MPAKpacHBIX 3BE3M, Y KOTOPHIX 3 dekr Purna, HanpoTus, cHU-
’KaeT 4acTOTy U3iIydeHus, nepesoas cseT B K- u pagnounsnydenue. Jlnsg HUX 3aMeTHast 4acTh ONTH-
YEeCKOI'0 M3IyUYEeHHUs 3Be3/bl BEICBEUMBAETCS B (JOpPME paiMOM3IIyueHHs] PE30HAHCHBIX YacTOT MOJIEKYJI
mex3BE3aHoro raza (CO, HoO u ap.), cKBO3b KOTOPBIN MPOXOAUT CBET 3Be3/bl. [109TOMY 00BEKTHI Ha-
3BaJII KOCMHUYECKUMH Ma3epaMu, XOTs MEXaHU3M IepepaboTK UX CBETa B U3ITYYCHUE PAJUOIUHHUNA —
BO MHOTOM HesiceH [150, 211]. Hampotus, 3¢ dekt Putia nerko npeodbpasyeT BcE U3IIydeHUE 3BE3/bI B
xapaktepHbie yacToTel K- u paguonuanaszona. He ciydaiino masepusiit addexr [119, c. 377] conpo-
BOKJAETCS CHIIbHBIM PAIHOU3ITYYCHUEM M TUITMYUEH JUTSI MUPH]I M KPACHBIX CBEPXTMTAaHTOB, Y KOTOPBIX

npeoOpa3oBaHne YacTOTHI pUTI-d3PPeKkToM 0coOeHHO BennKo (§ 1.5).
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D¢ dext nepensaydeHnss cBeTa N3MEHEHHON YacTOTHI ' MEK3BE3IHBIM T'a30M TPOSIBIISICTCS U B
MaciiTade rajakTHK, M03BOJIAsS OOBSCHUTH CBEUEHHUE rajlo FalakKTHK, HA0Jlt0/laeéMOe B PEHTIT€HOBCKOM
U ramMma-auana3onax. JleictBurenbHo, Hanbomee 3pGEeKTUBHO NMEPEU3IyIeHUEe CBETa MPOUCXOIUT TO-
I/la, KOTa napamerp ra,/c’ ~-1. B 5ToM ciiydae gactora f’ pacTéT Ha TOPSIIKH, TPOXOIS PSI 3HAUE-
HUI PE30HAHCHBIX YaCTOT aTOMOB U SEpP, OTBEYAIOIIUX PEHTTEHOBCKOMY M ramma-auana3ony. Coot-
BETCTBEHHO OINTHYECKOE M3JIyUCHHE 3Be3bl, mocie Tpanchopmarmu ddpdexrom Putma, a¢dhexkTuBHO
MEePen3IydaeTcss MEX3BE3AHBIM Ta30oM, NepepadaThIBAOIIMM CBET B PEHTTEHOBCKOE M TaMMa-
u3nyuenue. Ilockonbky pekue atoMbl (N~ 1 cM °) paccemBaiOT CBET BO BCE CTOPOHbI, TO Ta3, OKPY-
YKAFOIIMH TaJaKTHKY W 00pa3yromuii rano, GopMupyeT CBOEro pojia peHTT€HOBCKYIO0 H TaMMa-KOPOHY
TaJlaKTUKU. AHAJIOIMYHO MHTEPHPETHPYETCS CBEUECHHE MEKIaJaKTUYECKOro ra3a B CKOIUIEHUSX Ta-
JAKTUK, KOTOPOE, MPU TEIJIOBOM MPHUPOJIE U3IYUESHHSI, COOTBETCTBOBAJIO ObI 7, ~ 10°-10” K, u Tsrore-
HHE TaJlakTUK, COrJIaCHO pacuéram, He yaepxayio Obl ra3 B CKOIUIeHHH. A 3¢ dext Putua o0bsicHseT
PEHTTEHOBCKOE M3JTyYCHHE KaK ONTHYECKOE HM3IIydeHHe 3BE3J, mepepaboranHoe sddextom Puria B
PEHTT€HOBCKHI AMaNa3oH U nepeusiyuyéHnoe razom [A40].

CrniekTp paJauoIyibcapoB, ¢ TOUYKUA 3pEHUST OATUTMCTUYECKON TEOPUH, TOKE MOXKET OBITh TEIUIO-
BbIM YEPHOTEJBHBIM CHEKTPOM H3JIy4EHHUS 3Be3/bl, IPeoOpa3oBaHHBIM B paaroauana3zoH 3pQexrom
Putna. IIpoTuB 4epHOTENBHON NMPUPOABI PAAMOU3IYUYEHUS IIyJIbCapOB, MOJArajid, CBUAETEIbCTBYET
yObIBaromas CeKTpaibHas IUIOTHOCTh MOIIHOCTH S(f), a Il Y4epHOTENBHOTO M3IyYEHUs B palioIua-
nasoHe, cornacuo gpopmyse JLxunca, Soc = f - HapacrtaeT. Ho B paguoaunana3zoH MOXET MONacTb U
yObIBarolasi BETBb CHEKTpa 3a cuér cMemeHus no s¢dekry Purua. Torga Hapacraromas BETBb Momna-
IET B HU3KOYACTOTHYIO 001acTh. OHA NEHCTBUTENLHO OOHApYKEeHA B 00JIACTH «3aBalia» CIEKTpa HUXKE
gactoT f~ 100 MI'ny [119, c. 523]. JlelcTBUTENBHO, CIIEKTP U3ITYUYECHUS MyIbCAPOB C €r0 MAKCUMYMOM
U CIEKTpaJbHBbIM MHAEKCOM 0 = -2 B 00JIaCTH 3aBajia MOAO00EH MJIAHKOBCKOMY YEPHOTEIbHOMY H3IY-
yeHuto 3B€31. [lonmaranu, 4yTo CreKkTp MyJiabcapoB HeENb3sl OOBSICHUTh KaK TEIJIOBOW, MOCKOJIBbKY CIIEK-
TPaIbHBIM MAaKCUMYM [ 'max B paauoIuana3zoHe Mo 3akoHy cMmelieHus BuHa (f'max = al) cOOTBETCTBYET
HU3KOHM Temmeparype 1’ WCTOYHMKA, NMPH KOTOPOH CBETUMOCTh Mo 3akoHy Credana-bonbimana
P = 4nR*cT" = 47'CR26f 'm,f/a4 MHOTO HW)KE H3MEPECHHOU. Eciu ke MaéT WLTI030pHOE CMEIICHHUE fiax B
pammonnamna3oH 3pdekToM Puta (f 'max = 2fmax), @ TEMIEpaTypa 7 NCTOYHHKA BHICOKA, TO U3MEPEHHAS
CBETUMOCTE P = 4nR20f ma{l/a4 OCTaHeTCs BBICOKOM (maxke mpu crajne spkoct: P'= Pg). Kpome toro,
paauou3IlyuyeHHe IMyJbCapoB, B NMPUHIUIIE, MOXKET ObITh TOW K€ MPUPOABI, YTO M PaJUOM3IIyueHHUE
OOBIYHBIX 3BE3]l, TO €CTh UMETh TCIUIOBOM, IUKJIOTPOHHBIM WM CUHXPOTPOHHBIA Mexanu3M. Eciu
0OBIYHO MOIIIHOCTH ATOTO M3JIYUYEHUS] HEBEIUKA, TO PUTI-I(PPEKT CrIOCOOCH HA TOPAIKH YCUIUThH 3TO
paauousnyuyeHue 38E31 (em. § 2.1).

Putn-3¢ ekt npeoOpasyeT u3iryueHne rajlakTuK U Ha Y4acTKax, paclooKEHHBIX 3a TajlaKTHye-

CKUM 1eHTpoM, rae a, < 0. Ecnu B HUX 3¢ dexT nepensmydernus Mai (0COOEHHO B AIUTUNTHYECKHUX Ta-
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JAKTHKAaX, TJIe Maja KOHLIEHTPAIHs Ta3a), TO UX CHEKTP CMENIAETCs B BBICOKOYACTOTHYIO 001acTh — B
Y®-, peHTTeHOBCKHI ¥ TaMMa-IHiana3oHbl. ITO OOBACHICT MPUPOAY YJIBTPA()HOIETOBBIX TaIAKTHK
[221] 1 U30BITOK CHHErO LIBETa Y KBAa3apOB: HECMOTPS HAa CIABUT CHEKTPa C BUJUMOW CTOPOHBI B Kpac-
Hyo ob6nacth (B K- u paguoamnamnason [126]), cBeT ¢ 06paTHON CTOPOHBI CMEIIEH B CUHIOK 00JIacTh.
MoliiHble UCTOUHUKH PEHTTEHOBCKOTO M3JIYUYEHMSI B siIpax rajJlakTUK MOTYT OBITh 3BE3aMU CO CIIEK-
TPOM, CMEHIEHHBIM PUTL-3((HEKTOM, IIEPEBOASIIMMY TaJaKTUKU B KBa3aphbl, JIALEPTHU]IbI, B3PbIBAIO-
mmecs u ceiidgeproBckue ranaktuku [168]. Tawke apdexT BeaéT Kk mpocToil HHTEpIpeTalui MOIIHbBIX
HUCTOYHUKOB PATUOU3IIYICHUS B APaX CEHPEPTOBCKUX raTaKTHK.

Pagnounsmydenue kBa3apoB M cel()epTOBCKUX TaJIaKTUK HCIBITHIBACT OBICTPHIC CIy4ailHbIC Ba-
puanum, KOTopble He MOTYT OTpa)kaTh pealbHbIX U3MEHEHUH paJMosSpKOCTH, 3aHUMAIOLINX BeKa MpHU
TUTaHTCKUX pa3Mepax rajakTuk. Ho 9Ty Bapuaiuy MOryT ObITh BEI3BAHBI H3MEHEHHUEM KOMIIPECCHH g
cBeTa. brIcTphle Bapuanuy KOHIEHTPAIMA HOHOB, IPOUCXOIAIINE B CPABHUTEIIEHO HEOOIBIINX 00BE-
Max noj BiusHUeM Y dD-nyyel, CUJIbHO MEHSIOT CTENEeHb MEepEen3yuyeHusi, BbI3bIBasi ObICTpbIE BapHa-
UM PaIMOSIPKOCTU U YaCTOTHI CBETa rajlakTuk o 3gdexty Purtna. [IpumepHo Tak u TypOylIeHTHOCTh
B 3eMHOU aTMocdepe BeAET K ObICTPBIM MEPIAHUAM 3BE3/1, XOTs CaMU 3BE3bl HE MEHSIOT OJIECK CTOJIb
6b1cTpo. OcoOEHHO 3HAUUM PUTL-IPPEKT B TaTaKTUKAX ¢ HU3KOW KOHLIEHTpAIMEeH MeX3BE3IHOTO Ta-
3a. [loaToMy smMnTHYECKUE TalaKTHKU, B KOTOPBIX HET MEPEU3TyuYeHUs B MEX3BE3AHBIX OOJaKax,
OOBIYHO OKa3bIBAIOTCS HCTOYHMKAMHU PEHTTEHOBCKOTO W PaJUOU3IIyYEHHUs,— paJuorajakTUKaMu. Y
ceiiepTOBCKUX TaJJaKTUK KPACHOE CMEIICHHE CUCTEMAaTHUECKU HUXKE, YeM CIIeAyeT Mo 3akoHy Xa00ua
JUTsE OOBIYHBIX TalaKTHK, a Y KBa3apoB — cucreMarudecku Beie [120, c. 184]. Dto ciencrBue Toro,
4TO cel(hepTOBCKUE TATAKTUKH — 3TO TUTAHTCKUE TAJTAKTUKH C sapaMu Oonbuioro paguyca R [126].
[ostomy mapamerp Xa66ma H = V*/Rc 1 KpacHOE CMEIIeH e ISl HUX HIDKe. Y KBa3apOB, HAIPOTHB, R
MeHble, a H = V*/Rc — Bbllie, 4eM y OOBIYHBIX TAIAKTHUK.

PanuoranakTuku U KBa3apbl OOHAPYKUBAIOT JUIIb ¢ AUCTaHIMi » > 1000 Mnk, npuuéM MHTEH-
CUBHOCTH PaJMOU3ITyYeHHUs] U KOHIIEHTPALUS PAJHOTalakTUK U KBa3apoB OBICTPO HAPACTAIOT MpHU yAa-
nenuu [97, 211]. DTo nHTEpNpPETUPOBAIM KaK CIEACTBHE M30bITKA YUCIA paJuoraiakTuk Bo Beenen-
HOM MpPEXHUX 3M0X, T.K. Oosee qanékue 0ObEKThl, OT KOTOPHIX CBET UAET JOJIbLIE, Mbl HA0II01aeM B
0oJiee paHHHUE 3MOXH, YTO MHTEPIPETUPYIOT Kak 3Boftonuio Beenennoii. B pamkax Oannuctudeckoin
Teopuu BeeneHHast MOKeT ObITh OECKOHEUHOM, BeYHOU U cTatuyHOM (§ 1.2), B cpeiHEM HE MEHSSCh CO
BPEMEHEM. DTO MOATBEPHKAAECTCA OTCYTCTBUEM M3MEHEHUU CTPYKTYphl U KOHLIEHTpAIMK raJIakKTUK Ha
OOJBIINUX NUCTAHIMUAX, B MPEXKHUE SMOXHU, OTBEYAIOIINE BBHICOKUM Z ~ 6, KOT/Ia TaJJaKTUKH 110 TEOpUU
Bonpbiioro B3peiBa emg Tonbpko GpopmupoBaiuch [222].

JUis puTI-KOHBEpCUHU cBeTa 3BE3] B MH(PAKPACHBIM M pauoAMana3oH HE JIOCTaTOYHO opOu-
TaJbHBIX U TaJaKTUYECKUX YCKOpeHUH 3BE3N. OnpeaensonuM CTAaHOBUTCS YCKOPEHHE Ha MOBEPXHO-

CTH 3BE3/, KOTOPOE Ha MOPSIIKK BhIIIE U HApAIIMBAET A HE B pa3bl (KaK MPU KPAaCHOM CMEILIEHUH), a B
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10°-10° pas. Toraa mois pagHOM3IYUCHHS PACTET C YBEIMUCHHEM IIPOHICHHOI CBETOM AMCTAHIUH 7,
U YKCJIO AIIUNTHYECKUX TajlakTHK, BOCIPUHUMAEMbIX KaK paJuoraliakTHKuU, OyaeT HapacTaTh C yAa-
JIeHWeM r, B coryiacuu ¢ HabmoaeHusmu [97]. Tpanchopmalins ONTHYECKOTO U3ITYYSHHs B paguoIua-
11a30H 0OBSCHSET GIM3KYI0 MOIIHOCTD M3Iy4CHHs FAIaKTHK, KBa3apoB M paguoranaktuk: Py~ 107 Br
[223]. AHamoruyHO ISl KBA3apoB: C PACCTOSTHUEM HMX YHCJICHHOCTb, KOHIIEHTPAIHS PacTET, HO MpHU
z~ 3 pe3ko manaer [120]. DTo0 MOXET OBITH CIEICTBHEM CMEIICHUS M3IYyYCHUS B JTTMHHOBOJHOBYIO
o0nacTh paguoauana3zoHa: OOBEKThl MEPECTAIOT BOCIIPUHUMATHCS KaK KBa3aphl, a UX W3Iy4eHHUE MO-
[JIOLIAETCS MEKTaTaKTUYECKUM Ta30M NpPHU JOCTUKEHUU PE30HAHCHBIX 4acToT. C mepeusinyyeHueM
MOET OBITh CBA3aHO W IPYNIHUPOBAHNE KPACHBIX CMEIICHUN KBa3apoB BO3JIE psJla 3HAYCHUM (Hampu-
Mep, z =2 [110]). YactoTra cBeTta CHWXKaeTCs PUTI-DPHEKTOM, MTOKa HE JOCTHUTHET CICAYIOIICH pe3o-
HAHCHOMW YacTOThI, a 3aTeM 3(PGHEKTUBHO MepeusayyaeTcs U Aanee He MeHseTcs. [[0CKONbKY 4acTOThI
CIIEKTPAJIbHBIX CEPUN BOAOPOJA KECTKO CBS3aHbI, TO CMEIICHUS OCHOBHBIX JWHUM, Hanpumep Hg,
TpYyNIUPYIOTCS BO3JIEe onpeenéHHbIX z. C nepen3iyueHueM MeX3BE3IHbIM ra30M CBsI3aH U BHUJL CIIEK-
TPOB KBa3apoB M PaJAMOTalakTUK: OH MPEACTaBIsAET cOOON HaJIO)KEHHE CIEKTPOB 3BE3/ Pa3HBIX CIIEK-
TPaJIbHBIX KJIACCOB C Pa3HOM CTETMEHBIO CMEIICHHUS, KOTOPBIE 32 CUET HEPABHOTO MEPEU3ITYUCHHS CBETA
pa3HBIX YacTOT, MOTYT (POPMHPOBATH CHEKTP JitoOoro npoduiis. Kak mpaBuio, oH mpeacTaBiseT coboit
creneHHon crektp S oc £ [119].

TakuMm oOpa3oM, OamTMCTHYECKasl TEOPUsSI CBETa HE TOJBKO MPEKPACHO COTJIACyeTcs C HaOIIo-
JAEMBIMU OCOOEHHOCTSIMU PEHTTEHOBCKOTO U PaJMOU3IY4YEHHUsS 3BE3/ U TaJlakKTUK, HO M IO3BOJISET

OOBSCHUTH PSAJ UX CBOMCTB, HEMOHITHBIX B PAMKaX CYIIECTBYIOLIUX acCTPO(U3UUECKUX MOJEIEH.

§ 2.3. UckaxkeHue sudumoli cmpyKkmypbl uzobpaxkeHul 36€30, niaHem u 2aslakKmuk
OpOutanbHOE U OCEBOE BpallleHHE 3BE3/, MOMHUMO MCKAXKEHHUS UX CIEKTpa U OJecka, JOJIKHO
MPUBOJIUTH K UCKAKEHUIO BUIUMON (POPMBI 3BE3 — PACTSKEHUIO MU CHKATHUIO M300paskeHUi 3BE3,
HAOJI0TAEMBIX Yepe3 aCTPOHOMHUYECKHE TMPUOOPHL. ITO CBSI3aHO C TEM, UYTO Pa3HbIC YYaCTKHU 3BE3JIbI,
oOafaromye 3a c4€T BpalleHUs] Pa3HBIMH JYYEBBIMH CKOPOCTSIMH, UCITYCKAIOT CBET C pa3HOW CKOPO-
CTBIO, M OH JIOCTHraeT 3eMJIM 3a HepaBHble BpeMeHa. COOTBETCTBEHHO, 3¢MHOW HAOII0/1aTEb MOXKET
OJIHOBPEMEHHO PETUCTPUPOBATH CBET YIAIAIOIIETOCS U MPUOIMKAIOMIETOCs Kpasi 3Be3/bl U3 Pa3HBIX
NoJ0XeHU! Ha opoure. OT y4acTKOB € MPOMEKYTOUHBIMU JTyYEBBIMU CKOPOCTSMHU — U3 IPOMEKYTOU-
HBIX 10JIOKEHUH. COOTBETCTBEHHO, N300paXKEHUE 3BE3/bl TOKAKETCS PACTAHYTHIM BJIOJIb TPAEKTOPUU
e€ monéra. YTtoObI J0Ka3aTh 3TO, PACCMOTPHUM 3BE3/ly Ha PACCTOSIHHH 7, C PAIUyCOM R M yTIIOBOM CKO-
pocteio ® (Puc. 2.9). DxBatopuanbHas Touka N Ha JuMOe 3Be3/bl yaaiseTcsl OT 3eMJIH C OKPY>KHOM
CKOpPOCTBIO U= @R, a TuaMeTpaIbHO TMPOTHUBOTIOIOXKHASL TOUKa M — ¢ TOH K€ CKOPOCTBIO MPUOIIHIKA-
etcs. [lo GammMcTHYeCKOMY MPUHIUITY CKOPOCTh CBETa ¢ MEXAHUYECKHU CKIIAJBIBACTCS CO CKOPOCTHIO

ucnyctuBux ero touek M m N 3Be3nwl. IlosTomy cBeT or mpuOnmkaromierocss kpast M JOCTUTHET
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3emin 3a Bpemst 7/(c + ®R), a ot ynansromerocst N — 3a Bpems 7/(c — ®R) ¥ BOCTIPUMETCSI IPUMEPHO Ha

Bpems 1 = 2roR/c’ [IO3HEE.

Puc. 2.9. 3ana3npiBanne cBeTa OT MPABOTO Kpast 3BE3/bI 110

CPaBHEHHUIO C JIEBBIM ITPUBOJIUT K HCKKEHHIO €€ BUANMOM (hopMBI.

3a Bpems 1 3Be3za, JieTsAllas MONEPEK Jyda 3pEHUsl CO CKOPOCTbIO V mapaliesibHO 3KBaTOpY,
CMeCTUTCA Ha pacctosHue S = VT = 2rVoR/c. [TosToMy cBeT OT KpaiHUX ToueK M u N Ha 3KBarope
3Be3/bl, BUJIUMBIX OJTHOBPEMEHHO, (DaKTHMUECKHU UCIYLIEH B pa3Hble MOMEHTHI BPEMEHH, U3 Pa3HbIX
MOJIO’KEHUH 3BE3/Ibl, pa3HECEHHBIX Ha paccTostHue S. J[pyrue TOuku 3Be3Jbl, OTCTOSIINE OT OCH Bpa-
[ICHHUS HA BEJIMYMHY MPUIIETHLHOTO MapaMmerpa p, 00agaroT MPOMEKYyTOUYHBIMU JIYYeBBIMU CKOPOCTSI-
MH Op U pasHHUIEH cMernernii S’ = 2rVop/c® < S, 3amomnusist Bech 0tpe3ok S. T.e., COracHo GaIiCTH-
YEeCKOM TeopuH, 3BE3bI MPUOOPETYT BUJ HE TOYEK, a MTPUXOB. M300pakeHue 3Be3/bl «Pa3MOETCS»
BJIOJIb TpaeKkTopuu nonéra. Ho mpu TUNMUYHBIX TUHEHHBIX U OKPYXKHBIX CKOPOCTSIX 3BE3, UX Pa3Mbl-
THE S CTOJIb MAJIO, YTO JaKe B CHJIbHEHININE TENECKOMbI 3Be3/1a OyAeT BUIHA KaK Touka. PaspemeHue
JY4IIMX acTpoOHOMHYECKHX TpyO coctamisier ~1""—0,1". A yroma, mox KOTOpbIM BHJEH OTPE30K S, pa-
BeH o = S/r = 2VoR/c’ paauaH, 4To Jaxe Juisi OpicTpermx 38€37 ¢ V' ~ 200 km/c u R ~ 200 km/c na-
€t a~0,2". U ana 60npIIMHCTBA 3BE3]] «BBITSIHYTOCThY HE3aMETHA.

B nHacrosmee BpemMsi MHTEHCHUBHO Pa3BUBAIOTCS MHTEPPEPOMETPUUECKUE METOABI TEICCKOIHH,
CO CTOJIb BBICOKHM YyTJIOBBIM pazpernieruem (10 0,0001"), koTopoe Mmo3BoJIIeT pa3inyaTh IUCKU 3BE3I.
JleficTBUTENEHO, TaKWE HAOIIOCHUS BBIABIIIN d(PPEKT pacTsHKEHUS Y 3BE3T ¢ OBICTPHIM BpaIlllcHUEM, B
YaCTHOCTH y o DpunaHa (Axepuap), y KOTOpPOH OKpY>KHasi CKOPOCTh Ha 3kBaTtope R ~ 240 km/c. Bu-
JTUMBIN IKCK oo Dpuiana umeet GpopMmy He Kpyra, a jumunca ¢ oTHomenuem oceit 2:3 (Puc. 2.10). Kak
IPU3HAIOT acTPO(U3UKH, BpallleHUEe HE MOXKET MPUIaTh STOW 3BE3/1€ CTOJb BBICOKOE IKBATOPUATIBHOE
cxatue [224]. Kpome Toro, 3Be3/1a Takoii popMbI HEYCTONYHBA.

DJUIMNTAYHOCTh 0. DpuaHa MOXKET ObITh MHMMOM, OT HCKa)XCHHsS BUIUMON (OPMBI 3BE3/bI
(Puc. 2.10). Ecnu ycnoBHO pa30UTh AKUCK 3BE3/bI HAa MOJOCH MIMPUHOU dp, TO JUIS KaXIOH MOJIOCHI
3¢ EKT PasMBITHS CO3ACT BHANMBII CBHT S/2 ~ rV,0p/c’, IPONOPLUOHANBHBI e Ty4eBOi CKOPOCTH
Op U NPULEITBHOMY MApaMETPy p — PACCTOSIHUIO MOJIOCH! 110 LeHTpa O. B 3aBucMMOCTH OT HampasJe-
HUSl TaHTE€HUUAJIbHON CKOpOCTU V; 3Be3/bl, €€ BUIUMBIN pazmep M'N’' pacTsHeTCs WU COXMETCS IO

cpaBHeHHIO ¢ MN Ha JuuHYy S, puaaB IucKy 3Be3anl Gopmy ammunca (Puc. 2.9) [A24]. Otum xe 00b-
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scHIUMa HaOmoaaemas popma Apyrux ObICTpO Bpamatomuxcs 38E31 — Peryna (o JIbBa) u Anpraupa (o
Opna), s3xBaTOpHANIbHBIN paguyc koTopbix Ha 20-30% npesbimaeT nonsipubiit (Puc. 2.10), uto 6au3ko
K Mpezeny paspbiBa 3B€31. Y Peryna BUIuMbIe sIpKOCTH MOJIOCOB U SKBATOPA MaJl0 OTIMYAIOTCA, XOTS
no teopeme ¢on Llaifmens momoca, pacmoiIoKeHHbIe ONIKe K APy 3Be37bl, 001aaanu 6 u30BITKOM
SPKOCTU. DTO JOKA3bIBAeT, YTO UCTUHHASA (opMa 3Be3/bl OJU3Ka K MIapy, a paclpeaesieHue TemMIepa-
TYpbl U SIPKOCTU MO €€ MOBEPXHOCTHU OJHOPOJHOE, a BBITAHYTas (popma Takux 3BE3N — WILTIO30pHA
[A40]. He nanuto oObsicHEHUH U c)kaTue BUANMOrO qucka Peryna Baoibs BekTopa ckopocTu V 3Be3bl,
CJIOBHO OChb €€ BpalleHus coHampasiieHa ¢ V. Hamporus, Teopus Putna npeackassiBaeT pacTsyKEHUE-
cKaTue 3BE31 BJIOJIb BEKTOpa V, Tayke €CiIu OCh BpallleHusl meprneHauKyspHa ckopoctu V (Puc. 2.10),

YTO TUIIUYHO OJIA ,I[BOﬁHI)IX CHUCTEM.

BUA 38830 ¥
c3emnu

Puc. 2.10. V3menenune BuauMoi GOPMBI 3BE3IbI B 3aBHCUMOCTH

OT ITOJIOKCHUA Ha op61/1Te W HallpaBJICHUS JABUKCHUS.

Hckaxenus: BUIuMoi (opmMbl 0OHapyskeHbI Takoke y nedenn. B vactnoctu, y IomnsipHoii 3Be3/1bl,
Kak y nedeunapl, mpeanoarand o0HapyKUTh paJuaibHbIe MyJIbCAUU, HO (JAKTHYECKH, B 3aBHCUMOCTH
oT (a3l KojaeOaH, JUCK 3BE3]bl U3MEHSUI HE pa3Mep, a (opMy, NONEPEMEHHO CTAHOBSChH BBITSAHY-
TBIM U CXKaTbIM, CJIOBHO pa3Hbl€ YUACTKH 3B€3/Ibl MyJIbCUPOBAIN HECUHXPOHHO. CXOHBIN 3 deKT OT-
KPBIT Y JIOJITONIEpUOIndecKoii nepemenHoi Mupsl (o Kuta). B Gamnmuctuyeckoit Teopun 3¢pdexr mo-
Jy4uJT €CTECTBEHHYIO MHTEPIPETAIHIO, T.K. OpOUTaIbHOE ABMKeHHE 3Be3/bl (Puc. 2.10) mommkHO cuH-
XPOHHO MEHSTh BUIUMBIN Osieck u dhopmy 3Be3nbl [A39, A 41, AS0].

[TockonbKy JTyun CBETa OT ABMXKYIIUXCS K 3eMiie y4acTKOB M 3BE3/1bl ONEPEXKAIOT JIydr CBETA OT
YAQISIOIUXCSA YYacTKOB N, TO OpOMTaIbHOE JBM)KEHUE 3BE3/bl B HarpaBieHHMH MN «CxumaeTr» eé
miuck Bronb MN (monoxkenue 2 Ha Puc. 2.10). B mpoTHBONONIOXKHON TOYKE OpOMTHI ITUCK 3BE3JIBI,
cMemasch B HampaBiieHun NM «pactsHeTcs» (monoxkenue 4 Ha Puc. 2.10). KonebGanus Bumumoit
(dopMbl 3BE3]1, B TAKT UX JIBHXKEHUIO IO OpOuUTe, peanbHo 3adukcupoBansl K- 1 onTHuecKuMu MH-
TeppepomeTpamu, ckaxkeM y 3 Jlupsr (Puc. 2.11), 6, Opuona (Puc. 2.18) u & Cxopmuona [225]. IIpu-
4EM, €CJIM BBITATHBAHKE 3BE3]T B INIOCKOCTH OPOUTHI OOBIYHO OOBSCHSIOT MPUIMBHBIM HCKAKCHUEM UX
dbopmbI, TO HaOIIOJaeMOE B HEKOTOPBIX (azax y cmyTHHKA 3 JIUpBI cokaTHe B 3TOW MIIOCKOCTH MOYKHO
O00BSCHUTH TOJNBKO WJUTIO30PHBIM HCKakeHHneM (opMel 1o Tumy 2 Ha Puc. 2.10.

Kpowme nckaxennii Bunumoii ¢popmsl y o Lledes u  Jluper (Puc. 2.11), B TakT ¢ opOuTaIbHBIM

JBIDKEHUEM MEHSETCS MOJIsIpU3alus, B coryiacuu ¢ Oammuctuaeckoit Teopueit [A41]. Ecnu miockocTs
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0p6I/ITBI 1 OCb 3BE€3bI HAKJIIOHCHA K JIYUY 3pCHHUA I, a4 YIJTIOBas CKOPOCTb eé ITOBEPXHOCTU MCHACTCHA
no mupote (Ouggepenyuanrvhoe spaujeHue), To Kojiedanuss GopMbI 3Be3/bl MPUOOPETYT OOJIEE CIOK-
HBII xapaktep. Ecnu y 3BE37 ¢ BpallleHueM THIa TBEPJOTO Teja AUCK PaCTATHBACTCS MPOMOPIIHOHATb-
HO M HAOIIOAaeTcsl B BUJE AIUIMIICA, TO y 3BE3/ ¢ Tu(PEepeHIINaIbHBIM BpallleHUEM YKBAaTOPHAIbHBIE
CETMEHTBHI, KPYTACh C M30BITKOM YTJIOBOM CKOPOCTH (® IO CPABHEHHIO C MOJIOCAMH, CO3AI0T H30BITOK
pacTsbkeHus 3kBaropa. Takas HeamunTuyHas Gopma oOHapyskeHa y o XXeprBennuka (Puc. 2.11). Ec-
JIM 3aBUCUMOCTD YTJIOBOM CKOPOCTH (® OT IIHUPOTHI () UMEET BUJT
() = wo— wsin’p, (2.5)
(xapakrepryto miss ComnHia, st kotoporo oo = 0,25 pax/cyt, ®; = 0,05 pan/cyt [226]), To BuauMmas
dbopma nucka 3Be3/bI 33/1aHa YPaBHEHHUEM B OCSX X (BIOJb SKBaTOpa) M ) (BIOJIH OCH BpaIEHU):
x(y) = (R = )"+ rVo(@)(R* — )/t = (R2— yH) (1 + [wo— @ /R*rVIC). (2.6)
[Ipu ®; =0, T.e. B oTcyTcTBUE AU PepeHInanbHOro BpalieHus, 3aBUCUMOCTD (2.6) COOTBETCTBYET 3J1-
murncy. A npu ©; # 0 BUANMBIN JUCK 3BE3]bI IpHoOpeTaeT boee cioxuyo Gopmy (Puc. 2.11).
ol
y -

BWA 388306l
B Nupsl o epTBeHHUKa

Puc. 2.11. Vckaxxenue BUAuMOi (GopMbI 3BE3AHBIX TUCKOB IIPH TBEPIAOTEILHOM (Cresa) u

nudbepeHimaibHOM (cnpasa) BpalieHuy, Ha npumepe 38E31 B JIupsr u o XKXepreeHnuka.

AHaNOrn4HbIe KoJeOaHus pasMepoB U (HopM, HEOOBSICHUMBIE B paMKaX TEOPUH ITyJIbCAIHA, 3a-
PEruCTpPUPOBaHbI MOCPEACTBOM HHTEp(epomMeTpoB Takxke y berenwreitze (o Opuona). B takt ¢ kose-
OaHusMu Onecka ¢ mepuojoM 6,4 roja 3Ta 3Be37a MEHSAET CBOM pa3Mepbl U (opMy, HO MHAYE, YeM
CleyeT M3 Teopuu myibcauui. s uHTepnpeTanyu HENpaBUIbHBIX KoJeOaHUH BUAMMOM (OpPMBI
3Be3/1bI aCTPOGU3NKN BBIIBUHYJIH THIIOTE3Y, 0 KOTOPOH 3BE3/1a UMEET HeNpaBWIbHYIO (GopMy, U 1O
Mepe BpallleHUs] NTOBOpAuMBaeTCad K 3eMile y4acTKaMH, UMEIOIIUMHU pa3Hble KOHTYpbl U sipkocTH. C
TOYKH 3peHust Teopun Putia 3tu Kone6aHus spKOCTH U GOPMBI MOTYT ObITh MHUMBIMH, BbI3BAHHBIMU
JBIDKEHUEM 3Be3Jbl, obOnanarouiei chepuueckoil GpopmMoil u onHOpOIHOU spKocThio. W3MmepeHus
CPEIHMX JAMAMETPOB TAKHX 3BE3] MHTEpPEpOMETpaMH MOKA3bIBAIOT UX KOJECOaHUs B TaKT ¢ Koyieba-
HUSIMH OJIeCKa, XOTS UCTHHHBIE pa3Mephl U aOCONIOTHBIE CBETUMOCTHU 3BE31 Hem3MmeHHbI (Puc. 2.10).
AHaJIOTHYHO, 3apETUCTPUPOBAHHOE METOAaMH HHTepdepomeTpuu B riepuoa ¢ 1993 mo 2009 r. cxxatue
BuAMMOro aucka berenereiize Ha 15% c npeoOpazoBaHueM (GOpMBI U3 KPYIJIOW B 3JUIMITHYECKYIO,
IpU HEM3MEHHOH SIPKOCTH M CKOPOCTH BpallleHHs 3BE3/Ibl, BIOJIHE OOBSCHHUMO C TO3ULUI TEOpUu

Purtna, mo xoTopo# 3TH BapHau — IIPOCTO ONTHYECKAs UILTIO3HUS.
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O¢ddexr BoITAITHBaAHUS M300paKeHUH 3BE3 B0 TPACKTOPUN MX MONETA, OT Pa3HUIIBI CKOPO-
CTeH UCIYIICHHBIX MU JIydell cBeTa, BriepBbie npeackazan O. Kommu [83, c. 141]. Ha 6ammctruueckuit
3¢ dexT u3MEeHeHUs! BUIUMOM (POpMBI KpyTsLIeHcs 3Be3/Ibl NpU €€ IBUKEHUU BIEpPBble OOpaTHII BHU-
manue aBropa K.A. XaiinapoB B 2006 r. (paHee aHamoruusbli 3¢dekr aBTOp OTMETHI B paboTe
[A21]). Ynomuranue ¢ dekra ecth Takke B padore M.U. Jlyrummesa [227, c. 85].

VY nedeun oTKpeITa U Apyras aHOMalus: MHOTUE U3 HUX, Hanpumep [lonspHyto, okpykaeT npo-
3paydHas KojblieBasi 000JI04Ka-KOKOH ~2-3 nuaMeTpoB 3Be3/bl U ~5% sipkoctu [228, 229]. IIpupona u
CTaOMIIBHOCTB 3TUX «KOKOHOB» He 00bsicHeHa. C TOUKH 3peHHs OaIIMCTUYECKON TEOpUHU KOJIBIIEBOM
CJIeJ] MOT OCTaBHUTh CITyTHHK, MOAYJIHpYyIouwii e€ 6meck 1o a¢dexty Purna. [Ipu ckopocTu BpamieHus
®R > Pc?/2rsini u300paxkeHne CIlyTHHKA PACTSHETCS BIOJb BCEil OPOUTHL, 06pasyst CBETSIIEECs KOJIb-
110, AJUTUTIC, OKpY>Karomui rnaBuyto 38e3ny (Puc. 2.12). lns [lonapHoii Takoi 3¢ ekt BO3MOXKEH pu
pasHocTH BpeMEH xona I = 2roR/c* > P =4 CYT OT THUIIOTETHYECKOTO CITyTHHUKA C OPOUTAIBHBIM IIe-
puoaoM P, paBHBIM mepuoay konebanuit 6mecka. Paccrostaue 7/c no TlonspHO# B CBETOBBIX rojiax co-
craBisieT 430 net, yro B 40000 pa3 Gonbire P. T.e. HeoOXoauMa SKBaTOpUAIbHAS OKPYXKHasi CKOPOCTh
cnyTHUKa OR > ¢/(2r/cP) = 4 xm/c — BennuuHa nonyctumasi. Hanpumep, st ConHia sKkBaTopuaibHas

CKOpOCTh ®R = 2,3 km/c, s oo Dpunana oR ~ 240 km/c.
p<T W
3Be3ja-
/ CNyTHUK
[ al
\ //
.\rnasnan D |
3Be3aa

Puc. 2.12. «KokoHBI» BOKpYT 1neens, Kak pe3yinbTaT «Pa3MBITHI»

n300pa’keHNid CITyTHUKOB BJIOJIb OPOUTHI B KOJIBLIO (cnpasa).

Kosblia HaOnmronanmuch Takke y OOBIYHBIX 3BE3M W TaJakTHK, nmpuuéM 3¢ddekt ObL1 mpenckasan
emé B 1970 r. b. Yomtecom [55], 3amonro 1o oGHapy>keHHs CTPYKTyp uHTepdepomerpamu. MHorna
ACTPOHOMBI MTPHUITMCHIBAIOT TAKUE KOJIbIIA JACHCTBUIO TPABUTAIIMOHHBIX JIUH3. DTH KOJbIA, KaK MPaBH-
J10, HE3aMKHYTHI H Yallle UMEIOT GopMy y3KOro ceprna. Ecim cTpykTypsl 00pa3oBaHbI «pa3Ma3zaHHBIMY
BJI0JIb OPOMTHI U300paKEHUEM 3BE3/bl, TO UX BUJ ONpEICIsAeTCsS CTeneHbo pasmbitus D = T/P. 13o0-
OpaxxeHus 3BE37] ¢ OONbIIUM meprooM P ~ 1 roga 0OBIYHO HE MOTYT PacTSHYThCS BIOJbL BCE OpOH-

Thl, ¥ BUAHBI B (POpPME CEPIIOB, AYT U OTIENbHBIX ITpUX0B (Puc. 2.13).

Puc. 2.13. ®opmbl pa3MbITHI 3BE31bI B 3aBUCUMOCTH OT D = T/P: a) KOJIbIIO,
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0) cepr, 8) nyra, &) ITPUX, 0) TYHKTHUP (KOIPPUIUEHT MyIbTUILTHKALUK N = 9).

Caetsmuecs: Iyru CMEIIAIOTCS B XOJ€ JABMKCHHS 3BE3/IbI-CIIyTHHKA 1O OpOHTE, U JIHOO0 OKpY-
KaIOT LEHTPAIbHYIO 3BE31y, JU00 mepecekaroT e€ BUAUMBIN auck. Bo BTopom ciyuae mzobpaxeHue
CO3/1aCT BIEUATJICHHE, YTO U3 3B€3/Ibl BEIXOJUT MPOTKEHHBIM CBETAIIMICS BBIOPOC, yAAISAIOIINNACS OT
3B€3/1bl WJIM 00pa3yIoLIMii eTin, TUNa npoTyoepanies. [10100HbIe MPOTHKEHHBIE «BBIOPOCHDY, «JIKeE-
TBD» OTKPBITHI METJAaMH UHTEPPEPOMETPHUHU Y psiaa MepeMEeHHBIX 3BE31, BKItodas [lonsapHyto, berens-
reize, o Kura [230], UV Kura [211] u ap. (Puc. 2.18). HekoTopble KpynHbIe «BBIOPOCHD», KOTOPbIE HE
MOTYT OBITh peaJIbHbIMU MCTE€UYEHUSIMH BEIIECTBA, MOTYT OKa3aThCsl MIUIO30PHBIMH, PAa3MbITBIMHU H30-
OpakKeHUSMU JIETSIINX 110 OpOUTE CIIyTHUKOB 3BE3/Ibl, WIIN €€ PKUX YYAaCTKOB C U30BITKOM CKOPOCTH.
[ToroOHBIE BBITSIHYTHIE BJIOJIb TPACKTOPUU TOJIETA CBETSIIUECS CTPYKTYPBl OOBIYHO MHTEPIPETHPYIOT
KaK ra3onblIeBbIE€ XBOCTHI, BBIOPOCHI 3BE3THOTO BETpa M HUIEH(BI Mex3BE3NHOTO Tra3a. C TOUKM 3pe-
HUS OAJUTMCTUYECKON TEOPHM ATHU BBITSHYTBHIE CTPYKTYPbl UMEIOT 00Jiee MPOCTOE OObSCHEHHUE, BBUAY
pa3MbITHS U300paKeHH OBICTPO MBXKYIIUXCS 3BE3 [A23, A24]. B oTnnyme OT peanbHBIX MBUIEBBIX
JIMCKOB, HAOIOAAEMBIX y TaKHX 3BE3]1, Kak DomanberayT, XBOCTHI M CBETAILIMECS TUCKH OTIMYAET aHO-
MaJIbHOE NOBEJICHUE: OHM BO3HUKAIOT U MCYe3aloT, Kak y 3Be31bl TYC 8241-2652. [logo6HbIe BBITS-
HYTbIE€ BJIOJIb TPACKTOPHUHU IOJETA CBETAIIMECS CTPYKTYPbl OOBIYHO MHTEPNPETUPYIOT KAK Ta3oImblie-
BbI€ XBOCTBI, BEIOPOCHI 3BE3JHOTO BeTpa U NUIeH (bl MEXK3BE3THOTO ra3za, CBEUeHUE KOTOPOro BO30yX-
naet jgetdauias 3Be3qa. C TOUKM 3peHus OaNTUCTUYECKONH TEOPUH ITH BBITSHYTbIE CTPYKTYPbl UMEIOT
6osiee mpocToe 00bICHEHHE BBUAY Pa3MbITUS M300pakeHUi OBICTpO ABMKyImXcs 3BE3T [A23, A24].
B ornnuune ot peanbHbIX MBUIEBBIX AUCKOB, Ha0MI01aeMbIX y 3BE37 TUna Gomainbrayra, XBOCThI U CBE-
TALIUECS TUCKH OTJINYACT aHOMAJIBHOE MOBEJCHUE: OHU BO3HUKAIOT U MCYE3al0T, KaK y 3Be31bl TYC
8241-2652.

«Pa3MbITBIe» BIIONB TPAEKTOPUH M300pa’keHHsI KPATHBIX 3BE3/ B JECATKH pa3 MPEBOCXOAT pa3-
MEpbI CaMHX 3BE3]1, UMEIOIINX B APKUX TSTEH HA KPYIHBIX TYCKIIBIX JUCKOBUIHBIX H300paKEHUSX,
TUTA «3BE3A-ruranToB». [lomoOHBIM Bu uMeeT 3Be3aa betenbreiize (oo OproHa). 910 NMpuUBEIET K 3a-
BBILLICHUIO YIJIOBBIX Pa3MEpOB 3BE3J-TUTAHTOB, MEPEMEHHOCTh KOTOPBIX B paMkax sddekrta Purna
CBsI3aHa C JIBWKEHHUEM 3BE3/1-CIyTHHUKOB (§ 1.5). Pa3mMbITBIMU N300paKeHUSAMHU 3BE3/T MOTYT OKa3aThCs
TaK)K€ CBETSIIHMECS BOJIOKHA, 00pa3yloline BOJOKHUCTbIE TYMaHHOCTH, KOTOpPble MPUHUMAIOT 3a Ija-
HETapHbIC TYMAHHOCTH W OCTaTKU BCTIBIIIEK CBEPXHOBBIX (niepuonsvt) [A41]. MexaHnu3M cBEUCHHS U
CTaOMJIBHOCTU «Ta30BBIX BOJIOKOH» /10 CHX IOpP HCYEPIBIBBIIONIE HE BbIsICHEH. Hampotus, B Teopuu
PuTia BosiokHa MOTYT OBITH IPOCTO ONTUYECKUM IPPEKTOM.

B dopme myr, mTpuxoB HAONIOMAIOTCS TaKKe OOBEKTHI, 00pa3yOIIHEe BMECTO OIHOTO — PSII
n300pakeHN. YMHOXKEHNE N300paKeHUH, KaKk MpaBWIO, HHTEPIPETUPYIOT 1O TMIIOTE3€ IPaBUTALM-

OHHBIX JINH3. 3Be3z[y MOKHO Ha6J'IIOI[aTB B psAAC TOYCK eé Op6I/ITI>I H B TOM CJIy4ac, €CJIM CBCT I/ISJ'Iy‘IéH—
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HBI B Pa3HbIE MOMEHTHI C Pa3HOW CKOPOCTBIO MPUXOJIUT K 3eMjie CMHXpOHHO. Toraa yucio usobpa-
JKEHUH 3a7aH0 KOA(DPHUITMEHTOM MYyIbTHIUTUKAIIMK N, KOTOPBIX 711 KPYTroBOW opOuTHI ¢ i = 90° u op-
OUTaNbHOM CKOPOCTBIO V' cocTaBisieT MpH OOJBIIOM YHUCIE M300pakeHUH BenuuuHy N ~ [4Vr/Pc2]
(ckOOKHM BBIACTISIOT LIENyto 4acTh) [A41], a Tounee N ~ [4 VPt + 1]+ 1.C y4ETOM BpAILEHUSI 3BE3/bI
TaHHBIA 2P QEeKT mpuBeAET K Pa3MBITHIO TOYCYHBIX H300paXCHUH B IyTH, IITPUXH, BBITSHYTHIEC BIOJIb

op6uTtsl (Puc. 2.13.0). [TogoOus1it Bug umeet o0bekT 002441654 (Puc. 2.14).
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Puc. 2.14. Mexanusm yMHOXeHHs 4uciia u300paxeHuil (N =3) kBa3u3BE3MHOrO 00BEKTA

OCTb

cKop

0024+1654 3a cuéT UCKakKeHUsI U HEOJHO3HAYHOCTH KPHUBOH JTy4eBHIX CKOPOCTEH BBUAY He-

pPaBEHCTBa CKOPOCTEH CBETA ¢y, ¢y, €3, U3ITyU4aEMOT0 3B€3/1011 B MooxkeHusx 1, 2, 3.

AHAIIOTUYHO B paMKaxX Teopuu PHUTIIa MOKHO OOBSICHUTH OTKPHITOE B TYMaHHOCTH AHIPOMEIBI
(M31) KoJIBIIO W3 COTEH OJUHAKOBBIX KPACHBIX 3BE3/, a BHYTPU HETO — MEHBIIIEE KOJBIO M3 CHHHUX
3BE31. CoBpeMeHHbIE acTpO(U3NIECKHE MOJETH HE OOBSCHIIOT IPUPOAY M CTAOMIBHOCTH 3TOTO CKO-
TUTEHUS 3BE3], TaKe B paMKax TUITOTE3bl O CBEPXMACCUBHOW YEPHOH AbIpe B IIeHTpe. B pamkax Oammm-
CTHUYECKOW TEOPHH KOJIbIIa MOTYT 00pa30BaTh JBE 3BE3/IbI (MM JBA MAPOBBIX 3BE3THBIX CKOTUICHUS) —
pPaHHEro W MO3JHETO CHEeKTPaIbHBIX KJaccoB, oOpalmaroniuecs: Bo3jie 1meHTpa Mace O Mo IUIMNTHYE-
ckuM opbutam (Puc. 2.15). B urore Habmogar0TCs THICAYN U300paKEHUN 3BE3], BUANMBIX OJHOBpE-

MCHHO BIOJIb Op6I/IT, " KOJIbIIAa JICXKAT B OI[HOI\/JI IIJIOCKOCTH — B IINIOCKOCTHU 0p6I/ITI)I.

Puc. 2.15. Bpauenue ABOMHOM 3B€3/bI WU IBYX IAPOBBIX CKOIUICHUH
B nienTpe TymMmaHHOCTH AHIIpOMeEHI (66epxy) 00pa3yeT ABa KOJblia U3

JIOTIONTHUTEHHBIX N300paKeHNH 3BE3]], BRICTPOSHHBIX BIOJIb UX OPOUT (8HU3Y).

VY ranakTuk 3a c4€T MEHbIIEro nepeusiydyeHus (Oonbliel AIUHBI IKCTKUHKIIMYA B MEXKIalaKTH-
YECKOM T'a3e) YMHO)KEHHE H300pakeHuil HaOmonaTh npomie. I1. beprman mpeackasbiBan B pamkax
OaJITMCTUYECKON TEOPHUH ATU JIMIIHHE M300pKEHHUSA-MHUPAKU M CUUTAT MX OTCYTCTBHE apryMEHTOM

npotuB Teopun Putna [231]. Korga xe kpaTHble n300paxkeHus peanbHo oOHapyxkumu B 1979 r. [42],
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WX COWIU TIOATBEPKICHIUEM TEOPUN OTHOCUTEIILHOCTH, HHTEPIIPETHPYSI KaK 3P (HEKT rpaBUTANMOHHOTO
JMH3UPOBAHUSA, HECMOTPS HA ]l MpoTUBOpeunit. Tak, y MepBOro U3 OTKPHITHIX JIBOMHBIX KBa3apoB

QSO 0957+561 uzobpaxeHus IBHO BBITAHYTHI B10JIb 3iutnIca (Puc. 2.16).

o “soifipoc” kBasapa

"a M3oOpaweHwe A |
N,

<]
opbura
_ kBasapa

ueHTpansHas
ranakTuka

%« 3aoBpamenue B,

Puc. 2.16. YMHOXeHHe unciia n300paxxeHnid y KBazapa

QSO0 0957+561, neramero mo opoUTe BOKPYT HEHTPAITBHON TaJTaKTHKH.

[TockonbKy B TEOpHUH TPaBUTALMOHHBIX JIMH3 Takas CTPYKTypa H300pakeHHH HEBO3MOXHA,
JMIIHNE U300paKeHNsI HHTEPIPETHPYIOT KaK BHIOPOCHI TAIAKTHK — MX JUKETHI, XOTSI OHU HE OTJINYAMBI
oT Apyrux uzobpaxenuii. CBo060HOE IBM)KEHUE TAJIAKTUK MPUBEAET IPU YMHOKEHUHU M300paKeHUH K
HOSIBJICHHUIO Lieniouek ranakTuk, Hanpumep VV 172 u NGC 1490 [168]. IlogoOHbIe 1ienouku o0paszyror
WHOTIa W 3BE3/bI, M300paKEHUsI KOTOPHIX CBsI3aHBI BOJOKHAMU [126]. VIX Toke MOYKHO MHTEPIPETH-
pOBaTh Kak pe3yJIbTaT YMHOXEHHUS 3BE3AHBIX M300pPaKCHUH M Pa3MBITUS BIOJIb TPACKTOPHH. Xapak-
TEpHBI KpaTHbIE U300pakeHus u g 00bekToB ['epbura-Apo, riae Yyucio CryleHuid u ux sipkoctu /'

OBICTPO MEHSIOTCS, YTO €CTECTBEHHO MHTEPIIPETHPOBATH 1O PUTI-OPPEKTY .

A (k)

Puc. 2.17. CHUMKY «TpaBUTAIMOHHBIX JIMH3Y (86€pXy) U CTPYKTypa pacrpee-

JICHUS JIy9eBBIX CKOPOCTEH B 3aBUCHCOCTH OT cMmemieHus Ax [232].

CBsi3b UCKaXXEHUS N300pakKeHUI 00bEKTOB U Pa3HUILbl CKOPOCTEN CBETA OT Pa3HbIX UX YYAaCTKOB
MOATBEPKIAETCS CIEKTPAIbHBIM aHAIU30M. BbUTo OTKpHITO [232], UTO CHEKTPAJIbHBIC JIMHUU MPOTHU-
BOTIOJIOKHBIX YYaCTKOB M300pa)kKeHUH 00JIaJal0T CUCTEMATUYECKUM KPACHBIM M CUHUM CMEIIEHUSIMU
(Puc. 2.17). 3T0 MOXXHO MHTEPIPETUPOBATh KaK €CTECTBEHHOE CIICACTBHE OaJUTMCTUYECKOI Teopuw,

KOTOpas npeacKasbIBaCT, 4TO H306pa)KeHI/I€ OT Y4YAaCTKOB TaJlaKTHKH, ABWXXYHIUXCA B HaAIpPpaBJICHUU
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3emiu (cunee cmeweHue), CMEILIEHO BIEPE]] B HAIIPABJICHUHU ABMXKEHUS (110 OTHOILIEHUIO K OCHOBHOMY
M300paKEHHIO). A YYaCTKH, C HAUBBICIIEH CKOPOCTBIO yAAICHUSI(KpACHOe cmeujeHue) OTCTaloT OT OC-
HOBHOT'O M300pakeHUs, U cMelleHre Ax OT LIEeHTpa MPOMOPIUOHANBEHO JTy4eBoi ckopocTtH V. [leicT-
BUTENIBHO, HaOmonaemas 3aBucumMoctsb Ax(V,), B uatepBane —30 < V, <+30 km/c (Puc. 2.17) 6nu3ka
nuHeWHON [232]. HenmHEWHOCTh MOXKET OBITh CBSI3aHA C HAIMYHEM MEPEH3IydYCHHS B oOJaKax
OKpPYAaIOIIET0 TaJaKTHUKU MEX3BE3THOrO rasa, BKJIAJ KOTOPOro Hambosee 3HauuM Uil y4acTKOB
TaJIakKTHK, B KOTOPBIX JIy4eBbIe CKOPOCTH CPAaBHUTEIHHO Majbl. COOTBETCTBEHHO AJISI STUX YYacTKOB
rpaduk Ax(V,) umeer G0NbLIYI0 KPYTH3HY, HO CTAHOBUTCS 00Jiee MOJIOTUM TP YBEIUYECHUU MOJYJIS
ayueBoit ckopoctu (Puc. 2.17).

B pamkax Gammuctudeckoit Teopun U 3pdekTa pa3MbITHSI €CTECTBEHHO OOBSICHIETCS M JBOMHAs
CTPYKTypa panou300pakeHHil y KBa3apoB M paguoranaktuk [128, c. 52]: HapaBHE C LEHTpaIbHBIM
SIPKAM OINTHYECKUM U PaHO-KOMIIOHEHTOM, HaOII0aI0TCsl OOKOBBIE CHMMETPUYHO PACIIONOKEHHbIE
paavousnyyaroime oonactu (yuiu), KOTOpble €CTECTBEHHO COINOCTABUTH «OTCTAIOLIEMY» U «OIepe-
JKaromeMy» (BIOJIb BEKTOpa COOCTBEHHOTO ABMXKEHUS V) M300pKECHHSIM TaIAKTHKH, KaK BIICPBBIC
oTMeueHo aBTopoM [A24, A40, Al4, c. 245]. N300paxenust OOHPYKEHBI B paIn0IUaNa30He, MOCKOIb-
Ky PaMOU3Iy4alolie 3JICKTPOHBI BPAIIAIOTCS B MAarHUTHOM I0OJI€ 3BE37 C OTPOMHBIMU CKOPOCTSMHU
v ~ ¢, 0T49ero 3P PeKT nepensnydeHns Cpeaon NPakTHIeCKu 0TCyTCTBYeT. COOTBETCTBEHHO JIEKTPOHBI
CO CKOPOCTBIO, HampaBieHHOU K 3emiie (V, = —Vv), u3ydaronife cBeT O CKOPOCTHIO ¢ + v, POPMUPYIOT
ompekaroliee n300pakeHue, a EKTPOHBI CO CKOPOCThIO, HampaBieHHOW OoT 3emuu (V. =v), u3my-
YalolIfe CBET CO CKOPOCTBIO ¢ — v, POPMHUPYIOT OTcTaromiee u3obpaxenue. [logoOHbIe «omepexaro-
IIME» U «OTCTAIOIIKE» CUMMETPUYHO PACIOI0KEHHBIE TI0 OOKaM 3Be3/Ibl H300paxKeHUs: 0OHAPYKEHBI
H.A. Ko3bIlpeBbIM Takxke y OTAeNbHBIX 3BE31 B MK-nmuana3zone, T.K. UX pErMCTPUPOBAIN C MOMOILBIO
6omometpa [233]. Dddext Obu1 MHTEpHIpeTHPOBaH B [A40] Kak pe3yabTaT U3ITyUYCHHs CBETa 3BE3/I0M
co ckopocTsimu (¢ —v) u (¢ +v). B UK- u paguonuanazone, ans KOTOPBIX JIMHA BOJHBI A OOIbIIIE,
4yeM JJIs1 BUIMMOTO JiHara3oHa, H300paKeHHs Mpolile 00Hapy>KUTh, BBUIY MAJIOTO MOTJIOMIECHUS.

D ekt «pacTsxeHus» N300pakeHUH 3BE31 OOBSICHSAET TaKXKe TYMAaHHOCTH BOKPYT IYJIbCApOB,
/1€ XOPOIIO Pa3INuKMMbl BOJIOKHA U JIKETHl — CTPYU CBETSILErocs rasa, sikoObl HCIYIIEHHOTO MyJIbca-
pamu. C TOUKH 3peHus: OAITUCTHUYECKON TEOPUN «BOJIOKHA» MOTYT OBITh Pa3MBITHIMU BJIOJIb TPAEKTO-
puit m3obpaxenusamu 3BE3a [A23, A24], dbopmupyromuMu cBeTsIuUicsS KIyOok Tpaekropuit (Puc.
2.18). Pa3mbIThIe H300paxeHus 3BE3/1 0OHAPYKEHBI B onTHYecKkoM, VK- 1 peHTreHOBCKOM JHamna3oHe.
OpOuTanbHble PEHTTC€HOBCKHUE TEJIECKOIbI BBISBISIOT JXKEThI, BBUICTAIOIIME CO CKOPOCTHIO MOPSAIKA
cBeToBoi n3 00bekTa CroprnoH X-1. B Teopun Putiia 3Tu 1KEThl M UX TUTAHTCKasl CKOPOCTh MOTYT

OBITh WIUTIO3UEN OT «Pa3MBITHSD 3BE3]1 BAOJb TPAEKTOPUH MOJIETA.
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Kaccwones A

Y, |

CamnoT unu ﬁucipn netTawmue
“cMalaqHbIe” UCKPBI OT KocTpa

onepexarniiee naoﬁpan@n ne

UV Kuta o Kuta 0 ODHOHa orcrawee waobpaxeqne
Puc. 2.18. Pa3mbITne 3BE3]1 BIIOJIb TPACKTOPHUH MOJIETA KaK MEXaHU3M (POPMHUPOBaHUS BH-

JHUMBIX BOJIOKHUCTBIX TyMaHHOCTCfI, XBOCTOB, PKCTOB, CBETALIUXCA IUCKOB Y 3BE3I.

Bonoxna B Kaccuonee A BO3HHUKAIOT U3 MYyCTOTHI, ABOSITCS U ucue3aroT [211]. DT1o nokasbiBaer,
YTO JIyTH, JUKETHI U «XBOCTBDY 3BE3]] MPEICTABISAIOT COO0N ONTHYECKHUE WIUTFO3UH, TOCKOJIBKY BO3HHK-
HOBEHHE U UCUE3HOBEHUE KPATHBIX 3BE3IHBIX N300PKEHUM (TaK HAa3bIBAEMBIX «IIPUBUJICHUN») JTaBHO
npejckasaHo teopuei Putna [231]. B pamkax cOBpeMEHHBIX TEOpUH IyJbCapOB HE yNAETCS TaKKe
OOBSCHHUTH MPUPOJTY CBETAIIETOCS TOPa U3 TEJHs, OTMOSCHIBAIONIETO MyJibcap B KpaGoBuaHOM TyMaH-
HOCTU M HEKOTOpble Aapyrue myibcapbl (Puc. 2.19). C Touku 3peHus OaiIMCTUYECKOW TEOPUHU, STOT
TOp MOXKET OKa3aThCs HE PEabHBIM KOJIBIIOM Ta3a, a JOpMUPOBATHCS TEIMEBBIMU 3BE3AaMu Kiacca B,
oOpaIarMucs Bo3je MyJbcapa U 00pa3yIolMMUA Pa3MbIThIE BIOJb KPYTOBBIX OPOUT MPO3pAUHbIE
CJe/bl CO CTIEKTpOoM renus. M300pakeHust 3BE3/1, pa3MbIThIe M pa3MHOKEHHBIC BJIOJIb KPYTOBBIX OpPOUT,

B TAKOM cllydae U JTOJDKHBI (popmupoBaTh Top [A41].

3BEINI-NYNBCAD

~J.

Mynscap MemuHra

nynecap Vv

% “WET»

Mynecap & Tensue Mynbcap 8 Mapycax

Puc. 2.19. Cxema 00pa3oBaHUs JXKETOB, XBOCTOB, KOJIEI] U TYMaHHOCTEH y MyJIbCapOB U UX MPUMEPHI.

TTOCKOIbKY JUTHHA Pa3MBITOro m306paxenus S =2rV,0R/c’ TpONOpHHOHANbHA CKOPOCTH V;
3BE3/IbI, TO TOJIy9aeT €CTECTBEHHOE OOBSCHEHHE TOT (DaKT, UTO MYJIbCAPBI C OBICTPHIM COOCTBEHHBIM
newkenueMm V;, ckaxxem IGR J11014-6103, octaBnstor anuHHBIE cBeTsnuecs mueidsr (Puc. 2.19),
«JDKETBD», BBITSIHYThIE BJOJb TpacKkTopuu monéra. Spkue npumepsl — mynbcap B [lapycax (Vela), I'e-
muHra, PSR J0535+2200. Otu cTpyKTypbl B paMKax MyJbCApHBIX TEOPUH OOBSICHAIN UCKIIIOYUTEIHHO
B paMKaXxX THIIOTE3bI O COBIAJCHHH BEKTOPa CKOPOCTH V MyJIbCAPOB C OCHIO MX BPAILICHHS, BIOJb KO-

TOpPOI BhICTpeNnuBaoTCs KeThl. Ho Takoi monér mysibcapoB BAOJIb OCH BpAIll€HUsS MaJOBEPOSITEH U
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MPOTUBOPEUYUT PACUETHOMY HampaBieHUIo ux oceit [211]. JxeTsl, BEITSHYTHIE BJIOJIb BEKTOPa CKOPO-
ctu V MyiabcapoB, 4acTO UMEIOT BHJI CUHYCOUJ, CIUpaJieid, HanpuMep, y nyiabscapa [lapycos u ['emun-
. DTO MOXKET OBITh CBSA3aHO C JABM)KEHHEM 3BE3[bl M0 BOMHUCTOU TpaekTopuu (Puc. 2.19), 3a cuér
BO3MYILEHUS €€ TPACKTOPUH TAroTeHueM ciyTHUKOB [A41]. [To Toil ke mpuymuHEe «XBOCTBD) IyJIbCa-
POB OOBIYHO OTKJIOHSIIOTCSI HA HECKOJBKO TPAXyCOB OT TPACKTOPHHU IMOJIETA, M MHOTJA HaOIIOmaeTCs
BTOPOU «XBOCT», BBIXOJSIIUHN MO/ YIJIOM K mepBoMy, Hampumep y oobekta IGR J11014-6103. Bto-
pOIi KET MOXKET ObITh pe3yJIbTaTOM Pa3MbITHUS H300pakeHus Ooiee JErKoro CIyTHUKA. SIpKue crycr-
KU B JDKETaX MOTYT OBITh M300pa’KEHUSIMH 3BE3[Ibl, PA3MHOKEHHBIMHU BJIOJb TPACKTOpPHUU €€ MOJETa.
OOBIUHO 11 OOBICHCHHUS 3TUX aHOMAJIMM BBOJAT BCE 00JICE CIIOKHBIC HOBBIC THIOTE3bI, II0JIaras, 4To
myJibcap BhIOpachIBaeT ra3 cryctkamMu. Ho 3Tu runotessl He 00BSICHSIOT NPOTSHKEHHBIE PEHTI€HOBCKHE
XBOCTBI TakuX MmyibcapoB kak PSR J0357, y koToporo mo naHHBIM OpOMTalbHONH OOCepBaTOpPHUU
«DepmMm» XBOCT UMEET JUIMHY B 4 CBETOBBIX I'0Jla M M3JIy4aeT CTOJBKO K€ DHEPIMM, CKOJIBKO CaM
nyJjbcap, ¥ GOpMHUPYET SpKUE yTONIICHUs Ha OOJBIIOM YJaJeHHH OT IMyibcapa. Hamportus, Oammm-
CTHYECKasi TEOPUS JIEMEHTAPHO OOBACHSAET «XBOCTBI» IyJIbCAPOB KaK pa3MbITOE M300paKeHUE 3BE3-
Jbl. COOTBETCTBEHHO IMOIYYa€T MPOCTYI0 UHTEPIPETAILMIO TUTAHTCKAsl CBETUMOCTh «XBOCTa», COMOC-
TaBUMasl CO CBETUMOCTBIO CaMOM 3BE3bI.

TyMaHHOCTH-IIJIEPUOHBI HA MECTE BCIBIILIEK CBEPXHOBBIX, COIJIACHO OAJITUCTHUYECKON TEOpUH,
TOKE TPENICTABIISIOT COO0M M300pakeHUs MyJIbCApPOB, «PAa3MBITHIE» BIOJIb TpaekTropuil. [losTomy Ty-
MaHHOCTH, KaK MPaBUJIO, BHITSHYTHI BJOJb BeKTOpa V myibcapa, B ToM yuciie y KpaboBuaHoi TymaH-
HOCTH. DTO KOCBEHHO CBHJIETEIbCTBYET, YTO MHTEHCUBHO M3IyYalOllUe IIEPUOHBI ¢ CUMMETPUYHOMN
CTPYKTYpO#, 00pa30BaHHbBIC HA MECTE BCIIBIIIEK CBEPXHOBBIX I THTA,— UIUTFO30PHBI, TaK K€ KaK B3phI-
BbI 3TUX 3B€371 (§ 1.5). OqHako TyMaHHOCTH CBEPXHOBBIX TuMa la B Buje cdepsl, 3a10JIHEHHON KityOa-
MU Ta3a, peasibHbI, IPEICTABIISISI COOO0M ClIeIbl peaabHOTO B3phiBa 3BE3M [A44].

B nnanerapHbix TymaHHOCTAX 3¢ dekT Putia He cTonb cuiéH, Kak B ruiepuoHax. [loatomy 1en-
TpaJIbHas 3B€3/1a U TYMaHHOCTb M3JIy4alOT B OCHOBHOM B ONTHYECKOM Juana3oHe. 11 COBpEMEHHBIX
TEOpUH TPYJHOCTH MPEACTABISAET NPUPOIa ONTHUECKOIO CBEUEHUS TUIaHETapHBIX TYMaHHOCTEH U Bce-
BOJIHOBOTO M3JIyY€HHUsI TyMaHHOCTeH-iepuoHoB. [Ipenmnosaranoch, 4To €ro MOAAEpPKUBAET LIEH-
TpajibHas 3BE€3/1a, U3TYYaIOIIasi CBET U MOTOKU YHEPTUYHBIX 3JEKTPOHOB, XOTS 3TO O3HAYAET I'MIAHT-
CKYI0 MOIIHOCTh M3Ty4eHHUs 3Be37bl. A y psna miepuoHoB, ckaxeM y Iletnu Jlebens ueHtpanbHas
3Be3/1a BooOIIe He oOHapyxeHa. C TOUKH 3peHust Teopur PuTma takue cCBOHCTBa TyMaHHOCTEH €CTecCT-
BEHHBI, €CJIM T€ MPEICTABISIIOT COOON pe3yJbTaT pPa3MbITHS M PACCEsTHUSI CBETa MHOTHX 3BE3], U3IY-
YeHHE KOTOPBIX yCHIECHO PUTH-3((HEeKTOM. ITO 00BACHSAET, MOYeMY MPHU YaCTOTE BCIBIIIEK CBEPXHO-
BbIX Il Tuna — pa3 B 50-100 ner, TymaHHOCTel-1IepuOHOB B ['anaktuke kpaiine mano [175]. Ilo-
CKOJIbKY B pamkax Teopuu Purtna Bensimiku SN II — 310 niuito3uu, a He peajbHble B3PhIBBI, CO CIeIaMU

B BHJIE TYMaHHOCTEH W mynbcapoB [211], To mueproHbl 00pa30BaHbl Pa3MBITHIMH HU300pKCHUSIMHU
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3BE3/I-CITyTHUKOB BOKPYT IEHTPAIBLHOM SIPKOM 3Be37bl. [10CKOIBKY 3BE3BI-CITYTHUKH €CTh HE Y KaXK-
JIOM BCHBIXMBAIOLIEN 3Be31bl, TO OONBIIMHCTBO Bemblmiek SN II ocraBistitoT mocie cedst OqUHOYHEIE
nynbcapbl 0e3 TymaHHocTel. JlelicTBUTeNbHO, HA0MI01aeMOe YHCIIO MyIbCapOB TyUIlle COOTHOCUTCS C
0KHIa€MBIM YHUCIIOM OCTAaTKOB Bcembiiek SN II.

YckopeHHOEe CONMMKEHNE HAa CKOPOCTH V' 3BE3MHBIX CKOTUICHHH, (OPMUPYIOMIMX TyMaHHOCTH-
IJICPUOHBI, OOBSICHSIET M UX OBICTpOE «pacimuperue». PocT yrioBoro pasMepa o = p/r TYMaHHOCTH

BBI3BaH HE POCTOM €€ pajuyca p, a cokpamenueM aucraniuu » (Puc. 2.20). Poct yrioBoro pa3mepa

do/dt = V'plr?, (2.7)
KaK IIpaBUIIo, O6L$[CH$IIOT paciimpCHUEM TYMAaHHOCTH ITOCJIC B3pbIBa CO CKOPOCTBIO
V,= rda/dt = V'plr. (2.8)

Ecnu puti-3ddexr Hapamumaer BUIUMYIO CKOPOCTh V' B MHJUIMOHBI pa3, IO CPABHEHUIO ¢ UICTUHHOMN
ckopocthio V' ~ 10 km/c, To ipu o = p/r ~ 0,001, Tumnunom i TymanHocteil B Tenbie u Kaccuonee,
Haiiném V;~ 10000 KM/C — TUTAaHTCKUE CKOPOCTH «paciupeHus». C TOUKH 3peHHs OaTTMCTUIECKON
TEOPHH, T CKOPOCTH MOT'YT OKa3aTbCs MHUMBIMU. Teopust 0OBSACHSET U POCT CKOPOCTH PACIIUPEHUS
TYMaHHOCTEH, TOria Kak NMpu 0O0pa30BaHUU TYMaHHOCTEH B XOJ€ B3pbIBa, MEX3BE3AHAs cpela JHUIIb
TOpMO3uiIa Obl BBIOPOIIEHHBIN B3pHIBOM Ta3. B pamkax Oammmcruueckoil Teopun y KpaGounHoi u
JIPyTUX TYMaHHOCTEH HAOIIOZAETCs POCT CKOPOCTH V;= V'p/r NCKIIOUUTENEHO OT COKpAIICHUS JHC-
taHmu . Bocnpuaumaemas o 3¢ dexry Purtia ckopocts cOmmkeHus 3BE3AHOTO CKoruieHus V' yBe-
JIMYEHA TPOIOPIHOHATBHO KoMmpeccH g ~ 10° o cpaBrenuto ¢ ucruuHoit ¥ ~ 10* m/c (§ 2.1). Torna
mpu V'~ 10" m/c, ¥~ 10° m/c 1 r ~ 10%° M momy4um yckoperue
a,= dVi/de= ViVl ~ 107 m/c?, (2.9)

omm3koe k u3mepeHHomy y Kpabdosuanoit tymannoctu [210]. [TapamnensHo cnabeeT paanousiydyeHue
TyMaHHOCTEH OT cHMXeHus » U a,. B KpaGoBunHoil TymanHocTu pocty nepuoaa mynbcapa Ha 0,04% B

TOJl COMMyTCTBYET cnaj paauosipkoctu Ip'= Ix/(1 + ra,/cz) Ha o mpoueHTa B roa [210].

BM TYMaHHOCTH
A

%

H b1

-:nynbcapi_a—f-';;""ﬁf .

B pagvaHTe -

T Y

Sy
| &
3emrs »«& § T %

Puc. 2.20. YckopeHHOE BUAMMOE JIBIKEHHE 3BE3IHOTO CKOIJICHUS IPOU3BOIUT BIle-

YaTJICHUE PACUIMPEHUs U3 PaJUaHTa, I1€ BUJIEH SIPKUI HEIIOABWKHBIH I1yJbCap.

3a cuéT cOMMKEHUs U pocTa BUIMMOTO pa3Mepa 3BE3THOTO CKOIUICHHS, 3BE3/IbI KaXKyTCs pazoe-
raroMMKCS U3 LEHTPa, OCTaBJss B XOJI€ Pa3MbITUS paUalibHble TPEKH, TUIIA METEOPOB, PacXois-
muecs u3 paauanta (Puc. 2.20). Oty cBeTsmmecs TpeKU MOTYT ObITh MPUHSATHI 32 BOJIOKHA Ta3a, BbI-

OpoleHHOT0 B3pbIBOM. PainanbHoe IBHKEHHE 3BE3/] OTKPBITO TAKXKE y APYroro CKOIUIEHUS B CO3BE3-
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muu Tenbua —y ['man, rae 3B€37bl, HAMPOTUB, IBUXKYTCS K PAIUAHTY — CKOIUIEHUE «CKUMAETCS» B XO-
ne ynanenus [200]. PaguansHbie BOJIOKHA HAOMIOMAIOTCS M B IJIAHETAPHBIX TyMaHHOCTSX. M TOIBKO
HeHTpanibHas 38e31a (p = 0), 11 kotopoit V,= V'p/r = 0, He cMelaeTcs 1 BOCIPUHUMAETCS B BUJIE SIP-
KOTO ITyJibcapa (Tak jke Kak METeop B paJuaHTe UMEET BUJ SIPKOI BCHBIIIKH, a HE TPEKa). DTa THIIOTe-
3a OOBSICHSIET, IOYEMY Y 3BE3/bl B LIEHTpE TyMaHHOCTH Kaccuomnest A ciekTp ToBOpUT 00 YIJIepoIHOM
aTMocdepe, KOTopast HEBO3MOXKHA JUIS ITyJIbcapa, HO OObIYHA JIJIS 3BE3 L.

B TymMaHHOCTSIX MPOUCXOIUT PACUIUPEHUE HE TOJIBKO BOJOKHUCTOM, HO U aMOP(HHOI CTPYKTYPHI.
DTO0 CBS3aHO JIMOO CO CBETOBBIM 3X0 — 3aCBETKOW BCIBIIIKON BCE HOBBIX YYaCTKOB MEXK3BE3THBIX 00-
JIaKOB, JINOO €O 3BE3AHBIM BETPOM — IIOTOKAMU IUIa3MBbl OT 3B€3/bl, 00pa3yromuMu €€ KopoHy. Bokpyr
CBEPXHOBBIX 3BE3] M MyJIbCAPOB SPKOCTH KOPOHBI yBenmdeHa puti->ddextom B g ~ 10° pas, oruero
KOPOHA, CBETALIUICS MEX3BE3AHBIN a3 U Pa3MbIThIe U300paKeHUs 3BE3]T BBITVISIAT KaK TYMaHHOCTD.
D¢ ekt Putia, moBsiast MOIIHOCTh U YAaCTOTY UUKIOTPOHHOTO PAaJUOU3IYUYCHHUS SJIEKTPOHOB B Mar-
HUTHOM T0JI€ 3BE3]l, JIEJIae€T U €ro BUAUMBIM. BC€ 3TO OOBSICHSET MONSIPU3ALNIO U BBICOKYIO CBETH-
MocTh KpaboBuaHoit TymanHocTu. [Ipu 3TOM MOTOKM 3BE3MHOTO BETpa HAOIIOJAIOTCS KakK JKEThl. B
OTIIMYME OT TOHKUX SIPKUX «HKETOBY», 00Pa30BaHHBIX «Pa3MbITHEM» 3BE3M, 3T MUPOKHe AU Qy3HbIC
JOKETHI, 3aMeTHble B KpaOGoBUAHON TyMaHHOCTH, peajbHbl U UMEIOT NEPEMEHHYIO TOJIIIMHY, BBUIY
paciMpeHus ra3a npu yJajleHuu OT Imysbcapa. JKeThl ToKe pa3MbIThl BI0Jb JIMHUU MOJIETA ITyJibCcapa
BBU/y Pa3HHULIbI CKOPOCTEN CBETA OT Pa3HbIX YUACTKOB.

CobcTBeHHOE MBUKEHHE MYJILCAPOB, IOMUMO PACTSIKEHUS UX M300pakeHUi, BEAET K MHUMOMY
PaCTSKEHUIO OPOUT 3JIEKTPOHOB BAOJb JTUHUM MOJNETA 3BE3bl, T.€. JIUHEHHO MOJSPU3YET UX U3Tyue-
HUE BJOJIb TpaekTopuid nonéra [A41]. IloaTroMmy BoJIOKHA TyMaHHOCTEN M JKETHI IyJIbCAPOB HOJSAPU-
30BaHbl BJI0JIb BOJIOKOH U JIMHMM MOJIETA MyJbcapa, CKakeM, y IyJibcapa B co3Be3nuu Ilapycos. Ilpu
JIBUKEHUM TyJbcapa Mo opOuTe HaIlpaBJIeHHE MOJSPU3ALMU €r0 M3yYeHUs MEHSETCs BCIle] 3a Ha-
IpaBJIeHUEM MTHOBEHHOW CKOPOCTH IyJjbcapa, B TakT ¢ KojeOaHUsAMH ero sipkoctu [A41]. 3a cuér
OCEBOI'0 BpalllEHUs 3BE€3/lbl U3JIyUYE€HUE 3JIEKTPOHOB IMOJSIPU3YETCS €lIE U M0 KPyry B HallpaBICHUU
BpallleHus 3Be3pl. Kpome Toro, ABM>KEHHE 3BE37bl, BbI3bIBasl 10 T€OpUU PUTIAa HEOJUHAKOBYIO CTe-
MEeHb MHUMOT'O PACTSKEHHUsSI OpOUT JIEKTPOHOB, BPALIAIOIIMXCS MO U NMPOTHUB YaCOBOM CTPENKH, MPH-
BOJUT K TOSIBIICHUIO MTPEUMYIIECTBEHHON MPaBOil WU JIEBOIM LIUPKYJISIPHON MONAPU3ALUU, HAIPUMED
y 6enbix kapnukoB [119] u ciekTpanbHO-TiepeMeHHbIX 3BE3N (§ 1.5). JlelicTBUTENBHO, IS dIIeMEHTap-
HOT'O U3JIyyaTelis — 3apsijia, IBUKYILErocs M0 3JUIUICY C MOIYOCSIMH @ U b, MOIIHOCTb 3JITUITUYECKU
MOJIIPU30BAHHOTO M3JIyYeHUs P Mpu MHUMOM pacTSKEHHM a WM b HEe MEHSETCs, OJIHAaKO MEHSETCs
ToJisl ToNsipu30oBaHHOro cBeta. [lomobHoe siBIeHne OTKPHITO Y mossipoB, Thuma AM ['epkyneca u DQ
I'epkyneca, CHHXpOHHO C KOJICOAHUSMU OJieCKa MEHSIOMIMX HalpaBJIeHUE MOJSPU3ALUHU B X0/1e OpOH-
TaJbLHOTO BPAICHUS 3BE3/Ibl, KOTOPYIO CUMTAIOT OenbiM KapiukoMm [194]. C Ttouku 3peHust 0amuimcTu-

YECKOW TEOpHUH, 3TO — OOBIYHAS 3BE37[a, MEHSIOMIAs SIPKOCTh, CIEKTP W TMOJApU3AMI0 10 dPPEeKTy
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Purna. AMopdHOe n3TydeHrne TYMaHHOCTEH TOXKEe MOJISIPU30BaHO 3a cYET ddekTa pasMBITHS U pac-

CCsIHUs CBETA 3BE3AbI o0OakaMH rasa.

BWUA ranakTuk CXEMa WCKAMEHWNIA

s

NGC 4650A

Puc. 2.21. Vckaxenne BUIMMOI (hOPMBI rajlaKTHK 32 CYET MX BPALIECHUS U IBIKCHUSI.

VY ramakTHK pa3HHIIa CKOPOCTEH CBETa, UCMYIIEHHOTO Pa3HbIMH yYaCTKaMU, TOXKE HCKAKAET UX
BuauMyto ¢popmy [A40]. Ha sto Taxoke oOparun Baumanue C. JleBacua [106]. Ota runore3a o0ObsICHS-
€T aHOMaJIbHBIC (DOPMBI TATaKTUK ¢ AedopMupoBaHHbIME Kpasimu Tiiia NGC 660 [234], ¢ monspHbIMA
koibiiaMu Tuna NGC 4650A, ramakTtuku ¢ «BelOpocamMu» B BHjE curapbl THna M 82, wiam mpsmMo-
yronpHble ranaktuku tuna LEDA 074886 (Puc. 2.21). O¢ddexr pa3MbiTus BIOJIb JUHUU MOJIETA CO
CKOPOCTBIO V' BEIET K TOMY, UTO 3JUIMITUYECKHE TaJIAKTUKH, CXKAThIE B/IOJIb OCH BpAIECHUsS, KaXyTCs
BBITSIHYTBIMHM BJOJIb ATOM OCH, M HAOJIOJAeTCsl HECOOTBETCTBUE CKOPOCTH BpAalllEHUS U BUAMMOIO
cxatus ranaktuku [211]. TlockonbKy B rajakTukax yrjioBas CKOPOCTb 3BE3]] 3aBUCUT OT PACCTOSHUS
JI0 LIEHTpPA TallaKTUKH, a OPOUTHI 3BE3/1 HE KOHIICHTPUYECKHE U HE KOMIUIaHApHbIE, Ae(opMius npu-
BOJIUT K OTKJIOHEHHIO Ha0J01aeMoii (hOPMBI OT AIUTMIITUYECKOH, KaK B PACCMOTPEHHOM CJIy4ae Cilydae
3BE37 ¢ muddepennmanpabiM BpamenueM (Puc. 2.11). Torna, B 3aBUCHMOCTH OT HaIlPaBJICHUS JIBUXKE-
HUSI, N300paKEHUE TANAKTUKH, PACTATHBASCH WM CKHMASACh, MPHOOPETAET MPSIMOYTOJIBHYIO (OpMy
(boxy), xak y ramaktuku LEDA 074886 (Puc. 2.21), wim nuckoBuanyto (disky). Mckaxkenus takoro
TUMA pealbHO OOHAPYXKEHBI Yy psla AIIUNTHUECKHUX ramaktuk [129, c. 227]. B cnydae cnupaibHBIX
TaJIaKTUK CXXaTHE AApa rajJakTUKU BAOJIb JUIMHHOM OCH CO3AAa€T WLIKO3UIO TOTO, YTO JUCK, Y psAla ra-
JAKTUK UMEIomui B Koubia [119, c. 652], pacnonoxeH BI0JIb KOPOTKOM ocHu siapa (MpUHUMaeMOn
BBU/Iy C)KaTHsl 32 MOJISIPHYI0). Tak BO3HUKACT WUTIO3US HAJIU4Us Yy TaJlaKTUKH MOJISIpHOTO Kouibla. [1o-
no0HbIe 3 dexThl HAbMIOJANNCh TaKXKe Y 3BE3M, OJHAKO Y TaJaKTUK €ro HaONtoIaTh MpOIe, 3a CUET
BBICOKMX OKPYXKHBIX CcKopocTel — mopsaaka 100 km/c, 1 OTCYTCTBUSI MEPEH3IYyUYECHUS MEXK3BE3THBIM
ra3om.

DddexT MoxxHO HaOMOAaTh U B COTHEYHOM CHUCTEME, HO MOCKOJBKY MCKa)KEHUS MPOIIOPIIHO-
HaJbHBI 7, 3aMETUTh UX CIOXHO. Tak, nzoopaxenue KOnurepa pacTsHeTcs 3a CYET CKOPOCTH €ro 00-
pamienus o opobute V' = 13 km/c u BOokpyr ocu R = 12,5 km/c Ha § = 2rVoR/c* =3 kM, TepseMbIX Ha
¢one uctuHHOTO SKBaTopUaNBEHOrO ymupeHuss AR ~ 10000 km. ¥V BHemHux konen CarypHa, HaKIO-

HEHHBIX Ha yroJ ¢ = 27° kK opObuTanbHOl ckopocTu V' =9,5 KM/C B KPYTAIIUXCS CO CKOPOCTHIO OR =~ 17
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KM/C, TOXE BOSHHKHET pacTspkeHne S;=rVoR/c°=2,5 KM, U IOBOPOT KOJNEN Ha IOl
a = S;sing/R = 2" (Puc. 2.22). [TockoapKy KoJbIla BPAIIAIOTCS ¢ Pa3HON YTJIIOBOM CKOPOCTHIO ®, TO U
paCTSIHYThI, TOBEPHYTHI OHU HEOJMHAKOBO: S| # S», 0] # 0. B utore BuanMoe BO3BbIIIEHUE BHYTPEH-
HETO Kpasi KOJbIa HaJl BHEITHUM cOCTaBUT ~1 kM. [lelictBuTensHo, Ha dotorpadusx ¢ AMC «Kaccu-
HI» 0OHAPY>KEH TOBOPOT TUVIOCKOCTH OJJHUX KOJIEI] OTHOCUTEIBHO APYTUX HA MAJBIA YrOJl, YTO CBSI3bI-
BAJIM C BO3MYIIEHUSMHU CO CTOPOHBI CTyTHUKOB [235]. TlockoIbKy MCKaKeHUS S TPONOPUHOHAIIBHBI 7,
BOmm3u CatypHa oM Manel, 1 ¢ AMC «KaccuHm» Konblo HaOII0Jal0Ch MPAKTUYECKU TUIOCKUM,—
TomuuHON ~100 M. A OLIEHKH TOJIIIMHBI KOJIbIIA IPH HAOIIOEHUH ¢ 3eMJTU Aat0T 3HaYeHue ~1—10 km
[236, c. 60], BOIIpeKkH TEOPETUUECKUM OLIEHKAM TOJIIMHBI KOJIEI, KOTOpasi He JI0JDKHA MPEBBIIIATH HEe-
CKOJIBKMX METPOB, T.K. BCE YaCTHIIBI PACIOJIOKEHBI B 0UH cJioi [235]. [loaTomy ObLI0 MpU3HAHO, YTO
BUJMMas TOJIIKMHA KOJbla — WTo30pHa [ 154, 236]. [ToaToMy yTomnmieHne Koiablia OOBICHIETCS Kak

pa3 UCKaXEHUsIMHU OT HEPABEHCTBA CKOPOCTEH CBETA.

WCKaMEHHLIA BUA

CarypHa

Puc. 2.22. Nckaxenune Buaumoit popmel koerr CaTypHa 3a CU€T JBIKCHUS U BPAILICHHUS.

B Teopun Putna nerko mHTEpnpeTUpoBaTh PENUKTHI [136] — BBITAHYTBIE CTPYKTYpbI, BOJIOKHA,
HE MOXO0’KHE Ha TalaKTUKH, KOTOPBIE MOTYT OKa3aThCsl M300PaKEHUSIMHU TaTaKTHK, PA3MBITHIMHU BJIOJb
TpaeKTOpUM ABMKEHUS. [I0CKOIBKY MCKa)KEHHs IPONOPLMOHAIBHBI AUCTAHLIUY 7, JUISl PEIUKTOB C UX
BBICOKMM KPAaCHBIM CMEIICHUEM Z U ¥, UCKaKEHUSI 0COOEHHO BEJIHKH, a CBET TaKUX CTPYKTYp Oyzaer
CWJIBHO TOJIAPU30BaH BJIOJIb WK MONEPEK CTPyKTyphl. [locnennuit cnyyait peanusyercsi, HapUMep, B
penukte CIZA 2242+53 (Puc. 2.23), nockoibKy H300pakeHUsI OT/ENbHBIX 3BE3]] B raJlaKTUKE pacTs-
HYTBI BJIOJIb 3BE3/IHBIX TPAEKTOPHUH, UMEIONMX (HOpMy crupajeil (BBUIY CIOXKEHHS TalakKTHYeCKOTro
BpAICHHUS 3BE3]1 M OOLIETO0 CMEIIEHHS TAJIAKTUKH), BJIOJb BUTKOB KOTOPBIX, MOTIEPEYHBIX K PEIUKTY,
noJisipu3oBaH cBeT [A39, A41]. TlonoOHBIE criMpany, MUKJIOWIBI HAOMIOMAOTCS U B Halel [ amakTuke,

HaIlpuMep, B BOJIOKHUCTON TyMaHHOCTH ['amak [126].




Puc. 2.23. Kapra pacnpeneneHus paauosipKocTH (8sepxy) u nosipu3anu (exu3y) oopexra CIZA

2242+53 Kxak pe3yNbTaT «pa3MbIBa» H300paKEHUS TATAKTUKU BIOJIb TPACKTOPHH ABIKEHHS.

Taxum 00pazom, HaOItOJaeMble HCKaKEHHsI OPM 3BE3]] M TAJAKTHK CITy>KaT KOCBEHHBIM CBHJIE-

TEJIbCTBOM B MOJIb3Y OAJTUCTUYECKOM TEOPUHU U TONOJHUTENIBHBIM KPUTEPHEM €€ MTPOBEPKHU.

§ 2.4. Heesizku nnaHemHoU paduosiokayuu u ux bannucmuyeckasi Koppekyus

BrnusiHue cKOpoCTH UCTOYHHMKA WIIM OTPAXKAIOIIETO CBET Tella Ha CKOPOCTh M3ITYYEHHOTO WM TIe-
pEeu3Nyu€HHOrO CBETa MPHUBENIO OBl TAKKE K CUIBHBIM MCKAXCHHUSIM B KOCMHYECKOH paJnOJIOKAInH,
TaK KaK B pacdy€re JUCTAHLMU 7 = C'T IO BPEMEHH JIBUKEHUS T PaJMOCUTHaNA (PUTypUpPYyeT CKOPOCTb
cBeta ¢' v Hey4€T e€ nepeMeHHocTH (1) mpuBenéT Kk ormmoKaM B U3MEPEHUH TUCTAHIINH 7.

JeiictButensHo, yxke B 1960-X IT. B EPBBIX ceaHCaX paaroioKanuu BeHepsl, OCyIecTBIEHHBIX
rpynnoi B.A. KorenpaukoBa B CCCP u U. [llanupo — B CIIIA, BEISIBUIM CUCTEMATUUECKUE PACXOXK-
JeHUsS (Ha COTHH KHJIOMETPOB IMPEBHICHBIINAE BO3MOXKHBIE OITMOKHM) MEXAY U3MEPECHHBIMU PaJlapaMu
MOJIO’KEHUSIMU TIJIAHETHl U MPEIBBIYUCICHHBIMU MOJIOKEHUAMU — ddeMepUuiaMu, paCCYUTAHHBIMU U3
JaHHbIX actpoHoMmuu [237-239]. Kak nokazan b. Yomnec [91, 92], pacxoxkIeHus CHU3ATCS B pasbl,
€CJIM Yy4eCTh OAJUTMCTUYECKYIO 3aBUCUMOCTH (1) CKOpOCTH cBETa OT CKOPOCTH MCTOYHWKA — pajapa Ha
3emute, 00J1a7AI0MIETO0 CKOPOCThIO V BBUY OCEBOTO BpallleHUsT 3€MJIH, BpPAICHUS CUCTEMBI 3eMIIsi-
Jlyna u obpamenus Bokpyr Comnana. CooOIeHne paguoinydy CKOpocTu V MEHSET ero CKOpocTh ¢ + V
U BpeMS T JABHKEHHUS CHUTHAJNa, 0 KOTOPOMY OMpEAeNsoT aucTaHiuio » 3emis-Benepa (Puc. 2.24).
Pacuérnoe pacctosinue ct (W ct/2, ¢ yu€ToM 3aAepKKH OTPaKEHHOTO JIyya), HalJIeHHOE U3 MOCTO-

STHHOU CKOPOCTH CBETA ¢, OTJIMYAETCSI OT UCTUHHOTO paccTtosHus (¢ + V)rt.

HWxHee coegHeHWe

Puc. 2.24. Cxema BrkeHns 3emin 1 BeHepbl BO3Jie HIKHET0 COSIMHEHUS, B IPHOJIMKEHUH KPYTOBBIX OPOHT.

Brnusinue oceBoro BparieHus 3eMIIH, COOOMIAIONICH CBOIO OKPYKHYIO CKOpocTh (~500 m/c) pa-
JMOJTy4yaM, MPOSIBUIIOCH, HAIIPUMEp, B TOM, 4TO paauosokanuonnsie ctaHiuu CCCP u CIIA, pacmo-
JIOKEHHBIE B ITPOTHBOIOJIOKHBIX TOYKAX 3€MJIM IIPU CUHXPOHHBIX 3aMepax paccTosHui 10 BeHnepsl,

nojyyanu pasHele 3HadueHHMd. Kak ormedeno b. Yomrecom [91-93], A.K. ypynossim [240],
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C.A. bazunesckum u B.U. CekepunbiM [149], cucremarnuecku OONBIIE MOTY4YaloCh 3HAYEHHE pac-
CTOSIHUM y CTAHIMI, KOTOPBIE B X0JI€ CYTOYHOIO BPAlIEHUsI B MOMEHT U3MEPEHHUs OTAAAIUCH OT Be-
HEPBI, COOTBETCTBEHHO CHIKASI 1O OAJITUCTUYECKON TEOPHH CKOPOCTh PAAHOCUTHANA, BEAS K U30BITKY
BpPEMEHU 3ama3bIBaHMs T U pacu€THON quctaniuu »'. HanpoTtus, y ctaHuuid, npubamkasmmxcs K Be-
HEpe, PACCTOSTHUS MOJyYaJIUCh CUCTEMAaTUUECKH MEHbIIIE, YTO B paMKax Teopuu PuTIIa BBI3BaHO yBe-
JUYEHUEM CKOPOCTHU ¢’ paJMOCUTHAJIA U YMEHBIIEHUEM BPEMEHU 3aJICPKKH T.

Opnolt U3 ueneit paauonokanuu BeHepsl ObIIO yTOUHEHUE aCTPOHOMHUYECKON eTUHUIIBI (a.e.) —
paauyca 3eMHOI opOuThl R, (cpennero pacctosiHus 3emin ot Connna, Puc. 2.24). Ilo u3mepeHHoi
pamapoMm auctaHiuu r 3emisi-Benepa, u3 yrioB B TpeyroibHuke SVE (Connue-Benepa-3emiisi) BbI-
yucnsia pacctosinue R, 3emusi-ComnHue, nponopuuoHaibHoe ». OIHAKO pacy€THas a.e. PEeryJsapHO
MeHs1ach [241] ¢ neprogaMu, paBHbIMU CyTKaM, MECSIy M1 CHHOAMYECKOMY Tofy BeHepsbl, ¢ KOTOpbI-
MU MEHSUIACh OTHOCUTENIbHASL CKOPOCTh PaAapoB, BHOCSINASI OTKIOHEHHUS B pacu€THbIC NUCTaHLNK Be-
Hepwl 7 U a.e. — Ry [91, 92]. PagapHoe 3HaueHHE a.€. OTIMYAIIOCH TAKXKE OT 3HAYCHUS, U3MEPEHHOTO
METOAAaMH BU3yalbHOU acTpoMeTpuu. [Ipnuém pasHua npeBbICHiIa MOTPEMIHOCTD 3TUX METOJIOB, YTO
He Hanwio oObsicHeHuit [241, 237], X0Ts 0)KUIANOCH MO OATTUCTUYECKOM TEOPUH.

Benepa npu cOMMKEHUN TOXKE COOOIIAET CBOIO CKOPOCTH V), OTpaKEHHOMY CHUTHAITY, U OH JIOC-
TUATAeT 3EMJIM 32 MEHbIIIee BpeMs T, 3aHmkKas pacuétHoe 7. [locne npenenbHOro cOMmkeHus ¢ 3emnén
B HIDKHEM COEIMHEHMH, BeHepa ynansercs: CKopocTh curHana ¢’ < ¢, U OH TpaTUT OoJjblliee Bpems T,
3aBpImas . B urore, 10 coequHeHus pacuéTHBIE 3HAYCHUS aucTaHuu 3emisa-Benepa r' = c¢t/2 u 3Ha-

YeHHs a.€. OTYYaluCh HUXKE pealbHbIX, a ocie coeAnHenus — Boiie (Puc. 2.25) [241].
148600000
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Puc. 2.25. 3HaueHust acCTpOHOMUYECKOM €TUHUIIBI B 3aBUCUMOCTH OT JIaThI

ceanca paguonokanuu [241, ¢. 190] (amwxuee coequnenue — 11 anpenst 1961 r.).

K Benepe curaan JeTuT co CKOPOCTBIO ¢ OTHOCHTEIBHO 3eMJIH, IIPOJIeTas MyTh » 3a BpeMs T) =
r/c. OTpak€HHBIN CUTHAJ TIPH JTy4eBOW (paoduanvHoil) cKopocTr BeHnepsl V), BepHETCS cO CKOPOCTHIO
c¢'=c—V,3aBpems 1, = r/c'. Torna obmas 3aaepxka T = T, + 1, = r/c + r/c'. HalinenHoe n3 HOMUHAIb-
HOM CKOPOCTH ¢ paccTosiHue r' = ¢t/2 = r + rV,/2c npeBbIcUT peanbHoe » Ha Ar = rV,/2¢c. VI3 Tpeyromib-
Huka SVE B mpubmmxeHun KpyroBeix opOut (Puc. 2.24) nmyueBas ckopocte Benepol V.= (01—
)RRy sin(a)/r, roe o) = 3,2:107" pam/c, @2 = 2:10" pam/c — yrioBbIe TeTHOLECHTPUYECKIE CKOPOCTH,

cooTBEeTCTBeHHO, Benepsl u 3emim, R = 108:10° M, R,= 150-10° M — pammycsl ux opéur, o= (o —
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)t — renvoueHTpudeckuil yron WSE mMexay HUMH, a ¢ BBIPAXKEHO B CyTKaX, UCTEKIIMX C MOMEHTA
HWDKHEro coenHeHus. Toraa cucteMaTu4eckoe OTKIIOHEHUE 7
Ar=r"—r= (o — 02)R Ry sin[(w; — m7)t]/2¢ = 3350-sin(0,011¢) k™. (2.10)
To e OTKIIOHEHNE, BBIPA)KEHHOE B CBETOBBIX CEKyHaX (110 BpEMEHU 3a/1€PKKH), ECTh
At = Ar/c = 0,011-sin(0,011¢) c. (2.11)
daxTHuecky HaOIIOJAI0TCS UMEHHO TaKUe BapHallMd CHCTEMaTHYEeCKUX OIIMOOK-HEBS30K pac-
crosauii Ar (Puc. 2.26.a) unu Bpemén At (Puc. 2.26.6), T.e. pa3HOCTEIl U3MEPEHHBIX T, U BBIUKCIICH-
HBIX T, 10 Tabnuiam Heiokoma. BHecenue 3tux momnpaBok (2.10) u (2.11), yuyuThIBaOmMUX OaTUCTH-
YECKHUI TPUHIIMI, CHUKAET CUCTEMAaTHUYECKUE OTKIIOHEHHS: OCTAIOTCS JIUIIb CIlydaifHbIE OIIMOKH, KO-
TOpBIE €1IE CHU3SATCS, €CJIA YUECTh BIMSIHUE BpAIlleHUsI 3€MJIM HAa CKOPOCTh cUrHaiioB [91, 92] u nepe-
M3JIy4YCHHE MEKIUIAHETHOM cpenoi. [1o Mepe pocTa qucTtaHvu 7 U CI0s1 PONMIEHHOW MEKIUIaHETHON
IUIa3MBl, IEPEN3TYUEHHBIN €10 CUTHAJ BOCCTAHABIMBAET CKOPOCTh ¢, U OTKJIOHEHUS MEPECTAIOT PACTU
IpY OTJAJICHUH OT HIKHero coenuHeHus (Puc. 2.26). D¢ dhekTnBHOCTS epen3TydeHus MOXKHO OIle-
HUTb, CONIOCTABUB 7 C TOJIIIMHOMN MEPEU3TYUarOIIero ciIos mia3mel [ = A/2n(n — 1), cormacHo dhopmyre
(1.2), Ha OCHOBE PACCUYUTAHHOTO ISl JAHHOM AJTUHBI BOJIHBI A TIOKA3aTels MPEJIOMIICHHUS 71, OLIEHEHHO-

T'O II0 KOHICHTpAalIun MEXKIUIaHETHOM I1J1a3MBbl, ra3a U IbLJIX.
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Puc. 2.26. OTKIOHEHMS paJapHBIX pacCTOsSHUN Benepsl ot ademepuansix (1o Tadmuiam Hprokoma), n3me-
PEHHBIC B KIJIOMETpax (a, kpecmot) [242] 1 CBETOBBIX MHJUTUCEKYHIaxX (0, kpyorcku) [241, c. 242], B cpas-

HEHUH C MpeCcKa3aHHbIMK 3aBUCUMOCTIMH (2.10) u (2.11) mo OanmucTiyeckoi Teopu (nyHkmup).

ITpyu KOHLIEHTpAaLMK IEKTPOHOB U HOHOB B MEXIUIaHETHOM Iutasme N'~ 0,1 eM > =10" M [119,
c. 398] u mpu paboueit anuHe BOJHBI A~ 30 cM (COOTBETCTBYIOIIEH YacTOTE€ paJMOCUTHANIOB f=

c¢/h~ 11T [243]), pacuéTHbIii TOKa3aTeb MpeioMiIcHus noHochepsr [S53] cocTaBuT

n=+1-80,6N"/ f2 ~1-403N"/ f2, (2.12)

a ITMHA mepeu3nyuyeHus, cornacHo popmyse (1.2), mocTurHer 3HaueHUN

Ao 12:100F

[~ ~ 12 MITH. KM . (2.13)
27n—1]| N'
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To ecTh, nMUHA MEPEU3TYUEHUSI COTIOCTABUMA C PACCTOSIHUEM MEXAY TUIAHETAMH B HUXKHEM CO-
eMHEHUHU ~ 42 MJITH. KM. DTO OOBSACHSIET, MOYeMy NMPH yBEIUYCHUH B TEUCHHE NIBYX MecsieB (1 = 60

Cy'T) MEXIJIAHETHOM AUCTAHILIMU OT 3HAUCHUS B 42 MIH. KM J0 3HAYCHUA

r= \/Rlz +Ry2 —2R|R, cos(®) —m, )i ~ 89 MIH. KM

HEBSI3KH MEPECTAIOT HApacTaTh U HKCIEPUMEHTAIbHbBIE TOUKU BCE CUIIbHEE OTAAISIIOTCSA OT 3aBHCHMO-
cteit (2.10) u (2.11), MOCTPOCHHBIX ¢ yUETOM MOMPABOK M3 OATITUCTUYECKON TEOPHUH.

3HayeHHe AJIUHBI Mepeu3yueHust [ Helb3sl pacCuUTaTh TOYHO, BBHJY CJIOXHOH 3aBUCHMOCTHU
KOHIIEHTpALMU IU1a3Mbl OT paccTosiHus 10 CoslHLa, B TOM YucIie no npuuuHe TsaroteHus ConHua, Aas-
JIEHUSI COJITHEYHOT'O CBETA M IEPEMEHHOM HHTEHCUBHOCTHU COJTHEYHOTO BeTpa [119].

BnusiHueM nepeunsnydeHus B MEKIUIAHETHOH IJ1a3Me MOXKHO O0OBACHUTH HecoBnazeHue ~ 1000
KM (BBIXOAIIEE 32 Mpeesbl OIMOOK paJapHbIX METOAOB) 3HAYCHHUM a.€., U3MEPEHHBIX Pa3HbIMU pa-
JApHBIMH CTAHIIMSIMU Ha pa3HbIX yacToTax 408 — 2388 MI't [243]. [elicTBuTeNnbHO, coraacHo (2.12) u
(2.13), oT 4acTOTHI f 3aBUCAT MOKA3aTEJIM MPEJIOMIICHUS 7 ¥ JJIMHBI TIEPEU3TyueHus /[, a 3HAUUT JUC-
TaHIMM, B MpeJienax KOTOPbIX CKOPOCTh paJAMOCHrHala, oTpakéHHoro Benepoil, otnnyna ot c. Kak
OTMEUeHO [243], 9TH pa3Inyusl HEJb3sl CIHMCATh HAa JUCHEPCUI0 MEX3BE3AHON Cpelbl, KOTOpas 3aHH-
xKasa OBl PacCTOSHUS, M3MEPEHHbBIE Ha KOPOTKUX BOJIHAX, a HE HAa JUIMHHBIX. A (hakTHUecKHu HaOIoaa-
JOCh «OTCYTCTBHE BUAMMOM CBSA3M MEKAY U3MEPEHHBIMH 3HAYEHUSMHU aCTPOHOMHUYECKOW €IMHUIIBI U
yactoToi» [243]. CoryacHO GaTMCTUYECKOM Teopuu, YETKOW CBA3HM M HE JOJDKHO OBbITh, pa3 Ha U3Me-
PEHHYIO BEIMYHMHY a.€. BIHUIET, KPOME YaCcTOThI 30HMPYIOIIETro CUrHaa (M AJIHHbBI epen3nydeHus /),
emeé U 3HaK, BEJIMYMHA CKOPOCTH BeHepsl V,, a 3HAaUUT,— U AaTa CEaHCOB PaAuOJIOKAlluH, KOTOPbIE, TaK
K€ KaK 4acCTOTbI, pa3IMYaJIuCh Y Pa3HbIX 00cepBaTOpHUIl.

3aBUCUMOCTh OHIMOOK H3MEpeHMs JAMCTaHIMKM BeHepbl 0T dYacTtoTel f oTMeyanach H
b. YonnecoMm, KOTOpbIii CBSA3BIBAN UX C BIMSIHUEM MEXKILUIAaHETHOH 1a3mbl [91]. Yomiec otmerun, 4to
ammuutyaa 30-IHEBHBIX KOJIeOaHUH (BBI3BAHHBIX KOJIEOAHUEM CKOPOCTH 3€MIIH MPH JBMKEHUU B CHC-
teme 3emis-JIyHa) pamapHOro 3Ha4YEHUs a.e., U3MEpeHHOro Ha yactore f~ 440 MI'p (A= 70 cm) B 5
pa3 mpeBbllIalia aMIUIUTYQy KonebaHui, u3MepeHHbIXx Ha yactote =~ 1300 MI'n (A = 23 cm). D10 pas-
anuue Ar, O4EBUAHO, CBA3AHO KAaK C U3MEHEHUEM JUCTAHLUU 7 U KOHLIEHTpaIUK 11a3Mbl N' B 3aBUCH-
MOCTH OT JaThl JOKaluu (coryiiacHo Yoiecy, JaHHble Ha dactoTe f~ 1300 MI'y Obuiv mosydYeHbI
MO3/IHEE), TaK U C PA3HMIICH JUIMH SKCTUHKIMHU [ 171 pa3HbIx 4acToT. CormacHo (2.13), / 7omxHO ObITh
BhIme S 4acToThl /= 1300 MI'1i. CoOTBETCTBEHHO, M BEIMUMHA OMMUOOK Ar Ha 3TOM 4acCTOTE TMOJIY-
yanack Obl Bbime. Ho ciaemyer ydects, uto f= 1300 MI'11 cOOTBETCTBYeT AJMMHE BOJHBI A =23 cM
OJM3KOM K JJIMHE BOJHBI MOTJIOIIEHUS HEUTpabHOro BoJopoaa A = 21 cM, Bo3sie KOTOPOi pacTéT OT-
JUYHe MTOKa3aTess MpeoMIIeHUS OT equHuIbI |1 — 1|. B utore, ms /= 1300 MI' Beipociia 6wt 3 dek-
TUBHOCTb NIEPEU3TYUECHUS U CHU3WIACh OBl JUIMHA NIEPEU3TydeHus /, TaK YTO aMIUIUTyJa OLIMOOK CTa-

Ja HIKe, yeM Ha f = 440 MI', B cornacuu ¢ nanasimMu [91].
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[TockonbKy CHCTEMaTHUECKHE PACXOKICHUS PalapHBIX JaHHBIX C d(deMepuaaMu He yIaBajioch
OOBSCHHUTBH, PACXOXKIACHUST (HOPMAIBHO YCTPAHSIIA KOpPpEeKIuen a¢eMepu 1, HarpuMep, BHOCS MOIpaB-
ku Jlankom0a, «cMmectuBiero» Benepy Bnepén mo opoute Ha 290 KM, TO €CTh YBEJIUYHUBIIETO T€ITHO-
HeHTpuyecKkyto aoiaroty Benepsl Ha 0”,55 [241]. IlockonbKy ¥ Ipy 3TOM OCTaIMCh pacxoxaeHus, Be-
Hepy cMmecTwid eni€ Ha 270 KM, yBeITUYHB €€ reJuoneHTpudeckyro goarory euié Ha 0,52 [244] u no-
CTPOMB YHCJIICHHYIO TEOPHIO IBUKEHHUS TJIAHETHI, COOTBETCTBYIONIYIO IaHHBIM panapoB [242]. Tem He
MEHee, CHCTEMATHICCKHE PAcXOKIeHHS ~10° KM (COOTBETCTBYIOIIME OLIMOKE HEGECHBIX KOODIMHAT
Benepsr ~1") pagapubix gannbeix ¢ Tabnumnamu Herokoma-/lankomba U ¢ BU3yaabHBIMU JaHHBIMH CO-
XPaHSJIUCh HA MPOTSHKCHUM JecATWIeTHd [242-246] u no cux mop He o0bscHeHbL. Coriacue 3TuxX
JIBYX THIIOB IaHHBIX, KAK OTMEYEHO,— JIUIIb yAOBJIETBOPUTEILHOE [245].

TIpHHSTO CYNTATH, YTO 3HAYUTEIBHBIC OTKIOHCHHS (~10° KM) HMEIH MECTO JIMIIb B TIEPBBIX Ce-
aHCcaxX pPaguOJIOKAINK, KOTJa €€ TOYHOCTh ObUTa HU3KOH, a B XOJIe¢ YTOUHEHUsS €€ METOJOB OIIUOKU
CHM3WINCH Ha mopsakd. Ho dakruyeckn pacxoxxaenus deMepu U TaHHBIX PaJUOJIOKAIIMA COXPaHs-
JUCh BCE BpeMs, U dpeMepuIpl OCTENEHHO KOPPEKTUPOBAIIM MO AaHHBIM pajnapoB. He uckiroueHo,
yTO B nompaBkax Jlankomba [247, 248], dopmansHO cmecTuBiiero Benepy Bnepén no opoute Ha 300
KM B 3¢pemepunax 1960 r., OblIH yUTEeHBI pe3ynbTarhl paguonokanun Benepsr 1958 r. B CLLIA (JIabo-
paropust JlunkonbHa) [249] u 1959 1. B Aurnuu (xonpen benk) [237]. B aTux ceancax BrnepBbie ObI-
JIO OTKPBITO, YTO NpHU yJaleHuu BeHepwl €€ aucTaHUus MPEBBILIAET AUCTAHLUIO, PACCUUTAHHYIO IO
apemepunam. Tem campiM Tabnuibl JlankomOa, n3ganueie kak pa3 B 1958-1961 rr. [250], npousBenu
MEPBYIO UTEPAIUIO, KOPPEKIHIO dpeMepul, KOTopasi UCKYCCTBEHHO CHM3HWJIA PACXOXKACHUS MEXKIY
ademepruiaMu U paJapHbBIMU TaHHBIME 1961 r. B X0 Takux mociieJoBaTeIbHbIX UTepalluil pe3yabTa-
ThI KOKJIBIX MOCIEAYIOMINX PaJapHBIX 3aMEPOB BCE MEHBIIIE PACXOIUIUCH ¢ dpemepunamu [238, 251],
IpeTepreBaBIIMMH OJHY PEeIyKUHIo 3a Ipyroid. OAHaKo cucTeMaTHyeckasi omrOKa U3MEPEHHBIX MO-
JoxxeHuil BeHepol,— B BUAE pacXOXACHUS paJapHbIX U3MEPEHUH C BU3YaJbHBIMU YTIIOMEPHBIMH H3-
MEPEHUSMHU,— COXPAHAIACH HA MPOTHKCHUH JECATKOB JIeT Ha ypoBHE A ~ 1"~ 5:10° pax [245, 251],
XOTS aCTPOHOMUYECKUE MPUOOPHI (B T.4. OCHOBAHHbIE HA METO/aX MHTEPPEPOMETPUN), COBEPILIECHCT-
BOBaJIMCh. K HacTosIieMy BPEMEHM MX TOYHOCTh CYLIECTBEHHO BbIpocia, pocturays 0,01-0,001".
Tem He MeHee, CUCTEMATHUYECKHUE PACXOXKICHUS MEXKIY JaHHBIMH ONTUYECKUX aCTPOMETPUUYECKUX
U3MEPEHUI TMOJIOKECHHH TUTaHeT W d(deMepHuIaMu, MOCTPOSHHBIMU IO PaJIUOJIOKAIIMOHHBIM JTaHHBIM,
COXpaHSIOTCS 70 HAcToAIIero BpemeHu [252, 253]. Takum o6pa3om, cuctemaTuieckas ommoka A ~ 1"
B JUIMHHBIX psiiax HAOMIOACHUNA Ha MOPSAIOK MPEBBIIMIAET TOYHOCTh MPEKHUX aCTPOMETPUUECKUX Me-
TOJOB (M Ha TOPSAKU MPEBOCXOAUT COBPEMEHHYIO TOYHOCTh acTPOMHTEPHEPOMETPOB U paauoTeNe-
CKOIIOB), COOTBETCTBYSI Ha IUCTAaHIIMK BeHepbl CUCTEMAaTUYECKOMY CMELIEHUIO nopsiaka RoA ~ 750 km
Briepén o opoure. Jlaxxe crycTst JECATUIIETHE TTOCIE TIEPBLIX CEAaHCOB paauoioKaiuu, 22 utois 1972

r. npu Bxogae AMC «Benepa-8» B atmocdepy Benepsl 0b110 00HAPYKEHO 3HAUYUTEITBLHOE PACXOXK]IC-
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Hue (6onee 500 kM) MeXIy paJapHBIMH MOJIOKCHUSMH TUTAHETHI U 3()eMEepUIHBIMU, PaCCUNTAHHBIMU
Ha OCHOBE aCTPOHOMHUYECKHMX HAOIIOJCHUN W 3aKOHOB HeOecHOM MexaHuku [254, c. 67]. [loaTomy B
sdemMepubl CTAIM BHOCUTH pajapHble MONpaBKHU [242], TeM camMbIM BHOCS B HUX 3HAUYUTENIbHBIC
OLIMOKH.

Otu ommbku spko nposBuirchk B 2004, 2012 rr. npu HaOIIOACHUU TPOXOXKACHUs BeHneps! mo
nucky CoJlHIa: MOMEHTBI KOHTAKTa IUIaHETHI ¢ JucKoM COJIHIIa OTCTaBalId Ha BPEMs f OPSKAa MUHY-
ThI [255-257] ot ademepuanbix [258, 259], cogepxaimiux pagapHble «IONpaBKu» [242], cMeCTUBIIIHE
Benepy Bnepén no opbute Ha cOTHH KuiIoMeTpoB. [TockonbKy 3a 3T0 Bpems ¢ ~ 1 MUH yTIJIOBOE cMe-
nieHue Beneprl oTHocuTensHO 3eMiid o = (] — My)f, a JuHEHHOEe — 0R| = (0] — wy)tR; = 500 kM, TO
3ajiepKKa MOIJIa ObITh BbI3BaHA OLIMOOYHBIM «CMEIIEHUEM» IJIAHEThl BIEpE] 10 OpOUTE MO JTaHHBIM
paznapoB. TO MOKHO MPOBEPHUTH B X0J1€ 00JIee TOUHBIX U3MEPEHUI nmonoxeHuit Benepsl, ¢ ucnomnb3o-
BaHMEM COBPEMEHHBIX TEJIECKOINOB M PaIUOTENIECKONOB co cBepXuinHHON 0a3oit (PCIB), mockonbky
paavousnyyeHue ropsyeil nosepxHoctu Benepsl otuérnuBo peructpupyercs [150]. Msmepenue no-
JIO’)KeHU BeHepsl pu 3TOM MOXHO MPOU3BOIUTH JTUOO 10 U3MEPEHUIO MOMEHTOB TOKPHITHs BeHnepoi
TOYEYHBIX PaJIMOU3ITyUalOMIUX OOBEKTOB C M3BECTHBIMU HEOECHBIMU KOOpAUHATAMH, JTUOO HEemocpe-
CTBEHHO, 110 PErHCTPALMU TEIUIOBOTO PaJMOM3IIydeHUs] BeHeprl,— 1Mo JaHHBIM paguouHTephepomMeT-
poB co cBepxummHHON 6a30i (PC/IB) nnu Tpuanrymsmueit Ha 0a3e mopsiaka quamerpa 3emiid, ¢ pas-
HECEHHBIX ceTeil paamnomHTepdepomeTpoB. TouHocTs m3mepenus yriaoB B PCIIB nmocturaer Af =
0,0001", uro Ha nucraniuu Benepsl r = 42-10° m (8 HudICHEM COeOuHeHuu) TIPUBOIUT K HEIOCTHKU-
MOH paHee MPEeLN3UOHHON TOYHOCTH U3MepeHus noyoxkeHnii Beneps! Ha opoute ABr = 20 m. D10 no-
3BOJIUT HAAEKHO M3MEPATh U KOHTPOJIMPOBATH IMOJIOKeHUE BeHepbl Ha opOuUTe W CpaBHUBATH €0 C
MOJIO’KEHUSIMU, PACCYMTAHHBIMU 110 PaJaPHBIM JIaHHBIM.

CpaBHUTENNbHBIE U3MEPEHUS MOJIOKEHUH U OpOUTAIBHBIX AJIEMEHTOB M0 JaHHBIM JaJIbHOMEp-
HBIX, JIOIUIEPOBCKUX M YIVIOMEPHBIX MU3MEPEHUN BO3MOXKHBI U JJI JPYTMX IUIAHET, B TOM YMCIE AJIs
Mepkypusa u Mapca. Ix opOUThI, pacCUUTaHHBIE 110 JAHHBIM PaJapoB, TOXKE COJIEPKAT CHCTEMaTHye-
ckue pacxoxaeHus (~ 400 kM) ¢ aHanuTH4eckoil Teopueir Hprokoma u ademepuaaMu, pacCUUTaHHBI-
MU TI0 aCTPOMETPUUYECKUM JaHHBIM [245, 260]. [Ins Mapca HeBS3KM pajapHbIX U dPEeMEPUIHBIX TaH-
HBIX, KaK 0Ka3ajoch [261], UMeroT TOT ke XapakTep, uTo u Ay Benepsl. Ecnu B Boipaxkenuu (2.10) u
(2.11) B xauecTBe R B3sTh panuyc opoutel Mapca (R = 228:10° M), a B KauecTBE M) — YIJIOBYIO CKO-
poctb Mapca (o = 1,1-107 pa/c), To OIy9HM CICAYIONIYIO 3aBHCHMOCT

Ar = 5130-sin(0,0087) kM, At = Ar/c = 0,017-s51n(0,008¢) c.
JleicTBUTENBHO, CHATAs 3aBUCUMOCTb HEBSI30K BPEMEH 3alE€p)KKHM AT HOCUT UMEHHO TAaKOM XapakTep

(Puc. 2.27), nuneitHo HapacTas OT HyJsI B 00€ CTOPOHBI OT MOMEHTA MPOTUBOCTOSIHUA [261].
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Puc. 2.27. HeBsizku 3(heMepuIHBIX U N3MEPEHHBIX BPEMEH 33/IepyKKHU ITPpU pajuosiokanun Mapca
[261, c. 257]. lnst cpaBHEHUS MPUBEACHBI PaCYETHHIC B paMKax 0aJUTMCTUYCCKON TEOPUU HEBSI3KU

B OTCYTCTBHE NEPEHU3ITyUCHUs (7yHKMUp) 1 TIPU Nepen3ITydYeHUH Ha JUTHHE [ ~ #/7 (IUTPUX-ITyHKTHP).

HeOGoubiioe 3ana3apiBaHie HYJEBOIO YpOBHS HEBA30K Ha 13 CyTOK OT MOMEHTa NMPOTUBOCTOS-
Hus (10 aseycma 1971 2.) 00bSICHIETCA AIUTUITUYHOCTHIO OpOUTHI Mapca. M3-3a 3Toro oTHOCUTENbHas
JTydeBast CKOpocTh Mapca obpaiiaercs B HyJIb HE TOUHO B MOMEHT NPOTUBOCTOSIHUSA, a ciycTs 13 cy-
TOK. COOTBETCTBEHHO, B ’TOT MOMEHT HEBS3KHU HyJieBble. KpoMe Toro, mpu OTAaeHuu OT 3€MJIM KOH-
LEHTpalKs MEXIUIAHETHOTO BOAOPOAA HAYMHAET YBEIMUYUBATHCSA, MOCKOJIBKY CHI)KAETCsl BEJIMYMHA
CBETOBOI'O JaBJICHMS, BBIAYBAIOLIEro raz u3 Ommxaimmx okpectHocTed ConHia. COOTBETCTBEHHO
yBenu4eHa 3((EeKTUBHOCTh NEPEU3TYUCHHUs, U3-32 YEro BEJIMYMHA HEBSA30K CHM)KEHA MPHUMEPHO B 7
pa3 Mo CPaBHEHHIO C TEOPETUYECKUMHU. DTO O3HAYaeT, 4YTO JJIMHA NEepeusslydeHus /~r/7. B nenom
CXOJIHBIH XapakTep 3aBUCHUMOCTH BEIMYMHBI HEBSI30K OT BpeMeHu A Benepsl 1 Mapca cBuaerenscrT-
ByeT 00 MX OJMHAKOBOM W He ciydaiiHoW mpupoze. Kak moka3aHo, 3TH OMIMOKM cHUCTEMAaTUYEeCKHE U
HanboJiee TOUHO OOBACHAIOTCS B paMKax 0aJITMCTUYECKO TEOPHUH.

AHaJOrM4HO NpU paauoiIoKauuu MepKypus, HapuMep, IpU TOYHOM U3MEPEHHM BPEMEHU 3a-
na3AbIBaHMsl PaJMOCUTHAJA B IpaBUTALMOHHOM Mojie CoJHIAa IpU OTpakKeHUH oT MepKypusi B BepX-
HEM COEAMHEHHUH, SKCIIEPUMEHTAIIbHbIE TOUKU CUCTEMATHYECKU CMEINAIUCh OT TEOPETUYECKOH KpH-
BOM. /lo coennHeHMs cCUTrHall perUCTpUpPOBAJICS YyTh paHblie pacyéTHoro no OTO BpeMmeHu 3amas/bl-
BaHUs, a MOCJIe COSAMHEHUs — 4yTh mo3ke [90]. B pamkax OalnucTHUYECKON TEOPUH ITO CIEACTBUE
TOT0, YTO /10 COEIMHEHUs y 3eMJu OpOHMTalbHAas CKOPOCTh MMejla KOMIIOHEHTY, HaIlpaBJIEHHYIO K
Mepkyputo, COOTBETCTBEHHO BpeMs 3ama3fblBaHMs CUTHAIA CHUXKAJIOCh, a MOCIE COCIUHEHUS — OT
Mepkypus, 0TUEr0 BpeMsl 3ama3/blBaHus yBeIn4nBaaock. Ilpu 3ToM BiausiHME cKOpocTH camoro Mep-
Kypusi Ha CKOPOCTb paJMOCHTHajla HHUBEIHPOBAIOCh 3(PPEKTOM NEpeu3TydeHus, BBUAY OIU30CTH

Mepkypus k ConHIly ¥ BBICOKOM KOHLIEHTpAlUHU I1a3Mbl B KopoHe CounHua.
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Puc. 2.28. Cucrematnyeckoe CHIDKCHHE 3aJEPKKH OTPAXEHHOTO MepKypHeM paIdoCHUTHAIA 0
BEPXHET0 COCIMHEHMS U YBEJIMYEHHE 3aJCPXKKH 10CIE COSANHEHUs (nyHKmup) MO CPABHEHUIO C

TEOPETUYECKON 3aBUCUMOCTBIO (criownas aunust) pu paauoiokanuu B 1967 1. [90].

C npyroii ctoponsl, anst Mapca u Mepkypusi, BBUIY X BBICOKHX OpOUTATBHBIX SKCLIEHTPUCUTE-
TOB, MOXHO OKHJATh €€ OONBINNX PACXOXKIACHUN U HEBS30K, 4eM sl BeHepsl. M3-3a mepeMeHHOM
CKOPOCTH JIBFDKEHUS TI0 OpOUTE pajlapHbIe OMUOKU HEJIb3s TIOJTHOCTHI0O CKOMITEHCHPOBAThH JOOABJICHH-
€M IOCTOSIHHOTO cMelleHus no opourte. Ho uncneHHas Teopusi IBUKEHHS IUIAHET, MOCTPOCHHAS 1O
JaHHBIM PalapoB, JYYIIe COTJACyeTcsl C MOCIeAYIOUIMMH paJapHbIMU U3MEPEHUSAMHU (COAEPKAIIMHU
TE K€ CUCTEMATHYECKHE OIUOKM), YeM C aHATUTHUECKO Teopueit Herokoma [262].

OmmOKy pajiMoIOKAIIMA MOTYT ChITPaTh POKOBYIO POJIb U TIPU pacu€Te OpOUT acTepOUJIOB, TIc-
pecekaronux opouTy 3eMiau U OJIM3KO MOAXOISIINX K TUIAHETe, OCOOCHHO B CBETE HE CIIPOTHO3UPO-
BaHHOTO najgeHus YensOunckoro (YebapKynbCKoro) Mmeteopura. [[iist CBoeBpeMEeHHOT0 MpeIoTBpalie-
HUS aCTEPOMIHOM OMACHOCTU TOYHOCTh PAAMOJIOKALUU CIEAYET BCECTOPOHHE MPOBEPSTH, COBEPILICH-

CTBOBAaTh €€ MCTOABI, ITOBBIIATHE JAJIbHOCTD U HYBCTBUTCIbHOCTE KOCMHUYCCKUX PaaapoOB.

§ 2.5. PadapHbie owubku AMC, GPS, NIOHACC u 6annucmu4eckue rnonpaeku

BrniepBbie 710HBIM «cABUM» BeHepbl Mo opOUTE OTMETHJI NMUOHEP KOCMHUYECKON HaBUTALUU
B.II. Cene3nés [263], corpynuuk C.I1. Koponésa u aBrop MmoHorpaduu «HaBuraimoHHble yCTPOUCT-
Ba» (M.: Ob6oponrus, 1961), cozaaBummii cucteMbl HaBUTALMU MEPBBIX KOCMHUUYECKUX Kopabieil. Ce-
Je3HEB MoKasaj, yTo 0e3 Teopuu Putiia «Ha OCHOBE HAy4HBIX CBEJCHUH O CBETE aCTPOHABUTALUS B
MpUHIUIIE HEBO3MOXKHa» [264, ¢. 308]. OH xe oTMeTHI poJib TeOpUU PuUTiia B HaBUTAIIMKU KOCMHYE-
CKHX 30HIOB, Psii aBapuii KOTOPHIX, B T.4. y ammapatoB «Doboc-I, -1I», BbI3BaH pamapHbIMU OIIHOKA-
mu [203, 263-265].

He ucknrodyeHo, 4ro aBapuu ApPyTrUX amnmnapaToB, OTIPABIEHHBIX B pa3Hble roJpl K Benepe u
Mapcy, BbI3BaHbI CUCTEMATHMUECKUMU OLIMOKaMM W3MEpEHMsI MOJIOKEHUM alnapaTroB U IUIAHET IO
JAHHBIM pajauojokanuu. PagapHble U3MEpEeHUs 3J1€MEHTOB OPOUT Jal0T MOBBIILECHHYIO TOYHOCTh IIPH
U3MEPEHUN AUCTAHLUHN, paguycoB (00bIINX MosTyoceil) opOuT miaHeT. IMEHHO 3TH XapaKTepUCTUKU
UTPAIOT OCHOBHYIO POJIb B pacuérax TPAaeKTOPHI amlmaparoB, T.K. OIIMOKM 3HAUCHHH a.e. ¥ pajinycoB

0p6I/IT IJIAHET BEJIM ObI K YKJIIOHCHHUIO alIapaTtoB OT LCJIW Ha PACCTOAHUA OO0 HECKOJIBKUX NJUAMCTPOB
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riaHeTsl Tuna Benepel, Mapca [242, 243]. MeHee KpUTUYHBIN TapaMeTp — MOJI0KEHHUE TUIAHET Ha Op-
oute (nctuHHAs aHomanus). HanbGosee TOUHO €ro u3MEpsIoT YIIIOMEPHBIMH METOJIaMHA aCTPOMETPHH.
B wactHocTH, TpaekTropus noiéra ABTomatnueckoi MexmunanetHoit Ctanuuu (AMC) no nepexoHon
opbute ["'oMaHa IpOXOIUT MO KacaTeabHOH K opouTe BeHeprl, 1 HETOUHOCTHU B OIIPEICIICHUH TOJI0XKe-
HUSI HA OpOUTE CKaXKyTCs JIMIIb Ha MOMEHTE JOCTIIKCHHS anmapaToM IUIAHEThI, a JUCTAHIHS Ipe-
NENBbHOTO COMMKEeHUs MOYTH He u3MeHuTcs. U3 coobpaxkeHuil yao0CcTBa CBSI3U U SKOHOMHUU BPEMEHHU
nepenéT Npou3BOAAT MO OoJee KOPOTKOW MEepexoqHOM opOuTe, nepecekaromieit opouts 3emnu u Be-
Hepsl o yriaoM [254]. CoOTBETCTBEHHO, OIIMOKK B M3MEPEHHOM pajapaMu IOJIoKeHH Benepsl u
AMC Ha opbute ~ 1000 kM Benm 061 k ipoMaxam: AMC moria Obl IPONTH MHMO TUIAHETHI, HE T10-
MacTh B PAaCUETHYIO TOUKY MOBEPXHOCTH, WK TpaekTopuss AMC He momnasia Obl B JOIMYCTUMBIN Tuara-
30H YIJIOB BXxoja B aTMocdepy miuaHeTsl. Ho, ecnu paanonokatop OAHOBPEMEHHO M3MEpseT TUCTaH-
i Benepst 1 AMC, kak B ciyuae anmnapata «Benepa-8» [254], To cucremaTuyeckue ommOKH B Be-
JMYMHE X PAaCCTOSIHUM JOKHBI KOMIIEHCUPOBAThH APYT ApYyra Npy BHIYUTAHUM U BBIYUCIEHUU OTHO-
CUTEJIBLHOTO paccTostHUSA Mexay Benepoit 1 AMC. A Ha OMM3KHX TUCTAHIUAX PATUOIOKAIINAS TTOBEPX-
HOCcTH Benepbl mpousBogutcss HenocpeACTBEHHO ¢ AMC, 4TO CyHIECTBEHHO CHUYKAET BEJIMYUHY
omnOku. Tem He MeHee, U B 3TOM Cllyyae OIMIMOKM B U3MEPEHUH TOJ0KEHHUS anmapaTa U IIaHeThl MO-
IyT OIPUBOJUTH K aBapusaM U npomaxam, kak nokaszan B.I1. Cene3nés [203, 265] u B.A. XKmyzas [206].
JeiictButensHo, nctuHHas Tpaekropus nonéra AMC «Benepa» Bo3jie MIaHEThl OTKJIOHSIACH Ha
COTHH KM OT pacu€tHoil [254]. Ho xoppekumst opOUTHl Ha KOHEYHOM Yy4acTKe Tpaekropum [254], a
Takke Oonbmoil nuamerp miaaHetsl ~12000 kM (MPEeBBILIAIOUINI OMMOKKM) MPAKTHYECKH HCKIIIOYa
npoxoxaeane AMC mumo nienu. CunbHee cka3bpiBaroTcs omunoku 1 AMC, HanpaBiaeHHBIX K Mapcy,
JUIsL KOTOPOTO M3-3a OOJIBLIETO PACCTOSHUS U BBICOKOTO AKCLIEHTPUCUTETA OIINOKN U3MEPEHUN BBILIE,
a JuaMeTp IUIaHeThl B 2 pa3a MeHbIe, cocTaBisiss 6800 KM, YTO CONMOCTABUMO C BEIMYMHOW OIIMOKH
(~2000 kM) u MoxeT BecTH K aBapusiM y MapcuaHckux AMC. Emé Beime pons omubok s AMC,
HaINpaBJICHHBIX K CITyTHUKaM IIJIaHET, UMEIOLINM elé MeHbIne pa3mepsl. Tak, pazmep Poboca (cmyT-
HUKa Mapca) — Bcero 20 kM. COOTBETCTBEHHO, OIMOKa B M3MepeHnHu koopanHartax Podoca m AMC
~1000 kM Bena ObI K MPOJIETY arnmapaTa MUMO IEJTH WM K CTOJIKHOBEHHUIO C €r0 MTOBEPXHOCTHIO, BME-
cTo MArKo# mocaaku. Kak monararot, ¢ 3tum u cBsizanbl aBapun AMC «®Doboc-I» u «Doboc-11» [265].
HeiictButensHo, aBapuu 3TUX AMC ObUTH CBSI3aHBI C NIOMEXaMU PAJUOCBA3M U HABUTALMOHHBIMU
ommOkamu [266]. [Ipoeputs Tumnote3y Cene3HEBa MOKHO, COMTOCTABHB JTAHHBIC TPACKTOPHBIX H3ME-
pennit AMC «®o00c», MOTyUYeHHBIX METOIAMH PaUOJIOKAIINN U paarnonHTephepomeTpun [267]. s
YTOUHEHHSI COBPEMEHHBIX TPACKTOPHBIX 3aMEPOB M MPOBEPKU MOCTOSTHCTBA CKOPOCTH CBETA MOKET
CIIy)KUTb COIIOCTABJICHUE JAHHBIX 5-TM METOAOB: pAAUOJIOKAlMM, W3MEPEHUs KOOpAUHAT IO
CUHMCJICHHIO TTyTH (10 poruiep-caBury curnana AMC), nazepnoit nokauuu, PC/Ib-u3mepenuil yrioBsix

koopauHat, PC/Ib-u3amMepenuii [uctaniiiii METOI0M TPUAHTYJISIUU [268]. OTMETHUM, YTO B HACTOSIIIIEE
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Bpems PCJIb (VLBI) usmepenus B komOunanuu ¢ GPS-u3MepeHusMu MOJI0KEHU HaBUTAITMOHHBIX
CITyTHUKOB YK€ IMUPOKO MPUMEHSIOTCS, BBISBIIAS cucTeMaTrnieckue omuoku GPS-u3mepennii [269].

Hanee paccmorpum 3¢ dext «IIunonepos» [Al5, 270] — anomanuro, BeisiBIeHHYI0 JlabopaTtopueii
PeaktuBnoro JIsuxenus (JPL NASA). Cxkopoctu AMC «IIuonep-10», «Iluonep-11», nusmepennsie
panapamu (mo moruiep-caBury 4actotel curHasia or AMC), otnudanuch ot pacu€tHeix [271]. U3me-
penHoe yckopenue «lInonepoB» B mone tarorenus CoJyiHIIa Macchl M TPEBBICWIO pacu€THOE a'=
GM/r* na Aa,= (8,74 + 1,33)-10"° m/c? (na pacctosiuu » Ypana [270]). Ecnu «ITuonepsi», ynanssacek
0T 3eMJIM CO CKOpPOCThIO V'~ 10 KM/c, U3ITy4anu CUTHAI CO CKOPOCTBIO ¢ — V, HapammBasi 3aJIepKKY T,
TO, MPUHIB CKOPOCTh CUTHANA = ¢, U3MEPSIM cKopocTu U yckopeHust AMC Ha paccTosiHUM 7' = cT =
r+ rVlc, a He Ha HCTHHHOM 7 = (¢ — V)1, e yekoperue a = GM/r* Bbiute pacuéraoro a’ = GM/r” Ha

Aa.=a—a'=2aVle=2VGMlcr. (2.14)

Ha nucranuuu Ypana r = 3- 102 M npu V' = 10 KM/C 3TO COCTaBUT PACUETHYIO BEIMYNHY OMUOKU Aa, ~
9,9-10"° m/c?, Gimskyro K m3MepeHHoi omubke Ad,~ 9-107'" m/c? [270]. Cxo/HbBIC AHOMAIINH BBISB-
nensl y AMC «Ymucey [272] u «Kaccunamny, y kotoporo Ha paccrosiuuu CarypHa (r = 1,5:10" M) HU3-
MepeHHbII H30BITOK yckoperus Aa,~ 3-10~° m/c” [273] 6au30k k pacuéTHOMY Ad, = 2VGM/cr’ = 4-10°
? M/c%. A M3MepeHHOe OTKIOHEHHEe anmnapatoB «IIHOHEpP» OT PAaCUETHBIX MONOKEHHMIT Ha PACCTOSHHUN
[InyTona (r= 7,4-10" M) cocTaBmwio Ar,= 3,8:107 M, 4ro MO MOPSAJKY BEJIMYUHBI COTJIACyeTcs C pac-
YETHBIM 110 GAILTHCTHYCCKOMY TIPHHIIAITY OTKIOHeHHeM Are=r'—r = rVlc =2,510" m.

Cunranoch, 4To BenuuuHa yckopeHus Aa, «[InoHepoB» MpakTUYECKHW HE MEHAJAch Ha MpPOTS-
xeHuu Beero nonéra AMC, a cornacHo (2.14) Aa. 10mkHO yObIBaTh NPONOPLHUOHATIBHO . Ho (baktu-
yecku yTouHEHHbIN ananu3 C. Typsiesa [274] nmoka3zain, 4ro BeauuuHa Aag, yObIBaeT C pacCTOSIHUEM
(Puc. 2.29). bonee mennennoe yoriBanue Aa,, ueM Aa, u3 popmyisl (2.14), o0yCOBIEHO TEM, YTO HA
paccTosHUAX 7 ~ | a.e. B aHOMaJIbHOE YCKOPEHUE BHOCUT BKJIAJ| JaBJICHHE CBETA U COJIHEYHOTO BETpa
Ha AMC, co3paromiee yckopeHue, HampasieHHoe oT CojHIa U Mcuesarole Manoe 3a opourtoit FOmu-
tepa (r> 5 a.e.) [271]. Taxxe Ha paccTosHMAX » MeHblIe qucTtanuuu FOnuTepa (r < 5 a.e.) cka3biBaeT-
cs 9pdexT nmepensmydeHns MEXKITIAHETHON CPeIoi, KOTOpasi HUBEJMPYET OTKIIOHEHUSI CKOPOCTH CBETa
U CHIDKAeT aHoMajbHOe yckopeHue. [1oaToMy mpu MainbiX » aHOMaJbHOE YCKOPEHHUE HIKE, YeM Clie-
nyet u3 (2.14), u yem Aa, = 9-107'° m/c?. Ecam paauonepenaya BeAETCS Ha MEHBIINX YacToTax, (-
ekt nepeusnydenus Mai. B wactHocTH, s «[InoHepoBy mepemaya Benach Ha JJIWHE BOJHBI 13 cM
(S-band), a y «Kaccunm» — ma pimuHe BosHbI 15 cM (L-band). CootBercTBenHO, st «Kaccuam» moka-
3aTesb MPEeJIOMIICHUS 1 MEX3BE3IHOM cpenbl U 3pdeKT nepensnyueHus Hike, yeM ans «[luoneposy.
[Tosromy y «Kaccunu» Ha nuctaniuu CatypHa HaOdIOAanack MOYTH MOJTHASI BEIUYUHA aHOMATBHOTO
yekopenns Aa,~ 3-107° m/c?, uTo s Ha 25% HIDKE MPEICKA3aHHOTO OaIHCTHYECKOi Teopueil

(2.14).
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Puc. 2.29. Cxema paguonoxarmu AMC «IIuonep».

OcHoBHas TunoTe3a, OObACHUBINAS aHOMAJIbHOE yCKopeHHue «IInoHepoB» paauallMOHHBIMU CH-
JaMU OT HEPABHOMEPHOT'O HarpeBa KOpIryca M30TOMHBIM UCTOUYHUKOM [274], BEI3BIBAET COMHEHHSI, TI0-
CKOJIbKY aHOMaJIbHOE YCKOPEHHE XapaKTepHOU BEIMYMHBI M HAIpaBJICHUs] OOHAPY>KEHO Yy psaa Ipyrux
AMC, ¢ pa3HBIMH UCTOYHHUKAMH MUTaHUs, rabapuTaMu U CTPOCHHEM KOpITycoB. B 3Tux ciydasx ma-
JIOBEPOSITHO IOSIBJIEHUE CHJI OJHOTO MOPSAAKA BEIWYMHBI, HanpaBieHHbIX cTporo K Comnniyy. Cam Kop-
nyc «[InoHepoB» AJi1 TEPMOU3OJISALUYU MOKPBIT OTPAXKAIOUIEH MIEHKON C 30JI0ThIM HalbUIEHUEM, ILIO-
X0 u3mydarmum Terio. [loatomy mi€Hka Ha CTOpoHe amnmapara, oopaménnoi ot ConHIa, MOXKET U3-
Jy4yaTh TEIJIO HE UHTCHCHUBHEH, a cnabee, ueM anTeHHa (oOpaménnas k ComHIly u 3emIe), Tae paaua-
IIMOHHas cuia obparHas. T.e. y paAMallmOHHBIX CUJI HE TOJIBKO BEJTMUMHA HUXKe pacuéTHOM [274], HO u
HalpaBJieHUE, BO3MOKHO, oOpaTHoe. Corjacue BeIUYUHbI paJUAllMOHHOTO YCKOPEHHS C U3MEPEHHBIM
00yCI0BJIEHO BEIOOPOM KO3 (DUIIMEHTOB, CBSI3BIBAIOIINX TEMIIEPATYPhI M paaualliOHHbIC CUITBI [274].

ManocTe pagualMoOHHBIX CHJI CJIEIyeT TakKe U3 TOro, YTO HEepaBHOMEPHBIH HArpeB Kopiyca
«ITuonepoBy» (cm. Puc. 2.30, roe BUAHO cMeleHre 00JacTi MaKCHMMalbHOTO HarpeBa Ha £~ 1 M ot
OCH ammapara), CO3JaB PaIHalUoOHHYI0 ciiy F u yckoperue Aa, = F/m ~ 107 m/c?, co3man 6bI Mo-
MeHT cuiibl M = Fh, KOTOpBIX 3a ABAAIIATHICTHUN CPOK ¢ HEYNPABIIEMOT0 MOJETa OTKIOHWI OBl OCH
«IIroHepoB» U OCTPOHAMPABIEHHBIX MAPA0OIMUYECKUX AaHTEHH HA YTOJl o, UCKIIOYMB OOMEH CUTHaia-
mu ¢ 3emnéil. Y «IIlnoHepoB» He IEHCTBYIOT PeaKTUBHBIC CUCTEMbI cTabuiM3anuu HampasieHus. Ha-
IpaBJICHUE OCU anmnapaTa CTa0WIM3HPYETCS TOJIbKO BpallleHUEM C YIJIOBOM CKOPOCTBIO ® =
4,8 06/MuH ~ 0,5 pag/c 1 MOMEHTOM UMITyIIbca 1o ~ md ®/8 ~ mh*® BIOIB OCH ammapara, y KOTOPOro
MOMEHT MHEPIUHU / MOKHO OLICHUTh KaK MOMEHT MHEpLUHU Iucka nuamerpoM d = 2,7 m. [loatomy mo-
CTOSIHHBII MOMEHT M TMONepeyuHbIid K OCH 3a BpeMs ¢ cOOOIIM OBl armapaTy MornepeyHblii MOMEHT M-
nynbca Mt u pa3BepHya Obl ero Ha yroi o = arctg(Mt/Iw) ~ arctg(Aayt/®wh) ~ 50°, TOTHOCTHIO JIUIIUB
cBs3u. [Ipu paboueit wactore 2292 Ml (A = 0,13 M) u nuamerpe aHTEHHBI d = 2,7 M TJIaBHBIN Jieme-
CTOK e€ JuarpamMmbl HaIllpaBJICHHOCTH HaMHOTO Oonee y30K: ¢, =~ A/d = 0,048 pax ~ 3°. Ecnu ucxomaHo
aHTeHHa Oblja HampaBjeHa K 3emie, TO MPHU pa3BOpOTe ammaparoB Ha yroin arctg(Aato/wh) ~ @./2
CBsI3b Mpomnasia Obl M0 UCTEUECHUU BPEeMEHH f) ~ whtg(¢p./2)/Aa, = 0,4 Toga ux cBOOOAHOTO MONETA,—
3aJ10JIr0 J10 nepecedeHus: opouTsl Ypana. ToT (akr, 4To CBA3b COXpaHAIACh AECATUIECTUSIMMU, 10 Mepe-
ceueHus opoutsl [InyToHa u nanee, CBUAETENLCTBYET O COXpaHEHUH HampaiieHus: oceit «I[Iuonepon»

B IIPOCTPAHCTBC U OTCYTCTBUU 3aMCTHBIX paIUAlIMOHHBIX WU UHBIX HCy‘lTéHHHX CHII.
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dakTUuecKH, BO3MYIaomui MoMeHT M BEN ObI k emi€ 0osee ObICTPOMY YBOIY OCH @aHTEHHBI OT
HanpasyieHus: Ha 3emito. [lockonbky HampaBienue M 3a c4€T BpallleHUs! TOCTOSSHHO MEHSIETCSI, TO OH
HE MEHSET HalpaBJIeHHE MOMEHTA MMITyJIbCca amrapaTa B IPOCTPAHCTBE, HO MPUBOJIUT K OTKIOHEHUIO
OCH arrmapaTa OT OCH BpallleHus. B utore och amnmapara OnuchIBaeT PaCHIMPSIONLYIOCS CIIUPAlb, KaK B
s dexre [HxaHnOekoBa, rae BO3MYUIAIONINI MOMEHT IUIABHO YBOAMT TJIABHYIO OCh T€Jla OT OCH Bpa-
mieHus. Yuér a¢dexra xannOekoBa, T.e. MOSIBICHUS 100aBOYHOTO MOMEHTA IIPH OTKJIOHCHUH TJIaB-

Hout oc AMC ot ocu BpalllCHUA BEIET K YCKOPCHHOMY OTKJIOHCHHIO OCH allllapaTta OT UCXOJHOIO.

Puc. 2.30. AcuMMeTpUYHOE pacIpeielieHIe TeMITepaTyphl (KpaCHBIM OTMEUCHBI 00JIACTH MaKCUMAITbHO-
ro Harpea) no kopnycy AMC «ITuonep» [274], co3naBast paqualliOHHYIO CHITy F' ¥ aHOMaIbHOE yYCKO-

penne Aa,, mpuBeso OFI K MOSBICHUIO MOMeHTa M, oTKIOHsoImEero anTeHHy AMC B CTOpoHY OT 3eMiTH.

Taxxe otkpeita Flyby-anomamus [270, 272], T.e. HEBSI3KM pacuETHBIX U U3MEPEHHBIX pagapoM
ckopocteit y AMC, mposerarommx MUMO IUIaHeT 1o runepOonauueckoi Tpaekropun. Y AMC «l'anu-
aeo», «NEAR», «Pozerra» nocne nponéra MuUMO 3eMJIM BBISBIEH MPUPOCT CKOPOCTU HA BEIUUYUHY
NOpsI/IKa HECKOJBKUX MM/C, BONIPEKH 3aKOHY COXPAaHEHHUs SHEprud. BeposiTHas mpuunHa OMMUOOK —

IpUMEHEHHE I U3MEPEHHUH CKOPOCTH U anmnapaToB PEISTUBUCTCKON (hopMyJibl goruiep-3¢dexra

[ 2,2
o pMzvTe (2.15)

ltv/c
COTJIACHO KOTOPOIl pH COIMKEHUH YacToTa f IoBbILIeHa 10 fi ~ f{l + v/e + U/2¢?), a npu yaneHuu —
cHIDKeHa 10 /5~ {1 — vlc + 17/2¢%). B kinaccudeckoil GpuspKe U B GaIUIHCTHUYECKOI TEOPHH CBETa
fH=A1+Vic)uf,=A1-Vc), (2.16)

npuU4EéM B KOCMOCE M3MEPEHBI MMEHHO TaKW€ CHMMETPHYHBIE CMEIIEHUS YacTOThl: f1— f = f— fo. To
€CTh, €CITM MCXOJUTh U3 KIACCHYECKHX (hOpMYI, CKOPOCTh V ammapatoB coxpansercs. OgHako, MpH-
paBuuBas mo CTO u3mepeHHbie 4acToThI (2.16) k penstuBucTcKuM (2.15), HAXOAAT TP CONMMKEHUU
v V=12 a Mpy OTHAJEHUu V= V + V2/2¢, OTCIOIa — JIOXKHBI BBIBOX O MPUPOCTE CKOPOCTH Ha
Av= Ve IIpu cxopoctu V ~ 10° m/c 910 KaK pa3 cozaact WiIo3uio npupocta ¥ Ha Av ~ 1-10 mm/c.

AHAJOTUYHO y CITyTHUKOB JIyHBI, 3eMJIM ¥ IUIAHET aHOMAJIMH JIBWXKEHHUS MOTYT OBITH CBSI3aHBI
HE TOJIbKO C aHOMAJIMSIMU TPaBUTALIMOHHOTO MOJS (MACKOHAMU), HO U C CUCTEMAaTUYECKUMHU OIIHOKa-

MU paJMOJIOKAIlMK OT HeyuéTa Bapualuid CKopocTu cBeTa u npuMeHeHus popmyn CTO. 1o 00bsICHA-
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€T NOBBILIEHHYIO TOYHOCTh U3MEPEHUS IPABUTALMOHHBIX aHOMAJIUI C IPUMEHEHUEM JIBYX CIIyTHUKOB
(manpumep, «60» u «dnoy» B muccun «Grail» NASA). /IBurasce mo oOmieil opOuTe OauH 3a ApPYy-
UM, OHH BBISBIIAIOT MOCPEACTBOM PaJMOJIOKAIIMU U 3aMepa JIOIUIEPOBCKUX CIBUIOB Bapuallid OTHO-
CUTEJIBHON CKOPOCTH U JTUCTAHIMM MEXIY CIIyTHHKaMH, IPU BXOJE B 30HbI aHOMaIUN. Tak e AMoH-
ckuii 3081 «Karysy, neramumii mo HU3Koil opOute Bokpyr JIyHbl, BBISBISET IpaBUTALIIOHHBIE aHOMa-
JUM MyTEM PaJIMOJIOKAIIUU CO CITyTHHUKa-peTpaHcisTopa «OKHHay», JIETANIero no 0ojee BBICOKOHM op-
oute. C 0THOM CTOPOHBI, 3TO MO3BOJSET MOIACPKUBATH CBA3b C 3eMIIEN U MPOBOJUTH U3MEPEHUS, KO-
I71a OJUH U3 CIIYTHUKOB BXOJUT B 001acTh paaroTeHu JIyHbl, a ¢ Ipyroi,— NpOBOAUTH OTHOCUTEIIbHBIC
u3MepeHus ¢ 6oyee BBICOKOH TOYHOCTBIO, UM TPH M3MEPEHHU aOCOIIOTHBIX PACCTOSIHUI CITyTHUKOB
10 3eMiTi. DTO CBSI3aHO C YMEHBIIICHUEM OIMOOK MPY CHIDKCHHUH 7 M TIEPEMEHHOM 3aJIepKKON pasro-
curHana B uoHocgepe 3emiu. A TakKe ¢ MaJOCTbI0 OTHOCUTENIbHON CKOPOCTU CITyTHUKOB, OCOOCHHO
JETALIMX APYT 3a JPYTOM IO OJHOM opOHTe (10 CPAaBHEHHIO CO CKOPOCTHIO OTHOCHTEIBHO 3emin). T.e.
OHA [MOYTH HE MEHSIET CKOPOCTh CUTHaJa, U IOTOMY MaJjia MOTPEIIHOCTh U3MEPEHUS PACCTOSHUM.
Omn6ku BeIABIAIOT Takke ceTH cmyTHUKoB GPS u ['JIOHACC [A33], mo u3BeCTHBIM KOOPAH-
HaTaM KOTOPBIX M PACCTOSIHUAM 7 = €T JO TPEX-YETHIPEX CIIyTHUKOB, U3MEPEHHBIM 10 3a/I€PKKE T U3-

Jy4EHHOTO MU CUTHAJIa, OIPEENIAIOTCS KOOPAMHATHI IPUEMHUKA HAa TOBEPXHOCTU 3€MJIU.

Puc. 2.31. Cxema ABMXEHHS U PaJUOJIOKAIIMN HABUTAIIMOHHBIX CIIyTHUKOB 3E€MIIH.

[Tonaratot, uro GPS u I'JTIOHACC noarepxaatoT GopMyidy » = €T U IOCTOSIHCTBO CKOPOCTH €
CUTHAJIOB OT CIyTHUKOB [275]. IIpoBepum 310. CIyTHUKH BBIBOJST Ha OpOUTHI pamuyca R ~ 26000
kM. CKOpOCTh CIIyTHHKOB V' = 4 KM/C CHM)KaeT CKOPOCTh UX PaJMOCUTHAJIOB 10 ¢' = c— V,, tne V, —
JydeBas CKOPOCTh CIyTHUKA i npuémMHuka O. Omubka paccrosiaus A = rV,/c, tne V,= 0 pst cnyT-
HUKa B 3€HUTE Z U PacTET MPU CHUIKEHUH BBICOTHI /I CIyTHHUKA HAJl TOPU3OHTOM: V.= V-sino-cosh, rne
sina = Rg/R = 0,25, Rg= 6400 kM — paauyc 3emnu (Puc. 2.31). Torna MmakcumanbHasi OmmOKa TUCTaH-
uu A = rV,/c = 67 M y ciiyTHHKa Bo3Jie ropuzonTa H. [1ockoabKy 0OBIMHO MPUEMHUK PETUCTPHPYET
CUTHAJIBI OT CITYTHUKOB ¢ /1 > 10° — 15°, 1 ero TOpU30HT pacnoiaraercs moj yriaom 6 > 0° K mIockocTu

OpOUTHI CIIyTHUKA, TO V.= V-sina-cosh-cosf, uro, ¢ yuérom cosh < 1, cosd < 1, naér cpeiHIO0 OLINOKY

Azisina~cosh-cose~20M. (2.17)
c

OT10 — ommOKa U3MEpEeHHs] PaCCTOSHUSA 10 OJHOTO CITyTHHKA, a pacuéT KOOpPAWHAT BEAYT MO 6—

10 cnytHukam. Kaxplil 1aét olmOKU pa3HbIX 3HAKOB U BEJUYHH, CIIy4ailHO CyMMUpPYEMbIE B Pa3HBIX

137



HaNpaBJICHUSAX, U UX B3aUMHasi KOMIIEHCALUs PU yCPEIHEHUH el cHukaeT omuOky. Ha aTom ocHo-
BaHAa TEXHUKA TOYHOTO U3MEPEHHs] KOOPAWHAT HEMOABHKHOTO MPUEMHHKA IIPU JUTUTEIBHOM MOHUTO-
pPHUHIE U YCPEAHEHUH MO OOJIBIIOMY MAacCHUBY JaHHBIX OT Pa3HBIX TPYII CIYTHUKOB U3 Pa3HbIX TOUEK
OpOUTHI M C Pa3HBIMH BKJIaJlaMU CKOPOCTHU CITyTHUKOB B BeNMUMHY cMmemieHust A. B xone ycpeanenus
omnOKa M3MEpEeHUs] KOOpAUHAT MPUEMHUKA CHUKAETCS 10 HECKOJIBKUX CM. A — 3TO o0mias omuodka
3aMepOoB [0 BBICOTE U 110 FOPU30HTAIIM, & OIIMOKA U3MEPEHUS IPOCKIUH NPUEMHHUKA HA TIOBEPXHOCTh
3eMHoro mapa B 1,5-2 pasa Huwxke. B urore, BHocuMas Bapualyeid CKOPOCTH CBETa IMONPaBKa K TOpH-
30HTAJILHBIM KOOPJUHATAM MPUEMHUKA — MOPSAAKA 5 M, UTO MOPSAIKA HAOIIOJaeMbIX OITHOOK.

Cornacuo ¢-ne (2.17), ommbku A oOpamaroTcst B HyJIb Ui CIIyTHHKOB B 3eHUTE Z (h = 90°) n
pacTyT NpU YMEHBIIEHUH UX BBICOT /1, JOCTHrasi MAaKCUMyMa, KOT/1a CITyTHUK BHJIEH BO3JI€ TOPU30HTA.
OOBIYHO ATO OOBACHSIOT YBEJIMYEHUEM IPONAEHHOTO PAaJHUOCUTHAIOM Ci0si atMocdeps! (B HMEpBYIO
ouepeb Tporochepsl) U HOHOC]EPHI, MEHSIOLIEH CKOPOCTh PATUOBOJIH M COOTBETCTBEHHO 3a/IEPKKY T
[276]. OnHako CpaBHEHME T, U3MEPEHHBIX Ha JABYX 4acTOTaX (U1 KOTOPBIX CKOPOCTH OT JUCIEPCUU B
HOHOC(epe OTIAMYAOTCS) MO3BOJIAET MOYTH MOTHOCTHIO UCKIIOUUTh MOTPEIIHOCTH, CBA3aHHBIE C ped-
pakuuel u qucnepcuedt nonocdepsl. IloaToMy nops 0K BETUUHUHBI OIIMOOK U UX 3aBUCUMOCTH OT BbI-
COTBI CIIyTHUKA CBHUJIETENILCTBYET B IOJIb3Y BIMSHHS CKOPOCTH CIIyTHMKA Ha CKOPOCTb MCITYIIEHHBIX
UM paJIMOCUTHAJIOB. J|eCTBUTENBHO, CBEPXTOUHYIO CIIyTHUKOBYIO HABUTALMIO (C TOUHOCTBIO U3MeEpe-
HUSI KOOPAMHAT 0 TOPH30HTAIM ~ 1-2 ¢cM) 00ecreunBaloT IMEHHO CIIYTHHKH, PACIIOIOKEHHBIE B 3€-
Hute [277]. Kpome Toro, posb ciosi atMmochepsl 1 HOHOC(HEPHI JIETKO Y4E€CTh, U3MEPSS HEBSA3KU IS
CIyTHUKOB, JBMXXYLIUXCA 10 opobutam noa yriom 0 # 0. B atom cnyuae, cornacho (2.17), ommudka 06-
paiaercs B HyJb, KOT/Ia CIyTHUK HAXOAUTCS B KyJbMUHAIMHK (2 = 90°), Tora Kak TOJIIMHA CIIOSI HO-
Hoc(heps! 1 aTMOC(EPHI IPH ATOM TPOJIOIKAET BHOCUTH CYIIECTBEHHYIO OIINOKY.

OmubKy CHUXKAIOT, IPUMEHSSI KOPPEKTUPYIOIIKE IPOLENYPBl, B TOM uuciie auddepeHnnanbHble
METO/bI C NPUBA3KONH K 0a30BbIM cTaHIMAM. CHcTeMaTHYecKre OMIMOKM B MU3MEPEHMU aOCOIIOTHBIX
paccTosiHUNA 7| OT CIyTHUKA O MOOMJIBHOTO MPUEMHUKA U 7, — JI0 PACHOJIOKEHHON psAaoM 0a30Boii
CTaHIMH (C M3BECTHBIMU KOOPAMHATAMU), UCUE3AIOT MPU U3MEPEHUH OTHOCUTEIBHOI'O PACCTOSHUS U
NOJIOKEHUS TPUEMHHUKA KaK pa3HOCTH (7] — 72), C y4ETOM BBICOTHI CITyTHUKA HaJl TOPU30HTOM. B wact-
HOCTH, Ha TeppuTopuM fAnonHun s cBepxtoyHod GPS-naBuranmm mianupyror pasmecturs 1200
6a30BbIX cTanuuii [277]. Ho B Tex Toukax 3emiu (B TOM uucie B okeaHe, Ha Teppuropun CLIA — s
I''IOHACC, u Ha Teppuropun Poccun — st GPS), re craniuy He MOTYT OBITh YCTAaHOBJICHBI, OIINO-
KU CIIyTHUKOBOI HaBUTAllMU CYIIECTBEHHO BbllIe. Eciy y4éT 6auIncTHUECKUX MONPaBOK CHUXKAET 3TH
OLIMOKH, TO BBICOKasi TOYHOCTh KOCMUYECKON HaBUTaLUHU OyJeT TOCTUrHyTa 0e3 craHuuil nuddepen-
[IUAJTbHON KOPPEKIINH, T.€. UCKIIOYUT SKOHOMUYECKHE 3aTPaThl HA UX MOCTPOUKY M 00CTyKHBAaHUE.

Kpome TOro, 0omHYy OmMOKY KOMIEHCHPYIOT APYTOW, KOPPEKTHPYS d(heMepuibl CITyTHHKOB,

«CIIBUTas» WX pacu€THBIC MOJIOKEHUS BIEpEN Mo opOoUTe HA COTHH MeTpoB (Kak B ciyuyae Benepsl, §
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2.4). Ecnu KoOpauHATHI U 3(eMEpPUIbI CITyTHUKA PACCYUTAHBI IO 3a/I€P’KKE T €r0 CUTHAJIOB, TIPUHH-
MaeMbIX 0a30BBIMU CTAHLIUAMH C U3BECTHBIMH KOOPJIMHATaAMH, TO U3 MOCTOSHHONW CKOPOCTH CHUTHasa
MOJIO’KEHUE CITyTHUKA OMpPENEsIT KaK CMEIIEHHOE OT PEallbHOTO, YeM TOUYHO KOMIIEHCUPYIOT OLIHOKY
U3MEPEHUS] PACCTOSIHUN 10 MOOMIIBHBIX MPUEMHUKOB. OUEBUIHO, IPU TAKUX YCIOBHUIX HET MPOTUBO-
peunit GPS ¢ CTO [275]. [TosToMy i KOHTPOJIS MOJOKEHUNW CIYTHUKOB HX CIEAYET HE3aBHCHUMO
U3MEPATh Pa3HBIMU METOJAMH: BU3YyaJIbHO (METOJ acTPOMETPUU C TEJIECKOIOB); JIa3epHOU JOKaluen
(Mo BpeMeHH MoyéTa OTPaKEHHOTO CIYTHUKOM JIy4a); paauoiokanuen (o BpeMeHaM JBIKEHUS pa-
JMOCUTHAIA OT Ha3eMHOM CTaHIMU K CIIyTHUKY WJIM OT CIyTHUKA K CTAHIMH), UJIM ITOCPEACTBOM pa-
TMOUHTEPPEPOMETPOB CO CBEPXUTMHHON 06a30ii [278], a Takke METOJOM TpuaHTyssuuu [268]. B ciy-
yae BJIUSAHUS CKOPOCTH UCTOYHHMKA HA CKOPOCTh CBETA, BCE ATH METO/bI IPUBEIYT K Pa3HbIM pe3yJibTa-
TaMm.

ITpu ananuze ganubix GPS u I'NIOHACC crienyet y4decTb nepeusinydeHHe paguoBOJIH B HOHO-
cdepe 3emmn. [Ipy THMUYHON KOHIIEHTPAIIMU MIEKTPOHOB B HOHOChEpe N; ~ 10° eM ™ 1 okoO3eMHOM
npoctpancTBe (Ha BeicoTe ~ 100 kM), u 1ipu paboueit JuyiHe BOHBI A ~ 1 ¢M (4acToTa paguoCUTHAIOB

f=c/h~30ITn), pacuéTHblil mOKa3aTeNb MpenomieHus nonocgepsl [53, c. 493] cocraBut

n=+1-80,6N;/ [ ~1-403N,/ f2. (2.18)

CoO0TBETCTBEHHO, JUIMHA MIEPEU3TyUeHHs B HOHOC(hEepe cOCTaBUT

j oM 356:10"
" 2mn—1| N\

~35kM, (2.19)

T.€. MAIYIO BEJIMYUHY, TI0O CPAaBHEHHIO C TIPOiETHOM nuctannueit » ~ 20000 km. Ho BeicoTa noHochepsl
~ 100 xm. Takum 006pazom, HECMOTpPS Ha JBUKEHHE Ha MOCIEAHUX y4acTKax MyTH B HOHOc(hepe ¢ Ho-
MHUHAJIBHON CKOPOCTBIO €/n, OCHOBHYIO YacTh IMYTH PaJMOCUTHAIIBI IPOXOJISU B KOCMHUECKOM BaKyy-
Me, ¥ BKJIaJl CKOPOCTHU CITyTHHUKA B CKOPOCTh U BPEMS 3a/IEPKKH €0 PaTUOCUTHAIIOB 3HAYNTEIICH.
KoHneHTpanys noHOB B MEXIUTAHETHOM ITPOCTPAHCTBE M TaK Ha3bIBaeMoM IiazMochepe 3emin

(mpocTuparoieiics 10 2-X paanycoB 3eMiIH) COCTaBIsAET N, ~ 10% em 2, OTKyJa

3,56-10"

, ~356000 ku.

p
T.e. nepensiyuenne Ha mytH r ~ 20000 kM << /, mpakTH4ecku oTCyTCTBYET. OTMETHM, YTO 3Ta OLICHKA
. o - _1 o
JUIMHBI IEPEU3ITyYeHNs] SKBUBAICHTHA NpUBeAEHHON B § 2.1 ouenke /, = (AaoN,) ', monydeHHoi bpa-
yepoM [31] Ha OCHOBE CBSI3U MOKAa3aTelNs MPEIOMIICHHS 7 MJIa3Mbl C IJIA3MEHHOM 4acTOTON ®,, BhIpa-
. . 2, 2 -15
KEHHOM yepe3 KIacCUYEeCKH paguyc 3JeKTpoHa ap= e /mc” = 2,82-107" m.
[TomuMo mepensnydeHHus B HOHOC(Epe M MEKIUIAHETHOM TPOCTPAHCTBE CIIEAYET yUecTh Iepe-
7 3
W3ITy4YeHHE B PaIMAlIMOHHBIX Mosicax 3emun (noscax Anvgheena), rne konuentpanus N, ~ 10" cm °, a

pasmep MOsICOB COMOCTaBUM ¢ paanycoM 3emnu (Puc. 2.32). JlnrHa nepen3ydeHuss B HUX COCTaBUT
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3,56-10'
g~ N ~4 kM
a

Takum oOpazom, npu TonmuHe 1nosicoB b ~ 1000 kM mepeusnydeHue B HUX YCIEET MpeoOpa3oBaTh
CKOPOCTh paJlMOCUTHaNa, U3HAYaJIbHO JIETEBIIETO CO CKOPOCTHIO ¢’ K HOMMHAJILHOM CKOPOCTH CBETA C,
U paJuOCUTHANI 3aMETHYIO YacTh MyTH (TIOPSAKA MOJOBHHBI AUCTAHIUU L MEXIy CIyTHHUKOM U TMPH-
E€MHUKOM) OyeT IBUTaThCS CO CKOPOCTHIO ¢. B uTore ommOKku CHU3STCS B pa3bl. PajguanuoHHbIe TOSI-
ca PacIoJIOKECHBI BO3JIC SKBATOPHAILHOM IJIOCKOCTH, a MOJISIPHBIC 00JIACTH MPAKTHYECKUA CBOOOIHBI OT
IKPAHHUPYIONIMX YacTUIl. T.e. MPUEMHUKOB B MPHUTIOISPHBIX OOJIACTAX PaJHOCUTHAT OyJeT JOCTUTATh
0e3 mepen3yueHus paJuallMOHHBIMU MOSCAMH — CO CKOPOCTBIO OTIWYHOM OT ¢ u mporHo3oB CTO.

CootBercTBeHHO, GPS-NpuéMHHUKHN B BBICOKMX IIUPOTax (B MPUIOJSAPHBIX 00NacTsaX), OyAyT AaBaTh

0oJiee BBICOKYIO OIIMOKY, 4YeM MPUEMHUKH B SKBATOPHAJTIBHBIX U yMepeHHbIX mupoTtax (Puc. 2.32).

HaBUrayuoHH ble@
CNYTHUKW -
TyTHAK

L

paAVaLMOHHbIe nosica

Puc. 2.32. Cxema paguaunoHHbIx nosicoB 3emun 1 GPS-paguonokanum.

JleiicTBUTENBHO, TaBHO OTMEYEHO, 4To ook GPS-HaBuramuy 3amMeTHO BBINIE B MPUIIOISP-
HBIX HIMPOTaX. DTO CIY>KUT apryMEHTOM B IOJIb3y BIUSHUS CKOPOCTH CIIyTHHKA Ha CKOPOCTh CHUTHA-
JIOB M B MOJB3y 3 (dekra mepensnydeHus: B paJuaioHHBIX Mosicax 3emiid. BimsiHue panuanoHHBIX
NosicoB 3eMJIM Ha CKOPOCTh CBETa U HA OUIMOKM KOCMHUYECKOM paJloJIOKalliy OT HeyuyéTa OaiucTH-
YECKOI'o NMPUHLHUIIA, OTMEYAJl TAK)KE€ KOHCTPYKTOp KocMuueckux paket M.M. dymnumes [227, c. 181].

JUis BU3yalIbHOTO aHaIM3a IMOJIOKEHUH Ha opOuTe YJOOHBI T'€OCTallMOHAPHbIE CITyTHUKU (TpU-
MEHSIEMbIE€ B KaU€CTBE BCIIOMOTaTENIbHBIX B HABUTAIIMOHHBIX cUcTeMax). X nmonokeHue Ha HeOOoCcBOIE
MOYTH HE MEHSETCS, YTO MO3BOJISIET TOUHO U3MEPATh UX KOOPAUHATHI METOAOM TpHaHryisuuud. Cpas-
HEHHUE ITUX TOJOKEHUHN C JAaHHBIMHU PAJapOB U JIa3epHOM JOKAIMH, U COMOCTaBJICHHE W3MEPEHHOU
TUCTAHIIMA C TEOPETHUYECKON BBICOTOW T'€OCTAIMOHAPHOW OpOUTHI (TOYHO OMpENeNsieMOol Mo OopOu-
TaJbHOMY NEPUOAY, PABHOMY CHJIEPUUYECKHUM CYTKaM), TO3BOJIUT BBISIBUTh MaJICHIIIME CJIEbl BIMSHUS
OpOUTATFHOM CKOPOCTH CITyTHHKA Ha CKOPOCTh cBeTa. 00 ommbkax B cucteme GPS u npotuBopeunsx
e€ TaHHBIX — TEOPUH OTHOCUTENILHOCTH He pa3 3asBisul U P. Xatu [279] — nuonep pa3paboTok cucte-
Mbl GPS, rnaBa komnanuu NavCom u MHcTtutyTa cucrem kocmuueckoit HaBuramuu (ION).

JI1sl OLIeHKU CTENEeHM BIUSHUS CKOPOCTH MCTOYHHMKA HA CKOPOCTh CBETA MOYKHO TAKXKE MpHUMe-
HUTh OOBIYHBIC CIYTHUKM U OpOWUTaJbHbIE CTAHIMM, C YCTAHOBJIEHHBIMM Ha HHX pPaJauo-

pEeTpaHCIATOPaMU M YTOJIKOBBIMM OoTpaxkatessiMu (§ 2.6). CpaBHeHUE pacCTOSIHUNA W MOJOXKEHUH am-
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apaTtoB, OJHOBPEMEHHO H3MEPEHHBIX Pa3HBIMU METO/aMH, NA€T MPOCTOM M HaAE&KHBIA KpUTEpUl
NPOBEPKHU OAIIIMCTUYECKONM TEOPHHM M IOCTOSHCTBA CKOPOCTH CBeTa. Takke MOXHO HCIOJIb30BaTh
BO3MOXHOCTH amnmnapaToB Tumna ciyTHuka «Konpop» («Kocmoc-2487»), monoxxeHue KOTOporo Ha op-
OuTe TOYHO KOHTPOJUPYETCS M KOTOPBIA C BHICOKOW TOYHOCTBIO M3MEPSET KOOPAMHATHI HAa3eMHBIX
00bekTOB. OTMETUM, YTO U NPHU «CTPENb0E» CO CIIyTHUKOB JIA3€PHBIM JIydOM I10 HAa3€MHBIM KOH-
TPOJIBHBIM MUILEHIM HMPUXOAUTCS YUUTBHIBATh OAIIMCTUYECKUI MPUHIMIL: 0€3 3TOro Jyd BCerjaa yxo-
JTUT HA HECKOJILKO METPOB BIiepén 3a cuét adexra abepparuu (To ecTh, J0OABICHHS BEKTOpa OpOu-
TaJbHON CKOPOCTH CITyTHHKA K BEKTOPY CKOPOCTH UCITYIIEHHOTO UM CBETOBOIO Jyua, § 1.3).

Takum 00pa3oM, SKCIEpHUMEHTAbHAsI MpOBEpKa OaTucTHYecKod Teopuu Purma B KocMoce
KpaiiHe aKTyasbHa, IIOCKOJIbKY paJapHble OUIMOKM OT HEYUYTEHHBIX BapHallMi CKOPOCTH CBETA MOTYT
CHIDKaThb TOYHOCTh KOCMMYECKHX MPOrpaMM U BECTH K aBapusM KOCMHYECKHX alMapaToB, a TaKKe
npocTeix cynoB U aromaiivH ¢ GPS u I'VIOHACC. OaHako NOCTOSIHCTBO CKOPOCTH CBETA B KOCMOCE
JI0 CHX MOpP OJIHO3HAYHO HE MPOBEPEHO C MPUMEHEHUEM CIIyTHUKOB, PAKET U paJapoB, XOTs BOMIPOC O
TaKOW MPOBEPKE HEOJHOKPATHO MogHuMaics. Tak, koraa B 1961 r. Ha kondepennun NASA B CIIA
3TOT BOMPOC OBLIT MOCTABIIEH, TaKyl0 MPOBEPKY BooOIIe counn u3nuinHei [280], XOTs B TOM ke roay
HETOYHOCTHU 3HAYCHHsI CKOPOCTHU CBETA JIau 0 cebe 3HaTh npu paauosnokanuu Benepst [91, 92, 241].

Awmepukanckuii  ¢uszuk b. Yomnec cBs3piBan 3amopakuBanue B CIIA  odunumanbHbIX
MCCJICIOBAaHUIN U TyOJMKaIMil 1o paauosiokanuu riaHeT B 1960-x rr. [245] — ¢ pa3BEpThIBaHHEM
MporpamMMbl  «3BE3THBIX BOWH» (OJHMM W3 MYyHKTOB KoTopod Obiia GPS), rae BimsHHE CKOPOCTH
HUCTOYHUKA Ha CKOpPOCTb CBETa OBUIO cTpaTernyecku BaxkHOU uH(popmarmeit [93, 149]. [TomobHoe
UMEJI0 MECTO BO BpeMsi «MaHX3TTEHCKOTrO MPOEKTay», Korja mpekpamienue myonukanuid B 1940 r. mo
peakuusM JIeJeHHUs B aMEPUKAHCKUX JKypHajaX CTal0 CUTHAJIOM O Hadalleé CEKPETHBIX paboT B 3TOM
001acTi, KOTOpBI COBETCKUE (U3MKU BEPHO MCTOJIKOBAJIM Ul Hadaja CBOEBPEMEHHBIX pa3pabOTOK
anepHoro mura Pomunbsl. Takum o0Opa3oMm, Mpenu3HOHHBIE MU3MEPEHHsI CKOPOCTH PaJMOCUTHAJIOB B

KOCMOCC UMCIOT, IOMUMO TCOPCTUUCCKOTO, U BAXKHOC MPUKIIAAHOC, U JaKC BOCHHOC 3HAUYCHUC.

§ 2.6. Hessi3ku n1azepHoU JIoKayuu u «kHepasHoMepHocmby» epaujeHusi JlyHbl u 3emnu
B kauecTtBe emé omHoro Tecra OamnucTU4YecKoil Teopuu cinykuT Jlazepuas Jlokanus JlyHbl
(JIJJT). 3nauenust nuctaHiuii, n3mepeHHbx metogom JIJIJI cymecTBeHHO 3aBUCAT OT MPHUHATOTO 3HA-
YEHUsI CKOPOCTHU cBeTa. B cimyuae mo0aBieHus CKOPOCTH JIA3€PHOTO0 MCTOYHHMKA K CKOPOCTH CBETa Me-
TOJI JIa3€PHOM JIOKAIIMH BBISIBUT 3aMETHBIC OIIMOKHU B 3aMepax PacCTOSHHM, IO CPAaBHEHUIO C TEOPETHU-
YEeCKHU JA0MyCTUMBIMU. M eto mo1oOHbIX SKcniepuMeHToB Bbiauran u M.U. ymnumes [227, ¢. 180].
[TpuHSTO CYUTATh, UTO JIa3EPHBIE panapsl (idapsl) HE BHISBISIOT PACXOXKICHUN MEXTy ddeme-
punamu u uaapHeIMu koopauHatamu Jlynsl [281]. Ho daktudecku npu na3zepHoit iokaruu JIyHs! 1

HMCKYCCTBEHHBIX CIYTHUKOB C YTOJKOBBIMHU OTpakaTEJIsIMHM BBISIBIICH psifi HEBSI30K [282]. ITpu ckopo-

141



CTH JIa3epHOT0 MCTOYHHUKA mopsaka V.~ 460 m/c (CKOPOCTh BpalmleHHsi Ha SKBATOpPE) CBET MPONAET
nyThb 7 ~ 3,84:10° M o JIyns! 6bicTpee Ha BpeMst At = r/c — rl/(c + V,) = rV,/c*~ 2:10°° ¢, 4to cootBeT-
ctByeT paszauile B 600 m, mpu uyBcTBUTEIbHOCTH Juaapa ~0,01+1 m [286]. C yu€Tom ckopocTH ¢ OT-
paxénnoro JlyHoi my4da, ommoka coctaBut Ar = 300 M. HeBsi3ku Takoro mopsijika MexIy acCTpOHOMH-
YECKHUMH U3MEPEHMSIMU U TaHHBIMU JIMJAPOB, NEUCTBUTENBHO BhIsIBIEHBI [133]. [Ipn cuHXpOHHOM HU3-
MEpeHHH AUcTaHnuu 3emisi-JIlyHa CTaHIMSMU U3 TPOTUBOIMOIOXKHBIX TOYEK 3eMJIH, KOT/Ia OJIHA JBH-
xetcs k Jlyne, a npyras ynansercs (Puc. 2.33.a), baymuctiuueckast TCOpUS TOATBEPIUTCS TPH BBISIB-
JIEHUM pa3Hullbl quctaniui Ar ~ 300 M. /I yMepeHHBIX UpoT pa3Hula emé menpine: Ar ~ 100 m.

, _
t YronKkoBkIi
4 l/ oTpaxarenb ‘, a

MHUMaR J'IyHa;\ '
F

Yep et
Y

Puc. 2.33. Cxema nazepHoii nokaiu JIyHsl. Heyurénnas Bapuaiisi CKOpOCTH CBETa

CO3IMa€T WILTFO3HIO CIIBHTA MM 1TOBOpOTa JIyHBI (@), 3eMim (6) U BapUaIiH CYTOK (6).

JlazepHyto JTOKAIMIO MOXKET TaKKe BECTH OJIHA CTaHIUs, U3Mepstolas paccrosnue 3emis-Jlyna
B TeUeHHE HOYM. Toraa HeBS3KU MEHSUIUCH OBl C TIEPHUOJIOM B CYTKH cO cKopocThio ~100 M/24 u = 4
M/, a IPeJeNIbHOE OTKJIOHEHHE OT UCTUHHOTO PACCTOSHUS COCTABMIIO ObI OKOJIO CTa METpOB. JleHcT-
BUTENBbHO, HeBsA3KU JaHHBIX JIJIJI 1 BU3yanbHBIX JaHHBIX (Ha OCHOBE KOTOPBIX pacCUUTaHbl deMepu-
nel JIyHBI) [OCTUTaNU COTHM METPOB M MEHSAIUCH Ha ~4 M B yac [283, c. 193]. Kak mokazan aHanus
nanHbIx JUIJI corpynnukom NASA /1. Jlxe3apu, Bappaliuyd CUCTEMAaTHYECKUX HEBSI30K ITPOTUBOpPEYAT
MIOCTOSTHCTBY CKOPOCTH CBETa, a YUET OAJUTMCTUUECKOTO MPUHIIMTIA CHUKAET ATH BapHallii M CUCTEMa-
trueckne omuoku [282]. B CTO pacxoxnenue nanusix JIJIJI u ademepua UCKIIOYAIOT JHIIb ITyTEM
Koppekuuu ddemepua JIyHbl Ha OCHOBE IaHHBIX Ja3epHOM Jokaruu. [1o cyTH, TOKaIMOHHBIE JaHHEIE,
KaK B cilydyae BeHepsbl, CpaBHUBAIOT JPYT C IPYTOM, a HE C JAHHBIMU HaOII01aTeIbHOW aCTPOHOMMHU.

[Tonarast cKOpoCTh CBeTa KOHCTaHTOM ¢, HAXOIAT, uTo JIyHa Ha Bocxoze OJrke, 4eM Ha 3aKaTe.
OTO0 HEpaBEHCTBO MHTEPIPETUPYIOT KaK MOBOPOT 3eMJIM B CTOPOHY BpalleHHs] HA JUIIHUNA yTonl o =
Ar/Rg=4,510"=9"4 (Puc. 2.33.6) WK KaK CMEIIEHNEe yrOJIKOBOr0 oTpaxkaTes ¢ JIyHoi Ha ro.= 17
kM Briepén no opoure (Puc. 2.33.a). Ot HakjIOHA JIyHHOUW OpPOWTHI K IMJIOCKOCTH 3€MHOTO IKBATOpa

paccrosinue r a0 JIlyHsl B KyinbMuHauu MeHsercs Ha Ar ~ Rp(1 — cos 23,5°) = 530 kM ¢ nmepuoaoM B
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nonmecsna (13,7 cyt), a yron a — Ha Ao = aAr/r = 0",013, 9T0 BOCIpUMYT KaK MOKAYHBAHUE 3EMIIU
BOKpYT ocH ¢ aMmuiuTy10it Aa/2 = 0",0066 u moaymecssaHbIM niepuoioM 7' = 14 cyT 1o 3aKoHy
oa =-0",0066-cos(2nt/T), (2.20)
I7ie { MEpSIIOT OT MOMEHTa nepecedeHus JIyHOM 3KBaTOpUaIbHOMN MJIOCKOCTH 3eMIIM (OT BOCXOJSIIETO
y3na). Bapuarus (2.20) co3gact WUTIO3UIO BapHAIMA YTIIOBOKH CKOPOCTH 3eMitd (® = 27 paji/cyT) Ha
8o = d(da)/dt = 1,410 %sin(2n/T) pam/cyr, (2.21)
a JUTUTEIILHOCTH CyTOK p — Ha Op = -pd®/®, CIOBHO JCHb MeHseTcs Ha £0,2 Mc kaxasie 14 nHel n
op =-0,2-sin(2nt/T) mc. (2.22)

I'paduk (2.22) HanecéH cromrHoii nuHuei Ha (Puc. 2.33.6). Jlazepnas nokanust JIyHbl BeIBHIIA
UMeHHO Takue Bapuanuu (Puc. 2.33.6, nynxkmup): ux nepuon — 14 cyTok, a ammuurya ~1 mc [284].

T.e. Bapuanuu p MOryT ObITh WUIFO30PHBI. JTO MOXXHO IMPOBEPUTH, U3MEPSsl Yroj MOBOPOTa
3emiu U neproJ] e€ BpallleHus [0 U3MEPEHHSIM CYTOYHOTO JBMKEHHSI TOYEUHBIX KOCMUYECKUX UCTOY-
HUKOB panuousnyuenus no naHubeiM PCJIb, onpenensomux Bapuanuu yria noBopora 3eMiu ¢ TO4-
HocThIO 110 0”,0001. [Ipyroii ciocod mpoBepKH — U3MEPEHHE BapUaIliii TIOJ0KEHUH Te0CTallMOHAPHBIX
CIIyTHHKOB METOJOM HHTep(EepOMETpUH, WM M3MEpEeHHe CO CIyTHHKOB THma «Konmop» Bapmanmit
MOJIOKEHUHN 3€MHBIX PErepoB U 0a30BbIX cTaHIUU. Perynspueie nmokaunBanus 3emin Ha Ao = 0",013
COOTBETCTBOBAJI OBl NEPUOAUYHOMY CMEIICHUIO PEMEPHBIX TOUEK MpuUMepHO Ha ~RyAa = 0,4 m.

PerynspHbiMu KOeOaHUSAMU TUCTAHLIUU 7 U CKOPOCTH V) MOKHO OOBSCHUTH U JIPYTHE «BapHa-
MW BpalleHust 3eMiu 1 JIyHbI ¢ XapaKTepHbIMU NeproJaMu KoseOaHuil » u V., BbISIBICHHBIMU JIW/a-
pamu. OT IBYKEHHS 10 JUTUNTHYECKON opoute paccTostaue JIyasr Mensercs ot 350 mo 400 Teic. kM
(Ar ~ 50 ThIc. KM). COOTBETCTBEHHO MEHSIETCA Yroj o (HampaBieHus Ha MHHMYIO JIyHy) Ha Ao =
aAr/r ~1". 1o Konebanue, CHHXpOHHOE C OPOUTAILHBIM JBH)KEHUEM, BOCTIPUMETCS KaK «caBUr» Jly-
HBl IO opOWTe (aHAJIOTMYHBIN «CABUTY» BeHepwl, § 2.4), MEHSIOMMICA B TakT €€ MPUOIMKCHUIO-
OTJIAJICHHUIO. DTH MHUMbIE CMELICHHs Hellb3s coryiacoBaTh ¢ 3akoHaMmu Kemepa, T.k. popma 1 HaKJIOH
JYHHOU OpOUTHI perynsipHO MeHstoTcs [283, ¢. 63], BHOCSA JAOMOJHUTENbHBIE BApUAIIUU B JUCTAHIIUIO
3emis-Jlyna Ar ~ 20 teic. kM 1 Ao = 0Ar/r ~0",5, 4TO UHTEPIPETUPYIOT KaK PEryJIsipHOE CMEIICHUE
YTOJIKOBOTO OTpaskaTelist Ha rAa ~ 1 kM oT mokaunBanuii JIynsr (paguyca Ry,) Ha yron @ = Aar/Ry~ 2"
JleicTBUTENbHO, JIUIApHbIE U3MEPEHUS BBISBIAIOT ¥ JIYHBI MOKauMBaHUS HA 2', HHTEPIPETUPOBAHHbIE
KaK peanbHas, (pu3nueckast Tuopaius, KoTopas TOKe MOKET ObITh HILUTIO30PHOM.

«IToxaunBanus» JlyHsl u 3eMin 3a CYET MPUIMBOB OTKPHITHI U B ACTPOHOMHUYECKUX HAOIIO/e-
HusX [283, 285]. Ho BEIsSBICHHBIC JIMJapaMy BapUAIUH ( OTIUYHBI OT Ha0It01aeMbiX. OTICHUTH BKJIA]T
MHUMBIX KOJIEOaHHI MOXKHO IyTEM CpaBHEHUS aMIUIUTY/Ibl «OoKauuBaHUi» JIyHsl u 3emnu, no AaH-
HBIM JIMJIapOB, TEJIECKOMOB M paauouHTepdepomerpoB. Ecnu Gamnuctuueckas teopusi Putna crpa-

BEJUINBA, UX JAHHbBIE PA30UIYTCs HA BEJIMYMHY, MEHSIOLIYIOCS 110 HalIeHHbIM 3aKkoHaMm (2.20). Pa3oii-
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JIyTCsSl M IaHHBIE CTAHLIUN Pa3HBIX IMIKUPOT: BO3JIE SKBATOpa KojiebaHus Op — CUHycouaibHbIe (2.22), a
BJIaJIM OT HETO — COCETHIE MaKCUMYMbI OyAyT pa3HOM BBICOTHI, uTO M Habmomaercs (Puc. 2.33.6).

OmubKu U3MEPEHHBIX JIMAAPOM KoopauHat JIyHbl MPUBOJAT K OIIMOKAM B KOOpJIMHATax ammna-
paToB Ha €€ MOBEPXHOCTU. Buaumo, mo3ToMy ja3epHBIN J1yd, KOTOPbIUA ¢ pasBUTHEM TexXHUKU JIJIJI
3acBeunBall Ha JIlyHe BcE MeHbIyI0 001acTh (MOMIEPEYHUK KOTOPOI HBIHE COKpaTHiCs 110 ~1 KM), mo-
TEps1 YTOJKOBBIM OTpaxkarenb «JIyHOoxoma-1», OT JOXKHOTO CMEIIEHHWs 10 JaHHBIM JIMJApOB Ha
rAo~1 kM, niau Ha ro~ 17 KM OT BpaleHus 3emid. B utore, nocie HECKONBKUX yAAUHBIX CEAHCOB
na3epHoi nokaruu «JlyHoxoma-1» B 1970-1971 r., oH ObUT MOTEPSIH, SIKOOBI BCBSI3U C BBIXOJIOM W3
cTpos yrojikosoro orpaxarens [286]. Ho B 2010 r., korga «JIyHoxon-1» Obul Bu3yanbHO OOHapyKeH
Ha CHUMKax MOBEPXHOCTH JIyHBI, CIeJaHHBIX JIYHHBIM OpOuTabHBIM 30HI0M LRO [287], koopauHa-
Thl «JlyHoxoma-1» ObUIM yTOYHEHBI MO CHMMKaM. VIcmonb3oBaHHE 3TUX HCIPABICHHBIX KOOPAUHAT
103BOJINIIO, ciycTsd 40 JieT, BHOBb TOYHO HAaBECTHU Ja3epHbIN JTyu Ha «JIyHOoxon-1» u 3aperucrpupo-
BaTh «JIYHHBIA 3aM9MK» — OTPAXEHHBIM CUTHAIL. ETO HHTEHCUBHOCTB B HECKOJIBKO pa3 IPEBBIIIAIA UH-
TEHCUBHOCTh CUTHaJIA, OTpak€HHOTO «JIyHoxomom-2» [287], nazepHas JIOKalys KOTOPOTO MOAIEPKHU-
BAETCS /10 HACTOSIIETO BPEMEHH, U KOOPIUHATHI KOTOPOTO HE OBbUIH MOTEPSHBI.

OTO NT0Ka3bIBAET, YTO YTOJKOBBIM oTpaxarenb «JlyHoxozma-1» ObUT HCIIpaBeH, a UCUE3HOBEHHE
OTPaKEHHOTO CHUTHAJIA CBSA3AaHO C MOTEPEH MPaBUIBHBIX KOOPIWHAT ammapara, u3-3a OIIMOKH B OIpe-
JeJIeHnH KoopauHaT «JlyHoxona-1» 1o JaHHBIM JIMJApOB, [0 CPAaBHEHHUIO C KOTOPBIMU BHU3yallbHbIE
NTaHHBIE B psijie ciiydyaeB Oosee TouHble. BO3MOXKHO, ¢ 3TMM CBfi3aHa MOCTENEHHAs «Aerpajalus)
(CHIKEHUE OTpaXKaTENbHON crocoOHOCTH) KaTadOTOB APYTHX UYETHIPEX JTYHHBIX anmmaparoB [287],—
13-32 MOCTENEHHOM MTOTEPHU MPaBUIIbHBIX KOOPAMHAT B OTPa)KaTeIM MONAJAeT TOJIbKO Kpai Ja3epHOro
My4Ka, pacCestHHOro atMochepoit u nudpakmuel, 0TIEro majaeT HHTEHCHBHOCTh OTPAXEHHOTO CHUT-
Haja. B utore peryssipHO «TepsItOTCsS» M OTpaXkaTelld APYIMX YEThIPEX JIyYHHBIX anmnaparoB, BKIOYAst
«JIyHoxon-2». Jlumb ucxoaHOE BU3yaIbHOE U3MEPEHHE MOJO0XKEHUI OoTpaskaTenei (M COBpeMEHHbIe
u3MepeHus ¢ opouTanbHbIX 30H10B TUNa LRO) obecneunBaioT TpedyemMyto TOYHOCTh KOOPAUHAT.

JleificTBUTENBHO, CpaBHEHHE KOOPJIMHAT YIOJKOBBIX OoTpa)kareineu ammaparoB («Jlynoxon-1, 2»,
«Anomnon-11, 14, 15») no cammkam LRO u 110 1aHHBIM J1a3epHON JOKAIIMU TIOKA3bIBA€T CUCTEMATH-
YecKOoe pacxokJIeHHe MO celeHorpaduyeckuM mupoTaM u poiaroram ~0°,02 = 1’ [288]. D10 cooTHO-
CUTCA C aMIUIUTYJ0N (u3nueckoi mubpanun JIyHsl (110 JaHHBIM JIMJAPOB) U COOTBETCTBYET Pa3HULIE
KoopAMHAT ~1 KM. DTO pacxoK/Ie€HHE MPEBbIIIAET TOYHOCTh 3aMepa KOOpAUHAT 000MMHU METOAaMH U
MOKET OBITh PE3yJIbTATOM HEYUYTEHHBIX BapHUIIAIlUil CKOPOCTH CBeTa B pacué€rax mo gaHHeM JIJLJI.

Takum oOpa3om, mpoBepKa MEPEMEHHOCTH CKOPOCTH CBETAa B KOCMOCE M COMOCTaBJICHHE pac-
CTOSIHUH, U3MEPEHHBIX Pa3HbIMH METOAAMM, ITO3BOJIUT HE TOJBKO MPOBEPUTH MOCTOSHCTBO CKOPOCTHU

CBC€Ta " 6aJ'IJ'H/ICTI/IT-ICCKyIO TCOPHIO, HO U YTOYHUTH XAPAKTCPHUCTHUKU OCCBOI'0 U Op6HTaJ'II)HOFO Bpamie-
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Hus JIyHbl, 3eMJIM ¥ CIyTHUKOB. TeM caMbIM IpOBEpKa OaJITMCTUYECKON TEOPUU B 00JIaCTH KOCMUYe-

CKOM J1a3epHOM JIOKAIMH, KPOME TEOPETUUECKOT0, UMEET U YUCTO MPUKIIATHOE 3HAYCHHE.

§ 2.7. Bbige0oObI

s HpOBeILéHHOFO aHaJIM3a JaHHBIX aCTPOHOMHYCCKUX U paJHOACTPOHOMUYCCKUX Ha6J'IIOI[€HI/II71,
paauo- M Ja3epHOM JIOKAIMU CIICTyET, YTO HAKOITUICHHBIC 32 BEK JaHHBIC HE MPOTHUBOpPEUYAT OaUTHCTH-
yeckoil Teopuu. A psia 3¢ dekToB, BKIroUas 3p(EKTs B cUCTeMax MyJIbCapoB U APYTUX MEPEMEHHBIX
3BE3/], HEBS3KM KOCMUYECKOW pajifio- U Ja3epHON JIOKAIIMH TOITBEPKIAIOT OATUCTUIECKYIO TEOPHIO.
B cBs3M ¢ 3TUM npeioKeHbl HOBbIE KPUTEPUU U METOJbl YTOUHEHHON MPOBEPKU OATIMCTUYECKOM
TEOPHH, MYTEM COIOCTABIICHUS NAaHHBIX PAJHO- U ONTHYECKON MHTEP(HEPOMETPHUH C JAHHBIMH CIIEK-
TPAJIbHOI'O aHAJIN34a HBOﬁHBIX 3Bé3,[[; COIIOCTABJICHUA PAAUOJJIOKALMOHHBIX, BU3YAJIbHBIX W JIMAAPHBIX
MOJIOKEHUH KOCMUYECKHX anmaparoB U HeOecHBIX Tell. [IpeanokeHHbIe METOIbl M KPUTEPUH TTO3BOJISAT
MPOU3BECTA YTOUYHEHHYIO MPOBEPKY IMOCTOSHCTBA CKOPOCTH CBETA W YTOUYHHUTH IMPOCTPAHCTBEHHO-

KHHEMATUYCCKUEC XapaKTCPUCTHUKU U 3JICMECHTBI Op6I/IT IUIAaHET 1 KOCMHUYECKHUX aImapaToB.

145



MmaBa 3. OnTu4yeckme aKCNepuMeHTbl NO HAGNAEeHUIO cneacTBUU Gannu-

CTUYEeCKoMn Teopun

B nanHHOI riaBe paccMOTpEHbI KJIACCUYECKUE U MpeaIaraeMple ONTHYECKUE SKCIIEPUMEHTHI 10
npoBepke dauucTuueckoit Teopun. B Hadane XX B., mociie NpoBepKu TEOPUU B KOCMOCE, UMEHHO OII-
THUYECKHE OMBITHI B 3¢MHBIX JIAOOPATOPUSX (6 Makpomupe) CTaId BTOPBIM 3TAarloM TecTupoBaHus. Mc-
CJIEI0OBAJIM U3MEHEHUE CKOPOCTH CBETA OT JBMKYIIMXCS UCTOYHMKOB, 3€pKajl, U CKOPOCTH CBETa, Iie-
peusnyd€HHOro ABMXKyuielcs cpenoil. Kak mpasuio, B muTepaType pe3yibTaThl 3TUX 3KCIIEPUMEHTOB
(onbIThl Canbsika, boHu-bpyeBuua u ap.) npeacTaBieHbl Kak IpOTHUBOpeYalue 0alIMCTUYEeCKO Teo-
pun. Ho npu moapoOHOM aHanmu3e, Kak MOKaXEM Jajiee, pPe3ysbTaThl 3TUX OIMBITOB COTJIACYIOTCS C
0aJUTMCTHYECKON Teopuel, eclii MPUHATH BO BHUMaHKE d()(HEKT nmepens3nydeHust Cpeaoi U MPOBOANUTH
aHaJIM3 Ha OCHOBE MOJIEKYJISIPHOM ONTHUKH, U3 KOTOPOH CIEAYIOT OJHO3HAYHbIE BBIBOJBI O BEJIMYMHE
¢a3oBoit ckopocTu cBera. bosiee TOro, psa ONBITOB CBUAETENBCTBYET B MOJIb3Y CYLIECTBOBAHHS 3aBU-
CHUMOCTH CKOPOCTH CBETa OT CKOPOCTH MUCTOYHMKA. B aHHOM riaBe OyIyT MPeiosKeHbl HOBBIE CXEMBI
ONITUYECKUX HKCIEPUMEHTOB, B TOM YHUCIIE C MPUMEHEHHUEM JIa3€PHOTO M3Iy4YeHHUsI, OCOOCHHO (heMTo-
CEKYH/HBIX J1a3€pOB, /I NPEUU3NOHHON IPOBEPKH OAJUTUCTHUECKON TEOPHH.

OcHoBHbIE pe3yabTaThl IMaBbl onyOnukoBansl B [A2, A12, A13, A15-A17, A28, A53].

§ 3.1. Onbim CaHbsika, 1a3epHbIU 2UPOCKOIN U POJib 8paW,eHust 3epKasl

Kak ormeueHo B mepBoii IiaBe, U3 TeopeMbl DBanbaa-03eeHa, CKOpOCTh JIyuell cBera (epynno-
8as CKOpoCcmb) OT TOJBUKHOTO HCTOUYHMKA BOCCTAHABIIMBAET HOMMHAJIBHOE 3HAUEHUE ¢ IOCIE Nepe-
W3JTY4YCHHUS] HETOJBIKHOW CpEoi, Urparomieid poias BTOpHYHOro nctoyHnka. Ha dasoByro ckopocTh
CBETa Cpe/ia BIMAET CIO0XKHEE, BBUY UHTEPPEPEHIIMU UCXOJHOIO U BTOpUYHOro u3inydeHus. Coriac-
HO PuTiy, npu oTpaskeHUM OT ABMXKYLIErocs 3epKaia (pa3oBasi CKOPOCTh CBETa COXPAHSETCS] HEM3MEH-
HOM IO BEJIMYMHE OTHOCUTEJIBHO UCTOYHUKA [16]. Pe3ynpTaThl ONBITOB C MOABUKHBIMM 3€pKajamH,
HaIpUMep OIbITHl MalopaHbl, COrNIacyroTCs ¢ STUM BBIBOAOM, Kak rnokaszan M.®. Muro [16, 289].

K To1 e pa3sHOBUAHOCTH OIBITOB C MOABHKHBIMHU 3€pKajaMU OTHOCAT onbIT CaHbsKa, 1€ MH-
TepdepupyIoT CBETOBbIE JTy4H MPHU PACIPOCTPAHEHUU B MPOTHUBOIOJIOXKHbBIE CTOPOHBI [0 KOHTYPY U3
3epkain (Puc. 3.1). IIpu BpaieHnn KOHTypa ¢ yriIoBOH CKOPOCThIO ) Tyun HaOMPaIOT Pa3HOCTh XOAa,
IPONOPLUUOHATIBHYIO () U MEHAIOT UHTep(EepeHIIMOHHYI0 KapTuHY. OnbIT CaHbsiKa COWJINM MPOTUBOPE-
yamum Teopur Putua [6, 290, 291], Tak kak HICTOUHUK 4 HEMOJABUKEH OTHOCUTEJIBHO KOHTYpa U3 3€p-
kan B, C, D u ¢otoriacTuHkH /, yCTaHOBJIEHHBIX Ha oouieil niuardopme. IlosTomy nmonaranu, 4ro npu
JBUKEHUM B BaKyyMe (T.€. B OTCYTCTBUE NIEPEU3IIYUEHHUS) CKOPOCTh JIydyell B CUCTEME OTCUETA UCTOYU-
HUKa HE MEHsUTach OBl M HE co3jaiia Obl pasHoCcTH Xxo/a [6, 290]. Ho B Teopun Puriia cBet coxpanser
CKOPOCTh ¢ JIMIIb OTHOCUTEJILHO MCTOYHHMKA B MHEPIMAILHON cucteme oTcuéra [15]. A BO Bparmiaio-

IICHCsl CHCTEeME JIBI)KEHHE YCKOpeHHoe. T.e. Mo OauTMCTHYeCKOW TEOpUHr, WHEPIMAIbHOE JIBUKCHUE
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CBCTAa MMO3BOJISICT BBISIBUTH BpallICHUC B OIILITC CaHI)HKa, PaBHO KaK MHCPUMUOHHOC JIBMKCHHUC MAasATHUKA

BBIABJISIET BpallleHUE 3eMJIU B OnbITe DyKO. AHAIIOTUYHO YCTPOECHBI JJa3€pHBIE TUPOCKOTIBI [292].

Puc. 3.1. Cxema nBmxeHus csera B onbite CaHbsika 1o OayuncTuyeckor Teopud (a). Cnpasa —
YIUIMHEHHUE MyTH IS JIyda CBeTa (mpux-nyHKmup), AAyIero B HAIpaBJICHUH BPAIleHUs] HHTEp-

(depometpa (0), ¥ COKpaleHue My TH IS Tyda (nyHKkmup), AAYIIETo IPOTHUB BpaIeHHUS (8).

Haiiném pasHocTh xoza yueit B 1aboparopHoit cucteme otcuéra (Puc. 3.1.a). Kaxapiii oTpe3ok

nytu L = AB = BC = CD = DA npsimoro jiy4a (B HallpaBJI€HUH BpallleHHs]) YUIMHUTCS 10
Ly =L(1 + sin 45° QR/c),
rae R — paccrositHue UCTOYHMKA U 3epKail 1o ocu BpauieHust O. Tak, Kk MOMEHTY NpUXoJa CBeTa K 3ep-
Kairy B oHO cMecTuTcs B B, ynnuHuB nyTh AB 10 AB'= L Ha @R sin 45°, rne ¢ = QL/c — yroy noBo-
pota KoHTypa 3a Bpems L/c. [1o Teopun Putna cBet ucrounuka 4 noitaér Buoyib 4B co CKOPOCTHIO ¢ +
V= c+ Vsin 45°. Ilpu orpaskenun 3epkaiom B Broabs BC, ¢a3oBas CKOPOCTh CBETa COXPAHAETCS OT-
HOCHMTENIBHO NCTOYHHUKA M paBHA ¢ — V), = ¢ — V cos 45°. CxopocTb cBeTa, oTpaxkEénHoro snoias BC, CD
u DA, paBHa CKOPOCTH NapayieabHbIX Tyueit oT 4 [16, 27]. Bpems 06xoma ceetom koHTypa AB'C"'D"'l
T'=Li/(ct+V)+Li/(c-V,)+Li/(c-Vy)+Li/(c+V,)=4Li/c,

€CIIi OTOPOCUTH caraeMble 2-T0 U BBICHIMX MOPAIKOB MajoCTH 1o V/e. [y nyda, UIymero npoTuB
HamnpaBJieHUs BpalleHus, orpe3ku nytu L = AD = DC = CB = BA, cokpararcs 10 L= AD'= L(1 —
sin 45° QR/c), u aHamoru4uHbIi pacuét BpeMmeHnu ooxona koHtypa AD'C"B"'l nact T, = 4L,/c.

Wtak, A51g 3aMKHYTOTO MTyTH BIUSHAE CKOPOCTH UCTOYHHUKA HA CKOPOCTh CBETa HEHTpanu3yercs,
u BpemeHa 7, 7> oTnu4arTCst OT HOMHHANBHOTO T = 4L/c numb 3a c4étr u3meHenus mytu L. Torma
pasHocTh BpeMé&H 06xoma AT =T, — T = 8QR?/c*, a pa3sHHMIa ONTHYCCKUX MTyTeH

ATc =4QS/c, 3.1)

rae S =2R* — miomanas KOHTYpa, 00X0IMMOTro TydoM. ITO COBMAAAET C Pe3y/IbTaToM ombita CaHbsKa
¥ QHAJIOTUYHBIX OMBITOB, U1 KOTOPHIX (hopmyna (3.1) merko ob6obmaercs Ha ciay4yail KOHTypa Mpou3-

BOJIbHOU opMel. To ecTh, Teopus Putna cornacyercs ¢ onsitom CaHbsiKa.
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[TockonbpKy TUIIL YCKOPEHHOE, a HE MHEPIIMAIIBHOE JIBI)KEHHE UCTOYHHKA CO3aET Pa3HOCTh XO-
a, TO ONBIT C TOCTyHaTeNbHbIM JBUWKeHHEeM uHTepdepomerpa CaHbsika, TNPEASIOKEHHBIH
I'.b. ManblkuHbIM [6] U aHAJIOTMYHBIN ONBITY MalikenbCOHa, IO TeopuH PUTLIA HE BBIIBUT ABUKEHUS
[16]. Pacu€THas pa3HOCTh XoAa B [6] mopsiaka (V/c)3 — BHUJUMO, OITMOOYHA, TaK KaK YKBHBAJICHTHBIN
pacuért B cuctemMe HHTEepepomMeTpa 1aéT HyJIEBOH pe3ynbTar, He coaepKammui V.

B cBs3u ¢ onbITaMK ¢ NPUMEHEHUEM MOJBHUKHBIX 3€pKaJl BBICKA3bIBAIIOCH M TAKOE BO3pPAXKEHUE:!
€CJIM B BaKyyMe I'pyIIOBasi CKOPOCTh CBETA, MEPEU3ITyUYEHHOTO 3epKaIOM, JIBHKYIIUMCS K UCTOYHUKY
CO CKOpOCThIO V, paBHa ¢ + V, a da3oBas paBHa ¢, TO MOIy4aeTCsS MPOTHBOPEYHE PaBEHCTBY (pa3oBoi
U TPYIIIIOBOW CKOPOCTH B BaKyyMe, TJe HeT aucrepcuu. OqHaKo B OTUCTHYECKOH TEOPHH, B OTIIH-
YyHhe OT KJIACCUYECKOM ANEeKTPOAUHAMUKH, (ha30Bas U IPYIIOBasi CKOPOCTh MOTYT HE COBMAJaTh B Ba-
KyyMme [A48]. Apkuii mpumep naét abeppauus 38€3aH0ro cera (§ 1.3): opOuTanbHas CKOpOCTh 3eMin
MEHSIET TPYIIOBYIO0 CKOPOCTH (CKOPOCTh PacIpOCTPAHEHUS CBETOBBIX JIy4€ii) M0 BEITUYMHE M HATIPAB-
JIeHWI0, a (Da3oBasi CKOPOCTh CBETA, NMEPICHAUKYISIpHAs (PpOHTaM CBETOBBIX BOJH He MeHsercs (Puc.
3.2). T.e. mpu aGeppanuul B CUCTEME 3€MHOT0 HaOtoaTens ¢a3oBas ¥ rpynmnoBas CKOPOCTh HE COB-
NaJaloT HU 10 BEJIMYMHE HU MO HAMPaBICHHUIO,— CUTYaIUsl aHAJIOTUYHAS HAOII0IaeMOM I AJIEKTPO-
MAarHUTHBIX BOJH B 3aMarHuueHHoi mnasme. B 2015 r. HepaBHecTBO ()a30BOil U rpyNIOBON CKOPOCTU

CBETa B BaKyyMe 3a()MKCUPOBAHO U B HEKOTOPHIX JIaA0OPATOPHBIX IKCIEPUMEHTaX [S].

&a. 0.4 6.4

o)
— =

—8 &

__g 1) "rrp
-1 m

oY Vo \A 4 A/

Puc. 3.2. [Ipumeps! HecoBnaaeHus: GpazoBoil U rpynnoBoil CKOPOCTH CBETa B BaKyyMe,
coryiacHo Oayutnctudeckor Teopun Purna. Ciydam aBMKeHHs cBeTa B KocMoce (a), B

cucteMe 3eMHOro Habmoarens (0) u B onbite xkemca u CtepHOepra (s).

Kpome Toro, 6annuctuueckas TeOpusi AOMYCKaeT CyIIeCTBOBAaHUE TUCIEPCHUU CBETa JJaXKe B Ba-
KyyMe€, MIOCKOJIbKY 3JIEKTPOHBI, U3Iy4alolIie CBET C pa3HbIMHM YaCTOTAMH, IBUXKYTCS C Pa3HOW CKOpO-
cthio. [Ipu coobueHnn cBeTy, OHa MOPOXKIAET 3aBUCUMOCTh €r0 CKOPOCTH OT 4acToThl [A19]. Benu-
YHHa JUCIEPCUU Maja, HO MPOSIBISIETCS Ha TMTAHTCKUX KOCMHMYECKUX AUCTaHIUsAX. B monb3y artoro,
kak nokazan ['.A. Tuxos [164], A.A. benononsckuii [65] u C.II. Macnukos [166], CBUAETENbCTBYIOT
HaOJII0IeHUS IBOMHBIX U MEPEMEHHBIX 3BE3, a 1o B.A. ByHuny — naboparopHsie onbITh [167].

C HEBEpHBIM MPEJCTABICHHEM O COOTHOLICHUU (Pa30BOil M IPYNIIOBOM CKOPOCTH CBETa CBs3aHA
TaK)Ke IKCIIEpUMEHTaIbHas MpoBepka Teopun Putna B ombiTe J)kemca m Ctepubepra [145, 293]. B
OTIBITE JIyY CBETa Mepeusayyaics Bpamaromieiics miactTuikoi. OT cooOIeHs CBETy pa3HbIMU y4acT-

KaMU TUTACTUHKH Pa3HOM CKOPOCTH, ()POHT CBETOBOM BOJHBI JOJKeH nmoepHyThes (Puc. 3.2.6). Ho
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IpY HaOJIOJICHUN Yepe3 TEJIECKOI He ObIIO 3a)MKCHPOBAHO OTKIOHEHUS JIy4a CBETa, YTO COUWIH IPO-
TUBOpeUreM OauctTuieckor Teopur. OmubKka cocTosyia B TOM, YTO OTKIIOHEHHE B ATOM CIIy4ae Uc-
IBITHIBA TOJILKO BEKTOP (Pa30BOi CKOPOCTH CBETA, & BEKTOP T'PYMIOBON CKOPOCTH CBETA, 3aJaHHBIN
CyMMO# CKOPOCTHM MCXOJHOIO Jyuya W IJIACTUHBI, HE MEHsUI CBOEro HampamiieHus. ViMeHHO BekTOp
IpYIIOBOM CKOPOCTH cBeTa Vyp U 3a1a€T HANPABICHUE PACIPOCTPAHEHUS SHEPIUH, JIydel CBeTa, KaK
noATBepkaaeT adbepparus 38E3aH0r0 cBeta (Puc. 3.2). Takum o6pazom, onwiT JIxemca u CrepHOepra
HE MPOTHUBOPEUYUT OAIITUCTUYECKON TE€OPUH, HO €r0 MOXKHO BHJIOM3MEHUTH TaK, YTOObI CBET Majall Ha
BPAIIAIOIIYIOCS TUIACTHHKY 1MOA yriioM. IIpu coobiennn e€ CKOpoCTH CBETY, BEKTOpP IPYIIIOBOM CKO-
pOCTH M3MEHUT CBOE HANpaBJICHHE HA YroJl, U3MEPEHHBIN TesneckonoM. [10100HbIN ONBIT MOCTaBUI
M.W. IymuineB npy HalpaBiIeHUWU Jyda CBETa HA BPAIAIOIIMICS JAUCK W3 OprcTekia. beuto 3aduk-
CHUPOBaHO CMEII[EHUE JTyya CBETa, COOTBETCTBYIOIIEE MPECKa3aHHOMY OaITUCTHUECKON Teopueit [227,
294]. Anasiornusbii onbIT ipeanoxu u ocymectsui B.I1. Cene3nés ¢ TeM xe pesysbrarom [203].
Takum 00pa3om, B OAJUIMCTHYECKONW TEOPHH MPECTABICHHE O COOTHOIICHUHU (a30BOM M TpyI-
MOBOW CKOPOCTEH CBETa B BaKyyMe, IIPU OTPAKEHUU U PACIIPOCTPAHEHHH, B psJiE CIydaeB OTIUYAETCS
OT MPEACTABICHUHN KIACCUYECKON AMEKTPOAMHAMUKH. T.€. IpH MOCTAaHOBKE OMBITOB MO MPOBEpKe Oaj-
JUCTUYECKON TEOPHUH CIEAYET IEJIMKOM OMUPATHhCS HAa €€ MaTeMaTHYeCKUH anmapar v CIeICTBUS, KO-

TOPBIC, B CBOIO O4YEPECAb, MOKHO IIPUMCHUTH B KAUYCCTBC NJOIIOJIHUTCIIBHBIX KPUTCPHUCB eé IMPOBCPKH.

§ 3.2. OnbimbI ¢ ds8uxywumucsi cpedamu — onbimbl Puso, Kahmopa u fynnuweesa
DKCTIEpUMEHTHI C MOJBMKHBIMU 3€pKallaMU CXOJHBI C OMbITAMH, B KOTOPHIX CBET IIEN B MOJI-
BIKHOU cpene. Ho B pabote [6] ocnapuBanock yTBepxkaeHue Putma o ToMm, 4To ¢a3zoBasi CKOPOCTh
CBETa, OTPaXEHHOIO 3€pKajOM, paBHa ¢ OTHOCUTENBHO UCTOYHMKA [16], a HE 3epkasia, KOTOpoe B Ka-
YecTBe BTOPHUYHOIO MCTOYHHKA COOOIIaNo Obl CBOIO CKOPOCTh cBeTy. IlocienHee BEpHO AJs dlieMEH-
TapHOTO BTOPHUYHOTO HMCTOYHHWKA, HO (pa3oBasi CKOPOCTh CBETA, OTPAKEHHOTO 3€pKajioM, 3ajaHa WH-
TepQepeHIIneit BOJH, MEPEU3ITyIEHHBIX AJIEMEHTAPHBIMU U3ITy4aTeIsIMU-JICKTPOHAMU B TOJIIIIE 3€pKa-
Ja, ¥ pe3yJpTaT e HeoueBHEH. Tak, B Cpelle CKOPOCTh CBETa paBHA ¢/n BBHIy HHTEPEPEHIIUU Tia-
JAIOIIEH M BTOPUYHBIX BOJIH, PACCESHHBIX AJICKTPOHAMU Cpefbl [82], XOTsI 3TH BOJIHBI 00JIaIal0T CKO-

POCTBIO C.

149



Puc. 3.3. Cxema u3meHeHust (pa30BOM CKOPOCTH CBETA OT IBHIKYIIETOCS HCTOYHHKA B
cpenie 3a CU€T mepen3TydcHs (MM B SKBUBAJICHTHOW CUCTEME, T/Ie ICTOUYHHUK JIBHXKET-

Cs1 OTHOCHUTCIIBHO HeHOﬂBI/I)KHOf/'I CpCZ[I)I), COTJIACHO 0AIIUCTUYECKOM TCOpUU PI/ITHa.

B Gamniuctrueckoil Teopun 3TOT pe3yiabTaT MOKHO 0OOOLIMTh Ha Cilydail HCTOUHHUKA, JIBHKY-
HIErOCs OTHOCUTENBHO CPEJibl, TPOBEPUB COOTBETCTBUE TeopuH — onbiTy Puzo [16, 145]. CkopocTh
cBeTa c* B cpelie OT UCTOYHUKA, IBHKYILErocs 0 HOPMaIM K TPAaHUIIE CPENlbl CO CKOPOCThIO V, Hail-
JIEM TI0 MPUMEPY pacdy€Ta B MOJEKYJAPHOU ONTUKE ISl HEMOABUKHOIO UCTOYHUKA [82, ¢. 425]. Ecnu
B BaKyyMe MCTOYHHK HCITyCKAaeT CBET CO CKOPOCThIO ¢ + V, TO MoJie eqMHUYHOM MaJaroiieil BOJIHbI

Ey = expli(of — k'%)],

IJIe (0 — MUKITUYecKas 9acToTa Nmajaarolield BoJHbL, k' = o/(c + V) — e€ BonHOBOE umciio. BomHa Bo30y-
JIaeT B cpeJie BTOPUUYHBIE BOJIHBI CKOPOCTH ¢, B CyMME AAOLIHUE IIJIOCKYIO BOJIHY C BEIMYUHOM MO

E\ = -ikxbexp[i(ot — kx)],
rae k= ®/c — BOJIHOBOE YHCIIO, X — TOJIIMHA MPOUJCHHOTO CIIOS Cpelibl, b — 6e3pa3MepHbIil Ko du-
LUEHT, XapaKTepu3youuii e€ ontuyeckyto mioTHOCTh (Puc. 3.3). [lose pe3ynpTupyomieil BoaHbI

E=Ey+ E, = (exp[ix(k — k)] — ikxb)exp[i(wt — kx)],
4T0, ¢ yuETOM pasnoxeHus exp(x) ~ 1 + x mpu Mansix x u (k — k') = oV/c* = kV/c, naér
E=(1+ikxV/c — ikxb)exp[i(wt — kx)] = exp[i(wt — kx(1 + b — Vic))].

3neck kx(b — V/c) — cnBur ¢asbl, TPONOPLUUOHANBHBIN ITyTH X U MEHSIOUIHHA (pa3oByro ckopocTs ¢ *. I1o
CYTH, B CpeJIe BOJHOBOE YHCJIO kK = ®/c 3aMEHSETCSI HOBBIM

k*=wlc*=k(1+b-Vc).
Otcroma

c*=cklk*=c/(1 + b-TV/c).

[Ipu V' = 0 mony4uM HOMHHAILHYIO CKOPOCTh cBeTa B cpene ¢* = ¢/(1 + b), rne (1 + b) — koadpuru-
eHt npenomiuenus n. g 0 < V' << ¢ nonyuum

1+b6-Vie n-Vic

*

S| o

+£2 , (3.2)
n

a JUIsl OKOJIOCBETOBBIX CKOPOCTEH V ~ ¢ TOUHBIN pacuéT Mo BbIIIE NPUBEAEHHOMY METOY AET

c
n=Vic+V) "’

*

(3.3)
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B cucreme orcu€ra uCTOYHUKA, T/I€ CO CKOPOCThIO V ABMXKETCs cpena, Hauaem us (3.2), ¢ yué-
TOM IPUHIUIA OTHOCUTEIBHOCTH, CIIPABEUIMBOTO B TeOpUH PUTIA, YTO CKOPOCTH CBETA B CpeJie

c'=c*—V=cln—W1-1/n.

OmnbiT K30 BHSBHI UMEHHO TAaKyIO 3aBHCHMOCTB, rie MHoxutenb (1 — 1/n°) — xoadduupenT
yBieuenus: ®penens [38, 145]. Tem cambim Teopus Putna o0bsicHseT onbIT PU30 U ApyrHUe OMBITHI C
JIBMOKEHUEM MCTOYHUKOB W CpEll, T/ aHalu3 CJIEAYeT BECTH Ha OCHOBE MOJIEKYJISIPHOM ONTHUKHU [A2,
A25]. DTO yCTpaHUT HEOJHO3HA4YHOCTHM B TpakToBKe omnblToB Y. Kantopa, M.U. [lymnumesa,
T. beprmana [38, 145, 295] u ap. IlepensnydeHue sneMeHTaMu ONTUYECKUX CUCTEM CTAaBUT IOJ CO-
MHEHHE Pe3yJIbTaThl JJAOOPATOPHBIX OMBITOB 1O MpPOBEpKe Teopuu Putma, Tak ke kak B kKocMmoce (§
1.1).

Hanpumep, B onbite Kantopa Habmoganock cMeleHrne HHTep(EepeHIMOHHBIX MO0JI0C, COOTBET-
CTBYIOIIIEE U3MEHEHHUIO CKOPOCTH CBETA, EPEU3IYUEHHOTO IBMKYIIUMUCS CTEKJISIHHBIMU IJJaCTHHKA-
MU, IPUMEPHO Ha k = 2/3 BeTMUMHBI CKOPOCTH T1acTuH [ 145, 296]. IlockonbKy B TaHHOM ONBITE W3-
Mmepsaach (a3oBas CKOPOCTb CBETA, TO, BBUIY JIBUKEHHUs CBETa IO 3aMKHYTOMY IIyTH, €r0 CpEIHUE
CKOpPOCTH B NPSIMOM U 0OpaTHOM HalpaBJIEHUU HE MOIJIM pa3inyarhesi, Kak B onbiTe Canbska (§ 3.1).
T.e. ecniu 6 ombiT KaHtopa mpoBenu B BakyyMe, ero pe3yinbraT Obul Obl HyJIeBbIM. [leiicTBUTENBHO,
onslT KaHTOpa, MOBTOPEHHBIN beprMaHHOM B BakyyMe, Jajl HyJIEBOW pe3ysbTaT, HE BBIIBUB BIIMSHUSA
CKOPOCTH TUIACTUH Ha CKOPOCTH cBeTa [297]. DTOT pe3ysbTaT TPAKTOBAIN KaK MOJATBEPKACHUE TTOCTO-
STHCTBA CKOPOCTH CBETa M MPOTHUBOpeYre OammucTuiaeckoit Teopuu [145]. Ho, kak moka3aHo BbIIIIE, 3Ta
TEOpHsl TOXKE MPEJCKa3bIBAET HYJIEBOM pe3ynbTaT. UTo jxe KacaeTcs MOJOKUTEIbHOIO pe3ybTaTa 3KC-
nepuMeHnTta Kanropa, To, BUIUMO, OH CBSI3aH C TEM, UTO Ha IyTH pacCIpPOCTPAHEHNUs CBETA paclroJarai-
Csl BO3/lyX, KOTOPBIH, 3a CUET MEepEen3IyUeHHs], CHIXKaJl CKOPOCTh CBETa 10 3HaueHus c. [loaromy cko-
POCTh CBETA IOCJIE OTPAXKEHUS 3€PKAJIOM YK€ HE MEHSIACh, U B JJOMOJHUTEIbHYIO PA3HOCTh X0/1a BHO-
CHJI BKJIQJ TOJIBKO HayaJlbHbIM yU4acTOK MyTH, COCTABISABIINI KaK pa3 OKOJIO MOJOBHUHBI IyTH CBETA.

C HanuuMeM BO3AyXa B YCTAaHOBKE, BUAMMO, CBS3aH M IIOJIOKUTEJIbHBIA PE3yJIbTAT OIBITA
M.U. JQymmumiesa [227, 294]. B ero ycraHOBKe CBET MPOXOAWI Yepe3 JIBHMKYIIUHCS OPYyCOK M3 Opr-
CTEKJIa, M Ha HKpaHe HaOJII0AaJI0Ch CMELEHHEe NHTeP(EPEHIMOHHBIX 1Mosioc. ONBIT BBISIBUI BIMSHUE
CKOpOCTH MCTOYHHMKA Ha CKOPOCTb CBETA, TaK KaK NEpEeU3Ty4eHHE BO3AYXOM CTaBHJIO JIyuyd CBETa B
HEepaBHBIC YCJIOBUS, YTO U MO3BOJMIO OOHAPYKUTh U3MEHEHHUE CKOPOCTH CBETa HAa 3aMKHYTOM ITyTH.
Ecnu aHanoruyHbIi OMBIT MPOBECTH B BAKYyMe€, TO €r0 PE3YJIbTaT, COTJIACHO OAJUTMCTHYECKONW TEOPHH,
Oyzaer oTpuLaTeNbHbIM. Takum 00pa3oM, NpH SKCIIEPUMEHTAILHOM U3MEpeHnH (a30BOM U IPyNIIOBOM

CKOpPOCTH Cpclid, COIJIaCHO 0aIIUCTHYECKOM TEOpHH, CYIICCTBCHHO BJIMACT HAa UCXOI S3KCIICPUMCHTA.
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§ 3.3. [lpoeepka nocmosiHcmea ckopocmu ceema ¢heMmoceKyHOHbIMU Jla3zepamu
J1st o1HO3HAYHOM MPOBEPKHU BIUSHUS CKOPOCTU MCTOYHMKA HA CKOPOCTh CBETa IMpeJjaraioch
Tak)Ke MpUMEHATh (heMTocekyHaHbIe Ja3epsl (B. [loaropusriii [298], B. Cokonos [299]), AmuTensHOCTD
UMILYJIbCOB KOTOPBIX (At~ 107 C) MO3BOJISIET U3MEPSATh COOTBETCTBYIOIIUE PAa3HOCTH BPEMEH XoAa
Jy4dei, y OTHOTO U3 KOTOPBIX CKOPOCTH ¢, a y aApyroro (¢ + V), mpu ABMKEHUU BTOPOT'O0 UCTOYHUKA OT-
HOCHUTEJIBHO MEPBOro co ckopocThio V. Ha myTtu L ~ 10 M 3Ta pa3HOCTh BPEMEH XOJa COCTABUT
At=Llc—Li(c+ V)= LVic* (3.4)

U JOCTUTHET Aty yXe Ipu pasHHLE cKopocTeil uctounukos V'~ 100 mM/c, tocTxkUMOM B 1abopaTopui.
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Puc. 3.4. Cxema YCTAHOBKHU 1O U3BMEPCHUIO CKOPOCTU CBETA OT no;uanmnorofs—nawepa.

[To0GHBII OMBIT MOXHO TIOCTABUTH U B BaKyyMe (U151 IOJBMKHOTO Ja3epHOTO UCTOYHHKA, JTHOO
JUISL BBIXOJA BOJIOKOHHOTO Jlazepa, Puc. 3.4), u B BO3AyIIHOW cpejie, €Clid MPUMEHUTh HEOIBYKHBIN
UMITyJIbCHBIA fS-71a3ep, HAaBCTpeUy KOTOPOMY CO CKOPOCTbIO V' = @R JABMXKYTCS JABa CBETOBOZA-
NpUEMHUKA, OTACIEHHBIX AUCTaHIUEH L, ckaxkeM, Ha 06omax neHTpudyr (Puc. 3.5). ABToKOoppensTop
U3MepseT 3aJepKKy Mexay umnyiabcamu At ot 1-ro u 2-ro cBeroBojga. Ilpu atom ans Hemocpenct-
BEHHOI'0 M3MEPEHUS BapHalMil CKOPOCTH IIEPBOE ONTOBOJIOKHO YUIMHSIOT, BBOJS JINHUIO 3aICPKKU
1= L/c. Ilo At MOXHO paccuuTaTh CKOPOCTb UMIYJIbCOB B CHCTEME NMPUEMHUKOB c¢'= L/(t— Af) u
BJIIMSIHUE HA HEE CKOPOCTU MCTOYHMKA V OTHOCUTENBbHO NMpUEMHUKOB. B cxeme Ha Puc. 3.5 nepeunsny-
YeHHE BO3YXOM HE MEHSET CKOPOCTh CBETA C, T.K. UICTOUHUK HEMOJBUKEH OTHOCUTENLHO BO3ayXa. B
9TOM CJIydae BaKyyM JKEJIaTeJICH JIUIUb I HCKJIIOUEHUS BIIMSHUSA TOKOB BO3/yXa Ha UCXOJ ombITa. B
pamkax CTO At=0 u ¢'= ¢, NOCKONBKY CKOpPOCTh V << ¢, U NOINpPAaBKU MOTJIH Obl OOHAPYNKHUTHCS

TOJILKO BO BTOPOM IOPSAJIKE BEJIMUMHBI V/c, a He B IEPBOM, Kak B Teopuu Putia, rae Ar = LVIc .

_ L
(I — Lo R
fs-nasep cBeToBOAbI
Q)
; T A7 | 2Hanmsatop
NUHUA 3a0epPXKN ! | AK® curnana

Puc. 3.5. Cxema yCTaHOBKH 110 IPOBEPKE BIHMSIHUSA CKOPOCTH MPUEMHUKOB Ha OTHOCUTEIBHYIO CKOPOCTh CBETA.
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Bapeupys nmyTe L 1 CKOPOCTb IBWKEHHMS V' MM BpAILLlEHUs ®, T.€. CKOPOCTh } MICTOYHUKA, MOXK-
HO IIPOBEPUTH aBTOKOPPENIATOPOM MPONOPLUOHAIBHOCTD 3aACPKKHA Af — 3TUM BEIMYHMHAM, U OTCIO/IA
c/ienaTh BbIBOJ O HAJIMYUM UM OTCYTCTBUHU OaNTIUCTUYECKON 3aBUCUMOCTH Af = LVIc .

Bo3moxHa U apyras cxeMa dKCIIEpUMEHTa — C IPUMEHEHHUEM OJHOIO JETEKTOpa M ABYX IOA-
BIKHBIX JIa3€PHBIX HCTOUHUKOB, CHHXPOHHO FreHepupyoomux umnyiscsl (Puc. 3.6.a) nnm aByx cBero-
BOJIOB HA BPALAIOIIEMCS TUCKE, CBSI3aHHBIX C HEMOABW)KHBIM JIA3€POM 4€pE3 NMEPUCKOIMMYECKYIO CHC-
TeMy 3epKai Ha ocH BpaueHus (Puc. 3.6.6). X MOXHO pa3MeCTUTh B AUAMETPAIbHO IPOTHUBOMOI0XK-
HBIX TOYKax 1 u 2 00012 KPYyTALIETOCS C IUKJINYECKON YaCTOTOW  JUCKA, TaK YTO OJUH MCTOYHUK
JBIDKETCA K JETEKTOPY CO CKOPOCThIO V' = R, a Apyroi — ygansieTcsi co ckopoctbio V. Toraga ¢oTo-
JETEKTOP U aBTOKOPPENATOP HAa PACCTOSIHUM L HENIOCPEACTBEHHO 3aPETHCTPUPYIOT 3aJEPKKY

At=L/(c—V)—Ll(c+ V)= 2LVIc,
MEXIy HUMITyJbcaMH. UTOObI paccTossHUS L OT MCTOYHHUKOB N0 (POTONETEKTOpa COBIANHU, CIEIYET
CKOJJIUMUPOBATH JIa3€pHbIE IyYKH, YTOOBI OH PErMCTPUPOBAJ CBET JIUIIb B MOJOKEHUSX, € OH PaB-

HOYJaNéH. A reHepaIus UMITYJIbCOB CHHXPOHHA C TIPOXO0XKIECHHEM TOTO TIOTI0KEHHS.
a. V L

1 —_— fs
-nazep Pl /4

g,
Iy = (x]
\ [\i‘:ﬁ ——— ®dotopeTeKkTop

c-V
L
c+V
.nagep-‘:""-‘-:-._"“'i-
—1{A]
— aHanusartop

c- V AK® curnana

Puc. 3.6. CxeMa yCTaHOBOK T10 CPABHEHUIO CKOPOCTEH CBETa OT HCTOYHHKOB C Pa3HON CKOPOCTHIO.

MOXHO NPUMEHUTh T'€HEPAaTOPbl HENPEPHIBHOIO JIA3€PHOTO H3Iy4EHUs, YCTAHOBJIECHHbIE HA
BpanjatomeMcs qucke. [lpu pacxoaumoctu nazepHuix ayued ¢ = 0,001° qnuTenbHOCTh UMITyJIbCA 3a-
JlaHa UHTEPBAJIOM IOTaJaHHs JJA3€PHOTO JIy4ya B IETEKTOP, KOTOPLIi paBeH T = ¢7/360°, rae T — nepu-
ox Bpamenns aucka. [Ipu gacrore Bpamenust 1000 06/c, 7= 0,006 ¢, otkyaa t= 17-10" c. TTockois-
Ky T€HEepaTOpbl HEMPEPHIBHOTO M3JIy4€HUs (B T.4. Ja3epHbIE AUOABI) NIPOLIE U KOMIIAKTHEN fS-11a3epoB,
TO UX IPOILE Pa3MECTUTh Ha 000/€ LEHTPUPYT U COOOLIUTH UM BBICOKYIO CKOPOCTh BpaIllCHUS.

Bpems 3anepxkkn At = 2LV/c* 10mKHO ObITh HE MEHBIIE UTHTETBHOCTH UMITYIIbCA T = 17-107 c.
T.e. mpu V'~ 100 M/c nucrannus L > 1?2V = 8800 kM. I1om06HbII IKCIIEPUMEHT MOXET OBITH IO-
CTaBJIEH TOJBKO B KOCMOCE, IJI¢ BEJIMKHU MPOJIETHbIE AUCTAHIMU L, a Mepeu3yuyeHre B KOCMUYECKOM

BAKYyyMC IPAKTHYCCKU OTCYTCTBYCT. HpI/I pasMCIICHUH MMOABUKHBIX JIA3CPHBIX UCTOYHUKOB Ha CIIYT-
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Huke nau MKC, a nerekropa — Ha JpyroM CIyTHHKE WM Ha 3eMJI€, MOXKHO U3MEPUThH BpeMsl 3a/1€pK-
KM MEXIy UMITyJabcamu At = 2L V/c* 1 ero 3aBUCUMOCTD OT CKOpOCTHU V' ¥ OT aucTaHiuu L.

Kocmuueckne cKOpocTH MOXKHO peajin3oBaTh M B 3eMHBIX JlabopaTopusx. Tak, mpu BbICTpene
METAJIJIMYECKOI0 KOJIbIIA MAarHUTOKYMYJISITUBHBIM T'€HEPAaTOPOM W3 B3PbIBOMATHUTHOW YCTaHOBKHU
TOCTUTHYTHI cKopocTu Kouibiia V'~ 100 km/c [221]. Dta ckopocts cocraBisier 0,03 % oT ckopocTH
cBeTa c. Toraa mpu yKpeIruleHuH Ha KOJIbLE JIEFKOTO TeHepaTopa JIa3epHbIX MMITYJILCOB (HAaIpUMeED,
HOJIYTIPOBOIHUKOBOI'O Jla3€pa) WM MPH UCIOJIb30BaHUM 3€pPKAIILHOTO KOJbIa (oTpaxaromero ¢gemro-
CEeKyH/IHBIC JTa3ePHbIC HMITYJIbChI) Ha aucTaHun L ~ 10 M monyuanm At = LV/e* ~ 1072 ¢ =10 mc. T.e.
3aBUCHUMOCTb CKOPOCTH CBETa OT CKOPOCTH JIa3€pHOT0 MCTOYHHMKA (MM 3€pKajia) JIETKO MPOBEPHUTD,
HETOCPEJCTBEHHO U3MEPsAs CKOPOCTh CBETA [0 CUTHAJIaM JIByX pa3HECEHHBIX Ha paccTosiHue L ¢oto-
JIETeKTOpOB ¢ ObicTpoaeiicTBueM ~1 nic (kak y MIIM-doronerekropoB ¢ OsicTpoaeiictBuem ~500 '
[300]), mubo cpaBHUBAs MOMEHTHI PETUCTPALIMUA UMITYJILCOB, U3YyYEHHBIX IBYMS HCTOUHUKAMH, OAMH
U3 KOTOPBIX HETOJABMKEH, & BTOPOH YKPEIJIEH HAa MOJBUKHOM KOJIbLIE U M3JIy4aeT UMITYJIbC B MOMEHT
posiéTa MUMO HETOABHKHOIO MCTOYHHMKA. YTOOBI HOCTHYL TpeOyeMOH TOYHOCTH M CHHXPOHHOCTH
MOMEHTOB U3JIy4Y€HUSI UMITYJIbCOB, J1O0CTaTOYHO, YTOOBI B MOMEHT U3JIy4€HHUS MPOJOJIbHOE CMEIICHUE
HOJBM)KHOTO HCTOYHHMKA OTHOCUTENIBHO HEMOBM)KHOTO COCTABIIsUIO HEe Ooiiee Afc ~ 3 MM.

[ToMuMO U3y4eHHUs 3aBUCUMOCTH CKOPOCTH CBETa OT CKOPOCTU MCTOYHMKA, YKAa3aHHbIE METObI
T03BOJIAT YTOYHHTH 3HAUYCHHE C, T.K. H3MEPEHHE MOMEHTOB PErHCTPAIINH ¢ TOUHOCTBIO ~10 % ¢ Ha my-
™ B 1000 M, KOTOpBI CBET MPOXOAUT 3a 3-10° ¢, mo3BomuT U3MEPATH ¢ C TOYHOCTHIO ~107/10
6~ 107 & Bemmumubl, T.¢. ~0,3 M/c. Tak MOKHO IIPOBEPHUTH MOCTOSHCTBO C M 3aBUCHMOCTb OT JTHHBI

BOJIHBI, TPABUTANMOHHOT'O MMOTCHI[HMAJIA, HAIIPABJICHUA PACIIPOCTPAHCHUSA CBCTA U T.A.

§ 3.4. dkcnepumeHmanbHas npoeepka pumuy-aghghekma memoodamu sia3epHoll hu3uku
CoBpeMeHHbIE Jla3epHble UCTOYHUKH MOXKHO TaK)Ke MPUMEHMTH JJis NpoBepku 3¢ dekra Purna
(§ 1.2). nsa Tpancopmanuy 4acTOThl CBETa Ha MPOLEHTHI WK B pasbl, B (popmyie (1.15) Ha nnune

r = L muis ipeoOpa3oBaHUs JUTMHBI BOJIHBI A, YaCTOTHI f M TUTEILHOCTH At Ta3€PHOTO UMITYJIbCa

M= cdt'= x(1 oL
c

-1
), f=1/dt'=f(1+Lc‘;r) ,At’:At(1+LC§’), (3.5)

c
N COOTBETCTBCHHO JJIsA HpeO6pa3OBaHI/I$I IMMKOBOM MOIITHOCTH Pu AMINIATY bl OIITUYCCKOTO ITOJIA E

-1 -1/2
p=pll_ (1+L“rj ,E’=E(1+Lar) (3.6)

At C2 02

cienyer obecnieunts La,/c” ~ +1. TlostoMy st 1aG0opaTopHbIX aucTaHmmii L ~ 1 M Tpebyercs

a, ~ +c/L ~+10"7 M/,

154



DTO0 yCKOPEHHE HEJTOCTHKMUMO ISl CBETOM3ITYYAIOLINX IPUOOPOB, HO €T0 JIETKO COOOITUTH JJIEK-
TPOHaM HJIM MOHAM, U3JIy4alolUM CBET CAaMOCTOATEIbHO (€CIM UCTOYHUKAMH CBETa CIIy>KaT BO30YXK-
JNEHHBIC MOHBI), THOO0 OMOCPEOBAHHO (€CIM MOHBI CITyXKaT NMePEU3TyYaroIMMH LIEHTPAMH).

Takoe yCKOpeHHE THUIMYHO ISl DJIEMEHTAPHBIX YACTHIL, JICTAIINX C OKOJOCBETOBBIMH CKOPO-
CTMU V ~ ¢ B MarHUTHOM IIOJIC IIUKIMYECKUX yCKOpUTENel ¢ pamuycoM opout R~ 1 m (Puc. 3.7).
[Ipu 5TOM LEHTpOCTpeMHUTENbHOE YeKoperue a = V/R ~ 10" m/c?. Tak, B curxporpore sdhdext Puria
MO3BOJIUT TPaHC(HOPMHUPOBATH JIA3EPHOE U3IIYUCHUE MIPH PACCESTHUM Ha IBIDKYIIUXCS dNeKTpoHax. Kak
NPaBUJIO, JIA3€PHBIE UMITYJIbChI, PACCESIHHBIE JIEKTPOHAMHU, Mpeodpa3yior mo 3¢ ety Jlomnepa npu
nopent-dakrope y>>1 [104, c. 171], uro TpeOyeT MONIHBIX YCKOPHUTENICH C OOJBIINM PACXO0M
sHepruu. Hanpotus, s3¢dext Putna nozsonut tpanchopMupoBath U3iIyyeHHe Jaxke Ipu Y ~ 1 B KOM-
MAKTHBIX HUKIOTPOHAX, CHHXPOTPOHAX M HAKOMUTENAX MaJIOWd MOIIHOCTH C HU3KUMHU CUHXPOTPOHHBI-
MH MOTEPSAMH, T.K. YK€ IIpU V ~ ¢ YCKOPEHUE HYaCTULl d ~ dp ~ 10" m/c? (mpu L~R~1m). [lpuy~1
paccessHHOE M3JTy4eHHUE 3apsiaa He 00JaaeT OCTPON HAINPaBICHHOCTHIO CHHXPOTPOHHOTO HM3ITyYeHUS,
1 MakcuMaibHas 3()(PEKTUBHOCTH TpaHC(HOPMAITUU YaCTOTHI PUTIH-I(PPEKTOM TOCTHTACTCS IS U3ITY-

YCHUA BAOJIb BEKTOPA YCKOPCHUS a JJICKTPOHA, T.C. nonepéK €T0 CKOPOCTH U BAOJIb paJjuyca Op6I/ITBI.

Puc. 3.7. Cxembl TpaHC(HOPMATOPOB HACTOTHI JTA3EPHOTO M3IIYUCHUS IIPU pacCessHUU Ha OaH4Yax 3JIEKTPOHOB,

UPKYJIUPYIONINX B HAKOIUTEE: JJIs COKPALICHHUS JJTUHBI BOJHBI A (66€pX)) WU TS PACTSHKCHUS A (6HU3Y).

ITockonbky npu V ~ ¢ Bpems T ~ R/V nponéra 6aHuya 31€KTPOHOB Yepe3 00J1acThb J1a3epHOro 0o-
JTy4eHHUs1 — TOPsIIKa HAHOCEKYH/IbI, TO AJIUTEIbHOCTh MEPBUYHBIX JIa3€PHBIX UMITYJIbCOB JI0JKHA OBITH
TOro ke nopsiaka: At < t. Y100HO IpUMEHUTh F€HEPATOPbl HAHOCEKYHAHBIX WM MUKOCEKYHAHBIX M-
MyJIbCOB, YaCTOTa MOBTOPEHMSI KOTOPHIX PaBHA YAaCTOTE OOpallleHUs! JIEKTPOHHBIX CIYCTKOB — C Yac-
TOTON YCKOPSIOIIETo MOJii B CHHXPOTPOHE WM Hakomutene. ['abapuTsl yCTaHOBKH MO TpaHc(opMma-
LIUM CBETAa MOYKHO COKPATUTh B pa3bl, IPONOPLUOHAIBLHO COKPATUB L ¥ R 10 HECKOJIBKUX CM. A CHH-
3B paanyc opOUTHI AnekTpoHa R o 100 MkM, 6e3 m3meHeHUs L ~ 1 M, CKOPOCTh JIEKTPOHOB MOYKHO
CHU3UTH 10 V ~ c(R/L)l/ 2~ 0,01¢ (ROCTHKMMOIA yKe B DJIEKTPOHHOM IyIIKe), HAMHOTO COKPATHB YHEP-

T03aTpaThl Ha Pa3roH 3JICKTPOHOB, 'CHEPANIO MArHUTHOI'O ITOJIA U YMCHBIIINB ra6apPITLI YCTaHOBKH.
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Otmerum, 9TO IS TIpeoOpa3oBaHUs YacTOTHI CBETAa B CHHXPOTPOHAX 3a CYET IEHTPOCTPEMH-
TENBHOTO YCKOPEHHS @ CABHT YaCTOThI HE MPOMOPIHMOHATeH La/c’. YacToTa M JIMHA BONHBI CBETA
npeobpasyercst o dopmyie (3.5), omxHaKo a, # a = V*/R, u 3aBucumocts ' = A(1 + La/c?) 3ammmrercs

cnoxHee [A4, AS53], T.k. yros Mexay r 1 V MeHSeTCsl OT U3MEHEHUS HalpaBJIEHUs HA HCTOYHUK A.

Puc. 3.8. Cxema IBIKEHHS 3JIEKTPOHOB IO OPOWTE CHHXPOTPOHA U

W3MEHEHHS UX JIy9eBOH CKOPOCTH OTHOCHTENHHO puéMHUKa C.

N3 Puc. 3.8, rne nzobpakeHa opOuTa 3JIEKTPOHA €, BUAHO, UYTO JyueBask CKOPOCTh (ITPOEKIHUs
ckopoctu V Ha r — ny4 3peanst CA u3 npuémanka C) paBHa V,= Vsina, rne o= B — ¢. [Ipu mamoctu
yriaoB  u @, onuparouuxcs Ha ayry AB, Haiiném B = @OB/CB = oR/L. Otcrona V,= Vsin[o(R —
L)/L] = -Vox/L, tne x = (L — R) — cmemenue npuéMuuka C oT neHTpa opoutsl O 3nekTpoHa. Jlyuesoe
yckopenue a,= dV,/dt = -Vwx/L, rne ® = do/dt — yriaoBast CKOPOCTb JJIEKTPOHA, OTKY /1A

1= fI(1 + La,/c*) = fI(1 — xV*/Rc?). (3.7)

B npenensHOM citydae (x = 0), ecnu npuémuuk C pacmosokeH B eHTpe opoutsl O, f' = f.

B npyrom npenensHOM ciiydae, ecii MPUEMHUK PACIIONIOKEH BO3JIE TPAEKTOPUHU dJIEKTpoHa (L =
0, x =-R), 1 B MaJOli OKPECTHOCTH TOYKH B 3TO JABMKEHHE MOXHO CUHTATh MPSIMOJMHEHHBIM, ['=
(1 + V*c?). o cyrtn, a¢bbexr Puria mepexoaut B BeipaskeHne momepedsoro sddekra Jomiepa, HO
yaBoeHHOU BenmnuuHbI (§ 3.6). [Ipu 3TOM yacTtoTa MEHsIETCSA HE OT Bapuanuii V, a OT U3MEHEHHUS Ha-
npasienuss CA Ha UCTOYHUK. AHAIOTUYHBINA pe3ynbTaT ciaeayeT u3 3ddexra Jomnepa B cucreme oT-
cuéra mpuémuuka [A22], cm. § 3.6. DT0 MoKa3bpIBaeT YaCTHUHYIO SKBUBAICHTHOCTH 3 dekxToB Jore-
pa u Purua (1.16), nepexoasiux oJuH B Ipyroi, B 3aBUCUMOCTH OT cucTeMbl oTcuéra [A48, c. 75].

B TperbeM MpenenbHOM ciydae, koraa L >> R (x ~ L), pabotaer ¢-ma (3.5), rae a,~a = V/R,
T.K. Iipu L >> R HampaBJieHHE HA UCTOYHHUK HE MEHSETCS. DTOT Cllydail peanusyeTcs Uil 3BE3[ U ra-
JAKTHK, TJe Paguychl OpOUT R Majbl 10 CpaBHEHUIO ¢ pacctosiHueM L 1o Hux (cm. I'masa 1). Haubo-
Jiee o0Iui Ciyvaid mpeoOpa3oBaHUs YacTOThI CBETa paccMoTpeH B padore B.I1. 3omoryxuna [301].

JIist IpUIAHHS SMEKTPOHAM YCKOpPeHHs ay ~£10'7 M/c* MOXKHO Takke MPUMEHHTH IEKTPHUC-
ckoe nonie £, B koTopoM a = Ee/m (tae e/m = 1,76'1011 Ku/kr — ynenbHbIN 3apsij 3IeKTpOHA) JOCTUTa-
er 10" m/c? MIPU CPAaBHUTEILHO MaJION HaNpsKEHHOCTH E ~ 10° B/m. st YCKOpPEHHUsSI HOHOB TpelyeT-

cst E ~10° B/M. A B (hoKyce 1a3epHOro mydka JOCTHTHYTHI 3Hadenns E ~ 102 B/m [104].
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NPO3PaYHLIA  AMUTTEP NyudKa

AneKkTpog u INeKTPOHOB
Al

ceeToduneTp

Puc. 3.9. Cxema ycraHoBkH 1o nposepke 3¢ dekra Purna, npeodpasyroriero yacrtory cera f u

JIIUTCIIBHOCTh At JIa3€pHBIX UMITYJIbCOB, PACCCAHHBIX YCKOPCHHO ABMKXYIIUMUCH 3JICKTPOHAMU.

B pabotax [A12, Al16, A35, A36, A2, AS] aBTOp MPEUIOKUIT CXEMY YCTAaHOBKH IO MPOBEPKE
s dexra Putna (Puc. 3.9) B Bune BakyymHoii kamepsl (Puc. 3.10), rae my4ok 3JeKTpOHOB HIIM HOHOB
B 110JI€ £ 1ojydaer yCKopeHue ~10"" M/, JlazepHoe u3nmyueHHe ¢ HeCyIei 4acTOTO! f ¥ AITUTEIbHO-
CTBIO UMITyJIbca At ~ | 1ic poKycupyeTcsi Ha MydKe, MPeTepIieBas pacCestHie Ha 3JIEKTPOHAX (MM HO-
HaX) — BTOPUYHBIX UCTOYHMKAX. VX M3MydeHne npoxoauT B BakyyMme myTh L ~ 1 M 10 cBeToQuiIbTpa
(oTcekarolero cBeT 4acToThl f) M MOCTyNaeT B AeTekrop (cnekTpomerp). Ilpu crnpasennuBoctu 3¢-
¢exTa Putna oH 3adukcupyer curHan u3MeHEHHON AnuTenbHOCTH At' 1 yactothl £ (3.5).

B cnyuae moaTrBep)kIeHHs JaHHBIA METO]| MO3BOJUT TPAaHC(POPMUPOBATH HECYIIYIO YACTOTY U
KOMIIPECCUPOBATh UMITYJIbChI O€3 pa3roHa YacTUIl O OKOJIOCBETOBBIX CKOPOCTEH, T.€. IPUMEHSISI IPO-
cTOe 000pyI0BaHKME MPU MAJOM pacxojie SHEPrHH U Mpou3Boas Komrpeccuto ¢ BeicokuM KIIJI. [leii-
CTBHUTEJBHO, IIOCKOJIBKY B JIAaHHOM METOJI€ CYIECTBEHHO YCKOPEHHE H3TyYarolluX YacTHIl, a HE HX
ckopocTh (Kak B addekre Jomiepa), To mpu yckopeHuu a ~ 10" M/c? ckopocTh, KOTOPYIO YCIEIOT Ha-
Opath dYacTuibl B Tosie £ 3a BpemMsi BO3JACHCTBHUS JIa3€pHOTO HMMIyJbca f = 10" ¢, cocraBur
V =at = 10° M/c, T.e. yMEPEHHYIO BETHUNHY, CPABHHUMYIO C TEIUTOBBIMH CKOPOCTSIMH ATOMOB.

Kommnpeccop nMIyICOB MOYKHO BBIIIOJIHUTH B BUJIE BAKYYMHOTO OaJlJIOHa, B KOTOPBIA UCXOJTHOE
U3JIy4yeHUe 3aBouTCs yepe3 okHO-TMH3Y (Puc. 3.10) u npo3pauHslii 351eKTpo1 (TaKue 3JIEKTPOJIbI MO-
I'yT OBITh BBINOJHEHBI U3 MaTEpUAJIOB, YCTOHUMBBIX K JIA3€PHOMY H3JIy4EHUIO, B T.4. U3 rpadeHa).
Ceer (hokycupyeTcst Ha IMydKe 3JIEKTPOHOB (MOHOB), SMUTTUPYEMBIX OOKOBBIM 3JIEKTPOAOM W IOMa-
JIAIOIIMX B MOJIE OCHOBHBIX AJIEKTPOAOB, K KOTOPHIM NMPUJIOKEHO MOCTOSIHHOE HANpPsDKEHUE WIIN Tepe-
MEHHOE C 4acTOTOH f, ClIe0BaHUs Ja3ePHBIX UMITyJIbCcOB. Ilocie paccesHus Ha yCKOPEHHBIX JIEKTpPH-
YECKHM IOJIEM JIEKTPOHAX (MOHAX), U3JIyY€HHE BBIXOJUT Yepe3 OTBEPCTHE WIIM CETKY BTOPOTO JIEK-
TpoAa. 3aTeM Ha IMyTH cBOOOAHOrO Mposiéra L uMiyisc npeodpasyercs no apdexrty (3.5), (3.6), menss
uiTensHOCTh At' 1 yactoTy Hecyuier f. IIpeoOpa3oBaHHbIN MMITYJIBC BBIXOJUT Y€pe3 BTOPOE OKHO
komrpeccopa. Ko duuueHT komrnpeccun g UMITyJIbca peryIupyeTcs myTéM U3MEHEHUS BETMYMHBI U
HanpasieHus noyisi E (T.e. U3MEHEHUEM YCKOpEHHUs a) WIM NPOJETHOM AUCTAaHIMM L, oTHaNIAs WU

npubIMKas Nepen3Iyvaonyo IaCTUHY, FacsIlyo U30bITOK CKOPOCTH Y JTyuel cBeTa.
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npospaukbin, KOMNPECCOoP MMNYNbCOB

SHBKT?AO,CI,
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: - L=1m !W' ﬁ(l'LUr‘rC )
3nekTponpueoa
BWUHTOB MUKDO- nnacTuHKa-

metpuseckor nopan 2 AL =Af( ] -,f_afc:) nepenanyqarens

Puc. 3.10. Cxema TpanchopmaTopa 4acTOTHI CBETA M KOMIIPECCOpa JIa3epPHBIX UMITYJIECOB.

Ecnu snexTpoas! miockue, To noje £ mpakTUYecKu OAHOPOAHOE U 00ecIieYMBaeT paBeHCTBO yC-
KOPEHHI y BCEX AJIGKTPOHOB JUISI OJAMHAKOBOTO Kod(duimeHTa kommpeccuu g. OTMeTuM, 4to Ais
IKCIIEPUMEHTA MOXKHO MPUMEHUTH CYIIECTBYOIMME GoTodnekTpoHHsie katoasl (POK), B BUae Katona
U CeTKHU, MOMELIEHHBIX B BaKyyMHYI0 KosOy. [Ipu ocBemennn karoja J1a3epHbIM U3IyYEeHHEM U3 HEro
BBUIETAIOT AJIEKTPOHBI, MOMAJAIONINE B SJEKTPUUECKOE TOJIe MEXKIY KaToaoM U ceTkoil. [Ipu Hamps-
xkeraun U= 1000 B u Mex31MeKTpOTHOM paccTOSTHUU d = 1 MM, 3TO TOJIe TOCTUTAeT KPUTHIECKON Be-

mannsl E = Uld ~ 10° B/M 1ocTatoqHoi s HagéxHON perucrpamm ¢ dekra.

vroneuarelii, KOMMPECCOP anyanOB
eKTPOA X

y If
SnexTponpueog [
BHHTOB MWKDO- Lo o - 2 nnacTuHka
METPHYECKOR nogadm =+ At' —A-"( 1-Lalc ) nepenanyyarens

Puc. 3.11. Cxema KoMIIpeccopa HMITYJIECOB C YCKOPSIIOIINAM 3JIEKTPOIOM-MHUKPOOCTPHEM.

Bricokux 3HaueHU £ MOXHO JOCTUYb MYyTEM MUKpOMUHUATIOpU3aIuu 3ekTpoaoB (Puc. 3.11).
Tak, BO3Ie OCTPHS C PajgMycOM 3aKpyriIeHHs r mopsaka mukpona (10° M) HampsKEHHOCTB MO
E ~ Ulr nocturaer 3nauenuii E ~ 10° B/M yxe npu U= 1 B. Takum 06pa3om, TpaHchOpMATOp 4aCTO-
Thl CMOXET paboTarh OT OaTapeiiku, ecnu (OKyCHpOBaTh CBET Jja3epa mepel OCTpuéM, ¢ KOTOPOro
UAET IMHUCCHUS DIIEKTPOHOB. OCTPUE MOXKET CITY)KUTh dPPEKTHBHBIM HCTOUHUKOM 3JIEKTPOHOB MU HO-
HOB 3a CYET aBTORJICKTPOHHOH, aBTOMOHHOW M XOJIOZHOM SMHUCCUH, W OT OCBELICHUS JIA3€PHBIM U3-
JTy4eHHueM. DJEeKTpOJl B BUE OCTPUS MO3BOJUT BBINOJHUTH BTOPOH 3JEKTPOJ B BUAE LIMIMHIPA, BME-
CTO 3JICKTPOJIa C OTBEPCTUEM (CETKOM), Kpasi KOTOPOrO MOTYT MEPen3ayyarb CBET, HEUTpaau3ys mpe-
oOpaszoBanue 4actoThl. DPpdexr Putma MokeT OBITH POBEPEH PACCMOTPEHHBIM CIIOCOOOM U /ISl HE-

MIPEPHIBHOTO U3JIyUYEHUsT BO30YKIEHHBIX HOHOB, MTOMEMIEHHBIX B AJIEKTPUIECKOE ToJie £ ~ 10° B/m.
/" =f7|1+La, 1c7|x10" Ty
-3

Lo L=09m,
f=5x10"Ty

\;{\1,,40 B

a, x10" mic?

:] 5 II-
-3 -2

Puc. 3.12. I'padux n3MeHeHust 4acToThl ', IpeoOpa3oBaHHON 110
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a¢dexty Putna, B 3aBHCHMOCTH OT O £ U YCKOPEHUS d, 3JIEKTPOHOB.

B paccmoTpeHHO# BBIIIE CXeMe YCTaHOBKH 1o mpoBepke 3¢ dekra Purna (Puc. 3.9, Puc. 3.10)
u3MeHEHHas JacToTa f', Kak BUJIHO U3 (3.5), 3aBUCHUT OT JIy4€BOI0 YCKOPEHMS IEKTPOHOB d;, T.€. OT
yekopsirorero momst E. Ipu a, = -¢*/L dactora f ctpemures k Geckoneunoctr (Puc. 3.12), u Manas
Bapualus d,, Ipu U3MEHEHUU E win L, BHI3BIBACT TUTAHTCKOE U3MEHEHHE f. DTO OTKPBIBAET MPOCTOM
Croco0 MepecTpoiKy 4YacTOThl CBETA U3 ONTHYECKOro B Y M-, peHTI€HOBCKUI U ramMmma-auanasoH. [lpu
0o0paTHOM 3HaKe E, U @, 4aCTOTa CHUXKAETCS, UTO MO3BOJIUT MEPEBOJUTH ONTHYECKOE U3ITyUYCHHUE B MH-
¢dpakpacHoe u TeparepuoBoe. B pamkax obmieil Teopun otHocutensHoctH (OTO) yckopeHue Toxe
BeJET K Bapuanuu 4actoTel. Ho 11 paccmorpenHoii cxembl OTO He mpenckasbplBaeT CIBUra 4acTOTHI
(3.5), T.X. 1t ¥X cO3AaHUS MPUEMHHK H3ITyYEHHS JOJDKEH YCKOPATHCS BMECTE C HCTOYHHUKOM.

DddexT Putna ommueH u ot 3¢gdekra [Jomiepa, He MEHSIOIIETO YacTOTy CBETa, MEPEU3TyIEH-
HOT'O B IIPSIMOM HAIIPaBJIEHUH. A CKOPOCTH, IPHUOOpETaeMble YaCTULIAMH 3a BPEMsI JIa3€PHOTI0 UMITYJIb-
ca At~ 10" ¢, coctassr V = a,At ~ 10° M/c, T.e. HEIOCTATOUHBI VTS OIIIEP-TPAHC(HOPMALINH YACTOTHI
CBETa B pasbl WK reHepaunu Y ®D- U peHTTeHOBCKUX KBAaHTOB TOPMO3HOTO HM3iydeHUs. ['eHeparus
Iy4Ka 3JIEKTPOHOB U M0JIsA £ KOPOTKUMH MUMITYJIbCAMH CHHXPOHHBIMU C JIa3€pHBIMU (C JJIUTEIBHOCTBIO
~107"2-10" ¢), coKpaTHT 3aTPaTHl FHEPIHH HA SMUCCHIO, PA3TOH YACTHI] M yIPOCTHT CXEMy TeHEpaTo-

pa BBICOKOTO HarpspkeHust. FiM MOXKeT cTaTh HCKpOBOH paspsiaHuK, Tpancopmarop Tecna u T.11.

A AAL =At[1+La /T, et
MKMA nC -~
o 1=700 Hm
11,5 o Af=1 ne
L =10" mic?

0,51

L owm
L L 1
0 0.5 F1,0 1,5 2,0

0,0

Puc. 3.13. I'paduk n3MeHeHHs JUIMHBI BOJHBI A' M JITUTETFHOCTH UMITYJIbCa

At' o s dexty Putna, B 3aBHCHMOCTH OT pacCTOSHUA MPpUEMHIKA L.

['maBHas ocobenHocTh 3¢ dekra Purma — 310 3aBUCUMOCTH (3.5) 4acTOTHI, IJTUHBI BOJHBI U JJTH-
TETbHOCTH MMITyJIbCa CBETa — OT JUCTAHIMK L, mpolaeHHol cBeToM B Bakyyme (Puc. 3.13). Ananus
3TOH 3aBUCUMOCTH TPHU Bapualusax L —3T0 OCHOBHOW KpUTepuid mpoBepku dpdexra Putna.

Emé oqaum kputeprueM CIy>KUT aHaiuu3 3aBUcUMOCTH f' ot yria 0 (Puc. 3.9), moa koTopsiM pe-
ructpupytot usnydenue. [lockonpky 3¢ ekt Purma (3.5) 3aBuUcHT HE OT MOAYJS YCKOPEHHUS d, HO OT

€Tro MMPOoCKUUU a, = -acosO Ha JIY4 3p€HHUA 7, TO AJIsI HET'O JOJI’KHA BBITIOJIHATHCA 3aBUCUMOCTD

r_ f
5 _—‘ L (3.8)

1-——cos0
o2
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B momsipHbIX KOOpAMHAaTaxX 3aBUCUMOCTH (3.8) COOTBETCTBYET KOHHMYECKUM ceueHusMm (Puc.
3.14), a mapamerp € = La/c* — ux skcuenTpucurery. [Ipu € < 1 310 smtric (a B 06bEMe — SIUIUIICOM)
¢ (hoxycom B momtoce (uctounuke). [lpu kputudeckom € = 1 37IUIC BRIpOXKAaeTCs B mapadoiy (mapa-
6oonn), a MakcuMasibHas yactorta f ' ctpeMutcs K 6eckoneuHoctH. [lpu € > 1 3aBucumocts (3.8) co-
OTBETCTBYET BETBH THUIEPOOITBI (THIIEPOOIONIY), H 9acTOTa oOpamaercs B OCCKOHEYHOCTh B HAIPaB-
nenun ) = arccos(c¢’/La) acHMIITOT rUIIEpGOIIBI ¢ IKCLEHTPUCHTETOM €. B mpenenax |0] < 0, rie 3Ha-
MEHaTellb OTpUIaTeNeH (T.K. 3aJHUEe PPOHTHI OOTOHSIOT MepenHue), OepEéTcs MOMYNIb YaCTOTHI: 3aBH-
CHUMOCTb M300pa3uTCsi BTOPOH, HO 3epKaIbHO OOpaIIEHHON (OTHOCUTENBHO TOJI0CA) BETBBIO THIIEPOO-
761, [TOCKOJIBKY TOMCOHOBCKOE pacCcessHHOE M3IIy4YeHUE JTMHEWHO IMOJIIPU30BaHO, TO TIOIYYCHHOE TIPH
TpaHchOopMaIuK U3TyYCHHE TOXKE OYJEeT JIMHEHHO MOJSIPU30BAaHHBIM, OCOOCHHO MPHU OOJBIINX YyTiIax

0. Ot1o OTKPBIBACT ITYTh I'CHCPALIUU MTOJIAPHU30BAHHBIX PCHTICHOBCKUX U T'aMMa-ITY4KOB.

Puc. 3.14. Yrnosas 3aBucumocts yactotsl f(6), mpeoOpazoBaHHOI

s dexrom PuTiia, npu pasHbIX 3HAUEHUAX napameTpa & = La/c’.

['maBHOE mOcTOMHCTBO 3¢ dekTa PuTiia cOCTOUT B BO3MOXKHOCTH HEOTPAHHUEHHOTO CHKATHUS JIJTH-
TEIBLHOCTH UMITYJIbCOB At¢' (3.5) v MOBBILLIEHUS UX MUKOBOW MomHOCTH P’ (3.6). DTO crnenyer u3 ogHo-
BPEMEHHOI'O COKpAILlEHUs JUINTEIbHOCTH UMIIYJIbCa U JJIMHBI BOJHBI, IEPUOAA CBETOBBIX KOJEOAHUN
(Puc. 3.13), ¢ mponopuroHaIBHBIM YIIUPEHUEM CIIEKTpa. T.e. UIMTENIbHOCTh UMITyJbca At', orpaHu-
YeHHasl CHU3Y MEepPUOJIOM CBETOBBIX KoseOanuii 7" u obpaTHO mmpuHon cnektpa 1/Af' [104], moxeT
CTaTh CKOJIb YTOJHO MaJIOM, @ UHTEHCUBHOCTb — CKOJIb YTOAHO BBICOKOW. B Touke F, rae L = la (te.
€ = 1) peamusyercs abconroTHas (a3oBasi HOKyCHPOBKA, T.€. BOJTHOBBIE (DPOHTHI, UCIYIICHHBIC B pa3-
HbI€ MOMEHTBI, IPUXOAAT K NPUEMHUKY OAHOBpeMeHHO. [Ipu 3TOM a3epHoe u3ayyeHre ocTaéTcst Mo-
HOXPOMAaTUYHBIM B CHIIy MOCTOSIHCTBa oTHOIeHus f/Af’ = f/Af. Ilpu HeOrpaHUYEHHOM COKpAIleHUU
JUIMHBI BOJIHBI A/, IpPH TIOCTOSIHHOH anepType D, 6eCKOHEeUHO YMEHbIIAeTcs U TU(PaKIMOHHAS pacXo-
JTUMOCTh ITy4ka 0 ~A"D, T.e. BO3MOXXKHA pean3anus aOCOMOTHO HE PACXOJSAIINXCS ITyYKOB, MPUME-
HUMBIX, HAIIpUMeEp, Ui JajbHell KocMuueckol cBsi3u. HeorpannueHHoe c)katve UMITYJIbCOB M OECKO-
HEYHBIN POCT X MUKOBOI MOITHOCTU P’ CTaHOBUTCS TaK)K€ BO3MOXKHBIM 3a CUET MPEOOPa30BaHUS M-
IyJIbCOB B BaKyyMe€, a HE B Cpe/ie, I'/ie IPeeIbHasi MOIIHOCTh UMITyJIbCa OTPaHUUYEHA HEIMHENHBIMU

s pexTamu, TOTJIOMEHHEM U MPOOOEM CpPeIbl MO ACHCTBUEM MOIIIHOTO JIA3epHOTO U3ITyYCHUSI.
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OreHM MONIIHOCTH MPe0OPa30BAHHBIX UMIYJIBCOB. ECiiu MCX0aHOE U3IydeHue 001a1aeT MOIII-
HOCTBIO Py, TO MOIIHOCTH PACCESHHOTO DIICKTPOHAMM H3jydeHHs coctaBuT P = Py(l —e )= Pyt =
PoNotx, rae 1= Nopx << 1 — onTuyeckast TOJIa CJI0s AIEKTPOHHOIO My4Ka, N — KOHLIEHTpauus B HEM
ANIeKTpoHOB, X ~ (0,001 M — ToNmmMHA My4YKa, O = (871/3);*02 ~ 6,65107% M* — s (heKTUBHOE CeUeHUE
TOMCOHOBCKOT'O PAacCesiHUs, 7y — KIAaCCUYECKUI paanyc 3eKTpoHa. [Ipu KOHUEHTpaluu 31eKTPOHOB
N=10"°wm" [302] (mocTmwxumon pu (HOTOIMHUCCHH JIa3€PHBIM UMITYJILCOM U3 (POJIBIU MW B ITyYKax
B3PBIBHOI 3JIEKTPOHHON 3MHCCHH, ¢ mMiyibcamu ~100 e [303]), moxyunm P ~ Py107°. Tpu cxatun
ummynscoB B 10° pas u Bbimre, u3 (3.6) BbITEKACT BO3MOKHOCTH ICHEPALMM HMITYJIECOB TaMMa-
M3JTYYEHHS C THKOBOI MOIHOCTBIO PABHOM, HIIH BBIIIE HCXOTHOM: P’ ~ P-10° ~ P,

TakuMm 00pazom, yJacTcsi TeHepHUpOBaTh MOHOXPOMATHYHOE PEHTIC€HOBCKOE U FraMMa-u3J1ydeHnue
IepecTPanBaeMOil 4acTOTHI ¢ MAKOBOH MOIIHOCTBIO 10 10'° BT (IIMKOBas MOIIHOCTb METABATTHOTO
na3epa), HO Majod amuTenbHOCTH At'~ 107" ¢. Takke BO3MOXKHO CO3IaHHUE IIyYKOB KOTE€PEHTHOIO
PEHTT€HOBCKOTO M IaMMa-U3JIy4eHHUsl CO CBOMCTBaMM JIa3epHOro M3iIy4yeHus. B ciydae BpicOKO# of-
HOPOJHOCTH 3JIEKTPOHHOTO Iy4YKa W MoJjs E, mapajienbHbIi Ja3epHbId My4YOK, MPOMIsi CKBO3b JJICK-
TPOHHBIN IyYOK, KOTEPEHTHO PACCEETCs JIEKTPOHAMU B MPSIMOM HANpPABICHHM B TaKOW K€ mapali-
JeNbHBIA CBETOBOW MYyYOK, Ipeodpa3yemslii o 3¢ dexty Purtna. s 3Toro cieayer UCKIIOYUTH Ma-
JeiIe HEPOBHOCTH BOJIHOBBIX (DPOHTOB, HANPHMEP, C TOMOIIHI0 METOIOB KOPPEKIUH BOJHOBOTO
dponTa [292]. UHave nipu cOMmKeHnH GPOHTOB 10 PACCTOSHUS A’ << A, MaJlble HEPOBHOCTH (PPOHTOB
MpPOSIBATCA B BUJE BapUallUii JJIMHBI BOJHBI BAOJIL PPOHTA.

OTMeTUM, YTO UJI€ATIBHO OJHOPOJHOE MOJIE CO3JaTh CIO0KHO, IOCKOJIBKY B OJTHOM U3 3JIEKTPO-
JIOB CZeNaHO OTBEpCTUE (CeTKa) JUIsl M3NyUYeHHs, a 3JIEKTPOHHBIN IMy4oK CO3/1aéT cOOCTBEHHOE HEOJ-
HOPOJIHOE T0JIE, HAJIOKEHHOE Ha BHEILHEE U CO3JAIOLIEe HEOJHOPOJHOCTH KOHIIEHTPALMH AJIEKTPO-
HOB. YUTOOBI BCE 3JIEKTPOHBI MPeObIBAIM B OJIMHAKOBOM MoJje £ U o0peTanu OAMHAKOBBIE YCKOPEHHS,
ANEKTPOHHBIN MyYOK cleqyeT GOKYyCHpPOBaTh, B Ty K€ TOUKY (DOKyCHpYS Ja3epHbIH MydoK. ITo obec-
NEYUT OJUHAKOBOE MpeoOpa3oBaHUE YAaCTOThl M3NyUEHHs] BCEMH 3JIEKTPOHAMH, HO paccesHue Oyaer
y>K€ HEKOTE€PEHTHbIM M HEHANpaBl€HHbIM. B 3TOM ciyyae MOIIHOCTb PacCEIHHOIO CUTHAaJa, MOCTY-
narowas B TenecHsii yron Q = nR*/L* (B aneprypy AeTekTopa pamuyca R), COCTaBUT

Po = PyNxQdo/d<), (3.9
rie do/dQ = o1(3/16m)(1 + cos’0)— muddepeHIranbHOe cedeHne TOMCOHOBCKOTO paccesaust. IIpu 0 =
0°, R/L ~ 0,05 u Tex e napamerpax momyduM Po ~ Py-10°°. A MOIHOCTE CHTHAIA, PerHCTpHpyeMas

JIETEKTOPOM, Tocie nmpeodpazoanus r3¢dexrom Putia, cornacHo Gopmyie (3.6), coctaBut

!

P _p 3No xQ2 1+cos”

= = . 3.10
1+ La, /c? O 16n  1-gcos0 (3.10)

Fo
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Ha Puc. 3.15 npexacraBneHsl guarpaMmbl HalpaBiIE€HHOCTU M3IYUYEHHS 10 3HEPIMU HUMITyJIbCa

(mpornopumoHankHON Pg), ¥ MO ero nmukoBoi MomtHocTH Po' (3.10). Ilpu € < 1 mMakcuMyM MHKOBOM

MOIIHOCTH JJOCTUTAeTcs B MpsiMoM Harpasienuu (0 = 0°), rie makcumanbHa yactota (Puc. 3.14).

60 a0

150,

180"

210

270

300 330

Puc. 3.15. [IluarpaMmma HanpaBJI€eHHOCTH PACcCESHHOTO M3ITyUSHHS [T0 SHEPTUH UMITYJIECOB (MITH ITHKOBOM

MOIITHOCTH P B MOMEHT paccesiHHA) U [0 MUKOBON MOIIHOCTHU Pq', m3MEHEHHOH pUTH-3PPEeKTOM.

OKCHEPUMEHT, OTYACTH HAIIOMUHAIOIINNA pacCMOTpEeHHbIN, emé B 1950 r. mianupoBan akageMuK
C.1. BaBunos, umest B BUJy Kak pa3 MpPOBEPKY OauMcTUYECKOW Teopuu. byayun nmuoHepom Hemnu-
HelHOM onTuku, B 1942 1. OH 3aMHTEpecoBajcs TpaHchopMaluel ONTHYECKOTO CIEKTpa B BaKyyMe
[101], aHAaTOrMYHOTO KpPacHOMY CMEIICHHUIO B crekTpax ranaktuk (§ 1.2). BaBumoB oTrmerwuni, uTo
«OKCTIepUMEHTAIbHbIEC MOMBITKH (06€3 KaKUX-TH00 CepbhE3HBIX OINBITHBIX MM TEOPETHYECKUX OCHOBA-
HUI) BIMATH CUJIOBBIMM IOJISIMH Ha YacTOTYy CBETOBOrO IOTOKAa, HauMHaromuecs ¢ Papanes u mnpo-
JIoJDKaroIuecss A0 mnociaeaHero BpeMeHu [304], HMKakoro MOJIOKHUTENIBHOTO PE3yJjbTara HE Il
[101, c. 133]. B OamiucTu4ecKkoil TEOPUU 3TU OCHOBAHUS MOSIBIIIMCh. BaBUIIOB MPEeATOKUI MOIYIH-
pOBaTh CKOPOCTb IIyuyKa MOHOB, MEHSS BEJIUYMHY YCKOPSIOLLErO IOJIsI, U IPOBEPUTH IPEICKA3aHHOE
Teopuel Putna nsmenenue assl u, cieaoBaTelbHO, YaCTOTHI MOIYJMPOBAHHOTO CBETOBOI'O CUTHaja
[8]. Onnako cmepTh BaBuioBa B 1951 r. momemana eMy NOCTPOUTh YCTAHOBKY M OCYILIECTBUTD DKCIIE-
puMeHT. Ero yuenuk A.M. boHu-bpyeBuu Tak BUIOU3MEHUI CXEMY OIbITA, IPUMEHUB B KAUECTBE UC-
TOYHMKA JBWXKYylIHecs kpas ConHIla, YTO HE TOJIBKO HE MOTJIM HaOII0/1aThCs MpeaAcKa3aHHble BaBuio-

BBIM (P HEKTHI, HO B OaJUTHCTHYECKAst TEOPUsl HE MOTJIa OBITh MPOBEPEHA OJTHO3HAYHO [27].

§ 3.5. 3pghekm 2eHepayuu 2apMOHUK npu MOOynsAyUU CKOpocmu ceema

DJEeKTPOHBI, aTOMBl U HAHOYACTHIIBI MOYKHO TaK)Ke yCKOPSTHh AaBlieHHeM cBeta p = 2[/c (Puc.
3.16). OHO coobuaer yacTuie paguyca r ~ 107 M, mwiotHocTH p ~ 10° kr/™® 1 Macest M = 4mrp/3, ye-
koperne a = prr /M ~ I/pcr ~ 10" m/c* yxe npu nnteHcuBHOCTH cBeta [~ Iy ~ 10'° Br/em?, moctu-
KUMOH B (peMTOCEKYHIHBIX uMITynbcax [104, c. 12]. ®deMTOCEeKYHAHbIE UMITYJILChI CIIOCOOHBI YCKO-
PATH TaKXKe 3JEKTPOHBI MOCPEICTBOM MOHAEPOMOTOPHOM CHUJIbI (AEUCTBYIOLIEH MPU PENATUBUCTCKUX
CKOPOCTSIX), TMOJIEM «KHJIBBATEPHOW» BOJHBI B Tu1azMe u T.11. [104, ¢. 165]. B Takom cirydae nmazepHoe

U3JTy4YeHUe, yCKOpss YaCTHLIbI, Iepen3TydaeTcss MU U Janee npeodpasyetcs no s¢dexrty Putna.
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Puc. 3.16. Cxema ¢popMHpOBaHUS CIIEKTPa TAPMOHUK 32 CUET NCKAKECHUS

PO BOJIHBI, IEPEU3TyUEHHON YCKOPEHHO IBIKYIIUMICS YaCTUIIAMU.

JleiicTBuTeNEHO, B OMBITaX HaOMIOJaeTcss mpeoOpa3oBaHUEe (PEMTOCEKYHIHBIX JIa3ePHBIX HM-
IyJbCOB ONTHUYECKOI0 JMaNa30Ha B aTTOCEKYyH/HbIE MUMILYJIbChl PEHTTEHOBCKOIO JIMama3oHa, Mocie
paccessHUSI (EMTOCEKYHAHBIX UMITYJIbCOB HA JIEKTPOHAX, YCKOPEHHBIX JIa3epHbIM UMITyJIbcoM [305].
O dext uHTEPIPEeTUPYIOT KaK JOIUIEPOBCKUNA POCT YACTOTHI NMPH OTPAKEHUH MMITYJIbCOB «JICKTPOH-
HBIM 3epkanomM». OHaKo 3T0 IpeoOpa3oBaHNE MOXKET ObITh TAKXKE PE3yJIbTaTOM U3MEHEHUI 4acTOThI
s¢¢pexroM Puria, 4To JIErKO yCTaHOBHTbH, IIPOBEPUB BBIIOJIHEHHUE B SKCIIEPUMEHTE 3aBUCHUMOCTEH
(3.5-3.10), xoTOpBIE HE MPOSABIAIOTCS MPH JOIUIEPOBCKOM NMPE0OPa30BaHUH YaCTOTHI.

[TockonbKy B MUMITyJIbCE OT M3MEHEHUS MHTEHCUBHOCTU / MO BpPEMEHH MEHSETCS U YCKOpEHHE
a ~ I/pcr, TO pa3HbIe YaCTH UMITYJIbCA CXKMMAIOTCSI B PA3HOW CTETICHU: MbEAeCTal UMITYJIbCca, TJIe HH-
TEHCUBHOCTb U3JIyUCHMs Maja, NPAaKTU4YEeCKU He ckumaercs. [loaTomy, cTporo roBops, UMILyJIbC CO-
XpaHSEeT MPEXHIOK JUIMTENbHOCTh, U JIMIIb 3a0CTPSAETCS — CXKMMAETCSl €ro BepUIMHA (TO e camoe
IPOMCXOTUT MPU YUPI-KOMIPECCHH), BIUIOTh 10 ATTOCEKYHIHOM JITUTETBHOCTH.

Ha BepmmHe nmmysbcea, Tie MHTEHCUBHOCTH TIOCTOsIHHA (dI/dt = (), naBiIeHne CBETa TOXKE MEHsI-
eTcs, ocumupyeT. OObIYHO JaBIE€HUE CBETA HA YacTHIly IpHu / = const CYMTAIOT OCTOSHHBIM, BBUAY
YCpPEHEHUs] N0 BPEMEHHM M MOBEPXHOCTH MakpooObekToB. Ho 11s yacTuil pasMepoM MeHee A cuia
JIABJICHUS] CBETa OCLMJUIMPYET Ha YABOEHHOH 4dacToTe f KosebaHuil cBeToBoro mois. IlepemenHoe
JIaBJIEHUE, MOJYJIUPYSl YCKOPEHHUE @ YacTull U BennuuHy >¢dexra Purna (3.5), uckasur npoduib pac-
CeSTHHOW BOJIHBI, (popMupyst HEeUETHBIC TapMOHUKH Hecytield 9actoTsl f [A13]. Tlpu I ~ [y MomHOCTH,
3aKJIIOYEHHBIE B TapMOHUKaX Hf 1 MICXOJHOM H3IyYEHHMH 4acTOTHI f — CONOCTaBUMBI. JleficTBUTENBHO,
TFapMOHUKH PErHMCTPUPYIOT B T€HEpaTopax aTTOCEKYHIHBIX UMITYJIbCOB, Ii€ B (OKyce (PeMTOCeKyH/-
HOTO Jla3epa aTOMbl M HAHOYACTHILIBI TOJ JECHCTBHEM CBETOBOTO JABJICHUS MOJIYYarOT YCKOPEHHsS 10
107 m/c* [104]. T.e. UMIYIbCHl PEHTTEHOBCKOTO H3IYYCHHS ATTOCEKYHIHON MTHTENPHOCTH MOTYT
OBITH TpeoOpazoBaHHBIME 110 dhPexTy Putna (3.5) pemToceKyHTHBIMU ONTUYSCKUMH UMITYJIbCAMH.

PaccMmoTpuM reHepanyio rapMOHHUK, COOTBETCTBEHHO, B 3JIEKTPUUECKOM U MarHUTHOM TOJISIX

E(t) = Eosin(o?) u B)(t) = Bosin(wt)
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JMHENHO MOJIAPU30BAaHHONW BOJIHBI C IIMKIMYECKON 4acTOTOM . BpeMeHHAs 3aBucuMMOCTh cuisbl Jlo-
peHIa F;,— AaBlIeHUs CBETa HAa YaCTHILy pajuyca 7 U MPOBOJAUMOCTH G 3aJjaHa BBIPAXKEHHUEM
Fi(1) ~ Pj())B(t) = PGEoBo[ 1 — cos(2m1)]/2. (3.11)
Kaxk Bunno n3 (3.11), F; ObICTpO MEHsETCA OT OCUMIIIALUE 10 By(f) U INIOTHOCTH TOKA j,(f) = GE(?)
B YaCTHIIE, MOJIYJIHPYS C 4acTOTOM 2 e€ yckopenue a, = F(¢)/M. Toraa npodwiib BOIHBI, TEpEen3ITy-
4EHHOMU ANEKTPOHAMH MPOBOIUMOCTH (Y KOTOPBIX B (paze ¢ mojem |Ey| MeHseTcs TUIOTHOCTh TOKa |jy| U,
COOTBETCTBEHHO, CKOPOCTb V), HCKa3UTCs, MpuoOpeTst GopMy OIU3KYIO K UMITYJIbCAM TUIIA «MEaHIP»:
E.'(f) = Eo[cos(wt) — cos(3w?)/3 + cos(Swi)/5 —...]; (3.12)
a 'y BOJIHBI, IEPEU3TyuYE€HHOMN CBA3aHHBIMU AIIEKTPOHAMH (y KOTOPHIX B (haze ¢ £, MEHSETCS CMEIICHUE
X U B IPOTUBOda3e — YCKOPEHHUE a,),— PopMy OJIM3KYIO K TPEyTroJIbHBIM UMIybcam (Puc. 3.16):
E.'(t) = Eo[cos(wt) + cos(3m?)/9 + cos(Swr)/25 + ...]. (3.13)
T.e. ciekTp 00pa3yroT HEUETHBIE TAPMOHUKH YaCTOTHI f, BIUIOTh O TAPMOHUK YaCTOTHI fmax, CAHTE3H-
PYIOIIKX CaMbIil OCTPBIN WM KPYTOH ydacTok mpoduisi. MomHocTs 6051ee BHICOKMX TapMOHHK MaJia.
B ombiTax crnekTp aTTOCEKYHIHBIX UMITYJIbCOB, TeHEPUPYEMBIX (HEMTOCEKYHIHBIMHA UMITYJIbCAMU
B CTpy€ rasa Wid Ipu abJisiuy MOBEPXHOCTH, 00pa30BaH HUMEHHO HEuETHBIMHU rapMoHukamu [104]. 3a
PE3KUM CIaZioM MOIIHOCTH TEPBBIX TapPMOHHUK HIET MEIJICHHOE YOBIBAHHME — «ILIATO», MOJ0OHOE
ACUMIITOTUYECKOMY YObIBaHUIO 1/H TapMOHUK «MeaHApa» ¢ OOPBIBOM Ha YaCTOTE fmax. Peanm3amuro
JAHHOTO MEXaHW3Ma MOKHO MPOBEPUTH, U3YUUB 3aBUCUMOCThH CIEKTPa MUMITYJIbCOB OT IUCTaHIMH L,
HapaluBaroleil oTkiIoHeHus E,(f) oT rapMoHudeckoro 3akoHa. JleiicTtBurensHo, 3aBucumoctu (3.12)
u (3.13) mpubmmkéHHo oTpakaroT Gopmy rpaduka E,'(f), Korma aMIDIUTyga YCKOPSHHS PacCcenBaro-
IMX 9ACTHUI] ONIM3KA K KPUTHUECKOi a = ¢*/L. [Ipn MEHBIINX HHTEHCHBHOCTSX MCKA)KEHHSI MEHBIIE 1
MOIIIHOCTH TapMOHHK Hike. [Ipu pocte L oTkinoHnenus rpaduka E,(f) OT rapMOHUYECKOTO pacTyT, U
MOITHOCTH BBICIIMX FAPMOHUK HapacTaroT. DTOT 3((eKT aHAIOTH4eH KIMCTPOHHOMY (mpeolOpa3oBa-
HHUE MCXOJHON 9aCTOTHI, C KOTOPOH MOJYJTUPYETCS CKOPOCTh IMOTOKA JIEKTPOHOB, B CIIEKTP TAPMOHUK
[67]) 1 MOTOMY MOET OBITh PACCMOTPEH MAaTEMaTHYECKH C TTOMOIIIO aHAJIOTMYHOT'O MaTarapara.
OddexT u3MeHeHHs CeKTpa aTTOCEKYHAHBIX UMITYJILCOB B 3aBHCUMOCTH OT MPOWJIECHHOTO CBe-
ToM myTH L, o6HapyxkeH Ha omnbite [306, 307]. OnHako 3TOT 3G PEKT HHTEPIPETUPYIOT KaK pe3yIbTar
npocTpancTBeHHOM cenekuuu rapmonuk [308]. Cornacuo mozaenu I1. Kopkyma, pa3Hble TapMOHUKH,
OTBEUAIOIIUE PA3HBIM TPACKTOPHUSIM AJIEKTPOHOB, U3JTy4aloTCs B pa3HbIX HampasieHusx. [loatomy npu
OTJIAJICHUH OT UCTOYHHKA B CIIEKTPOMETP MPEUMYIIECTBEHHO MOCTYMNAIOT (MPOCTPAHCTBEHHO CEIEKTH-
pYIOTCSl) TApMOHMKH, U3Ty4EHHBIC B MPSMOM HANpaBJICHUH, TOT/AA KaK FTAPMOHUKHU, H3Iy4EHHBIE MO
OOJBIIMMHU YTJIAMH WM C OOJIbIIEH YyII0BOM pacXOAUMOCTBIO, YACTUYHO OTCEUBAIOTCS, YTO MOJITBEP-
JKIAETCS M3MEHEHHEM CIIeKTpa MpH U3MEHEeHUu auametpa auadparmel mydka [306, 307]. IIpoBepuTts,
KaKol M3 MEXaHH3MOB TpaHcopmanmu crekTpa 3PpeKkuBHEN, MOKHO, U3YUUB XapaKTep pocTa HH-

TEHCUBHOCTHU BBICHIMX TAPMOHUK TPHU OTHAJICHUHU CIIEKTPOMETpa OT UCTOUHHUKA, MPEICKa3aHHbINA Oa-
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JIMCTUYECKON TeopueH. J[pyruM KpuTepueM NpOBEPKU MOCIYKUT UCCIIEI0BAHUE BApUALUNA CIIEKTpa B
X0JI¢ TIPOTIOPIIMOHAIIBHOTO YBEJIUYCHHS arnepTyphl CIeKTpomeTpa (MpUCcOBOM auadparmoif) u pac-
CTOSIHUS 10 MCTOYHMKA, YTO HCKJIIOYAET MPOCTPAHCTBEHHYIO CEJEKIHI0 TpaekTopuil. Toraa 3aBucH-
MOCTB CIIEKTpa OT PacCTOSIHUS OyAET CBUIETEILCTBOBATH B MOJIb3Y Teopuu Purna.

[Tpu neiicTBuM PEeMTOCEKYHIHBIX UMITYJILCOB Ha TIa3My, 00Opa30BaHHYIO MPHU a0JISAIUN TBEPIOU
IIOBEPXHOCTH, (POPMHUPOBAHUE FAPMOHHMK MHTEPIPETUPYIOT MO CXOAHOMY MEXaHU3MY, paccMaTpuBas
oTpakeHHe (Mepen3IyyeHHe) BOJIHBI KOJEOIIOIMMCS MOJ JaBIEHUEM CBETa IUIa3MEHHBIM «3€pKa-
JIOM», YTO HUCKakaeT Mpodmib dnekTpomMarautHoi BoiHb! £'(f) [309]. Ho B 3TOM ciyuyae MCKaKCHHS
00yCTIOBIIEHBI HCKITIOYUTENBHO 3 dexrom [lomnepa, u cekTp He 3aBucen Obl OT MyTH L cBeTa B Ba-
KyyMe. [Ipu 3TOM MOIIIHOCTH HEKOTOPBIX TAPMOHUK M30UpaTeNbHO yCHiIeHbl. Tak, y mia3Mbl U3 HOHOB
UHIUs B pa3bl ycuneHa 13-a rapmonuka [310, 311]. Buaumo, 310 cBsI3aHO ¢ TEM, YTO OT HEJIMHEHHBIX
3 peKToB KoieOaHNsT UOHOB B Ja3€pPHOM I10JI€ BHICOKOH MHTEHCHBHOCTU MPOMUCXOST, KPOME OCHOB-
HOM 4acCTOTHI JJa3€pPHOI0 U3JIy4YEHHUS, TAK)KE Ha KpaTHBIX 4yacTtoTax. [loaTomy, eciu oHa U3 rapMOHUK
BXOJMT B PE30HAHC C COOCTBEHHBIMHU KOJI€OaHUSAMHU 3JIEKTPOHOB B MOHAX, TO KOJEOAHUS HA ITHX Yac-
TOTaxX M30UPATENbHO YCUIIATCS, IOBBICUB MHTEHCUBHOCTb NaHHON rapMOHUKH. C HelnHEeHHbIMH 3¢-
(exTamM CBSA3aHO U MOSBJICHHUE B CIIEKTPE aTTOCEKYHIHBIX UMITYJIbCOB YETHBIX rapMOHHUK [311].

[Tpu xomripeccupoBaHuH (HEMTOCEKYHTHOTO MMITYJIbCA HAKaYKH €r0 JUTUTEIHHOCTh COKpaIlaeT-
s, @ MHTEHCUBHOCTH [ — pacTér. [Ipu 3TOM BO3MOKEH POCT YACTOTHI BbIIIE 3HAUEHUIN KPATHBIX YaCTOT
Hf 3a cuéT moCTOSTHHOM COCTaBIISAIONICH yCKOpeHUs a ¥ cuibl nasienus (3.11), ycpean€nnoit mo Bpe-
menu: Fy ~ °6EoBy/2 [A2, A13]. Takoit ekt mpH cKaTuy UMITYIbcoB Habroxancs [310]: 4acToTsl
IIMKOB Ha CIIEKTpPE MPEBbIIIAIN pacUETHbIC 3HaUeHUs Hf, IpUuéM TeM 3aMeTHel, 4eM KOpode UMITYJIbC.

IIpy HaKJIIOHHOM NIAJICHUU J1a3€PHOT0 JIy4ya Ha IIOBEPXHOCTh, OTPAKEHHBIN CBET PACCEUBAECTCS HA
UCTIAPEHHBIX C MMOBEPXHOCTH MOHAX, KOTOPBIE TAKXKe KOJEOIIOTCS U MO JEHCTBHEM DJIEKTPUIECKOTO
nosist E(f) cBETOBOM BOJIHBI B TUIOCKOCTH TajaeHUs. [I0CKONBKY KyJOHOBCKas cuiia eE HaMHOTO Tpe-
BOCXOJUT CHUJIy CBETOBOTO JAaBieHMA Fy, To naxe npu [ <<l 3(p()eKTUBHOCTh I'€HEPALUU TaPMOHUK
JIOJKHA OBITh BEJIMKA M 3aBUCETh OT yTJja MajJeHus U NOJspU3aliuy najaromero ceeta. [Iposepka sroi
3aBHCUMOCTH MOXKET CITY>KUTh JTOTIOJIHUTEILHBIM KpUTEpreM npoBepku 3¢ dexra Putma.

Pacuér BBINONHEH JUIsl JTMHEHHO MOJIAPU30BAHHOIO CBETA. Y IMPKYJSPHO MOJIIPU30BAHHOIO
CBETa JIaBJIEHUE HE OCLMJUIUPYET (MIOCKOJIBbKY a0COIIOTHBIE 3HaUeHUs noseil £ u B He 3aBUCAT OT Bpe-
MEHU: UX BEKTOPA MEHSIOT TOJIBKO HAIIPaBJIEHMsI), CO3aBasi IOCTOSHHOE YCKOPEHUE YacTUll. To ecTb,
UPKYJISIPHO TOJIIPH30BAHHBIA CBET HE TEHEPUPYET TAPMOHUK YaCTOTHI f, a CIIOCOOEH JIMIIh HapaIin-
BaTh € 1o 3¢ dexty Putna (3.5). JleiicTBUTEIHO, KaK TTOKa3au OnbITh [310], rapMOHHMKH TeHEPUPY-
€T JIMHEWHO, a He LIUPKYJSIPHO NOJsipu30BaHHbIi cBeT [312]. Ho uupkyasipHO MOJISIpU30BAaHHOE U3IIY-
YeHUE TO3BOJIUT HalIronaTe mpeoOpa3oBaHUe 4YacTOThl Mo 3¢ ¢dekty Purna B ymMcroM BHIE NpHU

I~1y~10" Br/em®. IIpy oyeHb BBICOKMX MHTEHCHBHOCTAX JJIA LUPKYJISIPHO HOJSPU30BAHHOTO H3IIy-
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YeHHUs, ICUCTBUTEIHHO, YAaETCsl HAOMI0NaTh MPeoOpa3oBaHUe YacTOTHI CBETA, HOCSIEE MHOM Xapak-
Tep, YEM IIPU T€HEPAIMU aTTOCEKYHAHBIX UMITYJIbCOB JIMHEHHO MOJISIPU30BaHHBIM cBeToM [313, 314].
[Tpu 3TOM mopor rerepaiuu, B cornacuu ¢ 3pdexrom Putia, 1uis HUPKYISIPHO MOISIPU30BAHHBIX HM-
MyJIbCOB CYIIECTBEHHO BBIIIE, HO BhIIMIE U 3 ()EKTHBHOCTH MpeoOpa3oBaHus 4acTOTHL. TeM He MeHee,
CYILIECTBYIOT OOBSICHEHHS F'€HEpALlUU B TAKOM PEXKHMME U B paMKaX MOHM3AIIMOHHOM Teopuu [315].

DddexT npeodpazoBanus PEeMTOCEKYHIHBIX UMITYJIbCOB B aTTOCEKYH/IHbIE HAOIIOAJICS TaKXKE B
skcriepuMenTe [316] npu npomyckaHuu PeMTOCEKYHAHOTO UMITYJIbCa Yepe3 MyCTOTENbIi KOHUYECKHI
cepeOpsiHBI BOTHOBOJ] C AMAMETPOM BBIXOAHOTO oTBepcTHs ~100 HM, 3amoHeHHBIH KceHOHOM. [Ipu
9TOM JIa3epHOE M3ITydeHre (POPMHUPOBAIIO Ha BHIXOJE BOJTHOBOAA auaMeTpoM 100 HM IIa3MOHHBIE TI0-
JSIPUTOHBI C TUTAHTCKOW MHTEHCHBHOCTBIO IOJISI, BBILIE MOPOTOBOM. DTO mpUBOAWIO K (hopMHUpOBa-
HUIO aTTOCEKYHIHBIX UMITYJIbCOB, 32 cuéT mpeobOpazoBanus no >3gdexty Purua mpu paccesHun dem-
TOCEKYHJIHBIX UMITYJILCOB Ha YCKOPEHHBIX JIA3EPHBIM IOJIEM aTOMaX KCEHOHA.

Jiis gacTuIl pa3mMepoM MeHee MUKpPOHA OLIEHKY [y CTIeTyeT CKOPPEKTUPOBATh, MOCKOIBKY METaIT
TaKOM TOJIIIMHBI IPO3pavyeH JJIsl CBETa, NEPEJAOLIero YacTULe JUIIb MalTyl0 YacTh CBOETO UMITYJIbCa,
MPOTOPLHOHAIBHYIO YHCITy JICKTPOHOB B yactuie. T.e. crila naBieHus cBeta F, MEHSETCS Kak 7°, |
YCKOPEHUE @ HE 3aBUCHUT OT 7 @ = Fy/M ~ r3c5EoB0/ pr3 ~ 2cuol/p, otkyna Iy ~ 10" Br/cm? (ms a ~ ay).
[Tpu yBenu4yeHUH 7 yCKOPEHUE YaCTHIl MOXKET PAcTH, BBUAY U3MEHEHUS CBOMCTB BEIIECTBA MPH Iepe-
X0JIe OT MUKPO- K Makpomacurabam. 1o oobsacHseT Oonee 3pPeKTUBHYIO TeHEepaluio TApMOHUK IIPU
00JTy4eHHH HAaHOYACTHII, a HE aTOMOB, Hanpumep, cepedpa [310]. Jns wactui pazmepom » ~ 10 HM 3Ta
OlIeHKa /( ABJISETCS HETOYHOM: MPHU MONEPEUHHUKE MOPSAKA AECSITH aTOMOB YK€ CKa3bIBAE€TCS TUCKPET-
Hasl CTPYKTypa BelIecTBa, BeNuKH kpaeBbie apdextsl u DJC 3apsaoB, HaBeAEHHBIX noneM E(f), a naB-
nenue Jlamnaca, cxxuMas 4acTuily, 3aMETHO MEHSIET €€ MPOBOAUMOCTh G U APYTHe CBOICTBA.

YCTaHOBUTh MEXaHWU3M TE€HEpaIllMl aTTOCEKYHIHBIX HMITYyJIbCOB M TMpoBepuTh 3hdext Purna
MOXHO TakKe MO aHaJIu3y 3aBUCHUMOCTU CHEKTpa OT a, (3amanHoro BenumuuHou /) [A2, Al13]. Ilox-

TBepkIeHue 3aBucuMoctei (3.5-3.10) mo3BoHT MOBBICUTE 3P PEKTUBHOCTH TPaHCHOPMAITUHU CBETA.

§ 3.6. lNonepeyHbIl aghghekm [Jonnepa e 6bannucmuyeckol meopuu

Emé onguum xputepuem nposepku teopun Putia u CTO coyut ananus nonepeyHoro 3pdexra
Jormnepa. CauTanock, 4To KiacCHYecKasl TCOPHsl, B YaCTHOCTH TeopHsi PUTIa, HE MOXET OOBSICHUTH
3TOT 3G(DEKT, U OH YnCTO pensTuBUCTCKui [6, 145]. Cam Putn B muceme [lameny ot 1909 r. npena-
raJl MOCTaBUTh OMBIT MO MpoBepke mnorepednoro 3pdexra Hormnepa: «[lo Teopun OTHOCUTENBHOCTH
HopeHua-9171HmTeﬁHa JAJIMHA BOJIHBI, U3JTydacMas ABWXKXYIIUMCA aTOMOM, JOJIKHA MCHATHLCA IO IMPUH-
auIry I[onnepa HC TOJIbKO B HAIlpaBJICHUW ABUXXCHUA, U IIPU Ha6J'IIOI[€HI/II/I NCPHICHAUKYJIAPHO HaIlpaB-
JIEHUIO CKOPOCTH V OMHKHO CYIIECTBOBAaTh CMEIIEHHWE K KPACHOMY B OTHOIIEHUH AVZ2¢7 ... Hembss

OBl cienaTh Tak, YTOOBI JaTh TOYHBIN OTBET Ha BOIPOC O cyliecTBoBaHuU 3 dekra?» [145, 295].
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Puc. 3.17. K pacuéry nonepeunoro addekra [lorepa. UToOb! j1yd cBeTa OT ABMKYILETOCS

HCTOYHHKA TOTIAN B IPUEMHHK, JTy4 JOJDKSH BBIXOIUTH C YIJIOBBIM YIIpEXaeHHEeM o, = V/c.

[TonoGHBII onbIT ObUT BhIMOMHEH Juiib 30 JeT criycTss AWBcoM M mokaszan Hanudue 3Qdexra
[145]. Ecmu B ipogonsHOM 3¢ dekre Jlormrepa nsmenenue gactotsl f = f{1 + V,/c) = (1 + Vcos(g)/c)
00yCJIOBJICHO MPOAOILHOM (B HANPaBICHUH 7 Ha MPUEMHHK) COCTABIISIONICH CKOpocTu V, = Vcos(p) u
00BsICHSIETCS KJIacCHUecKH, TO B morepednoM r¢dekre Jomnepa (Puc. 3.17), rne ¢ =90° u V, =0, usz-
MEHEHHE YacTOThl TOBOPHT, B pamkax CTO, o pensITHBUCTCKOM U3MEHEHUHU X0/1a BPEMEHH.

B paMkax 0ammucTHYecKol TEOPUN YaCTOTY MEHSET TOJBKO MPOJIOIBbHBIN Kilaccuueckuit 3 dexr
Homnepa. Ho cnenyer ydecTs, 4TO B CMCTEME OTCUETA MCTOUHUKA YTOJI @, O]l KOTOPBIM CBET HCITyC-
KaeTcs K Habmoparemo, otaudeH ot /2 (Puc. 3.17). CorynacHo GayiMCTHYECKOI Teopuu, CKOPOCTh
CBETA CKJIQJBIBACTCS CO CKOPOCTHIO UCTOUYHUKA, U CBET, JOCTUTAIOLINH NMPUEMHIKA, JOJDKEH BBIJIETATh
U3 UCTOYHUKA TOJ YIJIOM O K JIydy 3peHus (3TOT abeppallMOHHBIN yroj aHaJOTHYEeH Ha0Jt0/1aeMOMYy
npu 3BE3aHOM abeppanuw, § 1.3). Takum obpazom, ¢ = /2 + a. Xots yroa o << 1, omHako cos(¢) # 0:

cos(p) = cos(n/2 + o) = -sin(a) = -V/c,
OTKyZa

=M1+ Veos(e)/c) =A1 — V). (3.14)
JlnmHa BOJIHBI, HAIPOTUB, PACTET:

A =clf = c(1 = VR2AIR = VD) = M1+ V22).

VIMeHHO Takue U3MEHEHUs JUIMHBI BOJIHBI U3Ty4eHus Habmoamuch B onbiTax [207]. Takum obpazom,
nomnepeuyHsiil fomep-3¢dexr cornacyercs ¢ Teopuelt Purtiia, kak 0TMEYEHO PsiIOM aBTOPOB, MOKa-
3aBIIUX POJb yraa abeppamuu [166, 317]. Pe3ynbraT moiydeH ajs JUIMHBI BOJHBI A/, a JJI 9acTOTHI f’
IPOLIEHTHOE U3MEHEHUE B JIBa pa3a 0oJibllle, BBUY U3MEHEHHU ell€ U cKopocTH cBeTa ¢'. Kak ormeuan
B. Ilaynu, B pamMkax OaJuIMCTUYECKOM TEOPUU HE BIIOJHE MOHATHO, KakKas BEJIMYMHA — A WIH f — U3Me-
psiercs Ha ombite [16]. Cyns mo BceMy, B onbiTe AlBca U3MepsIIach AJMHA BOJIHBI A, IOCKOJBKY JH-

(dpakuroHHAs peHIETKA CIEKTPOCKOIA OTKIOHSET JIy4YH CBETa B 3aBUCUMOCTH OT JUTMHBI BOJIHBI A.
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MPHEMHHK

/=1 +eosple) =1 +cost1-sinOF /e Vie-
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Puc. 3.18. JIy4 cBera, HCTIyIIEHHBIH MO YIJIOM (0, IOJTYYHB CKOPOCTh UCTOYHHUKA V,
IPUXOAUT HOA yriioM 0, oTuero MeHseTcs yroia B popmyie Jlomiepa, CIOBHO CBET

MOJIYYMJI JINIITHEE «KPACHOE CMEIIECHUE», PacTyllee [IPH YBETUYEHUH CKOPOCTH.

Pe3ynbraT MOXHO 0000IIUTH Ha CiTyyail U3TY4YeHUs CBETa IO/ MPOU3BOJIBHBIM YIJIOM, IJIsi pac-
yéra KBagpaTUYHOU mompaBku K 3ddexty Jorepa (kBagpatuunoro moriep-3ddexra). [Ipumenss
KJIacCUYECKyI0 dopmyiy noruiep-3ddexra, cienyeT yuecTb, 4To Yyroj (¢ — 3T0 He yrona 0, moa KoTo-
PBIM PETUCTPHUPYIOT U3IYUEHHUE, a YTOIl ¢, O KOTOPHIM HCTOYHUK HcmyckaeT uznyuenue (Puc. 3.18).
[To GannmucTHYeCKOMY MPUHLUIY HCTOYHHUK COOOIIAET CBOIO CKOPOCTh CBETY, U 3TU YIJIbl OTIIMYAIOTCA

Ha BEITMUMHY yriia abepparun. M3nydeHne peructpupyemoe o yrioM 0, HCIycKaeTest Mo yriioM

2
V—2 —sin? GK
c c

@ = arccos| cos6,/1—sin? 0

CooTBeTCTBEHHO, IpeoOpa3oBaHHas YacTOTa, B OTJINYKE 0T hopmydsl Jomnepa (@), cocTaBUT

2
'= 1+—V cos0 l—sinze—V —sinZG—V . 3.15
2
c c c

Taxum 00pazom, H30BITOYHOE KPACHOE CMEIEHHE CBETa Y OBICTPO JICTSIINX YACTHII BHI3BAHO HE
3aMeJICHHEM ITPOIECCOB, & BOCIPUATHEM H3ITyUEHUS, HCITyIIEHHOTO YaCTHIIEW HEMHOTO Ha3aJ 110 OT-
HOUIICHUIO K JIMHUW PETUCTpAK U3nydeHus. [loaToMy y nrydeit cBeTa, BBUICTAIOMIMX BIEPE MO JBH-
YKCHHIO YaCTHIIBI 1O YoM 0 < 90° MOXHO 00HApYKUTh KPaCHOE CMEIICHUE, BMECTO CHHETro0. B pam-
Kax Teopud Putia mpuunHa — B J00aBIEHUH CKOPOCTH MCTOYHHMKA K CKOPOCTH CBETA, U CBET, U3IY-
YEHHBIN Ha3aJl, MOXKET JIETETh BIEepE. Yo 0, Moy KOTOPBIM PETUCTPUPYIOT U3TyUCHUE UCTOYHUKA Ha
UCXOJIHOM yacToTe (f' = f, Ha TpaHuIle KPaCHOTO W CHHETO CMEIICHUN), HAMIETCS U3 YCIOBUS PETUCT-
paluu Moja TaKMM YTJIOM JIy4a, MCIYIIEHHOTO MCTOYHMKOM B HampasieHuu ¢ = 90° mpu f = f(1 +
cos@V/c) = f. DroT ny4 peructpupytoT mox yriaom 0 = arctg(c/V). Tem caMbIM pocT CKOpOCTH V CHH-
xaet yroi 6 ot 90° no 0°, B coryacuu ¢ pesynbraTamMu OnbITOB. CBET, UCTIBITABIINI CHHEE CMEIECHHE,

COCpPEIIOTOUCH B KOHYCE ¢ yrioM pactBopa 20. M koHyc cyxkaetcs mpu pocte ckopoctu V (Puc. 3.18).
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Puc. 3.19. Cxema ombita [ToGemoHOCIIEBa TIO CPaBHEHHIO KPACHOTO W CHHETO

CMEIIEHNH CIEeKTPANbHBIX JIMHHUH, a TAKXKE €ro pe3yabTaT — 3aBHCUMOCTE AA(V).

YTOYHEHHBIN OMBIT TIO TPOBEpKe KBaapatuyHoro 3¢ddexra Jlomnepa ans cBera, W3Ty4EHHOTO
mox yrmoM O Kk ckopoct V wmoHOoB Bomopona H,  (Puc. 3.19), moOCTaBIEHHBIH TIpyIIIOif
JLLA. Tlo6enonocueBa B 1989 r., mokasan, 4To U3MEpPEHHBIC CABUTU CHEKTPa OTIUYAIOTCS OT MPOTHO-
308 CTO (MoV*/c”) B 1Ba 1 Gonee pa3 [318, 319]. Ho caur GIM30K K MPOTHO3Y GAILTHCTUYECKOI Teo-
pun (Aosin®®-72/c?, eM. Puc. 3.19) [A37]. IIpemiaraioch HHTEPIPETUPOBATH PE3yIbTATHL OmbITa [318,
319] kak pe3yabpTaT Hey4u€Ta U3MEHEHHUs HampaBieHUs Jyder 3a cuet addexra adbepparuu [320]. Ox-
HAKO CKOPOCTH MOHOB B OIBITE Majibl 0 CPABHEHHUIO CO CKOPOCTBIO CBETA, MOATOMY YUET abeppariu-
OHHOT'O yIJIa HE YCTpaHseT HaOI0gaeMbIX pacxoxaeHuid. Kpome toro, penstuBucTckas Gpopmyna mo-
Ka3bIBaeT 3HAYEHHE CKOPOCTH B JIAOOPATOPHOW cHCTEMe OTCYETa, IIe y)KEe Y4TEH yroi abepparuu.
MMeHHO TTO3TOMY TIPH aHAJIU3€E OMbITa AWBCca HE yUYTECHBI TOTPABKU Ha yroi abepparuu [188, c. 464].

TakuM 00pa3oM, HYKHBI HOBbIE SKCIIEPUMEHTHI IO YTOYHEHHOMY HM3MEPEHHUIO0 BEITUYMHBI 3(-
dexra Jlomaepa OT YaCTHIl, IBIKYIIUXCS C PEISATHBUCTCKUMHU CKOPOCTSIMH. MIHTepeceH ObLUT ObI OIBIT,
BBITIOJIHEHHBIN 110 cxeme B.M. IletpoBa [121] mo u3MepeHuIo CABUTA YaCTOTHI CBETA, UCIYIIEHHOTO
BIIEpEN U Ha3aJ MO HampaBjieHHIO ABMKEeHUs. [10J00HbINH 3KCIIEpUMEHT OB MOCTABIIEH C MOHAMHU JIH-
st 'Li’, yckopeHHBIME 10 ckopocTeit V= 0,064c u V= 0,338¢ [321, 322]. Cer u3nyyanucs no u
MIPOTUB JIBIXKEHUS NOHOB, OJJTHAKO UCTOYHUKOM CITY>KUJIM HE MOHBI, a HEMOJBUKHBIC JIa3€Phl, YaCTOTA
KOTOPBIX IepecTpanBajach 0 TeX IMOp, MOKAa HE MPOMCXOAMIO PE30HAHCHOTO TOTJIOUICHUS CBETa
poHamu. HeoGXomuMasi Uil pe30HAHCA TIePeCTPOKa acTOThI ¢ GONBLIOH TOYHOCTBIO (~107) cooT-
BercTBOBasa Mporuo3y CTO. OnHako B 3TOM cilydae, MOCKOJIbKY UCTOYHUK HE ABMXKETCS, TOT KeE pe-
3yJbTAT MOJYYAaeTCS U B PaMKaX KJIACCUYECKOW (DU3UKH, MPECKA3BIBAIOIEH KBAJPATUIHYIO MMOMPABKY
(Vic)* 3a cuét muoxurens (1 + V,/c) B 3HameHarere. JIeHCTBUTEIBHO,

fi=A0+Vie)= 1 = Vie+ VA ufy=1(1 - Vie) =1 + Vie + VD).
[Tonepeunsiit 3¢ dext Jlomnepa MOKHO paccMaTpUBaTh TAK)Ke B KaueCTBE MposiBiIeHUs dPdeKTa

Putna — oT U3MEHEHMs POEKLIMKU CKOPOCTH UCTOYHHUKA HA JIyd 3PCHMs, IPU U3MEHEHUU YIJIa MEXIY
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CKOpPOCTBIO W HANpaBJICHHWEM HAa MCTOYHHK, 0€3 M3MEHEHHsS MoayJsi ckopoctu V [A4]. Drot saddekt
paccMOTpeH, HanpuMep, B § 3.4, a Takke B anekTpoHHOM padote B.I1. 3omoryxuna [301].

B none3y knaccuueckoit popmynsl addekra Jlomnaepa CBUACTETBCTBYIOT PE3yIbTaThl KOCMUYE-
CKOM paJiMOJIOKAIIMK CITyTHUKOB, IPOJICTAIOMUX 10 TunepOonudeckoil opoute Bozne 3emun (Flyby-
aHomanus). [Ipu cripaBeIMBOCTH PENATUBUCTCKON Gopmynsl addexra [ormnepa, npu cONMMKeHUN U
yaaneann AMC peructpupoBasiach Obl pa3Hasi BeTUYMHA KPACHOTO M CMHETO CMEIIEHHUsI 4acTOThl. B
JIEMCTBUTEIILHOCTU PETUCTPUPYEMbIEC 3HAUYECHHSI KPACHBIX U CHHHUX CMELIEHUH MPaKTUYECKH COBMA/aa-
0T, B COTJIACHU C KJIaccu4yeckoit popmymoii gomnep-addekra (§ 2.5).

M3MeHeHne 4acTOThl IEKTPOMArHUTHBIX CUTHAJIOB B MONEPEYHOM HamlpaBiIE€HUH PETUCTPUPO-
BaJIOCh TAK)KE M0 YAaCTOTE CUTHAJIOB OT 3TaJOHA YaCTOThI HA OOPTY paKeThl, MOIHSBILIEHCS Ha BBICOTY
h~10000 km Hag 3emnéit [42, 323]. PeructpupoBasioch U3MEHEHUE YAaCTOThI CUTHAJIOB, COOTBETCT-
ByIOIIee MpeAcKa3aHusIM oOIIeil Teopur OTHOCUTENBHOCTH. B Gannuctudeckoid Teopuu Putia takoe
U3MEHEHHE YacTOThI MOXKHO OOBSICHUTH ToniepedHbIM 3¢ dexrom lomnepa u a¢dexrom Purna 3a cuér
YCKOPEHHOTO JBIKEHUS pakeThl [A46]. B nenom skcnepuMenTsl o u3MepeHuto s dexra Jlomepa

MNOATBCPIKAAIOT KIIACCUUCCKYIO KHWHEMATUKY U 68.J'IJ'II/ICTI/I‘ICCKYIO TCOPHIO CBCTA.

§ 3.7. Xapakmepucmuku 3nnemeHmMapHbIX ulsiy4amersneu eaosiH 8 meopuu Pumuya

B Gamnmmcruaeckoit Teopuu [15, c. 248] Puti npeactaBui cBeT B BUAE MOTOKA AIIEMEHTAPHBIX
yacTull (peoros), UCIycKaeMbIxX dneMeHTapHbiMu 3apsiaamu (cM. BBEJIEHUE). HenoasuxHbIi 3apsin
O re”epupyeT CTallMOHAPHBIM MOTOK MPSIMOJIMHEWHO Pa3JIeTaIOIIUXCSl PEOHOB, OKa3bIBAIOIINN MTOCTO-
SIHHOE JIEKTpHUYEcKoe Bo3aeiicTBre bl F = knc” (k — k0d(bUIMEHT, 3aBUCAIIHI OT IPOGHOTO 3a-
psana g, n — KOHILIEHTpalusi PEOHOB BO3JI€ HEro, 3aBHcsmas oT (J, ¢’ — UX CKOPOCTb OTHOCHUTEIBHO ¢
[15, A14, A20]). IIpu xonebanuu 3apsga O ¢ 4aCTOTOH f OH MOIYJIHPYET CKOPOCTh TIOTOKA PEOHOB C
MPOCTPAHCTBEHHBIM MEPHOJOM A = ¢/f. B uTore Takoii MOTOK OKa3bIBAET MEPEMEHHOE IIIEKTPUUECKOE
BO3/ICUCTBHE YacTOTHI f. Takoe pacxoJsIueecss CO CKOPOCThIO ¢ OCHMUIMPYIOLIEE IEKTPOMArHuTHOE
BO3JICHCTBUE IO CYTH U €CTh JIEKTPOMArHUTHBIE BOJIHBI, CBET. Tak PUTI ¢ mo3unmii KOpIry CKyJIIpHOR
TEOpPHH CBETa OOBSCHUI BOJIHOBBIC CBOMCTBA CBETa, BKJIOYas WHTepdepeHIuto u nudpakiuio [15,
295].

DJeKTpOMarHUTHBIE BOJIHBI B T€OpUHU PuTHa nmonxoast noxa Gojee od1ee onpeeneHue BOJHbI B
BUJIE IEPUOAMYHO MOJYJIMPOBAHHOTO B MPOCTPAHCTBE M BPEMEHU pacipeneieHus yactull. K tomy xe
TUITY OTHOCATCS KHHEMATUYECKHUE BOJIHBI AJIEKTPOHOB B KIUCTpoHE [67]. Takas BosiHa, B OTJIMYKME OT
BOJIH B CpeJie, 3aMMCTBYET CKOPOCTh UCTOYHHKA, U I He€ BBIMOIHIETCS OaTUCTHUECKUIA TPUHIIUIIL.

ViMeHHO OaTMCTHYECKUN TPUHITUI, Kak mokazan Purti [15], oOwscHseT cian moneit £ u H ko-

2 o o
JeOIoerocs 3apsjaa ¢ paccTosHueM He kak 1/7°, a xak 1/r [A28]. [IpoBeaém aHamu3 mpocTermiero
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U3JTy4aTelis — MyJIbCUPYIOLIEro JUMOJS U UCCIeAyeM €ro U3IyYeHHe B JajJbHEH 30HE, Ha pacCTOSHUU
r >> A. UMenno B nanbpHel 30He o £ u H cnamaroT kak 1/7, a MHTEHCUBHOCTL cBeTa FH — Kak /7.
CornacHo GaymuucTHYecKoi Teopuu, npuuuHa — B 3ddexre Putna (1.15), cnpaBeanuBom amns
cBeta. 3apsan O, OBUTASICH C YCKOPEHUEM a(t), MpuaaéT peoHaM pa3HyI0 CKOpPOCTh, Bels K dddexty
TPYNITUPOBAHUS YACTHI] B IOTOKE, aHAJIOTUYHO KIHCTpoHHOMY dddekty [178, U.II]. B urore, mo 3¢-
¢dexty PuTia Bo3HUKAIOT Kosie0aHUsI KOHLEHTPALUHU 7' IOTOKA PEOHOB, PACTYIIHE C YBEIUUCHUEM 7 U
aMIUTUTY bl YCKOPEHUS a, aHAJIOTMYHO BapHalluaM spKocTu cBeta /' nBoiHbIX 3BE31 (1.35). 3naueHue
KOHLIEHTpALMU /' pEOHOB 3aBUCUT OT YCKOPEHUS @, 3apsaa () B MOMEHT U3JIy4EHHs STUX PEOHOB!
n'=nl(1 + ra,/c?) = n(1 - ra,/c), (3.16)
/i€ 7 — IUIOTHOCTh MOTOKAa PEOHOB, KOTOPYIO HAa TOM € yJIaJeHUH 7 co37all Obl HEMOABUKHBIN 3apsi.
Hone E = F/q MeHsieTcst IPOIOpHuoHanbHo 7', ITo Mepe IBHKEHHS PEOHOB TPOMOPLHOHAIBHO 7d,/c”
HapacTaeT aMIUIUTya Kosebanuil anekrpuueckoro nong £ (Puc. 3.20), 4To WLIIOCTpUPYIOT aHAIOTH-
el uctouHuka ceera u Bofbl [324, cc. 302, 308]. IlocTosiHHas cocTaBisioIast Mot £ KOMIIEHCUPYETCS

MPOTUBOMOJIOKHBIM 3apSIOM ITyJIbCUPYIOIIETO JUMOMS U ObICTPO yOBIBAET C PACCTOSIHUEM 7.

KIIUCTPOH
a) o CTPOR
o+o+] (000000 00 00 00 GO 0O
oo~ 1228323 28 22 82 92 09
o»o0» 1000000 00 00 00 GO Q@
o»0») (000000 00 00 oooozoo
IVO n'=n(l-ra./c”)
W R.C
- . o= o O
/ 3;3;:;3“3
j —Io-—o__o-bo_' o
\\ .ar/ 0-—2 o . g:
@\_l:/af(lo Z 7 o= |

Puc. 3.20. a) KIUCTPOH MOLYJIUPYET IUNIOTHOCTH IIOTOKA /1 3JIEKTPOHOB, IIPHIAaBasi UM pa3HbIe CKOPOCTH,
0) KosrebaHue 3apsaa, WK ero ABIKEHHE 0 OpOUTe, MEHSS CKOPOCTh PEOHOB, (POPMHUPYET ITEPHOINTHEIC

CTYCTKH-Pa3peXeHUs IOTOKA PEOHOB, MOPOKAAONTIE KoneOaHus oS £, 4aCTOTHI U IPKOCTH CBETA.

[Tone HemoaBm)HOTO 3apsiga () HaAXOAUTCS Kak E = Q/41rgor2. [Tockonpky E' mponopiroHanIbHO
n', 10 u3 (3.16) npu KoxeGaHMsIX 3apsiga ammumryna nomst En= Eralc*= Qal4negrc® (Puc. 3.21), rae
a = ©’] — aMIUIITYIa YCKOPCHHs TaPMOHHYCCKH KOJIEOMOMErocs 3apsiaa, o — MUKIMYecKas 4acToTa
KosiebaHui, / — MakcuMasibHas JUIMHA aumods. T.e. amrunTyaa kosjeOaHuid mois £ B BOTHOBOM 30HE
En= Qw’l/Ancorc”® yobiBaeT Kak 1/r, B cornacuu ¢ omsrtoM. [TyIbCHPYIOIMIA QHITOMb MOKHO COMOCTA-
BUTh 3JIEMEHTAPHOMY JIUIMOJIIO ¢ aMIUIUTy 101 Toka [ = Q. [Tockonbky = 1/gopo, TO 15t HETO Eyy =
O’ ol/4Ttr, 4TO COBMAACT ¢ BBIPAKEHHEM [UTS TIOJIS £ 9IEMEHTAPHOTO W3/Iy4aTensi B BOMHOBOI 30HE
[53]. Takum oOpa3om, nosne yobIBaeT Kak 1/r. AHaJOrMYHBIN PacyET JETKO MPOBECTHU Ui MArHUTHOTO
nojisi H: momoOHO SIEKTPUIECKOMY OHO TPOMOPUMOHAIBHO 7'. A TUIOTHOCTh MOUTHOCTH HM3JIy4EHUS

S = EH (MHTEHCUBHOCTH CBETA) MaJaeT MPOMOPIIMOHATIEHO P u pacTéT NpoONnOpPIUHUOHATIEHO o’
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Puc. 3.21. Konebanus Toka B qumose ['epria COOTBETCTBYIOT KOJICOAHHIO YCKOPEHHS 3apsIIOB

C AMIUIMTYIOH @, 9TO BEIAET K MEPUOINIHOMY H3MEHEHHIO II0JIS BO3JIe IPOOHOTO 3apsia.

Taxke OaymMcTUYECKasl TEOPHUsS MPEICKa3bIBAET BEPHYIO JAMArpaMMy HaNpaBJICHHOCTH aHTEHH
[15], y’xe B paMKax mpoCTEHIIMX aHalorui u moaenei [324, c. 308]. BeiBoa 3Hauenuit £ u H s31neMeH-
TapHOTO MU3IIydaTess BrepBbie OblT npeanoxkeH /x. ToMcoHOM Ha OCHOBE OaNTUCTHUECKON aHATOTHH
CWIOBBIX JHHHA W3 MOABMXKHOTO MCTOYHHUKA MOJISA. DTOT BBHIBOJA, OCHOBAHHBIM Ha OalIMCTUYECKOU
TEOPHH, 10 CHX TOP BKIIOYAIOT B yUeOHUKN (PU3UKU KaK IPUMEP U3AIIHOTO JToKa3aTenbcTsa [19].

KonebGanus 371eKTpOHOB B aHTEHHAaX MOTYT Take MPHUBOJIUTH K UCKAXEHUIO CHHYCOUIAIBbHON
dbopMBbI U3Ty4yaeMoOl UMHU JIEKTPOMArHUTHOM BOJIHBI. J[BIDKYyIIHMECs 3JEKTPOHBI COOOIIAIOT CBOIO CKO-
POCTh CBETY U MOJIOBUHY MEpUOAA PEOHBI U3ITYUAIOTCSI CO CKOPOCTHIO BBIIIE C, a MOJOBUHY — CO CKO-
pocThio HIKE c. [Ipu 3TOM BO3MOXKHO MCKa)XKCHHE CHHYCOUIATLHOTO MPOQWIIS BOJTHBI, KaK B Clydae
IBOMHBIX 3BE31 (cM. § 1.1). Ho myist pannoBoH Takne UCKaKeHUsT He HAOMI0JaINCh, KakK Mmoka3ain Pyt
[15]. BopoueM ux u Helb3sl 3aMETHUTb, TTOCKOJIBKY CKOPOCTHU 3JIEKTPOHOB B aHTEHHAX MHOT'O MEHBIIIE
CKOPOCTH CBETa, U HEOJHOPOAHOCTh 3JIEKTPOHOB IO CKOPOCTSIM BEAET JIUILb K MAJIbIM BOJTHOBBIM BO3-
MYIICHUSIM OJTHOPOJIHOTO MTOTOKA PEOHOB, UTO U BEAET K MOSBICHUIO 3JICKTPOMArHUTHBIX BOJIH.

Ecnu ckopocTh 37€KTPOHOB MPUOIHMKAETCS K CKOPOCTU CBETA, 3TU MCKAXKEHMSI, pacTyIlIHe Mpo-
MOPIMOHANIFHO MYTH CBETA 7, MOTYT CTaTh 3aMETHBI y>K€ Ha 36MHBIX AUCTAHLUAX. TakK, B CHHXPOTPO-
HaX, TJI€ DJIEKTPOHBI KPYTATCSA C OKOJIOCBETOBBIMU CKOPOCTSMM, OHM H3Iy4arOT HErapMOHHYECKHE
BonHbL. Kak 3ametuin aBropy npodeccop HHI'Y H.C. CrenaHoB, 3TO IpOSBUTCS B YCIOXKHEHUU CIICK-
Tpa U3JIy4YEeHHUs, TIOCKOJIbKY HErapMOHHYECKUN MEPUOJUYHbIN CUTHA MPU Pa3I0KEHUH B CIIEKTP NaET,
KpOME OCHOBHOM 4acTOThI, MHOKECTBO KpaTHBIX. EClii 0OBIYHO 37IEKTPOHBI M3MTy4Yat0T BOJHBI JIUIIb C
YaCcTOTOW CBOETO BpAICHHsSI, TO B CHHXPOTPOHE UX CHHXPOTPOHHOE M3IyYeHHUE, COTJIACHO OaJTUCTH-
YECKOW TEOPHH, XapaKTepPU3YeTCs CIOKHBIM YAaCTOTHBIM CIEKTpOM. M3iyueHue reHepupyercs He
TOJIKO Ha [IUKJIOTPOHHOM, HO U Ha YJIBOCHHOM, YTPOEHHOU U APYTUX KPATHBIX YaCTOTAaX.

JlefiCTBUTENBHO, Y CHHXPOTPOHHOTO M3Iy4YEeHHS, TI0 MEPE POCTa CKOPOCTH AIIEKTPOHOB, OOHAPY-
KEHO YCIIOKHEHHE CIIEKTpa, COJAEpKaIIero, KpoMe OCHOBHOM 4acTOThI f= 21/®, €€ rapMOHUKH. Dd-
(deKT 3aMeTeH JJaXKe y HEePENITUBUCTCKUX JJICKTPOHOB B THPOTPOHAX, TE, KPOME M3IyUEHHUS Ha LUK-
JIOTPOHHOM YacCTOTE PETHCTPUPYIOT M3IyueHHE Ha BTOpoil rapmonHuke. C mpuOIMKEHUEM CKOPOCTH

AJNIEKTPOHOB K CKOPOCTH CBETa, WHTCHCHUBHOCTh TapMOHHMK pacTér W 3amaHa uepe3 Dypbe-
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npeoOpa3oBaHre NWIMHAPUICCKUX (Oeccenespix) GYHKINN, KaK AT BOJH B KIIMCTPOHAX, Te UCKaXKe-
HUSI BOJH BBI3BAHBI CXOJHBIM MEXAHU3MOM U MPUMEHSIOTCS Uil YMHOXEHUsT 4acToThl [178, 326].
[TonpoOHee cBoiicTBa CHHXPOTPOHHOTO M3IY4YEHHUS paccMOTpuM B § 4.4. YcnoxKHEHHE CIeKTpa U re-
Hepalysi TapMOHUK OTYACTH OOYCIIOBIIEHBI TEM, YTO CUHXPOTPOHHOE M3JIy4YEeHHUE MOCTYNAaeT B JETEK-
TOp UMITYJIbCAMHM 3@ CUET OCTPON MarpaMMbl HAPaBJIEHHOCTH U3JIy4eHUs 3JIeKTpoHOB. Hampumep, B
TUPOTPOHAX M3Iy4YEHHE DJIEKTPOHOB €lIE HE MPUOOpETaeT OCTPOil JuarpaMMmbl HampaBiICHHOCTH, HO
TeHepUpyeTcsl y>Ke He TOJIbKO Ha LUKIOTPOHHOM, HO U Ha YABOCHHOH M APYTUX KPaTHBIX YaCTOTaX.
[IpoBepuTh CBA3b YCIOXKHEHUS CIEKTpa ¢ 3(pPEeKTOM MOIYISAIMU CKOPOCTH U3ITyUEHHs OT 0OpalieHus
3JIEKTPOHOB MOKHO IIyTEM aHAJIM3a 3aBUCUMOCTH CIEKTpa OT MPOMIEHHOIO CBETOM ITyTH. B pamkax
CTO cmiekTp He 3aBUCHUT OT paccTossHUSA. HampoTus, B 0aUTMCTHYECKOW TEOPHH, MHTEHCUBHOCTD Tap-
MOHHMK JIOJDKHA PACTH MPU YBEJIIMYEHHUH IMyTH CBETA U TI0O MEpe POCTa UCKAKEHHUI CUTHAIA.

Emé oguum otnmumem OammucTudeckoi Teopuu oT 3aekTpoauHamMuku CTO ciy>XuT TO, 4TO
JUIMHA BOJIHBI CBETA B BaKyyMe€ HE SIBJIIETCS OJHO3HAYHO 33JaHHOM (PyHKIMEW perucTpupyeMoil yac-
TOTHI f. JIeiCTBUTEIBHO, €CITM OOBIYHO B BaKyyMe JIJTUHY BOJIHBI A IPUHSTO BBIpaXaTh B (hopme

A=clf,
TO B OAJUITMCTHUYECKOM TEOPHH JJIMHA BOJIHBI OT HCTOYHHKA C JIyUYeBOM CKOPOCTBIO V. COCTaBIsIET
A= (c=V)If.
Takum 00pazom, IJIMHA BOJHBI 3aBUCHT HE TOJIKO OT YacTOTHI f, HO M OT CKOPOCTH HUCTOYHHKA V.
OTMeTuM, 4TO JUTMHA BOJIHBI, BRIpAXKEHHAs Ye€pe3 4acTOTy UCTOUHUKA f'=fc/(c — V), HanpOTHB, COBIIA-
JaeT ¢ JUIMHOM BOJHBI OT HEMOABMXKHOTO UCTOYHUKA A" = ¢/f’ 1 He 3aBUCUT OT CKOPOCTH V.

[TpoBepuTh CHpaBEATUBOCTh OAJUIMCTHYECKASI TEOPHSI, MOKHO IyTEM MPSMBIX 3aMEPOB CKOPO-
CTH MMIYJbCOB OT UcTouHMKA (§ 3.3), 11bo, npu reHepanii KICTOYHUKOM MOHOXPOMATHUYHOM 3JIEK-
TPOMAarHUTHOM BOJIHBL,— IIYTEM M3MEpEHUs AJIMHBI BOJIHBI CBeTa A" B BakyyMe. JJIMHY pasinoBOJIH CaH-
TUMETPOBOTO JHAara3oHa MOXHO U3MEPUTh, YCTAHOBUB BJIOJIb MyTH Jy4a JABE aHTCHHBI, U U3Mepss 3a-
BUCUMOCTH (Da30BOTO CIIBUTA () CUT'HAJA Ha HUX OT ckopocTu V. ucrounuka. B CTO npu ¢uxcauumn
perucTpupyemMoi 4actoThl f (a3oBbIi CABHI HAa aHTCHHAX HE 3aBUCUT OT CKOPOCTH MCTOYHHUKA, a B
OaJTMCTUYECKON TEOpUU Takas 3aBUCUMOCTb OOHapykutcs. [Ipu paccTosHUM MEXIy aHTeHHaMu L,
COTJIacHO OamIMCTUYECKO Teopuu (a30BbIM CIABUT COCTABUT

¢ =2nL/N =2nLfl(c - V),
yTo oTn4daercs ot nmporno3a CTO nHa
A@ = 2nL/N — 2nL/\ = 2nLfV,/c.
[Tpu vactore /=30 I'Tu (A =1 cm) Ha nnure L = 10 M u ckopoctu V.~ 500 m/c 3T0T (ha3oBbIil cABUT
cocraBur BenuunHy A =0,01, koropas BnomHe peructpupyema. Ilpu stom wucrounuk CBU-
U3JTY4YCHHUS TIepEeCTpanBaeMOi 4acTOThl f (ISl TIOCTOSTHCTBA f) TOJDKEH M3JIyYaTh 1O OCH BaKyyMHPO-

BAaHHOTO KaHajla JJUHBI L y3KH paauoiiyd, HE 3a/CBaAIONIUNA CTEHOK, Ja0bl UCKIIIOYHUTH TMEPEen3Iyde-
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HHUE TPU OTPAKEHHH OT CTEHOK KaHaua, T.e. u3MeHeHHe (a3oBoil ckopocTH (¢ — V) U M3MEepeHHOTO
casura ¢a3z Ag. CpaBHUTH cIBHUTI (a3 Ha aHTEHHAX JUIS MOJABM)KHOTO M HEMOJBHUKHOTO HCTOYHHUKA
MOKHO HE MEHSIs CKOPOCTh MCTOYHHUKA, a TPOMyCKasi U3JIy4eHHUEe Yepe3 HEMOIBMKHYIO TUAJIEKTpUYe-
CKYIO TUIACTUHKY (IIPH 3TOM CKOPOCTH ¢ — V. MEHseTCs, a 4yacToTa f — HeT). Takke 3TO MO3BOJIUT HC-
CJIeI0BAaTh 3aBHCHUMOCTh A@ OT TOJIIMHBI TJIACTUHKUA b MO CPaBHEHHUIO C JUIMHOW SKCTHUHKUIUU [ =
M2m(n — 1): ecut b << [, T0 A@ = 0, u A = 2nLfV,/c* npu b >> [. IIpu conocrasumoctu b ~ [ yractes
HabmoaTh Oosee clokHOe pacmpenenenue A mo anuHe L B Buje Ouenuii. B kadecTBe MCTOYHUKA
CBUY uznyueHus: MOKET BBICTYIATh MyYOK MOHOIHEPTHUYHBIX 3JEKTPOHOB, BJIETAIONIUX IO YIJIOM B
MarHMTHOE I10JIe B ¥ M3JIyYaroIINX Ha UKIOTPOHHOH "acTote f'=eB/2mm Ha ckopoctu V. = V.
[IpoTuB GayTMCTUYECKOW TEOPUH BBIABUTAJICS W TaKOW aprymeHT. M3mydarenb B BHIE 3apsja,
KPYTSIIErocss Ha opOuTe nuameTpa d B IUIOCKOCTH YepTeka ¢ YaCTOTOM f, TO MPU HApacTaHWUU JUAMET-
pa op6uts! d yroia 6, moa KoTopsiM TpuéMHHUK O PETUCTPUPYET UCTOUHUK HA PACCTOSIHUU L, €CTh
0 ~d/L. (3.17)
A cOriacHo 3JeKTpOIMHAMUKE, YIJIOBask PACXOIMMOCTh U3JTy4E€HUs HCTOYHUKA pa3Mepa d COCTaBUT
0~MNd. (3.18)

T.€. CHIDKAEeTCs IIPU HApAaCTaHUU pa3Mepa U3Iydaroueil o6aactu — opOUTHI AruaMeTpa d.

:

Puc. 3.22. U3nydenue 3apsaa, IBUXKYIIETOCS 0 KpyroBoi opoute, Habaroaaresib O BUIUT MO yriioM 0.

B nefictBuTenbHOCTH, UIs yriia 6 B KJIaCCUYECKOH AJIEKTPOJMHAMUKE PE3yIbTaT MOIYYUTCS TO-
JKIECTBEHHBIN ¢ Oamuctuyeckon Teopueit (3.17). Ecnu paccMOTpeTh IBMKEHHE 3apsjia IO KPyroBOU
opbuTe, IpU YCKOPEHHOM JBM)XKEHUU OH TOK€ OYJET M3IydaTh CO BCEX y4aCTKOB CBOEH TPaeKTOPHH,
BKJItOUasi KpaliHue noynoxxkeHus A u B. [Ipuyém BONHBI OT 3TUX y4aCTKOB HE MOTYT HHTEP(hEpUpPOBATh,
IIOCKOJIbKY M3JIy4aloTCsl B pa3HbIE MOMEHTBI BPEMEHHU U JABUXKYTCS, COTJIACHO KJIACCUUYECKOM AJIEKTPO-
TUHAMUKE, C OJMHAKOBOW CKOPOCTHIO ¢. B 3TOM ciydae yron 6 ~ A/d B hopmyie (3.18) 3agaér munu-
MaJIbHBIN YIJIOBOM pa3Mep UCTOYHMKA B 3aBUCHMOCTH HE OT pa3Mepa UCTOYHHKA, a OT pa3Mepa arep-
Typbl d Teneckomna Wi paauoTeneckomna. Yto kacaercs rabapuTOB MCTOYHUKA d, TO, MOCKOJIBKY B
IUIOCKOCTH OpPOUTHI 3apsiaa U3JTyueHHE pacpOCTPAHAETCS] H30TPOIHO, TabapuThl ICTOYHHUKA HE JTOIDK-
HBl BIUATh HAa BEJIMYMHY YIVIOBOM pacxoaumoctd (3.18), 3aparomieil auiib MUHUMAIbHO BO3MOKHYIO
BeIMUMHY yria 0, He Bceraa peanusyemyro. Bripouem, npu pensiTUBUCTCKUX CKOPOCTSIX 3apsijia, Korjaa

OH HAQYMWHACT T'CHCPHUPOBATH CUHXPOTPOHHOC H3IYHYCHUC, MMCIOUICC OCTPYHO YIJIOBYHO HAIIPpABJICH-
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HOCTb, MMPUEMHHUK, JIEHCTBUTEIHHO, TI0O MEPE POCTa JTUaMETpa OPOHUTHI U CKOPOCTH 3apsa HAYMHACT
PErUCTPUPOBATH HCTOYHHK CO BCE OOJIEe Y3KOT0 y4acTKa OpOUTHI, 1o BCE O0Jiee OCTPhIM yriioM 0.
Takum 00pa3oM, B paCCMOTPEHHBIX CIIydasX XapaKTEPUCTHKH TOJSI OT UCTOYHUKOB M3ITYUYCHHS,

[IpeCKa3aHHble Teoprel PUTia u Kki1accu4eckon 3JIEKTpOAMHAMUKON, COBIIAAOT.

§ 3.8. dkcnepumeHmsi ¢ ucnonb3oeaHuem aghghekma Méccbayapa
Jnis naGopaTOpHBIX HMCTOYHUKOB CBETa JAWCTAHIMU 7 W YCKOPEHHUS d CIHUIIKOM MAJIbI
(ra/c* << 1) mis obHapyxerHus >ddexra PHTIA ONTHYECCKUMH METOZaMH. A Iisi mpeoGpa3soBaHHs
YacTOTHI CBETA B pasbl, coriacHo (3.5), Ha 1abopaTOPHBIX AUCTAHIUAX 7 ~ 1 M TpedyeTcs 0OecneunTh
a, ~ Alr~10" M/Cz,
KOTOpOE MPAaKTUYECKH HEBO3MOXKHO MPUAATH UCTOYHHMKY CBETa. A MPU MAKCHUMAIbHBIX YCKOPEHHSX
a, ~ 107 M/c* (ROCTUTHYTHIX B y/IbTpaneHTpH(yrax), CABUIH YaCTOTHI CBETA OYIyT CTONb MaJbl
AfIf=ra,lc* ~ 107",
YTO MX HE YAACTCSl PErUCTPUPOBATh CIIEKTPAIbHBIMU MeTojaMu. Ho Takue cABUIM 4acTOThl yaaérces
peructpupoBath o 3pdpexty Méccbayspa. Tak, B onbite bémmens [145], ¢ uctoyHukom y-yue, yc-
TaHOBJICHHBIM Ha II'bE30BUOpaTOpE, Ha MPUEMHHKE ObLT OOHAPYKEH CIIBUT YAaCTOTHI
M= ra,/c*.
A B OIBITE C JUCKOM, KPYTSIIMMCS C 4acTOTOM o [145], HEHTPOCTPEMUTENBHOE YCKOPEHHE
a(R) = ®’R MCTOYHHKA ¥ ATOMOB JHCKA, NEPEU3IyYaloIMX Ha IIyTH OT R 10 R, IpU MUHTErpUpPOBa-

HUH B ATHX TIpesienax, 1aét no puti-3¢Qexry BenuunHy CABUra 4aCTOTHI, COOTBETCTBYIOIIYIO OTIBITY:

A Rf a,dR @2(1'322 —Rlz)
= [ #5 -

fox 200 - (3.19)

DTOT pe3yJIbTaT COOTBETCTBYET dKCIIepuMeHTy [ 145] u o0bruHO nHTEpnpeTnpyetcs B pamkax OTO.

He uckimoueno, uro B agdexre Méccbayspa B 1eHCTBUTEIBHOCTH UAET PE30HAHCHOE TOTJIOIIE-
HHE, COOTBETCTBYIOIIEE HE YACTOTE f, a JyIuHE BOJHBI A = ¢/f. [10CKOIbKY B OalTUCTUYECKON TEOpUHU
CKOpOCTh CBeTa ¢’ He (PUKCHPOBAHA, ITH XapAKTEPUCTHKH HE 00s3aTeIbHO SKBUBAICHTHBI A = c'/f # c/f
(8 ormmume ot CTO, rae A = ¢/f, cm. § 3.6). B 3aBUCHMOCTH OT METOJIa U3MEPEHUIN YaCTOThI WU JIJTU-
HBI BOJIHBI CBETa, HE BCErJa SICHO, O Kakoil Xapakrtepuctuke unET peus [16]. Eciu pezonancHoe mo-
TJIONIEHUE COOTBETCTBYET AAHHOU A, TO HabIOgaeMoe MpeoOpa3oBaHUe JJIHMHBI BOJHBI MOKHO 00BsIC-
HUTH ¥ B OTCYTCTBHE IEPEH3ITyUEHHsI IPOMEKYTOUHOU cpenoil. Tak, mpu pa3menieHnH NCTOYHUKA Ha
00071e poTopa, a MOTJIOTUTENS — B IeHTpe (), 4acToTa f Ha W3jydarese u f' — Ha MOTJIOTUTENE COBIIA-
nyt: f'=f, cornacHo (3.7) npu x = 0. T.e. mpu ’TOM MOKET MEHATHCA JIUIIb IJIMHA BOIHBI. JleiicTBU-

TENbHO, JUIMHA BOJHBI Y-U3TyUYeHHUS Ha morjotutene A" = c¢’/f” mpeobpasyeTcst o CpaBHEHHUIO C WC-

175



XOJTHOM A = ¢/f, T.K. CKOPOCTb CBeTa Ha moryioTurene ¢’ # c¢. Ilpu ckopoctu nornotutens V= @R noiny-

quM

N B T (3.20)
otkyza A" = ¢’/f= M1 + o’R*2c¢%) = M1 + V*/2¢%), ut0 coBmagaer ¢ pe3y/bTaToM ONBITOB W (HOPMyT
OTO, a Taxxe ¢ BeiBoggoM CTO o Benuunne nonepevynoro ¢ dexra Homuepa (§ 3.6) [145, A48].

B o6mem ciydae, eciau UCTOYHUK | HAXOTUTCS Ha PacCTOSHUHU R OT 1eHTpa poTtopa O, a mpH-
éMHUK 2 — Ha paccrosHuU R, (Puc. 3.23), peructpupyemas yactota He MeHsieTcs (f' = f, T.K. paccTosi-
Hue 1-2 HEeM3MEHHO), CKOPOCTh UCTOYHUKA V| = ®R|, a mpuéMHuka V> = oR,. U3 (3.20) B nabopartop-

HOU cHrcTeMe OTCUéTa CKOPOCTh CBETA €', MAYILETro B HAIIPABJICHUU MOTJIOTUTENSA, COCTABHUT
c'=\/cz—V12 =\/02—c02R12 '

CkopocTb cBeTa ¢ B cucteMe 0Tc4€Ta MOTJIOTUTENS U3 TpeyTroibHUKa ckopoctel (Puc. 3.23) ectpb

"= \/c’2 + V22 = \/c2 —0)2R12 +032R22 ~ c(1+w2 (R22 —Rlz)/2cz)
B takom cnyuae AA=A"— A= c""/f- clf= ?»mz(Rzz — R12)/202 u AMA= 0)2(R22— Rlz)/Zcz, qT0

COBIIAJIAET C pe3yJIbTaTaMH OIBITOB, B KOTOPBIX MpuMeHsiics 3ddexkt Méccbayapa [145, A48].

z 2 MPUEMHMK

Puc. 3.23. Cxema U3MeHeHUs CKOPOCTH CBETa Ha pOTOpe

Y JUTMHBI BOJTHBI TIPU U3MepeHuH 110 dhdexty MEccbdayapa.

B none tArorenus Toxke HaONIOJANICA CIBUT YacTOTHI M3JIy4eHUs (IUIMHBI BOJIHBI) OT ramma-
u3inyydarens, oOHapykeHHbIH 1o 3¢ dexty MéccOayaspa, Hanpumep, B onbite [laynna u PeOke y mpu-
émHMKa Ha BbicoTe 4 =20 M Hax ucrtouyHukoM [327]. Benuunna casura toxxe cieayer u3 dpdexra
Purtna. 'amma-ntyun nepeusiiydaroTcss MOJIEKYJIaMHU BO3/1yXa, ABMKYIIMMHUCS B I0JI€ TATOTEHUS C yC-
KOPEHHUEM a, = g, U IPUEMHUK HA BBICOTE /i pETUCTPUPYET U3ITYyUEHHE HOBOM JUIMHBI BOJIHBI U YAaCTOTHI

A=A+ gh/D)uf = f1-ghlc).

B ombiTax 0OHapy>KeH MMEHHO TaKOW CABHUI YaCTOTHI HA MOTJIOTUTENE TaMMa-nyueit [42, 327].
[Tepensnydyenue cymecTBEHHO Mpu JuHe dKCTUHKIMHK [ < /. Kak mokazano B § 4.1 mist ramma-inyuei
B miactuke [ ~ 0,1 M. Coracro [31], wmHa nepensiyderus [ ~ (AaoN) ' 06paTHO MpONOpIHOHATbHA
KOHIIEHTPAllMK aTOMOB NN, U B BO3/yXe, I/le KOHLIEHTpAIUsl aToMOB N B ThICSUy pa3 MEHbIIE, YeM B
wiactuke, [~ 0,1 M </h =20 m. Takum 00pa3zom, U3TydeHHE UCTOUYHUKA IpeolOpasyercs mo 3PpQexTy

Purna yxe Ha paccrostauu 10 cM oT ucToUHMKA. YTOOBI IPOBEPUTH, CBSI3aH JIM CABUT YAaCTOTHI HA IO-
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riotutene ¢ dhdexrom Putia mim ¢ naMeHeHneM xoja BpeMeHH B ose taroreHus o OTO, cnenyer
IIOBTOPUTH OMBIT B BAaKyyMe WJIM Ha BbIcoTe /1 << /. Ecin cIIBUT 4acTOTbI COXPAHUTCS, €r0 HE 00bsC-
HUTH 110 3¢ ety Putna, u npuyMHy W3MEHEHHs 4aCTOThI CIEAyeT UCKaTh B M3MEHEHUH X0Ja BpeMe-
HU WIA B U3MEHEHUM PE30HAHCHBIX YAaCTOT aTOMHBIX SIEP B 3aBUCHUMOCTH OT I'DaBUTAllMOHHOIO IO-
teHnmana. EmE onun kpurtepuit Beioopa naét onbiT [laynna n PeOke, yke ¢ IUIOTHOHN cpenoil MexIy
UCTOYHUKOM MU TOIJIOTUTENIEM: MEPEU3yuyeHHe HENOABHKHBIX aTOMOB B CpPEZE YK€ HE MEHsUIO Obl
yactoty 1o 3¢dexry Purna. Hanpotus, B pamkax OTO caBUr 4acToThl JOHKEH COXPAHATHCS.

B pamkax GammucTHyecKoi TEOpUHU XOJ BPEMEHHU HE 3aBHCUT OT TPaBUTALMOHHOTO MOTEHIIHAIA
u oT yckopenus, B orinuue ot OTO. IlosTomy B Kinaccuueckoil (pu3HMKe HECOBIAJAEHNUE YAaCTOT HA HC-
TOYHUKE U MOTJIOTUTENE, UIMEIOIINX Pa3HbIE YCKOPEHUS WIH ITIOMEIIEHHBIX B PAa3HBIC TPAaBUTAL[MOHHBIC
HOTEHIMAJIBI, MOXKET OBITh CBsI3aHO MO0 ¢ 3 dexToM Putna, 11060 ¢ NeicTBUTENBHBIM CABUIOM PE30-
HAHCHOM 4acTOThl. TeopeTHuecky He UCKIYEHO U3MEHEHUE CKOPOCTH X0/a 4acoB (KaK JUIsl MasiTHU-
KOBBIX YacOB, MOAHSTHIX HA 3HAUUTEIbHYIO BBICOTY), O€3 U3MEHEHHs X0Jla BpeMEHU. B cBsi3U ¢ 3TUM
3aCily’KMBalOT BHUMaHUs onbIThl Xadene n KUTTuHra ¢ aTOMHbIMU 4acaMH, OJJHH U3 KOTOPBIX ITOMe-
I Ha PEaKTUBHBIM caMoi€T, neTsmuil co ckopocthio V'~ 300 m/c, a fpyrue — HEMOJABUKHO yCTa-
HaBJIMBaIM Ha 3emiie. [locie npuzemiieHust camonéra oOHapyKUIICA 3aMETHBINA YXOJ YacoB BIEPEN 1O
OTHOIIECHHUIO K yacaM, OCTaBIIMMCS Ha 3emiie. OHaKo, aTOMHbBIE Yachl — HE CaMbl€ TOYHBIE: HA YacTo-
Ty aTOMHBIX MEPEXO0B BIMSIET 3JIEKTPUUECKOE U MarHUTHOE MoJje. Biauser Ha yacToTy M rpaBUTalU-
OHHOE T0JIe, U ycKkopeHue [328]. DTo BIUSIMHUE JIETKO OLEHUTh IO METOAY BO3MYILIECHH.

B O6ynymem OyayT nocTpoeHsl 60Jiee TOUHbIE TUIIBI YAaCOB, KOTOPBIE MTO3BOJISAT TOUHO POBEPHUTH
MIOCTOSIHCTBO XO/1a BPEMEHH, HE3aBUCUMO OT ycsioBuil. Hampumep, yacel B Bujie OBICTPO Bpallaroiie-
rocs MaxoBHKa (cynepmaxoeuxka) Ha MarHUTHOM IIOJIBECE B BaKyyMe€ MOTYT JUIUTEIbHOE BpeMs Bpa-
aThCsl 0€3 MOTepU CKOPOCTU U Oe3 BIMSHUSA HA 4acTOTY BPALIEHHUS CO CTOPOHBI IPaBUTALIMOHHOIO
noJisi U yckopeHus [329]. Yacrora BpaleHus, UCHOIb3yeMas AJI1 OTCUETa BPEMEHU, U3MEPSIETCS 110
4acTOTE UMIYJIBCOB C (POTOJAETEKTOPA, PETUCTPUPYIOIIETO CBET Yepe3 OTBEPCTHE B MaXOBHKE MPHU Ka-
&710M o0Oopote. I'paBUTalis OTYACTH BIMSIET U HA ATOT TUI YacOB, HO ATO BIUSHUE JIETKO YUYECTb U
UCKJIIOYUTh, MEHSISI MaTEpHUal MaXOBHKA, BBOJA TEOPETUYECKUE MTOMPABKH, TOIAA KAaK aTOM — 9TO 4€p-
HBIN SIIUK, U BCE BIMSIHMS Ha HETO TPYJAHO Y4€CTb M pacCUUTaTh. TakkKe rpaBUTalUs U YCKOPEHUE HE
BIMSIOT HAa 4acTOTY paclaloB paguoaKTUBHBIX saep. Iloaromy co3maHue saepHBIX 4acoB (Mpeasio-
»KeHHbIX emé Bek Hazaa [330, c. 392]), oTMepsitommx BpeMsl M0 YacTOTEe pacmagaoB, U3MEPEHHOM Jie-
TEKTOPOM, MTO3BOJUT OTMEPSTh BPEMsI C OTPOMHOM TOYHOCTBIO, TOCKOJIBKY IIPU OOJIBLIIOM YHUCIIE pac-
1maz0B N, BKIIa CIydaifHbIX (uyKTyamuii ux uncia nopsaaka N2, crpemutcs k Hyimo. TOUHOCTb H3Me-
peHUsl BpEMEHHU IOpsAaKa N"/N= N, paBHas TOYHOCTH ATOMHBIX 4acOB 1077, OyZeT TOCTUTHYTa
npu ancie pacnagos N = 10°°. [Ipu u3MepeHHH BpeMEHH B TEUEHHE Yaca JHCII0 aTOMOB, PACITABIIIHX-

CS B CeKYH/Iy, TOJDKHO COCTaBIsTh ~10'° — 9T0 THrmdHas ckopocTh pacrmaja, HampuMmep, 0bpasia pa-

177



JTUSl BECOM B HECKOJIbKO rpaMM. OCOOCHHOCTbD SICPHBIX YaCOB COCTOUT B YBEIMUYECHUU OTHOCUTEIILHOM
TOYHOCTH U3MEPEHHsI BPEMEHHU MpPHU YBEIMUECHUU U3MEPSEMOro MHTepBaja BpemeHu u N. B nutepary-
pe YIOMHUHAIOTCSA TaKKe HKCIEPUMEHTHI, B KOTOPBIX Jake MPHU UCIOJIb30BAHUU Ha HABUTALIMOHHBIX
CIyTHUKAX MPEIM3NOHHBIX KBAPIIEBBIX YacOB (00JaAaBIINX PEKOPAHON ISl TOTO THUIIA YACOB TOYHO-
CTBIO X071a) 0OHAPYKUBATIOCh OTCYTCTBHE IPABUTAIIMOHHOTO CIABUTA CKOPOCTH X013 U 9acToTh [331].
Takum 00pa3om, BOpoc O TOM, OOYCJIOBJICH JIM CIBHT YacTOTHI raMMa-u3lydeHus d(pdexrom
Putna wnn s¢gdpexramu OTO ocTtaércss OTKPHITBIM U TPEOyeT JOMONHUTEIBHON SKCIIEPUMEHTABHOM

NPEUU3NOHHOM MTPOBEPKH, METOAbI KOTOPOW ObUIH MPEAIOKEHBI B maparpade.

§ 3.9. BbigoObi

AHanu3 pe3yabTaTOB ONTHYECKUX SKCIEPUMEHTOB M OMNBITOB C mpuMeHeHHeM 3ddexta Méc-
cbayspa TMOKa3bIBaCT OTCYTCTBHE MPOTHBOPEUUN C OAJUTMCTUYECKOW TeopHeil. YcTpaHeHa HEOHO-
3HAYHOCTh B TPAKTOBKE psifia ONTHYECKUX IKCIEPUMEHTOB U MOKA3aHO, YTO UX PE3YJIbTaThl KOCBEHHO
CBHJIETEIILCTBYIOT B I0JIb3Y BIIMSHHUS CKOPOCTH MCTOYHUKA HAa CKOPOCTh CBETA U MPOTUBOpPEYAT €€ Mo-
cTosHCTBY. [IpennoskeHpl HOBbIE METOIBI M KPUTEPUHU MPOBEPKH OATTMCTUYECKON TEOPUH MyTEM aHa-
Ju3a TPEeCKa3aHHbIX B paMmkax Teopuu 3PdextoB. [IpeanokeHHbIEe CXeMbl YCTAHOBOK, KOTOpHIE, B
ciydae moATBepkaeHus dQdexra PuTia, MOKHO MOJIOXKHUTH B OCHOBY TPaHC(HOPMATOPOB JITUTEILHO-

CTH JIa3CPHBIX UMITYJIbCOB U 4YaCTOTHI CBCTA BO BCEM AuaIia3oHe OJICKTPOMArHMTHBIX BOJIH.
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MmaBa 4. bBannuctuyeckmne acpdekTbl y penaTMBUCTCKMX YacTuUL

B ,Z[aHHOfl TJIaBC HpOI/I3BeILéH AHAJIN3 SKCIICPUMCHTOB B obiacTu (1)I/ISI/IKI/I BBICOKHX 3Hepr1/1171,
saaepHoi pusuku (Muxpomup). JIns MOHOB, A1Ep U FINEMEHTAPHBIX YACTHIL C PENIITUBUCTCKUMU CKOPO-
CTSIMU J00aBJIEHHE CKOPOCTH K CKOPOCTH H3Iy4YEHHOIO MMH CBeTa Jerko usmepumo. Ilpunaro cuu-
TaTb, YTO BCC 3KCICPUMCHTBI 3TOT'O THIIa IIPOTUBOpCHAT OaAJNIMCTUYECKON TEOpHUH, OAHAKO HMX THIA-
TeNbHBIN aHaIu3 U YUY€T 3¢ (dekTa nepensnydeHus: cpeon MPUBOAUT K BBIBOAY, UTO OHHU HE MPOTUBO-
pcyaT TCOprUU PI/ITLIa. A pAA OMNBITOB, B YaCTHOCTH, OIIBITBI C CUHXPOTPOHHBIM H3JIYUCHUCM, JIYyUIIC
COTJIaCyIOTCs ¢ OaUTMCTHUYECKOW TEOpHeH, YeM C IMOCTYJATOM O MOCTOSHCTBE CKOPOCTH cBeTa. [[is
OIHO3HAYHOI'0 pC€HICHUA BOIIPOCa O BIMAHHUHN CKOPOCTH HCTOYHHKA Ha CKOPOCTH CBCTAa INPCIIOKCHBI
HOBBIC MCTObI ITIPOBEPKU TCOPUHN PI/ITI_Ia 1 YCOBCPHICHCTBOBAHHBIC CXCMBI IIPCIKHUX SKCIICPUMCHTOB.

OcHOBHBIE pe3yNbTaThl T1aBbl H3JI0KEHBI B padoTtax [A2, A10, A37, A38, A45, A52—-A54].

§ 4.1. OnbimbI ¢ d8UXyw,uMuUCsi Me30HaMu U sidpamu

B naGopaTtopHbix onbiTax 3¢ (heKT nepensnydeHus HeMOABMKHBIMU 36MHBIMU CpEaMH HUBEIH-
pPYET OTIMYMSI CKOPOCTU CBETa OT HOMHUHAJIBHOIO 3HaueHHs. [loaToMy NpeanokeHo U3MEpSATh CKO-
pOCTh TaMMa-JIy4eil OT ABMXKYIIMXCS C OKOJIOCBETOBBIMHU CKOPOCTSIMU SIIEP U DJIEMEHTAPHBIX YaCTHULL.
[Ipenmonaranock, YTO raMMa-JIy4d MPAKTUUYECKH HE MEPEU3TyUyaroTCsl CPEO, T.K. AIEKTPOHBI CPEbl
TeM ciabee OTKIMKAIOTCS Ha U3JIy4YeHue, yeM Bhie ero yactota (§ 1.1). CooTBeTcTBEeHHO, MEHEe UH-
TEHCUBHO PACCESHHOE IEKTPOHAMM M3JIy4EHHE, MEHSIOLIEE CKOPOCTh cBeTa. Jlake y IIIOTHBIX Cpex
MoKa3aTeb MPEJIOMIICHUS JUIsl pEHTTEHOBCKUX U FraMMa-iIydell IOYTH HE OTINYAETCS OT €IUHUIIBL.

JIx. ®okc cuMTam MMEHHO TAaKOW TECT OJIHO3HAYHBIM KPUTEPHUEM IMPOBEPKU OaUTHCTHUECKOM
teopuu. B pabore [25] on mpuBén onbIT AnbBarepa [332] ¢ raMMa-u3nydyeHHEM MPOTOHOB, JETSIIUX
CO CKOPOCTBIO OJU3KOH K ¢, Kak HanOosee yOeaUTEIIbHOE CBHIETENHCTBO B MOJIb3Y HE3aBHCUMOCTH
CKOPOCTH CBETa OT CKOPOCTH UCTOUHUKA. B onbiTe Ha 6a3e B 31 M n3Mepsiiach CKOpOCTb ramMmma-iryden
OT PACTAJAONNXCS HA JIETY T-ME30HOB OT MHIICHH, OOMOapaupyeMoii mpoToHamu. M3MepeHHas
CKOPOCTh FaMMa-JIy4eil CoBIajalia ¢ TaOIMYHBIM 3HAUYEHUEM ¢ B Npeaenax Tounoctu nopsaka 0,01 %.

CraBwics TakKe ONBIT C TaMMa-U3IyUYE€HUEM OT JBUXKYIIMXCS C PEISTUBUCTCKUMU CKOPOCTSIMU
s11ep, KOTOPBI HE BBIIBUJI OTIWYUN CKOPOCTH M3ITyUYEHHsI OT CKOpocTu cBeta [145, 82]. dokc u du-
JUMNAcC CTaBWJIM OMBIT MO M3MEPEHUIO CKOPOCTH M3IIYUYEHUS OT ABMKYLIUXCA C PENSTUBUCTCKUMHU
CKOPOCTSIMHU 1°-Me30HOB [333], ToXe MOKa3aBIIMI COBMAJEHUE CKOPOCTH U3IYyUYEHUS OT PEJIATHUBUCT-
CKHX T'-ME30HOB B HaIpaBJICHUU BAOJIb U NpoTuB ABrxkeHUs [145]. Jx. dokc paccMarpuBan 3TOT
HKCIIEPUMEHT B KQUECTBE PEIIAIOIIETO, OMPOBEPTAIOIIETO OATUTUCTHIECKYIO TeOputo [25].

Onnako, kak otmetun cam [[x. doke [25, 333, 334], oTOT BBIBOJ HEAOCTATOYHO OOOCHOBAH, TO-

CKOJIBKY TOYHO H€ M3BCCTHBI MCXaHU3MBI pacriaja U U3JI1yUYCHUA, O KOTOPLIX CYOAT HA OCHOBEC KOCBCH-
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HBIX JTAHHBIX, TaK ’K€ KaK O CKOPOCTH M3JIyYalollUX YacTHULl, KOTOpas HE M3MEpEHa HaIpsMylo, a pac-
CUMTaHA B paMKaX HEKOTOPBIX JOMOJHUTEIbHBIX TUIIOTE3 U PEISATUBUCTCKON KnHemMaTuku [30].
ABTOpBI SKCTIEPUMEHTA OTMEUAJH, YTO U3NyUYeHHUE 10 MOCTYIUICHUS B IETEKTOPHI MIPOXOIUT Ye-
pe3 HEMOABMIKHBIE CPEABL, T.€. MOXKET IIEPEU3TYUAThCSl UMM U IBUTaThCSl 1AJIEE CO CKOPOCTHIO ¢, yTpa-
TUB U30BITOK ckopocTH. B pabote [332] onieHeHa anmuHa niepensinydeHust B atmocdepe (5 KM, 4To MHO-
ro 6ombIIe TpoAETHOM AucTaHuu B 60 M, 0T4ero nepensiaydeHueM nperedperanu). OaHaKo HET Ole-
HOK JJTMHBI IEPEU3ITyYCHUS B ONTHUECKH OoJiee MIIOTHON OEpUILTUEBON MUIIIEHU U MUJIAPOBOM OKHE, B
KOTOPBIX JUTHHA SKCTUHKIUU [ = A/21(n — 1) B ThICSYM pa3 kopoue. T.e. mepensydeHrue B ONbITE BO3-
MO>KHO, U C €r0 yUYE€TOM OTBIT HE MOKET CBHACTEIILCTBOBAThH MPOTUB OaiucTuueckon teopun [333].
JeiicTBUTENBHO, BO BCEX MEPEUHUCICHHBIX OIMbITaX BBI3bIBAET COMHEHHE MPEIOI0KEHUE, OYaTO
cpella MUILIEHU U JETEKTOPOB HE MEHSET CKOPOCTh PEHTICHOBCKUX M TaMMa-JIydeil h3-3a Ux cnaboro
paccesiHusI 3JEKTpOHaMU cpensl [25], BBuAYy Manol 3(h(eKTHBHOCTH paccesHusi ramMma-iyden (Ipo-
MOPLUMOHAIILHOM A) U OTJIMYMUS YAaCTOThl PEHTTEHOBCKUX U ramMma-jIydel OT pe30HaHCHBIX 4acTOT pac-
CEMBAIOLIUX CBET BHEIIHUX 3JIEKTPOHOB B aromax. [loaTomy mokaszaTesib MPEeNOMIICHUS 1 JUISl TAKUX
U3Ty4YeHUHN CUUTAIOT OJIM3KUM K €IMHUIIE, a JJUHY SKCTHHKIUH [/ = A/2n(n — 1) — cTonb OONbIIOH, YTO
nepeusnydeHueM npeneodperatot. Ho, kak ormetun Y. Kantop [30], HeT npsiMbIx ouieHok 7 u /. Kpome
TOr0, U3JIy4eHHE PACCEUBAIOT HE TOJbKO CBOOOJHBIE M BHEIIHHME 3JIEKTPOHBI aTOMOB, HO TaKXKe —
AIIEKTPOHBI BHYTPEHHHUX 000JIOUEK, U S/Ipa, Y KOTOPBIX PE30HAHCHBIC YACTOTHI JIEKAT B PEHTTEHOB-
CKOM U TaMMa-Juana3oHax U KOTopble 3()()EeKTUBHO B3aUMOJIEHCTBYIOT C U3Iy4YeHHEM, oOecreunBas
n# 1 u maneie /, 3a c4€T Malloil JUIMHBI BOJHBI A PEHTTEHOBCKUX U ramma-nydeid. Torja nepeusmyde-
HUE BO3MOXXHO U Ha JUTMHAX / MEHee MUJUTUMETpa — JJisl raMMa-Jydeld B 3eMHBIX cpelaX, U MEHee ac-
TPOHOMHMUYECKOW €IMHULIBI — U1 PEHTT€HOBCKUX M FaMMa-lIy4el B MEK3BE3IHOM cpene. T.e. OIBITHI,
i€ JIy4Hd IUTH CKBO3b MuIIeHHU [25, 145, 333] wim mex3BE3anyro cpeay (cm. § 2.1 [31]), He mpoTuBoO-
pedat Teopun Putia. CoriacHO MOCIETHUM HU3MEPEHUSAM, AJI PEHTT€HOBCKUX M raMMa-Jydei Kodd-
durment npenomaenus n # 1. Ecin 0603uaunts n = 1 + &, TO /U1 PEHTTeHOBCKHX mydeii & = 10°-10"
>, Tak, [yIsl peHTTCHOBCKHUX Jtyueii ¢ sHeprueii 30 koB (A =4-10"" M) B Boge & = -2,6:107' [209], a s
ramma-nydeii ¢ sueprueit 1,2 3B (A = 10'? m) B crimkone & = 1,5-107° [335]. Orcroga mmHa

A A
| = =
2njn—1  2m)

4.1)

JUIsL PEHTI€HOBCKUX Jiyuer coctaBuT /= 0,05 mm, a juyisg ramma-inyueit / = 0,1 MM, 4TO COITOCTaBUMO C
JUTMHOM TIepensiydeHusi ontudeckux Jyydeit [~ 0,001 mm. To ke BepHO B OTHOIICHUH MEK3BE3THOTO
ra3a — JAJIUHBI / B HEM COMOCTaBUMBI B ONTHYECKOM, PEHTT€HOBCKOM M ramMMma-auana3onax. [loatomy,
IIPOXOJS CKBO3b JIETEKTOPHI U IJIACTUHKH, TOJIIMHON B HECKOJIBKO MWJUIMMETPOB, PEHTT€HOBCKUE U
ramma-jIy4u MnepeusinyqaroTcs, Tepsis n30bITOK cKopocTu. TakuM 00pa3oM, B MOJOOHBIX OINBITAX HEb-

351 TOBOPUTH O MPSMOM MpOBepKe OauIMCTUUYEeCKOW Teopuu. Tak M A MEX3BE3AHOrO raza JJINHbBI /
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JUISl PEHTT€HOBCKUX U TaMMa-JIy4ei CpaBHUMBI C JUIMHOM SKCTUHKLIMU [/ [ ONITUYECKOTO U3TyUYEHUS.
T.e. aprymenTtst bpauepa [31, 32] npoTHB OAITUCTHYECKON TEOPHUU, OCHOBAaHHBIC HA aHAIU3E TBOMHBIX
PEHTTEHOBCKUX IMyJIbCAPOB U HCTOUHUKOB TaMMa-Berbliek (§ 2.1), He UMEIOT CHITBI.

Haxkownen, kak ormetun ®okc [25], npeanioskeHHas UM OLIEHKA IJIUHBI / SKCTUHKINY (TIOTaIlleHuUs
NEPBUYHOI BOJIHBI) CIpaBEIMBA JIMILb Il CKOPOCTEH UCTOYHUKA } << ¢ W HEIPUMEHHMA K U3IIyde-
HUIO PENSTUBUCTCKUX yacTull. OUueHUTh / MOKHO SMIHMPUYECKH, BapbUPYs TOJIIMHY MHUIIECHU (Ha-
MpHUMeEp, €CITU Ta COCTABIJICHA U3 ABYX CABUTAaeMbIX KJIMHBEB) U OIICHUBAS BapUallii CKOPOCTH CBETA.

B kauectBe nmpoBepku Gammctuueckoil Teopud 1 CTO MOXKHO Takke pacCMOTPETh OMBITHI O
U3MepeHut0 BpeMeHu *u3HU NMUoHOB. Ilo CTO Bpems XKU3HM MOABMKHBIX YaCTHUI[ PacCTITUBAETCA
MIPOTIOPITMOHANIBHO Y-(hakTopy (cM. § 3.6), a B OAITUCTUICCKON TEOPUM BPEMS JKU3HU YACTHUIl HE 3aBU-
CUT OT UX ckopocTu. V3 OmBITOB ciemyeT, yTo BpeMs ¢ = L/V monéra yacTHIbl, Aa)Ke MPHU CKOPOCTU
V = c (mpepenbuoit no CTO), 3aMeTHO NpEBHIIIAET €€ HOMUHAIIBHOE BpEMsI )KM3HU T, U TEM 3aMETHEH,
YyeM BblIllle dHeprus yacTuipbl. [lonaranu, yro 3to noareepxkaaet BeiBoJg CTO 006 n3mMeHeHun maciiTa-
0a BpeMEHHU NpH ABMXKEHUU, OYITO JIJIsl OJIBUYKHOM YaCTHUIIBI BpeMsl TeYET MEJIJICHHEH, U OHa ycleBa-
€T MpOoiTH 10 MOMEeHTa pacmnaja Oonbimuit myTh L. Ho, kak mokazan B 1959 r. I1. Panse [408] u B 1983
r. A.A. lenncos [337], aTo BepHO uib npu V' < c. T.k. B KJ1TaCCUUECKON MEXaHHUKE TAKOTO OrpaHHUYe-
HUS HET, TO ¢t = L/V He U3MEHHTCS, €CJIM MPOMOPIUOHAIEHO MyTH L BBIPACTET CKOPOCTH V Y4aCTHUIIBI.
OueBuHO, OoJIee OBICTPBIE YACTHUIIHI IPOXOIAT 32 BPEMSI paciajia MPOIOPIIMOHAIBHO OOJIBIIUH Ty Th.

B uwactHOCTH, «TIpoIIeHUE XU3HW» HAOMI01aI Y MIO-Me30HOB (mrwoono0g) [338]. B CTO Bpems
WX KHU3HU t' = L/U pacCUUTHIBAIOT 1O UMITYJIECY p = eBR (M3MEpPEHHOMY TI0 pafuycy R KpUBU3HBI Tpa-
€KTOPUU B MAarHUTHOM 10Ji€ B), CBSI3aHHOMY CO CKOPOCTBIO U PEISITUBUCTCKON (hOopmMyIioi

p=mul(l - v*/cH",
r7ie m —Macca MiooHa. B Gaminctudeckoil Teopun ero CKopocTh HaWAETCs Kiaccuuecku V = p/m, nnn

V=uv(l- A"
Ecnu B popmyne ¢ = L/V ckopocTh V 3aMeHUTH Ha €€ BhIpaKEHUE Yepe3 U, TOTAa MOTydYuM
Liv=1t"=t(1 - VcH",

T.e. popmyny CTO st mpeobpa3zoBaHusi BPEMEHU:

t'=1/(1 - V) P =1py.
Takum 00pa3oM, COTVIACHO OANTUCTUYECKON TeopuH, mpooder yactuil L = t'V = tyc pacTe€T He 3a CUér
pocTa BpeMEHH HX KH3HU ¢’ = fy IPH OrpaHUYCHHON CKOPOCTH V' = ¢, a 3a c4€T pocTa CKOPOCTH V = yc
npu GUKCUPOBAHHOM BPEMEHH KHU3HHU ¢’ = ¢. VITak, BEIOOp MeX 1y OaIIMCTUYECKOI Teopueit u Teopueit
OTHOCHUTEJILHOCTH MOXKHO CJI€IaTh JIUIIb MyTEM MPSAMBIX 3aMEPOB CKOPOCTU V' ME30HOB.

CripaBeiNTUBOCTh PENSTUBUCTCKON KMHEMATUKHU 0OOCHOBBIBAIOT HKCIIEPUMEHTAMU Ha KoJlIaiie-
pax Mo CTOJIKHOBEHHIO 3apsHKEHHBIX YacTHIl. B 4acTHOCTH mociie paccestHusl 3JIEKTPOHA Ha AJIEKTPOHE,

WIM IPOTOHA Ha IPOTOHE, YaCTULIBI pa3JieTaroTcs moa yriom MeHsiuM 90° [339], Bonpeku kinaccuye-
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CKOM KMHEMaTuKe, HO B coryiacuu ¢ kuneMatukoid CTO. Ho ToT e pe3ynbTaT mojydaercs U B paMKax
KJIACCUYECKOM KMHEMATHUKH, IPU y4€Te OTEPU UMILYJIbCa U SHEPIMH YaCTHUL[ HA U3JIy4YE€HUE B XO€ UX
CTOJIKHOBEHHH, KOTJ]a T€ ABUXYTCSI C TMTAaHTCKMMHU YCKOPEHUSIMH, KOTOPbIM COIyTCTBYET MHTEHCHB-
Hoe m3nydeHue [A38]. Ilpu obcuére sKcnepuMeHTaIbHBIX AaHHBIX B pamkax CTO yka3aHHbIe HO-
IIPAaBKU HE OOHApY’KEHBI, UYTO CBUJIETENBCTBYET O HETOUHOCTH PEJIATUBUCTCKUX (Qopmyil. Jlumb B OT-
JenbHBIX padorax [339] paguanmoHHBIE MOMPABKU yYTEHBI. T.€. MCCIIeIOBATh MPOIECChI CTOJIKHOBE-
HUM B YUCTOM BHJIE, B OTCYTCTBHE PAJAMALMOHHBIX 3()()EKTOB, MOKHO JIMIIb Y HEUTPAIbHBIX YACTHIL,
Harpumep, P UCCIEIOBAaHUH CTOJKHOBEHUN HEUTPOHOB, U3JIy4aeMbIX OJIOKaMU SIIEPHOTO PEaKTopa.

Kak npaBuio, ckopocTh peNsTUBUCTCKUX YACTHI] HE U3MEPSIIOT HAMPSAMYIO 110 pPa3HHIIE MOMEH-
TOB PETUCTPALUU U3JIy4YEHUs JBYMs Pa3HECEHHBIMHU JE€TEKTOPAaMH, HO CPaBHUBAIOT CKOPOCTH IO pa3-
HHUIIE MOMEHTOB PETUCTpAallMU pa3HbIX THUIIOB YAaCTHUIl M MX W3Iy4yeHMs neTektopamu. IIpu stom HU-
YTOXKHYIO Pa3HMIy CKOPOCTEH YacTHIl M UX U3IYUYEHUS MHTEPIPETHPYIOT KaK PaBEHCTBO MX CKOPO-
cTeil — ckopoctu cBeta c. OIHaKo, Kak nmokaxkeM janee (§ 4.3), eciiu CKOpOCTh CBETA OT ABMKYLIUXCS
YacTUl| YBEJIMUYEHA, COMIACHO TeopuH PuTia, TO Te ke AaHHBIE 03HAYAIOT CBEPXCBETOBBIE CKOPOCTH.
AHaJIOTUYHO, TIPY CPABHEHUHU CKOPOCTU pa3HbIX THIIOB YACTUIL[ HE3HAUUTEIBHOE UX pa3inyue el He
CBUJETENLCTBYET 0 V' = c. bosee Toro, B 3KCIIEpUMEHTax TAKOTO TUIIA HEOJAHOKPATHO PETUCTPUPOBAIIN
CBEPXCBETOBBIC YaCTHUIIBI, HA3BIBAEMBIC MAXUOHAMYU (XOTSI C TOYKU 3PEHHS KIIACCHUECKOW (PU3UKH OHU
IPUHLMIINAIBHO HE OTIMYAIOTCS OT JIOCBETOBBIX YacTULl). B 4acTHOCTH OMBIT HA yckopuTese B j1ado-
paropun Fermilab [340] moka3an, 4To cKOpocTh HEUTPHUHO OT pacnaga K-me3oHoB ¢ sneprueit 75 I'HB
npumepHo Ha 0,1% (107) IPEBOCXOJIUT CKOPOCTh MIOOHOB, 00pa3yroIInXcs B TOM )K€ pacnajie

K'— ' +v,.

[Ipu sTOM HanEXHO (C TOCTOBEPHOCTHIO 99%) pEerucTpupoBaIOCh OMEPEKEHUE PETUCTPAIIUN HEUTPHU-
HO TI0 CPaBHEHHIO ¢ peructpanueit MmwooHoB Ha Af = (0,37 £ 0,24 HC, yTo Ha TTponéTHOI 6a3e L = 720 m
COOTBETCTBOBATIO OTHOCHTEIBHOH pasHHIE ckopocTeil ~10 . TI0CKOIbKY B PAMKaX PENSTHBHCTCKHX
OIIEHOK CKOPOCTh MIOOHOB OT/IMYAJIACK OT ¢ JTHuIb Ha ~10> [316], oueBmmno yxe B 1976 r. Gbimn 3ape-
THCTPUPOBAHBI HEHTPHHO CO CKOPOCTHIo BhIme ¢ Ha ~(10° — 107°)¢ ~ 300 KM/c — pe3yIbTaT HEOTHO-
KpaTHO moaTBepxkAEHHBIM 1 B XXI Beke B To# ke nadoparopun [341]. Takxke oH cormacyercs ¢ pe-
3yJbTaTOM 3KcnepuMeHTa kosutabopaunu «OPERA» [341] (Bmpouem, MHTEpIpeTHPYeMOro Tenepb
Kak omunOouHbIiN). Eciy ke MCXOAUTh U3 KIIACCUYECKUX OIEHOK CKOPOCTEW YaCTHII M0 BEIMYMHE UX
UMITYJIbCa, TIPEBBIIICHNE OyIET emE 3aMETHEH, YTO JIETKO MPOBEPUTH MPSIMBIMH U3MEPECHUSMHU.

[TpsiMble M3MEpeHUsl CKOPOCTH PENIATUBUCTCKUX M YJIbTPAPEIATUBUCTCKUX YacTul] (110 pa3HUILE
MOMEHTOB PETUCTpaIMM JI€TEKTOPAMH, YCTAaHOBJICHHBIMU B Hayajie ¥ B KOHILIE MPOIETHON Oa3bl) Mpak-
TUYECKH HMKOTJAa HE NMpOoBOAWIMCH. HecMOTpsi Ha HMIMpPOKOE pacHpOCTPAHEHHUE MPSAMBIX U3MEPEHUM
CKOpPOCTH MOHOB BpeMspoéTHbIM MeTooM (Time-of-Flight — TOF-neTexTopamu, Hanmpumep B ycTa-

HoBke ALICE na yckoputene LHC [342]), ux nmpoBoAAT Badu OT CBETOBOTO Oapbhepa — Il HOHOB C
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sreprueit < 1 I'9B Ha HykioH. st HUX, Jake B paMKax KJIacCHUeCKo (GU3MKH CKOpocTh V < c. A mnst
KJIACCUYECKUX CKOPOCTEH V> ¢ PEeNATUBUCTCKUX U YIbTPAPEIATUBUCTCKUX YACTHIl MPSIMBIX 3aMEPOB
TOF-kamepamu 0ObIYHO HE MPOU3BOAT. B TeX penkux ciyyasx, Korjga npsMble 3aMepbl CKOpOCTei
OCYILECTBIISIOT Ul YIbTPAPEIATUBUCTCKUX YAaCTHUL], HATPUMEP U3 KOCMHUECKUX JIyueil, Bceraa oOHa-
PY’KHBAIOTCSI CBEPXCBETOBBIE CKOPOCTH, T.K. BpeMsl MpoJiéta Af y MHOTUX 4acTHIl OKa3bIBAa€TCsI MEHb-
e yem L/c [343, 344]. Dtot nedurut BpeMeHu Af Helb3s CIIMCaTh Ha OMUOKH U3MEPEHUM, TTOCKOJIb-
Ky pacrpeeieHne 4acTull o napamerpy (A¢ — L/c) cuibHO OTIMYAETCs OT FayCCOBOTO 3aKOHA.

B kauectBe mpumepa npuseaém nse padotel [193, 345] ¢ mpsaMbIM U3MEPEHUEM CKOPOCTU Yac-
TUIL B yckopuTensax. B nepsoii [193] npencrasnens! pe3ybTaThl onbita bepromuu no npsMomy usme-
PEHMIO CKOPOCTHU 3JIEKTPOHOB, (DAaKTHYECKHM MOJTBEPIMBILNE, BOINPEKU BbIBOAaM camoro beprornm,
CBEPXCBETOBYIO CKOPOCTb 3JIEKTPOHOB. [IpH M3MepeHnn CKOPOCTH 3JIEKTPOHOB Ha MPOJETHOM JUIHHE
8,4 M BHYTpH JTMHEHHOTO YCKOPHUTENS, U3MEPSIIaCh CPEIHsAS CKOPOCTh AJIEKTPOHOB (MPHUOOPETaBIINX
Ha BbIXOJI€ M3 yckopuTens 3Hepruio 15 M»aB), koTopas cocraBuna no usmepenusm V = c. Ho, eciu
Y4Y€CTb, UTO Ha BXOJI€ CKOPOCTh AJIEKTPOHOB IIPU 3TOM cocTaBmiIa Vi << ¢, OCKOJIbKY HE BKJIIOUaCs
YCKOPHTEIb NPAMOro AeUcTBUS (eenepamop Bamu-ode-Ipaagha), TO CKOPOCTh 3JEKTPOHOB HA BBIXOJE
V2> c, 1. Vo> V> V). llpuuém npesbiienne V, Hag V= c MOTIO OBITh 3HAYUTEIBHBIM, MOCKOJIBKY
BHYTPH JINHEWHOI'O YCKOPHUTENS M3-3a MajoOl HA4aJbHOM CKOPOCTH U JJEKTPOHOB HA HAYAJIbHOM
y4acTKE IyTH HE BBIMOIHIIOCH YCIOBHE CUHXPOHU3MA: HE MOMNajasi B yCKOPSAIOLyo a3y Mo, 3jeK-
TPOHBI MOIVIH 3(P(PEKTUBHO YCKOPSTHCSA TOJBKO Ha KOHEUYHBIX Y4YacTKax IyTH, MOCJIE NMPHUOOpETeHUs
ckopoctu V ~ c. [lockonbKy Ha OCHOBHOM 4yacTu myTH V' < ¢, To A obecnedeHus: CpeiHel CKopocTH
V' = ¢, Ha KOPOTKOM KOHEYHOM OTpe3Ke MyTH CKOPOCTh JIOJIKHA ObLIa COCTaBUTh V3 >> c.

B npyrom skcnepumente [345] no npsMoMy U3MEPEHHUIO CKOPOCTU PEISTUBUCTCKUX YACTHULL O
CUTHaJIaM JETEKTOpPOB, YCTAHOBJIEHHbIX B Hayaje M B KOHLE AUCTAHLMHU, TOXKE MOJIydasloch V ~c,
npu4EéM MOATBEPANIIACH PEISATUBUCTCKAsE 3aBUCUMOCTh OT ramma-¢akropa. Hegouér takoro msmepe-
HUS COCTOSUI B TOM, 4TO BpeMmsl Mposiéra quctaniuuu cBetoM (90 HC) Obul OIU30K K MEPUOY, C KOTO-
PBIM CTYCTKH 4acTHUI] 6oMOapaupoBany MUMIeHb. TO eCcTh, BO3HHKAIa HEOAHO3HAYHOCTh: B 3aBUCHMO-
CTH OT TOT0, KaKH€ MMITYJbChl B MOCJIEI0BATEIBHOCTH, PETUCTPUPYEMOM I€TEKTOPAMHU, COIOCTaBIIS-
JMCh IPYT APYyTY, MOJIyYalIuCh pa3Hble 3HAUEHUS] CKOPOCTH, pazianyaroiiyecs B pas3bl. M30exaTh HEoA-
HO3HAYHOCTH MOJKHO, COIIOCTaBUB MMITYJIbChI C HECKOJIBKUX IOCJIEIOBATEIbHBIX JETEKTOPOB, WIH TIE-
pemerniast IeTEKTOPbl U UCCIIENYsI U3MEHEHHUSI 3aa3AblBaHUsl UMITYJIbCOB.

JU11 TOYHOTO M3MEpPEHUs] CKOPOCTH YacTHULl OBICTPOJCHCTBHE U pa3pellleHre [0 BPEMEHH Yy Jie-
TEKTOPOB YACTHIL JOJDKHO COCTaBUTh ~10 ¢, MOCKONBKY XapaKTepHOE BPeMs MPOIIETa Tab0PaTOPHBIX
TUCTaHIuid L ~ 1 M Ha CKOPOCTH CBETA ¢ COCTaBUT mopsiaka L/c ~ 3+ 10~ ¢. Takoii paspelaronen cro-
COOHOCTBIO 00JIaJIal0T CHUHTUIISIIMOHHBIE U TMOJTYTPOBOJAHUKOBBIE NeTeKTophl uactuil [347, c. 189].

OOBIYHO y 3TUX THUIIOB JIETEKTOPOB XapaKTepHbIE BpeMEHa Ha MopsAok Oosbiue. [ToaToMy ynobnei
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JETEKTOPhI HE CaMMX YaCTHIl, a CO3/JaBaeMOro uMu mojs (kak B onbite beprorm [193]),— mHanpumep,
B MHAYKIIMOHHBIX JTATYMKAX WM B YEPEHKOBCKHUX AeTekTopax. [lockombky ObicTponerictBue MIIM-
($OTOAETEKTOPOB JOCTUTACT T ~ 102 ¢ (em. § 3.3), T0 MIpU BpEMEHU Npoii€ra Af ~ 10° ¢ CKOpOCTb Hac-
THI] U3MEPSETCS C TOUHOCTBIO T/Af ~ 107, IIpu 5TOM BpeMs npon€ra AOJIKHO U3MEPATHCS IIPU IT0Jade
CHUTHAJIOB C JICTEKTOPOB JTMOO0 Ha BXOA ocumiutorpada, 1mbo Ha CXeMy 3ara3IbIBalONINX COBIAICHUH.
OTMeTHM, YTO CBEPXCBETOBAs CKOPOCTH 3EKTPOHOB ¢ 3Hepruer S00 MaB (y = 1000) u ux smek-
TPOMAarHUTHOTO MOJIS 3apEeTrUCTPUPOBaHA TaKXkKe B CpaBHUTENbHO cBexux (2012 u 2014 rr.) skcnepu-
meHTtax [le CaHrpo, coTpyIHHUKaMH PUMCKOIO MHCTUTYTa sjaepHoi ¢usuku [22]. To ectb, cBepxcBe-
TOBBIE CKOPOCTH YaCTHUL[ B YCKOPUTEISIX HEOJHOKPATHO PETUCTPUPOBAIIUCH, U JIJIS1 OAHO3HAYHOU Mpo-
BEPKH OAJUIMCTUYECKON TEOPUU MMEET CMBICI MOBTOPUTH MPSIMbIE U3MEPEHHSI CKOPOCTU PEIITUBUCT-
CKUX YaCTHI], 0OCOOCHHO B SKCIIEPUMEHTAX, IJI€ U3MEPSAETCS CKOPOCTh UCITYIIEHHOI'O UMH U3ITyUYECHHUS.
Takum 00pa3oM, OMBITEI IO U3MEPEHUIO CKOPOCTH YACTULl M UX HU3TYyYCHHUS MOXKHO NPUMEHHUTH
JUTSL TIPSIMOM TIPOBEPKU OAJUTMCTHYECKOW TEOPUH, HO JIMIIb MIPH YCIIOBUH MPSIMOTO U3MEPEHUS BEITHYH-
Hbl M HANpaBJICHUs] CKOPOCTU M3JTy4arOIIUX YaCTHLl, a TAKXKe MPU yCIOBUU MOCTAHOBKU OIBITOB B Ba-

KyyMC WJIK IIpU HpHMOI‘/'I OILICHKEC ITOKa3aTeJIA MPCJIOMIICHUS U JUIMHBI IICPCU3TTYYCHUS.

§ 4.2. 3amepbI cKOpPpOCMU aHHU2UJISIUUOHHO20 U3JTy4YeHUs!

B xadyecTBe UCTOUYHMKOB M3JTy4EHUs, IBUKYILIUXCS C OKOJIOCBETOBBIMU CKOPOCTSIMHU, B IKCIEPU-
MEHTaX Tak)Ke MPUMEHSJIU aHHUTWIMPYIOIIME Mapbl YacTHUIIa-aHTUYACTUIA. 3aMepbl CKOPOCTH aHHH-
THJIALIMOHHOTO M3JIYYEeHHS, COTTIaCHO 0aNIMCTUYECKON TeOpUH, JOHKHBI OBbLIIN BBISIBUTH 3aMETHBIC Ba-
pYalyy CKOPOCTH U3IYUYEHHUs, B 3aBUCUMOCTH OT HAMPABIICHUSI K CKOPOCTU V Map YacTHII.

B ompite, nocraBnennom Cazne (Puc. 4.1), nmpou3Benu cCpaBHEHHE CKOPOCTEH ramMma-KBaHTOB,
BO3HUKIIIMX B aKT€ aHHUTWIALMU 3JIeKTpoHa U mo3utpoHa [33]. IIpeamnosaranu, 4TO aHHUTHUIUPYIO-
1asi mapa 4acTHI[ JOJKHA COXPaHITh 3aMETHYIO 4acTh dHEpruu u ckopoctu mozutpona (Vo = 0,89¢),
BbUIETAasl B TOM JK€ HANpaBIEHUH cO cKOpocThio V = 0,6¢. Ilapbl ¢ Takoil CKOPOCTBHIO BBIAEISIINCH Jie-
TEKTOpaMU raMMa-KBaHTOB, PACIOJI0KEHHBIMU MOJ] 3aJaHHBIMU YIJIaMU K JIMHUU NOJIETa IO3UTPOHA U
paBHOYJANEHHBIMU OT MulleHH. OHU BBISIBUIM CUHXPOHHBIN MPUXO0J ramma-kBanToB. CoriacHo Oai-
JUCTUYECKON TEOpUH, FraMMa-KBaHTHI, BbUICTABIINE IO/ PAa3HBIMU YTJIaMH, MOJYYHB Pa3HbIE CKOPO-
CTH, HE MOIJIM PErMCTPUPOBATHCS CUHXPOHHO. B HampaBieHUM CKOpOCTU MO3UTPOHOB V() CKOPOCTH

ramma-iryudeit Bo3pocia Obl 10 ¢; = ¢ + Vcosa, a B 00paTHOM — CHU3MIIAach OBl 10 ¢2 = ¢ — VcosP.

aetekTop 1
> MUe Hb+

K

Cu64

LeTekTop 2

Puc. 4.1. Cxema skcriepumenta Cane.
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Opnaxo, xkak otmeTtms Jlo CaBuo [28], COMHUTENBHO, YTO CKOPOCTh V aHHUTWIMPYIOLIUX Map
nocturana 0,6c, T.K. MO3UTPOH B XOJ/I€ CTOJIKHOBEHHH € 3JIEKTPOHAMM MUILEHU MEHSET HaIlpaBJICHHUE
JIBUKEHHS U TePSET HaYalIbHYIO CKOPOCTh (mepmanusyemcs) 3a101nro a0 anaurwisauu [28, 346]. Ha
TUIOTE3€ O Malloll ckopocTH V << ¢ aHHUTWIMPYIOIIMX @Iap OCHOBAaHAa TEXHHUKA IO3UTPOHHO-
smuccuonHoi Tomorpadun (I19T), rae perucTpupyroT raMma-KBaHThI, pa3IeTAIONINecss OT AaHHUT M-
pyromux yactui noa yriaoMm 180°, XOTS MO3UTPOHBI BBUIETAIOT U3 SIAEP C PEISITUBUCTCKUMHU CKOPO-
ctsimu. T.e. B onbiTe Cazie HEM3BECTHBI HU MOJYJIM CKOPOCTH aHHUTMJIMPYIOIIUX Tap, HU UX HalpaB-
JIEHUs, JaXke MPU U3BECTHBIX yIax pasyiéra raMMa-kBaHToB. Kak mokasan Jlo CaBuo, npu n3Mmepes-
HOM 3HEpPruu ramMma-KBaHTOB, CKOPOCTh V' aHHUTWIMPYIOIIMX Map HaIpaBlIeHa MOYTU CTPOrO BJIOJIb
OMCCEKTPHUCHI yTila MeXy netekropamu (155°). B Takom cioydae u Gammuctuyeckast TeOpHsl peacKa-
3bIBaJIa CUHXPOHHYIO PErMCTPalMI0 raMMa-iy4yel, OJUHAKOBO YBEJIMYMBIIUX CKOpocTh [28]. M3me-
PUTH €€ MO’KHO, Pa3MECTUB JETEKTOPBI HA PA3HOM yAAJIEHUH. A IIPU COXPAHEHUU UCXOJHOIO HAlpas-
JICHUsI CKOPOCTH V) raMMa-KBaHTHI HE MOTJIM ObI BO3HHKATH B OJIHOM aKT€ aHHUTWIIALINH, CYJS MO UX
SHepruu, kak nokasan A.I'. bapanos [29, c. 284]. [Ipu poxxaeHnu B pa3Hoe BpeMsi, raMMa-KBaHTbl MO-
I'YT PErHCTPUPOBATHCSI CHHXPOHHO U IPU HEPABHBIX CKOPOCTSAX I10J1 IPOU3BOIBHBIMU yriaamH [29].

B ombiTax Takke He ywiH MepenusiydeHue cpeioi, KoTopoe, Kak mokaszaHo (§ 4.1), MoxkeT ObITh
CTOJIb JK€ 3HaYMMO, Kak B ontuke. U3 onenxu (4.1), s ramma-nydeid anuna nepeusiaydyenus [ = 0,1
MM, T.€. MEHBIIIE TOJILUHBI MUIIEHU. TakuM 00pa3oM, B MUIIEHH TPOUCXOIUT MEPEU3TyueHHe raMmma-
Jdydei, a jajnee Jy4d JBHXKYTCS BO BCEX HAlpaBJIEHUSX ¢ HOMHUHAJIBHOW CKOPOCTBIO ¢, TOCTUTas Jie-
TEKTOPOB CUHXPOHHO. T.€. OMBITHI MO MPOBEpKe OATUIMCTHYECKONW TEOPUH C UCTIOIb30BAHUEM aHHUTH-
JSIMUOHHOTO M3JIy4YEHHUs CIIEIyeT NPOBOAUTH B BaKyyMme, MpuMeHss ToHkue muiienu [~ 0,01-0,001
MM. OTO MO3BOJIUT UCKIIOYUTh NEPEU3TYUCHUE U TEPMAIN3ALUIO IO3UTPOHOB. A IETEKTOPHI CIEIyeT
pasMecTUTh Ha Pa3HbIX AUCTAHLUAX OT MUIICHU WM HACTPOUTH Ha PETHCTPALMIO TaMMa-KBaHTOB CO-
OTBETCTBYIOLIUX 3Hepruit [29]. Takas mocTaHOBKA HKCIIEPUMEHTA JJACT OJIHO3HAYHBIE BBIBOJBI.

OTMmeTuM, UTO B KJIACCUYECKOHN (HU3UKEe U OATUIMCTHYECKONW TEOPUH SHEPTUsl aHHUTHIIITHOHHOTO
n3ayaennst el = 2mc” =~ 1 MaB npencraisier co60il He SHEPTHIO YHHUTOKCHUS (AHHUSUIAYULL) DIICK-
TPOHA M TO3MTPOHA, A SIEKTPOCTATHUECKYIO SHepruio el = e*/4meyr, BBIICTIEMYIO TIPH COTHKEHHH
YACTHII IO PACCTOSIHHS 7 TIOPSIKA KITACCHUYECKOro pajiyca 3IeKTpoHa ro = e*/4megmc’, Kak TmoKasan
B.B. ManTtypos [348, A25, A48]. Toraa Beiaensiercs sueprusi eU = &*/Aneoro= mc’ MOPSAAKA UBMEPEH-
Hoil B onbiTax. HanpoTus, B CTO Henb3s 00BACHUTH OTCYTCTBUE M30BITKA SHEPruu el MpU aHHUTH-
1My, B Oannmuctuyeckoi Teopuu clieayeT NepecMoTPeTh U MEXaHU3MbI TeHepaliuy U3IydeHus (cM. §
4.4, § 4.5 u § 4.6). JIums npu TaKUX YCIOBUAX SIBJICHHUE LEIMKOM HCCIEIyeTCs] B paMKax Kiaccuye-

CKOM (PM3MKHM U CITY>KUT KPUTEPUEM MTPOBEPKH OAIITCTUYECKOM TeopuH, kak oTMeTun JIx. Dokc [25].
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§ 4.3. OnbIMmbI ¢ CUHXPOMPOHHbIM u3ssly4yeHuem (Ma3maHuweunu, AnekcaHopos)

B cBere cnenaHHBIX 3aME€UaHUW BBITOAHO OTIMYAETCS ONBIT Ipynnbl PununmnoBa 1 Ma3MaHu-
mBwWiH [11] u onbiT rpynmnel Anekcanaposa [9, 10] mo u3MepeHn0 CKOPOCTH CUHXPOTPOHHOTO HU3ITY-
YEHMsI OT DJIEKTPOHOB, JIETALIUX C OKOJOCBETOBBIMU CKOPOCTSMH V ~ ¢ B BAKYyMHOW KaMepe HaKOMH-

TeJsl, /1€ CKOPOCTh CBETA M0 0AJUIMCTUYECKON TEOpUU Ha BCEM IyTH COXpaHsIa 3HaueHue ¢ + V.

OKHO 2 ocuvnnorpad

2 C‘+V{ 3epKanc
—— ___ﬂ*'.-_-r‘a‘_]ﬂﬁx ocyvnnorpac

=5 ¢ s
PR ) ()

Puc. 4.2. Cxema ombeiTa Ma3sMaHWIIBIWIKA B NIByX BapuaHTtax (a) u (6). Jnst ombita a

MIPEACTABJICHBI OCHUIIOTPAMMBI UMITYJIbCOB CUHXPOTPOHHOT'O U3JIy4YC€HUS Ha d)OTOyM-

HOXXUTeNe KaHaia I/ (8) 1 CyMMapHBIH CUTHAN ¢ 000MX (POTOYMHOXHTENEH (2).

Paccmotpum oneir @ununnosa-Ma3manumBui [11]. B onbiTe cpaBHUIM CKOPOCTH M3ITy4€HUs
OT JIBUXKYILIUXCSI C OKOJIOCBETOBOM CKOPOCTBIO 3JIEKTPOHOB M CKOPOCTh MX CBETA, IPOIIEIIET0 CKBO3b
OKHO BbIBOJIa M3NyueHus: U arMocdepy. Ilo caABUTY UMIyIbCOB paccuMTalyd pa3HUIly CKOPOCTEH, KO-
TOpas Mo pe3yJabTaTaM JIByX TUIOB onbITOB (Puc. 4.2) He o6Hapysxuiack. [Ipu HE3aBUCUMOCTH CKOPO-
CTH CBETa OT CKOPOCTU MCTOYHMKA pa3HUIAa MOMEHTOB PETUCTPALIUU UMITYJIbCOB B KaHanax / u /I co-
cTaBwia Obl 5,5 HC (hOTOHBI KaHANIAa [ MPUXOIAT TOIKE). A B pamMKax OaUTMCTUYCCKOW TEOPUU pac-
cuutaHHas B [11] pa3sHuIla MOMEHTOB PETUCTPAIlMU UMITYJILCOB B KaHanax / u /I coctaBuia Obl -4,2 HC
(poronsl kanana [ mpuxonsaT pasbiue). [lo uamepenusm (HoToHbI KaHana / 3ama3abiBalid Ha 5,5 HC
(Puc. 4.2.2), uto mpusnanu noareepxkaenueM CTO u npoTuBopeurneM OATTHCTUYECKON TEOPHUH.

Bo BTOpOM BapuaHTE OIbITa CPAaBHUBAJIM MOMEHTHI PETHCTpAalMM UMITYJIbCOB CUHXPOTPOHHOIO
U3Ty4eHUs 10 JBYM KaHajaMm, NpuuéM 1o kaHanmy / cBeT mén 6e3 nepeusnydyeHus, a no kavamy // —c
nepensydeHneM B BbIXOAHOM okHe U atmochepe (Puc. 4.2.6). [To CTO pa3Huila MOMEHTOB PErUCT-
panmu uMIyJiabcoB B KaHanax / u II cocraBmia 661 0,5 He (QoTOHBI KaHana I IPUXOIAT MO3Xke). A B
OayumcTHYecKol Teopun paccuuTanHas B [11] pasnuna cocraBuna 0wl -1,16 HC (dhoToHBI KaHama [
NpUXOJAT panblie). B onbite poTons kanana / peructpupoBanu Ha 0,5 He no3xke, B cornacuu ¢ CTO.

Henou€t ombiTa cOCTOST B TOM, YTO HE U3MEPSIACh HAMPSAMYIO BETUYMHA CKOPOCTH V 3IIEKTpO-
HOB, KOTOpasi B KJIACCUYECKOW (PM3MKE PacCCUMTHIBACTCS MO UMIYJbCy dacTuil uHaue, yeM B CTO (§
4.1). CooTBETCTBEHHO, NPEJCKA3aHNs OAJUIMCTUYECKON TEOPUH /JIsl BETMUMHBI CMELIEHUM UMITYJIbCOB
ka"ayioB / u [I 6yayT uHBIMHU, YeM paccuuTaHHble B padote [11]. KpoMe Toro, He u3mepeHa HanpsMyro

3¢ deKTUBHOCTH nepensnyueHus. Takum o0pa3oM, pe3ysbTaT ONbITa HEOJHO3HAYEH.
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Puc. 4.3. Cxema onbITa AnekcaHapoBa.

B skcnepumente Asnekcannapona [9, 10] Toxke cpaBHUBAJIM CKOPOCTh UCIYLIEHHOTO 3JIEKTPOHA-
MU CUHXPOTPOHHOTO U3Iy4YeHHUs, CBOOOHO MPOJIETAIOIIEr0 3aJaHHY0 TUCTAHLUIO, U U3ITyYeHHUs, pac-
cestHHOTO cpenoit (Puc. 4.3). B nepBoM BapuanTe ombITa AJEKCaHIPOBA U3MEPSIIOCH BpeMsl MPOETa
CHHXPOTPOHHOTO W3IYYEHHS — MO MOMEHTY €r0 perucTpanuu (OTOAETEKTOPOM OTHOCHUTEIBHO MO-
MEHTa MPUOBITUS 3JIEKTPOHOB K pe30HaTOpy. Bo BTOpOM BapuaHTe CpaBHUBAJIOCHh BPEMs PErHCTPALIUN
U3Ty4deHus: (POTONETEKTOPOM B CiIydasx, KOrJa KaHasl BbIBOJIa CBOOO/EH, U KOI'Jla MEPEKPHIT CTEKIISH-
HOM IUIACTUHKOM, KOTOpas no teopuu Purna, nepeusiyduB CBET, CHUXKAECT €r0 CKOPOCTh OT ¢ + V' 110

HOMMWHAJIBHOI'O 3HAYCHUA ¢, CABUT'asd MOMCHT PETUCTPALlUN UMITYJIbCOB U3JTyUCHU.

A0 nnoaa

MnACTHHK

Puc. 4.4. DxcniepuMeHTaIbHBIE OCIIIIIOrPAMMBI CHHXPOTPOHHOTO m3nmydeHns [10] — 10 BHECEHUS CTEKISTHHOM

IUTACTHHKH (68epx)) U mocie BHeCeHHS (8Hu3y). CTpekaMu OTMEUSHBI HMITYJIECHl BTOPHYHOTO H3TyUeHHSL.

B nepBoM BapuaHTe CKOPOCTh M3Ty4YEHHsI COCTaBUJIA ¢, @ BO BTOPOM — HE MOSBHJIOCH JJOTIOIHHU-
TETbHOMN 3aJIepPKKH Af UMITYyJIbCOB HA 9 HC OTHOCUTENHLHO OMOPHOTo curHajia. Ho B JaHHO# mocTaHOB-
K€ OIIBIT HECJIb3d CUUTATL MPAMBIM, a BBIBOJ — OJHO3HAYHBLIM. BO-HepBLIX, HaIlpAMyYK0 HC U3MCPCHA
CKOPOCTh MIEKTPOHOB V. OHa paccuntana kocBeHHO 1o Gopmynam CTO, u3 kotopeix V= c [9]. Ho B
KJ1laccuueckon gusuke, kak ormedan Puri [15, ¢. 266], cKOpOCTh 3IEKTPOHA MOXKET MPEBBIIIATH C, €C-
JIM OIICHUBATh } KJIacCUYEeCKH uepe3 uMIyibe p = mV. Torma u3sMepeHHbI Mo KpUBU3HE TPACKTOPHH
3JIEKTPOHA B MAarHUTHOM I10JIe UMITYJIbC p = ymc =450 MbaB/c [9] cooTBeTcTBYeT ckopocT V = yc =
880c. ITosTomy 3anepxka At, cneayromast w3 Teopun Putia, oTiimdHa OT okugaemoi B [9], u Tpedy-
I0TCS TIPSIMBIE 3aMepbl CKOPOCTHU 3JIEKTPOHOB MPOIETHO-UMITYILCHBIM METOOM — [0 BPEMEHH MPOJIE-
Ta 0a3bl, I3MEPEHHOMY YCTAaHOBIIEHHBIMH BJOJb HEe€ JETEKTOpaMH 4YacTHll. B yckopurene cKOpocTb

DJIGKTPOHOB HEJb3S OMPENEIUTh OJTHO3HAYHO, KaK OTHOIICHUE JJUHBI UX OpOUTHI L K mepuonay 1 yc-
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KOPSIIOIIETO TOJISl WM UMITYJIbCOB M3IY4YEHMsI, T.K. 9TH MEPHObl OTIMYHBI OT Iepuoaa oOpalleHus
3JIEKTPOHOB, €CIM B YCKOPUTEIE LIUPKYJIUPYET HECKOIBKO CTYCTKOB. X 4HCIO TOXe HE U3MEPEHO Ha-
npsiMmyro. [ UmoTe3y o eTMHCTBEHHOM CTYCTKE SKCIIEPUMEHTATOPbl 000CHOBAIH TE€M, YTO B HAKOMUTEIb
U3 JIMHEHHOTO YCKOPUTENs 3aBOJIMIICA OJUH CrycToK. Ho, B 3aBUCMMOCTH OT JJIMHBI CTYCTKa U (a3bl
YCKOPSIOIIETO TOJIsI, OH MOT JIEIUTHCS Ha PSIJl CTYCTKOB, BO3JIE paBHOBECHBIX (pa3 Ha opOuTe.

Bo-BTOpBIX, MOCKOJBKY MMITYJIbChl M3JIy4€HUs O00Pa3ylOT MEPUOAMYHYIO MOCIIEI0BATEIbHOCTD,
HEJb3sl OJTHO3HAYHO OMPEAENUTh, MPOU3O0MIEN UX CABUT WM HET, pa3 mo teopuu Putna Ar#9 ne. B
gactHOCTH, Af < 0,5 HC Henb3st 00HAPYKUTH [9], a 3axepkka At kpatHas nepuoay 7 = 29 HC moBTOpe-
HUSl UMITYJILCOB, HE TIPOSBUTCS, BBUY HAJIOKEHUS UMITYJILCOB (CTpoO-3ddekT). DPdeKkT MOKHO HUC-
KIIIOYUTh, BapbUpys 3alepKKy Af npu oTnaiseHuu ¢poroaerekTopa. B onbite AnekcanapoBa Ha JUIMHE
S'=5,4 m Habupaercs At. = S/c — S/(c + V)= S/c(1 + ¢/V)= 18 HC, UTO MEHBIIIe IEPUOAA TOBTOPCHHUS
uminyinbcoB 7 =29 He. T.e. B jaHHOM ombITe cTpoO-3¢ ekt He nposButTcs. Ho B Apyrux ombiTax Tako-
IO TUTA, B T.4. B onbITe Ma3manumBwiy, rae 7 = 19 He [7], ctpo0-3¢ddekT J0mKEeH ObITh YUTEH.

B-tpeTthux, HET o1ieHOK 3 ()EKTUBHOCTH MEPEU3TyIeHHS CTEKIITHHON muiacTuHKoi. Cpema nepe-
U3TTy4aeT JIUIIb YacTh SHEPTUU cBeTa. UeM ToJIlle U ONTUYECKHU MJIOTHEE CJION CPe/bl, TEM BhIIIE OIS
BTOPUYHOI'O M3IYyUYEHUS OT CPEIbl CO CKOPOCTBIO ¢ M HUXKE J10JIsl IEPBUYHOIO, MOCIAHHOIO UCTOYHM-
KOM co ckopocThto ¢ + V. Kak nokazan ®@oxc [25], olleHKa AJMHBI IEpEeN3TyYeHHs / IpUMEHNMA JIHILb
TSt ckopocteld V << c. A mns V ~ ¢ jymHa [ MokeT OBITh MHOTO MEHBIIIE WK OoJibile. B mepBom ciry-
yae OCTAaTOYHBINM ra3 B BaKyyMHOH Kamepe cpa3y Mepeu3IydyaeT CBET CO CKOPOCTBIO ¢, JIUIIUB OIBIT
cMBbIcna. A B ciy4yae ocnableHHOTO Mepeu3IyyeHus] CTeKISTHHAs TUIACTUHKA 3aMeJIUT JIMIIb MaIyIo
JIOJIIO CBETA, U OCHOBHASL €I0 4YacTh COXPAHUT CKOPOCTH ¢ + V, HE N3MEHUB OCLIMIIOIPAMMY .

JeiictButensHo, corinacHo dpopmyiie (3.3),

c*=c/n*=cl[n-Vi(c+ V)],
TOTJa JIJIsl U3TyUYCeHHsI SJIEKTPOHOB ¢ V' = ¢ moKa3atens NpeJoMIIeHHUs cTekia n = 1,5 cTaHeT paBeH
n*=n—-Vic+ V) =1.

OT0 Ha MOPAAKU yBenuumio [ = A/2n(n* — 1), 1 Ha TONIIMHE MJIACTUHKU CBET MOYTH HE MEPEeH3ITydal-
csl, MPOXOJi CKBO3b IUIACTUHKY CO CKOpPOCThbIO ¢ + V. Ho manas monst sHeprum nepeusiydaiach co
ckopocThio ¢. Ha ocummnorpamme [10] BUAHO, YTO MpHU BBOJIE MIIACTUHKU BBICOTA UMITYJIHCOB CHU3H-
Jach: MEPBUYHOE M3IyUYEHHE CO CKOPOCTBIO ¢ + V 0cnabiio, 1 BOSHUKIN Majble UMITYJIbCHI, 3ama3/ibl-
Baromue Ha Af, = 17 He (Puc. 4.4). O HEe MOTYT OBITH PE3YJIBTATOM NEPEOTPAKEHUH, T.K. 3aJEPIKKa
OT JBYX MEPEOTPAKCHUI Ha JyMHE S = 5,4 M OT MepensTydaronieil mIacTUHKH 10 POTOAETEKTOpa, CO-
ctaBuT At =2S5/c =36 Hc. Ho At, = 17 Hc B npesienax norpemHocty (~1 He) COOTBETCTBYET pacuéTHOM
3azepkke Az, = 18 HC UMITyJIbCOB BTOPUYHOIO U3IyUEHUS OT IUIACTUHKH CO CKOPOCTHIO C.

BropuuHbie UMITYIbCHI MaJIbl BBHIY CJIa0oro mepeunsinydeHust win ot LC-¢puibTpa (B T.94. B K-

BUBAJICHTHON cXeMe (OTONETEeKTOpa), CriaJMuBILIEro CUrHall (POTOJAETEKTOpPA U «3BOHY», 3aMETHBIM Ha
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Opyrux ocuuiorpammax [9]. ABTOpBI 3KCHEPUMEHTa MHTEPIPETUPOBAIM BTOPUUHBIA MMITYJIbC KaK
HAaBOJKY, BBHMJly €r0 HEyCTOMYMBOW aMIUIUTYIbl U COXPAaHEHMs NpPH 3KPAaHHUPOBAHUU OKHA BBIBOJA
yépHoi Oymaroil. OlHaKO CHHXPOTPOHHOE U3Ty4YeHue 00saaaer mupokuM crnekrpoM ot K- 1o peHt-
TE€HOBCKOIo Juamna3oHa [9] u conepKuT, KpOME ONTUYECKOW KOMIIOHEHTHI, U IPOHUKAIOLIYI0 CKBO3b
Oymary komnoHeHTy B Buae nanbHero MK- (A = 50-2000 MKM) 1 peHTT€HOBCKOTO U3Iy4YeHUs (C Mak-
cumymoM Ha A = 61,3 A [9]), adbdexTuBHO MepensnydaeMyro cTekioM (cM. § 4.1) ¥ TOTOMY 3amaszibl-
BAIOIIYIO0 OTHOCUTEIHHO ONTHYECKONW KOMITOHEHTH! Ha 18 He. JlelicTBUTENbHO, (POTOAMOAB! 001a1aI0T
HEKOTOPOW 4yBCTBUTENBHOCTBIO K K- 1 pEHTreHOBCKOMY M3IIy4E€HHIO, MEHSIOLIECHCS B 3aBUCUMOCTH
ot ycnoBuil B PIN-guone. T.e. OTCyTCTBHE UMITYyJIBCOB BTOPUYHOTO M3JIYYEHHs B JIPYTHX CEPHUAX U3-
MEPEHUH — 3TO, BEPOATHO, pe3yJIbTaT U3MEHEHUS TUTa (POTOIUOA WIIU CXEMBI €T0 YCTaHOBKH [9].

Bo BTOpoM BapuaHTe OMbITa CKOPOCTb ¢’ MMITYJIbCA CUHXPOTPOHHOI'O M3JIyYEHHs] UCKaIM Kak
V'=_S8i/t, tne S1=7,2 M — IIMHA KaHala BBIBOJA U3NMYyUYeHUs, T = 24 HC — U3MEPEHHOE BpeMs MPOETa
uMIysbea, oTkyaa ¥ =3-10° m/c. Bpems T M3Mepsili 1Mo MOMEHTY PErMCTPALMH HMITYIbCa OTHOCH-
TEJIBHO MOMEHTA €r0 M3JIy4eHHs], C y4ETOM BPEMEHU MPOJIETA CI'YCTKOB JI0 YCKOPSIOIIEr0 Pe30HaTOpa
(Puc. 4.3) u dazoBoro cnpura ¢; = 75,6° (6 HC) MOMEHTOB MIPUXO0JIa CTYCTKOB K pe3oHaropy (Puc. 4.4)
OTHOCHUTEJIbHO MaKCUMyMa YCKOPSIOUIET0 HalpspkeHHs: Ha ocuuiuiorpamme [9, 10]. 3ameps! ¢’ npu
3TOM COAepXkaT psJl HEOJHO3HAYHOCTEH: BO-NIEPBBIX, HE U3MEPEHA HAIPSIMYIO CKOPOCTDH V 3IEKTPOHOB
(a 3HAUUT, BpeMs MPOJIETA UMU AUCTAHINH S> = 2,8 M 10 YCKOPSIOIIET0 Pe30HaTOpa); BO-BTOPHIX, 3a-
JEPAKKY T MOXKHO U3MEPSTh OTHOCUTEIBHO Pa3HbIX UMITYJIbCOB B CEPUHU; B-TPEThUX, HEOAHO3HAYHOCTh
BbI3BaHa HEONpeAEIEHHOCTbIO 3HaKa HanpsbkeHus U Ha ocumsutiorpamme (Puc. 4.4). Pesynbrat omnbita
MOYKHO TPaKTOBaTh U KaK MOATBEP)KICHUE OAJUIMCTHYECKON TEOpUH, T.K. IPU KIACCUUYECKOH OLIEHKE
ckopoctH 3JekTpoHa V' = yc = 880c, oH npoiaét nuctanumio S; = 2,8 M MPaKTUUECKH 32 TO KE BpeMs,
YTO W CHHXPOTPOHHOE M3IydeHue — nyTh S} = 7,2 M. 3anepxkka coctaBuT At = S|/(V + ¢)— S/V =
0,017 ue. Ecnu BepHO oTMepATh a3y ¢ = 75,6° (6 HC) crycTka OT MaKCUMyMa YCKOPSIOIIET0 Hampsi-
xenus U [9], on mpuOyneT K yCKOPSIOIIEMY pe30HATOpy MPAaKTUUYECKH CHHXPOHHO C perucTparuen
UMIYJIbCA CUHXPOTPOHHOT'O M3JIy4E€HUs JETEKTOPOM, B corjacuu ¢ ocuusuiorpammoit (Puc. 4.4).

WTak, A UCKIIOYEHUS! HEOITHO3HAYHOCTH, B ONBITE CJIEYET, BO-IIEPBbIX, HAPAMYIO U3MEPUTH
CKOpOCTb 3JIEKTPOHOB; BO-BTOPBIX, UCKIIIOUUTH CTPOO-3PPEKT, MEHssI MPONETHBIE AJIUHBI; B-TPEThUX,
OLICHUTH BKJIAJ IEPEU3ITYUECHHUS, MEHSS IIJIACTUHKHU U MCCIEAYsl COMYTCTBYIOIINE U3MEHEHUSI OCLIUILIO-
rpaMM. B TakoM BHJie ONBIT MOXKET CTaTh PELIAIOIIMM U BOMTU B yueOHUKU. B HbIHEIIHEeM BuJE OH
HeoJHO3HaveH U He HOB [ 10], moBTOopss cxemy onbiTa A.C. MazmanumBuiu [11] u e€ He1O0UETHI.

D¢ ekt nepeoTpaxkeHud, BUIUMO, UM MECTO B onbiTe MasmanumBuiu. B nepsom Bapuanre
omnbita (Puc. 4.2, a) Bpemst npssMOro 1 0OpaTHOTO X0/1a U3IYUYECHHUS, OTPAKEHHOTO OKHOM B KaHAJIe BbI-
Bosa (AmuHOM L3 = 2,1 M) 1 OKHOM B HaKomuTelne, cocTaBuT 2L3/c = 14 He. [Ipu yacToTe MOBTOpEHUS

uMItysibcoB f= 52 MI'nt [11] u mepuoae 7= 1/f = 19 HC 3TO mopoauso ObI TOMOJIHUTEIBHBIN CMEIEH-
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HbIl Ha 19 — 14 HC = 5 HC UMITYyJIbC CUHXPOTPOHHOTO U3iIy4eHHs. IMEHHO Takoe CMElIeHUE UMITYJIbCa
HaOmogaeTcst B akcniepumente (Puc. 4.2, 2). Takum oOpa3zoM, 1Ba HaOIIOIaEMBIX UMITYJIECA COOTBET-
CTBYIOT HE pPa3HBIM KaHallaM, a IEPBUYHOMY U OTPKEHHOMY UMITyJIbCaM C KaHala /, a UMIYJbC C Ka-
Hana /] He yMmelasics Ha OCIMJUIOTpaMMe HM3-3a OOJIbIION BelMWYHHbI cMerieHus. [loatomy mocrne me-
pekpeITUs KaHana /] BTOpUUHBIN UMIyJbc octaics (Ha Puc. 4.2,6 oTMeueH CTpesKoil), HO B Oclia0iieH-
HOM BHJIC,— BEPOSITHO, OT MIEpeCcTaHOBOK (hoTomeTekTopoB [11]. s BRIACHEHUS IPUPOIBI UMITYIHCOB
CIelyeT Mo o4Yepeau nmepeKpbiBaTh KaHambl. [lepekpriTe kanana / yaansno 6b1 00a UMITyJIbCa.

Bo BTOopoMm Bapuante ombiTa @ununmnoBa-Ma3zmanumsmiu (Puc. 4.2,0) u3nydeHue Toxe, BUIH-
MO, MOCTYIIAJ0 B JETEKTOP C OJHOrO KaHana //, BBUy CIOKHOCTH YCTaHOBKH 3€pKajla U JETEKTOopa,
JUISL PETUCTPAIlMU UMITYJILCOB ¢ 000ux kaHayioB [11]. B utore, 3epkano oTpaxkaio K IeTeKTOPY CUTHAI
¢ kaHana /[, a He ¢ kaHana /. Kak orMeTuinu s3xcriepuMeHTaTopsl [349], B HCXOHBIX OINBITaX UMITYJIbChI
KaHauna / 3anasaeiBanu Ha Af, = 16 HC OTHOCHUTENBHO UMITYJIbCOB KaHana /1. T.x. At = L/c'— L/c, To npu
L =1 m nonyvasiiach aHOMaJIbHO HU3Kasi CKOpocTh ¢’ = 0,2¢c. Ho 3TOT pe3ynbpTaT Jerko MHTEPIPEeTHPO-
BaTh B OayumMcTHYECKOW Teopuu, rae V =vyc = 137¢, npu umnynbce 351eKTpoHOB p =70 MaB/c [11].
JeiicTBuTensHO, Mo KaHay / cBeT mpoXoauT 3a Bpems ¢ = L/(V + ¢), no kanany /I — 3a Bpems t, = L/V,
qTO 1pu V' >> ¢ naér 1=t —t, = -3 He. Wnu npu conocTaBlieHUH UMIYJbCOB, CMELIEHHBIX HAa OJUH
nepuoa 7'= 19 Hc, 3agepxka Af. =T + 1 = 16 Hc. T.e. HaYaJIbHBIN pe3ynbTaT IKCIEPUMEHTA, POTH-
Bopeuammii CTO, cooTBeTcTBOBaN OaymmucThdeckor teopun: At, = At.. OgHAKO, MOCIE CIyYaiHOTO
cMmenneHus 3epkasa cotpyaaukom YOTU JI.U. Anevimusunm [11, 349] 3anepkka ucuesna (At, = 0,5
HC), BUJUMO, BBH]Iy OTPa)KEHUS 3€pKajoM B JETEKTOP CBeTa U3 KaHana /1.

CraBuics Takke OIBIT II0 CPABHEHUIO CKOPOCTH 3J1€KTpoHOB n3 yckoputens SLAC c sHepruein
11 I'B (y =22000) 1 ux cuHXpOTpOHHOTO U31yuyeHus Ha 0aze S = 1 kM [350]. [leTexTop peructpupo-
BaJI YaCTHULIBI M UX U3ITy4YEHUE C 3a7epxxkon At <5 10" ¢ (Puc. 4.5). Pe3ynprar TpakTOBa M KaK COB-
MajiecHHe CKOPOCTei ¢ TouHOCThI0 10° 1 MX paBeHCTBO ¢. A GaKTHUECKH HH CKOPOCTh YACTHII, HH CKO-
POCTh U3IYYCHHS HE U3MEPSUIMCh, I0O3TOMY OIBIT He MpoTUBOpeuynT Teopuu Putna. CornacHo Gannu-
ctuaecko Teopuu, mpu y = 22000 ckopoctb 31ekTpoHOB V' = 22000c >> ¢ n nuub Ha 0,005% Hike
ckopoctu ¢ + V= 22001¢c ux u3nydeHus, OTYEro JUCTAHIUIO S= 1 KM OHM MPOXOAAT C pa3pbIBOM

At.=S/V—S/(c+ V)~ 710" ¢, uro yknaasiBaeTcst B M3MepeHHbIH nHTEpBan Af, < 5-10 % c.

AetexTop 1

n3mepeHus
sagepxxm AT 1>

=
e ' QG_ . /C g
muweHs 'OV V-panyuerne c'=c+l/ faetexkTop 2

Puc. 4.5. Cxema onsita bpayHa.

190



AHaJOrMYHBII ONBIT, TOBTOPEHHBIN MpU 3HEPrusax 31aekTpoHoB 15-20 I'3B [351], Tak ke noka-
3271 OTCYTCTBHE PA3HUIBI CKOPOCTEH CBETa ¢ TOYHOCTBIO 10, UTO TOXE COracyeTcsi ¢ TEOPETHUECKH
npe/IcKa3aHHON B paMKaxX OaJTMCTUYECKON TeOpUn pa3HUIe MOMEHTOB peructpanuu A, ~ 3 10 c.

JUis MCKITIOYEeHUsT HEOTHO3HAYHOCTH MOJOOHBIX OIBITOB, CIEAYET U3MEPUTH CKOPOCTh YaCTHIL U
U3JTyYEHUs] HETIOCPEICTBEHHO, JINOO NPUMEHHUTH /71l CPAaBHEHUS U3JIyYEHHE HEMOBUKHOIO UCTOYHU-
ka. OT™MeTnMm, 4To B onbITe [350], AEHCTBUTEIBLHO, CPABHUBAIIA CKOPOCTh AJIEKTPOHOB M CO CKOPOCTHIO
TOPMO3HOTO I'aMMa-H3JIy4eHUs] OT HEMOJBHUKHON MUIIEHU U 3aperuCTPUPOBAIN COBHAJEHUE CKOPO-
creil. Ho u B 3TOM cilyyae UCTOYHMK (3JIEKTPOHBI B MUILEHH) B JEHCTBUTEIBHOCTH JIBUTAIUCH C PEIs-
TUBUCTCKOM CKOPOCThIO. Takke MOXKHO CpaBHUBATh CKOPOCTH YACTHIl M UX U3Iy4YeHUs IpH y = 1, T.e.
npu ckopoctu vactul V ~ c. Ilpu 3Ttom B Teopun Putna ckopoctu V' dacTui U ux usnydeHus V + c,
BO-TIEPBbIX, OYJYT CHJIBHO OTJIMYAThCS B MPOLEHTHOM OTHOILIEHWH, BO-BTOPBIX, 3TA Pa3HHUIA MOXKET
OBITH TOUHO U3MEPEHA, TOCKOJIBKY Pa3HOCTh BPEMEH MPOJIETA COCTABUT MOPSIIKA HAHOCEKYH/I.

Taxum 00pa3oM, SIKCIIEPUMEHTHI PACCMOTPEHHOTO THIIA COAEPIKAT Psii HEOAHO3HAYHOCTEH, CTa-
BAIIMX 10/ COMHEHHE UX PE3yJbTaThl, HO HEOJHO3HAYHOCTh JIETKO MCKIIIOYUTH IOCPEICTBOM JIOMOJ-
HUTEJIbHBIX M3MEpeHUil n mMoaudukauuii 3kcepuMeHTa. B ciiyuae moaTBepKAeHUs CBEPXCBETOBOM
ckopoctu ¢'= ¢+ V'=c(l +y) CHHXPOTPOHHOTO M3JIy4EHUs, ONBIT OyJET UMETh U Ba)KHOE MPUKIIAI-
HOE 3HaYCHHE, TOCKOJIbKY TaKOe M3IIy4eHUE C MaJlo YIIIOBOM pacXxoauMocThio O ~ 1/y mo3BonuT pea-
JM30BaTh CBEPXCBETOBYI0 KOCMUYECKYIO CBsI3b. CUTHAJIBI OT CUHXPOTPOHOB (C Y ~ 10000) Ha KocMU-
YECKMX CTAHLUAX U KOPaOJIAX MPeoJOoJICI0T MEXIUIAHETHbIE TUCTAHLUM B THICSYU pa3 OblcTpee, 4eM
PaMOBOJIHBI CO CKOPOCTBIO ¢, TO €CTh HE 32 MUHYTHI, a 3a JAOJIM CEKYyH/Ibl, YTO CIENIAeT KOCMUYECKYIO

CBs3b Ooiee y100HOH, a ynpasienue AMC, TyHOX0/1aMU 1 MapCOX01aMH — OBICTPBIM U HaIEKHBIM.

§ 4.4. MexaHu3m 2eHepayuu CUHXPOMPOHHO20 U3Jly4eHus1 8 basnucmuyeckol meopuu
OTMeTuM, 4TO BCE 3KCIEPUMEHTAILHO YCTAHOBJIEHHBIE CBOMCTBA CUHXPOTPOHHOI'O M3Iy4YEeHHUs
cornacyrres ¢ Oammuctudeckoit Teopueit [A2, A37, 352], ocHOBaHHOW Ha KJIACCHYECKOW MEXaHHKE,
WCKJIIOYAIOIIEH PESITUBUCTCKUM POCT MAcChl m U Npeaen ckopoctu V = c. [loatomy B CHHXpOTpOHAx
HUMITYJIBC DJIEKTPOHOB mV = eBR = myc, N3MEPEHHbIN 10 paanycy R WX OpOUT B MarHUTHOM ToJyie B,
COOTBETCTBYET CKOpocTu V' = eBR/m = yc [A37]. 3a cuét nobGaBieHust CKOpOCTH V 3JIeKTpoHa K CKOpO-
ctH ¢ ero u3nydenus (Puc. 4.6), usnyuenue ucmyckaercsi BIoJab BekTopa V U coOpaHO B KOHYCE C yT-
oM obpasyromieit 0 = arcsin(c/V) = 1/y [A37, 352]. Orcrona cieayeT auarpaMMa HaIpPaBICHHOCTH

CUHXPOTPOHHOT'O U3JTyUYEHHS, HHTEHCUBHOCTb KOTOPOTO CMAJAET K KpasiM KOHYCa U3Ty4YeHHUS.
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Puc. 4.6. [Ipeobpa3oBanne HHTEHCUBHOCTH CHHXPOTPOHHOTO M3ITy4IEHUS.

JlelicTBUTENbHO, CUHXPOTPOHHOE U3JIy4YEHHE COCPEJOTOYEHO B KOHYCE C YIVIOM OOpasyrouieil
0 = 1/y x ocu koHyca (BekTopa V) U Ipu pocTe yriia u3Iy4eHus ¢ OT Hyss 10 6 MHTEHCUBHOCTD Majia-
eT. PaccMoTpuM m3nmydeHne, paBHOMEPHO PACXOSIIEEcs OT 3apsi/ia B IUIOCKOCTH YepTexa (IepreHam-
KYyJIIPHOM YCKOPEHHIO 3apsja) B IMpeesax Majioro yria do k Hei. M3myueHue, HCIyLIEHHOE B CUCTe-
Mme 3apsaga O B TenecHbI yroa deda (rae yroia ¢ onupaercst Ha Ayry ds), BOCIIPUMETCS B Mpejaeax
yraa do’do, toe de’ onupaercs Ha oTpe3ok d/ = dscos(¢” + ¢). Ecnu 3apsa B CBsI3aHHOM C HUM CHUCTe-
Me OTCYETa M3NydaeT B €AMHUYHBIA TEJIECHBIN yros MOIIHOCTH Py, TO B 1abOpaTOpHOI cucTeMe, U3

3aKOHA COXPAHEHHUS SHEPTUH, PETUCTPUpPYEeMas B €TMHUYHOM TEJIECHOM YTJIE CPEIHSSI MOLUTHOCTh

dodo _p (ds/c) _p \/V2+cz—2Vccosq) _p \/V2+cz—2Vccoscp
do'da. °(dl/c) P ccos(p+¢q) 0 ccos(p+q) '

P(e')=F

B knmaccuueckoii ¢usuke mpu V' >> ¢ (y >> 1), ¢ yuéToM MOCTYIUICHUS B TENECHBIN yron d¢’ do. usiny-
YeHUsI, UCIYIIEHHOTO 3apsaoM Kak Hazan (¢ < m/2), Tak u Brepéxn (¢ > m/2), u ¢ yuérom ¢ dexra [lo-

wiepa P'(¢) = Po|l — Vcose/c|, momyuum npuOmmKkEHHOE BRIPaXSHHE JIJIs1 MTHOBEHHOW MOITHOCTH

2R *cos )

P(¢)~— L. (4.2)
c”cos(p+o")
Yron ¢' BeIpaxkaeTcs yepes yrod ¢ u3 Tpeyroiabauka OAB cnegyromum oopazom
(P’ — arCtg(ﬁj — arctg( csmao ) ~ csmao . (4.3)
AH V —ccoso V

U3 dopmyn (4.2) u (4.3) cnepyeT napaMeTpUdecKH 3aJaHHAas AuarpaMMma HarpaBJI€HHOCTH (IO
MOIIHOCTH) CUHXPOTPOHHOrO M3nydeHus P'(¢"). HecMoTpst Ha poCcT IVIOTHOCTU M3IYUYEHUS K KpasiM,
KaK B KOHyce pacnazaa dactuil [353], ”HTEHCUBHOCTh M3Jy4eHHs YObIBAaeT K KpasiMm 3a cuéT sddexra
Homunepa. OtmetumM, uto ¢pyHkuus P'(¢’) oToOpakaeT 3aBUCUMOCTb OT YIJIa (0" MHTErpaJbHOM MOIIHO-
CTH U3JIIyUYCHHS [0 BCEMY CIIEKTpPY. A MOCKOJIbKY i pa3HbIX ¢’ 3 dekt Homiepa npeodbpasyer yacTo-
Ty U3JIy4YEHHs B pa3HOM CTEINEHH, TO JUIsl Pa3HbIX JAMANa30HOB AUarpaMma HalpaBiIe€HHOCTH MOJTydaeT-
csl pa3HOW. B 4acTHOCTH, A1 ONTHYECKOTO U3JTy4YEHUsI HAUBBICIIAS MOIIHOCTh U3JIy4eHus OynaeTr Ha-
OMr07aThCsl B HANpaBJIEHUHW BIEpEl, MPUUYEM MOILHOCTh IJIABHO CHAJAeT O HyJs Ha Kpasx KOHyca
npu ¢' = £0. IIpeackazanHoe pa3nuuue AUarpaMM HamnpaBICHHOCTH JJISl U3TYYSHUN pa3HbIX Juamnas3o-

HOB MOXHO MPUMCHUTL IJIA MPOBCPKU OammucTHYeCKOM TCOpHHU. TaK, AuarpaMMma HaIlpaBJICHHOCTHU
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CHHXPOTPOHHOTO PAJIMOM3ITYUEHUS, [UI YaCTOT OJNIM3KUX K MUKIOTPOHHOM, XapaKTepu3yeTcs Ha Kpasix
(mpu @' = +0) He MUHUMyMaMH, a MaKCUMyMaMH, Boripeku nmporrozam CTO [354, 355, 356, c. 206].

Taxum 006pazom, coriaacHo OATTUCTUYECKON TEOPHUHU, TOIBKO Y BEICOKOUYACTOTHOI'O CUHXPOTPOH-
HOT'O M3JY4YEeHHs MOIIHOCTh CIaJaeT K KpasM KOHyca C yIioM packpbiBa 20 = 2/y, B cOrjlacuu C Ha-
OJI01aeMOil B OTIBITaxX IuarpaMMoil HampaeieHHOCTH. OcTpasi HalpaBJICHHOCTh CHHXPOTPOHHOTO H3-
Jy4eHHUsl pacCMaTpUBaiIach Kak IPOTUBOPEUYHE BIUSHUIO CKOPOCTH AJIEKTPOHOB HAa CKOPOCTh MX H3ITY-
yeHus [34]. Takoli BBIBOJ CBsI3aH C OTCYTCTBHEM HPSMBIX U3MEPEHUI CKOPOCTH M3ITyUYalOIIUX YaCTHIL,
NPUHATON paBHOM V = ¢, a B GAJTMCTUYECKON TEOpUH, KaK IMOKa3aHO BhIIE, V' = yc, OTKyAa CleayeT
OCTpas HaNpaBJICHHOCTh M3IydeHus. CTpOro roBopsi, aHAJIN3 CBOWCTB CHHXPOTPOHHOTO M3JIYYCHHUS B
pamMkax OaJJIMCTUYECKOH TEOpUM CleqyeT NpPOBOAUTHh LEIMKOM B paMKax »3TOW TEOpUH MU
KJIACCUYECKOM KMHEMAaTHKH, Ha OCHOBE 3ala3/blBaloluX MoTeHuuanoB Putna [15], kak oTMeueHo B
pabote [357]. [Ipu TakoM aHaU3€e PACXOXKACHHS ¢ OATITUCTUYECKON TeOpUei OTCYTCTBYIOT.

Wtak, KpuTepreM BbIOOpa MEXIY ABYMS TEOPUSMH CTaHET MPSMOE U3MEPEHHE CKOPOCTH H3ITy-
YalOIMX YaCTUL[ BPEMANPOIETHBIM MeToAoM. [Ipeanonarany, 4To CKOPOCTh YaCTHIl MOXKHO OIpeJe-
JUTh KaK OTHOLIEHHE JUIMHBI OpOuThl L K mepuonay 7 yCKOPSIOIIEro MOJs WM MMITYJBCOB CHHXPO-
TPOHHOT'O U3JIY4YEHHUs OT CrycTKOB. Ho mpu TakoMm moaxoje Ui KpyIHbBIX YCKOPHUTENEH, TMaMeTpoM B
COTHH METpPOB, 11 BU-4acTOTHI yCKOPSIOMIETO MO MOIyYaeTcsl 3HaU€HNEe CKOPOCTH BBIIIE CKOPOCTH
ceera [A27]. [loatomy B CTO naHHas onieHKa HEOAHO3HAYHa, T.K. TPEOyeT yuecTh KOJIMUYECTBO CTyCT-
KOB. 711 MaJbIX YCKOPUTENIEH CUUTAIOT, YTO CTYCTOK OJMH M HAaXOAAT €ro CKOPOCTh KaK OTHOLICHUE
JUIMHBI KOJIbIIA YCKOPHUTENS K NMEPHOAY YCKOPSIOLIETO MO, HE U3Mepsis YUCIo CrycTkoB. [ kpyn-
HBIX YCKOPHTEJEH, TMaMeTpOM B COTHH METPOB YHCIIO CTYCTKOB OMPEAETSAIOT KaK KPAaTHOCTBIO YCKO-
penust g = L/cT — oTHOIIEHUE BpeMeHH ¢ = L/c 00X01a KOJbIla YCKOPHUTENS YacTUIlaMU (Ha CKOPOCTH
¢) k nepuony T yCKOPSIOLIETO MOJS WM CIEJOBAHUS MMITYJIbCOB. T.e. MMEET MECTO LHMKJINYECKOe
obOocHoBaHue ycnoBus V= L/qT = c. JlpyruM KOCBEHHBIM METOAOM H3MEPEHUs 4MCia CTYCTKOB, Ha-
npuMep B OOJBLIOM aJIPOHHOM KOJIIaiepe, CIyKUT U3MEPEHUE 10 HEeTOCPEACTBEHHO PErHcTpHUpye-
MOMY B €JJMHUILY BPEMEHHU YHCITy CTOJIKHOBEHHI YaCTHI] — CBETUMOCTH ITy4Ka

L = (lll))(NIN/S)f,
rae / — TONIMHA MUILEHH, [, — NPOTSHKEHHOCTh ydyacTKa IepeceueHHs MydkoB, Ni U N, — 4HCIIO
YaCTHUI] BO BCTPEUYHBIX MyYKax, S — IJIOMIAh MONEPEYHOTO CeueHHs OOJBIIEro CrycTka, f — 4acrora
oOpamieHns 4acThil B yckopurene. [IoCKoIbKy YHCI0 YacTUIl B CTYCTKAaX MPUMEPHO OJWHAKOBO, TO L
IPONOPLUOHATIBHO KBAJAPATy YUCIA CIYCTKOB ¢. I10 ’TUM JaHHBIM OLIEHUBAIOT YMCIIO CI'YCTKOB .

B pamkax knaccuueckoil Gpu3uKu U OaIMCTUYECKON TEOPHUH, B KPYIHBIX YCKOPUTENAX MPU TOU
e YacTOTe CJICJ0BAHMsI HMITYJIbCOB CTYCTOK MOXET OBITh OJIMH, M €r0 CKOPOCTh V' = L/c, Kak oTMeye-
HO, Harpumep, A.B. Mamaesbim [358]. [Tockonsky B Teopuu Putiia V' =yc, T.€. B Y pa3 BBbIIIE CKOPO-

CTH CBeTa, MOJYYUM, YTO Ta K€ YaCTOTa UMITYJIbCOB MOJYYUTCS MPU OJHOM CTyCTKE, OTKyJa ¢ =Y.
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JlelicTBUTENBHO, A7 KPYMTHEHUIINX YCKOPUTENIEeH 00BIYHO padOTaeT COOTHOMICHUE ¢ = Y, HE HallleIIee
o6bsacaenuil. Tak, B mporonHom cuaxpotpone (PS) B IIEPHe [332], mpu ummnynbce mpoToHOB p = 19,2
I'3B/c (y = 20) pacuérHoe umcio crycTkoB g = 19 = y. B yckoputene APYC npu sHepruu 371eKTpOHOB
W =50 M»B (y = 98) pacuérHoe uucio cryctkoB g = 96 =~y [359]. B bonsmom Anponnom Komnnaiine-
pe (BAK) nipu sueprun mpotoHos W= 3 T3B (y = 3-10’) 4mcio crycTkoB ZOCTHTAET BEIHUHHBI § =
2,8:10° = v. Kitaccuueckas orieHka yucia CryCTKOB M 9aCTOThI MX OOpaIieHusi He TPOTUBOPEYHT OIICH-
KaM 4YHCJIa CTYCTKOB IO CBETUMOCTHU, IOCKOJBKY YBEIMYEHHE CBETUMOCTU L TIpU yBEIWYEHUH 7Y
MOKHO MHTEpPIPETUPOBATh U KAaK YBEJIMYEHHME YHMCIIA CTYCTKOB (Bemyuiee K pocTy Ni U N>) U Kak
YBEIIMYCHUE YaCTOTHI / 00paIeHNs U CKOPOCTH YaCTHII IPH HEM3MEHHOM YHMCIIE CTYCTKOB. Takum 00-
pa3oM, B KPYMHBIX YCKOPUTENISIX ¢ U Y JM00 COBNaAaroT, 1160 kpaTHbl, a B CTO OHM HE3aBUCHMBI.
Onpenenuts UCTUHHYI CKOPOCTh YaCTUL[ MOKHO, BBIBOJS UX M3 YCKOPUTENS U U3MEPSs BPEMSIPO-
JETHBIM METOJ0M. Takke MOKHO PErMCTPUPOBATh YACTOTY UMITYJICOB U3TyUEHUS IPU LHUPKYJISLUU B
CUHXPOTPOHE BCEr0 OJIHOTO 3JEKTpoHA. VIMyIbChl CHHXPOTPOHHOTO M3JTyY€HHUSI OT OJMHOYHBIX 3JIEK-
TPOHOB OTYETIMBO PETUCTPUPYIOTCS B 3KcniepumenTax [360, 361], u mo nepuony 7 UMIyJbCOB U IJIU-
He L KoblLia YCKOPUTEJIS YK€ MOXKHO OJIHO3HAUHO ONPEAEIUTh CKOPOCTh 3IEKTPOHOB V' = L/T.

P HecOOTBETCTBUI B COOTHOLLIEHUSAX MEXIY WU3MEPEHHBIM UMILYJILCOM U SHEPTUEN PENATUBU-
CTCKUX YacTull (1o cpaBHEHUIO ¢ TeopeTnueckumu B CTO) Obl1 BBISBIEH B SKCIIEPUMEHTAX Ha yCKO-
putene lllanxaiickoro uacTuTyTa [362]. [IpH 3TOM OBUTO OOHAPYKEHO, BO-TIEPBBIX, YTO M3MEpPEHHAS
KaJIOPUMETPUYECKAM METOIOM 3HEPIHsl MIEKTPOHOB W, HarpeBaromMX METAUIMYECKYIO0 MUILEHb IIPU
OCaX/IEHUM Iy4Ka, HE COOTBETCTBYET TEOPETUUECKOI SHEPTUU AIIEKTPOHOB elU, MpHOOPETEHHOMN B yc-
KopsitoieM noteHuuane U yckopurens. B pamkax OamaucTH4eckoil Teopun 3T0 00yCIOBIEHO 3aBU-
CUMOCTBIO CHJIBI AJIEKTPUUYECKOTO OTTAJIKUBAHUS U HANPsLDKEHHOCTH NoJisl £ B cucteMe 3apsjia, OT ero
oTHOCcUTENbHOU ckopocTH V' [A37, A45], cM. § 4.8. Bo-BTOpBIX, H3MEPEHHAS KAJIOPUMETPUUECKUM Me-
TOJIOM JHEPIrUs JEKTPOHOB HE COOTBETCTBOBAJIA UX MMIIYJIbCY U CKOPOCTH, U3MEPEHHON MPOJIETHBIM
METOJIOM, €CJIM OIPENENATh CBA3b ATUX BenuuuH B pamkax CTO. Hampotus, B pamkax KJ1acCU4ECKOU
teopuu U bTP 3Tn BeIM4MHBI COOTBETCTBYIOT IPYT ApYry. JI€HCTBUTENIBHO, €CIIU B KIACCUKE UMITYJIb-
Ccy p = mV =myc ynpTpapeasiTUBUCTCKOTO 3JIEKTPOHA COOTBETCTBYET BHEprusi W= mV?/2 = my2c2/2,
10 B pamkax CTO emy cooTBercTBYyeT 3Heprus W = pc=myc’. T.e. emé OJHUM KPHTEPHEM BHIGOpPA
mMexay 6ammuctruueckoit Teopueid 1 CTO ciryXuT npsimoe U3MepeHue UMITYJIbCa U SHEPTUHU YaCTHULL.

Kpome Toro, BO3MOKHBI PeKUMBI pabOThI YyCKOPHUTEIS, KOT/Ia B HEM MO0 COOCHBIM OpOUTaM LIHP-
KyJMPYIOT CTYCTKH C Pa3HOM CKOPOCTBIO M C YaCTOTAMH KPAaTHBIMH YacCTOTE YCKOPSIOIIETo IOJIA
[A45]. D10 cBsi3aHO ¢ HEOOJIBLION acUMMETpHel BO3AECUCTBHUI MOJS Ha YACTHIy B YCKOpSIOILEH U
TopMoO3sieil (asze mossi, BBULY pa3HOW CKOPOCTH MPOXOXKACHUS YaCTHIIBI uepe3 3TH (as3bl U pa3HOU
BEJIMYMHBI TIOJIS B YCKOPSIOWIEH 1 TopMo3simeit ¢azax. [locneannit 3 pexT cBsAi3aH ¢ UCKa)KEHUEM CH-

HYCOUJAJILHOTO MpOQuIs CUTHAlla B T€HEpaTOpe YCKOPSIOIIETO HAIpPSHKeHUs, HA JIMHUU U B YCKO-
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PSIOIIEM pe30HaTOpe, W3-3a Yero BO3HUKAIOT TAPMOHHUKH OCHOBHOM 4acTOTHI, KOTOPbIE U MPHUBOJAT K
YCKOPEHHUIO YaCTHI] COOTBETCTBYIOIINUX YacTOT oOpatieHus. Y ckopstomee nose E(f) = Xa,cos(2nnft +
() COIACPKHT, KPOME OCHOBHOHM 4acTOTHI f, TApDMOHUKHU C aMIUTUTYAAMHU d,, HoMepamu 1 = 100 u BbI-
11e, YCKOPSIOIINE CUHXPOHHBIE YaCTHUIIBI C YaCTOTaMU oOpalieHus nf. SIBjJeHrne aHaIOTHYHO TapameT-
pUYECKOMY pPEe30HAHCY, KOTJa OJJHa YacToTa Bo30ykaaet psja kojebanuii. [Ipu aToMy neTeKTopshI Ccry-
CTKOB WJIM UX CUHXPOTPOHHOI'O U3IYyUYEHHs PETUCTPUPYIOT HE CKOPOCTh MPOXOXKICHHUS CAMUX YACTHIL,
a CKOPOCTb JIBM)KEHUS BOJHBI IJIOTHOCTH, KOTOPAst MOKET ObITh MEHbIIIE CKOPOCTH YAaCTHII.

[To TO¥ ke mpUYMHE HENb3sT U3MEPUTH CKOPOCTh PACHPOCTPAHEHUS ICKTPOMATHUTHBIX BOJH B
KOJIBLIEBOM BOJIHOBOJIE, JI€Jsl JUIMHY KOJIbLIA Ha MEpHO BO30Y:KIAIOLIEro reHepaTopa Wik Ha Mepuosl
KOJIEOAHUH JIEKTPUYECKOTO MOJISI B BOJIHOBOJE, ITOCKOJIBKY B BOJIHOBOJE OJHOBPEMEHHO BO30YKaa-
IOTCSl pa3Hble MOJIbl, Oerymue ¢ pa3Hoil (a30BOH CKOPOCTHIO, M PETHUCTPUPYIOT MX CYHEpPHO3HIHUIO.
JUIsl CTYCTKOB, JIETAIIMX [0 OpOUTAM pa3HbIX PAJUYyCOB C YaCTOTaMH #f, 0Ol curnan S(f) ¢ neTek-
TOPOB MOXHO Tpy0o TpencTaBuTh cyneprnosunueid S(¢) = Xb,[1 + cos(2nnft + 0,)], rae b, — amrumTy-
na, 0, — ¢aza, 3aBUCSIIas OT paBHOBECHOM (ha3bl CTYCTKA M JUCTAHIIMU neTekTopa. Curnan S(f) umeer
BUJI UMITYJIbCOB YacTOTHI f. D((eKT aHaIOTHUEH I'eHepaLuu KOPOTKHX JIa3epHBIX UMITYJIbCOB YaCTOTHI
f ipu cuaxpoHu3auu MoA nf pesonaropa. [lpu V> ¢ ahdext Bo3MokeH U B IMHEHHBIX yCKOPUTEISAX:
B BOJIHOBOJIE€ BO30YXKIaOTCsl MO/bI Pa3HbIX CKOPOCTEH Vy, YCKOPSAIOIIUE CUHXPOHHBIE CTYCTKH. A UX
curnan S(f) coorserctByeT V < c. T.e. Ans OAHO3HAYHOTO U3MEPEHUSI CKOPOCTH YACTHII, HEOOXOIMMO
CEeMapupoBaTh YACTUIbl MATHUTHBIM I0JIEM, Jjajiee ONpeAesss V HanpsMyIo — NPOJIETHBIM METOAOM.

Jlo cux mop perucTpaiuio crycTkoB ocyiecTsiasiin BPM-natunkamu (beam position monitor),
U3MEPSAIONMMHI HABOAMMBIN 3aps] MPOJIETAIOIIUM B BaKyyMHOH Kamepe crycTtkoMm. OgHaKo, HU3KOE
OBICTPOJICIICTBHE TTO3BOJIICT ONPEACTATh TAKUM METOJIOM TOJBKO TOIEPEYHOE IOJIOKEHHUE IydKa B
KaMepe, a He ero MpoJI0JbHOE CMEIEHUE, He0OOXOAUMOe /JIsl U3MEpEeHUs: CKopocTu. B mocnennee Bpe-
MS MOSIBUINCH 3JIEKTPOONTUYECKHE JAaTYMKH, HEIOCPEACTBEHHO M C TMTAHTCKMM OBICTpOJeiCTBHEM
U3MEPSIONINE DJIEKTPUUECKOE MOJI€ MPOJIETAIONIMX CTYCTKOB [363]. DTO OTKpBHIBA€T BO3MOXKHOCTh
IPSIMOTO U3MEPEHHUsSI CKOPOCTH YaCTHI] B KaMepe YCKOpuTels. IMEHHO 3TOT THIT AATYMKOB TO3BOJIHI
3aperucTpUpOBaTh BBICOKHME T'APMOHUKU (BIJIOTh IO THICAYHON) BBICOKOBOJBTHOIO HANpsKEHUS B
JIDII [364]. MaHHBIH (GakT MOATBEPHKAAET, YTO UCKAXKEHHUS TaPMOHUUYECKOr0 CUTHANA HANpsDKEHUs, B
TOM YHCJI€ B YCKOPHUTEIbHBIX CTAHIIUAX, BCET/Ia MPUCYTCTBYIOT: MMEHHO 3TH MCKA)KEHUS, KaK OTMeYe-
HO BBIIIIE, JIEJTal0T BO3MOYKHBIM YCKOPEHUE YaCTHII, ABMKYIIUXCS MO0 OPOUTAaM C YaCTOTaMH KPaTHBIMHU
4acToTe ycKopswouero HanpsikeHusi [A45]. MHTepecHO OTMETHUTh, YTO CHUTHAJI, PETUCTPUPYEMBI B
LUKJINYECKHX YCKOPUTENAX MOCPEACTBOM 3JIEKTPOONTHUECKUX JaTYMKOB, JEHCTBUTENBHO, MPECTaB-
asieT co0oii curHaji B BUAE HaOOpa BHICIIMX TAPMOHUK C KBUAMCTAHTHBIM cIieKTpoM [363]. Anaio-
THYHBIA BUJ MMEET, HAlPHUMEP, BPEMEHHAsI CTPYKTypa (PeMTOCEKYHIHBIX Ja3epHBIX MMITYJIbCOB, TaK

)K€ TIPEICTABIISIFONTUX COO0OM CyMMY OOJIBITIOTO YHCIIAa TAPMOHUK C SKBUAUCTAHTHBIM crieKTpoM [ 104].
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Ouenum anutenbHOCTh AT UMITyJIbCa CUHXPOTPOHHOIO M3NydeHus B Teopun Purtna. Ummyinbe
U3ITyYCHHUSI COOTBETCTBYET MPOJIETY AJIEKTPOHOM ydacTka opouTtsl d = 2RO ~ 2R/y, ¢ KOTOPOTO H3IIy-
YeHHe MoCTymnaeT B JeTekTop Ha pacctosHuu L [354] (Puc. 4.7). U3 Hauana A untepBana d cBeT 10ii-
1€t 3a Bpems ty = (d + L)/(c + V), u3 koHua B — uepe3 Bpems t3=d/V + L/(c + V) mocne uznyueHus B A.

AT =tg—ty~dley* = 2R/cy’, (4.4)

B COIJIACUU C KJIACCUYECKUM Pe3yJbTaToM [354].

AETEKTOP [

Puc. 4.7. Cxema popMUPOBaHUS UMITYJILCOB CHHXPOTPOHHOT'O H3JTyYEeHUSI.

OOBIYHO TAPMOHUKH CUHXPOTPOHHOT'O U3JIy4YEHUSI OOBSACHIIOT perucTpanueil ero B BUJae KOpoT-
KHX MMITYJICOB JUIMTENBHOCTBIO AT, OTYETO CIEKTp ¥ POPMUPYIOT FapMOHUKHU Hfc, BIUIOTH 10 4aCTOT
f~1/AT~v’c/2R (Puc. 4.8.6). TIpn 5TOM HHTEHCHBHOCTH BHICIIMX FAPMOHHK Mana. A ¢ yuéroM s0¢-
dekra Purma (1.15), ocobenHo mpu a, = -¢*/L, npoduis uMmyisca E(f) uckasures, oGperas ocoOeH-
HOCTH B BHJIE YCTYIIOB M ITUKOB, TeM OoJiee BBICOKHX, YeM OHHU OJIKE K CEepeMHE UMITYJIbca U YeM
MEHBIIIE YIOJ ¢ TOUYKH U3IY4YEHUs], B KOTOpPOH a, = -ao (Puc. 4.7). D10 npuBen€T K poCTy UHTEHCUBHO-
CTH TapMOHUK M HEOTpAaHHMUYEHHOMY pPOCTy MX HOMepoB H. JlydeBoe ycKOpeHHE a, = -asing, rme
sing ~ sinf ~ 1/y, u ycnoBue a,= -c*/L TeHepamuH XECTKOTO H3IyYCHHS peanusyercs npu L =
R/y*sing ~ R/y. Toraa yske Ipi MabIX Y BO3MOXKHA FeHEPALMs KECTKOTO H3TYUCHHS, TyTEM yIUTHHE-
HUS KaHalla L WK COKpAIeHUs pajuyca OpOUTHI R, YeM U MOJIb3YIOTCS Ha mpakTHke. [lockoabKy npu
cHIXKeHUU ¢ < 0, COOTBETCTBYIOIIEE o€ £ pacTeT, TO AalibHEeIIee yBenudeHue L = R/yzsin(p Hapa-
IIMBAaeT MHTEHCUBHOCTH FApMOHUK. MOIIIHOCTH U3Ty4EeHHUsI Ha YacTOTE f. U €€ TapMOHUKAX CPABHUMBI,
KOT/JIa YCKOPEHHeE dIIeKTpoHa a = V?/R mocturaer mopora ao= ¢*/L ~ 10" m/c* (mpu L ~R ~ 1 M), T0
ecTb npH V ~ c. JlelicTBUTENBHO, IPU V ~ ¢ 3IEKTPOHBI, KPOME U3ITYUYCHHUS YaCTOTHI f., TEHEPUPYIOT €&
TapMOHUKH B (hopMe CHHXPOTPOHHOTO H3iydeHHs. OTHOIIEHHE CUTHA/IIYM TapMOHHMK PAacTET MpH
BBIBOJIC M3JTyU€HMsI Uepe3 BAKyyMHbIE KaHAJIbl, AJMHA KOTOPBIX U BUAUMOro cBeta L ~1 M, a ans

*kéctkoro pentreHa — L ~ 100 m [354], BBuay pocta HOMepoB H ¥ MOLIHOCTH TAPMOHUK IpHU pocte L.
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Puc. 4.8. Cxema popMupoBaHUsI CIICKTPa TAPMOHHK OT UCKAXKCHHUS

TIpOoQHIIs BOJIHBL, U3IIy4YEHHON YacTUIIAMH B YCKOPHUTEISIX (a, 0).

OueHuM MOIIHOCTh CUHXPOTPOHHOTO H3IyYeHHUs B OalTMCTHYeCKOM Teopuu. Tak kKak MoOII-
HOCT P| M3IIy4CHHs OXMHOYHOTO IEKTPOHA POIOPIHOHAIBHA KBAAPATy YCKOPEHHS a, TO P oc a° =
VYR* oc y4/R2. B pamkax wMakcBemioBckod aiekTtpoauHaMukd B CTO MOIIHOCTh UW3IIy4YEHHS
Py < sz2 oc y4/R2, rae B oc Y — MHAYKIMS MarHUTHOTO TOJIsl, B KOTOPOM JIBMIKETCSA YacTHULA, a p oC Y —
umnynsc 3nektpona [355]. T.e. CTO u Gamnuctudeckas TeOpHs MPEACKA3bIBAIOT OJIMHAKOBYIO 3aBH-
CHUMOCTb MOIIIHOCTH CHHXPOTPOHHOTO M3JIy4eHHUs OT Y. Paznuume TONbKO B KOA(PUIHMEHTE TPOIOp-
MOHaIbHOCTU. [l03TOMY 3amMepbl MOIIHOCTH HM3JIY4YE€HHsI OJMHOYHOrO 3iekTpoHa [360, 361] nator
MIPOCTON KPpUTEPHIl BEIOOpA MEXTYy PEIATUBUCTCKON M OAJITUCTUIECKOM TEOpUEH.

Takum 00pa3zom, OONBITMHCTBO HAOJIOIaEMBIX CBOMCTB CHHXPOTPOHHOTO M3ITYYSHHS OJMHAKOBO
XOPOIIO MPeICKA3bIBAIOTCS OAJUIMCTUUECKON TeopHel M Teoprel OTHOCUTENBHOCTH U OJMHAKOBO CO-
[JIACYIOTCS C Pe3ysIbTaTaMH AKCIEPUMEHTOB. PasHUIly X mpeacKka3aHuii MOXKHO OOHAPYKHUTH TOJIBKO
JUTSL HEKOTOPBIX €200 M3YyUEHHBIX XapaKTePUCTHK M3IydeHHs. Tak yTo MCClieJOBaHUE ITHX XapakTe-

pucTHK OBLTO OBI BEChMa JKeJIaTeNIbHO B TUTaHE BBIOOpa Mex Ty Oammuctuieckoit Teopueit u CTO.

§ 4.5. MexaHu3m 2eHepayuu u ceolicmea 4epPeHKOBCKO20 U3J1y4YeHUs
OnuH U3 croco0OB U3MEPEHUsI CKOPOCTH YACTHI] COCTOMT B MCCIIEJOBAaHMM XapaKTEPUCTUK HX
YEPEHKOBCKOI'O M3JIy4€HUs B Cpelie, MOCKOIbKY yroi 0, moa KOTOphIM paclpoCTPaHsAeTCsl U3IyUeHHE
(Puc. 4.9), cormacno Teopun 3¢pdexra BaBunoBa-UepeHKoBa, 3aBUCHT OT CKOPOCTH U YaCTHIIBI U TIO-
Kazaress MPeJOMIICHHUs Cpebl 71, B KOTOPOH YacTHIIa TeHEPUPYET U3ITyuyeHHe, COrJIacHO (opMmyIie
cosf = c/nv. 4.5)
Haiinennsle no uaMepeHHOMY yrity 6 CKOpOCTH 4acTHIL
v = c/ncosH (4.6)
HE MPEBBIIAIOT CKOPOCTU CBETA ¢ B BaKyyMe U COIJIaCYIOTCSl CO 3HaYEHHEM CKOPOCTH U, ONpeaeiEH-

HBIM U3 PEIATUBUCTCKUX (OPMYIT IO M3MEepEeHHOMY UMITYJIbCy dactuil. OmHako dopmyna (4.6), BeBe-
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nenHas BaBunossiM, Tammom n @paHKOM B paMKax PeNsiTUBHCTCKOM Teopuu 3¢ddekra,— 3To cienct-
BHE psJia YIIPOILIECHUN U TIPEITOIOKEHUH, TPEOYIOMUX MPSMOI ONIBITHOM MPOBEpKHU. B pamkax Oamu-

CTHYECKOH TCOpHUU MCXAHU3M I'CHCPALIUN YCPCHKOBCKOT'O U3TYUYCHUI COBCPUICHHO WHOMH.

Puc. 4.9. Cxema reaepannu uepeHkoBckoro usnydeHus B CTO u GammmcTiaeckoi

Teopur. CKOPOCTh V 1mo-pa3sHOMY BBIPAKAETCS Yepe3 yroul 0 4epeHKOBCKOTO H3TyUeHHSL.

B wactHoCTH, B 9KcriepuMeHTax rpymnmbl A.A. Tsankuna [365] ObLI0 OTKPHITO YEPESHKOBCKOE U3-
JydeHHEe, TEHEpUPYeMoe IOJ 3aKpUTHUYECKUMHU yriiamu 0 > arccos(c/nv), 4TO CBHIAETEIHCTBYET O
CBEPXCBETOBOM CKOPOCTH U YAaCTHI] U TpeOyeT YTOUHEHHOU MPOBEPKH. B yacTHOCTH, C caMOro Hadaja
BO3HUK U JI0 CHUX IIOp OJJHO3HAYHO HE PELIEH BOIPOC O TOM, CIIY>KUT JIK UICTOYHUKOM YEPEHKOBCKOIO
U3TyYeHHUsl caMa 4acTula WK cpefia, B KOTOPOW YacTula JIBWkeTcs. B pamkax pensTUBUCTCKOM Teo-
pPUHM UCTOYHUKOM U3TYUYEHUS CIYXKUT cpela, B KOTOpoil yactuiia Bo30yxnaer kojebanus 3apsnoB. [1o
mHenuto C.U. BaBuioBa, coBMecTHO ¢ UepeHKOBBIM OTKpPBHIBIIETO 3(p(eKT, HICTOUHUKOM H3ITy4EHUs
CIIyKHUT caMa JIBWXKYIAsiCsl 4acTUla, KOTopasi KoJieOJIeTcsl MO/ BIMSHUEM 3JIEKTPUUECKHUX MOJei aTo-
MOB Cpe/ibl, MUMO KOTOPBIX JIETUT, U3]Ty4asi B COITyTCTBYIOLIEH cCTEME OTCUETa CPEPUUECKYIO BOJIHY.
Wntepecno, uto O. XeBucaiin, emé B 1888 r. npeackaszas 3¢pdexr BaBunosa-UepeHkoBa y 3apsaoB,
JBUKYIIUXCS CO CBEPXCBETOBON CKOPOCTBIO, CUUTAN, YTO UCTOUYHUKOM HM3JIYUYEHHs CIIy’)KUT cCaM JBH-
KYILUICS 3apsij, a He cpela. B mpuHuuIe, BO3MOXKHBI Cllydayd peajii3allud U TOro U JIPyroro Mexa-
HU3Ma T'eHepalui YepeHKOBCKOr0 M3JIy4eHUs. B 4acTHOCTH, ecii UCTOUYHHUKOM, BO30YXAAIOIUM Ye-
PEHKOBCKOE H3Iy4YCHHE, CIYXKUT HE YacTUla, a GPOHT HEOJHOPOIHOTO pacIpeneseHus deKTpoMar-
HUTHBIX XapaKTEPUCTUK CPEbl, HAIPUMEpP €€ IEKTPOHHON KOHLEHTPALUH, MOJISIPU3aLUN WIH HEJIH-
HEHOCTHU (KOorJa pealn3yloTcs CBEPXCBETOBbIE CKOPOCTH), TOTJa UICTOYHUKOM YEPEHKOBCKOIO H3ITy-
YEHUsI CITY’KUT cama cpefia, B KOTOPOM JBUKETCsI (PPOHT COOTBETCTBYIOLIETO paCIpEICICHHUS.

B cnyuae knaccuueckoit untepnperanuu 3pdexra Bapunosa-UepeHkoBa, eclii B paMKax TeOpUU
XeBucaiia 1 6aJUIMCTHYECKONW TEOPUH HM3IIyueHHE I'eHEpUpPYyeT caM JBIMKYILUHCS 3apsf, TOrjaa CKo-
POCTb ¢’ HCITYIICHHBIX UM CBETOBBIX BOJIH B CPElIe PABHA YK HE ¢/71, a BEKTOPHOH cymMe ¢/n + V/n® (§
3.2). CooTBETCTBEHHO, CKOPOCTH BOJIH B cpefie (Puc. 4.9) OTHOCUTENBHO HCTOYHUKA PaBHA

c/n— V(1= 1/nd),

Kak mokasai onbIT ®uzo (§ 3.2). B aTom cnyuae cooTHoIeHue (4.5) yKe He BBITIOTHICTCS.
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[TycTh 25eKTpOH, BbUIETAIOMINI U3 Touku O, U31y4uns cBeToBYy10 BOIHY (Puc. 4.9). Uepes Bpems ¢
OH JIOCTUTHET TOYKU A, Tak 4T0o OA = V. 3a 310 Bpems ucmyiieHHas B Touke O chepudeckas CBEToBast
BOJIHA PaCIIMPHUTCS 10 paanyca BS = ct/n, a €€ LleHTp CMECTUTCS B TOUKY B, mpoiias nyts OB = Vt/n®.
JlelicTBUTENBHO, B 3TOM Cy4ae CKOPOCTb TOYEK S BOJIHBI MPEJCTABISAET COOOW BEKTOPHYIO CyMMY
JIBYX JIBIDKCHHIA: PalMaIbHOTO PACIIUPEHUS BOJIHBI CO CKOPOCTBIO ¢/1 M IEPEHOCHOTO JIBM)KCHUS ICH-
Tpa u3ny4eHns A co CKOpoCTbIO V/n’, COOBIIEHHON 3IeKTpOHOM. B HTOre, Cheprueckue BOIHBI, TeHe-
pUpyeMbIe AMEKTPOHOM Ha myTH OA, IpU HAJOKEHUU 00pa3yroT orubaroiuii BOIHOBOW PPOHT B BUIE
MIOBEPXHOCTU-KOHYCA, KAacaTeJIbHOW K 3THM BOJIHAM, C yriioM noiypactBopa 0= ABS. U3 mpsmo-
YrONBHOTO TpeyronsHuka ASB Haiiném cosd = BS/BA, tne BA = OA — OB = Vi — Vi/n*. Otciona
cos® = ¢/nV(1 — 1/n),
T.€. TIOABIIACTCS MHOXKHTEIb, PaBHBI K03 duuuenty ynedenns Opewens (1 — 1/n°). Otcrona
V= c/n(1 — 1/n*)cosh, 4.7)
a UMITYJIbC 3JIEKTPOHA
p=mV=me/n(l - 1/n*)cos®. (4.8)
DT0 3HaUYEHUE MPEBBIIIACT 3HAUCHUE UMITYJIbCa, HAWJACHHOE B PEISTUBUCTCKOM Mojenu (4.6)
p=~mel(1 — VA" = me/(1 - 1/n*cos®0)". (4.9)
HecoBnanenue kmaccudeckonr Gopmynsl (4.8) U pensiTUBUCTCKOM (4.9) cBsizaHo ¢ Tem, uTo hopmyrna
yBieueHus: OpeHens A peNATUBUCTCKUX CKOPOCTEH BBIBEACHA JUISl Cllydasl M3JIy4EeHMsI, UIyIEro B
IPSIMOM UJIM OOPATHOM (110 BEKTOPY OTHOCUTENIBHON CKOPOCTH cpefibl) HampasieHuu. Ho st usmyde-
HUSl, UCITYIIIEHHOTO MO/ YTJIOM, BKJIaJ CKOPOCTU V He OB pacCYUTaH CTPOTO, M 7Sl HETO BHITIOTHSET-
cs1 6osee crmoxkHast 3aBUCUMOCTb. COOTBETCTBEHHO, ()pOHT BOJHBI Ha Puc. 4.9 nzobpasutcs yxe He
ceprueckoi, a 6oJiee CII0KHOM MOBEPXHOCTHIO C HHOM orubaromeii 1 u3sMeHEHHOH GopMyioii (4.8).
Kaxk BprsicHuiia B § 3.2, 4acTUIBI C PEISTUBUCTCKUMU CKOPOCTSIMH MCITYCKAalOT CBET B MPSAMOM
HaIpaBJIEHUHU CO CKOpOocThio ¢’ = ¢/[n— V/(c + V)]. Ilox yrimom 6 k Bektopy V cocTaBisitomias CKOpo-
CTH yacTHIlbl paBHa VcosB. Torna B HampaBiieHuu O CKOPOCTH CBETa 3a/laHa YpaBHEHUEM
c¢'=c/[n—VcosO/(c + VcosO)]. (4.10)
Orto ypaBHeHHE U 3a1aéT npodmis oOpa3yromieid ppoHTa CBETOBOM BOJHBI, MIPEICTABISIONICH COOOM
TEJI0 BpalleHUs C OChIO, HANpaBJICHHOW BI0Jb BekTopa V. B rase, mpu n= 1+ 9o, rae 60<<1 u
0 << ¢/V, mony4uum ypaBHeHHE 00Opa3yroiei Buna ¢’ = ¢ + Vcos. B ceueHnn miocKoCThiO MOTyYuM B
MOJISIPHBIX KOOPJIMHATaX ypaBHEHHE oOpa3yroliel B (hopMe KOHXOUIbI OKpykHOCTH (yiumxu llacka-
Jisl) — KPUBOM, KOTOPYIO ONUCHIBAET TOUKA HA KOJIECe, KaTAIeMcs 0 KoJlecy Toro ke paauyca. Kaca-
TeNbHAsl K 3TOM BOJIHE, IPOBEAEHHAs Yepe3 TOUKYy A, U 3a1aéT popMy (ppoHTa orudaroiieii BOIHbI Ye-
peHKoBcKoro uznyuyeHus. Orcroia HailAéM Ui yIiia YepeHKOBCKOTO U3ITyYeHHUS
, (4.11)

9TO yKe ONmKe K 3aBUCUMOCTH (4.9), TOATBEPKAEHHON B HKCIIEPUMEHTAX.
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WTak, JONOTHUTEIBHBIM KPUTEPUEM MPOBEPKH OAJUTMCTUYECKON TEOPHU CTAHET CpaBHEHHE MM-
MyJIbCa YaCTHI], U3MEPEHHOT'0 110 KPUBU3HE TPAEKTOPHUH 3JIEKTPOHA B MAarHUTHOM I10JI€, M pacCUUTaH-
HOTO 10 YePEHKOBCKOMY yTiy 0 knaccuueckum (4.8, 4.11) u pensaruBuctckum (4.9) cnocodom.

Knaccuueckas onenka ckopoctu (4.7) mpuBOAMT K 00jiee BBICOKUM 3HAYEHUSIM CKOPOCTH, YeM
crangaptHas popmyina (4.6). Tak, ecnu anst Boast (n = 1,3) B8 CTO npeaensHbIil yron cosd = 1/n coot-
BETCTBYET U = ¢/ncosh = ¢, To B GAIITUCTHUECKON TEOPHH OH COOTBETCTBYET CBEPXCBETOBOM CKOPOCTH

V=c/(1-1/n*)=245c.

TakuM 00pa3oM, OIIeHKa CKOPOCTH U3IIy4eHHUs MO cTaHaapTHOH (opmyne BaBunosa-UepeHnkoBa
(4.6) naBana 3aHIKEHHOE 3HAYEHUE CKOPOCTH YaCTHIL, [0 CPABHEHUIO C PE3yJIbTATOM OAITUCTUYECKOM
TeopuH. VICTHHHBIE CKOPOCTH MOTYT OKa3aTh BHIIIE B pasbl. Taxke u camo 3HaueHue cosd = 1/n — He
npenesn, Kak mokasanu skcrnepuMeHThl Ha yckoputene CERN, mocTtaBieHHbIE MOJ PYyKOBOJCTBOM
A.A. Tankuna [172, 285]. JlelicTBUTENbHO, OOBIYHO KOHCTPYKIIMS YEPEHKOBCKUX JIETEKTOPOB HE JI0-
MYCKAeT PETUCTPalMU U3TYyUYSHHS MO/ 3anpeAeIbHBIMU YIilaMu 0, MOCKOIbKY YepEHKOBCKUE JAETEKTO-
PBI, KaK TPaBUIIO, MEPSIOT He Yroi 0, a perucTpUpYIOT YaCTHIIBI, H3TyJYaroIIne MO/ 3alaHHBIM YTIIOM,
B nuama3oHe 1/n < cosb <1. A ays 3aMepoB CKOPOCTH YaCTHI] TPUMEHSIOT MTOPOTOBBIE CUETUYNKH, Cpa-
OaThIBarOIIME, KOT/Ia YaCTHIIA HAUMHAET TeHepUpOBaTh n3nyyenue, orkyaa uz CTO cosb = c¢/nv=1. B
TaKUX CUETYMKAX MPUMEHSIOT Ta30BYIO cpeny, rae n =~ 1 unu n = 1 + 6. [loBbIlas gaBieHue ra3a U ero
NOKa3aTesb MPEIOMIICHHS /1, 10 TIOSBICHUS U3IIyYEHUS TIPH U = ¢/n, HAXOIST MO IOPOTOBOMY /1

v=c/n=c-3dc.

Ho ecnu npeaensHOMY yriy cosf = 1 cooTBEeTCTBYyeT

V=c/n(1-1/n") = /28, (4.12)
TO Tpu 0 << | moporoBeie CYETUMKN YepeHKOBa PETUCTPUPYIOT YacTHIsl ¢ V' >>c. B pamkax CTO
CHIDKEHHE O W TIOPOrOBOr0 JIABJICHUS T'a3a COOTBETCTBYET MPHUOIMKEHHIO U K ¢. A B pamMKax Oaymim-
CTHUYECKON TEOPUH CHIKEHHUE O COOTBETCTBYET HEOIPAaHUYEHHOMY pocTy ckopoctu V. Torma ckopocTb
v=c/n=c-dc,
HaiineHHas B paMkax CTO, COOTBETCTBYET PENITUBUCTCKOMY UMITYJIbCY
p=mel(1 — VD)= me/(26)"?, (4.13)
COBIAJAIONIEMY C U3MEPEHHBIM 1O KPUBHU3HE TPACKTOPUM B MAarHUTHOM Toyie B 3HaueHuro p (§ 4.3).
[Toxosxee Ha (4.13) BeIpaskeHHUE ClIEYET TAKKe U3 KIACCUYECKOTO BBIPAXKECHUS IS UMITYJIbCa
p=mV=mc/20, (4.14)
€CJIM UCTIOJIb30BaTh 3HAYCHHUE CKOpPOoCTH (4.12), paccunTaHHOE B paMKaX OaJTUCTHYCCKON TCOPHH.

HecoBnanenue crenenu B 3namenarene (4.13) u (4.14) oOycnoBieHo TeM, 4to dhopmydsl (4.12)

u (4.14) nonmyueHsl B paMKax NpUOIMKEeHUN, U KodhduumeHT yBiedeHus: OpeHensi TEOPeTUYECKU U

HKCIIEPUMEHTAIIBHO HaUCH JIMIIB Ul V' << ¢, a 1711 BBICOKUX CKOPOCTEN OH 3aJaETCs CIIOXKHEE.
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Tounsrit pacu€r (§ 2.2) moka3bpIBaeT, YTO M3ITyUEHHE YaCTHUI] IPHOOPETAET B Cpe/e C MoKa3aTe-
neMm npenomiieHus n = 1 + 6 ckopocth ¢’ = ¢/[n — V/(c + V)], u 4epeHKOBCKHE MOPOTOBBIE JETEKTOPHI
npu ¢'= V' u 8 << | perucTpupyroT YacTHIIbl C V' = /82 >> ¢, COOTBETCTBYIOIIEH UMITYJIbCY

p=mlV= me/8"?. (4.15)

®opmyia (4.15) yxKe COOTBETCTBYET, ¢ TOUHOCTBIO 10 kodhdurmenta 22— dopmyne (4.13),
KOTOpasi COIJIacyeTcsl ¢ N3MEPEHHBIM MMITYJIbCOM YaCTHILl, T€HEPUPYIOIIUX YEPEHKOBCKOE U3ITyUCHHUE.
Pacxoxzenue B Bue kodddurmenta 2% 1aéT 1OMOTHUTENBHBIN KPUTEPHil IPOBEPKH OaIHCTHYC-
CKOM TeopHH U BBIOOpA (HOPMYJ JIyUIlle COOTBETCTBYIOIIUX M3MEPEHHOMY HMITYJILCY MO PACYETHOMY
yray 0. I1o cyTu, naHHBI KpUTEPHiA POBEPEH B dKCTIepUMeHTax [35, 367], 0OHapy >KUBIINX, YTO Yac-
THULBI HAYMHAIOT T€HEPUPOBATh U3JIy4YEHHUE ITPU 3HAYEHNUU UMITYJIbCA p MEHBIIE TOPOTrOBOTO.

Take B CTO u GaqiMCcTHYECKON TEOpUM MOXOKM 3aBUCUMOCTH moporosoro n ot y. B CTO
v=c/n=c(1 - §), oTkyaa moporosoe &= 1/2y*. B Gammcrrueckoil TeOpHH U3 yeIoBus ¥ = ¢’ mopor
8=1/y* ¢ TOYHOCTBIO IO MHOXKHTENS 1/2 COBIAAET C PENATHBUCTCKEM. DTa PAsHHIA 00YCIOBICHA
TEM, 4TO 3aBUCUMOCTH (4.10) HocUT PUONMKEHHBIA XapaKTep U HpU YIbTPAPEIATUBUCTCKUX CKOPO-
cTax (y >> 1) Hapymaetcsi. DTO TOKe 1aéT MPOCTOM KPUTEPU MPOBEPKH Teopuu Putiia, rae namepeH-
HAsl BEIMUMHA & << | COOTBETCTBYET CBEPXCBETOBBIM CKOpOCTAM V= ¢y = ¢/8"2. T.e. u B 3TOM ciydae

OCHOBHOW KpPUTEpPUH ITPOBEPKU TeOpUU Putna — 310 npsiMoe u3MepeHue V mpos€THbIM METOIOM.

Puc. 4.10. ®opma BoTHOBOTO (PPOHTA OT PEIMATHBUCTCKOM

YACTHILBI B CPEJIE U KOHYCHI OTHOAIOMNX 3THX ()POHTOB.

VYron 6 4epeHKOBCKOTO M3ITyueHHsI B paMKax Teopuu Putiia BeIpaxkaetrcs HeomHo3HayHO (Puc.
4.10). Ecnu Ha ckopocth ¢'=c¢/[n — V,/(c + V,)] B HamlpaBineHuu 0 BIUSET JUIIL pPaguaibHAs KOMIIO-
HEeHTa CKOpocCTH 3apsaa V. = Vcosh, To pu V' ~ ¢ popma BOTHOBOTO (PpOHTA 331aHA YPABHEHUEM

c'(0) = c/[n— (c/Veosd + 1) ']
oTianuHyto oT cepuueckoii (Puc. 4.11). A npu V> ¢ (B8 CTO 310 cootBercTBYeT U > 0,71¢) BOIHOBOM
(GpPOHT — caMOTIEPECEKAOIIHICS, C OCOOCHHOCTBIO THMA JieTiecTKa. J[eCTBUTENBHO, GPOHT CTAHOBUTCS
CaMOIIePECEeKaIOIIMMCs, KOTJ]a CBET, M3ITyu€HHBIN B HanpaBieHuu Hazan (0 = w, cosd = —1), oT m00aB-
JICHHSI CKOPOCTH HCTOYHHKA, ABIKETCS BIepén, T.e. ¢'(m) = ¢/[n — (1 — ¢/V) '] < 0. B stoM cirydae 3a/1-
HsSl 9acTh (PpOHTA BRITHOAETCS Briepé, 00pa3ysl NOTMOIHUTENbHBIN BRITSHYTHIM B HANIPABJICHUN CKOPO-

CTH JIETIECTOK, ¢ camornepecedenueM B nosroce O (Puc. 4.11). Torna, kpoMe HOpMaJILHOTO KOHYyCa 4e-
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PEHKOBCKOTO M3Ny4YeHHs (BHEUIHeW ormOaromeii ppoHTOB, ¢ yrimom 0; Ha Puc. 4.10), popmupyercs
y3KUH KOHYC — orubaromas yeriectka (¢ yriom 0;). Ilpu n < 1,5 3TOT aHOManbHBIN KOHYC o0pa3yeTcs
NP JIOTIOPOTOBBIX 3HAUCHUSIX Y. JIeWCTBUTENIBHO, YCIOBUE TeHepaluu usinydenus V= c/[n— V/(c + V)]
naért nBa pemenus: Vi ,=c(—1 = [1 +4/(n — 1)]1/2)/2, r7e V| oTBeuaeT nopory renepaiuuu HopMaiabHO-
r'0 YepEHKOBCKOTO U3IYUYCHHUs, a V2 — JOIOPOTOBOMY (aHOMAIbHOMY) U3ITyUSHHIO, CYIIECTBYIOLIEMY B
nuanaszone ¢ < V< |V,|. Ecma Vi =c(-1+ [1+ 4/(n — 1)]1/ 2)/2 > ¢, T.e. HOPMAIBHOE YEPEHKOBCKOE H3-
Jy4YeHUE TeHEpUpyeTCs pu V> ¢, TO aHOMaJIbHOE YEPEHKOBCKOE M3IYyYCHHE, COOTBETCTBYIOIICE Jie-
MIECTKY, TEHEPUPYETCS MPH V), — 10 mopora V; OCHOBHOTO (HOpMAbHO20) U3ITYYCHUS, YTO BBITIOTHSET-
cs nipu n < 1,5. DT0O aHOMaAJILHOE YEPCHKOBCKOE M3IyYCHHE BO3HUKHET, Korja Ha yiutke [lackais

MOSIBUTCSI 320CTpeHHeE B mortoce O, M OHA BRIPOAUTCS B Kapauouay ¢’ = ¢(1 + cosB) u ¢'= 0 ipu 6 = 7.
n=14

FL2 rld s

Puc. 4.11. DBomionus BOIHOBOTO ()POHTA OT PEIATUBUCTCKON YaCTHIIBI B Cpeie NIPH pocTe Y-(hakTopa mpuOIKEHHO

COOTBETCTBYET 3BOJIFOLIUU KOHXOUIBI OKpY)HOCTH ¢’ =V(c/V + cos0) nmpu nusmeHenuu mapamerpa c/V.

JlomoporoBas reHepaiivs Obljla OTKPBHITa B SKCIIEPUMEHTaX ¢ MOHaMH CBHUHIA [35] U ¢ MOHaMu
3051012 [366]. Eciin KOHYC HOpMaIbHOI'O YEPEHKOBCKOTO M3JIyYEHHUS CYXaJICs 110 MEpe pocTa n uiu V,
TO KOHYC aHOMAJbHOTO — PacCIIMpsIIcs, B corjlacuu ¢ Teopuerd Purna. Ha dotorpadusx [36] mabmro-
JaJIy J1Ba KOJIbLIAa: OJJTHO OTBEYAJI0 HOpMaJIbHOMY YepeHKOBCKOMY 3¢ dekty (01), a BTopoe, aHOMalbHO
HIMPOKOE KOJBI0,— U3ITYUEHHUIO0 OT yacTull ¢ V' > ¢ [36]. Cynsa no Bcemy, €ro reHepupyroT Te ke yac-
TUILBL: aHOMAJIbHOE U3JIy4eHHE U (OPMHUPYET 2-€ KOoibLO (02). OTMETHM, UTO PENATUBUCTCKAS TEOPUS
HE UCKJIIOYAET JO0MOPOTrOBOM TeHepali YepeHKOBCKOTO U3ITyUeHUsl, MOCKOJIbKY ISl 4aCTOT, COOTBET-
CTBYIOIIMX JIMHUSAM TOTJIOIIEHUSI CPEebI-paANaTopa, 1 pacTeT B pa3bl, 10 3HaUeHUi n' > n. COOTBETCT-
BEHHO, Ha JaHHBIX YaCTOTaX YEPEHKOBCKOE M3IyYeHHE BO3ZHHMKAeT NpU V = ¢/n’, 4TO MeHblIe mopora
V= c/n. OmHako aHOMaJIBHOE M3ITyYEeHUE, OTKPBITOE B OMbITax [35, 35, 366], HE MOKET UMETh TaKyIO
IPUPOJTY, TOCKOJIBbKY €r0 CIIEKTP HE OTJIMYAaeTCs OT KJIACCHUECKOro YepeHKOBCKOro crekrpa. Kpome
TOT0, aHOMAJIbHOE YEPEHKOBCKOE U3ITyUEHUE XapaKTePU3yeTCsd aHOMAIbHO BHICOKONH MHTEHCHUBHOCTBHIO
[36], YTO CBUAETENBCTBYET O I€HEPALIMU U3ITYUYEHHs] HE PEIKUMU CBEPXCBETOBBIMM YacTHUIIAMHU, a OC-
HOBHBIM ITOTOKOM yacTull. KpoMe Toro, 10moporoBoe aHoMajJbHOE YEPEHKOBCKOE U3IyUYeHHUE Ipeia-
rajgu OOBSICHUTH HA OCHOBE TEOPHH CYIEepP-4epEeHKOBCKOTO M3nydeHus [367]. Ho u B 3ToM ciydae He

COTIOCTABJISUIUCH €r0 TEOPeTHUUYECKUEe U HaOII0JaeMble XapakTepucTuku [366].
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U3 (4.15) cnenyer, 4to B 0a/NIMCTUYECKONW TEOPUU YACTHUIIBI HE TEHEPUPYIOT YEPEHKOBCKOTO U3-
nydenus B Bakyyme (n = 1, 6 = 0). Ho B Teopuu Purtma 3170 mpoucxoauT He MO NMPUYUHE «HEIOCTHKU-
MOCTH CKOPOCTHU CBETa B BaKyyMe», a MOCKOJBKY JUIS TaKOW reHepanuu TpedyeTcss 6ECKOHEYHO BBICO-
Kas ckopocTh vactuil: V = c/n(1 — l/nz) — 0. B BakyyMe Hcue3aeT npeuMylIeCTBEHHAsl CUCTEMA OT-
cuéTa, CBSI3aHHAs CO CPEON, U U3IIYyYCHHE PACXOAUTCSI OTHOCUTEIHHO 3apsiia BO BCEX HAINPABICHUSAX C
OJMHAKOBOM CKOPOCTHIO ¢. T.e. 3apsi He MOXKET JOTHATh CBET, IBUTASICh C MOCTOSIHHON CKOPOCTHIO.

TakuMm 06pazom, U B 3TOM clydyae IPOBEPUTH OATUTUCTUYECKYIO TEOPHIO MOKHO JIMOO MOCTAaHOB-
KOW JIOTIOJIHUTENIbHBIX SKCIEPUMEHTOB IO YTOUHEHHIO XApPAKTEPUCTUK UYEPEHKOBCKOTO M3ITYUYEHUS,

a100 MyTEM NPSIMOI0 U3MEPEHHSI CKOPOCTH YaCTHULl, TEHEPUPYIOIINX YEPEHKOBCKUI CBET.

§ 4.6. Ceolicmea oHOysIIMOPHO20 U3Jly4YeHusi e bannucmu4eckol meopuu

1 reHepalMM CHUHXPOTPOHHOIO M3IIyYEHMs] PEISATUBUCTCKUMH DJIEKTPOHAMHU IIPUMEHSIOT,
KpOMC€ OAHOPOJHOI'O, TAKKEC 3HAKOIICPEMEHHOC MAIrHUTHOC I10JIC C IPOCTPAaHCTBCHHBIM IIEPHOI0M LB
oraynstopax (Puc. 4.12). DnexTpoH, ABMKYIIUNUCS TTO TPACKTOPUH B BUJIE 3MEUKH, KOJICOJIETCS U U3-
Jdy4aeT OHIyJIATOpPHOE u3inydyeHue Ha yactote f= V/L [354]. OcTpas HanpaBIeHHOCTb OHAYJIATOPHOIO
U3JTY4YEHHUs, COCPEIOTOYCHHOTO B IpeJiesiax KoHyca ¢ yriioM pactBopa 0 = 1/y, Kak Ui CHHXPOTpPOH-

HOI'0 U3JTy4YCHHA, IOATBECPIKAACT 3aBUCUMOCTDb CKOPOCTH CBETA OT CKOPOCTH NCTOYHUKA.

Puc. 4.12. I'eneparyisi CHHXpOTPOHHOTO H3ITyUCHHS B OHIYIISITOpE

KOJICOTIOITUMUCS DJIEKTPOHAMHU e, JIETAIINMU B 6aTapee MAarHmTOB.

DNIeKTPOH M3IydaeT Ha 4acToTe CBOWX KosieOanmii f= V/L. OnHako HEMOJBIKHBIN HaOI0/Ma-
TeJb, COTJIACHO KJlaccudeckoMy addekrty Jloriepa, 3aperucTpupyer U3nydyeHue Ha 9acToTe

1=R1+Vie)=(1+ Vie)VIL= V*Lc (upu V>> ¢).

JleiicTBUTENFHO, YaCTOTa OHAYJIATOPHOTO M3IYYCHHUSI HAPACTAET MPH POCTE MMITYJIbCa p M CKO-
poctr V anextpoHa 1o 3akoHy [~ foy® [354, 368], rue fo= c/L, a B paMKax GaUIHCTHYECKOH TEOPHH
y = plme = Vie. Orciona, '~ V/Le = fyy*. Takum 06pa3soM, KCIIEPUMEHTATBHO yYCTAHOBICHHAS 3aBH-
cumocTb f(y) cormacyercst ¢ Oamiuctuyeckoi Teopuell. CienoBaTellbHO, BBICOKash yacToTa f' =
(1 + V/c)VIL onpynsiTOpHOTO M3IYUYEHHUS COTIacyeTcs ¢ OaUTMCTUUECKOM Teopuei MpH KiIacCu4ecKon
olieHKe ckopocTH V snektpoHa (§ 4.3). Takum o0pa3oM, U B 3TOM Cilydae MNPOCTEUIIUM KpUTEpUEM

MPOBEPKU OAJUTUCTUYECKOI TEOPUU CTAHET MPSIMOE U3MEPEHUE CKOPOCTHU AJIEKTPOHOB B OHAYJISTOPE.
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I[J'IH N3JIYYCHUS, UCITYIICHHOT'O MO YIJIOM (p K HAIIPABJICHHUIO JBUKCHHA YaCTUIbL (B CBSI3aHHOU
¢ HeH cucteMe oTcuéra), yactota no dpdexry Jlommepa nmpeodpasyercs yxe 1o 3aKOHYy

f =1+ Vcosg/c).

B naboparopHoii cucreme oTcuéra H3IIydeHHe PerucTpupyroT mof yriom 0. Orcrona, u3 § 3.6,

2

f'=f 1+K cos0 I—V—zsinze—zsinze zf(1+y(cos6 l—yzsinze—ysinez)).
c c c

JlelicTBUTENBHO, Ui CHHXPOTPOHHOTO M3JIy4eHHUs OOHapyKEHO, YTO NpU HapacTaHUM yria 0,
MO/ KOTOPBIM PETUCTPUPYIOT U3IyUYeHue, yactoTa cBeta magaer. Cornacno CTO yacTora kKonebaHuit
anektpoHa f= V/L = ¢/L, a u3 6anmuctudeckoit reopunt f = V/L = yc/L (npu y >> 1). [IpoBeputh, Kakou
U3 BBIBOJIOB BEPEH, MOXKHO, PETHCTPUPYS U3IyUYEHHUE IEKTPOHA B MOMEPEYHOM HAIPABJICHUH, B KOTO-
POM YacTOTa U3MEHSIETCS JHUIIb 3a cuéT nonepednoro s¢dexra Homiepa. B aTom HanpaBieHuu peru-
CTpals M3JTy4EHUs: BO3MOXKHA JIUIIb Npu V < c. Iy aHanu3a MOYKHO TaKKe NMPUMEHUTH U3JIy4ECHUE
3JICKTPOHA, MPOJIETAIONMIET0 HaJ METAUTMYECKOW MU(PaKIMOHHON pemeéTkon — m3nydeHue Cmwura-
[Tapcenna, KOTOpo€ BO MHOTOM aHAJOTMYHO OHIYJATOpPHOMY [369]. DIeKTpOH, ABUIasCh CO CKOPO-
CTBIO V, TOXKE coBepIIaeT Kojiebanus ¢ yacToTou f = V/L, uznydas Ha yactote f. [IocKoIbKy MpH perns-
THUBHUCTCKUX CKOPOCTSX pacuéTHOE (M0 KPUBU3HE TPACKTOPHUH U raMMa-(paKTopy Y) 3HaYCHUE CKOPOCTH
V' B pamkax CTO u GayumMCTHUECKOM TEOPHUH Pa3IUYACTCs, OTIMYAOTCS U MPECKa3aHUus TEOPHH s
4acTOTHl fi OaluiMcTUYecKass Teopusl MpeAcKa3blBaeT B Y pa3 Oojiee BBICOKME YacCTOThI. Pa3nuuHble
npe/cKa3aHusl MONy4aroTcs U Al auarpaMmbl HarpaBieHHOCTH. Eciu B CTO u kiaccu4eckoi aek-
TPOAMHAMUKHU MakCUMyMbI n3inydenus Cmura-Ilapcemia HabaromatoTcest B mornepeyHoM K V HampasJie-
HUH, TO B 0JUINCTUYECKON TEOPUHU MAKCUMYM JIOJKEH HAOI0JaThCs B MIPSMOM HampaBiICHUH, aHAJIO-
TUYHO CHHXPOTPOHHOMY M OHIYJISITOpHOMY H3nyueHusMm (§ 4.4, § 4.6). [elictBurensHo, 0OHApYyKEHO,
YTO B MPSIMOM HAIPABJICHUH U MO/ MaJbIMU yTIaMu K V UHTEHCUBHOCTH n3nyudenus Cmura-Ilapcenna
AHOMAJIPHO yBEJIMYEHA, HAa MOPSAKM IpeBblas pacu€THyro [369]. Ho 3ToT pe3ynpTaT €CTECTBEHHO
cienyer w3 OaTMcTUYecKod Teopuu. [IpoBEepHUTH COOTBETCTBHE AITOH TEOPUH MOXKHO, H3MEpSs
yacToTy u3nydenus Cmura-Ilapcenna B mpsiMOM U IONIEPEYHOM HANpPABICHUH K TUHUU IBUKEHUSI.

Tak ke Kak B CHHXPOTPOHAX, JUIMTEIHHOCTh UMITYJIbCa U3NydeHus 1o (4.4) B OHAYIAATOPE M-
Hbl d BeIpaxkaercst B Buae AT = d/cy’. Tlostomy 3ameps AT, Harpumep, B ycraHoke «FLASH», rie
AT =25 ¢~ d/cy* [370], He mpoTnBopedar GammucTHdeckoi Teopun. Tak, B ycranoBke «FLASH»
nmuHa oHayssaropa d = 30 m, y = 1400, orkyna, AT = 50 ¢c,— Toro ke mopsika, 4To U perucTpupye-
Masi JUTHTEIBHOCTh uMiyibea AT = d/cy* = 25 ¢c. JIOnOTHHTENbHOE COKPAIICHHE ITATEIFHOCTH HM-
IyJIbCA CBSI3aHO C TE€M, UTO CKOPOCTh 3JIEKTPOHA B OHIYJIATOPE MEHSETCS, B XO/€ NOTEPh SHEPIUU Ha
OHJIyJIATOPHOE M3JIy4EHHE WM 3a CUET JOMOJIHUTEIBHOTO YCKOPEHHS AJIEKTPOHA MEXAY CEKLUSIMU
OHJIYJISITOpa B ycTaHOBKE. Eciii B Hauasne A oHIyIsiTOpa CKOPOCTh 3JIeKTpoHa V), a B koH1e B — kV, rioe

k=1 —koaddunuent npeodpazoBaHus ckopocTu, To hopmyna s AT npeoOpasyercs K BULY:
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AT = tg—ty=dlkV —dl(c+ V)= d(c + V- kV)lcy’.
AT MOXeT cAeNnaTh CKOJIb yTOIHO MAJION BETUYHHOU NpH ¢ + V — kV = 0, 4TO ©IMEEeT MECTO NpHU
k=(y+ 1)y=1,0007,
T.€. ipu ManoM (Ha 0,07%) yBenuuenun ckopoctu B ycraHoBke FLASH, BBUIy nepenauu 3HEpruu
AIIEKTPOHY B YCKOPHUTENIbHBIX CEKLIUAX, Pa3MEIIEHHBIX MEXKIY CeKUUAMU oHaysitopa [370].
Wrak, GamnucTudeckas M peNIITUBUCTCKAS TEOPUM IPEACKAa3bIBAIOT CXOJHBIE XapaKTEPUCTUKU
0(y) u AT(y) nznyuyenus [354]. B cnydae oHIyIATOPHOTO U3TYUYEHHS MPOCTEUIIUM KPpUTEpUEM BbIOOpa

MEXy KIAaCCUYECKOM U PENIATUBUCTCKON TEOPUEN CTaHYT IPSIMbIE 3aMEPbl CKOPOCTH yacTHIll [A2].

§ 4.7. lNMpsimbie 3aMepbl CKOPOCMU PesIIMUBUCMCKUX Yacmuy, U Ux ussiy4yeHus

Kak nmoxa3aHo BblllIe, SKCIIEPUMEHTHI B 00J1aCTH (PU3UKH BHICOKUX SHEPTUM U MPUHIUIIBI paOOTHI
YCKOpHTEJeH He MpOTHBOpeYaT OAJUIMCTHYECKOW TEOpUH, T.K. B MOJOOHBIX OINBITaX HE NMPOU3BOISAT
IPSIMBIX 3aMEpPOB CKOPOCTH YaCTHUIl M MX W3IydeHusd. Jlamee mpeiyioKuM CXeMbl SKCIEPUMEHTOB IO
IPSIMOMY M3MEPEHHIO CKOPOCTH YCKOPEHHBIX YaCTHL, B YACTHOCTH HA CHJIBHOTOYHOM KOPOTKOMM-
nysibcHOM yckoputene UII®D PAH u Ha nuneitHoM yckoputene KypuaTtoBckoro MHcTuTyTA.

HauBbiciias TOYHOCTh AOCTHXKMMA IIPU 3aMepax CKOPOCTH 3JIEKTPOHOB B JIMHEHHBIX YCKOPHUTE-
asX npsiMoro jerctBus. IIpu aToMm Bee 31eKTpoHbI 001a1al0T OJIMHAKOBOM AHEPrUeil U CKOPOCTHIO,
YTO NO3BOJISIET TEHEPUPOBATH KOPOTKUE CTYCTKU JIEKTPOHOB, U1l TOYHOTO M3MEPEHUS BPEMEHHU IIPO-
7€Ta CryCTKOM JUCTAaHLUHU MEXIY IBYMs JeTeKTopaMu. KopoTkue cryCcTKH 371eKTPOHOB, HEOOXOIH-
MbI€ U1 TOYHOT'O M3MEPEHHUs MPOJETHOTO BPEMEHM, MOTYT OBITh MOJYUYEHBI IpU (HOTORIEKTPOHHOM
AMHUCCHM C MOBEPXHOCTU XOJIOJHOTO KAaTOAA MOJ AEHCTBHEM IMHKOCEKYHJIHOTO JAa3€pHOI0 MMITYJbCa
WIM TPY B3pBIBHOM 371eKTpoHHOU 3Muccun [302, 303]. JInuHa Takoro cryctka MoKeT Jocturarh / ~ 1
CM, a BPEMsl €ro MposiéTa MUMO JETEKTOpa M COOTBETCTBYIONIAS ITMTEIBHOCTh HMITyiIhca Af ~ 107-
10'% ¢. 3HaueHns MAKCHMANBHOM SHEPIHH SIEKTPOHOB H MHHHMAIBHOM JTHTETBHOCTH MMITYJIECOB
OCHOBHBIX THIOB yckoputeneit cM. [371]. [logxoasmmmu asist SKCIepuMEHTa MapaMmeTpamMu odiagaer
cunbHOTOYHBIN yckopurens UII® PAH u yckoputens «Cunyc-5» [372]. Takxke MOTyT HalTH IIpUMe-
HEHHUE YCKOPHUTENH «Sinus-7» u cyOHaHOCeKyHaHbIe yckoputenu tuna «PAJIAH-220». B tabnune 4.1
MPUBEICHBl XapaKTEPUCTUKU YCKOpUTENeH M pacdy€THas IIUTenbHOCTh mponéra 7 = L/V Ga3oBoi

muctannuu L = 10 M Ha ckopocTu V, olleHeHHOH B paMKkax Oarmuctuyeckoit Teopun u B CTO.

w, D, At, T(p), Bpems 1(p), Bpems
OTHOCHT.
Mapka SHEPTUS | UMITYJIbC JUTHHA npoJéra nposiéra
(CTO) (BTP) ommoKa,
CKOPHUTEII YaCTHIl, | YaCTHIl, | UMIIyJbCa, s ,
yEroP Y 0T = AyT

M»>B MbB/c HC HC HC
CUJILHOTOYHEBIN

~0,7 0,85 17 39 20 ~60 %
yckopurens UTD
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«Cunyc-5» ~0,5 0,71 5 41 24 ~15%

«PAJTAH-220» ~0,3 0,55 0,2-0,45 45 31 ~1 %

«Sinus-7» ~1,5 1,24 40 36 14 ~100 %
Taoauua 4.1.

[Ipenckazanasie CTO u BTP 3nHavenus BpemEén mponéra 6a3el L oramvarorcs B 1,5-2 pasa, u 3T0
OTJIMYME JIETKO BBIABUTH JeTekTopamu yactull. B ycranoBkax «PAJIAH-220» u «Cunyc-5» ToOUHOCTB
JIOCTUTaeT HECKOJBKHUX IIPOLIEHTOB, IMO3BOJASA CHENaTh BBIBOA B IOJIb3Y OJHOW M3 Teopuil. B
yctanoBke «PAJIAH-220» 6a3a moxkeT ObITh CHIDKEHA 10 L = 1 M nipu TouHocTu uzmeperus ~10 %.
OTtmeTuM, 4TO B OAUIMCTHYECKOW TEOPHM IpPHU PEIATUBHCTCKUX CKOPOCTSX 3JIEKTPOHOB HX
SHeprus W He mponopLMoHaibHa ycKopsiomeMy HanpsbkeHuto U (§ 4.8), T.e. He BBINOJIHIETCS 3aKOH
W =eU [A38, A45, A54]. Oto cBA3aHO C OAITMCTUYECKON 3aBUCHUMOCTBIO YCKOPSIOLIEH CHIIBI OT
ckopoctH V yactun [15, A20]. IToaTomy 3HauU€HUS SHEPTHIl IEKTPOHOB BHICTYIAIOT JIMILb B KAUECTBE
OpPUEHTUPOBOUYHBIX. TOUHO U3MEPEHO MOXKET OBITh JIMILL 3HAYCHUE MUMITYJIbCA p DICKTPOHOB (IO KpH-
BU3HE UX TPAEKTOPUIH B MarHUTHOM I0OJI€), HA OCHOBAHUU KOTOPOI'O U IMPOM3BEAEHBI pacuéThl KJIACCH-
YEeCKOW U PENATUBUCTCKON CKOpOCTH B Ta0J1. 4.1. Hike npuBoAMM BbIpayKE€HUS AJIs CBSA3U SHEpruu W,

. . 2
UMIIYJIbCA p U CKOPOCTH V B KJIaCCUUECKOM M PENSITUBUCTCKON (pu3uke (3Heprust nokos Wy = mc”).

3aBUCUMOCTb Knaccuueckas gusuka CTO
p(W) p:\/ZWm:\/ZWWO/c p:qle_Woz/C
V(p) V=p/m ==
P m? + p2 /c?
_L W L Wy +(pe)’
T(p) T= r-L.
¢ pc c pc
Taboauua 4.2

s u3MepeHnst CKOPOCTH SJIEKTPOHOB MOTYT TaK)K€ HAMTH NPUMEHEHUE PE30HAHCHBIE JIMHEH-
HbIE YCKOPUTEH Ha CTOSYeH uiu Oeryiel BoiHe. B yacTHOCTH, MOKHO HMCIONIB30BaTh TUHEHHBIN yC-
Kopurenb 1eKTpoHoB Ha 80—100 MaB Kypuartosckoro uncruryta [373, 374]. [lnuna yckopurens — 6
M, a JUTUTEIILHOCTh uMITyJbca Af = 18 Hc. Takum 00pa3oM, Ipu U3MEPEHUH BPEMEHH MPOJIETA DIICK-
TpoHOB JUTHHBI L = 10 M XapakTepHOe BpeMs MPoJETa AUCTAHIIMM Ha CKOPOCTH CBETa ¢ COCTaBUT T =
L/c =33 Hc, 9TO COMOCTABUMO C JUIUTEILHOCTHIO HMITYJIbca Af, T.€. CKOPOCTh HE MOXET OBITH H3Mepe-
Ha TOYHO, HO ATOM TOYHOCTH BITIOJIHE JOCTATOYHO Ji BbIOOpa Mexay Teopueit Purua u CTO.

TouHble U3MepeHUs V' MOKHO NMPOU3BECTH B BaKyyMHpPOBAaHHOM KaHaie AAMHOW L ~ 1 kM, Ha
BbIX0JIe U3 yckopurens. Torma 7= L/c = 3,3 MKC, 1 OTHOCHTENbHAsI ONIMOKAa M3MEPEHHUS CKOPOCTH
AVIV =At/T ~0,5%. Bmnpouem, npu sHeprun 100 M»>B, u3 kiaccuyeckoil OLEHKH CKOpPOCTU

anekTpoHoB V= 200c Haiiném Bpems mponéra 7'= L/V =17 HC, 4TO CPaBHUMO C [UIUTEIBHOCTBIO
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umiyinbsca 18 He. Ho mpu pasrone no ckopocteit V= 200c, mponmopruoOHAIBHO CHUXKACTCS BPEMs
nponéra cryctka mumo aetekropa At'= Atc/V =0,2 nc. Takum oOpa3oM, OTHOCHTENIbHAS OIIMOKa
u3MepeHuss BpemeHu Ta ke, 4ro u B CTO At/T'= At/T = Atc/L. Bo Bcex paccCMOTPEHHBIX
DKCIEPUMEHTAaX Ha JIuMHE L He JOJDKHO AEeWCTBOBaTh YycKopstouiee mnoisie. [Ipm 3tom ckopocThb
AJIEKTPOHOB V — MOCTOSIHHA, YTO MCKJIIOYAET OIIMOKHU U HETOYHOCTH, Kak B onbITe bepromm (§ 4.1).

B skcnepuMeHTax Mo CpaBHEHUIO CKOPOCTHU JIEKTPOHOB M CKOPOCTH CBETA, B KAYECTBE OIIOPHO-
IO CBETOBOI'O CUTHAJA CJIEIyeT IPUMEHATH CBET OT HEMOABUKHOIO UCTOYHHUKA, a HE OT JBMKYIIUXCS
AJIEKTPOHOB, T.K. CBET, U3NMYUYEHHBIN UM PaCCESHHBIA MOABM)KHBIMU 3JIEKTPOHAMH, COTJIACHO Oayim-
CTHUYECKON TEOpHUH, 3aUMCTBYET UX CKOpPOCTb. B yacTHOCTH, MMKOCEKYHIHBIM UM (PEMTOCEKYHIHBIN
J1a3ep ¢ MIUTEIbHOCTBIO UMITyJibca Af ~ 10'*-10"? ¢ He TOIBKO MO3BOIUT TOYHO HU3MEPUTH CKOPOCTh
ceTa (§ 3.3), HO U CPaBHUTH €€ CO CKOPOCTBIO CBETA OT NEKTPOHOB M CO CKOPOCTBIO CAMHUX 3JIEKTPO-
HOB. [Ipy 3TOM CHHXpPOHHOE W3JIy4YCHHE MMITYJIbCa CBETa W 3JEKTPOHOB MOXKHO OOECHEUUTh MyTEM
BO3/ICUCTBUS (PEMTOCEKYHIHOTO UMITyJIbca Ha (POTOKATOA. Tor/aa mporucXoIuT OHOBPEMEHHBII BHUIET
OTpaXEHHOT'O KaTOZOM CBETA M DJIEKTPOHOB, JAJIe€ PAa3TOHIEMBIX B YCKOPHTENE. Jl€TEKTOpHI AIEKTPO-
HOB M CBETa B KOHIIE MPOJETHOM 6a3bl MO3BOJAT TOYHO U3MEPHUTH PA3HUIY MOMEHTOB MPUX0Ja U3IY-
YEHUH B 3aBUCUMOCTH OT SHEPTUU DJIEKTPOHOB Ul omnpeneneHus V u nposepku reopuu Purna. B ka-
YECTBE JIETEKTOPOB JIEKTPOHHBIX CI'YCTKOB MOYKHO NMPUMEHHUTDH JIEKTPOONTUYECKUI ETEKTOp C pas-
pemerneM 1o Bpemenu 200 mic [363]. st cBepXOBICTPOTO JAETEKTHPOBAHUS CTYCTKOB JICKTPOHOB C
BBICOKMM BPEMEHHBIM PA3PEIICHUEM HalWIyT NPUMEHEHUE U IPYTHe TUIIBI JETEKTOPOB, B T.4. BPEMsI-
MPOEKIMOHHbIE KaMmepbl [375] M IIIOCKO-IPOEKIIMOHHbIE KaMephl [342] ¢ peKOpAHBIM BPEMEHHBIM
paspemenueM 50-100 nc. B yactHoctn, kamepa ALICE (c pa3pemenuem o spemenu 100 1c) Moxer
OBITh MTPUMEHEHA I U3MEPEHHSI CKOPOCTH PEISITUBUCTCKUX YACTHIl U3 JIIOOBIX TUTIOB YCKOPHUTEIEH.
OtmeTnM, 4TO B TAKUX U3MEPEHUSX, NEUCTBUTEIBHO, PETMCTPUPOBAIUCH CBEPXCBETOBBIC YACTHUIIBI, Y
KOTOPBIX 3HAUEHUSI CKOPOCTH COOTBETCTBYIOT cKopee Kiaccudeckoi gusuke, uem CTO [343, 344].

s n3MepeHuss CKOpPOCTH CUHXPOTPOHHOIO (OHAYJISATOPHOIO) M3IYUYEHHS! OT PEISTUBUCTCKUX
WIH YJIBTPAPEISITUBUCTCKUX 3JIEKTPOHOB B YCKOPUTEIIE UX CIEAYET MPOIyCKaTh yepe3 00JacTh, B KO-
TOPOM CO3/JaHO MarHUTHOE 10JIe. B 3TOM cily4ae [JUIMTEIbHOCTh UMITyJIbca Af OIpeneaeTcss BpEMEHEM
nponéra, T.e. MPOTsHKEHHOCThIO cryctka d~0,5 M. [lpu ckopoctu V' 3IEKTPOHHOTO CrycTKa
JUINTENILHOCTh uMITyJibca At =d/V, uro npu V ~c naér Benuuuny Af~ 2:107 ¢c. Eciu B paMKax
KJIACCUYECKOM (PU3UKH YYECTh CBEPXCBETOBYIO CKOPOCTb YJIbTPApPEISTUBUCTCKUX D3JEKTPOHOB U
knaccuueckuii addext [domepa, Torma MMMYJIbC MOIYYHUTCS CYIIECTBEHHO Kopoue: Ar'= A#/(1 +
Vie) = de/V* = dlcy’. Tlo GammicTHYecKOi TeOpHH BPeMsl POJIETa HMITYIbCOM JUCTAHIUA L COCTABUT
T= L/(c+ V)= Llcy. A orHOocuTenbHas ommOka u3mepenus 1 cocrtaBut At/T= d/Ly, T.e. MOXeT

nocturath 3HadeHnit ~10-10*, uto 06ecneunT oueHb BRICOKYIO TOYHOCTh H3MEPEHHS CKOPOCTH.
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WTak, cKOpOCTh 3JEKTPOHOB JIETKO M3MEPUThH Ha JIEHCTBYIOIIMX JUHEHHBIX yckopuTenax. s
U3MEPEHUs] CKOPOCTH MOHOB, siiep TpeOyroTcs HaMHOTo OoJiee MOIIHBIE yCKOpHUTENnH. B 3akmodeHne
CHOBa OTMETHUM, YTO 0Oe3 MOAOOHBIX MNPSAMBIX 3aMEPOB CKOPOCTH PENATUBUCTCKUX YacTHUI[ JIFOOOH

SKCHCPUMCHT 10 USMCPCHHUIO UX XAPAKTCPHUCTUK NI CKOPOCTU UX U3TTYUYCHHA, HC UMCCT CMbICJIA

§ 4.8. Bannucmuy4eckas annekmpoduHaMuKa

B nonp3y GanmucTrueckoi TeOpUr CBUIETENBCTBYIOT TAK)KE IKCIIEPUMEHTHI IO U3MEPEHHIO Be-
JUYUHBI U CKOPOCTHU PACIPOCTPAHEHHUSI 3JIEKTPOMArHUTHBIX BO3JCUCTBUM OT 3aps0B, IBUKYIIUXCS C
PENATUBUCTCKUMHU CKOpOCTsIMH. K drcy Takux 3¢ (eKTOB OTHOCHUTCS 3aBUCUMOCTh KYJIOHOBCKOH CH-
JIbI OT CKOPOCTH 3apsioB, T.€. ANEKTPOJUHAMUYECKAS CUJIA OTIMYAETCS OT DJIEKTPOCTaTHYECKOM [15,
376]. CornacHo OanTUCTUYECKONH TEOPUU, BEIMYMHA CHIIBI MPOMOPIIMOHATIbHA KBAAPaTy CKOPOCTH C’
Haberaromero notoka peoHoB [A20]. [TosToMy npu ABMKEHHMHU 3apsiia CO CKOPOCTBIO V' OTHOCUTEIHHO
HEMOJABUKHOTO UCTOYHHUKA MOJISl BETUYMHA CHJIBI HApacTaeT WK CHUXaeTcs Kak F' = Fy(c '/c)z.

Tak, B skciepuMeHTax OOHApPYKEHO, YTO BEIMYMHA d()PEKTUBHOTO CEUCHUS PACCESHHS MPOTO-
HOB PacTET NP yBEIUUYEHUH UX 3Hepruu [377]. D10 HapacTaHWe HEMOHATHOE B paMKaX TE€OPUU OTHO-
CUTEJILHOCTH U KBAaHTOBOW (PM3UKH, €CTECTBEHHO CIIEAYeT U3 OaJUIMCTUUECKOM TEOPHH, COTJIaCHO KO-
TOPOU YBEJIIMYECHUE SHEPTUU U OTHOCUTEIBHON CKOPOCTH V siiep NpUBOAUT K POCTY KYJIOHOBCKOW CH-
JI6I MIX B3aUMOJICHCTBUS, a 3HAYHT K YBEITUUEHUIO 3(D(PEeKTUBHOTO CEUCHUS paCCEsTHHUS.

Hpyroii sKCneprUMEHT, OOHAPYKUBIIUNA OTKJIOHEHHUS OT (POPMYJI MaKCBEJUIOBCKOM 3JIEKTPOIM-
Hamuku 1 CTO, 6b11 nocTabneH Ha yckoputene llanxaiickoro uncturyTa B Kurae [362]. B skcnepu-
MeHTe ObLJIO 0OHApY>KEHO, YTO M3MEPEHHAs! KaJOPHUMETPUYECKHMM METOJIOM 3HEeprusi W yCKOpPEeHHBIX
AJIEKTPOHOB, YUCJIO KOTOPBIX N M3MEPEHO MO 3apsiiy, MOTJIOLEHHOMY MUILIEHBIO, MEHbIIE 3HEPTUU
NeU, npuoOpeTEHHOM 3JIEKTpOHAMHU B YCKOPSIOIIEH pa3HOCTH MoTeHIanoB U. DT1oT addext — npsi-
MO€ CJeICTBUE OAUTMCTUYECKON TEOpPUH, MOCKOJBKY YCKOPSIOLIEMY MO0 MPUXOAUTCS AOTOHATH
AJIEKTPOHBI U BO3JEHCTBUE CHMXKEHO /10 BEJIMUUHBI F' = Fo(c’/c)2 = Fo(c—V)z/c2 10 CPABHEHHUIO C BEJIU-
YUHOU CHIIbI F), NEHUCTBYIONEH HAa HEMOABIKHBIN 3apsan. COOTBETCTBEHHO, YHEPrusi, mpruoOpeTacmas
KKJIBIM AJICKTPOHOM, Oyaetr meHbine elU. TouHyl CBs3b MEXIy dHeprued W w HanpsokeHuem U
MO>KHO BBIBECTH IO U3BECTHOM KOHCTPYKILIMH U TIApAMETPaM YCKOPHUTENS, 3Hasl paclpeeieHue 3apsaaa
U YCKOPSAIOILEro MOTeHIMaNa. TeM caMbIM CpaBHEHUE SHEPTUU, UMITYJIbCA, CKOPOCTH U YCKOPSIOILErO
HanpspKeHUs Aa€T emé oAMH KpUTepuid BbIOOpa Mexay Teopueil Putiia u Teopreit OTHOCUTEIBHOCTH.

Emé onHuM kpuTepueM NpPOBEPKH CIIyXKaT MpsSMbIE 3aMepPbl CKOPOCTH PacHpOCTpPaHEHUs
snektpudeckoro noiusd ¢'. Ecau no CTO B Bakyyme 3Ta CKOPOCTbh paBHA ¢ U HE 3aBHCHUT OT CKOPOCTHU
UCTOYHHUKA, TO B OAJUIMCTUYECKOM TEOpUH ¢’ ONpeaessieTcsi Kak cyMMa CKOPOCTH V MCTOYHMKA M CKO-
pPOCTHU ¢ TOJSI OTHOCUTEIBHO UCTOYHUKA. T.e. mosie ABMXKETCS BMECTE C MCTOYHHMKOM, 3aUMCTBYS €0

ckopocth. Mmenno Tak B. [1aynm onpenensin 6aIMCTHYECKYIO TEOPHIO, 3aITUCaB YPAaBHEHUS DJICKTPO-
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nuHamMuku Q(P, 1), A(P, f) ¢ BpeMEHHOH 3aJIep>KKOM, 3aBUCSILENH OT CKOPOCTH UCTOUYHMKA [16]. Dkcne-
PUMEHTHI NOATBEPANIIH, UYTO TOJIE ABUKETCS BMECTE C MCTOYHUKOM, 3aUMCTBYS €r0 CKOPOCTh [22].
JUis BeIM4MHBI MarHUTHOT'O 10JI B OQJIJIMCTUYECKOM TEOPUH MOJIYyYaroTcs Te ke 3aBUCUMOCTH,
4YTO U B KJIaccuueckoi snekrpoanHamuke [Al4, A20]. A camMmu MarHUTHbIE U WHIYKUHUOHHBIE CHUJIBIL,
Kak nokaszain Puti [15], 3T0 — cieacTBue 3aBUCUMOCTH 3JIEKTPUUECKHUX CHUJT OT cKopocTH. Tak, eciu B
JIBYX NapaulelbHbIX METANIMYECKUX MPOBOJHUKAX KYJIOHOBCKHE CHJIBI OJJHOUMEHHBIX U Pa3HOUMEH-
HBIX 3apsJ10B CKOMIIEHCUPOBAHBI, TO NMPH MPOMYCKaHUU TOKA, T.€. IPU ABMIKEHHUHUHU 3JIEKTPOHOB, KYJIO-
HOBCKHE CHJIBI MEHSIOTCS M OallaHC CHJI HapyLIaeTCs: BO3HUKACT MPUTATHBAIONIAS WM OTTAJIKUBAIO-
miast cuaa Amrepa, a o CyTH — 3JIeKTpuueckas cuia. AHaJIOTM4YHO BeIBoauTcs cuia Jlopenua [A20].
[TpoBOHHMKY C COHAIIPABICHHBIMM TOKAMHU PaBHOM BEIMYUHBI MOKHO MPEACTABUTh KaK JABHXKY-
IIMECSI OTHOCUTENIBHO TOJIOKUTENIBHBIX HOHOB MOTOKU 3JIEKTPOHOB. IlocKONbKY B 3TOM cilydae cuiia
Amnepa npeacTaBisieT co00i CyMMy MOMPABOK K KyJIOHOBCKOM CHJIE B3aUMOJICHCTBHS pa3HOUMEHHBIX
3aps0B, TO MArHUTHOE BO3JIEHCTBUE B PAaBHOM CTENEHM UCIBITHIBAIOT U IMOJIOKUTEIbHBIE U OTpHUIIA-
TeJIbHBIE 3apsibl. T.e. cuila BO3AEHCTBUS HA IMOJBUKHBIE JIEKTPOHBI B METANINYECKOM MPOBOJHUKE
WIK B IUIa3Me paBHA MOJOBUHE KJIacCU4ecKoil cuisl Amnepa F, = F4/2, B oTIM4ne OT MPUHATOTO 3HA-
yeHus F, = F4. DTO OTIMYHKE JIETKO OOHAPYKUTb, HAIPUMEDP, B MUHY-IPPEKTE, KOTOPBIH MPOSBIAECTCS
B CY>KEHUU IUIa3MEHHOIO ITy4YKa 3a CUET NMPUTSHKEHUS ABIKYIIMXCS 3apsiioB, 3JIEKTPOHOB, 00Janao-
IIUX MHOTO OOJIBIIMMHU CKOPOCTSIMH M TOJBM)KHOCTSMH, YeM HOHBI. COOTBETCTBEHHO B paMKax Oai-
JMCTUYECKON TeOpUH BeIMUnHa NUHY-3¢deKxTa OyIeT B 1Ba pa3a MEHbIIIE, YEM IPUHATO CUUTATh.
W3BecTeH U psl Ipyrux 3J€KTPOJUHAMUYECKHX 3KCIIEPUMEHTOB (B YaCTHOCTH, OMBIT I'paHo) u
napagoKCcoB, HE OOBACHEHHBIX B paMKaxX MAaKCBEIUIOBCKOH anekrpoauHamuku [378, 379], Ho momy-
YUBIIUX OOBSICHEHNE B paMKaxX OaJUTMCTHYECKOH MEKTPOJMHAMUKU. B gacTHOCTH, 3 dekT AapoHoBa-
boma, T.e. MarHuTHOE BO3J€MCTBUE HA AIEKTPOHBI, IPOJICTAIONINE CHAPY KU OT JJIMHHOIO COJIEHOMIA —
B 00J1acTH, Ile, COIVIACHO 3JIEKTPOJUHAMUKe MakcBesia, OTCYTCTBYET MarHUTHOE I10JIe, ECTECTBEHHO
OOBSICHAIOTCS B paMKaX OaJUTMCTUYECKOM TEOPHH, COTIIACHO KOTOPOH KBaJApaTHYHBIE TIO U/C TOTIPaBKU
OT CKOPOCTH U 9JIEKTPOHOB B BhIpaxkeHHH F'= Fy(c'/c)’ He MOryT GbITh CKOMIICHCHPOBAaHBI [A48].
JleficTBUTENHEHO, HECMOTPS Ha O0IIIEe CXOJICTBO KJIACCUYECKON U OATTUCTUYECKON 3JIEKTPOAMHAMUYE-
CKUX TE€OpHil, OHH BCE ke conepkaT pazauuusi. C 0HONW CTOPOHBI, 3TO MO3BOJISAET OOBICHUTH HEKOTO-
pble MapaJoKChl 1 AaHOMAJIMU KJIACCHYECKOH 3JEKTPOJMHAMUKH, a TAKXKe OT/JeNIbHbIe HECOOTBETCTBUS
9KCHEPUMEHTA M TEOPHUHU, C APYTON CTOPOHBI, IPUBOIUT K HEOOXOIUMOCTH MMOCTAHOBKH KCIEPUMEH-
TOB TI0 CPAaBHEHMIO JIBYX TEOpHH. B psje OTHOLIEHUI 3J€KTPOJMHAMUYECKHE SKCIIEPUMEHTHI IIPOIIE
ontuyeckux. [loaTroMy maHHBIN MyTh NPOBEPKU OAJUIMCTUYECKON TEOPUH HanOoJiee MPEANOUYTUTENIEH.
[ToMuMoO yTOUEHMSI NIEKTPOAMHAMUKY, OH, B CIy4ae MOATBEP)KACHHUS OAJUIMCTUYECKONW 3aBUCUMOCTH,
MO3BOJMT HOBBICUTH 3(PPEKTUBHOCTb PEIATUBUCTCKOM 3JMEKTPOHUKUM M B YaCTHOCTH YCKOpHUTENIEH

[376, A38, A45, A49, A54].
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§ 4.9. KeaHmoenbie aghgpekmbi 6annucmu4veckoli aneKkmpoluHaMuKu

[ToaTBepkneHneM OATUCTHYECKON TEOPUH MOTJIO OBl CTAaTh SKCIIEPUMEHTAILHOE OOHApYKEHHE
KBAHTOB 3JIEKTPUUECKOT0 1ot — peoHoB. CaM B. Purti Ha3piBasl 3TH YacTuUIlbl, UCITyCKaeMbIe 3apsiaa-
MU,— (PUKTUBHBIMU YacTulamu [15], moapasymeBasi, YTO 3TH YaCTUIIBI MOXKHO PacCMaTpUBATh M KaK
YUCTO MaTeMaTh4yecKyto adctpakiuio. DakTudecku ke, kak ormedeHo [21], Put mokaszan npenmy-
HIeCTBA MOJIOOHOr0 MEXaHUYECKOTO OMUCAHMS JICKTPOMArHUTHBIX B3auMozeicTBuii [21], u Ha3piBal
CBOIO TEOPHUIO «MEXAHUYECKOW TeopHel anekrpuuectBa» [15, c. 149]. KBaHTbl 2neKkTprueckoro mnoss,
UCITyCKaeMble 3apsiiaMu, MPU3HAET U COBPEMEHHAs KBAHTOBAs JIEKTPOJIUHAMUKA B (hOpME BHPTyaIb-
HbIX (poToHOB. Co3aTenu KBaHTOBOM ekTpoauHaMuku (KO /1) P. deitaman u k. Yumiep, pa3BuBas
UJCI0 BUPTYaJbHBIX (DOTOHOB, 3aMa3/bIBAIONINX M ONEPEKAIOIINX MOTEHIIMAIOB, BO MHOIOM OIHpa-
Juch Ha paboThl Putiia, ¢ KoTopbiMH ObUIM O3HAKOMJIEHBI Yepe3 A. DifHmreiina [336, 380].

BBuny manbix pasmMepoB peoHOB (II0 CPaBHEHUIO C IPYTMMH YacTHIIAMM), UX MOYKHO 3apErucT-
pUpOBaTh TOJIBKO KOCBEHHO, HANpUMeEp, MO XaO0TUYECKOMY JBHKEHHUIO CBOOOJHBIX 3JIEKTPOHOB INPHU
UCIYCKaHUH U TIOTJIOIIEHUU PEOHOB. J[eHCTBUTENBHO, Y AMEKTPOHOB, LHUPKYJIUPYIOMIUX B OHIYJSATO-
pax, ObLITN OTKPBITHI XaoTHueckue aeuxkenHus (Puc. 4.13.a), mpuuéM B peryJsipHBIX TOJSAX U B OTCYTCT-
BHE€ CTOJIKHOBEHMH C aTroMamH U pyrumu siektpoHamu [112, 381]. OnuHOUYHBIN ynbTpapensiTUBUCT-
CKHUH DJIEKTPOH CIY’KUT MCTOYHMKOM JOCTATOYHOTO JUIsl PErMCTpali CUHXPOTPOHHOTO W3JTy4EHUs
[236, 302], npuuéM OCTpPOHAMPABIECHHOIO, U MOCJIEIOBATEIbHBIE MOJ0KEHUS JIEKTPOHA B MOIMEpPEU-
HOM CEYEHHMH BAaKyyMHOH KaMepbl TOUHO U3MepsAoTcs. Tak Obuin 0OHapyKeHbl OecropsI0YHbIEC ABU-

JKEHUS DJICKTPOHA, HAITOMUHAIOIINE Xa0TUYECKUE JIBIKEHUsI OpOYHOBCKUX dacTull [381, 382].

Puc. 4.13. a) XaoTnueckoe JBHKEHUE JIICKTPOHA € B ITONIEPEYHOM CEYEHHH KaMephl
ycxoputens BOIIII-3 [381, 382], kak pe3yibTaT HCITyCKaHUS 1 MTOTJIOMICHUS PEOHOB R;

0) BpallleHNe IEKTPOHA KaK Pe3yJIbTaT UCITyCKaHHs U MOTJIOMIEHHS PEOHOB.

B pamkax teopumn Purtna naBHO npenckasbiBasid MOJ00HOE «OpOYHOBCKOE» JBM)KEHHUE 3apsioB
noJ yaapamu peoHos [15, 37, A48]. JlelicTtBuTenbHO, CBOOOHBIEC SNIEKTPOHBI, IPU UCITYCKAaHUU U TIO-
IJIOIIEHUH PEOHOB JOJIKHBI AP0’KaTh, CMEIATHCS B CIIy4ailHOM HaIlpaBJIIEHUU 3a CUET UMITYJILCOB OT-
Jlaud U yJapoB pEoHOB. B TakoM ciyuyae 31€KTpOH, AEUCTBUTEIbHO, BEN Obl ce0Osi aHAJIOrM4HO Opo-

YHOBCKOM 4acTHIIE, XaOTUYHO JIBIKYILIEHCS O] yIapaMH CO CTOPOHBI MOJIEKYJI BOJBI MJIM BO3/1yXa.
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OTMmeTHM, 4TO KBAHTOBAsi TEOPUS TOXKE MPEACKA3bIBAET M0JOOHOE ABM)KEHUE 3JIEKTPOHA 3a CUET
WCITYCKaHHsI KBAHTOB CHHXPOTPOHHOTO M3JIyYE€HHS B ClIy4alHbIX HampasieHusax [355, 381]. Oanako,
€CIM B KBAHTOBOH PENSITUBUCTCKONW TEOPHUH HMHTEHCUBHOCTH OPOYHOBCKOTO ABM)KEHUS MPH POCTE
DHEPIUM JIEKTPOHA CHUXKAETCSI, BBUAY POCTa PEISTUBUCTCKON MacChl 3JIEKTPOHA U YMEHBIICHUS YIJIa
U3JTY4YCHHUS, T.C. MOMEPEYHBIX HMMITYJILCOB (JOTOHOB, TO B OAJUIMCTUYECKON TEOPUM WHTEHCHUBHOCTH
«OpOYHOBCKOT0» JBMKEHHUS 3JIEKTPOHA COXpaHsieTcs (BBUAY MOCTOSHCTBA UMITYJIbCOB OTJAuu), U Aa-
K€ HapacTaeT (0T yJalleHHs COyIapeHH CO CTOPOHBI BCTPEUHOTO MMOTOKA PEOHOB).

HaGmonaemoe «OpOyHOBCKOE» JBIXKEHHUE JIEKTPOHOB [381], MOATBEPIMB PEalbHOCTh PEOHOB,
MO3BOJIIET PACCUUTATh UX MACCY M YaCTOTY UCITyCKaHUS, TaK K€ KaK JBUKEHHE OpPOYHOBCKUX YAaCTHUIL
MOATBEPINIIO PEATBHOCTh ATOMOB M MO3BOJIMJIO OLICHUTh UX Macchl. ECIM KyJIOHOBCKOE OTTaJIKUBaHUE
JBYX 3JEKTPOHOB BbI3BaHO yaapamu peoHoB (cm. BBEJIEHUE), ucnyuieHHbIX 3€KTPOHAMHU, TO OT-
CI0J1a CIIEAYET TOJIbKO COOTHOLICHUE, CBA3BIBAIOIIEE MACCy PEOHA L, YACIIO PEOHOB [V, UCITyCKAaeMBbIX B

€MHUIlY BPEMEHHU U paJuyc IEKTPOHA 7, 3a/1al0LUI ceueHue NoriomeHus aektpona (Puc. 4.14).

Puc. 4.14. Cxema ucnyCKaHus 2JIEKTPOHAMHU YaCTHULI, IPOU3BOSIIUX CBOUMU

yJapamu 3JIEKTPUUECKOE OTTAJIKUBAHUE C KYJIOHOBCKOM CHIION F' ~ 1/R.

JeiictButensHo, PUTLl yTBEpKAall, UTO KaXKIbIil 2JIEMEHTAPHBIN 3aps] (271eKmpoH) €KECEKYHIHO
UCITyCKAeT MOCTOSIHHOE YMCJI0 PpeOHOB N BO BCEX HAMPABJICHHUIX CO CKOPOCTHIO cBeTa ¢ [15]. Manas ux
YacTh /1 JOJIETAET 0 APYIOro 3JE€KTPOHA, PACIOJI0KEHHOTO HA PACCTOSIHUM R. DTy 4acTh OLEHUM,
CUMTas JIEKTPOH LIApUKOM paauyca r. IIoCKOIbKY 3JE€KTPOH €KECEeKYH/IHO UCIycKaeT N 4acTuil, Ta-
KOE 7K€ UHCIIO JACTHIL JOIKHO €XKECEKYHIHO MepecekaTh MOBEPXHOCTb 4R’ OKpYKalOMiei JIeKTPOH
cdepsl. Ecu yacTuipl pas3ieTaloTcsl 0 BCEM HampaBiICHUSIM PaBHOMEPHO (UTO CIELYET U3 U30TPOI-
HOCTH 10Nt E 97IeKTPOHA), TO B SJIEKTPOH MONEPEYHBIM CEYCHNEM 17, PACITOIOKEHHBIN Ha PaccTos-
HUM R, TIOMaaeT 1071 YACTHUII, COCTABIsIOmast m7-/4mR” oT mosHoro ux motoka N. Takum 06paszom,

n = Nnr*/AnR* = Nr*/AR?.
Torpa cuna F oTTaaKkuBaHuUs ABYX 3JIEKTPOHOB, PAaCIOIOKEHHBIX Ha paccTossHuU R (Puc. 4.14)
F = npc = Nr*uc/4R*.
ITo cyTn, 3T0 — MexaHn4eCcKoe BbipaxeHue 3akoHa KylioHa: cuiia oTTadkuBaHUs, IEUCTBYIOIIAS

2
MEXY ABYMS 3JI€MEHTapHBIMU 3apsiaMH, MpornopiuuoHanbHa 1/R°. Ecnu 3apsiiel He J1eMEHTapHbI, a
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coAepKaT MEPBBIM — ¢ AIEKTPOHOB, BTOPOU — ¢» BJIEKTPOHOB, PE3YyJIbTUPYIOLIAs CHJIA B3AUMOAECHCT-
BUSI paBHA CyMME JIEMEHTApHBIX CHJI B3aUMOJCHCTBUS 3JIEMEHTAPHBIX 3aps/IOB BO BCEX BO3MOXKHBIX
KoMOuHaIusx. Pabotaer npuHIMN CyNepno3uii — BO3ACUCTBUS OT pa3HbIX JIEKTPOHOB HE BIIUSIOT
Jpyr Ha Apyra, T.e. IOTOKM PEOHOB OT Pa3HbIX AJIEKTPOHOB HE B3aMMOJEHUCTBYIOT IPU NEPECEUCHUH,
BBUJIy HUYTOXHBIX pPa3MEpPOB PEOHOB, CBOJSAILINX K HYJIIO BEPOSITHOCTh MX CTOJIKHOBEHHM MEXIy CO-
60ii. Torma Kaxaplid U3 ¢ SJAECKTPOHOB B3aMMOJICUCTBYET C KaXIBIM U3 ¢, DIEKTPOHOB. T.€. BCero q1q2
OJIMHAKOBBIX YIEMEHTAPHBIX CHJI OTTATKMBAHUS Ni [lc/4R%, B cyMMe 00pa3yIOIIIX CHITy
F = q1q2Nr*uc/4R* = Aq1q-/R?, (4.16)
rne 4 = erpc/4 — (bynpameHTanbHas KOHCTaHTA (C Pa3MEPHOCTHIO H-M’ B CN), g1 u g, — 3apsaneI Tem,
U3MEpPEHHBIE B 3apsAax 3JIeKTpoHa. TeM cambIM mosydaeTcs nojiHas popMmysnnpoBka 3akoHa Kynona:
F= qlqzez/4nsoR2, (4.17)
IZI€ e — 3aps] DJIEKTPOHA, € — MIEKTPUUIECKas IOCTOSIHHASL.
N3 popmyst (4.16) u Beipakenus 3akoHa Kyiona (4.17) MokHO HaTH
A = Ni* uc/4 = e2/47t80, 1501051 neru = ez/cso.
OrTcroza cieyeT COOTHOILIEHUE, CBA3bIBatoIiee N, W, » U pyHIaMeHTaIbHblE KOHCTAHTHI €, ¢, €
N= ez/nrzucso. (4.18)
Opnnaxo u3 (4.18) Henb3s BbIBECTH caMU 3HA4eHUsI N, 7 U |L, Ja)Ke CUUTAsl PaUyC 7 dJIEKTPOHA
M3BECTHBIM U PaBHBIM KJIACCHUYECKOMY PAJNyCy JIEKTPOHA 7 (B AEHCTBUTENBHOCTH, KaK IOKa3bIBAIOT
OLIEHKH, ¥ << rg). [loaTOMy A5 OIpeneseHust MacChl [L PeOHa CIeNyeT UCIOIb30BATh AONOIHUTENb-
HBIE TUTIOTE3bI, KaK B paboTrax [A48, 383], m100 yuecTh JOMONHUTENbHBIC YCIOBUS, HAIPUMED XapaK-
TEPUCTHKH CITy4allHOTO JABIKEHHS AJIEKTPOHOB. [Ipumensst popmyny DiHIITEHHA 17151 OPOYHOBCKOTO
nBIKEeHUS [384], MOKHO HAWTH ISl CPETHETO KBajipaTa CMEIICHUS JIEKTPOHA <xP> = 2ucth 3a BpeMst
t, TIe B — NOJBMXKHOCTb, XapaKTEpU3YyIOllas CONPOTHUBIEHHE JBHKEHHIO JIEKTpoHa. [[ist OpoyHOB-
CKUX YacTHI] 3TOT KO3(pPULIMEHT XapaKTepu3yeT CHUITy BSI3KOTO TPEHUS CPeAbl, a AJIs SJIEKTPOHA — CUITY
PaaMallMOHHOTO TPEHUS (PeaKLtIo, JEUCTBYIONIYIO HA AIEKTPOH MPU U3IyUYEHUH B MOMEHTHI CKauKOB)
U CHJIy COIPOTHUBIIEHUS CO CTOPOHBI MAarHUTHOT'O MOJIS, YAEPKUBAIOLIETO AIEKTPOHBI HA OpOUTaX BO3-
Je ocu KaMepbl. UTOObI BBIpa3uTh CMELICHUE YEPE3 U3BECTHBIC XaPAKTEPUCTUKH 3JIEKTPOHA, BOCIIONb-
3yeMcst hOpMYJIOH UTS CMEIEH s 9acTHIB depe3 D = a*/t — koaddumment muddysun [384, 385]:
<x*>=2Dt.
31ech a — cpeiHee CMEIIEHHE AIEKTPOHA IOCNIE COyAAapeHusi, T — CpelHee BpeMsl MEeXIy ABYMsl yaa-
pamMu PEOHOB M0 3M1EKTpoHy. 1o 3aKOHY coXpaHEHHs UMILyJIbCca CKOPOCTh 3JIEKTPOHA IOCIIe coyape-
HUSL C PEOHOM, V = ic/m, ¥ cpeliHee CMEIleHUE 3a BpeMsl T COCTAaBUT a = Lct/m. OTcrona

<> =20’ cPim’.
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XapakrepHoe Bpems T= /N — Benn4yrHa OOpaTHasi 4aCTOTE WCIYCKAHUS W TIOTJIOUICHHUS PEOHOB N.
Otcrofia BEIPa3iM Maccy [ peoHoB. Ecin 1= ry = e*/4negmc’, u3 yenosus (4.18) MOXKHO paccuuTaTh
KOJIMYECTBO PEOHOB /N, UCITyCKAEMBIX IEKTPOHOM B €JUHMILY BPEMEHH
N= 4(@ <l (4.19)
AN
B urore, npu nusmepeHHoi senuuuse D = <x*>/2t, IIPUXOJIUM K CUCTEME YPABHEHUI
D =p’c?/2Nm?
N =16mggm>c®/ue®
OTKYJ1a MOYKHO HEIIOCPEICTBEHHO ONpPEAEINTh 3HaueHUs |L 1 N. B utore Haxonum:

= 23/4ne,cDm?/e?

N = 4%/2%2802087}’12/D€4

JlaHHbIE 3HAUEHUSI MAaCChl M YaCTOTHI UCITyCKAHUSI PEOHOB CIIPABEAIUBEI JIUIIb B ClIydae, €l Paanyc
AJIEKTPOHA PaBEH Kiaccudeckomy 7o. OJHAKO Psi NaHHBIX CBHUJIETENBCTBYET, YTO PEAJIBHBIN paguyc
AIIEKTPOHOB » << r(. VIHa4e 3IIEKTPUUYECKOE TIO0JIe IKPAHUPOBAIOCH OBl JEKTPOHAMHU TUDJICKTPUKOB
OOJIBIIION TOJIIIMHBI, YeTO B ACHCTBUTEILHOCTH HE Habmomaercsa. TakuM oOpa3oM, TpeThel HEU3BECT-
HOM ABIISETCS PaJInyC JCKTPOHA 7, ¥ JIJIs ONpeIeIeH s BCeX TPEX 3HAYCHUH L, N U 7 CUCTEMY CJIEIyeT
JIOTIOJTHUTD €11€ OTHUM ypaBHEHHEM, HAJIOKUB €LIE 0OJHO (PU3HUECKOE YCIOBHE-OrpaHHYCHHE.

B HacTosiIIee BpeMsi H3BECTHO, UTO Pajuyc dIeKTpora r < 10722 M [386, 387, 388, c. 277]. Ta xe
OLICHKA JJIsl paJinyca AJIEKTPOHA CIIEAYeT U3 YCIOBHS, UTO CpEIHss JUIMHA CBOOOIHOTO Ipobera peoHa
B Tommie 3emu [ = 1/4mrn npesbimaeT paauyc R 3emnu. MHaye 3emist 4aCTMYHO SKpaHUPYET Iepe-
HOCHMBIE PEOHAMHM 3JIEKTPOMArHUTHBIC U T'PAaBUTALIMOHHBIC BO3JEHCTBUA, YTO MPOSIBHIIOCH OBl B HC-
Ka)KEHUU JIBUKEHUI CIIyTHUKOB M HEOECHBIX TN U B OTKJIOHEHMSX OT 3akoHOB Kemuepa. [laxe mpu-
HSIB BCIO MaccCy 3emuid 00pa30oBaHHOW M3 AJIEKTPOHOB (T.K. B MOJIENM aTroMa Putia sigpa aTOMOB U HY-
KJIOHBI B KOHEYHOM CUETE COCTABJICHBI U3 MO3UTPOHOB U AJEKTPOHOB [A14]), HaliAEM, YTO KOHIICH-
Tpauus dJICKTPOHOB 1 = 3M/m4nR’, rie macca 3emmu M = 6-10** kr, macca 3JICKTPOHA m = 9,110
Kkr, R=16,4 10° M, OTKyJa » < R(m/3M)1/2 = 1,4-10_21 M. Ananornunas oneHka s Connua (R =7 108
M, M =2-10" xr) naér r<2,7-10>* m. T.e. U3 yCIOBHS OTCYTCTBHS SKPAHHPOBKH MIOTHBIM BEIIECT-
BoM (/> R), ciienyer r < 107>? M, 9TO COBIAZAET ¢ SKCICPHMEHTAIBHOI OLEHKOH 7 < 1072% M [386].

U3 panee HaiineHHoro BwlpaskeHus (4.19) ciemyeT cootHomieHue ro/c =4(m/pn)/N, mokas3biBaro-
11€€ CKOPOCTb MTOTEPU MACCHI AIEKTPOHOM. JTOMY BBIPa)KEHHIO MOKHO IPHUAATh MPOCTYIO UHTEPIIpE-
Taruo. B 1eBoil YaCTH CTOMT BpeMsI, 38 KOTOPOE CBET MPOXOINUT IyTh r: r/c = (2,8:107°)/(3:10%) = 107
3 CEeKYHJIbl. A B MPaBOil — YUYETBEPEHHOE YHUCIIO PEOHOB B AJIEKTPOHE, JACIEHHOE HA 4acTOTy N HX UC-
nyckaHus. GakTUYECKU N0 MOPSAJIKY BEIHMUUHBI — 3TO BpeMs 7, 32 KOTOpOE Macca AJIEKTPOHa B XOJe

pacnaza Ha pEeoHbl COKpPATUTCS A0 HyJsl. BBIXOAWT, 3J1EKTPOH JOJKEH IOJHOCTBIO PaclacThCs 3a
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T~ 10 cexynasr. Ho 57eKTPOHBI He TOIBKO HE HCUE3AIOT 33 CTOTh KOPOTKOE BPEMsI, HO HE Paciiaa-
IOTCSl ¥ 32 MHOTO OOJIBIIIME BPEMEHA, COXPAHss OCTOSHHOE 3HAYEHUE MACCHI /1.

ToT ¢akT, YTO MOCTOSIHHAS yTEUKa PEOHOB C 3JIEKTPOHA HE CHHKAET €ro Maccy U SHEPruio, 00b-
SICHSIETCA TEM, YTO 3JIEKTPOH HE TOJBKO MCIYCKAET, HO U IOIJIOLIAET PEOHBI, UCIIYIIEHHbIE IPYTUMU
3apsaamu. [lpoucxoaut nocTosHHbBIN 0OMEH YacTHLIAMHU, MOJIEPKUBAIOIINN TUHAMUYECKOE paBHOBE-
CH€ B 3HAUCHMSX MApaMETPOB 3JeKTpoHa m, r u N. [Ipeanonoxus 310, B. Putii BnepBbie BhICKa3ai
uz1et0 0OMEHHOI 0 B3aUMOJICHCTBUS, IPUHATYIO NMO3Hee (pu3nkamu, ckaxem, B KO/I.

Hrak, B mporecce 0OMeHa peoHaMH, B3aMEH TEePSEMBIX, K JIEKTPOHY CO BCEX CTOPOH HMPUXOMIST
HOBBIE PEOHBI. becunciieHHbIe 3JEKTPOHBI B OeCKOHEUHOM BeeneHHoM, HaunHas ¢ HEKOTOPOM JUCTaH-
IIUH, JOJKHBI 3aKPbITh IEKTPOH CBOMMHU MONPEYHUKAMHU CO BCEX CTOPOH, OKPY’KUB CILIOUIHOH cde-
poii xapaktepHoro paauyca R (Puc. 4.14). YUucno snexktpoHoB Ha chepe P = 4nR*/mr*. OT Kakmoro
ANIEKTPOHA C(epbl K HEHTPAILHOMY 3JIEKTPOHY CXOAUTCS €KECEKYHIHO Nr/4AR? peoHoB. B cymme co
Bcell chephl K AIIEKTPOHY MPUXOAUT PNr*/AR* =N peoHOB. T.e. 3JIEKTPOH MOIVIONIAET B €AMHHUILY Bpe-
MEHH TaKO€ )K€ KOJIMYECTBO PEOHOB, KOTOPOE TepsieT. DTO aHAIOTMYHO napajgokcy Ompbepca, mo Ko-
TopoMy Oeckpaiinsas Bcenennas co 3Bé€3namu, He OyJb MOIJOLIeHUs, Obljla O SKBUBAJICHTHA 3€pKaly,
okpysxatomemy Comnnue (Puc. 4.14) u Bo3Bpaiuast BeCh U3Ty4EHHBIA UM MTOTOK CBETA.

B nonp3y KBaHTOBaHHUS 3JIEKTPOMATHUTHBIX BO3JEHCTBUII KOCBEHHO CBUJETENIBLCTBYET U Bpallle-
HUe (cnun) 3NEKTpoHa. JIelCTBUTENIBHO, UCITYCKAaHUE U MOTJIONICHUE PEOHOB MITUBEIO OBl HE TOJIBKO K
UX Xa0THYECKOMY ABMKEHHIO, HO M K BPAIIEHUIO BOKPYI OCH, HaroJo0ue BETPSHOro WiH (elepse-
pouHoro kojeca (Puc. 4.13.6). Tak >xe kak OpOYHOBCKHE YaCTHILIbI 110/ yAapaMU MOJIEKYJT BOJIbI elIE U
Bpamarotcs [384, c. 214], sneKTpoHBI MO yIapaMu PEoHOB MpHOOpeTaroT ObicTpoe BpaieHue. He-
OJIMHAKOBOE BO3/ICHCTBHE HA BPAIIAIONIYIOCS MMOBEPXHOCTh 3JIEKTPOHA BCTPEYHOTO U MOMYTHOIO IO-
TOKA PEOHOB, a TAK)KE BO3MOKHOE HAJIMUYHUE Y SJIEKTPOHA aCUMMETPUU (OPMBI IPUBOIUT K MOSBICHUIO
y HETO IOCTOSHHOTO BPAILLEHUS B OJHY CTOPOHY CO CTaHAAPTHOW yCTaHOBUBLICICS YaCTOTOM.

Takum 00pa3om, B MOJb3y UCITYCKAaHHSI PEOHOB 3JIEKTPOHAMH KOCBEHHO CBHJIETEIILCTBYET Pl
OKCIIEpUMEHTANBHBIX NaHHBIX. Cam (dakT cymecTBoBanus 3akoHa KylioHa 03Ha4yaeT, 4TO UMITYJIBC OT
3apsa K 3apsay INEPEHOCUT HEKMH MATEPUANIBHBIN arcHT, B BUJIE KBAHTOB 3JICKTPOMArHUTHOTO ITOJIA.
B K3/I 310 — BUpTYyanbHble (OTOHBI, a B OamnucTuyeckoi Teopun Putia — peonsl. [IpennoxeHHble

BBIIIC KPUTCPUU NTO3BOJIAT BBIACHUTDH, KAKHUC U3 3TUX YACTULL ITPOABIIAIOTCS B SKCIICPUMCHTAX.

§ 4.10. AHOMannuu u cmamucmu4YecKue xapakKmepucmuKu KOCMU4YecKux siy4yeu
Kak oTrmeueno B mpenpinymux maparpadax, pe3ysibTaThl OONBIIMHCTBA OMBITOB MO MPOBEPKE
0aJUTMCTHUYECKOM TEOPUH HEOJHO3HAUHBI, BBHLY OTCYTCTBUS MPSMBIX U3MEPEHUN CKOPOCTH YaCTHIl U

HX U3JTyYCHHA. U Tombpko MpAMO€ UBMCPCHUEC CKOPOCTHU YaCTUI U UX U3JTYUCHUA BpGM?IHpOJIéTHBIM ME-
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TOJIOM, 110 Pa3HHUIIE MOMEHTOB MX PETUCTPALUU AETEKTOpPaMH, pa3HECEHHBIMU Ha 3aJJaHHOE PacCTOos-
HHE, IO3BOJIMT C/IE€IaTh OJHO3HAYHBIN BBIBOJI O CIIPABEAIMBOCTH MJIM OIIMOOYHOCTH Teopun Putna.

[TockonbKy HauBBICHIMMHU 3HEPrUsAMU 00JalAIOT YAaCTUIBI KOCMMYECKUX Jy4el, eCTECTBEHHO
UMEHHO Y HUX OXKHJATh CBEPXCBETOBBIE CKOpOCTH. JlelicTBUTENnbHO, B LlInpokux armochepHbIX HB-
Hsx (IIIAJI) cBepXxcBeTOBBIE CKOPOCTH HEOJHOKpATHO peructpupoanu [343, 344, 389-393], B vact-
HOCTH IIPH MPSIMBIX 3aMepax CKOPOCTH M HAIpPaBICHHUN NPUXOAA KOCMHUYECKUX Jyded BpeMsNpoeT-
Hoit kamepoil ALICE [343, 344]. OObluHO M3MepeHHe CKOpPOCTH (PpOHTa HIMPOKOro armochepHoro
JIMBHS OCJIOXKHSIETCSI TEM, YTO HE U3BECTHO HAIPABIIEHUE, C KOTOPOIO MPUXOAUT JMBEHb. [10 pasHule
MOMEHTOB PETHCTpanuy (PpOHTA JIMBHS JETEKTOPAMH, PACIOJIOKCHHBIMHA Ha OOJIBIION TUIOMIAIH, OTI-
pEnEeNsIOT TOJABKO PAa3HMUIy MOMEHTOB pErucTpanuy no ropusoHtanu. Ilostomy Tpebyercs 3HATH U
HarpaBlIeHue Npuxonaa JuBHA. Ero MoxxHO ompeaenuts mno ¢opme MmsITHA CpabOTaBIIUX JETEKTOPOB.
[TockoBbKY CTYCTOK 4acTHIl, 00pa3yromuX JUBEHb, UIMEET HWINHAPUIECKYIO W JTUH30BUIHYIO (QOp-
MY, TO IO BBITSIHYTOCTH ISITHAa CpaOOTABILUX JIETEKTOPOB JIETKO ONPENEIUTh yToJ MPUXO0/a JUBHS, a
[0 HEMY U 10 Pa3HUIIE MOMEHTOB PErMCTPALUU,— CKOPOCTh JUBHS. DTO MO3BOJIMUT HANPSIMYIO COIOC-
TaBUTh PEJIATUBUCTCKOE 3HAUEHHE CKOPOCTH U AHEPTUHU YaCTHIL, U3MEPEHHON JETEKTOpaMH, a TaKxKe
HETOCPEJCTBEHHO MTPOBEPUTH, UIMEET JIN MECTO PEIATUBUCTCKHMA d(P(PEKT pacTHKEHUS BPEMEHH JKU3HU
yactull (§ 3.6).

B pamkax kiaccuueckoil (M3MKHA CKOPOCTh YACTHIl KOCMUYECKHX JIydeil SKCTpEeMalbHbBIX dHEp-
Ui J0JKHA OBITh CBEPXCBETOBOM. J[eMCTBUTENBHO, IPUPABHUBAS PEKOPAHYIO YHEPTHUIO YaCTHUIl KOC-
MUYECKHX JIyuer W ~ 10 5B (M3MEPEHHYI0 KaJIOPUMETPUYECKUM METOoM [394]) K KUHETHUeCKOH
SHeprum mV?/2, MOy <M [UIst CIIyHast IPOTOHOB ¢ Wo=mc”= 938 MaB, V = c(QW/Wy)"* ~ 10°¢.

B nomnp3y cBEpXCBETOBBIX CKOPOCTEM y YacTUIl B IIUPOKUX aTMOC(PEPHBIX JIUBHSIX C PEKOPIHON
sHeprueut (W > 10" 5B) cBUAETENBCTBYET, HAPUMED, 3CHUTHAS aHOMAJIHMS — CTATUCTUYECKOE pacmpe-
JiefleHue KOCMHMUYECKUX JIMBHEH MO 3eHUTHBIM yriaM 0. BonbmmHCTBO atMocdepHbIX JHMBHEH C pe-
KOpIHOM »Hepruen W ~ 10" 5B NPUXOIAT IPAKTUYECKHA U3 3€HUTA, CJIOBHO IEPBUYHBIC YAaCTHULBI I1a-
JTAI0T OTBECHO, XOTSl TEOPETUUECKU UX paclpeiiesieHue M0 HalpaBICHUSIM JIOJKHO OBITh CIIy4aiHbIM.
JeticTBUTENBHO, Y OOJBITMHCTBA JIUBHEW C PEKOPIHOM dHEprueun W > 10" 5B W3MEPEHHBIN MO pa3HHU-
116 MOMEHTOB peructpauuu yroa 0 < 15° [395]. 3enutHslii yron 0 mpuxoja JUBHS U3MEPSIOT IO 3a-
JepKKe Af perucTpaluy JUBHA JE€TEKTOPaMH, pPa3HECEHHBIMH 110 TOPU30HTAIN Ha paccTtosiHue b (Puc.
4.15). IlpuHsB cKOPOCTh JUBHSA V> = ¢, HaxXomAT sinf = cA#/b = (0, CIIOBHO YaCTHIIBI MMAJAIOT OTBECHO.
Ecnm ke B pamkax kiaccuueckoit pusuku (§ 4.1) onpeaensaTb CKOPOCTh YaCTHUIl Kak Vy= vaoc (y2>> 1),
TO sinf = y,cAt/b, n yron 0 6onbuie Haiinennoro no CTO B y; pa3. Torna, ¢ Touku 3peHus Kiaccuye-
CKOM (U3UKH, TaXKe CHHXPOHHOE cpabaThiBaHUe 1eTeKTOpOB (Af = 0) HEe 00s13aTEIBHO CBUICTEILCTRY-
€T 00 OTBECHOM TaJICHUH JIMBHSI, @ MOYKET TOBOPHUTH O €T0 CBEPXCBETOBOM CKOPOCTH. YeM BBIIIE SHEP-

TUsl IEPBUYHON YacTHIIBI U Y-(hakTop, TeM oTBecHel (B paMkax CTO) momKHO TPEeACTaBIATHCS Maje-
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HUE JIUBHA. Teopusi KOCMHUECKHX JIydel IMpeicKa3blBacT 0OpaTHBIN pe3yJIbTaT: YeM SHEPruvHen Ju-

BEHb, TEM IIPOILE €r0 YaCTUIaM Mepecedb 3eMHYI0 aTMOc(epy MO KOChIM YIJIOM.

nepBUYHas 4acTuua ¢

-
NWBEHbL BTOPWUYHBIX I/q

( 0F%
O -

Puc. 4.15. Meton u3mMepeHus yria 0 npruxoaa JIUBHS 10 3aJCPIKKE €ro perucTpaliiu erekropamu 1 u 2.

VIcTUHHBINA yToJI IPUXO0JIa JIMBHSA, KAK OTMEYAJIOCh, MOXKHO ONMPEAETHUTH 1o (opMe IsTHA cpabdo-
TaBIIKX JeTeKTOpoB (Puc. 4.16). 3eHUTHBIC YIIIbI, U3MEPEHHBIC 110 BPEMEHH 3aJICPKKHN CpadaThIBAHUS
nerektopoB O7= arcsin(VA#/b) (mpu V=c) m nmo ¢dopme msaTHA CpabOTAaBIIUX IETEKTOPOB Oy =
arccos(a/b), B psine ciydaeB He coBmaaawT. [IpuMepom ciyxkar pe3yiabTaThl U3MEPEHUN OJHOTO U3
nuBHEH Ha ycTaHoBke TyHka-133 [396]. M3mepennsiit o 3anepxkke At yron 07 = arcsin(cAt/b) = 13,4°,
TOr/a Kak opma MATHA CpadOTaBIIMX JIETEKTOPOB COOTBETCTBYET HAKIOHHOMY MaJCHUIO JIUBHS O]
3eHUTHBIM yTJIOM 05 = arccos(a/b) = 45°, rne a u b — manas 1 60JbIIAs OCH AIUIUTICA, OYSPUNBAIOIIETO
MSTHO CpabOTaBIIMX AETEKTOpoB. T.e. yron Oy otnuuaetcs ot 07, u3MepeHHoro mo 3anepxkke Ar. On-

HAKO yTUIbI coBNanyT (07 = 05 = 45°), ecnu HCTUHHAS CKOPOCTH V= 3¢, peBbIIIasi CKOPOCTh CBETA C.

BMO CBEPXY — . [ .
Ha ceTb

Puc. 4.16. TTsTHO cpaGOTABIINX AETEKTOPOB OT JTHBHs ¢ Heprueii W =310 5B.

Wtak, cBepXCcBETOBass CKOPOCTb JIUBHS V' = yc OOBACHSAET 3€HUTHYIO aHOMAJIMIO KaK WUJUIIO3UIO
OTBECHOTI'O NaJIeHUs JTUBHEH. B nurepatype BcTpedaeTcs MHEHUE, OyATO aHOMAJIBHO YBEIMUYEHO YHCIIO0
YaCTHII, MPUXOIIINX MO OOJIBIIUMHU 3€HUTHBIMU yriiamu [397]. JlelicTBUTENBHO, KaK BUIHO U3 Puc.
4.17, sKCIEpUMEHTATBHO U3MEPEHHOE pacIpe/ie]ICHHe KOCMUUECKHX Jy4Yel Mo HanpaBlIeHUSIM MPeoo-

Ja/IaeT HaJl TEOPETUICCKUM B 00JIACTH OOJIBIIUX 3CHUTHBIX yTII0B 0 > 50°.
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Puc. 4.17. 3enurHoe yrioBoe pacnpenesenne IIIAJI ¢ N, > 107 wactun [397].

OpnHako 3TO pacrpezesieHre MOCTPOEHO JUIsl JUBHEU C sHepruet W~ 10" 5B, uro IIPU YHCIIE
gacturn N, > 10’ O3HAYAET, YTO SHEPTUs KAXKAOW YacTuupl Wy ~ 10® 5B = 100 M>5B, T.e. MeHbLIE 3HEP-
TUU TIOKOSI MIOOHOB M MPOTOHOB — OCHOBHBIX KOMIOHEHT IIIAJI. Takum obOpazom, B pamkax Oauim-
CTHUYECKON TEOPHUM U1 YaCTHUL TAKUX JMBHEHN Yy ~ 1, U ckopocTH yactul V' < c. 9TO U BEIET K 3aBbI-
IICHUIO 3eHUTHBIX YTIoB 07 = arcsin(cAt/b) o cpaBHEHHUIO ¢ UCTUHHBIMU 07 = arcsin(VA#/b). B To xe
BpeMs Ul JJUBHEU C pEKOpAHOU dHepruen W~ 10"°-10% 5B Ha6momaercs npeoOiagaHue JUBHEH C
MaJIbIMU 3€HUTHBIMM yIulaMu 0. DTa TUroTe3a MOATBEP)KIAETCS TEM, YTO I JIMBHEH, MIPUXOIALINX
O] MaJIBIMM yrilaMu O perucTpupyercs HauOosblee Yucio COOBITUI B BUJE IPEKYPCOPOB — YACTHIL,
orepexkaromux GPOHT JIMBHA U MPEANONOKUTEIBHO SBISIONIMXCA TaXuoHamu V' > ¢ [393].

C HEeTOYHBIM U3MEPEHUEM YIJIa IPUX0/1a JIMBHEW U UX CKOPOCTH, BUAUMO, CBSI3aHO U OTCYTCTBUE
AQHU30TPONHH B YIJIOBOM PACIpPENEICHUH HANpaBIE€HUN MPUX0/1a KOCMUUYECKUX JTy4yell BHICOKHX HEp-
ruit [398, 399]. Omubka B onpeneeHUH UX HAIPaBJICHUS, MEHSIOMIASACS B 3aBUCHMOCTH OT BPEMEHU
CYTOK U BpPEMEHH rojia (B COOTBETCTBUU C U3MEHEHHMEM IOJIOKEHUS 3eHUTa Ha HeOecHOH cdepe), Be-
NET K paccessHUIO HAaNpaBJIeHUN Mpuxoja Jydell mo HebecHoil cdhepe. B urore, yrimoBoe pacnpenene-
HUE KOCMUYECKHUX Jy4ell Ka)KeTCs U30TPOIHBIM, HE aCCOLUUPYSCh HU C FaTaKTHUYECKON IIIOCKOCTHIO,
HU C LIEHTPOM ['allakTUKH, HU C HICTOYHUKAMH PEHTTEHOBCKOI'0, FaMMa- U Pau0-U3JIyYCHU.

Tak, B sxcnnepuMenTe AGASA TOIBKO [UIsl IUBHEU C dHEprueit W~ 10" 5B 3amerna aHU30TpPO-
nus ~4% 1 Koppensauus MakcUMyMoB yrioBoro pacnpeznenenus IIAJI ¢ nanpasienuem Ha neHtp ['a-
naxtuku [400]. Takxe ¥ s KOCMHYECKHX jydeil ToB-auamasona, ¢ sueprueii ~10'2 9B 6biuta 06Ha-
py’XKeHa aHM30TPONUs B paclpeie]IeHUH HampaBieHu npuxoaa ¢ macmrabom ~10° [401]. B nanHOM
Cllydae KOPpeNalus BO3HHKAET, T.K. mpi W~ 10'2-10" 5B cpemsis cKOpOCTh YaCTHII KOCMHUECKHX
JTydei cnabo OTIMYaeTcsi OT CKOPOCTH cBeTa. A mpu Oosiee BEICOKUX, PEKOPAHBIX SHEprusax W~ 10"
10 5B ammsorporms ncuesaer [400], XOTS OKHAANOCH OOPATHOE — HAPACTAHHE AHM3OTPOIMH TIPH
pocte sHeprun [402], MTOCKOJIbKY BHYTPUTaJaKTUYECKHME MATHUTHBIE MOJISI TEM CUJIBHEE PacCEeUBaIOT
HaIpPaBJICHUSI KOCMUUYECKUX JIy4Yel, 4YeM BBIIIE X 3HEprus. J(elCTBUTENBHO, P POCTE SHEPTUU KOC-
MUYECKHUX JIy4ed aHU30TPONHMsI pociaa U OTYETIMBO MPOSBIAIACH Ul YACTULl CBEPXBBICOKMX 3HEPIUN

[402]. A pu KabHeilIeM HAPACTAHNK SHEPruH YacTuil (Bbiure W ~ 10" 9B) aHm30TpONuMs Heuesana.
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OTMeTuM, 9TO B JIUTEPATYpe BCTPEUAIOTCS YTBEPIKICHHSI 00 OTKPBHITHH aHU30TPOIIHU TaKXKe Y
KOCMHUYECKUX JIy4eid CBEPXBBICOKUX dHEpruii W > 10" 5B [403—405]. Onnako Takas aHU30TPOIHUS 00-
HApYKUBACTCS JUIIb MPH a3UMYTAJIbHBIX U3MEPEHUSIX, KOTJa U3MEPSIETCS a3UMYyT HaIllpaBJICHUS MPH-
X0J1a TUBHS, IPUYEM JI1 KOCMUUECKHUX JTydel, MPUXOALIUX 110]] 3HAYUTEIbHBIMU 3€HUTHBIMU yTIIaMU
0> 50° [403]. ITpu sTOM, BO-NIEPBBIX, pa30pOC KOCMUYECKUX Jy4yeil MO 3€HUTHOMY Yriy O BHOCHUT
MEHBIIIYIO0 OIIMOKY B ONpeeleHHe HalpaBiIeHHs, MOCKOJIbKY U3Mepsercs He 0, a a3uMyT, Ha u3Mepe-
HUE KOTOPOTO HE BIUSET MPUHATOE 3HadeHHe cKopocTu [403]. Bo-BTOPBIX, Ui KOCMUYECKUX JTy4eid,
NPUXOISAIIUX TOA OONBIIUMH 0, OUEBUIHO, HE BBIMIOIHAETCS YCIOBHE V' >> ¢, U PErHCTPUPYETCS yKe
JaBUHA BTOPUYHBIX KOCMHMYECKUX Jyuyel ¢ V ~ ¢, BOSHHMKIIMX IOCIE€ MHOTOKPATHOIO paccesHus, 3a
CYET 3HAUUTEIBHOM JUTHMHBI MyTH B aTMocdepe 3emun. B urore ommbka B onpeeieHH: HarpaBiIeHUI
UX TPUXO0JIa OKa3bIBAETCS HE3HAUUTENBbHON. B HacTosiee Bpemsl aHU30TPOMNHs KOCMUYECKUX JTyden
CBEPXBBICOKMX PHEPruil 0OHAPYKUBAETCS C BHICOKON CTETECHBIO HAEKHOCTH, U HAIIPABJIICHUE HA WC-
TOYHUK, MTPEANOIOKUTEIBHO pacnookeHHbl B 100 nk ot 3emiu, onpeaensercs: ¢ ToYHOCThio 10 10°
[401]. Takxe oOHapy)eHA aHU30TPOMHS B BUAC U30BITKA YHCIIA YACTHI] CBEPXBBICOKHX dHEPTHUH, TIPH-
XOJSIINX C HampaBieHus Ha ueHTp [amaktuku [1], a Takke u3 ueHtpa ranaktuku Ilepceir A (NGC
1275) [404]. OnHako B TaKUX U3MEPEHUSIX MPUMEHSIOT YKE a3UMYyTaJIbHbIE U TOUHBIE, IIPSIMbIE METO-
JIbl U3MEPEHHUS HAMPABICHUM NPHUX0J1a KOCMUYECKUX JIy4el, B KOTOPBIX HE JIEJIaeTCs MPEANONI0KEHHUM
0 BEJIMYMHE CKOpOoCTH cBera. B wactHocTH, B ycraHoBke Fly’s Eye (rme BmepBble Ham&xHO
3aperuCTPUpPOBaHAa AHU3OTPOINHMS KOCMHYECKUX Jydel [404]), peructpamus HampaBJICHHH MPUXOJa
KOCMHUYECKHUX JIy4eld MPOM3BOAMTCA HEMOCPEICTBEHHO (DaceTOUHBIMH AETEKTOPaMH, PETUCTPUPYIO-
HIMMH PACIIOJIOKEHHUE M3TYYArOIIer0 CTBOJA HIMPOKOTO aTMOC(EpPHOTO JHUBHS B IpocTpacTBe [394].
Otmetum, yto ¢ nomouieto ycranoBku Fly’s Eye, kak npennonaratot aBropsl [391], neiictBuTensHo,
BBISIBJICHBI aHOMaJIbHBIE YACTHULIBI CO CBEPXCBETOBBIMU CKOPOCTIMHU (MAXUOHDL).

[TpousBecTu npsiMoe U3MEPEHHE CKOPOCTU HAanOOoJee YIHEPTUYHBIX MIUPOKUX aTMOC(HEPHBIX JIUB-
HEe MOXHO TakXe MOCPeCTBOM pajauoiokanuu. CKOpocTh U3MEHEHUs paccTostHus 10 ¢pponrta LITAJT
MOYKHO M3MEpSATh KOCBEHHO — 10 3ddexty [omnepa, mmbo HenmocpeacTBeHHO — Kak V = dr/dt, 6eps
MPOU3BOJHYIO IO BPEMEHU OT PACCTOSHUS 7, U3MEPSEMOro paauoiiokaTopoM. M3mepeHue ckopoctu
no 3ddexty omnepa coaep UT HEOAHO3HAUHOCTh, Mockoibky B CTO dopmyna momnep-addexra
BCEr/la NPUBOJIUT K V' < ¢, a B paMKax Teopuu PuTma npu Tex ke CABUIAX YaCTOTHI CKOPOCTb MOXKET
OBITH CcBepXcBeTOBOM V> ¢ (§ 3.6). Takum obOpa3om, mpsiMoe uaMepeHue ckopoctu V ¢ponrta IIAJI
pagapHbIM METO/IOM M CONOCTaBIIEHUE V co 3HaUE€HUEM, HalIEHHBIM U3 Joriep-3ddexTa, CayKuT eme
OJIHUM KpHUTEpUEM MPOBEPKHU OarumcTudeckoit Teopuu u popmynsl sddekra omnepa.

CBepXCBETOBYIO CKOPOCTh KOCMHYECKHMX Jydell NOJATBEP)KIAET TAKXKE pEerucrpanus 4acTull,
OTepeKaIMX PPOHT JUBHS Ha 101 ceKyHbI [389, 390, 406], 4TO HEBO3MOKHO, €CJIM BCE YACTHUIIBI

JIETST CO CKOPOCTSIMU OJM3KUMU K npeaenbHoi V' = c. Ho ecnu nuBeHb, pacTpaTUB SHEPTUIO HA MYyTH K
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JNETEKTOPY, 3aMEIJIUTCS A0 CKOpocTu V>~ ¢, To Hanbosiee ObICTPBIE YACTHIIBI CO CKOPOCTBIO Vi>> ¢
npoiyT myTh L~ 10 kM 110 neTektopa nmoutu MraoBeHHO (L/V)= 0), onepenus ¢bpoHT MUBHS Ha At =
L/'Vo,— L/Vi~Lic~ 10 C, IMEHHO TaKue 3aJIeP>KKH M U3MEPSITUCh. JTUM K€ MOXKHO OOBSICHUTH OT-
KpbiTHE B 3KkcnepuMmente «BOI'A» cepuii u3 aByX, TpéX M 0ojee UMIYJIbCOB KOCMUYECKUX JTy4ei,
pasnenéuubix naTepBatamu Af ~ 107’ ¢. B pamkax CTO 3T0 HEBO3MOXKHO, ITOCKONBKY, TIPH TIPAKTHYE-
CKH OJMHAKOBOW CKOPOCTHU YaCTHI] JIUBHA V' = ¢, 9TO BEAET K BBIBOY O CKOPOCTH OIIEPEKAIOIINX Yac-
tur, V> c [406]. A B kinaccuyeckoil pu3uke 3TO €CTECTBEHHO, T.K. MO OLEHKaM CKOPOCTH Pa3HBIX
rpynn gactut Vi, Va, Vs ... coctaBisior nopsiaka 10°c, w npu L~ 10 km, At = L/V,— LIV~ 107 c.

He wuckmoueHo, 4To MOCIEN0BAaTENbHOCTh MMITYJIbCOB CO3/aHAa CBEPXCBETOBBIMU YacCTHULIAMU
TE€XHOTE€HHOH MPUPO/IbI, MEPEHOCAIUMH HH(POPMALHIO B (POPME UMITYIbCOB «TOUEK» U KTUPE» CBOETO
pona Mex3Bé3aHoro tenerpada [AlS, A27]. [deiicTBUTENbHO, CBOMCTBA KOCMUYECKUX JIy4el, Takue
KaK aHOMAJIMM CIIEKTpPa CBEPXIHEPIHMUHBIX KOCMUYECKUX JIyuyel U OOHAapy>KEHHE YacTUL C SHEepruei
BhIe, ueM mpenen CroHseBa-3arenuHa, BCE dYalle 3aCTaBISIFOT CKJIOHSATHCS K HEACTPOPU3HUECKUM
OOBSICHCHUSIM KOCMUYECKHX JIydel dKCTpeMalbHBIX dHepruit [394, A49, AS54]. JleiicTBuTENBHO, €CITU
CBEPXCBETOBBIE CKOPOCTH YaCTUL KOCMUYECKHX JIy4ed U CHUHXPOTPOHHOT'O U3IyUYEHUS IOATBEPIATCS B
HKCIEPUMEHTAX, UX MOXKHO MPUMEHHUTD JJIsi CBEPXCBETOBOW CBSI3M B KOCMOCE, HEOOXOAUMOM Jjake B
npeaenax ConHEYHON CUCTEMBI. A mepenaya COOOIICHUN Ha MEX3BE3AHBIC TUCTAHIIMK BOOOIIIE TepsieT
CMBICI JJI1 CUTHAJIOB, ABMXKYIIMXCSL CO CKOPOCTHbIO MEHBIIIEH UM PAaBHON CKOPOCTH CBETa, T.K. UHTEP-
BaJIbl MEX1y Neperadyeld U MpUEMOM CUTHAIIOB 3aHUMaNH Obl To/ibl. OTMETHM, UTO UAEs paclIuppOBKU
UH(POPMaLINH, «3aIUCAHHOW» B KOCMUYECKHUX Jy4ax, BbABUranach yxe A. KoMntoHoM.

B 1nonp3y UCKyCCTBEHHOM ITPUPObI KOCMUYECKUX JIy4el CBUAETEIBCTBYET UX cOCTaB. B kocMu-
YECKHUX JIydyax MPOLEHTHOE cojaepkaHue sep JErkux anemeHToB (Li, Be, B) anoManbHO Benuko 1o
CPaBHEHHUIO C UX COJIEp)KaHMEM B 3BE3/1aX, METEOPUTHOM BEIIECTBE M MEk3BE3AHOM raze [407]. B
Cllydae UCKYCCTBEHHOI'O IMPOMCXOXAECHUS KOCMMYECKHX Jyded M300UiIMe B MX COCTaBe siiep JIErKHX
JJIEMEHTOB BIIOJIHE €CTECTBEHHO, IIOCKOJIBKY SI[[pa MaJIOKM MACChl /m IPU TOU K€ dHepruu W= mv?/2
UMEIOT 00Jiee BEICOKME CKOPOCTH V' 1 Hamboiiee ynoOHBI ISl CBEPXCBETOBOM INepeaadn WH(OpMAIIHH.
B nonb3y McKyCCTBEHHON MPUPOABI KOCMUUYECKHUX JIyUeil CBUAETENIBCTBYET Takke OOHApyKEHUE B MX
COCTaBe sAJI€P TPAHCYPAHOBBIX AIEMEHTOB, HE CYIIECTBYIOLIUX B IPUPOAE, HAIIPUMED, Sipa C HOMEPOM
Z =106 (cubopruii, Sg) [407]. T.x. cpeanee BpeMs pacrnaja TaKHuX siiep MOpsIKa MUHYThI, & UCTOYHU-
KU DHEPIUYHBIX KOCMHYECKHX JIydel HaXOASTCS Ha PACCTOSHUSAX B CBETOBBIE I'OJIbL, SiApA JJISl 1OCTH-
JKEHUs 3eMJIH JIOJDKHBI OBLIN JIETETh CO CKOPOCTHIO V ~ 10%, uro COIJIACYETCsl C MPUBEAEHHOW BBIIIE
OLIEHKOM V' Hambonee SHEPruYHbIX KOCMUYECKUX Jiyuel. Ecau ke gomycTtuTh oOpazoBaHue sjep Sg
yke B aTMocdepe 3eMiu rpu 6oMOapAUpoBKe €€ aTOMOB JIETKMMU SIZIPaMH, TO BEPOSITHOCTh TaKUX CO-
ObITHI HcYe3arolle Maa, T.K. Ja)Ke B YCKOPUTEINSIX MPU BICOKOW MJIOTHOCTH MOTOKA AJ€p, 0OCTpeu-

BarOIMX INJIOTHBIC MUIICHHU, 06p33y10TC$I HHUYTOXXHBIC KOJIMYCCTBA aTOMOB TPAaHCYPAHOB.
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B pamkax CTO oOHapy>keHHE B COCTaBE€ KOCMHUYECKHUX JIy4eil KOPOTKOKUBYIIUX SITEP, & BO BTO-
PHUYHBIX JIy4ax — KOPOTKOXKUBYIIUX MIOOHOB MOYKHO OOBSCHUTbH 3aMEIECHUEM BPEMEHU KU3HU 1 Obl-
CTPO ABMKYIIMXCS yacTull 1o 3akony 1" = Ty, rae y — dakrop JlopeHua, HapacTaloui Ipy yBeande-
HUH DHEPruu 4acTull. J{eficTBUTENbHO, OOHAPYKEHO, YTO MIOOHBI U3 BTOPUYHBIX KOCMHUYECKUX JIydei
IPOXOJAT A0 MOBEPXHOCTHU 3eMJIU IyTh S = ¢y MHOrO O0NbIINM, 4YeM MyTh So = ¢, KOTOPBIM MOIIIN
OBl IPOUNTH 3a XapakTEpPHOE BpeMs pacmana 7y MIOOHBI, ABMXKYIIHECs co ckopocThio ¢. Ecimu B CTO
3TOT (aKT UHTEPNPETUPYIOT KaK 3(PPEKT 3amMmeyIeHuss BpeMEHH >KU3HU 17, BEOyLH K pocTy myTH S’ =
cT'= cTyy, TOo B OAITMCTUYECKON TEOpHH, KaK TOKa3aHo B § 4.1, y/uinHeHue nyTtu S’ npu HapacTaHUU
SHEPruM YacTUL[ ECTECTBEHHO OOBSACHSAETCS POCTOM MX CKOPOCTH V = yc no 3HaueHuit V' >>c. Coor-
BETCTBEHHO, MPOXOAUMBIN yacTuiled 1o pacnaaa nyte S'= VI'= cTyy [A37, A45], 4To coBmamaer c
pe3yabTatoM omnbIToB U BbIBOJOM CTO. Takum oOpa3oM, U B JAHHOM Cllyyae KpUTEPHEM BbIOOpa Me-
xy Oammuctnyeckoit Teopueit 1 CTO ¢y HUT npsMOe U3MEPEHNE CKOPOCTH KOCMHYECKUX JTyUeH.

WTak, npsimoe u3MepeHre CKOPOCTH U HAIIPABICHHUH MPUXO0/1a IUPOKUX aTMOC(HEPHBIX JIMBHEH 1
YacTUL KOCMUYECKHX JIydyel MO3BOJIUT HE TOJBKO NMPOBEPUTH OAITMCTUYECKYIO TEOPHIO, HO U yTOY-
HUTb pacrpesiesieHue Ha Hebe MCTOUHUKOB KOCMUYECKHX Jy4el JJIsl yBepeHHON X acCOLMallUuM C aK-
TUBHBIMH TaJIAKTUYECKUMHU M BHETATAKTUYECKUMH 00bekTaMu. [IpsiMoe n3MepeHne CKopocTH KOCMH-
YECKUX JIMBHEH MOKHO OCYIIECTBUTbH, YCTAHOBUB JETEKTOPBI YACTHI] HE TOJIBKO HAa FOPU30HTAIBLHOM
MOBEPXHOCTH, HO U Ha BBICOTE, HAIIPUMEp, Ha CKJIOHAX M BEPIIMHAX rop (eciiu yCcTaHOBKa pa3MellleHa
B ropax, Kak, Hanpumep, Tanb-Illanbckast crannust). Taxke JOMOJHUTEIbHBIE AETEKTOPBI MOXKHO pa3-
MECTHUTh Ha MauTe B LIEHTPE CETU JETEKTOPOB. DTO MO3BOJIUT HANIPSIMYIO U3MEPSATh CKOPOCTh JIUBHSA U
TOYHO ONPEIENATh HAlpaBJIeHUE ero npuxona. /s n3MepeHus: CKOpoCTU SHEPTUYHBIX YACTHUL] MOTYT
ObITh MCHIONIBb30BaHbl U 00bIuHBbIE TOF-nerexktopsl, Tuna kamepsl ALICE. Caenyer oTMeTUTh, 4TO Ipu
TaKOM CXeMe U3MEPECHHI peabHO 0OHAPYIKEHBI YaCcTUIIBI C BpeMeHeM mpodiéta At < L/c [343, 344].

[Ipsimoe mOATBEpKAEHUE CBEPXCBETOBOM CKOPOCTH V = yc 4acTUL] U3 KOCMUYECKUX JMBHEH U
YCKOpHTEJEH B MPEITIOKEHHBIX IKCIEPUMEHTAX MMEI0 Obl UM MPUKIIAJHOE 3HAYCHHE, MO3BOJIHMB OCY-
IIECTBUTH CBEPXCBETOBYIO MEXKIUIAHETHYIO M MEX3BE3AHYIO CBSI3b. Y CKOPUTENb 3JIEKTPOHOB, yCTa-
HOBJICHHBIM Ha KOCMHUYECKOM KOpabjie U BbIOPACHIBAIOIIMI MOAYJIMPOBAHHBIN MOTOK YacTHUI[ CO CKO-
poctbio V' = yc, no3BonuT (pu y ~ 1000) ocymecTBUTh CBsI3b €O 3BE3AHBIMM CHCTEMaMH Ha paccTos-
HUU B HECKOJIBKO CBETOBBIX JIET 32 BPEMEHA, UCUMCISEMBIE HE TofaMu, a cyTkamu. Kpome toro, uc-
MI0JIb30BaHUE YCKOPUTEJIEH B KaueCTBE PAKETHBIX PEAaKTUBHBIX JBUTaTelel, BbIOPACchIBAIOIINX TOTOKU
CBEPXCBETOBBIX YACTHII, O3BOJIUT MO popmyiie [{nOIKOBCKOrO peaan3oBaTh CBEPXCBETOBbIE KOCMHU-
yeckHre Kopaliu, Ipeo10eBatolIe MeX3BE3AHbIe TUCTAHIIUH HE 3a IOJibl, a 3a MecsLbl. He nckioye-
HO, YTO HanboJiee YHEPTUYHbIE KOCMUYECKHE JIyYd NPEACTABISIOT COOON 0TYACTH Y4l KOCMUYECKOMN
CBSI3U, @ OTYACTH — BBIXJIONBI KOCMHYECKHX KOpaOIei, T.e. 0 OONbIIeH YacTH UMEIOT TEXHOTCHHYIO

IpUpOLy. DTO OOBICHSIET CHEKTP KOCMHUUYECKUX Jy4ell (€ro M3JioM U aHOMAJIbHBIA POCT YKCIIa YaCTHUIL
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yJIBTPaBBICOKUX 3HEPIUM), a TAK)KE PETUCTPALIMIO YaCTHIL C SHEPTUEN BbllIe npeaena 3auenuHa. Takue
YaCcTULB! NPU U3JIyYEHUH C PACCTOSHUM I'MIIOTETUYECKUX €CTECTBEHHBIX MCTOYHMKOB KOCMHUYECKHX
Jy4eH, COINIaCHO TEOPUH, HE MOTYT JOCTUraTh 3€MJIM, BBUy IIOTEPH UMM SHEPIMH IPU PACCESIHUM Ha
¢onoBoM uznyuenuu [394]. OnHako Takue JIydd MOTYT UMETh UCKYCCTBEHHOE, TEXHOT€HHOE IpPOHC-

XOXKJEHHME U B TAKOM CIIyyae MX UCTOYHUKU MOTYT pacrojaraTbCsi Ha JII0OOM pacCTOSHUU OT 3eMJIN.

§ 4.11. BbigoObI

OKcrepuMeHTHl B 00JacTi (pU3MKHM BBICOKMX JHEpPruid, MpUBJIEKaeMble B KayecTBe Hambolsee
yOeIUTEILHOTO TECTa HECOCTOSATEILHOCTH OayumucTudeckon teopuu [9—-11, 25], paktuuecku, kak mo-
Ka3aJl IPeCTABJICHHBIM aHAJIN3, HE IPOTUBOPEYAT €M, €CJIM paCCUUTHIBATh KWNHEMATUYECKUE XapaKTe-
PHUCTUKHU YaCTHUIl U UX U3Ty4YEHUS B paMKax Teopuu Putia u yuyuTsiBaTh 3QPEKT NepeustydeHus cpe-
noi. OnpeneneHre CKOPOCTH YaCTHIl B paMKaX KJIACCHYECKOW (PM3UKHU MO3BOJHUT HE TOJIBKO UCTOJKO-
BaTh psJl aHOMAJIMK B ONBITAX, HO J1a)K€ UHTEPIPETUPOBATh UX PE3YNbTAThl KaK MOATBEPKIeHUE Oa-
JUCTUYECKON TEOPHUH. JIBYCMBICIIEHHOCTh B MHTEPIIPETALIMM PE3YJIBTATOB TAKUX OIBITOB IMPUBOAUT K
BBIBOJY O HEOOXOAMMOCTH MOCTAHOBKHM HOBBIX 3KCIIEPUMEHTOB U JONOJIHHUTENbHBIX, KOHTPOJIbHBIX
U3MEPEHUM M YTOYHEHUH K CYIIECTBYIOIIHUM CXEMaM OIBITOB. B mepByro odepeap 3T0 — NpsAMOe U3Me-
pEHUE CKOPOCTH YaCTHULl BPEMANPOJIETHBIM MeTo10M. [Ipsimoe u3MepeHne no3BOIUT YTOUHUTh UCTUH-
HYI0 BEJIMYUHY CKOPOCTH YACTHUIl U XapaKTEPUCTUKH KocMuueckux Jiyued B LIIAJI, koTopsie TpyaHO

OOBACHUTH C HOBI/IHI/II\/'I PEIATUBHUCTKUX OLICHOK CKOPOCTHU U SHEPIUHU YaCTHUIl KOCMHUYCCKUX nyqeﬁ.
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3akntoyeHue
[TpoBen€HHBIN B paboTe BCECTOPOHHUM aHAIU3 pe3yJIbTaTOB HAKOIUICHHBIX 32 BEK JaHHBIX 3KC-
MEPUMEHTOB U HAOIIOJIEHUI B KOocMoce (Mme2amupe), B 3eMHBIX JTa0OpaTopusix (mMaxpomupe) U B 00-
JacTh (PU3UKU BBICOKMX SHEPTUM (MUKkpomupe) NOKa3bIBAET, YTO K HACTOSIIEMY BPEMEHH HET JaHHbIX,
OJIHO3HAYHO CBUJETEIbCTBYIOIIMX NPOTHUB OalIMCTUYECKOM Teopuu. HampoTus, psn JaHHBIX MOA-
TBEpKAaeT OayuMcTuueckyto Teopuio. [lo kpaiiHel Mepe, 3TH JaHHbIE HAXOJAT OoJiee MOJHYIO U TOY-
HYI0 UHTEPIIPETALNIO B paMKax Teopun Purtna. [l 01HO3HaYHOTO pelIeHHs BOIIPOca O BIUSHUH CKO-
POCTH MCTOYHMKA HAa CKOPOCTh CBETA MPEIJIOKEH sl HOBBIX METOJIOB, KPUTEPUEB U CXEM DKCIEpPHU-
MEHTOB B KOCMOCE, B ONTHUYECKHUX JIAOOPAaTOpUsAX M Ha yckopureasx. C 0lHOW CTOPOHBI, yCOBEPUIEH-
CTBOBaHHbIE 3KCIIEPUMEHTHI MO3BOJSAT TOYHEE PELIMTh BOIPOC O NEPEMEHHOCTH CKOpocTH cBeTa. C
JPYTOil CTOPOHBI, HOBBIE HKCIEPUMEHTHI MO3BOJIAT MPOBEPUTH PAJ CIEACTBUN OAJUIMCTHUECKON Teo-
pun, BKiIrodas 3ddekr Putna, u yTOYHUTH MapaMeTpbl, TIOPOXKIAIONINE HEOJAHO3HAYHOCTh B MHTEP-
IpeTaluy AAHHBIX. Y TOYHEHHE MMEET U YUCTO MPUKIIAJHOE 3HaYCHHE, B TOM YHCIE Ul PaJuosIoKa-
LI1H, JJI TEHEPAaTOPOB CUHXPOTPOHHOTO U3IYyUEHHS U U3JTyYE€HUI HEONTHYECKUX TUaNa30HOB.
B 3akitoueHue nepeyuciuM OCHOBHBIEC NPEISIOKEHHBIE B JUCCEPTALlMN METOIbI IIPOBEPKU Oal-
JUCTUYECKON TEOPUH U IEPEMEHHOCTH CKOPOCTH CBETA:
1) uccnenoBaHue XapaKTepUCTUK JABOMHBIX 3BE3/1 M SK30IUIaHET HE3aBUCUMBIMU METOJIAMH U UX CTa-
TUCTMYECKHUM aHAJIN3 B paMKax OalJIMCTUYECKON U PENSITUBUCTCKOM TEOpHH;
2) cpaBHHUTEJbHBIN aHAIN3 NpeACcKa3aHUi OAJUIMCTHYECKONW TEOpUH ISl KpAaTHBIX 3BE31 M HaOmomae-
MBIX aHOMAJIMH B CIIEKTPaX U BUAUMOW CTPYKTYpPE TaJaKTHK, KBa3apoB, MyJILCAPOB U OAPCTEPOB;
3) aHanM3 HEBSA30K JIAaHHBIX KOCMMYECKOW paJMOJIOKAIMH, ACTPOMETPUM U pajuOMHTEp(epoMeTpun
IpU U3MEPEHUH 1oJiokeHui mianet, AMC 1 CyTHUKOB B paMKaX OaJUIMCTHYECKON TEOPUH;
4) aHanu3 HEBSI30K JIaHHBIX JIA3€PHOM JIOKALMK, PaJUOJOKALMU U aCTPOMETPUUYECKUX U3MEPEHUH T0-
noxxeHuit cnyTHUKOB (B T.4. GPS, 'JTOHACC) u JlyHsl npu comnocraBiieHuu ¢ Teopueit Putna;
5) SKCHEPUMEHTSHI [0 MPSMOMY U3MEPEHUIO CKOPOCTH CBETA OT JBMXKYIIMXCSI UCTOYHUKOB U 3€pKaj C
NpUMEeHEHHEM (EeMTOCEKYHIHbIX JIa3epOB U allapaTypbl, PErUCTPUPYIOLIEH f5-UMITYJIIbCHI;
6) SKCIEpUMEHTH MO MPeoOpa30BaHUIO YACTOTHl CBETAa M JUIMTEIBHOCTU JIa3epHBIX WMITYJIHCOB IO-
cpenctBoM 3¢ dekra Putna npu paccestHuM Ha yCKOPEHHO IBMKYIIUXCS YaCTUIAX;
7) onTUYeCKUE U paauopU3NUECKUE SKCIIEPUMEHTHI 0 U3MEPEHHIO CKOPOCTH U JUIMHBI BOJIHBI CBETa
OT IOJBM)KHBIX HICTOUHUKOB U 3€pKal;
8) yTOUHEHHBIE 3KCIEPUMEHTHI 110 U3MEPEHHUIO CKOPOCTU FaMMa-JIy4de€il U pEHTI€HOBCKUX JIyued OT
PENATUBUCTCKUX YaCTULL;
9) SKCHEPUMEHTHI 110 MPSIMOMY U3MEPEHHIO CKOPOCTH U OCHOBHBIX XaPaKTEPUCTUK CUHXPOTPOHHOIO U
OHJYJIITOPHOTO U3ITyUeHUs! (4acmommubili Cnekmp, y2n080u CHEeKmp, SHEP2emuKa);

10) aHayIM3 XapakTepUCTUK U3ITYUYCHUS B PEISITUBUCTCKON JIEKTPOHUKE, B T.U. B THPOTPOHAX;
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11) aHam3 YHEPTeTHUECKUX, YTIIOBBIX PACTIPEICICHUN U JIP. XapaKTEPUCTUK Y KOCMHUYECKUX JTy4eH.

Taxkum 0Opa3oM, mpoBepka OATUTUCTUYECKONW TEOPUH U MOCTOSHCTBA CKOPOCTH CBETa MMEET He
TOJBKO TEOPETUYECKHA, HO ¥ YACTO MPAaKTUUECKUH, MPUKIaTHON nHTEepec. bonee Toro, ecian HeKOTO-
pble clencTBUs OauMCTHYECKO Teopun (Hampumep, 3¢¢ext Purtna) moarBepasrcs, 3TO OTKPOET
NPUHIUIAATIBHO HOBBIE BO3MOXXHOCTH B IUIaHE NpeoOpa30BaHUs BUIAMMOTO JIa3€pHOTO M3ITyUCHHS B
JpyTHE YaCTOTHBIE AMANa30HbI. TO jke caMoe CIpaBeUIMBO B OTHOIICHUU JPYTUX CIEACTBHHA Oasu-
CTHYECKOH TEOpUH, KOTOPBIE MOTYT UMETh OTPOMHOE MPUKIIAJHOE 3HAUCHHE.

Wtak, npoBepka OaJITMCTUYECKON TEOPUM CBETA MOCPEICTBOM IPEATIOKEHHBIX B JUCCEPTAIMU

METOJIOB U KPUTEPUEB MPEACTABISAETCS KpailHe aKTyalbHOM U 11€71€CO00pa3HOM.
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