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BBEAEHUE

B HacTosiiee BpeMst OCOOCHHO akTyaslbHa MpoOJjeMa TOYHOTO M3MEPEHHs CKOPOCTH CBETA U
BIMSHKS HA HE€ CKOPOCTH MCTOYHHKA [1, 2], B T.4. BBUAY PErHCTpAIMU SJICKTPOMArHUTHBIX BOJH C
IPYIIOBOM CKOPOCTHIO BBINIE CKOPOCTH CBeTa B BakyyMme C [3, 4] u peructpanuu B BAKyyMe CBETOBBIX
CHTHAJIOB CO CKOPOCThIO HIXKE C [5]. OO aKkTyanbHOCTH TEMbI CBHACTEIBCTBYET s paboT, OMyOIUKO-
BaHHbIX B mocieanue 15 mer akamemukom PAH E.b. AnexcanmpossiM, M.A. bonu-BpyeBuuem,
I'.b. MansikuabiM, A.C. MasmanutuBuin u ap. [6-14]. U3 Hux cienyet, uto yrBepauBiicecs B XX
BEKE MHEHHE O MOCTOSTHCTBE CKOPOCTHU CBETa (PaKTHUECKU HE TIOATBEPIKICHO SKCIIEpUMEHTaMHU. Toib-
KO B IMOCJIETHUE JECATH JIET MOCTABJICHBI MPSMBIE SKCIIEPUMEHTHI, B TOM YHCIIE C IPUMEHEHUEM CUH-
XPOTPOHHOTO U3TYYEHUs, TIO3BOJISIONINE TOYHO U3MEPUTH BIUSHUE CKOPOCTH MCTOYHHUKA.

Kak ormeueno [6, 9, A1-Ab], mpexHue apryMeHTHI, OCHOBAaHHbIC Ha aHAIH3C¢ HAOJIOJICHUI
JIBOWHBIX 3BE3M, IMyJIbCAPOB U 3aMepax CKOPOCTH HM3IIyYEHHs OT PEJSITHMBUCTCKUX YAaCTHUIl U SAEp, HE
UMEIOT JI0Ka3aTeIbHOM CUIIbI. AKTYaJbHOCTh aHAllM3a BIMSHHUS MCTOYHHMKA HA CKOPOCTHh CBETA, Mpe]-
CKa3aHHOTO BEeK Hazal B pamkax bammuctuueckoir Teopum Putma (BTP), muktyercs u Tem, 4ro u3
Teopuu creayeT 3pQexT TpaHchopMaIui YaCTOTHI CBETA MPU YCKOPEHUH MCTOYHUKA. B crmyuae mog-
TBEPXKACHUS YPPEKT MO3BOIUT IJIABHO NEPECTPANUBATh YACTOTY ONTHYECKOTO JIA3€PHOTO HM3ITyUeHHUS,
MEPEeBOIS €r0 B 000N MHOM AMana3oH MeKTPOMArHUTHBIX BOJIH. B MpuMeHeHu! K SBIEHUSM KOCMO-
ca 3G QexT 0OBACHSET psiJ] AaHOMAIIUI, OTKPBITHIX TIPU UCCIIETOBAaHIH BHETAITAKTUYECKUX W TaaKTHYe-
CKHUX OOBEKTOB, B T.4. 9K30IMIaHeT. M3 GanmucTHueckoi TeOpHH CIeAyIOT 3JEKTPOIUHAMUYECKHE CO-
OTHOIICHHS, OTJIMYHbIE OT HAWJCHHBIX B paMKaxX 3JEKTpOoAWHAMHKH MakcBemta. T.e. KOJTMYECTBEH-
HBII aHalM3 B paMKax OajNIMCTUYECKOW TEOPHH MO3BOJIUT YTOUYHUTH NEKTPOAMHAMUYECKUE XapaKTe-
puctuku u nmoBeickTh KI1J] mprOopoB, BKITIOYAs YCKOPUTENHN dJIeMEHTapHbIX yactull [A37, A45].

banmuctuyeckyro Teoputo cBeta BeIABUHYI B 1908 r. mBeinapckuii Gpusuk u MmateMaTHk Banb-
tep Purip [15] B kauecTBe KIacCHMUYECKOM ajlbTEPHATHUBBI CICUUATBHON TEOPHHM OTHOCHTEILHOCTH
(CTO) u teopuu 3¢upa. B 1909-1911 rr. GaimrcTHYECKUE THIIOTE3bl HE3aBUCHMO BBIIBHHYJIH TaKKe
1.®. Komcrok, k. Kyni, P. Tonmen, O.M. Crroapt u JIxx.J[. Tomcon [16]. CornacHo Gammuctuye-
CKOM TEOpHUH, 3NIEKTPOMATrHUTHBIE BO3JIEHCTBUS, CBET, PACIPOCTPAHSIOTCS, KaK B KOPIYCKYISIPHOU
TeoprH HpIOTOHA, aHATTOTWYHO MOTOKY YACTHII, UCIYIICHHBIX OTHOCHTEIBHO UCTOYHUKA C HOMHHAIb-
HOM CKOpPOCTHIO CBeTa B BakyyMme C. [Ipu IBM)KEHHUU HCTOYHUKA B MHEPIMAIBLHOW CUCTEME OTCYETA CO
CKOpOCTHIO V, 3Ta CKOPOCTh B MOMEHT M3JIy4YCHHUSI MEXaHHUYECKH JT00ABISIETCS K C, U CKOPOCTH cBeTa C'
B MHEPILIUATIHLHON CUCTEME HAOII0AaTeNs ONpeIesieTCs Kak BEKTOpPHAsI cyMMa

c'=c+V, 1)
AQHAJIOTMYHO CKOPOCTH CHAPSIIOB M3 MOJBMYKHOTO Opyusi (OTCIOZIa Ha3BaHME TEOPHH). DTa MEXaHUYe-
CKasi MOJIEJIb AJIEKTPOMArHUTHBIX B3aMMOJCHCTBHI yAOBJIETBOpsIa MPUHLIUIY OTHOCHTEIbHOCTH [ 'a-
auiesi, 00BbsICHHB, Kak otMeueHo [16, 17], abepparmio 3BE3MHOTO CBETa W OTPUIATEILHBINA PE3yIbTAT
onbIToB Maiikenscona-Mopnu, Kennenu-Topuaaiika, Tpoyrona-HoGna u Ipyrux ONBITOB IO BBISB-
JICHUIO MHEPIMAIBHOTO JABMKEHUs 3emMiid. B paMkax 3Toil Teopun PUTI] OOBSICHUI U BOJHOBBIE CBOM-
ctBa cBeta [15, A51], a JIxx.JI»x. ToMCOH BbIBENl BEpHbIC BhIpakeHus s noseld E u H anementapaoro
uzaydarens [18]. DToT u3sImHbIN BRIBO 10 CHX MOP MPUBOIAT B COBPEMEHHBIX Kypcax ¢usuku [19].

OcHOBHOE conepkaHue OalaucTHYecKoM Teopun PuTma, Kak OTMETHI — aKaJeMUK
M.A. EnpsmieBud [20, 21], coctaBisier 6ecroneBoil JO0MaKCBEIOB MOAXO/ B DJIEKTPOAMHAMUKE, BOC-
xomsmuit k padoram Bebepa, I'aycca u Pumana. B pamkax 3Toro moaxoja 3jJeKTPOMAarHUTHBIE CHIIBI
OTIpEeAeIISIIUCH UCKITIOUUTEIBHO KaK (DYHKIMU OTHOCUTEIBHBIX MOJIOKEHUH, CKOPOCTEH M YCKOpPEHUU
3aps/I0B, a HE IyCTOTO MPOCTPAHCTBA MEXAY HUMHU. [lig ux onucanus PuUTil npenmoxwui, 3a10aro 10
KBAHTOBOM 3JIEKTPOJMHAMUKH, TUIIOTE3Y O KBAHTAX DJIEKTPHUUECKOIO MOJIA — MEPEHOCSIINUX dJIEKTPH-
94eCKOE BO3ICHCTBHE DIIEMEHTAPHBIX dacTHlaX (peorax R, OT rped «peoc» — MOTOK, UCTCYCHHUE, TaK
Kak OaJUTMCTHYCCKUE TEOPUHU Ha3bIBAIOT emié TeopusmMu ucredenus [15, 16, A20]), mocTosHHO HcIyc-
KaeMBbIX DJICKTpOHAMH (M JPYTUMHU 3apsHKCHHBIMU YacTUI[AMHU) CO CKOPOCTBIO CBETA C U MOTJIOIIASMbIX
JIPYTHUMH 3apsilaMd B XO7le OOMEHHOro B3auMojeicTBus. [I0TOK 3THX 4yacTHIl, MepeHoCs] MeXaHuye-
CKMI UMITYJIbC, CO3MAET IIPU yAApax YacTULl O IPYTUe dJIEKTPOHBI JIEKTPUUECKOE OTTalKuBaHue. Me-
XaHU4YecKoe J100aBIeHUEe CKOPOCTH JEKTPOHOB U UCTOYHHKA K CKOPOCTH HCIIYIICHHBIX UMU KBAHTOB
(peonos) mpuBomUT K 3aBUCUMOCTH (1) CKOPOCTH 3JIEKTPUYECKUX BO3JCHCTBUII U CBETA OT CKOPOCTH
UCTOYHUKA. TO ecTh 3JIEKTPUUECKOe TOJIe U NEPEHOCSIINE €r0 YaCTUIBI-PEOHBI COXPAHSIIOT CKOPOCTh
U3ITyYaroIuX 3apsIoB, YTO NOATBEPIMIN U MPSMbIC SKCIIEPUMEHTHI [22]. AHanu3 muTeparypsl, Ipe-
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NPUHATBHINA aBTOPOM, TIOKa3aJl, YTO TEPMHUH «peoHbl» TPEAaraics npexkae U B OTHOIICHUH APYTUX T'H-

MOTETUYECKUX CYOIIEKTPOHHBIX YacTuil, Harpumep akagemukom H.C. Axysoseim [23].

MarsuTtHble, UHAYKIMOHHBIE U IPAaBUTAIIMOHHbIE CUJIBI B TEOPUH PHUTIIA MOTyYaluCh B Ka4yecTBE
MaJbIX MOMPABOK K JJIEKTPUUECKOW CHUJIe, BBI3BAHHBIX OTHOCUTENBHBIM JABM)KEHHEM 3apsnoB. Putn
BbIBET (DOPMYJIBI BCEX DIIEKTPOAMHAMHUYECKUX 3()(HEKTOB M KIACCHUECKH OOBSCHHUI PENSITHBHUCTCKUE
3¢ dexTsl, BKIIOYas pOCT MacChl OBICTPBIX JIEKTPOHOB U CMellleHHe nepurenus Mepkypus, emé B
1908 r. BepHO MpezcKa3aB CMEIIEHHs IEPUTEIHEB APYTHX IiaHeT [15] u nomydus s HUX Gopmyty,
COBIIABIIYIO C HAWJICHHOM CITyCTs 7 JIeT DUHIITEHHOM B OOIIEH TEOPHH OTHOCUTEIILHOCTH [24].

Taxum obpazom, Teopust Putna — 3170 pyHIaMEeHTaIbHAS TEOPUsl, OXBATHIBAIONIAS IIUPOKUI KPYyT
SIBJICHHM W KJIACCHUECKH OOBbsICHUBINAS Psil YDPEKTOB, OTKPHITHIX Ha pyoeke XIX-XX BB. B KauecTBe
pOTUBOpEYAIIUX Kiaccuyeckon ¢pusuke. Tem cambiM Teopus Putia cocraBuia cepbE3HyI0 Kiaccuye-
ckyto anbrepHatuBy CTO, 6€3 KOpEeHHOH JIOMKH KJIACCUYECKUX TPEICTABICHHM.

Opnnako Bek Hazan, B 1913-1914 rr., Teoputo Putiia OTKIOHWIN, KaKk OTMEUEHO B paborax [6, 25,
26], 6e3 moCcTaTOYHBIX OCHOBAHUH, M0 HEKOPPEKTHBIM KpUTEpHUsAM. [IepBblil apryMeHT MPOTUB TCOPUH
Purna, BeigBunyThI B 1913 1. Jle CUTTEpOM U OCHOBAaHHBIM HAa aCTPOMETPUUYECKUX HU3MEPEHUSX WUC-
Ka)KEHUI B JBMKEHHH JBOMHBIX 3BE3], 3a CUET BIUSHUSA UX OPOUTAIHLHONW CKOPOCTH Ha CKOPOCTH M3-
JydaeMoro cBera [24], kak nmokasan JIx. @okc [25], He umeeT moka3aTeabHON CHIIBI, €CIIH YYECTh pac-
CESIHUE CBETa MEX3BE3MHON cpenoi. Cpena Kak BTOPUYHBIN MCTOYHUK MEPEU3NyHYaeT CBET CO CKOPO-
CTBIO C Y€ OTHOCHUTEIIBHO CPE[bl, T.€. HUBEIMPYET OTKJIOHEHMSI CKOPOCTH CBETa OT HOMHUHAJIBHOI'O
3Ha4YeHMs C, M HaOII0JaeMble HCKaKEHUSI OKaXyTCs KpaliHe Majibl, B COTJIACUU C HAOMIOACHUAMU. DTU
OCTaTOYHbBIC YKIOHEHHUS peaibHo HabmoxatoTcs B popme d¢dexra bappa (8 1.1). To xe oTHOCHTCS K
JIPYTUM acTPOHOMHYECKUM HaOIOICHUSIM, IPUBOJMMBIM B KaueCTBE MPOTHUBOpEYAIuX Teopun Putna.
B TOM ymncne 310 — 3KCHEPUMEHT CO CBETOM 3BE37, BBITONHEHHBIN P. ToMamekoMm no cxeme Maiikesnb-
cona [16] u ombir A.M. bonu-Bpyesuua [27] — cpaBHeHHME CKOpPOCTH ABMKYyIIuXcs kpaés CosHIa.
AHaJOrMYHO BCE JPYIHE OIBITHI IO CPABHEHUIO CKOPOCTEN CBETA, MPOLIEAIIErO CKBO3b MEXK3BE3IHbIE
Y 3€MHBIE Cpe/ibl, HE MOTYT CIIYKHTb JOCTOBEPHBIMU KPUTEPUSMHU MIPOBEPKU OAIITUCTUYECKOI TEOPHH.
Kak mokazano B psige pador [25, 28-30, A2], hakTruecku He NpOTUBOpEYAT OAJUTUCTHYECCKON TEOPHH
U OIBITHI B 001acTH (PU3UKHU BBICOKUX SHEPTUN U 3aMEPbl CKOPOCTH CBETA PEISITUBUCTCKUX YACTHII.

Taxum 00pa3oM, HECMOTpPsI HAa BEKOBYIO HCTOPHUIO NMPOBEPOK OAJUIMCTHUECKON TeOpHH, BCE ermé
HET HKCIIEPUMEHTOB, OJHO3HAYHO J0KAa3bIBAIOIIMX OIIMOOYHOCTh TeopuH PuTiia M HE3aBUCUMOCTH
CKOpPOCTH CBETa OT CKOPOCTH UCTOYHMKA. HampoTus, kak moka3aHo B JaHHOW paboTe, CYIIECTBYET P
CBUJICTEJILCTB B MOJIb3Y HETOCTOSHCTBA CKOPOCTU CBETA U BIUSHUS HAa HEE€ CKOPOCTH UCTOYHMKA. [o-
3TOMY TpeOYIOTCS HOBBIE, YTOYHEHHBIE SKCIEPHUMEHTHI JJISi OJHO3HAYHOM IMPOBEPKH IOCTOSIHCTBA
CKOPOCTH CBETa B BaKyyMe, B TOM YHCJIE C IIOMOILBIO PaIMOJIOKAlH, Ja3epHOM JoKalu u pemroce-
KyHJIHBIX JIa3epoB. Taxoke BO3MOXKHBI SKCIIEPUMEHTHI 110 MPOBEPKE CIEIYIOMUX U3 OaTUCTUYECKON
teopun 3(HPeKToB TpeoOpa30BaHUs YaCTOTHI CBETA M JTUTEIBHOCTHU JIa3€PHBIX UMITYJIbCOB. B pabore
PaccMOTPHUM KJIACCHUUYECKUE U COBPEMEHHBIE OIBITHI U KPUTEPUU NPOBEPKU Teopuu Purtna m npenso-
JKUM HOBbIe. Peanuzaiiys HOBBIX 3KCIEPUMEHTOB M METO/0B MPOBEPKU TeopuH Purtna mo3sonur, Bo-
NEPBBIX, OJIYYUTh YTOYHEHHOE 3HAUEHUE CKOPOCTH CBETA B BaKyyM€, BO-BTOPBIX,— OJJHO3HAYHO MPO-
BEPUTH €€ MOCTOSHCTBO M HE3aBHUCHUMOCTh OT CKOPOCTH MCTOYHHMKA M OT APYTUX (AKTOPOB, C LIETBIO
OKOHYATEJILHOIO MIPOSICHEHUS 9TOr0 BCE €lI€ HE PEIEHHOI0 BOIPOCA ONTUKU U JIEKTPOJAUHAMHUKHU.

B nuccepranmonHoil pabote npousBeAEH MOAPOOHBIM aHANIM3 HAKOIJICHHBIX 32 BEK OMBITHBIX
JAHHBIX IO MPOBEPKE OAJUTMCTHYECKON TEOPUHU B KOCMOCE, B ONITUYECKUX IKCIIEPUMEHTAaX U B OIBITAX
u3 007acTH (PU3UKU BHICOKMX SHEPIHM, IPETIOKEH PsAJl HOBBIX METOJIOB M KPUTEPHEB MPOBEPKH.

Hayunast HoBHU3HA ITPOBEIEHHBIX UCCIICIOBAHUI 3aKIIFOYAECTCS B CICIYIOIIEM:

1. Bmepsbie paccMOTpeHbI 3G (GEKThI 0ATNTUCTHYCCKON TEOPUH TS dK30IUIaHeT (uckadsicenue 2pagpu-
Ka J1y4esblx CKOpOoCmell, UHBEPCUsL OPOUMATLHO20 OBUNCEHUS, 2APMOHUKY OPOUMATLHO20 NepUooa
Ha Kpueoul nyuesvix ckopocmeil u m.0.). Ha KOHKPETHBIX MpUMepax 3K30IUIAHETHBIX CHCTEM U
CTaTUCTHKH HK30IUIAHET MOKa3aHo, YTO 3TU 3(PQeKThl, MpoTHBOpEUAIIe COBPEMEHHON acTpodu-
3MKE, pealbHO OOHApPYKEHbI M HAXOJIAT IpOocToe 00bsicHEHUE B Teopun Putna.

2. Tlokazano, uTo U3 OamITUCTUYECKON Teopuu cienyeT 3PpQeKT npeodpazoBaHUs UIMHBI BOJHBI OT
YCKOPEHHO JABIKYIIErocs uctounuka (a¢pghexm Pumya). BriepBoie Ha ocHOBe 3¢ dexra Kayect-
BEHHO M KOJMYECTBEHHO OOBICHEH XaOOJIOBCKUI 3aKOH KPACHOTO CMEIECHHUS B paMKax MOJIEIH
cTanoHapHoi BcenenHoil. BriepBble paccuMTaHO TEOpETUYECKOE 3HaUEHHE MOCTOSSHHOW Xab01a
onu3koe K m3MepeHHoMy. OObsCHEHBI MapaJoKChl 3aKkoHa Xa0bna, He peuIéHHbIe CTaHIAPTHOM
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KOCMOJIOrHYecKor Mozenbio. B wactHoctH, adext Putua mo3omnser 00ObSICHUTH pa3HUILy Kpac-
HBIX CMEUICHUH Y MapHBIX TalakKTUK, U30BITOK KPACHOTO CMEILEHUsI KBA3apoB U APYTUX aHOMAJlb-
HBIX OOBEKTOB M JEPUIIUT KPACHOTO CMEIICHUs Y Hanboee NanéKuX rajJakTuK 0e3 MpUBICUCHUS
runote3 00 yCKOpEeHHOM paciupeHuu BeenenHoit 1 0 TEMHOM YHEPTUu.

3. BmepBsie B pamkax 0a/UTMCTUYECKON TEOpUU OOBSICHEHBI (B KAYECTBE €CTECTBEHHBIX CIICACTBUMN
s¢dekra Putiia) Bce CBOWCTBA M aHOMAIHMHU IMyJIbCApoB, Hedena U APYrUX MEPeMEHHbBIX 3BE3I:
aghgpexm Brasicko, uzmenenus nepuooa Kpusoli diecka, 6apuayuu Cnekmpa u m.o.

4. TlogpoOGHO pacCMOTPEHBI pPe3yibTaThl KOCMUYECKON paauosiokanuu. [lokazaHo, 4To AaHHBIC pa-
JTuoJoKaIy BeHepsl TouHee COOTBETCTBYIOT THIIOTE3€ O BIUSHUHM CKOPOCTH MCTOYHHKA HA CKO-
POCTh CBETAa, a HE MOCTYJIATy O TIOCTOSIHCTBE C' = C. BriepBbie ¢ mo3unnii 0aTMCTHYECKON TEOpUHr
O00BSICHEHBI aHOMATIUU JaHHBIX paguonokanuu Takux AMC kak «IIuonep-11, 12», «Kaccunu» u
MMOKa3aHO, YTO UX aHOMAaJIbHOE YCKOPEHHE 110 BEJIMUYMHE U HAIIPABIIEHUIO COOTBETCTBYET MpeJICKa-
3aHHOMY OaJUTHCTHYeCcKO# Teopueil. Bnepsbie n3 Teopun Putna oOwsicuena Flyby-anomanus y
AMC, nponeTaronux MEMO 3eMJIU TI0 TUTIEPOOTUIECKON TPACKTOPHUHU.

5. BmepBsie peIokKeH psill HOBBIX KPUTEPUEB MPOBEPKU OATUCTHYECKON TEOpHH METOIaMU KOC-
MHUYECKOM paJMoIOKallUH, JIa3epHOM JIOKauu U acTpoMeTpuu. KputepueM NmpoBepKH BIUSHUS
CKOPOCTH MCTOYHHKA Ha CKOPOCTHh CBETA CIIYXKHUT COTOCTABJICHHE PE3yJIbTATOB U3MEPEHUN KOOP-
JTUHAT U CKopocTel HeOecHBbIX Teld 1 AMC, oJTy4eHHBIX ATUMHU TPEMsI METOJIaAMH.

6. IlpemyiokeH psl HOBBIX CXEM ONTHYECKHUX SKCIIEPUMEHTOB, B TOM YHCJIE C IPUMEHEHHEM (eMTO-
CEKYH/IHBIX JIa3€pOB, IJS MPSMOTO YTOUHEHHOTO HM3MEPEHHUS CKOPOCTH CBETa OT JBIKYIIETOCS
WCTOYHUKA U CPABHEHUS €€ CO CKOPOCTHIO OT HEMOIBUKHOTO UCTOUHHUKA.

7. BmepBble mpemyioxKeHa cxemMa dKCIIEpUMEHTa 1o npoBepke dpdekra Putia B 3eMHBIX J1aboparto-
pUsIX, KOTOpas B Clyyae NOATBEPKICHUS 3PQeKTa Mo3BOIUT TPAaHCPOPMHUPOBATH Ja3EPHOE ONTH-
YeCKO€ U3JTy4eHHEe UCTOYHHKA B JIIOObIE IpYrHe YaCTOTHBIE JUANa30Hbl.

8. TloctpoeHa Teopwusi reHEpallid TAPMOHHUK HECYIIEH YacTOTHI JIA3€PHOTO M3ITYUYCHHUs IPU €T0 BO3-
NEHCTBUM Ha aTOMBI ra3a WM HAHOYACTHUI[bl, OCHOBAHHAs Ha TMIIOTE3€ BIIMSHHUSA CKOPOCTU pac-
CEMBAIOIINX YaCTHUI] HA CKOPOCTh CBETA: OCIMLISIIUN CBETOBOTO JABJICHUS MPUBOJIAT K OCIIHILIS-
LUSAM CKOPOCTH CBETa U UCKAKEHUIO MPOPUIIS FTEKTPOMArHUTHOM BOJTHBI.

9. TlocTtpoeHa Teopus reHepalu YePEHKOBCKOTO, CHHXPOTPOHHOTO M OHAYJISITOPHOTO M3TYUYCHH B
pamkax Oamtnctudeckoid Teopuu. [lokazaHo, 4TO perucTpupyemble XapaKTePUCTUKH 3TUX THUIIOB
M3ITyYEHUH COTIACYIOTCS C BBIBOJAAMHE OANTUCTUIECKON TEOPHUH.

10. BnepBble moka3aHo, YTO pe3yjbTaThl ONBITOB Ma3MaHUIIBWIN U AJIEKCAaHAPOBA MO U3MEPEHUIO
CKOPOCTH CHHXPOTPOHHOTO H3JIYYCHHsI HE MPOTHUBOPEUYAT OAJLUTUCTHYECKONW TEOpHH, a KOCBEHHO
CBUJETENBCTBYIOT B €€ mousb3y. [IpeanoxkeH MeTo mpsMOro U3MEpeHHsl CKOPOCTH YacCTHUI] U UX
M3ITyYeHUs, TTO3BOJISIONIUI OCYIIECTBUTH OJJTHO3HAYHYIO ITPOBEPKY Teopun Putia.

Bo BBeeHuu 000CHOBaHA aKTyaJIbHOCTh PaOOThI, GOPMYTUPYIOTCS €€ IeIH, KPaTKO HU3JI0KEHO
CoJIepKaHue AUCCEPTAINH, TPUBEICHBI OCHOBHBIE TIOJIOKEHUS, BRIHOCHMBIE Ha 3aIlUTY.

B mnepBoii riaaBe mpousBen€H aHANIM3 MPOBEPOK OANTMCTUYECKOW TEOPHUU CBETa B KOCMOCE
CpEIICTBAMU ONTUYECKON aCTPOHOMHH, ITPEIOCTABHUBIIICH MIEPBBIE KPUTEPUU TIPOBEPKHU TEOPHH.

B § 1.1 paccmoTpen 3G ¢eKT HCKaKEHHUS B ABMKCHHH JTBOMHBIX 3BE3/1, 00YCIOBICHHBIHN, COTIac-
HO OaJNTUCTUYECKON TEOpHUH, J00aBICHHEM MX OpOMTAIBHOI CKOPOCTH K CKOpOCTH cBeTa. OTMeueHO,
4yTo 3 dekT peasbHO HaOmMOAaeTcs B Buae dpdekra bappa, T.e. mpeobaagaHus TBOWHBIX 3BE3 C Op-
OuTamMu, BBITAHYTHIMH K 3emiie (C JOJrOTaMHM MEpUacTpa, TPYNIHUPYIOUMMUCS BO3JIC 3HAYCHUS
® = 90°). IIpeanoxxeHbl KPUTEPHH MMPOBEPKH, YCTaHABIUBaroIIne CBs3b 3ddekra bappa ¢ mepemenHo-
CTBIO CKOPOCTH cBeTa. [loka3zaHo, 4TO BCe MPUBENEHHBIC KPUTEPHUH yIOBICTBOPSIIOTCS.

B 8 1.2 B pamkax OamumncTHuecKoi Teopun 00ocHoBaH 3ddekt Puria, T.e. a3 dekT nmpeodpaszo-
BaHUs JUITMHBI BOJHBI A CBETa OT UCTOYHHKA, PACIIOIOKEHHOTO Ha paccTostHiM L 1 nBmKyImerocs ¢ yc-
KOpPEHHEM @, HAlpaBJICHHBIM B CTOPOHY OT HaOIIOAaTeNs, TaK 4TO MpeoOpa3oBaHHAs JJIMHA BOJHBI
A = A1+ La/c?). Mokasamo, uro u3 >ddexta PHTHA B paMKax MOJENM CTALMOHAPHON BcenenHoil
cieayeT xab0I0BCKHI 3aKOH KpacHOro cMernenus ragaktiuk A~ = A(1 + LH/C). [To u3BeCTHBIM 1IEHTPO-
CTPEMUTEIHHBIM YCKOPEHHUSM a 3BE3] B AIpax ralakTHK d(P(EKT MO3BOISET pacCUYUTATh TEOpEeTUYe-
CKOE 3HaYCHHE MOCTOsTHHOM Xab0ma H = a/c, Gnuskoe k m3mepeHHomy. Ha psiie npuMepoB moka3aHo,
4T0 3P PeKT 00BICHIET BCE MapaJOKChl KPACHOTO CMEIIEHUSI U aHOMaJIMK 3akoHa Xa00ua, He Hale-
1IMe UHTEPIPETalni B paMKaX CTaHJAPTHOW KOCMOJIOTHYECKON MOJECIIH.



B § 1.3 ormeueHo, uto 3¢ dexT abeppariu 3BE3MHOTO CBETa OTKPHIT M 00bsicHEH k. bpamieem
B paMKax OaJJTUCTHUECKOIOo MPUHIMIA U MOXKET pacCMaTpUBaThCA KaK OJHO M3 COBPEMEHHBIX MOJ-
TBEpXKACHUH OammucTuyeckoi Teopuu. Iloka3aHo, 4To paBeHCTBO aOeppallMOHHBIX YIJIOB Ui CBETA,
U3TYy4E€HHOTO TaJIaKTUKaMHU U 3BE3JaMH, HE MPOTHUBOPEUHUT OAJITMCTUYECKON TEOpHUH, €ClId KpacHoe
cMmernieHne o0ycioBieHo agpdexkrom Putia, a He pacmmpenuemM BeeneHHoi.

B 8§ 1.4 uccrnenoBaHa CTaTHCTHKA K30IUIAHET M MPUMEPHI IK3OMIAHETHBIX CHCTEM C aHOMAaJlb-
HBIMH CBOWCTBAMU (0OpamublM 6pawyeHuem, AHOMATUSMU NIOMHOCMU U M.0.), @ TAK)KE HETUITNYHBIMU
JUTS TUTAaHET opOuTaMHu (8bICOKULL IKCYEeHmpuUcumem, u3oupamenbHas OPUeHmayust opoum, AHOMAaiIbHO
manvle u bonvuue paouycel opoum). IlokazaHO, YTO ITH aHOMAJIMU TPEJCKa3aHbl OATHCTUYECKON
TeopueH U MOIy4aroT MPOCTOE €CTECTBEHHOE 0OBSICHEHHE B €€ paMKax.

B § 1.5 npoaHanu3upoBaHbl CIEACTBHS OATHCTHUECKON Teopuu U dpdexra Purna ans cucrem
JBOMHBIX 3BE3/1, B TOM YHCIIe KojiebaHusl OJiecka U CIEKTPOB JABOMHBIX 3BE3]l, 00YCIOBIEHHBIE UX Op-
OutanpHbIM ABHKeHHEM. OO0ocHOBaHa rumnore3a Jla Po3pi-CekepuHa, COTIacCHO KOTOPOH (hu3HuecKu
nepeMeHHbIe 3BE3/1bl, e enabl MPEeACTABIAIOT COO0N TBOIHBIE 3BE3/bI, MEHSIOIINE CBOIO SIPKOCTh IO
apdexty Putna. B pamkax 3Toil rumote3sl 0ObSCHEHBI aHOMAaJbHBIE CBOMCTBA MEPEMEHHBIX 3BE3,
BKJTFOYAs TUTABHBIC M CKAYKOOOpa3HbIe BapHAIMK TIEPHOJIOB, aMIUIUTY T KpuBoi Ojecka, apdext brax-
ko ¥ T.7. [Ipennoxkensl kpurepun nposepku runotessl JIa Po3si-CekepurHa.

Bo BTOpOIi ri1aBe paccCMOTPEHBI METO/BI MPOBEPKH OATUCTUYECKON TEOPUHU CPEJCTBAMH pa-
JIM0-, PEHTIT€HOBCKOM ¥ raMMa-aCTPOHOMUU B COIIOCTABJIEHUH C JAaHHBIMHU ONTHYECKUX METOOB.

B § 2.1 uccnenoBan u3BecTHBIN aprymeHT bpadepa [31, 32], corimacHo KOTOPOMY HaOIIOACHHUS
PEHTTEHOBCKHUX ITyJIbCAPOB U OapCTEpOB MPOTHUBOpeuaT OammucTuyeckon Teopun. Ilokazano, uro gax-
TUYECKH, YUET NIEPEU3ITYUCHHSI MEX3BEZIHONM CPeAo CHUMAET 3TO MpoTuBopeuue. [IponemMoncTpupo-
BAHO, YTO PsJl AaHOMAJIMI IMyJIbcapoB M 0apcTEpPOB €CTECTBEHHO OOBSICHAETCS B paMKax OamucTude-
CKOW T€OpHH, KAa4€CTBEHHO U KOJMYECTBEHHO TPEICKA3bIBAOIIEH MOA00HBIE 3P HEKTHI.

B § 2.2 nokazano, uto u3 s3¢dexra Purtna ciaenyer apdekt renepanuyu peHTTeHOBCKUX JTHHUH U
PaauOIMHAN U3TyYEeHHUsI KOCMUYECKUX MA3€pOB, a TAKXKE PaJHO- U PEHTI€HOBCKOTO U3JIy4EHUs KBa3a-
POB, paAMOTANAKTHK, B3PBIBAIOLIMXCS, CEH(PEPTOBCKUX TralakTUK M jaueptua. Kpome toro, sddexr
Putna o0bsicHsieT ObIcTpble BapHallid HHTEHCUBHOCTH M3TYUYEHHS 3TUX TalaKTHK.

B 8 2.3 paccmotpensl Bo3MoxHbIE 3()()EKThI, BOHUKAIOUINE NPH UCKAKCHUU CTPYKTYPBI U yM-
HOKEHUU YHCIla U300paKeHUH 3BE3/1 U ralakTHK, BbI3BAaHHBIE X BpAIleHUEM U OPOUTATbHBIM JBUXKE-
HueM. [Ipenckazannple OaITMCTHYECKON TeOpHUel NCKaKEHUsI COTIOCTABIICHBI ¢ HAOII0JaeMbIMH HCKa-
KEHUSAMU (POPMBI TATAKTUK U 3BE3, MO TaHHBIM ONTUYECKUX M PAIUOTEIECKONOB-UHTEPPEPOMETPOB,
00J1aJaroIKX PEKOPAHBIM YIIIOBBIM Pa3peIICHUEM.

B 8 2.4 uccienoBanbl pe3yabTaThl MJIAHETHOW PaIMOJIOKAIINH, B TICPBYIO OYEPElb, PE3YIIbTaThI
panuonokanuu Benepsl. O6ocHoBana aprymenranust b. Yomneca u B.I1. Cene3néBa no unTepnpera-
LM HEBS30K IUIAHETHOM paJuOJIOKALMK KaK pe3yibTaTa HEy4€Ta BIUSHUSA CKOPOCTH IUIAHET Ha CKO-
POCTh M3IYYEHHOTO U OTPAXEHHOTO PAAMOCUTHANA. YUET OAIITUCTHYECKOTO MPHUHIIMIIA CHIDKAET Be-
JMYMHY HEBS30K, MOBBIIIAsg TOUHOCTh PaJapHBIX 3aMEPOB OPOUTAIILHBIX JIEMEHTOB ILJIAHET.

B § 2.5 npousBenéH aHanu3 ommOOK HaBUTAIIMH KOCMUYECKUX anmaparos, BkiIrouas AMC «®Do-
6oc-l, lI», «[Tnonep-11, 12» u «Kaccuau». B Teopun Putiia 3t ommbKku HHTEPIPETUPOBAHBI O€3 TH-
noTte3bl 00 aHOMaJIbHOM YCKOPEHHUH amnmapaToB B HampasieHud CoJHIIA, HO KaK CIEJICTBUE HEYUTEH-
HOTO BiusiHUA ckopocT AMC Ha cKOpoCTh paarocurHaia. B paMmkax KimaccH4eckoil Gu3nKu o0bsC-
HeHa Flyby-anomanus, oonapyxennas y AMC Ha nposI€THBIX TPaeKTOPHSX BO3JIE 3EMITH.

B § 2.6 nmpousBenén aHaau3 pe3yabTaToB J1a3epHOM Jokanuu JIYHbI 1 KOCMHYCCKHX aIllapaToB.
Jloka3aHo, YTO HEBSA3KH JAHHBIX JIA3EPHOHM JIOKAIMK U 3(eMepusi, TOCTPOCHHBIX MO JaHHBIM acTpO-
METPHUH, UCUE3aI0T NIPU YUYETE BIMSHUSA CKOPOCTH 3eMiH U JIyHbl Ha ckopocTh cBeTa. [lokazaHo, 4To
y4€T IEpEMEHHOCTH CKOPOCTH CBETA YCTPAHSET TAKXKE PsiJi KHEPABHOMEPHOCTEW» B MBUKCHHUH JIyHBI
1 3eMJIH, BBISIBICHHBIX METOAOM JIa3epHOU Jokauuu. [IpeninokeHsl KpuTepun IpoOBEPKH ATOM TUIIOTE-
3Bl ¥ BIIMSHUS CKOPOCTH UCTOYHHMKA HA CKOPOCTh CBETa B KOCMOCE.

B Tperbeii ri1aBe MpoM3BEIEH aHAN3 PE3YyJIbTaTOB ONTUYECKUX HKCIIEPUMEHTOB IO MPOBEPKE
0aJUTMCTHYECKOW TEOPUU U TPEAJIOKEHBI HOBBIE CXEMbI ONBITOB M KPUTEPHU JJISI MPSIMBIX METO/I0B
npoBepku dpdexTa PUTHa 1 BIUSHUS CKOPOCTH HCTOYHHKA HAa CKOPOCTH CBETA.

B § 3.1 uccnemoBanbl pe3yIbTaThl OMBITOB C BPANIAIOIIUMHUCS 3epKalaMHi M CTEKJISHHBIMU I1J1a-
CTHHKAaMH, B TOM uuncie onblT CaHbsiKa, ONMBIT Xappeca, MPUHIUITEI paObOTHl Ja3epHBIX THPOCKOTIOB.
Bormpeku pacnpocTpaHéHHOMY MHEHHIO, TTOKa3aHO, YTO JAHHBIE 3TUX OMBITOB U MPUOOPOB HE MPOTH-
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BOpeUaT 0ATUTMCTUIECKON TEOpHH, MPEICKa3aBIIe TOYHOS 3HAUCHUE /ISl BETUYHHBI CABUTa UHTEpde-
peHIMOHHBIX ToJioc. [IpenokeHsl cxemMbl YCTaHOBOK, BHIOM3MEHSIOIIUX SKCIIEPUMEHT TaKUM 00pa-
30M, YTOOBI peain30BaTh OJHO3HAUHYIO MTPOBEPKY OATUIMCTHYECKONW TEOPUH.

B § 3.2 B pamkax 0a/TMCTHYECKOI TEOPHUH paCcCUHMTaHa 3aBHCHMOCTH CKOPOCTH CBETa OT IOJ-
BIDKHOTO MCTOYHHKA B HETIOJBMIKHOW CpeZie, a TAaKkKe JUIsi CKOPOCTH CBETA HEIMOJBIKHOTO MCTOYHUKA
B ABWKyuieics cpene. IlokazaHo, 4To pacu€THas BEIMYMHA CKOPOCTH COOTBETCTBYET PE3YyJIbTaTy
onbiTa PU30 U aHATOTUYHBIX OMBITOB, BKIIIOYast onbIThl Y. Kantopa u M.U. [lynuiesa.

B § 3.3 paccMOTpeHBI CXeMbI 3KCIIEPUMEHTOB C MCIIOJIb30BAHHEM JIa3€POB, B YaCTHOCTH (peMTO-
CEKYH/HBIX M BOJIOKOHHBIX, JUUISI TIPSIMOTO M3MEPEHUS CKOPOCTH CBETA OT JBHXKYIIETOCsS MCTOYHHUKA.
[TokxazaHo, 4TO cOBpeMeHHas J1a3epHas TEXHUKA [MO3BOJISIET OOHAPYKUTh BapyUallui CKOPOCTH CBETa 3a
CU€T IBMKCHHS ICTOUYHUKA, TOCPEACTBOM IPSIMBIX U3MEPEHUN CKOPOCTH CBETA.

B § 3.4 npetoskeHbl CXeMBI JTa3epHBIX YCTAHOBOK IS TPoBepkH 3ddekra Putiia u mpeodbpaszo-
BaHUSI ONTUYECKOTO JIA3€PHOTO M3JIYUYCHHUS YacTOThI f, TIOCIe paccessHus Ha YCKOPEHHO JICTAIIMX Yac-
TUIAX,— B HU3IydcHHe u3MeHEHHOM uactorel f = f/(1 — La/cz), B T.4. MHBIX YaCTOTHBIX JHAIA30HOB.
PacuéTHas KpUTHUEeCKas BenuuuHa yckopenus a ~ 101 m/c?, Tpebyemas st Tpancdopmarn f B pa-
3bl, KaK MOKa3aHo, BIIOJIHE JOCTHKUMA B 3JEKTPUUECKUX M MArHUTHBIX MOJSAX JUISl 3JIEKTPOHOB, aTo-
MOB M HAHOYACTHII, CIIYKAIIUX MEPEH3TYIAOIIUMU IIEHTpaMu. PaccunTanbl TEOPETUYECKUE XapaKTe-
PUCTHKHU BBIXOAHOTO M3JIyYEHUS — HECYIas YaCTOTa, MOIIHOCTb, IJIUTEIbHOCTh UMITYJIbCa U3TyUYEHUS
B 3aBUCUMOCTH OT XapaKTEPUCTHK PACCEUBAIOIIEH CpEIbl, OT yIJia PacCEesHUS U ONTHUYECKOTO IMTyTH.
VYcraHoBka, coOpaHHasi IO PaCCMOTPEHHON CXEMe, IMO3BOJIUT OJHO3HAYHO MPoBepuTh dPpdekt Puria,
U, B CITydae ero MoJATBEPKICHIs,— TUIABHO TIEPECTPanBaTh YaCTOTY CBETA.

B 8 3.5 moctpoeHa Teopust reHepaIii TapMOHUK JTa3ePHOTO U3JTyYEHHs, PACCESIHHOTO Ha aTOMax
Wi HaHodactunax. [TokasaHo, 4To OBICTPHIE OCHMJUIAIUNA CBETOBOTO JAaBIICHUS, MOIYJIUPYS CKOPOCTh
YaCTHIl U CKOPOCTh MEPEU3Tyd€HHOTO MU CBETA, MPUBOJAT K MCKAXKEHHUIO TApMOHHYECKOTO CUTHaja
U, KaK CJIe/ICTBHE, K TeHEepalliy BhICIINX rapMoHUK. [TokazaHo, 9To 3P PeKT mo3BoseT 00BICHUTD PSIT
CBOMCTB aTTOCEKYHJIHBIX HMITYJBCOB, F€HEPUPYEMBIX MpPH BO3AECHCTBUU JIa3€pPHOTO H3ITyUYEHHs Ha
aTOMBI Ta3a WU IJ1a3My, 00pa30BaHHYIO MPH abISIUu TBEPION MOBEPXHOCTH. [IpeioxkeHbl KpuTe-
puH, MO3BOJIAIONINE ClIeTaTh BBHIBOJ O MPUPOJIE TOMHUHHUPYIOIIETO MEXaHU3Ma reHepaluu TrapMOHUK U
0 €ro CBSI3U C MOJYJISIIIEN CKOPOCTH CBETA.

B § 3.6 mpousseaéH pacuér BeauuuHBI monepedHoro sddekra Jlomiepa u KBaApaTHIHOTro 3¢-
dekra [lomnepa B paMmkax Oammuctuueckoit Teopun. [loka3zaHo, 9TO BEIBOJBI OATUTMCTUYECKON TEOPHH,
BO-TIEPBBIX, HE IPOTUBOpPEYAT PE3yJIbTaTaM OIBITOB MO M3MEPEHUI0 KBaapatuyHoro 3¢ dexra Jore-
pa, BO-BTOPBIX, B PsAJIE CIy4YaeB Jydllle COTIACYIOTCS C JAHHBIMU OMBITOB, YeM mporao3sl CTO. B ya-
CTHOCTH, Kiaccuueckuii apdext [ormiepa aerko oobscuset Flyby-anomanuro.

B 8§ 3.7 paccuutaHbl XapaKTEpUCTUKU HM3IYYCHHUS MPOCTEHINNX THUIIOB U3JIydaTelel IEKTPO-
MarHUTHBIX BOJH (qumosb ['epiia, Bpalaromuiicst 3apsa u T.7.) ¢ MO3UIMKA OaUTMCTHYECKOW TCOPHH.
[Tokazano, 4To MpeacKa3aHHbIe OATUTMCTUISCKON STEKTPOIUHAMUKON XapaKTEPUCTUKUA COTTACYIOTCS C
M3MEPEHHBIMU U C PACCUUTAHHBIMU B paMKax 3JeKTPOAMHAMUKN MakcBea.

B § 3.8 uccnenoBansl nposiieHus 3¢dexra Putna s y-MCTOYHUKOB, YCTAHOBICHHBIX Ha pas-
HOM BBICOTE WJIM Ha BPAILAIOLIUXCS JHUCKAX, YTO MO3BOJIAET BBIABIATH CABUTU YacTOTHI MO 3 exTy
Meéccbayapa. [Tokazano, uto u3MepeHHslii 1o 3¢pdexry Méccbayspa CABUT 4aCTOTHI MOJHOCTBHIO CO-
riiacyeTcs ¢ mpejickazanusaMu Teopun Putna, npu yuére addekra nepensnydenus. B orcyrcrsue ne-
peusnyueHusl TpeacKa3aHusi OaIMCTUYECKOW TEOPUHU COTJIACYIOTCS C W3MEPEHHBIMHU BapHAIUSIMU
JUITMHBI BOJIHBI U3Ty4YeHUs. AHAJIOTUYHO MOKAa3aHO, YTO CABHUI YAaCTOTHI Y-MCTOYHHKA B IPaBUTALIMOH-
HOM TI0JI€ TOKE€ MOXKET ObITh 00BSCHEH 10 A dexTy Putia.

B yeTrBépTOii IJ1aBe PACCMOTPEHBI YKCIEPUMEHTHI 110 U3MEPEHUIO U CPABHEHUIO CKOPOCTH U3-
JYYEHUS OT IBUXKYIIUXCS PESITUBUCTCKUX YacTuil. [IpoaeMOHCTpHpPOBAHO, YTO PE3yJIbTAThl HU3BECT-
HBIX SKCIIEPUMEHTOB JIaHHOTO TUIIA HE MPOTUBOPEYaT OAJUTMCTUYECKON TeOpHUH.

B § 4.1 paccMOTpEHBI OMBITHI C PEISITUBUCTCKUMH MPOTOHAMH, SIIPAMHA U ME30HAMHU, B TOM YHC-
ne ombIT AnbBarepa. [lokazaHo, 4yTO pe3ynbTaThl 3TUX OIBITOB HE MPOTHUBOpEYAT OATIMCTUYECKOM
TEOpHH, B ciiydae yuéTa apdexra nepensinyueHusi, KOTOpbIM MpeHeOperaiu B 3KCIEPUMEHTaX ¢ PEeHT-
TCHOBCKMM M TaMMa-U3Jy4eHHUEM OT PEIIATUBHCTCKHUX YacTHIl. [IpemioxeHbl yTOUHEHHBIE METOJIBI
KPUTEPUHU IPOBEPKHU OATUTMCTUYECKON TEOPUHU B IKCIIEPUMEHTAX MOA0OHOTO TUTIA.

B § 4.2 npousseaén ananu3 pe3ynbratoB omnbita Cane [33] mo cpaBHEHHIO CKOPOCTH aHHHTHIIS-
IIUOHHOTO Y-U3IyUEHHUsS OT 3JIEKTPOH-TIO3UTPOHHBIX Nap. [loka3aHo, YTO OMBIT HE MPOTUBOPEUUT Oaj-

8



JUCTUYECKON TEOpHUH, T.K. HANPSMYIO HE MU3MEPEHA BEJIMYMHA U HANPABICHHE CKOPOCTH aHHUTWIIU-
PYIOIIMX YacTHUIl, YTO JAeNlaeT pe3yJbTaT OIbITa HEOJAHO3HayHbIM. [IpennokeHa yTouHEHHas cxema
OTBITA C PA3HBIMU MPOJETHBIMU IJTUHAMH, IS IPSIMOTO U3MEPEHUSI CKOPOCTU raMMa-TyueH.

B § 4.3 npousBenén aHaau3 OnsITOB Ma3MaHUIIBUIN U AJIEKCaHAPOBA MO H3MEPCHHUIO CKOPOCTH
CHHXPOTPOHHOT'O U3JIYYCHHUS PEITUBUCTCKHUX ANIEKTPOHOB. OTMEUYEHbI OCHOBHBIE HEIOYETHI MOI00-
HBIX OIBITOB — OTCYTCTBHE 3KCIIEPUMEHTABHBIX U TEOPETUUYECKHUX OLICHOK JUIMHBI Mepenu3yueHus B
cpelie UIsl peNATUBUCTCKUX CKOPOCTEH, a TaKKe OTCYTCTBUE MPSIMBIX U3MEPEHUN CKOPOCTH M3IIydaro-
[IMX YacTHII, YTO JIeJaeT Pe3yJIbTaThl ONBITOB HEOAHO3HAYHBIMU. [IpeasioskeHbl ycoBEpILIEHCTBOBAH-
HBIE CXEMBI OIBITOB M METOJbl MU3MEPEHUN IJIsl YCTPAaHEHUs ITOW HEOJHO3HAYHOCTH U JJI TOYHOU
npoBepku Oayunctudeckoil Teopuu. [lokazaHo, YTO OTHeNbHBIE PE3yJbTaThl AKCIEPUMEHTAa MOTYT
paccMaTpUBaTHCS B KaueCTBE KOCBEHHOT'O MOATBEPKICHHS OAJUTMCTUUECKON TEOPHH.

B § 4.4 B paMKkax Oa/UTMCTHUYECKOW TCOPHH MOCTPOEH KITACCHYECKUN BapHUAHT TEOPUH CHHXPO-
TpoHHOTO u3nydeHus. [lokazaHo, YTO MpelcKa3aHHbIe OAJUIMCTHYECKOW TeopHed XapaKTepUCTUKU
CHHXPOTPOHHOTO U3JIy4eHUsl (yerosoe pacnpedenenue, cnekmp u OIUmMeIbHOCHb UMNYIbCO8) COTa-
CYIOTCSI C 3KCIIEpUMEHTAIILHBIMH, BOIIPEKU aprymeHTy HetoOypra [34]. A psin XapakTepUCTUK CHHXPO-
TPOHHOTO M3JIy4YE€HHs, HAaIpUMEp, BIMSHUE JJIMHBI KaHajla BhIBOJA HA CIIEKTP M3IY4YEeHHs, Jy4Ile COo-
IJIACYIOTCS C BBIBOJIAMH OaJTMCTUUECKO# TeopuH, yeM ¢ nporHozamu CTO.

B § 4.5 Ha ocHOBe Oa/NTUCTHYECKON TEOPHH IMOCTPOCHA KIACCHYECKash TEOPUs YEPEHKOBCKOTO
U3JTY4YCHHUS OT OBICTPO JIETAIIMX YacTHull B cpene. [lokazaHo, YTO SKCIIEPUMEHTAIbHBIC XapaKTEePUCTH-
KU YEPEHKOBCKOTO U3IYUYEHUS COTIacyIoTCs C MpeACKa3aHHbIMU 0aUIMCTUYECKOM TeopHei, MpH Kiiac-
CHYECKOM OLIEHKE CKOPOCTH YacTHIl U yuére kodpduuuenta ysneuenuss Openens. [loctpoennas teo-
pusi OOBSICHSIET HEKOTOpbIE CBOMCTBA YEPEHKOBCKOI'O H3IYUYEHHS, OTKPBIThIE MOJl PYKOBOJICTBOM
A.A. Tankuna [35, 36], He HaxosIIKMe OOBICHEHHI B paMKax PEJISTUBUCTCKON TEOPHUH.

B § 4.6 B pamMkax Oa/LTHCTHYECKON TEOPHUH MOCTPOCHA TECOPHs OHIYJISATOPHOrO M3aydeHus. Ha
psile IpUMEpPOB MOKAa3aHO, YTO TEOPHSI COIVIACYETCSI C XapaKTEPUCTUKaMH OHIYJIATOPHOTO M3JIyUYEHUsI.
A 3KCnepUMEHTalIbHbIE U3MEPEHUS JUIUTEIBHOCTH UMITYJICOB OHIYJIATOPHOTO M3JIy4YE€HUS, TPUBOIU-
MbI€ B KQUeCTBE MPOTUBOPEYAIINX TeOpuH Putna, akTuyecku, COOTBETCTBYIOT €il.

B 8§ 4.7 npemioskeHbl CXeMbl SKCIIEPUMEHTORB 110 MPSMOMY HU3MEPEHHIO CKOPOCTH PEIISITUBUCT-
CKHX YaCTHULl BPEMSAIPOJIETHBIM METOI0OM. PaccunTaHbl 3HaU€HUS CKOPOCTH YacCTHI] B KOHKPETHBIX TH-
nax JIMHEWHBIX YCKOPUTEJECH B paMKaX CICIHAIbHONW TEOPUU OTHOCHUTEILHOCTH M B OAITUCTHYCCKOM
teopuu. [lokazaHO, YTO TOYHOCTh U3MEPEHUI B TAKUX CXEMax JOCTAaTOYHA JUIA BBIOOPA MEXIY ABYMS
TeopusiMu. [IpeanoskeHbl CXeMbl 110 CPAaBHEHUIO CKOPOCTHU 3JIEKTPOMArHUTHOTO M3ITy4EHUsl pelsTUBH-
CTCKHUX YaCTHI] CO CKOPOCTbIO CBETA HEMOABHIKHOTO HCTOYHHKA.

B 8 4.8 paccMOTpeHbI OCHOBBI OaNTHCTHYCCKON 3JCKTPOINHAMHUKY U OTACIbHBIE d3(PPEKTHI, OT-
JUYaOIMEe JAHHBIM THUIl JIEKTPOAMHAMUKH OT Teopun Makcsenna. [IpeanoskeHbl cxembl 3Kclepu-
MEHTOB 10 TpoBepke 3TuX 3hdexTon. [IpousBenéH aHamu3 dKCIEPUMEHTAIBHO BBISIBICHHBIX aHOMa-
auid (MpOTHBOpEYAIINX AIEKTpOIUHAMUKe MakcBemta, B T.4. 3pdekra AapoHoBa—boma), koTOpBIC
CBUJIETENBCTBYIOT B MOJb3Yy CylIeCTBOBaHUSA 3P (HEKTOB, MOATBEPKIAIONINX OATITUCTUYECKYIO TEOPHIO.

B 8§ 4.9 paccmoTpeHbl KBaHTOBBIE 3((PEKThI OAUIMCTUYECKOH TeOpuu. B 4acTHOCTH, MMEHHO B
0aJUTUCTUYECKON TEOPUH BIIEPBBIC MPEICKA3aHbl KBAHTBI AJICKTPUUECKOTO MOJIsI (peomnst), yaapbl KOTO-
pBIX 00 DIICKTPOHBI BEAYT K MX XaoTHYeckomy aBmxkeHuto [15, 37]. ImMenno takoit a3 ekt HadIo-
nancst B ogayistope Ha yctaHoBke BOIII-3. TlokazaHo, 4TO 3TO XaOTHYECKOE JIBHIKCHHUE DJIEKTPOHOB
B PETYJIIPHBIX MOJSX KOCBEHHO MOATBEPKAAET PEAILHOCTh PEOHOB. 110 CHATHIM mapameTpaM XaoTH-
YECKOTO JIBKEHUS 3JIEKTPOHOB pacCUUTaHa Macca, 4acToTa BbUIETa U YAapOB PEOHOB.

B 8 4.10 uccnenoBaHbl CBOWCTBA U CTATUCTUYECKUE XaPAKTEPUCTHKH KOCMUYECKUX JTydel JKc-
TpeMaJIbHBIX HEPIHii, B YaCTHOCTHU 3€HUTHO-YIJIOBOEe pacnpeaeneHue. [lokazano, uto Habmo1aeMble
CBOWCTBA COTJIACYIOTCS C KJIACCUYECKMMHU OLIEHKaMHU CKOPOCTH YacTHUI] U OAJUIMCTHUECKOW TeopHel, HO
pacxodsTcsl C MPOrHO30M PENIATUBUCTCKON Teopuu. OOOCHOBAH BBIBOJI O TOM, UTO MPSIMOE U3MEpPEHUE
BEJIMYMH U HAINPaBJICHUNA CKOPOCTH YACTHUIl U3 KOCMHUECKUX JIy4el M yCKOpHUTENIeH cTaHeT Hauboiiee
MPOCTBHIM U OJTHO3HAYHBIM TECTOM JIJIsl MPOBEPKH OATITUCTUUECKON TEOPUH.

B 3ak/104eHuH KpaTKo c(hOPMYIHMPOBAHBI OCHOBHBIE PE3YJIbTAThl AUCCEPTALHH.

Ha 3amurty BBIHOCATCS ClIEyIOIINE OCHOBHbIE HAYYHbIE MOJI0KeHUSI
1. Pe3ynbTaThl HaKOIJICHHBIX 32 BEK JAHHBIX aCTPOHOMUYECKUX HAONIOJCHUN U J1a0OpaTOPHBIX IKC-

NEPUMEHTOB HE MPOTUBOpEUAT OaUIMCTUYECKON TEOPHUH, a JaHHbIE KOCMUYECKOM pajloIOKaIiH,
HaOMIO/IEHU JABOWHBIX 3BE3 M psla JIaOOPATOPHBIX OMBITOB KOCBEHHO MOJTBEP)KIAIOT TEOPHUIO
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Putna. Takum 0O6pa3zom, BOIIPOC O BIUSIHUMA CKOPOCTH MCTOYHHKA HA CKOPOCTH CBETA OCTAETCS OT-
KPBITBIM M TPeOYET AJIs PEIIEHUS TOMOJIHUTENbHBIX YTOYHEHHBIX SKCIIEPUMEHTOB.

2. Pe3ynbTaThl KOCMUYECKON PaJHOIOKALIMK U JIa3ePHOM JIOKAIIUH TOATBEP)KIAIOT BIUSIHUE CKOPOCTH
MCTOYHUKA U OTPAXKAIOLIETO CUTHAJIbl HEOECHOIO TeJla Ha CKOPOCTh CBETAa. Y TOUHEHHOE U3MEPEHHE
CKOpOCTEH, TOJ0KEHUH, OPOUT HEOECHBIX TNl U KOCMHUYECKUX allapaToB pasHBIMH METOAAMHU U
COITOCTABJICHUE UX PE3YIbTATOB — OCHOBHOW KPUTEPHUIN MPOBEPKHU T€OpUH PuTiia.

3. W3 Gammuctrueckoil Teopun cienyer 3p¢eKT npeodpa3oBaHusl JUIMHBI BOJHBI A, JUIMTEIBHOCTUH U
MOIITHOCTH CBETOBBIX MMITYJIbCOB OT YCKOPEHHO JIBUXKYIIErOCs MCTOYHMKA, MPUUEM M3MEHEHHUE A
MPOTNOPLHMOHATIBHO YCKOPEHUIO HICTOUHUKA M TUCTAHINH, IPOMIEHHON CBETOM B BaKyyMe.

4. Nauusrnii 3bdext (9¢pghexm Pumya) Ka4eCTBEHHO U KOJIMYECTBEHHO OOBICHIET XaOOIOBCKHI 3aKOH
KPacHOTO CMEIICHHUS TaJlaKTHK, 0€3 THIoTe3bl 0 pacmupenun Beenennoil. Takxe addekt oObscHS-
€T MapaJoKChl KPACHOTO CMELICHUs, B TOM YHCJE MapHble FaJakTUKA ApIa, HECOBIAJEHUE Kpac-
HBIX CMEIICHUH B pa3HBIX TPyINax JUHUH, JePUIUT KPACHOTO CMEIICHUS Ha OOIBIINX JUCTAHIHIX
u T.1. PenukroBoe u3nydyeHue B TaKOM CiIydae ClIEAyeT pacCMaTpUBaTh KaK PaBHOBECHOE M3Iyde-
HHUE MEXTaJaKTHIEeCKOr0 ra3a, HarpeToro U3JIy4eHUEM OKPYKAIOIIUX TaJaKTHK.

5. Psax cBoiicTB mynbcapoB, Legeu U Apyrux MEepeMEHHbIX 3BE3]l HaXOAMT MPOCTOE OOBACHEHHE B
paMkax OayuMcTHYecKol Teopuu. B wacTHOCTH, mpocToe 0OBSICHEHUE MOIydaeT CIEKTp MepeMeH-
HBIX 3BE371, a TAK)KE BapUalluy Iepuoa, aMIUINTY bl U (OPMBI UX KpUBOH OJecka.

6. Dddexr Purna Moxer ObITH MpOBEpeH B Ja0OPATOPHBIX YCIOBUSAX, MPU COOOLICHUH NEpeu3y-
YalOIIUM YaCTUIAM KPUTHUYECKOro yckopeHus. KocBeHHbIMU NposiBIeHUsAIME 3TOr0 3¢dexra MoryT
CTaTh HEKOTOPBIE CBOWCTBA CHHXPOTPOHHOT'O U3JIYYEHHUS U ATTOCEKYHTHBIX UMITYJIbCOB.

7. BnusHue CKOPOCTM MCTOYHMKA Ha CKOPOCTb CBETa MOYKET OBITh HENOCPEACTBEHHO MPOBEPEHO B
NPEUIOKEHHBIX B JICCEPTALMU SKCIIEPUMEHTAIBHBIX CXeMax Ha OCHOBE (DEMTOCEKYH/IHBIX JIa3epPOB
Y T€HEepaTOPOB HEMPEPHIBHOTO JIA3€PHOTO U3ITyUCHHUS.

8. Ilpu nmedcTBUM J1a3epHOr0 M3IYUYECHUS HAa aTOMBI ra3a MM HAHOYACTHUIIbI, OBICTpHIC OCIMIUIALUU
CBETOBOI'O JIaBJIEHUS U YCKOPEHMs YacTHULl MPUBOAAT 1O 3(dexty Purtna k uckakeHuro nmpoduiis
nepen3TydEHHOM YacTHIIAMU BOJIHBI M, KaK CIIEACTBUE, K T€HEpaIlii TAPMOHUK HECYIIEH 4acTOTHI.
OTO SBJICHUE CITYKUT JIOTOJIHUTENIBbHBIM KPUTEpHUEM NpoBepKH 3(dekra u reopun Purna.

9. Bamnmuctuyeckas teopust PUTiia KaueCTBEHHO M KOJIMYECTBEHHO OOBSICHSET BCE CBOMCTBA CHHXPO-
TPOHHOT'O, OHIYJISATOPHOTO M YEPEHKOBCKOIO M3JIy4YEHHUS B paMKaxX KJIacCUUECKOW (pu3uku. A OT-
JIeNIbHBbIE CBOMCTBA 3TUX U3TYUYCHUH MOIy4atoT 60jiee eCTECTBEHHOE, TPOCTOE U TOYHOE ONMCAHKE B
paMKax 0a/UTMCTUYECKOM, a HE PEIIITUBUCTCKON TEOPHUH.

10. Dxcnepumentsl A.C. Ma3manumBmim U E.b. AnekcannpoBa 1mo M3MEpeHHI0 CKOPOCTH CHHXPO-

TPOHHOT'O M3JIyY€HHsI HE NMPOTUBOpeYaT OaIIMCTUYECKON TEOpHH, B clydyae ONpe/eleHus: CKopo-
CTH 3JIEKTPOHOB IO (hOpMyJIaM KJIACCHUECKOM (hU3HKH.

11. IlpsMoe wH3MepeHHE CKOPOCTHM YacCTHIl B YCKOPUTENSAX M KOCMMYECKHX Jyd4ax HpOJETHO-
UMIYJIbCHBIM METOJOM U CPaBHEHHE M3MEPEHHOTO 3HAYEHUS C IMPElCKa3aHUsSMH KIacCHYECKOH
(GU3MKN U TEOPUU OTHOCUTEIBHOCTH CIIY’KUT HauOoJiee MPOCTHIM KPUTEPUEM IPOBEPKU Oasiu-
CTMYECKOW TEOPHUU M IMO3BOJIUT YTOUYHUTH HAMPABICHHUA MPUXOJa KOCMHUYECKUX JIyded AJs co-
CTaBJICHUsI HEOECHOM KapThl paclpeieeHNs] HCTOUHUKOB KOCMUYECKUX JTyUeH.

OCHOBHBIE PE3yJIbTAaThI AUCCEPTALIUH OITyOJIMKOBaHbBI aBTOPOM B paborax [A1-A55], o0mmm 00bEMOM

1023 c., B KOTOpBIX OpHUTHMHAJIBHBIC PE3YJIbTAaThl aBTOpa COCTaBISAIOT 728 c. Pe3ymbrarsl mponum

anmpoOaruio Ha MEXAyHapOIHBIX, BCEPOCCHMCKMX M PETHOHANBHBIX HAYYHBIX M Hay4dHO-

TEXHUYECKHX KOH(DEPEHIUSIX U ceMHuHapax (mpuiioxeHue 1).

Baarogapuoctu
ABTOp BBIpaXkaeT 0JIarOAAPHOCTh CBOEMY HAyYHOMY PYKOBOIUTENO npodeccopy bakyHoBY

Muxawmny VBaHOBHYY 32 KOHCTPYKTHBHBIE TUCKYCCHH, 32 IICHHBIE COBETHI M IOMOIIb B MOJATOTOBKE

nucceptanuu. Takxe aBTop Omaromgaput mpodeccopa CremanoBa Hukomast CepreeBuya 3a psii UHTE-

PECHBIX 3aMeUYaHMi, KOHCYJIbTAllMI U aKIEHTUPOBAHUE BHUMAHUA Ha psze 2(PPeKToB, CIeqYIONMX U3

0OAJUITMCTHYECKON TEOpUH M JOCTYMHBIX Ul SKCIIEPUMEHTAIbHON NMPOBEpKHU. bosbllyro npusHaTenb-

HOCTh aBTOp BbIpaxaeT K.¢.-M.H. Llapésy Makcumy BnagumupoBudy 3a obcyxaeaue 3pdextoB Oai-

JMCTUYIECKON TEOPUH B KOCMOCE M B ATTOCEKYH/IHBIX yCTaHOBKAX.
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MnaBa 1. AcTpoHOMMYECKMe HabnoaeHUs Kak KpuTepuin npoBepkn 6annu-
CTUYECKOW Teopum

Hcropuuecku mepBoii cTaja MpoBepKa OATMCTHYECKON TeopuH B KocMoce (meeamupe) [Al,
A21, A34]. Bricokue ckopocTr 3eMiTH, 3BE311 M KOCMHUECKHX arnmapatoB (V ~ 10* m/c), acTpoHOMHUYe-
ckue nponérapie aucranmmi (L ~ 10°-10" M) n xocMudeckuit BakyyM (HCKITIOUAIONIHIT TIepen3ITyde-
HHE) YIPOLIAIOT 3aMephl BapUAIUil CKOPOCTH CBETA, [0 CPABHEHHUIO C OIBITAMH B 36MHBIX YCIOBHSIX.

[TepBBIM aCTPOHOMHYECKAM TECTOM OAJUTMCTHYECKON TEOpHUH cBeTa (M0 CYTH, KOPHYCKYIAPHOU
meopuu ceema Hvromona) crano otkpsitre J[x. bpagneem B 1725 1. abepparu 38E31HOTO cBeTa (8§
1.3), T.e. OTKJIOHEHUS HAMpaBJICHUH JIydeill cBeTa 3BE3]] /I 36MHOTO HAOJIFOIaTelIs 3a CUET ABMIKCHHUSI
3emun [38]. Ananu3 3BE31HON abeppaluy BIICpBbIE MO3BOJIMI YCTAHOBUTH OTHOCHTEINIBHBIN XapakTep
JBIDKEHUS CBeTa. Yxke cam bpamelr untepnperupoBai adeppaiuio Ha OCHOBE KOPIYCKYJISIPHON T€o-
pun cBeTa: cBeT BEN ceOs Kak MOTOK YacTHUIl, HA CKOPOCTh C' KOTOPBIX BIHsJIA OTHOCHUTEIbHAS CKO-
pocts 3Be3abl V. [losTOMy HampaBiieHHEe CKOPOCTH C' MEHSIIOCh B 3aBHCUMOCTH OT CKOpOCTH -V 3em-
JIM, YTO JIBa BeKa CITY>KUJIO TJIAaBHBIM apIYMEHTOM B ITOJIb3Y KOPIYCKYJISIPHON TEOPHHU CBETA.

Jljist TpOBEPKH BIMSHUSL CKOPOCTH MCTOYHHWKA HA 3HAYEHHE CKOPOCTH CBETA IpeyIarajiy npruMe-
HHUTh TAaK)Ke HAOJIOACHUS TBOWHBIX 3BE3J, OpOHMTANbHAsl CKOPOCTh KOTOPBIX, MOAYJIUPYS CKOPOCTh
CBETa, MCKaKkaina Obl BUIUMBIC IBUKEHUS 3BE3M. VIMEHHO 3TOT TECT UCTOPUYECKH CTaJl TIEPBBIM KPH-
TepueM BBIOOpa MEXTy OalIMCTHYECKON Teopuel PuTHa m Teopuell OTHOCHTENBHOCTH, U B PasHbBIX
BapHaHTaX MPUMEHSIETCS ISl IPOBEPKU TEOPUH BILIOTH JI0 HACTOSAIIETO BPEMEHH.

OcCHOBHbIC pPe3yIbTaThl IJIaBbI OMYOIMKOBaHbI B paboTax [Al-Ab4].

8§ 1.1. Cmamucmuka deoliHbix 38630 u 3¢h¢hekm bappa

Vxe B 1909-1910 rr. [I.®d. KomcTok oOpatun BHUMaHKE Ha 3(PPEeKThl IBOWHBIX 3BE3M, BO3ZMOX-
HbBIC MIPU CIOXKEHUH CKOPOCTH CBETa CO CKOpOCThIO McTouHuKa [39]. Ecnu 3Be3na-cryTHUK, JeTsias
BOKPYT TIaBHO# 3BE3/bI CO CKOPOCThIO V 10 KpyroBoi opoute (nynkmup Ha Puc. 1.1), mpu cOnmxe-
HHUM IIOCBUIAET CBET K 3eMJIe CO CKOPOCTBIO C + V, TO OH gocTUraeTr 3eMid 3a MEHBIIECE BPEMs, YeM
CBET, MCIYILEHHBII CO CKOPOCThIO C — V mpu ynaneHuu. B utore BuauMoe ABMKEHHE 3Be31bl (cnious-
Hast aunus Ha Puc. 1.2) uckasurcs Tak, CIIOBHO 3Be3/1a JISTUT ObICTpee, HAXOISCh Jaliblle OT 3emiu (3a
KapTHHHOM IIOCKOCTBIO), M MEIJICHHEe, Korna JIeTUT Onmke (mepea KapTUHHON iockocThio) [40].
JIBI>KeHHMe 3BE3bl MOKAXKETCS WAYIIUM 1Mo opOute, BBHITAHyTOW K 3emie. Kak ormermn B 1913T.
B. Jle Curtep, mo HaOMIOAEHUSAM CIEKTPaJIbHO-IBOWHBIE HMEIOT IMOYTH KPYTOBbIE OPOUTHI Oe3 MCKa-
xeHuit [41]. DTOT apryMeHT CYMTAJICS OCHOBHBIM MIPOTUBOpPEUUEM OasuticTuueckon teopuu [38, 42].

Onnako B ToM ke 1913 r. acrporomst I1. I'ythuk [43] u O. ®peitnanmux [44] ormetniu crop-
HOCTh JJAaHHOTO apryMeHTa. VM3y4HuB CTAaTHCTUKY JBOWHBIX 3BE3], OHM MOKA3alld, YTO Y OOJBIIMHCTBA
3BE31 OPOUTHI BBITSHYTHI, © B OCHOBHOM HMEHHO B CTOPOHY 3eMid (IOJrOTHI MEPHACTPOB ® 3BE3J
rpynnupyrorcs Bosie 3Hadenus o = 90°), B cornacuu ¢ npeackasanuem teopun Putia [39]. Dot 2¢h-
(eKT npenMyIIeCTBEHHOW OpUeHTaluu opouT 3BE37 K 3emiie, oTKphIThI B 1908 r. kaHaackum actpo-
HoMoM JIx.M. Bappom [45], moaTBep:ka€HHBIN COBpeMeHHBIMU acTpoHOMamu [46—48], Bkitouas oTe-
4yecTBeHHBIX [49], u Ha3bIBaeMblii a3 dextom Bappa, 10 HacTosIIero BpeMeHH He 00bICHEH OHO3HAY-
HO. Takum 00pa3oM, ero UHTEPIIpETaNUs B OAJUIMCTUICCKOM TEOPUH 3aCiTy)KUBacT BHUMaHus [24].

100}
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Puc. 1.1. Cxema aBmKeHHs 3BE3/IbI TI0 KPYTOBOM opbute (nyHxmup) v KpuBas €€ JIydeBOi CKOPOCTH
Vi(t) (nynxmup). JloGaBnenne ckopoctu 3Be31bl V K ckopocTH cBeta uckaxaet rpaduk V() u Buau-
MO€ JIBIDKEHUE 3Be3/bl (Criowmas iunust), COOTBETCTBYIONINE OpOuTe, BEITAHYTOM K 3emite. Cnpasa —
THITMYHAS JUIs 3BE3/1 M3 SK30MIAHETHBIX CHCTeM acuMMerpuunas kpuas V(1) (e = 0,25, " = 95°).
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Kaxk mokazan ['yrauk [43], eciiu BUuanMOE HCKa)KEHHUE BYKEHHS 3BE3/IbI HEBEIHMKO, 3TO JIBHUKE-
HUE He OyJeT 3aMETHO OTKJIOHATHCS OT 3akoHOB Kerutepa. [lokakercs JuIlib, 9TO 3BE3/7a ABMKETCS HE
10 KPYTOBOH, a MO BBITSIHYTOW SJUTMIITHYECKOW OpOUTE, T.€. Y HE€ MOSBHUTCS KaXKyIIHICS N30BITOUHBIN
SKCIEHTpUCUTET. JlJIT COBpEMEHHON aCTPOHOMHUH STOT BBIBOJ OCOOEHHO MHTEPECEH, T.K. MO3BOJISIET
00BSICHATH aHOMAJTbHO BBICOKHE IKCIICHTPUCUTETHI opOuT 3k30rmianet [50], cm. § 1.4. He uckmroueHo,
YTO peasibHbIe OPOUTHI HK30IUIAHET, KaK y TiaHeT COMTHEYHON CUCTEMBI, TOYTH KPYTOBbIe, HO 00peTa-
10T MHHMbIC 3KCIEHTPHCUTEThl OT HCKakeHHs uX Buaumoro asmwxenus (Puc. 1.1). Kak mokaszan
Opeitnux [16, 44], uckakeHus: Malibl, €CJIM Ha IMyTH CBETa K 3eMJIe 3aBUCUMOCTh €r0 CKOPOCTH C' OT
CKOPOCTH MCTOYHHKA V OcllablieHa, TaK 4TO OLEHUBaeMas 10 UCKaKEHUSIM CKOPOCTh CBETa

c'=c+kV, (1.1)
riae k << 1. Tlo onenkam Jle Currepa k < 0,002 [16, 41].

[Mpuunny camkenus BiusHus V Ha C' (1.1) ycranoBun B 1965 r. Ix.I'. doxkc [25]. [Tockonbky
TECHbIE IBOMHBIE CHCTEMBbI, KaK MOKa3ajl CIEKTPaJbHBIM aHalIu3, OKPYKEHbI aTMOcepaMu MEK3BE3 -
Horo rasa [46, 51], KoTopblli B HUYTOXKHOW KOHIIGHTpAIIMU MPUCYTCTBYET M Ha BCEM IyTH CBETa K
3emie, TO 1Mo Teopeme morameHus (9xcmunkyuu) DBanbaa-O3ecHa [52] MCXOTHBIN CBET 3BE3/BI I10-
CTETICHHO TaCUTCs O0JaKaMU Ta3a U MEPEeH3NIydaeTcss UMHU YXKE CO CKOPOCThIO C OTHOCHTEIHHO 00ma-
KOB. JTO BeIET K MOCTETIIEHHOMY BBIPaBHHUBAHHUIO CKOPOCTEH CBeTa, MCIYIIEHHBIX 3BE3/10M B pa3HbIe
MOMEHTBI, ¥ OCHOBHYIO 4acTh IIYTH JIy4d CBETA UAYT C PaBHBIMH CKOpocTsMu. Toraa Beipakerue (1.1)
UMEET CMBICJ CPEeHEH CKOPOCTH CBETA Ha MyTH I OT 3BE3/1bl K 3emiie, a K mpruoOpeTéT CMbICT OTHOCH-
tenbHOM noau K = |/r myTtu |, Ha KoTOpOM CBET 3Be3bl, euié He Oyay4H Mepeu3nydéH, IBUKETCS CO
CKOpOCThIO Onm3koit k € + V. Ha atom nytu | myun u HaOuparoT pa3HOCTh XO/a, HCKAXKAIOIIY 0 BUIM-
Moe nBrkeHne 3BE31. OcraBinyrocs dactb myTH I(1 — K) mepensmy4€HHbII CBET ABHKETCS CO CKOPO-
CThIO Osn3KOH K C. ITo M3BecTHOM KOHIEHTpaIuu aToMoB Bogopoaa (Ny ~ 1 CM_3) W TIOKa3aTess mpe-
JIOMJIEHHS N MEK3BE3IHOrO ras3a B ['anakruke, @OKC OLICHUT B OAMH CBETOBOU IO/ ATY JJIUHY

| =M2n(n-1), (1.2)
Ha KOTOpO#i nepensiydeHue B 2,718 pa3 CHMKaeT aMILTUTY Iy UCXOJHOM BOJIHBI JUTHHBI A [25].

Ty xe omenky noiyuwa K. Bpsuep [31], BbIpasuB mMmokasaTeib MPETOMIICHUS MEK3BE3IHOM

TUTa3MBbI Yepe3 MIa3MEHHYI0 YacTOTY, U MOJIyYHB JUIsl JUTHHBI TIEPEen3ITydeHUs] 3HAUCHHE
I = (uroN) ™ (1.3)
MopsiJIKa ABYX CBETOBBIX JIET, 1€ o= e2lmc® = 2,82-10'15 M — KJIACCUYECKUU paJilyC JIEKTPOHA Iy.

[TpousBeném HezaBucumyio oreHky |. Eciu mokaszarens npenomienus Bogopoga N = 1+ § (rae
0<<1), to 6={Ny, tone { — Hekas koHcraHTa. COOTBETCTBEHHO, IJIMHA Mepeu3itydeHus | =
M216 = M2n{Ny. TlockonbKy NpH HOPMANBHBIX YCIOBHSX IOKa3aTedb MPEIOMJICHHS BOJOpPOA
n=1,00013 (6= 1,3-10'4), a uncao atomoB Ny B 1 cm® paBHO umcny Jlommmara 2,69-10%° (N =
2,69:10" cM™), To B KOCMOCe, rae Ny ~ 1 eM™, Haxogum & = 1,3-107*Nw/N = 4,8:10*. Otcroma | =
M21d ~ 3,3-10"® m = 3,5 cBETOBBIX JIET, UTO 10 MOPSIAKY COBIAAAeT ¢ onenkoil dokca. Ty ke BeIHdH-
Hy | MOXXHO TOJYy4HTh, CUNTAS MEK3BE3THYIO CPEly BOIOPOIHOM IIa3MOW C KOHIICHTpAIMEH HOHOB
Bozopoaa 1 31ekTpoHoB N ~ 1 cM™>, Ha OCHOBE BBIPA’KCHHS UIS [OKA3aTEIsl IPEIOMICHHUS [Ia3MBbI
[53], cm. popmyiy (2.12). Takum 06pa3oM, y OOJNBIIMHCTBA IBOMHBIX 3BE3]] CBET MEPEU3IyUYacTCs Ha
JUCTaHIMK TIOPSIIKa CBETOBOIO rojla WK MeHee (T.K. TECHbIC JBOMHBIC 3BE3/IbI OTPY)KEHBI B OOIIYIO
atMocdepy ¢ emé Ooublel KOHIEHTpaluel rasa). II0CKONbKY paccTOSIHHS I 10 HCCIICIOBAHHBIX
JIBOWHBIX CHCTEM — IOPSIKA COTEH CBETOBBIX JIET, OTHOIIeHHE K = I/r cocTaBUT MOpsiiKa THICSYHBIX
J0JIeH, B coriacuu ¢ Habmoaenusamu [16, 41]. T.e. oxxumaembie 1Mo Teopun PUTIA MCKaKEHUS MaJIbl U
HaOronarorcs B popme addekra bappa, a apryment ne Cutrepa He MMEET JTIoKa3aTeIbHON CHTbl [25].

Dddexr bappa orkpeir B 1908 r. kanaackum acrpornomom JIx.M. bappom [45] mpu ananuze
CTaTHCTUKH 3JIEMEHTOB OpPOUT CHEKTPAIbHO-IBONHBIX 3BE3/. MICTOpUS OTKPBITUS U €ro 00CYKICHUs
omucana B pabore [54]. Cratucruka, udyueHHas bappom, mokasama, 4To y CHEKTPAJIbHO-IBOMHBIX
3BE3]] OPOUTHI BBITSHYTHI IPEUMYIIECTBEHHO B CTOPOHY 3€MIIH, T.€. IEPHACTPHI 3BE3] Yallle PacIolio-
JKEHBI 33 KapTUHHOM TUIOCKOCTBIO: JIOJTOTHI MEPUACTPOB  TpeodiamaroT B auanazone 0° < o < 180°
(Puc. 1.2). DddexT Ob1 MHOTOKpATHO MOATBEPKAEH husukamu [25] u actponomamu [46—48, 54-56],
B T.4. oTeuecTBeHHbIMU [49, 57-60], npemtoxusimmmu s 3dpdexra bappa repmun «B-adpdexr» [58].
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6 | | 7
Puc. 1.2. AcumMeTpudHbBIC YIIIOBBIE paclpeeeH s IepUacTpoB 3BE3/ IO JOITOTaM » (drcia yKa-

3BIBAIOT KOMMYECTBO 3BE31 N ¢ mepracTpaMu B JaHHOM CEKTOpe) Kak mwutocTpauus dpdexra Bap-
pa, 1Mo IaHHBIM pa3HbIX aBTOPOB: a) bapp [45], 6) Pokc [25], ) Barren [46], 2) Bpaxuukosa [57].

B cuny npuniuna KonepHuka, TpyJHO JONMYCTUTh, 4TO 3emiist U COJHIIE BBIACIEHBI CPEIU JIPY-
I'MX TUTAHET U 3BE311 (MHaue Hayka BepHETCS K reoreHTpu3My [54]). [Tostomy, kak ormerun bapp, a¢-
(eKT BbI3BaH UCKOKEHHUEM IpaUKOB JTy4eBbIX cKopocTei 38831 Vi(t), M0 KOTOPBIM OMpeaessuiy 101
TOTY HIEpHACTpa ®, SKCICHTPUCHUTET € U APyrue opOuTaIbHbIC AeMeHThl. B urore rpaduk Vi(t), coot-
BETCTBYIOIIMI KPyroBoit opoure, nmpeodpasyercs B rpadpuk Vi(t), KOTOPOMY COOTBETCTBYET JUIAIITH-
yeckas opOuTa, BBITAHyTas K 3emie. T.e. y ABOMHBIX 3BE3/ MOSIBIISAETCS M30BITOUHBIA KaxyLIHACS
9KCICHTPUCHUTET €', a JOJTOThl UX MEPUACTPOB TPYMITUPYIOTCsS Bo3ie 3HaueHuss o = 90° (Puc. 1.2). ¥V
3BE3HBIX OPOUT, OPHEHTUPOBAHHBIX CIIYYalHBIM 00Pa30M C UCTHMHHBIMH SKCICHTPUCHTETAMU €, TIPH
N00aBICHUH K HUM Ka)KyIIHUXCSl SKCLEHTPUCUTETOB €', BOSHUKAET MIUTIO3USI HEPAaBHOMEPHOTO pacripe-
nenenust opout N(w) o gonaroram nepuactpoB ®. B urore 38€31b1 ¢ 0° < » < 180° npeobiamaroT Hax
3Bé3mamu ¢ 180° < o < 360° [25]. Ta ke aHomanust oOHapyKeHa y dK30IUIaHET, IPUIEM y HUX HaOJIr0-
JaeTcsi M30BITOYHBIA SKCICHTPUCUTET, HE OOBSICHUMBIM B paMKaxX CYHIECTBYIOIIMX Teopuil [A43,
A49]. Tlockoneky 3bdext bappa He MOMYyYHI MOKa OKOHYATEIHHOTO W OJHO3HAYHOTO OOBSICHEHHS,
PaccMOTPHUM €ro U3BECTHBIC MHTEPIIPETALIMH U HCCIIelyeM yCIoBUs posiBieHus 3ddekra.

[Tepeurcanm rumotessl 0 npupoae s dekra bappa (B ckoOkax yKa3zaHbI aBTOPbI THITIOTE3):

1) npuimBHOE MCKaXKeHHE (POPMBI 3BE3], BHI3BIBAIOLICE B XO/I€ MX CHHXPOHHOTO BpAIICHHS UC-
KakeHne rpaduka aydeBbix ckopocreit (bapp [45]);

2) NeiCTBUTENIbHAS BBITSIHYTOCTh OPOUT 3BE3]T B HANPABJICHUU 3EMIIH 3a CUET MPCUMYIICCTBCH-
HOU opueHTaru opowut 38é31 B ["anmaktuke (bapp [45]);

3) HabmoaTenbHas CeNEKIHs, 00YCIIOBIICHHAS JIYUYIIUMH YCIOBUSIMH JJIsi OOHAPYKEHHS 3BE3]T C
9KCICHTPHUYHBIMU OpOUTaMH, BRITAHYTHIME K 3emiie (bpakuukosa [58]);

4) WcKaKeHHe KPUBOM JYYEBBIX CKOPOCTEH MOTOKAMH ra3a W arMocdepamiu, BpaIIatOIUMHCS
BOKpYT ABOHHBIX 38371 (CTpyBe [61]);

5) pasuuila cKOpocTeil cBeTa, UCIYIICHHOTO 3BE3/I0M B pa3HbIe MOMEHTHI, 3a CUET TBUKCHUS
3Be3 bl 110 opoute (I'yrauk [43], ®petinanux [44]).

PaccMoTpuM nepeunciieHHble THIIOTE3bI 10 MOPSIKY.

1°. TlepBasi rumoTe3a, BoBUHYTas camuMm bappom B 1908 r. [45], oObscuseT addexT bappa
¢dopmupoBaHueM y 3BE3], 00pa3yIOMUX IBOMHYIO CUCTEMY, IPHIIMBHBIX TOPOOB, KOTOPHIE CHHXPOHHO
BpalllaloTCs ¢ MEPUOJIOM paBHBIM opOuTanbHoMy. Eciu BeicoTa AR mpuinBa Beinka U CONOCTaBUMa C
pamuycoM R 3Be3nsbl (T.€. popMa 3Be3/1bI 3aMETHO UCKaXKEHA), TO YYACTKU 3BE3/bl B TOUYKAX MPHIUBA U
OTJIMBA, PACIIOJIOKEHHBIE Ha Pa3HOM yAaJIeHUH OT LEHTpa 3Be3/Ibl, 001aat0T 1o TeopeMe don Llaiine-
Js1 pa3HOM SIPKOCTHIO, U JIAIOT CIIEKTPAJIbHBIC JTUHUM PAa3HOM MHTEHCUBHOCTH. TakuMm oOpa3oM, orpe-
JENSIOIINUM ISl TOTIEPOBCKOTO CMELICHHS M HalJEHHBIX 10 HEMY KPUBBIX JIyU4€BBIX CKOpOCTel OyeT
HE CKOPOCTh 3BE€3/Ibl, a CKOPOCTh €€ SIPKHUX yYacTKOB, KOTOpPas, 3a CYET BpaIllEHUs 3BE3/Ibl, OTIMYHA OT
OpOUTANILHOM M MEHSETCS CIOXKHBIM 00pa30M MpU W3MEHEHUU BUAMMOM IUIOUIANN SIPKUX Y4aCTKOB.
Cornacuno bappy, 3T0 U BHOCUT MCKaXEHHS B KPUBYIO JYYEeBBIX CKOpocTed. OJHAKO 3TOT MEXaHU3M
He ObUT UM M3y4YeH nopoOHo. Kpome Toro, acummeTpust Hocuiia Obl 0oJiee CJI0KHBIN XapakTep U Beja
OBl K UCKa)XCHHUSIM MPOTUBOMOJIOKHBIM, Hexenu Habmogaemble B 3ddexte bappa: npeobnamganu Ob1
NoAroTHI epuactpa ® = 270°, a He o = 90° [62]. Hakoweri, cornacuo HaOmoaeHusM, 3gdexT bappa

BBIPAXKACTCA HC TOJIBKO B MCKAXXCHUUN Fpa(l)I/IKOB JIY4YCBbIX CKOpOCTeﬁ Vr(t), HO U B UCKAXXKCHUHU BUIU-
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MBIX JIBUKCHUH 3BE3], CKa)kKe€M, B 3aTMEHHBIX CHCTEMax, Y OOJBIIMHCTBA KOTOPHIX OPOUTHI, pacCcyH-
TaHHBIE 110 KPUBOM OJieCKa, TOXKE BHITSHYThI IPEUMYIIECTBEHHO B CTOpOoHY 3eMin. Taxxke addexT Ha-
Omnrofiasicsl y MIMPOKKUX Map 3BE3], KOMIIOHEHTHI KOTOPBIX TOCTATOYHO JAJIeKH APYT OT apyra [63, 64].
[TockonpKy B 3THX ciay4asx NpuiIMBHbBIE AP(HEKTHI U SIpKUE YYACTKU Ha TIOBEPXHOCTH 3BE3/1bI HE MOTYT
BECTH K UCKAXKCHUSAM, OUEBUIHO, 3(h(HeKT uMeeT MHYIO IPUPOAY, U TIepBasi TUIIOTE3a OTHAIAeT.

2°. Bropasi runore3a, BeiBuHYyTas bappom B 1908 r. [45], npeamonaraer, 4to OONBIIHE OCH
OpOUT ABOMHBIX 3BE3]] MPEUMYIIIECTBEHHO OPUEHTHPOBAHBI B HANPABICHUU T'aJJaKTHUECKOTO IIEHTPA.
Torma npu HaGMIOAEHNN ¢ 3eMJI y OPOUT OOHAPYKUJIach OBl IperMyIecTBeHHas: opueHTanus. Cam
Bapp, noka nonoxenune Connna B ['anaktuke He ObUIO M3BECTHO, mpeamnoiarai, uro CojiHie pacro-
JIO’)KEHO BO3JIe LeHTpa ['alakThKu, 4To OOBICHSIIO OBl TaKyl0 OpHEHTaluio. BrociencTBuu BhISICHU-
7ock, yro CoNHEYHas cHcTeMa PacIofioKeHa B CIIMPAJIbHBIX pyKaBax, Ha nepudepun ['amaktuxu. Ho
U B OTOM Cjydae y OmmKaiIero okpyxeHus 3emin oOHapy)uTcs 3G(EKT MpenuMyIeCTBEHHOW OpHU-
eHTauuu opout. B cpennem Gonblirie ocu OpOUT OPUEHTHPOBAHBI MO CIIyYalHBIMU YTJIaMU K JIydy
3penus. OaHako y 3BE3M, jdexaummx Mexay ConHuem U neHTpoM ['anakTtuku, T.e. HaubGojee MHOTO-
YHUCJIEHHBIX U MPOIIE OTKPHIBAEMBIX, OPOUTHI OKAXKYTCS BBITSHYTHI B CPEHEM B HAMPABICHUH 3€MIIH.
Bo3moskHbIE MexaHU3MBI OpueHTanuu opOuT B ["amakTtuke uccinenoBanbl O.D. bpaxkHukoBo u mp.
[59]. Jannoe oObscHenue 3¢ dexTa bappa coMHUTENBHO TO Py HMPUYUH. Bo-nepBBIX, Kak MOKa3al
A.A. benononbckuit [65], opOUTHI ABOMHBIX 3BE3]T B TECHBIX CHCTEMaX HCIBITHIBAIOT BEKOBOE Bpallle-
HHE T10/1 BIUSHUEM BO3MYIICHUN, UCKITIOYAIOIINX TOCTOSHHYIO OPUEHTALMIO UX OOJIBIINX MOIyOceH K
HeHTpy ['alnakTHKu WK B MHOM M30paHHOM HallpaBlIeHUU. BO-BTOPBIX, y OpOUT 3BE3A-KOMIIOHEHTOB
JIBOWHOM CHCTEMBI JONTOTHI MepHacTpoB opOHUT oriuuatorcs Ha 180°, T.e. HE MOTyT NMPHUBOAMTH K
ACUMMETPUYHOMY pacrpeaeneHuto mo o. [loaromy nomyckaroT cyiiecTBOBaHUE JOMOIHUTEIbHBIX Me-
XaHMU3MOB, BBI3BIBAIOLINX MPEHMYIIECTBEHHYIO OpPUEHTALUIO OpOUT Oosiee SIPpKUX KOMIIOHEHT, KOTO-
peie mporie OTKpbITh [59]. B-TpeThux, psa ¢GakToB CBHAETEIBLCTBYET, YTO MCTHHHBIE OPOUTHI 3BE3
OpPUEHTUPOBAHBI CIyyailHbIM 00pa3oM, U 3¢ ¢ekT bappa BbI3BaH MMEHHO HCKa)KEHHEM BUIMMOIO
nBrkeHus 38631 U rpadukoB Vi(t). Dt dakTel moapodHO paccMoTpeHsl B MoHOrpaduu A. barrena
[46], rne Ha psge mpuMEpOB MOKa3aHO, YTO HAOIIOAAETCS UMEHHO MCKaKEHHE PACYETHBIX OpOUTAIIB-
HBIX 3JIEMEHTOB HEU3BECTHBIM 3P (PEKTOM, a HE peanbHast BHITIHYTOCTh OPOUT B OJTHOM HAIIPaBJICHUU.

3°. TpeThsi rUMOTE3a — TUTIOTE3a HAOMIOAATENBHON cenekuuu — o0bsicHAeT 3¢ ekt bappa Tewm,
YTO BBUJIY Pa3HBIX yCIOBUI HAOIIOEHUS MPOIIE OTKPBITH IBOMHBIE CUCTEMBI, B KOTOPBIX OPOUTHI SIp-
KAX KOMITOHEHT BBITSHYTHI K 3eMJie, a HE 00paTHO, TOrJa Kak B IeJoM y 3BE&3N ['amakTuku opOUTHI
OPHEHTHUPOBAHBI CITydaiiHBIM 00pa3oM. JTta runoresa Obuia moApoOHO pa3padborana bpakuukosoii [49,
58], u3yunBIIei BO3MOXHbBIE MEXaHH3MbI HAOII0AAaTeIbHON cenekiuu. He ocraHaBnuBasch moapoOHO
Ha ATHX MeXaHHU3Max, elé HyKIaloMXcs B 000CHOBaHUH, OTMETUM, YTO JaHHAs TUIIOTE3a CTAJIKUBA-
€TCs C TEM JK€ BO3PaKEHUEM, UTO U Mpeaplaymas. T.e. OTKPBITH ABOHHBIE 3BE3MBI, U KOTOPHIX Ha-
JEKHO YCTAHOBIICHBI KPYroBbIe OPOUTHI KOMITOHEHT, TOT1a Kak rpaduk gy4deBoit ckopoct V() cooT-
BETCTBYET SKCLEHTPUUECKON OpOHTEe, BHITSHYTOW K 3emie UM B OJIM3KOM HampaBieHuH. TakoBa 3a-
t™MeHHas 3Be3na U Lledes, y koTopoii kpuBas 0jiecka CBUACTEIBCTBYET O KPYrOBOM OpOUTE, a KpUBas
Jy4eBBIX CKOpPOCTeH — 00 ayumnTuyeckoit [46]. JIpyroii nmpumep — nBoiinas 3Be3qa RX Kaccuoren, y
KOTOPOM KpHBasi JIy4eBbIX CKOPOCTEI OJTHOTO KOMIIOHEHTa COOTBETCTBYET KPYroBOi OpOUTE, a BTOPO-
ro — aymnTruyeckoi. Ilockonbky OpOUTHI TOMKHBI UMETh OJMHAKOBBIM 3KCLIEHTPUCUTET, OYEBHUIHO,
rpaduk JIy4eBbIX CKOPOCTEH OAHOTO U3 KOMIIOHEHTOB MUCKaKEH. DTU MPUMEPHI 10Ka3bIBAIOT, YTO MPH-
yrHa 3¢ dekra bappa coCTOUT HE B UCTUHHOM BBITSHYTOCTH OpPOUT 3BE3]1, OTKPHITHIX 1O 3P PEeKTy Ha-
OJIFOaTEIbHON CEJIEKIINH, & B UCKKCHUH TPadUKOB JIyYEBBIX CKOPOCTEH HEKUM 3 PeKToMm.

4° YerBépras rumotesa, npeioxkennas Ctpyee u Xyanrom [61], oobscusier apdexr bappa
MMEHHO MCKa)KeHHEM TIpaUKOB JIydeBBIX CKOPOCTEH CIEKTpalbHO-IBOMHBIX 3BE3A. [lo rumorese
CrpyBe, 3T0 HCKaKeHHE O0YCIIOBIECHO MOTOKAMH ra3a OKOJO3BE3AHBIX aTMOC(eEp, B XOJ€ BpaIICHUS
CO3/AIOIIMX JIMHUU TOTIonieHus, cMenénnbie no 3¢ dexry Jlomiepa oT MoJI0KEHUH, COOTBETCTBYIO-
X OPOUTATHPHOMY IBHKEHHIO 3BE3. DTO SIKOOBI U BEAET K MCKAKCHHUIO IPapUKOB JTyUEBBIX CKOPO-
cteil. OTMEeTHM, 4TO U B 3TOM CJIy4ae HE BIOJHE SCHO, TOUYEMY HMCKa)KEHUSI HOCAT HaOII0AaeMblil xa-
paKkTep M BeOYT K KOHLEHTPAIMH PAacUETHBIX JOJITOT MEPUACTPOB Bo3ie M30paHHBIX 3HadeHHi. Kak
nokazaHo B paborax [63, 64], u 3Ta rumoTes3a He BBIICPKUBACT KPUTHKH, TIOCKOJIBKY 00IIHEe aTMOChe-
pBI CBOMCTBEHHBI TECHBIM MapaM 3BE31, a agdekt bappa oOHapykeH U y HIMPOKUX Map 3BE3M, pa3He-
CEHHBIX Ha TUCTAHIIMM MHOTO OOJBIIME pa3MepoB 3BE3J, HE UMEIOMHUX OOmuX atMocdep. B Takmx
CIIyJasiX HMCKaXKeHHs, BHOCHMBIE aTMOC(epaMu,— MaJOBEPOSTHHI. Psn HECOOTBETCTBUN THIOTE3BI
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CrpyBe — HaOrOIeHHUAM TiepednciieH B MoHorpadun batrena [46]. Otmerum, uto a¢ ekt bappa Ha-
OJro7aeTcsl He TOJNIBKO B MCKAXEHUHU TpaUKOB JTYYEBBIX CKOPOCTEH, HO M B UCKAXEHUH BHUIMMOTO
JIBMOKCHUS 3BE3] M KPUBOW Oyiecka 3aTMeHHBIX cucTeM [64]. Bcé 310 03Havaer, 4To MCKaXKCHHUs, BO-
NEePBBIX, pealbHO UMEIOT MECTO, & BO-BTOPBIX, BBI3BAHBI KAKUM-TO OONIMM ONTHYECKUM 3PPeKToM
(3aTparvBaroOIUM U CIIEKTP, H BUAUMOE JIBHOKEHHE 3BE3), IPUPOAY KOTOPOTO MPEIACTOUT BBISICHUTB.

5°. MIsarast runoTe3a, npeiokenHas ['yraukom [43] u pasBuras Opeitnpmxom [44] B 1913 1.
(Bcxope mociie otkphiTHA 3 dexta bappa), ocHOBaHa Kak pa3 Ha HJee TAKOTO ONTHYECKOTo dddekra.
CormacHo ux rumnotese, 3QheKkT 00yCIOBICH TEM, YTO CBET 3BE3/Ibl U3 PA3HBIX MOJIOKEHUN HAa OpOUTE
JOCTUTaeT 3eMIIM € Pa3HOM CKOPOCTHIO, MCKaXKasi BUMMOE JIBXKEHHE 3BE3/1bl M Ipa(UK JIyueBbIX CKO-
pocrteit. DTa rumoTe3a He TOJBKO CTajla OJHUM M3 MEPBBIX 00bsicHeHui 3¢ dekra bappa (Oymyuu BbI-
JIBUHYTa CIYCTS MSTh JIET MOCJE €r0 OTKPBITHS), HO U MO3BOJIMJIA €CTECTBEHHO UCTOJIKOBATH BCE OCO-
o6ennoctu 3¢ dexra bappa, nporuBopeuariye Apyrum runore3aM. [Ipupoma HecoBnaxeHUsT CKOPOCTEH
CBETa, UCIYIIEHHOTO 3Be3/10i B pa3Hble MOMEHTHI, MOXET ObITh pa3Hoil. Hampumep, B MOMEHT mpH-
OJVOKEHUS 3BE3/IbI €€ CIIEKTPATIbHBIC IMHUH CMEIIECHBI B CHHIOIO 00JIaCTh, U 32 CUET TUCTICPCHH B MEXK-
3BE3/IHOM Ta3e CBET COOTBETCTBYIOLIEH YAaCTOTHI ABMXKETCS UyTh MEJUICHHEH, 4YeM CBET, UCITYIICHHBIN
3BE3JIOM MpH yJAJIICHUH, KOrna e€ JIMHUM CMEIICHBI B KpacHyI o0iacTh. OJHAKO, MPU THITMYHON
IUIOTHOCTH MEX3BE3AHOTO ra3a, IUCIepCcHs Maja JUId CO3/IaHusl 3aMETHBIX HcKakeHuil. Kpome Toro,
pyd HOpPMaJIbHOHN gucrepcun (OTCTaBaHWUHM CHHHX JIydeil OT KpacHbIX) 3 (dekT mmena Obl 0OpaTHBII
3HaK, 4eM B 3ddekre bappa. [lonrorsl nepuactpoB, Kak mokaxeMm B § 1.4, KOHIEHTPUPOBAIUCH ObI
Bo3sie ® = 270°, a He ® = 90°. 'ytHUK u OpelHIIMX TOMYCKaIN, YTO CKOPOCTH Jydel CBETa pasiiv-
YaroTcs JaXKe B BaKyyMe 3a CUET BIMSHUS CKOPOCTH 3BE3/bl HA CKOPOCTh €€ CBETa, COTJIacHO Oaliu-
crrueckoit Teopun [43, 44], BeraBunyToit B 1908 r. (B oauu rox ¢ otkpeiteM 3ddexra bappa [45]).
[Mpuuém J1.®. Komcrok B pamkax Teopun Putna mpenckasal OTMEYCHHBIE HCKaXeHHs (110 CyTH, 9¢h-
¢exm bappa) [39, 88] 3a aBa roaa 10 mMpoKoi oriacku 00 ux ooHapyxenuu [41, 43, 44, 66].
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Puc. 1.3. Cxema ncKaKeHHUS BUAMMOTO IBHKCHUS 3BE3.IBI ITO0 OpOHTE C dKCcIeHTpucHTeToM € = 0 1
HaknoHeHreM | = 90°. Y 3Be3zsl, eTsIIel 110 KpyroBoii opoure (nynkmupnas aunus), nobaBIeHNe
opbuTanbHOM cKOpocTH V K CKOPOCTH cBeTa C MPUBOAMT K IEPEKOCy rpaduka JIydeBbIX CKOPOCTEH
(cnaowmnas nunus), T.e. K TOSBICHUIO MHUMOTO 3KCIieHTprcHTeTa €' 1 B-adhdekra.

CornacHo Gayutnctudeckoit Teopun Putia [15], cBeT u3nmydaeTcss OTHOCHTEIBHO HCTOYHHKA CO
CTaH/JapTHON CKOPOCTHIO CBETa C, @ B CHCTEME, OTHOCUTEIHLHO KOTOPOIl UCTOUYHUK JIBUKETCS CO CKO-
pocThio V, CBET TOMOJHUTEIILHO TPUOOPETAET CKOPOCTh HCTOYHKKA (IT0J00HO TOMY KaK B Oa/UTUCTHKE
CKOpPOCTh TIOJIBMKHOTO OpYyAusi JOOABISETCS K CKOPOCTH BBHIITYIIEHHOTO UM CHapsijia: OTCIOJa Ha3Ba-
HHE TeopHuH). B MTOre CKOPOCTh CBETa paBHA BEKTOpPHOH cymme C' =C+ V. Vike B padore 1908 r.
Putn oOpaTin BHUMaHKE Ha BOBMOXKHBIE aCTPOHOMHYECKHUE TIPOSIBIICHHSI IIEPEMEHHON CKOPOCTH CBETA
U Ha KpUTEpUH MpoBepku 3toro sddekra [15, c. 180, 201, 267]. B 1909-1910 rr. JI.®. Komcrok [39,
88] BmepBbIc MpoaHAIM3UPOBAT BO3MOXHBIC MCKKCHUS B JABHXKCHUH JBOWHBIX 3BE3], 00YCIIOBICH-
HBIC BIMSHUEM OpOUTATBHONU CKOPOCTHU 3BE3/IbI HA CKOPOCTh MCHYIIEHHOTO eif cBeTa. Ecnu nns yno6-
CTBa PaCCMOTPHUM 3BE3/y-CITyTHHUK, JICTSIIYI0 BOKPYT TJIABHOM 3BE3/IbI CO CKOPOCTHIO V 10 KpyroBoi
opbute (nynxkmup ua Puc. 1.3), nexarnei B 0MHON MIOCKOCTH C JIydoM 3peHust (HaKJIOHEHHE OpOUTHI
I =90°), To B MOMEHT MPHUOJIMKEHHS 3Be3/1a Mockuiana Obl K 3eMiie CBET CO CKOPOCThIO C + V, U OH J10-
XOJuI OBl 32 MEHBIIIEe BPEeMsl, YeM CBET, UCIYIIEHHBIA CO CKOPOCThIO C — V mpH ynajieHuu 3Be31bl. B
UTOTe, BUIMMOE IBMKEHHE 3Be3/bl (cniownas aunus Ha Puc. 1.3) B ABOIHOM cuCTeMe MCKa3HUTCS Tak,
YTO MOKAKETCS HEPaBHOMEPHBIM, CIOBHO 3Be3la JICTUT OBICTpee, HAXOsCh Aajbiie oT 3emin (3a
KApmMUuHHOU NI0CKOCMbIO), U MEIUICHHEE, HaXOIsCh OJke (neped kapmunnoi niockocmoio) [39, 41,
88], cooTBeTCTBYS ABMXKEHUIO 110 3yutuncy. dakrudeckd, KoMCTOK Ha OCHOBE OATMCTHYECKOM Teo-
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puu npenckasan apdekr bappa, He Oyayuu 3HaKoM ¢ ero paboroii [45], Bemmeqmeit B8 1908 r., 3a rox
10 nipejcTaBiaeHus ctatbu Komcroka Ha chesne Pusnyeckoro Oo6miectsa B [Ipurcrone, 8 1909 r. [39].
[l

A HabnwopgaTens
Puc. 1.4. OpOuTanbHbIe SJIEMEHTHI U CXeMa PaCIoIOKEeHUs OPOUTHI TBOMHON 3BE3IbI 110
OTHOUICHHIO K HaOuozarento: S; — riaBHas 3Be3na, S, — cnyTHUK, /7 — nepuactp, 4 —
amoactp, &) — BOCXOISAIINH y3€eJ, V — HCTHHHAS aHOMAIIHs, I — JIyd 3peHus.

Wrak, BiusHEE OpOUTATIBHON CKOPOCTH 3BE3]IbI HA CKOPOCTh MCIYIIEHHOTO 3BE3/I0M CBETa TEO-
pEeTHYECKH BIOJHE MOXET ObITh MpUYMHOHN 3dexTta bappa. [Ipnuém nckaxkeHus, B cOriacuu ¢ Ha-
omoaenusmu [59, 63], 3aTpoHYT U BUANMOE JBHKEHHUE 3BE3IbI, U KPUBYIO JIyUYEBBIX CKOPOCTEH.

OneHuM BENMYMHY AITHX HCKOKEHUH W MHHUMOTO JKCIEHTpHUCUTETa. PaccCMOTpUM JBOWHYIO
3BE3ly Ha paccTOsTHUH I' oT 3emud. [1ycTh Jyd 3peHus I' JISKUT B TIIOCKOCTH OPOUTHI IBOMHOMW 3BE3/IbI
(Puc. 1.3), a 3Be3/1a-CIyTHHUK JBHXKETCS 10 KPYTOBOM OpOHMTE C OpOMTANIBHOM CKOPOCThIO V U mepuo-
noMm P. I'paduk myuessix ckopocteii Vi(t) 3Be3apI-criyTHHKA Sy HMeeT GOPMY CHHYCOUIBI

V, =- Ksin(ﬁ)
P

rae K =V — nonyaMIuinTy/a JiydeBOd CKOPOCTH, a 332 Ha4yajo OTCU€Ta BPEMEHHU { MPUHIT MOMECHT, B
KOTOPBIii 3Be3/1a TPOXOAUT JaJIbHIOK OT 3eMJIH TOUKY OpOUTHI 1.

CornacHo OaIMCTHYECKOMY NMPUHIUITY, M3 TOYKH 2 3Be3Ja HCIYCKAaeT CBET CO CKOPOCTBHIO
¢ + K, a u3 Touku 4 — co ckopocTbio C — K. T.e. U3 NONOXKEHU#T 2 U COCETHUX C HUM, CBET 3BE3/Ibl PH-
XOJIUT paHblie pacyéTHoro BpeMenu I/C (B pamkax CTO), a u3 moyiokeHuit 4 — 3ana3pIBact, HCKaxas
rpaduk iyueBbix ckopocteii (Puc. 1.2). M3 mpomMexyTOYHBIX TOUYEK OPOUTHI 3Be3/1a UCITYCKAeT CBET B
HAINpPaBJICHUU 3EMITH CO CKOPOCThIO C — Vy, Tae V, — JydeBasi CKOPOCTh 3Be3/1bl (IpoeKIus ckopocTu V
Ha J1y4 3peHust ). Torma cBeT U3 3TUX TOYeK OyJET MPUXOIUTH C IOTMOTHUTEIBHOMN 3aIePIKKON

wo LT
c-V, ¢ ¢
rae | — addexTuBHbI MyTh MOpsiaKa UIMHBI nepensaydeHus (1.2), Ha KOTOPOM y CBETOBBIX JIyueii Ha-
Oupaetcs pa3HOCTh xo1a. Bee Touku rpaduka Vi(t) cMecTsTCs mpOmoOpIMOHATIBHO MX JIy4€BOW CKOPO-
cru V1 mytH |, Bens k mepekocy rpaduka JiydeBbIX cKopocTeil. Takoe MOCTeNeHHOe HCKKEHUE TPOo-
¢unst Boaubl Vi (f) aHATOrMYHO ABOIONMHM BOJHOBOTO I[yra, MOIYUHSIONICTOCS YPAaBHEHHIO MPOCTOM
BOJIHBI, U BOOOIIE BOJIH B HEIMHEHHBIX CpelaxX, B KOTOPBIX CKOPOCTh 3aBUCHT OT CMEILCHUS, aMILIU-
tyabl [67]. [ToaToMy, ¢ TOUKH 3peHHs OAJUITMCTUYECKOM TEOPHHU, CBETOBAsl BOJIHA aHAJIOTUYHA KUHEMa-
THYECKOW BOJIHE B KIHMCTPOHE, I/Ie MOTOK 3JEKTPOHOB, MOIYJIMPOBAHHBII 10 CKOPOCTH, [0 MEpe JIBHU-
YKCHUSI MEHSIeT PO(UIIb BOJTHOBOTO pacIpe/IeIICHUs 3JIEKTPOHOB 10 ckopocTsim [A51].
BeiBesieM ypaBHeHHe rpaduka JTydeBbIX CKOPOCTEH 3BE3/] U3 YCIIOBHUS 3aIa3/IbIBaHUs

2n K

2
[TockonbKy U3 3TOr0 ypaBHEHUsI HENb3sl IOJIyYUTh B SBHOM BHJIE FS);BI/ICI/IMOCTB V(t), To u3 ycrnosus
V, =-K sin(@j, (1.4)
HOJYYHM B IPUOJIMKEHUH, B KOTOPOM Mapamerp €' = nlK/Pc? << 1, 3aBHCHMOCTS
V, z—K(sin(%)+e’sin(%)+%e’2 sin(?)), (1.5)

IJIe PH Pa3IoKEHNHN B PSI O'PAHUIHIINCH YICHAMH TOPS/Ka €',
B 10 e BpeMsi KpuBasi Iy4eBBIX CKOPOCTEH 3BE3/1bl, ABWKYLICHCS 10 AIIUITHYECKON opouTe ¢
JIOJITOTOM ITepHacTpa ( U IKCLIEHTPUCUTETOM €, 3a1a€TCs Yepe3 LENOYKy YPAaBHECHUM
V, = K(cos(w+V)+ecosw)+Vy =V, "+V,", (1.6)
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Y] 1 E l-e
ol Y12t/ E) rreb=. 228,
g(zj bg(z)me 1+e

t zi(E —esinE),
2n

rJie V — MCTUHHAs aHOMasus 3Be3/1bl (e€ yrioBoe pacctosiue 11S;S; ot nepuactpa), E — skcuenTpuye-
ckas anomainus, V' = Kcos(m + V) — 3aBucuMast OT BpeMEHH 4acTh JIy4eBoit ckopoctH, V" = Kecosw +
Vo — mocrosiHHast yacTh JiyuyeBod ckopoctu. M3 (1.6) Toxke Helb3s MOJXyYuTh B SIBHOM BHIC 3aBHUCH-
mocTh V((t). [TosToMy cHOBa orpanuumuMcs 3aBUCHMOCTBIO t(V}')

t= Z—F;(Zarctg(btg (%arccos(\%j — %D — esin(Zarctg(btg (% arccos(%) - %DD : (1.7)

Jis o = 90°, mocne npeobpazoBaHuil U pas3nokeHus B psi Teidopa Mpu OrpaHNYEeHUN WICHAMH TIep-
BOTO Topsiaka Maioct € << 1 (korma b = 1 —e), Haiiném

t:i(arcsin(—bv?'rj+ebv—r)z2i arcsin(—v?rjjtev—r 1+; : (1.8)

2n K T [1_Vr2/K2

CpasumBas (1.2) u (1.8), MoxHO BuaeTh, uto npu |V| < ~0,5K oHU MPHUBOAAT K CXOAHBIM 3aBHCHMO-
cTsM t oT JyueBoii ckopocti mpu € = €' = wlK/Pc? = la/2¢%. Ty e BeTHUNHY MHHMOTO SKCICHTPHCH-
teta Berumcana K. bpauep [31], Bcien 3a D. @peiinmmnxom [44] npeaioKuBIINN TEPMUH KKKy U~
st 9KCIeHTpUCHTET». OTKIOHEHUS 3aMETHBI JIMIIb MMPH BBICOKMX KCICHTPUCHTETaX M JIy4E€BOM CKO-
poctu Omu3Kon K ammuTyaHo# V' = K. JIns Takoro mpuOIMKEeHNUsT MOYKHO TaK K€ MOJTyYHTh

V. ~-K sin(ﬂj+2esin(ﬂj+ezsin(@j . (1.9)
P P P

Otcrola HaXOAMM, YTO UCKaKEHHAS KPHUBas JIy4eBbIX ckopocteil (1.4) B mepBoM HpUOIHKSHUH
(kax ormMeuyeHo PpeliHATUXOM U ['YyTHUKOM) IEHCTBUTEIBHO COOTBETCTBYET KPHBOM JIyUEBBIX CKOPO-
creii (1.9) s BRITAHYTOM K 3emiie SJUTMNTHYSCKOW OPOMTHI C IKCIICHTPUCUTETOM € = €' = nlK/Pc? =

|ac/C2, I'ZIC dc — UEHTPOCTPEMHUTEIBHOEC YCKOPECHUE 3BE3 b, JIETSIIEH 110 pr1"0BOI71 Op6I/ITe.
“V \/ V. . »'=90°

N l'”’ “\ e'=03
! i
i ]
() K
* -
rT P /\\\

Puc. 1.5. CpaBHeHNe HCKaXEHHON KPUBOH JTyueBbIx ckopocteit V' (t) mis kpyroBoit
opbursi ¢ ' = nlK/Pc? = 0,3 (cnnownas aunus) v KpuBoit myueBbix ckopocteit V,(t)
ISt OpOUTHI ¢ 3KcienTprcuTeToM €' = 0,3 (nynxmupnas aunus).

(hﬂ.
Y

B o0miem cityudae, 1u1st OpOUTHI ¢ ICTUHHBIM 3KCIIEHTPUCUTETOM € U JIONTOTOH MepracTpa o Haiém

t= P (zarctg(btg(l arccos(v_f) _ QD -e sin(Zarctg(btg(1 arccos(v_r) _ QDJ N 2nlV, ) .
27 2 K 2 2 K 5 o2

OTMeTnM, 94TO U B 3TOM Clly4ae IMPH MaJOCTH UCKKEHUI KPUBAsl Iy4EBBIX CKOPOCTEH OyIeT co-
OTBETCTBOBATh B MIEPBOM MPUOIMKEHUH KEIUICPOBOW OPOUTE ¢ N3MECHEHHBIMH dJIEMEHTaMu €' = e + Ae
no' =+ Ao, rae Ae — nonpaska K 3KCLEHTPUCUTETY, A® — MONpaBKa K JI0JIF0TE epUacTpa.
Brusicuuts, BbI3BaH Jin 3¢ ekt bappa BiusHHEM OpOUTAIBHONW CKOPOCTH 3BE37bl HA CKOPOCTH
UCITYILIEHHOTO € CBETa, MOKHO, IPOBEPUB 8 OCHOBHBIX KPUTEPHUEB, BBIABUHYTHIX B [A6]:
1) Uckaxenue rpad)MkoB Jy4eBBIX CKOPOCTEH OT Bapuaimii ckopoct cBeta (1.1) mpuBenér k
Kaxyiemycs npeobnamanuto opout ¢ 0° < o < 180° mag opdburamu ¢ 180° < o < 360°;

2) Bbicokre MHUMBIC SKCIICHTPUCHTETHI MPE00IaIaroT y 3BE3/1 ¢ HAUBBICIIIM OTHOIIeHHEM K/P:
IUI HUX aCUMMETpUS B pactpeaeneHny o o u 3gdext bappa nHanbonee oTUETINBEI;

3) Dddexr bappa momken ObITh Man it Omuskux 3831 (I ~ 10 ¢B. 1€T) ¥ BelMK Ui JadéKUX
3B€371 (r ~ 100-1000 cB. j1eT) ¢ OTPHUIATEIBHOM JTyYeBOH CKOPOCThIO 1eHTpa Mace Vo< 0;

4) Jly4eBble CKOPOCTH IBYX KOMIIOHEHT MCHSJIMCH Obl He B mpoTuBo(dase. [Ipu pasHbIXx amruim-

tynax K um Obl OTBeyasi pa3HbIe SKCIICHTPUCUTETHI U CKOPOCTH IIeHTpa Macc Vo;
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5) JlonroTsl mepuacTpoB KOMIIOHEHT JABOMHBIX 3BE31, B KOTOPBIX HaOmonaercs s¢dext bappa,
OJDKHEBI OT/IM4aThCs MeHee yeM Ha 180°;
6) DKCUEHTPUCUTET OPOUTHI, ONPEACAEHHBIA ACTPOMETPHYECKUM HIH (POTOMETPHYECKUM METO-
naMu (Mo KoJjeOaHUsAM SIPKOCTH TPU 3aTMEHUSIX), JOJDKCH OTJIHYAThCS OT IKCICHTPUCHTETA
OpOUTHI, U3MEPEHHOTO CIIEKTPOCKOMMYECKH 0 KPUBOH JIYYEBBIX CKOPOCTEH;
7) Jnst BBICOKMX MHHMBIX KCIICHTPUCUTETOB HAOJIOIAINCH Obl OTKJIOHCHHUS OT TEOPETHICCKOM
KpPHUBOH JTy4eBhIX CKOPOCTEH, MMEIOIIINE BU TAPMOHUK OPOUTAILHOTO MEpHOJIa;
8) DKCIIEHTPUCHUTET U MOJIyaMIUIUTY/Ia KOJeOaHuil JIy4eBOil CKOPOCTH, ONpe/IeiEéHHbIC M0 pa3-
HBIM TPYIIaM CIEKTPaIbHBIX JTUHUHN, pa3audaauch Obl I OJJHOW W TOW ke 3Be3Nbl. Takke
MOTYT Pa3JIM4aThCs SKCIEHTPUCUTETHI, H3MEPEHHBIE 110 JIUHHUSIM Pa3HBIX KOMIIOHEHTOB.
PaccMoTpuM, OTKyAa CIEAYIOT 3TH KPUTEPUH, U TIPOBEPUM UX CIIPABEAIMBOCTH HA MIPUMEPaX.
1°. INepBBlii KPUTEPH CIICTYEST U3 TOTO, YTO UCKAKEHUSI OT MO0OABICHUS CKOPOCTH MCTOYHHKA
K CKOPOCTH CBETa BEAYT K OJJHOMY U TOMY K€ THITy aCUMMETPUU OPOUT, COOTBETCTBYIOIIEMY MHUMO-
MY BBITSTUBaHHUIO PAcUETHBIX OpOUT B CTOpOHY 3emi. Kak oTMedeHOo BhIIIe, 3TOT KPUTEPHH, IEHCT-
BUTEIILHO, BBIMOJHACTCS, COMJIACHO aHau3y camoro bappa u apyrux acrponomos (Puc. 1.2).
brin paccMoTpeH npocTeluil ciydaid KpyroBoil opOuThI ABOMHBIX 3BE3. JlelicTBUTENbHBIE Op-
OUTHI 00Maal0T, KaK MPaBUIIO, HEHYJIEBHIMU UCTHHHBIMU JKCIEHTPUCUTETAMH €, K KOTOPhIM J100aB-
JSIFOTCST KaXKYIIUECS SKCIIGHTPUCUTETHI A€, 00yCIIOBIICHHBIE MCK)KEHUEM KPHUBOM JIyYeBBIX CKOPO-
CTEH, TaK YTO U3MEPEHHBI MHUMBIN SKCIEHTPHUCUTET €' = € + Ae. DTo BeléT K UCKAKECHHIO JCHCTBH-
TEJIBHOTO 3KCIICHTPUCUTETA OPOMTHI U JIOJITOTHI IiepracTpa, Ha 4To emé B 1913 r. oOpaTwin BHUMaHUE
Kopreser [41],— aBTop ypaBHeHus KopreBera-/leBpu3sa, kak pa3 ONHUCHIBAIONIETO HEIMHEHHBIC HCKa-
’KEHHUs BOJIH IpH pacnpoctpaneHun [67]. B urore, y opout ¢ 0° < o < 180° pacyéTHblii SKCICHTPUCH-
TET €' HapacTaeT MO CPABHEHHIO C PEANbHBIM €, a pacuéTHas JI0JIr0Ta MepruacTpa o' mpudIMKaeTcs K
90°. HamporuB, y 3B€31 ¢ 180° < ® < 360° pacy€THBII SKCIIECHTPUCUTET €' CHIKACTCS, U ®' MOXKET I10-
nactb B uHTepBai 0° < ® < 180°. [Ipu ucxomHo ogHOpoAHOM pactpeneneHud N(®), M3-3a HaaHuUs
UCTHUHHBIX YKCIICHTPUCUTETOB €, B paCUu€THOM pacnpeesieHun noarot nepuactpoB N'(0) HeT pe3koro
makcumyMa npu o = 90°, Ho HaboJaeTes MPOCTO Mpeodaasanue opouT ¢ @ Bozie 3HadeHus o = 90°
B auana3oHe 0° < o < 180°. Crenenpb 3T0it acummeTpun B pactpeseacauu N(m) Oynem B anbHeHIeM
XapakTepu3oBaTh npeiokeHHsiM k. @okcom [25] mapamerpom acuMmeTpuun
_ N(0°<©<180°)
"~ N(180°<w<360°)

T.e. orHomenueM urcia N(0° < @ < 180°) 3Bé3mubix opouT ¢ mepuactpom B | u |l kBagpaHTax K 4uCIy
N(180° < ® < 360°) 3Bé31 ¢ mepuactpom B 11 u IV kBagpanrax (Puc. 1.2).

Jlnst paBHOMEPHOTO CITy4aiHOTO pacrmpeneneHust R =~ 1, cpenHekBagpaTHYHOE OTKIOHEHHE IS
N(0° < ® < 180°) ot N/2 paBHoO G = NY%/2, u cratucriuecku oxugaemoe N(0° < o < 180°) <N/2 + ¢ =
N/2 + NY?/2. Ecim R > 1 6oiee uem Ha o/N, o 1°-blif Kputepuii ynosieTBopsieres. Kpurepuii MOXHO
CUHMTATh CTATHCTUYECKHU TOATBEPKAEHHBIM, €CIIM U3MEPEHHBIE OTKIIOHCHHS MIPEBBIIAIOT 30, T.€. IPH

0,5N +1,5v'N 3
R> =1+ .
0,5N VN

Jliis BCeX paCcCMOTPEHHBIX Cy4aeB U BBIOOPOK [25, 45, 46, 57] 3T0T KpUTEpHii yIOBICTBOPSET
HaOroeHusM. Tak, IS JaHHBIX, TpuBoauMbIX barterom, R = 1,75 (Puc. 1.2). B To Bpems kak ajs
paccmoTperHoro yucia cucteM N = 110 npu yuére Bo3MOXKHBIX (prykTyanuid BeauunHa R mpakTude-
CKH He MOeT ObITh Bbille 3Hauenus 1+ 3N2 = 1,29. CpaBHeHHUE aHAIOTUYHBIX BEJIMYUH JI pac-
npeaeneHnid, moctpoeHHbIXx ®okcoM u bpaxkuukoBoi, mpuseaeHsl B Tabmure 1.1.

aBTOp M3MEpPEHHAss aCHMMETPHUsS | 00IIIee YMCIIO CUCTEM | JIOIyCTHMAst aC_I/ll}\élMeTpI/Iﬂ
R N 1+ 3N
Bapp [45] 6,5 30 155
Borren [46] 1,75 110 1,29
doxc [25] 1,68 228 1,20
bpaxxuukosa [57] 1,55 245 1,19
Ta6muna 1.1. Koaddurments: acummerpun pactpeaeneruii N(m), IOCTPOSHHBIX Pa3HbIMU aBTOPAMH.

= = < P 7 -

2°. Bropoii kpuTepHii cieayer U3 TOro, 4To MHUMBIH dKkcueHTpucutet €' = nlK/Pc* pactér mpu
YBEIIMYCHUH TTOTYaMILTUTY B! JIy4eBOi CKOpocTH K M yMeHbIIeHUH OpOUTaIbHOro niepuoaa P 3Be3sl,
toraa kak 3¢ dexTuBHas [uuHA |, cocTaBIsis HOpPsAKAa CBETOBOTO rojia, Maio OTIMYASTCS JJIsl CUCTEM,
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pacIojOKEeHHBIX Ha pasHbIX auctaHunusx . [loaromy addekr bappa cuipHee Bcero mposiBUICS Obl
JUIs IBOMHBIX 3BE3M C HaWBBICHIMM OTHOIIeHHeM K/P. DTOT KpuTepuii ObLI BHEPBBIC MPEAIOKECH
JIx. @okcoM [25], KOTOPBIi MPOU3BEN CTATUCTUYECKUIN aHAIU3 JIEMEHTOB JIBOMHBIX 3BE3/ U3 3BE3N-
HBIX KaTaJloroB. AHaiM3 IoKasaj, 4to y 3BE31 ¢ orHomenueMm K/P >3 (km/c)/cyt nabmiomgaercs 3a-
METHasi aCHMMETPHSI B pacIpee]ICHUH A0JITOT NepUacTpoB o, T.e. ekt bappa sipko BeiparkeH. A 11s
K/P < 3 (km/c)/cyT pacripenesieHue mo o MPakTHIECKH OTHOPOIHOE. AHAIOTHYHBINA CTATHCTUYECKHI aHa-
M3 TIPOM3BENN OTEYECTBEHHBIE acTpoHOMEI [49, 63], koTopble nokaszaiu, uto 3¢dexr bappa 3ameTHO mposiB-
JseTcsl TONBKO Yy 3BE371 ¢ opOuTanbHbMu niepuogamu P < 30 cyT, u mpakTHYecKH OTCYTCTBYET Yy 3BE3] C
P > 30 cyr. Tort xe 3 dexT oOHapyKMBaeT U COBPEMEHHBIN aHAINU3 CTATUCTHKHU TBOMHBIX 3BE3N, Ha-
npumep, mo kKaraiory Sh9, rae y 38é31 ¢ P <30 cyr Toke oOHapy)keHa 3aMeTHasi aCHMMETPHS B pac-
Npe/eIeHUu: TIePHacTpoB ¢ MpeodnananueM cucreM, uis kotopbix 0° < <180° [68]. [Ipuuém cre-
IIeHb aCHMMETPHH R pacTéT npu cokpamienny P, B oiaHOM cortacuu co 2°-bIM KpuTepreM. Takum 00-
pa3oM, CTaTUCTHYECKUN aHaIH3 MOATBEPANI peaabHOCTh A dekra bappa u mokasan, uro addekr cps-
3aH UIMEHHO C MCKQ)KEHUEM KPUBOM JIy4eBBIX CKOPOCTEH 3a CYET OATUTMCTHYECKOTO IPUHITHIIA.

B cBsi3u ¢ HaIMUKMEeM MCTHHHBIX SKCLEHTPUCUTETOB MHTEPECHO paccMOTpeTh Bo3pakenue Jle Currepa
POTUB TPakTOBKH d(dekra Bappa mo Gamcrideckoii Teopun. [le Currep otmeri [41], uto eciu 6 y 1BO-
HBIX 3BE3]1 BOSHHUKAJT JIOTIOJIHUTEIIbHBINA SKCICHTPUCUTET BemurHbl €' = TtIK/ PCZ, TO B CpeJHEeM Halrozac-
MBI SKCIIECHTPUCHUTET ObLI OBbI BBIIIIE B CHCTEMaX C KOPOTKUM TepuoaoM P. A dakruuecku Habmoma-
ercsi oOpaTHasi 3aBUCHMOCTbh, BbLsBIeHHas JloJgeHn0pdoM M MoKa3pIBaromas, 4YT0 3KCLUEHTPHCUTET
pactér npu ysenuuenun nepuona P. CormacHo [le Currepy, 3TO CBHIASTEIBCTBYET MPOTHB TECOPHH
Putna. B neiicrButenbHOCTH HabM0AaeMast KOppEIsIus MEXAy € u P oTpakaeT M3MEHEHHUE HCTUHHO-
T'0 SKCIICHTPHUCUTETA € MPH pocTe nepuosa P. Benp 3a c4€tr npuimBHOTO TPEHUs, TOCTETICHHO «CKPYT-
JISIFOLIIETO» OPOMTHI TUIAHET M 3BE3J1, Y T ¢ OONBIIMMHU OPOUTATBHBIMU IIEPUOJIAMH YKCIICHTPUCHUTET B
CpeIHEeM BBIIIE, YeM Ui TeJ ¢ MajbIMH nepuonamu. [IpuimuBHOM 3P QeKT, cHmKaromui e, ObIicTpo
pacTér (IpOoNoPIHOHATBEHO p's) IIPU COKpPALICHUU OpOMTANBHOTO paauyca p u nepuonaa P. Ilostomy
JUTSL TOATOTIEPHUOAMYECKUX OPOUT MHUMBIE SKCIICHTPUCHUTETHI €' TepsoTcs Ha (OoHE UCTHHHBIX €. [lo
TOW ke mpuunHe y gonronepuonundeckux opout (P > 30 cyt) apdexr bappa npakrudecku oTCyTCTBY-
et [49, 63]. A s koporkonepuoauueckux opout (P <30 cyr) addexr bappa yxe Xopoino 3aMeTeH,
3a CYET MaJIOCTH MCTHHHBIX SKCLUEHTPUCUTETOB €. Ha ux (oHe BBIpOCIINE MHUMBIC 3KCLIEHTPHCUTETHI
e' = nlK/Pc? X0poLio 3aMeTHbI 1 PUBOAT K CHIIbHOMN acuMmetpun B pactpeeieans N'(w).

Taxum o6pazom, a3 dexT bappa ynosnerBopsier 2-My Kpureputo. MOXKHO pacCMOTPETh U IpyTrHe
KpUTepuH, B T.4. npeioxkennsie J[. Komcrokom [39, 88] nnst BeisiBiieHHs aHOMATU# (GOPMBI 3BE3THBIX
opOut. Bce oHM B paMKax COBPEMEHHOI'O aHaJIM3a CBUCTEIbCTBYIOT B TIOJIb3Y OaJUIMCTUYECKOW MPH-
POl HCKaKEHMH IpaduKa JIydeBbIX cKopocTei. [Ipeioskum Takke HeCKOJIBKO HOBBIX KPUTEPUEB.

3°. TperTuii KpUTepHii CIEAyeT U3 TOro, YTO MHHUMBIH dKcueHTprcuTer €' = 1rk/Pc? mporop-
[IHOHAJIEH PACCTOSHUIO I 3Be3/1b1. [103TOMY U1 CpaBHUTEIBHO OMU3KKX 3BE37 ¢ ManbiM I (< 10-20 mk)
MHHMBIN SKCIIGHTPUCHTET MaJj, U aCHMMETPHs B PaCHpPEACICHUH 110 O A0JDKHA OTCYTCTBOBATh. A JUIs
nanékux 3BE31, ¢ BICOKUM I (> 20 mK), MHUMBI 3KCLIeHTpUCUTET U 3P dekT bappa nomkeH ObITh X0-
pomio 3amereH. Brpouem, cTporoil mponopuuOHATbHOCTH 3KCIEHTPUCUTETA PACCTOSHHUIO HE OyJeT,
MOCKOJIBKY 3a CUET MEPEen3aydeHHs Ha OONbIIMX AUCTaHIusX I > | skcuentpucurer €' = nlK/ Pc? po-
nopuuoHaiieH yxe d¢pdexruBHomy nyTtH | 1 pu r > | mepectaér pactu ¢ yBenuueHHEM pacCTOSHUSA I.
Dddext bappa yaoBiaeTBopseT U STOMY KPUTEPHUIO, CYJIs TTO0 BBISIBICHHOMY JUIsI HETO IUPOTHOMY 3(h-
dexry. s 3BE3M, pacHONOKEHHBIX B BBICOKMX rajakTHdeckux mmpotax |b| >45° spdexr bappa
NPaKTUYECKH OTCYTCTBYET, a JJIs 3BE3]1, PACIIONOKEHHBIX OJIM3KO K TaJaKTHYECKOMY JKBATOPY, C IIH-
potamu |b| < 45°, adpdekr bappa siBHO BeipaxeH [59]. OueBUaHO, 3TO CBA3aHO C TE€M, YTO 3BE3/BI B BbI-
COKHX TaJJAKTHYECKUX HIMPOTaX PACIIONIOKEHBI CPABHUTEIBHO OJM3KO K 3eMJie. MX PacCTOSHUS I HE
NPEBBIMIAIOT TIOJOBUHBI TOJIIHUHBI rajlakTuueckoro aucka h ~ 20 nk (Puc. 1.6), coorBeTCTBEHHO 1 3()-
dext bappa mis HUX Manmo3amereH. A 3BE3/bI, PacCHOJIOXKCHHBIE BO3JIE TAIAKTUYECKOTO SKBAaTOpa
|b| = 0°, HaxomsTcst Ha paccCTOSHHSX I B COTHH pa3 OOJNBIIMX, T.e. MHUMBIC SKCIICHTPUCHTETHI
e' = nrK/Pc? st Hux Benmky 1 3ddext Bappa 0TUSTINBO BbIpaskeH, COracHo HabmoneHusM [59].
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Puc. 1.6. B 3aBHCHMOCTH OT TaTaKTHIECKO# ITUPOTHI b ABOWHBIX 3BE31, 3d ekt bappa mis Hux
nposiBisieTcs B pa3Hoi crenenu. O0nacts, rae 3¢ ek bappa mManozamereH, 3aKpalieHa cepbIM.

[Tockonbky McKakeHus, BeI3bIBatomue 3¢dext bappa 1 MHUMBINA SKCIIEHTPUCUTET €' = nlK/Pc?,
OOBIYHO MPOMOPIMOHATBHEI 3P dekTuBHOMY myTH |, To 3pdekr bappa Oyaer Hanbonee 3ameTeH st
3BE311, ABKyHmxcs kK 3emiie. [Tockonbky cHibkenue 3¢ dextrBHoro mytH | Bei3BaHo nHTEpdEpeHIuen
HCXOJIHOTO M3JIyueHHs 3BE3]l CO CBETOM, paccesHHbIM oOjakamu rasa [25], To uHTepdepeHus Bo3-
MO’KHa, KOTJla pacCesHHOE U3JIyY€HUE ABMXKETCA CO CKOPOCThIO OOJIbLICH MM MOYTH PaBHOM CKOpO-
CTH UCXOJIHOTO. A CBET OT 3B€3/1bl, MpUOIMKaroIIeics K 3emiie ¢ BBICOKON CKOPOCTHIO, 001anast n30bl-
TOYHOMU CKOPOCThIO (C — V), ipu Vo < 0 He MOkeT HHTEpPEPHUPOBATH C PacCesHHBIM CBETOM. [loaTOMY
€ro CKOpOCTh He OyJeT CHIKAThCS (IIOKa OH He TIepecedéT IO ra3a ¢ JIy4eBOW CKOPOCTBIO OJIM3KOU K
Vo). IIpu aToM mepensnyueHue npaktuaecku orcyTetByet: |~ r,ak=1/r= 1. A nus Vo> 0 nepeusny-
yeHue npoucxoaut Ha anuHe | ~ 1 cB. roga u K = I/r << 1, uto nenaer addexr bappa mano3aMeTHbIM.
JleicTBUTENbHO, CTATUCTUYECKU aHAIU3, MPOU3BEIEHHBIN Bpa)KHUKOBOW U APYTrMMH, MOKa3all, 4To
s dexr bappa oTuéTimBo HabMIOJASTCS TUIIB Y 3BE3] C JIy4eBOU CKOpOCThIo cuctembl Vo< 0, a ans
3BE311 ¢ Vo> 0 MickayKeHHsI CYIIECTBEHHO HIUKe, U 3d ekt bappa He ooHapyx)uBaercs [59].

4°, YeTBépThlii KPHUTEPHUIl BBHITEKACT W3 IMPOMOPIUOHAIBHOCTH MHHMOIO SKCIICHTPHCUTETA
e' = nlK/Pc? amruTy e JgydeBor ckopoctu K. COOTBETCTBEHHO, €CJIM KOMIIOHEHTHI IBOMHOW 3BE3/IbI
JIBUXKYTCS BOKPYT IIEHTpa Macc Mo KPYroBbIM OpOHUTaM C pa3HBIMU OpOUTANIBHBIMU CKOPOCTSAMH, TO
MHHMBIN 3KCHEHTPUCUTET OyJEeT BBIIIC Y KOMIOHEHTA ¢ OOJIbIICH CKOPOCTHIO (M MEHBIICH Maccom),
Ha yTo oOpaTui Buumanue I1.C. Yukun [69] u C.A. CemukoB [A21]. DToMy KpUTEpHIO, 1EHCTBUTEb-
HO, yJIOBIIETBOPSIET Psiji CIIEKTPaJIbHO-IBOMHBIX 3BE31. Hampumep, y 3Be3nbl RX Kaccuonen kpusbie
Jy4YEBBIX CKOPOCTEH KOMIIOHEHTOB COOTBETCTBYIOT Pa3HBIM SKCIIEHTPUCHUTETAM, U Jy4YeBble CKOPOCTH
MCHSIIOTCSI He CUHXpOHHO [46, 61]. Ecniu y KoMIIOHEHTa CHEeKTpalbHOro kiacca G KpuBas JIy4eBBIX
CKOPOCTE COOTBETCTBYET KPyroBoi opoute € €1~ 0 (nynxmup Ha Puc. 1.7), To y KOMIIOHEHTa Kilacca
A xpuBasi COOTBETCTBYET opoute ¢ €,~ 0,18, BeiTsaHyTOM K 3emite (wmpux-nynkmup). ITO MPOTHBOPE-
YUT HEOECHOW MEXaHUKE, COTJacHO KOTOPOW Yy KOMIIOHEHTOB ABOWHOM CHCTEMbI SKCIIEHTPHUCHTETHI
OpOWT JHOJDKHBI COBIAATh, & KPUBBIE JIyUEBBIX CKOPOCTEH — UMETh 3epKaIbHBIN X0/, Tak 4To Vi1 U Vi
MeHsUTHCh OBl B mpoTuBO(daze. Takum 00pa3oMm, B BUIUMOM JIBHKCHHUH 3BE3]] HAOIIOAAETCA OTKIIOHE-
HHE OT 3akoHOB Keruiepa,— miro30pHslii 3¢ GexT, npeackasannbiii Teopueit Putia [A15]. TTockonbky
3akoHbl Kersiepa Bpsia sin Hapymiatoresi, barten [46] mpuiiéin kK BRIBOAY, YTO KPUBAsl JIyYEBBIX CKOPO-
cTeil komnoHeHTa A uckaxena no 3¢ ¢exry bappa. [Ipuuém ero nepuactp B cornacuu ¢ Teopueii Put-
12 PacIo0oKeH 32 KapTUHHOMH mockocThio (o = 37° [70]), yaoBnerBopsis mepBoMy kputeputo. Y RX
Kaccuoren oOHapy>keHsI 1 KosiebaHus sipkocT ', uaynme ¢ opOUTaIbHBIM niepuoioM P, 4ro B pam-
Kax Oa/UTMCTUYECKON TCOPHH €CTECTBEHHO 00BscHsAeTCS s dexTom Purna (§ 1.2, § 1.5), meHsromum
BUJIUMYIO SIPKOCTB |' M XOPOIIIO 3aMETHBIM, CY/Isl TI0 HATMYHIO UCKaKkeHUH rpaduka Vi(t).

I[Mepekoc rpadukoB Jy4eBbIX CKOpocTeil HabmoaaeTes Takke y 38e3161 DU Bomomnaca [71] (Puc.
1.7), nepemenHas sipkocTh |' KOTOpO# TOKe MOXKET ObITh CBsizaHa ¢ 3ddekrom Purna (§ 1.2, § 1.5),
BbI3BaBIIMM 3T0 UCKakeHue V(t). [Tepexoc rpadmKoB Jy4eBbIX CKOPOCTEH KOMIIOHEHTOB B OJIHY CTO-
pPOHY HaOJIOAACTCS M Y TECHbIX (4acTO KOHTaKTHBIX) ABOHBIX V701 Croprnmnona, V870 XKeprBenuu-
ka, DX Tykana, VW lledes, 4T0 0AHAKO CBS3BIBAIN C MPUIUBHBIM 3(PPEKTOM U HEOTHOPOJHBIM pac-
npe/ielIieHUeM SIPKOCTH 10 MOBEepXHOCTH 3BE31 [72]. TloaTBepkmaeTcsi KpUTEPUI U Ui IEPEMEHHON
AW Bosbimoit Menseauist [73], y KOTOpoil KpHBasi Jy4eBbIX CKOPOCTEH HE COOTBETCTBYET KPHUBOMA
Onecka Jgake B paMKaxX MOJEITH KOHTAKTHOW CHCTEMBI C HEOAHOPOJHBIM PACHpeieIICHHEM SIPKOCTH.
Db dexT HecooTBeTCTBUS KPUBBIX V() KOMIIOHEHTOB OOHApPYKEH TaKkKe y MepeMeHHOH 3Be3apl BW
JIvcuyky, TBOMCTBEHHOCTh KOTOpO#, cornacHo [1.C. Uukuny [69], u 00bscHseT e€ nepemMeHHoCTh. OH
e Mmokasal, 4to nepekoc rpadukos V' (t) npu ' = 7IK/Pc?> 1 BenéT K MOSBJICHUIO HA HUX pa3phIBOB,
HEOJ/IHO3HAYHOCTEH U nepexiécTy BerBeit rpaduka V,'(t), THIMYHOMY ISl yIAPHBIX BOJH B HEJIMHEH-
HBIX cpenax [67]. Dra aHomanus rpadukoB Vi(t) mpoTuBopednt apyrum oobsicHenusM dddekra bappa
—3ddexry cenekiuu, runorese CTpyBe, raTaKTHUESCKONH OPUCHTAIIMHA OPOUT H T.JI.
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Puc. 1.7. a) Cxema uckaxxenuii TpapukoB V,'(t) 11t KpyroBEIX OPOUT (nyHKMUp ¥ WmMpUX-nyHKmup), OTBe-
YAIONIMX HEBO3MOYKHOMY CJIy4aro, KOraa y OpOUT KOMIIOHCHTOB Pa3HbIC SKCLCHTPHCHTETHI M PABHBIC OJI-
rOTHI epracTpoB. 6) PeanbHbie rpaduku TydeBsix ckopocteil V(t) KOMIOHEHTOB COOTBETCTBYIOT OpOUTaM
PaBHBIX DKCICHTPHCHTETOB €1 = €, U MPOTUBOMOIIOKHBIX J0JT0T 1= 180°+ @, (crnoumvie mmuu). 8) Bos-
MOKHBIH TIpEMeEp MO0OHOTO HCKaKeHUsI, HAOII0aeMOro Y TeCHO# ABoHHO# 38e3161 DU Bononaca [71].

Kpome Toro, Bbi3BaHHbIe HCKakeHHAMHU V/'(t) HepaBHbIC MHHUMBIC SKCICHTPUCHTETHI €' KOMIIO-
HEHTOB, NMpY (GUKCUPOBAHHBIX 3HAUCHHAX cocTaBstomen V"' = Ke'cosw + Vo, mpuBeayT K pa3indauio
pacu€THbIX 3HaueHuil BenuunH Ke'CoS® m ckopocteil meHTpa macce Vo KOMIOHEHTOB. T.e. JydeBas
CKOpOCTH IIeHTpa Macc Vo CUCTEMBI, Hali/IeHHas! TI0 Pa3HBIM KOMITOHEHTaM, MOJyYUTCs Pa3HoM, BOIIpe-
ku 3akoHaM Keriepa. Takas aHomainus IeHCTBUTENBHO HaOmoaetcs B Buje dpdexra Ctpyse-Caxane
[46, 74], ckaxewm, y 3Be3ab1 HD 190967 u AO Kaccuomnen, a takxe y HD 193576 [75].

5°. TIAThlii KPUTEPHId CIEIYET U3 TOrO, YTO MHUMBIH 3KciieHTpucuteT €' = K/ Pc? cooTBeTct-
BYET «BBITATHBAHUIO» OPOUT 00X KOMITOHEHT S1 U Sp B CTOpOHY 3emun. T.e. UIst KpyroBoil OpOUTHI
JIOJITOTHI TIEPUACTPOB, OMPEACIEHHBIC M3 aHATN3a UCKAKEHHBIX KPHUBBIX JYYEBBIX CKOPOCTEH, OymyT
coBnanaTh: 1= 2= 90° (Puc. 1.7). B AelCTBUTEIILHOCTH Y KOMIIOHEHT S1 U Sy C AJUTMIITHYECKUMH Op-
OuTaMH COOTBETCTBYIOIIME 3HAUCHUS M1 M (2 JOJDKHBI paznuvarbes Ha 180°, u s wp= 90° Haitném
1= 180° + wp= 270°. [Ipu HaMMUUU y OPOUT UCTUHHOTO IKCIEHTPUCUTETA, JOIIOJTHUTETHHOE BBITSATH-
BaHHE OPOUT B OJIHY CTOPOHY MPHUBEIAET K TOMY, YTO PA3HOCTh JIOJITOT MEPHACTPOB OKAXKETCS MEHbBIIIE
180°, 1.e. 0 < |w1— 2| < 180°. [leiicTBUTENBHO, TOJOOHBIN dPPEKT 0OHAPYIKEH, HATPUMED, B YIOMSHY-
teiX cuctemax DU Bosonaca [71], V701 Ckxoprninona, BW Jlucuuku [69]: y 06erx KOMIIOHEHT mepe-
koc rpadukoB V,'(t) uat B oHy CTOPOHY, CIOBHO ¥ 00eux 38&31 0° < @ < 180°, u 0°< |m;— my| < 180°.

6°. IllecToii kKpuTepHii TOKE CIEAYET U3 TOTO, YTO MEPEMEHHOCTh CKOPOCTH CBETa BBI3bIBACT
JMIIb BUJMMBIH POCT 3KCIIEHTPUCHUTETA, ONPEACIEHHOTO M3 KPUBOW JIyueBBIX ckopocteil. [losTomy,
NPUMEHSS IPYTHE METO/IbI, MOYKHO BBISIBUTH 9TO HECOOTBETCTBHUE. Tak, y 3arMeHHou 3Be3bl U Iedes
10 HaOIOIEHUSIM 3aTMEHUN B (POTOMETPUUYECKON KPUBOM OJiecka pacyéTHas BeTUYrMHA €COS® OIM3Ka
K HyJr0. Torma kak KpuBas JIy4eBbIX CKOPOCTEH MOKa3bIBAET BHICOKOE 3HAYCHHE €COS®, TOCTHUTAOIIee
0,2-0,4 1, COOTBETCTBEHHO,— BHICOKOE 3HAUCHHUE IKCIICHTpUCcHTETa € [46].
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Puc. 1.8. Kpusas nyueBbix ckopocreii U Iedes [46] ve cooTBerct-
ByeT e€ KpHUBO Oyiecka, TOBOPSAIICH O HyJICBOM 3HAUEHUH ECOSM.

OueBuaHO, opOuTa 00Ia7a€T UCTUHHBIM JKCIICHTPUCUTETOM €, OJIHAKO J100aBIIEHHE CKOPOCTU
3BE3/IbI K CKOPOCTH CBETa KOMIICHCHPYET aCHMMETPHIO KPHUBO# Ojiecka (3aTMEHHMIT), HEUTpaau3ys pac-
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4€THBIA SKcueHTpucuTeT (MO0 MexaHu3Mmy, mnpemiokeHHomy Kopreserom [41]), Tak uTO
e'=e+ Ae =0. Ognako »¢dexr bappa HEe MOKEeT Ha BCEM MPOTSKEHUU HEUTPATU30BATh aCUMMET-
puto rpaduka nyueBbix ckopocteil Vi(t), rue Oonbie Touek. B urore coxpaHseTcss OCTaTOYHBIA AKC-
LCHTPUCHUTET, U3MepeHHbIi o rpaduky V(). Psaa 3BE31 ¢ TakuM HECOOTBETCTBHEM KPUBBIX OJecKa U
KPHBBIX JIY4EBBIX CKOPOCTEH yrnmoMsHyT B MoHorpaduu batrena [46] u moapobHo uccnenoan Case-
noBbIM [76]. K Toli ske KaTeropuu MO>KHO OTHECTH 1e(heu ibl, Y KOTOPBIX, KaK TaBHO OTKPBITO, KPUBbIC
Jy4eBBbIX CKOPOCTEH CMELICHBI Ha YETBEPTh MEPUO/Ia MO0 OTHOIICHHIO K KpuBbIM Oiiecka (8 1.5).

JlaHHBIN KpUTEPUH OCOOCHHO aKTyaJeH JJIsi KOPOTKOIIEPHOANYHBIX 3aTMEHHBIX CUCTEM, OTKPbI-
TBIX B MOCHeAHUE rojsl B pamkax npoektoB OGLE u Kepler. B yactHocTH, 3aTMEHHAas cucTema
OGLE-TR-122 obnamaer o4eHb KOPOTKHM TiepuogoM P = 7,3 cyt, nmpu KoTopoMm opOuTa 3BE3IBI 32
CUET MPUIMBHOTO CKPYTJICHUS J0JDKHA OBITh MPAKTHUECKU UACATbHON OKPYKHOCTBIO C HYJIEBBIM 3KC-
teHTpucureToM [77]. OaHaKo KpUBast JIydeBbIX CKOPOCTEH CBUAETEILCTBYET 00 OpOMTE, BHITIHYTOM B
HanpasieHud 3emin. Eciin yuecTb KOPOTKUI NMEpUOJT U BBICOKYIO TOTYaMIUTUTYAY JTy4eBOM CKOPOCTH
K =10 kwm/c, Toraa HaOI0qaeMbIil SKIICHTPUCUTET BIIOJHE MOKET ObITh MHMMBIM €' = TIK/Pc®. Jlo-
NOJTHUTENIBHO MPOBEPHUTH TMIIOTE3Y 00 MCKaXKEHUH rpaduka JydeBbIX cKopocTed rddexramu Oamim-
CTHUYECKOW TCOPHH MOXHO KaK pa3 1o 6°-My KpHTEPHIO — 110 HAOJIF01aeMOi KpHBOU OJiecka.

7°. CenbpMmoii kputepuii Obu1 nipeiockeH Opeiinamuxom [44], mokaszaBuIMM, YTO UCKAKEHHAS
KpuBast ayueBbix ckopocter V() He BmomHe cootBeTcTBYeT rpaduky Vi (t) smaunrtudyeckoit opOUTHI:
OTKJIOHEHUS] MUMEIOT BUJ] TAPMOHHK C YAaCTOTaMH KPaTHBIMH OCHOBHOM 4acTOTe OpOMTaIbLHOrO o0pa-
HIEHHS. DTOT KPUTEPHI CIIeyeT U3 TOrO, YTO pa3HHIlA MEXIy NMpHOIMKEHHBIME BbhipaxeHusimu (1.4)
u (1.9) s stux QyHKUMHA MMEeT BUJI TapMOHUK OCHOBHOHM 4acTOThl. DaKTHYECKU 3TOT KPUTEPHI
CIIeyeT U3 pasjioxKeHus mutooopasnoit kpueoii (1.4) B psaag @ypre. [1o Mepe yBenndyeHus AucTaHuy |
v napamerpa ' = nlK/Pc? napacrator otknonenus V,'(t) OT rapMOHHYECKOT0 3aK0HA. ITO HATIOMHHACT
nosiBJicHHe BcE OoJiee BHICOKMX TApPMOHHMK PACTYIIEH aMIUTUTYAbl B KIUCTPOHE, TNI€ MCXOMHO OJTHO-
POZHOE pacmpesiesieHHe 3JIEKTPOHOB, TI0 MEPEe UX JBWKEHMS, CTAHOBUTCS BCE O0Jiee HEOAHOPOAHBIM U
ACHMMETPHYHBIM 3a CYET MEPHOAUIHON MOIY/ISIMHA CKOPOCTH 3JIeKTPOHOB [67]. Vike ®Ppeliuaaux oT-
Meyal, YTO NOJ00HBIE OTKJIOHEHHs peaylbHO HaOJI0JatoTcs Ha rpaduKax JyuyeBBIX CKOPOCTEH JBOM-
HbIX 3BE31 [44]. JlelcTBUTENbHO, COBPEMEHHBIC MPEHU3UOHHBIC H3MEPCHHUS JIYYEBBIX CKOPOCTEH
JIBOWHBIX 3BE37] OOHAPYKMBAIOT CHUCTEMATHUYECKUE PACXOXKACHUS TEOPETHUECKUX W HAOII0JIaeMbIX
rpauKoOB Jy4eBbIX cKopocteit [78, 79]. Anamornunsiii 3G PeKT HEKSIIEPOBBIX ABMKEHUH (10 OHOM
U3 TUNIOTE3 BbI3BaHHBIN npwinBamu [62, 80]) oOHapyxeH y nBOMHBIX mynbcapoB [81] u Bu3yanbHO-
nBoiHbIX 38E37 [80]. B mocnenHem ciyuae MCKaKEHHsI HEBEIUKH, BBUAY OJHM30CTH TaKUX CHUCTEM, a
COIOCTABJICHUE AJIEMEHTOB OpOMT, U3MEPEHHBIX CIEKTPOCKONMUYECKH M aCTPOMETPUYECKH, 10 BEJIH-
yrHe pacxoxaenuit [80] mo3Bonut npoBepuTh 6°-if KpuTepwuii. Takum 00pa3zom, 7°-0if KPUTEPHIA TOKE
NOATBEpPKIAeTCs, MO KpailHel Mepe, KauecTBeHHO. KonuuecTBEHHas NMpPOBEpPKA ITHX KPUTEPUEB U
CpaBHEHHUE C IPYTUMH TMIIOTE3aMH, B T.4. npuiuBHbIMU [80], BO3MOXHA MpPU CONOCTABICHUU H3Me-
peHHbIX U pacy€THbIX (1.8) nckaxkeHuii ¥ mpu y4ére nuckaxenuii ot 3¢pdexra Putua (cm. § 1.4, § 1.5).

8°. BocbMoO#i KpPUTEPHi CIICAYET U3 TOTO, YTO OT JUTMHBI BOJIHBI A CIIEKTPAIBHON JHMHHH H OT
COCTaBa MEPEH3ITyYaroNX O0JIAKOB ra3a 3aBHCHUT JIJIMHA TEpeH3IydeHus — dpQeKkTuBHas mHa | =
M2m(n — 1), Ha KOTOPO#i y JTyueli cBeTa pacTET pa3HOCTh XO/1a, @ 3HAYUT, CTEICHb UCKaXXCHUs rpaduka
V/'(t) 1 BenmmurHa MEUMOTO dKceHTpucHuTeTa €', [Ipruém 23 peKT nepensinyueHns CHoOBa CUIIbHEE BCe-
IO CKaXETCs JUTSl 9aCTOT aOCOPOIIMOHHBIX W SMUCCHOHHBIX JIMHHUIA 3JIEMEHTOB, 10 KOTOPBIM U OTpeIe-
JSIFOT CHIEKTpalibHOE cMeneHne. [10cKoabKy BOJIM3M 3THX PE30HAHCHBIX 4acToT foj CIeKTpabHbIX JH-
HUI TIOKa3aTesb npetomiieHus N [82] ctpeMuTeIbHO HApaCcTaeT MO 3aKOHY

ne ey DS (1.10)

T i — £

TO JJIs1 HUX JJIMHBI IEPEeU3TyUeHUs
li = Nil2n(n - 1) (1.11)

U MPONMOPIUOHAIBHBIE UM MCKAXEHUs HA MOPSIKA CHIKEHBI. [IpuuéM aiis KpUBBIX JTy4€BBIX CKOPO-

CTEil, MOCTPOEHHBIX MO Pa3HBIM IPYIIAM JIMHUN A, 3T UCKAKEHHS OKa)KyTCsl CHH)KEHBI B pa3HOM CTe-

MIEHHU, MOCKOJIbKY B MEX3BE3THOM raze pa3iudaroTcsi KoHUueHTpauu Nj aTOMOB pa3HbIX 3JIEMEHTOB, a

TaKkKe KO3(PPUIMEHTHI Sj, XapaKTepU3YIOLINe 3aps/ibl, MACChl U CHJIBI COOTBETCTBYIOIIMX OCLUJIIATO-

poB. [Toatomy uckaxenus rpapukos V'(t), HOCTPOCHHBIX MO pa3HbIM JUHHUIM Ha yacToTax fo; pa3HbIx
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AJIEMEHTOB, MOTYT CYIIECTBEHHO Pa3HHUTHCA. Paznmuuus 3aTpOHYT TaKkKe W pacyETHBIC BEIMYUHBI €' =
nliK/IPS u o, KOTOPBIC 3aBUCAT OT pacCTOAHUA li, MpOiIeHHOTO CBETOM /10 MOMEHTA TEPEH3ITyUCHHSI.

DTOT KPUTEPHIi TOXKE TOATBEPIKIAIOT HAOIIOICHHS TS psijia 3BE3]1, Kak mokasan A. barren [46].
BrniepBbie Ha paznuuue 31€MEHTOB OpOUT CHEKTPaIbHO-ABOMHBIX, U3MEPEHHBIX B Pa3HBIX YaCTOTHBIX
nuana3oHax, ooparmin BHuManue A.A. benononbsckuii u I'.A. TuxoB Ha mpumepe 3Be31b1 3 Boznuuero
[65, 83]. Takxe pa3nuune rpagUKOB JTy4EBbIX CKOPOCTEH, MOCTPOCHHBIX TI0 JMHHUSAM Pa3HBIX 3JICMEH-
TOB, ObLI0 0TMeueHO B 1949-1950 rr. Ctpyse [84] u Mak-Hamapoii [85]. Hanpumep, pacuétHbie 3J1e-
MEHTBI OpOUT ABOMHOM 3Be3/bl U CTpenbl pa3nudanuch Ui KPUBBIX, TOCTPOEHHBIX 0 JIMHUIM BOJIO-
poia u 1o JUHHUSIM MeTayuioB. AnanoruuHo, ais AO Kaccuoneu, no HabmoaeHusm AoOxunapa [86],
rpauKyu JTy4eBbIX CKOPOCTEH, MOCTPOEHHBIE MO JIMHUAM BOJIOPOJA U TeJUs, pa3Inyaliuch U COOTBET-
CTBOBAJIM pa3HBIM aMILIHTy1aM Jiy4deBbix ckopocteid K. Mckaxenue rpadukos V/'(t) xus AO Kaccuo-
e MOATBEPKAAETCA U TEM, YTO Yy 3TOM CUCTEMbI MOCTOSIHHBIE COCTABJIAIONINE JIyueBOi ckopocTu Vo
KOMITOHEHTOB HE COBIAAIOT [46, 74]. AHaIOTMYHO Y paccMOTpeHHO# Bbiie cucteMbl RX Kaccronen
pasnuune 3KCUEHTPUCUTETOB, PACCYMTAHHBIX MO KPUBBIM JIy4EBBIX CKOPOCTEH pa3HBIX KOMIIOHEHTOB,
MOJKET OBITh OOYCIJIOBJICHO TE€M, YTO JIJIsl JIMHUN OJHOTO KoMIOHEHTa (kiacca G) mepeusiyueHue mpo-
MCXOJUT Ha MeHblueil miuHe |, oTdero nckaxenms u ' = nK/PC? 0Ka3bIBAIOTCS MEHbIIE, YeM Yy TIIaB-
HOro kommoHeHTa (kmacca A). A BEeKOBbIC U3MEHEHHS COCTAaBa M KOHICHTPAIIMKA MEXK3BE3IHOTO rasa
B0JIb TMHUH Bu3upoBanus RX Kaccuornen (3a cuéT ABMKEHUS MEK3BE3IHBIX 00JIaKOB ra3a U BapHa-
IIUI CTEIIEHN MX MOHM3AIMHU) OOBSICHSIOT, oueMy pasiudarotcs 3jaeMenTsl cuctemsl (Ki, Ko u €), om-
penenénnbie B pa3Hbie 510xu, B 1944 r. — Crpyse [70] u uepes 30 net [89].

TakuMm 00pa3oM, BCe pacCCMOTPEHHBIE KPUTEPUH, NIPU COMOCTABICHUH C TaHHBIMH aCTPOMETPUHU
U CIEKTPOMETPHH, MOATBEepAIH, 4To dpdekt bappa 00yciaoBieH BIMsIHUEM OpOUTATBHON CKOPOCTH
3BE3/] HA CKOPOCTh UCHYIIEHHOTO MU cBeTa. T.e. apdexT bappa MOKHO paccMaTpuBaTh Kak CBHUJIE-
TEIBCTBO B MOJIB3Y OANTUCTHYCCKON TEOPHH, OCOOCHHO €CJIM y4eCTh, UTO P KPUTEPHUEB U MpecKa-
3aHui Teopuu Putma 6b11 pa3paboTaH 3a70T0 10 X (PaKTUYECKOTO MOATBEPKACHHS B KOCMOCE.

§ 1.2. 3pgpekm Pumua u npupoOda 3akoHa Xabbna
B npenpinyimem maparpade paccMoTpeH 3PQeKT MCKaKEeHUs BUAUMOTO IBMKEHUS 3BE3 MpU
U3MEHEHHH WX JIy9eBOW CKOPOCTH M COOTBETCTBYIONIMX BapHAILUAX CKOPOCTH cBeTa. Paccmorpum 3¢h-
(eKT KOTUYECTBEHHO Ha MPUMEPEe UCTOYHHUKA, M3JIyYalOIIero CBETOBbIE CUTHAJIBI Yepe3 MaJlblii HHTEp-
BaJ BpeMeHu dt 1 yaanéHHoro or mpuéMHUKA Ha pacctostuue . CBET MCTOYHMKA, UCITYICHHBIA B MO-
MeHT t, mocturaer npuémuauka B MmoMeHT t' = t + r/C’, rme C' — ckopocTh cBeta B Bakyyme. Bpems dt'
MEXy TPUEMOM JBYX CBETOBBIX CUTHAJIOB HAUAETCS MyTEM MU dEpEeHIINPOBAHMUS:
dt'=(1+ﬂi—L-a—°)dt. (1.12)
ot ¢ c¢? o
31mech pacCMOTpEH OOIIHi CiTydaii, KOoria CKOpOCTh cBeTa C' UrpaeT pojib He KOHCTAHTHI C (Kak B
CTO), a nepemMeHHOH, Kak B o6rieii Teopun otHocuteabHoctd (OTO) u Teopuu Putna. Bapuarmn
CKOPOCTH CBETa B BaKyyMe BBISBICHBI IIpU KocMuueckoi paauonokanuu [90-93, A3]. Eciau Bropoe
cnaraemoe B (1.12) xapakrepusyet 3¢ ekt Homepa dt' = (1 +V,/c')dt, T.x. Or/ot = V, — nyueBas cko-
POCTh UCTOYHHMKA OTHOCHUTEIBHO NMPHUEMHUKA, TO TPEThE CIaraeMoe XapakTepu3yeT M3MEHEHHUE IJIu-
TEJILHOCTU CHTHAJIOB 3a CYET BapUaIiii CKOpocTu cBeTa. Jlanublil addekr
dt'=(1—L2-a—det | (1.13)
cc ot
cienyeT u3 0auIMCTUYECKOro NpuHUUMa C' = ¢ + V, MEHSIOIIEro CKOpOCTh CBETA MPU YCKOPEHUHU HC-
TOYHMKA. B HampaBieHnn npuéMHUKa CKOpOCTh cBeta C' = ¢ — Vy, e V, — JiydeBasi CKOPOCTh UCTOY-
Huka (mpoekims V Ha Jiyd 3peHHs — Ha paauyc-BeKTop I ucrtounuka). Juddepenumpys oc'/ot = —
oV, /ot = —a, (rae ar — ydeBoe yCKOpeHue nucrounuka) u nmoacrasiss B (1.13), npu V, << ¢, Haiiném
dt'~ (1+%)dt . (1.14)
c
[Tpupona s>¢dpdexra mpospauna: Mo OATTHUCTUIECKON TEOPUN YCKOPSIEMBI UCTOYHHUK B KaXJIbIi
MOCJICIYFOIIUH MOMEHT COOOIIAET CBETY HECKOJIBKO MHYIO CKOPOCTh, U MOCJICIOBATEIBHBIC CUTHAJIBI
(nnm GpOHTHI CBETOBBIX BOJIH), HCIYIICHHBIC C Pa3HBIMU CKOPOCTSIMHU, JIOTOHSIIOT IpyT apyra (cokpa-
11as JUIMHY BOJIHBI), JINOO pacxoastcs (HapalmBas [UIMHY BOJIHBI), TIPUXO/S K MPUEMHHUKY Yallle WA
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pexe. M3 mpeoOpaszoBanusi mepuoaa dt (1.14) wHaiiném Ui M3MEHEHHs] WCXOMHOM UTMHBI BOJIHBI
A = cdt, vacrorsl cBeta f = 1/dt u murenpHOCTH UMIyIbca At, COOTBETCTBEHHO,
2 2 c?
Dddexr (1.15), nonmonustommii d3¢dexr Joruepa, namnee Oynem HasbiBaTh dpdexToM Purna:
Puti BeiBen dpopmyaty (1.14) B 1908 r. [15]. ITpu V, << ¢ u3 (1.12) caexyer obiiee mpeoOpa3oBaHue
dt' = (1+V—r+%jdt, A= (1+V—r+%)k (1.16)
C C c C
Ecmu momnep-adpdext dt' = (1 + V. /c)dt nerxko peructpupyercs B gabopatopuu, TO 3¢dekt Purna
(1.14) oOHapyKUTh CIIOKHEE, BBUAY MajoCTh ra,/C” << 1. Ho Ha aucTaHIMAX I TOpsIKa CBETOBOTO
roja Majblie YCKOpeHus a, ~ C2/r = 9,5 M/c? MOTyT MEHSTb BHANMYIO JUIHTEIBHOCTD IPOLIECCOB B Pa3bl.
M3meneHre BUANMON [uinTeabHOCTH dt' poriecco mo addekry Putiia (mpeacrasisoiiee codoit
TaKy0 e WITI031I0 Kak u3menenue dt' mo addexry Jlomnepa) npuBOAUT TaKKe K U3MECHCHHUIO PErH-
cTpupyemMoi sipkocTH u3aydenust |'. JIelicTBUTENbHO, €CITM HCTOYHHUK HU3JTYYWIT B CIUHUIHYIO allepTypy
doronpuémunka MomHocTh | B Teuenne Bpemenu dt, To 1o 3akoHy coxpaHeHus sHeprum ldt, Bocmpu-

-1
7;=cdt'=x(1+ rarj, fr=1/dt = f(1+ rafj , At':At(Hﬁj . (1.15)

HUMaeMoii 3a Bpems dt', peructpuposanack 661 MorHOCTH |' = Idt/dt'. Orcrona, ¢ yuérom (1.14),
dt ra, \
I'=1—=1 1+—rj : 1.17
(1 (117)

Wtak, myueBoe yCKOpEHHE HCTOUYHHUKA Ay MPHUBOIUT K U3MECHCHHUIO BHIUMON SIPKOCTH MCTOYHHKA
I', a koyeOaHus &, BHI3BIBAIOT KOJCOAHUS BUIUMOU IPKOCTH UCTOYHHKA, HATIPUMED 3BE3/IbI.

D dexT n3MEHEeHUsI BUAUMON UTUTEILHOCTH MO3BOJISIET HAN00JIee TIPOCTO BHIYUCIUTD BEJIUYHU-
Hbl MHUMBIX JKCICHTPUCUTETOB 3BE3]I, JABIKYIIUXCS TI0 KPYTOBOH OpPOUTE C IEHTPOCTPEMUTEIBHBIM
yckopenueM 8. (Puc. 1.3), yuem paccmorpenHsblil B § 1.1, JIeHCTBUTENBHO, Nepe/l KAPTHHHOW TIOCKO-
CTBIO B Onwkaifmieit k Ham Touke opouthl 3 (Tae ar = &;) ABMXKECHHE 3BE3/bI OyJeT Ka3aThCs 3aMejl-
JICHHBIM, BBHJy PACTSDKCHHs MHTepBatoB Bpemern dt's = (1 + lac/c?)dt mo spdekry Purna (1.14) na
s¢dexTuBHON aauHe I = |. A 32 KapTUHHO# TOCKOCTHIO B HanboJiee yaanéuuoi Touke opoutsl 1 (rae
ar = -8;) IBMKCHUE 3BE3/IbI OY/ICT Ka3aThCsl YCKOPSHHBIM BBHIY CXKATHSI PETUCTPUPYEMbBIX HHTEPBAIOB
dth=(1- IaC/CZ)dt. Takum 06pa3om, B Toukax 1 U 3 OTHOIIEHHE BUIMMBIX YIJIOBBIX CMEIICHUN U CO-
OTBETCTBYIOLIMX TAHCHIIUAIBHBIX CKOPOCTEH JBM)KEHUS 3BE3/IbI IPUOOPETET BU

VY dty  1+lag/c?
V' odty 1-lag/c?
OHO SKBHUBAJICHTHO BHITEKAIOIIEMY M3 2-T0 3aKoHa Keriepa COOTHOIIEHUIO Ty4eBBIX CKOPOCTEHt
Vi_ps_1t€ (1.19)
V3 p; 1-¢
y opouTsl, BeITsHYTOH K 3emie (Puc. 1.3, Puc. 1.4), ¢ 9KCIICHTPUCUTETOM €' M PACCTOSIHUSIMH P1 U P3
JI0 TJIaBHOM 3BE37bI Si, COOTBETCTBEHHO, B mepuactpe 1 m amoactpe 3. M3 cpaBHEHHS BBIpaKEHUU
(1.18) u (1.19) MEUMBIi skcnenTpucuter €' = la/c? = 2nlK/Pc®. OmHako npu H3MEpeHHH SKCUEHTPH-
CHTETa M0 KPUBOMW JYYEBBIX CKOPOCTEH, CKaKeM, [0 TAHTCHCY yIJia HAKJIOHA 0. KacaTeIbHOH B TOYKaX
1 u 3 (Puc. 1.3), ckopocTh B HUX AT NBOMHON BKJIax (3a CYET pasHUIIBI CKOPOCTEH JBMKCHHUS T10 3JI-
JUNTHYECKON OpOMTE BO3JIC ATHX TOUYEK M 3a CUET Pa3sHOM CKOPOCTH €€ M3MeHeHus). J|elCTBUTENbHO,
TaHreHc yria o kacarensHoil dV,/dt B mepuactpe 1 u amoactpe 3 paBeH yCKOPEHHIO 3BE3/bI B 3THUX
Toukax ai= dVi/dt= GM/pl2 n az= dVs/dt = GM/ng, rae G — rpaBUTAalMOHHAS MOCTOsSTHHAsS, M —
Macca riaBHoi 3Be3nbl S1 (Puc. 1.4). Torna ycnoBue nono6ust rpagukos (Puc. 1.5) npu €' << 1 3anu-
rercs B BujE a; o dt/dt'; u as oc dt/dt's, uro B mpubmmkenuu €' << 1 gaét COOTHOIICHHE

: 2 .

s _a [&j Jlvee (1.20)
dt; ag P1 1-2¢'

T.e. U3 TEOMETPUIECKUX COOOpakeHHN €' = IaCIZC2 = nIK/PCZ, YTO COBMAJIACT C BRIPAKECHUEM, HAMICH-

HBIM paHee YHMCTO aHATUTHYECKH. MTaK, MHMMBbIE SKCIEHTPHCUTETHI 3BE3IHBIX OPOUT, U3MEPEHHBIE

ACTPOMETPUYCCKH U CIIEKTPOCKOMUYECCKH, Pa3IHdauch Obl B JIBa pasa, YTO CIYXKHUT €II€ OJHUM KPH-

TEpUEM JIJIS aHAJIKM3a IPUPOIbI HCKAKEHHUHM, HCTHHHBIX IBUKEHUN M SKCICHTPHUCUTETOB OPOMT.

(1.18)
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Ecmu adpdexr (1.14) umeer MecTo, U BUAMMOE IBUKCHUE 3BE3]] MCKAXKAETCS, TOT/IA, KPOME OT-
MEUYEHHOI'0 UCKaXECHHsI, MPOU30UIET NOMOTHUTEIbHOE CMEIICHHE CHEKTPAIbHBIX JUHUHA MO 3aKOHY
(1.15). OO61ee U3MeHEHHE TIEPUO/Ia U JJTHHBI BOJIHBI CIICKTPAIbHOM JIMHUY 3a1aHo Gopmydoi (1.16).
Takum 00pa3om, OHO IPEICTABICHO CyMMO# cMmetnieHuit o a¢dexry Jomepa u mo a¢gdexry Purna:

g AL _ Ve 13

(1.21)
L ¢ c?
HHTeprpeTupys 3T0 CMEIIEHUE KaK YUCTO JTOIUIEPOBCKOE, HAWTYT pacyETHOE 3HAYEHUE CKOPOCTH
AL ra
Vr :CTZVI’ +—r. (122)
C

Jlist rpauKoB JTy4eBBIX CKOPOCTEH 3BE3M, NBMKYIIMXCS MO KpyroBoi opoute, apdext Putna
NpUBEAET K N3MEHEHHIO OpOUTAIbHOW (a3bl 3Be3bl. Eci MCTHHHAS JTy4eBasi CKOPOCTh 3BE3JIbI 3a/1a-
Ha BeIpaxkeHueM V, = —Ksin(2xnt/P), to ans yckopenus a, = dV,/dt = —(2nK/P)cos(2at/P), u BHOcuMas
UM 106aBouHas MHEMas (kaoicywascs) ckopocts Vy = ra/c wm V' = la/c (B ciyuae nepeunsiyderus
ceera Ha aiuHe ). OTcrona momy4yuM, 4To pacuéTHas CKOPOCTh 3a/1aHa BhIPAKCHUEM

Ve =V, 4V, =- Ksin(znt) _2mlK cos[ Znt) =-K' sin(EJr (p) ) (1.23)
P Pc P P
rae casur 1o dase ¢ = arctg(2znl/Pc), a pacuétHast aMIuInTy1a Iy4eBOW CKOPOCTH
. 2ml 2 2 c?
K'=Kyl+| ——| =K|1+2¢8°— |, (1.24)
Pc K
B MPHOJIMKEHUH J11 MHUMOTO dKCIieHTpucuTeTa €' = nlK/ Pc? << 1.
WLV,
K
K

L ‘* -

Puc. 1.9. Cxema HCKaKeHHS TOTIEPOBCKON KPHUBOM JIydeBBIX ckopocteit Vi(t) (crnaowmnasn aunus) ot mo-
HOJIHUTENBHOIO CIBUra 4acToThl Mo 3(pdekry PuTia B BHIE KPHBOM MHHMMBIX JIyYEBBIX CKOPOCTEMH
V, (t) = la/c (wumpux-nynkmupnas mnus) 1 COOTBETCTBYIONINE OPOUTHL. Pe3y/bTHPYIOAs KPUBAs CIIEK-
TPAIBHBIX CMELICHUH (nyHKmupHas nunus) TaéT TOKHYIO TOMIEpoBeKyio ckopocts V' (t) = Vi(t) + V. ().

Cwmemenue 1o ase rpaduka sydeBbix ckopocteit V'(t) (Puc. 1.9) Oyaer 3aMeTHO y CHEKTpaib-
HO-JIBOMHBIX 3BE3JI, SBJISIOMUXCS OJHOBPEMEHHO 3aTMEHHO-IBOMHBIMH. TeOopeTHYecKd 3aTMEHHE
3Be3/1bl C KPYroBoil opouToii HabIr0Aa710ch Ol B MOMEHT Haubouibliero e yaaiaeHus B ¢ase KpUBOM
naydeBbix ckopocreid 0. Eciiu kpuBas cmemena a¢dekrom Puria, 3aTMeHre MPOM30UIET ¢ 3aro31aHu-
eM OoTHOCHTeNbHO (a3bl 0 Ha pasHOCTH (a3 ¢, TOCTHUrarOIIYI0 /2 B MPeNeIbHOM Ciydae, KOrjaa cMe-
IIEHUE CIeKTpa o0ycioBieHO B ocHOBHOM 3¢ dexkTtom Purtna. [lomoOHBIE HECOOTBETCTBHSI KPUBBIX
OJecka U JIy4eBOi CKOPOCTH PEAIbHO OTKPBITHI, HAIIpUMEP Y U AHIpOMEIb], Kak okaxeM B § 1.5.

®a3oBbIii cABUT TpaUKOB JIYYEBBIX CKOPOCTEH MOYKHO OOHApYKHTh, HCCIEMys KoJeOaHus
CMEUICHUI JTMHUI TBOWHBIX 3BE3] HA pa3HbIX yactorax fj, Ha KoTOpBIX 3ddekTuBHBIE paccTOsSHUSA I,
paBHble [uTHHE epensnydeHus li, pasnuunsl. B urore, cormacuo (1.10), (1.11) u (1.24), 6yayt oTiu-
4yaThCs W cMeleHus JuHuid 1o 3¢dexty Purna (1.15), ammmmrtyasr nydyeBoit ckopoctn K'~ K[1 +
2(nli/Pc)?] u dasosele casurn @ = arctg(2xli/Pc) rpaduxos V,'(t). JeicTBATENBHO, Y psiaa ABOHHBIX
3B&31 rpaduku V'(t), mocTpoeHHbIe MO JIMHHUSAM pa3HbIX 3JEMEHTOB Ha pa3HbIX yacrorax fj, pasmuua-
forcs amrumatyoi K', kak mokasan A. barren [46, c. 206, 209], u da3oii ¢, kak mokasan I'.A. Tuxos
[83]. A Ha KpHBBIX JIyueBBIX CKOPOCTEH, IOCTPOSHHBIX 1O 3MuccHoHHbIM JuHusAM Cal u Hell y 3a-
t™eHHOU 3Be3/1bl V 347 Kopwmbl, oOHapy)uics (a3oBbIi CABUT TpauKOB JyYEBBIX CKOPOCTEH, ITO-
CTPOCHHBIX 0 Pa3HBIM JIMHUSAM, U HECOOTBETCTBUE (ha3 rpa)uKOB JIyUEBBIX CKOPOCTEH, HOCTPOCHHBIX
[0 OJTHOM JIMHUH, y JBYX KOMITOHEHTOB 3Be3/bl [94]. Takum obOpasom, cuctemsl Tuna V 347 Kopmsl
narot emé onuH npumep 3 dexra bappa, A KoToporo BeimonHs0TCS Kputepun 4° u 5° u3 § 1.1.

B ciydae, korna kpuBas IydeBBIX CKOPOCTEH 3BE3M ¢ KpyroBoil opOUTON MCKakeHa 3(PdekTom
PuTIa, ¥ BHI3BAHHBIC MM CMEIIEHHS HAMHOrO peBocxoaT pomieposekue (V' =V, "), HCKaKeHHs OT
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addekra 3ama3apIBaHus TOKE BEIYT K MOSBICHUIO MHIMOTO SKCIICHTPUCHUTETa, HO SKBUBAJICHTHAS JJI-
JUNTHYECKass opOuTa cooTBeTcTBYET yke = 180°. T.e. addekr Bappa nposiBmiics O U B mpeodiia-
JaHUM OpOMT € ® BO3JE O3TOro 3HaueHus. JledcTBUTENbHO, IS KpyroBOoW OpOWUTHI @y = -
(2nK/P)cos(2nt/P), otkyna t = (P/2r)arccos(—Pa,/2nK), a B ciydae yuéra JONMOTHUTEIBHOTO 3ama3bl-
Banus cBeta Ha At = IV,/c? = —IKsin(2xt/ P)/Cz, nojy4yuM, npu 3amene nlK/ Pc’=¢,

2 *. *. 2
t:t(ar)+At:Parccos(— Parj LS (Parj _ P larccog — PV | _ge o[ PVe"| | (1.25)
27 27 c? 27K 27 27Kl 27Kl

OTCIO/Ia TOXE HENb3s HANTH B IBHOM BH/IC 3aBHCHMOCTb 8; 1 MHAMOIT CKOpocTH V; ' OT BpeMeHH
t. Ho nmpubimxEéHHbBIN aHau3, og00HbIH poBeaéHHoMy Bhimie s (1.6), mokaspIBaeT, 4ToO IpHU Orpa-
HUYEHHH YICHAMH TIEPBOTO MOPsIKa €' MCKaKEHHAsh KpMBas CIABUTOB YaCTOTHI COOTBETCTBYET DJLIHII-
THYecKOl opbuTe ¢ @' = 180°, skcuenTprcuteToM € = €' = nlK/Pc? u monyaMIuuTyn0i ckopocTH
K' = 2nlK/Pc (Puc. 1.10), kak cieayet u3 Boipakerus (1.7), mocne pasnoxkenus B psja Teinopa,

' ' 2
t= i arccos| — M —e.1- M ~ i arccos(_ V) 2e./1— ( ) M . (126)
21 Ve/K'+1 Ve/K'+1 27 K' \ K' 1+V, /K’

Tem caMbIM TOJTy4aeT 00BICHEHUE aCUMMETPHSI paclpeIeICH s TOJITOT MEpUacTpoB Mexay | u
Il, a Taxke mexay |l u IV xBagpantamu U rpynnupoBaHue JOJITOT MEPUACTPOB BO3JIC 3HAUCHUS O =
180° (8 1.4). [leiicTBUTENBHO, €CJIM UCTHHHBIC OPOUTHI OOJBIIMHCTBA 3BE3/ UMEIOT (OPMY OKpPYKHO-
ctu (e = 0), To HabaromaeMble HCcKakEHHBIC rpaduku ar(t) u Vr*'(t), KaK BHHO U3, MPEICTABJISIOT CO-
00it Tpoxouabl, MpuOIKEHHO cooTBeTcTBYOIME rpaduky V() u3 (1.26) aus o = 180° (Puc. 1.10). B
citydae OOJIBIION BEIMYMHBI pacYETHOTO dKcIeHTpucHuTeTa € ~ 0,5 1 BbIlIe HCKaKEHHE HEIOCTATOYHO
11t 00bsICHeHUsT HaOJr0JaeMoii KprBoit JiydeBbix ckopocteid (Puc. 1.10). Ipu 1ieHTpocTpeMUTEIbHOM
YCKOPEHHUH a = c?/ ru npenaenbHol crenenn cxarus dt'/dt =0 B manbHei Touke opoutsl 1 (Puc. 1.3),
noka Ha kpuBoi V, '(t) HeT camomnepeceueHuit, B OmKHEH K 3emiie TOYKe OpOUTHI 3 MaKCHMasbHas
CTeMeHb pacTsukeHus cocTaBuT dit'/dt = 2. MctunHas crenens 3ame yieHus B anoactpe (Mo OTHOMICHUIO
K CpPEIHEH YIII0BOI CKOPOCTH Ha OPOUTE) MOKET OBITh 3aMETHO BbIie. Tak, P SKCIECHTPUCUTETE € =
0,7 rpaduk yueBsix ckopocteit Vi(t) COOTBETCTBYET 3aME/UICHHIO B Ar0ACTpe B dt'/dt ~ 2,5 paza.

Puc. 1.10. CpaBHeH#e KpHBOil MHUMBIX Jy4eBbIX ckopoctei V, '(t) (nynkmup) oT 4acToTHOrO caBura
1o sddexry Purua, nckaxéHHO# 0T 3ddekra 3anasapmanus (mpu mIK/Pc? = 0,3), u KpHBOIi JTyUeBbIX
ckopocteii V((t) or caBura yactotel 1o 3ddexry Homnepa (cnrowmnas) mis opoutel ¢ € =0,3 u
o' = 180°. Kpusas V,"'(t) Z0MONHHTENBHO CMellleHa BHU3 110 coBIafeHus ¢ rpaduxom V(t).

DddexT cMmemeHuss 9acTOThl U JJIMHBI BOJHBI, MPOIIOPIIMOHAIBHBIN TUCTAHITUH I, TIPEIIoJiara
emé A. benononbckwii [65, ¢. 272] mis 00bACHEHHS KPaCHOTO CMEIIEHUS B CIIEKTpaX rajakTuk. Jlei-
CTBUTEIIBHO, 3P ekt Puria mpoie Bcero 00HAPYy UTh HA TUTAHTCKAX MEKTaTaKTUICCKUX JTUCTAHITH-
X I, TJIe UCUYEe3arole Majga KOHIIEHTpAIUs aTOMOB HelTpaiabHOro Bogopoaa N < 6:10 em® [87]. Co-
rinacHo (1.4), mmHa nepensnyuenus | pactér nponoprumonansao 1/N, orkyma |>2.10" cB. ner >>r.
T.e. mepensnydyeHus HET [Tt OOJIBIIIMHCTBA HAOIIOAAEMBIX TaJIaKTUK. B yacTHOCTH, 10 3 dekTy Put-
ma A' = M1 + ra,/c?), IpoIOpIHOHAIEHO PACCTOSHHIO I TAIAKTHK JOJDKHA HAPACTATh [UTHHA BOJHBI A
CBETa, UCIYIICHHOTO BUIUMBIMU yYaCTKAMH SIPKUX TATAKTUYCCKHUX sifep-OanpKke, XapakTepu3yeMbIX
WHTCHCUBHBIMU CIIEKTPAIbHBIMU JIMHUSMH M YCKOPCHUSIMH, HarpaBlieHHbIMH OT 3emutn (@, > 0) K 1ieH-
tpam ranaktuk (Puc. 1.11). Dddekrt mo popme aHasorudeH oTkpbromy O. Xab0I0M 3aKOHY KPAaCHOTO
cMmenieHus B cnekrpax ramaktuk A' = A(1 + rH/c). Kospduuuent H =68 (km/c)/Mnk (HOCTosIHHas[
Xab6sa) 6;u30Kk K KOApQUIHMEHTY a/C, pacCYMTAaHHOMY 0 M3MEPEHHBIM YCKOPEHHsIM ar = Vp ’IRy,
3BE311 B rajlakTukax. B3sB 3a oOpaser Hamry ["amaktuky (€€ XapaKTEepUCTHKHM THUIIMYHBI /IS CIIAPAIIb-
HBIX TaJaKTUK, a Oammk uMeeT paauyc Ry, = 0,002 Mk u okpyxHyt0 ckopocTh 3BE31 Vi = 200 km/c
[95]), monyuum pacuérHoe 3HaYeHHE TOCTOsHHOW Xa00sa H. = a,/c = 67 (km/c)/Mnk, Oau3Koe K H3-
mepernomy H = 67,80 + 0,77 (km/c)/Mmk [96]. st Ipyrux rajgakTHK pacuy€THOE 3HAUCHHE MapaMeTpa
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H. = a//c = V,?/RyC (1.27)
MOYKET HECKOJIBKO OoTiaudaThesi oT H.~ 67 (km/c)/Muk, BBUAY pa3indusi OKPYXKHBIX CKOpocTe# Vi 1
panuycoB Ry ranakTHK, HO OJIMHAKOBBIC TUIIBI FAJIAKTUK 00J1a1a1 Obl OJU3KUMHU XapaKTEPHBIMU 3Ha-
yeHUsMH Mapamerpa Xab6ma H.. T.e. Ha quarpamMme «pacCTOSIHHME — KpACHOE CMEIICHUE» TOYKH, CO-
OTBETCTBYIOIIME Pa3HbIM TaJaKTHKaM, PACIOOXKAaTCs OJIM3KO K BBIXOMAIICH M3 Havajga KOOPMHAT
MPsIMOM JIMHUH, COOTBETCTBYIOMIEH 3akoHy Xab0ma. [ToaToMy mpaBuiibHEE TOBOPUTH HE O TOCTOSH-
HOMW, a UIMEHHO 0 mapameTpe Xab0ia, MOCKoIbKy K03 dunuent H, pasnudaercs 1 pa3HbIX rajak-
TUK. JIefiCTBUTENBHO, B JIUTEpAaType MO KOCMOJIOTUM BCTPEYASTCS] MHEHHE, YTO IMOCTOSHHYI0 Xab0ia
npaBUIbHEE HA3bIBATH MIAPAMETPOM, MIOCKOJIBKY OHA MEHSICTCS, KaK MUHUMYM, BO BpeMenu [97].
AVCK

g0 W= n(1+rHlc)

ranaktmka

=7 3emns
Puc. 1.11. Cxema npeoOpa3zoBaHus 9acTOTHI CBETa 10 3 dexTy Putna y Bpamaromuxcs saep
rajakThK. D(PPEKT IPUBOAUT K 3aKOHY KPACHOT'O CMEIICHUS, aHAJIOTHYHOMY Xa00JI0BCKOMY.

Cam Xa006s mokasal, 4TO KpacHOE CMeEIIeHHE 00YCIOBJICHO He noruiep-3dhdexrTom oT pasdera-
Hus ranaktuk [98, c. 342], Ho HekuM 3G (PEKTOM MOCTENIEHHOTO CHIDKEHHS YaCTOThI CBETA, MO0 Mepe
€ro JIBMKCHUS K HaM, a TaJaKTHKH 00JIaJal0T CPaBHUTEIHFHO HEOOJIBIIMMHU MEKYJISPHBIMH CKOPOCTSI-
MH. DTy runote3y BeiaBHHYIH B 1929 r. actpodusuku A. benononbckuii [65, ¢. 272] u @. LBukku
[99] u momneprkanmu MHOTHE aCTPOHOMBI, HHXEHEPHI U (husukH, BKimodas K.9D. [luonkosckoro [100, c.
c. 286], C.1. BaBuiiosa [101, c. 131], B.I1. Cene3uéra [102]. /la u mo3aHee psa acTpOPU3UKOB, BKITIO-
yass P.B. Kynunkoro, b.A. Boponnopa-BenssimMunoBa u akagemuka B.A. AmOapiymsHa, oTpuIiagu
TeopHro boJsbIIOro B3pbIBa U paclIMpeHuss BcelleHHON Kak MpUYMHY KpPAacHOrO CMELICHUs, Ioaras,
YTO BO3MOJKHBI JIMIIb JIOKAIBHBIC CITydaiiHbIE TBW)KCHUS TallakTUK. VIHTEpecHO, YTO aMepHKaHCKHA
¢usuk J1. JIxoyHe, paccMarpuBas KpaCHOE CMEIICHUE TaJIaKTUK Kak pe3ynbraT 3¢ (dekra HapacTaHUs
JUTMHBI BOJHBI CBETA, MPOMOPIUOHAIBHO MPOHIEHHOMY UM IYTH, MPEIIOIO0KHI, YTO MOXOXKHH (-
ekt OymeT HaOMIONATHCS MPH NPOIYCKAHUH JIA3€PHOTO UINIYyUSHHsS 10 MPOTSHKEHHBIM CBETOBOJAM
[103, c. 150]. [MomoOHbIH 3((deKT pearbHO OTKPHIT B CBETOBOJAX B BHIE PAMaHOBCKOTO CMELICHHS
YaCTOTHI, XOTSI B 3TOM CIIydae OH CBSI3aH UCKIIIOYHUTEIIFHO C HETMHEHHBIMH CBOHCTBaMU cpenbl [104].

I'umore3y 0 HEIOIUIEPOBCKOM MPUPOAE KPACHOTO CMEIIEHHs MOATBEPANT B (POTOMETPUICCKHIA
KpUTepHid, npeanoxennbiii J. Xab6som u P. Tonmenom [98]. Ho mexanusm addexra KpacHOTO cMme-
LIEHUS TATAKTUK OCTaJICAd HEBbIICHEHHBIM. [Inonep Henuuerinon ontuku C.M. BaBuioB Tak oxapakre-
pusoBai 3Ty HeomnpenenéuHocts [101, ¢. 133]: «MoXHO M CUUTATh 3TO CMEIIECHHE TAKXKE JTOTJICPOB-
CKUM, BBI3BaHHBIM TPYJIHO IMOCTHKHMOM perieccueil TYMaHHOCTEH, HITH )K€ TIPUYHMHA KPOETCS B HOBBIX,
HEHM3BECTHBIX HAM JIOCEJIe CBOMCTBAaX CBETA,— 3TO BOIPOC OTKPHITHIN... Xa00J1, yCTAaHOBUBILUI caMblit
(bakT ¥ 3aKOH KpacHOTO CMEIEHHs], CYMTALT, YTO (DOTOMETPUUECKUE AaHHBIC HE OJIArOMpHUSATCTBYIOT
UHTEPIPETAINN KPACHOTO CMEIICHHUS KaK JoriepoBa». T.e. MHEHHE O TOM, uTo Xab0i1 OTKpbUI pac-
mpenne BeenmenHol u moaaep xkain reopuio boibioro B3peiBa [105] B kopHe ommnbouno [98, ¢. 342].

Kak ormernn C.U. BaBunos [101, c. 133], «u3y4as cBeT cupajibHBIX TYMAaHHOCTEH, MBI HMEEM
JIeNI0 C JTy9aMH, HE MCIBITABIIMMH HUKAKHX BO3JICHCTBUI CO CTOPOHBI BEIIECTBA B TEYCHUE JIECSITKOB
¥ COTEH MUJUIMOHOB JIET M CYIIECTBOBABIIUMH 0€3 BCSKHX BO3JCUCTBHI B TEUCHHE 3TUX I'POMATHBIX
MIEPUOJIOBY», TMOATOMY JaHHBIA PPEKT JOJKEH OTIMYATHCS OT U3BECTHBIX 3(P(HEKTOB TpaHChHOpMAITUH
Y4acTOThI CBETa MpH B3auMoaencTBuu co cpenoit [19, 104]. Dddext Putna (1.14) uaeanbHO MOIXOAUT
Ha posib 3(ddekra nmpeodpazoBaHMs YACTOTHI CBETA B KOCMUYECKOM BaKyyMe, MOCKOJIBKY HE TOJIBKO
€CTECTBEHHO MEPEXOIUT B XaOOJIOB 3aKOH KPAaCHOTO CMELICHHUS, HO U CHUMAaeT BCE BO3PAXKEHUS MPO-
THUB TPAKTOBKH KPAcHOTO CMeIIeHus o rumote3e benmomonbckoro-l[Bukku. KpacHoe cmemieHune mo
apdexry Putna mposBiseTcs aHaIOrH4HO Aomuiep-3(hdeKTy: OJMHAKOBO HA BCEX YacCTOTax, BEAs K
IPOMOPLHHUOHATBLHOMY 3aMeUICHHIO BUIMMBIX MPOIECCOB, cormacHo Gopmyie (1.14), uro oObsCHSET
pacTsHKeHUE JTUTEIILHOCTH BCIIBIIIEK CBEPXHOBBIX 12 B ranmakTukax [Al], mpornopiimoHanibHO X Kpac-
Homy cMmerenuio Z = (A" — A)/A (1.21). K cxomusim BeiBogam mpuinén C. JleBacua [106]. Buaumo,
BIIepBbIe 3(P(EKT KpacHOro cMemieHus mpoaccouuupoBann ¢ 3pdexrom Putma B 2000 T
A.H. TpontaukoB u A. CaiipeHrKa, COOTBETCTBEHHO, B AJIEKTPOHHBIX myOnukamusax [107] u [108].
Bropas u3 HuX ynomsiHyTa Bo 2-oM m3nanuu sxypHaia «Modern Nonlinear Optics» [109]. Ho B mowc-
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KOBHKax 3Tu myOnukanuu npounaekcupoBanbl 2006 u 2009 rr. Taxxe B padorax [107, 108] He 00b-
SCHEH MEXaHW3M UMEHHO KPacHOTO, a HE CHHETO CMEIICHUs, He pacCUMTaHo 3HaueHue H, He o0bsic-
HCHBI MMapaIoKChl KpacHoro cMmerneHus. Ho 3To cnenano B He3aBucumom ananuse [Al, A21, A51].
Wrak, 6ammucTuyeckasi TeOpHUs COOTBETCTBYET JaHHBIM BHETAIAKTUYECKON aCTPOHOMHH, O0BsIC-
HSSl KpacHOE cMellleHHe 0e3 Tumore3 O paciupeHur BcenenHoi, o TEMHOM Marepuu u >Hepruu. B
MI0JIb3y TPAKTOBKH KOCMOJIOTHYECKOTO KpacHOTO cMmeteHus 1o 3¢ dekty PuTma cBHaeTeIbCTBYET P
napaiokcoB kpacuoro cmenienus [110, 111], nmpoTuBopedamux ero J0MIepOBCKOI TPAKTOBKE.
[TepBbIit mapaJioKC COCTOUT B TOM, YTO OJIMHAKOBO YJaJIEHHBIE OOBEKTHI, BOPEKH 3aKOHY Xa00-
Ja, 4aCTO UMEIOT CHJIBHO pa3HSAIIMECs KpacHble CMELICHHs, HA OCHOBAaHUU KOTOPBIX OOBEKTaM CIIe0-
Bajio ObI IPUIIKCATh pasHblie auctannuu I [112, ¢. 374]. OTnnyaronecs B pa3bl KPACHBIC CMEIICHHUS
z = rH./c y paBHOYynan€HHbIX cBsi3aHHBIX ranakThk [110] nerko o0bsicHuMbl o 3¢ dexty Purma [A21,
A26, A51] pasHurieit ux yckopeHuii ar, 1.e. 3Hauenuii H. = a,/c (1.21). BnepBsle Takoe HECOOTBETCT-
BUE KPACHBIX cMelleHui yctaHoBmI [ Apr. OH BBISIBUII O0MBINIOE KOJTMYECTBO TAIAKTHK, (DU3UUECKH
CBSI3aHHBIX B TApbl, YTO MOATBEPKIATN COSIAUHSIONINE ITU TaJaKTHKH MEpPEeMbIYKd. HO KOMITOHEHTHI
TaKHUX TaJlaKTUK, HECMOTPS Ha PaBHOYAANEHHOCTh, 00J1a/1aTi, BOMIPEKU 3aKOHY Xa007a, pa3sHbIMH 3Ha-
YCHUSIMU Z, IPUUEM pa3HUIIA HAMHOTO MPEBOCXO/MIA BO3MOKHBIE JOIUIEPOBCKUE CIBUTH OT JIBHKE-
HUsI KOMIIOHEHT B J1BoiHOU cucteMe [113-116]. Spkuit npumep — o0bekt Mapkapsin 205 — cryTHUK
ranaktukd NGC 4319, umeromieii 3aMeTHO MeHbIee KpacHoe cMerienne [117, c. 143]. Uurepecho,
YTO BO BCEX MOJOOHBIX CIy4asiX y CIYTHUKOB, 00JIa/1al0NIMX MEHBITUMU pa3MepaMu R, ueM y riaBHOU
rajaKTHKH, KpaCcHbIE CMEIICHHs Z BCeraa Bhiie, yeM y ramaktuku [118, ¢. 129]. C mosummii Gamiu-
CTHUYECKON Teo]zz)lzm u 3¢¢dekra Putna 370 00BACHUMO TeM, UTO I MajbIX paauycoB R mapamerp
Xab66ma H. = V°/RC 1 cooTBeTCTBYIOIIEE KpacHOE cMeleHHe 110 3G dekTy PuTiia moaydaercs BbIIIIE.
Pasnuyne kpacHBIX CMEIICHUI Y MapHBIX 00BbEKTOB ApIia MBITAIUCH OOBICHUTD, MPEIIOIO0KHUB,
YTO OHH HE 00pa3yloT (PM3NYECKH CBSI3aHHBIE MAphl, a PACMOJIOKEHBI HA Pa3HBIX PACCTOSHUIX I, TIpO-
elUpYACh B COCEAHUE TOYKM HeOocBoja. OIHAKO HAIWYHE MEPEeMbIUYEK, COCAUHSIONINX TH MapHbIe
OOBEKTHI, U YACTOTA MX BCTPEeYaeMOCTH (MaJOBEpOSITHAS ISl CIAy4aiHbIX COBMAICHUI) MOATBEPIKIA-
IOT MX TECHYIO CBA3b. V30BITOYHOE KPAacCHOE CMEIEHHE CIyTHUKOB TaJlaKTUK HENb3sl OOBACHUTH U
IPaBUTAIIMOHHBIM KpacHbIM cMernenuem [117, c¢. 140]. TlosBistroTcst BCE HOBBbIE CBHJIETEIILCTBA TOTO,
YTO MAapHBIC TAIAKTHKU C Pa3HBIMH KPACHBIMHM CMEUICHUSMHU — 3TO HE MCKIIIOUEHHUE, a MpaBmwio. Tak,
¢bunckuit actpodusuk T. flakkona, 0OHAPYKUBIIHH €€ psij MapagoKCOB KPACHOTO CMEIICHUS, OT-
KPBLUI, YTO OJMHAKOBO YAAJNEHHBIC CIIUPAIBHBIE U AJUTUNTHYCCKUE TaTaKTUKUA OTIHYAIOTCS BEIMYUHOU
KPAacHBIX CMEIICHUH Z, MpUYEM CHCTEMATUYCCKH OOJIbINE Z Il CIUPATbHBIX TAIAKTUK M MEHBIIC —
it anmuntadeckux [118, ¢. 130]. Dto Toke HaXOIUT MPOCTOE OOBSICHEHHE B OAITMCTUYCCKON TEo-
PHH: ITOCKOJIBKY B JUTMITHYCCKHUX TaJaKTHKaX CKOpOCTH Bparienus V 3ametrno Hmwke [117, ¢. 60]. Co-
OTBETCTBEHHO, apametp Xab66ma H. = V?/Rc u z = rH./C — 3aMeTHO HUKe, 4eM Y PACTIONOKEHHBIX Ha
TOM JK€ PACCTOSIHUU I' CIIMPABHBIX TalakTUK. Taroke ['. Apm oOHapyKWJI CHCTEMATHYECKOE pa3indne
napamerpa Xa00a 11 AByX THIIOB CHHPAIBHBIX TadakTuk Sb u Sc [116], 4ro MOKHO MHTEPIIPETHPO-
Bath 110 3¢ dekty Putia pazuureit ux pasmepos. J{eHCTBUTEIBHO, Y TaJaKTUK THTIA SC pa3Mep R saep
HAMMECHBIIHMIA CPEM BCEX THIOB CUPaibHBIX rajnakTHK [119, c. 77]. CoOTBETCTBEHHO, /IS TaJIAKTHUK
Sc mapametp Xab6ma H, = V2IRc, MpU TOM ke CKOopocTH V, OyJIeT HaWBBICIIUM CPEIU CIUPATBHBIX
rajlakTUK, B corjlacuu ¢ HaOmrogeHusmu [116]. AHamoruuHblid pe3yyibTaT MOJYYEeH s ceiepToB-
CKHX rajlakTuK u kBazapos (8§ 2.2). Kak Buano no auarpamme Xa66ma [120, c. 184], y cefideproBckux
rajakTuk H cuctemMaTHuecku HUXKe, YeEM Y CIIUPATbHBIX, a Y KBA3apOB — CUCTEMATUYECKH BBIIIIE.
SIpkue TpuMepbl HECOBIAJCHHUS CMEIICHUH Z Jal0T W3BECTHBIC TPYIIBI TaJaKTHK, TaKue Kak
tpuriet L{Bukku, kBunter Credana, cexcrer Ceiidepra. Tpuruer LiBukku — rpymnmna u3 Tpéx raiak-
THUK, JIB€ U3 KOTOPBIX UMEIOT OJM3KHE KPACHBIC CMEIIEHUS, a Y TPEThEeH Z 3aMETHO OTIIMYAETCs, COOT-
BETCTBYS YJQJICHUIO OT TPYIIBI CO cKopocThio okojio 7000 km/c [122]. Kunter Credana — rpymnma u3
ISITH CBSI3aHHBIX TAJIAKTHK, YETHIPE U3 KOTOPBIX, CY/s IO KPACHOMY CMEUICHHUIO, YIANISIOTCS OT 3eMITN
co ckopocthio 6600 km/c, a msaTast — co ckopocthio 790 km/c. T.e. mpu IOMIEPOBCKOM KPACHOM CMe-
IICHUY TaJaKTHKa HE MOXET BXOJIUTh B CKOIUICHHE, a JIOJDKHA YIANATHCS OT HETO CO CKOPOCTBIO CBBI-
e 5000 km/c [122]. Cekcrer Ceiidepra — rpynna U3 MECTH TATAKTUK, MTh U3 KOTOPBIX HMEIOT OJIN3-
KHE€ KpacHbIe CMEIIeHHs, oTBevaromue ckopoctsM nopsaka 4000 km/c, a y miecToit KpacHOE cMelle-
Hue cootBeTcTByeT ckopoctu 20000 km/c, T.e. — yaaleHU o OT Tpymibl co ckopocthio 16000 km/c. Ta-
KHE HECOBMAJICHUS TPAKTYIOT KaK CIIyYailHOE TPOCIpOoBaHUe Ooiee NaI€KON WTH OIM3KOH TajJaKTHKA
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Ha CKOIUICHHE, YTO, OJIHAKO, HUYEM He moarBepkaaercs. [losToMy, BOIHE BO3MOXKHO, YTO PACCMOT-
PCHHBIC TaJITAKTHKU 00pa3yroT CBS3aHHBIC TPYIIITHI C PA3HBIMUA KPACHBIMH CMETIICHHSIMH.

Bce atu ¢daktel npuBenu psan actpodusukos, Bkimouas 1. Apma, T. Sakkonst, @.1O. 3urens
[118], B.M. JItororo [123] u ap., K MbIC/IH, YTO 3aKOH Xab0Jia He MMEET YHUBEPCATbHON PUMEHUMO-
CTH KO BCEM BHEraJlakTuueckuM oobektaMm. [1o kpaitHeit Mmepe, A pa3HBIX UX THIIOB JOJIKHBI PUHU-
MaTbhCsl CBOM 3HAUYCHHS TapaMmeTpa Xa00:ma, B cornmacuu ¢ dpdexrom Putia.

Bropoii mapanokc cBsizaH ¢ KBa3zapaMmu, 00JaIal0IIMMU aHOMAJIbHO BBICOKUMHU KPACHBIMU CMe-
HICHUSIMH, KOTOPBIM IO 3aKOHY Xa00J1a COOTBETCTBYIOT TMTAaHTCKUE paccTosiHus. Ho cronb Gomnbinme
pacCTOSIHUSL CBUACTENBCTBYIOT O OOJIBIINX pa3Mepax KBa3apoB U OTPOMHOM aOCONIIOTHONW CBETUMOCTH,
YTO MIPOTUBOPEUYHUT OBICTPBIM BapHAIHSIM SIPKOCTH, O3HAYAIOIINM HX MaJIbIe pa3Mephl.

VYaxke 1mociie mepBbIX U3MEPEHHU KPaCHBIX CMEIICHHUH Z KBa3apoB, BHICOKUE 3HAUCHUS Z BBI3BAIU
COMHEHHUS B JIOIJIEPOBCKOM MPUPOJE ITUX CMEHIEHUH. A MOciae OTKPBITUS OBICTPHIX BapHalMid SpPKO-
CTH KBa3apoB C XapaKTepHBIM BPEMEHEM BapHallMii MOpsIKa HEIelIH, CTallo SCHO, YTO 3TO CpPaBHU-
TEJBHO KOMIIAKTHBIE OOBEKTHI, KOTOPBIE HE MOTYT 00JIafaTh OOJBIIMMH JIMHEHHBIMHU pa3MepamMu U
CBETHMOCTSIMH, COOTBETCTBYIOIIUMH MX YJaJIEHHOCTH I, M3MEPEHHOH Mo Z u3 3akoHa XaOOia
z=rH.Jc [117]. 3atem I'. Apn 0OHapy>KWJI psii KBA3apoB MIIM KBa3apoIOJ00HBIX OOBEKTOB, CBSI3aH-
HBIX C raJJaKTHKaMH, HO UMEIOIIMX HAMHOTO OOJIbIIINE KpACHbIE CMEIIIEHUS, BOIIPEKH 3aKOHY Xab0a.

TpakToBKa KpacHOTO CMEUICHHS TJIAKTUK W KBa3apoB 1o 3ddekry Putma nmerko pemaer stot
napajiokc, OCKOJIbKY, KaK MoKa3aHo aBTopoM [Al, A21], kBa3apbl XapaKTEpU3YIOTCS UHON BEJINYH-
HOH mapameTpa Xab6ya H = V?Rc, uem ranaktukn. Eciu y4ecTh MX Majible pa3Mepsl R, OlleHEHHBIS
10 BpEMEHH KosieOaHUH sIpKOCTH, napaMeTp Xa0bia i KBa3apoB MOXKET OKa3aThCsi HAMHOTO BBIIIIE,
9YeM y TallakThK. Takum oOpazoM, 3ddekt Puria ectecTBeHHO 00BSCHIET aHOMAJIBLHO BBICOKHE Kpac-
HBIC CMEIICHHSI KBA3apOB U PA3HUILY KPACHBIX CMEIIIEHUH Y KBa3apoOB U TaJaKTUK, CBS3aHHBIX B MapHI.

Nrak, kBa3zapsl MOTYT OBITh CPAaBHUTEIIBHO OJTM3KUMHU OOBEKTaMU, YMEPEHHOW aOCOTIOTHOMN CBe-
TUMOCTH. TOrJa uX JIMHEWHBIE pa3Mephl, HalIEHHBIC U3 YTIIOBBIX Pa3MEpOB KBa3zapa, Jy4llle COoriacy-
IOTCSl C MX OILIEHKaMH 10 BapuamusM spkocTH. [IpocToe oOBsICHEHHE MOydaT UM TaK Ha3bIBacMble
«CBEPXCBETOBBIE» BBIOPOCHI M JABMKEHHUs kBazapoB [105, c. 85]. Ecnu mepecuntaTh CKOPOCTH 3THX
nswkenuit V; = rde/dt, usmMepeHHBIX 110 BUAMMOMY yrioBomy cMmerienuio do/dt, onmupasice Ha yTOU-
HEHHbIE PACCTOSHUS I KBAa3apoB, B JIECATKH Pa3 MEHbIINE PACCUMTAHHBIX U3 3aKOHY Xa00ma, HallaéM,
YTO CKOpOCTH V; BEIOPOCOB M KBa3apoOB — JIOCBETOBBIE. Tak 4TO BOMpPOC 00 MCTOYHUKE SHEPTHH, CO-
o01aroieM BbIOpOCaM THTaHTCKYI0 CKOPOCTh, CHUMaeTcsa. HakoHer, eciu y4ecTb Malible pa3Mephl
KBa3apoB M WX aTMOc(ep-rayio, TO YaCTH KBa3apoB, BHICTYIAIOIINE U3 ITHX aTMOC(Ep WIH BUIUMBIE B
KOpUIOPHI (0KH@) IPO3PAUYHOCTH, MOTYT, 3a CUET COOCTBEHHBIX ABHKCHUI ¢ 00JIee BBICOKUMU YCKOpPE-
HUSIMH, BECTH K CTOJIb CHIIbHOMY KpPacHOMY cMelleHuo Z 1o 3¢dekry Purtna, uto oH nmepeBenér onTu-
YeCKOEe M3ITyUeHHUE KBa3apa B PauoIuana3oH, 0ObSICHUB HHTEHCUBHOE PAJMOU3TyYeHUE KBA3aPOB.

DddexT Purna oObscHIET TakKe OBICTpBIE BapHAIlMK IPKOCTH KBa3apoB. [1oCKoNbKy pocT -
HBI BOJIHBI A U3JTy4YCHHsI KBa3apa COMPOBOKIACTCS MPOTOPIIMOHATBHBIM CIIAZOM BHIUMOU SIPKOCTH, TO
IIPY TIEPECEUYCHUH Iy TH CBETOBBIX JIy4el OT KBa3apa o0JaKaMu MEX3BE3IHOTO ra3a, Ieper3IyueHue B
HUX MPUBOJUT K BOCCTAHOBJICHHIO MCXOJHOW SPKOCTH. TeM cambIM ABMKEHHE 00JAKOB raza ObICTPO
MOJIYJTUPYET BUAMMYIO SIPKOCTh KBa3apa, 0€3 M3MEHEHHUsI ero UCTHHHOM spKocTu. [Ipoxoasmuii cBer
croco0eH U caM MoAyJaupoBaTh 3()()EKTUBHOCTH MEPEeU3NyUeHHs, IOCKOJIbKY MO Mepe H3MEHEHUs
JUITMHBI BOJHBI A MEHsETCS KOX(Q(HUIMEHT MOTJIOMEHHs CBETAa, IMOKA3aTellb MPEJIIOMIICHHUS N U JIJTHHA
nepeusinydenus | = M2x(n — 1). [oromas cBeT, ra3 HarpeBaeTcsi, HOHU3YETCs, eI CUIbHEe MEHSIs N,
TEM CaMbIM TIOPOXK/Iasi aBTOKOJIe0aTeIbHbIE MTPOIIECCh, MEHSIOIINE BHIUMYIO SIPKOCTh KBa3apa 1o Me-
XaHU3My, ONMcaHHOMY Teopuel YKeBakuHa i 1ieen, Tae MOTOK U3TYUYCHHs yIpaBseT NOHU3AIH-
et 1 k03 uIMeHTOM morJoIIeHus B atMmocdepe, Best K KojebaHussM spKocTH 38e31bI (§ 1.5).

Konebanus Gecka UCTIBITHIBAECT TOJIBKO HETIPEPHIBHBIN CIIEKTP KBA3apoB, MPUYEM, B COTIIACUU C
s dexrom Putia (1.17), COOTBETCTBEHHO BapbHUpPYET LBET KBa3apa, CMEIIAETCS CIEKTPaIbHBIA MaK-
cumyM (1.15). JIuHelyaThlii COEKTP HE UCHBITHIBACT 3aMETHBIX KOJICOAHUH, MOCKOJIBKY BO3JIC 4aCTOT
CMEKTPAJIbHBIX JIMHUI YCHJICHO MOTJIOIIECHHE, CHIXKEHA JUTMHA SKCTHHKIMH |, T.e. mouTu ucuesaet 3¢-
¢dext Putna. C 3TUM Ke CBSI3aHO MajOCTh KPACHOTO CMEIICHHS Z IMHCCUOHHBIX JIMHUHN KBa3apoB IO
CpaBHEHHIO C BapHalUsMH J HEMpepbIBHOrO criekrpa. KoneOanus Oiecka AIIIHITHYECKUX TaaKTHK
MOTYT OBITh TaK)K€ CBSI3aHBI C KOJCOaHUSIMH OJIeCKa BXOJSIINX B HUX 3BE3/, Bapuallu OJiecKa KOTO-
prix 1o 3¢ dexTy Purna npu ABMKEHHH 1O OpOWTaM HE CBsi3aHBI MEXITy co0oi. Ecnm xapakrepHas
aMIUTMTYyAa KosneOaHuil 6iecka onHoil 3Be3bl sipkoctu | ecth gl, pmykryanuun 6necka N 3BE3n cocTa-
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BAT ~gIN1/2, WIA B OTHOCUTEJIbHBIX BeNM4YMHAX Ol ~ gINm/ IN =g/ N2, IIpu xapaxkTepHOU Ui KBa3a-
POB BEJIMUWHE { ~ 10° u umcie 3B€3x B rajgaktuke N~ 1010, HalaEM aMIUTMTYy KojieOaHui Ojecka
ol ~ 10, T.e. Ha 2—-3 3BE3MHBIX BEIMYMHBI C XapaKTepHbIM BPEMEHEM BapHalldil B HEJENIU — MOPSAIKa
OpOMTAIBHOTO MEPHO/Ia ABOMHBIX 3BE3/1. MIMEHHO Takue Bapualuyu oOHapysKeHbI y KBa3apos [128].

Tperuii mapagoKC COCTOMT B ACPUIIMTE KPACHOTO CMENICHUs y Hambosee NanéKuX TalakTHK
[124] 1 MoxeT ObITh CICICTBUEM MEPEH3ITyUCHUS MEKTATAKTHISCKAM ra30M, KOTr/ia JUCTaHIUH I CO-
MOCTABHMBI ¢ ITHHON mepensimydetus | ~ 2:10™ ¢B. ner, 10 MpeBbIICHUN KOTOPOH KPacHOE CMelle-
nue z (1.21) Hapacrano 65l Bcé MeutenHeit. Ha takux aucranumsx (r ~ 10% ce. ner, uro coorsercTsy-
et z ~ 0,8), npu KOTOPBIX I' ~ |, 1 BBISIBIICHBI OTKJIOHEHUS OT 3aKoHa Xa00ya B BUjE JeHIIUTa KPACHO-
IO CMEIICHHS Z, MHTEPIPETUPOBAHHBIC KaK YCKOPEHHOE pacuiupenue Beenennoii [124].

UYeTBEPTHIN MAPaJOKC: B PsAE CKOIUICHUH TAJIAKTUK JUCIIEPCUs JIYYEBBIX CKOPOCTEH, HalICHHAs
u3 3¢ dekra Jlomiepa no qUCHepcun KPacHbIX CMEIIEHUH rajlakTHK, OKa3ajlaCh MHOIO BBIILIE JUCIIEp-
CHU, PAaCCUMTAHHOW MO Macce CKOIUICHUS. DTa M30BITOUHAS TUCIEPCUs KPACHBIX CMEIICHUN W Haii-
JEHHBIX 110 HUM CKOPOCTEH rajlakTUK B CKOIJIEHUH MpUBEJIa aCTPOHOMOB K TUIIOTE3€ O CKPBITOM Macce
(paccunTaHHOW M3 TEOPEMbI O BUPHAJC), HHOT/IA B JICCATKU Pa3 MPEBOCXOJAIICH MAacCy CKOIUICHUS,
U3MEPEHHYIO N0 CBETUMOCTSIM TalakKTHK CKOIJIEHHs. ['umoTe3a o CKphITOil Macce, BIIEpBbIE BbIIBUHY-
tas @. [[Bukku, HecMoTps Ha mpomeamue 80 5er, 10 CUX MOp HE MOJTy4Hsia MOATBEPKICHUS, IO-
CKOJIbKY CKpbITasi Macca He OOHapy’KeHa HamnpsMyl0 M UMEEeT HEBbIACHEHHYIo mpupony. [lapamokc
MOKET OBITh CBsI3aH C HEBEpHOW MHTEPIIpETaLneil KpacHBIX cMeleHuil no s dexry loriepa.

Ecnu xpacHble cMeleHus Z rajlakTUK CKOIUIEHUs BbI3BaHbl dpdexkrom Putiia, To oHM MOTYT 3a-
METHO Pa3HUTHCS, HECMOTPSI Ha PaBEHCTBO paccTostHmii I. [Ipuuém z OyayT pa3nuuaThCsi HE TOJIBKO
TSl Pa3HbIX THIOB T'aJaKTUK, HO M JUTS TAJIAKTHK OJHOTO THMa (C HEOKBUBAJICHTHBIMU XapaKTePHCTH-
KaMH), XOTs pa30opoc 1o Z Oyzaer mai. Torna pa3HUIly KpaCHBIX CMEUICHUH (M30BITOYHYIO AUCIICPCHIO)
YK€ HeJIb3sl IPUIKMCATh Pa3HULIE JIyYEeBbIX CKOPOCTEH rajlakTUK B CKOIUICHUH, pa3 MPUYMHA B Pa3HUILIE
napametpoB H¢ (1.27). T.e. oTnmagaer HamoOHOCTh B THIIOTE3€ CKPBITOM Macchl. B apyrux ciyuasx
s ekt Putna Toxxe ycTpaHseT napagokc CKpbITOM, TEMHONW MacChl, €CIIM yU4eCTh KaKyllleecs U3MeHe-
HUE MaciITaba BpeMEHU JIBIDKEHUS U POCT CIIEKTPAIIBHOTO CABHUTa, MPEBOCXOISIIETO JOTIICPOBCKUA.

[1aTHIi mapagOKC COCTOUT B TOM, YTO Y OTJEJIbHBIX FaJaKTUK OTKPBITO pa3inune KPaCHBIX cMe-
IICHUH Z, U3MEPEHHBIX JUISl OJJHOM M TOH K€ TaJJaKTUKHU 10 pasHbIM rpymmnam JmHuil [125], otHOCS-
IIAMCSI K Pa3HBIM JJIEMEHTAM HJIM K Pa3HbIM JHara3oHaM 3jekTpomarautHoro cnekrpa [110], xors
TUIOTE3a O JOIMJIEPOBCKOM MPHUPOJIe KPACHOTO CMENICHHUS MPEANOIaraeT OJJMHAKOBYIO BETUUUHY Z ISt
BCEX TPYMI JUHHUH, BO BCEX YAaCTOTHBIX JIuamnazoHax. Kpome Toro, y ramakTHK U KBa3apoB OTKPBITHI
JIOTIOTHUTEJIbHBIE CIIEKTPAIbHBIC JTHHUH MOTJIOMIECHHUS ¢ MMPOMEKYTOYHBIM Z, MEHBIIUM OCHOBHOTO. B
Cllydae KBa3apoOB YaCTOKOJI TaKUX JIMHHK Boaopona L, HasweiBator Jlaliman-anbda necom. x unTEp-
MPETUPYIOT TIO TUIIOTE3¢ 00pa30BaHUS JTUHHI MOTJIOMICHHS B 00JIakaX MEKTaJlaKTUYECKOTO ras3a, pac-
MOJIO’KEHHBIX OJIMKe K 3eMJie, a TOTOMY XapaKTepU3yeMbIX MEHbBILINUM Z, YEM y FaIaKTHK U KBa3apoB.

WNuorna AOMOMHUTENBHBIE JIMHUUA XapaKTepU3YIOTCS HE Oe(UIUTOM, a HU30BITKOM KPacHOTO
CMEILCHHS Z WK Jake CHHHM CMEIICHHEM, Hampumep, y ranaktuka M82 [126]. Cyas mo Bcemy, B
pa3HBIX yYaCTKaxX TaJaKTUKU BETUYHMHA 8, pa3Hasl, YTO MO PUTL-IPPEKTy BEAET K MOSBICHUIO TUHUH C
PasHBIMH CIBHTAMH YacTOTH Z = ra;/c’. C 3THM e, BO3MOXHO, CBA3aHO YIIMPEHHE CIICKTPAIBHBIX
JUHUHA KBa3apoB: mUpHHA TUHUHA cocTaBisier ~0,1AA, T.e. cpaBHUMA C BEIMYMHOW UX CMemIeHus: AL
[126]. [To cyTH, 3TO pa3Hble Y4aCTKH KBa3apa Jar0T YaCTOKOJI JIMHUMA, CITIUBIIUXCS B IIUPOKHE MOIOCHI.
Ecnu Ha GmkHEM, CEBEPHOM KOHIIE TATaKTHKH, TJI€ YCKOPEHUS HANpaBIeHbl OT 3eMJIH, CMEIEHUE TI0
addexty Putiia kpacHoe, To Ha OTIaIEHHOM I0’)KHOM KOHIIE CMEIIeHHe OyAeT CHHUM, YTO U HaOJ0/1a-
ercst y M82. Dto cunee cMernienue |A' — A|/A B TOYUHOCTH COBMAJIO ¢ KPACHBIM CMEIICHUEM Z Ha OJIMK-
Heit cropone M 82 u coorBercTBoBanio ckopoctu V ~ 1000 km/c, T.e. mopsiaka pacuéTHONW CKOPOCTH
ranaktiku V = rH ~ 300 km/c, u3MepeHHO# Mo KpacHOMY cmelieHuto Z = rH/C Ha auctanuuu r =4
Munk. BenuunHa cMeleHns pociia py yAaJCHHH OT IIeHTpa ranaktuku [126], B cormacuu ¢ apdexTom
Putna, T.x. B siipe yrioBasi CKOPOCTh ( BpaIlleHUs 3BE3]I MOYTH MOCTOSHHA, a IICHTPOCTPEMUTEILHOE
YCKOpEeHHuE a = ®°R pacTET MpOMOPIMOHATILHO PACcCTOSHUIO R OT 11eHTpa, Oyaydu mpOMOpIHOHATIEHO
CWJIe TATOTEHUs BHYTPH IIapoBoro suapa, rae F o« R. CooTBETCTBEHHO, CMEIIEHUE Z = ra/c’ IIPOIIOp-
nnoHanbHO R. MHOTMA pasnuuaroTcst cMenieHus IMHUM HEUTPAIbHOTO BOJIOPO/Ia B PaAHOIMaia30He U
JuHU# onrtuyeckoro crektpa [110], Bonpeku H0mIepoBCKOi TPAaKTOBKE KPACHOTO CMEIICHHUS.

OtkpeiTue B cektpe M 82 cuHero cmemeHus U ero OTCyTCTBHE Yy APYTUX TaJaKTHK, BUIUMO,
CBS3aHO C TEM, YTO HCCIIEI0BAINCh YMUCCUOHHBIC JIMHUU — SIPKHE JIMHUU, U3JIy4aeMble TOTOKaMH ra-
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3a: CBET YMHCCHOHHBIX JIMHUW MEHEE MOJIBEPIKCH MePEu3TyueHUI0. Bo-mepBhIX, MEepen3IydeHne TeCHO
CBS3aHO C TOIJIONICHUEM, U CUJIbHEE BIUSET Ha JIMHUU NOIJIONIeHHUsS. BO-BTOpPBIX, SMHUCCUOHHBIE JIH-
HUU W3HAYAJIBHO CMEMICHBI J0IIep-3(HEeKTOM OT pe30HAHCHBIX YacTOT 3a CU€T ABM)KCHUS rasa, U Me-
Hee MOJBEPKEHbI MEePeU3TyYeHHIO, HapacTalolleMy BO3JIe ATHUX 4acTOT. B-TpeThux, MOTOKHU Tasa, u3-
Jy4asi SMHUCCHUOHHBIC JIMHUH, COOOIIAIOT CBETY CBOO ckopocTh V ~ 100 km/c, a BTopuuHOE M3ITy4eHHE
CO CKOpOCTBIO C, OOBIYHO racsiiee MepBUYHOE CO CKOPOCThIO C + V, HE MOXET ero JAorHaTth M mora-
cutb. [loaToMy cBeT BHKETCs 6€3 epen3ayyeHus, Ipeoopasysch puT-3¢HeKToM Ha BCEM My TH I
Kpacubie cMmenienusi ramaktuku, oOycioiaeHHble 3¢ dekrom Putia, Moryt pasnuyarbes, T.K.
3BE31bI, PACTIONOKECHHBIE HA PA3HBIX AMCTAHIMAX OT LIEHTPA TaJaKTUKU, 007a/1ast pa3HBIMU JTy4eBBIMU
YCKOPEHUSMH, MOIy4aroT Mo pUTL-3¢G(deKTy pa3Hble cMmelieHus: Z. OObIYHO 3T pa3inuus HUBEIUPY-
IOTCSL MEX3BE3THBIM ra3oM [A26], HO MX Cliebl OCTAIOTCS, MOCKOJIBKY CBET 3BE3]] MPOJICIIBIBACT pa3-
HBIN IyTh JJO BHEILHETO MEePEeU3TyYaromiero cjios, ¥ BIUSHUE 3TOT0 CJI0s Ha CKOPOCTh CBETa HEOMHA-
koBO. [ImaBHOE M3MEHEHHE JTYy4EeBOTO YCKOPEHHUs 3BE3[ MPU CMEIIEHUU OT Kpas TaJlaKTUKH K LEHTPY
0 < a, < ay TpUBOJUT, TOMUMO KPAaCHOTO CMEIICHHUS, K YIIUPEHUIO CIEKTpaIbHbIX JUHUM. Takum 06-
pa3oM, MOMUMO YIIUPEHHUS CIEKTPAIBbHBIX JUHUHN TaJaKTUK 32 CUET TUCTIEPCUU JTYUYEBBIX CKOPOCTEH
V, 1OMKHO HaOMIOAAThCA YIIUPEHUE 3a CUYET AUCIEPCUM JTY4YeBBIX yCKOpeHuid ar. [Ipuuém mmpuna
JMHUN JO0JDKHA HAapacTaTh NPU YBEITUYEHUHM KpacHOro cMeeHus Z. Takoi addexT, neiicTBUTEeNbHO,
obHapysxeH B quamnazone 0 <z < 2 y sMUCCHOHHBIX JuHHN [127], mas KoTopsix 3G ekt mepensnydue-
HUst Masl. OcobeHHO cuIbHO 3(h(EKT BhIpaXkeH I KBAa3apoB U Ce(pepTOBCKUX TajakTHK, Y KOTOPBIX
[IMPHHA SMUCCHOHHBIX JiuHUA AL ~ 0,01\ — 0,17, T.e. Oam3Ka K cMereHuio JuHui AA ~ ZA [128]. Ta-
KHE 3Ha4YCHUS AN M 3aBUCUMOCTh AM(Z) yKe HEb3sl O0OBSICHUTh TUCTICPCHEH JTy4eBbIX CKOPOCTEH.
3BE3/bI, PACMOIOKEHHBIE HAa Pa3HBIX PACCTOSHUSAX OT LIEHTPA TrajakTHUKH, B CPEAHEM pasiinya-
I0TCS. XUMUYECKHM cocTaBoM atMmocdep. [loaTomy xapakTepHble TUHUH MOTJIONICHUS PAa3HBIX YJIEMEH-
TOB, UMEIOIINE Yy Pa3HbIX 3BE3/] pa3Hyl0 HHTEHCUBHOCTD, IPUOOPETAIOT pa3Hble KpacHbIE CMEIICHHUS, B
COOTBETCTBUU C pACHpECIICHHEM STUX DJIEMEHTOB B TaJIaKTHKE. AHAJIOTMYHO, pa3lU4Me KPACHBIX
CMEIIICHUH JTMHUHA B PaJH0O- U ONITHYSCKOM JIMAIIa30HE MOYKHO OOBSICHATH TEM, YTO B 3THX JUANa30HaX
pa3nMyalTCs pa3Mephl MApOBOM 001acTH TallaKTHKH, BHE KOTOPOU CBET yXKE HE MEepPEeU3ITydacTcCs.
HMeHHO TyuyeBoe yCKOpEHHE Ha 3TOM MOBEPXHOCTH ONPEEISieT BETUUUHY KPACHOTO CMEIIECHHUS.
[TockonbKy st pasHbIX JAMANA30HOB JJIMH BOJH A TOJIIMHA Tepeusiyyaromiero ciost | =
M2n(n — 1) pasnu4uHa, TO MEpEU3TyUEHUE MPEKPAIIIAeTCsS HA pa3HbIX PACCTOSHUAX R OT 1eHTpa, U aa-
Jee yacrora npeobpasyercs no 3akony (1.15), rae onpeaesnsronM OKa3bIBaeTCs JIydeBOE YCKOPEHHE
ar Ha ATOU MOBEepXHOCTU. HebompIoe paznmuyue 3THX YCKOPEHHUH 8, I Pajro- U ONTUYECKOTO JTua-
na3oHa MPUBEIET K Pa3HUIIC U3MEPEHHBIX B HUX KPACHBIX CMEIICHHI Z, B COTJIACHU C HAOIOCHUSIMHU
[110]. B menbiieii crenenn ekt MOKET IPOSBUTHCS TS Pa3HBIX JUTHH BOJIH A ONTHYECKOTO CIIEK-
Tpa ¥ AJs JUIMH BOJH A, OTBEUYAIONINX CIIEKTPAIBHBIM JIMHUSM PA3HBIX 3JIEMEHTOB, TOCKOJBKY IS JIU-
HU# Kaxaoro snementa | = A2n(n — 1) 3aBUCUT OT moKaszaTesst MPeJOMIICHHS N COOTBETCTBYIOIIETO
rasa, HapacTaroIIero BO3Jie PE30HAHCHBIX YaCTOT (YACTOT CICKTPAIbHBIX JHHUN ra3a), a N 3aBUCUT OT
MOPSIKOBOTO HOMEpPA U OT TPYIIIbI JIEMEHTa, OT €r0 MOHU3AMOHHOTO MOTEHIHala. JTUM MOXHO
OOBSICHUTh OTKPBITOE B McCiienoBanusax [125] pasiauuue z 1yis 0HOW U TOH e TaJlaKTUKU B JIMHHSIX
IIEJIOYHBIX M LIEJIOYHO3EMEIbHBIX IJIEMEHTOB, @ TAK)KE 3aBUCUMOCTb Z OT MOHM3AI[MOHHOTO IMOTEH-
1uana 3neMeHTa. HecoBmaaeHne KpacHBIX CMEIICHUN [Tl Pa3HBIX CIEKTPAIbHBIX JTUHUN Pa3HBIX dJIe-
MEHTOB OOHapy:KeHO W y KBa3apoB [128], BBHIY pa3HOro XMMHYECKOTO cocTaBa arMocdep 3BE3m B
Pa3HBIX y4acTKax KBa3apa, KOTOPhIM COOTBETCTBYIOT Pa3HbIC @y, U BBUILY Pa3IUYHsl IJTUH Teperu3yye-
Hus | Ui pasHbIX uHUA. B 3TOM ke, cornacHo OaUTMCTHYECKO TEOPUHU, MOXKET COCTOSTh MPHYMHA
M0 KOTOPOH y KBa3apoB Z IMUCCUOHHBIX JINHUH CUCTEMATHUECKH MPEBOCXOAUT 3HAUCHUS Z ISl JTMHUMA
HOTJIONICHUS U JIJIsl MOJICKYJIIPHBIX JIMHUN B PaioInara3oHe, Kak nmokasanu HaomoaeHus [128].
[IlecToi mapagoKC COCTOUT B TOM, YTO OTIEIbHBIC 3BE3IHBIC U TATAKTUYECKUE CKOIUICHHS UMeE-
IOT MO0 OIIEHKaM BO3pacT, MPEBOCXOMISNINI pacyéTHOe BpeMs cyliectBoBanus Bcemennoinn T~ 1/H
[110]. Drot nmapanokc, otkpeiTeiii ®. [[Bukku [98, 110], 10 cux mop He peui€H B CTaHAAPTHON KOCMO-
norudeckor mojenu. Ecimu Obl pacmupenne Beenennolt mocie bosbmoro B3peiBa Hadanoch T ~ 20
MUJIIMAPIOB JIET Ha3ajl, CKOIJICHHs He ycnenu Obl chopmupoBaThes. O TOM K€ TOBOPST OIEHKH BO3-
pacra psija 3BE371, IPEBOCXOIAIICTO TeOpeTHUIecKoe Bpems T cymiectBoBanust Beenennoit [118].
DTOT mapafioKc JIETKO peliaeTcsi B paMKax TPAaKTOBKM 3akoHa Xab0ia 1 moctossHHON Xab0ia mno
s dekry Putiia, KOTOPBIN MO3BOJISET OTKA3aThCS OT THUIIOTE3bI paciiupeHus: BeeneHHoi, sikoObl Ha-
yapiierocs okojo 20 munuapaoB jet Ha3ald. [lo apdexty Putna nocrosiHHas Xa661a HUKAK HE CBSI-
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3aHa ¢ Bo3pacToM BceneHHOl, KoTopas B MPUHIUIIE MOXKET OBITh BEYHOM, KaK 3TO yTBepkaan Xao0:m,
benononsckuii, [{nonakosckwuii [100], BaBuiios u psa apyrux Gu3nKoB U acTpOPU3UKOB.

Tak u B atMocdepe 3BE3/ Hameil ['anakTuKu BBI3BAHHOE TATOTEHHEM 3BE37bl YCKOPEHHE CBO-
0OMHOTO MaJICHUs M3TYYaroIIuX aTOMOB BEIET K MOSBICHHUIO KpacHOTO cMmemeHus. Hanpumep, B at-
mocdepe Comuna Maccel M u paaunyca Rs ad ekt KpacHOro cMelieHusl XOPOIIo 3aMeTeH OT JICTSIINX
¢ yekoperneM a;(R) = GM/R? u3nyyaromyx M mepensiydaromux aroMoB arMocdeps CONHI@, CO3-
JIAIOIIMX Ha IyTH OT MOBEPXHOCTHU pajuyca Rs 10 BHEIIHUX CIOEB KOPOHBI paguyca Rg >> Rs caur

"EadR "EGMdR  GM
M= [ A= [ 2=
R c R R“c RsC

DTOT CABHT aHAJIOTHMYCH U3MEHEHHIO A B CpEJIe C MOKa3aTeIeM MPeIOMIICHHUS

n=A(—-AX) =1+ GM/RC?.

[TosToMy nyd cBeta, uaynui B noJie TIroreHuss CoJiHIIa U NEePEer3ITydyaeMblii YCKOPEHHO JIETS-
UMK aTOMaMH €ro KOPOHBI, u3rubaercs, kKak B cpene ¢ rpagueHrom dn/dR, 3aBucsmm oT paccros-
Husa R no Comnma. Ty ke 3aBUCUMOCTH N, a 3HAYUT W OTKJIOHeHus jyda O = 1,75" Bozne ComHia,
npejackaspiBaeT oobimas teopus otHocutenbHocTd (OTO) [42]. Takum oOpa3oM, perucTpupyeMoe OT-
kioHeHue 0 = 1,75" [182], MokeT CBUIETEIHCTBOBATH U B MOJIb3Y TEOpHHU 1 3P dekta Putiia.

KpacHoe cMelieHre uMeeT MecTo He TOJbKO B criekTpe CoHIa, HO U B CIIEKTPE APYTUX 3BE3], B
BUMMOM 4acTH TIOBEPXHOCTH KOTOPBIX YCKOPEHHE CBOOOIHOTO TMAJCHUS HAMPABJICHO OT HAC, BBI3BI-
Basi KpacHOE CMEIICHUE MO PUTI-3((DeKTy. DTUM MOKHO OOBSICHUTH BBICOKOE KPAacHOE CMEIICHHE
z=0,1 B cnektpe Cupuyca B u apyrux 3BE311, OTHOCUMBIX K OEIBIM KapiukaMm. Tak jke M B CIEKTpe
NpyTuX 3BE31 ['aJlakTUKKM OTMEUEHO HAJIMYME CUCTEMATHYECKOTO KPAaCHOTO CMEIICHUS, MPOIOPIIHNO-
HAJILHOTO PAcCTOSHUIO,— Tak HasbiBaeMblii K-addekr. Emé B 1930 r. A.A. benononbckuii cOoTHEC
9TOT 3PPEKT ¢ KPaCHBIM CMEIICHUEM B CIIEKTpax rajgakTuk [65], oTMeTHB, 4TO i 3BE31 MapaMeTp
Xab6sa MHOTO BbIIIE. DTO €CTECTBEHHO, ITOCKOJIbKY YCKOPEHHUS Ha IMOBEPXHOCTH 3BE3] HA MOPSAKU
MIPEBOCXOISAT YCKOPEHUsI B TaylakTUKax. Brmpouewm, muist 38E31 BHYTpH [anaktuku puT-3PQeKT cme-
HICHUS 9aCTOTHI 0cIa0IeH A3PPEKTOM epeH3ITydeHUs B MEXK3BEZTHON Ccpejie.

OtMmeTnM, uto ynomsinyTyio B 8 1.1 anomanuto CtpyBe-Caxane [46, 74], ckaxem, y 3Be3161 HD
190967 u AO Kaccuonen MOXHO OOBSICHUTH TEM, YTO pa3HbIe YCKOPEHHsI CBOOOTHOTO MAJeHUs 8, Ha
MIOBEPXHOCTH U B atMoc(depax ABYX 3BE3] MPUBOMASAT K pa3HHUIIE Z IS HUX, OTKYa CICIYIOT HeCOBIa-
JAroIMe OIEHKH JUIsl CKopocTH 1eHTpa mace Vo. Tak, ecnmu Vo, n3MepeHHas 1o KpUBOW JTyYEeBBIX CKO-
pocreii sspkoro kommonenta HD 190967 [46], moutu HyseBas, To y Broporo kommonenrta Vo~ 50 km/c:
€ro CHeKTp olnagaer 100aBOYHBIM KpacHbIM cMenieHneM. MarepecHo, uto y 3Be3as1 HD 193576 ana-
jgoruvyHoe pasznuure ckopoct Vo ~ 100 km/c s pa3HbIX KOMIOHEHTOB ObuI0 emé B 1991 r. unTep-
npetupoBano 1. MapMeToM 1o THIoTe3e HAJH4YUs y OAHOTO M3 KOMIIOHEHTOB H30BITOYHOTO HEJOTIe-
POBCKOTO KPacHOT'O CMEIICHHS Z, BBI3BAHHOTO TeM k€ 3(PEeKTOM, YTO M KpacHOE CMEIICHHUE B CIICK-
Tpax ranaktuk u B crektpe Connna [75]. HecooTBeTcTBHE MOXKET OBITh BBI3BAHO M TEM, YTO IEPHO-
JIMYHBIC CMEIICHUS CICKTPAIBbHBIX JMHUN OT4acTH BbI3BaHbl d(ddekrom Purna. Torma uckaxeHus
rpadukoB V/'(t) mpuBeayT K pa3HOil BeIMYMHE SKCICHTPUCUTETOB €' KOMIIOHEHTOB, BBUAY pa3IHYHs
JUIMH TICPCH3ITY YCHHSI | (8 1.1). ITockonbKy HMCKa)KEHHAST KPUBAs JIyYCBBIX YCKOPEHUH (M MHUMBIX JIy-
yeBbIx ckopocteit Vy (t), Puc. 1.10) cooTBETCTBYET KPHBOIA JIYYEBBIX CKOPOCTEH C TIOCTOSHHOM 100aB-
kol V"' = Ke'cosw + Vo, To 3TU cMelIeH sl pa3nuvaroTcs s ABYX KOMIOHEHTOB. Torma mydeBasi CKo-
pocTh eHTpa Macc Vo CUCTEMBI, U3MEPEHHAs 10 pa3HbIM KOMIIOHEHTaM, MOJTy4aeTcs Pa3Ho.

WuTepnperanus KpacHOTO cMelieHus 1o 3pdekty Putia, 6e3 runoressl pacmmpenus Beenen-
HOU M TeopuH BonbIIoro B3phiBa, HE MPOTHBOPEUYHT CYLICCTBOBAHMIO MPEJCKAa3aHHOTO 3TOW Teopuei
PENUKTOBOTO M3NydeHus. CylecCTBOBaHHE TAKOTO M3IyUYEHHUsI €CTECTBEHHO CIIEIYeT U3 KIaCCUYECKOM
TEOPHH BEYHOU CTallMOHApHOW BcenenHoi, mpeacrapisisi cOO0H MPOCTO MUKPOBOJIIHOBOE (DOHOBOE H3-
Jy4eHUE KOCMUYECKOTO MPOCTPAHCTBA, 00JIAAA0MIee CICKTPOM U3Iy4YCHHUsT YEPHOTO Tella C TeMIepa-
typoii B 2,7 K. TTockonmpKy KOCMHYECKOE MPOCTPAHCTBO HAMOIHEHO KpaifHEe pa3peKeHHBIM MEXK3BE3 -
HBIM U MEKTAJIAKTUYECKUM Ta30M, €CTECTBEHHO, YTO ATOT ra3, HArpeThlid UIYIIUM Yepe3 HEro u3iyye-
HUEM 3BE37, 00JIajaeT HEKOTOPOl paBHOBECHOW Temrmeparypoit B 2,7 K. Takum obpaszom, He 00s13a-
TEJILHO CUUTATh U3JIyYCHUE PEIUKTOBBIM, T.C. COXPAHUBIIMMCS C MOMEHTA POXKICHUs BceneHHoM oc-
TAaTOYHBIM HarpeBOM, CKOpee MpaBUJIbHEE M3ITyYCHHE HA3bIBATh MUKPOBOJIHOBBHIM (DOHOBBIM H3ITyYe-
ureMm (Cosmic Microwave Background) — iMeHHO Takoi TEPMUH MPHUHAT B 3apyOeKHOMU JIUTEpaType.
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OnHUM U3 apryMEHTOB B IMOJIb3Y THUIIOTE3BI O PEIUKTOBOM MPHUPOIE MUKPOBOJHOBOTO (HOHOBOTO
U3JTyYEHUs! CUUTAIOT €r0 OJIHOPOAHOCTh M U30TPOIHOCTH. TemrepaTypa (GoHa BO BCEX HapaBICHUIX C
00JbIION TOYHOCTHIO OJMHAKOBa M paBHA 2,7 K, U XapakTepusyercs JUIIb MaJIbIMU (PIYKTYaI[HsIMH.
Ho paBeHcTBO TemmepaTypsl ra3a Bo BceX Toukax BceneHHON — 3TO ecTeCTBEHHOE CJIe/ICTBUE TEPMO-
JUHAMHYECKOTO PaBHOBECHS raza. A MOCKOJIbKY TaJaKTUKU paciipeneieHsl Bo BeeneHHON B cpeHeM
paBHoMepHO (Bcenennast omHOpOIHA U W30TPOITHA), TO B JIF000# Touke BceneHHOM ra3 morsomaer u
U3JIy4aeT B CPEJHEM OJHO M TO K€ KOJMUYECTBO Teria. TakoB jke MEXaHU3M OJTHOPOJHOTrO ()OHOBOTO
CBCUCHHSI HOYHOTO Heba — 3TO pe3yJIbTaT pacCesiHUs cBeTa 3BE31 Ha rase u mbutn [129].

[Tockonbky (OHOBOE M3ITy4YEHHE MEXK3BE3THOIO raza — PaBHOBECHOE, JIETKO pAcCUUTaTh €ro
Temnepatypy. Eciau cuutare msnydaromuii o0béM raza aOCONIOTHO YEPHBIM TEJIOM, TO 1O 3aKOHY
Credana-BonblMana OH H3Iy4aeT B CAMHHLY BPEMEHH C CAUHMUIBI IIOBEPXHOCTH SHEPrHIO 6T, TIe
6=56710° Br/m’K*, a T - TEeMIlepaTypa raza. JTa u3idydaemasl dHeprus J0JDKHA PaBHATHCS DHEP-
TUH, TIOTJIONIAeMOM Ta30M, T.€. JHEPTHH, MPUXOAIICH B JaHHBII 00BEM OT BceX 3BE3M, ralakTUK Bce-
neHHoi. CpeaHecTaTUCTHYECKAs TalaKTHKA M3JIy4aeT B CPEIHEM XapaKTEPHYIO MOIIHOCTh Py = 10%
Bt [130]. Ecniit BeIAEAHMTE B IPOCTPAHCTBE BOKPYT 00BEMA ra3a cepudeckuit ciioi TommuHel b u pa-
auyca I, oH OyAeT conepkaTh 2’;47tr2b ranakTk (rae & — cpeaHsist KOHIEHTpAIlHs TalakTUK BO BeeseH-
HOM) ¥ U3JTy4aTh MOJHYK MOUIHOCTh Py = Z;P04nr2b. N3 5T0i MOIIHOCTH LIAPUK ra3a C MONEePEeYHBbIM
ceuenreM S OyeT MOIIONATh MOIIHOCTh SPy/4nr? = SEPob (Puc. 1.12). T.e. MOIIHOCTD, OCTYIIAIO-
m1ast B 00bE€M ra3a ot c(heprudeckoro cios, He 3aBUCUT OT paauyca cios I. [ToaTromy 0011y MOITHOCTh
U3JTYYCHUs, MTOCTYMAMIIYI0 K Ta3y OT BceX CIoEB, Hailmém kak SEPoR, cymmupys tommmHy cino€s:
npuHsB b paBHBIM pamycy Habmomaemoii Beemennoit R = 12:10° ceerossix mer (~12:10% m), T.e.
PacCTOSIHHIO JI0 CaMOro JajéKkoro HabmomaeMoro oobekra. KoHieHTpays rajaktuk & = N/(4TI:R3/3),
rae N = 10" — gpcno ranakrux B HaGmonaemoii Beenennoii [130], a 4nR*/3 — e 06béM.

Puc. 1.12. Chepuueckmii 00BEM Ta3a, HATPETHIA CBETOM 3BE3M, U3ITyYaeT NIPH PABHOBECHOH TemmepaType T.

TToNHast MOIIHOCTB, H3MTydaeMas cepiaecKiuM oObEMoM rasa, 4ScT*, nomKkHa coBnamath ¢ mo-
[JIOIIAEMOM MOIITHOCTBIO BSPon/47tR2. Orcroma st paBHOBECHOM TeMIiepaTypbl oO0béma raza T =
(3P0n/16GTER2)1/4. [Tocne moacTanoBkM Bcex 3HaueHudd Haiiném T = 2,9 K, uro Oam3ko K peaabHOU
temriepatype honoBoro uznyuenus T = 2,7 K. Utak, oHOBOE M3IyueHHE — 3TO OOBIYHOE PAaBHOBEC-
HOE HM3JTyYCHHE MEKIaJIAaKTHUECKOTO Ta3a, MePeU3Iydyaroliero SHEPrHio, IPUXOISIIYI0 K HEMy B BHJIC
ceera. Ormernm, yto B 1995 1. aHANMOrMYHYIO HICI0 O MHUKPOBOJHOBOM (POHOBOM HU3ITYyYEHUH KaK O
COBOKYITHOM H3JyueHHH BcexX 3BE3xa Bhickasan B.C. Tpownkuii [131], a takke H.A. XKyk [132],- B
paMKax HEKOTOPBIX JOMOJHUTEIBHBIX THIIOTE3 O XapaKTepe MOTJIOMEHHS CBETa MEK3BE3HOM cpe1oi,
HO 0€3 KOHKPETHBIX YHCICHHBIX OIICHOK TeMIlepaTypbl (hoHOBOTO M3nyueHwus. [1omoOHas oneHka Obuia
nana B 2007 r. aBTopom [A10, A26] B X0/1e HE3aBUCUMOIO aHajIM3a, B KOTOPOM Temieparypa T = 2,9
K MHKpOBOJIHOBOrO ()OHOBOTO M3Iy4YeHHs Oblla paccyWTaHa B pamMkax 0oJjiee CTpOroro aHajausa Io
CpeHEH MOIIHOCTH M3JIyYEHHUS TalakTUK (a He 3BE3M), CBETUMOCTH KOTOPBIX MMEIOT MEHBIIUH pa3-
Opoc, a KOHIIEHTpAIHsI ONPeeNsIeTcsl ¢ 0oJbIIel TOUHOCTRI0. OOBIYHO HATPETHIH T'a3 U3JIyYaeT CIIeK-
TpaJIbHBIC JIMHUH, & HE CIUIONIHOM criekTp. Ho mpoTsHkEHHBIE TOJIIM Ta3a TeHEPUPYIOT HEPEPHIBHBII
CIEKTp, Kak nokas3biBaeT npumep Connia. Temneparypa 4€pHOro Tela, HarpeToro U3JIy4eHUeM 3BE3]T
BceneHHoi, paccuMThIBaIach M MPEeX/e, OHA MOyvaiach MPUMEPHO TOro ke mopsaka ~2 K [133].

JlanHas runote3a oObSICHSACT U (IIYKTyallud, MaJibie HEOTHOPOJHOCTH PEIIUMKTOBOTO M3ITyUCHHS:
B HEKOTOPBIX HAIPABJICHUSAX €0 TEMIIEpaTypa 4yTh BBINIC, & B IPYTUX — UYyTh HUXKE cpeaHero (oHa.
DTO CBS3aHO C TEM, YTO B OJIHUX ydacTKax BcelleHHOM KOHIICHTPALUs TaJaKTHK, B CHITY UX CITy4alHO-
rO pachpeielicHus, YyTh BBHIIIC CPEIHEH, OTYEero BO3JIE TAJaKTUK MEKTaTaKTHYCCKHA ra3 HarpeT
CUIIbHEe. A TaM, IJie CKOIUICHHUS TaJlaKTHK PEKe, TeMIleparypa HECKOJIbKO HWXe. Tak, B CO3BE3IUU
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Opuaana ecth yuacTok Heba (Eridanis Supervoid), mpaktudecku cBOOOIHBIN OT 3BE3/ U TANAKTHUK, 00-
JafaoNMi TEMIEPaTypol PEeIMKTOBOTO M3nydeHus B cpeaneM Ha /0 MkK MeHbIe ctaHgapTHOU 2,7
K (xors tunmunble ¢aykryamuu peiaukroBoro ¢gona ~18 mkK) [134]. Dto PenmkroBoe XomomHoe
[TatHo (CMB Cold Spot) ecrecTBeHHO 0OBACHSIECTCS TEM, YTO B y4acTKax C ACPHUIMTOM T'aJaKTHK ra3
HarpeT B MeHbled crenenu [135, A50]. U manpoTuB, B y4acTkax HeOa, ryie COCPEAOTOYEHO MHOTO
raJJaKTUYECKUX CKOIUICHHWH, TEMIIepaTypa pelMKToBoro (oHa — m30bITouHas. Tak, y CKOIJICHHH ra-
nakTUK, HacuuThiBatonmx 1400 uneHOB, OTKpHITa M30BITOYHAS TEMIIEpaTypa PEIUKTOBOrO (hOHA, KO-
TOPYIO OOBSICHUIIU COTJIACOBAHHBIM JBHKCHUEM 3THX CKOIUICHHUH (KTEMHBIM MOTOKOMY), BELYIIHM IO
s dexty Jlomiepa K pocTy YacTOTHI CIIEKTPAIbHOTO MAaKCUMYMa U K 3aBBIILICHHOH OIICHKE TeMIIepaTy-
pbl MuKpoBosiHOBOrO (oHa [A50]. Eciu xe don mpeacrasiser codoii paBHOBECHOE TEIIOBOE H3ITyde-
HUE ra3a, To BO3JIe CKOIUICHUH 3TOT ra3 HarpeT CHibHEe, U 4acTOTa CIIEKTPaJIbHOI0 MaKCUMyMa BBILIIE.
T.e. dnykryanuu goHa — 3TO clieAcTBUE QIIyKTyalluii KOHIEHTPAIMY TaJakTHK. DIyKTyanuu Malisl,
T.K. IPH YCPEAHEHUH 110 OOJBIINM 00bEMaM pacrpeesieHUEe TaJaKTHK IPAKTHYECKH OJHOPOIHOE.

Taxoke OTKPBITHI KPYITHOMACIITa0HBIE (IIyKTYyalliH, OXBAaTHIBAIOIINE IMPOKHE YYACTKH Heba H
BBICTPOCHHBIC BJIOJIb JIMHUH, HA3BAHHOM OCHIO 371a» 32 HEBO3MOXKHOCTh OOBSCHUTH €€ B paMKaX TEO-
pun bonpmioro B3peiBa. C TOUKM 3peHUs TEOpUM PUTIA HET «OCH 371a», a €CTh HEOJHOPOIHOCTh B pac-
npeJeNIeHNH TaTaKTUK — B KPYITHOMACIITa0OHOH CTpyKType BceneHHoM, MOCKOIbKY CKOIJICHHUS Tajlak-
THK TPYNIUPYIOTCS B «ONUHBI» M «BojokHa» [136]. Haxomsck B IIIOCKOCTH «OJIMHA», KBOJIOKHA», B
9TOM IUIOCKOCTH U HAOIIOAAI0T KOJeOaHHsl KOHIIEHTPALIUY TAIAKTHK M TEMIIepaTypbl poHa (MpuMepHO
Tak B ['aylakTHKE SIPKOCTh MEHSETCS BJIOJIb MMOJOCHI MIIEYHOTO MyTH). JTa KpyIMHOMACIITaOHast CTPYK-
Typa U3 MUPHUAJOB TaJJaKTHK 00pa3yeT CBOETro poja «CyHmepMIICYHBIH MyTh», BUIAUMBIN B opme Ba-
puanuii penukroBoro (ona. Tol ke MPUPOIBI MOXKET OBITh MHUKPOTPAIUCHT TEMIIEPATYPhl PEIUKTO-
BOro ¢oHa. Brpouem, oH MOKET ObITh M KaXyIIUMCS, OT CMELICHUsI CIEKTPAJIbHOTO MakCUMyMa 3a
cuét a¢pdexra lomrepa npu ABWKEHUH 3eMIIH U ["aTaKTHKH OTHOCHTEIBHO MEKTaIaKTHIECKOT0 Ta3a.

B monp3y TOro, 4ro MHKpOBOJHOBOE (POHOBOE M3ITyUYEHHUE IMPEACTaBIAECT COOOH paBHOBECHOE
U3JTYYCHHUE MEXKTAIaKTUIECKOTO ra3a, CBUICTEILCTBYET U ciabdasi Mmoysipu3aus MEKPOBOIHOBOTO (o-
HA, XaO0THUYECKU MEHSIOLIAsCS OT TOUKM K Touke. Takas monsipuzauus oObIYHA MPH PacCEsHUU CBETa
o0JTakaMH Ta3a M MBUIA C ONTHYECKH HEOTHOPOIHON XAaOTHYECKH MEHSFOIIEHCS BOJOKHUCTOH CTPYK-
TYpOM, COOTBETCTBEHHO MEHSIOIICH HAIPaBJICHHs U JJIMHBI BEKTOPOB MOJIIPU3AIMU, KaK MOKa3bIBaeT
psix aBropos [137, 138]. B cranmapTHOM KOCMOJIOTHYECKOW MOJIETH aHOMAJIBHYIO MOJISPU3ALINIO, TIPO-
TUBOPEYAIIYI0 MOJEIN MUKPOBOJHOBOTO (JOHA KaK PEIMKTOBOrO M3JIyueHHs, OOBICHAIOT B paMKax
JIOTIOJTHUTEIIHHBIX TUIOTE3 00 MCKAKAIOIINX MHUKPOBOJTHOBBINA ()OH IpaBUTAIIMOHHBIX BOHAX. OHAKO
B JJAJIbHEHIIIEM TEOPETUUECKU aHAIU3 U CHATAsl 3aBUCHUMOCTb BEJIMUUHBI (DIyKTyaluid OT JUIMHBI BOJI-
HBI TTOJATBEPIIIN, YTO (DIYKTyalMy MOJSPU3ALNNU U TEMIIEPATypPhl PEITUKTOBOTO (hOHA 00YCIIOBICHBI
paccesiHueM Ha obOJsakax rasza u nbutd [139-142]. DTo cBUAETENBCTBYET B MOJIB3Y TOTO, UTO U CaM pe-
JIMKTOBBIN (DOH MIPECTABISET COOO0M PABHOBECHOE M3ITyUYEHHE MEKTAIAKTUIECKOTO Ira3a M MbLTH.

Taxum 06pa3oM, ¢ TOUKH 3peHHs OATUTMCTUYECKOM TeOpHH HET HaJOOHOCTH B runote3e bombio-
TO B3pbIBa W paciupsronieiics BeeneHHoH, a KpacHOEe CMEIIEHHE W PEITMKTOBOE U3Ty4YCHUE OKa3biBa-
IOTCSI €CTECTBEHHBIM CIIEICTBUEM KJIACCHYECKUX 3aKOHOB MEXAHUKU U TEPMOJUHAMUKHU, MPEICKa3bl-
Basl MPaBWJIbHbBIE 3HAYCHHUS IMOCTOSTHHON Xa007a 1 TeMnepaTypsl «peIMKTOBOro» (hoHa.

OnHUM U3 KPUTEPHEB SKCIIEPUMEHTAILHON MTPOBEPKH OAITUCTUYECKON Teopur U poiu dpdexra
PuTna B co3maHNM KPaCHOTO CMEIIEHUS TaJaKTHK CTAaHET HE3aBHCUMOE M3MEPEHHE CKOPOCTH UX yia-
JIeHHUs1, HalpUMep, 10 CKOPOCTH COKPAILICHMS YTJIOBBIX Pa3MEpOB, WM MO CKOPOCTU CHaja UX BHUIH-
Mo sipkocTH. COBpeMEHHasi TEXHUKA aCTPOHOMHMUYECKHX HM3MEPEHHH yXKe OCTHTIIa TpeOyeMou s
3TOT0 TOYHOCTH. J[pyruM METOAOM MPOBEPKU CTAaHET U3MEPEHHUE CKOPOCTU POCTa KPACHOTO CMEIICHUS
z=rH/c, ecnu OHO BBI3BAHO yIAaJCHHEM TaJakKTHK cO ckopocThio V =rH. Torma r=rg+ Vi,
z = (ro + roHt)H/c, otkyna dz/dt = ronlc = zH. Ilpu z = V/c nonyuum AV = zHCAt = aAt, rae 1 00b-
eKTOB ¢ Z = 1 ko3¢ dunuent a = 7,5-10710 wm/c?. [TockonbKy COBpeMEHHAs CIIEKTPOCKOIHS U Ja3epHast
¢u3uKa Mo3BOJISAIOT OOHAPYKUTH J1a)Ke HUUTOXKHBIE BapHALUU YACTOTHI, COOTBETCTBYIOIINE TOUHOCTH
usmepenust ckopoctu AV ~ 1 cm/C, To uX MOXHO 0OHapyxuTh 3a Bpems At = AV/a~ 0,5 roaga, uro
IpeUIaraioT MCIOoJIb30BaTh AJIs MPSIMOT0 M3MEpPEHHs YCKOpEeHus paciuupenus Beenennoit no apeitdy
aydeBoii ckopoctu V [143, 144]. Hanportus, B paMkax OaJsIMCTHYECKON TEOPUH Takoro Jpeida z u
VIJIOBBIX Pa3MEpPOB MCTOYHHMKA HEJb3sl HaOmronaTh. Kpome Toro, corimacHo OaJTMCTUYECKO# TEOpHUH,
OOHApYKUTCS 3aMETHOE Pa3IMYNe BEIMYMHBI KPACHBIX CMEIICHWH B Pa3HBIX Y4acTKax OJHOH U TOMH
JKE TAIaKTHKH, U emé 0ojiee 3aMETHOEC — B BEJIMYMHAX KPACHBIX CMEIICHUH TalaKTHK, 00pa3yroIux
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CBsI3aHHBIE Tapbl. TakuM 00pa3oM, METOJBI COBPEMEHHON BHETaJIAKTUYECKON aCTPOHOMHUH OTKPHIBA-
IOT PsiJT HOBBIX BO3MOXKHOCTEH MPOBEPKH OaumucTrHueckoi Teopun u 3pdexra Putma.

8 1.3. 3pghekm abeppayuu 38E30HO20 ceema u e2o aHomMasuu

Dddekr adbeppanun 3BE3THOTO CBETa COCTOMT B OTKJIOHCHUH JIy4el CBETa M CMEIICHUU BUIH-
MBIX TIOJIOXKEHUH 3BE3]] HA HEOOCBO/IE B XOAC OPOUTAILHOTO MBIKEHUS 3eMi. DPPEeKT ObUT OTKPHIT
Jlx. Bpamieem B 1727 r. [38, 145] u uCTOIKOBaH MM IO KOPIYCKYJISIPHOW TEOPHH CBETa KaK CIIC/ICT-
BHE€ OTHOCHTEJIBHOTO XapakTepa JABMKEHUS CBETA, T.€. BIMSHUS JBI)KCHUS 3eMJIM HA OTHOCHTEIBHYIO
ckopocTh cBeTa. Ha 3emie, sieTsieit mo opOuTe co CKOpOCThIO V, BEPTHKAIBHO MaArOIIUe JIydn CBe-
Ta, IBUKYIIHECS, TIOAOOHO TOTOKaM KOPITYCKYJI CO CKOPOCTBIO C, HOJDKHBI, COTJIACHO IMPaBHJIaM KH-
HEMAaTHKH, OTKJIOHATHCS Ha yros o = V/C. dakTHueckr HaOIIOTAeTCs CI0KEHHE BEKTOPOB OTHOCH-
TEJILHON CKOPOCTH 3Be311bl V U cKopocTH e€ cBeta C 1o 3akoHy (1).

Db dekr 3BE3aHON abeppaliul U ONBIT MalKeIbCoHa, IO CYTH, MOATBEPIUIN, YTO CKOPOCTh HC-
TOYHUKA V BJIMSET HAa CKOPOCTh C' mcmymieHHoro uM ceera. Ho B pamkxax CTO cuuranocs, 4To CKo-
POCTh UCTOYHHKA BIIMSCT JIMIIb HA HANIPABJICHUE CKOPOCTH MCIYIIIEHHOTO UM CBETa, HO HE MCHsIET e
BeNM4KHY. T.€. B pEIATUBUCTCKON KHHEMAaTHKE UMEET MECTO TapaJ0KCaIbHAS CUTYyalus, KOTJa K CKO-
pocTH cBeTa A00aBJIsIeTCs MoNepedHasi COCTaBIstomas ckopocT V (MeHsoIas HanmpaBlieHHE CKOPO-
cTH cBeTa C'), HO He J00AaBIISIeTCs MPOI0JIbHAS, MEHSIOIIAS BEJTHYHHY C'.

I'. IuHr mpeayioKua ucnoib3oBaTh dMQeKT 3BE3MHON adeppanuu i1 MPOBEPKH OaTHCTHYE-
CKOU TUIIOTE3BI O BIMSHUM MCTOYHUKA HA BEIMYMHY CKOpPOCTH cBeta [145, 146], myTém cpaBHEHUS yr-
na abeppanuu o 3BE311 HamIel ["anakThKy, U3IydaronuX CBET CO CKOPOCThIO C' = C, U yIJia abeppainuu
o' TaJaKkTuK (yIAISIONIMXCS, €CIIM CYUTh 10 KPAaCHOMY CMEIICHHIO, cO ckopocThio Ur ~ 0,1C, T.e. u3-
JyYaroIIuX CBET CO CKOPOCTHIO C — Uy). YToa abeppallii paBeH OTHONICHUIO OPOUTATIBHOW CKOPOCTH
3emun V K ckopocTH cBeTa C' oT uctouHrka. CorjaacHo 0aUTHCTHYECKON TEOPHH, YIIIbI

a'=VI(c-v)ua=Vic
paznmyanuck Obl, a B CTO — coBnamanu Obl. HabmogeHus mokasanu, 4To yriibl abeppaiuu 3BE3 U
rajakTuk paBHbl [147], Bonpeku Teopun Putna [6, 145]. Ho, kak otmeuan cam dunra [146] u aBTopsI
HaOmoaeHui [147], 3T0 BEepHO JHIIbL €CIM KPacHOE CMEIICHUE IajJaKTHK BbI3BAHO HX yIaJlicHHEM. A
¢ dekT Putiia 00BSICHIET KpacHOE CMEIIeHHE 03 TMIIOTEe3bl O TMTaHTCKHUX CKOPOCTSX rajakTuk (8
1.2), npotuBopeuarieii psay nanubix [110, c. 9]. Torma npu ycnoBun vy << C yribl o' U 0L COBIAIYT.

Bripouem, naxke B ciydae yAaleHHs TalakTHK cO CKopocTsMu vy ~ 0,1C, ux cBeT, mocie nepeus-
JTy4eHHUs1 MEX3BE3HBIM Ta30M B Halel ['ajakTuke, BOCCTaHABIMBAI Obl HOMUHAJIBHYIO CKOPOCTh C, U
BOCTIPHHUMAJICS OBl TIOJI T€M K& abeppallMOHHBIM YriIoM o. Kpome Toro, cBeT 3BE3 M rajakTUK B
ConHeYHOI cucTeMe MPOXOAUT CKBO3b MMOTOKH ILJIa3MblI (cosHeunwlil 6emep), pacxonsimuecs ot CoH-
11a co cKopocThio Uy ~ 500 km/c. 3a cuéT mepensiTydeHus MOABHKHOM T1a3MOM, CKOPOCTh CBETA, MPH-
XONISIIEro K 3eMJjie, CHUXKAETCS 10 3HaueHus C — Ur. B uTore BenmunHa CKOPOCTH CBETa C — Uy, Haii-
JICHHAsl 10 M3MepeHHoMy yriny abeppamuu o = V/(C— vy), nmomyunrcs Ha BeauuuHy Ur ~ 500 xm/c
MEHBIIIE 3HAUYEHHSI CKOPOCTH CBETA C, U3MEPEHHOTO MPSIMBIM METOJIOM B 3€MHBIX YCIIOBHSIX.

JIeliCTBUTENIFHO, aCTPOHOMHYECKHAE METOJIbI U3MEPEHHs CKOPOCTH cBeTa (10 adeppallHOHHOMY
YIIly) JAIOT CHCTEMATHICCKH MEHbIIee 3HAYCHHe, YeM BexmanHa ¢ = 3-10° m/c, n3MepeHHas B BakyyMe
B 3eMHBIX J1abopatopusix [148, c. 209] (xoTst kocMUYecKHii BakKyyM Jiaxe 0oJiee BBICOKHIA, YeM JOCTH-
’KUMBIA B 3€MHBIX YCIIOBHSIX, U CKOPOCTh CBeTa TaM ObuLia Obl Bbilie). COOTBETCTBEHHO, H3MEPEHHOE
3HaueHue abeppaunonHoro yria o = V/(C — vy) mony4aercst CHCTEeMaTHIECK OOJIbIIE TEOPETUUECKOTO
3HaveHus abeppanoHHoro yria o = V/C. DToT (akrt, JIUTeIbHOS BPEeMs Ka3aBIIMUCS 3araJ0YHbIM
[148], B GayuHcTHYECKO# TEOpHUHU CBETA MOJIYYHII €CTECTBEHHOE O0BSICHEHUE.

OTMeTUM, YTO CJIOKEHHUE CKOPOCTH CBETa CO CKOPOCTHIO MOTOKOB IUIa3Mbl, BbIOPACHIBAEMBIX
Comnnuem, kak npemmnonoxun B.JM. Cexepun [149], oObsiCHACT M peKUe aHOMAJIbHBIC BBHIOPOCHI B
omnbiTe boHY-BpyeBrua Mo U3MepeHn0 CKOPOCTH CBeTa OT ABMXKYIuxcs kpaés Connna [27]. Otaens-
HBIE 3aMephl TIOKA3bIBAIM 3HAYEHUSI CKOPOCTH CBETa 3aMETHO BhbIIE C. JleiicTBUTENFHO, HECMOTPS Ha
TO, YTO CBET MPOXOJWJ Yepe3 3eMHyI0 armochepy, d3hGdeKT mepensnydeHus il Hero OKa3bIBACTCS
MaJl, €ClI CKOPOCTh U MCTOYHMKA (IU1a3Mbl) BellMKa W HampasieHa K 3emiie (8 1.1), uto ocoOeHHO
CHJIbHO CKa)KETCsI Ha DMUCCHOHHBIX JIMHUX (8 2.2). B Takux cimydasx atmocdepa He ycrneBaeT nora-
CHUTPH U30BITOK U CKOPOCTH CBETA, M ATOT H30BITOK MOXET OBITh HEMOCPEICTBEHHO OOHAPYKEH.

Taxum 006pa3zoMm, pe3ysbTaThl aHAJIN3a abeppalliil CBETa BHE3EMHBIX HCTOYHHKOB HE MTPOTHBOPE-
yaT OayumMcTudeckor Teopuu. Kpome TOro, MOKHO MOCTaBUTh MPSAMOM SKCIEPUMEHT 0 MCCIIEeI0Ba-
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HUIO BIMSHUIO CKopocTu V 1uiaHeT ConmHewHol cucteMbl i AMC Ha Benmu4uHy abeppalliOHHOTO

yrJia HIyIIeTo OT HUX CBETa WX PAJUOM3IyUeHHUs B 00JIaCTH, Iie MEXIUTAaHETHAs cpea MPAKTUIECKU

HE Mepeusiyyact cBeT. BinusHue ckopoctu v ~ 10 kM/C TPOSBUTCS B U3BMEHEHHH YTJIa O, HA BEJIMYUHY
Ao = o' — o= Vu/c? = 0,0007",

Takyro BenuumHy Ao Jierko 3adUKCHUPOBATh PAIUOMHTEPHEPOMETPOM CO CBEPXUTMHHOM 0a3oit

(PCB). T.e. uaMepeHue 0. UMEET CMBICT POBOIUTH st AMC, NOChUIAIOIMIUX PaMOCUTHANbI, WU

JUTst TutaneT — Mepkypust, Benepsl, FOmuTepa, HHTEHCHBHO M3Tydarolux B paguoauamnasone [150].

§ 1.4. AHOManuu 3k3onsaHem Kak ciedcmeue eapuayuli CKopocmu ceema

Dddexr bappa, paccmorpennsiii B 8§ 1.1, 0COOEHHO aKTyajaeH IjIsi COBPEMEHHOW aCTPOHOMUH,
MO3BOJISIST OOBSCHUTH AaHOMAJIMH K30IIAHET, KOTOPbIe HE yAaloCh MHTEPIPETUPOBATH B paMKax CO-
BPEMEHHOW acTpO(U3NKHA ¥ KOCMOTOHHMH TUIAHETHBIX CUCTeM. Tak, y psiaa 3K30IUIaHET OTKPHITHI aHO-
MaJIbHO BBICOKHE OpOUTAJIbHBIE SKCLIEHTPUCUTETHI, JocTuratoniue 3Hauenuii e = 0,3-0,97. Takue skc-
LCHTPUCHUTETHI, BO-TIEPBbIX, HETUITHUYHBI /sl 1aHeT CONIHEUYHON CHCTEMBbI (TJ€ MAaKCHMAJIbHBIM 3KC-
neHrpucureToM € = 0,25 obnanaet IImyToH, B CBSA3U € 3TUM M MaJlOi MacCOi MCKIIOYEHHBIH COBETOM
MAC w13 ymchna 1miaHeT), BO-BTOPbIX, POTHBOPEYAT KOCMOTOHUYECKUM TEOPHSIM (hOPMHUPOBAHHUS Ij1a-
HET M3 ra3oIbUICBOTO MPOTOIUIAHETHOTO obiaka (eunomesa LlImuoma). BbICOKME 3KCHEHTPUCUTETHI
00Hapy’KeHBI y KOPOTKONIEPHUOTHBIX IK30IIJIAHET OJIM3KHUX K POJUTEIHCKON 3BE3/Ie, T.€. B 00JIaCTH, T1Ie
npuiIMBHbBIE 3((EKThI, KCKPYTIIIAIONME» OpPOUTHI, MCKIIOYAIOT CYIIECTBOBAHHE IJIAHET C BBHICOKMMHU
OpOHTANBHBIMU JKCIEHTpUCHTETaMH. [[0CKOIBKY AJIEMEHTHI OPOWT IIAHET M3MEPSIFOT KOCBEHHO, T10
KPHUBBIM JIYYEBBIX CKOPOCTEH 3BE3]1, IBMKYIIMXCS BO3JIEC LIEHTPA MACC O]l BIUSHUEM TSATOTEHUS IUIa-
HET, TO €CTECTBEHHO JIOIYCTHTb, YTO PACYETHBIC BHICOKHE SKCIIEHTPUCHTETHI TOKE SBIISFOTCSI MHUMBI-
MU, BBUy UCKa)KEHUs TpaduKOB JIyueBbIX ckopocteil adexkrom bappa, kak B ciryyae JBOWHBIX 3BE3.

B gacthoctu, mis maaner WASP-18b u WASP-33b, o6magaronux mpeaeibHO KOPOTKUMH Op-
outanpbHbIMU TIeprogamMu P ~ 1 cyT u cTOnb OMM3KUX K POAMTEIBCKUM 3BE3JaM, UTO AK€ HE3HAUH-
TEJIbHBIC IKCIIEHTPUCUTETHI Ui HUX HMCKIIOYCHBI, TPEAIOJIaraloT, YTO UX KPHUBBIE JTYYEBBIX CKOPO-
cteid, coorBercTBytomue skcuentpucureram 0,01 u 0,174,— neificTBUTENBHO HMCKaXKEHBI, HApUMeEp
npuwiuBHBIME 3G dextamu [62]. [To cyTu, it 00bACHEHHS aHOMAJIUK aCTPOHOMBI BHOBb MPUOETIIH K
1°-i1 runore3e bappa (8 1.1). He ocTanaBnmBasich NOBTOPHO Ha €€ HElOUYETAaX, OTMETUM, YTO 3TH HC-
KaXCHHUsI €CTECTBEHHO CIIEAYIOT M3 OaJUTMCTUYECKOH TEOpWH, MOCKOJBKY IONyaMIUTUTYAa JTy4eBON
ckopoctu B 3Tux cucremax K~ 1 km/c, a paccrosaus r ~ 300 cB. JieT, © MHUMBIE 3KCLEHTPHCUTETHI
MOTYT cocTaBuTh €' = wrK/ Pc®~ 1. Takum obpasoMm, maxke B ciydae cHbKeHus 3ddexruBHoro myTH | B
necstku pa3 mo cpaBHeruto ¢ r (k= I/r ~0,01-0,1), MOKHO OXHJATh MOSBICHUS MHUMOIO JKCIICH-
tpucurera €' = nlK/Pc? = nkrK/Pc?~ 0,01-0,1, uto u HaGmoxaercs. [IpuuéM rpadukam JTydeBbIX CKO-
pocreit WASP-18b u WASP-33b cootBerctByer monrora nepuactpa o ~90°, B cormacuu ¢ 1°-piM
kpureprieM u3 8 1.1. IIpuinBHOE MCKaKEHHE MPHUBEIIO ObI K 00JICE CIOKHBIM HMCKAXKEHUSAM U HHBIM
3Ha4YeHUsAM . Eme 3ameTHel nckaxeHue /Uil HeaBHO OTKPBITOM TpaH3UTHOM 3k3o0raneTsl KOI-889
b, y xoropoii r ~ 3000 cB. jet, opouTanbHbli epuog P ~ 9 cyT u nmojayaMIuIMTy1a JIydeBOi CKOPOCTH
K~ 1,3 km/c [151, A2], oTkyna €' = nrK/Pc? ~ 15. T.e. nake npu CHIWKeHUU 3PPeKTrBHOTO MyTH | B
Tpuaark pas mo cpaBuenuio ¢ r (I ~ 100 cB. ser u k = I/r ~ 0,03), MHUMBI SKCIIEHTPUCUTET MOXKET
noctudpb HaOmonaemoro 3HadeHus €' = 0,57, koTopoe aHOMaJIbHO BEJIMKO JUIS IJIAHETHI CO CTOJIb Ma-
JBIM TIEPHOAOM H paguycoM opOuThL. [lo3TOMY B IaHHOM Cilydae, BEpPOSITHO, TOKE HAOIIOIAeTCs UC-
kaxEéHHas rpdextoM bappa KpuBas TyueBBIX CKOPOCTEH, YTO MOATBEPXKIAET U MU3MEPEHHAs IO Ipa-
¢buxy V/'(t) nonrora nepuactpa ® =~ 63°, conmocraBuMas ¢ TCOPETHUCCKUM 3HaUcHHEM o ~ 90°.
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Puc. 1.13. PacnipeeneHue 9K30ILUTaHET IO JOJTOTaM IIEPHACTPA.
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JlefiCTBUTENBHO, €CITM BBICOKHUE AKCIEHTPUCHUTETHI SK30IUIAHET — MHUMEBIC, 2 HE UCTUHHBIC, TO,
coryacHO 1°-My KpuTepHIo, JOKHO HAOIIOAATHCS HEOJHOPOIHOE pachpeesieHHe UX PacYETHBIX Op-
out no gonroram nepuactpa N(w), ¢ 3ameTHBIM npeobiaaganuemM opout B quanazone 0° < » <180° u
ocobeHHo mpu ® =90°. DTo JIeTKO MPOBEPUTH MO 0a3aM JAaHHBIX AK30IUIAHETHBIX MapaMeTpoB. Tak,
pecype [152] Brmrouaer xapaktepuctuku Oosiee 700 3K30MIaHET ¢ M3MEPECHHBIMU OPOHMTATBHBIMH
dIIEMEHTaMU W ya00HBINH uHTEepdEic Wit mocTpoenus Tadaum u guarpamMm. ['mctorpamma N(w), mo-
CTpOEHHAsi Ha €€ OCHOBE, KaK pa3 COIEPXHT SIPKO BhIpakeHHbIH MakcuMyM 1ipu o = 90° (Puc. 1.13),
YTO COOTBETCTBYET MpEJCKa3aHUI0 OayumcTuieckoi Teopun u 1°-my kputeputo 3ddekra bappa. Ho
9TH JIaHHBIC CO/IEPIKAT BHICOKHUI MPOIICHT SK30ILIAHET, BBISIBICHHBIX METOJOM TPAH3UTOB, IS KOTOPBIX
M3MepeHHas BelmIrHa eCOoSw ~ 0 He Bceria o3Havaet, 4rto o ~ 90°, a MOXKET TOBOPUTH O MaioM € << 1.

a AT 1 6.

Distribution
Distribution

Argument of Periastron [ Degrees] Argument of Periastron [Degrees]

6.‘f | &

Distribution

Distribution

Arguenent of Pesiastron [Degrees] Arguiment of Periastron [Degrees)
Puc. 1.14. Tuarpammsr N(m) sx3oruanet [152] st pasubix muanazonos K/P:
a) KIP < 3 (w/c)leyr, N=330,1+3N*2=1,17,R=0,83;
6) KIP >3 (m/c)leyr, N= 39,1+ 3N?=1,48 R=1,78;
6) KIP>5 (m/c)lcyr, N=28,1+3N?=1,57, R=25;
2) KIP>12 (m/c)lcyr, N=20, 1 +3N2=1,67,R=3,0.

Bornee HanéxHOI npecTaBiseTcst IPOBEpKa Mo 2°-My KpUTEPHIO, KOTOpBIi ipu €' = mrK/ Pc? BosBISIeT
HeOoTHOPOAHOCTh pactpeneneHust N(w) iuinb npu 3HadeHun K/P Bblllie KpUTHYECKOTO, T.€. y IUIAHET C
KpaTyaiiuMu nepuojiaMi P ¥ HaUBBICIIUME OpOMTAIBHBIME CKOPOCTAMHU K, /11 KOTOPBIX THUITHYHBI
UCTUHHBIC SKCIIEHTpUCHTETHI € ~ 0. J[JIs1 cTaTUCTHYECKOTo aHallu3a CJIeyeT OTOOpaTh IIAHEThI, BbISB-
JICHHBIE METOJIOM JIy4eBbIX ckopocteid ¢ € > 0,01 (i ToyHOro ornpeeneHus JOIrOThl epruacTpa ).
Takoii cTaTUCTHUECKUI aHaIN3, IPOBOAMMBI B Pa3HBIX qHama3oHax mapameTrpa K/P, nelcTBUTEIBHO,
BBISIBWJI XapaKTepHYIO KpuTHdeckyto Beianuuny K/P ~ 3 (m/c)/cyT, Bbllie U HUKE KOTOPO# pacmpene-
aennst N(o) cymecrBenno pasusrcs (Puc. 1.14). Ecim ansa K/P < 3 (m/c)/cyT pacnpenenenne N(o) —
CTaTHCTUYECKH OJHOpoIHOEe (B mpeienax TpEX CTaHAApTHBIX OTKIOHeHWH 3c), To mus K/P >3
(m/c)lcyT pacnpenencare N(®) CTAaHOBUTCS HEOTHOPOIHBIM, C 3aMETHBIM MpeoOIagaHueM OpPOUT C
0°<®<180° (R>1). Takxke mepuacTpbl HAUMHAIOT KOHIICHTPUPOBATHCS BO3Je 3HadeHHs ® = 180°,
YTO MOXET OBITh CJIEJACTBHEM HCKKECHMs rpadvka MHUMBIX JIy4eBBIX CKopocTel mo addexry Putia
(Puc. 1.10). Ho, xak otmeueHo B 8§ 1.2, MakcMMayibHasi BEJIMYMHA MHUMBIX SKCICHTPUCHUTETOB JIJIS
® = 180° orpannueHa 3HaueHueM €' ~ 0,5. boee BbICOKHE 3KCIICHTPUCUTETHI B 001acTH  ~ 180° 00y-
CIIOBIICHBI TEM, YTO Ja)K€ B OTCYTCTBHE MCKa)KEHHU HaOJI0JaeTCsi KpUBasi MHUMBIX JIyYeBBIX CKOPO-
CTEii, a HICTHHHBIE SKCIICHTPUCHUTETHI B J1BA pa3a MeHbIEe pacuéTHbIX (cM. § 1.5).

Crenenp acummerpun R cTpemutensHo HapactaeT mo Mepe pocra K/P, u kommdectBo opourt,
«BBITSHYTBIX» B CTOPOHY 3eMJIM, B TpU U 00Jjiee pa3 MPEeBOCXOAUT KOJIUYECTBO OPOUT, BBITSHYTHIX B
obpatHyto cropony (R > 3). /lanHoe oTHOIIEHHE R HAMHOTO MPEBBINIAET BO3MOYKHBIE CTATUCTHYCCKHE
OLIMOKU U BEpOSATHBIC (DIYKTYyal[ii U HE MOXKET OTPaXKaTh PEaibHOrO paclpe/esicHus OpOUT IUIaHeT
[0 HAINPaBJICHHUSIM JIMHUHN ancuj. T.e. aHOMaauKu OPOUT SK30IUIAHET YIOBICTBOPSIOT 2°-My KPUTEPHUIO
(8 1.1), uro moATBEpKIAECT HATMYKE UCKAKEHHUH B rpaduKax JTy4eBbIX CKOPOCTEH.

Kpurnueckuii mapamerp K/P = 3 (M/c)/cyT mis SK30IIaHET B THICSYY pa3 HUXKE, YeM aHAJIOTHY-
ueiii mapametp K/P =3 (km/c)/cyT nBoitabix 3831 (8 1.1). MICTHHHBIN 3KCIEHTPUCUTET PacTET IpU
yBenuueHuu nepuona Py 3BE31 M dKk30mnaHeT. A pa3Huia kpurnueckux K/P Bei3BaHa TeM, 4TO mpu
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TeX ke nepuonax P u pammycax opOMTHI aMIUIMTY1a JIy4eBOM ckopocTu K riaBHOW 3Be3/bI 3aMETHO
HIDKE B CITydae dK30IUIAHET, YeM B CITydae JIBOMHBIX 3BE3JI, T.K. MACChI AK30IUIAHET B THICSYH pa3 HIKE
Macchl 3B€37. [IponopuroHanbHO HMXKE U UX BO3MylIawllee Bozaeiicrsue. [looromy npu tex xe mna-
pamerpax K/P 1 MHUMBIX 9KCIICHTPHUCHUTETAX €', y 3K30ILIaHeT epro/] P 1 HCTUHHBIN 3KCIIEHTPUCUTET
€ 3aMETHO MeHbIe, 4eM y 3BE31. [109TOMy MHHMMBIM 3KCIEHTPUCUTET 3aMeTeH Ha (POHE MCTUHHOTO
IKCIICHTPUCHUTETA TPH THICAUYECKPATHO MEHBINNX 3HaueHHusX K/P y 3K301U1aHeT, YeM y JBOMHBIX 3BE3I.

Ecnu noctpouts pacnpenenenus N(m) s pasabix napamerpoB FK/P, yurts u paccTosHus I ok-
30IUTaHeT, To acuMMeTpus R u adpdekt bappa BeipactyT. T.e. moarBepxmaaercs 3°-if KpUTEPHIA, TOBO-
psimuii o 3aBucuMoctu 3¢ dekra bappa oT paccTosHUs, XOTs 3Ta 3aBUCUMOCTh MEHEE SIBHAs, BBUIY
NEepeu3TyYCHUs, H3-32 KOTOPOTO NMpH pocTe I 3hdeKTUBHAS TUCTAHIMS HapacTaeT BCE MeIICHHEH,
JOCTHUTras BeJIMYMHBI |. Y coBre posiBIIEHUSI MHUMOTO SKCIICHTPUCUTETA UMEET BUJL:

"= qrK/Pc® ~ 0,1 - 1. (1.28)
Jlst SK30MITaHeT, y KOTOPEIX ycioBue nrK/Pc? ~ 1 BBIMONHSETCS, MOXKHO TPEANONAraTh, YTO H30bI-
TOYHBIN SKCIIEHTPUCUTET — MHUMBII U BBI3BaH UCKKCHUEM TPAQHKOB JTYYEBBIX CKOPOCTEH.

Kpowme Toro, 3°ii KpuTepHii y10BIE€TBOPSETCS, MOCKOJIbKY MHUMBIE, H30BITOYHbIE SKCLIEHTPUCH-
TeThl, d3QPexT bappa HaOMOIAIOTCS B OCHOBHOM JIJIsl 9K30IUIAHET B 3BE3AHBIX CHCTEMAax C JIyYeBOM
ckopocThio HeHTpa Macce Vo < 0, MOCKONBKY JUIsi HUX EpeH3Iy4eHue B OCHOBHOM oTcyTcTBYeT (K = 1).
Tak, B pacCMOTPEHHBIX BBIIIC CAy4asX aHOMAaIbHO BBICOKHMX dKkcueHTpucuretoB y WASP-33b cko-
pocth nentpa macc Vo =-6 km/c, y KOI-889 b — V=-60 xm/c [151]. A y cuUCTeM C MOJIOKUTEIILHON
aydeBoi ckopocThio Vo> 0 addext bappa u n30bITOUHBIE SKCIIEHTPUCUTETHI MaJIbl, TUOO OTCYTCTBY-
0T, BBUIy OBICTPOTO IIEpeH3IydCHHUs CBeTa B Mexk3BE3qHOM ra3e. Hanpumep, y WASP-18b ipu Vo= 3
kM/c nepensnydenne 3¢ dextrBHO (K << 1), oTuero man u30bITOYHBIN 3KkcenTpucuter € = 0,01, uro
npu MEHUMOM €' = 1 rooput o Beiauuune K = |/r = 0,01. Ilpu nucranumu 3Be3nsl I = 326 cB. JIeT 3TO
COOTBETCTBYET JUTHHE Tepen3nydeHus | = 4 ¢B. roaa, 4To COOTHOCHTCS ¢ oneHkoi Mokca [25]. V mia-
Hetbl KOI-200 b ckopocts nientpa macc Vo= 19 km/c [151]: nepeusnyueHue BeIUKO, U HAOIO1aeMbIi
skcreHTpucuret € = 0,29, BUAMMO, HCTUHHBIN: OH OJM30K K dKCIeHTpucuTeTy Mepkypus € = 0,2.

Taxoke OTKpBITHl aHOMAJIbHBIE SK30IUIAHETHI, yA0BIETBOpstome 6°-My kpurepuio. Tak, y 3x30-
wiaHeTel V AHApoMensl b ¢ opOutanbHBIM mepuogoM P = 4,6 CyToK, Ha OCHOBAaHHHM OpPOHMTAIBHBIX
3JIEMEHTOB, U3MEPEHHBIX CHEKTPAIbHBIM METOJOM, MpeAcKa3ald MaKCUMU3ALUIO OJIeCKa 3K30IIaHe-
TBI, IPU U3MEHEHUH pa3Mepa BHIMMON OCBEMEHHOH YacTH B ¢aze 0, Koryia aydeBasi CKOPOCTh 3BE3/IbI
paBHa Hym0. PeanbHo ke 1Mo (OTOMETPUYECKHM JaHHBIM Teneckona «Crnutuep» MakcuMyM Osecka
(GUKCHPYIOT Ha YETBEPTh MEPUOIA PAHbIIC — IPU MUHUMYME JIy4€BOW CKOPOCTH 3Be3/bl (M MakCcUMYy-
M€ JIy4eBOM CKOpOCTH IuiaHeThl) [153]. DTO MHTEpIPEeTUPYIOT KaK HAJIMYUE Ha TUIAHETE TOPSYEro sip-
KOT'O ITSITHA, CMEMEHHOTO OT 1o/ 3BE31HON Touku Ha 90°. [Toxoxwuit s ekt cmemenus ¢asbl 3a CYET
CBETJIOr0 MATHA OTKPHIT, Hanpumep, y ciytHuka Catypna — Snera [154, c. 168], Ho Hanuume mocro-
SHHBIX SPKUX ISTEH pa3MepoM B TOJYyIIApUE COMHUTEIBHO VIS TUIAHET-TUTAaHTOB, K KOTOPBIM OTHO-
curcsi v Aunpomenst b. I[Toatomy koneGanus OGiecka, BEpOSITHO, BI3BaHbI HE H3MEHEHUEM (a3bl U BH-
JUMOM IIJIOIIA U OCBCIIEHHON (IHEBHOM) CTOPOHBI V AHApPOMEs! D, a KOIeOaHUIMH BUIMMOMN SIPKO-
ctu |' camoii 3Be311b1 V AHApOMe bl 110 AP dekry Purna (1.17) mon BiusHEEM YCKOpPEHHUS &y, coodIae-
MoOro miaHeToi — 38e3ae [A49]. Tak ke ¥ CABHT JMHUK V AHIAPOMEIbBI, BUANMO, BBI3BaH B OCHOBHOM
sddexrom Purria, a e Jlomnepa, 1 HAGTIOAAETCS KPHBAs MHMMBIX JTydeBEIX ckopocTeit V. (t).

VIMEHHO TIpH TAaKOM YCIOBHH CIIEKTpOCKOMMdeckas kpusas V, (t) caBuHyTa 1mo hase OTHOCH-
TesbHO Teoperuueckoit Vi(t) Ha ¢ = arctg(2znl/Pc) = /2. TlockoabKy U3MepeHHbBIE CIIEKTPAJIbHBIC CME-
IICHUS 3BE3/IbI COOTBETCTBYIOT KOJICOAHUSM 8y U Vr* = la,/c, a He peanbHOI cKOpocTH Vi, TO HCTUHHAS
opOuTanbHas ckopocth V MoxeT ObITh 3ameTHO Huxke (Puc. 1.9). B urtore, MHOrO MeHbIle U Macca
IUIAHEThI, BbI3bIBatOIIEH Bo3mymieHus Vi (t), komeOanus 3Be3pl BO3JE [IEHTPa Macc. TakuM 00pa3zom,
AHOMAJIbHBIC DK30IUIAHEThI MOTYT OKa3aThCs HE ra30BBIMHM 'MTAaHTAMH, a TUIAHETaMU THIa MepKypus
WIN acTeponiaMH, KoTopbie ¥ B COTHEUHOW CHCTEME YacTO 00JIaIal0T SKCICHTPHYHBIMU OpOUTaMU C
MIEPUOJIOM B HECKOJIBKO CYTOK (JJIs1 TAKUX MaJIbIX MiaHeT () (EKT MPUIMBHOTO CKPYIJICHUS OPOUT OT-
CYTCTBYET, T.K. U3-3a MaJlOW MacChl OHH HE BbI3BIBAIOT MPWIMBOB B aTMocdepe 3Be3ibl). B nanHOM
ciydae 3dext Puriia Benuk, u xonedanus sipkoctu 1'(t), BooOIIe roBopsi, MOI'yT OBITh BBI3BaHbI HE
U3MECHEHHEM (a3bl IUIAHETHI, a BApHALMSIMU SIPKOCTH 10 d3pdekry Putia [Al, A2, A6, A43, A49].

Psin cTaTUCTHYECKHMX JOKA3aTeNIbCTB TOTO, YTO Y KTOPSYUX FOMMTEPOBY» CIEKTPAIbHBIC CMEIe-
HUs BbI3BaHbl He 3ddexrom [lomnepa, a apdexkrom Putma, nmpeobpasyrommm pacuéTHBIE IEMEHTHI
opout, npusén corpyauuk [AUII mpod. MI'Y B.P. Mymaunos u B.C. Temmunkas [13, 14]. Ilo-
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CKOJIBKY aMIUTUTY/Aa KoJeOaHHi CIIEKTPaIbHBIX JTUHUNA U PACYETHON CKOPOCTH V, =ralc [IPOIOPLIKO-
HaJIbHA PAaCCTOSIHUIO I, TO OOHApYy>KEHUE MJIAHET METOJIOM JYUYEBBIX CKOPOCTEH yIpoUlaeTcs npu yBe-
JMYEHUH UX JTUCTAHIMY I, B COTJIACHH CO CTATHCTUKOM OTKPBIThIX dK301utaneT [13]. b.P. Mymaunos u
B.C. Tenunuukasi npeyiokKuId MPOBEPUTh 3TO, COMOCTABUB MapaMeTphbl U 3JIEMEHThl OpOUT IK30ILIa-
HET, onpeeiaEHHbIe pa3HbIMU METOAAMHU. B yacTHOCTH, eclu y MJIaHEeT, OTKPBITHIX TPAH3UTHBIM METO-
JIOM, M3BECTHA KpHUBas JTYYEBBIX CKOPOCTEH, TO MpHU €€ MCKAKECHHH HaOIF0IaeMbleé MOMEHTHI, (a3bl
TpaH3UTa HE COBHAIYT C OKUAAEMBIMHU IO IrpauKy JIy4eBbIX CKOPOCTEH, YTO peaibHO HAOII0AaeTCs y
psana sk3omianer. Hanpumep, y BoimeynomsayToi mianetsl KOI-889 b, y kotopoii kpusas V(1) ¢
0O0JIBIIION BEPOSITHOCTBIO UCKaKeHa dpdexTom bappa, Tpansur (¢ = 0) nomkeH HabIOAATHCS, COTJiac-
HO pacu€Tam, IIpH MOYTH HYJIeBOU cCKOpocTH V 3Be3/bl. PeanbHo ke Ha rpaduke JTydeBBIX CKOPOCTEH
¢a3a @ = 0 COOTBETCTBYET BBICOKOI MepeMeHHOU cocTaBistonieit ckopoctu Vy~ 100 m/c [151]. Ilpu-
MEPOM SK30ILIaHEThI, Y KOTOPOI CHEeKTpajbHbIe CMELICHHS BbI3BaHBI B OCHOBHOM 3(dekrom Putia,
Moxet ciyxkutb HD 74156 b, o6nanaronias nepuogom P = 51 cyT u aHOMaabHO BHICOKUM 3KCLEHTPH-
cuteroM e = 0,63 (Puc. 1.18). BeposiTHO, HabIIOACTCS KPHBas MHUMBIX JIy4eBbIX ckopocteil V, (t), o
4EéM CBUJICTENIbCTBYET HE TOJBKO BBHICOKHUN SKCIIEHTPUCHUTET, HO M €]Ba 3aMETHbIC BTOPHYHBIC MUHH-
MyMBI Ha KpuBoii V, (t). Torna HCTHHHAS OPOHTA HMEET B Ba pa3a MEHbIIHIT SKCIeHTpHCHTeT € = 0,3,
ONMU3KUI K SKCIIGHTPUCUTETY MepKypHsl, paguyc opOUTHI U meproja P KOToporo Toro ke mopsijaka.
AHoMaMu OpOMT DK30IUTAHET YJIOBJICTBOPSIIOT U 7°-My KpuTepuro. B psje ciaydaeB HaOmroqae-
mast kpuBas V(t) He TOYHO COOTBETCTBYET TEOPETHUECKUM IpadrKaM JTy4EeBbIX CKOPOCTEH pacyETHON
opouThI OONBIIOrO 3KCcHeHTprucuTeTa [155]. OTKIOHEHHS OT TEOPETHUECKOW KPHUBOM MMEIOT BHJI Tap-
MOHHMK OpOUTAIBLHOTO TMIEPHO/Ia, B coriachu ¢ npenckazanueM Opeitnanixa [44]. Takue rpaduku y-
YEeBBIX CKOPOCTEN MHTEPHPETUPYIOT KAaK BbI3BaHHBIE HE OJHOMH, a IByMS IJIaHETaMH, C KPaTHBIMU Op-
OUTAJILHBIMU TIEPHOIaMH, B opOuTanbHOM pe3oHance 1:2 [155, 157]. [To cyTH, HCKyCCTBEHHOE BBEIC-
HHUE BCE HOBBIX AK30ILUIAHET — 3TO PE3yJNIbTAT pasioxeHus rpaduka ryueBsIx ckopocteit B psig Dypee,
T.€. PeJICTaBICHUE nepuoandeckoil Gynkuuu Vi (t) B Buae cyMMbl rapMOHUK OCHOBHOM 4aCTOTHI.
MMeHHO Tak BBISBJSIOT HOBBIE IUIAHEThl B 3BE3AHBIX cucTemax, npousBoas Dypbe-
npeoOpa3oBanue OT CHsTOH 3aBrucuMocTH V((t), min e€ OTKIIOHEHHH OT TEOPETHYECKOTO rpaduka Jy-
yeBbiX ckopocrteit (1.6). Ha mocTpoeHHO# mepuomorpaMMe — auarpaMMme CHEKTPalbHOM IUIOTHOCTH
MOIIIHOCTH OTKJIOHEHHH — MUKW Ha JaHHBIX Meproaax (MM 4acToTax) CYMTAIOT COOTBETCTBYHOIIMMU
peabHBIM IUIaHETaM C TAKMMH OPOUTAIbHBIMHU MepruoaaMu (KM 4acToTaMu). TakuM crocoOoM MOXK-
HO ONHCATh KPUBYIO JIYUEBBIX CKOPOCTEH MPOM3BOJIBHON (hOPMBI, OCPEICTBOM BBEJCHUS JOCTATOY-
HOTO YKciia TapMoHHK. 1o cyTH, 3T0 — coBpeMeHHOe pa3BuThe noaxoaa [Itonemes, BepHO ommcasiie-
ro JIBM)KEHUS TUTAHET N0 HEOOCBOLY Ha OCHOBE OMIMOOYHOM I'€OLEHTPHUYECKON MOJETH, 3a CUET 00JIb-
IIIOT0 YHKCJIa TAPMOHHUK, KPYTOBBIX JBMXKEHUH (HeOeCHBIX cep ¢ KpaTHbIMU nepuogamu). Tak, B ciy-
yae rianeTsl Gliese 876 kpuByro Ty4eBbIX CKOPOCTEI HHTEPIPETUPOBAIN KaK pe3yJIbTaT BO3ACHCTBHUS
3-X IJTaHEeT, HaXOASIIUXCS B OPOUTAIFHOM PEe30HAHCE C OTHOIICHUEM reproaoB 1:2:4. JIist iy THUKOB
IUIAHET CTOJIb TOYHBIA PE30HAHC BO3SMOKEH, BBUY OJIM30CTH CIIyTHHKOB JIPYT K JIPYTY H K IIaHeTe (B
TOM 3Ke pe3onance 1:2:4 Haxoasrcs ranuieeBbl cnyTHUKH FOmuTepa — Mo, Espona, anumen). Oama-
KO JJIs TUTaHeT pe3oHanc tumna 1:2 u ocobenno 2:3 Habmiogancs Obl KpaiiHe peiko, BBUAY OIM30CTH
OpOUTATIBHBIX PaHycoB (Beayliell K HEyCTOMYMBOCTH OPOUT) M CPABHUTEIBHO MaJIOr0 B3aUMOICHCT-
BUSL MEXy TulaHeTaMu. B wactHocTH, B CoHEUHON cucTeMe OOHapYKeH JIMIIb MPUOIMKEHHBIHN T1a-
HETHBIH pe3oHanc 2:5 u 1:2 y mianer-rurantoB — Carypra u lOnurepa, Ypana u Henryna [156]. O6-
paTHas KapTHHA HAOJIIOAAETCS Y SK30IUIAHET, CPEAU KOTOPBIX OpPOUTAJIBHBINA PE30HAHC LIUPOKO pac-
npocTtpaHéH U HaMHOTO Oosiee ToueH. CorytacHo aHanu3sy [157], B opouTamsHOM pe3oHaHce 1.2 oka3bl-
BAETCsI OKOJIO TOJIOBUHBI UCCIIEIOBAaHHBIX IIIAHET, BOIIPEKH BCEM BEPOSATHOCTHBIM MPOTHO3aM M MOJIE-
7sM (popMUpOBaHUS IIAHETHBIX CUCTEM. B TO ke BpeMsi HHTEpIpeTanus Tpa@uKoB JTy4EeBBIX CKOPO-
cteit mo addexry bappa u s dexry Putiia mo3Bosiser B OOIBIIMHCTBE CTydaeB OOBSICHUTH BCE aHOMa-
JIUU KPUBBIX JIYYEBBIX CKOPOCTEH IMOCPEACTBOM OIHOM, HanOoJiee MAaCCUBHOMW TUTAHETHI, IBHKYIIEHCS
no kpyrosoii opoure [A43, A49]. Kak nerko BuneTh u3 Beipaxkenus (1.5), uckax€Hnas kpuBas ayde-
BBIX CKOPOCTEH, AeMCTBUTEIbHO, OJMKE K CyMME JIBYX CHHYCOHUJ C OTHOIIEHHEM NepuoaoB 1:2, uem
KpHBasi Ty4eBbix ckopocter V(t) ammnTrdeckoit opoutst (1.9), mis KOTOPO# OTKIOHEHUE OT CYMMBI
JIBYX CHHYCOH/JI, BOSHHKAIOIIIEE BO BTOPOM TOPSIKE MAJIOCTH €, IMeeT 00Jiee BRICOKYIO BEIIMYHHY .
Emé oqna anomanusi — MacCUBHBIE TUIAHETHI-TUTAHTHI, PACTIONOKEHHBIE OT POJIUTENBCKUX 3BE3]T
Ha MPEJIeJIbHO MAJIBIX AUCTAHIUIX p (MOPsIKA COTHIX JOJIEH a.e.) U 00JIaJarolie aHOMAIbHBIMH 3KC-
neHTpucuteramu € > 0,1, HeBO3MOXKHBIMU JIJIS1 TAKHX IUIAHET. DTUM YCIOBHSIM COOTBETCTBYIOT BBICO-
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KHE TeMIIepaTypbl MOBEPXHOCTH IUIAHET, UCKITIOYAIONINE CTAOMIIBHOE CYIIECTBOBAHME TAKUX «TOPSIUMX
1onuTepoB». Takke COMHUTENBHO CYIIECTBOBAHME OJM3KUX K 3BE3/IaM MACCHUBHBIX TUIAHET, OTKPHITHIX
METOJIOM JIy4YEBBIX CKOPOCTEH (Memoo maiimunea) B CHCTEMax MyJbCapOB — IPEAINOIaracMbIX OCTaT-
KOB B3pPBIBOB CBEPXHOBBIX, KOTOPBIC YHHUTOXIIN O OJM3JIekKAIIUe TUIAHETHI, @ HOBBIC HE ycrenu O
cpopMupoBaThCs. ECIH CHUMAIOT KPHBYIO MHHMEBIX Jy4eBBIX ckopocteii V; (t), H3MepeHHas: aMILTH-
Tyna ay4deBbix ckopocteit K' (1.24) cuimbHO 3aBBIIICHA 10 CPABHCHHIO ¢ MCTHHHOM K, Korma casur
CHEKTPAJIBbHBIX JIMHUI 00ycioBieH apdexTom Putia, a He loriepa [A43], uro Bemo Obl K 3aBbilie-
HUIO Macc IJIAHET Ha TOPSIIKH, T.K. JydeBas CKOPOCTH 3BE3[bI MPOMOPIHNOHATIbHA BO3MYIIAIOIIEMY
BO3/ICUCTBUIO, CHJIE TATOTEHUS IUIaHeThl U e€ Macce. Torga MCTUHHBIE MAacChl IUIAHET MHOTO HUKE,
MPUOJIKAACh K Macce acTEPOUIOB, KOMET, KOTOphIE MPU CBOCH MaJjioil Macce He 00pa3yroT MPUITUB-
HBIX TOPOOB B aTMOC(]epe 3Be3/1bl M HE MCIBITHIBAIOT MPHIMBHOTO CKpyTiieHus: opout [A49]. Dtu ma-
JIbIE TTAHETHI, IOJJOOHO KOMETaM M acTepOouaM, MOTYT 00JIafiaTh BBICOKMM SKCIIEHTPUCHTETOM.

He uckirodeHo, 4To UCTUHHBIE OPOUTATIBHBIE MEPUObI P 9K30IUTaHET B psjlie CaydaeB AJIMHHEE
HaOmogaemeix P'. Ilpu nBMKEHUM TUTAHETHOW CHCTEMBI C YCKOPEHHEM OJM3KHUM K KPUTHYECKOMY
ar~—C%/r (Ha KOCMHYECKMX MMCTAHIMSX I MMEET BENWUMHY, THIMYHYIO AT 38B831), sddekt Puria
NPUBEET K CKATHIO eproia aswkeHus mwianer P'= P(1 + ra,/c?) B passr. WiutiosopHble BapHanuu
OpOUTANBHBIX TEPUOJOB HAONIOMAIOTCS M Yy CHOYTHUKOB HOmutepa, [Uisi KOTOPBIX, KakK OTKPBLI
O. Pémep, a¢dext Jlomnepa BappupyeT nepruoasl Ha MUHYTHI, TP OTHOCUTEIHHOM JIBHOKeHHH FOmn-
tepa u 3emun [149]. DddexT Putia ciocodbeH cokpaiaTh BUAUMBIE IEPUOJIBI OOpAILCHHUS TUIAHET YKe
B pa3bl. JTO MO3BOJISIET OOBSICHATH OTKPBITHE OOJIBIIOTO YHCIa TUIAHET ¢ HETUITMYHBIMU OPOUTAIIBHBI-
MU TIEPUOAMH MOPSAIKA CYTOK U painycaMu OpOUT MOPSAKA COTOU JTONU a.e.. UCTHHHBIE TIepruoabl P u
OOJIBIITHE MTOJYOCH OPOMT IUTAHET B CUCTEMAX 3BE3/ U IMyJIbCapOB MOTYT ObITH MHOTO Oosbiie [A43].

B 3anpezensHOM ciiydae, koraa ay < -C2/r u P' < 0, BUIMMBIH TOPSIOK COOBITHIT TTOKaKETCs 00-
paTHBIM, a BUAUMOE IBM)KCHHUE 3BE3]T U TUIAHET — UAYIIUM B 00paTHOM HampasieHuu — 3ddekr, npen-
ckaszanubiii JI.®D. Komcrokom emié B 1910 r. [39]. D10 103BOISIET OOBSICHUTH OTKPBITHIC B IMOCIIEIHUE
rO/Ibl 9K30IUTAHETHI ¢ 00paTHBIM (pempozpaonuvim) opOuTaIbHBIM BpaltienueM, Hanpumep WASP-33b
u HAT-P-7b, nporuBopeuamniue Teopusim hopmupoBaHus ruiaHeTHbIX cucteM [A43, A49]. ObparHoe
(pempoepaonoe) BpailieHrE BBISBISIOT TPH aHATH3€ TPa(UKOB JIyUEBBIX CKOPOCTEH — M0 aHOMAJIbHO-
My 3ddexty Poccurepa-MakJlapnunra. McTuHHOE NBHKEHUE TaKUX JK30IUIAHET MOXKET OBITh Mpsi-
MBIM, HO TIPEJCTABISTHCS OOpaTHBIM 3a CuéT 3(pdexra Purtna, HHBEPTUPYIOUIETO BHIUMBINA TOPSIOK
coGbITHit IpH 8, < -¢°/r 1 P' < 0, Tak uto B (1.15) dt' < 0 [A43]. Takum 0Gpa3oM, peTporpaaHoe Bpa-
HICHUE SK30IUIAHET — TaKas )K€ WILTIO3HS KaK peTporpanHoe JABmkeHHne TaHeT COTHEYHOW CHCTEMBI,
HaOMoJaeMbIX ¢ 3eMiid B OT/eNbHbIe MOMEHTHI BpeMenu [A43]. [ns naner CoNHEYHOW CHUCTEMBI
WILTIO3Us1 00YCIIOBIIEHA OTHOCUTEIIFHBIM XapaKTEpOM JBIKCHHS HEOCCHBIX TEI, a Ui SK30IUIaHET —
OTHOCHUTENBbHBIM JBIKeHUEeM X cBeta (§ 1.2). [To apdexty Poccurepa-MakJladianna OTKpBITE OpOH-
TBI 9K30IUIAHET CO 3HAYUTENBHBIM (>10°) HAKJIOHOM K TIOCKOCTH 3KBAaTOpa 3BE3JIbI, HAIPUMED Y IK30-
raHetel XO-3 b [158], uto MoxeT OBITh MIUTIO3MEH, BBI3BAHHON MCKa)KEHHEM TIpa(MKOB JIy4EBBIX
ckopocteit o 3ddexty Putia, BBUAY pa3iauyuus JTy4eBBIX CKOPOCTEH M YCKOPEHHH y 3aTMEBAEMBIX
IUTAHETOM Y4YacTKOB 3Be3/bl. 3aTMEHUE LEHTPAJIBHBIX YYaCTKOB 3Be3/Ibl, IJie€ YCKOpPEHHE CBOOOIHOTO
najieHus: co37aéT M30BITOK KPACHOTO CMEIIEHUS M0 PUTL-2PQPEKTy, BEIET K CUCTEMAaTHIECKOMY CHH-
JKEHUIO KPACHOTO CMEIEHUSI B MOMEHTBI 3aTMEHUI, YTO UHTEPIPETUPYIOT KaK ABMKCHUE IJIAHETHI 1O
HAKJIOHHOH opOuTe. Tem He MeHee, 3TO He UCKIIIOYAET, YTO Y psla IK30IUIaHEeT OpOUTHI — PeTporpai-
HbIC, HAKJIOHHBIC M CHUJIBHO 3KCIICHTPUYHBIC, KaK Y HEPeryJsIpHbIX criiyTHUKOB CarypHa (@eba), FOmnu-
tepa, Ypana u Henrryna (Tpumon) [154]. Ho Takue aHOMaany CBOMCTBEHHBI IJIAHETAM U CITyTHHKAM
HanOosee yIaa€HHBIM OT TATOTEIOLIETO Tejla OOBIYHO MMEIONIMM BHEINIHEE MpoucxoskaeHue [154].
Hanpotus, perporpanHoe ABMKEHHE BBIBISIIOT y BHYTPEHHUX AK30IUIAHET, KTOPSYUX FOIIUTEPOBY,
JUIS KOTOPBIX 00paTHOE ABMKEHHUE KpaiiHe MalOBEPOSATHO.

V3MeHeHne neproIoB SK30IUIaHET IPUBOIUT K JIOKHBIM OIIEHKaM Macc U Pa3MepOB SK30IUIAHET,
MOCKOJIBKY BapUaIliy BUAMMBIX MEPHOOB M JUIUTEIILHOCTH TPAH3UTOB K30IUIAHET (BPEMEHHU MPOXO-
KIICHUS 110 JMCKY 3BE3JIbl), IPU M3BECTHOIM Macce W pajuyce 3Be3/Ibl JalyT 3aBBIIICHHYIO WM 3aHH-
KEHHYIO OIIEHKY paamyca miuaHeTsl R. JleficTBUTENbHO, y psAla MIaHeT U3MEPEHUs TTOKAa3bIBAIOT aHO-
MaJIMK pa3MepoB, MPOTUBOPEUAIINE TEOPUsIM (POPMHUPOBAHUS TUIAHET M (PU3HUYECKHU JTOIMMyCTUMBIM Xa-
paktepuctukam [159, 160]. M3menenune opbuTambHOro mepuojga P' U CcreKTpaibHble CMELICHHS I10
s dexty Putna npuBenyT k ommbKke U3MEPEHHs MacChl M 3K30IUIaHeT. B cymMMe 3TH OmmOKH pUBO-
JST K HEBEPHOMY H3MEPEHHIO ILIOTHOCTH dK30IuianeT d = 3m/4nR®. JleHcTBUTENbHO, OTKPBITH 3K30-
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IUTAHETHI C TUIOTHOCTHIO AHOMATBHO BHICOKOI (BbIE, weM y 3oimora: Hampumep, d =~ 25 r/em® y
COROT-3b) wiu Huskoii (amxke, yeM y nexomracta: d ~ 0,1 r/em® y WASP-17b). B pamkax Gamim-
CTHYECKOW TEOPHH 3TH IUIOTHOCTU WJUTIO30PHBI, UCTHHHBIC IJIOTHOCTH OTJIMYHBI OT M3MEPCHHBIX Ha
nopsiaku [A43, A49] u cormoctaBUMBI C IIIOTHOCTHIO 3eMitd M ApyTrux miaHeT COJTHEYHOW CHCTEMBI.

VY mnaner ¢ K/P >3 (m/c)/cyT S3KCHEHTPUCUTETHI B OCHOBHOM MHUMBIE, T.€. CHJIBHO 3aBBIIICHBI
10 CPaBHEHUIO C peanbHbIMU. HampoTus, mis mianet ¢ K/P < 3 (m/¢)/cyT, mist kotopsix addekt bappa
BBIPAXKEH CJ1a00, PaCYETHBIC SKCIEHTPUCUTETHI OJIN3KH K UCTHHHBIM, KOTOPBIC Y TUIAHET OOJIBIINX TIe-
proaoB P MoryT mocTuraTh BBICOKMX 3HAYCHHH, KaK TMOKas3biBaeT mpumMep [lmytona. B aTux ciyuasx
OTCYTCTBHE CBSI3M M3MEPEHHOI'O 3KCLUEHTPHCUTETa C MCKAKCHUEM TpaduKa JIy4eBBIX CKOPOCTEH OT
3ama3/ibIBaHuUs CBETA MOJTBEPIKIAACTCS TEM, YTO JUIs IK30IUIAHET U3 3TOro psaa pacnpenencuue N(m) —
CPaBHUTENBHO OAHOPOAHOE, U st MHOTHX M3 HUX 180° < » <360°. Ho B 3TOM ciydae ToXe BO3ZMOX-
HO UCKa)KeHHUE TPa(HUKOB JIy4eBBIX CKOPOCTEH, HO MHBIMU MeXaHH3MaMH. ECITH CIBUT 4acTOTHI BRI3BaH
B OCHOBHOM 3¢ dextoM Putma, T.e. CHATHIN IpapUK CHEKTPAIbHBIX CMELICHHH OTpakaeT KoJieOaHus
Jy4eBOTO YCKOPEHHs, a HE JIy4eBOW CKOPOCTH, TOT/Ia PACYETHBIM SKCIEHTPUCHTET TOJTYYHUTCS 3aBbI-
IICHHBIM B JiBa pa3a (cM. 8 1.5). Takum 00pa3omM, y 9K30ILIaHET ¢ OOJIBIIMMHE TIEPHOIAMH OOpaIleHHUs
P ucTHHHBIE SKCIIEHTPUCUTETHI MOTYT OBITH B JIBa pa3a HIDKE, YTO JIydIIe COTJIacyeTcsl C TEOPUSIMHU
(bopMHUpPOBaHHUS TUIAHETHBIX CHCTEM M C KCIICHTpUCUTETaMU 11aHeT COTHEUHOM CUCTEMBI.

Ecnu y mianer ¢ KpyroBoil opOMTON CIIEKTpalibHbIE CMEIIECHUsI 00YCIIOBICHBI B OCHOBHOM 3 (-
¢dexToM Putiia, TO UCKaKEHUE KPUBOM CHEKTPATBHBIX CMEIICHUI MOXET MPUBOIUTH K KOHIICHTPALIUU
nepruacTpoB He Tosbko Bo3ie @ = 180° (Puc. 1.10), Ho u Bo3ne o = 0°, eciu adext Putma cxumaet P
no P' <0, uaBepTHpys MOPSAIOK COOBITHIA. 3ama3apIBaHUE CBETA M3 IMOJIOKEHHUS 1 U ONepexkeHue u3
OJIOKEHHsT 3 BHI3BIBACT 0OpaTHOE HCKaxeHue rpaduka V, (t), koropomy coorserctByer ® = 0° (Prc.
1.15), uto nabmromaercs y psaaa mwianeT (Puc. 1.2, Puc. 1.14). Tot xe 3¢ ¢eKT BBIABISCT CTATUCTHKA
JIBOMHBIX 3BE3] C MEPUOIAMHU 8% <P <12%n 316 < P < 500°. Jlst HUX pacnpeneneHre Mo JA0JAroTaM
nepuacTpa ® oOHapyXuBaeT MakcuMyMbl ipu ® = 180° u npu © = 0° [47], cOOTBETCTBYIOIIUX MpS-
MOMY M HHBEPTUPOBAHHOMY BO BPEMECHU UCKXKEHHOMY I'pa)iKy MHUMBIX JTYYEBBIX CKOPOCTEH.
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Puc. 1.15. Tpauk jydeBBIX YCKOPSHMiI M MHHMMBIX JIydeBEIX ckopocteii V, () it KpyroBoit opOuTsl (wumpuox-
RYHKMUPHASL IUHYSL) W ACKKEHHBIHA 110 3¢ddekTy Puriia rpaduk sydeBsix ckopocteit V; '(t) ¢ cootBeTcTBYyFOIIIEH OpOHUTOM
(cnrowmasn runus) st TIPSIMOTO TIOpsiIKa COOBITHI (66epx)) 1 00paIéHHOro 10 3¢ hexTy Puria (61u3y).

MHHMBIH SKCIICHTPUCUTET MOXET ObITh OOYCJIOBJICH M MPUIMBHBIMH UCKAKCHUSMH, U MIPCUMY-
IIIECTBEHHON OpHEHTalMeld OpOMT IJIaHET, Beaylled K KOHLEHTpaluu NEepUacTpoOB BO3JIE 3HAUEHUH
® =270° (8§ 1.1). DTM MOXHO OOBSICHUTD, MMOYEMY JJIS OTACIBHBIX BBIOOPOK 3BE31 3ddekt bappa
uMeeT o0paTHBIN 3HAK, T.€. MEPUACTPBI B HUX Yallle PACIIONOKEHBI Mepel KapTUHHOW TUIOCKOCTBIO, a
He mo3aau Heé [59]. I'pynmnupoBanue A0ITOT MepracTpoB Bosjae @ = 270° BO3MOXKHO U MPU OOBIYHOM
UCKa)KEHHU KPHBBIX JIyYEBBIX CKOPOCTEH, KOHLIEHTPHUPYIOIIEM mepuacTpsl Bodiie © = 90° (Puc. 1.2).
Ho, ecii 3a cyéT 0GLIEro ABHKSHHS 3BE3IHOI CHCTEMBI ¢ YCKOPEHHEM @ < —C2/I' IIPOMCXOUT HHBEp-
CHsI BUIUMOTO TIOPsIIKa COOBITUH, KpHBast OJiecKa U JIy4eBbIX CKOPOCTEH IMOJyyaeT 0OpaTHOE UCKaXe-
Hue, cootBercTByfomiee ® = 270° (Puc. 1.16). ITomoOHbIe rpaduku JTyUeBBIX CKOPOCTEH HAOIIIOIAINCH
y 3K30IUIaHET, OTKPBITHIX TPaH3UTHBIM MeTozoM, Hanpumep WASP-8b, WASP-117b, Kepler 78b, y
KOTOPBIX TPU WX KOPOTKHX MEPHOAAaX aHOMaJIbHO BBICOKHH € ~ 0,3, a JONTOTHl MepHUacTpoB OJIU3KH K
o = 270° [161-163]. [Tpuuém y WASP-8b nemxenue nmo opbute xak paz ooparnoe [161], uto cBuue-
TENBCTBYET 00 M3MEHEHHH HOPMAJIBHOTO TMOPSIKA COOBITHH. )i ATHX TUIaHET BBIMIOJIHICTCS KpUTE-
puii (1.28), T.e. XapaKTEePUCTUKH YK30ILIAHET JOMYCKAIOT, YTO IKICHTPUCUTET — MHUMBIH.

Jist turaseT 60sbIIMX NepruoioB P ckakeHuss MOTYT OBITh BRI3BaHBI KOCMUYECKOH TUCTIEpCUEH
CBeTa, BIiepBbIe HccienoBanHoit A.A. benomnonbsckum [65] u ero yuenukom I'.A. Tuxosbim [83, 164,
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165]. Otot 3 pexT Tuxoa-HopamaHa, Ha3BaHHBIH 1O ACTPOHOMOB, HE3aBHCUMO OTKPBIBIINX P PEKT
B 1908 1., 00HapyXeH y 3aTMEHHBIX 3BE3]I IO 3ama3JbIBAHUIO0 3aTMCHHH B KOPOTKOBOJHOBOH YacTH
cnektpa. B 1917 r. X. Hlennu npuB&n psa TEOPETUUECKUX BO3PAKEHUN MTPOTHB BOZMOXKHOCTH KOCMHU-
YECKOH JMCTepCcHuH, HO JaibHelmme Habmoaenus noarsepawm dddext TuxoBa-Hopamana, npuuém
BO BCEX JMamna3oHax JIEKTPOMarHUTHBIX BoyH [166, 167]. CoBpemenHbie pabotsl [1, 2] mo m3mepe-
HUIO BEJIMYUHBI KOCMHYECKOW AUCTIEPCUU TIOATBEPIKIAIOT, YTO JAHHBIH BOMPOC OCTAETCSI OTKPBITHIM.
[Toka3zaTenb MpeIoMIICHUsT MEX3BE3THOTO ra3za MpeieiabHO OJIM30K K €MHHULE, a TUCTIEPCHS — K
HYJIIO, HO Ha OOJIBIIMX TUCTAHIUSIX OHU BBI3OBYT 3aMETHOE 3alla3/IbIBAHNE BHICOKOYACTOTHOTO H3ITY-
YEeHUSI OTHOCUTENIbHO HU3KOYAaCTOTHOTO, HA Y€M OCHOBAH METOJ| M3MEPEHHs PACCTOSIHUNA 710 MyJIbca-
pos [119, 168]. B MOMEHTBI IpUOIMKEHUS 3BE3/bI €€ CIIEKTPAIbHBIC JTHHUH, CMCIIEHHBIC B KOPOTKO-
BOJIHOBYIO 00J1aCcTh, OyAyT HaOII0AaThCS UyTh MO3XKE, @ B MOMEHTHI OT/IAJICHUS JJMHUHU, CMEIIEHHbIE B
JUTMHHOBOJIHOBYIO 00J1acTh, OyAyT HAOMIOAAThCS YyTh paHblle. B utore nuckaxkenue rpaduka JydeBbIX
CKOpocTel cTaHeT obopaTtHbIM HalmonaemoMy B 3ddekre bappa. MckaxxéHHble KpUBBIE JTy4EBBIX CKO-
pocteii (Puc. 1.16) OyayT cOOTBETCTBOBATH OPOMTaM, BBITAHYTBIM B CTOPOHY OT 3emiu (o = 270°).

e'=0 ®'=270°
':jrrﬂr‘l‘-..
2f |
v \‘
\“-3-
Ly Q
"4’ el . €=03
vr 7/ \\
/ N\
1 / \ t
/I3 "
N
\\ //
\*-m-—
2

Puc. 1.16. HckaxeHue rpaduka yueBbIx ckopocTeit V'(t) mpu mucriepcri Mex3BE3IHOTO ra3a M paccyr-
TaHHas 110 TpaduKy opouTa (crowmasn munus) To cpaBHEHmIO ¢ UCTHHHBIM V(1) (nyrxmupras mumus).

bannmuctryeckas Teopus T0MyCKaeT HATMYUE AUCIIEPCHH CBETa U B KOCMHUYECKOM MTPOCTPAHCTBE,
CcBOOOTHOM OT MEK3BE3HOTO rasa,— B Bakyyme [166, A19]. B stom ciyuae 3Hak aucrepcuu odpat-
Hblil [A19]. CoOTBETCTBEHHO, HCKAKEHHSI HOCAT OOpaTHBIN XapakTep, T.€. MPUBOJAT K KOHICHTPAIIUU
nepuacTpoB Bozjie ® = 90°, Kak B ciydyae pacCMOTPEHHBIX BbIle HcKaxenui (Puc. 1.2).

BrlmenepeuricieHHOE TI03BOJISIET OOBSICHUTh aHOMAIILHO BBICOKHE SKCIIEHTPUCUTETHI OPOUT JK-
3011aHeT Bo BcéM muanasone 0° < o < 360°. Vckaxenus OymyT npomnopiroHanbHbl K/P 1 paccTostHUIO
I' 3Be3/1bI, MOCKOJIbKY M3-32 AMCIIEPCUH Pa3HUIA CKOPOCTEH COXpaHseTCs Ha BCEM IYTH CBETa OT 3BE3-
JIbI K 3emMJyie. JTa 3aBUCUMOCTD, JICCTBUTENBHO, OATBEpAMUIach. Hannuue nucnepcuu cBeTa B BaKyy-
Me TOXE€ CBS3BIBAIOT C Mepenadeil COOCTBEHHOW CKOPOCTH M3TYYalOUIMX aTOMOB WJIU JJIEKTPOHOB —
cery [166, A19]. Psan manHbIX moarBep:kaacT 3¢GGeKT BO BCEM AMANa30HE SJIEKTPOMArHUTHBIX BOJH
[167]. KocMueckyro qUCIIEPCHIO MPEXk/Ie OTPUIIAIH HA TOM OCHOBAHUH, YTO Y IEPEMEHHBIX 3BE3]] Ba-
pHALU SPKOCTH COIPOBOXIAIOTCS BApPHALMSAMH CIIEKTPA, OTYETO HA Pa3HBIX JUTMHAX BOJIH MaKCHMY-
MBI SIPKOCTH He CHMHXpoHHBI. Ho, kak mokazan I'.A. TuxoB, casur no ¢aze oOHapy>KuBaeTcs u IJis
KPUBBIX JIYYEBBIX CKOPOCTEH, IMOCTPOCHHBIX IS KOHKPETHBIX CHEKTPAIBHBIX JTUHHH, JUISI KOTOPBIX
nepepacnpe/ieieHie SHEPTuu B CIEKTPE HE BIUSET HA IMOJIOKCHHUS MaKCUMYMOB JIYY€BOW CKOPOCTHU
[83, 169]. Takum obpa3om, 3dpdexkr TuxoBa-HopamaHa BbI3BaH pasHHIEH CKOPOCTH JIyueil cBeTa B
KOCMOCE U CIIy>)KUT apryMEHTOB B I0JIb3Y OAIITUCTUYECKON TEOpUH, MPeIoKeHHOH B ToM ke 1908 r.

WTak, aHOMaJIMU SK30IUIAHET MOJTyYaloT MPOCTOE KAYECTBEHHOE U KOJIMYECTBEHHOE OOBSICHEHHE
Ha 0a3e OaymucTryeckoi Teopun. MHTepIpeTaius psaa mapaMeTpoB U aHOMAJIUN SK30IUIAHET KaK HC-
TUHHBIX TIPOTUBOPEYHT HE TOJBKO TEOPUSIM (HOPMHUPOBAHHS TUIAHETHBIX CHCTEM W 3aKOHAM HEOECHOM
MEXaHHKH, HO W NpuHIHIY KomepHuka, OTpUIAIONIEMY UCKIIOYHTEIbHBIC XapAaKTEPUCTHKH 3EMIIH,
BKJTIOYAsl IPEUMYIIECTBEHHYIO OPUEHTAINIO OPOUT B €€ HalpaBICHUH. JTa KUCKIIOUYUTEIHLHOCTH» BE-
NET K peuuauBy uaei reomnentpusMa [170], ayxasix coBpeMeHHOM acTpodusuke [54].

8 1.5. 3gphgpekm Pumua, 080liHbIe U nepeMeHHbIe 38E30bI

Bapuanuu ckopocTy cBeTa ABOMHBIX 3BE3] MPUBOJAT K IIPOCTOM MHTEPIIPETALUN UCKAXKCHUHN HE
TOJILKO MX BHAMMOTO JBMKEHHUS U pacuEéTHOU OpOMTHI, HO U BuaumMoit sipkoctu ' (1.17), MeHstomieics
C TMEepHOJOM PaBHBIM OpOHTaIbHOMY. Bckope mocie co3manHust OalIuCTUYECKOH Teopuu Ha 3TO €&
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Clle/ICTBHE 00paTuil BHUMaHue utanbsiHckuid ¢pusuk M. Jla Poza [171]. Eciau ckopocTs MCTOYHHKA J10-
0aBIsieTCSI K CKOPOCTH CBETA, TO y 3BE3JIbI, KPOME MCKAKEHUSI BUIUMOTO JIBUKCHUS U TpaduKa yde-
BBIX CKOpOCTEH, oOHapykarcsi Bapualuu sipkoctu |, cooTBeTCTBYIONIME U3MEHEHUIO MaciTada Bpe-
menu. [To a¢dexty Puriia mporcxoaut BpeMeHHAs (GOKYCHPOBKA CBETA: BHAMMas SpKOCTh |' ncTou-
HHMKa MEHSETCSI, HECMOTPsI Ha IOCTOSIHCTBO €r0 CBETUMOCTH U pacy€THOM sipkocTH |.

ITo addexty Putia (1.16) cHHXpPOHHO ¢ KOJCOAHUSAMH SPKOCTH JBOMHOMN 3BE3/IbI B €€ CIIEKTPE
OyayT peryisipHO CMEIIAThCsl JMHUU noriouieHus. Takue nmepeMeHHble 3BE3/bI, TIEPHOJANYHO U3ME-
HSIOMINE SIPKOCTh U CTIEKTP, U3BECTHBI aCTPOHOMAaM, HarpuMep, B hopme «redeniy.

V 3Be31ibl, JETALIeH Mo KpyroBoii opoute paguyca R co ckopocTbio V U IEHTPOCTPEMUTEIbHBIM
yckoperneM a = VZ/R, cMeleHns CrieKTpaIbHbIX JuHui 110 ¢ dekry Puria (1.16) cocrasst

Alg = Ara/c® = ArV2/Rc?.
VY TecHBIX TBOMHBIX 3BE3]] 3T CMEIICHUS MOTYT Ha MOPSAKH MPEBHIIATh TOTICPOBCKUE
Alp= AVice.
Takum o6pa3om, caBur criekTpa 1o 3hdexty Putna AAgr IpeBOCXOAUT TOTIIEPOBCKUI CABUT AAp B
ANrIANp = rVIRC = 27ar/cP ~ (r/c)/P,
T.€. MPUMEPHO BO CTOJILKO pa3, BO CKOJBKO PACCTOSHHUE JI0 3BE3/IbI B CBETOBBIX rojax I/C mpeBblmiaet
nepuoxa P = 2nR/V eé obpamenus [A21]. Eciu yuects ekt nepensinyueHus, To B Ka4ecTBe I cie-
JyeT NpUHATH JuIuHY SKcTuHKime | ~ 1 ¢B. roga. Torna mis 38831 ¢ P < 1 roga (T.e. Ui TeCHBIX map
3BE311) cMelleHus 1o puTi-3hdekTy HaMHOrO TpeB30oiaAyT nomiepoBckue. Jlns Takux 38E3n | Moxer
NPUHUMATh U MEHBIINE 3HAYCHUS!, BBULY HATMYHSI Y TECHBIX Map oOmmx arMocdep.

B cnyudae smmntuueckoit opoutsl 3¢ ekt Putna npuBeaét Kk UCKaKeHUIO (GOpMBbI KPUBOH JTy-
yeBbIX ckopocteit V(t) u cootBercTByomeii hopmel kpuBoit Oaecka I'(t). Ecnu cmemenus mo addex-
Ty PuTIIa HAMHOTO MPEBOCXOAT oTUIepoBCcKue, TO U3 ¢-ubi (1.25) s 3Be3nsl ¢ ® = 0°, KOTOPOI co-
otBercTByeT uérHas (yHkumst Vi(t), perucrpupyemast KpuBask KMHHMBIX JIY4eBBIX cKopoctei» Vi (t)
Oyzner Heu€THOU ¢yHKIMeH, orBevaromeii opoure ¢ ' = 90° (Puc. 1.17). Takue rpaduku ydeBbIx
CKOPOCTEii (C MEUICHHBIM POCTOM H PE3KHM criaioM Vy) XapakTepHbl s neden.
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Puc. 1.17. CpaBHeHHe KPHBOH MHHUMBIX IyueBbIX ckopocteii V, (t) oT casura wactoThl 1m0 3ddexTy
Putna (cnrowmnasn aunust) nast opoutsl ¢ € = 0,3 u o = 0° u kpuBoii yueBsIX ckopocteii V(t) ot caBura
vacToThl 110 3dekry Jorutepa (nyuxkmupnas aunust) s opoutsl ¢ €' = 0,6 u o' = 90°. Cnpasa — npu-
Mep Gosiee TOYHOTO COOTBETCTBHUSI KPHBOW «Iyd4eBBIX CKOpocTei» 3Be3zbl VB 57 (l'uadwt) — rpaduxy
V, (t) (orcupnas nunus), nexemu rpaduxy V,(t) (monkas munus) npu (e = 0,45, o = 0°).

JleiictBurensro, w3 (1.22) MHmMas tydesas ckopocts V; = laJ/c, rae ar = (GM/p)sin(w + v) —
JIy4eBOE YCKOPCHHE CIyTHHKA S; Macchl M, BBI3BAHHOE TATOTCHHEM TJIABHOM 3BE3/bI S; MacCh
M >>m (Puc. 1.4), y KoTOpO# paccTosiHUE JI0 CITyTHHKA MeHsieTcst Kak p = p/(1 + ecosv), rae p — do-
KaJIbHBII ITapameTp 3Juturnca opouTel. OTCI0/1a H3MEPEHHAs 110 CIIBUTY JIMHUI MHUMasi CKOPOCTb
IGM

V, (v) =——(1+ ecosv)? sin(o + V). (1.29)
p=c
B yactrocty, s ® = 0° u3 (1.29) u (1.6), mocine pa3iokeHus B psjl 10 YWICHOB MOPsAKA e2, MOy 9UM
VAIGE K(sin(zgt)+ 2esin(?)+3e2 sin(GStD, (1.30)

TouHoe BeIpaxkeHue Jis rpad)ika KMHAMBIX JIy4EBBIX CKOpocTeii», ¢ yuétom (1.6), mpumer Bua
IGM (1+e 1-tg?(E/2)/b? Jz[sin ol + 2ctgo tg(E/2)/b -tgz(E/2)/b2)) |
p’c 1+tg%(Ef2)/b? 1+ tg%(E/2)/b?
I7ie KCIIeHTpUYecKas anoMainus E Beipaxkaercs uepes t u3 ycnosus (1.6).
U3 ypaBuenus (1.29) cienyet 3aBucuMocts V, (V) — aHAJIOT KPUBO# JTy4eBbIX CKOPOCTEH
V, = (IGM/p%c)[sin(e + V) + 2esin(w + v)cosv + e2cosv sin(o + V)], (1.31)

Vr* (t) =
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KOTOpasi B IEPBOM HPUOJIMKCHUH IO CTEIICHSIM €, ¢ Y4ETOM MOHOTOHHOM 3aBucumocTH V(t), Osin3ka K
JOIIEPOBCKOi KpuBoit V(t) amst opbuts! ¢ nonyammmrynoii K' = IGM/p%c, nonroroit nepuactpa o' =
® + 90° ¥ SKCUEHTPUCUTETOM €', KOTOPBIN B JIBa pa3a MPEBbIIIACT UCTHHHBIN YKIICHTPUCUTET €:
Vr = K'[cos(w + V) + e'cosm] = K'[sin(w’ + V) + e'sine']. (1.32)

BbIBo 0 TOM, UTO rpad)ik MHUMBIX JIyUEBBIX CKOPOCTEH COOTBETCTBYET I'pa)iKy MCTHHHBIX JTYUECBBIX
CKOpOCTEH /7151 OpOUTHI YIBOCHHOTO SKCIEHTPUCHUTETA, CICIYET TaKkkKe U3 TU(PEepeHIIMPOBAHUS BbI-
paxenus V(t) (1.9), orkyna cnenyer 3aBucumocTh ar(t) U cooTBeTcTBYIOMAs (HYHKIUS Vr*(t) = la,/c.
[Tpu sTOM ciaraemoe, coaepkaiiee B kadectBe kKoddduinenra e (Bropas rapmonuka 2esin(4mnt/P)),
nocie nuddepeHIupoBaHus MPUoOpeTaeT yaABoeHHbIN K03 duiineHt 4e, coorBercTBys rpaduky V(t)
JUTE OpOUTHI DKCIIeHTpHcUTeTa €' = 2€. Takke yIBOCHHEe SKCIEHTPUCHTETA CIICAYET U3 CPABHEHUS BbI-
pakenwii (1.19) u (1.20), noka3pIBarOIIMX OTHOIICHUE 3HAYCHUH B MUHUMYME U MAaKCUMYM€, COOTBET-
creenno, s Ve u Vy = la/c. Kak BumHO (Puc. 1.18), 5Tv OTHOIICHHS COBMAIYT IPU YCIOBUH, YTO JJIS
rpa¢uka V(t) 3HaucHue €' = 2€, T.¢. B JiBa pa3a BBIIIC HCTHHHOTO €, COOTBETCTBYIOIIECTO Vr*(t).

Kak Bugno (Puc. 1.17), HecMOTpst Ha CXOACTBO TpaMKOB JIyUEBBIX CKOPOCTEH U MHUMBIX JIyde-
BBIX CKOpOCTEH, OHM BCE ke oTinuuarorcs. B wactHocTH, rpaduk V(t) Oosee rmaakuii, yem rpadpuk
Vr*(t) = la,/c, Hapacraroruii ocie MUHEMyMa 0oJice pe3Ko, a BO3JIe V, =0 6onee MoJIOrHii, 4eM V().
[Io3TOMY, CpaBHHBAsI 3aBUCHMOCTb CIICKTPAIBHOTO CMEIICHHUS OT BpeMeHH ¢ rpadukamu V,(t) u V; (1),
MOYKHO YCTaHOBHTbH, KaKas M3 3aBHCHMOCTEH JIydIlle COOTBETCTBYET HAOJIOJACHUSM W yCTaHOBHWTH,
BKJIaJ] KAKOTO CMeIeHus BbIilie — oT ¢ dekra Jlomiepa wiu Putna. [[eficTBUTENBHO, Y psiaa JBOMHBIX
3BE311 OOHAPYKEHO BBIPAKEHHOE OTKIOHEHHE CHATBHIX TPApUKOB JIyUEBBIX CKOPOCTEH OT TeopeThde-
ckux. Hanpumep, y 38&31b1 VB 57 u3 cxomnenus ['man [172] HaOnromaeTcss MIMEHHO Takasi TCHACHIIUS —
rpaduk B paiiloHe MAaKCHMyMOB U MHHUMYMOB Ooiiee KpyToii, a Bosne V, =0 — 6osee momoruii (Puc.
1.17), aro nydmie cornacyercs ¢ puTueBckuM rpaduxom V; (t), gem ¢ gomreposckum Vi(t). TIpuuém
TEHJICHIIs HaOIroMaeTcs Uik 000UX KOMIIOHEHTOB M HE MOXET OBITh PE3yJIbTaTOM CITyYaiHBIX OIIH-
00K. AHajorryHas CUTyaIusl HaOromaetes st 38e3/bl J 271 u3 I'man [172].

OtnenuTh CreKTpalibHble cMemeHus 1Mo 3¢ dekry Puria oT JOImIepoBCKUX, MOXKHO, CPaBHUB
3JIEMEHTBI OPOUTHI, U3MEPEHHBIE CIIEKTPOCKOIMUECKU U BU3YaJbHO, MO KosiebaHusM Onecka. Ecim op-
Outa oOJlagaeT MCTHHHBIM SKCICHTPHUCHTETOM W BBITAHYTA BIOJb Jyda 3peHus ¢ (o =270° wiun
® =90°), Trorna kpuBas Oyecka umeer BUI 4€THOW (yHKUUH, HO d3h¢dexT Purtna mckaxkaer rpaduk
V/'(t) (Puc. 1.10) mtu co3maéT MHHUMYIO KPUBYIO JIy4eBEIX ckopocteii V; (), KOTOpoil cOOTBETCTBYeT
®' =0° wm o' =180° (Puc. 1.18). HecooTBEeTCTBHUS DJIEMEHTOB, W3MEPECHHBIX Pa3HBIMH METOIAMH,
JeHCTBUTENLHO, 0OHapysKeHbI [46], Hanpumep, y 3Be3abl U Lledes (Puc. 1.8).
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Puc. 1.18. Cpasuenne rpaduxos V, (t) (cnaowmas aunus, mis e = 0,3 u o = 90°) u V(t) (nyuxmupnas nunus,
i €' =0,6 u o' =180°). Cnpasa — npumep rpaduka V (t) ms sx3omnanerst HD 74156 b ¢ aHoManbHO BBICO-
kuM €' = 0,63 u o' = 174°. VictuHHas opOuTa MOXKET UMETh YMepeHHbIH skcueHTpucuteT € = 0,32 u @ ~ 90°.

Orimamst rpadukos V, (t) 1 V(t) 3aMeTHBI JHIIb TP BBICOKHX 3HaueHMsIX € > 0,3. D10 3aMeTHO
o oGpasoBannio Ha rpaduke V, (f) BTOPHYHBIX MAKCHMYMOB H MHHHMYMOB, OTCYTCTBYIOIIMX Ha
KpHBO# JydeBbiXx ckopocteit V(t) u Vi(V), Kak jgerko yoeautses, ucciaeays Beipakenue (1.32) Ha skc-
TPEMYMBI, YHCIO KOTOPBIX Ha Hepuoje P paBHO IByM. AHQJOrMYHBI aHAIM3 BHIPAKCHNUS [UIs MHU-
MbIX JyueBbIX ckopocter V, (V) (1.29) moka3siBaeT, 4TO YMCIO IKCTPEMYMOB — PEIICHUN YpaBHCHUS
dVr*/dV = 0 moxer mpeBbIIath ABa. Tak, mit ® = 90°, kpoMe rIaBHBIX dKCTpeMyMoB (mpu Vi =0 u
V2 = T), €CTh BTOpHUHBIC — TpH V3 = arccos(-1/3e) u v4 = 2 — arccos(-1/3e). ITockoabKy 3aBHCUMOCTD
V(t) — MOHOTOHHO HapacTaroIas, COOTBETCTBYIOIIME SKCTPEMYMbI 00pa3yrOTCs U Ha KPUBOM JIy4EBBIX
ckopocrei V; (t). JIerko BUIeTh, 9TO BTOPUYHBIC MAKCHMYMbl i MUHHMYMbI B BUIE TOPOOB H SIMOK
BO3HUKAIOT Ha rpaduKe JydeBBbIX CKOpOocTel auib mpu € > 1/3 = 0,33. Kak mokaspiBaeT KOMIIbIOTEP-
HOE MOJCIUpoOBaHKe W ucciaeaoBanue BoipakeHus (1.29) Ha 3KCTpeMyMbl, NPU OTAAICHHHA © OT
® = 90° (ot Sin® = +1) BTropuuHbIC MAKCUMYMbI 00pa3ytoTcst TpH emé 60mpiux €. A mpu o = 0° win
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® = 180° BTOpUYHBIE HKCTPEMYMbI OTCYTCTBYIOT Jake IpHU € ~ 1, Kak BUIHO M3 aHAIM3a BBIPAKECHUS
V; (v) = (IGM/p?c)(1 + ecosv)?sin(v). ITpu e = 1 rpaduxk V, (t) npuoGperaet cryneHyaryo hopmy.

Haubonpmumx uckaxxeHuit no 3gpdexry Putna MosxHO 0XUIaTh Y ABOHHBIX IyJIbCAPOB: UX OpOH-
TaJbHbBIE Tepuosl P Mansl, a ckopoctr K 1 IEHTpOCTpEeMHUTENIBHBIE YCKOPEHNUS 8; — BelnuKu. COOTBET-
CTBeHHO, H(PdexT PuTma a1 Takux CHCTEM MOPOXKAAET BHICOKMUH MHHUMBIA 3KCLEHTPUCHUTET
e' = la/2¢? = nIK/Pc?. JleWiCTBUTENBHO, U TAKMX CHCTEM XapakTepHbl aHoMmanbHbIe € ~ 0,5-0,8, mpu
KOpPOTKUX opOuTanbHbIX nepuogax P ~ 10 cyr [173], npu xoTopsix TpeHue B armocdepe 3BE3] U MpH-
JMBHOE TpeHHue cKpyriisieT opoutsl 10 € =~ 0. Takum 00pa3oM, HCTHHHBIE OPOUTHI ITyJIHCAPOB MOTYT
OBITH KPYTOBBIMH, a HaOI01aeMble SKCICHTPUCUTETH — MHUMBIMU (3 dekt bappa). Mnu uctunHBIC
HKCIIEHTPUCUTETHI B JIBA Pa3a MEHbIIE PAaCYETHBIX, €CJIM HAOMI0JaeTCsl KpUBAsk MHUMBIX JTy4EBBIX CKO-
pocreii (Puc. 1.17, Puc. 1.18). [lelicTBUTENBHO, Y psila JBOHHBIX IyJIbCAPOB IPAQHKH JTy4YEBbIX CKOPO-
CTe, U3MEPEHHBIE METOJIOM TalMHUHIa, UCKAKEHBI. HAOJIOAl0TCS CHCTEMAaTHYECKHE OCTaTOYHBIC YK-
JIOHEHUS TPa(UKOB JIy4eBBIX CKOpocTe oT Teoperuueckux [81, 174]. [Ipuyém yKIOHEHUs] COOTBETCT-
BYIOT TEOPETHUECKOM (popMe rpaduKOB MHUMBIX JIy4eBbIx ckopocteit V, (t) [81].

Y nIBOWHBIX 3BE3]] CMEIIEHUS CIEKTPAIBbHBIX aOCOPOIMOHHBIX M SMUCCHOHHBIX JIMHUK 1O 3¢)-
¢dexry Putma (1.15) 0ObIUHO CYHMIECTBEHHO MEHbBIIE TE€X, KOTOPBIC MOXKHO OXHIaTh HA OCHOBAHHUHU
MaclTaboOB MCKAKEHHS BPEMEHU Ha KPUBOM JIY4EBBIX CKopoctei (Hanpumep, y nedeunn), rae uHTep-
Basbl Ot PacTATMBArOTCS WIIM CKUMAIOTCS B pasbl. [IpM M3MEHEHHMH YacTOTHI B TOW K€ IPOHOPIHH
MHUMBIE€ CKOPOCTH V" (1.22) Gbinn GBI COMOCTABUMBI €O CKOpOCThIO cBeTa. Ha mpaktuke ¢ dekr me-
peU3ITydeHHUs Ha TIOPSIKU CHIDKACT PUTHEBCKUI CABUT YaCTOTHI (CTAHOBSIIIMICS CPAaBHUMBIM C JIOTLIE-
POBCKHMM) JUIsi YaCTOT JIMHHI IMOTJIONICHUSI aTOMOB, IPUMEHSEMBIX ISl OLIGHOK CMEIEHHH CIEKTpa.
Bosie kaxmoit pe3onancHo# yacToThl fy mokaszarens npemomicHus N [82] ctpemuTensHO HapacTaeT

(1.33)

(rme x — K03 QUIMEHT, XapaKTePU3YIONMH KOHIICHTPAIIUIO aTOMOB, MacCy M CHIIy OCHHJUISTOPOB).
[TosTomy i HUX UIMHBI nepeusiaydeHus | = A2n(n — 1) U nponoprUOHATBHBIE UM CMEIIEHHS 10
sddexty Puria AMA = la,/c? CHIDKEHBI Ha MOPSIKH, TAK 9TO CTAHOBSTCS MCHBIIE CMEIICHMIT 10 ¢)-
¢ekry Jlomnepa nim conocTaBUMbI ¢ HUMHU. HenpepbIBHBIN TIIAHKOBCKHUI CIIEKTP, B KOTOPOM YaCTOTHI
JaJIeKd OT PE30HAHCHBIX, CMENIaeTCsl PUTI-3()(HEKTOM HAMHOTO CHIIbHEE, TIPUBOIS K MHUMOMY H3Me-
HCHHUIO IIBETOBOM TeMIepaTypbl 3Be3/bl. CIEKTP MOTIONICHHS CMEIaeTcst PUTI-3GGEKTOM B TOU ke
Mepe, YTO ¥ TUIAHKOBCKUH, JIMIIG TIPH JIBUKCHUH CBETA B IPOCTPAHCTBE, CBOOOTHOM OT MEX3BE3IHOTO
raza. Takue yClIoBUs peau3yloTCsl B MEKIaJaKTHIECKOM MTPOCTPAHCTBE HITH B KOKHAXY», KKOPHIOPAX»
PO3PAYHOCTH — YIaCTKaxX [ alaKTHKH, IPAKTUIECKH CBOOOTHBIX OT MEXK3BE3IHOTO ra3a.

[Tpu GOJBIIOM 3KCHEHTPUCUTETE, COMOCTABMMOCTH OIUIEPOBCKUX M PHUTICBBIX CMEIICHUH, a
Takke mpu yuére 3((dexra 3ama3ablBaHus, UCKAXEHHUs MPHOOPETyT OoJiee CIOKHBIA xapakrep. Pe-
3yJIBTHPYIOIIAs KPUBask pacu€THBIX JIyueBbIX ckopocteit V' (') onpenensercs A Kaxa0ro 3HaueHus t
Yyepe3 mapaMeTpUUYecKoe 3aJaHhue CKOPOCTH W MOMCHTOB HaOoaeHus t', BRIPAKCHHBIX M3 YCIOBHIA
(1.6), (1.14), (1.23) u (1.29) yepe3 UCTHHHYIO AHOMAJIHIO V B [ICTIOYKE YPABHECHHI

V,' (V) =V, +V, = K(cos(o+V)+ecosm)+V, +IG—2M(1+ ecosv)? sin(w+V), (1.34)
pec

\Y; 1 E l1-e
tg| = |==tg| = | rmeb=./—,
g[z) bg(z)me 1+e

t
IGz—MZI(H ecosv)?sin(w+v)dt .
c

0

Ha rpadukax myueBbix ckopocteit V'(t'), kak oTMeueHO BblIlie, 00pa3yroTCss BTOPUYHBIC MaKCH-
MYMBI © MHHUMYMBI, CTYTIEHU U JIpyrue aHoMaiud. [1omo0HbIe MCKaKEHUSI OTMEYEHBI Y psijia 3BE3.
(mammpumep, y RZ lllura), paccMoTpeHHBIX B MOHOTpaduu [46]. BropuuHbie MUHUMYMBI OOHAPYKECHBI
U B cucTeMax sk3oruianet. Hampumep, y ranetst HD 74156 b Ha KpuBOi#i Ty4eBbIX CKOPOCTEH B paii-
OHE MaKCHUMyMa, IJie Ha rpaduke Vr*(t) JOJKEH OBITh HETITyOOKHUU JTOKANbHBI MHHUMYM, ICHCTBH-
TEJIbHO, OOHAPYKEHA TEHACHIUS K craay jay4eBoii ckopoctu (Puc. 1.18). D10 MOXeT 03HAYaTh, 4TO Y
HD 74156 b opbuta — simunTryeckas, Ho o0nagaeT B 2 pa3a MEHBIINM dKcueHTprucuTeToM € ~ 0,3, u
PETHCTPHPYETCs He MCTHHHAsI KpHUBast TydeBbIX ckopocteil Vi(t), a munmas V, (t), comepskamas BTo-

tzi(E—esin E), t=t+
21
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prunbie MuHEMYMBI (Puc. 1.18). Tem ke 00bsACHUMBI aHOMaJIbHBIE (HOPMBI TPA(QUKOB JTYYEBBIX CKOPO-
cTeil (C BTOPMYHBIMH MakCUMyMaMH) y psijia TIEPEeMEHHBIX 3BE3, BKIIOUas neder bl U 3BE3bI THIIA
RR Jlupsr [175, 176], koTOpble MOTYT MEHATH SIPKOCTh KaK 3a CU€T MyJbCalluid, TaKk U 3a cu€éT opOu-
tanpHOro BpameHus (3pdext 3armenwnii, 3G ekt IHICOnIaTLHOCTH | Ap.). B TakoMm ciydae u3me-
HEHHUE TOJIOKEHUSI BTOPHYHOTO MaKCHMyMa Ha KpUBOHW OJiecka M KpUBOH Jy4eBBbIX ckopocteid (0Opa-
3YIOIIMX TOCIIEA0BATEILHOCT [ epIInpyHra, B 3aBUCHMOCTH OT Mepuoja Kosebanuii 6iecka [177])
OOBSICHAETCS POCTOM SKCLEHTPUCHTETA OPOUTHI NPU YBEIWYCHUU NEPHOJA U U3MEHEHHEM BPEMEHU
3aras/ibIBaHUsl BTOPUYHOIO MaKCHMyMa BBUAY U3MEHEHUS! OPOUTATIBHOM CKOPOCTH KOMIIOHEHTOB.

D¢ dexr Purna, momuMo konebaHUi IIBETa U JIy4€BOM CKOPOCTH, BEN Obl K CHHXPOHHBIM KOJIE-
Oanusm BuauMon sproctu |' nBoiiHbix 38E31 (1.17). [IpeoOpa3oBanue, Mo Mepe IBHKEHUS CBETa, W3-
JTy4eHHUs 3BE3/bl MOCTOSHHON CBETMMOCTH B MEPHOAUYHO MOJYJTUPOBAHHOE M3JIyUYE€HHUE IEPEMEHHOM
spkoctd |' aHaTOrMYHO KIMCTPOHHOMY A(D(PEKTy — HapacTaloOIMM BIOJb IyTH CBETa KOJEOAHUSIM
IUIOTHOCTH TOTOKA 3JIEKTPOHOB, MOAYJIMPOBAHHOIO 1O cKopocTsiM [67, 178]. ['unore3y nBoWCTBEHHO-
ctr nedens;, Kak BO3MOXKHOH MPUYHHBI KOJIEOaHH UX SIPKOCTH W [IBETA, BHIABUTAIN YK€ UX ITEPBOOT-
kpbiBatenu — Jx. I'ynpaiik u pycckuii actpodusuk A.A. benononbckuid, OTKPHIBIINN KoJeOaHHs JTH-
HUI B CIICKTpax e er 1, aHaJOrHIHbIe OOHAPYKEHHBIM y IBOMHBIX 3BE31 [65, 145].

[TepBoe 0OBsicHeHUe Kosiebanmii 6necka nedena Ha ocHoBe dpdekra Purna (1.17) npuHauiexxu
M. Jla Poze [171, 179]. ITo3aneii oty runore3y passuBanu I1. Myn u JI. Criencep [26], B.U. Cekepun
[149], P.C. ®putimyc [79] u B.M. Jlroteiii [123]. B wactHOCTH, B.M. JIt0THII UCCIIEI0BAT TBOWHBIC
PEHTTCHOBCKHUE 3BE3/IbI, Y KOTOPBIX HAOIIOAAIOTCS TUIaBHBIE KOeOaHus OJiecKa M IBETOBOM TemIepa-
TYpBbI, aHAJIOTHYHBIE Ie(PEUTHBIM, TPOUCXOIAIINE C OPOUTATILHBIM MepHoaoM P.

Kak mokasano aBropom [A23], apdekr Purna odbsicHseT Takxke nmpupoay sddekra braxko y
3B&31 Tuna RR JIuper u kapnukoBeix nedens [176]. Ecnu 3Th TUIBI nepeMeHHBIX 3BE3/ MPEICTABIIS-
10T cO0O0# TECHBIE ABOMHBIE CHCTEMBI (3TO MOATBEPAMIOCH I HEKOTOPBIX Iedena u 3831 Thma RR
Jlupsr [180]), To ipu OBICTPOM MOBOPOTE MX JIMHU arcua (MUKIMIHOM U3MEHEHUN ®) OyIeT IHUKINY-
HO MEHSTHCSI KPHBas JIy4eBBIX yCKopeHmil a(t) 1 MHMMBIX syueBbix ckopocteit V, '(t) (1.34). Coor-
BETCTBEHHO, IIUKIUYHO MEHseTCs BbI3BaHHas ¢ dexrom Purna (1.17) kpusas Onecka I'(t) u e€ acum-
metpus [A15]. IMeHHO Takue Bapualliy KpUBBIX Oiiecka Habromatorcs B addekre braxko.

Ecnu cniekrpansHble cMmenieHus o0ycnoBieHsl 3gdextom Purna, Torna y nedeun Kpusas «ry-
YEBBIX CKOPOCTE» OTpakaeT He KoJjiebaHusi CKOpocTH Vi, a KoseOaHuss MHUMOM JTy4eBOM CKOPOCTH
V, 1 yckoperns 383151 a; (1.22). D10 00bICHSIET MPUPOLy MPOTHBOGA3HEIX KoneGanuii sipkocta | ()
U JUTMHBI BOJTHBI A '(t) Ha KpUBBIX OJ€CKa M JIy4eBbIX CKOPOCTEH meden 1, COOTBETCTBCHHO,

"= 1(1 + ra/c®) ™ u A" = A1 + ral/cd). (1.35)
CnBur A’ MeHsIET Tak)Ke I[BET: CHEKTPaJbHBII MaKCUMYM 3BE3/Ibl CMEIIAETCS MTONIEPEMEHHO B KPACHYIO
WIN CHUHIOI 00JIacTh cnekTpa. I[TockonbKy mokaszarenpb IBeTa 3BE3/bl M IOJO0KEHUE CIEKTPAIHLHOIO
MaKcUMyMa I10 3aKOHy cMelleHus: BuHa xapakrepusyer TemnepaTypy, TO Bapualluy LIBETa U IPKOCTU
(1.35) uHTEpIPETUPYIOT KaK BapHUaIlUK KTEMIIEPaTypbl» 3Be3/bl B Pase ¢ omeckom (Puc. 1.19).

Konebanus Giiecka 38311 moka3biBaoT criopHocTh aprymenTa Jle Cutrepa (8 1.1). Mccnenosan-
HbIE UM CHCTEMBbl HE OOHAPYXHIU MepeKoca rpauKOB JIyUYeBbIX CKOPOCTEH, MOCKOJIbKY BBI3BAaHHBIN
sbdexrom Putia nepexoc rpadukos Vi (t) Man st cuctem OIM3KUX K 3emite, a It 0oiee yaanéHHbIX
cUCTeM ¢ 3aMeTHbIM uckaxkenueM V('(t), ono conporoxmaercs konedbanusamu sipkoctu | (t) (1.17). Co-
OTBETCTBEHHO, 3BE3/ly CYMTAIIM HE JBOMHOM (Ha OOJBIIUX I BTOPOH KOMITOHEHT HEPA3IUIuM), a MyJlb-
cupyrolei 3Be310i — nedeunnoil. B urore nepekoc rpadukoB ITyueBBIX CKOpocTel y 1iedens He cBs-
3pIBAJIM C OpPOUTAJIBLHBIM JIBIDKCHHEM 3Be3lbl U 3¢ dexTamu OammucTudeckoi teopun. Easa st a¢-
(eKThl CTAaHOBSATCS 3aMETHBI, IBOIHbIE 3BE3/IbI U3-3a MIEPEMEHHON SIPKOCTU OTHOCST YXke K Ledeunnam,
UCKJTIOYasi U3 PaCCMOTpPEHUs, Ha 4To Briepsbiec oOparmi BuuMmanue [1.C. Yukun [69]. Takum obpaszom,
TSt 1ieder] CyIecTBYEeT 30Ha U30eraHus: 3TH 3BE3bI HE BCTpedaroTcs Ha paccTosHusx I' menee 100
nk (~300 cetoBbIx sieT) oT Counia. [1o nmpeBbIlIeHUH 3TOM AUCTAaHIIUK KoJieObaHus Oiecka mo s dek-
Ty Putna (1.17) craHOBSATCS 3aMETHBI U PAaCTyT NPH JaibHelIIeM pocte . Tak, Onmkaiias K HaMm 1ie-
deuna — [lonspuas 3Be3na, yaaiena Ha pacctosaue ' =~ 430 CBETOBBIX JIET, M 00JIajaeT MaJION aMILIN-
Tynoii kone6anuii 6necka 0,12", Mensis spkocts Bcero Ha 12% [181]. Ilpu pocte I u ycuneHun 3¢-
¢exra Putna (1.17) nedenapl BCTpeyaroTCs yaille, ¥ aMILUTUTYAbl KoJcOaHui X Oyiecka pacTyT.
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Puc. 1.19. Habnronaemeie y nedena konebanus 6aecka M, CKOPOCTH Uy H
TeMIepaTyphl T, Kak ciaencTeue dpdexra Putia s ABOHHBIX 3BE3I.

Wtak, MOIyISmusi CKOPOCTH CBETa OT 3BE3[IbI, JIETAIIEH MO KPYroBOM opOuTe, BEeAET K Kojeba-
HUSIM SIPKOCTH, HApaCTAIOLIUM MPU pocTe TUCTAHIUHU. D(P(HEKT aHaTOruyeH KIMCTPOHHOMY 3 eEKTy,
kak otmedeHo mnpodeccopom H.C. CremanoBpiM. B KIHMCTpOHAX MPOUCXOIUT MPOCTPAHCTBEHHO-
BpeMeHHasi (hOKyCHpOBKa 3J1eKTpoHOB («(a3oBasi (poKycHUpoBKa»), a B TBOWHBIX 3BE3/1ax — cBeTa [67].
DTO MOSICHAET MPOCTPAHCTBEHHO-BpeMeHHas auarpamma (Puc. 1.20), ananornynas npuBOJUMON JUIst
kiauctpoHa [178], xak mokazan B.U. Cexepun [149]. Poct sipkocTu 00yciioBlieH KOHIIEHTpaIMei Jy-
4eil, UCIYNICHHBIX B Pa3Hble MOMEHTHI, BO3JIe BPEeMEHHOro (oKyca, COOTBETCTBYIOLIEIO IyTH Fg =
c’/a, xak BuzHO 3 Puc. 1.20. DddexT pocTa aMmInTy 16! KonebaHuii Gecka JBOMHBIX 3BE3. PH POC-
Te I < Iy, u 00BsicHsIET [69] oTcyTcTBHE HIehens B npez[enaﬁ 100}n)apcel< ot CosnHIia.

=(c+V )t

A

Puc. 1.20. IIpocTpaHCTBEHHO-BpEMEHHAS THAarpaMMa WLTIOCTPUPYET 3P PEKT rpynmupoBaHus CBETa U
(bopMHUPOBaHU KHHEMAaTHIECKHUX BOJIH 3a CYET MOIYJISILIMK CKOPOCTH V, TOTOKA YacTuil Ha nepuoze P.

Dbdexr Putma T'= T(1+ rar/CZ) 3aMETHO MEHSET SIPKOCTh 3BE3/bI TPHU ra/c®~1, wm
r/cP ~ c/V (rne ar ~ V/IP BeipaxkeHO 4yepe3 opOuTaibHbie ckopocth V u nepuon P 3Be3nni). T.e. 3Be3ny
PETHCTPUPYIOT MEPEMEHHOM, €ClIi OTHOIIeHHEe e€ aucTaHuuu r/C (B CBETOBBIX rojgax) K P mpeBbicHT
c/V [A21, 13, 14]. [ns TecHbIX ABOMHBIX 3BE3 V ~ 10% km/c, a P ~ 0,1 rona, u konebanus 6aecka 3a-
MeTHBI Ha nuctanuumu r/c > 300 cB. ner ~ 102 nk. C Takux JMCTAHIIUI U PETUCTPUPYIOT Hieden s [69].

Hanpumep, ams kpyroBoit opOMTBEI KpUBas JIy4eBOTO YCKOPEHHUS &y UMeeT (pOpPMY CHHYCOH/IBI:
ar= a-sin(2xnt/P), ecnu Bpems t OTCUNTHIBAETCS OT MOMEHTA MIEPECEUCHUS 3BE3101 KAPTUHHOM MII0CKO-
cti. B uTore nusaMepeHHas CBETUMOCTD U SIPKOCTD |~ IEpHOINYHO MEHSETCS 110 CPAaBHEHUIO ¢ HCTUHHON
| (koTopast umena ObI MECTO B OTCYTCTBHE JABHIKCHHUS 3BE3/IbI), IPOMOPIIHOHATBEHO

T ( ra . (mD—l
—=|14+—sSIn| — .
T c? P

2
B urore cBeTHMOCTD 3Be3/1bI B IPUOJIMKSHUH ra/C” << 1 mpumeT BH]

-1
L |(1+Esin(@D ~ |(1—Esin(@)j — 1Al sin(@j , (1.36)
T 2 P 2 P P

C C

NEePHOANYHO MEHSSICh B MPOTHBOda3e ¢ yckopenueM a,;. CuHycouaanbHas kpusas Omecka (1.36) kak
pa3 xapakTepHa I MaJOAMILTUTYIHBIX (PU3MUYECKU MTEPEMEHHBIX 3BE3T, JUIs1 KOTOPBIX TIITyOMHA MOMY-
asEu sproctd M= Al/l = ra/c’<< 1. Eciu nedeunpl — 3To ABOMHBIE 3BE31bI, Torna ¢ ekt Purna
MO3BOJIUT JIETKO WHTEPIPETHPOBATH AaHOMAJIBHBIC CBOMCTBA me(en 1 U qpyrux mepeMeHHBIX 3BE3M, HE
MOJyYHBIIUX OOBSICHEHHUS B paMKaxX MyJbCAIlMOHHON Teopuu. He 3ps B mocienHue rojabl nepemMeH-
HOCTb, OCIWJIISIIIUN OJiecka 3BE3] BCE dallle CBA3BIBAIOT C HAIMYUEM BO3JIC HUX 3BE3]I-CITYyTHUKOB H
sx3omianeT [184]. CoBpeMeHHbIH yTOYHEHHDIH aHanu3 runore3sl Jla Po3b-CekeprHa MO3BOISAET YCT-
PaHUTH OOJIBIIMHCTBO BO3PaKCHUI MPOTUB 3TOW TUTIOTE3bI, B T.4. YIIOMSHYTHIX B [6, 182-183].

B gactHOCTH, 3ddekT Putiia 00bscHACT CHHXPOHHBIE ¢ KoJIeOaHUsAMH OJiecka KosieOaHUs IIBETO-
BOU TemIepatyphl U Jy4eBoii ckopoctu nedens (Puc. 1.19), u3mMepeHHO#, COOTBETCTBEHHO, IO CIICK-
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TPy u3iydeHus u nornomeHus. Ecin xonebanus Oiecka u crekTpa o0ycioBieHsl d¢¢dexrom Putna,
TO JOJKHA CYIIECTBOBAThH CBSI3b MEXKAY XapaKTEPUCTUKAMU KPUBBIX OJIECKa, «Iy4eBBIX CKOPOCTEN» U
«reMrepatyp». JlelCTBUTENBHO, COTJIACHO HAOINIOIEHUSM, C HapacTaHWEM AaMIUIUTYIbl KoJeOaHui
Osecka, pacTéT aMIUTUTyda KoJIeOaHHUH TeMIepaTyp W JydeBbIX ckopocreit [185-187]. Paccmorpum
3BE3/y, YAANEHHYIO Ha PAacCTOSHUE I, IBMKYIIYIOCS IO KPYrOBOl OpOHTE C IEHTPOCTPEMHUTEIbHBIM
yCKOpeHHEM a | obmafaroinyio cpeaneit spkocteio |. Torma, cormacuo (1.36), spkocTh B MaKCHUMyMe
~I(1+ ra/cz), a B Munumyme ~1(1 — ra/cz), €CJIU TITyOWHA MOIYJISIIIUU SIPKOCTH M| HE CITMIIKOM BEJIHKA
mi = Al/l = ra/c’< 0,5.

Te xe npeoOpa3oBaHus UCIIBIThIBAET yacToTa f ¥ juinHa BosHbI A. [103TOMY B CrieKTpe u3Iyye-
HHS 3BE3/1bI CIICKTPAIBHBIH MAKCUMYM Amax PETYJIIPHO CMEIIAeTCs, a MaKcuMalbHoe cMereHue Af/f =
AMA =~ ra/c®. Bapuariu Ama HHTEPIPETHPYIOT Kak Kojnebanus Temmepatypsl dortochepst. Ho crek-
TpaJbHBIN aHaJM3, 10 3aKOHY cMmeteHust Buna Tcdmax = b = 0,003 MK, gaét nuins oeHOYHYI0 IBETO-
BYIO TEMIIepaTypy I, 4acTO He COBMajaroliyro ¢ uctuHHou T [82, 188]. Ileproanunbie cMeIlieHUs
criekTpa nedenapl omud0YHO HHTEPIPETUPYIOT KaK KOJICOAHHS TEMIIEPATYPhI ¢ TIIyOUHON MOTYJISIITIN

Mr = ATo/Te = Ahmax/hmax = ra/c’,

Takum 06pa3oM, coriacHo OaNIMCTUYECKONW TEOPHH, TITyOUHBI MOAYJISIMN TEMIIEpaTypbl Mt U SPKO-
CTH M| JOJHKHBI COBIAJATh, B COMVIACUU C HAOMOIeHUsIMU. B MOMEHTBI MakcuMyma Oiiecka u -ay, Ko-
I/1a CIIEKTP MPEAETbHO CMEIEH B CHHIOIO 00J1aCTh, MOKaXKETCs, YTO TeMIIepaTypa 3Be3/1bl MaKCUMaJlb-
Ha. HeOomnbime pacxoxaeHust B popme u ¢ase konebanwmii 1(t), Te(t), V(t) oOycnornens! pa3Hoii 3kc-
TUHKIHEH (ITOTJIOIIEHUEM U MEPEU3IyUCHHEM) JydYel pa3HOro IBETa, ¢ MPOMEKYTOUHOU cpenoit (00-
JaKaMH rasza). DTO HEcOBIaJcHHE KoyeOaHui Ojiecka meeuabl B pa3HbIX I[BETaX, SKOOBI OTCYTCT-
BYIOIIIEE, TOKE MPUBOAMWIM B KauecTBe mpotuBopeuns moaenu neden Jla Possi-Cexepuna [183]. A
(haKTHYECKU 3TO HECOBIAJCHUE KPHUBBIX OJIECKa B Pa3HBIX JUara3oHaX OTYETIMBO HaOsromaercs [65,
189]. Kak ormernn Jla Po3a, pacxoxkaenus B popme konebanuii I(t), Tc(t), Vi(t) nedenn obycaoBaeHb
TEM, YTO KpUBBIE OJIeCKa U TeMIIepaTyp OTOOpaxaroT 00IIee U3MEHEHHE SIPKOCTU M CIIEKTpa ABOWHOM
3Be3/bl, a KpUBas JIy4YEBbIX CKOPOCTEH — OHOIO KOMIIOHEHTA. JINHUU BTOPOr0 KOMITIOHEHTa, MEHbIIIe-
ro Oriecka, He BUIHBL. B pamkax Oammuctiueckoit Teopun konedanus I(t), Te(t) mo apdexry Purna mi-
JIFO30PHBI, @ UCTUHHAS APKOCTh U TeMIiepaTypa edeuna (OTIuYHas OT IIBETOBO#) — HEU3MEHHBI.

Mexny riryounamu Moxyssiuuu sipkocti M= Al/l u nydeBbix ckopocteit My = AV,/V, yxe HeT
CTPOroro cooTBeTcTBUs. JIMHEWUYaThIil CIEKTpP MOIJIOMICHUS HCHBITHIBAECT MEHBIINE KojeOaHus, yeM
HENPEPBIBHBIN CIIEKTP M3NMydeHus, T.K. 3 dekT Putia npeodbpaszyeT CrieKTp U3IydeHUs] Ha 3HAUUTEb-
HOM YacTH MyTH I CBETa, a CIIEKTP MOTJIOUIEHHsI MOTYT CO3/1aBaTh CJIOW ra3a Ha MPOMEXKYTOYHOM MyTH
I. Kpome toro, y dactor fy BO3Jie JIMHUI MOTIOIICHUS AaTOMOB YBEJIMYCH MOKA3aTelb MPEIOMIICHHS N
raza (1.33) u camxen s dexTuBHbIi myTh | ~ M271(N — 1) Tpanchopmaruu cBeta puti-3¢ddexrom. Bort
MoYeMy MPONOPIMOHANIBbHBIC | pUTIIEBCKHE CMEIIEHUS CIICKTPAJIbHBIX JIMHUN 3aMETHO CHU)KEHBI, ITPH-
4éM B pa3HOU cTeneHH JUIsl JUHUI pa3HbIX 3JIEMEHTOB, B 3aBUCUMOCTH OT KOHLIEHTPALIUU COOTBETCT-
BYIOIINX Ta30B ¥ 3Q(GEKTUBHOCTH MEpeu3IyueHus B HUX. HecoBmaienue aMInTy KoieOaHuil myde-
BBIX CKOPOCTEH B JIMHHSIX PAa3HBIX JIEMEHTOB PEeajbHO OTKPBITO y Iieden ] u IBOMHbIX 3BE3 [46, 175].
3a cuéT mepeusNy4eHUus CIBUTH CIEKTpa moriomeHus mno pdekram Purna u [Jomnepa MoryT ObITh
COIOCTaBUMBI, a Y psijia IEPEMEHHBIX 3BE3] TOIIEPOBCKHE CMELIEHHS Mpeo0aiator.

HaOmnroieHus BBISIBIIIN CBSI3b aMILIUTY/IbI KOJIeOaHMii Oyiecka (rayOrHBI MOIYJISILIMUA M) C aCUM-
MeTpuel KpuBoi Osecka. [[ns nedens xapakTepHO pe3Koe HapacTaHHWE SPKOCTU W TUTABHBIN €€ cria.
CremneHb aCUMMETPHUH PACTET MPHU YBEIMUYCHUU aMIUIUTYIbl KoJleOaHui Oiecka. DTO TOXKE HAXOIMT
o0bsicHeHue B OamncTuueckoi Teopuu. Kak mpaBuiio, y TECHbIX ABOMHBIX 3BE3]] OPOUTHI KPYTOBBIE.
COOTBETCTBEHHO, KpHBas CIEKTPAJIbHBIX CMeEIIeHUH AA/L M JIydeBBIX CKOPOCTEH — 3TO CHHYCOH[A
(1.35). Onnako addext Putia cozgaét acummeTprio rpa@uKOB JTy4eBbIX CKOPOCTEl U OJIecKa, Mpua-
Bas UM miooOpasnyro dopmy (8 1.1, § 1.4). C yBenuyeHHueM nepekoca pacTyT COMPOBOKAAOIINE
ero no 3¢¢dexry Purna Bapuauuu spkoctu. [loaromy knaccuyeckum nedeuaMm ¢ aCUMMETPUYHBIMU
kpuBbIMH V(t) CBOHCTBEHHBI BBICOKOAMIUTUTYIHBIC KOJIcOaHus Ojiecka. A MEepeMEHHBIM 3BE3/1aM C CH-
HycounganbHoi KpuBoit V((t), cBoiicTBeHHBI KOjebanust Oaecka ¢ M << 1, KaK y MaJOaMILIUTYIHbIX
nedenn tuna { bausuenos [175, 176]. D1oT a3ddekt mmroctpupyer TpéxmepHas pazoBasi AuarpamMma
KITUCTPOHA: MPU HAPACTAHWHM aMIUIUTYAbl KOJICOAHWH IJIOTHOCTH MOTOKA DJIEKTPOHOB PACTET aCHM-
METpHsI BOJIH, KOTOPBIC CTAHOBSITCS M3 CHHYCOMIATbHBIX — KHOMJAIbHBIMH, C OCTPhIMHU MuKamu [178].

K acummerpun kpuBoii Onecka nedeuns MoryT npuBectd U 3((eKTbl B3auMOICHCTBUS CBETA C
Mex3BE3MHON cpenoit. Cpena HUBETUPYET OTKIOHEHHUS CKOPOCTH CBETa OT HOMHHAIIBHOHM B pa3HOM
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CTETEeHH IS JIy4el, UCITYIIEHHBIX C Pa3HOW YaCTOTON U CKOPOCTHIO B MOMEHTBI IPUOIIKEHUS U OT-
nanenust 38e37pl. Kak ormedeno B § 1.1, MOCKONBKY MepeH3ydeHre 00yCIIOBIEHO HHTEphEpEHIUEH
UCXOJHOTO W3IyYeHHUs C BTOPUYHBIM, MEPEU3NTy4YEHHBIM cpefod, OHO A (EKTUBHO JHIIG IS yAa-
nsiromuxcst ucTouHukoB: V> 0. A npu V, <0 mepeusnyd€HHBIA CBET CO CKOPOCTBIO C HE JIOTOHSET
NEPBUYHOE M3IIyUYE€HUE CO CKOPOCThIO C — V> C, He uHTepPEepUpyEeT C HUM U HE MEHSIET €ro CKOPOCTb.
TouHee, yBennueHa JJIMHA SKCTHHKIUH |, HA KOTOPOH MEHSETCSI CKOPOCTh, MOCKOJIbKY B ra3e 3a cyér
MaKCBEJJIOBCKOTO PacIpeIeNICHUs] €CTh aTOMBI CO CKOJIb YTOJJHO BRICOKMMH CKOPOCTsIMH. PaccessHHOE
MU H3ITydeHHe 00J1aJaeT CKOPOCTHIO JOCTATOYHOM ISl HHTEP(PEPEHIINU C UCXOAHBIM U3ITyUYCHHEM.

B wurore, npeobpazoBanue rpauka Jy4eBbIX CKOPOCTEH CTAHOBUTCS HEIMHEHHBIM 10 Vi, co3aa-
Basi aCHMMETPHIO KPUBBIX OJIECKa U JYYEBBIX CKOPOCTEH Ie(er I, BRIPAXKEHHYIO TeM sp4e, YeM BHIIIEe
amIuTyaa Kojebanuil 6necka. Takum oOpa3oM, kosebaHust Onecka HE TOJIBKO HApacTaloT MO Mepe
JIBIDKCHHUS, HO M YKPYy4aroT nepeannii GpoHT. TopMossiee neiicTBre MEK3BE3IHON Cpeibl aHAIOT Y-
HO TOPMOXXEHHUIO JTHOM MOBEPXHOCTHBIX BOJH: MPH BBIXOJIE HA Oeper BOJIHBI HApaCTaIOT, 3a0CTPSIOT
rpeOHU M YKPYYAOT MepeTHUN (DPOHT, BILIOTH JO €r0 ONPOKUIbIBaHHS. T.¢. U IeeuT U IPyTux me-
peMeHHBIX 3BE31 3Bosmtonus poduiist BoH I(t), Vi(t) MoskeT onucats uepe3 ypaBHeHUE Yu3ema.

Kpome niedena, k puzndeckn nmepeMeHHbBIM 3BE3/1aM OTHOCST Takxke 3BE3/bI THa RR JIuper, RV
Tenbua u o Kura (mupuowr) [176]. Konebanus ux Oiecka Taxke IPUHATO OOBICHATH 10 TEOPHHU ITyJIb-
caruii. OHAKO OHA COAEPIKUT PSII MapagoKCcoB U mpotuBopeunii [126]. Tak, B Xoje myibcaliuii 38e3-
IIbI €€ CIEKTpaJIbHbIC JIMHUU JIOJDKHBI HE CMEIIAThCS, a IEPUOANYHO YIIUPSITHCS MOMEPEMEHHO B CTO-
pPOHY KOPOTKHX W JUTMHHBIX BOJH. Ho HaOmIOAeHWs MoKa3aid, 4TO JIMHUU HE MEHSIOT IIMPUHBI, a
CMEIIAI0TCS KaK IeJI0e, CBUACTENLCTBYS O JABMKEHUU 3BE3/bI IO opOuTe Kak nenoro. OTcyTCTBHE Tie-
PHOAMYHOTO YIIMPESHHUS CIIEKTPAIBHBIX JIMHUH U IMyJIbcaluid 1ieden] moaATBEpKAAl0T U Pe3KHe, Y3KHe
cniekTpaibHbie uHuK nedenn [126, c. 104]. [Tynbcupyromye 3BE31bI HAMOONBLICH TEMIIEPATYPOH U
SPKOCTBIO 00J1a1ami ObI B MOMEHT mipeienbHoro cxkatus npu Ve = 0. PeasibHO ke 3Be37a sipue BCETO B
MOMEHT PaCUIMPEHHUsI ¢ MAaKCUMAaIbHOW CKOPOCTHIO, €CIIM MHTEPIPETUPOBATH CMEIIECHUS CIIEKTPAh-
HBIX JIMHUH Kak jgoruiepoBckue [126]. [IpuuuHoii 3TOro cuntaroT HeCHH(GA3HOCTh MyJIbCAllUii BHEIII-
HUX U BHYTPEHHHX CJIOEB 3BE3JIbl: BHEUIHHE cliou (Xxpomocgepa, oOpasyromiasi JUHUU TOTJIOIICHHS)
naroT KpuByro ckopocteit V(t), a BHyTpennue (pomocghepa) — xpusyro 6iecka I(t) [126].

Jlpyroe HECOOTBETCTBHE — OTCYTCTBHUE 3aTyXaHWsl IyJbCcallui 3BE3/, HEM30EKHOE B TUCCHUIIA-
TUBHBIX cucTeMax. [Ipearmonararor Hajmuue aBTOKOJIC0ATEIBHOTO MPOIIECCa, OT PEryJIIPHOTO HU3MEHe-
HUs K03 PUIHeHTa TPOMYCKaHHs CJI0sS HOHU30BaHHOTO renus. Ho 3Ta rumote3a He 0OBSICHSET mepe-
MEHHOCTh 3BE3/, CONEpIKAIuX, CYIs 1O CIEKTpaM, HE3HAYHMTENBHBIA MPOIEHT Telus. A B paMmKax
OaTHCTUYECKON TeopuH, eciu KojeOaHus Oyiecka BBI3BaHBl OPOUTAIBHBIM JIBIDKEHHEM JIBOWHBIX
3BE3]1, TO TIEPEMEHHOM MOKET OBITH 3B€3/1a JII0OOTO pa3Mepa, CBETUMOCTH M XUMHYECKOTO COCTaBa.

Cornacno runorese Jla Po3bl-Cekepuna, kojeOaHus Ojecka HE 3aTyXalOT, MOCKOJBKY OpOu-
TaJILHOE BpAIlleHUE — 3TO pUMEp HauboJee CTadMIbHOTO NBMKEeHUs. HO M3BECTHBI 1Ieer Ibl, SMU30-
JTUYECKH TPeKpallaroliine MEHITh SIPKOCTh U BHOBb HaunHatoue. Hanpumep, [lonspuas 38e3na B Ha-
gajie XX B. pa3 B 4eThIpe JIHA MEHsIa IpKOCTh Ha 2M;= 15 %, a k xoHmy XX Beka KoJieOaHHUs UcYe3-
u: 2m; < 1 % [181, 190]. B nacrosiiee Bpems y [lossspHoit amriutyna 2m; caosa gocturia 4 %.

HecrabuiapHOCTh KONeOanmii Oyiecka neden mpoTUBOPEUUT TEOPHH ITysibcaruii. B 6ammuctude-
CKOH TEOpHH 3Ta HECTAOMILHOCTD — CJIEJICTBUE OBICTPHIX BapUaIlUil 2IEMEHTOB OPOUT B TECHBIX JBOM-
HBIX CHCTeMax (C MepuoJaMu XapakTepHbIME JUis ieden ) 3a CUET rpaBUTAIMOHHBIX, IPUIMBHBIX CHII,
4TO OTpaxkaercs Ha KpuBou ar(t) u Ha kpuBoii Onecka I(t) [A23]. B yacTHOCTH, TUIOCKOCTh 3BE3THOM
OpOUTHI B XO/IC MPEIECCUN MCHSET HAKJIIOHEHHE | K KAPTHHHOW MJIOCKOCTH, ¥ B OJMH MOMEHT MOXET
npeacTaTh BUAMMOH B IU1aHe (MepreHanKyIspHO JIydy 3peHus I), a B 1pyroii — ¢ pebpa (Puc. 1.21). B
nepBoM ciydae ar = 0 ycTpanseT kojebanus 0iecka, kak Hanpumep, 1 nedeuast RU Xupada. [pu
BBIXOJI€ OPOUTHI M3 3TOr0 NoJokKeHus ar 7 0 ¥ kojebanus 6iecka BOCCTaHaBIMBAKOTCH.

Puc. 1.21. TIpeueccust OpOUT CIIyTHUKOB BEAET K SMU30AMYECKOMY NCUE3HOBEHUIO KOJIeOaHui
YCKOpECHHS 8, M IPEKPAIECHHIO MyJibcaruii y cucreM tuma [lonspuas Aa u ['epkynec X-1.
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[MTockonbky y 3BE31, Kak y JIyHbI, peneccust OpOUT LUKINYHAs (4epe3 OAMH NEePHOJ MPELECCuu
opbuTa 3aHuMaet npexuee monokenue [191]), To amruntyaa Konebanuii 61ecka reden ] J0DKHa TTe-
pHOIMYHO MEHAThCs. Takue Bapuanuy xapaktepHsl 1 38E31 Tuia RR JIupsl U KapiaukoBbIX meden
— IePEeMEHHBIX C MMEPUOAMH B HECKOJIbKO 4acoB [176]. DTo ecTeCTBEHHO, OCKOIbKY Mablil TIEPHO.T
oOpaileHHs 03HayaeT OJIM30CTh KOMIIOHEHT JIBOWHOW 3BE3[bl M 3HAYUTEIBHOCTh I'DAaBHUTAI[MHOHHBIX
BO3MYIIICHUH OPOWT 3a CUET PESITUBUCTCKUX W NMPWIMBHBIX 3 dekToB. [ToaToMy y Takux 3BE31 Ha-
Onromaercst psiZi HEOOBSICHUMBIX TEOPHEH MyJbCAllMi aHOMAJIHMW: EPHOAUYHO MEHSEeTCs popMa Kpu-
Boit Ostecka I(t) (oghpexm Bnasicko) m odens mMemieHHo — mepuoa P ero konebanwmii [176]. B Gamm-
CTHYECKOH TEOPHH TH BapHaLMK OOBSCHUMBI BPALLICHUEM JIMHUMU aTICH] Y 3BE3IHBIX OPOHUT B TECHBIX
nBoiHbIX cuctemax (Puc. 1.22). BriepBble Takyto mperecchio opouT Hadmonan A.A. benomnonbckuii
[65]. CormacHo (1.31), mo mMepe BpalleHHss OPOUTHI MEHSETCS B 3aBUCUMOCTU OT ® ()OpMa KPUBBIX
ar(t), Vi (t) u 6aecka m(t) mwm I(t) (Puc. 1.22). Iocite momHOro 060poTa OpPOUTH KPHBask GIIeCKa MIpH-
HUMaeT ucxoanyto popmy. Takum obpazom, B cornacuu ¢ 3¢pdexrom braxkko, mpodunu kpuBoi Oie-
CKa TIEPUOJUYHO MOBTOPSIIOTCS. Bpalenne opOUT M IUKIMYHOE M3MEHEHUE HX (OPMBI MOXKET OBITh
BBI3BAHO M BO3MYIICHUSIMH CO CTOPOHBI 3BE3]1 U IJIAHET, TOXKE BeayIuMu K 3ddekry braxko [175].
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Puc. 1.22. TIoBOpOT IMHUY ANICHI OPOUTHI U3 MOJIOKEHHUs 1-3 B
nonoxenue 1'-3' mensietr hGopMy KpuBOit yckopeHus a, u 61ecka m(t).

BhICTpBIil TOBOPOT OPOUT MOXKET OBITh MIUTIO30PHBIM, €CIH PUTL-3(D(eKT KoMmIpeccupyeT Ha-
omogaemsbii mepuox P = P(1 + rar/cz) JBOMHBIX 3BE3]I, IEHTP MAacC KOTOPBIX ABMKETCS C YCKOPEHHUEM
ar~ -C*/r. Toraa H3MepeHHbIil epHO OOPAICHHS i KOJTeOaHHH 61eCKa COKPATHTCS C CyTOK 0 YacoB,
YCKOPHB CMEILEHHsI TIEPUACTPOB M IIMKIMYHbIC BapUaIlMH KPUBBIX CKOpocTel u Onecka. Dpdekt Put-
1a pu Bapuanusx a,(t) oobscHsaeT Takxke poct neprozaa P’ nedeunn, mynbcapos (8 2.1).

Habmromaemoe y niedeni n3MeHeHHE TIepHoaa MOXKET OBITh TaK)KE BHI3BAHO NMPWUJIMBHBIMH U Pe-
JSITUBUCTCKUMH 3(eKTaMu, MEHSIONUMH PaJnyChl OpOUT 3BE3 B TECHBIX JIBOMHBIX CHUCTEMaX,
BKJIIOYast JBOMHBIE myJibcapsl [42, ¢. 117]. B urore pacTér opOHUTANBHBIM IEPUOJ U PABHBIA €My ITEPH-
ol kosiebanuit 6necka P. Tak, y [lonsipHoil mepuos exxeronano Hapacraet Ha 8 cexyn. [lonsipHas Bxo-
JUT B JBOWHYIO CHCTEMY, I1e KoMmmanboH Polaris Ab (kapiuk riiaBHO# MOCiIeA0BaTEILHOCTH) 00pa-
1aercs Bo3Jie riaBHoi 3Be3nbl Polaris Aa 3a 30 net, kak ycranoBui A. benonosbekuii [65]. Koseba-
Hus 6necka ¢ P = 4 cyt y [lonsipHOii BRI3BaHBI, BEPOSTHO, MPUCYTCTBUEM 00Jiee OJIM3KOTO CITyTHHKA.

ONU3041M4eCKH, BMECTO TUIABHBIX, HAOIIOJAIOTCS CKAaYKOOOpa3HbIe U3MEHEHHsI MIEPHOJIOB 1ede-
un (enumuu), HeOOBSICHUMBIE B TeOpUH myibcanuii [176]. A B pamkax rumore3sl Jla-Po3si—Cekeprna
[JIMTYA MOTYT OBITh BBI3BaHBI CTOJIKHOBEHHEM 3BE3[IbI C aCTEPOUJaMHU. YIap CKAYKOM MEHSET CKO-
POCTh 3BE3/1bl, €€ OpOUTY W MepHroa oOpamieHus. 3a CYET MaJIoW MacChl CTOJIKHYBIIETOCS Teja, U3Me-
HEHHE TIepUO/ia, KaK MPAaBHJIO, MAJI0 B CPAaBHEHHU C OpPOMTAJIBHBIM MEPHOAOM. B yacTHOCTH, y IBOIA-
Hoi 3Be31b61 W Bombiold Menseaunpsl B 1964 1. mepuoj oOparieHus ¥ KoyieOaHUi OJlecka CKauKoM
BBIPOC IOCJI€ KOPOTKOW BCHBIMKHM [175], KOTOpas MOXET CIYXHTh CBHUICTEILCTBOM CTOJIKHOBEHUS
3BE3JIbI C aCTEPOHIOM, H3MEHHUBIINM €€ opOuTy. CKaukoOOpa3HbI POCT Mepro/ia HaOII0aIICs W IS
RU Enunopora [175]. Takum o06pa3oMm, B OaJUIMCTUYECKON TCOPHUM BapHAlUU XapaKTEPUCTHK Iepe-
MEHHBIX 3BE3]] — ATO CJICJACTBHE U3MEHEHUS pa3Mepa, GOpMbI M OpUEHTAIMH UX opOuT. OTCIO/1a MOXK-
HO BBIBECTH HOBBIC KPUTEPHU NPOBEPKH OAJUTUCTHUECKOM TeoprH U runote3sl JIa-Po3si—CekepuHa.

XapaKkTepUCTUKU MIEPEMEHHBIX 3BE3/1 MOTYT MEHSATLCS M 3a CUET BapUaIMil [UIMHBI SKCTUHKIHH |
NpY U3MCHEHUHU KOHICHTPAIIMKA MEK3BE3IHOM Cpefibl Ha Jiyde 3peHus I. JIns psaa ABOWHBIX 3BE3, B
yactHocT J 259 (Fuaowr) u RX Kaccuonen (8 1.2), 00HapyKEHO OTJIMYKME aMILUTUTY/T JIy4EBbIX CKOPO-
CTeli, U3MEPEHHBIX B pasHble dn0xu [172]. Eciu nepuon kosnebanwuii 61ecka P mpeodpasoBan s dek-
ToM Putna otHocUTENbHO OpOHUTanbpHOro P, Torna Bapuanuu | Be130oByT m3MeHenue P ’,— miaBHOe min
CKa4K000pa3HOe TPH MEePECCUCHHH JIyda CBeTa (PPOHTAMU 00JIAKOB MEK3BE3THOTO rasa.
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B OamnucTuyeckoil TEOpHM 3JEMEHTapHOE OOBSCHEHHE IIOJy4yaeT 3aBUCHMOCTb IEPHO-
cBeTHMOCTD JiIsl 1iedena. [TockombKy Hedernibl — 3TO TECHbIE ABOHHBIE CUCTEMBI, TJ€ PaIuyChl 3BE3]T
U UX OopOHT conocTaBuMbl [51], To Oosiee KpymHbIe U ApKHe Hedenapl 00aa1aroT Ooee MUPOKUMHU Op-
OuTamMH, KOTOPBIM COOTBETCTBYIOT OoJjiee JUIMHHBIC Nepuonabl. HaOmroneHus, AeiicTBUTENBHO, BBISB-
JISIFOT TaKyIO CBS3b MEPHOJIa U CBETMMOCTU y TECHBIX JIBOMHBIX cucteM [46, c. 180]. Hamporus, mis
3B&311 Tunia Mupsl Kuta u RV Tenblia, ¢ mepuoaamu mopsijika rojaa U MApOKUMUA OpOUTaMH, OCHOBHOE
3Ha4YeHHe MpuoOpeTaeT Macca 3Be3/bl: 0oyiee IPKUM M MAaCCHUBHBIM 3BE3[1aM TAKOTO THUIIA COOTBETCT-
BYIOT 00Jiee KOPOTKHE OpOUTAIBHBIC IEPUOABI CITyTHUKOB M BapHaluii 0iecka. 9To 0ObsICHAET 00pat-
Hyt (MO0 cpaBHEHHIO ¢ LedeuaMu) 3aBUCUMOCTh KIIEPHO-CBETUMOCTB» Ui 3BE3]] TAKOTO THIIA!
JUTHHHBIM TIEPHOaM OTBEYaeT MEHbIIAs CBETUMOCTH [176], BOMIpeKH TeOpHH MyJIbCallHi.

VY nedenn u 38é31 tuna RR Jluper kpuBbie 61ecka 00bIYHO copepkaT HEOONbLIONH ropOUK, BTO-
puunblii MakcumyM [175]. B Teopun mynbcaliuii ero 00bsICHSIOT (HE BIIOJIHE CTPOr0) OTPAKCHHEM KO-
nebanuit armocdepsl 1edensl ot sapa 38e3bl [175] 1 HanokeHHeM 3TOro BTOPUYHOTO KOJICOAHHS CO
caBurom 1o ¢ase A Ha ocHoBHOE [185, c. 89]. IIpoiie 00BsACHIET BTOPUUHBIH MAaKCUMYM THIIOTE3a
JIBOWCTBEHHOCTH Ledenna. Y 3BE31, obpasyromux nedenapl, 3aMeTHa JIMIIb IJIaBHas sipkas 3Be3/a, a
OJ1eCK 3BE3/IbI-CITyTHUKA WM IJIAaHETHI TepsieTcs Ha €€ (oHe, kak mokasan bemomonbekuii [192]. Eciu
SIPKOCTH TJIABHOHM 3BE37Ibl M CITyTHUKA COINIOCTaBUMBI, HX KPUBBIC OJieCKa ¢ MAaKCUMyMaMH, YIIUPEH-
HBIMH 32 CYET BpalleHUs 3BE3], MaayT MPH CIOXKECHUH JIBa MakcumyMma u jaBa munumyma (Puc. 1.23).
bannucruueckas Teopus npeackasbiBaet, Kpome BeanduHbl caura Ag = 0,5 (JryueBble yCKOpeHuUs ma-
PBI 3BE3]1 MCHSIOTCS B IpoTHBO(ase), uaMeneHre Ag (cMerenrne roporKa) B 3aBHCUMOCTH OT TIEpHOIa
P [175, 176] u oT opOMTANBHBIX CKOPOCTEH TJIABHOW 3BE37bl U CIYTHUKA. JTU cKopocTd Vi1 u Vg,
COTJIACHO OAJUTMCTHYECKOMY MPHUHIIUITY, TPUBEAYT K pa3HOMY 3ara3/IbIBAHHUIO CBETA, MEHSS AQ.

CornacHo Teopun Putia, BTOpUYHBIN MakKCHMyM MOKHO HaOJIOJaTh U Ha KPUBOM Oiiecka oJTHON
3BE3/Ibl, €CJIM CIYTHHK — 3TO 3Be3[la MaJoil CBEeTUMOCTH (KpacHbI, KOPUYHEBBIH KAPIUK) WIH IK30-
wiaHeta. [leiicrButensHo, pu € > 0,33 Ha rpaduke ar(t) u, cienoBarensHo, Ha |'(t) u V'((t) (1.35) 06-
pasyercs rop0. ITo 3akony Jlrogenmopda npu pocte P B cpenrem pactér €, a Ha kpuBbixX I'(t) u V' (1)
npyu HEKOM KpHUTHYecKoM P oOpasyercsi BTOpUYHBII MakCUMyM, KOTODPBIM NpH JalbHEHIIEM pocTe
neproJia CMenaeTcst 1 ucuezaer. KoMmproTepHOE MOJETMPOBaHIE TOKA3bIBAET CMEIICHUE BTOPUIHOTO
MaKCHMyMa IIpH yBeJIHndeHuu nepuoaa P nedenssl, B cornacuu ¢ HabmroaeHusmu [175, 176]: rpadukn
I'(t) u V'((t) 0Opa3yroT Tak Ha3pIBaEMYIO MMOCIIEA0BaTEILHOCTH [ eprrmmpynra [177].

Puc. 1.23. breck 3831 A 1 B Mensercs B mpotuBodase, 00pasyst CIOKHYIO
HHTETpaJbHYIO KpUBYIO O1ecka M, tTuna B Jluper u W Bonpmroit Mense auirsL.

Jpyras aHomanus Kone6aHuii OJiecka COCTOUT B TOM, YTO MHOTJIa OHU MPOUCXOJAT Cpasy C JIBY-
M1 TIEpHOJIaMHK: OJIHO KOJicOaHUE HAIO0XKEeHO Ha BTopoe, Hanpumep y AC Aunapomenst [176]. B pamkax
0aJITMCTUYECKON TEOPUU HAJIMYME ABYX MEPHOI0B — 3TO CIICACTBHE BO3MYIIAIOLIETO BO3ICHCTBUS yKe
OT JIByX CITyTHHKOB TJIaBHOHM 3BE3/bI C pa3HBIMH OpOUTAILHBIMU nieprogamu P u Py. Torna Bei3BaH-
HbIE UX TATOTCHHUEM CMEIIECHHS IJIaBHOM 3BE3/bI BO3JIE LIEHTPA MAcC MPOUCXOIAT C IBYMsI IIEPHOIaMHU,
U €€ KpHBasi yCKOPCHHMIA U OJ1ecKa COJCPIKHT JBa XapaKTePHBIX meprosa konebanuii (Puc. 1.24.q).

CrnyTHUKU BBISBICHBI Y psijia IEPEMEHHBIX 3BE3]1, B 4aCTHOCTH Y 6 Ckoprniuona. [Tpuuém ux op-
OuTaNbHBIC TIEPUOIBI YACTO COBIAMAIOT C MEPHOIOM Kojebanuit Omecka [65, 46, ¢. 67]. [IBa nepuoma
Ha KpUBOM OJiecKa BO3MOXKHBI U B KPAaTHBIX CUCTEMaXx, IJie OJJMH KOMIIOHEHT JIBOMHOM 3BE3/Ibl caM SIB-
asiercst aBoitHbIM (Puc. 1.24.6). Takue kpaTHble CHCTEMbI HMIMPOKO pacrpocTpaneHbl [46]. Beictpeie
konebanus sipkoctu |'(t), BEI3BaHHBIE TATOTEHHEM CITyTHHUKA, HAaJOXKEHBI Ha JOJITONIEPHOIHBIC BapHa-
UK CPEIHEro OJiecKa 3BE3/Ibl 3a CUET JABMKEHUS 3BE3bI M0 mupokoi opoute (Puc. 2.2). [TogobHbIe
konebanus O6necka oTkpbiThl y DF JleGens u npyrux 38€3x tuna RV Tenbua [176]. [IBmkeHue nByx
CITyTHHKOB, OCOOCHHO €CJIH X OpOUTAIBbHBIC IEPUOIBI OJIM3KH HITH KPAaTHBI, PUBOJIUT K MIPOCTOHN MH-
TepHpeTaluy UKINYHBIX Bapuanuii GopMbl KpuBoii O1ecka (a¢pgpexm Braswcko), SUM30AMIHOTO YCH-
JIeHUs B ocJIa0yieHus KoseOaHuii Onecka neden, mpu Cynepro3uiiuu rpadukoB YCKOPEHHUH, U COOT-
BETCTBEHHO, OJIECKa 3BE3/Ibl OT KaXKJIOTO U3 CITyTHHKOB. [10 cyTH, 3TO — 3 dekT Ouenuii. Eciu riiaBHas
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3Be3/1a o0s1amaeT OoJiee yeM JIByMsl CITyTHUKaMHM, UX BO3MYIIAIOIIECE BO3ACUCTBUE (OPMHUPYET KPUBYIO
ar(t) u I'(t) bomee crmokHOrO BHAa, W KojeObaHus Oiiecka MPHOOPETAIOT BHJ CIydYailHBIX, HEMPABUIIb-
HBIX. DTH HENIPABUJIbHbBIE MIEPEMEHHBIC 3BE3]IbI TPOTHUBOPEYAT TEOPHH MyJibcaruii [176].

B Teopuun 3BE3MHBIX MyJIbCAIMd CIOKEHHE HECKOIBKHUX KOJeOaHUH 3BE3/bl TOKE BO3MOKHO B
BUJIC CYMMbI HECKOJIbKMX THUIIOB KOJI€OAHHI — B pa3HBIX O0CPTOHAX, MOJAX, PaAHaIbHBIX U HEPaIH-
aJIbHBIX THITOB IyJIbCALIMi 3Be3/bl. HO TP 3TOM HE BBIMOJIHIETCS MPHUHIUIT CYNEPIO3UIIUH KOyeha-
HU, MTOCKOJIBKY (hU3MYECKHE M3MEHEHUsI 3Be3/bl (HarmpumMep, KodPQHUIIMEHTa MPOIyCKaHUs CII0s Te-
J¥st) OT Ka)KI0ro THIa KoJieOaHuil BIMSUIO ObI Ha APYrHe MOAbI KoyieOanuii. A (hakTuuecku HabIo1a-
€TCsl IPOCTOE CIIOXKEeHUE Kojebanuil Oecka, 3a UCKIIOUEHUEM CITyyaeB, KOI/la aMIUIUTY /bl KosleOaHui
Onecka BeuKH (3TOT ciydaii, Ha npumepe 3Be3ab1 DF Jlebeas, moapodHee paccMoTpeH B § 2.1).

Puc. 1.24. B xpaTHBIX cCHCTeMaX CIOKeHUE rpaUKOB YCKOPEHHA 00pasyeT
CIIOKHBIE (POPMBI KONIeOaHUH YCKOPEeHUH 8, 1 OJlecka M mo pUTI-3hdeKTy.

B monb3y runoressl Jla Po3el cBUIETENBCTBYET OTKPBITHE Y 3BE3] CIYTHUKOB C IEPUOJAMHU,
COBIAJIAIOIIMMU € TiepuojamMu Kosiebanuit Onecka. [lpumepom ciysxar P Jlupsr, W bonsiioit Menase-
muibel, AO Kaccuonen [176, 194]. okaszano, uro y [ JIupsl muiaBHbIe KojeOaHus OJ€CKa ¢ IEPHOIOM
P =13 cyT BbI3BaHbI IPaBUTALIMOHHBIM BO3CHCTBHEM 3BE3/IbI-CITyTHUKA C TEM K€ OPOUTAIBHBIM IIe-
puogom P. Y W Boasimoit MeaBeauiipl 38e31a-criyTHUK obpartaercst ¢ nmepuogom 0,33 cyt (oba te-
puona TunuuHbl A8 nedeun u 38E31 Tuna RR Jluper). HaGmogaemble cMHXpOHHBIE ¢ 0OpanieHueM
3BE3/1 TUIaBHBIE KOJIeOaHus OecKka HEeNlb3si OOBSCHUTD SMU30AMYECKIMH 3aTMEHHUSMH, TTO3TOMY TIepe-
MeHHOCTb 3B€31 Tuna W bonbiioit Mensenuiisl o0bsICHSIIOT 3)PEKTOM AITUIICOUTANBHOCTH, a AJs B
JIMpbI MPEIIIONIOKUIIN elIé U HAIMYKE ra30BOr0 KOJIbIA U KOHIIGHTpUUECKHX armocdep [194].

B Gannuctuueckoit Teopun MX CBOWMCTBA MpoIlle UHTeprpeTupoBath. Konebanus Onecka mo 3¢-
¢dexty Putna, mpoucxozsmue y 1ByX KOMIOHEHTOB 3 JIupsl B mpoTtuBodase, 00pa3yroT CyMMapHYIO
KpHBYIO OJiecka ¢ aByMst MakcuMymamu Ha niepuoje (Puc. 1.23). B nenom ceoiictsa B JIupbl CXOMHBI
co cBoiictBamu 1edeun u nepemenHbix tTuna RV Tembna [176]. B pamkax Teopuu Putna Bce 3tn
3BE3/Ibl AHANIOTUYHBI MEPEMEHHBIM PEHTIC€HOBCKUM HCTOYHHKAM, IJIABHO MEHSIOUIUM ONTHYECKYIO
SIPKOCTh C MEPUOJIOM, PaBHBIM OpPOUTAIBHOMY TEPHOAY CIIyTHUKOB 3TUX 3BE31 [194]. [TomobHO 1ie-
dbeunam, 5TU UCTOYHUKU OTIMYAIOT IUIABHBIE KPUBBIC OJE€CKa U Jy4eBOM CKOPOCTH, 3€pKAITBbHO CHM-
METPUYHBIE OTHOCUTEIIFHO OCH BpEMEHH !, HHTepIpeTHpyeMbIe MO THUIIOTE3€ O BBITSHYTOH, TpyIIe-
BUJHOW (hopMe 3BE3/1 C HEOAHOPOIHBIM pacIpe/ie]ICHHEM MOBEPXHOCTHOM SPKOCTH, BeAyllel K Ba-
puanusM Oyecka MpH BpalleHuH 3Be3zpl. M3 OammucTudeckoil Teopuu KojiebaHusi Oiecka W Jpyrue
CBOMCTBa 3THX 3BE3] CIEeaylOT HemocpeacTBeHHO (8§ 2.1), 6e3 MOMONTHUTEIbHBIX THUIOTE3 O (Gopme
3Be3nbl. He ciywaiino y Takux 38€31 (k HuMm otHocat HZ T'epkyieca u LlentaBp X-3 [176, 194]), kak y
nedens, BMECTE C «SIPKOCTHIO» U «JIy4eBOH CKOPOCTHIO» MEHSETCSl I[BETOBasl TeMIepaTypa», B CO-
rinacuu ¢ 3pdexrom Putia (1.35). [lnaBHbie KoeOaHUs ONTHYECKOTO OJIecKa U 1BETa ¢ OPOUTAIBLHBIM
nepuogoM P =1 cyr oOHapyxeHbl y OBOMHOro pamuomynbcapa PSR 1975+20 — sto ectecTBeHHOE
ciencreue dpdexra Purma. OTMETHM, UYTO CHEIHMATMCT MO JBOWHBIM PEHTICHOBCKHM 3BE3IaM,
B.M. JIroThIii, moaaep:kuBaji HHTEpIpeTauio 3(h()eKToB Ha OCHOBE OauIMCTHYECKOM Teopuu [123].

Hpyrue actpodusuku Toxe mpubderaim k runoreze benononbckoro u JIa-Po3pi—-Cekepuna, BBU-
JIy CXOJICTBA CBOMCTB 1een u ABOMHBIX (Mpexae ux aaxe oToxaecTBisuin [46, 192]), u B cBeTe 00-
HApYXKCHUSI CIYTHUKOB PEHTICHOBCKUMX NepeMeHHbIX. B wactHoctw, ['.M. Pymuunkuii [195] u
I1. Bepnnos-Aptaa [196] B magane XXI Beka NMpeayioRKHIM BEPHYThCS K THIIOTE3€ MEPEMEHHOCTH
3B&31 Trna Mupbl (o Kuta) oT OpOMTaIbHOTO JIBMKEHHS CIIyTHHKOB C TIEPHOJIOM PAaBHBIM IMEPUOIY
BapHaluii 0Jecka, CBI3aHHOTO C HAJIMYUEM Ha 3BE3/I€ rOpsSYero MATHA, BPALIAOIIerocsi CHAHXPOHHO CO
cnytHUKOM. [logOupas smeMeHThl OpOHUT, MOJCTUPOBAIA BCE TUIBI KPUBBIX OJIECKa MUPHI, a BapHa-
[IUU UX NEPUOAOB UHTEPIPETUPOBAIH KaK BapHalluy OpOUTAIBHBIX IEpUOAOB. [IprHunHOi OTKIOHEHNUS
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runoTe3bl beiononabckoro crana Oosbinas ynanéHHocTs Hedenn u mupua (r > 100 nk), 3arpyaHsto-
11asi OOHapy>KEHHE WX CITyTHUKOB, BBHYy UX MAJIOM CBETUMOCTH U OJIM30CTH K TIIaBHOI 3BE37IC.

B mocnennue rosbl y IepeMEHHbBIX KPACHBIX TMTAaHTOB (K KOTOPBIM OTHOCST MHUPHJBI U Le(eHu-
JIbI), ICHCTBUTEIIBHO, OTKPBITHI CIyTHUKH ¢ opOuTanbHbiMu mepuogamu ~100 cyt [197], uTo mo mo-
PSIKY BEITMYMHBI COBIAJACT C XapaKTEPHBIMU NEepHoAaMu mynbcanuid nedeua. [Ipu 3Tom KpuBbie KO-
nebanuit 6ecka GopMoil MOBTOPSIOT KPUBBIC JIYYEBBIX CKOPOCTEH CITyTHHUKOB, a KojeOaHHs Onecka
UMEIOT BHJl, HCTUIIMYHBII 11 KPUBBIX OJiecKa 3aTMEHHBIX M IyJbcupyromux 38é31 [197], Ho corna-
CYIOIUHUCS C TPEACKa3aHMsIMHU OATMCTHYECKON Teopuu U Teopuu Jla-Poswl. Spkuii mpumep Takoi
3Be3abl — KIC 5006817 ¢ opOuranshbeiM nepuogom P = 94,8 cyr [197], s KOTOpOi OTHOCUTEIBbHBIC
Bapuaiuu sipkocty I'/l TOYHO U CHHXPOHHO TIOBTOPSIOT OTHOCHTEINIbHBIC Bapraluu 4actothl f'/f mununit
noromenust (Puc. 1.25), B cornacuu ¢ 3pdexrom Purna (1.15), (1.17), (1.35). Ho ecnu amruuryna
kosiebanuii Oitecka cocrasisieT 0,2 %, To amruuTyaa Konebanuit yactotel — okoso 0,02 %,— B necsarthb
pa3 MeHble. BUIumo, 3T0 CBsI3aHO € IPOXOKICHUEM CBETa Yepe3 MEX3BE3AHBIN ra3, 3pQeKTUBHO Te-
pEeH3ITydalonuii CBET BO3JIC PE30HAHCHBIX YacTOT. Bapmanmu Onecka moj BIUSHHEM IDIAHET HadaH
OoOHapy>KUBaTh JIMIIb B MOCJIEAHEE JECATUIICTHE, BBUIY BO3MOXHOCTH MU3MEPEHUS] HE3HAUUTEIBHBIX
KoseOanwmii O6ecka (B 10 mpolieHTa) B pamkax npoektoB OGLE, Kepler, Superwasp.

Puc. 1.25. Kpussle Guykryanuii 6ecka I'/l (66epxy) u yacto-
ol f'/f (6nuzy) nns neoiinoii 38e3np1 KIC 5006817 [197].

TakuM 00pazoM, OCHOBHBIM KpUTEpPHEM MPOBEPKH OATIMCTUYECKOW Teopuu u rumnotessl Jla-
Po3pi-Cekeprna craneT oOHapykeHue y nedeun 3BE3a-ciyTHHKOB. [lepBhIid cIocO0 OOHApPYKCHHS
CIyTHUKOB COCTOUT B BBISBJICHHHM HUX CHEKTPAJIbHBIX JIMHUN, KOTOPBIC NOJKHBI MEHSTh MHTCHCHB-
HocTh |' M cMemenne AL B mpotuBodase ¢ riaBHOM 3Be3/10# (Takoit 3pdekT oOHapyKeH y psja mepe-
MeHHBIX 3BE371 [65, 149, A47, A48]). Bropoii criocod oOHapy»EeHHUs CITyTHUKOB COCTOUT B MPSIMOMA pe-
TUCTpAIUU H300paKeHUH CIryTHUKOB. COBpEMEHHBIC ONTUYECKUE M PaHOUHTEp(HEPOMETPHI C paspe-
nraromel cnocodbnoctso, nocturatomieii AQ ~ 0,0001", mo3BonaT BBIBUTH Yy Ledens, pacrionokKeH-
HBIX Ha PacCTOSHHUH Topsiaka I ~ 100 nxk ~ 4-10™® M, ciiyTHuKY, yaanéHHbIe OT TIaBHO 3BE3/bl BCETO
ua AOr ~ 20.10° M, T.e. Ha pacctosiHue B 1/8 acTpoHOMHUYECKON eauHUIIbI. J[eHCTBUTEIBHO, OMBITKH
0OHapy KeHUsI OJIM3KUX CIyTHUKOB Lieden npeanpuaumarorcs [198], npuuém yenemnsie [199].

EcTh 1 KOCBEHHBIE JOKa3aTeNbCTBA MPUCYTCTBUS CIyTHUKOB Iiedenn. Tak, MmHorue nedeuas B
MakcUMyMe OJsiecka 0OHapyXHUBalOT d3PQeKT yaBoeHus auaui [46, c. 66; 175, c. 84; 185, c. 134]. To
ke BepHO s 38E31 Tna RR Jlupsr [175, c. 84]. TleproandHoe pa3aBOCHUE JIMHUNA U CITY)KUT CBHIC-
TEJNIBCTBOM JIBOMCTBEHHOCTH 3BE37. Yke caM besomonbckuit Habmoman B criektpax psaa medeunn (n
Opna, o Tonunx I1cos, { BausHenos u ap.) ABe rPymmb! duHmi (M. paboTy «O6 H3MEHEHHH HHTCH-
CHUBHOCTH JIMHHUH B CIEKTpax HEKOTOpbIX medenma» [65]). MHTEHCHBHOCTh OJHUX JIMHUN Hapacraia
BMECTE C SIPKOCTBIO 3BE3[Ibl, V APYTUX MEHsIach B mpotuBodasze. Bumumo, BTOpast rpymmna JHHUMA
NPUHAJUICKUAT CIYTHHUKY HeeH b, MEHSOmeMy a, sipkocTh I' 1 cnekrpanbhblii cisur AAMA (1.35) B
npoTuBodasze ¢ raaBHOil 3Be3/10i1. CIyTHUK CBOMCTBEHHBI MEHBIIUI OJIECK U MEHBIIIas aMIUIUTY1a €ro
kosiebanuii. [IoToMy OH HE BHOCHT 3aMETHOTO BKJIaja B oOmume konebanus Onecka nedennst. Ecim y
3BE37 OM3KHUE CHEKTPHI, MX JIMHUU HENb3s Pa3pelIuTh OTACNIbHO, TO KOJIeOaHHs] HHTEHCUBHOCTH JIH-
HUHU MPOUCXOJAT C yJBOSHHOW YacTOTOW: 3a OAWH mNepuoi KoneOaHui Oiecka medeu bl HTCHCHUB-
HOCTb JIMHUH yCIieBaeT M3MEHUTHCS BB, B COTJIACHH ¢ HaOmoAeHus MU benomnonsckoro [65].

DT0 MOKHO OOBSCHUTH TE€M, UTO KoyieOaHUs Oecka co34aéT B OCHOBHOM TJIaBHAs 3BE3/a, a KO-
nebaHus UHTEHCUBHOCTH JIMHUN — 00a KOMIaHbOHA. IHTEHCUBHOCTD UX JIMHUN MEHSAETCS B MIPOTUBO-
daze 1 B cymMe Ja€T Ha KaKJOM IEPUOJIe JBa MAaKCUMyMa | JIBA MUHUMYyMa, Kak Ha KpUBOU Oyiecka 3
Jluper 1 W bounbmioit Measenuist (Puc. 1.23). Bemomonbekuii oTkpbut, 4to y B JIupbl oTaenbHbIC
CHEKTpaJIbHBIC JTMHUH, COOTBETCTBYIOIIME Pa3HBIM 3BE3/IaM, TOXKE MEHSIOT SPKOCTh B MPOTHUBOGA3e
[65], B cornacuu ¢ Teopueii Putiia. [IpotruBodasubie KoacOaHUS APKOCTH SIMUCCHOHHBIX JIMHHMA TaBHO
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OTKPBITHI Y CIIEKTPAIbHO-IBOMHBIX 3BE31 M He Haxoawinu o0bsicHenui. Jlums B 1991 r. B.U. Cekepun
ucTosikoBan 3P ekt Kak pe3yabTaT KoJaeOaHuil SpKOCTH 3BE37 B mpoTuBodase, 3a cuér OaummcTuye-
ckoro npunnumna [149]. Ilpu coBnajgeHun cBETUMOCTEH 3BE3]1 3TO BEAET K KOMIICHCAIMH CIiaja Oyecka
OJIHOM 3Be3]lbl CHHXPOHHBIM HapacTaHueM Osiecka JApYyroi, u oOiasi CBETUMOCTb CUCTEMBbI IOYTH HE
Mmensiercs. Ho Bapuanuu sipkoCTH CIIeKTPaIbHBIX JIMHUN KOMIIOHEHTOB OTYETIMBO PA3TUUYHUMBI.
CoBpeMeHHast acTpopu3uKa OOBSICHSICT YIABOCHHUE JIMHHUHA IyJILCUPYIOIIUX 3BE3 BCTPEUHBIMU
NIOTOKaMU ra3a, Hanpumep, y 38€31 tuna § boabmoro Ilca, 1160 rumnore3oit MarHuTHBIX (cnekmpans-
HO-nepemenbix) 3BE3]1, M0 KOTOPOH JIMHUK PETYISIPHO paciieIuisaoTes 3¢ dexTom 3eeMana B MarHUT-
HoM monie 3Be3nbl [200]. JleiicTBuTenbHO, Y Takux 3BE3J, B cornacuu ¢ dpdekrom 3eemaHa, CIeK-
TpaJbHBIE KOMIIOHEHTHI IUPKYJISIPHO TOJSIPU30BAHbBI, HO KapTHHA MOJSPU3ALUU U CTPYKTYypa JTUHHNA
ommM4Ha oT 3eemaHoBckoit [201]. U Bompeku addekry 3eemana pacuieryiéHHbIE JIMHUA UMEIOT pas-
HYI0 MHTEHCUBHOCTb. HampoTus, Oayuinctudeckass TE€OpHsl 3JI€MEHTapHO OOBSACHSET pa3Hyl0 HMHTEH-
CHUBHOCTH JIMHUHM T€M, YTO UX CO3JAI0T Pa3Hble KOMIIOHEHTHI ABOMHOMU 3Be3/bl. OOBACHIET OAUINCTH-
YyecKasi TeOpUsi U Pa3Hylo MUPKYJSIPHYIO TOJSIPU3AINI0 KOMIIOHEHT, KaK pe3yJbTaT MHUMOTO pPacTsi-
KEHUS-CKATHUSI OPOUT IIEKTPOHOB, IO THITY JeopMaiiy H300pakeHni Bpararomuxcs 38E31 (8§ 2.3).
Ecmu nmepemennsie 388361 Tuna RR Jlupsl (rupuost), o edes (yegeuownt), o Kura (mupuost) u
Ip. pusnuecku He MEHSIOTCS, TO MEPUOJI UX BU3YAIbHOM NEPEMEHHOCTH 3a/1aH OpOUTAIBHBIM MEPUO-
JIOM 3BE3/IbI-CITyTHUKA WJIM TUTaHEThI. JeCTBUTENBbHO, TEPUO/IBI IEPEMEHHOCTH JUpH (dachl), nede-
una (cytku) U Mupuj (rojbl) TUIMYHBI I OPOUTAIBHBIX MEPUOIOB TECHBIX 3BE3MHBIX map. Jlauresnb-
HOE BpEeMsI CUMTAJIOCh, YTO Iieeuabl He MOTYT ObITh ABOWHBIMH 3BE3JaMH, MOCKOJIbKY CBETUMOCTH
uedenn (mopsiaxka 10010000 conneunbix) u criekTpaibHbie Kinaccsl (F wiu G), npuBoauiv K olleHKaM
panuyca Takux 38€31 B (25+30)R . A mpu nepuozie mopsKa CyTOK Pajiyc OpOMTBI COCTABHUT TOPSI/IKA
paauyca Connua R ® [126]. T.e. opOuTa 3BE3/bI-CITyTHUKA JICXKHT I10]] TOBEPXHOCTHIO TJIABHOM 3BE3IBl,
YTO HEBO3MOXKHO. HO peasibHbIi ClieKTpaibHBIN KIIacC 3B€3/bI MOKET ObITh Oosee panuuM (O wiu B),
Tak Kak 3p¢exT Putna 3a cuér yckopeHHus CBOOOAHOTO MaJCHUS HA MOBEPXHOCTH 3BE3/bI CMEIIAeT
CIEKTp M3IYUYCHHS B KpacHY0 o0macTh crekrpa (cM. § 1.2), kak y 3Bé31 kimaccoB F wiu G ¢ Temmepa-
typoii T'~5000 K. Ecimu nedeunst — 310 3BE31bI kiaccoB O um B, ux uctuHHas temmeparypa
T ~ 25000 K, u npu toi xe ceetumoctu W, o 3akony Credana-bonprimana W = 0T4, paanyc 3Be3bl
nomken 66iTh B (T'/T)? ~ 25 pa3 Menbe, T.¢. mopsiaka R o+ [I03TOMY paauyc opOHTBI CIlyTHUKA (MeHEe
APKOW 3BE3/IbI MM TUIAHETHI) — mopsiaka (2+3)R |, mpeBocxoaut pajuyc riaBHoH 3Be3ibl. T.e. nBOM-
HbIE 3BE3/IbI C MOJOOHBIMU CBOMCTBaMHU U MEpUOJAMH peasibHbl. BbICOKasi UCTUHHAs Temreparypa |
3B&3n trma nedenn u RR Jluper mo cpaBHeHuto ¢ u3MepeHHOW T' moaTBepkaaeTcs 0ojee BHICOKON
CTEINEeHbI0 HOHU3AIMH ITHX 3BE3]] 110 CpaBHEHMIO €O 3BE31aMu Kinacca F unu G. OnennBaemas o Buay
CIICKTpa CTENICHh HOHU3AIUN COOTBETCTBYET 3BE31aM KkiraccoB O u B ¢ T ~ 25000 K.
OTO0 X€ BEpHO B OTHOUIEHMM NEepeMEHHBbIX 3BE3] TUNOB 0 Kura u RR Jlupsl — usmepenHas no
BUJy CIEKTpa CTENEeHb MOHU3ALUU aTMOcdep ITUX 3BE3/ BbIIAET UX O0Jiee BBICOKYIO TEMIEPATypy U
OoJsiee paHHMI CHEKTPalbHBIM KJIacc, YeM M3MEPEHHBIE MO I[BETOBOM TeMIepaType, a ciel0BaTeIbHO
paaroMeTpUYECKUEe pa3Mephl 3TUX 3BE3] 3aBbIIICHBI Ha MOpsIOK-ABa. [lepuoasl xonebanuii Giecka
3B&3 Trna RR JIupel, cocraBnsromue Heckonbko yacoB (0,2—1 cyT),— TOro ke mopsiaKa, 4Tto u opou-
TaJIbHBIE TIEPUOJIBI B TECHBIX ABOWHBIX cucTemax, Tuna W bomnsinoit Measenuis — P = 0,33 cyt [175],
y CHeKTpalibHO-1BoWHON Y Manoit Mensemuubl — P = 0,1 cyt [202, c. 254]. Ho aGcoutoTHBIE CBETHMO-
ctu 38&31 Tina RR Jluper o onenkam npeBocxoast conneunyto B 40-50 pa3. [TockonbKy 3T0 — 3BE3-
zbl ciiekTpanbHoro Kinacca F [176], nx pamuycst npeBocxommnu Obl conueunsiii R | B 5—7 pas. A opbu-
TaJbHBIN MEPHOJ] CIIyTHUKA, JABIKYIIETOCS Y MOBEPXHOCTH TaKOM 3BE3/1bI, C MACCOM MOpsAIKA CONHEY-
HOMW, COCTaBUT HECKOJBKUX CYTOK, T.€. IPEBBICUT HAOIIOAAEMBbIi Mepuo KosiebaHuii Ojaecka B pasbl.
Ho 3nauenue aGcomotHoM cBeTMocTH 3B€37 TUa RR JIupel He n3BeCTHO, BBUAY HEONPEAEIEHHOCTH
paccTosiHul 70 HUX (M3-32 OTCYTCTBHS M3MEPEHHI METOAOM Mapajuiakca). Ecim aucTaHIuM 3TUX
3BE3/T MEHBIIIE PACYETHBIX B Pa3bl, TO UX CBETUMOCTH M PAINyCHl — MOPSIKA COJIHEYHBIX, a TIEPHOJ 00-
palleHus CIyTHUKA 10 0pouTe mopsiika R cocraBut yacel, kak nepuoa Py 38€31 Tuna RR Jlupsr.
W3BectHbl 3BE31b1 THIIA RR JIupsl, BXosiue B 3aTMEeHHO-1BOMHBIE cucTeMbl [180], uto mo3Bo-
JSIeT TOYHO M3MEPUTh Maccy M pasMep 3B&31 tuna RR JIupel,— 1o aMmiuTyie 1y4eBoil CKOpocTH, Te-
puoay oOpalleHus U JUIUTEIIbHOCTH 3aTMeHUM. JlefcTBUTEeNbHO, Is 0JIHOM U3 TakuX 3B€31 — RRLYR-
02792 [180] usmepeHHbIi MO ATUTEIBHOCTH 3aTMEHUH paauyc R = 2R®, a macca M = 0,26M o Torna
Ui 00BsICHEHHsI HaOIogaeMoro nepuojaa myibscanuii P = 0,63 cyT cnyTHUK JObKeH oOpamarbes ¢
TakuM nepuoaoM P o opOute panuyca p = (GMP2/47:2)1/3 = 2R, T.e. cucTEeMa MOXKET ObITh KOHTAKT-
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HOW. AHAJIU3 TaKMX 3aTMEHHO-JABOMHBIX CHCTEM MHTEPECEH TeM, UYTO MO3BOJISIET YCTAHOBUTH PEaJIbHO
JM MEHsIeTCS pa3Mep 3Be3[bl MpH KojiebaHusx e€ Ojecka, MOCKOJIbKY MPH 3TOM JIOJKHA MEHSTHCS
JUIMTENILHOCTh 3aTMeHMU. [lockonbky 3toro He HabOmromaercs [180], oueBumHO, M3MeHeHHs Oyecka
00yCIIOBJICHBI HE KOJICOaHUAMU paanyca, a 3¢ dexkToMm Putma npu koaeOaHUSX YCKOPEHUS 3BE3/IbI.

Paccrostaust r no 3BE3n Tuna RR JIupel ©3MEpPSUTUCH ¢ MOMOIIBI0 ONTHYECKUX UHTEPPEpOMET-
POB: TI0 YIJIOBBIM pa3Mepam 3Be37bl @ = 2R/r, U3 cpaBHEHUsI ¢ PAJMOMETPUICCKOM OIIEHKOW UX Pajuy-
coB R Beruucnsim r. Ho B aToM ciyuae, kak ais uedeus, 3HaUYUTEIbHAs omIMOKa BO3HMKAla M3-3a
OIIMOKK M3MEPEHUs TeMmmepaTypsl, eciin y 3BE31 Tuna RR JIupel UCTHHHBIE CHIEKTpaJIbHbIE KIIACCHI
Oosiee paHHUE, a pa3Mepbl U JUCTAHIMU 3aBblleHbl. T.e. g nepemennbix Tuna RR Jlupsl u nedenn
OCHOBHOW KpUTEPHUI TPOBEpPKH runote3bl JIa-Po3bl — 310 nipsiMbie 3aMepbl I' METOIOM MapaJIIaKCOB.

M3MeHeHHe CIeKTpaJbHOIro Kilacca MEePEMEHHBIX 3BE3 U COOTBETCTBYIOIIEE UX CMEIICHHE Ha
nuarpamme ['epummpynra-Peccena oO0bsacHsIET U 00pa3oBaHUE HA HEW MOJOCH HECTAOWIBLHOCTH, TIIE
cocpefoToueHBI Bee (hu3nuecku nepeMeHHbie 3BE3bI. Kak mokaszan [x. @okc, agdext Purua menser
SAPKOCTh 3BE3]I JIMIIb B PEKUX CIydasx, KOTJa Maja SKCTUHKIHS B aTMocdepe 3TUX 3BE3T U B MEX-
3BE€31HOM Tasze. Ho B 9THX ke ciydasnx, Korja Benuk 3pQext Putna, cnexkTpaibHbIi Kiace 3BE3/bl, 3a
Cu€T YCKOpEHHUs1 CBOOOIHOTO MajJCHUs, MEHSCTCS Ha Oojiee mo3auuii [A44], u u3-3a HEBEPHOM OLCHKU
TEMIIepaTypbl 3B€3/1a Ka)KeTCsl yIIeAIel ¢ IMTaBHOU MOCIeA0BAaTeIbHOCTH B MOJIOCY HECTAaOMIBHOCTH.
OTa nojoca HAYMHAETCS OT TEX YYacCTKOB IJIaBHOW MOCJEI0BATEIbHOCTH, B KOTOPBIX 3BE3/bI YXkKE 00-
JaJIal0T CBETUMOCTBIO, 00ECTIEYMBAIOIIEH JOCTATOYHOE CBETOBOE JIaBJICHUE ISl «BBIAYBAHUS» U3 OKO-
JI03BE3THOTO MPOCTPAHCTBA ra30B M MEJIKOM MbLIH, T.€. CHUKEHHS SKCTUHKIIMU B 3BE3THONU KOPOHE.

D¢ dexT miaBHbIX KojeOaHu OJecka y IBOWHBIX 3BE31 ObLI mpezckaszan Jla Po3oit [171] u mpo-
ACCOITMMPOBAH UM C TIepeMEeHHBIMHU 3BE31amMu emé B 1924 r. A B XIX B. rumotesy nepeMeHHOCTH OJie-
CKa 3a cuéT OpOMTANBHOrO JBMXKEHHUS Ledeu BbLABUrald uX mnepBooTkpbiBarenu k. ['yapaiik u
A. Bermononbekuii [192]. B 1953 r. x aT0i runorese oopatunuck I1. Myn u J[. Cniencep [26]. B 80-x .
addext mHorokparHo nepeotkpbiBasicsi B CCCP (Poccun) B.U. CekepunbiM, B.I1. Cene3néBbim [203,
149], B 2000-x — I1.C. Yukunueim [69] u A.B. Mamacseim [204], a B CIIIA — P.C. ®purnuycom [79].
Cam aBtop HeszaBucumo npumén B 2002 r. x uaee s¢pdexra Purna y q1BOWHBIX 3BE3M, MPEAIONOKUB
ero y nepeMeHHbIX — nedena u myiascapoB [A21], naB crporoe obocHoBanue 3¢dekra Puria u uH-
Teprperaiuio psaa 3¢ dexroB nedena u IBOHHbBIX, BKIoUas 3G dextsl biaxko u bappa (8 1.1).

OtmeTnM, yTo OayuIMCcTUYECKasi TEOPHUS HE OTBEpPraeT MyJIbCallMOHHYIO TEOPHIO, HO NaéT uedeun-
JlaM U Py JpyTuX MepeMeHHbIX 3BE3/1 0osee MpocTyro uHTepnpeTanuto. O1HaKo, HEKOTOpPbIE 3BE3/IbI,
otHocsimuecs K tumy [ bonbmoro Ilca u B Lledes, y KOTOpbIX CHEKTpajabHbIE JIMHUU MEPUOIUYHO
YIIUPSIOTCS, @ KPUBbIE OJIECKa U JIy4eBbIX CKOPOCTEH COOTBETCTBYIOT TEOPUHU MyJIbCALUN, MOTYT OBITH
MyJbCUPYIOIUMU MO MexaHu3My, npemioxkeHHoMmy C.A. XKeakunbiM. Bapuanum sSpKOCTH Takux
3BE371, B OTJIMYKE OT Ledeu 1 U MUPHJI, MaJlbl, COCTABJISAsE HECKOJIBKO MPOLEHTOB. 3BE3/IbI JAHHOTO THIIA
— 3TO HE KpacHbIC TUTAHTHI, a 3BE3/BI INIABHOMW MociieoBaTebHOCTH, KitaccoB O u B. Y 3BE3n Tuna
Bonbmioro Ilca, B Liedes u nexynsapabix Ap-3BE37 IIIaBHON MMOCIEI0BATEIBHOCTH, Y KOTOPBIX OTKPHI-
THI OCHWIISAIIMN Oniecka ¢ nepuoaoM 5—20 MUHYT, MEXaHU3M MEPEMEHHOCTH MOXKET ObITh KOMOWHU-
poBaHHBIM. T.e. ApKOCTh BapbUPYET 3a CU€T MmyJbcaluii armocdepsl 3Be3/1bl U 3a cuéT 3pdexra Putna,
YCHJIMBAIOIIETO OCHUUISALUH SIPKOCTH | 110 KJIMCTPOHHOMY MeXaHU3My (II03TOMY JIMHHH B HEKOTOPBIC
MOMEHTHI yaBauBaioTcs [46, c. 66]). Tak, B armocepe ConHIla OTKPBITHI MTUMUHYTHBIE KOJIEOaHUS
[119, c. 301]. Camu mo cebe cTosb OBICTPBIC KOJeOaHMsT HE CITOCOOHBI MPUBECTH K 3aMETHOMY H3ME-
HEHMIO pajiyca, TeMIEpaTypbl U UCTUHHOM SPKOCTH 3BE3/Ibl, U KoJieOaHus OJiecKa Helb3sl OOBSICHUTh
B paMKax TeOpHH IyJbcaruit. Ho Momysus 1ydeBoit CKOpOCTH aTMochepbl 3Be3/1bI (C aMIUTUTYI0H
100-200 m/c) Bexér no apdekry Purna k 3ameTHBIM BapualusaM sIpKOCTH, Kak mokaszan C. [leBacua
[106]. Takue KOpPOTKOMEPUOAMYHBIC OCIMJUISAIMU OJIeCKa C TEPHOJOM B HECKOJIBKO MHUHYT PEalbHO
HaOmoaroTes y psina 38€3x, Hanpumep y V391 [leraca, y Genbix kapiukos [119, c. 142]. T.x. amrmiu-
TyJa OCUMJUISAIUHN OJiecka BBICOKA, TO HanOoJiee BeposiTHas ux npuuuHa — 3 dexr Puria.

O¢dexr Putna nmo3Bossier TakkKe HWHTEPHPETHUPOBATH CBOMCTBA JAPYTHMX THIIOB NEPEMEHHBIX
3BE37, BKJIOYasi HOBBIE U CBEPXHOBBIE. Eciu 3TH 3BE3/1bI MPEACTABISAIOT CO0O0M AOATONEPUOANYECKIE
JIBOMHBIE, TO 10 3P dexTy PuTHa npu AOCTHXKEHUH OHON U3 3BE3/T KPUTHUYECKOTO YCKOPEHUS ar = -cIr
OyZeT reHeprpOBaThCSl MOIIHAS BCTIBIIIKA ONTHYECKOTO, PEHTT€HOBCKOTO U raMMa-u3inydeHus. imen-
HO TaKve BCIBIIIKKA HAOIIOJAIOTCS Y HOBBIX U CBEPXHOBBIX 3BE3M, Y KOTOPBIX, ACHCTBUTEIHHO, OOHA-
py’eHa JBOMCTBEHHOCTh, C YeM M CBs3bIBatOT Bemblku [205]. Bammcrudeckas teopus u dddekr
PuTia no3BossOT OOBSICHUTH BPEMEHHYIO CTPYKTYPY, CIEKTP BCIHBIIIEK, UX IIOBTOPSAEMOCTh U APyTHE
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xapaktepucTtuku [A21, A23, A24, A29, A36, A39-A41, A4T], psa KOTOPBIX HE yIaBAJIOCh HHTEPIIPE-
TUPOBATh B paMKaxX COBPEMEHHOHN acTpOQHU3UKU U TIOCTYJIaTa O MOCTOSHCTBE CKOPOCTH CBETA.

I'unore3a Jla-Po3pi—CexeprHa NpUBOAUT K MPOCTOM MHTEPIIPETALNN PEHTTEHOBCKUX IEPEMEH-
HbBIX 3BE311 — myJibcapoB (8 2.1). s pocta 4acTOTh CBETa HA MOPSAKH M IIEPEBOJIA €r0 B PCHTI€HOB-
CKHil [MANa3oH, JOCTATOYHO ONM30CTH a; 3BE3MIbI K KPUTHUCCKOMY @ ~ -C/f, IPH KOTOPOM IEPHOJ
CBETOBBIX KoJicOanuii crpemutcs K Hy:1ro (1.14), a yacrora — k 6eckoneynoctr (1.15). [nsa aucranuun
r ~ 10 M st10 naét Benuuuny ar ~ -0,1 m/c?, OpOuTanbHbIe YCKOPEHUS. B TECHBIX JIBOWHBIX CHCTEMax
UMECIOT OJIM3KHI MOopsa0K BeauunHbl [46, 51]. [Toaromy B X0/1e OpOMTANIBHOTO IBUKEHUS 3BE3/1a PEry-
JSIPHO MIPOXOJUT TOJIOKEHUS, A€ €€ CBeT, mpeTeprenas npeodpazoBaHue 4acToThl 1o 3¢ ety Putna,
MEPEBOJUTCSI B PEHTTEHOBCKOE U raMMa-u3iydeHue. 3BE3/Ibl C TAKUMH CBOMCTBAMU OTKPBITHI B (hopMe
PEHTIEHOBCKUX ITyJIbcapoB 1 O0apctepoB (8§ 2.1), crieKTp BCIBIIEK KOTOPBIX CXOJECH CO CIEKTPOM ao-
COJIFOTHO YEPHOTO TeNa, HO CIEKTPAIbHBIH MaKCUMyM CMEHIEH B OOJIACTh BBHICOKMX YacCTOT, CIIOBHO
TeMIlepaTypa 3Be3/bl JOCTUTAET ~10° K [119, c. 139]. Takum 00pa3oMm, 3TH 3BE3/BI CITykKAT KOCBEH-
HBIM TIOATBEPIKICHHEM OaJUITMCTHUECKOM TCOPHH, TpeicKa3aBIieii Bce ux cpoiictra [206, A47].

[TpoTHB TPaKTOBKM MEPEMEHHBIX 3BE3/ MO OAJUIMCTHUECKOW TEOPUU BBIIBUTAIOCH U TaKOE BO3-
pakeHue: ecau O CBET 3BE3 MEPEeU3Iydascss MEX3BE3IHBIM ra30M, TO JUISl pa3HbIX JJIUH BOJIH M3-3a
pa3nuyus moKaszaresnel MpeJoMIICHHUs ra3a JIUHBI SKCTHHKIMU pa3indanuch 0. COOTBETCTBEHHO 3a-
nas3apIBaHNE OT H3MEHEHUSI CKOPOCTH CBETa MOJTYYalioch OBl Pa3HBIM B Pa3HBIX I[BETAX, YETO SIKOOBI HE
HaOmoaercs [183]. dakruueckn HaOMOAaETCS UMEHHO TaKas KapTUHA: y 3aTMCHHBIX 3BE3]] MOMEHTBI
3aTMEHUS B CHHHUX JIydaX HE COBIIJAl0T C MOMEHTaMH 3aTMEHHUS B KpacHbIX [65, 189], uto mpuBeso
I".A. TuxoBa K BBIBOJIy O KOCMUYECKOH Jucriepcuu cBeta [83]. AHAIOTUYHOE SIBJICHUE OTKPBITO Y 1Ie-
denn: A HUX B pa3HbIX [BETaX MAKCUMYMBI OJIeCKa HACTYIAIOT B pa3HbIX (a3ax.

Taxum o6pa3om, HaOIIOAEHUS IEPEMEHHBIX 3BE3]] CBUACTEIBCTBYIOT B MOJIB3Y OAJUIMCTHYECKON
TEOpUHU U TPAKTOBKU MEpPeMEeHHbIX 3BE3 mo runorese Jla-Posbl. IlpennoxeHHble KpUTEPUU U CXEMBI
ACTPOHOMMYECKHUX U PaIMOACTPOHOMUYECKUX HAOIIOIEHUH MO3BOMIAT CeNaTh OJHO3HAYHBIM BBIBOJ O
MpaBOMEPHOCTH OayumcTruueckoi Teopud, dpdexra Purma u runoressr Jla-Pozpi—Cekepuna.

§ 1.6. BbieoOnbi

W3 npoBe€HHOTO aHaNM3a JAHHBIX ACTPOHOMUYECKHUX HAOJIOICHUH, a TaKXKe U3 TaHHBIX Ja3ep-
HOW M paJuOJIOKALMU CIIeIyeT, YTO HAKOIUICHHBIEC 32 BEK JJaHHBIC HE MPOTUBOpPEYAT OaTITUCTUYECKON
teopur. A psan 3¢dexToB, B ToM yucie 3ddext bappa, mapamokcel KpaCHOTO CMEIICHHS TaTaKTHK,
3peKThl B CUCTEMax MEPEMEHHBIX 3BE3 CIyXaT KOCBEHHBIM MOATBEP)KICHHEM OajlTMCTHYECKON
Teopuu. TakuM 00pa3oM, acTpOHOMHUYECKHUE HAOIIOACHUS, C OJJHOM CTOPOHBI, CIIy>KaT MPOBEPOUYHBIMHU
HKCIIEPUMEHTAMH, OCYIIECTBIEHHBIMU CaMOM MPUPOJON B TUTAHTCKOM «KOCMHUYECKOH J1abopaTopum».
C apyroii CTOpOHBI, HIMEHHO B paMKaxX T€OpUH PUTIA psAJl KOCMUYECKUX aHOMaJIui, OOHAPYKEHHBIX B
MOCJIEAHUE JECATHIIETUS, MOXKET IOJIyYUTh IPOCTEHIIIYIO0 HHTEPIIPETALIMIO.
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MnaBa 2. Kputepun npoBepkn 6annncTuyeckon Teopmum meTogamm

peHTreHOBCKOﬁ N paanoaCcTpoHOMUM, nasepHoﬁ n paguvonokKkauumun

B nocnennue necsaTuneTus NMpPOKO pa3BUBAIOTCS METOAbl PEHTTE€HOBCKOW U paMOACTPOHOMUH
BBICOKOT'O YTJIOBOTO, BPEMEHHOTO U CHEKTPAJIbHOr0 pazpemieHus. OHU NpUBENIH K HAKOIUJICHUIO J1aH-
HBIX, HCOOBSCHUMBIX B paMKax COBPEMEHHOH acTpodmsuku. [ToaToMy mpencTaBisieT HHTEpeC aHau3
C HO3HMIUI TEOPHH albTEPHATUBHBIX O(GHUIMAILHO NIPUHATEIM. Kak MmokaskeM B JaHHOM riase, dct ano-
MaJIMH TOJIYYar0T MPOCTYI0 W TOYHYHO MHTEPIPETAIMI0 B paMKax OaUIMCTUYECKOW TEOpUH, CIié B
MIPOLIIOM BEKe MpejcKa3aBiiei psi 0OHapy)eHHbIX 2P dekToB. YUET BapHalHii CKOPOCTH CBETa U pa-
JIMOW3JIYYEHHS TTO3BOJISIET JIETKO MHTEPIIPETUPOBATHh U PSiJl AaHOMAJIM KOCMHYECKOM paguo- U Ja3ep-
HOM JIoKanuu, BKIro4ast anoMmanuu, BeisiBiieHHbIe GPS u ['JIOHACC. Takum oOpa3oMm, HeonTHuueckas
ACTPOHOMHS MIPEIOCTABIISIET PSI/T SKCIIEPUMEHTAIILHBIX KPUTEPUEB TIPOBEPKHU OATUTHCTUICCKON TEOPHUH.

OCHOBHBIE Pe3yJIbTaThl IMIaBbl OMyOJIMKOBaHbI B paboTax [A3-A6, Al4, A18, A33, A35, A39,
A41, A46-A48, A50, A53].

§ 2.1. PeumaeHoeckue nynscapbl, 6apcmepbl, HO8bIe U C8ePXHOEbIe 368630bI

[TepemeHHbIC 3BE3/IbI HEONTUYECKUX JUAMA30HOB — PEHTICHOBCKHE ITyJILCAPBI, PAJUOIYIIbCAPhI
U 0apcTepbl, ¢ OJHON CTOPOHBI MPUMEHSIOT JUIS MPOBEPKU OANTUCTHYECKOW TEOPHH, C APYrol — MX
CBOMCTBa HEMOCPEJCTBEHHO CICAYIOT M3 OaucThuueckod Teopun u runotes3sl Jla Possr [206-208,
A21, A4T7]. B yacTHOCTH, IPOBEPKA OAITMCTHYCCKON TEOPUH OCYIIECTBIISIIACH M0 aHAIU3Y 3aTMEHHI
PECHTIEHOBCKHUX IMYJIbCAPOB, BXOSIIMX B JBOMHbIC cuctembl [31, 32, 183]. Ha kpuBbix Oiecka peHTre-
HOBCKHX ITyJIbCApOB U Ha rpadrKax JIydeBbIX CKOPOCTEH (M3MEPEHHBIX METOJIOM TaliMHHIA BCITBIIIEK)
1o Teopuu Putiia oOHapyKaTcs UCKaKEHHS, KaK JUisl ABOMHBIX 3BE3/. Eciu aist onTHudeckoro usmyde-
HUS SKCTUHKIIMSI B MEXK3BE3IHOM Cpe/ie MPaKTHYSCKH HUBEIHUPYET OTINYHS OT CKOPOCTH CBETA U HC-
K&XEHHsI, TO Uil PEHTTCHOBCKOTO W3JIyYCHHs IIyJIbCApPOB MEPEH3IYUYCHUE IOJarajd MaJIbIM.
K. bpauep, Ha ocHOBe aHaim3a TPEX 3aTMEHHBIX ITYJIbCAPOB TOKA3ajl, YTO M3MEPEHHBIC MCKaAXKCHHUS
CTOJIb MaJIbl, YTO CKOPOCTh ITyJILCAPOB MPAKTUYCCKH HE JOJDKHA BIMATH Ha CKOPOCTh MCIYIICHHOTO
cera. Cumtast cripaBetiebiM yeaosue (1.1) ¢ = ¢ + KV, Bpauep mamén, uro k < 107 [31, 183].

OnHako (aKTHYECKU MOKA3aTeNlb MPETOMICHUS U APPEKTUBHOCTh MEPEH3ITyUCHUS MEK3BE3I-
HBIM Ta30M I PEHTTCHOBCKUX JIy4eld TOYHO HE W3BECTHBI. B PEHTreHOBCKOM M T'aMMa-Iuara3oHe
mmuna | ~ A/2n(n — 1) u k = I/r moryT ObITh Take MEHBIIIE, YeM B ONTHYECKOM, MMOCKOJIBKY JITHHA BOJI-
HBI A — B TBICSIYH pa3 KOpOUe, UM Y BUIMMOTI'O CBETa, a MIOKa3aTellb MPEJIOMIICHHUS N — HE U3BECTCH OIl-
penenénno. Jlsi peHTreHOBCKUX JIyueil B Mex3BE3HOM Ta3me nmpuHumMarot N = 1 [25], otkyna lx = oo,
T.K. 4aCTOThI f BBICOKOIHEPIMYHBIX KBAHTOB Ha TMOPSAIAKH MPEBHIIIAIOT PE30HAHCHBIC YacTOThI foi KOJIE-
OaHWii HIICKTPOHOB BHEIIHUX O0OJIOYEK aTOMOB, M T€ MPAKTHYSCKH HE MEHSIOT CKOpOCTh cBeta [25].
[Tpu 5TOM HE YYHUTBIBAIKMCH JICKTPOHBI BHYTPEHHUX 000JI0YEK aTOMOB M aTOMHBIE SIJJpa, YaCTOThI KO-
Je0aHni KOTOPBIX JIe)KaT B PCHTITEHOBCKOM M raMMa-Jana3oHax, T.e. OHH d3QQEKTUBHO B3aUMO/ICH-
CTBYIOT C U3JIy4€HHEM, HapaiuBas N u cauxas lx. JledcTBUTEIBHO, 3aMephl N /ISl PEHTT€HOBCKUX JIy-
4eil B 3eMHBIX cpelax mokasand, urto N # 1 u lx comocraBumo ¢ | amst ontrueckux y4eit (cm. 8§ 4.1).
ToT ¢akr, 4TO PEHTTEHOBCKUE W ramMma Jy4H, HECMOTPsI Ha cJ1a0oe MOTJIONICHHE B IUIOTHBIX Cpelax,
B3aUMOJICHCTBYIOT C BEIECTBOM, MOJATBEPKIACT HEMPO3PAYHOCTh Jjisi HUX aTtMocdeps! 3emn. [lo-
3TOMY PEHTTCHOBCKHE M raMMa-TEJIEeCKOIbl BBIHOCAT 3a mpenenbl armMocdepsl [194]. Ho armocdepa
npo3payvHa JUis ONTHYECKUX Jy4eH, C KOTOPBIM, KaK CYMTAIOCh, B3AUMOICHCTBUE AP PEKTUBHEH.

Ecnu y pentrenoBckux myueit ¢ snepruei 30 kaB amns Boasl ¢ koHIeHTparueir atomoB N ~ 10%
cM™ mmepeno |n— 1|~ 1077 [209], To mns Mex3BésxHOro rasa, rae N~ 1 cM™, MpOIOpIHOHATEHO
menbme (N— 1) ~107%°. Orcrona mis pentrenosckux nydeir (A ~107° m) 1= A2x(n- 1)~ 10"
M ~ 10% cBeTOBBIX JTeT MK HIKE, T.K. N 1 | CHITBHO 3aBHCAT OT COCTABA Ta3a.

Takum ob6pazom, HecmoTpst Ha (N — 1) << 1, HeGombInas pasuuna (N — 1) gocrarouna s obec-
neuenuss manoct | = A2n(n— 1) u k= |/r. TloaTroMy aHaM3 PEHTIEHOBCKUX MEPEMEHHBIX 3BE3I U
raMMa-uCTOYHUKOB, npeanpussaTeiii K. Bpauepom u mokasasmmii, uto K < 107° [31, 32, 183], Toxke
BIIOJIHE YKJIAJBIBACTCS B PAMKH OQJUTMCTHYECKON TEOPUH, CBUACTEIBCTBYS, YTO MOTEPS CBETOM JI0-
TIOJTHUTEIBHON CKOPOCTH, COOOIIEHHOM 3BE3/10H, MPOUCXOAUT HA MyTH, COCTABIISIONIEM OTHOCHTEIb-
myio gomo K < 107° ot mucranmuu 3Besast (cM. § 1.1). JleficTBuTensHO, H3MeperHas Bpauepom Bemn-
gyrHa K cornacyercs ¢ 0auTHCTHUECKON TEOpHEH, eCi YIeCTh NepeH3IydeHUEe PEeHTICHOBCKUX Jyden
B o01ieii atmocdepe mysbcapoB [25]. s pacecmotpennsix bpauepom cucrem Cen X-3, Her X-1, SMC
X-1, mpu opbutansHbX mepuoaax P ~ 1 cyt u ckopoctsx V ~ 100 km/c, paguycsl OpOUT IMyJIbCapoOB
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coctaBsaT R ~ PV ~ 10 muH. kM. T.e. opOUTHI 1eKaT BHYTPU KOPOHBI TJIaBHOM 3BE3/IbI, I/I€, HAIPUMED,
s Contua, koHuentpaums noros N ~ 108 em™ [119, c. 625]. U3 [31] | = (ArgN)™ ~ 2:10** m ~ 200
MIH. kM ~ 1 a.e., Tae = e?lmc? = 2,82-10'15 M — KJIACCHYECKUH pauyc JIEKTPOHA, a A = 210 m TUTSE
pPEHTTeHOBCKUX Jyueil. D10 | cpaBHEMO ¢ R 1 XapakTepHBIM pa3MepoM KOpoH 3BE3xa. T.e. y peHTre-
HOBCKHX IyJIbCApOB MEPEU3ITyYeHUE MPOUCXOIUT B aTMocdepe I1aBHOM 3Be3nbl. W mpu aucTtaHuuu
nyscapos I ~ 10 knk [31], B pamxax BTP k = I/r < 107°, 8 cornacuu ¢ pesynbratom Bpsuepa.

Bbpoauep npeamnonarai, 4To MEXaHU3M T'€HEPALUU PEHTT€HOBCKOTO M3JIy4YEHUS IyJIbCapOB U raM-
Ma-u3nydeHust y GRB — cHHXpOTpPOHHBIH, Mmosiaras CKOpOCTh MCTOYHWKA dToro manydenus V > 0,1c,
OTKyJla 10 M3MEpPeHHOH JumnTenbHocTH df ramMmma-BeruieckoB Hamén K = (*12V)(dt/r) < 107 [32]. Ho
peabHBIE MEXaHU3M TeHEpallMu PEHTTeHOBCKHX M TamMma-Bcmbimiek y GRB, kak ormeuan Bpauep
[32], ne ycranoBien onHo3HauHO. U eciu B paMkax OaJUTMCTHUECKOW TEOPUH raMMa-u3IyueHUe npe/-
CTaBIIIET COOOM ONTHYECKOE M3IIydeHHE 3BE3]I, MOBBICHBINEE YacTOTy 1o puti-3ddekrty (8 1.5), T
MCTHHHBIE CKOPOCTH V — Ha TOPS/IKY HIKe, a K — Ha OPSIKH BbIlIe, TOCTHras u3mMepenHoi k < 10720,

W3nydeHne paauonyabcapoB TOKE MOXKET OBITh CIIEICTBHEM KOHBEPCHH ONTHYECKOTO M3ITyde-
HUS 3BE3]1 B paIMOIMATIA30H PUTL-DPPEKTOM, 32 CUET YCKOPEHHUS CBOOOIHOTO Ma/IeHUs] Ha TIOBEPXHO-
CTH 3BE3JI, TIOHIDKAIONIETO YaCTOTy PETUCTPUPYEMOro Ha 3eMiie CBeTa. B IBOMHBIX crcTeMax Mepuo-
JMYHOE JBIKECHHE TaKUX 3BE3]1 BEJIO OBl K PETYJISIPHBIM BCIUIECKAaM PAHMOU3ITYUYCHUS IPU JOCTHKEHUN
OpOUTATBHBIM YCKOPEHHEM 8y KPUTHYECKOTrO 3HAYCHHS -ao = -C2/T. Takke B 9TH MOMEHTHI Ha MOPSIKH
BO3pacTasio 6 cobcTBeHHOE claboe paauou3inydeHue 3BE3A. T.e. PEeHTTeHOBCKHE U PaAHOIYJIbCaphl
MOTYT OBITh HE TUTIOTETHYECKUMH HEHTPOHHBIMHU 3BE3/IaMH, a PSAIOBBIMH JBOWHBIMU 3BE3TAMH.

Ecnu paguomynscapsl — 3TO J1BOMHbIE 3BE3]IbI, TO MEpHO]] KosebaHui ux Oiecka coBmajai Obl ¢
opoutanbHbiM P. [lepronsl mynbcapoB COCTaBISIOT OT MUJUTUCEKYH/I 10 CEKYH]I, @ MUHUMAJIbHBIC TIe-
PHOIBI ABOMHBIX 3BE3]] — Yachl, T.€. OTIMYAIOTCS Ha mopsaaku. Ho ecnu mynbcapbl 3T0 KpaTHbIE CUCTE-
MBI, TaK YTO JABOWHAS 3BE37a IBMYKETCS BOKPYT TPEThEH 3BE3/IbI C YCKOPCHUEM OJIM3KUM K KpHTHYE-
CKOMY & = -9 = -C*/f, T0 HabI0aeMblil TepHO OPOUTAIBHOTO BPALICH s i Kolebanuii Grecka

P' = P(1 + ra,/c®) = Plg, (2.1)
MOJKET COKPAaTUThCS B { ~ 108 pa3: ¢ 4acoB 110 JoJei cexyHsl, rae g = P/P'= (1 + I’ar/CZ)_1 — K03 (-
(UIMEHT KOMITPECCUU BPEMEHHBIX HHTEPBAJIOB U KOY(D(DUIIMEHT yCHUIICHUS SIPKOCTH.

D¢ dexT Puria 00bsCHIET TakKe MOIIHOE paguounsiydeHue mynbcapos [Al2, Al4]. MomHocTh
paauom3ITydeHus IJIaHeT W 3BE31, KaKk MpaBWiIo, Maja. B 4acTHOCTH, pamuospKocTh g ¥ CBETUMOCTH
Pr Connia B paguoananazoHe B MIJUTMAP/IbI pa3 HUXKE, YEM B ONITUYECKOM, J1aXKe BO BPEMs BCIBIIIEK
HE TIPEBBIIIAS 10%°-10%° BT, ipu 00111€i CBETUMOCTH 3BE3IbI ~10%® Bt. Ho a¢dext Putiia noswimaer
U3MEPEHHYIO SIPKOCTh IR’ paarounsydeHus: B MHJUIMOHBI a3, Kak y myJsibcapa B KpaboBumHOW TymaH-
Hoery ¢ Iy ~ 102 Br [119, 168]. B paguoBosHbI MpeodpasyeTcs U BUAMMBIN CBET 3BE31 U IIAHET. yC-
KOpEHHE 8s M3Ty4aroluX aTOMOB Ha UX MOBEPXHOCTHU HAPAIIMBAET MO PUTL-3PQEKTy MEepHO]] CBETO-
BbIX KojicOanuit T'= T(1 + raS/CZ) B MUUTHApAbl pa3. HampoTus, oOIee yCcKOpeHue a, 3Be3/Ibl, JIEeTs-
et mo opoute, cxxumaet nepuoa P' mynbcapa u nepuoa T 3JE€KTPOMAarHUTHBIX KosneOaHuid. IT0 00b-
SICHSIET OTKPBITYIO Y MyJILCAPOB CBsI3b U3MEpEeHHOI B MI'I] 4acTOThI CIIEKTPAIBHOTO MaKCUMyMa frmax' =
1/T' ¢ H3MepEHHBIM B CeKyHIax meproaoM P' mymscapa: fna' =~ 120/P'%*, Cormacro sddexty Puria,

frax = fnaxd (1 + rag/c?) = foaxP/P" = /P,
rae S = fnaxP — 3T0 XapakTepHas BenMuMHA, MMEIOIIAss OJU3KUN TMOPSAIOK BEJIMYHMHBI JJISI TECHBIX
JIBOMHBIX 3BE3/1 OJM3KHX CHEKTPOB (CO CMEKTPAIbHBIM MAKCUMYMOM Ha fyax) M OpOUTAIIBHBIX MEPUO-
noB P. Yurém, uto aist 6ojiee MaCCUBHBIX M rOpsurX 3BE3N fmax, P 1 P' mMetoT Ooniee BricOKUE 3HaUe-
HUS, TpUYEM BCE 3aBHCUMOCTH cTerneHHble. COOTBETCTBEHHO, CTEIIEHHOW OyIeT 3aBHCUMOCTh
s(P) ~uP" u s(P") ~ Uu'P", rze u, U' — xoucranTel. OTcIONa clieayeT Golee CI0KHAs 3aBUCUMOCTD
fnax' = U/P"E T,

rae (1-n) <1, au' gomkHO cocTapaaTh nopsaka 120 ¢

[TocToSTHCTBO OpOMTAILHOTO TIEPHOJIAa MTYJIbCAPOB OOBACHSIECT CTAOMIBLHOCTh KoJieOaHui ux Oe-
cka. MIMEIoT MecTo JMIIb HEe3HAUUTENIbHbIE BEKOBBIC M3MEHEHHUS! OPOMTANBHBIX MEPUOJIOB JTBOMHBIX
3BE3]1 3a CUCT MPHIMBHOIO TpeHus. B wactHocty, y B JIupsel nepuoa Hapactaer Ha 19 ¢ B rox [46]. Ho
puri-3dekr dt' = dt(1 + ra,/c’) MO3BONMT PErHCTPUPOBATH BEKOBBIC BAPHAIMH Meproxa P' mymsca-
POB YCKOpEHHBIMU B MUJUTHOHKI pa3. [lepuox P' mensiercs u 3a cuér nameHenus kodpduimenra Kom-
NPeCCUM § B XOJI¢ BapHallMii YCKOPEHHS @, MTPH MEIUICHHOM JIBUKCHUU JTBOMHOM 3BE3[IbI 110 NIMPOKOMH
noaronepuoanyeckoi opoute (Puc. 2.1). Torma u3MeHeHuUs @, BO3JIe KPUTHUECKOTO 3HAYCHHUS -3p = -
C?/r MOKHO CUHMTATH THHEHHBIME a; = (t — 9. COOTBETCTBEHHO, TIEPUOJ PACTET IO 3aKOHY
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P'= P(1 + a/ao) = Prqt/c’.
HaGuroaeMblil uist 1ysscapa Maciutab spemenn dt' = (rqt/c®)dt toxe omimuaercs ot uerunHoro df,
CIIeIOBaTeNIbHO BpeMsi, UCTEKIIee o HabmoAeHusIM ¢ MoMmeHTa to = 0, coctaBut t' = rqt/2c?. Orcrona
HaXO0JIUM 3aBUCHMOCTh OT BpeMeHH ' HaOmrogaeMoro nepuoja Koinebanuii 01ecka

P'= Py2rqt'/c?,
dP'/dt = Pyrq/2t'c? .

Jlenst mepBoe Ha BTOPOE, MOJTYYHM BbIpAXKEHUE

t' = P'/2(dP'/dt"), (2.2)
HI03BOJIsIIONIEE 110 Tepuoay P' mynmbcapa u ckopoctu ero pocra dP'/dt" onienuts Bpems t', ucrékiuee ¢
MOMEHTa, Korja nepuoj mynscapa P'=0 npu a, = -c’/r. B 5TOT MOMEHT, COITIACHO s dexty Putia
(1.17), Bo3HMKACT sipKasi BCIIBIIIKA 3BE3/IbI, aHAJOTMYHAs MO0 CBOMCTBAM BCIIBIIIKE CBepXxHOBOW. Ha-
npumep, i myascapa PSR 0531421 B KpaGoBumnoit tTymannoctu, rae mepuon P'= 0,033 ¢ u
dP'/dt' = 1,4-107 ¢/rox [119, c. 522], momyunm pacuéraoe Bpems t' = 1180 ner Hasax. ITOT BO3PACT ¢
TouHOCTBIO 10 10% coBmamaer ¢ 3aperucTPUPOBAHHBIM BPEMEHEM BCIIBIIIKH CBEPXHOBOM, OTKPBITOM
Ha TOM K€ yJacTke HeOa, rae pacnonoxeH mynascap PSR 0531+21, u koTopyro Habmoaamy Teicsuene-
tre Hazaa, B 1054 r. Takum oGpa3oM, yke 3Ta Tpy0Oasi OlleHKa OKa3bIBaeTCsS TOYHEE OOBIYHON

t' = P'/(dP'/dt"), (2.3)

BeyIIeH K yIBOCHHOM OICHKE Bo3pacTa myJibcapa [210]. B coBpeMeHHO# TeopHH MMyIbCapoB 3TO He-
COOTBETCTBHE 00XOIAT UCKYCCTBEHHBIM 100aBiIcHUEM (B paMKaxX CHeHU(PHUSCKUX MOJIEIei) TBOUKH B
3HameHatese (2.3), onpenenss AMHaMU4eckuit Bo3pact (2.2) [211]. OtMerum, 9TO M3MEHEHUE YCKO-
PCHUS MPH JABWKECHHUH 110 ITMPOKOH OpOMTE MOXKHO CUUTATh JIMHEHHBIM JIMITb HA HHTEPBAJIC BPEMCHH
MHOT'O MEHBIIIEM MEePHOa ABHKCHHUS 110 MIMPOKOH opouTe. Takum oOpa3oM, orenka t' (2.2) padoraer
JIMIIb HA CPAaBHUTEIILHO KOPOTKHUX BPEMEHHBIX HHTEpBaiax (y MOJIOIBIX MysbcapoB). Tak, y mysbcapa
PSR B1757-24 o u3MepeHHON CKOPOCTH CMEIICHHUS OT IEHTPa TYMAHHOCTH M PACCTOSHUIO J0 HETO
Bo3pact coctaBuT 40000 net, a pacuérHbiii o (2.2) quaamuyeckuii Bozpact — 17000 snet. B pamkax
0aJITMCTHYECKON TEOPUH PACXOXKICHUE OOBSICHUMO HETIOCTOSTHCTBOM HAOII0aeMOi TaHTeHIIMATIbHOMN
CKOpOCTH, TIaJIAIONICH TP OTAAJICHUU ar OT -8o. [103TOMy pacy€THBIN 1O PACHIMPEHUIO BO3PACT ITyJIb-
capa Toxe B 2 pa3a menbine ~20000 ser, 4ro Jydine corjiacyercs ¢ JUHAMHYECKHM BO3pacTOM B

17000 net. OcTaBiieecst pacX0X/I€HHE MOKHO OOBSICHUTH HETMHEHHBIMH BaApUAIUSIMU Q.
49r paguonynecapel (PSR) I 49 pewrreqoeckve nynscaps:

0 0
= =a

N CKOPOCTH €Iro HapaCTaHUs

— -
obpalueHu1e; obpawexune
BPEMEHH BPEMEHN

t'=t(1+ala,)<0

 MMMYNLCI

senbiwKka SN ‘ 7
BCNbIwKa SN '

MMYNLCHI,

_____:z'

A -
;{ e SGLITEE P no ' macwrabd
5 \,rm31114~4\91»|1r f

ysenuuen f'

Puc. 2.1. opmupoBaHue UMITYJILCOB PaIHOIYJILCAPOB  PEHTTEHOBCKHX MYJIbCAPOB
C IUIAaBHBIM U3MEHEHHUEM [1EpUO/1a UMITYJIbCOB 3a CUET BapUaLlUi YCKOPEHUS ay;.

AHaIIOTUYHO OLIEHUM BpeMs 1', KorJia BCIIBIXHYJIM B BUJIC CBEPXHOBBIX JPyTHE IyJbcaphl. B da-
craocty, mynbscap Vela (PSR 0833-45) B ITapycax (P = 0,089 ¢, dP'/dt' = 3,9:10™° ¢/rox) momken Gbur
nosiBUThbesl Ha HeOe mopsaka t' = 11400 ner Hazaxa, uro 6mausko k 11000 nmet — Bo3pacrty, paccuuTaH-
HOMY TI0 CKOpocTH pacimpenust tymanHoctH [lapycos [210]. PSR 0531+21 u 0833-45 — cambie mo-
nozeie myiabcapsl [119], u addext Putia o0bsacHsET, moYeMy y Takux 3BE3]] Maioro Bo3pacra t' mepu-
ox P'=Prqt'/c?)*? - man, a cKopocTh ero pocra dP'/dt' = P(rq/2c’t')? - Bemnka [119]. Bbicokas
creneHb kommnpeccuu ¢ (2.1) s 3TUX MysIbcapoB U MyJibcapa ['eMuHra oObsICHAET UX pajgno-, ONTH-
YEeCKOe, PEHTICHOBCKOE U raMMa-u3inydeHue. PUti-agdexr, cxumas nepuosl mMyJabCcapoB B MUILTHO-
HBI pa3, TOBBIIIACT PKOCTB M 4acTOTy cBeta B § ~ 10° pas, mepeBojis ero B peHTICHOBCKHIA U raMMa-
muana3oH. [lostomy momHOCTs M3nmydeHus PSR 0531+21 B HeonTHYECKHUX IUAna3oHaxX B THICSYU pa3
Bhimie, yeM y Counniia — B ontuueckoM [119]. V paauronysibcapoB 00JbIero Bo3pacra  HeIOCTATOYHO
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JUIs TIepeBOJia CBETAa B PEHTICHOBCKUM U raMMa-auana3oH. B paMkax Ipyrux Teopuil KECTKoe raMma-
usnydenue, Hanpumep c sHeprueid 400 5B y mynscapa PSR 0531421, He yaaBanoch OObsICHUTS.
OTKpBITHI TAKXKE PEHTTCHOBCKHE MyJIbCaphl, Y KOTOPbIX P' cokpamaercs. Ecnu 310 cokpamienue
WITI030PHO, TO O3HAYaeT npubimkenue ar K -ao (Puc. 2.1), u B OyayIuem 3TH Myabcapbl BCIBIXHYT B
BUJIE CBEPXHOBBIX, Korja P' coxxMércss 10 HyJs, CKOHIICHTPUPOBAB CBET 3Be3/bl BO BpeMeHU. Tak, y
nyabcapa IlentaBp X-3 P'=4,8 ¢, a dP'/dt' = -1,3-10° ¢/rop, otkyaa t' = -1920 et (3HaK «KMHHYC»
COOTBETCTBYET OyayiiemMy). T.e. 3TOT mysbcap BCIBIXHET B BUIC CBEPXHOBOM Yepe3 JBa THICAUCICTHS.
Hanuuue y mynbcapoB pe3KHX CKadKkoB, cOOEB MEpPHOIOB (erumueil) MOKHO OOBSICHUTH CTOJIK-
HOBEHHUEM 3BE3] C acCTepouIaMu, MEHSIOIUMHI opOuTansHblid nepuon P, kak y 3Be3nsl W Bbosbioit
Menseaunnl (8 1.5). DTu penkue cOOBITHS yYamaroTCs MpU CXKaTWH MHTEpBajioB BpemeHu (1.14) B
g ~ 10° pas: CTONKHOBEHHS, POMCXOSILIE Pa3 B MIIIHOH JIET, MOKHO BHIETH €XKETOLHO. ITO 00b-
scHseT TauTun y myibcapa SGR 1900+14, perynspHo Habmtomaemple MpU Bemblkax. OTAenbHBIC
IIINTYH CBSI3aHBI C BapuaLyeil cTereHn cxarus g mepuona P' = P(1 + ra,/c?) = P/g or u3meHeHus i1y-
YEeBOTO YCKOpeHUs 8, u d3pdextuBHoro myTu I = |. Kpome TOro, 0T 3BE3/1 peryisipHO OTACISIOTCS MPO-
TyOepaHIlbl, a Ha TyTU CBETA I BCTPEYAIOTCS MEX3BE3HBIE 00NaKka raza, OTKPBITHIE MO0 MEPIAHUSIM
nyascapoB [119, 175]. Ilepensny4€HHbIii KIMU CBET TEPSIET M30BITOK CKOPOCTH, M jaajee pUTI-3h (et
HE MEHSET MepPHOJ] WM MEHSET €ro nHade, eciu Juist ra3a ar # 0. JIBmkeHne Mexx3BE3THBIX 00JaKOB U
3BE3/IbI MEHSIET &y, I ¥ P' utaBHO, MO0 pe3ko, eciii B 00J1akax €CTh MPOCBETHI, CKAYKOM Y THHSFOIITHE
nyTh cBeTa ' u kommpeccuto g (2.1). Eciu nyd cBeta nmepecedér Apyroe Mex3BE3IHOE 00JaKo, MyTh I
PE3KO COKpaTUTCS, a MEPHOJ] — CKAaUKOM YUIMHUTCS. B urore, mocne rnurya MeHsi€TCsl U CKOPOCTh Ha-
pactanus nepuoja. Korga ke mpocBeThl B MEXK3BE3AHBIX 00JIakax M BHENIHHUE OONaKa yHIyT ¢ MyTH
CBeTa, MEepHOJ MyJIbcapa U CKOPOCTh €ro M3MEHEHUs! BOCCTaHOBATCS. TakuM oOpa3oM, B paMKkax Oai-
JUCTHYECKON TEOPHH BapUaIH IIEPUOJIOB MyIHCAPOB MOTYUYAIOT Harboiee MPOCTYI0 HHTEPIPETAIHIO.
Takxe OTKpPBITHl LIUKJIWYHBIE BapUallud MEPHUOIOB MyJIbCapOB, BEPHO OOBSICHEHHBIE MPHUCYTCT-
BHeM IutaHeT. Kak oTMedeHo, eciu Obl myJibcaphl MPEACTABISIIN COO0H OCTaTKU B3PHIBOB CBEPXHOBBIX,
T€ Hen30eKHO O YHUUYTOXKWIM ONu3nexaiiue miaHeTsl. [103ToMy mosararoT, 4To MIaHeThl MOSBUIKCH
MocJie B3pbIBA, OJHAKO IUIAHETHBIE CHUCTEMBI HE MOTYT (DOPMHPOBATHCS 3a CPOK MOPsIKA BO3pacTa
nyJbcapoB (OT ThICSY 10 MUJUTHOHA JieT). B paMkax OalIMCTHYECKON TEOPHUH, IO KOTOPOH peasbHOrO
B3pbIBa HE MPOMCXOJIUT, CYIIECTBOBAHHE IJIAHET BO3MOXHO. [ImaneTsl, obyeras 3Be3ay, BHOCST BO3-
MYILIEHUS B ABM)KEHUE MyJIbCapa, PETyJIIPHO MEHsS €ro CKOpPOCTh M YacTOTy MHMTraHuil mo s¢dexram
Homunepa u Putnia. Mensist nepuon, puti-3ddext Mensier u 01eck 38e3abl. [lomoOHOE siBIEHHE OTKPHI-
To Takke y 3BE3n tuna RV Tenbma, RR Jluper u nedenn: Bapuanuu neproja — 3TO pa3HOBHIHOCTH
addekra braxko, cMm. 8§ 1.5, rie ObLIM paccMOTpEHBI U3MECHEHHS, CBSI3aHHBIC C M3MEHEHHEM OpOWT.
Tak, y [lonspHoii 3Be3ab1 iepuoa P; = 4 cyT HapacTaeT Ha 8 CEKyH]I B TOJl, a aMIUTUTYy1a KoJieOaHUH
Onecka nmanaer. C TOYKHM 3peHus 0aNTMCTUIECKONW TEOPHH MPUIMHA MOKET COCTOATh B 3Be3ze [lomsp-
nast Ab, obaerarorieii [Tomsprayro Aa 3a nepuos P, = 30 ner, cooOrias eif BCé MeHbIIee YCKOPEHHE ayr.
COOTBETCTBEHHO, Tajaer cpeuss spkocts |'= I/(1 + ra/c?), pactér BuauMbIHA meproa KoxeGaHwuii
omecka P;' = Py(1 + ax/ap), majmaer ux aMInIMTyaa, BBUAY OTAAJICHHS ar OT -Ag= -c2Ir u cHwxeHUs
IIyOWHBI MOJYJISIIMU M YCKOPEHUs U sipkocTu ciyTHUKOM [lomsipHoit ¢ nmepuogom P =4 cyt. Torga
3a iepuoj ~30 set noaHoro obopota Iomsapaoit Ab MOKHO 0KHIATh BOCCTAHOBJICHHS ITApaMETPOB.
AHasnorudsele Koyne6aHus oTKphITH y 3BE31 Tumna RV Tenbia, ckaxem y DF Jlebens, y koTopoi
rpaduk JIydeBbIXx ckopocteil [175] ToBOPHT 0 HaMMYHK ABYX CIIyTHHKOB C mepuogamu P1=50 cyT u
P,=780 cyt (Puc. 2.2). OGneras 3Be3/y, OHH MEHSIOT €€ YCKOpEHHE ar = ajr + @zr C TEMH KE MEePHO-
JlaMH, U Ha JIBYJIETHUE KoJjeOaHus Oyiecka 1o puti-3PdekTy HajmoxeHa «psop» ¢ nepuoaom Pi. Korna
OJleck MakCHMaJeH, pacTeT aMIUIUTyAa MeNKuX KosneOanuil |, T.k. manble Bapuanuu a B MOMEHTBI
NPUOJIMKCHUS K -8p 38 CUET BBIPOCIHICH TITyOMHBI MOIYJISIIMK M = a3/(ap + 82r) CUIIbHEE MEHSIOT SIp-
KOCTb 3Be3/Ibl. JIeWCTBUTENBHO, OTKPBITHI ABOMHBIE CUCTEMBI, HallpuMep, 3aTMeHHas 3Be3na PG 1336-
018, rme omuH xommoHeHT(hU3MYecKass mepemenHas (medenaa), y KOTOpoi aMIUIMTyda KoyieOaHui
OJyiecka MakCHMMaibHa B MOMEHTBI MAKCUMHU3AIIUH CPEIIHEH CBETUMOCTH CUCTeMBbI [212] cm. Puc. 2.2.
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Puc. 2.2. Cxemsbl kosiebanuii yckopenust u Onecka B cuctemax tuna uedeun, DF Jlebenst u mynbcapos.

Cxo0JHOE SIBICHUE OTKPBITO y IYJILCAPOB, HMITYJILCHI KOTOPBIX peryisipHo ucuesarot [175]. Co-
BPEMEHHBIE MOJICIH ITyJIbCAPOB OOBSACHSIOT «3aMHPAHHS» MyTEM BBOJA CIIOKHBIX JOMOTHHUTEIBHBIX
runote3. Hampumep, pertrenoBckuil mynbcap ['epkynec X-1: ero peHTT€HOBCKHE UMITYJIBChI C IEPUO-
noM P1=1,24 ¢ perynsipHO TacHyT, BO-TIEPBBIX, OT 3aTMEHUs 3Be3a0i HZ ['epkyieca, Bo3ie KOTOpoi
nyJbcap Bparmaercsi ¢ nepuogoM P3= 1,7 cyT, CHHXpOHHO MeHss Oyieck W 1BeT 3Be3fbl [194], uto
MOYKHO OOBACHUTH PUTI-3(exkToM. Bo-BTOpHIX, Mysbcap racHeT Ha 24 cyT ¢ nepuogom Py = 35 cyr.
B cymiecTByONMX MOJEIAX MyIbCAPOB 3TO SABJICHHE HE yAaBaIoCh 00bsIcHUTD [194, 211]. A B pamkax
addekra Putna 3amupanue Ha 2/3 mepuoma P, MOXHO OOBSCHHTH JBIKCHHEM IMyJbcapa BOKpPYT
TpeThell 3Be3/bl ¢ opouTanbHbIM Teproaom Py = 35 cyt (Puc. 2.2). Torna yckopenue mysbcapa ar pe-
TYJSpHO MpHUOIMKaeTcs K -ap = -C2/I‘, BO3JI€ KOTOPOIO 3a CUET BBIPOCIIEH TIyOMHBI MOAYJSIIMM M
MeJIKHe KoJeOaHus 8, 10| BIMSHUEM CIyTHHKA mynbcapa (P1= 1,24 ¢) 3aMETHO MEHSIIOT €ro SIPKOCTb,
NepeBO/isi ONTHYECKOE HM3IIydeHHe MyJbcapa B PEHTTEHOBCKHMU nuamna3oH. [Ipu ortmaneHum a, oT -ag
aMIUTUTyAa KoneOaHUH pEeHTIeHOBCKOro OJjecka M 4acTOThl MajaeT MOYTH 10 HyJsA. A B ONTHYECKOM
nuarasoHe Konebanust Oiecka 3Be3nbl HZ T'epkyneca coXpaHSIOTCS, TIOCKOJIBKY JaKe€ B OTCYTCTBHE
TECHOT'0 MPUOJIMKEHUS JIyUeBOr0 YCKOPEHUS ar K 3HAUEHHIO -89 ONTUYECKOE U3IIyYeHUE reHepupyeTcs
u BapbupyeT. Takum oOpa3oM, OayuTMCTHYECKash TEOPHsI TIO3BOJISET JIETKO OOBSICHUTH HAOIIOaeMble
CBOICTBA ABOMHBIX 3BE3/I-IIyILCAPOB, MX PEHTTCHOBCKOE M3NyueHue u 3amupanus [A39, A41].

«3aMHpaHHs» ITyJIHCAPOB MOTYT OBITH BBI3BAHBI U MpELECCHE OpOUTHI CITyTHHUKA. Tak, y myb-
capa 'epkynec X-1 nepuon mpereccuu 1o oreHkam paseH 35 cyt [194]. ¥V mynbcapoB putu-3¢dexr
npu g ~ 10° ThICSUEKPATHO YCKOPSIET BUAMMYIO MPELIECCHIO, W KOJeGAHMS 8 PEryisipHO HCUE3aloT,
Korjaa opbura BujaHA B ruiaHe — HakiaoHeHue | = 0° (Puc. 1.21) nnu ammutyna KoieOaHuid JOCTHUraeT
MaKCHMaJIbHOM BEeJIMYHHBI, Korja | = 20. Konebanust ar UMEIOT BH/T

a, =ay-sin(i)cos 2t =2a,sin(o)sin mt 1-sin?(a)sin? ™ cos 2™
R P, P, R

IIpu o — 0°: ar~ 2aga|sin(nt/Py)|cos(2xt/P1). Tak, y Her X-1 na 11 nueii u3 35 HakioH | OpOUTHI U
aMILTUTYa & ~ 2800 JOCTATOYHBI IS TIEPEBO/IA ONTHYCCKOTO U3TyIeHUS B X-Ty4IH (Qmax ~ 102).
Perynspusie 3amupanus (myaiune) 10 70 % BpeMEHU OTKPBITHI TAKKE Y PaIMOIyJILCAPOB, B Ya-
ctHoctn y PSR J1819+1305 u B1133+16. A mynscap PSR B0943+10, npekparniast u3inydaTs B pajno-
JIUarna3oHe, UCIyCKaeT PEHTTeHOBCKUE JIYYH, U HA000pOT. DTa CMEHA PEeKUMOB HE Haluia 00bICHEHUI
B COBPEMEHHBIX MOJICIISIX ITyJIbCApPOB, HO €CTECTBEHHO CIIEAYeT M3 OayummcThueckon teopun. Korma B
X07Ic OPOUTAILHOTO JIBUXKCHHUS JIyUYEBOE YCKOPEHHE @y MEHSCT 3HaK (WM MepecekaeT ypOBCHb -ap),
CHIBUT YaCTOThI PUTI-3()(HEKTOM MEHSCT 3HAK (WJIM CHUXKACTCS), U YCKOPEHHUE 3BE3/Ibl MIEPEBOIUT U3-
Jy4YeHHUEe 3BE3/Ibl YK€ HE B PEHTTEHOBCKUI, a B paanoaunamna3on. [Ipu BOCCTaHOBICHHUH &y = -8y Paiuo-
W3IIy4CHHE TaCHET. 3aMUpaHusl PaAOU3ITydeHUsI OTKPBITH U B IBOMHOM myibscape PSR J0737-3039,
IJIe OJTHA 3BE3/1a MMOCTOSHHO T€HEPUPYET UMITYIILCHI ¢ mepuoaoM P1' = 23 Mmc, a BTopasi — ¢ mepruoom
P,' = 2,8 ¢ — uIIb B OTAENBHBIX TOYKAX OPOHUTHI. DTO OOBICHSIIOT TEM, YTO OBICTPHIA mysbcap (rme-
puoaa P1'), oberas menneHHslit myscap (nmepuoaa P;') 3a nepuon P3 = 2,4 yaca, pery/sipHO yCHJIUBACT
€r0 UMITYJIbCHl CBOMM MarHUTHBIM TOJIeM. A TI0 OaNTMCTHYECKON TEOPUH MPOUCXOTUT MPUOIIMKCHUE
B OTJCJIbHBIX OPOUTATIBHBIX (Da3ax YCKOpPEHHs 8 MyJibcapa K KPUTHYECKOMY -8g: TOTJa TeHEpUpyeTcs
YaCTOKOJI UMITYJIbCOB X-u3ny4eHus, kak y Her X-1. B octanpHOE BpeMsl yCKOpEHHE TalieKo OT -dg, U B
4acTOKOJIe TIpoBajbl — «3amupanus» (Puc. 2.3). V mynbcapa ¢ P1' = 23 Mc ammuntyaa KoneGaHuii aay
BBIIIIE ¥ OH T€HEPUPYET BCIBIIMIKH MOCTOSHHO. OTAajIeHne YCKOPEHHS OT -8g BEAET K PETYISIPHOMY
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ynnuaenuto nepuona P1' = P1(1 + a/ap) na 0,1 %. Bapuaruu P;' o0bscHstoT gormiep-3¢dexrom P’ =
P1(1 + V//c) npu V' = ca/ag= 300 km/c u «pacTsHKEHHEM» BPEMEHH B I0JIC TATOTEHHS ITyJIHCAPOB.
ITo Teopuu u 3hdhexty PUTIia HCTHHHBIE CKOPOCTH U TIOJIS YJIbCAPOB — Ha MOPSIKA MEHBIIIE.

r

g

a A A8
r PSR J0O737 3039{1{5\'){ ‘R
3

Puc. 2.3. Cxema JBOWHOTO TyJIbcapa, rpaGuKy JIyYeBbIX YCKOPEHUI
a,(t) ero KOMIIOHEHTOB M pe3yabTHPYIOIIHE Koaebanus 6mecka I’ (t).

BosmoxxHa oOpaTHasi CUTyanus: yBEJIMYCHUEC BHIAMOW CBETUMOCTH W COKpAICHHUE TEepHojIa
MyJIbCallii, B XO/€ MPHOIMKCHHUS YCKOPSHHS 3BE3/bl K -8p, BEAET K MCUYC3HOBEHUIO PEHTICHOBCKHX
Benbiniek. [1omoOHbIN A dexT Habmonancs y peHTTeHOBCKOTO Imysbcapa GX—1+4, nepuon myabcannit
KoToporo B TeueHue 15 ner cokpamancs, moka B 1985 r., JOCTUTHYB MUHHMYyMa, HE CTal CTONb K€
obicTpo HapacTath (Puc. 2.4). Jlns o0bsicHeHus 3TUX Bapuaiuii P1' GpopManbHO NPHHSIM, YTO MarHUT-
HBIC TIOJISl M TPEHHE BPAIAIOIIETOCs Ta30BOT0 KOJIbIA, YCKOPSBIIETO BPAIIEHUE 3BE3/IbI, CTAJI0 TOPMO-
3uth e€ Bparenue [213]. Ho 1o cux mop He BhISICHEHBI MPUYMHBI CMEHBI HAMPABJICHUS MPH COXpaHEe-
HUM BEJIMYMHBI CHJIBI TPEHHUsI, KOTOPast OrpOMHA, T.K. 3a 10 et B 2 pa3a MoBBICHIIa TUTAHTCKYIO SHEP-
THIO BpAIlEHUs MyJIbcapa, a 3aTeM CTOJb K€ OBICTPO 3aTopMo3uia. PUTI-2¢dekT meMeHTapHo 00b-
scHsieT 3TH Bapuanuu. CHadaia B X0/1¢ OpOUTATbHOTO ABMKECHHUS 3BE3/1bI (MIPUOIMKEHHO MO0 KPYTOBOM
opOuTe) cpeaHee YCKOpPeHHE apr = a,C0S(wt) mpuOsmKamoch K -ap, Cokparias mepuon Pi'= P+
Pocos(mt), a 3aTeM cTano oTaansaThes, HapammBas P1', riae Po= P,ra,/c?. Macra6 Bpemenu dt' = dt/g
CKaT TPOMOPLHUOHATIBHO Kommpeccuu §, oTkyaa t' =t + Pgsin(wt)/wP;. T.e. rpaduk HabII0gaEMBIX
Bapuanuii P1'(t") mpencrasisier coboit Tpoxouay. Bosne MuHuMyMa, 3a0CcTpeHust Tpoxou s, P1' MeHs-
eTcsi MouTH JuHeiHo, kKak y GX-1+4 [214] (anamoruuHble BapHaluu HaOMIOJATUCH y MyJibcapa
4U0900-40 [119, c. 594]). HeGombiirie OTKIOHEHHUSI OT TPOXOU bl CBA3aHbI, BEPOSITHO, C MaJbIMH Ba-
pHUAIUSAMU 8, B MOJIC TATOTCHHSI CITyTHHKOB, COOTBETCTBEHHO MEHsIOMmMX P;', a Takke ¢ TeM, 4To uc-
TUHHOE JIBUKCHHUE TTyJIbcapa MPOUCXOUT 10 SJUIUNTHUECKOM opouTe. Toraa uist TOYHOTO COBMAICHHUS
TEOPETUYCCKON U IKCIepUMEHTaNbHOM KpuBoit P'(t') u ompenencHus mapaMeTpoB OpOWTHI IMyJibcapa
cienyet mpou3BoauTh Ha DBM mepebop mapaMeTpoB €, a8, ® OpOUThl, MUHUMHU3UPYIOUIHIA OTKJIOHE-
HUSl, THOO MPEICTABIATh 3aBUCUMOCTh () B Buae moauHoMOB, pstoB (8 1.1, 8§ 1.5), moxbupas ux
k03¢ ¢urmentsl mo mMetoay [409]. B munumyme P;' = 100 ¢ 3Be3na mepectana uW3jiydaTh PECHTI€HOB-
ckue y4d. B pamkax 0aumMcTHYECKOM TEOPUH 3TO BBI3BAHO TEM, YTO BBIPOCIIAS CTEIICHb KOMITPECCHH
0 MEepPEBOIUT ONTHYECKOE M3JIyUYEHHUE 3BE3JIbI YK€ HE B PCHTI'CHOBCKHIA, a B ramMMa-auana3oH. Ho B
raMma-iydax 3Be3/ly Ha TOT MOMEHT He MCCIICOBAIN, U €€ TaMMa-TIePEeMEHHOCTb 10T BOITPOCOM.

_‘_....,,‘*'fn: 2n/R

t, (rogbl)
870 1580 1990 2000 2010

Puc. 2.4. Bapuanuu nepuona P,' y mynscapa GX-1+4 u 6apcTepoB 3a CUET yCKOPECHUS 3BE3-
ael. Kpacuas cnnowmnas aunus — Teopetudeckas kpupas (MoaenupoBanue mo spdexry Pur-
11a), MOYKU C UHMEPBALAMU NO2PEHOCMell — PE3YTbTaT Uu3MepeHuii neproaa [213, 214].
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Camu BCHBIIIKH, OYEBHIHO, OOYCIIOBJICHBI, KaK B CIy4ae IyJIbCapoB, PETyJISIPHOI KOMIIpeccuen
CBeTa JBOWHOM 3Be31bI 10 3 dekTy Purna. B wacTHOCTH, 3TO OATBEpKAaeT mpumep mysbcapa GX 5-
1, y KOTOpOT0 MOIITHOCTh BCIIBIIIEK HAPACTAET MPOMOPIUOHATBHO HHTETPATLHONW CBETUMOCTH.

Jpyrum npuMepoM citykuT o0bekT T5X2 (mynbcap IGR J17480-2446 B xnactepe Terzan 5), y
KOTOPOT'O TOKe 0O0OHAapy’KeHa MePEMEHHOCTh OJIECKa B PEHTTCHOBCKHUX JIy4aX: MOMUMO OOBIUHBIX ITyJIb-
canuii ¢ yactotoit 11 ', Habmomatorcst kBazunepuoandeckue ocimusiuu (QPO) ¢ wacroroii mo-
psinka Ml [215]. B Tedenue omgHoro mecsia y THX2 neproa KBa3UMEPHOANIESCKUX OCIMIUISAIMN CO-
kpatuics ¢ 1000 mo 200 c, a 3arem cHoBa Bbipoc 10 1000 ¢ (Puc. 2.5). Poct yacToTs! kosebanwuii Oie-
cka B 5 pa3 (c 1 MI'u 10 5 M) compoBokaaics MPOMOPIUOHATIBHBIM HAPACTAHUEM PEHTTEHOBCKON
sapkoctu B 5 pa3. Kak BunHo n3 Puc. 2.5, MakcuMyM PEHTI€HOBCKOTO 0JieCKa TOYHO COOTBETCTBYET
MaKCUMAaJIbHOW YacTOTe KOJICOaHUH OJiecka. DTO €CTECTBEHHO HHTEPIPETUPOBATH KaK IMPOSBICHUE
addekra Putna: npubiamKeHne yCKOpeHUs: CUCTEMbI K KpuTHieckoMy (kak Ha Puc. 2.4) conpoBoxka-
€TCsl MPOMOPIIMOHAILHBIM POCTOM YacTOTHI KOJIcOaHU# OJiecka M MHTEHCUBHOCTH B 4—5 pas3, corjiacHO
(1.15) u (1.17). BIM30cTh YCKOPEHHS K KPUTHYECKOMY 8 ~ -C2/r 1 menaer T5X2 PeHTTeHOBCKHM HC-
TOYHUKOM. [lapaienbHbIif pOCT HHTEHCMBHOCTH U I[BETOBOM TEMIIEPATYphl (4ACTOTHI CIIEKTPAIbHOTO
MaKCHMyMa) PEHTT€HOBCKOTO M3JIy4CHHUs] OOHApykeH Takke y myibcapa IGR J18245-2452 [216]. Or-
METHM, 9TO Y HEro MyJIbCAllMd PEHTICHOBCKOTO OJIECKa UMEIOT BHJI IMOYTH HICATBHBIX CHHYCOU. DTO
CBHUJICTEJILCTBYET B IMOJIB3Y TOTO, YTO KOJICOAHUSI 0OYCIIOBIICHBI IBHKCHHUEM 3BE37IbI 110 KPYTOBOM Op-
OUTE C JIy4eBBIM YCKOPEHHEM @y, MCHSIOLIMUMCS 110 TapMOHUYecKoMy 3akony. [1o agdexTy Putia npu

MaJjoi rimyoune MoayJsisinuu M << 1 370 BI3bIBaET KosieOaHus Ojiecka Mo rapMOHUYECKOMY 3aKOHY.
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Puc. 2.5. I'paduku xonedanuit peHTreHOBCKOI sipkoctn oobekra T5X2 B 2010 r. CripaBa

— rpaduku KoaebaHuit cpeaHeit spkocTH U yacToThl QPO konebanwmii Giecka [215].

AHanornuHblil 3QPEKT OTKPHIT y 6apcTepoB — OOBEKTOB, TEHEPUPYIOIINX KOPOTKHE PEHTIC€HOB-
CKHE€ UMITYJIbCHI C MEPHOJIOM MOBTOPEHUSI B HECKOJIbKO YacoB. Kak MOKa3bIBalOT KPUBBIC KOJIEOAHUN
peHTTeHOBCKOTO Oitecka [217, ¢. 29], npu yBeawueHHH MEPUOIa MEKIY HUMITYJIbCAMHU BCIIBIIIEK TPO-
MOPIMOHALHO HAPACTACT ATUTEILHOCTh UMITYJIBCOB, YTO €CTECTBEHHO MHTEPIPETUPOBATH 1O I dek-
Ty PuTia nponoprrioHaisHBIM PACTSHKEHUEM BPEMEHHOTO MaciiTada KojeOaHHid PeHTTCeHOBCKOW sIp-
KocTH. B paMkax OayumMcTHuecKoil Teopuu OapcTepbl MOTYT ObITh OOBIYHBIMHU 3BE3/1aMH, Y KOTOPBIX
BO3MYIICHHUSI CO CTOPOHBI CITyTHUKOB PETYJISIPHO BapbHPYIOT &; 3Be3Abl. [Ipy MOCTHXKEHUHU &, 3Hade-
HHI -89 CBET 3BE3/Ibl, HAPAILMBAs MHTCHCHBHOCTD H dacTory B g ~ 10° pas, npeoGpasyercs B pentre-
HOBCKHE BCTIBIIIKH. DTO OOBSCHSET, IOYEMY CIIEKTP BCIIBIIIEK 0apCTEpOB MOJA00CH TEIIOBOMY CIICK-
TPY 3BE3/bl, CMEIIEHHOMY M3 ONTHUYECKOTO0 B PEHTTEHOBCKHUH MUANa3oH. DTOT MEXaHU3M BCIIBIIIEK
OOBSICHSICT, TIOYEMY y psiia 6apCTepOB BCIBIIIKH, TIOA00HO UMITYJIbCaM HEKOTOPBIX IyJIbCAPOB, TBOW-
ueie [119, 218] — npu nepexnécre BeTBet rpaduka Vi(t) yckopeHue ar JOCTHraeT KPUTHYECKOTO -3
IBaXXbI 32 iepuo. CryTHUKH OapcTepoB 0OHAPYKUBAIOTCS O TPOBAJIAaM B KPUBOI PEHTI€HOBCKOTO
Onecka Ha kaxaom nepuoje [218]. ¥ Gapcrepor unTepBai P;' Mexy Bembilikamu BapbupyeT Ha 30—
50 %. I1pu pocTte cpeHel CBETUMOCTH 3BE3/IbI IEPHOJT MEK BCIbIIIKaMu cokparmaercs [119, ¢. 139].

B pamkax 0amircTUYECKON TEOPUU ITO CIENCTBUE OIU30CTH 8 3BE3/BI K -8y B TOJIE TATOTCHUS
TpeTbeil 3Be3mbl, Tak uTo § = ao/(ag+ ay) ~ 10°. T.e. sdpdexr PuTua ycHIMBaeT CPEIHIOK SPKOCTH
3BE3/Ibl B COTHH pa3, MEPEBO/Is B PEHTTEHOBCKUH AMAINAa30H U COKpalas BUAUMBIN niepuof P1' cryTHU-
Ka ¥ BBI3BAHHBIX UM BCIIBIIIEK C JIET /IO YacOB. TATOTEHUE CITyTHHKA PETYIISIPHO COJIKACT 8y 3BE3/IbI C
-89, emé HapamuBas OJecK. A TpeThs 3BE3/1a, MEIJICHHO BapbHUpysl azr, MEHsET KoMmIpeccuio g (2.1).
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HapammuBast sipkoctb, 3¢ ekt Purna nponopuuoHanbHo cxumMaer nepuosa Pi' Bembimek (Puc. 2.4).
Korna cBeTHMOCTH JOCTHUTaeT KPUTUIECKOH, BCIIBIIIKA UCYE3A0T, T.K. pUTI-3((HEKT MEePEeBOAUT U3ITY-
YeHHE y)Ke B raMMa-uarasoH. JleficTBHTENBHO, KpUTHIeCKas MOmHoCTh m3nydenns 10%° Br — B 107
pa3 BeIie cBeTuMocTH 3Be3/6l Tua Comnia [119, ¢. 139], cooTBETCTBYSI KOMIIPECCHH TIEpHOIa KOJie-
Gamuit mois B g ~ 10* pas u pocry ' 10 10™° 't — rpaHmIBEI pEHTIEHOBCKOTrO M FaMMa-IHATIa30Ha.

VY GapcTepoB riyOMHa MOIYJISIIMN YCKOPEHUS CITyTHUKOM M = ai/(ap + azr) =~ 1 (Puc. 2.7), u sp-
KOCThb BCIIBIIICK B COTHIO pa3 Beimie cpeanedt [119, c. 139]: g= aog/(mas+ air), Omax = ao/(ma;—
a;) = ag/a;(m— 1) ~ 10>. Hapammsas spxkocts B 100 pa3, purm-odpdexr B 100 pas cxumaer
JUTUTENIEHOCTh BCTBIIIKH. Y TYJbCapoB, IPU MaJOW IIyOWHE MOAYISLMU & MO 3aKOHY 8y = ayr +
a;:c0S(2nt/P1), BpeMs BCHBIMNIKH (0KHO) paBHO BPEMEHH, B TE€YEHHE KOTOPOTO @y ~ -3y, COCTABIIASA
BenuuuHy t, mpu Kotopoit Cos(2nt/P1) = 1, Tounee cos(2xt/P;) > 0,95, otkyna t ~ 0,05P;, T.e. mopsaka
Habromaemoro [119, ¢. 522]. YV 6apcTepoB, BBHIY BBICOKOW CTEICHH CKATHS (J ~ 10°, OKHO BCIIBILIKH
B cTO pa3 kopoue: t~ 0,0005P;, uto cooTrBercTBYeT HabmromaemMoMy OkHy Bemblmku. Ilpu Pq =10
yacoB y OapcrepoB mmurenbHOCTh Bembimek t~ 0,0005P;~ 10 ¢, 4to OaM3KO K HW3MEPEHHOU
anmatenbHocTH Bembimiek [119, c. 139]. Kpome Toro, BCHbINIKU 0apcTepOB pacTsSHYTHl OT JUCIEPCHH U
NEpEeU3IyYeHuss CBeTa MeX3BE3MHBIM razom [168, 211]. Ilosromy BCHBIMIKA OapcTEPOB PE3KO
pasroparoTcs M IUIaBHO, SKCIMIOHEHIMAIBHO yracatoT. C 3TUM K€ CBA3aHO PE3KOe HAyajo U IUIaBHOE
yracaHue THTaHTCKHX BCIIBIIMIEK y HCTOYHMKOB Msrkux IloBropubix I'amma-BcruteckoB (MIID),
Hanpumep, y SGR 1806-20. Dnoxu cnaga akrusHoctu MIII, kak y mynbcapoB U 6apcTepoOB BbI3BAHBI
BapHallieii yCKOPEHHs ar M JUIMHBI CBETOBOTO MyTH MEPBUYHBIX Jyued =1, He cmyuaitHo y
MyJIbCAPOB BKIIOUCHUS U 3aMUPAHUS PATMOUIITYUCHHSI OOBIYHO HAOIOMAIOTCS TIPH TIUTYAX — PE3KUX
CKavKax Mepuojia, HHOTIa TOke 00yCIOBICHHBIX U3MEHEHHEM KOMITPECCHH (.

XapakTepHble 0COOCHHOCTH OTKPBITHI TaKXKE y BCIBILIIEK PaJUOIyJIbcapoB. Tak, KaKAblil nM-
MyJIbC COCTOUT M3 psifa cyoummyiscoB [219]. C mo3unuii 6auIMCTHYECKOM TEOPUH 3TO MOKHO HHTEP-
NPEeTUPOBaTh KaK BapHalMu OJiecKa 3BE37bl O] BIMSHHEM YCKOPEHHS 3BE3/bl B IOJIE TATOTCHUS
MEHBIIINX CITyTHUKOB-TDIaHET. MIX Bo3aMymiaromiee BO3AeicTBHE cOOOMIaeT rpadukaM JIy4eBbIX YCKO-
peHuii u O1ecka CIoXKHYI0 Heperylsipayio gopmy. Korna yckopenue 3Be3/bl B 10JIe TATOTCHUS CITyT-
HUKOB KPATKOBPEMEHHO MPHUOIIKAETCS K -89, TCHEPUPYETCS CAMMETPUYIHBIN CyOUMITYJIIBC.

bricTpeie Bapuanmu Onecka 3BE3[ MO BIUSHUEM TITOTCHUS TUIAHET OOHAPYKEHBI, HAPUMED, Y
3Be3npl OGLE-2003-BLG-235L [220]. OxHako MX MHTEPIPETUPYIOT B paMKaxX OOIIeH TCOPHH OTHO-
curenbHocTH (OTO) kak (HOKYCHPOBKY CBETa MOJEM TATOTCHUs IUIaHeT (aghghekm epasumayuonnoco
MUKpOIUH3Upo6anus). B paMkax OasTMCTHUECKON TEOPUHU OJTHA 3BE3/a, MPOXOs Mepe APYro, ycu-
nuBaet e€ 6meck mo »¢dexty Purna, a mnanera, 100aBOYHO BapbUpysl YCKOPEHHE 3BE3/IbI BO3JIE 3HA-
YCHHS -89, MOXKET Pe3Ko MeHATh €€ Oneck [A43, A47]. Habmaromaemas gpopma KpuBOii Oiiecka, Ha KO-
TOpPOW BUJIEH ABOMHONW MakCHUMYyM, TOUHO COOTBETCTBYET IpECKa3aHHUsIM OaUTMCTUYECKON TEOpUH U
s¢dexra Putia (Puc. 2.6). Bo3MOXHOCTh KPaTKOBPEMEHHOTO YCHIJICHHUS OJIecKa IIaHeTaMH 1o (-

¢exry Putia, kak agpTepHATHBBI MUKPOJIUH3UPOBaHHIO, oTMeTHl Takke P.C. @putunyc [79].
nyu 3perus OGLE-2003- [ ]
c 36”"9’/ BLG-235!_

r

2450000

Puc. 2.6. Konebanus Osiecka 3B€3/1bl, BHI3BAHHBIC a(b(bgKTOM Purna npu aBMKeHUH
BOKpYT Heé dK30IUIaHeTs, Ha pumMepe 38e3apr OGLE-2003-BLG-235L [220].

Ecnu nepuoa oOpaiieHus 3Be3/1bl KpaTeH NepUOy OOpalleHUs CIIyTHUKA, CyOUMITYJIbChI MOSIB-
JISIFOTCSL B OZTHOM M TOM K€ YYacTKe UMITyJibca (MM Ipei(yIoT K ero Kpar, eciii IepHoIbl HE TOYHO
kpaTtHbl). CyOMMIyJIbCHl BO3HUKAIOT M OT MEPEMEHHOH paJnospKocTH 3Be3zbl Thra ConHIa, U3-3a
LIMKJIOB aKTMBHOCTH, BCIHBIIIEK M BPAIIEHMS] aKTHBHBIX 30H, T€HEPUPYIOUMX panuousitydenue. Ilo-
ATOMY UMITYJIbChl PaJMOU3IyUYeHHs, YCUIIEHHbIE pUTIH-3((EeKTOM, MEHee CTaOMIbHBI U OJHOPOJIHHBI,
UMEIOT JIPYTOii CIeKTp U GopMmy, uem ontudeckue [211], co3nanHbIe MOCTOSHHBIM CBEUCHHEM 3BE3/I.

Penkne pannonmmysbChl IyJbCapoOB OTJIMYAET OTPOMHAs MHTEHCUBHOCTb, B COTHHM pa3 BBIIIE
OOBIYHON MHTEHCHBHOCTU MMITYJICOB. [10 3ddexTy Putna ruranTckue UMITyIIbChI 3TO CIEICTBUE JIH-
00 Bcmbitiek (y ConHIa BCOBILIKA YCHUIHBAIOT PAAMOU3ITyYCHUE HA TOPSIKH), THOO MPUOIHIKEHHS
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YCKOPCHHUS 8y K KpUTHYSCKOMY -8p B moJie TpeTheit 38e3/bl (Puc. 2.3). [loaToMy u3nyueHne yCHICHO B
TEYEHHUE BCETO UMITYJIbCa, & HE B KPaTKUE MHTEPBAIIBI CyOUMITYJILCOB OT CITyTHUKOB. Ho Bapmarmu yc-
KOPEHHUS CITyTHUKAMU BEAYT K OBICTPBIM KOJIEOAHUSAM SIPKOCTH Ha XBOCTE TUTAHTCKOW BCITBIIIKH, KaK Y
MIIT" u cBepxuoBbiX [A39, A47]. Ilpu 3TOM 3ddekT PuTia HE TOIBKO HapallMBaeT WHTEHCHBHOCTH
U3IyYeHUs] B COTHH pa3, HO U TCHEPUPYET PEHTICHOBCKOE W raMMa-M3IydeHHe, CKaKeM y IyJbcapa
PSR B1937+21. OueBHIHO, THTAHTCKUE UMITYJIbCHI BOSHUKAIOT JIMIIb B PEIKUX TOYKaX opOuThI (e
ar = -ap) ¥ perysapHo noBTopsitoTes. Tak, y PSR J1752+2359 kaxapiit 270-i UMITyJIbC — THTAaHTCKUU.
N3 6ammcTHYecKo TEOPHH CIIEAYET W MOSIBICHHE WHTCPUMITYJIBCOB — MAJIBIX MMITYJIBCOB, pe-
THCTPUPYEMBIX MPUMEPHO IMOCEpEeIuHe MepHoaa MEXIy OCHOBHBIMH, Hampumep, y PSR B0906-49
[119]. I'enepanmio IBYX UMIYJIbCOB 3a MEPUOJl HHTEPIIPETHPYIOT KaK MOOUYEPENHBINA MOBOPOT K 3eMiie
JIByX MarHUTHBIX TOJOCOB 3Be31bl. HO 3Ta rUmoTe3a He OOBSICHSET pa3UuvHe CIEKTPOB TIIABHBIX U
UHTEepUMITYJIbCOB. [10 3ddexTy Puriia nHTEpUMITY IHCBI MOXKET CO3/1aBaTh KOMIIAHBOH JIBOMHOW 3BE3-
IIbI, TBMOKYIITUICS B TPOTUBOGA3e ¢ TIaBHOM 3BE30M, MOITOMY €T0 UMITYJIhC CIBHHYT Ha MOJIEPHOAA
U UMEeT WHOM CIEeKTp, Ha 4TO BIepBble oOpaTwia BHUMaHue P. @purinyc [207]. TTockoabKy 3BE3BI
COOOIIAIOT CBETY pa3Hble OpOUTATBHbBIE CKOPOCTH, HHTEPUMITYJIBC OTCTAET HE TOYHO Ha MOJNEPHOA.
JIBOMHOMN MMITYJIC MOXKET HaOII0IaThCS U Ha KPUBOHW Ojecka oxuoit 3Be3nbl [A4l]. Ecnu xpu-
Bas JIYYEBBIX YCKOPEHUH MEPECeKaeT yPOBEHbB -8p, YUCIO BCHBIIIEK YIBAUBACTCS, MOCKOIBKY BCIIBIII-
KU CO37aéT Kak BeTBb rpaduka a,(t) Bbllie JUHUK -8y, TAK U BETBb, MPOXOSIIAs HUKE, HA KOTOPOH
HOPSIIOK COOBITHIA OOPaTHBIH, a BCIBIIIKY CABUHYTHI 110 (asze (Puc. 2.1). Eciu rpaduk a,(t) nogxoaur
K JINHUH -39 C JIBYyX CTOPOH C pa3HbIMHU IIyOMHAMH MOJIYJISIIIME M, TO OT Pa3HBIX ( BCIIBIIIKHA HMEIOT
pa3Hy0 MHTEHCUBHOCTD U TMOMAal0T B Pa3HbIe YaCTOTHBIE Muana3oHsl. [loaToMy, Hanpumep, y myib-
capa B [lapycax BCIIBIIIKY B pauorana3oHe CIBUHYTHI 1O ()a3e OTHOCUTEIIFHO BCIIBIIIEK B raMMa- U
ontuueckoMm auanazone [119]. JlobaBouHast 3ajepKa BO3HUKACT OT pa3jiMuusl JUIMH SKCTUHKIUH B
pa3HBIX qUara3oHax: UMITYJIbChI Pa3HBIX JHANA30HOB ABIKYTCS C M30BITKOM CKOPOCTH Pa3HOE BPEMsI.
BceBotHOBOE MMITYJIBCHOE HM3IIyYSHHE OTKPBITO Takxke y oObekra Swift J1822.3-1606: emy
MPUCYIIY CBOWCTBA U PEHTI'CHOBCKUX, U paauoIyibcapoB. CyIliecTBOBaHHE JIByX THUIIOB ITyJIbCAPOB, C
ToukH 3peHus dpdexra Putna cBA3aHO ¢ TeM, UTO AJIE PEHTTEHOBCKUX IMYJIhCAPOB YCKOPEHUE HUXKE
KPUTHYECKOTO -8, Y PaIMOMyJIbCapOB — BHIIIE -dg. Toraa npeodpasoBanue 4acToThl 1o dhdexry Put-
1[a y 3THX MyJbCapOB Pa3HOE, MOCKOJBbKY TpH ar < -89 UHBEpTHpyeTcs nopsiaok coowituii (g <0). B
UTOTE, Y PaJNOINYIhCAPOB MEPHO HapacTaeT (3a CYET MPUIIMBHOTO TPEHUS), & Y PEHTTCHOBCKHUX ITyJIb-
capoB TEPUO/] COKpaInaeTcs, T.K. mpu ar < -ap u P' = P(1 + a,/ap) < 0 Bce nporiecchl BBITISAAT WAYIIH-
MU B O0paTHYIO CTOpPOHY. BO3MOXHBIN TpUMeEp TaKOTO YCKOPEHHSI U WHBEPCHUU TOPSIKA COOBITUH —
«o0paTHOE IBMXKEeHHE» 110 opouTe y sk3omuianet tuna WASP-33b (cm. 8 1.4). TIpu 3ToMm, B 3aBHCHMO-
CTH OT COOTHOIIICHUSI MY 8 M -89 CHIIbHEE TOTJIOMIAIOTCS PEHTTCHOBCKUE HITH PaJUOTyUH.
VY OTAeIbHBIX MYJIbCAPOB BO3JIC TOYKHU MEPECEUCHUsS JIMHUU -8y TpadukoM ar(t) MoxkHO HaOIIO-
JaTh Cpa3y U T€ U Apyrue cBoiictBa. OTKPHITHI TAK)KE aHOMAJIbHbBIC PEHTIeHOBCKUE myJibcapbl (AXP),
nepuoJibl KOTopbIX mopsiaka 10 cekyHa u pacTyT, kKak y paauomnyibcapoB. C Touku 3peHus 3¢dekra
Putna sTo cnencTBue CHWKEHHS KOMIpeccHu § u pocTa P' mpu otnaneHun ar ot -8p. AHOMATEHBIMU
nynbcapbl AXP HaszBanu BBHly HEONPEeAeIEHHOCTH UCTOYHUKA UX SHEPTUH, MOCKOIbKY OHH Bpalia-
IOTCSl MEIJICHHO M HEe OOHApY)KHMBAIOT CIIeI0B akKkpennu. He yaaércst o0bsICHUTh aKKpeIHel U peHTre-
HOBCKOE U3JIydyeHue cemu Onm3kux mysibcapoB (RXJ), Ha3BaHHBIX «BETUKOJETHON cemépkoii» (Puc.
2.7). OnHako sHeprus peHTreHoBCKuX u3nydeHus AXP u RXJ MokeT ObITh mpeobpa3oBaHHOM 110 (-
¢dexTy Putna sHeprueil onTu4eckoro TEIIOBOIO M3IIyUeHHs 3BE3/. DTO MO3BONISAET OOBSCHUTD, MOYE-
My CIEKTp MyJIbCapoOB U 0ApCTEPOB CXONEH C YEPHOTEIBHBIM CHEKTPOM 3BE3], CIBUHYTHIM PHTII-
>QdEKTOM B PEHTTCHOBCKMIA HANA30H, ¢ SKBHBAICHTHOH 1BETOBOI Temmepatypoil T ~ 10°-10° K
[119, cc. 139, 586]. OpburtanpHOE IBHKEHUE IYIHCAPOB BAPhbHPYET UX YCKOPEHHE W CIBUT CIIEKTPa
10 puTI-3QQeKTy, 4T0 BOCHPHHUMAIOT Kak Koebanns Te ma AT ~ 10°, kak y Sco X-1 [211]. Orroro
B €0 CIIEKTPE JIBE TPYIIBI CHEKTPATBHBIX JTHHHUN, KOJCOIIONIMXCS B MPOTUBOdA3e ¢ mepuoaom 4 mHs
(Puc. 2.2), xak nmokasan B.M. Jlrorenii [123, 211]. CMerieHus TUHUN OTBEYAIOT CKOPOCTSIM V' B ThICS-
gu kM/c. Eciu cMenieHuns BeI3BaHbl pUTI-3()(GEKTOM, pealbHbIe CKOPOCTH 3BE3/T MHOTO HIIKE.
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Puc. 2.7. Pa3HbIe TUIIBI ITyIbCAPOB B OapCTEPOB, KaK pPe3yNIbTaT BapHalnit
6necka u cektpa dpdextom Putia 3a cuér pasmuaus rpadukos a,(t).

Komnpeccus HaOmaroaeMbIX IBHKEHUH IyJIbCApOB BEAET K YOBICTPEHHOMY CHIKEHHIO OpOH-
TAJILHOTO TIEPUO/ia B IBOMHBIX MyJIbcapax, a y 3BE3/ W IUIAaHET NPUIMBHOE TPEHHUE COKpAIaeT opOu-
TaNbHBIA paguyc U MEepHoI KpaitHe MemieHHO (Kak y crmyTHHKa Mapca — @oboca). B OTO OGbicTpoe
COKpallleHHe TIepro/ia HHTEPIPETHPYIOT KaK MOTEPI0 SHEPTHH Ha TPABUTAIIMOHHBIC BOJIHBI B TIOJIE TS-
roteHus: mynbcapoB [42]. Ho paccuntannbie B OTO Macchl MylbCapoB MPEBBIIAIOT TEOPETHICCKUI
peJieN Macchl HeUTPOHHO# 3Be31b! (R2M ), ckaxem y mynbcapa PSR J1614-2230. B Gannmcruyeckoi
TEOPHH UCTUHHBIA OpOUTATBbHBIN EPUO JBOWHBIX ITyJIbCAPOB MOXKET OBITh BEJIMK U MEHAThCS KpailHe
mMeaneHHo. OaHako puT-3(¢(GeKT Mo3BoIsIeT HAOII0IaTh STH BapHaIlMK B YCKOPEHHOM MaciiTale.

AHanoru4Ho, OBICTPBINA MOBOPOT OPOUT ABOMHBIX MyjbcapoB, nocturatomuii 10° B rox, o0bsic-
us10T dppexramu OTO. Ho opOUTHI OOBIYHBIX IBOMHBIX 3BE3/I TOXKE BPALIAIOTCS OT BO3MYIeHHH [46,
65]. OaHako y mysbcapoB pUTH-3GEKT YCKOPsIeT BUIMMOE BpallieHHe opOuT B ThICsuu pa3 (g ~ 10%).
Torma moBopoT Ha 2" B TOJ BOCIIPUMETCS Ha 3eMJie KaKk TIOBOPOT OPOMTHI Ha TPaaycChl B Toj. B Gammm-
CTHUYECKOW TeopuH 3((HEeKT yCKOPEHHOTo BpalleHUs OpOMT BO3MOXKEH M JUISl IPYIMX HNEpEeMEHHBIX
3B&31 (8 1.5) — kapnukoBbix neden, 38€3 tuna RR Jlupsr B Buae a¢dexra braxko [A23, A24].

VY IBOHHBIX IMyJICAPOB OTKPBITA TAK)KE€ aHOMAJIbHO OBICTpasi Mpeleccus OCH BpallleHUs, Bery-
mas K peryJsipHoMy TpekpaiieHuto mynbcarmid (Puc. 1.21), 4To ToXe MHTEPIPETUPYIOT Kak dddekT
OTO. C touku 3peHus GaJUIMCTUYECKOM TEOpUH, UMEET MECTO MEAJICHHas Ipeueccus oceil 3BE31 u
OpOWT WX CITyTHHKOB IO BO3MYIIAIOIIMM BO3/ICHCTBHEM T'PaBUTALIMOHHBIX TOJICH IPYTHX HEOECHBIX
ten. Ho u3-3a putu-addexra nperneccuss OpoOUT BBHIIAAUT THICSYEKPATHO YCKOPEHHOU, IPUBOAS K pe-
TYJSIPHOMY TPEKpaIleHHIo MyIbCcalnii y psiza myiascapoB U nedenn. Ecim och 3emin B Xoze mperec-
CHUHU JieJIaeT MoHbIi 060opoT 3a 26000 net, To y ABoiiHoro mynbscapa PSR J0737-3039 — 3a 75 ner.

Taroke puTI-3(h(HeKT HapamrBaeT CKOPOCTh COOCTBEHHOTO JIBM)KCHUS ITyJIbCAPOB, HAIIPUMED, Y
nynbcapa KanpBepa. TunudHble TaHreHIUAIbHBIE CKOpOCcTH 3BE3A ~10 KM/C, a BHOMMOE IBHIKCHUE
MyJIbCapoOB COOTBETCTBYET ckopocTsiM ~1000 km/c, kak y mynbcapa B co3Be3auu [lapycoB, a Takxke y
nynscapoB IGR J11014-6103 u PSR J1357-6429. B coBpeMeHHOIl TEOpUU IMyJIbCAPOB UX BBICOKHE
CKOpPOCTH OOBSICHSIOT TUIIOTE30M KMKA — «TOJYKa», TIOJYYEHHOTO ITyJIbCApOM TPU B3PBIBE CBEPXHO-
Boil. Ho cymecTBoBaHue JBOWHBIX MyJbCAPOB U IJIAHET Y IMyJIbCAPOB C MOYTHU KPYTOBBIMU OpOUTaMU
NPOTHBOPEYHT STOW THIIOTE3€, MOCKOIBKY yIap COMPOBOXKIAICSA OBl pa3pylIeHHEM JIBOMHBIX W IUIa-
HETHBIX CUCTEM WJIM UCKaXEHUEM UX opOuT. HampoTus, B pamMkax GaJuIMCTHUECKON TEOPUH UMEET Me-
CTO WJUTIO30PHBINA B3PHIB, a PUTI-3()(PEKT €CTECTBEHHO OOBSICHSICT YCKOPCHHE BHIUMBIX JBIKCHUN B
ThICSIUM pa3 (g ~ 103), oOecreunBasi CKOPOCTH ~10° km/c. AHOMANBHO OBICTpBIC ABIKEHUS 3BE3] OT-
KPBITHL ¥ B co3Be3auu CTpenblia, B IeHTpe ["amakTHky, Tie pacrtoiIokKeH paguonu3Iydaromuil 00beKT
Crpernen-A (Sgr A*), roe B UK-nnana3one OTKpBITHI 3BE3/IbI, ABUKYIIUECS M0 OPOUTAM C TUTaHTCKHU-
MU cKOpocTAMHU. [103TOMy LIEHTpasIbHBII 00BEKT CUUTAIOT CBEPXMACCUBHOW YEPHOU ABIPON C Maccoi
MOpsIIKa MIJTMOHA COJTHEYHBIX. B paMkax puTI-ddekTa 3TOT 0OBEKT MOXKET OKa3aThCsl OOBIYHOMN
3BE3J10H, ABUXKYILEHCS CO 3BE3aMU-CITyTHUKAMM BOKPYI LIEHTpa [ alakTUKU ¢ yCKOpEHUEM MOpsiIKa
a, = -c%/r. COOTBETCTBEHHO, BCe ABUKCHUS 3BE3N YCKOpEHBI pUTI-3(PeKToM B ThICAUN pa3. DhdexT
O0BSICHAET M paJiuON3IIydeHue 00bekTa Sgr-A, eciii ONTHYECKOE U3TyYeHHE 3BE3/1 IEPEBOANUTCS PUTII-
3¢ dexToM B pamuousydeHue, 3a CYET YCKOPEHH CBOOOIHOTO MaICHHsI ay Ha UX TOBEepXHOCTH. B Sgr
A* OTKpBIT psJl MyJIbCApOB, U30BITOK U3MEPEHHON CKOPOCTH KOTOPBIX TOXKE MOXKHO OOBSCHHUTH 3(-
¢dexToM Purtna. OTcyTCTBHE CBEpXMACCHBHBIX TEJ B LIEHTPE HALCH M IPYyTUX rajJakTHK MOATBEPKAA-
eTCs CIEKTPOM M3JTyUeHHsI 3TUX yYaCTKOB, KOTOPBIM COOTBETCTBYET KpaifHe pa3pe:KEHHOMY Tasy, CyIs
[0 HAJIMYMIO B CIEKTpE 3ampeniéHubIxX nuuuii [112, ¢. 374]. IIpucyTcTBHe CBEPXMACCHBHBIX YEPHBIX
JBIP BBI3BIBAJIO OBl aKKPELUIO M HAarPEB MEXK3BE3THOTO T'a3a, 3aMETHO MOBBICUB €TI0 KOHIICHTPALIUIO.

ITockonbKy BCIBIIIKKA HOBBIX, CBEPXHOBBIX M ITyJIbCAPOB OOYCIIOBJIEHBI KOHIIEHTpALUEH U3Iyde-
HUS 3Be3/1bI 110 3P exTy PuUTna, 0ueBHAHO, BCOBIIIKH TEM spue, YeM OOJblIe Mepuoa OOpalieHus 1mo

66



opbure, pa3z BO BpeMsl 3TOTO ABIKEHHS aKKyMYJIUPYETCS SHEPIUs BCIBILIIKK. OHA MPOMOPIUOHAIbHA
nepuoay obOpamieHus: 3Be3abl. [103TOMy camble SipKHE BCIBIIIKH CBEPXHOBBIX MPOUCXOIAT KpaiiHe
penko. MeHee sipkue BCTBIIIKH HOBBIX 3BE3]] MPOUCXOAAT yaiie. HakoHel, BCOBIIKH HOBOIOJOOHBIX
3B&31 Tuna U BinsHenos npoucxoast emé yaie (y OJHON U TOW e 3Be3/Ibl BCIIBIIIKU MOBTOPSIOTCS C
MePUOAOM TIOPSIKA T0/1a), HO M POCT SIPKOCTH MX HE CTOJIb BEJIMK,— BCEr'0 YETHIPE-TISATh 3BE3IHBIX BE-
auunH [175]. b. Kykapkun u I1. [TapeHaro oTKpbUIH 3aBHCHMOCTB, CBSI3BIBAOIIYIO MEPHOJ MTOBTOPE-
HUS BCIBILIEK, T.€. BPEMs, NPEAIIECTBYIOLIEE KaXA0U BCIBIIIKE, C €€ APKOCTBIO, IPOIOPLMOHAIBLHON
nepuoay. TO BEPHO CBS3aJIU C TEM, YTO BO BCIIBIILIKE COOpaHa SHEPTrHsi, KOTOPYIO 3B€3/1a PABHOMEPHO
HaKaIrUIMBaia B NMEPUOJ nepe] Benblmkod [175], HO He HalLM MpaBIONOIO0OHOTO MEXaHH3Ma HAKOII-
nenust. Db dext Putma oObACHICT U MpEACKa3bIBACT ATy 3aBUCUMOCTh €CTECTBEHHBIM 00pa3om. Ta ke
IPONOPLHUOHATIBHOCTD APKOCTHU BCIIBIILKY EPUOTy OOHAPYKUIIACh U Y TIOBTOPHBIX HOBBIX 3BE3/I.

Takum 006pa3om, HaOIIOJaEMbIE CBOMCTBA ITyJILCAPOB, 0APCTEPOB U CBEPXHOBBIX BIIOJHE COTJIa-
CYIOTCSL C TIpeJICKa3aHusIMHU OaymrcTuieckoil Teopur. CoBpeMEHHBIE aCTPOHOMUYECKHE U pajanoac-
TPOHOMHYECKHE METObl UCCIEIOBAHUS ITyJIbCAPOB MO3BOJST C BHICOKOW TOYHOCTBHIO NMPOBEPUTH OC-
HOBHBIE KPUTEPUH BbIOOpa MEKIy OaNTUCTUYECKON Teoprel U Teoprel OTHOCUTELHOCTH.

§ 2.2. MexaHu3MbI 2eHepayuu 2upoJsIUHUU PeHM2eHOB8CKUX nyJsibcapoes, paduoussyye-
Husl Kea3apoe, paduonysibcapoe U KOCMUYEeCKUX Ma3epoe

B GamucTudeckoit TeOpUM €CTECTBEHHYI0 MHTEPIIPETAIMIO TOTYYal0T U TOHKHE OCOOCHHOCTH
CIIEKTPOB MYJIbCAPOB. Y PEHTTEHOBCKUX MyJIbcapoB, BKirouas ['epkynec X-1, oOHapykeHbl HKH (2u-
pOoIuHUY) HA CIUTOIIHOM peHTreHoBckoM crektpe [119, ¢. 593]. DTy NMHUU HHTEPNPETHPYIOT Kak
[UKJIOTPOHHOE M3IIyYCHHE MOHOXHEPTHUYHBIX 3JIEKTPOHOB B MAarHUTHOM TioJie 3Be31bl. [Iporne unrep-
NPEeTUPOBATh JUHUU 10 3P dekTy Putna, ciBurammemMy onTu4eckue IMHUCCHOHHBIC JIMHUU aTOMOB B
pEeHTreHOBCKUH auamna3oH. Ecnu nepsast nunust banemepa H, € wacroroii f = 4,6-1014 I'u nepeBoauTcs
pur-oddexrom B rupommsnio hf' =56 k9B Tepkyneca X-1 (f' = 1,35-10" '), Toraa xommpeccus
g = 310" - Benmumna THIMYHAS 11 myTbcapoB (§ 2.1). [apMOHUKH THPOYACTOTHI — 3TO MO0 Pe3yIih-
TaT MPeoOpa3oBaHus APYTUX JUHUHN CIIEKTPa, TM00 CIEICTBHE UCKAXEHUsS PO BOJHBI y JHHHH f'
IPU pacrpoCTpaHEHUH, aHAIOTHYHO TapMOHUKAM OpOUTAIBHOTO Mepuoja y sk3ormianeT (8 1.4).

Tax)ke BO3MOXKHO BBICBEYMBAHUE XaPAKTEPUCTHUECKOTO PEHTTEHOBCKOTO CIIEKTPa aTOMOB MEXK-
3BE3IHOTO Tras3a, MOCKOJIBKY pUTI-3((deKT, HapamBas 4acTOThl f ONMTHYECKOrO W3JIydeHUs 3BE3,
IUTaBHO C/IBHMTAcT MX B PEHTI€HOBCKHI auana3oH. B MomeHnt, kormaa gacrora f' = /(1 + rarlcz) JIOCTH-
raeT XapakTepHBIX PE30HAHCHBIX YACTOT aTOMOB, U3NyueHUe d(PPEKTUBHO MOTIOMACTC U TIEPEU3Iy-
yaetcs. B utore cBeT 3Be3/bl, MEPEBEAEHHBIA B XapaKTEPUCTUUECKUIT PEHTICHOBCKUN CHEKTp, Jajee
He MpeoOpazyercs. AHATOTHYHOE SBJICHHUE TO3BOJSET OOBSICHUTh SMUCCHOHHBIE TYMAaHHOCTH, OKPY-
)Karomye Neen bl 1 CBEPXHOBBIC, €CJIM YYECTh NMEPEU3TyYCHUE MEXK3BE3IHBIM T'a30M, TlIe KOHIICH-
tpammst aToMoB N ~ 1 cM™°. ECTECTBEHHYI0 MHTEPIPETALHIO TOIYYaeT TAKXKe CIEKTP KOCMHYECKHX
Ma3epoB M AIMHCCHOHHBIX TyMaHHOCTEH BOKPYT 3BE31 [A47, A51], nanpumep TymaHHOCTh OKepenbe
[A40]. ITockonbky 3 PEeKTUBHOCTD MOTJIONMICHUSI U PACCEsSHUsS CBETa CHJIBHO HapacTaeT BO3JIE Pe3o-
HAHCHBIX 9acTOT foj JIMHEHYATOrO CHEKTpa aTOMOB U MOJICKYJI, CBET 3BE3/, MCHSSA YaCTOTY IO PHUTII-
3 dekTy, 3pHEKTUBHO MOTIOMIACTCS U MEPEU3TYIaeTCs MO TOCTUKCHUU 4acTOTOl cBeta f' aTux vac-
tot foi. Cormacuo (1.10), mokasaresp mpeaoMIIEHUS N CTPEMHUTEIBHO PacTET BO3JIE PE30OHAHCHBIX Yac-
tot foi = C/Ai. B urore, mis atux wacror anuHbl nepeusnydeHus li = Ai/2n(n — 1) cHmxkeHsl: cBeT 3¢-
(eKTUBHO MOTJIONIACTCS U TIepen3aydaercst Ha yacrorax fo, 1 nanee apdexr Putiia He MeHsieT yacTo-
Ty. Toraa 3HaYUTEIbHAS TOJIS U3YUYCHHUS 3BE3/Ibl BHICBCUMBACTCS B BHJIC IPKUX SMUCCHOHHBIX JTMHHNA
Ha vacToTax fpi. DTUM OOBACHUMBI 3MHUCCHOHHBIC TYMaHHOCTH BOKPYT Iie(peua M CBEPXHOBBIX, I/e
a¢dexT Puriia ocoberno Benuk [A51].

CxoJHOe SIBJICHHE OTKPHITO Y HH(PaKpacHBIX 3BE3M, Y KOTOPHIX 3 dekt Purna, HanpoTus, cHU-
JKaeT 4acTOTy M3JIy4eHus, nepeBoss ceeT B K- u pangunonsnydenne. Toraa 3HaUMTENbHAS YacTh OI-
THUYECKOTO M3JTy4YCHHUs 3BE3/Ibl BRICBEUMBACTCS B (DopMe paiioM3ITydeHHs] Pe30HAHCHBIX YacTOT MOJie-
Kkys1 Mex3Bé3aHoro raza (CO, HyO u zp.), 3amofHsoIero y3kuii KOHyC ¢ OChIO BJIOJIb JIMHUH BH3HPO-
BaHMS 3BE3/bl. Y 3THX 00BEKTOB (KOCMHYECKUX Ma3epOB) MEXaHHU3M MEPEpaObOTKH CBETA B HU3JTyUCHUE
panuonuHuii — Bo MHOroM HesiceH [150, 211]. Hanpotus, 3¢ dext Putia jgerko npeodbpasyer BcE u3-
JTydeHue 3Be3/bl B XapaktepHble yacToThl K- u pamnoamanazona. He cimydaiino mMazepubiil dpdekt
[119, c. 377] conpoBOXkIACTCS CHIBHBIM PAJIUOU3ITYYCHHEM U THIMYEH JJISi MEPH] U KPACHBIX CBEPX-
TMTaHTOB, Y KOTOPBIX MPeoOpa3oBaHKe YacTOThI PUTI-3(dekTom ocobeHHo Bemuko (8 1.5).
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D¢ dexT nepensnyueHus cBeTa M3MEHEHHOW 4acTOThl f' MEKX3BE3THBIM ra30M MPOSBISETCS U B
MmaciTade rajgakTUK, OOBACHAS CBEUCHHME Tajo TaJakTUK B PEHTTEHOBCKOM M raMMa-Iuana3oHax.
JleficTBUTENBbHO, TIEpen3TyueHne cBeTa Haubonee >(QeKTHBHO, Koraa mapamerp ra/c’ ~-1. B stom
ciydae yactota f' pacTér Ha mopsIKy, MPOXOIs Ps 3HAUCHUI PE30HAHCHBIX YacTOT aTOMOB U siED,
OTBEYAIOIIMX PEHTTEHOBCKOMY M ramma-auana3oHy. COOTBETCTBEHHO, ONTHYECKOE M3ITyueHHE 3BE3-
nbl, mocne tpanchopmaruu ddpdexrom Purna, sddexktnBHO mepen3iaydaeTcs MEK3BE3AHBIM Ta30M,
nepepadaTHIBAIOIIMM CBET B PEHTI'€HOBCKOE M ramma-m3nydenue. [lockonbky peakue atombr (N ~ 1
CM ) paccemBaloT CBET BO BCE CTOPOHBI, I'a3, OKPYYKAIOIIHiA TaTaKTHKY i 00pa3yIomiyii rano, GopMu-
PYET CBOETO pojia pEHTTEHOBCKYIO U raMMa-KOPOHY T'aJJaKTUKU. AHAJIOTHYHO UHTEPIPETUPYETCS CBeE-
YEHHE MEXTaJJaKTUYECKOr0 raza B CKOIUICHHSX TaJakTHK, KOTOpOE, IIPU TEIUIOBOH MPUPOAE H3Iyye-
uusi, oTBeuano Ob1 T ~ 10°~107 K, u TSroTeHme raiakTiK o pacyéTaM He yAepKano Obl ra3 B CKOILIC-
HuM. [ToaToMy mpoie 0ObACHUTh PEHTTEHOBCKOE M3JIyUeHHE KaK ONTHYECKOE U3JIyueHHe 3BE3, mepe-
pabotanHOe pUTI-3(H(HEKTOM B PSHTTCHOBCKUI [uana3oH u nepeusnyuénnoe razom [A40].

CrexTp paguoIyibcapoB, ¢ TOUYKH 3peHHs OaIIMCTUYECKON TEOpUH, TOXKE MOXKET OBbITh TEIIO-
BbIM YEPHOTEIBHBIM CHEKTPOM H3JIy4EHHUS 3Be37bl, IpeoOpa30BaHHBIM B paroAuana3zoH 3pQexrom
Putna. IIpoTuB uepHOTENBHON MPUPOABI PAAMOM3IYYEHUS IIyJbCApOB, MOJArajlu, CBUAETEIBCTBYET
yOBbIBaroIas CrieKTpajibHasi IoTHOCTh MomHocTH S(f), a U1 YepHOTENHbHOTO M3TyUYEeHHUS B PaHoana-
nasone, cornacuo gpopmyse Jxunca, S oc f = f2 - HapacTtaeT. Ho B paguoaunana3zoH MOXET MONacTb U
yObIBaroIasi BETBb CIEKTpa 3a cuéT cMeleHus no >¢dexty Purna, a Hapacraronas BeTBb NMONAJIET B
HU3KOYaCTOTHYIO 001acTh. OHa AEUCTBUTEIHHO OOHAPYKEHA B 00JACTH «3aBajia» CIIEKTpa HUXKE Jac-
tor f~100 MI'1f [119, c. 523]. JlelicTBUTENBHO, CIEKTP HU3AYYCHHUS ITyJIHCAPOB C MAKCHMyMOM H
CHCKTPAITLHBIM WHACKCOM 0 = -2 B 00JIACTH 3aBajia MOJ00CH MIIAHKOBCKOMY YePHOTEIHLHOMY H3JTyde-
HUto 3BE37. [losaramy, 4To CHEKTp MyJbCApOB HENb3sl OOBACHUTH KakK TEMJIOBOM, T.K. CIIEKTPaIbHBIN
MakcUMyM f'max B pamuoamanasoHe no 3akoHy cmemnieHuss Buna (f'max = aT) COOTBETCTBYET HH3KOM
Temmneparype 1  HCTOYHMKA, MpH KOTOpoil cBeTMMOCTh Mo 3akoHy Credana-bonbimana
P = 47R%cT" = 4nR%cf 'm;,\x“/a4 MHOT0 HHXE U3MepeHHOM. Eciu e uaéT Wuto30pHoe cMeIeHUe frax B
pagnoaunanazon 3¢¢dexrom Putna (f'max = 9fmax), @ Temmepatypa T MCTOYHMKA BBICOKA, CBETHMOCTD
P = 47R%f max /2" ocTameTcst BhICOKOI. TaKke pagroM3ITydeHHe yIbCapoB MOXKET OBITh TOM e IpH-
POIBI, YTO U PAMOU3ITYYEHUE OOBIUHBIX 3BE3J, T.€. UMETh TEMJIOBOH, IIMKIOTPOHHBIA U CUHXPOTPOH-
HbII MexaHu3M. OOBIYHO €ro MOIIHOCTh MaJia, HO PUTI-3QdEKT Ha MOPS KU ero ycuansaet (8 2.1).

Putn-3¢dext TpaHchopMupyeT H3iIyuyeHHe TaJlakTUK M Ha y4acTKax 3a TaJlakTHYeCKUM LeH-
tpoMm, e @ < 0. Eciiu B HUX nepeusnydenue Mano (0COOCHHO B IUIMNTHYCCKUX TalaKTHKAX, I71e Ma-
Ja KOHIICHTpAUusl ra3a), CiekTp cMeniéH B Y ®-, peHTTeHOBCKUIT M raMMa-TUarna3oHbl. JTO OObACHSCT
npupony Y®-ranaktuk [221] u u30bITOK CHHETO I[BETa KBa3apOB. HECMOTPSI Ha OOLIHIA CABHT CIIEKTpa
B KpacHyto o0iactpb (B K- u pamuoananason [126]), ot yckopeHus CBOOOIHOrO MajicHHs Ha MOBEPX-
HocTH 3BE31 (8 1.2). MoIHbBIC UCTOYHUKH PEHTI€HOBCKOTO M3YYCHUS B S/IPaX TATaKTUK MOTYT OBITh
3BE3/1aMU CO CIIEKTPOM, CMEIIEHHBIM PUTL-3(PPEKTOM, HIUTIO30PHO «IIPeoOpa3yroIuM» TrajlakTUKU B
KBa3aphbl, JIALCPTH/IbI, B3pbIBatoIIuecs U ceiieproBckue rajgaktuku [168]. Tawke addext Benér k
IPOCTOI MHTEPIPETALIMY MOILIHBIX HCTOYHUKOB PAJHMOU3IYYeHHUs B siipax celi(pepTOBCKUX rajJakTHK.

Pagnounsmydenue kKBa3apoB M cel()epTOBCKUX TaJIAKTUK HMCIBITHIBAECT OBICTpPHIC CIy4ailHbIC Ba-
pHaLny, KOTOpbIE HE MOTYT OTpa)kKaTh PEAJbHBIX M3MEHEHHMH PaJUOsSpPKOCTH, 3aHUMAIOIINX BeKa MpH
THTAaHTCKHUX pa3Mepax rajakTuk. Ho 3Ti Bapuanuu MOTyT OBITh BBI3BaHBI H3MEHEHHEM KOMIPECCHH J
cBeTa. brICcTphle BapualMy KOHLIEHTPAIMM HOHOB B CPABHUTEIIBHO HEOOJBIINX 00BEMAX MOJI BIUSHH-
eM Y ®-nyueil, CHIIbHO MEHSIOT CTETICHb MIEPEN3ITyYeHHS, BbI3bIBasi OBICTPhIC BapHAIIUN PATUOSIPKOCTH
U YacCTOThI CBETa rajakTvk 1o 3¢gdexry Purna. Habmonaercsa cBoero poaa 3hexT caMoMOLyIsIun
SPKOCTH, KOTJa HoHu3upytomiee Y D-u3nyueHne ObICTpO MEHSET KOHIIEHTPAITUIO HOHOB U KO3 GUIIH-
€HT TEpeu3NIyuyeHUs,, BbI3bIBAS OBICTpHIE KOJEOAHUS SAPKOCTH — AaHAJOTMYHO MEXaHU3MY
C.A. Kesakuna misa nedenn. [IpumepHo Tak 1 TypOyJIEHTHOCTh B 3eMHOU aTtMocdepe BeIET K OBICT-
PBIM MEpLAHUAM 3BE3]], XOTs CaMU 3BE3/Ibl HE MEHSIOT OJecK cTosb ObICTPO. OCOOEHHO 3HAYUM PUTI-
3¢ (}eKT B raJJakTUKaX ¢ HU3KOW KOHIICHTPAIMEH MEX3BE3MHOTO ra3a. [l03ToMy 2IITUNTHYECKHUE TalaK-
TUKH, TJI€ HET MePEen3IyyeHns, OObIYHO OKa3bIBAIOTCS UCTOYHHUKAMH PEHTTEHOBCKOTO U PaJHoU3Iyde-
HUSI,— paJiOTallakKTUKaMu. Y CeH(epTOBCKUX TallaKTUK KPACHOE CMEIEHHE CHCTEMAaTHYECKH HUKE,
4eM CIIelyeT 10 3aKOoHy Xa00ua it OOBIYHBIX TANAKTHK, a Y KBa3apoB — cucTeMaTtudecku Boiie [120,
c. 184]. Buaumo, neno B TOM, 4TO CeipepTOBCKHE TaNaKTUKH — FMTAHTCKUE TaJaKTUKU C SApaMu

68



Gombmoro paanyca R [126]. Coorsercrenno napamerp Xa661a H = VY/Re i kpacHoe cMemenne s
HUX HIDKE. Y KBazapoB, HanmpoTuB, R MeHbie, a H = V?Rc — BBIIIIE, YeM Yy OOBIYHBIX TaJIaKTHK.

PanuoranakTuku U KBa3apbl OOHAPYKUBAIOT UG ¢ auctaHimil I > 1000 Mnk, npudém MHTEH-
CHUBHOCTb PaJMOU3ITy4YECHUS U KOHLIEHTPALUs paJHorajJakTHK U KBa3apoB OBICTPO HApacTaroT MIPH yAa-
aenun [97, 211]. DTO HHTEPIPETUPYIOT KaK PE3YJIbTAT ABONIOLUHN BCelneHHO — yMEHBIICHHS YHCIa
KBa3apoB cO BpeMeHeM. B Oammuctudeckoit Teopun BeenenHas MoxkeT ObITh OECKOHEYHOW, BEYHOU U
cratuunoit (8§ 1.2), B cpeiHeM HE MEHSSCh CO BPEMEHEM. DTO MOJATBEPKIACTCS OTCYTCTBHEM H3MCHE-
HUM CTPYKTYpBl U KOHLEHTPALMU TaJaKTUK Ha OONBIINX AUCTAHLMAX, B IPEKHUE SMOXH, OTBEYAIOIINE
BBICOKHM Z ~ 6, KOT/Ia TaJIaKTHKH 10 TeopuH bolbiioro B3pbiBa emié Toybko GopMupoBainucs [222].

JU1s pUTI-KOHBEPCUH YacTOThI CBETa 3BE3/1 B MH(PAKPACHBIA U paAHOAHANIa30H HE JOCTATOYHO
UX OpOMTANBHBIX M TAJIAKTUYECKUX YCKOpeHH. OmnpenessiioluM CTaHOBUTCS YCKOPEHUE Ha MOBEPX-
HOCTH 3BE3]1, KOTOPOE Ha MOPSAKH BBIIIC M HApaIIUBaeT A He B pa3bl (KaK IMPH KPACHOM CMEIICHUH), a
B 10%-10° pa3. Torna nomis paguon3iIydeHUs PacTET C yBEIUYCHUEM MPONICHHON CBETOM AUCTaHIUU
I, ¥ YUCIIO NUIMNTUYECKUX TaJaKTHK, BOCHPUHUMAEMbIX KaK PaJuOraJaKTHUKH, ObICTPO HapacTaeT C
poctoMm I, B cornacuu ¢ HaOmoaenusmu [97, A50]. Tpanchopmanus ONTHYECKOTro U3TY4YEHUs B pa-
JUOJMANa3oH OOBSCHAET OJMU3KYH0 MOILIHOCTh HM3JIy4YEHHUs TaJakTHK, KBa3apoB U paJUOTaJIaKTHK:
Po ~ 10*" Br [223, c. 36]. Anasiorn4HO st KBa3apoB: C POCTOM I M Z UX KOHIICHTpAIUs PACTET, HO MIPH
z >3 magaer [120, 128, 248], Buaumo, OT JalbHEHIIEr0 CMEMICHHUS CIEKTPAILHOIO MakCHMyMa B
JUIMHHOBOJIHOBYIO O0JIaCTh paJMoOAMAaNa3oHa, BBIXOIAIIYIO 3a MpEeAesbl Juarna3oHa perucTpanuu pa-
JMOTENIeCKONoB. Torna 0ObeKThl MEPECTAIOT PETUCTPUPOBATHCA KaK KBa3aphl, a UX M3JIy4YE€HHUE MOIJIO-
IIaETCSl MEKXTAJIAKTHUECKUM Ta30M TpU JOCTHXKECHHH PE30HAHCHBIX YacToT. B cimyuae, ecnu nepeusiy-
YEHHE MPOUCXOIUT BHYTPHU TAJAKTUKUA WIM ( OKa3bIBa€TCsl Majlo, ONTUYECKOE W3IydeHUE 3BE3]
ranakTuku nepesoautcss B MK-u3nmydeHue, TOorAa paguoM3IydYeHUE TaJlaKTUKUA —OKa3blaeTcs
HE3HAYUTEJIbHBIM, YeM MOXHO O0BSACHUTH 3HAUUTEIbHBIN IPOLEHT PAJUOTUXUX KBA3apOB.

C nepeusnyueHHEM MOXET OBITh CBS3aHO U TPYNIIMPOBAHUE KPACHBIX CMEILIEHUH KBa3apoB BO3-
ae psaaa 3HaueHwi (Hampumep, Z =~ 1,95 [110]). YacroTa cBera cHiKaeTcst puTIH-3¢GGEKTOM, OKa HE
JOCTUTHET CJICAYIOUIeH pe30HAHCHOW YacTOTHI, a 3aTeM 3((EKTUBHO MepensiiydacTcs U aajiee He Me-
HseTcd. [1oCKOIbKY 4acTOTBI CHEKTPAIbHBIX CEPUH KECTKO CBA3AHBI, CMEILEHUS OCHOBHBIX JIMHWH,
Hanpumep H,, rpynmupyrorcst Bosne onpeaenéHubix z. C nepensiyueHueM MEX3BE3IHBIM I'a30M CBS-
3aH U BUJ| CIIEKTPOB KBA3apOB U PaJiMOTaJIakTUK: OH IPEJCTABISET COO0H CyMMy CIIEKTPOB 3BE3] pa3-
HBIX CHEKTPAIbHBIX KJIACCOB C Pa3HBIM (J, KOTOPbIE OT HEPABHOI'O MEPEH3IIyUYEHHUS CBETA pa3HBIX dac-
TOT, MOTYT (JOPMUPOBATH CIIEKTp Jr000r0 mpoduiisa. Kak mpaBuio, oH mpeacTaBisieT OO0 CTeeHHOM
criektp Buza Soc f™ [119]. Jlns kBa3apoB ¥ paaHOTalaKTHK XapaKTEPHOE 3HAUYCHHE CIIEKTPATbHOTO
uHIeKca o = 1 MOXHO OOBSACHUTH MCKOKCHHEM MPOQUIICH 3JIEKTPOMArHUTHBIX BOJH 3a CU€T Bpalle-
HHSL M3JTy4YaloNUX 3JIEKTPOHOB 1o Tuiy 3¢ dekra Bappa (8 1.1). On aenaer npodusib paadoBOJH M-
J000pa3HBIM C XapaKTEPHBIM CIIEKTPOM, 00pa30BaHHBIM M3 rapmMoHHK yactot f' = Hf mommuocty, na-
natorierr kak ~1/H (H € N). IIpu BbicOkMX HOMepax rapMOHHK H 3TO 0OBSCHSCT PEeHTTEHOBCKOE, Y-
M3jIydeHre W pagMocrektp Buga F ~ f~', THmuumHbIl 1 KBa3apoB H pagporanakTHk trma JleGems A,
Hesa A [119, c. 543].

Takum o0pa3om, OGaUIMCTHYECKAsh TEOPHs CBETa HE TOJIBKO MPEKpPacHO corjacyercs ¢ Haluiro-
JAEMBIMH OCOOEHHOCTSIMH PEHTI'€HOBCKOI'O M PAaJHO-U3JIy4eHUs 3BE3/ M TaJaKTHK, HO M MO3BOJSET
OOBSICHUTH PAJ UX CBOIMCTB, HETIOHATHBIX B paMKaxX CYIIECTBYIOUIMX aCTPOPU3NIECKUX MOIETICH.

8§ 2.3. UckaxxeHue sudumol cmpykmypbi usobpaxkeHuli 386630, ny1aHem U 2aJlaKmuk
OpOuranbHOE U 0CEBOE BpallleHUE 3BE3]], TOMUMO HUCKAKCHUS UX CIEKTpa U OJecKa, MPUBEIET K
UCK)KCHUIO BUIUMON (OPMBI 3BE3 — PACTSHKCHUIO WM CKATHIO MX M300pa)KCHHWH, HAOII0JaeMbIX
gyepe3 aCTPOHOMUYECKHE TPUOOPHI. ITO CBSI3aHO C TEM, UYTO Pa3HbIe YYACTKH 3BE3bI, 00Ia1alonue 3a
CUET BpaleHHs pa3HBIMHU JIYYEBBIMH CKOPOCTSIMH, UCIYCKAIOT CBET C Pa3HOM CKOPOCTHIO, M OH JOCTH-
raetr 3eMJIM 3a HEpaBHbIE BpeMeHa. B utore 3eMHOI HaOIIOAAaTENb MOKET OJHOBPEMEHHO PETUCTPH-
POBaTh CBET yNAISIFOIIETOCS M MPHOIMKAFOIIETOCS Kpast 3B€3/IbI M3 Pa3HBIX MOJIOKEHUH Ha opoute. Ot
Y4aCTKOB C IIPOMEXYTOUHBIMH JIyUYEBBIMU CKOPOCTAMH — U3 IMPOMEXKYTOUHBIX MOJ0keHu. COoOTBET-
CTBEHHO, M300pakeHUE 3BE3/Ibl TIOKAXKETCS PACTSHYTHIM BIOJb TpackTopuu e€ moséra. YtoOsl moka-
3aTh 3TO, PACCMOTPUM 3BE3/ly Ha PACCTOSHUM I, ¢ paanycoM R ¥ yriioBoil CKOPOCTBIO ( MEPIECHANKY-
asipHO# nyuy 3penus I (Puc. 2.8). DxBaropuanbHast Touka N Ha 1uMOe 3BE3/bI yIAISIETCS OT 3eMIIH €
OKPYHOU CKOPOCTBIO U= ®R, a quameTpanbHO MPOTUBOMOJIOKHAS Touka M — ¢ TOil ke CKOPOCTBIO
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npudmmkaercs. [1o OammMcTHUECKOMY MPHHIMITY CKOPOCTh CBETa C MEXaHWYECKHU CKJIAJBIBACTCS CO
CKOpOCThIO HcnmycTuBIIUX ero Touek M u N 3Be3nsl. [loatomy cBet oT Toukn M nocturHer 3emin 3a
Bpems r/(C + oR), a ot N — 3a Bpems I/(C — oR) i Bociipumercs Ha Bpems T ~ 2roR/c? mosmmee.

Puc. 2.8. 3ana3apiBaHne CBETa OT IPABOTO Kpast 3BE3/IbI 10
CPaBHEHHIO C JICBBIM NMPUBOAUT K HCKAKCHHUIO €€ BUAUMOM (HOPMBI.

3a Bpemsi T 3Be3na, JieTsias Monepéx Jiyda 3peHHsl CO CKOPOCThIO V, Jiexkaleid B 9KBaTOpHalib-
HOI TIIOCKOCTH, CMecTHTCs Ha paccrosiaie S = VT =~ 2rVeR/c?. TTostoMy cBeT OT KpailHHX Touek M u
N Ha ’KBaTOpe 3BE3/bl, BUIUMBIX OJHOBPEMEHHO, HCITYIICH B pa3HbIE MOMEHTBI, M3 Pa3HBIX TOJIOXKe-
HUI 3BE3/Ibl, Pa3ICiCHHBIX AUCTaHIuen S. JI[pyrue TOYKH 3Be3[bl, OTCTOSIIUE OT OCH BpAIICHUS Ha
BEJIMUMHY TPUIIETHHOTO MapameTpa p, O0NaJal0T MPOMEKYTOYHBIMU JTYYEBBIMH CKOPOCTSIMH P U
pasHHIeH cMemeHnui S' = 2rVon/C2 < S, 3amonHAsA BeCh OTpe3oK S. T.e. Mo OaNTMCTUYECKONW TEOPUHU
3BE3/IbI MPUOOPETYT BUJ HE TOYEK, a TPUXOB. M300paxkeHne 3Be3/bl paCTSIHETCS BIOJIb TPACKTOPUHU
nonéra. [Ipy THNHYHBIX cKOpoCTAX V M @ 3BE3] UX Pa3MBITHE S CTOJIHh MaJIO, YTO AK€ B TEIECKOIIBI
3Be3/1a BUAHA Kak Touka. Pa3pemenue myumux acrpoHoMuueckux Tpyo ~1" —0,1". A yrom, moa xoto-
PBIM BHICH OTPE30K S, paBeH o~ S/r = 2VoR/c? pazauaH, 4yTo Aaxke /st ObicTpermux 3BE3n ¢ V ~ 200
kM/c 1 ©R ~ 200 km/c naér o~ 0,2". U st G0bIIMHCTBA 3BE3/ «BBITSIHYTOCTB» HE3aMETHA.

B Hacrosiiee BpeMsi HHTEHCUBHO pa3BUBAETCSI MHTEPPEPOMETPHUYECKAs TEIECKOMHS C YTIIOBBIM
paspemienueM 10 0,0001", mo3BoNMBIIMM Pa3IWYUTh AUCKU 3BE3. DTH HAOMIOCHNUS BBISIBIIN 3 dexT
pacTsbKeHHs y 3BE3/1 ¢ OBICTPHIM BpallleHUEM, Harpumep y o Dpuaana (Axeprap): OKpy Has CKOPOCTh
Ha skBarope ®R ~ 240 xm/c. Buanmbliii quck o Dpunana umeer GopMy HE Kpyra, a 3JUTUICa C OTHO-
mrenuem oceit 2:3 (Puc. 2.9). Kak orMeuaroT acTpou3uKH, BpallleHHe He MOKET IPUIAAaTh 3TOM 3BE3/1e
CTOJIb BBICOKOE dKBaTOpHaibHOe cxkatue [224]. Kpome Toro, 3Be3a Takoit (hopMbl HEYCTOWYHMBA: OT-
HOIIICHHE KBATOPHAIIBHOTO TuaMeTpa K nmossipaoMy ~1,5-1,6 6511M3K0 K KpUTHIECKOMY .

DIIHICONAANBEHOCTD 0 DpUaHa MOXKET ObITh MHUMOM,— OT UCKXCHHUSI BUTUMOU (DOPMBI 3BE3-
abl (Puc. 2.9). Ecnu ycioBHO pa30HMTh TUCK 3BE3/IbI HA MOJIOCHI IMUPUHBI dp, TO IS KaXKIOH MOJOCHI
>QdEKT pasMBITHS CO3MACT BUAMMEIH cBHT S/2 ~ r'Vop/C?, MponopLHOHANbHEIH e8 TydeBoil CKOPOCTH
®p ¥ MPULIEITBHOMY MapaMeTpy p — PACCTOSHHIO MoJock 10 neHTpa O. B 3aBHCHMOCTH OT Hampasiie-
HUS TaHT€HUMAIbHOM cKopocTH Vi 3Be31pl, €€ Buaumblid pazmep M'N' pactsnercs ninm coxmETCs 1o
cpaBuenuio ¢ MN Ha mmny S, npuaaB aucky 3Be3abl popmy amuinca (Puc. 2.8) [A24]. DddexT 005b-
SICHSET HaOmomaeMyto GpopMy U Apyrux OBICTPO Bpariarommxcs 3831 — Peryna (o JIbBa) u Anbraupa
(oo Opia), sxBaTOpHaIbHBIN paauyc KoTopsix Ha 20-30% npesbimacT mosspHbii (Puc. 2.9), yro Oaus-
KO K Mpeaeny pa3pbiBa 3BE31. Y Peryna moBepXHOCTHAs SIPKOCTh MOJTIOCOB U DKBATOpa MaJjlo OTIWYa-
ercs, xots o teopeme (on [laitnenst momoca, pacmonoKeHHbIE OMKE K SIpy 3Be37bl, 00mananu 6
U30BITKOM SIPKOCTH. DTO JTOKA3bIBAET, UYTO BBITSAHYTas GopMa 3BE3 — WIUTFO30pHA: HCTUHHAs (popma
3Be3/bl OJM3Ka K IIapy, a paclpeieiieHHe TeMIIepaTypbl H SPKOCTH O MOBEPXHOCTH OJIHOPOTHOE
[A40]. He nanutio oObsicHeHHi U cxatue Peryna Boiab cKOpocTd V 3Be3jIbl, CJIOBHO OCh BPAIICHHUS
conanpasiena ¢ V. Hamporus, Teopust PuTia mpencka3ssiBaeT pacTsbKeHHeE-CKaThue 3BE3 BIOTb V,
JIa’Ke €CIT OCh BpalleHus nepneHaukyssipaa V (Puc. 2.9), 4to THOUYHO it ABOWHBIX CUCTEM.

OrneHrnM TeOpeTHYEeCKOe 3HaYeHue S¢ = 2rVoR/c? u CpaBHUM ¢ HabmomaemMbIM So. Tak, TpaHc-
BepcajbHas CKOPOCTh COOCTBEHHOTO JBIKeHHs AxepHapa V = 21 km/c, OKpyKHasi CKOPOCTh Ha 9KBa-
tope R =~ 250 km/C, paccrostHue 10 AxepHapa r =~ 139 cB. et = 1,3-1018 M, OTKyJa S¢ = 143 MITH. KM.
Habmiogaemast pa3Huiia 5KBaTOPHAILHOTO U MOJIIPHOTO AUAMETpa So = 6 MIIH. KM, T.€. TEOPETHUECKOE
Sc¢ A0CTaTOYHO 171l OOBSICHEHHS HAOJIOMACMBIX MCKAKCHHUM. 3HAYCHUE S, MEHBIIE, BBUIY MEPEU3ITY-
yeHUs B MEX3BE3MHOM Tase, Torma S = 2IVoR/c? = S,, NpHU JUTMHE SKCTHHKIMU | ~ 6 ¢B. jeT, 4To 1o
HOPS/IKY BEJIMYMHBI COBIaaaeT ¢ orenkoi ®okca | ~ 1 ¢B. roga (8 1.1). B nelicTBUTENBHOCTH, CYIS 11O
BCEMY, BEKTOpP CKOpPOCTH V HaIpaBJICH BJIOJIb KOPOTKOW OCH 3BE3bl, T.€. 3B€3/la CKaTa, a HE pacTAHY-
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ta (Puc. 2.8), a HaOnroTaeMBblii SKBATOPUAIBLHBIN IUAMETpP KaKETCsl KOpoYe MOJIIpHOTO. JlefCcTBUTENb-
HO, BEKTOp V COOCTBEHHOI'O JBM)KEHUS B MIPOEKLUHU Ha KAPTUHHYIO INIOCKOCTh HANPABIIEH MOJ YIIOM
24° (B 5KBaTOpPHAIBHBIX KOOPAWHATAX), a Manasi ock AxepHapa — o yriiom 39°. Takoe HarpaBieHUE
V noareep:kIaeTcs HAIMYMEM Yy AXepHapa NMPOTSKEHHBIX CBETALIMXCS 00JIaCTEH, BBITSHYTHIX BJOJIb
KOPOTKOH ocH 3Be3/bl U HaOmogaembix B MK-1nana3zone, B KOTOpOM IOTJIOUICHHE Ta3a U MBLUTH HIDKE
(I BBImIE), IO3TOMY S¢ = 2IVoR/c? MokeT nocTurarh 3HaudeHHs Se~ 143 MIH. KM, MIPEBBIIIAIOIIETO
muameTtp 3Be3abl D =~ 15 muH. kM. T.e. B UK-nuanazoHe npoucxoauT MHUMEBIN TEPEBOPOT U300paxke-
HUS 3Be3/bl. A CBET 3Be3/bl MPHOOpPETAET JIMHEHHYIO MONIAPU3ALMIO, OCKOJIBKY KPYTrOBbl€ OpOUTHI
3JIEKTPOHOB MJUTIO30PHO BBITATHBAIOTCSA, TaK ke Kak JUCKH 3BE37. COOTBETCTBEHHO, aMILTUTYIbI MOJIS
E B npomosibHOM 1 nonepeyHoM K V HanpaBlIeHUH NEPecTaroT COBIAAATh, T.€. CBET MPHOOpETaeT Ju-
HENHYI0 nojsipu3anuio. JeficTBUTeNnbHO, U3llyueHne AXepHapa NoJIspU30BaHO, IPUYEM MO3UIIMOHHBIN
yron nojsipuzanuu (37° B 9KBaTOPUAJIBHBIX KOOPIMHATAX) MPAKTUYECKH COBIAJIACT C YIJIOM MaJOH
ocu (39°) AxepHapa, 4TO CIY)KUT IMOATBEPKICHUEM JBIDKCHUSI AXepHapa B HaIPaBJICHUN MAJIOH OCH.

BUA 38830 ¥
cdemnu @
Puc. 2.9. Bapuanuu Bunumoit opmbl 3Be3/1bl B 3aBUCHMOCTH

OT €€ IOJIOKECHHUS Ha Op6I/ITe 1 HAIllpaBJICHUA ABUKCHUA.

Hckaxxenus: BUAUMOI (hOpMBI 0OHApYKEHBI Taroke y nedenn. B wactrocty, y [NonsipHoii 3Be3/pbl,
B PaMKax MyJbCAallMOHHOW TeOpHH Leden]l, Mpeanoiaraal 0OHapy UTh paJualibHble MyJbCalluu, HO
(akTHUeCKH, B 3aBUCHMOCTH OT (pa3bl KojeOaHMid, TUCK 3BE3/Ibl M3MEHST HE pa3mep, a popmy, Imore-
PEMEHHO CTAHOBSCH BBITSHYTBHIM U CKaTbIM, CJIIOBHO Pa3HbI€ YYacTKU 3BE3/bl MyJIbCUPOBAIM HECUH-
XpoHHO. CXoHBII APGEKT OTKPBIT y JoJironepuoandeckoi nepementoit Mupst (o Kura). B 6anmu-
CTHUYECKOW TeopuH 3()(EKT MOJyUMsl €CTECTBEHHYIO HWHTEpIpEeTaluio, T.K. OpOUTAIbHOE JIBUKECHUE
3Be3bl (Puc. 2.9) 10mKHO CHHXPOHHO MEHSAThH BUIMMBIN Ojeck U Gopmy 3Be31b1 [A39, A 41, A50].

[TockonbKy JTyun CBETa OT ABMXKYIIUXCS K 3eMiie yuyacTkoB M 3Be3/1bl OMEpEXaloT JIydr CBETA OT
yaansronuxcsi yaactkoB N, opoutanbHoe ABrkeHue 3Be3/bl B HanpaBieHnn MN «cxumaer» e€ quck
Baosib MN (monoxenue 2 Ha Puc. 2.9). B mpoTHBOIOI0KHOM TOYKE OPOUTHI AUCK 3BE3/IbI, CMEIIAsICh B
Hanpaeinenuu NM «pactsiaercs» (monoxenue 4 Ha Puc. 2.9). KoneGanus Buanmoi ¢popmsl 3BE371, B
TaKT MX ABWKEHHIO 10 opOuTte, peanbHo 3adukcupoBansl K- 1 onTuueckumu natepdepomeTpamu,
ckaxkeM y P Jlupsl (Puc. 2.10), 6, Opuona u o Kura B (Puc. 2.18), 6 Cxoprnnona [225]. [Tpuuém, ecin
BBITATMBAHUE 3BE3]1 B IUNIOCKOCTH OPOUTHI OOBIYHO OOBSCHAIOT HMPUJIMBHBIM HCKaXXEHHEM UX (DOPMBI,
TO HaAOJIF0JITaeMOe B HEKOTOphIX ¢azax y crmyTHuka [ Jlupel u o Kuta B cxarme B 3T0# MI0CKOCTH
MOKHO OOBSICHUTH TOJIBKO WILTIO30PHBIM UCKaKeHHEM (GopMbI o Tumy 2 Ha Puc. 2.9.

Kpome uckaxenuii Bugumoit popmel y o Lledes u B Jluper (Puc. 2.10), B TakT ¢ opOHUTaIBEHOMN
¢ba3zoif MeHsieTcs mosIApU3alys, HallpaBleHHe KOTOPOil, Tak e Kak B cilydyae AxepHapa, Omnpejaesser-
cs1, 0 OAJUTMCTHYECKOW TEOPUH, HAIpPaBJICHUEM MIHOBEHHOHN ckopocTH V 3Be3abl [A41l]. Ecnu mmoc-
KOCTb OPOUTHI U OCh 3BE€3/Ibl HAKJIOHEHA K Jydy 3peHHs I, a YIJIOBasi CKOPOCTh @ €€ MOBEPXHOCTU Me-
HseTCs 10 mupote (Oughgepenyuanvroe épawjenue), xonedanus GopMbl 3Be31bl TPHOOPETYT OOsIEe
CJIOXKHBIN xapakTep. Y 3BE3]] C TBEPAOTEIbHBIM BPALIEHUEM AUCK PaCTATUBAECTCs MPONOPLMOHATIBHO U
HaOJroMaeTcsl B BHJIE AJUIMICA, a Y 3BE3M ¢ A depeHInalIbHbIM BpaIeHHEM SKBAaTOPHAIBHBIE CeT-
MEHTBI, BpaIlasch ¢ U30BITKOM CKOPOCTH @, CO3/1al0T N30BITOYHOE pacTskeHue skBaTopa. Takas ¢op-
Mma oOHapyxeHa y o XKeprBennuka (Puc. 2.10). Eciu 3aBUCHMOCTB ® OT IIUPOTHI () UMEET BUJ

() = 0o — w1Sinp, (2.5)
(xapakrtepnyro st Cosaia, s koroporo wg = 0,25 paa/cyt, w1 = 0,05 paa/cyt [226]), To Bugumast
(opma aucka 3Be3/Ipl 3a1aHa YPaBHEHUEM B 0CsIX X (BI0JIb 9KkBaTopa) U Y (BAOJIB OCH BpAILCHUS):
X(y) = (R? = y*)"2 = rVeo(p) (R* = y)P1c? = (R? = y) (1 = [wo - 01y*IR7ITViC?). (2.6)
[Ipu @1 = 0, T.e. B oTCyTCTBHE AU PEPEHINATBLHOTO BPAIICHHUs, 3aBUCUMOCTD (2.6) COOTBETCTBYET 3J1-
auncy. A npu 1 # 0 BUAMMBIN TUCK 3Be3/1bl puoOpeTaeT 6osee cnoxuyto Gopmy (Puc. 2.10).
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Puc. 2.10. Uckaxenue BUANMOMN (HOPMBI 3BE3THBIX JUCKOB MPH TBEPAOTENBLHOM (Ce6a) u
muddepentmansHoM (cnpasa) BpaiieHun, Ha mpumepe 38é371 B JIupsl u o XXeprBeHHuka.

AHanornunelie KojiebaHus pa3MepoB U GPopM, HEOOBICHUMBIC B PaMKax TCOPUH IyJIbCAlUH, 3a-
pETHCTPUPOBAHBI TIOCPEICTBOM HHTEpPepoMeTpoB Takxke y berenbreiize (oo Opuona). B Takr ¢ kone-
OanusMu Orecka ¢ nmepuoaoM P = 6,4 rona »Ta 3Be3/1a MEHSIET CBOM pa3Mepsl B GOpMy, HO HHAYE, YeEM
cleyeT U3 TeopuH myibcanuid. [lpeamnonaraior, 4o 3Be34a UMEET HENPAaBWIbHYIO (OpPMY, H MOOYE-
pEénHO TMOBOpaYMBaeTCs K 3eMiie yJyacTKaMH, NMEIOIIMMH Pa3Hble KOHTYPHI U spkocTu. C TOUKH 3pe-
HUs Teopuu Putna 311 KonebaHus sipkocTH U (OPMBI MOTYT ObITh MHIUMBIMU, BEI3BAHHBIMH JIBUYKEHU-
eM 3Be3bl, o0mamaronieit chepruaeckoi GopMoi U OTHOPOIHOM SIPKOCThIO. MI3MepeHust cpeTHux nua-
METpPOB TaKUX 3BE37 UHTEPPEPOMETPAMHU TOKA3BIBAIOT UX KOJICOAHMS B TAKT C KoJeOaHUsIMH OJiecka,
XOTSI UCTHHHBIC pa3Mepbl U aOCOJIOTHBIC CBETUMOCTH 3BE31 MoryT He MeHsThes (Puc. 2.9). Anaino-
ru4yHO, oTKphITOE B nepuoa ¢ 1993 mo 2009 r. cxxarue Bunumoro aucka berensreiize Ha 15% ¢ npeo6-
pa3oBaHuEM (OPMBI U3 KpyTa B AJUIUIIC, P HEM3MEHHOU SIPKOCTH M CKOPOCTH BPAIICHUS 3BE3/IbI, NH-
TEPIPETUPYETCS MO TEOPUH PHTIIAa Kak ONTHYECKas WITIO3HS — PACTHKEHUE-CKATHE H300PaKEHUSI.

D¢ dekt BBITATHBaHHUS W300pakeHUI 3BE3] BAOJIb TPACKTOPUN MX MOJETA, OT Pa3HUIIBI CKOPO-
CTCii UCTYIIICHHBIX UMH JIyuel cBeTa, Brepsbie npeackazan O. Komm [83, c. 141]. Ha Gamnuctudeckuit
a3 dexT n3MeHeHUsT BUIUMON (OPMBI KPYTSIICHCS 3BE3/Ibl MPU € ABUKCHUU BIIEPBBIC 0OpATHII BHU-
manue aBtopa K.A. Xaitmapos B 2006 r. (paHee aHanoruuHeiii 3(QEKT aBTOp OTMETHI B padore
[A21]). Yriomunanue ¢ dexra ecth Takke B padotax M.U. dymummiesa [227, c. 85].

VY nedeunn oTKphITa U Apyras aHOMAJUs: MHOTHE U3 HUX, BKIOYas [lonspHyr0, OKpyKaeT mpo-
3pauHasi KoJblieBasi 000J109Ka-KOKOH ~2-3 AuaMeTpoB 3Be3bl 1 ~5% sipkoctu [228, 229]. IIpupona u
CTaOUITFHOCTh ATUX «KOKOHOB» HemoHATHA. [lo GammucTudeckol TEOpUU KOJBIEBOM Clel MOT OCTa-
BHTb CITyTHHK, MOAYJIUPYFOLIHii 611eck 1o sddexry Purua. ITpu ckopoctu Bpamenus oR > Pc?/2rsini
n300pakeHHEe CIIyTHHKA PACTSIHETCS BIOJb BCEH OpOMTHI, 00pa3ys CBETSIIEeCs KOJBIO, JUIUIC BO-
kpyr 3Be3abl (Puc. 2.11). Jlns Ilomspuoit 3ddekT BO3MOXKEH MNPH pPa3sHOCTH BPEeMEH Xo0j1a
T=2roRIC’>P, rie P=4 CYT — nepuo o0palleHus: TUITOTETUYECKOT0 CITyTHUKA, PaBHBIA NEpUOTY
kosiebanuii Onecka. Paccrosiaue r/c no Ilomspraoit B cBetoBhix romax — 430 met, yro B 40000 pa3
oonbine P. T.e. TpeOyeTcst 3kBaTOpHaibHas CKOPOCTh cryTHHKAa ®R > ¢/(2r/cP) = 4 xm/c. JInst cpaBHe-
uus, y CosHIla 3KBaTOpHajibHas CKOpocTh ®R ~ 2,3 km/c, y o Dpuaana oR ~ 240 km/c.

p<T WY

3se3sa-
CNyTHUK
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|
rnaBHas £ N
Be3sa =

Puc. 2.11. «kKokoHbI» BOKPYT 1ieen1, Kak pe3ysbTaT «pa3MbITHSI»
U300paKEHHH CITyTHUKOB BJIOJIb OPOUTHI B KOJIBLO (crnpasa).

Konbua Habmronanuch Takxke y OOBIYHBIX 3BE3/ U TajakTHK, NpuuéM 3(pQekT OblI mpeackazan
emé B 1970 r. b. Yomnecom [55], 3amonro no oOHapy)eHus: CTpPYKTYp HHTephepoMeTpamu. B oraess-
HBIX CIIy4asX aCTPOHOMBI MHTEPIPETUPYIOT TaKUE KOJIbLIA KaK MPOSBICHHUE IPABUTAI[MOHHBIX JIMH3.
Komnbia, xak mpaBuiio, HE3aMKHYTHI M Yallle UMEIoT ¢popMy y3koro cepna. Ecim ctpykTypsl oO6pa3oBa-
Hbl «pa3Ma3aHHbIM» BJOJb OPOUTHI M300pa)KEHHUEM 3BE3/bl, UX BUJ ONpenensercss KodQPUIUEeHTOM
pa3mbitust D = T/P. U300paxenus 3831 ¢ 6onbimM nepuoaoM P ~ 1 roga oObIYHO HE MOTYT pacTsi-
HYThCSI BJIOJIb BCEW OPOUTHI, U BUIHBI B (hOPME CEPIIOB, AyT U OTACIbHBIX MITpuXxoB (Puc. 2.12).
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Puc. 2.12. Tunsl pa3mbiTus 3Be3151 B 3aBucuMocTd 0T D = T/P: @) xounblo,
0) cep, g) Ayra, ) IWTPHX, 0) NyHKTUP (ko3 duunenT mynprumukanuu N = 9).

Caersimuecs: Iyrd CMEMIAIOTCS B XOJIE JBIDKEHHS 3BE3/IbI-CITyTHHKA 110 OpOHTE, U MO0 OKPY-
KAIOT LEHTPAIbHYIO 3BE31y, JIM0OO mepecekaroT e€ BUAMMBIN Tuck. Bo BTopoM ciydae m3zoOpaxkeHue
CO3/IaCT BIICUYATIICHHE, YTO W3 3BE3/bI BEIXOJIUT MPOTSHKEHHBIA CBETSIIUNACS BBIOPOC, YAAISIOMIANACS OT
3Be3/1bl WM 00pa3yIoIMii MeTIn, THIa npoTyoepaniieB. [10100HbIe TPOTHKEHHBIE «BBIOPOCHI», «JIKe-
TBI» OTKPBITHI METO/IaMU HHTEP(PEPOMETPUH Y psijia IEPEMEHHBIX 3BE3]1, BKiItodas [lonspayro, beremns-
reiize, o Kura [230], UV Kura [211] u ap. (Puc. 2.18). HekoTopbie KpynHbIE «BBIOPOCHI» MOTYT OKa-
3aThCSl WILTIO30PHBIMHU, Pa3MBITBIMU N300paKEHUSIMHE JICTSAIIMX TTO0 OPOUTE CITYTHUKOB 3BE3JIbI, WU €&
SIPKHX YYaCTKOB C M30BITKOM CKOpocTu [A23, A24]. IlomoOHBIE BHITSHYTHIC BIOJb TPACKTOPUH MONETA
CBETSIIIUECS] CTPYKTYPHI OOBIYHO WMHTEPIPETHPYIOT KAaK ra3oMbUIEBBIE XBOCTHI, BBIOPOCHI 3BE3THOTO
BeTpa U HuIei (bl MEX3BEZAHOTO ra3za, CBEYCHUE KOTOPOTo BO30YKAaeT JieTsAmas 38e31a. B omimune ot
peabHBIX MBUICBBIX JUCKOB, HAOIIOMAEMBIX Yy TaKUX 3BE31, Kak DoManbrayT, XBOCTHI U CBETSIIHECS
JUCKY OTIIMYAeT aHOMAaJTbHOE MTOBEJACHHUE. OHM BOSHHUKAIOT M UCYE3aloT, Kak y 3Be3/bl 1Y C 8241-2652.

«Pa3MbITBIE» BIOJIH OPOUT M300paKEHUS] KPATHBIX 3BE3M B JECATKH Pa3 MPEBOCXOIST pa3Mephbl
caMHX 3BE37, UMEIOIIUX BUJI SIPKUX IMATEH HA KPYMHBIX TYCKJIBIX AUCKOBUIHBIX M300paKECHUSAX, THUIIA
«3BE3-TUTaHTOBY». MOA00HBIH By uMmeeT berenpreiize (o Oprona). DTO MPUBOIUT K 3aBBIIICHUIO yT-
JIOBBIX pa3MepOB 3BE3]-TUTAHTOB, IEPEMEHHOCTh KOTOPHIX B paMKax 3¢ ¢dekra Putna csizana ¢ aBu-
’KeHueM 3BE31-cryTHUKOB (8 1.5). Pa3mbIThiMU M300pa)keHUsIMU 3BE3]] MOTYT OKa3aThCsl TaKKe CBeE-
TAIIMECS BOJIOKHA, 00pa3yloliue BOJOKHUCTBIE TYMAaHHOCTH, IIAHETapHbIE TYMAaHHOCTH M OCTAaTKH
BCIIBIIIIEK CBEPXHOBBIX (niepuonst) [A4l]. MexaHH3M CBEUYECHUS U CTAOMIBHOCTH «T'a30BBIX BOJIOKOH»
710 CHX TIOp HE BBISICHEH. A U3 TeopuH PuTIia BOJIOKHA MOTYT OBITH ONTHYECKUM () (HEKTOM.

B dopme nyr, mrpruxoB HabMOMAIOTCS Tak)Ke 3BE3/bI, KBAa3aphl, TaJJaKTUKH, 00pa3yIolue BMe-
CTO OAHOTO — psix u3o0pakenuit, Hanpumep PKS 0637-752. YMmHOX)eHMe n300pakeHni, KaK TPaBmio,
UHTEPIPETHPYIOT MO THUIOTE3€ TPAaBUTAIMOHHBIX JTHH3. [1o Teopun Putna 3Be3my MOXHO HaOII01aTh B
psizie Touek e€ OpOMTHI, €CIIU CBET, U3MYUYEHHBINH B pa3HbIe MOMEHTHI C pa3HOW CKOPOCTBIO, IPUXOAMT K
3emiie cuHXpoHHO. Torma yucino u3o0paxeHui 3aaaHo KOAPOUIMEHTOM MYJIbTUITUKAIHU N, KOTO-
pblit ast kpyroBoid opouThl ¢ | = 90° u opOHUTANEHON CKOPOCTHIO V COCTABIISIET IPU OOJBIIOM YHCIIC
n3o6paxenuii Beuunny N ~ [4Vr/Pc?] (kBagpaTHble cKOOKH BBILICISIOT Leiyio yacts) [A41], a Tou-
uee N ~ [4Vr/ Pc? + 1] £ 1, rae r — paccrostHue 0 qBOWHOM cuctembl, V u P — opOuTanbHbIe CKOPOCTD
u niepuoa. C yuéroM BpamieHus 3Be37bl 3O ekt BeAET K pa3MBITHIO TOUYSUYHBIX H300paKCHUH B JIyTH,
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Puc. 2.13. Mexanu3m yMHOXXeHusl yrcna u3oopaxenuit (N = 3) kBa3nu3BEé3nHoro oobexTa
0024+1654 3a cuér McKa)XeHHs. U HEOJHO3HAYHOCTH KPHBOM JIyUEBBIX CKOPOCTEH BBUIY
HEpaBEHCTBA CKOPOCTEH CBETa ¢y, Cy, C3, U3Iy4aeMOT0 3B€3/10H B MOoKeHusIX 1, 2, 3.

AHaIOTMYHO MOYKHO OOBSCHUTH OTKPBITOE B TyMaHHOCTH AHapomenbl (M31) KoJbIO U3 COTEH O1H-
HAKOBBIX KPACHBIX 3BE3JI, a BHYTPU HETO — MEHBIIIEE KOJIbIIO U3 CHHUX 3BE31. B pamkax Oamnucruye-
CKOW TEOpHUH KOJIblla MOTYT ()OPMHUPOBAThH JBE 3BE3/bl (MM [[Ba IAPOBBIX CKOIUICHHS) — PAHHETO U
MO3/IHETO CIEKTPaJIbHBIX KJIACcCOB, oOpamaromuecs: Bosie 1eHTpa Mmacc O Mo 3uIMnTu4eckuM opou-
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tam (Puc. 2.14). 3a cu€T pasHHIIBI CKOPOCTEH 3BE3/1 HAOIIOMAIOTCS THICSYU W300pakeHUi 3BE3]1, pac-
npeaenéHHbIX BAoJb opOouT. Ecnmm opOutanpHBIA Tepuon mnpeobpasyercs mo 3¢dekry Putia
P=(1+ rar/CZ)P, BapHaIllH JIYY€BOTO YCKOPEHHS 8y CUCTEMbBI MPUBOAIT K U3MEHEHUIO YMCIa JA0IOJI-
HUTEIBHBIX M3006paxkenuii mo 3akony N' = [4rV/c’P(1 + ra/c®)] + 1, rne P' — HaGmonaemsiii opou-
TaJIbHBINA MEPUOJI CUCTEMBI, KaK moka3aHo aBTopoM [A41l]. Mmenno Takoii 3¢ ekt HabIoaaCs mocie
BenbIku cBepxHOBOM SN 1987A, octatok KOTOpO# MpeacTaBiIseT cO00M CUCTEMY KOJIEIl, MPUIEM Ha
LIEHTPAIbHOM HaOII0ANICs P APKUX ToUeK, 4ucio N KOTOpBIX co BpeMeHeM MeHsIoch [A41].

Puc. 2.14. Bpamienue 1BoiHOMN 3Be3/1bI WM JBYX IIAPOBBIX CKOILUICHHUH 00pa-
3yeT JiBa KOJbLA 13 NH300paKeHHH 3BE3/1, BBICTPOCHHBIX BIOJIb OpOUT (6HU3Y).

V ranakTHk, 3a cu€T MeHbIIeH d3PPEKTUBHOCTH Nepen3nyucHus (00bIIeH JTUHBI SKCTHHKIIUY B
MEKTaJlaKTHIEeCKOM Ta3e), YMHOKEeHUe n300pakeHuii HaOmoaate npouie. 1. beprman npenckasbiBai
B paMKax Oa/NTMCTHYECKON TEOPUH 3T JIMIITHUE HU300paKeHUS-MUPAKU U CUUTAN UX OTCYTCTBUE ap-
rymMeHToM npotuB Teopun Purtna [231]. Koraa ke kpatHble m300paskeHus: ObUTH OTKPBITHL B 1979 T.
[42], ux uHTEpIIpPETHPOBAIHN KaK MMOATBEPKIACHUE TCOPHH OTHOCUTEIBHOCTH | 3(pdeKTa rpaBUTAI[HOH-
HBIX JIMH3, HECMOTPS Ha PsiJi MPOTUBOPEUMid (YMCIIO, CTPYKTypa M300pakeHuid). Tak, y mepBoro ot-
KpBITOrO ABOMHOTrO KBazapa QSO 0957+561 uzo0pakeHust BRITSHYTHI B0 duniunca (Puc. 2.15).

“BbpOC” KBazapa
Wi
Vo it ™. . waobpaweHue A

', opbura
LGEEE ok ]
J/  uentpanenan
ranakTuka

TP hsobpanenme B

Puc. 2.15. YMHOKEHHE YnCIa H306paeHH y kBazapa QSO 0957+561, nersiero
10 TpeATonaraeMoit opoure (nynkmup) BOKPYT IECHTPATBHON TaJaKTHKH.

[TockonbKy B TEOpUM TIPaBUTALMOHHBIX JIMH3 Takas CTPYKTypa H300pa)KeHHH HEBO3MOXHa,
JMIITHIE U300paKeHUsI HHTEPIPETUPYIOT KaK BEIOPOCHI TAIAKTUK — UX JUKETHI, XOTS OHH HEOTIUINMBI
OT apyrux u3obpaxeHuil. HesamMkHyTO€ IBM)KEHUE TPYII TAJIAKTHK NPUBEAET, IPU pa3IMYHOM 3ara3-
JIBIBAHUH W300paKEHUH OT TATaKTHK C Pa3HOM JIy4eBOH CKOPOCTBIO WIIM TP YMHOXXEHHH M300paxe-
HUIi,— K 00pa30BaHuIO «Iiernouek» rajgaktuk, Hanpumep VV 172 u NGC 1490 [168]. TTogoOHbIe 11e-
MOYKH 00pa3yloT MHOTAA M 3BE3IbI, N300paKEHHsI KOTOPBIX CBs3aHbl BojokHamu [126]. Mx Toxe
MOKHO MHTEPIIPETUPOBATh KaK pe3yJIbTaT YMHOXKEHUS 3BE3AHBIX M300pAKEHUHA M Pa3MbITHS BJIOJb
TpaekTopuil. XapakTepHbl KpaTHbIE M300pakeHus: U Jisi 00beKToB ['epOura-Apo, rae 4ucio cryiie-
HUM U UX ApKocTH |' OBICTPO MEHSIOTCS, YTO €CTECTBEHHO MHTEPIPETUPOBATh MO PUTL-3(deKTy, Tak
K€ KaK CBEpXOBICTPOE IBMIKEHUE M300paKeHUI, 0COOCHHO MPH MOSIBIEHUN HOBBIX MU300paKEHUHN WU
nepe X CIUSHUEM M HCYe3HOBEHHEM (B MOMEHTHI MEPECCUCHUS] BPEMEHHBIM CCYCHHEM IeTellb Ha
KPHBOM JIy4eBBIX CKOPOCTEit). B 3T MOMEHTBI YCKOPEHHE JOCTUTACT KPUTUYCCKOW BEIUYUHBI 8y = -
c/r, npuBOAS K YOBICTPEHUIO BUAUMBIX JIBHKEHHI JOMOIHUTEIBHBIX U300paXKCHUI, KOTOPBIC HHTEP-
NPEeTUPYIOT  Kak  BBIOPOCHI, JOKeTBl.  Mimro3opHass M3MEpeHHass CKOPOCTh — «BBIOPOCOB»
V' =V dt/dt' = V./(1 + arr/cz) [PU KPUTHYECKOM @ OECKOHEYHO HapacTaeT M0 CPABHEHUIO C HCTHHHOM
TaHTE€HIIMATIBLHON CKOPOCThIO V;. JIeWCTBUTENBHO, Y psifa KBa3apoB OOHAPYKEHBI «BBIOPOCHD» CO CKO-
poctsmu V' >> ¢ [105, c. 85], koTopsie 10 GammucTHUeCKOl Teopun (He OTPHIIAIOIIEH CBEPXCBETOBBIX
JIBIDKCHUHN y yacTull, § 4.7) SBISIOTCS JAOTOJHUTEIBHBIMU H300pKEHUSAMH, CKOPOCTh KOTOPBIX yBE-
andeHa puTi-3¢dexroM. 3aBpinieHre V' CBsI3aHO U € 3aBBILICHHBIM pacCcTOsTHUEM KBa3apos (§ 1.2).
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Puc. 2.16. IIpumeps! <rpaBUTALHOHHBIX JHH3» (66epxy) u cTpykTypa pac-
npeIeNeHIs JIy4eBbIX CKOPOCTEH B 3aBUCHMOCTH OT cMelieHus AX (6Hu3y) Ha
mpUMepe raJakTHIecKoro Kiacrepa Jiton 2218 u MACS J2135-0102 [232].

CBsI3b HCKaXEHUS N300pakeHUIl 00bEKTOB M pa3HUIIBI CKOPOCTEH CBETa OT PAa3HBIX UX YYACTKOB
MOJITBEPXKIAETCS CIIEKTPAIbHBIM aHAIU30M. OOHAPYKEHO, YTO CIIEKTPaIbHbIE TMHUHU TPOTHUBOMOIO0XK-
HBIX YYaCTKOB M300pakeHui, HanpuMep y oobekta MACS J2135-0102 [232], obGnanaroT cucremaT-
YECKHM KPacHbIM M CHHHM cMmenieHusmu (Puc. 2.16). JleficTBUTENBbHO, O OAITMCTHYECKONH TECOPHH
U300paKeHNE OT YYaCTKOB TaJIAKTHKH, IBHKYIIUXCS B HAIIPaBJICHUH 3eMIU (CuHee cMelyeHue), CMe-
IICHO BIEpE B HAMPABICHUU JABWKCHUS (10 OTHOIICHHIO K OCHOBHOMY M300pa)KEHHI0). A y4acTKH C
HAMBBICIIEH CKOPOCTBIO yAaleHUs (kpachmoe cmewenue) OTCTAIOT OT OCHOBHOTO H300paKCHUS, U
cMmelnieHre AX OT IeHTpa MpONOPLHMOHANBHO JIy4eBOM ckopocT V. JleficTBUTENbHO, HabonaeMas
3aBucuMocth AX(V() B untepBaie —30 < V, < +30 km/C (Puc. 2.16) 6mauska k auneiHoi [232]. Hemu-
HEWHOCTh CBS3aHA C MEPEU3TYyYCHUEM B 00JIaKaxX OKPY)KAIOILIETO TaJaKTHKH MEK3BE3THOTO Ta3a, 0Co-
OCHHO JUISl YYaCTKOB TaJIaKTHK, B KOTOPBIX JIy4eBbIE CKOPOCTU CPABHUTENBHO Malibl. COOTBETCTBEHHO
JUIsl 9TUX y4acTKoB rpaduk AX(Vy) umeeT OOJBIIYI0 KPYTHU3HY, HO CTAHOBHUTCS 0OJice MOJIOTHM IPH
YBEJTHMUCHUU MOJIYJIst JiydeBoi ckopoctu (Puc. 2.16). M3MepeHHOE pacrpeiesieHHe Jy4eBbIX CKOpPO-
CTei 0 N300paKEHNIO OOBEKTOB MO3BOJIUT BOCCTAHOBUTH UCTUHHBIN BUJI TAJIAKTHK MJITM KBa3apoOB.

B pamkax Gannmuctuueckoit Teopun u 3QdeKta pa3MbITUS MOTYYaeT €CTECTBEHHYIO HHTEpIIpETa-
MO M JIBOWHASI CTPYKTYpa paiuon300pakeHuil y KBa3apoB U paauoranaktuk [128, c. 52]. Hapasue ¢
HEHTPaJIbHBIM SPKUM ONTHYECKHUM U PaTUO-KOMIIOHEHTOM, Y HHX HAaOIIOAArOTCsI OOKOBBIE CHMMET-
PHYHO PacIoOKEHHbBIC PaIHoOM3ITydarone oomactu (yusu), KOTOPbIE €CTECTBEHHO COMOCTaBUTh «OT-
CTaIOIIEMY» U «OTepexaronieMy» (BI0Jb BEKTOPa COOCTBEHHOTO JBIKCHUS V) U300paKEHHIO TaslaK-
THKH, KaK BIIEpBbIe oTMe4YeHO aBTopoM [A24, A40, Al4, c. 245]. ICTOYHHKOM CIIy»aT JICKTPOHBI,
BpAIllAIONIMECcss B MAarHUTHOM T0JI€ 3BE3]] CO CKOPOCTSAMU U ~ C. COOTBETCTBEHHO 3JIEKTPOHBI CO CKO-
pocTbhio, HamparieHHO#H K 3emie (Vy = —v), u3inydasi CBET CO CKOPOCThIO C + U, GOPMUPYIOT orepe-
JKarolee U300pakeHue, a co CKopocThio oT 3emutn (Vr = v), u3aydast CBET €O CKOPOCThIO C — U, (op-
MHpPYIOT oTcTaroree uzobpaxenue (Puc. 2.17). TTomoOHbIE «OMEPEKAIOIIUE» U OTCTAIOIIME» H30-
Opaxenust ooHapysxeHsl H.A. Ko3bipeBpIM Takke y oTaenbHbIX 3BE37 B MK-nuamasone npu perucrpu-
patuu 6osmomerpom [233, A40]. B UK- u pagroanamnasoHe, i KOTOPBIX JJIMHA BOJHBI A OOJbIIIE,
YeM y BHIUMOTO CBETa, H300paXeHHUs IPOIIe OOHAPYKUTH, BBUIY MaJIOTO MOTJIOIICHHUS.

/e Iy
v 3emns

onepexaloliee paguonzobpaxeHue

/V;V O, )
0, ZPN;+y /
c-v ranaxTmka,
{ ] LeHTpansHoe AApo
\OTCTIaIOU.l,e'B paauonsobpaxeHue
Puc. 2.17. Cxema GhopMHUPOBaHUS IBOMHBIX PAIHOM300paKEHUH paIlOTalakKTHK U KBa3apoB.

TpaekTopus
ranakTuku

-

B cnydae, ecnu v ~ ¢ (y pensSTUBUCTCKUX 3JIEKTPOHOB, C OPOUTAMHU HAKIIOHEHHBIMU HA YTOJ O K
Jydy 3peHHs), CHMMETPHS OTEPEKAIOIIEr0  OTCTAIOLIEr0 N300pakeHnit Hapymaercs. JleficTBUTeNb-
HO, H3JIyYeHHE OT COJMKAIOMIMXCS JJIEKTPOHOB JOCTHraeT 3eMiH paHblle Ha Bpems Aty = r/C-
r/(c + vCOSa), 4YeM CBET caMOMW TaJIaKTHKH. A W3JIy4eHHE OTAATAIOUIMXCS DICKTPOHOB — TO3XKE Ha
Bpemst Aty = r/(C - vcosa) - r/c. COOTBETCTBEHHO, ONepexaroliee n300paKeHne PErUCTUPYIOT Ha YIJIO-
BOM paccrosiuun 01 = At;V./r Bmepeau uentpaipHoro (mo xoay V [BWKEHHS TalaKTHKH), a
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OTCTalolIee, HAMPOTHB,— OTCTaéT Ha yrona 0= At,V./r ot uenrpaipHoro. Ilpu v << C 3TH yIJbI
01~ 0, a pu v ~ C yxe 01 < 0. [Ipnuém U3 3TOI pa3HUIIBI JIETKO ONPEICIUTh U HAIIPABJICHUE, U Be-
JIMYMHY CKOPOCTH rajdakTuku V; = ¢2010,/(0,- 01), a Takke BeTHUUHY JTy4E€BOW CKOPOCTH 3JICKTPOHOB
veosa = ¢(02- 61)/(02+ 61). Y onepesxaroriero n300paxeHusi, OT MPUOTMKAIOIIUXCS IEKTPOHOB, UH-
TeHCUBHOCTH |1~ lg(1 + vCOSoc/C)zz |o4622/(92 + 61)2, JIOJDKHA OBITH BBIIIE MHTEHCUBHOCTH OTCTAIOLIE-
ro nzoopaxxenus I~ lo(1 - vCOSoc/C)2 =~ Io4612/(92 + 61)2. JIeHCTBHUTENBHO, €CIIH 3JICKTPOH B CBOCH CHC-
TeMe OTCYETa M3/Iydasn B HAIPABICHHH CKOPOCTH ¥ B Tpejenax TeiecHoro yrma dQ = ds/(ct)? momr-
nocts AW = 1odQr?, To npu 100aBIICHUU CKOPOCTH ¥ AJICKTPOHA K CKOPOCTH CBETA €, BEKTOP CKOPOCTH
cBeTa craHeT C'=C+V, W Ta ’K€ MOIIHOCTh IMOCTYIaeT B MEHBIIMHA TEJIECHBIA yroi
dQ; =~ ds/c?t®~ ds/(c + v)*®. Orcroma uHTeHCHBHOCTH cBeta |y = dW/AQr? = 1odQ/dQ; = 1o(1 + v/c)?
WId ¢ y4éToM JBIKCHUS moa yrioMm o, l1=lg(1+ vCOSoc/C)Z. B wurore momyunm ly/l; = (91/92)2.
JIelicTBUTENBHO, ¥ paJloralakTHK, KBa3apoB W N-TajakTWK HaOJromaercs pasnuyue yrioB 01 u 0,
pU4IEM sipue BCeria UMEHHO U300pakeHHe, COOTBETCTBYIOIIECE MEHBIIIEMY yIiTy 01 ¥ MPUMEpPHO B TOM
e nporopimu o/l; = (01/02)2 — cM. Tabmuiy 2.1 [128, c. 56]. Kak BuIHO, pe3ysbTaThl COBMAAAIOT B
npenaenax 30%-50: pacxoxieHre CBA3aHO ¢ HETOYHBIM M3MepeHHeM yriioB 01, 0,, (BBuay aucnepcun
CKOpPOCTEH M COOTBETCTBEHHO Pa3MBITOCTH H300PaXKCHHSI) W HETOYHOCTHIO (opMyJibl s yriaa dQ.
Tounoe 3HaueHue coctaBut dQ ~ ds(C + vcosa)/ct2. COOTBETCTBEHHO HAXOAUM TOUHOE 3HAUCHHE

3/2
I, c-vcosa [Cc2+v2+2cvcosa
I, c+vcosa \c2+v2-2cvcosa)

KOTOpPOE MO3BOJIIET COIJIACOBATh TEOPUIO M AKCHepuMeHT (Tabnmua 2.1), a mo 3HaveHusiM lp/l; u
veosa = ¢(02- 01)/(02 + 61) onpeaeTUTh CKOPOCTh U M yTOJI O, COOTBETCTBEHHO

213
U=C\/ 4(62 1y +1, cosq =279 € _ 92_91/\/ 4(02 —0,) +1, rme n=(_|192j .
(02 +0,)(n-1) 0,46 v 0+0;/ V(62+6,)(n-1) 1,6,

3navenuss (cM. Tabmmiy 2.1) onpenenstoTcss ¢ TMOTPEHIHOCTBIO, T.K. JJICKTPOH H3JIydaeT K
HaOJII0/1aTeNI0 HE TOJIBKO MPH JBM)KEHUU I0J YIJIOM O K JIydy 3peHHus, HO MU U3 COCEAHHUX TOYEK.
Takum oOpaszom, 3amepbl yriioB 01, 02 u ly/l; MO3BONAIOT yCTAHOBUTH HAIPABICHHS W BEIMYUHBI
ckopoctelt V U v ralakTUKU: CKOpocTh V; HampaBjeHa BJIOJb JJMHUU, COCTUHSIOMEH N300pakeHus, B
CTOpOHY Oosiee OJIM3KOro KOMIOHEHTa, OTcTosmero Ha yroi 01. [lo xapakTepHbIM CKOPOCTSIM raJiak-
THK V.~ 10° km/c u 3BE3MT WM SJIEKTPOHOB B HHUX UCOSOL ~ 10%..10* km/c GammucTHyeckas TeOpHs
MPEICKA3bIBACT XapaKTEPHBIE YIJIOBBIE pa3Mephl KBA3apoOB M PAJAMOTATAKTHK 01+ 07~ 2V, ueosa/c? =
5" — 50", onu3kue k u3mepeHubiM [128]. Tlo pacuérhbiM BenmunHam V;, UCOSCL M MO0 U3MEPEHHOW U3
nortep-3ddekra 3aBucumMocT Ur(X, Y), € TOMOIIBIO MPOCTOW KOMIBIOTEPHON MPOrPaMMbI MOKHO
BOCCTAHOBUTH UCTUHHOE PaMON300paKeHNE ralaKTUKH, COOTBETCTBEHHO CMECTUB OT/AENbHBIE TOUKU
n306paxenust Ha yrisl 01(ur) 1 02(v;) 1 ponopironansHo (01/602)? CKOpPEeKTHPOBAB HX SPKOCTH.

HcTounuk 3C 33 3C 47 3C 109 3C 390.3
TUIT paauorajiakTuka| KBa3ap N -raJJaKTHUKa N -raJJaKTHUKa
z 0,06 0,425 0,306 0,056
01, cex. ayru () 109 24 37,5 101
0,, cex. ayru (") 135 38 44 167
l1, 10 Br/m*/T 9,7 2,4 2,3 7.8
l,, 10%° Br/m*/Tt 3,3 1,3 1,9 3,0
(1/15) 2,94 1,84 1,21 2,6
(11/12) reop=(0/01)? 1,53 25 1,37 2,73
(1) reap=100S0L, KM/C 32000 67700 24000 73800
Ureops KM/C - 168600 182300 90650
o, rpagycel ayru (°) - 66,3 82,5 35,4
Vireops KM/C 1645 189 738 743
Tabnuma 2.1.

D bdekT «pacTsHKeHUs» n300pakeHUH 3BE37] 0OBICHACT TaK)K€ TYMAaHHOCTH BOKPYT ITyJIbCapoB,
TAC XOpOoHIO pa3IMdYMMbl BOJIOKHA U JIZKCTHI — CTPYHU CBCTALICTOCS T'a3a, HK06LI HUCITYIICHHOTI'O ITyJIbCa-
pamu. C TOYKH 3peHHUsT OATMCTUIECKON TEOPHH «BOJIOKHA» MOTYT OBITh Pa3MBITBIMHU BIOJIb TPAEKTO-
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pwuii n3o0paxenusimu 38E31 [A23, A24], bopmupyrommmMu sipkuil KiryOOK TpaeKTOpHiA. DTH Pa3MbIThIC
N300pakeHHs 3BE3 MMEIOT BUJI JUKETOB, OOHApYKeHHBIX B ontudeckoM, VK- u peHTreHoBCKOM ua-
na3oHax, HarpuMmep y oobekra CxopnnoH X-1. B pamkax Teopun Putia 3Tu JKeThl U UX TUTAHTCKas
CKOPOCTH MOT'YT OBITh MIIITFO3UEH OT «Pa3MBITHS» 3BE3/1 BIOJIb TPACKTOPUH MOJIETA.

UV Knta o Kuta 0 OpMOHa

Puc. 2.18. Cxema pa3mbITHs 3BE3]] BJIOJIb TPACKTOPHH MOJIETA KaK MEeXaHU3M (POPMUPOBAHUS
BUMMBIX BOJIOKHHCTBIX TYMaHHOCTEH, XBOCTOB, JXKETOB, CBETSILUXCS JUCKOB y 3BE31.

B Kaccromnee A BOJIOKHA BO3HHUKAIOT U3 IMMyCTOTHI, ABOSATCS U ncue3aroT [211]. Dto mokasbiBacr,
4TO JIYTH, JKETBl MU «XBOCTBI» 3BE3] MPEICTABISAIOT COOOM ONTUYECKHE WILIIO3UMU. BOSHUKHOBEHHE,
HCYE3HOBCHHE KPATHBIX 3BE3IHBIX U300paKCHHI JaBHO MpeacKazaHo Teopuei Putia [231]. B pamkax
COBPEMEHHBIX TEOpUH MyJbCAPOB HE yAAaETCS TakKe OOBSCHUTH MPUPOJTY CBETSILErOCsS TOpa U3 Teius,
OIOSICHIBAIONIETO MyJIbcap B KpaOoBuaHOW TyMaHHOCTH U psin Apyrux myibcapoB (Puc. 2.19). C Tou-
KU 3peHusi OATUTMCTUYECKON TeOpUU ATOT TOP MOXKET OKa3aThCsl HE KOJBIOM rasa, a ¢opMUPOBATHCS
reJINEeBbIMU 3BE31aMU Kilacca B, Bpalaromumucs Bo3ie mysbcapa U 00pa3yoluMu pa3MbIThIE B/I0Jb
KPYTOBBIX OpOUT MPO3payHbIe CIEbl CO CIEKTPOM renus. M3o0paskeHus 3BE3/1, pa3MbIThie U Pa3MHO-
JKEHHBIE BJIOJIb KPYTOBBIX OPOHT, B TAKOM CIly4ae 1 JOIDKHbI dbopmupoBats Top [A41].

e

-Mynbcap
)

Mynscap MemuHra
nynbcap ia nynscap Vv

i SWETs

Mynecap & Tensue Mynbcap 8 Mapycax

Puc. 2.19. Cxema 00pazoBaHust IPKETOB, XBOCTOB, KOJIELl M TYMaHHOCTEH Y IyJIbCAPOB U MX IPUMEPHI.

[TockonpKy nauHA Pa3MBITOTO H300paKeHUS S = 2rVioR/c? MPOTOPITMOHAIBHA CKOpOCTH V;
3BE3/1bl, MOJIy4aeT €CTECTBEHHOE OOBSICHEHHE TOT (DaKT, 4YTO MyJbCAphl ¢ OBICTPHIM COOCTBEHHBIM
nsmwkennem Vi, ckakem IGR J11014-6103, ocraBnstor mnHHBIE cBeTsmuecs nuieidsr (Puc. 2.19),
«DKETBI», BBITSHYTBIC BJIOJIb TpaeKTopuu moséra. Slpkue npumepsl — mynbcap B [lapycax (Vela), I'e-
muHTa, PSR J0535+2200. DTH CTPYKTYPHI B paMKaX ITyJIbCAPHBIX TCOPUH OOBACHSIN UCKITFOUUTEIHHO
B paMKaX THUIIOTE3bl O COBMAJCHUU BEKTOpPa CKOPOCTH V MyJIhCApOB C OCHIO MX BpAIICHHUS, BIOJb KO-
TOPOW BBICTPEIUBAIOTCS JUKEThl. HO Takoil monér myapcapoB BIOJIb OCH BpAIIEHHsI MaJOBEPOSTEH H
NPOTHBOPEYHT PacUéTHOMY HampaBJeHUIO uX oceit [211]. JIKeThl, BBITSAHYTBIC BIOJIb BEKTOpPA CKOPO-
cty V myabcapoB, 4acTO UMEIOT BHJI CHHYCOHJI, CIIUpaJield, HanpuMmep, y mynbcapa [lapycos u ['emun-
. DTO MOXKET OBITh CBS3aHO C JBM)KCHUEM 3Be3/Ibl 10 BONHUCTOM TpackTopuu (Puc. 2.19), 3a cuér
BO3MYILICHHS €€ TPACKTOPUHU TArOTeHUEeM criyTHUKOB [A41]. ITo To# ke mpUYMHE «XBOCTBI» ITyJIbCa-
POB OOBIYHO OTKIIOHSIIOTCSI HA HECKOJIBKO IPaTyCcOB OT TPACKTOPHUH MONETA, U HHOT/IA PETUCTPUPYIOT
BTOPOM «XBOCT», BBIXOJISIIUN MO YIJIOM K mepBoMy, Hampumep y oobekta IGR J11014-6103. Bto-
PO JDKET MOXKET OBITh PE3YJIBTATOM PA3MBITHSI H300pakeHUs1 Ooiee NETKOro CmyTHUKA. SIpkue msaTHa
B JDKETaX MOTYT OBITh N300payKEHUSIMH 3BE3/IbI, Pa3MHOKEHHBIMHU BIOJIb TPACKTOPUH ToséTa. OOBIYHO
JUTsE OOBSICHEHHSI 3TUX aHOMAJIMi BBOAST BCE O0Jiee CIIOKHBIE HOBBIE TMIIOTE3bI, IOJIarasi, 4To MmyJIbcap
BBIOpachIBaeT ra3 crycrkamMu. Ho 3TH runoressl He OOBSICHSIOT MPOTSHKEHHBIC PEHTICHOBCKHE XBOCTBI
nmynscapoB Tuna PSR JO357, y koToporo mo maHHbIM opOuTanbHON oOcepBaTopuu «DepMu» XBOCT
UMEET JJIMHY 4 CBETOBBIX I0JIa M M3JIy4aeT CTOJIBKO K€ JHEPTHH, CKOJIBKO caM ITysibcap. bammcrnde-
CKasi TEOPHsI DJIEMEHTAPHO OOBSICHSIET «XBOCTBI» IMyJIbCAPOB KaK pPa3MbITOC U300paXkeHue 3Be3bl. OT-
CIOZIa THTAHTCKAast CBETUMOCTh «XBOCTa», COTIOCTABUMAsi CO CBETUMOCTBIO CaMOM 3BE3/IbI.
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TyMaHHOCTH-TUIEPHOHBI HA MECTE BCHBIIIEK CBEPXHOBBIX, COTJIACHO OAJIMCTUYECKON TEOpHH,
TOXE HPEICTABISAIOT CO00I N300paXKEeHUs MyJIbCAPOB, «Pa3MbBITHIE» BIIOJIb TpackTopuil. [losTomy Ty-
MaHHOCTH, KaK MPaBUJIO, BBITAHYTHI BJOJb BEKTOpa cKopocTu V myibcapa, B ToM uncie y Kpabosua-
HOM TyMaHHOCTH. DTO CBHJICTEIBCTBYET, YTO MHTEHCHBHO H3JTy4aroONIfe IUIEPUOHBI C CUMMETPUYHON
CTPYKTYpOH, 00pa30BaHHbBIE HA MECTE BCIIBIIIEK CBEPXHOBBIX || THTIA,— UIUTFO30pHBI, TaK K€ KaK B3phI-
BbI 3THX 3BE37 (8 1.5). OHako TyMaHHOCTH CBEPXHOBBIX THIa la, umerommue Bua cepshl, 3aM0aHEH-
HOM KiTy0aMu Ta3a, peajbHbl, PEJICTaBIsIsE COOO0H CiIebl peabHOTO B3phiBa 3BE31 [A44].

B mmanerapHsix TymMaHHOCTSX 3¢ dekT Putna He cTons cHinéH, Kak B miepuoHax. Ilostomy 1ien-
TpajbHas 3B€3[la U TYMaHHOCTh M3Iy4alOT B OCHOBHOM B ONTHYECKOM Juana3one. i coBpeMeHHbIX
TEOpUH TPYTHOCTD MPEACTABIISET MPUPOA ONTHIECKOTO CBEUEHHS IUTAHETAPHBIX TYMaHHOCTEH U BCe-
BOJIHOBOTO H3JIyY€HHsI TyMaHHOCTeH-TuieproHOB. llpeamonaranaock, 4To €ro MOIJAEP>KUBACT ICH-
TpajbHAsl 3BE3/1a, U3IyYaonasi CBET M IMOTOKHA YHEPTUYHBIX AIIEKTPOHOB, XOTSI OTO 03HAYAET TMTaHT-
CKYI0 MOIIHOCTbh M3JIY4YEHHUs 3Be3/bl. A y psija miepuoHoB, ckaxeM y Iletnu Jlebens neHTpanbHas
3Be3/1a BooOIIe He oOHapykeHa. C TOUkM 3peHus Teopun PuTiia Takne cBOKWCTBa TYMaHHOCTEH €CTeCT-
BEHHBI, €CJIM TE€ MPEACTABIAIOT COOON Pe3ysbTaT pa3MBITUSL M PACCESHUS CBETa MHOTMX 3BE3], U3IY-
YeHHE KOTOPBIX YCHIIEHO PUTI-3(QdekToM. IT0 00BACHSET, IMoYeMy MPH YacTOTE BCIBIIIEK CBEPXHO-
BoIX || THma — pa3 B 50-100 net, TymanHOCTEH-TIIepHOHOB B ["anaktuke kpaitne maio [175, 210]. Io-
CKOJIBKY B pamkax Teopuu Puria Bembimku SN |1 — miniro30pHBI (B 0OTJIMYKE OT TEOPUH, 110 KOTOPOM
Berbiky SN |1 — 3T0 B3pBIBEI, CO crienamu B BUj€ TyMaHHOCTEH U mysbcapoB [211]), muepuonsl 00-
pa30BaHbI PAa3MBITHIMH N300paKEHHMSIMH 3BE3/-CITyTHUKOB BOKPYT HEHTPAIBHOW spKO# 3Be3zbl. [1o-
CKOJIBKY 3BE3/bI-CITyTHUKU €CTh HE Y BCEX BCIIBIXMBAIOIIMX 3BE37, OonmpmHCTBO Bemblimek SN 11 oc-
TaBIISIOT HOCKE ce0sl OJJMHOYHBIE MyJbcaphl 0e3 TyMaHHOCTed. JlelicTBUTEeNbHO, HAOM0JaeMoe YUCIIO
MyJIbCAPOB HAMHOT'O JIy4IlIe COOTHOCUTCS C 0)KMJAaeMbIM YUCIIOM 0cTaTKOB Bemblmek SN 11,

CommkeHue ¢ WUTIO30pHOM CKOPOCThIO V' 3BE3AHBIX CKOIICHUH, HOPMHUPYIOMIHUX TYMaHHOCTHU-
IUIEPUOHBI, OOBSICHAET UX OBICTPOE «pacuruperue». Poct yrioBoro pasmepa o = p/f TYMAaHHOCTH BbI-
3BaH HE POCTOM e€ pajuyca p, a cHmkeHneM auctanimu I (Puc. 2.20). Poct yrioBoro pazmepa

da/dt = V'p/r?, (2.7)
KaK TIPaBUiI0, OOBSCHSIIOT PACIIMPEHUEM TYMaHHOCTH TI0CJIE B3PhIBAa CO CKOPOCTHIO
V= rda/dt = V'pir. (2.8)

Ecmu puti-addekr HapammBaer peructpupyemyio ckopoctb V' =V(Q B MuutHoHbI pa3 (g ~ 106), o
cpaBHenuto ¢ uctuaHor V ~ 10 km/c (8 2.1), To mpu o = p/r ~ 0,001 pax, THIUYHOM AJIsI TYMaHHOCTEH
B Tenbiie u Kaccuornee, naiiném Vi~ 10000 km/c — ruraHTCKre MHUMBIE CKOPOCTH «PAaCITHPEHHS», KO-
Topble nopsinka m3mMepeHHbix [210]. Teopust 00bsicHIET U pocT ckopoctu Vi, a mpu 00pa3oBaHUU Ty-
MaHHOCTEW TP B3pbIBE, MEX3BE3HAS Cpea JIMIIbL TOPMO3Hia Obl BEIOPOIICHHBINH B3pbIBOM Ta3. C
no3uuuii Oanmuctuyeckor Teopun y KpaGoBUIHON U APYyrux TyMaHHOCTEH &)OCT ckopoctu Vi= V'p/r
BBI3BaH COKpaimieHuem nuctanmuu I. [Ipu V' ~ 10" m/c, Vi~ 10" mlcur ~ 10° m MOJTyYUM YCKOPEHHE
a = dVy/dt= VV'/r ~ 107 m/c?, (2.9)
omu3koe Kk u3Mepennomy y Kpabosuanoi tymannoctu [210]. IMapamnensho ciabeeT paguou3IydeHne
TYMaHHOCTEH BBUAY CHWXeHHS I' 1 8. B KpaboBugHON TyMaHHOCTH pOCTy TMEepHOAa Iyjibcapa Ha
0,04% B rox cooTBeTcTBYET crian paauospkoctu Ig' = Ig/(1 + rar/cz) Ha J10J1u mporeHTa B rox [210].
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Puc. 2.20. YckopeHHOE BUAMMOE JBIKECHHUE 3BE3THOTO CKOTUICHHS CO3IAET HJI-
JIIO3HIO PACIIMPCHUS U3 PaJHaHTa, TJIC BUJICH SPKUI HEMOBYKHBINA yJIbCap.

3a cuéT cOMMKEHUsI U POCTa BUIIUMOIO pa3Mepa 3BE3HOTO CKOILICHUS, 3BE3/bI KaXKyTCsl pa3oe-

TafOIIMMHUCS U3 IICHTPA, OCTABISSL B XOJE Pa3MBITHs paaualibHbIe TPEKH, THIIA METEOPOB, PACXOs-

muecst u3 paguanta (Puc. 2.20). DTu cBetsimmecs TPEKH MOTYT ObITh IPUHSATHI 32 BOJIOKHA ra3a, BbI-

OpomIeHHOTO B3phIBOM. PamuanbHoe NBMKEHUE 3BE3]I OTKPHITO TAKXKE y APYTOoro CKOIUICHHUS B CO3BE3-

nun Tenbiia — ['maj, rae 3BE3/1p1, HAPOTHUB, IBUXKYTCS K PaUaHTy — CKOIUICHUE KC)KUMAETCS» B X0

ynanenus [200] (takue pamuanbHble BOJOKHA HAOJIOMAIOTCA M B IIAHETAPHBIX TyMaHHOCTSX). U
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TOJILKO TeHTpasibHast 3Be3a (p = 0), as koropoit Vi= V'p/r = 0, He cMemmaeTcst 1 BOCIPUHUMACTCS B
BHUJIC APKOTO MyJibcapa (Tak e Kak METeop B paJlaHTe UMEET BH]I IPKOM BCIBIIIKH, a HE TpeKa). Jta
TUIOTe3a OOBACHSET, MOYEeMy Y 3Be3/bl B LIEeHTpe TyMaHHOCTH Kaccuomnest A CHEKTp COOTBETCTBYET
yriaepoaHoi atMocdepe, KoTopas HeBO3MOXKHA IS IyJIbcapa, HO TUIIMYHA JIIsl HEKOTOPBIX 3BE3.

B TyMaHHOCTSIX, KpOME BOJIOKHUCTOM, paciupsieTcss 1 amopdHas CTpyKTypa. ITO CBSI3aHO JTUOO
CO CBETOBBIM 3XO — 3aCBETKOM BCIBIIIKOI BCE HOBBIX YYacTKOB MEK3BE3HOIO rasa, Mo co 3BE3A-
HBIM BETPOM — IMOTOKAMH TJIa3MBI OT 3BE3/IbI, 00pa3yomumMu e€ KopoHy. Bokpyr cBEpXHOBBIX 3BE3]1 U
MyJIbCAPOB SIPKOCTh KOPOHBI yBelndeHa pUTI-dhPexTom B g ~ 10° pas, 0T4Eero KOpoHa, U3Ty4aromui
MEX3BE3IHBIN ra3 ¥ pa3MbIThie NU300paKEHHS 3BE3/ BBIMJIIAT Kak TyMaHHOCTh. [11aBHOe cMereHne
9acTOThI BEAET K BHICBEYMBAHUIO SMUCCUOHHBIX JIMHUI ra3a BOKpYT myJbcapa (8 2.2). Dddexr Putna
BU3YaAJIM3UPYET M LUKIOTPOHHOE PAIHOU3IYUYCHUE FJIEKTPOHOB Yy 3BE3[], MOBBIMIAS €r0 MOIIHOCTh U
4acToTy. DTO OOBSICHSAET TOJSIPU3AINIO M BRICOKYIO CBETUMOCTh KpaOOBUIAHOI TYMaHHOCTH, a TIOTOKH
3BE3MHOTO BEeTpa HAOMIOAAIOTCS KakK JUKETHl. B oTiHune OT TOHKUX SPKHUX «KETOB», 00pa30BaHHBIX
«pa3MbITHEM» 3BE37, 3TH mUpokue nuddy3Hble TKeThl, 3aMeTHble B KpaOboBUIHONW TYMaHHOCTH, pe-
QIBHBI ¥ UMEIOT TIEPEMEHHYIO TOJIIHUHY, BBUAY PACIIMPEHHS raza MpHU YIAICHUU OT myjbcapa. J>KeTsl
TOK€ Pa3MBIThI B/I0JIb IMHUH MOJIETA MMyJIbCAapa BBUAY Pa3HUIIBI CKOPOCTEH CBETA OT Pa3HbIX YYACTKOB.

CoOcTBeHHOE MBUKEHHE MYJIHCAPOB, IOMUMO PACTHKEHUS UX U300paKeHUH, BEAET K MHUMOMY
PacTsDKEHUIO OpOUT 3JIEKTPOHOB BJAOJIb CKOPOCTH 3BE3/Ibl, T.€. JUHEHHO MOJSPU3YET UX U3IyueHUe
BJI0J1b TpackTopuii monéra [A41] (8§ 2.2). [TosToMy BOJIOKHA TYMAaHHOCTEH M JIKETHI IYJICAPOB TOJISI-
pHU30BaHbl BJOJIb BOJIOKOH W JIMHUU MOJETa MyJibcapa, CKaXeM, y Iyjbcapa B co3e3auu [lapycos.
[Tpu nBYKEHUU MyJibcapa o opOuTe HAMpaBIICHUE MONIIPU3ALIMN €r0 U3IIyYCHUs MEHSETCS COHAIPAaB-
JICHHO C MTHOBEHHOW CKOPOCTBIO IMyJIbCapa, B TaKT ¢ KojaeOaHusMH ero spkoctu [A41]. 3a cuér oce-
BOTO BpAaIlICHUs 3BE3/bl M3NyUYEHHE SJICKTPOHOB MOJSpHU3yeTcs M Mo Kpyry. Kpome Toro, ABukeHHe
3Be3/Ibl, BbI3bIBAas HEPABHOE PACTSHKEHHE OPOUT 3JIEKTPOHOB, BPALIAIOUIMXCSA MO U MPOTHB YaCOBOM
CTpEJIKH, CO3/1aéT MPEUMYIIECTBEHHYO MPaBYIO WIH JIEBYIO [IUPKYJSIPHYIO MOJISPU3AIUI0, HATIPUMED Y
Oenbix kapaukoB [194] u criekTpanabHO-IepeMeHHbIX 3BE371 (8 1.5). JIist ameMeHTapHOTO U3JTydaTelis —
3apsijia, JBMKYILIETOCs 10 AJUTUIICY € MOJYOCSIMH @ U D, MOIIIHOCTD M3JTyUeHHs TIPU MHUMOM PacTskKe-
HUM & Wik b He MeHseTCs, HO MEHSIETCs J0JIs AIUIMIITHYSCKH MOJISIPU30BaHHOTrO cBeTa. Takoi addekr
OTKpHIT y nosisipoB, Tuna AM I'epkyrneca u DQ I'epkyreca, CHHXpOHHO ¢ KoyieOaHUsIMU OJiecka Me-
HSIOIIMX HampaBJIeHUE TIOSIPU3AIIH B X0/I€ OPOUTATIHLHOTO BPAIICHHS 3BE3/bI, KOTOPYIO CYHTAIOT Oe-
abpiM KapiaukoM [194]. C Touku 3peHuss 0aJUTMCTUUECKON TEOPUH, 3TO — PSI0Bast 3BE37a, MEHSIOIIAs
SPKOCTb, CIIEKTP U mojsipu3anuto 1mo 3¢dexty Purma. AMopdHOe U3nydeHne TyMaHHOCTEH TOXE TO-
JSIPU30BaHO 3a cu€T 3¢ (exTa pa3MbITUS U pacCesHUS CBETa 3BE3/Ibl O0JIaKaMu Ta3a.

B ranakTuK CXEMa MCKameHWA

NGC 46504

Puc. 2.21. VckaxxeHue BUAMMOM (POPMBI rajlakKTHK 3a CYET UX BPALICHUS U IBHKCHUS.

VY rajakTUK pa3HUIAa CKOPOCTEH CBeTa, UCIYIICHHOTO Pa3HBIMH y4aCTKaMHM, TOXKE MCKaKaeT UX
Buumyto hopmy [A24, A40]. Ha ato Taxke obopatui Baumanue C. JleBacua [106]. DddexT 00bscHs-
€T aHOMaJIbHBIC POPMBI ratakTuk ¢ AepopmupoBanubiMu Kpasmu tiuma NGC 660 [234], ¢ monspHbeiMu
konpuamu Tana NGC 4650A, ranakTuku ¢ «Beiopocamu» tuna M 82 1 «mpsiMOyroibHbIE» TalakKTUKA
tunma LEDA 074886 (Puc. 2.21). DddekT pasMbITHS BIOJb JMHUHU MOJETA CO CKOPOCTHIO V BEAET K
TOMY, 4TO DJUITMNTUYECKUE TAIAKTUKH, CXKAThIE BJOJIb OCH BpAIEHHs, KAKyTCS BBITSHYTHIMH BJIOJIb
stoit ocu [A40], u HabmOgaeTCss HECOOTBETCTBHE CKOPOCTH BpAIllEHUs U CxkaThs ranaktuk [211]. ITo-
CKOJIBKY YTJIOBasi CKOPOCTb 3BE3]1 3aBUCHUT OT PACCTOSIHUS JO IICHTPA TaJIaKTHUKH, a OpOUTHI 3BE3/ HE
KOHIICHTPUYECKHE U HEKOMIUIaHApHBIC, JedopMmaliust BeET K OTKIIOHCHUIO HaOIr01aeMoi (hopMBbI OT
IUITMNTHYECKOM, Kak st 3BE31 ¢ auddepeHnnansabiM BpanienueM (Puc. 2.10). B 3aBucumoctu ot
HaIpaBJICHUS JBIKCHHS, N300paKEHUE TAIAKTUKH, PACTITUBASCh WM CKUMASICh, MPHOOpPETAET Ipsi-
Moyrojbhyo hopmy (boxy) (LEDA 074886, Puc. 2.21), nu6o auckouanyto (disky).
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Puc. 2.22. Cxema uckaxeHHH GOPMBI IUTUIITHYCCKHUX TANAKTUK: @) KopobkoobpasHoro tuma (boxy), 6) micko-
obpazuoro tuna (disky). Hike nmpuBeieHbl cOOTBETCTBYIONIME KPUBLIE BpalieHns TalakTuk [129, c. 227].

Hckaxenns takoro tuna (Puc. 2.22) peanbHO 0OHapYXeHBI y psija dUIMNTUYECKUX TAIAKTHK
[129, c. 227]. Touno paccuutath HOpMy TaKMX MCKKCHHA MOKHO IO KPHBOM BpAIlEHHUS T'ajaKTHK,
KOTOPYI0O MOXKHO aIlpOKCHMHUPOBATh 3aKOHOM Ur(X) ~ kx-exp(—|x/al), rme a — Oosbimas moiyoch
rajgakTukd, K — k03 GUIHEHT MPONMOPIUOHATBHOCTH. ECiii CKOpOCTh ralakTHKK V HampaBiieHa BIOJb
IKBATOPUAIILHOM OCH raylakTHKH X, ToukH A, B, ... C, D Ha KOHTYpe rajJlakTHKH CMECTSTCSI BIOJIb X 3a
CuéT 3ama3/bIBaHUs WM OINEPEKEHHsI M300paKCHUN MPOMOPIIMOHATIBHO CKOPOCTH Uy Ha PACCTOSIHUE
S(x) = =V rvi(x)/c?. Uckaxéunas popma rasakTiki npumer Bus (D — Masas oinyoch ralakTHKH):

X(y)=1 (ayll- y2/b? __chrzvr j ~ tay1- y?/b? -(1-%exp(—\/1- y2/b? )j .

[TockonbKy ckopocTh V rallakTUKU B OOIIEM cllydae OpHEHTHPOBAHA TPOU3BOJIBHBIM 00pa3oM 1o OT-
HOIICHUIO K OCSM TaJIaKTUKH, & HEPABHOEC CMEIICHHE TOYEK OJM3KUX K IEHTPY M KpasM TaJIaKTUKU
NpUBEAET K JIOTIOJIHUTEIFHOMY MCKKEHHIO B PACHpPEACIICHUH SIPKOCTH 10 TaJlaKTHYECKOMY H300pa-
YKCHHIO, TOTIa UCKaKEHHSI M30()OT TaJJaKTHKH MIPHOOPETYT enié 0oJiee CII0XKHBIN XapaKTep.

B cnyyae crimpanbHBIX TajJaKTHUK CKAaTHE s/ipa TTaKTHKH BIOJb JJIMHHON OCH CO3/aéT WILITIO-
3HI0 TOTO, YTO JUCK, Y Psi/ia TaJaKTHK MMEIOLIH BUI Koibiia [119, ¢. 652], pacmonokeH BI0OIb KOPOT-
KOi ocH sapa (MpUHUMAaEeMOW BBUY CXKAaTUs 3a NOJAPHYR0). Tak BO3HMKAET WILTIO3MS MOJSPHOTO
KoJIbIa y TaylakTUKU. [TomoOHbIe 3 deKTh HAOMOJATUCh U IS 3BE3, HO Y TATAKTUK WX HAOJIOJaTh
npoie, u3-3a BRICOKHX ckopocteid Uy ~ 100 km/c ¥ OTCYTCTBHS IEPEH3ITYUCHUS MEXK3BE3IHBIM ra30M.

O¢pdexr moxno HabmronaTe U B COTHEYHON CHUCTEME, HO MOCKOJbKY MCKa)KEHHUS! MPOMOPLHO-
HAJIbHBI I, 3AMETUTh UX CIIOXKHO. Tak, nzoopaxenue lOmurepa pactsHeTcs 3a C4ET CKOPOCTH €Tr0 Bpa-
menns 1o opoure V = 13 km/c i Bokpyr oci ®R = 12,5 km/c Ha S = 2rVoR/c? = 3 kM, TepsieMbIx Ha
¢doHe MCTUHHOTO 3KBaTopuanbHOro ymmpenus AR ~ 10000 km. ¥V BHemHux kouer; CatypHa, HaKIIO-
HEHHBIX Ha YToll @ = 27° K BeKTOpy opOuTanbHoii ckopoctr V = 9,5 kM/C U KpyTSAIMIUXCS CO CKOPOCTBIO
®oR =17 km/c, TOXe BO3HHKHET PACTSDKEHHE Sp= r'VoR/c? = 2,5 KM, ¥ TOBOPOT KOJIEIl Ha YTOJI
a = S1Sine/R = 2" (Puc. 2.23). [lockosibKy KOJIbIIA BPAIAIOTCS C Pa3HOW YIJIOBOW CKOPOCTBIO M, TO U
pacTsHYTHI, MOBEPHYTHI BHEITHHE W BHYTPEHHHE KOJIbIIAa HEOJMHAKOBO: S1# Sp, 01 # 02. B urore Bu-
JMMOE BO3BBILICHUE BHYTPEHHETO Kpas KOJIbLla HaJ BHEMIHMM cocTaBUT ~1 kM. [leiicTtBuTenbHO, Ha
dotorpadusax ¢ AMC «Kaccuun» oOHapyKeH MOBOPOT IUIOCKOCTH OJIHUX KOJICI] OTHOCHTEIIBHO JpY-
I'MX Ha MaJbli YTOJI, 4TO CBS3BIBAIOT C BO3MYIICHHUSIMU CO CTOPOHBI CItyTHUKOB [235]. TTockoibKy uc-
Ka)XCHHS S POMOPIMOHANBHEI I', BOM3n CatypHa onn Maibl, 1 ¢ AMC «Kaccuam» xompiio Habmoaa-
JIOCh MPAKTUYECKH IIOCKUM,— TONIMHON ~100 M. A OLEHKM TOJIIMHBI KOJbLA MPU HAOIIOJECHUH C
3eman marot 3HaueHue ~1-10 km [236, c¢. 60], Bonpekn TEOPETHUSCKUM OILEHKAM TOJIIHUHBI KOJIEII,
KOTOpasi HE JIOJDKHA TPEBBINIATh HECKOJIBKUX METPOB, T.K. BCE YACTHUIIBI JIOJDKHBI PACIoiaratbCs B
omauH cioii [154]. TTosTomMy ObLIO MPU3HAHO, YTO BHAMMAS TOJIIKMHA KOJbIAa — WUT030pHa [154, 236].
Torna yTosieHne Koyblia MOXXHO OOBSICHUTh HCKAXKCHUSIMHU OT HEPABEHCTBA CKOPOCTEH CBETa.

V
" i

“ctu WCKaKEHHBIA BUA
sug ¢ pebpa Catypha

S1=22R \
Puc. 2.23. Uckaxenue Buanmoit popmsl koser CatypHa 3a CUET JBMKCHUS U BPAILICHHUS.

Takum o0Opa3om, HaONIOAaeMbIe MCKaXCHHS (OpPM TUIAHET, 3BE3N U TAJAKTUK CIYXKaT CBHUJC-
TEJIbCTBOM B MOJIb3Y OATUCTUYECKOM TEOPUU U TOMOJHUTENIBHBIM KPUTEPUEM €€ MTPOBEPKHU.
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§ 2.4. Hessi3ku nnaHemHoU paduoJsiokayuu u ux 6annucmuyeckasi KOppeKkyus

BnusiHre CKOpOCTH MCTOYHMKA WITH OTPAXKAIOIIETO CBET Tella Ha CKOPOCTh M3ITyUE€HHOTO HITH Tie-
PEU3TYy4EHHOTO CBETa BEJIO OBl TAaK)Ke K 3aMETHBIM OIIMOKaM B KOCMHUYECKOW paHOJOKAIHH, T.K. B
pacuére auctanimu I = C't (WK C't/2 mpu OTPaXKCHUH) 10 BPEMEHH JBMKCHUSI T paHOCUTrHaNa Qury-
pHpPYET CKOpPOCTh cBeTa C' 1 Heyu€T e€ nepemeHHocTH (1) Benér k ommoOKaM B ©3MEPEHUH I

HeiictBurensHo, yxe B 1960-x TT. B mepBBIX ceaHcax paauosiokanuu BeHepbl, mpoBeaE¢HHBIX
rpynnoi B.A. KorenpnukoBa B CCCP u U. [llanupo — B CIIIA, BBISBUIM CUCTEMATUUECKUE PACXOXK-
JeHus (Ha COTHU KMJIOMETPOB MPEBBICUBIIINAE BO3MOXHBIC OIMIMOKH) MEXIY M3MEPEHHBIMH pajapamu
MOJIOKCHHUSIMU TIJIAHEThI M TPEABBIYMCICHHBIME 3(eMepuIaMu, paCCUUTAHHBIMU 110 JAHHBIM acTpO-
nomuu [237-239]. Kak nokasan b. Yosrec [91-93], pacxoxaeHus] CHU3ATCS B pasbl, €CIIH y4eCTh 3a-
BucuMocTh (1) C' oT ckopocTu panapa Ha 3emiie, 001aJar0IIero CKOPOCThIO V BBUIY OCEBOTO Bpallie-
HUs 3eMutH, BparieHus: cucteMbl 3emisi-JIyHa u oopamennst Bokpyr CoisHia. CooOiieHne paauonydy
ckopocTu V MEHSIET ero CKopocTh C+ V U BpeMs T IBM)KCHHUS CUTHAJA, 0 KOTOPOMY OIPEIEIsIOT
nuctaniuio I 3emisa-Benepa (Puc. 2.24). Paccrostaue Ct (vau Ct/2, ¢ y4€TOM 3a€PiKKHA OTPakEHHOTO
JTy4a), HallICHHOE U3 MIOCTOSHHON CKOPOCTH CBETA C, OTJIMYAETCSA OT MCTHHHOIO PacCTosHuA [C + V|t

HWwKHEee CoeqHEHWE
Puc. 2.24. Cxema BrkeHns 3emin 1 BeHepbl BO3ie HIKHETo COSIMHEHUS], B IPUOJIMKEHUH KPYTOBBIX OPOHT.

Baustnre oceBoro BparieHus 3eMiH, coobmaroieii cBow okpyxHyio ckopocts (~500 m/c) pa-
JMOJIyyaM, MPOSIBUWIOCH B TOM, uTo paauonokannonHsle ctaHuuu CCCP u CIIA, pa3smeménHble B
IIPOTUBOMNOJIOXKHBIX TOUKaX 3eMJIU IIPU CUHXPOHHBIX 3aMepax paccTosiHuil 10 Benepsl, nomydanu pas-
Hble 3HaueHus. Kak ormeueno b. Yomnecom [91-93], A.K. lypynossim [240], C.A. Ba3uieBckum u
B.U. Cekepunbim [149], cuctemaTiuecku OOJIbIIIE TTOTYYaTUCh PACCTOSIHUAS Y CTAHIIMH, OTJAISBIINXCS
oT BeHepsl B X071 CyTOYHOTO BPALICHUS U CHIDKABIIMX MO OAJITMCTUYECKON TEOPUU CKOPOCTh Pajino-
CUTHaJIa, HapalluBasi BpeMsl 3ama3IpIBaHus T U Pacu€THYIO AucTaHiuio I'. Hanporus, y cTaHuui, npu-
OnmmkaBIIMXCS K BeHepe, paccTosiHMS MOJIydaiuch CUCTEMAaTHYE€CKH MEHbINE, 4TO MO Teopuu Purna
BBI3BAaHO YBEJIMUEHHEM CKOPOCTH C' paJIMOCUTHAJIA M CHIDKEHUEM BPEMEHH 3a/ICPIKKH T.

OnHo# n3 ueneit paguonokanuy BeHepsl ObUTO yTOYHEHHE aCTPOHOMUYECKOW euHUIIbI (a.e.) —
paanyca 3eMHO# opouthl R, (cpemuero paccrosuus 3emian ot Connna, Puc. 2.24). Tlo u3mepeHHOI
pamapoMm nucranuuu I 3emuisi-Benepa, u3 yrinos B tpeyronsHuke SVE (Connue-Benepa-3emis) BbI-
yucisi paccrosiaue Ry 3emmsa-Conaie, nponopuroHansHoe I Ho pacuérHas a.e. peryssipHO MeHs-
nacek [241] ¢ mepuomamu, paBHBIMU CyTKaM, MECSIy U CHHOIUYECKOMY roay BeHepbl, ¢ KOTOpbIMHU
MEHSIACh OTHOCHUTEIbHAS CKOPOCTh PaJapoB, BHOCSINIAS OTKJIOHEHHS B pacY€THBIC AUCTaHINU Bene-
pel I 1 a.e. — Ry [91, 92]. PagapHoe 3Ha4YeHHe a.e. OTIMYATIOCH TAK)KE OT 3HAYCHUS], H3MEPEHHOTO Me-
TOJIAMH BU3yaJIbHOM acTpoMeTpuu. [Ipnuém pa3zHuIIa MpeBbICHIIA TOTPEUTHOCTh 3TUX METOJIOB, UYTO HE
HaIwio oobscHenuit [237, 241], XOTs 03KMIATOCH B paMKax OaJTTHCTUYECKON TEOPHUH.

Benepa npu cOnmkeHun Toke co00IIaeT CBO CKOPOCTh Vi OTpak€HHOMY CUTHAIIy, M OH JIOC-
TUTaeT 3eMJIM 3a MEHbIee BpeMs T, 3aHmkas pacuéTHoe I. [locne mpenenbHOro cOnmkenus ¢ 3eMnéit
B HIDKHEM COeJMHEHUH, Benepa ynamsercs: CKOpocTh curHasia C' < C, M OH 3aTpauuBaeT OoJiblee
BpeMs T, 3aBblias I. B urore, 1o coequHeHus] pacy€THbIC 3HAUYEHUS TUCTaHIMU 3emisi-Benepa r' =
Ct/2 v 3Ha4YeHUs a.e. TOIYyYAINCh HIKE pealibHbIX, a mociie coequneHus — Boie (Puc. 2.25) [241].
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Puc. 2.25. 3HaueHus1 aCTPOHOMUYECKOM SMHHUIIBI B 3aBUCIMOCTH OT JIAThI
ceanca paguonokaruu [241, ¢. 190] (amxuee coenunenue — 11 anpens 1961 r.).

K BeHnepe curnain JeTuT co CKOPOCTBbIO ¢ OTHOCUTEIBLHO 3€MJIH, MpOoJieTasi MyTh I' 32 BpeMs T =
r/c. OtpaxEHHBIM CUTHAI MPH Jy4eBOH (paduanvhoii) ckopoctu Benepbl V, BEpHETCS CO CKOPOCTHIO
C'=c -V, 3aBpems 1, = r/C'. Toraa obmiast 3axepkka T = 11 + T2 = r/C + r/C'. HalinenHoe u3 HOMHUHAJIb-
HOHM CKOPOCTH ¢ paccTosinue I' = ¢t/2 = r + rV,/2¢ npeBbicut peanbHoe I Ha Ar = rV,/2¢c. U3 Tpeyrob-
Huka SVE B mpuOnmkenun KpyroBeix opout (Puc. 2.24) nmyueBas cxopocth Benepwr Vi= (01—
®2)R1R2:sin(a)/r, roe 1 = 3,2.107 pan/c, w; = 21077 pan/c — yriioBble TeIMOICHTPUIECKUE CKOPOCTH,
CcOoOTBEeTCTBEHHO, Beneprr u 3emmnu, Ry = 108-10° M, Ry = 150-10° m — panuychl ux opowurt, o = (m1—
)t — renuronienTpudeckuit yroa WSE Mexay HEMH, a t BBIpaXXEHO B CyTKaxX, UCTEKIIAX C MOMEHTA
HIDKHETO coeinHeHus. Torma cucreMaTndeckoe OTKJIOHEHHE PacYETHOTO ' OT HCTHHHOTO I' COCTaBUT

Ar=r'—r1 = (01 — 02)R1R2:SiN[(w1 — w2)t]/2¢ = 3350-5in(0,011t) km. (2.10)
To ke OTKJIOHEHHE, BEIPAXKEHHOE B CBETOBBIX CEKyH1aX (110 BpeMEHH 3aIePIKKH), €CTh
At = Ar/c = 0,011-sin(0,011t) c. (2.11)

dakTuuecky HaOIIOJAITCS UMEHHO TaKHWE BapUAllMU CHCTEMAaTHYSCKHX OHIMOOK-HEBS30K pac-
crosauii Ar (Puc. 2.26.a) unu Bpemén At (Puc. 2.26.6), T.e. pa3HOCTEH M3MEPEHHBIX To U BBIYMCIICH-
HBIX T; 110 Tabmuiam Herokoma. Buecenue atux monpaBok (2.10) u (2.11), yuuThiBarommx OauimcTH-
YECKHI TIPUHIIMII, CHUKAET CUCTEMAaTUYCCKUE OTKIIOHCHHUS: OCTAIOTCS JIMIIb CIydaiiHbIE OIIUOKH, KO-
TOPBIC CHU3ATCS, €CIIM YUECTh BIMSHUE BpAICHUs 3eMJI Ha CKOpOocTh curHaioB [91, 92] u nepeusiy-
YeHUE MEXIUIAHETHOU cpenoi. [To Mepe pocTa I U cliost pOiIeHHONW MEKIUIAHETHOM IIIa3MBbl, Iepe-
U3JTy4EHHBIN [1a3MOM CUTHAJI BOCCTAHABIMBAET CKOPOCTh C, M OTKJIOHEHHS MIEPECTAIOT PACTH MIPU OT-
JIAJICHUU OT HWKHero coenuaenust (Puc. 2.26). Db heKTHBHOCTD Mepen3aydeHUs] MOXKHO OICHUTbD, CO-
NOCTaBUB I' ;yinHOU 3KkcTHHKIMY | = M27(n — 1), u3 ¢-n61 (1.2), Ha OCHOBE PaCCUUTAHHOTO JUISI JAHHOK
JUTMHBI BOJIHBI A TIOKA3aTeJIsl MPEIOMIICHHS N, TI0 KOHIICHTPAIIUK MEKIUIAHETHOM TUIa3MBbl, Ta3a U MbLIH.
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Puc. 2.26. OTKiI0HEHUS paJapHbIX paccTosiHuit Benepsr ot ademepuanbix (o Tabmmiam Herokoma), n3me-
peHHbie B kuutomeTpax (a, kpecmoi) [242] u cBetoBbIX MuutHCeKyHAax (6, kpyocku) [241, c. 242], B cpas-
HEHWH C TipesickasaHabiMu 3aBucumoctsivu (2.10) u (2.11) o 6ayuticTraeckoit Teopuu (nynxmup).

[Tpu KOHIIEHTpALMK 3JIEKTPOHOB M MOHOB B MexkIuiaHeTHoU miazme N' ~ 0,1 em S =10°m3 [119,
c. 398] u mpu paboucit amuHe BoJHBI A~ 30 cM (COOTBETCTBYIOIIEH YacTOTe paarocurHaioB f=
c/h ~ 11T [243]), pacuéTHblil MOKa3aTelb penomieHus noHochepsl [53] cocraBut

n=+1-80,6N'/ f2 ~1-40,3N'/ f 2, (2.12)

a JUIMHA NIeper3nydeHus, coracHo gopmyse (1.2), T0CTUTHET 3HAYCHHIA
A 12:10°f
2nin-1 N'
Takum oOpa3oMm, JJIMHA TMEPEU3TyYCHHUS COTOCTaBHMMa C PACCTOSHUEM MEXIy IUTaHETaMu B
HHWXXHEM COCAMHCHHUU ~42 MaH. KM. DTO O6’b}ICHSIeT, mo4YeMy NpH YBCIMYCHUHN B TCUCHUC NBYX MCCA-

1eB (t = 60 cyT) MEKIUTaHETHOM IUCTAHIIMU OT 3HAYCHUS B 42 MITH. KM JI0 3HAYECHUS
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r= \/Rlz - R22 —2R;R, cos(m; — 5 )t ~ 89 mMitH. KM
HEBSI3KHU MEPECTAIOT HAPACTATh U IKCIIEPUMEHTATbHBIE TOYKH BCE CHIIbHEE OTHAISIOTCS OT 3aBUCHUMO-
creii (2.10) u (2.11), HOCTPOEHHBIX ¢ yUETOM MOMPABOK OaytucTHYECKOM Teopuu [A3, A46].

3HaycHUE JTMHBI Mepen3iiyucHus | Henb3s paccuuTarh TOYHO, BBHJY CJIOXHOW 3aBUCHMOCTH
KOHIICHTPAIMH IJ1a3MBbl OT paccTosiHus 10 CoiHIa, B TOM yuciie 3a cuéT TaroteHuss CONHIA, TaBICHUS
COJIHEYHOTO CBETa M EPEMEHHON MHTEHCHMBHOCTH COJTHEUHOTO Betpa [119].

Brnusiauem nepensnydeHusi B MEXKIUTAHETHOU TUIa3Me MOXHO OOBACHUTH HecoBmnanaeHue ~1000
KM (BBIXOJSIIEE 332 TPE/eIibl OMHOOK paJapHbIX METOOB) 3HAUCHHI a.€., U3MEPCHHBIX Pa3HbIMH pa-
JApHBIMU CTAHIIUSAMH Ha pa3HbIX Yactorax 408 — 2388 MI'i1 [243]. [eiictBuTenbHO, coracHo (2.12) u
(2.13), ot wactoTsl f 3aBucsT N 1 UIMHa |, B Ipeaenax KOTOPOH CKOPOCTh PaJHMOCUTHAIA, OTPAXKEHHOTO
Benepoii, ommuna ot €. Kak ormedeno [243], 3Tu pa3nuuus Helb3sl CHHCATh HA JUCIEPCHUIO0 MEXK-
3BE3HON Cpeibl: OHA 3aHMXKayla O PacCTOSIHUS, U3MEPEHHBIC HA KOPOTKUX BOJHAX. A (paKTUYECKH Ha-
OJTI0JATTOCH «OTCYTCTBUE BUAMMOM CBSI3W MEXKIy U3MEPEHHBIMU 3HAYCHHUSMU a.e. M dactoroit». Co-
riacHo teopun Putia, y€Tkoil cBs3u U He OyneT, pa3 Ha U3MEPEHHYIO BEIUYMHY a.€. BIHSIET, KpOME
vyactoTsl f 30HaMpYyroMmero curnana (M ATUHB SKCTUHKIHH 1), emé u 3HaK, BeMnunHa CKOpocTH Bene-
psl V, a 3HAYUT,— U J1aTa CEAHCOB PAINOJIOKAIINH, KOTOPBIE PA3TUYAIUCh Y Pa3HBIX 00CEPBATOPHUIA.

3aBUCHMOCTh OIMMOOK HW3MEpeHHs JAUCTaHIMM BeHepbl oT uactoThl f oTMewanmack wu
b. YomecoMm, KOTOpBIiA CBS3bIBA UX C BIMSHUEM MEKIUTaHETHOH 1uia3mel [91]. Yoinec otmerni, 4yTo
amruiutyaa 30-1HEBHBIX KojieOaHui (BRI3BAHHBIX KOJICOAHUEM CKOPOCTH 3eMIIH MPH JBHKCHUU B CHC-
teme 3emis-JIyHa) pagapHOro 3HadeHHUs a.e., uaMepenHoro Ha yactore f~ 440 MI'u (A~ 70 cm), B 5
pa3 mpeBblIalia aMILTUTYy KosieOaHuii, u3MepeHHbIX Ha yactoTe f~ 1300 MI'1; (A = 23 cm). Dto pas-
auyue Ar, O4eBHIHO, CBA3aHO KaK ¢ U3MEHCHHUEM JMCTAHIIMU I U KOHIEHTpanuu tia3mbel N' B 3aBUCH-
MOCTH OT JIaThl JioKanuu (coryiacHo Yoiutecy, AanHbie Ha yacrore f~ 1300 MI'1| mosyuens! no3axee),
TaK ¥ ¢ pa3HHIeH IMH SKCTHHKIUY | 1u1s1 pasubix gactot. CoracHo (2.13), | 1omkHO OBITh BbIIIE IS
yactotsl f~ 1300 MI'ti. COOTBETCTBEHHO, M BEJIMUYMHA OMIMOOK Al Ha 3TOW 4acTOTE MOJydaaach Obl
Boiie. Ho f~ 1300 MI'1 cOOTBETCTBYET UTMHE BOJHBI A = 23 ¢M OJU3KOW K UIMHE BOJHBI MOTJIONIE-
HUSI HEHTpabHOTO Boopona A =~ 21 cM, Bo3ie kotopoil pactér |n— 1|. B utore, ans f~ 1300 MI'n
BbIpOCia Obl 3P PEKTUBHOCTD MEPEH3IYUCHUS ¥ CHU3MIACh Obl JUTMHA mepensnydenus |, Tak 4yTo am-
IUTMTY1a OUIMOOK cTaja Hke, yeM Ha f ~ 440 MI'u, B cornacuu ¢ [91]. A u3menenue | B 3aBucumoctu
OT KOHIIEHTpaIMH MeXIUTaHeTHOW mia3Mbl N', B ronbl aktuBHOro CoJiHIA, KOTJa KOHICHTpAIUs U
CKOPOCTh COJIHEYHOMW TIa3Mbl BBIIIE, COKpAINAIO Obl JUIMHY 3KCTUHKIMHU |, MPUBOIS K YMCHBIICHHUIO
omMrOO0K. A B Tojibl CIOKOMHOTO COJIHIIA KOHIIGHTPAIUSI ¥ CKOPOCTh IJIa3Mbl, COJTHEYHOTO BETpa Ia-
JIAF0T, OTYETO PacTET AITMHA MEPEU3TyYeHHs U BeIMYMHA pajapHbIX omuOok. [ToaToMy mapaniensHo ¢
paJlapHbIMH 3aMEPaMH CIIEAYET BECTH MOHHUTOPUHT COCTOSIHUSI MEKIUTAHETHOH TJ1a3MBl.

[TockonbKy CHCTEMaTHUECKHE PACXOKICHUS palapHbIX JaHHBIX C d(deMepuaaMu He yIaBajioch
OOBSICHUTB, PacX0XIeHUS (POpPMaIbHO YCTPAHSUIU KOPPEKIUEH deMepu 1, HapuMep, BHOCS TOIpPaB-
ku Jlankomb6a, «cMmecTuBiero» Benepy Brepén mo opoure Ha 290 KM, yBETUUNB IeIMOLEHTPUIECKYIO
nonroty Benepsr Ha 0,55 [241]. TTockonbKy U MpH 3TOM OCTAJIKCh pacXxokacHus1, Benepy cmectunu
emé Ha 270 kM, yBenMuHUB €€ renuoneHTpudeckyro mpoiaroty emé Ha 0",52 [244] u mocTpouB 4HcieH-
HYIO TEOPHIO IBH)KEHHS TJIAHETHI, COOTBETCTBYIONIYIO JaHHBIM pagaapoB [242]. Tem He MeHee, cuCTe-
MAaTHYECKHUE PACXOKICHUS ~10° kM (cooTBeTcTBYMOMIIME OMIMOKE HEOSCHBIX KoOpauHAT Benepnr ~1")
pallapHbIX JaHHBIX ¢ TaOnuiamu Hprokoma-JlaHkomOa M ¢ BU3yaJbHBIMH JTAHHBIMH COXPaHSUTUCh HA
NPOTSHKCHUH JecaTuwieTuil [242—246] u 10 cux nop He oObsicHeHbl. Coryiache 3TUX JIByX TUIIOB JIaH-
HBIX, KaK OTMEYEHO,— JIUIIIb y0BIeTBOpHUTeIbHOE [245]. O TOM e TOBOPST COBPEMECHHbBIE TaHHBIE.

[IpHHSTO CYNTATH, YTO 3HAUUTEIbHBIC OTKIOHEHHs (~10° KM) MMeIH MecTo JIMIIb B EPBbIX Ce-
aHCax paJIMOJIOKAIIMU, KOr/ia €€ TOYHOCTh ObLIa HU3KOM, a B X0/I¢ YTOUHCHHS METOJOB OIIMOKU CHH-
3UIUCh Ha opsaAkd. Ho akTiuecku pacxoxaeHust dheMepu] 1 TaHHBIX PaJUOJIOKAIIMNA COXPAHSIINCH
BCE BpeMs, U dPeMepH bl MOCTENICHHO KOPPEKTUPOBAIIM TI0 JaHHBIM pajgapoB. He Wckito4YeHo, 4TO B
nornpaBkax Jlankomba [247], hbopmanibHo cmectuBiero Benepy Briepén mo opoute Ha 300 kM B 3de-
mepunax 1960 r., ObutH yuTeHBI pe3yibTaThl pamuonokanud Benepor 1958 r. B CIIA (JlabopaTtopus
Jlunkonbha) [249] u 1959 r. B Anrmuu (Ixoxnpen benk) [237]. B aTux ceancax BrepBbie OBUIO OT-
KPBITO, YTO TIPU yIaJIeHUU BeHepsl €€ qucTaHIus npeBbiaia JUCTAaHIIMIO, PACCYMTAHHYIO 110 d(eme-
punam. Tem cambiM Tabmuipl JlankomOa, u3nanubie kak pa3 B 1958-1961 rr. [248, 250], mpoussenu
MEPBYIO UTEPAIMIO, KOPPEKIHUIO ddeMepua, KOTopas HMCKYCCTBCHHO CHHM3MJIA PACXOXKICHHS MEKIY
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sapemepuiaMu U parapHbIMHu JaHHbBIMHA 1961 1. B X01€ Takux mociaenoBaTeIbHbIX UTepaliii pe3yibTa-
ThI K&KIBIX IMOCIEAYIONIMX PaJapHbIX 3aMEPOB BCE MEHBIIIE PacXOIMINCh ¢ dpemepuaamu [238, 251],
IpeTepIeBaBIIMMU OJHY PEOYKIHMIO 3a Apyroi. OpHaKo cucTeMaTndeckas OIMOKa M3MEPEHHBIX MO-
J0xeHU BeHepbl,— B Bue pacXoKAECHUS PaJapHbIX U3MEPEHUIl ¢ BU3YyalbHBIMHM YIJIOMEPHBIMH H3-
MEPEHHSIMH,— COXPAHSIACH HA MPOTSHKCHNH JECSATKOB J1eT Ha ypoBHe A ~ 1"~ 5.107° pax [245, 251],
XOTsl aCTPOHOMHYECKHE TPHOOPHI (B T.4. OCHOBaHHBIC HA METOJaX WHTEP(HEPOMETPUH), COBEPIICHCT-
BoBasIMCh. K HacTosmeMy BpeMEHH X TOYHOCTh CYLIECTBEHHO BbIpocia, mocturnys 0,01"-0,001".
Tem He MeHee, cHUCTEMAaTHYECKHE PACXOXKICHHUS MEXKIy AAHHBIMU ONTUYECKMX aCTPOMETPUUYECKHX
U3MEPEHUH MOJIOKEHUH TUIaHeT U d(deMepuaaMu, MOCTPOSHHBIMU 0 PaJUOJOKAIMOHHBIM JIaHHBIM,
COXPaHSIOTCS 10 HacTosero Bpemenn [252, 253]. Takum oOpa3oM, cucreMaTHueckas ommoka A ~ 1"
B JUIMHHBIX psJiaX HaOIIOACHUH Ha MOPSA0K MPEBBIIIAET TOYHOCTh MPEKHUX aCTPOMETPUUYECKHX Me-
TOJOB (M Ha TMOPSAIKH MPEBOCXOIUT COBPEMEHHYIO TOYHOCTh aCTPOMHTEPPEPOMETPOB U pagUOTElIe-
CKOIIOB), COOTBETCTBYS Ha JUCTAaHIIUU BeHephl cucTeMaTnyeckoMy cMeleHnto nopsiaka RyA ~ 750 km
Briepén mo opoure. Jlaxxe crycTsi JeCATUIIETHE TTOCIE TIEPBhIX CEAaHCOB pauosioKanuu, 22 utojs 1972
r. ipu Bxojie AMC «Benepa-8» B armocdepy Benepsl 66110 3apUKCHPOBaHO 3HAYUTEIBHOE PACXOXK-
nenue (6onee 500 kM) MeXIy paJapHBIMU ITOJIOKESHHSIMY TUIAHETHl B d()eMEPUIHBIMH, PACCYHTAHHBI-
MH Ha OCHOBE aCTPOHAOJIOICHHU ¥ 3aKOHOB HeOecHOW MexaHuku [254, c. 67]. [ToaTomy B adhemepu bt
CTaJIM BHOCHUTD pajiapHble TONpPaBKu [242], TeM caMbIM BHOCS] B HUX 3HAYMTEIIbHBIC OIIHOKH.

Ot ommbku sipko nposiBuwinck B 2004, 2012 rr. npu HaOmroneHUN NpoxoxaeHus: Benepsl mo
qucky CosHIa: MOMEHTBI KOHTaKTa IU1aHeThl ¢ JuckoM CoJHILIa OTCTaBalld Ha BpeMs t mopsiika MUHY-
oI [255-257] ot ademepuanbix [258, 259], conepxamniux pamgapHbie «monpaBku» [242], cMecTUBIIHE
Benepy Bnepén no opOute Ha coTHH KuinomeTpoB. Ilockonbky 3a 310 Bpems t ~ 1 MuH yrioBoe cMme-
nienue Benepsl oTHOcuTenbHO 3emiin o = (01— o)t, a nuHeiHoe — aR; = (01— ®2)tR; = 500 kM, TO
3ajiepKKa MOIJIa ObITh BbI3BaHA OLIMOOYHBIM «CMEIIEHUEM» IIAaHEThl BIEpE] 10 OpOUTE MO JTaHHBIM
pazrapoB. TO MOKHO MPOBEPHUTH B X0J1¢ 00JIee TOUHBIX U3MEPEHU MoI0KeHni Benepsl, ¢ ucnoab3o-
BaHHEM COBPEMEHHBIX TEJIECKOIIOB M PaJHOTEIECKOIOB CO cBepXumnHHOM 0a30i (PC/IB), mockoibKy
paarou3TydeHne ropsiueil moBepxHoctu BeHepsl otuérimBo peructpupyetcs [150]. M3mepenue mo-
J0keHui Benepbl npu 3ToM MOKHO MPOU3BOAUTH JIMOO0 110 U3MEPEHHIO MOMEHTOB MOKpHITUS Benepoii
TOYEUHBIX PaJMOMU3IIyUYalOMIUX OOBEKTOB C M3BECTHBIMU HEOECHBIMU KOOpAUHATAMH, MO0 HEmocpe-
CTBEHHO, 10 PErHCTPalMi TEIUIOBOTO pajMoON3ilydyeHus] BeHepsl,— 110 JaHHBIM paJuouHTEpHEpOMeET-
poB co cBepxumHHOM 0a30it (PCLIB) wiu Tpuanrysinueld Ha 0a3e mopsijaka Auamerpa 3emiy, ¢ pas-
HecEHHBIX ceTel panunonHrepdepoMerpoB. TouHocTh u3Mmepenus yrinoB B PCIB mocturaer A6 =
0,0001", uro Ha nuctaHMK BeHeps I = 42-10° M (8 HuoicHem coeduneru) MPUBOJUT K PELIM3NOHHOM
TOYHOCTH M3MEpeHus noJiokeHuit Benepsl Ha opoute AOr = 20 M. DT0O MO3BOJIUT TOYHO KOHTPOIUPO-
BaTh 10JI0’keHNEe BeHepsl Ha opOoUTe M CPaBHUBATH €TO C MOJOKEHUSMHU 10 JAHHBIM Pa1apoB.

CpaBHUTENIbHBIE U3MEPEHUsI MOJOKEHUH M OpOMTANbHBIX 3JEMEHTOB IO JAHHBIM AAJIbHOMEP-
HBIX, JOTUIEPOBCKHUX M YTJIOMEPHBIX M3MEPEHUN BO3MOXHBI U JJIS APYTHX IUIAHET, B TOM YHUCIE IS
Mepkypust 1 Mapca. VX nonoxeHus u 31€MEHTbl OpOUT, PAaCCUMTAHHBIE 10 JAaHHBIM PagapoB, TOXKE
cozepkaT cucremaruuecku pacxoxaeHus (~ 400 km) ¢ ananmuTryeckoil Teopuein Hprokoma u aeme-
pHUIaMH, PACCUUTAHHBIMH II0 aCTPOMETPHUECKUM fAaHHbIM [245, 260]. Jlinst Mapca HeBsI3KH paapHBIX
¥ 3(eMepHIHbBIX JaHHBIX, KaK OoKa3ajoch [261], HOCAT TOT e Xapakrtep, uTo u 1 Benepsr. Ecnu B
Beipacernn (2.10) i (2.11) B kauectBe Ry B3s1Th pajguyc opoutsl Mapca (Ry = 228-10° M), a B kauecTBe
1 — YIIIOBYI0 cKopocTh Mapca (m; = 1,1:107 pa/c), monydum cleayiomyio 3aBHCHMOCT

Ar =~ 5130-sin(0,008t) km, At = Ar/c = 0,017-sin(0,008t) c.
JeiicTBuTENBHO, CHAATas B aBrycte 1971 r. 3aBucumMocTh u30bITOUHOM 3aaepkku AT(t) HOCUT KIMEHHO
takoi xapaktep (Puc. 2.27), nuHeiiHO HapacTas OT HyJIsl, HaUWHAs ¢ MOMEHTA MPOTUBOCTOSIHUSA [261].
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Puc. 2.27. HeBsizku 3(heMEPUIHBIX U U3MEPEHHBIX BPEMEH 3a/IEPIKKHU MTPU paauosiokaiun Mapca (kpyoicku)
[261, c. 257]. Jlyst cpaBHEHHMS IPUBEICHBI PACUETHBIE B paMKax OaJUTHCTHYECKON Teopru PUTIIa HEBA3KU
B OTCYTCTBHE MepeU3NydeHus (nyHKmup) ¥ TIpU NepersaydeHuu Ha [uine | ~ r/7 (wmpux-nynkmup).

3anazapiBanue MomeHnTa At = 0 Ha 13 cyTok oT MoMenTa mpotuBoctosiaust (10 aseycma 1971 2.)
OOBSCHSICTCS JUTHIITUIHOCTRI0 OpOUTHI Mapca. M3-3a 3Toro oTHOCHTENbHAS TydeBast CKOpocTh Mapca
oOpamraercss B HyJb HE TOYHO B MOMEHT IpoTuBOCcTOsIHUSA. CooTBeTcTBeHHO, AT = 0 mo3nHee. Kpome
Toro, npu otaaneHuu ot CoiHua (3a opOUTON 3eMiIH) KOHICHTpAIHMs MEXKILIAHETHOTO BOJOPO/Ia MO-
KET HapacTaTh, IOCKOJIbKY CHUXKAETCs CBETOBOE JaBJICHHE, BbIIyBaroIlee Ia3 U3 OMMKalIINX OKpecT-
Hocteit Comara. COOTBETCTBEHHO BBIIIE YPPEKTHBHOCTH IMEPEH3ITyUCHHs, M3-32 YEr0 BEJIMYNHA HEBS-
30K CHID)KEHA IIPUMEPHO B / pa3 MO CPaBHEHUIO C TEOPETUUECKUMHU. DTO 03HAYAET, YTO JAJIMHA MEepeus3-
ayuenust | = r/7. B 1ienom cxXo/Hbli XapaKkTep 3aBUCMMOCTH BEJIMYUHBI HEBSA30K OT BpeMeHU it BeHe-
pel 1 Mapca cBHIETENbCTBYeT 00 MX OJMHAKOBOM M He ciydaifHoil mpupone. Kak mokazaHo, 3Tu
OLIMOKHU cUCTEMAaTUYeCKUEe U HauboJiee TOUHO OOBSACHAIOTCS B paMKaxX OalsIMCTUUECKON TEOPHH.

AHAJIOTMYHO NpU PaguoIoKaluu MepKypus, HalpuMep, IIpU TOYHOM HW3MEPEHHUU BPEMEHU 3a-
na3AbpIBaHMs PaIMOCUTHAJIA B TPAaBUTALMOHHOM 1osie CoJHIIA pU OTpaKeHHH OT MepKypusi B BepX-
HEM COEAMHEHHUH, SKCIIEPUMEHTAJIbHbIE TOUYKU CUCTEMAaTHYECKU CMEIAIUCh OT TEOPETUYECKOH KpH-
Boil. Jlo coenuHeHus 3a7epikKa cCUrHajia Opuia uyTh HUke pacu€étHoro no OTO BpeMeHu 3amasjibiBa-
HHUs, a Tioclie coeanHeHus — 9y Th Bbiie [90]. B pamkax OauiMCTHUECKO# TEOPUH ATO CIICACTBUE HAIU-
4usi y OpOUTAbHON CKOPOCTH 3€MIIM 10 COSMHEHUSI KOMIIOHEHTHI, HalpaBJieHHOH K Mepkyputo, co-
OTBETCTBEHHO BpEeMs 3ama3fbIBaHMsl CHUTHAJa CHUXKAJIOCh, a IOCIe COeAMHEHUs — oT Mepkypus,

BCJIEJICTBUE YETO BPEMs 3aa3/IbIBaHIs yBEINIMBAIIOCh (Puc. 2.28).
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Puc. 2.28. CucremMaTiHuecKoe CHIDKEHHE 3aICPIKKH OTPaKEHHOTO MepKypHeM paIuoCUrHalia
JI0 BEPXHETO COCJIMHCHUS M YBEIINUCHUE 3aICPIKKH MOCIEe COSTUHCHUs (nyHKmup) Mo cpaBHe-
HHIO C TEOPETHYECKON 3aBUCUMOCTBIO (cniowHas aunust) npu paguonokanuu B 1967 r. [90].

XapakTepHOe 3ara3pIBaHue U ONEPEKEHNE COCTABHIIO 10 Tpadukam mopsiaka At = 25 mkc, 4ro
COOTBETCTBYET PAa3HHIIC PACUYETHOUW U M3MEPEHHOMN ACTAHIHK Aro = CAt= 7,5 KM, WIH CMCIICHHUIO
Mepxkpus no 0p6HTe AL = ArRw/R = 621 xm, rne Rm= 58 10° m - cpenHee paccrosiuue Mepkypus 10
Comuua, R = 7 10° M — cpenuuii paauyc Connna. Takum oOpa3oM, HeBs3Ka paJjapHOTO U TeopeTHye-
CKOTO HOJIO)KGHI/I?[ MepKypusi HAMHOTO TIPEBBINIACT BO3MOXHBIC pafapHbie omubku (~10-100 m mis
1967 r.) 1 cOCTaBIIACT MO MOPSAKY Ty K€ BEIMYHMHY, YTO M U3MEPEHHbIC HEBA3KU MOJI0KEHHs BeHepsr
Ha opOute. C TOUKH 3peHuUs] OAUTMCTUUECKON TEOpUH HEBs3Ka cocTaBmiia Obl Ar, = rV,/C = 97 km, r1e
V, = VER /Re= 140 m/c — cocraBinsioras opouranbHoi ckopoctu 3emin Ve~ 30 kM/C BI0JIb OTpe3Ka I
3emus- MepKyme e Re~1510" M — cpennee paccrosiuue 3emuu 1o Comuna. Pacxoxnenwue
Ary= 7,5 kM u Ar, = 97 KM CBs3aHO C Mepeu3TyuyeHNEeM paJrocuraana B kopone ConHIa, B pe3yibTare
Yero OCHOBHYIO YacTh MYTH PAJMOCHTHAJ JBIKETCS C HOMHHAIBHONW CKOPOCTBIO C. Takum oOpazom,
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NpaBUIBHO paccuuThiBaTh Ar. kak Ar. =~ IV,/C, rae mmHa nepeusnydenus | = rAr /Ar, = 16-10° M, uTO
0 TMOPSAAKY BEJIMYUHBI COBMAJaeT C OleHKoW | mo HeBsskam paaumosokanmu Benepsl, Mapca
(I = r/7 =~ 11:10° M) u TeopeTHueckoii onenkoit ruabl | ~ 12:10° M 10 KOHLEHTPAIHH MEXILTAHETHOI
wia3mel (2.13).

[Tpu 3TOM BAMSIHEE CKOPOCTU caMOro MepKypHsi Ha CKOPOCTh paauOCHUTHAJIa HUBEITUPOBAJIOCH
s dekTom nepeusnnydenus, BBuay o6iuzoctu Mepkypust k CoHIYy ¥ BBICOKON KOHLEHTPALUU IL1a3Mbl
B kopoHe Connna. C apyroit ctoponsl, ansg Mapca u Mepkypusi, BBUIY WX BBICOKMX OpOHTAIBbHBIX
9KCIIEHTPHUCUTETOB, MOXXHO OXHUIATh €m€ OOJBIIMX PAacXOXICHUH W HEBSI30K, 4eM it Benepor. Ot
MEPEMEHHON CKOPOCTH IBUKEHHS IO OpOWTE pajapHble OMIMOKU HENb3s MOJHOCTHIO CKOMIICHCHPO-
BaTh JIOOABKOWM IMOCTOSHHOTO CMemIeHus 1Mo opoute. Ho yuciieHHas Teopusi NBIDKEHUS IUIAHET, IMO-
CTPOCHHAS IO JaHHBIM PaJapoB, JYUIIIE COTIACYeTCs C AaTbHEUIIMMU paapHbIMU 3aMepaMu (comep-
KaIUMH TC )K€ CHCTEMAaTHYEeCKHE OLIHOKH), YeM C aHATUTHYCCKOM Teopueii Hprokoma [262].

OmmOKku paaroIOKallMd MOTYT CHITPaTh POKOBYIO POJIb U MPHU pacdéTe OpOUT acTepOUJIOB, Ie-
pecekaronux opouty 3emir ¥ OJU3KO MOIXOMAIINX K IUIaHEeTe, OCOOEHHO B CBETE€ HE CIPOTHO3UPO-
BaHHOTO najeHus Yemsiounckoro (Yebapkyibckoro) mereoputa. J1jisi CBOCBPEMEHHOTO TIPEAOTBpAIIe-
HUSl aCTEPOUIHOM OMACHOCTH TOYHOCTh PaJMOJIOKALIUU CJIEyeT BCECTOPOHHE MOBBIIIATH, IPOBEPSTH,
COBEPIICHCTBOBATH €€ METOIbI, IOBBIIIATH JAITBHOCTh U YYBCTBUTEIFHOCTh KOCMUYECKUX PAIapOB.

8§ 2.5. PadapHbie owubku AMC, GPS, N'TOHACC u 6annucmu4eckue rnonpasku

BriepBble nOXHBIH «caBur» BeHepbl mo opOUTE OTMETHJI MHOHEP KOCMHUYECKOW HaBHUTalMU
B.I1. Cenes3ué [263], corpyauuk C.I1. Koponésa u aBrop monorpaduu «HaBuraimonusie ycTponcT-
Ba» (M.: O6oponrus, 1961), cipoeKTHPOBABILUI CUCTEMbl HABUTAIIMH MEPBBIX KOCMHYECKUX KOpPao-
nent. Cene3HEB mokasai, 4ro 0e3 Teopun Putia «Ha OCHOBE HAyYHBIX CBEJICHUN O CBETE aCTPOHABHTIa-
IIUs] B IPUHIUIIE HEeBO3MOXKHa» [264, c. 308], B 4acTHOCTH HaBHUTAIMs KOCMUYECKUX 30H]IOB, s aBa-
puii KOTOPBIX, B T.4. y armmnaparoB «®oboc-1, -11», Bei3BaH pagapubsiMu omudkamu [203, 263-265].

He uckirodyeHo, 4ro aBapuu APYTHX amnmapaToB, OTHPABIECHHBIX B pa3HbIe TOJbl K BeHepe u
Mapcy, BbI3BaHbl CUCTEMATUYECKUMHU OIIMOKAMU M3MEPEHHUs MOJIOXKEHUI anmapaToB U IJIAHET IO
JTaHHBIM paIuONIOKaluu. PanapHble n3MepeHus SJIEMEHTOB OPOUT JAIOT MOBBIIIEHHYIO TOUHOCTH MPHU
U3MEPEHUH JUCTAHIHMA, pagunycoB (0OJbIINX MOMyocei) opOUT mianeT. IMEHHO 3TH XapaKTepUCTUKU
UTPAIOT OCHOBHYIO POJIb B pacuérax TPAaeKTOPHH amlmaparoB, T.K. OIIMOKM 3HAUCHHUH a.e. U pajinycoB
OpOUT IJIaHET BedM Obl K YKJIIOHEHHIO alapaToB OT LEJU Ha PACCTOSHHUSA A0 HECKOJIbKHUX JIMaMETPOB
ruiaHeTsl THa Benepsl, Mapca [242, 243]. Menee KpUTHYHBIH apaMeTp — NOJI0KEHHE [UIaHEeT Ha Op-
oute (MctuHHAs aHoManus). Hanbonee TOYHO ero U3MEpsIFOT METOJIaMH acTpoMeTpuu. B dacTHOCTH,
Tpaekropus nonéra Aromarudeckor Mexiutanetnoit Ctanuuu (AMC) no nepexonHoii opoute [o-
MaHa MPOXOJUT IO KacaTeJIbHOU K opOuTe BeHepsl, 1 HETOUHOCTH B ONPEAEICHUH MOJIOKEHUS Ha Op-
OuTe CKaXyTCs JHIIb HA MOMEHTE JOCTHKCHHS allaparoM IUIAHEThl, a AUCTAHIUSA MPEIeIbHOTO
COMMIKEHUS MOYTH He U3MeHHUTCs. M3 cooOpaskeHuid y00CTBa CBSI3M M SKOHOMHHU BPEMEHH TIPUMEHS-
10T Oo0JIee KOPOTKHUE TTePEeXOAHbIe OPOUTHI, Iepecekaromnie opouty 3emun 1 Benepsr moj yriom [254].
CoOOTBETCTBEHHO, ONIMOKK M3MEpeHHs pafaapaMu noyiokennid Berneper 1 AMC Ha opOute ~1000 kM
Benu Obl kK mpoMaxam: AMC moruna Obl IPONTH MUMO IUIAHETHI, HE MOMACTh B PACUETHYIO TOYKY IO-
BepxHOCTH, Wiu TpaekTopuss AMC He nmonayia Obl B JOMYCTUMBIN JTMAIa30H YIJIOB BX0OJa B aTMochepy
aHeTsl. Ho, ecnu panuonokaTop oAHOBpeMEHHO u3MepsieT auctaniuu Benepsl 1 AMC, kak y amnma-
para «Benepa-8» [254], cuctemarnyeckue OMIMOKH PaCCTOSIHUN JOKHBI KOMIIEHCHPOBATh APYT APY-
ra Ipy BBIYMTAHUU U BBIYMCICHUN OTHOCHTEIBLHOTO paccTossHus Mexay Benepoit u AMC. A Ha Onus-
KX TUCTAHIMIX pagroiiokarus Berepsl mpous3BoauTces HemocpeacTBeHHO ¢ AMC, 4To CHUXaeT Be-
TuauHy omrOKy. Ho M B 3TOM citydae ommOKY B M3MEPEHUH TMOJIOKCHHI ammapaTa U IIaHeThl MOTYT
NPUBOJIUTH K aBapusIM 1 Iipomaxam, kak mokasan B.IT. Cenesnés [203, 265] u B.A. XKmyas [206].

JeiictButenpHo, nctuHHas Tpaekropus nonéra AMC «Benepa» Bo3jie IIIaHETHI OTKJIOHSAIACH HA
COTHH KM OT pacuétHoii [254]. Ho koppekius opOUThI Ha KOHEYHOM yd4acTke TpaekTopuu [254], a
Takxe 00sbinoi quamerp rraneThl ~12000 kM (MPEBBIIAIONINI OMMOKH), TIPAKTUYSCKA UCKITFOUAIH
npoxoxaeane AMC mumo 1ienn. CubHee cka3piBatoTes omuoku st AMC, HampaBieHHBIX K Mapcy,
JUTSL KOTOPOTO M3-3a OOJIBIIETO PACCTOSHUS U BBICOKOTO SKCIIEHTPUCHUTETA OMIMOKH M3MEPECHHIA BBIIIIE,
a JuameTp IUIaHeThl B 2 pa3a MeHblie, cocTaisiss 6800 kM, YTO COMOCTABUMO C BEIMYMHOW OIMIMOKH
(~2000 kM) 1 MoxeT BecTH K aBapusiM y mapcuanckux AMC. Emgé Beime ponp ommbok mis AMC,
HAIMpPAaBJICHHBIX K CITyTHUKAM IUIAHET, HMEIOIIUM e MeHbIre pa3Mepsl. Tak, pasmep doboca (crmyT-
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Hrka Mapca) — Bcero 20 kM. COOTBETCTBEHHO, OIIMOKa B M3MepeHnH KoopauHaTax ®odoca 1 AMC
~1000 kM Bena OblI kK IPOJAETY ammapaTa MUMO II€JIM WA K CTOJKHOBEHHIO C €T0 MOBEPXHOCTHIO, BME-
CTO MsTKO# mocanku. Kak mosjaraiot, ¢ 3TuM u cBsizanbl aBapun AMC «Doboc-1» u «Dobdoc-11» [265].
HetictBurensHo, aBapuu 3Tux AMC ObUTH CBSI3aHBI C MOMEXaMH PAJAOCBA3M W HABUTAITMOHHBIMU
ombOkamu [266]. [TpoBeputh rumnote3y Cene3HEBa MOYXKHO, CONIOCTABHB JAaHHBIC TPACKTOPHBIX M3MeE-
pernii AMC «®0o60c», MoydeHHBIX METOJaMH PaJIHOJIOKAINY U paarnouHTepdepomerpun [267]. s
YTOYHEHHSI COBPEMEHHBIX TPACKTOPHBIX 3aMEPOB U MPOBEPKHU MOCTOSHCTBA CKOPOCTH CBETAa MOXKHO
COINOCTABUTh JAaHHBIC 5-TH METOJIOB. PaIUOIOKAIIMN, U3MEPCHHUS KOOPIUHAT 10 CYUCICHHUIO MyTH (110
noruiep-casury curnana AMC), nasepHoit nokamuu, PCJIb-uzmepennii yrinoeeix koopaunat, PCJIb-
U3MEPEeHUI AMCTaHIMKA MeToaoM TpHuaHryssuuu [268]. Otmerum, uro B Hacrosimee Bpemst PCJIB
(VLBI) usmepenus B komOuHanmu ¢ GPS-u3MepeHUsIMU NOJI0KCHUN HABUTAIIHOHHBIX CITyTHUKOB YK
HIMPOKO MPUMEHSIOTCS, BBIABIISIS cucTeMarnueckue omnbku GPS-usmepenwii [269].

Hanee paccmotpum 3¢ dext «[Tuonepon» [270, A3, A27] — anHomainuto, BeisBIeHHY0 JlabopaTo-
pueit PeaktusHoro J[pmxenus (JPL NASA). Cxopoctt AMC «ITnonep-10», «I[Trnonep-11», uzmepen-
HbIe pagapamu (1o A0TUIeP-CABUTY YacTOThl curHaia oT AMC), oTiuvanuck oT pacuérHeix [271]. Usz-
mMepeHHoe yckopeHnue «[InonepoB» B mone Tsarotenuss ConHia Maccbl M mpeBbicniio pacyétHoe a' =
GM/r? na Aa, = (8,74 + 1,33)-10 % m/c? (ua paccrosiruu r Vpana [270]). Ecin «[IHOHEpE», yIaIssch
ot 3emutn co ckopocThio V = 10 km/c, M31ydann CUrHAI CO CKOPOCThIO C — V, HapaIliuBas 3aJIepiKKy T,
TOTJa, MPHUHSIB CKOPOCTh CHTHANa = C, U3MEPSIu CKopocTu u yckopenuss AMC Ha paccrosHuu I' =
ct=r + rV/c, a ze ucturHoM I = (C — V)1, re yckopenue a = GM/r? oiure pacuétaoro a' = GM/r' na

Aa.= a-a'~ 2aV/c = 2VGM/cr?. (2.14)
Ha nuctaniuu Ypana r = 3102 m npu V = 10 km/c 3T0 COCTaBUT Pacu€THYIO BEIMYMHY OIIMOKH Adc~
9,9-107%% m/c?, ONMM3KYI0 K U3MEPEHHOH ommmbke Aa, ~ 9-107%0 w/c? [270]. CxonHble aHOMAJIUK BBISB-
nensl y AMC «Vimce» [272] u «Kaccunm», y kotoporo Ha paccrosaun Carypha (r ~ 1,5-10% m) us-
MepEHHbII H30BITOK yekoperns Ado ~ 3-107° m/c? [273] 6mm30k K pacuéTHOMY Ad. = 2VGM/cr?~ 4.10°
S mic? A M3MEPEHHOE OTKJIOHEHUE anmnapaToB «IInoHep» OT pacyETHBIX MOJIOKEHHI Ha PacCTOSIHUU
[TnyTona (r = 7,4-10" M) cocraBmno Aro= 3,8:10" M, uT0 1O MOPSIIKY BEJIMUMHBI COTJIacyercs ¢ pac-
YETHBIM 110 GAIUTHCTHYECKOMY [IPUHIHITY OTKIOHEHHeM Ar.= ' —r = rV/c = 2,5:10" m.

CunTanock, 4TO BeTUUMHA YCKOpeHus: Ad, «I[IMOHEpOB» MPAaKTUYECKH HE MEHSIACh HAa MPOTS-
*keHuu Bcero mosérta AMC, a cornmacHo (2.14) Aag 10kHO yOBIBAThH MPOMOPIIHOHATBHO r’. Ho (haxTu-
yecku yrounéHnblid ananus C. Typsiiesa [274] mokasan, 4ro BeanyrHa Ad, yObIBaeT ¢ paccTOSHUEM I
(Puc. 2.29). bonee mennenHoe yobiBaHue Ado, yeM Adc u3 Gpopmyisl (2.14), 00yca0BICHO TEM, YTO Ha
paccTrosiHusX I ~ 1 a.e. B aHOMallbHOE YCKOPEHNE BHOCHUT BKJIA]] JABJICHHE CBETA U COJTHEUHOTO BETpa
Ha AMC, co3naroiiee yckopeHue, HanpasieHHoe oT CoHIa B ucuesaronie Majioe 3a opourtoit FOmu-
tepa (r > 5 a.e.) [271]. Taxxe Ha paccrosiHusX I' MeHble aucTannuu FOmutepa (r < 5 a.e.) cka3biBaeT-
cs1 9 exT nepensnydeHus MEXIUTAHETHOU CPEJION, KOTOpasi HUBETUPYET OTKIIOHEHHUSI CKOPOCTH CBETA
U CHIDKAeT aHOMallbHOE YCKOpeHHne Ady. [loaToMy mpu Mamnbix ' aHOMallbHOE YCKOPEHHE HUKE, YeM
cienyet u3 (2.14). Ecnu paguonepeaaya BeAETCS Ha MEHBIINX 4acTOTaX, 3P (eKT nmepensayucHus Mall.
B wactHocTH, s «[TnoHepoB» nepenada Benack Ha JuiuHe BosHb 13 cm (S-band), a y «Kaccunu» —
Ha aiuHe BosHbl 15 cM (L-band). CooTBercTBenHO, a1 «KaccuHm» mokasaresib MPeIOMICHHS N MEXK-
3BE3MHOM cpenbl U 3PdekT nepensnyueHus Huxe, yeM it «[Inonepos» Ha Tom xe I. [loatomy y
«Kaccuam» Ha aucrannmu CatypHa HaOIIIOJalIach MOYTH MOJTHASI BETMYMHA aHOMAJIBHOTO YCKOPEHUS
Aag= 3-10"° m/c?, uto numb Ha 25% Huke npencka3aHus 0auIMCTUIECKOM TeOpuH (2.14).

ar r v

v haHTOMHbIN
. X% <<|_|HOHep» «nWOHep»

__-*"3emns
Puc. 2.29. Cxema paanonokaruu AMC «IIuonep».

OcCHOBHas1 TUIIOTE3a, 0 KOTOPOM aHOMAJIbHOE YCKOpeHHe «IInoHepoB» MHTEpNpEeTHpOBaIN Kak
CIIC/ICTBHE PaIUallMOHHBIX CHJI OT HEPAaBHOMEPHOT'O HarpeBa KOPITyca M30TOIMHBIM UCTOYHUKOM [274],
BbI3bIBACT COMHEHHS, MIOCKOJIbKY aHOMAJIbHOE YCKOPEHHUE TOM e BETUYMHBI U HalpaBiIeHUs 0OHapy-
XKeHo y psna apyrux AMC, ¢ pa3HbIMH UCTOYHHUKAMU NMUTaHMS, rabapuUTaMu U CTPOSHHEM KOPITYCOB.
[ToaTOMY ManoOBEpPOSATHO MOSBICHHUE CUJI OJHOIO MOPsI/IKA BEJIMUMHBI, HAallpaBJIeHHbIX Bceraa K CoiH-
1y. Kopmyc «IInonepoB» A TEpMOU30IISLIUN NOKPHIT OTPAXKaroIle! MIIEHKON € 30J0ThIM HalbLJIEHU-
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eM, IUI0X0 u3myvaromuM Teruio. [losTomy muiéHka Ha cTOpoHe ammapata, oOpaménHoi ot ComHia,
MOXET M3JTy4aTh TeIUIO HE MHTEHCUBHEIH, a ciabee, ueM anTeHHa (oOpariénnas k CouHity, 3emiie), rie
panuaioHHas cuiia oopaTtHas. T.e. y paaualiMOHHBIX CHJI M BEJIMUYUHA HWKE pacuérHou [274], u Ha-
npaBJieHHEe, BEPOSTHO, oOpaTHOe. Coryiacue BEeMYHMHBI PAJUAIIOHHOTO YCKOPEHUS C W3MEPEHHBIM
00yCJIOBIICHO BBIOOPOM KOA((DHUITMEHTOB, CBA3BIBAIOIINX TEMIICPATYPhl U PaIUAIIMOHHbIC CUITBI [274].
Masocth paJrallMOHHBIX CHJI CIIEAYeT TaKKe W3 TOr0, YTO HEPaBHOMEPHBIH HArpeB KOpITyca
«ITuonepoB» (cM. Puc. 2.30, rae BUAHO cMeleHHe 00JacTH MaKCUMalbHOrO HarpeBa Ha h~1 M or
OCH amnapara), Co3aB PajHalMoHHYI0 cuily F u yckoperue Aa, = F/m ~ 10 ° m/c?, cospan 6s1 Mo-
MeHT ciiibl M = Fh, koTopslii 3a qBaANaTHICTHHI CPOK t HEYIIPABIsAEMOro MOJIETa OTKJIOHUI ObI OCH
«[InoHEpOB» U OCTPOHAIPABICHHBIX MapabOIUYEeCKUX aHTCHH Ha YTOJI ¢, HCKIIFOYMB OOMEH CHUTHaa-
MU ¢ 3emiéit. ¥ «IInonepos» 3a opOutoit FOnuTepa He NeHCTBYIOT peaKTUBHBIE CUCTEMbI CTa0MIIN3a-
UK HampaBjieHus. HampaBneHune ocu ammapara CTaOMIM3UPYET TOJIBKO BpallleHHE C YTJIOBOW CKOPO-
cTBI0 ® = 4,8 06/MuH ~ 0,5 pax/c 1 MomerToM uMmyibea lo ~ md?w/8 ~ mh’m Bromns ocu anmapara, y
KOTOPOI'0 MOMEHT MHEPUUHU | MOXHO OIICHUTh KaK MOMEHT MHEpIMU AucKa auamerpom d = 2,7 M u
maccel M. [ToaToMy nocTosiHHBINA ToniepeyHblii kK oc MomeHT M (Puc. 2.30) 3a Bpemst t cooOuumn Ob
amnrmapary IONEPEeYHbIi MOMEHT ummyiabca Mt u pasBepuya Obl ero Ha yroa o = arctg(Mt/lm) ~
arctg(Aaot/oh) ~ 50°, monuocThiO MUIIUB cBsi3u. [Ipu paboueit yactore 2292 MI'y (A = 0,13 M) u aua-
MeTpe aHTeHHbI d = 2,7 M IJIaBHBIH JIEIECTOK €€ AuarpaMMbl HAIPaBICHHOCTH HaMHOTo 0ojiee Y30K:
@a~ AMd = 0,048 pag ~ 3°. McxonHo aHTeHHa Oblila HalpaBJieHa K 3eMJie, a IPH Pa3BOPOTE armapaToB
Ha yrou arctg(Aaoto/mh) ~ @a/2 cBs3b mpomana Obl 0 UCTEUCHUH BpeMeHu ty ~ wh-tg(ea/2)/Aa, ~ 0,4
rojia UX cBOOOJHOrO MoJyéTa,— 3a/0JIr0 /10 nepecedeHus opoutel Ypana. CoxpaHeHHE CBSI3U JIECATH-
JETUSMH, 10 TepecedeHus opOuThl [myToHa, CBUAETENLCTBYET O COXPAHEHUH HAINpaBJICHUS OCEH
«[TnoHEepOB» B MPOCTPAHCTBE U OTCYTCTBUH 3aMETHBIX PAJUAIIMOHHBIX MIIH UHBIX HEYUTEHHBIX CHJI.
dakTruecku, Bo3MyIarmui MoMmeHT M BEN ObI k emmié 6osee OBICTPOMY YBOIY OCH aHTEHHBI OT
HanpaBiieHus: Ha 3emutro. [Tockonbky HampaBieHHe MoMeHTa M 3a cuéT BpallleHus! MOCTOSHHO MCHS-
€TCsl, OH He MEHSET HaIlpaBJICHHEe MOMEHTA UMITYJIbCa amnmapaTa B IPOCTPAHCTBE, a OTKJIOHSET OCh arl-
mapaTta OT OCH BpallIeHHs. B MTOre TOoYka Ha OCH ammapaTa OIMUCHIBACT PACIIMPSIONIYIOCS CIHPAb,
KaK B apdexre [HkaHnOeKoBa, riae BO3MYIIAONINA MOMEHT TUIABHO YBOJUT TJIABHYIO OCh TeJa OT OCH
BpamieHus. Yuét sddekra JxannbexoBa, T.e. MOABICHUE JOOABOYHOTO MOMEHTA NMPH OTKIOHCHHUU

._‘

Puc. 2.30. AcumMMmeTpuYHOE pacipeelieHue TeMIepaTyphbl (KpacHbIM OTMEYEHBI 00J1aCTH MaKCHMAaJIbHO-
ro Harpesa) mo kopiycy AMC «ITuonep» [274], co3naBast paananioHHyio cuity F u aHoMansHOE YCKO-
penne Aa,, mpuBeso OFI K MOSBICHUIO MOMeHTa M, oTknoHsfomero anteHHy AMC B CTOpoHY OT 3eMiTn.

Taxoke otkpeita Flyby-anomanus [270, 272], T.e. HEBSI3KM pacUYETHBIX M U3MEPECHHBIX PajapoM
ckopocteit y AMC, nposeTaronx MUMO TJIaHET 1Mo runepOosmueckoi Tpaekropun. Y AMC «Ianu-
aeo», «NEAR», «Po3erta» mocne mnpoiéra MUMO 3eMJIM BBISBICH HMPUPOCT CKOPOCTH HA BEITHMUUHY
HOPSIIKA HECKOJIBKUX MM/C, BOTIPEKH 3aKOHY COXPaHEHHs dHEpruu. BeposiTHas mpuUyYuHa OMIMOOK —
NpUMEHEHHE JJI U3MEPEHH CKOPOCTH U anmapaToB PEISTUBUCTCKOM (hopMyibl goruiep-3¢ddexra

, N1-v?/c?

f=f ——, 2.15
l1+vl/c ( )

COTTIACHO KOTOPOIt pH cOmmkennn yactora f mosbimena 1o f;~ f(1 + vic + 17/2¢%), a npu ynaneHnn —
camkena 110 f, ~ f(1 — vic + 17/2¢%). B kinacciueckoii Gusike U B GaIHCTHICCKON TEOPHH CBETA
fi=1f(1 + V/c) u f,=1(1 - V/c), (2.16)
npuyéM y AMC u3MepeHbl IMEHHO TaKHe CHMMETpHUHbIe cMmemnieHus 9actotel; f— f = f— f,. Takum
00pa3oM, ecii UCXOAUTh U3 KIacCHYeCKHX (opmyii, ckopocTh V ammapatoB coxpansercs. Ho, npu-
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paauBas nmo CTO usmepenHsie 4acToThl (2.16) k penstuBucTckuM (2.15), HaxXoasaT NpU CONMKEHUH
v V- V2/2C, a mpu otnaieHuu v=V + VZ/ZC, OTCIO/Ia — JIO)KHBIA BBIBOJ] O TIPUPOCTE CKOPOCTH HA
Av = V?/c. Tpu cropoctu V ~ 10° M/c 310 Kak pa3 cosact wutosuo npupocta V Ha Av ~ 1-10 mMm/c.
AHanoru4yHo y crmyTHUKOB JIyHbI, 3eMJIM M IUTAHET aHOMAJIMH JBHXKCHUSI MOTYT OBITH CBSI3aHBI
HE TOJILKO C aHOMAJIMSIMU TPABUTAIOHHOTO TOJIs (Mackonamu), HO U C CUCTEMATHYECKUMH OIINOKa-
MU paJHOJIOKAIlMK OT HeyuéTa Bapualuii ckopoctu cBeta u npuMmeneHust popmyn CTO. 31o o0bsCcHS-
€T MOBBINICHHYI0 TOYHOCTh M3MEPEHUSI TPABUTALIMOHHBIX aHOMAJIUI C MPUMEHEHHUEM JIBYX CITyTHUKOB
(mammpumep, «266» u «daoy» B muccun «Grail» NASA). [Isurasce no obmieir opouTe oauH 3a JApy-
T'HM, OHH, TIPU PAJHOJIOKAIIH U 3aMepe JOTUIEPOBCKUX CIIBUTOB, BHISBIISIIOT BApUAIIMNA OTHOCHUTEIIBHOM
CKOPOCTH W JIUCTAHIIMK MEXKAY CIIyTHUKaMH, IIPH BXOJE B 30HBbI aHOMAJIHW. Tak e SMOHCKUHA 30H]
«Karys», netsiiuii mo HU3Koi opOute BOKpYr JIyHBI, BBISBISCT IPAaBUTALMOHHBIC AaHOMAJIHU MYTEM
PaIMOJIOKALINY CO CITyTHHKA-peTpaHcistopa «OKuHa», NETSuiero no oonee Bbicokor opoure. C oxHon
CTOPOHBI, 3TO TIO3BOJISIET TMOJIEPKUBATh CBSA3b C 3eMIIEH M TPOBOJUTH U3MEPEHUs, KOTJa OJWH W3
CIIyTHHKOB BXOJUT B 00JacTh paanoreHu JIyHbl, a ¢ Ipyroi,— MpOBOAUTH OTHOCHTEIbHBIC U3MEPEHHUS
¢ OoJiee BBICOKON TOYHOCTBIO, YE€M MPH U3MEPEHHH aOCOJFOTHBIX PACCTOSHHM CIYTHUKOB 10 3EMIIH.
DTO CBSA3aHO C YMEHBIICHUEM OLIMOOK MPH CHIKCHUH I, ICUE3HOBEHHEM IEPEMEHHOM 3a/ICPKKH pa-
JIMOCUTHAIAa B MOHOC(epe 3eMiH, a TaKKe ¢ MaJOCThIO OTHOCHTEIBHON CKOPOCTH CITyTHHUKOB, OCO-
OCHHO JIETSANUX JAPYT 332 JPYTrOM 10 OHON opOuTe (IO CPaBHEHHUIO CO CKOPOCTBIO OTHOCUTEIBHO 3eM-
71). DTa CKOPOCTh HE MEHSET CKOPOCTh CHTHAJA, U MOTPEIIHOCTh U3MEPEHHS PACCTOSIHUAIN Maa.
Owmm6ku BoIABISIOT Takke cetu cnyTHuKoB GPS u 'JTOHACC [A3, A33], 1o u3BeCcTHBIM KOOP-
JIMHATAM KOTOPBIX M PACCTOSHUSM I = CT JI0 TPEX-UETHIPEX CITyTHUKOB, H3MEPEHHBIM I10 3a/ICPIKKE T
U3Ty4EHHOTO UMM CUTHAJIA, BBIYUCIIIOTCS KOOPIMHATHI IPUEMHUKA HA TIOBEPXHOCTH 3€MIIH.

Puc. 2.31. Cxema ABMKEHUsSI U PAIMOJIOKAIIMY HABUTAIIMOHHBIX CITyTHUKOB 3EMITH.

[Tonaratot, uro GPS u I'JTOHACC noarepxaatoT Gopmyiry I' = CT ¥ OCTOSIHCTBO CKOPOCTH C
CUTHaJIOB OT cryTHUKOB [275]. TIpoBepum 310. CriyTHHUKM BBIBOAAT Ha OpOHUTHI paaumyca R ~ 26000
kM. CKOpoCTh criyTHUKOB V = 4 KkM/C CHMXKAeT CKOPOCTh MX PaIHOCHTHAJIOB 10 C' = C — V,, roe V, —
Jy4eBasi CKOPOCTh ciyTHHKaA Juts npuéMauka O. Omudka paccrosuus A =~ rV,/c, rae Ve = 0 mis ciyT-
HHKa B 3¢HUTE Z U pacTéT MPU CHWXKEHUU BBICOTHI N criyTHHKA HaJ ropuzonToM: V. = V-Sina-cosh, rae
sina = Re/R = 0,25, Re~ 6400 kM — paguyc 3emnu (Puc. 2.31). Torna makcuMasbHast OInOKa TUCTaH-
i A = rV,/c = 67 M y cnyTHHKa Bo3je ropu3onta H. TToCKoIbKY OOBIYHO MPHUEMHHUK PETHCTPUPYET
cUrHaibl oT cnyTHHKOB ¢ h > 10° — 15°, ¥ mI0CKOCTh OpPOUTHI CITyTHHKA PACIIOAracTCs MO yrioM
0 > 0° k ropusonty, V= V:sina-cosh-cosO. C yuérom cosh < 1, cosd < 1, 310 1aéT cpeaHIO0 OIHOKY

Az%SinOﬁ'COSh-COSG"'ZOM. (2.17)

A — ommOKa U3MepeHHsT pacCTOSHUS 10 OJJHOTO CITyTHHKA, a pacuéT KOOpAHHAT BeayT 1mo 6-10
ciyTHUKaM. Kakaplid 1aét ommOKM pa3HBIX 3HAKOB W BEJNWYMH, CIYyYallHO CyMMHpPYEMBIE B pa3sHbBIX
HaNpaBJICHUAX, U UX B3aMHAasi KOMIICHCAIUS TIPU yCpeTHEHNH enlé CHIKaeT omuoKy. Ha 3Tom ocHo-
BaHA TEXHUKA TOYHOTO U3MEPEHHUSI KOOPIMHAT HEMOABIKHOTO MPUEMHUKA NPU JUTUTEIBHOM MOHHTO-
PHUHTE U YCPEIHEHUH IO OOJNBIIOMY MAacCHBY JaHHBIX OT Pa3HBIX TPYIII CITyTHUKOB U3 Pa3HBIX TOYEK
OpOUTHI M C Pa3HBIMHU BKJIaJlaMH CKOPOCTH CITyTHUKOB B BEIMYHMHY cMelleHHus A. B xozie ycpenHeHus
omunoOKa U3MEpPeHHUs KOOPAMHAT NPUEMHHIKA CHUKAETCS 0 HECKOIBKUX cM. A — 3T0 obOmas ommoka
3aMepoB I10 BBICOTE U 0 TOPU3OHTAIN. A OomHOKa U3MEPEHNS TPOSKINH MPHEMHHIKA HAa IOBEPXHOCTh
3eMHoro mapa B 1,5-2 pasa Hike. B urore, BHOcuMasi Bapuamnueil CKOpOCTH CBETa MOMPaBKa K TOPH-
30HTAJIFHBIM KOOPAWHATAM NMPUEMHHKA — TIOPAKA 5 M, YTO MOpsAAKa HAaOII0JaeMBIX OIIHUOOK.

Cornacuo ¢-ne (2.17), ommbku A oOpamarorcst B Hys1b Jisi cnyTHHKOB B 3eHuTe Z (h = 90°) u
pacTyT IPU YMEHBILICHUH HX BBICOT N, JocTHras MakcuMyMa, KOrjia CIIyTHUK BUJICH BO3JIC TOPH30HTA.
OOBIYHO 3TO OOBSICHSIOT YBEIMUYCHHUEM MPOWICHHOIO PAJMOCUTHAIIOM CJIOsi aTMOocdepsl (B MEpBYIO
odepeib Tporocdepsbl) U HOHOCHEPBI, MEHSIOIICH CKOPOCTh PAJAUOBOJH U, COOTBETCTBEHHO, 331CPKKY
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T [276]. OnHako cpaBHEHHE BPEMEH T, M3MEPEHHBIX Ha JBYX YacTOTax (I KOTOPBIX CKOPOCTH OT
JMCIIEPCUH B MOHOC(Epe OTIMYAIOTCS), MO3BOJISICT UCKIFOYHUTH ITOTPEITHOCTH, CBSI3aHHBIE C pedpax-
nued u qucnepcrerd noHocdepsl. [103ToMy NOpsIOK BETMYHHBI OUTHOOK U X 3aBHCUMOCTD OT BBICOTBI
h cryTHHKa CBHAETEIBCTBYET B IIOJIB3Y BIMSHUS CKOPOCTH CITyTHHKA Ha CKOPOCTH €r0 PaJnOCHrHa-
70B. JIefiCTBUTEIBHO, CBEPXTOUHYIO CITYTHHKOBYIO HaBUTAIMIO (C TOYHOCTBIO MO ropu3oHTanmu ~1-2
cM) 00€ecIeunBalOT UMEHHO CITYTHHKH, PACIoIoKeHHbIe B 3¢HUTE [277]. Poib citost atMocdephl # HO-
HOC(EpBI JIETKO y4YeCTh, U3MEpPssl HEBS3KH Ul CIYTHHKOB, JBMXKYIIUXCS 1O OpOMTaM MOJ YIJIOM
0 # 0. Cornacuo (2.17), ommbka mcue3aeT, Korjga COyTHHK Haxoiutcs B KynpmuHaimu (h =90°), a
CJIOM MOHOC(EPBI M aTMOC(EPHI IPH ITOM MPOJIOIKAIOT BHOCUTH CYIIECTBEHHYIO OLTHOKY.

OmmnOKN CHUKAIOT, IPUMEHSISI KOPPEKTHUPYIOIIUE MPOLIEAYPHI, B TOM 4rcie nuddepeHrnaabHbIe
METOJIbI C MPUBS3KOH K 0a30BbIM CTaHIMAM. CHCTEMAaTHYECKHE OIMMOKHA B M3MEPEHHH a0COJIIOTHBIX
paccTosTHUM 1 OT CIyTHHUKA A0 MOOWJIBHOTO NMPUEMHHUKA U Iy — JI0 PACIONIOKEHHOM psioM 0a30BOM
craHiuu (C M3BECTHBIMU KOOPAMHATAMU), HCYE3AIOT NPU M3MEPEHUH OTHOCUTEIBHOTO PACCTOSHHS U
TIOJIOXKCHUSI TPUEMHIKA KaK pa3HOCTH (F1 — I2), ¢ Y4ETOM BBICOTHI CITyTHHKA HaJl TOPH30HTOM. B wacrt-
HOCTH, Ha TeppuTopuu Snonun ans ceepxrouHord GPS-naBuranmum miuanupytor pazmectuts 1200 6a-
30BBIX cTaHmuii [277]. Ho B Tex Toukax 3emuu (B TOM uuncie B okeane, Ha tepputopun CIIA — s
['JIOHACC, u Ha teppuropuu Poccun — st GPS), riae ctaHiyu He MOTYT OBITh yCTaHOBJICHBI, OIINO-
KW CITyTHUKOBOI HaBUTAIMW CYIIECTBEHHO BhIIe. Ecii y4éT OaUIMCTHYECKUX MONPABOK CHIXKAET 3TH
OLIMOKH, TOT/Ia BBHICOKAs TOYHOCTh HABUTALMHU OyAET NOCTUTHYTa 0e3 craHuMi auddepeHInaaIbHOR
KOPPEKIUH, YTO UCKIIOYNT SKOHOMUYECKUE 3aTPaThl HA UX MOCTPOIKY U 00CITy)KUBaHHUE.

Kpome TOro, omHy ommOKy KOMIEHCHUPYIOT APYroi, KOpPpeKTHpys 3(eMepuibl CIyTHUKOB,
«CIBHTAs» UX PacU€THBIC TMOJIOKEHHUS BIEPE]] MO0 OpOMTE HAa COTHU METpOB (Kak B ciydae Benepsr, §
2.4). Ecnu xoopauHatThl U 3eMepuibl CIIyTHHKA PACCUUTAHBI MO 33/ICP)KKE T €ro CUTHAJIOB, IIPUHHU-
MaeMBbIX 0a30BBIMU CTAaHIUSMH C M3BECTHBIMHU KOOPAMHATAMH, TO U3 IOCTOSHHON CKOPOCTH CHUTHAna
HIOJIOKEHHE CITyTHUKA OMPEACIST KaK CMEUIEHHOE OT PeallbHOTO, YeM TOYHO KOMIICHCUPYIOT OIIMOKY
U3MEPEHUS PACCTOSHUN 10 MOOWIBHBIX TPUEMHUKOB. OYEBUAHO, IPH TAKUX YCIOBUSIX HET HPOTUBO-
peunii GPS ¢ CTO [275]. [TosTOMy 111 KOHTpPOJISI TIOJOKEHHI CIYTHHKOB MX CJIEAYET HE3aBHCHMO
U3MEPATh PA3HBIMH METOJaMH: BU3YAJIbHO (METOJ aCTPOMETPHHU C TEJIECKOIIOB); JTa3ePHOM JOKaIUeH
(o BpeMeHH pacipoCTpaHEeHUsI OTPAKEHHOTO CITyTHUKOM JIy4a); paauoiokanueii (1o BpeMeHaM JBU-
KEHHsI paJJiOCUTHAJIA OT HA3eMHOM CTAHIUH K CITyTHUKY WJIH OOpaTHO), WJIM IIOCPEICTBOM PaJIHOWH-
Tep(hepOMETPOB CO CBEPXIMHHOU Oa3oii [278], a Takke meromoM Tpuanryisiiuu [268]. B cimyuae
BJIMSIHUSI CKOPOCTH UCTOYHHMKA HA CKOPOCTh CBETA, BCE 3TH METOJIbI MPUBEAYT K PA3HBIM PE3yJIbTaTaM.

[Tpu ananuze nanubix GPS n I'JIOHACC cnenyer ydecTb nepeusiyyeHue paguoBOJIH B HOHO-
chepe 3emmu. [Ipu THIUYHONM KOHIIEHTPAIIMH JIEKTPOHOB B HoHOChepe Ni ~ 10° eM™ 1 okoI03eMHOM
npoctpanctse (Ha Bbicote ~ 100 kM), u npu paboueii ;yimHe BoJaHBI A ~ 1 ¢cM ("4acToTa paguioCUTrHAIOB
f=c/A ~ 30 I'Tu), pacuéTHbIii moKa3aTeb npeaomienus nonocheps [53, ¢. 493] cocraBut

n=+1-80,6N;/f2 ~1-403N;/ f 2. (2.18)

COOTBETCTBEHHO, JUTMHA MIEPEU3NyIeHHs B HOHOC(Epe COCTaBUT
A 3,56-10%
[~ ~

27I|n —].I N i7\'
T.€. MAIYIO BEJIMYUHY, TIO CpaBHEHHIO ¢ TposéTHOoM nuctannuei I ~ 20000 km. Ho BeicoTa noHocheps
~100 kM. Takum 0Opa3oMm, HECMOTpS Ha JIBIKEHUE Ha MOCJIEIHUX y4acTKax MyTH B HOHOCQEpe C HO-
MHHAJIBHOW CKOPOCTBIO C/N, OCHOBHYIO YacTh IyTH I PaJHOCHTHAJIBI MPOXOJSIT B KOCMUYECKOM Ba-

KyyMe, U BKJIaJl CKOPOCTH CITyTHHUKA B CKOPOCTh U BPEMS 33JIEP’KKH €T0 PaJMOCUTHATIOB 3HAUUTEICH.

KoHnmenTpanust HOHOB B MEXIUTAHETHOM MPOCTPAHCTBE M TaK Ha3bIBaEMOM IiazMocdepe 3emin
o 2 -3
(mpocTupatomeiics 1o 2-x pagmycos 3emnn) cocrasisieT Ny ~ 10° M, oTkyna

_ 356-10™

N p

T.e. nepensnyuenue Ha myTH I' ~ 20000 kM << |, mpakTHUeckn OTCyTCTBYyeT. OTMETHM, YTO 3Ta OLICHKA
JUIMHBI TIEPEU3IyYCHUs SKBUBaJIEeHTHA NpuBea¢HHON B § 2.1 omenke |y = (XaONp)_l, nojiydeHHoi bpa-
yepoM [31] Ha OCHOBe CBsI3M MOKa3aTes MPETOMIICHHS N IJIa3Mbl C TUIA3MEHHOW YaCTOTOH e, BBIPA-
JKEHHOU Yepe3 KIAaCCUYECKUN PaJinyC MIEKTPOHA 8y = e’imc?~2,82:10" m.

~35km, (2.19)

| ~ 356000 kM.

p
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[ToMuMoO mepensnyyeHHs B HOHOC(Epe U MEKIUIAHETHOM MPOCTPAHCTBE CIEAYET yUecTb Iepe-
M3IyYeHHe B PaJUALMOHHBIX mosicax 3emin (nosicax Anvgheena), rae xoruentpamust Ny ~ 107 em™, a
pasmep MOsCOB cOmocTaBuM ¢ paauycom 3emiu (Puc. 2.32). JlnvHa nepensydeHus: B HUX COCTaBUT
_356-10"

N, A
Takum ob6paszom, mpu tommmuHe mosicoB b ~ 1000 kM mepewsnyyeHne B HHX yCIeeT MpeoOpa3oBaTh
CKOpPOCTh PaJlMOCUTHAJA, U3HAYAIFHO JIETEBIIETO CO CKOPOCTHIO C' K HOMHHAIBHOM CKOPOCTH CBeETa C,
U paJIMOCUTHAIT 3aMETHYIO YacTh IMyTH (MTOPSIIKa TOJOBUHBI JUCTAHIIUH I MEXK/y CIIyTHUKOM M PUEM-
HUKOM) OyJIeT JBHTaThCsl CO CKOPOCTHIO C. B uTOre OmmMoOKM CHU3sATCS B pa3bl. PajnanuonHbie mosca
PacroJIoKeHbl BO3JI€ SKBATOPUAIBHOM TIOCKOCTH, a MOJSPHBIE 00JIACTH MPAKTUYECKH CBOOOJHBI OT
SKPAHUPYIOMIMX YacTUll. T.e. MPUEMHHUKOB B TPUIIOSPHBIX 00JACTAX pajrOCHTHAN OyIeT ITOCTUTATh
0e3 mepeusny4eHus paguallMOHHBIMHU MOSICAMH — CO CKOPOCTBIO OTIM4YHOHM OT C u mporHo3oB CTO.
CootBercTBeHHO, GPS-IpUEMHHKN B BBICOKHX IIUPOTaxX (B MPHUIIOJSPHBIX 00JIACTAX), OyAyT JaBaTh

0oJtee BBICOKYIO OIIMOKY, YeM MPUEMHUKHU B 9KBATOPUAILHBIX U YMEPEHHBIX 1mpoTax (Puc. 2.32).
HaBUraUMOHHbIE

CNYTHUKW N o

L 1

paAVaLMOHHbIe nosica
Puc. 2.32. Cxema paguarioHHBIX 1osicoB 3emui U GPS-pamuonokarmy.

4 xm

la

JleiicTBUTENFHO, TaBHO OTMEUYEHO, YTO OomunOku GPS-HaBurammy 3amMeTHO BBIIIE B MPHITOJNSP-
HBIX IIUPOTAX. DTO CIYKUT apryMEHTOM B II0JIb3Yy BIMSHUS CKOPOCTH CITyTHHKA Ha CKOPOCTh CHTHa-
JIOB M B MOJIB3Yy 3¢ (dekra mepensnydeHus: B paAuaoHHbIX MMosicax 3emMiid. BimsiHue panuanuoHHBIX
HOSICOB 3€MJIM Ha CKOPOCTh CBETA M Ha OIIMOKM KOCMHYECKOH PaJHOJIOKALUK OT Hey4EéTa OaIIucTH-
YeCKOro MPUHIIMIA, OTMEYall TAKXKe KOHCTPYKTOp Kocmuueckux paker M.U. dymuies [227, c. 181].

JInst BU3yanbHOro aHajm3a IOJIOKEHH Ha opOuTe yA0OHBI reocTalMOHApHbIe CIyTHUKH (MpH-
MCHSIEMbIC B KAYECTBE BCIIOMOTATEIIbHBIX B HABUTAIIMOHHBIX cUcTeMax). VX monoxxeHune Ha HeOocBo e
MOYTH HE MEHSETCS, YTO TO3BOJISIET TOYHO U3MEPATh MX KOOPAMHATHI METOIOM TpHaHTysiuu. Cpas-
HEHHE JTUX TOJOXKEHUH C JaHHBIMU PaliapoB M JIA3ePHOM JIOKALMH, U COTOCTABIICHHE MU3MEPEHHOU
JMCTAHIIMU C TEOPETHYECKOW BBICOTOW IeOCTAllMOHAPHOH OpPOHMTHI (TOYHO OMNpeAeNsieMoi Mo opOu-
TaJIbHOMY TMIEPUOJTY, PABHOMY CHICPHUYECKUM CYTKaM), MO3BOJIUT BBISIBUTHh MAJCUIINE CIIC/AbI BIUSHHS
OpOUTANIBHOM CKOPOCTH CITyTHHKA Ha CKOpPOCTh cBeTa. OO ommubkax B cucteme GPS u nmpoTuBopeumsx
e€ IJaHHBIX — TEOPHH OTHOCHUTEIILHOCTH He pa3 3asBiisut u P. Xaru [279] — nuonep pa3paboTok cucrte-
mbl GPS, riraBa komnanuu NavCom u MHctutyTa cricteM kocmudeckoit HaBuramuu (ION).

JlJisl OLIEHKW CTETIeHH BIUSHHS CKOPOCTH MCTOYHHKA HAa CKOPOCTh CBETA MOXHO TAaKXKe IpUMe-
HUTh JIOOBIE WHBIC CIYTHHKM M OpOHMTANbHBIC CTAHIUM, C YCTAHOBJICHHBIMH HAa HHX PaaHo-
pPETPaHCISTOPAMHU U YTOJKOBbIMH OoTpakaressiMu (8 2.6). CpaBHeHUE pacCTOSHHIA U TIOJOXCHUN afl-
apaToB, OJHOBPEMEHHO W3MEPEHHBIX Pa3HBIMH METOJaMH, MaéT MPOCTONM W HAAEKHBIN KpUTEpHUH
NPOBEPKH OATUCTUYECKONH TEOPHHM M TOCTOSHCTBA CKOPOCTH CBETa. Takke MOXHO HCIOJIb30BaTh
BO3MOYKHOCTH armapaTtoB Tumna ciyTHuka «Koumop» («Kocmoc-2487»), monoxkeHne KOTOPOro Ha op-
O0uUTe TOYHO KOHTPOJUPYETCS M KOTOPBIA C BBICOKOW TOYHOCTBIO M3MEPSET KOOPAMHATHI HA3€MHBIX
00bekToB. OTMETHM, YTO M NPH «CTpeIb0e» CO CIYTHHKOB JIA3€PHBIM JIydOM IO Ha3eMHBIM KOH-
TPOJIbHBIM MHILIEHSIM MPUXOUTCS YUUTHIBATh OAITUCTUYECKHI MPUHIMIT O6€3 3TOTo Jyd BCerjaa yxo-
JIUT Ha HECKOJIbKO METPOB BIIEpE 3a cUET addexTa, aHamoruanoro ¢ dexry adepparuu (8 1.3).

Takum 00pa3oM, 3KCIEpHUMEHTAJbHAs MpoOBepKa OammucTuyeckod Teopuu Purna B KocMoce
KpaliHe aKkTyaJbHA, ITOCKOJIBKY pajapHble OIIMOKM OT HEyYTEHHBIX BapualMii CKOPOCTH CBETa MOTYT
CHIDKaTh TOYHOCTh KOCMHMYECKHX MPOrPaMM M BECTH K aBapHUsAM KOCMUYECKHUX almapaToB, a TAKKe
npocTthix cynoB U aBToMamuH ¢ GPS u TJTIOHACC. OmHako MOCTOSHCTBO CKOPOCTH CBETa B KOCMOCE
JI0 CUX TIOp OJTHO3HAYHO HE MPOBEPEHO C IPUMEHEHHUEM CITyTHUKOB, PAaKeT U pajiapoB, XOTS BOIPOC O
TaKOH MPOBEPKEe HEOJMHOKpaTHO momHuMaics. Tak, korma B 1961 r. Ha kondepennuun NASA B CIIIA
3TOT BONPOC OBLI MOCTABICH, TaKyl MPOBEPKY BooOIe cownn uanuniaeit [280], xoTs B ToM ke roay
HETOYHOCTH 3HAYCHHSI CKOPOCTHU CBETa Al 0 ceOe 3HATh MpH paauonokamnuu Benepst [91, 92, 241].
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Awmepukanckuii  ¢usuk b. Yomnec cBa3biBan 3amopakuBanue B CIIA  odunmanbHbIX
UCCIICIOBAHUI M MyOJMKalMi M0 paauosiokanmu 1ianeT B 1967 r. [245] — ¢ pasBéprhiBaHHEM
OporpaMMbl «3BE3IHBIX BOMH» (OZHMM M3 MyHKTOB KoTopod Obuta GPS), rme BimsHuE ckopocTd
HUCTOYHHKA Ha CKOPOCTh CBeTa OBLIO cTparerndyecku BakHou wHpopmarmeit [93, 149]. ITomobHoe
MMEJI0 MECTO BO BpeMsi «MaHXA3TTEHCKOro MPOeKTa», Korja npekpamienue myoaukamuid B 1940 r. o
peaKIusiM JISIEHUs] B aMEPUKAHCKUX KypHajJaX CTaJl0o CUTHAJIOM O Hayajie CEKPETHBIX paboT B 3TOM
00acTi, KOTOpBIA coBeTCKUE (PM3MKU BEPHO MCTOJIKOBAIM Ul Hayajla CBOEBPEMEHHBIX pa3paboToK
snepHoro mmra Pomunbl. Takum 00pa3oM, MpenU3HOHHBIE U3MEPEHHsI CKOPOCTH PaJMOCHUTHAJIOB B
KOCMOCE UMEIOT, IOMUMO TEOPETHUYECKOT0, M BAKHOE MPUKIATHOE, a TAK)KE BOCHHOE 3HAYCHHUE.

§ 2.6. Heesi3ku na3epHoll sIoKayuu u <HepaeHOMepHOCMb» epauwieHus1 JlyHbl u 3emnu

Emé oxnum tectom Oamuctrueckoi Teopun cinykut Jlaszepuas Jlokanus JIyusr (JIJIJI). 3uaue-
HUS TUCTAaHUMU, U3MepeHHbIX MeToaoM JIJIJI, CylecTBEHHO 3aBUCAT OT MPUHATOTO 3HAYEHUS CKOPO-
ctu C'. [Ipu no6aBieHNN CKOPOCTH JIa3€pHOT0 UCTOUYHUKA K CKOPOCTH CBETa METO/] JIa3epHOM JIOKAIUH,
OCHOBAaHHBII Ha YCJIOBUU C' = C, BBISIBUT OLIMOKHU B 3aMepax pacCTOSIHUIA, [0 CPAaBHEHUIO C TeOpeTHUde-
ckumu 3demepuaamu. Maero nogo0HbIx skcnepuMeHToB BoiaBuran M. M. ymmumes [227, ¢. 180].

[TpUHATO CYUTATH, YTO JIa3epHBIC pamapbl (1udapsl) HE BBIABISIIOT PACXOXKICHHUI MKy ddeme-
puIamMu U JTuaapHeiME KoopauHaTamu Jlyusr [281]. Ho daktuuecku npu jga3epHoii okauu JIyHbl 1
UCKYCCTBEHHBIX CIIYyTHUKOB C YTOJIKOBBIMU OTPa)KaTEJSIMH BBISBJICH psia HeBsi3ok [282]. Tlpu ckopo-
cTH Ja3epHoro ucrounuka V,~ 460 m/c (OkpykHast CKOPOCTh 3eMJIH Ha 3KBATOpPE) CBET MPOHIET MyTh
r~ 3,84.10° M 1o JIynsl 6sicTpee Ha Bpems At = r/c — r/(c + V) = rV,/c?~ 2:10° ¢, uro cooTBeTCTBYET
pasuuiie B 600 M, npu uyBcTBUTENbHOCTH JUAapoB ~0,01+1 M [286]. C yuérom CKOPOCTH C OTpakEH-
Horo JlyHoii nyua, ommbka coctaBuT Ar = 300 M. HeBsi3ku Takoro mopsiika Mexay aCTPOHOMHUYECKH-
MU U3MEPEHUSIMH ¥ JIaHHBIMU JIUJAPOB, IHCTBUTENBHO, 0OHapyxeHbl [133]. [Ipu cuHXpOHHOM H3Me-
peHun auctaniuu 3emisi-JlyHa CTaHIIMSIMU U3 POTUBOIOIOKHBIX TOUEK 3eMJTH, KOT/la OJHA JIBHKET-
cs k Jlyne, a apyras ynansercs (Puc. 2.33.a), OammucTryueckasi TEOpUs MOATBEPAUTCS MTPH BBISABICHUN
pasuuiel quctanuuii Ar ~ 300 m. [lng ymepeHHbIX mupoT paznuna menbine: Ar ~ 100 m.
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Puc. 2.33. Cxema sa3epHoii Jiokarwu JlyHsl. HeyuTéHHas BapHalis CKOPOCTH CBETa
CO3/1aET WILTIO3MIO C/IBHTA WK 10BOpoTa JIyHBI (@), 3eMiu (6) 1 BapuaIiu CyToK (6).

JlazepHy1o JIOKaIMIO MOKET TaK)K€ BECTH OJIHA CTaHLMs, U3Mepsronas pacctosiuue 3emis-JIlyna
B TeYCHUE HOYM. Toraa HEBSI3KM MEHSUTUCH OBl C TIEPHOIOM B CYTKH €O cKopocThio ~100 M/24 u = 4
M/d, a mpenesibHOE OTKIIOHEHHE OT MCTUHHOI'O PACCTOSHHS COCTaBUT OKOJIO CTa METpoB. JlelcTBHU-
TEeJbHO, HEeBs13KU NaHHbIX JIJIJI u BU3yasIbHBIX JaHHBIX (HA OCHOBE KOTOPBIX PACCUUTAHBI dEMEPHIbI
JIyHbI) TOCTHUTAIH COTHH METPOB M MEHSUTUCH CO CKOPOCThIO ~4 M B yac [283, c¢. 193]. Kak mokasai
ananu3 ganuelx JIJUJI corpyaaukom NASA 1. [Ixe3apH, Bapyaluy CUCTEMaTHYECKUX HEBA30K MPOTH-
BOpEYAT MMOCTOSIHCTBY CKOPOCTH CBETA, a YUET OAUTUCTUYECKOTO NMPUHIIMIIA CHIDKACT 3T BapHalluu U
cucremaruueckue omubku [282]. B CTO pacxoxaenne nanabix JIJIJI u ahemepun HCKITIOYAIOT My TEM
Koppekuu ddemepus JIlyHbl Ha OCHOBE JaHHBIX Ja3epHOi Jokauuu. I1o cyTH, JTOKanMoHHbIE JaHHBIE,
Kak B ciiydae BeHepsl, CpaBHUBAIOT JPYT C IPYTOM, a HE C JaHHBIMU HAOJIFOIaTeIbHOW aCTPOHOMMHU.

[Tomarast CKOPOCTh CBETa KOHCTAHTOM C, HaXoAT, uTo JIyHa Ha Bocxoje Omke, 4eM Ha 3aKare.
DTO HEpaBEHCTBO MHTEPIPETUPYIOT KaK MOBOPOT 3eMJIM B CTOPOHY BpallCHHS HA M30BITOYHBIA YTOJ
o= Ar/Rg = 4,5:10°= 9" 4 (Puc. 2.33.6) win KaK CMELICHHE YIOIKOBOro oTpaxkares ¢ JIyHoil Ha ro =

92



17 kM Bepén no opbure (Puc. 2.33.a). Ot HaKkIIOHA JTYHHOIH OPOUTHI K IUIOCKOCTH 3€MHOTO 3KBAaTOPa
paccrostame I 10 JIyHsl B KyjabMuHaAIK MeHsieTcs Ha Ar ~ Rg(1 — cos 23,5°) = 530 kM ¢ meproaom B
noamecsna (13,7 cyr), a yron o — Ha Aa = oAr/r = 0",013, yTo BoCIpMYT KaK MOKAYMBaHUE 3EMIIU
BOKpYT ocu ¢ amruiuty1oi Ao/2 = 0",0066 1 moiaymecsaubiM niepuogoM T =~ 14 cyT 1o 3aK0HY

da = -0",0066-cos(2xt/T), (2.20)
rae t oTMepsArOT OT MOMEHTa mepecedeHusi JIyHOW SKBaTOpHANBbHOW TUIOCKOCTH 3emuid. Bapuarus
(2.20) co3mact wuT03MI0 Bapuanuii yrioBoi ckopoctd 3emin (o = 21 paa/cyT) Ha

8o = d(8a)/dt = 1,4-107%sin(2n/T) pan/cyr, (2.21)
a JUTMTEIBHOCTH CYTOK P — Ha 0P = -pdw/®, CIoBHO JieHb MeHsieTcs Ha +0,2 Mc kaxapie 14 nHeit u
op =-0,2:sin(2xnt/T) mc. (2.22)

I'paduk (2.22) nanecén crutomHo# unuen Ha (Puc. 2.33.6). JlazepHas siokanus JIyHbI BbISIBHIIA
uMeHHO Takue Bapuanun (Puc. 2.33.6, nynxmup): ux nepuon — 14 cytok, a ammumutyaa ~1 mc [284].

T.e. Bapuanuu P MOryT OBITh WILTIO30PHBI, YTO MOXHO MPOBEPUTH, U3MEPSS YrOJd o OBOPOTA
3eMiIH 1 eproA €€ BpalleHusl 10 U3MEPEHUSIM CYTOYHOTO TBMYKEHUSI TOYSUHBIX KOCMUYECKHX UCTOY-
HUKOB paauomnsiaydeHuss no naHaeiM PCJIB, ompeaensionmx Bapualuu yria o ¢ TOYHOCTBIO IO
0",0001. Ipyroii crioco0 MpOBEPKU — U3MEPEHHUE BapUaIlUi TIOJI0KEHUH Ire0CTallMOHAPHBIX CITYTHUKOB
METOJIOM UHTep(hepOMETpHH, UM U3MEpPEHUE CO CIYTHUKOB Tura «KoHaop» Bapuanuil moyoXeHun
3eMHBIX pernepoB U 0a30BbIX cTaHuuil. Perymspubie nokaunBanus 3eman Ha Ao = 0",013 coorBerct-
BOBAJIM OBl EPUOJMYHOMY CMEIICHHUIO PENEePHBIX ToueK npumepHo Ha ~RgAa = 0,4 m.

PerynspHpiMu KONeOaHUSMU TUCTAHLIUHU I' U CKOPOCTH V; MOXKHO OOBSCHUTH U JIPYTHE «BapHa-
UU» BpalieHus 3emiu U JIyHbl ¢ XapakTepHBIMH MEepHOJaMU KoJleOaHui Benu4uH I U Vy, BBISBICH-
Hble TuaapaMu. OT IBMKEHUS O SJUTMNTHYECKON opOuTte paccrostaue JIynsl Mensercs ot 350 mo 400
ThIC. KM (Ar ~ 50 Tbic. kM). COOTBETCTBEHHO MEHSETCS yroj o (HampaBiieHHs Ha MHHMYO JIyHy) Ha
Aa = aAr/r~1". Dro konecOaHHe, CHHXPOHHOEC C OpPOHMTAIBLHBIM JBUKCHHEM, BOCIIPHMETCS Kak
«caBur» JIyHbI 0 opOUTe (aHAJTOTUYHBINA «CABUTY» Benepsl, § 2.4), MeHsIOIuUiiCS B TakT e€ mpuoIIu-
KEHHUIO-OTJAICHUIO. DTH MHUMBIE CMEIIEHUS HEelIb3sl COTIacoBaTh ¢ 3akoHamu Keruiepa, T.K. popma u
HAKJIOH JIYHHO# OpOHTHI peryisipHo MenstoTcs [283, ¢. 63], BHOCS HOMOIHUTEIbHbBIC BapUAIIMU B JIHC-
tanuuio 3emisi-Jlyna Ar ~ 20 teic. kM u Aa = oAr/r ~0",5, 4TO UHTEPHPETUPYIOT KaK PEryJIipHOE
CMEIIEHHE YTOJIKOBOTO oTpaxkaress Ha Ao ~ 1 km ot nokaunBanuii JIyHsl (paanyca Ry) Ha yroa ¢ =
Aar/Ry~ 2'. JleficTBUTEIBbHO, THIAPHBIC U3MEPCHUS BBIABISIOT y JIyHBI MOKauuBaHus Ha 2', HHTEp-
MPETUPOBAHHBIE KaK pealibHasi, puznyecKkas JuOpaiusi, KOTopask TOXKE MOXKET ObITh UILTFO30PHOM.

«[ToxaunBanus» JIyHsl U 3eMin 3a CYET NPUIMBOB OTKPBITHI U B aCTPOHOMHYECKUX HaOIIO/Ie-
nusx [283, 285]. Ho BeIsiBIIeHHBIE TMIapaMy BapUalMK (¢ OTIMYHbI OT HaOIoqaeMbiX. OIEHUTh BKJIaI
MHHUMBIX KOJICOAHUH MOXKHO IyTEM CpaBHEHHS aMIUTUTYIbl «HoKauyuBaHui» JIyHsl U 3emiu, 1mo naH-
HBIM JIMJIapOB, TEJIECKOMOB U paauouHTepdepomerpos. Ecnu Gamnmuctuueckas teopusi Putna crpa-
BE/IJIMBA, UX JIAHHBIC Pa30MAyTCs Ha BEJIMYMHY, MEHSIOINIYoCcs 1o 3akoHy (2.20). PasoiiayTcs u nas-
HbIC CTAHIMI pasHBIX IIMPOT: BO3JIC 3KBATOpa KojieOaHus Op — CHHyCOMIaibHbie (2.22), a BAaIud OT
HETO — COCETHUE MAaKCUMYMBbI OYIyT pa3HO# BBICOTHI, uTO U HaOmoaaetcs (Puc. 2.33.6).

OmmOku nuaapHbIX KoopauHat JIyHbl BeAyT K ommOkaM B KOOpAMHATAX ammapaToB Ha e mo-
BEPXHOCTH. BuauMo, o3ToMy J1a3epHbIN Jyd, KOTOpBIA ¢ pazButheM TexHuku JIJIJI 3acBeuuBan Ha
JlyHe BCE MeHbIIyI0 001acTh (€€ MOMepeyHHK HbIHE COKpATHIICSA 10 ~1 KM), MOTEPSI YrOJIKOBBINA OT-
paxatenb «JIyHoxoma-1», OT JJ0’)KHOTO CMEIIEHHsI TI0 IaHHBIM JTUAapoB Ha Ao ~ 1 kM, wiu Ha ro ~ 17
KM OT BpauieHusi 3emiu. B utore, nmocsie psina yJauHbIX ceaHCOB Ja3epHOU Jokanuu «JlyHoxona-1» B
1970-1971 r., oH ObLI MOTEPSH, AKOOBI B CBA3U C BBIXOJIOM M3 CTPOS YTOJKOBOTO oTpaxkaress [286].
Ho B 2010 r., xorna «JIlynoxoa-1» Obl1 Bu3yanbHO OOHApyeH Ha CHUMKax JIyHbI, CAeTaHHBIX JIyH-
HBIM opOuTanbHbIM 30HA0M LRO [287], koopaunate! «JIlyHoxoma-1» Obliu yTouHEHBI. Mcmosb3oBa-
HUE UCTPABIECHHBIX KOOPAMHAT MO3BOIMIO, ciycTs 40 jeT, BHOBb TOUHO HABECTH JIa3epHBIA JTyd Ha
«JlyHoxon-1» u 3aperucTpupoBaTh «JIyHHbIN 3allUUK» — OTpaKEHHBIA CUTHAJ. Ero HHTEHCUBHOCTH B
pasbl MpeBbIlliajia KHTCHCUBHOCTD CUTHAJIa, OTpaxEHHOrO «JIyHOX0mM0M-2» [287], na3epHas jokarus
KOTOPOTO MOAJIEPKUBACTCS 10 HACTOSAIIETO BPEMEHHU, M KOOPAUHATHI KOTOPOTO HE OBLTH MOTEPSHBI.

DTO J0Ka3bIBAET, YTO YTOJKOBBIA OoTpaxaTensb «JlyHoxoma-1» OblT MCIpaBeH, a UCUE3HOBEHHUE
OTPaXEHHOTO CUTHAJA CBA3AaHO C MOTEPEH MpaBUIBHBIX KOOPIMHAT ammapara, u3-3a OIIHOKH B OIpe-
JeneHnd KoopauHat «JlyHoxona-1» mo JaHHBIM JIMJApOB, MO CPABHEHHUIO ¢ KOTOPHIMU BHU3YyallbHbIE
JAHHBIE B PAJE CIyyaeB OKa3bIBAIOTCS TOYHEE. BO3MOXKHO, ¢ 3TMM CBs3aHA MOCTENIEHHAs «Ierpaja-
us» (CHIXKCHHE OTpaKaTeIbHOW CIIOCOOHOCTH) KaTaOTOB IPYyruxX 4YeThIpEX JIYHHBIX armapaToB
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[287],— u3-3a mocTeneHHO MOTepH MPAaBUWIILHBIX KOOPJHMHAT B OTPaKaTENH MOMAJAeT TOJBKO Kpaii
Ja3epHOro Iy4YKa, paccestHHOro atMocdepoil u nudpakuuei, oT4ero majaeT MHTEHCUBHOCTh OTpa-
XKEHHOTO CUTHANA. B uTore peryssipHO «TepsroTCs» OTpaskaTesld U JAPYTHX YETHIPEX JTyHHBIX ammapa-
TOB, BKJItoYast «JIyHoxoa-2». JIuis HCXOAHOE BH3yaabHOE H3MEPEHHUE TOIOKEHUN oTpakaTeneH (nim
u3MepeHus ¢ opouTanbHbIX 30HA0B THNa LRO) obecneunBarot TpeOyeMyro TOYHOCTh HABOJIKH JTy4a.
JleiicTBUTENLHO, CPaBHCHHE KOOPAMHAT YTrOJKOBBIX OTpakareneil ammaparoB («JIynoxon-1, 2»,
«Amnomion-11, 14, 15») no caumkam LRO u mo naHHBIM j1a3epHOM JIOKAIIMK MTOKa3bIBACT CHCTEMATH-
YEeCKHE PACXOXICHUS M0 ceeHorpaduyeckum mmmporam u gonroram ~0°,02 = 1' [288]. D10 cootHo-
CHUTCSl ¢ aMIUTUTYI0H (u3mueckoit mubparmu JIyHsl (10 TaHHBIM JIMAAPOB) U COOTBETCTBYET pa3HHIIS
KoopAauHat ~1 kM. OTa pa3HMIIAa MPEBBIIAET MOTPEIIHOCTH 3aMEPOB KOOPAMHAT OOOHMX METOJOB U
MOJKET OBITh pe3yJIbTATOM HEYUTEHHBIX BapHallil CKOPOCTH CBeTa B pacuérax no gaHabv JIJIJI.
Takum oOpa3om, IpoBepKa MEPEMEHHOCTH CKOPOCTH CBETa B KOCMOCE M COINOCTaBJIEHHE pac-
CTOSIHUI, U3MEPEHHBIX Pa3HBIMU METOAAMH, ITO3BOJIUT HE TOJIBKO MPOBEPUTH MOCTOSHCTBO CKOPOCTHU
CBEeTa M OAUTMCTHUYECKYIO TEOPHIO, HO M YTOUHUTH XapaKTEPUCTUKHA OCEBOTO M OPOUTAIILHOTO Bpallie-
Hus JIyHbl, 3eMiIM U UX CIOYTHUKOB. TeM caMbIM IpOBEpKa OAJUTMCTUUECKOM TEOpHH B 00JacTH KOC-
MUYECKOM Ja3epHOH JIOKALUU, KPOME TEOPETUUECKOT0, UMEET U YUCTO NMPUKIIAAHOE 3HAUCHHUE.

§ 2.7. BbieoObl

W3 npoBeAEHHOT0 aHaIM3a JAHHBIX ACTPOHOMMYECKUX U PalioacTPOHOMUYECKUX HAOIIOIEeHUH,
paano- U JIa3epHOH JIOKalMK CIEAYET, YTO HaKOIUIEHHBbIE 33 BEK JaHHbIE HE MPOTUBOpEYaT OaJIMCTH-
4yeckoi Teopur. A psin 3pQexToB, BkiItoyas 3(p(HeKTsl B CUCTEMAX IyJIbCAPOB U APYTUX HEPEMEHHBIX
3BE€3]1, HEBA3KM KOCMUYECKOH pajyo- U JIa3epHOH JOKALUKU IOATBEPKIA0T OAJUINCTHUECKYIO TEOPHUIO.
B cBsi3u ¢ 3TUM TIpeIo’KeHbl HOBBbIE KPUTEPUU U METOJbl YTOUYHEHHOW MPOBEPKU OAITUCTUYECKOMN
TEOPHH, IyTEM COINOCTABJICHUS JAHHBIX PAJUO- U ONTHYECKOM MHTEp(HEPOMETPUH C JaHHBIMHU CIIEK-
TPAJIbHOTO aHalIM3a ABOMHBIX 3BE3Jl; CONOCTABIIECHUS PaJAMOJIOKALIMOHHBIX, BU3YaIbHBIX U JMIAPHBIX
HOJIOKEHUH KOCMUYECKHX alapaTtoB U HeOecHbIX Tell. [IpeanokeHHble METOIbl U KPUTEPUU TTO3BOJIAT
IIPOM3BECTH YTOYHEHHYIO NPOBEPKY IOCTOSHCTBA CKOPOCTHU CBETAa U YTOUYHHUTH IPOCTPAHCTBEHHO-
KMHEMaTHYEeCKUE XapaKTEePUCTUKU U 3JIEMEHThI OPOUT IJIaHET U KOCMUYECKHUX annaparoB.
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MmaBa 3. OnTu4yeckme aKCNepuMeHTbl NO HAbNAEHUIO cneacTBUMU Gannu-

cTUYeCcKom Teopun

B nmanHOIT r1aBe pacCMOTPEHBI KIIACCUYECKHUE W MpeiaracMble ONITHYECKUE YKCIIEPUMEHTHI TI0
poBepke OaymucTuyeckor Teopun. B Havame XX B., Mocje MpoBepKH TEOPUU B KOCMOCE, HMEHHO OIT-
TUYECKUE OTBITHI B 3¢MHBIX JIA0OPATOPUsX (6 Makpomupe) CTaad BTOPBIM 3TAaloM TecTupoBaHus. Mc-
CJIeIOBAJIM U3MEHEHHE CKOPOCTH CBETa OT JABIKYIIMXCS UCTOYHHMKOB, 3€pKajl, U CKOPOCTH CBETa, Ie-
pensy4€HHOro ABHXKyIIelcs cpenoil. Kak nmpasuio, B iMTepaType pe3ysbTaThl 3TUX IKCIIEPUMEHTOB
(ombiTel Canbsika, bonu-bpyeBuya u 1p.) mpeAcTaBIeHbl Kak MPOTHBOpEYaIie OATMCTHYSCKON Teo-
puu. Ho mpu monpoOHOM aHanm3e, Kak MOKaKeM Jajee, pe3ybTaThl 3TUX OIBITOB COTJIACYIOTCS C
OaITMCTUYECKOM TeopueH, eciy MPUHATh BO BHUMaHHUE 3G (HEKT mepensnyueHus: cpeoid U IpOBOJAUTH
aHAJIM3 Ha OCHOBE MOJICKYJIIPHOW ONTHKH, W3 KOTOPOW CIEAYIOT OJHO3HAYHBIC BHIBOJBI O BEITUYHHE
dazoBoil ckopocTH cBera. bojee TOro, ps ONMBITOB CBUAETEILCTBYET B MOJIb3Y CYLIECTBOBAHUS 3aBH-
CUMOCTH CKOPOCTH CBETa OT CKOPOCTH UCTOYHHKA. B JaHHOU T71aBe OYIyT MPEaIoKEHBI HOBBIC CXEMBI
ONTUYECKUX SKCIIEPUMEHTOB, B TOM YHUCJE C MPUMEHEHUEM JIAa3ePHOr0 M3ITyUdeHusi, 0cOOeHHO (heMTo-
CEKYHJIHBIX JIa3€POB, JIJIsl MPEIU3HOHHOW MPOBEPKH OALTUCTHUECKON TEOPHH.

OcHOBHBIE pe3yJbTaThl IJ1aBbl omyonukoBansl B [A2, A13, A15-A17, A28, A48, A53].

8§ 3.1. OnbIim CaHbsiKa, J1a3epHbIl 2UupOCKOIM U POoJib 8pauw,eHusi 3epKasl

Kak oTrmeueHo B mepBoii Ti1aBe, U3 TeopeMbl DBaibaa-O3eeHa, CKOPOCTh Jiyueit cBeta (epynno-
8asi CKOpOCMb) OT TIOJIBUKHOTO UCTOYHHKA BOCCTAHABJIMBACT HOMHHAIBHOE 3HAUCHHE C TMOCIE Tepe-
W3IyYEHUs] HETMOJBIKHOM Cpeioid, Urparinei pois BTOpUYHOro uctoyHuka. Ha das3oByro ckopocth
CBETa Cpefla BIMACT CIOXKHEEe, BBHIY MHTEPPEPEHIIMH UCXOJHOTO U BTOPHYHOTO H3imydeHus. Coriac-
HO PuTily, mpu oTpa’keHUU OT JBMXKYIIETOocs 3epkaja ¢a3oBas CKOPOCTh CBETA COXPAHIETCS HEU3MEH-
HOW MO BEJIMYMHE OTHOCUTEIBHO MCTOYHMKA [16]. Pe3ynbTaThl ONMBITOB C MOABMKHBIMU 3E€pKaJIaMH,
HampUMeEp OIBITEl MalopaHbl, COTIACYIOTCS ¢ 3TUM BBIBOIOM, Kak mokasan M.d. Murio [16, 289].

K Toii ke pa3HOBUIHOCTH OTBITOB C TIOJBMKHBIMU 3€pPKaiaMHi OTHOCST onbIT CaHbsKa, T/ WH-
TepPepUpyIOT CBETOBBIE JTyUU IPU PACTIPOCTPAHEHHH B MPOTHUBOIOJIOKHBIE CTOPOHBI 10 KOHTYPY U3
3epkan (Puc. 3.1). [Ipu BpamieHun KOHTypa ¢ YIIOBOW CKOPOCThIO { Jy4H HaOMPAIOT Pa3HOCTh XOJa,
MPOMOPIUOHANBEHYIO () U MEHAIOT UHTephepeHIMOHHY 0 KapTuHy. OnbIT CaHbsiKa COYIN MPOTUBOPE-
varmm Teopun Putna [6, 290, 291], Tak kak UCTOYHUK A HETOABMIKEH OTHOCHTEIILHO KOHTYpa U3 3ep-
kan B, C, D u ¢poTtormnactunku |, ycraHOBIEHHBIX Ha o0miel uiardgopme. [ToaTomy momiaranu, 4To npu
JBIDKCHUY B BaKyyMme (T.e. B OTCYTCTBHE MEPEH3IIyUCHHUS) CKOPOCTh JIy4el B CUCTEME OTCUETa UCTOY-
HHUKa HE MeHsUIach Obl M He co3gana Obl pasHoctu xozia [6, 290]. Ho B Teopuu Putma cBet coxpanser
CKOPOCTH C JIMIIIb OTHOCHUTEJILHO MCTOYHHMKA B MHEPLHUAIbHOM cucteMe orcuéra [15]. A Bo Bpariaro-
mieiicst cucreMe JBUKEHHE YCKOpeHHoe. T.e. mo OaiIMcTU4eCKOW TeOpuH, MHepLUHUATbHOE JBUKCHHE
CBETa MO3BOJISIET BBISIBUTH BpaleHue B onbiTe CaHbsika, paBHO KaK HHEPLIMOHHOE JBI)KEHUE MasTHUKA

Puc. 3.1. Cxema aBmkeHus cBera B onbite CaHbsika 1o 6amctuyeckoii Teopuu (a). Crpasa —
yIUTHHEHUE TIYTH JUTA JTy4a CBeTa (umpux-nyHkmup), AAyNIiero B HAIPABICHUH BPAIIICHUS HHTEP-
bepomertpa (6), 1 coOKpalleHHe yTH IS JIyda (nyHKmup), MAyLIEro IPpOTHB BpalleHus (6).

Haiiném pasHocTs xo/a jtydeii B mabopaTopHoii cucteme otcuéra (Puc. 3.1.a). Kaxaprit oTpe3ok
nyti L = AB = BC = CD = DA npsiMoro Jjiy4a (B HarpaBJIeHHUH BPAIICHHUS) YIUTMHUTCS 10
L; = L(1 + sin 45° QR/c),
rae R — paccrosiHue ucToyHunka u 3epkain no ocu Bpamienust O. Tak, kK MOMEHTY MpUXo0Ja CBeTa K 3ep-
kainy B oHo cmecturcs B B', yaymmaus nyte AB 1o AB' = L; Ha @R sin 45°, rne ¢ = QL/c — yron noBo-
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pota koHTypa 3a Bpems L/c. [To Teopun Putna cBet ncrounmka A noiaér Broias AB co ckopocThio C +
Vy = ¢+ Vsin 45°. [Ipu otpakenuu 3epkanom B Brons BC, dazoBast CKOpoCTh CBETa COXpAHIETCS OT-
HOCHTEJIBHO UCTOYHMKA U paBHa C — Vy = ¢ —V c0s 45°. CkopocTs cBeTa, oTpaxkéHHoro sroiabs BC, CD
u DA, paBHa ckopocTr nmapaienbHbIx gydeit oT A [16, 27]. Bpems o6xoma cBetom koutypa AB'C"'D™ |
T, = |_1/(C + Vx) + Ll/(C - Vy) + Ll/(C - Vx) + L1/(C + Vy) ~ 41,/c,

€CII OTOPOCUThH ClIaraeMbie 2-r0 M BBICIIMX MOPSAKOB ManoctH 1o V/C. [lyis jiyda, uaymero npoTus
HarnpasiieHus Bpamienus, orpe3ku mytd L = AD = DC = CB = BA, cokparsatcst no L, = AD'= L(1 -
sin 45° QR/c), u ananoruyHbiii pacuét BpeMeHu 00xoaa koutypa AD'C"B™'l gacrt T, =~ 4L,/c.

Wtak, 1y 3aMKHYTOTO MTyTH BIUSHAE CKOPOCTH UCTOYHHUKA HA CKOPOCTh CBETa HEUTpanu3yercs,
u BpeMeHa T1, T, OTIIMYAIOTCA OT HOMHHANBHOTO T = 4L/C nuiub 3a cuét u3menenus myTtu L. Torma
pa3HocTh BpeMEH ooxoma AT =T — T, = SQRZICZ, a pa3HUIa ONTHYECKUX MMyTen

ATe = 4QS/c, (3.1)
rae S = 2R? — miommaas KOHTYpa, 0GX0IMMOTo0 JTydoM. ITO COBMAAET C Pe3y/IbTaToM ombira CaHbsKa
U aHAJIOTHYHBIX OIMBITOB, JUII KOTOPBIX (hopmyia (3.1) merko obobmaeres Ha ciydail KOHTypa MPOU3-
BoJIbHOU (opmbl. To ecTh, Teopust Putna cornacyercs ¢ onbitoM CaHbsiKa.

[TockonbKy JUIIb YCKOPEHHOE, a HE MHEpLUHUATbHOE JBUKEHHE UCTOYHHUKA CO3/1aéT Pa3HOCThb XO-
Ja, TO ONBIT C TOCTyHmaTelbHBIM JBUXKeHHEeM uHTepdpepomerpa CaHbsika, NPEIIOKESHHBII
I'.b. ManbikutbeiM [6] ¥ aHATOTHYHBIH ONMBITY MaiKelbCOHa, [0 TCOPHH PHUTIIA HE BBIABUT IBHKECHUS
[16]. PacuérHas pasHocts xoxa B [6] mopsiaka (V/C)® — Buammo, ommrb0YHa, TaK KaK SKBHBAICHTHbII
pacuér B cuctemMe UHTEppepomeTpa Aa€T HyJIEBOH pe3ynbTat, He coaepxaiui V.

B cBsi3u ¢ ombITaMu ¢ MPUMEHEHUEM MOABMKHBIX 3€pPKal BBHICKA3hIBATOCH M TAKOE BO3PaKECHUE!
€CJIM B BaKyyMe I'pYIIOBasi CKOPOCTh CBETA, MEPEU3ITYyYEHHOTO 3epKaJIOM, JABIKYIIUMCS K UCTOUHUKY
co ckopocThio V, paBHa C + V, a ¢a3oBast paBHa C, TO OJIy4aeTcsi MPOTUBOPEUNE PABEHCTBY (ha30BOH
U TPYIIIOBOM CKOPOCTH B BaKyyMe, rie HeT aucnepcuu. OqHaKo B OaIJTUCTHUECKON TEOpHUH, B OTIIH-
qre OT KJIACCUYECKOW AIIEKTPOAMHAMUKH, (a30Basi U TPYIIIOBasi CKOPOCTh MOTYT HE COBMAJaTh B Ba-
kyyme [AS1]. SApkwuii npumep naét abeppanus 38é3aHoro ceera (8 1.3): opOuTanbHass CKOPOCTh 3eMitn
MEHSIET TPYIIOBYIO0 CKOPOCTh (CKOPOCTh PaCHpPOCTPaHEHHUSI CBETOBBIX JIy4eil) IO BEIMYMHE U HalpaB-
JIeHUI0, a (a3oBasi CKOPOCTh CBETA, MEPIEHANKY/ISIpHas (POHTAM CBETOBBIX BOJH He MeHsiercs (Puc.
3.2). T.e. mpu abeppauuu B CHCTEME 3€MHOTO HaOuoaaresns Gpa3oBas U TPYNIIOBasi CKOPOCTh HE COB-
MaJal0T HU 110 BEJIMYMHE HU MO0 HaNpaBJICHUIO,— CUTyallusl aHAJIOTUYHAasi HaOJII01aeMoil ISl AJIEeKTpo-
MarHUTHBIX BOJIH B 3aMarHM4E€HHOMN IU1a3Me win B Kpuctamioontuke. B 2015 r. HepaBeHcTBO (ha3zoBoit
Y TPYIIIOBOM CKOPOCTH CBETA B BaKyyMe 3aMKCHPOBAIIU M B JTa0OPATOPHBIX SKCIIepUMeHTax [5].

|| |
[
Moce
Ha 3emne
:|.< |

V¢u Vﬁ)

Puc. 3.2. [Ipumeps! HecoBmageHUs (Ha30BOW U TPYNIIOBOW CKOPOCTH CBETa B BAKYY-
Me, COrJlacHO OauncTudeckoil Teopun Putna. Ciydan IBIDKSHHS CBETa B KOCMOCE
(a), B cuctreme 3emuoro uHabmroaarens (6) u B ombite Jxemca u Crepubepra ().

Kpome Toro, Gammictudeckasi Teopusi IOMyCKaeT CYIIeCTBOBAHHME JUCIIEPCHUU CBETA JIaXKe B Ba-
KyyMe, TIOCKOJIbKY AJIEKTPOHBI, N3TyYaroIIne CBET C Pa3HBIMH YaCTOTaMH, JBMXKYTCS C Pa3HOM CKOpO-
cthi0. [Ipy coOOLIeHNH CBETY, OHA TOPOXKIAET 3aBUCUMOCTh €r0 CKOPOCTH OT 4acToThl [A19]. Benu-
YMHA JAUCTIEPCUU Majia, HO MPOSBISIETCS Ha TUTAHTCKUX KOCMHUYECKHX JWUCTaHIUAX. B momb3y sroro,
kak mokasan [.A. TuxoB [164], A.A. Benononbsckuii [65] u C.I1. MacnukoB [166], cBHIETEIBCTBYIOT
HaOJIIO/ICHHUS IBOWHBIX U MIEPEMEHHBIX 3BE3]1, a 0 B.A. Bynuny — naGoparopssie onbiThl [167].

C HeBepHBIM NPEICTaBICHUEM O COOTHOIICHNH ()a30BOW M IPYIMIIOBOM CKOPOCTH CBETa CBs3aHA
TAKKe IKCIIEPUMEHTaNbHAs MpoBepka Teopun Putna B ombite J[xemca u Crepubepra [145, 293]. B
OIIBITE JTyY CBETA MEpen3Iydaics Bpamaromencs miacTHHKoi. OT COOOIIeHHs CBETY pa3HbIMU y4acT-
KaMH TUIACTUHKH Pa3HOM CKOPOCTH, ()POHT CBETOBOW BOJIHBI JOJDKeH moBepHyThes (Puc. 3.2.6). Ho
npy HaOJIIOJJCHUH Yepe3 TEIEeCKOI He ObUIO 3a(PMKCHPOBAHO OTKIOHEHHMS Jy4a CBETa, YTO COUIU IPO-
TUBOpEUrEeM OaiumrcTuieckoil Teopun. OmmbKa cocTosia B TOM, YTO OTKJIIOHEHHE B 3TOM CIIydae McC-
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IBITHIBAJT TOJILKO BEKTOP (pa30BOM CKOPOCTH CBETa, a BEKTOP I'PYIIIOBOW CKOPOCTH CBETA, 3aJaHHBIN
CYMMOW CKOPOCTH HCXOJHOTO JIy4a W IUIACTUHBI, HE MEHSUI CBOETO HarmpaBiieHUs. VIMEHHO BEKTOp
IPYIIIOBOI CKOpOCTH cBeTa Vp U 3a1aET HAaNpaBICHUE PACIIPOCTPAHEHHs SHEPTUH, Jydeil cBeTa, Kak
noaTBepkaacT adbepparus 38é3aHoro ceera (Puc. 3.2). Takum o6paszom, ombiT Jxxemca u Ctepudepra
HE TPOTUBOPEYHT OAJUIMCTUYECKOH TEOPHH, HO €ro MOKHO BHJIOM3MEHHTH TakK, YTOOBI CBET Tajall Ha
BPAIIAIONIYIOCS TUIACTHHKY 1O/ yriioM. [Ipu cooOmennn e€ CKOpOCTH CBETY, BEKTOP TPYIIIOBOM CKO-
pPOCTH M3MEHHT CBOE HAIlpaBJICHUE Ha YTroJ, M3MEPEHHBIH TeneckonoM. [10100HBIH OMBIT MOCTaBUII
M.U. IymmineB npy HalpaBiIeHWW Jyda CBETa HA BPAIAIOIIMICS JUCK W3 OprcTekia. beuto 3aduk-
CHpOBaHO CMEIICHUE JIy4a CBETa, COOTBETCTBYIOIIEE MPEACKa3aHHOMY OaITMCTUUECKON Teopuen [227,
294]. AHaIOTHYHBIH ONBIT peIoKuI 1 ocyinecTBi B.I1. Cene3nés ¢ Tem xe pesyabrarom [203].
Takum 06pa3oM, B OAJUIMCTHUECKOW TEOPHM MPEACTABICHUE O COOTHOIICHUHU (a30BOM U Ipym-
MIOBOI CKOPOCTEH CBeTa B BaKyyMe, MTPH OTPAXKEHUH M PACTIPOCTPAHEHUH, B PSJE CIy4aeB OTIINIACTCS
OT IPE/ICTABICHUN KIIACCHYECKOH 3JIeKTpoAnHAMUKH. T.€. MpH MOCTAHOBKE ONBITOB IO POBEPKe Oa-
JMCTUYECKON TEOPHHU CIIEIyeT IETHMKOM ONHMpaThCs Ha €€ MaTeMaTHYSCKHIA anmapar U CIeICTBUS, KO-
TOpBIE, B CBOIO OYePe/lb, MO)KHO IPUMEHUTH B KAYECTBE JOTIOJIHUTEIBHBIX KPUTEPUEB €€ TIPOBEPKH.

§ 3.2. OnbIimbI ¢ d8uwXxywumucsi cpedamu — onbimsbl ®u3zo, Kahmopa u Qynnuweea

OKCHEepUMEHTHI C TOABWXHBIMU 3€pPKaJlaMH CXOJHBI C OTBITaMH, B KOTOPBIX CBET IIEN B IOJ-
BkHOU cpene. Ho B pabore [6] ocnapuBanock yrBepxiueHue Putma o Tom, uto (pazoBas CKOpPOCTh
CBETa, OTPAXKEHHOTO 3ePKAJIOM, paBHAa C OTHOCUTEIBHO MCTOYHHKA [16], a He 3epkaiia, KOTOpoe B Ka-
YeCcTBE BTOPUYHOI'O MCTOYHHUKA cOOO0IIano Obl CBOIO CKOPOCTh cBeTy. Ilocieanee BEpHO Ui 3lIEMEH-
TapHOTO BTOPHUYHOTO MCTOYHHKA, HO (pa3oBasi CKOPOCTh CBETA, OTPAKEHHOTO 3€pKaJioM, 3a/laHa WH-
TephepeHLueil BOIH, Nepen3aydEHHBIX YIEMEHTAPHBIMU U3ITy4YaTeIIMU-JIEKTPOHAMH B TOJIIIE 3epKa-
Ja, U pe3ysbTar e€ HeoueBHJeH. Tak, B cpejie CKOPOCTh CBeTa paBHa C/N BBUIY MHTEPHEPCHIMH Ia-
JIAlOIIel U BTOPUYHBIX BOJIH, PACCESIHHBIX DJICKTPOHAMHM cpelbl [82], XOTst 3TH BOJIHBI 001a1al0T CKO-
POCTHIO C.

Puc. 3.3. Cxema m3meHeHus (pa30BOM CKOPOCTH CBETA OT IBUKYIIETOCS HCTOYHHKA B
cpele 3a cuéT nepensnydeHust (MM B SKBUBAJICHTHOW CUCTEME, T/I€ HCTOYHHK [IBIKET-
sl OTHOCHTENBHO HEIOBIKHON CPEIIbl), COTNIACHO 0aTMCTHIECKON Teopuu PuTia.

B GamnmucTrueckoil Teopun 3TOT pe3yiabTaT MOKHO 000OLINTH Ha CiTydaid HCTOUHHUKA, JBIKY-
IIEroCs OTHOCHTEIBHO CPEbl, IPOBEPUB COOTBETCTBUE Teopuu — ombity duzo [16, 145]. CxopocTth
cBera C* B cpejie OT UCTOYHMKA, JBHXKYIICTOCS 110 HOPMAJH K TPAaHHIIE CPElIbl CO CKOPOCThIO V, Haii-
JEM IO TPUMEpPY pacuéTa B MOJICKYJISIPHON ONTHKE JIJIsl HEMOIBIYKHOTO McTouHKKa [82, ¢. 425]. Ecnu
B BaKyyMe UCTOYHHUK HUCITyCKaeT CBET CO CKOPOCTHIO C + V, TO 1MoJie eIMHUYHOM MaIaroIeld BOIHBI

Eo = exp[i(ot — k'X)],

re O — IMUKIHYecKas yacToTa maaaroniei BoiHsl, K' = w/(C + V) — e€ BoiHOBOE umciio. BonHa Bo30y-
XKJIAeT B CpeJie BTOPHUYHBIC BOJIIHBI CKOPOCTH C, B CyMME JIAIOIIUE TUIOCKYIO BOJIHY C BETMYMHOM MOJISI

E:1 = -ikxbexpl[i(wt — kx)],
riae K = o/C — BOJHOBOE 4KCII0, X — TOJNIIMHA MPOWJICHHOTO ¢iI0s cpeabl, b — 6e3pazmepHblil k03¢ hu-
IIMEHT, XapaKTepU3yoHii e€ ontuueckyto miotHOCTh (Puc. 3.3). [Tose pe3yabTupyrolei BOJTHbI

E = Eo + E1 = (exp[ix(k — k)] — ikxb)exp[i(ot — kx)],
410, ¢ yusToM pasnoxenus 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(ot — kx(1 + b — V/c))].

3nech kx(b — V/c) — caur ¢asbl, MpOMOPIHOHATIBHBINA MYTH X U MEHSIOIIHI (a3oByto ckopocTh C*. TTo
CYTH, B CpeJie BOJIHOBOE YHCIIO K = /C 3aMeHsIeTCsl HOBBIM

k* = w/c* = k(1 + b - V/c).
Ortcrona
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c* =ck/k* =c/(1 + b -Vl/c).
[Tpu V = 0 monyuyuM HOMHHAJIBHYIO CKOPOCTh cBeTa B cpeae C* = ¢/(1 + b), rae (1 + b) — koaddumm-
ent npenomienus N. st 0 <V << ¢ nonyuum

c c c V
*— = ~—+ _2 y (3'2)
1+b-V/c n-Vlc n n
a 17151 OKOJIOCBETOBBIX CKOPOCTEH V ~ C TOUHBIH pacy€T Mo BHIIIE MPUBEAEHHOMY METOAY AacT
c
C¥=———————— . (3.3)
n-V/(c+V)

B cucteme oTcyéra HCTOYHHUKA, TJIE CO CKOPOCTHIO V IBMKETCS cpena, Haiaém u3 (3.2), ¢ yué-
TOM MPUHIMIA OTHOCUTENBHOCTH, CIIPaBEAJIMBOTO B TeOpuH PUTLa, 4TO CKOPOCTH CBETA B Cpelie

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

OnpbiT ®H30 BHISIBHI UMEHHO TaKyl0 3aBHCHMOCTD, T/ie MHOXHTEb (1 — 1/n2) — KO3 UITUEHT
yBineueHuss Openens [38, 145]. Tem cambim Teopusi Putiia 00bsicHseT onbIT OH30 U APYTUE OMBITHI C
JIBIDKCHUEM HMCTOYHUKOB U CpEJl, TJIe aHaJIM3 CJIeyeT BEeCTH Ha OCHOBE MOJICKYJISIPHOIM onTuku [A2,
A25]. DTO YCTpaHUT HEOJHO3HAYHOCTH B TpakToBKe ombiToB Y. Kanrtopa, M.U. dymnwuiiesa,
T. beprmana [38, 145, 295] u ap. [lepensnyueHue 37eMEHTaMU ONTUYECKUX CHCTEM CTaBHT TOJ CO-
MHEHHE Pe3yJIbTaThl 1Ja0OPaTOPHBIX OMBITOB IO MPOBEpKe Teopun Putia, kak u B kocmoce (§ 1.1).

Hanpuwmep, B onbite Kantopa Habmoganoch cMemenne HHTep(epeHnOHHBIX T0JI0C, COOTBET-
CTBYIOLIEE U3MEHEHUIO CKOPOCTH CBETA, MEPEU3NTyUEHHOIO JBMKYIIUMUCS CTEKISIHHBIMU IJIaCTHHKA-
mH, nipuMepHo Ha K = 2/3 Benuuubbl ckopoctu miactul [145, 296]. [TockosbKy B TaHHOM OIIBITE W3-
Mmepsaach (pa3oBas CKOPOCTb CBETa, TO, BBUIY JIBUXKEHHs CBETa IO 3aMKHYTOMY IIyTH, €r0 CpeJHue
CKOPOCTH B MPSIMOM M OOpaTHOM HAIpaBJICHUH HE MOTJIM pa3invaTthcs, Kak B onbiTe Canbsika (8 3.1).
T.e. eciiu 6 onbiT KaHTopa mpoBenu B BakyyMe, €ro pe3ysbraT Obul Obl HyJIeBbIM. [leiicTBUTENBHO,
onblT KaHTOpa, MOBTOpPEHHBIM beprmaHHOM B BakyyMme, J1ajl HyJI€BOM pe3ysbTaT, HE BBISIBUB BIMSHUSA
CKOPOCTH TUIACTHH Ha CKOPOCTh cBeta [297]. DTOT pe3ynbTaT TpaKTOBAIHM KaK MOATBEPIKIACHHE MOCTO-
SIHCTBA CKOPOCTH CBETa M MPOTHBOpeune OaucTiyeckoit reopun [145]. Ho, kak mokas3aHo BblIiIe, 3Ta
TEOpHsl TOXKE MPECKa3bIBAET HYJIEBOM pe3ynbTaT. UTo jke KacaeTcs MOJOKUTEIBHOIO pe3ybTaTa 3Kc-
nepuMenTta Kanropa, To, BUIUMO, OH CBSI3aH C TEM, UTO Ha IyTH pacpOCTPAHEHHUs CBETA pacroarai-
Csl BO3/yX, KOTOPBIH, 32 CU€T Nepen3IydeHus, CHIKal CKOPOCTh cBeTa 10 3HaueHus C. [loatomy cko-
POCTh CBETA MOCJIE OTPAKEHUS 3ePKaJIOM YK€ HE MEHsUIACh, U B JONOJIHUTENBHYIO Pa3HOCTh X0a BHO-
CHJI BKJIaJl TOJIBKO HayaJlbHbIM y4acTOK IIyTH, COCTABIIABIINI KaK pa3 OKOJIO IOJOBUHBI IyTH CBETA.

C HanmuyueM BO3QyXa B YCTAHOBKE, BUJIMMO, CBSI3aH M MOJOXHUTEIbHBIM pPE3yslbTaT OIbITa
M.U. Nymmuimesa [227, 294]. B ero ycraHOBKe CBET MPOXOIWII Yepe3 IBHKYIIHICS OPYCOK U3 Opr-
CTEKJIa, M Ha HKpaHe HaOJI0AaJIoCh CMelleHHe UHTep(EePEeHIMOHHBIX Mosoc. OMNBIT BBISIBHI BIMSHUE
CKOPOCTH MCTOYHHMKA Ha CKOPOCTb CBETA, TaK KAaK IEPEU3Iy4E€HUE BO3AYXOM CTABHJIO JIyuyd CBETa B
HEepaBHBIC YCJIOBUS, YTO U MO3BOJIMIO OOHAPYKHUTh U3MEHEHHUE CKOPOCTH CBETa HAa 3aMKHYTOM ITyTH.
Ecnu aHanoruyHblil ONbIT IPOBECTH B BAKyyME, TO €T0 Pe3ysbTaT, COTIacHO OAJITUCTUYECKON TEOpHH,
Oyzaer oTpuLaTeNbHBIM. TakuM 00pa3oM, MpH SKCIIEPUMEHTAILHOM U3MEpeHUH (a30BOi U TPYIIOBOM
CKOpPOCTH CpeJia, COrTIaCHO OANIMCTUYECKON TEOPUH, CYILIECTBEHHO BIUSET HA UCXOJ SKCIIEPUMEHTA.

§ 3.3. [lpoeepka NocmosiHCMea CKopocmu ceema ¢gheMmoceKyHOHbIMU sla3epamMu

JInsl OIHO3HAYHOM MPOBEPKH BIIMSHUS CKOPOCTH MCTOYHHMKA HAa CKOPOCTh CBETa MPEIaraaoch
TaKKe MPUMEHSTh (heMmToceKkyHaHbIe Ja3epsl (B. [loaropusiii [298], B. Cokonos [299]), muTensHOCTD
MMITyJIhCOB KOTOPBIX (At~ 107 ¢) mo3BOIsAET M3MEPATH COOTBETCTBYIONINE PA3HOCTH BPEMEH XO/a
Jy4eH, y OJHOTO U3 KOTOPBIX CKOPOCTH C, a y Apyroro (C + V), npu JBIKCHUU BTOPOTO UCTOUHHUKA OT-
HOCHTEIBHO NepBOro co ckopoctbio V. Ha mytu L ~ 10 M 3Ta pa3HOCTh BpeMEH X0/1a COCTABUT

At=L/c - L/(c + V) = LVIc? (3.4)
U TIOCTUTHET Al y’ke mpu pasHuiie ckopocreid uctounukoB V ~ 100 m/c, Z0CTHKUMO# B TaOOpaTOPHH.
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Puc. 3.4. Cxema yCTaHOBKH 10 H3MEPEHHIO CKOPOCTH CBETa OT MOABIKHOTO fS-1masepa.

[TogoOHBIN ONBIT MOKHO TIOCTaBUTh U B BaKyyMe (/IS IOJIBMYKHOTO JIA3EPHOTO MCTOYHHKA, JINOO
JUTSL BBIXOJIa BOJIOKOHHOTO Jiazepa, Puc. 3.4), u B BO3MYLIHOM Cpejie, €ClId MPUMEHUTh HETOABUKHBIN
UMITYJIbCHBIN fS-11a3ep, HaBCTpedy KOTOpoMy cO CKOpocThio V = ®R ABHXKYTCS IBa CBETOBOJA-
npuéMHHKA, OTACIEHHBIX AUCTaHIuel L, ckaxkeM, Ha o0oaax tneHTpudyr (Puc. 3.5). ABToKOppensTop
U3MEpsIeT 3aJepKKy Mexay umiynbcamu At ot 1-ro m 2-ro cBeroBosa. Ilpu 3TOoM /U1 HemocpeacT-
BEHHOTO M3MEPEHHUsI BapHalMii CKOPOCTH MEPBOE ONTOBOJOKHO YIJHHSIOT, BBOS JIMHUIO 3alIEPIKKU
1= L/c. [lo At MOXHO paccyMTaThb CKOPOCTh HUMITYJILCOB B CHCTeMe MPpUEMHHUKOB C' = L/(1— At) u
BJIMSIHAE HA He€ CKOPOCTH MCTOYHHKA V OTHOCHUTENbHO puEMHHKOB. B cxeme Ha Puc. 3.5 mepensmy-
YEeHHE BO3yXOM HE MEHsSET CKOPOCTh CBETa C, T.K. HCTOYHHMK HETOABHKEH OTHOCUTENIBHO BO31yXa. B
ATOM CJIy4ae BaKyyM >KeJaTeJICH JIUIIb [T NCKIFOUCHHS BIMSHUS TOKOB BO3IyXa Ha MCXOJ OmbiTa. B
pamkax CTO At=0 u C' = C, mockonbKy ckopocTs V << C, U NONpPaBKU MOIIH Obl OOHAPYKUTHCA
TOJILKO BO BTOPOM IOPSIIKE BEIMYKMHBI V/C, a HE B IEPBOM, Kak B Teopuu PuTiia, rae At = LV/c?.

CBeTOBOAbI

()

Al aHanu3sarop
NUHUA 3a0epPXKN AK® curnana
Puc. 3.5. Cxema ycTaHOBKH 110 TPOBEPKE BIMSHUSI CKOPOCTH NMPHEMHHUKOB HA OTHOCUTEIILHYIO CKOPOCTD CBETA.

Bapbupys myTh L u ckopocTh nBmkeHust V Win BpalieHus ®, T.€. CKOPOCTh V HCTOYHHUKA, MOX-
HO TIPOBEPUTH aBTOKOPPEISITOPOM MPOTOPIIUOHATBLHOCTD 3aJepKKU At — ATHM BeTUYHMHAM, U OTCIOAA
CJIeNaTh BBIBOJI O HAJIMYUHU WJIM OTCYTCTBUU OQJTUCTUYECKON 3aBUCUMOCTH At = LV/c2.

BosmoxHa U apyras cxema dKCIepUMEHTa — C MPUMEHEHUEM OJHOTO JETEKTOpa M ABYX IOJ-
BIDKHBIX JIA3ePHBIX HCTOYHMKOB, CHHXPOHHO T€HEPUPYONIMX UMITyJibChl (Puc. 3.6.a) uiu n1Byx cBeto-
BOJIOB Ha BPAIAIOIIEMCS TUCKE, CBSI3aHHBIX C HEMOABM)KHBIM JIa3€POM Yepe3 MEePUCKOMUYECKYIO CHC-
TeMy 3epkai Ha ocu BpamieHus (Puc. 3.6.6). X MOXHO pa3MeCTHTh B JHAMETPAIBHO TMPOTHBOIOIO0XK-
HBIX Toukax 1 u 2 oboma KpyTsmIerocs ¢ MUKINYSCKOW YaCTOTON  JMCKA, TaK YTO OJUH MCTOYHUK
JBIDKETCS K JETEKTOPY cO cKopocThio V = R, a apyroii — ynansercs co ckopoctbio V. Torama doto-
JIETEKTOP ¥ aBTOKOPPEIATOP HA paccTOsSHUU L HemocpeicTBeHHO 3ApErHCTPHUPYIOT 3a1EPKKY

At=L/(c-V)-L/(c+V)=2LV/c,
MEXIy uMITyJbcaMu. UToObl paccTosHus L OT MCTOYHHMKOB 110 (POTONETEKTOpa COBIANIHU, CIEIYET
CKOJUTMMHPOBATh JIa3epHBIC ITyYKH, YTOOBI OH PETHCTPUPOBAJ CBET JIUIIb B MOJIOKEHHSIX, T/I€ OH PaB-
HOYJQJIEH. A TeHepalus UMITYJIbCOB CHHXPOHHA C HpOJ)L(O)KI[CHI/ICM 3TOTO MOJIOKEHUS.

- .

1 fs-nasep

c+V

=T
) =1
\ . j:'ﬁ __."':'.""-V* ®dotogeTexTop
Cc-

2 fs-nasep

—1{A{]

aHanusaTop
AK® curnana

Puc. 3.6. Cxema yCcTaHOBOK 10 CPaBHEHHIO CKOPOCTEH CBETa OT HCTOYHUKOB C Pa3HOM CKOPOCTHIO.

MOXHO NPHUMEHUTHh TEHEPATOPbl HEMPEPHIBHOTO JIA3EPHOTO W3JIYYCHHUS, YCTAHOBJICHHBIC Ha
Bpamaromemcs nucke. [Ipu pacxogumoctu nazepusix gydeid ¢ = 0,001° amuTensHOCTH UMITyJIbCa 3a-
JlaHa MHTEPBAJIOM MOMAIaHKsI JTa3ePHOTO JyYa B JIETEKTOP, KOTOPbIi paBeH T = ¢T/360°, rae T — nepu-
011 BpaweHus aucka. [pu gacrore Bpauerus 1000 o6/c, T = 0,006 ¢, orkyza t = 17:107° ¢. ITockois-
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Ky T€HEepaTOPbl HEMPEPHIBHOTO U3Ty4eHHs (B T.4. Ja3epHbIC JHO/bI) POIIe U KOMIIaKTHEH fS-ma3epos,
TO UX IIPOILE Pa3MECTUTh Ha 000/ HEHTPUPYT U COOOLIUTH UM BBICOKYIO CKOPOCTh BpAIllCHUS.

Bpewms 3aepxkin At = 2LV/c? 1omkHO GBIT He MEHbIIE JTHTEIBHOCTH HMITyThca T= 17-107° c.
T.e. mpu V ~ 100 m/c mucranius L > 1¢2/2V = 8800 K. [TonoOHBII AKCIIEPUMEHT MOXET OBITH IO-
CTaBJICH TOJIBKO B KOCMOCE, TJI¢ BEJIUKU MPOJETHRIE AUCTAHIMU L, a mepensiyueHre B KOCMUYECKOM
BaKyyMe IPaKTU4YECKU OTCYTCTBYET. I[IpH pazmeleHnn MoJBUKHBIX J1a3epHbIX UCTOYHUKOB Ha CITyT-
Huke uau MKC, a nerekropa — Ha JpyroM CIIyTHUKE WM Ha 3€MJIE, MOYKHO U3MEPUTDH BpeMs 3a1€pixK-
KH Mex Iy uMiymbcamu At = 2LV/c? u ero 3aBrcuMocTs ot ckopoctd V 1 oT aucTaHimy L.

Kocmuueckne CKOpOCTH MOXKHO peain3oBaTh M B 3eMHBIX Jabopatopusx. Tak, mpu BBICTpene
METAJUINYECKOI0 KOJbLla MAarHUTOKYMYJISITUBHBIM T€HEpaTOPOM M3 B3PHIBOMAarHUTHOM YCTaHOBKU
JNOCTUTHYTHI ckopoctu Koubiia V ~ 100 km/c [221]. Dra ckopocth cocraBisier 0,03 % ot ckopocTu
cBera C. Toraa mpu yKpeIuileHHMH Ha KOJbIIe JETKOTO FeHEepaTopa Ja3epHbIX MMITYJIbCOB (HAmpuMep,
MOJTYIPOBOJIHUKOBOTO JIa3epa) MM MPH MCIIOIb30BaHMH 3€PKAITBHOIO KOJbla (OTpaskaromero GpemMro-
CEKYH/IHBIC JIa3epHbIC UMITYJIbCHI) Ha aucTannuu L ~ 10 M momyunm At = LV/c®~ 107 ¢ = 10 mc. Tee.
3aBUCHMOCTh CKOPOCTH CBETa OT CKOPOCTH JIa3epHOTO UCTOYHHMKA (WM 3epKayia) JIETKO MPOBEPHUTH,
HETOCPEJCTBEHHO U3MeEPsAs CKOPOCTh CBETA 10 CUTHAJIaM JIByX pa3HECEHHBIX Ha paccTtosiHue L ¢oro-
JeTeKTOpoB ¢ ObicTpoaeiicTBreM ~1 nic (kak y MIIM-doronerexktopos ¢ OsictpoaeiictBreM ~500 I'T'x
[300]), nmubo cpaBHMBas MOMEHTBI PETUCTPALIMH UMITYJIbCOB, H3YyYEHHBIX JIByMsI HCTOYHHUKAMHM, OJTUH
U3 KOTOPBIX HEMOJIBUKEH, @ BTOPOH YKPEIUIEH HA MOJBM)KHOM KOJIbIIE M M3JIyYaeT UMITYJIbC B MOMEHT
nposiéTa MUMO HEMOABMKHOIO MCTOYHHMKA. YTOOBI AOCTHYL TpeOyeMOM TOYHOCTH M CHHXPOHHOCTH
MOMEHTOB U3JIy4YEHHUSI UMITYJIbCOB, JOCTaTOYHO, YTOOBI B MOMEHT U3JIy4YEHHUS MPOJOJIbHOE CMEIICHUE
HOABHMYKHOTO NCTOYHNKA OTHOCUTEIBHO HETIOABMIKHOTO COCTABIIIIO He Oomee Atc ~ 3 Mm.

[ToMrMO M3y4YeHUS 3aBUCUMOCTH CKOPOCTH CBETa OT CKOPOCTH MCTOYHHKA, YKAa3aHHBIE METO]IbI
T03BOJIAT YTOYHHTH 3HAYCHHE C, T.K. M3MEPEHIE MOMEHTOB PErHCTPALNH ¢ TOUHOCTHI0 ~10* ¢ Ha my-
i B 1000 M, koTOpHIii cBeT mpoxoauT 3a 3-107° ¢, mo3BomuT M3MepATH C ¢ TouHOCTHIO ~107%/10”
6100 et BennuuHbl, T.€. ~0,3 M/c. Tak MOXHO MPOBEPUTH MOCTOSIHCTBO C U 3aBUCUMOCTD OT JITHHBI
BOJIHBI, TPABUTAIIMOHHOIO IOTEHIIMAJIA, HAPABJICHUS paCIIPOCTPAHEHUS CBETa U T.JI.

8§ 3.4. AkcnepumeHmarnbHas npoeepka pumu-aghgpekma memodamu sla3zepHol ¢husuku

CoBpeMeHHBIC JTa3epHbIe HCTOYHUKU MOXKHO TaKKe NMPUMEHUTH JUIsS mpoBepku 3¢ dekra Purma
(8 1.2). [lnsa TpaHCchOpMaIK 4aCTOTHI CBETAa Ha MPOLEHTHI WK B pa3sl, B (opmyie (1.15) Ha mimHe
r = L quis mpeoOpa3oBaHusl [UIMHEI BOJHBI A, 9acTOTHI f 1 JumnTenpHOCTH Al J1a3epHOTO HMITyJIbCa

-1
k’:cdt':k(1+ "az‘f), f = 1/dt = f(1+ "azf) , At':At(1+ L‘if) , (3.5)
C C C
1 COOTBETCTBCHHO OJIA Hp606pa30BaHI/I$I HI’IKOBOﬁ MOIITHOCTHU P nu aMHHI/ITyIILI OIITUYCCKOI'O ITOJIsA E
-1 -1/2
p_p At _ p(1+ﬁj E- E(1+ Larj (3.6)
At' c? c?

cieayeT 00ecTeunTh La,/c? ~ +1. [TosTomy mutst maGopaTopHbIx auctanmuii L ~ 1 M Tpedyercs
ar ~ 2¢%/L ~ £10" m/c%.

OTO0 yCKOPEHHE HEAOCTHKUMO AJISl CBETOU3TYHaIOLIMX IPUOOPOB, HO €r0 JIETKO COOOLIUTH 3JIEK-
TPOHaM WJIM MOHaM, U3JTyYalOIIUM CBET CAMOCTOSATENILHO (€CIIM MCTOYHUKAMHU CBETa CITy)KaT BO30YXK-
JEHHBIC HOHBI), JTUOO OIOCPEIOBAHHO (€CIIH MOHBI CIIYXKAT MEPEH3ITYYaIOIIMU [IEHTPAMH).

Takoe yCKOpeHHe TUIHUYHO JUIsS 3JIEMEHTAPHBIX YaCTHII, JIETSAIIUX C OKOJOCBETOBBIMHU CKOPO-
ctssMu V ~ ¢ B MarHMTHOM TIOJIe IUKIMYECKUX yCKopuTeneit ¢ paauycom opoutr R ~1 m (Puc. 3.7).
I1pu 5TOM HeHTpocTpeMuTenbHOe yekopenne a = VAR ~ 101 m/c®. Tak, B cuaxpoTpone s¢ddekr Puria
IO3BOJIMT TPaHC(HOPMHUPOBATH JIA3EPHOE U3ITYUEHUE IIPU PACCESTHUM Ha ABMXKYILIUXCS dIeKTpoHax. Kak
NPaBUJIO, JIa3€pPHbIE UMITYJIbChI, PACCESIHHBIE JIEKTPOHAMHU, Mpeodpa3yroT no 3¢ dekry Jlomnepa npu
aopeHni-gpakrope y >>1 [104, ¢. 171], uto TpeOyeT MOLIHBIX YCKOPUTEIEH C OOJBIIMM PacxoaoM
sHepruu. Hanpotus, s¢¢dext Puria no3soaut tpancopMupoBaTh U3IydeHHUE Jaxe MpH ¥ ~ 1 B KOM-
MAKTHBIX [UKIOTPOHAX, CHHXPOTPOHAX M HAKOMHUTEISIX MaJOi MOITHOCTH C HU3KUMH CHHXPOTPOHHBI-
MM TIOTEPSMH, T.K. yke TpH V ~ ¢ yeKoperue yacTuit a ~ ao ~ 10'" m/c® (mpu L ~R ~ 1 m). TIpu y ~ 1
paccesHHOE U3JIy4eHHUe 3apsaaa He 00alaeT OCTPOM HAIPaBICHHOCThIO CUHXPOTPOHHOIO M3ITyUYeHHMs,
U MakcUMaibHas 3QQPEKTUBHOCTh TpaHCHOPMAIIMK YaCTOTHI PUTH-3((HEKTOM TOCTUTACTCS IS U3ITY-
YEeHHUs BJI0JIb BEKTOPA YCKOPEHUS A 3JIEKTPOHA, T.€. IONEPEK €ro CKOPOCTH U BAOJb PAUyca OpOUTHI.
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Puc. 3.7. Cxemsl TpaHC()OPMATOPOB YACTOTHI JIA3EPHOTO M3IYUSHUS P PAacCesTHUH Ha OaHYaX 3JIEKTPOHOB,
LUPKYJIUPYIOLUIMX B HAKOIHUTEINE: ISl COKPALICHNS IIMHBI BOJIHEI A (66epxy) WK is pacTspKeHus A (6Hu3y).

[Tockonbky mpu V ~ ¢ Bpems T~ R/V nponéra 6aHya 371€KTPOHOB Yepe3 00JacTh JIa3epHOro 00-
Jy4YeHHUsI — TIOPsIIKAa HAHOCEKYH/IbI, TO JUTUTEIHHOCTh TIEPBUYHBIX JIA3€PHBIX UMITYJIHCOB JOJDKHA OBITH
TOrO ke nopsaka: At <t. Y100HO MPUMEHNUTH TeHEPaTOpbl HAHOCEKYHIHBIX MJIH MUKOCEKYH/HBIX UM-
MyJIbCOB, YaCTOTa IMOBTOPEHHUSI KOTOPHIX paBHA YacCTOTE OOpAaIIeHHs AIEKTPOHHBIX CTYCTKOB — C 4ac-
TOTOW YCKOPSIOIIETo I0JIi B CHHXPOTPOHE WIIM Hakomwutelne. ['abapuThl yCTaHOBKU TO TpaHcdopma-
IIUHM CBETa MOXXHO COKPATUTh B Pasbl, MPOIOPIHUOHATIBHO COKpaTuB L M R 10 HECKONBKUX cM. A CHH-
3uB paauyc opoutsl 31ekTpona R 1o 100 mxm, 6e3 u3menenus L ~ 1 M, CKOpOCTh 37€KTPOHOB MOKHO
camsutb 10 V ~ ¢(RIL)M? ~ 0,01¢ (moCTHRUMOI yiKe B SIEKTPOHHOM MyIIKE), HAMHOTO COKPATHB DHEp-
ro3aTparbl Ha pa3roH dJIEKTPOHOB, T€HEPALIMI0 MATHUTHOTO MOJISl U YMEHBIINB Ta0apHThI YCTAHOBKH.

OtMeTtuMm, 4TO Ui TpeoOpa30BaHUs YacTOTHI CBETAa B CHHXPOTPOHAX 3a CYET IEHTPOCTPEMH-
TENBHOTO YCKOPEHHS & CIABHT YaCTOThI HE MpomopioHaneH La/c’. YactoTa W JIMHA BONHBI CBETA
npeoGpasyercst o dopmyie (3.5), omraxo ar # a = VIR, u 3asucumocts L' = A(1 + La/c®) sanumercs
cioxHee [A4, A53], T.k. yroa Mexay ' u V MeHsIeTCs OT M3MEHEHHUS HallPaBJICHUs HAa HCTOYHUK A.

Puc. 3.8. Cxema OBmKEHHUS IIEKTPOHOB TI0 OPOUTE CHHXPOTPOHA
Y U3MEHEHUS HX JTy4eBOH CKOPOCTH OTHOCUTEIBHO puéMHHKa C.

13 Puc. 3.8, rae nzoOpaxeHna opOuTa 3J1EKTpOHA €, BUIHO, YTO JIyueBas CKOPOCTh (IPOSKIIMS
ckopoctu V Ha I — ny4 3penusi CA u3 npuémuuka C) paBna V.= Vsino, rae o = B — ¢. [Ipu manoctu
yriioB B U @, onuparommxcs Ha ayry AB, naiiném B~ ¢@OB/CB = @R/L. Otcioma V= Vsin[o(R -
L)/L] = -Vox/L, rae X = (L — R) — cmemenune npuémurka C ot nentpa opoutsl O anmekTpoHa. JlydeBoe
yckopenwue a, = dV /dt = -Vox/L, rae o = de/dt — yriioBast CKOPOCTb 3JIEKTPOHA, OTKY1a

f' = f/(1 + La,/c?) = f/(1 — xV4/Rc?). (3.7)

B npenensrom caygae (X = 0), ecau npuémuunk C pacmosnoxen B neHtpe opouts O, f' =1,

B apyrom mnpenenbsHOM ciiydae, eciid MPUEMHHK PACIIOIOKEH BO3JIC TPACKTOPUH 31eKTpoHa (L
0, X="-R), u B MaJioii OKPECTHOCTH TOYKH B 3TO ABMKEHHE MOXXHO CUHTATh MPAMOJIMHCHHBIM, f' =
f/(1 + V2/c?). Tlo cytn, sddexr Puria mepexoaut B Beipaxkenne monepedroro sddexra Jlomiepa, HO
ynBoeHnHo# BeauuuHbl (§ 3.6). IIpu 3TOM yacToTa MEHSETCS HE OT Bapuanuii V, a OT U3MCHEHUs Ha-
npasiieHuss CA Ha UCTOYHUK. AHAJIOTHYHBIA pe3yibTaT ciaeayeT u3 dddekra [Jomiepa B cucreme oT-
cuéra npuémuuka [A22], cMm. § 3.6. DT0 MOKa3bIBaET YaCTUYHYIO KBUBAICHTHOCTH 3 dekroB JJorme-
pa u Purna (1.16), nepexoasiux oJUH B APYToii, B 3aBUCUMOCTH OT cucTeMbl otcuéra [A51, c. 75].

B tpetbem mpenensHOM ciydae, korma L >>R (X = L), paboraer ¢-na (3.5), roe ar~a = VR,
T.K. ipu L >> R HampaBieHue Ha UCTOYHUK HE MEHSIETCS. DTOT Clydail peanu3yeTcs i 3BE3N U Ta-
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JaKTUK, TA€ paanycbl opoUT R Manbl o cpaBHeHuro ¢ paccrostaueM L 1o Hux (['maBa 1). Hambonee
o0l cirydail mpeobpa3oBaHMs YacTOTHI cBeTa paccMoTpeH B padote B.IT. 3oiotyxuna [301].

Jlist mpHaHKs SMEKTpoHaM yckoperns a; ~ +10% M/c® MOXHO TakKe TPHMEHHTE SIeKTpHUe-
ckoe mosie E, B koropom a = Ee/m (rme e/m = 1,76-10* Kn/kr — yAETABHBIN 3apsi/] JJICKTPOHA) JOCTHra-
er 10" m/c? npu cpaBHuTENBHO Mantoil HanpskéaHocTH E ~ 10° B/M. Jlts ycKopeHus HOHOB TpeGyer-
cst E ~ 10° B/M. A B oKyce 1a3epHOro my4Ka JOCTUrHYTHI 3HaueHns E ~ 10'2 B/um [104].

o
W Ry
\ 2

A
3MNeKTPOHOR R
| A =an1+La,ic?)

flnh'&'

R
(0
I

NPO3PaYHLIA  AMUTTEP NyudKa
3NEeKTPoZ

A-‘!QE

AETEKTOP UNW
CMEKTPOMETP

d 7 =fI(1+La Ic*)

ceeToduneTp
Puc. 3.9. Cxema ycraHoBKH 110 mpoBepke 3¢ dekra Puta, npeobdpasyromero yactoty csera f u
JUTUTENBHOCTH At Ta3epHBIX NMITYJIbCOB, PACCESIHHBIX YCKOPEHHO IBIKYIIUMHUCS 3JIEKTPOHAMH.

B paborax [A2, A5, A16, A35, A36, A48] aBTop MPEAIOKUI CXEMy YCTAaHOBKH IO MPOBEPKE
s¢dexra Purtna (Puc. 3.9) B Buge Bakyymuoi kamepsl (Puc. 3.10), rae my4ok 3JIeKTPOHOB MM HOHOB
B 1oJie £ moiaydaer ycKopeHue ~10"" mic?. JlazepHoe M3Ny4YeHUE C HEeCyllel 4acToTol f U AmuTenbpHo-
cThio uMmyJbca At ~ 1 1ic Gpokycupyercs Ha Mydke, MpeTepIieBas paccesiHUe Ha SJIEKTPOHAX (MK Ho-
HaX) — BTOPUYHBIX HUCTOYHHMKAX. VX u3jydeHne nmpoxoauT B Bakyyme nyTh L ~ 1 M 10 cBeTodmibTpa
(otcexkaromero cet wacToThl f) U mocrymaer B merekrop (cmekrpomerp). Ilpu crpaBemiuBocTH 3¢-
¢exra Putiia oH 3aUKCHpYyeT CUTrHAII U3MEHEHHOM ytnTenbHOCTH At' 1t gactotsl ' (3.5).

B cimyuae nmoaTrBepikIeHHs JaHHBIA METOJ| MO3BOJIUT TPAaHC(HOPMUPOBATH HECYIIYIO YaCTOTY U
KOMITPECCHPOBATH UMITYJIbCHI 0€3 pa3roHa YacTHUI[ IO OKOJIOCBETOBBIX CKOPOCTEH, T.€. IPUMEHSISI TIPO-
CTOE 000pYyZI0BaHKE NPU MAJIOM PAcXOJie SHEPTHH U MPOU3BOJIs Komipeccuto ¢ Beicokum KITJI. [leii-
CTBHUTEJBHO, TIOCKOJIbKY B JaHHOM METOJI€ CYIIECTBEHHO YCKOPEHHE H3IYYarolluX YacTHIl, a HEe MX
ckopocTb (kak B addexre Joruiepa), To npu yekopernu a ~ 101 m/c? ckopocts, KOTOpYIO YCTIEIOT Ha-
6paTh uyacTHIHI B mole E 3a BpeMs Bo3ieHcTBHsS IasepHoro mmmymbca t= 107 ¢, cocraBuT
V = at = 10% m/c, T.e. yMEpEHHYO BEIMUHHY, CPABHIUMYIO C TEILIOBBIMH CKOPOCTSIMH aTOMOB.

Kommpeccop nMIyI5COB MOYKHO BBITTOJIHUTH B BUJIE BAKYYMHOTO OaJllIOHA, B KOTOPBIA UCXOJTHOE
U3JIyueHHe 3aBOAUTCS uepe3 okHO-nuH3y (Puc. 3.10) u mpo3paunblii 31ekTpo (Takue 3IeKTPOIbI MO-
r'yT OBbITh BBIMOJHEHBI U3 MATEPHANIOB, YCTOWUYMBBIX K Ja3epPHOMY HM3JIyYCHHIO, B T.4. U3 rpadeHa).
CaeT ¢okycHupyeTcs Ha MydKe DJICKTPOHOB (MOHOB), SMUTHPYEMbIX OOKOBBIM 3JEKTPOJOM H IOMa-
JIAFOIIMX B ITOJIE OCHOBHBIX AJIEKTPOAOB, K KOTOPHIM MPUJIOKEHO MOCTOSTHHOE HAINPSHKEHUE WIIH TIepe-
MEHHOE C 4acToTo¥ f, ciemoBaHus 1a3epHBIX UMITYJIbCOB. [lociie paccesHus Ha YCKOPEHHBIX JJIEKTPH-
YECKUM IOJIEM 3JICKTPOHaX (MOHAX), M3JyYCHUE BBIXOJMT Yepe3 OTBEPCTUE WIIM CETKY BTOPOTO 3JICK-
Tpoza. 3aTeM Ha MyTu cBoOoaHOTO mpoéra L ummyise nmpeobpasyercs mo addekry (3.5), (3.6), menss
muTenbHoCTh At' v yactoTy Hecymiei f'. TIpeoOpa3oBaHHBIN UMITYJIBC BBIXOJUT Yepe3 BTOPOE OKHO
komrpeccopa. KoapdumueHT komnpeccnn § UMITyIIbca peryIupyeTcs myTEM H3MEHEHUS BEJTHIUHBI U
HarpasieHus noyisg E (T.e. ©3MEHEHUEM YCKOPEHHUs @) WM MPOJETHOM AucTaHImu L, oTnaniss win
npuOIIMKast EPEN3TY Aoy IO IIACTUHY, TACSIIy 0 H30BITOK CKOPOCTH Y JTydeH CBeTa.

npospayHeinl, KOMNPECCOP MMNYNbCOB
3NeKTPoa S

' 1 sam 1 171

MRS o]
=1 m ' L
/ 4 |

3nekTponpuBoA
BUHTOB MUKPO- x < nnacruHka-
meTpueckon nogaum 2 5 Af! =Al(1-Lalc”) nepevanyuarens

Puc. 3.10. Cxema TpancdopmMaTopa 9acTOTHI CBETA U KOMIIPECCOPA JIA3€PHBIX HMITYITBCOB.

Ecnu snexTpoabl miockue, To noje E npakTuuecku oJHOPOAHOE M 00eCIieunBaeT PaBEHCTBO yC-
KOPEHHUH y BCEX AJIEKTPOHOB JUIsl OAMHAKOBOrO Kodd¢uuumeHnta xkommpeccuu ¢. OTMeTuMm, 4to s
HKCICPUMEHTA MOKHO MPUMEHHUTH CylecTBYoIue (HoTodnekTpoHHbie kaToasl (OPOK), B Buae karoaa
U CeTKH, MOMEIIEHHBIX B BaKyyMHYI0 KoiOy. [Ipu ocBemennn kaToja j1a3epHbIM U3IyYEeHHUEM U3 HErO
BBUIETAIOT AJIEKTPOHBI, MONAJAIONINE B 3JIEKTPUUECKOE T0JIE€ MEXTY KaToaoM M ceTkoi. Ilpu Hamps-
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xenun U = 1000 B u mexanekrpoaHoM pacctossHuu d = 1 MM, 3TO TOJIe TOCTHTaeT KPUTUIECKOH Be-

mmaunsl E = U/d ~ 108 B/m JIOCTAaTOYHOM ISl HaIgKHOM perucTpanun dddexra.

vroneuarelii, KOMMPECCOP Hl\nnyanOB
3MNeKTpoa hY

anemponpu}sq,q s
BMHTOB MWKDO- Lo o . 2 nnacTuHKa
METpHYecKon nogaum =+ At' —Af( 1-Lalc ) Nepenany4arens

Puc. 3.11. Cxema KoMITpeccopa UMITYJIECOB C YCKOPSIIOIIUM 3JIEKTPOJOM-MHUKPOOCTPHEM.

Bricokux 3HaueHui E MOXXHO TOCTHYB TyTEM MUKpPOMHUHHUATIOpU3almu 1ekTpoaos (Puc. 3.11).
Tak, BO3/E OCTPHs C PaAMycoOM 3akpyrieHus I mopsaka mukpona (107° m) HanpsokéHHOCTE mOMIs
E ~ U/r nocruraer 3uauenuii E ~ 10° B/m yixe npu U = 1 B. Takum 06pazom, TpaHchOpMaTOp 4acTo-
TBl CMOXET paboTaTh OT OaTtapelku, eciu (HOKYCHpOBATH CBET Jia3epa Mepel OCTpHEM, C KOTOPOro
UAET IMHUCCHUS AIIEKTPOHOB. OCTPUE MOXKET CITY)KUTh APPEKTUBHBIM UCTOUHUKOM 3JIEKTPOHOB WII HO-
HOB 3a CU€T aBTOZJIEKTPOHHOM, aBTOMOHHON U XOJIOJHOW SMHCCHUH, HJIH OT OCBEIICHUS JIa3ePHBIM H3-
Jy4eHHeM. DJIEKTPOJl B BUAE OCTPUS MO3BOJIUT BHIMOJIHUTH BTOPOU 3JIEKTPOJI B BUC IHIUHIPA, BME-
CTO DJIEKTPOJa C OTBEPCTUEM (CETKOIA), Kpasi KOTOPOro MOT'YT MEPeH3IydaTh CBET, HEUTpaIu3ys mpe-
oOpa3zoBanue 4actoThl. DPpdexr Putna MoxkeT OBITH MPOBEPEH PACCMOTPEHHBIM CIIOCOOOM M ISl HE-

9
MPEPHIBHOTO U3ITy4eHUsI BO30YKIEHHBIX HOHOB, HOMemeHHLIX B 2JieKTpryeckoe nose E ~ 10 B/wm.
/" =ff|1+La, 1c? 10" Ty
-3

Lo L=09m,
f=5x10"Ty

-1

4.5 -1 0. \‘\f x10° BLM

3 2 -1 0 1 2 a,x10"wmc

Puc. 3.12. I'paduk u3MeHeHus 4acToTsl ', mpeoOpa3oBaHHOl 110
s¢dekry Putna, B 3aBcHMOCTH OT 1103151 E M yCKOpEeHUs 8, SJIEKTPOHOB.

B paccMoTpeHHOM BbIlIe CXeMe YCTaHOBKH 1o npoBepke 3¢ dekra Purtia (Puc. 3.9, Puc. 3.10)
usMeHénHas Jactota f', kak BuaHo u3 (3.5), 3aBUCHUT OT Jy4eBOro YCKOPEHHS 3JICKTPOHOB &y, T.€. OT
yekopstiomtero monst E. Tlpn a, = -¢?/L gacrota f' crpemures k 6eckonednoctn (Puc. 3.12), u manas
Bapuaius ar, Npu u3MeHeHuu E wm L, BbI3bIBaeT ruranTckoe u3menenue f'. DTo oTkpeiBaeT mpocToi
croco0 MepecTpOMKH YacTOTHI CBETa U3 ONTUYECKOTO B Y-, peHTTeHOBCKHI U TaMMa-nuana3oH. [lpu
oOpaTHOM 3HaKe E; 1 ar yacToTa CHUXKAETCs, YTO MO3BOJIUT MEPEBOAUTH ONTHYECKOE U3IyYCHHUE B UH-
(dpakpacHoe u TeparepuoBoe. B pamkax oOmieii Teopun otHocutenbHoctd (OTO) yckopeHue Toxke
BeIET K Bapuaruu 4yactotbl. Ho miist paccmorpennoi cxembl OTO He nmpeicka3biBaeT CABUTA YaCTOThI
(3.5), T.x. I X co3AaHUs MIPUEMHHUK U3ITYUCHHUS JIOJDKEH YCKOPSITHCS BMECTE C UCTOYHUKOM.

Oddext Puria otimuen u ot 3¢ dekra [lomiepa, He MEHSIOIIETO YacTOTY CBETAa, MEPEU3TyUEH-
HOT'O B IIPSIMOM HAIIPaBJIECHUH. A CKOPOCTH, MPHOOpPETaeMble YaCTUIIAMHU 32 BPEMS JIa3ePHOT0 UMITYJIb-
ca At~ 107" C, coctaBiar V = a,At ~ 10° Mm/c, T.€. HEAOCTATOUHBI IS AOILUIEP-TPaHC(HOPMAIIMH YACTOTHI
CBETa B pasbl WM reHepauuu Y ®P- U peHTI€HOBCKMX KBAHTOB TOPMO3HOI'O M3IyuyeHus. ['eHepanus
Iy4Ka JICKTPOHOB U TOJIs E KOPOTKUMU UMITyJIbCAMH CHHXPOHHBIMH C JIa3€PHBIMH (C [UTUTEIBHOCTHIO
~107%-107% ¢), COKpaTHUT 3aTpaThl JHEPTUU HA HIMUCCHUIO, PA3TOH YaCTHUI[ U YIIPOCTUT CXEMY T'€HepaTo-

pa BBICOKOTO HampsikeHus. UM MOXKeT cTaTh PICKpOBOI/I paspsanuk, Tpancopmatop Tecna u T.11.

AL .w =af|1+La /¢’ |
MEM *
o #=700 Hm

1018 7 \[=1nc

0,51

0,0 ‘ i : :
0 05 F10 15 2,0

Puc. 3.13. I'paduk u3MeHEeHUs! JUTUHBI BOJHBI A' U JUINTEIBHOCTH UMITYJIbCA
At' o s dexty Putia, B 3aBUCHMOCTH OT pacCTOsTHUS PHEMHKKA L.
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['naBHast ocobeHHOCTh 3 dekTa Purna — 310 3aBHcuMOCTh (3.5) 4aCTOTHI, AJTHHBI BOJHBI M JIJTH-
TENLHOCTH MMITYJIbCa CBETa — OT AMCTaHUUM L, mpoiineHHoit ceerom B Bakyyme (Puc. 3.13). Ananus
ATOM 3aBUCUMOCTH TIPH BapHarusax L — 3To ocHoBHO# KpuTepuii mpoBepku ddexra Puria.

Emg ogaum kpurepuem ciayxut aHanu3 3aBucumocts f' ot yrna 0 (Puc. 3.9), mox xoropsim pe-
THCTPUPYIOT u3nydenue. [lockonbky ¢ dekt Puria (3.5) 3aBUCHT HE OT MOyl YCKOPEHUS &, HO OT
€ro MPOEKLUH 8y = -aC0SO Ha JIy4 3peHus I, TO I HETO JOJDKHA BBITOIHATHCS 3aBUCUMOCTh

f'= . . (3.8)
La
‘1—20056
C

B monspubIx KoopauHaTax 3aBUCHMMOCTh (3.8) cooTBeTcTBYyeT KOHMYecKuM ceueHusM (Puc.
3.14), a mapamerp ¢ = La/c? — ux sxcuentpucurery. Ilpu € < 1 310 smanc (a B 06bEMe — IUIHICONT)
¢ ¢okycom B nosroce (nctounuke). [Ipu kpurryeckoM € = 1 3JUTUIIC BRIpOKIACTCS B mapaboiy (mapa-
Oosoun), a MakcuMaiibHas yactota f' crpemutcst k 6eckoneunoctu. [pu € > 1 3aBucumocts (3.8) co-
OTBETCTBYET BETBU TUIEPOOJIbI (TMIIEpOOIONY), M YacTOTa 0OpaIiaeTcss B 0ECKOHEUYHOCTh B HAIPaB-
nennu 0p = arccos(c?/La) acumnToT rEnepGoIIBI ¢ IKCIEHTPUCHTETOM €. B mpenenax |0] < 0o, rae 3Ha-
MEHaTeb OTpHLATEICH (T.K. 3a7Hue (PPOHTHI OOTOHSIOT TMepeaHue), 0epEéTcsi MOIYIIb YaCTOTHI: 3aBH-
CHMOCTB U300pa3uTCsi BTOPOH, HO 3epKaJIbHO 00paIIEHHOI (OTHOCUTENIBHO IOJI0CA) BETBBIO THIIEpOOo-
761, [TOCKOJIBKY TOMCOHOBCKOE pacCessHHOE M3ITyYCHUE JTMHEWHO IMOJIIPU30BaHO, TO TOJIYYCHHOE TPH
TpaHcopMalMu H3TyYeHUE TOXKE OyAeT JTHHEHHO MOJSPU30BaHHBIM, 0COOCHHO MPU OOJBIINX YIiax

0. 310 OTKpBIBAET MyTh F'€HEPALIUH MMOSIPU30BAHHBIX PEHTTEHOBCKUX U TaMMa-ITy4KOB.

£=10

Puc. 3.14. Yrnosas 3aBucumocts yactotsl f'(0), mpeoGpazoBanHoi
s dexrom PuTIa, Npu pasHBIX 3HAYCHUSX mapamerpa € = La/c?.

['maBHOE OCTOMHCTBO 3 dekTa PUTIIA COCTOUT B BO3MOXXHOCTH HEOTPAHHUEHHOTO CHKATHUS JJTH-
TENBLHOCTH UMITYJILCOB At' (3.5) 1 moBbImIeHHsT UX MHKOBOM MorHOCTH P (3.6). DTO crenyet U3 oHO-
BPEMEHHOT'O COKpPAIECHUs UTUTEIHPHOCTH UMITYJIbCa U JUTMHBI BOJHBI, TIEPHOA CBETOBBIX KOJICOAHMM
(Puc. 3.13), ¢ mponoOpHHOHAIBLHBIM YIIUPEHHEM CriekTpa. T.e. IUTEIbHOCTh MMITyIbca At', orpaHu-
YCHHAsl CHU3Y MEPHOJIOM CBETOBBIX KosieOanuili T' u oOpaTHo# mupuHoi criiektpa 1/Af' [104], moxer
CTaTh CKOJIb YIOAHO MAJIOi, a HHTGHCHBHOCTB — CKOJIb YTOHO BICOKoil. B Touke F, rae L = c%/a (r.e.
€ = 1) peanmusyercs abcomoTHas (a3oBas GOKyCHPOBKa, T.€. BOJHOBBIC (PPOHTHI, HCITYIICHHBIC B pa3-
HBIC MOMEHTBI, IPUXOAIT K MPUEMHUKY OJTHOBpEeMEeHHO. [IpH 3TOM Jla3epHOE H3ITyueHHE OCTaETCsT MO-
HOXpPOMATUYHBIM B cuily moctosincTBa oTHomeHus: f'/Af' = f/Af. [Ipu HeorpaHMYeHHOM COKpalleHUN
JUTMHBI BOJIHBI A', TIPH TIOCTOSIHHOU areptype D, 6eckoHeuHo yMeHbInaeTcs 1 1u(ppaKkIMOHHAS PacXo-
JUMOCTh mydka 6 ~ A'/D, T.e. BO3MOKHA peanu3anus aOCOIIOTHO HE PACXOSIIUXCS MyYKOB, TPUME-
HUMBIX, HalIpUMED, JUIS TajdbHEeH KOCMHUUYECKOM CBsI3u. HeorpaHnueHHOE C)KaTUE UMITYJICOB U OECKO-
HEYHBIH POCT X MUKOBON MOITHOCTH P' CTaHOBUTCS TaK)Ke BO3MOYKHBIM 32 CUET MPEOOPA3OBAHMSI FIM-
MyJCOB B BaKyyMe, a HE B cpelie, I/ie TpeieibHass MOITHOCTh UMITYJIbCa OTPaHUYCHA HETMHEWHBIMU
a¢dhexkTamu, TOTIONICHHEM U TPOOOEM CPEIbI IO JCHCTBHEM MOIIHOTO JIA3EPHOTO M3TyUCHHS.

Ecnu st ynpouieHus cC4uTaTh UMITYJIbC HANIPSDKEHUS M UMITYJIBC JIA3€PHOTO HCTOYHHUKA TIPSIMO-
YTOJIBHBIM, TO BPEMEHHYIO CTPYKTYypy HAYaJbHOTO M KOHEYHOTO MMITYJIECA W YUPIT YACTOTHI MOYKHO
npeaCTaBuTh cieaytommm odpasom (Puc. 3.15). Bumgno, uro B pamkax CTO uUMIyNIbC IUTETBHOCTH
At = t)— t; 1omKeH UMEeTh COBCeM WHYIO (hopMy, 4eMm cienyetr u3 Oammuctudeckor teopun. B CTO
U3MCHEHHE YaCTOThI YHUCTO JOIUIEPOBCKOE (OT HAPACTAHUS CKOPOCTH BO3HUKAET YMPIT YACTOTHI), M IIPU
yKa3aHHBIX BBIIIE Mapamerpax jgocturaet 3Hauenus Afy=fV/c = faAt/c = fEeAt/mc ~0,003f. A 8 BTP
Opyd  TeX JKE TMapaMeTpax CIOBHI YacTOThl MOXET OBITh HAMHOrO 3HauuTedbHed Af = -
frar/cz =fEe/mc*~f. A MpH  KPUTHYECKOM 8y = -c’/L  Bo3MOKEH pPOCT dYACTOTHI Ha TOPSJIKH
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Af, = f/[1 + ra,/c?] - f. TIpu 5ToM 10 3bdexTy Purna naTeHCHBHOCTS |' IpeoGpasyercst B TOI ke Ipo-
MOPLKH, 49TO ¥ YacToTa f', T.e. ¢ kospduuuenToM Kommpecenn g = 1/[1 + ra,/c’]. B cuny 3akoHa co-
XpaHEHUsI SHEPTUU B uMmIylsbce miomanp nox kpueoit I'(t) m f'(t) mpu nrobom mpeoOpazoBanmM
YacTOTHl JOJ/DKHA OCTaBaThCS HEM3MEHHOW W paBHO#M HadanpHO#M twromamu I(t) u f(t). Ilocme
OKOHYaHHUsSI UMITyJIbCa WHTCHCUBHOCTh M3JIy4YCHHUS BOCCTaHaBIMBaeTCs Ha ypoBHe |. [lpu aTom mpen-
M0JIaraeTcsl, 4TO 3a BpeMsl JCUCTBHS MMITYJIbCa HAMPSDKCHUST M UMITYJIbCAa CBETA JICKTPOHBI HE YCIIe-
BAIOT MOKHHYTH 00/IACTh OOIYdIEHHS Ta3epHBIM HCTOYHHKOM. [IpH JUTHTENBHOCTH HMITysTbca At ~ 107
C DJEKTPOHBI JaKe IPH OKOJOCBETOBOM ckopocTH V ~ 10% wlc MPOXOAAT JIUIIbL MaJbId TYTh
AL = AtV ~ 107" m, He ycrneBasi BRIMTH U3 001acTu o0mydeHus. OQHAKO MOCTETIEHHO paHee YCKOPEH-
HbBIC AJIEKTPOHBI BCE )K€ BBIXOJAT U3 00JacTH OOJIy4eHUsI, COOTBETCTBEHHO CBET IMEpeu3IydaeTcsi 00-
Jiee MeIJICHHBIMH 3JICKTPOHAMH, CBET OT KOTOPBIX IPUXOJIUT C OOJIbIICH 3aepKKOI, COOTBETCTBEHHO
Ha XBOCTE MMITyJIbCa HAOJFOIACTCSI KPATKOBPEMEHHOE CHMYKEHHE MHTEHCUBHOCTH (KOMIICHCHPYIOIIEe
U30BITOK MHTEHCHBHOCTH TOCIIE MPEKpAIeHHsT HMITYJIbca), TIOKa B 00JIaCTH OOJTy4eHHsI HE OCTaHyTCS
TOJIBKO AJICKTPOHBI, HE MCIBITABIINE ICHCTBUS MOJIsI, HHTCHCHBHOCTh CBETA OT KOTOPBIX Jaliee MOCTO-
ssHHa U paBHa |. [Ipu 3TOM TOXE BBIMOJIHACTCS 3aKOH COXPAHCHHS YHEPTUH, Aa0bl TUIOMAAb MO KPH-
Boii I'(t) ObLIa paBHA IUTOINAAM 10 KPUBOIM HCXOAHOTO uMITyibca |(t).

Vi —— (1) ~f —fi(1)
E g= I @ mami
f __——g___ flr) f f 0. _”f::
‘f | e : f.lf o ! !
[':I "? ot s | f1 lrz I n
'y A I
fio6l T oe
= i
irtrle itgrlc t+rlc |ttric
| W'l 3 kol o
i A B, t
p / |/E_" 5. VA o
. Y
I R4 tHr/(ctvtar/e)
11-2'—.!')"(‘ {:3+f'f({,‘+{u'?¢) 1+r/(cty) t
Y "i/ELV? 2. Y] =
Av’.- !J' !'1+f1'{((+1+a-ffc]
tHrle trrl(crarle) t+r(c+y) r

Puc. 3.15. IIpeoOpa3zoBaHue 9acTOTH U3Iy4YeHUs B TpanchopmaTope Putma. CieBa — 111 HempephIB-
HOTO M3JTy4IeHHUs + UMITYIIbChl Hanpspkenus E(t). a) HauawibHbIA CHUrHAI Cpa3y MOCiIe epen3IIydcHHs,
6) Ha paccrosiauu I o CTO, ¢) Ha pacctostHum I o BTP, 1) To ke mpu v ~ ¢ u fAt ~ ¢. Cripasa — 10
Ke, HO /ISl IMITYJIbCHOTO M3JTydYeHHMs. 0) HadyalbHbIH CUrHal, €) Ha paccrosituu I mo CTO, orc) Ha pac-
crostaud I o BTP, 3) To ke B peIsITUBUCTCKOM citydae, pu V ~ € u fAt ~ c.

B ciryqae Habopa 35eKTpoHaMU PESITHBUCTCKUX CKOPOCTEH KapTHHA MPeoOpa30BaAHUS HMITYJIb-
ca yCIOXHHUTCS, B TOM 4YHC/Ie B CUTy yciaokueHus ¢popmysl (1.16), mockosbky B popmyie (1.12) cie-
€T yKe y4ecTh u3MeHeHue ckopoctu C' = € — V. OTkyna 6omee Tounas hopmyina

V, LA
c-V; (c-V; )2
naéT ciaenyrolly kaptuHy tpanchopmaruu uMmyibca (Puc. 3.15). T.e. Ha KOHIIE UMITYJIBC CXKAT B
MEHBIIIeH CTENEHH, YeM B Havae.

OneHrM MOIIIHOCTH MPEe0O0pa30BaHHBIX UMIYJILCOB. Eclii MCX0mMHOE M3NTydeHre 001agaeT MOIIl-
HOCTBIO Pp, TO MOIIHOCTH PacCestHHOrO SJIEKTpOHAMM H3jIydeHHs cocTaBuT P = Po(l-€7) = Por =
PoNotX, rae T = Notx << 1 — omrtuyeckasi TOJIIa CI0s AJIEKTPOHHOTO my4dka, N — KOHIIEHTpaIus B HEM
951eKTpoHOB, X =~ 0,001 M — TOoNmMHA MydYKa, OT = (87t/3)r02 ~ 6,6510%° Mm% - 3¢ GEKTUBHOE CCUCHHUE
TOMCOHOBCKOTO paccesiHusl, Iy — KIaCCUYECKU paanyc deKTpoHa. [Ipu KOHIEHTpaIlMK SIEKTPOHOB
N=10% m3 [302] (mocTmkumoii mpu GOTOIMUCCHH JTA3€PHBIM UMITYJIHCOM U3 (DOJIBIH WIIH B IyYKax
B3PBIBHOM 3MIEKTPOHHOIT sMucenH, ¢ ummyabcamu ~100 nc [303]), monyunm P ~ Po-107. [lpu cxaruu
uMIyascoB B 10° pa3 u Beime, u3 (3.6) BBITEKAST BO3MOXKHOCTH IeHEPAILMH HMITYJIbCOB IaMMa-
U3ITy4YEHUSs C IMMKOBOW MOIIIHOCTHIO PABHOM, WM BBIIIIE UCXOTHOM: P' ~ P.10° ~ Po.

TakuMm 06pazomM, yJacTcsi TeHepHUpOBaTh MOHOXPOMATHUYHOE PEHTIC€HOBCKOE U raMMa-u3J1ydeHue
MepecTpanBaeMO YacCTOThl C MUKOBOW MOILIHOCTBIO 110 10" Br (muKoOBasi MOIIHOCTh METAaBATTHOTO
nasepa), HO Manoil wmrensHocTH At' ~ 107 ¢. Takke BO3MOXHO CO3/[aHHE IIYYKOB KOTEPEHTHOTO
PEHTTEHOBCKOTO M TaMMa-U3ITyueHUs] CO CBOMCTBAMHU JIa3ePHOTO M3NIy4YeHHs. B cirydae BBICOKOU Of-
HOPOJIHOCTH 3JIEKTPOHHOTO Iy4Ka U mojis E, mapamienbHblil J1a3epHbl My4YOK, MPOiasi CKBO3b AJIEK-
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TPOHHBIN MyYOK, KOTEPEHTHO PACCEeTCs JICKTPOHAMHU B MPSIMOM HAMpPABICHUU B TAKOW ke mapa-
JIENBHBIA CBETOBOM IMy4OK, IIpeoOpasyemblii o 3dpdexry Purma. s 3Toro ciemyer UCKIIOUYNATh Ma-
JICUIITEe HEPOBHOCTH BOJIHOBBIX (DPOHTOB, HANPHUMEP, C MOMOIILI0 METOIOB KOPPEKIIUU BOJHOBOTO
¢ponra [292]. Mnaye npu cOmmkeHrn GPOHTOB 10 PACCTOSHUA A' << A, MaJible HEPOBHOCTH (PPOHTOB
NPOSIBATCS B BUJIC BapHALIMi JITMHBI BOJIHBI BJIOJIb (PPOHTA.

OTmeTuM, 9TO UICATBHO OJHOPOJIHOE TOJIE CO3AaTh CIIOKHO, TTOCKOJIBKY B OJHOM M3 3JIEKTPO-
JIOB c7ieslaHO OoTBepcThe (CeTka) JUIsl M3JydeHHs, a DJICKTPOHHBIN My40K CO3/1aET COOCTBEHHOE HEO/-
HOPOJIHOE TI0JIe, HAJIOXKEHHOE Ha BHEITHEE M CO3/arollee HEOTHOPOAHOCTH KOHIEHTPAIMH SJIEKTPO-
HOB. UTOOBI BCE AJIEKTPOHBI MPEOBIBAIA B OMHAKOBOM Tojie E u oOperann ouHAKOBBIC YCKOPCHHS,
AIIEKTPOHHBIN MYYOK cliefyeT (OKYCUPOBaTh, B Ty K€ TOUKY (OKYCHUPYS JTa3epHBIH MydoK. ITO 0bec-
MEYUT OJMHAKOBOE MpeoOpa3oBaHUe YaCTOTHI M3IyYEHHUs BCEMH JJIEKTPOHAMH, HO paccesHue Oyaer
y’)K€ HEKOTEPEHTHBIM W HEHAIpaBJICHHBIM. B 3TOM cily4ae MOIIHOCTh PAacCEsSHHOrO CUTHANA, MOCTY-
nmaromas B TenecHsiit yroa Q = nR¥/L? (8 aneprypy aerekropa pamuyca R), cocTaBut

Pqo = PoNxQdo/dQ, (3.9)

rae do/dQ = o1(3/16m)(1 + c0s%0)— muddepeHImanbHOe cedeHne TOMCOHOBCKOTO paccesiaust. Ipu 0 =
0°, R/L ~ 0,05 u tex e mapameTrpax moaydum Pq ~ Po-107%. A momHoCTS cHrHana, perucTpupyemas
JIETEKTOPOM, Tocje mpeodpasoBanus 3pdexrom Purtia, cormacuo dopmyiie (3.6), cocraBut

P _p 3No xQ 1+cos®0
1+Lla /c® ° 16m 1-gcos6’

Po (3.10)

Ha Puc. 3.16 npencraBiieHbl AuarpaMMbl HAIPABICHHOCTH H3JTyYCHHUS MO SHEPTUH HMITYJIbCa
(mponoprroHanbHO# Pg), m 1o ero nukoBoii MomHOcTH Po' (3.10). Ilpu € < 1 mMakcuMyM MUKOBOIA

MOIIHOCTH JOCTUraeTcs B mpssMoM Hampasiaeauu (0 = 0°), rae makcumaibia yacrora (Puc. 3.14).
60"
00" 30

Lale™=08
150

180

210

270

300 330
Puc. 3.16. /IuarpamMmma HanpaBICHHOCTH PACCESIHHOTO M3JIY4SHHUS [0 SHEPTHU UMITYIbCOB (MM MTHUKOBOI

MOIIHOCTH P B MOMEHT paccesHus) U M0 MIMKOBOM MOIIMHOCTH Pg', n3MeHEHHOM pUTI-3)HEKTOM.

DKCIEPUMEHT, 0TYACTH HAIIOMUHAIOIINI paccMoTpeHHbIH, emé B 1950 r. manupoBan akaaeMuk
C.W. BaBunos, uMesi B BUAY KakK pa3 MPOBEPKY OaNTMCTHYECKOW TeopuH. bynyuum muoHepom Henu-
HeliHOW onTukd, B 1942 1. OH 3aMHTEpecOBaJICS TpaHCHOPMAIUCH ONTHYECKOTO CIEKTpa B BaKyyMe
[101], ananoruyHOrOo KpacHOMY CMEIICHUIO B CHekTpax rajaktuk (8 1.2). BaBuwiioB oTMETHI, YTO
«DKCTIEPUMEHTAIIbHBIC MOMBITKU (0€3 KaKuX-JIM0O CephE3HBIX OIMBITHBIX MM TEOPETHYSCKUX OCHOBA-
HHIi) BIMATH CHJIOBBIMHU TOJISIMH Ha YacTOTYy CBETOBOTO IOTOKA, HaunHaromuecs ¢ Papanes u npo-
JoJpKaronecss 10 mocienHero Bpemend [304], HUKAKOro MOJIOKHTEIBHOIO pe3yjibTaTa HE Jayin»
[101, c. 133]. B GayuiMcTHYECKO# TEOPUH 3TH OCHOBAHHS MOSIBIJINCH. BaBUIIOB NPESIOKUIT MOy -
pOBaTh CKOPOCTH ITydKa MOHOB, MEHSISI BEIMYMHY YCKOPSIOIIETO TOJsI, W MPOBEPHUTH IMPEICKa3aHHOE
Teopueil Putna nsamenenue ¢asbl u, ciaenoBaTeIbHO, YaCTOTHl MOAYJIMPOBAHHOIO CBETOBOTO CHUTHANA
[8]. Onnako cmepts BaBuiosa B 1951 r. momeriraiga eMy IMOCTPOUTh YCTAHOBKY M OCYIIECTBHUTD JKCIIE-
pumeHT. Ero yuenuk A.M. bonu-bpyeBud Tak BUIOM3MEHUII CXEMY OIIbITA, IPUMEHUB B Ka4ECTBE UC-
TOYHUKA JBIXKyIKecs kpas CojHIla, YTO HE TOJILKO HE MOIJIM Ha0Jl01aThes MpeickazaHHble BaBuiio-
BbIM 3(h(heKThI, HO U OaILTHCTHYECKAsE TEOPHUS HE MOTJIa OBITh IPOBEpEHa OJTHO3HAYHO [27].

8§ 3.5. Appekm 2eHepayuu 2apMOHUK rnpu MOJYJISIUUU CKOpPOCMU ceema

DJeKTPOHBI, aTOMbl ¥ HAHOYACTHUIIBI MOXKHO TaK)Ke YCKOpsATh AaBieHuem ceera p = 2l/c (Puc.
3.17). OHo coobaer yactuue paxayca r ~ 107 M, mwiotnoctn p ~ 10% kr/v® u macest M = 4nr®p/3, ye-
xoperne a= prr’/M ~ l/pcr ~ 10" m/c? yxe npu unrencusHocTH cBeta | ~ lo ~ 10™ Br/em?, noct-
KUMOH B (DeMTOCEKYHIHBIX uMITyibcax [104, c. 12]. ®deMTOCEeKYHAHBIC MMITYJILCHI CIIOCOOHBI YCKO-
PSTh TaKXKe AJICKTPOHBI MOCPEACTBOM MOHAEPOMOTOPHOW CHJIBI (ICUCTBYIOIIEH MPH PEISTUBHUCTCKUX
CKOPOCTSX), MMOJIEM KKHJIbBATECPHOW» BOJHBI B Iutasme | T.1. [104, ¢. 165]. B Takom ciyuae asepHoe
U3JTydeHHe, YCKOPSIS YaCTHIIbI, IIEPEU3TydacTCs UMHU | Jajiee mpeodpasyercs mo 3ddekry Purna.
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JleiicTBuTeNnpHO, B OMNBITaX HabOM0JaeTcs NpeoOpa3oBaHUE (PEMTOCEKYHAHBIX JIa3epPHBIX HM-
MyJICOB ONTHUYECKOTO JMara30Ha B aTTOCEKYHIHBIC UMITYJIbCHI PEHTTEHOBCKOTO IWAra30Ha, MOCIe
paccestHusl (PeMTOCEKYHIHBIX UMIYJIBCOB Ha 3JIEKTPOHAX, YCKOPEHHBIX Jia3epHbIM uMITyibcoM [305].
Dddekt uHTEPIPETUPYIOT KaK JOIUIEPOBCKHIA POCT YaCTOTHI NMPH OTPAKEHUH HUMITYJIBCOB «3JIEKTPOH-
HBIM 3epKaiiom». OJJHaKO 3TO MpeoOpa3oBaHUE MOXKET OBITh TAKXKE Pe3yJIbTaTOM W3MEHEHHH YacTOTHI
apdexToM PHTIA, YTO JIETKO yCTaHOBHTH, MPOBEPUB BBHITIOJTHEHUE B JKCIEPUMEHTE 3aBUCHMOCTEH
(3.5-3.10), koTOpBIEC HE MPOSBIISIOTCS PHU TOIIEPOBCKOM IPEOOPa30BaHUH YaCTOTHI.

[TockonbKy B UMITyJIbCE OT M3MEHEHHWS! MHTCHCUBHOCTH | TI0 BpeMeHHM MEHSIETCS U YCKOpPEHHE
a~ l/pcr, To pa3HbIe YaCTH UMITYJIbCA C)KUMAIOTCSI B Pa3HOM CTEICHH: MbEISCTAl UMITYJIbCa, TAE WH-
TEHCHBHOCTh M3JIyYCHHS Maya, MPAaKTUYeCKH He CokuMaercs. [103Tomy, CTporo roBops, UMITYJIbC CO-
XpaHseT MPEXHIOKW JUTUTEILHOCTD, M JIMIIb 3A0CTPSETCS — CKUMAETCs ero BepiuuHa (To ke camoe
MPOUCXOUT MPU YUPI-KOMIIPECCHH), BILIOTH JI0 ATTOCEKYHHOM ATHUTEIbHOCTH.

Ha BepuivHe umiyJibca, riie MHTeHCUBHOCTH nocTosinHa (d1/dt = 0), naBieHue cBeTa TOXE MEHSI-
eTcst, ocumuupyet. OOBIYHO JTaBJICHUE CBETa HA YacTHIly Tpu | = CONSt cuMTaroT MOCTOSIHHBIM, BBUY
YCpEIHEHUsS] IO BPEMEHHM M MOBEPXHOCTH MakpooObekToB. Ho juIst "acTuil pazMepom MeHee A cuiia
JIABJICHUSI CBETa OCIMIUIMPYET Ha yABOCHHOW vactoTte f konebanuii cBeroBoro mois. IlepemenHoe
JIaBIICHUE, MOJLYJIMPYsl yCKOpEHHE a yacTull u BennyuHy ¢ dexra Putna (3.5), nckaszut npodpuns pac-
CCSIHHOM BOJIHBI, (GOpMHUPYS HeUETHBIC rapMOHKMKH Hecymier yactotsl f [A13]. ITpu | ~ Iy MorHOCTH,
3akirouéHHbIe B rapmonukax Hf u ucxoqnom msnmydyennu dactotsl f — comocraBumel. [leiicTBUTENBHO,
TapMOHUKH PETHCTPHPYIOT B TEHEpAaTOpaxX aTTOCEKYHIHBIX UMITYJIbCOB, Iie B (hOKyce PeMTOCEKYH/I-
HOTO Jla3epa aTOMbl M HAHOYACTHILIBI MO JCHCTBHEM CBETOBOI'O JABJICHUS MOJIYYarOT YCKOPEHHS 10
107 wm/c? [104]. T.e. uMITyIbCBI PEHTIE€HOBCKOTO M3IYUYCHHS aTTOCEKYHIHOW TUTEILHOCTH MOTYT
ObITh IpeoOpa3oBanHbIME 10 3 dekTy Putna (3.5) peMToceKyHAHBIMU ONTHYECKUMH UMITYJIbCAMH.

PaccmoTpuM reHepaiiio rapMOHHK, COOTBETCTBEHHO, B 3JICKTPUYECKOM M MAarHUTHOM TTOJISIX

Ex(t) = Eosin(wt) u By(t) = Bosin(wt)
JIMHEWHO TIOJIIPU30BAHHOW BOJIHBI C IMKJIMYECKON Y4acTOTOW ®. BpemeHHAs 3aBHCHMOCTH critbl Jlo-
penna F;,— naBneHus cBeTa Ha YacTHILy paanyca I' i IPOBOAMMOCTH G 3aJlaHa BBIPAKCHUEM
Fa(t) ~ rj()B(t) = r’cEoBo[1 — cos(2wt)]/2. (3.11)

Kax Bumgno u3 (3.11), F, 6s1cTpo MensieTcs ot ocrunsinuii noist By(t) u mnotHocTH TOKA jx(t) = GEL(T)
B YAaCTHUIIE, MOJYJIMPYS C 4acTOTON 21 e€ yckopenue a; = F,(t)/M. Toraa npoduiab BOIHBI, TEPEU3Iy-
YEHHOM 3JIEKTPOHAMHU MPOBOAMMOCTH (Y KOTOPHIX B (hase ¢ mojem |Ey| MeHseTCs I0THOCTh TOKA |jx| H,
COOTBETCTBEHHO, CKOPOCTH V;), UCKa3uTcs, mpuodpets popmMy OIM3KYIO K UMITYJIbCaM THIIA KMEAHIP»:

Ex'(t) = Eo[cos(wt) — cos(3mt)/3 + cos(5mt)/5 - ...]; (3.12)
a y BOJIHBI, MIEPEU3TyIEHHON CBSI3aHHBIMU 3JIeKTpoHaMu (y KOTOpBIX B asze ¢ Ex MeHseTcs cMmenieHne
X ¥ B IpOTHBO(a3e — yCKOPEHHUE 8y),— GopMy OJIM3KYIO K TPEyroibHbIM UMITyIbcaM (Puc. 3.17):

Ex'(t) = Eo[cos(wt) + cos(3wt)/9 + cos(bwt)/25 + ...]. (3.13)
T.e. ciekTp 00pa3ylOT HEUETHBIC TAPMOHHUKH YacTOTHI f, BILIOTH 10 TAPMOHUK YacTOTHI fmax, CHHTE3H-
PYIOIIUX CaMbIid OCTPBIN WM KPYTOH ydacTOK Mpoduist. MomHOCTh 60j1e€ BRBICOKMX TAPMOHHK Maja.

B ombITax cnekTp aTTOCEKyHAHBIX UMITYJIbCOB, FTEHEPHUPYEMBIX (PEMTOCEKYHTHBIMH UMITYJIECAMH
B CTpy€ rasa WiIH IpH aOJIAUU TIOBEPXHOCTH, 00pa30BaH MMEHHO HEUETHRIMU rapMoHuKamu [104]. 3a
PE3KUM CIaJI0M MOIIHOCTH MEPBBIX FAPMOHMK HAET MEIUIEHHOE YOBIBaHHE — «IIIaTo», M0J00HOE
aCHUMITTOTHYECKOMY yObiBaHHi0 1/H rapMoOHHMK «MeaHapa» ¢ 0OpbIBOM Ha 4acToTe fmax. Peammzariuio
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JTAHHOTO MEXaHM3Ma MOKHO MPOBEPUTH, U3YUHMB 3aBHCUMOCTb CIEKTpa MMITYJIbCOB OT TUCTaHIUH L,
HaparuBaromiei otkiaonerus Ey'(t) ot rapmonndeckoro 3akona. JlefictBurenbHo, 3aBucuMoct (3.12)
u (3.13) npubmmxénHo otpaxaroT Gpopmy rpaduka E,'(t), korma amMmumTyaa ycKOpeHHs paccerBaro-
IIMX YacTUI] Oiu3Ka K Kputudeckor a = C°/L. [Ipy MEHBIINX MHTCHCUBHOCTSAX UCKAKCHUS MEHbBIIEC U
MOIIIHOCTH rapMoHHK Hipke. [Ipu pocte L oTkiionenus rpaduka E,'(f) o rapmonmyeckoro pacryrt, u
MOIIIHOCTH BBICIIMX TapMOHHUK HapacTaroT. ITOT 3((PEKT aHAIOTHUEH KIUCTPOHHOMY (mpeobpa3oBa-
HHUE UCXOJHON 4acTOThI, C KOTOPOH MOJYJIUPYETCS CKOPOCTh IMOTOKA 3JIEKTPOHOB, B CIIEKTP F'APMOHUK
[67]) u moTomMy MOXeT OBbITh PACCMOTPEH MAaTEMATHYECKH C MMOMOIIBIO aHAIOTMYHOT0 MaTarnapara.

D¢ dexT u3MeHeHus CIeKTpa aTTOCEKYHIHBIX UMIYJIbCOB B 3aBUCUMOCTH OT IPOIIEHHOTO CBe-
tom myTH L, o6HapyskeH Ha ombite [306, 307]. OmgHako 3TOT 3G heKT HHTEPIPETUPYIOT KaK Pe3yIbTaT
npoctpancTBeHHO# cenekuun rapmonuk [308]. Cormacuo moxpenu I1. Kopkyma, pasHble rapMOHHKH,
OTBEYAIOIIIUE PAa3HBIM TPACKTOPHUSM DIIEKTPOHOB, U3IYUYArOTCS B pa3HBIX HampaBieHusx. [loatomy npu
OTAAJICHUH OT UCTOYHUKA B CIIEKTPOMETP NPEHMYILECTBEHHO ITOCTYMAIOT (IPOCTPAHCTBEHHO CENCKTH-
PYIOTCSI) TApMOHUKH, U3JTy4€HHBIC B MPSIMOM HAMPABJICHUH, TOTJA KaK TAPMOHHMKH, M3JTyYEHHBIC MO
OONBIIMME YTJIaMHU WK ¢ OOJbIICH YrIIOBOW PacXOIUMOCThIO, YACTHYHO OTCEHBAOTCS, UTO MOITBEP-
JKIAaeTCSl N3MEHCHHEM CIIEKTpa MPU M3MEHEHHH auameTpa auadparmel myuka [306, 307]. IIpoBepuTs,
KaKoil M3 MEXaHW3MOB TpaHCPOpMaLuu crekTpa 3((HEeKTUBHEH, MOXKHO, U3yYUB XapaKTep pocTa MH-
TEHCHBHOCTH BBICHIMX TAPMOHHUK TIPU OTAAJICHUU CIIEKTPOMETpa OT UCTOYHHUKA, MPEICKa3aHHbINA 0aj-
JUCTUYECKON TeopHuel. J[pyrum kputeprueM MpoBepKH MOCIYXKHUT HCCIeI0BaHUE Bapualuii CIIeKTpa B
XO0J/ie TPONOPIHOHAILHOTO YBEJIHUYCHHUSI anepTypbl criekTpomerpa (MpucoBoi muadparmoit) u pac-
CTOSIHUS 10 MCTOYHMKA, YTO HCKJIIOYAET MPOCTPAHCTBEHHYIO CEJEKIHIO TpackTopuil. Toraa 3aBucH-
MOCTB CIIEKTPa OT PacCTOSIHUS OYIET CBHIETEIILCTBOBATH B IOJIB3Y Teopuu Puria.

[Tpu neiicTBun (heMTOCEKYHIHBIX UMITYJIbCOB Ha IUIa3My, 0Opa30BaHHYIO MPH A0Sy TBEPIOM
MOBEPXHOCTH, (OPMHPOBAHNE TAPMOHHUK MHTEPIPETUPYIOT MO CXOAHOMY MEXaHU3MYy, paccMaTpuBas
OTpakeHHe (Meper3IIydyeHne) BOJHBI KOJEOIIOIMMCS TOJ JaBJICHHEM CBETa IUIa3MEHHBIM «3epKa-
JIOM», YTO HCKaXkaeT mpoduis 3nekTpomarautHoi BosHel E'(t) [309]. Ho B aTOM ciiyuae nckakeHHs
00ycIIOBIIeHBI UCKITIOUUTENbHO 3 dexkrom [lomnepa, u cnektp He 3aBucen Obl OT MyTH L cBera B Ba-
KyyMme. [Ipu 3TOM MOIITHOCTH HEKOTOPBIX TAPMOHHK M30MPATENBbHO yCHIIeHBI. Tak, y 1mia3mMbl U3 HOHOB
uHUs B passl ycuwiieHa 13-s rapmonuka [310, 311]. Buaumo, 3TO CBSI3aHO € TEM, YTO OT HEJIMHEHHBIX
b exToB KoIeOaHNsT NOHOB B JIA3EPHOM I10JI€ BHICOKOW WHTEHCHBHOCTH MPOUCXOMISAT, KPOME OCHOB-
HOW YacTOTHI JIa3epHOr0 U3IyUeHHs, TaK)Ke Ha KPaTHBIX yacToTax. [loaTomy, ecnu ofHa U3 TapMOHUK
BXOJIMT B PE30HAHC C COOCTBEHHBIMU KOJICOAHHSIMU JICKTPOHOB B HOHAX, TO KOJIEOAHUS HA ATHX Yac-
TOTaX M30MPATENbHO YCUIIATCS, OBBICUB MHTEHCUBHOCTH JTAHHOM rapMoHUKU. C HelMMHEHHBIMU 3(]-
(beKTamMu CBA3aHO U MOSBJICHHE B CIIEKTPE aTTOCEKYHIHBIX UMITYJILCOB YETHBIX rapMOHKK [311].

[Tpu xomIipeccupoBaHUH (PEMTOCEKYHTHOTO MMITYJIbCA HAaKaYKH €r0 JUITMTEIbHOCTh COKpallaeT-
csl, @ UHTEHCUBHOCTH | — pacTér. [Ipr 5TOM BO3MOKEH POCT YaCTOTHI BHIIIC 3HAYCHUH KPATHBIX YaCTOT
Hf 3a cu€r mocrostHHON cocTaBistomIeil yckopeHus @ u cuibl aasienus (3.11), ycpeanénnoii o Bpe-
menn: F; ~ r’oEoBo/2 [A2, A13]. Takoii s ekt npu cxaTiy nMIybcoB HaGmonancs [310]: yactoTsr
NMKOB Ha CIIEKTPE MPEBbIIay pacuéTHble 3HaueHus Hf, mpuuém tem 3ameTHei, yeM Kopode UMITYJIbC.

[Tpy HaKIOHHOM NaJICHUM JIA3EPHOTO JIyda Ha MOBEPXHOCTH, OTPAKEHHBIN CBET paccenBaeTCs Ha
UCTIAPEHHBIX C MOBEPXHOCTH MOHAX, KOTOPBIC TAK)KE KOJEOIIOTCS U MO ICHCTBUEM 3JICKTPUYECKOTO
nonst E(t) cBeToBoit BoiHBI B IiockocTH najaeHus. [TockonbKy KynoHOBCKas cuiia €E HamHOro mpe-
BOCXOJUT CHUJIy CBETOBOTO jaaBieHus Fj, To maxe mpu | << |y 3¢hekTuBHOCTH TeHEpALUU TAPMOHUK
JIOJKHA OBITh BEJIMKA M 3aBUCETh OT yTJa MaJeHUs U NOJSpU3aluy majaromero ceeta. [Iposepka sroii
3aBUCUMOCTH MOJKET CIIYXKHUTh JOMOJHUTEIBHBIM KpUTEpUEM MTPOBepKH A dekra Purtna.

Pacu€r BbIMOJNIHEH WIS JIMHEMHO MNOJIAPU30BAHHOIO CBETA. Y LMPKYJSIPHO MOJSAPU30BAHHOTO
CBeTa JaBJIeHHE HE OCIUIUpYyeT (ITOCKOIBbKY abCOoMoTHBIE 3HaueHUs noneit E u B He 3aBucAT OT Bpe-
MEHHU: UX BEKTOpa MEHSIOT TOJBKO HAMPABIICHHUS), CO3/IaBasi MOCTOSIHHOE YCKOpeHue yactuil. T.e. nup-
KYJISIPHO TIOJIAPU30BAHHBIA CBET HE T'€HEPUPYET FapMOHHUK 4acTOTHI f, a CrocoOeH Juiih HapanuBaTh
e€ mo s dexry Purna (3.5). JleiictButenbHo, Kak nmokaszanu onbiTel [310], rapMOHHKH reHEpUpYeT JIH-
HEWHO, a He MUPKYJISAPHO MOJsipr30BaHHbIi cBeT [312]. Ho mupKkyispHO MOISIPU30BAaHHOE U3ITyUCHUE
T03BOJIMT HABIIOAATH TPeobpasoBaHie 4acToThl 1o >(dexty Puria B uncrom Bume pu | ~ lg ~ 10
Br/cm?. TIpy 0ueHDb BBICOKMX MHTEHCHBHOCTSX JUISL LAPKYJISIPHO HOISPH30BAHHOTO U3IyYCHHUs, AHCT-
BUTENBHO, yaaéTcs HaOmonaTh npeoOpa3oBaHUe YaCTOTHl CBETA, HOCAIIEE MHOW XapakTep, YyeM Ipu
TeHEepaIK aTTOCEKYHIHBIX UMITYJIbCOB JIMHEHHO MOJsipr30BaHHbIM cBeToM [313, 314]. Tlpu 3ToMm mo-
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por TeHepaiuy, B coryiacuu ¢ 3gpdexrom Putna, 11 MUPKYISIPHO TOISIPU30BAHHBIX UMITYJIHCOB CYIIIe-
CTBEHHO BBIIIC, HO BhIIIE W A((EKTUBHOCTH MPEOOpa30BaHMsl YacTOTHl. TeM He MeHee, CyIIECTBYIOT
OOBSCHEHHUS TeHEePALUK B TAKOM PEKUME U B paMKaxX MOHH3aLMOHHOHN Teopuu [315].

Dddekt npeodpazoBanust HEeMTOCEKYHIHBIX UMITYJILCOB B aTTOCEKYH/IHbIE HAOIIOAIICS TaKXKE B
skcnepumente [316] npu mponyckaHuu (EMTOCEKYHTHOTO UMITYJIbCA Yepe3 MyCTOTENbI KOHUYeCKUN
cepeOpsHBIN BOJIHOBOJ C TUaMeTpoM BbIXomHOTO oTBepcTHs ~100 HM, 3amoaHeHHBIN KceHOHOM. [Ipn
ATOM Jla3epHOE U3NydeHue (opMHUpOBaIIO Ha BbIXO/€ BoaHOBOAA auamerpoM 100 HM ma3MOHHBIE TTO-
JSIPUTOHBI C TUTAHTCKOW MHTEHCHBHOCTBIO TIOJIS, BBIIIE IMTOPOTOBOW. DTO MPUBOAMIO K (OPMHpPOBA-
HUIO aTTOCEKYHJHBIX MUMITYJIbCOB, 3a cUéT mpeodpasoBanus no 3¢gdexry Purna npu paccesnuu pem-
TOCEKYHJIHBIX UMITYJIbCOB Ha YCKOPEHHBIX JIA3ePHBIM ITOJIEM aTOMaX KCEHOHA.

J1is yacTuil pa3MepoM MeHee MUKPOHA OILICHKY lo cliemyeT cCKOppeKTHUPOBaTh, MOCKOJIBKY METall
TaKOW TOJINIMHBI MIPO3PaveH IS CBETA, MIEPEAIAIONIETO YACTHIIC JIUIITh MATYIO YaCTh CBOETO MMITYJIbCA,
IPOIOPLHOHAIBHYIO YHCITy JIEKTPOHOB B yactuie. T.e. cuila aBieHus cera F, MeHseTcs kak I, u
YCKOpPEHHE & HE 3aBUCHT OT I @ = F,/M ~ rgcsEoBo/pr3 ~ 2ouol/p, otkyna lg ~ 10" Br/em® (m1st @ ~ ap).
[Ipu yBenuyeHuu I yCKOpEHUE YaCTHII MOXKET PacTH, BBUIY M3MECHEHUS CBOWCTB BEIIECTBA MPH Mepe-
X0JIe OT MHKPO- K Makpomacurrabam. 1o o0bsacHseT 0oiee 3pPEeKTUBHYIO TeHEPALUIO TAPMOHUK MIPH
00JIyYeHUH HAHOYACTHII, @ HE aTOMOB, HarpuMmep, cepedpa [310]. s gactuil pasmepom r ~ 10 uMm 31a
orIeHKa lo SBIIIETCS HETOYHOMW: TIPU MOTICPEYHHUKE TIOPSIAKA ACCSITH aTOMOB YK€ CKa3bIBACTCS TUCKPET-
Hasl CTPYKTypa BellecTBa, Beluku kKpaesbie 3 dexts u DJIC 3apsaoB, HaBeaéHHbIX mojeM E(t), a nas-
nenue Jlarraca, CKMMast 9acTHUILY, 3aMETHO MEHSIET €€ MPOBOJANMOCTD G U IPYTHE CBOMCTBA.

YCTaHOBUTh MEXaHH3M T€HEPAlMU aTTOCEKYHIHBIX HMITYJICOB M TPOBEPHUTH dPdexT Putma
MOJYKHO TaK)Ke M0 aHaJM3y 3aBUCHUMOCTH CHeKTpa oT @, (3amannoro Benmmuunoi ) [A2, Al3]. Ilox-
TBepkaAeHne 3aBucuMoctei (3.5—-3.10) mo3BoauT NOBBICHTE 3PPEKTHBHOCTH TpaHC(hOPMAIIMU CBETA.

§ 3.6. lNonepeyHsbIl aghghekm Jonnepa e bannucmu4yeckol meopuu

Emé onaum xputepuem nposepku teopun Putia 1 CTO cioykut aHanus nonepeyHoro 3pdexra
Jomnepa. CunTanock, 4To Kjaccuueckasl T€OpHsl, B YaCTHOCTH Teopusi PuTia, He MOXET OOBSICHUTH
9TOT 3PPEKT, U OH unucTo pensatuBuctTckuii [6, 145]. Cam Putiy B nuceme IMameny ot 1909 r. npemna-
rajl IOCTaBUTh OMBIT IO MpoBepke mnomnepeuHoro s¢dekra omiepa: «[lo Teopun OTHOCUTENBHOCTH
JlopeHua-DiiHITelHa [UIMHA BOJIHBI, H3y4aeMasi IBUKYIIIUMCSL aTOMOM, JTOJI’KHA MEHSTHCS 1O MPHUH-
nuny Jlomiepa He TOJNBKO B HANpaBJICHUH ABMKEHUS; U MPU HAOIIOCHNHN NEPIEHIUKYISIPHO HAIIPaB-
JIeHHIO cKOpocTH V JIOJDKHO CyIIECTBOBATH CMEIICHHE K KpacHOMY B oTHoureHmu AVZ/2¢%... Hembss
OBl clIeNIaTh TaK, 9YTOOBI JaTh TOYHBIN OTBET Ha BOIIPOC O cylnecTBoBaHuH 3dexra?» [145, 295].

O 12

p=90°+u

: 2 2
c'=yc-v =

= e(1-v°2¢%)

Puc. 3.18. K pacuéry nonepeunoro sddekra [Jomnepa. UToOb! 1yd cBeTa OT ABHKYIIETOCS
MCTOYHHUKA TI0MaJl B IPUEMHHK, Jyd JOJDKCH BBIXOAUTH C YIJIOBBIM yIIpexaeHueM o = V/C.

[TonoGHbIi onbIT ObUT BhIMONHEH Juiib 30 JeT criycTss AWBcoOM M Mokaszan Hanudue 3Qdexra
[145]. Eciu B mpomonsHOM 3 dekre Jomnepa nusmenenue vactotsl f' = f(1 + V,/c) = f(1 + Vcos(p)/c)
00yCIIOBJICHO MPOJIOJIbHOM (B HANPaBJICHUU I Ha MPUEMHUK) cocTaBisomieit ckopoctu Vy = Vcos(e) u
00BSICHSETCS KIIaCCHYECKH, TO B rmornepeunoM sddexre Jlomrepa (Puc. 3.18), rae ¢ = 90° u V, =0, u3-
MEHEHHE 4aCTOThI rOBOpHT, B pamkax CTO, o pelsiTHBUCTCKOM U3MEHEHHH X0J1a BPEMEHHU.

B pamkax 0ammucTHYECKOW TEOPUH YaCTOTY MEHSET TOJBKO MPOAOIBHBIN KiIaccudecKkui 3P ekt
Homnepa. Ho cienyer ydecTs, 4TO B CHCTEME OTCYETAa UCTOYHUKA Yrojl ¢, MOJ KOTOPHIM CBET UCITYC-
KaeTcs K HaOmronmatento, otianueH oT /2 (Puc. 3.18). CoriacHo 0alTMCTHYECKOW TEOPHUH, CKOPOCTh
CBETa CKJIQIBIBACTCS CO CKOPOCTBIO UCTOYHUKA, U CBET, JOCTUTAIONINN NPUEMHHUKA, TOJDKEH BBUICTATh
U3 MCTOYHUKA MMOJ YIJIOM O K JIydy 3peHus (3TOT abeppallMOHHBIA YroJl aHAJIOTHYeH HAOII01aeMOMY
npu 3BE31HOU abepparuu, 8 1.3). Takum oOpazoMm, ¢ = /2 + a. Xots yroa a << 1, oxnako c0S(¢) # 0:

cos(¢) = cos(n/2 + a) = -sin(a) = -V/c,
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OTKyJAa
f* = f(1 + Veos(e)/c) = f(1 — V2/c?). (3.14)
JInvuHa BOJIHBI, HAIIPOTUB, PACTET:
A = O = e(1 = VA2 (1 = VPIc?) =~ M1 + VP/2¢2).

HMeHHO Takue U3MEHCHHUS [UTMHBI BOJHBI U3Iy4YeHUs HaOMoauch B onbitax [207]. Takum oOpazom,
momnepeyuHbIi gorep-3pdext cormacyercs ¢ Teopuel PuTiia, Kak OTMEUEHO PSAJIOM aBTOPOB, IMOKa-
3aBIIMX POJib yriia abeppauuu [166, 317]. PedynbTar mosydeH Jyis JUIMHBI BOJIHBI A', a i1 4acToThI f'
MIPOIICHTHOE M3MEHEHHUE B JIBa pa3a 0oJibllie, BBUIY U3MEHEHHS eII€ U CKOpoCTH cBeTa C'. Kak ormedan
B. ITaynu, B paMkax OaJuTMCTHYECKOI TEOPHH HE BIIOJIHE TOHITHO, Kakasi BenmuunHa — A wim f — m3me-
psiercst Ha ombite [16]. Cyast mo Bcemy, B ombiTe AliBca M3MEPSIIACh UIMHA BOJHBI A, TIOCKOJIBKY JTU-

(dpakuroHHAs peIETKA CIEKTPOCKOIA OTKIOHSET JIy4YH CBETa B 3aBUCUMOCTH OT JUITMHBI BOJIHBI A.
o %

NPHEMHIK 5
AF =M1 +cost1-sin 0V /e Vie-
-sin' 1)

Puc. 3.19. JIy4 cBera, HCIIyIEHHBI MO YTIIOM (0, TIOTYYHB CKOPOCTh UCTOYHUKA V,
HPUXOAUT NOA yIiIoM 0, otdero MeHsieTcs yroi B popmyie Jloruiepa, CIOBHO CBET
HOJTYYHJI JINIIHEE KPacHOE CMEILEHUE», pacTyllee IPH YBETMYEHHH CKOPOCTH.

Pe3ynbpraT MOXHO 00OOIINTE Ha CiTydail U3IIyYeHHsI CBETA IO/ MPOU3BOJIBHBIM YIJIOM, IJIS pac-
yéra KBaJpaTUYHOW mompaBku K 3¢dekry Jomnepa (kBaaparuunoro pormiep-3¢dekra). [Ipumenss
KJIaCCHUECKYI0 (opMyiy aomep-3ddexra, cieayer y4ecTb, 9YTo yroja @ — 3T0 He yroi 0, mox Koro-
PBIM PETUCTPHUPYIOT M3IIyYCHHUE, a YroJl (, MOJ KOTOPHIM UCTOYHHK HcmyckaeT usinyuenue (Puc. 3.19).
[To GanmucTHYEeCKOMY MPHUHIMITY HCTOYHUK COOOIIAET CBOIO CKOPOCTH CBETY, M 9TH YTIIbI OTIHYAIOTCS
Ha BEIMYMHY yria abeppanuu. M3mydenue peructpupyeMoe noj yriuom 0, uciyckaercs moj yriiom

2
@ = arccos| cosH,|1—sin? 9\;—2 —sin? GVE

COOTBETCTBEHHO, NPe0Opa3oBaHHas 4YacToTa, B oTinure ot popmy.st Jomepa f'(9), cocraur
2
fr= 1142 coso,1-sin20Y— —sin20 Y ||. (3.15)
C c? c

Takum 00pa3oM, U30BITOUHOE KPACHOE CMEIICHUE CBETa Yy OBICTPO JICTSAIIMX YACTHUI] BHI3BAHO HE
3aMeIJICHHEM IPOIECCOB, a BOCIIPUATUEM H3ITyYCHUS, HCITYIIEHHOTO YaCTUIICH HEMHOTO Ha3a 10 OT-
HOIICHUIO K JIMHUM PErucTpanuu uainydeHus. [loatomy y sydeil cBeta, BUICTAONIMX BIEPEN 1O JBH-
KCHHUIO 4acTUIlbl o1 yriioM O < 90° MOKHO 0OHAPYKUTh KPACHOE CMEIICHUE, BMECTO CHHEr0. B pam-
Kax Teopuu Puria mpuumHa — B 100aBICHUM CKOPOCTH MCTOYHHMKA K CKOPOCTH CBETA, U CBET, M3IY-
YCHHBIW HAa3aJ1, MOXKET JIETeTh BHEpEA. YTrom 0, Mo KOTOPBIM PETUCTPUPYIOT H3ITyUeHHE NCTOYHHKA Ha
ucxojHoit yacrore (f' = f, Ha rpaHHIle KPACHOTO U CHHETO CMEIICHHIT), HAWAETCS U3 YCIOBHS PETUCT-
panuu moj TaKMM YIJIOM JIy4a, UCIYIIEHHOTO0 MCTOYHUKOM B HampasieHun ¢ = 90° mpu f' = f(1 +
coseV/c) = f. Drot nyu peructpupyrot noj yriom 0 = arctg(c/V). Tem cambiM poct ckopoct V cHH-
xaet yroa 0 ot 90° 1o 0° B cormacuu ¢ pe3yibTaTamMu ONbITOB. CBET, HCIIBITABIIANA CHHEE CMEIICHHE,
COCPEIOTOUCH B KOHYCE ¢ yriioM pactBopa 20. 1 konyc cyxaercs npu pocte ckopocti V (Puc. 3.19).
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Puc. 3.20. Cxema omnbita ITo6emoHOCIIEBA 110 CPABHEHHIO KPACHOTO M CHHETO
CMEIIICHHUT CIIEKTPAIbHBIX JIHHUMA, & TAK)KE €ro pe3ynbTat — 3aBUcuMoctb AA(V).

YTOYHEHHBIH OMBIT 1O MPOBEPKE KBaapaTndHoro 3¢ dekra Jlomnepa mist cBeTa, U3ITy4EHHOTO
nmox yrimom O k ckopoct V umoHOB Bomopona H," (Puc. 3.20), mocTaBleHHBIA TpYINIOif
JLLA. Tlo6enonocueBa B 1989 r., mokasan, 94To U3MEPEHHBIC CABUTH CIEKTPA OTIUYAIOTCS OT MPOTHO-
308 CTO (AV?/c?) B 1Ba u Goxee pas [318, 319]. Ho ciBHr 61M30K K MPOTHO3Y GaILIHCTHYECKO TEO-
pun (Aosin®0-V2/c?, cm. Puc. 3.20) [A37]. [Ipeanaranocs HHTEPIPETHPOBATH pe3y IbTaThl ombita [318,
319] xak pe3ynbTar HeyyéTa N3MEHEHUs HalpaBJeHUs Jtydeit 3a cuét addekra adeppauuu [320]. Ox-
HAKO CKOPOCTH MOHOB B OITBITE MaJIbl IO CPAaBHEHHIO CO CKOPOCTBIO CBETA, MOATOMY Y4&T abepparu-
OHHOTO YIJIa HE yCTpaHsAeT HabmoaaeMbIx pacxoxaeHuil. Kpome Toro, pensituBucrckas popmyna mo-
Ka3bIBAaeT 3HAYCHHE CKOPOCTH B JIAOOPATOPHOW CHCTEME OTCYETa, TAe YK€ Y4TEH yros abeppariud.
HimMeHHO OATOMY IIpH aHaJIHM3€ OIbiTa AWBCA HE YUTCHBI ONPABKU Ha yron adbeppauuu [188, c. 464].

Takum 00pa3oM, HyKHBI HOBBIE SKCIIEPHUMEHTHI 110 YTOUYHEHHOMY H3MEPEHHIO BEITHYUHBI (-
¢exra [lomnepa oT yacTull, ABMKYIIUXCS C PEIATUBUCTCKUMH CKOpPOCTsIMH. VIHTepeceH Obl ObI OIBIT,
BBINOJHEHHBIH 10 cxeme B.M. Iletpoa [121] mo m3aMepeHHIO CABHIa YacTOTHI CBETA, HCIYIICHHOTO
BIIEpE M Ha3a/l 10 HaNpaBJICHUIO OBMKEHUS. [10100HbII SKCIepUMEHT ObLT IOCTABIICH C HOHAMHU JIH-
st 'Li*, yekopernsiMu 1o ckopocreii V = 0,064¢ u V = 0,338¢ [321, 322]. CBeT u3iyyaics 1o u mpo-
TUB JIBI)KEHUS] HOHOB, OJJHAKO MCTOYHUKOM CITY>KWJIM HE MOHBI, a HETOABIKHBIE JIa3ephl, 4aCTOTa KO-
TOPBIX MEPECTPanuBAIACH IO TEX IOP, MMOKA HE MPOUCXOAMUIO PE30HAHCHOTO TOTJIONICHHS CBETa HOHA-
mu. HeoGXommumast JUTst pe30HaHca MepecTpoiika 4acToThl ¢ GOMIBLION TouHOCTHI0 (~107') cooTBETCTBO-
Basia nporHo3dy CTO. OgHako B 3TOM cilydyae, MOCKOJIbKY MCTOYHUK HE JBUIKETCS, TOT K€ pe3yJibTaT
TOJIy4aeTCst M B PAMKAX KIACCHUECKOH (DM3MKHM, PeaCcKasbIBaloNIeil KBagpaTHaHyo nonpasky (V/c)?
3a cuét muoxkutens (1 + V,/C) B 3Hamenarene. JlelicTBUTEIBHO,

fy = /(1 + V/c) = f(1 - Vic + V?Ic?) u f, = fI(1 - Vic) = f(1 + Vic + VA/c?).

[Tonepeunsrit 3¢ dext Jlommepa MOKHO paccMaTpUBaTh TaK)Ke B KauecTBE MPOsBICHHS dDdekTa
Putna — ot U3MeHeHus MPOEKUUN CKOPOCTH MCTOYHHUKA HA JIy4 3pEHUs], IPU U3MEHEHUH yTIia MEXIY
CKOPOCTBIO M HAlpaBJICHHEM Ha MCTOYHHK, 0e3 m3MeHeHuss Moayis ckopoctu V [A4]. Dror s dekr
paccMoTpeH, Harpumep, B § 3.4, a Takxke B ayiekTpoHHOM padoTe B.I1. 3omoryxuna [301].

B nonp3y kimaccuueckoit popmyiiel addexra [ormiepa CBUACTENBCTBYIOT PE3yIbTaThl KOCMUAYE-
CKOW PaJMOJIOKAIMU CITyTHUKOB, MPOJICTAIONIMX 10 Tunepoonndeckorr opoute Bosne 3emuu (Flyby-
aHoMmainus). [Ipu cripaBeyTMBOCTH PEIATUBUCTCKON (Gopmysibl addekra Jormiepa, npu cONMMKCHUNA U
ynainennu AMC peructpupoBaiach Obl pa3Has BEIMYHMHA KPACHOTO W CHHETO CMEILICHMs 4acTOThl. B
NEHCTBUTENIFHOCTH PETUCTPUPYEMbIE 3HAUCHUSI KPACHBIX M CHHUX CMEIICHHH MPAaKTUYECKH COBIIaJa-
IOT, B COTJIACHH C KJIacCHYecKoi hopmynoii nomep-3ddexra (8 2.5).

V3MeHeHrne JacTOThl JEKTPOMATHUTHBIX CHUTHAJIOB B TONEPEYHOM HAIPABICHUU PETUCTPUPO-
BAJIOCh TAaK)Ke 110 YaCTOTE CUTHAJIOB OT ATAJIOHA YACTOTHI HA OOPTY pakeThl, MOAHSIBILICIHCS Ha BBICOTY
h ~ 10000 xkm max 3eminéii [42, 323]. PeructpupoBaioch W3MEHEHHE YaCTOTHI CUTHAJIOB, COOTBETCT-
ByIOIllee MpeACKa3aHusIM OOIIel TEOpUN OTHOCUTENbHOCTH. B Gammctuyeckoit Teopun Purtna takoe
M3MEHEHHE YacTOThl MOXKHO 00BICHUTH nonepedHsiM 3 dextom [Jomnepa u apdexrom Putna 3a cuér
YCKOPEHHOTO JBWXKeHUs pakeThl [A46]. B memom skcneprMeHTHI o u3MepeHuto dpdexra [oruepa
MOJTBEPKIAIOT KIIACCUYECKYI0 KHHEMATHKY U OaJUTMCTHYECKYIO TEOPHIO CBETA.
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§ 3.7. Xapakmepucmuku 3sieMeHmapHbIX ussny4yamesnel eosiH 8 meopuu Pumuya
B Gamnmuctuueckoit Teopuu [15, c¢. 248] Putii npeacTaBuil CBET B BUAE MMOTOKA DIIEMEHTAPHBIX
vactull (peoros), ucmyckaeMbix aeMeHTapHbiME 3apsiiamu (cM. BBEJIEHUE). HemonsuxHbIi 3apsin
Q reHepupyeT CTalMOHAPHBIN IMOTOK MPSMOIUHEHHO PA3JICTAIOIINXCS PEOHOB, OKA3bIBAIOIINHI MOCTO-
SIHHOE DIIeKTpHYecKoe Bosaeiictaue cuibl F = knc? (K — kod(duuueHT, 3aBucsmmii 0T IPOGHOTo 3a-
psaa g, N — KOHIIEHTPAIUs PEOHOB BO3JIE HETO, 3aBUCSAIIAsA OT Q, C' — X CKOPOCTh OTHOCUTEIHHO (
[15, A14, A20]). [Tpu konedanuu 3apsaa Q ¢ yacrtoroit f oH MOAYIUPYET CKOPOCTH MOTOKA PEOHOB C
POCTPAHCTBEHHBIM TeproaoM A = c/f. B urore moTok OKa3bIBaeT MEPEMEHHOE JJIEKTPUYECKOE BO3-
nevictBue actothl f. DT0 pacxopsieecs co CKOPOCThIO ¢ OCHUIIHPYIOIIEE 3JIEKTPOMArHUTHOE BO3-
JIEUCTBHUE MO CYTH U €CTh JIEKTPOMAarHUTHBIE BOJIHBI, CBET. Tak PUTI B pamKax KOPIyCKYJSAPHOU T€O-
puu cBeTa 0OBSICHUII BOJTHOBBIE CBOMCTBA CBETA, BKIIOYas UHTepdepeHimto u qudpaximto [15, 295].
DJNeKTpOMarHuTHBIC BOJIHBI B TEOPUH PHUTHA OIXOAAT 101 Oosiee odiee onpeesieHie BOJTHbBI B
BUJIE TIEPUOANYHO MOJYyJIMPOBAHHOTO B MPOCTPAHCTBE M BPEMEHH pacipeneicHus gactuil. K Tomy xe
THITy OTHOCSATCS KHHEMAaTHYCCKHE BOJIHBI 3JICKTPOHOB B KiucTpoHe [67]. Takas BoyiHa, B OTIUYKE OT
BOJIH B CpeJie, 3aMMCTBYET CKOPOCTh UCTOYHHKA, U JUISI He€ BHIMOTHICTCS OAUTUCTUYCCKHUA TPUHIIHIL.
VIMeHHO OalTMCTHYEeCKUH MPUHIINI, Kak mokasan Puri [15], o6bsicaser crmaz moueit E u H xo-
NeGITIoNIerocs 3apsia ¢ paccTosHueM He kak 1/r%, a kak 1/r [A28]. TIpoBenéM anamms mpocreiimrero
U3JTydaTeNs — IMyJIbCUPYIOMIETO TUTIONS U UCCIIEAYEM ero M3IydYeHHe B AalibHEW 30HE, HA PAaCCTOSIHUN
r >> \. IMeHHO B ganbHel 30He noid E u H cnagaror kak 1/r, a uareHcuBnoCcTh cBeta EH — kak 1/ r,
CoracHo Oa/uIMCTHYECKOM TeopuH, npuuuHa — B 3¢dekre Putia (1.15), cropaBemmuBoM s
ceta. 3apsa Q, mBurasch ¢ yckopenuem a(t), mpuma€r peoHaM pasHyl CKOPOCTb, Bl K 3PQeKTy
IPYNIAPOBAHUS YaCTHUI[ B TIOTOKE, aHAJOTHYHO KiaucTpoHHOMY 3ddekty [178, U.1I]. B urore, mo 3¢-
dexTy Putiia BOZHHUKAIOT KOJIeOaHUsI KOHIIEHTPAIlMU N' MOTOKA PEOHOB, PACTYIIHE C YBETUYCHHUEM I U
aMILTUTYIbl YCKOPEHHUS @, aHAJOTHYHO BapHanusM spkoctu cBeta | qBoiinsix 38€31 (1.35). 3HaueHue
KOHIICHTpAIMU N' pEOHOB 3aBHCUT OT YCKOPEHUS ar 3apsaaa Q B MOMEHT M3IIyYCHUS STUX PEOHOB!

n' =n/(1 + ra;/c?) = n(1 - ra/c?), (3.16)
r7ie N — IUIOTHOCTh MOTOKAa PEOHOB, KOTOPYIO HA TOM K€ yIaJeHHUH I co37all Obl HETIOBMUKHBIN 3apsi.
[Tone E = F/q mensiercst nmpomnopipioHansHo N'. [To Mepe ABMKEHHST PEOHOB MPOMOPIHOHAIBHO ra,/c?
HapacTaeT aMIUTUTYyAa Koyiebanuii anekrpudeckoro moist E (Puc. 3.21), 4To WIUTIOCTPUPYIOT aHAJIOTH-
eit ucrounuka cBeta u Boabl [324, cc. 302, 308]. ITocrosiHHas cocrapsstomas mojist E kommencupyercs
MIPOTUBOTIOIOKHBIM 3aPsIOM ITyJICUPYIOIIET0 U0 U OBICTPO yOBIBAET C PACCTOSHUEM I
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Puc. 3.21. g) KIHCTPOH MOAYJIMPYET IUIOTHOCTD MIOTOKA N AJIIEKTPOHOB, IPUIABasi KM Pa3HbIe CKOPOCTH,
6) KosrebaHune 3apsiia, WK €ro IBIKCHHE 110 OpOHTE, MEHSIST CKOPOCTH PEOHOB, (POPMHUPYET TIEPUOANIHBIC
CTYCTKH-Pa3peKeHNs IOTOKA PEOHOB, OPOKAatoIue Kosiebanus nouisi E, yacToTsl U IpKOCTH CBeTa.

[Tone HemoaBmkHOTO 3apsiga Q HaxomuTcs Kak E = Q/4naor2. [Tockonpky E' mpomopuronansHo
n', To u3 (3.16) npu kosebaHusx 3apsaa aMIUIATyaa mons Em = Era/c®= Qa/47t80rC2 (Puc. 3.22), rue
a= ol - aMIUTATY/1a YCKOPEHUS TApMOHHYECKH KOJICOIIOMETocs 3apsaa, o — IUKINYecKas 4acToTa
kosicOanui, | — MakcumanibHas JuMHA aumnoiis. T.e. aMIuMTyaa KojieOaHuii mojsi E B BOMHOBO# 30HE
En= Qo)2|/47taorc2 yObIBaeT kak 1/r, B coriacuu ¢ onbIToM. [1yIbCUpPYIOIINIA UITOIb MOKHO COTIOCTA-
BUTH DJIEMEHTAPHOMY JIUIIONIO ¢ aMIUIUTY 0¥ Toka | = Q. [Tockonbky ¢= 1/eopo, TO mitst HEero Ep, =
Qm2u0|/47rr, YTO COBIAJACT C BBIPAXKCHUEM IS MOJIS E 31eMeHTapHOro u3aydarelis B BOJHOBOM 30HE
[53]. Takum obpazom, nose yobiBaeT kak 1/r. AHaIOrMYHBINA PacyYET JIETKO MPOBECTH IS MATHUTHOTO
noJist H: 1oTo0HO 3JIEKTPHYSCKOMY OHO IMPOIOPIHOHAIBHO N'. A TUIOTHOCTH MOITHOCTH H3JIYYCHHUS
S = EH (uHTEHCUBHOCTH CBETA) MaJaeT MPOMOPIIMOHATBHO r’u pacTéT mIpONOPLHUOHATEHO .
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Puc. 3.22. Kosnebanus Toka B numnodie ['epiia COOTBETCTBYIOT KOJIEOAHUIO YCKOPEHUsI 3apsiI0B
C aMIUIMTYIOH &, 9TO BEAET K MEPUOINYHOMY U3MEHEHHIO T10JI BO3JIe IPOOHOTO 3apsa.

Taroke OaymucTHYeCcKasi TEOPHs MPEICKa3bIBaCT BEPHYIO AMAarpaMMy HAlpaBJICHHOCTH aHTCHH
[15], yxe B pamkax npocreimux ananorui u mojaeneit [324, c¢. 308]. BriBox 3nauyenuii E u H snemen-
TApHOTO M3JIydaTelis BriepBble ObUT npemoxer J[x. ToMcoHOM Ha OCHOBE OaJUTHCTUYECKOH aHAJIOTHH
CHJIOBBIX JMHUU W3 TIOJBM)KHOTO MCTOYHHMKA IOJIS. DTOT BBIBOJ, OCHOBAHHBIM Ha OaNTUCTHYCCKOU
TEOPHH, JI0 CHX MOP BKIIOYAIOT B yUeOHUKH (PU3MKHU KaK MPUMEp U3SIIHOTO JoKa3aTenbcTBa [19].

Konebanus 37€KTPOHOB B aHTEHHAX MOTYT TaKXe MPUBOJIUTH K MCKAKCHHIO CHHYCOUIAIbHON
(bopMBI N3Ty4aeMOil IMH SJIEKTPOMAarHUTHOW BOJIHBL. [IBHOKYIIHECS 3IIEKTPOHBI COOOIIAIOT CBOKO CKO-
POCTh CBETY M MOJOBUHY NEPUOJa PEOHBI M3JIyUaIOTCS CO CKOPOCTBIO BBINIE C, a IMOJOBHHY — CO CKO-
pocThio HIKE C. [Ipu 3TOM BO3MOKHO HMCKa)XKEHHE CHHYCOWIAIBHOIO MPO(HIS BOJHBI, KaK B Clydae
NBOWHBIX 3BE37 (cM. 8 1.1). Ho asist paarioBOJIH TaKKe UCKaXCHUs HE HAOJIOIAINCh, KaK ToKa3al PuTi
[15]. BipoueMm uX U Helb3s 3aMETUTh, MOCKOJIbKY CKOPOCTH 3JICKTPOHOB B @aHTEHHAX MHOTO MCHBIIIC
CKOPOCTH CBETa, U HEOJHOPOIHOCTh JICKTPOHOB MO CKOPOCTSIM BEAET JIUIIh K MAJIBIM BOJHOBBIM BO3-
MYIICHHSIM OJTHOPOHOTO TIOTOKA PEOHOB, UYTO U BEAET K MOABICHUIO DJIEKTPOMArHUTHBIX BOJIH.

Eciu ckOpoCTh 2JIEKTPOHOB MPHUOJIMKAETCS K CKOPOCTH CBETA, ITH UCKAKEHUSI, PacTyIlUe Mpo-
MOPIIMOHAJILHO TYTH CBETA I, MOTYT CTAaTh 3aMETHBI YK€ HA 36MHBIX TUCTAHIUAX. Tak, B CHHXPOTPO-
HaX, TJIe AJIEKTPOHBI KPYTATCSA C OKOJOCBETOBBIMH CKOPOCTSIMH, OHH H3JIy4alOT HErapMOHUYECKUE
BosHbL. Kak 3ametwi aBTopy npodeccop HHI'Y H.C. CtenanoB, 3TO IpOSBUTCS B YCIOKHEHUHU CTIEK-
Tpa U3IYUYCHHS, TOCKOJIbKY HETapPMOHHUECKUI MIEPUOJMYHBINA CUTHAI IPU PA3JIOKEHUH B CIICKTpP NaET,
KpOME OCHOBHOMW YacTOTHI, MHOXKECTBO KPAaTHBIX. ECITM 00BIYHO 3JEKTPOHBI U3TYYalOT BOJIHBI JIHIIb C
YaCcTOTOM CBOETO BpAICHHS, TO B CHHXPOTPOHE UX CHHXPOTPOHHOE HM3JIyueHHE, COINIACHO OaTUCTH-
YEeCKOH TEOpWH, XapaKTEpU3yeTCs CIOKHBIM YacTOTHBIM CIHEKTpoM. V3nmydeHuwe reHepupyercs He
TOJILKO Ha IIUKJIOTPOHHOM, HO ¥ Ha YJIBOCHHOW, YTPOCHHOM U APYTHUX KPATHBIX YACTOTAX.

JIeWiCTBUTENHHO, Y CHHXPOTPOHHOTO M3ITyYSHHS, 10 MEPE POCTa CKOPOCTH JIEKTPOHOB, OOHAPY-
KCHO YCJIOXHEHHUE CIIEKTpa, COJEpIKaIlero, KpoMe ocHOBHOM dacToThl f = 2n/®, e€ rapmonuku. Dd-
(beKT 3aMeTeH Jake Y HEPEIATHBUCTCKUX DIIEKTPOHOB B TUPOTPOHAX, TJE, KPOME M3ITyUeHHs Ha [IUK-
JIOTPOHHOM YacTOTe PErHCTPUPYIOT M3JyueHHe Ha BTOpod rapMonuke. C MpHOIMKEHUEM CKOPOCTH
JNIEKTPOHOB K CKOPOCTH CBETa, HWHTEHCUBHOCTh TapMOHHMK pAacTéT u 3amaHa yepe3 Dypbe-
npeoOpa3oBaHue IIHHAPHUECKUX (Oecceneswix) QyHKIMMA, Kak JJIs BOJH B KIUCTPOHAX, I/Ie UCKaXe-
HUSI BOJIH BBI3BaHBI CXOJHBIM MEXaHH3MOM M IMPHMEHSIOTCS IS YMHOXCHHs 4acToThl [178, 326].
[TonpoGHee cBoiicTBa CHHXPOTPOHHOT'O M3IY4EHUsI paccMOTpuM B 8 4.4, YClio)KHEHUE CIEKTpa U re-
HEpaIisl TApMOHHUK OTYACTH OOYCIIOBIIEHBI TEM, YTO CHHXPOTPOHHOE H3JIyYEeHHE MOCTYIAeT B JCTEK-
TOP UMITYJIbCAMU 32 CUET OCTPOI AUarpaMMbl HAIPABICHHOCTH U3JyUYeHHs 3JIeKTpoHOB. Hampuwmep, B
THPOTPOHAX HM3ITyUEHHE DJICKTPOHOB elié HEe MPUOOpETaeT OCTPOW JUarpamMMbl HAIPABICHHOCTH, HO
TCHEPUPYETCs Y)KE HE TOJIbKO Ha IUKIOTPOHHOW, HO U Ha YJABOCHHOW W JPYTHMX KPaTHBIX 4aCTOTaX.
[TpoBepuTh CBS3b YCIOKHEHHS CIIeKTpa ¢ 3)(HEeKTOM MOAYISIIMY CKOPOCTH U3ITYYSHHS OT OOpalieHus
AJIEKTPOHOB MOKHO MyTEM aHaJM3a 3aBUCHMMOCTH CIIEKTpa OT MPOWIESHHOTO CBETOM IyTH. B pamkax
CTO criekTp He 3aBUCHUT OT paccTosiHUSA. HampoTus, B 0aUTMCTHYECKOW TEOPHH, HHTEHCUBHOCTD Tap-
MOHUK JIOJDKHA PAaCTH NIPY YBEJIMUEHHUH ITyTH CBETA U [0 MEPE POCTA UCKAKCHUN CUTHAJIA.

Emé ogaum otnuunem OamucThdeckoi Teopuu oT 3jekTpoanHamMukd CTO ciry’XuT TO, 4TO
JUTMHA BOJIHBI CBETAa B BaKyyMe HE SIBJIICTCSI OJTHO3HAYHO 33JaHHOW (YHKIIMEH PETUCTPUPYEMOH dac-
totel f. JleficTBUTENBHO, €Cli 00BIYHO B BAKYyME JUTMHY BOJIHBI A TPUHATO BhIpakaTh B opme

A = clf,
TO B OAJUTMCTHYECKOM TEOPHH JJIMHA BOJHBI OT HCTOYHHKA C JIy4EBOM CKOPOCTHIO Vi COCTaBISICT
A =(c- V).
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Takum 00pa3oM, JJIMHA BOJIHBI 3aBUCHT HE TOJILKO OT 4acTOThHI f, HO M OT ckopocTH HUCTOYHMKA V.
OTmeTuM, YTO JUTMHA BOJIHBI, BRIpaXKeHHAs yepe3 yactory ucrounuka f'=fc/(c — V,), nanpotus, coBma-
JIaeT ¢ JUTHHOM BOJIHBI OT HETOABMKHOTO McTouHHKa A = ¢/f' u He 3aBucHT OT ckopocTH V.

[TpoBepuTh CHpaBETUBOCTh OAJUIMCTHYECKASI TEOPHS], MOKHO IyTEM TPSMBIX 3aMEPOB CKOPO-
CTH UMITYJIbCOB OT uctouyHuka (8§ 3.3), nmubo, npu reHepaiuy KICTOYHUKOM MOHOXPOMATHUHOW 3JICK-
TPOMArHUTHOM BOJIHBI,— IIyTEM W3MEPEHHUS JJTMHBI BOJIHBI CBeTa A’ B BakyyMme. JJIMHY paJioBOJIH CaH-
TUMETPOBOTO JIMaNa30Ha MOKHO U3MEPUTh, YCTAHOBHUB BIOJIb IyTH JIyda JBE aHTCHHBI, U U3MEpss 3a-
BHCHMOCTH (pa30BOTO CIIBHTa () CUTHAJIA Ha HUX OT ckopocTH V, uctounuka. B CTO npu dukcanum
peructpupyemoii yactotsl f (a3oBblii CIBUT HAa aHTEHHAX HE 3aBUCHT OT CKOPOCTH MCTOYHHKA, a B
0aJUTMCTHYECKOW TEOPUH TaKasl 3aBUCHMOCTh OOHapyxutcs. [Ipu paccrossHuM Mexay aHTeHHamu L,
COIJIACHO OAJUIMCTHYECKOM TeopHuHu (ha30BBIN CIBUT COCTABUT

¢ = 2nL/\" = 2aLfl(c - Vi),
4yT0 oTanyaercs ot nporHoza CTO Ha
A = 2aL/\" = 2nL/A = 2aLfV /2.

ITpu wactote f= 30 I'Tu (A = 1 cm) Ha mmmue L = 10 M u ckopoctu Vi~ 500 M/c 3ToT (ha3oBsiii caBur
coctaBut BenumuuHy A@ = 0,01, koropas BmomHe peructpupyema. I[Ipm stom wucrounuk CBY-
U3JIydeHus nepectparBaeMoit yactothl f' (s moctosiHcTBa f) MOMMKEH M3JIydaTh MO OCH BaKyyMHPO-
BAaHHOTO KaHaJla JJIMHBI L y3kuil paguonyd, He 3a[eBalolnii CTEHOK, Ma0bl HCKIIOYHTH Mepeu3Tyde-
HHUE TPU OTPAKEHHH OT CTCHOK KaHaJya, T.e. u3MeHeHHe (a3oBoii ckopoctd (¢ — Vy) U U3MEPEHHOTO
capura (a3 A@. CpaBHUTH cIOBUT (a3 Ha aHTEHHAX JJIS MMOJBMKHOTO M HETOABIKHOTO MCTOYHHUKA
MOYKHO HE MEHSSI CKOPOCTh MCTOYHMKA, a MPOIYCKas U3JIyUYCHUE Yepe3 HEMOABIKHYIO TUAJICKTpUYC-
CKYIO IJIACTUHKY (IIPH 3TOM CKOPOCTh ¢ — V, MeHseTcs, a yactota f — Her). Takyke 3TO MO3BOJIMT HC-
CJIEJIOBAaTh 3aBUCHUMOCTh A@Q OT TOJIIMHBI IUIACTUHKUA D MO CpaBHEHHIO C JUIMHOW SKCTHHKIMU | =
AM2r(n = 1): ecim b << |, T0 Ap = 0, u A =~ 2zLfV,/c® mpu b >> |. ITpu conocrasumoctu b ~ | yaacres
HabmoaTh Oosee cnokHoe pacnpenenenue A mo jmHe L B Bune Ouenwii. B kauecTBe MCTOYHMKA
CBUY wm3iyueHusi MOKET BBICTYNATh MyYOK MOHOPHEPTHMYHBIX AJIEKTPOHOB, BIETAIONIUX IOJI YIIIOM B
MarHuTHOE 1oJie B u u3nydvaronmx Ha nuKI0TpoHHOM yactote f'=eB/2mm na ckopoctu V¢ = V..

[IpoTuB GayTMCTUYECKOW TEOPUH BBIABUTANICS M TaKOW apryMmeHT. M3mydarens B BuIe 3apsijia,
KpyTsIIerocss Ha opouTe quamerpa d B INIOCKOCTH uepTexa C 4acToToii f, To nmpu HapacTaHuu 1uameT-
pa opouTs! d yrou 0, moj kotTopbiM puéMHUK O perucTpupyeT HCTOYHUK Ha paccTosiuuu L, ecth

0~ diL. (3.17)
A COTJIaACHO SJICKTPOJUHAMUKE, YITIOBas paCXOANMMOCTDb U3JIYUCHUA UCTOYHUKA pa3Mepa d COCTaBHUT
0~ A/d. (3.18)

T.€. CHW)KAeTCs MPU HApaCTaHUK pa3Mepa M3JIydaroliei 001acTu — opOuThl auamerpa d.

Puc. 3.23. zny4yenue 3apsja, ABUKYIIETocs 10 KPyroBoii opoute, HaOmoaatens O BUIUT MoA yriioM 6.

B neiictButensHOCTH, IS yTiia 0 B KIIACCHYECKOW 3JIEKTPOJUHAMUKE PE3YJIBTAT MOTYYUTCS TO-
KIIECTBEHHBIN ¢ OammrcTuueckoi Teopueit (3.17). Eciau paccMoTpeTh ABMXKCHHUE 3apsiia MO KPYroBOi
opOUTe, IPU YCKOPEHHOM JBW)KCHHH OH TOKE OYJET M3IydaTh CO BCEX yYaCTKOB CBOCH TPACKTOPHH,
BKJTIOYast KpaliHue mosokeHus: A u B. [Ipuuém BOJIHBI OT 3THX y4aCTKOB HE MOTYT MHTEP(EpPUPOBATS,
MTOCKOJIbKY H3JIYYarOTCSI B pa3HbIE MOMEHTBI BPEMEHHU M JBUKYTCS, COTIIACHO KJIIACCHYECKOM AJIEKTPO-
JMHAMHKKE, C OJMHAKOBOW CKOPOCThIO C. B aToM ciydae yroa 6 ~ A/d B dpopmyie (3.18) 3amaér munu-
MaJIbHBIN YTIIOBOM pa3Mep MCTOYHHKA B 3aBHCHMOCTH HE OT pa3Mepa UCTOYHHKA, a OT pa3Mepa arep-
Typbl O Teneckoma Wik paguoTeneckorna. Uro kacaercs radaputoB UCTOYHHMKA O, TO, MOCKOJBKY B
TUTIOCKOCTH OPOUTHI 3apsifia U3TYUSHHUE PacIPOCTPAHICTCS H30TPOITHO, Ta0apUThl UICTOYHHUKA HE JTOJIK-
HbI BJIUSTh Ha BEIUYUHY YIJI0BOW pacxomumoctu (3.18), 3amaroreil auiib MUHUMAILHO BO3MOXKHYIO
BEJIMYMHY yriia 0, He Bceraa peann3yemyro. Bripodem, mpu peiSTUBUCTCKUX CKOPOCTSX 3apsijia, Koraa
OH HAYWHAET TeHEPHUPOBATh CHHXPOTPOHHOE H3IIyYeHHE, MMEKIIEe OCTPYIO YITIOBYHO HaIpaBJICH-
HOCTb, MMPUEMHUK, NEHCTBUTEIHHO, IO MEpe pOCTa JAUaMeTpa OPOHUTHI U CKOPOCTHU 3apsijia HAYMHAET
PErUCTPUPOBATH UCTOYHHK CO BCE O0JIee Y3KOTO ydacTKa OpOUTHI, 1101 BCE 00JIee OCTPHIM yIIIoM 0.
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Taxum 00pa3oM, B paCCMOTPEHHBIX CIIydasX XapaKTEePUCTHKH MOJS OT UCTOYHUKOB M3ITyUCHHUS,
MpeJCcKa3aHHble TeOpHeil PUTIIA M KITACCUYECKOM AIEKTPOJMHAMUKOM, COBIAAAIOT.

§ 3.8. QkcnepumeHmsbi ¢ ucnonb3oeaHuem aghghekma Méccbayapa
Jlis  maGopaTOpHBIX HMCTOYHUKOB CBETA JHUCTAHIMUA I W YCKOPCHHS @ CIHUIIKOM MAJIbI
(ra;/c® << 1) mis oGuapyxenus >pdexra PUTIA ONTHYCCKUMH METOXaMH. A Iis [peobpasoBaHus
Y4aCTOTHI CBETA B pasbl, coriacHo (3.5), Ha 1a00paTOPHBIX TUCTAHIUAX I ~ 1 M TpeOyeTcst 00ecneYnTh
ar ~ ¢/r ~ 10" m/c?,
KOTOpOE MPAKTUYECKH HEBO3MOXKHO TPHUAATh UCTOYHHKY CBETa. A MPH MAaKCHMaJIbHBIX YCKOPEHHSIX
ar ~ 10" m/c? (ROCTUTHYTHIX B yJIBTPALECHTPU(YTax), CABUIH YaCTOTHI CBETA OY/IyT CTONb MaJbl
Af/f=ra,/c? ~ 107,
YTO WX HE YAACTCS PETUCTPHPOBATH CIIEKTPATbHBIMU MeToMaMu. Ho Takue CIBUTH 4acTOTHI yHacTcs
peructpupoBath 1o 3bdexty Méccbayaspa. Tak, B onbite bémmens [145], ¢ ucrouHukoM y-tydei, yc-
TaHOBJICHHBIM Ha IIHE30BUOpATOpE, HA MPUEMHHKE ObUT 0OHAPYKEH CIIBUT YaCTOTHI
Aflf = ra/c?,
A B ONBITE C JAWCKOM, KPYTSIIUMCS C 4acToTod ® [145], HEHTPOCTPEMHUTEIBHOE YCKOPEHHUE
ar(R) = ®°R HCTOYHMKA U aTOMOB JHCKA, Mepen3nydarmuXx Ha myTa oT Ry 1o Ry, mpu uHTErprpoBa-
HUU B 3TUX Mpefenax, 1aéT no puti-3QQPexTy BeTUIHHY CABUTa YaCTOThI, COOTBETCTBYIOIIYIO OIBITY:

A Rf a,dR  02(R,2-R?)
f : 2 2¢2 . (3.19)
1

DTOT pe3ybTaT COOTBETCTBYET dKcrepuMeHTy [145] u 00b1uH0 nHTEpIpeTHpyeTes B pamkax OTO.

He uckmoueno, uto B apdexre Méccbayspa B 1eHCTBUTENBHOCTH UAET PE3OHAHCHOE MOTJIONIe-
HHE, COOTBETCTBYIOIIee He yactore f, a mumue Bomubl A = ¢/f. B GamimcTHuecKoi TEOPUH CKOPOCTh
cBeTa ¢' He GMKCHPOBaHa, M 3TH XapaKTEPUCTUKHU He Bceraa skBuBajieHTHbI A = ¢'/f # cff (B oTimume ot
CTO, rae A = c/f, cm. 8§ 3.6). B 3aBucHMMOCTH OT METO/Ia H3MEPEHUI YaCTOTHI WIIM JTHHBI BOJHBI CBETA,
HE Bcerja sICHO, 0 KakoW xapaktepuctuke Uaét peub [16]. Ecnu pe3oHaHCHOE MOTIIOIIEHUE COOTBET-
CTBYET JaHHOM A, TO HaOIOaeMOe MpeoOpa3oBaHUE JJIMHBI BOJTHBI MOKHO OOBSICHUTH U B OTCYTCTBHUE
HepeH3IyYeHUsT TPOMEXYTOYHOM cpeoit. Tak, mpu pa3MelieHH: UCTOYHKMKA Ha 000j€e poTopa, a Io-
rotutens — B 1eHrpe O, wacrora f Ha u3nyuarene u f' — Ha mornoruresne copmaayrt: f' = f, cormacHo
(3.7) mpu X = 0. T.e. mpu ’TOM MOYKET MEHSATBCSI JIUIIIb JJTHHA BOJIHBI. J|eHCTBUTEIBHO, JJTUHA BOJIHBI Y-
u3aydeHus Ha moriotutene A = C'/f° mpeobpasyercs mo cpaBHeHHIO ¢ mcxomHON A = C/f, T.k. Cko-
pocThb cBeTa Ha morjoTuree C # C. [Ipu ckopoctu morioturens V= oR momxydnm

¢’ =vc2 V2 =4/c2 —?R2, (3.20)
orkyza A = ¢’ /f= M1 + ©°R¥/2c?) = (1 + V#2¢?), uto coBmagaer ¢ pesy/IbTaTOM ONBITOB U (HOPMyYII
OTO, a takxe ¢ BeiBogoM CTO o Benmuuune nonepeunoro 3¢ dexra domiepa (8 3.6) [145, A51].

B o6miem ciydae, eciid HCTOYHUK 1 HaXOquTCs Ha paccTosiHud Ry oT meHtpa poropa O, a mpu-
émuuk 2 — Ha paccrosiauu Ry (Puc. 3.24), peructpupyemast uacrora He mensiercs (f' = f, T.x. paccros-
Hre 1-2 HeM3MEHHO), CKOpPOCTh ucTouHuKa V1= 0R;, a npuémunka Vo= oR,. U3 (3.20) B mabopatop-
HOU crcTeMe O0TCUETa CKOPOCTh CBETa C', HIYIIEro B HAIIPABJICHUH MOTJIOTUTEIIS, COCTABHUT

' = \/c2 ~v,% = \/c2 —0?R? .
CkopocTb cBeTa C'" B cUCTeMe 0TCUETa TIOTJIOTUTENIS U3 TpeyroibHuKa ckopoctei (Puc. 3.24) ectpb
¢"=yc'2 +V,2 =4/c2 —0?R;? + 0?R,? ~clL+w? (R,2 — R, )/ 2c?)
B rtakoM ciyuae AL = A — A= ¢ /f— c/f = Mo?(R2? — RiA)/2¢% u AMA = 0*(Re?— Ri%)/2¢?, uto
COBITAJA€T C pe3yJbTaTaMH OIBITOB, B KOTOPBIX puMeHsuics addexr Méccbayapa [145, A51].
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Puc. 3.24. Cxema U3MEHEHHUS CKOPOCTH CBETa HA POTOPE
1 JUTMHBI BOJIHBI TIPU U3MepeHnH 110 3hdexty Méccdayapa.

B mone TAroTeHMs TOKE HAOIIOMANCSA COBUI YacTOTHI M3TydeHHs (JIMHBI BOJHBI) OT ramma-
u3Iydarens, oOHapykeHHbIH 1o 3hdexty Méccbayaspa, Hanpumep, B onbite [laynna u Pebke y mpu-
émuuka Ha Beicore h =20 M Hax uctounukoM [327]. BenuunHa ciBura toke cieayer u3 sddekra
Putna. 'amma-nydn nepensinydaroTcs MOJIKYJIaMH BO3TyXa, JIBIKYIIIUMUCS B TIOJIC TSATOTCHHSI C yC-
KOPEHHEM dr = (J, U MPUEMHHK Ha BBICOTE N perucTpupyeT u3iydeHne HOBOM JUTHHBI BOJHBI M YaCTOTHI

A=A (1 +gh/c®) u f' = f(1-gh/c?).

B ombiTax 00Hapy)keH MMEHHO TAKOW CABUT YaCTOTHI Ha MOTJIOTUTEIE ramma-iydeit [42, 327].
[epeunsnydenue cymecTBeHHO Tpu JuinHe dKcTHHKIMK | < h. Kak mokasano B § 4.1 s ramma-iydeit
B riactuke | ~ 0,1 mm. Cornacuo [31], miuna nepensnydenus | = (kaoN)_1 00paTHO MPOMOPIIHOHATIEHA
KOHIICHTpauu aToMoB N, U B BO3/ayXe, I/ic KOHIICHTpamwsi aToMOB N B THICSYy pa3 MEHBIIE, YeM B
mwiactuke, | ~0,1 M <h =20 m. Takum 00pa3om, U3Ty4YeHHe UCTOYHHKA Mpeobpasyercs mo 3hhexTy
Putna yxe Ha paccrossaum 10 cM oT ucTodHuKa. YTOOBI IPOBEPHUTH, CBSA3aH JIU CABUT YaCTOTHI HA IO-
riotutene ¢ dpdpexToM Putia wim ¢ u3MeHeHneM xoa BpeMenu B nose tarotenus mo OTO, cienyer
MOBTOPHUTH OTBIT B BaKyyMe Wid Ha BbicoTe h << |. Eciu cIBUT 4acTOTHI COXPAHUTCS, €r0 HEe 00bsIC-
HUTH 110 3G ety PUTna, u NpuYMHy U3MEHEHHs YaCTOThI CJIEAYEeT UCKaTh B U3BMEHEHHH X0Jla BpeMe-
HU WIA B U3MCHCHHUH PE30HAHCHBIX YACTOT aTOMHBIX SIEp B 3aBHCHMOCTH OT T'PABHTAIMOHHOTO IO-
TeHimana. Eme onun kputepuit Beioopa maét onbiT [layHna u PeOke, yke ¢ IUIOTHON cpeioil MexIy
UCTOYHUKOM M TIOTJIOTUTEJIEM: MEPEH3IyICHUE HETOBUKHBIX aTOMOB B Cpelie YK€ HE MEHSUIO OBl
yacroty 1o 3¢ dekry Putia. Hanporus, B pamkax OTO caBHUTr 4acTOThI JOJDKEH COXPAHSATHCS.

B pamkax 6amumMcTHYeCcKOi TEOPHH XOJ] BpEMEHU HE 3aBUCUT OT TPAaBUTAIMOHHOTO IMOTEHITHAIIA
u ot yckopenws, B ominure ot OTO. [Toatomy B Ki1accuueckoil pu3uKe HECOBMAICHUE YacTOT HA HC-
TOYHHUKE W MOTJIOTHTENIC, MMCIOIINX Pa3HbIE YCKOPSHUS WM MMOMEIIEHHBIX B pa3HBIC TPAaBUTAI[HOHHBIC
MOTEHIIMAJIBI, MOXKET OBITh CBsI3aHO JH00 ¢ AP dexToM Putiia, 1100 ¢ NEHCTBUTEILHBIM CABUTOM PE30-
HAHCHOM 4acTOThI. TEOPETUYECKH HE MCKIIIOYCHO M3MEHEHHE CKOPOCTH X0/1a 4acoB (KaK /I MasTHH-
KOBBIX YacOB, MOJHATBHIX HA 3HAYUTEIBHYIO BHICOTY), 0€3 M3MEHEHUs X0/1a BpEMEHHU. B CBS3M C 3TUM
3aCITy’)KMBAaIOT BHUMaHUs OMBITHl Xadeine 1 KuTTuHra ¢ aTOMHBIMH 4acaM¥, OJTHA U3 KOTOPBIX MTOMe-
IIAJTA Ha PEaKTUBHBIN CaMOJIET, JeTsmuii co ckopocthio V ~ 300 M/c, a apyrue — HEMOABHIKHO yCTa-
HaBIMBAIM HA 3eMiie. [locie mpu3emiteHus caMmoéra OOHAPYKUJICS 3aMETHBIM yXOJI 9acOB BIIEPE TIO
OTHOIIEHHIO K YacaM, OCTaBIIMMCS Ha 3emiie. OJJHAKO, aTOMHBIC Yachl — HE CaMble TOYHbBIE. HA YaCTO-
Ty aTOMHBIX IEPEXOJ0B BIHSIET JIEKTPUIESCKOE U MAarHUTHOE TI0JIe. BIMsSeT Ha 4acTOTy M IpaBUTAIU-
OHHOE T0J1e, U yckopenue [328]. DTo BIUsHUE JIETKO OLIEHUTH 10 METOY BO3MYIICHHUH.

B Oyaymiem OymyT mOCTpOeHBI 00Jiee TOUYHBIC THUITBI YaCOB, KOTOPBIE MTO3BOJIAT TOYHO MPOBEPUTH
MOCTOSTHCTBO XOJIa BPEMEHH, HE3aBUCUMO OT yCJIOBH. Hampumep, yackl B BUje OBICTPO Bpallaroiie-
rocsi MaxoBHKa (cynepmaxoeuxa) Ha MarHUTHOM ITOJIBECE B BaKyyMe MOTYT JJIUTEIbHOE BpPeMs Bpa-
IaThCsl 0€3 MOTEPU CKOPOCTU M 0€3 BIMSHUSA Ha 4acTOTY BPAILICHHS CO CTOPOHBI TPABUTAIIMOHHOTO
nojisi 1 yckopenus [329]. Yactora BpalieHus, UCTIONIb3yeMasi Il OTCYETa BPEMEHHU, U3MEPSAETCS 110
YacTOTE UMIYJIBCOB C (POTOJETEKTOPA, PETUCTPUPYIOMIETO CBET Yepe3 OTBEPCTHE B MaXOBHKE TPH Ka-
®10M o0opoTte. ['paBHUTAIlMS OTYACTH BJIMSET U HA ITOT THIT YACOB, HO ITO BIHUSHHUE JIETKO Y4YECTh U
UCKJIFOUUTh, MCHSISI MaTepUaJl MaXxOBHKa, BBOJISI TCOPETHUECKUE TIOMIPABKH, TOTIa KaK aTOM — 3TO 4&p-
HBI SIIIWK, ¥ BCE BIIMSHUS HA HETO TPYJIHO YYE€CTh M PACCUMTATh. TakKe TpaBUTAIUS U YCKOPECHUE HE
BJIMSIOT HA YaCTOTY PACMajOB PaJHOAKTHBHBIX saep. [1o3ToMy co3maHue siIepHBIX 4acoB (Mpeio-
keHHbIx emé Bek Hazana [330, c. 392]), oTMmepsionmx BpeMs MO 4acTOTE PacrajoB, U3MEPEHHOU Je-
TEKTOPOM, TTO3BOJIUT OTMEPSITh BPEMsi C OTPOMHON TOYHOCTBIO, IIOCKOJIBKY MPU OOJIBIIIOM YHUCIIE pac-
nazos N, BKiag ciaydaifasix Quykryauuii ux uncaa nopsaxa N2, crpemutes k Hyio. TOUHOCTb H3Me-
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pEHUsl BpEMEHHU MOpsAKa NY2/N = N2 paBHasi TOYHOCTU ATOMHBIX YacOB 107, OyZeT TOCTUTHYTa
npu yucie pacnagaoB N = 10%. [Ipu u3mepeHnn BpeMeHH B TEUEHHE Yaca YHUCI0 aTOMOB, PACTIaBIINX-
CsL B CEKyHILy, HOJDKHO cocTapmsth ~10"° — 5T0 THnMYHAS CKOPOCTH pachaia, Hampumep, oopasia pa-
JIUSl BECOM B HECKOJIbKO rpaMM. OCOOEHHOCTb SAEPHBIX YaCOB COCTOUT B YBEIMUEHUU OTHOCUTENIbHOM
TOYHOCTH U3MEPEHUs] BPEMEHU IIPU YBEJIWYCHUU U3MepsieMoro uHrepnaia Bpemenu u N. B nurepaty-
pe YIOMMHAIOTCS TaKXe SKCIIEPUMEHTHI, B KOTOPBIX Ja)Ke MPHU MCIOJIb30BAaHUU HAa HABUTALIMOHHBIX
CIyTHUKAaX MPEUU3UOHHBIX KBAPIIEBBIX 4acoB (00JaIaBIINX PEKOPIHOM JJIsl 3TOTO TUIA YacOB TOYHO-
CTBIO X0/1a) 00OHAPYKUBAJIOCh OTCYTCTBHE I'PABUTAIIMOHHOTO CABHIa CKOPOCTH X0/1a 1 4acToThl [331].

Takum o0Opa3oMm, BOIPOC O TOM, OOYCIIOBJIEH JIM CABHUI YacTOTHI FaMMa-U3Iy4eHus: 3p¢pexrom
Putna wim s¢gdekramu OTO octaércs OTKPHITBIM M TPeOyeT TOMOJHUTEIBLHON AKCIIEPUMEHTATBHON
NPEUU3NOHHON MTPOBEPKH, METOABI KOTOPOW ObUIH MPEIOKEHBI B maparpade.

§ 3.9. Bbigodb!

AHanu3 pe3ynbTaTOB ONTUYECKUX SKCIIEPUMEHTOB U ONBITOB ¢ IpuMeHeHueM 3¢ddexra Méc-
cbayspa NOKa3bIBaCT OTCYTCTBHE MPOTHUBOPEUMH € OAIITMCTUYECKOM TeopHel. YCTpaHeHa HEOJHO-
3HaYHOCTh B TPAKTOBKE PsZia ONTHYECKUX HKCIIEPUMEHTOB M IIOKA3aHO, YTO UX PE3YJIBTaThl KOCBEHHO
CBUJICTEIILCTBYIOT B IIOJIb3Y BIIMSHUS CKOPOCTH UCTOYHUKA HA CKOPOCTH CBETA U IPOTUBOpEUAT €€ I110-
CTOSIHCTBY. [IpenoxeHbl HOBbIE METOIbI U KPUTEPUHU NMPOBEPKH OAJUTMCTUYECKON TEOPUH MyTEM aHa-
JM3a MpeJCKa3aHHBbIX B paMKax Teopud 3¢ ¢exroB. IIpemiokeHHbIe cXeMBbl YCTAaHOBOK, KOTOpPBIE, B
cilydae MoATBepkAeHUs d3pdexTa PuTia, MOKHO MOJIOKUTH B OCHOBY TPaHC(OPMATOPOB [UIUTEIIBHO-
CTH JIA3E€PHBIX UMITYJILCOB U YAaCTOThI CBETA BO BCEM JMAIIA30HE 3JIEKTPOMArHUTHBIX BOJIH.
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MmaBa 4. Bannuctuyeckmne acpdeKkTbl y penAaTMBUCTCKMX YacTuUL

B nmanHO#l TnaBe mpowm3BenéH aHaIM3 AKCIEPUMEHTOB B 001acTH (M3WKU BBICOKUX JHEPTHi,
saepHoit pusuku (Muxpomup). JIas HOHOB, SAEP U SIEMEHTAPHBIX YACTHIL C PEIATHBUCTCKUMHU CKOPO-
CTSIMU JJ00ABJIEHHE CKOPOCTH K CKOPOCTH H3JIy4€HHOIO UMH CBeTa Jerko usmepumo. Ilpunaro cuu-
TaTb, 4YTO BCC OKCIICPUMCHTBI 3TOT'O THIIA ITPOTHUBOPCHUAT OaJUIMCTUYECKON TCOPHUH, OJHAKO HUX THIA-
TEJbHBIA aHaMHU3 U yU€T dpdeKTa nepen3TydeHus: cpeioil MPUBOIUT K BBIBOIY, YTO OHU HE MPOTUBO-
peuaTt TCOpUunu PI/ITLIa. A psAA OMNBITOB, B YaCTHOCTH, OIIBITBI C CUHXPOTPOHHBIM H3JIYUCHUCM, JIYUIIC
COTJIACYIOTCS C OQJTUCTHYECKON TEOpHeH, 4eM C TOCTYJIATOM O IMOCTOSHCTBE CKOpOCTH cBeTa. Jliis
OJJHO3HAYHOI'0 pCUICHHUA BOIIPOCA O BJIMAHHUN CKOPOCTH HMCTOYHHKA HAa CKOPOCTHb CBCTA IMPCIAJIOKCHDBI

HOBBIC METO/IbI TPOBEPKH TEOPUHU PUTIIA U yCOBEPIICHCTBOBAHHBIC CXEMBI MIPEKHUX IKCIIEPHUMEHTOB.
OCHOBHBIE Pe3yJIbTaThl I1aBbl H3J0XKEHBI B padotax [A2, A10, A37, A38, A45, A52-A54].

§ 4.1. OnbimbI ¢ G8UXYyW,UMUCSI Me30HaMu U sidpamMu

B maboparopHbIx omnbiTax 3QPEeKT Nepen3TydeHNsT HEMOABHKHBIMHA 3€MHBIMH CPEaMHi HUBEIIH-
pPYeT OTJIMYHsI CKOPOCTH CBETAa OT HOMHHAJIBHOTO 3HaueHHs. [103TOMY MpPEIoKeHO U3MEPSTh CKO-
POCTh TaMMa-JIyueil OT JABHXKYIIUXCS C OKOJIOCBETOBBIMU CKOPOCTSIMH SIZICP M JIEMEHTAPHBIX YaCTHII.
[Ipenmnonaranock, 4To TaMMa-Tydd MPAKTHYECKH HE MEPEU3ITydaroTCsl CPEOH, T.K. SJIEKTPOHBI CPEIIbI
TeM ciiabee OTKIIMKAITCS Ha W3y4YeHue, 4eM Bbire ero yactora (8§ 1.1). CooTBETCTBEHHO, MEHEE HH-
TEHCHBHO PACCESTHHOE AJICKTPOHAMH H3ITydeHHE, MEHSOIIEe CKOPOCTh CBeTa. Jlaxke y IUIOTHBIX cpen
1oKa3artesb MPEIOMJICHHS )11 PEHTTCHOBCKHUX M FAMMa-JIy4eH MOYTH HE OTJIMYACTCS OT €JAMHUIIBL.

JIx. ®okc cuMTam UMEHHO TAKOW TECT OJIHO3HAYHBIM KPUTEPHUEM IMPOBEPKU OaTTMCTHYECKOMN
teopun. B pabote [25] on npuén onbiT AsnbBarepa [332] ¢ raMma-u3yueHHEM MPOTOHOB, JICTSIIUX
CO CKOPOCTBIO OJIM3KOH K C, Kak Hamboyiee yOeaUTEeNIbHOE CBHIETEIHCTBO B O3y HE3ABHCHMOCTH
CKOpPOCTH CBETa OT CKOPOCTU UCTOYHHUKA. B ombiTe Ha 0aze B 31 M u3Mepsiiach CKOPOCTh raMMa-JIydei
OT pAacIafalOMXCs Ha JIETy T -ME30HOB OT MHIICHH, GOMOapaupyeMoil mporoHamu. M3mepeHHas
CKOPOCTh FaMMa-JIy4eil COBIaalia ¢ TAOJIMYHBIM 3HaUYE€HUEM C B npeaenax Tounoctu nopsaka 0,01 %.

CraBuIICSl TAaKXKE OTBIT C TaMMa-U3IyYCHUEM OT JABMKYIIUXCS C PEISTHBHCTCKUMH CKOPOCTSIMHU
sIep, KOTOPBIN HE BBISBUJI OTJIMYMN CKOPOCTH U3JIy4eHHUs OT ckopoctu cera [145, 82]. dokc u du-
JIMIIIAC CTABHJIM OMBIT MO0 M3MEPEHUI0 CKOPOCTH M3IMYUYSHHS OT JBIKYIIMXCS C PEISATUBUCTCKHUMHU
CKOPOCTSIMH T -Me30HO0B [333], Toxke MoKa3aBIIMil COBMAIEHHE CKOPOCTH M3ITYUECHHS OT PENSATHBHCT-
CKHX T'-ME30HOB B HAIIPABICHHM BIOJIb M MPOTUB ABIKeHHs [145]. Jik. DOKC paccMaTpHBai 3TOT
IKCIIEPUMEHT B KAYECTBE PEILAIOIIETO0, ONPOBEPTaIOIIero OaJUIMCTHYECKYI0 TeopHo [25].

Onnaxko, kak ormeTria cam Jx. doke [25, 333, 334], 3TOT BBIBOJ HEIOCTATOYHO 0OOOCHOBAH, I10-
CKOJIbKY TOYHO HE U3BECTHBI MEXaHH3MbI paciiaja 1 U3JIyueHHs], O KOTOPBIX CY/IAT Ha OCHOBE KOCBEH-
HBIX JaHHBIX, TaK K€ KaK 0 CKOPOCTH M3JIYYarOIINX YacTHII, KOTopas He U3MEpEeHa HaIpsMYIo, a pac-
CYMTaHA B PaMKaX HEKOTOPBIX JOMOJHUTEIbHBIX THIIOTE3 U PeISITUBUCTCKON KuHematuku [30].

ABTOpPBI 3KCIIEPUMEHTA OTMEYAJIH, YTO M3ITYYCHHUE JI0 MOCTYIUICHUS B IETEKTOPHI MMPOXOAMT Ue-
pEe3 HEMOABIKHBIE CPEIbl, T.€. MOXKET NEPEU3TydaThCsi UMH U JIBUTATHCS Jlajiee CO CKOPOCThIO C, yTpa-
TUB U30BITOK CKOpocTh. B pabore [332] onenena mnuna nepensiaydenns B atmocdepe (5 kM, 4To MHO-
ro Ooublne nponéTHor AucTaniyu B 60 M, oTuero nepeusnyueHueM npeneoperanu). OQHAKO HET OIe-
HOK JUIMHBI IEPEU3TYICHHUS B ONITHUECKU O0JIee TUIOTHOW OSpUIIIMEBON MUIIICHH U MHJIAPOBOM OKHE, B
KOTOPBIX JutiHA SKCTUHKIMK | = A/27(n — 1) B Thicsun pa3 kopoue. T.e. nmepensaydeHue B ONbITE BO3-
MOYHO, U C €r0 y4ETOM OIBIT HE MOXKET CBHUICTEILCTBOBATh POTUB OayutncTHYecKoit Teopun [333].

JleiicTBUTENILHO, BO BCEX MEPEUUCIICHHBIX OMBITAX BBHI3BIBACT COMHEHHUE MPEIOI0KEHUE, OYATO
cpela MUIIICHU U JICTEKTOPOB HE MEHSET CKOPOCTh PEHTTEHOBCKHX M TaMMa-JIydel M3-3a UX cliaboro
paccestHusI AJIEKTpOHaMU cpeabl [25], BBUIY Mainoil 3QeKTUBHOCTH paccesHus ramma-iyueit (mpo-
MOPIUOHAIBLHON A) U OTJIMYHS YaCTOThI PEHTTCHOBCKHUX M TaMMa-JIy4ell OT Pe30HAHCHBIX YacTOT pac-
CEHBAIOIIUX CBET BHEIIHUX JJICKTPOHOB B aToMax. [109TOMy MoOKa3arenb MPeTOMIICHHS N JJIs TaKUX
U3JIyYEHUN CUNTAIOT OJM3KUM K €IMHUIE, a JUIHHY dKCTUHKIMH | = A/27n(n — 1) — cTonb 6OMbINoiA, YTO
nepeusnydeHueM npeneoperatot. Ho, kak ormetrn V. Kantop [30], Her npsiMbix otnieHok N u |. Kpome
TOTO, W3IyYCHHUE PACCEHBAIOT HE TOJBKO CBOOOJHBIC M BHEIIHWE DJIEKTPOHBI aTOMOB, HO TaKkKe —
SJIEKTPOHBI BHYTPEHHHUX 000JIOUEK, U SJIPa, Y KOTOPHIX PE30HAHCHBIC YACTOTHI JISKAT B PEHTTCHOB-
CKOM WM ramMMa-JHana3oHax M KOTOpbIe d(P(GEKTUBHO B3aMMOJEHCTBYIOT C M3JIy4YeHUEM, oOecreunBas
n# 1 u mansle |, 32 c4éT Maoil UTMHBI BOJIHBI A PEHTTEHOBCKHX M ramMma-iyded. Toraa mepensiyde-
HHE BO3MOXHO M Ha JUIMHaxX | MeHee MuTMMETpa — Ui raMMa-Jydell B 3eMHBIX cpeliax, 1 MEHee ac-
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TPOHOMMYECKOW €UHULIBI — ISl PEHTT€HOBCKUX M raMMa-JIy4eil B MEK3BE3AHOU cpefe. T.e. OIbITHI,
rJie Jy4H IUTH CKBO3b MuIieHu [25, 145, 333] win mex3Bé3anyio cpeay (cm. 8 2.1 [31]), He mpoTuBo-
peuaT Teopun Putna. CoryiiacHO MOCIETHUM U3MEPEHUsIM, Ui PEHTTEHOBCKUX U TaMMa-lyueil Koad-
¢bunuent npenomsierus N # 1. Eciu 0603naunth N = 1 + 0, TO AJ1s1 pEHTIEHOBCKUX JIy4en O = 107°-10"
® Tak, s pPEHTIeHOBCKUX Jyueit ¢ sneprueii 30 k3B (A = 41071 M) B BOJIC 0 = -2,6:1077 [209], a ms
ramMma-Jrydeit ¢ sueprueii 1,2 IsB (A = 1072 M) B crumkone 8 = 1,5-107° [335]. Orcrona minna
A A
| = -
2nin-1 23|

JUTsl PEHTreHOBCKUX Jaydueit coctaBut | = 0,05 mm, a aist ramma-nyueit | = 0,1 MM, 9T0 CONOCTaBUMO ¢
JTMHOM nepensnydenus ontudeckux ayde | ~ 0,001 mm. To e BepHO B OTHOIICHHH MEX3BE3IHOTO
ra3a — [uiHbl | B HEM COMOCTaBUMBI B ONTHYECKOM, PEHTTCHOBCKOM M ramMMa-auana3oHax. [1oatomy,
MPOXO/s CKBO3b JIETEKTOPHI U TUIACTUHKH, TOJIIMHOW B HECKOJIBKO MUJIIMMETPOB, PEHTT€HOBCKHE U
raMma-iy4yu NepeusyqaroTcs, Tepsis U30bITOK cKopocTu. TakuM 006pazoM, B MOJAOOHBIX OMBITaX HEJb-
351 TOBOPHUTH O MPSIMOI MPOBEpKe OayuTMCTHYeCKOM Teopuu. Tak W st MEK3BEZIHOTO ra3a JUIMHBI |
JUTSl PEHTTEHOBCKUX M TaMMa-JIydeil CpPaBHUMBI C JUTHHON SKCTUHKIMH | I ONTHYECKOTO HU3ITy4CHHS.
T.e. apryments bpauepa [31, 32] npoTuB 6AUTUCTHYECKOM TEOPHH, OCHOBAHHBIC HA aHAJIM3E IBOMHBIX
PEHTIEHOBCKHUX IMyJIbCAPOB U HCTOYHHUKOB raMMa-BeIbiiiek (8§ 2.1), He UMEIOT CHJIBI.

Haxownerr, kak ormeTri ®oxkc [25], npenioxkeHHas UM OIieHKa [UTHHBI | SKcTHHKIMK (ToranieHus
HICPBUYHOM BOJIHBI) CIIPABEIIMBA JIUIIb JJISI CKOPOCTEH MCTOUHHKA V << C U HEMPUMEHHUMA K H3JIyde-
HHUIO PeIATUBUCTCKUX 4YacTul. OueHuTh | MOXKHO SMIHMPHYECKH, BapbUPYsl TOJIIMHY MHIICHU (Ha-
IpUMeEp, €CITH Ta COCTABJICHA U3 JIByX CIBUTAEMbIX KJIIMHBEB) M OLICHMBAsI BApUALIMU CKOPOCTH CBETA.

B kauectBe mpoBepku Oammrctuiaeckoil Teopuu 1 CTO MOXKHO Takke pacCMOTPETh OMBITHI MO
u3MepeHuto BpeMeHu ku3HU MUOHOB. [lo CTO Bpems >KM3HM MOJBMKHBIX YACTHUIl PACTATHBACTCA
IPOTNOPIHUOHATBHO Y-pakTopy (cM. 8 3.6), a B Ga/UTMCTHUECKOM TCOPUH BPEMS )KU3HU YaCTHUI] HE 3aBH-
CHT OT MX CKOpOCTH. M3 ombITOB ciemyet, uto Bpemst t = L/V monéra dacTuiiel, 1axke Ipud CKOPOCTH
V = ¢ (mpenensHoit mo CTO), 3aMeTHO MpeBbINIacT €€ HOMUHATBHOE BPEMsI JKM3HH T, U TEM 3aMETHEH,
4yeM BbIlIe SHeprus yacTuibl. [lonaranu, uro sto moarBepkaaet BeiBog CTO 00 n3MeHeHuu maciiTa-
0a BpeMeHH IpH IBUKEHUH, OyATO JUISI TIOABMYKHON YacTHUIIBI BpeMst TeYET MEJICHHEH, U OHA yCIIeBa-
€T MPOMTH 10 MOMEHTa pacnajaa oonpmiuii myTs L. Ho, kak mokaszan B 1959 r. I1. Pamse [336] u B 1983
r. A.A. Jlerucos [337], aTo BepHO suiub mpu V < €. T.K. B KJIIACCHYECKON MEXaHMKE TaKOTO OrpaHhye-
Hus HeT, To t = L/V He u3MeHHTCS, €ClIU MPONOPLUHOHAIBLHO MyTH L BBIpacTeT CKOPOCTh V YaCTHIIBL.
OueBuiHO, Oo0JIee OBICTPhIE YACTHLIBI IPOXOAST 3a BpeMs paciaja NpOHOPILHOHATBHO OOIBIINN MYTh.

B wacTHOCTH, «IPOIEHUE KU3HU» HAOIIOAAIN Y MIO-Me30HOB (moonog) [338]. B CTO Bpems
ux xu3Hu t' = L/v paccunthiBatoT o ummysnbscy p = €BR (m3mepenHoMy 1o paauycy R KpuBH3HBI Tpa-
CKTOPHH B MAarHUTHOM T10Jie B), CBI3aHHOMY CO CKOPOCTBIO U PENIATHBHCTCKON (hopMyioi

p =mul(1 - #ic?)Y?,
rie M — mMacca MIOOHa. B GayuincTudeckoii TeOpum ero CKopocTh HailiéTes kiaccuuecku V = p/m, uiu

V= ul(1 - A (4.1)
Ecmu B popmyite t = L/V ckopocTh V 3aMeHHTD Ha €€ BhIpaKEHHE Yepe3 U, TOTAa MOIYUUM

Liv=t=t/(1- flcH),
T.e. popmyny CTO mnsa npeobpa3oBaHus BpEMEHHU:
t'=t/(1 - 1A= ty.

Taxum 00pa3oM, corigacHO GayIMCTUUECKO Teopu, nmpoder yactull L = t'V = tyc pactér He 3a cuér
pocTa BpeMeHH uX >ku3Hu t' = ty mpu orpaHudeHHoM ckopocTu V = ¢, a 3a cu€T pocta ckopocTtu V = yc
npu GUKCUpOBaHHOM BpeMeHH xu3HH t' = t. tak, BeIOOp Mexay OammucTudeckoil Teopueil u Teopuen
OTHOCHUTEIIFHOCTH MOXKHO CJIENIaTh JIUIIb IMyTEM MPSIMBIX 3aMEPOB CKOPOCTH V ME30HOB.

CrnpaBe/UIMBOCTb PENIITUBUCTCKON KMHEMATUKH OOOCHOBBIBAIOT KCIIEPUMEHTAMH Ha KOJUIane-
pax Mo CTOJKHOBEHUIO 3apsSKEHHBIX YacTHUIl. B 4acTHOCTH mocie paccesHus AJIEKTPOHA Ha 3JIEKTPOHE,
WY TIPOTOHA HA MPOTOHE, YaCTUIBI pasjieratoTcs noz yriaom mensinuM 90° [339], Bonpeku kiaccuye-
CKOW KMHEMaTHKe, HO B coryiacuu ¢ kuHeMatukoid CTO. Ho ToT e pe3ynpTaT mojydaercs ¥ B paMKax
KJIACCUYECKOM KMHEMATHUKH, IPU y4€Te NOTEPU UMIYJIbCAa U SHEPTHH YACTULl HA U3TYUYCHUE B XOJ€ X
CTOJIKHOBEHHH, KOI/Ia T€ JABMXKYTCSI C TUTAHTCKUMH YCKOPEHUSIMHU, KOTOPBIM COIYTCTBYET UHTEHCHB-
Hoe m3nydeHnue [A38]. Ilpu obOcuére sKcneprMeHTaNbHBIX NaHHBIX B pamkax CTO ykaszaHHbIe IO-
NpaBKH He OOHAPY)KEHBI, YTO CBUJICTEILCTBYET O HETOYHOCTH PENSTHBUCTCKUX (hopmy. Jlumis B OT-
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JenbHbIX padotax [339] paguanuoHHBIE MONPABKH yYTEHBL T.€. MCCIENOBATh MPOLECCHl CTOIKHOBE-
HUI B YHCTOM BHJE, B OTCYTCTBHE PAJAMAIMOHHBIX 3(P(HEKTOB, MOXKHO JIHIIb y HEHUTPAIbHBIX YaCTHIL,
Harpumep, MpH UCCIIEOBAHUH CTOJKHOBEHUN HEUTPOHOB, U3JIy4aeMbIX OJOKaMU SIIEPHOTO PEaKTopa.

Kak npaBuio, CKOpOCTh PEIATUBUCTCKUX YaCTHUI] HE U3MEPSIOT HANPSIMYIO MO pa3HUIIE MOMEH-
TOB PETUCTPAIMU M3IIy4YEHUS BYMs Pa3sHECEHHBIMU JETEKTOPAMH, HO CPAaBHUBAIOT CKOPOCTH MO pa3-
HUIIE MOMEHTOB PETUCTPAIMH Pa3HBIX THIIOB YAaCTHUI] U UX HM3IydeHHs aeTekropamu. [Ipw 3Tom HH-
YTOXKHYIO Pa3HHUILy CKOPOCTEH YacTHIl M MX W3IYYCHHS MHTEPIPETUPYIOT KaK PaBEHCTBO UX CKOPO-
cTeit — ckopocTH cBeTa C. OHako, Kak mokaxem jgaiee (8 4.3), eciu CKOPOCTh CBETA OT JABHIKYIIUXCS
YacTHI] yBEJIWYEHA, COTJIACHO Teopuu PuTHA, TO Te ke JaHHBbIE O3HAYAIOT CBEPXCBETOBBIE CKOPOCTH.
AHAJIIOTUYHO, TIPY CPAaBHEHUHU CKOPOCTH Pa3HBIX THIIOB YaCTHUI] HE3HAYUTEIBHOE UX pa3IMuue e He
cBUeTeNbCTBYET 0 V = C. bosee Toro, B 3KCepuMeHTax TaKOro TUIa HEOJAHOKPATHO PETUCTPUPOBAIIN
CBEPXCBETOBBIC YaCTHIIbI, HA3bIBAEMbIC maxuoHamuy (XOTsl C TOUKH 3PSHHUS KIACCUIECKOI (U3NKN OHM
NPUHIMIHAIBHO HE OTINYAIOTCS OT JIOCBETOBBIX YAaCTHII). B 4acTHOCTH OMBIT Ha yCKOpHTeENe B 1a00-
paropuu Fermilab [340] mokasai, uTo ckopocTh HEHTpUHO OT pacmaga K-me30H0B ¢ sHeprueii 75 5B
npumepHo Ha 0,1% (1073 MPEBOCXOUT CKOPOCTh MIOOHOB, 00pa3yIOIIUXCS B TOM K€ pacraje

K'— u' + v,

[Tpu sToM HanéxHO (¢ mocToBepHOCTHIO 99%) PEerucTpUpPOBaIOCh ONEPEIKEHHE PETUCTPALIH HEHTPH-
HO I10 CPAaBHECHHIO C perucrpaiueii MmoonoB Ha At = 0,37 £ 0,24 Hc, uro Ha nposiéTHoM 6aze L ~ 720 m
COOTBETCTBOBAJIO OTHOCUTEIBLHOM PAa3HULIE CKOPOCTEU ~107, ITockonbKy B paMKax peIsiTUBUCTCKUX
OLICHOK CKOPOCTH MIOOHOB OTJIMYAJIAch OT C Jmmib Ha ~107 [316], ouenano yxe B 1976 . GbUIH 3ape-
THCTPHPOBAHBI HEHTPUHO O CKOPOcThio Bhime C Ha ~(10~° — 107°)c ~ 300 kM/c — pe3ybTaT HEOIHO-
KpatHO moarBepkaéHHbI U B XX| Beke B Toii ke maboparopun [341]. Takke oH corimacyercst ¢ pe-
3yJbTaTOM SKcnepuMeHTa kosmabopaumu «OPERA» [341] (BmpodeM, MHTEpHIPETHPYEMOTO Terepb
KaK oImnO04HbIN). Ecii e MCXOAUTh M3 KIACCHYECKUX OICHOK CKOPOCTEW YacTHIl IO BEJIMYMHE UX
UMITYJIbCa, IPEBBILICHNE OyIeT elé 3aMEeTHEH, YTO JIETKO MPOBEPUTH MPSIMBIMH U3MEPEHUSMU.

[psiMble M3MEPEHUsI CKOPOCTH PEISATUBUCTCKUX M YIbTPAPESIATHUBUCTCKUX YacTHIl (MO pa3HHUIIE
MOMEHTOB PETUCTPALIUH JIETEKTOPaMH, YCTAHOBJICHHBIMU B Ha4yajie U B KOHIIC POJETHOW 0a3bl) Mpak-
THYECKH HHKOTJIa HE MPOBOIMINCH. HecMOTps Ha mMpoOKoe pacnpoCTpaHEHHE MPSIMBIX M3MEPEHHH
CKOPOCTH MOHOB BpeMsinpon€TabiM MeTozoM (Time-of-Flight — TOF-gerexTopamu, Hanpumep B ycTa-
HoBke ALICE Ha yckoputene LHC [342]), ux nmpoBoasT BAaiu OT CBETOBOTO O0apbepa — Uil HOHOB C
sHepruelt < 1 I'3B Ha HykioH. [ HUX, Jake B paMKax KilaccHueckou (pu3uku ckopocts V < C. A amns
KJIIACCHYECKUX CKOpocTeH V > C pensITUBUCTCKUX U YIbTPAPEIATUBIUCTCKUX YACTHUI] MPSIMBIX 3aMEPOB
TOF-kamepamu 0OBIYHO HE MPOU3BOJAAT. B TeX penkux ciryyasix, KOrjaa mpsMble 3aMepbl CKOpOCTen
OCYIIECTBIISIOT AJIS YIABTPAPENATUBUCTCKUAX YaCTHUI], HAIPUMEP U3 KOCMUYECKHUX JIy4eH, Bcerna oOHa-
PYXKXHBAIOTCS CBEPXCBETOBBIE CKOPOCTH, T.K. BpeMst nposiéta At y MHOTHX YacCTHI] OKa3bIBA€TCSI MEHb-
re ueM L/c [343, 344]. Drot neduiut BpemeHu At Heb3sl CIUCATh HA OIIMOKK W3MEPEHHH, TIOCKOIb-
Ky pacrpezesieHue yactuil 1o mapamerpy (At — L/C) cunbHO oTimuaercs oT 3akoHa [aycca.

B xagectBe mpumepa npuseném ase padbotsl [193, 345] ¢ mpsIMBIM M3MepEHHEM CKOPOCTH Yac-
THI B ycKopuTessix. B mepoit [193] npencraBnensl pe3yabTaThl omnbita bepTolim no npsmMomy u3me-
PEHUIO CKOPOCTH JICKTPOHOB, (haKTHYECKH MOATBEpAMBIINE, BOIPEKH BhIBOJAM camoro bepromiwy,
CBEPXCBETOBYIO CKOPOCTh 3JIEKTPOHOB. IIpu M3mMepeHnn CKOPOCTH 3JEKTPOHOB Ha MPOJIETHOM JJIMHE
8,4 M BHYTpH JIMHEWHOTO yCKOPHTEIs,, U3MEPSIaCh CPEIHsST CKOPOCTh DJICKTPOHOB (IPHOOpPETaBIINX
Ha BBIXOJIE M3 ycKopuTens sHepruto 15 M»aB), kotopas cocraBuia no usmepenusm V = €. Ho, ecnu
y4ecThb, YTO Ha BXOJE CKOPOCTh JIEKTPOHOB IPH 3TOM cocTaBmiia Vi << C, TIOCKOJBKY HE BKIJIIOYAJICS
YCKOPUTENb NPSMOTO NeWcTBHS (eerepamop Ban-de-Ipaagha), TO CKOPOCTh AJIEKTPOHOB Ha BBIXOZE
Va2 > ¢, T.k. Vo >V >V, [Ipuuém npesbimenne V; Hag V = ¢ MOTII0 OBITh 3HAYUTEIBHBIM, MTOCKOJIBKY
BHYTPU JIMHEHHOTO YCKOPUTENS W3-3a MAJIOW HA4YallbHOM CKOPOCTH JJIsl DJISKTPOHOB HAa HAYaJIbHOM
y4JacTKe IMyTH HE BBIITOJIHIOCH YCIIOBHE CHHXPOHM3MA: HE MOMa/1asi B YCKOPSIOIMIyIo (a3y moss, dJek-
TPOHBI MOTJIH 3(PPEKTUBHO YCKOPATHCSA TOJBKO Ha KOHEYHBIX Y4YacTKax MyTH, MOCJIE MPUOOPETCHHS
ckopoctu V ~ C. [Tockonpky Ha OCHOBHOM yactu yTH V < C, TO [ 00ecreueHus CpeaHel CKOPOCTH
V = C, Ha KOPOTKOM KOHEYHOM OTpPE3KE IyTH CKOPOCTH J0JDKHA OblIa cOCTaBUTH Vo >> C.

B npyrom skcniepumente [345] mo npsMoMy M3MEPEHUIO CKOPOCTH PEIIITHBUCTCKUX YACTHIL 11O
CHTHaJlaM JETEKTOPOB, YCTAHOBJICHHBIX B Hayajle M B KOHILIE NUCTaHIMU, TOXE IMoiydanocs V ~ C,
npu9EéM MOATBEPINIACH PEISATUBUCTCKAs 3aBUCUMOCTh OT ramma-¢akropa. Hegouér Ttakoro msmepe-
HHSI COCTOSUT B TOM, YTO BpeMsl npojéra auctaHuuu ceetoM (90 HE) ObLT OIM30K K MEPHOLY, C KOTO-
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PBIM CT'YCTKH 4acTHul] 6omMOapaupoBany MumIeHb. To ecTh, BO3HHKAIa HEOAHO3HAYHOCTh: B 3aBUCHMO-
CTH OT TOr0, KaKH€ MMITYJbChl B MOCJIEI0BATEIBHOCTH, PETUCTPUPYEMOM I€TEKTOPAMHU, COIOCTaBIIS-
JHCh IPYT APYTY, MOJIyYaIuCh pa3Hble 3HAYEHUSI CKOPOCTH, pazinyaromuecs B passl. M30exaTh HEoa-
HO3HAYHOCTH MOXHO, COIIOCTaBUB MMITYJIbCBl C HECKOJIBKHX I1OCIIEI0BATEIbHbBIX JIETEKTOPOB, WIH I1e-
pemeliast JeTEeKTOPbI U UCCIeysl U3MEHEHUS 3ara3/IbIBaHusl UMITYJIbCOB.

JlJist TOYHOTO M3MEpPEHUs] CKOPOCTH YaCTHIl OBICTPOJCHCTBHE M pa3pelieHre M0 BPEMEHU Y Jie-
TEKTOPOB YACTHIL JOJDKHO cocTaButh ~107° ¢, MOCKONBKY XapakTepHOe BpeMst MPOIIETa TabopaTOpPHBIX
nauctaniuii L ~ 1 M Ha CKOPOCTH cBeTa C cocTaBUT mopsiaka L/Cc ~ 3107 ¢. Taxoii paspeniaromnei cro-
COOHOCTBIO 00JIAZAIOT CHMHTHISIIMOHHBIC U MOJYHNPOBOJHUKOBBIC JeTeKTopbl yactui [347, c. 189].
OOBIYHO y 3TUX TUIIOB JIETEKTOPOB XapaKTEpHble BpeMEHa Ha Mopsaok Oonbiie. IloaTtomy ynoOHen
JICTEKTOPbI HE CAaMUX YaCTHIl, a co3aaBaeMoro umu nojs (kak B onsite beproru [193]),— nanmpumep,
B MHJyKUMOHHBIX JaTYMKaX WJIM B YEPEHKOBCKHUX JeTekTopax. [lockonbky ObicTponeiictBue MIIM-
doroaerexTopos gocturaer T ~ 107 ¢ (cm. § 3.3), To npu Bpemenu nponéra At ~ 10 ¢ ckopocts ac-
THI[ U3MEPACTCS ¢ TOUHOCTHIO T/At ~ 107>, TIpH 5TOM BpeMsi IpoIéTa TOKHO H3MEPATECS MPH T0ade
CUTHAJIOB C JITEKTOPOB MO0 Ha BXOA ocumiuiorpada, mmbo Ha cXxeMy 3ara3bIBaloONINX COBIAACHUH.

OTMeTHM, 9TO CBEPXCBETOBAsI CKOPOCTH 31eKTpoHOB ¢ 3Heprueit 500 MsB (y = 1000) u ux siek-
TPOMAarHUTHOTO TOJISI 3aPErUCTPUPOBaHA TaKKe B cpaBHUTENBHO cBexux (2012 u 2014 rr.) SKcnepu-
menTtax Jle CaHrpo, COTpyJIHUKaMH PUMCKOTO MHCTHTYTa simepHol Gusuku [22]. To ecth, cBepxcBe-
TOBBIE CKOPOCTH YaCTUIl B YCKOPHUTENISIX HEOJHOKPATHO PETUCTPUPOBAIIUCH, U JJIsi OHO3HAYHOM MpO-
BEPKH OAJUIMCTUYECKON TEOPUU MMEET CMBICI TOBTOPUTH MPSIMbIE U3MEPEHHSI CKOPOCTU PEIIATUBUCT-
CKUX YaCTHI], 0OCOOCHHO B SKCIIEPUMEHTAX, TJIe U3MEPAETCSI CKOPOCTh UCIYIIIEHHOTO UMH U3ITyYCHHS.

Takum 00pa3oM, OMBITEI IO U3MEPEHUIO CKOPOCTH YACTHIl M WX MU3IYyYCHHS MOXKHO MPUMEHHTH
JUISL IPSIMOM TPOBEPKU OAJUTMCTHYECKOM TEOPUH, HO JIUIIb [P YCIOBUH MPSIMOTO U3MEPEHUS BEIUYH-
Hbl M HAIPaBJICHUs] CKOPOCTU M3JTy4arOIIUX YaCTUl], a TAaKXKe MPU YCIOBUU MOCTAHOBKU OIBITOB B Ba-
KyyMe HJIU IIPH MPSIMOM OLICHKE MOKA3aTells MPEJIOMIICHUS U JJTUHBI TIEPEH3ITyYeHUs.

8§ 4.2. 3amepbl CKOPOCMU aHHU2UNISIUUOHHO20 U3J1y4YeHUs

B xadyecTBe UCTOYHMKOB M3ITy4EHUs, IBUKYIIUXCS C OKOJIOCBETOBBIMU CKOPOCTSIMHU, B IKCIEPHU-
MCHTAX TAaKKC MNPUMCHAIIN aHHUTWIMPYIOMIUC Mapbl YaCTUA-aHTUYACTHULIA. 3aM€pBI CKOpPOCTH aHHU-
THWJIALIMOHHOTO M3JIy4YEeHHUS, COTJIaCHO OaNIMCTUYECKON TeOpUH, JOKHBI ObLIN BBISIBUTH 3aMETHBIE Ba-
pHalyy CKOPOCTH U3IyUYEHUs], B 3aBUCUMOCTHU OT HAIPaBJIEHUS K CKOPOCTH V IMap 4acTHII.

B omeite, nocraBnennom Came (Puc. 4.1), mpousBenu cpaBHCHHE CKOPOCTEH raMma-KBaHTOB,
BO3HUKIIMX B aKT€ aHHMTHJISIIMU dJeKTpoHa U mo3utpoHa [33]. [Ipeamonaranu, 4to aHHUTHIUPYIO-
I1as 1apa 4acTHIL JOJDKHA COXPaHSATh 3aMETHYIO 4acTh SHEPruH U ckopocTH mo3utpona (Vo ~ 0,89¢),
BBLIETAasl B TOM JK€ HampaBJieHHH co ckopocThio V = 0,6C. [1apsl ¢ Takoil CKOPOCTHIO BBICTSUINCH Jie-
TEKTOpaMU raMMa-KBaHTOB, PACIOJIOKEHHBIMH T0J] 3aJaHHBIMU YIJIaMU K JIMHUU MOJIETA TO3UTPOHA U
paBHOYIANEHHBIMU OT MUIIeHH. OHM BBISIBUIM CUHXPOHHBIN MpHUX0] ramMma-kBanToB. CormnacHo 6ai-
JUCTUYECKON TEOpUH, raMMa-KBaHThI, BbUIETABIIME IO/ PAa3HbIMU YIJIaMH, MOJYYHB pa3Hble CKOPO-
CTH, HE MOTJIM PEeTUCTPUPOBATHCS CHHXPOHHO. B HampaBleHUU CKOPOCTH MO3UTPOHOB Vy CKOPOCTH

ramMmma-Jaydei Bo3pocia Obl 10 C; = C + VC0Sa, a B 00paTHOM — CHU3HIIACh ObI 110 C; = C — VCOSP.
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Puc. 4.1. Cxema skcniepumenTa Caze.

Opnnaxo, kak orMmetwi Jlo CaBuo [28], coMHHTENBHO, YTO CKOPOCTh V aHHUTHIMPYIOUIMX T1ap
nocturana 0,6C, T.K. MO3UTPOH B XO/I€ CTOJKHOBEHHI C JIEKTPOHAMH MHUIIICHH MEHSET HANpPaBJICHHE
JBWO)KEHUS U TEPSICT HAYAJIbHYIO CKOPOCTh (mepmanuzyemcsi) 3a10iro a0 anaurwisinuu [28, 346]. Ha
TUIIOTE3¢ O Mayiol CKOpocTH V << C aHHUTWIMPYIOIIMX I[ap OCHOBAaHA TEXHHKA MO3UTPOHHO-
samuccnonHoi Tomorpaduu (ITDT), rae perucTpupyOT raMMa-KBaHThI, Pa3IeTAONIHECs] OT aHHUTUITU-
pytorux gactuil moxa yriiom 180°, XOTs MO3UTPOHBI BBUICTAIOT U3 SAAEP C PEISATHBUCTCKUMHU CKOPO-
cramu. T.e. B ombite Cajie HEM3BECTHBI HU MOJIYJIH CKOPOCTH aHHUTHIMPYIONIMX Tap, HA WX HAIpaB-
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JICHUS, JaXKe MPU M3BECTHBIX yIilaxX pasiéra ramma-kBanToB. Kak moka3zan Jlo CaBuo, npu n3MepeH-
HOW DHEPIHU TaMMa-KBAaHTOB, CKOPOCTh V' aHHUTHIIMPYIOMIMX Map HAlpaBlieHa TOYTH CTPOTO BIIOJIH
OuccexTpuchl yria Mexay aerekropamu (155°). B Takom ciyyae u OayutucTrueckas TeOpHs MpecKa-
3pIBajla CHHXPOHHYIO PETMCTPALMI0 raMMa-Jydeld, OJMHAKOBO YBEIMYHMBIIMX CKOpocTh [28]. M3me-
pUTB €€ MOXKHO, Pa3MECTHB JIETEKTOPHI Ha Pa3HOM YIaJCHUH. A MPU COXPAHEHUH MCXOJHOTO HAIpaB-
JeHUsI CKOPOCTH Vo raMMa-KBaHTHI HE MOTJIA Obl BO3HHKATH B OJIHOM aKT€ aHHUTWIIALINH, CYJS 10 UX
sHepru, Kak nokaszan A.I'. bapanos [29, c. 284]. [Ipu poxxaeHuu B pa3HOe BpeMsi, raMMa-KBaHTbI MO-
T'YT PETUCTPUPOBATHCS CHHXPOHHO U TP HEPABHBIX CKOPOCTSX IMOJ] MPOU3BOJIbHBIMU yriamu [29].

B ombITax Takxke He yWwiM NMepeu3IyueHue Cpeaoi, KOTopoe, Kak nokazaHo (8 4.1), MoxeT ObITh
CTOJIb JK€ 3HAYMMO, KaK B ontuke. M3 omenku | = A/27|d|, s ramma-rydeii juinHa nepeusnydenus | =
0,1 MM, T.e. MCHBIIIC TOJIIMHBI MUILICHHU. TakuM 0Opa3oM, B MHIICHU MPOHCXOAUT IMEPEU3ITyUCHHE
ramMMa-JIydel, a aajnee Jy4d JBHKYTCS BO BCEX HAIIPABICHHUSIX C HOMHHAIBHOW CKOPOCTBIO C, IOCTUTAS
JIETEKTOPOB CHHXPOHHO. T.€. OIBITHI M0 MPOBEPKE OAJUIMCTUYECKOH TEOPHHU C UCIIOJIb30BAaHUEM aHHU-
THJIIIIHOHHOTO M3JTyYEHHsI CIIEAYET IPOBOIUTH B BaKyyMme, mpuMenss Toukue mumenn | ~ 0,01-0,001
MM. DTO NO3BOJIUT MCKIIOYUTh EPEU3IYYCHUE U TEPMAIM3ALUIO MO3UTPOHOB. A JIETEKTOPHI CIIEAYeT
pa3MecTUTh Ha Pa3HBIX JAUCTAHIHUSAX OT MUIICHU WM HACTPOUTH Ha PETHUCTPAIMIO TaMMa-KBAaHTOB CO-
OTBEeTCTBYHOUIMX dHepruit [29]. Takas mocraHOBKa SKCIIEPUMEHTA JACT OJHO3HAYHBIEC BBIBOJIBI.

OTMeTuM, 9TO B KJIACCHUECKOW (PH3HKe M OATTUCTHISCKON TEOPHH SHEPTHSI aHHUTHIISIIHOHHOTO
m3nyuenns eU = 2mc® ~ 1 MaB npecraBisier co60ii He SHEPIHIO YHHUTOKEHHS (aHHUSUIAYUL) FITEK-
TPOHA W TIO3UTPOHA, a AJEKTPOCTATHUECKYIO 3Hepruto eU = e’lAneor, BBIZICIIIEMYIO TIPU COJMIKEHUHN
YACTHIL 10 PACCTOSHHS ' MOPSIKA KIACCHYECKOTO PAMyca SIeKTpoHa Fo = e°/4meome?, kak mokasan
B.B. Mantypos [348, A25, A51]. Toraa Beiaensiercs sueprust eU = e2/4ngoro = mc? HopsiIKa U3MEPCH-
HOH B ombitax. Hampotus, B CTO Henb3s 00BSCHUTH OTCYTCTBHE U30bITKA 3Hepruu eU mpu aHHUTH-
Jsiuu. B Oanmuctuueckoi TeoprH ClieyeT MepecMOTPETh U MEXaHU3MbI T'eHepaluy n3ay4deHus (cMm. 8
4.4, 8 4.5 u § 4.6). Jlumb npu TakuX YCIOBUSX SIBICHHUE LIEITMKOM HCCICIYETCS B paMKax KiacCHye-
CKOUW (DM3MKH U CITY)KUT KPUTEPHUEM MPOBEPKU OATHCTHYSCKOHN Teopuu, kak otMeTwi k. Pokce [25].

8§ 4.3. OnbIMbI ¢ CUHXPOMPOHHBLIM u3ny4eHuem (MasmaHuweunu, ArnekcaHopoe)

B cBere cnenmaHHBIX 3aMe4aHU BBITOJHO OTJIMYaeTcs onbIT rpynmsl Ouwmnnosa 1 Ma3zmanu-
mBwuaH [11] u oneiT rpymmer Anekcanaposa [9, 10] mo u3MepeHHI0 CKOPOCTH CHHXPOTPOHHOI'O HU3ITY-
YEHHSI OT DJICKTPOHOB, JICTAILIUX C OKOJIOCBETOBBIMH CKOPOCTSMH V ~ C B BaKYyMHOM KaMepe HaKOIH-

TeJsl, /1€ CKOPOCTh CBETA M0 0aJUIMCTUYECKOM TeOpUHU Ha BCEM IyTH COXpaHsia 3HaueHue C + V.
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Puc. 4.2. Cxema ombiTa Ma3maHHIIBUIN B IBYX BapuaHtax (a) u (6). dns ombita a
OPEJICTaBICHBI OCHIJUIOTPAMMBI MMITYJIECOB CHHXPOTPOHHOTO M3JIydYeHHS Ha (POTOYM-
Hoxutene kanaia |l (8) u cyMMapHBIi curHaA ¢ 060MX POTOYMHOXKHTETEH (2).

Paccmorpum onbiT @unmunmnosa-Ma3ManumBiwiy [11]. B onbiTe cpaBHHIM CKOPOCTH HU3ITY4CHUS
OT JBIXKYIIUXCS C OKOJIOCBETOBOM CKOPOCTBIO 3JIEKTPOHOB U CKOPOCTh MX CBETA, MIPOIIE/IIEr0 CKBO3b
OKHO BBIBOJIa M3JIy4eHus: u atmoctepy. [lo caBUry UMIyIbCOB PACCUUTANIN PA3HULLY CKOPOCTEH, KO-
TOpas 110 pe3yJibTaTtaM ABYX TUHOB onbIToB (Puc. 4.2) He oOHapyxwminack. [Ipy HE3aBUCHMOCTH CKOPO-
CTH CBETa OT CKOPOCTH MCTOYHHUKA Pa3HUIIA MOMEHTOB PETUCTpAllMi UMITYIbCcOoB B KaHanax | u Il co-
craBwia Obl 5,5 HC (hoToHBI KaHama | mpuxoaaT moske). A B paMKax OaUTMCTHYCCKONW TCOPHH pac-
cuntanHas B [11] pa3HuIla MOMEHTOB perucTpanuy UMIyJabcoB B kaHanax | u |l cocraBuna Ob1 -4,2 He
(boTonsr kananma | mpuxomsar paubine). ITo u3mepenusim GotoHsl KaHana | 3ama3apiBanu Ha 5,5 HC
(Puc. 4.2.2), uro npusnanu noareepxkaeaneM CTO n mpoTuBOpedreM OaIUTHCTHYECKOI TEOPUH.

Bo BTOpOM BapuaHTe OIbITa CPaBHUBAJIM MOMEHTHI PETHCTpAlli UMITYyJIbCOB CUHXPOTPOHHOIO

U3JTy4YCHUs 10 ABYM KaHajaMm, npuuéM 1o kaHany | cBer mén 6e3 nepeusnydenus, a no kanamy Il —c
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HIeper3ydeHUEM B BBIXOJHOM OKkHe U atmocdepe (Puc. 4.2.6). Ilo CTO pa3Hula MOMEHTOB PETUCT-
paru umIyabcoB B KaHamax | u Il cocraBuna 061 0,5 He (poToHBI KaHama | mpUXOAAT Mo3xKe). A B
Oammuctudeckor Teopun paccumtanHas B [11] pasnuna cocraBmia Obr -1,16 He (poronsl kanana |
NpUXOST paHblie). B onbite poTonsr kanana | peructpuposanu Ha 0,5 He mosixke, B cormacuu ¢ CTO.
Henouér onbITa COCTOST B TOM, YTO HE U3MEPSUIACh HANPSAMYIO BEIMYMHA CKOPOCTH V 3JIEKTpO-
HOB, KOTOPasi B KJIIACCHYCCKOW (DM3HMKE PACCUMTHIBACTCS MO0 MMITYJIbCY dacTuil uHade, yeM B CTO (8
4.1). CoOTBETCTBEHHO, MpeICKa3aHusl 0aJUIMCTUICCKOW TEOPHH ISl BEIMYMHBI CMELICHUI UMITYJILCOB
kaHasnoB | u |l OyayT uHbIMH, YeM paccuntanHbie B padoTe [11]. Kpome Toro, He n3MepeHa HanpsMyro
3 PeKTUBHOCTD nepensnyyeHus. Takum o0pa3oM, pe3ysibTaT ONbITa HEOJHO3HAYEH.
ygléoagf'rggégﬁ T L_.;h:rl’l kabens aetexTop 1
“He

AETEKpr 2

p

HakonuTens
Cubuped1 30°

NOBOPOTHBIE

Puc. 4.3. Cxema onbiTa AjieKcaHApPOBA.

B skcniepumente Anekcanaposa [9, 10] Toxke cpaBHUBaIM CKOPOCTH MCIYIIEHHOTO 3JIEKTPOHA-
MU CUHXPOTPOHHOT'O U3Iy4YEeHHUsl, CBOOOTHO MPOJIETAIOILEr0 3aJaHHYI0 TUCTAHLUIO, U U3ITy4eHHs, pac-
cestuHoro cpenoii (Puc. 4.3). B nepBoM BapuaHTe ombiTa AJICKCaHAPOBA M3MEPSIIOCH BpeMs TpoJiéra
CHUHXPOTPOHHOI'O0 H3JIYYEHHS — IO MOMEHTY €ro peructpanuu (poToAeTEKTOPOM OTHOCUTEIBHO MO-
MEHTa MPHUOBITUS DIIEKTPOHOB K pe30HaTOpy. Bo BTOPOM BapHaHTe CpaBHUBAIOCH BPEMS PETHUCTPAIIUN
U3Iy4eHus: POTOJETEKTOPOM B CIydasx, KOrja KaHasl BbIBOJIa CBOOO/IEH, U KOIJla MEPEKPHIT CTEKIISH-
HOM IJIACTUHKOM, KOTOpast 1o Teopuu Putia, nepeusiayyuB CBET, CHUXKAET €ro CKOpocTh OT C + V 10
HOMMHAJIBHOT'O 3HAY€HUs C, CIIBUrasi MOMEHT PETUCTPALMU UMITYJIbCOB U3JIy4ECHHUS.

Puc. 4.4. DKcriepuMEHTAIBHBIC OCIIAILIOTPAMMBI CHHXPOTPOHHOTO n3imydenus [10] — 1o BHeCeHUs CTEKISIHHO#M
IUTACTUHKH (86epxy) u nocie BHeCeHus (6ru3y). CTpekaMu OTMEYEHBI UMITYJIbChI BTOPUYHOTO H3IIyYEHUS.

B nepBoM BapmaHTe CKOPOCTh M3IYUYCHHSI COCTaBHIIA C, @ BO BTOPOM — HE TOSBUIIOCH JOTOJTHH-
TEJIbHOM 3a/1epKKu At UMITyJIbCOB Ha 9 HC OTHOCHUTENBHO ONMOPHOTrO curHaia. Ho B JaHHOM mocTaHoB-
K€ ONBIT HENB3sl CYATATh MPSIMBIM, a BBIBOJ — OAHO3HAYHBIM. BO-TIepBBIX, HANpPsSMYIO HE M3MEpEHa
ckopocTh eKkTpoHoB V. OHa paccurtana KocBeHHO 1o ¢popmysnam CTO, u3 koropeix V = ¢ [9]. Ho B
KJaccuyeckoi (usnke, kak ormeuan Puiq [15, ¢. 266], ckopocTh 3JIeKTpOHA MOXKET MPEBBINIATH C, €C-
JIM OLleHUBaTh V KilacCMYecKH 4yepe3 uMIyiasc P = mV. Torna u3MepeHHbI 0 KpUBU3HE TPACKTOPHUU
9JIEKTPOHA B MAarHUTHOM I0JIe UMITYJIbC P = ymc = 450 MaB/c [9] cooTBeTcTBYeET ckopocTH V = yC =
880c. IToatomy 3amepkka At, cienyromas u3 Teopun Purtia, oTinuHa oT oxkugaemoit B [9], u tpeOy-
IOTCS TIPSIMBIE 3aMEPBI CKOPOCTH JICKTPOHOB MPOJIETHO-UMITYJIbCHBIM METOJIOM — 110 BPEMEHH IMPOJIE-
Ta 6a3bl, I3MEPEHHOMY YCTaHOBJICHHBIMU BJIOJIb HE€ NETEKTOpaMu 4acTull. B yckopurene ckopocTb
3JIEKTPOHOB HENb35 ONPEAETUTh OAHO3HAYHO, KaK OTHOIIEHHE JJIMHBI X opOuThl L k nmepuony T yc-
KOPSIFOIIETO TOJSl WM MMITYJIbCOB M3TYYCHHs], T.K. 9TH MEPHOJbl OTIMYHBI OT Mepuoaa oOpalieHus
AJIEKTPOHOB, €CJIM B YCKOPUTEIE IIUPKYJIUPYET HECKOJIBKO CTYCTKOB. X 4mcII0 To)Ke HE M3MEpPEHO Ha-
npsAMyto. [ MmoTe3y o eTMHCTBEHHOM CT'yCTKE 9KCIIEPUMEHTATOPhl 0O0OCHOBAIM TEM, YTO B HAKOIIUTEIb
U3 JIMHEHHOTO YCKOPHUTEIsl 3aBOJIMIICS OJUH CryCTOK. HO, B 3aBHCHMOCTH OT JJIMHBI CTYCTKa U (pa3bl
YCKOPSIIOIIETO OJIsI, OH MOT JIEJIUTHCS Ha PsIJl CTYCTKOB, BO3JIE paBHOBECHBIX (pa3 Ha opOuTe.
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Bo-BTOPBIX, MOCKOIBKY MMITYJIbCHI M3IIy4C€HUs 00Pa3ylOT NMEPUOAMYHYIO IMOCIIEI0BATEIHLHOCTD,
HEJIb3sl OJTHO3HAYHO OMPEJCIHUTh, MPOU30MIEN UX CIBHUT WU HET, pa3 mo Teopuu Purma At#9 He. B
yacTHOoCcTH, At < 0,5 HC Henb3st 0OHapyxuTh [9], a 3anepkka At kpatHas nepuoay T = 29 Hc moBTOpE-
HUSI IMITYJIbCOB, HE MPOSBUTCS, BBHIY HAJIOKEHHUS MMITYJILCOB (CTp0O-3ddert). DdbdekT MOKHO HC-
KITIOYUTh, BapbHUpys 3aIepKKy At npu otnanennu ¢orogeTekTopa. B ombite AiekcaHIpoBa Ha JIMHE
S = 5,4 m nabupaercs At; = S/c — S/(c + V) = S/c(1 + ¢/V) = 18 Hc, 4TO MEHBIIIE EPHUO/IA TOBTOPEHHUS
umnyinbcoB T = 29 He. T.e. B janHOM ombITe cTpoO-3¢deKT He nposButcs. Ho B Apyrux ompITax Tako-
ro THIIA, B T.4. B onbiTe MasmanumBuin, rae T = 19 ue [7], ctpo6-3¢d ekt 10mKeH ObITh YUTEH.

B-TpeThux, HET OLIEHOK AP PEKTUBHOCTH MEPEU3NTyUeHHsI CTEKITHHOM macTuHKoi. Cpena nepe-
U3JTy4aeT JIMIIb YaCTh SHEPTHH cBeTa. UeM TOJIIIe U ONTHYECKU TUIOTHEE CJIOM CPEIbl, TEM BBIIIE JTOJIS
BTOPUYHOTO U3IYYEHHUSI OT CPE/bl CO CKOPOCTHIO C M HIKE JI0JI1 NEPBUYHOTO, MOCIAHHOTO UCTOYHH-
KOM c0 ckopocThio C + V. Kak mokazan ®okc [25], omnenka mjinHbl iepensiaydenus | mpuMeHnma Juiib
ist ckopocteit V << C. A mns V ~ ¢ ymHa | MoskeT ObITh MHOTO MEHbIIIE WK Oosiblie. B mepBom ciy-
Yae OCTaTOYHBIA T'a3 B BAaKyyMHOW KaMepe cpa3y Meper3lydaeT CBET CO CKOPOCTHIO C, JIMIIUB OIBIT
cMBIcTia. A B ciaydyae ocnablieHHOTO MEepeu3TyueHUs] CTEKISTHHAS TUIACTUHKA 3aMEIJIUT JIUIIh MaIyIo
JIOJTIO CBETa, M OCHOBHASI €r0 YacTh COXPAHUT CKOPOCTH C + V, HE M3MEHUB OCIIILIIOTPaMMY.

JletictBuTenbHO, cornacHo gopmyie (3.3),

c*=c/n*=c/[n-V/(c + V)],
TOTJa 7Sl M3TYUYCeHHsI SJICKTPOHOB ¢ V = C MmoKaszarens npejaoMiieHus crekia N = 1,5 ctanet paBeH
n*=n-V/(c+V)=1.

Oro Ha nopsaku yBenuuuio | = A/2x(n* — 1), 1 Ha TONIIMHE JIACTUHKU CBET MOYTH HE MEePEH3ITydal-
Csl, IPOXO/IS CKBO3b IUIACTUHKY CO CKOpOCThIO C + V. Ho mamast nojst SHEprum mepemsirydanach co
ckopocthio C. Ha ocrmnorpamme [10] BuaHO, YTO MpH BBOJIE MJIACTUHKU BBICOTA UMITYJIBCOB CHU3H-
Jach: MEPBUYHOE M3ITyYEHHE CO CKOPOCTHIO C + V 0citabiio, M BOSHUKIIN Majble HMITYJICHI, 3ama3/ibl-
Batomue Ha At, = 17 He (Puc. 4.4). Onu He MOTYT OBITh PE3yJIBTATOM MEPEOTPAKEHUH, T.K. 3aIepPIKKa
OT JIByX HEPEOTPAXCHHUH HA JUTMHE S = 5,4 M OT Nepeun3nyJaromiel MIacTHHKA 10 (OToIeTEeKTopa, COo-
craBut At = 2S/c = 36 Hc. Ho At, = 17 He B npenesnax norpemHoctd (~1 He) COOTBETCTBYET pacuETHON
3anepxke At = 18 HC UMITYyJTECOB BTOPUYHOTO U3TYUYCHHUS OT TUIACTHHKH CO CKOPOCTHIO C.

Bropuynble UMITYTECBHI MaJIbl BBUY ciiaboro nepeusnydenus: win ot LC-¢unbtpa (B T.4. B 9K-
BUBAJICHTHON cXxeme (POTOASTEKTOpa), CrUIAJMBIIErO CUrHAN (HOTONETEKTOpA U «3BOH», 3aMETHBIH Ha
Ipyrux ociuniorpammax [9]. ABTOpBI SKCIIEpUMEHTAa MHTEPIPETUPOBAIM BTOPUYHBIN UMITYJIbC KaK
HABOJIKY, BBHJIy €r0 HEYyCTOWYHMBOW aMIUTUTYIbI M COXpPAHEHUS MPH 3KPAaHUPOBAHWH OKHA BBIBOJA
yépHoit Oymaroii. OHaKO CHHXPOTPOHHOE U3Ty4YeHHe 001aaaeT mupokuM criekrpoM ot UK- 1o pent-
TeHOBCKOT0 uana3zona [9] u coaepkuT, KpoMe ONTHYECCKOH KOMITIOHEHTHI, H ITPOHUKAIOIIYIO CKBO3b
Oymary komnoHeHTy B Bujie aainbHero MK- (A = 50—2000 MKM) ¥ peHTT€HOBCKOTO M3Iy4YeHHUs (C Mak-
cumyMmoM Ha A = 61,3 A [9]), s3bdexTuBHO nepensnyuaemyio creknoM (cM. § 4.1) u TOTOMY 3amasbl-
BaIOIYI0 OTHOCUTEIHHO ONTHYECKOW KOMIOHEHTH Ha 18 He. [leiicTBuTensHo, (OTOAMOABI 00Ta1aI0T
HEKOTOPOW 4YBCTBUTENIBHOCTHIO K K- 1 pEHTT€HOBCKOMY M3JIyYEHHUIO, MEHSIOIIEHCSA B 3aBUCUMOCTH
ot ycinoBuit B PIN-guone. T.e. oTcyTcTBHE MMITYyJIHCOB BTOPUYHOTO M3IYUYEHHS B JAPYTUX CEPHUSIX U3-
MEpEHHI — 3TO, BEPOSATHO, PE3yJIbTAT U3MECHEHHS THIA POTOAMO/IA UIIH CXEMBI €ro yCTaHOBKH [9].

Bo BTOpOM BapmaHTe OmbITa CKOPOCTH C' UMIYJIbCa CHHXPOTPOHHOTO M3IIyYEHHUs UCKaIH Kak
V = Si/t, rie S1= 7,2 M — 1IMHA KaHalla BBIBOJA U3IYUYCHHS, T = 24 HC — U3MEPEHHOE BpeMs MpoJéTa
umiynbea, otkyaa V = 3:10° m/c. Bpems T H3MepsTH [0 MOMEHTY PErMCTPAIH HMITYJIbCa OTHOCH-
TEJIEHO MOMEHTA €T0 M3JIyYeHHs, C YYETOM BPEMEHH MPOJIETA CTYCTKOB JI0 YCKOPSIIOIIETO Pe30HATOPA
(Puc. 4.3) u ¢pazoBoro casura ¢s = 75,6° (6 HC) MOMEHTOB TPUX0/1a CIYCTKOB K pe3oHatopy (Puc. 4.4)
OTHOCHTEJILHO MaKCHMyMa YCKOPSIOIIEro HampspkeHus Ha ocumniorpamme [9, 10]. Bamepsr €' npu
3TOM COZIepKAT PsiJl HEOJHO3HAYHOCTEN: BO-TIEPBIX, HE M3MEpPEHa HAPAMYIO CKOPOCTh V 3JIEKTPOHOB
(a 3HA4MT, Bpems NpoJaéTa UMM TUCTAHIMU Sy = 2,8 M JI0 YCKOPSIOIIEr0 pe30HATOPa); BO-BTOPHIX, 3a-
JEPIKKY T MOYKHO HU3MEPSTh OTHOCUTEIHHO Pa3HBIX UMITYJICOB B CEpUH; B-TPETbUX, HEOJHO3HAYHOCTh
BbI3BaHA HEOMPEISIEHHOCThIO 3HaKa HanpsbkeHus U Ha ociuuiorpamme (Puc. 4.4). Pesynbrar ombita
MOKHO TPaKTOBaTh U KaK MOJTBEPKICHUE OAUIMCTUYSCKOW TEOpUH, T.K. IPHU KIACCUYECKOUN OIEHKE
ckopoctu 3ekTpona V = y¢ = 880c, oH npoiaéT qucTanmmio S; = 2,8 M IPAKTHYECKH 32 TO KE BPEMs,
YTO U CHHXPOTPOHHOE HM3Iy4deHHe — myTh S; = 7,2 M. 3agepikka coctaBuT At = Si/(V + ¢) — S/V =
0,017 uc. Ecnu BepHO oTMepsaTh a3y ¢s = 75,6° (6 HC) crycTka OT MaKCHMyMa YCKOPSIOIIETO HaIpsi-
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xernus U [9], on mpubyneT K yCKOPSIOIIEMY PE30HATOpPY MPAKTUUYECKA CHHXPOHHO C PErHCTpaIfei
UMITYJIbCa CHHXPOTPOHHOTO U3JIyUeHHs JIETEKTOPOM, B COrIacHu ¢ ocumniorpammoii (Puc. 4.4).

Wtak, nias UCKITIOUEHUS! HEOAHO3HAYHOCTH, B OTBITE CIEAYET, BO-TIEPBLIX, HAMPSAMYIO H3MEPUTH
CKOPOCTB 3JICKTPOHOB; BO-BTOPBIX, UCKIIIOUUTH CTPOO-2PPEKT, MEHsISI MPOIETHBIC JTMHBI, B-TPETHUX,
OLICHUTH BKJIAJ] IEPEU3TydYeHHUs, MEHSIS IIACTUHKH M HCCIEAysl COMYTCTBYIOIINE U3MEHEHHSI OCIIUILIO-
rpaMM. B TakoM BHJIE OIBIT MOXET CTAaTh PEIIAIOIIAM W BOUTH B yU4eOHHMKH. B HBIHEITHEM BHUIC OH
HeoiHO3HaYeH U He HOB [10], moBTopsis cxemy omnbita A.C. Ma3manumBwin [11] u e€ Heqou€Thl.

D¢ deKT nepeoTpakeHU, BUIUMO, UMEI MECTO B onbiTe MasmanumBmwin. B mepBoM BapuaHTe
ombita (Puc. 4.2, a) BpeMs IpsIMOTo ¥ 0OPaTHOTO X0J1a U3ITYUYCHHUS, OTPAKEHHOTO OKHOM B KaHAJIE BbI-
Boja (mmuHoi L3= 2,1 M) 1 okHOM B Hakomutelne, coctaBuT 2L3/C = 14 ue. [Ipu yacToTe MOBTOPEHUS
umnynbeoB f = 52 MI' [11] u nepuone T = 1/f = 19 He 310 mopoanio Obl JOMOTHUTEIBHBIN CMEIIEH-
HeIid Ha 19 — 14 HC = 5 HC UMITYJIBC CHHXPOTPOHHOTO M3ITy4YeHHs. IMEHHO TaKkoe CMEIICHHE HMITYJIbCa
HaOmronaercs B akcniepumente (Puc. 4.2, 2). Takum o0pa3om, aBa HAOIIOAAEMbIX UMITYJIbCA COOTBET-
CTBYIOT HE Pa3HBIM KaHaJIaM, a TIEPBUYHOMY M OTPOKEHHOMY MMITYJIbCAM ¢ KaHaia |, a UMITyJIbC ¢ Ka-
Hana |l He ymemnancs Ha ocruuiorpaMMme M3-3a OONBIION BeMMYMHBI cMerieHus. [loatomy mocrne me-
pekpbitus kanana || BTopuunbiii umimybe ocrancs (Ha Puc. 4.2,6 0TMEUEH CTPEIKO#), HO B OC/Ia0JicH-
HOM BH/IE,— BEPOSATHO, OT NepecTtaHoBOK (hotogerekTopoB [11]. JIist BeISCHEHUS PUPOIBI UMITYJIHCOB
CJeyeT o OYepeIn NmepeKkphiBaTh KaHabl. [lepexpriTre kanana | ynansmno Ob1 06a uMIyIibca.

Bo Bropom Bapuante onbita @ununmnoBa-Masmanumsmwin (Puc. 4.2,6) u3nydeHue Toxe, BUIH-
MO, TIOCTYIIAJIO B JIETEKTOP C OXHOTrO KaHana ||, BBUAY CIIO’)KHOCTH YCTaHOBKHM 3€pKalia M JIETEKTOPa,
JUISL PErUCTpalii UMITYJIbCOB ¢ 00oux kaHanoB [11]. B utore, 3epkano oTpaxaio K IETEKTOpY CUTHAI
c karana ll, a He ¢ xkanana |. Kak ormeTwrinu sxcriepuMenTaTopsl [349], B HCXOAHBIX OMBITaX UMITYJIbCHI
kaHaua | 3amasaeiBanu Ha At, = 16 HC oTHOCHTENIbHO UMITYJIbcOB KaHauna Il. T.x. At = L/c' — L/c, To npu
L = 1 M mony4anack aHOMaJIbHO HHU3Kasi CKOpPocTh C' = 0,2C. Ho 3TOT pe3ynbTaT JerKO0 HHTEPIPETUPO-
BaTh B OayumncTHyeckoit Teopu, rae V = yC = 137¢C, npu ummyinsce 31aekrpoHoB p =70 MaB/c [11].
JleiicTBUTENBHO, 0 KaHany | cBeT mpoxoaut 3a Bpems t; = L/(V + ¢), mo kanany Il — 3a Bpemst t, = L/V,
gyro nipu V >> ¢ ga€r 1= t; — tp = -3 He. Wnu nipu conocTaBieHUN UMITYJIbCOB, CMEIIEHHBIX HA OJUH
nepuon T =19 Hc, 3aaepxkka At =T + 1 = 16 He. T.e. HaYanbHBINA Pe3yabTaT KCIIEPUMEHTA, TIPOTH-
Bopeuamuii CTO, coorBercTBOBan Oamnmuctuueckoi teopun: Aty = Ate. OpHako, mocne ciay4aitHOTro
cMmereHust 3epkana cotpyaaukom YOTU .M. AnerimBunu [11, 349] 3amepkka ucuesna (At, = 0,5
HC), BUJUMO, BBUY OTPAKEHHSI 3ePKAJIOM B IETEKTOp cBeTa u3 KaHauna |l.

CraBHIICSl TAaKXKE OIBIT IO CPABHEHHUIO CKOPOCTH AMEKTPOHOB U3 yckoputenss SLAC c sHeprueit
11 I"3B (y = 22000) 1 ux cuHXpOoTpoHHOTO M3MyueHus Ha 6a3ze S = 1 km [350]. [leTektop peructpupo-
BaJI YACTUI[BI U MX U3JIy4eHHE ¢ 3a1epikkoil At < 51072 ¢ (Puc. 4.5). Pe3ysbTaT TpakTOBAIM KaK COB-
MaIeHe CKOPOCTeH ¢ TOUHOCTHI0 10° 1 MX paBeHCTBO ¢. A (paKTHYECKH HU CKOPOCTh YaCTHII, HH CKO-
POCTh U3IYUYCHHS HE U3MEPSUINCh, TO3TOMY OIBIT He MpoTHBOpeuyrT Teopun Purtna. CormacHo Oamm-
ctuaeckor Teopud, mipu y = 22000 ckopocth annektporoB V = 22000¢ >> ¢ u naumb Ha 0,005% Hike
ckopoct ¢ + V= 22001c ux u3iaydeHHs, OTYETO JUCTAHIMIO S = 1 KM OHHM IPOXOJAT C Pa3pbIBOM
Ate = SIV - S/(c + V) ~ 7:107" ¢, uro ykmasIBaeTcst B M3MepeHHBIH nHTEpBan At, < 5107 ¢,

AetexTop 1

n3mepeHus
safepeu AT -4

r g
e ' QQ_ . /C g
muweHs'QY  V-usnyuerune ¢'=c+l neTexTop 2

Puc. 4.5. Cxema onsita bpayna.

AHaNOTHYHBIA ONBIT, MOBTOPEHHBIH MpH 3HEprusx ekTponoB 15-20 B [351], Tak ke moka-
3471 OTCYTCTBHE PA3HUIBI CKOPOCTEl CBETa ¢ TOYHOCTHIO 107, UTO TOXE COracyeTcst ¢ TEOPETHUECKH
MPECKA3aHHOM B PaMKaX Oa/IHCTHYCCKON TEOPHH PA3HHIIEH MOMEHTOB perucTpamuu At ~ 3:107 ¢,

JU1s UCKITIOYEeHNsT HEOITHO3HAYHOCTH OJOOHBIX OIBITOB, CIEAYET U3MEPUTh CKOPOCTh YaCTHIL U
U3JTY4YCHHUSI HETIOCPEICTBEHHO, JTM00 IPUMEHHUTD JUUIsl CPABHEHUS W3TYyUYCHHUE HETOJBUKHOIO UCTOYHH-
ka. Ormetnm, uto B onbite [350], meficTBUTENBEHO, CPaBHUBAIN CKOPOCTD AJIEKTPOHOB U CO CKOPOCTHIO
TOPMO3HOTO T'aMMa-H3JIy4eHHUs] OT HEMOJBHKHOH MUIIEHU U 3apErHCTPUPOBAIN COBIAJEHUE CKOPO-
creii. Ho 1 B 3TOM cilyyae HCTOYHUK (3JEKTPOHBI B MUILICHN) B JICHCTBUTEIBLHOCTH JABHUTATIKCH C PEIs-
TUBUCTCKOM CKOPOCTBHIO. Takke MOXHO CPaBHUBATh CKOPOCTH YAaCTHUI] U UX M3IIy4eHUs npu y = 1, T.e.
npu ckopoctu yactuil V ~ C. [Ipu stom B Teopun Putna ckopoctu V yactuil u ux usinydeHus V + C,
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BO-TIEPBBIX, OYJYT CHJIBHO OTJIMYAThCS B NMPOLIEHTHOM OTHOIICHHWH, BO-BTOPBIX, 3TA Pa3HHUIIA MOXKET
OBITh TOYHO U3MEPEHA, TOCKOJIBKY Pa3HOCTh BPEMEH MPOJIETA COCTABHUT TOPSIIKA HAHOCEKYHI.

Takum 00pa3oM, FIKCIIEPUMEHTHI PACCMOTPEHHOT'O THIIAa COAEPHKAT P HEOAHO3HAYHOCTEH, CTa-
BAIIMX 10/ COMHEHHE UX PE3yJIbTaThl, HO HEOJHO3HAYHOCTh JIETKO MCKIIOYUTH OCPEICTBOM JIOTIOJN-
HUTEJIBHBIX M3MEpEeHUil n Moaudukanuii 3KkcriepuMeHTa. B cilyuae moATBepKIACHUSI CBEPXCBETOBOM
ckopoctu €' = C+ V =¢(1l + y) CHHXPOTPOHHOI'O M3IIyYCHHUs, OMBIT OYyJAE€T UMETh U BOKHOE MPHUKIIAJI-
HOE 3HaueHHE, TIOCKOJIBbKY TaKOe U3IIyueHHE C MaJIOW YIJIOBOM pacXxoauMocThio 6 ~ 1/y mo3Bonut pea-
JIM30BaTh CBEPXCBETOBYIO KOCMHUYECKYIO CBs3b. CHUTHANBI OT CHHXPOTPOHOB (¢ v ~ 10000) Ha KocMmu-
YEeCKMX CTAHIUAX U KOPaOJIsAX MPEOJ0CI0T MEXKIUIAaHETHBIE JUCTAHIMM B THICSYU pa3 ObIcTpee, 4eM
PaIMOBOHEI CO CKOPOCTBIO C, TO €CTh HE 33 MUHYTHI, a 32 JOJIA CEKYH/Ibl, YTO CIENIaeT KOCMUYECKYIO
CBs3b Oosiee y1o0HOH, a ynpasienue AMC, TyHOX0/1aMU 1 MapCOX01aMH — OBICTPBIM U Ha/IEKHBIM.

§ 4.4. MexaHu3M 2eHepauuu CUHXPOMPOHHO20 U3slyYeHus e basnucmuyeckoli meopuu

OTMeTHM, YTO BCE IKCIIEPHMEHTAILHO YCTAHOBJICHHBIE CBOMCTBA CHHXPOTPOHHOTO W3ITYUYCHHUS
coriacyrtes ¢ Oammuctuyeckoi teopueit [A2, A37, 352], ocHOBaHHOI Ha KJIACCUYECKON MEXaHUKe,
MCKITIOYAOIICH PESITUBUCTCKUI POCT Macchl M u npenen ckopoct V = C. [loaTromy B CHHXpOTpOHAX
UMITyJbC eKTpoHoB MV = €BR = myc, uzmepennsiii o paguycy R ux opOut B MarHuTHOM moie B,
cootBeTcTBYeT cKopoctd V = eBR/m = yc [A37]. 3a cuér nobasieHust CKOPOCTH V 3JIEKTPOHA K CKOPO-
ctu C ero m3nydyenus (Puc. 4.6), u3nyueHue uciyckaeTcs BI0JIb BeKTopa V U cOOpaHO B KOHYCE C yT-
oM obpasyromieir 0 = arcsin(c/V) = 1/y [A37, 352]. Orcioma cieayer auarpamMma HampaBICHHOCTH
CHUHXPOTPOHHOTO U3JyUCHHSI, ”HTEHCUBHOCTh KOTOPOI'O CIAAeT K KpasiM KOHYCa U3JTy4YCHUSI.

=T\

r

Puc. 4.6. [IpeoOpa3zoBaHiie HHTEHCUBHOCTH CHHXPOTPOHHOTO U3JIy4YECHHUSI.

JIeWiCTBUTEIIFHO, CHHXPOTPOHHOE M3JIyYEHHE COCPEJOTOYCHO B KOHYCE C YIJIOM 00pa3yroliei
0 =~ 1/y k ocu konyca (Bektopa V) U mpH poCTe yriia U3IyUYeHUS ¢ OT HYJIsI 10 O HHTEHCUBHOCTH IMajia-
eT. PaccMOTpuM H3ITydeHHe, paBHOMEPHO PacXoJsIIieecs OT 3apsia B INIOCKOCTH YepTexa (MepreHau-
KyJISIPHOW YCKOPEHHIO 3apsija) B mpezenax manoro yria do k Heil. M3inydeHue, UCIyNICHHOE B CHCTe-
me 3apsga O B tenecHsii yroa doda (rme yroa ¢ omupaercs Ha Ayry dS), BocpuMeTcs B mpejaeaax
yrina do da, tae do” onmpaercst Ha orpesok dl = dscos(e” + ¢). Ecnu 3apsia B CBSI3aHHOMN ¢ HUM CHCTe-
Me OTCuéTa M3JIydaeT B €IMHUYHBIA TEJECHBIH Yroj MOIIHOCTH Py, TO B 1abOpaTopHON cUcTeMe, U3
3aKOHA COXPAaHEHHS YHEPTHH, PETUCTPUPYEMast B CIUHUIHOM TSJICCHOM YTJIE CPEIHSISI MOIIIHOCTh

P(¢')= P dedo (ds/c) _p W21 —2Vecosg 5 W21c?—2Vccosg
® % do'da (di/c) 0 ccos(o+¢') 0 ccos(p+ ') '
B kmaccuueckoit ¢pusuke mpu V >> ¢ (y >> 1), ¢ yuéTom mocTyrieHus B TejaecHbli yroa do da usmy-

YeHUs, UCIYIIEHHOTO 3apsaoM Kak Hazan (¢ < n/2), tak u Brepéxn (¢ > m/2), u ¢ yuérom ¢ dexra [lo-
wiepa P'(¢) = Po|1 — Vcose/c|, monyuum npubImKkEHHOE BRIPaXKCHHE 111 MTHOBEHHOM MOIITHOCTH

n _ 2PV ?[cosq)

=R

P'()~— < (4.2)
ccos(p+ ')
VYron ¢' BelpaxkaeTcs uepes yroa ¢ u3 tpeyroibHuka OAB criemyrommm o6pasom
0= arctg(ﬂj =arctg csihe ) cone. (4.3)
AH V —ccoso Vv

U3 dopmyn (4.2) u (4.3) cieayer mapaMeTpudecKH 3aJaHHas AuarpaMma HarpaBlICHHOCTH (IO
MOIIHOCTH) CUHXPOTPOHHOTO mM3nmy4eHus P'(¢'). HecMoTps Ha poCT MIIOTHOCTH M3IIyYeHHS K KpasiM,
Kak B KOHyce pacmaja dacTtuil [353], HHTEHCUBHOCTh M3JIydeHHUs yObIBAeT K Kpasm 3a cuéT addekra
Homiepa. OtmeriM, uto GyHKuus P'(¢") oToOpaxaeT 3aBUCHMOCTB OT yIjia (¢ HHTErPajJbHON MOIIHO-
CTH U3IIyUYSHHS [0 BCEMY CIIEKTpPY. A MOCKOIBKY /Uist pa3HbIX ' 3ddekt Horiepa npeodpasyer gacto-
Ty M3JIyYeHHsI B Pa3HOM CTENCHHM, TO JUIS pa3HBIX JMANA30HOB JAHarpaMMa HalpaBJICHHOCTH IOJTy4aeT-

126



csl pa3HOW. B "wacTHOCTH, AJIT ONTHYECKOTO M3ITYYCHHsI HaWBBICIIAs MOIIHOCTh M3JIy4YeHUs OyIeT Ha-
OJI0JaThCsl B HANpPaBJICHUH BIEPEN, MPUIEM MOIIHOCTH IIABHO CMAJaeT MO HyJS Ha Kpasx KOoHyca
npu @' = +0. [IpenckazanHoe paznuyuue TuarpaMM HaIlpaBJICHHOCTH JJISl U3TyYE€HUH pa3HBIX qUana3o-
HOB MOYXHO TPUMEHHUTH U TPOBEPKH OaTUCTHYECKOW TeopuH. Tak, Auarpamma HanpaBiICHHOCTH
CHHXPOTPOHHOTO PAIMOU3ITYUCHHS], UIsl YACTOT OIM3KUX K IUKIOTPOHHOM, XapaKTepu3yeTcsl Ha Kpasix
(mpu @' = £0) He MUHUMYMaMH, a MaKCUMyMaMH, Borpeku nporuozam CTO [354, 355, 356, c. 206].

TakuMm 00pazoM, COTIACHO OATUCTUYECKON TEOPHH, TOIBKO Y BHICOKOUYACTOTHOTO CHHXPOTPOH-
HOTO M3JIy4YCHHUSI MOIIHOCTh CIaJaeT K KpasM KOHyca ¢ YIJIOM packpbiBa 20 =~ 2/y, B coriiacuu ¢ Ha-
Ono/1aeMOi B OMBITAX JUArpaMMON HarpaBieHHOCTH. OCTpasi HallPaBICHHOCTh CUHXPOTPOHHOTO U3-
JYYCeHHUsI pacCMaTpUBaIach Kak MPOTHBOPEUYHE BIUSHUIO CKOPOCTH DIIEKTPOHOB HAa CKOPOCTh MX H3ITY-
yeHus [34]. Takoi BbIBOJ CBSI3aH C OTCYTCTBUEM MPSMBIX HU3MEPEHUIH CKOPOCTH M3JTyUYarOIIUX YACTHII,
MPUHATON paBHOU V = C, a B 0aJUTMCTHYECKOW TEOPUH, KaK MOKa3aHo BbIilIe, V = YC, OTKyJa CleayeT
ocTpasi HalpaBJICHHOCTh u3nydeHust. CTporo roBopsi, aHaIU3 CBOMCTB CHHXPOTPOHHOTO M3ITyYeHUsS B
paMKax OaJUTMCTUYECKOW TEOpUH CIICAYET MPOBOIHTH IEIMKOM B paMKaxX 3TOW TEOPUHU U Kiaccude-
CKOWM KMHEMAaTHKH, Ha OCHOBE 3ala3JbIBaloIIuX MOTeHIMaaoB Putma [15], kak oTmedeHo B pabore
[357]. TIpu TakoM aHaIM3€ PACXOXKACHUS ¢ OAJUTMCTHUECKON TEOPHEH OTCYTCTBYIOT.

Wtak, kpurepuem BbIOOpa MEXKAY ABYMS TEOPUSIMHU CTAHET MPSIMOE MU3MEPEHHUE CKOPOCTH U3IY-
YaIONIMX YaCTHI[ BPEMSIPOJIETHBIM METOIOM. [Ipesmomnaraiy, 9To CKOPOCTh YaCTHII MOXHO OIpe/ie-
JUTHh KaK OTHOIICHHE JUTHHBI OpOuTHl L k mepuony T yCKOpSIOIIEro mojisi UM UMITYJICOB CHHXPO-
TPOHHOTO M3JIYYCHHUsS OT CTyCTKOB. HO mpu TakoMm moxoe Uit KpYIHBIX YCKOPUTENEH, THaMeTpoM B
COTHU METPOB, /Uit BU-4acTOTHI yCKOPSIOWIETO MOJIS MOJIy4aeTCsl 3HAUEHUE CKOPOCTH BBIIIIE CKOPOCTH
ceeta [A27]. [Toaromy B CTO nanHas olieHKa HEOJHO3HAYHA, T.K. TPEOYET y4eCTh KOJIMUECTBO CIyCT-
KOB. J[71s1 ManmbIX YCKOPHUTENEH CYUTAIOT, YTO CTYCTOK OJMH M HAaXOJSAT €r0 CKOPOCTh KaK OTHOIICHUE
JUTMHBI KOJIbIIA YCKOPUTENS K MEPHOAY YCKOPSIOUIETO MO, He M3MEpsisi YUCIIO CrycTKoB. Jls kpym-
HBIX YCKOPHUTENEH, TUaMeTPpOM B COTHH METPOB YHCJIO CT'YCTKOB OIPEACTSIOT KaK KPAaTHOCTHIO yCKO-
penns ( = L/CT — orHomenne Bpemenu t = L/C 06xo/ma KoJbIla YCKOPUTENS YacTHIAMHU (Ha CKOPOCTH
C) K mepuoay T YCKOPSIOUIETO MOJISi MM CJICJOBAHUS MMITYJIbCOB. T.e. MMEET MECTO IHKJINYSCKOE
obocuoBanue ycimosus V = L/QT = C. JI[pyruM KOCBEHHBIM METOIOM H3MEPEHHUS YHCa CTYCTKOB, Ha-
npuMep B OOJBIIOM aJIPOHHOM KOJIIaiepe, CIyKUT U3MEPEHHE M0 HETOCPEICTBEHHO PETUCTpHUpYe-
MOMY B €MHHITY BPEMECHH YHCITy CTOJIKHOBCHHI YaCTHI] — CBETUMOCTH ITy9Ka

L = (I/1)(N1N2/S)f,
rae | — rommuna mumieny, lp — IpoTsHKEHHOCTH yuacTka mepecedeHus mydkoB, N u Ny — gmcio ygac-
THUI[ BO BCTPEUHBIX MMy4YKaX, S — IUIONIA/b MOMEPEYHOr0 CeueHHs 0OJbIlero crycrka, f — gacrora 00-
paleHusi 4acTull B yckopurtese. [[0CKoIbKy YHCIO0 YacTHIl B CTYCTKAaxX MPHUMEPHO OJIWHAKOBO, TO L
MPOMOPIMOHATILHO KBAAPATy YUCIIA CTYCTKOB (. [0 3TUM TaHHBIM OIEHMBAIOT YHUCIIO CTYCTKOB (.

B pamkax kmaccrdeckoil (M3HKH U OAJUTUCTHYCCKON TEOPHH, B KPYITHBIX YCKOPHTEISAX TIPH TOH
)K€ YaCTOTE CIJICJIOBAHMSI HMITYJIbCOB CTYCTOK MOXET OBbITh OJIMH, M €ro cKopocTh V = L/C, kak oTmMeue-
HO, HarpuMmep, A.B. Mamaesbim [358]. TTockonbky B Teopun Putiia V = yC, T.e. B y pa3 BbIIIE CKOPO-
CTH CBETa, MOJYYHM, YTO Ta K€ YaCTOTa MMITYJIbCOB MOITYYUTCS MPU OJHOM CTYCTKE, OTKyJa ( = Y.
JleficTBUTENBHO, 111 KPYIMHEHIITNX YCKOPUTEIEH 0OBIYHO paboTaeT COOTHOLIECHUE ( < Y, HE HaIlle IIIee
o0bsicuenuii. Tak, B mporonHom cuuaxpotpone (PS) B IIEPHe [332], mpu ummnyiibce mporoHos p = 19,2
IB/c (y = 20) pacuérroe uucio cryctkoB g = 19~ y. B yckoputene APYC mpu sHepruu 3JeKTPOHOB
W =50 M»B (y = 98) pacuérnoe umncio cryctkoB ( = 96 = y [359]. B bonbiiom Anponnom Kostaiine-
pe (BAK) npu sueprun nporonos W = 3 ToB (y = 3-10%) 4mcio crycrkoB ZOCTHrAeT BEIMYHHBL ( =
2,8:10° ~ y. Kimaccnueckas OL[eHKa YHCIIa CIYCTKOB M 9aCTOTHI X OOPAIIEHHS HE IPOTHBOPEUHT OLCH-
KaM YHclia CTYCTKOB 110 CBETHMOCTH, MTOCKOJIBKY YBEJIMYCHUE CBETUMOCTH L NIpH yBEIMYCHUHU Y MOX-
HO MHTEPIIPETUPOBATh M KaK yBEJIMYCHUE YnCia crycTkoB (Bemymee kK pocty N u N2) u kak yBenude-
HHe 4acTOThl f oOpalieH st 1 CKOPOCTH YacTHI[ TP HEM3MEHHOM YHCIIe CryCTKOB. TakuM oOpa3om, B
KPYMHBIX YCKOPUTENSIX ( ¥ Y TuO0 coBnaaaoT, 1160 kpatael, a B CTO onu He3aBucuMbL. OnpenenuTh
UCTHHHYIO CKOPOCTh YacTHUI[ MOXKHO, BBIBOJISI UX U3 YCKOPHUTENS U U3MEPSS BPEMSIPOIETHBIM METO-
oM. Taxke MOKHO PETUCTPUPOBATH YACTOTY UMITYJIBCOB U3MYUYEHUS MPU LUPKYIALIUNA B CUHXPOTPO-
HE BCEr0 OJTHOTO AICKTPOHA. VIMITyIbChI CHHXPOTPOHHOTO U3TYUYEHHUS OT OJIMHOYHBIX 3JIEKTPOHOB OT-
4ETIIMBO PETUCTPUPYIOTCS B sKcniepuMenTax [360, 361], u o neproay T uMiyabcoB u uinHe L KoOjIb-
11a YCKOPHUTENIS YKE MOKHO OJTHO3HAYHO OIPEICIUTh CKOPOCTh 3eKTpoHoB V = L/T.
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Psim HECOOTBETCTBHIA B COOTHOIICHUSX MEXKAY MU3MEPEHHBIM MMITYJIbCOM M YHEPTUEH pensiTHBH-
ctckux vactuil (1o cpaBHeHHIO ¢ Teopetndeckumu B CTO) ObLT BISBICH B AKCIIEPUMEHTAX Ha YCKO-
purene Illanxaiickoro unctutyta [362]. I[Ipu 3ToM OBUTO OOHAPYKEHO, BO-NIEPBBIX, YTO W3MEPEHHAsS
KaJIOpUMETPUYECKUM METOJIOM 3HEprus ekTpoHoB W, HarpeBaronux MeTaJUIMYECKyI0 MUIIEHb IpU
OCaX/ICHUH Iy4Ka, HE COOTBETCTBYET TEOPETUUECKOI IHEPTUU AIEeKTPOHOB eU, mproOpeTEHHOM B yc-
KopsitomeM noteHnuane U yckopurens. B pamkax 0aumMcTHUeCKO TEOPUH TO OOYCIOBJICHO 3aBU-
CHUMOCTBIO CHJIBI 3JIEKTPUYECKOTO OTTAJIKUBAHHU U HampshkEHHOCTH moiisi E B cucreme 3apsiaa, ot ero
oTtHocuTeNbHOM ckopoctu V [A37, A45], cMm. 8 4.8. Bo-BTOpPBIX, H3MEPEHHAs KATTOPUMETPHUECKUM Me-
TOJIOM PHEPTUs IEKTPOHOB HE COOTBETCTBOBAJIA UX UMITYJIbCY U CKOPOCTH, U3MEPEHHOMN MPOJIETHBIM
METOJIOM, €CJIH OTIPEIeATh CBsA3bh ATUX BennunH B pamkax CTO. HampotuB, B pamMkax KjIacCHYECKOM
teopuu U bTP 3T BeM4MHBI COOTBETCTBYIOT IPYT ApYry. JI€HCTBUTENIBHO, €CIIU B KIACCUKE UMILYJIb-
cy p= mV =myC yIbTpapesITHBUCTCKOTO JIEKTPOHA COOTBETCTBYeT >Heprust W = mvV?2/2 = my2C2/2,
to B pamkax CTO emy coorBercTByeT 3Hepruss W = pc = mycz. T.e. emé oqHUM KpUTEpUEM BBIOOpa
Mexay Oammctuueckoit Teopueit 1 CTO ciyXKuT npsiMoe H3MEpEHUE UMITYJIbCa U SHEPTHH YaCTHIL.

Kpome Toro, BO3MOKHBI peKUMBI pabOThI yCKOPHUTEIS, KOTrla B HEM M0 COOCHBIM OpOUTaM LUP-
KyJIUPYIOT CTYCTKM C Pa3HOMl CKOPOCTBIO M C YacCTOTAMHM KPAaTHBIMU YAcCTOTE YCKOPSIOUIETro MOJIs
[A45]. Oto cBsi3aHO ¢ HEOOJBIIONW acHMMETpUEil BO3/IEHCTBUII MO Ha YacCTHUIly B YCKOPSIOUICH W
TOpMO3sIIeH ¢dasze mojsi, BBHIY Pa3HON CKOPOCTH MPOXOXKACHHUS YaCTHIIBI Yepe3 3TH (a3bl U pa3HOU
BEJIMYMHBI TIOJISI B YCKOpSOLIEH 1 Topmo3sieit ¢azax. [locneanuit 3 pexT cBsi3aH ¢ UCKAKEHUEM CH-
HYCOUJAJILHOTO MpOGMIs CUTHAlla B T€HEpaTOpe YCKOPSIOIIETr0 HAIpsKeHHs], HAa JIMHUU U B YCKO-
PSIOIIEM pE30HATOPE, U3-3a YEr0 BO3HUKAIOT FAPMOHUKHA OCHOBHOM 4acTOThI, KOTOPhIE M MPUBOIAT K
YCKOPCHHIO YaCTHI[ COOTBETCTBYIOIINX YacTOT oOpareHus. Y ckopsioiee mone E(t) = Xaycos(2znnft +
@n) COJICPIKHUT, KPOME OCHOBHOM 4YacTOTHI f, TApMOHUKH ¢ aMIUTUTyAaMH a&,, Homepamu N = 100 u BbI-
11Ie, YCKOPSIOIIUE CUHXPOHHBIC YaCTHUIIBI C YacTOTaMu oOpamienus Nf. SIBieHne aHATOTHYHO MapamMeT-
PHUYECKOMY PE30HAHCY, KOT/Ia OJIHA 4acTOTa BO30ykIaeT psn konebanuit. [Ipu 3ToM neTekTopsl cry-
CTKOB WJIM UX CUHXPOTPOHHOT'O U3IYUYEHUS! PETUCTPUPYIOT HE CKOPOCTh MPOXOMKACHUS CAMHUX YaCTHII,
a CKOPOCTh JIBM)KEHUS BOJIHBI IJIOTHOCTH, KOTOPAast MOKET OBITh MEHbIIIE CKOPOCTH YaCTHII.

I[To Toli ke mpUYKHE HEJb3sT H3MEPUTHh CKOPOCTh PACIPOCTPAHEHHUS DIIEKTPOMATHUTHBIX BOJH B
KOJIBLIEBOM BOJIHOBOJIE, JIeNIs JJIMHY KOJIbIa Ha MEproJ Bo30yKIaroIIero reHepaTopa Win Ha Nepuos
KOJIe0aHUH AJIEKTPUUECKOrO IMOJIsl B BOJIHOBOJIE, [TOCKOJIbKY B BOJIHOBOJIE OJIHOBPEMEHHO BO30Y>KIa-
IOTCSl pa3Hble MOJibl, Oerymmue ¢ pa3Hoil (ha30BOH CKOPOCTHIO, M PETUCTPUPYIOT MX CYHEPIO3HIIHUIO.
JInist CryCTKOB, JISTSIIMX 10 OpOUTaM pa3HbIX pamuycoB ¢ yactoramu Nf, oomwmii curnan S(t) ¢ merek-
TOPOB MOXHO rpy0o0 mpenctaButh cyneprosunumeit S(t) = Xby[1 + cos(2rnft + 0,)], rae b, — ammuTy-
na, 0, — (asa, 3aBHCAIIas OT PABHOBECHOM (ha3bl CrycTKa U AucTaHIuu aeTtekTopa. CurHan S(t) umeer
BUJI UMITYJIbCOB 4acToThl f. D ekt aHamornueH reuepannuu KOPOTKHUX JTIa3ePHBIX UMITYJIbCOB YaCTOThI
f mpu cunxponuzaruu Moz nf pesonaropa. ITpu V > € ahdekt Bo3MOKEH U B JIMHEHHBIX YCKOPUTEIIAX:
B BOJIHOBOJIE BO30Y>KJAtOTCSI MOJIbI pa3HbIX ckopocTeil Vg, yCKopsIome CUHXPOHHBIE CTYCTKH. A UX
curHan S(t) coorserctByer V < C. T.e. A5 0HO3HAYHOTO U3MEPEHHS CKOPOCTH YaCTHII, HEOOXOIUMO
CenapupoBaTh YaCTHIIBI MATHUTHBIM TOJIEM, Jajiee onpeneiss V HampsMyto — IPOJIETHBIM METOIOM.

JIo cHX TOp PErucTpaimio CrycTkoB ocyiiectssuin BPM-naTunkamu (beam position monitor),
M3MEPSIONUMHI HaBOAMMBIN 3aps]l MPOJIETAIOIIUM B BaKyyMHOM Kamepe crycTkoM. OJHaKo, HHU3KOe
OBICTPOJICIICTBHE TTO3BOJISIET ONPEACIATh TAKUM METOJIOM TOJBKO TOIMEPEYHOE ITOJIOKEHUE IMydKa B
Kamepe, a He ero MpoJI0JIbHOE CMEIeHHe, He0OX0AMMOoe Il U3MEPEHUs! CKOpocTu. B mocnennee Bpe-
Msl TIOSBWJIMCH 3JIEKTPOONTHYECKHUE AATYUKU, HETOCPEICTBEHHO M C TMTAHTCKUM OBICTPOAEHCTBHEM
U3MEPSIONIUE AJICKTPHUUECKOE MMOJIE IMPOJICTAINIMX CrycTKOB [363]. DTO OTKpBIBAET BO3MOKHOCTH
NPSIMOTO M3MEPEHHUsI CKOPOCTH YacTHUI] B KaMepe YCKOpUTeNss. IMEHHO 3TOT THN JaTYMKOB MTO3BOJIHII
3apEerUCTPUPOBATh BBICOKHE TAPMOHUKHU (BILIOTH JIO TBHICSYHON) BBICOKOBOJIBTHOTO HAMPSIKCHUS B
JIDII [364]. dauublii GakT MOATBEPIKAAET, YTO UCKAKCHHUS TAPMOHHUYECKOTO CUTHAIA HAMPSHKEHUs, B
TOM YHCJIE B YCKOPUTEIbHBIX CTAHLUAX, BCET/Ia IPUCYTCTBYIOT: IMEHHO 3TH UCKa)KEHUS, KaK OTMeYe-
HO BBILIE, JIETaI0T BO3MOXKHBIM YCKOPEHHUE YACTHI, JBUKYIIUXCS 110 OpOUTaM C YaCTOTaMU KpaTHBIMU
4acTOTe yCKopstomero HampsbkeHus [A45]. HTepecHO OTMETUTBh, YTO CUTHAI, PETHCTPUPYEMBIH B
UKIMYECKUX YCKOPUTENAX TOCPEICTBOM DJIEKTPOONITHUECKUX TAaTUYUKOB, NEHCTBUTENBHO, MPEICTAB-
JsieT co0o# CHMTHANI B BUJIE HaOOpa BBICHIMX FAPMOHHUK C SKBHUAUCTAHTHBIM criekTpoM [363]. Anao-
THYHBIA BUJ MMEET, HAIIPHUMEP, BPEMEHHAsI CTPYKTypa (PeMTOCEKYHIHBIX Ja3epHBIX MMITYJIbCOB, TaK
e TPEICTABIAIOIINX CO00i CyMMY OOJIBIIIOTO YHCIIa TADMOHUK C SKBUANCTAHTHBIM criekTpoMm [104].
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OreHuM UIUTETBHOCTE AT MMITyJIbCa CHHXPOTPOHHOTO M3JIydeHHs B TeopuH Putia. Mmiryiise
U3JIyYEHHsT COOTBETCTBYET MPOJIETY JCKTPOHOM ydacTka opoutsl d =~ 2RO ~ 2R/y, ¢ KoToporo msimy-
YCHHUE MOCTYyMaeT B neTekTop Ha pacctosuuu L [354] (Puc. 4.7). 13 navana A untepBana d cBeT 10ii-
nér 3a Bpems ta = (d + L)/(c + V), u3 konna B — uepes Bpems tg = d/V + L/(C + V) mocne uznydenus B A.

AT = tg— ta=~ dlcy® = 2R/cy’, (4.4)
B COTJIACHHM C KJIaCCHYECKHUM pe3ysbraTtoM [354].

AETeKTOp 3

Puc. 4.7. Cxema popMUPOBaHUSI UMITYJILCOB CHHXPOTPOHHOTO U3JTyUYESHUSI.

OOBIYHO TAPMOHUKHU CHHXPOTPOHHOTO U3JITYYCHHUSI OOBSICHIIOT PErHCTPALUEi €ro B BUIE KOPOT-
KUX UMITYJIbCOB JUTUTEIBHOCTBIO AT, oTyero cnekrp u popmupyrot rapmonuku Hfe, BIioTs 1o wacror
f~1/AT ~v%c/2R (Puc. 4.8.6). IIp1 3TOM MHTEHCHBHOCTb BBICIIMX TaDMOHHK Maia. A ¢ yu&ToM 3¢-
dexra Purua (1.15), ocoberno mpu a, = -¢?/L, mpodus ummymbca E(t) nckasures, oGperas ocobeH-
HOCTH B BHJIC YCTYIIOB M ITUKOB, TeM 0OoJiee BBICOKHX, YeM OHHU OJIMKE K CEpeMHE UMITYJIbCca U YeM
MEHBIIIE YTOJI (0 TOYKH U3JTYUYCHUs, B KOTOPO# @, = -3y (Puc. 4.7). D10 npuBen€T K pOCTy HHTCHCUBHO-
CTH TQpMOHUK M HEOTPaHMYCHHOMY pocTy ux HOomepoB H. JlydeBoe yckopenue ar = -asing, rue
Sln ~sin0 ~1/y, u ycioBue a = -c?/L remepammm XECTKOrO H3IydeHHs peaqusyercss mpu L =
Y°sine ~ R/y. Toraa yxe mnpu MajbIX Y BO3MOXHA TeHepanus )KECTKOrO M3IyUYCHUs, TyTEM YTHHE-
HUS KaHana L wnm cokpartienus paauyca opouTtsl R, yem u mosp3yrorcst Ha npakTuke. Ilockonpky npu
cHKeHUU ¢ < 0, COOTBETCTBYIOIIEE Mosie £ pacTET, TO AalibHEeWIee yBeaudeHue L = R/yzsin(p Hapa-
IIMBACT UHTEHCUBHOCTH FAPMOHKK. MOIIHOCTH M3Ty4eHus Ha yactore f; 1 e€ rapMoHMKax CpaBHHMBI,
KOI/Ja yeKopeHue sekTpona a = V2R gocruraer mopora ao= ¢/L ~ 10 m/c? (mpu L ~R ~ 1 M), 0
ectb ipu V ~ ¢. JlefictBuTEeNnBbHO, 1pH V ~ ¢ 3JEKTPOHBI, KPOME U3ITy4eHHs 4acToThl fe, reHepupyrot eé
rapMOHHMKH B ()OpPME CHHXPOTPOHHOTO M3aydeHus. OTHOIICHUE CHTHAJI/IIYM FapMOHHMK PAacTET MpH
BBIBOJIC M3IIyYCHHUSI Yepe3 BaKyyMHbIC KaHaJbl, JJIMHA KOTOPBIX Ui BuauMoro ceera L ~1 m, a ms
x€ctkoro peHrreHa — L ~ 100 m [354] BBI/II[y pOCTa HOMEpOB H 1 MomrHOCTH TapMOHHMK TIpH pocTe L.
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Puc. 4.8. Cxema popMupoBaHUS CIICKTPa TAPMOHHUK OT HCKAKCHUS
npoGuIIs BOJHBI, H3Ty4EHHON YaCTHLAMH B yCKOPHUTEIIX (a, 0).

OneHUM MOIIHOCTh CHHXPOTPOHHOTO H3JIy4eHHUs B OamucThdeckod Teopuu. Tak Kak Moul-
HOCTB P; M3JTy4eHHs OIMHOYHOTO JIEKTPOHA MPOIOPIHOHAIBHA KBAPaTy YCKOPEHHs 8, To Py oc a” =
VAIR? o y4/R2. B pamkax wmakcBemioBckoil snektpoguHaMukn M CTO MOImHOCTH W3Iy4YeHUs
P1 oc B%p? oc y*/R?, e B oc y — MHAYKIMS MATHATHOTO TOJIS, B KOTOPOM JBHKETCS JACTHI, a P oc y —
umiyJisc iektpona [355]. T.e. CTO u GammcTuyeckas TeopHs MPEACKa3bIBAIOT OJMHAKOBYIO 3aBH-
CHUMOCTb MOIIHOCTH CHHXPOTPOHHOI'O M3JIy4eHus oT Y. Paznauuue ToNbKO B KO3 GUIMEHTE IPONOp-
HUOHAJIBHOCTU. [109TOMY 3aMepbl MOIIHOCTH W3JIy4eHHs OAMHOYHOro 3uiektpona [360, 361] maror
MIPOCTOM KpUTEPUIA BEIOOPA MEXKAY PENATUBUCTCKON U OAIITUCTUUECKON TEOPHEH.
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Taxum 06pa3oM, OOIBITMHCTBO HAOIIOJaeMbIX CBOMCTB CHHXPOTPOHHOTO U3ITyUEHHSI OIMHAKOBO
XOPOIIIO TPEICKA3BIBAIOTCS OAIITUCTUYCCKON TeOpUel U Teopuel OTHOCUTEILHOCTH U OJMHAKOBO CO-
[JIACYIOTCS C pe3ysbTaTaMH SKCIEPUMEHTOB. PasHuIly X mpeackazaHuil MOXKHO OOHAPYXHUTb TOJIBKO
JUISL HEKOTOPBIX €200 M3YyUYEHHBIX XapaKTePUCTUK U3IydeHHs. Tak 4yTo MCClieJOBaHHE ITHX XapakTe-
pUCTHK ObLTO OBI BEChMa KeIaTeNbHO B IJIaHe BhIOOpa MeX Ay Oammuctuueckoi teopueii u CTO.

8§ 4.5. MexaHu3m 2eHepayuu u ceolicmea 4epPeHKOB8CKO20 U3J1y4YeHUsl

OnvH 13 crocoOOB U3MEPEHUsST CKOPOCTH YaCTHUI] COCTOUT B UCCIIEIOBAHUH XapaKTEPUCTHK WX
YepEHKOBCKOTO U3IYUYEHUS B CpPeJie, MOCKOJBKY yroi 0, ol KOTOPBIM PAacIpOCTPaHIETCS U3ITyYCHHE
(Puc. 4.9), cormacHo teopuu 3¢pdexra BaBumoBa-UepeHKOBa, 3aBUCUT OT CKOPOCTH U YaCTHIIBI U T10-
KazareJs MPeJIOMIICHHUS Cpebl N, B KOTOPOW YaCTHIIA TeHEPUPYET H3IIydeHHE, COTJIAaCHO (hopMyIie

cosO = c/nv. (4.5)
Haiinennrie mo usmepeHHOMY yTiTy 6 CKOPOCTH YacCTHIT
v = ¢/ncoso (4.6)

HE NPEBBIIAIOT CKOPOCTH CBETA ¢ B BAKyyM€ U COIVIACYIOTCSI CO 3HAYEHHEM CKOPOCTH U, OIpENeIcH-
HBIM M3 PEJIATUBHCTCKHX (POPMYJI IO U3MEPEHHOMY MMITyJIbcy dacTull. OqHako ¢popmyia (4.6), BeiBe-
neHHas BasuioBsiM, TammoMm n dpaHKOM B paMKax pelsiTUBHCTCKOM Teopuu 3¢ddexra,— 310 cienct-
BUE Ps/ia YIPOUIEHUH U MPEANOI0KEHUH, TpeOyIOIMX NMPsAMOM ONBITHON NpoBepku. B pamkax 6anmiu-

CTHYECKOH TCOpHUU MCXAHU3M I'CHCPALIMN YCPCHKOBCKOI'O U3TY4YCHHUS COBCPUICHHO HHOM.
__«'\-:;'- S

Puc. 4.9. Cxema renepaiun uepeHkoBckoro m3nydenust B CTO u Gayumuctuaeckoi
teopun. CKopocTs V mo-pasHOMY BbIpa)kaeTcs dyepe3 yroi 0 4epeHKOBCKOTO H3ITydeHHS.

B uactHOCTH, B 9KkcniepuMenTax rpymnmbl A.A. TsankuHa [365] ObLIO OTKPHITO YEPEHKOBCKOE H3-
Jy4eHHe, TeHEPUPYyEeMOoe IMOJ| 3aKPUTHUUSCKHUMHU yriamu 0 > arccos(C/nv), 4To CBUIETEIBCTBYET O
CBEPXCBETOBOW CKOPOCTHU U 4acTUIl U TpeOyeT yTOUHEHHOM npoBepku. B gactHOCTH, C caMmoro Havyaia
BO3HHUK U JI0 CHUX IOpP OJTHO3HAYHO HE PEIIEH BOIPOC O TOM, CIIY>KUT JI UICTOYHHUKOM YEPEHKOBCKOIO
M3JTYYEeHUsI caMa YacTHIA WJIM Cpefa, B KOTOPOW YacTHIa IBMXKETCs. B paMkax pensiTUBUCTCKOHM Teo-
PUHM UCTOYHMKOM U3TYUYEHUS CIYXKHUT cpela, B KOTOpoil yactuiia Bo3Oyxknaer kojebanus 3apsnoB. [1o
mHenuto C.U. BaBuioBa, coBMecTHO ¢ UepeHKOBBIM OTKPBIBIIETO 3(p(eKT, HCTOUHUKOM H3ITy4EHUS
CIIyKHUT caMa JIBIXKYIAsiCs 4acTUla, KOTopas KoyieOieTcs Mo/l BIUSHUEM DJIEKTPUUYECKUX OJIeH aTo-
MOB CpeJibl, MUMO KOTOPBIX JIETHT, U3JIy4as B COITyTCTBYIOIIEH cucTteMe 0TcUéTa ChepudecKyro BOJIHY.
Hutepecno, uro O. Xeucaiin, emé B 1888 r. npenckazas 3¢pdexr Bapumora-Uepenkosa y 3apsiaos,
JBIDKYIIUXCS CO CBEPXCBETOBOM CKOPOCTBIO, CUMUTAII, YTO UCTOYHMKOM H3JIYUYEHHUS CIIY>KUT CaM JBH-
KYLIUIics 3apsij, a He cpefa. B nmpuHuumne, BO3MOXKHBI cllydyau peaju3alidd U TOro U JPyroro Mexa-
HU3Ma IreHepali YepeHKOBCKOTO M3JIyueHUs. B 4acTHOCTH, €Clii UCTOYHMKOM, BO30YXKIAIOIIMM Ye-
PEHKOBCKOE HM3JIyYeHHE, CIY)KHT HE YaCTHIA, @ PPOHT HEOTHOPOIHOTO pacHpeesieHHs dJIEKTpoMar-
HUTHBIX XapaKTEPUCTUK CPEebl, HapuMep €€ IEKTPOHHONW KOHIIEHTPALUH, MOJISPU3ALUU UIIH HEJIH-
HeiiHOCTH (KOT/ia peaan3yroTcs CBEPXCBETOBbIE CKOPOCTH), TOTIa HCTOYHUKOM YEPEHKOBCKOTO H3IY-
YEHUs CITy’)KUT caMa Cpejia, B KOTOPOU JABMXKETCS (DPOHT COOTBETCTBYIOLIETO PACIIPEICIICHUS.

B cnywae knaccuueckoit maTepnperanuu 3¢ dexra Basuinopa-UepeHkosa, eciu B paMKax TEOpUHU
XeBucaiina 1 6aJNIMCTUYECKONW TEOPHH M3JIyueHHE I€HEpUpPYeT caM ABIKYIIUICS 3apsf, TOrga CKO-
POCTB C' HCITYLICHHBIX MM CBETOBBIX BOJIH B CPEle PaBHA ke He ¢/N, a BeKTopHOH cymme ¢/n + V/n? (§
3.2). CooTBeTCTBEHHO, CKOPOCTH BOJIH B cpezie (Puc. 4.9) oTHOCHTEIIbHO HCTOYHHUKA PaBHA

cln=V(1 -1/n?,
kak mokasai onbIT ®u30 (8 3.2). B atom ciydae cootHomieHue (4.5) yxe He BBITOTHICTCS.
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[TycTb anexTpoH, BeuteTaronmii u3 Touku O, n3my4ui cBeToByto BonHy (Puc. 4.9). Uepes Bpems t
oH nocturHeT Touku A, Tak uto OA = Vi. 3a 310 Bpems ucmymieHHas B Touke O chepudeckas cBeToBas
BOJIHA PACIIMPHTCS 10 paamyca BS = ct/n, a eé mentp cMecTHTCst B Touky B, mpoiias myts OB = Vit/n?,
JlelCTBUTENBHO, B 9TOM CIIyya€ CKOPOCTb TOYEK S BOJIHBI MPEJCTABISAET COOOW BEKTOPHYIO CyMMY
JBYX JBYDKCHHI: PaIHaIbHOTO PACIIMPEHHS BOJIHBI CO CKOPOCTBIO ¢/N M MEPEHOCHOTO JIBM)KECHHS LICH-
Tpa u3Iy4eHus: A CO CKOPOCThIO V/n?, cooGIEHHOH 37eKTpoHOM. B utore, cepruueckne BOJIHBI, TCHE-
pupyemsble nekTpoHoM Ha myTd OA, npu HasloKeHHH 00pa3yroT Orudaronuil BOJIHOBOW (POHT B BUE
MIOBEPXHOCTU-KOHYCa, KacaTeJIbHOW K 3THM BOJIHaM, ¢ yrioM moiypactBopa 0 = ABS. M3 mpsmo-
YrompHOro Tpeyromsunka ASB Haiiném cosd = BS/BA, rae BA = OA — OB = Vit - Vit/n?. Orciona

cosh = ¢/nV(1 - 1/n?),
T.€. TIOSABIIACTCS MHOKHTEIb, PaBHBI K03 duumenty yenedenns Opewens (1 — 1/n?). Orcrona

V = ¢/n(1 - 1/n)cosh, (4.7)
a I/IMHy.IILC BHGKTPOHa
p =mV = me/n(1 - 1/n®)cose. (4.8)
DT0 3HAaYCHHUE MPEBBIIIACT 3HAUCHUE UMITYJIbCA, HAMICHHOE B PEJIATUBUCTCKON Mojenu (4.6)
p = mc/(1 - /e = me/(1 - 1/n*cos?0) . (4.9)

HecoBnanenue knaccuueckoii ¢popmyinl (4.8) u penstuuctckoit (4.9) csizaHo ¢ tem, uro Gopmya
yBiedeHuss OpeHens Ui pelsSsTUBUCTCKUX CKOPOCTEH BBIBEAEHA IS Cilydas M3Iy4YeHMs, UAYIIEro B
IpsSIMOM M 00paTHOM (110 BEKTOPY OTHOCHUTEIBHOM CKOPOCTH Cpe/ibl) HanpasieHuu. Ho aist u3nmyde-
HUSl, UCITYILIEHHOTO MO/ YIJIOM, BKJIaJ CKOPOCTH V He ObLIT pacCUMTaH CTPOTrO, U AJIsl HETO BBIMOJIHSET-
csi Oosee crokHasi 3aBUCUMOCTB. COOTBETCTBEHHO, ()pOHT BONHBI Ha Puc. 4.9 n3o0pasutcs yxe He
ceprueckoit, a 6oJee CI0KHOM MOBEPXHOCTHIO C HHOM orudaroriell 1 n3MeHEHHOH Gopmynoii (4.8).

Kak BoisicHuu B § 3.2, 4acTHIIBI C PEISATUBUCTCKUMU CKOPOCTSIMHU MCITyCKAIOT CBET B MPSIMOM
HAMpaBJICHUU CO ckopocThio C' = C/[n — V/(c + V)]. ITox yriiom 6 k BekTopy V cOCTaBIAIONIAs CKOPO-
ctr yactuipl paBHa VC0SO. Toraa B HanpaBieHnu 6 CKOPOCTH CBETa 3a/1aHa YPaBHEHUEM

¢' = c¢/[n - Vcoso/(c + Vcoso)]. (4.10)

Oto0 ypaBHeHHE U 3a71aéT mpodmib o0pasyronieil ppoHTa CBETOBOW BOJIHBI, PEACTABIISIIOIIEH COO0M
TEJO BpalIeHHUs C OChIO, HaNpaBJIeHHOW BHOJb BekTopa V. B raze, mpu n= 1+ o, e 6<<1 u
d << ¢/V, nonyunmM ypaBHEeHHE oOpa3yromiel Buaa C' ~ € + Vc0sS0. B ceueHnu miIocKoCThIO MOTYYUM B
HOJIIPHBIX KOOpJAMHATAaX ypaBHEHHE oOpasyroleil B popmMe KOHXOUABI OKpyxHOCTH (yaumku [lacka-
J1s) — KPUBOM, KOTOPYIO OIMCHIBAET TOYKA HA KoJiece, KaTsAIEeMCs 10 KoJecy Toro e paauyca. Kaca-
TeJbHas K 3TOM BOJIHE, TpoBeIEHHAs yepe3 Touky A, u 3a1aét popmy gpoHTa orudaromiei BOJIHbI ye-
penkoBckoro m3nydenus (Puc. 4.10). Orcrona Hailném uist yriia 4epeHKOBCKOTO H3ITyYCHUS

cos0 = _ (4.11)

mi-c2/v2
910 yKe Onvke K 3aBucuMocTH (4.5), moATBep)IEHHOM B SKCIIEPUMEHTax, eciiu npu V >> C nojcra-
BuTh B (4.11) BeIpaXkeHHE /IS KIIACCHUECKOM ckopoctu (4.1).

WTak, ZONOJHUTENBHBIM KPUTEPUEM NPOBEPKU OAJUTMCTUYECKOM TEOPUU CTAHET CpaBHEHHE UM-
IyJIbCA YaCTHII, U3MEPEHHOI'O 10 KPUBU3HE TPAEKTOPUH NIEKTPOHA B MArHUTHOM I10JI€, U PACCUUTAH-
HOT'O 110 YePEHKOBCKOMY yrity 0 kimaccuueckuM (4.8, 4.11) u pensituBuctckuM (4.9) ciocodom.

Knaccuueckast onienka ckopocts (4.7) mpuBOAWT K 0oJice BHICOKMM 3HAYCHHSM CKOPOCTH, 4€M
cranpaptHas popmyina (4.6). Taxk, ecnu ans Boasl (N = 1,3) B CTO npenenbHsblii yron cosd = 1/n coort-
BETCTBYET U = ¢/NCOSO = ¢, TO B OAJUIMCTUYECKOM TEOPHH OH COOTBETCTBYET CBEPXCBETOBOI CKOPOCTH

V =cl(1 - 1/n%) = 2,45¢.

Taxum 00pa3oM, OLleHKa CKOPOCTH M3JTyueHHs IO CTaHAapTHOH (opmyse BaBunoa-Uepenkosa
(4.6) naBaya 3aHMKEHHOE 3HAYCHUE CKOPOCTH YACTHII, 10 CPABHEHHIO C PE3yIbTaTOM OAILTMCTHYCCKOM
Teopur. VICTUHHBIE CKOPOCTH MOTYT OKa3aTh BbIlEC B pa3bl. Takke U camo 3HadeHue C0SO = 1/n — He
npeses, Kak IMokaszanu sKkcnepuMmeHnTsl Ha yckoputene CERN, mocraBneHHble 1moa pyKOBOJACTBOM
A.A. Tankuna [172, 285]. [elicTBUTENBHO, OOBIYHO KOHCTPYKIIUS YEPEHKOBCKUX IETEKTOPOB HE J10-
MyCKAeT PETUCTPAIMU U3ITYyYSHHS 1O/ 3alpeACTIbHBIMH YTIIIaMu 6, MOCKOJIBKY Y€pPEHKOBCKUE JAETEKTO-
pbl, KaK MPaBUJIO, MEPSIIOT HE yroi 0, a perucTpupyroT YacTULIbl, H3TyYarollye MoJl 3aJaHHbIM YIJIOM,
B auama3zoHe 1/n < cosb < 1. A s 3aMepOB CKOPOCTH YaCTHI] IPUMEHSIOT MIOPOTOBBIC CUETUUKH, Cpa-
OaThIBaIOIIKE, KOT/IAa YACTHIIA HAUMHACT TeHepUPOBaTh u3inyueHue, otkyna u3 CTO cosd = c/nv=1. B
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TaKUX CYETYMKAX MPUMEHSIOT ra3oByIo cpeay, rae N =~ 1 umu n = 1 + 3. [loBbIas qaBieHue rasza u ero
MOKa3aTelb MPEIOMIICHHS N, 10 MOSBICHUS U3Iy4YEHUsI TPpU U = ¢/N, HAXOST MO TTOPOTroBOMY N
v=cIn=c-3dc.
Ho ecnu npegensHoMy yriy C0SO = 1 cOOTBETCTBYET
V =¢/n(l - 1/n?) = /2, (4.12)
To pu O << 1 moporossie cuéTunku YepeHKOBa perucTpupyloT yactuipsl ¢ V >>c. B pamkax CTO
CHIDKEHHME 0 M TIOPOTOBOTO JIABJICHUS T'a3a COOTBETCTBYET MPHOMIMKEHHIO U K ¢. A B paMKax Oayuiu-
CTHYECKOW TEOPUU CHIKEHHE O COOTBETCTBYET HEOTPAaHUYCHHOMY pocTy ckopocTu V. Torma ckopocTh
v=c/n=c-30c,
HaiineHHas B pamkax CTO, cOOTBETCTBYET pEIITUBUCTCKOMY UMITYJIbCY
p =~ mc/(1 - #c?)M? = mel(28)?, (4.13)
COBIAJIAIOIIEMY C U3MEPCHHBIM [0 KPHUBH3HE TPACKTOPH B MAarHUTHOM Tosie B 3unauenwuto p (8§ 4.3).
[MToxosxee Ha (4.13) BeIpakeHHE CIICIYET TAKXKE U3 KIIACCHYECKOTO BBIPAKCHUS IS UMITYJIbCA
p =mV =mc/28, (4.14)
€CITM UCTIOJIb30BaTh 3HaUCHHE CKOpocTH (4.12), paccunTaHHOE B paMKaX OaLTHCTUUECKON TEOPHH.
HecoBnanenue crenenn B 3HameHarese (4.13) u (4.14) ob6ycnosiaeHo teM, 9to hopmyisr (4.12)
U (4.14) momy4eHsl B paMKax MpuUOIVKeHHH, 1 KodpduimeHT yBiedenuss Openens TeopeTHYecku u
AKCHEPUMEHTATBHO HAWJICH b Tt V << C, a JUIsl BRICOKUX CKOPOCTEW OH 3a7aéTCsl CIIOJKHEE.
Tounblit pacu€r (8 2.2) moka3bIBaeT, YTO M3JIyUEHHE YAaCTHUI[ IPHOOPETACT B CpPejie C MmoKa3aTe-
aem npenomiienus N = 1 + & ckopocts €' = ¢/[n — V/(C + V)], 1 4epeHKOBCKHE MTOPOTOBHIC JETEKTOPBI
npu €' =V u 8 << 1 peructpupyror 4acTuusl ¢ V = /6 >> ¢, COOTBETCTBYIOILEN UMITYJIbCY
p=mV = me/s¥2. (4.15)
®opmyna (4.15) yKe COOTBETCTBYET, ¢ TOYHOCTBIO 10 Koddduumenta 22— dopmyne (4.13),
KOTOpasi COTJIACYeTCsl C M3MEPEHHBIM MMITYJIbCOM YaCTHII, TEHEPUPYIOMIUX YEPEHKOBCKOE M3ITyUYCHHE.
Pacxoxnenue B Buae ko3dduuuenra 2Y2 naér nononmHuTENBHBI KPUTEpHiA TPOBEPKU OaiIucTude-
CKOM TEOpHH U BBIOOPA (HOPMYJ JIyUlIe COOTBETCTBYIOIINX W3MEPEHHOMY HMITYJILCY TIO PACYETHOMY
yriny 0. ITo cyTH, JaHHBIA KpUTEpUil IpoBepeH B dKcriepuMenTax [35, 367], oOHapyKuBIIKX, YTO Yac-
THUIIBl HAYMHAIOT TEHEPUPOBATH M3ITyYCHUE ITPH 3HAYCHUN UMITYJIbCA P MEHBIIIE IOPOTOBOTO.

Taxxe B CTO u OaquiMCTUYECKOW TEOPUH TOXOKU 3aBHCHUMOCTH moporooro N ot y. B CTO
v=c/n=c(l - 3§), orkyzma moporosoe & = 1/2y*. B Gammcriueckoil Teopun u3 yeiaosus V = ¢' mopor
8 = 1/y* ¢ TOYHOCTBIO 0 MHOXKHTENS 1/2 COBIAaeT ¢ PENSTHBHCTCKEM. DTa PasHHIA 00YCIOBICHA
TEM, YTO 3aBUCUMOCTD (4.10) HOCUT TPUOTMKEHHBIA XapaKTep U MPHU YJIbTPAPEIITUBHCTCKUX CKOPO-
ctax (y >> 1) napymaercs. ITo TOXke AaéT MPOCTOI KpUTEPHd IPOBEPKH Teopuu Putiia, rie u3mMepeH-
Hasl BEIMYMHA & << 1 COOTBETCTBYET CBEPXCBETOBBIM cKOpocTaM V =~ ¢y = ¢/8¥2. T.e. u B oToM cirydae
OCHOBHOM KpHUTEpUI MPOBEPKHU Teopuu Putiia — 310 npsimoe nzmepenue V mpoaETHEIM METOIOM.

Puc. 4.10. ®opma BoTHOBOTO (PPOHTA OT PEINATHBUCTCKOM
YaCTHUIIBI B CPEE M KOHYCHI OTMOAIOIINX ITUX (POHTOB.

VYron 0 4epeHKOBCKOTO M3IIydeHHsl B paMKax Teopuu Putna Beipaxkaercs: HeoqHozHauHO (Puc.
4.10). Eciu Ha ckopocth ¢' =c/[n— V/(C + V()] B HanpaBiienuu 0 BIUACT JUINb pagraibHass KOMIIO-
HEeHTa cKopocTH 3apsna V, = VcosO, To mpu V ~ ¢ popma BoIHOBOTO (PpOHTA 3a7]aHa ypaBHEHUEM

¢'(8) = c/[n - (c/Vcosd + 1) ]
ommyHyo oT chepuueckoii (Puc. 4.11). A pu V > ¢ (B CTO at0 cootBercTBYyeT v > 0,71¢) BomHOBOM
(POHT — caMoIIepeCceKArOIIUIACS, C 0COOCHHOCTBIO THUIIA JieTiecTKa. [ledCTBUTENBHO, HPOHT CTAHOBUTCS
CaMOIIEPECCKAOIIMMCS, KOT/Ia CBET, U3Iy4EHHbII B Hanpasienuu Hazan (0 = m, cosO = —1), ot nobas-
JICHHsT CKOPOCTH MCTOYHHKA, ABIDKETCS Brepés, T.e. ¢'(m) = ¢/[n — (1 — ¢/V)*] < 0. B stoMm ciyuae 3a-
HsIsl YacTh PPOHTA BhIrMbaeTcs Briepén, 00pasysi MOMOTHUTENIbHBII BBITSIHYTBIA B HAIIPABICHUH CKOPO-
CTH JICTIECTOK, ¢ camorniepeceueHreM B noiroce O (Puc. 4.11). Toraa, kpome HOPMaILHOTO KOHYcA Ye-
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PEHKOBCKOTO M3iIy4eHHs (BHeIIHel ormbatomied ¢GppoHToB, ¢ yriaom 01 Ha Puc. 4.10), dopmupyercs
y3KHil KOHyC — orubaromias jernectka (¢ yrimom 0;). [lpu n < 1,5 3ToT aHOMaNbHBINH KOHYC 00pasyercs
IIPU JIOTIOPOTOBBIX 3HAUEHHSX Y. JleficTBUTENBHO, yeoBue reHepaunu uznyuenus V = c/[n — V/(c + V)]
naét nBa peurenust: Vy 2= ¢(=1 + [1 + 4/(n — 1)]¥3)/2, rae V1 0TBeuaeT mopory reHepanun HOpMAaIbHO-
r'0 YePEHKOBCKOTO M3Iy4eHus, a Vo — JI0MOporoBoMy (aHoManbHOMY) U3ITyUSHHIO, CYIIECTBYIOIIEMY B
mmarazoe ¢ <V < |V,|. Ecu Vi = ¢(=1 + [1 + 4/(n — 1)]¥?)/2 > ¢, T.e. HOpMaibHOE YEPEHKOBCKOE 13-
Jy4eHue reHepupyercs npu V > ¢, To aHOMaTbHOE YSPEHKOBCKOE U3IIyYeHHE, COOTBETCTBYIOIIEE Jie-
HeCTKy, reHepupyercs npu Vo — 10 mopora Vi 0OCHOBHOTO (HOpMAibHO20) U3TYUYEHUs, YTO BBITOJIHSICT-
cs mpu N<15. DTo aHOMAaJIbHOE YEPEHKOBCKOE M3Iy4YCHHE BO3HUKHET, Korja Ha ynutke [lackais
HOSIBUTCS 3a0cTpenue B moitoce O, U oHa BRIpoaAUTCS B Kapauouay C' ~ (1 + cos0) u ¢' = 0 mpu 6 = 7.

% A

v=1,12 r=1,4 r=1,8
Puc. 4.11. DBomromnus BOIHOBOTO (PPOHTA OT PEIATUBUCTCKON YaCTHIIBI B Cpelie TIPH pocTe Y-(pakTopa MpuOIIHKEHHO
COOTBETCTBYET 3BOJIFOIUK KOHXOUIBI OKpy»x)HOCTH C' =V(C/V + c0s0) npu u3smenernu napamerpa c/V.

JloroporoBasi TeHepaius ObUIa OTKpPBITA B DKCIICPUMEHTaX ¢ MOHaMu cBUHIA [35] U ¢ woHamu
3oi10Ta [366]. Eciin KOHYyC HOpMaIbHOTO Y€PEHKOBCKOTO M3IIyUYEHHUS CYXKaJICs 10 Mepe pocta N win V,
TO KOHYC aHOMAaJBHOTO — PACIIUPsUICS, B coriacuu ¢ Teopued Purtia. Ha dororpadusx [36] nabdmro-
JIaJTd JIBa KOJIbIA: OJIHO OTBEYAJI0 HOPMAJIBHOMY YepeHKOBCKOMY 3ddekTy (01), a BTopoe, aHOMaIbHO
HIMPOKOE KOJIBLIO,— U3Iy4YeHHto oT yactull ¢ V > ¢ [36]. Cyns mo BceMy, €ro reHepUpyroT T JKe 4Jac-
THIIbI: aHOMAJIbHOE U3JIy4eHHe U GopMupyet 2-¢ KoJbIlo (02). OTMETHM, 4TO PENATHBUCTCKAS TCOPHS
HE UCKITIOYAET JOMOPOTOBOM TeHEpaIK YePEHKOBCKOTO U3ITyUeHUsl, MOCKOJIBKY ISl YacTOT, COOTBET-
CTBYIOIIMX JIMHUSAM IOTJIOIIEHUSI CpeIbl-panaTopa, N pacTéT B pa3bl, 10 3HaueHui N' > n. CooTBeTCT-
BEHHO, Ha JaHHBIX YaCTOTaX YEPEHKOBCKOE M3JIyueHHe BO3HUKaeT mpu V = C/n', 4To MeHbIle mopora
V = c¢/n. OpHako aHOMaIbHOE HU3IYUYCHHE, OTKphITOe B ombitax [35, 35, 366], HE MOXKET UMETh TaKyIO
MPUPOJTY, TIOCKOJIBKY €r0 CIIEKTP HE OTIMYAETCS OT KIACCHYECKOro YepEeHKOBCKOro crekrpa. Kpome
TOr0, aHOMaJIbHOE YePEHKOBCKOE M3ITyUYEeHUE XapaKTEePU3yeTCs aHOMAJIbHO BHICOKONH MHTEHCUBHOCTBIO
[36], 4uTo cBUAETENBCTBYET O TEHEPALMU U3IYUYCHHUS HE PEIKUMHU CBEPXCBETOBBIMH YaCTHUI[AMHM, a OC-
HOBHBIM ITOTOKOM 4acTHIl. KpoMe Toro, J01moporoBoe aHOMalIbHOE YePECHKOBCKOE U3TyUeHHUE TIpeiia-
rajii 0ObSCHUTh HA OCHOBE TEOPUHU CyIep-uepeHKOBCKOro uanydenus [367]. Ho u B 3ToM ciiyuae He
COITOCTaBJISUTUCH €0 TCOPETUIECKHE U HAa0III0JaeMbIe XapaKTepUCTHKH [366].

U3 (4.15) cnenyet, 9yTo B OAIMCTUYCCKON TEOPUU YaCTHUIIBI HE TEHEPUPYIOT YSPEHKOBCKOTO M3-
ay4denus B Bakyyme (N =1, 6 = 0). Ho B Teopun PuTia 3170 MpOMCXOIUT HE IO MPUYNHE KHETOCTHIKH-
MOCTH CKOPOCTHU CBETa B BaKyyMe», a MOCKOJBKY JUISl TAKOW reHepanuu TpedyeTcss 6ECKOHEYHO BBICO-
Kast ckopocth gactri; V = ¢/n(1 — 1/n°) — oo. B BakyyMe HCUE3aeT NPEHMYIICCTBEHHAS CHCTEMA OT-
cuéTa, CBA3aHHAS CO CPEAOH, U U3IIyYEHHUE PACXOIUTCSI OTHOCUTEIHHO 3aps/ia BO BCEX HAMpPaBICHUSIX C
OJMHAKOBOM CKOPOCTHIO ¢. T.e. 3apsi He MOKET JOTHATh CBET, IBUTASICh C MOCTOSIHHON CKOPOCTBIO.

Takum 00pa3om, U B 3TOM ciy4yae MPOBEPUTH OATITUCTHUECKYIO TEOPUIO MOXKHO JIMOO MOCTaHOB-
KOH JIOTIOTHUTEIBHBIX JKCIIEPUMEHTOB TI0 YTOYHEHHUIO XapPaKTEPHCTUK YEPEHKOBCKOTO H3JIYUCHHS,
1160 MyTEM IPSIMOT0 U3MEPEHHS CKOPOCTH YaCTHUII, TEHEPUPYIOIINX YePEHKOBCKUIA CBET.

8 4.6. Ceolicmea OHOYJISIMOPHO20 U3Jly4YeHusi 8 basnucmu4veckol meopuu

Z[J'I?I TreHepalu CHHXPOTPOHHOI'0 HU3JIYUYCHUA PCIIATUBUCTCKUMHU DJBJICKTPOHAMU IPHUMCHAIOT,
KpOME€ OJHOPOJHOI'O, TAKXKE 3HAKOIICPEMCHHOC MAIrHUTHOC I10JIC C ITPOCTPAHCTBCHHBIM IICPHUOAOM LB
onaynsaropax (Puc. 4.12). DnekTpoH, IBUKYIIUICS 10 TPACKTOPHH B BUJIC 3MEHKH, KOJICOIETCS U U3-
Jy4aeT oHayasTopHOoe u3nydeHue Ha yactote f = V/L [354]. Ocrtpas HanpaBiaeHHOCTh OHAYJIATOPHOTO
U3JTy4eHHs, COCPEIOTOYCHHOTO B MpeJieliaX KOHyca ¢ yriioM pacTBopa 0 = 1/y, kak Juisi CHHXPOTPOH-
HOT'O U3JIYUCHH:, IOATBCPIKAACT 3aBUCUMOCTDL CKOPOCTH CBETA OT CKOPOCTHU UCTOYHHKA.
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Puc. 4.12. T'enepanuisi CHHXPOTPOHHOT'O U3JIy4€HHS B OHILYJISITOpE
KOJICOJTFOIIIMMUCS 3JICKTPOHAMH €, JICTSIIUMH B OaTapee MarHuToB.

DJIEKTPOH M3jIy4aeT Ha dacTore cBoux Konebanuii f=V/L. OgHako HemoaABMXXHBIN HaOIIOIa-

TEJlb, COTJIACHO KJIaccu4ecKkoMy 3¢ dekry Jloruiepa, 3aperucTpupyer u3nyueHue Ha 4acToTe
f = f(1 + V/c) = (1 + VIC)VIL = V?/Lc (npu V >> c).

JIeWiCTBUTENIFHO, YacTOTa OHIYJSTOPHOTO M3IYYCHHUS HapacTaeT MPHU POCTE MMIYJbCa P U CKO-
poct V snektpoHa 1o 3akony f =~ fgy? [354, 368], rae fo= C/L, a B pamMKax GaUIMCTHYECKOI TEOPHHU
y = p/mc = V/c. Orcioma, f' = V?/Lc = foy’. Taknm 06pasoM, SKCIIEPHUMEHTATBHO YCTAHOBICHHAS 3aBH-
cumocth f'(y) cormacyercst ¢ Oammmctuueckoit Teopuei. CieqoBaTeNbHO, BbICOKas dactota f' =
(1 + V/c)VIL ormynsTOpHOTO M3TYYEHUsI COTrJIacyeTcsi ¢ OaJUIMCTUYECKOM TeOpHer MpH KJIACCHYECKOM
orenke ckopoctu V anektpona (8§ 4.3). Takum 00pa3oMm, ¥ B 3TOM Ciydae MPOCTCHIIUM KPHUTEPHEM
NPOBEPKH 0AJUTMCTUYECKOH TEOPUH CTaHET MPSIMOE U3MEPEHUE CKOPOCTH AJIEKTPOHOB B OHAYJIATOPE.

JInst M3IydeHus1, UCTYIMIEHHOTO MOJ] YITIOM () K HAMPaBJICHUIO JBIKCHUS YaCTHIIbI (B CBSI3aHHON
c Hell cucteme otcuéra), yacrora 1o 3¢ dexry Jormiepa npeodpasyercs yke 1Mo 3aKoHy

f' =f(1 + Vcosg/c).
B nabopatopHoii ciucteme 0TCuéTa U3NyueHHe perucTpupyrot nox yriaom 0. Orcrona, u3 § 3.6,

, % V2 L,V ., 5 2 .
f'=f]1+—| c0s0y/1-—sin e—zsm O ||~ f{l+ylcosOy1—y“sin“O —ysinO-)|.
C

JleiicTBUTENBHO, [UII CHHXPOTPOHHOTO H3JIy4eHUs OOHApY)KEHO, YTO TMPH HapacTaHWH yria 0,
0]l KOTOPBIM PETUCTPUPYIOT U3NyueHHe, yactoTa cBeTa najaaet. CormacHo CTO uactoTa kosnebaHui
anektpona f = V/L = ¢/L, a u3 6amnuctuueckoit teopun f = V/L = yc/L (npu y >> 1). IIpoBeputs, Kakoi
U3 BBIBOJIOB BEPEH, MOKHO, PETUCTPUPYS U3ITyUECHHUE SJICKTPOHA B TIONEPEYHOM HAIpaBJIEHUH, B KOTO-
POM 4YacTOTa U3MEHSETCS JHIIb 3a cYeT nonepeunoro 3¢ dexra Jormiepa. B aTom Hanpasienuu peru-
CTpalys M3JIyuyeHHs] BO3MOXKHA Jniib 1pu V < c. I aHanmu3a MOXKHO TaKKe MPUMEHHUTh U3Ty4YeHUE
AJIEKTPOHA, MPOJIETAIOUIETO HaJl METaIM4YecKod Nu(pakuMOHHON peméTrkond — usnydenue Cmura-
[Tapcemia, KOTOpOE BO MHOTOM aHAJOTWYHO OHAYJIsTOpHOMY [369]. DnekTpoH, ABHUTasch CO CKOpO-
cThio V, TOXe coBepiraet Konebanus ¢ yactoroi f = V/L, uznydas na gactore f. [Tockonbky mpu pens-
THUBHCTCKHX CKOPOCTSIX pacuéTHoe (110 KpUBU3HE TPACKTOPUH U raMMa-(paKTopy Y) 3Ha4eHHE CKOPOCTH
V B pamkax CTO u GaqIMCTHYECKON TEOPUU Pa3IMUaCTCs, OTIWYAIOTCS U TIPEACKA3aHUs TCOPUH IS
yacToThl f: OamnmcTHyeckas Teopusi NpeACKa3biBaeT B Yy pa3 Oojiee BBHICOKHE YacTOTHI. Pa3nuuHbie
MpeCKa3aHus MOJTy4darTcsa U Ui Auarpammel HanpasiieHHOCTH. Eciin B CTO u kinaccuyeckoi 3Jiek-
TPOAMHAMHUKHU MakCUMyMbl uznydenus Cmura-Ilapcemuia HabmaromaioTces B mornepeyHoM K V Hampasie-
HUH, TO B 0aJUIUCTUYECKON TEOPUU MAKCUMYM JIOJDKEH HAOMI0JaThCS B MPSMOM HampaBiIeHUH, aHAJIO-
TMYHO CHHXPOTPOHHOMY U OHAYJISATOpHOMY H3nydeHusM (§ 4.4, 8 4.6). [leiictButenbHO, 0OHAPYKEHO,
YTO B NPSIMOM HAIPABJICHHUU U O] MAJbIMU yTiaMu K V MHTEHCUBHOCTH u3nydenus Cmura-Ilapcenna
AQHOMaJIbHO yBEJHMYCHA, HA MOPSIKU npeBbilias pacuétHyro [369]. Ho aToT pesynbraT ecrecTBEeHHO
cienyeTr u3 OaumcTuIeckoi Teopuu. [IpoBepuTh COOTBETCTBUE TON TEOPUU MOXKHO, U3MEPSST 4acTo-
Ty m3nydenus Cmura-Ilapcenna B mpsMoM U MOMIEPEYHOM HANPABICHUH K JIMHUU JIBHKCHUS.

Tak e Kak B CHHXPOTPOHAX, JUTUTEIBHOCTh UMITyJIbca u3nydeHus 1o (4.4) B OHAYIATOPE IUTH-
HBl d BeIpaxkaercst B Buie AT = d/Cyz. [TosTomy 3amepst AT, Hampumep, B ycraHoBke «FLASH», rae
AT =25 e ~ d/cy? [370], He npotuBopedar Gammcrhueckoil Teopun. Tak, B ycranoBke «FLASH»
nmuaa ouayastopa d = 30 M, v = 1400, otkyna, AT = 50 ¢c,— Toro *e mopsaka, 4To U perucTpupye-
Mas JUIITENbHOCTh uMiyibea AT = d/cy?~ 25 dc. JIOMONHATEIBHOE COKPALICHHE UTHTEIBHOCTH HM-
MyJIbCa CBSI3aHO C TE€M, YTO CKOPOCTh 3JIEKTPOHA B OHIYJIATOPE MEHSETCS, B XOJ€ MOTEepPh SHEPTUU Ha
OHJYJSTOPHOE M3IYyYEHHE WM 32 CUET JOMOJHHUTEIHHOTO YCKOPEHHsS JJIEKTPOHA MEXKAY CEKIMSIMHU
OHAyJATOpa B ycTaHoBKe. Eciu B Havasie A OHIyJATOpa CKOPOCTH 3sekTpona V, a B koHie B — kV, rae
k=~ 1 — ko3 dunmeHt nmpeodpasoBanus CKOPOCTH, TO hopmyia it AT npeoOpa3yeTcs K BUIY:
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AT = tg—ta= d/kV — d/(c + V) = d(c + V — kV)/cy?.
AT MOXeT cienaTh CKOJIb YTOHO Maiol BemrnuuHo# mpu € + V — kV = 0, 4To uMeeT MecTo mpu
k= (y+1)/y=1,0007,

T.c. mpu maiom (Ha 0,07%) yBenmuuyenuu ckopoctu B ycrtanoBke FLASH, BBuay mepemaun SHEPruu
AJIEKTPOHY B YCKOPUTEJIBHBIX CEKIIMSX, PA3MEIIEHHBIX MEXY CEKIUsIMH OH Iy siTopa [370].

Wrak, OGamnucTryeckas M PeISTHBUCTCKAs TCOPHH IMPEACKA3BIBAIOT CXOJHBIC XapaKTePUCTUKU
0(y) u AT(y) m3nyuenus [354]. B ciyuae oHAyJIATOPHOTO U3TYUCHHUS IPOCTEHIIINM KPUTEPHEM BbIOOpa
MEKY KJIaCCHYECKON M PEIIAITHBHCTCKOM TEOPHEH CTaHyT MPSIMBIC 3aMePhl CKOPOCTH yacTuil [A2].

§ 4.7. MpsiMble 3aMepbl CKOPOCMU PeNIIMU8UCMCKUX Yacmuuy, U UX U3JslyYeHusi

Kak rmoxa3aHo BbIIIIE, SKCIIEPUMEHTHI B 00JIACTH (PU3UKH BHICOKUX SHEPTUH U MPUHIUIIBI PaOOTHI
YCKOpHTENIEH He MpOTHBOpEYaT OAJUIMCTHYECKOW TEOpHH, T.K. B NOJOOHBIX ONBITAX HE MPOU3BOISAT
OPSMBIX 3aMEPOB CKOPOCTH YacTUIl U UX HM3NyueHHs. Jlanee mpemiokuM CXeMbl 3KCIIEPHUMEHTOB 10
IPSAMOMY H3MEPEHHUI0 CKOPOCTH YCKOPEHHBIX YaCTHI], B YACTHOCTU HA CHUJIIBHOTOYHOM KOPOTKOMM-
mysbcHOM yckopurene MUII®D PAH u Ha nuneitHoM yckoputene KypuaToBckoro MHcTuTyTa.

HawuBbIciias TOYHOCTh AOCTHXKMMA IIPU 3aMepax CKOPOCTU 3JIEKTPOHOB B JIMHEWHBIX YCKOpPHUTE-
JsIX mpsiMoro JieiictBus. [Ipu 3TOM Bce 3J1eKTPOHBI 00JIajaloT OJUHAKOBOM AHEPIueil U CKOPOCTHIO,
YTO MO3BOJISIET T€HEPUPOBATh KOPOTKHE CTYCTKH 3JIEKTPOHOB, AJIl TOUHOI'O U3MEPEHMs BPEMEHH IIpo-
J€Ta CryCTKOM JIUCTAHLUU MEXIY IBYMs JleTeKTopamu. KopoTkue CryCcTKH 3JeKTPOHOB, HEOOXOIH-
MBI€ JUII TOYHOTO M3MEPEHHUsS MPOJETHOTO BPEMEHH, MOTYT OBITH MOJYUYEHBI PU (HOTOAIEKTPOHHOMN
HMHCCUHU C MOBEPXHOCTU XOJOAHOTO KaToJa MOJ ACHCTBUEM MHKOCEKYHJIHOTO JIA3€PHOTO MUMITYJIbCA
WIK TIPH B3PBIBHOM 3j1eKkTpoHHO# amuccuu [302, 303]. [InuHa Takoro crycrka MoKeT JocTurath | ~ 1
CM, a BpeMsi €ro MpoJiéTa MEMO JIETEKTOpa M COOTBETCTBYIOIIAs UTHTENBHOCT MMITyIhca At ~ 107°-
107 ¢. 3HaueHHs MAKCHMANBHOH SHEPrUM IEKTPOHOB W MHHHMAIBHOMN JUTHTCIBHOCTH HMITYTThCOB
OCHOBHBIX THIIOB yckoputeiei cm. [371]. [Toxxoasimumu a1 SKCIiepUMEHTa lapameTpamMu o0Jiagaet
cuibHOTOUHBIN yckopuTeab UTI® PAH u yckoputens «Cunyc-5» [372]. Takxke MOryT HailTh mpume-
HEeHue yckopurenu «Sinus-7» u cyoHaHocekyHaHble yckoputenu tuna «PAJJAH-220». B tabnuue 4.1
NPUBE/ICHBI XapaKTEPUCTUKU YCKOPUTENIEH U pacu€THas AIUTeIbHOCTh nposéra T = L/V 6a30Boit muc-
tanimu L = 10 M Ha ckopoctu V, onleHeHHOH B pamkax O6amuuctuyeckoi Teopuu u B CTO.

W, p, At, 7(p), Bpems T(p), Bpems OTHOCHT
Mapka SHEPTUS | UMITYJIbC JUTAHA nposnéra npoJéra J— 61<a.
YCKOPHTEJISI YacTHll, | YacTHIl, | MUMITyJIbCa, (CTO), (BTP), 5T = At/’T
M>sB MbB/c HC HC HC
CHUIILHOTOYHBIHI
yexopurens UM ~0,7 0,85 17 39 20 ~60 %
«Cunyc-5» ~0,5 0,71 5 41 24 ~15 %
«PAJIAH-220» ~0,3 0,55 0,2-0,45 45 31 ~1%
«Sinus-7» ~1,5 1,24 40 36 14 ~100 %
Tao6auma 4.1.

[Ipenckazannasie CTO u BTP 3nauenust BpemEn nponéra 6a3el L ommuatorest B 1,5-2 pasa, u 310 0T-
JMYUE JIETKO BBIABUTH JeTekTopamu dactull. B ycranoBkax «PAJIAH-220» u «Cunyc-5» TO4HOCTB
JOCTUTaeT HECKOJIBKHUX MTPOLEHTOB, M03BOJISAS ClIENIaTh BBIBOJ B I10JIb3y OJHOW M3 Teopuil. B ycraHoB-
ke «<PAJIAH-220» 6aza moxeT ObITh cHUKEHa 10 L = 1 M ipu Tounoctu uzmepenus ~10 %.

OTtMetuM, 4TO B OaNTUCTHYECKOW TEOPHH TPU PEISATHBHCTCKUX CKOPOCTAX 3JIEKTPOHOB HX
sreprust W He mporopiroHanbHa yekopsitomemMy HanpspkeHuio U (8§ 4.8), T.e. He BBINOJIHSETCS 3aKOH
W = eU [A38, A45, A54]. Dto cBsi3aHO ¢ OAJUTMCTUYECKOM 3aBUCHMOCTBIO YCKOPSIIOIICH CHITBI OT CKO-
poctu V wactur [15, A20]. [To3ToMy 3HauCHHUS] SHEPTUil IEKTPOHOB BBICTYMAIOT JIHIIb B KAYECTBE
OPHEHTHPOBOYHBIX. TOYHO M3MEPEHO MOXKET OBITh JIMIIb 3HAYCHUE UMITYJIbCA P AIEKTPOHOB (110 KpH-
BHU3HE UX TPACKTOPHUil B MATHUTHOM I10JI€), HA OCHOBAHMH KOTOPOT'O M MPOU3BEICHbI PacUEThI KJIACCH-
YECKOM U pesIITUBUCTCKON cKOpocTH B TadJ. 4.1. Huxke npuBoauM BblpaskeHus Juis cBsi3u sHepruun W,
MMITyJIbCa P ¥ cKOpocTH V B KITACCHYECKON M PENSTHBHCTCKOI (usnke (sneprus mokos Wo = mc?).
3aBucumocts | Knacc. pusuka (BTP) CTO

p(W) p=+2Wm = /2WW, /¢ p=yW2+2WW, /c
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_ P
V(p) v =p/m VS e i
L LW, f 2

C pc c pc
1
W(V) W=mV¥2=p%2m | W =myc? ————-1
V1-V?/c?
Taoauna 4.2

JIJiss u3MEpeHUsi CKOPOCTH JIEKTPOHOB MOTYT TaKXKe HAWTH MPUMECHEHUE PE30HAHCHBIC JIMHEH-
HbI€ YCKOPUTEIH Ha CTOsYel uiu Oeryiel BoiaHe. B yacTHOCTH, MOKHO MCIOJIb30BaTh JUHENHBIN yC-
koputeb tekTporoB Ha 80—100 MaB Kypuatorckoro uncturyta [373, 374]. Jlnuna yckopuresns — 6
M, a JUTUTEIBHOCTh uMIyibca At = 18 Hc. Takum 00pa3oM, pu U3MEPEHUU BPEMEHH TPOJIETA DIICK-
TpoHOB junHbBI L = 10 M XapakTepHOoe BpeMs Mposiéra TUCTAHIIMU HA CKOPOCTH CBETAa C COCTABUT | =
L/c = 33 Hc, 4TO CONOCTaBUMO C JUTUTEIBHOCTBIO UMITYJIbca At, T.€. CKOPOCTh HE MOXKET ObITh U3MEpE-
Ha TOYHO, HO ATOIM TOYHOCTH BIIOJIHE JOCTATOYHO JIsi BhIOOpa Mexy Teopueit Putia u CTO.

Tounble u3Mepenust V MOXKHO NMPOU3BECTH B BaKyyMHpPOBaHHOM KaHaie aauHOM L ~ 1 kM, Ha
BbIXOzie M3 yckoputess. Torma T = L/C = 3,3 MKC, ¥ OTHOCHTENbHAs OMIMOKA W3MEPEHHs CKOPOCTH
AVIV = AT ~ 0,5%. Brpouem, npu sueprun 100 MaB, u3 kiiaccudeckoil OIEHKH CKOPOCTH 3JICKTPO-
HOB V = 200C Haiiném Bpems nposéra T' = L/V = 17 Hc, 4TO CpaBHUMO C JUTHTEILHOCTBIO UMITyJIbca 18
Hc. Ho mpu pasrone o ckopocreid V = 200C, nmpomnopunoHaibHO CHHKAETCS BpEeMs MPOJIETa CTyCTKa
mumo getektopa At' = Atc/V = 0,2 uc. Takum 00pa3oM, OTHOCUTEIbHAS OMIHOKA U3MEPEHHUS BPEMEHU
ta ke, uto U B CTO At'/T' = At/T = Atc/L. Bo Bcex pacCMOTPEHHBIX 3KCIIEPUMEHTaX Ha JuihHe L He
JIOJDKHO JIEWCTBOBATh yCKOpsitolee moje. [Ipu 3ToM ckopocTh 25IeKTpOHOB V — MOCTOSIHHA, YTO HC-
KJIFOUaeT OUIMOKY M HETOYHOCTH, KaK B ombite beprommu (8§ 4.1).

B skcriepuMeHTax 1Mo cpaBHEHHIO CKOPOCTH JICKTPOHOB U CKOPOCTH CBETA, B KAYECTBE OIMIOPHO-
IO CBETOBOTO CHUTHAJIA CJIEAYET MPUMEHSATH CBET OT HEMOABMKHOTO HCTOYHHKA, @ HE OT JABIKYIIHXCS
AJIGKTPOHOB, T.K. CBET, H3JIyUYEHHBINA WM PACCESIHHBIM MOJBUXHBIMH 3JICKTPOHAMH, COTJIACHO Oayuiu-
CTHUYECKON TEOpHUH, 3aUMCTBYET UX CKOpPOCTh. B yacTHOCTH, MMKOCEKYHIHBIM MU (PEMTOCEKYHIHBIN
Ja3ep ¢ UIATENIbHOCTBI0 uMiyiibea At ~ 1074-1072 ¢ He TOIBKO I03BOIUT TOYHO H3MEPHTb CKOPOCTh
ceera (8 3.3), HO ¥ CPaBHUTH €€ CO CKOPOCTHIO CBETA OT JICKTPOHOB U CO CKOPOCTHIO CaMHX JICKTPO-
HOB. [Ipu 3TOM CHHXPOHHOE W3JIYy4YCHHE MMITyJIbCa CBETA U 3JICKTPOHOB MOXXHO OOCCHECUUTh MyTEM
BO3CUCTBUS (PEMTOCEKYHIHOTO UMITyJIbca Ha (hOTOKaTO/]. Toraa mpoucxoauT OAHOBPEMEHHBIN BBIJIET
OTPaXEHHOTO KAaTOJIOM CBETa W AJIEKTPOHOB, JlaJiee Pa3rOHIEMbIX B yCKOpuUTele. JleTeKTophI AIeKTpo-
HOB ¥ CBETa B KOHIIE MPOJIETHOIN 0a3bl MO3BOJISAT TOYHO U3MEPHUTH PAa3HUILy MOMEHTOB MPHUX0Ja U3ITY-
YEHU B 3aBUCHMOCTHU OT SHEPTUH JICKTPOHOB Ui onpesesieHust V 1 mpoBepku Teopuu Putia. B ka-
YeCTBE JICTEKTOPOB AIIEKTPOHHBIX CI'YCTKOB MOYKHO NMPUMEHHTD JIEKTPOONITUIECKUN NETEKTOp C pa3-
pemiennem o Bpemenu 200 mc [363]. [l cBepXOBICTPOro JAETEKTUPOBAHUS CTYCTKOB SJIEKTPOHOB C
BBICOKMM BPEMEHHBIM Pa3pelIeHuEM HAWAyT MPUMEHEHHE U IPYTHe THUIIbI AETEKTOPOB, B T.4. BPeMs-
NPOEKIHOHHBIE KaMepbl [375] U MmIocKo-mpoeKnroHHbIe Kamepsl [342] ¢ peKOpAHBIM BpPEMEHHBIM
paspemenrem 50-100 nic. B wactaoctu, kamepa ALICE (c pa3perienuem mo Bpemenu 100 mnic) moxer
OBITh IPUMEHEHA ISl H3MEPEHHSI CKOPOCTH PEIITUBUCTCKUX YACTHII U3 JIFOOBIX THUIIOB YCKOPHTEICH.
OTmeTuM, 4TO B TaKUX U3MEPEHUSX, ACHCTBUTEIBHO, PETUCTPHUPOBAIUCH CBEPXCBETOBBIC YACTHUIIBI, Y
KOTOPBIX 3HAYEHHUSI CKOPOCTH COOTBETCTBYIOT CKOpee Kiaaccudeckon dusuke, uem CTO [343, 344].

Jns u3MepeHust CKOPOCTH CHHXPOTPOHHOTO (OHAYJISTOPHOTO) M3IYYEHUS] OT PENIITHBHCTCKHX
WIN YIBTPAPEITUBUCTCKHUX AJIEKTPOHOB B YCKOPHUTENE UX CIIEAYET MPOITyCKaTh Yepe3 001acTh, B KO-
TOPOM CO3/1aHO MarHUTHOE MoJie. B 3ToM ciyyae JIMTeNnbHOCTh UMITyJIbca At orpeensercs: BpeMeHeM
nponéra, T.e. npoTskEHHOCThIO cryctka d ~ 0,5 M. [Ipu ckopocTr V 3J€KTPOHHOTO CTyCTKa JUTUTEIb-
HOCTh HMITystbca At = d/V, uto npu V ~ ¢ maér Bemmanny At ~ 2:107° ¢. Eciii B paMKax KIacCHUCCKOM
(GU3UKN yYECTh CBEPXCBETOBYIO CKOPOCTH YJIBTPAPEISATHBUCTCKUX DIIEKTPOHOB M KIACCHYECKHU (-
dext Jlomiepa, TOrIa MMIIYJIbC MONYYHTCS CYIIECTBEHHO Kopoue: At' = At/(1 + V/c) =~ dc/V? = dicy?.
[To GamrcTHYECKON TEOpHUH BpeMs MPOJIETa uMIyabcoM auctannuu L cocrasut T = L/(C + V) = L/cy.
A otHOocutenbHas oummmOka u3mepenust 1 cocraBut At'/T = d/Ly, T.e. MoxeT nocturarth 3HaueHuit ~10~
3.10™, uro oGecreunt oUyeHs BBICOKYIO TOYHOCTb U3MEPEHUS CKOPOCTH.
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Haubonee nHTepeceH ObUT Obl 3KCIIEPUMEHT 110 U3MEPEHUI0 CKOPOCTH PENISTUBUCTCKUX YACTHIL
U MX M3JIydeHus B KocMoce. Tak, eciii pa3MecTUTh KOMITAaKTHBIN YCKOPHUTENb JJICKTPOHOB Ha OpOHU-
TaJIbHOW CTAaHIIMHU, TO TMPHU BBICTPEIMBAHUU UM KOPOTKOTO CI'YCTKa YacTHIl, B (hOpME MMITYJIbCA JIJIH-
TenpHOCTBIO At ~ 107° € oH GyzeT perucTpHpoBaThCs Ha OTHAIEHHOM CITyTHHKE MM HA TIOBEPXHOCTH
Jlynsi ¢ 3agepxkoi T = r/c (mo CTO) u T = r/yc (no BTP). Dta pa3Huiia MokeT ObITh TOUHO U3MEPECHA
[0 TOKa3aHUsSM aTOMHBIX YaCOB, YCTAHOBJCHHBIX Ha OOPTY CTAHIMHM M HAa CIYTHHKE. AHAJIOTHYHO
MOJKET OBbITh U3MEPEHA CKOPOCTh CBETA, U3TYUEHHOTO IBHKYIIIUMCS dJICKTPOHOM, HAIPUMEP TPH TPO-
nére B maruutHoM mosie: T = r/c (mo CTO) u T =r/c(y + 1) (mo BTP). baaromapst 6oabimum mpoaéT-
HBIM JTUCTAHIMSIM I 1 OTCYTCTBHUIO MEPEU3IYUCHUS BpeMsi T OKaXKeTCs JOBOJILHO OoJbIuM ~1 C U co-
OTBETCTBUE OJHOM U3 TEOPHiA MOXKET OBITH TOUHO yeTaHoBiIeHO. IIpu y ~ 10 u r ~ 3-10° m pasuuua co-
craputr At=r/c—rlc(y +1) =rylc(y+1)=1 c. [lonoOHOE U3MEpEeHUE HE TOJIBKO IMO3BOJUT TOUHEE
n3MepuTh ckopocTh dactul U npoBeputh CTO u BTP, HO U co3aaTh B MEpCHEKTHBE MEpPEIaTYUKU
CBEPXCBETOBBIX CUTHAJIOB C BPEMEHEM PACIIPOCTPAHCHHUS B Y pa3 MCHBIIIMM, Y€M CBET.

WTak, cKkOpOCTh 3JIEKTPOHOB JIETKO M3MEPUTh HA MCHCTBYIOMIMX JUHEHHBIX ycKopuTensx. Jls
U3MEPEHUsI CKOPOCTH MOHOB, siiep TPEOYIOTCS HAMHOTO 0oJiee MOIIHBIC YCKOpPHUTEIH. B 3akiodyeHne
CHOBa OTMETHUM, 4TO 0e3 MOJO0OHBIX MPAMbBIX 3aMEPOB CKOPOCTH PEIIATUBUCTCKUX YAaCTHIL JIFOOOMH KC-
HEPUMEHT 10 U3MEPEHHUIO UX XapPaKTEPUCTUK MM CKOPOCTH MX M3JIyYCHUS, HE HIMEET CMBICIA.

8§ 4.8. Bannucmu4eckasi ailekmpoouHaMuKka

B monp3y OamincTUdeckoi TEOPHUH CBUICTENLCTBYIOT TAaK)KE IKCHEPUMEHTHI MO HW3MEPEHUIO
CKOPOCTH C' pactpOCTpaHEHUs dJEKTPOMATHUTHBIX BO3JACUCTBUN OT 3apsI0B, ABMKYIIUXCS C PEISTH-
BUcTCKUMHU ckopocTamu V. K uncity Takux 3¢(heKToB OTHOCUTCS 3aBUCUMOCTD KYJIOHOBCKOM CHJIBI OT
CKOpPOCTH 3apsijioB, T.C. DJIEKTpOAMHAMUUecKas cuia F' oTnuuaercs ot anekrpocraruyeckon Fo [15,
376]. CornacHo GalIMCTHYECKON TeOpHH, CHia F' mpomopiuroHaabHa KBaJpaTy CKOPOCTH C' IMOTOKA
peonoB [A20, A30]: npu ABMKEHUU 3apsia CO CKOPOCTBIO V OTHOCHUTEIBHO HETOIBMKHOTO UCTOYHH-
Ka I10JIs1 CHJIa PacTéT MM CHIbKaetcs Kak F' = Fo(c'/c)?, mwim B BekTopHOit opme F' = ¢'Foc'/c?, rae '
— BEKTOpP CKOPOCTH PEOHOB B CUCTEME OTCUETA 3apsia, MCIBITHIBAIOIIETO Bo3aelicTBue F'.

Tak, B skciepuMeHTax OOHAPYXKEHO, YTO BEIHMYMHA d(DPEKTUBHOTO CEUCHHS PACCESTHUS TPOTO-
HOB aHOMAJIHO HAPACTAeT IPH yBEIMYCHHH UX dHepruy MV</2 [377]. D10 HapacTaHue, HEMIOHITHOE B
neKkTpoarHaMuKe Makcsesra (rxe yroi paccesaus 0 mo dopmyite Peseppopaa ctg(6/2) = mV2h/2zZe?,
b — npunenbHBIN apameTp, Z€ — 3apsa Aapa), Aaxke ¢ y4€TOM PEISITUBUCTCKUX M KBAaHTOBBIX MOIpa-
BOK, €CTECTBEHHO cieayer n3 TECOPHUH Putua, rae cuia F = F(C'/C)z, u
ctg(6/2) ~ mV?h/2(1 + aV?/c?)Ze?, rie a — koucTauTa. J{eiCTBUTEIBHO, 10 TEOPHH PHTLA yBenHYeHHe
SHEPruu U ckopoctu V coynapstommxcs sifaep BeAET K pOCTYy KYJIOHOBCKOM CHJIBI IIPU CONMKEHUH
(mpeBbrmatoniemy eé cran npu otaaicHuu [A49, A54]), T.e. — K pOCTy CeueHHsI pacCesHusl.

Jpyroil SKCHIEpUMEHT, OOHAPYKUBIIUKA OTKJIOHEHHS OT (HOPMYJ MAKCBEUIOBCKOM 3JIEKTPOJIH-
namuku 1 CTO, Obi1 ocTaBiieH Ha yckoputene Illanxaiickoro uacturyTta B Kurtae [362]. B skcnepu-
MEHTE OBLIO OOHAPY’KEHO, YTO U3MEpPEHHAsl KaJlopUMeTpuyeckuM MeTo1oM 3Heprust W yCKOpeHHBIX
AJIEKTPOHOB, 4nciI0 N KOTOPBIX M3MEPEHO MO 3apsay, MOTJIOMEHHOMY MHIIEHBIO, MEHbBIIE HEPTHH
NeU, mpuoOpeT€HHO 2JIeKTpOHAMU B YCKOPSIONIEH pa3sHocTH noTeHimaioB U. Otot addexr — nps-
MO€ CJE/ICTBUE OAUTMCTUYECKOW TEOPUH, MOCKOJBKY PEOHBI OT YCKOPSIOIMUX IUIACTUH JOTOHSIOT
JIEKTPOHBI, U BO3ACHCTBHE CHIDKEHO 10 Belmdunbl F' = Fo(c'/c)? = Fo(c — V)?/c? mo cpaBHeHHIO ¢ Be-
TUauHOM cuibl Fo, melicTBytomeil Ha HeMmoABKHBIN 3apsin. COOTBETCTBEHHO, SHEPTHs, IpUoOpeTae-
Mast KaKIbIM 3J1eKTpoHOM, OyaeT menblne eU. Tounyro cBsa3p mexay sHepruerd W u Hanpspkenuem U
BBIBOJIMTCS 110 U3BECTHOW KOHCTPYKIIMU U TapaMeTpaM YCKOPUTEIs, U3 pacIlpeieieHus 3apsaa U yc-
KOPSIIOIIETo MoTeHIMana. Tem caMbIM aHaIu3 CBA3M U3MEPEHHOM SHEPIHH, UMITYJIbCa, CKOPOCTH U yC-
KOPSIOLIET0 HAapsDKeHUs AaéT emé ouH KpuTepuii BeiOopa mexay teopueit Putna u CTO.

Emé oguuM xputepuemM INpoBEpKHU CIyXKaT MpsSMbIE 3aMepbl CKOPOCTU PACIpOCTPAHEHUS AJIEK-
Tpuueckoro nodsi €. Ecnu mo CTO B BakyyMme 3Ta CKOPOCTh paBHA C M HE 3aBHCHT OT CKOPOCTH HC-
TOYHUKA, TO B OAJUTMCTUYECKOMN TeopuH C' orpeaesnsieTcss Kak cymma CKOpOCTH V HCTOYHUKA U CKOPO-
CTH C TIOJII OTHOCUTEILHO MCTOYHHUKA. T.e. TOJie JBIIKETCS BMECTE C MCTOYHHUKOM, 3aMMCTBYS €O
ckopocth. Mmenno Ttak B. [laymu dopmynupoBan 0auIMCTUYSCKYIO TCOPHIO, 3allMCaB ypaBHEHUS
anektpoauHamuku Q(P, t), A(P, t) ¢ BpeMeHHOM 3a1epKKOi, 3aBUCAIIECH OT CKOPOCTH UCTOYHKKA [16].
DKCIEepUMEHTHI TIOATBEPAMIIM, YTO MOJIC ABHKETCS C HCTOYHHUKOM, 3aUMCTBYS €r0 CKOPOCTh [22].
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JIyist BeMTUYMHBI MArHUTHOTO TIOJISL B OQ/NTMCTUYECKON TEOPHH IMOIyYalOTCS TE YK€ 3aBUCUMOCTH,
4TO M B Kiaccuueckoi anekTpoarnHamuke [A20]. A caMu MarHUTHbBIC U UHIYKIIMOHHBIC CHJIBI, KaK IO0-
kazan Puriy [15], 3T0 — ciiefcTBUE 3aBUCMMOCTH 3JIEKTPUYSCKHX CHJI OT CKOpPOCTH. Tak, eclii B IBYyX
napajuieNIbHBIX IPOBOJHUKAX KYJIOHOBCKHE CHIIBI OJTHOMMEHHBIX U PA3HOMMEHHBIX 3apsI0B CKOMIICH-
CHUPOBaHBI, TO MPU MPOIMYCKAHUH TOKA, T.€. IPHU JBUKEHHUH dJICKTPOHOB, KYJIOHOBCKHE CHJIBI MEHSIOTCS
U OaJlaHC CWJI HapyIIaeTcs: BOSHUKAET cuila AMITepa, a 0 CYTH — DJIEKTpHYECKasl CHla. AHAIOTUIHO
BeiBoAMTCs cuiia Jlopenna [A20]. Pacuérabiii n30bITOK criibl AF coBmamaeT ¢ BIpaKEHHEM IS CHIIBI
Awmmnepa F, = uoIZI/Znh C TOYHOCTHIO J10 kKod(pdurmenta 1,5, moATBEPKAEHHOTO B OTACIBHBIX OMBITAX
yke camuM Makcsemiom [A20, 38, c. 93]. SIpko 3To oTiMYUe MPOSBUTCS B MUHY-IPPEKTE.

[TpoBOTHUKY C COHAIIPABICHHBIMI TOKAMHU PAaBHON BEJTMYUHBI MOJKHO TPEACTABUTH KaK JBHIKY-
[IMeCs] OTHOCUTEIBHO TMOJIOKUTEIBHBIX MOHOB MOTOKH 3JEKTPOHOB. [10CKOIBKY B 9TOM cllyyae cuia
Amriepa mpejcTaBiseT co00W CyMMY MONPABOK K KYJIOHOBCKOW CHJIC B3aUMOJICUCTBUS Pa3HOMMEHHBIX
3aps0B, TO MATHUTHOE BO3JIEHCTBUE B PaBHOM CTETNIEHHM HCIBITHIBAIOT U TMOJIOKUTEIHHBIE U OTPHUIIA-
TEJIbHBIC 3apsiibl. T.e. cuiia BO3JICHUCTBHS HA IOJBHKHBIC JICKTPOHBI B METAJUTMYECKOM IPOBOJIHUKE
WIK B IJ1a3M€ paBHA TOJOBUHE KIaCCUUECKO# cuiibl Amnepa Fe = Fa/2, B oTiiuune oT mpUHSATOTO 3Ha-
yeHus Fe = Fa. OT0 oTnnume nerko oOHApyXUTh, HAIPUMED, B MUHY-IP(DEKTE, KOTOPHIN MPOSBISETCS
B CY)KCHUU TUIA3MEHHOTO IMydYKa 3a CUET MPUTSHKEHUS JBIKYIIMXCS 3apsIoB, DJIEKTPOHOB, 00Ja1at0-
[IMX MHOTO OOJIBIIMMHU CKOPOCTSIMH M TTOJIBMIKHOCTSIMHU, YeM HOHBI. COOTBETCTBEHHO B paMKax Oai-
JUCTHYECKON TeOpHH BeTu4rHa NUHY-3((dekTa OyIeT B 1Ba pa3a MEHbIIE, YeM MIPUHSITO CUUTATh.

W3BecTeH U psAJ APYTHX SJICKTPOIAHAMHUYCCKUX IKCIIEPUMEHTOB (B 4aCTHOCTH, OMBIT ['paHo) u
napasoKCoB, HE OOBACHEHHBIX B paMKaX MaKCBEIUIOBCKOH anekrpoiauHamuku [378, 379], Ho momy-
YUBIIUX OOBSICHEHHE B paMKaxX 0aUTMCTHYECKOM IeKTpoAuHaMuKu. B qactHOoCTH, 3ddexT AapoHoBa-
BowMma, T.e. MarHuTHOE BO3/IEHCTBUE HA SJICKTPOHBI, IPOJIETAIOIINE CHAPYKH OT IJTMHHOTO COJICHOM A —
B 00J1aCTH, T]Ie, COTJIACHO AJIEKTPOJUHAMUKEe MakcBesia, OTCYTCTBYEeT MarHUTHOE T0JIE, ECTECTBEHHO
OOBSICHAIOTCS B paMKaX OaJUTMCTUYECKOM TEOPUH, COTJIACHO KOTOPOU KBaJpaTHYHbIE IO U/C MOMPaBKU
OT CKOPOCTH U JJICKTPOHOB B Bbipaxkenun F'= Fo(c'/c)? e Moryr GbiTh ckoMmeHcupoBanbl [A51].
Kpome Toro, cormacHo snekTpoauHamuke Putia, Kpome momepedHoil K CKOpocTd V COCTaBIISOIIECH
cwibl JlopeHIia ecTh MPOJOIbHAS COCTABIIAOMIAs CHiIbl JIOpEHIIa, KOTOpasi MEHSIET CKOPOCTh DJIEKTPO-
HOB M CKa)XETCs Ha BUJC WHTEP(PEPECHIIMOHHONW KaPTHHBI OT 3JICKTPOHOB, 0 U3MEHEHHUIO KOTOPOU U
peructpupyioT 3¢pdexr AapoHoBa-boma. 3MeHEHHE CKOpPOCTH OOHApYXHMBAaETCS W HANPSMYIO B
ombiTe CoOJlyHMHA, B KOTOPOM OJJIGKTPOHBI B JJIEKTPOHHO-TY4YEBOW TPYyOKE MPOJETAIOT CKBO3b
TOPOUIATBHYIO KAaTYIIKY, a 3aTeM MEXI1y OTKJIOHsoMuUX miactiH [378]. [Ipu 3TOM B 3aBUCHMOCTH OT
BEJTMYHMHBI TOKA B KaTYIIKEe MEHSETCS OTKJIOHCHHE JIEKTPOHHOTO JIy4a Ha 3KpaHe, BBUIAY W3MCHCHUS
€ro CKOPOCTH TPOJOJIBHON COCTaBIIsitoIeH cuibl JIopeHIa, XOTs B paMKax d3JIEKTPOJMHAMUKUA BHE
TOPOMIATBLHON KATYyIIKH MATHUTHOE TI0JIC ¥ MATHUTHBIC BO3JCHCTBHSI IOJKHBI PABHATHCS HYJTIO.

Wtak, HeCMOTps Ha 00IIee CXOJCTBO KIIACCUYECKON M OaUTMCTHYECKOW IIEKTPOAUMHAMHYECKUX
TEOPHA, OHU BCE K€ COJAEPIKAT Pa3INyKsl B BEIMYMHAX BBICIIMX MOPSIKOB MO U/C U B BEJIMYUHE TIPO-
MoNbHBIX cuid. C OJHON CTOPOHBI, 3TO MO3BOJISIET OOBSICHUTH HEKOTOPHIE MapaJOKChl M aHOMAaTUU
KJIACCUYECKON 3JIEKTPOJMHAMUKHY, a TaK)KE OTACIbHBIC HECOOTBETCTBHUS IKCICPUMEHTA M TEOPHH, C
JPyTOi CTOPOHBI, MPUBOAUT K HEOOXOJMMOCTH MTOCTAHOBKH SKCIIEPUMEHTOB 110 CPABHEHUIO JIBYX TEO-
puid. B pszie OTHOLIEHHI AIEKTPOAMHAMUYECKHE YKCIEPUMEHTHI Mpouie ontudeckux. [losromy nas-
HBII MyTh MPOBEPKH OATUCTHYECKON TEOpUr Haubolee MpeaAnovTuTencH. [loMuMo yTOYHEHHS AJIeK-
TPOAMHAMUKH, B CIy4ae MOATBEPKICHHUS OAUTUCTUICCKON 3aBHCUMOCTH, OH TTO3BOJIUT MOBBICHTH (-
(EKTUBHOCTD PEIIATUBUCTCKOM JICKTPOHUKHU U B YaCTHOCTH yckoputenei [376, A38, A45, A49, A54].

8 4.9. KeaHmoenblie a¢hghekmbi 6annucmuyeckol 351ekKmpoouUHaMUKuU

[TonTBepxeHneM OANIMCTUYECKON TEOPUU MOIJIO OBbI CTaTh HKCIIEPUMEHTAIBHOE OOHAPYKEHHE
KBAaHTOB DJICKTPUYECKOro 1moJisi — peoHoB. Cam B. PuUTIl Ha3bIBasl 3TH 4acTHUIIbI, UCITyCKAaeMbIe 3apsia-
MH,— QUKTUBHBIMU yacThiamu [15], moxpasymeBast, 9TO 3TH YaCTHIBI MOKHO paccMaTpuBaTh M Kak
YHUCTO MaTeMaTU4ecKyto abcrpakuuto. DakTuyecku xe, Kak orMedeHo [21], Puri nmokaszan npeumy-
IIECTBA MOJ00HOI0 MEXaHUUECKOTO OMHMCAHMS 3JICKTPOMArHUTHBIX B3auMoAeHCTBUi [21], u Ha3bIBa
CBOIO TEOPHIO «MEXaHWYECKOW Teopuei anekrpuuectBa» [15, c. 149]. KBaHTHI 3J€KTpHYECKOTO OIS,
UCITyCKaeMble 3apsilaMu, IPU3HAET U COBPEMEHHAs KBAaHTOBAs 3JIEKTPOJUHAMUKA B (hopMe BUPTYyallb-
HbIX (poToHOB. Co3narenu kBaHTOBOH 3nekrpoanHamuku (KD/I) P. ®eitnman u k. Yuiep, pasBuBas
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UJCI0 BUPTYaJIbHBIX (DOTOHOB, 3aMa3/bIBAIONINX M OMEPEKAIIINX MOTCHIIMATIOB, BO MHOIOM OIHpa-
JMCh Ha paboThI PuTIia, ¢ KOTOpbIMK OBLTH 03HAKOMIIEHBI Yepe3 A. Ditnmreiina [380, 381].

BBuy MasibIX pa3MepoB pEeOHOB (IO CPABHEHUIO C APYTUMH YaCTUIAMH), HX MOXKHO 3apETrUcCT-
pPHPOBATH TOJILKO KOCBEHHO, HAIPUMED, MO XaOTHUYECKOMY JIBM)KCHHIO CBOOOIHBIX 3JEKTPOHOB IPH
UCITyCKaHWH W TIOTJIONIEHUU PEOHOB. J[eHCTBUTENBHO, Y ANEKTPOHOB, HUPKYIUPYIOMIUX B OHIYJSATO-
pax, ObUTH OTKpBITHI XaoTu4eckue nerkeHus (Puc. 4.13.a), npuyéM B peryisipHbIX MOJSX U B OTCYTCT-
BUE CTOJIKHOBEHHI C aTOMaMU U JpyruMu dnektporamu [112, 382]. OauHOYHBIH yABTPapesITUBUCT-
CKUH 3JICKTPOH CIIy>)KUT HCTOYHHUKOM JOCTATOYHOTO IS PErHCTPALMU CHHXPOTPOHHOTO HM3ITYYCHUS
[236, 302], npuuém OCTpOHAIIPABIECHHOTO, M TOCJICI0BATEIILHBIC MOJIOKEHHSI 3JICKTPOHA B TIONEpey-
HOM CEYCHHMH BaKyyMHOW KaMmepbl TOYHO MU3MepSIOTCs. Tak ObUTH 0OHApYKEHBI OECIIOPSAOYHbIC IBH-
JKCHHUS DJICKTPOHA, HATIOMUHAOIIIUE Xa0TUYECKUE IBHKCHUsT OpoyHOBCkux yactuil [382, 383].

Puc. 4.13. a) XaoTnueckoe ABIKCHHE 3JIEKTPOHA € B MONEPEYHOM CEYCHUH KaMephl
yckoputenst BOIII-3 [382, 383], kak pe3ysbTar HCIyCKaHUS U MOTJIOICHUS PEOHOB R;
0) BpaleHne dJIEKTPOHA KaK Pe3yJIbTaT MCITyCKaHHs U MOTJIOLICHHUS PEOHOB.

B pamkax teopun Putiia gaBHO mpencka3bpiBalid MOI00HOE «OPOYHOBCKOE» JBIKEHHUE 3apsIoB
o yaapamu peonos [15, 37, A51]. JleficTBUTEIbHO, CBOOOIHBIC IEKTPOHBI, PH UCITYCKAHHH U I10-
TJIOIICHUU PEOHOB JIOJIKHBI APOKATh, CMEIIATHCS B CIIYYaifHOM HAIMPaBICHUU 33 CUET UMITYJIbCOB OT-
Jla4d U yJIapoB peoHOB. B TakoM cilydae AJIEKTPOH, EWCTBUTENIBHO, BEN OBl ce0s aHAJIOrMYHO Opo-
YHOBCKOM YaCTHIIE, XaOTUYHO JBIDKYIIEUCS MO yIapaMH CO CTOPOHBI MOJICKYJI BOJIBI MJIH BO3/IyXa.

OTmeTHM, YTO KBAaHTOBAsI TEOPUS TOKE MPEACKA3bIBAET MOJ00HOE ABM)KEHUE 3JIEKTPOHA 3a CUET
UCITyCKaHUSI KBAHTOB CHHXPOTPOHHOTO M3JIyYeHHs B CIy4alHbIX HampaeieHusix [355, 382]. Oxnaxo,
€cJIi B KBAHTOBOM PEJIATUBUCTCKONW TEOPHUH HMHTEHCUBHOCTH OPOYHOBCKOI'O ABM)KEHUS IPH POCTE
SHEPTUH IIIEKTPOHA CHIKAETCS, BBUIY POCTA PESITUBUCTCKONW MACCHI DJIGKTPOHA M YMEHBIIIEHUS yTiia
W3ITyYeHUs, T.C. TOMEPEUHBIX HMITYJIBCOB (DOTOHOB, TO B OQJUTUCTHYCCKOH TEOPUH HHTEHCUBHOCTH
«OpOYHOBCKOI'O» JIBM)KCHUS JJICKTPOHA COXpaHseTcsi (BBUIY MOCTOSHCTBA UMIYJIbCOB OTAA4H), U Ja-
ke Hapactaet (0T yJaleHus: COyJAapeHU cO CTOPOHBI BCTPEYHOTO TIOTOKA PEOHOB).

Habnronaemoe «OpoyHOBCKOE» JABIKEHHE JIEKTpOHOB [382], moaTBEepAUB peaabHOCTh PEOHOB,
MO3BOJIIET PACCUMUTATh UX MACCy M YaCTOTY HMCITyCKaHUs, TaK JK€ KaK JIBIYKEHUE OPOYHOBCKHX YaCTHII
MOJITBEPAMUIIO PEATBHOCTH AaTOMOB U TIO3BOJIMIIO OLIEHUTH UX MacChl. ECM KyJTOHOBCKOE OTTAaTKUBAaHUE
JIBYX 3JIEKTPOHOB BbI3BaHO yaapamu peoHoB (cM. BBEJIEHUE), ucnymieHHBIX 3JIEKTPOHAMH, TO OT-
CIOJIa CJIEyeT TOJIbKO COOTHOIIIGHHUE, CBSA3BIBAIOIIEE MACCy PEOHA LI, YUCTI0 PEOHOB N, HCITyCKaeMBbIX B
CIMHUIY BPEMEHH U PAIUYC 3JICKTPOHA I, 3aIaf0MIHI CeUeHne MoromieHus snekrpona (Puc. 4.14).

Puc. 4.14. CxeMa UCITyCKaHUS DIIEKTPOHAMH YACTHII, TIPOU3BOSAIINX CBOUMHU
y/IapaMHu IIEeKTPHUECKOe OTTAIKHBAHAE C KyJTOHOBCKO# cruoii F ~ 1/R?,

JleticTBuTeNbHO, PUTI] yTBEpKAal, YTO KaXIbIi JIEMEHTAPHBIN 3apsiy (9.1eKmpoH) eKEeCeKyHTHO
UCITYCKAaET IMOCTOSTHHOE YUCII0 peoHOB N BO BCEX HAIPaBICHHUIX CO CKOPOCThIO cBeTa C [15]. Mamas ux
4acTh N JOJETAaeT 0 APYroro 3JeKTPOHA, PACIONIOKEHHOr0 Ha paccTosHUU R. DTy 4acTh OLEHHM,
cuuTasl WIEKTPOH IApUKOM pajuyca I. [lockonbky 31€KTpoH execeKyHIHO ucmyckaeT N dacTu, Ta-
KO 7K€ UHCIIO YACTHIL JOIKHO EKECEKYHIHO MepecekaTh MOBEPXHOCTh 4R’ OKpysKaiomieil JIeKTpoH
cdepbl. Eciu yacTuipl pasieraroTcs 0 BCeM HAIPaBICHUSIM PaBHOMEPHO (UTO CIEAyeT M3 H30TPOIl-
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HOCTH OIS E 2IIeKTpOHA), TO B JJICKTPOH IMOIEPEYHBIM CCYCHHEM T2, PACIIONOKEHHBIH Ha paccTos-
HuU R, momazmaer qosIs YaCTHIL, COCTABIIIOIIAS nr’/4nR? ot nonHoro ux notoka N. Takum obpazom,
n = Nrr’/4nR® = Nr’/4R%.
Torpa cuna F orrankuBaHus IByX 3JIEKTPOHOB, PACHOIOXKEHHBIX Ha pacctosauu R (Puc. 4.14)
F = nuc = Nr’uc/4R?.

ITo cyTH, 3T0 — MexaHn4eckoe BbipaxkeHue 3akoHa KyloHa: cuiia oTTajdkuBaHUs, IEUCTBYIOIIAS
MESKILY IBYMSI ICMCHTAPHBIMU 3apsiiaMH, IPoropioHanbha 1/R?. Eciu 3apsisl He SIeMEeHTapHbI, a
cozepKaT MEPBbIN — (1 AIEKTPOHOB, BTOPOH — (2 3JEKTPOHOB, PE3YyJIbTUPYIOLIAs CHJIA B3AaUMOACHCT-
BUS PaBHA CyMME DJIEMEHTAPHBIX CHJI B3aMMOJCHCTBHS SJIEMEHTAPHBIX 3apsIOB BO BCEX BO3MOXKHBIX
KoMOuHaImsx. PaboTaeT mpUHIMIT CYTIePIIO3UIINH — BO3JCHCTBUS OT Pa3HBIX AIEKTPOHOB HE BIIUSIOT
JIpyT Ha ApyTa, T.e. IOTOKK PEOHOB OT PA3HBIX AJIEKTPOHOB HE B3aMMOJACHCTBYIOT MPH MEPECEUCHUH,
BBHJIy HHYTOXKHBIX Pa3MEPOB PEOHOB, CBOJSIINX K HYJIIO BEPOSTHOCTh MX CTOJKHOBEHHH MEXKIY CO-
6oii. Torma Kaxxaelid U3 (; YIIEKTPOHOB B3aUMOJICHCTBYET ¢ KaXKIBIM U3 (2 JJIEKTPOHOB. T.e. Bcero qi(>
OJIMHAKOBBIX AJIEMEHTAPHBIX CHJI OTTATKWBAHHS eruC/4R2, B CyMMe€ 00pa3yIoIIuX CUITY

F = 0192Nr’uc/4R? = Aqiqo/R?, (4.16)
rae A = Nrluc/4 — gynnamenTanbHas KoHcTauTa (¢ pasmeproctsio H-m? B CU), 01 1 O — 3apsisl Tell,
U3MEpEHHBIE B 3apsaax dJeKTpoHa. Tem caMbIM momydaercs mnoyHas GopMmynupoBka 3akoHna Kymona:

F = q10.6%/4neoR?, (4.17)
T/Ie € — 3aps] DIEKTPOHA, € — MMEKTPUIECKasi TOCTOSTHHASL.
U3 dhopmyist (4.16) u Beipaxkenus 3akoHa Kysona (4.17) MOKHO HalTH
A= eruC/4 = 62/47'580, WA neru = eZ/C?,o.
OTcrona creayeT cOOTHOIIeHUE, cBs3biBatomiee N, [, I 1 pyHIaMeHTaIbHbIe KOHCTAHTHI €, C, €
N = e?/nr’uce,. (4.18)

Onnako u3 (4.18) Heb3st BRIBECTH caMu 3HaucHHs N, I ¥ 1, Jaxe cumMTas paguyc I 3JeKTpOHa
W3BECTHBIM U PABHBIM KJIACCUYECKOMY Pajinycy JIEKTpoHa Iy (B ACHCTBUTEIBLHOCTH, KaK MOKA3bIBAIOT
OLICHKH, I' << Ip). [ToaToMy I ONpeeNcHNsT MAacChl L pEOHA CIIEAyeT MUCIOJIb30BATh JOMOIHUTEIb-
HBIE TUTIOTE3bI, KaK B padoTax [A51, 384], 1160 yuecTh JOMONHUTEIBHBIC YCIOBUS, HAPUMED XapaK-
TEPUCTUKH CIYyYaWHOTO JBMKEHUS AJIEKTPOHOB. [Ipumenss Gopmyny DiHIITEHA 1711 OPOYHOBCKOTO
nBrkeHus [385], MOXKHO HAWTH JIUISI CPETHETO KBapaTa CMEIICHUS 3JICKTPOHA <> = ZuCZBt 3a BpeMst
t, rie B — moaBMKXHOCTH, XapaKTepu3yomas CONPOTUBICHUE IBMKEHUIO AIeKTpoHa. s GpoyHOB-
CKHX YaCTHI] 3TOT KOA(D(PHUIIMEHT XapaKTepU3yeT CHUITY BS3KOTO TPEHHS CPEbl, a s SJIEKTPOHA — CHITY
PaaMalMOHHOTO TPEHUS (PEaKIUIo, ICHCTBYIONIYIO HA JICKTPOH MPHU M3JIyYCHUH B MOMEHTHI CKAuKOB)
U CHIJTY CONPOTHUBIICHUS CO CTOPOHBI MArHUTHOTO TOJIS, YACPKUBAIOILIETO MJIEKTPOHBI HA OpOUTaX BO3-
Je ocu KaMepbl. UTOOBI BBIpa3uTh CMENICHNE Yepe3 U3BECTHBIC XapaKTEPUCTHKH JIEKTPOHA, BOCTIONb-
3yeMcst pOpMYJIOi U CMEIeH s YacTUI depes D = a/t — koadduuuent xuddysuu [385, 386]:

<x*> = 2Dt.
3mech a — cpeiHee CMEIICHHE DIIEKTPOHA TMOCIe COyAapeHusi, T — CpeiHee BpeMsl MKy ABYMsl yaa-
paMu pEeoHOB IO UIEKTPOHY. [0 3aKOHY COXpaHEHHS UMITYJIbCa CKOPOCTh AJIEKTPOHA IMOCIE coyaape-
HUS C peoHOM, V = uC/M, 1 cpeaHee CMEIleHHe 3a BpeMsi T cocTaBuT a = pct/m. Otcroaa
<> = 2pPc’it/m?,

XapaxktepHoe Bpems T = 1/N — BenuymHa oOpaTHas 4acTOTE MCITyCKaHUsSI W IMOTJIONMICHUS PeoHOB N.
Orcroa BbIpasiM Macey W peonos. Ecin r = ro = e*/4ngomc?, u3 yenosust (4.18) MOXKHO paccuuTath
KOJIMYECTBO PEOHOB N, MCITyCKaeMbIX JIEKTPOHOM B €MHHILY BPEMECHH

N = 4(% °l (4.19)
AN
B urore, npu nusmepennoi Bennuune D = <xX*>/2t, MPUXOJIUM K CUCTEME YPABHEHUI
D = u?c?/2Nm?
N =16meom2c3/pe?
OTKYJa MOXXHO HETIOCPCACTBCHHO OMMPEACIINUTE 3HAUCHUA U U N. B urore HaxXoauM.

= 23/4ne,cDm?/e?
N = 43 2n%¢, 2c8m?/De?
I[aHHBIe 3Ha4YCHUA MaCChl 1 YaCTOThI UCITYCKaHHA PEOHOB CIIPABCAJIUBEI JIMIIb B ClIy4ac, €CJIU paauycC

AJIEKTPOHA paBEH Kiaccudeckomy Fo. OJHAKO Psii NaHHBIX CBHUJETENBCTBYET, YTO PEAJIBHBIN paguyc
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ANIEKTPOHOB I' << ry. MHa4ye 3JeKTpUUYECKOE IMOJIe IKPAHUPOBAIOCH OBl AJEKTPOHAMU TUIJICKTPUKOB
OOJIBIIION TOJIIIMHBI, Y€TO B JCHCTBUTEILHOCTH HE Habmomaercs. Takum oOpa3oM, TpeThel HEM3BECT-
HOW SIBIISIETCS PaJInyC AJICKTPOHA I, ¥ IS OTlpeieieH sl BceX Tpéx 3HavueHuii |, N u I cuctemy ciemyet
JIOTIOJTHUTD elI€ OAHUM YPaBHEHHUEM, HAJIOKUB el€ 0JJHO (hU3HUecKoe yCI0BHe-OrpaHUuEHHUE.

B HacTOSsIIIee BPEMsI H3BECTHO, 4TO PAHyC dIekTpoHa I < 10722 M [387, 388, 389, c. 277]. Ta xe
OLICHKA JJIsl paJinyca 3JIEKTPOHA CIIEAYeT U3 YCIOBHSI, UTO CpeIHss JUIMHA CBOOOIHOTO Impobera peoHa
B tomme 3emnn | = 1/47nrn npeBbimaer paauyc R 3emnu. MHaye 3emiis 4aCTUYHO SKpAHUPYET Iepe-
HOCHMBIE PEOHAMU AJIEKTPOMArHUTHBIE U TPaBUTALIMOHHBIE BO3AEUCTBHUSA, YTO MPOSIBUIOCH OBl B HC-
KQKEHUU JIBIDKEHUH CITyTHUKOB M HEOECHBIX TEN U B OTKIOHEHMSX OT 3akoHOB Kerutepa. [laxe mpu-
HSIB BCIO MacCy 3emiid 00pa30oBaHHOW M3 3JIEKTPOHOB (T.K. B MOJe/IM aTroMa PuTiia sipa aTOMOB U Hy-
KJIOHBI B KOHEYHOM CYETE COCTABJICHBI M3 MO3UTPOHOB M 3JCKTPOHOB [Al4]), HaliaéM, YTO KOHIICH-
Tpamus dJIEKTPOHOB N = 3M/m4nR3, rae macca 3emin M = 6:10 4 KI', Macca 3JeKTpoHa M = 9,1-10_31
kr, R = 6,4 10° m, oTKyna I < R(m/SM)”2 =1,4-10! M. Ananornunas onenxka s ConHIa R=7 108
M, M = 2.10% Kr) gaért r < 2,7-10% M. T.e. u3 YCJIOBHSI OTCYTCTBUS SKPAHUPOBKH TUIOTHBIM BEIIECT-
BoM (I > R), cienyer r < 107%% M, 4TO COBMAIAET C OKCMIEPUMEHTATHHON OLIEHKOU I' < 102 m [387].

U3 panee HaiimenHoro Beipaxkenus (4.19) cinemyer cootnomenue ro/C =4(m/uw)/N, mokasbiBaro-
1iee CKOPOCTh MOTEPU MACChI AIEKTPOHOM. DTOMY BBIPAKEHHIO MOKHO MPUIATh NPOCTYIO0 UHTEpIIpe-
Tauuo. B 11eBOi 4acTH CTOMT BpeMsl, 3a KOTOPOE CBET POXOAMT MyTh I r/c = (2,8-10%°)/(3-10%) ~ 10
238 CEeKyHJbl. A B IIpaBOil — y4eTBEPEHHOE YKCIIO PEOHOB B AJIEKTPOHE, AeNEéHHOEe Ha yacToTy N ux uc-
nyckanus. GakTuyecku Mo MOPSJIKY BEIHUMHBI — 3TO BpeMsl T, 3a KOTOpOE Macca 3JIEKTpOHa B XOJIe
pacraga Ha PEOHbl COKPATUTCSA 10 HyJs. BBIXOAUT, 3JIEKTPOH NOKEH IMOJHOCTBIO pacnacThCs 3a
T ~ 10 cexyHmpl. Ho 271eKTpOHBI HE TOJNBKO HE HCUYE3AIOT 33 CTONb KOPOTKOE BPEMsi, HO HE pacraja-
IOTCS ¥ 32 MHOTO OOJIBIIIFE BpEMEHA, COXPaHssl OCTOSTHHOE 3HAYEHHE MacChl M.

Tot paxT, yTO MOCTOSIHHASA yTEUKa PEOHOB C 3JEKTPOHA HE CHMXKAET €0 MacCy U SHEPruio, 00b-
SICHSIETCSL TE€M, YTO 3JIEKTPOH HE TOJBKO MCIIYCKAET, HO U MOTJIOIIAET PEOHbI, UCIYIICHHbIE IPYTUMU
3apsaamu. [IporucxoauT MoCTOSHHBIN OOMEH YacTULIaMH, MOAIEPKUBAIOIINN TUHAMUYECKOE paBHOBE-
CHe B 3HAYEHUAX mapameTpoB anekrpoHa M, r u N. [Ipennonoxus 3to, B. Puti Brepsbie Bhickazal
U0 OOMEHHOTO B3aMMOJICUCTBUS, MPUHATYIO MO3AHee Pu3nkamu, ckakeM, B KO /1.

Urak, B mporiecce 0OMeHa peoHamMH, B3aMEH OTJEIUBIINXCS, K JIEKTPOHY CO BCEX CTOPOH MpH-
XOJIAT BHEIIHHE PEOHBI. becurciieHHbIe AIeKTPOHBI B OecKOHEeuHOU BeenenHol, HaunHas ¢ HEKOTOPO
JTUCTAHIMH, JOJKHBI 3aKPBITh 3JIEKTPOH CBOMMU MONEPEUHUKAMU CO BCEX CTOPOH, OKPYKHUB CILIOLI-
HOIi cepoii xapakTepHoro paxuyca R (Puc. 4.14). Yucno snextpoHos Ha cdepe P = 47R%/zr?. Ot xa-
JKIOTO JIEKTPOHA cepbl K LEHTPAIBHOMY SICKTPOHY CXOXHTCS execekyHaHo Nr2/4R? peoos. B
CyMMe CO Bceil cdepbl K IJICKTPOHY MPUXOIUT PNr?/4R? = N peoHoB. T.e. 2JIEKTPOH TOTJIONIAET B
€IMHUILY BPEMEHU TaKOE€ K€ KOJIMYECTBO PEOHOB, KOTOPOE TEPSIET.

B nonp3y KBaHTOBaHUS 3JIEKTPOMATHUTHBIX BO3JEHCTBUII KOCBEHHO CBUJIETENILCTBYET U Bpallle-
HUe (cnun) dneKkTpoHa. JIeHCTBUTENBHO, HCITyCKAHKUE U MOTJIONICHUE PEOHOB MTPHUBEJIO ObI HE TOJIBKO K
UX Xa0TUYECKOMY JBIDKEHUIO, HO M K BPAIIEHHWIO BOKPYT OCH, Harojo0ue BETpsTHOTO WiH ¢erepne-
pounoro koineca (Puc. 4.13.6). Tak e kak OpOyHOBCKHE YaCTHIIBI ITO]] YAapaMy MOJICKYJI BOJbI €IIE U
Bpamarotcs [385, ¢. 214], snekTpoHbI MO yaapaMH PEOHOB IMpuoOpeTaroT ObICTpoe BparieHue. He-
OJIMHAKOBOE BO3/ICMCTBHE HA BPAIIAIOIIYIOCS MMOBEPXHOCTh 3JEKTPOHA BCTPEYHOrO0 M MOMYTHOIO IO-
TOKa PEOHOB, a TAKXKE BO3MOKHOE HaJIM4YUE y 3JIEKTPOHA aCUMMETPUU (OPMBI IPUBOJUT K MOSIBICHUIO
y HEro MOCTOSIHHOTO BPAILIEHUSI B OJJHY CTOPOHY CO CTAHJIAPTHOM YCTaHOBUBIIIECHCS YaCTOTOM.

TakuMm 00pa3oM, B MOJB3Yy HUCITYCKAHUS PEOHOB 3JEKTPOHAMHU KOCBEHHO CBUJETENLCTBYET DS
IKCIIEPUMEHTANBHBIX MaHHBIX. CaMm (akT cymecTBoBaHus 3akoHa KynoHa o3HavaeT, 4TO UMITYJIbC OT
3apsiaa K 3apsay NepeHOCUT HEKUMH MaTepUalIbHbIM areHT, B BHUJI€ KBAHTOB 3JE€KTPOMArHUTHOTO IOJIS.
B K3/I »T0 — BupTyanbHble (HOTOHBI, a B OammucTudeckoit Teopun Putna — peonsl. IIpennoxenHbe
BbIIII€ KPUTEPUHU TIO3BOJISAT BBISICHUTD, KaKHE U3 3TUX YACTHIL MIPOSBIIAIOTCS B SKCIIEPUMEHTAX.

§ 4.10. AHOMasIuu u cmamucmuy4yeckKue xapakmepucmuKu KOCMUYeCcKux Jiy4dyeu

Kak orMedeHo B mpenplaylux mnaparpadax, pe3yiabTaThl OOJBIIMHCTBA OINBITOB IO MPOBEpPKE
OaJIMCTUYECKON TeOpHUH HEOJHO3HAUHbI, BBUYy OTCYTCTBUS MPSMBIX U3MEPEHHUIM CKOPOCTH YacCTHI] U
HX U3JTyUYCHH. W Tonpko MpAMOC NUBMECPCHUC CKOPOCTU YaCTUIl U UX U3JIYUCHUA BpeMﬂHpOHéTHHM ME-
TOAOM, IO PA3HUIC MOMCHTOB HUX PCTrUCTpallUi ACTCKTOPAMH, pa3H€CéHHI>IMI/I Ha 3aJaHHOC pacCTOsI-
HHEC, TIO3BOJIUT CACIATH O,HHOSHa‘{HBIﬁ BbIBOJ O CIIPABCIIMBOCTH UJIN OIIMOOYHOCTH TCOPUU PI/ITI_Ia.
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[TockonbKy HAWBBICIIMMHU SHEPTUsIMHA OOJIAAAI0T YaCTHII KOCMUYECKUX Jy4eH, €CTECTBEHHO
UMEHHO Y HUX OKHIATh CBEPXCBETOBBIE CKOpocTH. JlelicTBuTensHO, B IlInpokux armocdepHbIX iHB-
Hiax (LLIAJI) cBepxcBeTOBbIE CKOPOCTH HEOAHOKpaTHO peructpuponanu [343, 344, 390-394], B vact-
HOCTH TIPH MPSIMBIX 3aMepax CKOPOCTH M HANPaBICHHU MPUXO0Ja KOCMHUYECKUX Jy4deid BPEeMsSIIPOIET-
Houi kamepoit ALICE [343, 344]. O0ObuHO M3MepeHHe CKOPOCTH (PpOHTA HMIMPOKOrO arMochepHOro
JIMBHS OCJIOXHSIETCS TEM, YTO HE M3BECTHO HAIMpPAaBJICHUE, C KOTOPOTO MPUXOAUT JiIMBeHb. [10 pasHuie
MOMEHTOB PETHCTPAllK (PPOHTA JMBHS JCTCKTOPAMH, PACIIONIOKESHHBIMI Ha OOJBLION IUIOIIA/AHU, OII-
PENEeISIFOT TOJIBKO PAa3HHUIy MOMEHTOB PETHCTPAIMU 10 TOpU3OHTaH. [loaToMy TpeOyeTcst 3HaTh H
HalpapJeHUE NPHUX0oJa JUBHA. Ero MOXKHO ompenenuts 1o (popme MATHAa CpadOTABLIMX JETEKTOPOB.
[ToCKOMBKY CIYCTOK YaCTHII, 00Opa3yOIIHX JIUBEHb, UMEET UIMHIPUICCKYIO HIIH JIMH30BUIAHYIO (Op-
MY, TO TIO BBITSIHyTOCTH IISITHA CPaOOTaBIIMX JAETEKTOPOB JIETKO ONMPEICIUTh YroJl MPUX0o/a JIHUBHS, a
10 HEMY M TI0 pa3HUIIE MOMEHTOB PETHCTPAIAN,— CKOPOCTh JUBHS. JTO TIO3BOJIHMT HAIMPSIMYIO COIOC-
TaBHUTh PEJIITUBHCTCKOE 3HAYCHHUE CKOPOCTH M SHEPTUH YacTHIl, U3MEPCHHOW JETEKTOPaMH, a TaKXKe
HETIOCPEJICTBEHHO MTPOBEPHUTH, IMEET JIM MECTO PEIATUBUCTCKHM d(P(PEKT pacTHKCHUST BPEMEHH JKU3HU
vacruil (8 3.6).

B pamkax kiaccuueckoil GU3NKHA CKOPOCTh YACTHIl KOCMUYECKHX JIydeil SKCTPEMabHBIX dHEp-
I'Hid JOJDKHA OBITH CBEPXCBETOBOMU. J[eHCTBUTENBHO, PUPABHUBAS PEKOPAHYIO SHEPTHIO YACTHULl KOC-
muueckux syueii W ~ 102 5B (u3MeperHyro KanopumeTpudeckuM MerogoM [395]) k KMHeTHUeCKoH
sHeprun MV4/2, momyuanm st ciaygast mpotoHos ¢ Wo = mc?= 938 MaB, V = ¢(2W/Wq)¥2 ~ 10°.

B monb3y cBepXCBETOBBIX CKOPOCTEH Y YaCTHIl B IIMPOKKX aTMOC(EPHBIX JIMBHSAX C PEKOPIHOM
sueprueii (W > 10" 5B) cBHeTeIbCTBYET, HAIPHMED, 3CHATHAS AHOMAJIHS — CTATHCTHYECKOE Pacipe-
JeNieHNe KOCMHYECKUX JIMBHEH 1O 3¢HUTHBIM yriiaM 0. BoibpmmHCTBO arMocdepHbBIX JTHBHEH C pe-
xopaHoit sueprueit W ~ 10*° 3B npuxoasT IpakTHYECKH U3 3¢HHTA, CJTOBHO MEPBHYHBIC YACTHIIb! I1a-
JAFOT OTBECHO, XOTS TEOPETUYECKH UX PaCHpe/esICHHE M0 HAIPAaBJICHUSM JTOJDKHO OBITh CITyYaifHBIM.
JleiicTBUTENBbHO, Y GOJIBIIMHCTBA JIMBHEH ¢ pekopaHoii sneprueii W > 10™° 5B u3mepeHHsIit 1m0 pasHu-
1Ic MOMEHTOB peructpanud yroi 0 < 15° [396]. 3enutHbiit yron 0 npuxojaa JUBHSA U3MEPSIOT IO 3a-
nepikke At perucTpaluu JIMBHS JIETEKTOpaMH, Pa3HECEHHBIMU 110 TOPU30HTaIH Ha paccrosiaue b (Puc.
4.15). IpunsaB ckopocTh JuBHA V2 = C, HaxoaaT SiNO = CAt/b = 0, cioBHO YacTHIIBI MAal0T OTBECHO.
Ecnu sxe B pamkax kinaccudeckoit ¢pusuku (8 4.1) onpenensitb CKOpOCTh YacTuil Kak Vo = yoC (y2>> 1),
TO SINO = y,CAt/b, u yron 6 6onbie Haiinernoro mo CTO B y2 pa3. Toraa, ¢ TOUKH 3peHUsS KiacCHUe-
CKOM (pU3HKH, Jake CHHXPOHHOE cpabaThiBaHue 1eTeKTOpoB (At = 0) He 00s3aTeIbHO CBUICTEIILCTRY-
€T 00 OTBECHOM TaJICHUH JIMBHSI, & MOYKET TOBOPHUTH O €0 CBEPXCBETOBOM CKOPOCTH. UeM BHIIIE SHEP-
IS IEPBUYHON YacTUIBI U Y-pakTop, TeM oTBecHei (B pamkax CTO) MOmKHO MPencTaBiIsThCS Hajie-
HUE JTUBHS. Teopus KOCMHUYECKUX JTy4el MpecKa3biBaeT OOpaTHBIN pe3ysbTaT: YeM SHEPrHYHEH JIH-

BEHb, TEM IIPOLIE €ro YaCTHIIaM Ilepeceyb 3eMHYIO aTMOC(epy MO KOCBIM YIJIOM.
nNepBHYHan YacTuUa’y

3
NUBEHb BTOPUYHBIX I«
‘—IGCTML[

w” %

s
2« A7

Puc. 4.15. Meton m3mepeHus yrita § Ipruxoaa JIMBHS 1O 33AeP)KKE ero perucTpanyn AeTekropamu 1 u 2.

VcTUHHBIN yToJI MPUXO/Ia JIMBHS, KAK OTMEYAJIOCh, MOXHO OMPEACIHUTh 1Mo (hopMe MsITHA cpabo-
taBIIMX aeTekTopoB (Puc. 4.16). 3eHuTHBIC YIJIbI, K3MEPEHHBIE 10 BPEMEHH 3aJCPXKKH CpadaThIBaHUS
nerextopoB Ot = arcsin(VAt/b) (mpu V~C) u no ¢opme msaTHa cpabOTaBIIUX IETEKTOPOB Os =
arccos(a/b), B psine ciyuaeB He coBmamaroT. [IpuMepoM city»Kar pe3ybTaThl U3MEPEHUI OJHOTO H3
nuBHe# Ha ycraHoBke Tynka-133 [397]. U3mepennsiii o 3anepxke At yron 07 = arcsin(cAt/b) = 13,4°,
Torjaa kak ¢popma maTHa cpaboTaBUIMX JAETEKTOPOB COOTBETCTBYET HAKIOHHOMY MAJCHUIO JTMBHS MO/
3eHUTHBIM yriioM Os = arccos(a/b) = 45°, rae a u b — manas u OGosbIIast OCH JUTUIICA, OUESPUUBAIOIICTO
MATHO CpabOTaBIIMX JAETEKTOPOB. T.e. yron Os ornuuaercst ot Oy, u3aMepeHHoro 1o 3aaepxkke At. Ox-
Hako yribl coBnaayT (01 = 0s =~ 45°), ecnu ucTuHHAsS CKOPOCTh V = 3C, MpEeBbIIIas CKOPOCTh CBETA C.

142



BMO CBEPXY —» [ .. &
Ha CeTb

Puc. 4.16. IIsTHO cpaboTaBIINX AETEKTOPOB OT JHBHS ¢ sHeprueit W = 3-10% 5B.

Hrak, cBepXxcBeTOBasi CKOPOCTh JHUBHA V = YC OOBSCHSACT 3CHUTHYIO aHOMAJIMIO KaK MIIIIO3HIO
OTBECHOTO MaJIeHus JIuBHEH. B nmureparype BcTpeyaercss MHEHUE, OyITO aHOMAJIbHO YBEIMYEHO YHCIIO
YaCTHL], IPUXOSIIUX N0 OonbIMMH 3eHUTHBIME yriiamu [398]. JleiicTBuTenbHO, Kak BUAHO U3 Puc.
4.17, sKCIepUMEHTAIbHO U3MEPEHHOE paclpeielieHne KOCMUYECKUX Jy4Yel 10 HalpaBiIeHUsM Mpeod-
Ja/TaeT HaJl TEOPETUICCKUM B 00JIaCTH OOJIBIINX 3CHUTHBIX yTiIoB 0 > 50°.

Hizh, coleimm

y=230H42expiex/130)
| [ ———

1000 2000 1000
X=831/Cos5, ricu'

Puc. 4.17. 3enntHoe yriosoe pacnpenenenne IIAJI ¢ Ne > 107 gacru [398].

OpnHako 3TO pacrhpeziesieHre MOCTPOeHO ISl JuBHeW ¢ sHeprueit W ~ 10" 5B, uro IIPU YUCIIE
gactur Ne > 10’ 03HAYaET, YTO dHEPTHsl KaKaou yactuipl Wi ~ 108 5B = 100 M5B, T.e. MeHbIIIE dHEP-
MM TIOKOSI MIOOHOB M MPOTOHOB — OCHOBHBIX KOMITOHEHT IITAJI. Takum oOpa3zom, B pamkax Oaiu-
CTHUYECKOW TEOPUH ISl YaCTHUIL[ TakuX JUBHEH Yy ~ 1, u ckopoctu vactun V < C. 310 U BEeAET K 3aBbI-
HICHHUIO 3€HUTHBIX yIioB O = arcsin(CAt/b) mo cpaBuenuro ¢ ucrunaabiMu 01 = arcsin(VAt/b). B to xe
BpeMs ISl JTUBHEU ¢ pekopaHou sueprueit W ~ 10"°-10% 5B HaGmronaercs npeoOiagaHue JTUBHEN C
MaJIbIMU 3€HUTHBIMH yTJIaMd 0. DTa TUIIOTe3a MOATBEPHKIASTCS TEM, YTO IJI JTUBHEH, MPUXOISAIINX
[0J1 MaJIBIMU yIJIaMu 6 peructpupyercs HauOoJblee YUCI0 COOBITUN B BUJIE MIPEKYPCOPOB — YACTHII,
OTepekKarouX (PPOHT JIMBHS U MPEINOIOKHUTEIBHO SBIISIOMUXCS TaxuoHamu V > ¢ [394].

C HETOYHBIM U3MEPEHUEM yTJIa MIPUX0/Ia TUBHEH U MX CKOPOCTH, BUIMMO, CBSI3aHO M OTCYTCTBHE
AHU30TPONHH B YIIIOBOM pAacIpe/ieICHNH HalpaBlIeHUN MPUX0/Ja KOCMHUYECKUX JTy4yeil BHICOKHX HEp-
ruii [399, 400]. Omunbka B ONpeeICHUN UX HAIMIPABJICHUS, MCHSIOIIASCS B 3aBUCUMOCTH OT BPEMEHH
CYTOK M BpeMeHH roja (B COOTBETCTBUHU C M3MEHEHHEM MOJIOKEHHS 3€HUTa Ha HeOecHoi cdepe), Be-
IET K paccesHUIO HampaBlIeHUH mpuxoja Tyded mo HebecHol cdepe. B utore, yrimoBoe pacnpenerne-
HUE KOCMUYECKUX JTy4eil KajkeTCsi H30TPOIHBIM, HE aCCOIUUPYSICh HU C TATaKTHUECKOH MIIOCKOCTHIO,
HU C IEHTPOM [ alakTHKH, HU ¢ HICTOYHUKAMHU PEHTTEHOBCKOTO, TAMMa- U PaI0-U3ITyICHUSI.

Tak, B axkcnepumente AGASA Toabko 1iis JiuBHEH ¢ 3Heprueid W ~ 10* 5B 3amerHa aHU30TPO-
st ~4% u Koppensnus MakCUMyMOB yriioBoro pacnpenenenust LIIAJI ¢ manpaBnenuem Ha neHtp ['a-
naktuku [401]. Takxke u a1t KOcMUYecKuX Jiydei ToB-auanaszona, ¢ sHepruei ~10* 5B 6b11a 06Ha-
pyKEHa aHM30TPOIHUS B paclpelelicHHH HampaBieHuid npuxoaa ¢ macmrabom ~10° [402]. B nannoM
cllydae Koppensiuus BosHukaet, T.K. mpu W ~ 10'2-10%® 9B cpemsist CKOPOCTh YaCTHI] KOCMHYECKHX
Jay4el cnabo OTIMYaeTcss OT CKOPOCTH CBETa. A mpu 0oJiee BHICOKHX, PEKOPAHBIX 3Heprusx W ~ 10"-
10%° 5B ann3otponus ucyesaet [401], xoTs okumanoch oOpaTHOEe — HapacTaHHE aHW3OTPOIHHU MPH
pocte sHepruu [403], MOCKOIBKY BHYTPHTaJIAKTHYECKAE MATHUTHBIC MOJISI TEM CHJIbHEE PacCEUBAIOT
HANpPaBIICHUSI KOCMUYECKUX JIy4Yel, YeM BbIllIe X dHeprus. J(elcTBUTENbHO, IPU POCTE PHEPTUU KOC-
MHUYECKUX JIy4el aHU30TPOIHUS pocia U OTUETIMBO MPOSBISIACH JJIS YACTUI] CBEPXBBICOKUX IHEPTUI
[403]. A npu manpHeleM HapacTaHUK 3HepPruu yacTuil (Boime W ~ 10"° 5B) aHM30TpOIHUs HCUe3aa.

OTmeTuM, 9TO B JIMTEPATYpe BCTPEUAIOTCS YTBEPIKICHHS 00 OTKPBITHH aHU30TPOIHU TAKXKE Y
KOCMUYECKHUX JTyuell CBEpXBBICOKHMX dHepruit W > 10'® 5B [404-406]. OxHako Takast aHH30TPOITHS 00-
Hapy>KUBACTCS JIMIIb MPH a3UMYTAIBHBIX H3MEPEHHSIX, KOTIa H3MEPSETCS a3UMYT HAlpaBJICHUS MIPH-
X0/JIa JIUBHS, TPUUEM JJI1 KOCMUYECKHX JIy4eH, MPUXOAAIIUX 101 3HAUNTEIbHBIMU 3€HUTHBIMU YTIIaMH
0 > 50° [404]. IIpu sTOM, BO-TIEPBBIX, pa30pPOC KOCMHUYECKUX JIy4el IO 3€HHUTHOMY yriy 6 BHOCHT
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MEHBIIYI0 OIMOKY B OIpeesieHHe HalpaBlIeHus], TIOCKOJIbKY n3MepsieTcst He 0, a a3uMyT, Ha u3Mepe-
HHE KOTOPOTO HE BIIUSIET NPUHATOE 3HaueHue ckopoctu [404]. Bo-BTOpPBIX, I KOCMHYECKHX JTydei,
KOTOPBIM COOTBETCTBYIOT OoJiblIue 6, 04eBUIHO, HE BBHINOJHsETCS yciaoBue V >> C, U perucTpupyercs
y’Ke€ JJaBHHA BTOPHYHBIX KOCMHYECKHX JIyueil ¢ V ~ C, BO3HHUKIINX I10CI€ MHOTOKPAaTHOTO PAcCesHMU,
3a cy€T 3HAUMTENILHOU JUIMHBI yTH B aTMocdepe 3emnu. B utore ommbka B onpeneneHny Hamnpasiie-
HHUI MX TPUXO0Ja OKa3bIBAETCS HE3HAUNTENbHOI. B HacTosmee BpeMs aHU30TPONNs KOCMUYECKUX JIy-
4yell CBEpXBBICOKHMX SHEPrHil 00HApYKUBAETCS C BHICOKOH CTEMEHbI0 Ha&KHOCTH, M HAIPaBJICHUE HA
MCTOYHHK, TPEANIOIOKNUTENBHO pacronoxeHHblil B 100 nk ot 3emiy, onpenensercss ¢ TOYHOCTHIO 10
10° [402]. Taxxe oOHapy>KeHa aHU30TPOINHS B BUJIEC M30BITKA YHCIIA YACTHUI] CBEPXBBICOKMX JHEPIHUH,
NPUXOJSIINX C HarpaBieHus Ha 1eHTp ["anaktuku [1], a Taxxke u3 nentpa ramakruku [epceit A (NGC
1275) [405]. OnHako B TaKUX M3MEPEHUSX MPUMEHSIOT y)KE a3UMYyTalIbHbIC U TOYHBIC, IPSIMbIE METO-
JIbl U3MEPEHNS HANPaBICHUH NPUX0/1a KOCMUYECKHX JIydeil, B KOTOPBIX HE AETAeTCS MPEIIO0I0KEHUN
0 BEJTMYMHE CKOpOCTH cBeTa. B wacTHOCTH, B ycTaHoBKe Fly’s Eye (rae BmepBble Han&XHO 3aperucT-
pHpOBaHa aHU3OTPONHs KOocMHuYecKuX Jiyuei [405]), perucrparius HanpaBiIeHHH MPUX0Ja KOCMHYE-
CKUX JIy4eil MpOMU3BOJUTCS HEMOCPEICTBEHHO (haCeTOUHBIMU JECTEKTOPAMH, PETUCTPUPYIOIIUMHU pac-
TOJIOXKECHHUE M3TyYaroNero CTBOJIA IMPOKOro aTMochepHoro uBHS B poctpancTee [395]. Otmernm,
4To ¢ nmomolipio ycranoBku Fly’s Eye, kak npennosaratot aBropsl [392], neficTBUTENBHO, BbISBICHBI
AQHOMaJIbHBIC YACTHIIBI CO CBEPXCBETOBBIMH CKOPOCTSIMH (MAXUOHbL).

[TpousBecTH npsiMmoe U3MEPEHUE CKOPOCTH HanOosIee SIHEPIrUYHBIX ITUPOKUX aTMOC(HEPHBIX JIHB-
HEW MOXKHO TaKKe MOCPENCTBOM panuonokanuu. CKOpocTh U3MEHEHHs paccTosiHus 10 ¢ponrta HIAJI
MOXHO M3MEpSTh KOCBEHHO — 1o 3¢ dekry Jomnepa, mubo HenocpeacTtBeHHo — kak V = dr/dt, Geps
IPOU3BO/IHYIO TI0 BPEMEHHU OT PACCTOSHHSA I, U3MEPSAEMOro PaaHoyIoKaTopoM. M3mepenue ckopoctu
no >¢¢exry [lomiepa coaepXUT HEOAHO3HAUYHOCTh, MockoibKy B CTO ¢opmyna nomnep-addexra
BcerJa MpUBOJNT K V < C, a B paMKax TeopHH PUTIAa IpH TeX ke CIBHUTAaX YaCTOTBI CKOPOCTh MOXKET
ObITh cBepxcBeToBod V > C (8 3.6). Takum oOpasom, npsimoe m3mepenue ckopoctu V ¢ponra HHIAJT
pagapHBIM METOAOM U COTOCTaBiIeHue V co 3HaUeHHEM, HalICHHBIM U3 oTuIep-3¢GeKTa, CIyXKuT emé
OJTHUM KpUTEpUEM MPOBEPKH OaIITHCTUUECKOI Teopun U popmyIsl addexra lomrepa.

CBEpXCBETOBYIO CKOPOCTh KOCMHYECKHX Jy4el IOATBEPXKIAeT TAaKKe PErucTpanusl 4acTull,
ornepexkaromux GpoHT JuBHS Ha f0iu cekyHabl [390, 391, 407], 4yTo HEBO3MOXKHO, €CITH BCE YACTHUIIBI
JETAT CO CKOPOCTSIMU OJMM3KMMH K TipenenbHo V = €. Ho ecnm nuBeHb, pacTpaTyB SHEPTHIO HA Iy TH K
JETEKTOpY, 3aMEUIUTCS 10 cKopocTu Vo~ C, To Hanbosee ObICTpbIe YAaCTHIBI CO CKOPOCThIO Vi>>C
npoiiayt myth L~ 10 kM 10 aetekropa moutu MmraoBeHHo (L/Vi~ 0), omepenus GpoHT auBHS Ha At =
L/Vo— LIVy~ L/c ~ 107 ¢, uMeHHO Takue 3aiepX K H H3MEPSUTHCh. DTHM XKe MOXKHO OOBACHHTB OT-
KphITHE B 3KcniepumenTe «BOT'A» cepuii U3 nBYX, TpéX u 00Jie€ MUMITYJILCOB KOCMHUYECKHUX JTy4eH,
pa3fes€HHbIX nHTepBasiaMu At ~ 107" ¢c. B pamkax CTO 3TO HEBO3MOXHO, ITOCKOJIBKY, ITPU IpaKTHYe-
CKH OJJMHAKOBOM CKOPOCTH YacTHI JIUBHS V = C, 3TO BEAET K BBIBOAY O CKOPOCTH OINEPEKAIOIINX Jac-
tur; V> ¢ [407]. A B xiaccudeckoit (pu3MKe 3TO €CTECTBEHHO, T.K. IO OIEHKAM CKOPOCTH Pa3HbIX
rpymi gactui Vi, Vo, V3 ... COCTaBISIOT MOPS/IKa 10%c, u mpu L~ 10 km, At = L/V,— LIV, ~ 107 c.

He uckirodeHo, 4To MOCIENOBATENBHOCTh MMITYJIBCOB CO3/aHA CBEPXCBETOBBHIMH YaCTUIIAMU
TEXHOT'€HHOH MPHUPO/IBI, IEPEHOCAIUMH HHPOPMAIHIO B (POPME UMITYJILCOB KTOYEK» M «THPE» CBOETO
pona mex3Bé3nnoro Tenerpada [Al5, A27]. JelicTBuTeNnbHO, CBOMCTBA KOCMHUYECKUX JIydeH, Takue
KaK aHOMAaJIUH CIIEKTPa CBEPXIHEPTHUHBIX KOCMUYECKHX JIydeld W oOHapyKEHHE YaCTHIl C dHEprHen
BbIle, yeMm mnpenen CroHseBa-3alenMHa, BCE Yalle 3acTaBISIIOT CKIOHATHCS K HEACTPO(PU3UUECKUM
OOBSICHEHUSIM KOCMHUYECKUX JIydeil sKcTpeMasbHbIX dHepruil [395, A49, Ab4]. [leiicTBUTENBHO, €CITH
CBEPXCBETOBBIE CKOPOCTH YACTHUIl KOCMUYECKHX JIydel M CHHXPOTPOHHOT'O M3JIy4EHUS TOATBEPAATCS B
9KCIIEPUMEHTAX, X MOXKHO IPUMEHUTH IS CBEPXCBETOBOM CBA3M B KOCMOCE, HEOOXOJMMOM Jaxe B
npenenax ColHEUHOM cucTeMbl. A mepenadya cooOIEeHUH Ha MEeX3BE3THBIC IUCTAHIIUU BOOOIIE TepseT
CMBICIT JUTSI CHTHAJIOB, JABIDKYIIUXCS CO CKOPOCTHIO MEHBIIIECH MM paBHOW CKOPOCTH CBETa, T.K. HHTEP-
BaJIbI MEX/1y Tepenadyell u MpUEMOM CUTHANIOB 3aHUMAH Obl To/1bl. OTMETHM, UTO Ues paclIuppoOBKU
uH(pOopManNH, «3aNMCaHHON» B KOCMUYECKHX JIydax, BEIIBUrasiach yxxe A. Komnronom.

B 1nonb3y MCKyCCTBEHHOM IPUPObI KOCMUYECKUX JIy4el CBUAETEIBCTBYET UX COCTaB. B kocMu-
YEeCKUX JIydax MPOIEHTHOE colepxanue sep Jerkux snemeHtoB (Li, Be, B) aHomanbHO BEIHKO 1O
CPaBHEHHIO C MX COJICp)KaHUEM B 3BE3ax, METEOPHTHOM BellecTBe M Mex3BE3nHoM rase [408]. B
Cllydae UCKYCCTBEHHOTO IMPOHMCXOXICHUS KOCMHYECKHX JIy4eld M300MJIMe B MX COCTaBe siAep JIETKHX
3JIEMEHTOB BIIOJIHE €CTECTBEHHO, IOCKONBKY s/pa MAJIOH Macchl M mpH Toii ke suepriun W = mV%/2
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UMeroT OoJiee BhICOKUE ckopoctu V u Hanbosee y1o0HBI ISl CBEPXCBETOBOH Iepeaadn WH(POpMAIIHH.
B monb3y MCKyCCTBEHHOM MPUPOIBI KOCMHUYECKUX JTydeil CBUICTEIBCTBYET Tak)Ke OOHAPYKEHUE B MX
COCTaBe sIJIep TPAHCYPAHOBBIX 3JIEMEHTOB, HE CYILIECTBYIOIUX B IIPUPOJIE, HAIPUMED, SApa C HOMEPOM
Z = 106 (cubopruii, Sg) [408]. T.k. cpemHee BpeMs paciiajga TaKuX saep MOPAAKAa MHHYTHI, @ HCTOYHH-
KU DHEPTUYHBIX KOCMHUYECKUX JTydel HaXoJATCs Ha PacCTOSIHUAX B CBETOBBIE TOJbI, siApa Ul AOCTH-
KEHUs 3eMJIH JIOJKHBI OBLIN JIETETh CO CKOPOCTHIO V ~ 10°, uro COIJIACYETCsl C MPUBEAEHHOW BBIIIE
olieHKO# V Hambosee SHEPrUYHBIX KOCMUYECKUX Jiyued. Eciu ke nomyctuTh oOpazoBaHue sep Sg
yke B aTMocdepe 3eMin rpu 60MOapAHpOBKe €€ aTOMOB JIETKHMH SIIPaMH, TO BEPOSITHOCTh TAKUX CO-
ObITHI HCYe3arolle Maia, T.K. JaXe B YCKOPHUTENSIX MPU BBICOKOH IUIOTHOCTH MOTOKA A1ep, 00CTpenu-
BAaIONIMX IUIOTHBIE MHUIIEHH, 00Pa3yIOTCsl HIYTOKHBIE KOJIMYECTBa aTOMOB TPAHCYPaHOB.

B pamkax CTO oOHapykeHHEe B COCTaBE KOCMHUYECKUX Jy4del KOPOTKOKUBYIIHX s7IEp, a BO BTO-
PHUYHBIX JIy4aX — KOPOTKO)KUBYIIIUX MIOOHOB MOYKHO OOBSICHUTDH 3aMEJICHUEM BPEMEHU KHU3HH | Obl-
CTPO IBMXKYIIMXCS YacTHUIl IO 3akoHY T' = Ty, rae y — dakrop JlopeHua, HapacTalomMi py yBeInde-
HUH DHEPTUU 4acTull. J[eHCTBUTENBHO, OOHAPYKEHO, YTO MIOOHBI M3 BTOPUYHBIX KOCMHYECKUX JTydei
IPOXOJAT A0 MOBEPXHOCTHU 3€MJIM IyTh S = CTgy MHOTO OOJNBIINI, YeM MyTh So = CTo, KOTOPBIH MOTIN
OBI MPOKMTH 3a XapakTEPHOE BpeMsl pacmana Ty MIOOHBI, ABMXKYIIHECs co ckopocThio C. Eciu B CTO
3TOT (aKT UHTEPIPETUPYIOT KaK 3(h(HEeKT 3aMe yIeHUs] BpEeMEHH JKU3HU T', BEAYIIUNA K poCcTy MyTH S' =
CT' = cToy, TO B OAUTMCTHYECKOM TEOPHH, KaK MoKa3aHo B § 4.1, yauinHeHne myT S' Mpu HapaCTaHU!
SHEPTUU YaCTHI] €CTECTBEHHO OOBSACHIETCS POCTOM HX cKopocTu V = yC no 3HaueHuit V >>c. Coot-
BETCTBEHHO, MPOXOAMMBIH yacTuileil 10 pacnaaa nyte S'= VT = cTgy [A37, A45], uro coBmagaer ¢
pe3yabTatoM omnbIToB U BbIBOJOM CTO. Takum o6pa3oM, U B JAHHOM Cllyyae KpUTEPHEM BbIOOpa Me-
Ky 6ammctuueckor Teopueit u CTO cityXKuT npsiMmoe U3MEpPEeHUE CKOPOCTH KOCMHYECKHUX JTyUeH.

K xocMHUYecKMMHM JlydaM OTHOCST M BBICOKODHEPTMYHBIE KBAaHTHl PEHTTEHOBCKOTO W ramma-
U3JTYYCHHUs, TOXKE PAaBHOMEPHO MPUXOIAIINE K 3eMile U3 BceX Touek Heba. VX mpupoaa 1o cux mop He
pasragana. Kaxaplii 3JIeKTpOH B aTOME, W3Ty4alOlIUil CBETOBBIC BOJIHBI, AaHAJIOTHUYEH 3BE3/€E, ABHKY-
nieiicst mo opoute. M kak st ABOMHBIX 3BE31 MPOQHIIH STUX BOJH MCKAXKAETCS 0 MEpPe pacripocTpa-
HEHHMS, a B CIIEKTPE CUTHAJIA MOSIBIIAIOTCS BCE HOBbIE TAPMOHUKH, C HOMEPAaMH JI0 THICSY — T.€. TOSBIIS-
eTCS M3JIyYeHHUE C THICTYEKPATHO BhIpocineit dactoroii f (puc. 13). D10 u Oyaer poHOBOE PEHTTECHOB-
ckoe m3nyuenue. [Io TakoMy ke MEXaHU3MYy MOXKET TeHEpUPOBATh PEHTI€HOBCKHE M raMMa-BCIIBIIIKI
IOmuTep, B MarauuTocdepe KOTOPOro 3EKTPOHBI ABMKYTCS ¢ BRICOKUMH CKOPOCTSIMH M YCKOPEHHSIMH.
[TosTOMy Ha GOJBIINX PACCTOSHUAX MX LUKIOTPOHHOE PaJMOU3IyYeHHE TPaHC(HOPMHUPYETCS B BBICO-
KOYaCTOTHOE KECTKOE U3IIyYEHHUE.

Wtak, npsimoe u3MepeHre CKOPOCTH U HAINIPaBJICHUH MPUX0/Ja IUPOKUX aTMOC(HEPHBIX JINBHEH U
YaCTHUI] KOCMUYECKHX JIydel TMO3BOJIMT HE TOJBKO MPOBEPUTH OAJUITMCTHYECKYIO TEOPHUIO, HO U yTOY-
HUTb pacrpesiesieHne Ha HeOe MICTOUHUKOB KOCMUYECKHUX JIydel /ISl yBepEeHHOH X acCOLMAllUM C aK-
TUBHBIMHU TAJIAKTUYECKUMHU M BHETATAKTHYECKUMH 00beKTaMu. [IpsiMoe m3MepeHrne CKOpOCTH KOCMHU-
YEeCKHX JIMBHEH MOXKHO OCYLIECTBUTh, YCTAHOBUB JIETEKTOPHI YACTHUI] HE TOJIBKO HAa TOPU30HTAIBHON
MOBEPXHOCTH, HO U Ha BBICOTE, HANIPUMEP, Ha CKIOHAX U BEpIIMHAX Top (€CIU YCTaHOBKA pa3MelcHa
B ropax, kak, Hanpumep, Tanb-11lanbckast cranius). Takke TOMOJHUTEIbHBIE JETEKTOPHI MOXKHO pa3-
MECTHUTh Ha MAuTe B IEHTPE CETH JCTEKTOPOB. DTO MO3BOJIHUT HANIPSMYIO U3MEPSTh CKOPOCTH JIMBHS U
TOYHO OIPEJEIIATh HAalpaBJIeHUEe ero npuxonaa. /s usmepeHus: CKOpOCTH SHEPTHUHBIX YaCTUI] MOTYT
OBITh UCTIOB30BaHbI M 00BIYHBIC T OF-nerektopsl, Tuna kamepsl ALICE. CnenyeT oTMETUTB, 9TO TIpH
TaKOW CXeMe M3MEPEHUil peabHO 00HapYKEHBI YaCTHIIBI C BpeMeHeM Tpoiéra At < L/c [344, 345].

[IpsiMoe moaTBEepX)ACHUE CBEPXCBETOBOM CKOPOCTH V = YC YaCTHUIl U3 KOCMHYECKUX JIMBHEH U
YCKOpHTEJeH B MPEATIOKEHHBIX HKCIEPUMEHTAX MMEJI0 Obl U MPUKIIAJHOE 3HAYCHHE, MO3BOJIHMB OCY-
IIECTBUTH CBEPXCBETOBYIO MEKIUTAHETHYIO M MEXK3BE3HYIO CBS3b. YCKOPHUTENb JJIEKTPOHOB, YyCTa-
HOBJICHHBIM Ha KOCMHUYECKOM Kopabiie U BbIOpACHIBAIOIIMI MOAYJIMPOBAHHBIN MOTOK YaCTHUI[ CO CKO-
pocteio V = y¢, mo3Bosut (mipu ¥ ~ 1000) ocyIiecTBUTH CBSA3b CO 3BE3THBIMU CHCTEMaMHU Ha PacCTos-
HUM B HECKOJIbKO CBETOBBIX JIET 32 BPEMEHa, UCUUCIsIeMble HE TojlaMy, a cyTkamu. Kpome Toro, uc-
MOJIb30BAHNE YCKOPHUTEJICH B KaYeCTBE PAKETHBIX PEAKTHBHBIX JBUTATENEH, BRIOPACHIBAIONINX ITOTOKU
CBEPXCBETOBBIX YACTHII, MO3BOJUT MO (popmyiie [[HOIKOBCKOTO peaan3oBaTh CBEPXCBETOBbIE KOCMH-
YecKre Kopalid, Ipeo 10JIeBatoIIne MEK3BE3IHbIC TUCTAHIIMH HE 3a TOJIBI, a 3a MecsAlbl. He uckioye-
HO, YTO HanOoJiee YHEPTUIHBIC KOCMUYECKHE JIyYd NPEACTABIISIOT COOOH OTYACTH JIyYH KOCMHUYECKON
CBSI3M, a OTYACTH — BBIXJIONBI KOCMUYECKHX KOpabiei, T.e. o OONbIIe YacTH UMEIOT TEXHOTCHHYIO
OpUPOIy. DTO OOBSICHSIET CIEKTP KOCMHYECKUX JIydel (€ro M3J0M U aHOMAJIbHBIH POCT YHCIIA YaCTHIL
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yIBTPABBICOKUX DHEPTHIA), @ TAKIKE PETHCTPAIMIO YaCTHII C SHEPIUe BhIlIe mpesena 3anenuHa. Takue
YaCTHULBI NPU U3IYYEHUHM C PACCTOSHUN THUIIOTETUYECKUX E€CTECTBEHHBIX MCTOYHMKOB KOCMHYECKUX
Jy4eH, COINIaCHO TEOPUH, HE MOTYT JOCTUraTh 3€MJIM, BBUJY IIOTEPU UMM SHEPIUHU IIPU PACCESIHUU HA
¢donoBoMm m3imyuennu [395]. OxHAKO Takue JIydd MOTYT MMETh MCKYyCCTBEHHOE, TEXHOT'€HHOE HPOUC-
XO0KJIEHHE U B TAKOM CIIy4yae WX UCTOYHMKH MOTYT PAcHojaraTbCs Ha JIIOOOM PacCTOSHUH OT 3eMJTH.

8§ 4.11. BbigeoObI

OKcrnepuMeHThl B 00JacTH (U3MKH BBICOKMX SHEPTUii, MpUBJIEKaeMble B KauecTBe Hauboiee
yOeIUTEIBHOTO TECTa HECOCTOSTEIBLHOCTH OayumncTrueckoi Teopun [9-11, 25], daktudecku, Kak mo-
Ka3aJl MpeJICTaBJICHHBIN aHalIu3, HEe IPOTUBOpEYAT €, €ClIU pacCUUTHIBATh KUHEMATUYECKUE XapaKTe-
PUCTHKH YaCTHIl M UX U3IY4YEHHS B paMKaX Teopud PUTHA M yuuThiBaTh d3PHEKT mepenusnydeHus cpe-
noit. OnpeziesieHre CKOPOCTH YaCcTHI] B PaMKax KJIACCHYECKOW (DM3UKH MO3BOJUT HE TOJIBKO MCTOJIKO-
BaTh PsJl AHOMAIUN B OMBITAX, HO Ja)K€ MHTEPIPETUPOBATH UX PE3YNBTATHI KaK MOATBEPKICHUE Oa-
JUCTUYECKON Teopuu. JIByCMBICIIEHHOCTh B UHTEPIIPETAIlMH PE3YJIbTaTOB TAKUX OMBITOB MPUBOAUT K
BBIBOJly O HEOOXOIMMOCTH MOCTAaHOBKH HOBBIX JKCIIEPUMEHTOB M JOMOJHHUTEIbHBIX, KOHTPOJbHBIX
M3MEPEHHUI M YTOYHEHUH K CYIIECTBYIOIIMM CXeMaM OTMBITOB. B mepBy0 odepens 3To — MpsMoe u3Me-
pEHUE CKOPOCTH YaCTHUIl BPEMINPOJIETHBIM MeTOAOM. [IpsiMmoe n3MepeHre no3BOJIUT YTOYHUTh UCTHUH-
HYIO BEJIMYMHY CKOPOCTH YACTHI] U XapaKTEPUCTUKU KocMudeckux Jiyded B IITAJI, koTopbie TpyaHO
OOBSCHUTH C MO3UIUHN PEIATUBUCTCKUX OIICHOK CKOPOCTH M SHEPTUU YACTUIl KOCMUYECKUX JTy4ei.
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3akntoyeHue
IIpoBenénnblii B paboTe BCECTOPOHHUI aHAIN3 Pe3y/IbTaTOB HAKOIJICHHBIX 3a BEK JaHHBIX JKC-
NIEPUMEHTOB U HaOIIOIEHUI B KocMoce (Mecamupe), B 3¢MHBIX jJabopaTopusx (makpomupe) u B 00-
JacTi (PU3KKU BBICOKUX DHEPTHid (Mukpomupe) MOKa3bIBACT, YTO K HACTOAIIEMY BPEMEHH HET JaHHbIX,
OJIHO3HAYHO CBUJETEIbCTBYIOIIUX NPOTHUB OalIMCTUYECKOM Teopuu. HampoTus, psii JaHHBIX MOA-
TBEepXKIaeT OamucTuueckyro teoputo. [lo kpaitHeil Mepe, 3TH TaHHbIE HAXOAAT 0oJiee TOJHYIO M TOY-
HYI0 UHTEPIIPETALNIO B paMKax Teopun Purtna. [l 0MHO3HaYHOTO pEelIeHHs BOIIPOCca O BIUSHUH CKO-
POCTH MCTOYHHMKA HAa CKOPOCTb CBETA IIPEUIOKEH PsAJ HOBBIX METOJOB, KDUTEPUEB U CXEM JKCIIEPH-
MEHTOB B KOCMOCE, B ONTHUYECKHUX JIAOOpaTOpusiX M Ha yckopuresx. C 0lHOW CTOPOHBI, yCOBEPLIEH-
CTBOBaHHbBIE 3KCIIEPUMEHTHI MO3BOJIAT TOYHEE PELIUTH BOIPOC O MEPEMEHHOCTU ckopocTu cBeTa. C
JPyToil CTOPOHBI, HOBBIE HKCIEPUMEHTHI MO3BOJIAT NPOBEPUTH PAJ] CIEACTBUN OAJUIMCTHUECKOH Teo-
pun, BKirodas 3ddekr Putna, n yTOYHUTH MapaMeTpbl, TOPOXKIAONINE HEOJAHO3HAYHOCTh B MHTEP-
IIPEeTaly JAHHBIX. Y TOYHEHHE UMEET M YMCTO IMPUKIAJHOE 3HAYEHUE, B TOM YUCIE Ul paguosIoKa-
LA, JJIs1 TEHEPATOPOB CUHXPOTPOHHOIO U3JIYYEHUS U U3ITyYEHHUI HEONITUYECKUX JUAIla30HOB.
B 3akitoueHune nepeuuciuM OCHOBHBIE NPEJIOKEHHbIE B JUCCEPTALMU METO/Ibl IIPOBEPKU Oall-
JIMCTUYECKON TEOPUHU U IIEPEMEHHOCTH CKOPOCTHU CBETA:
1) uccnenoBaHue XapaKTEPUCTUK JBOMHBIX 3BE3M M DK30IUIAHET HE3aBUCUMBIMH METOJAMH M UX CTa-
TUCTUYECKHI aHAIU3 B paMKax 0aJUTMCTUYECKOM U PEIsITUBUCTCKON TEOPHUH,;
2) CpaBHUTEJBHBIN aHAJIN3 MPEICKa3aHUi OAJUTMCTUYECKON TEOPUH JJIsl KPaTHBIX 3BE31 M HaOJ0/ae-
MBIX aHOMAaJIUH B CHEKTpax U BUAUMOM CTPYKType rajlakTHK, KBa3apoB, IyJIbCApOB U OapCTepoB;
3) aHanM3 HEBSI30K JAHHBIX KOCMUYECKOH DPaJMOIOKALNH, aCTPOMETPUH H PaJIdOMHTEPHEPOMETPUH
IpY U3MEPEHUH nosiokeHui mwianet, AMC U CIyTHUKOB B paMKax OaJUIMCTHYECKON TEOPHH;
4) aHanM3 HEBSA30K JAHHBIX JIA3EPHOI JIOKALMH, PAIMOJIOKAIIMU U aCTPOMETPHUYECKUX M3MEPEHHUH 1o-
noxenuii ciryTHUKOB (B T.4. GPS, TJIOHACC) u JlyHbl Ipu CONOCTaBICHNH ¢ Teopuei Puria,
5) 3KCIIEPUMEHTBI 10 TMPSIMOMY M3MEPEHUIO CKOPOCTH CBETA OT JBIIKYIIMXCS MCTOYHUKOB M 3€PKa C
NpUMEHEHHEM (PeMTOCEKYH/IHBIX Ja3epOB M alllapaTypbl, pErUCTPpUpPYIOIIEi fS-UMITyTbCHI;
6) SKCIIEpUMEHTHI 110 MPEOOPa30BAHUIO YACTOTHI CBETA W JUIHTEILHOCTH JIa3€PHBIX MMIIYJIECOB I10-
cpenctBoM 3¢ dexra Putna npu paccestHuM Ha YCKOPEHHO JIBUKYIIMXCS YacTULIAX;
7) onTUYecKUe U paguoPU3NUECKHE IKCIIEPUMEHTHI 110 U3MEPEHHIO CKOPOCTH M JUTMHBI BOJIHBI CBETa
OT MOJIBUYKHBIX UICTOYHHUKOB U 3€pKall,
8) yTo4HEHHBIC HKCIICPHUMEHTHI [0 M3MEPEHUIO CKOPOCTH TaMMa-JIy4eil ¥ PEeHTIeHOBCKHX JIy4ed OT
PENATUBUCTCKUX YaCTHUL,
9) SKCIIEPUMEHTSHI 110 IIPSIMOMY U3MEPEHUIO CKOPOCTU M OCHOBHBIX XapaKTEPUCTUK CHHXPOTPOHHOTO U
OH/IYJIATOPHOTO U3IyUeHHUs (Yacmommublil cnekmp, yei080tl CHeKmp, SIHepeemuKa);
10) aHayM3 XapaKTEePUCTUK M3ITYyUCHHUS B PEISTUBUCTCKOM JICKTPOHHUKE, B T.4. B THPOTPOHAX;
11) aHanM3 SHEPTeTUYECKUX, YIIIOBBIX PACIPEACICHHIH U IP. XapaKTEPUCTUK Y KOCMHYECKUX JTy4eH.
Takum oOpa3zom, mpoBepka OAIITMCTUYECKON TEOPUU M MOCTOSHCTBA CKOPOCTU CBETa MUMEET He
TOJIBKO TEOPETUYECKUI, HO ¥ YUCTO NPAKTUYECKUH, IIPUKIIAJHON UHTEepec. bosiee TOro, eciu HEKOTO-
pble cieAcTBHs OayuticTHYeckod Teopum (Hampumep, dddekt Purna) moarBepasTcs, 3T0 OTKpOET
NPUHIUIHAIBHO HOBBIE BO3MOXHOCTH B IUIaHE MPeoOpa3oBaHUs BUIMMOIO JIa3epHOrO M3JIyueHHs B
JpyTye 4acTOTHbIE Juana3oHbl. To jke camoe clpaBe/UIMBO B OTHOLIEHUH JIPYTHX CIEACTBUM Oayiu-
CTUYECKON TEOPUHU, KOTOPBIE MOTYT UMETh OTPOMHOE IIPUKIIAJHOE 3HAYECHUE.
Wrak, npoBepka OaJlIMCTUYECKON TEOPUM CBETA MOCPEICTBOM IPENTIOKEHHBIX B JUCCEPTALUU
METO/IOB M KPUTEPUEB MPEICTABIACTCS KpaifHe aKTyallbHOU U 11€J€CO00pa3HOM.
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