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§ 1. KocMuueckoe MUKPOBOJIHOBOE GOHOBOE (PEIMKTOBOE)
N3JIydeHne

1. Orkpeirue. Cosmic microwave background radiation (coxpa-
wenno CMB, CMBR, CBR) no-anrawiicku, mim peIuKTOBOE U3ILy-
uenre (PU) no-pyccku (repmun Beemen U. C. IknoBckum), sBisercs
OMHUM U3 OCHOBHBIX CBUIETEILCTB CIPABEIJINBOCTU TEOPUU TOPSUEH
BcenenHoil 1 mo3TOMY 3aHHMAET BBINAIOIIEECS MECTO B COBPEMEHHON
kocmosioruu. Kpome Toro, oo HeceT mHGOOPMAINIO O MHOTUX IIPOIEC-
cax, IPOUCXONUBIINX HA PAHHUX HTAIMAX 9BOJONUYN BCeneHHoil, B 4acT-
HOCTH, O (POPMUPOBAHUY €€ KPYITHOMACIITAOHON CTPYKTYPBI, U 5TA UH-
(opmarusa B HaCTOsIIIIee BpEMsI CTAHOBUTCS NOCTYIITHON HAOTIOOEHUSIM.

Cornacuo Teopun ropsdeit BeemeHHOI MaTepust [0 BIOXU PEKOM-
OUHAIIN HAXOOUIACH B COCTOSHUU, OUEHb OJIU3KOM K T€PMOIUHAMIYE-
CKOMY DPABHOBECHUIO, TAK UTO FOPSYUE BEIIECTBO U M3IYyUEHUE UMEIN
ONWHAKOBYIO TeMIiepaTypy. B xome pacmupenust Beemennoit Temmepa-
Typa moHmxkainack. Korna ona cun3unaces npumepso mo 4000 K, cocrost-
7IaCh BIIOXA PEKOMOUHAIINN, B XOIe KOTOPOIL SIPa 1 57K TPOHBI COSNNHSI-
JIUCH B ATOMHI (B OCHOBHOM, &TOMEI BOIOPOA), TAK UTO BEIIECTBO CTAIIO
HeHTpaIbHBIM. DTOH II0Xe COOTBETCTBYIOT KOCMOJIOTTUYECKIIe KPACHBIE
cmerrenus 2 ~ 1500-+-1000. Iocie pexkombuHauu 13Ty YeHNE IEPECTAIIO
B3aMMOIENCTBOBATD C BEIIIECTBOM, UX PACIIUDPEHUE TPOUCXOAUT HE3ABU-
cumo. Mzmyuenne, npomommkas OXIaKIaThCsl, COXPAHSIET OlpeneleHHbIe
CBOWICTBA, NMPUCYILINE eMy B Ty u 00jee paHHUE BIOXU, U HOHOCUT UX
mo Hac. Pycckoe HaszBaHue OTpa)kaeT MMEHHO 5TO OOCTOSTENLCTBO, B
TO BpeMs KaK aHIJIMICKOE HAeT OMUCAHUE COBPEMEHHOMN IPUPOMBL STOTO
U3ITy YeHUsL.

P 6bw10 orkperTo ciryuaiino (serendipitously).

Becnoit 1964 rona Apuo Ieusuac u Pobept Bumnncon us mayuso-
uccnenoBarenbckon dupmer “Crawford Hill Laboratory” B Xommmese
(Holmdel B mrrare Heio Mopk) roToBmImch K M3MEPEHMUSM HHTEHCHB-
HOCTHU HEIPEPLIBHOTO u3iaydeHus [amakTuku Ha mniuHe BOIHBL 20 cm
(BGuiu3u MHUM HeATPaIBHOrO Bomopona 21 cu).

AnmapaTypa ObI7Ia BBICOKOUYBCTBUTEIBHAS C TMPEIETEHO HU3KIM
ypoBHeM 1ryMa. [lepBoHAYANBLHO 5Ty anmapaTypy NPennoiIarajioch uc-
MOJIB30BATEL [JIs TIOIYYEHUs] OTPAXKEHHBIX CUTHAJIOB OT CIYTHUKOB
cs3u. [lepBas Takas mOmbITKA OBLIA YCHENIHO ITPOM3BENEHA CO CIIYT-
uukoM ECHO, kxoTopsiil npencrasisii cofoll IPOCTO IIap AUAMETPOM
100 dyTOoB, OTPAKAIOIINT PATUOU3TYICHLE.



[Iporpamma Ilem3maca u Busjcoma coctosima B TOM, YTOOBI, 1C-
CJIEIOBAB IIIyMbI AHTEHHBI U MPUEMHUKA, MOJIYyUYUTH BO3MOXKHOCTL a0-
COMIOTHBIX n3MepeHuit. BuImo 06HApYXKEHO, YTO PETUCTPUPYEMBII IITyM
Ha A\ 12.5 em npeBocxonut uryM, Habmonasuiics B sadoparopuu. Hlym
OBLI IPUMUICAH U3IYYCHUIO 3eMIIK, TPUHIMAECMOMY O0PATHBIMHU JIEIeCT-
KaMu aHTeHHB. O.(OM, KOTOpHI pa3spabaThIBAJ MPUEMHYI) CHCTEMY
nns ECHO [55], ykassiBai, 4To Takoe oObsCHEHNe He mpoxonut. IIpu-
TJTAIIIEHHBIA B Ka4ecTBe TpeTerckoro cynbu [l BUIKUHCOH BBLICKa3as
MBICJIb, YTO, MOXET OBbITh, IMEHHO 3TO U3JIyYeHIe OXKUIAIT ACTPOHOMEL
B CBs13U ¢ Teopuelt ropsueit Beemennoit. Ilonpobuas nucTopust OTKPBITUSI
P comepxurcs B kuure Hubica [57].

Hesanosmro mo sroro A.T'. opomkesuu u W. II. HoBuxos [4] pac-
CUNTAJIN CHEKTD M3YUYeHUs, KOTOPOe MOJIKHO HAOIIOOATHCS cefdac B
MerarajgakTruke, a BO3HUKJIO OT TajlakKTUK CO BpeMeHu uxX obpa3oBa-
Hust. PacuyeTs! Oblin coemassl IpU PA3INIHBIX IPEAIOIOKEHUSIX O Pac-
[IPENEeIeHIN BEIIEeCTBA, YBOIONUN TAJIAKTUK, O HAJIWIAU WA OTCYT-
CTBUU HEWTPUHO U T.n. B KOHIIe cTaThu OHU yKa3aju, UTO HaOIIOHe-
HIS Ha TeJeCKOone XOIMIeIa, O KOTOPHIX OBIIO N3BECTHO U3 MyOINKAIIAN
dupmer Bemn, matot yBepeHHOCTh, uTo PU cymectsyer. Ilo Temmepa-
Type 2.3 £ 1 K, nonyuennoir B XonmMaene, I TEOPETUIECKU OIPEIeIeH-
HOII TemmepaTrype uryMmoB armochepsl 1 K oHE OmeHWIn TeMnepaTrypy
PU B 1 K. Ha rpaduk u3iaydeHus rajakTUK ObLIa IOMEIIEHA KPUBAsI,
cooTBeTCTByIoIIas Temnepatype B 1 K. B menom momyummack OByrop-
6ast kpuBas, o KoTopoii B kuure 9. B. 3ensnosuua u . I1. Houkosa [5]
CKA3aHO, YTO OHA HOJIFO€ BPEMs yKpalaia peknamy bupmel Bem.

O Bo3moxkHOCTH TpunucaTh Habmonaemein mym PU mabmrona-
Tenau B XOJIMIOese, UCCIIEAysl almapaTypy, HO-BUAUMOMY, HE IIOHO3pe-
Banu. Bee nryMbr uxX cucTeMBI UMY OBITIN U3y YEHBI 3apaHee, KpOMe IIyMa
aHTEHHBI — PYMOPHOTO pediekTopa ¢ amepTypoit okoio 6 u. C menbio
U3YYIUTH U HTOT LIIYM OPUEMHUK ObIT HACTPOeH Ha A 7.35 cm 1 aHTEHHA
HAIPABIIEHA, KAK Ka3aJI0Ch, HA COBEPILEHHO TeMHbLI yyacTok Heba ([a-
naxtukn). Cursan okasascs nopasurenbHo bonpumm: 3.5 £1 K.

Oxkorno roga nBa HaGTIOOATES IEPEIIPOBEPSITHN CBOIO AIapaTypPy.
DroT curuan 061amaT HEOOBIYHBIMYU CBOMCTBAME: OH HE 3aBUCEJ HU OT
BPEMEHU, HU OT HampaBjeHus, Hu OT mojioxenus COMNHIIA, HU OT pac-
MOJIOKEHNS] AHTEHHBI OTHOCUTENIBHO TIOBEPXHOCTH 3emiin. Takum cBOii-
CTBOM MOLJIO O0JIaHATh LIy MSIIIiee COIIPOTUBIIEHNE, HO 3TO IPENOI0xKe-
HUe He MONTBEepAUIOCh. ABTOPBI yOEOUINCh, YTO UCTOYHUKU CUTHAJIA
HaXOOSATCS HE B TEJIECKOME U He B IPUEMHUKE.



Boutn u3y4eHBl BO3MOXKHOCTH TIOJIOKEHUS WCTOYHUKOB: 1) HA
Bemre, 2) B Conneunoit cucteme, 3) B Namaktuxe u 4) Bue [amakTuxu.
[TepBbie Tpu BO3MOXKHOCTH IIOCTIE TIATEIHLHOIO UCCIEOOBAHUS OTIAIN
10 CBOICTBAM CUT'HAJIA, [JIABHLIM aPryMEHTOM IIPU 5TOM OBIIa €ro m30-
Tpomusa. Qcranack OMHA BOZMOXKHOCTb — KAKIE-TO BHEMAJIAKTUIECKIE
yIaJIeHHbIE MUCKPETHBIE PAMUOUCTOUHUKY. HO U 5TO npenmnomoxenue ue
[IPOXOMUTIO, TAK KaK Takue Oonee OIM3KIE PATUONCTOUHUKY U3BECTHHI,
OHUI rOpa3no sSpdue B METPOBOM IUAIIA30He U UX Ooree masekie aHaIorn
ObLI ObI HABHO OOHAPYKEHHI.

[Mapannensuo ¢ sTumu Habmonenusyu B [Ipuacrone (wwrar Heto-
Hxepcu), ot koroporo Xoumzaesr HaxonuTcs Beero B 30 MuIAxX, rpymnmna
yueHbIX BO riaBe ¢ PoGeprom [ukke mpoBommiia CBOM HAOIIOOEHUS
TakXKe Ha MAJIOIIyMsIIell annapaType, CO3HATEILHO IPEeIHA3HAUNB ee
[Tl TIOUCKA U30TPOIHOrO (HOHOBOTO u3myueHus Ha A 3 cu. Ilukke mpen-
mostaraji OOHAPYXKUTH U3JIyYeHUe C TEeMIEPATYPOH B HECKOIBKO I'Da-
nycoB. Ero narepecoBaso He mIPOUCXOXKIEHIE 3JIEMEHTOB, T. €. [IePBUY-
HBIl HYKJTEOCHHTE3, & NX pa3pylieHue B myabcupyoieit Beemennoit. On
nMeJl COOCTBEHHBIE UAEU O MPEBPAIEHUN TSXKeNbIX IIEMEHTOB B BOIO-
pon mpu ob6paTHOM cxkaTuu BceneHHoil.

Huxkke erre Bo BpeMsi BTopoil MUpOBOil BOMHBI CKOHCTPYHPOBAJI
panmomerp B MIT Radiation Laboratory (Maccauycerckuit Texuoso-
rugeckuil uHcTUTYT). [locie BOMHBL OH UCIOIB30BAII €10 L U3MEePEeHNU
U3IIyYeHns] BOOSHOIO mapa B armocdepe, mamydenus Conuna u JIyHBL
Torna xe on Hamoxun orpannyenne Ha Temnepatypy CMBR B 20 K.
B 1964 romy oH mpemmoxkui KOHCTPYKIWIO, KOTOPAasi MOrJa ObI 3ape-
TUCTPUPOBATH M3jIyueHne MeHblreln temmneparypsl. [lo npenmoxenuro
Huxkxke II. Pon u II. Bunkuucon u3 [IpurcToHA M3roToBmIn Taxoi pa-
nuomerp. K pabore Guin mpusneuen rakxke reopetuk @. [Txk. J. [Tubnc,
€ KOTODPBIM OOCYKOAJINCh MeTaIl U BO3MOXKHOCTH PErUCTPAINK U3ILY-
venus. O cBoell mpenbimyiein padore Ilukke 3a0bIT U HAYErO HE 3HAJI
006 OOHAPYKEHHOM IIIyMe B XOJIMIETe HA UM Ke U300PeTeHHOM Paauo-
MeTpe.

Yepes HEKOTOpPOe BpPEMsT YUACTHUKU OOEMX TPYII depe3 OOIInX
3HAKOMBIX Y3HAIIM O CYIIECTBOBAHUU U HMCCIENOBAHUSX ODPYT ODPyra u
BCTpeTWINCh. [[Be CcTaThbU: ONHA C pe3ymbTarTaMu HabmomeHmin [59],
a npyras ¢ teopueil [27] mosBuiamcs B omHOM HoMepe Astrophysical
Journal. Heckonbko mecsieB cuycrs rpynna Hukke HAa A 3.2 cm mos-
HOCTBIO [IOATBEPANIIA Pe3yIbTATH IEPBOX IPYIINEL, IOIyJIINB TeMIePa-
Typy 3.0+ 0.5 K.



K 1972 romy croiictBa PU Obimu momTBep:KOEHBI M3MEPEHUSIMUI
6omee 15 rpynn mHabmomaTteneir Ha mawHaX BomH OT 0.27 mo 73.5 cm.
K 1975 ronmy nabmiomeHus ObITM MPONOIXKEHBI OO 0OJIACTU OJIUH BOJIH
0k0710 0.1 mm, KOTOpas nexkuT HKe 4acToThl Makcumyma PU. Ceiruac
P spnsiercst ucrouyHukoM OOIIMPHOA MHMOPMAIMN O PAHHUX DTAIlax
ucTtopuu BcenenHoii.

3a cBoe orkpoitue Ilensnac u Bumcon monmyummu HoGemneBckyrio
npemuio o dusuke B 1978 romy.

2. IlpenniecTBeHHUKN OTKPBITUA. lHTEpECHO OTMETUTE, ITO
obuapyxenre PU obmamaer uepramMu OPYruxX OTKPBITHUI, HAIPUMED,
oTkpuiTus Amvepuxku KomymGoM. ABTOpHEI HE TOHUMAJM, YTO OHU OT-
KPBIJIN, IPUPONY SIBIIEHUS MMOSCHUIINA OPYTUE, BIOCIEACTBUN OKA3aJI0Ch,
uTo cyuiecTBoBanre PU daxTuuecku ObIIO yCTAHOBIEHO PAHbIE, HO
6e3 0CcO3HaHMS 5TOro GakTa u 6e3 IMUPOKOA N3BECTHOCTHU O HeM. B ciy-
gae Konymba — Amepuro Becriyuyun u sukuaru. B ciiyuyae P — Hukxke
u Oosee paHHUE HAOIIOOEHNUS, O KOTOPBIX CKaXXeM OTIE/IBHO.

Eme B 1941 rony B. Anawmc [15] BEIDOIHIIT HAGIIONEHIIST MEXK 3BE31I-
HOTO TIOTJIOIIIEHNS B CIIEKTPe 3Be30bl { 3MeEHOCIa B JTUHISIX MOJIEKYITHI
CN u o6HapyXKWJI, YTO MOTJIOLIAIOT MOJIEKYJIBl HE TOJIBKO B OCHOBHOM,
HO U B IIEPBOM BO30YKIEHHOM BPAIATEILHOM COCTOSHUN, OTCTOSIIIEM
ot ocuoBHOroO Ha 2.6 mm. Mak-Kemnap [48] B npennonoxenuu, 94To oT-
HOCUTeNbHBIE HACEIEHHOCTU YPOBHEN momumHsoTcs dopmyie bombi-
MaHa, OIEHUJT TeMIepaTypy Bo30yxkmeHus B ~ 2.3 K. Uctounuk Bo36y-
XKIIEHUS OH IPUINCAIT KAKOMY-TO KOocMudueckoMmy arenTy. Habmomerus
TaKUX JIUHUN B CIHEKTPAX OPYLUX 3BE3[I MOATBEPOWIN U30TPOMHOCTH
ucrounuka. Habmionerus Momekyir ¢ 60IbIIIME TOTEHIINAIaMI BO30Y-
JKIIEHUSI IEPBOTO BPAIIIATEILHOIO YPOBHS He Hanu pe3yabTaToB. Hexo-
TOpBIE HAOIIOMEHUsI, TIOKA3BIBABIIINE TEMIEPATYPY BHIIIE HECKOJIBKUX
TPaIyCcoOB, OKa3amuch omubouHbIMu. Tombko B 1966 rony »ToT ucTou-
HUK BO30yxneHus Obun cBsizad ¢ PU (nompoGree cum. [5]).

[Ipsamas perucrpamus PU 6bmma ocyiiecTBiieHa HA PYIOPHOR aH-
Terne Ha miauHe BoiHbL 3.2 cmu B CCCP. B crarwe H. JI. Kaiinanoscko-
ro [8, c. 152-153] manucano cnenymoree. “OKa3anock, UTO U3ITyUeHNe
Heba 13 00JIaCTH 3eHUTA NMeeT SIPKOCTHYI0 TeMmepaTrypy 3.7 £ 3.7 K,
a B mosspuoit obnactu 3.9 £ 4.2 K u He u3MeHsieTCsl CyLIECTBEHHO CO
BpemeneM. Kak renepn sacuo, usmepersas T. A. IIlMaoHOBLIM SpKOCTHAS
Temneparypa Heba (~ 4 K) npessbliiaia TeMIepaTypy U3iLydeHus TPO-
mocepsl B HANPABIIEHUU 3€HUTA, PABHYIO, [0 COBPEMEHHBIM MaHHBIM,
mpumepuo 2 K. W3 storo cremyer, uro T. A. IlIlMaoHOB, MO-BUOUMOMY,



OBbITT 030K K OTKPHITUIO (POHOBOTO KOCMUYECKOTO PEIUKTOBOTO M3JTY-
YeHUS.

Nsmepenus T. A. [lmaouosa, onybaukosanuse B 1957 1. . .. (3mecsb
[14] — OH.), x coxaneHuo, He OBLIM U3BECTHLI OPYTUM COBETCKIM
acrpotpusukam A.[D. opomkesuuay u H.II. HoBukoBy, koTopsie (kak
0TMEYaJoCh B MpenbimyiieM TyHkTe — /[. H.) BOepBBIE B MUpE yKa-
3818 HA TEXHUUYECKYIO BO3MOXKHOCTBH DKCIEPUMEHTAIILHOTO OOHADYXKe-
HUsI KOCMUYECKOTO (OHOBOTO PEIMKTOBOLO M3IYUEHUs METOHAMHU pa-
OUOACTPOHOMUN TE€X MHEH.

O pabore A.T. opomxkesuua u U. II. HoBukoBa orTkpwiBaTesnsm
P raxxe me 6buio msBecTHOo, uTo u orMmeTws A. A.Ilensuac B cpoeit
mexnuu npu nojayderun HoOemeBCKol mpeMun 3a 5TO OTKPHITHE.

B paGorax coBeTCKUX yUEHBIX COMEPKAIOCH haKTUIECKH [EepBOe,
XOTs U BecbMa, rpyboe u HeocosHauuoe, usmepenue (T. A.Illmaonos),
a Takxe npenckasanue BosmokHoctu usmepenus (A. . ITopomkesua u
W. . HoBukoB) peaukToBoro usiydenus.”

3. CpoiictBa PU. D10 n3nyuenne neficTBUTEIHHO 3aI0IHIET BCE
IPOCTPAHCTBO U UAET PABHOMEPHO CO BCeX CTOPOH. OHO mMeeT uucTo
YEPHOTENBbHEBIN CIEKTP, T. €. OMUCHIBaeTCs Gyukiuei [Imanka ¢ Temme-
parypoit o nanasiM 1999 roga coyrauka COBE (COsmic Background
Explorer) Ty = 2.7277 + 0.002 K (yposenb namexsHocTu Beiue 95 %
— BTO caMoe TOYHOe HaOIIONEeHNEe BO BCEHl KOCMOJIOTHUU) U IIOAYUHSI-
eTCsl BCeM ero 3akoHaM. B cooTBeTcTBUE ¢ 3aKOHOM cMeleHus: Buna
pacrosaraeTcst ero MakCUMyM Vma, = 1.604 - 1011 1/¢, uto cooTmeT-
creyet gmnuse BOiHEL 1.870 mm. Oyukuusa [Inanka, npencrasiennas e-
pe3 IJINHBI BOJIH, UMEeeT MAKCUMyM Ha Apax = 1.062 mm, coorBeTcTBy-
IoIIas 9acTOTa (OTIMIAIOMASCS OT Vpax) paBHa 2.822- 10 1/c. Touka
B CIIEKTPE, PA3AEIISIONIAS KOTINIECTBO CIEK TPATIEHOTO U3JTY U€HUSI TIOO-
nam, umeeT gactory 1.9910 - 101 1/c u maumy Bommsr 1.506 M.

Kounenrpamnus pesukTOBLIX (HOTOHOB C YKA3AHHON TEMIIEPATY-
poit pasra 872.404(Tokg/ch)® = 411.7 1/cm®, mnotHOCTHL UX TOT-
HOIl sHepruu coryiacHo (opmyne Credpama—BonbiMana cocTasBisieT
(87°kp /15R3c3) Ty = 4.188 - 10713 spe/ea® (wmm 0.25 5B/cu®), uro
COOTBETCTBYeT mwioTHOCTH Maccel 4.659 - 1073* 2/cu?. IlmoTHOCTS 5H-
Tpornuu Taxoro GoTOHHOTO raza pasHa 2.047 - 10713 2/(cm K).

W3 manubix Tabnunsl, M3BIEUEHHON U3 KHUTY [5], cilenyer, 4To mo
IJIOTHOCTY SHEPrUM U B OCOOEHHOCTHU MO KOHueHTpamuu ¢oronos PU
[AJIEKO MPEBOCXOMUT BCE APyrue (GOHOBLIE U3IyUEHUs, T.€e. 3TO OCHOB-
Hasl (OpMa CYIIIECTBOBAHUS U3JTyUEHNS] B COBDEMEHHOI BcemeHHoil.



@DOHOBEIE U3TYyUYEHUS U UX CBOUCTBA

IImoraoCTH Konuenrpamus
Huamazon SHEpruu, doronoB,
aB/cm® 1/cm?

L TIHHOBOTHOBBII
pamuo ~ 1077 ~1
CanTumMeTpoBslil 1
MmtuMerposeii (PH) 0.25 400
MNudpaxpacHbIx ~ 1072 ~1
Onruueckmit ~3-107° ~1073
Msarkwuit peHTIe-
HoBCKmit (< 1 K9B) 107°+107* | 3-107% = 1078
2KecTkuir perrre-
HOBCKMi (< 1 %3DB) 10~* 3-107°
Msrkuit ramMma
(1+6 MaB) <107° <3-10712
2KecTknuit ramMma
(> 10 M>sB) <1078 <1072

W3nyuenne, Kak yxKe TOBOPUIIOCH, B BEICOKOM CTEIEHU U30TPOIHO.
Omnnako, kax GbUITO OpencKasaHo [26, 77|, mMeeTcs AUMONbHAS AHU30-

v
rpomus T = Typ(1 + — cosd). Hamnyumee npubnmkenue k Habione-
¢

HUSIM OaeT ounoiabHeldn mMoMeHT 3.343 + 0.016 wmxK B mHampaBieHuun
a = 112" 6§ = —7° um | = (264.4 £ 0.3)°,b = (48.4 + 0.5)°. Ilo-
cjie ucnpasiieHns 3a nBumxkenue 3emau BOKpyr Comuna, CornHa BOKpYT
neHTpa ['ajaxkTuku un ["'anax Tk no OTHOIIEHUIO K IEHTPY Macc Mect-
woit ['pynmer monywaercs, uro Mectuas I'pynma rajgakTuk OBUXKETCS
co ckopocTeio 627 + 22 xm/c no ormomwenuto k PU B manpasienun
I = (276 £ 3)°, b = (30 £ 3)°. [loneITKY OLpENEINTH HANDPABICHUE U
CKOpOCTL nmBuKeHUss MecTHoll ['pynnel oTHOCUTENBHO Opyrux, 60see
VIOAJIEHHBIX, TAJIAKTUK U CKOIJICHWI TaJIAKTUK HAJIN TPOTUBOPEUNBHIE
pe3yiIbTaTH.

Yxkasaunasre anuzorponuu hakTudecku He oTHocsTes k PU, a Bos-
HUKAIOT U3-33 OBUXKEHUSI CUCTEMBI OTCUYE€Ta OTHOCUTEIHEHO TOr0 MU3ILy-
uenus. Takum obpazom, PU urpaer pons sdpupa.

Bonee unTepecen u TpymeH BOIPOC O COOCTBEHHON aHU30TPOINAN
PEeIuKTOBOrO GoHA. DTa AHU30TPONUS HAPSIAY C OTKIIOHEHUSMU OT Uep-
HOTEJILHOIO PACIIPeIesIeHns HeceT OOIMIpHyo nHbOopManuon o6 ncropun
Bcenennoii.



Opranmn3oBaTs HAOMIOOEHUS B PAMNOMNANIA30HE Ha, MHOTUX TACTO-
TaX YPe3BLIYANHO TPYIHO, IOATOMY HAOIIOOATETN COCPEOOTOUNINCH HA
HaOTIOOEHUAX UMeHHO aHu30Tponuu PU, KoTophie MOXHO OCYIIIECTBUTE
HA OIHOM TeJIeCKOIIE.

§ 2. AHU3O0TpONUS PEJIMKTOBOrO M3JIyYeHUs

1. Uctounuku anmsorponuu PU. Cunraercs, aTo aHU30TpPO-
ISl BEI3BIBAETCSI HEOMHOPOMHOCTSIMY B PACIPENETIEHNN MATEPUN B PAH-
HIOIO BIOXY paciiunpenus Bceemennoit. Bece 5Tu HEOTHOPOIHOCTH MAJIbI
HA HAJYAJIBHBIX HTamax pacumupenus. Hekoropee u3 HuUX pacTyT, 4TO
[PUBOAUT K 0OPA30BAHUIO KPYIHOMACIITAOHBIX CTPYKTYP Beenennoit u
otpaxkaercs Ha PU, mopoxmnas ero aHU30TPOMUI0 U UCKAXKEHUsS CITEK-
Tpa. OTU OTKJIOHEHUs OT CPENHEr0 CUJILHO 3aMBIBAIOTCS B DIIOXU, KO-
roa Bcemennas ropsuas. OmHAKO mpu ee OCTHLIBAHUU O TEMIEPATYD
nopsanka 4000 + 2700 K (Bpems oT Hawaia pacumpenus ~ 10° jet),
korna KpacHoe cmertenue 2 ~ 1500 < 1000, mpoucxonuT, KaK yKe TOBO-
puiock, pekoMOuHanWs BellecTBa u obpasoBanue aromoB. [locse sToro
OTHEIUBIIIEECS OT BEIIECTBA, U3JIyUYEHNE C HIM AKTUBHO HE B3aUMOIEH-
crByeT. OT 5m0oXy peKOMOMHAIIMKM [0 HAC MOXOOUT U3JIyUYEHUE MOYTHU
cBOOOMHO, 1 Ha HEM OCTAIOTCS BO3MYIIEHNUS, CYLIECTBOBABIINE 0 U B
TeJYeHNe SIOXU PEKOMOUHAIINN.

Taxum o6pa3oM, 5mMoxa PEKOMOUHAIINNT — 3TO MMOCIETHUA IePUOT
B ucTopuu ropsiueir Beemenuoir, korma (GOTOHBI UCHBITHIBAJIN PACCEsI-
HIE HA, OCTABIINXCS CBOOOMHBIMU 3IEKTPOHAX. B KOHIIE 5TOR Hmoxu, Ha,
KPaCHOM CMeIeHnn mopsanka z ~ 10% pacrosoxken chepiraeckmit ¢ioit,
KOTOPBIN HA3LIBAIOT 30HON IIOCIeqHEro paccessuust. IMEHHO ¢ 5TO# 30HBL
arusorpornus PU Hecer mubOpMAaINNO O COCTOSHAN MATEPUU B PAHHUE
nepuonsl ucropun Beemennoit. Tak kak PU ceituac mabmonaercs B pa-
OMONUAIA30He, TO €r0 aHN30TPONUIO BLIPAXKAIOT Yepe3 OTHOIIEHNE aH-
TEHHBIX TeMIepaTyp Bo3MyleHus u ¢ona: ot = AT/T.

B Teopuu obcyxmaroTcs HECKOIBKO TUIIOB MCTOYHUKOB aHU30TPO-
nuu PU. B ocmoBe nexur tak HasbiBaemas Teopus unbsauumu (cM.,
manpumep, [56]). B pesynbrare madssunu, T.e. 6bICTPOro pacimupe-
Hus Bcemennoit 3a mepenle 10™** ¢, BO3HMKAIOT KBAHTOBBIE (BIYKTY-
annu pa3nuuHbIX nosei. O6pasyronmecs THQIIAIMOHHBE “My3BIPBKIL’
OIIPENessIIoT B KOHEYHOM CUeTe YIJIOBYIO 3aBUCUMOCTD U [TOJISIPU3AIINIO
PEIMKTOBOrO M3rydeHus [18].

BepkuBmue ¢uykTyanuu B 50Xy MIOCIEOHENO PACCESHUS [IPOSIB-
msoTes B cnenyomeM (eM. [5, 11, 56]).



1) ®nyxryanuu AP B rpaBuTamonEoM norenmuaie P (sddexT
Caxca—Bonbha, 1967). DTor sddhexT mmeer mBa npossieHus. Bo-
NEPBBIX, YBEIUYEHUE TPABUTAIMOHHOIO TIOTEHIINAIIA, BBI3EIBAET IOMOII-
HUTEILHOE TIOKPACHEHNE (DOTOHOB, YTO PABHOCHIILHO YBEIMIEHNIO KPAC-
HOTO CMEIIeHIS W TeMIepaTypul, Tak uto o7 = Ad/c?. Bo-Brophrx,
OHO MPUBOMUT K 3aMEIJICHIIO TEUEHNsI BDEMEHU B 30HE MOCIIEMIHErO Pac-
cesHIs TOTO ke mopsanka, T.e. At/t = A®/c?. Ilas oneHOK MOXKHO
OPUHATH, YTO OCYIIECTBIISIETCS IOCKas Momenib dpunmana, coriacHo
KoTopoit pamumyc kpusmsnsl R o t2/3, Tak xax T o« 1/R o< t~2/3, 1o
or = —(2/3)A®/c%. Ddpdext Cakca—Bonbda sanaercs kombuHanueit
nByx mpuseneHHEX dopmyit: ot = (1/3)Ad/c2.

2) Anuabaruueckue QIIyKTYallud IIOTHOCTU BEIIECTBA W U3JLy-
YeHus, T.e. oOpa3oBaHUe YINIOTHEHUN M pa3pexeHny 0e3 M3MeHEeHUs
OTHOIIEHNUS] IUCIIA PA3HBIX YACTHUI 7; U POTOHOB N. OT MACIITAGHOTO
dakTopa (panuyca KPUBU3HBL) KOHIEHTPALMA STUX BEJININHBL 3ABUCAT
onuHAKoBO: N, < 1/R3 n; oc 1/R3, MIOTHOCTH e UX — MO-PA3HOMY:
pi < 1/R3 oc T3, p, x 1/R* oc T*. TlosTOMy A ammabaTHIecKUX
Bo3MyIeHnit naotHocTu ot = (1/3)Ap/p.

3) Durponuitase BosMmyIeHns AS, BHIPAKAIINECS B N3MEHEHIN
OTHOCUTENIBHEIX KOHIEHTpammii gactur n ¢hoToHoB. Takme BO3MyIIe-
HUS MOTYT PaCCACBIBATHCS JIUIIL 38 C9eT Auddy3un, KOTOPAs ABIIAETCS
HEOOPATUMBIM MPOIECCOM. TakK KaK SHTPOMUS M3JLy4YeHUs MPOIOPIIO-
naneHa 12, o 61 = (1/3)AS/S.

4) OTHOCUTEBHBIE NBIKEHUS OTHEIBHBIX 3JIEMEHTOB BEIIECTBA,
CO3IAIOIIAE NOIIEPOBCKHME CMEITIEHN B CIEKTPE, PA3INIHLIE B PA3INT-
HBIX HALPABIIEHUAX. 30eCh O ~ ¥p/c¢, Te vy — IPOEKUusl CKOPOCTU Ha
JIyd 3pPEHus, T.e. PAAUaIbHAsS CKOPOCTb.

Bo3Mylmenus miIoTHOCTY BO3HUKAKOT, B YACTHOCTHY, B BUIE 3BYKO-
BBIX BOJIH, PACIPOCTPAHSIONINXCS B BEIIECTBE C PA3IIUYHBIMU UYACTO-
TaMu U ammaTynaMu. Takue KomeOaHus ObLIA BIEPBHIE BBENEHLI B
teopuio A. IT. CaxaposbiM [12] 1 HA3BIBAIOTCS CAXAPOBCKUMU.

OBomonus Bo3MyeHnit n nx orpaxkenue Ha PU paccunThiBaroTcs
KaK B JIMHENHOM, TaK U B HETMHEHHOM HpUOIIKeHnsIx [43].

2. AHu3oTponus Manbix MaciiTabos. Ilockonbky Mbl HAOTIO-
maeM He0O KaK MOBEPXHOCTDL chephl, aHM30TPOmuio Temueparypsl PU
paccMaTpUBAIOT KaK GYHKINIO HAIPABIIEHNUS.

Paznuuaror agu3oTponunn pa3jmdHOro Macuiraba: B yrjax oT ce-
KYHI IO IeCATKOB rpanycos. [Ipn paccMoTpeHnr aHN30TPONNY B MAJTBIX
macurrabax (yriasr mMenbinue 1') meGecHyo chepy CUMTAIT INIOCKON 1
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PACKIAOBIBAIOT OTKJIOHEHUs B mHTerpasitl Oypbe mo mByM mepeMeH-
HBIM.

[TycTb Temeckon HAOMIOOAET YIACTOK HeOA B HEKOTOPOM HAIIPABJIE-
HUU U B TEJIECHOM YTJIe C MAJILIM yIJyIoM pacTBopa 6. [Ipumem, uro mo-
JIAPHBIA yTOJI  OTCUUTHIBAETCS OT HAIIPABIICHUs HAOIIONEHUs, a “a3u-

MyT” ¢ — OT HEKOTOpOro BbImeJIeHHOro ‘Mepuamana’. Hpyroi crmo-
co0 3amaHus TOYKW B BHIODAHHOM Kpyre Ha HeOGecHOU chepe — “me-
KapTOBLI” KOOPAUHATHL BekTOpa © = (6, 6,). OObuHO mpemmosara-

€TCsl, 9TO OTHOCUTEIbHAS GQIIyKTYalus He 3aBUCUT OT a3uUMyTa @, T.e€.

g

51(0) = o1(9).
Haitmem mpu croesiaHHOM IIPEdNoJIOKEeHNN OBYMEPHOEe IIpeobpaso-
BaHne dypne B yKa3aHHOM KpyTe:
. 1 s N
SRy =g [ eROdes®) = 5r(k) -
0
NGE

27T 6o

fo
:Oiz / dp / b’ > 26r(9) = 2—” / 0d05+(0)Jo(K6), (1)
0 0
0 0 0

rue GecceneBa GyHKIMs HyIeBOro mopsanka Jo(z) — mepsas u3 ux ce-
MeCcTBa 2m

J,,(Z) 1 / eiz cos ¢—iu¢d¢. (2)

" 2r
0

Taxum o6paszom, npeobpazosanune Oypbe Opu He 3aBUCAIIEN OT a3W-
MyTa (YHKOIUU CBOOWTCS K IPEOOpPa3OBAaHUIO ['aHKENns HylIeBoro Io-
PAOKa, KOTOPOE TAaK¥Ke 3aBUCUT TOJBKO OT MOMYJIs MapamMeTpa mpe-
obpasoBauus K.

O6partuenue mpeobpa3oBaHUs

or(®) = (2075)2 /e_ikégT(K)CFK =45(0) =
2w oo .

:%/ d*P/ e I P () K IS =§ Jo(K6)dr (K)KdK. (3)
0 0 0

3necy npeobpasosanune op(K) obnamaer TakKuM CBONCTBOM, YTO HPU
f > Ay aBTOMATUYECKN MOy 9aeTCs Hyilb. [lo3TOMY (GOPMAILHO MOXKHO
HANUCATD

11



- 1 g
or(K) = 55 / eBO51(0)d%0, (4)
0

rZle mHTErpam GepeTes Mo BCel MIOCKOCTH O. AHATOTMYHO, 1 B MHTe-
rpaJie (3) mon © MOXHO HOLpa3yMeBaTh JIIOOYI0 TOUKY ILIIOCKOCTH.
[IpuBenem mpocTOl MILIIOCTPATUBHEI mpuMep. [lycTs B KpyTe pa-
ouycoM 6 arusorponus nocrosusa: ot = 1. Torma (cm. [1, 6.561.5.])
fo
. 27
Or(K) = —5 [ Jo(K0)0df = —J1 (K6y). (5)
63 Kb,
0

O6patHoe mpeoGpasoBanue coriacHo Gopmyie 6.512.3. us [1]

" oo 1 mpu 6<6,
2
sr(0) =502 /JO(KQ)Jl(KGO)dK L pn 0=6,, (6)
2 00 2
0 0 mpu 6>06,

T.e. cama GyHKOUs (C IOIOBUHHBIM 3HAYEHUEM B TOYKE PA3PBIBA).
O6b19HO BBOOAT (DYHKUINIO

2

; (7)

[IPENCTABIIAIONIYIO COOOM TaK HA3BIBAEMBIN CIEKTDP MOIIHOCTH.

B Teopun mpeobpaszoBaHUit HAXOOIT €Ilie ONHY (YHKITNIO, KOTOPAs
HA3BIBAETCS IBYXTOUEYHON KOPPETAINOHHON (GyHKIINEN U OIPEenesieTCs
paBeHCTBaMU

T*(K) = °K2 3e()

_,

C®) = (Gr( DO + ) = 5 / P (B)5: (6 +9).  (8)

Ora QyHKIUsS BBIpaXKaeTcsa 4Yepe3 MHTErpaj OT CIEKTPa MOLIHOCTH.
IleficTBUTEIBHO,

o 012 ! /dz /ﬂm de/ R(5+6)§s (N 2K =
7T

1 6 [x R 7 S
= Z @ /5T(K)d2K/e * (KK (21)26(K — K') =

27T 6o
- 2 2 ) - 2
6T(K)‘ 2K = (;Toy/d@/e”wco”’ ‘6T(K)‘ KdK =

0
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/ 52(K) Jg KO)KdK = / T(K)Jo(K6) )

3. AEm3oTponusa GoabIux macimrTaboB. B Teopun anuzorpo-
nuu PU B macmmTabax Bcero He6a IPUHSITO PACKITAOBIBATH OTKIOHEHU S
AHTEHHOW TEeMNEepaTyPHl M0 HOPMUPOBAHHBIM CHEPUYIECKIM TapPMOHU-

KaM:
Sr() =Y armYim(9, ), (10)
IL,m

roe 0 u ¢ — 3eHUTHBIN YOI U A3UMYT eMUHUIHOTO BEKTOPA HAIIPABIIE-
HUs 7l B HEKOTOPOU cucreme orcuyera. Koppemsiuuonuas GyHKIus 5TUX

OTKITOHeHMit (1) = (67(70)) o1 (iTh)) =

C
— 1 d2 ! d2 I6 —/ 6* —/ 2(5 =1 =/ 11
= (472 ny ny 0 (1)) 67 (715) 20 (1 7ty — ), (11)
roe jt = fi173, BEIPAXKAETCS 4epe3 KBAAPATHI MyJIbTUIOILHBIX MOMEH-
TOB Q] l

1
= EZG?PI(M% ai = > luml (12)
I :

HeiicrBurensuo, noncrasuM B (11) pasnoxeHuwe menbra-QyHKIUM O
MuorousrleHaMm Jlexannpa © o1
S — 1) = Y o= P Pi(k) (13)
1=0
u pasnoxenus ¢yukuuu (10), npudyem ciaraeMble B Da3lOKEHUU [Ep-
BOTO MHOXKUTENIS IJIs1 yIOOCTBA BO3LMEM KOMIITIEKCHO CONPSIKEHHBIMIU
(4TO MOXKHO BBUIY BEIIECTBEHHOCTU CyMMEI). I[lomyanm

1 o0
C10= 1g2 2L+ DA [ [ 1 3, Vi, (1,0)
=0

l1,mq

> 1y oy Yia m (62, 02) Pr(cos By cos By +sin 6y sin 6 cos(p1 —¢p2)). (14)

l2, m2

Hanee, MOICTABUM B MOIYUYEHHYIO TPOMHYIO CyMMY (HOPMYJITY CIIOKEHUS
st MHOTOUNTeHOB Jlexkaumpa

P;(cos by cos By + sin b sin 05 cos(pr — ¢2)) =

4dr

21+1 Z Yim(01,01)Y15, (62, 02). (15)
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BcemencTBue opToroHanbHOCTH chepruecknX GYHKINGR 006a MHTErpaIa
[0 HANpPABJIEHUSIM OepyTcs, CyMMBI IO OYKBaM C MHOEKCAMM BBIYUCIIS-
1oTcst 1 paBeHCTBO (14) ceonures k (12).

Boo6trie roBopst, mpuynH BO3SHUKHOBEHNS AHU30T PO MHOTO. ITo-
STOMY HAJ[IO €Il YCPEOHUTH, KAK TOBOPST, [0 CTATUCTUIECKOMY aHCAM-
6mro peanu3anuit Bo3myiernit PU, 1. e. HaliTn

1
2l+1

Cr = (larm|*) = (lad]?). (16)

4. OCHOBHasI XapaKTepHCTUKa aHm3oTpomnu. Bemnunsusl C)
MOLYT CIIyHTb XapakTepucTuxamu anmsorpornn PU. Ommako gaime
ICIIONB3yeTCs. OPYras BeIMYMHA, CBA3aHHAS € (), a HMEHHO CIEKTD
MOLIIHOCTH
(Il +1)C,

2r

Mpoussenenue [(1 4+ 1) = (I +1/2)% — 1/4, wo 1/4 mana mpu 6ombimx |
I ee OIIyCKAaloT.

Mokaxewm, uro npu Gonpmux | 1 Manbix yriaax 6 dyakous (17)
COBIIANAET C ONPENEeeHHON Bbiuie 1y Manbix yrios (7). Hus sToro
HAM TOHAIOOSITCS HEKOTOPBIE MOMOIHUTEIbHBIE (OPMYJIHL.

T2l +1/2) = (17)

1
IIycts [ > 1, # K 1, a npoussenenue (l + 5) f npousBoabuO. B

ypaBHeHuu niisi MHOrowieHos Jlexaunnpa w = Pj(cosf)

Pw  cosh dw
W‘i—mwﬁ-l(l-Fl)’w—o (18)

.6
coemaeM 3aMeHy He3aBucuMoll mepeMensoit y = (21 + 1) sin ok

2 2 2
Y d w y 1 dw 1 _
(1 <2l+1>2> dy“(l 3(21+1>2>ydy+<1 (21+1>2>w‘°' (19)

IIpu Gonpiux | cnaraembie B CKOOKaX MOXHO OTKHHYTH, TOTIA yPaB-
HEHNe TepeineT B ypaBHeHUe njs OecceseBbIX (PYHKIINHM HYJIEBOTO II0-
panka. Tak kak npu 6 = 0 3uauenue muorousena Jlexaunpa P(1) = 1,
To mamo npunats P(1 — 62/2) = Jo((I + 1/2)6). Torma npu 6 < 1
BOCIIOJIb3YEMCS 3TUM COOTHOIIIEHUEM, IIepeiineM OT CYMMUPOBAHUS IO
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| K UHTErpUPOBAHUIO U CHEIAEM 3aMEHY MMEPEMEHHON WHTErPUPOBAHUS
K =1+ 1/2. B pesymbrare monyunm

C(cosa):c<1——> - Zal2p,< _§> N

~ /a?Jo((lJr 1200l = 4 /(21 + DG ((+1/2)8)dl =

_ %/1(17;1)(2l+1)Jo((l+1/2)9)611:/72([()‘]0(”)%(’ (20

4TO coBmamaer ¢ Gopmyson (9) mima MajBIX yrioB. 3aMETHM, 4TO HC-
xons u3 ypasHeHus (19) MCHONB30BaHHOE ACHMITOTHYECKOE COOTHO-
IeHne MeXIy MHorowieHaMmu Jlexannpa n Gyuknuein Beccens MOXHO
YTOUHUTD, ecn npeactasuthb P (1 — 62 /2) B Bume pasmoxeHns mo cre-
nersm 1/(1 +1/2)2.

IMocMOTpUM, UTO MOIYUUTCS, €CIIU IPUHATDH, YTO BeanduHa (17)
ue 3asucut ot [. Torma

2w > 6
l(l+1)T - l(l+1)02' (21)

C =

Takxum K03hOUIIEHTAM COOTBETCTBYET KOPPETSIINOHHAS DYHKIINS

3C 2H—1 30
2; 5 z P +zl+—lpl W) (22)

3mech CyMMBI PACIPOCTPAHEHBI HA BCE HECUHTYJISIPHBIE MOJIOKUTEIb-

HBIE 3HAUYEHUs HOMepa . DTH CyMMBI MOXHO HANTIH, €CIIA BOCIOIB30-
BaTbCs popmynamu 8.926.1. u 8.926.2. u3 [1]. Torna nomyuaercs yHk-
I, MOHOTOHHO BO3PACTAOLIAs OT Hys mpu p = —1 mo oo mpu p = 1:

2
L—p

Cp) = i02 In (23)
2T

Ha mpaxktuke 7 coBceM He MOCTOsHHAs. OTa (QYHKIUS UMEET
HECKOITbKO MAaKCHUMyMOB W MHUHUMYMOB. MaKCHMyMBI NpPOU3BENCHMUS
I(I + 1)C; mpuxomsarcsa na rapmoHuku ¢ HoMmepamu mopsnka 200-300,
YTO KaK Pa3 U OTPaKaeT MeIKuil MacimTab anm3orponuu. MMeHHo 5T0
OPOM3BENEHNE PACCIMTHLIBAIOT TEOPETUKH W IOy IAI0T W3 HAGIIIONCHMI
PAIIOACTPOHOMBIL.
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5. Tpymmoctu usmepenus aHuzorpornuu PUM. Ocuouas
TPYOHOCTH — OYEHBb MAJIasl BEIIMUMHA, DTOU AHU3OTPOMUU. DT TPYI-
HOCTBH TOCTENEHHO MTPEOOOTIEBACTCS MOBBIIIIEHNEM TOYHOCTU HAOITIOMmE-
HUH.

dlcHo, uTo HaOMIOmAaeMas AHU3OTPOIUS SABIISIETCSA KyMY/ISITUBHONR
BenuuuHOl, T.e. 07 (7) momy4yaeTcs B pe3ynbTaTe UHTErPUPOBAHUS
BIOJIb JIyYa 3PEHUS 3aBUCSIIIETO OT MIPOCTPAHCTBEHHBIX KOOPAWHAT OT-
kionenus temneparypsl AT (F), KOTOpOil B pAauoacTPOMUN XapaKTe-
pU3YIOT MHTEHCUBHOCTD U3IyueHus. [Ipu 5ToM HEOOXOMUMO yUIeCTh II0-
[JIOIIIEHNE U3JIyJeHUs, T. €.

AT@%:/AT@@”W. (24)

H1st BEIYBCIIEHNSI HHTErPaia HeOOXOAUMO HANTH CBSI3b MEXKIY IeOMeT-
PUYECKUM " X ONTUYIECKNM T PACCTOSHUSIMU OT JAHHOTO MECTA IO MECTa
HaOIIOOEeHNs, KOTOPYIo B nuddepeHnnaabHol GopMe MOXKHO MPencTa-
BUTH TaK:

e "dr =W (r)dr. (25)

Torna unrerpan (24) nepenuuiercs B Bume
o0
Aﬂm:/Aﬂmwmw. (26)
0

B ob6macTsax panuamuoHHO HOMUHUPOBAHHOW IIIIA3MBI BCE BEIle-
CTBO MOHM30BAHO U TO3TOMY NPO3PAYHO mjis udiayuerus. [Ipu kpacHbix
cMmereHnaX z < 10+ 25 Mexramak THIeCKIH BOTOPON TaKKe MOHU30BAH
B PE3yIbTATEe BTOPUIHON MOHU3AIMNYN BBHICOKOYACTOTHBIM U3ITYUECHUEM
00pa3yrommxcsl 3BE3M, TFaJaKTUK U KBa3apoB. CyIIIECTBEHHO HEIPO-
3pavHO BEIIECTBO HA PACCTOSHUAX, TAE BONOPON B OCHOBHOM HEHTpa-
7geH. DTo o6IACTh TeX KPACHBIX CMEIIEHU, KOTOPLIE COOTBETCTBYIOT
smoxe pekombuuammu. O603HAYNM YEPe3 T'ree PACCTOSIHUE, HA KOTOPOM
MOHU3ANNS BOAOPOMA HANMEHBIIIAS.

OOGBLIYHO MPennoIaraeTcs, 9To Ta 00IaCTh MO0 GECKOHEYHO TOH-
kass u W(r) = 0((r — rrec)/0y), 1ubO uMeeT rayccoBy CTPYKTYDY, T.e€.

1 (r—r 2 o2
W(’r‘) = —27_[_0_ e ( ree) /(2 r)‘ (27)
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CornacHo MonersiM pekoMGuHAImMn (CM., HampuMep, [56]) crenyer mpu-
HaTh 0, = 10 Mnx, a rrec = 7'(2rec), T

r(z) =2

C z
Hovitz(WVitz+1)

BBunmy 60mBIIIOrO KpaCHOTO CMEIIEHUST AIOXU PEKOMOWHAIINU HTO Pac-
CTOSIHIE MaJIO0 OTINYAETCS OT PACCTOSHUSI O TOPU30HTA, OTBEYAIOIIIErO
3HAUEHUIO 7 = 00, T.e. & 3 - 1028 cm = 10* Mnx.

WNHuTepecHo HARTH 3aBUCUMOCTE T OT 1. IHTEerpupys COOTHOIIEHE
(25) npu ycnosuu, uro npu r = 0 u onruueckoe paccrosuue 7 = 0,
MOJIYyYAEM UCKOMYIO CBSI3b :

(28)

l—e 7= /W(r')dr'. (29)

0

B ciayuae 6eCKOHEYHO TOHKOTO CJIOs ITOTJIOIIEHNS ONTUYIECKAs TOMIITITHA
MEHSETCS CKAYKOM, & B CIydae rayCCOBa PacCIpeneaeHns

1 r 2 2 r—r T
leme b [ /20?4 <_> P < ) (30
AV 27T0r 0/ Or Or ( )

roe ®(z) — dysxumsa ommGok. OTCONAa HAXOOUM IS HTOTO CIIydast
ABHYIO 3aBICHMOCTD OITHYECKOrO PACCTOSHUS OT T€OMETPIIECKOrO
1
7=In (31)

1= ®((r — reec)/or) — q’(rrec/o'r)-

Ha myTn ot smoxn pekoMOMHAIIIE N0 COBPEMEHHOTO HAOIIONATE S
PH moxker nckaxarbcs erre psiomoM GaxTOpPOB.

VckaxeHne MOXKET IpOU30UTH, €C/INA HA, Ty TH U3JTy9IeHUs U3 OMpe-
NeJIEHHOTO HANPABJIEHUSI OHO BCTPETUT GOTraTOe CKOIJICHUE TaJIaKTHUK.
Torma PU pacceuBaeTcst Ha ropsideM rase, HAXOMSIIEMCS B CKOILIEHUN
(addext 3enbnoBuua—CrousaeBa), 0 4eM 1onpobHO roBoputTcs B §4, a
TAKXKe NCKAXKAETCA 33 CIeT M3MEHUBIIErOCS CO BPEMEHEM JIOKAIBLHOTO
rPaBUTAIMOHHOTO MOTEHIINAIA B TOM K€ CKOMJICHUN BCIICACTBHIE CKYIl-
BaHus ramaktuk (sbdext Puca—Ilamsr) [23]. OTu sbdexTr yIuTH-
BAIOTCS U BHOCATCS MOMPABKI.

HononEuTeNnbHAS SHEPrUs BBIOEASETCS MPU 00pasoBaHum 0osee
MEJIKIX, BHY TPUTATAKTUIECKAX CTPYKTYD, B YACTHOCTHU B JIMHUSAX BO-
nopora [2], a Tak:ke Ipu acconuanuy aToMoB B Moneky sl [30, 20], camas
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pacnpocTpanenHas u3 xkoTopeix LiH. DTu BosMyIeHus eire mMeHsbire,

OHHI uMeoT Hopsamok ~ 1078 + 107%, Ho Bo3HMKIM OHN mpu MeHbITIX
KPACHBIX CMEIIEHUSX.

LiH ksTene o bl A
— O m /<>\ Ap
. s N AS

Puc 1. Cxema pacupocrparenus PY or 30HBI nOCIEOHEr0 paccesHus
K HabJII0IaTemo.

Ha puc. 1 cxemaTuyHO mM300paxKeHO, KaK ME€PEUNCIEHHBIE BEIIIE
dnykryanun nepeHocsTcs PU oT snmoxm pekomMOmHANMM OO COBpEMEH-
HOCTU, X YKa3aHBI [IOMEXU, KOTOPLIE NOMOJIHUTEILHO UCKAXKAIOT PEIIK-
TOBBII (DOH Ha HTOM IyTH (CXeMa 3aMMCTBOBaHA U3 KHUrH [56]).

OxkaseiBaer Bnusaue Ha PU u coBpeMeHHOE BellecTBO, HAXOMSIIE-
ecs B Hamrein ['amakTuke u Opyrux rajlakTUKaX, HAIPUMeED, MEXK3Be3I-
Has neTh. HakoHen, HAOMIONEHNS TOMKHBLI OCBOOOXKIATHCSI OT UCKAXKe-
HHUI OUarpaMMON HAIIPABIEHHOCTU TeJIeCKOINA.

6. HaGsronenus. 3apeructpupoBars anuzorponuio PY nonro ue
ynaBasocsk. CTABWINCE UL BEPXHUE IPEHETHL ee.

Orkpemsarenu PU onesunu ot < 10 %. Ilepsule TeopeTuyeckue
OLICHKM OKa3a/iCh CUIBHO 3aBbumeHsbivm: 1072 [69] n 1073 [75]. Ha-
GmromaTenu maBanu Tonbko Bepxuue ouenku [10]. ITocie moebimenus
YYBCTBUTENLHOCTU MPUEMHUKOB TEOPETHUKM CHEIAIM 0Oee aKKypar-
HEIE pacyeTsl u oneHmtn o7 ~ 2 - 107° + 107* [58, 3 u mp].

[TepBas peructpamus aruzoTponuu mpousoniia B 1992 rony mpu-
6opom DMR, (Differential Microwave Radiometer), ycraHoBieHHEIM Ha
cunytuuke COBE. Okasanoce, uyro ér ~ 30 mxK ma yrmax > 7°. Ta-
Kne QIIyKTyarun, KaK CUUTAETCS, OCTAINCH KAK PENMKTHEl HAYAJILHEIX
ycaosuii Bonbimoro Baprisa. B 0630pe 1994 rona [81] roBopuiiocs, uro
MBI HAXOMUMCSI HA TPAHU KBAHTOBOI'O CKAUKA K BBISICHEHWUIO AHU30TPO-
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nuu PU u BeIOopy kocmomoruydeckoit monenu. Ha cpennem macmrrabe 1°
6BLT0 TOMydIeHo o1 ~ 107°. DTu GIyKTyanny OpUIICHBAIOTCSA OCTAT-
KaM HEOMHOPOMNHOCTEN, TPUBEAIIMX K OOpPA30BAHUIO CAMBIX OOJIBIIIIX
CTPYKTYP COBpeMeHHOCTHU pa3mepamu nopsaka < 50 Mnxk.

B macrosiimee BpeMsi mpemupuHsATa MOIIHAS aTaka [0 HAOIO-
IEHUsSM aHU30Tponuu. Fe m3MEepsoT Ha HA3EMHBIX DAIUOTENIeCKOIaX
B MuinMeTpoBoM muama3oHe (mpoekTwsl SP, Python, White Dish,
Tenerife u mp., cMm. Hanpumep, [68]) u MeTomoM uHTEpdEpoMeTpUE C
6asamu nopsinka pasmepos 3emiu (mpoextor DASI, CAT, VSA, Jodrel
Bank). Ewe onus meTon — 3amyck DoirokuBymnx 6ajuioHOB ([IPOEK T
MAXIMA-1, TopHat u np.) Bannon npoekra BOOMERANG neran 10
nueit man FOxubiM nomocom. U, koHewHO, HAGMIONEHNS aHU30TPONUN
P BenmyTcs co cmemumanbHO 3aIyCKAE€MBIX IJIsL ATOrO cIyTHHKOB. Ilo-
CJIEMHUM BBHIIENININM HA OpouTy Okoyio Touku Jlarpamxa Lo Mexmy
Bemseir u ConmHueMm TakuMm coyTHuKOM okasascs MAP (Microwave
Anisotropy Probe), xoropsiii Bener usmeperus B 5 qacrorax or 22 mo
90 I'T'y. l'oroBuTcs ¥ 3anycky B 2007 romy cmytauk Planck. Ou 6yner
Ipou3BOAUTEL u3Mepenus B 9 wactorax ot 20 no 800 ['['y, mpuuem uyB-
CTBUTENIBHOCTE ero annaparypsl oymer B 1000 pa3 Beimre, uem y COBE,
a yrJoBOE pa3speleHne IOCTUrHeT = 4 yrioBeix MuHyT. [lonpobuee 06
9TUX YKCIEPUMEHTAX MOXKHO IIPOYUTATH B 0030pe [33].

Ha puc. 2 npusenessr TeopeTudeckue KPUBbIe U JAHHBIE HAOIOOE-
HUI pa3iuuHbIMu TpubopaMu Benuuaunsbl 7 (bopMyna (17)) xkak GyHK-
uuu [. Ha puc. 2,a mpencrasieHa TEOPETUUECKAS KPUBAS, PACCUNTAH-
HAsl [JIS1 TIJIOCKOM KOCMOJIOTMTYECKON MOLEIIN CO CIIeMYIOIIUMU JOIISIMU OT
KPUTHUYECKON IIIOTHOCTH: A0t 6apuonos (), =0.02, TeMHOrO BelecTBa
Qcpm = 0.28 u xocmommoruueckoro Bakyyma 2y = 0.7. Ha puc. 2,6 o6e
TeopeTuueckue KpuBble cooTBeTcTBYIOT (), = 0.05 u miockoit Mmonenu,
HO PA3JINYHBLIM 3HAUEHUSM OPYTUX HapamMeTpoB. IlyHKTUpHAS KpuBas
noctpoena oy Qopy =0.95 1 Q4 =0, B TO BpeMs KaK CIJIONTHAS — MIJIs
Qcpm =0.35 1 Q4 =0.60. Habniomaemble TOYKE DAIOTCS ¢ TAK HA3BIBAC-
MBIMI yCaMu, yKa3bIBalommmu ommbku Habaonenuit. [Ipunaniexuocts
TOYEK ONpenereHHBIM TPyHIIaM HabMogaTeIell yKa3zaHa CIIELYIOIM
o6pasom: pombuku — COBE [19], kBanparuku — MAXIMA-1 [44],
tpeyronsaukn — BOOMERANG [52], okpyxuocTu — DASI (Degree
Angular Scale Interferometer) [37], kpyxku — Tenerife [68]. Ccblnku
Ha 6oJlee paHHUE HAOIIOOEHUS MOXKHO HAWTH B YKA3aHHBIX paboOTax.

W3 pucyukoB BumHO, UTO HAOIIOOEHWUS HEBO3MOXKHO HHTEpPIIPe-
TUPOBATH 6€3 yueTa KOCMOJOTMIECKON ITOCTOSHHOM, BIIMSHIE KOTOPOHN
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Puc. 2. Teoperuueckue 3aBucumoctu 7 or | u manubie HaGIOOEHN

2000-2001 romos cormacso [33] (a) u [68] (6).

MPUMUCHIBAETCA KOCMOJIOTUUECKOMY BAKyyMy, XOTS TOYHO ONPENETUTH
MapaMeTPHI [OKA eIlle He YOAETCS U3-33 3HAYNTENLHBIX [OTDEITHOCTEN
HAOIIONATENbHBIX OHaHHBIX. [losTOMYy MO HAGMIONEHUSM AHU3OTPOIUU
PU ompenenstoTcs 061acTU OOMYCTUMBIX 3HAUEHUH KOCMOJOTTMUIECKIX
napamerpos [29, 42, 49]. O6benunenne maHHerx 06 m3oTpomnuu P,
IJIOTHOCTY YKCIIA, CKOIJIEHUN TAJIAKTUK B 33aBUCUMOCTU OT KPACHOTO
cmertierns 1 K mOTOKOB OT HUX MO3BOJSET YTOYHUTH DPAHULLI STUX
obnacTei.

Bonee monpobuo o pacuerax m HabmomeHusx anmzorpornun PU
MOXHO IpounTaTh B o63opax [81, 62]. B paGorax R.Durrer [31-33]
mana Teopus aHumzorpornuu PU, omumcaHbl Gusnka BO3HUKHOBEHUS €€
U3 BO3MYIUEHUI IEPBUYHOIO BELIECTBA U ero ssojmouuu. B [74] pas-
paboTaHa 1 HammcaHa OporpaMMa pacdera anuzorpornuu PU ¢ yuerom
MHOTUX (GaKTOpPOB, Biusiomux Ha Hee. [locnennue nanusie HAGTIOOEHUT
onmmcassl B 0630pe [49].

Hapsny c pasmoxenusiMu 1o chepuuecKuM TapMOHUKAM sl MC-
crenoBanus anuszorponun P npumensercs u seitBner-anamus [70, 71].
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§ 3. Ilongpusanus peMKTOBOrO M3JIyYEeHUS

1. ITose monapuzamuum PU. B nocnennee Bpemst craBuTcs BO-
npoc o Habmonenun auHeninon nosspusanuu PU. IMokaszano, aro mo-
JIOXKEHNe INIOCKOCTEHN MOISIPU3AINN OTPAXKAeT ABUKEHNIE MACC B DIIOXY
hopMUPOBAHUS KPYTHOMACIITAOHBIX CTPYKTYp Beemennoii, T. €. ramak-
TUK 1 uX ckomneHuii. Ismepenue nomsgpusanuu P no3BomuT yTOUHNTE
KOCMoJIormueckue mapameTpst [60].

Oxunaembril OpsiHOK cTenenu noispusanun Giaykryanuin PU no-
BOJIBLHO BEICOK — 10%, HO 5T0 cocTasasgeT Bcero 10~* % ot camoro P,
9TO MOKA eIlle HeAOCTYITHO HAOIIOOEHUIM.

M3BecTHO, YTO MONE HANPABIEHU JIMHENHON (IIIOCKOM) HOMApU-
3a1MU MOXKeT OBITh BECbMAa CIIOXKHBIM. B CBsI3U € 3TUM MHTEPEeCcHO mpo-
CJIeNNTh, KAKNe OCOOEHHOCTHU MOT'YT CYyIIIeCTBOBATH B HTOM IIOJIE.

Jluneiinasi mosstpu3anus B HEKOTOPOM CUCTEMEe KOOPOAWHAT T U Y
onuckiBaercs mapamerpamu Crokca I, (Q u U. Crenens MUHENRHON MO-
JISIPU3AINY 1 TO3UIINOHHEIN YTOJI IO OTHOIIEHNIO K OCH & ONPEAEIISIIOTCS

bopmynamu , U

P= 7 r=+Q>+U?, thaza. (32)
ITome nampaBjeHUN 3amaeTCs ypaBHEHUEM, PA3PEIIEHHBIM OTHOCH-
TEJIbHO MPOU3BOIHON: dy
—= =tga. (33)
dx

Bocnonb3osasmmcs TPUTOHOMETPUYIECCKNM TOXKIECTBOM

V1+tg22a—1

tga = 34
ga P : (34)
oJIy49aeM ypaBHEHUE
dy _ VQ*+U?-Q

2. Oco6Gennocru mossa nossgpusanuu. OcobbIMU TOUYKAMU
ypaBuenus (35) sSBIIAIOTCS Takue TOYKU, B KOTOPBIX YUCIUTENb U 3HA-
MeHaTeb 0OpalllaloTCsI B HYJb. [IpenmnomoxumM, 4To Takas TOUKA Jie-
KUT B HAUAJIe KOOPAUHAT, IpuyeM B Hell yukiun (Q u U perynspHbr u
HE BCE UX YACTHBLIE MPOM3BOMHBIE MEPBOTO MOPSIKA PABHBI HYJIO. JTO
[PENIOIOKEHNE PABHOCKIBHO BBIIOJIHEHUIO PABEHCTB (TOYHEe YKBUBA-
JIEHTHOCTE}1)

Q = ¢+ qyy, U =uxx + uyy. (36)
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O6paTHbIe HOPMYITHI

=@l wQ-alU . (37)
d d

Tak kax He Bce KO3OPUIUEHTH ¥ U ¢ PABHBLI HYJIIO, 06€3 OrpaHNYeHNs
OOIIIHOCTH MOXKHO IPUHATEH IJI OLPENeIeHHOCTH, 4TO Uy 7# 0. Ecan
Bce ke Uy = 0, TO ux # 0 M ocH T U Y MOXKHO IIPOCTO MOMEHSTH
mectamu. Onpenenurens d # 0 Toxe, TaK KaK B MPOTUBHOM CITy4ae
paccMaTpuBaeMasi TOUKA HE SIBJISIETCS OCOOOM.

Crenenb monsapu3anum p, yMHOXKEHHAs HA UHTEHCUBHOCTS I, T. €.
BEJIMYWHA 7", ¥ MMO3UINOHHBIN YTOJI UT'PAIOT POJIb MIOISIPHBIX KOOPOUHAT:

Q =rcos2a, U =rsin2a. (38)
HuddepeHnnansr CBI3aHbI COOTHOIIIEHUSIMU

d@ = dr cos 2a.—2r sin 2ada, dU =dr sin 2a+ 27 cos 2ada. (39)

Ypasrenue (33) B MOMAPHBIX KOOPAUHATAX 3AMUIIETCS B CICLYOIIEM
BUIIE
dy  uxdQ — gxdU

dx uydQ — qydU
ux(dr cos 2a — 2r sin 2ada) — g« (dr sin 2a + 2r cos 2ada)

tga =

_ . 40
wy (dr cos 2a — 2r sin 2ada) — gy (dr sin 2« + 2r cos 2ada) (40)

Crenas eme omHy 3aMeHy IepeMeHHOU tga = t u paspemmus (40) oT-
HOCHUTEJIIBHO HpOI/I3BOlIHOI>‘I, MIOJTy YU M

dinr 2 gut®+(gx — 2uy)t® — (gy+2ux)t—gx  N()

= = . 41
dt 14182 uyt3+ (ux+2qy)t2 — (uy —2¢gx)t —ux  D(2) (41)
3necs 0603HaUCHO
2
N(t) = u—[qyt3 + (gx — 2uy)t2 — (gy + 2ux)t — g«], (42)
y
bd 2 - 2 b X
D(t)=(1+#?) <t3 Ut 2y Uy~ Sy “—). (43)
Uy Uy Uy

B ofmiem ciiyuae 3mamenaTens gpodu B IPABOR YACTH YPABHEHUS
(41), kpome OUeBUOHBIX KOpHEN 1, uMeeT emie Tpu KopHsa. O6o3HauNM
nx tl, t2, t3. Torma

D(t) = (1+*)(t — tr)(t — t2)(t — t3). (44)
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3. XapakTep mosispu3anuu BOam3u ocobenHocTu. g pe-
mienus ypasHeHus (41) mpencraBuM OpaByO YaCTh €r0 B BULE PA3JIO-
JKEHUS Ha MPOCTeNIe podu, CINTAas BCe KOPHU PA3TUIHBIMU:

N(t) 2t 121 Uy Vs

DO 148 -t -t -t

(45)

KosddumnuenTsr v , Bxonsiue B 3Ty GOPMYITY, OIPEIETSIIOTCS BIpaXKe-
HUSAMUI
(1+1%)

vi=———"——(1+1lat3), va=—
(t1*t2)(t1*t3)( )

(1+t2)

(t2—t1)(t2—t3) (L+iats),

(1+¢3)

7(t3—t1)(t3—t2) (1+t1t2). (46)

v3=—

Breipasum Bce mpyrue BeIMYWHLI Yepe3 3HAUCHWS KOPHeN 3HaMe-
HaTesT: KoddduunenTs! 3HamenaTess B (41) ux = uytitats,

u u
g = %(1+t1t2+t2t3+t3t1), ¢y = —?y (t1 +to+t3+titats); (47)
YUCJIINTEb

N(t)=—(t1 +to+ts+titats)t® + (tita+tats+ists —3)t*+
+ (t1 + to + tg — Btitots)t — (tit + tots + sty + 1); (48)
3HaMeHaTensb B popmynax (37)
u2
d = qxuy — gyux = %(1 + tito) (1 + tats) (1 + tsty). (49)
HeTpynuo mpoBepuTh, 9TO BBITOIHSIOTCS COOTHOIICHUS
141 +V2+l/3 = —2, t11/1 +t2V2+t3V3 = —(t1 +t2+t3) —t1t2t3 ZQZ—y. (50)
y
B pmanpmeitieM HaM MOHADOONTCS TAKKE COOTHOIIICHIE
(1+82)(1+83)(1+13)
(t1—t2)%(ta—t3)%(tz3 —t1)?

C ucnomb3oBanueM pasnoxkenus (45) ypasuenue (41) merko usTe-
TPUpYyeTCs:

V1ValV3 = (1+t1t2)(1+t2t3)(1+t3t1) (51)

3
r=ro(1+87) [ 1t =" (52)
j=1
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ITepenuiiem perrieHne B yriioBoi IepeMEHHOM:

3
To .

r:—Hta—t ol 53
] lga-tgay (5)

Jj=1
BameTuM, 4TO OOpallleHNe MHOXUTENI, CTOSAIIEr0 IMepeln 3HAKOM IIPO-
U3BemeHNs, B GECKOHEUHOCTb B TOUKAX @ = =£7/2, KOMIEHCUDYETCsl
obpallleHueM B 3TUX TOYKAaX B HYJ/Ib CAMOIO 3TOrO IIPOU3BENEHUs, YTO

SIBJISETCS CJIENCTBUEM IIepBoro cooTHowmeHus (50).

4. Oco6GeHHOCTH B pa3IMYHBIX CHCTEMAaX KOOPAWHAT.
dopmyma (53) xapakTepusyeT MOBENEHUE MOAPU3ANUOHHEIX KPUBBIX
BOII3M 0COOOI TOUYKM uepe3 3aBuCHMOCThL napamerpos Ctokca @ u U
ot yraa «. Omuako mpu u3menernn « 0T 0 DO 27 HTU mapamMeTpsl Ipo-
6eraroT CBOU 3HAYEHU 1O IBa pa3a. [losTomy dhakTuyecku KpuBbIe Cie-

IyeT OMUCHIBATHL PYHKUUSIMIE OT yIia ¢ = 3
Ha camom mese HarIsmHOE IPeNCTaBIIEHNE O MOBEAEHNH MOJIIPU3a-

LIMOHHBIX KPUBBIX HAZIO IEMOHCTPHIPOBATH HE HA IIJIOCKOCTH [1aPpAMETPOB
Crokca, a B KAPTUHHON [IIOCKOCTH Y. IlJ1st 5TOro onpeneanM mosspHbIe
KOOPIMHATHL HA 3TON IIJIOCKOCTHU

x=pcosp, y=psinp (54)

U CBSIKEM UX C KOOPOMHATAMIE " U ¢), 3anucas cooTHoutenus (36) B obenx
CHCTEeMaX KOOPOUHAT:

T COS = qxp COS P+qyp sin @, 7 sin @=uxp cos Y+uyp sin . (55)

Orcrona HalimeM CBS3b TOJSIPHBIX PACCTOSHUIN

r
p= m \/((uﬁ + u2) cos? ¢ + (g2 + ¢2) sin® ¢ — 2(uxgx + uyqy) cos ¢sin ¢ =

”
= (56)
\/(qﬁ +u2) cos?  + (g2 + u2) sin? ¢ + 2(gx gy + uxuy) cos psin

" TOJIAPHBIX YTJIOB

g tg d — ux _Ux+uytg90

= . (57)
ax tgp +ay

W3 nonyvennsix GopMyiI CiIeqyeT, 9T0 TAHTEHCHI IOJISIPHBIX YIJIOB
B IBYX CHCTEMaX CBSI3aHBI HEOCOOEHHBIM IPOOHO-PAIINOHAIILHBIM IIPe-
o0pa3oBaHMEM, & MOJISIPHBIE PACCTOSHUS PA3INYAOTCSI HA MHOXKUTEN,
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He 00palllafollecs B HyIb WU 0€CKOHEUHOCTE. [losToMy xapakTep mo-
BEIEHUS TOJSIPU3ANNOHHLIX KPUBBIX B 00€UX CUCTEMaX MOJISIPHBIX KO-
OPOWHAT HOJIYUUTCS OMHUM U TE€M XKe, XOTS KOJTNIECTBEHHBIE DA
BO3MOXKHEL.

5. Knaccupukamms ocobeHHOCTeM. Teneps, MOXKHO PacKIac-
cuuIIpPOBaATHL OCOOBIE TOUKU.
Bynmem cunTaThk CHauYasa, IYTO BCe TPU KOPHA !; BEICCTBEHHBI U
pasnuunbl. [IpoHyMepyeM ux B nmopsinke yowsiBaHus: t1 > to > t3. Torma
141 < , 120 S U3
1+ tats3 1+ i3ty 14 t1ts
T.€. 3HAK Vo COBHAOAET CO 3HAKOM CYMMBI 1 + t3t1, a 3HAKU V| U V3
MIPOTUBOIOJIOKHEI 3HAKAM COOTBETCTBYIOIINX CYMM 1 + tots u 1 + t1ts.
BosmoxHBI criemyromme ciydan.

<0, (58)

)

1) 0 < t3 < t2 < t1. Torma Bce cymmHI B ckoOKkax B (51) momoxu-
TeTbHBI 1 IIPOM3BENCHNe IOKa3aTeNell V; MOMoKITeNbHO, d > 0. Ilops-
IOK CJIEIOBAHUSI 3HAKOB IOKa3aTelnel (V) Vo V3) B 9TOM ciaydae (— + —).

2) t3 < 0 <ty < t1. Torma 1+ t1t3 > 0 u v3 > 0. Smaku nByX
HepBLIX MOKa3aTelleill MOIYyT Pa3siIndaThCsd B 3aBUCUMOCTH OT BEJIMIMH
KOpHe:

a) eciu 1 + 3ty >0, rou 1+ t3ty > 0, d > 0 u crenosanue

3HAKOB (— + —);

6) ecnu 1+ t3t1 <0, HO 1 + ¢35t > 0, To d < 0 u 3HAKM

(== -)
B) eciim u 1+ t3t1 <0, u 1+ t3t2 <0, To d > 0 u 3uaKM
(+ - )
3) t3 <ty < 0 < t1. Torma 1 + tat5 > 0 u v; < 0. Ocranbuble
HOKa3aTelll MOI'yT UMeTh JII00ObIe 3HAKI:
a)ecrm 1+ t1t3 >0 u 1+ t1t2 >0, To d > 0 u 3HaKM
(=+ -

6) ecnu 1+ ¢1t3 < 0, o 1 + ¢1t2 > 0, To d < 0, 3HaKK
(== -)k

B)ecim u 1+ 183 <0, u 1 +#1t2 <0, To d > 0 u 3uaKM
(== +)-

4) t3 < ty < t; < 0. 3mech omATH BCe CYyMMBL B CKOOKAX IIOJIOXKU-
TesbHbL, d > 0 u 3Haku (— + —).

TaxuM 06pa3oM, IPU OTPULATEILHOM d BCE MOKA3aTENN OTPHUIIA-
TeNbHLI, & NP MOJIOKUTETLHOM — ONWH MOJOKUTENEH, a OBA OPYTHX
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OTpHULATETLHEL. B MepBoM ciiyuae BCe pelIeHnsT He MPOXOOSIT Iepe3 0CO-
Oyi0 TOUKY, M3 KOTOPOHM MCXOOAT TPU ACUMIITOTHI-CemapaTpuckl. Bo
BTOPOM CJIydae BIOIb OMHOIO M3 TPEeX HAIIPABJIEHUH PEelIeHns] BXOOIT B
0CcOOYI0 TOUKY, & OBA OAPYTUX HAIIPABIIEHUs n30eraioT, T.€e. aCUMITOTHL
TOJIBKO IIBE.

B crnyuae, xorma mMeeTcsl TOJIBKO ONWH BEIIECTBEHHBI KOPEHD
t1 = ¢, a IBa OPYruX KOMIUIEKCHO COMPSIKEHEI to = a + bi, t3 = a — bi,
TaKuMI ke OyoyT B OOIIEM Ciydae U MOKa3aTead V: MEePBBIN M3 HUX
BEIIECTBEHHBIN I OTPUNATEIbHBIN :

1+ a®+ b2
—0 <0, (59)
(a —c)2+ b2

a OIBa OCTAJIBHBIX — KOMIIJIEKCHO-COIIPSIXKEHHBIEC YNCJIa, TaK YTO

vy + 3 1(a2+b2—1)(c2—1)+4ac

vy = —(1 + 02)

k= 2 2 (a—c)? + b2 ’ (60)
va—vs  c(a®?+b*)2—-1]—a(c?—1)(a®>+b*+1
oozt PP ) R
Pewenne ypasuenus (41) MoxHO 3anucarh B BULe
r=ro(t —t1)" (1+3)[(t — a)? + b?) e Mo (62)
roe 1 b
O« (t) = 5 arctg P (63)

Tax xak mpousBeneHue Tpex mOC/IenHux MHOXuTesnel B (62) e umeer
OCODEHHOCTEM, TO HTO PEIIeHre IMeeT TOIBKO OOHY acuMIToTy. B act-
HBIX CIIyYasX MOXKeT OKa3aThCs, ITO BennunHa M paBHA HYIMIO, T. €. BCE
[IOKA3aTesN! BellleCTBeHHHI.

Apropsr craTbu [28] manu ciaenyrolue Ha3BaHUSA OCOOBIM TOYKAM,
BO3HUKAIOIIUM B CIy4Yae MOJis HApasieHuil monspusamuu. [Ipu sere-
cTBeHHBIX KOpHiX U d < 0 Touka — “cemo” (saddle), HO He ¢ we-
TBIPHMS, & C TPEMsI ACUMITOTAMU-cenaparpucam. Ilpu BerecTBeHHBIX
kopusx u d > 0 — “kmroB” (beak). Haxkorerr, npu omHOM BeIleCTBEHHOM
kopue — “xomera”’ (cometa).

Ormerum, uTo nuddepeHnraIbHbIE yPABHEHNS IEPBOTO IOPSIIKA,
Y KOTOPBIX OOPAIIAIOTCS B HYJIb PErYIIAPHbIE YUCIUTENb U 3HAMEHATEIb
opobu B IPaBOW YaCTU, UMEIOT 0COObIe TOUKM, XapaKTEPU3YIOIINECs NX
Ha3BaHUsIMU. HamoMuuM nx.

1) “Y3en” omHOTO M3 Tpex BUMOB: a) Yy = Yoz, 6) ¥y = (yo+In|z|)z,
B) ¥y = yoz. 2) “Cemio” ¢ weThpbMs acumnToTamu: y = yo/x. 3) “Do-
kyc”: r = roe?. 4) “IlenTp”: r = ry. Puc. 3 orobpaxaer mopeneHue
NHTErpanbHbIX KPUBLIX BOIMU3M HTUX OCOOBIX TOUEK.
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0 e
Puc. 3. Ocobble Toukn nupdHepeHnaIbHOr0 ypPaBHEHNs U IOBENCHIEe
WHTErPAJILHBIX KPUBBIX BOIN3M HUX: @, 6 © 6 — Tpu TUna “y370B”,
2 — “cenno”, d — “uenrp”’, e — “dokyc”.
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6. IIpumepsi. B kxauecTBe mpuMepoB PACCMOTPUM CIIyUal IUA-
rouasbHON 3aBucuMoctu B (36), a umenno Q) =qx, U =y,q # 0. Torna

2
D(t) = (1 + t2)t(t? + 2¢ — 1), & = 0, a nokazatenn v, = %,
— 49
1—
Vo = V3 = —ﬁ. Jlerxo y6enutncs, uto npu ¢ < 0 ocobast Touka, —
—«q
“cemio”, mpu 0 < ¢ < 1/2 — “kimoB”, a npu ¢ > 1/2 — “komera”.

10 -

-10 +

-20
-20

Puc. 4. Ilonspu3annoHHEIe KPUBBIE OKOJIO OCOOBIX TOYEK
“cemo” (a) m “xomera’ (6).

100 7
40

20

-10 . -
-40 -20 0 20 ~200 -150 100 50 0 50 100 150 200
a 7]

Puc. 5. Ionsspu3anuonusie KpuBBIE OKOJIO OCOOO TOYKU “KiTiOB”
B mepeMeHHEIX ¢, 7 (a) u ¢, p (6).

Ha pucynkax BOCIpOM3BOOSATCS XapaKTEPHBIE YEPTHI YKA3AHHBIX
0cobbrx Touek. KpuBble paccurTaHbl [IIsl CIEAYIOMINX 3HAYCHUH mapa-
MeTpa ¢.
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2
1) Ona “cemna” qg= —1, to = \/5, t3 = —\/g, UVl =VUs=U3=——

a o ro ’
TaK 4TO 7" = .
| sin ¢/2(sin” ¢/2 — 3 cos? ¢/2)|2/3
2) Ina “xomets” q = 1, ts =14, t3 = —i. 3mecy umcma vy = —2,
To
Vy=v3=0ur=—5—0.
2 E T G g2
3) Ilns = 1) =ty = —— 1 3
JIsT TKJIIOBaA = s =—, =——, =1, 1h=1rv3=—=
q 2 5 3 \/ﬁ 1 2 3 5
[sin /2

nreTe |sin® ¢/2 — L cos? ¢/23/2"

Ha puc. 4 u puc. 5,4 KpuBbIe IPEOCTABIEHLI B IEPEMEHHLIX @, T
Brpouem, mpu BLIGpAHHBIX 3[ECh MapaMeTpaX KpUBbie puc. 4 B mepe-
MEHHBIX ¢, T U , p TOTHOCTHIO COBMAMAIOT. DTO HE TAK B CIIYYAE TOUKA
“kmoB” . [losToMy Ha puc. 5,6 DAHBI KPUBBLIE B IEPEMEHHBIX (0, ) TOUHO
IUISL TEX XKe MapaMeTpoB, 4TO U Ha Puc. H,a. KauyecTBEHHO KPUBBIE UAYT
ONUHAKOBO, OMHAKO KOJINYECTBEHHOE PA3IMINE UMEETCsL.

B 10 Bpems kax KpuBbIe OKOJIO OCOOOM TOUKH “KOMeTa’ UMEKT
TONIBKO OMHY OOIIYIO ACUMITOTY, TAK YTO KAXKIas U3 HUX, COOTBETCTBY-
OISl OIIPENeIEHHOMY 3HAUEHUIO 7o, HENPEPLIBHO IPUXOOUT U3 OECKo-
HEYHO YIAJIEHHON TOYKU U, OMUCAB IyTy, BO3BPAIIAETCS OOPATHO, KPU-
BBIE OKOJIO IPYTUX TOYEK COCTOST U3 HECKOIBKUX BeTBel. [10aToMy MbI
BETBU HTUX KPUBLIX M300PA3UIN IO OYEPEOU HEMPEPHIBHBIMU U TyHK-
TUPHBIMU JIUHUAMU. Y CTAHOBUTEL COOTBETCTBUE BETBEU OPYT APYTY
HETPYIHO.

7. Oco6bie ciryuaun. OBmuM pacCMOTPEHIEM HE OXBAYEHBI CITy-
4yau, KOrga y MHOrodieHa (43) xpaTHble KODHU WU KOTLA OOHA U3 Be-
muund () u U B OKPeCTHOCTU OCOOOIl TOYKYM MMEET MOPSIIOK MajOCTHU
BBHIIIIE JIMHEHOTO. DTOT MOCIENHUIN CIIydail pPean3yeTcs B YCIOBUSX
npensinyero nyskTa npu ¢ = 0. Torma r = ro/| cos(¢/2)|, aro nz06-
PaxKaeTcs IPSIMBIMU, TAPAILIEIILHBIMA OCH Y.

IIpu ¢ = 1/2 nomyuaercs TpexkparTHblil KopeHb. Torma D(t) =
(1+tH)t3, N{t)=-3t>—-1mn

r= r—ge% ctg § (64)

sin b3

-

Kpussie 0k010 0c000 TOUKU UOYT KAYECTBEHHO TaK XkKe, KAK B CIIyJae
KOMETBI, HO M3-3a IOMOJHUTEIBHOIO 3KCIOHEHIINAJIBHOIO MHOXKUTEIIS
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CKOPOCTBH POCTA IMOJIIPHOIO PACCTOSHUS IPU TPUOIMKEHNN K 0COOOMY
HATNPABIEHUIO (yTITy) CYIIECTBEHHO BHIIIE. DTOT THUI OCOOON TOYKU
MOXHO Ha3BaTb “MeTeopoMm” (meteor).

HeykpaTHbiil kopeHs Bo3Hukaer npu @ = (z—y)/2, U = y. lpu
rakux kospommentax D(t) = (1+t2)t*(t—1), N(t) = —(t3+3t>—t+1),

= J—O_Mefctgw/m. (65)
(cos § —sin §)

DToT BapuaHT 0COGOI TOUKH MMEET CIIOKHYI CTPYKTYPY: KPUBLIE IPU

yriaax, OJIn3KuX K HyJII0, BBIXOOSIT U3 HAYa/Ia KOOPAWHAT, YXOIsIT Ha Gec-

KOHEYHOCTH BIOJIb HEKOTOPOU IPSIMOMl, BO3BPAIIIAIOTCS U CHOBA YXOMST

Ha OECKOHEYHOCTDL HpU HIpuOIMKEeHuN yria K 3Hadenumio 27. HazoBem

=99

Takyw Touky “coxoir” (plough).

40 50
40t

20 30

-20 -10 0 10 20

a 6
Puc. 6. Ilonspu3annoHHEIe KPUBBIE OKOJIO OCOOBIX TOYEK

“mereop” (a) m “coxa” (6).

[ToBenenme MOMSIPU3ANMOHHBIX KPUBBIX BOIN3M OCOOBLIX TOUYEK IIO-
CJIEMHUX OBYX TUIOB OTPAXKEHO HA puc. 6. 3mech OmsTh KPUBBIE OKOJIO
TOUKHU “MeTeop” CBSA3HBI, & B CAydae “COXu’ COCTOSIT U3 IBYX BETBEN.

§4. OdpdexkT Crousesa—3enbnoBuya

1. ITpupona sdpdekTa. Ddbdekry CroouseBa—3enbnoBuya, npem-
ckazanHoMmy P.A. Cronsesoim u 9. B. 3enpnoBuuem B 1969 romy [84],
TIOCBSIIEHBI COTHU PAa0OT TEOPETUKOB UM HAOIIONATENIEH, W UX IMTOTOK
Bo3pacTaeT. MIMetoTcs mompoGHEe 0030phl, Hampumep, [78, 7, 21, 64].
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3meck maeTcst KpaTKOe BBEIEHUE B MPOOIEMATHUKY, CBSI3AHHY O C dhdek-
ToM. U3noxeHre OCHOBAHO HA YIOMSHY THIX 0030pax U HEKOTOPHIX 6051ee
IO3OHUX paboTax.

IMpupona sdpdekra ouens mpocta: paccesane GOTOHOB KOCMUUIE-
CKOI'0 MUKPOBOJIHOBOT'O (hOHOBOI'O — PEIUKTOBOTO — HM3JIYUE€HUS TOpsi-
UUM HIEKTPOHHBIM Ta30M, HAXOOAIIIMCS B OOTATHIX CKOIJIEHUSIX TaJTaK-
TUK, ICKAXKAET YUCTO YEPHOTEILHEBIN CIIEKTD 3TOTO U3JTyICHUS.

Borareie ckommeHus comep:KaT COTHU U THICSYN TATAKTUK, UX
Macchl mpesbimaoT 3-10M u moxomar no 10'° M. Pasmeps! ckomenmuit
— meckomeko Meramapeek (1 Mnx= 3.086 - 10?4 cu) B momepeusuxe.

Borarwie ckommenus HaOIIODAINACH yXKe MEPBLIMA DPEHTTEHOB-
CKUMU CIIyTHAKAMYM KAaK UCTOYHUKYN DEHTTEHOBCKOTO W3JydeHus. JTO
M3TyUeHNE MHTEPIPETUPYETCS KaK TOPMO3HOE M3IyUYeHNEe MEeXTaJIaK-
Tmyeckoro raza ¢ Temneparypoit T, mopsanka 10% K. Boobme rosops,
MHOT'H€ PEHTTEHOBCKUE NCTOYHUKN PACCMATPUBAIOTCS KAaK TEIJIOBLIE C
MAaJION ONITUYIECKON TOIIINHON, & (GOPMUPOBAHNIE UX CIIEKTPOB IPUMINCHI-
BAeTCSI TOPMO3HOMY MEXaHU3MY, T.€e. UX U3JIydaTeTbHas CIOCOOHOCTDH
MIPENCTABIIIETCS GOPMYIIOH

5 3272 Z%eb kT,

€cc(V) =n; Wl (27rkaTe)3/29CC(V)eXp(_me)’ (66)

rae
o = hv/kp Te. (67)

OKCIIOHEHIINATBLHBIA MHOXKUTEIL OMPENeIseT XapaKTEePHBIA HJIs TOp-
MO3HOI'O M3TTy4YeHUsI TaK HA3BIBAEMBIN 3aBaJjI IO YACTOTE, 10 KOTOPOMY
JIETKO y3HATH OENCTBUE TOPMO3HOTO MEXAHN3MAa B OOBEKTE C TAaKUM Ha-
OGII0MaeMBIM CIIEKTPOM U OIEHUTL TeMmmeparypy. NHTerpaibHas MOIII-
HOCTB URJIyUEHUs eOUHUIBLI 00beMa

o0

. /e (v)dv = n? 32712 72 €° (kpTe,)?
cc — cc - 'Y 3\/3 c3 h(?ﬂkaTe)3/2'gCC'
0

(68)

Ecnu noncrasure B (68) 3HAYEHMS BCEX MOCTOSHHBIX U CIUTATH MHO-
XKUTeNb 'ayHTa gec PABHBIM €IUHUIE, TO HOJIYINTCA

ape

3

AT €ee = 1.42- 10727 22T/ 2 )
CM~ C

(69)
B ciyuae ra3za B CKOIJIEHWSIX Takas HHTEPIPETALUs [TOLTBEP-

KOaeTCA TeM, 4YTO OOHOBPEMEHHO HAOJIIOMAIOTCS SMUCCUOHHLBIE JIN-
HUN BOOOPOOO- U reJINenonoOHBIX aTOMOB KeJe3a, C SHEPTrUsAIMMI OKOJIO
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7 k5B, KOTOpBIE IPUINCHLIBAIOTCS PEKOMOMHAIIMOHHOMY MexaHu3My. Ilo-
TEHIMAJT NOHU3AIUY BOINOPONOMONOOHOrO aToMa Kenesa (3apsam ampa
Z = 26) pasen 13.6Z% = 9.0 k2B, a yumus L,, Bo30yxKmaeMas dIeK-
TPOHHBIME yzapamu, umeeT sHepruio (3/4)9.0 = 6.8 x9B. Eiwe onso
CBHUIETEILCTBO 3aK/IIOYAETCS B TOM, UTO TEMIEPATypa ra3a MOXKET
OBITEH OIIEHEHA U MO I'PABUTALMOHHOMY IMOTEHINAIY, ¢ KOTOPBIM ra3 Ha-
XOMUTCS B TUAPOCTATUIECKOM PABHOBECUU, TAK UTO CPENHSSI KUHETUUIe-
cKas (TeIIoBas) SHEPTHUs YACTUILI PABHA €€ TPABUTAIMOHHON SYHEPTUN:

GMm, _ M Mnx
2Rer  3-10"“Mg Reg

kpTe ~ Ko B. (70)

Hamomanm, ato 1 k2B= 1.60207-10~? sp2 u cooretcrryer 11.6-10% K
(7 %oB ~ 8- 107 K) mnu nmume Bommbr 12 A (7 xoB =~ 1.8 fi) Oro
PEHTTEHOBCKIN TMAIMA30H.

ONeKTPOHHBIE KOHIIEHTPAIAN T'a3a, Ne, ONPEIENseMEIe IO MOLIIHO-
ctu usmyudenns, mopsaaka 1072 + 1072 1/cm®. DTOMY COOTBETCTBYIOT
Macchl raza Mgas = mpne(4m/3)(3 - 10%4)3 = 10'* + 105 Mg, Tax uTo
Macca rasa COCTABISIeT 3aMETHYI0 4acTh (1/3 + 1/4) Maccel ranakTuk
B CKOIJICHWHU. B mociiemaee BpeMsl MHOTAA CIUTAIOT, UTO MAacCa ra3a B
HEKOTOPHIX CKOIICHUSAX MaXKe IPEBOCXOMAT MAaCCy TaJaKTHK.

Mo2KHO TTOKa3aTh, YTO BpeMsl yCTAHOBJICHAS PABHOBECHOTO COCTO-
SHUS TAKOTO Ta3a CYIIECTBEHHO MEHBIIE KOCMOIOIMUYECKOTO, TaK UTO
GbYHKIMS PACTIPENETCHNS Ia3a, [0 UMILYIbCAM — MAKCBEIJIOBCKAsL, UTO
onpasnbiBaeT npumenenue popmyi (66) u (68). HeiicTBuTensHO, Xapak-
TEepHOE BpeMs PEIAKCAIINN 3JICKTPOHHOTO Ta3a MPH KYJIOHOBCKIX B3al-
MOOENCTBUSIX

SR B NS T
Coul = 2necor InA 427 ¢ InA nerd’

3 32

e 8w _
Bemmamna o = — 12 = 6.65- 10 % cm? — ToM-

4ﬁ A /’ne’r‘g 3
e2
COHOBCKOE CedeHue, re = —— = 2.818 - 101 em — xmaccmueckmit pa-
mc

roe A =

IIYC 3IIEKTPOHA, Yo = . Ona cmygas ra3a CKOIJIGHUI ITOJTydaeTcCs

kBTe
tcour = 10M 10" ¢. Xa66m0BcKOe ke Bpems mopsinka 1017 ¢. IIpu sTom
XUMWIYECKHIT COCTAB I'a3a OKA3bIBAETCS He IEPBUUHBIM, & IPUMEPHO COJI-
HEUHBIM.
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Kaxk roeopumnocs B §1, PU onHOpOOHO 1 M30TPOIHO, €r0 CIIEKTP C
BBICOKOI CTENEHbI0 TOUHOCTHU nomuuuseTcs dopmyne [Imanka

2hv3 1
02 ehl’/kBTr _ 1

Ip = B,(T}) = (72)
¢ remmeparypoit T, = Ty = 2.7277 K, Tak 4TO MAKCUMyM €ro MHTEH-
CUBHOCTH (IO 4aCTOTAM) PACIONATAETCS HA NIUHE BOTHBL 1.87 M.

Dddext C—3 HabmMIOOAECTCS, €CTECTBEHHO, TAKKE B PAIMOMUAIIA-
30HE, IIPpNYEM B CAHTUMETPOBOM N MUIJIJINMETPOBOM OH IIDOABJ/IAECTCA B
ocnabmenuun PU, a B cyOMumimmeTpoBoM — B ero ycuimenuu. Bee ¢o-
TOHBI IIOJIYY9aKT OT 3JICKTPOHOB HOOIIOTHUTE/NBbHYIO 3HEPruio, TaK YTO
BCA IIJTAHKOBCKAs KpUBasd COABUTAETCA B CTOPORY 66J'II)IIIPIX JaCTOT. HO—
9TOMY OO MaKCUMyMa KPUBAId IMOHUXKAECTCA, a IMOCJIC MaKCUMyMa — II0-
BBIIIIACTCA. HpI/ILII/IHa 9TOr'0 — KOMIITOHOBCKO€ paCCEesIHue.

2. KopoTKOo 0 KOMIITOHOBCKOM PACCESHUU. JTO DPACCESHUE
doToHa veKkTpoHOM (MM HAOGOPOT) € yIeTOM U3MEHEHUs UX DHEPruil
(mompoGHee 0 HeM TOBOPUTCS B Hocobun aBTopa [9]).

I[Iycte B3amMmomencTBYIOT (GOTOH C UMIIYJILCOM k W BIEKTPOH
C UMIOyIbCOM P. B pesymprare pacCesHusl UX WMIOYIBCHL U3MEHs-
[OTCS 1 CTAHOBATCA COOTBETCTBEHHO Ky 1 P1. DHEPrUM HTUX YACTUI
ck, cpo, cky, cpo1. sl UMILyITBCOB BIEKTPOHA, CIPABEIINBLEI OOLIUHBIE
PEJIITUBUCTCKUE COOTHOIIEHUS

po = Vm?c® +p?, po1 = \/m?c® + pi. (73)

IIpu paccesHNN BEIIOIHAIOTCA YeTHIPe 3aKOHA COXPAHEHUS
po+k=po1+ki, P+k=p +Fk. (74)

Bripasum u3 BToporo paBeHCTBa HMILYJIBLC 3JIEKTPOHA HIOCIIE PACCESTHILS
uepe3 OCTaJIbHBIE U MONCTABUM B IIEPBOE PABEHCTBO, BEIpAXKAIOIIee 3a-
KOH COXPAaHEHUS SHEPrUu:

-

po+k—k :\/m2c2+(ﬁ+13— 1)2. (75)
BosBons o6e 4acTu 5TOr0 PABEHCTBA B KBAIPAT U COKPAIIAs, TIOTydaeM

kpg — Eﬁ: k?lpg - Elﬁ-f- kk‘l - EEl (76)
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O603HaYNM KOCHHYCHI YIJIOB MEXIy HapaMu BeKTopoB k u ki, k

u p, k1 u p coorBercTBenHO uepe3 i, ( u (. Tormna coorHomenue (76)
MNEepEenunIneTCsa B BUOE

k(po — p¢) = k1lpo — pCi + k(1 — p)]. (77)
W3 Hero HaxomuTCsa BEINYNHA UMITYIILCA (POTOHA MMOCTIE PACCESHUS

_ po — ¢
! _kpo = PG+ k(1 —p)’ (7®)

PaccMoTpuM gacTHBIHN cydall, KOTOA IO PACCESHUS DIIEKTPOH TO-
xoutcd, T.e. p = 0. Takyio cuctemy orcuera 6ymeM Ha3bLIBATH TabOpa-
Topuoit. Torna pp = mc u

0 0 mc

K=k ——m—7F7+——. 79
! me + ko(1 — po) (79)
hv h
Bcemomunast, uro nummynsc dorona k = — = e nepernuiineMm GOpMyILy
¢
(79) uepe3 mIUHBLI BOIH
Al =22+ A (1 — o). (80)

3nec5 BBEOEHA KOMIITOHOBCKAA OJINHA BOJIHBI

Ao = - = 0.0244. (81)
mc

IIpu paccesuun GoToHA B MaOOPATOPHOH CUCTEME OTCUETA Ua-
croTra (OTOHA BCErma YMEHBIIAeTCS U B 3TOM 3akiiodaeTcs 3h¢exT
Kowmnrona. Iloreps sueprum ¢hoToHoM, HassiBaeMas 3PpGEeKTOM OToAYN,
MIPOUCXOOUT BCJAEOCTBHE IIEpeOqadl UM YaCTHU CBOEro MMIIyJIbCa, a 3Ha-
YUT W HHEPrUH, IEePBOHAUAJIBLHO IOKOSIIIEMYCS 3JIEKTPOHY, KOTODBIN
NPpUXOOUT B OBUXKEHUE.

Ecnu 5mexkTpoH He CTOSAT Ha MecTe, TO IPU PA3TIUIHOM COOTHO-
LIEHU HAIPABIEHNN U BeJINYNH IMITYIHCOB Pearupyommx JacTul ¢o-
TOH MOXKET KaK YMEHbIIaThb, TaK U YBEJIAYMBATH CBOK SHEPruio, HO
T0 yx)e He sbdexT KomnTona B ymcToM BuUOe, a CKOpee CIEICTBUE
sddexra Homnepa. OnHako B aCTPOGUINIECKON JIUTEPATYPE YBEIIIIe-
HUE SHEPrumn q)OTOHOB IpUu KOMIITOHOBCKOM PACCEAHUN UX SHEPTUYHBIMU
SIIEKTPOHAME HA3BIBAIOT 0OpaTHBEIM ddpdexTom Kommrona.
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KomnTonoBckass miauHa BOMHBI OUeHbL Majia. llosToMmMy yBemmue-
HUe OJINHBI BOJIHBI GOTOHA B JTa0OPATOPHON CUCTeMe OTCUeTa 3aMETHO,
TOJBKO €CNHU [OJIMHA BOJHBI PAcCerBaeMOro (GoTOHA He O4UYeHb CyIIe-
CTBEHHO OTJIMYAETCSI OT KOMIITOHOBCKOH. ['Opsiume 3/1eKTPOHBI BBI3BI-
BAIOT OTHOCUTEJILHO OOJIbIINE CMEIIeHNs, KOTOPBIe TOCTYIIHLI I3Mepe-
HUSM OaXKe B PANNONNAIIA30HE.

lopsunii 57meKTPOHHLIN ra3 B CKOIIEHUSIX TAJIAKTUK, O KOTOPOM
TOBOPUJIOCH BHIIIE, HEPETITUBUCTCKUAN UKW, TOYHEE, TIOUYTU HEPeIsTU-
BucTcKuii. [{amum omucasme ero COCTOSHUS U B3AUMOOENCTBUS ¢ HOTO-
HaMU.

3. IlouTn HEpeJSITUBUCTCKUNA ra3. DIEKTPOHHBIN a3 B CKOII-
JIEHUSX, KaK yKe TOBOPHUJIOCH, HECMOTPS Ha MAaJIyI0 IJIOTHOCTBH yCIle-
BaeT MPUATU B paBHOBecue. Ero TemmoBasi MpuUpoma MOMTBEPKIAETCS
" XapaKTepOM €rOo peHTTeHOBCKOT'O U3JIYyUYEHUS, KOTOPOE ABJIICTCA TEIl-
JIOBBIM TOPMO3HBIM HN3JIy4YE€HUEM. HOBTOMY 5TOT a3 MaKCBEJJIOBCKUIM.
DJIeK TPOHBI BBULY OYEHb MAJION UX KOHIEHTPAIUE U JOBOIBHO BHICOKON
TEeMIepaTyPhl MOXKHO CUNTATH HEBBIPDOXKIACHHBIMU U IIPDUHIUII 3aIllpeTa
Hay.rm IOJIs HUX BO BHUIMAHNE HE IIPDUHNMATh.

SBOJ'IIOHI/ISI CIIeKTpa WU3JIYy4YEHUd NIpu B3aPIMOlIeI>'ICTBI/II/I ero ¢
3JIEKTPOHHBIM ra3oMm OIIUCBIBACTCA KHHETUYECKHM YPDaBHEHUEM.
ITockonmbky ra3 HEPeIATHUBUCTCKURA, a U3JIy4eHHEe PaLuOMMANIA30HA
OY€Hb MATKOE, BBEIIIOJIHATCA HEPDABEHCTBA
1 _ kBTe hv

1, — 1. 82
Yo  mc? <b mc? < (82)

Torna kaxmoe paccesHne CMeIaeT YHepruo (HOTOHA Ha MAIYIO Beln-
YNHY U B KUHETUYECKOM yYPABHEHWUM MOXKHO UCIOL30BATH MPUOIMKE-
une Pokkepa—Ilnanka. Eciu nomomHUTEIBHO NPUHATH, YTO a3 3a-
nosiHseT GOJIbIIOe IPOCTPAHCTBO (B mpeneiie — GECKOHEUHOE), a HOJIe
U3JIyYEHUs] U PACTIPeNesieHre ra3a OMHOPOOHBI U U30TPOMHLI, TO WHTEH-
CUBHOCTB U3JTyUEHUs 3aBUCUT TOJIBKO OT YACTOTHI U BPEMEHU U KUHE-
TUYECKOE YPaBHEHNE CBOONUTCS K U3BECTHOMY ypaBHeHU0 KoMmanetina

on __otne h 0 [ 4 (ksTec0On N
ot me 12Oy [V ( h 61/+n+n>]' (83)

3necs BMECTO GYHKINU pacrpeneieHuss GOTOHOB WM UHTEHCUBHOCTU
U3JIy4eHus. UCIOJIB30BaHO cpenHee umcio 3amonnenus (CYU3) dorown-
HEIX COCTOSIHUH 7, 9TO OOBIYHO NI TEOPUHM KOMIITOHOBCKOI'O PaccCes-
HUsI 1 BOOOIIIE [JIST PEJIITUBUCTCKON KuuneTuyeckoir reopuu. CU3 — sTo
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6e3pa3MepHa51 1 PEIATUBUCTCKI NHBAPUAHTHAS BEJINUNHA, CBA3aHHAA C
NHTEHCUBHOCTBHIO COOTHOIICHUEM

I=——n, (84)

Ypasuenue (83) onuCHBAET 3BONIOIMIO CHEKTPA U30TPOIHOTO U
OIHOPOMHOTO TIOJIS U3JIyUEHUs IPU PACCESTHUU (GOTOHOB 3IEKTPOHAMU,
TakKXKe C OOHOPOOHBLIM U M30TPOIHBIM paclpeneieHueM, B OecKoHeu-
HOoM mpocrpancrse. Eciu BBecTu 6e3pasmephylto wacrory (67), koro-
pas MOXeT NPUHUMATL IIPOU3BOJIbHBIE 3HAUEHUS, TO ypaBHEHUE I
n = n(ze,t) 3anumercs Kopoue:

on _corne 1 0 [ ,(0On N
T [a:e <8me +n+n >] (85)

Kaxnoe n3 Tpex crmaraeMbIX B KPYIJIBIX CKOOKAaX OMUCHIBAET OT-
menbHBI 5PdexT: ciaaraemoe n coorBercTByeT >ddexkty Kommrona,
craraeMoe ¢ IIpou3BomHOR — addexTy Hommepa, a n? yanThIBaeT BEI-
HYXKIIEHHOE pacCesHue, T.e. MPOSBIIEHNE IPUHIIANA BBEIHYXIEHHBIX ITe-
PEXOIoB, KOTOPHIA XapaKTepeH NI (POTOHOB, SIBISIOIINXCS OO30HAMIU.

4. OdpdexT C—3 B ogHOPOOHOM HPUOIIMKEHUU. DTO TIPU-
OKeHre 3aKIII0YaeTCsl B TOM, YTO UCIOIb3yeTcs ypaBHenune Kowmma-
uerina. Ha camom meste mmoste u3iy 9eHust OMHOPOMHO U M30TPOIIHO, OMHAKO
HTOrO HEJIb3s CKA3aTh IPO JIEKTPOHHLIHN ra3, ONTUYIECKas TOJIINHA KO-
TOPOTo He HECKOHEUHA, KaK IPEAIoaraeTcs B ypaBHeHN KoMnaHena,
a moBOJILHO Mana. TeM He MeHee cBoiicTBa PU mo3BOISIIOT IPpUMEHUTH
Takoil mogxon. TouHbIe Pe3yIbTATHEL OT HPUOIMKEHHBIX OTJIMIAIOTCS
HE OYeHb CUJIBLHO.

[IpennomoxumM, ITO BIEKTPOHHAS TEMIEPATYPA B CKOILIEHUU II0-
crosiuHa. [lomcTaBuM B mpaByro 4acTh ypaBHeHus (85) IIAHKOBCKYIO
dbyukumo (72), Tounee coorBercrByoee eit CHU3

1
nO(CUr) = ezr——l’ (86)
roe
hv Te
Ty = T meﬁ. (87)

ITockonbky npousBonHas B ypaBHEHUN OE€PETCS [0 YACTOTE Xe, & DYHK-
IUs 3aBUCUT OT Ty, Ipu OuddepeHInpPOBAHNN BO3ZHUKHET MHOXKUTETH

36



Ty /Te = Te/ T, ~ 108/2.7. DTOT MHOKUTETH CTOMH BEJIUK, UTO OCTATb-
HBIE CJTAraeMble TPABON YACTU YPABHEHUS MOXKHO OTOPOCUTDL U yPABHE-
ure (85) ucnons30BaTh B Gopme

on(ze,t) _ corne 1 0 10N (Te, 1)
ot ye 20z (:re O ) (88)

Pesynbrar nuddepeHnmupoBasns HAo0 yMHOXNUTE Ha BPeMS feff, 38 KO-
TOpOe M3JIydeHue IIPOXOOUT pasMep ob0beMa Reg = Clefr, 3aHATOrO roO-
psiunM raszoMm B ckormteHunn. IlpousBeneHne clegNe0T = RefNeOT = Te
PABHO OITHUYECKON TOJIIIIMHE I'a3a IO TOMCOHOBCKOMY pacCesHuio. B pe-
synbraTe monyunTces, o CHU3 mpuobperaer moGaBky

_ 1l 0 4 [(Ono(z:)\] _
An = Yo T2 O {xe < 0%, -

1 d 4 [ dno(zy) Te Ty Ty
_Tel d no(Tr) \ | _ Te —4).
Yo T2 dy [a:r < dz, Ye (€¥r —1)2 \ thz,/2 (89)

Coorsercrayomas IpubaBKa NHTEHCUBHOCTU COMVIACHO COOTHOLIECHUIO
(84) cocraBut

oh (kT \°> 7o
AT = 22 = F(z,),
( h > Ye (@) (90)

rmoe

Flo)=2° L4 [m‘*d’“’(m)] :em(ezm4 ( ? 4). (91)

z2 dx

B o6o3uauennax

T e .

dyuxuns (91) 3amuceiBaeTCS KOpoUe:

Flz) = (f)2 2ty — 4). (93)

Ora pyukuus, pasHas Hymwo npu ¢ = 0, Ipu MajbIX & OTPUIATENHHA,
“MeeT OTpUIATeNbHBIN MUHUMYM —4.1177 mpu & = Tmin = 2.2665, 06-
paraeTcs B HyJb npu ¢ = xp = 3.8300, BO3pacTaeT OO MaKCIMyMa
6.7823 mpu & = xpax = 6.5113, a 3aTem cramgaeT K HYIIO IPU T — 0O.
CooTBeTCTByOIINE YACTOTHI OIYYAOTC YMHOXKEHIEM IPUBENEHHBIX
uncen Ha kpT,/h, a mmuast BomH A = he/(zkpTy): Amin = 2.327 mm,
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Ao = 1.377 mm, Amax = 0.8101 mm. OTHOIIEHNE MAKCUMYMA, K MOIYJTIO

MUHEMYyMa, paBHO 1.6471. AGCOMIOTHEIE BETUYMHBI MAKCUMYMa, 1 MUHI-

MyMa, a TakXe BCeX IPUPAIIeHNI NHTEHCUBHOCTHU IPOIOPIUOHATLHEL

MHOXUTEJII0, cToseMy nepen gyuxunueir F(z,) B dopmyie (90).
Yuciio GOTOHOB IpU PACCESTHUN COXPAHSIETCS, IO TOMY

[F - [ ala)] g ity
0 0

0

B 1o xe Bpems sHeprus GoTOHOB yBenmumuuBaeTcs. MoxHO HallTH Oomu
VMEHBINAIOIIENCS W yBEIMYUBAOIICHCS UHTEHCUBHOCTHU. [l71s »TOro
HAII0 BEIYUCIATDH 1BA OTHOLICHUS

?F(Z’)dl‘ fF(a:)dw

=-033844, ¥, =" —1.33844. (95)

474 /15 474 /15

CyMmMma oTHOIIeHni nonoxurenbua u pasHa V_ + ¥, = 1. JleiicTBu-
TEJILHO:

= 4/:r3n0(a:)d:r =47 (96)
15
0

3mech gBa pa3a MPOWHTErPUPOBAHO IO YACTSIM.
Taxum 06pa3oM, MOIHBIE OTPULATENBHAS U MOJIOKUTEIHLHASI CBe-
THMOCTH CKOIIJIEHUSI PABHBLI COOTBETCTBEHHO

.33844kpT, M,
A 40 338 sz eO'TCEr gas _
mc mp
kBT, M,
=1.5-10* (5-1];;3) (1014‘;;;@) (1 + 2)*ape/c, (97)
1.33844kgT: M,
L+ =4 338 ZkB eO'TCE'r g35
mc mp
kT M,
=5.7-10* <5_1‘iKZB> (1015;;@) (1+ z)*ape/ec. (98)
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3necy E, = 4.188 - 10712 spe/cm® — mmoTHOCTE dHEprum PU, a z —
kpacHoe cMemtenne ckomnenus. Oraomenue Ly /L_ = 3.9547.

Takas mpocTasi 3aBUCUMOCTH MPUPAIIEHUS UHTEHCUBHOCTU OT
9JIEKTPOHHON TEMIIEPATYPHI MOJIYYAETCSI TOIBKO B TPUOINKEHAN yPAB-
umenus Kommawueiina.

5. HanpHelinme TeopeTUUYeCcKMe pe3yabTaThbl. Eile MHO-
rue OOCTOSITeNIbCTBA, MOXKHO yYeCTh MHpPU pPacCMOTpeHun dhdexTa
CrouseBa—3enbnoBuda. [lepBoe n OueBUOHOE — IBUKEHNE CKOILJICHUS
KAK [IEJIOr0 [0 OTHOIIEHNIO K PEJIMKTOBOMY (DOHY. DTO MEKYISIPHOE qBU-
JKEHUE BBI3LIBAET IOMOIHUTENbHOE nckaxxenne cruekrpa PU. IleiicTeu-
TEJILHO, eCIN CKOIIJIEHNE IBUXKETCs 10 oTHOeHnto K PU co ckopocTsio
¥, TO €ro Ta3 BOCOPUHUMAET TEMIEPATYPY STOrO U3TYyUEHU B COOTBET-
crBuu ¢ >pdexTom [ommepa, a MO OTHOIIEHNIO K HAOTIOIATETIO OKa-
KETCs

Tr(ﬁ) = Tr(]- - /Br)a (99)

rre By = vp/¢, a vy — panuaNbHas COCTABIAIONIAL CKODOCTU CKOIITICHNS.
Tax xak CKOPOCTU CKOIIJIEHWI HEPETITUBUCTCKIE, TO U3MEHEHIEe NHTEH-
cuBHOCTU PU B mepBOM IPUOAMKEHNN HOCTATOYHO HANTU C TOYHOCTHIO
[0 [IEPBOI CTeleHN OTHOLIeHUs cKopocTeld v, /c. [Ipu sTom eciau ckom-
JIeHre OBUKETCS K HaM, T.e. Uy < (), TO HHTeHCUBHOCTDH BO3PACTAET, &
npu v, > 0 — ymensiaercs. Takum obpasom [13]:

_ 9B,(TY) _ 2(ksTh)?
Al= = Thte = ——pe AGE)w,  (100)
raoe
Glo) = o~ (2)s2 (101)
D=le o \3)

D10 u3MeHeHNEe UHTEHCUBHOCTHU MIPOCTO NOOABISLETCS K TPEIbLIYIIEMY.
B acrpomomuueckoit mureparype udmenenne narencusaoctu PU, onu-
ceiBaemoe hopmynamu (89) u (90), HA3BIBAIOT TEILIOBBIM WU TEPMU-
YeCKUM, a u3MeHeHue ee m3—3a nemkeHns (100) — xkuHeMaTHUECKUM
(nHOrIA KMHETHUECKNM) dhdhexTamn.

Ha puc. 7 npusemenni rpadpuku ¢yuxumin F(x) u G(x).
Pamom nns opmeHTMpOBKM Ha puC. 8 TPENCTABIEHLI 3aBUCUMO-
CTM 4YACTOTHI W JJIMHBI BOJHBEI WU3JyY€HHWs OT AapryMeHTa T,
a wumenHo: v, = kg Ty 2, /h, A\, = he/(kpT,x,;). Yacrora nana B enu-
mumax 10" 'y, a mauHA BOTHEL — B MM.
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Puc. 7. ®yukuuu F(z) n G(z). Puc. 8. YacTOTHI U IJIMHBI BOJIH

B 3aBHUCHMOCTH OT Zr.

CpaBHUTENBLHO MPOCTO MOXKHO Yy4YECTh HEOMHOPOMHOCTH TEMIIEPA-
TYpPbl U KOHIIEHTPAIMK 3JIEKTPOHHOTO Tr'a3a B CKOIUJIEHWM. ECiam KOH-
HEHTPAIWS U TEMIEPATyPa SIEKTPOHOB B OOIAKE MMEIOT HEKOTODHIE
pacrpenenenus o o0bemy ckomieHus ne(r) u To(F), B mepBoM mpu-
GnuxeHnn — CHepudecKne, TO OMTUIECKAs TOJIIMHA O0IaKa U BEJI-
anna Y () = mc? /kpTe(F) B pasmmIEEIX MECTAX CKOIJIeHHs GyyT pas-
auusasl. MuoXuTens, crosmit 8 (90) nepen dyuxuumeir F, namo 3ame-
HUTH HA WHTErPAJI BOOJb JTyYUa, 3PEHMUsI

. T (T)
Y = T/ye(f,)dl. (102)

g nomyuenus 3bdeKTa OT BCErO CKOMJIEHUS HEOOXOMUMO PACCUUTHI-
BaTh €ro IS KaXXOOr0 MeCTa B KAPTUHHON IMJIOCKOCTU C COOTBETCTBY-
IOLTUM HHTErPAJIoOM, & 3aTeM HHTEeIPUPOBATH II0 PACIPeNeIeHIIO B 3 TOR
mwiockoctu. Ecnu u TemnepaTrypa rasa 3aBUCAT OT MECTa B CKOILIEHUN,
TO HAZO BEPHYTHCS K PA3MEPHON JACTOTE WM MPOBOAUTH BEIUUCICHUS
¢ 6e3pa3MepHOI YaCTOTON &, PACCINTAHHON IJIST OMHOTO 3HAUECHUS TEM-
mepaTypH.

6. Bomee cioxuble ciaydam sddekra. [Ipu temmeparype
rasa MOpSIKAa OECATKOB k9B CTAHOBATCS 3aMETHBI PESITUBUCTCKUE TI0-
OpaBKu. VIX ONpemeneHumio MOCBSIIEHO HECKONIBKO CTATEN Pa3IUuHBIX
aBTOpOB [22, 53] (cM. Takxe 0630p [66]). Hauano 6e10 momoxkeHo B [65],
rie GbUIM HANNEHB! DONPABKKM BTOPOro mopsnka 1mo 1/ye = kpTe/mc?.
TaMm e OTMEUeHO, HAIPUMED, YTO YIOMUHABIINECS BHIINE XapaKTep-
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uble Toukn 3ddexta npu 1/ye < 0.04 cMmernaoTcs B COOTBETCTBUN CO
crenyomuMu GOpMyIaMu:

1.13 2.1
zg = 3.83 (1 + —) , Tmax = 6.51 <1 + —> . (103)
Ye Ye

Benuuuner MaxCUMyMa 1 MUHUMYMa [OPU 5TOM YMEHBIIAITCS (0 MO-
nyno). IIpu MeHBIIUX Yo, T.€. GONBIINX TEMIEPATYPAX rasa, 3aBUCHU-
MOCTB OT Ye He CTOMb HPOCTa. ABTOPHI cTaThu [40] HAIIIN MOMPAaBKY
[0 ISATOrO HOPSAKA 10 1/Ye.

Ipyroe HapaBeHNE yCOBEPIIEHCTBOBAHNS T€OPUN — Hosee TOu-
HBII BBIBOI [IONPABOK 3a c4yeT nBmkeHus ckortenus [79]. CoBmecTHBIN
ydeT MOmpaBoOK K CyMMe KHHEMATUIECKOTO W TEePMUIECKOTO 3(hHEKTOB
[IPOM3BENEH B cTaThix [72, 53]. Ilpusenem pesynbrar [72] ¢ TOYHOCTBIO
[0 HOMPAaBOK BTOPOTO HOPSAIKA:

Al t, — 4 3

— =G +— —t,—1)p?

- (w)[6+ m +<20x >6+

11 e 47 2t2 + 52

—ty— 1) B2+ (10— —t, + 7%

+<20”” >5r+ye< 5l 10 +
1 /47 42 3 t: —3
— (=t —10- =24+ 3 +72_"52)]. 104
+yg ( 2 €z 5 T + 10 T + 5 Sz ( )

3necs ucmonb3oBaHbl cokpartenus (92), kpome Toro, 3 = /B2 + (B2,
roe By = wvy/c, vy — mOmEpedYHas CKOPOCTH CKOIUIEHWsI, & BMECTO Ty

HAINCaHO .

Ha puc. 9 npencrasnens! npupaiueHust nHTeHCUBHOCTH Al /T, B

2h (ksT:

eOUHUIIAX = ( 5
TPOHHOTO Ta3a B CKOmleHuu. IIyHKTUpPOM u300pakeHbl KPUBLIE, CO-
orsercrBymomue dhopmye (90), a4 CIOIOMHLIMA JTUHAAME — (HOPMYJIE
(104), yuursiBatomell PeISITUBUCTCKIE HOIPABKHU, Il HEIONBUKHOIO
ckorienus, T.e. npu § = 0. Hanporus, puc. 10 mokas3siBaeT 3aBucH-
MocTh uckaxkenus crektpa PU npu puxkcupoBanHoil Temmeparype siek-
Tponos T, = 108 B cxOmIeHNY, HO PA3TIYHLIX 3HAUCHUAX €T0 PAINAThb-
HOI ckopocTu. OTpUnaTeIbHBIE CKOPOCTU COOTBETCTBYIOT IBUKEHUIO
K HaOIIONATENIO, & MONI0KNTEIbHEIE — YOAJIEHUI0 OT Hero.

OrmeTuM, 4TO B TO BpeMs KaK IOMPABKU IIEPBOTO MOPSIAKA IO
CKOPOCTH 1 TEMIIEPATYPE IIPOCTO CKIIAALIBAIOTCS, B IIOIPABKAX BTOPOLO
MOPSIIKA UMeeTCs epeKpecTHoe citaraeMoe. Kpome TOro, 3Tu nmonpaskn

3
) IJIST HECKOJIBKUX 3HAUCHUI TeMIIEPpaTyPhI 3JICK-
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Al/Te Al/7e

0.25 T 0.25
0.20 0.20
0.15 0.15
0.10 0.10
0.05 0.05
0.00
0.00 &
-0.05
0.5 -0.10
-0.10 -0.15
—015 ¢ 1 -020
-0.20 L L L -0.25 L L L
0 5 10 15 20 0 5 10 15 20
Tr Zr
Puc. 9. Benmuunusr Al /7. npu Puc. 10. Benmuussr Al /7.
pasnmunbix Te (B K). IpU PA3HBIX (.

CONEPKAT HE TOJNBKO PAIMAIbLHYIO, HO U TPAHCBEPCATBLHYIO COCTABIIA-
torryto cxopoctu vy (depes 2 = 32 + 32). Bnpouem pensTHBHCTCKIE
MOMPABKH 34 CUET IBVKEHWS BIAUSAIOT HA BEIMIMHY CMEIICHWUS CIIEKTPA,
ropasmo ciabee, YeM MOMPABKY, BOSHUKAOIINE PN JOOABIIEHUN CIIEIY-
IOIIIX CITAraeMBIX B PA3JTIOXKEHNUN [0 CTeneHsM 1/ye B CIIydae HEIOIBIK-
HOro ckorenus. [Ieo B TOM, 9TO TEMIEPATYPHBIE MOMPABKE CIIEMYET
YUATHIBATL OOA3ATENBLHO, HE3ABUCUMO OT TOTO, MBUKETCS CKOIJICHUE
UM HET, & TIOMPABKY 34 CUET ABIKEHUA NOOABIAIOTCS yxke K HuM. Tem
GoItee MaJIBI MOMPABKY Ha, [OTIEPEUHOE NBUKEHUE CKOIICHUS, U UX OyIeT
BeCbMa, TPYIOHO BBIAEIUTH M3 HAOTIOOEHUH.

B pa6ore [54] HaiimeHbl IONPABKU 33 CIET PACCESHUS BTOPOLO MO
pANKa, TPOHOPIMOHAILHEIE T2 .

Kak m3BecTHO, 57IEKTPOHHOE PACCEIHUE CO3MAET MOISPU3AINIO W3-
Jy4YeHUs, HaKe eCi IEePBOHAYAJBLHO OHO HE MOJApU30BaHO. IlosTOMYy
u npu paccesHuu PU MoxkeT co3maBaThCs TOMAPU3AIUS, €CIU TMEETCS
HECUMMETPUYHOCTE B T€OMETPHUN PACCESHUS.

HabmonaTe ykasaHHYIO DOISPU3ANAIO MOXKHO B CIEMYIOIINX CILy-
gagax: 1) eciau HaGmOneHUs GIM3KOIO CKOILIEHUS BEOYTCS C HOCTATOY-
HBIM YTJIOBBIM Pa3PEIIeHNEM W MOXKHO TPOCIEONTE XOI N3MEHEHWS MH-
TEHCUBHOCTH (U TOJAPU3ANUN) OT IEHTPA K KPAK; 2) €Ciiu pacupene-
JIEHUE BJIEKTPOHHOTO ra3a HecHepudeckoe; 3) eciiu UMEEeTCs MOmeped-
HOe nBuxkenue ckortenus [41]; 4) 3a cueT KBAIPYHOIBLHOI COCTABILAIO-

mienn PN
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Tak xak PU He momspusoBaHO M M30TPOMHO, CTEMEHDb TOJIIPU3a-
U7 TIOYyYAeTCsT 6OIee BHICOKOTO MOPSIAKA, MAJIOCTHU, YeM caM 5PHexT
CroonseBa—3enbaoBruua. B mepBLIX ABYX CAydasx MOJSPU3AUS TOPO-
JXKIAETCS IPOCTO FeOMETPUell, HO IJIsl €€ MOSIBIICHUS] HeOOXOOMMO, YTOOI
[IPOM3OIILIIO [0 KPaliHeil Mepe OByKpaTHOe paccesiHue. Bropoe pacces:-
Hue no0ABJISIET K TEPMUYECKOMY U KMHEMATUIECKOMY Y(hdexTam mois-
PU3aIIMo COOTBETCTBEHHO MOPANKA T2 /Ye U [72. XOTA 5TO 3dhdeKTE
BTOPOro mopsinka (caM 5b(OeKT UMeeT MOPSIIOK Te/Ye U Tofr) U TPU
UX MOSBJIEHUU [IPOMCXOOUT Majas nobaBka, HO K Hy/o (T.e. K mep-
BOHAYAJILHOMY OTCYTCTBUIO mojapu3anun). [lpy HaGIIOneHn 0aeKnX
CKOIUIEHNII TPONCXOOUT YCPEIHEHHe II0 BCEMY CKOIJIEHWI0 1 3(pGerT
OKA3LIBAETCSI OUEHb MaJIbIM. llomepednoe mBUKEHUE, MaJO BIIUSIOLIIEE
HA CIEKTD, TAKKE CO3MAET HECUMMETPUUHOCTD PACCESHUSI, U KAK CIIEII-
CTBUE BO3HUKAET JMHeHAsS TOMAPU3AIs 3Ty IeHNs TOPSIIKA Te 3.

BosmoxnocTs mox HOMepom 4) Tpebyer nosicienust. Ilockonbky
ra3 B CKOIIGHUSIX [IOYTH HEPE/IITUBUCTCKUN U ONTUYECKN TOHKUH, a
dorousr PU obmamaroT mManoi sHEpruei, Ipu pacdeTe MOJISTPU3AuT
MOXKHO OTPDAHUYUTHCS PACCESHUEM TIEPBOTO MOPSIOKA, 8 KOMITOHOBCKOE
paccesiHe CIYMTATh TOMCOHOBCKUM, T.€. MPEeHeOpeUb M3MEHEHUEM Ya-
crorel. Torna, kak OBLIIIO OTMEUYEHO eIlle B OCHOBOIOJIATAI0IINX paboTax
aBTopoB dbdekra [6, 7], UMEHHO KBaIpynosbHas cocrasusromas PU
co3maer monsgpusanuio. OToT 3hGeKT ObLI MONTBEPKIEH U CPABHEH C
OPYTUMU MEXaHU3MAMU, TPUBOMSIIUMIA K TOSIBIICHUIO TTOSIPU3ANUN B
PN, B pa6ore [73]. TlokaszaHo, uTo Ha HeGe MMEIOTCS IOBe OOIINpHEIE
00s1acTu, B HAIIPABIIEHUSIX HA KOTOPLIE IOJISIPU3AIINS, CO30ABAEMAsT IIPU
paccessHIE KBaapynoiasHoOi cocrassatoineit PU ropsaum 51eK TPOHHBIM
ra3oM CKOIUJIEHWI Ha KPacHBIX cMereHusx 2z = 0.5 + 3, MakcuMaiabHA.
DddexT CUIBLHO 3aBUCUT OT YACTOTHI, HO B PEJIE-IKMHCOBCKON 00Ia-
CTHU 5Ta 3aBUCAMOCTH UCUE3AET U TAM CTENEHb JIMHENHON MOISIPU3AIAN
IMeEeT TOPSIIOK HTe MKK.

B mocnenuee Bpems ¢ sddexrom CronseBa—3eIbI0BUYA CBI3HI-
BatoT paccesHue PU ropstaum, B TOM 4nciie yabTPapensTUBUCTCKUAM,
5JIEKTPOHHEIM Fa30M IPYTUX OOBEKTOB. DTO MOTYT ObITh: 1) obmaka
3JIEKTPOHOB BOMU3M KBa3apoB [51] m B KOKOHAX pammoragakTuk [83];
2) ropsuMe 5JIEKTPOHBI B IKETAX AKTUBHBLIX SIEP TAJIAKTUK; 4) rops-
quii ra3, oOpa3yIUUACS NPU CTOIKHOBEHUN IXKETOB C MEXKIAJIaKTIH-
YECKOI CPemoil; 5TOT ra3 MOXKeT B3amMomeicTBoBaTh ¢ PU xak wmermo-
CPENCTBEHHO B OKPECTHOCTSIX [IKE€Ta, TAaK U IIOCIe ero MPOXOXKIEHUS;
5) UEHTPOCTPEMUTEILHBIE OXJIaXKIAKIINECS TEUCHUs, BOSHUKAOLINE
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n3-33 MOTEPh SHEPTUU Ta3a BCIACACTBUE M3IyUYCHUS U CHATAHUS €ro K
LEHTPY CKOILTEHUS U3-33 YMeHbIIeHNs! naBieHus [45]; 6) noHn3oBaHHOE
BEITIECTBO, BO3HUKAIOMIEE TPKU OOPA30OBAHNN MACCUBHBIX UEPHBLIX IBEIP
B LEHTpax radakTuk [16]; 7) ocrarouHas HETENIOBas PEIsTUBUCTCKASL
WIa3Ma B PANUOTAIAKTUKAX U CKomeHusx [34]. Bee sTu cmywam mo-
OpoGHO paccMoTpeHsl (cM. 0630p [21]). B Tex cmyuasx, xorma siex-
TPOHHBLIM Ta3 He SBIAETCS TEMJIOBEIM, pPe3yabTaT paccesHus nm PU
Ha3BIBAIOT HETemaoBeIM dpdekTom C—3.

7. Ucnonn3oBauue s¢pdekra. [lonyuenne mabmaomenunin Gora-
THIX CKOIJIEHUH TAJIAKTUK 1aeT BO3MOXKHOCTH OIPENEINTD [EKYIISIPHBIE
CKOPOCTU CKOTIJIEHUH TajlaKTUK 1Mo oTHOIeHnio Kk PU u Tem cambiM k
TII00AJTBHOMY KOCMOJIOTUYECKOMY PACIIupeHuio. i1t 5TOro nocTaTouHo
U3MEPUTH YPOBEHb PACCESIHHOTO W3JIyYEHUS] HA OBYX MJIMHAX BOJIH, HO
KOHEYHO TOYHOCTH IIOBBICUTCSI, €C/IM TAKUe M3MEPEHUs IPOM3BECTU HA
HECKOJIbKIX BOJIHAX.

Bo3moxHO Takxke uccienoBaHue CBONCTB IOPSIYEro 3JIEKTPOHHOIO
rasa B CKOIIEHUSX, €r0 TeMIEpaTypH [86], pacipenenenus ero mo o6s-
eMmy ckortenus [82, 36, 50|, BausHue HechepuuHOoCTH CKOMMeHus [61] u
np. OddekT mo3BoIseT TakkKe OOHAPYKUBATH CKOILICHUS MaJIaKTUK, B
TOM YHCJIe Ha OONBIINX KPACHLIX CMEIIEHUSIX U OIPENesiTh UX IOIe-
peunsie ckopocTu [17], a Tak:Ke HaXOMUTH COOTHOLIEHUS CBETUMOCTh—
Temneparypa [63] 1 peHTIeHOBCKas CBETUMOCTH—IIOHMKEHNE TeMIle-
paTypsl [24], CTATUCTUYECKN UCCIENOBATE KPYITHOMACIITAGHYIO CTPYK-
Typy Bcenennoit [25, 46].

Bonbioe nmpenmyiiecTBo ucmnonb3oBanus 3GGHEKTa M0 CPABHEHIIO
C OPYrUMH METONAMHU 3aK/II0YAeTCsS B TOM, UTO €ro BEJINYNHA OIIpe-
IEASEeTCs CBOMCTBAMU BHJIEKTPOHHOTO I'a3a U HE 3aBUCUT OT KPACHOTO
CMEIIEHUS, T. €. OT PACCTOSHUS IO CKOIJICHUS.

Habmonenus spdekra C—3 mpemocTaBiIsioT TaKkKe HE3aBUCH-
MBIl CIIOCOO HANTHU BEMUYUHY MOCTOSHHON Xabbma Hgy u opyrux xoc-
MOJIOTMYECKUX BeaudnH [66, 35].

Omnpenenesne KOCMOJIOTMYECKUX TAPAMETPOB OCHOBAHO HA, CIIEY-
omeM coobpaxenun. U3nyuenne raza mpONOPIMOHAIIEHO MEpPe DMUC-

Ccuu, T.e. UHTEerpaJly BOOJML jiy4a 3penus FM = ngdl . lornorenne
JK€ [POMOPUNOHAIBHO ONTUYIECKON TOJIIIHE, B CBOIO OYepensb [IPOIOp-

[IIOHAJILHON mHTerpany A = / nedl. Eciu MBI MOXeM u3MepuTh 06e

BemmauHEl, TO oTHOmeHne A%/EM ecTh Mepa B3BEIIEHHON 10 TIIOTHO-
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CTU OJUHE IyTH U3IyYeHus depe3 ra3. Ecau npu 5ToM CTpyKTypa rasa
M3BECTHA U €r0 YIJIOBOI pasmep f m3MepeH, TO PACCTOSHIE [0 ra3a IIo
YT7IOBOMY pa3Mepy MOXKeT GbIThb omeHeHo mo seiuuunae A2 /(EME).
Paccrosinue no yriiopomy nuamerpy B IpUMEHEHHH K Momenu 6e3
[ABJIEHUS U KOCMOJIOTMYIECKOT'O CJIaraeMoro maeTcs HopMyIIon

Hoq? (1+2)2 ’

rIe o — COBpPeMEHHOe 3HaUeHIe TaK Ha3bIBAEMOrO MapaMeTpa 3aMer-
JIeHUs, & 2 — KPacHoe cMertenue. Boobiie roBopst, mpuBemeHHoe coobpa-
KEHIE MOXKHO IPUMEHUTH, UMEsl TOJILKO PEHTTEHOBCKUE HAOIIONCHUS,
HO kKoMOuHamus ux c sdpdexkrom C—3 momxHa DaTh GONBLIYIO TOU-
HOCTH [47]. IIpu 5TOM CyIIECTBEHHBI PENATUBUCTCKUE MONpaBKU [67].
W3 popmyner (105) crenyer, 9T0 B IPUHIATIE BO3MOKHO ONPENETICHHE 1
qo, OMHAKO, TIOKA UTO HANEKOBI HA HTO He MOATBEPIKICHBI PEaTbHBIMI
HAOIIONEHUSME, TAK KAK UMEETCS HECKOIbKO MCTOYHUKOB CUCTEMATU-

dad

YeCKUX OIInOOK.

ODddext C—3 MOxKeT MOMOUYL U B HaAOMIOOEHUAX MCKaxkenuit PU
3a CUET SHEPTOBBLINETIEHUN B PA3TMYHBIE BIIOXU DBOIONUU BceaeHHo,
ONHAKO TOYHOCTY HAOITIONEHUH ITOKa He XBAaTaeT.

Brusuuio paccesiHus Ha ropsideM rase CKOIJIEHW MaJIaKTUK I[IOMI-
BepxkeHbl 1 Quykryaunu PU, uro nmpuBonuT x aHM30TpONNN, HA3LIBA-
emoii Bropuunoit [80]. Wsmepenune Takoit annsoTponuu 6yner GOCTYIIHO
TONBKO OymymuMm crnyTtHukaMm tuna Plank wmanm unTepdepomerpam B
MIJITUMETPOBOI obOmacTu. laHHBIE TAKUX U3MEPEHU TO3BOJIAT MOMY-
YATH OONOMHUTEILHYIO IEHHYI0 NHGOPMAINIO BBUAY HE3aBUCUMOCTH
sppexra C—3 ot z. Usyuaercs u Bropuunas nossipusanus [39].

8. Pesynprarbl mabmiomenmuii. lns mabmionenus sdhdexTa
C—3 npumeHsaINCh pa3NUIHBIE METONBI PALNOACTPOHOMUN: PALNOMET-
puueckue (HAGIIOMEHN HA ONHOM, TapabONuIecKoil Ui IUINHAPTIC-
CKOl1, AaHTE€HHE B OTHEJIBHBIX JIMHAX BOJIH), Gosomerpuueckue (B cyb-
MILLIIMMETPOBOI 00IACTH CHEKTPA) U UHTEPHEPOMETPIUYECKIE.

[Mepsrie Takue nabmonenus 6eumu npoussenens B CAQ emre B 1972
rony [10] n mamm KauecTBEHHO NMOTOXKUTENBHEIN pe3yiasTaT. B HacTo-
sI11ee BpeMsl U3BeCTHO OO0JIbIIOe KOJINUIeCTBO HAOIIONeHNH YKAa3aHHBIMI
METONAMU [JIs CKOIJICHUI ¢ KpAaCHBIMU cMereruamu 10 0.5 (Gombim-
CTBO — HECKOJIBKO HeCATHIX). HeCKOIbKO CKOMIeHNI HAGIIONAIICE HA
KPACHBIX CMelleHusx nopsinka 1, pexkopa — 3.83. Benununna sddexra,
KaK ¥ OKUAAIOCH, Topsinka MK (MUKpokensBuHOB) [21].
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Omnpenenesunst CKOpOCTEN CKOIJIEHMI IOKa €Il OYeHb MPOTHU-
BopeuwBbl. Hampuwmep, mmst ckomenust Ditbma 1689 waiimeno v, =
1707750 wm/c.

Habmaronenus Ha 60IbMIKUX KPACHBIX CMEIIEHUSIX MOOTBEDPKIAOT,
uro u Tam PU umeercs u ogaoponuo. Kpome Toro, neicTBUTENBHO yoa-
ercs onpenenuTh BemuunHy Hy. OTnenbHBIE ompeneneHus oGHAPY KU-
BalOT GombInoi pasépoc (ot 24 mo 82 (xm/c) /Mnx), HO cpenHee 3HAUE-
uue 47 (xm/c)/Mnx 6GMu3Ko K T€M, KOTOPBIE MONYYAITCS [0 ONTHIE-
CKUM IaHHBIM, XOTs U MeHblie ux [21].

Xors mabmiopgenus: 3ddexra npousBomsaTcs yxke moutu 30 Jjer,
TOJIBKO CEYAC B CBSI3U C Oy PHBIM TEXHOJIOTMUIECKIIM IIPOIPECCOM [TOSIBI-
JIACh BO3MOXHOCTB €r0 IIMPOKOTO MPUMEHEHUS MJISl YKA3AHHBIX BBIIIIE
neJel.

B wacTtHOCTH, npenstaraeTcs coenaTh 0030p CKOIJIEHUH TaJIaKTUK
OMHOBPEMEHHO B PEHTIEHE U B MIJLINMETPOBOM-CAHTUMETPOBOM OUA-
ma3oHe Hamonobue 0630POB 3BE3M, MYJIHLCAPOB, TYMAHHOCTEN, rajJakTUK
B PA3NMUYHBIX nuamna3oHax. OXumaercs, 4TO MpU MOpOre U3MEPEHuil B
0.1 mn okomo 2 mm GymeT 3apeructpupoBano 10 < 100 cxommeHni
Ha mromanke B 1 kBagpaTHbil rpanyc [38]. I'uoponunamMuueckue pac-
YeThI [JIs PA3JINYHBIX KOCMOJIOTUIECKIX Momesel [76] mokas3sBaoT, 4To
coytauk Plank cmoxer yBuners nopsinka 25000 ckomsienuit, eciu cpemn-
HsIST IZIOTHOCTE BO Beenmennoint nuskast, u npumvepso 10000, eciiu Beenen-
Hasl II0CKAasl.

§ 5. 3akmrouenne

ObuapyxeHue B IOC/IENHEE BPeMs GOIBIION PO KOCMOJIOTUYE-
CKOI'0 BaKyyMa BEI3BAJIO BO3POXKIEHNE IOBBLIIMIEHHOI'O MHTEpeca K KOC-
MOJIOTHH BOOOIIIE U K UCCIIENOBAHUIO PETMKTOBOIO U3y IeHUs B YACTHO-
ctu. Ha 5T uccmenoBaHus pacXonyTCs 3HAUNTETbHBIE CPEICTBA, MHO-
rux crpal. [Ipu sToM nporpecc B uccmenoBaHuUIX 3TOr0 GEHOMEHA, MPU-
POOBI TPOUCXOAUT OBICTPO U HA HAIIUX Tia3ax. [losToMy 3HAKOMCTBO
CTYIOEHTOB-aCTPOHOMOB C 3TUMHU IIPOOIEMaMH COBEPIIEHHO HEOOXOOMMO.

B stoMm yuebHO-MeTOOUUECKOM HOCOOUY M3/I0KEHBI MCTOPUS U II0-
cllemHNe TOCTUKEHUS B U3YUEHNN PEJIUKTOBOTO U3TYyUEHUs, KOTOPOE He
TOJIBKO SIBISIETCS CBUOETEIBCTBOM B IOJIb3Y CIPABEAINBOCTH KOCMOJIO-
TUYECKUX MOMETIEH, HO U MO3BOJISET ONPENeTUTh MapaMeTPhI ATUX MOIe-
neft. JlampHeee 3HaKOMCTBO C PACCMOTPEHHBIMI BOIPOCAME MOXKHO
OCYUIECTBUATDH II0 IIUTUPOBAHHEIM 3[0€Ch KHUTAM U CTAThSIM.
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