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§ 1. KocMuueckoe MUKPOBOJIHOBOE GOHOBOE (PEIMKTOBOE)
N3JIydeHune

1. Orkpoirue. Cosmic microwave background radiation (coxpa-
wenno CMB, CMBR, CBR) no-anrauiicku, mwig peIuKTOBOE U3ILy-
vyenre (PU) no-pyccku (repmun Beenen U. C. IknoBckum), sBisercs
OMHUM W3 OCHOBHBIX CBUIETEIBCTB CIPABEIINBOCTU TEOPUU TOPSUEH
BcenenHoil 1 mo3TOMY 3aHHMAET BBINAIOIIEECS MECTO B COBPEMEHHON
kocmosioruu. Kpome Toro, oo HeceT mHGOOPMAIWIO O MHOTUX IIPOIEC-
cax, IPOUCXONUBIINX HA PAHHUX TAIAX 9BOJONUYN BceneHnoil, B gacT-
HOCTH, O (POPMUPOBAHUY €€ KPYIHOMACIITAOHON CTPYKTYPBL, U 5TA UH-
(opmarus B HaCTOsIIIee BPEMsI CTAHOBUTCS NOCTYIIHON HAOTIOOEHUSIM.

Cornacuo Teopun ropsdeit BeemeHHON MaTepust [0 BIOXU PEKOM-
OUHAINN HAXOOUIACH B COCTOSHUM, OUeHb OIN3KOM K T€PMOIMHAMIIe-
CKOMY DPABHOBECHUIO, TAK YUTO FOPSYUE BELIECTBO U WM3JIYyYEHUE UMEIN
OOMHAKOBYIO TeMIepaTypy. B xome pacmmpenus Bceemennoit remmepa-
Typa noHuxkainack. Korna ona cunm3unaces npumepso mo 4000 K, cocros-
JIaCh BIIOXA PEKOMOUHAIINY, B XOIe KOTOPOIL SIPa 1 37IeKTPOHBI COSNUHSI-
JIUCH B ATOMHI (B OCHOBHOM, ATOMEI BOIOPOA), TAK UTO BEIIECTBO CTAIIO
HeHTpaJIbHBIM. D TOH II0Xe COOTBETCTBYIOT KOCMOJIOITYeCKIe KPACHBIE
cmerrrerus 2 ~ 1500-+1000. Ilocie pekombuHauu 3Ty YeHNE IEPECTAIIO
B3aUMOIENCTBOBATD C BEIIECTBOM, UX PACIIUPEHIE IPOUCXOAUT HE3ABU-
cumo. zmyuenne, npomormkas OXIa:KIaThCsl, COXPAHSIET OlpeneleHHbIe
CBOWICTBA, NPUCYILIE eMy B Ty u 00jee paHHUE BIOXU, U HOHOCUT UX
mo Hac. Pycckoe HasBaHue OTpakaeT MMEHHO 3TO OOCTOSTENLCTBO, B
TO BpEMsl KaK aHIJIMICKOE TAeT OMUCAHUE COBPEMEHHOMN IPUPOMBL STOrO
U3ITy YeHUsL.

P 6bw10 orkperTo ciryuaiino (serendipitously).

Becnoit 1964 rona Apuo Iensuac u PoGepr Bumscon us mayuso-
uccnenoBarenbckon dupmer “Crawford Hill Laboratory” B Xommmese
(Holmdel B mrrare Heio Mopk) roToBmmch K M3MEPEHMSM HHTEHCHB-
HOCTHU HEIPEPLIBHOrO u3iaydeHus [amakTuku Ha niuHe BOMHBL 20 cm
(B6uiu3u MHUK HEATPaIBHOrO Bomopona 21 cu).

Anmaparypa 6buTa BEICOKOYYBCTBUTENBHAS C MPENENTBHO HU3KUM
ypoBHeM 1ryMa. [lepBoHavIanbHO 5Ty anmapaTypy NPennoaraioch uc-
[OJTB30BATEH [JIsl TIOIYYEHUs] OTPAXKEHHBIX CUTHAJIOB OT CIYTHUKOB
cs3u. [lepBas Takas mOnbITKA OBLIA YCHENIHO IPOM3BEAEHA CO CIIYT-
uukoM ECHO, kxoTopsiil npencrasisii cof0l IPOCTO AP TUAMETPOM
100 dyToB, OTpaAKAIOIINN PATUOU3TYICHLE.



[Iporpamma Ilenmsmaca u Busjcoma cocTosima B TOM, YTOOBI, HC-
CJIEIOBAB IIIyMbI AHTEHHBI U MPUEMHUKA, MMOJIYyUYUTH BO3MOXKHOCTL a0-
COMIOTHBIX n3MepeHuit. Buio 06HApYKEHO, YTO PErUCTPUPYEMBIH IITyM
Ha A 12.5 em npeBocxonut uryM, Habmonasmuiics B sadoparopuu. Hlym
OBbLI IPUMICAH U3IYyYEHUIO 3eMIIK, IPUHIMAECMOMY O0PATHBIMHU JIEIeCT-
kaMu aHTeHHBI. O.(OM, KOTOpHI pa3pabaThIBAJI MPUEMHYK) CHCTEMY
s ECHO [55], ykassiBas, 94To Takoe oObsICHEeHNE He mpoxonuT. IIpu-
TJTAIIIEHHBIA B KadecTBe TpeTeickoro cynbu [l BumkumHCOH BBICKa3ast
MBICJIb, YTO, MOXET OBITh, IMEHHO 3TO U3JIy YeHIE OXKUIAIT aCTPOHOMEL
B CBs3: ¢ Teopuell ropsueit Beemennoii. Ilonpobuas nucTopust OTKPBITUSI
P comepxurcs B kuure Hubimca [57].

Hesanosro mo sroro A.T'. Topomkesuu u W. II. HoBuxos [4] pac-
CUNTAJIN CHEKTD M3JIYUeHUs, KOTOPOe MOJIKHO HAOIIOOATHCS ceidac B
MerarajgakTuke, a BO3HUKIIO OT TaJlakKTUK CO BpeMeHu uxX oOpa3oBa-
Hust. Pacyers! Oblin coemasbl IpU PA3IMIHBIX [IPEOIIOIOXKEHUSIX O Pac-
[IPENeieHNN BEIIEeCTBA, DBOIONUN TAJIAKTUK, O HAJIWIAU WJIA OTCYT-
CTBUU HEWTPUHO U T.n. B xOHIEe cTaThu OHU yKa3aju, 4TO HaOIIOHe-
HIS Ha TeJecKone XOIMIenaa, O KOTOPHIX OBLIO U3BECTHO U3 MyOIUKAIIAN
¢upmer Benn, matot yBepeHHocThb, uTo PU cymectsyer. Ilo Temmepa-
Type 2.3 £ 1 K, nonyuennoit B XonMaene, I TEOPETUIECKU ONPEIeIeH-
HOII Temmeparype uryMmoB armochepsl 1 K oHE OmeHuIn TeMmneparypy
PU B 1 K. Ha rpaduk u3mydeHns raJakTUK ObLIa IOMEIIEHA KPUBAsI,
cooTBeTCTByIoIIas Temnepatype B 1 K. B memom momyummack OByrop-
6ast kpuBas, o KoTopoii B kuure 9. B. 3ensnoeuua u . I1. HoBukosa [5]
CKA3aHO, YTO OHA HOJIFO€ BPEMs yKpalasia pekiamy bupmel bem.

O Bo3moxkHOCTH HmpunucaTh Habmonaemein mym PU mabmrona-
Tenau B XOJIMIese, UCCIEAysl alnaparypy, HO-BUAUMOMY, HE IIOHO3pe-
Banu. Bee nrymMur ux cucTeMbl MU OBITIN U3y Y€HEBL 3apaHee, KpOMe IIyMa
AHTEHHBEI — PYMOPHOTO pedilekTopa ¢ amepTypoit okoio 6 . C menbio
U3YYIUTH U HTOT UIYM OPUEMHUK ObIT HaCTPOeH Ha A 7.35 cm 1 aHTEHHA
HAIPABIIEHA, KAK Ka3aJI0Ch, HA COBEPILEHHO TeMHbLI yyacTok neba ([a-
naktuku). Cursan okasascs nopasurenbHo bonbumm: 3.5 £1 K.

Oxkorno roga nBa HaOTIOOATES IEPEIIPOBEPSIIHN CBOIO AIAapaTyPy.
DroT curuan 06s1amar HEOOBIYHBIMEU CBOMCTBAME: OH HE 3aBUCEJ HU OT
BPEMEHU, HU OT HampaBjeHwus, Hu OT nojioxenus COMNHIIA, HU OT pac-
MOJIOKEHY ST AHTEHHBI OTHOCUTENIBHO IIOBEPXHOCTH 3emiin. Takum CBOii-
CTBOM MOLJIO 00JIafaTh LIyMSIIIiee COIIPOTUBIIEHNE, HO 3TO IPEAIOI0XKe-
HUE He IONTBEepAUIOCh. ABTOPBI yOEOUINCh, YTO UCTOYHUKU CUTCHAJIA
HAXOOSTCS HE B TEJIECKOIE U He B IPUEMHUKE.



Boutn u3y4eHBl BO3MOXKHOCTH IIOJIOXKEHUS WMCTOYHUKOB: 1) HA
Bemre, 2) B Conneunoit cucteme, 3) B Mamaktuxe u 4) Bue [amakTuxu.
[TepBbie Tpu BO3MOXKHOCTH IIOCTIE TIATEIHLHOIO UCCIENOBAHUS OTIAIN
10 CBOICTBAM CUI'HAJIA, [JIABHLIM aPryMEHTOM IIPU 5TOM OBIIa €ro m30-
Tpomus. Qcranack OMHA BO3MOXKHOCTb — KAKIE-TO BHEMAJIAKTIUIECKIE
yIaJIeHHbIE MUCKPETHBIE PANUOUCTOUHNKY. HO 1 9TO npenmnomoxenue ue
IIPOXOMUTIO, TAK KaK Takue Oosee OIM3KIE PATUONCTOUHUKY U3BECTHHI,
OHH rOpa3no spde B METPOBOM IUAIIA30He U UX Oolee masekie aHaIorn
ObLI ObI HABHO OOHAPYKEHHI.

[Mapannensuo ¢ sTumu Habmonenusvu B [Ipuacrone (wwrar Heto-
Hxepcu), or koroporo Xoumzesr Haxonurcs Beero B 30 MuIix, rpymnmna
yueHBIX BO riaBe ¢ PoGeprom Iukke mpoBommiia CBOM HaOIIOOEHUS
TakKe Ha MAJIOIIyMsIIell annapaType, CO3HATEIbHO IPEeTHA3HAUNB ee
[T TIOUCKA M30TPOMHOrO (HOHOBOTO u3myueHus Ha A 3 cu. Ilukke mpen-
mostaraji OOHAPYXKUTH W3JIydYeHUe C TEeMIEPATYPORl B HECKOIBKO I'Da-
nycoB. Ero narepecoBasio He IPOUCXOXKIEHIE 3JIEMEHTOB, T. €. [IePBUI-
HBIIl HYKJTEOCHHTE3, & UX pa3pylieHue B myabcupyoiieit Beemennoit. On
uMeJsl COOCTBEHHBIE HAEU O IIPEBPAIEHNN TSKeNbIX HIEMEeHTOB B BOIO-
pon mpu ob6paTHOM cxkaTuu BceneHHoil.

Huxkke ere Bo BpeMsi BTopoil MupOBO#l BOMHBI CKOHCTPYHPOBAJ
panuomerp B MIT Radiation Laboratory (Maccauycerckuit Texuoso-
rugeckuil uHcTUTyT). [locie BOMHBL OH UCIOIB30BAII €10 L U3MEDEeHNU
U3MIyYeHns BOASHOIO mapa B armocdepe, mamydenus Comnuna u JIyHBL
Torna xe on Hamoxui orpanndenue Ha Temneparypy CMBR B 20 K.
B 1964 romy oH mpemmoxkmi KOHCTPYKLMIO, KOTOPAasi MOrJia ObI 3ape-
CUCTPUPOBATH M3jIydeHune MeHbreln temmeparypsl. [lo npenmoxenuro
Huxxke II. Pomn u 1. Bunkusucon u3 [IpurcToHA M3roToBUIN TAaKOM pa-
nuomerp. K pabore Guin mpusneuen rakxke reopetux @. [Txk. J. [Tubnc,
€ KOTODPBIM OOCYKOAJINCh MeTaIl U BO3MOXKHOCTH PErUCTPAINK U3ILY-
genns. O cBoenl mpenbimyieir padore ukke 3a0bIT U HAYErO HE 3HAI
06 OOHAPYKEHHOM IIIyMe B XOJIMIETE HA UM Ke M300PeTeHHOM Paauo-
MeTpe.

Yepes HEKOTOpPOe BpeMsl YUIACTHUKU OOEmX CPYII depe3 OOIInX
3HAKOMBIX Y3HAIIM O CYIIECTBOBAHUU U HCCIENOBAHUSX ODPYT ODPYra u
BCTpeTWIuCh. IBe cTaThbu: OmHA C pe3ymbrarTaMu HabmomeHmin [59],
a npyras ¢ teopueil [27] mosBuwimch B omHOoM HoMepe Astrophysical
Journal. Heckonbko mecsieB cuycrs rpynna Hukke HA A 3.2 cm mos-
HOCTBIO [TOATBEPANIIA Pe3yIbTATHL IEPBOY IPYIIIEL, IOy IINB TeMIIePa-
Typy 3.0+ 0.5 K.



K 1972 romy croiictBa PU Obimu monTBep:KOEHBI M3MEPEHUSMUI
6omee 15 rpynn mHabmomaTteneir Ha mmwHaX BomH OT 0.27 mo 73.5 cm.
K 1975 ronoy mabmiomeHus ObLTM MPONOJIXKEHBI OO 0OJIACTU OJIUH BOJIH
0k0710 0.1 mm, KOTOpas neKUT HKe 4acToThl MakcumyMa PU. Ceiruac
P sBnsiercst ucTouyHnkKoM OOIMIMPHOA MH(MOPMAIME O PAHHUX DTAIax
ucTtopuu BcenenHoii.

3a cBoe orkpoitue Ilensnac u Buncon monmyummu HoGeneBckyrio
npemuio o ¢usuke B 1978 romy.

2. IlpenniecTBeHHNKN OTKPBITUA. lHTEpECHO OTMETUTE, ITO
obuapyxernre PU obmamaer uepramu OPYruxX OTKPBITHUH, HAIPUMED,
oTkpuiTus Amepuku KomymGoM. ABTOpBI HE TOHUMAJM, YTO OHU OT-
KPBIJIH, IPUPOMY SIBIIEHUS MMOSCHUIINA IPYTUE, BIOCIEACTBUN OKA3aJI0Ch,
uTo cyuiecTBoBanre PU dakTuuecku ObIIO yCTAHOBIIEHO PAHbIE, HO
6e3 0co3HaHMS STOro GakTa u 6e3 MINPOKOA N3BECTHOCTHU O HeM. B ciy-
yae Konymba — Amepuro Becriyuyun u Bukuaru. B ciiygae P — Hukxke
u Oosee paHHUE HAOIIOOEHNS, O KOTOPBIX CKaXeM OTIEJIBHO.

Emte B 1941 rony B. Anamc [15] BEIDOIHIIT HAGIIONEHIIST MEXK3BE31I-
HOTO TIOTJIOIIIEHNS B CIIEKTPe 3Be3nbl { 3MeeHOCIa B JTUHISIX MOJIEKYITbI
CN u o6HapYXKWJI, YTO MOTJIOLIAIOT MOJIEKYJIBI HE TOJIBKO B OCHOBHOM,
HO U B IIEPBOM BO30Y2KIEHHOM BPAI[ATEILHOM COCTOSIHUN, OTCTOSIIIEM
ot ocroBHOrO Ha 2.6 mm. Mak-Kesnap [48] B npennonoxenuu, 4To oT-
HOCHUTeNbHBIE HACEIEHHOCTU YPOBHEN momuuHsoTcs dopmyie bombi-
MaHa, OIEHUJT TeMIepaTypy Bo30yxkmeHus B & 2.3 K. Uctounuk BO30y-
XKNIEHUs OH IPUINCAIT KAKOMY-TO KOocMudueckoMmy arenTy. Habmomerus
TaKUX JIUHUN B CHEKTPAX OPYIUX 3BE3[ MOATBEPOWIM U30TPONHOCTH
ucrounuka. Habmonerus Momekyit ¢ 60IbIIIMY TOTEHIINAIaMu BO30y-
JKIIEHNsI [IEPBOr0 BPAIIIATEILHOIO YPOBHS He Hanu pe3ynbTaToB. Hexo-
TOpBIE HAOIIOMNEHUsI, TIOKA3BIBABIIINE TEMIEPATYPY BHIIIE HECKOJIBKUX
TpamIyCcoB, OKa3amuch ommbouHsIMu. Tombko B 1966 rony sToT ucTou-
HUK BO30yxneHus Obu1 cBsizad ¢ PU (nompobree cum. [5]).

[Ipsamas perucrpamus PU 6bmma ocyiiecTBiieHa HA PYIOPHOR aH-
Terne Ha miuHe BonHbL 3.2 cu B CCCP. B crarwe H. JI. Kaiinanoscko-
ro [8, c. 152-153] manucano cnenyoree. “OKa3’aiock, UTO U3ITyUeHNE
Heba 13 007IaCTH 3€HUTA NMeeT SIPKOCTHYIO TeMmeparypy 3.7 £ 3.7 K,
a B mosspuoit obnactu 3.9 £ 4.2 K u He u3MeHseTCsl CyLIECTBEHHO CO
BpemeneM. Kak renepn scuo, usmepersas T. A. IIlMaoHOBBIM SpKOCTHAs
Temmneparypa Heba (= 4 K) npesbliaia TeMIepaTypy U3iLyYeHus TPO-
mocepsl B HANPABIIEHUU 3€HUTA, PABHYIO, IO COBPEMEHHBIM aHHBIM,
mpumepuo 2 K. W3 storo cremyer, uro T. A. IlIlMaoHOB, NO-BUOUMOMY,



OBbI7T OTM30K K OTKPHITUIO (POHOBOTO KOCMUYECKOIO PEJIUKTOBOIO M3JIY-
YeHUS.

Nsmepenus T. A. [IlmaouoBa, onybaukoBanuse B 1957 1. . .. (3mecs
[14] — OH.), x coxaneHuo, He OBLIM U3BECTHLI OPYIUM COBETCKIM
acrpotpusukam A.[D. Hopomkesuuay u H.II. HoBukoBy, koTopse (kak
0TMEYasoCh B HpenbimyiieM myHkTe — /[. H.) BOepBBIE B MUDE yKa-
3718 HA TEXHUUIECKYIO BO3MOXKHOCTBH DKCIEPUMEHTAIILHOTO OOHADYXKe-
HUSI KOCMUYECKOTO (POHOBOIO DEIMKTOBOLO M3IYUEHUs METOHAMHU pPa-
OUOACTPOHOMUM TE€X MHEMH.

O pabore A.T. Hopomxkesuuya u W. II. HoBukoBa orkpeiBaTesnsm
P rakxe me 6bL10 m3BecTHO, uTo n orMmermwsi A. A.Ilensuac B coeit
mexuuu npu nojayderun HobemeBCckol mpeMun 3a 5TO OTKPHITHE.

B paforax coBeTCKUX yUEHBIX CONEPKAIOCH HaKTUIECKH [IEePBOE,
XOTs U BecbMa rpyboe u HeocosHauuoe, usmeperue (T. A.Illmaonos),
a Takxe npenckasanue Bozmoxkuoctu usmepenus (A. . opomkesud u
W. . HoBukoB) peiukToBOro usiydexus.”

3. CpoiictBa PU. D10 n3nyuenne neficTBUTENIHHO 3aI0IHIET BCE
IPOCTPAHCTBO U UAET PABHOMEPHO CO BCeX CTOPOH. OHO mMeeT JucTo
YEPHOTENBHEIN COEKTP, T. €. OMUCHIBaeTCs Gyukiuei [Imanka ¢ Temme-
parypoit o nanaeM 1999 roga coyrauka COBE (COsmic Background
Explorer) Ty = 2.7277 £ 0.002 K (yposenb manmexsocTu Bbiue 95 %
— 5TO caMoe TOYHOe HaOIIONEeHHEe BO BCEHl KOCMOJIOTHMU) U IIOLYUHSI-
eTCsl BCeM ero 3akoHaM. B cooTBeTcTBUE ¢ 3aKOHOM cMereHus Buna
pacronaraeTcst ero MakCUMyM Vma, = 1.604 - 1011 1/¢, uto cooTmeT-
crByet aiuse BOiHEL 1.870 mm. Oyukuusa [Inanka, npencrasiennas de-
pe3 NJINHBL BOJIH, UMEeT MAKCUMYyM Ha Apax = 1.062 mm, coorBeTcTBy-
IoIIas 9acTOTa (OTIMIAOMASCS OT Vinax) paBHa 2.822- 10 1/c. Touka
B CIIEKTPE, PA3AEIISIONIAs KOTINIECTBO CIIEK TPAIILHOTO U3JTY YU€HUSI TIOIO-
nam, umeeT dactory 1.9910 - 101 1/c u maumy Bommsr 1.506 M.

Kounenrpamnus peaukTOBBIX (HOTOHOB C YKA3AHHON TEMIEPATY-
poit pasra 872.404(Tokg/ch)® = 411.7 1/cm®, nmnortHOCTHL MX TOT-
HOUI sHepruu coriacHo (opmyne Credpama—bBonbimana cocrasBisieT
(87°kp /15R3c3) Ty = 4.188 - 10713 spe/ea® (wmm 0.25 3B/cu®), uro
COOTBETCTBYeT mwioTHOCTH Maccel 4.659 - 1073% 2/cu?. IlnoTHOCTD 5H-
Tpornuu Taxoro GoTOHHOTO rasa pasHa 2.047 - 10713 2/(cm *K).

W3 manubix Tabnuuel, M3BJIEUEHHON U3 KHUTY [5], ciienyer, 4To 1no
IZIOTHOCTY SHEPrUM U B OCOOEHHOCTHU IO KOHUeHTpauuu ¢oronos PU
[IAJIEKO MPEBOCXONUT BCe APyrue (GOHOBBIE U3IyUEHUs, T.€e. TO OCHOB-
Has (OpMa CYIIIECTBOBAHUS U3JIyUEHNS] B COBDEMEHHOI BcenmeHHoil.



@DOHOBEIE U3TYyUYEHHUS U UX CBOUCTBA

IImoraocTs Konuenrpanms
Huamazon SHEpruu, doronoB,
2B/cm® 1/cm?

L TIHHOBOTHOBBII
panmuo ~ 1077 ~1
CanTuMeTpOBBII 1
MmmMmerposeii (PI) 0.25 400
MNudpaxpacHbIin ~ 1072 ~1
Onruueckmit ~3-1073 ~1073
Msarkwmii peHTIe-
HoBCKmit (< 1 %3B) 107°+107* | 3-107% = 1078
2KecTkuit perrre-
moBCKMi (< 1 K3DB) 10~* 3-107°
Msrkuit ramMma
(1+6 MaB) <107° <3-10712
2KecTknuit ramMma
(> 10 M>3B) <1078 <1072

W3nyuenne, Kak yxKe TOBOPUIIOCH, B BEICOKOM CTENEHU U30TPOIIHO.
Onnako, kax ObUIO OpencKas’aHo [26, 77|, mMeeTcs AUMONbHAS AHU30-

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

HUSIM OaeT nounoiabHern moMeHT 3.343 + 0.016 wmxK B HampaBieHuun
a = 112" 6§ = —7° um | = (264.4 £ 0.3)°,b = (48.4 £ 0.5)°. Ilo-
cjie ucnpasiieHus 3a nBmkenne 3emyn BOKpyr Comuna, CorHIa BOKPYT
neHTpa ['agakTukn n ["'amax Tk 0o OTHOIIEHUIO K IEHTPY Macc Mect-
woit ['pynmer momywaercs, uro Mectuas I'pynma rajgakTuk OBHKETCS
co ckopocTbio 627 + 22 xm/c no ormomwenuto k PU B manpasienun
I = (276 £ 3)°, b = (30 £ 3)°. [loneITKY OLpPENEINTH HANPABICHUE U
CKOpOCTL nBu:KeHUss MecTHoll ['pynner oTHOCUTENBHO Opyrux, 60see
YIOAJIEHHBIX, TAJIAKTUK U CKOIJICHWI TaJIAKTUK HAJIN IPOTUBOPEUNBHIE
pe3yiabTaTH.

Yxaszauasre aHuzorponuu pakrTuwdecku He oTHocsTes k PU, a Bos-
HUKAIOT U3-33 OBUXKEHUSI CUCTEMbI OTCUI€Ta OTHOCUTEIHEHO TOr0 U3ILy-
uenus. Takum obpazom, PU urpaer posnb sdpupa.

Bonee unTepecen u TpymeH BOIPOC O COOCTBEHHON aHU30TPOINAN
PEeIuKTOBOrO hoHa. D Ta AHU30TPONUS HAPSIAY C OTKIIOHEHUSIMU OT Uep-
HOTEJILHOIO PACIIPeNesIeHns HeceT OOIMIIpPHyo nHbOopManuo o6 ncropuu
Bcenennoii.



Opranmn3oBars HAOTIOOEHNS B PAMNONNAIA30HE Ha, MHOTUX JACTO-
TaX YPe3BLIYANHO TPYIHO, IOATOMY HAOITIOOATENN COCPENOTOUNINCH HA
HaOMIOOEHUIX NMeHHO aHn30oTponuu PU, KoTophie MOXKHO OCYIIIECTBUTEL
HA OIHOM TeJIeCKOIIE.

§ 2. AHU3O0TpONUS PESIMKTOBOrO M3JLyYeHUs

1. Uctounuku anmsorponuu PU. Cunraercs, 4To aHE30TpPO-
[UsI BEI3BIBAETCSI HEOMHOPOMHOCTSIMI B PACIPENETICHNN MATEPUN B PAH-
HIOIO BIOXY paciiunpenus Bcemernnoii. Bece 5Tu HEODHOPOIHOCTH MAaJIbI
HA HAJaJIbHBIX dramax pacmupesus. Hekoropee m3 HuUX pacTyT, ITO
[IPUBOAUT K 00Pa30BAHUIO KPYIHOMACIITAOHBIX CTPYKTYD Beenennoit u
otpaxkaercs Ha PU, mopoxmnas ero aHU30TPONUI0 U UCKAXKEHUS CITEK-
Tpa. OTU OTKJIOHEHUs OT CPENHEr0 CUJILHO 3aMBIBAIOTCSI B DIIOXU, KO-
roa Bcemennas ropsiuas. OmHAKO mpu ee OCTHLIBAHUU O TEMIEPATYD
nopsanka 4000 + 2700 K (Bpems oT Havaita pacmmpenus ~ 10° jet),
korna KpacHoe cmertenue 2 ~ 1500 < 1000, npoucxonur, Kak yzKe rOBO-
pusock, pekoMOnHanys BemecTBa u obpasosanue aromoB. [locse sToro
OTHEITUBIIIEECS OT BEIIECTBA, U3JIyUYEHNE C HIM AKTUBHO HE B3aUMOIEH-
crByeT. OT 5moxy pekOMOMHAIMM [0 HAC HOXOOUT U3JIyUYEHUE MOYTH
cBOOOMHO, 1 Ha HEM OCTAIOTCS BO3MYIIEHHUS, CYIIECTBOBABIINE 0 U B
TeJYeHNe SIOXU PEKOMOUHAINN.

Taxum 06pa3om, 5moxa PEKOMOUHAIINNT — 3TO MMOCIETHUA IePUOT
B ucTopum ropsiueir Bcemennoit, korna (GpOTOHBI UCHBITHIBAJIN PACCEsI-
HIE Ha, OCTABIINXCs CBOOOMHBIMU 3IEKTPOHAX. B KOHIIE 5TOI 5moxu, Ha,
KPaCHOM CMeIeHnn mopanka z ~ 10% pacmosoxken chepiraeckuit ¢ioit,
KOTOPBIN HA3LIBAIOT 30HON IIOCTIeqHEro paccessuus. IMEHHO ¢ 5TO# 30HBL
arusorpornus PU Hecer mubOpMAanuio 0 COCTOSHAN MATEPUU B PAHHUE
nepuonsl ucropun Beemennoit. Tak kak PU ceituac mabmonaercs B pa-
[OMONUAIA30He, TO €0 aHM30TPONUIO BLIPAXKAIOT Yepe3 OTHOIIeHNEe aH-
TEHHBIX TeMIepaTyp Bo3MyleHus u ona: ot = AT/T.

B Teopuu ob6cyxmaroTcs HECKOIBKO TUIIOB MCTOYHUKOB aHU30TPO-
nuu PU. B ocmoBe nexur tak HasbiBaemas Teopus unbsisuumu (cM.,
nanpumep, [56]). B pesynbrare madssiuuun, T.e. 6bICTPOro pacimupe-
mus Bcemennoit 3a mepenle 10™** ¢, BO3HUKAIOT KBAHTOBBIE (MIYKTY-
annu pa3naudHbIX nosed. O6pasyromnuecs HHQIIAIOHHBE “Iy3LIPHKIT’
OIIPENessIIoT B KOHEYHOM CUeTe YIJIOBYIO 3aBUCUMOCTD U [TOJISIPU3AIINIO
PeMKTOBOrO m3iryderus [18].

BepkuBmue ¢uykTyanuu B 510Xy [IOCIELHErO PACCESHUS [IPOSIB-
msoTes B cnenyomeM (eM. [5, 11, 56]).



1) ®nykryanuu AP B rpaBuTamonsoM norennuane P (sddext
Caxca—Bonbha, 1967). DTor sddhexT mmeer mnBa npossieHus. Bo-
[EPBBIX, YBEJMYEHNE TPABUTAIMOHHOTO TIOTEHIINAIIA, BBI3BIBAET IOOII-
HUTEIBHOE IIOKPACHEHNE (DOTOHOB, YTO PABHOCHIILHO YBEIMIEHIIO KPAC-
HOTO CMEILeHUS WN TeMrepaTypsl, Tak uto o7 = Ad/c?. Bo-Brophrx,
OHO MPUBOMUT K 3aMEIJIEHIIO TEUEHNsI BDEMEHU B 30HE MOCIIEIHErO Pac-
cesHIs TOTO ke mopsanka, T.e. At/t = A®/c?. Ilas oneHOK MOXKHO
OPUHATH, YTO OCYIIECTBIISIETCS IIIOCKas Monenis dpunmana, coriacHo
KoTopoit pamuyc kpusmsnsl R o< t2/3, Tak xax T o« 1/R oc t~2/3, 1o
or = —(2/3)A®/c%. Ddpdext Cakca—Bonbda 3anaercs kombuHanueit
nByx mpuseneHHEX dopmy: ot = (1/3)A®/c2.

2) Anuabaruueckue QIIyKTyallud IIOTHOCTU BEIIECTBA W U3JLy-
4eHus, T.e. o0pa3oBaHUe YINIOTHEHUN W pa3pexeHny 0e3 M3MeHEHUS
OTHOIIEHNUSI IUCIIA PA3HBIX YACTHUI 7; U POTOHOB ny. OT MACIITAGHOTO
dakTopa (panuyca KPUBU3HBL) KOHIEHTPALUU STUX BEJIININHBL 3aBUCAT
onuHakKoBo: n, < 1/R3 n; oc 1/R3, MIOTHOCTH XK€ UX — MO-Pa3HOMY:
pi < 1/R3 o< T3, p, ox 1/R* oc T*. IlosTOoMy A ammabaTHIecKUX
Bo3MyIeHuit ninotHoctu ot = (1/3)Ap/p.

3) Durponuitase BosMyIeHns A S, BEIPAKAOIINECS B N3MEHEHIN
OTHOCHUTENIBHBEIX KOHIEHTpammii gactur n ¢poroHoB. Takme BO3MyIe-
HUS MOTYT PaCCACBIBATHCS JIUIIb 38 CIeT A y3un, KOTOPAs ABIAETCS
HEOOPATUMBIM ITPOIECCOM. TakK KaK SHTPONMS M3JLy4YEeHUs MPOIOPIIO-
naneHa 12, To 61 = (1/3)AS/S.

4) OTHOCUTEBHBIE OBIKEHUS OTHEIBHBIX 3JIEMEHTOB BEIIECTBA,
CO3IAIOIIE NOINIEPOBCKKME CMEIIEHNS B CIEKTPE, PA3INIHLIE B PA3INT-
HBIX HALPABIIEHUAX. 31eCh O ~ ¥p/c¢, Toe vp — IPOEKUusl CKOPOCTU Ha
JIyd 3pPEHus, T.e. PAAUaIbHAs CKOPOCTb.

Bo3Myienus miIoTHOCTY BO3HUKAKOT, B YACTHOCTH, B BUIE 3BYKO-
BBIX BOJIH, PACIPOCTPAHSIONINXCS B BEIIECTBE C PA3IIUYHBIMU YACTO-
TaMu U amimuTynaMu. Takue KomeOaHus ObLIN BIEPBHIE BBENEHBI B
teoputo A. IT. CaxaposbiM [12] 1 HA3BIBAIOTCS CAXAPOBCKUMIU.

OBosmonus Bo3MymeHnit n nx orpaxkenue Ha PU paccunrhiBaroTcs
KaK B JIMHENHOM, TaK U B HETMHEHHOM HpUOIIKeHusx [43].

2. AHu3oTponus Manbix MaciiTa6bos. Ilockonbky MBL HAOTIO-
maeM He0O KaK MOBEPXHOCTDL chephl, aHM30TPOHuio Temueparypsl PU
paccMaTpUBAIOT KaK GYHKINIO HAIPABJIEHNUS.

Paznuyator anu3oTponunn pasjmaHOro Macuiraba: B yrjiax oT ce-
KYHI IO OeCATKOB rpanycos. [Ipn paccMoTpeHnr aHN30TPONINY B MAJTBIX
macurrabax (yriasr Menbinue 1') meGecHyo chepy CUMTAIT INIOCKON 1
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PACKIAOBIBAIOT OTKJIOHeHUsI B mHTerpasitl Oypbe mo mByM mepeMeH-
HEIM.

[TycTb Temeckon HAOMIOOAET YIACTOK HeOA B HEKOTOPOM HAIIPABJIe-
HUU U B TEJIECHOM YIJIe C MAJILIM yIJIoM pacTBopa 6. [Ipumem, uro mo-
JISPHBIA yTOJI  OTCYUTHIBAETCS OT HAIIPABIICHUs HAOIIONECHUS, a “a3u-

MyT” ¢ — OT HEKOTOpOro BbImeJIeHHOro ‘Mepuamana’. Hpyroi cro-
co0 3amaHus TOYKYW B BHIODAHHOM Kpyre Ha HeOecHOU chepe — “me-
KapTOBBI” KOOPOMHATHL BekTOpa © = (6, 6,). OObuHO mpenmosara-

€TCs1, 9TO OTHOCUTEIbHAS GQIIyKTYalus He 3aBUCUT OT a3UMyTa @, T.e€.

g

51(0) = o1(9).
Haitmem mpu croesiaHHOM IIPEINIOJIOXKEeHNH OBYMEPHOEe IIpeobpaso-
Baune dyprbe B yKa3aHHOM KpyTe:
L. 1 o B
SRy =g [ eROdes6) = 5k =
0
NI

27T 6o

0o
:eiz / d / b’ > 26r(9) = 2—” / 0d05(0)Jo(K6), (1)
0 0
0 0 0

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

J,,(Z) 1 / eiz cos ¢—iu¢d¢' (2)

" 2r
0

Takum o6paszom, npeobpasosanue Oypbe npu He 3aBUCAIIEN OT a3W-
MyTa (YHKOIUU CBOOWTCS K IPeoOpa3oBaHuio ['aHKens HylIeBoro Io-
PAOKa, KOTOPOE TAaK¥XKe 3aBUCUT TOJBKO OT MOMYJIs MapaMeTpa Mpe-
obpaszoBanus K.

Ob6partuenue mpeobpa3oBaHUs

r(®) = (207;2))2 /e_“%éST(KWK =45(0) =
2w oo o

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

3necy npeobpasosanne op(K) obnamaer TakuMm CBONCTBOM, YTO HPU
6 > fy aBTOMATUYECKN IOy 9aeTCs Hysb. [lo3TOMYy (GOPMAIBHO MOXKHO
HANUCATD
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_ 0_2/61'1?@%(9)(12@, (4)
0

rZle MHTErpam GepeTes Mo BCeH IOCKOCTH O. AHATOrMYHO, 1 B MHTE-
rpaJie (3) mon © MOXHO HOLPa3yMeBaTh JIOOYI0 TOUKY ILIIOCKOCTH.
[IpuBenem mpocToil mIrocTpaTUBHEI mpuMep. [lycTs B Kpyre pa-
ouycoM 6y arusorponus nocrosura: ot = 1. Torma (cm. [1, 6.561.5.])
fo
. 27
Or(K) = —5 [ Jo(K0)0df = —J1 (K#by). (5)
63 Kb,
0

O6patHoe mpeoGpasoBanue coriacHo dopmyie 6.512.3. us [1]

" oo 1 mpu 60<6b,
2
or(0) =027 /JO(KQ)Jl(KHO)dK Lo pn 0=6,, (6)
2 00 2
0 0 mpu 6>06,

T.e. cama GyHKOus (C IOIOBUHHBIM 3HAYEHUEM B TOYKE PA3PbIBA).
O6b19HO BBOOAT (DYHKINIO

2

; (7)

[IPENCTABIIAIONIYIO COOOM TaK HA3BIBAEMBIN CIEKTDP MOLIHOCTH.

B Teopun npeobpaszoBaHUil HAXOOIT €Ilie ONHY (YHKITNIO, KOTOPAs
HA3BIBAETCS ABYX TOYEYHON KOPPEAINOHHON (GYHKIINEN U ONIPEenenseTCs
paBeHCTBAMU

T (K) = OKZ 3e(K)

_,

C®) = (Gr( D56 + ) = / P (6)5: (6 +9).  (8)

Ora QyHKIUsS BBIpaXaeTcs 4Yepe3 MHTErpaj OT CIEKTPa MOLIHOCTH.
IleficTBUTEBHO,

o 912 ! /dz /71@ de/ R(54+6)§s (N 2K =
7T

1 6 [s iR 5 e
= 7 /6T(K)d2K/e (K2 K'(2r)?6(K — ') =

2T 6o
. 2 2 ) - 2
6T(K)‘ 2K = (;TO)Q/dnp/e’K“OW ‘6T(K)‘ KdK =

0
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/ () Jg (KO)KdK = / T (K JO(KH)dK )

3. AHm3oTponusa Goapimux macimraboB. B Teopun anuzorpo-
nuu PU B macmmTabax Bcero He6a IPUHSITO PACKITIAOBIBATH OTKIOHEHU S
AHTEHHOW TEeMIEepaTyPHl 0 HOPMUPOBAHHLIM CGHEPUYECKIM TapMOHU-

KaM:
Sr() =Y armYim(0, ), (10)
IL,m

roe 6 u ¢ — 3eHUTHBIN YOI U A3UMYT eQUHUYIHOTO BEKTOPA HAIIPABIIE-
HUs 7l B HEKOTOPOU cucreme orcyera. Koppemsuuonuas GyHKIus 5TUX

OTKJTOHeHMit (1) = (67 (7)) o1 (iTh)) =

C
— 1 d2 ! d2 16 —/ 6* —/ 2(5 =1 =/ 11
= (472 n ny 0 (1)) 67 (715) 20 (1 7ty — ), (11)
roe ji = 717y, BEIPAXKAETCS Yepe3 KBAAPATHI MyJIbTUIOILHBIX MOMEH-
TOB Q] l

1
:EZG?PZ(H% ai = > luml (12)
I

HeiicrBurensho, noncrasuM B (11) pasnoxeHuwe nenbra-QyHKIUM IO
MuorousteHaMm Jlexannpa © o1
S = 1) = Y o= P Pi(k) (13)
1=0
u passoxenus dyukuuu (10), npudem ciaraeMble B PA3ilOKEHUU [Eep-
BOTO MHOXKUTENIS IJIsl yIOOCTBA BO3LMEM KOMIITIEKCHO CONPSIKEHHBIMIU
(4TO MOXKHO BBUIY BEIIECTBEHHOCTU CyMMbI). [logyunm

1 o0
C1= 1z 2+ DA [ [ 1 3, Vi, (B1,0)
=0

l1,mq

Z ALy ms Y1 ms (02, p2) Py (cos 01 cos B +sin 0y sin 05 cos(p1 —p2)). (14)

l2, m2

Hanee, MOICTABUM B MOy YEHHYIO TPOMHYIO CyMMY (HDOPMYJITY CIIOKEHUS
st MHOTOUNTeHOB Jlexkaumpa

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

4n

21+1 Z Yim(01,01)Y15, (62, 02). (15)
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BcemencTBue opToroHanbHOCTH chepruecknX GYHKINR 00a MHTErpaIa
10 HAIpPAaBJIEHUSM OepyTcs, CyMMBI IO OYKBaM C MHOEKCAMM BBIYUCIIS-
1oTCst U paBeHCTBO (14) cBonures k (12).

Boo0trie ropopst, mpuynH BO3HUKHOBEHNS AHU30T PO MHOTO. ITo-
5TOMY HAJ[IO €Il YCPEOHUTH, KAK TOBOPST, [0 CTATUCTUIECKOMY aHCAM-
6mro peanu3anuit Bo3mymennit PU, 1. e. HaliTn

1
2l+1

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

4. OcHOBHas XapaKTePHCTUKA aHm3oTpomnu. Bemmunusr C)
MOI'YT CIIyHITb XapakTepucTuxamu anmsorpornn PU. Onmako gaime
HCIIONB3yeTCs OPYras BeINYMHA, CBA3aHHAS ¢ (], a HMEHHO CIEKTD
MOLLIHOCTH
(Il +1)C,

2r

Hpoussenenue [(I + 1) = (I +1/2)% — 1/4, 5o 1/4 mama mpu 6ombimx |
U ee OIIyCKAaloT.

Mokaxewm, uro npu Gosnpmux [ 1 Manbix yriaax 6 ¢dyakous (17)
COBLIALAET C ONPENEeeHHON Bbiue 1y Manblx yrios (7). Hus sToro
HAM HOHALOOSTCS HEKOTOPBIE MONOIHUTEIbHBIE GOPMYJIHL.

T2l +1/2) = (17)

1
IIycts [ > 1, # K 1, a npoussBenenue (l + 5) # npousBoabHO. B

ypPaBHeHuu i1 MHOrowieHos Jlexannpa w = Pj(cosf)

Pw  cosb 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> dy2+<1 3(21+1>2>ydy+(1 (2l+1>2>“"°' (19)

IIpu Gonpiux | cinaraembie B CKOOKaX MOXHO OTKHHYTH, TOTIA yPaB-
HEHHE TIepeineT B ypaBHeHUe s OeccesieBhIX (PYHKIIUHM HYJIEBOTO II0-
panka. Tak kak npu 6 = 0 3uauenue muorousena Jlexaunpa P(1) = 1,
To mano npunats P(1 — 62/2) = Jo((I + 1/2)6). Torma npu 6 < 1
BOCIIOJIb3YEMCsI 3TUM COOTHOIIEHUEM, IIepelineM OT CYMMUPOBAHUS IIO
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| K NHTErpUPOBAHUIO U CHEIIAEM 3aMEHY MEPEMEHHON WHTErPUPOBAHUS
K =1+ 1/2. B pesymbraTe monyunm

0(cos9):0<1——> - Zal2Pl< _ﬁ> N

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

_ %/l(ZLl)(2l+1)Jo((l+1/2)9)dl:/T2(K)JO(K6)de’ (20)

4TO coBmazmaer ¢ Gopmyson (9) mua MajBIX yrioB. 3aMETHM, U4TO HC-
xons u3 ypasHeHus (19) MCHONB30BAHHOE ACHMITOTHYECKOE COOTHO-
IeHne MeXIy MHOorowieHamn Jlexannpa n Gyuknuein Beccenst MOXHO
YTOUHUTB, ecu npeactasuth P (1 — 62 /2) B Bume pasmoxeHns mo cre-
nersm 1/(1+1/2)2.

IMocMOTpUM, YTO MOIYUUTCS, €C/IU IPUHATDH, 9YTO BeanduHa (17)
ue 3asucut ot [. Torma

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

C =

Taxum K03hOUIIEHTAM COOTBETCTBYET KOPPETSIIUOHHAS DYHKIINS

302 21+1 302
g:l 2 12; l+—1Pl - (22)

3mech CyMMBI PACIPOCTPAHEHBEL HA BCE HECHUHIYJISIPHEBIE MOJIOKUTEIb-
HBIE 3HAUEHUs HOMepa . DTH CyMMBI MOXKHO HANTIH, €CIIA BOCIOIB30-
BaTbCs popmynamu 8.926.1. u 8.926.2. u3 [1]. Torna nomyuaercs yHk-
I, MOHOTOHHO BO3PACTAOLIAS OT Hys mpu i = —1 mo oo mpu p = 1:

2
L—p

C(w) = = Cyln (23)
2T

Ha mpaxktuke 7 coBceM He mOCTOsiHHAs. OTa (QYHKIUS UMEET
HECKOITbKO MAaKCHMyMOB U MHUHUMYMOB. MaKCHMyMBI NpPOU3BENCHIUS
I(I + 1)C; mpuxonsarcsa na rapMoHuku ¢ HoMmepamu mopsnka 200-300,
YTO KaK Pa3 U OTPaKaeT MeJIKuil Macmrab ann3orponuu. MMeHHo 5T0
OPOM3BENEHNE PACCIMTHIBAIOT TEOPETHUKH W IOy IAI0T 13 HAGIIIOOCHMI
PAIuoOACTPOHOMBIL.
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5. Tpymsoctu wusmepenus aHusorpornum PUM. Ocuouas
TPYOHOCTH — OYEHBb MAJIasi BEJIMUMHA, HTOU AHU30TPOMUU. DT TPYI-
HOCTBH TOCTENEHHO ITPEONOTIEBACTCS MOBHIIIIEHNEM TOYHOCTU HAOITIOMNE-
HUH.

JlcHo, yTO HaOMIOmAaeMas AHU3OTPOIUS SABIISIETCS KyMY/ISITUBHONR
BenuuuHOl, T.e. 07 (7) momydaeTcs B pe3ysnbTaTe UHTErPUPOBAHUS
BIOJIb JIyda 3PEHUS 3aBUCSAIIETO OT IPOCTPAHCTBEHHBIX KOOPAWHAT OT-
kionenus temueparypsl AT (F), KOTOpO#l B pAquoacTPOMUN XapaKTe-
PU3YIOT MHTEHCUBHOCTD U3IydeHus. [Ipu 5ToM HEOOXOOUMO yIeCThb II0-
[JIOLLIEHUE U3JIyJeHUs, T. €.

ATW%:/AT@@”W. (24)

it BBIYMCIIEHNSI HHTErPaia He0OOXOAUMO HANTH CBSI3b MEXKIY IeOMeT-
PUYECKHAM " X OITUYIECKNM T PACCTOSHUAME OT JAHHOTO MECTA IO MECTa
HaOIIOOEHUs, KOTOPYIo B nuddepeHnnaabHol GopMe MOXKHO MIPencTa-
BUTH TaK:

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

Torna unrerpan (24) nepenuuiercs B Bune
o0
Aﬂm:/Aﬂmwmm. (26)
0

B ob6macTsax panuamuoHHO HOMUHUPOBAHHOW ILIA3MBI BCE BEIle-
CTBO MOHM30BAHO U IO3TOMY NPO3PadHo Ajis udinyuerus. [Ipu kpacHbix
cMmereHnaX z < 10+ 25 Mex)ramak THIeCKIH BONOPON TAaKKe MOHU30BAH
B PE3yJIbTAaTe BTOPUIHON MOHU3AINYN BBHICOKOYACTOTHBIM H3JTYUECHUEM
00pa3yromxCcsl 3BE3M, MaJIAKTUK U KBa3apoB. CyIIECTBEHHO HEIPO-
3pavHO BEIIECTBO HA PACCTOSHUAX, TAE BONOPOL B OCHOBHOM HEHTpa-
7geH. DTo 0o6IACTh TeX KPACHBIX CMEIIEHUN, KOTOPLIE COOTBETCTBYIOT
smoxe pekombuuarmy. O603HAYUM YEPe3 T'ree PACCTOSIHUE, HA KOTOPOM
MOHU3ANNS BOIOPOMA HANMEHBIIIAS.

OOGBLIYHO MPennoIaraeTcs, 9To 5Ta 00IacTh MO0 GECKOHEYHO TOH-
kass u W(r) = 0((r — rrec)/0r), 1ubO uMeeT rayccoBy CTPYKTYpY, T.e€.

1 (r—r 2 o2
W(’r‘) = —27[_0— e ( ree) /(2 r)‘ (27)
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CornacHo MonersiM pekoMGuHaun (CM., HampuMep, [56]) crenyer mpu-
HaTh 0 = 10 Mnx, a rrec = 7(Zrec), O

r(z) =2

C z
Hovitz(WVitz+1)

BBunmy 607bIIIOTO KpaCHOTO CMEIIEHUS AIOXU PEKOMOWHAIIAU HTO PaC-
CTOSIHIE MaJIO0 OTIMYAETCS OT PACCTOSHUSI O TOPU30HTA, OTBEYAIOIIErO
3HAUEHUIO Z = 00, T.e. & 3 - 1028 ecm = 10* Mnx.

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

(28)

l—e 7= /W(r’)dr'. (29)

0

B caygae 6eCKOHEYHO TOHKOTO CJOS IIOTJIOIIEHNS ONTUYIECKAs TOMIITIHA
MEHSETCSI CKaYKOM, & B CIydae rayCCoBa PacCIpeneraeHns

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

roe ®(z) — dysxuusa ommGok. OTCONa HAXOOUM IJIsl HTOTO CIIydast
ABHYIO 3aBICHMOCTDH OITHYECKOIO PACCTOSHUS OT T€OMETPIIECKOrO
1
7=In (31)

1= ®((r — reec)/or) — 'I)(T'rec/ar)-

Ha myTn ot snmoxm pekoMOrHAIIE N0 COBPEMEHHOTO HAOIIONATESI
PH moxer nckaxarbcs erie psiooM GaxTOpPOB.

VckaxeHne MOXKET IPOU30UTH, €CIINA HA, Iy TH U3JTy9EHUS U3 OMpe-
NEJIEHHOTO HANPABJIEHUsI OHO BCTPETUT (GOraTOe CKOIJICHUE IaJIaKTHUK.
Torma PU pacceuBaeTcst Ha ropsideM rase, HAXOMSIIEMCS B CKOILIEHUN
(addext 3enbnoBuua—Crousaesa), 0 4eM 1onpobHO rooputcs B §4, a
TAKKe NCKAXKAETCA 33 CIeT M3MEHUBIIErOCS CO BPEMEHEM JIOKAIBLHOTO
rPaBATAIMOHHOTO MOTEHIINAIA B TOM K€ CKOIJICHUN BCIIENCTBHIE CKY Il-
BaHus ramaktuk (sbdext Puca—Ilamer) [23]. OTu sbdexTr yIuTH-
BAIOTCS U BHOCATCS MOMPABKI.

HononHuTeNnbHAS SHEPrUs BBIOEASETCS MpU 00pasoBaHum 0osee
MEJIKIX, BHY TPUTAJTAKTUIECKAX CTPYKTYD, B YACTHOCTHU B JIMHUSIX BO-
Iopora [2], a Tak:Ke Ipu acConuanuy aToMoB B Moneky sl [30, 20], camas
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pacnpocTpanenHas u3 koTopeix LiH. DTu BosMyIenus eire mensble,

OHI uMeoT Hopamok ~ 1078 + 107%, Ho BoO3HWKIN OHN HmpH MeHbIIX
KPACHBIX CMEIIEHUSX.

LiH kaTene o bj A
— S e N P A
A" "

Puc 1. Cxema pacupocrparenuss PU or 30HBI nOCIEOHEr0 paccesHus

K HaOII0IATeNo.

Ha puc. 1 cxemaTuyHO M300paxKeHO, KaK MEPEUNCIEHHBIE BEHIIIE
dnykryanun nepeHocsaTcs PU oT snmoxm pekomMOmHAnum OO COBpEMEH-
HOCTU, X YKa3aHBI [IOMEXU, KOTOPLIE NOMOJIHUTEIHHO NCKAXKAIOT PETIK-
TOBBII (DOH Ha HTOM IyTH (CXeMa 3aMMCTBOBaHA U3 KHUrHU [56]).

OxkaseiBaer Bnustaue Ha PU u coBpeMeHHOE BelliecTBO, HAXOMSIIE-
ecs B Hamrenn ['amakTuke u Opyrux rajlakTUKaX, HAIPUMeED, MEXK3Be3I-
Has neTh. HakoHen, HaOMIONEHNS TOMXKHBI OCBOOOXKIATHCSI OT UCKAXKe-
HHUU OuarpaMMoOll HAIIPaBIEHHOCTU TEJIECKOIA.

6. HaGmronenus. 3apeructpupoBars anuzorponuio PY nonro ue
ynasasock. CTaBWINCE UL BEPXHUE IPEHETIHL ee.

Orkpemsarenu PU onesunn o1 < 10 %. Ilepsule TeopeTuyeckue
OLICHKM OKa3a/iCh CUIBbHO 3aBbuneHsbivm: 1072 [69] n 1073 [75]. Ha-
Gromarenu maBanu Tosnbko Bepxuue ouenku [10]. ITocie moBbimenus
YYBCTBUTENBHOCTU MPUEMHUKOB TEOPETHUKH CHEIam 0Oee aKKypar-
HEIE pacyeTsl u oneHmtn o ~ 2 - 107° + 107* [58, 3 u mp].

[TepBas peructpanus aruzoTponuu mpousoniia B 1992 rony mpu-
6opom DMR, (Differential Microwave Radiometer), ycraHoBieHHbIM Ha
cunytuuke COBE. Okazanoce, uyro ép ~ 30 mxK ma yrmax > 7°. Ta-
K1re QIIyKTyarun, KaK CUUTAETCs, OCTAJNCh KAK PENNKTHl HAYAJIHHEIX
ycaosuii Bonbmmoro Bapeisa. B 0630pe 1994 rona [81] rosopuiiocs, uro
MBI HAXOOUMCSI HA TPAHU KBAHTOBOI'O CKAUKA K BBISICHEHWUIO aHU30TPO-
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nuu P u BeIOopy xocmosmornyaeckoit monenu. Ha cpennem macmrabe 1°
6BLT0 TOMydIeHo o1 ~ 107°. DTu GIyKTyanny OpUIICHBAIOTCSA OCTAT-
KaM HEOMHOPOMHOCTEN, IPUBENIINX K OOpPA30BAHUIO CAMBIX OOJIBIIIX
CTPYKTYP COBpeMeHHOCTH pa3mepamu nopsiaka < 50 Mnxk.

B macrosiimee BpeMsi mpemupuHsATa MOIIHAS aTaka O HAOIO-
IEHUsM aHum30Tponuu. Fe m3MepsoT Ha HA3EMHBIX DPAIUOTENIECKOIaX
B MuinMeTpoBoM muama3oHe (mpoekTsl SP, Python, White Dish,
Tenerife u mp., cMm. Hanpumep, [68]) u MeromoM uHTEpdEpOMETPUE C
6asamu nopsinka pasmepos 3emiu (mpoextsr DASI, CAT, VSA, Jodrel
Bank). Ewe onun meTon — 3amyck noirokuBymux 6ajuioHOB ([IPOEK T
MAXIMA-1, TopHat u np.) Bannon npoekra BOOMERANG sneran 10
nueit Han FOxubiM nomocom. U, koHewHO, HAOMIONEHNS AHU30TPONNY
P BenmyTcs co cmemmanbHO 3aIyCKAE€MBIX ISl 3TOro coyTHHKOB. Ilo-
CJIEMHUM BBHIMIEOIINM HA OpouTy Okoio Touku Jlarpamxa Lo Mexmy
Bemieit u ComHueMm TakuMm cryTHUKOM okasascs MAP (Microwave
Anisotropy Probe), xoropeiit Bener usmepenus B 5 qacrorax ot 22 mo
90 I'T'y. 'oroBuTcs ¥ 3anycky B 2007 romy coyrauk Planck. Ou 6yner
npou3BOauTL u3Mepenus B 9 gacrorax ot 20 no 800 ['['y, mpuuem 1yB-
CTBUTENIBHOCTE ero annaparypsl Oyaner B 1000 pa3 seimre, uem y COBE,
a yrJIoBOE pa3speleHne IOCTUTHET = 4 yrioBeix MuHyT. [lonpobuee 00
9TUX YKCIEPUMEHTAX MOXKHO IIPOYUTATH B 0030pe [33].

Ha puc. 2 npusenessr TeopeTudeckue KpuBble U JAHHBIE HAOIIOOE-
HUI pa3iudHbIMu Tpubopamu Berwyaunsbl 7 (bopMyma (17)) xkak GyHK-
uuu [. Ha puc. 2,a nmpencraBiieHa TEOPETUUIECKAS KPUBAS, PACCUNTAH-
Hasl [JIS IIJI0CKOM KOCMOJIOIMTYECKON MOLEIIN CO CIIeMYFOIIUMU JOJISIMU OT
KPUTHUYECKON IIIOTHOCTH: A0t 6apuonos (), =0.02, reMHOrO BelecTsa
Qcpm = 0.28 u xocmommoruueckoro Bakyyma 2y = 0.7. Ha puc. 2,6 o6e
TeopeTuyueckune KpuBble cooTBeTCcTBYIOT (), = 0.05 u miockoit Mmonesu,
HO PA3JINYHBLIM 3HAUEHUSM OPYTUX HapamMeTpoB. IlyHKTuUpHAsS KpusBas
noctpoena oy Qcpy =0.95 1 Q4 =0, B TO BpeMst KaK CIJIONTHAS — MIJIs
Qcpm =0.35 1 Q4 =0.60. Habniomaemble TOYKT DAIOTCS ¢ TAK HA3BIBAE-
MBIMI yCaMu, yKa3bIBalomumu ook HaOaonennii. [Ipunaniexsaocts
TOYEK ONpenereHHBIM IPyIIaM HabMmaTesIell yKazaHa ClIELYIOIIIM
o6pasom: pombuku — COBE [19], kBanparuku — MAXIMA-1 [44],
tpeyromsaukn — BOOMERANG [52], okpyxuocTu — DASI (Degree
Angular Scale Interferometer) [37], kpyxku — Tenerife [68]. Ccbiku
Ha OoJlee paHHUE HAOIIONEHUST MOXKXHO HATH B YKAa3aHHBIX paboTax.

W3 pucyHkoB BumHO, UTO HAOIIONEHWUS HEBO3MOXKHO HHTEpPIIPe-
TUPOBATH 6€3 yueTa KOCMOJOTMIECKON ITOCTOSHHOM, BIINSHIE KOTOPOHN
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Puc. 2. Teoperuueckue 3aBucumoctu 7 ot | u nanubie HaGIOOEHN

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

MPUMUCHIBAETCA KOCMOJIOTUUECKOMY BaKyyMy, XOTS TOYHO ONPENETUTH
apaMeTPHI [IOKA eIlIe He YOAETCS U3-33 3HAYNTENbHBIX [OrPEITHOCTEN
HaOIIONATENbHBIX OHaHHBIX. [[osTOMYy MO HAGMIONEHUSM AHU3OTPOIUA
PU ompenensioTcs 061acTU OOMYCTUMBIX 3HAUEHUA KOCMOJIOTHMYIECKIX
napamerpos [29, 42, 49]. O6benunenne maHHeIX 06 m3oTpomnuu PU,
IIOTHOCTY YKCIIA, CKOIJIEHUIN TAJIAKTUK B 3aBUCUMOCTU OT KPACHOTO
cmerterns 1 K moTOKOB OT HUX HO3BOJISET YTOYHUTH DPAHULBI 9TUX
obmacTei.

Bonee monpobuo o pacuerax m HabmomeHusx anumzorponun PU
MOXHO IpounTaTh B 0630pax [81, 62]. B paGorax R.Durrer [31-33]
mana Teopus aHumzorpornuu PU, omucaHbl Gusnka BO3HUKHOBEHUS €€
U3 BO3MYLUEHUII IEPBUYHOIO BELIECTBA U ero ssojmouuu. B [74] pas-
paboTaHa 1 HAIMCAHA OporpaMMa pacdera anuzorporuu PU ¢ yuerom
MHOruX (GaKkTOpPOB, Biusromux Ha Hee. [locnennue nanusie HAGTIOOEHUT
onmmcaHsl B 0630pe [49].

Hapsny c pasmoxeHusiMu 1o chepruuecKuM TapMOHUKAM sl MC-
crenoBanus anuszorponun P npumensercs u seitBner-anamus [70, 71].
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¢ 3. Ilongpusanus peMKTOBOrO M3JIy YECHUS

1. Ilose monapuzamuum PU. B nocnennee Bpemst craBuTcs BO-
npoc o Habmonenun auHeninon nosspusanuu PU. [Tokaszano, aro mo-
JIOXKEHUE INIOCKOCTEHN MOISIPU3AINN OTPaXKAeT ABUKEHNE MACC B DIIOXY
hopMUPOBAHUS KPYTHOMACIITAOHBIX CTPYKTYp Beemennoii, T. e. ramak-
TUK 1 uX ckomneHuii. Ismepenue nomsgpusanuu PU no3BonuT yToUHNTE
KoCMojIornueckue mapameTpst [60].

OxunaemMblil OpsiHOK crenenu noispusanuu Giaykryauuin PU no-
BOJIBLHO BEICOK — 10%, HO 5T0 cocTasasgeT Bcero 10~* % ot camoro PU,
9TO MOKA €Ille HeOOCTYIIHO HAOIIOOEHUIM.

M3BecTHO, YTO MONE HANPABICHUI JTMHENHON (IIIOCKOM) HOMApU-
3a1Mu MOXKeT OBITh BECbMa CIIOXKHBIM. B CBsI31 € 3TUM MHTEPEecHO mpo-
CIeONTh, KAKue OCOOEHHOCTHU MOT'YT CyIIIeCTBOBATH B 3TOM IIOJIE.

Jluneiinast mosistpu3anus B HEKOTOPOM CHCTeMEe KOOPDOWHAT T U Y
onuceiBaercs napamerpamu Crokca I, Q u U. Crenens TUHENHON MO-
JIIPU3AINY I TO3UIINOHHEIN YTOJI IO OTHOIIEHNIO K OCH & ONPEAEIISIOTCS

opmynamu , U

P= 7 r=+vQ?>+U?, tg2a:§. (32)
ITome nampaBjeHUN 3amaeTCs ypaBHEHUEM, PA3PEIIEHHBIM OTHOCH-
TEIbHO IMPOU3BOIHON: dy
—= =tga. (33)
dx

Bocnoab3osasmmcs TPUTOHOMETPUYIECCKNM TOXKOIECCTBOM

V1+tg22a—1

tga = 34
ga 220 , (34)
IoJIy49aeM ypaBHEHUE - -
dy _ VQ*+U?-Q

2. OcobGennocru mossa nosspusanuu. OcobbIMU TOYKAMU
ypaBuenus (35) sSBJIAIOTCs Takue TOYKH, B KOTOPBIX YUCIUTENb U 3HA-
MeHaTeb 00palllaloTCsa B Hysb. lIpenmomoxumM, 9To Takas TOUKA Jie-
XKUT B HAYaJIe KOOPAUHAT, IpudeM B Hell pyukiun (Q u U peryispHbL u
HE BCE UX YACTHBIE MPOM3BOMHBIE IEPBOTO MOPSIKA PABHBI HYJIO. JTO
[PEAIIOJIOKEHNE PABHOCKIIBGHO BBIIOJIHEHUIO PABEHCTB (TOYHEe YKBUBA-
JIEHTHOCTEI1)

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

=@l wQmalU . (37)
d d

Tak kak He Bce KO3DPUIUEHTH ¥ U ¢ PABHBLI HYJIIO, 0€3 OrpaHNYCHHs
OOIIIHOCTH MOXKHO IIPUHATDH IJI OLPENEIeHHOCTH, 94TO Uy # 0. Ecan
Bce ke Uy = 0, TO ux # 0 m ocH & U y MOXKHO IIPOCTO MOMEHSITH
mectamu. Onpenenurens d # 0 ToXe, Tak KaK B MPOTUBHOM CITy4ae
paccMaTpuBaeMasi TOUKA He SIBJISIETCS OCOOOM.

Crenenb momsapu3anum p, yMHOXKEHHAs HA UHTEHCUBHOCTD I, T. €.
BEJIMYNHA 7", I MO3UINOHHBIN YTOJI UT'PAIOT POJIb MOJISIPHBIX KOOPOUHAT:

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

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

Ypasrernue (33) B MOJAPHBIX KOOPAUHATAX 3AIMUIIETCS B CIELYIOLIEM
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-
HOCHUTEJIBHO HpOI/I3BOlIHOﬁI, IOJIy YU M

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

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

B obmiem ciiyuae 3mamenaTens gpodu B IPABOR YACTH YPABHEHUS
(41), kpome OUeBUIOHBIX KOpHEN i, uMeeT emie Tpu KopHsa. O6o3HaUNM
nx tl, t2, t3. Torma

D(t) = (1+*)(t — t1)(t — t2)(t — t3). (44)
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3. XapakTep mosispu3anuu BOIm3u ocoberHHocTHu. 11 pe-
mieHus ypasHeHus (41) mpencraBuM OpaByO YacTh €r0 B BULE PA3JIO-
JKEeHUS Ha MPOCTeNIe podu, CINTAas BCe KOPHU PA3TUIHBIMU:

N(t) 2t 141 Uy Vs

DO 148 -t -t -t

(45)

KosddumnuenTsr v , Bxonsiue B 3Ty GOPMYITY, OIPEIEISIIOTCS BIpaXKe-
HUSAMUI
(1+t3)
v =———"——(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=—

Bripasum Bce mpyrue BeIMYWHLI 9epe3 3HAUCHWS KOPHeN 3HaMe-
HaTesT: K03 dunnenTs! 3HameHaTessI B (41) ux = uytitats,

u u
qx:%(1+t1t2+t2t3+t3t1),qy:—?y(t1+t2+t3+t1t2t3); (47)
YUCJIINTEJIb
N(t)=—(t1 +to+ts+titats)t® + (tita+tats+ists —3)t*+
+ (t1 + b + b3 — Btatats)t — (tits + tats + tsty + 1); (48)

3HaMeHaTelnb B popmynax (37)
ul
d = qxuy — gyux = %(1 + t1to) (1 + tats) (1 + tsty). (49)
Herpynuo mpoBepuTh, 9TO BBITOIHSIOTCS COOTHOIICHUS
V1t +I/3 = —2, t1 141 +t2V2 +t3V3 = —(t1 +t2 +t3) —t1t2t3 = QZ—y (50)
y
B manpmeiiirem HaM moHADOOUTCS TaK:Ke COOTHOIICHIE

(1+82)(1+83)(1+12)

(t1 —t2) (t2—t3)*(t3—11)?

C ucnomb3oBanueM pasnoxkenus (45) ypasuerue (41) merko uxTe-
TPUPYeTCs:

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

3
r=ro(1+2%) [ 1t =t (52)
j=1
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ITepenuiiem perieHne B yriioBOi IepeMEHHOM:

3
To .

r:—Hta—t T 53
] la-tgay (5)

=1
BameTuM, 4TO OOpallleHne MHOXKUTENIs, CTOS]IIEr0 IMepeln 3HAKOM IIPO-
U3BeNeHNs, B GECKOHEYHOCTb B TOUKAX @ = =£7/2, KOMIEHCUDYETCsI
obpallleHueM B 3TUX TOYKAaX B HYJIb CAMOIO 3TOrO IIPOU3BENEHUs, ITO

SIBJISIETCS CIIeNCTBUEM IepBoro cooTHomenus (50).

4. Oco6GeHHOCTH B pa3IMYHBIX CHCTEMAaX KOOPAWHAT.
dopmyna (53) xapakTepusyeT MOBENEHUE MOAPU3ANUOHHBIX KPUBBIX
BOII3M 0COOOI TOUYKM uepe3 3aBucHMOCThL napamerpos Crokca @) u U
ot yraa «. Onuaxo mpu u3menennn « 0T 0 DO 27 HTu mapamMeTpsl IpPo-
6eraroT CBOU 3HAYEHU 1O IBa pa3a. [losTomy dhaxTuyecku KpuBbIe cie-

LIyeT OMUCHIBATHL PYHKUUSIME OT yIia ¢ = 7
Ha camom mese HarIsmHOE IpeNCTaBIIEHNE O MOBEAEHNH MOJIIPUA3a-

LIMOHHBIX KPUBBIX HAZIO IeMOHCTPHIPOBATH HE HA IIJIOCKOCTH [1aPpAMETPOB
Crokca, a B KAPTUHHON [IIOCKOCTH Y. 1t 5TOro onpeneauM nosspHbIe
KOOPIMHATEL HA 3TOU IJIOCKOCTH

x=pcosp, y=psinp (54)

U CBSIXKEM UX C KOOPOMHATAMHE " U ¢), 3anucas cooTHouenus (36) B obenx
CHCTEeMaX KOODOUHAT:

T COS ) =qxp COS P+qypsin g, 7 sin d=uxp cos Y+uypsin . (55)

Orcrona HaimeM CBSI3b NOJISIPHBIX PACCTOSHUIN

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

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

" TOJIAPHBIX YTJIOB

G tg P — ux _Ux+uytg<)0

= ) (57)
< tgw + gy

W3 nonyvenneix GopMyiI Cileqyer, 9T0 TAHIEHCHL IOJISIPHBIX YIJIOB
B IBYX CHCTEMAaX CBSI3aHBI HEOCOOEHHBIM IPOOHO-PAIIMOHAIILHBIM IIPe-
o0pa3oBaHUEM, & MOJISIPHBIE PACCTOSHUS PA3INYAOTCSI HA MHOXKUTEIN,
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He OOpalllafolrecs B HyIb Uu 0eCKOHEeUHOCTh. [loaToMy xapakTep mo-
BeNeHUs TOISIPU3ANNOHHLIX KPUBBIX B 00€UX CHCTEMaX MOJISIPHBIX KO-
OPOMHAT HOJIYUUTCS OMHUM U TE€M XKe, XOTS KOJTNIeCTBEHHBIE DA
BO3MOXKHEL.

5. Knaccupukammsa ocobeHHOCTeM. Teneps, MOXKHO pPacK/Iac-
cuUuIIPOBATHL OCOOBIE TOUKU.
Bymem cunTaThk cHauYasa, IYTO BCe TPU KOPHA !; BEIECTBEHHEI U
pasmuuHbl. [IponyMepyeM ux B nmopsinke yowiBaHus: t1 > to > t3. Torma
141 < , 120 > 1433
1+ Lot 1+ i3ty 1+ tts
T.€. 3HAK Vo COBHAOAET CO 3HAKOM CYMMEBI 1 + t3t1, a 3HaKU V| U V3
MIPOTUBOIIOJIOKHEI 3HAKAM COOTBETCTBYIOMINX CYMM 1 + tots 1 1+ t1ts.
BosmoxubI criemyromme ciydan.

<0, (58)

)

1) 0 < t3 < t2 < t;. Torma Bce cymmbI B ckoOKkax B (51) momoxu-
TeTbHBI 1 IIPOM3BENCHNE IOKa3aTeNell V; MOIoKATeNbHO, d > 0. Ilops-
IOK CJIEIOBAHUSI 3HAKOB IIOKa3aTelel (V) Vo V3) B 9TOM ciaydae (— + —).

2) t3 < 0 < tg < t1. Torma 1+ t1t3 > 0 u v3 > 0. 3maku nByX
HepBLIX MOKa3aTelleill MOIYyT pa3iIndaThCsd B 3aBUCUMOCTHU OT BEJIMYMH
KOPHe:

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

3HAaKOB (— + —);

6) ecnu 1+ t3t1 <0, HO 1 + ¢35t > 0, T0 d < 0 u 3HAKM

(== -)k
B) eciim u 1+ t3t; < 0, u 1+ t3t2 <0, To d > 0 u 3uaKM
(+ - )
3) t3 <ty < 0 < 1. Torma 1 + tat5 > 0 u v; < 0. Ocranbuble
HOKa3aTelll MOI'yT UMeTh JII00ObIe 3HAKI:
a) ecmu 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
(== -)

B)ecim u 1+ 183 <0, u 1+ ¢3¢ <0, To d > 0 u 3uaKm
(== +)-

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

TaxuM 06pa3oM, IpU OTPULATEILHOM d BCE MOKA3aTENN OTPHUIIA-
TENbHLI, & MPHU MOJIOKUTETLHOM — ONWH MOJIOKHUTENECH, a OBA, OPYTIX
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OTpHULATENTLHEL. B mepBoM cityuae BCe pelIeHns He MPOXOOSIT Iepe3 0Co-
Oyi0 TOUKY, U3 KOTOPOH MCXOOSAT TPU ACUMITOTHI-cemapaTpuctl. Bo
BTOPOM CJIydae BIOIb OMHOI'O M3 TPEeX HAIlPABJIEHUH pPelleHns! BXOOIT B
0CcOOYI0 TOUKY, & OBA OAPYTUX HAIIPABJIEHUs n30eraiT, T.€e. aCUMITOThL
TOJIBKO IBE.

B cnyuae, xorma mMeeTcsl TOJIBKO ONWH BEIIECTBEHHBI KOPEHD
t1 = ¢, a IBa OPYyruxX KOMIUIEKCHO COIPSIKEHEI to = a + bi, t3 = a — bi,
TakuMU ke OyoyT B OOIleM Ciydae U MOKa3aTead V: MEePBBIN M3 HUX
BEIIECTBEHHBIN I OTPUNATEIbHBIN :

1+ a®+ b2
<0, (59)
(a—c)2+ b2

a OBa OCTAJIBHBIX — KOMIIJIEKCHO-COIIPAXKEHHBIC YNCJIa, TaK YTO

v + 3 1(a2+b2—1)(c2—1)+4ac

vy = —(1 + C2)

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

Tax xak npousBeneHue TPex HOC/IenHUX MHOXKuTesel B (62) e umeer
OCODEHHOCTEM, TO ATO PEIIeHre UMeeT TOIBKO OOHY acuMIToTy. B act-
HBIX CIIyYasX MOXKeT OKa3aThCs, ITO BenuunHa M paBHA HYIIO, T. €. BCE
[IOKA3aTeN! BellleCTBeHHEI.

Aproper craTbu [28] manu ciaenyrolme Ha3BaHUA OCOOBIM TOUYKAM,
BO3HUKAIOIIUM B CIy4Yae MOJis HampasieHuil nonspusanuu. [Ipu sere-
cTBeHHBIX KOpHiX U d < 0 Touka — “cemo” (saddle), HO He ¢ ge-
TBIPBMS, & C TPEeMsI ACUMIITOTAMU-cenaparpucamu. I1pu BerecTBeHHBIX
kopusx u d > 0 — “kmioB” (beak). Haxkorem, npu omHOM BeIleCTBEHHOM
kopue — “xomera” (cometa).

Ormerum, uTo nuddepeHnnaAIbHBIE YPABHEHNS IEPBOTO IOPSIIKA,
Y KOTOPBIX OOPAIIAIOTCS B HYJIb PErYJIAPHBIE YUCIUTENb U 3HAMEHATEIb
opobu B IPaBOU YacTHU, UMEIOT 0COOBIe TOUYKM, 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” ¢ werbpbMs acumnroTamu: y = yo/z. 3) “Do-
kyc”: r = roe?. 4) “IlenTp”: r = ry. Puc. 3 orobpaxaer mopenenue
NHTErpaibHbIX KPUBLIX BOIMU3HM HTUX OCOOBIX TOUEK.
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0 e
Puc. 3. Ocobbie Toukn nuddepeHnaIbHOr0 ypaBHEeHNs I IOBENeHIe
MHTErpPAJIbHBIX KPUBBIX BOIN3M HUX: @, 6 © 6 — Tpu TUna “y370B”,
2 — “cenno”, d — “uenrp”’, e — “dokyc”.

[\V]
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6. IIpumepsi. B kxauecTBe mprMepoB PACCMOTPUM CIIyUal IHUA-
rouasbHON 3aBucuMoctu B (36), a umenso ) =qx, U =y,q # 0. Torna

. 2
D(t) = (1 + t2)t(t? + 2¢ — 1), & = 0, a nokasatenn v, = %,
— 449
1—
Vo = V3 = —ﬁ. Jlerxo y6enutncs, uto npu ¢ < 0 ocobast Touka —
—«q
“cemino”, mpu 0 < ¢ < 1/2 — “kimoB”, a upu ¢ > 1/2 — “komera”.

10 +

=10 -

-20
-20

Puc. 4. Ilongpu3annoHHbIe KPUBBIE OKOJIO OCOOBIX TOYEK
“ceno” (a) m “xomera’” (6).

100
40

20

o
T

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

Puc. 5. Ilonsipu3anuonnuble KpUBBIE OKOJIO OCOOO TOYKU “KiTiOB”
B mepeMeHHEIX ¢, 7 (a) u ¢, p (6).

Ha pucyskax BOCIpOM3BOISTCS XapaKTEPHBIE YEPTHI YKA3AHHBIX
ocobbrx Touek. KpuBble paccunTaHbl [iIsl CIIEAYIOMINX 3HAYCHUH mapa-
MeTpa ¢.
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2
1) Ona “cemna” q= —1, to = \/5, t3 = —\/?:, V] =VUs=V3=——

a o) o ’
TaK 4To 7" = .
| sin ¢/2(sin® ¢/2 — 3 cos? ¢/2)|2/3
2) Ona “xkomerwr” ¢ = 1, to =i, t3 = —i. 3necs umcma vy = —2,
To
vo=v3=0nr=——-—.
2o B sin? /2
3) Ons 7 1/4,t 1 t 1 1 3
JIsI TKJIIOBA = , lp=—F=, =——F, V1 =1, V=V3=—Z
q 2 5 3 /2 1 2 3 5
| sin ¢/2|

ar=ro |sin® ¢/2 — & cos? ¢/23/2"

Ha puc. 4 u puc. 5,4 KpuBbLIe IPEOCTABIEHEI B IEDEMEHHBIX @, T
Bupouewm, mpu BLIGpAHHBIX 3[ECh MapaMeTpaX KpUBbie puc. 4 B mepe-
MEHHBIX ¢, T U , p TOTHOCTHIO COBMAMAIOT. DTO HE TAK B CIIYyIA€ TOUKA
“kmoB” . [losTomMy Ha puc. 5,6 DaHBI KPUBBLIE B IEPEMEHHBIX (0, ) TOUHO
IUUTsL TEX XKe MapaMeTpoB, 4TO U Ha Puc. H,ad. KauyecTBEHHO KPpUBBIE UAYT
ONUHAKOBO, OMHAKO KOJINYECTBEHHOE PA3IIMINE UMEETCsL.

B 10 Bpems kax KpuBble OKOJIO OCOOOW TOUKH “KOMeTa’ UMEIT
TONIBKO OMHY OOIIYIO ACUMIITOTY, TAK YTO KaXK[Ias U3 HUX, COOTBETCTBY-
OIS OIIPEeNeIEHHOMY 3HAUEHUIO 1o, HENPEPLIBHO IPUXOOUT U3 OeCcKo-
HEYHO YIAJIEHHOM TOYKU U, OMUCAB IyTy, BO3BPAILIAETCS OOPATHO, KPU-
BBIE OKOJIO IPYIUX TOYEK COCTOST U3 HECKOIbKUX BeTBel. [loaToMy Mbl
BETBU OTUX KPUBLIX M300PA3UIN IO OYEPEO HEMPEPHIBHBIMU U IIyHK-
TUPHBIMU JIUHUSAMEU. Y CTAHOBUTHL COOTBETCTBUE BETBEH OPYT APYTy
HETPYIHO.

7. Oco6bie ciryyaun. OOmuM pacCMOTPEHIEM HE OXBAYEHBI CITy-
9yau, Korga y MHOrodieHa (43) KkpaTHble KODHU WU KO OOHA U3 Be-
muund () m U B OKPECTHOCTU OCOOOIl TOYKYM MMEET MOPSIIOK MaJjOCTHU
BBHIIIIE JINHEHHOTO. DTOT MOCTENHUN CIIydail pPean3yeTcs B YCIIOBUSIX
npensinymero nyskTa npu ¢ = 0. Torma r = ro/| cos(¢/2)|, aro nz06-
PaxaeTcs IPSMBIMU, [TAPAJIIEIIbHBIMA OCH Y.

IIpu ¢ = 1/2 nonyuaercs TpexkparHblil kopenb. Torma D(t) =
(1+tH)t3, N{t)=-3t>—-1mn

r= r—ge% ctg % (64)

sin b3

-

Kpussie 0k0:10 0c000 TOUYKU UOAYT KAYECTBEHHO TaK XK€, KAK B CIIydae
KOMETBI, HO M3-3a IOMOJHUTEIBHOIO 3KCIOHEHIINAJIBHOIO MHOXKHUTEIIS
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CKOPOCTBH POCTA IMOJIIPHOIO PACCTOSHUS IPU IPUOIMXKEHNN K 0COOOMY
HANPABIEHUIO (yIily) CYIIECTBEHHO BHIIIE. DTOT TUI OCOOON TOYKA
MOXHO Ha3BaTb “MeTeopoM” (meteor).

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

= J—O_Mefctg(qs/z). (65)
(cos § —sin §)

DToT BapuaHT 0CO0OI TOUKH MMEET CIIOKHYI CTPYKTYPY: KPUBBIE IPU

yriax, OJIn3KuX K HyJII0, BBIXOOSIT U3 HAYa/Ia KOOPAWHAT, YXOmsIT Ha bec-

KOHEYHOCTH BIOJIb HEKOTOPOH IPSIMO, BO3BPAIIAIOTCS U CHOBA YXOMST

Ha OECKOHEYHOCTDL Hpu HpubImKeHun yria K 3Hadenumio 27. HazoBem

=99

Takyw Touky “coxoir” (plough).

40

20 -

Puc. 6. Ilonspu3annoHHbIe KPUBBIE OKOJIO OCOOBIX TOYEK
“mereop” (a) m “coxa” (6).

[ToBeneHme MOMSIPU3ANMOHHBIX KPUBBIX BOIN3M OCOOBIX TOYEK II0-
CJIEMHUAX OBYX TUIIOB OTPAXKEHO HA puc. 6. 3mech OmsTh KPUBBIE OKOJIO
TOUKHU “MeTeop” CBS3HBI, & B CAydae “CoXu’ COCTOSIT U3 IBYX BETBEN.

§4. OdpdexT Crousera—3enbnoBuya

1. ITpupona sdpdekra. Dddekry CouseBa—3enpnoBuda, npem-
ckazanHoMmy P.A. Cronsesoim u 9. B. 3enpnoBuuem B 1969 romy [84],
MIOCBSIIEHBI COTHA PAa0OT TEOPETUKOB UM HAOIIONATENEeN, W UX IIOTOK
Bo3pacTaeT. MMeroTcs monpoGHEe 0030phl, Hampumep, [78, 7, 21, 64].
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3meck maeTcst KpaTKOe BBEIEHUE B MPOOIEMATHKY, CBSI3aHHY IO € dhdek-
ToM. U3noxeHre OCHOBAHO HA YIOMSHY THIX 0030pax U HEKOTOPHIX 60s1ee
IO3OHUX paboTax.

[Mpupona sdpdekra ouens npocra: paccesHne GOTOHOB KOCMUUIE-
CKOI'0 MUKPOBOJIHOBOI'O ()OHOBOI'O — PEINKTOBOTO — H3JIY4E€HUS IOpsi-
UM 3IEKTPOHHBIM [a30M, HAXOMSITIMCS B OOTATHIX CKOIJIEHUSIX TaJTaK-
TUK, UCKAXKAET YUCTO YEPHOTEIbHEBIR CIIEKTD TOT0 U3JTyICHUS.

Borarreie ckommeHus comep:KaT COTHA U THICSYN TATAKTUK, UX
Macchl npesbimaoT 3-10M u noxomar mo 101° My,. Pasmeps! ckorenuit
— meckomnpko mMeramapeek (1 Mnx= 3.086 - 10%* cu) B momepeusuxe.

Borareie ckommenus HaOMIODAINACH yXKe IEPBLIMA DPEHTTEHOB-
CKUMU CIIyTHAKAMU KAaK UCTOYHUKYN DEHTTEHOBCKOTO M3JIydeHUs. JTO
M3TyUeHe MHTEPIPETUPYETCSI KaK TOPMO3HOE M3ITydYeHNe MEeXTIaJIaK-
Tmyeckoro raza ¢ Temueparypoit T, mopanka 108 K. Boobme rosops,
MHOT'€ PEHTTEHOBCKUE NCTOYHUKHN PACCMATPUBAIOTCS KAK TEIJIOBLIE C
MAaJION ONTUYIECKON TOIIINHON, & GOPMUPOBAHNIE UX CIIEKTPOB IPUMIUCHI-
BAeTCS TOPMO3HOMY MEXaHU3MY, T.e. UX U3JIyUaTeTbHas CIOCOOHOCTDH
MIPENCTABIIAETCS GOPMYIIOH

5 3272 Z%eb kgTe

€cc(V) =n; Wl (2ﬂkaTe)3/2gCC(u)exp(—me), (66)

rae
o = hv/kp To. (67)

OKCIIOHEHITNATBLHBIA MHOXKUATEIb OMPENeIseT XapaKTEePHBIA HJIs TOp-
MO3HOI'O M3TTy4YeHUsI TaK HAa3bIBAEMBIN 3aBaJjI IO YACTOTE, 10 KOTOPOMY
JIETKO y3HATH OENCTBUE TOPMO3HOTO MEXAHN3MAa B OOBEKTE C TaKUM Ha-
OGII0MaeMBIM CIIEKTPOM U OIIEHUTH TeMmueparypy. UHTerpaibHas MOIII-
HOCTB U3JIyUYeHUs eOUHULbL 00beMa

o0

. /(—: (v)dv = n? 32712 72 €° (kpT,)?
cc — cc - 1% 3\/3 c3 h(?ﬂ'kaTe)3/2gcc'
0

(68)

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

ape

3

AT e = 1.42- 10727 22 T1/2 2 )
CM~ C

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

KOaeTCA TeM, 4YTO OOHOBPEMEHHO HAOJIIOMAIOTCS SMUCCUOHHBIE JIN-
HUN BOOOPOOO- U reJINenonoOHBIX aTOMOB KeJe3a, C SHEPrusaMm OKOJIO
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7 k9B, KOTOpBIE IPUINCHLIBAIOTCS PEKOMOMHAIMOHHOMY MexaHu3My. Ilo-
TEHIMAJI NOHU3ALUY BOINOPONOIONOOHOrO aToMa Kenesa (3apsam ampa
Z = 26) pasen 13.6Z% = 9.0 k2B, a munus L,, Bo30yxmaeMas dIeK-
TPOHHBIME yzapamu, umeer sHepruto (3/4)9.0 = 6.8 x9B. Ewe onxo
CBHUOETEILCTBO 3aK/IIOYAETCS B TOM, UTO TEMIIEPATypa ra3a MOXKET
OBITH OIIEHEHA U MO I'PABUTALMOHHOMY IIOTEHINAITY, ¢ KOTOPBIM ra3 Ha-
XOMUTCS B TUAPOCTATUIECKOM PABHOBECUU, TAK UTO CPENHSS KUHETUIe-
cKkas (TeIIoBas) SHEPTHUs YACTUILI PABHA €€ TPABUTAIMOHHON SYHEPTUN:

GMm, _ M Mnx
2Rer  3-10“Mg Reg

kpTe ~ KaB. (70)

Hamomanm, ato 1 k2B= 1.60207-10~? spe u coorercrryer 11.6-105 K
(7 %oB ~ 8- 107 K) mnu nymume BomHBI 12 A (7 k9B = 1.8 fi) Bro
PEHTTEHOBCKUI TUAMA30H.

OJEeKTPOHHBIE KOHIIEHTPAIAN a3, Ne, ONPEIEIseMEIe IO MOLIIHO-
ctu usmydenns, mopsaaka 1072 + 1072 1/cm®. DTOMY COOTBETCTBYIOT
Macchl raza Mgas = mpne(4m/3)(3 - 10%4)3 = 10'* + 105 Mg, Tax uTo
Macca rasa COCTABIISIeT 3aMeTHYI0 JacTh (1/3 + 1/4) Maccel ranakTuk
B CKOIJICHWHU. B mociienuee BpeMsi MHOTAA CYUTAIOT, UTO MaCcCa ra3a B
HEKOTOPHIX CKOIJICHUSAX MaXKe IIPEBOCXOMUT MACCy TaJaKTHK.

MoOKHO TOKa3aTh, YTO BpeMsl yCTAHOBJICHAS PABHOBECHOTO COCTO-
SHUS TAKOTO Ta3a CYIIECTBEHHO MEHBIIE KOCMOJIOIMUYECKOTO, TaK UTO
GbYHKIMS PACTIPENETICHNS Ia3a, [0 UMILYIbCAM — MAKCBEIJIOBCKAsL, UTO
onpasnbiBaeT npumenerue popmyi (66) u (68). HeiicTBuTenbHO, XapaK-
TEepHOE BpeMs PEIaKCAIUN 3JICKTPOHHOTO T'a3a IPY KyJIOHOBCKIX B3al-
MOOENCTBUSIX

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

3 32

e 8w e .
Bemmamna op = — 12 = 6.65- 10 % cm? — ToM-

4T\ Jnar® 3
2
COHOBCKOE CedeHue, re = —— = 2.818 - 101 em — xmaccmueckmit pa-
mc

roe A =

IIYC 3JIEKTPOHA, Yo = . Ona cmygas raza CKOIIGHUWH ITOJTYdaeTCs

kBTe
tcour = 10M3 10" ¢. Xa66m0BcKoe xe Bpems mopsinka 1017 ¢. IIpu sTom
XUMMIYECKHIT COCTAB I'a3a OKA3bIBAETCS He IEPBUYHBIM, & IPUMEPHO COJI-
HEUIHBIM.
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Kaxk roeopumnocs B § 1, PU onHOpOOHO 1 M30TPOIHO, €r0 CIIEKTP C
BBICOKOI CTENEHbI0 TOUYHOCTHU nomuuusercs dopmyne [Imanka

2hv3 1
c2 ehl’/kBTr _ 1

Io = B,(T}) = (72)
¢ remmeparypoit T, = Ty = 2.7277 K, Tak 4TO MAKCUMyM €ro MHTEH-
CHBHOCTH (IO 4aCTOTAM) PACIONATAeTCs HA NIIUHe BOIHBL 1.87 M.

OddexT C—3 HabMIODAETCS, ECTECTBEHHO, TAKKE B PAIMOMIAIIA-
30HE, I[IpNYEM B CAHTUMETPOBOM N MUIJIJINMETPOBOM OH IIDOABJIACTCA B
ocnabmenuun PU, a B cyOMummmmeTpoBoM — B ero ycuimenuu. Bee ¢o-
TOHBI IIOJIY49aKT OT 3JICKTPOHOB HOOIIOTHUTE/IBbHYIO 3HEPruio, TaK 4YTO
BCA IIJTAHKOBCKAs KPpUBasd COABUTACTCA B CTOPORY 6éﬂBHIHX JaCToOT. HO—
9TOMY OO MaKCUMyMa KPUBAAd IIOHUXKAECTCA, a IIOCJIC MaKCUMyMa — II0-
BBIIIIACTCA. HpI/I‘{I/IHa 9TOr'0 — KOMIITOHOBCKO€ PaCCEesIHNEe.

2. KopoTKko 0 KOMIITOHOBCKOM PACCESHUU. JTO DPACCESHUE
dorona sekTpoHOM (MM HAOGOPOT) € yIeTOM U3MEHEHUs UX DHEPruil
(mompoGHee 0 HEM TOBOPUTCS B HOcoOuu aBTopa [9]).

I[Iycte B3ammomeicTBYIOT (GOTOH C UMIIYJILCOM k W 3IEKTPOH
C UMIOyIbCOM P. B pesymprare paccesHuss UX KMMIYIBCHL HU3MEHs-
[OTCS 1 CTAHOBATCA COOTBETCTBEHHO Ky 1 P1. DHEPruM >TUX YACTUI
ck, cpo, cky, cpo1. sl IMILyITBCOB BIEKTPOHA CIPABEMINBLEI OOBLIYHBIE
PEJIITUBUCTCKUE COOTHOIIEHUS

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

IIpu paccesHNN BEIIOIHAIOTCSA YeTHIpe 3aKOHA COXPAHEHNUS
po+k=po1+k, P+k=p +Fk. (74)

Bripasum u3 BToporo paBeHCTBa HMILYJIbLC 3JIEKTPOHA HOCIIE PACCESHILS
uepe3 OCTaJIbHBIE U MONCTABUM B IIEPBOE PABEHCTBO, BhIPAXKAIOIIee 3a-
KOH COXPAaHEHUS SHEPrUu:

-

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

kp() — Eﬁ: klp() - Elﬁ-f- kk‘l - EEl (76)
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O603HauINM KOCHHYCHI yIJIOB MEXIy HapaMu BeKTopoB k u ki, k

u g, k1 u P coorBercTBenHo uepe3 u, ¢ u (1. Tormna coorHomenue (76)
MMEepenunIIeTCsa B BUOE

k(po — p¢) = k1lpo — pC1 + k(1 — p)). (77)
W3 Hero HaxomuTCsa BEINYNHA UMITYJILCA (POTOHA MOCTIE PACCESHUS

_ po — ¢
! _kpo —pG + k(1 —p) (7®)

PaccMoTpuM gacTHBIN cydall, KOTOa IO PACCESHUS DIIEKTPOH I0-
koutcd, T.e. p = 0. Takyio cuctemy orcuera O6ymeM HAa3LIBATH 1ab0pa-
TopHoit. Torma pp = mc u

0 0 mc

K=k ——m—7+———. 79
! me + ko(1 — po) (79)
hv  h
Bcmomunast, uro nummynsc dorona k = — = it nepernuineMm GOpMyILy
¢
(79) uepe3 mIUHBLL BOIH
AL =22+ Ac (1 — o). (80)

3116CB BBEOEHA KOMIITOHOBCKAA OJINHA BOJIHBI

Ao = - = 0.0244. (81)
mc

IIpu paccesuun poToHa B mMaOOPATOPHOH CUCTEME OTCUETA Ua-
croTa (OTOHA BCErma YMEHBIIAETCS U B 3TOM 3akKiaiodaeTcs 3p¢exT
Kowmnrona. IloTeps sueprum ¢hoToHOM, HazbBaeMas 3PpGEeKTOM OToAYN,
MIPOUCXOOUT BCAEOCTBHE IIEpenaddl UM 4YaCTHU CBOEro MMIIyJIbCa, a 3Ha-
YUT W HHEPrUH, IEePBOHAYAJIBLHO IOKOSIIIEMYCS 3JIEKTPOHY, KOTODBIN
NPpUXOOUT B OBUXKEHUE.

Ecnu 5mexTpoH He CTOST Ha MecTe, TO IPU PA3TUIHOM COOTHO-
LIEHUN HAIPABIIEHNN U BEJINYINH IMITYIHCOB Pearupyommx JacTul Go-
TOH MOXKET KaK YMEHbIIAaThb, TaK U YBEJIAYMBATH CBOI DHEPrui0, HO
70 yxke He rbdexT KomMnTona B ymcToM BuUOe, a CKOpee CIEICTBUE
sddexra Homnepa. OnHako B acTPOGUINIECKON TUTEPATYPE YBEIIIIe-
HIE SHEPrun q)OTOHOB IIpU KOMIITOHOBCKOM PACCEAHNN UX SHEPTUYIYHBIMU
SIIEKTPOHAME HA3BIBAIOT 0OpaTHBIM 3(PdexTom Kommrona.
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KoMmnTonoBckast niauHa BOMHBI OYeHbL Majia. llosTomMy yBemuue-
HUe OJINHBI BOJIHBI GOTOHA B JTa0OPATOPHOI CUCTeMe OTCUeTa 3aMEeTHO,
TOJBKO €CNHM OJIMHA BOJHBI PAacCcerBaeMoro (pOoTOHA He OUYeHb CyIIe-
CTBEHHO OTJIMYAETCSI OT KOMIITOHOBCKOH. ['Opsiume 3/1eKTPOHBI BBI3BI-
BAIOT OTHOCUTEJILHO OOJIbIINE CMEIIeHNs, KOTOPBIe TOCTYIIHLI I3Mepe-
HUSM OaXKe B PANNONNAIIA30HE.

lopsunii 37meKTPOHHLIN ra3 B CKOIUIEHUSIX TAJIAKTUK, O KOTOPOM
FOBOPUJIOCH BHIIIE, HEPEIATUBUCTCKUAN UKW, TOUHEE, TIOUYTHU HEPeIsSITU-
BucTckuii. [{amum onucasme ero COCTOSHUS U B3AUMOOENCTBUsS ¢ HOTO-
HAMU.

3. IlouTn HEpPEeJaITUBUCTCKUNA ra3. DIEKTPOHHBIN a3 B CKOII-
JIEHUSX, KaK yKe OBOPHUJIOCH, HECMOTPS Ha MAaJIyI0 IIJIOTHOCTH yCIle-
BaeT IpPURTU B paBHOBecue. Ero TemmoBas mpUpoma MOMTBEPKIAETCS
" XapaKTEepOM €rO peHTr€HOBCKOT'O U3JIYyUYCHUS, KOTOPOE ABJIICTCA TEIl-
JIOBBIM TOPMO3HBIM HN3JIy4YC€HUEM. HOBTOMy 5TOT ra3 MaKCBEJJIOBCKUI.
DJIeK TPOHBI BBULY OYEHb MAJION NX KOHIEHTPALUY U JOBOIBHO BBICOKON
TEeMIEPpATyPBl MOXKHO CUNTATH HEBBIPDOXKACHHBIMU U IIPDUHIUII 3aIIpeTa
Hay.rm OJIsd HUX BO BHIMAHNE HE IIPDUHNMATh.

SBOJ'IIOL[I/ISI CIIEKTpa WU3JAYy4YCHUd IIpu BBaHMOHeﬁCTBHH ero ¢
9JIEKTPOHHBIM ra3oMm OIIUCBIBAECTCA KHHETUYECCKHM YPaBHEHHEM.
ITockonmbky ra3 HEPeIATHUBUCTCKURA, a U3JIy4eHHEe PaauOINANIA30HA
OY€Hb MATKOE, BBIIIOJIHAOTCA HEDABEHCTBA
1 _ kBTe hv

‘ 1, — 1. 82
Yo  mc? < me? < (82)

Torna kaxmoe paccesHne CMeIaeT dHepruno (GOTOHA Ha MaIyio Beln-
YNHY U B KUHETUYECKOM YPABHEHUM MOXKHO UCIOL30BATH MPUOIMKE-
une Pokkepa—Ilnanka. Eciu nomomHUTEIBHO NPUHATH, YTO a3 3a-
nosiHseT GOJIBIIOe IPOCTPAHCTBO (B Ipeneie — GECKOHEUHOE), a HOJIe
U3JIyYEeHUs U PACIPeNesieHre ra3a OMHOPOOHBI U M30TPOMHLI, TO UHTEH-
CUBHOCTB U3JTyUEHUs 3aBUCUT TOJIBKO OT YACTOTHI U BPEMEHU U KUHE-
TUYECKOE YPABHEHUE CBONUTCS K U3BECTHOMY ypaBHeHUr0 KoMmaneiia

on _orne h 0 [ 4 (ksTe0n 9
ot me v Oy [V ( h 6y+n+n>]. (83)

3nmecs BMeCTO QYHKINU pacrpeneieHuss GOTOHOB WX WHTEHCUBHOCTU
U3JIy9eHUs. UCIOJIb30BaHO cpenHee uumcino 3amoinenus (CYU3) dorown-
HEIX COCTOSIHUH 7, 9TO OOBIYHO IJISI TEOPUHM KOMIITOHOBCKOI'O PacCes-
HUsI 1 BOOOIIIE [IJIs1 PeJIITUBUCTCKON KuHeTuyeckoir reopuu. CU3 — sTo
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663pa3MepH3ﬂ 1 PEIATUBUCTCKI MHBAPUAHTHAS BEJINUNHA, CBA3aHHAA C
NHTEHCUBHOCTBHIO COOTHOIICHUEM

I=——n, (84)

Ypasuenue (83) onuCHBAET HBONIOINIO CIHEKTPA U30TPOIHOLO U
OIHOPOMHOTO TIOJIS U3JIy4YeHUs IPU PACCESHUU (GOTOHOB 3IEKTPOHAMHU,
TaKXKe C OOHOPOOHBLIM M M30TPOIHBIM paclpenejieHueM, B OecKoHeu-
HoM mpocrpancrse. Eciu BBecTu 6e3pasmepnyio gacrory (67), koro-
pas MOXEeT NPUHAMATH IIPOU3BOJIbHBIE 3HAYEHUS, TO ypaBHEHUE I
n = n(ze,t) 3anumercs Kopoue:

on _corne 1 0 [ ,(0On 9
A [me (6% +n+n >] (85)

Kaxnoe u3 Tpex cimaraeMbIX B KPYIJIBIX CKOOKAaX OMUCHIBAET OT-
menbHBIN 5PdexT: ciaaraemoe n coorBercTByeT dhdexkry Kommrona,
crlaraeMoe ¢ Ipou3BomHOR — addexTy Homnepa, a n? yanThIBaeT BBI-
HYXKIIEHHOE pacCesHue, T.e. IPOSBJIEHNE IPUHIIANA BHIHYXKIEHHBIX ITe-
pPEXONoB, KOTOPHIA XapaKTepeH NIt (POTOHOB, SIBISIOIINXCS OO30HAMIU.

4. OdpdexT C—3 B ogHOpOOHOM HpPUOIMXKEHUU. DTO MIPU-
O/KeHre 3aKI/II09aeTCsl B TOM, 9YTO UCIOIb3yeTcs ypaBHeHune Kowmma-
uerina. Ha camom meste mmoste u3iyyeHus: OMHOPOMHO U M30TPOIIHO, OMHAKO
9TOrO HEJIb3s CKA3aTh IPO JIEKTPOHHLIN a3, ONTUYIECKAs TOJIINHA KO-
TOPOro He OECKOHEUHA, KaK IPEAIoIaraeTcs B ypaBHeHn Komnanea,
a moBOJILHO Mana. TeM He MeHee cBoiicTBa PU mo3BOmSIioT mpuMeHUTH
Takoit mogxon. TouHbIe Pe3yIbTATHEL OT HPUOIIMKEHHBIX OTJIMIAIOTCS
HE OYeHb CUJIBHO.

[Ipennomoxum, ITO BIEKTPOHHAS TEMIEPATYPA B CKOILIEHUU II0-
crosiuHa. [lomcraBuM B mpaBylo 4acTh ypaBHeHus (85) IIAHKOBCKYIO
dyukumo (72), Tounee coorBercrByoee eit CHU3

1
no(fﬂr) = ezr——l’ (86)
roe
hv Te
Ty = T xeﬁ. (87)

ITockonpky npousBonHas B ypaBHEHAN OEPETCS [0 YACTOTE T, & DYHK-
IUs 3aBUCUT OT Ty, Ipu OuddepeHINpPOBAHNN BO3ZHUKHET MHOXKUTETH
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Ty /xe = Te/T: ~ 108/2.7. DTOT MHOKUTETL CTOML BEJIUK, UTO OCTATb-
HBIE CJTAraeMble TPaBON 9aCTH YPABHEHMS MOKHO OTOPOCUTDL U yPABHE-
ure (85) ucnons30BaThH B Gopme

on(ze,t) _ corne 1 0 10N (Ze, 1)
ot ye 20z (me O ) (88)

Pesynbrar nuddepeHnmupoBasns HAO0 yMHOXKUTE Ha BPeMS feff, 38 KO-
TOpOE M3JIydeHUe IIPOXONUT pasMep 00beMa Reg = Clefr, 3aHATOIO rO-
psiunM ras3oMm B ckormteHnn. IlpousBeneHue clegNeoT = RefNeOT = Te
PABHO OITHUYECKON TOJIIIIMHE I'a3a IO TOMCOHOBCKOMY paccesHuio. B pe-
synbraTe monyunTces, o CH3 mpuobperaer mobGaBky

_ 1l 0 4 [(Ono(z:)\] _
An = Yo T2 O, {me < O0Te B

e 1 d 4 [ dno(zy) Te Ty Ty
_Tel d no(r) \ | _ Te —4).
Yo T2 d, [mr < dz, Ye (€%r —1)2 \ thz,/2 (89)

Coorsercrayromas IpubaBKa NHTEHCUBHOCTU CONVIACHO COOTHOLIECHUIO
(84) cocraBut

2h (kT \°> 7
AT = 22 = F(z,),
( h > Ye (@) (90)

roe

Flo)=2* L4 [:c‘*d”“(x)] :ez(ezx4 ( ‘ 4). (91)

z2 dx

B o6o3uauennax

T e .

dyuxuns (91) 3amuceiBaeTCsSI KOpoUe:

Flz) = (f)2 2ty — 4). (93)

Ora pyukuwus, paBHas Hymwo npu ¢ = 0, Ipu MajJbIX & OTPUIATENHHA,
“MeeT OTpunaTeNnbHbIl MuUHUMYM —4.1177 npu & = xmin = 2.2665, 06-
paIaeTcs B HyJb npu ¢ = x9 = 3.8300, BO3pacTaeT OO MaKCIMyMa
6.7823 mpu x = xpax = 6.5113, a 3aTem cramaeT K HYIIO IPU T — 0O.
CooTBeTCTByOIINE YACTOTHI IOIYJYAIOTC YMHOXKEHIEM IPUBEOEHHBIX
uncen Ha kpT;/h, a mmusst BonH A = he/(zkpTy): Amin = 2.327 mam,
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Ao = 1.377 mm, Amax = 0.8101 mm. OTHOUIEHNE MAKCUMYMA K MOIYJTIO

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

MyMa, a TakXe BCeX IPUPAIIEHNI NHTEHCUBHOCTH IPOIOPINOHATLHEL

MHOXUTEJL0, cTosueMy nepen gyuxunueir F(z,) B dopmyie (90).
Yucito GOTOHOB IpU PACCESTHUN COXPAHSIETCSI, IO TOMY

[F - [ )] g )"y
0 0

0

B 1o xe Bpems sHeprus GOTOHOB yBenmuauBaeTcs. MoxXHO HallTH Oomu
VMEHBINAIOIIENCS W yBEIMINBAOLUICHCS UHTEHCUBHOCTHU. 71 »TOro
HAJI0 BEIYUCIATDH 1B OTHOLICHUS

?F(m)dm /OOF(x)dx

=-033844, ¥, =" —1.33844. (95)

474 /15 474 /15

CyMmMma oTHOIIeHn# nonoxutenbua u paBHa V_ + ¥, = 1. IleficTBu-
TEJILHO:

= 4/w3n0(m)dm =4 (96)
15
0

3mech gBa pa3a NPOWHTErPUPOBAHO IO YACTSIM.
Taxum 06pa3oM, OIHBIE OTPULATENBHAS U MOJIOKUTEIHLHASI CBe-
THMOCTH CKOIIJIEHUSI PABHBI COOTBETCTBEHHO

.33844kpT. M,
T 40 338 sz eO'TCEr gas _
mc mp
kBT M,
=1.5-10* <5.1€1§ZB> (1015;;@) (1+ 2)*ape/c, (97)
1.33844kpT. M,
L+ =4 338 sz eO'TCE'r 835
mc mp
kT M,
=5.7-10* <5'1‘;€:B> (1015;;@) (1+ z)*ape/ec. (98)
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3necy E, = 4.188 - 10712 spe/cm® — mmoTHOCTE 3HEprum PU, a z —
kpacHoe cMemterne ckomnenus. Oraomenne Ly /L_ = 3.9547.

Takast mpocTas 3aBACHUMOCTH MPUPAIIEHUS UHTEHCUBHOCTU OT
9JIEKTPOHHON TEMIIEPATYPHI OJIYYAETCSI TOIBKO B IPUOINKEHIN yPAB-
umenus Kommaweiina.

5. IanpHelinme TeopeTUUYecKmMe pe3yabTaThbl. Eile MHO-
rue OOCTOSITeNILCTBA, MOXKHO yYeCThb HpU paccMOTpeHun d>hdexTa
CrouseBa—3enbnoBuda. [lepBoe n 0ueBUOHOE — IBUKEHNE CKOILJICHUS
KAK [IEJIOr0 [0 OTHOIIEHNIO K PEJIMKTOBOMY (DOHY. DTO MEKYISIPHOE qBU-
JKEHIE BBI3LIBAET MOMOIHUTENbHOE nckaxenne cruekrpa PU. IeiicTeu-
TEJILHO, eC/IM CKOIIJIEHNE OBUXKETCs 10 oTHOmeHno K PU co ckopocThio
¥, TO €ro ra3 BOCOPUHUMAET TEMIEPATYPY HTOr0 U3TYyUEHU B COOTBET-
crBuu ¢ >pdexTom [Hommepa, a MO OTHOIIEHUIO K HAOTIOIATETIO OKa-
KETCs

Tr(ﬁ) = Tr(]- - Br): (99)

roe fy = vp/¢, a vy — panuaNbHas COCTABIAIONIAL CKODOCTU CKOIITICHNS.
Tax Kax CKOPOCTU CKOIIJIEHWI HEPETITUBUCTCKNIE, TO U3MEHEHIEe NHTEH-
cuBHOCTU PU B mepBOM mpubMMKEHNN TOCTATOYHO HAWTHU C TOYHOCTHIO
[0 [IEPBOI CTeleHN OTHOLIeHUs cKopocteld v, /c. [Ipu sTom eciau ckom-
JIeHre OBIKETCS K HaM, T.e. Uy < (), TO HHTeHCUBHOCTDH BO3PACTAET, &
npu v, > 0 — ymensmaercs. Takum obpasom [13]:

_ 0B,(Ty) _ 2(ksTy)’
Al = —TTrTrﬂrTe = _WBYG(J”Y)TG’ (100)
rmoe
S
T CESERAY 2.

D10 u3MeHeHNEe UHTEHCUBHOCTHU IPOCTO NOOABIISLETCS K IPEILLIYIIEMY.
B acrponomuueckoit mureparype ndmenenne narencusaoctu PU, onu-
ceiBaemoe hopmyinamu (89) u (90), HA3BIBAIOT TEIIOBBIM WU TEPMU-
YeCKUM, a u3MeHeHue ee m3—3a nemkeHus (100) — xuHeMaTHUECKUM
(uHOrmA KMHETHUECKNM) dhdhexTamu.

Ha puc. 7 unpusemenni rpadpuku dyuxumin F(x) u G(x).
Psamom nns opumeHTMpOBKM HA puc. 8 NPENCTABIEHBI 3aBHCUMO-
CTM 4YACTOTHI U J[JIMHBI BOJIHBI WU3JyYeHWs OT AapryMeHTa T,
a wumenHo: v, = kg T, 2, /h, A\, = he/(kgT,x,;). Yacrora nana B enu-
mumax 10" 'y, a mauHA BOTHEL — B MM.
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8 12

10 A v 1

-6 L 1 1 0 L 1 1

0 5 10 15 T 20 0 5 10 15 Zr 20

Puc. 7. ®yukuuu F(z) u G(z). Puc. 8. YacTOTHI U IJIMHBLI BOJIH

B 3aBHCHMOCTH OT Zr.

CpaBHUTENBLHO MPOCTO MOXKHO Y4YECTh HEOMHOPOMHOCTH TEMIIEPa-
TYpPbl U KOHIIEHTPAIMK 3JIEKTPOHHOTO Ir'a3a B CKOIUIEHWM. ECiam KOoH-
HEHTPAIWS U TEMIEPATyPa JIEKTPOHOB B OOIAKE MMEIOT HEKOTODHIE
pacrpenenenus 1o o0bemy ckomieHus ne(r) u To(F), B mepBoM mpu-
GnuxeHnn — cepudecKue, TO OMTUIECKas TOJIIMHA O0IaKa U BEJu-
anna Yo () = mc? /kpTe(F) B pasmnIEBIX MECTAX CKOIJIeHHs Gy T pas-
auussl. Muoxurens, crosmmit 8 (90) nepen dyuxuumeir F, nano 3ame-
HUTH HA WHTErPAJI BOOJIb JTyUa, 3PEHMUsI

. Te (T)
Y = T/yemdl. (102)

g nomydueHus addeKTa OT BCEro CKOIJIEHUS HEOOXOMUMO PACCUUTHI-
BaTh €ro IS KaXXOOr0 MeCTa B KAPTUHHOU IJIOCKOCTU C COOTBETCTBY-
IOLINM UHTErPAJIOM, & 3aTeM HHTEeIPUPOBATH II0 PACIPENeIeHIIO B 3 TOR
mwrockoctu. Ecnu u Temneparypa ra3a 3aBUCHT OT MECTA B CKOILIEHUN,
TO HAZO BEPHYTHCSI K PA3MEPHON JACTOTE WM IPOBOOUTH BHIUUCICHUS
¢ 6e3pa3MepHOR YaCTOTON &, PACCINTAHHON IJIST OMHOTO 3HAUECHUS TeM-
mepaTypH.

6. Bomee cioxuble ciaydanm sddexra. IIpu temmeparype
rasa MOpsnKa OECATKOB KB CTAHOBATCS 3aMETHEBI PETISITUBUCTCKUE TI0-
OpaBKu. VIX ONpEmeNneHumio IOCBSIIEHO HECKONIBKO CTATElN Pa3IUuHBIX
aBTOpOB [22, 53] (cM. Takxe 0630p [66]). Hauano 6ew10 momoxkero B [65],
rie GbUIM HANIEHBl DONPABKKM BTOPOro mopsaka 1mo 1/ye = kpTe/mc?.
TaMm e OTMEUeHO, HAIPUMED, YTO YIOMUHABIINECS BHINIE XapaKTep-
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Hble TOukE 3ddexra npu 1/ye < 0.04 cMmernaoTcs B COOTBETCTBUE CO
crenyomuMu GOpMyIaMu:

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

Benuuuner MaxCuMyMa ¥ MUHUMYyMa [OPU 5TOM YMEHBIIAIOTCH (IO MO-
nyno). IIpu MeHBIIUX Y, T.€. GONBIINX TEMIEPATYPAX rasa, 3aBUCHU-
MOCTB OT Ye He CTOTb IPOCTA. ABTOPHI cTaThu [40] HAIIN MOIpaBKY
IO ISTOrO HOPSAKA 10 1/Ye.

Ipyroe HapaBeHNe yCOBEPIIEHCTBOBAHNS T€OpUI — Oosee TO4-
HBII BBIBOL [IONPABOK 3a c4yeT ABmkeHus ckortenus [79]. CoBmecTHBIN
ydUeT MOmpaBoOK K CyMMe KHHEMATUIECKOTO W TEePMUYIECKOrO 5(hHEKTOB
[IPOM3BENEH B cTaThix [72, 53]. Ilpusenem pesynbrar [72] ¢ TOIHOCTBIO
[0 HOMPAaBOK BTOPOTO HOPSAIKA:

Al t, — 4 3

— =G +— —t,—1)p?

- (z) [ﬂ+ m +<20w >B+

11 e 47 2t2 + 52

—ty— 1) B2+ 10— —t, + T

+(20z >Br+ye< 5l 10 +
1 /47 42 3 t: —3
— (=t —10- =2 4+ 3 +72_"52)]. 104
+yg < 2 €z 5 T + 10 T + 5 Sz ( )

3necs ucnonb3opasbl cokpartenus (92), kpome Toro, 3 = /B2 + (2,
roe By = wvy/c, vy — moOmepedYHas CKOPOCTH CKOIUIEHUsI, & BMECTO Ty

HAINCAHO .

Ha puc. 9 npencrasnensl npupaiteHus uHTeHCUBHOCTE Al /T, B

2h (ksT;

e€OUHUIIAX = ( 5
TPOHHOTO Ta3a B CKomleHuu. IIyHKTHUpOM u300pakeHbl KpPUBLIE, CO-
orsercTBymomue dhopmyie (90), & CIOIOMHLIMUA JIMHAAME — (HOPMYJIE
(104), yuursiBaomell PesITUBUCTCKIE HOMPABKHU, [JIs HEONBUXKHOIO
ckortenust, T.e. npu § = 0. Hanporus, puc. 10 moka3siBaeT 3aBucu-
MocTh uckaxkenus crektpa PU npu puxkcupoBanHoil Temmeparype 3iek-
Tponos T, = 108 B CKOIIEHNY, HO PA3IIYHLIX 3HAUCHUAX €T0 PAINATIhb-
HOI ckopocTu. OTpunaTe bHBIE CKOPOCTU COOTBETCTBYIOT IBUKEHUIO
K HaOIIONATENIO, a MONI0KNTEIbHEIE — YOAJIEHUI0 OT HEro.

OrmeruM, 4TO B TO BpeMs KaK IOMPABKU IIEPBOTO MOPSIAKA IO
CKOPOCTH 1 TEMIIEPATYPE IIPOCTO CKIIAALIBAIOTCS, B IIOIPABKAX BTOPOLO
HMOpSIIKA UMeeTCs epeKpecTHoe citaraeMoe. Kpome Toro, sTu nonpaskn

3
) IJIST HECKOJIBKUX 3HAUCHUIT TEeMIIEPaTYyPBI 3JICK-
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Al/e 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
0.0 -0.10
-010 -0.15
-0.15 1 7 -020
-0.20 . . . -0.25 L L L
0 5 10 15 20 0 5 10 15 20
Ty Tr
Puc. 9. Benmuunusr Al /7. npu Puc. 10. Benumaussr Al /7.
pasnumunbix Te (B K). IpU PA3HBIX (.

COIEPKAT HE TOJIBKO PAaAMAIbHYIO, HO U TPAHCBEPCAIBbHYIO COCTABII-
fortyto cxopoctu vy (depes 2 = 32 + 32). Bupouem pensTEBHCTCKIE
MOMPABKN 34 CYET NBKEHWS BIUAIOT HA BEJIMIMHY CMEIICHUS CIIEKTPA,
ropasmo ciabee, YeM MOMPABKY, BOSHUKAOIINE IPU JOOABIICHAN CIIEIy-
IOIIIX CIIAraeMBIX B PA3JIOKEHNN IO CTeNeHsM 1/ye B CIIydae HEIOIBUK-
HOro ckorieHus. [Ieo B TOM, 9TO TEMIIEPATYPHBIE MOMPABKE CIIEMYET
YUATBHIBATL OOA3ATENBbHO, HE3ABUCUMO OT TOTO, MBUXKETCS CKOILJICHUE
UM HET, & TIOMPABKY 33 CUET ABMKEHUA NOOABIAIOTCS yxke K HuM. Tem
GoItee MaJIBI OMPABKY Ha, [OMEPEUHOE IBMKEHUE CKOILJICHUS, U UX OyneT
BeCbMa TPYIOHO BBIAEIUTH U3 HAOTIOOEHUH.

B pa6ore [54] HaiineHbl IONPABKU 33 CIET PACCESHUS BTOPOLO MO
PANKa, IPOHOPIMOHAILHEIE T2 .

Kak m3BecTHO, 57IEKTPOHHOE PACCESHUE CO3MAET MOISPU3AINI0 13-
Jy4eHUs, HaKe ecii IIEePBOHAYAJLHO OHO HE MOJApu30BaHO. IlosToMy
u npu paccesHuu PU mMoxeT co3maBaThCs TOMIPU3AIUS, €CIU NTMEETCS
HECUMMETPUYHOCTH B T€OMETPHUN PACCESHUS.

HabmionaTe yKasaHHYIO DOISPU3ANAIO MOXKHO B CJIEMYIOMINX CILy-
qasgx: 1) eciau HabuoneHus GIM3KOIO CKOILIEHUS BEAYTCS C HOCTATOY-
HBIM YTJIOBBIM Pa3PEIIeHneM W MOXKHO MPOCIENUTE XOI N3MEHEHWS MH-
TEHCUBHOCTH (U MOJIAPU3ANUN) OT IEHTPA K KPAK; 2) €Ciiu pacupene-
JIEHVWE BJIEKTPOHHOrO rasa HecHepudeckoe; 3) eciiu UMEEeTCs IOmeped-
HOe nBuxkenue ckormtenus [41]; 4) 3a cueT KBALPYHOIBHOI COCTABILAIO-

menn P
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Tak xak PU He momspu3oBaHO W M30TPOMHO, CTEMEHDb TOISIPU3a-
U7 TOIYyYaeTCss 6Olee BHICOKOTO MOPSIAKA MAJIOCTHU, YeM caM 5PHexT
CronsieBa—3enbaoBrua. B mepBLIX ABYX CAydasx MOJSPU3ALUS TOPO-
JKIAETCS IIPOCTO FeOMeTPUell, HO IJIsl €€ MOSIBIIeHNS] HeOOXOOMMO, YTOOI
[IPOM3OIILIIO [0 KPaliHeil Mepe OByKpaTHOe paccesiHue. Bropoe pacces:-
Hue no0aBJISIET K TEPMUYECKOMY U KMHEMATUIECKOMY d(dexTam mosis-
PU3aIII0 COOTBETCTBEHHO MOPANKa T2 /Ye U [72. XOTA 5TO 3hdeKTE
BTOPOro mopsinka (cam 5>b(EKT UMeeT MOPSIIOK Te/Ye U Tefr) U MpU
UX [OSBJIEHUU [IPOUCXOOUT Majas nobaBka, HO K Hy/o (T.e. K mep-
BOHAYAJILHOMY OTCYTCTBUIO ojisapu3anun). [lpy HabIoneHn qanekux
CKOIUIEHIII TPONCXOOUT YCPEIHEHHEe II0 BCEMY CKOILJIEHWI0 1 3(pGeKT
OKAa3LIBAETCS OUEHb MaJIbIM. llomepednoe mBUKEHUE, MaJIO BIIUSIOLIIEE
HA CIEKTD, TAKXKE CO3MAET HECUMMETPUIHOCTD PACCESHUSI, M KAK CIIEII-
CTBUE BO3HUKAET JUHENHAs MOMAPU3alis 3Ty IeHNs TOPIIKa Te3:.

BosmoxnocTs mox HOMepom 4) Tpebyer noscuenus. Ilockonbky
ra3 B CKOIJIGHWUSIX I[IOYTH HEPELITUBUCTCKUN M ONTHYECKN TOHKUH, a
dorousr PU obmamaroT mMamol sHEpruei, Ipu pacdeTe MOJISTPU3ANUT
MOXKHO OIDAHUYUTHCS PACCESHUEM MEPBOTO MOPSINKA, 8 KOMITOHOBCKOE
paccesiHe CYNTATh TOMCOHOBCKUM, T.€. MPEeHeOpeUb M3MEHEHUEM Ya-
crorel. Torna, kak OBLIIO OTMEYEHO eIlle B OCHOBOIIOJIATAI0IINX paboTax
aBTOpoB dbdekra [6, 7], UMeHHO KBanpynosbHas cocrasiusromas PU
co3maeT nonsapu3anuio. OToT 3GGeKT ObLI MONTBEPKIEH U CPABHEH C
OPYTUME MEXaHU3MAMU, TPUBOMSIIUMIA K TOSIBJICHUIO MTOJISIPU3ANAN B
PH, B pa6ore [73]. IlokaszaHo, uTo Ha HeGe MMEIOTCS IOBE OOIINPHEIE
00s1acTu, B HAIIPABIIEHUSIX HA KOTOPLIE IOJISIPU3AIINS, CO30ABAEMAsT IIPU
paccestHIE KBaapynosiabHOi cocrasssatoineit PU ropsianm s1ek TpOHHBIM
ra3oM CKOIIJIEHWI Ha KPAacCHBIX cMereHusx 2 = 0.5 + 3, MakcuMasbHa.
DddexT CUIBHO 3aBUCUT OT YACTOTHI, HO B PEJIe-IKMHCOBCKON 001~
CTHU 5Ta 3aBUCAMOCTH HCUE3AET U TAM CTEIEHb JIMHENHON MOISIPU3ALIAN
IMeeT MOPSIIOK HTe MKK.

B nocnenuee Bpems ¢ sbdexrom CronseBa—3eIbI0BUYA CBSI3HI-
BatoT paccesHue PU ropstaum, B TOM 4nciie yIbTPapesTUBUCTCKUAM,
SJIEKTPOHHEIM Fa30M IPYTUX OOBEKTOB. DTO MOTYT ObITh: 1) obmaka
3JIEKTPOHOB BOMU3M KBa3apoB [51] 1 B KOKOHAX pammoOragakTuk [83];
2) ropsuue 5JIEKTPOHBI B [XKETAaX aKTUBHBLIX SIED AJAKTUK; 4) Tops-
quii ra3, oOpa3yoIUUCsS NPU CTOIKHOBEHUN IXKETOB C MEXKIAJIaKTIH-
YECKOI CPemoil; 5TOT ra3 MOXKeT B3amMomeicTBoBaTh ¢ PU xak wmermo-
CPEnCTBEHHO B OKPECTHOCTSIX [12KE€Ta, TAK WU IIOCIE ero MPOXOXKIEHUS;
5) UEHTPOCTPEMUTEIBHBIE OXJIaXKIAKIINECS TEUCHUsI, BOSHUKAOLINE
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U3-33 MOTEPh SHEPTUU T'a3a BCIACACTBUE M3Iy9CHUS U CHANAHUSA €ro K
LEHTPY CKOILTEHUS U3-33 YMeHbIIeHNsl naBiaeHus [45]; 6) noHn3oBaHHOE
BEIIECTBO, BO3HUKAIOIEE NPKU OOPA30BAHNU MACCUBHEIX YEPHBLIX IBEIP
B LEHTpaxX radakTuk [16]; 7) ocraroyHas HETEIIOBAs PEIsITUBUCTCKAS
Ia3Ma B PANUOTAIAKTHKAX U CKomeHusx [34]. Bee sTu cimywam mo-
OpoOHO paccMOTpeHsl (cM. 0630p [21]). B Tex cmyuasx, xorma siex-
TPOHHBLIA ra3 He SBIAETCS TEIJIOBEIM, pPe3yibTaT paccesHus nm PU
Ha3BIBAIOT HEeTemaoBeIM dpdekTom C—3.

7. Ucnonn3oBauue s¢pdekra. [lonyuenne mabmaomenunin Gora-
THIX CKOIIEHUH FaJIAKTUK 1a€T BO3MOXKHOCTH OIPENEINTD [IEKYIISIPHBIE
CKOPOCTU CKOTIJIEHUH TajlakKTUK Mo oTHoIeHuio K PU u Tem cambiM k
[II00AJTBHOMY KOCMOJIOTUYECKOMY PACIIupeHuio. 71t 5TOro nocTaTouHo
U3MEPUTH YPOBEHb PACCESIHHOTO W3JIyYEHUS] HA OBYX MJIMHAX BOJIH, HO
KOHEYHO TOYHOCTH IIOBBICUTCSI, €C/IM TAKUe M3MEPEHUs IPOM3BECTU HA
HECKOJIbKIX BOJIHAX.

Bo3moxHO Takxke ucciaenoBaHue CBONCTB rOPSIIEro 3JIEKTPOHHOIO
rasa B CKOIIEHUSX, €T0 TeMIEepaTypH [86], pacipeneneHus ero mo o6s-
emy ckomenus [82, 36, 50|, BausHue HechepuuHOCTH CKOMeHUs [61] u
np. OddekT mo3BoIseT TakkKe OOHAPYKUBATH CKOILICHUS MaJIAKTUK, B
TOM 9YHCJIe Ha OONBIINX KPACHBLIX CMEIIEHUSIX U OIIPENesiTh UX IIOIe-
peunsie ckopoctu [17], a Tak:Ke HAXOOUTH COOTHOLIEHWS. CBETUMOCTh—
Temneparypa [63] n peHTIeHOBCKas CBETUMOCTH—IIOHUKEHNE TeMIle-
paTypsl [24], CTATUCTUIECKN UCCIENOBATE KPYITHOMACIITAGHYIO CTPYK-
Typy Bcenennoit [25, 46].

Bonbioe nmpenmyiiecTBo ncnonb3oBanus 3GGHEKTa 0 CPABHEHIIO
C OPYrUMH METOHAMHU 3aK/II0YAeTCsS B TOM, UTO €ro BEJIMYNHA OIIpe-
IESEeTCs CBOMCTBAMU 3JIEKTPOHHOIO I'a3a W HE 3aBUCUT OT KPACHOTO
CMEIIEHUS, T. €. OT PACCTOSHUS IO CKOIJICHMUS.

Habmonerus spdekra C—3 mpemocTaBiIsioT TaKKe HE3aBUCH-
MBIl CIIOCOO HANTHU BEMUYUHY MOCTOSHHON Xabbma Hgy u opyrux Koc-
MOJIOTMYECKUX BeauduH [66, 35].

Onpenenesne KOCMOJIOTMYECKAX TAPAMETPOB OCHOBAHO HA, CIIEY-
omeM coobpaxenun. U3myuenne raza mpoOnOpPIMOHAIIBHO MEPE DMIUC-

CHu, T.e. NHTEerpaJly BOOJML jiy4a 3penus EM = nzdl . llornorenne
JK€ [POMOPUMOHAIBHO ONTUYECKON TOJIIIIIHE, B CBOIO OYepensb [IPOIOp-

[IUOHAJILHON mHTerpany A = / nedl. Eciiu MBI MOXKeM u3MepuTh 06e

BemmauHEl, TO oTHOmeHne A%/EM ecTh Mepa B3BEIIEHHON 10 TIIOTHO-
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CTU OJUHE IyTH U3IydeHus depe3 ra3. Ecau npu 5ToM cCTpykTypa rasa
M3BECTHA U €r0 YIJIOBOI pasmep f m3MepeH, TO PACCTOSHIE [0 ra3a IIo
YTJIOBOMY pa3Mepy MOXKeT ObITh omeHeHo mo seiuuune A?/(EME).
Paccrosirue no yriiopomy nmamerpy B IpUMEHEHHH K Momenu 6e3
[ABJIEHUS W KOCMOJIOTMYIECKOT'O CJIaraeMoro maeTcs GopMyIIon

Hoq? (1+2)2 ’

rIe gy — COBpPeMeHHOe 3HaueHUe TaK Ha3bIBAeMOrO IapaMeTpa 3aMer-
JIeHUsI, & 2 — KPacHoe cMertenue. Boobiie roBopst, mpuBeneHHoe coodbpa-
KEHIE MOXKHO IPUMEHUTH, UMEsl TOJILKO PEHTTEHOBCKUE HAOIIONCHUS,
HO kKoMOuHamus ux ¢ sdpdexkrom C—3 momxHa Harh GONBLIYIO TOU-
HOCTH [47]. IIpu 5TOM CyIIECTBEHHBI DENATUBUCTCKUE MONpaBKU [67].
W3 popmyner (105) crenyer, 9T0 B IPUHIATE BO3MOXKHO OMNPENETICHHE 1
qo, OOHAKO, TIOKA UTO HANEXKOBI HA HTO He MOATBEPIKIEHBI PeaTbHBIMI
HAOIIONEHUSIME, TAK KAK UMEETCS HECKOJIbKO MCTOYHUKOB CUCTEMATH-

dad

YEeCKUX OIINOOK.

Oddext C—3 MoxeT MOMOYL U B HAOIMIOOEHUAX nCKaxkenmit PU
3a CYET DHEPTOBBLINETIEHUN B PA3IMYHBIE BIIOXU BBOIONUU BceaeHHOH,
OMHAKO TOYHOCTY HAOITIONEHUH IIOKa He XBaTaeT.

Brusuuio paccesiHus Ha ropsideM rase CKOIJIEHW MaJIaKTUK I[IO[I-
BepxkeHbl 1 Quykryanun PU, uro npuBonuTt x aHmM30TpONNN, HA3LIBA-
emoii Bropuunoit [80]. Wsmepenue Takoit anusorponuu Oyner GOCTYIHO
TONBKO OymymuMm crnytHukaMm tuna Plank wam waTepdepomerpam B
MUIJITIMETPOBOI obacTu. laHHBIE TAKUX U3MEPEHUN MO3BOJIAT MOMY-
YATH OONOJHUTEIbHYIO IEHHYI0 HHGOPMAINIO BBULY HE3aBUCUMOCTH
spdexra C—3 ot z. Usyuaercs u Bropuunas nosspusanust [39].

8. Pesynprarnl mabmiomenuii. [nas mabmionenus sdhdexTa
C—3 npumeHsaINCH PA3NTUIHBIE METONLI PATNOACTPOHOMUN: PALUOMET-
puueckue (HAGIIOMEHU HA ONHOM, TapabOoNuIecKoil Uin IUNHAPTIC-
CKOl1, AaHTE€HHE B OTHEJIbHBIX IJIMHAX BOJIH), Gosomerpuueckue (B cyb-
MILLIIIMETPOBOI 00IaCTH CHEKTPa) U UHTEPHEPOMETPUYECKUE.

[Mepsrie Takue nabmonenus 6butu npoussenens B CAQ emre B 1972
rony [10] n mamm KauecTBEHHO MOTOXKUTENBHEIN pe3yiabTaT. B HacTo-
sI1Iee BpeMs U3BeCTHO O0JIbIIOe KOJINIeCTBO HAOIIOOeHNH yKAa3aHHBIMI
METONAMU [JIs CKOIJICHUI ¢ KpAaCHBIMU cMereruamu 10 0.5 (Gombim-
CTBO — HECKOJIBKO HeCATHIX). HeckonbKo CKOmIeHn HAGIIONAIICH HA
KPAaCHBIX cMeleHusx nopsinka 1, pexopn — 3.83. Benununua sddexra,
KaK ¥ OKUAATOCH, Topsanka MK (MUKpokensBUHOB) [21].
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OmnpeneneHust CKOpOCTElNl CKOIJIEHHI IIOKa €Ile OYeHb MPOTHU-
BopeuwBbl. Hampuwmep, mms ckomenust Dibna 1689 waiimeno v, =
1707750 wm/c.

Habmronerus Ha 60IbMKUX KPACHBIX CMEIIEHUSIX MONTBEDPKIAOT,
uTo u TaMm PU umeercs u ogaoponuo. Kpome Toro, neicTBUTENBHO yoa-
ercs onpenenuTh BemuunHy Hy. OTmenbHbE ompeneneHus oGHAPYKU-
BarOT GombInoi pasépoc (ot 24 mo 82 (xm/c)/Mnxk), HO cpenHee 3HAUE-
uue 47 (xm/c)/Mnx GMu3K0 K T€M, KOTODBIE MONTYYAITCS [0 ONTHIE-
CKUM IAaHHBIM, XOTs U MeHblie ux [21].

Xors mabmiopmenus: 3ddexra npousBomsarcs yxke moutu 30 Jser,
TOJIBKO CEYAC B CBSI3U C Oy PHBIM TEXHOJIOIMIECKIIM IIPOIPECCOM [TOSIBI-
JIaCh BO3MOXHOCTB €0 IIMPOKOTO IMPUMEHEHUS MJIsl YKA3AHHBIX BBIIIIE
eJel.

B wactHOCTU, npenstaraeTcs coenaTh 0030p CKOIJIEHUH TaJdaKTUK
OIHOBPEMEHHO B PEHTIEHE U B MIJLIMMETPOBOM-CAHTUMETPOBOM AU~
a3oHe Hamonobue 0630POB 3Be3M, MIyJIHLCAPOB, TYMAHHOCTEMN, raIakTUK
B PA3NMUYHBIX nuana3oHax. Oxumaercs, 4TO mpU MOpOre W3MEPEHUil B
0.1 mn okomo 2 mm OymeT 3apeructpupoBano 10 <+ 100 cxommeHwmi
Ha momanke B 1 kBagpaTHbi rpanyc [38]. I'moponunamuueckue pac-
YeThl [4JIs PA3JINYHBIX KOCMOJIOINIECKIX Momesel [76] mokas3sBaT, 4To
coytauk Plank cmoxer yBuners nopsinka 25000 ckomnsenuit, eciu cpen-
HsIsT IIIOTHOCTE BO Beenmennoit auskast, u npumvepso 10000, eciiu Beenen-
Hasl II0CKAasl.

§ 5. 3akmrogyenne

ObuapyxeHue B mOC/IenHee BpeMs GOIBIION PO KOCMOJIOTHYE-
CKOI'0 BaKyyMa BEI3BAJIO BO3POXKIEHNE IIOBBLIIIEHHOI'O MHTEpPeca K KOC-
MOJIOTHH BOOOIIIE U K UCCIIENOBAHUIO PETMKTOBOIO U3y IeHUs B YACTHO-
ctu. Ha 5T uccmenoBaHus pacXonyoTCs 3HAUNTETbHBIE CPEICTBA, MHO-
rux ctpad. [Ipu sTOM mporpecc B uccmenoBaHUIX 3TOr0 GEeHOMEHA, MTPU-
POOBI IPOUCXOAUT OBICTPO U HA HAIIMX Tya3ax. [losTomMy 3HAKOMCTBO
CTYIOEHTOB-aCTPOHOMOB C 3TUMHU IIPOOIEMaMH COBEPIIEHHO HEOOXOOMMO.

B stoMm yuebHO-MeTOOUUIECKOM HOCOOWY M3/I0KEHBL MCTOPUS U I10-
cllemHNe TOCTUKEHUS B U3YyUEeHNN PEJIUKTOBOTO U3TyUeHUs, KOTOPOe He
TOJIBKO SIBJISIETCS CBUOETEIbCTBOM B IOJIb3Y CIPABEOINBOCTH KOCMOJIO-
TUYEeCKUX MOMEJIEl, HO U MO3BOJISET ONPENeTuTh TapaMeTPEL 3TUX MOIe-
neft. JlampHelee 3HaKOMCTBO C PACCMOTPEHHBIMI BOIPOCAME MOXKHO
OCYLIECTBUATDH II0 IIUTUPOBAHHEIM 3[0€Ch KHUTAM U CTAThSIM.
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