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BBenenue

Han kocmonoruueckumu mpobeMaMu 9ejI0BeUeCTBO 3adyMBIBAJIOCH C CAMOTO HavaJia CBO-
ero cymiectBoBauus. O6 5TOM TOBOPSIT MHOTOUMC/IEHHBIE KOCMOJIOTMUECKNE MUDBI PA3THIHBIX
HapomoB. Hayunas kocMomorus Hadaidach ¢ pabOT acTpoOHOMOB »moxu Boszpoxnenus: Hukomas
Konepuuka (1473-1543), Noranua Kennepa (1571-1630) u [anuneo Fanunes (1564-1642). On-
HAKO BCe OHU He IIJIU MaJibIe chepbl HeMOMBUXKHBIX 3BE3I, T.€. NHTEPECOBAINCH CTPOCHUEM
Comnueunoit cucrembl. MaTeMaTuuecky OCHOBY HTO HampaBjieHue MPUOOPESIO MOCie yCTaHOB-
JIeHUst 3aKOHa BcemupHoro Tsarorenns Vcaakom Herororom (1642-1727). Kocmoronnueckue Te-
opuu Brepssie npemnoxun [Ibep Cumon Jlannac (1749-1827) u Ummanynn Kanr (1724-1804).
Takme Teopum mpoOmOTKAIOT Pa3BUBATHCS BINIOTH IO HACTOSIIETO BPEMEHH HA OCHOBE CAMBIX
COBPEMEHHBIX TpEeNCTaBIeHNH (GU3UKN, HO He COCTABIAIOT CoOmepXKaHWMe HAayKW, HA3BIBAEMOH Te-
mepb KOCMOJIOTMETH.

Mup 3Be3n B ['anakTuke n3ydascs MHOTUMU YI€HBIME, OTMETHUM BKjan Bumbsmva [Nepriens
(1738-1822), nocTpoustiero nepsyio cxeMy crpoerns [ amakrukn. [lociae oTKpbITHS MHOTOUNC-
JEHHBIX CTa0BIX TYMAHHOCTEH BO3HWK CIIOpP, TIe OHW HAXOMATCs: B Hamlell ['amakTuwke miam 3a
ee mpenenamu. Crop mponomxkajcs no 20-X TOIOB HAIlEro BeKa, MOKa He OBLIN pa3/IoKeHBI HA
3Be3nbl Onmkaiiiue ragakTuku. CoBpeMeHHass KOCMOJIOTUS N3y4YaeT MU TAJTaKTUK U CKOTLJICHU T
rajakTHK.

Teoperuueckoii 0CHOBOI OOIIENPUHSITON KOCMOJIOTUN CeNUac SIBIASETCS TEOPUs TATOTEeHUS
Anwbepra Oitamureitna (1879-1955), Tak HaseiBaeMas obias Teopus oraocurensaoctu (OTO),
n pabornl Anekcannpa Anekcanmpouua Ppunmvana (1888-1925), momyuusiero 8 1922 romy
mepBble HECTAIIMOHAPHLBIE pPeIlleHns ypaBHeHUN TaroTenus OiHinTeiina. HabmonaTenbuslil 6a-
3HIC ee cOCTaBIAIOT OTKpEITOe B 1929 rony DnsunoMm [Moysnnom Xa66mom (1889-1953) sBienne
pasberanusi rajJakTUK OT HAC CO CKOPOCTSMU, MPOMOPINOHAIBHBIMI PACCTOSHUSM [0 HUX, a
TakXe CYIIeCTBOBAHIE U CBOWCTBA PEMMKTOBOTO (hOHOBOTO M3IyUeHUs, OOHapyxkeHHOro B 1964
TOmy.

B sTom yue6HOM mOCOOUN KPAaTKO M3TATA0TCS OCHOBHBIE TOJIOKEHUS COBPEMEHHON KOCMO-
JIOTUU KaK HAYKNU O Tj100aabHOM cTpoennn Beemernuoit. CTpoOSTCs OMHOPOMHBIE KOCMOJIOT MIECKTEe
MOIIeJTN C y9eToM u 0e3 yuera maBjeHus BeriecTsa. OmpemeseHbl OCHOBHBIE XapaKTePUCTUKN
Momeneii. PaccMOTpeHbl 3aKOHOMEPHOCTH PACHpPOCTPAHEHUS M3TYUEHUS B MCKPUBICHHOM ITPO-
crparcTse. [laeTcs nHTepnpeTalus cooTHoenni Xa6b6a. ONMuceIBAIOTCSA COCOOBI BEIOOPA MO-
Tes, COOTBETCTBYIONIEH peanbHOll Beenennoii. MzmaraeTcs mcTopus OTKPBITHS PETUKTOBOTO
U3JIyYeHNs, U MPUBOMSITCS €ro XapakTepucTuku. JlaeTcs onucanme OCHOBHBIX DMOX UCTOPUU TO-
psaeit Momenun BcelleHHOW U OCHOBHBIX (DU3UYUECKUX TTPOIECCOB, MPOUCXONSIIINX B DTH DIOXMU.
HaeTcs mpenctasieHne 0 Teopuu WHGISIINN, TEPBUIHOM HYKJICOCUHTE3e U 00pa30BaHUU KPYTI-
HOMACIITAOHBIX CTPYKTYp Bcenennoii. V3moxenne B ocHOBHOM 6GazmpyeTcs Ha MOHOTpadusx
[1-3], HO mpuUBIeYeHBI U APYTUe UCTOYHUKN, B TOM UNCTE W HOBEHIINe NAHHbIE HAGIIONEHUI 1
TEOPUMN.

§ 1. HbioTOHOBCKasi Teopusi

1. Ilocmanosra 3adauu. Kak n3BecTHO, TEOpUsl TATOTEHUs DWHINTEHHA, OMyOJIMKOBAHHAS
B 1915 romy, BmocmencTBum monyumiaa TpuyMdasibHOe 000CHOBaHWE, MaB KOJIMYECTBEHHO TIPa-
BIJIbHOE O0bsICHEeHME TpeM HabiomaeMbiM dakTam: cMmernernio nepurennst Mepkypus (1915),
OTKJIOHeHNIO Jiyua B nose Tskectn Comana (1919) n rpaBuTAINOHHOMY YMEHBIIEHUIO TaCTOTHI
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U3ITyUeHns1, UCXOMAsIero ot Tsaxenoro tena (1961). Tloutu cpasy mocse hOpMyTUPOBKE 3HAME-
HUTHIX ypaBHeHuil Tarotenns A.Dinmreitn (1917) mbiTancs mOMYyYUTh HA UX OCHOBE BHIBOMBI
o crpoennn Beenennoit. OmHako OH MCKaJI CTAallMOHAPHBIE PEIlleHns ¢BOUX ypaBHeHuil. Kak yxe
TOBOPUJIOCH, TIEPBLIE afekBaTHBIE pertenns Obuin moaydensl A. A. punvanom. Oun okazamuck
HeCTalMOHAPHBIMU. C TeX IMOp UMEHHO 3THU pelIeHNs ONMNCBIBAOT OCHOBHBIE MOOEJIN BCGJ’IGHHOfI.
Ilnsa kpaTkocTn Momenu BeeneHHol GyneM HA3BIBATH BCETEHHBLIMUI (CO CTPOUHON GYKBHI).

BwmecTo Toro uto6sr Bocnpounssonuth ypasuenus OTO u mpomnecc momyueHns ux pelieHnii, B
Kypcax KOCMOJIOTUN OOBITHO UCIMOIb3yeTCs 00JIee MPOCTON My Th, CBOETO POMA TMOIYKIACCTIECKUT
meron [1]. Ileno B Tom, uto B 1934 rony Onyapn Aprtyp Munu (1896-1950) nokasam, uro
pelieHmusa TUIa q)pI/II[MaHOBCKI/IX MOXKHO MOJIYUYUTBH MCXOOs U3 3aKOHa TATOTEHUA HBIOTOH&. MI)I
MOCJIeTyeM TIO YTOMY MY TH.

Bsenmem ranumeeBy cucTeMy oTcueTa ¢ HauajoOM B MPOM3BOJBHON TOUKe. B Hell onmpemeneHb
MPOCTPAHCTBEHHBIE KOOPAMHATHI U 00BI9HOE BpeMs. [IycTh Bce mMpoCTPAHCTBO 3aMOJIHEHO BeIlle-
CTBOM C OOHOPOOHBIM U M30TPOIMHBIM pacupenejeHuneM IMJIOTHOCTU P, KOTOPpasd 3aBUCUT TOJBKO
OT BPEMEHN. 9TO npenqnoJIOKEeHNe Ha3bIBa€TCA KOCMOJIOTUYECKUM IIPUHIITAIIOM. HaCKO.]'[bKO OHO
BBITIOJTHSETCS, OOCYINM TIOTOM.

PaccMoTpuM HEKOTOPYIO TOUKY HA paccToSHuUM K OT Havaja U MOMECTHM TyOa TeJI0 Mac-
coit m. Mcmonmb3yem m3BeCTHOE CBONCTBO HBIOTOHOBCKOTO TOTEHIINAIA, 3aKITIOUAIONICECS B TOM,
4TO Tpu cHepryeckn CUMMETPUYHOM pachpenesieHnn TJIOTHOCTU Ha Hallle TeJI0 BO3NEHCTByeT
TOJIBKO Macca, HaXomsiascs BHyTpu cdepsl paaunyca K. [TosTomy BeIpe:kem n3 BCero mpocTpaH-
CTBa TAKOW ITap W U3YUUM €0 HBOJTIOINIO.

2. Ypasuenue deuscenud u e20 caedcmeud. Ha BeIOpaHHOE Tel0 HEiICTBYeT HBIOTOHOBA
cua

mM
F =G (1)
rne G = 6.67-107% cw?/c*2 — mocTosaHHAs TATOTeHNUS, a
4 3
M = §7rR p (2)

eCTh Macca Iapa paamycoM R, KOTopas B XOfie 5BOTIONNN HE MEHSIeTCS.

BeIecTBo He NCTBITHIBAET BPAILIEHNS, I HET IPYTUX CUJI, KPOME HATIPABJIEHHON MO PAALyCy
cubr (1). Kpome TOTo, n CKOPOCTH Tesla HAPABIEHA M0 PAANYCY, T. €. IBIKEHHUE NOJKHO OBIThH
NPSAMOJMHENHBIM. B COOTBETCTBAN ¢ STUM ypABHEHUE NBUKEHUS TEJIA 3AMUIIETCS B CKAJISIPHOM
BUTIE

mR = —F I R= ~ (3)

Ypasuenue (3) cOOTBETCTBYeT 3amade IBYX Tel B HAUGOIEe MPOCTOM CIIyduae, KOrma OTHO-
CUTENbHOE NBIKEHNe TPOUCXONUT MO MpsaMoil. [Ipu 5ToM HeCyIeCcTBEHHO, UTO BEIECTBO IBIH-
KETCs BMECTe C pACCMATPUBAEMbIM TesioM. MoXKHO cunTaTh, 9To Bes Macca M cocpenoTouena
B HauaJsle KOOpAMHAT. Peraercss ypaBHeHEE TPOCTO.

Kak 06BIYHO B 3aade OBYX Teil, CHAYATIA, JOMHOXKEB ypasHenue (3) Ha R u mpounrerpu-
POBAB, 3AMUIIEM 3aKOH COXPAHEHUs YHEPTUN

R? GM
— = — —kE, (4)
2 R
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roe F > 0 — BenmumHA TOJMHOM (MOMYTh CYMMbI KHHETUUECKON U MOTEHIUANIBLHON) SHEPrun
eIUHUILI MACCHL Tena, a k — ee 3HaK, T.e. k MoxkeT ObITh 1, —1 unu 0 (momHas sHeprus Tena
pasaa kmFE). Hu Benuunna sHeprum, HUu ee 3HAK He M3MEHSIOTCS B XOIE NBIKEHUS.

Paspemmus coorHomenne (4) OTHOCHTEIBHO IPOM3BOAHON, HAIEM

dR
V2(GM/R — kE)

= dt. (5)

Bun perienus 3aBucuT oT 3HaKa sHeprum k.

3. Pewenusa ypasuenuti. PaccmoTpum cHauana cnyuait k£ = 1 n cmenaeM NOACTAHOBKY

Torna u3 ypasaenus (5) nomydaum

(GM/FE)sin(n/2)cos(n/2)dny ~ GM

dt = = 1— d 7
’_QE\/]_/SIHQ(U/Q) — (2E)3/2( CcOS 77) n, ( )
Tak 9To npm ycaouu 7 = (), xorma t = 0,
GM )
t=w(n—smn)- (8)
Bripaxenue ckopocTu uepes Ty Ke MEPEMEHHYIO UMeeT BUI
R=\2E Ctgg. 9)
B cnyuae k = —1 Tpuronomerpuueckne GyHKINN 3aMEHSIOTCS THTEPOOTNICCKIMU:
GM n GM  n . n
= —sh?Z = —sh=ch= 1
R 7 sh o dR 7 shoc 2d77, (10)
AR O GM/FE)sh(n/2)ch(n/2)d GM
s (CU/B)h/2) chl/iby _ GM_ "
V2E\/1/sh?(5/2) + 1 (2E)3/2
u npu ToM xke ycnoBun 1) = 0, korma t = 0,
GM
tzw(Shn—U), (12)
a .
R = V2E cth g (13)

Cnyuait mynmeBoit sHeprun, korga k = 0 u 3HaUeHUWe BeTWYNHB F HeCYIIeCTBEHHO, MOMYC-
KaeT SIBHOE perrieHne

1/3
VRIR _ . o <9GM> 23

. (4GMN'P |
= (=) s, 14
2GM ’ 2 R < 3 > (14)
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OHH&KO MBI 3all1IIeM €ro B BIOe, aHAJIOTUYHOM OBYM HIPEOBIOYIIINIM:

GM n? GM n* . 2
R=—"rL1 =—""_1 R=\VREZ, (15)
E 4 (2E)3/2 6 n

4. Csoticmsa pewenuti. BoiBemenubie GOpMyIbl B mapaMeTPUUIECKOll (GOpMe OMUCHIBAIOT
HpHMOHHHeﬁHOQ OBUXKEHUE TeJIa B II0JIE TAXKECTH HeKOTOpOﬁ MaCCHI. I/IH&‘IG MOXKHO CUNTAaTh,
YTO OHU XapPaKTEPpU3ymoT N3MEHEHUE MaciiTabda HpOCTpaHCTBeHHOﬁ OJIMHBI CO BpEMEHEM.

Bce pemtenns nmeror HekoTophle obirue 4eptThl. [Ipu ¢ = 0, korna u n = 0, panuyc R = 0.
CKOpoCTb XK€ B HAYAJIbHBIT MOMEHT R = +00. DT0 06BACHIETCS GECKOHETHOCTHIO OTEHIHAID-
HOH SHEPrum B Ha4vaJle KOOpOMHAT, KOTOPasd HOOJI2KHA KOMIIEHCUPOBATBLCIA KIMHETUYEeCKON 9HEP-
rueil, 9ToObl TOJHAs SHEPrus Oblla KOHEYHON (HEBAKHO, KAKO OHA MMeeT 3HAK WM DaBHA
0).

Kaxk sscTByer u3 dopmynst (6), nBuxenue npu k = 1 GUHATHO, T.e. ¢ POCTOM BpeMeHH
cHagana R pacter ot 0 mo makcuMmyma, a 3aTteM yObIiBaeT cHoBa mo 0 m T.nm. ['paduk 3aBucu-
MocTu R ot t m3zobpaxaerca nukionnoii. [Ipu k& = —1 u mpu £k = 0 paccrosuue R mpu t — oo
yBeIMUMBaeTCs 00 00. B mocnemueM ciyuae mpu 3ToM CKOpOcTh cTpemutcs k 0, a npu k = —1
ocTaeTrcs KoHeunoil. [IBuxenus npu k = 1, —1, 0 aHATOTUYHBI IBUKEHUSIM IO BJIJIUTICY, TUTIEP-
6ome m mapabone B 3amade OBYX Tel ¢ HAYAJIBHON CKOPOCTBHIO, HANPABIIEHHOW HE MO TPIMOMH,
TIPOXOMSIIEN Uepes MeHTP MPUTIKEHUS.

[Tpu n — 0 pereHns ¢ HEHYJIEBOW SHEPTUEN OMUCHLIBAIOTCS TeMHU Xe (opMyIaMu, U4TO I
perrienne ¢ HyjeBoil sHeprueil npu Bcex 7). CremoBaTesbHO, HA PAHHUX JTAMaxX HBOJIIONUN BCE
TPU PelIeHNs HePA3JINnIUMBL.

5. Osoaryua naomuocmu. Ilomyuanm DOMOMHUTENBHBIE YPABHEHUSI, 13 KOTOPBIX MOYXKHO OY-
IeT, B YACTHOCTH, HAWTHU DJBOJIONHWIO TJIOTHOCTH. BBemeM HOBYIO TepeMeHHYIO, Ha3bIBAEMYIO
B KocMonorun “moctosuuoi” Xa66ma, XOTs OHA 3aBUCHT OT BpeMeHN (HO KaK U MIOTHOCTH,
MOCTOSIHHA BO BCEM TPOCTPAHCTBE B KAXKIbI MOMEHT BPEMEHN ):

H="=", (16)

U3 ypaBHenus nuxenus (3) HETPYOHO MONYUNTL YpaBHEHUE, CBs3bIBaoee H ¢ MIOTHO-
cThio. [leficTBUTEIBHO,

dR dRH . : : GM (4/3)7 R 4
—— =— —=RH+RH=RH*+H)=——+=-G-LL " p=—G-rRp. (1
% % RH+R R(H*+ H) 7 G 77 P G37er (17)
Orcrona
: 4
H=-H" - 37Gp. (18)

B cBow ouepens uepes H BBIpakaeTcs MpOM3BOAHAS OT IIIOTHOCTH, YTO CIEAYeT U3 BhIpa-
KEHU I MACCHI (2):

dp d M M R .
_p_ ¥ _ 5 ¥ N 3 19
dt — dt (4/3)nR3 @3)rrr T (19)

IlBa ypasuenus (18) u (19) coctaBasior HezaBuCHMYO cucteMy ypasHeHuil nist H u p. B Hee

BXOMSAT TOJBKO STHU BEJINUYNHEI U HOCTOSHHEIE,
Teneps mepeitmem k OTO.



§ 2. Murepnperanusa pereHun mo OTO

1. Ilepexod k pewenuam Ppudmarna. Bo3zBpaTumes K MCXOMHON MOIEIN MPOCTPAHCTBA, 3a-
MOJIHEHHOTO OMHOPOMHBIM BEIIIECTBOM C HEHYJIEBOW CpemHell mIoTHOCTHI0. CTpPoro roBops, K Ta-
Ko MomgesInm Teopust HI)IOTOH& HEIPpUMEHINMa, TaK KaK COTr'JIaCHO el HbIOTOHOBCKUI IIOTEHIIMNAJI
obpaTuyics ObI B KaXKOON TOUKe B O€CKOHEYHOCTD. [[09TOMY Mpu HaXO0XIEHUN HbIOTOHOBCKUX pe-
IIIeHUH TPUIIIOCH U3 6€CKOHEYHOTO MPOCTPAHCTBA BHIPE3aTh KOHEUHBIN I1ap. Mex oy TeM 0CHOB-
HBIM TIPENTOJIOKeHneM (GPUAMAHOBCKON TEOPUM SBIISETCS MMEHHO OTHOPOMIHOE pacIpeneaeHne
BEILIECTBA U M30TPOIMHOCTH npocTpancTBa (Kocmonorudeckuit npununn). OTO cnpasnsercs ¢
5710l TpymHOCThIO. (OTMETHM BBICKAa3BIBAEMOE MHOTAA MHEHHE, YTO OOpAIlleHHe MOTeHINAlIa
B OECKOHEUHOCTH He SIBASeTCS (aTadbHBIM HENOCTATKOM, TaK KaK caM HO cebe TMOTeHIuaa He
HYKEH, UCTIOTB3YIOTCS TONBKO TPOU3BOMHEIE OT HETO. )

3meck OymeT monpoOHO W3JI0XKEH OMUH U3 BAPUAHTOB KOCMOJIOT MIECKON TEOPUH, TP KOTOPOM
CUNTACTCA, YTO TaK Ha3bIBa€Masd KOCMOJIOTUYECKass MOCTOAHHAs SﬁHHITefIHa paBHa HYJIIO, a
BEIIIECTBO, 3ATOJTHAIOIIEeEe TPOCTPAHCTBO, MMeeT XapaKTep ThIJIN U He OKa3bIBaeT MaBJIEHUS.

Ecnu mpoBecTu cTporoe pelieHme ypaBHEHWI TATOTEHUs OWHIITEHHA NMPHU MOCTOSHHOIM
MJIOTHOCTHU BeIIeCTBa Oe3 MaBJeHUs, TO Pe3yIbTaT MOIYYaeTCs COBIANAIOIINM TO (GopMme ¢
HBIOTOHOBCKUM, HO € OPYrOoil mHTepmupeTanueir. Kax B MOMyKIacCHIeCKOM MeTOme KBaHTOBOM
MEXaHUKN, HadO KJIaCCUYECKNE BEJIMYNHBI 3aMEHUTH Ha HOBBIEC, B JaHHOM CJIy4Ya€ PEIATUBUCT-
CKUe, BOBHUKAIINE B TeOPNN DWHIITENHA.

B sroit Teopun R > 0 0603HAUAET HE PAIIYC HEKOTOPOTO Iapa (Wiau KaKOH-To MaciTab), a
pagnyc KpUBU3HLI TPEXMEPHOTO HMpocTpaHcTBa. KpuBusHa sTa cormacHo DWHINTERHY BBI3LIBA-
eTCs HAMYUEM TSKEeJIBIX MACC U ITPU PABHOMEPHOM paCIpeneseHnn MIOTHOCTU TaKXKe He 3aBU-
cuT OT MecTa B npocTpancTBe. Ecin k = 0, To 3HaUeHNMe pamuyca KPUBU3HBI HECYIIIECTBEHHO (B
IJIOCKOM TPOCTPAHCTBE OH (GecKOHeveH), Torna R neficTBuTenbHO HEKOTOPHIN MaciiTab. B 06-
1eM cjyuae KpUBM3HA MpocTpaHCcTBa pasHa k/R?. Knaccuueckoe gunuTHOE (37110 THYECKOR)
NBIKEHNE COOTBETCTBYET MPOCTPAHCTBY MOCTOSHHON MOMOXUTEIBHON, a TUIepboImdeckoe —
MMOCTOSIHHOM OTPHUIIATEeThHON KPUBU3HBEI.

Hanee, senuunna F nomkHa OBITH 3aMeHeHa no dopmyne E = ¢?/2, a npoussenenue
GM = R,c® CnemoBatenbno, R, — 5TO paccTOsSHIe, Ha KOTOPOM HBIOTOHOBCKAs TOTEHIIN-
AaJIbHad SHEPrud TeJla MO OTHOIIIEHUWIO K MPUTATNBaOIIEMY IEHTPY paBHa SHEPTrUM IMOKOA TeJla:
GM mM 5

2 GRm = mc”. (20)

Ry =

3ameTuM, YTO yABOCHHOE 3HAUeHUE STOr0 paccTodnnd I}, = 2R, HazkIBaeTCs rPaBUTAIMOHHBIM
panmycoM. Ha paccTosHuEM TpaBUTANNOHHOTO PAmNyca CKOPOCTHb yberaHus oT Tena (BTOpas
KOCMIUeCKas) KaK pa3 paBHA CKOPOCTH CBETA.

HerpuBnanmbHOCTH 3aMeHBI HBIOTOHOBCKOW BEJINYUHBI — KJIACCUUECKOH »Heprum F — Ha
¢?/2 mokasbiBaeT, UTO ympolleHHoe m3noxenue MuaHa mo3BosiseT HallTu GopMmy pereHuii 3a-
madn, HO He moaMeHseT obIteit Teopun oTHOcuTeabHOCTH. Tonbko OTO mpaBuIbHO YUNTHIBAET
MEeTPHUKY IPOCTPAaHCTBa—BpeMeHn. Kpome TOTro, MIJTHOBCKUI MTOMXOI BO3MOKEH JIUIITE TPU TTPO-
CTBIX MOMEJAX.

B pesynbTaTe ykazaHHBIX 3aMeH KJIACCUYECKUN 3aKOH COXPAHEHUs YHEPTuu mpumMeT Gopmy

R2 2 /2R,
5 =54 (21)
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U3 KOTOPOWl cjenyeT, YTO aMINNUTYOAa U3MeHeHHUs paanyca KPUBHU3HBI B 3aKPBITON MOIEIN
paBHA 2R,,.

Haxonern, mom BpeMeneM ¢ mompa3yMeBaeTcsi COOCTBEHHOE BpeMsl KaxKION TOYKU MPOCTPAaH-
CTBa, YTO COOTBETCTBYET BHIOOPY COIYTCTBYIOIIEH CHUCTEMBI OTCUeTa B Kaxkmoir Touke. CuH-
XPOHM30BATh Yachl MOXKHO TIO0 3HAUYEHWIO IMJIOTHOCTHU BeEIIECTBA, KOTOpas B HAHHBIA MOMEHT
ONMHAKOBA BO BCEM IMPOCTPAHCTBe. B pe3ynmbTaTe OKa3bIBaeTCs, UYTO B KaXKIBI MOMEHT Bpe-
MeHHI MeTPHKa MIPOCTPAHCTBA, T. €. 3aBUCUMOCTH PACCTOSHUN OT KOOPANHAT OOUHAKOBA BO BCEX
TOYKAX 7 TIO0 BCEM HAIPABIIEHWSIM, & CUCTEeMa KOOPIWHAT MBUXKETCS BMECTE C BEIIeCTBOM, Kak
npukjeeHHas kK Hemy. Hauajgo koopamHAT MOXHO BBHIOpPATh B JIFOOOH TOUKE, COMOCTABUB JTOM
Touke KoopamHaty 17 = 0.

3amernm, uro ypasaenus (18) u (19) He U3MEHSAIOT CBOETO BUAA W CMBICIIA.

2. Opudmanosckue pewerud. IlepenniieM monyueHHble HEPETITUBUCTCKUE DEIIEHUS B Pe-
JISTUBUCTCKUX ODO3HAUEHUIX U npuBegeM mxX B OBYX T&6.]'II/III&X.

N3 nocnennero cronbma Taba. 1 ciaenyeT, 9TO CKOPOCTH M3MEHEHNs PAANyca KPUBIU3HBI MO-
XKeT OBITH CKOJIb YTOMHO OOJIBIION. DTO HE MPOTUBOPEUNUT MPUHIINITY TEOPUN OTHOCUTEILHOCTH,
Tak KakK HHKAaKOWl Iepefadll CUTHAJIOB 31eCh He IPOUCXOMUT.

JTaHHBIE TPENNOCIeqHEro CTOAONA B TAGA. 2 MOMAYUeHBI ¢ MOMOIIbI0 ypasHeHus (18). O
BeJIMUNHe, TIOMEILeHHOI B MOCTeHeM CTOJ0OLe, CKaXKeM HIXKe.

Ta6mxuma 1. OBomonus pagnyca KpPUBU3HBI

k | Bpewms t Panuyc xpuBusuaer R CkopocTs R
Rm . .. 9
1| —(n—sinn) | 2Rnysin’(n/2) cctg(n/2)
c
0 Ry n? Ran®  [9Rmct? 131 9¢
c 6 2 2 n
R
—-1| —(shnp—mn) 2R, sh?(n/2) ccth(n/2)
c

Taobnuiua 2. OBodoINS JIOTHOCTA 1 MOCTOSHHONI Xabb1a

k H p Q=p/p.

. ¢ cos(n/2) 3 1 1
2R, sin®(n/2) 8wG AR2, sin®(n/2) cos?(n/2)

I T N Ty 1
Rnn® 3t 881G AR2 1S

1 ¢ ch(n/2) 3 1 1
2Ry sh?(n/2) 87G 4R2 sh°(n/2) ch?(n/2)

3. Mempuxa 3amMKHYMO20 Mpermepro20 npocmpancmea. PaccMoTpum cHauama ciaydaii
k = 1. Panuyc xpuBusuasl pacter or 0 mpm ¢t = (0 mo makcuMmajbHOrO 3HadeHus 2R, npu



n=m,t=mRy/c. 3aTeM pocT cMeHseTcs yMeHbIenneM cHoBa 1o 0 mpu n = 27, t = 27 R, /c.
[TpocTpaHCTBO MMeeT TOCTOSHHYIO TOJOXKUTEIbHYI0 KpuBHU3HY. IIpoire Bcero moHSITH CTPYK-
TYPY TaKOTO MPOCTPAHCTBA UCXOMsI M3 YETHIPEXMEPHOU MOMEIN.

B geTbipexMepHOM €BKINIOBOM MPOCTPAHCTBE MOXKHO MPEICTABUTH TPEXMEPHOE MPOCTPAH-
CTBO TMOCTOSTHHON MOJIOXKWUTEIbHON KPUBU3HBLI B BuUAe Tunepcdepsl, onpeneiseMoll ypaBHEHTEM

r’+ut=R? r?=2%4+y*+ 22 (22)
2

roe R — pammyc cdeprl. Torma BBumy TOro uTo r2 = r2,

d
xdx + ydy + zdz = vrdr = rdr = —udu, du= i (23)
u

Huddepennnana nHTEpBaga B YeTHIPEXMEPHOM €BKJINIOBOM TPOCTPAHCTBE ONMPENesseTcs, Kak
O0OBIYHO, B BUMIE CYMMBI KBaApaToB NubdepeHnasoB deThpex NeKapTOBBIX KOOpAMHAT. 3alu-
meM ero B cepuuecKux KOOpAmHATaX

di> = dr® + r’dw® + du®,  dw® = df* + sin® Odp*. (24)

[Tpu mepexonme B TpexMepHYIO runepcdepy moIydnM

2 7.2 2
2 _ 32 27 2 redr dr 27 2
dl* = dr® + r°dw +R2—r2_1—r2/R2+rdw' (25)
Coenaem momcranoBky r = Rsiny. Torma u = Rcosy, a
dI* = R*(dx?* + sin? ydw?). (26)

lero, uto 0 < x <7, 0 <r < R.
Ksanpat snemenTa OnHBI OMpenesisieT BCIO TeOMeTPHUIO TpocTpaHcTBa. Hampumep, MOXHO
HalTH BJIEMEHT ero o0beMa B pa3HBIX (GopMax:

d
Pr=—2 202 = Ridy sin? yd*w, d*w = sin fdfdep. (27)

Bosbmem nmBe TOukm B mpocTpaHcTBe ¢ koopmunatamu X = 0 u x = x,. CooTBercTByio-
mme koopauHatThel © OyayT 0 m rg = Rsin y,. [IycTh B mepBoil ToUke HAXOMUTCS HAGTIONATENb,
BTOPYIO Ha30BeM MpoOHOi. CoemmHUM 5THU TOUYKHU JIYUOM, UCXOMAIINM OT HabmonaTens. Boomb
Jayda 3HAUEHUs yriaoB f u ¢ OyayT MOCTOSHHBIMU, a 3JIEMEHT paccTosHus OyneT dl = Rdy, Tak
9TO PaCTOSHUE OT HAGMIOMATENS 10 MPOOHON TOUKN lg = Ry . DNMeMeHT IIOMIAaal NOBePXHOCTH
ctepsl Ha 5TOM paccTosann rgd’w = R? sin® x, sin §dfdyp. Dnement d*w 0THOCHTCA K eNMHIIHOT
chepe, MOBTOMY g — 3TO pamuyc cepsl, TPOXOmsIei depe3 TpobHYIO TOUKY. B mpocTpancTBe
MOCTOSTHHON TMOJIOKUTENTBHON KPUBU3HBI PANUYC T'g MEHBINIE PACCTOSHUS OT HAGIIOmAaTesIs 10
NOBepXHOCTH cdeprl g = Rsiny, < lp = Rx,, HabmoomaTens He HAXOOUTCS B MEHTPE STOM
cdepbl, KOTOPBII BOOOIIE HE TMOMEIIAeTCs B PeaJbHOM MPOCTPAHCTBE, a SIBIASIETCS TOUKOW Ue-
TBIPEXMEPHOTO TPOCTpaHCTBa. [lyomans moBepxXHOCTU chephbl pammyca r = Iy BBIUUCISETCS
cpa3y, Tak Kak MHTerpaJl 1mo chepuueckuM yrjaM paBeH 47: OHAa paBHA 47r7“§ = 47 R? sin? Xo-
JIerko HAXOMUTCSI M IUIMHA HSKBATOPA HTOI CEpPHI, ONPENesIeMOro YCIOBUIAMEI I = T, § = m/2:
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leq = 2mRsin x;. OGe 5Tu BeIUYUHBI ¢ POCTOM X, CHAYAIa PACTYT O MAKCHUMyMa, a 3aTeM
yOBIBAIOT U 0OPAIIAIOTCS B HY/Ib HPU X, = T, IpUIeM 00beM, 3aKII0UeHHBI BHYTPH Chepsl, ¢
YBEITMICHIEM KOOPIMHATHL X, KAK U PACCTOSHUE [g, MOHOTOHHO PaCTeT:

r0 9 Xo
redr 1
V(x,) :47r/ 7:47rR3/ sin? ydy =27 R? (Xo ——sin 2X0> : (28)
0\ 1-12/R? 5 2

[TonmubIil 06BbeM MPOCTPAHCTBA B NAHHOM Ciydae komewem: V(m) = 2m2R3. Tostomy Ta-
KO€ MPOCTPAaHCTBO HA3BIBACTCA 3aMKHYTBIM (I/I.]'II/I 3aKpBITBIM). OHO AHAJIOTUYHO TIOBEPXHOCTN
TpexXMepHOU cdephl.

IHeiicTBUTEIBLHO, OTINYNE 3aKTI0UAeTCS B TOM, UTO B IBYMEPHOM CIy4ae HET KOOPAMHATHI
z. YpasHernue chepsl nveeT Bun (22), Ho 2 = 22 + y?. Bo BCeX 0CTATBHBIX PABEHCTBAX TAKKe
HAMO OMyCTUTH z (mOn0XKuTH z = 0 mwiam cunrarh, uro yron f = 7/2). Tormna dw = dp u
5JeMeHT IByMepHOro obbema (mmomanu Ha cdepe) d’r = R?sin ydxdy. O6wem Taxoro mpo-
CTPAHCTBA, €CTECTBEHHO, PaBeH IJIOMIAAN ToBepxHOCTH chepul 47mR?2. B ciaydae mBymepHOit
cepsl B TpEXMEPHOM MPOCTPAHCTBE OUYEBUAHO, YTO PACCTOSIHUE O OKPYKHOCTH, TPOBENEHHON
Ha 3ToH cdepe, OOMBIIE, YeM ee PAONyc, a MEeHTP OKPYKHOCTU HAXOOUTCS HE Ha cdepe, a BHY-
Tpu Hee. OUEBUAHO TAKKe, UTO PAMUYC OKPYKHOCTH (HAPAIIIENN) U ee IJINHA ¢ YIATCHUEM OT
buKkcupoBaHHON TOUKN (MOJIOCA) CHAYaa PACTYT, & 3aTeM YMEHBIIATCS.

4. Mempura omxpuimbix npocmpancme. Ciayuait k = —1 He momyckaeT CTOJIb HATJISIHONL
MHTEePIpeTalnu: HAI0 paccMaTPUBaATh Cpa3y UYeThIpeXMepHOe MpocTpaHcTBO JlobaueBckoOTO.
Ero onucanme oTnmyaeTcs OT TPUBEOEHHOTO BBIIIE 3aMEHON HEKOTOPBIX TIIOCOB HAa MHUHYCHI.
BmecTo runepcdepbr Hano paccMaTpuBaTh OPYTYIO THIEPHOBEPXHOCTH: BEPXHIOK YACTh OBY-
MIOJIOCTHOIO TunepboIonIa BpallleHns Ipu NHAeOUHUTHON MeTpuke, T. €.

r?—u’=—R’ =2+’ +2° d’=dr’+r’dw’ — du’. (29)
CrnencTBuem 5Toro 6ymer 3aMeHa TPUTOHOMETPUIeCKNX (GYHKIN HA TUNepOoInIecKne, Kak mpu
KITACCHIECKOM PACCMOTPEHNN B mpenbiayinem naparpade. Hanpumep:

r = Rshy, di* = R*(dx* + sh® ydw?), d*r = R*sh® ydyd*w. (30)

TpexmepHOE TPOCTPAHCTBO TOXKe OKa3bIBaeTCs MpocTpaHcTBOM JloGaueBCKOro m mmeeT Gecko-
HEUYHBbIE TPOTSKEHHOCTh 1 00heM. OHO HAa3bIBAETCS TUNEPOOINIECKIM, I OTKPBITHIM. B HeM,
KakK JIeTKO 3aMeTHUTh, panuyc chepsl, BCe TOYKN KOTOPOH HAXOMATCS HA OMHOM PACCTOSHUU OT
HaOmonaTens, 6obIne 3Toro pacctosuus: Rshxy > Ry.

Cnyuait £ = 0 cOOTBeTCTBYeT TPEXMEPHOMY €BKIUIOBY HPOCTPAHCTBY, KOTOPOE TaKXkKe
OeCKOHeTHO TI0 O0BEMY.

Mmuorue cooTHOIIEHNST MOXHO 3amucaTh IS TPeX CIydaeB enmHbIM oOpasom. Hampmwmep,
dopmynst (25) n (27) nepenuchBaOTCs Tak:

dr? dr
d? = —— + 7?dw?, &*r = — %%, 31
1—kr2/R2+r T /1—kr2/R2r v (1)
[Tpu k = —1 u x u r u3menstorcs ot 0 mo 0.
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MoxHO cmenaTh OpYyryro 3aMeHy paanaabHON ImepeMeHHON

; 1 1+ /1 —Fkr?/R? (32)

T 1+ kr?/AR? 2

r= fry,

Torma kBagpat snemenTa (31) mepenuiercst B Buie BHIPAXKEHIUsI, TPOMOPINOHATBLHOTO €BKIIN-
JIOBY, KAKOBBIM OH W SIBJISIETCS MTPU MAJBIX PACCTOSHUSX T ~ T1:

di* = f*(dr? + ridw?). (33)
[Tepemennyto r| TakX)e MOXKHO BBIPA3UTh Uepe3 mapamMeTp X:

tg(x/2), npm k=1,
r =2R X/2, npu k=0, (34)
th(x/2), mpu k= —1.

Ora nepemenHas obpalaeTcs B 6ECKOHEUHOCTD B CIIyuae 3aMKHYTOTO (MU X = 7) U IJIOCKOTO
MPOCTPAHCTB, HO, HAIPOTHUB, ocTaeTcss KoHeuHoi mpu k = —1: 0 < r; < 2R.

Ecnu BBecTm ob1iee o603HaUEHNE IS TPUTOHOMETPHUUECKOTO U THHIEPOOTTICCKOTO CHHYCA
7 UX OpeneabHOTO 3HAYUCHUS:

siny, mnpu k=1,

ap(x)=4 X, mpm k=0, day(x)=y/1-kai(x)dx, (35)

shy, mpm k=-—1,
ronpu k=1, 0, —1 6ymer r = Ray(x) u
di’ = R? [dx* + af (x)dw?] . (36)
OneMenT 06beMa TAKXKe MOXKHO IPEICTABATHL B BUNC, COPABEIINBOM I/ BCEX CIYYAeB:

d*r = R*(n)dy ai(x)d*w = fPdririd*w. (37)

5. Mempura uvemvipermepro20 npocmparcmea—aepemenu. Bee paccyXKmeHus mpeabiayIero
MYHKTa OTHOCUJINCH K GUKCHPOBAHHOMY MOMeHTY Bpemenu. Ho Bceenennast momxkua paccmatpn-
BAaThCSA KaK MPOCTPAHCTBEHHO-BPEMEHHOE MHOTOOOpasme, T.e. YeThIpeXMepHOe MPOCTPAHCTBO.
OTO NpOCTPAHCTBO—BpEMS HE UMeeT HUYEro OOIIero ¢ pacCMOTPEHHBIME BHIIIE (DUKTUBHBIMI
(BCIOMOTaTeBbHBIMI) YeTHIPEXMEPHBIME TPOCTPAHCTBAMU. Ero reoMeTpust onpenensercs, Kak
1 B OOBIYHON (CIENUAaNbHOI) TeOPUN OTHOCUTEIHLHOCTH, BEIPDAXKEHNEM [IJIsi HHTepBaja, KOTOpoe
IIJIsT OMHOPOOHOTO MTPOCTPAHCTBA M BHIOPAHHOW CUCTEMBI OTCUETA MMEET BUIX

ds? = c*dt* — dI?, (38)

rae dl?> maeTcs omHO# W3 MpHUBeNeHHBIX Bbhime dopmyn. HambGomee ymobmas dopma — (36) (ee
qacTHBIe BUOBI — paBeHcTBa (26) u (30)).
[Tockonpky R 3aBHCHT TOILKO OT BPEMEHH, MOXKHO CIEJATh 3aMEHY

cdt = R(n)dn. (39)

11



Jlerko y6enuThcs, ITO HOBas MEepEeMEHHAs 1) COBIMAMAET C HCIOJb30BAHHON B MPENBLIAYIIIEM Ma-
parpade, a
ds* = R*(n)[dn* — dx* — a;.(x)dw?]. (40)

KoopnunaTa 17 ompemnenseT XOm BpeMeHU U M3MeHEHUEe paamyca KPUBU3HBI COTIACHO MAHHBIM
Tabn. 1, a koopaWHATA Y ONpENesisieT PACCTOSHIE.

3aK/II0YNTh, 9TO BenunHa [ SBIsieTCst paanycoM KPUBU3HBI, MPOIIE BCETO MCXOMS MMEHHO
u3 kBanparta mHTepBasna B dopme (40), uro u memaercs B kuure [4]. Momens ¢ k = 0 coor-
BETCTBYeT 5BKJNUIOBY MPOCTPAHCTBY B KAaXKIBIM 33aMAHHBIT MOMEHT U HA3LIBAETCS BCETEHHOM
Ofiamreiina—mne CurTepa.

6. Aavmepnamuenvie u 6oaee caoxcnvie modequ. B kocMmonorum paccMaTpuBaTCs u 60-
Jiee CIO0XKHBIE MOMEIN, YUUTBIBAIOIINE OOMOTHUTENbHBIE dddekThl. OOuH U3 HUX — IaBJIeHHe
BeriecTBa. o cuX mop MBI CUUTAJN, YTO MaBJeHNE OTCYTCTBYeT. Takoe MpeanonoxkeHne OTBe-
JaeT COBPEMEHHOMY COCTOSHUIO MATEpUU, KOra M3IydeHle UTpaeT HEe3HAUNTETbHYIO POJb, a
BEIIIECTBO HE OKA3bIBAET MABJICHUS. Y CJIOBHO TAKOE BEIIIECTBO HA3BIBAIOT MBIILIO.

Omrako, Kak MBI YBUAWM B HajibHeieM, Ha 0ojlee paHHUX CTAIUSIX UCTOpUE BceaeHHOi
M3IyUeHre Urpajio OOJIBIIYIO U Hake Mpeobsiamdalollyio poiibk. Torma maBieHneM npeHebperaTh
HEJIBb3s U YCIOBUE TOCTOSHCTBA MACCHL (2) MepecTaeT BBHIMONHATHLCS. BMECTO HEro mpuHHMA-
eTCs TPENNooKeHne, YTO paCIIupeHne MPONCXOAUT aanabaTUIecKn, U MPUBICKACTCS TePMO-
OWHAMIYECKOe COOTHOIIEHMe MeXOy dHeprueir oobema V' m paboToit ero paciimpeHus, T.e.
d(pc*V) = —PdV. U3 mero ciemyet, 4ToO

dp dv 3dR A1

p+ P/c? vV R’ (41)

TakK KaK 00beM MPONOpINOHAJIeH KyOy paanyca KpuBU3HBL. Ecin m3BECTHO COOTHOIIEHNE MEXKIY

IJIOTHOCTBIO p U naBieHueM P, To ypasuenue (41) 1erko mpomHTerpupoBaTh. [Ipu BBICOKHX

TeMIepaTypax JacTUIbl CTAHOBSATCS YIbTPAPETITUBACTCKUMU, U IS HUX BHIMONHSIETCS P =
(1/3)pc?. Taxoe xe COOTHOIMIEHNE CIPABEIUIABO W ISl PABHOBECHOTO W3ITyUCHUS.

U3 ypaBuenuit DMHINITENHA C yI€TOM BIUSHUS MABJIEHNUS BHIBONSITCS HE3ABUCUMBIE YPaBHE-
HUS:

. 4nG P

i= —%R <p+3c—2>, (42)
., 871G

R - ”TpR2 = ke (43)

OTn ypaBHEHUS COBMECTHBI TOJILKO B TOM CJIyUae, eCJIM CYNTATH BLIMOJHEHHBIME COOTHOIIEHNUS
(41).

[ToCKONMBKY HA PAHHHUX CTAAMAX PACIIMPEHNS BEIIECTBO ropadee, NMEET OCOOBIN CMBICT Pac-
CMOTpeTh yIbTPapeaaTUBUCTCKUI mpenes, T.e. neuxenue npu P = (1/3)pc?. B sTom ciyuae,
KaK CJIeyeT u3 cooTHoureHns (41), KOHCTaHTOIl ABUKEHUSI OCTACTCS

W = 4npR*, (44)

a aHAJIOr ypaBHeHUs NBIKeHUs (3), BEITeKAOIMil U3 ypaBHeHns OiiHireiina (43), npuaIMaeT
BT

2GW

R=""3ps

(45)
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OT0 ypaBHeHUE MOMYCKAET MHTErpasl, AHAJOTUYHLIA BBIPAXKEHHOMY PABEHCTBOM (4), rme Hamo
CIenaTh 3aMeHBl, KAK IPU Mepexone OT Hero K COoTHomennwo (21):

R? GW kCQ (46)
2 3R? 2
Pasperrras BBIBemeHHOE COOTHOINIEHWE OTHOCUTEIBHO MPOM3BOMHON U WHTErPUPYS, MOIYUNM
Taba. 3 u 4, anajgoruunsie Tabn. 1 un 2.

Ta6nmnuua 3. OBomonus paanyca KPUBU3HEI C YIETOM MABIICHUS

k Bpewms ¢ Panuyc xpuBu3aer R CxopocThb R
2R, .
1| —(1—cosn) | 2Rysinny cctgn
2R, n?
0 U YRy = (ARmet)2 | &
c 2 n
2R,
-1 ——(chn—-1) 2R, shn ccthn
c

Tat6mnuua 4. OBomonus MIOTHOCTH U MOCTOSHHON Xab01a ¢ y4eTOM MaBlIeHUs

k H p Q=p/p.
. ¢ cosq 3 ¢ 1 1
2R, sin?n 167G R2 sin'n cos?n
: c 11 5 1 1
2R, > 2t 167G R2, n*
L e s e | 1
2Ry, sh?n 167G R2 sh*p ch?n

B Tabn. 3 m 4 BBemeHBl 0OO3HAUEHWS, OJIU3KHE K MCIOIB30BAHHBIM B Tabm. 1 m 2, XoTg
penuunHa Ry, (B 3aKpLITOl MOMENH 5TO MOIYAMILTATYIA PANUYCA KPUBU3HLI) OMNpPENerseTcs

MO-IPYTOMY:
GW
o= 4
h 6F (47)

KauecTBeHHO MpuUBeNeHHBIE PeIieHUs BenyT ceOs Tak ke, KaK U MPU OTCYTCTBUU HaBJICHUS,
OIHAKO B 3aKPHITOI Momenu mapaMeTp 1 usMmensiercs ot 0 no 7 (a e no 27). Pasnuuatoorcs u
MacHITaObl N3MEHEHUSI BPDEMEeHN.

Monenu Bcenennoil MoryT OBITH ellle Oojee YCIOXKHEHBI MOOABIEHMEM B MPABYIO YaCTh
YPaBHEHUs OBUKEHUS TAK HA3BIBAEMOTO KOCMOJIOTHYECKOTO CITAaTaeMOro. DTO clIaraeMoe mepBo-
HAYAJIHHO OBIJIO BBemIeHO A. DUHIIITENHOM I TOTO, YTOOBI MPUBECTU YPABHEHUS K BUY, IOIMYC-
KaIOIIeMy CTalMOHAPHBIE PEIeHNs, Ty TeM KOMIEeHCAIINN TOPMO3SIIEr0 NeHCTBUS MPUTIKEHUS.
[Tpu 5ToM B ypasHenuu (42) k oTpunaTebHOMY ycKopenuio Betiectsa — (47 /3)GR(p + 3P/ c?)
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(samenmenmio) mobasnsnochk yckoperne (Ac?/3)R. Ecmm 5T0O yCKOpeHme 3ammcaTh B TOH ke
dopme, uro n mna semectBa —(47/3)GR(pa + 3Py/c?) > 0, TO 3TO PaBHOCHIBLHO MOGABIE-
HUIO TOCTOSTHHON TJIOTHOCTHU MAaCCHI pp HEKOTOPOU CYyOCTAHIINU C OTPUIATETLHBIM TaBICHUEM:

pr = 2N/87G, Py = —ppc. (48)
B pesynbrare ypasuenue (42) npeobpasossiBasoch (eciu P = 0) B

2
= _GM Ay (49)
R? 3
[TapameTp A Ha3BIBAETCS KOCMOJIOTMUECKON TOCTOSHHOI.

[Torom, mocme OTKpBITUS paciiupeHns BceemeHHON m TeM caMBIM ee HeCTAIlmOHAPHOCTH,
A. DitHIITellH 0TKA3aICcId OT HTOrO CJIAaraeMoro, Ha3BaB ero BBeIEeHHe CaMoil OOJBIION CBOEi
omunoOKoit. leficTBUTETLHO, KOMIIEHCAIINS OOCTUTAETCSI TOJMBKO MPHU OMpPeNeleHHOM 3HaueHun IR
u BOOOIIIe He HYXKHA. B pa3Hbie mepmonbl pa3BUTHUs KOCMOJOTHUH KOCMOJIOTHYECKOEe CaraeMoe
moGaBAAIN 1 OTOPACHIBAIIN, TAK YTO BOMPOC O HEM OCTABAJICS OTKPBITHIM.

MoXKHO MOMYyunTH pertenns ypasuenus (49), He NPUNUCHLIBAS OMPENETEHHOTO 3HAUCHUS Ta-
pameTpy A, a muITasCch HATH ero u3 HaOMOOeHn. B mocmennee Bpems HaOMOneHNS KaK OYITO
YKa3bIBAIOT Ha TO, YTO HTA MOCTOSHHAS MOXKeT ObITh oTianuHa oT (. K aToMy MBI e1tie BepHEMCS.

Kocmomnornueckoe ciaraemoe, ecian OHO HEOOXONMMO, TPUCYTCTBYET, KOrma mMaTepuu (Be-
IIiecTBa 1 I/I3.]'Iy‘IeHI/I$I) HET COBCEM. HO[—)TOMY OHO MPUNUCBIBACTCS BO3H€I71CTBI/IIO Ha XOO pacCHim-
PEeHUs BCEJIEHHON (DM3MIecKoro BakyyMa. VIHTepecHo OTMETUTD, UTO TaKasi MOIesIb 0e3 MaTepun
paccMaTpuBanack. B stom ciyuae p = 0 u ypasaenue (49) npuoGpeTaeT mpocTyio dhopMmy

2
s (50)
3

Permennem Takoro ypaBHEHHs ABJISETCs PACTyIas skcrnonenTa R = R, exp(y/A/3 ct). B nocnen-
Hee BpeMsI IMEHHO TaKOe pelleHne urpaeT OOJBIIYI0 POJIb B TAK HA3BIBAEMOI Teopuu NHQIISINNT,
(6] KOTOpOfI CKa2KEM HUXKE. PaCCManI/IBa.]'II/ICB MomgeJan, YANThIBAIOIINE COBMECTHOE BJINIHNE OaB-
JIeHnsT U BaKyyMa (KOCMOTOIMYECKOTO CIIATAeMOro), a TakyKe HeM30TPOMNHBIE U HEOTHOPOIHbBIE
Momenu. B Onmxaiimmx maparpadax HaIllm paccyXkmaeHus OyOyT OTHOCUTHLCS, B OCHOBHOM, K
Momenu Ge3 maBleHUs n 6e3 BaKyyMa.

7. Kpumuueckue seauuunbl. VIMeeTcss HECKOBKO BeNYNH, KOTOPBIE SBISIOTCS KPUTUUE-
CKUMU NJISI TEOPUU, T.e. UX 3HAUEHUs OnpenensioT Tun pernerus ypaBaenuit OTO u xapakTep
TeOMeTPUN MPOCTPAHCTBA B IMIPOIIIOM U OYIYIIIEM.

3akpenumM HEKOTOPBIN MOMEHT f. 3amnuiineM 3aKOH COXPAHEHUs SHEPTUuu B MOmesun 6e3 maB-
JIEHUS OJ1s ’TOTO MOMEHTA:

%HQRQ — G%TpRQ = —kE. (51)
Buinocst MHOXUTE B TPH MJIOTHOCTHU 32 CKOOKY, TOJIyYaeM
G R e~ p) = ~HE, (52)
e BBeOeHO 0DO3HaueHuIe \
pe = % (53)



Benuuuna p., BbIpaXkeHue s KOTOPOH HE CONePKUT CKOPOCTH CBETA, HA3BIBACTCSI KPUTUIECKOM
mioTHOCTEI0. OHA ompenmesnseT 3HAK (MM PABEHCTBO HYJIO) SHEPTUN eINHUIB MACCH BEIIIECTBA
kE u Tem camMbIM XapakTep IBUKEHUs ero BO BcejleHHON. OTHOIeHMe

)
o=2" (54)
Pc
XapakTepu3yeT OTKJIOHEHHE CPeNHell MIOTHOCTH OT KPUTUICCKON. VIMEHHO 5TO OTHOIICHNTE TS
Momeneit Beenennoit 6e3 maBineHUs OBLIO MOMEITIEHO B MOCTeqHEM cTOJOme Tabm. 2.
Ilpyras xpuTudeckas BeJIWYWHA MOIydaercs, ecan B ypasHenuu (4) samenuts GM/R

Ha —RR:

1. .
§R2+IH%:—kE. (55)
GTO Ke paBeHCTBO MOXKHO 3aIlliCaTh NMHaUE:
1 RR
kE = —H?R*(2¢g — 1 =, 56
SH R0 =1, g=—"7 (56)

BespasmepHas BeIMUNHA ¢ HA3BIBAETCS MapaMeTpoM 3aMemiaeHud. g 3akpuIToil Momenn Bee-
nenHoit ¢ > 1/2, nna oTkpeiTonn ¢ < 1/2, npm mapaGonuueckoM nemkennu ¢ = 1/2. Boobiie
roBOps, (¢, TaK ke Kak u {), MeHAeTcs cO BPeMeHeM ¢ COXPaHeHHEeM COOTBETCTBYIOLIETO Hepa-
BeHCTBa. TOmbKO st minockoit momenn (k = () mapaMeTp 3aMemyieHns TOXAECTBEHHO DPABEH
1/2,aQ=1.

C momotsio ypasaenns (3) n onpenenenuit (16) n (53) mosmyuaem cBsi3b mapameTrpa yCKO-
penus ¢ mapamerpom (54):

RR  47GpR> 4nGp 1 1
o TP P g (57)
R? 3R2 3H? 2p. 2

q:

Bce BenmmunEbL, OTHOCAIINECS K HACTOAIIIEMY MOMEHTY, CHabxkaem HonmukoM: Ho, Ro, po, X,
Qy. OTmernm, uro ypaBHeHue (21) MOXKHO 3ammcaTh Tak, YTO B HETO B KaYeCTBE MapaMeTPOB
OyIOyT BXOOUTH TOJBKO BEJIMUWHBI, COOTBETCTBYIOIINE TAHHOMY MOMEHTY:

’ R
:Hgl—m+0¢%. (58)

R

Ry

B cnydae Momeneii ¢ MaBIeHHEM U, B YACTHOCTHU, C YIbTPAPEIITUBHCTCKIMHI YACTUIAMIE
(boToHaME) KpUTHUECKAS MIIOTHOCTD, KAK MOXKHO MOKA3ATh UCXOMS U3 ypaBHeHus (43), B 3a1aH-

HBIIl MOMEHT ONPefiesIieTCst TOUHO Toil ke dhopmyioit (53). CooTHOIIEHNE XKe MeXKIY MapaMeTpPOM
3aMeJIeHUsT U BeINYnHON () COMep:KUT caraeMoe C JaBIIeHUeM

1Q 447G P

1= 3 + 2 H?

1, KOHEUHO, MepexonuT B Gonee mpocTtoe coorHortenue (57) mpu P = 0. Ilng yasTpapensTn-
BHUCTCKOTO CJIydas OTHOIIEeHue () MPUBEIeHO B MOCIeIHeM cToa0me Tabi. 4.

Kocmomnoruueckoe cimaraemoe coriacHo ypasaeHuio (49) mo6aBiseT K JIEBO 4acTH COOT-

Horrerns (51) —A02R2/6, YTO MPUBOOUT K TOSBJIEHNIO ABYX KpuTwdecknx ejmawms ). Omnaa

(59)
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O-TIPEKHEMY OIPENENAeTCs BEIeCTBOM 1 naeTcs opmyioit (54) (ee obo3HauaoT Takxke Qy).
Ipyras ceaszana ¢ mapameTpom A: Q) = Ac?/3H?.

8. Cmandapmmuasg modeav. Ilpexme uem 06CYXKIATH BBIBOOBI TEOPUH, MOCTYIHBIE HAOIIO-
MaTeNbHOI MPOBEPKe, U JaHHBIE HAOMIONEHUI, CKaKeM, UTO NOHIMAETCs MOI TePMUHOM ‘CTaH-
napTHas Momens Beenenuoit”. Ona onpenensercs MeTpukoit Buna (40), Ha3bIBaAeMON MeTPUKOI
Po6eprcona—Y okepa, KOTOpbIe BIIEPBBIE OMyOJIUKOBAIN ee B TaKOM Bume 0kojo 1935 roma. Oc-
HOBHBIE€ YPABHEHUs TOW MOMENN, KaK SBCTBYET U3 MPUBENCHHBIX COOTHOIICHUI, €clu co6paTh
X BMECTe, UMEIOT BUI

) Ac?

R? = %;;32 + 7032 — ke?, (60)
. P R
p:—3<p+c—2>H,H:§. (61)

K stum YPaBHEHUAM H606XOI[I/IMO HO6aBI/ITB YpaBHEHNE COCTOAHUA, CBA3BIBAIOILIEE OAaBJIEHUE C
IIJIOTHOCTBIO MaTEepun.

PaHI/ch KPUBU3HLL R MOXHO HaXOOUTh B 3aBUCUMOCTU OT BpPEMEHU t nam B ImapamMeTpu-
YeCKOM BHIe, KaK HTO mpennosaraeTcs B Buipaxenun mias merpuku (40). Torma maxomsrces
dbyukunu R(n) u t(n) or mapamerpa 7, CBI3aHHOTO €O BpeMeHeM cooTHomerueM (39). BeiGop
MOIeIN TPUMEHUTENBHO K OOBeKTUBHO CYIIeCTBYIOIIEH BeemeHHol HoMKeH OLITH MPOU3BEICH
ucxons n3 Habmomenuii. [Tocae sToro onpenensiercs n Bun GYHKIUN ay(X) B BHIPAXKEHUN IJis
IPOCTPAHCTBEHHON KOOpOMHATHL I = R ag(x).

OcCHOBHBIME MapaMeTpaMU MOMeNeil SBISIOTCS MOcTossHHAasS Xab6mna H, oTHOIIeHNe peaib-
HOIl TJIOTHOCTHY BeIleCTBAa K KpuTuueckoi §) (mim mapamMerp 3aMejieHns ¢), a TakkKe BeJUudnHA
KOCMOJIOTnuecKoil moctostaaoit A. IIjist mepBbIX ABYX MapaMeTpOB MOCTATOYHO OMPEmeTuTh CO-
BpeMennble ux 3uauenus Hy, (. Tperuit mapameTp — KOHCTaHTA.

Ha puc. 1 npusenens! rpadukn 3aBUCHMOCTEll pammyca KpUBN3HBI (@), HOCTOSHHON Xab-
6na (6), mnoTHOCTH (8) M OTHOIIEHUS €e K KPUTUIECKON (2) OT BpeMeHMm t mpu Tpex THmax
Momesiell 1 MBIIEBUIHOTO BEIIeCTBA. Bce BeIMYNHBI TaHBI B OTHOCUTEIBHBIX EINHNIAX, T. €.
npusonatcs R(n)/Rm, 2RynH/c n norapudmer Ig p, = 1g[(87G/3)(4R2,/c?)p], 1g2. Bpems us-
MepseTcs B enuHunax Ry, /c.

Ha puc. 2 mpuBeneHbl Te e BEIMYMHBI, YTO W HA PUC. 1, HO IJIS YIbTPAPEIATUBUCT-
CKOTO BEIIECTBA, T.€. COOTBETCTBEHHO OTHOIICHUs R(1)/Ruy, 2RnH/c 1 norapudmer 1g p, =
lg[(167G/3)(4R% /c*)pl, 1gQ kak dyHKIIEM Bpemenn ¢, m3MepsaeMOro B ennHUNAx 2Ry, /c. Hamo-
MHIM, UTO 3HAUeHUs Ry, I/ MOmeNnell ¢ MBIIeBUIHBIM U PEeSTUBUCTCKAM BEIIIECTBOM Dasiiu-
TAIOTCSL.

OTMeTuM, UTO 3aKPBITHIE MONENN BBINEASIOTCS CBOUM moBeneHueM. COTIACHO STUM MO-
TeasM TPU TOCTHUXKEHNN MAaKCHMyMa Palnyca KPUBU3HBI MOCTOSHHAS XaObma m KpUTHUUecKas
IIOTHOCTE ob6patnaloTest B Hynb (H Menser 3Hak), a mapamerp ) B 6eckoneuHocTh. Kpussre,
OTHOCSIIIINECS K OTKPBITHIM U TIJIOCKOM MOZEJISIM, He TIePUOANYeCKre N MOTYT OBITH MPOIOJIKEHbBI
CKOJIb YTOOHO NAJIeKO.
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R/Rn 2R H/c
2.0
15

1.0¢

SO Fr N W~ O O N
T
1

Ig p. 1

ct/ Ry, ct/ Ry,

Puc. 1. Opomouns paanyca kpususuasl R (a), nocrosunoit H (6), nnotaoctn p (8)
u oTHomenus §) (2) mast Momesneii 6e3 maBleHUs.
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0.0 0.5 1.0 15 20 0.0 0.5 1.0 15 2.
ct/2Ry, ct/2Ry,

Puc. 2. Opomouns paanyca kpusuzsabl R (a), nocrosunoit H (6), nnotaoctn p (8)
1 oTHomenus §) (2) o Momeseil ¢ U3y YeHneM.
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§ 3. PacmipocTpaHeHue mM3JIy4eHU s

1. Pacnpocmparnenue usayuenud u 2opusonm. B sTom maparpade paccMoTpum >DHeKTHI,
CBSI3AHHBIE ¢ PACIPOCTPAHEHNEM M3/IYUeHUs B UCKPUBIEHHOM MIPOCTPAHCTBe—BpeMeHn. 1paexk-
Topus GOTOHA B TPEXMEPHOM MPOCTPAHCTBE OMPENeIsieTCsl, KaK U B OOBIYHON TeOPUH OTHOCH-
TeJILHOCTH, TeM, 4T0 BHONb Hee ds = 0 (ds Gepem B Bune (40)).

[Tycts poTOH B TpexmMepHOM MNPOCTPAHCTBE JIETUT MO JIYUy, UCXOMSAIIEMY W3 TOUKHU, TIe
HaxomuTcs HabmonaTensb. [lomecTum B Hee Hawaso koopamuaT. Jlyu 3amaeTcst TeM, 9TO BOOIb
Hero MOCTOSHHEL yIasl § 1 ¢, T.e. df = dp = 0. CnemoBaTenbHo, A Takoro goTona dn? = dy?
U YPaBHEHNE €ro TPACKTOPUU B MPUHITHIX KOOPINHATAX

0 =60y ©=py, x==xn+ const. (62)

3HaK mIoc oTBevaeT GOTOHY, VAAIIIOMIEMYCS OT Havaaa KOOPANHAT, & MIHYC — IBUXKYIIIEMYCS
K HAUamy.

Ecim doron nmoxommt nmo mabmonartens, rme r = 0, x = 0, B MomenT t, = t(1,), To
pacrmpocTpaHeHne Takoro (GOTOHA ONPENessieTCsl ypaBHEHHEM X = 1), — 7). OTor HoTOH ObLIT
UCTYIeH B HEKOTOPBIN MOMEHT 1), 0 < 71, < 7)), B TOUKe MPOCTPAHCTBA, UMEIOIIeNl KOOP/In-
HATY Xo = 1)y — Te- MBI Bunum npomtoe Beenernoit, Tem 6oiee 0ToaNeHHOE IO BPEMEHH OT
HACTOSIIEr0 MOMEHTA, YeM Jajbllie CMOTPUM. SIcHO, 9T0 X, < 1), I PACCTOAHUE OT MEeCTa BO3-
HUKHOBEHUs (OTOHA HE MOXKET OTCTOITH OT TOUKHW HAOTIOOEHUs CKOJIb YTOMHO majiekKo. POToH,
3Iy9YeHHBIN B HAYAJIBHBIN MOMeHT 1) = (), MOXeT MONTH B MOMEHT t; = t(no) 10 HabmIomaTens,
HAXOIIIErocst B Touke X = (), TOJBKO ¢ MOBEPXHOCTU Cdephl, TOUKN KOTOPOH uMenu (B TOT
e HAUATBHBII MOMEHT) KOOPIUHATY Xo = M- [lockonbKy koopamHaTa X TOYEK MPOCTPAHCTBA
MIPU €T0 pACIIUPEHNN He M3MEHSeTCs, TO B KaXKIbIII MOMEHT BpeMeHN t(no) cyiecTByeT cdepa,
OTpaHMUYMWBAOIAS 007aCTh MPOCTPAHCTBA, W3 KOTOPOU MOXOMUT W3TyUeHWe B MAHHYIO TOUKY,
HAXOMSIIYIOCS HA OMMHAKOBOM PACCTOSIHUY OT TOYEK HTOH cheprl. ITa chepa HA3BIBAETCSI B KOC-
MOJIOTHE TOPU30HTOM. Best ocTanbHas vacTh BeesmeHHON HAOTIONEHUSIM NPUHIININAIBHO HEIO-
cTynHa. BRIBOm 0 cyllecTBOBaHNY MOPU30HTA HE 3aBUCUT OT BUOA METPUKU MPOCTpaHCTBA. Bu-
nuMasl B TAHHBIA MOMEHT YacTh MPOCTPAHCTBA €CTh CedeHWe YeTHIPEXMEPHOTO MPOCTPAHCTBA
CBETOBBIM KOHYCOM, OOpAIlleHHBIM B MpoInioe. Takoe cedeHme Bcerma mMeeT KOHEUHBIH 00beM
(cm. monpo6uee Huxke). C TeueHEM BPEMEHH TOPH30HT PACIINPSIETCS.

st doToHA, M3IYUYEHHOrO BHOJb JIyda, KOTOPBHIN UCXOOUT U3 MAHHON TOYKU, UMeeM Y =
1 — Ne, TO€ OISITH te = t(ne) — MOMEHT ucIyckauus. [[muHa myTu, npoiaeHHOro GOTOHOM K
MOMeHTY t = t(n):

() = [ ROx+me)dx = [ Ren)dn = e [ dt = clt(m) — t(ne)) (63)

e

HENpPepPBIBHO Bo3pacTaer. PaccrosHue xe o MecTa GOTOHA B MOMEHT ¢(7)) 0 Hauaaa KOOPANHAT

I(n) = R(n)(n —n,) (64)

MOHOTOHHO PACTeT TOJBKO MJIsi OTKPBITHIX MPOCTPAHCTB. Pagnyc KpuUBU3HBI 3aMKHYTOTO TPO-
CTPAHCTBA TOCHe 1) = 7 yOBIBaeT, W ¢ HEKOTOPOTO MOMeHTA (DOTOH HAUMHAET MPUOIMKATHCS K
MeCTY CBOETO BO3HUKHOBEHUS.
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[Ipocienum m3MeHeHne co BpeMeHeM paanyca cepbl, Ha KOTOPORl PACTIONATAETCS B MOMEHT
t(n) paccmaTpuBaemeli GoToH. OToT pammyc paser Ryn(n) = R(n)|ar(n — ne)|. lpn & = —1
n k = 0 ¢ pocrom Bpemenu 7 paguyc Ry,(n) yBenumumsaercst Heorpanmuensuo. Ilpu k = 1,
T.€e. B 3AKPBITOIl MOMENN, MOBENEHNE 3TOTO PAIMYCa M3-33 HEMOHOTOHHOTO M3MEHEHUS PAIIMyCa
KPUBU3HBI U KOOPAWHATHI 7 OOJiee C/I0KHO. [[eficTBUTEIbHO, B 3aKPBITOH MOOEIN

Rpn(n) = R (1 — cosn)|sin(n — ng ). (65)

3nech BelMuMHA 7) OTPAHWYEHA CHU3Y MOMEHTOM MCIyCKaHus (GOTOHA 1) > 1),, a CBEPXY 3Hade-
HIEeM 27, Ipu KOTOpoM obparraeTcs B 0 MHOXKUTENBb 1 —cos 1, T. e. panuyc KpuBu3HbL. [loBenenne
TOCTEIHETO MHOKUTENS CYIIeCTBEHHO 3aBUCHT OT HAYATBHOTO 3HAUCHNA 7),. Ecmm 1, < 7, To
IIpH W3MEHeHnn 1) 0T 1), 10 (2/3)(n, + ) ¢ Heit pacter m pammyc Ryn(n) or 0 10 cBOETO Mak-
CHMaJIbHOTO 3HadeHns Rimax = Rm[l— cos(2(n, +7)/3)]sin(27/3 —n,/3). Tlpn nanbueitmem
pocTe 1) 5TOT pammyc yOeIBaeT m npnm 1) = 1), +7 obpammaercsa B 0. 3aTeM (GOTOH mepexomnt c
Hanpasenus 0 =0,, ¢ =, Ha TPOTUBOMOJIOKHOE HampaseHue 0 =71 —0,, ¢ =y + 7. Ha sTom
HAIPABJICHIN TTAPAMETDP X U3MEHACTCA OT T JIO 1), HO 3aKOHY X = 27 +1), —1): HOTOH mpuOImKa-
eTcs K Touke, m3 KoTopoit Bermes. [Ipn n, +m < n < 2(n,+27)/3 pannyc R,n(n) onaTs pacrer
no MakemMyMa Romax = Rm[1—c0s(2(n,427) /3)] sin(7 /3 +1n,/3) n o6pamaercs B 0 npn n = 27,
Bnavenns Rpy(n) nis GoToHa, BEINIENIIEro W3 HAYaaa B MOMEHT 1), + T > 7, U Il HOTOHA,
CTapPTOBABITIErO OTTYMA K€ B MOMEHT 1), < 7, PN OOHUX I TeX ke 1) > 1), + T ONWHAKOBHI, XOTS
sin(n — 1) m sin(n — T — 7,) UMEIOT TPOTUBOMOIOKHbIEC 3HAKH.

Ecnu ongaTh Od HADAAOHOCTH TPEXMEpHOe MPOCTPAHCTBO MONEINPOBATL IBYMEPHON MO-
BEPXHOCTBIO B TPEXMEPHOM IIPOCTPAHCTBE, (hOpMATBHO Mosaras Koopamary z = 0, TO md
IPOCTPAHCTBA C OTPUIATENLHON SHEPrueil BMECTO ypaBHeHUs rumepcdepsl (22) momydaeTcs
ypaBHEHIE TpexMmepHoil cdhepul © = ++/R? — 1?2 — y?, a B ciaydae NIOJOKUTEILHON SHEPrun
COOTBETCTBYOIIee ypaBHeHHe OymeT u = +/x? + y? + R?, HO mpu HeompemeseHHOl MeTpHUKe,
KOT[Ia KBAIPATHl PACCTOSHUIL IO OCH % 6ePYyTCsl ¢ MEHYCOM B cornacuu ¢ dhopmymnamn (29). Ile-
TAX0TCA OOBIYHBIE [JI MOJIAPHOI CUCTeMBI KOOPANHAT MOACTAHOBKI & = 7' COS @, i = 7Sinp, 1 =
R a,(x), nocie 1ero MeTpuka Takux NPOCTPAHCTB NPUHAMAET BUJI

di* = R*[dy’ + a3 (x)d’]. (66)

[To cpaBHEHUIO ¢ TOYHOI HTa MeTpuka uraopupyet yroin  (hopmansuo § = 7/2). Takum oGpa-
30M, B 3aMKHYTOI KOCMOJIOTHUECKON MOMIEIN TPOCTPAHCTBO m300paxKaeTcs cepoil, B OTKPBITOI
— BepxHell YacTbi0 MBYMIOJIOCTHOTO rumepbosonma, a B MJIOCKON — WX OOMINM MPEemesioM mpu
R — o0, T.e. mnockocThi0O u = R B TpexMepHOM mpocTpaHcTBe. Hauano koopamHaT BO Bcex
Tpex caydasx HaxonuTcs B Touke x = y = 0, u = R. IlyTe doToHA, BHIIIEAINIEro U3 HavaIa,
m300pakaeTcs KpUBOM Ha MOBEPXHOCTH MPU MOCTOSHHOM yrie ¢. Ha cdepe 5To GombImoi Kpyr,
BBIXOMISILLINI U3 MOT0ca (MepuanaH), Ha runep6osIonie — BeTBb MUNepOOIIBl, TPOXOMISIIas depes3
BEPINNHY Mapaboonaa u jiekalas B TON e MIIOCKOCTH, YTO U OCh 1. BIO/b yKa3aHHON BeTBU
runepbonel 1 = Rshy, u = Rchy, ¢ = pg, [ = Rx < r. B nnockoit momenn nyTs GoToHA —
JyY Ha MIIOCKOCTH u = K.

[TycTs GoTOHBI, BHIIIIEAIIINE OMHOBPEMEHHO I3 HaUYa/la KOOPANHAT peaabHOr0 MPOCTPAHCTBA
B Pa3’HBIX HANpPABJIEHUSAX, HOIIN IO CBOMM TPAEKTOPUAM IO HEKOTOpOil cdepbl. OTa cdepa
MOIEJIUPYETCS OKPYKHOCTHIO B CEUEHUN MOIE/IHLHON MOBEPXHOCTH TMJIOCKOCTHIO, MapaslieIbHOI
MJIOCKOCTH X, Y. PaccTostHue ux r Mo OCH U COOTBETCTBYET PANUYCy yKa3aHHOU cephl, a IJIMHA
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IyTH, TPOMIEHHOH (HOTOHAME — DPACCTOSHUIO UX OT Hauaua KoopauHAT. B ciayuae momennu ¢
Hy7eBoli SHeprueil Bece MpomCXoANT Ha mnockoeTn u 1(n) = Ru(n® — n3)/6, lyn(n) = Rpn(n) =
2
Roan® (1 — 1) /2.
Ha puc. 3 npencrasiena cxema OBmKeHus: GOTOHOB B 3aMKHYTOI

0 T 2T o
6 3 2 3 6

n 7
117 57 3T 47 7T
2m — — — — —
6 3 2 3 6

Puc. 3. TlocnenosaTenbueie momoxenns (GOTOHOB, BBIMIEANINX U3 TOYKH X, = 0
B MOMEHTHI 1), = (0 7/3, B 3AMKHYTOI MOIEJIH.

MOOe/Im C IbBLJIEBUOHBIM BEILIECTBOM. Panmyc Cq)epr CHa4vaJla paCTeT, a NOTOM YMEHBIIIACTCI.
Touka y = 0 coBmamaeT ¢ BepxHeil Toukoi cepsl. M306paxkeHo ceduenune cheprl, comepxkaliee
TpaekTopun HoTOHOB. POTOHEI, BHIIIIENNTINE U3 Hadana Y = 0, Bce BpeMs yIaasIi0TCsI OT UCXOMI-
HOW TOYKHU, HO C YMEHBIIIEHNEM paanyca KPUBU3HBI CAMO MPOCTPAHCTBO TIHET UX K HAUATY.
PoTOH, BRITIEAINI B MOMEHT 7), = (), yKa3pIBaeT Ha MOJIOKEHNE TOPU30HTA, TAK KaK M0 HAOIIIO-
oaTeilds B MOMEHT 770 ooxogsaT (I)OTOHBI, BHIILIEOIIINE N3 TOYKU C KOOpJIPIHaTOfI 770 B HaYaJIbLHBIN
MOMEHT.

Ha puc. 4,a, 4,6 u 4,6 mausl OIpoiIeHHBIE IYTH, PACCTOSHUS IO NCXOMHON TOUKU U PAIUYCHI
cdep, M0 KOTOPBIX AOUUIN (POTOHBI, BBEIMIEAININE B PA3HBIE MOMEHTHI 7), U3 HAUAIa KOOPANHAT
Xe = 0, B 3aBUCUMOCTHU OT 7] B 3aMKHYTOfI MOOe/n C NbIJIEBUOHBIM BEIIIECTBOM. HJ’ISI CpaBHEHUA
Ha puc. 4,2 TMpUBeNeHBl Te YKe BeJINUYWHBI, YTO W Ha puc. 4,6, HO OIS OTKPBITON MONENHN C
IBIJIEBUOHBIM BEIIIECTBOM.
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7 T T T
Tle

7m/6 4m/3 3m/2 51/3

Ry (1)/ Bm

4

n

Ui

Puc. 4. Ilytu, npoiinenasle ¢OTOHAME, BBIMIEAIIINMA U3 Havajaa KOOPAWHAT B pa3HbIE

MOMEHTHI BDEMEHU B 3aMKHYTO# Momenn (a), m PACCTOSIHUS IO 5TUX (HOTOHOB OT
mecra ux crapra (0).

Panuycsl cdep, 10 KOTOPBIX JOMLIH (OTOHBI, BHIICALINE U3 HAUAIA KOOPINHAT
B pasHble MOMEHTHI BDEMEHU B 3aMKHYTOI (6) U OTKPHITOIN (2) MOIEJIsIX.
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XapakTep 3aBUCHMOCTH PAINYCOB JOCTUTHYTHIX GOTOHAME cHep OT KOOPAUHATHI 7) COBEP-
IIEHHO Pa3INyHblil. B 3aMKHYTOI MOmENnM pamamychl OPPAHUYEHBI, IPUYEM MpPU 7), < T UMEIOT
IBa MAaKCUMyMa, a TIPH 7), > T UX 3HAUCHUs COBMANAIOT C BETBBIO CO BTOPBIM MakcmMymom. B
OTKPBITOH e MONEJIN 3TH PAANYCHI PACTYT SKCIOHEHIINATHHO.

2. Budumasg wacmy Beeaennoti. MHOXKeCTBO TOUEK, 13 KOTOPBIX M3/IyYEHNE BBIIIIO B MOMEHT
t(ne) = t(n, — X) 1 IOIITO 0O HabMODATENA B HAUaIe KOODAUHAT B MOMEHT £(1),), o6pasyeT Bo
Bcenennoii B MoMenT #(1,,) cepy pammyca R(n,) ax(x,). Be mmomtans 47 R* (1, — x,) a3 (x,)- Pa-
nuyc cdepsl (a ¢ HIM I ee TUIONIAMb) ¢ yAaJeHueM OT HaGTIoNATeNs, T. €. ¢ POCTOM X, CHAdaIa
BO3pacTaeT oT Hyns npu X, = 0 (3meck a,(0) = 0) mo makcmmyma, pasroro R(21,/3) ax(n,/3),
npn X, = 1,/3, a 3aTem cHoBa cnamaet no 0 mpum x, = 7, (3mece R(0) = 0). YnomanyToe
BBIIIIE CeUeHne OOPAIICHHBIM B IPOILIOe CBETOBBIM KOHYCOM, TAKIM 00pPa30M, 3aMKHYTO MEXKITY
TOUKOI HaOMIOOeHUI U MCXOOHON TOUKON paCIINpeHHns, MPOTUBOIOIOKHON HabmomaTemo. Te-
OpeTHYecKu HAGTIONATENh MOXKeT BHUIETH BCIO MCTOPUIO PAa3BUTHs BceemeHHON (XOTS He Bee
COCTABIIAOLIEe e TIPOCTPAHCTRO).

B wacTHOCTH, TOPU30HT OnpezenseTcs GOTOHAMH, UCTYIIEHHBIMEI B MOMEHT 1), = 0 n nveeT
KOOPIMHATY X, = 7),- PaccTosnme Mo 4acTHIEI, KOTOpas B MOMEHT ty = t(1),) HAXOOMTCS Ha
ropm3oHTe, paBHO 12(),)n,, pamuyc cdepsl, Ha KOTOPOIl PACTIONAralTCs YACTHIB TOPU3OHTA,
R(n,) ax(n,), a nnmma skBaTopa ecTh 27 R(1),) ax(n, ). Ilnomans Taxoit chepr yxe mpuBoamIaCch
BBHIIIIE, OHA PaBHA 47rR2(770) ai(no). Haxonen, o6beM moCTymHOrO HAOMIIOOCHNIO MPOCTPAHCTBA
pasen Vo = R*(n,)7|2n,—a,(2n,)|, a Macca saxmouennoro B Hem BettecTsa poVy, rae py = p(1, ).

HpI/IBeHeHH])Ie pacCyxnoeHusd CupaBEeOJIUBBI OJId BCEX MOHeﬂeﬁ C IIBIJIEBUOHBIM BEIIIECTBOM.
B 3aMKHYTOII MomeNn BeIMUnHA 7) UW3MEHAeTC 00 27, a KOOPAMHATA X TOJBKO mo 7. IlosTomy
mpH 7), > T KOOPOMHATA X, OydeT mpoGeraTh 3HAYEHHA B OGPATHOM MOPAOKE, YTO COOTBET-
CTBYeT BO3BpATy JIyUell Mociie MPOXOXKIeHNsI MU HanboJiee yIaJeHHON TOYKU c(epsl, OTpaHU-
amBaroreil Beesennyo. COOTBETCTBEHHO U 06BeM JOCTHTALT CBOETO MPeesa i 1), = 7, & IpH
HabHENIIeM yBeMIeHn KOOPANHATHL 7); 00BeM NPOCTPAHCTBA OyNeT yUYNTHIBATLCS TIOBTOPHO.

XoTg ¢ TOYKU 3peHns TeOMEeTPHUN PACIINPEHHsS MOXKHO YBHUIETH BCE €r0 STAlbl, HA Ca-
MOM JieJie HaOTIoIeHNs 3/IeKTPOMATHITHOTO U3/IyYeHNs PAHHUX STAIOB paciinpenns Beenennoii
HEBO3MOXKHEI, 100, Kak OymeT IMOKa3aHo Oablle, B HAYAILHBIA MEePUOM BIJIOTH 10 HEKOTOPOTO
MOMEHTa MPOCTPAHCTEO 3aMOHEHO BEIIECTBOM, KOTOPOE HEPO3PAYHO IJIS M3JTyUeHUS U SKPa-
HUpyeT BCE€ BO3BMOXKHBIE NCTOUYHUKN, HeﬂCTBOBaBmHe o0 5TOro0 MOMEHTA.

Taxum 06pa3oM, B HACTOMAIIEE BpeMsl MBI MOXKEM BHIETh TOJBKO KOHEUHYIO 4acTh Beemen-
HOIl, IpIYeM 3TO OTPAHUYEHME BBI3BAHO He HECOBEPIIEHCTBOM HAIIUX MPUOOPOB, a MPUHIUIIN-
ANTBHON HEBO3MOXKHOCTBIO HAOMIONATH YACTh BCENeHHOI 3a TOPU30HTOM. DTO 3aKIIOUEHHE He
3aBHCUT OT TOTO, KOHEUEH MM GECKOHCUYCH 00BEM TPEXMEPHOTO MPOCTPAHCTBA, TAK 9TO PA3JIn-
que MexKOy 3aMKHYTBIMI 1 OTKPBITBIMUI MOOEJIAMI B 3TOM CMBICJI€ CTJIa2KNBAECTCA. OHHaKO, KaK
OyIeT SACHO U3 HaJbHEHINero, MoCPeacTBOM APYTUX ar€HTOB, OTJIMYHBIX OT MPSIMOTO W31y YeHNs,
MOXKHO 3arJISHYTh U B 607ee paHHUe SMOXN.

3. Kpacroe cmewenue. Pagunyc KpuBU3HBI, pacCTOSHIE OO TOPU30HTA U CBA3aHHBIE C HIMI
BeJIMUYUHBL He MOT'YT OBITh HelOCpPeICTBeHHO HabmonaeMbl. [loaToMy ocobGeHHEI HHTepec mpe-
CTaBJIAIOT BEJIMYNHBI, OOCTYIIHBIE H&6.]'IIOI[GHI/I$IM.

Opmna u3 Takux BeUYUH — KpacHoe cMerrenne. PoTOH, U3IydeHHBINT B MOMEHT to = t(ne)
B TOUKe C KOOPAMHATON X, cormacHo (62) moiimer no HabmomaTend B Touke X = 0 B MOMEHT
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to = t(n,), rme
My = Te + Xe- (67)
CBsiKeM € MOMEHTOM le TPOU3BOJIBHBIN TPEOEHBb W3TyIaeMONl 3JIEKTPOMATHUTHONW BOJIHBI.
[IycTs crenyommii rpe6eHb MOKNAAeT TOYKY M3/IyUeHHs B MOMEHT fte + Te U IPUXOOUT K Ha-
OIIOIATENI0 B MOMEHT tg + Tg, T. €. 4epe3 Meproabl KoaeOaHnil BOJIHEL, COOTBETCTBYIOIINE TOU-
KaM U3JIyUYeHNs U HAGTIONeHNA. DTH IMePUOABLI HA MHOTO MOPSIIKOB MEHBIIE XapakKTepHOTO Bpe-
MEHU PACIIUPEHNs TPOCTPAHCTBA. [109TOMY MOXKHO CUMTATH, UYTO PANNYC KPUBU3HEL 32 BPEMSI,
paBHOE MepPUONy BOJIHEI, He MEHSeTCs, Tak 4To ty + 7o = t(n, + dn,) = to + R(n,)dn,/c n
te + Te = t(1y + dn.) = te + R(n,)dn,/c. Tak xak Toukn uzmydenns n HAGMONEHN (DUKCHPO-
BaHBI, TO X, = const u cormacro (67) dn, = dn,. [losTomy
To Ve Ao R(%)
—=—=—=—1"=1+42. (68)
Te y )\e R(?]e)
3mech HAPSIMY ¢ COOTHOIIEHNEM I1Jisi IEPUONOB HAMMCAHBI COOTHOIIEHUS I 9aCTOT (Ve U Vg) U
I BOH (Ae U Ag) MCIYLIEHHOTO B TOYKE ¢ KOODAUHATOM X, U HAGIIOMAEMOTO B Hauase KOop-
nuHaT hoToHA. BBenmena Takxke BenuuuHa z > (), Ha3bIBaeMas KPACHBIM CMeIIEHIEM, TaK KaK B
HACTOSAIIEe BPEMsI TIPOUCXOMUT YMEHBIIEHNE YaCTOTH BCIACACTBUE PACIINPEHNs] TPOCTPAHCTEA.

4. Pasauunbie munvi paccmoanusd. [lousTue paccTosHus, OUeBUIHOE B CIIyUae eBKINIOBOM
reOMeTpUN MPOCTPAHCTBA, OONMYCKAaeT HEOOHO3HAYHOE TOJIKOBAHWE B MCKPUBJICHHOM N PaCIIN-
psrorieMcs mpocTpaHcTBe. [I[puBeneM HECKOTBKO TUNOB PACCTOSHUM, CBI3AHHBIX C PA3TNIHBIMA
MPOIEYPAMI UX W3MepeHus [5].

1) Camoe mpocToe MOHSITHE — HTO PACCTOSHUE MEXKIY IBYMS TOUKAMU HA ONHOM JIyde
3peHNnst ¢ KOOPAMHATAMI X, U X, > X; B OOUH I TOT e MOMEHT BPeMeHU { = t(n). Ouo paBHO

I = R(n) /dx = R(n)(xy — X, )- (69)

Taxum o6paszom, Bce MacIITabbl B TPEXMEPHOM TPOCTPAHCTBE B ONPeNeIeHHBI MOMEHT BpeMeH!
MPOTOPHIUOHAILHBI PAINYCY KPUBU3HBI B TOT YK€ MOMEHT.
OTO 0OCHOBHOE, HO HE €NUHCTBEHHOE TOHATHE PACCTOSHUSI.

2) Paccrostane mo sunnmomy pasmepy. Ilycrs k HabGmomarenio (B Touky r = () mpuxomst
OIHOBPEMEHHO (B MOMEHT ty) /IBa ()OTOHA, NCIYIIEHHBIX B OIHO I TO Xe BpeMms te = 1(n,) u3
GeCKOHeUHO GIM3KUX TOUEK ¢ OMUHAKOBLIME KOOPANHATAMHI . PAcCTOAHNSA IO STUX TOYEK TAKIKe
OyIoyT ONMHAKOBBIMU. KBampaT sfeMeHTa JMHEHHOrO pACCTOSHES MEXKIY TOUKAME COTJIACHO
dopmysne (36) mpu dy =0

D%y = R*(1,) ag (x)dw?. (70)
[Ipn nBuxkeHnu (HOTOHOB UX KOOPAMHATEL f U ¢ He MEHSAIOTCS, TaK YTO He MEHAETCS BUINMOE
YIJI0BOE PACCTOSHUE MeXKAy TOYKaMm ucmyckaunus dw. Hampumep, 5To MoOxkeT OBITH pasmep
HEKOTOPOTrO 00beKTa. PaccTOosHIE XKe M0 5TOMY BEAMMOMY pazMmepy (yrioBomy nmaMeTpy)

la = R(0) a2.(x). (71)

3) Paccrosuue mo napammakcy. IlycTh Teneps Hauasio KOOPOAMHAT MOMEILEHO B TOYKY, W3
KOTOpPOW mMCXOomsIT nBa (OTOHA, MPUHUMAaeMble HA KOHIAX OPYTOro o0BbeKTa, TakyKe PacIoiio-
JKEHHBIX M0 OTHOIICHWIO K TOUKe WCIYCKaHUs ¢ OmHON koopaumuatoi . [lonoBuna yria mexmy
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HaNpaBJICHUSIMI YKa3aHHBIX (POTOHOB HA3BIBAETCS MapaJIIakKcoM MCXOmHOW Touku. Hampumep,

CYTOUHBINl Mapaiaakc — HTO YTOJ, MOA KOTOPHIM U3 MAHHOW TOUKN BUIEH PAOUYC 3eMIH, a
TONWYHBIN — paauyc 3emHON opburel. Oba pammyca mepuneHguKyIsSPHBI OTHON W3 JIMHWI Ha-
OmoneHns.

®oTOHBI OYIYT 3aperucTPUPOBAHBI B MOMEHT ty = t(no). Paccyxnas Tak xe, Kak 1 BBIIIIe,
HalimeM, UTO

It = R(n,) ax(x). (72)

4) Paccrosiane mo uucity dboroHo. [lapamiakcom onpenensercs TeNecHbIl yroi, Moa KOTo-
PBIM (I)OTOHBI NCOYyCKalTCA TOYEYHBIM NCTOYHUKOM. HO[—)TOMy nmapaJlJiaKTUIeCKOe PaCCTOsSHUE
onpenenseT MIOMIANEL CHEPHI ¢ IEHTPOM B TOUKE MCITyCKAHU, TPOXONSIIEN dYepe3 TOUKY HabIIo-
nmenns. Ecnmu ameno GOTOHOB, HCIYCKaeMBIX HEKOTOPBIM M30TPONHBIM HCTOYHUKOM B €IWHUILY
BpeMeHH, paBHO Ny, TO KOIMYeCTBO (DOTOHOB, NPUXOMAIINX Ha €IUHHUIY HOBEPXHOCTH B eIu-
HUIY BPpeMEHW K HabIogaTento, OyneT

N h — Nph = Nph
T 4r [R(n))/R(ne)] — 4xiZ,

(73)

Tak Kak 4ncio GOTOHOB, EPECEKAIOIINX 5Ty ¢hepy B eANHUIY BPEMEHU, YMeHbIIAeTcs B dty/dte
pas3, 9TO COrJIacHO COOTHOIIEHNIO (39) paBHO OTHOIIEHNIO COOTBETCTBYIOLINX DAIMYCOB KPU-
BU3HBL. TakuMm oOpa3oM, pacCTOSHUE 1O YUCITY POTOHOB

_ R(n,)
Lo = Loty 73 o) (74)

5) Paccrostaue no GomomeTpudeckoit spkoctu. [Ipu pacnpocTpaHeHnN B PACIIAPSIOIEMCST
mpocTpaHCTBe Bee GOTOHBI M3MEHSIOT CBOM YaCTOTHI: YaCTOTH X cTaHoBaATCA B RR(1,)/R(1,)
pa3 MeHBIINME, YeM UCXOmHbIe. [l09ToMy perncrpupyeMas B TOUKe HAGIIONEHNs IPKOCTH 005~
eKTa, T.e. YaCTh ero MOTHOH (6GOTOMETPHUECKOll) YHEPIUu, NOUIEAINas 00 HAGIIOMATENs, OKa-
KeTCsA yMeHbIIeHHOM B (dty/dte)? pas, Tak 4TO COOTBETCTBYIONICE PACCTOSHUE

_ R(%) R(nﬂ) ’
lbb = lph —_— = lpl —_— .

R(n,) R(n,)

B »To0it nenouke paBeHCTB KaxXIoe CIEAYIOIIee PACCTOSHUE MEHbIIE MPEIbIIYIIIEero.

R(n,)

= laq
6) PaccrosHne mo MrHOBeHHOMY 00beMy. Ero MOXHO ONpEmeTnTh paBeHCTBOM
2n — sin(2n) npuk = 1,

n
=47 R () [ a(n)dn=m B (1,){ 4 /3 mpm k=0, (76)
0 sh(2n) —2nnpn k=—1

47
3

Kaxnoe m3 BBeIEHHBIX 3MI€Ch PACCTOSHUEN M3MEHSIETCS B COOTBETCTBHUU C BEJIUYUUHON, IO
KOTOpPO# OHO ompenessieTcs. [[OCKOMBKY 3TN BeJIMUNHBI U3MEHSIOTCS TI0-PA3HOMY, COOTBETCTBY-
IOIIe PACCTOSIHUS TakXke pasnudatoTcs. He Bce paccTosHUS MCTOMB3YIOTCS OOMHAKOBO YaCTO.
Haubomnee ynoTpe6uTenbHLI TIOMEIIIEHHBIE 3IeCh TON HoMepamu 2), 3) U 5) HAPSIIY ¢ OCHOBHBIM
1), onpenenennsiv paBeHcTBOM (69).
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Puc. 5. Ornomenns R(n)/R(n,) mnd 3aMkHyTOll (@) I OTKPHITOI (6) Momerneit 6e3 maBaeHns.

Ha puc. 5 nns caygaes samkuyToii (k = 1, puc. 5,a) u otkperroit (k = —1, puc. 5,6) moneneit
C TBIJIEBUIHBIM BELIECTBOM MPUBEIEHE! OTHOIIEHNs paccTosunit R(n)/R(n,) npm pa3nmasbix 7,
nas 0 < n < 27. Ha cTenenn sTux oTHOIIEHUT IPH 1) = 7)) > 1), OTINYAIOTCSA PACCTOAHUA 2)—5)
coriacHo paseHcTBaM (75).

5. Cropocmu uzmenenud paccmoguuti. CKOpOCTb U3MeHeHUst paccTosuus (69) MKy NByMs
TOYKAMU C 3aKPEMJIEHHBIMEU KOOPOMWHATAMU, T.€. JKECTKO CBSI3aHHBIMU C BEIIIECTBOM, BhIpaXKa-

eTCst Yepe3 MOCTOSHHYI0 Xabbiia: dl , R

st mosydeHus 5TOTO paBeHCTBa TPeOyeTcs TOJIBKO BBITIOJIHEHNE KOCMOJIOTTYECKOTO MPUHITNATIA
n nuddepeHnUpPyeMocTb GyHKINN K.
Hamee, 0 KaXO0TO U3 OCTATBHBIX PACCTOSHUN, BBEICHHBIX B MPEIBIIYIIIEM MYHKTE, MOXKHO
Tak¥XkKe OMpPenenTh CKOPOCTh yaateHns. CKOpOCTH HAXOMSITCS Mo GopMysie
dl ol ol dt ol o R
po Ao old o OR (78)
dty, Oty Otdty 0Oty 0t Ry
PesyabraThl BEIYHCIEHNS CKOPOCTeil puBonuM B Tabi. 5 [5].

Tat6nuua 5 CkopocTu ynaneHus

AHAIOrNYHO MOXKHO HANTHU U YCKOpeHuA yOaJIeHUd, HO (pOpMyJ'IbI IOJIYYaXTCA HE Hal'JIdd-

Bunnwm. | Ilapan- Yucno Bonometp. MrHoB.
pa3Mep JIaKC doTonoB SIPKOCTh o0BbeM
Re 3Ry — Re 2Ry — Re
—I Hyl [ [ Hyl;,
R[] ad 0pl 2R[] ph RO bb 0

HBIMI 11 MBI X HE IIPUBOOUM.

26




§ 4. CooTHontenuss Xab66s1a

1. Omxpvimue Xa66aa. Kak yxe rosopuimoch Beie, B 1929 romy O. Xab6a omy6GankoBa
CBOE OTKPBITHE, 3aK/II0YaBIIeecs B TOM, YTO KPACHOE CMEIICHNE JNHNN B CIeKTPaxX BHEraJIak-
TUYECKNX TYMAHHOCTEN, Ha CAMOM JeJIe SBJISIOIINXCA TAJIAKTHKAME, TPOHOPIIOHAIBLHO PACCTO-
AHNIO JI0 HUX, T.e.

_
=L

z (79)

OH ucnonb30Baa U3MEpPeHns z, MPOU3BEeIeHHbIe M0 CIeKTpaM TaJakKTHK, KOTOPLIE OBLIN MOJY-
venbl Becto Mensunom Cnaiipepom m Munronom XbIOMacCOHOM Ha 2.5-MeTPOBOM TeJIECKOIIe
ob6cepBaTtopun Mayat Buncon. HanGonbimee 3HaUeHNE KPAaCHOTO CMEIIEHNS B €T0 MAHHBIX OBITIO
z = 0.004. Paccrosaus no raJakTuk XabOJ ompemenns B HECKOJIBKO dTamoB. [lo Gmmxkaimmx
rajakTUK paccTosHus Xab0iay ymajioch HaliTu, OOHAPYXKWB B HUX HECKOJbKO medenn. B sTux
Ke ONMXKauImuX TajgakTuKaX OBLIN ONpeneNieHbl CBeTUMOCTH NPYTHUX, 60jee spKuX 0O0BEKTOB
— IIMapOBBIX CKOIJIEHUH, KOTOPBIE BUIHLI TakiXkKe B rajakTUKaxX OJIM3KOTO K HaM CKOIJICHUS
Iesrl. OTHOCUTETBHBIE PACCTOSHUSA 0 NAJEKuX (MO MOHATHIM TeX BPeMeH) CKOomteHuit Xab6i
onpenesasa, cCuuTad, YTO OATHhIE IO APKOCTU TaJIaKTUKN B CKOIIJICHUN MMEIOT OOMHAKOBYIO CBE-
TUMOCTB. TeM caMbIM yIajoCh MOCTPOUTH IIKAIY paccTosHuit. B pesymbraTe ObIIO HAWIEHO,
uro Hy ~ 500 xm/(c Mnx), rne 1 Mnx (meranapcex) = 3.086 - 10** ca.

TexHuka m3MepeHnii KpacHBIX CMEIIEHN, T.e. TOJOXKEeHNH CMEeIIeHHBIX JIUHIA B CIeKTpax
Iameknx TaJaKTHK, OTpaboTaHa XOPOIO, MpobieMa TOMBKO B MOJTYUYEHHUHW CIEKTPOB CITaOBIX
00BEKTOB 1 Y66HI/ITG.]'IBHOM OTOXIOECTBJIECHUN JIMHUMN. 3& mocJjiequee BpeMst TEXHOJOTNYECKIN
MPOTrPecc MO3BOJINII U3MEPSITh KPACHBIE CMeIIeHns 00 2 = 2-+ 3 u maxe 1no z = 5. B Gnmxkaiime
ronbl HabmionaTenn obermator noiitu o z = 10. [IpaBna, moka HambombIline 2 OMPEmeIsIOTCS
HE TI0 CIMIEeKTPABHBIM JIMHUSAM, a M0 (OTOMETPUUYECKIM HAOTIOMEHUSAM TaJaKTUK B HECKOTBKUX
dunbpTpax.

st onpenenenus 3uavenuns: Hy HeoO6XonmMo 3HATH PACCTOSHUS 10 rajlakTuK. x momydeHune
— OYeHb cepbesHas npobema. CyrecTByeT mpouenypa yCTaHOBIEHUST MaciTaba pacCTOSHUI
B yacTtu BceneHHoil, mocTymHoil HabmMomeHnsM n HasbiBaeMoil Meraramakrtukoi. Omuriem ee
KpaTKO.

2. Onpedeaenue paccmognuti 6 Memazasakmurke. VI3MepeHns: TpUTOHOMETPUUIECKUX TAPAJI-
JAKCOB BOBMOXKHO TOJIBKO MO OTHOIIECHUIO K OmmxkaimmM 3Be3gaM. [losTomy mis onpeneneHus
PACCTOSTHUI 1O 3BE3I MCIOJIB3YeTCs COOTHOIIEHNE MeXIy MePHONOM U CpemnHeil CBeTUMOCTBIO
nyabcupyommx 3se3n — uedenn. Oprako cambie Oim3kne medennabl HaXOOsITCs TOBOIBHO da-
JIEKO, W WX MapaIaKChl OBLIN HENOCTYMHBI U3MEPEHUIM 10 TOCIeTHET0 BPEMEHN.

KmoueByio ponb B ompeneneHnn MPOMeXYTOUHBIX PACCTOSHUI UTPAIOT PACCESTHHBIE 3Be31I-
HBIE CKOIJICHUS, B TepBYi0 ouepent ['mamgbl. MOXHO NPUHITE, UYTO BCE 3BE3IbI YTOTO CKOMICHUS
UMEIOT ONMHAKOBYIO TPOCTPAHCTBEHHYIO CKOPOCTh. Ha HebGecHOl cdepe OHM MBUKYTCS B OIHOM
HANpaBJIeHN! K QUK TUBHON TOYKe — pannanTy (“mamgarolime 38e31bl” MEeTEOPHBIX MOTOKOB, Ha-
NPOTHB, BCe MCXOHAT W3 pamuanTa). OG03HAYMM Yrosl MeXIy HAINPABICHUSMUI HA DAIUAHT U
HEKOTOPYIO 3Be3Ny depe3 . ITOT YTOd JIETKO M3MepuTh. MOXKHO M3MEpUTh TaK¥kKe JTYUEBYIO
CKOPOCTH 3Be3Mbl v,. TOrma ee momHAs CKOPOCTb U = ¥,/ COS (v, 4 TAHTEHIUATBHASL Uy = Uy tg v.
Cxonnenne ['manbl HAXOMUTCS TOCTATOUYHO GIM3KO, TAK UYTO COOCTBEHHBIE NBUKEHUS €r0 3Be3,
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T.e. YIJIOBOE TepeMellieHne nX B eIMHUIY BpeMeHH!, MOMOaoTcsa u3mepennio. [lycTes y BuOpan-
HOW 3Be3MBI OHO paBHO v /l,. OTcroma naxomum paccTosaue [, no 5Toi 38e3nsl. OKa3amoch, 4To
paccTosiuus mo 3Be3n [ man [, mexart B npenenax ot 27 mo 47 nk.

Cremytorruit mar B 5TOM HATPABJIEHIN — ONPeNe/IeHne TPYMIOBBIX MaPAIIAKCOB BXOMSIIIINX
B CKOIIJIHUS 3B€3[I ONMHAKOBOTO I[BETA, T.€. PACIOJAraloINXCs B OMHOM MeCTe Ha AuarpamMme
['epmmmpynra—Peccena “cekTp—CBeTUMOCTE U, CIEAOBATEIBLHO, UMEIOIINX MPUMEPHO OIU-
HAKOBBIN BO3PACT U CBETUMOCT.

B psane paccesHHBIX ckomjieHuit mmeroTcs nedeuns. [lo HUM ycTaHaBIUBAaeTCS HYIIb-
OYHKT COOTHOIIEHUS MEePUON—CBEeTUMOCTD Ojs nedeun. [Ipobmema sta cioxHast, HYIb-TYHKT
HECKOJIBKO pa3 mepecmarpusascs. [1o medennam HAXOOAT, KaK yiKe TOBOPUIIOCH, PACCTOSHUSI 110
IITAPOBBIX 3BE3MHBIX CKOIIEHUN U OMIMKANIINX TAJTAKTUK.

[ToTom monmy4uaoT B3 HAWNEHHBIX MO edenmaaM pacCTOSHUN ¢ OIpeneaseMbIME IO CAMBIM
SIPKUM 3Be€30aM 1 IMIaPOBBIM CKOIIJICHUAM B aJIaKTUKaX, a 3aTEM N CaMBIM APDKNM raJlaKTUKaM B
CKOIIJICHUSIX I'aJIaKTHUK. CaMbIMI/I APKUMU 3BE30aMI MOTYT CUUTATHCA CBEPXHOBBIEC NJIN CBEPXT -
TaHTHI. CaMI)Ie APKNE raJJaKTUKN — T'UraHTCKNE 3JIITUITUYECKNE TaJIaKTUKN. Hpenno.naraeTCﬂ,
YTO CBETUMOCTH STHUX ‘CAMBIX APKUX OJIU3KYN U OHM MOTYT OBLITH MPUHSATHI B KAUECTBE STAI0HOB
(cTaBmAPTHBIX CBEYel).

Bo Bceit 5Toil mponenype UMeTCs HeompeneaeHHOCTH U monyiieHus. OOuH U3 NCTOYHUKOB
HEOIPeNeIeHHOCTEN — OTCYTCTBUE TEOPUN SBOJIIONNN HAOIIODAEMBIX OOBEKTOB, Belb HAOIOmast
oaJIeKue O6'I)€KTBI, MBI CMOTPHUM B IPOIIJIOE. HpI/IXOI[I/ITCﬂ OeJIaTh KaKne-TO NPEeAarnoI02KeHU .

Vctopus ompemeneHuss pacCTOSHUN Mepexuiaa HECKOIbLKO pa3 M3MEeHeHHUs uX MaciiTaba.
[Tocne BBemeHWS B CTPOW H-METpPOBOrO Teneckoma obcepBaTtopun MayuT [lamomap okazanoch,
uTOo medennnl, NCIoab30oBaBIiInecs Xab6moM, B 4 pasa gapue, ueM cUnUTaJIOCh. Eille ogHa ommubKka
3aKJII09AJIaCh B CMEIIIEHUN 3Be3[ U IaPOBBIX CKOIJIEHUN ¢ APKUMU 06IaCTSIMI MOHU30BAHHOTO
Bomopona. B pesynbrare ucnpasienus omnbok 3uadenue Hy cHusmiaock mo 75 km/(c Mnx).
HManpreitmas paboTa npusena K 3uadenunto Hy = 55 xm/(c Mnx).

He Bce Gblm corsiacHBI ¢ BTUM 3HaUYeHHeM. MHOrOUYNCIeHHBIE ONMpene/eHns pacCTOSHUN B
70-x romax MpHUBeIN K 3aKJIIOUEHN0, UTO Hambojee BEepOsSTHOe 3HAUeH!e MOCTOSHHON Xab6ma
nexur B npenenax Hy = (50 + 75) wm/(c Mnxk). CooTBeTCTBYIOIIEE 3HAUEHNE KPUTHUYECKOI
mnotaoctn pd = 510730 + 1072 2/ca’.

[IpsivMbie m3MepeHUs mapaakcoB medewun CTajn AOCTYMHBI TOJIBKO B CaMOe TOCJenHee
BpeMs mocre 3amycka cuyTauka [unmapkoc (HIPPARCOS), HazBaHHOrO B 4eCTh IpeBHErPe-
yeckoro acTponoMa ['mnmapxa (B maTunckon Tpauckpuniun Hipparchus), cocrasusiiero mep-

BRIl KaTaJjoOr MOJIOXKEHU 3Be3n Ha HebecHoN chepe. OMHOBpEMEHHO HA3BAHUE CIYTHUKA SIB-
JIIeTCSl COKPAIIIeHNEM BBIPAKEHUSsI, Ompenessionero ero ocuoBuyio dyuknuio: Hlgh Precision
PARallaxes COllection Satellite. Tanusie HIPPARCOS yBennuunnm Bce paccrosuaus Ha 10 %.
Ceiivac cxmonsioTcs ¥ sHauennto Hy = 65 xm/(c Mnx) = 2.2-107'% 1/c unn, Gomee ocTopoxkHO,
kK 6010 xm/(c Mnx). Dromy 3uauennio Hy OTBEYAIOT 3HAUECHHS KPUTUIECKOI IIIOTHOCTH Bellle-
crBa p? = 8-107% 2/cu® u kounenTpannu “kpurmuecknx” Hykmonos 8-1073°/(1.67-107%) =
4.8-1075 1/ca?.

3. Unmepnpemayusg 3axona Xabb6aa. Xab0a OTKPBHIT MPOMOPINOHAILHOCTh KPACHOTO CMe-
IeHus u paccTosuus. KocMoaoru cpa3y ke MHTePIpPeTHPOBAJIIN ee KaK MPOMOPINOHAIBLHOCTD
CKOpOCTHU pasberanus rajakTHK TOMY XK€ PACCTOSHUIO. DTO CIAEIOBATIO U3 TOJKOBAHUS Kpac-
HOTO CMeIlleHns Kak ciencTBus sddexra [Homnepa. [leficTBUTENBHO, B IUHEHHOM IO CKOPOCTHU
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(kmaccumueckoM) TPUOINKEHUN ¢ yueToM onpenenenus (68)

)\0 - )\e v
=2 = 80
)\e & = ( )

OTKyZa I U3 yCTaHOBIeHHOTO Xab61om cooTHomeHns (79) cremyeT
v=HI. (81)

st coBpeMenHoit smoxu y nmoctossHuaoir H wamo noctaBuTh numekc (. [IpuasTeie Bo BHUMaHMe
Xa66s10M TaNaKTHKN UMeJn CKOpocTn, He npesocxomsime 1200 xa/c.

PagenctBo (81) coBmamaer ¢ BeIBemeHHBIM Bbiiie (77). 3meck mom ckopocthbio v = dl/dt
HAIO MOHNMATb CKOPOCTH U3MEHEHHs B eUHBIH MIPOBOI MOMEHT PACCTOSHUSA MeXIy TOUKaMN,
KECTKO CBsA3aHHBIMU C PAaCHINPAIOIINMCA IIPOCTPaHCTBOM. TakoBEIMU TOYKAMU CUNTAIOTCS Ta-
JJaKTUKN B CpeaHeM, T. €. IIOCJI€ NCKJIIOUEHU A X COOCTBEHHBIX IIBI/I)KGHI/Iﬁ 1 COOCTBEHHOTO OBUXKE-
Hus Hameil ["amaktukn B MecTHO# rpynne rajgakTuk. Hamo uckimounTh Takxke Bce JTIOKaIbHBIE
IBIKEHNs 3eMIIH: BpallleHme BOKPYT CBOell ocu n mo opbuTe BOkpyr ComnHIA, a Takxke IBHU-
xeHne camoro Comana BMecTe ¢ COTHETHON cucTeMOH BOKPYT HeHTpa l'amakTmkm, 4To Bcerma
IeNIaeTCsl BCeMH HCCienoBaTensmu, HaunHas ¢ Xab6ma. Coornomenne (81) Takike Ha3bIBAIOT
3akoHOM Xabba.

[TorssTh cooTHOIIEHTE (81) IIOBOJIBHO MPOCTO MCXOOS W3 TOU YK€ MBYMEPHOW MOOESIN TpPex-
MEpPHOTO NIPOCTPAHCTBA, 0 KOTOPOI TOBOPUJIOCH B IpenblayIieM naparpade. Hanpumep, ecnn Ha
cdepe mpoBemeHa HEKOTOpas OKPYXKHOCTBH U pamuyc cdepbl yBelmdnBaeTcs, TO Kaxkaas TOUKa
Ha OKPYXKHOCTH yHalgeTcs OT J1000H OpPYroil TOUKN Ha TOH XKe OKPYXKHOCTH CO CKOPOCTBIO,
MTPONOPIIMOHAJBLHON MIJINHE OYTH MEXIY HUMW, a OT IEeHTPa OKPYKHOCTU CO CKOPOCTHIO, TPO-
MOPIMOHAIILHON PACCTOSHUIO MO GONBIIOMY KPYTY 10 5Toro neHTpa. O6e ckopocTn (1 paccTosi-
HUS1) TPOMOPINOHAIBHEL YBEINUNBAIOIIEMYCS PATHYCY cdepsl. JICHO, UTO eciu pagnycsl chepsl
I OKPYKHOCTHU BeJIMKH, TO MOTYT ObITBH BeJINKHN U yKa3aHHBIE CKOPOCTHU. YICHO Takike, UTO ecyn
PACIIUPSIONIASCS OKPYKHOCTh HAXOAUTCS NATEKO OT CBOETO IEHTpa Ha cdepe (mamblie ropu-
30HTA), TO €e yIOajeHne OT 3TOrO0 [EHTPA OUYeHb ObICTPOE W UCIYIIEHHBIN ¢ Hee GOTOH He MOXKET
nouTn 1o HabIoOaTeNs, HAXOOaIIerocs B meHTpe. IIpm 5ToM oueBnIHO, UTO KapTHHA paCIIIpe-
HIS He 3aBHCUT OT BbIOOpA IeHTPa OKPYXKHOCTH Ha cdepe. Takas xe nHTepnpeTanus IPOXOIUT
I B clIydae IJIOCKOR Mo#esn: BMecTo cdepsl HAMO B3SATh IIOCKOCTE. L1 OTKPBITOH Monenu Haao
6paTh OKPYXKHOCTH, IIEHTP KOTOPOI JeXUT Ha OcU rumepOojonna, Tak Kak B OIPYTHUX CIydasx
reoMeTpus JIo6aueBCKOro He CTONB HATJISAIHA.

3ameTuM, YTO caMm TajJakTUKW U CKOIUIEHUS TAJakTHK ([0 BHYTPEHHEN CTPYKType) He
YYIACTBYIOT B IJI00AJIbHOM PACIIUPEHNN, TaK KAK OHU CBI3aHBI JOKAJTBLHON cuyion TsxecTu. Tem
605ee He paCIIUPSAIOTCI CTPYKTYPHI MEHBIIIET0 MacIiTaba, He TOBOPS yxke 00 aToMaX 1 MOJEKY-
71aX, CBSI3LIBAEMBIX AJIEKTPOMATHUTHBIMU CHIAMU.

BameTum Taxxke, uto npomssenenune Ht = sinn(n — sinn)/(1 — cosn)? npu 0 < n < 7 npn
3aMKHYTON Momenu cTporo yowisaer oT 2/3 mpu n = 0 mo 0 mpm 7 = 7, 3aTeM MOCTOSHHAS
Xab6ma u3MeHsgeT 3HAK, TaK KaK paciimpenue cMensercs cxkartueM. OmHako ceiiuac Beemennas
eIre PacIIupseTcs, Tak U4To 1) < T U YKa3aHHOe Mpou3BeneHne He Maso. [[pn oTkpeITON Momenn
Ht = shn(shn —n)/(chn — 1)* u npu uzmenernn n ot 0 10 OC HTO NPOU3BENEHUE CTPOTO BO3-
pacraer ot 2/3 no 1. Hnst momenn Ditamnreiina—me Currepa 5TO MPON3BeNeHNe TOXKIECTBEHHO
pasuo 2/3. [Tosromy 3Hauenue H xapaktepusyer Bospact Beenennoit. CoBpeMeHHBII ee BO3PACT
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nopsnka 1/Hy ~ 31017 ¢ = 10'° sem = 10 I" aem (ruranet). Takas Benuumna cormacyercs c
onpeneneHusIMI BO3pacTa 3eMHOi Kopel, ColHIa, 3Be31, TalakTUK U APYTUX 00beKTOB. IIpome-
KYTKUN BPEMEHU TMOpAOKa MUJIJINAPOOB JIET HA3BIBAOTCA KOCMOJIOTUYECKUMU. (FeOHOFquCKHe
nepmogbl — HOECATKN MUJIJIMOHOB .]'[eT.) H.]'[ﬂ Ka)KHOfI n3 MOHeﬂeﬁ MOXKHO BBIUHNCJ/INTH BO3PaCT
Bceenennoit o gopmynaMm, KOTopble OyOyT HOIYYeHBl B CICOyIolIeM Taparpade.

Kak yxke roBopmiochk, CKOpOCTb, BEIUNCICHHAs Kak mnpoussenenune HI cormacHo dhopmymam
(77) u (81), MOXKET PEBOCXOMUTE CKOPOCTH CBeTA. PaccTosHme, Ha KOTOPOM OHA PABHA CKOPOCTH
CBeTa, Ha3bIBAETCs XaO0OIOBCKUM PaCCTOSIHIEM

Iy = —. (82)

v=c—. (83)

Insa macrosiero spemenu npu Hy = 65 xm/(c Mnx) xa66n08ckoe pacctosuue [ = 1.5 - 102
em =90 I'nk =15 I' ce aem.

OObsicHEHNs CBEPXCBETOBBIX CKOPOCTEN marTcs pasanunbie. OIHO U3 HUX — 3TO CKOPOCTh
PACIIUPeHHs] TPOCTPAHCTBA, a HE CKOPOCTh MBUKEHUs Tesl B MPOCTpaHCTBe. [losToMy HeT Hu-
Yero CTPAITHOTO B CBEPXCBETOBOH CKOPOCTH HTOTO PACIIUPEHNS.

4. Unmepnpemayug coommowenud (79). B ornuune ot coero cienctsus (81) paBeHCTBO
(79) He sBslercst TouHbIM. [leiicTBUTENBHO, OymeM MCXOOUTH U3 Toil ke (opmynsr (81), c¢Bs-
3BIBAIOLIIEH CKOPOCTh PACIINPEHUS ¢ PACCTOSHUEM 0 COMYTCTBYIOIETO Tesa. s ynporienus
BBIKJIAJIKN OyZleM CUYNTAaTh, YTO B MOMEHT HAOJIONEeHNUS Ty = t(no) UCTIOIB3YIOTCST 0003HAUEHNUS C
HOJTMKOM [I/TSE BCEX BETMYMH KPOMe KPACHOTO CMeILIeHN, I MOMEeHTa BhIXoma GoToHa te = (1), )
13 NCTOUHNUKA NUCIONb3yeM HHAEKC e. Bes numexca 0603HAYAIOTCA TIepeMeHHEBIe, TI0 KOTOPLIM Be-
nercsa nuddepennuposanne n uaTerpuposanne. COOTBETCTBEHHO UMEEM PSIl TEPEMEHHBIX CO
CIEMYIOIIUMU CBA3SIMU:

dt dR dt
—p — —n —n., dy=—dn, dn= = 84
X=1y =1 Xe =1 — Mes X ndn = Ccpes = R R (84)

Kak oTMeuanoch BEIIIE, HHTErpall, KOTOPLIl BXOOUT B GopMmyiy (69), ONpenessiomnyo paccTo-
ssHue [, He 3aBUCUT OT BpeMeHu. ETo MOXHO mpeobpa3oBaTh CIEMYIOIIIM 00pa30M:

7@ ]“d ] dt "ar T dr ¢ TdRy/R) ¢ F d )
X: 7’]:0 — = C — = C 2:—/7:—/71
/ e P R(n(t)) 4 RR K4 HR RORO H R, / H(t(z")
Bmecw 1(t) — dyskuwms, obparHas mo orHomenuto K t(n). Mcnonb30BaHo Takke COOTHOIIEHNE

(68) mexmy pammycaMu KPUBHU3HBI U KPACHBIM CMEILlEHHEM. B pesyibTaTe MOJydaeM CBs3b
CKOPOCTH € KPACHBIM CMeIlleHuEeM

v = Ry z)dx = cHy O/Z #z;,)) (86)
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[ToncraBus 5Ty ¢BsA3b B opmymy (81), HailmeM COOTHOIIEHNE MEXAY PacCTOSHUEM 1 z [6]:

rdy
| = cO/ yGENs (87)

Beruncienne wHTErpana HaLO MPOU3BOMUTH MOCIE TIPUHATUS KOHKPETHOH MOIETH.

Bo MHOruX pyKOBONCTBAX MO KOCMOJIOTUE, HE TOBOPS YXKe O MOMYJSPHBIX U3IAHUSX, Pa-
BeHCTBO (79) CBA3BIBAIOT ¢ mpomonbHBIM dbdekTom Hommepa. Kak mokasbiBaeT mpuseneHHas
BBIKJIAZIKA, 1es0 obcTonT craoxuee. Dddext [lommepa OMuCHBACT N3MEHEHNE TACTOTHI DU JABU-
KEHIU B MPOCTPAHCTBe—BpeMeHn MUHKOBCKOTO ¢ €BKIMIOBBIM TPEXMEPHBIM POCTPAHCTBOM.
Kocmomnornueckne e MOLEIN COOTBETCTBYIOT PACIINPSIONIEMYCs TPOCTPaHCTBY. OnHAKO ecn
Z HE OYEHb BENINKO U 3aBUCUMOCTBIO H OT z MOXKHO TpeHebpeub, TO cooTHomieHue (86) me-
pexonuT B paBeHcTBO (80), a dopmyna (87) coBmamaeT ¢ MCXOmHBIM 3akKOHOM (79), Tak 4TO B
IPUOIIKEHIN MaJIbIX (IO KOCMOJIOTMYECKHM MacinTabaM) pacCTOsHU 3akoH (79) BBIIOJIHS-
ercs.

§ 5. IIpo6sema BuIGOpa Momen

1. Ilpobaema maccor 60 Beeaennot. Ecnu noctosuras Xab6ma Tenepb M3BECTHA C TOYHO-
CTBIO MMPUMEPHO [I0 HEeCITH TMPOIEHTOB, TO 3HAUEHNE BTOPOW KPUTUUECKON BEJIMINHBI — Tapa-
MeTpa 3aMelieHns — ropasmo Gomee HeompeneneHHo. CremoBaTenbHO, HESICHO, KaKas MOIENTH
6omee amekBaTHA BcenmeHHOI: 3aMKHYTas, OTKPBITAs UAN TIOCKas. Takoe MOMTOXKEHUE CBI3aHO
Tpexkae BCErO C TeM, UYTO OYeHb TPYIHO OMPENe/INTh COBPEMEHHYIO CPEOHIOI0 MIIOTHOCTh MaTe-
pumn.

Ecnu npuamMaTh BO BHUMaHUE TOJBKO BUAUMBIE YACTHU TAJaKTHUK, T. €. CBETSIIIIEECS BeIlle-
cTBO, To monydaerca 0. = 0.012. ITo6aBmeHNe CKPHITOTO BEIIECTBA, 00ECTIEUNBAIOIICTO TIPa-
BIJIBHYIO KPUBYIO BpaIlleHNUs TaJaKTUK, YBEJINUNBAET 3Ty BEJIUNUUHY 110 anl = 0.04-+-0.05. Ecnu
TOTTYCTUTh, YTO CKONJIEHUS TAJAKTUK SBIASIOTCS TPABUTANNOHHO CBSI3aHHBIMU W MIJIS HUX BBI-
nosiHsgeTcs Teopema Bupnaia, To noiayuntces QY = 0.25. Ouesnnno, M0 3aMKHYTON MOIe/n Bee
ATO He HNOTATruBaeT. B HacTosIIee BpeMsi TPUHITO, YTO OApPUOHHAS COCTAaBIsIONIas BeeleHHoil,
T.e. GaKTUYCCKN HYKJIOHBI, BHOCUT B INIOTHOCTH Macchl p) = 2 - 1073 2/cm®, uto cooTser-
CTBYeT TWIOTHOCTH UHCIAa HYKTOHOB pf/my, = 1.2 1077 1/cw® m Q, = 0.025. (Hanomunwu,
4TO GapUOHAMY HA3BIBAIOTCS aIPOHBI C TMOMYIEIBIM COINHOM: HYKJIOHBI, THIEPOHBI I HEKOTOPHIE
pe3oHaHCH. ATPOHBI — 00IIlee Ha3BaHUE CeMENCTBA YACTUIl, YIACTBYIOIINX B CHJIBHOM B3aMMO-
neiicteun. Hapsny ¢ 6aprmoHamMu 5TO ceMelCTBO CONEPKUT MH-MEe30HBL. )

B cBa3m ¢ BompocamMmu 00 yCTOWYMBOCTH TajJaKTUK W CKOIJICHUN TAJaKTHK, & TaKXKe 3a-
MKHYTOCTH WU OTKPHITOCTH BcemeHHON BO3HUKAaeT mpobGiieMa CKPBITOH MAacCChl, T.e€. HAJTTUIUS
Bo Bcenennoit TeMHOro BeriecTBa, KOTOpoe MBI He BunuM. O6GCYKIATNCH MHOTUE BO3BMOXKHOCTH:
HEHyJIeBask Macca HeMTPUHO (HO OHA, maxe ecin He paBHa 0, CTONIb Maja, 9TO MOYTU HE BIHUSET
Ha CPENHIOK MJIOTHOCTH), 0COObIE BjIeMEHTapHBIe YACTHUIbl (AKCHOHBI, HENTPAINHO, HOTUHO U
Ip., TOKa He HAGTIONABINNECS HU B Ja0OPATOPUH, HU B KOCMOCE), MHOTOUNCTICHHBIE ClaGble U
HEMOCTYIHbIE HAGTIOACHUSAM HEHTPOHHBIE 3BE3MBI U MOTYXIINE 3Be3bI (KOPUUHEBbIe KAPIIUKIH),
Teja TUMA TJIaHEeT UIN MePBUYHBIE YepHBbIE MBIPHI MaJBIX Macc. [Ipobnema ocTaeTcs HepereH-
HOM, eil MOCBSIIaeTCsI MHOTO paboT (PU3NKOB M aCTPOPU3NKOB.

IIBa crmocoba ompenesieHns mapaMeTpa (o U3 HAOIIOMIEHNH HA3ZBIBAIOTCS KJIACCUIECKUMU Te-
cravu. ONWH U3 HOX 3aK/II0UAETCS B COMOCTABIEHNN BUINMOI MOJTHON CBETUMOCTHU OMUHAKOBBIX
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NCTOYHNUKOB M WX KPACHOTO CMEIIEHUS 2, MPU MPUMEHEHUHN IPYTOTO C 2 COMOCTABIISIETCS YTJI0-
Boil muameTp oO0bekToB. CkaxeM 06 »>ToM mompoOHee. OmMHAKO CHAYAIA TOJYUNM HEKOTOPBIE
(hOpMYIIBI, BEIPAKAIOIINE PA3JINIHbIE BEJINUNHBI Yepe3 KPAcHOe CMeIleHne n MoCTossHabIe Hy u
QO JIA MOI[GJ'IGﬁ C IIBIJIEBUOHBIM BEIIIECTBOM.

2. @opmyavt ¢ z. HauneM ¢ BBIpAXkKeHUs Il COBDEMEHHOTO 3HAUEHNUS PAINYCA KPUBU3HEL.
Cornacuo ompenenenusMm (53), (68) u (54) u3 3akoHa coxpaHeHus sHeprum (21), 3anucasHOrO
7151 HACTOSIIIET0 MOMEHTA, HAXOMUM

. 8tG 8tG
Rf — ——poRy = HyRj | 1~ Q2P| = HiR3(1 — Q) = —ke’. (88)
3 3H;
Orciona cnemyeT, 94TO
_c 1 (89)
Ho /|1 — Q|
B cayuae mnockoit momenu §2 = 1 u pagmyc KpuBU3HBI GeckoHeueH, a [y — 5TO mpocTO Mac-

mTabHBIN GaKTOP.

Teneps BrIpa3zuM uepes Te ke BEJINUNHBI MOCTOSHHYIO Xabbjia B MPOU3BOIBHBIN MOMEHT
Bpemenn t. [{51s1 5TOTO, 3anucaB 3aKOH COXPAHEHUST YHEPTHUN /ISl IBYX MOMEHTOB t 1 (), TIOIEIUM
OIHO paBeHCTBO Ha mpyroe. [lomyumrcs

R? - 87GpR*/3 R*H?/Hi —8nGp/3H; 1 H*/Hj — Q1+ 2)°

- = = —1. (90
R —81GpoR3/3 R§ 1—8nGpy/3Hj (1+2)2 1-Q (90)

3mech MCMOMB30BAHO TakXKe OUEBHIHOE CJCACTBUE ompemenenus z: p = po(l + 2)°. Paspemns
nocreqHee paBeHcTBO B nenouke (90) orHocuTensHo H, momyunm

H = Hy(1 + 2)y/1+ 28. (91)

ITanee, u3 ypaBHeHUs mJIs IIIOTHOCTH BemecTBa (19) BbITekaeT

, d

p=poz(1+2)" = =3Hpy(1 +2)". (92)
C yuerom dopmynst (91) oTciona ciegyeT cOOTHOIICHNE MeXKIY MuddepeHinasaMn BpeMeHn 1
2

d d
: unun Hydt = — :

+ 2 (14 2)2/1+ 290

OTo nuddepennnanbHOe YpaBHEHNE MOXKET OBITh HPOMHTEIPHPOBAHO B HJIEMEHTAPHBIX (QYyHK-
IUSIX TS KaXKOOW M3 KOCMOJIOTUYIecKnX momeneit. s momeneit 6e3 naBiaeHUs MOJTydaeM

\/1+ZQO QO \/I—QO

— arth

A=)z +1) (1= " T 200
=1 (94)

Hit = — (93)

;QU<1:

Hot ==

arct -1 — L+ 28 Qg > 1
L — 12 A0, (—1(z+1) 7



roe arthz = (1/2) In((1+2)/(1—z)). B wactrOCTH, BO3pacT BeeneHHO HA COBDEMEHHYIO SIIOXY

(1 Q | 14+ /1=
— n
—Q 21— 1-I-1$

mpu  Qy < 1,

Hotg =

Wl N

npn QO = 17 (95)
Q 1
L Warctgwﬁg—l—ﬂo_l npn Qo > 1.

[Ipencrasnser nHTEpEC HAMTH 3aBUCHMOCTH CKODOCTHU PACIINDPEHUS OT 2 COTIIACHO HOPMYIIe
(86). s momeneit 6e3 maBieHus

( 2c Z\/l—QO

———arsh npn (g < 1,
VI—Q, ) VI+2(V1+Qez+1) it
cz
= npu =1, 96
v VItz(V/Itz+1) i (96)
Larcsin Vi1 opn ()5 > 1
[ V-1 VI+z2(V/1+Q2+1) PR s

Hanomunm, uto arsh z = In(x 4+ /1 + 22). Vcnons3ys o6o3uauenne (35), dopmyinsr (96) MoxHO

3ammucaTh KOPOYe:
N U\/|1—Qg| _ z ‘1—90‘ (97)
e 2 VI 2T+ Qoz+ 1)

[To mpuBemenHBIM (QOpMYJIaM MOXKHO OIEHUTH KPACHOE CMeEIeHNUe 2y, COOTBETCTBYIOIIee Xab-

OJI0BCKOMY PacCTOSIHUIO [y, Ha KOTOpoM v = ¢. B myiockoit momenu zy = 3. ['amakTuku ¢ Takum
7 GOJTBITUMU KPACHBIMU CMEIIIEHUSIMI HAOTIONAI0TCsI, HO HUKAKUX MPOTUBOPEUN B 9TOM (DaKTe

HeT. Korma ¢oToHBI, momenrme 00 HAC ceiivac, OBIIM M3IYUYEHBI, STU FAJTaKTUKN HAXOMUJINCH
ropasno OJamxKe.

Haiimem, HaKOHeII, CBSI3b KOOPAMHATHL X € 2. VI3 ypaBHeHns pacnpocTpanerns GoToHa ds? =
Adt? — R*dx? = 0 maxomnum

dt 1+2 1 dz 11— Qy

R — = dz.
R ¢ Ry Hy (142214290  (142)V1+2Q ‘

[Tepen muddepenimaaom BpeMeHHN B3ST 3HAK MUHYC, TaK KakK OOJBINNM 3HAYEHUSIM 2 U Y OT-
BEUAIOT MEHBIINe BpeMeHa. MHTerpan ot mpasoii uacTu cooTHomenus (98) TOT xke, 4TO U B
paBercTse (86), HO dyHknUs crneBa B hopmyie (97) pasua ax(y/2). Ecnu nepeiitu x pyHKIUIN
ar(x), TO MOXHO HamucaThb enumHyH (HopMmMysnry MarTTura, KOTOpyH OOBLIYHO BEIPAXKAKOT Uepes3
napaMeTp 3aMeIJIeHUs (o'

() = 2 T Tz YIL= 200 1oz = D+ (00— 1)V TH 2402
TV VIR 2 T T4 -

HexoTopbie 13 mOTYyYeHHBIX BBIPAXKEHUI TOTPEOYIOTCS HAM Oajee.

dxy=—c

(98)

(99)

3. Kocmonoeuueckue mecmol. ITU TECTHI HOIKHBI OTBETUTH HA BOMPOCHI, 3AMKHYTA WJIH
HeT Haia BceenenHas, ueMy paBHBI KOHCTAHTHI, XapaKTEPU3YIOIINEe ee MOIEIN.
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[TepBoHAUATBLHO TPUMEHSIINCH MBA KIACCUIECKIX KOCMOJOTUUECKUX TeCTa.

1) Tect BumuMas SpKOCTH — KPACHOE CMeIreHne. IlyCTh rajakTuka UMeeT KOOPIUHATY Y
II0 OTHOIICHUIO K HAM U CBETUMOCTBH (T. €. IMOJIHYI0 MOIIIHOCTBE I/I3nyqu1/I$[) L. Mu1 ee nabmio-
naeM B MOMEHT g = t(%)- Torpa nmomank cepsl, Ha KOTOPYIO PACTEKAETCsl U3JIydIeHUe HTOM
rajlaKkTUKA, PABHA 47TR% a%(X). OHeprust M3y YeHust, NCIYyCKAEMOr0 NCTOYHIUKOM, B TAHHOM CITy-
Uae TAJIAKTUKOM, KAK YKA3LIBAJIOCH BHIIIE, OCIAGIAETCS 38 CUeT YMEHbBIIEHNUs SHEPr Uil (4acToT)
BcexX (DOTOHOB B pe3ylbTaTe KPacHOTO cMelleHud B 1 4+ 2 pa3 U Ha TOT XKe MHOXKHUTEb 3a CUeT
TOTrO, YTO OTHEJbHBIE (DOTOHBI pexke MPUXOMSIT K HAOIIOIATENI0.

TaKI/IM 06pa30M, BUOnUMad IMOJIHasA CBETUMOCTD I'aJIaKTUKIN C €eOUHNIBI IIJIOIIa N Heba

L
AmRg ag (x) (1 + 2)*

Ora BeaWUMHA U €CTh BUAUMAs OOOMETPUUECKAS SPKOCTh, 0 KOTOPOil ToBOpmIOCh Boimie. Co-
OTBETCTBYIOLLIEE el paccTosHMe coraacHo pasencTsam (99) u (89)

c
Hog? [QUZ+(q0_1) (\/1+2<JUZ—1>
040

Habmromast masexne raqakTHKN 0 W3Mepss NX BUANMBIE 3Be3IHBIC BeJIMINHBI, a 3aTeM mepe-
BOIS X B CBETUMOCTH (XOTs GBI OTHOCHTENIBHEIE), & TAKXkKe ONPEeIesisis NX KPACHBIE CMEILeHNU,
MOXKHO OBITIO OBI IO TOMY, OPH KaKOM 3HA4YeHNN o HAMIYYIINIM 00pa3oM BBHINOIHAETCS COOT-
wowrerne (100), cyaurs o Benmumue 5Toro mapamerpa. OmHAKO A/ 5TOTO ONSATH HANO 3HATH
HACTOSIIYIO CBeTUMOCTD TaJaKTUKM, T.e. BRIOpATh CTaHOAPTHYIO cBedy. Ha 3ToM myTn okasbl-
BAIOTCs 3HAUNTeIbHBIE TPyAHOCTH. OIHA W3 HUX y2Ke YIOMHUHAIACh, 9TO — OTCYTCTBUE TEOPUN,
ONUCHIBAIOIICH HBOMIONNIO TaJakKTHK M, B YaCTHOCTHU, UX CBeTUMOCTH. lIpyras TpymHOCTH 3a-
K/TI09aeTcs B TOM, UYTO IPHM BBIOOpEe CTAHOAPTHOH CBeYN B yHaJdeHHOM CKOIJICHHM TaJIaKTHK
JerKO OmMONTHCS, MPUHAB 3a Hee Oosiee APKYIO FaJlakTUKY, TPUHAMICKAIIYIO, BO3MOXKHO, He K
TOMY CKOIJICHUIO.

L= (100)

lbb:RU ak(X)(l—FZ): . (101)

CoryacHO ABYM HCCIENOBAHWSIM 5TOTO Tecta aubo ¢y = 1+ 1, aubo ¢y = 0.33 £ 0.68.
YayumuTs pe3yabTaThl yOAaI0Ch B MOCTeNHUE TOABI, HO He MO TaJlaKTUKaM, O UeM CKaxKeM
HUXKeE.

2) TecT BUOUMBLI pa3Mep — KpacHOe cMertenne. [Ipyrum cnoco60M yTOUHEeHUs BeTUINHED
Gp MOXKeT CIIYXKUTh BTOPOHU KJIACCMYECKUH TECT, 3aKII0YAIOIINNCS B M3MEPEHNN YTJIOBBIX IHNa-
MeTPOB UCTOYHUKOB B 3aBUCUMOCTH OT UX KPACHBIX CMeIIeHU.

Ecnu ucTouHMKM MMEIOT OOMHAKOBBIN pa3Mep [, TO WX BUAUMBIN yTJIOBON TUAMET]

D
0= (102)
lad

rme paccTosHue [,q naercs dopmyioit (71). U3 coorHomenus (75) MeXKIY IBYMS PACCTOSHUSMIE
HAXOIUM

laa = R(,) ar(x) = 1]102 ag(x) = ﬁﬁqg Qo2+ (g — 1) (\/1 +2qpz — 1” . (103)
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B xauecTBe NCTOUHUKOB OMHOTO pasMepa Gpanu sapa 60raThIX CKOMJIeHUH TATAKTHK. JDTOT
TecT MOT ObI MPENOCTABUTL HE3ABUCUMYIO BO3ZMOXKHOCTH ONpENeTnTh mapameTp ¢g. OmHAKO u
310eCh BOBHUKAIOT TPYAHOCTHU, AHAJOTUYHBIE YKe YIOMSHYTHIM, U yIyUIIUTh Pe3yabTaT HE yOa-
eTcsl.

4. Cospemennag duaepamma Xab6aa. B mocnennee BpeMs B CBA3M ¢ TEXHOJOTUUYECKUM TIPO-
rpeccoM MOSBMIACH BO3MOXKHOCTE HAOMIOmaTh Oojee ciaabble, a CIIEOOBATEIbHO, OOjIee majaeKne
00beKTH. B wacTHOCTH, ompene/eHBl BUANMBIE SPKOCTU CBEPXHOBBIX 3BE3 B YIAJECHHBIX Ta-
nakTukax. M3BeCTHO, 9TO y HEKOTOPHIX CBEPXHOBBIX (Tuma la) kpuswle Grecka u, uTo Gojee
BaYKHO, CBETUMOCTHU B MakcuMyMme Ojiecka oueHb Ou3ku. Kpome TOro, cuuTaeTcs, 9TO MPOIECC
B3PBIBA CBEPXHOBOW HE 3aBHCHUT OT BO3pacTa TAJAKTHUKW, a OMPENesieTCss TOIBKO CTPOEHWEM
3Be3nbl. [lopTOMYy Takme CBepXHOBBIE MOXKHO paccMaTpUBaTh KaK CTaHOApPTHBIE cBedn. [lo HUM
BenmumuumHa {2y OKasbiBaeTcs Oau3koit K (.2, Tak YTO MO BTUM JAHHBIM HAIIl MU, CKOpee BCEro,
SBIISIETCS OTKPBITHIM.

OmHako HA CaMBIX OOJIBIINX PACCTOSHUSAX, B HACTOSIIEE BPEMsl MOCTYIHBIX HAOJIIOMIEHUSIM
Ha 2-METPOBOM 3ePKaJIbHOM KOCMIYECKOM TellecKorme nM. Xab6ma (OKOJIO COTHM CBEPXHOBBIX
B FaJlaKTUKAX C KPACHBIME CMEIEHUSIMHI 2 ~ 1), HAGMIOMAeTCss OTKIOHEHNe OT MOMeNell mpu
A = 0. Habmomenus kax OyITO yKa3BIBAIOT HA TO, UTO HTa MOCTOSHHAS OTANYHA OT ()

CoBpemennas aumarpamMma Xab607a mpencTaBieHa HA puc. 6,¢, TOCTPOEHHOM IO MTaHHBIM
paGoTw [7]. To ocam oTnoxkenst lg z u Benuuuna Dy, = 44.832 + 51g(2Hoq2 1y /c), rae Ly, —
paccrosiHue mo 6ojioMeTpuueckoi cBetuMocTu. Bemuunna Dy, paBHa pasHocTH HAOIIOIAEMO
1 abCOIOTHOH OOTOMETPUUECKUX 3BE3MHBIX BEJIMUNH, NPUMEHSIEMBIX B aCTPOHOMMUN.

Tpu xkpuBBIe TOCTPOEHBI I MOMENEN THIIEBUIHOTO BEIIECTBA C PARINYHBIMU 3HAUCHUSIMUI
D m Q) = *A/3H?. Huxusaa m BepxHss KPUBBIE COOTBETCTBYIOT IIOCKOMY MPOCTPAHCTBY,
a CpemHsiss — OTKPBITOMY, TIPUYEM CPeHsIsS W HIKHSS TOCTPOEeHBI 0e3 yueTa BIUSHUS BaKy-
yma, T.e. mag Q) = 0 u, coorsercrenno, QY = 0.20 u 1.00. Tlpu pacuere BepxHeil KpuBoil
npunsaTo, uto Y = 0.24, O} = 0.76. Ha puc. 6,6 nuarpammva nana B yBeJUIeHHOM U HOPMaJIU-
30BAHHOM IO OTHOIIEHUIO K CpemHell KPUBOi BuAe. TaM e yKa3zaHBl TOUKH, COOTBETCTBYIOIINE
HAOIIONIEHUSIM, U CPeIHUe OMUOKY (yCbl Uil error boxes).

B camoit mpaBoii wacTu mmarpamMMbl HaOTIODAeMble TOUKH, TOJYUEHHBIE TI0 CBEPXHOBBIM,
MOMHNMAIOTCS HAO ABYMS HIDKHUMW KPUBBIMU U OOJIbIIIE COOTBETCTBYIOT BepXHEN KPUBOI, ITO
maeT OCHOBAHMS K BBIBOAY O OOJIBINIOM BJIMSHUM KOCMOJIOTHMYECKOTO CJIaraeMOro WU, CJIelIoBa-
TeIbHO, BaKyyMa. Bo3MOXHO, UYTO B HACTOSIIEEe BpeMs MMPOUCXOMNUT HE 3aMelJIeHIe, a YCKOpPeHue
pacIIupeHns: TpOCTPAHCTBA.

Hanmomuuwm, uto noctpoernas 9. Xab6mom B 1929 rony mepBoHauaabHasS AUATpaMMa COCTaB-
JIsleT caMylo JIEBYIO M HUXKHIOK 4acTh COBpeMeHHON muarpammbl 1o z &~ 0.004 (Igz ~ —2.7) u
He moMmecTusach Ha pucynke. K 1936 rony nmarpamma 6sii1a nponoskera mo z = 0.1.

Bce paccmoTpenHBIE M0 5TOT0 KOCMOOTHUecKne 3hGeKThH HOCUIN XapakTep TeoMeTpude-
CKUX U MEXAHUUYECKNX (KMHEMATHUYECKUX W NUHAMIYECKUX). J[Ba CAMBIX YOEMUTENbLHBIX CBUIE-
TeNbCTBA B O3y Topsueil Momenu Beenennoit — penukToBoe uznyuenne (PU) u nepBonauamb-
HBII HYKJIEOCHHTe3 — obcynnm oTmenbHo. VIx monpobHoe obcyxmeHnme TpebyeT pacCMOTPEHUS
(usnueckux mMpoIeccoB B panuein BeemenHoil.
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§ 6. CocTossHUE MaTepuu Bo BcesleHHOI B pa3HbIe 3II0XU

1. Peauxmosoe usayuenue. B »ToM maparpade mpuBemeM HEKOTOpPBIE CBEOEHUS O COCTO-
SHUU BeIeCTBA U W3JIy4ueHus BO BcejeHHON B paMkax cTaHmapTHoil momenu. Hawunem c¢ co-
BpeMeHHOCTH. HecMOTpst Ha OTKPBITHS KBa3apOB, MyJILCAPOB U NPYTUX MHTEPECHBIX 00BEKTOB
npefcTaBiIeHnss 0 GOpMaxX CYIIECTBYIOIIETO BEIIECTBA B COBPEMEHHYIO SIIOXY B HAyKe 3a IO-
clemHee CTOJeTHe KOPEeHHBIM 00pa3oM He m3MeHmIuch. Mexny TeMm, Kak OKaszasloCh, OCHOBHOM
hopMOIl W3TyUeHNs B CMBICIIE, O KOTOPOM CKaXXeM HIUXKe, SIBIASeTCS TelJ0BOe PaImou3iIydeHue
¢ TemmepaTypoit okoso 3 K, HazeiBaeMoe pennkToBbiM m3nyuenuem (PU).

PN 6wvim0 otkpeiTo ciayuaiitno. B 1964 romy nBa corpymuuka dupmer “Bell Telephone
Laboratories” Apuo Ilenmsmac nu PoGepr Busicon 3aHmMaanch mMOATOTOBKOI CBOEH OUYEHB UYB-
CTBUTENBHON MPUEMHON anmapaTyphbl ¢ HU3KIM YPOBHEM IITYMOB, paHee UCIOTb30BABIICHCS TS
CBSI3U CO CIOYTHUKAMU, K M3MEPEHUSIM HepephIBHOTO m3nyueHns ['amaxkTtukm Ha BoHE 20 CM.
Onuako ns YyTOUHEHUS YPOBHS IIYMa aHTEHHBLI OHUM HACTPOUIM MPUEMHUK Ha BOJHY 7.3 cM 1
HAPABUJIN AaHTEHHY HA COBEPIIIEHHO TeMHBIN yuacTok ['amakTuku. [[punsaThIil curaanm okasasics
HeOXUMAaHHO GosbinM. OKOJIO TOMAa OTKPBIBATEIN MEPENpPOBEPS/IN CBON HAOIIONEHNs, MOKA HE
ybenuanch B HeammapaTypHOM MPONCXOXKICHUN CUTHAIA, MHTEHCUBHOCTH KOTOPOTO HE 3aBUCeNIa
HII OT HAIIpaBJIeHNUs, HI OT mosioxkenus CoTHIIA, 3eMIN 1 aHTeHHBI. TIaTensHoe n3ydeHne moka-
3aJ10, UTO HTO (DOHOBOE M3IyUEHNE, HE NMeIoIlee KaKuX-1100 JOKATBHBIX NCTOTHUKOB, a UAYIIee
PaBHOMEPHO CO BCEX CTOPOH.

O mabmionenusx y3uann yuactauku npyroit rpynnsl (Po6ept Hukke, ®umunn [Tubiac n op.),
CO3HATETLHO TOTOBUBIIIEH aHAJOTUYHBIE HAOTIOMNEHNS IS TPOBEPKU BBIBOJIOB T€OPUHN BOMBIIOro
B3peiBa, 0CHOBOMOIOKHUKOM KOTOpOil 6611 [eopruit Autonosuu I'amos (1904-1968). TeopeTu-
Yeckas CTaThs DTOH IPYNNBI ObITA OMYOJINKOBAHA B TOM YK€ HOMepe, UTO U pe3yabTaThl HaOT0-
nennii [lensunaca u Buncona. B ckopom BpemeHu u sTa, BTOpas rpyIna Moayun/ia HaOIIOIeHUs
PU uma Bosmue 3 cm ¢ Temnu xe cBoiicTBamu. Oroxnectsiaenne PU ¢ oxmaguBimmMcest n pa3pekeH-
HBIM U3JIyYEeHNEM TIePBOHAYAIHLHOTO OTHEHHOTO Iapa ObII0 TPUHATO acTpodu3nkaMu cpasy. 3a
otkpuiTue PU Ilersmacy u Bumncony Obina npucyxnena HobGemeBckas mpevus mo ¢usuke 1978
roma.

CremyeT OTMETHUTH, UTO YKa3aHUs HA CYIIIECTBOBAHWE TAKOTO U3JIYUEHUS OBIIN M3BECTHEHI
ropasno paubiie ero oTkpoeiTus. Eie B 1941 rony 661710 00HAPYKEHO, YTO MEXK3BE3IHBIE MOJIe-
kynael CN moryiomaoT u3nydenne 38e3/1, HaXOmsICh He TOJIBKO B OCHOBHOM CBOEM COCTOSIHUU, HO 1
B BO30YKIOEHHOM C TeMIepaTypoil Bo30yxmeHus okono 2.3 K. JIums B 1966 rony ymamocs o0bsic-
HUTH UCTOYHUK BO3OYXKIEHUs: OH OB cBs3aH ¢ PU. Ymomsauem 3mech Takxke, YTO BIEPBBIE 3TO
n3nyuenne HaGmogan0ch Ha Bonbmom ITynkoBckoM pamuoTeneckone B Koume 50-X romoB (pe-
3yabTaT ony6nnkoBaH B 1957 romy), OMHAKO TOYHOCTH STUX HAGIIONEHWUI OBIIa HEIOCTATOUHA 1
X 3HAUEHUe OleHeHo He ObiIo [8, ¢. 152-153]. CnekTp u3nyueHns B 5BOIIOUUOHUDPYOLIEi Bee-
nenHoit 6b11 Brepsble paccunTtad A. . Hopomkesuuem u W. II. HoBukoBeim B 1964 romy. Umn
OBLI0 TIpenckazano, uTo PU B pammoobmacTu mpeBOCXOMNUT BCE OCTAJIbHBIE BUOLI (DOHOBBIX W3-
JydeHuii u nocTynHo HabmomenusM [1, c. 148], Ho u sTa pabora He GbIIA 3aMEUCHA BOBPEMSI.

K 1972 rony cBoiictBa PU 6v1mu monTBepxaeHsbl HabmogeansMu 60see 15 rpynn HabI0ma-
Tesneit Ha miawHaX BoJH 0T 0.27 mo 73.5 cm. B 1975 rony mabmiomennst Gb1In TPOMOJIXKEHBI 10 00-
TACTHN IJIIH BOTH OKO70 0.1 MM, KOTOpas JeXKNUT HIKe 9acTOTH MakcmMyMa PU vy, = 1.6-10"
1/¢, uTo cooTBeTCTBYET AMUHE BOMHBL 1.87 M.

OTo m3nyUeHne NeiCTBUTEIBLHO 3aIMOJHAET BCE MPOCTPAHCTBO U UIET PABHOMEPHO CO BCEX
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cTopoH. OHO IMEeT YUCTO YePHOTENBHBI CIEKTP, T. €. OMUCHIBaeTCs dyHnkuuein [Inanka ¢ Tem-
nepatypoit Ty = 2.72774+0.002 K n mogunHIeTCSI BCeM ero 3aKoHaM. B cooTBeTCTBUNT ¢ 3aKOHOM
cMettienns Buna pacrnosaraercs ee makcumyM, B 1 cu® maxomnres 0.244(Tokg/ch)® = 411 pe-
NUKTOBBIX (OTOHOB ¢ obImeil sueprueit (87°kg/15h3c3) Ty = 4.17 - 107" spe (wnm 0.25 5B) n
maccott phr = 4.63 - 10731 2, uTo 3HAUMTENTBHO MeHbIIe cpeHell TIOTHOCTH BeIecTRa.

PU u 10 m3nyuenwme, 0T KOTOPOTO OHO MPOM3OILIO, BCETIA UMENN IJIAHKOBCKHUN CIIEKTP.
IleiicTBUTENBHO, CIIEKTDP, KOTOPBI MbI HAOIIONAEM Ceiiuac, COOTBETCTBYET TeMmepaType Ty =
2.7 K. B mmTepBane wacToT dvy OKOj0 4WacTOTH vy B PU B 1 cm® comepxurcs smeprus
(47 /c) By, (Ty)dvy. B smoxy, koropas ceitdac oTBedaeT KPACHOMY CMEILEHUIO Z, HTOT yda-
CTOK CTEeKTpa mMen 4actoty v = (2 + 1)1y, mnotrocts sueprun (47 /c) By, (Ty)dvo(z + 1)* =
(47 /c)B,((z + 1)Ty)dv u mporszxennocts dv = (2 + 1)dvy. Takum o6pasoM, CIEKTD B 9HOXY 2
OB YepHOTETBHBIM ¢ Temmeparypor T (z) = To(z + 1).

DTOT BBIBOI CJIEYeT U U3 MHTErPAIbHOTO COoTHOMeHns: — 3akoHa Credana—Bonbumana,
COTJTACHO KOTOPOMY INIOTHOCTE 3HEPTUH M3JIyUeHus, 06paTHO mponopruoranbaas R, mpn TP
nponopuuonanbha T, Tak uto T(z) = Ty - (2+1) n B paHHEe 510XM pacIMpPeHns GBUIA BBICOKA.
[TosTOMY paccMaTpuBaeMble MOIEIN HA3BIBAIOT BCE BMECTE TOPSIUeil BCETCHHOI.

2. Coommuowenue mexncdy naomuocmuio sewecmsa u usayuenud. [lmoraocts macesr PU,
KaK MbI BUEJIN, 3HAUNTEIHHO HIKE KPUTUIECKON TJIOTHOCTHU BEIIIECTBA U [TayKe TIJIOTHOCTHU BU-
IUMOTO BEINIeCTBA, a MMEHHO Ha MHOKnTenn nopsanka 10~% m 1073, Tax uTo BKIama B MIOTHOCTD
Maccel PU we naet. Onrako mmoTHOCTS SHeprun PY 3HaunTenbHO 60MbINE pa3Ma3aHHOM 0 MPOo-
CTPAHCTBY MJIOTHOCTH SHEPTUN U3IYUEHUs APYTUX UCTOUHUKOB BMecTe B3ATHIX. [lo mnoTHOCTH
yncia GOTOHOB CAMBIMU MOIITHBIMU SIBJISIOTCS PAIMON3/IyUeHNE TajJakKTHK 1 WHDpPaKpacHOe 13-
nayueHue meln Hatenn ["amaktuku, a Takxke cmeriennoe B UK obmacts nsmyuenune kBa3apoB —
npumepHo 1 GoTOH B KyOUKe, YTO 3HAUUTENHHO MeHbIe, ueM y PU. Ho maxe u mo mpoTHOCTH
SHEPTUU BCe NpPyTue NuamnazoHbl BMecTe He mpeBocxomsaT 0.05 penmkToBoro.

CoBpeMeHHass KPUTUYECKAS MIOTHOCTbH MAaCChl COOTBETCTBYET IJIOTHOCTHU UUCTA HYKJO-
HoB 4.8 - 107% 1/cm®, Tax uto ma 1 “xpuruueckuii” mykson npuxomutces 1.2 - 10° penukToBBIX
doroHoB. OTHOIIIEHNE XKe YNCIIa PeATbHBIX 6aPUOHOB (HYKJIOHOB) K YHCILY PEJINKTOBBIX (GOTOHOB
pasro 1.2 - 1077/400 = 3- 10717

[Tockonbky coBpeMeHnHBIH ciekTp PU ¢ orpoMHOIl TOYHOCTBIO YUCTO UEePHOTEIBHBIN, a 3a
OOMBIIIOH TPOMEXYTOK BPEMEHU OHO HU C UeM He MOTJIO PearmpoBaTh, HTOT CHEKTD IOTKEH
OBITT OBITH KOT1a-TO cPOPMUPOBAH. 3HAUNT, KOTHA-TO CYIIECTBOBAJI IEPUOI, BO BPEMSI KOTOPOTO
u3IydYeHne W BEIIeCTBO HAXOMU/INCh B PABHOBECUM, TOUHEE, B TEPMOIUHAMUYUECKOM PABHOBECHH
(TOP). SlcHo, uTo TOrma MIOTHOCTH MAaTEPUM W TeMIepaTypa HOJKHbBI OBIIN GBITH OPA3Io
OOTBIITNMH.

HeficTBUTENBHO, YUCIO YACTUI, U3 KOTOPBIX COCTOUT BEIIECTBO, W YUCIO (POTOHOB UBILY-
YeHUs B TeUYEHUE MOJITOTO BPEMEHU He U3MEHSIUCH, & 00beM YBENUUUBAJICS BCIENCTBUE KOC-
MOJIOTHUecKoro pacinupenusi. [losToMy KoHIEHTpanuu 4acTuil u GOTOHOB, ONUHAKOBO MPOMOP-
unonanbhbie 1/R? o (2 4+ 1)3, B npommom Geutn 3HaunTenbHO Gonbine. OOHAKO MIOTHOCTH
HHEPTUN BEIIECTBA U UBIIYUEHUs N3MEHSJINCH MO-PA3HOMY, TaK KaK SHEPIUU HePeIITUBUCTCKUX
YaCTUI — 3TO IPOCTO UX MACCHI, YMHOXKEHHEIE Ha ¢, a MacChl He MeHSIOTCS, SHepTun xe GhoTo-
HOB BCJIEICTBUE PACIIupeHus BceneHHOl, TPUBOMSIIETO K KPACHOMY CMEIEHUI0, YMEHBIIATNCH
u B mpomioM Oeun Gosbine. B pesynbTaTe MIOTHOCTHL 3Heprum BeriecTBa pc® o< (2 + 1)3, a
MJI0THOCTH dHepruu usaydenus o (z + 1)?, uto yxe 6bi10 ncnonszosano B § 2.

B macrosiee Bpems (T.e. npu z = ) KpuTuueckas miIoOTHOCTH BewecTBa (npu Hy = 65
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wm/c/Mnx) pd ~ 8-1073 2/cm?, a mnoTHOCTL W3MyUenHHs Py ~ 510731 2/cMd. Ux oTHOMIEHEE
B 5I0XY C KPACHBIM CMeIeHneM 2 OBLIO

0
PRR _ PRR(; 4 1) =6-1075(z +1). (104)
pC C

Buaunt, npn z > 2z, = 1.7 - 10" maoTHOCTH W3MTydYeHUS GBITA BHIIIE TJIOTHOCTH BEIICCTBA.

[Ipy 5TOM TPAHUYHOM 3HAUEHUM Z = 2, OOIEe 3HAUYEHHE IJIOTHOCTHU BEIECTBA U W3IIYICHUS
ps = 4-107Y 2/ch?, a smauenne H, ~ 5-10711 1/¢ = 1.5-10° xm/(c Mnx). CocTognue MmaTepun,
KOTIa U3JIydeHne urpaeT npeoGIanarolyio poib, Ha3bIBAETCS PANMALNOHHO JOMUHUPOBAHHOI
mnasmoit (PIIT). Umernno B snoxy PIII numammka Bceemenuoll cooTBeTcTBOBa/Ia MOIETSIM C
PEeATUBUCTCKUM HABJIEHNEM, PACCMOTPEHHBIM B § 2.

B 10 Bpems Kak OTHOIIEHNE IJIOTHOCTEll M3IYyUeHHs W BEIIECTBA MPOMOPIUOHAIBHO Z + 1,
OTHOIIIeHNE KOHIeHTpanuii hoToHoB PV u HYKJIOHOB 0CTAETCS NPAKTUYECKH MOCTOSHHBIM ~
400/(1.2-1077) = 3+ 10°. Ha mo3mHuX cTaANgX PACIIUPEHHs 5TO OTHOIMIEHNE TIONACPKUBACTCS
TeM, 910 hoTonbl PU yike He B3anMoneiicTByIOT ¢ BerecTBoM. Ha Gosee paHHUX cTanusx (mocie
AHHUTNIAONN YaCTUL " aHTanCTHH) BEIIIECTBO M M3JIYUYEHUE HAXOOUJINCH B COCTOSIHUN THP C
EIMHOI TeMIepaTyPOil, I BCE MPOIECCHl POXKAECHNUS M YHUUTOXKEHUS YPABHOBEIINBAIIICE.

3. Dsoatoyug memnepamypvl u naommocmu. B COBpeMeHHYIO 5MOXY, KaK MBI BUIEIN, CPE-
Hsd TIJIOTHOCTH BEIIECTBa ONpenesisieTCd HE OUYeHb HaOEXKHO. OIIH&KO MO2KHO yTBEpPXKIOATH, YTO
OHA OTIUYAETCS OT KPUTHUECKOHN HE CIUIIKOM CUIBHO (He Gomee ueM B 25 pa3s), a MOXKET OBIThH
6omee 61M3Ka K Heit. JIerko mokasaTh, UTO B HpolnioM 3HaueHue ) 6b110 Oamxke K 1, gem (.
HeficTBUTENbHO, U3 PEUIEHNI CTaHIAPTHON MOOENIN BHEITEKAET COOTHOIIEHLE

= _7, (105)

13 KOTOPOIO CJIEAYeT, UTO C ynajeHueM B mporioe (kK 66mbimmM z) € cTaHoBUTCS BCe GiumKe
K 1.

Wcxons w3 »TOro s OMEeHOK BEeTMYNH B paHHel BceelmeHHON MOXHO TPUMEHSITH COOTHOIIIe-
HUs, OTHOCSIINECS K MOMEH C HyJIeBOll SHeprueil n GeCKOHeUHBIM PAINyCOM KPUBU3HBI (€BKIIN-
IIOBO IPOCTPAHCTEO).

st momenu 6e3 maBiieHusT (DOPMYIIBI TOJIYIAIOTCS W3 MPUBEOEHHBIX B Tabm. 1 u 2:

2 2
H=Ho(z+1)"? = o, t = A )72 p=pe =

3H>  8.0-10°

871G 12 (106)

OTu GOPMYIIBI TOMSTCS JINIITE 1T 3HAUEHUN 2 < Z,, IJIs OOJIBINNX 2 HAHO UCIOIb30BATH MOIETh
C VIBTPAPENSITUBUCTCKUM MaBJIECHUEM, OOHAKO (GOPMYJIBI IJId 3TUX OBYX MOMenell OIu3Ku, s
OOHUX 3aBUCUMOCTEH OTIMYAIOTCS HEKOTOPBIE TOKA3aTeJIm CTEeNeHel, M NPYTuX — TOJIBKO

KoshunueHTsl. g yaIbTpapensaTUBUCTCKAX YACTHUI U (POTOHOB HAXOMUM COTJIACHO TabMd. 3
u 4

1 3H? a
2t7 p p 87TG 02 I ( )
rme a = n2ky/(15¢°R%) = 7.5641 - 10°% 2/(cm-c* K*) — mnocrosmnas Credana. CooTHomre-

e (107) MoXeT CIy)KuTh sl NpUGAM3UTENBHON OLEHKN BPEMEHN OT Hadaja Bosbiioro
BapeiBa, coorBercTByloiiero temmepatype 1. Takum o6pa3oM, 3aBUCUMOCTH TeMIEPaTypPhI
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OT 2 ONWHAKOBBI /s OGOUX CIIYy4aeB, a OT BPEMEHN OTIMYAIOTCS: MPU OTCYTCTBUU MABICHUS
T="Ty-(z+1)=27(2/3H,t)??3, a npm yasrpapenarusucrckom masmenmn T =Ty - (z + 1) =
(3¢2/32wGa)'/*t=1/2,

Bonee TmaTenbHOe pacCMOTPEHNE, YINTHIBAOIIEE COCTAB YACTUIl B ONPENEIEHHYIO DIOXY
passuTus Beenennoit, mpuBonut k dopmyse [9]

3¢\’ 1 R\ E
t=(—2 ) === =2.4.10 %g V2 (—) , (108)
16mgGa) T? 16m39G (kgT)? 158
rle ¢ — HEeKOTOPBIN B3BEIIEHHBI CTATUCTUYECKUN Bec dacTui. MOXHO TPpUHATH, 9TO ¢ = 6

npn T < 102 K. TIpu T > 10' K mano mcxomnTh W3 APYruxX COOGPaKeHWUil, HO HOPMATBHO
MOXKHO Tos0kuTh B (108) g = 0.06.

[lo 3HAUEHISIM TeMIIepaTypPEl MOXKHO PACKIACCH(UINPOBATE SIOXH PACIIHpeHns Bcesen-
HOIL.

4. Cmaduu ucmopuu 2opgueti cesennot. [lepeuancanm 5T cTagum B peTPOCHEKTUBHOM
HOPsIIIKe.

1) Cospemennas cragus. OHa XapakTepu3yercsi HU3KON TeMIepaTypoil OCHOBHOI COCTaB-
JISIOIIEN M3JIYUeHNsT — PEJUKTOBOrO — OT HECKOJBKWUX TPAmycoB 0 3 + 4 ThICSY rpaaycoB. B
ATOT MEPUOI BEIIeCTBO HEATPabHO, Tpo3padno s PU, u oHn pacmupsioTcs He3aBUCUMO.

2) CTamus 9acTUYHON MOHU3AIMN.

3) Cramus nonuoi nonnszauun. [Ipu TemmepaTypax, MpeBBIIIAIOIINX ~ 10* K, Bomopon mo-
9TH TIOTHOCTHIO MOHN30BaH, a pu 4-103 K — mouTn momroCcTHIO HeitTpasnen. CoOTBeTCTBYOIITE
3Havenus kpacHoro cmerienus z = 3600 u z = 1500. [locmenuee 3HaueHne 2 HA3BIBAETCS DOXOM
pekombunanuu. [Ipu 7' > 50000 K (z > 6000) DOTHOCTBIO MOHU30BAH TEIIHIL.

4) Opa pamnanuonno nomunupoBauuoil miaasmel (PIIT). T'panuusl 5Toil cTAIUN ITUPOKMH:
OHA HAUMHAETCS ¢ TeMIepaTyp, COOTBETCTBYIOIINX SHEPTUN TOKOS 3JIEKTPOHA, KOTa eIlle BO3-
MOYKHBI DOXKIIEHNUS Map 3JIeKTPOH-TO3UTPOH, a 3aKaHINBAETCS MEPeNl IOX0i PeKOMOMHAILINN.

5) Jlenronuas cramus (JeNTOHBI — YACTHUILI, HE YYACTBYIOIIME B CUIBHOM B3aMMOZeii-
creum). Temmeparypa eiie 605iee BBICOKasl, BIUIOTH IO COOTBETCTBYIOIIEH MACCe MOKOS IH-
ME30HOB.

6) Anponnas ctamus. 30eCh TPOUCXONAT POKACHUS 1 AHHUTUIIANUN HYKIIOHOB, DJIEKTPOHOB
I TTO3UTPOHOB, ME30HOB, HEHTpWHO m Apyrux dactum. [pm z = 5 - 10'° mmoTHOCTH BemecTna
nocturaet anepuoit 2.8 - 101 2/cud.

7) Onoxa 5mekTpo-cnaboro oobenuHeHus (51.-C71.). 3[ech YHEPrun OOCTATOUHB [ TOTO,
4TOOBI He PAa3INYaTh JENTOHHL.

8) Dnoxa xBauTosoit xpomonuuamukn (KXJI). [JoMEHEDYET CHIBHOE B3ANMOIENCTBHIE.

9) Onoxa Benukoro oobenuueHns (Be. 06.) — BCeX KBAHTOBBIX B3auUMOmencTBuil. JlenTons!
U IPyrue YacTUIB TPHOOpeTa0T DHEPrun, XapakTepHble I CUIBHOTO B3aNMONEiCTBUS.

10) Dnoxa csepxoobennuerns (cBpxo6.) O6BEAMHAIOTCS BCe YeThIPE THUIA MUPOBLIX B3al-
MOMIENICTBUI: 3/TEKTPOMATHUTHOE, c1a0d0e, CUIbHOE U TPABUTAINOHHOE.

Hazpanus smox mo BumaM oOBeOUHEHUN OOBICHSIETCS TeM, UYTO KOHCTAHTHI CBs3U (pu3m-
YeCKUX B3amMOOeHcTBUil ciaabo, HO 3aBUCIT OT JHEPruil B3amMOAENCTBYIOIINX YACTUI U MPU
HHEPrUsIX, XapaKTePHBIX IS YKA3aHHBIX 310X, YDABHUBAIOTCS.
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Ta6nxnuma 6. Dnoxu BOMIONNNA TOPSIUEH BCETIEHHON

T (K) e (c—;?’> kT 2 t(c) Dnoxu
2.7 8. 10730 410716 5pe 0 3.10'7 Conpext
4103 3.10"20 5-10713 spe 1500 5.10"2 Uner. non
4- 10 3-107"7 | 5-107'2 ape 15000 | 1.7-10" . o

a4 16 1 110 OJIH. WOH.
7-10 2.10 107" spe 25000 | 4.6 10 PIITI
6-10° 1.1-10% 511 k2B 2.10° 10 P
10'2 8.1013 0.1 [»B| 4-10" 1073 AHpOH'
5-10" 5102 5 B 4-10" 4-1077 .
106 5.10%7 103 IvB| 4-104 10711 KXH'
1029 5.10™ 106 5B | 41027 1037
Bemn. 00.
1032 5.10% 10Y° B | 4-103 1043
CBpx00.

[pasnnamm Mexmy cTagusMu sBISIOTCS XapaKTepHbIe 3HaueHns: remmepatypst T’ (u sHep-
run kgT'). Hekoropele n3 HUX MOMYYArOTCs KaK KOMOMHAINY PA3MEPHBIX BEJIMYWH, UTPAIOIINX
CYIIIECTBEHHYIO POIb B Kaxkmoir u3 cranuii. COOTBETCTBYIOIINE 3HAUCHUS ¢ U 2 BBIYHCIISIOTCS
10 TPUBEACHHBIM BhIlle dopMynaM. OpUeHTUPOBOUHBIE UX 3HAUEHUS MPUBENeHBI B TaOmd. 6.

['panuna mexxay ctanusvu 4) u 5) onpemessercs sHeprueii mokos saextpona me? = 0.511
M>B. Eii coorsercTyer Temnepatypa 6-10° K. Mexny 5) u 6) ocHOBHast BeTudnHa — SHEPTUst
MOKOST Tn-Me30Ha, B 264 pa3 Gomblias 37JeKTPOHHON Yy HeWTpaJbHOTO W B 273 pa3za — y 3aps-
KeHHBIX Me30HOB: 0.13 ['5B= 10" K. [Tanee, Mexmy 6) u 7) morpaHIYHAs SHEPTUS COCTABIACT
5 I'5B, a mexny 7) u 8) — 1000 I'sB, cooTBeTcTBy!omme TeMnepatypsl — 5 - 1013 u 10! K.
Cramus 9) HauWHAETCSA HA 3HAYMTETHLHO GOmbIIX 3Heprusx — 10175 B. Hakomen cranma 10)
OTBEYAOT (PAHTACTUUECKNE 3HAUCHUS BEJINYNH, HA3bIBaeMble MIaHKOBCKuMU. OHE MOIydaioTcs
KOMOMHAIUAMHU, BKTIOUAOIINME TIOCTOSHHYIO TATOTeHus: sneprus Ep = (/c?hi/G = 1.956-10'°
ape = 1.956- 10 e = 1.221-10'° I's B, cooTBeTcTRYyMOMmAas Macce mp; = 2.177-107° 2, Temme-
parypa Tpy = 1.417-10% K, nnuna lp) = \/Gh/c® = 1.616-10733 cu, Bpems tp; = 5.390- 1074 .
[TnankoBckas sHeprust paBHa 543 KujoBaTTUYacaM, W TAaKOH DHEprueil obamaeT dIeMeHTapHas
gactumnal Macca mp) Ha pacCTOSHUN KOMIITOHOBCKOM MIMHBI BOJHBI CO3MAeT I'PABUTAIMOHHLIIN

NoTeHnnat, paBublil ¢, T.e. Gmp/(h/mc) = 2.

5. @usuueckue npoyeccol 8 pasauumbie nepuodvl. Teopus GU3MUIECKNX MPOIECCOB B paHHEe
Bcenmennoit TecHO cBsi3aHa ¢ QU3NKOI HIeMEHTAPHBIX YaCTUIl U (DUBUKON BBICOKUX DHEPTHUil. DTH
TpU BeTBU PUBMUECKON HAYKU PA3BUBAINCH W PA3BUBAIOTCS MapPAJIIEILHO.

Bo Bce mepuonsr paciuperust 0T caMOT0 Havasa 110 4) BKJIIOUNTEJIbHO COBOKYITHOCTH YaCTUI]
u u3nyueHns Haxonunachk B coctosuaun TIP. B mepuon 10) (Teopus cBepXoOLeIUHEHUS €Il He
coznana), 6Gmmkaiimuii Kk Bombiomy B3peIBy, Bce 4aCTUIBI UMEIOT HACTONBKO GOTBINNE SHEP-
TUu, 9TO GAKTUIECKN HE pa3andaiTcsa. Bece OHE y9acTBYIOT BO B3AUMHBIX IMIPEBPAIIICHUSX, TIPU-
4eM He CYILIeCTBEHHO, NMeeT YaCTUIAa MacCy MOKOSI UM HeT, TPABUTOH 3TO nian GOTOH, (pepMUOH
unn 0030H. BOJ'II)HII/IHCTBO 9JIEMEHTAPHBIX YaCTUl CYIIECTBYIOT MMapaM YaCTUlla-aHTUNYaCTUIa
(B 9TO YNUCJIO HE BXOOIT (POTOH, HEUTPALHBEIN MU-ME30H W HEKOTOPHIE npyrme). Kpowme Toro,
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COTJIACHO TEOPUH MOJZKHO CYIIECTBOBATH MHOXKECTBO TAXKENBIX (B OOBIYHBIX YCIOBUAX, T.e€. C
OOMBINON MACCON MOKOsI) YACTUIl: (DOTUHO, TPABUTUHO, HEHTPAINHO, XUTTCUHO U IP.

C mepexomom K craanu 9) 4acTUIBI, CBSI3aHHBIE ¢ TPABUTALNEll (IPABUTOHBI), TIEPECTAIOT
y4acTBOBATh B 001IeM 0O6MeHe. BBIKUBINIAsS WX YacTh OTPBIBAETCS OT OCTAJIBHBIX U B HaJibHET-
1meM pacrupocTpansercs ¢cBobomuo. OcTaioTes Bce “KBAHTOBOMEXaHMUYECKUe  YACTUIIHL.

B wacTtrHOCTHM, Ha 5TOH CTaOUM NOMKHEBI CYIIIECTBOBATH MOHOIIOJIN, T. €. MATHUTHBIE 3aPSIbI.
OnHako MOMBITKN OOHAPYXKUTH OCTATOK UX Ceiiuac MOKa K YCIeXy He IMTPUBEIH.

[To-BuamMOMYy, y2Ke Ha 3TOH CTaAnu, IpH sHeprusx mopanka 10 I's B, mpossigeTcs Heko-
TOpas MOJOKUTE/TbHAS PA3HOCTD MEXKIY YNCIOM TPOTOHOB U AHTUMPOTOHOB, YTO BIOCJIEICTBUAN
NPUBOAUT K ACUMMETPUU HAIIEr0 MUPa OTHOCUTEIBHO BEIIECTBA U aHTUBeIecTBa. [{omst 5Toi
HeCKOMIICHCHPOBAHHOM YacTH MoXkeT OBIThH Bcero 107 oT ofImero umciaa HYKIOHOB B Ty 3MOXY.

XapakTepHas SHEpPTUs 5MOXN KBAHTOBOH XpoMmommHaMukn ~ 10 I'sB. YTo6s pazorHaTh
3apsKEHHYIO YaCTUILY [0 TaKUX YHEPTUH, nMest B BUY, UYTO HA HANOOJIBIIIEM COBPEMEHHOM YCKO-
puTese IJIWHON B 2 Mujn nojay4aiot saeprun B 50 9B, HyKHO OB1JI0 OBl TOCTPOUTH JINHEWHBII
YCKOPUTEIIb IJIMHON B 2 Nk, T. €. B 6.5 CBETOBBIX JIET. DTO PACCTOsIHIAE OOJIBINE, YeM [0 OJImKaii-
mieit 3Be3nbl — 1.3 nk. [losTomy enmHCTBeHHAS TabOpaTOPUS M UCCICOOBAHUS TaKUX YACTUIL
— Bcenennasg B ee ropsueii ctanuu. [leqo OCTOXKHIETCS TeM, UTO TaKue YaCTHUIBl B OOJTBIIIOM
KOJTMYECTBe OBLIN MaBHO, a MOTOM MOUYTH MOJHOCTBIO MCUE3NIN, TaK YTO O UX OOHAPYXKEHUS
cefiuac HYXKHO 3aTpPavuMBaTh OYCHBb DOJIBININE CpencTBa. lemM He MeHee PU3UKU U aCTPOGUBUKH
HAHCIOTCS HAWTHU UX PEIUKTOBBIE KOJIUIECTBA.

B TeueHnme »TOi 5MOXHU, COTTACHO TEOPUU TOTO K€ HA3BAHUS, KBapKW, UMEIOIINe OPOOHBIN
sapsin (1/3 u 2/3), 06beAUHAIOTCS B YACTUIBL C TETBIM 3aPSIOM.

[Mocrenenno, B Teuenne cranuii 8), 7) u 6), 060COGIAIIOTCA BCe HOBBIE YACTHILI, CHAUAIIA
aIIPOHBI, TTOTOM JIENTOHBI, OOHAPYKUBAIOTCS WX XapaKTepHble Mpu3Haku. MHOrue n3 HUX mepe-
CTAIOT CYIIIECTBOBATH B 3aMETHBIX KOJIMYECTBAX.

C mOHMKEHUEeM TeMMepaTyphl BLIMUPAIOT W APYTUe YacTUlbl. B Teuenme cramuu 6), ami-
POHHOII, CHaYaJa MCUYe3al0T MHU-MEe30HBI, B KOHIE aHHUTHINDPYIOT TPOTOHBI W AHTUMIPOTOHHI,
HEATPOHBI U AHTUHEHTPOHBI. Ecnu OB YMcia MPOTOHOB U AHTUIIPOTOHOB, & TAaKXKe OPYTUX Ja-
CTUIl ¥ aHTUYACTUI OBIJIN aOCOMIOTHO ONWHAKOBBI, TO Ceiivac MPUBBIYHOTO [IJIsi HAC BEIIeCTBA
He OBIJIO OBI COBCEM.

JlenTonHast smoxa 5) comepKUT COOBITHS, CBSI3aHHBIE C JIETKUME YacTuiaMu. [1pu sHepruu
102 ['5B asHEUTHINPYIOT Mio-Me30HBI, npu 1072 I'9B oT BelllecTBa OTPLIBAIOTCA HEHTPHHO I
AHTUHEHATPUHO, KOTOPBIE B HAJIbHEMINIEM JIeTAT CBOOOMHO, He B3aUMOMEHCTBYS HU C UeM. 3ape-
PUCTPUPOBATH WX OUEHb TPYIHO U MOKa He ynaercs. K ncxomy cragmm 5) aHHUTHAMPYIOT DIIeK-
TPOHBI U TIO3UTPOHBI, UX YHEPT U TPEBPAIIIALTCS B DHEPT IO (OTOHOB, KaK U YHEPTUST aHHUTUJIH-
POBABIIINX paHee MPOTOHOB U aHTUIPOTOHOB. TepMogmHAMUYECKTE COOOPAXKEHNUsT TOKA3bIBAIOT,
YTO TeMIepaTypa peTuKTOBOTO U3TYUEHNUS 3a CUET IIPOU3OMIEAIell aHHUTUISINT YacTAIl U aH-
TUYACTHUI OOMXKHA OBITH BHINIIE, YeM TeMIepaTypa pPeMUKTOBLIX HEHTPUHO, OTOPBABIIUXCS OT
OCTAILHOTO BelllecTBa paHblie (ceituac npumepno 2 K). Ha sToit ®e cTannu, pn TeMuepaTypax
T = 10" =+ 10° K, nponcxXoouT HepBUYHEI HYKICOCHHTE3.

B koHue crammu 4) m3nydeHue TAKKe OTPHIBAETCS OT BEILECTBA, W IIOTHOCTH €ro CTa-
HOBHUTCs HIKE IJIOTHOCTH BeIecTBa. A ¢ 5IMOXN peKOMOMHAIINN M3JIyUeHNe PacIpoCTPAHIETCS
c¢BOOOMHO, TaK KaK BEITIECTBO MPO3PAvYHO MJIS TOTO m3nydeHus. HacTtymaeT Bpems, Korma m3-
JydeHHBIE (DOTOHBI CTAHOBATCS MOCTYIHBI HAOTIOOEHUSIM B HEM3MEHEHHOM BHUIE, MOMBEPTasch
TOJILKO KPAaCHOMY CcMeItieHno. Jlo 3TOro Bce OHI MCTIBITHIBAIN B3aUMOMCHCTBUE C BEIIIECTBOM, U
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nHOpMaIus, KOTOPYIO OHU HEC/IH, B 3HAYUTE/ILHOI Mepe 3aMbIBA/Iach. DTUM B3aIMOIEHCTBIEM
ompenensgeTcs TOT GU3NIECKN TOPU3OHT, O KOTOPOM YIOMHHAJIOCH B CBSA3U C T€OMETPUUECCKUM
ropu3oHToM. Bcee ke HekoTophle cBemeHust 0 BeenenHo# mo smoxu pekoMOMHAINIUU MOTYT OBITH
MOJIYUeHBI W3 JaHHBIX O MEPBUYHOM HYyKjeocuHTese, u3 guaykryamnuit PU, n3 penukToBbIX HEli-
TPUHO U TPABUTAIMOHHBIX BOJH. [lepBBINl MCTOUHUK yXkKe Hajl Takue CBENeHUs (CM. HUXKe), KO
BTOPOMY HayKa OBICTPO TPUOIMKAETCS, HAa OBAa MOCIENHIX ACCUTHYIOTCS 3HAUNTEIbHBIE CYyMMBI
7 BO3JATAIOTCS OOBINNE HAMEXKIH.

Torna xe HaumHAIOT 06PA30BBIBATHCS aTOMBI Bomopona. He3amoaro o sToro pa3BuBamTCs
HEOMHOPOMIHOCTH, MPUBOMAIINE B HajbHENIIEM K 00pa30BaHUIO TAJAKTUK W WX CKOTJIEHW.

Mmuorue Bompoch 3Toii Teopun pa3paboTaHsbI ertie HemocTaTouno. Ho psin HemocTaTkoB yaa-
JIOCh TTPEONOJIeTh B paMKaX Teopuu MHQMIISINNT.

6. Ungagyug. OnHUM U3 HEIOCTATKOB TeOpuu OBLIO cienyioiiee obcTosaTenscTBo. PU, xak
MOKA3BIBAIOT HAOTIOOEHNUs, NCKIIOUYNTETHHO OTHOPOIHO, BO BCEX HANMPABJICHUIX TeMIepaTypa
ero onmHakoBa. [Ipum sTom Temneparypa PU B pasubie smoxu Ovljia pa3HOil, HO OMHOPOTHOCTH
COXpaHIIACh BCETOA, TaK KaK HUYTO HE MOTJIO €€ CO3MaTh. Kakoi-TO mpoIecc MOKEH ObLI
M3HAYAILHO BEIPABHATH CBOWCTBA PA3IUYHBIX 00BEMOB.

O6macTit OMHOPOOHOCTH CTOJb BEJUKH, UTO OTHENbHBIE UX YAaCTH IPUUNHHO HE CBSI3aHBI,
T. €. OHI HUKOTOA He OOMEHUBAJINCH YHEPTUE, UMITYILCOM U BoOOIIIe mHbopManuei. leiicTBu-
TenbHO, Xab60/0BCKOe PACCTOSHUE B MJIAHKOBCKYIO 3T0Xy Obuto ly/zp; = 2 - 10%/4 - 1031 =
0.5 - 1073 cm, a IUIAHKOBCKOE PACCTOSHME, HA KOTOPOM BO3MOMKEH OBLT OOMeH WHOpMAaImei,
lp1 = ctp; = 2-1073% cu. Ecnn He IpeNonoXnTh OMMHAKOBEIX HAUAILHBIX YCIOBHU IS KasK IO
73 HECBSI3AHHBIX YacTell BCero MpOCTPAHCTBA, TaKas OMHOPOMHOCTH HEMOHSITHA.

Hpyroe HEMOHITHOE 0OCTOSITETBCTBO — OMM30CTH CPeMHeH MIOTHOCTH K KPUTUUECKOH TPaK-
THUYECKN BO BCe BpeMs pacinupenns. Ilaxe coBpemenHoe 3HaueHne )y He OU€Hb OTINYAETCS OT
1.

Tperwse 06CTOATENHCTBO — HESICHOCTH MPUUYWHBI MOSIBIEHUS MaJjIbIX BO3MYILIEHUN, TTPUBO-
IAITIX BIIOCTENCTBUN K 0OpAa30BAHUIO TaJaKTUK.

B maugame 80-x ronos 6b11a co3maHa Teopus HWHOIAINN, YCTPAHIIOIas TPU YKa3aHHBIX HEMO-
cratka. OHa yTBepXKIaeT, YTO B CAMOM Hadajie PACIINPEHUS PEIIAoNIy0 POIb UTPAST BAKYYM.
[Tpu 5TOM paciiupenme TPONCXOONIIO TaK, KAK DTO OMUCHIBALTCS KOCMOJOTUUECKUM CIaraeMbIM,

1. e. ypasrernueM (50). Ero pemtenne — skcnonenmmansuaoe: R = R, exp(y/A/3ct). Tak xax npu

stom H = R/R = /A /3¢, T0 3aK0H pasmyBaHms MOXKHO 3amucaTsh 1 Tak: R = R, exp(Ht). B o
BpeMs Kak pa3Mepbl BeeseHHON ObICTPO YBEIUUMBAINCH OT “TIIAHKOBCKUX MO “XabOI0BCKUX',
IJIOTHOCTH (BakyyMa) mpu WHQIISIUE OCTaBAIACh HIPAKTUYECKN Hem3MeHHON. [lepBoHauambHast
OIMHOPOMHOCTH CO34ABAJIACH MMEHHO Ha TNIAHKOBCKOM MacIiiTabe.

Cornacao dopmyne (48) npm madnamun A = 87Gpp/c? n, crenoBaTenbHO, 3HAUCHUE

H = \/A/Sc = \/87erp1/3. Takoe 3HaUeHNe TOYHO COOTBETCTBYET OLpelesleHNI0 KPUTHUUeCKOH
IJIOTHOCTH, UTO OOBIACHIET OIU30CTH CPEAHell MIOTHOCTH K KPUTHIECKOH I BIOCTENCTBULL.

[To omHOMY M3 BApMAHTOB TeOpHU UHAMIANUN IJIOTHOCTH BAKYYMOMNOZOGHOTO COCTOSHUS
6muska K mmaHkoBckoit pp; = 5 - 10°" 2/cud. Eit orsewaer smauenme H = 1/(2tp) = 10%
1/c. Tlo npyrum BapuanTam 3nauenne H 3akmioueno mexmy 10% 1/cu 10" 1/c.

Kocmomnornueckoe ciaraeMoe, Kak OTMEUAIOCh BBIIIE, COOTBETCTBYET COOTHOLIEHNIO MEXKIY
MaBIEHNEM U TIOTHOCTBIO sHeprum Buma (48): P = —pc?. OTpunaTenbHOe NABICHTE TPUBOIAT
K OBLICTPOMY POCTY PAINyCa KPUBU3HBIL.
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B xonmne mHOIATNOHHOrO Mepumoma BaKyyM pacHamaeTcs, W ero DHeprus MepeXOmnuT K Be-
IIIECTBY, KOTOPOE TeM CaMbIM TPHOOpeTaeT OUYeHBb BHICOKYIO TeMmmepaTypy. [Ipm pasmyBanum
MJI0THOCTH BakyyMma yOBIBaeT mponopnnonaibuo 1/RY u mpu ero pacmasie mepexomuT B MIOT-
HOCTH MaTepUN.

Pacnan Bakyyma $sBsieTCss KBAHTOBBIM IPOIECCOM, W BO3HUKHOBEHUE HEOTHOPOIHOCTEH
MJIOTHOCTHU OOBICHAETCS OOBIYHBIMEU KBAHTOBBIMU (DIYKTYAIUSIMH.

OxaspiBaeTcs, uTo WHGISINOHHAS Teopus obierdaeT u apyrue mpobiaeMmbl. Hampumep, B
Hell TOKa3kIBAETCsI, UYTO UKUCJIO MOHOMOJEH He MOXeT OBITh Belanko. Hakower, oTpuiiaTenbHOe
naBiieHne BOOOIe OOBICHSIET MPUIYNHY HAYAJIa PACIINPEHUS.

§ 7. IlepBuuHBI HYKJIeOCUHTE3 1 oO6pa3oBaHue
raJIJaKk TUK

1. Obpaszosanue TUMUYECKUT FAEMENHMOE. XUMIIECKAE DJEMEHTHI C TMOPSIIKOBBIMI HOME-
paMu, OonbIuMu 2, 06pa3yioTcsa, B OCHOBHOM, B 3Be3maX B Xome sAmepHBIX peaknuii. [Ipomecc
JKe 00pazoBaHUS CAMBIX PACHpPOCTPAHEHHBIX B MPHUPONE DJIEMEHTOB — BONOPONA W Teus —
HAUMHAETCS OO CO3MAHUS 3BeR.

Hocne AHHUTWJIANNUN TIPOTOHOB N aHTUIIPOTOHOB BEILIECTBO CTAaHOBUTCA OOBIYHBIM IIO aC-
COPTUMEHTY YaCTHUI. OI[H&KO COCTOdHUE €r0 €eI11e OY€Hb CHGIII/I(I)I/I‘IHO. He TOJIBKO HeﬁTpaanme
ATOMBI, HO JaXKe Sapa MpU TeMIepaTypaxX, MPEeBHIIAIOIIIX OeCITh MIJIINAPOOB KeTbBUHOB, He
MOT'YT CYIIECTBOBATH, OHU Pa30WBAIOTCS OKpYyKaoomnMu dacTunaMu. OCHOBHBIME YaCTHIIAMME
B TaKOM BeIILIECTBE SBASIOTCS 3JIeKTPOHEI, IPOTOHBI, HETPOHBI, GOTOHBI, HEHTPUHO U aHTHUHEN-
TPUHO.

PaBHoBecue mMexmy mpoTOHAMU U HEATPOHAMU YCTAHABINBAETCS 33 CUET Peaknuil c1aboro
B3anMMOMIENCTBUS

pre +——=n+v, p+T+—n+et, p+T+e ——n. (109)

[Tpu remnepatype T > 10'° K (E > 0.8 M5B) uucia n1poTOHOB U HEHTPOHOB TPUGIN3N-
TeIbHO paBHHL. [Ipm MeHBINIUX TeMmepaTypax moJjs MPOTOHOB BO3pacTaeT, TaK KaK OTHOIIIECHUEe
X PaBHOBECHBIX KOHTeHTpanuit n/p = exp(—Q/kgT), rme Q = 1.293 MsB, a Q/c* — pa3HOCTB
Macc HeHTpoHa u npoToHa. [lo mMepe paciupenus u oxjaxmaeHus BceleHHOW aKTUBHOCTH pe-
aknuit (109) mamaer, paBHOBecHme HAPYIIAETCs, W OTHOIICHNE Nn/p CTAOUIN3UPYETCsI, HEMHOTO
YMEHBIITUBIINCH 3a CUET pachana HelTpoHoB. [{oss HeHTpoHOB ocTaeTcs Ha ypoBHe (.15.

[Ipn yMeHbIEHUN TeMIepaTypbl HIXKE NecsITH Mmuinapiaos kenbsuuoB (E < 0.8 MsB)
HAUMHAIOT 00Pa30BLIBATLCS MpOCTeiIne gapa. B manbHeiimeM Bce HEATPOHBI COEMUHIIOTCS C
npoToramu. B pesynsrate o6pasyiorcs supa ‘He, neGonsmmme nonn *He, nefirepus u murus. He-
KOTOpBIE 60jiee CIIOXKHBIE sSapa TakXke 00pa3yIoTcs, HO B KOJIMIECTBAX, MEHBIINX HA HECKOIBKO
MOPSOKOB. DTHU MPOIECCH 3akaHumBaTcs depes &~ 300 ¢ mocne mawasa pacmmpenus. [Tocme
ATOTO TeMIepaTypa yiKe HelOCTATOUHA I TPOTEKAHUS SOePHBIX PEeAKITNii.

Tak Kak IOUTH BCe HETPOHBI TIONAH B AIpa n3oTona renns ‘He, mpmaeM Kaxmblil HefiTpoH
TaM COENUWHWICS C MPOTOHOM, TO Ha Tenumit nomiaa moas 2 - 0.15 = 0.3 oT Bcero ocTaabHOTO
BerriecTBa. TouHee roBops, 5Ta moJist 3akiarodeHa mexay 0.26 n 0.32. OcranbHOE, B OCHOBHOM,
NPOTOHKI U HeboJbIIas noOaBKa neiTepus.
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BrocnencTsun meiiTepuii mmeT Ha oOpa3oBaHUe Tejus, TAK UYTO OCTAETCHA €r0 OYeHb MAJlo.
KonuuecTBo ocTaBIIerocs neiiTepus 3aBUCAT OT INIOTHOCTH U, CIEAOBATENBLHO, XKEeCTKO CBI3aHO
C TJIOTHOCTHIO B COBPEMEHHYIO DIIOXY.

Omnucanue xoma NEPBUYHOTO HYKJIEOCHHTE3A CUJIBHO 3aBUCUT OT CKOPOCTEN SIEPHBIX Peak-
Uil TIPU BBICOKUX TEMIEPATypaxX. DTU CKOPOCTU BCE BPEMs YTOUHSIOTCS, TAK UTO MEPBUUYHBIE
ComepKAHUS 3JIEMEHTOB MPUXOAUTCS MepecunTHBATL. HabmoneHus cOBpeMEeHHOrO COMepKAHS
reus U OeiTepus TakXkKe OYeHb CNIOXKHBI. HeobXommmo yMeTh OTOEeNUTh MepBOHAUALHEIE BIe-
MEHTHI 0T 00pa30BaBIINXCA B 3Be3[axX MO3mHee. B crapbix 3Be3max Hareil [amakTuku comep-
xaune ‘He ouens 6mm3ko x 0.3. HefiTepuit coctasaseT momo 1075 or Bomopoma, 4em oTBepra-
I0TCS MHOTTE MOfe/n BcesleHHON U MOATBEPKIAETCS ee CTaHmapTHas Moneidsb. OupeneneHHbie
13 HaOmomeHni conepxanns 'Li u *He Tax:e HaXomgTca B XOPOIIeM COTJIACHE €O CTAHIAPTHOLL
MOIETBIO U CJIYKAT €e TONTBEePKICHUEM.

Ha puc. 7, nocrpoerrom mno nauubiM cratbu [10], mpencraBieHbl OTHOCHTENIbHBIE (IO OTHO-
IeHNI0 K BONOPOMY) comepxanus nepsuunbix resius ‘He/H, neiitepus BmecTe ¢ 6omee jgerkum
uzoronom resins (D+3He)/H u nurus "Li/H, paccanTanubie B 3aBUCHMOCTH OT COBPEMEHHBIX
3HAYCHUN TJIOTHOCTH BEIIECTBA M OTHOIICHHWS YHUCET HYKJIOHOB M (DOTOHOB, YMHOXKEHHOTO Ha
10", n,, (Toumee, ot 1g70). Bee Benmumubr mams! ¢ yKazaHmeM JOBEPHTENLHBIX HHTEPBAIOB B
IBA CTAHOAPTHLIX OTK/IOHEHHs. IIBe BepTHUKATbHBIE NPAMBIC MOKA3BIBAIOT TPAHUIBI IOMYCTH-
MBIX 3HAUCHNMIl apTyMeHTa 1), COTIACYIOLIMXCs ¢ TaHHBIMI HabmoneHnit. PesynpTaTsl cTaThn
[10] Bocupom3BeneHsl u yTouHeHBI B 0630pe [11].

[Tocne cunTe3a reMus paciinpeHne TPOXOANT I0YTH 6e3 U3MEHEeHN cOCTaBa BellecTa. Tak
IPOMOIKAETCS MUJITIHOH JIeT, TOKa TeMiepaTypa He ynaneT mo 3Hadenus 4000 K. K Tomy Bpe-
MEHHI MPOTOHHI 3aXBATHIBAIOT HJIEKTPOHBI I 00pa3yroTcsa aToMbl. OCHOBHOI BeMeHT Beenernoit
— BOIOPOI — CTAHOBUTCS HEMTPAJIBLHBIM (BIIOCIENCTBUN MEXKIAIaKTUIECKUl a3 MOHU3YETCs
06pa3yoIINMICS 3Be31aMN, TaJlakKTuKaMi 1 KBazapamn). Torma, Bo-IepBBIX, BO3HUKAET BO3-
MOXKHOCTBH 00pa30BaHms CTPYKTYP BceneHHOl, a BO-BTOPBIX, BO3MOXHOCTB IJisf HAC M3y4aTh
IPOTEKABIINE MPOIECCH Yepe3 HAGMIOeHNs CBeUeHNs 00BEKTOB, PACIONOKEHHLIX OnKe (hi3u-
YEeCKOr0 FOPU30HTA, TaK KaK M3IydYeHne NMEHHO ¢ HTOTO MEeCTa MePecTaeT B3anmMONeiiCTBOBATE
C BEIIIECTBOM.

2. Obpasosanue cmpyxmyp Beeaenrnotd. OOIIETPUHATONR TeOpUN 06PA30BAHUS TATAKTUK 1
CKOTIJIEHNH TajlakKTUK MOKa He co3maHo. VIMeeTcss HECKOTBKO BApMAHTOB, PA3TMYAIOIINXCS KAk
NPENNONOKEeHUSIME, TaK U BBIBOOAMU.

OmHOpOmHOE B CpemHEM BEIIIECTBO HEITPEMEHHO UMeeT HEKOTOPBIE (DIYKTYAINY B MJIOTHOCTH
N IPYTUX XapakKTePUCTUKAX. DTN HEOTHOPOMHOCTH CO3MAI0TCS BO3MYIIEHUAMI. Bo3MmyIeHus
OTHOCUTETBbHO MaJIbl BILIOTH OO 3moxu pekombuuanuu. [locne BO3HWKHOBeHUs HeATpaTbHBIX
ATOMOB OHU CTAHOBATCS 3aMETHBIMH U MOPOXKIAI0T HEOMHOPOOHOCTH, IPUBOASIINE K 06pa3oBa-
HUIO KPYIHOMACIHITAOHBIX CTPYKTYD, T.e. TQJaKTUK U UX CKONJEHUi, a TakXke, MO-BUAUMOMY,
HEKOTOPBIX 3Be3M U MeXTaJIaKTUIecKnX 00JaKOB rasa.

PaCCManI/IBaIOTCFI pa3JINYHBIE TUIILI TEePBOHAYAJIBHBIX BO3MyLLIeHI/II71. OHI/I OeJIaTCda Ha BO3-
MYIIeHIs B TPAaBUTAIMOHHOM HOTeHIMale, anunadaTUuecKue, BUXPEBble U SHTPONUITHBIE BO3-
mytreHns. [Ipocreiimuii Tun BO3MYIIeHUN — aamabaTUIecKoe BO3PAacCTaHUE MIOTHOCTHU BCEX
cocTaBasomX mwia3smMel. CornacHo Teopun [[:KuHCa, ecan Macca BOAMYIIIEHHON 06/1aCTH TPEBOC-
XOOUT HEKOTOPYIO KPUTUUECKYIO MAaCCy, TO JIOTHOCTH OymeT MPOoAoIKaTh Bo3pacTaTh. Pazmep
KpPUTUUeCKoll 006/1acT! 3aBUCUT OT Xoma paciinupenus Beemennoii. Ecian mMacca MeHbIe KpuTu-
YeCKOl, BO3HUKAIOT KojebaTelbHble OBMKeHus. Teopus [[kuuca 0600I1eHa Ha CaydJail 3aBUCH-
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MOCTH OT BpeMeHH KaK pa3Mepa BO3MYIIEHNN, TaK U KPUTHIECKON MAaCCHI, & TaK¥XKe TIOTHOCTH.
YuTeHBl U MUCCUTATUBHBIE TPOIECCHI, TPUBOMSAIINE K MOTEPSIM SHEPTUN. DHTPOMUAHBIE BO3ZMY-
IIIEHWST — 5TO BO3MYIIIEHUS] B OTHOCUTE/IHLHBIX KOHIIEHTPALUSIX YaCTUIl BellecTBa u (HOTOHOB,
KOTOPBIE MOTYT OCYIIECTBIATHLCS 6€3 BO3MYIIeHnH mioTHOCTH. [[pn Takmx Bo3MyIIIeHUIX hITyK-
TyupyeT dHTponus. BuxpeBbie BO3MYIIIEHUs 3aKII0YAIOTCS B HEPABHOMEPHOM OTHOCHTEIBHOM
BpAIIIEHUN SUeeK BerecTBa BOKPYT HEKOTOPBIX OCell.

Boawmytenust MOTYyT pacTl U TPUBOANTH K OOpPA30BAHUIO KPYIMHOMACIITAOHBIX CTPYKTYD,
13 KOTOPBIX B MPUWHIIUIIE MOTYT 00pa30BAaThCS FajlakTuKU 1 uxX ckormjenus. O6pa3oBanue KpyTti-
HOMACIITAOHBIX CTPYKTYP MPUBONUT K BBIACICHUIO DHEPTUM.

Bce paccmaTpuBasiiimecss BO3MYIIIEHNST TOJIKHBI OTPaXaThCsl HA PEJIUKTOBOM WM3JTYUCHUM,
KOTOpPOE HEeCMOTPsI HA MPOIIOe B3aUMOMNENCTBHE C BEIECTBOM (paccesHme) u MOCTedyIoIee
TOJITOe He3aBUCUMOe PACIPOCTPAHEHNe COXPAHIET ClleIbl BO3OelcTBUs Bo3MyIleHnil. Kak cien-
creue Ha PU nomxubr HAGMIOOATHCS HEOMHOPOMHOCTH. DTH HEOMHOPOMHOCTH MOTYT OBITH B €r0
CHeKTpe ujan B HeOOIBINNX BapualUsX WHTEHCUBHOCTH B Pa3jMUYHBIX HampasieHusx. Heomno-
POMHOCTY B CIEKTPe HAOMI0IATh ropa3no TPYIHee, TaK KakK IJIS 5TOr0o TpelOyeTcs KOoomepanms
Pa3IUYHBIX TPYII PAINOACTPOHOMOB € mpubOpamu, HACTPOEHHBIMI HA pa3Hble YacTOTHL. Ha-
6mI0naTh QIYKTyalnun B HANPAaBIEHUSX, T.e. aHm3oTponuio PU, MOXKHO Ha OmHOM pammoTese-
CKOTIe.

Aunmsorponuio PU pasmensior wa Tpu Tuna:

1) MukpomaciTabHyio B npemenax yrioB < 1’ (MueyTH oyru);

2) cpenuoi — B mpenenax ot 1’ mo 1°;

3) KpymHOMACINTAOHYI0 — OT 1° [0 IeCSTKOB TPAIyCOB.

Homnroe BpeMsi oOHapyXKeHIe YKa3aHHBIX HEOTHOPOMHOCTEH OBIJIO HEMOCTYIIHO M3-3a HEIO-
CTATOYHON TOYHOCTH HabmoneHuil. [lepBoHauaIbHBIE TEOpETHUECKUE OINEHKNW BEJINYUUHBI TPO-
CTPAaHCTBEHHBIX HeomHoponuocTeir PU 6biu 3aBbiiensr, HO ¢ 1970 roma »Tu HEOMHOPOTHOCTH
OICHMBAIOTCS BenmumHOi ~ 2 - 1075, IlepBEle MX permcTpanmyu OBITH OCYIIIECTBIEHH B 1992 T.
Onn oxazamuck Ha yposHe 107 ° +5-10 6. Ceiiuac mmeeTcs nenblit psaa MomOGHBIX HAGTIONCHIIT,
OMHAKO CIeTATh BRIOOP B MOMB3Y TOH WM APYTOH MONENN TMOKa He yIaeTcs.

O06cyx)malTcst BO3MOXKHOCTH U3MepeHus nojspusanun PU, koTopas Bo3HUKaeT mpu TOM-
COHOBCKOM DACCESTHUE ero Ha HJIEKTPOHAX Tepel OKOHuaHumeM s5moxu pekombmuaanuu. CTenenn
MONApU3ANM OXugaeTca Ha ypoHe 10% oT daykryannit, T.e. 1076 or nurrencusrocTn PU. B
OPHMEHTAINN MIOCKOCTel monspu3annu PV nomxHbI 0TpasuThes IBUXKEHNUS TEPBUYHBIX CTPYK-
Typ Bceenmennoii.

[Tpenckazansr HeomuopomuocTu B crnekTpe PU, BosHumkartoime n B 6ojiee MO3MHIOK BTOXY,
KOTIa TMPOUCXOMN/IN PEKOMOMHANINY U ACCONMAINN YiKe 00pPa30BaBIINXCS aTOMOB U MOHOB. JTU
HEOMHOPOMHOCTU MOBOJBHO KPUTUYHBI K TEOPUHM — UX OTCYTCTBUE TOCTABUT OUYEHb KECTKUE
BOIpOCH Mepen Heit. OmHAKO OHN ertle Goslee Masbl (MOpANKa HeCKOMBLKUX enmant Ha 107 7), n ux
obHapyxeHne — meno oynyiiero. Ilo nopore x HabmogaTe o mocie snoxu pekoMmbnaanuun PU
MOXKeT UCTBITATh BINSHUE N3MEHEHUs TPABUTAINOHHOTO MOTEHIINATA B CKOMJIEHUSIX FaJakKTHK,
a TakK¥Ke paccesHue Ha TOPSUeM rase dTUX CKOIJICHUI.

[Tpoucxomsiuii Ha HAMUX TJa3axX OypPHBIN TEXHOJOTMYECKUI MTPOTPECC TO3BOJISIET Hale-
ATHCS, UYTO KOPEHHBIE BOMPOCHI KOCMOJIOTUN, MO KpaliHell Mepe HEKOTOpPBIe, pa3pelaTcs B He
CAUIIKOM OTHAJIEHHOM OYymyIIIeM.

B kxauecTBe mamocTpanun TOoro, Kak pacCINTHIBAIOTCS BO3MYIIIEHUS, PACCMOTPHUM CHAdasIa
rJ106aIBHY0, a 3aTeM JIOKAJIBHYIO chepudeckyio Monensb [12].
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3. Hviomonosckaa cepuueckad modeap. KoHeUHO, OMHOPOMHAS U M30TPOMHAS MOAETH —
sBHas abcTpaknus. Bee, uTo Mel Habmonaem (kpome PU), pacnpeneneHo HEOMHOPOMHO U HEM30-
TpomHo. [losTOMy mouTm cpasy xke Bejenm 3a GpPUAMAHOBCKUMHU OBIIM TMOCTPOEHBI Gojee 006-
e Momenu. [IpocTeiieii u3 HuX sSBAseTCsS chepuuecku cCUMMeTpudHas Mmomnenb JlemeTpa—
Tonvena—Bornu [12]. PaccMoTpum ee B HBIOTOHOBCKOM HPUOIINKEHWUN, CIETIAB BA CIIEIYOIINX
IPEANOIOKEeHUS.

1) MoxHo mpeHe6peusb MaBIeHueM CPEIbl I KOCMOJIOTMUECKUM CIIATAeMbIM.

2) Cnon cpenbl ¢ TeUEHNEM BPEMEHU He TePeCeKAITCS.

[Tpu chepuveckoit cuMMeTpUN UMEETCS BBIIEICHHBI eHTP. BBenem oObraHbIe chepuieckue
KOOPIMHATHI TT0 OTHOIIIEHWIO K 3TOMY HeHTpy 7, 6, . Kak u B mpocTeiimem ciyduae, paccCMOTPUM
map pagmycoM R ¢ IMeHTPOM, COBMeIIeHHBIM C MeHTpoM cuMmeTpuu. IIpm chepuueckoit cum-
MeTpUH B pAaCHpeNesieHNN BeIlleCTBa MOSBIIeTCS NONOTHUTEIbHAS 3aBUCUMOCTD BCEX BEJINUNH
OT KOODIWHATHI 7.

YpaBHeHUe OBUXEHUs TOYKN HA TPAHUIE BHIIEJICHHOTO IIapa HE OTAUYAETCS TO BUOY OT
ypaBHeHus (3), IUIIb TPOM3BOMNHAS 1O BPEMEHN Tereph YacTHAs:

0’R GM
= = (110)
Bxopsamiag croma macca
T t I
M(r) =4 [ plt, )R r’)%dﬂ. (111)
T

0

Yro6s1 paBeHCTBO (111) BHIIOTHSIOCH, T. €. YTOOBI MACCA 3aBUCENTA TOIBKO OT PACCTOAHMU,
HO He OT BpPeMeH!, HeoOXOMMMO, YTOOBl MONBIHTErpasibHOe BbIpaxkeHue B dopmyne (111) ne
3aBucesIo OT Bpemenu. [Ipu 3ToM MIOTHOCTH

M'(r)
p(t,r) = ) DR (112)
AT R*(t o\ /7
Rt )
Ocraercs BepHBIM U COOTHOIIEHNE (4), MMEIoIee CMBICI 3aKOHA COXPAHEHUs YHEPruu

1 (0R\® GM
- — ] =—+ F. 113
>\ o R (113)

Macca M u sueprus E 3aBucaT oT r. MOXHO OMHAKO B3ITh B KaUeCTBE OCHOBHOTO apry-
MeHTa uMeHHO Maccy. Torma E = E(M). Bee npyrue ¢dbyukmun Toxke GymeM CYUTATH 3aBU-
CAIIIMI OT MACCBHI, HO 0603HaueHUs: ux He m3MenseM. Torma pasenctso (111) mepenumiercs
CIIeMYIOMIMM 00pa3oM:

M
OR(t, M’
M= 47r/p(t, a2, vy 2R gy (114)
/ oM’
a BeIpazkeHue s mwiorHocTH (112) mepeitner B
1
’ oM
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4. Pewenusa ypasnenuti u cepuueckue modeau. He TpebyeTcs mMCKATh HOBHIE PEICHIS
NpPUBENeHHBIX YPAaBHEHNUN, TaK KaK OCTAIOTCS CIPAaBEIIUBLIMU (DOPMYIBI, OTPaXKAIOIINe 3aBU-
CUMOCTH BPEMEHU OT panmyca Iapa, ¢ OOMOJHUTEILHONW 3aBUCUMOCTBIO TTOCTOSHHBIX UHTETPU-

poBauus ot M:
R(t,M)

dR’
E=0(M)+ 0/ V3\JGM/R + E(M)’

IBe mpoussonbubie dhyuxuun E (M) u to(M) onpenensrorcs 3aqaHueM HAUATbHBIX YCIOBHIL,
OR(t, M)
ot
Torma pacnpenenenne nnotHoctu p(ty, M) Haxommres cormacHo Bbipaxkenuto (115), MoMeHTOB

to(M) — u3 dopmynst (116), a sHeprum — u3 coorromenus (113).
Nurerpan B dopmyne (116) MoxkeT GBITH BHUUCIEH ¢ MOMOIIBIO TeX e MOACTAHOBOK, UTO
u B § 1. Bomuiem okoHuaTenbHBIe GOPMYIIBL:

(116)

T.e. dyuakuun R(t, M) u cKOpOCTH ee U3MEHEHUs B HEKOTOPBI MOMEHT BpeMeHN tj.

1—cosp mpu E(M) <O,
2
R(t, M) = Ryy(M) % npn  E(M) =0, (117)
chn—1 wpu E(M) >0,

n—sinn npu E(M) <0,
3

Rin (M) n
t=to(M) + ——=e L mpn E(M)=0, (118)
21B(M)] shn—n wmpu E(M) > 0.
3mech
Ron(M) = % (119)

B ciyuae paBmuoit () sHEprum MOJIydaeTcs siBHAS 3aBUCUMOCTD

riean = (2)" eean st - s (120

OTO paBeHCTBO BHIMOJIHIETCS PN Tex 3HaveHusx M, nmpm KOoTopeix sHeprus obparaercs B 0.
[Tpu ToxxkmecTBeHHOM paBeHCTBE dHepruu () OHO BEPHO BO BCEX TOUKAX.

3HaK SHEPrum CyIIeCTBEHHO BIMSET Ha XapakTep msumkenus. Ecim E(M) < 0, To nmeercs
OTpaHNYeHNEe HA PANNYC:

GM
R(t, M) < ——. (121)
|E(M)]|

Ecnu E(M) > 0, To orpaHnyeHus HeT U PACIIUPEHIe MOXKeT HPOUCXOANTH HEOIDAHNIEHHO. DTO
HATIOMUHAET OTHOPOMHBIE Momeau. OMHAKO UMEIOTCS U MPUHIINITHAIbHBIE OTIHINs CHePUIECKOi
MO OT OMHOPOMHON. Bo-mepBhIX, Kak BUAHO u3 paBeHcTBa (116), Ipm HEOTHOPOTHOM pac-
mpeneeHnn MIOTHOCTH Ppa3NIHbIe YACTHU BEIIeCTBA MEPBOHAYAIBLHO OKABBIBAIOTCS B IIEHTPE B
pa3HbIe MOMEHTHI. BO-BTOpBIX, 3HAKN HHEPTUN B PA3HBIX MECTAaX MOTYT Pa3invaThbCs, TaK UTO
omHU cjiou, OoJiee majleKme OT MEHTPa, MOTYT pa3/IeTaThCsd N0 OECKOHEUHOCTH, a Npyrue, 0ojee
O6Mu3KMe K MeHTPY, BO3BPAIAThCs B HETO oOpaTHO. HemonycTumo auiiik nepecedeHne CIoes.
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Chepuueckn CUMMETPHUUHBIE pEIICHUS TEePeXOomsiT B OOHOPOMHBIE. IeficTBUTEIBLHO, ecin
MJIOTHOCTD BEIIeCTBA HE 3aBUCHT OT KOOPAWHATHI T UJIM, IYTO TO XKe camoe, oT M, To

4
M = = p(t) R (¢, M) (122)
", CJIeqoBaTeIbHO, MOXKHO IIOJIOXKUTH
R(t, M) = M'3F(t). (123)

IloncTaBue 5To ompenenenune B cooTHomenne (113), momyumm, uto E(M) o M?/3. Torma m
pasercTBo (118) mpeoGpasyercs B

)

F(t dF’
T / . (124)
) V2/G/F - EM-%3

3mecy yxe tg He 3aBucuT oT M, Tak Kak oT M He 3aBUCUT WHTETpaJl. 3HAUNUT, BCE UACTUIIBI
HAXOIU/INCH B IEHTPE OMHOBPEMEHHO (CHHTYIAPHOCTD), UTO XapaKTePHO M HPUAMAHOBCKIX

momeneit. [Tonyamnnuryna opu stoM Ry, (M) o< 24/| M.

5. Boamyuwenud 00nopodnoti modeiu. PaccMOTpuM, HAKOHEIl, MAIoe BOBMYIIIEHHUE B OIHO-
POmHOI Momenn, nMeroriee chepruueckyro reoMerpuio. Takoe BO3MyIIeHIE COOTBETCTBYET CKOII-
JIEHUIO T'aJIaKTUK, KOTOPOE€ MOXKHO MPEeOACTaBUTh KaK JIOKaJIbHOE OTKJIOHEHNE OT OOHOPOOHOCTMU.

[IpuMeM, 4TO paguyc BO3MYIIEHUs (CKOMICHNS) MAJ MO CPABHEHUIO C PACCTOSHUEM IO TO-
PU30HTA U ¢ PANIYCOM KPUBU3HBI. J[pyrue BO3MyIleHus (COCENHUE CKOIIEHUs) HE BIUSIOT HA
paccMaTpuBaEMOe.

Ha panHmX sTamax paciimpeHne MpONCXOONsIO0 MO 3aKOHY, OJIM3KOMY K mapabomaecKoMy.
[TosTomy mpumem, YTO B HEBO3MYIIIEHHON OokpyXKaforteii cpene F = 0. B manoit xe chepuaeckoit
OKPECTHOCTHU HEHTPa SHEPTUA €eOIUHNIIBI MaCChl OTPpUIaTe/IbHA 1 MaJia IO CDAaBHEHUIO C 9Hepr1/1e171
paciupenns. [locrmenuss B pacueTe Ha eQUHUIY MacChl MOXeT OBITH OIlEHEHA KAaK KBaIpaT
CpemHeill CKOPOCTH PACHINPEHUS, T. €.

R 2
Bl < (7)) - (125)

st Mamoro OTANYKS MIOTHOCTH BEIIeCTBA OT CpemHeil HeoOXOMMMO, YTOOBI TPOU3BEIeHIE
E(M)M*Q/3 cnabo 3aBuceno or M. DTo ycmoBue MOXHO BBIPA3UTDH Uepes JOrapudMIUIecKyio

MPOU3BOMHYIO: o
M OE(M 2

E(M) oM 3 < 1. (126)

Cdepuueckoe CKOIJIEHNE ¢ OTPUIMATENBHON DHEPT ULl PACIIUPIETCS MeIJIeHHee, YeM OKPYKa0o-
IIee pa3zMazaHHOE BeIlecTBO.

Omnpemenum OTHOCHTENbHBIE N3MEHEHHs PAIUYCA U TIOTHOCTH MACCH cKornenus, 0R /Ry u

dp/pr, a TakxKe CKOPOCTH U3MEHEHUsS PANNYCA B HEKOTOPBI MOMEHT, TMie PAIUYC HEBO3MYIIIEH-

HOTO I11apa, PACHINPSIOIIErocs COraacHo pernennio Ppunmana ¢ HynaeBoil sHeprueit (M. Tabi.

1 u 2 u dopmynst (14)), HEBO3MYILIEHHBIE TNIOTHOCTH U CKOPOCTH PACIINPEHUs

R AN 2G M) Y/3 213 L1 12
F—<§> ( ) e, PF—%t—y ( 7)
9 1/3
vp = <§> (2GM)'/3173. (128)
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Ilng onpeneneHus nCKaxeHus panmyca pasinoxuMm ¢yuknun (117) u (118) mpu E(M) < 0
o ¢opmyne Teitmopa ¢ IByMs clTaraeMbIMI:

2 2 3 2
U] n Ry n n
R~Rp—|(1—=—], t—ty~—mm—T (1. 129
2 ( 12) 0 h2|E| 6 ( 20> (129)
Uckmouns mapaMeTp 1), TOAYYIUM [JIs1 OTKJIOHEHUS PAIIIyca

(130)

Ry ¢ 5 GM

o ll_Mr/?’_l_EM :

1800

[osenerne cpennei mIOTHOCTH Bo3mywerus p = (3/47)M/R? onnceiBaeTcs aHAIOrMIHON
dopmynoii

_ - -4/3
oo P—pr to(M)] ™2 3|E(M)| to(M)] ™
LA A i I A S —1+-———Rr |l — —2~ . 131
HeFKO OIIEHUTHL U IIOBEOEHUE CKOpOCTI/IZ
OR to(M)] 2 |E(M)] to(M)]*?
== |1 - - 1- =" 2 Rp|l-—— 132
T T [ t 5 G t (132)

Pamuyc Bo3MYyIIIeHHOTO I1apa ¢ HYJIeBOI YHePTUell BCeria MEHbIIe, UeM Y HeBO3MYIIIEHHOTO,
HO C TeUYeHHEM BpPeMEeHU PacTeT U CXOOUTCS K HeBO3MYyIIeHHOMY. COOTBETCTBEHHO IMIOTHOCTD
BBIIIIE PABHOMEDPHOH, CO BpeMeHeM YOBIBAeT U CTPEMUTCS K MOCTIeqHel.

Ecnu E < 0, To OTK/IOHEHUS KaK paanyca, Tak U MJIOTHOCTHU MPU JOCTATOUHO OONBINNX ¢ >
o CTAHOBSITCS MPOMOPIINOHAIBHBI HEBO3MYIIIEHHOMY panuycy. [Ipu sToMm Bo3MmyllieHue paanyca,
OCTABAsACH OTPUIATETBHLIM U MAIBIM (110 MPEANONIOKEHHIO), PACTET 110 MOMYITIO, & OTKIOHEHIe
MJIOTHOCTH TOJIOKUTENIBHO U PACTET MPOMOPIUOHAIbHO —30R/ Ry

CxopocTh BHYTpeHHEro nBukeHus ckommenus npu E < 0 u ty =0

v = —%%UFRF oc 113, (133)

3mech pacCMOTPEH MPOCTERIIN CIyUuail NCKAKeHNs PACIInpeHns, MOISTNPYIOIINil moBeIe-
HUE CKOIJIEHUS TaJIaKTUK Kak cjiaboit chepmueckoin QIyKTyannn, B HBIOTOHOBCKOM TPUOJIMKe-
Hun. OKa3BIBAETCS, YTO KaK U B CIy4Yae OTHOPOMHBIX MOMIEJIell, PeIITUBUCTCKOE PACCMOTPEHME
NPUBOANT K KAYECTBEHHO TeM K€ BBIBOHAM.

B xocmonorum moBemeHme pazamUHOTO PO BO3BMYIIEHUI, B TOM YHCJEe PA3IUIHBLIX KOJe-
O6aHmit paccMaTpuBaeTcsa B 60see 0O0IIX MPEONOIOKEHNSIX, YINTHIBAIOTCS THAPOOINHAMIIECKTE
SIBIEHUS 1 PU3nIecKne MPOIECCH B3aMMOMENCTBUS BEILIECTBA U M3y UeHNUs .
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3akJiroueHue

B zakmiouenne oTMeTUM, UTO Y CYHIECTBYIOIIEH TEOPUU UMeeTCs HeMano mpobneM. bomb-
mast paboTa ellle MPENCTOUT B PelleHnn TPoOIeMbl CKPBITOW Macchl, pa3paboTke CBSI3U KOCMO-
JIOTWU C TEOpHUei 3JIEMEHTAPHBIX YaCTUIl, TEOPUHU PA3BUTHS HEOMHOPOIHOCTEH U OTPAXKEHUS UX
dopvuposanus Ha PU, a Takxe psna npyrux Bonpocos. [IpomomkaeT pa3zpabaTeIBATHCS TEOPUS
OTKJIOHEHWiT OT CTAaHAAPTHBIX MOIeNell B MAJbIX MaciiTabaX, Tie KOCMOIOTMYeCKUil TPUHITUI
SBHO He cobmionaeTcs. B camoe mocnentuee BpeMs BRITIOTHEHIE STOTO MPUHIINANA HA MACIITabax,
menbinnx 1000 Mnk, o6wsacusa0T Gonbinoit ponbio Bakyyma (25 = 0.70 =+ 0.80) nnm oco6oro
Bua “TeMHOI sHepruu” (KBHHTHCCEHINN), SBISIOLICHCs obomeHneM BakyyMa. B kocmomoruio
MPOHWKAIOT TaKXKe TMPeIcTaBIeHns 0 GpakTaJbHOM CTpoeHUn BceemeHHOI.

BricTpoe pazBuTue HAGTIOOATETBHOM 6Aa3bI KOCMOIOT NN TIO3BOJSIET HANEITHCS, YTO MHOTHE
npoOneMbl OynyT pellleHbl B HAaUajde HACTYMAIOIIEr0 CTONETHsA. B To xe BpeMs yiKe MMEOII-
ecsl MOCTUKEHUsT KOCMOJIOTHY, O KOTOPBIX 3MeCh OBIIO PAcCKa3aHO, BIEUATHAI0T. BoabmmHCcTBO

KOCMOJIOTOB, KaK (PM3WKOB, TaK 1 acTPOPU3UKOB, YOXKIEHBI B TPABMILHOCTH UCXOMHBIX TTPEITIO-
CBIJIOK U OCHOBHBIX BBIBOIOB TEOPUM. XOTS TPEIJIOKEHBI HEKOTOPHIE ajbTepPHATUBHBIE TEOPUH
TATOTEeHUs u Mofenu BeemeHHON, HI OMHA U3 HUX He ajla YIOBIeTBOPUTEIHLHOTO O0BSICHEHUS HI
PU, au mykneocunTe3y. HecMoTps HA mpo61eMBl 1 HEOOXOOUMOCTD YTOUHEHUS PSIA MOTOKEHN T
mapaineabHO C MOMYUYeHNeM HOBBIX HAOMIOOATENbHBIX HAHHBIX MOKA UYTO TEOPHUs PACHIupSIo-
ieiicst BeeneHHON siBNIsIeTCS €IMHCTBEHHOW TeOpUeld, MOTYIIeH MPeTeHI0BaTh Ha aleKBATHOCTD
TIpUPOIIE.

HanvpHelimue cBemeHNs 0 MpobiaeMax, NCTOPUN CTAHOBIIEHUS, METONAX U Pe3yabTaTaxX Koc-
MOJIOTHN MOYXKHO TPOYNTATH B IMINPOKO MUTUPOBAHHLIX BBIIIE yiKe Kiaccuaeckux [1, 2] u uzman-
HBIX CPABHUTENBbHO HemaBHO |9, 13-14] Mmonorpadmsx, saunkionenun (15, craren Kocmonorus,
Momnens ropsiaeit Beenennoit, Mopens nudsunonnoii BeeneHnolt] 1 B MOMyISpHBIX N3IAHUIX
[16-19], a Tak:Ke B KHUTAX U CTAThAX, HA KOTOPbIE TaM HAIOTCS CCBIIKI.

[Tpu moaroToBke mMaHHOTO TOCOOUS K TMeYaTH IEHHBbIE 3aMevaHusl, CTIOCOOCTBOBABIIINE YTy U-
IIIeHNI0 TeKcTa KHurum, choenadsl pemenzenTtamu 1. A. Bapmanosuuem n B. K. IIy6poBuuem, a
taxxke HO. B. BapeiieBsiM, 3a 9T0 aBTOp BBHIpaXkaeT UM GIaromapHOCTD.

M3nanue ocymecTsiaeHo npu yactuanoit nognep:xkke ®II “UnaTerpanns”, mpoekt N 2 578.
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