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Jonroe Bpemst. [Toaromy ecm Bo BeestenHo# B 0JTHO 1 TO ¥Ke BpeMst 06pa30Ba-
JICh HEKOTOPbIE 00BEKTRI, TO GoJiee yIaJleHHble 3 HUX MbI OyeM HaOTI01aTh
Ha bojiee parnem starne pazsuTus. OJHAKO TPU TAKOM MOJXOJE K U3YUIEHUTO
HBOJIIONUE ACTPOPUBUIECKUX OOBEKTOB CJIEJIyeT UMETh HEKOTOPYIO OCTOPOXK-
HOCTb. DTO CBSI3aHO C TEM, UTO JIETAJU POXKJEHUsI U PA3BUTUS OO'bEKTOB,
KOTOpBIEe 00pa3yloTcsl Ha Pas3/IMUHbIX TarnaxX 3BoJoNn Beesennoit, Moryr
CYIIECTBEHHO OTINYaThest. Tak, HapuMeD, 3Be3JIbl MEPBOTro TMOKOJIeHNs (ca-
Mble PaHHWE 3BE3/IbI, (POPMUPOBABINECS U3 BEIECTBA eIlie HeOOOTAIEHHOTO
TSKEJIBIME 9JIEMEHTAMM) BCJICJCTBAE MAJOH METAJJIMYHOCTH MOTJIM UMETh
CYIIECTBEHHO OOJIBIINE MACCHI U HBOJIIONUOHKPOBAJU ObICTPEe, YeM, HAIPHU-
Mep, 3BE3/Ibl TPETHErO IIOKOJIEHUsT, OOUJINE TSKEJBIX JIEMEHTOB B KOTOPBIX
GJIM3KO K COJTHETHOMY.

Emme onHoit 0c00eHHOCTHIO acTPOMU3UKN U KOCMOJIOTHY SABJISIETCST CYIIe-
crBennasi poJsib ahdektos ceyeximu. 1oy ceseknueit B acTpodusnKke mMOHU-
MAETCst TO, ITO 3a4ACTYI0 MBI BHJMM HE CAMBIE PACIPOCTPAHEHHBIE O0HEKTHI
JIAHHOTO THIIA, & TeX ero MPeJICTaBUTeIeil, KOTOPbIX Jierde BCero HabJIo/IaTh.
Tax, nanpumep, JIOJIroe BPeMsl PaJMOILyIbCAPDL, KOTOPBIE SABJIAIOTCS OU€HD
SIPKVMH  [IePHOITIECKUME PaJUONCTOTHUKAMIE, CIUTATUCH €IUHCTBEHHBIMHE
MPEJICTABUTEIIMI HEHTPOHHBIX 3Be3/1. OJIHAKO OTKPBITUST TTOCTEIHIX TISITHA-
JUTATH JIET TOKA3aJi, ITO 9TO HE TaK, & WX BbIJIEJEHHAS POJIh ObLIa CBIA3AHA
¢ TeM, 9TO TaKue MCTOYHUKY Jierde oOHapy»KuBarh. U xors Ha HacrosiIiee
BpEMsi U3 U3BECTHBIX OOJIEe UeM JIBYX ThICSY OJIMHOYHBIX HEHTPOHHBIX 3BE3/
HOJIABJIAIONIEE TUCIO0 COCTABJIAIOT UMEHHO PAIMOILYJIbCAPDI, HO PeasbHasi nX
JIOJIST B TIOMYJISITIAN CYTIECTBEHHO MEHbIIIE.

1.1 Crocobbl HaOJIIOAEeHST BHE3EMHBIX 00'bEKTOB

Kak ormeuasioch Bbiiie, B acTPOMOU3NKE U KOCMOJIOIUE OTCYTCTBYET HEIO-
CPeJICTBEHHBIN KOHTAKT C MPeJIMeTOM HCCJIefoBanus. [103TOMy eInHCTBEeH-
HBI CIOCOD TIOTYyUeHNs CBEeIEHU O BHE3EMHBIX 00beKTaX  9TO UX HabJIIO-
jierne. C HE3aMAMSITHBIX BPEMEH 3THUM 3aHUMAJIACH €116 ACTPOHOMUST, OJIHA-
KO TaKoe HADJIIOJIEHUE TTO3BOJISIIO JIUIID MPEJICKA3bIBATE [IEPEMEIEHUsT 3BE3/]
U 1ager 1o HebecHoii cdpepe, HO HUUYErO HE MOLJIO CKas3aTb 00 UX CTpoe-
Huu u 3Bosionuu. KadecTBeHublil mepesiom mpousores B konie XIX Beka ¢
TOSIBJIEHNEM CTIEKTPAJILHOTO aHajin3a, JAloIero BO3MOXKHOCTh MCCITeI0BATH
XUMUIECKHH cocTaB U (husmaeckoe coctostnue (TeMnepaTypy, KOHIEHTPAIN
KOMIIOHEHT U JIP.) MCTOYHUKA CBETa. [IpuMeHenne Toro MeToga K 3Be31aMm
MOKA3aJI0, 9TO BCE OHU COCTOSAT M3 M3BECTHBIX Ha 3eMJIe JIEMEHTOB, a UX
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Puc. 1. Cnextp doHOBOro n3ayuenna Beenennoii B dpoTonax. [Io BepTHKaIbHON OCH OT-
JIO’KEHA MHTEHCHBHOCTb M3JIydeHns B jorapudymaeckoit mkase (1ncsio GporoHos, npuxo-
JIANINX 32 CeKYH/Iy Ha KBaJIPaTHBI CAHTHMETP II0BEPXHOCTH U3 TEJeCHOIO yIJia CTepaiu-
aH B [0JI0CE HAHOMETD), 110 TOPH30HTAIBLHON OCH, TOXKe B JIorapudMUIecKOM MaciTade,
4aCTOTA, JIMHA BOJHBI U 3Heprusa (poroHos. OT/e/bHbIe BKAA/bI B CIEKTpP CIeBa Hallpa-
Bo: (1) paanonsiyuenne (paccesinue 3JeKTPOHOB HA MOHAX U CHHXPOTPOHHOE M3JIyUeHHe
YACTHYHO MOHH30BAHHOIO JucKa lamakruku), (2) pesukrosslii ¢bon (d4epHOTENIBHOE H3-
ayduenue ¢ remmeparypoit T ~ 2.7 K), (3) cyOMuumMerpoBblii Juanas3on (pejnkToBoe
U3JIy9eHNEe, PACCESHHOE HA TOPSINX HJEKTPOHAX MEXK3BE3JHOIO M MEKIaJaKTHIECKOTO
rasa), (4, rpeyrosbaukn) uadpakpacHoe usiaydenue (rasousliesble ofsaka LanakTuku),
(5, Toukm) BuAMMBIH Juana3oH (3Be3ibl ['AJakTHKM), JIHHUS HUZKE TOYEK COOTBETCTBY-
er CyMMAapHOMY BKJAJy JAJeKux rajakrtuk, (6) ynprpaduonerosbiii quanazon (mourn
BepTHKaJbHasd KPUBAasi COOTBETCTBYET CTEKTPAJbHON JIMHUN BOIOPOJAa Ly, W3IydaemMoi
MOHM30BAHHBIMU MEZKIaJaKTHIECKIMH O0JaKaMH BOJOPO/IA C PA3HBIMH KPACHBIME CMe-
menugmu), (7) KOPOTKOBOJIHOBag yabrpaduoseToBas 061acTh (M3/1yueHne ropsdeil MexK-
3BE3HOM TL1a3MBI 32 cUeT (DOTOMOHU3AINH, PA3HbIe MUHUH COOTBETCTBYIOT PAa3HOM ILTOT-
HOCTH BOJIOPOZIA), (8, OPSMOYTOJIbHAKH) IHK B PEHTTEHOBCKOM J(Halla3oHe (aKKpeImoH-
HBI€ JIMCKA BOKPYT HEHTPOHHBIX 3BE3J1 M YEPHBIX JBID, TOPSIMil MEKTAJAKTHICCKAH Ta3),
(9) v-ananason (sapo u AuCK rasakruxu). B3saro us padorsr [1]

Logo(optical depth)

KOTOPOTO MOXKeT OBITH MarHUTHOE TOJIE MPEJICBEPXHOBOI, yCuIeHHoe OBhICT-
PBIM CXKATHEM KOJIJIANICUPYIOIIEro sjipa. B aTom ciyuae npu nuddepeniu-
aJIbHOM BpaIleHrN 000JI0UKK, KOTOPOE TAKXKe sIBJISIeTCsl CJIEJCTBIUEM ObICTPO-
r0 C2KaThsl IIPEJCBEPXHOBOM, B Hell reHepUpPyeTcst BTOPUIHOE TOPOUIAILHOE
MArHUTHOE TOJIe, HAIPSDKEHHOCTh KOTOPOTO JIMHEHHO pacTteT 1o Bpemenn [4]:

mﬁ = bo.@oﬁ?ﬁ %v Dwv Au”_.ov

rje By — HaPSAXKEHHOCTDh HEPBUIHOTO MOJOUIAIBHOIO MAarHUTHOTO MOJIst Ha
nosioce, g HadasbHas yIJI0Bask CKOPOCTH BPAIEHHsI HEHTPAJIBHOIO 0CTAT-
Ka, F(r,0) &yHKIus, 3aBucsimas or TpaJiieHTa yrJIoBbIX CKopocTeil B 060~
JIOUKe 1 KOH(UTYPAIMKA TEPBUIHOTO MATHUTHOTO MojsA. Mcrounnkom snep-
MU JiIsl TEHEPAIUME BTOPUIHOIO MArHUTHOTO TI0JIsI SABJISAETCS SHEPTUsl Bpa-
HIEHUs HEHTPAJbLHON JacTu ocTarka. TakuM o0pa3oM, 3a BpeMeHa

1018 e
By
OCHOBHas 9aCThb wmmﬁﬁﬂﬁ wvwEmmsm d@@ovnohs% B MaromuTHOE Eo.ﬁp a ero Ha-

At ~ 3cex (311)

MPSI)KEHHOCTD JIOCTUTAET MAKCUMAJILHOTO 3HAYEHU S
Qo
1 cex

B 3. 10%Tc

“ (312)

u Jlasibuelituil ero poct npekpaiuaercs. Kax BUJIHO U3 1IPUBEJCHHDBIX BbIPa-
JKeHui, Tph TepBrudHOM MaruuTHOM nose By ~ 10 Tc, sropuumoe Topon-
JIAJIbHOEe MarHUTHOE TOJIe YCHeBaeT CYIeCTBEHHO YCHIHTECA 33 XapaKTepHoe
BpeMsa OCHOBHOTO HEHTPUHHOTO W3IIyUeHNs, KOTOPOE COCTABIAET HECKOIHKO
CeKyHJI. 3aMeTHM, 4TO JjIsl MUJUIMCEKYHJIHBIX OCTATKOB CBEPXHOBDBIX €I'0 Ha-
LPSZKEHHOCTL MOXKeT JIOCTHIaTh 3HAuYCHUil mwﬁn& ~ 10" Tc. Tak xak 310
MaIHMTHOE 110JIe UMeeT TOPOUJIaJ/IbHYI0 KOH(MUIYPAIMIO, TO lIepeu3Jly YeHusd
HefITPUHO B 3TOH JacTh 000JOUKN OyJeT MPUBOIUTE K €e JIOTIOTHNTETLHOMY
TOPMOXKeHMIO b0 packpyTke. IIpn sToMm yrioBoe yckopenne, Tak »Ke Kak 1
MarHuTHOE TI0JIe, Oy/IeT pacTh JUHEHHO O BpeMeHH:

By
1013 T'c

Bpewmst, 32 KOTOpOE 3TO JIONOJIHUTEHHOE YCKOPEHE U3MEHUT yIJIOBYIO CKO-

Q~0.1cex2 | (Qot) F(r,0) (313)

POCTb BpalleHns 0O0IOUKH Ha, BeJUIHHY g, 8 3HAUUT, CMOXKET CYIIECTBEHHO
BIIUATE Ha, €€ JUHAMUKY, COCTABIIACT:
1013 T¢
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Bble HEHTPUHO paHbllle IMepecTall B3aUMOJIeACTBOBATL ¢ BEIECTBOM, TO UX
CETOJTHAIIHSA TeMIIepPaTypa, JOJKHA, ObITh MEHBIIE TEeMIIEPATYPhI PEJTUKTO-
BOrO u3jyueHus. K coxxaieHnio, pojib PeJINKTOBBIX HEHTPUHO B COBPEMEHHOI
Bcesennoit nepejivka, a ux KCIEPUMEHTAJbHOE OOHADYKEHUE BPsiJl Jid Oy-
JleT BO3MOKHO B Osnzkaiiiiee spemsi. OjiHako B panuneii Beesiennoit onu cyiie-
CTBEHHO BJIMAJIN Ha TEMII ee pacClIupenus U Ha XOJ NEPBUYHOTO HYKJICOCUHTE-
3a. [TosToMy ux cyIecTBOBaHEe KOCBEHHO MOITBEPK IAETCST TEOPETUIECKUMU
MOJIEISIMU U HE BBI3BIBAET COMHEHUsI B HACTOsIIee BpeMsi. CrielyIomuMu mo
9HEPruy UJYT COJIHEUYHbIe HEeHTPUHO, HCTOUHUKOM KOTODPBIX ABJIAIOTCA Tep-
mosijiepibie peakiuu Buytpu Cogtaia. Ormernm, 910 HAOMIOJAEHIE UMEHHO
COJIHEYHBIX HEUTPUHO BIIEPBbIE IIO3BOJIMJIO JIOKA3aTh HAJIUYNE Yy HEHTPUHO
maccnl. Jlanee, 1ocTaTouHo OIU3KO O SHEPTUE K COJHEUHBIM HEUTPUHO CTO-
ST peaKTOpHbIe U reoHeidTpuHO. Kak MOHATHO U3 Ha3BaHWs, TIEPBbIE U3 HUX
UMEIOT TEeXHOI'CHHYIO IIPUPOAY U POXKJAIOTCA B sJICPHLIX PeaKTopax, TOrJa
KaK UCTOYHUKOM MeOHEHTPUHO ABIAIOTCA PACHIA/Ibl PAJUOAKTABHBIX U30TOIIOB
B Heyipax 3emyin. Crojia e MOXKHO ObLIO OTHECTH YCKOPUTEJIbHBIE HEHTPUHO,
KOTOPBIE POXKJAIOTCS B YCKOPUTEJISIX YACTHUIL, OJ[HAKO UX BKJIA)| B ODIILYIO WH-
TEHCUBHOCTDH JIOCTATOUHO Majl. OTMETHM, UTO PEaKTOPHBIE U YCKOPUTETbHbIE
HEHTPUHO HE UIPAIOT HUKAKON POJIM B acTpodU3MKe, OJTHAKO OUYeHb BaXKHBI
JIJTsl HA3EMHBIX IKCIIEPUMEHTOB, U3y YaIOIIX CBOMCTBA HelTpuHO. [eoneiiTpu-
HO M3-3a CJ1A00CTHU MOTOKA MOKA TOXKE HE MOT'YT JaTh CYIIECTBEHHON nHMOp-
MAIMK O BHYTPEHHUX YACTIX 3EMJIM, HO, KAK IMOKA3BIBAIOT PA3JIMIHBIE MO-
JIeJTd, OHU UI'PAIOT CYIIECTBEHHYIO POJib B ee rerioBoM Oasance. Jlasee 1o
SHEepPruy CJIeyI0oT HEeHTPUHO OT KOJIalca MaccUBHBIX 3Be3n. Ha xonewnoii
CTa MU IBOJIONUY 3Be3J1 ¢ Maccoit M 2> 10 My, mpoucxoguT KOJUIaIC ux xKe-
JICBHOI'O 4A/ipa, KOTOPDLIA NPUBOAUT K HEHTPOHU3AIUN BEIEeCTBA U KOPOTKOMY
HEATpUHHOMY BCILIECKy (Supernova burst na puc. 2). 3aTem oCTaTOK KOJLIAI-
Ca OCTBIBAET 32 CUYET M3JIydeHUs] HeUTPUHO B Tedenune npumepuo 10 cekyms.
Takoii criekTp 030K K 4ePHOTEJIHLHOMY M UMEET XaPaKTEePHYIO TeMIIEPATYDY
T ~ 10 MsB (from old supernova ua puc. 2). OTmMeTuM, 9TO 1yBCTBUTENb-
HOCTbL COBPEMEHHBIX HEUTPUHHBIX TEJICCKOIOB [T03BOJIAET JEeTeKTUPOBATD 10~
TOK HEHTPUHO OT CBEPXHOBOI, €CJIN OH MpOou30iijer B Haleil rajaktuke. O
HUM u3 HauboJIee M3BECTHBIX KAH/UIATOB HA TAKOE CODbITUE SBJISETCS KPac-
HbII cBepxruranT Beresbreiize, KOTOPbIiL, MO OIEHKAM, MOXET B30PBATHCS
KAaK CBEPXHOBasl B JIIODOE BPEMsi B TE€UEHHE HECKOJBLKUX CJIEJYIONIUX ThICSY
Jjer. Jlajiee poTs2KEHHYIO Y4acTh CLHEKTpa 3aHuMaiorT arMocdepibie Hefirpu-
Ho. Vcrounnkamu 9TuX HEHTPUHO SABJSIIOTCA KOCMUYECKUE JIYUIH, KOTOPHIE
B3AUMOJIEHICTBYIOT € siipaMu Bo3jyxa B armocdepe 3emisn. IIpumepno na

rJie CyMMUPOBaHUE BeeTcs 10 Gha30BoMy 00beMy dn, KOHEYHOrO HEHTPUHO.
3uech 0pt = fe + [ty — fhn, IPUYEM 3HAK ILTIOC IPU Jf4 COOTBETCTBYET IIPOIEC-
CaM C HEHTPUHO, & 3HAK MUHYC — PEAKIUAM C AaHTHUHEITPUHO, e, [y U [y —
XUMUYECKHE IIOTEHIINAJDbI 3JIEKTPOHA, [IPOTOHA U HEHTPOHA COOTBETCTBEHHO.

B Bbibpannoii cucreme orcuera, rje MarHUTHOE 110J1€ HAIPABJIEHO 110 TPe-
Theil ocH, aseMenTh (pazororo obmheMa st yaacrsyionmx B8 URCA-mporec-
cax JaCTHUI] MOTYT OBITH 3alluCcaHbl B BUJIE:

L,L,
dn. = Awﬂcw dpadps, (300)
G L,L
dny =YY sj(0) 1 dPydP;, (301)
o=+1 j=0 Awﬁv
dn, = V_ppr (302)
n AM\:‘vw )
o'==%1
V
dn,, = &’k 303
= s (309)
rie s;(0) = 0 qst cyuast j = 0, 0 = —1, n s,(0) = 1 ams Beex ocrain-

upix ciayvaes. Oynkims s;(0) xapakrepusyer ToT (BaKT, UTO 3apsKeHHAs
JaCTHUIA Ha HYJEBOM ypoBHe Jlamjay MOXKET UMETh JIUIIbL OJIHY TOJIsIpU3a-
1uio (3aBUCAILYIO OT 3HAKA €€ 3apsjia).

B ysbTpapensiTuBucTCKOM cilydae Bbipaxkenue st koddduimenrta ad-
copOIyMY B JIAHHBIX PEAKIMSIX JAETCH CJIEYOIUMY BbIPAXKEHUIMU:

o ) ) plo—he)/T

\GH = \ﬂt = m ®m2§ AH + W.QQV + AH - .va OOMQ %“ AWO%V
G2 ) ) elwton)/T .

\mm =Ny = m mm.N/\S AH + MW.QQV + AH — .Qav OOm\Dv %“ A@OLV

U UMeeT CMBICJI MOJHOr0 KoddbdunuenTa abcopbiuu jijisi HEUTPUHO U AHTHU-
HEHTPUHO COOTBETCTBEHHO. 3/1ECh 3 — YIOJI MEXK/Iy BEKTOPOM HAIPSKEHHOCTH
MArHUTHOIO LOJIA M UMILYJIbCOM HEeHTPUHO, Ot = (e + [y — [y, 1 XAPAKTEDH-
3yeT OTKJOHEHHEe XUMHUUECKOTO COCTaBa CPeJbl OT [S-paBHOBecHOTO. B 1essx
ODIIHOCTH M3JIOKEHUsI, TIPUBEJIEM aHAJOTMYHbIE BEJINIUHBI B CJIydae OTCYT-
CTBUSI MAHUTHOTO T10Jisi. Kpome Toro, ux aHaJu3 MO3BOJIAET BBIABUTH, KAK
HMEHHO CHJIbHOE MArHUTHOE I0JI€ BJINSeT HA PACCMATPUBAEMbIE MPOIECCHI.
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Puc. 3. Yepeguennstii cuexTp kocMudeckux Jydeil. Habuoparensusie gjanape (To4kn) u
uxX npubaHKeHus (JMHUHN), TOJyYeHHbIe ¢ IOMOIIBI0 PA3HBIX MOJeJeil HCTOYHIKOB BHe-
raJlaKTHUeCKUX KOCMUYECKUX JIyUell  UX XUMHUYecKoro cocrasa. (B3sro u3 paborst [3])

4TO BHEraJaKTHICCKHE IPOTOHBI, UMeIolue suepruio 6otee £ ~ 5-10'Y T'sB,
OytyT 3 PEKTUBHO TEPSITH €€ M3-3a B3aUMO/IelicTBUsl ¢ (POTOHAMU PEJIUKTO-
BOI'O U3JTy YCHUS.

Cy1ecTByer erre oJ(iH TTPUHINITHAILHBIN CITOCO0 MOy Yenus nugopMarun
00 acTpoduznueckux 00beKTaX — JIETEKTHPOBAHUE OT HUX MPABUTAIIMOHHBIX
BoJiH. VI XOTs1 TIOKA TPSIMO¥i PErUCTPAIUU MPABUTAIIMOHHBIX BOJIH HE TPOU30-
11JI0, HO €CTh KOCBEHHbIE MOJTBEPXKJICHUsI UX CyNecTBoBanust. Kpome Toro,
yke paboTaloliue JeTeKTOPbl UMEIOT JOCTATOUHYIO 4yBCTBUTEILHOCTD, YTO-
Obl 3aPErUCTPUPOBATD I'PABUTAIIMOHHDBIE BOJIHBL OT CJIMsIHUSI B TECHO JIBOM-
HOIt cucTeme, JTMO0 OT B3PBhIBa CBEPXHOBOI, €CJIM 3TH COOBITHS TPOUB0MIYT B
Hareil rajjaktuke. TakuM 0Opa3oM, ecTh HaJeXK 1a, YTO MPsiMasi PETHCTPAITUS
PPABUTAIIMOHHBIX BOJH MOXKET MPOU30NTH B OJIMKAUIIIEM OYIYIIEM.

Kak 6b110 onmcano Bbillie, OCHOBHBIME CIIOCODAMY TOJTydeHust nH(OpMa-
nuu 00 acTpodU3MIECKUX OObEKTaxX Ha HACTOMAIEee BPeMs SIBJISIETCS PEeru-
crpanus or HuX (POTOHOB, HEHTPUHO U KOCMUYecKuXx Jiydeil. Jlerekruposanue
PPABUTAIIMOHHBIX BOJIH TIOKa OCTAETCS JIUIITh TEOPETHIECKONH BO3MOKHOCTHIO.
OjHako ayke UX OTCYTCTRYE, MO3BOJISET TOJIyYaTh OrpaHUIeHus Ha, husnie-
CKUe TapaMeTphbl CUCTEM, OT KOTOPBIX OHU OXKUJIAJHUCH, HO He ObLIM OOHADY-
»kebl. CBojHAst UHMOPMAIIUST 0 OCHOBHBIM BHJIAM YACTHUIL, PETUCTPUPYEMBIX
B acrpodusnke, n ux ucrounnkam npusegena B rabuuue (1). B oty Tabmumy
He ObLIM BKJIIOYEHBI I'PABUTAIIMOHHBIE BOJIHBI, OJJHAKO OTMETHM, YTO HA Ha-
cTosIee BpeMsi Hanbojiee MHTEPECHBIMY KaHWaTaMi Ha X PErHCTPAIINIO
SIBJISIIOTCST TIPOTIECCHI CIMSIHIST HEHTPOHHBIX 3BE3J[ U YEPHBIX JIBIP B TECHBIX
JIBOMHBIX CUCTEMAX.

10

TIOJIHUTEJTHHBIN HarpeB 000JI0UKH CBepXHOBON. OHAKO, KPOME CTaHIapTHOI
pOJIU JIOTIOJIHUTEIBHOTO MCTOYHUKA SHEPIUM, B3aMMOJIEHCTBHE HEHTPUHO C
BEIIECTBOM B MPUCYTCTBUU MATHUTHOTO IOJIsi MTPUBOJAUT K HOBOMY JIMHAMU-
vqeckomy 3bdekry, nest koroporo npunagaexur H. H. Hyrarwo [15]. Ussect-
HO, YTO B IPOIECCaX C y4aCTUEM HEHTPUHO HAPYUIAETCs POCTPAHCTBEHHAS
4eTHOCTh. B MakpockonuniaeckoM Mmacintabe 3¢h¢eKkT HapyIeHus: MpoCTpaH-
CTBEHHOI Y€THOCTU MPOSIBJIAETCS B JIOTMOJHUTETHHOM UMITYJILCE, TTEPETaHHOM
HEHTPUHO OT IJIEMEHTa 00beMa, CPeJibl BIOJb BEKTOPA, HAIPSIKEHHOCTH Mar-
HUTHOT'O TIOJIS.

Baxxno ormMeTuTb, 9TO MPU BHIYUCJIEHUN U3OBITOYHOIO UMITYJIBCA JIOKAJb-
Hble 3HAYEHUS TEMIEPATYPbl U XUMUYECKUX [IOTEHI[MAJIOB YaCTHUIl dJEMEH-
Ta cpejibl 000JOUKHU JIOJIKHDI ONPEJIETATHCA CaMOCOTVIACOBAHHO ¢ MHTEHCUB-
HOCTBIO TIPOIECCOB TTEPEN3/IyUeHrs] HeHTPUHO B HeM. Pererue 9Toii 3a1a4qu
BaXKHO JIjIsi MOJIEJTMPOBAHUS MAarHUTOPOTAIMOHHOTO B3PhIBA CBEPXHOBOI, MO~
CKOJIBKY TIO3BOJISIET KOPPEKTHO OIEHUTH KAK HEUTPUHHbBIE JUHAMUAYECKUE Y-
deKTbI, TAK U X BJIUSHWE HA T€HEPAIUI0 MAIHUTHOT'O IOJisi BO BHYTPEHHE
ILJIOTHOM 000JI0UKE CBEPXHOBOI.

Boipaxkenust Jijist 4-UMITyJIbCa, EPEABAEMOTO OT HEHTPUHO eIUHUIIE 00D-
éMa cpefibl B €JIMHNILY BPEMEHW B OJTHOM IPOIECCE, OMPEIeISTeTCsT KaK:

Sizl?
_.wf [T 50— fodndn;, — (201)
i f

&ﬂy&@gmH
o = \aa) vl
i, f
rjie CyMMupoBanue Bejercs 1o GaszoBomy 00beMy BCEX HAYANBHBIX (i) U KO-
neunpix (f) wacrui. 3pecn [Sif|?/T ~ kBajpar S-MaTPUUHOIO 3/1€MEHTa 1PO-
1[ecca B eINHUIYY BPEMEHH, (, — 4-UMIIyJIbC, TIepeITaHHbIli cpejie B TaHHO pe-
axunn (st ipambix URCA-poneccos on coBmaiaeT ¢ nMITyibcoM HEATPUHO
¢ yaeToM 3uaKa), f;, fr — GYHKIME paCTpeielenns HATAIbHBIX H KOHETHBIX
JACTHI] COOTBETCTBEHHO, dn;, dny — aneMenTs nx dazoBoro oobema. Jpyroi
BayKHOW MHTerpaJ/ibHON BeJIMYMHON, XapaKTepusylolleil [IpoIece, sABJIgeTcd
ckopocTb peakiuu [') onpejiesisieMasi Kak:

1
r=->%
v i, f

¥ MMEIONIAs CMbBICJ IMCJIA NEpexOJ0B B JaHHoil peaknuu (i — f), mpouc-

Sif|?
| QH_ 171 = £7)dnidny, (292)
i

XOJSIIUX B €JUHUIE 00beMa BelecTBa B eauHuily Bpemeru. C MOMOIILIO
Hee MOryT ObITh HOJIYUYeHbl U JIPYIHe BAXKHBIE BEJMIUHBI, XapAKTEePU3yIOIue
JIAaHHBI mporiece. B 4acTHOCTH, 13 CKOPOCTH PeakIni MOYKET ObIThH MOJyYeHa
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B zakJiouenne 0oTMeTHM eIre HeCKOJIBKO CBONHCTB 00CY K TaeMbIX CIIEKTPOB
qacTuil. Kak Buaino n3 rpaduKoB u TaOJUIBI, HanbO0Jee SHEPIHIHbBIMI TaCTH-
LAMU SIBJISIIOTCSI KOCMUYECKKE JIyud. B 1mepByio ouepejib 3T0O CBSI3aHO C TeM,
YTO OHU MMEIOT HETEILJIOBYIO IPUPOJLY, TaK KAK UX SHEPIUsi MHOIOKPATHO yBe-
JINUMBAETCs 38 CUET PA3JIMUHbIX MEXaHU3MOB yCKOpeHusi. Takue MexaHu3Mbl
CBSI3aHBI C JIEKTPUIECKUMU U MAlHUTHBIMU TOJISIME, TTO9TOMY MOTYT pabo-
TaTh JIVIIE JIJIsT 3aPsPKEHHBIX JacTuIl. BC/IeCTBIE 9TOTO, BEICOKOIHEPTUIHBIE
HEHTPUHO U (DOTOHBI, KOTOPHIE MOTYT POXKJIATHCHA B ITUX 00JIACTAX, 00pasy-
I0TCSI KAK BTOPUYHbBIE YaCTHUIBI IpU pacraje m-Me30HOB. CooTBeTCTBEHHO,
OHM MMEIOT MEHBIIYI0 3HEPIUI0, YeM KocMmuueckue Jjydu. Kpome toro, ¢o-
TOHBI [OPa3/I0 CUJIbHEE B3aMMOJIEHCTBYIOT ¢ MEXK3BE3JIHbIM U MEXKIaJaKTh-
YECKHM T'a30M, [I09TOMY UX CIEKTD B BBICOKOIHEPTMUHON YaCTH MArYe, UeM
HeHTpUHHBIA.

1.2 Ejguauinbr u3mepeHusi, ”3aMepeHne pacCTOdAHUM

Acrpodusnka 1 KOCMOJIOTHST OTHOCATCS K HAYUHBIM JINCIUTIINHAM, KOTO-
pble B CHJIy CBOefl crienuduKu UCIONb3YI0T Pa3sHble Pa3fiesibl 3eMHOi (hu3u-
KU, KOTOPbIE OOBIYHO CIMTAIOTCS HE CBA3AHHBIMU JPYT ¢ jipyrom. Hampumep,
JIJIsi OTIMCAHUS B3PhIBA CBEPXHOBOIT HEOOXOIMMO HCIIOJIb30BATH OJHOBPEMEHHO
U MAIHUTOIMJIPOJMHAMUKY, U (DU3UKY JIEMEHTAPHBIX YacTUll. AHAJOrMIHAS
CUTYyalsi BOBHUKAET ¥ [PU OLMUCAHUU JPYIUX ACTPOMDUINIECKUX POIECCOB
1 00BEKTOB. DTO HAKJIAIBIBAET OTTIEUATOK Ha €IUNHUIIHI U3MEPEHUsT, UCIO b
3yembie B acTpodusnke u Kocmosoruu. OOBITHO B 9THX HAyKaX MPUHITO HC-
nojs3oBath cucremy epunun CI'C. OjHAKO MHOT/IA BCTPEYAIOTCS U JIPYTHE
€JIMHUIBI U3MEPEeHUsi, HAIPUMED, UCIIOJIb3yeMble B (hU3MKE 3JIEMEHTAPHBIX
qacruil. Tak, jyist aHepruu (POTOHOB U JIDYIUX YaCTUI], OCOOEHHO B BBICOKO-
SHEPIUIHON 00JIACTH, UCIIOJIL3YETCsE BHECUCTEMHASL €JIMHUIA DJIEKTPOHBOJIBT.
DTO FHEPTHUsT, KOTOPYIO MPUOOpeTaeT 3JIEKTPOH B 9JIEKTPUIECKOM IT0JI€, TTPO-
X0/ Pa3HOCTH moTeHIuaaoB B 1 Bosbr:

15B~1,60-10"" TIx = 1,60 - 10712 spr. (1)

B sTux ke eMHAIAX MOXKET U3MEPSITHCS Macca JacTHIl, UCXOJs U3 SKBUBa-
JIHTHOCTH Macchl i sueprun: E = mc?. OrMerum, 4ro Takoil crnocob usme-
PEeHWs SHEPIUH W MACChI 9aCTHIl DA3UPYETCs HA CUCTEME, MO [POOHO PACCMOT-
PEHHOI HUXKe.
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Taknm 06pasoM, B COMachu ¢ JleTaabubiMu pacuéramu |10] na cragum Kou-
narnca gaurensroct 71 ~ 0, 1 cex poskaaercst «ObICTPhIfiy BCIIECK ATUTETh-
nocru 7, ~ 1072 cex ¢ ruranrckoit csernmoctio L, & 10%% spr/cex (286)
JIEKTPOHHBIX HEATPUHO.

Ha crajuu (2) («3axBar» HEATPUHO U IOMOJIOIMHHDBIH KOJJIAIC) JAOMUHU-
pyer peaxuus (253) zaxBara v, neifrponom. TUIMIHBIE BpEMEHa 1 TIIOTHOCTE
BEIIECTBA Prqp, IIPU KOTOPOIl MPOUCXOJUT «3aXBaT» HEHTPUHO, OICHUBACTCSI
u3 ycaosus (262). Ilpu s1oM ¢y mopcrasisiercs uz dopmyint (280), a Bpems
qubdysun nefirpuno B peaknun (253):

R R
tuipr e 228 287
aiff NN (287)
rje JUInHa npobera HeATPUHO B 3TOM IPOIECCE:
1 my
N\, = ~ . 288
. Oun 2: Oun ﬁ. |M\mvb A v
Ceuenne 3axBaTa HeHTPUHO HeHTpoHOM Tpu yesiosuu E2 3> m?2 [5):
G2 1
Opptn—spte == ‘wnw (1+ wmwv @m T _Bope- (289)
m l+e ™7

Ipu < E, >= fie, pe = 10*°me, R = 50 kv, Y, = 0,4, T = 0,7 MsB,
nostyuaum u3 (262), (287) — (289):

Prrap = 107 /M’ taip s (prrap) & 1072 cox. (290)

Taxum 0o6paszoM, «3axBary HeHTPUHO Ha crajuu (2) B COOTBETCTBUM C Jle-
TasbbIMu pacuéramu [10] mpoucxoaut sa Tunuunble Bpemena T &~ 1072 cex
TPI TIOTHOCTH BEIIECTRA TEHTPATHHON TACTH pirap & 1012 1/cm®. Ornmernm,
YTO THINYHBIE XaPAKTEPUCTHKH Ha cTajuu (3) («OTCKOK» yJapHOH BOJIHbI
1 €6 PACIHPOCTPAHEHUE HAPYXKY) HE MOIYT ObITh IIOJIYUEHbI U3 MPOCTBIX CO-
obparkeHwuil, MOCKOJIBbKY TPeOYIOT JIOBOJILHO CJIOXKHOIO YHCJIECHHOIO pacuéra
dbopmuposatusi 06paTHON yjaPHOH BOJIHbLL I €& PACIPOCTPAHEHUS HAPYIKY C
yuérom auccunanuu sueprun B uponeccax (249), (250), (251), (252), (253)
— (261). Curyanusi cuIbHO OCJIOXKHSAETCST TeM, 9To obimacth R, < r < R
YACTUYHO TIPO3PAYHA JYIs HEITPHHO 1 TPpeOyeTcs yUIéT Kak IPOIEeCCOB U3JIy-
uerns (251), (252), (258) — (261), rax 1 1POIECCOB HOMIOMIEHUS 1 DACCESTHIST
(253) — (257) mpu 1POXOXKJIEHUI HEHTPUHHOIO OTOKA Yepes3 BeecTso. 1ro
xe Kacaercst crajuu (4) (Kesmbsuna - TesbMrosbia), To 0CHOBHBIE Xapakre-
PUCTUKU HEITPUHHOrO M3Jlydenus Ha Hefl HajéxKHO olenuBaiorcs hopMya-

mn (271) — (278).
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HAYAJBHOTO U KOHETHOTO BBIPAYKEHU COTTTACOBAHBL: Ay = Uy, + G — Af, — Gy
O/iHaKo 9TO HAPYIIAETCS, €CJIU B TPEOOPA3YEMOM BbIPDAYKEHUU COJEPIKUTCS
SJIeMEHTAPHBIN 3aps[] € JubO JIEKTPUIeCKe U MaruuTHoie noys K u B 1o
orjiesibHoCTH. JlefcTBUTE/IbHO, KAK M3BECTHO, STH BEJIMIUHBI UMEIOT DA3HYTO
Pa3MEPHOCTb B Pa3HBIX CUCTEMAX €JUHUIL U PE3YJbTAT BOCCTAHOBJICHUS C,
h u k Oynmer 3aBuceTh OT KOHEUHOH cucTeMbl. Takast HEOJHO3HAUHOCTH PO~
MaJIaeT, ecjan npeobpasylorcs koMOunanuu eF u eB, Tak Kak OHU BO BCEX
CHCTEeMaX €JINHUI] UMEIOT OJINHAKOBYIO PAa3MEPHOCTH, COOTBETCTBYIOIIYIO CU-
Jie, a BBIPDAYXKEHWsI, COJIEpIKAIIUe UX, MOTYT TPe0OPA30OBLIBATHCS HAITPSIMYIO 110
dbopumyae (4). dust npaBusibHOrO npeobpaszoBanns BLIPAKEHHUIH, COAEPIKAIINX
e 6e3 E win B, y100HO BOCIIOJIb30BATHCS CBA3BIO 3JIEMEHTAPHOIO 3aPsijia, C 110-
CTOSIHHOM TOHKOM cTPYKTYphI v ~ 1/137, KoTopas sBjsieTcs: Ge3pasMepHoi
KOHCTaHTOi B JT000# cucreme emunni. Tak, manpumep, B CI'C e = Vach,
MOTOMY KaXK/iasd CTeleHb 3apsaa OyaeT H00aB/IATh JUIIHAN 10 CPABHEHUIO
¢ (4) MHOXKUTEND H\/\%“

X e [MaB™] =

_ nl:hlwml.w:ﬂlmm\m mmh.gul@m\m =0T X ol TE@@OQQA@HI«ST Amv

e X — mpeobpasyeMoe BbIDAXKEHWE, ¢, — CTElEeHb B HEM 3JIEMEHTAPHOIO
3apsJia e, He BxoJsiero B kombunaiuy eF u eB. 3 1aHHOrO BbipaskKeHust
MOKHO 110J1y YU Th [E€PeBojiHble KO MUIenTnl Jiist JIOObIX (DU3niecKux Be-
JITUUH, HanboJiee 9acTo BCTPEUAIONINECs U3 KOTOPHIX TPUBEEHB B TabJIHIIE 2.

HacTo B eCTeCTBEHHO CHCTEME eJTUHUT BHIPAYKEHUST COJIEPKAT MACCY Ka-
KOit-inb0 gactuiel. B 3TOM citydae y/100HO BOCIOJIB30BATHCH COOTHOIIEHM S
MU, [EPEBOJANMMEU MACCY STON YaCTUIBI B OCHOBHbBIE €JUHUIIBI JIPYTOH CH-
crembl. Hattpumep, Jijist 1epeBojia, Macebl 3JIEKTPOHA, M, B OCHOBHDIE €JIMHUI[bI
CT'C MOXKHO MCMOJIB30BATH CJIEAYIONHE BhIPAKEHNST:

Me =me ~ 9.11-10" %1,
me = Sw%\w ~5.93-10°K,
1/me = h/mec ~ 3.86 - 10~ cum, (6)
1/me = h/(mec®) ~1.29-10"* ¢,
m2/e = m2c®/(eh) ~ 4.41 - 10" Tc.

Eciu mogobubie cooTHOMEHNsST HEOOXOAUMO MOy IUTh JIJIst APYTUX TACTHIL, TO
910 0e3 Tpyjia MOXKET ObITH CJIeJIAHO, €CJIU B MOJIyYeHHbIE BbIPDAXKEHUs BBE-
CTH OTHOIIEHHUSI MACChI JIEKTPOHA K Macce nHTepecyiomnieii vactuinl. Huxe

14

[Tpu mosyuennn dopmynbl (276) yureHo, UTo BpeMsi MPSMOTO <«ITPOJIETA
nefirpnro (Ryg/c) M0JKHO OBITH YMHOXKEHO Ha Tak Ha3biBaeMblil (GakTop
cayuaitnoro 6myxaanus (Rys/A), rae

?u%m%@m% (277)
OyN NN OyN Pa Qﬁ €Y P
— cpejHsis JUIMHa 1pobera HeTPUHO NPH UX B3aMMOJICHCTBAN ¢ HyKJIOHAMH
CpeJibl.
Hogcrasisist A, B (276), nomyaunwm:
mw/ﬁw QW‘, mw Pa <

~

t, <
~ TCmy

< 10 cek -

Pa A & VM. Rys \* 218)

3.1014 ﬁ\ozw 30 M»sB 15 xm
I3 9rux OUEHOK MOXKHO COCTABUTDL Lipejcrasienue (KOHEeUHO, JIMILb 10 LO0-
PAJIKY BEJMIUHDT) 06 OCHOBHBIX TapaMeTpax HefTPUHHOTO W3y 9eHNs: 32 BCE
BpeMst msaydaeTcs sueprus B ~ 10%3 spr, cpepnsas TemnepaTypa HeHTpHH-
HOTO TEIJIOBOTO u3JjryueHus cocrasiser 1, ~ 10 MaB, Tunuanas npogomnku-
TeapHOCTh cramun ¢, & (1 — 10) cex.

JIist OLEHKM 1O IOPsiJIKY BEJMYMHBI OCHOBHBIX MAPaMETPOB HEHTPUHHO-
ro m3syuenus na cragusax (1), (2) rpebyerca 6osee peranpuas undopma-
M O JOMUHUPYIONAX HERTPUHHBIX MPOIECCaX ¢ yuéToM OBICTPOTO KOJLIATICA
HeHTpanbHoil gacTu. [Ipeskyie Beero, BBOJUTCA XapaKTepHOE THHAMUYECKOE
Bpems (BpeMst CBOGOJHOTO TIAJIEHUsT) KAK BPEMsI, 38 KOTOPOE YACTHUIIBI Iapa
Maceul M, HaYaJbHBIX pajuyca Ry ¥ IJIOTHOCTH Py MaJaloT Ha IIEHTP IpH
YCJIOBKH, 9TO CYIIECTBYIOT TOJLKO CHJIbI TPABUTAIIMOHHOIO NpuTszKennst. Ta-
KOE BPEMs JIE'KO OLCHUBACTCs U3 3AKOHA COXPAHEHMs MEXaHUYECKON SHEPIuK
3JIeMenTa Tapa, HaXoAAIlerocsa Ha ero TOBepXHOCTH!

1 (dR\* GM GM
2\ dt R Ry’
[Mpeanonaraercs, uro R(t = 0) = Ry, R(t = tey) = 0. Unrerpuposanne
ypasuenus (279) upuBoauT K pe3ysibrary:

(279)

[NE

1 12 3
il ~4-1073 107 r/em CeK. (280)

teoll = o0
32G £0 Po

st onenku upoposkurenaspuocru cragun (1) cuenyer noacrasurs B (280)
po 2 3-10 r/em®,

)

gro naét 7 =~ 0,1 cex.

87



a1

(2) "GN 20T - TG T~ 1, 0T 81'¢~ Np/oy/N = ldpy

1A00RIN OIAMOGOMHRIITT
OIAWORMIIERH MRI NL)OId OHQOTA AWOLEO]] o arooudoweed LooWul RHO oW
-LOUD Hole g "Nx oIAHHBOLOON OIAHHOUIRLAIRAI BGoD d 9OIIOIRLOIINE ‘OUH
-OIIOHLO0) TTMHKI® OWOLON) HOHHOLLIDOLIO d QOHEDILOII OHIIO OIII0 WHILOWL()
“ROLINY BHOE0Q H BHOS0Q-7 11000 Huw 1 Zwi © * Yy enondeq OIOrOKEL I
erorodn mooew — ~Ow w % ‘a0n0eaW-(()gOTT) [ W -0 OJOISKKEL U OIOSLIDIf
aooen — (020TDIyy u “qu ‘aostdedadi-] U -n OJOIFOKEL U OJOSLISIN 00BN — Ul
1 " “RHOLIRI-L OJOIONEL U RHOAIMOIrE 19900 — 1w U 2w Aosmmvsmmgpo
ooHxdod dIIUIl BOLOOWU 00H mmv onndiyon X004 IO BRHARWIAD — "l OILT

M 0T+ €3C~ deJsel ~ Hw 1. 0T-€9'T ~ dgeI61 16 ~ 4w
e, 0T 80'T ~ gEN TL09 ~ Oy G 0T LT = GEIN LE'8E6 ~ "w
e 0T-96'T ~ G610 TT ~ 0200w ‘1 0T - TH' ~ GEIN 86 FET ~ 0“wt
e 0T-60°¢~dedgeLt ~*w 1, 0T- 017 ~ deNg'e ~ "w
Mo 0T LT~ gEING89LLT ~ “w T, 0T - TT°6 ~ dEINT1SG°0 ~ “w
Tee 0T LG°€ ~ dEIN 0T - ¢ > "W
IRINAL O OJOMRL MHUIORh XITIFOMEBL NINRIICIN
OIMHHOHIOLOY ‘NMLORh XIGHLOIJILEN 99IF0QURH 1900RN HYodndu nygredud BI

O] 0T - 79T ~ HEIN [ | 9LOL QOHIUHIRN ‘90MIOLUdLMIIE

¢ WO HAY 0T -90'T ~ €N T MU ILOOHIONT T
129 g o ade 0T - LT~ €N T RINOLQO MMIITHUTY ILIONULIE)
e ade o 0T - 60°¢ ~ €N T ounolrdey ‘unidoHe 4LIOHLOLT]
O I 07280~ ;1IN T 9D0RIN CLOOHLOIT |

¢ 1O 0T - 08T ~ (€N T 1HLORL RIDHL TLIOHIOLT]

129 o ade o 0T - 6Z'9 = €N T nnidoHe MOIOT]
1= 2= 0T 06'¢ ~ ¢dEN T IULIRh MOLOT|

(=2 dade 0T - €7'C ~ (dEIN T ALOONHULIL))

Y 07 - 218 ~ (AN T RIH

M 0T - 9T T~ geN T edAredonma,

(22T 0T - FEG~ gEIN T JAIrATTIN]
ade o _07-09'T ~ gEN T BuIdoHE

T ,e-0T-8L T~ dEN T BIIRIN

D 01 -8G9~ [_deN T Bwodg

WO 1 0T~ 26T~ (—dEN T RHII]

D JID € NTMHUTD I9INALIND YOHHILLIILID £u 1arHoNIu@@eom aranrogadoyy
¢ RUHIQRT,

98

X 2
SNy ' SNyy

(922) ~ Py =

nLooHxdadon
yore 3 onudiyen xigoruol nueApdur swoda ee wuroxonodu adedoonundL
-oH MIDOHXdedoIl O BUHohAIren MinIdoHe BIrOT BRHAOHIO OLh ‘UHHOMRAQO0D
XoL €M IMHOLAION 91199 LAIOW ®IdIOINGL9] - BHUAILOY HHUIRL) MHoWodd
Ol HOHHYKBLOAI KOWE) ®H BUHOhAEM OJOHHUALYOH eHoWodd OIMHRULMU T,

(cL7) “geN 0T ~ L,

adATedonNel. OITHRUINL ITOWH OHKIOT WM ()7 — (OT)
~ SNy nroonxdedoln 9 oMHOLAI'EM QOHHMALYOH 9090IMaL ‘WoeedQo WHMR],

(¥22) e LT =< M2 > m ~ L

redrs 1dAredonnoL AMHOIO
WuhAIron ‘WI9HHOIMOdI9d0H 1 WUMOLOMEULBIOdoH €el WIYHHOUMAH BRLUL))
SNy VAL

(¢L2) e 1)\ s JEN 6T ~< Y2 >

:WHhATON BYAMIO ‘AdUE
st eHOINIAH BunoxkIndn guidone wennontrerngeds — (g)g) nioeh gosgedn g
® ‘edI'B HOUMAH HUYO ®eH BoRIMBrOXndl ‘BHIdoHE BRAOIIOL — < Y2 > oIl

. mZNN
Ugyy, MZEU

rerrendng oWodooL Ol HOHOIIO 9LIIQ LXKOW Aﬁmqom nouderA
«©10M01.0» ) (g) uuirerd ex godonxdodd adIrs 4 KRHHIORIRE ‘BUIdOHE BRIOID],

pw
(122) ade 0T &~ ¢ [N >

(2L2) A< U3 > g

:19170Q0€D PoHoIIOL) XI9HHUALYoH (MLHR) XIaHLARIHRL) § £ AWOISKEN OI1 RHOIr
-orodnoed ondewonded 4rLidg eHKIOY ‘onHohAlren soHHOMITRLMdRdI BH 9doL
-oIl WoLohIad ®e ‘(89g) M eomerros wonHouIeLHgRdl ndll BOBRIIAUIST g
‘suadeng yunoskedgood xiaroodu eu OHMONW (BUHOhAIEM eHOWOdd SIMHLMI
-nl ‘onndiygoH OHIO 'H BoweimBroxudn ‘Buidone ByHITod ‘Buidone yBHIrOdD
BeHIrON) BUHohAIen odjonHndiyon minrondarsedex olHEOHIO 9LUHANI()

BUHOLAIren od0HHMAIVeH miniondarsedex saI9HIOHO() €°'G



‘HOﬁbm TpaBUTaIlMOHHAA TTOCTOSAHHAA B €CTeCTBEHHOI cucTreMe CJIMHUI] MOXKET
@EHW BbIpakK€Ha KakK:
Gy = Mpf ~6.71-10"* MsB ™2 ~ 6.67 - 10™% jtun em? /17, (8)
bbm CpaBHEHUA TIpUBEJIEM 31€Ch KOHCTAHTY ob@@OﬁO wwm&iobm&oewﬂmn
Gr~1.17-10"" MsB 2, (9)

HAMJISIHO JIEMOHCTPUPYIOIIYIO MaJOCTh TPABUTAIIMOHHOTO B3aUMOIEHCTBUS
10 CPABHEHUIO CO BCEMU OCTAJbHBIME. B 3akiouenue 00Cy K IeHUsT €CTeCTBEeH-
HOIl cucreMbl euauI] U nepexojia uz wee B cucremy CI'C npusejem B Tab-
Jure 3 3HadeHus Hambojiee 4acTo yrnorpediisieMbix (DU3NUECKUX KOHCTAHT.

Tabuuma 3

Pu3nvecKkue KOHCTAHTHI B ecrecTBeHHOI cucreme emuunn (ECU) u CI'C
HazBaHue BeJIMYNHBL Crc ECHU
CKOpOCTb CBeTa, ¢ 2.998 - 10% cm/c 1
[Tocrostanas Ilnanka, A 1.05-107% spr c 1
MMocrosnnas Bosbumana, k 1.38-107% spr/K 1
DJleMeHTapHbIN 3apsil, € 4.80-1071° @p Va ~0.085
I'paBurannonnas nocrosiuuast, Gy 6.67-107% qun cm?/r? [ 6.71 - 10~% MsB~2
Macca [Tnanxa, Mp; 2.18-10°r 1.22-10%2 MaB
Macca 3J1eKTpoHa, 1, 9.11-107% ¢ 0.511 M>B
Macca npoTona, m, 1.673-107%* 1 938.27 M»sB
Macca ueittpona, my, 1.675-1071 939.57 M»B
Macca, JIyuni, My, 7.35-10% r 4.12 -10°2 MsB
Macca 3emmn, Mg 5.97-10" r 3.35 - 10°* MsB
Macca FOnurepa, M 1.90 - 10% r 1.07 - 10°7 MsB
Macca Counna, M, 1.99-10% r 1.12-10% M»sB
Paytuyc JIynnt (3ksar.), Ry 1.74 - 10% em 8.82- 10" MaB!
Pajuyc 3emun (3xBar.), Re 6.38 - 10° cm 3.23- 10" MsB~!
Pauyc FOnurepa (skBar.), Ry 7.15-10° eMm 3.62-10% MsB~!
Paanyc Comnma, R 6.96 - 10" cm 3.53-10%' MsB~!
Bosbias 110/1yoch JiyHHOR OpOUTHI, ) 3.84-101 e 1.95-10%* MsB~!
Costneunas cBerumMoctb, L 3.83-10% spr/c 1.33 - 10* MsB?

Kpowme ejunui, Bomieimx B acTpohU3NKy 1 KOCMOJIOTHIO U3 (PUBMKHU da-
CIUll, B 9TUX HayKax 4acTo LIPUMEHHAIOTCHA U CBOM BHECUCTEMHbIE €JIMHUIIbL.
Tak, B KauecTBe 3TaJOHa CBETUMOCTH OOBHEKTOB, TO €CTh SHEPTUU, U3JTYUa-
eMOii UMU B €JMHUILY BPEMEHHU, B aCTPOMU3UKe OOBITHO HCIIOJb3YETCs COJI-
HeYHas CBETUMOCTD!

Lo ~ 3.83-10% spr/c. (10)
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. Konanc ¢ 61ctpoiv v, - Bemmeckom (~ 1071 cex).

Heitrpunnbie peaxuun (251) u (252) pesko yckopsioT Kosanc. Boier-
Pblil BCILIECK 3JIEKTPOHHBIX HEATPUHO, [0 CyTH, CJLY2KUAT HAOJIOaTe b
HBIM HHJKATOPOM CTapTa B3PbIBa CBEPXHOBOH ¢ KOJIJIAIICOM IEHTPAJIb-
HO# yacTu.

. Baxsar meiirpuno u romosioruunbiii kosanc (~ 1072 cex).

[osiByienue HEHTPUHHON «BSI3KOCTH» MEPEBOUT KOJIJIAIC B TOMOJIOTH Y-
HBI{f, TO €CTh CaAMOIIOJIOOHBI, C COXPAHEHUEM OTHOCHUTEJHLHOIO MpOodu-
Jist TJIOTHOCTU KOJIIANICHpYIomeil nenTpaabioit vactu. Helirpuno mpu
9TOM cocTraBiigior «Mope [upakay BMecre C JIEITOHAMU C THIIMYHBIM
XUMUIECKUM TTOTEHITHATIOM i, 2 (. OTHAKO OKPYXKAIOIIHE 3Ty 00J1aCTh
CJION BEIIECTBa, ITPOJIOJIKAIOT aKKPEIMPOBATH Ha IEHTPAJILHYIO0 00J1aCTh
€O CBEPX3BYKOBOI CKOPOCTBIO, CO3/1aBasl YAAPHYIO THAPOJUHAMAICCKY O
BOJIHY.

«OTcKOK» ysIapHOil BOJIHBI U €€ pacnpocrpanenue napyxy (~ 1 cek).

[Ipu JjoCTUAKEHNM #1/IePHbIX ILJIOTHOCTEH HPOTOH-HeATPOHHO-HeHTpUi-
Has 9acTh BHyTpeHHei obnacty (B JaiabHedIeM  sjIpo) CTAHOBUTCS
BRIpOXKIeHHOl. C yBeJMIenneM MIOTHOCTH Pe3KO BO3PACTAET JIaBJICHUE
TAKOH Cpejbl HAPY?KY, 9TO IPUBOJUT K I'HIPOJAMHAMUYECKOMY <OTCKO-
Ky» BHelIHeil yaapuoii Bojnbl. «OTCKOK» ABJISETC OCHOBHBIM MeXaHu3-
MOM IIePEKauK1 IPABUTAIMONHON SHEPIil, BLLICIIAIONMeHCs IPU KOJLIall-
ce (268), B KuHeTHUECKYIO SHEPIHIO yaapHOil Bosibl napyxky (B > 10°!
spr). OgHako yaapHast BOJHa JUCCHTTIPYET CBOIO SHEPTUIO Ha JUCCOTIH-
alyIo AJIep M M3JIyUeHne HefiTPUHO B KJIOUeBbIX mporeccax (251), (252),
(258) — (261) u ocranasiusaercst upu M, 2 My,.

. Cragusa Kenmbpuna - Tesbmronbua (~ 10 cek).

Zlnpo mpoTO-HERATPOHHON 3BE3/BI THIMIHOTO pasMepa [t,ng ~ 10 kM
OCTBIBAET 34 CUET U3JIyUeHHs HEHTPUHO U JOcTUraeT [(-DaBHOBECH:H B
URCA - nporeccax npn tunnuanbix Y, S 0, 1. Tem cambim s71po nperpa-
maercss B HeHTPOHHYIO 3Be3/1y. MOIIHBII TOTOK HEHTPUHO uepes3 BHYT-
PEHHIOI 4acTh 000JIOUKH € JIOCTATOUHO OOJIHINUM IPAJIMEHTOM TeMIlepa-
TYypPbl U IJIOTHOCTU Harpesaer objacTb GpoHTa CTArHUPOBABIIEH yjap-
HOPT BOJTHBI. XBATUT JIK HEPTHUH 7T €6 pereHepanuu! Bompoc K HacTO-
AIEMY MOMEHTY OCTa€TCsl OTKPBITHIM.
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MOYKHO MPABMJIBHO CYJINTH O TMOJHOM MOTOKE OT MCTOYHMKA, TaK KakK OYeHb
rOpsINe WM OYEHDL XOJOJAHBIE OOBEKTHI M3JTY9IAIOT MPENMYIIECTBEHHO BHE
BUJIMMOTO JIMANA30HA U I HUX 00JIee aKTya bHOM ABJIAETC G0JIOMETpHYe-
CKagl 3Be3jIHas BeJIMInHA. KPOME TOro, €Ciin n3BECTHDI 3BE3J/IHDIC BEJIMIHHbI
MCTOMHUKA B PA3BHBIX JAMALA30HAX SHEPIUHU, TO IO HUM MOKHO CY/IUTh O BUJIE
M3JIy9aeMOro 3TUM O0hEKTOM CTIEKTPa.

Kpowme mepeunc/ienbix BITIE OTHOCHTEBHBIX 3BE3/HBIX BEJMIUH, B ACT-
POHOMHUHM HACTO MCTOIB3yeTCst abcomoTnas 3se3anas sennauna M. Ilo onpe-
JICIEHUIO, 9TO 3BE3/HA BEJIMIMHA, KOTOPYIO ObI MMEJ MCTOYHUK, €Cau Obl
oH ObLI pacrosioken Ha paccroguun, pasaom D = 10 nk. Tak kak moTok ¢
paccrosnueM ymenpinaercs kak F = L/(4mD?), to abcomornas u oTHOCH-
TeJbHAs 3BE3/IHbIC BeMINHBI CBI3AHBI COOTHOIICHUEM:

M =m+5-5Ilg(D/nx), (13)

TJie JIJIst y/laJleHHbIX OO'beKTOB elle HeoOXO/IMMO YUNTHIBATE HOTJVIOIIEHNE CBe-
Ta B MexX3Be3jHoil cpejie. U3 npusesennoii (popmysibl nojydaem, 4To st
Coutaiia abCoOMOTHAST BUINMast 3B€3/THAsT BeJImanHa coctapisaer M ~ 4.8, To-
[J1a KaK JIIs IPKUX royObix cBepxrurantos ona gocruraer M ~ —10, a s
CTabBhIX KOPUIHEBBIX KapJinKoB Bcero b M ~ 18. Tak kax 1o omnpeje-
JICHUIO abCOJTIOTHAST 3BE3/THAS BEJINTMHA OMPE/ICNISIETCST OTHOITEHIEM TTOTOKOB
Ha (bUKCHPOBAHHOM PACCTOSIHUHM, TO OHA MOXKeT ObITh BbIparkeHa yepes3 CBe-
THMOCTH OO'bEKTOB!

M = My —251g (L/Ly) ~ 4.8 — 2.5 1g (L/Ls), (14)

rjie My — abcostioTHast 3Be3/jHas BeJIMIMHA HEKOTOPOIo draiona, a Ly — ero
cBeTMOoCTh. TaknM 06paszom, abCcoTIOTHAST 3Be3/IHAS BEJTMINHA SABJISIETCS JIO-
rapuMIIECKOl Mepoil CBETUMOCTH OOBEKTa, TOrJia KaK OTHOCUTEIbHAs
MEpOii ero MOTOKA, 3aABUCSIIErO OT PACCTOSHUA JIO O0BEKTA.

B acTpodusuke n KOCMOJIOrHY 9acTO J1a2Ke BMECTO OCHOBHBIX €JIMHUIL U3-
MEepEeHUsT UCHOJIB3YI0T BHECHCTEMHDIE. DTO 00YCJIOBJICHO Clenu(UKOil n3yda-
eMbIX 0ObEKTOB, JIJIsi KOTOPBIX XapaKTePHbIe MACIITabbl MACC, PACCTOsSHU
U BpEMEH HeCpaBHUMBI ¢ 3eMHBIMU. Hampuwmep, st usmeperusi OOJIBITAX
MIPOMEXKYTKOB BPEMEHU B aCTPO(MU3NKE U KOCMOJIOTUU ODBITHO HCIOJIb3YIOT
€JIMHUIBI, OA3UPYIOMUMUCH HA MOHATUU TO/AA. B ACTPOHOMUU CYIIECTBYeT
HECKOJIbKO PA3HBIX OIPEJIEJIEHII T0/1a, COJEPXKAIIUX, COOTBETCTBEHHO, pa3-
HOE KOJINYECTBO CeKyHI. Ficyin ucosib30BaTh 10JIMaHCKUI 10T, KOTOPbIi PaBeH
cpejiteil IPOJIOJRKUTETLHOCTU 0/Ia B I0JMAHCKOM KaJieH/iape, TO OH TOYHO
paBen 365.25 rosmanckuM jHsM 10 86400 cexymrg. OpHako u 3Ta BeJUYIHHA

18

20 — 30 wmeiiTpoHHBIX 3BE31. Macchl pasbpocanbl B nnTepBaie (1 — 2)Me,
CaMbIii MACCUBHBIN U3 M3MEPEHHBIX B HACTOANUI MOMEHT OOBEKTOB HMEET
maccy M = (1,97 £ 0,04) M, [11]. HecmoTpst HA CKysIHOCTD 9KCIEPUMEH-
TAJIbHBIX JIAHHBIX, SICHO, YTO YCIEITHBIN B3PBIB CBEPXHOBO¥ IIPOUCXOJIUT U IIPU
CYIIECTBEHHOM IIpeBbiiiieHun Macehl sjpa My, Ilo aroit npudune naubosiee
WHTDPUTYIONIE SBJISTIETCST UeTBEPTast, MO TePMUHOJIOTHH paboThl [8], crajmns
HEHTPUHHOTO OCTBHIBAHUS sifipa CBEPXHOBON M pereHepalus yIapHON BOJHBI
napyxy (rax nazpiBaemas cragus Kennsuna-Leapmronsua). Ha aroit cragnn
CXEMATUYECKU BBIJEISAIOT sIpO, HAKOOJIee TJIOTHYIO W HEMPO3PAYHYIO JIJIst
neifrpuno obnacts r S Ry, rae R, — paguyc neiirpunocdepbl, 1 BHYTPEH-
H1ot0 yacrs 0bosnoukn R, < r < R, e Ry — Tunuunblil pajuyc crarmanuu
ynapuoit Bosbl (R /= (100 — 200) kM). ITo Mepe HEHTPUHHOTO OCTHIBAHUS
BHyTpeHHeit 06osi0ukn (Tunmanbie BpeMena ~ 0,1 cek) R, mpubimkaercs K
pasmepy sapa ¢ WIOTHOCTAMA p 2, pn, Ry, = Ryys ~ 10 kM u obpasyercs
ropsidasi MpOTO-HEHTPOHHAST 3BE3/[A, OCTHIBAIONIAS 33 CUET M3JIyUCHUsT Heil-
TPUHO BCEX COPTOB € MOBEPXHOCTU HelTpuHoChepsl. M3jydenne mopox jaer-
cs1 GasoBbiMu HelTpunnbiMK peakiusamu (252), (258), (259) — (261). URCA-

TIPOTECChl HEUTPUHHOTO TIEPEU3TYICHUA Ve, Ve

pt+e 2 n+ v, (264)

n+et 2p+ 7, (265)

3aCTABJISIOT HepeiiTu s1J[po B cocrosinue [B-paBHOBECHsI:

Hp + He = fn =+ o, (266)

CUJTHHO ODOTAIEHHOTO HEHATPOHAMY
Y, <01 (267)

CobcerBeHHO, 31O OOCTOATEIHCTBO U O3BOJISIET HA3BIBATH 00PA30BABIILYIOCS
3B€3Jly HeHTPOHHO. MOLIHbIHA 10TOK HEATPUHO 110/0rpeBaeT (PPOHT OCTAHO-
BuBIIelics yaapuoit Bosubl. ClieHapuii B3pbIBa CBEPXHOBOI MO TAKOMY MeXa-
HU3MY Ha3bIBaeTCsl «CIleHapueM B3DbIBa € 3aJePKKOI U HeTPUHHBIM TOJ0-
rpesom» [12].

[Torok HeifiTprHO BO BHYyTpEHHE( 9acTu 0DOJIOUKU TPU JOCTATOUIHO CHJIb-
HOM I'DaJIHEHTE TEeMIIEPATYPbI U JIOTHOCTH MOPOXKJIAET KPYITHOMACIITAOHYTO
KOHBEKIIMIO B 0DOJIOUKE, TAKXKE CHOCOOCTBYIOILYIO MOJOTPEBY YAPHON BOJI-
whl [13]. BameTnm, uTo yuéT KOHBEKIMN TPEOYeT IBYXMEPHBIX 1 TPEXMEPHBIX
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YTO MPUBJUKEHHO COOTBETCTBYET CPEHEMY paccTosHuio or 3emiu j1o Cosrt-
na. OrmernM, uro B COTHEUHOI cucTeMe paCCTOSTHNAS U3MEPSIIOTCS JOCTaATOU-
Ho touyHo. Haubosiee NperU3MOHHLIM METOJOM SBJISIETCS METOJ JIA3EPHOIO
30H/IMPOBAHUSI, KOIJIa U3MEPSIETC BPEMsl 3aJePKKU [IPUX0/Ia OTPAXKEHHOIO
o1 00'beKTa CUI'HAJIA U 110 HEMY PaCCUUTLIBAETCA paccrosinue Jio Hero. JIpyroii
MeTOJI OCHOBAH Ha SIBJICHUH TOIUUHOrO TapaJjiakca. FCiam TOUHO U3MEpPSITh
cMmerrenrie 00heKTOB Ha HeDecHOH cdepe 3a cueT roJloBOTO JIBUMKEHUST 3eMJTH
BOKpyr COJIHIIA, TO PACCTOSTHEE JI0 0OHEKTA MOYKHO BBIYUCJIUTE, €CJIA 3HATH
apaMeTpbl 3eMHOM OpOUTLI.

Eme ojamoit BHECHCTEMHON eIUHUIECH M3MEPEHUsT PACCTOSHUI SIBJISICTCS
HapceK. DTO Paccroguue, ¢ KOTOporo DOJbLIas 110JyOCh 3eMHOM OPOUTDI 110/
HepIeH Ky IApHLIM JydoM 3penus sujana noj yraom 1”7, Coorsercrsento,
napcek CBA3aH ¢ aCTPOHOMMUYECKON eJIMHUIECH KaK

1 mk = ctg(1”) a.e. ~ 206264.8 a.e. ~ 3.09 - 10'® cm. (20)

OjiHako caM napcek Kak eJIMHUIA UCIOJIb3yeTcst pejiko. Tak, naipumep, B
KOCMOJIOTMY CTaHJAapTHON equHuneil nsmepenus: sipisiercss Mk, 910 COOT-
BETCTBYET XapaKTEPHBIM JIJIsi 9TON HayKu MaciiTabaM paccrosuauit. norma
JIUTsl M3MEPEHUs PACCTOSHUN UCIOJB3YeTCs My Th, IIPOXOJUMBIl CBETOM B Ba-
KyyMe 3a Kakoe-jinbo Bpems. Tak, Hambojiee 9acTo MPUMEHSIETCsl CBETOBOI
roJi — PacCTOsHUE, MPOXouMoe cBeToM 3a 31557600 cexym,1;:

Les. o~ 9.46 - 10" cum. (21)

Wuorma Takake UCHOJIB3YETCSA CBETOBAs MUHYTA WU CeKyHa. Huxke mpuse-
JIEM JIJisi CIIPABKHU, KAK CBSI3aHBI ME2K /Ty CODOi1 BCE BBEJIEHHBIE BBIIIIE €/IUHUIIBI
U3MepeHus pacCTOAHUN:

1 nk ~ 3.26 cB. 1. =~ 2.06 - 10° a.e. ~ 4.43 - 10" Ry, ~ 3.09- 10" cm.  (22)

Jlannoe COOTHOIIEHNE TOKA3BIBAET TaKXKe NePAPXHUIO PABJIMIHBIX PACCTOSHUIH
U JIJTWH, €CJIU y9eCTh, 4T0 padmep COJTHETHOH CUCTEMbI TPUHUMAETCST DABHBIM
6osibi0# nostyocu opbutsl [Liyrona u cocrasisier ~ 40 a.e., a Oukaiimast
k Counily 3Be3/1a yjiasiena Ha paccrosgnue ~ 1.3 k.

OrmeruMm erme OfHy, JOCTATOUHO CHEIU(PUUECKYIO €JIUHUILY WU3MEPEHUst
PaCCTOAHM, KOTOpasi MHOTIA WCTOMB3YETCS B KOCMOJOTHH, JTO KOCMOJIO-
PUYECKOE KPACHOE CMEIEHNE Z, KOTOPOE OTPEJIESISIeT s KaK

z=——1, (23)

Ormernm, qro mporecent (253), (254) (rak Haswsiaemble URCA-mporeccnr)
abcomoTno neynpyrue (nefirpuno ncuesaior), (257)  meynpyruii (Beies-
CTBHE MAJIOCTH MACChl 3JeKTpoHa), (255), (256) — ynpyrue, ojHaKO BCe OHHM
HPUBOJAT K 3AIyTHIBAHUIO (3aXBATY) HEATPUHO BEIIECTBOM.
Heobxonmo Takzke 3aMeTutsb, 4ro npu remueparypax cpeabt T, 2 1 MaB,

KpOMe peakinu (252) W3Jiydenst 3JIeK TPOHHBIX HEHTPHHO, OTKPBIBAIOTCS TTPO-
Tecchl POXKJIEHNsT (AHTH)HEHTPUHO BCEX apOMaTOR:

n+et = v +p, (258)
et +e s u+, (259)
Yol = Vi + U, (260)
y+ef =y 4+, (261)

TA€ Vi = Ve, Vy, Vr.

Bce aru nponecesl HeoOX0AMMO yUUTLIBATD IIPU BLIYACICHIN CPEIHER JI/1-
HBI TIpoDera HEHTPUHO KasKJI0TO COpTa B CPEJIe.

[TnorHOCTH Cpejibl, TPU KOTOPOI HEHTPUHO 3aXBATHIBAECTCS CPEJIOi Ab:.%vu
MOXKHO OIEHUTH Caeaytommm 0bpazom. Cpesa KOJLIancupyer ¢ THIHIHBIMA
BPEMEHAMH oy, TOT/IA KAK HEIITPUHO nMeloT B peaknusx (253) — (257) tunud-
upie Bpemena anddysun (cpepnne BpeMena ncue3snoBenus B peakuusx (253),
(254) mau cpeanue BpeMeHa NpU COyJapeHusx B peakiusax (255) — (257))
taifr. Janmbie Bpemena onpejensaioTcs Kak dynkmuu ot p, T, Y,. Ycaosue

Leoll = Laiff (262)

OTIpENIENIACT Pirqp KakK Gynxnmio ot T,Y,. 3aberas Bmepén, ykaskeM, €UTO
Prrap = 1012 ﬁ\ozw. [MockonbKy HEHTPUHO 3aXBaThIBAETCs Cpejoi, Y, me-
PECTalT U3MEHATLCS, TaK UTO IPH P 2 Piap Ye 2 0,35, 3axsar mefitpuio
BHYTPEHHEH 9acThi0 KOJJIAIICUPYIOIIErO sjIpa MMeeT Kap IMHAJbLHOE 3HAYEHUE
JUISE TTocjiejtytorteit aBojiionuu. OTMEeTHM, 94TO SIPO ¢ «3aXBAYCHHBIMUY Heli-
tpuno (r < R, rae R, — paauyc sdbdexrusnoit neiirpunocdepnt) Kosuiancu-
pyer jlajiee Tpu ycJoBusx Y, = const, S = const (S — yjenbHast SHTPOIs),
TaK ITO KOJIJIATIC MPOJOKaeTcs aanabaTiiecku. Takoil KOJJIanc Ha3biBa-
€TCsT TOMOJIOTHTHBIM, TIOCKOJIBKY COXPAHAET MPOMUTH U3MEHEHUST TIJIOTHOCTH
[IPU YMEHBIIEHUHE PA3Mepa. TO B COOTBETCTBHH € TEPMUHOJIOTHEH paGoTsl [8]
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KOTOpoe OyJIeT yBeJnInBaThCst W3-3a pacimpennst Beesennoii. Takoe pac-
CTOsTHIE OOBITHO HA3BIBAIOT COOCTBEHHBIM, U OHO COOTBETCTBYET MPUBLITHOMY
TIOHATHIO PACCTOSHUS, KOTOPOE MOYKET OBITH U3MEPEHO C MTOMOTIHIO JJTHHHOTO
psasa juHeeK. Kpome coOCTBEHHOTO PACCTOSTHNUS, €I UCIOIB3YETCs KOOI~
HaTHOE (COIYTCTBYIONEE) PACCTOAHKE ), KOTOPOE HE 3aBUCUT OT PACLIMPEHHSL
Bcemnennoit u ocTaeTcst MOCTOSTHHBIM. DTH JIBA PACCTOSTHUST CBI3AHBI MEXKTY
coboit cremyrommm coornomtenneM D(t) = a(t)y, rae a(t)  MacmrrabHblit
daxTop, onuckiBaronuit Temn pacmupenusi Beesennoiit. Takum obpasom, x
MUMEET CMBIC/T OTHOCUTEJHLHBIX PAcCTOAHN BO BeeeHnoit, KoTopbie He MeHs-
10TCsA, TaK KaK Beenennass pacipseTcs u30TPOIHO.

Ere ojiHuM, MHTYUTUBHO JIOCTATOYHO MOHSITHBIM, OIPEJIEJICHIEM PACCTO-
SIHUST MOXKHO CUHUTATH BpEMs paclpocTpanenus (orona t; OT MOMEHTa €ro
usayvenus 1o npruema. COOTBETCTBYIOIIEE STOMY BPEMEHH PACCTOSTHHE €CTh!

Uw HQNN; AMNV

U OHO OTIPEJIEJISIeT JIJTUHY COOCTBEHHOTO My TH, TTPOHEHHOTO (DOTOHOM B Pac-
mmpsiiomedicst Beenennoit. O4eBu o, 9T0 BCJIeICTBYIE pacimiupenus: Beesen-
HOIi 310 paccrosinue Oyjer OoJiblie COOCTBEHHONO PACCTOSHIS MEXKJY UCTOY-
HUKOM U IIPUEMHUKOM B MOMEHT U3JiydeHust (pOTOHA, HO MEHBIIE ITOI0 Pac-
CTOSIHUST BO BPEMST €ro TpreMa.

B koCcMOJIOTHE TPUMEHSIOTCST U JIDYTHE OMPEJIESICHUsT PACCTOSTHUN, U3 KO-
TOPBIX MBI OCTAHOBUMCsI €Ille Ha OfHOM. Ecjiu u3BecTna abCOIOTHAST CBETH-
MOCTB UCTOUHMKA L (nOJIHAast SHEprus, n3jiydaeMas B €UHUILY BDEMEHHU) U B
TOYKE MPUEMa OT HEro U3MEpeH MOTOK 3Hepruu F| To paccTosinue JIo UCTOY-
HUKA MOXKET ObITb BbIYUCJICHO KAK:

L

Dr = AwF’ (28)
rjie Dy, HazeiBaercs poromMerpudeckuM paccrostaueM. QUeBujiHO, 9TO JIaH-
Hoe paccrosinue Oyjier Oosibiie, dem [y, Tak Kak B paciupsiorieiics Bee-
JICHHON yMeHbIIaeTcs eiie u sueprusi poToHa, a, 3HAYMT, [MOTOK M1aJaer ¢
paccrosnuem Guictpee, uem F ~ 1/D?. Ormernm, uto ¢oTomerpuieckoe
pacCTosiHe YIOOHO TeM, UTO MOXKeT OBITh HEMOCPEICTBEHHO N3MEPEHO, eC/TH
U3BECTHA CBETUMOCTH UCTOUHUKA. OJIHAKO GOJIBITMHCTBO JIAYKe OJHOTUITHBIX
00HEKTOB, HATIPUMED, TAKUX KAK 3BE3/Ibl, UMEIOT PA3HYIO CBETUMOCTD, 9TO CO-
3/1a€T CePHhE3HYIO TPY/AHOCTD B OIPEJIEJEHUN PACCTOAHUTT (DOTOMETPUIECKIM
MerojioM. Tem He MeHee Ha HACTOsIIEE BPEMsi MMEHHO 9TOT METOJ OCTaeTCs
€JIMHCTREHHBIM JIJIsT OTIPEJICJICHNsT PACCTOSTHIH Ha O0JILINMX MaciTadbax. B 3a-

22

5 HeiiTpuaHable POIECChl B CBEPXHOBBIX C KOJIJIAIICOM
IEeHTPAJbHONA 4aCTU

5.1 CBepxHOBBIE C KOJLJIAICOM IIEHTPAJBbHON YaCTHU

B3pbIB CBEPXHOBOIT MPOUCXOIUT HA KOHETHOU CTAJIUU IBOJIOIUN MACCHB-
ubix 386371, Kak ussectno [4], ssosonus ojMHOUHON 3BE3/1bI ONpEIEsIeTCs
ee maccoit. [Tpu 2.5My < M < 8M, TepMosijiepHoe TOpEeHUe TPEKPATIACTCs
Ha, KHCIOPO/IEe, MOCKOTbKY CO-s1p0o 3B€3/IhI TO Mepe BO3PACTAHUST IJIOTHOCTH
CTAHOBUTCST BHIPOXKJIEHHBIM. B aTOM cjiydae JajibHeiilnee MOBbIIIEHHe MI0T-
HOCTH HE TPUBOJUT K POCTY TeMIieparypbl, 1 3Be3ja mnpespaiaercs B CO-
Genpiii kapauk. [pn 8Mo < M < 10M; Tepmosiiepnoe ropenue JOXOIuT
JIO CMECH KUCJIOPOJIA, HEOHA U MAI'HUsl U $1JIPO BBIPOXKJIAETCs HA 9TON cTajiuu
ropenust, npespaiiasich B ONeMg-Gesnbiit kapiuk. Jlums npu M 2> 10M,
TEPMOsIZIEPHAsT IBOJIIONHUSI B sIJIPE MPOUCXOJUT MPU HEBBIPOXKIEHHBIX YCJIOBU-
X BIUIOTD J10 06p3oBanus snementos rpynnbl xkenesa (Fe, Co, Ni). 3sesna
Hen30eXKHO TepsieT YCTOWIMBOCTHL HA CTA MU 00PA30BAHUs KEJE3HOTO sJI-
pa, KOrjia ero Macca JIOCTHraeT 3HadeHus, paBHOro mpejety Janjpacekapa:
Mey, ~ 1.46 M, (Y,./0.5)%. D10 npoucxouT 1pH CleayIoux TeMieparype,
TJIOTHOCTH W OTHOCHTEJILHOM KOHIIEHTDAIINN 3JIEKTPOHOB B sijipe [5]:

T, < 0,8-10" K 0,7 MsB, p. 2 3-10° r/en®, ¥, 0,42, (248)

[orepst yCcTORYIMBOCTH HAUMHAETCS C KOJIIAICA, HO JOJKHA 3aKOHUUTHCS,
KaK yOequTeNIbH0 MOKA3hIBAIOT HAGMIOATEbHBIE JanHbie [6], rpanano3Hbim
B3PBIBOM C TUIIMYHOI SHEprHeil pazsiéra obosouxku F), ~ 10°! spr Goﬁ Ipr =
1- FOFE) u obpazoBanmeM 0CTATKA B3PBIBA B BUJIE HEHTPOHHON 3Be3bl. Ta-
Kue COOBITHST acConmuupPyIoTest ¢o B3pbiBoM cBepxuoBbix SN Ib/c wiu SN 11
¢ KOJUIALICOM IIEHTPAJIbHON 4YaCTh, KOTOPbIE Mbl OyJjieM 00CYyKJIaTh B Jla/ib-
Hefimem. BerencrBrue KakKnx MeXaHU3MOB KOJITATIC MACCUBHOW 3Be3JIbl TIpe-
Bparaercs Bo B3puIB? IIpn paccMOTperHnn 5TOT0 BOMPOCA CTAHOBUTCS SICHOM
dyHIaMeHTAbHAS POJIb, KOTOPYIO WTPAIOT MPOIECChl U3JIyIeHUS U TIOTJIO-
IeHUs HEHTPUHO B IJIOTHOI ropsiueil cpejie sijpa u 000JI0YKHA CBEPXHOBOII.

5.2 Posap HeliTpUHO B AUHAMUKE B3PBHIBA CBEPXHOBOI

[Ipu nocrmkennu ycnosuii (248) 3pesna Tepsier yeroitansocrs. IIpaxkTu-
YECKU KOJIJIANC HAYMHAET PA3BUBATHCS C PEAKIUI JTUCCOIUAINY sA/IED YKeJle3a
u a-vacru [7]:

FedS +~ — 13a + 4n, (249)
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YUIUTBIBAIOIIEH, 9TO MeHee cJiabble CBEPXHOBBIE yracaloT ObicTpee, 3Tu 00b-
€KThI SABJIAIOTCA CAMBIME MOIIHBIMY CTAHJAPTHBIME CBEUAMU U3 M3BECTHBIX
Ha cerojus. JIaHHBIA METOJ MO3BOJISIET ONPEJIENISATh PACCTOSHUS HA TOPa3io
6ostbiinx MaciTabax, yem, Hanpumep, reden/ibl, HO ero MUHYCOM siBJISIeTCs
TO, 9TO B3PbIBbI CBEPXHOBBIX SIBJISIOTCS JIOCTATOYHO PEJIKUMU COOBITUSIMHU.

Bomnpocsl gyg caMOKOHTpPOJIS

1. Tlepeuucaure OCHOBHBIE OTJIMUUST aCTPOMGUIUKYA W KOCMOJIOTHH OT (hu-
3UKH Ha 3eMJe.

2. Haszosure cmocobb HabIIOEHNST aCcTPOPUINIECKIX 00HEKTOR.

3. KakoBbl OCHOBHbIE BHECUCTEMHDIE €JIMHUIIbI, UCIIOJIb3YyeMble B acTpO(u-
3UKe U KOCMOJIOTUN?

4. KakoBbl 0CODEHHOCTY OLPEIe/IeHUs] PACCTOAHIIL JiJisi OOJIbLIMX KPACHBIX
cMerrennit?
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V1100HO OT TIyOWHBI Z IepeiiT K OnTuIecKoli riyoune 7. HamoMmunwm, 1to
ST BEJIMYUHDI CBSABAHBI CJIEJIYIONUM COOTHOIIIEHIEM

z
= \QAN\EN\. (238)
0
Haubosibinee snauenue onruieckoii rirybunbl Oy1er siBsiThCs JJIs JaHHOI
3a/1a41 OIITUYECKO#N ToJei
20
T = \QAN\V&N\. (239)
0
B urore uckombie Besimaunbl I v € Oyyr HyHKIUIMU 11epeMeHtbix 7,0 u .

Jyist mepexojia K TlepeMeHHoil T pasjiesinM obe dacTh ypasHennii (235) n
(236) na a(z). [Momyanm it mepBOrO ypaBHEHWst

dI(7, p1, )

1% dr = »WTJ\} ﬁv - Nmﬂvxfﬁv‘ AM%CV

Bropoe ypaBHenue MOXKeT ObITH TIPEJICTABIECHO B CJIE/IYIONEM BU/IE

, o deY
S ps @) = So(m ) + A [ g7, 41, 9) 7 (241)
rue
9 A

Sp = — 242
0 o P A v

%v\mxﬂ&m NCTOYHNKa UCTUHHOTO MU3JIyICHUA.
g

\=2-_7 <1 (243)
@ x+o

HOCUT HA3BAHUE BEPOATNHOCTIU GUIHCUBAHUA (Pomona, Jubo aavbedo 0dno-
KPAMHO020 pacceanus, b0 aavbedo wacmuyv.. Bynem mpegmnonaraTh, 9TO
BEJIMYMHA A HE 3aBUCHT OT TIyOWHBI. [[J1s1 BBITOTHEHUS STOTO YCA0BUST HEOD-
XOJIUMO, ITOOBI 3aBUCUMOCTH KOID(DUIUEHTOB PACCESTHUS ¥ UCTHHHOTO MO~
TJIOMIEHUsT OT TJIYOWHBI OBLIN OIMHAKOBBI.

K jlanubiM ypaBHeHUsIM HEOOXOAUMO JIODABUTH €IIe I'PAHUIHBIE YCIIOBHS.
OObIYHO 3a/1AT0TCsE BHEIIHUE UCTOYHUKK U3JLY YeHUs, HAJATONIME HA IPAHUIIbI
aTMocephl U3BHE

10, p,0) = Io(p, ), p>0, (244)

‘NAN?\\? ﬁv = Nﬂmtvﬁv“ < 0.
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BCceMy 00beMY, 3aHUMAEMOMY CPeJIolt, TPUBOIUT K CJIETYIOIIEMY BBIPAYKEHUIO
JIJIsI TPABUTAIMOHHON CHJIBI:

SFo(F) = — Gp(Pyav IR, J(7) = \ P =) gy (3

_ﬁ — 3

rje Vi, — 06J1acTh MHTEerpupoBatust, T, — PAJUyC-BEKTOP TOYEK 3TOM 00J1acTH,
p(7) — mnorHocTh rasa. B ciyvyae HermpephIBHO cpejibl yjioOHee Tepeiitn K
mwiorHocty cuabt: f(7) = 0F (F)/dV. dns Hee cyMMapHOe BBIDaXKEHHE eCTh:

77 = = (Go?)J(7) + VP (31)

SIBHBII BUJ[ KOTOPOI'O MOXKET ObITH IOJIyUeH, €CJIM U3BECTHDLI PACIIPE/IeIeHUsI
IJIOTHOCTU U JIABJICHUS ra3a.

Pacemorpum cdepruiaecKu-cuMMEeTpUIHOE PACIIPEICTICHIE ra3a, JIJIsd KOTO-
pOro uHTErpaJ J () Mosker OBITH yrporten. HTerpuposanme yiobHO BecTr
B CHCTEMe OTCUeTa, IIEHTP KOTOPOil COBIAIaeT ¢ IEHTPOM CUMMETPUH, 8 OCh
0Z,, nanpasjena BJ0Jb BeKTOpa 7. B Takoil cucreme KoopauHar

r=ri,,, oy = T, Ast 08 O, + (11, COS @, + Ty, sin @y, ) sin %3v ,
TA€ O, O — cepudecKue yrianl, T U Ty, — MOJYJH COOTBETCTBYIONINX BeK-
Topos. OTcioa noIydaem

|7 — Fnl? =12 = 277, cO8 0, 472,

TO €CTh MOJLYJIb BEKTOPA T"— 77, HE 3aBUCHT OT C(HEPUUECKOTO YIIIa, Oy, TAKIM
obpasom, unrerpuposanue B J(7) ynobHo Bectn B chepuueckoit cucreme Ko-

OpJAnuHAaT. Taxk kax pacipejiesnenne rada ABJadaeTcsd O%@@NAmomASuOEHSZmHUSJEEZ“

TO 00JTACTHIO MHTErPUPOBaHuUs V,, B 9TOM ciydae Oyyer cdepa HEKOTOPOTo
pajguyca R. Uurerpuposanue 1mo chepuvaeckoMy yIiy @, JaeT CJIeAYIOIee
BbIpazKeHue:

™

R
J(7) H\&ﬁ: 2 p(rm) \&ms sin 6,, X
0
2
r — 7y COS 0,1, + 1 (7, coS o, + 1, siny,,)sinb,,
X & m 2 wb Ym mb
P (r2 — 2771, cos 0, + 12,)3/2

m
0

™

R
= 27, \ drm, ﬁw: p(rm) \ dfsinb,,
0

0

T — Ty, COS %E
(r2 — 277, co8 0, +12)3/2
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hw%zm BaKHBIMU YaCTHBIMU CJIyTIadMU UHAUKATPUCHI DAaCCEeAHUs ABJIA-
I0TCA U30TPOITHAA
!
g(n'sm) =1 (233)

U JIMIIOJIbHAS, UJIM PIJIeeBCKasd,

3
(1 + cos?), (234)

1. _
g(n';mn) 1

rJe Y — yroJa MeXK/y HaJalonuM U PACCESHBIM M3JIy9eHHeM, Cosy = n - 1’

4.3 3agava 0 MOHOXPOMATHUYECKOM PACCETHUN N3JIyYIeHUd

PacemoTrpuM 3amady 0 IepeHoce B IpOCTeiiineM caydae, KOra B XOJe pac-
CesHMs 9ACTOTa WM3JIydeHUs HE MeHsercsa. MeToapl peleHus 3a1ad O MO-
HOXPOMATHYCCKOM UBJIYyUeHUU ABIAI0TC (PyHJIAMEHTOM JIIsl UCC/Ie0BaHNs
GoJlee CIOXKHBIX CAydaeB M MHTEPECHLI, B TOM YHCJE, ¢ METOJOJOTHIeCcKOl
TouKM 3penus. norna 3aadqy 0 MOHOXPOMATHIECKOM PACCESTHUN €Ile Hashl-
BaloT 3adavel o cepoll ammochepe.

z=0 L 7=0

di dz

\

Puc. 11. K 3ama1e 0 MOHOXPOMATHYIECKOM PACCETHUN U3TYUeHIS

Tak kak 9acTOTa U3JIYUEHUsS HE MEHSETCS B XOJ€ PACCESHUs, €€ MOXK-
HO (DUKCHUPOBATH U PACCMATPUBATD 3aa9y JIJIsi KAXKJION 9aCTOThI OT/IETHHO.
B custy aroro mbr OyjieM He yKa3blBATH YACTOTY B KAUECTBE apryMEHTa MCKO-
MbIX XapaKTEPUCTHUK 33J/Ia4u U BMECTO, Hanpumep, [, mucarsb npocto 1.

Sajlaua crapurcs ciejyionum obpasom. Ilycrs umeercs cpejia otipejiesen-
HOU (DOPMBI U OIpejsiesIeHHbIX pa3MepoB. Ha cpejny JeiCTBYIOT MCTOUHUKY
U3JIyUEHUsI, PACIIOIOXKEHNE U MOIITHOCTh KOTOPBIX 3a1aHbl. B cpejie mpoucxo-
JIUT TIOIVIONIEHUE U PacCesdHue U3JIy4eHnd, IIPUYeM CUUTAIOTCA U3BECTHBIMU
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Kak BujHO, JaHHOE BBIpayKeHUe COBIAIAET ¢ 3aKOHOM HbioTOHA JJIst TOYed-
HBIX 9aCTHIl, B POJIN OJIHOH N3 KOTOPBIX 3/I€Ch BBICTYTIAET BEIIeCTBO, 3aKJIIO-
YeHHOe BHYTpU pajuyca T.

Broiparkenue jyisi CuJibl, CBA3AHHON C JIABJIEHUEM T'a3a, [PU ero cdepu-
YECKU-CUMMETPUYHOM PACIPE/IEJIEHNH, TaKxKe ylpoiaercd. Kak u3BecTHO,
rpajienT B chepUIecKoil crucTeMe KOOPIMHAT UMeeT CJIeIyIOIInil BuI:

10 it 1 0
- — 4, — =
r 06 Y rsind dp
Tak Kak JaBleHHe ra3a 3aBUCHT TOJBKO OT PATUAJBHON KOODAUHATHI T, TO
BKJIJT B IJIOTHOCTD CHJIBI JIACT JIMIIIH TIEPBOE CJIAraeMoe:

&UAJW
dr r

Takum 0b6pazom, cymMMapHasi MJIOTHOCTD CUJIBI TP C(HEPUIECKU-CUMMET P~

fp(7) = — (36)
HOM TNOHT@E@E@IH\:\H rala MO>KHO ntﬁhOHNWSHT B O.ﬁ@\ﬁc:OE@g ngmﬁ

) M), dP(r)
r2 7 dr

> 7

fm=-"(c (37)
r

riae M (r) — macca rasa, 3akiodennast Buytpu ¢depbl pajguyca r. Hanomunm,

UTO JIAHHOE BBIpasKeHUe TPUBEJIEHO B CHCTEME KOOPJIMHAT, HAYAJ0 KOTOPOii

HAXOJIUTCS B IIEHTPE CHMMETDUN.

2.2 T'paBuTalmoHHas HEyCTONYINBOCTH

Kak N3BECTHO, HBIOTOHOBCKaAsl TEOPUA I'pDaBUTAIlUA HEIIpDUMEHUMa B CJIy-
Jae OECKOHETHOTO pacapejesiennd BeIecCTBa, €Can ero IMJI0THOCTL CITa/laeT Ha

2 WJIn MeJJICHHEee. OTO CBA3AHO C TeM, 9TO UHTE-

OECKOHETHOCTH KaK P ~ T
rpaJl, OUPEJeJISIIONINI IPABUTAIIMOHHBIN [TOTEHIINAJ B 9TOM CJIy4ae, siBJIseT-
Cs1 PACXOJIATIIMCs, 8 IPABUTAIMOHHAS CUJI HEOIpeJesieHHoit. B simreparype
9TOT (DAKT U3BECTEH KaK IPABUTAIIMOHHLIH [TapaJIoKe, W napagokc Helima-
Ha - 3eenurepa. B obIeit Teopun OTHOCUTEJILHOCTH OZHOPOJIHOE B H30TPOII-
HOe paclpejiesieHue BellecTBa BO BceyleHHON NPUBOJIUT K ee HeCcTallMoHAD-
noctr (OHOPOHOMY PACIIMPEHUIO Mn cKaTnio). Takum 06paszoM, BOIPOC
0 HeyCTONYMBOCTH CaMOI'DABUTHUPYIOIIEro ra3a B oOIIEM Cilydae JOJKeH pe-
HIAThCA € yaeToM Toro, uto Beesennas pacumpsiercsa. OHAKO B 9TOM pasjie-
Jle Mbl OyZeT TpeanosaraTb, YTO TaKUM DPACIIIpPEHIeM MOYXKHO IpeHeOpedb.
9To 03HAauYaAeT, YTO OECKOHEYHOE OJHOPOJHOE paclpejiesieHie BellecTBa Oe3
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B obmmiem ciaytae, Korga B ¢pejie MPOUCXOJINT He TOJTHKO paccesiiue, HO 1
cobeTBennoe n3myuenue, BMecto (221) cieayer ncnosnb30BaTh BHIPAsKEHHUE:

14

e,(r,n) = €)(r,n) + o(r) \ Ry, (n'sn) 1, (r,n') dv'dsY, (222)

rje mw KO3 MUIMEHT UCTUHHOTO W3JTY IC€HUA.
[ogcrapiss moyUeHHOE BBIPAXKEHIE B yPABHEHUE TTEPEHOCA,

W@h\
c Ot

BUJIUM, 9TO yYI€T pacCCedHunsi B 3ajla9e O IepeHoce n3Jiydennsd NpuBoOAUT K UH-

+n-VI, = +o(r) \ Ry, (0'sn) 1, dvdY — (52, + 0,)1,, (223)

rerpo-muddepennuanbHoMy ypasaennio. Y pasuenue (223) MOXKHO 3a1CaTh
B 6os1ee cuMMeTpuHHOl (hOpME, e COOTHOMmEHHE 0, = 7 (T )P, TPEJICTABATE
B CJIEJLYTOIIEM BU/IE

o, = Q?v\mi\?s:v dvdQ. (224)

Eciu reneps B nunrerpade (224) HemrpuxoBaHHbIE IEPEMEHHDIE HHTEIPUPOBA~
HUSI 3aMEHUTb HA IITPUXOBAHHBIE U IOJICTABUTD MOJIY TMBLICECS BBIPAKEHUE
B (223), nosyunm

W@h\
c Ot

+n-VI, = \N:~:+mw+0?v\Am{:ﬁb\wsvh\ — Ryy(n;n)1,) dv'dSY.
(225)

Ciiejtyer OTMETUTD, 9TO €CJIU [0JIe U3JIyYeHre JOCTATOTHO CHIILHOE, TO B
OIMCAHUY [IPOIECCA IEPEHOCA U3y YCHUST TAKKe HeOOXOJUMO YIUTHIBATH (-
dexr BbinyxKeHHOr0 u3Jydenus. PopMasbHO TAKOR yder COCTOUT B yMHO-
JKEHUU CJIaraeMbIX B YPABHEHWN MEPEHOCA, OTHOCAIIUXCS K U3JIyUeHU0, Ha
muoxkuTensb (1+ f). Beipaxas dbynkimio pacrpejenenns (HhOToOHA Yepe3 WH-
TEHCUBHOCTD ¢ TOMOIIBIO (155), OKOHYATENHLHO Oy IMM yPABHEHHE MEPEHOCA
B CJIEJIYIOIIEM BUJIE:

101, 2

- VI, =1, +¢6 (1 I, 22
c Ot +n-V »xyly, + €, +M\~Tw + A @.V
2
+o(r) \ Row('in)L, 1+ w\w\wb - (227)
c/ Qw / /
|mS\A5“5 va 1 + w\i\wh\ dv'dS) .
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rie nmon fgo M fpo TOHMMAIOTCS CUJIBI B OTCYTCTBUe BO3MYyIleHus. B aTom
cllydae cyMMapHas IJIOTHOCTH CUJIbI B IPUCYTCTBUM BO3MYIIEHUS €CTh

f7) = fa(®) .:mo 3+\§3 fa(®) + f(7) = fao(® — fro(F) =
(S o) (Mot + 6M ) — podo()] +

% F )~ Rylr L ~ (44)

oM > S
WO | LTap(r)] ) = feold) + Fial),

~

T (M)
e M(r) H\ (rm) AV, \ +\ r)dVy, = My(r) + oM(r).

Vin Vin

OrMeruM, 4T0 B KOHEYHOM BbIDAXKEHUU JLJIst \1 (7) GbLIM OTOPOLIEHBI YJIEHbI
~ 6p%, a mog \19%3 u Amu,ua MOHNMAIOTCA COOTBETCTBYIOIINE BKJIAILI B
CYMMapHYIO CHJIY TOJHKO OT CAMOTI'0 BO3MYIIEHUSI.

Takum obpaszom, 3ajada 00 SBOJNIONUU BO3MYIIEHUS B ra3e, yAepKuBa-
eMOM B PABHOBECHM BHEIHWMHU CHJIAMH, SKBUBAJEHTHA 3ajade 00 3BOJIO-
UK UCKJIOYUTEJLHO CAMOIO BO3MYIIEHUst Oe3 ydera OCTajJbHON ¢pejibl. DTO
MOXKET [OKA3aTbCd CTPAHHBIM, TAK KaK DPACCMATPUBAIOTCH MaJible BO3MY-
MEHWs, BKJAJ B CHJIBI OT KOTOPHIX MaJl O CPABHEHWIO ¢ BKJIAJIOM CDEJIbI:
fas(F) < fa(F), fps(F) < fp(F). Omnaxo ciesyer mOHUMATS, 4TO STH CHIBL,
BKJIIOYasl BHEITHIE, YPABHOBEIITMBAIOT JPYT JAPYTa, U IBOJIOIHS BOSMYIIEHUS,
JIefiCTBATEILHO, ONPE/ICNIAeTCs JINIIb W@%J u muaﬂﬂ.

O4eBu/HO, YTO JIJIs1 TTOJIY YEHUsT SIBHOI'O BBIPAXKEHUS TJIOTHOCTH CUJIBL, JIeii-
CTBYIONIEH Ha HJIEMEHT BO3MYIIEHHON Cpe/jibl, HEOOXOJUMO 3a/iaTh BUJ| BO3-
MYIIEHWs MIOTHOCTH 1 JIABJICHUST. ByiemM cauTaTh, 9To cpejia sSBIIsieTcs ujie-
AJIbHBIM Ta30M C ypaBHEHHEM cocTogHusi P = nkT u umeer MOCTOSAHHYIO
remneparypy T'(r) = Tp. B arom cayuae

flry = L (@202 KL 10T (45)

r r? m dr
rje m — macca yacrun raza. Eciu Boamyuenne umeer ammiuryay dpg > 0 n
pajuyc R, 10 0ueBuHO, 4TO Cuilbl, JHCTBYIOIIME HA IPAHUILY BO3MYIIEHUH,
ects fps(R) ~ 6po/R, fas(R) ~ —6poR (rax kax M(R) ~ R®) n nanpas-
JIEHBI B Pa3Hble CTOPOHBI. TakuM 00pa3oM, CHJIa, CBA3AHHAS C JIABJICHUEM,
CTPEMUTCSl DACIIMPUTDL BO3MYIIEHHE, & DABUTAIMOHHAS CUJIA — YBEJIUYUTD

30

I 1 ocnabienmoil BeleCTBHE TOTJIOMCHNS Ha, OTPE3KE OT TOYKH UCITYCKAHHS
" 1o Mecra HabmMOMEeHNA (.

4.2.7 VYder paccedHusd cBeTa

Jlo cuX 1Op MBI HESIBHO TIPENOJIAra/IH, 9TO IPH IPOXOXKICHIN U3y 9CHUSA
B CPeJIe PEAJIU3YeTCs CJLydail TOJIbKO HCTHHHOTO TIONJIONICHUS 1 IPpeHeOperaJiu
YUETOM CUTYalldd, KOIVIA U3JIyYEHUE MOXKET BHOBb M3JIyd4aTbCdA, T. €. KOIJa
B Cpejie MPOUCXOIUT PAcCestiie U3JIydeHus. B aToM ciiydae 3ajada Cylle-
CTBEHHO yCjioxkHgercst. J1eso B ToM, 910 K03 MUIUEHT U3y YeHrsi HaUXHAET
3aBUCETH OT UHTEHCUBHOCTH M3JIyYEHUs, KOTOPOE MaJlaeT CO BCEX CTOPOH Ha
3JIeMEHTApHBIN 06beM. B ¢Bo0 049epeib, MHTEHCUBHOCTL U3JTyYEHU 3aBUCUT
or 3HaueHus Koa(pulpenTa u3JIydeHus BIOJIb Jyda. B urore 3ajada cBo-
JUATCA K OJIHOBPEMEHHOMY HaXOKJeHuIO JiByX (pyHkuumit: unrencusnocru I,
n ko3 dUIHEHTa N3Ny TEHI €,,.

Just MareMaTrdeckoii (hopMyTMPOBKE YKa3aHHOM 3a//auu HeOOXOMMO 3a-
JIATH 3aKOH PACCesHUsA M3JIydeHus. Jasg IpoCcTOTHI 3allUCh B JlajbHEHIIeM
MBI Be3Jie OyJeT OIMyCKaTh t, XOTs B ODIIEM Cilydae BCEe MapaMeTpbl MOIYT
3aBuceTb OT BpeMenn. Hy»KHO UMeTh B BUJLy, YTO DU PACCEAHUE MOI'YT U3-
MEHATbCA KaK 4acToTa, TaK M HallpaBJeHue usiydenns. [jis onucanus sTux
n3MeHeHnft BROJIAT hynkyuto nepepacnpedeaenus Ry, (n';n), Takyo aro

Ry, (0';n) dv/dY dvdQ (213)

npejicrasiisier coboif COBMECTHYIO BEPOATHOCTL TOIO, 4T0 (POTOH € 4aCcTOTOM
B uHTepBaJie (V' V +dV'), pactpoctpaHsBImiicss B Ipejiesiax TeJeCHOTO yTriia
dQ) ® manpapjennu n', MOCTE PaCCeHNs OKaXKeTCA B MpeJeaX TeJeCHOTO
yraa dQ' okos0 Hanpasaenust n B uaTepsage dacror (v, v + dv). VI3 nanno-
ro omnpejie/ieHns BbiTeKaer, 9To pyHKinus R, Jo/KHA OBITH HOPMUPOBAHA
cJieJlyoIuM 00pa3oM:

\miv?\w n)dv'dQ dvdQ = 1. (214)
Eciu Gyukuuio Ry, IPOUHTErPUPOBATL TOJIBLKO 110 4ACTOTE U TEJIECHOMY

YTJIY, KOTOPBIE COOTBETCTBYIOT KOHEUHBIM (DOTOHAM, MBI TTOJYINM TaK Ha3bl-
BaeMbIii HOPMUPOBAHHBINA TPOQUIH TMOTJIOIMEHNST IJIsT MTPOIECCca PacCesTHus:

¢p(n) = \@}\A:\w:v dvdSQ. (215)
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IJle % CKOPOCTH CPEJbI, Us  CKOPOCTH 3BYKa B MOJUTPOIHOM Taze, Fg
rpaBuTanuonnas cujga. OTMeTHM, 9TO JJAHHAs CUCTEMa YPaBHEHUI COOTBET-
CTBYyeT OJIHOMEPHOIi, a He chepruIecKr CUMMETPUIHOI 3a/1a1e. To ecTh Koop-
JIMHATA, X 37I6Ch He SBJISIETCS PaJIMajIbHON KoopauuaToil 7. Omyckast mojpob-
HOCTHU, OTMETHUM, YTO PellleHue ITOI CUCTeMbl yPaBHEHUIT J1j15 IIJIOTHOCTY a3,
MOXKeT ObITh HaliIeHO B BUJIE:

pla,t) ~ @k 2 — 1202 _ 4xGp. (51)

Takum o6pasom, pemenus s 6oabinx k (w? > 0) npejcrasnsior u3 cebs
KOPOTKOBOJTHOBBIE 3BYKOBbIE Koslebanus, a Majbiv k (w? < 0) cooTBeTCTRyIOT
SKCTIOHEHIINAIBHO PACTYIIHEe BO3MYIIeHUst. KpuTuueckast JIMHA BOJHBI A,
COOTBETCTBYIONAsA w = (), OMPEIeSITETCS CJSTYIONNM COOTHOEHHEM:

2
v
2 52
G (52)

[IpuBemenHoe BbIparXKeHUE /It JXKUHCOBCKOM JIJIMHBI BOJTHBI A\ j COOTBETCTBY-

ywHﬁ

€T OJITHOMEPHOMY IPOCTPAHCTBEHHO-IIEPUOJINUYECKOMY DPEeIlIeHUIO, pacTyliemMmy
co Bpemenem. CjiejioBaTesibHO, JIMHEHHBI pazMep paCTYIero BO3MYIIEHUsT
(nosoBuHa A; coorsercrByer 00JACTH, IIOTHOCTH KOTOPOH yMEHBINAETCH,
TIOCTABJISIST BEIECTRO B PACTYIIYIO O0JIACTh) €CTh

2 2
2=x/4="" Y 53
. ﬁw\ %Qbo Qbo ALV

OrMernM, 4TO JAHHOE BbIPakKeHue ¢ TOYHOCTBIO JI0 KO3 duimenTa coBla-
jaer ¢ BoipazkenueM (49), nosydenupim u3 60see IPOCTBIX COOOPAKEHUI.

Tak Kak HauaJLHBINA pasMep BO3MYIIEHWsI, PACTYIIEro 3a CYeT rpaBhTa-
[MOHHON HEYCTOWIUBOCTH, ¢ TEUCHUEM BPEMEHU MOYKET W3MEHSITHCS, TO BMe-
CTO HEro yJ00HO WCIOJIB30BATH MEHUMAJBHYIO MACCY, TAPDAHTUPYIOILYIO POCT
BO3MYIIEHUsS B CpeJie:

3

;\&k = bohu ~ ‘m.
Qw\wbm\m

(54)
Dra Macca 1101y duiia Hazpanue JKuHCOBCcKoil. CiiejloBare/ibHO, BOSMY ILIEHuUs],
umerorue nebosbiyio Maccy M < My, 6yayT MOpoXIaTh B Cpejie 3ByKOBHIE
BOJTHBI, a DoJjiee MaccuBHBbIe BosMmytnenus ¢ M > M; OyayT pactu us-3a
rpaBUTAIMOHHON HEYCTORYUBOCTH.

Kak Bu1HO 13 0JIyYeHHDBIX BbIpasKeHUil, pa3BUTHE IPABUTAILMOHHON HEyC-
ToifunBOCTH HamboJiee UyBCTBUTELHO K CKOPOCTH 3BYKa B cpeje. B nepe-
JISITUBMCTCKOM WJIEAJTbHOM Ta3e OHA OnpejessieTcs Kak vs = +/kT/m, 3a-

3

TeM @—LO%UO pacTeT, KoTr/la Cpela CTaHOBUTCSA @@EN%SWSO%OXOW—“ n JOCTUTaCT
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AHU30TPOIHO M CHJIBLHO OTJIMYACTC OT PaBHOBECHOTO. Bo MHOMHX cilydasix
COCTOSTHIE BEIECTBA 3ABUCHT OT TOJIsT N3y Y€HNs, BCIIECTBIE Y€r0o COOTHO-
utenne (204) mepecraer BbITOJIHATHCS.

4.2.6 Pemenne ypaBHeHUs nmepeHoOca

Paccmorpum BHAUAE HEKOTOPBIE YACTHBIE CJydaW YPABHEHUS MEPEHOCA
uzsiydernsi. OrpaHnauMest OKa PaCCMOTPEHUEM CTAIMOHAPHOIO MOJIs U3JTy-

uenus. Ecan nornomenne n uznyuenue B cpege orcyrersyior (o, = 0 n
€, = 0), To ypaBHeHme TnepeHoca CTaHOBUTCS
dl,
=0. (205)
dl

Wubivu cioBaMu, yiesbHas HHTEHCUBHOCTH MOCTOSTHHA BJIOJIH HAIPABJIEHUST
PACIPOCTPAHEHUST U3JIYIEHUsI, IYTO COBIAIAET ¢ PE3YIbTATOM, MOJIYIEHHBIM
namu B pazjene 4.1.2.
Ecnu cpesia Tonbko manyaaer, to oy, = 0, dI,/dl = €,
l

L) =1(0)+ \va\v&\ (206)
0
rie 1,(0) — MHTEHCUBHOCTD MEpeJ| BXOAOM B CPEJLy.

[IpeionoKuM Terepb, 4To B CPEJjie MOXKET MPOUCXOJIUTD MOTJIONICHUE U3-
Jydenust, HO Her ucuyckauus (q, # 0, a €, = 0). Bygem Takxke nosarars,
UTO PACCesSTHUE B CPejie OTCYTCTBYET M MMeeT MEeCTO CIydail MCTHHHOTO Mo-
rnomenns (o, = A, ). Torma Bmecro ypasuenns (189) mmeem:

dl,
dl
WurerpupoBanne ypaBHEHUS JaeT:

=—a,l,. (207)

l
L(1) = L,(0) exp | — \ o, (I)dl! (208)

rae 1,(0) — uarencusnocTs n3nyvenus B rouke | = 0.

Bespasmepuas Benuuuna, crogias s sxcnonenre B (208), xapakrepusyer
LOLVIOIIEHHE BJIOJIb JIyuad PACIPOCTPAHEHMS U3JIYYE€HHUs U HASBIBAETCA ONIMU-
YECKUM PACCMOANUEM, TN onmuveckot mosued

!
T, = \QN\QQ&\. (209)
0
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CJIeJlyeT ycjioBue, KOTopoe JIOJI2KHO BBITIOJTHATHCA B J11000#1 ero Touke:

iy = T (qrM0) 4P

KOTOPOE JIOJI?KHO BBITIOJTHATHCS B JII000# TOYKE PABHOBECHOH KOH(DUTYDpAIIUH.

—0, (55)

Tax Kak B 9T0 ypaBHeHHE BXOJAT JBe Heussecruble yukuun p(r) u P(r),
TO, OYEBHJIHO, OJIHOTO 3TOTO yPaBHEHUA HEJOCTATOTHO JJIA OMUCAHWUSA PaB-
nosecus B rase. Ciie/loBaresibHO, ypaBHEHUE I'HJIPOCTATUYECKOIO PABHOBECH
JIOJI2KHO ObITb JIOIOJIHEHO YPABHEHUEM COCTOAHU:A 1'a3a, CBA3bIBAIOLIEIO €r'o
JlaByienne ¢ maoTHocThio. Hanbomee n3BeCTHRIM ypaBHEHEM TaKOTO THTTA SB-
JAeTcA MOJMTPOTIHOE yPaBHEHNe COCTOAHNIS:

P=Kp, (56)

ryie Oe3pa3MepHbIil TapaMeTp Y Ha3bIBAETCS [OKA3ATE/IEM ITOJIUTPOTIBI U OIIPe-
JleJisieTcst TUIIOM rasa, a Kodddunuent I umeer pasMepHOCTb, 3aBUCSIILYIO
OT 7y U XapaKTepusyeT BEeJUUUHY JABJIEHU JIJIsd JIAHHOTO THIIA I'a3a. XOTd He
BCE Ta3bl MOTYT OBITH OMUCAHBI TIOJTUTPOITHBIM YPaBHEHUEM COCTOSIHUS, CYIIe-
CTBYeT PsiJl MHTEPECHBIX ¢ (DUBUIECKOH TOUKN 3PEHUS CJIyIaeB, KOrjia TaKoe
orucaHue BOIMOXKHO. Tak, HApuMep, UAeaJIbHOMY OJJHOATOMHOMY Ta3y COOT-
BercTByer Y = 5/3, a ynprpapenstusucrckomy razy v = 4/3. Ormerum, uto
BIIEPBbBIE TAKOM TOJIXOJ] K ONUCAHUIO PABHOBECHsI B 3BE3/1aX ObLJI MPEJJIOKEH
P. Dymenom B 1907 rogy. C yueroMm Takoro ypaBHeHUsl COCTOSIHU, YCJIOBUE
THAPOCTATHIECKOTO PABHOBECHST MOYKET OBITH 3alMCAHO B CJIEAYIONEM BUJIE:

p(r) M(r) S—1dp(r)
G dr

+ v Kp(r) =0, (57)

2
M(r) = mg.\ﬁm: p(rm) O(R —ry) drp,.
0

XoTs1 3TO ypaBHEHUE COMEPKUT JIMIIL OIHY HEM3BECTHYIO hyHKIWIO (1), OHO
siBJisiercst uHrerpo-jud gepennuaibibiM. 1To0bl IPUBECTH €10 K BULy 00blu-
HOTO I (PepeHIIaTbHOrO YPaBHEHUsI, MOXKHO BOCIOIBL30BATHCS COOTHOIIIE-
muem dM (r)/dr = 4mr?p(r). Torna ypasHenne rHAPOCTATHIECKOTO DABHO-
BECUST 3AIUIIETCS KAK:

d

_odp(r
4G r?p(r) = IQH% r2p(r)1 ™2 MMV . (58)

Hannoe ypaBaenue MoxKeT ObITh yIPOIIEHO, €CJIM [epeiiTu K HOBO be3pas-

MepHOit nepemennoit y(r), onpenensiemoit ycaosuem p(r) = poy(r)", u Bbl-
OpaTh mapaMeTp n TaKuM ob6pazoM, 9TOObI CIeNaTh B ypaBHEHUN CTeneHb

34

Boipakennst Jyist nponsBogHbix dr/dl w df /dl MoxHO MOnyInTh U APyTUM
crocoboM. 3amerum, uto [ = rcosf, a rsinf = rog = const, rae g pac-
crosinue J1o Jiyda [. Torma Mbl MOXKeEM 3alUCATH CJIEJIYIONHe COOTHOIMIEHMUST:

r=n\/rt+1 0= miﬂnm%. (194)

Huddepennupys (194) no I, nonyqaem:

or__ L _l_ e 0__ 1 -—r_ _rm_ sinb
mNIA\ﬁm.IMIﬁI ’ o 1432 2
(195)

Takum 06pazoM, ypasHenue liepenoca Jiid 3aja4u co chepuieckoil cum-
MeTpuell nMeeT BUJT
10 o0 1—p?0

So it ) L) = () — au(r DL 1) (196)

4.2.4 Cp«a3p ypaBHEHUs IEpeHOCAa C ypaBHeHueM Bousibiimana

B paszese 4.1.2 MbI HAIILIHA CBA3b MEXKJIY CIHEKTPAJILHON HHTEHCHBHOCTHIO
uziydenus u dynkuueit pacnpejesenus dboronos. llogcraBus Boipaxkenune
(155) B ypasuenue neperoca (190), nosyunm ypapHernne Jyist GYHKIUKA pac-
Hpe/JieJieHnst B BUJIE

of e,
M.Tmb.dxlm\:\wlmo?% (197)
CpaBuuBast 5T0 ypaBHEHUE ¢ ypaBHeHHEeM BojibiiMana
0
@‘M._'T\.Qv\.,.ﬁu.qﬁvxﬂmfﬁ (198)

HAXOJIUM, UTO YPABHEHME [IEPEHOCA M3JIyUEHHUsl SIBJISIETCsl HE 1eM MHBIM, KaK
ypaBHenrem BonblMana st Tasa, cOCTOSIIEro u3 (POTOHOB, JBUTAIOIINXCS
BJIOJIb MPSIMBIX CO CKOPOCTBIO V = ¢n, B orcyTcrBue BHenmuux cui F = 0.
[Tpu arom unTerpas crojkHoBenuii St f pasen

mew

2hv3

Stf = —ca,f. (199)

4.2.5 @DyHKIUY UCTOYHUKA U JIOKAJHBHOE TEPMOJINHAMUYIECKOE PABHOBECUE

[Tepennmenm ypasnenne nepernoca (189) B caemyiomem Buje
101 ol
-z Y — a,(S, -1, 200
cat T TS L), (200
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rJle apaMeTp 7 Ha3bIBAETCS WHJIEKCOM MOJUTPOIbl. Kak BUIHO, pacrpeje-
JIeHue IIOTHOCTH B IIOJIUTPOIIHOI 3Be3Jle IOJHOCTBIO OLpeJesidercs TpeMs
napamerpamMu — JC ¥ n, XapaKTepusyolMMUA CBOWCTBA CAMOTO Tra3a, U P,
COOTBETCTBYIOIIEro IJIOTHOCTU B IeHTPe 3Be3/ibl. [lapamerp g B ciryuae Ko-
HEYHOI'O PACIPE/ICJICHUsT BEIIECTBA, JIACT XapaKTepHbI pa3mep 00JiacTu, 3a-
HnMaemoit razom. TouHoe omnpejienenus pajanyca IR, TOJIUTPOIHONW 3BE3IbI
MOXKET OBITh TTOJIYUIEHO U3 CJIELYIONEro OUEBUIHOTO YCIOBUS:

Yn AHcAﬁvv = Du mz = ﬁcﬁj\v .&cﬁj\v A@@v

Bjiech BespasmepHast KoopiHaTa To(7n) COOTBETCTBYET TOUKe, Tjie 3HAYeHHe
IJIOTHOCTH 00paInaeTcst B HOJib. Tak Kak ypaBHeHHe Ha DYHKIHUIO Yy, () 3aBU-
CUT TOJILKO OT MHJEKCa [OJUTPOIILI 1, TO 3HaUeHre H6e3pasMepHOro pajuyca
2o(n) MONUTPOTHOM 3BE3/BI ONPEENAETCST TOJBKO THIIOM Ta3a, U3 KOTOPOTO
ona cocrout. Kak Oyjer 110Ka3aHo HUKe, KOHEUHbIH pasMep Takoil 3Be3/ibl
BO3MOKEH TOJILKO It Taza ¢ n < 5 (y > 6/5).

OTMernM HECKOJBKO JOCTATOYHO OYEBUIHBIX CBOWCTB CTATHYECKUX KOH-
durypanuit TOJMTPOITHOTO ra3a, KOTOPbIE MOTYT ObITH TTOJYyYeHbI He3 TBHOTO
pemenus ypasuenust (64). Ilosmurponnoe ypaBueHne COCTOAHUS JITTsT CITy9ast
n =0 (y = 00) GOPMaANBLHO NPUBOAUT K TOMY, 4TO JABJIEHHE rasa DEcKo-
HEYHO. DTO MOXKHO MHTEPIPErupOBaTh KaK abCOJIOTHO HEC2KUMAEMYO 2K /I-
KOCTh C TIOCTOSTHHO# MJIOTHOCTHIO, TaK KaK Jiobasi HeOIHOPOHOCTh B TAKOM
rase OyjleT IPUBOJIUTH K OECKOHETHBIM CHJIaM, CTPEMSIIIIAMCS BEPHYTH CPeJLy
B OJIHOPOJIHOE COCTOSIHWE. DTOT CJIydail COOTBETCTBYET MPEJIETHHO KECTKO-
My YPABHEHWIO COCTOsHUs. IIpejiesibHO MSITKOE ypaBHEHHE COCTOSIHUS, KO-
rJia jaBjenue BooOlle He 3aBUCUT OT IJIOTHOCTH, cooTBercrByer m = —1
(v = 0). Opuako ne BCe 3HAYCHUS MHIEKCA [OJMTPOIDL ABJIAIOTCA JOILy-
CTUMBIMY B paccMaTpuBaeMoit 3ajade. elicTtBuTesbHo, KOH(pUTYpaInust rasa
MOXKeT OBITh PABHOBECHOI JIWIh B TOM CJIydae, KOTJa ero JIaBjeHue BCIOJLY
CIaJIaeT OT MEeHTPA 3BE3JIbI K KPAIo, TAK KAK B MPOTUBHOM CJIy4ae CUJIa, CBs-
3aHHas C JlaBjenueM, OyJIeT CoHallpaBjeHa ¢ IPaBUTAIMOHHON U paBHOBECHE
B 3B€3Jl€ CTAHOBUTCSI HEBO3MOXKHbBIM. TakKuM 00pa3oM, JI0JI?KHO BLIIOJTHATHCS
CJIeJLyOILEe YCJIOBUE:

dP(r) dy(r)

— = Aﬁ + Hv \ﬂbW\:+H @:Aﬁv: = <0. A@o.v

Kak nokaspiBaer unciennoe pemenne ypasuenus (64), aist mio60ro sHadenmst
MHJIEKCA TOJUTPOIbL 1 DYHKIMS Yy () sBJISETCA MOHOTOHHO yObIBAIOIIEH,
10 ecrb Y, (z) < 0. CiiepoBaresbho, jyist CylECTBOBAHMS CTATHIECKOH KOH-
dburypanun Tpebyercs Bhmosnenue yeaosusa n > —1. Oqaako gomycrumbe

36

I,(r,n,t) I,(r +dr,n,t + dt)

s === {3

dQ)

dl

Puc. 9. Duement o0beMa, cojeprKaliuii U3/ 1y4alomee n MorJomaionee BemecTBo

4.2.3 BpeIBog ypaBHEHUsS IIEPEHOCA

[MpeanonoxkumM, uro Ko(MDMUIUEHTHI TOTJIONEHNsT W U3JTyIeHUsT 3 aHbl.
Haiisiem, kak MeHSIETCSI MHTEHCHBHOCTH C TEUEHWEM BPEMEHHU BJOJIb JIyUa.
Pacemorpum sitement obbema Tosimunoii dl u ¢ nomnepedrbiM cedenueM dS.
[Tycth siyd, pacopocTpaHsIONUiicst B HATPABJIEHUE N B [IPEJIEJIaX TEJIECHOIO
yria df), BXOJUT B TOYKE I' B MOMEHT BpeMmeHu € B 3jieMeHT o0bema lep-
nenuKynsspao d.S (puc. 9). Torga pasHocTh MeXKJIYy KOJIUUECTBOM SHEPIUH,
KOTOPOE BTEKJIO B 00'bEM, U KOJUUECTBOM SHEPTUH, KOTOPOE BHITEKJIO U3 00h-
ema, B TOUYKE I + dr B MOMEHT BpeMenu t + dt JIOJKHA PABHATHLCS MPUTOKY
SHEPTUM 33 CYET U3JIyUeHWs BEleCTBa B 00beMe 3a BBIYETOM KOJIMIECTBA
SHEPTUHM, KOTOPOE TOTJIOTHIOCEH BerecTBoM. Tora

[I,(r +dr,n,t +dt) — I,(r,n,t)]dS dQdvdt =
= [e,(r,n,t) — a,(r,n, t)],(r,n, )| dldS dQYdvdt.  (187)
Beenem adbdunnyio nepemeHuyio [, SBIAIONIYIOCA PACCTOSTHUEM BJOJIb JIyUa
r =19+ (n. Torna dl = cdt, dr = din, n

oL, , Ol [0L, 10l
o T o T o

I,(r+dr,n, t+dt)—1I,(r,n,t) = dl. (188)
[Mopcrassis 910 Bhipaxkenune B coornomenue (187), mpuxoaum K ypaBHEHHIO
MIEPEHOCA, W3y ICHUST

1oL, , o1,
c ot 'l

[Ipoussomuyio OI,/0l MOXKHO BBIDASUTDL UEpe3 CKATSIPHOE MPOU3BE/CHUSsT

=€, —a,l,. (189)

BEKTODA N M rpaJiuenTa or unrencusHocru. Torya ypasuenue (189) moxkno
3anucath B BUJIE

101,

c Ot

+n-VI, =¢ —al,. (190)
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I3 moJTyuenHoro BhIIIe BHIPaXKeHns JJIs MaCChl TIOJUTPOITHON 3BE3JIbI ClIe-
JIYET, ITO €€ NEeHTPANbHASA TIOTHOCTH PACTET ¢ POCTOM MACCHI B CIyHae JIO-
CTATOYHO JKECTKUX ypasHenuii cocrogunsa n < 3 (y > 4/3), aro coorsercrsy-
eT ycroifunBoMy paBHOBecHIO. JIJist 3BE3J| ¢ MAKUM YPABHEHUEM COCTOSHMSE
n > 3 (v < 4/3) curyauus obparuas, 1 OHM HAXOAATCH B HEYCTONIMBOM
pasrHOBecun. [lorpannanbIM cirydaem ABIAIOTCA 3Be3bl ¢ 1 = 3 (7 = 4/3).
x macca He 3aBUCAT OT 3HAUEHUsI EHTPAJBHOI MIOTHOCTH W OMPEIENIsIeTCs
JIMIIE apaMeTpom KC:

Ay (K 3/2 K\ 32
My =28 (2) a5 () (71)
VT \G G
20(3) = 6.89, yi(20(3)) =~ —0.04, x5 2.02.

DTO O3HAYAET, UTO Ta3 ¢ TAKUM TOJUTPOIMHBIM YpaBHEHHEM COCTOSIHWS He
MOXKeT 00pa30BaTh CTATHIECKOH KOH(DUTYDAIINHT, €CJIH €70 Macca OTJIINIHA OT
Ms. Paguyc, coOTBETCTBYIONHMI PABHOBECHOM KOH(DUTYDPAIINHT, OMPEIEIISTeTCS
TOJIBKO IJIOTHOCTBIO B TIEHTPE 3BE3/IbI:
1/2 1/2 1/3
K\ K\ Y Mg\

-~ 13 ~309(= 13~ 93 (=2 72
) r Pe , (72)

mw = Hkov Q P

a caMa 3Be3Jla HAXOJUTCA B TAaK HA3LIBAEMOM O€3Pa3MYHOM PABHOBECHH,
KOI'JIa, OHa MOKET MMETh JI060ii pajuyc.
JIpyruM MHTEPECHBIM CJy4aeM sBJISIETCA a3 ¢ MHJIECKCOM IIOJUTPOIIbL 1 =
1 (v = 2). Kax caenyer u3 (64), pajmyc Takux 3Be3j; BCerjia OJNHAKOB 1
OTIPEJIENIACTCS KaK:
R =k _ X (73)
T 2
HOA”_.V =T, @\H A_&GAHVV = |”_.\3.4 X1 =T.

Macca 1 IJI0THOCTD B HEHTPE TAKUX 3Be3]| CBA3AHDLI JMHeAHLIM COOTHOLICHH-
eM:
o\ 3/2
My =27 p, o) (74)
YTO ABIAETCA OUEBUHBIM CJIEJICTBIEM TIOCTOSAHCTBA NX 00heMa.
OTMeTHM TaKkXKe, ITO 3BE3JBI ¢ MPEJETLHO KECTKUM YPABHEHUEM COCTO-
suust, st Kotopeix 1= 0 (7 = 00), HEe MOryT ObITH OMHUCAHBI HETOCPE/I-
crBeHHO cooTHOmenusmMu n3 (64), Tak kak napamerp ro(0) B 9TOM Caryuae ne
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B cityuae usorporroro nosist usiydenust K, = J,/3, a TeHsop JaBienns
U3JIyUeHUs] DABEH

A J, 0 0 1 [ & 0 0
\\Uﬁ = w‘ 0 rﬁ\ 0 = W 0 Ey 0 s AH@MV
“\o o J 0 0 &

7 BO BCEX pacdeTax MOXKHO OT TeH3opa Pj; MepefiTh K CKaJApHON Besmn-
HUHE €.

it PABHOBECHOT'O UBJTyU€HUs TTOJTy YAeM, UTO JaBJI€HIe H30TPOIHO U PaB-
HO

a,T*
pr="0 (183)

Ornomenwe f, = K, /J, nasuiBaercs nepemennviti 20unzmonosckut mMmo-

oIcument U XapakTepusyer CTeleHb W30TPONUU IMOJis u3jiydenus. Kak Mbl
BUJIEN, JIJIsI TIOJIHOCTBIO M30TPONHOro manyuenus f, = 1/3. Maxcumann-
HOI'O 3HAYEHUsI I€PEMEHHBIN 3/ [MHITOHOBCKUI MHOXUTEJb JIOCTUTACT B CJLy-
Jae, Korjla M3JIyIeHre PAacpOCTPaHsIeTcs B OJJHOM HalpaBjeHnn (Harnpumep
IIoCKast BoJIHA). B 9TOM citydae st 33129 0 MIIOCKOH arMocdepe mHTeH-
CHBHOCTb MOXHO IpejcraButhb kak I, (z, u,t) = I,(z,t)0(pn—1). Iloacrasss
JIAHHYIO HHTEHCUBHOCTD B (opmyiibl jiist K, u J,, nosydaem, aro f, = 1.

4.2 VYpaBHeHHE IepeHoca

[Tpu npoxoxkjieHun M3JIydeHuss depe3 BemecTBO ero WHTEHCUBHOCTbL MO-
JKeT U3MEHATHCHA BCJIEJCTBHE CIOCOOHOCTH JIAHHOIO BEIECTBA IOIJIOMIATh,
i HA0OOPOT, U3JIydaTh JyducTyio sHepruio. GoToHbl U3/ ydeHus, pacipo-
CTPAHSIONIETOCSA B ONPEETEHHOM HAIIPABICHUN, MOTYT BBIOBIBATD U3 IIyUKA
B pe3yJibTaTe MOTJIONEHUsT CPeioif MO0 pacCesiHUsT Ha, COCTABJISIONIX ee dJe-
MeHTaxX (JIEKTPOHDI, ATOMbI, JACTHUIBI MBUIM U T. JT.). B CBOIO 0Yepejib, camo
BEIECTBO MOXKET U3JIy4IaTh (POTOHBI, KOTOPBIE Oy/IyT JaBATh BKJIAJ[ B MHTEH-
cuBHOCTD. JIjist onncanus yKa3aHHBIX IIPOIECCOB B TEOPUU IEPEHOCA BBOJAT
MaKpPOCKOTnIecKue Ko hUuIUeHThbl HONIONEHNsT U U3y deHus ceera. Pacuer
5TUX KO3DDUIHTEHTOB ABJISIETCA CAMOCTOATETHHOM 3a/1ateil U MTPOBOAUTCS Me-
TOJJAMU KJIACCUYIECKON MM KBAHTOBOH 3JIEKTPOJIMHAMUKH.

4.2.1 KosddnmuenT noraomeHns

[Tycrs na momaaky d.S mo HopMaJiu K Hell majaer u3JIyueHne ¢ HHTEHCHB-
nocroio [, Torpa, cormacuo (152), KOIMIECTBO IHEPTHH, MPONIEINEE HEPe3
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Puc. 4. I'padukn anamnruueckux pemenuit yo(x), y1 () 1 ys(z) GeapasmepHoro ypaBHeHust
pPaBHOBeCH: [IOJINTPOLHOIO ra3a jyisg ciaydaes n =0, 1, 5

ypaBHEHUs CYIIECTByeT B Oojiee mupokoit objgactu. Kak BugHO U3 mpuBe-
JIEHHBIX AHAJUTUUECKAX permenuil, £o(n) pacTeT ¢ poCTOM N W CTAHOBUTCS
GeckoneanpiM mpu . = 5. 3uavenue dynrnuu Yy, (r) npu GuKCHpoBaHHOM
X TAKXKEe pacrer ¢ pocToM M. Tak Kak Y,(X) rIajKo 3aBUCHT OT MOKA3aTe-
JIsT TIOJIUTPOTIBI, TO MOYKHO MPEJTIOJNIOKUTh, UTO 3TH TEHJICHIIUN COXPAHATCS
u B 0bmem ciyudae. JedcTBUTENIbHO, KaK TTOKa3bhIBAET aHaJN3 YPaBHEHWS B
paccMaTpUBaEeMOM JIMAlla30He X, JIJIst €10 pellenuii ClipaBe/yinBhl CJIe/IyIoNue
COOTHOIIEHWS

Yno (2) > Y, (), 20(n2) > m9(N1),  T0(N) = 00, (79)

Juist ng > nq > 0 un > 5. Takum obpazoM, JIefiCTBUTEIHHO, ¢ POCTOM TTIOKa-
3aTesisl IOJIUTPOIILL 7 PACTET KAK CAMO PEIIeHue Y, (x), Tax u GespasmepHbrit
PaJINyC 3BE3/b Tj, TPUUEM pPaJINyC CTAHOBUTCS OECKOHEUHBIM Mpu 1 = 5.
[Ipu 3HaYeHUIX TOKA3ATENS TOJUTPOIBI 1 > 5 perenns Ipu £ — 00 CTpe-
MSATCS K KOHEIHOW BEJIUIMHE, ITO, OYEBUJHO, COOTBETCTBYET OECKOHETHOI
Macce 3Be3/1bl. Takum 00pa3oM, ciydait n > 5 MOXKHO CIMTATH (DU3MUECKU He
peasiuzyeMbiM. ['paduku cemeiicTBa pernennit Jijist pa3iuiHbiX WHJIEKCOB MO~
JIUTPOILIBL, JIEMOHCTPUPYIOIIKE [OJIy YeHHbIE CBONCTBA, IPUBOJIUTCA HA pUC. 4.
HekoTopble mapaMeTpbl 3TUX perienuii B (pU3NIECKn WHTepecHo# obacTu
n < 5 gaubl B Tabjuie 4, mpuueM B clydae aHAJUTUICCKUX DEIeHWH TaMm
MPUBOJISATCST TOUHBbIE 3HaueHUsi. C TOUKYM 3PEHUsI MPAKTHIECKOTO MPUMEHE-
HUs HAMOOJIee HHTEPECHBIMU TapaMeTPaMU SBJIAIOTCA Oe3pa3MepHbBIN PAJIUYC
3Be3/Ibl To(n), onpesensomuil ee HpusMIECKUl pasmMep, u mapaMerp X, OT
KOTOPOI'O 3aBUCUT MACCa 3B€3/ibl. KaK 110Ka3aJ1 YNCJIEHHbIN aHAJIU3 UCCIIETy-
€MOT0 YPaBHEHUSI, JIJIs 3TUX BEJIMUUH MOXKHO MOJYUIUTH JIOCTATOTHO TIPOCTHIE
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BBIDaXKEHHe JIJIsi KOTOPOTO aHAJIOTUYHO 10 (HhOPMe BBIPAXKEHHIO JJIsl MHTEH-
cusrocru (160).

I3 nocsieiHux BbIpaxKeHHil BHJIHO, YTO IOTOK U3JIyUEHUsI MOXKHO IIDeJi-
CTaBUTb KAaK PA3HOCTH J[BYX BeJIMIUH

H,= M\.M.Tv - M.Mlv“ ﬁ.ﬂwv

e

L,(2, p,t) pdp, (173)

AR
X
I
DN | =
O\H

g —

<
DO =

0
\iﬁ ) pdyp. (174)
-1

Besuuunbr Muﬁnv [PEJICTABJISIIOT CODOM 0CEeULeHHOCTNAU TIOIIAJKH C JIBYX pa3-
HBIX CTOPOH COOTBETCTBEHHO. JIpyruMu cI0BaMu, TIOTOK M3JIYUEHWs Uepes
KaKyIO-JT100 TJIONAJKY €CTh Pa3sHOCTh OCBEIIEHHOCTEH 9TOM TIIOTAIKH.

OrmeruM Tak>ke, 9TO B CJIydae W30TPOITHOTO U3JIYyUEHWsl, KOTJA WHTEH-
CHUBHOCTH HE 3aBUCHUT OT HAIPaBJICHUS, [TOJIHbII IIOTOK Yepe3 IJI0MAKY, KaK
caeayer u3 (171), pasen nysmo. Takas cuTyanus MOKET PEATM30BbIBATHCH B
110J1e PaBHOBECHOI'O U3JlyYeHUsl, HallpUMeD BHYTPU 3BE3/Ibl.

Ecnu paBHOBecHOe mM3jIyueHre MPOUCXOANUT C MOBEPXHOCTH B TOJyChepy,
TOTYI& TTOJTHBIH TTOTOK

1 ) o)
F= wﬂ\t&t\mwﬁﬂv%\ = ﬁ\mwﬁq =opT, (175)
0 0 0

e op = a,¢/4 — nocrostnnas Credana-BosbmMana.

4.1.5 Tensop maBjaeHUd U3JIYyIEHUT

Kak ™Mbl Bujiesu, cpejisiss MHTEHCUBHOCTH U MOTOK IIPEJICTABJIIOT OO0
MOMEHTbI HYJIEBOI'O U 11€PBOI'O 1IOPAJIKA yJIeJbHOM HHTEHCUBHOCTH 110 HAllPaB-
JearsiM. BTopoit MOMEHT SIBJISIETCST TEH30PHON BEJMYMHON U MOXKET OBITh
3alnca CJIEYIONMM 00pa3oM:

1

ﬁ_kﬁivH - \P?AVSS &@. Cﬂmv
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Puc. 6. I'paduxu anupoxkcumanuonubix yHKiumii ji1s 6e3pasyMepHoro pajiuyca 1oJuTpoll-
HOI 3Be3/bl Zo(n) (JeBas naHesn) n mapamerpa X, (mpasas nanesn). Toukam coorser-
CTBYIOT 3HAYEHUsl, [O/TyIeHHbIE U3 YHCJIEHHOTO PEIIeHns YDABHEHHST

b0 HEmOCPEICTBEHHBIM UHTerpupoBannem pemenus ys(x). Hecmorps na
TO UTO 3Be3J[a ¢ OECKOHEUHBIM PayCOM MOXKET TOKa3aThCsd (PU3MIECKU He
peasu3yeMbiM, TeM He MeHee JIAHHOe PENIeHre XOPOIIO ONMMUChIBAeT Hapy K-
Hble YaCTU 3Be3J| Ha CTaJUU KPACHBIX TMTAHTOB M CBEPXTUIAHTOB, PaJINYCh
KOTOPBIX CYIIECTBEHHO MPEBBIAIOT Pa3Mepbl OOBIUHBIX 3BE3J TVIABHO MO~
CJ16JI0BATEJIbHOCTH.

2.5 CBoiicTBa MOJUTPOIHBIX 3BE3

Kak ormeuasocs Bbime, coornomenus (64) n03BOMIAIOT TOJHOCTBHIO OMU-
caTh MOJIUTPOIHYTO 3B€3Jly IPU 38 [aHUU TPEX HE3aBUCUMbIX napaMerpos KC,
nu pe. Opnako ecsiu K U n XapakTepusyioT CKUMAEMOCTb U TUIL 'a3a, U3 KO-
TOPOTO COCTOUT TIOJIUTPOTTHAS 3BE3/[a, TO €r0 IeHTPabHas MJIOTHOCTD P, XOTSI
U SABJISAETCS YIOOHBIM JIJIsi MATEMATHIECKO TOCTAHOBKY 33,1291 TIAPAMETPOM,
HO (u3MUECKUil CMBIC/T ee B TaKO# MHTEpIpeTalun ocTtaeTcsa HesiceH. leii-
CTBUTEJIbHO, U3 OOIUX COODPAKEHW MOHATHO, YTO KOH(PUTIYDAIUs MOJUT-
DOIIHOM 3Be3/[bl, COCTOLAIIEH U3 OIPEJIEJIEHHOIO ra3a, JOJKHA OlPeIesIdThb
cs ero maccoit M, u nosinoit sueprueil. B unTepecHbIX jiis HPAKTUIECKOIO
MPUMEHEHUST CJIydasX SHEPrusi Ta3a BAUSET Ha ero CKUMaeMOCTh, TO €CTh
ompezienser mapamerp K. XoTsh Takoe yTBEpXKJEHHe He COBCEM BEPHO, HO
KA4eCTBEHHO OHO MPABUJIBHO, 110 KpaiiHeit Mepe jiist cirydasi O0JIbIIMAHOBCKO-
ro raza. CjiejloBaTe/IbHO, EHTPAJIbHAS TJIOTHOCTD MOJUTPOITHOM 3BE3/Ibl TPH
GUKCUPOBAHHON SHEPIUU JIOJKHA ONPEJIEJISAITHCA JIUIb €€ MACCO, a CBs3b
MezKly IruMu Besnaunamu gaercs coornowennem (70). Ucnonb3ys ero, see-
IJla, MOXKHO TIEpPeidTH OT IEeHTPAJbHOW TJIOTHOCTH 3Be31bl K ee macce. [lo-
9TOMY MPUBEIEM I MOJHOTHI COBOKYITHOCTH YDABHEHUIT, OMPEIENAIONINX

42

DieMeHT TesiecHoro yria df) MoxeT ObITh 3amcan Kak df) = sin 0df dp =
—dude, rne p = cos . Ecim paccmarpuBaercs 3ajada ¢ aKCHAJTLHON CHM-
MeTpueit, To I, He 3aBUCHT OT ¢, U MOITOMY

1

mﬂ H
1 1
J(z,t)=— [ do | dul,(z,u,t) == [ L(z,p,t)du. (160)

47
21

DTO BbIDAXKEHKME MPUMEHUMO U B CHEPUUECKU CUMMETPUIHON MeOMETpHUH,
€CJIM 3aMEHUTDh Z Ha T.

Ucnonssyst (149) u cooTHoleHne MeX1y MHTEHCHBHOCTHIO W (DYHKIMEH
pacnpegenenns (155), MOKHO MOy UUTh BRIPAsKEHHE JJIs MIOTHOCTH SHEPTUHN
n3JIy4eHns 4epe3 HHTEHCUBHOCTH

H
ngSH w\:&t\%@ H \\P&D%\. QQC
c
Onpesiesinm cRexmparbiyio wat MOHOTPOMATUMECKYIO NAOTHOCTVD IHED-
2UU UBAYUEHUA KAK
1
eu(r,t) = \\N:&D“ (162)
c
TOI/IA

47
c
SaMerum, 4To eciid U3/1yYeHre K30TPOIIHO, T. €. UHTEHCUBHOCTD U3J1y YEHUsI

e(r,t) = — J,(r, ). (163)

He 3aBUCHUT OT HallpaBJICHUA, TO

4
T(rt) = L(r,1), &,(r,t) = — L(r,1). (164)
¢
Juist caydast paBHOBECHOTO usityuenus noiydaem &, = 4w /c B,(T). Torma

MOJTHAS TJIOTHOCTH SHEPTUN U3JIYUEHUsT JTAeTCsl CIIeyIone (hopMyIoii:
T3
8 vedy
4
e=—r | " —q T (165)
0

e a, = 870k*/(15h3¢%)  nocmoannaa usayuenua.

MHTeHCHBHOCT MOKET M3MEHSTLCSA ¢ YACTOTON JTOCTATOMHO MEJITIEHHO, TO-
/14 TOBOPAT O HENMPEPHIBHOM CIIEKTPE M3/ TydeHust. B Ciyuae HAJIMuust pe3KUX
M3MEHEHUl B MHTEHCUBHOCTH MJIM MOTOKE BOJIM3M HACTOTBI, COOTBETCTBYIO-
el KakOMy-/100 JIMCKPETHOMY [EPEXO/ly B U3JIyHaolell cucreMe, ropopst
O CHEKTPAJILHOM JIeTaji, B 9aCTHOCTH O CHEKTPAILHOM JINHNN.
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3Be3/1 TJIABHON TOCIEOBATEILHOCTH TTOYUaeM CJIETYIoNee BhIpakenne, Ko-
TOpOe ¢J1a00 3aBUCUT OT IMEHTPAJBHON MJIOTHOCTH 3BE3JIbI:

/3

QSE H\wiw\w. Ammv

I, = Pe
28(n+1)\i* K

JlanHoe COOTHOIIEHNE XOPOIIIO TeM, 4TO He COEepXKuT mapamerp K, Tak Kax
OH CUJTbHO MEHSIETCS Jlayke Y 3Be3J1 TJIABHOMU mocsenoBaresbHocTH. OTMeTnm,
gro jyist CoJTHIIA JIAHHOE BBIPAXKEHUE MPUBOJIUT K CJIEJYIONIEMY 3HAYEHUTO
T, ~ 1.6 x 10" K, 4T0 XOpOIIO COMIACYeTCsl CO 3HAYCHUSMI, HOJIyIaeMbIMI
110 TOYHBIM YMCJIEHHBIM MOJIEJISIM.

Eme oano coornowenue, caeayioniee u3 (83), moxker GbITh LOJYIEHO Psi-
MBIM BBIMHCTIEHTeM TTpousBesientst p. R . HecloKHo TpoBepiTh, 4TO 9T0 MpH-
BOJUT K CJIEIYIONEMY BBIPAXKEHUIO:

xo(n)?

nmw =

M, (87)
mo.ﬁmm HalVIgAJHO 9TO COOTHOIIIECHUE MOXKET @TMHT npeacTaBJICHO B TepMUHaX

cpejHedt oTHOCTH 3Be3Ib p = 3M,, /(47 R3), a umenHo:

Hong\
, = D) 5 88
pe=—3 P (88)

Jlannoe BhIpakeHUE MOKA3BIBAET, UTO IEHTPAIbHAS JIOTHOCTh, IO CPABHE-
HUIO CO CPeJiHEeil, CyIIeCTBEHHO BO3pAacTaeT [IPU yBeJNUYeHUN UHJIEKCA TTOJIUT-
POILIbI M U IIPEBOCXOJIUT €€ Ha OJIMH-J[Ba I10PAJIKA.

Bonpochkr a1 caMOKOHTPOJIS

1. Kakue cuinl B CaMOTDABUTUDPYIOIIEM Ta3€e SABJIAI0TCS OCHOBHBIMU?

2. Yem onpejiessieTcst rpaBUTAIMOHHAS HEYCTORIMBOCTH OJJHOPOJIHO PAac-
LIpeJIe/IeHHOrO ras3a’

3. Kaxue nmapaMerpbl BJIUSIOT Ha PABHOBECHYIO KOHMDUTYPAIIUIO TOJTUTPOTI-
Hbix 3Be3! KakoB ux ¢dpusmaeckuii cMbicy?

4. Yem oripejiesisiercst Macca, OJIMTPOIIHON 3Be3 /bl

zmwmmso.ﬁﬁﬂm OCHOBHBIE CBOICTBA, TTOJTUTPOTITHBIX 3BE3/T.

[S28

44

Puc. 7. K onpeaeJeHn0 NHTeHCUBHOCTU U3JTYICeHU T

Jo cux 1mop MHTEHCHBHOCTH DPACCMATPUBAJIACH KakK (DYHKI[US YACTOTHI.
AHajlorHIHO MOXKHO BBECTH UHTEHCHBHOCTD, 3aBUCSIILYIO OT JIJTUHBI BOJIHBI
A. CBsi3b MexKj1y JiByMst (DYHKIUSIME MOXKHO IHOJIYUUTD U3 OYEBHJIHOIO COOT-
nowenus I,dv = I)d\, Torna

C
=[5t

BaxKHbIM CBOMCTBOM MHTEHCUBHOCTH SABJISACTCH €€ HE3ABUCHMMOCTDL OT Pac-
CTOAHMS MEXKJly UCTOYHMKOM M HabuiogareseM (IPU OTCyTCTBUM HA JIy4e
3pEHNst NCTOUHUKOB MOTJIOMEHNs MO0 MCycKanns naaydenns). Jlst jgoka-
3aTe/IbCTRA ITOTO PACCMOTPUM ITyHOK JIyUel, TPOXOAIII uepes TIOMaIKy
dS B rouke P u dS’ B Touke P’, pacrosoKenuble Ha pACCTOAHUU T JIPYT OT
apyra (puc. 8). OueBHHO, YTO KOJIMIECTBO SHEPIUH, KOTOPOE MPOXOIUT “e-
pes wiomagky d.S, paBHO KOJIMYECTBY S3HEPIHUH, IIPOXOIAILYIO Y€Pe3 ILJIOMIAI-
ky dS": dE, = dE),. Torpa u3 oupegenenns uurencusaoctu (152) nosyvaem
CJIEJIYIONIEe PABEHCTBO

I, cos0dS dQdv dt = I, cos 0 dS"dY dv dt, (156)

rje d€) — Tejiecublii yroJi, 10j, KOTOpbIM U3 Touku P Bujna miomajixa dS’,
a d€) — TenecHbIit yroJ, mox KoTophiM dS Buano nz Toukn P, Ucnonnzys
OTIpeJIeSIenne TeIecHOro yriia noiydaem, uaro dQ = r~2dS’ cos@' u dQ) =
r=2dS cos®, orkyma HemesenHo ceayer pasenctso I, = I/
MareMaTn4ecKy HOCTOAHCTBO YENBLHONR MHTCHCUBHOCTH BJIOJIb HAIIPABJIE-
HUS PACIPOCTPAHCHNS U3JTYICHUA N MOXKET ObITh IPEICTABICHO CJICIYIOIIIM
obpaszom:
n-VI,=0, (157)
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T000# (CKaJSIpHO#, BEKTOPHOM WJIM TeH30PHON ) BeIMUMHBI A onpe/iesstercst
CJIeIyIOTIUM 00pa30M:

~ ,O0A

VA=A, -Tp e (91)
™ (0 09,  0gu

H,mw _ 9" (9%m i Jpv  OGu v (92)

2 \ Ox¥ oxH oxr

3

rae A, obo3HauaeT KOBAPUAHTHYIO Hpoussonyio ot A, I' iy — cumBousl Kpu-
crobdeis, a g"” — merpudeckuit Ter30p. Tak Kak KOBapUaHTHAS TPOUIBO/I-
Hast OT CKAJISPHOI (DYHKIIME COBIIAJAET ¢ ODBIYHOM, TO ypaBHeHus BoJbima-
HA 3allUCBIBAIOTCS B BUJIE:

%\m @%s %\: 1
/4 —T7 ptyp? H —
p ot H,E\B p @ﬁﬂ + gamua @%t =1 ?ﬁ.Lu Awwv
%bﬁn @\s Qmﬁt\sv T
1w 1T [,V a _
p O H,E\E p BpT +my aph = H:L. Awb
OueBujHO, 9TO 00A ypABHEHUSI COBIAJAIOT B CIyUae, KOrIa
oF*
L =0 95
5 =0 (95)

KOTOPOE BBITIOJIHSIETCsA JIjisi OOJIBIINHCTBA U3BECTHBIX cujl. Kpome Toro, Buj
[IePBOr0 ypaBHEHHs TIOKA3bIBAET, YTO HETPUBUAJbHASL METPUKA MOXKET ObITh
TIpeJIcTaB/ieHa B ypaBHeHUN BosbIMana B BUJE BHEITHEH CHUJIBI:

Fy=-Tp"p" (96)

B IIJIOCKOM MPOCTPAHCTBe-BpeMeHr. Takum 00pas3oM, B JajbHe’IeM Mol 0y-
JIEM WCIOJIb30BaTh ypaBHeHue BosbiiMana B Bu/je:

w Ofa Ofa
oxH OpH

rJle BO BHEMIHIOW cuity F¥' npn neobxoumocTtu Mol Oy1eM BKIIOUATD U BKJIAJI,

+ mFl

P =1[fl, (97)

CBA3aHHbIA C HeTPUBUAJILHON METPUKOIL.

Wnrerpas cTOMKHOBEHUil, CTOAMNN B MpaBoil YacTn ypaBHeHus BoJbil-
MaHa, OMHUChIBACT N3MEHEHHe THCIa TacTHIl, COPTa a B ajeMenTe (hazoBOro
00bEMA 32 CUET JIEMEHTAPHBIX MPOIECCoB. Tak Kak 3JIEMEHTAPHBIE MPOIEC-
CBbI MIPOUCXOJIAT HA MHUKPOCKOIMUYECKUX MPOCTPAHCTBEHHBIX MAcCIiTadax, TO
BJIMSIHUE HA HUX M3MEHEHUsI METPUKHU TpeHebpexkumo Majio. Ciie/loBaTesibHo,
JJ1s1 BBIMUCJICHUS MHTErpaJia CTOJKHOBCHUN Mbl MOXKEM IIepeiTn K JOKaJlb-
HO TIJIOCKON MeTpuKe. B ToM ciryuae, KOTJia MBI WHTEpPECYEMCs TTOBEJIEHUEM

46

4 llepenoc u3sirydeHus

Bajladeil TeOpUn MEepeHoca sIBJISETCsT PACUET TOJIsl U3JIYUEHUsT B CPEJIE,
KOTOPAsi MOYKET IMOTJIOMATh UJTH U3JIy4YaTh JIyIUCTYIO SHEPruio. B cirydae Ko-
[J1a U3JIydaresbHas WK MOMIOMATEe  bHAs CIOCOOHOCTD BEIECTBA 3a/1aHbl, TO
HoJIe U3JIyIeHNs PACCIUTBIBACTCS JOBOJILHO Jerko. OJHako 3ajada CHILHO
YCIIOXKHAETCS B cllydae, KOrjla yKa3aHHbIe CBOMCTBA BellecTBa CaMU 3aBUCAT
OT WHTEHCUBHOCTU M3JIydeHus. B 3TOM Ciydae 3a/1a4ua CBOAUTCS K PEIIeHUIO
HEKOTOPOI'0 MHTErpaJIbHOTO ypaBHeHus. PaccMoTpennemM Takux WHTErpasib-
HbIX YPaBHEHUIl ¥ 3aHUMAETCA TeOpusd IePeHOCa U3JIYUEHU.

4.1 TIlone na3ny4deHus

4.1.1 OcHOBHBIE BEeJIMYNHBL

B Teopun nepenoca u3iydeHus 3JeKTPOMArHUTHOE TI0JI¢ PACCMATPUBACT-
¢s B IIPEJIEIIe, KOIJIa, BOJHOBOM NPUPOION M3JIydeHnsT MOXKHO MpeHedpedb, TO
ecTb KOrJia JIIMHA BOJIHLI A MHOI'O MEHbIIe XapaKTepHbIX PasMepoB B pac-
cMaTpHuBaeMoil cucreme. [Ipy 3TOM H3/TyueHne OMUCLIBAETCA KaK ras3, COCTO-
Amuit 13 (HOTOHOB, I KOTOPLIX MOYKHO BBECTH (BYHKUUIO PACTPeIeAetU
f(r,p,t) ¢ HOpMUPOBKOI

m\\??wvm = n(r,t), (148)

rie n(r,t)  KoumenTparus GoToHOB. JHeprus GoToHA KaK KBAHTA 3JIEK-
TPOMArHUTHOTO TI0JIst PaBHa AV, a ero nMiyibc p = hv/c. JIpoiika nepes
MHTErpaJOM COOTBETCTBYET IByM mnojsipusanusm dorona. OTmernm, uTo B
acTpo(PU3MIECKON TEOPUU MEPEHOCA U3IYUIEeHHs] PUHATO MCIOJAL30BATH HE
KPyTOBYIO, a OOBIYHYI0 9aCTOTY U M, COOTBETCTBEHHO, HE NPUBEJEHHYIO M0~
crosiunyto Ilnanka h.
C nowmoribio GYHKINK pacrpesiesenusi (POTOHOB MIOTHOCThH SHEPTUH W3-
JyTIeHusT MOXKeT OBITh 3amlnucana Kak
3
%;vuw\?igém. Es

B caiyuae TepMogmHAMIIECKH PABHOBECHOTO (OTOHHOTO raza (M3mydenue
abCcomoTHO 1epHOro Tesa) (byHKIMs paCHpPeIeNeHns M30TPOIHA U 3aBUCHT
TOJILKO OT 9aCTOTBI (JIMHBI BOJIHBI) U3JLy4CHUs

f=(eir — 1)1, (150)
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re cyMMa OepéTcst o BceM MpoTieccaM TOTJIONIEHNsT U U3y IeHus TacTHIl
copra a. Ormernm, urto Tak kak dn u /7 asnaerca nusapuantamu B CTO,
TO UHTErpajl CTOJKHOBEHWH, OMpEEIEHHBIN TaKuM 0Opa3oM, OyjIer Takxke
MHBAPUAHTOM.

Paccmorpum Gosiee jeranbHO vacTHBI Coyuaif, KOrIa B IIPOLECCax Io-
TUIOIIEHWS, U3JIYUEHUsT ¥ PACCesTHUS Ha JPYTUX YaCTUIAX yUaCTBYET TOJIHKO
OJTHA JaCTHIA COPTa a:

ot S b 2 MU@? (105)

:ou

at+» dy Mg +a, (106)

ms

OOO%W@%G%W%BEHS@ 9TUM DeaKIUAM 3aKOHBI COXPaHEHUST IHEPTUU-nMIyJIbCa

Ph+ Muﬁ MUF% (107)
o MU@NH Mu&w + il (108)
Q Y

" . 2
Ecin Bociosib3oBarbest Tem, 410 Jyist npsiMoil u obparnoil peaxiuu | Sy

€CTh:

COBIIQ/1al0T, TO BKJIa/Ibl B MHTEIrpaJl CTOJIKHOBEHUI OT U@@W:SM U3J1ydeHus nu
TIOTJIOIIECH W A AQQ\V " MPOIECCOB paccedHnsd Amﬁv @v\hv\:ﬁ JaBaThCA CIEeAYIOITNMN
BbIDA>KCHUAMMU:

Si
1]f] = \ S, ? F e (LF fi) — (109)
~Jafoa(LF fo) | dna, dne,,
. Sisl?
HMMW:\L = M\M_s»: _HA”_. + %&\M\W‘AH + \a&,‘v -
Y

~Fa(LF £, (LF f)]dnldnadny - (110)

!
rae f'= f(0"), 1Sy,
OTBETCTBEHHO IIPOIECCOB U3JIy1eHUA AH\E.:\H HOH,EOZHQESMV 1 paccednud 4aCTu-
IIhI a. B sTom CJIy4dae ypaBHEeHUEe mo.hr:zmh@ TTpUMeT BUJ:

&p Sp
@tfz: T = 1t +MH ﬁ:v

2
u |Sifl, — KBajpaThl S-MATPHUHBIX 3JIEMEHTOB CO-

n

48

OueBuHO, YTO OHU, UCXOMS W3 WX OIpeIeSeHus], JIOJKHbBI YIOBJIETBOPATH
CTIeTYIONIEMY YCIOBUIO HOPMUPOBKH:

MUSHH.

Hpyryio Baxxuyio Besinuuny Jaér cBéprka BekTopa 4-110TOKa € IPOEKIUOH-
HBIM OIEPATOPOM:

Ji = AENY = NF — N,U*, (133)

KOTOpast XapakTepusyer jiedeKT MOTOKa YacTUIl COPTa a U HA3BIBAEGTCS BEK-
ropoM moTokKa Jiuddysun. Takum 06pazoMm, MOTOK YACTHUI ONPEIEJEHHOTO
copra pasbusaercs Ha 1PoJ0JbHYI0 1 nouepeunyio (JHU, = 0) ornocuress-
HO THJIPOJMHAMUIECKON CKOPOCTH COCTABJISIIONINE:

N¥ = N,U* 4 J¥, (134)

KOTOPBIE, COOTBETCTBEHHO, XapPaKTEPU3YIOT NEPEHOC YACTHUIL 38 CUET JIBYKE-
HUst cpejibl Kak 1esoro u ux juddysuo. Ormerum, 4T0 HOJHbIE BEKTOP
noroka Juddysun yacrui; odpalaercs B HOJIb:

>y Jr=o, (135)

a

qTo caeyer u3 ompejesnenust (133) s OTAeNbHBIX TOTOKOB. OTMETHM TaK-
JKe, UTO YMHOXKEHHEM COOTBETCTBYIONMX KOHIEHTPAIMl Ha MacCy YaCTHUI]
MIPUBEIEHHBIE BBIIIE ONPEEJICHIS MOT'YT ObITh epedOpMYyJINPOBAHDI HA, sI3bI-
Ke TJIOTHOCTH U TOTOKa Macchl. OJIHAKO B PEJIITUBUCTCKON IHIPOJINHAMUKE
9TO He Beerja yao0HO, TaK KaK HEKOTOPBIE YACTUIILI CPEJbI MOTYT OLIThH Oe3-
MAaCCOBbBIMH.

Honamua, c6A3aHNDIE C 4-UMNYALCOM U €20 nomokom. Beruauna

m =THU,, (136)

olpe/jiesisieT BEKTOP MOTOKA SHEPTrUH-UMITY/Ihca. C MOMOIIBIO HEro CKaJIsipHast
IJIOTHOCTb 3HEPI'UU OIIPEJIesIsAeTCs KaK

W, = ©'U, = T"U,U,. (137)

Hannas BeJMIMHA UMEET CMBIC/ IJIOTHOCTU SHEPTHE B JIOKAJHHON CHCTEME
1okosi. CBEPTKU TOTOKA SHEPTUU-UMITYJIBCA ¢ IIPOEKTOPOM A OIpeeisior
Bektop IloitnTunra:

IF = ' Al = TV U, AP = TVU, AL, (138)
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MOXKeT OBbITh MPEJCTABIEH B CJEAYIONEM BHJIE:
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rae Iy uMeeT CMBICIT MOJTHOTO M3MEHEHUs TUCIa YACTHI] COPTA A B JIMHUTIE
00béMa B €JIMHUILY BPEMEHHU 3a CUET 3JIEMEHTaPHbIX [POIECCOB.

[l 1oJLydeHust 11epBOIro. MOMEHTa ypasHeHus BosiblMana 1pouHTerpu-
pyem ero no p’d*p/((27)3¢). Bropoe craraemoe B ypaBHEHWH MOXKeT GBITH
MPOMHTETPUPOBAHO TIO TACTSIM:
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Wurerpuposanue npapoit 9actu ypaBHEHUS moavpzm:m JIAET MOJTHOE U3MeHe-
HUE SHEPTUU-MMITYJIbCA YACTUI[ COPTA & B €IUHUIE 00BEMA 33 CIET BCEX dJIe-
MEHTapHbBIX MporeccoB. TakuM 00pa3oM, epBblil MOMEHT ypaBHeHust BosibIi-
MaHa lIoJIydaeM B CJIe/lyIoleM Bujie:
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XoTst MHOT/a UCTIONIB3YIOTC U DOJIee BHICOKUE MOMEHTHI ypaBHEeHUsT BoJibIl-
MaHa, IS TMOJABJISAIONIEr0 OOJIBIMMHCTBA 331249 JIOCTATOYHO TPUBEIEHHDBIX
MEPBLIX JIBYX MOMEHTOB.

3.2 KwuHeruka M rugpoauHAMUKA

TuapogunaMudecknii MOX0/] K OMUCAHWIO HEMPEPBIBHON CPEJIbl, B OTJIV-
qie OT KWHETHIECKOTO, He TPEJNoJIaraeT TOYHOrO 3HaHus (DyHKIUI pacmpe-
JIEJICHU s, & UMEHHO PACIIpPeJIe/IeHne JacThIl o uMiysibcam. [loaromy nepexos
K TaKOMY ONUCAHUIO CBOJUTCH K yCPeJHEHWIO (DYHKIUI pACIpPEesIeH s 110
UMILYJIbCaM YaCTHI| U [IePexoj, K MaKPOCKOIIMYECKUM BeJUYUHAM, XapaKTe-
pusytoiumM cpejty. OCHOBHBIMU BEJIMYMHAME, CBS3bIBAIOIIUMUA KUHETUKY U
TUAPOJINHAMUKY, SIBJISIOTCS TIEPBBIE JIBa MOMEHTa, (DYHKIIMN PACIpeIe/eH s :
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KOTODbIE UMEIOT CMbICJI COOTBETCTBEHHO QWGm:AEO@N I[IOTOKa 4acCTHUIl copTa a
1 TEH30Pa MUX YHEPrun MMITyJIbCa. B Tom CJIy4dae, ecjii cpela COCTOUT U3
HECKOJIbKUX KOMIIOHEHT, TTOJTHBINA TTOTOK JaCTHI] CpeJIbl 1 TEH30D €€ SHEPTUU-
UMITYJIbCa ONPEJICIAI0OTCA KakK

N* =" NI, (123)
T =T, (124)

rJie cyMMa DepéTcst TIo BCEM COPTaM JaCTHIL CPETIHI.

Kpome BBeJGHHBIX BeJMUNH, JJIsT MAKPOCKOTUYIECKOTO OMUCAHUS CPEeJIbI
HEOOXOJIMMO BBECTH TOJIe 4-BEKTOPA, HA3BIBAEMOTO M'MJIPOMHAMUIECKON CKO-
pocrbio U*, gzt xoroporo 1o onpejesienuto U*U, = 1. Oanaxo Bbibop 31oro
BEKTOPA SIBJISIETCs HEOJHO3HAYHDBIM, U CYIIECTBYET HECKOJIbKO ONpejeseHuii
IUJIPOJIMHAMUYIECKOH CKOpOCTH. B penaruBucTckoil rujiponHaMuke 00bITHO
UCTIOTB3YIOT JIBA, OTIPEJIETIEHUST:
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