UMM nm.M.B.Kenabiwwa PAH < 9nekTpoHHasa 6ubnuorteka

MpenpuHtbl UMM -« MpenpunTt N2 95 3a 2019 r.

ISSN 2071-2898 (Print)
ISSN 2071-2901 (Online)

KonecHu4yeHko A.B.

BbiBOg B pamkax
HE3KCTEHCMBHON KNHETUKU

KpUTepusi HeyCTOMYNBOCTU
[I>XnHca anga gonnaHeTHoro
obnaka c y4yeToMm paguauum un
MarHMTHOrO NOons

PexomeHOyemasi ¢popma 6ubnuozpagpuyeckoli ccbinku:. KonecHndeHko A.B. BbiBog B pamkax
HE3KCTEHCUBHOWM KMHETUKN KPUTEPUSI HEYCTOMYMBOCTU [KMHCA Ans AonfaHeTHoro obnaka ¢ y4yeTom
pagnauum n MarHutHoro nons // TpenpuHtel UMM um. M.B.Kengpiwa. 2019. Ne 95. 36 c.
doi:10.20948/prepr-2019-95

URL: http://library.keldysh.ru/preprint.asp?id=2019-95



http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://keldysh.ru/
http://library.keldysh.ru/
http://library.keldysh.ru/
http://library.keldysh.ru/
http://library.keldysh.ru/preprints/
http://library.keldysh.ru/preprints/
http://library.keldysh.ru/preprints/
http://library.keldysh.ru/preprint.asp?id=2019-95
http://library.keldysh.ru/preprint.asp?id=2019-95
http://library.keldysh.ru/preprint.asp?id=2019-95
http://library.keldysh.ru/preprint.asp?id=2019-95
http://library.keldysh.ru/preprint.asp?id=2019-95
http://library.keldysh.ru/preprint.asp?id=2019-95
http://library.keldysh.ru/preprint.asp?id=2019-95
http://library.keldysh.ru/preprint.asp?id=2019-95
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://library.keldysh.ru/author_page.asp?aid=1262
http://doi.org/10.20948/prepr-2019-95
http://library.keldysh.ru/preprint.asp?id=2019-95

Opnena Jlennna
UHCTUTYT IPUKJAJTHOW MATEMATHUKHA

umenu M.B. Keaabima
Poccuiickoil akageMMHd HayK

A.B. KoJiecCHUYeHKO

BbIBOJ B paMKaX HeAKCTEHCUBHON KUHETUKH
KpuTepus HeycToOnYuBoCTH IKuHCa
AJIA JOIJIAHETHOr 0 00J1aKa
C YYE€TOM paavalvMy ¥ MATHUTHOTO MOJIA

MockBa — 2019



KoJuecunuenko A.B.

BriBon B paMkKax HEIKCTCHCUBHOW KHWHETHKHA KPUTEPHUS HEYCTOWYHMBOCTH
JI>xuHCca 715 AOTUTAHETHOTO O0JIaKka ¢ y4eTOM paJualliid U MarHUTHOTO TOJIAL.

AnHoTanus. B pamkax cratuctuku Tcamnuca uccienyercs BIUSHUE HEIKCTEH-
CUBHOCTH CpPE€JIbl HA KPUTEPUM IPaBUTALIMOHHON HEYCTONUMBOCTH J»KUHCa 17151 caMo-
IPaBUTHPYIOLIETO JOIUIAHETHOTO O0JaKa, BEIIECTBO KOTOPOIO COCTOMT M3 CMECH
UJICATILHOTO (] -ra3a U YE€PHOTENLHOTO u3aydeHus. OO0OMEHHbIE KPUTEPUU HEYCTOM-

yuBOCTH J[>KMHCa HAWJIEHBl U3 COOTBETCTBYIOIIMX IMCIEPCHOHHBIX COOTHOIIEHUM,
MOJYYEHHBIX KaK JIJI1 HEMTPAJIbHOTO BEIIECTBA, TaK U A mia3Mbl. [lomyueH takxke
UHTETpaIbHBIN 0000IMIEHHBIN KpUTepuid ycToiumBocTH YaHapacekxapa JJisl TpaBH-
Tupytoniero chepudeckoro odnaka. IlpencraBieHHble pe3yiabTaThl aHATU3ZUPYIOTCS
JUISL pasJIMYHBIX 3HAYCHUHM IapamMeTpoB AeGopManyu ¢, pasMEpHOCTH D IpPOCTpaH-

CTBa cKopocTeil 1 kKod(punmeHTa 3, XapaKTepHu3yIOIero A0 U3IYyYeHUS B IOJI-

HOM JaBJICHHMHN CUCTCMBI. HOKaSaHO, 4TO HU3JIY4YCHHC MOKCT CTa6I/IJII/I3I/IpOBaTB pac-
CMAaTpUBACMbIC HCOKCTCHCUBHBIC YHCTO I'a30BBIC CHUCTCMBI, a IJIA I1JIA3MBbI KpI/ITCpI/If/’I
HCYCTOP'I‘{I/IBOCTPI I[)KI/IHC& MO,Z[H(l)I/IHI/IpyeTCSI MAaruuTHBIM IIOJICM H paauallMOHHBIM
AAaBJICHUCM TOJIBKO B IIOIICPCYHOM PCIKHUMCE PACIIPOCTPAHCHWA BOJIHBI BO3MYIIICHNA.

KuarwueBsblie cioBa: kpurepun J[xuHca nu Yanapocukxapa, A0IJIAHETHOE 00Jja-
KO, YEPHOTEJIBHOE U3TyUCHHUE, HEOKCTCHCUBHAS KUHETHKA Tcaruca.

Aleksandr Vladimirovich Kolesnichenko

Conclusion in the framework of nonextensive kinetics of the Jeans instability
criterion for protoplanetary cloud taking into account radiation and magnetic field.

Annotation. In the framework of Tsallis statistics, we study the effect noninten-
sity of medium on the Jeans gravitational instability criterion for a self-gravitating
protoplanetary cloud, the substance of which consists of a mixture of ideal q-gas and
blackbody radiation. The generalized criteria for Jeans's gravitational instability are
found from the corresponding dispersion relations obtained for both neutral matter
and plasma. A generalized integral Chandrasekhar stability criterion for a gravitating
spherical cloud is also obtained. The presented results are analyzed for various values
of the deformation parameters, the fractional dimension of the velocity space and the
coefficient, characterizing the fraction of radiation in the total pressure of the system.
It is shown that radiation can stabilize the considered nonextensive pure gas systems,
and for a plasma the Jeans instability criterion is modified by the magnetic field and
radiation pressure only in the transverse mode of propagation of the perturbation
wave.

Key words: Jeans and Chandrosikhar criteria, self-gravitating protoplanet cloud,
blackbody radiation, non-extensive kinetics of Tsallis.



BBEAEHHUE

Kak Tenepp ctano moHsATHO, cTaTUCTHUECKas MexaHuka bompipmana—Iu06ca u
CTaHJapTHas TEPMOJMHAMHKA HE SIBJIAIOTCS BIIOJIHE YHHBEPCAJIBHBIMU TEOPHUSIMH,
MIOCKOJIbKY OHU UMEIOT OTpaHUYEHHBbIE 00JacTH NMPUMEHHUMOCTH. IJTO CBS3aHO, B
YaCTHOCTHU, C TEM, YTO B OCHOBE CTAaTUCTUKU bonbiMana—I'u60ca nexxut nocrynar o
MOJIHOM TEpEMEIIMBAHUM TOTOKA «(a30BbIX TOUYEK» B (ha30BOM IPOCTpaHCTBE (TH-
oTe3a MOJIEKYJISIPHOTO Xaoca). DTO 03HAYaeT, YTO JIK000M BbIICIEHHBIN 00bEM TIPU-
oOpeTaeT MO0 MCTEYCHHM BPEMEHH f—>00 HACTOJBKO XOPOIIO Pa3BUTYIO XaOTHYE-
CKYIO CTPYKTYpY, YTO €r0 TOUKH MOTYT pacroJjiaraTbCsi B MPOU3BOJIbHON yacTu (azo-
BOTO IpocTpaHcTBa. Takum oOpa3oM, ¢ha3oBoe MPOCTPAHCTBO B KIACCHUECKOM CTaTH-
CTUKE HE COJEPKUT 3alpeIIEHHBIX COCTOSHUNU M 00JaaeT OOBIYHBIMHA CBONCTBAMU
HETPEPBIBHOCTH, TJIAJKOCTH, €BKIMAOBOCTH. IIpum 3TOM cTOoXacTHYECKHIl Mpoliecc
MMEET MapKOBCKUM XapakTep, a TUIOTe3a MepeMEelInBaHus, JAOMOJHEHHAS MPEaro-
JI0’)KEHUEM O OECKOHEYHOM YHUCIIe CTeNeHel CBOOO b, MPUBOJIUT, B KOHEUHOM CYETE,
K KaHOHUYECKOMY (SKCIMOHEHIIMAIIBHOMY) PACHpPEICICHUI0 BEPOSITHOCTH COCTOSIHUM
Bonbumana—I'u66ca (M3 KOTOPOro CleayeT CBOMCTBO aJAUTUBHOCTH IKCTEHCHUBHBIX
TEPMOJMHAMUYECKUX TMEPEMEHHBIX, TAKMX KaK BHYTPEHHSS SHEPrusi, SHTPONUS U
T.Il.), @ B Clly4ae KUHETHYECKOU TEOPUU — K MAKCBEJUIOBCKOMY Paclpe/iesIeHUI0 CKO-
pocCTen.

Bwmecte ¢ Tem, B pu3uke u B IpYruX €CTECTBEHHBIX HAayKaX, WCIIOJIb3YIOIIUX
METOJIbl CTATUCTUYECKOW MEXAHWKH, W3BECTHbI MHOTOYHUCIIEHHBIE MNPHUMEPBI aHO-
MaJbHBIX CHUCTEM C JIaJIbHUM CHJIOBBIM B3aUMOJICUCTBUEM, (PpaKTAIbHBIM XapaKTe-
poMm (a30BOro MPOCTPAHCTBA U 3HAYUTEIBHBIMUA KOPPEIAIUSIMUA MEXKY OTACITbHBIMU
ux 4dactsmu. CiokHasi IpOCTPAHCTBEHHO-BPEMEHHAsI CTPYKTypa MOJAOOHBIX CUCTEM
MPUBOJUT K HAPYIICHUIO MPUHLUNA aJTATUBHOCTH JJII TAaKUX BAKHEUIIUX TEPMO-
JTUHAMUYECKUX BEJIMYMH, KaK SHTPOIUS UJIM BHYTPEHHSISI SHEPTUSL.

Onucanue 3BOJIIOLUU MOJOOHBIX CHUCTEM, 00JaJaroluXx MPOU3BOJILHBIM (ha3o-
BBIM IIPOCTPAHCTBOM, BO3MOYKHO, B YACTHOCTHU, B paMKaX TaK Ha3bIBA€MOI HEIKCTEH-
CHUBHOM CTaTMCTHUecKOoil Mexamuku Tcamiuca’ (cm. Tsallis, 1988, 1999, 20009;
Curado, Tsallis, 1991; Tsallis u gp., 1998; Konecunuenko, 2019), kotopas HHTEH-
CUBHO pPa3BUBAETCA B MOCJEAHEE BpEMs B OCHOBHOM 3apyOeXHBIMH aBTOpamu. Bax-
HBIM MTPEUMYIIECTBOM HEIKCTEHCHUBHON CTATUCTUKHU MO CPABHEHUIO C KJIACCUYECKOU
craTuCTUKON bonbiiMana—I'n00ca sABiIsIeTCS aCUMIITOTUYECKHMI CTEIIEHHOW 3aKOH
pacrpeneneHus BepOsTHOCTENW, KOTOPbId HE 3aBUCUT OT SKCHOHEHIMAJIBLHOIO MOBE-
JieHus1, 00yCIIOBIIEHHOTO pactnpesenenrem [ nooca.

b O0630paM mccle0BaHNi B paMKaX HEIKCTCHCHBHOW CTAaTHCTHUKH Tcajinuca mocBs-
IIEHbl MHOTOYHMCJICHHBIE JKYpPHAJIbHBIE CTaThU, COOpHUKH U MoHorpaduu. Kpome 3toro,
UMeeTCs TIOCTOSTHHO OOHOBIIsIIOIIascs moHas oubnmuorpadus (Nonextensive statistical me-
chanics and thermodynamics: Bibliography/ http://tsallis.cat.cbpf.br/biblio.htm), koTopas Ha
CETOAHSIIHUN JIeHb COCTOUT u3 6osee 5600 cchUIOK.
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B Hacrosiiiee Bpemsi TeopuH pazHOOOpPA3HBIX HEIKCTEHCUBHBIX CHUCTEM CYIIlE-
CTBEHHO Pa3BUBAIOTCS B YCKOPEHHOM PUTME, IIPU KOTOPOM IOSBIISIOTCS HOBBIE UIEH,
MO3BOJISAOIINE TIy0)Ke MOHATh UX MPUPOAY, BOZMOKHOCTH U orpaHuueHus. Kaxnas
TEOpUsl UMEET MIMPOKUIN CHEKTP Ba)KHBIX NMPUIIOKEHHUN, CBA3aHHBIX C (PU3UKOM CTa-
TUCTUYECKUX CUCTEM, BEPOSTHOCTHBIE CBOMCTBA KOTOPHIX OMMCHIBAIOTCSA HE rnOOCO-
BBIMU (HE TayCCOBBIMH), & CTEIIEHHBIMH paclpeeeHusIMUA. B 4acTHOCTH, HEIKCTEH-
CUBHAs CTATHCTHYECKAs MEXAaHHKa YCHEIIHO MPUMEHSAETCI K KOCMHUYECKHM CHUCTE-
MaM C JIaJbHUM CHJIOBBIM B3aHMOJEHCTBHEM, KOTOPOE M SIBJIAECTCS MPUYMHOW HX
AHOMAJIBHOCTH (CTATaTUCTUYECKON M TEPMOJIUHAMUYECKON HEIKCTEHCUBHOCTH).

B pa6ote (Kolesnichenko, Chetverushkin, 2013) B pamkax dopmamusma je-
dbopMupoBaHHO# cTatucTuku Tcammica Obljla CKOHCTPYHPOBaHA Ha OCHOBE MOAU(U-
[IUPOBAHHOTO KHMHETUYECKOTO ypaBHEHHUS (C MHTETPaioOM CTOJKHOBEHUH B (opme
bxarnarapa—I'pocca—Kpyka) 0000ménHas ruapoauHaMuka (Tak HasblBacMas (-

ruapoauaamuka HaBbe-CTokca), mpuroaHas AJjisi MOJICIMPOBAHUS TTOJTOOHBIX CUCTEM.
MMeHHO Ha OCHOBE 3TOH TMAPOAMHAMUKH B JaHHOW pabOTE MBI PaCCMOTPUM MPO-
0JieMy TpaBUTAIMOHHON HEyCTOMYMBOCTH JI>KMHCA ISl MPOTSHKEHHOTO Ta30IbLIEBO-
ro o0Jiaka, 3aMoJIHIABIIETO BCE MPOCTPAHCTBO COBPEMEHHOW COJIHEUHOM CHCTEMBI, C
YYETOM YEPHOTEIBHON paJvald U BIMSHHUS MAarHATHOTO TOJS HA KPUTHYECKYIO
JUIMHY BOJIHBI BO3MYILICHUS, BEAYIIEH K HEYCTOMYMUBOCTH.

['paBuTaniioHHass HEYCTOMYMBOCTH SBIAETCS (YyHAAMEHTAIBHBIM IMPOIECCOM
(dbparMeHTaly TPaBUTHPYIOIIETO0 KOCMUUYECKOTo BemlecTBa. OHa BhI3bIBAET (HOpMU-
pOBaHUE YCTOMYMBBIX acTPOPU3NUECKUX 0OBEKTOB, TAKMX KaK 3BE€3]Ibl, TYMAaHHOCTH,
JIOTJIAHETHBIE TIBUIEBBIC CTYIIEHUS, aKKPEIIMOHHBIE JUCKU U T. A. (cM., Jxxunc, 1902,
2009; Yanapacekap, 1981; Cadponos, 1969; I'oprkaBsiii, ®puaman, 1994; dpun-
MaH, XorepckoB, 2011). Xopomio u3BeCTHO, YTO CAMOTPABUTUPYIOLIAs KOCMUYECKas
cpela CTAaHOBUTCS TPABUTAIMOHHO-HEYCTOMYMBOW, €CIIM BO3HUKIIME B HEU CKOJb
YrOJHO MAJIbI€ BO3MYIIEHHUS TIJIOTHOCTA HEOTPAHUYEHHO PACTYT CO BPEMEHEM BCJIE/I-
CTBUE TATOTEHUSI U PABHOBECHE HAPYILIACTCS, €CIM COOTBETCTBYIOIIME JJIMHBI BOJIH
MPEBBIIIAIOT oNpeereHHoe 3HaueHue. [IpodieMe rpaBUTaiMOHHONW HEYCTOMYHMBOCTH
B TIOCJIEIHEE BPEMS MOCBSAIIECHO OOJIBIIIOE YUCTO MYyOJIMKALUM, CPEeAr KOTOPBIX MOXK-
HO BBIICINTH ciaeayromiue pabotel (Chandrasekhar, Fermi, 1953; Bonnor, 1957
Hunter, 1972; Goldreich., Lynden-Bell, 1965; Low, Lynden-Bell, 1976; Shakura.,
Sunyaev, 1976; Camenzind u ap., 1986; Cadez, 1990; Pandey, Avinash, 1994; Owen
u 1p.,1997; Tsiklauri, 1998; Mace u ap., 1998; Lima u gp., 2002; Trigger u ap.,
2004; Sakagami, Taruya, 2004; Shukla, Stenflo, 2006; Tsintsadze u ap., 2008;
Masood wu ap., 2008; Cadez, 2010; Dhiman, Dadwal, 2012; Fridman.,
Polyachenko,1984, 2012; Kaothekar, Chhajlani, 2013; Joshi, Pensia, 2017; Pensia u
ap., 2018; Kumar u np.,2018; Konecunuenko, 2015, 2016, 2018, 2019; Kolesnichen-
ko, Marov, 2014, 2016). Bo Bcex 3Tux paboTax pacCMOTPEHBI Pa3IHYHbIC aCIEKTHI
JKUHCOBCKOM HEYCTOMYMBOCTH CAMOTPABUTHUPYIOIIMX KOCMHUYECKHX Cpel Kak B
pamkax knaccudeckux ypaBHeHud HaBbe—Crtokca u MI'Jl-ypaBHeHul, Tak U Ha OC-
HOBE 0E€CCTOJIKHOBUTEIBLHOIO YpaBHEHUs bosbIMaHa npu HaTMYKUKU TPAaBUTAIIMOHHBIX
rojeu, ypasHenus Ilyaccona.
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W3BecTHO, YTO B CiIy4ae HOPMAIbHBIX 3BE3/ OOJBIIYIO POJIb MIPAET JaBIICHHE
M3JTy4eHUsl Kak (GakTop MX THIPOCTATUYECKOro paBHOBecus. ViMes 3To B BUIy, B
HpeACTaBICHHON paboTe BBHINOJIHEHO B paMKax HEIKCTEHCUBHOM KMHETUKU Tcaiimca
paccMOTpeHHEe BIUSHUS YEPHOTENBHON pagualii Ha TPAaBUTAIIMOHHYIO HEYCTOWYH-
BOCTH COJTHEYHOTO JIOTUIAHETHOTO o0Jiaka (TOYHEe ero IeHTPalbHOW YacTH, B KOTO-
pOIi MPaKTUYECKH BCE M3IYUCHHE SIBISIETCSA JJTMHHOBOJIHOBBIM, MOCKOJBKY OHO YXK€
yCIleJ0 NPOMTH Yepe3 MHOTOKpaTHOE IOTJIOLIEHHE M IEper3ydeHHe YacTULaMU
cpensl). IMEHHO TaM BO3MOYKHO CYIIIECTBOBaHHE JIOKAIBHOTO TEPMOJMHAMHUECKOTO
paBHOBECHSI, IPU KOTOPOM TEeMIIepaTypa YaCTHUI] IPAKTHUECKHU COBIAJAET C TeMIIepa-
Typoil u€pHoro Tena. B pabore HaiineHa QyHKIMOHAIbHAS 3aBHCHUMOCTh KpUTHUYeE-
CKOTO 3HAYEHUS JJIMHBI BO3MYIIAIOLIEH BOJHBI OT SHTPONMUIHOTO HHJIEKca nedopma-
LMY § ¥ IapaMeTpa pa3sMEpHOCTH D IPOCTPAHCTBA CKOPOCTEH. DTH CBOOOIHBIE Ma-

paMeTphl JIOJDKHBI ONPEACISTLCA B KaKJIOM KOHKPETHOM CIIydae SMIUPUICCKUM ITy-
TEM M3 CTATHCTHYCCKUX WMJIM AKCIIEPUMEHTAIbHBIX JaHHBIX. B paboTe Takke mccie-
TyeTcs BIMSHUE MAarHUTHOTO TTOJIST Ha TPaBUTAIMOHHYIO HEYCTONYHBOCTh HEIKCTCH-
CHUBHOI'O JOIUIAHETHOI'O 00JIaKa.

1. ACXOAHBIE YPABHEHUS g- TMAPOAUHAMUKHU

PaccmoTtpum nanee razoo0pa3Hyr0 JUHAMUYECKYI0 HEAKCTEHCHUBHYIO CUCTEMY C
HOPMHPOBAHHBIM paclpeneleHreM Jactul f(7,c¢,t) B TeOMETpUUECKOM IPOCTpaH-

CTBE ¥ U B IIPOCTPAHCTBE CKOPOCTEHN € ¢ pasMepHOCThIO D. IIpenmaraemoe Tcamnu-
coM 00O0OIIeHHE CTaTHUCTUYECKOM MeXaHukH (B ciaydae crtatuctuku Kypa-
no—Tcanmuca) ydiiie BCEro OMUChIBACTCS CIEAYIOIUMHE ABYMs akcuomamu (Curado,
Tsallis,1991; Koaecunuenko, 2018):

Axkcuoma 1. @yHKIIMOHAN SHTPOINH, CBA3aHHBIA C HOPMUPOBAHHBIM pacIpeze-
JIeHueM (QyHKINH BeposiTHocTel f(z,t), paBeH

Sq[f]=ﬁ Jizlfa)-[ )| )

rae § — MnapaMeTp SHTPONUIHOHN AepopManyy — YUCIIO, CBI3aHHOE C (PpaKTaIbHOI
Pa3MEPHOCTBIO, a JUIsl HEOKCTEHCUBHBIX CUCTEM, SIBJISIOIIEECS MEPOM UX HEaJUTHB-
moctn (Tsallis, 2009);z=(r,c) — »memeHT 006BEMa (HA30BOTO MPOCTPAHCTBA;

dz=drdPc, rne D - pPa3MEpPHOCTh MPOCTPAHCTBA CKOPOCTEH; K — MOCTOSHHAS

bonbimana.
Akcuoma 2. DKCIEPUMEHTAIBHO U3MEPSieMOe 3HaYeHHUE 000 MaKpOCKOMH-

yeckoii BenmmuuHbl (A ) g (TepMOAMHAMUYECKOM XapaKTEPUCTUKU (] -CUCTEMBI) 3a/1a-

€TCA COOTHOIIIEHUEM



Ay =[dzAw [ f@)], @

rne A(r,t)— cOOTBETCTBYyOIIAs MUKPOCKOIIMYECKAs BEJTUYMHA.

BaxkHo mog4epKHYTh, UTO SHTPOIHUS Sq(.AUB) HE SBIISIETCS aqIUTUBHOU

TEPMOAMHAMUYECKON EPEMEHHOMU IpH g # 1, MOCKONIBKY
S,(AUB) =S, (A)+5,(B)+ kK la- DS, (A)S,(A).

HCCMOTpH Ha 3TO O6CT05IT€JII>CTBO, B JIMTCPATypC OBLIO IIOKAa3aHO, YTO CYIICCTBYCT
3HAYUTEIBHOE KOJMYSCTBO OOBIYHBIX CTAaTUCTHYCCKHX M TCPMOINHAMHUYUCCKHUX
CBOﬁCTB, KOTOpPBIC ¢-MHBAPpUAHTHBI, T. €. CIPABCAJIUBBI IJISA JF000T0 q. K HHM, B

YaCTHOCTH, OTHOCATCSI CBOWCTBO BBIMYKJIOCTH JHTPOIUH, CTPYKTypa PaBHOBECHBIX
KaHOHMYCCKUX aHcaMOJicH, HeaJIMTHBHAS TEPMOJAMHAMHUKA, CTPYKTypa mpeodpa3o-
Banus Jlexanapa u  wmHoroe jpyroe (cm. Bibliography/ http: //tsallis.cat.
cbpf.br/biblio.htm).

Onpegejenne g -ruipoAMHAMHYECKUX napamMerpoB. Ourponus Tcammmca

BIIEYET 3a COOOM HE TOIBKO 0000IIEHNE CTATUCTUYECKON (PU3UKHU U TEPMOJUHAMUKH,
HO U 00001eHue pusrueckoi kuHeTHKU U ruapoauaamuku (Oliveira, Galvao, 2018).
[Tpocrelinel MaKpOCKOIMYECKON BETMYUHOMN ABJISAETCS ¢ -IIJIOTHOCThL YHMCIIA YaCTHL,

KOTOpas onnpecacirsicTcsa COOTHOIMCHHUCM

n(r,t)=[[ f(2)]'d"c. (3)

Torma maccoBas ¢-IJIOTHOCTh paBHA pq(r,t)zmnq(r,t). ITockonbKy dacTuna,

ABUXKYHIAsACA CO CKOPOCTBIO C, 06J1anaeT HMIIYJIBCOM 111C, TO BBIPAKCHUC

- 9 4D
uq(r,t)=jmc[f(z)] d c/pq(r,t) (4)
OIpEeIENseT THAPOIUHAMUYECKYIO CKOPOCTh DJIEMEHTa 00bEMa. Benmnunna
g0 =p; 2l —u,[ 21l ®)
qr’ qJ2 q

ABIISICTCS yJENBbHOM BHYTPEHHEN (-DHEpPIrUei (Ha €IMHMIYy MacChl) HEOKCTEHCHBHOM

cucreMsl. [loTokn


http://tsallis.cat.cbpf.br/biblio.htm
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P (1) =m|(c—u)c—u)f(z)]d", (6)

Jq(r,t)z%mﬂc—uq‘z(c—uq)[f(z)]quc 7)

MIPEACTABIISIIOT COO0M COOTBETCTBEHHO TE€H30DP JNABJICHHUN M MOTOK Temia. ['muapocra-
TUYECKOE (] -IaBICHHE ONPEIENACTCS KaK

pq(r,t):%’P:I:%ch—uq‘z [f(z)]quC, (8)

rae L — eqVHWYHBINA TEH30p BTOPOTO paHra. B 4acTHOCTH, €CiiM CABUTOBBIE HAIpSI-
KEHHMs] PaBHbl HYJIO, a HOpPMalbHbIE HANpPSDKEHUS paBHbI Mexay co0oil, TO

F=r, L

Cucrema ypaBHenuii ( ruapomexanmku. B padorax (Boghosian,1998; Kole-

snichenko, Chetverushkin, 2014) B pamkax HEIKCTCHCHBHOH CTaTHCTUYECCKOW MeXa-
Hukn Tcamica OBLIO IPOBEICHO METOAOM MOMEHTOB KOHCTPYHMPOBAHHE THIPOJIH-
HAMHUYECKHX M KBa3UTHUAPOJMHAMUYCCKUX YPaBHCHUH HA OCHOBE MOJM(HUIIMPOBAaH-
HOTO KMHCTHYECKOTO ypaBHCHHS BosbiMana’) (c yueToM caMOTpaBHTAIlMM) C HHTE-
I'pajJioM CTOJKHOBEHHMI B popme bxarHarapa—I'pocca— Kpyka):

e[ FOq e n]
[%+C'8rad+}-q'8Vﬂde[f(1’,c,t)]qz—[f(rC )] [f e )J : 9)

T

3necy grad, =10/ oc, + 1y8/ 8cy +1,0/ oc,,; Fo(r,t)= f/m—grad WY, (r,t) —ue3a-
BHUCHAIIAA OT CKOPOCTH BHCHIHAA CHUJIA (CI/IJ'Ia TH)KCCTI/I), OTHECEHHAas K CANHUIIC MacC-
Chl; f— CuJla HETPAaBUTALIMOHHOTO TPOMCXOKIEHUS (HapUMeEp, JIEKTPOMAarHUTHAS
m

cuna Jlopenma); ¥ q(r,t) = —GI [f(z',t)]7dz’ — rpaBUTAUMOHHBINA MOTEHIHAI,

=
yaOBIIeTBOpstomui ypaBHeHHUI0 [lyaccoHa A‘Pq(r):4nGIquch; G — rpaBwuTa-

IMOHHASA MOCTOSIHHAS;, T — MOJOXUTEIbHBIN MapaMeTp, KOTOPbIM UHTEPHPETUPYETCA

2 .

)B HUTUPYEMOIl paboTe KMHETHYeCKas: Teopusl Obljla OCHOBaHa Ha ONepaTope CTOJIK-
HoBeHul bxatHarepa—I pocca—Kpyka (BGK), koTopsriit Obu1 0000IIEH AJIsT MPOU3BOIBHOTO
3Ha4YCHUs NapameTpa (.
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KaK XapaKTEePHOE BPEMs PeJIaKCAallMM IPOU3BOJIBHON (YHKIIMHU pacupeneseHus f K
0000IEHHOMY JIOKAJIbHO- MAKCBEJUIOBCKOMY paclpeiesieHUI0 (BeTUYMHa T COBIa-
JAeT TI0 TIOPSAIKY BEIWYUHBI CO CPEAHUM BPEMEHEM CBOOOJHOTO MpoOera JacTHll B
cucreme). PaBHOBecHOe pacmpeneneHue f (0)(r,c), B clayuae korza g >1, ompene-
JsieTcs cienyromeit popmynoi (cMm., Hampumep, Konecanuenko, 2019)

1/q 1/(1-q)
PECYSPRNS PRY (S0 O PR o (10
500 | 2mkT Pkt |
(1-q)”*1r1) .
e C;p = 1 ; F(x)zj e i — lN'amma-yHKIHS.
F(L_Q) 0
1-g 2

B pesynbrare ObLIM MOIYyY€EHBI CIEAYIOIUE MOMEHTHEIE YDABHEHUS (] - THAPO-
JAMHAMUKY, KOTOPBIE SABJIAIOTCS 00OOIEHNEM HA NMPOU3BOJIBLHOE (] OOBIYHBIX TUIPO-

IMHaMH4ecKux ypasHeHnii HaBbe-Crokca:

%Py diviou =0, (11)
Ot q-4
opyu)

9 +Dzv(’Pq +pquu):an—pqgmd\|1q : (12)
op €

949 : . _

Py +dzv{.7q+pq8quq}+’Pq.Gmduq—o. (13)

VYpauenus (11)-(13) He sBiseTcs B oOLIEM cllydyae 3aMKHYTBIMU, MIOCKOJIBKY OTCYT-
CTBYeT HeoOXoAuMasi CBsI3b (OMPENEIIIONIME COOTHOIIEHNUS) TOTOKOBBIX BEIUYHUH (

’Pq uJ q) U CKaJSIPHBIX XapaKTEPUCTUK TEUEHHUS (P g Ug M T). Dra cBA3b MOXKET

OBITH HaliJIeHa C TIOMOIIBIO PEIIEHUS MOJICIIPHOTO KHHETUYECKOTO ypaBHeHUs (9) Me-
togoM YenmeHna— DHCKOra MPH UCIOJIb30BAaHUU OOIIET0 aCHMITOTHYECKOTO PasJio-
KeHusl QYHKIMH pacrpeaenenus no yucity Kayacena. 3Tot Meros ObUT UCTIONB30BaH
B pabore (Kolesnichenko, Chetverushkin, 2013), B pe3ynbTaTe 4ero ObLIM HaiIEHBI
OTpeeAoNMe COOTHOIIECHHS, 3aMblkatomue cucremy (11)-(13). B uwactHOCTH, B

cllydae IpHONMKEeHHs HyJIeBOIO NOpsAKa, KOra pacnpeneneHue f = f ©) (t.e. aBus-
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eTcs 0000IMEHHBIM JIOKaTbHO-MaKCBEIIIOBCKUM pactipeaencHueM (10)), Obu10 moka-

3daHO, YTO TCH30P HAIIPSAKCHUA ’Pq CBOOUTCA K HIAPpOBOMY TCH3Opy'Pq(O) = qu , a

NOTOK Tera J g= 0. IIpu 5TOM BHYTpEHHSIS SJHEPTHUA €, W THAPOCTATUICCKOE /TaB-

q
JICHUE P, 33JAI0TC5 COOTHOMICHHSMM

kT _
e =L+ 1-g )T (14

= quT —Ep € (15)
" -] DY

HOCKOHBKy OIIpEeACICHUC TEMIICPATYpbl B (J-CTAaTUCTHUKC AOCTATOYHO IIPOU3-

BOJIBHO (OHO 3aBUCHUT OT JOBOJBHO IPOU3BOJIBHOTO OIPEAEIICHUS TEMIEPATYPHI C
TOYKH 3peHusi MHOXUTeNel Jlarpanxka), To gajnee Mbl OyJeM HUHTEpIpPETUPOBAThH Be-

JTUYUHY Teﬁc =T/ [1 +(g-1) %} KaK 0000MEHHYIO TEMIIEpATypy CIOXKHOW Hea | Iu-

TUBHOU CUCTEMBI. ECTECTBEHHO, YTO 3Ta TeMIlepaTypa B KOpPHE OTIMYAeTCs OT abCco-
JIOTHOM TEPMOJMHAMHUYECKON Temmeparypbl T , XapaKTepu3ylolled HHTEHCUBHOCTD
XaoTu3aiuu (0ecropsiIOYHOTO JIBHXKEHUSI) YaCTHUI] CUCTEMbI. 3aMETHM, UTO €CIIU 3a-

nucath yepe3 3PpPEeKTUBHYI0 TEMIEPATYpPy Teﬁf BBIPAKEHUE 11 BHYTPEHHEU JHEp-

ruu (14), To U1l BEIUYUHBI € g TIOTyHM COOTHOLICHHE €, = DkTeﬁc / 2m, xoTOpoe

q
copnagaeTr npu q — 1 u D =3 c onpejeneHUeM BHYTPEHHEN SHEPIUHU B CTATUCTHKE

Bonbsiimana—I'n66ca, COOTBETCTBYIOIEE PABHOMY PACTIPECICHUIO YHEPTUU UICATh-
HOTO rasa Mo cTeneHsM cBoOonabl. Eciu coxpaHuth OObIYHBIC TpENCTaBlIeHUsS 00

00001IEHHON TeMIiepaType Teff’ TO TOTJIa HepaBeHCTBO € _ > () HaKIaabIBacT KECT-

q
KO€ OrpaHMYCHHUE HA BEIMYMHY IapaMeTpa AeopManuu ¢: B 3TOM Clydae SHTPO-

IUHAHBII UHIEKC yOBIETBOPAET HEpaBeHCTBY 1<g<1+2/D.

B npubnmxennn nepBoro nopsiaka ObUTH HAMIECHBI CIEAYIOIINE ONPEACIISIOIIIe
ypaBHEHHUS JUTS TOTOKA Teria J g ¥ TEH30pa BA3KNX HANPSKEHU N ’Tq )

jq(r,t) = —quradT : (16)

T (r,t)= P% — pql' =My, Gradu + (Gmdu)T —%Idivu : (17)
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k p kT
rme A =t Pq 1+D/2 n, =tp,=1 9
7 T s (A9 D)

— COOTBCT-

m 1+(1-q)(1+D/2)’

CTBEHHO KOA((UIIMEHTHI TETIONPOBOIHOCTH U CABUTOBOI BSI3KOCTH.

2. BAMKHYTASI CHCTEMA YPABHEHUI q-Tr’uiAPOAMHAMUKHN
JJIA JOIIVIAHETHOTI'O OBJIAKA C PABHOBECHBIM U3JIYYEHUEM

B sBomonnn MHOTHX acTpo(u3NUecKuX 0OBEKTOB OOJIBIIYIO POJIb UTPAET JaB-
JICHUE U3Iy4YeHUA, KaK (aKTOp UX THIPOCTATHUECKOro paBHOBecHs. BriepBrie aHanms3
HEYCTOMYMBOCTH B AKKPELUHMOHHBIX JUCKaX OTHOCUTEIBHO OCECUMMETPUYHBIX BO3-
MYIIIEHHUH C Y4ETOM JaBlIeHUs U3ayueHus Obul rpoBesieH B padote [lakypsl u Cronsi-
eBa (Shakura, Sunyaev, 1976). B nmocnenyromux padoTax paccMaTpUBaIMCh OOIIHE
nojutpornHeie Mozenu (Camenzind u np.,1986), y4uThIBAINCH HEOCECUMMETPUYHBIC
BosmymieHus (McKee, 1990), 3BykoBbie U snUIUKINYECKHE KoneOanus (XomnepcKoB,
Xpanos,1995; ®puaman, Xomnepckos, 2011) u T.1.

Himwxe MBI HUCHONB3yeM MPHUBEICHHYIO BBIIIE CHCTEMY YPaBHEHUH (-

TUAPOJMHAMUKHA JJIsI MOAEIUPOBAHUS HEYCTOMYHMBOCTH OKOJOCOJHEYHOI'O JOTUIa-
HETHOTO 00Jiaka (TOJICTOrO JMCKA), BEIIECTBO KOTOPOTO COCTOMT U3 CMECH HIcalb-
HOTO §-Ta3a U 4€pPHOTEIBHOIO M30TPOIHOIO M3IydeHus mpu temmneparype 1, pac-

MPOCTPAHSIIONIETOCS MO0 BCEM HampaBlieHUsAM. bynem mpeamnonaraTh, 4YTO JOIJIAHET-
HOE 00JIAaKO ONTUYECKU TOJICTOE M paclpeie]ICHUE MO U3TydeHHs OJIU3KO K PaBHO-
BecHOMY. [lomuepkHéM Takke, 4To 00JaKO B 3HAYUTEIBLHONW Mepe 00JiafaeT 0CeBOi
CUMMETPHUEH, UTO SABIIAETCA CIEACTBUEM €r0 BPAIIEHUs BOKPYT LIEHTPAJIbHOU 3BE3/IBI.
Hanee Oyaem Takxke Mpeanoarath, 4To 00JIaKo - CaMOTPaBUTUPYIOIIEE, ISl KOTOPO-
ro BEpTUKaJIbHAsI CTPYKTypa (BIOJIb OCHU BpAILEHUS) ONMpenensercs OaJaHCoM CHIT
JaBJICHUS U TPABUTALIMU CaMOT'0 JUCKa.

B cnyuae mpeHeOpexeHus: THAPOIUHAMHUYECKUMU JTUCCUTTATUBHBIMH MPOIIeCcCa-
MU U Harp€BOM KOCMHUYECKOTO BElIEeCTBa, O0YCIOBICHHBIM AUCCUTIALIUEH U MPOIEC-
CaMU MOHM3aLUU M BO30YKICHUS, HCXOAHAs CHUCTEMA ( -ypaBHEHMM, COCTOSIIAS W3

aHajora ypaBHeHui Jilniepa u ypaBHeHus Ilyaccona, numeet BUL (cm., Hampumep,
Konecanuenko, 2019):

op .
— +div(pu)=0, 18
Py (pu) (18)

%) Hanee unnexc "g" y psina ruApOIMHAMUYECKAX U TEPMOIMHAMUUECKUX TIEPEMEH-
HBIX MBI OY/IEM OITYCKATh.
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p% =—gradP —pgrady, (19)
Ay =47nGp, (20)
d& . dQ
— =—Pdivu+p—. 21
P e (21)

rae coornomenneM dA/dt=0A/dt+(u-grad)A omnpenensercs monHas mpous-
BOJIHAS CTPYKTYpHO# Benmuunbl A(7,1) 0 BpeMeHH. 31ech

P(r, ) =P, +Ppg =P, +4T"/ 3, (22)

B _ 4
S(r,t)—8q+amd_8q+aT /p (23)

— COOTBETCTBEHHO IIOJIHOE JABJICHWE M IOJIHAs BHYTPEHHSS 2HEprus (Ha €IUHUILY
Macchl)  CMECHM  HJICANbHOIO  g-Ta3da M  YEPHOTEIBHOIO  M3IIY4CHUS;

pdQ /dt =—divJ, Q; T 0~ CYMMAapHBI BEKTOP TEIJIOBOTO MOTOKA, YUUTHIBAIOIINMA
B NPUHIUIIE BCE TEPMOJUHAMUYECKH OOpaTHUMBIE IMPOIECCHI, KOTOPhIE MOTYT YHO-

CHUTB TEIJIO U3 DJIEMEHTA CPE/Ibl NIPH €T0 JIBIKCHHUU; €, 7 = aT4/ p — DHEprus u3iy-
YCHUA IlépHOl’O TCJIAa, HaxoagdmasacAa B CAUHUILIC MacCCHI;
D kT(r,t)
g (r,t)y=c, T(rt)=
1 1 2+(1-9)D m
MAacChl Ta30BOM COCTABIISIONICH MOMJIAHETHOTO JUCKa); 1 — aOCONIOTHAS TeMIIepary-

2
pa; pq(r,t) 2 )D—T(r ,Hp(r, t)—gpa — Ta30BO€ aBJE€HUE B HEIKC-

TEHCUBHOM ):[I/ICKOBOI/I CHUCTCEMC (aHanor 3aKOHA COCTOSIHHS B KHMHETHYCCKOM TCOpHUHU

— BHYTPEHHSISI dHEprus (Ha eAUHHILY

4
MJCAIbHBIX Ta30B); P, ; = aT™*/3 — nyuyeBoe nasnenue; k — nmocrosunas Bonbima-

r, t
Ha;, a4 — nocTosiHHas u3nydenus Credana—bonbivana; y(r,t) = — GI p(

IPaBUTAIMOHHBIN TIOTEHIIMAN, SBIAIOMIUNACS pemeHneM ypaBHeHus Ilyaccona (8)

(uHTerpan 3aech 6epérca mno Bcemy o0bEéMy V, 3aHHMMaeMOMY AOIUIAHETHBIM 0O0Ja-
D k

— — yJAenbHas u30-

9 2+(1-9)Dm

koM); G — IpaBUTAlMOHHAS MOCTOSIHHAS; C, =
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XOpHas TEILIOEMKOCTb Ta30BOM COCT&BHHIOHIGﬁ CMCCH. OHpC,ZleJII/IM TAaK¥KC IIOKa3a-
TCJIb a,ZII/Ia6aTI>I I'a30BOI'0 BCIICCTBA JUCKA KaK OTHOIICHUC 'Yq = ’Ygas = Cpq /qu . To-

rma

Vg =Y gas =2—-q+2/D, vy;=(2+D)/D.

VpaBHeHue A MOIHOM BHyTpeHHel sHepruu (21) ymobHO mepenucarh, Hc-
TIONIB3ys ypaBHEHHE Hepas3phlBHOCTH (18), B 0OBIYHOMN (OpME MEpBOro Hayaga Tep-
moaunamuku dQ/dt=d€ /dt +Pdv/dt (rne o(r,t)=1/p — ynenvHbld 00bEM),

WA B BUJE cooTHolueHus [ mboca

1dS/dt=dQ/dt =dE /dt +Pdv/dt, (24)

BBIp@Karommero ckopoctb dS/dt usmeHenus sHTporuu S (Ha CIUHMILY MAacChi)

AUCKOBOI'O BCIICCTBA W U3JIYUCHUA IIPU ABHKCHHUH 3JICMCHTA CPCAbl BAOJIb €TI0 Tpa-
CKTOPHH.

H303HTpONIMYeCKHe H3MEHEHHsl B cpeje, coiepakalleiil g-ra3 u paauanuio.

,Z[aﬂee MBI 6YII€M pacCMaTpuBaTb TaKHC ABMKCHHUSA KOCMHYCCKOI'O BCIICCTBA (HaXO-
AAMErocs B COCTOSAHUMN UACAIBHOTO ( -ra3a) u I-IépHOTe.]'IBHOFO HU3JIy4YCHHUA, OJI KOTO-

PBIX DHTPOIHUS Ka)JOM YaCTUIBI CPEIBI OCTAETCS B EPBOM NPUOIMKEHUH TOCTOSH-
HOW Ha NPOTSDKEHHWH BCEro IyTH vacTumsl, T.e. dS/dt=0S/0t+u-gradS =0.

ITonoOHbIe 0OpaTUMbie U aIMA0ATUUECKUE JABUIKECHUS SBIISIOTCS M30IHTPONMUYECKHU-
Mu. JlJig HUX 3HepreTudyeckoe ypaBHeHue (21) cBOAUTCS K yPaBHEHUIO

pd€ | dt + Pdivu =0, (25)

BBIPAXAIOIIEMY TOT (DAKT, UTO CKOPOCTh M3MEHEHHUs MOJHOW BHYTPEHHEW SHEpPIruu
JBUKYILIETOCS 3JIEMEHTA CPEbl paBHA padOTE MO CKATHUIO 3TOTO AJIEMEHTA, COBEpIIa-
€MOU OKPY’Karolllel Cpeaon.

Bwmecte ¢ Tem anig actpopuznuecKkux Lejael 4acTo yA0OHO MCHOJIb30BaTh APY-
rue Gopmel ypaBHeHus (25) (KoTopbie BliepBble ObUTH BbIBeACHBI Daaunrronom (Ed-
dington, 1988) u Yanapacexxapom (Chandrasekhar, 1950)). Otu dbopmsr cipaBeu-
BbI, KOT/Ia JaBlicHue P W BHYTPEHHIOIO dHEPrui0 & MOYKHO BBIYUCIUTH U3 COOTBET-
CTBYIOIIUX YPaBHEHUI COCTOSTHUS KaK (DYHKIHMHA OT yAEIbHOTO 00bEMa U W TeMIie-
parypsl 1 (wiau sHTporMH &) B 3aBHCHMOCTH OT MCCIEAyeMOro mporecca. Jlis
«MEJIJICHHOTO» TpOIlecca, XapaKTepu3yeMoro BpeMEeHEeM, MHOTO OOJIBIIIMM BPEMEHU
TerIonepeayn, JTo0ble BO3MYIICHUS Tpoduiis TeMrepaTypbl OyAayT ycneBaTh pe-
nakcupoBaTh. CaeaoBaTesbHO, 3TOT MPOLECC MOKHO pacCcMaTpuBaTh Kak M30TEPMU-

ueckuit, ipu kotopom P = P(v,15) = P(v). «bbicTpblii» npouece (Mo CpaBHEHHIO €
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IIPOIIECCOM TEIUIONEPEHOCa) MOXKHO CYHMTaTh aJauabaTHYeCKUM B CHUJIy HEXBATKH
BpEMEHU 11 OOMEHa TeIUIOM JIBYX COCeAHMX o0jacteit: S :SO = constu

P=P(v,S,)=P(v).

N3 sHepreruueckoro ypaBHeHus (25) AJisi KBa3UCTATUUECKOTO Mpoliecca Cleay-
oE o0&
— | 3T +| — | dv+Pdd=
oT ’ ov T

’U C
== 12,40+ ————P, 8T +(4Pyqq +P,)30. (26)
pa ™ o

cT

CJIeI[OBaTCJ'IBHO, AJI1 U309HTPOIMMYCCKHUX W3MECHECHUI UMEEeM

L 1pq o0InT +(4p,,4 +pq)61nv:O. (27)

q

12pmd +

Beeném TCIICPb aI[I/Ia6aTI/I‘-IeCKI/I€ IMIOKa3aTCJIn CMCCHU BCHICCTBA N HU3JIYYCHUA Fl,FZ

u F3 COOTHOIICHUSIMHU

dinP/dt =T dInp/dt, (28)
d d I'y-14d

—InT=(,-1)—Inp=—2——InP, 29
g == holne zdtn (#9)

KOTOPBIE MOTYT OBITh MCIOJIb30BaHBl BMECTO JHepreruueckoro ypapHeHus (25). C
y4ETOM ypaBHEHHUS COCTOSIHUSA «UACANBHOrO g -Tazay» (15) MoxkHO 3amucarh

OP =0(p, 4 +pq)=(4pmd +pq)61nT—pq61nv. (30)
CrnenoBarenbHo, (28) ecTh HE UTO UHOE, KaK
(4p, .4 +pq)81nT+[F1(pmd +pq)—pq]61nv=0. (31)

N3 (27)m (31) cnenyer, uto
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12pmd + (Yq - 1)_1 Pq _ 4pmd + Pq

. (32)
APraa + Py T1(Praa +P5) -1,

BBeném Teneps B pacCMOTpPEHHE BENUUHMHY [3=p gas / P — xosbdunuenr, xa-

. 4
PAKTEpPU3YIOLIUI J0JI0 BEUIECTBA B IIOJHOM JABJIEHUU CHCTEMBI ) [Ipu ucnonws3oBa-
HUU 3TOTO MapaMeTpa cooTHoIIeHUE (32) MOKHO MepenucaTh B BUAE:

4=, -1
B+12(y, ~1)(1-B)’

r, =B (y,~1=1-q+2/D). (33)

MO3KHO JIETKO IIO0Ka3aTb, YTO UMCIHOT MCCTO CJIICAYIOINUC COOTHOIIICHUA

__@-sry (4=3B)(v, —1)
2 B+31-p)r, 3y, ~D(A-P)(4+B)’

N-p_, T@-D_ (4=3p)(v, —1)

I';=1+ .
4 -3 I B+12(Yq—1)(1—[3)

Ecmu Prad <P g TO Bce 0000LIEHHbIE MOKa3aTenu aguabarel I s «g-rasa

+U3JIydeHue»  COBHAJAalOT €  IOKazaTeldeM  aauabaTbl  4YUCTOrO g -Trasa
(y q= 2/D+2— q), a Korjia MPUCYTCTBYET OJIHO JIUIIIb U3JIy4eHHE a0COIIOTHO YEp-

HOTO TeJa (pq < P,yq)> TO oM paBHbl 4 /3. Takum o6paszoM, 1is CMECH «Hjiealb-

HOTO ¢ —Ta3a» U paguanud oOOOILEHHbIE TOKa3aTeaH auadaTbl IPUHUMAIOT IIPOMe-

)KyTOuHbIC 3HaueHus oT 4 /3 mo y g

3. IXKUHCKOBCKASI TPABUTALIMOHHASI HEYCTOHUYUBOCTH
B HEDKCTEHCUBHON KUHETUYECKOH TEOPUUA

PaccmoTpum Tenepp mpocTENIyr0 3a1ady BO3ZHUKHOBEHHUS HEYCTOMYMBOCTU B
OCCKOHEYHOW TOKosImecs: chepudecKku OTHOPOAHOM cpene. HamomHum, yto mpm

* Ha 0co0yr0 BaxkHOCTh oTHOIIeHHS (1—[) IS Teopuu 3BE3THOU CTPYKTYPHI BIIEP-
Bbl€ yKa3zaJ DJUIMHITOH. B HM3BECTHOM OTpBIBKE W3 €ro KHWIHM «BHyTpeHHee CTpoeHHe
3Be3M» ODIJMHITOH CBSI3bIBAl 3TO OTHOIICHHE C «sIBJIEHHEM 3Be3abl» («happening of the
stars»).
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pPacCMOTPEHUH I'PaBUTALMOHHOM HeycToiuuBocTH JIk. JIKMHC paccMaTpuBall OJIHO-
POJIHOE COCTOSIHHE CaMOTPABUTHUPYIOIIEH CPEbl B COCTOSIHUU MOKOSI, YTO HE COBCEM
KOPPEKTHO, TaK KaK TaKO€ COCTOSIHHE HE SIBJISIETCSI COCTOSIHUEM paBHOBECHs. TeMm He
MEHEE, €r0 BBIBOJ KPUTEPUS HEYCTOMUMBOCTH MOYKHO paccMaTpuBaTh KakK IEPBOE
npuOIMKEHUE, KOTOpoe B HanOoJiee MPOCTHIX CIIydasX AaET MPaBUIbHBIN MOPSIOK
HIOKHEM KPUTHUECKOW JJIMHBI BOJHBI BO3MYIIEHHS, BEIYIIETO K HEYCTOWYHMBOCTU
(cm., Hanpumep, Cadponos, 1969; @punman, Xormepckos, 2011).

JluneapuzoBaHHble OCHOBHbIE nuddepenmanbupie ypaBHeHus (18)-(21) mns
cllydas 4MCTO PaJAHaIbHOrO C(HEepruuecK CUMMETPUYHOIO ABIKEHHUS C Y4ETOM J0-
OyIEHUH,  YTO  HEBO3MYIIEHHOE  COCTOSHHUE  SIBISIETCS ~ PABHOBECHBIM

(u=ug+u', uy=0) u uro ypasnenue Ilyaccona (20) MOKHO IIPUMEHUTH JIUIIb K
BO3MYIICHHAM TUIOTHOCTH (ycroBue = (0 Ha3bIBAIOT HHOT/IA «MOIICHHUYECTBOM

Jlxunca (cm. Jeans, 1909)), umeroT Bu:

"0
P, Pt _g (33)
ot or
ou_10P g OB oy -
ot p, Or pé or  or

! P !/
dizrlo_od_p’ (36)
dt " py dt

2
0 "2’ — 4nGp'. (37)
or

VYpaBuenue (36) TpuBUaIbHO MHTErpupyeTcs. BriOupas mOCTOSHHYIO MHTETPUPOBa-
Hus TaK, utoosl P'=0 mpu p' =0, nonyunm

P/ By)= lﬂll() p/ Po - (38)

JIOIyCTUM TEIeEph, YTO XapaKTepHas JJIMHA, CBSI3aHHAsS C IIPOCTPAHCTBEHHBIMU
M3MEHEHUAMH BeMuuH Py M p(y, BETMKa MO CPABHEHHIO C APYTMMH XapaKTEPHBIMH
JIMHAMM 33124k (9TO Tak Ha3bIBAEMOE MPUOIMKEHHE KOPOTKOBOJIHOBOM aKyCTUKH),
T.e. MOJKHO TIpeHeOpeus npousBogHeiME OF /Or m Op / Or. Tlpn >THX NOTMONHHU-

TEJIbHBIX YIPOIIAIOIIMNX MTPEANOI0KEHUIX YPAaBHEHUE HEPA3PHIBHOCTH, UMITYJIbCA U
HHEPTUU JIETKO OOBEUHUTH B OJTHO YpaBHEHHUE /I aanabaTuuecKoi 3ByKOBOM BOJI-
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HbI”) (cm., Hanmpumep, Jlanaay, Jludmmi, 1954)

o0%p’ 0’
ﬁwgo 8‘; —4mGpyp' =0. (39)

31ech BO3MYLIEHHAs NPOU3BOAHAs naBienus OP'/Or Bwipakaercs, coracHo (38),
Yepe3 BO3MYIIEHHYIO IPOU3BOAHYIO IIIOTHOCTU Op' / Or B BUje

oP' Po o' o2 op
5 o 105 TS0
Py or or

rac
1

P, Pyo 4-3p, |2
ven= |0T 1+(T5,—1) -
S,0 po 1,0 — {po |: 3,0 BO

1 kG, (4-3B0)*(v,~ 1)
(v,=DD2 m | BE+12B(y,~1)(1-By)

N | —

(40)

— anuabatudeckas (WU JariacoBa) CKopocTh 3ByKa. [Ipu Hanucanuu (40) yuteHo,
4TO

& pq0+prad0 1 pqO 1 1 kTO 1 2 k
Po Po Bo Po Bo 1+(1-gq)D2 m Bo ('Yq —1)D m

. (41)

3ameTuM, YTO B 4acTHOM ciydae, korga g=1 u D=3, umeem y;=5/3
(xmaccuueckuit uaeanbHbli ra3). OTcroaa clieyer, yTo

1

K 2(4-38,)% ||2 .
05 = T0{1+3BO(8—7BO)] . (40°)

5 . o
) HpI/I HU3Y4YCHUU BO3MYIICHHBIX COCTOSAHUU CaMOTPAaBUTHPYIOIICTO KOCMHWYCCKOTO
BCHICCTBA YaCTO MPUXOAUTCA UMCTH ACJIO C Pa3HOBHUIHOCTBIO 3BYKOBBIX BOJIH.
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Korna usnyuenue takxe orcyrersyer (3, =1), V5,0 = Vgas,0 =1 /ylkTO /m — aguna-

OaTthyeckasi CKOpOCTh 3ByKa B HI€aJIbHOM rase.
Ecin g #1 (upeanvupiii q-ra3) u usnydenue otcyrctByet (B =1), To

1 1

Vo = = .
50 m (yq—l)D m (1-q)D/2+1

VpaBHenue (39) siBiaseTcs: TMHEHHBIM M OJHOPOJHBIM YPAaBHEHHEM B YaCTHBIX
IPOU3BO/IHBIX, CICIOBATEILHO, K HEMY IPHUMEHUM METOJl HOPMAJbHBIX KOJICOaHUi
(Meron wmox). Pemas ypaBHenust (39) mis BO3MYIIEHHO# IUIOTHOCTH B BHIC
p' ~exp(—iwt +ikr), omuceBaOIEM BOIHBI C YIJIOBOH Y4acTOTOH (), BOJHOBBIM

)

BekTOopoM K B Hampapienur 7 M IUTHHON BONHBI A, =2n /K, nomyanm cnenyro-

1iee AUCTIIEPCUOHHOE YpaBHEHUE AJid Oerynieil BOJIHbI

T, - 1—
o2 —k2Pa0 )1, 110 Po 1142=Po +4nGp, =0, (42)
Po 4-3p, Bo

KOTOpoe ¢ yueToMm cooTHouieHui (40) u (41) mpuHUMaET «CTaHIAPTHBIN» BUJT
2 2.2 *
o” =kvg ( —4nGp,). (42°)

3eck anabaTuyeckas CKOPOCTh 3ByKa Ug ( onpenensercs hopmyioii (40).

o 2 o
I[JI?I YCTOUYHMBBIX BOJIH C YaCTOTaMHM (O HMMCECM (O > 0 , TOIrJa KaK HCYCTOUYHN-
2 o
BOCTb COOTBETCTBYCT YCJIOBHIO O < 0. Dmu ABa KJaccCa pas3aciaCeT cCiy4dau

o o o 2 o
HCUTPAJTbHON YCTOMYHUBOCTH ®O = 0 , UTO COOTBCTCTBYCT MOJaM C KPUTHYCCKOH
I[JIHHOﬁ BOJIHBI BOSMYIICHUS

A, =2m/k,, kKX =a/vi, o, =4nGp,. (43)

cr

®) Crexyer 3aMeTHTh, YTO NMHEApPH30BAHHOE YPABHEHHE MMITYIbca TPEOYeT, U4ToObI
CKOpOCTh U ObuLia mapauienibHa BoHOBOMY BekTopy tk (cm. Jlanmay, Jludmum, 1954).
CrnenoBaTenbHO, CKOPOCTH YaCTHI] KUAKOCTH, CBSI3aHHBIE C aAMa0aTHUYECKUMHU 3BYKOBBIMHU
BOJIHAMM, NTApaAJIJIENIbHBI HAIIPABJICHUIO PACIIPOCTPAHEHUSI BOJIH.
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U3 ypaBuenus (42°) cmemyer, uto rpanmuHoe 3HaueHme Kk =Kk  pasmenser

cr
ycroitumsie (k >k _.) u meycroituuseie (k <k ) mymscanum muotHocTH. Ilpu Ma-
nbIX K (JUIMHHBIE BOJIHBI,) MyJIbCAl[MU OYAyT PacTH CO BPEMEHEM U MOSBISETCS He-
cTabMIBHOCTH J[)KHHCA, & KOPOTKOBOJHOBBIE IMyJIbCAllMK IUIOTHOCTH (Ooubinue K,

MaJIbIC OJIMHBI BOJ'IH) KOJ'IC6JHOTC$I, T.C. paClIpoOCTPAHAIOTCA B BUAC 3BYKOBBIX BOJIH.
Takum O6p330M, KpUTUYICCKAs JJIMHA BOJIHBI BOSMYIICHUA

—_

N

2mog,  [mog, | 2mkT, | 1 N (4-3p,)

}\’cr_ - o
O, \Gpy | mGpoD| v~ BF+12(v,~ D(1-By)

(44)

ABJIIETCS pa3MEpPOM MeENbUANIINX «Kallelby) paccMaTpuBaeMon «(pakTaabHOW» ra-
30BOI cpefibl C M3IYyYEHUEM, KOTOPhIE MOTYT YAEPKUBAThCSI BMECTE COOCTBEHHBIM
IPaBUTAIMOHHBIM TpUTsLKeHHEM. ClieqoBaTenbHO, MOIAU(PHUIIMPOBAHHBIA B paMKax
HEOKCTEHCUBHOM KHHETUYECKOW TEOPHUHM KPUTEPUM HEYCTOMYMBOCTH JIKMHCA IS
CMecH (] -ra3a M 4EPHOTENILHOM paauanuy OyJeT BBINIANETH CIETYIOIUM 00pa3oM:

JJIMHAa HCYCTOMYMUBOU BOJIHBI BOSMYIIICHU S A y A0JIKHA YAOBJICTBOPATH HCPABCHCTBY

1

S R T PO s X I &

A, 2h,=0g, = (45)
Gpy | mGpo (v=D| B+ 12B4(y,~ (1L~ By)
3aMeTHUM, 4TO B TPAAULMOHHOMN JIUTEPATYPE JUTUHY
2 !
r o | Mlsas0 |7 _[ 1ykTp |2 (46)
J Gpy mGop,

COOTBETCTBYIOILYIO pa3Mepy OOJIaCTH CKaTHsl CaMOTPABUTHPYIOIIErO ra3a, Ha3blBa-
10T ayuHou [xunca. C yuérom (45) kputepuil HeycTolunBocTr J[>)KMHCa B HEIKC-
TEHCUBHOM KMHETUKE MOXKET OBITh IEPENMCaH B BUJIE:

N |~

My Usg 1_2 |, (4=, s~ D
7» - Ugas,0 Y1 (Yq_l)D BO +12[3()(Y -1 -By)
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1  2/D - (4-3B,)*(1-q+2/D) 2

=< — 5 = Eq. (46)
vy (1-g+2/D) By +12B,(1—g+2/D)(1-B,)
Ortcrofa cieayer:
1. Ecmu g =1 (mpu atoM y; =1+2/ D), To pakTop
4-3p,%2/p |
— D
SO ) PO Ch 1. (47)

1| Bp+24B,(1-B,) /D

CrnenoBaTeNnbHO, KpUTHYECKAsS JJIMHA BOJHBI BO3MYIIICHUS B pacCMaTPUBAEMOM CITy-
yae OoJibllle J)KMHCOBCKOM, T.€. Onarojaps AaBJICHUIO U3TyUYCHHsS] CUCTEMa CTaOuIu-
3HpYyETCSI.

2. Ecu g #1, Ho usnmydenue orcyrcTyet B, =1, To paxrop

1/2
1 2/D
g {y1[2/D+1—q+2/Dj} , O0<g<1+2/D (48)

(1]

B sToMm cnydae kpuTepuil rpaBUTAIMOHHON HEYCTOMYMBOCTH 3aBUCUT OT YUCIICHHBIX
3HAYEHUH MapaMeTpoB AeOpMalUK § U Pa3MEPHOCTU MPOCTPAHCTBA CKOPOCTEN D.

[Ipu 5TOM BO3MOKHA CUTyalMsi, TP KOTOPOH TpaBUTAIMOHHO-YCTONYMBOE (Ha OC-
HOBE KJlaccuyeckou cratuctuku bompiiMana—I'n66ca) obmako raza, OyJeT HEYCTOM-

YMBBIM COIJIACHO HEIKCTEHCHUBHOM cratuctuke Tcamauca (cm. Kolesnichenko,
Marov, 2014, 2016).

Cesi3anHast ¢ A, KpUTHYECKas Macca (Macca, COIepKalascs BHYTPH Chepbl

JIAAMETPOM A, ..) OIPENEISIETCSt COOTHOLICHHEM

M, =(1] 6)pghd, = M,E, (49)

e M. =(n/6)pghS, = (1] 6)py (17kTy / mGpy )
J J

[bkunca. Bosmymienust ¢ maccoit M, , IpeBbIIaroIed KpUTUIECKyIo Macey Jkunca

— KPHUHTHYCCKasA MaccCa

M 7 (Z>1) moryr pactu, GopMuUpys TpaBUTALIMOHHO-OIPAaHHUYCHHBIC CTPYKTYPHI, B

TO BpeMsl Kak BO3MYyIIeHHs ¢ Maccoit M, menbie M 7 HE PacTyT M BeIyT ceOs Kak

AKYCTHUYCCKHUC BOJIHBI. HpI/I 9TOM JIA CaMOI'paBUTUPYIONINX HEIKCTCHCHUBHBLIX CpEa C
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U3ITyYCHUEM KPUTHYECKUE 3HAUYCHUSI JJIMHBI BOJIHBI U MAacChl SBHO 3aBUCST OT SHTPO-
NUIHOTO UHAEKCA (] , Pa3MEPHOCTH NPOCTPAHCTBA cKopocTell D n kodbduunenTa 3,

KOTOpBIC, SIBISISICH CBOOOJHBIMU MapaMeTpaMu, JOJDKHBI OMPEAETSATHCS B KaXKIOM
KOHKPETHOM CIlydyae 3MIUPUYECKHUM IYTEM U3 3KCIEPUMEHTAIbHBIX JAHHBIX. JTO
ITO3BOJISIET MIPU UCCIIENOBAHUN HEYCTOWYUBOCTH CAMOTPABUTUPYIOIINX KOCMUYECKHUX
OOBEKTOB B paMKaX HEAKCTEHCUBHOM CTATUCTUKU 00Jjiee 000CHOBAHHO MOJIEIIUPOBAThH
peabHO CKJIAIbIBAIOIIYIOCS CUTYALMIO.

3aMeTuM, 4TO JalbHEHIIEEe pa3sBUTHE MPEMIOKEHHOTO 31€Ch MOAXO0AA MOYXKET
OBITH CBSI3aHO C YYETOM BIIMSIHMS Ha JP)KUHCOBCKYIO HEYCTOMYMBOCTh BpAILlEHUS Cpe-
Jbl, MATHUTHOTO T10JIs1, BA3KOCTH U APYTUX TUCCUNIATUBHBIX 3(PPEKTOB.

4. AHTET'PAJIBHOE YCJIOBUE YCTOMYUBOCTH JJI51 COEPUYECKH
CUMMETPUYHOI'O PACHIPEJAEJIEHUSA BEINECTBA U U3JITYYEHUA
B HEDKCTEHCUBHOM KUHETUKE TCAJLJIMCA

B stom pasznene mbl Oynem ucxoauth u3 rumnote3bl @. Xoina (Hoyle,1960) o
COBMECTHOM 00pa3zoBaHuu 3Be37bl (ConHIIa) U TOIJIaHETHOro o0Jiaka M3 BEIIECTBA
€IMHOW Bpalarouencs 3BE31HONM TyMaHHOCTH. CylIECTBYET MHTETPAIbHAA TEOpEMa
JUISL HaXOJISIIICHCsl B TPAaBUTAIIMOHHOM PaBHOBECHH Chepuueckoil KoHpurypanuu u3

BCIICCTBA (raaa) )51 ‘IépHOTGJ’IBHOI‘O HU3JIYYCHHU:A, I'IacAllasd, 4TO JaBJICHHC Pce B IICH-

Tpe MPUTSHKEHHS TPABUTHPYOLIETo obiaka Maccel M, B KOTOPOM IUIOTHOCTH P(7) B

TOYKE, HAXOMSIIEHCS HA PACCTOSIHUM 7 OT LEHTPA, HE MPEBBIIAECT CPEAHEN IIIIOTHO-
ctu p(r) BHYTpEHHEH 4acTu pajguyca 7, JOJDKHO yJOBJIETBOPATH HEPABEHCTBY (CM.

Yanpapacekxap,1950; Teopema 6 na ctp.111)

1/3 1 A 1/3
M <P SEG =

1 (4n

4/3 \ 42/3
5C1 3 Pee” M. (50)

3neck P, P, — COOTBETCTBEHHO CPE/IHSIS IIOTHOCTH M €€ IIIOTHOCTH B LICHTPE. DTO

O3HAYaeT, YTO JABJICHUE, JCHCTBYIOIIEe B IeHTpe obmaka Maccel M, MOKHO OBITh
MIPOMEKYTOUHBIM MEX]y JaBJICHUSMHU B IIEHTPax JIBYX KOH(UTypanuii ¢ OJHOPOI-
HOMW IUIOTHOCTBIO — OJIHA C IUIOTHOCTBIO, PABHOM CpeJHEN INIOTHOCTH P KOH(Ury-

paiwu, a Ipyras ¢ IIOTHOCTBIO, PABHOI INIOTHOCTH P, B LeHTpe. B ciydae, korzaa

MMEIOTCSI HEKOTOpBIE 00J1aCTH, B KOTOPBIX MPe00JIaatoT MPOTUBOIIOIOKHbIE Tpaau-
€HTHI TUIOTHOCTH, HEpaBeHCTBO (51) Hapyliaercs, a 3TO 03Ha4YaeT HEYCTONYHBOCTb.
Takum 00pa3zoM, MOKHO CUMTaTh, YTO HEPaBEHCTBO (51) HKBUBAJIEHTHO MHTETPaib-
HOMY YCJIOBHUIO YCTOMUYHUBOCTHU «MATEPUHCKON» 3BE3NHON TYMAHHOCTH.

[Tomyuum Teneps 0000IIEHHE 3TOTO YCIOBUS YCTOMUYMBOCTU Ha Clydaid HEdKC-
TEHCHUBHOMU cpepuueckoit Macchl ¢ u3nmydyeHueM. Mcnomnb3ys onpeneneHus napamerpa
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B ¥ ypaBHEHUS COCTOSIHHUS IJIs JIy4eBOTO JAaBJICHUS, a Tarke hopmyiy (15) mis nas-

JICHUA (¢ -rasa, II0JIy4YuM

_1 1 ETP:LEQT‘{
Bl+(1-g9)D/2m 1-B3

Ortcrona cienyer, 4To

1/4 1/3
Tz[sa—mpq} {3 1 (1—6)} o3,

af al+(1-q)D/2 B

Tenepp

A 1/3 4/3
re)tsa-p 1 4/3
P(P/qfﬁ)—[(mj aBéL ] L+(1—6])D/2} a

CrnenoBaTenbHO, B IEHTPE ra30BOM KOH(UTypaluu

1/3
= [kjél 3(1-Be) 1 e 4/3
= \\m) " apt 1+(1-qp/2| e

ce

C npyroii CTOpOHBI, COITaCHO HepaBeHCTBY (50), umeem

1 4 1/3 /3 4/
2/3 4/3
PceSEG(?j M pce .

CpasnuBas (55) u (50), nosydum:

1/3
(ka 2 ] {EJW’ I
m ap 2+(1-g)p| |6 ’

ce

HJIn

(51)

(52)

(53)

(54)

(55)

(56)
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1/2
M > |:#:|2 (éjl/z (EJZ g (1 _Bce) G—3/2 . (57)
B 2+(1—q)D TT m a B4:

ce

B npenpiaymmx HepaBeHCTBax 3, €CTh BenMuMHA 3 B HEHTPE ra30BOM KOH(HTypa-

UYL,
[Toacrasnsst B (57) uncnenHoe 3HadueHue moctosHHOW Credana— bombnmana

a=8m"k* /15h°c® (rme h— nocrosnnas Ilnanka, ¢— CKOPOCTH CBETA B BAKyyMe),
OyZeM UMETb:

2ea-goP( gt ) he )
uz/\/{ 9 } ce 20.1873(Ej mif =548M.  (58)

1_Bw

31eCh MCIOJIb30BaHbl COOTHOIICHUS 111 = (WMyy, TIE L — CPEIAHHNA MOJIEKYIISIPHBII

3/2 _
BEC, My — Macca aToMa BOJOPOa; (hC/G) mH2 z29.2/\/l®; M, — macca

Counna. Torma npaBasi 4aCTh HEPABEHCTBA

1/2

2

o 1- 2

M= 5.48M®},L 2 fce {m} , 0<g<1+2/D (59)
Pee 1

na€T HOKHUM Tpeiel YCTOMYMBOCTH TPaBUTUPYIONIETro objaka (chepudeckoit ra3o-
BOIi KOH(pHUTyparwn) ¢ Maccoit M B paMKax HEIKCTEHCHBHOW KUHETHKHU Tcamca.

3aMeTHM, YTO €CJIM BBECTH MapameTrp [+, KOTOPBIH OJHO3HAYHO OMPEACISICTCS
Maccoit M ra30BOil KOHPUTYpAIIMK ¥ CPEAHUM MOJIEKYISIPHBIM BECOM |l TPH TI0-
7
MOIL ypaBHEHHs YeTBepToro mopsinka’ (cM. Yanapacekxap, 1983,1984)

1
1 1

1 4 2
uzMz(é)z [ K ] SAZBI) 1" 502 5 49| 12P) 2M@, (60)

my ) a gl Be

7 . .
) U3 dbopmyibr (60) ciemyer, B 4aCTHOCTH, YTO IS 3BE3/IBI C MacCOM, paBHOW COJI-
HEYHOH, U CO CPETHUM MOJICKYJIIPHBIM BECOM, PaBHBIM €IMHUIIE, JABJICHUE U3TYYCHUS B

LIEHTPE HE MOKET MPEBBIIIATh TPEX MPOIEHTOB OT o01Iero aasnenus, 1.e. 1 —B. = 0.03
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TO HEpaBEHCTBO (59) MOKHO MepenucaTh B BUJIE

(=B 1-Bg,

4
2
{ )D} , (0<g<1+D/2),

Be Br [2+(1-qg
WM, TOCKOJIbKY (YHKIHUS (1—[3)[3_4 MOHOTOHHO YBEJIMYMBACTCS C YBEITUUCHHUEM
(1-PB), Tax:
—4
(1-B)[1+(1-g)D/2] " <(1-B.). (61)

Takum 06p2130M, JJI YCTOI‘/JILII/IBOCTPI HCOKCTCHCHUBHOI'O C(i)epI/ILIGCKOFO ra3zoBoro

o0Jiaka ¢ U3Iy4EeHUEM UUCIICHHbIE 3HAYCHUS N1apaMeTpoB [3 cer D ¥ (] TOJDKHBI yJ10-

BJICTBOPATH HEpPaBEHCTBY (61).

5. TPABUTAIIMOHHASI HEYCTOMYUBOCTD JKUHCA JIJIs
HAMATHUYEHHOMH IJIA3MBbI C YEPHOTEJIbHBIM U3JIYYEHUEM

[TockonpKy BO BCEM KOCMOCE HET TAaKOrO MECTA, A€ HE MPUCYTCTBYIOT Mar-
HUTHBIE T0JIA, TO YMECTHO M B PaMKax HEAIKCTEHCHUBHOW THMAPOJIMHAMHKHA PACCMOT-
pPETh TPABUTAIMOHHYIO HEYCTOMYMBOCTh HAMArHUYEHHOW TJ1a3Mbl C PAAUAIIMOHHBIMU
nporieccamu. MicxonHpie O€3MCCUNIaTUBHBIC YPABHEHUSI B 3TOM CJIy4ae COCTOST U3
CIIENYIOIUX YPABHEHUN: ypaBHEHUM Ounepa Ui MICAIbHON (] -)KUIAKOCTH, ypaBHE-

Hus [lyaccona u ypaBHEHNS MarHUTHOM UHAYKIWHA B MArHUTHOM TUAPOJUHAMUKE:

op .

—~ *d =0, 62
Py w(pu) (62)
pd—u = 1] x B — gradP —pgradvy,, (63)
dt ¢

_ 4-3 -1

d—T—(r3—1)Zd—p:0, r3=1+Fl P14 (=), ~ 1 ., (64)
dt p dt 4-3p3 B+12(yq—1)(1—[3)

Ay =4nGp, (65)
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% =rot(uxB), divB=0. (66)

. . C
3necy B =13, =[5)i, — MaruuTHoOE 1OJIE; C — CKOPOCTH CBETA; J = 4—V x B— cu-
T

714 TOKA; yq—lzl—q+2/D.

JIuneapuzyem ypaBHeHus (62)-(66), npenmnomnarasi, 4T0 HEBO3MYIIEHHOE COCTO-
SIHUE CPENIbl SBISETCS OJXHOPOJAHBIM M PABHOBECHBIM (U =y +u', #y =0) u uro

\|IO =0 ; TOoraa4, B cJy4dac MUJIMHAPHUYICCKU CUMMCTPUIHOI'O JABUMOKXCHMUA

(r=ix+1i,z), nomyanm®;

op’ .
— +pydivu =0, 67
o Po (67)
P ") 4-3 ’
8_u+[30_0 grad P +—Bogmd - +
ot Py Po Bo Ty
+grady'+ B, xrotB'=0, (68)
4mp,
oT' T, op'
_(Ty,-1)2F -0, (69)
ot ’ po Of

%) M3BecTHO, 4TO MPOGIEMY YCTORYHBOCTH CAMOrPAaBHTHPYIOIIETO ABYMEPHOTO Ta30-
BOro O0Jilaka B NPHUHIIMIIE HENb3S ONUCHIBATH B paMKax JIBYMEPHOTO MPHUOIMKEHUs, MO-
CKOJIbKY OHO 3aBEJOMO SIBIISIETCS CWJIBHO HEYCTOWYMBBIM (CcM., Hampumep, Dpuama,
Xomnepckos, 2011). OnHako Npu HaJMYUE CUIBHOIO BHEIIHETO IPABUTALIMOHHOTO IMOJS C
MWIMHAPUIECKON TeoMeTpre u ¢ oOpa3yrolieil BIoJIb OCH BpalleHHsl 00J1aka BO3MOYKHO
o0ecnevynTh ero yCTOMYMBOCTh B Clly4ae, KOrJa YIJioBas CKOPOCTb BPAILEHUS JOCTATOYHO
BenuKa. B 3ToM ciiydae CTpykTypa IOIUJIaHETHOrOo OOJiaka BIIOJIb OCH BpalleHus OyaeT
ONPENEIATHCA UCKIIOYUTENBHO €ro caMorpaBuTanuen. Pasymeercs, 3TOT ciydail HCKycC-
CTBEHHBIH, MOCKOJIBKY B pEalbHBIX acTPO(PHU3UUECKUX CHCTEMax TaKHE LUJIMHIPHYECKUE
MOJISL €CITU U BCTPEYaroTCsi, TO 0e3 BIOXKEHHBIX JUCKOB. BMecTe ¢ TeM, paccMOTpeHue Tako-
IO BJIOKEHHOT'O B IWIMHAP CaMOrPABUTUPYIOLIETO ra30BOr0 JHUCKA MPEACTABISAET ONpeae-
JEHHBI MaTEMaTHYECKUN MHTEPEC, MOCKOJIBKY TOJBKO B 3TOM CJIy4ae MOYKHO BBIACIIHTH
3¢ (deKThl, K KOTOPBIM IPUBOJUT CaMOTpaBUTAIMS B YMUCTOM Buje. IMEeHHO Takue Mozenu
paccMaTpUBalIUCh B OOJIBIIMHCTBE KJIACCUYECKUX pabOT MO acTpoPu3nyeckuM Auckam (cMm.,
nanpumep, Goldreich, Lynden-Bell, 1965; Hunter ,1972; Toomre, 1964).
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V2y' - 4nGp' =0, (70)

!

%—rot(uxBo)zo, divB'=0, (71)

Bolo _ Pq0 _ k Ty
Py pp My 1+(1—q)D/2

rae

3ameTtumM, yTo ypaBHeHUs (68) u (69) MOXHO OOBEOUHUTH; B pe3ysibTare OylaeM
UMETh

ou [Py 4-3, ,
—+<— |1+ (T54—-1) gradp’— grady'+
ot {po { 3.0 By

B, xrotB'=0.
4mp,

(72)

[Tosyunm Ternepb B paMKax HEIKCTCHCHMBHON MexaHWKd Tcautica AUCIIEpCHOH-

HOE ypaBHECHHUE JJISI OTIPEIEIICHHST KPUTEPHsI HEYCTOMYHUBOCTH OTHOPOIHOMN TIIIa3MBI C

y4ETOM BO3JICHCTBHS PAJHAIIHOHHOTO JaBieHus. VICIonb3yeM Uit 3TOro METOJ HOP-

MaJIbHBIX KOJICOAHUI TPH YCIIOBUH AKCIIOHEHIIMAIBLHOTO BO3MYIICHHs BCEX IYJIbCH-

pyromx mapamerpos: p,u, T, wu B', T. e. KOrga OHM MPONOPIUOHATHHBI

~exp(—iot+ik, x+ik, z). 3necy ©

o 2 2
— YacToTa rApPMOHMYECKHX Koyebanwii, Kk = \/kx+ k7 — BomnoBoe umcrno. B pe-

3yJibTaTe OyJeM UMETh:

—op'+pok-u=0, (73)
2 ' Bo : ' N '

—OpyU + 5 oP k—poky'+ 4—n[1x(kx B -k, B.)- i, k, By} =0, (74)

k%' —4nGp' =0, (75)

—oB, =Bk, -oB, =Bk, -k B =kB, . (76)

W3 37011 cucTemMbl ypaBHEHUH BBITEKAET CIeAyIOIIee aareOpaniyeckoe COOTHOIIICHHUE

4G
PO (k- w) = Vi (i Ju+ i, k20) =0, (77)

o’u—v3 (k- u)k+k 2
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rne V Alf= B, / \|4mpgy — anbhBeHOBCKAs CKOPOCTD MIA3MBI.
PaccMmoTpum Ba NpOCTHIX CiTyvasi:

1. Jlng momepedHOro paclpoCTpaHEHHs BONH BosMymieHus (korma k =Kk,
kzzo) ypaBHeHue (77) CBOAUTCS K MPOCTOMY AUCIEPCUOHHOMY COOTHOIIICHUIO
(cpaBHu ¢ (42))

o =V ki—0§ o Ko+ 4nGpy =0, (78)

ISt KoToporo, ¢ yuéroM (40), kpuTepuil rpaBUTAIMOHHON HEYCTOWYMBOCTH CaMo-
IrPaBUTUPYIOLIEH TJIa3Mbl ¢ MAarHUTHBIM TIOJIEM U PaJUAllMOHHBIM JaBJICHUEM MpHU-
HUMAET BU/I;

KT, (4-3B)*(v,~ 1)
If + - 1+ 5
(vg=D)Diz m | 5 +12B4 (v,~ 1)(1-By)

2 2
K242

X

>4nGpy.  (79)

2. B cnyyae npo1oibHOTO (K HAIpaBJICHUI0 MarHUTHOTO TOJI) pacipocTpaHe-

HUS ITyTbCAMOHHBIX BonH (11 kotopeix k, =k, k. =0) ypasrenne (71) 3amucsI-

BaeTCs CIACAYIOIIUM 00pa3oMm:

o’ — Ug,o(kfw) i, +i,4nGpyw + Vfufkg (u — izw) =0. (80)

Orcroza It BOJIHBI BO3MYIIICHHSI, HAIPABJICHHON BJOJIb HANPABIICHUS BEKTOPa
MarHMTHOTO NO0JIst (U= 1,W), HOTy4UM IUCIIEPCHOHHOE COOTHOILIEHUE

o =03 ok2 +4nGpy =0. (81)

Eciu xxe w =0, T.e. BOJHA BO3MYILEHHS JIEKHUT B ITIOCKOCTH IEPIIEHINKYIAPHON K
BEKTOPY MarHUTHOTO HoJisi( ¢ =1, U + iyv), to u3 (80) cieayer

o =VaekZ=0. (82)

Takum 00pa3om, B MONEPEUHOM PEXUME PACTIPOCTPAHEHUS BOJIHBI BO3MYIIECHUS
KpuTepuil HeycToiunBocT JKUHCA ISl T1a3Mbl MOAUPUIIUPYETCS MAarHUTHBIM T1O-
JIEM U paJMalMOHHBIM JIaBIeHUEM. B cilyyae mpoaoapHOro pexxnMa Ha J)KUHCOBCKUI
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KpHTCpHI?I HC BJIMACT MAIrHUTHOC IIO0JIC, IIOCKOJIBKY 3TOT PCKHUM oOecnieunBaeT AJlb-
(I)BCH-pC}KI/IM ABHIKCHUA OTACIBHO OT I'PABUTALITMOHHOTI'O PCXKHUMA.

6. SAKJIIOYEHUE

N3BecTHO, YTO MpPU HEYCTOMYMBOCTH HEPABHOBECHBIX CHCTEM (B YaCTHOCTH,
pa3INYHBIX acTPO(PU3NUECKHX 0OBEKTOB) BOSHUKAET JUHAMUYECKUI Xa0c, YTo Jieja-
€T BO3MOKHBIM 00pa3oBaHUE 00JIe€ CIOXKHBIX YIOPSIOYCHHBIX (B OOIIEM ciiydae
bpakTanbHbBIX) CTPYKTYp. BO3HUKHOBEHHE PPAKTATBHBIX CTPYKTYP MOATBEPKAACTCS
JUIE MHOTHUX acTPO(PHU3NYECKUX CHCTEM, B YACTHOCTH, Y 3BE€3JI, MEXK3BE3JHBIX MOJIE-
KYJSIpHBIX OOJIAKOB, aKKPELMOHHBIX JOIJIAHETHBIX AUCKOB U T.A. llpu yuere neit-
CTBUSl CHJIBHOTO TPABUTAIMOHHOTO TOJS B MOJENAX (PPaKTAIbHBIX KOCMHYECKHX
CTPYKTYP BO3HHUKAIOT IPUHLUIIAAIBHBIE TPYIHOCTH, ITOCKOJIBKY [UISl HUX TPAJWLIU-
OHHBIC TI'a30JIMHAMHYECKUE METOJbI ONHCAaHMs 4YacTO HENMpUMEHHMMSBI. IIpeonosieHne
ATUX TPYJIHOCTEW TpeOyeT HOBOIO MOJXOJa K PEUICHUIO SBOJIIOLMOHHBIX 3a/1ay B
KOCMHYECKON rasoguHamMuke. OQuH M3 BO3MOXHBIX MOJAXOJ0B K MOJEINPOBAHUIO
HBOJIIOLIMHU MTOJ0OHBIX AaHOMAJIBHBIX CUCTEM MOKET OBbITh OCHOBAH Ha METOJIaX HEIKC-
TEHCHBHOW CTAaTHCTHUYECKOW MEXaHMWKHM Tcajumca, Kak pa3 M NpeJHAa3HAYCHHOM UL
MCCJIEIOBAHMS 3BOJIIOLIMM CHCTEM C CUJIbHBIM T'PAaBUTALIMOHHBIM B3aHMOJECHCTBUEM
(cMm., marmpumep, Kolesnichenko, Marov, 2013, 2014).

Nmest B BUy 00JIbIIIOE KOCMOTOHMYECKOE 3HAYEHUE MPOOJIEMbl IPaBUTALMOH-
HOIl HEyCTOWYMBOCTH, B MPEJICTABIEHHON paboTe B pamMKax HEIKCTEHCHBHOW KHHE-
THUKHU KCCIEAO0BAHO BIMSHUE HEIKCTEHCUBHOCTH CpEAbl HA KPUTEPUH TpaBUTALMOH-
HOM HeycTounBOCTH JI)KMHCA JJIsi CaMOTPaBUTUPYIOUIETO JOIJIAHETHOIo O0JIaKa,
BEILIECTBO KOTOPOIO COCTOMT M3 CMECH HJICAJIBHOIO (-Ta3a U YEPHOTEJIBbHOIO U3IIY-

yeHus. BpIBeieHbI TUCIIEPCUOHHBIE YPABHEHHUsI, HA OCHOBE KOTOPBIX BBHIIIOJIHEH aHa-
JIM3 OCECUMMETPHUYHBIX KOJIEOAaHUI KOCMUYECKUX CaMOTPaBUTHUPYIOLIUX OOBEKTOB C
U3ITyYEHUEM U Pa3MEPHOCTBIO MpocTpaHcTBa ckopocteil. [lomydensr moauduumpo-
BAaHHbIE KPUTEPUU IPABUTAIMOHHONW HEYCTOMUYMBOCTH J)KMHCA KaK 151 OECKOHEUHOU
HOKOAIIEHCA CPepHUYECKN OJHOPOIHOM CPEbl, COCTOANIEH M3 MJIEaTBbHOIO (] -Ta3a

W3IIy4EHHUs], TaK U JIJIs 0€3 JUCCUTIATUBHON HAMAarHWYEHHOM IJIa3Mbl C yU4ETOM paju-
alMoHHOTrO NaBiieHus. Kpome 3Toro, moigydyeHo mMoau(uUIMpoBaHHOE B paMKax He-
AOKCTEHCUBHOW KUHETUKU UHMeE2PAbHOe YCI0BUE YCTOMYMBOCTH YaHapacekxapa s
ceprueckoi Maccel (-raza ¥ n3aydeHus. /U yKasaHHBIX CaMOTPaBUTHPYIOIINX

KOCMHUYECKHX OOBEKTOB HAMICHbl KPUTUUYECKHE 3HAUCHHUS JIJIMH BOJIH U Macc, KOTO-
pBI€ SIBHO 3aBUCAT OT CBOOOJHBIX MapamMeTpoB 3ajauyd: YHTPOMUHHOTO HHJEKCA Je-
dopmanmu g, pasMepHOCTH D NpOCTpaHCTBA CKOpocTed M kodpdunuenta 3, xa-

PAKTEPU3YIOLIETO 0II0 BEIIECTBA B MTOJHOM JIaBJIEHUU CMECH. DTO MO3BOJISIET OoJiee
000CHOBaHHO MOJIETTUPOBATH pealibHbIE aCTPO(YU3INUECKUX Ta30-TIbLIEBbIE CTPYKTYPHI
Y HaXOJUTh COOTBETCTBYIOIINE KPUTEPUN UX TPAaBUTALMOHHON HEYCTOMYHUBOCTH.
[Tonmy4yeHHbIe pe3yabTaThl MOMOTYT, IO MHEHHUIO aBTOPA, JIy4dlle IMOHATH HEKO-
TOopble acTpoduznyecKue MpoOIeMbl, CBA3aHHbIE, B YaCTHOCTH, C MOJEIUPOBAHUEM
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IPOIIECCOB 00pa3oBaHUsl pa3HOOOpPA3HBIX 3BE3/ M IK30IUIAHET W3 3BE3JHBIX TyMaH-
HOCTEH.

3aBepiias 3aKJII0YEHUE, 3aMETUM, YTO (PU3UYCCKHUN CMBICT U YUCIICHHBIC 3HaUe-
HHA IapaMeTpa AedopMaluy  HUIrparoT CyIIECTBEHHYIO POJIb BO MHOTHX acTpo(u-

3UYECKUX MPHUIIOKEHUSX HEIKCTEHCHMBHOM cTtaTtucTtuku Tcammuca. K coxanenuto
npoOjieMa uX ompenesieHus BeE-emé ocTaércs OTKphITOM. BMmecTe ¢ Tem, B HacTosI-
€€ BpEeMsI UMEIOTCSA CEPbE3HBIEC YCIIEXHW B COBPEMEHHOW IeJIMOCEHCMOJIOTHH, KOTO-
past HaIEKHO HUCCIIeAYeT BHYTPEHHIO CTPYKTypy U auHamuky Comnna (cm. Gough,
2012). B conneunoit atmocdepe yCTaHOBJICHBI U M3y4YeHbl MouTy 10 MUJITMOHOB pe-
30HAHCHBIX MOJ KoJjebaHuil. X 4acToThl M3MEpPEHBI € JOCTATOUYHO OOJBIION TOYHO-
CTBIO, YTO TO3BOJIAET UCCIEAOBATh BHYTPEHHIOI CTpYKTypy ConHila Ha OONBIIMX
rmyounnax (Gough, Hindman, 2010). OTu pe3yabTaThl MO3BOJISIIOT PEIIUTH HE TOJIBKO
HEKOTOpBIE U3BECTHBIE MPOOJEMbl KOCMOJIOTHMH, HO M MOJHUMAIOT PAJl TEOpETUYE-
CKHMX BOIIPOCOB, OTBETHI Ha KOTOpPbIE HEOOXOAMUMBI /1Ji IOHUMAaHUs TOTO, KaK Ha ca-
MOM JI€JI€ 3BOJIIOLIMOHUPYET 00bIuHAs 3Be3a. [[0CcKoIbKY reamoceicMoorus no3Bo-
JsieT, BOOOIIE TOBOPS, HANTH SKCIIEPUMEHTANIbHBIC JOKA3aTEIbCTBA MIPUCYTCTBUS HE-
AKCTEHCUBHBIX 3(PHEKTOB B HEApaxX 3Be3/Ibl (B YACTHOCTH, MO HAWJEHHBIM CKOPOCTSIM
3BYyKa), TO €CTh HAJEXK/1a, YTO OHA CMOXKET B caMoe OJimxkaiiiee BpeMs Ipe10CTaBUTh
ACTPOHOMHUYECKHUE WJIIM IKCIIEPUMEHTAJIbHBIE JAHHBIE 110 YUCJICHHBIM 3HAYEHUSIM Ma-
paMeTpa ( , OTIIMYHBIM OT €IMHHUIIBL.

PaboTa BbInosiHeHa npu yactuyHoOU nojaepxke [Iporpammer [Ipesnauyma PAH
Ne 9 u rpanTa PO®U Nel18-01-00064.
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