IO.I- UITHATBHEB

PEJIIATNBUCTCKAA KUHETUYECKA 4
TEOPUA

HEPABHOBECHDBIX ITPOIIECCOB
B 'PABUTAIIVMOHHBIX ITOJIAX

Kazann
000 «®ommanTsb»
2010



VIK 530.12+531.514-517.944+-519.713+514.774
BBK 22.632
B87

Uruarees FO.I'. PenaTuBucTckass KUHETHYECKAas TeOpPUsi HEPABHOBECHBIX MPO-
LIECCOB B IPaBUTALMOHHbIX moJsaX. - Kazaub: OO0 «®Ponmantsby, 2010. -523 c. -
ISBN 978-5-94990010-9.

PernenseHThI: B.H. MenpHUKOB, JOKTODP (pU3.-MAT. HAYK, Ipodeccop;
J1.B. Tanb1ioB, gokTop dus.-Mar. HAyK, npodeccop.

Ilens KHUTH - TOCTIEOBATEIFHOE U3JIOXKEHNE TEOPUU HEPABHOBECHBIX KMHETHYECKUX IIPO-
IIECCOB B CHJIBHBIX HOJIAX 'PABUTAINY C UCIIOJIb30BAHUEM IIMPOKOIO apCeHaJa METOI0B CO-
BPEMEHHOH TeOPEeTHUHIeCKOH (DU3WKM, B YACTHOCTH, PEJISITUBUCTCKON TEOPUU IDABUTAIUH,
TEOPHUHU HENPEPBIBHBIX T'PYHN, CTATUCTHIECKON (DUBUKU, KUHETUUECKOH Teopun, PpU3NKU
IJIa3MBbl, TEOPHUX JJIEMEHTAPHBIX YACTHI] B (DYHIAMEHTAJBHBIX B3auMoeiictsuit. Ocoboe
BHUMAHUE YJesIeTCs CAaMOCOTJIACOBAHHOMY ONHMCAHUIO BEIeCTBA B CHUJIBHBIX I'DABUTAIU-
OHHBIX TIOJISIX, & TAKXK€ IMPUMEHEHUI0 KUHETHYECKOW TeOpUH JJjisi pelneHusi npobjem pe-
JISTUBUCTCKON aCTPOMU3UKU, KOCMOJIOTHH U T'PABUTAIMOHHO-BOJTHOBBIX 3KCIIEPUMEHTOB.
B kHure 06001ar0TCs pe3ysibTaThl pab0T aBTOPA W €r0 yYeHUKOB B 00J1aCTH 0O1IePesIsiTH-
BHCTCKOH KHMHETHUYIECKOH TEOPHH HA HPOTsKeHuHu nocsienaux 35 jer. Kuura Oyzer momes-
HA CTYAE€HTaM CTapPIIUX KYPCOB, MATUCTPAHTAM W ACIHPAHTAM, CHEIUATU3UDYIONAMCS B
00/1aCTH TEOPETHYIECKON (DUBUKU. M. 57. Bubauorp. 235 Ha3s.

Yurii G. Ignatyev. Relativistic Kinetic Theory of Nonequilibrium Processes
in Gravitational Fields. The book’s goal is a consistent statement of the theory
of non-equilibrium kinetic processes in strong gravitation fields using the broad store of
modern theoretical physic’s methods, specifically relativistic theory of gravitation,theory
of continuous groups, statistical physics, kinetic theory, physics of plasma, theory of
elementary particles and fundamental interactions. Special consideration is given to the
self-consistent description of matter in strong gravitation fields as well as to the application
of the kinetics theory to the solution of relativistic astrophysics, cosmology and gravitation-
wave experiments’ problems. The results of author’s and his pupils’ works in the field
of general-relativistic theory, obtained by the last 35 years, are generalized in the given
book. The book will be useful for the senior students, undergraduates and postgraduates,
specializing in the field of a theoretical physics.

@ 2009 Tarapckwuii rocynapCTBEeHHBIN
I'yMaHATAPHO-TIEIATOTMIECKU yHUBED-
cuTeT

ISBN 978-5-94990010-9 @ 000 «®ommanTb», opopmienne, 2010



OryiaBiieHue

IIpeauncioBue 7
T'smaBa I. ®opmanusm KMHeTUYECKOI Teopum 19
11 Cpera B TPABUTAIUOHHOM TIOJIE . - « . « « o « o« o o o o o . 19
1.2 Kanonwueckwuii popmammam . . . . ... oL L 25
1.3 PenatuBucrckoe ¢azoBoe mpocTpaHCTBO . . . . . . . . . . . 28
1.4 NMuBapuantaas GyHKIUSA PACIPEIETEHAS - . . . « . . . . . . 40
L5 Mukpockornmdeckast (a3oBasi IIIOTHOCTD . . . . « . . . . . . 49
1.6 PenartuBucrckue KunerndecKkue ypaBHEHUASA . . . . . . . . . . 59
TiaBa II. CamocorisiacoBanHoe onmcaHue ILIa3Mbl 70
1I.1 VPaBHEHUS TIEPEHOCA « « . « o v v v e v e e e e e e e e e 70
11.2 SaKOHBI COXPAHEHWST - « . « « o« o v o e e e e e e e oo 72
11.3 CamocoriacoBanHast KHHETHIECKasA MOJIETb . . . . . . . . . 76
11.4 OO6rmepensaTuBuCTCKUE ypaBHenus Bioacosa . . . . . . . . . . 79
T'nasa III. PaBHOBecue 1mjia3mMbl B TPaBUTAIIMOHHOM I10JI€ 81
I11.1 JITP ma3Mbl B TDABUTAIIMOHHOM TIOJIE . . . « « . « . . . . . 81
111.2 VpaBHeHUsa peIATUBUCTCKOW TUAPOAUHAMUKA . . . . . . . . 86
111.3 T'mobanbHOE TEPMOIMHAMUYIECKOE DABHOBECHE . . . . . . . . 90
1114 I'TP camorpaBUTUPYIOMIEH TIIA3MBI . . . . . . « o o . . . . 93
I11.5 I'TP cucrem co cKaIApHBIM B3aUMOJEHCTBUEM . . . . . . . . 101
TimaBa IV. KuneTuka 1mjiasMbl B TPaBUTAIIMOHHOMN BOJIHE 105
V.1 Kunernyeckass mogens mnasmer B mome I'B . . . . . . .. L. 105
V.2 Opuopoanblil 6eccrosikHOBUATEIbHLIA ra3 8 IITB . . . . . . . 111
1V.3 Heiicreue IIT'B ma anmn3oTponuyio mia3my ¢ 3aTyxanneMm . . 126
Iv4 Heiicrue nnzkovactoTHbIx [II'B ma neognopomnyo mrazmy 133

3



OriaBjenue

V.5

IV.6
Iv.7
Iv.8
Iv.9

T'nasa V.

V.1
V.2

V.3

V4
V.5
V.6
V.7
V.8
V.9
V.10
V.11

V.12
V.13

V.14
V.15

HeiicrBre auzkogacToTHbIX [IT'B Ha MArHUTOAKTUBHYTO TLI1a3-

Heiictue ciabpix III'B #a MaranToakTnBHyIO miaasMy . . . 146
CronkHOBHUTEIbHASA peJIaKcanys miIasMbl B mojge I'B . . . . . 152
Heiictue IIT'B na cuibHOCTOIKHOBUTEIBHYIO TIIa3My . . . 157
Bingnawe rpamunmn Ha apmkenne mias3mel B mone IITB . . . . 164
I'paBuMarHUTHBIE yJIapHBbIE BOJIHBI 171
Vci10Bust BMOPOXKEHHOCTHU B TLJIa3My MArHUTHOTO mojs . . . 171
VYpasueuns penastupuctckoit MI'/L nmiasmbr B rpaBUTAIINOH-
HOM TIOJIE€ .« « v e v e e e e e e e e e e i e e e e e o178
Pemenne ypasuennit PMII 8 merpuke I[II'B a1y nzorpon-
HOM TJIA3MBL « .« o v v v v v v v v e v e e e e oo oo ... 18D
UccreoBanme pemeHust . . . « o« oo« ooovoe oo oo ... 192
Tlepenadua sueprun I'B B mna3me: ypasuenue sneprodasiamnca 201
Vpasueuna PMI'/I ais anuwzoTponHoit maa3mer . . . . . . . 207
Pemenue ypasueruit PMT/I nis anuzorponnoit mwrazmer . . 210
Hpeiiposoe pemrenue g aHU30TPOIHON TAa3Mbl . . . . . . 217
Kunernyeckoe 000CHOBAHNE TPABUMATHUTHBIX YIAPHBIX BOTH221
VabTpapenaTUBUCTCKAass aHU30TPOTTHAS TIa3Ma . . . . . . . 227
Biusgaue anuzorpornuu m1a3Mbl HA MATHUTOTOPMO3HOE M3-
JYIEHUE « o v v v e v e e v e e e e e e e e e e e 230
UccrenoBanne ypaBuenus sneprodasanca . . . . . . . . . . 231
Yucnennoe MOJIETUPOBAHUE 3JEKTPOMATHUTHOTO OTKJINKA
GMSW ... . o028
GSMW u rpaBUTAIIMOHHO-BOJTHOBbIE SKCIIEPUMEHTHI . . . . . 262

JlBrKeHne HeOHOPOIHON MArHUTOAKTABHON IJ1A3MbI B I110-

nelllB . ... ... o oo o ... .286

TsmaBa VI. KwuneTmka paHHUX cTaAnii KOCMOJIOTUYECKOTO pac-

VI1
VI.2
VI3
V1.4

VI5

IMupeHud 291
Koudopvuas nHBapHaHTHOCTh KWHETHYECKOH Teopuu . . . 291
Kocmonornueckast 9BOJONNA G€CCTOIKHOBUTEIBHBIX YacTHIl 296
Kunernka KOCMOJIOrn4ecKOro Paciimpenus mia3Mbl B yCJIO-

puax JITP . . . ... ... ... ... .. ..........302
Kwunerwka pacimmpenns pauaruonHo JOMUTHUPOBAHHON TLIa3-

MBI . . v vt i e e e e e e e e e e e e e e e e e e e 310
CronkuoBuTebHOE 3aryxanne I'B B ropsaueit Beemennoit . . 314

4



OriaBiieHne

T'naBa VII. PeagruBmucrckasg KMHETUKa KOCMOJIOTMYECKOTO Oa-

puoreHesuca 329
VIIL.1 Mexanusm napymrenusi 6apuonuoit cummverpun Beesennoit . 329
VIIL.2 Anrebpa B3anmogeitcreuit SU(5) . . . . ... 332
VIL.3 Penarusucrckue kunerndeckue ypaspuenns B SU(5) . . . . . 333
VIIL4 Kunernuyeckne ypaBuenus 1jisd (DEPMUOHOB . . . . . . . . . . 338
VIL.5 Kuneruyeckue ypasuenus /i X - 0030HOB . . . . . . . . . 340
VII.6 SaKOHBI COXPAHEHUS  « « « « o o v v e v v e e e e e e oo 342
VIL.7 Crnaboe HapyIeHne 3apsaa0BOil CHMMETPUN B CTAHIAPTHOMN
SU(B) MOZEIH . « « « o v it et e e e e e 344
VIL.8 UccnemoBanme pemieHusT . . . . . . . .. w e e 348
VII.9 Oyukimsa ¢ B OOTBIIMAHOBCKOM MPUOJUKEHUN . . . . . . . . 349
VIIL.10 Orkiionenne X-0030HOB OT PABHOBECHUS . . . . . . . . . . . . 350
VII.11 IIpeobpazoBanue Kk 6€3pa3sMepHBIM MEPEMEHHBIM . . . . . . . 352
VIL12 @yexmum U(E) u O(F) . . . .. oo 353
VII.13  Otkionenue ot pasuosecus, 0 f(n,&) . . . . . . . . . .. .. 356
VIL.14  Pe3yabTaThl . . . . v v v v v vt e e i e e e e e 359
T'smaBa VIII. KwuHeTudeckass Mo/iesib HepaBHOBecHOM Bcesien-
HOM 362
VIII.1 CranmaprHas Touka 3penus Ha ycranosjenne JITP Bo Bee-
JEHHOM . . . . . . . . L 362
VIII.2 TloyunTenbHbIil TPUMED . . . .« o o v v e e e 364
VIIIL.3 W neonorus cranaapTHOTO KOCMOJIOTHYIECKOTO ClieHapusd . . . 366
VIII.4 Bosee peranpuniit ananus JITP . . . . . ... .. ... ... 376
VIIIL.5 CKelJIMHT B3aMMOJIEHCTBYS PEIATHBACTCKUAX YACTUIL . . . . 383
VIII.6 Kunermyeckne ypaBHeHUs JJIs1 CBEPXTEMJIOBBIX YacTuI . . 393
VIIL.7 Penakcamus cBepxTeryioBoit KOMIOHEHTHI HA PABHOBECHBIX
ACTUATIAX  « « ¢ ¢ o v e e e e e e e e e e e e e e e e 398
VIIL.8 Pazorpes paBHOBeCHOIT KOMIIOHEHTHI CBEPXTEIJIOBBIMU Y-
CTUTIAMI . .« o ¢ ¢ e e e e e e e e e e e e e e e e e e e 403
VIIL.9 3aKOHOMEPHOCTH CTaBOHEPABHOBECHON KOCMOIOIHIECKOH MO-
2 (<25 S 414
VIII.10 Wuarerpan croskuosenuii B popme Pokkepa - [Inanka . . . 423
VIII.11  Juddysuonnoe ypaBHeHue g CBEPXTEILUIOBbIX dacTul . . 426
VIII.12 Kocmosoruveckas 3BOJIONNSA C CUILHO HAPYIIEHHBIM DaB-

HOBECHEM .« v v v v e e e e e e e e e e e e e e e e 428



TinaBa IX. J/ImmammumdyecKoe 060cHOBaHNEe KMHETUYECKOM Teopun449

IX.1

I1X.2
IX.3
IX.4
IX.5

IX.6
IX.7
IX.8

OyHKIMY UCTOYHUKOB, yPaBHEHUS TOJA U (DYHKIHUHA PaC-

TPETETIEHM .« . o« o e v e e e e e e e e e e e e e e 449
Cpennme mo ancam0OIi0 U ypaBHenus JIuyBwiurs . . . . . . . 458
WNurerpanbaoe npecrasienue ypasuenud Jluysuiangd... . . . 459
Vpasuenus BisiacoBa B rpaBUTAIMOHHOM TOJE . . . . . . . . 467
Kunernyeckue ypaBHenus /i m1a3Mbl B IDABUTAIMOHHOM

10 1 (< 469
Ycpennenue JOKAIbHBIX QPIAYKTYaAIuid METPUKA . . . . . . . 472
Kunerntieckoe ypaBHenne /1jisi 6€3MacCcoBbIX YacTuir . . . . 478
M3orponu3zarust OTOHOB rPABUTAIIMOHHBIMU B3aUMO/IECTBU-
AMIA 0 v v e v v e e e e e e e e e e e e e e e 487

JIutepatypa 489



IIpeaucaosue

1. Heo6xomumocCTh OOIIEpPeaaTUBHUCTCKON KNHETHYECKOI
Teopun

B nocniennue Tpu gecarunetus B obreit reopun ornocurensaoctu (OTO)
BBIJEJIMJIOCH ¥ PA3BUBAETCS CAMOCTOSATEIHFHOE HAMPABJIEHNE - OOIIEPeIsTH-
BUCTCKasi KWHETUYECKAs] T€OPHUs FAa30B U TJIA3MbI, OCHOBBI KOTOPOH ObLIn
cdhopmynuposnsl B 60-e roapl B padorax H.A. Yepuukosa [1], I. TayGe-
pa u /Ixx. Baiin6epra [2], H.A. Yepuukosa [3] - [6], A.A. Bracosa [7], P.
JIunaxeucra [8] m apyrux (cM., Hampuwmep, [9] - [12]). Vmeercs HECKOIB-
KO TPWUYWH Jjig pa3BuTus kuHerwdeckoit momesnu Bemectsa B OTO. Bo -
MEPBbIX, KHHETUYIECKAsT TEOPUs BCIEJICTBUE CBOETO MUKPOCKOIMIECKOTO Xa-
pakTepa sBJsgeTcs Teopueil 6osee TyGOKOTO yPOBHS, 9€M THIPOIUHAMUKA.
TobKO HA OCHOBE KMHETUYECKONH TEOPUH BO3MOYKHO CTPOrOe TUHAMUIECKOE
000CHOBAHNE PEJIATUBUCTCKOM THIPOJUHAMWKY, BhISICHEHIE TPAHUIL €€ TIPHU-
MEHEHUS, & TAKK€ KOHKPETU3AIWS U BHIYUCIECHUE PA3TUIHBIX MapaMeTpoB
TUIPOIVHAMUYECKUX yPABHEHMI: KOI(DDUITNEHTOB MTEPEHOCA, YPABHEHUS CO-
CTOSIHUS U T.II.

Bo - BTOpBIX, 006/1ACTH TPUMEHUMOCTH THAPOJAMHAMUIECKON MOJIETN Be-
MECTBA OTPAHWYEHA YCJOBHUSME CYIIECTBOBAHUS JIOKAJIBHOTO TEPMOJIMHA-
muueckoro pasaosecus (JITP), koropble BbIIONHAIOTCS JUIlb i caaboHe-
OJHOPOJIHBIX U CJIA0OHECTANMOHAPHBIX CTATUCTUYECKUX cucTeM. s mos-
nepxannsa JITP nauma ¢cBo6oaHOrO TTpobera YacTuIl JOIKHA OBITH TOPA3I0
MEHbBIIE XapaKTEPHOTO pa3Mepa HEOTHOPOJHOCTH CHCTEMBI, JIHOO CpeaHee
BpEMsi MEXK/Iy CTOJKHOBEHUSIMH YACTHUI] - TOPA3J0 MEHbIE XapaKTePHOrO
BPEMEHU HBOJIOIUU CUCTEMbI. B CHJIBHBIX PEIATUBUCTCKUX MOJISX TATOTE-
HUSI YKA3AHHBIE YCJIOBUS JIETKO MOTYT OBITH HAPYIIEHBI, B PE3YIbTATE CTa-
THCTHYECKAS CHCTEMA OKAXKETCsS HEPABHOBECHOH. B 3ToM ciywae Tpaauim-
OHHOE M OTHOCHUTE/IbHO MPOCTOE THIPOJIMHAMUYECKOE OMUCAHWE BEIIECTBA



IIpenncnoBue

CTAHOBUTCSI HEIIPUEMJIEMBIM, U TpebyeTcs mpuBJedenue Hosee CI0XKHON ero
MO/IEJTH, K KOTOPO# MPUBOAUT OOIIEPETITUBUCTCKAS KHHETHIECKAS TeOPHs.

B nacrositiiee BpeMsi M3BECTHO MHOXKECTBO MPUMEPOB TAKUX CYIIECTBEH-
HO HEPABHOBECHBIX PEJSTUBUCTCKUX CTATUCTUIECKUX CHCTEM. JTO - TPABH-
TAIMOHHDBIE BOJHBI B Topsiueil BeeneHHoil, pesukToBbie (pOTOHBI ¢ MOMEHTA,
PEKOMOMHAIINY TLIa3MbI, PETUKTOBbIe HefiTpuHo ciycta 0,1 cekyHIy ¢ Mo-
menTa Bosbimoro B3pbiBa, KocMudeckre Jydn CBEPXBBICOKUX JHEPIUil BHE-
FaJIAKTUIECKOTO MPOUCXOXK IEHNsT, KPYITHOMACIITa0HAasi CTPYKTypa Bcemen-
HOM, OKOJIOMY/IhCAPHAS IJIA3Ma, JJEKTPOHBI B IMJIA3MEHHBIX W MeTaJlInde-
CKHUX JIeTEKTOPaX IPABUTALUMOHHBIX BOJIH U T.1. (cM. Puc. 1).

Crenyer OTMETHUTH TEHJEHIINIO, HAMETHUBINYIOCH B TIOCTIEIHUE TOIbI B
KOCMOJIOTHY — ODHAPYIKEHUE CYIIECTBEHHO HEPABHOBECHBIX CUTYAIIUN TaM,
TJe MOJTYAJINBO TPENOIAragoch cymecrsosanne JITP. Dta Tergennus Bb-
3BaHA C OJHON CTOPOHBI GoJiee yriryOJeHHBIM U TOCJIEJ0BATETbHBIM AHATIH-
30M ycioBuii cymecrBoBanus JITP B KOHKpeTHBIX acTPODU3UIECKHUX U KOC-
MOJIOTHYECKHUX CUTYAIHsAX, & C JIPYTOfl CTOPOHBI — MPOrpPeccoM B 00JacTh
GbUBUKY IJIEMEHTAPHBIX YACTHUIl. YKA3AHHON 00Ie#l TeHgeHmrn 6e3yCI0B-
HO CIIOCOOCTBOBAJIN M KPYITHEHIITHE aCTPOHOMUYECKUE OTKPBITUS TIOCTIETHUX
JIET MEJIOr0 Psifia MOIIHBIX MCTOYHUKOB HEPABHOBECHOTO 3JIEKTPOMAHUTHO-
ro n3nydenusd. Jms Teopun oOpas3oBaHus KPYITHOMACIITAOHON CTPYKTYPbI
Bcenennoit B mocie rue rojbl BOOOIE XapaKTEPHO BBEICHIE HOBBIX THIIOTE-
THYECKUX MACCUBHBIX C/1A00B3aNMOIEHCTBYIONINX YACTHUI]: AaKCHOHOB, HECTA~
OuabHBIX HelTpuHO U T.1. C pa3sBUTHEM CXEM BEJIUKOTO OObEeIWHEHWs B3a-
umoieiicTBuit demMenTapubix dacturn tuna SU(5) B KOCMOJIOrHIO paHHeit
Beenennoit cramm BBOAUTHCST CBEPXMACCUBHBIE BEKTOPHbBIE U CKAJSAPHBIE 6O-
30HEBI ¢ Maccoif mopanka 101°T'ss. Hapymenne JITP Mexxmy sTuMu 6030HAME
¥ JIETTOHHO - KBAPKOBOM TLIA3MOI HA CAMBIX DAHHUX CTAIUSIX KOCMOJIOTHYE-
CKOTO PACIIUPEHNUs TTPU OTCYTCTBUHU - NHBAPUAHTHOCTU MOYKET TTPUBECTH K
rereparuu 6apuoHHOro 3apsaaa [13], [14]. BaxKHo 0TMeTHTH, ITO yKa3aHHbIH
s dexT MOKeT BOBHUKATD JIMIIb 1P yciaosuu Hapymenus JITP [15], koraa
TUAPOJUHAMUYECKAS MOJIETh OKA3bIBAETCsl HEITPUTOTHOM.

Tperbst npuunHa, HEOOXOIUMOCTH PA3BUTHS OOIIEPEIATUBUCTCKON KIHE-
THUYECKOM Teopun 3aKII0YAeTCs B cyeayiomem. [leHTpaibubiii 00heKT KuHe-
THYECKO# Teopun, (hyHKIMs pacnpeiesieHus, NOJINHAETCS HHTETPO - aud-
depeHImaIbHBIM YPaBHEHUAM, B KOTOPBIX AuddepeHnua bHbIi OnepaTop
OIPEJIENISIETCS MAKPOCKOIMUYECKONH METPHUKONW MPOCTPAHCTBA - BPEMEHU U
MaKPOCKOTTMYIeCKUMU (DUBUIECKUMHY MOJISIMY, B TO BPeMs KaK WHTErPAJIbHBIIH
OTepaTop, MHTErPaJl CTOJKHOBEHUI, OMpeIesaeTCss MHBAPUAHTHBIMY AMTLIHU-
TYIAMU PACCESTHS, BBIYUCTIEHNE KOTOPBIX SABJISETCS OTHOM U3 TJIABHBIX



Ilpenncaosme

1511g T (K)
10— T=m.’
29 \
L g
N % ‘)
—T=m,c’ i °
5 8
— §
1 t z
\tper :l 9
5 )
s

lgn

N
(e

Puc. 1. TIpmMeHUMOCTH Pa3JIMYHBIX MOJiejieil omucaHusl Bellle-
cTBa. 1- KOCMOJIOrHYEeCKUI TPEK JIEKTPOHHON KOMIIOHEHTDI I1J1a3Mbl (IOKa-
3aHbI KOCMOJIOTHYeCKHe BpeMeHa B CeKyH/aX, tpek- BPeMsA DEKOMOHMHAIIH
BOJOPOJHOIT I1JIA3MbI B CTAHIADTHOM KOCMOJIOIHYE€CKOM CIIEHAPHH); 2- HUXKE
9TOI JIMHUH KOCMOJIOTHIECKUEe HEHTPUHO HEOOXOIUMO OMHCHIBATH CTATHCTH-
koif @epmu; 3 - HUXKE ITOL JIHHUHT KOCMOJIOTHYECKHEe 3I€KTPOHBI HEOOXO MO
OMHCHIBATH CTATHCTHKOI Pepmu; 4 - HUXKe ITOH JIHHHH KOCMOJIOTHYECKHE
HYKJIOHBI HEOOXOJUMO OIHCHIBATH cTaTHCTHKOI Pepmu; 5 - 3JeKTPOHBI B
Cosneunoii armocgepe; 6 - saekTporbl B COTHEYHON KOPOHE; 7 - 3JIEKTPO-
HBI B MArHOTOCEPE CBEPXIIJIOTHBIX U HEHTPOHHBIX 3BE3]; 8 - ONTHMAJIb-
Hasi 00JIaCTh YIPABJISIEMbIX TEPMOSIEPHBIX DEAKIHi; 9 - 3BOJIOINHOHHBI
TPEK siIepP 3BE3; - BHE TEMHO-CEPOH O0OJIACTH MOXKHO OTDAHHYIHTHCS yde-
TOM JIHIIIb TAPHBIX CTOJKHOBEHHIT 3JIEKTPOHOB; - BHE CBETJIO-CEPOIT 001aCTH
MOXKHO OTPAHUYHTHCS Y9€TOM JIHIIND MAPHBIX CTOJKHOBEHHIT HYKJIOHOB; BbI-
e 3TOoI JIMHHH BOJOPOJHAS ILIa3Ma HOHH3HpoBaHa 6ogee deM Ha 90% ;
BBIIIIC 3TOI JINHUH B IIa3Me coaepskuTcs 6ogee 50% IO3UTPOHOB; * - IKCIIE-
PHMEHTHI IT0 BBICOKOTEMIIEPATYPHOIT Mj1a3Me B JJAOOPATOPHBIX YCTAHOBKAX;
© - pacyeTHbIe JaHHBIE.




IIpenncnoBue

3a/a4 KBAHTOBOH Teopuu mnoJisd. Takum 00pa3oM, KHHETHIECKAasl TeOPUs
SABJISI€TCsI CBOEOOPA3HBIM MOCTOM, CBS3BIBAIOIINM MHUKPO- U MAKPOYPOBHH
OTIMCAHUS BEIECTBA, U BBEJEHNE OOIEPEATHBUCTCKON KHHETUKU B CTPYK-
Typy OOIIeil Teopur OTHOCUTEIHHOCTH TPUBOANT K OOJIee TOTHOMN, JIoThYe-
CKHU 3aMKHYTOIl KapTUHE MUPA.

Cy1ecTByeT, HAKOHEIT, eIie O/IHA TJ1yO0Kas MPUIUHA HEOOXOIUMOCTH Pa3-
BUTHS peaTuBUCTCKOM kKuHernku B pamkax OTO, kacaiommascs ee quHaMu-
YeCKOTO ACTIEKTA W TECHBIM O0PA30M CBSI3aHHAS C BHYTPEHHUM DA3BUTHEM
TEOpPUHU TpaBUTAIWK. Pedh MaeT O rpaBUTAIMOHHOM B3aMMOIEHCTBUM dYa-
crut. BenencrBue HEIMHEHHOTO XapaKTepa TEOPUU TPABUTAIINYA MAKPOCKO-
MAYECKUil TeH30D YHEPIUU - UMITYJIbCA HE ONPEIeseT MAKPOCKOIUIECKYTO
METPHKY IPOCTPAHCTBA - BPEMEHH, 9TO TPUBOJAUT K HEOOXOIMMOCTH TIOCTPO-
€HUsT KOPPEKTHOM TPOIIEIYPhI yUeTa KOPPEJANnil JOKAJIHHBIX (DJIyKTyaluii
METPUKH U TPOIEIYPHI CTATHCTUIECKOTO M3MEPEHUS TPABUTAIIMOHHBIX IO~
seit [16] - [17].

Hecvmorps ma Bo3pociuii uaTEpec K OOINEPESATUBUCTCKON KHHETHKE,
9uCII0 yOJMKAIHi 110 3TOH mTpobsieMe BCe €eIe OCTAETCS CIJIUIITKOM MaJIbIM.
Ilo mueHn0 aBTOpa 3TOT (PAKT BO MHOTOM MOXKHO OOBICHUTH OTCYTCTBHEM
JI0 HACTOSIIIIEr0 BPEMEHHU JTOCTATOYHO TMOJIHONW MoHOTpaduw Mo 00IIepesis-
TUBUCTCKON KMHETUYECKON TEOPNH, MO3BOJIAIONIENH CIENUAINCTaM B TEOPUN
TPABUTAIMHU JOCTATOYHO TOJHO OBJIAJETH TOHATHUSIMUA W METOJAMU PeJisi-
TUBUCTCKON KuHeTuKu. OnyOauKOBaHHBIE 0 CUX TOP MoHOrpaduu aubo
HOCBAIEHB UL CTIENPeIaTHBACTCKON KHHETHKe! , 60 - HCHOIb30BAHITO
O0IIEPEIATUBUCTCKON KUHETUKH [IJIsi PEIeHns TTPoOJIeM OOIepeIaTUBUCT-
CKOl TEPMOAWHAMUKYN W TUApoanHaMuKku. Jlannas ke MoHOrpadus Haie-
JIEHA TIPeXK/Ie BCETO HA WMCCJEe0BAHNE CYIIECTBEHHO HEPABHOBECHBIX, KUHE-
TUYECKUX MPOIECCOB B PEIATUBUCTCKUX TOJISIX TATOTEHUS U IIPU3BAHA BOC-
TIOJTHUTD CyIIEeCTBYIOIMIMiA B JiuTepaType npobed.

2. Kparkuii ucropuieckunii o4epK pa3BuUTug oOIIepead-
TUBUCTCKOII KnHeTn4Yeckoii Teopuu ¢ 1911 mo 1976 rr

[IpuBenem KpaTKuii UCTOPUUIECKUIT 0030p PA3BUTHUS PEJIATUBUCTCKON U 00-
MEPEIATUBUCTCKOM KuHeTH4YecKoi Teopun. Ilo-Buanmomy, mepBoit paboToii
10 PEJISTUBUCTCKON CTATUCTUKE MOXKHO cuuTarh padory FOrraepa 1911-ro
roza [19] (cm. Taba. 1). 3Be3moukamMu OTMEYEHBI IPHHIUIAATBHO BarXKHbIE
JJIs PA3BUTHS PEJIATUBUACTCKON KUHETUKU PAOOTHI.

1Kax, manpumep, xraccuueckas mouorpadus C.ge I'poora, B. pan Jleysena u X. Ban
Bepra [18]
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Ilpenncaosme

Ta6auiia 1. A: XpoHos0orus pa3BuTHs PEISITHBHCTCKOI KHHETHKHI: C

1911 mo 1970 rr.

Ton

AgTop

CcpLika

OcHOBHBIE PE3YIBTATHI

1911

Jiittner F.*)

[19, 20]

Pesiarusucrckoe 0000111E-
HHE DABHOBECHOW (YHKINU

pacmpeIeleHus Maxkcsesia:

[ =Aexp(—y/m? +p?/T)

1914

Tolman R.C.

[21]

Pesiarusucrckoe 0000111E-
paBHOBeCHO#  (pyHKIHH
pacmpenerennsa Makcsesna

Hue

1928

Jittner F.

[22]

000011IeHUA
PaBHOBECHBIX pacHpeleseHuni
®epvu u Boze

Pesarusucrckue

1935

Walker A.G.

[23]

BoiBozm 6ecCTOIKHOBATEILHOTO
PENATUBUCTCKOTO KUHETH-
YECKOTO yPABHEHUS TSt
3apsKEeHHBIX YACTHI],

1939

D.Van
Dantzing

[24]

Beraucienst MaKPOCKOIIn1€e-
CKHE€ MOMEHTBI PEJIATUBUCTCKO-

To pacupenenenns Makcsesia

1940

Lichnerovich
A,
Marrot R.

[25]

Penarusucrckoe  0600meHMe
ypaBuenuda Bombnmana s
ciydas TTApHBIX YOPYTHUX
CTOJIKHOBEHUM

1940

Marrot R.

[26]

Pesiarusucrckoe 000011IeHTE
ypaBuenud Bombnmana s
ciydas TTApHBIX YOPYTHUX
CTOJIKHOBEHUM

11




IIpenncnoBue

Tabauiia 1. B: Xponosorus pa3sutusi peassTHBUCTCKOH KHHETHKHI

Ton Arrop Ccebrika OcHoBHBIE PE3yIbTATHI

BbrunciieHbl  MAKpPOCKOTINYE-
CKHE€ MOMEHTBI PEISATHBUCTCKO-
[27] ro pacnpenenenust Maxcsesia
U SHTPONUs

1948 Taub A.H.

BbrumciieHbl  MAKpPOCKOTIMYE-
CKM€ MOMEHTHI DeJISITUBACTCKO-
[28] ro pacnpenenenust Maxcsesia
U SHTPONUsA

1948 Koppe H.

BoiBeieHbI  PEJIITUBUCTCKUE
ypaBHenust JInyBuIIst U MOJy-
1950 Bnacos A.A. [29] YeHbl MX TPaHC(HOPMALUOHHBIE

cBOICTBA Mpu TPeoOPA3OBAHU-
ax Jlopenma

ITomyveno PEeTIATUBUCTCKOE
KUHETUYIECKOE ypaBHEHUE
KanmomToBma I KBAHTOBO#W  (pyHKIMH
FO.JI. [30] pacrpeeieHus. Buepsbie
PacCMOTpEHbI &8MHU  MepHbIe
byHKIINK pacrpeaeIeHus

1952

Uzygensr 37meKTpOMarHUTHBIE
Lindhard KOJIe0aHnsA PeNATUBUCTCKOI
J.LX [31] I7Ta3Mbl HA OCHOBE DeJIsTH-
BUCTCKUX ypasHeHUi Biacosa

1954

*JTlocse paGorst Jlunmxapra [31] Bo3muk Gym Ha uccieoBanme Koebanmii
PEeJISITUBUCTCKON TLIA3MBI, - B 9TOM Hampasjeann padorasn FO.JI. Knumon-
toBud4, B.I1. Cunun, C.T. Benses, .. Byakep u MHOrHE Jpyrue TEOPETUKH.
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Ilpenncaosme

Ta6auiia 1. C: Xporosorust pa3BuTHs PEIATHBACTCKOH KHHETHKH

Ton

AsTop

Cceblika

OcHoBHBIE PE3YABTATHI

1955

Kanmonrosny

10.J1.

[32]

Tlomy4aeno PENATUBUCTCKOE
KNHETUYECKOE YyPDaBHEHHE JJId
KJIACCUYeCKOi (DYHKIUU pac-
TipesieJieHns Ha OCHOBe (hopMa-
mqm3ma lamuabToHa 8-MEpHOTO
$a30BOro MPOCTPAHCTBA

1956

Bensies C.T'.,
Bynkep T'.11.

[33]

Ha ocHoBe wHBapmaHTHOTO
FaMUJIbTOHOBA  (POPMAIM3IMA
u dopmanu3ma 8-MU MEpPHO-
ro ¢a30BOro MpPOCTPAHCTBA
[OJTY YEHO PENATUBUCTCKOE
000061IeHne KUHETHUYIECKOT'O
ypaBuenus Jlanmay (ypasue-
uue tuna Pokkepa - [lnanka)

1957

Syng J.L.

[34]

Crporoe omnpejenenue  pesis-
THUBHUCTCKOM pyHKIHH, (YHK-
nust pacnpeenenus HOTTHEpa
0000IIeHa Ha Ciaydail HeHyJe-
BOI MAKpPOCKOIINYECKOU CKOPO-
CTH ¥ TIOJYyY9eHA KaK MAaKCH-
MaJIbHO BEPOATHAsI, OIpPeJIese-
HBI MAKPOCKOMUYECKUE TIOTOKU

1957

YepHukon

H.A.

[35]

Be3s wucnonw3oBanmsa dopma-
mqm3ma lamMmabTOHA TOTyUeHO
PEeIATUBUCTCKOE KHHETHYIECKOE
YPaBHEHUdA JJid CEMUMEPHO
byHKIIME  pacIpeseieHns C
WHTETPAJIOM YUPYTUX TIaPHBIX
CTOJIKHOBEHUH
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IIpenncnoBue

Ta6auiia 1. D: Xporosorust pa3Burs peassTHBACTCKOH KHHETHKH

Ton Arrop Ccebrika OcHoBHBIE PE3yIbTATHI
UccnenoBanbl cBOCTBA pesis-
Yepuukon
1957 HA [36] TUBUCTCKOTO WHTETPAJIa yIIpy-
o IUX TAPHBIX CTOJKHOBEHUM
Wurerpam mnapHbIX — CTOJKHO-
BEHUW NpuBOAUTCA K QopMe
Yepuukon PHBO bop
1957 HA [37] Boabnmana w g0Ka3bIBaeTCHd,
o 9T0 OH OOPAIIAETCs B HYJIb PAB-
HOBECHBIM PaCIpeeIeHueM
3anuceiBaeTcst HHTErpaJ
Yepuukon N
1957 HA [38] CTOJIKHOBEHU# MHOTOKPATHBIX
o YIPYTIUX CTOJKHOBEHUN
CdopmynupoBanbl  HECCTOJK-
HOBUTE/IbHBIE PEJIATUBUCTCKUE
KUHETUYECKNE VDABHEHUS B
Baacos
1959 AAY [39] TPOU3BOJIBHOM — T'DABUTAIIAOH-
o HOM IIOJI€ C IIOMOIIBIO TeXHUKHA
Kaprana paccioeHHBIX TIpO-
CTPAHCTB.
W3 pensTUBUCTCKOTO ypaBHe-
1959 KnumontoBud Hus JImyBuid mosydeHa 1ie-
1O.JL. [40] mouka Boromo6osa miasi 8N-
MEPHBIX paclpeaeaeHuit

*)Pabora [39] ssieTcst IepBOit paBOTOii TI0 OBIEPETATHBHCTCKON KIHETH-
ke. VlmenHo B 9T0#t paboTe B KMHETWKY BBEJIEH COBPEMEHHBIN (hOpMAIU3M
Kaprana muddepennupoBanns B pacClIOeHNN, KUHETHIECKUE YPABHEHUS
copMyIpoBaHbl B SBHO WHBAPHAHTHON (hOpMe, COOTBETCTBYIOIIEH CO-
BPEMEHHOH KOHLEIIUU CTaTUCTU4YecKoi Teopun. Paborsr A.A. Bnacosa no
OOIIEPESIATUBUCTCKON KUHETUYECKONW TEOPUH, KAaK W IO KJIACCHIECKON u
CTIEIUAJIBHO - PEJISTUBUCTCKO, HECOMHEHHO, SIBJISIOTCS MUOHEPCKUMH.

14



Ilpenncaosme

Ta6mauiia 1. E: Xporosorus pa3BuTust peisiTHBHCTCKON KHHETHKHI

1960

Syng J.L.*)

[41]

Bnepsnie chOpMyIUPOBAHBI
OCHOBHbBIE TIOHATHS ODIIEpeIs-
TUBUCTCKOU CTATUCTUYECKON
MO/IeJId, OIpesesleHbl MOMEHTBI
WHBAPUAHTHO CEeMUMEPHOIt
dbyHKIMKU  pacrupenesieHus U
MaKpPOCKOINYECKHUE TTOTOKU.

1960

KnanmonTosuua

0L

[42]

Ha ocnose nenouku Borosato-
6oBa ans 8N-mepHBIX pacipe-
JIeJIEHU BBIBEIEHO WHBAPUAHT-
HOE PEJIATUBUCTCKOE KWHETHYe-
CKO€ YpaBHEHUE /11 KBAHTOBOM
GYHKINN pacipeaeeHns

1960

Yepuukon

H.A.*)

[1]

Buepsbie BbIBEEHO —pesisiTH-
BUCTCKOE KWHETHYECKOE yPaB-
HEHHE C WHTErPAJIOM MAPHBIX
YIOPYTUX CTOJIKHOBEHUH OTHO-
CUTEJIbHO T-MEPHOTO pacipee-
JeHust B C(EpUUeCKd CUMMET-
PUYHOM T'DABUTAIIMOHHOM TIOJIE.
Haiinena pasHOBecHas QyHK-
WS PACTIPEICTICHS.

1961

Tauber.E.,
Weinderg
JW.5)

2]

Ha ocHoBe wHBapmaHTHOTO
lamunpronoBa  dopmann3ma
BIIEPBBIE chOpMyIUPOBAHBI
0O0IIEePEIITHBUCTCKIE KH-
HETWYECKWe  ypaBHEHUS  C
ydaeTom 3JTEKTPOMATHAUTHBIX
moJieii, HaiIeHbl HeOOXOIMMbIe
yCJIOBUS CTATUCTUIECKOTO
paBHOBeCUS ¥ DABHOBECHBIE
perteHus.
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IIpenncnoBue

Tabaunia 1. F: Xponosorus pa3surust peassTHBUCTCKOH KHHETHKHI

1962

YepHukos

H.A.

3]

Brieeneno PEIATUBUCTCKOE
KUHETUYEeCKOe ypaBHEHWE C
MHTErpajioM MapHBIX YIPYTHAX
CTOJIKHOBEHWI  OTHOCHUTEJHHO
7-MepHOTO paclpeieseHus B
TIPOMU3BOJIFHOM  T'PABUTAIMOH-
HOM TIOJI€.

1962

YepHUKOB
H.A.

[4]

Hoxkazana H-teopema Bombir-
MaHA IS PEJIATUBUCTCKUAX
yOPYyTUX CTOJKHOBeHWil. U3
YCJIOBUSI DABEHCTBA TTOTOKA, dH-
TPOTIUM HalJeHAa PaBHOBECHA
GYHKIINSA pacipeaeeHns.

1962

YepHUKOB
H.A.

[5]

Tlosy4yensr ypaBHeHUs mepeHO-
Ca MaKPOCKOTUYECKUX BeJH-
9WH, J0KA3aHO COXPAHEHNE YHC-
Jla 9aCTUIl U SHEPTUU.

1965

YepHUKOB
H.A.

[6]

O6o6mennem Merona ['paza
MOy I€Hbl YPaBHEHHUs o0Iepe-
JSTUBUCTCKONW THUAPOTUHAMUKU
B 13-TH MOMEHTHOM TNPHUOJIH-
JKEHUU HA OCHOBE PEJISTHUBUCT-
CKUX KMHETUYECKUX YPABHEHU
C MHTEI'PAJIOM MAPHBIX YIPYTUX
CTOJIKHOBEHUIA.

1966

Buacos A.A.

[7]

Brepsbie mano mocsemoBaTe b
HOe WH3JI0XKeHne OoOIepersaTa-
BHCTCKUX ypaBHenuii Biacosa
HA sI3BIKE TPOU3BOAHBIX Kapra-
HA, TIPUBEJIEHBI TOYHBIE UX DPe-
IIEHNS.
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Ilpenncaosme

Tabauna 1. G: XpoHosorus pa3BuTHs PEJISITHBHCTCKOH KHHETHKH

1966 Lindquist Tlonydensr  oOIIEPETATHBHUCT-
E.W. [8] CKHUe ypDaBHEHHs IIE€PEHOCA.

PaccvoTpensr HEepaBHOBEC-

HbIE KHHETHYECKHE IIPOIECCHI

1971 Stewart J.M.

[9] HA OCHOBE PEJIATHBUCTCKOMN
KUHETUYECKOU Teopuu

BriepBble paccMOTPEHBI TIPHIIO-
JKEHNUST PEJIITUBUCTCKON KOCMO-
JIOTUH, B YaCTHOCTH, HAHIEHO
[10] perrieHre 6ECCTOIKHOBUTEIBHO-
IO KHHETHYECKOTO YDABHEHUS B
MeTpuke Opuamana

1971 Ehlers J.»

CucremMaTnyeckoe M3JI0XKEHNE
KHHETHUYIECKON TEOPpHUH ra30B B
[11] o01Iell Teopuu OTHOCUTEIHHO-
CcTnn

1974 Ehlers J.

Bnepsnie chopmMyTUpPOBAHBI
OCHOBBI CaMOCOIJIACOBAHHON
KUHETUYECKOU Teopuu B3au-
MOJIefICTBUA TI'DaBUTAIMOHHBIX
BOJIH C PEAATUBACTCKAM Ta30M

Hrnarves

1971 jo.r= [43]

*)Pabora [43] smasieTcs mepBoii paBoTOii TTO CAMOCOTIACOBAHHO# OBIITepesIsi-
TUBUCTCKOI KMHETUYIECKON TeoOpun B3aI/IMOﬂeI‘;ICTBI/IH TPaBUTAIIMOHHBIX BOJIH
C TLJ1a3MOTi.
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IIpenncnoBue

Ta6auiia 1. H: Xporosorust pa3Butus peasTHBACTCKOH KHHETHKH

Bnepsrie chopmynupoBanst
OCHOBBI  CaMOCOIJVIACOBAHHOI
Ignat’ev KAHETUYECKOW TEOPUH B3aUMO-
Yu.G.**) [44] JIefiCTBUS  3JI€EKTPOMArHUTHBIX
BOJIH C PEJIATHBUCTCKON IIa3-
MOI B I'DABUATAIMOHHOM TIOJIE

1975

Bnepsoie chOpMyIUPOBAHBI
OCHOBBI CaMOCOTJIACOBAHHOMN
Nrnarnes KUHETHIECKOH TeOpHUH T100a b
FO.T.***) [45] HOTO TEPMOIMHAMHUIECKOTO
PABHOBECHUS CAMOTPABUTUPYIO-
el peaaTUBUCTCKON TI1a3Mbl

1976

C pabor Asropa [43], [44],[45] dakTudyeckn HAYMHAIOTCS WCCIIEIOBAHWS
Kazamckoit MKo/IbI TpaBUTAIIMN B OOJIACTH OOIIEPeTITUBUCTCKON KUHETH-
YeCKOIl TeOpuu.

Hwuke mpunsiTa, €cam 3To He OTOBOPEHO 0c000, CUCTEMA, €IMHMIII, B KOTO-
poit G = ¢ = h = 1; curnarypa merpuku (— — —+), JATUHCKHE WHIEKCHI
npoberaior 3uadenus or 1 g0 4, rpedeckume - or 1 10 3. KoBapmantubie
[IPOM3BO/IHBIE 0003HAYAIOTCS 3AIATON OO0, T/Ie 3TO YA0OHO, CUMBOJIOM V.
Ten3zop Puuun ompenesnen udepe3 cBepTKy TeHzopa Pumana mo mepBoMy u
TPEThEMY WHIEKCaM, Kak U B KHuTe [46];

(p,q) = gup'q":

i k *
CKaJIipHOE TIpou3BeneHue BeKTopos p' u p*. CoorHomenne: A = B Gyner
0603Ha4YaTh, YTO papeHcTBO A = B mMeer MecTo B JAHHOH cucTeMe KOOp-
JIMHAT.

Baarogapuoctu.  Aprop 6saromapeH coeii xxene, Bamenrune Banosue
KostyH, 3a 60JIbIIYI0 TOMOII MO MOATOTOBKE KHUTH K H3gaHnio U Aracgo-
HOBY AustekcaHapy AJiekceeBHUy 3a MOJTOTOBKY MAKETa OOJIOXKKH KHHTH H
BBIIOJIHEHHE PsI/Ia CJIOXKHBIX PHCYHKOB.
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I'maBa 1

dopmMmaan3m
0O0IIepeIATUBUCTCKOIA
KNHETUYECKON Teopun

«Bomee cogucrtuaeckoe m erasibHOE
H3JIOXKEHHEe 3TOr0 IPEIMeTa YHTATEe b
HaHIerT...»

Nz xanrm Y. .Muszaepa, K.TopHa,
k. Yunepa ‘Tpasuranus” [47]

I.1 Craructnyeckoe onmucanue cCpeabl B TPaBU-
TAIIMOHHOM TIOJIE

[enTpanbHBIM TIOHATHEM OOIMIEPETATHBUCTCKON KHHETHYECKON TEOPHUH, KaK
U KJIACCUIECKOM, ABIACTCS GYHKUUA PAcnpedenerus, ¢ TOMOIIbI0 KOTOPOit
BBIYHACIAIOTCS MAKPOCKONNYECKUE 3HAYEHUS HaOIIOJaeMbIX BenndauH. Ta-
KuM 06pa3oM, (DYHKIUSA PACIpEIETCHAs SABJIAETC MAKPOCKOIIMYIECKOH Be-
JIMYUHON ¥ JIOJIZKHA, U3MEPATHCA MAKPOCKOIIMIECKUM IIPUOOPOM.
MaKpOCKOMAYHOCTE TIPHOOpa B KJIACCUIECKONW CTATHCTHKE O3HAYAET, BO
- TIEPBBIX, MAKPOCKOIIMIHOCTL €0 pa3MepoB: B ero oomeme AV = Az B
KasKJIBIii MOMEHT BPEMEHHU JOJIPKHO HAXOANTHCSA JOCTATOYHO OOIBITIOE TUCIIO
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I'maBa I. ®opmajm3M KHHETHIECKOH TeopHU

gacruil V:
N =AVn>1, (I.1)

r7ie 1 - TIIOTHOCTD YUCJIa U3MEPSIEMbIX YACTHII,

VYenoue (1.1), oqnako, He sIBIASETCs JOCTATOYHBIM YCJIOBUEM MAKPOCKO-
nwaHOCTH Tpubopa. Habmogaembie MAKPOCKONIUYIECKAE 3HAYEHUST TUHAMI-
qecKuX (QYHKIMIA HE ONPEJEJISIOT MOJHOCTHIO COCTOSHHUE CTATHCTUYECKON
CUCTEMBbI, JIJIs TTOJTHOTO OMHUCAHUST KOTOPO# HeoOXOIMMO 3HAHUE THCJA Ha-
CTUIl B KAXKJIOM JTUHAMWYECKOM COCTOSTHUU W B KAXKIbII MOMEHT BPEMEHU.
Takum 06pa3oM, MbI IPUXOAUM K MOHATHIO (PA30BOii IJTOTHOCTH COCTOSIHUIH,
T.€., K HOHATUIO (DYHKIIUU PACTIPEIETCHUS.

Paccmorpum ciaydait, Korga JUHAMWYECKUM SIBJISIETCS COCTOSTHUE C OIpe-
JIEJIEHHBIM UMILYJIbCOM P; Toraa ha3oBasi IJIOTHOCTH cocrosuuii ects F(r, p).
[Mycts Ap - TOYHOCTH U3MEPEHUST UMITYJIbCA MAKPOCKOTMYECKUM TPUOOPOM.
VeaoBre MaKpOCKOTMYHOCTH W3MEPEHUs] COCTOSIHUS C UMIYJIhcoM p + Ap
anasorngno (I.1):

N, = (2m) P A'rApF(r,p) = (27) *ALf(r,p) > 1, (12)

rae AT = A3rA3p - 6-mepnbrit bazoswrit 06bem mpudopa, (27) 72 - HopMu-
pOBOUHbBI MHOKHUTEb (B 0ObIHOl cucteme equuun, — (27h) ~3). Veaosue
(I1.2) m sBAsIeTCs yCIOBHEM MAKPOCKOMUYIHOCTH MPHOOPA B KJIACCHYECKOLH
craructuke. I[Ipu mapymennn ycnosus (1.2) Wmeno gacTunm B JAHHOM JU-
HAMUIECKOM COCTOSTHUM OKA3BIBAETCS MAJIBIM, TTOTOMY HAOII0OJAeMble 3HA-
YEeHUsI TUHAMWYIECKAX (DYHKIMH CHIHHO (DIYKTYWPYIOT W OTKJIOHSAIOTCS OT
CBOMX MAKPOCKOTTMYECKNX 3HAYECHWMI.

CooTHotIeHE HEONpemeIeHHoCTr [efizenbepra MPUBOANT K OTpaHmde-
HUWIO HA MUHUMAJILHBIA (PA30BBIiH 00beM Tpubopa:

AT > (27)3. (L3)

Bcenencrsue npunmuna [layan gBe TOXKIECTBEHHBIE YACTHUIILI C TTOJIYIEIBIM
CIMHOM S HE MOT'YT HAXOJUTHCS B OJTHOM COCTOSIHUH, T.€., YUCJI0 (PEPMUOHOB
B MMHMMAaJIbHOM (pa30BOM 00beMe He JOJIZKHO npeBbimaTh 25 + 1:

(27) 73 min ATF(r,p) = F(r,p) < 25 + 1. (1.4)

IMocnennee yciosue npusoaut K 6osiee xecrkomy, yem (1.2), onpenenenuro
MaKPOCKOITUYIHOCTH MPprOOopa:

AT > (27)°. (L5)
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L1. Cpena B rpaBHTAI[HOHHOM IOJIE

PengruBucrckas Teopusi BHOCUT CBOU JIOTIOJTHUTEIbHBIE TITPUXU K 0Opasy
MaKpOCKOMuIecKoro mnpubopa. M3mepenne m060it (pu3ndeckoil BeTMINHDI
MPOU3BOJNUTCS B TEUEHWE KOHEYHOrO TPOMeXyTKa Bpemenu, At. Orpamnu-
YEeHHOCTH CKOPOCTH PACTIPOCTPAHEHUST B3AMMOIEHCTBII HAJIATaeT OrpaHuye-
HUE CBEpXY Ha JIMHEHHbIE Pa3Mephbl MAKPOCKOIMMIECKOTO TPHOopa, COrJIacHO
KOTOPOMY JTIOOBIE Ba COOBITHS B MPHUOOPE, OTHOCAIIMHECS K OTHOMY aKTy
U3MEpPEHusl, JTOJIXKHbBI HAXOIUTHCS BHYTPU U30TPOITHOTO KOHYCA:

(At)? — (6r)* > 0. (1.6)

Huskuuit npegen At ycraHaBImBaeTCs XapaKTEPHBIM BPEMEHHBIM MaCIIITa-
OGOM 3IBOJIONHUY CTATUCTUIECKON CHCTEMbBI, T, U TPeOyeMO# TOYHOCTHIO U3-
MEpeHusi, — ITOT MPeJIes JOJKEeH ObITh 3aBeIOMO MeHbIe 7. JIas cTporo
CTAIMOHAPHBIX CUCTEM T — OC, ¥ BPEMs U3MEDPEHUsT MOYKeT ObITh BhIOpa-
HO CKOJIb yroguo GosbmuMm. Bmecre ¢ uum corsacuo (1.6) ckoib yromso
OOJIBIIIMMY MOTYT OBITH BHIOPAHBI U PA3MEPhI MAKPOCKOTIMYECKOTO TIPUOOpA,
OCTaBasICh OTPAHWYEHHBIMU JIUIb cHu3Y. OHAKO, [T CYIIECTBEHHO HECTa-
uuonapHbix cucreM yciosue (1.6) cranoBurcs gocraTodHo xectkuMm. B ciy-
qae xe, korga (I.5) u (I1.6) nuporuBopedar apyr apyry, BOOOIIE HEBO3MOXKHO
MOCTPOEHNE MAKPOCKOMTUYIECKOTO PUO0OPa, U BBeAeHNEe (DYHKIMNA PaCTpeIe-
JIGHWST CTAHOBUTCS (PU3NIECKNA OECCMBICIEHHON ONepaIneii.

Takasi cuTyarus peanu3yercs, HAIPUMep, Ha MJIAHKOBCKUX CTAUSX TO-
psueit Beenennoit, BpeMeHHOM MaCIITad BOJIONUN KOTOPOI PABEH ee BO3-
pacry, t. [Tostomy At < t, uro Benencrsue (1.6) TPpUBOAUT K yCIOBHIO:

Ar <t. (I.7)

Pazbpoc 3nadenunit uMmyaIbCOB yAbTPAPEIITUBACTCKUX YACTHUIL B TOpAUEi
mofemu Beemernnoit mveer mopsiox 1/4/t, mostomy yenosue (1.5) mpumer
BUI:

t>1 (L8)

¥ HAPYIIAeTCsa HA IJIAHKOBCKHX MacinTabax Bpemenn t ~ 1.

Takum 00pa3oM, y:ke B CIEIUAJBHOW TEOpUHM OTHOCUTEIbHOCTH MAaK-
pockonmYecKuii mpudOp 3aHUMAET HEKOTOPOE IMIPOMEKYTOUHOE TOTOXKEHHE
MEeXK, Ty MUKPOCKOITMIECKIM U MaKPOCKOMMIECKUM MACIITAOAMU, TTOCTIeTHIIT
U3 KOTOPBIX OMPeJIesieTCs BpeMeHeM SBOJIONNAN CTATACTUYIECKON CHCTEMBI.
OHaKko, BepXHMi Mpeges MacITada MaKpOCKOMMYECKOTO TIPUOOpa, He STBJISA-
€TCA eIlle OPraHUYeCKON 4epTOoil CIEeNpeIaTUBUCTCKON KUHETUKHU, a ONpeae-
JISIETCS KOHKPETHBIMU CBOMCTBAMY CTATUCTUYECKON CHCTEMBI M CIIEITN(PUKOM
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I'maBa I. ®opmajm3M KHHETHIECKOH TeopHU

HaOIIOIaeMbIX BeTUYMH. AHAJIOTUYHAS CUTYAIlUs BOZHUKAET W B HEPEJIATH-
BUCTCKOH KUHETHKE, KOTJA M3MEPSAIOTCS MAKPOCKONMUYECKH HEOTHOPOIHBIE
pactpenenenns. s u3aMepennst 3TOi HeOIHOPOIHOCTH HEOOXOINM TTPpHOOp
C JIMHEHHBIMU PA3MEPAMU 3HAYUTEHHO MEHBIITUMHU MACIITaba HEOIHOPO/I-
HOCTH.

B obweti sice meopul, OMHOCUMENDLHOCTNU NPOMENCYMOUYHOCTND NOAOHCE-
HUA MAKDOCKONUYECKO20 NPUOOPA CMAHOBUMCA 0P2AHUMECKOT 4epmotl 00-
WEPEAAMUBUCTNCKOT KUHEMUKY TIO CTIAYIOmuM npudnaam. [lepBas u3 3tux
TMPUYYH BIOJIHE AHAJOTWYHA PACCMOTPEHHON BBINIE: CYIIECTBOBAHWE KPHU-
BU3HBI TPOCTPAHCTBA - BPEMEHH, CBUIETEIHLCTBYIOMIEH O HAJUYIUU TPABUTA~
[IHOHHOTO TIOJIsl, TPUBOJUT K TOSIBJIEHUIO IPOCTPAHCTBEHHON WU BPEMEHHOM
HEOTHOPOTHOCTHU € XapPAKTEPHBIM MACHITA00OM PABHBIM PAJINYCy KPUBU3HBI
re = K~!, rme K - KpHBH3HA TIPOCTPAHCTBA - BpeMeHHt. UeThIpexMepHLIe B
YKa3aHHOM BBIITIE CMBICJIE PA3MEPHI MAKPOCKOMMYECKOTO MPUOOPA TOIXKHBI
OBITH TOPA3I0 MEHbIIE STOM BEJMIMHBI.

Opanako, ecrb u jpyras, 6osee riybOKas TPUYUHA, CBSI3aHHASI C MPO-
O1eMOit CHHXPOHM3AINK 9acoB. B 001m1eit TeOprun OTHOCHTETLHOCTH CHHXPO-
HU3AIUS 9aCOB B KOHEYHOM 00beMe MPOCTPAHCTBA BO3MOXKHA JIWIIb B CHH-
xpoHHBIX cucremax orcuera (CCO) [46], KoTopble peaIn3yroTcsi BpeMeHHTO-
JOOHBIMY KOHTPYIHIIUSIMU reoe3ndeckux auuuii. [losTomy, eciim Mbr XOTHM
MOJIy9UTh C MOMOIIBI0 TpUOOpa wHMOPMAaINio 00 OTHOBPEMEHHOM 3HAYEHUN
HADJIIOIAEMOi BEJIMYUHBI, TO JIOJIZKHBI CKOHCTPYUPOBATH ITOT MPUOOP U3 HE
CBSI3AHHBIX MEXKJIy COOOH 3JIEMEHTOB, COBEPINAIONIAX IeOJe3UIECKOe [IBU-
xenne. OIHAKO, TPOCTPAHCTBEHHBIH 00bEM Me0Ie3MIeCKOi TpyOKH mpubopa
U3MEHSIETCS BJIOJIb €r0 TPAEKTOPUHU BCIEICTBUE OTKJIOHEHHUS Te0Ie3NIECKIUX.
Hampuwmep, 06bem reone3ndeckoit Tpyoku mpudoOpa B pACIIUPSIIONIEMCS MU-
pe @puamMana pacTer ¢ TeYeHHEM CUHXPOHHOIO BpEMEHH, B MeTpuKe Boniu
- Ilupanu - PobumcoHa mOCTE MPOXOXKIAEHUST MPABUTAIMOHHOTO MMITY/IHCA
obbeM Teoae3uIeckoil TpyOKn yMmeHbinaercs. 3Menenne obbema mpubopa
MPUBOIUT K HEONPEIeJeHHOCTH 3HAHWH 00 m3MepseMoM 00bekTe. UToObI
n30erKaTh ITOW HEOMpeaeIeHHOCTH, HeOOX0INMO MOTpeboBaTh MAJIOCTh T'eo-
JIE3UYECKOr0 OTKJIOHEHHST BCEX 3JIEMEHTOB Mpudopa, T.e., OrPAHUYECHHOCTD
€ro YeThIPEXMEPHBIX PA3MEPOB:

|Rijkl5iuj§kul| <1, (1.9)

rae u' - BEKTOpP CKOPOCTH KAaKOIO - JHOO d1eMeHTa mpubopa, d° - BeKTOp
re0JIe3MIECKOT0 OTKJIOHEHUST KAXKI0M TOYKU TPUOOPA OTHOCUTETHHO BbI-
opammoii. Ecim ke pa3indHbe 3JIeMEHThI MAaKPOCKOIMMYIECKOTO Mpubopa, He
JIEXKAT HA, BPEMEHUTOJO0HBIX Te0AE3NIEeCKUX, TO BCAEACTBAE PACCHHXPOHU-
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L1. Cpena B rpaBHTAI[HOHHOM IOJIE

3alid 9aCOB B PA3JIMYHBIX TOYKaxX mpubopa HaboJaeMasi THHAMAYECKAs
BeJInYuHA Oy/eT U3MepPSIThCs B PA3TUIHbIE MOMEHTHI BpEMeHU ¢ pa3zbpocom
At, paBHBIM MakcuMaJabHOMY HedeKTy Bpemenu B mpubope. TpeGosanue
OTIPEIeJIEHHO TOYHOCTH M3MepeHusi HAOII0IAeMOi BeJIMIUHBI COBMECTHO C
ycaosueM Bpemenuunnogobnoctu uamepenus (1.6) cuosa npusogur x (1.9),
T.e., K OTMEYEHHOMY BBIIIE YCJIOBUIO MAJOCTH YEeTHIPEXMEPHBIX Pa3MepoOB
npubopa Mo CPABHEHUIO € PAJUYCOM KPUBU3HBI TPOCTPAHCTBA - BPEMEHH.

Pestomupys, ckaxkem, 9T0 MAKPOCKONUNECKUT NPUOOP 68 00Weti Mmeopu
OMHOCUMENLHOCTNU JOANCEH OBIMb CYULLCTNEEHHO AOKAABHBIM, TMOYEYHO-
n0dobHbIM 00BEKMOM, 6 €20 PUUKA OONHCHE ONPEIEAANHCA CNEUUANLHOT
meopuets OMHOCUMEALHOCTIY. DTA CUTYAIINS HATTOMUHAET CUTYAIINIO C TTPHU-
6OpPOM B KBAHTOBOW MEXaHWKE, B KOTOPOH cam MpubOp JOJIKEH ABIATHCS
MAKPOCKOITUYECKUM, KJIACCHYECKUM OOBEKTOM, T.€., UHOPOOHBLM 1O OMHO-
WeHUIW K UMepAemoti cucmeme 066exmos.

OnpesesiuB MAaKPOCKOITUYECKUH MPUOOP KaK JOKATbHBIN 00bEKT, BHYTPH
KOTOPOTO CIIPABE/IJIUBBI 3aKOHBI CTIENINAIBLHON TEOPUU OTHOCUTETHHOCTH, MbI
TeM CAMBIM TTOJIYYIJIM BO3MOXKHOCTH TTPOBOIUTH M3MEPEHUsT MAKPOCKOTAYIE-
CKUX HAOJII0IAeMbIX BEJUYUH BIIOJb MHUDPOBOH TpyOku mpubopa. V3mepss
MaKpOCKonu4yeckue HabIogaeMble JuHAMIIecKre QYHKIMA U OTHOCS WX K
MOCTOAHHON mpubopa - ero ¢azoBomy 0b6beMy, HAOTIOAATETb MPUXOIUT K
MOHATHIO (DABOBBIX MJIOTHOCTEH MIWHAMUYECKUX (DYHKIWI W TEM CAMBIM -
K dyHKIUE pacupenenenus. U3mepss dha3oBbie MIOTHOCTH IUHAMUIECKTX
dbyHKIME B KaXKI0M TOYKE MPOCTPAHCTBEHHOMOIOOHON TUIEPTIOBEPXHOCTH
Y, HabmofaTesb TOIyYaeT BO3MOKHOCTD BOCCTAHOBUTH MAKPOCKOIMIECKH
HAOII0IAEMYT0 TUHAMAYIECKYIO (DYHKIMIO Ha BCEH rumeprnoBepxHocTu. s
9TOTO HEOOXOAUMO JTIOCTATOYHO IIJIOTHO 3AMOJHATH THIIEPIIOBEPXHOCTD Y. M-
poBbIME TpyOKaMu HAOIOAATENEH, T.€., (DAKTUYIECKN BBECTHU TOJe HAOIIIO-
JaTeneif, acCOMANPOBAHHBIX C BPeMEeHNTIONOOHBIM BeKTOPHBIM Tosiem u'(x),
OPTOTOHABHBIM THIIEPIOBEPXHOCTH Y. UTOOBI HMETh BO3MOXKHOCTH BOCCTa-
HABJIUBATH OJHOBPEMEHHOE MAKPOCKOIMIECKOe 3HAYeHe HAOII0MaeMOoi au-
HaMU49ecKoit GyHKImM, HAGIIOAATETN JOJKHBI HAXOJAUTHCSI B CHHXPOHHOM
chcTeMe oTcYeTa, T.e., BeKTOpHoe Tosie u'(x) JOMKHO OBITh KacaTeThHbIM
K BPeMeHuToo0HO# reoie3nteckoil KoRrpysunnn. Ecmn e mone ul(x) we
SBJISETCS TeOJE3NIECKUM, T.€., YacChl HAOJIOJATe el HEe CHHXPOHU30BAHBI,
OCTaeTCsl JIUITh Ta/IaTh O CMbIC/IE BETUYUHBI, IOy Y€HHY0 WHTErPUPOBAHK-
eM a30BLIX IIOTHOCTEH JUHAMIYecKHX Bemani. ! Tak HampuMep, m3Mepe-
HU€ TOJTHOTO YHCJIA, YACTHUII, TIOJYIEHHOTO CYMMHUPOBAHUEM WX JIOKAJbHBIX

1Xors He OCTaBJIsET HUKAKOTO COMHEHHs BO3MOYKHOCTD TPOBEEHHS TAKOH BBLIYMCIIH-
TeJILHOM oneparuu.
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I'maBa I. ®opmajm3M KHHETHIECKOH TeopHU

ILUTOTHOCTEH HECMHXPOHHBIMU HAOIIOAATESIME, ITPUBEET K BBHIBOIY O HAPY-
MIEHUU 3aKOHA COXPAHEHUS YUCJIA JACTHII.

B mannoii monorpadun O6yayT paccMaTpUBaTHCs, B OCHOBHOM, JIOKAJIb-
HBIE PEJIATUBUCTCKIUE KUHETUIECKNE YPABHEHUS [JIsT KJIACCUIECKUX JACTHII.
HuddeperimanbHbiil OIepaTop B 3TUX YPABHEHUIX ONPEIEISIeTCS KIACCH-
9eCKUMU MAKPOCKONMYECKUMH TOJISIMU, & HHTETPATIbHBINA ONEPATOD, BHIYHC-
Jd€eMbIid B TOU 2Ke IMIPOCTPAHCTBEHHO - BDEMEHHOU TOYKeE, ONpe/IesideTCsa WH-
BAPUAHTHBIMU AMILJIUTYIAMU MATPUIIBI paccesaus. KacCuaHOCTh aBUXKe-
HUST YACTHUIHI BO BHEITHEM T'DABUTAIMOHHOM TIOJIE€ TIOPA3YMEBAET MAJIOCTD
ee KOMIITOHOBCKOIT TiHbI Ay = E ! (E - sHeprus 4acTuiibl) 0 CPABHEHUIO
¢ MacImTaboM HEOTHOPOIHOCTH TPABUTAIIMOHHOTO OJIs, T.€., IO CPDABHEHUIO
C PAJUyCOM KPHUBU3HBI. DTOT BBIBOJ, CTPOrO CJEAyeT U3 Pe3yTbTATOB pa-
Gore [48], ecau B MOCTEHEH yUeCTh YIeHbI PA3JIOXKEHNsT BTOPOTO TIOPSIIKA
o mocTosiHHOM [l1anKa U CpaBHUTH WX C YI€HAMY HYJIEBOTO mopsiaka. [lpu
YKa3aHHOM YCJIOBUU MOYKHO OJHOBPEMEHHO TPEHEOPedh W BJIUSHUEM CIIHHA
Ha JBUKEHWE YaCTHUIlbl. B mHBapuanTHO! (opme ycIoBHE KBA3ZUKIACCHY-
HOCTH JIBU2KEHUs PEJIATUBUCTCKO}M YACTUIIBI BO BHEITHEM I'DABUTAIMOHHOM
1OJIE UMEET BU/I;

(u,p) K~ > 1, (1.10)

TIe p; - UMITYJIBC PEJIITUBUCTCKON YACTUIIBI.

KoppekTHoe BBeIeHIE MATPUIIBI PACCESHIS YACTHUL BO BHEIITHEM I'DABH-
TAIMOHHOM TIOJIe TPEOYeT BO3MOXKHOCTH JIOKAJHHOTO OMPEIEICHNsT IUCTBIX
COCTOSTHUIT CBOOOIHBIX YACTHI] “Ha OECKOHEYHOCTH', T.€., BHE O0JIACTH WX
B3amMozeicTBusa. TakuM o6pa3oMm, JJist TOTO, YTOOBI BHEITHEE TDABUTAIH-
OHHOE T0JIe He BJIMSJIO HA aKT B3aMMOJEHCTBUS YACTHI, T.€., /IS BO3MOK-
HOCTH ONHCAHUSI CTATUCTUYECKON CUCTEMBI AOKAABHBLMU KUHEMUYECKUMU
YpasHeHUuAMU, HEOOXOTUMA MAJIOCTh (POEKTUBHOIO PATUYCa B3aUMOIEH-
CTBUSI 9TUX YACTHUI] TI0 CPABHEHUIO C PAJTUYCOM KPUBU3HBL. Kpome Toro, akT
B3aMMOIEHCTBUS JOJI’KEH OBITh MTHOBEHHBIM. B MpOM3BO/IBHOI crcTeMe KO-
Op/INHAT YKA3AHHOE yCIOBHE 4 - MEePHO# TOUYETHOCTH aKTa B3aMMOIAEHCTBUA
qacTul IpuHAMaoT Bug, [49)]:

o |Rijuv /vt u'| < 1, (L.11)

rae v' - BeKTOp CKOPOCTH PeJIATHBHCTCKON YACTHUIBI, 0 - IOJHOE CeYeHHe
B3aumogeiicTeus. C Ipyroii CTOPOHBI, CBOOOIHBIE COCTOSTHUS YaCTHUIL “HA Oec-
KOHEYHOCTH JTOJKHBI PEATM30BBIBATHCA BHYTPH MaKPOCKOTIMYECKOTO TIPH-
6opa, 9TO onATh - Taku npuBoaUT K ycaosuio (1.11).
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1.2. Kanoumueckmit ¢hopmasInzm

Takum o6pa3oM, mpu TEPexojie K JOKAJTHHBIM KHHETHYIECKUM yPaBHE-
HUASM U MAKPOCKOTMYECKU# TPUOOP U MUKPOCKOIIMIECKUE B3aNMOIEHCTBUS
9JIEMEHTAPHBIX YACTHUI] JOJKHBI ONMPEIEIIThCs (DU3UKON MPOCTPAHCTBA -
BpeMenrn MUHKOBCKOTO. DTOT (hAKT B COYETAHUHU C MPUHIUIIOM JIOKAJTHHOTO
COOTBETCTBHS [I€JIAET BO3MOXKHBIM MOJTyYeHre OOIEPETATUBUCTCKAX KUHE-
TUYECKHUX yPaBHEHUM C JIOKAJIbHBIM HHTEI'PAJIOM CTOJIKHOBEHUI IIyTeM KOBa-
PUAHTHOrO ODODIIEHNST COOTBETCTBYIOMINX YPABHEHUI CIEIPEIATHBACTCKOM
teopuu. B monorpadunn, ogHako, OyIyT pacCMOTPEHBI U HEJIOKAJIHHBIE KH-
HETUYeCKHe MPOIECCHI.

[.2 TamuiapToHOBa (POPMYJIMPOBKA YpPaBHEHMIA
ABUXKEHUS YaCTUIl BO BHEIITHUX ITOJIAX

[.2.1 KanoHmvecKkne ypaBHEHUS ABU>KEHUS

Kanonuueckue ypasnenus deustcenus peasiTUBUCTCKON YaCTUIBI UMEIOT BHU
[50]:
dz* OH dPi OH
ds 8PZ ’ ds 8P, ’
rue H(z,P) - unBapuanthas dbyukuus Tamuibrona, s - KAHOHUYECK U T1a-
pamerp, z*, P; - nunamuvyeckue mepeMeHHbIe, IpudeM T’ - KOOPAWHATA 4Ya-

(L12)

crutpel, P; - ee 0606mmenHbIit uMmmnyabe. IlponsBoanas GyHKIMN TUHAMATE-
ckux nepemenubix ¥(z, P) = U(s) Baons Tpaekropun dactunsl ' = z'(s),
P; = P;(s) pasna:

fl—‘f =[H,7], (1.13)

r7e BBeIEHA uHeapuanmmas ckobra Ilyaccona:
0A OB 0B 0A
ABl=—————— 1.14
[ ’ ] 8PZ oxt 8PZ oxt ’ ( )
00J13,1a10111asT CBOWCTBOM KOCOCUMMETPHMN:
[B,A]=—-[A,B]. (I.15)

Bcenencrsue (1.13) u (I.15) cama uaBapuantaas dbyuxuuslamuisrona H(z, P)
BCEr/a ABJIAETCS UHTErPAJIOM JBUZKEHUS:

H(z,P) = Const . (1.16)
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I'maBa I. ®opmajm3M KHHETHIECKOH TeopHU

ITosTomy cyrmecTByeT HECKOHETHOE MHOXKECTBO CIIOCOOOB BHIOOPA DYHKITUN
FaMunbroHa, CBA3D MEXK/y KOTOPBIMU OCYIIECTBJISIETCS MTEPEHOPMUPOBKOM
KAHOHWYECKOTO Trapamerpa S. YJI00HO BHIOPATH CJIEAYIONIYI0 HOPMUPOBKY
dbyuknun Favunprona:

H(z,P) = %mQ, (1.17)

TJe M - Macca MOKOS YaCTUIIHL.
C nomompio pyuaknuu Famunsrona B Hopmuposke (1.17) BBegeM KOHTP-
BAPUAHTHBIA BEKTOD KUHEMAMUYECKO20 UMNYALCE FACTUATIBI, P*:

idif 8_7‘[ _ d(Ez

2 = (1.18)

OO6BITHO KHHEeMATHICCKTH UMITYJIbC BBOJAT cOOTHOMmenneM p' = mdx' /ds,
410 coorBercTByeT HopMupoBke dbyukuuu Lamunbrona B (1.16): Const = m.
Onako, Takasi HOpMUPOBKA OKA3bIBAETCST HEYIOOHOM /1151 663MACCOBBIX Ya-
CTHUII & TAKKe TPU OMpeJeIeHN MAaKPOCKOTIYecKux cpeaunx. [lepexom or
nopmuposku (1.17), (1.18) k oBbruHOil OcylecTBiIsIeTCs MACIITAOHBIM TIPe-
00pazoBaHreM KaHOHMYECKOrO Mapamerpa s — s/m.

IMockoubky KuHemaruveckuit umnysbe coriacuo (1.18) siBisiercs kaca-
TEIbHBIM K TPAEKTOPWH YACTHUIILI, OH [IOJI?KEH YIOBJIETBOPSTH COOMHOULE-
HUIO HOPMUPOBKU:

(p,p) = m?*. (1.19)

1.2.2 ®ynsknuna amuiabToHa

Oyuknusa ['aMuIbTOHA MACCUBHON YACTUIIBI, HAXOISAIIEHCS B TPABUTAIIUOH-
HOM, BEKTODHOM W CKAaJSPHOM TIOJISIX, MOXKeT OBbITh 3amucana B Buge [50]:

- 1 gik(Pi — eA,)(Pk — eAk)
H(z,P) = 3 T4 q®/m mq®| , (1.20)

rae A; - BEKTOPHBIH [IOTEHITHAT, € - BEKTOPHBIH 3apsi/] yacTunbl, ¢ - ckassp-
HBII TIOTEHIUAT, ¢ - COOTBETCTBYIOIIMHA CKAJSIPHBINA 3apsij] YACTUIBL. DTOT
BoiCOp dyuknuu Famunabrona coorsercrByer HopMuposke (1.17). B mpu-
CYTCTBUE HECKOJbKUX BEKTOPHBIX U CKaJapHbX moJieii B (1.20) neobxoaumo
TTPOM3BECTH 3aMEHY:

ed; — ZeaAga) ;o q® — anfba
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1.2. Kanoumueckmit ¢hopmasInzm

B cranpaprroit Hopmuposke Bmecto (1.20) dyukuuio Famunbrona ciepyer
BbIOpaTh B Buze [51]:

Hw.P) = /g (P; — e A) Py — eAy) —q® (= m). (1.21)
3 (1.18) u (1.20) naiinem CBA3bL MEKIy KUHEMATUIECKUM U 0000IIEHHBIM

UMITYJIbCaMU 9aCTUIBI:

_ Pi— eA’
 1+4q¢®/m’

i

P (1.22)

Ucnonbays ces3pb (1.22) u saeubiii Bug dyskmun Tamuasrona (1.20)) B Ka-
HOHMYeCcKUX ypapHenusx (1.12), nonyunmM ypaBHeHust nBuxkeHust B Jlarpas-
KeBo# (POPMYTHPOBKE:

@ Dp' _ ik ik p'p"
<1 + m> P eF'p" +q® 1 <g 7 ) (1.23)

rue D - cumson abeomornoro quddepenuupoBanus (cM., Hanpumep, [41]):

Dp'  dp’ o dx®
— e . 1.24
ds ds + U’ ds ’ (1.24)
Fi = A — Api (1.25)

- renzop Makcsesuta. 3amerum, uaro u3 (1.25) ciaenyer d(p,p) = 0, Te.:
(p,p) = Const . (1.26)

Vpasuenus apuzkenus (1.25) Moryr GbITb [OJIyYeHbI TAKXKE HA OCHOBE
BapuaImoHHoro popMaan3mMa n3 QYHKIUN JTeHCTBUS:

S=— /(m +q®)ds — e/Aida:i i (1.27)

1.2.3 JIuHeitHbIe MHTETPAJIBI ABU>KEHUS

Hoxcrasnss s (1.13) ¥ = (£, P), rae £ () - npousBoIbHOE BEKTOPHOE TOJIE,
U ucnonb3ysa asubiit sua dyukmuu Favuasrona (1.20), Haiizem HeoOX0UMbIe
1 JJOCTATOYHBIE YCAOBUS CYIIECTBOBAMHSI AUHETHO20 UNMELPANG 0BUHCEHUSA:

(&,P) = Const : (1.28)
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I'maBa I. ®opmajm3M KHHETHIECKOH TeopHU

L A; =0; (1.29)

——— =0 0 1.30
L0, (m20), (130)
rze L - npousBoauas JIu Buoas Hanpassenus &(z) (cMm., Hanpumep, [52]).

1

st 6e3maccobix actur (m = 0) yeaosus (1.30) Heo6X0 MO 3aMeHUTh
CJIETYIOIIAMU:

L gix = o(x)gir; (m=0), (1.31)

rze o(x) - npou3BOJIbHAs CKaJIAPHAs (DYHKIHS.

I.3 PeaaruBucrckoe ¢da3oBoe MPOCTPAHCTBO U
Teopema JInmyBuiias

1.3.1 Peagarusucrckoe ¢a3zoBoe MPOCTPAHCTBO

IIpucoenuuss K KaxKaI0i TOYKE T PUMAHOBA MPOCTPAHCTBA Vj MyYOK BCe-
BO3MOYKHBIX KOBEKTOPOB P, TIoTydanM 8-Mu MEpHOE PEJISITUBUCTCKOE (Ha3060€
npocmpancmeo, I'. 9To mPOCTPAHCTBO ABISIETCS BEKTOPHBIM PACCIOEHUEM,
mpuyeM ero 6aza X - METPUYECKOe MPOCTPAHCTBO Vi (kondueypayuonnoe
npocmpancmeo), a cinoit P(r) - kacaTesbHOe B TOYKE T NPOCTPAHCTNGO UM-
NYAbCOE:

I=Pz)x X. (1.32)

IIpu mpoM3BOIBHBIX HEBBIPOKIECHHBIX MPEOOPAZOBAHNAX KOOPIUHAT Oa3bI
X:

o't = fi(z); det Bk

£0 (1.33)

‘827”

KoopauHATHI B cyioe P(x) npeobpasyioTcs KaK KOBapUAHTHBIE KOMIIOHEHTHI
BEKTOpA!

P oz
T gt

Py (1.34)
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1.3. Penstuucrckoe ¢pa3zoBoe NpOCTPAHCTBO

Tomonorust UMITYIECHOTO TPOCTPAHCTBA SABJISETCS TOTOJIOTHEN OeCKOHEeY-
HOTO YeThIPEXMEPHOTO TapaJuiesennnea. Kaxias d9acTuna onmchiBae€TCS
TpaeKkTopueit

{z'(s),Pi(s)} =mu(s) s (J=(1,8)) (1.35)
B (azoBom mpocTpancTse I, IpruUeM YaCTUIBI ABUKYTCS MO TUIEPIOBEPX-
roctam (1.20) sToro mpocrpancTBa. B TepMuHAX KHHEMATHIECKOTO AMITYITh-
ca p JaHHBIE THMEPIOBEPXHOCTH B KAXKAOH TOUKe 6a3pl X MPEACTABIAIOT
maphl HETEPECEKAIMuXcs nceBaocdep (MaccoBbIX TIOBEPXHOCTETH).
MuBapuanTHBIME IO OTHOMIEHUIO K npeoOpasosanusm (1.33) snementa-
Mu 00bemoB Kouduryparmonnoro (dX) u umnyascaoro (dP) mpocrpancTs
SIBJISTFOTCSL:

dX = /—gda' Ada® A da® A da?, (1.36)

1

B mamnmeiimem st TpoCTOTHI 3HAK A BHemHeH audepeHnnaabHoi Ko-
coit dpopmbl OyzmeMm omyckaTrhb. VIHBAPHUAHTHBINA 3/IeMEHT 00beMa (ha3oBOTrO
MpOCTPaHCTBa dI' paBeH:

dl = dXdP = dz'dz’dx®dz*dP,dPodP3dPy (1.38)

- 6yIaromaps KAHOHMYECKO#H COMPSAKEHHOCTH THHAMIUECKIX TTePeMeHHBIX &'
u P; gaBHAS 3aBUCUMOCTH OT METPUKU MCYE3aeT U3 ONPEICJICHUs IJIEMEHTa,
o0bbema (Hpa3oBOro MpOCTPAHCTBA.

Bamerum, 4TO BCIIEACTBUE KAHOHMYECKUX ypaBHenwuii npuxkenus (1.12)
BJIOJIb JTI000# (Pa30BOi TPACKTOPUN FACTHITHI BHITIOTHIETCST COOTHOIIEHNE:

- — 4+ — =0. 1.39
oxt ds + OP; ds ( )
Ecnu dazosbiv nepementbiv (1.35) conoctasuth 8-Mu MepHbIH «BekTOp ba-

30B0ii ckopoctuy Vj = dny/ds, To coorHomenue (1.39) MoxkeT GBITH 3amn-
caHo B 6oJjiee U3AIHOM BUJIE:

vy

ong B

Hapsiy ¢ BBemenHbIM (ha30BBIM TPOCTPAHCTBOM MOYKHO PACCMATPUBATH
n30MOp(HOE MY PACCIOCHUE:

I =P (2) x X, (1.41)

(1.40)

29



I'maBa I. ®opmajm3M KHHETHIECKOH TeopHU

rne P~ (z) mpencrasnsier coboil My90K KOBEKTOPOB KHHEMATHIECKOTO WM-
IyJIbCa P;, NPUIOKEHHOro K Touke = € X. Ucnomnb3ys csasb (1.22), npeob-
pasyeMm 3JieMeHT 06beMa MPOCTpaHcTBa nMysibcon (1.37):

4
m

dP = ————
v—9

MozxHO, HAKOHEIl, COBEPIIUTH eI11e OJuH n30MOP(MU3M U TEPEHTH K UMITYIHC-
HOMY IIPOCTPAHCTBY KOHTPBAPUAHTHBIX KHHEMATHUIECKHX HMIyabcos, I'1;
WHBAPUAHTHBIN 371eMeHT o0bema dP Torma mpumer BuI:

dpy N dps A\ dps A dpy . (1.42)

o 4
P = (1 n %) V=gdp' Adp? A dp® A dpt. (L.43)

I.3.2 Teopema JInyBusas

Paccmorpum mpeobpaszosanue ssiementa oobema (pa3oBoro mpocrpancTsa dl’
[IPU JBUYKEHUU BIOJIb TPAEKTOPUHU YACTHIIBI, T.€., UCCIEIyeM, Kak aedopmu-
pyercsa TpyOka 6ecKOHeIHO Ou3KUX (PA30BBIX TPAEKTOPHUI TOKIECTBEHHBIX
yacrull,. s 3Toro copepiunM MH(pUHATE3UMANLHBIHA CABUT dS BAOJb (a3o-
BOIi TPAEKTOPHUH OHON M3 JaCTHIl TPYOKH:

; dx’
Praly — i Ss-
z'(s") x(s)+—d8 s
Pi(s") = Pi(s) + d;ias. (1.44)
s

Ucnonnsys B (1.44) kanonuueckue ypasuenus apuxkenus (1.12) u paccmar-
puBas coornomenus (1.44) kak undunnTesumanbube peobpazoBanus Gha-
30BBIX KOODJMHAT, TIOJIY UM JJIsi MATPHUIILI ipeobpasoBanus (E - ennandHas
MAaTPHIIA):

E + Aéds Bés
ony }
= . 1.45
[3771( (145)
Cés E — Aébs

30



1.3. Penstuucrckoe ¢pa3zoBoe NpOCTPAHCTBO

Takum o6pasom, sikobuan npeodbpazosanus (1.44) pasen:

877J/

=1 2 1.4
e + 0(6%s), (1.46)

det H

BCJIEJICTBUE Y€r0 COXPAHSAETCS dJIeMEHT 00beMa (Hha30Boil TpyOKH:
dr(s') = dr(s), (1.47)

AHajloruyHoe COOTHOLIEHUE B KJIACCHYECKON MEXaHUKe HAa3bIBAETCs Mmeope-
moti JTuysusns.

3amerum, 9to anajorudnbie (1.47) coornomenus st n3oMopdHbIX (ha-
30BLIX TpocTpafcTs I'™ u 't e BhmosmHAIOTCA:

dT*(s") # dT*(s), (1.48)

Tak Kak napsl (z', p;) u (z*, p') He ABIAIOTCA KAHOHUYECKYU COMPANCEHHBLMU.

1.3.3 KoudurypaiuoHHbie TpON3BOAHbIE (DYHKITUI AH-
HAMIYECKUX MEePEeMEHHbBIX

Tot daxkt, 910 Pa30BOE TPOCTPAHCTBO €CTH BEKTOPHOE PACCTIOCHHUE, TPUBO-
JUT K TOMY, 9TO OOBIYHAST KOBAPUAHTHAS MTPOU3BOAHAA TT0 Puuum oT (hyHK-
Wil TMHAMWYECKUX TIEPEMEHHBIX He sIBJIS€TCS TEH30PHOM oneparmeil B da-
30BOM TIpocTpaHcTBe [7]. Beaeacrsue aroro auddepenunposanue no Puaun
B $a30BOM MPOCTPAHCTBE JIOKHO OBITH 3aMeHeHO Ha qud pepeHnupoBanme

no Kaprany [7], [53]:

~ 0
— . k
Vi— Vz + Fiij 8Pj (149)
rae V; - oneparop koBapuantaoro mauddepeniupopanus no Puaau. Ome-

paTop V;, KOTOPBI# B JaJbHEHIIIEM MBI OyIeM HA3BIBATH Npou3eodnot Kap-
mana, ONpeIesIeH TAKUM 00pa30M, 4To:

VP, =0. (1.50)

IMycts ¥(xz,P) = ¥(7) ectsb cranapras GyHKIMS O OTHOIIEHAIO K IPE-
obpazosanuam (1.33) - (1.34) dbasosoro npocrpancrsa. [IponssosbHas cka-
napHasg QYHKIHS B (PA30BOM MPOCTPAHCTBE MOXKET SIBJASATHCS JIUIIb (PYyHK-
npeil nEBapuanToB [16]:

U(n) = ¥(do, b1,---,9N), (1.51)
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rze ¢s(1) ecrb s-juHeliHble CUMMeTPUYHbIE (DYHKIIMU BEKTOPA MMILYJIbCA:

def

¢s(n) = ¢S (2)Py, - Py (1.52)

a ¢S (x) - s-BaJIEHTHBIE TIOJIHOCTHIO CUMMETPUYHBIE KOHTPBAPUAHTHBIE
TEH30PbI B KOH(DUTYPAITMOHHOM TTPOCTPAHCTBE X .
Boruucium npoussomanyio Kaprana ot dynkuun (1.51):

oU ~
Z 5g, Vi 400 (1.53)

Ucnonbays (1.50), Haiimem:

Vi ¢s("7) — ¢i1.--'Ls’i Pil e P'Ls i (154)

Takum 06pa30M, MOIYIUM CJIEIYIOMIEe CHMBOINIECKOE IPABUIIO BBITHCIIE-
Husd npousBoaHoit Kaprana or ckanspa ¥ [16], [54], [55]:

KOTOpOE O3HAYAET, 9TO Jjis BhIYMCIeHus npoussomuoit Kaprana or ¢dynk-
uuu U(z,P) moctarogHO BHIYMCINTH OT HEE KOBAPUAHTHYIO HPOU3BOIHYIO
no Puaunm tak, xax ecau 6v. 6eKMOP UMNYALCA GbLA KOBAPUAHMHO NOCMO-
AHHOLM.

[MockombKy 11060it T€H30p B (ha30BOM ITPOCTPAHCTBE MOYKET UMETh JIUIITh
CTPYKTYPBI BHIA ailmik\ll(x, P) (rne ¢(x) - rensop B KoHDUrYpATMOHHOM
npocrpancree, a ¥ - ckasusap), aubo P, ---Pik\Il(x, P), smubo komGuHammio
TAKUX CTPYKTYD, TO MpaBUJIO Bblumcienus npoussoguoii Kaprama (1.55)
pacupocTpansercs u Ha joboe Terzopuoe nose ¥(n) [16].

Ananornano (1.49) u (I1.50) moxHO BBecTn u npousBojuble Kaprana B
paccaoenun I'". Ucnonb3ys ceasp (1.22), mosyuum cBs3b MeXKIy 3THMU
OIIePATOPAMHU:

~ ~(=) eAjZ- 0] q<I> 0
=V, ——2 49 In|l+ —|pj=—, 1.56
Vi=V; ) (T op; T oL pig, (1.56)
+ ==
m
OpUYeM Telepb:
~ (=)
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1.3. Penstuucrckoe ¢pa3zoBoe NpOCTPAHCTBO

B orcyTcTBHE BEKTOPHBIX M CKAMSAPHBIX moseit P; = p;, u paccmoenus I' u
I'™ coBmazaoT; BMecTe ¢ TEM B 9TOM CJIy9ae COBIAJAIOT U COOTBETCTBYIOIIHE
mpousBoaHbie Kaprana.

Hapsiay ¢ 3TuMu mpoW3BOIHBIME MOYKHO BBECTH W TMPOU3BOAHYI0 Kap-
Taga B paccioennn 'V, Kax ona u Oblia BIEpBbIe BBEJCHA B CTATHCTHKY

A A .Bnacossiv [7]:

~(+) 0
_ k
i =Vi— Fija—pk ; (1.58)
npuyeM:
()
v, pF=0. (1.59)

~

C nomopio oneparopa V; KAHOHUYECKUM ypaBHenusim apuxkenus (1.12)
u ckobkam ITyaccona (1.13) mMoxKHO npuzaTh ABHO KOBapuaHTHbIE (HOPMBI,
TIPUTO/IHBIE U JIJI BHIYUCJIEHUST TPOU3BOIHBIX BIOJb (DA3OBBIX TPAEKTOPHIA
M OT TEH30PHBIX AuHAMHYecKuX byHkuuii [16], [17]:

d’ 9"  DP; -~

b ds =V (160
~ _OH ~ ov
M) =V U= Vi M (1.61)

C y4eroM paBeHCTBa BTOPBIX CMEIIAHHBIX MPOU3BOAHBIX dyHKImH [amuib-
rona coorHomenue (I1.61) moxer ObITh TakKe 3amucano B dopwme [50]:

~ oM 9, ~
HW) =V (wol ) - 5 (Wi H) . 1.62
1.9 =5: (50 ) - g (v (162
Baaromaps asuoii koapuauTaoctu soipaxkenuii (1.61), (1.62) cxobru ITyac-
COMa HaAcAedYIom 6ce MEHZOPHBLE CEOTCTEA OUHAMUNECKUT HYHKYUT.

1.3.4 Jlokanwbubie mpeoOpa3oBanusa JlopeHmna B cjoe

B psine nmpunoxennit TpedyeTcs 3anucaTh O€CCTOIKHOBATETLHBIE KHHETHIE-
CKH€ YPABHEHWS B CHCTEME OTCYETA, ACCOIUUPOBAHHOMN C BPEMEHHUTIOA0OHBIM
€IMHUYHBIM BEKTOPHbIM nosiem nojieM v;(x) ((v,v) = 1, kacareabHbIM K
MUpOBOI TpyOKe HabmomaTeseit: ' = z¢(7'). Ilpu 3ToM, omHaKo, TpebyeTcs
COXpaHUTH KOOPMHATHYIO cucteMy {z'} u cBsA3anHbIe ¢ Heil TEH30pHbIE MO-
sia. Takum 00pa3om, pedb WIET 0 BhIOOpE B mydke umiryabco P(X) apyroro
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6as3uca, BEKTOPbI KOTOPOrO HEKOJLIMHEAPHbI CMEMeHuAM dr’' B PAMaHOBOM
6aze. Dra omnepauus BbiOOpa HOBOro Gasuca B P(X) ocymecrsisiercs Jio-
KaJbHbIMU Tpeobpa3oBanusimu JlopeHma B cjoe:

pt=0)ip" (L63)
rae Qlkz - TeH30p B X4, SABJSIONINICS TICEBIOOPTOTOHAILHON MaTpuiei me-
pexoza (cMm., HampuMep, [56]) B caoe P(X):

O gy = gu; Qg =g, (1.64)

mpudeM MaTpPUIsL ||g;;|| u ||gs || coBnazaoT, Tak MBI UL MeHseM OA3UC B
P(X), ne uzmenss koopaunar rouku 6a3er X . Takum o6paszom, umeer Mecro
COOTHOIIICHHE:

Girw =Gk, if i'=i,k'=k. (1.65)

Takum 06pa3oM B 3TO#l CeKIuu BO M30EKAHUW IIyTAHUIIBI MbI OyaemM 000-
3HAYATH BEJIMYWHBI, PETEPIIEBINNE JIOKAJbHbIE TpeobpasoBanus JlopeHra,
CUMBOJIAMU:

i _ ik
At =Q A%,
cornacuo (1.63). Beuuunbl e, He MOABEPTAIOIIUECs TpeodpasoBanuam JIo-
PeHIla, B HYy?KHBIX MeCTaX 6yﬂeM IpPoOCTO CH3,6)K&TB MITPUXOBAHHBIMHA UHIIECK-
camu corsacto (1.65).

BcemencrBre 1meeBaoopTOrOHATILHOCTH MATPHUIIBI TIEPEXOIA UMEIOT MECTO
COOTHOIIIEHHSI:

det 57 = det 2] = 1. (1.66)

Banuiem Takzke GOPMYJIbI JJOKATHHBIX TpeobpasoBanuii JIopenna mais 0606-
[IIEHHOTO UMILYJIbCA!

P, = Qip,, (1.67)

. .
rze Q. - oGparnas marpuna nepexoza. Tak kak ;' - 1ceBI0OpTOrOHAIbHAS
MaTPHIIA, TO UMEET MECTO COOTHOIIEHNUE:

Q"jk = gjmgk/lr anl,L - (168)

SaMeTI/IM, YTO BCJIEACTBHE IICEBIOOPTOTOHAJIBHOCTHU MATPUIIBI TIEPEXO1a UME-
€T MECTO COOTHOIICHHE:

(p,p) =m* = (p',p) =m?. (1.69)
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IIpoussons nokasnbabIe TPecdbpazoBanus Jlopenna B ¢dyukiuu lamuasrona
(1.20), npuBeseM HOCJIEAHIO K BUIY:

gik(Q;jP/j - eAi)(QlklP/l - eAk)
14+¢®/m

H(x,P) = 1 l

1
—mqd| = §m2 (L.70)

2

C y4eTom mceBI00pTOrOHAIBLHOCTH MaTpullbl nepexona (1.70) MoxHO 3amnu-
carb B BHE, aHajgornaHoM (1.20):

! no_ 1 gik(P; — eA}) (P}, — eAy) _
H'(z,P') = 5 T+ g®/m mq®| , (I.71)
TJIe BBEIEHO:
An(z) = gie; QP Al (z) . (1.72)

Taxum 06pa3oM, B KOHETHOM uTore GpyHKIua [aMUILTOHA TPUHAMAET CBOIl
NepBOHAYABHBINA BH/I, €CJIU JAHHBIM JIOKAJTBHBIM IIpeobpa3oBanusaM JIopeH-
13, IOJABEPTHYTH M BEKTOPHBIA IOTEHIHA.

HUcnonb3ys siBHO KoBapuauTHYIO dhopmy 3anucu ckobku Ilyaccona (1.62),
npeofbpasyem ee K HEKAHOHWHIECKOl mape nepemennbix {z, P4}, Beraucss,
Halizem:

8P/ ! .
P

aP/k i

— = 1.74
IIpoBoast rpoMoO3IKHe, HO HECJO0KHBIE BBIKJIAIKH, MOXKHO TOJYIUTH COOT-
HOIIIEHHue:

~ ~ , B 0

Vi \I/((E, P) =V (.’E, P/) +Q ‘lviﬂ‘/ykp’l ) (175)

J OPy,

rae BBesaena npon3soanas Kaprana mo oraomnennio K Jlopeni-obpasy 0606-
[IIEHHOTO UMILYJIbCA:

0

V’j: Vz + F'Zklplja?lk .

(1.76)

HUcnonb3ys koBapuanThyto ¢dopmy 3amucu ckobku Ilyaccona (1.62) u co-
orHomenns (1.73) — (1.76), moayunwm:
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- I !
(7, 9] = <V’i ‘I"aH ov >+

oD, V' ap,

o i av' OH!
+Qm (24, - 040, ) P

0Py 0Py (LTT)

VaursiBas auddepenimanbHoe CiieICTBIE TICEBA00PTOTOHAIBHOCTH MATPH-
1Bl TEPEXOIa:

V() =0, (1.78)

sanuuieM (1.77) B 6oee kommakTHO# dhopwme:

~ I !
[H,¥] = Q) <V’i \I/'aH ov >+

ap, V' ap,
(i oF o o ov' O’

APy, 0Py (L.79)

[Tepeiimem Temepb K yCTAHOBJIEHWIO SBHOTO BUIA MATPUIIHI JIOPEHIIEBCKOTO
s
upeobpasosanud, ;. B mHanbosiee nosimoM Buje npeobpasosanus Jlopemnna
npuBesenbl B kuure Poka [57] - mepexon B cucremy OTCYETa, JIBUKYIILY-
F0Csl OTHOCHUTEJIBHO JAHHOM C 4emulpermepHoti CKOPOCTHIO V;, OMMCHIBAETCS
MaTpUIEl nepexona:
[ i ..
Qi = V;; Q4Z = Vi3
o (1.80)
Q'a — 60/ A
s s vg+1

O6paTHaH MaTpHITA Q,Zk TOJIy49aeTCA TPAHCIIOHUPOBAHUEM COOTBETCTBYIO-
Il[eﬁ MaTPpHUIBI IIEPEXoaa C IMOCIEeaYIOIMUMU OII€PAIUAMUA IIOAHATHUA U OIIyC-
KaHnd NHIEKCOB:
i j’ mi
e = angj’ k’g .
,ILJISI TOTrO, 94TOOBI npeacTaBUTh HpeO6pa3OBaHI/IH .HopeHL[a B ABHO KOBapHu-
AHTHOM BHJ€, BBEAEM UCXOJHYIO CUCTEMY OTCYETA, aCCONUUPOBAHHYIO C €11~
HUYHbIM BpeMeHI/IHO,ZLO6HbIM BEKTOPHBIM I10JIEM ’U,Z(.T,‘), KaCaTeJIbHbIM K JIH-
HUAM BPEMEHHU 7, TaK YTO:

u' =(0,0,0,ut);  (u,u)=1. (1.81)
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Bgeiem omepaTop opTOroHaIHHOTO MPOEKTUPOBAHNS HA BEKTOPHOE TTOJIe U’:

Pi(u) = &, — u'uy,. (1.82)

OuesnHo, uTo ecim W - TpOM3BOJIBHBI BEKTOD, TO B CHCTEMe OTCYeTa
(1.81) MMeEOT MECTO COOTHOIIEHHSI:

Pru)yWr Z0; Pru)WrkZwe.

Taxkum 06pa3oM, MBI MOKEM 3AITUCAT:

vy,

Qi — o' — P j i m -l_
K =u' v — P (w)vlug + P (u)Py (u) |y, 7(%”) 1

} . (1.83)

IIpoBomst HEOOXOMUMBIE TEHCTBUS, TOJIYyINM OKOHYATETHHO:

fuilvk+uiluk+viluk+uizv 14 (u,v) (1.84)
(u,v) + 1 T w1l ‘

i
Qk _6k -

OrMeruM, 9TO BCIEJACTBUE MICEBIOOPTONOHATBHOCTH MATPUIIBI JIOPEHIIEBBIX
peoOpa3OBaAHMI:

det Hﬂ;j

=1, (1.85)

nosTomy TipeobpasoBanus ¢j1os Tuna (1.63) He uzMensioT Ha3oBOro 0obLeMa
CHUCTEMBI.

1.3.5 HWHarerpanbHble omnepaliuu B (pa30BOM IIPOCTPAH-
cTBE

BeneactBue cTpyKTypbl (Da3oBOro MpoOCTPAHCTBA OMEPAINs WHTETPUPOBA-
ug mo ¢daszoBoMy 00beMy CKaJIApHON muHamudeckoil dyukuuu V(1) =
U (z,P) nomxHa NOHUMATHCH KAK KOCOE MHTErPUPOBaHuEe B paccyoeruu [

/\I!(n)dF :/dX / dP¥(z,P). (1.86)
r X P(z)

Ouepanus, nepecranoBounas no oruomenuto K (1.86):

/ dp / dX¥(z,P) (1.87)
X

P(x)
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B [POM3BOJIbHBIX PUMAHOBBLIX MPOCTPAHCTBAX U MPOU3BOJIBHBIX KOOPIMHA-
Tax JIMIIEHA CMBICJIA, OCKOJIBKY Iy40K UMIYJIbCoB P () npuioxen K Touke
Z KOH(UTYPANUOHHOTO TPOCTPAHCTBA, U npeobpaszosanus koopaunar (1.33)
- (1.34) ompenenenb UMEHHO B 3TOM TouKe. Ilepexom oT HeKOTOPOil TOUKH
KOH(PHUTYPAIMOHHOTO IIPOCTPAHCTBA K HEKOTOPOI IPYTroii TOYKe X' COmpoBO-
2K/TAeTCs BPAIIEHUEM MMITYJIbCHOTO TTPOCTPAHCTBA, IPUYEM OTHOCUTEbHBIH
MMOBOPOT BEKTOPOB UMILYJIbCA ONPEAEIAETCA HE TOJLKO KOOPJINHATAMY T, I,
HO u (HOPMOIi IMHWY, BIOJIb KOTOPOIl MEPEHOCUTCS KACATETbHOE MPOCTPAH-
ctBo. B pesynbrare (1.87) cTaHOBUTCS HEOIHO3HAYHON OMEPAIHEi.

B psine npunoxennii, Tem He MeHee, TPeOYeTCS TPOU3BECTH TIEPECTAHOB-
Ky unrerpasos B (1.86). B Takux ciydasx HeoOXouMo 3aduKrcnpoBarh 61-
eKITNIO, KOTOPasi Obl YCTAHABIWBAJIA B3AWMHO - OJHO3HAYHOE COOTBETCTBUE
MeZK/Ty UMITYJIbCAMU, IPUIOKEHHBIMU K PA3JINIHBIM TOYKAM KOHMDUTYPAIHU-
oHHOrO npocrpancrea. Onuoit u3 Haubosee yaoOHBIX (hopM yKazaHHON Ou-
€KIINU SABJISIETCS MaPAJIIESIbHbBIN IEPEHOC UMITYJIbCHOTO MPOCTPAHCTBA BAOJIb
reOJIe3NIECKUX, COCIUHSIONINX IBE TOYKN KOH(UTYPAIMOHHOTO TPOCTPAH-
CTBA.

Broisicuum, Tem He MeHee, B Kakux ciaydaax B uarerpaje (1.86) mMoxkHO
W3MEHSITh MOPSIIOK WHTETPUPOBAHUS 0€3 JOMOTHUTETBHBIX OTOBOPOK. JIjs
Toro, urobnl onepamus (1.87) Oblia onpesereHa OJIHO3HAYHO, HEOOXOIUMO,
9T00BI BEKTOP HMITY/IbCa P; mepeHoCHICsS mapasaeabHO BIOIb J000H Kpu-
poit ' = 2¢(v) B X4 , T.e., (cM., Hampumep, [41]):

DP; _, dz' _
dv — "dv

0.

ITockobKY pe3yIbTaT IepeHeceHns He JOJIZKEH 3aBUCETH OT KPUBOIi, BEKTOD
P; nomxen ObiTh KOBapuaHTHO TocTOsTHEBIM. HO TOTMa BCIeaCTBUE HE3ABU-
CHMOCTH KOH(UTYPAIIMOHHBIX W UMIIYJIbCHBIX KOOPAUHAT TOJI?KHBI BBITIOJ-
HATHCS YCJIOBUA:

k —
TPy =0,
T.€., BCJIEACTBHUE IIPOU3BOJIbHOCTHU UMIIyJIbCa BO BCEM X4 JOJIZKHO OBITh:
ko _
It =0.

Taxkum obpasom, onepayus (1.87) onpedeaena 0dnosnawno auws 6 dexap-
MOBHIL KOOPOUHAMAL NAOCKO20 NPOCPAHCMEA.
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1.3. Penstuucrckoe ¢pa3zoBoe NpOCTPAHCTBO

BBemem B paccMoTpenne TEH30pPHOE IOJ€ B KOH(UTYPAIIMOHHOM IIPO-
CTPAHCTBE:

oH  oH

Ple) i1 is

KOTOpPOE HA30BEM S$-M MOMEHTOM OTHOCHTEIHLHO JUHAMHYECKOTO CKAJIApa
U(z,P). Unrerpuposanue B (1.88) mpoBoauTCs M0 GECKOHEYHOMY YETHIPEX-
MepHOMY napasuiesienuney. Beaepcrsue (1.55) BoinosHsieTcsi uHTErpajbHOE
cooTHotenue [55]:

, . ~t , .
/ P pis v, U(z,P)dP = VT () (1.89)

P(z)

re mpou3BoaHas Kaprana onpejesena mo OTHOIEHWIO K KHHEMATHIECKOMY
UMTYJTBCY.
Paccmorpum mnTErpadT:

/ [#,¥]dP, (1.90)

P(z)

rae ¥(z,P) - npousBosibHast TeH30pHAs quHAMAYecKas DyHKnug. Mcnosib-
3ysa upezcrasienue (1.62) ckobok Ilyaccona u uHTErpupys 10 4acrsiM, 110-
JIy9uM:

/[’H,\IJ]dP:Vi /pi\p(x,P)dP—/dPi\Ir ViH. (1.91)
P(z) P(z) P

rae Pso - THTIEPHIOBEPXHOCTH, OXBATHIBAIONIAS WMITYJIHCHOE TTPOCTPAHCTRO.
Hanaras wa dynkuuio ¥(z, P) yciosue:

U(z,P)p. =0, (1.92)

HOJIyIUM BAasKHOE HHTErpajbHOe cooTHomenue [50]:

/[’H,\IJ]dP:Vi /pi\I!(ac,P)dP. (1.93)
P(z) P(2)
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[.4 UVaBapmanTHada pYyHKIUS pacipeiesieHns

1.4.1 Bepnenue ¢pyuknuu pacupeneaeHud

Beenenne muBapuanTHO (GyHKIIMN pacupeneseHus B 8-mMu MepHOM (hazo-
BOM PACCJIOEHUU C PUMAHOBO# 6a30ii He ABJSIE€TCS TaKOH OYE€BUIHON omepa-
npeil, KaAK 9TO MOYKeT MOKA3aThCA HA NepBbIi B3rsd. Bo - nepsbix, Kiaccu-
geckas QYHKIINs PACIPE/IeIEHUs TOXK IECTBEHHBIX JACTHIL OIIpe/esieHa ua, 6
- mepaOM (dazoBom mpoctpancTee: dim X = dim P = 3, mpuyem unTerpas
OT 3T0i (PYHKIMY TI0 BCeMY (DA30BOMY MPOCTPAHCTBY PABEH TTOJTHOMY YUCTY
YACTHUIL 8 KaoHcIul momenm epemenu. VIHTerpupOBaHWe 3TOIM BEJNIUHBI T10
BpeMeHHN a0 ObI OECKOHEIHOCTb.

Bo - BTOpBIX, BpeMsi B KJIAaCCHIECKON (pu3mke siBasgeTCs aOCOIOTHBIM,
[IO3TOMY OIIPE/IeJIEHUE TIOJTHOTO YHCJIa YACTHUIL SIBJISE€TCS OJHO3HAYHON Olre-
pauumeii.

U, naxower, B - TpeTbux, COOCTBEHHOE BPEMS PEIATHBUACTCKON YACTUIIBI
MOXKET OBITH JIUITh CKPBITHIM MAPAMETPOM CTATUCTUYECKON CHCTEMBI, MO-
CKOJIbKY, ONIPEIEIsis CTATUCTUIECKIE CPEIHIe B OKPECTHOCTH KAKOM - 1100
MUPOBO# iHMY X 4, MAKPOCKOTTIMIECKUH HADTIOIATEIh UMEET BO3MOXKHOCTD
U3MEPSATH JIUITH KOOPIUHATHI, HMIIYJIbChl YACTHIL U IIJIOTHOCTHA BEPOSTHOCTH,
HO HE MMeeT BO3MOYKHOCTH U3MEPATH COOCTBEHHOE BPEMsi KAXK/ION YACTHIIbI.

Komneyno, M0XHO OTKA3aTbCHd OT IOMBITOK COXPAHUTH B PEJIATHUBUCT-
CKOIf CTATUCTUKE KJIACCUIECKUI CMBICIT (DYHKITUU PACITPEIETIEHIS W OPEeIe-
JINTh CTATUCTUYECKUE CPEIHIE HHTEIPHPOBAHUEM HEKOTOPOI MHBAPUAHTHOMN
GYHKIMY M0 YeTHIPEXMEPHOMY KOHMUTYPAIMOHHOMY MpPOCTPAHCTBY. [lis
9TOrO ecTh cepbe3ubie ocHOBaHusA. Kak Mbl ormevasu B paszese 1.1, kax-
noe pu3ngeckoe n3MepPeHne XapaKTePru3yeTcsi HEKOTOPBIM Y€ThIPEXMEPHBIM
obbemoM A KOH(UI'Y PAIIMOHHOIO IIPOCTPAHCTBA K COOTBETCTBYIOIIUM 00b-
€MOM UMIIYJILCHOTO TTpocTpancTBa AP, T.e., B KOHEUHOM HUTOTE, HEKOTOPHIM
obbemom AT 8 - MepHOTO (PAa30BOrO MPOCTPAHCTBA. DjaeMenT oobema Al u
onpesiesisieT TOYHOCTh M3MEPEHHs JUHAMUYIECKOTO COCTOSTHUS CTATHUCTHYE-
CKOit cucreMbl JanHbIM mpuGopom. CTPOro roBopsi, K3MEpPeHue MIOTHOCTH
9HCJIa YACTHUI[ B KAKOM JIMOO COCTOSHUHM BO3MOKHO JIUIID JIJIsi KOHCEPBa-
TUBHBIX CHCTEM IPU YCJIOBUY WX CTAIMOHAPHOCTH. Ecim cucrema HeKoHCED-
BATWBHA, TO YACTHUIILI TIEpPEeCceKAOT (PAa30BbIE TPAHUIIBI TPUOOPA, U TOYHOE
OTIpe/IeIeHNe YNCIa, YaCTHIl B TPHOOPE HEBO3MOXKHO.

B KJ1accuHecKoit CTaTHCTHKe CKOPOCTh CBeTa GecKonedHa, TO3TOMY CTa-
HOBUTCS IPUHIIUIIHAIHHO BO3MOXKHBIM BHIOOD CTOJIH MAJIOTO BPEMEHHOTO UH-

2
‘Tquee, CcpeagHue CKOPOCTH YaCTHUIl MaJibl IO CDABHEHUIO CO CKOPOCTBHIO CBETA.
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1.4. HuBapuantaas (OyHKIHS paCIpEIeICHUS

TepBasa uaMmepenus At, B Te€4eHnE KOTOPOrO MEPEHOC JTUHAMUIECKUX BEJIH-
qauH Yepe3 (pa3oBble TpaHUIBl MpUOOpa MPeHeOpeKUMO Masl. PeaaruBu3m
KapIVHAJHGHO U3MEHSIET 3Ty CHUTYAIWIO. KCIM 9acTuiibl B CTaTHCTHIECKOM
CUCTEME JBUKYTCS C OKOJIOCBETOBBIMU CKOPOCTSIMHU, TO JJisi TOTO, UTOOBI
nperebpedb WX ABUKEHHEM depe3 (has0oBble TPAHUIILI TPHOOPA, JTUHEHHBIE
pa3mMepbl mpubopa I0MKHBI OBITH TOPA3I0 OOJIBINE JJIUHBI IIyTH, Ipoderae-
MOTO yJIBTPAPEISITUBUCTCKON dacTurieit 3a Bpems uamepenus At. OgHako,
9TO ycaoBUe TPOTUBOpeYnuT ycaoBuio (1.6) BpeMeHuomo6HOCTH aKTa u3Me-
penusi. [ToaTomMy mipsiMoOe u3MeEpeHue TJIOTHOCTH YHCJIa PEISTUBUCTCKUX Ya-
CTHUI[ CTAHOBUTCS HEBO3MOXKHBIM M, CJIEJOBATEHHO, 9TA BEJWYNHA, HE SB-
ssieTcst HabJTIoIAeMOoit B peiaTUBUCTCKOM cratuctuke. OHA JIMITL YCIOBHO
HabJi0/1aeMa B IOCTATOYHO OJHOPOIHBIX CTATHCTUYECKUX CHCTEMAX, KOTJIA
TMOTOKY YACTHI] YXOJAIMNX U TPUXOAANINX depe3 (ha30Bbie TPAHUIIBI TPUOO-
pa B3aWMHO CKOMIIEHCUDOBAHBI B CPETHEM.

BumecTo mIOTHOCTH COCTOSTHUIT SKCIIEPUMEHTATOPHI (DAKTUYECKH W3ME-
psitoT (Ha30Bbie MIOTHOCTH TIOTOKOB PEIITUBUCTCKUX YacTHIl. Paccmorpum
TUMUYHBIA [JI8 CIEKTPOCKONUU OBICTPHIX YACTHUI] IPUMEP, KOIJAA pacipe-
JieJiIeHne 7Y - KBAHTOB KMCCJIEIYeTCsl CIUHTUIUISIIMOHHBIM caeTdankoM. Ilpe-
06pa30oBaHHbIE MOHOKPHCTAJIJIOM IIOBAPEHHOW COJM B CBETOBBIE BCIIBIIIKH
Pa3IMIHON WHTEHCUBHOCTH ¥ YCUJIEHHBIE (DOTOIJEKTPOHHBIM YMHOKUTETIEM
CHUTHAJIBI OT Y - KBAHTOB QHAJM3WUPYIOTCA 3areM Ha N - KaHAJbHOM aHa-
JIN3aTOpE UMITYJIHCOB. Pabodee TEIO CIMHTUILIATOPA WMEET BIIOJIHE OIpe-
JeJeHHbII 00beM, TPOAMKTOBAHHDBIN BEINIUHON IHEPTHH PETHCTPUPYEMBIX
7Y - KBAHTOB: C yBEJWYEHUEM IHEPIUU TOCIEIHUX TOJKEH yBEJTUIUBATHCS
u 00beM CIUHTHUJIISTOPA BCJIEICTBUE yBeaudenus npobera GpOTOHOB. JTOT
obbeMm, AV u gBjsieTcs TpeXMepHbIM 00bemoM mpubopa. [Ipu sTom, omHa-
KO, KaXK/JIbI# TIETEKTOP XaPAKTEPU3YETCsS KOHETHBIM BPEMEHEM PA3PEITeH s,
At = T, BHyTpU KOTOPOTO OH HE MOXKET PA3JIETUTH JIBA PA3HBIX COOLITUS U
BOCIIPUHUMAET MX KaK OnHO. KaxK/Iplil JAHHBIA CYETINK IYBCTBUTEEH K 7Y
- KBaHTaM B ONpPeJeJIeHHOM auanasone snepruil: [E;, E; + AE]. nsa u3so-
TPOITHOTO TETEKTOPA BEJTMIMHA, %W(AE)3 SBJISETCS UMITYJIBCHBIM 00BEMOM
npudopa. VIMImyabCHBI ke 00beM OJHOTO aKTa M3MEDPEHUsT ONPEeIe/IsieTCs
YHCIOM KAHAJIOB aHAJM3ATOPA, T,e., BeTMYAHON %ﬂ(AE)S/N.

IIpu mebosibiMX BpeMeHax u3MepeHusi, At = ¢, YUCJI0 OTCYETOB B pas-
JINYHBIX KAHAJIAX AHAJIM3ATOPA €Ille CJUINKOM MAJIO W CTATUCTUYECKUN Pas-
6poc cauikoM BesuK. UTOOBI JJOCTATOYHO TOYHO BOCCTAHOBUTD CIIEKTD 7Y -
KBAHTOB, 9KCIIEPUMEHTATOD BHIHYXK/IEH YBEJIMYUBATEH BpeMs u3Mepenus. Bo
MHOTHX CIMEKTPOCKOMMYIECKNX dKcmepuMenTax tnna Al'P namepenunsa amar-
Cs CyTKaM¥, a WHOTIA U Mecanamu. [Ipyu ycioBum CTaMOHAPHOCTH TIOTOKA
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4 - KBAHTOB YUCJIO OTCYETOB B KAHAJIAX aHAIM3ATOPa Oymer pactu B Cpe/-
HEM JIMHEITHO CO BPEMEHEeM, BMECTE C TE€M CTATHCTHYEeCKue OIubKu OymayT
MaaTh MPOMOPIMOHAIBHO 1/ V/t. B TUIIHYHBIX CIIEKTPOCKONMYECKUX M3Me-
PEHUSIX CTAIMOHAPHOCTH MOTOKA YACTHUIL 00ECTIEINBACTCS CTAIIMOHAPHOCTHIO
U3BECTHOI'O UCTOYHHUKA U3JIyYEeHUs U CTAIIMOHAPHOCTHIO BHEITHUX YCJIOBUA.

Ecau nuneiinbie pa3zmeps! geTeKTopa ropasao OoJiblie [IIHHBL Ipobera 7y
- KBAHTOB B BEIIECTBE CIUHTU/LIATOPA, YUCJIO PETUCTPUPYEMBIX Y - KBAHTOB
OyJeT mPSMO MTPOTIOPIIMOHAJIBHO TIIOMIAIN TOBEPXHOCTH TOCeaHero. Takum
00pas3oM, I MOy YeHrss 00 beKTUBHON XapaKTEPUCTUKY MOTOKA, 7y - KBAH-
TOB 3KCIEPUMEHTATOD BbiHYHCOEH TIONETUTD YUCJIO OTCIETOB B KAHAJIE AHA-
Jm3aropa Ha mmupuny Kanaina AE /N, renecubiii yros “spenus gerekropa’ (B
paccMaTpuBaeMoOM IpuMepe — 47 ), TJI0IA b MOBEPXHOCTH CIUHTHILIATODA,
AS, u Bpems usmepenus t. B pesyabraTe OH MOJYYUT BEJIUUUHY, HA3HIBAE-
MYIO TITIOTHOCTBIO TIOTOKA: YHCJI0 9acTHIL /(3pT cTepaman cM> ), JeeHuem
KOTOPO#l HAa CKOPOCTH 7 - KBAHTOB HAOJIOATENIb BOCCTAHOBHUT (DYHKIIUIO
pacopejienierns: nocaeaaux. 13 paccMOTpeHHOro mpuMepa yKe BHJIHO, 9TO
GyHKIWS pacripeiesieHus B PeJISATUBUCTCKON CTATUCTUKE SBISETCS BTOPHUY-
HBIM TIOHSITHEM, IEPBUYHBIM Ke TIOHATHEM CTaHOBUTCS (hpa30Basi MIOTHOCTD
MOTOKA, IACTHII,

PazBurne dpusuku s1eMeHTaPHBIX IACTUIL, ACTPOPUIUKN U KOCMOIOTHH
OPUBOIUT K HEOOXOAMMOCTH PErUCTPAIMH YIbTPAPEIATHBUCTCKUX CJIab0-
B3aMMO/IEHCTBYOIINX YACTHUI[: HEHTPUHO, TPABUTOHOB, FPABUTHUHO U T.II. Y BE-
JIMYeHNe SHEPIUN YCKOPUTeseil BCAEJCTBYEE BOCCTAHOBJECHHUSA CKeilymHra® B
00JTaCTH CBEPXBBICOKWX YHEPTHUIl TaKKe TPUBOJAUT K HEOOXOIUMOCTH JETEK-
TUPOBAHUS CJIADOB3aAMMOIEHCTBYIOMINX YaCTHIl. B 9TUX yCJIOBUSIX CTAHOBUT-
Csl TPUHIAITHATBHO HEBO3MOKHBIM CO3/IAHUE JETEKTOPOB € JTMHEHHBIME Pa3-
MEepaMu CKOJIb - HUOYIb CPABHUMBIMU C JJIMHON mpobera yactuil. B sy urmmx
Cydasix BO3MOXKHO MOCTPOEHUE JTETEKTOPOB C JUHEHHBIMU pa3MepaMu Ha
8 — 10 TOpsAAKOB MEHBINUX JJIUHBI TPOOEra PErMCTPUPYEMbIX BeJIUUnH. B
9TOM CJIy4ae 9UCIO PETUCTPUPYEMBIX JETEKTOPOM YACTHUI] CTAHOBUTCS TIPO-
MOPIMOHATBHBIM pabodueMy 00beMY IeTeKTOpa, W i OnpeaeneHus 00b-
€KTUBHBIX XaPAKTEPUCTUK PACIPEIETCHUs] YACTUIL IKCIEPUMEHTATOD 6bi-
HYotcden OTHOCUTH YNCJIO OTCYETOB B KaHajle aHaJIW3aTopa He K pabodeit
TIJTOIA/IN TETEKTOPA, & K 00beMy Tocjennero. B pesynbraTte o 6vnyorcden
BBOJIUTDH B OOUXOJ] HOBbIE BEJTUIHHBI, UMEIOIHE PA3ZMEPHOCTh: YHCIIO YACTHIL
/(3pr crepagman cm?® ). Takum o6pazom, paspuTue GU3MKN BLICOKHX 3HED-
ruii IPUBOAUT K HEOOXOIUMOCTH BBEJEHUsT HAOIIOAAEMBIX Y€ThIPEXMEPHBIX

3Macmrabuoit MHBAPUAHTHOCTUA B3aMMOJAeHCTBUH.
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IIOTHOCTEH AUHAMAUYECKNX BeJWdnH. BBeneHme Takux ITOTHOCTEH MOTJIO
OBbI IPEBPATUATD PEJIATUBUCTCKYIO CTATHCTUKY B TEOPHIO, NHBAPUAHTHYIO HA
BCEX dTAIaX BBIYUCIECHUN.

B mannoit Mmonorpadun Mbl, ogHAKO, OyIeM pacCMATPUBATH KWHETHYE-
CKYI0 TEOPUI0, OCHOBAHHYIO HA OOBIYHOI BEPOSATHOCTHONW TPAKTOBKE (DyHK-
uuu pacupegesienusi. OTHOCUTEIbHBIN XapaKTep BPEMEH! IPUBOIUT K Heob-
XOMMOCTHU BBEJEHUs TOJIsI HAOII0IATENe 1T COXPAHEHNS KIACCHIECKOTO
cMBbICIa BepossTHOCTH. BBenem B X, mose HabaomaTeseil, acCOMUPOBAHHBIX
C eITMHIYHBIM BPEeMeHUTIONOOHBIM BeKTopoM u!(x):

(u,u) =1, (1.94)

M0 YacaM KOTOPBIX OyIeM MpOW3BOAWTH W3MepeHwus. [Ijis CHHXPOHU3AINH
yacoB HabsI0aTe el HeOOXOAUMAa TeONE3UIHOCTD oA U’ (1):

D i
% =0, (1.95)

T7e T - CHHXPOHW30BAHHOE COOCTBEHHOE BpeMsl HAOII0maTes e, K MUPOBBIM

JIMHASIM KOTOPBIX KACATeNeHO BeKTopHoe mnose u'(z). 'mmepmosepxnocTh
7 = Const, oprororanbaas moJo Haboareneit u'(x):

udz’ =0, (1.96)

aBJgercd npocrpancrsenononobuoit (Puc. 2). B nanbueitmenm Gymem 060-
3HAYATH ITY TUIEPIOBEPXHOCTH CUMBOJIOM V'; BEKTOPHBIN 3JIEMEHT €€ ILI0-
AU PABEH:

d¥; = u;dV (1.97)
rae dV uHBapUAHTHBIN 37eMeHT obbema Ha V:
dV = \/—gdi' N dF?* A diP (1.98)

a 7% (a = 1,3) - BHyTpeHHHEe KOOPIMHATDI TUTIeproBepxHocTH V.

[ycth Teneps p'(s) = dx'/ds - KUHEMATHYECKTI UMITYTbC PETATHBHCT-
ckoii gactunpl. U3 siokambHbIX Tpeodbpa3oBanwmii JlopeHa HeTPyaHO TOJTy-
YUTH CBA3b MEKIY CUHXPOHHBIM BPEMEHEM T W COOCTBEHHBIM BPEMEHEM S
YACTHUIBI:

dr

T = (u(r),p(s)) - (1.99)
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paspermnast KOTOpyIo Kax mucdepenuanibHoe ypaBHeHne IPH 3, TanHbIX U’ (7)
u p*(s), naiigem:

s=s"(r). (1.100)

Onpemennm WHBAPUAHTHYIO (DYHKIIUIO PACTIPEIEIEHUS TOXKIECTBEHHBIX
vyacrun F(z,P) cnemytonmm obpasom [50]:

KonuuecTso uvactuir B o6jacTu
F(z,P)d[s — s*(1)]dl’ = | dT"c nentpom B TOouke {z,P}Hua | (1.101)
runeprnioepxuoctu 7 = Const .

Cornacuo (1.101) monHOE 9UCIO TOXKIECTBEHHBIX YACTHUIL HA THIEPIOBEPX-
HOCTH V' paBHO:

N(r) = / 8[s — s* (1) F (n)dT ; (1.102)
T

unrerpuposanue B (1.102) pacnpocrpansiercs Ha Bce (a3oBOe NPOCTPaH-
CTBO.

OnpenesieHable TAKUM 00PA30M CTATUCTUYECKUE CPEJIHUAE HE 3ABUCAT OT
BBIOOpA CHUCTEMBI KOOPAWHAT, OJHAKO, 3aBUCAT OT BBHIOOPA THIIEPIIOBEPXHO-
ctn V', 3amaBaeMoit osieM HabmonaTesneil ul, T.e., 3aBUCAT OT BLIOOpPA CH-
crembl orcdera [50].

1.4.2 Craructuyeckue cpeaHue OT ANHAMUYECKUX (PyHK-
i

Beenem craTmcTuHeckoe cpesHee OT CKANAPHON (DYHKIMM JMHAMUYECKUX
HepeMeHHbIX 1) (17)):

W(r) = / 85 — 5* ()]F ()4 (n)dT . (1.103)
N
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Puc. 2. Ha pucyHke moka3aHbI F€0e30deCKHie TPYOKH JIBYX CHHXPOH-
HBIX Hab.TIOfATeNTel, ACCOIIAPOBAHHBIX ¢ IeOAe3mIecKnM moem u'(x),
KacaTe/IbHbIM B KaXKJ[0H TOUKe K JIHHISIM BpeMmeHi. IIpocTpaHcTBeHHOIO-
J06Has runepmoBepxHOCTh T = Const SIBISIeTCsT TPEXMEPHBIM ITPOCTPAH-
CTBOM; CE€YeHHe 3TOIH MOBEPXHOCTU TEOJE3HYECKOI TPYOKOI eCTh Tejo
MAaKPOCKOIMHYIECKOro npubopa. TpaeKTopust pesissTHBHCTCKON 9aCTHIIBI B
MOMEHT CHHXPOHHOI'O BDEMEHH Ty ITEPECEKAET re0Je3UIECKyT0 TPYOKy Ha-
omronaresist Ny 1 B MOMEHT BpeMeHU Ty - TpYOKy Habmrogaress No. OTum
MOMEHTAM CHHXPOHHOTO BPEMEHH OTBEYAET PETHCTPAIIHS JACTHIIBI Ha-
omonarensivu N1 u Ny, coorBerctBeHHO. Ha pHCyHKe MOKa3aHa TaKXKe
HEOIIPEeJICJIEHHOCTh BPEMEHH DErHCTPAINHH 9ACTHIIBI AT, BHI3BAHHAS KO-
HEIHOCTHIO 00beMa MaKPOCKOIMHIEeCKOro mpubopa. MaKpocKOmmIHOCTH

JKe mpHOOpa O3HAYAET, 94T0 Kaxkjgoe ero cedenne T = Const npoHH3aHO
OOJIBIIIIM KOJIHYIE€CTBOM JIMHUH YACTHI].
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Ucnonn3ys cea3pb (1.99) u cBoiicrsa § - dyHKumu:
0(T — Tv)
ds*
dr

d[s —s™(1)] = =6(1 — 1) |(u, p)|, (1.104)

IIe T, - CHHXPOHHOe 110 mostio U? BpeMs yacTHibl. IIpOM3BOISA MHTETPUPO-

parme B (1.103) ™0 KOOPAMHATHOMY BpPEMEHW YacCTHIBI T, = T, MOXydnM:

U(7) :/dV / |(u, p)|F (%, 7, P)yY(Z, 7,P)dP. (I.105)

Vo P(V)

®opmyny (1.105) MOKHO HENOCPEICTBEHHO MOJYYUTh U TPOBOJs UHTEIPU-

poOBaHue Mo COOCTBEHHOMY BPEMEHU YaCTHUIIBI §; ipu 3ToM BesieacTeue (1.99):
dX = |(u,p)|dVds. (I.106)

Benencreue (1.16) n (1.17) dbyHkums pacrpenenenus: 9acTuil ¢ GUKCH-
POBaHHOU MAaCCOH MOKOdA M AOJI2KHA UMETh BU/I:

F(z,P) = f(z,P)é <’H - %m2> , (1.107)

rae f(xz,P) - dyukuus, necunrynspuas Ha MaccoBoii nosepxuoctu (1.17). B
pesynbrare uarerpan (1.105) pacnagaerca na asa:

B(r) =3 / av / fo (@, P)bs (2, P)|(u, ) dP s | (1.108)
=V P,
rae:
b _ L dPindPyAdPy _
T Vm o B
P4 |p,

dp' A dp?® A dp? i)
_ _guoﬂ_

3
7| m> " (1.109)
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1.4. HuBapuantaas (OyHKIHS paCIpEIeICHUS

P, - kopuu ypasuenusi (1.17); fi - dbyHKIMuU, ONpeieIeHHbIE HA COOTBET-
crByomux ncespocdepax. Besnencrsue uasapuantaoctu dP u § - ¢yHk-
muu B (1.105) snementn obbema Ha mnceBmocdepax dPi TakiKe ABJISIOT-
€S WHBAPUAHTHBIMHU. B MOJIyreome3mveckoil cucremMe KOODAWHAT, B KOTO-
poii cobcTBeHHOE BpeMsi HAOIomaTes e, T, COBIAIAET C JIUHUSIMYA BPEMEHU
(u® = 6%), bopmyna (1.108) npunumaer Bu:

U(r) = &’z &Py fi(z,P)ps(z,P). 1.110
<>§V//ii<>i<> (1110)

P(V)

B s10ii cucreme kooparHAT CMBICT (DYyHKIUH f1 COBIAIAET € KIACCHIECKUM.

1.4.3 IlnoTHOCTM TOTOKOB AMHAMUYECKUX (DYyHKITUIT

3 (1.105) BUAHO, YTO €CM COCTOSIHUS BCEX YACTHI] ONPEIEICHBI JIUIIL Ha
BepxHeil ncepaocdepe, T.e.:

(u,p) > 0, (1111)
TO KaxKZ0i TeH30pHOil auHamudeckoil dbyukiuu 1(x, P) moxer GbiTh 110-

CTaBJIEHA B COOTBETCTBHUE MAKPOCKONUYECKAA NAOMHOCTMD NOMOKA:

Vi(z) = / F(z,P)i(x, P)p'dP . (1.112)

P(X)
ITonaras ’(/) = 1, TOJIYyIUM 6EKMOP NAOTMHOCTNU YUCAG uacmuu4:
ni(z) = / F(x,P)p'dP, (1.113)

P(X)

npuyeM:

N(r) = / (n, u)dV (L114)

14

€CTb IIOJTHOE YHCJIO JacTull Ha runeprnosepxuoctu V. [lomaras

b=P —eAl = <1+ %) P (1.115)

Y wucnosoit sextop mo Cuury [41].
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Oy YUM Mmen30p suepeuy - umnyavca (TOHU) wacmuy:

P ) .
T (z) = (1 + q—) / F(z,P)pip*dP . (1.116)
m
P(X)
Paccvorpum Teneph HEKOTOPYIO MPOU3BOJBHYIO, HO OTHOCBS3HYIO O0-

smacth ¢dazoBoro npocrpanctsa G C I' u onpesesinM HEMOJIHOE CTATHCTHYE-
CKOe cpejiHee Ha 3Toit obsactu B coorBercriun ¢ (1.101) u (1.103):

V() = / F(n)(n)dls — s*(r)}dT . (1117)
G

Ouesuzno, uro ¥ (7) OTIMYHO OT HyJis JIUIL B TOM CJIy4ae, eCJu YaCTULA
nepecekaeT runeprnosepxuoctb 7 = Const, Haxoxgace sayTpu G. Ilpeamnona-
radg 3TO YCJOBUE BBIMTOJITHEHHBIM, BHIYUCJIUM TIPDOU3BOAHYIO TIO BpEMEHU T OT
obenx yacreii paenctsa (1.117):

Bl = [ 2dls - s I mvoar.
G

Ucnonb3ys npasuio guddepennmpoBanus § - QYHKIUHU, TOJTYIUM:

d¥q ds* d

— = d[s — s*(1)]— [F dr] .

8 = [ S dls = 5 ()5 @),
G

Ouxnako, seaieacrsue reopembrt Jluysuis (1.47) dI'/ds = 0, a nosmas npous-

BOJIHAS OT JUHAMHYECKON (DYHKIINK BBIPAXKAETCS C TIOMOIBI0 cKoOKu IIyac-

cona (1.13). Ucnons3ys coornomenue (1.99) u nHTErpupys M0 KAHOHUYIECKO-
My Tapamerpy $, HafileM OKOHYATEeIbHO:

dr
VI

e _ /dV/dP [H,0F] , (1.118)
2

rne V' CV, PP CP(X); P x V' =G.

IMockombKy coorHomenue (1.118) crpaseuBo /1Jist JTHOOBIX 0THOCBA3HBIX
obyacreil, OHO OCTAeTCs CIUPABEIIUBLIM U JIJISI NOAHBIL CMAMUCTIUNECKUL
cpednuz, T,e., B pegeabHoM nepexone G — I

dv :/dV / dP [H ,4F] . (1.119)

dr
Vo op(x)

48



L.5. Mukpockonmieckast ¢pa30Basi MJIOTHOCTH
ITpeanonaras, yro dbyuxuus Y F ynosnersopsier yciosuio (1.92):

¢ momosio (1.93) nepenumen (1.119) B Gonee ymobHoi dopme:

A oM
E_/dvvi / AP S5V F (1.121)
% P(X)

1.5 HMuaBapmaHTHass MUKPOCKOIIMYEeCKas
dazoBasg MIOTHOCTH

I.5.1 Mukpockonudeckasa ¢a3oBagd IJIOTHOCTH TOXKJE-
CTBEHHBIX YaCTHI]

IIpornienypa BBeenns: byHKINNA PACIPEIeIeHAs TOXK IECTBEHHBIX YaCTHUIL 10
mpasusy (1.101) TpeGyeT HEKOTOPBIX TOSICHEHUil, YTOYHSIONUX €€ CMBICII.
Kak wmbr ormeuanu B paszene 1.4, BBemenHas Hamu (DYHKIMS PACIpPEIe-
senns (1.101) sBjsieTcsa CyIIECTBEHHO MAaKPOCKOIMYECKOH Bemunnoi. Kax
2K€ TPOUCXOUT MEPEXO, OT MUKPOCKOMUIECKUX (PA30BBIX TPACKTOPHII da-
crun; (1.12) ¥ ux makpockonmueckoMmy pacipegesenuto? Kak npoucxomur
MMEPEHOC TMHAMUYECKUX BEJIMYWH, ONPEIEIEeHHBIX HA TOYEIHBIX O00DbEKTax
(wacTunax), Ha HenpepbiBHOE MHOToOOpasme? Kaxk u Bcerga B 1mOI00HBIX
CJIy4asix TAKOH MePEeHOC OCYIIECTBIISIETCS ¢ MOMOINLIO § - hyHKImMH. Bemem
UHBAPUAHMHBLE MUKDOCKONUYECKUE (HA306bLE NAOMHOCTU CUCTEMbBI, COCTO-
smeit u3 N4 TOXKIAECTBEHHBIX dacTuI (cM., Hampumep, [58], [40]) :

A >—§/5[ 5 (sa))ds (1122)
‘A 77 - — na (A) «a [ ] .

TIe MHTErPUPOBAHIE MTPOBOINUTCS MO BCei (PA30BOI TPACKTOPUN KAXK IO (v -
TO# yacTunbl. Bo n36ekKaHuu MyTaHUIBI ¢ WHIEKCAMY B TaJIbHEHIIIEM TOTO-
BOpUMCs 00 0003HAYEHUSX YACTHUIl. [IPOU3BOIBHYIO YACTHUILY B JAIbHEATIIEM

« _— _
Oyaem 0003HAYATH: ((%)), rae a = 1, N - nomep wactuipl, A = 1,n - ungeKc

copra yactuipl (Gyxranrepckuii unzexc). Korja 3anucbiBaiorcs KOHKpeT-
Hble PEaKIIny, UHIEKC COPTa OIIyCKaeTCd, 1 BMeCTO, HallpuMep, (a) UIIeTCA:
1
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e (371eKTpoH); (a) numercs: p (1poroH) u T.4.. Torga AuHaMu4YecKue mepe-
2

MEHHBbIE€ YaCTHUIIbI 6y/:[eM 3aIIUCbhbIBATh B BUJE!:

(@) @ , (@
={z i, P ; 1.123
o {(A) B } (1.123)

Bo u3bexxaHuu CAMIIKOM IPOMO3JKAX MHOTOMHIEKCHBIX BEJMYIUH HEKOTO-
Dbl€ UHIEKCHI B Jajbheiinem Oyaem onyckarb. Jasee B (1.122) §[n; n*(sqa)]
- CHMMeTpHWYHAs WHBapHUaHTHAs 8-MW MepHas d - MYHKINS, ONpeeseHHast
Ha daszoBom mpocrpancTse ['* u uzomopduOoM emy I', Tak 9TO:

/ $(®)8n; n°)d™ = p(n)
FC(

/ $(n)8ln 1°1dL = (). (1.124)
T

Tak kak (pa3oBoe IPOCTPAHCTBO ABJISETCHA PACCIOEHUEM, TO U 8-MepHast ¢ -
GyHKIMS pacnagaercs Ha MTPOU3BEIEHUE IBYX UYETHIPEXMEPHBIX § - (DYHK-
TIHiA:

8[n;n*] = D(x;2*)s W (P — P*), (1.125)
TaK 4TO:
/ Y(x,P)d® (P — PY)dP = ¢(x,P?), (1.126)
P(X)

rae nmnyiasc P remeps yike nmpuitoxkeHn kK Touke z € X. [lasee:

/F(m)D(m;xa)dX = F(z%). (I.127)
be

Omnpenenennas TakuM CocO60M 8-mu MepHas 0 - hyHKIUA WHBAPUAHT-
Ha 10 OTHOMIEHNIO K mpeobpasosannsm (1.33) - (1.34) dasosoro mpocTpaH-
cTBa. PelaTuBucTCKY - MHBapUAHTHAs 7- MepHas § - (YHKIUSA ¢ UCKAIO-
YEHHBLM COOCTNGEHHBIM GDEMEHEM “ACTIUYDLL, OTIPEIEIIAIONAsA MAKPOCKOU-
4yeckyio dasosyto wiornocts (1.122):

—+o00
Baiia) = [ 8n.ma(s0)ldse (1128)
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L.5. Mukpockonmieckast ¢pa30Basi MJIOTHOCTH

M Ha3bIBaeMast cAyualinot Gynxyuetl, ObLia BIepBble BBEIEHA B PEJIITHBUCT-
ckyio craructuky A. Crparonosudenm®.
Wrak, mmeer MecTo COOTHOIIIEHNE:

Na
N ) =2 Aalilsila).- (1.129)

Beenewm, kak 310 MBI gesaan B paszerte 1.4, moje mabmomarenei B Xy, ac-
CONMMPOBAHHLIX € eIMHUYIHBLIM BPEMEHHTIONOOHBIM BeKTOpOM u'(x), m mpo-
CTPAHCTBEHHONON0OHYIO runepnosepxuoctb %(7) = V(7), oproronajabHyio
3TOMY BEKTOPHOMY IOJIIO, ¥ BBHIYUCIUM HHTETPAJ IO 3TOH THUIIEPIOBEPXHO-
ctu oT caydaituoii dyukmuu (1.128). Samerum crauana, aro corsacuo (1.106)
u (L.111):

dX = dvdr, (1.130)

TJIe JTMHAY T ABIAIOTCA KaCATeIbHBIMA K BeKTOpHOMY moo u' (z). Tloaromy
B JIaHHO} cucreme orcyera ciydaitnas Gyukuus (1.128) npunumaer Bui:
. 1 ) (5.5 5@ *
A 7a) = =70 (#7a)0" (P = Pa(sy)) (1.131)
(u, pa(s3)

rje & - BHyTpeHHHEe KoopanHaThl runeprosepxaocru V : 7 = Const, a s (7) -
MOMEHT COOCTBEHHOT'O BPEMEHU YaCTHIIBI, COOTBETCTBYIOIIETO TIEPEeCEeTeHUTO
efo runeprnoBepxHoctu 7 = Const. Takum 06pazoM, B KOHEYHOM UTOTE:

Fo =2a(T); Po=Pa(r), (1.132)

IJIe TIEPEMEHHBIE fjo(T) ABJIAIOTCA PENICHUSMU KAHOHWYECKUX yPaBHEHU
meukenus (1.12) ¢ mocenyomuM UCKIIOUYEHHEM KaHOHUYECKOTO TapaMeT-
pa: So = S %4 (7). MomenT Bpemenu 7 oupejesnsiercs u3 pemenus audde-
pennmanbhoro ypasuenus (1.103).

JIefiCTBUTENIHHO, 3AMETHM, YTO KAHOHUIECKNE YPABHEHNS IBUYKCHUS HUa-
crur, (1.12) mocste NCKTOUIEHNsT KAHOHUIECKOTO TTAPAMETPA § MOKHO TIPeI-
CTaBUTDb B BUJE YPABHEHHI XapaKTEPUCTHUK:

1 4
do _od 4 P gy, s
p p -ViH —ViH

5Ha sror daxr ykazano B pabore F0.JI. Kiumonrosuwa [40], HO cCbLIKM Ha camy
pabory A. CrparonoBuua Apropy HaiiTu He ymanock. FO.JI. KnuMoHTOBHY B OTBET HA
npoceby ABTopa coobuiui, uro pabora CTpaToHOBHYA TaK U He ObLIA OMyOJIMKOBAHA.
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rze corsnacuo (1.12):

_oH
T 9P;

i

p

Cucrema ypasuenuii npuxenuns (1.133) momyckaer 7 He3aBUCUMBIX HHTETDA~
JIOB:

®.(z,P)=Cr;  (r=0,6), (1.134)

oZHUM n3 KoTopbix, Cy, Beerja asisgercs narerpan Maccs (1.16) (nmm (1.19)).
ITpu dburcupoBaHHON Macce MOKOs YaCTHIl, 1M, cucteMa ypasuenuii (1.133)
ompeesnsier B pazosom npocrpancTse I' 6-mapamerpuueckoe cemeitcTso da-
30BBIX TpaekTopwii. Paspermasi 3TH ypaBHEHHUS, B CHCTEME KOODJIWHAT, B

KOTOpOif 2% = T, OTHOCHTEJLHO BpeMeHH HabmojaTeseil 7, MBI TOJTY9IAM
(i=1,3):
zt = 2(1) g
P,=P;i(r) ¥ B, p=10). (1.135)
H= Lim? — 154

2

Nurerpupys 3arem mw00yio csua3b B cucreme (1.133), Mbl Haiimem s.(7T).
Nmenno B 310M cMbIce 1 HA10 noHUMaTh cootHomenne (1.131), a rakxke u
AHAJIOTMYHBIE €My HIKEeCJeIyIOIne.

1.5.2 CsBa3p MuKpockonu4eckoii (pa3oBoii mJI0THOCTHU C
MAaKpPOCKOIINYeCKOi (pyHKIHEN pacmpeaeieHus

Bamerum, uro unrerpuposanue suaa (1.127) Bmecre ¢ ha3zoBbIMu KOODIUHA-
tamu (1.135), yIOBIETBOPSIONIUMYE KAHOHUIECKUM YDABHEHUAM JBUIKEHUS
(I.12) nepenocur ua unrerpupyemyo dbyHkuuo ¢ (n), U3MEPIEMy0 B TOUKe
HaOJIIOJICHNUS, U BCEe TUHAMUYCCKUE (DYHKIUN YACTHILI B COOTBETCTBYIONTHE
ceasu. Tak, HaIpUMep, AaBTOMATHYECKH MEPEHOCUTCH COOTHOIIEHUE HOPMHE-
posku (1.17), ycranasimBaiomiee B KazKI0# TOUKE T CBA3b MEXKJY Y€TBEPTOi
KOMTIOHEHTOH WMITYJIhCA YACTHUIIH M OCTAJIBHBIMEA €r0 KOMITOHEHTAMM.
C y4ueTom CHenaHHbIX 3aMEYaHuil, IOy IIM:

/ av., / AP, (1, p)AG; o) = 1, (1.136)
Va P(Va)
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L.5. Mukpockonmieckast ¢pa30Basi MJIOTHOCTH

€C/i JTaHHAsl JaCTHIA, B MOMEHT BPEMEHH T Haxomurcs B obnactu V,. B
nporuBHoM ciayvae unrerpas (1.136) pasen mysro. Mbl MOxKeM 10JIy4UTh U
cummerpruHoe K (1.136) coorHomeHme:

Jav [ apmadin =1, (1137)
v PV
r7le HHTErPUPOBAHUE MTPOBOIUTCS YKe TI0 (PA3OBBIM KOOPIMHATAM TTPUOOPA.

ITposous unrerpuposanue (1.122) no runepnosepxuoctu ¢GazoBoro mnpo-
crpancrBa Habmonarens P x V(1) ¢ ygerom (1.137), nomydamnm:

Jav [ aep y o =na0), (1138)
v PV
rie Na(V) - aucno gacrun copra «A» B o6beme npubopa V(7). Ilycrs Te-
nepb AV (1) - masbrii 0o6beM npubopa vabmogarens (cu. (1.98)), a AP(V) -

MaJIbIii HHBAPHUAHTHBIN 00bEM MMITY/ILCHOTO MPOCTPAHCTBA N3MEPEHUs 1M~
TenbHOCTEI0O AT. Takum obpasoM,

ATl' = AP - AV - Ar

ectb (azosblii 06bem uzmepenus. Ycrpemsss B (1.138) dazosbiit 06bem k
mymo®, momyunm B mpesese UMCI0 YACTUIL B OKPECTHOCTH TOUKH 1) € L'

(u,p) AV AP '/X (n) = ANy(z,P). (I.139)

Paccmarpusas onpezesnenue (1.132) makpockornmyeckoii pyHKIuu pacipe-
nenenust F(z, P) B Masioi, Ho KoHe4yHOli 06JiacTu (Ga3oBoro npocTpaHcTsa u
MPOBOS B 9TOH 001aCTH HHTErpUpOBanue J - (pyHKINU, mpeobpa3yeM ero K
dopwme, sxksuBasmentHoit (1.139):

(u,p)AVAPF4(z,P) = ANy(2,P). (I.140)

CpapuuBas (1.139) u (1.140), Haiizem CBs3b MEXKIYy MUKPOCKOTIHUECKOH (ha-
30BOii MJIOTHOCTBHIO TOXKJIECTBEHHBIX YACTHIL 1 MAKPOCKOIHYECKOH (DYHKIIN-
eii pacrpeieIeHnst TOXKIECTBEHHBIX YaCTHIL COPTa «A»:

AVAPAF(n(7)) = AVAP A ((7)). (1.141)

6He 3abbiBast npu 3TOM 0 HIKHeM orpanudenuu (1.5).
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Caenyer 0cobo noguepkHyTh, 410 coortoiienue (1.141) umeer cmpica Juiib
JI7Isi KOHEIHBIX (DA30BBIX 00'bEMOB, COMEPIKAIINX JOCTATOTHO OOTBIITIOE YUCTO
YaCTUII, JAHHOTO copTa: N4 > 1.

Takum 00pa30OM, MAKPOCKONUYBECKAA GYHKUUA PACTIPEIEAEHUS eCTNL CPed-
Hee 3HAYEHUE MUKPOCKONUYUECKOT (Pa3060T NAOMHOCTIU NO MAAOMY, HO KO-
HewHnomy obsemy Gazo6020 NPOCMPAHCMEA.

3aMerumM, 4TO [PHU TAKOM OIepanyuy IPOIaJaeT BCa MHMOpMAaIUs O HO-
Mepe YACTHUIIBI ¥ OCTACTCS JIUITH WHPOPMAIINSA O COPTE YACTUIIBI, OTIPEIeIs-
€MBbIM MAaCCOM, 3apsIaMu, CITMHOM M T.II.

1.5.3 Mukpockonudyeckue ¢a30Bbi€ ILJIOTHOCTH JAWHA-
MHuYecKnX (pyHKImii

IIycts manee

(@) . ()
1/}[(2) (Sa)] = d)[

(s0): P (50

T (Sa), Sa)

(4) (A)

- (PYHKIUS IUHAMUYECKUX TMEPEMEHHBIX ( - TOW YACTUIBI. AHAJIOTHYHO

(1.122) BBeIEM MUKPOCKONUHECKYIO a306Y10 NAOMHOCTND QUHAMUNECKOT ByHTK-
(@)

YUY MOAHCIECTNEEHHVLT YaACTUY, 1) :

(A)

(@)

¥ (n) = %/d)[(%) (sa)]8[ms M (3a)]dsa - (1.142)
A = (A) "(A)

Benencrsue (1.126), (1.127) u cBoiicTB uHBapUaHTHO# caydaiinoil ¢dyHnkuun
Ao (7, 7q) (1.128) BHIMOTHAETCS CJIEIYIONIEE CAMBOJUIECKOE TPABUIIO, TOHY-
MaEeMO€ B CMBICJIE MOC/IEAYIONEro NHTErPUPOBaHUs 10 (ha30BbIM KOODIUHA-

[ ol 7 (sl = ) B0 (1.143)

(@)

Tak xkax guHaMmYIeckne PYHKIUA U 11 GaCTHI] OJHOTO COPTa, CIEIHa-
(4)

JIM3UPOBAHDI JIUIITh HOMEPOM YaCTUIbI, «, TO cooTomenue (1.142) ¢ momo-
mpto (1.115) u onpeesienus: MUKPOCKONUYECKOH (ha30BOil IIIOTHOCTH TOXK-
JIECTBEHHBIX YACTHUI[ COPTa «A» MOXKeT OBITh 3amucaHO B OOJee IPOCTOM
BHIE:

W (n) = valn) N (). (1.144)
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B uacrnocrn, nonaras B (1.144) 1 4(n) = pY, TOIYIUM MUKPOCKONUMECKYIO
$as06y10 NAOMHOCTID GEKNOPA NOMNOKA MOAHCOCCTNEEHHDBIT HACTNUL;

N “(n) =Pl N (), (1.145)

Tak 4ro coraacHo (1.138):
/dEi/dP /}‘/ (n) = Na(V) (1.146)
% P

€CThb YUC/I0 Y9acTul copra «A» B o0beme V (T), re 3/1eMEeHT MUIIePIIOBEPXHO-
cru d¥; onpenensiercs coornorrenneM (1.97). Ionaras 4 (n) = eap’y, no-
JAYIAM MUKPOCKONUYECKYI0 Pas08yio NAOTIHOCTG MOKA MOAHCOECTNEEHHHIT
wacmuy;:

T () =eapy N (n), (1.147)
A A

TaK 9TO:
/ 0z, / dP 77 (n) = Qa(V), (1.148)
1% P A

rie Qa(V) - mommbiii 3apsis gacrui copra «A» B obbeme V(71).

3mech creayer caenarh 3amedanne. Kak m3BECTHO, WHTETPUPOBAHUE B
PUMaHOBOM NMPOCTPAHCTBE TEH3OPHBIX IOJI€H 3aBUCUT OT IIyTH WHTErPUPO-
BAHUSI W TIO9TOMY He SIBJISIeTCsT OJHO3HA4HOMN omeparmeit. OHako, B Tex
cJIydasx, KOTr/Ia TIOJAWHTETPATBHOE BHIPAYKEHNE COMEP:KUT WHBAPUAHTHYIO §
- dyuknmio Jupaxa, ykazanHast HEOIHO3HAYHOCTD YCTPaHsSeTCss. JTO JAeT
BO3MOKHOCTD BBEJIEHUSI ¥ MUKPOCKOITMYECKUX TEH30PHBIX (PA30BBIX ILJIOT-
HOCTEH TUHAMWIECKUX (DYHKIHIA.

Beeznennas coraacuo (1.142) mukpockonmyeckas GpazoBas IJI0THOCTD JIU-
HAMUYIECKON (DYHKIIUU TOMXKIECTBEHHDBIX YACTHI] MO3BOJISIET ONPEIE/IUTh U
MUKPOCKONUYECKYI0 (PA306Y10 NAOMHOCTD OUHAMUYECKOT PYHKUUU aHcamb-
a8 wacmuy. Tycrs ¢ 4(n) - nuaaMudeckue GyHKIMA OJUHAKOBOI TEH30PHOI
CTPYKTYPBI U OJITMHAKOBO# (bu3nteckoit mpuponl. Torma BBEIeM MUKPOCKO-
NYIEeCcKyTo (Pa30BYIO IIOTHOCTH 3TOMH (DYHKIINK 110 BCEMY aHCAMOJIIO YaCTHIIL:

N
W(n) =Y waln) N (). (1.149)
A=1
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B ugacrrOCTH:

N
N )= N () (1.150)
A=1

€CTh WHBAPWAHTHAS MUKDPOCKOTHYECKas (a30Basi MIOTHOCTh aHCAMOJIS da-
CTHIT;

N ) =D P N () (1.151)
A=1

€CTh BEKTOD MUKPOCKOMUYIECKOi (PAa30BOI MJIOTHOCTH TIOTOKA aHCAMOJIs da-
CTHIT;

T = eavs N () (1.152)
A=1

- BEKTODP MHUKPOCKOMUYECKOH (ha30BO# MIOTHOCTH TOKA AHCAMOJISI YACTHUIIL.
Takum o6pazom:

/dEi/dP N (n) = N(V) (1.153)
v P

€CTb ITOJTHOE YHCJIO 9acTull ancambss B obsactu V, a
/dE,»/dP T () =Q), (1.154)
v P

€CTh TOJIHBIN 3apsia obnactu V.
Wcrnonb3ys croMCTBa MHBAPUAHTHON Iy daitHoit hyHKImu A, MOXKHO 1M0-
Ka3aTh CIPAaBEJJINBOCTD CJIEAYIOIINX PABEHCTB:

N T
S [ A nabdsavtie) = () s
N N T N
S [ olnaldsavtiaii) [ asipar o) =
a:lﬁ:l_oo
=N (m)(n;n') (1.156)
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u 1.4. IIpeanonoxum, aro obsacts V sBIsieTcs 3aMKHYTOM, TAK 9TO 9aCTHU-
bl He nepecekaior ee rpanwui, Torga dN (V) /dr = 0. Juddepentupys no
BpeMenu Habonareneit coornomenue (1.153) ¢ yuerom coxpanenus ¢dhaszo-
BOTO 00beMa, MOJTyIHM:

/dV/dP(u,p)*T(n):O.
P

|4

HOCKOHbe 9TO COOTHONLIEHHE JOJIZKHO BBIIIOJTHATHCA 1A IIPOU3BOJIbBHBIX
(ba30131>1x O6'beMOB, TO AOJIZKHO BBIIIOJTHATHCA M COOTBETCTBYIOIIEE JIOKAJIb-
HO€ COOTHOIIIEHUE:

dN

— =0. 11
— =0 (L.157)

1.5.4 VYpasuenue JluyBuiis ajid MUKPOCKOIINYECKOI da-
30BOil IJIOTHOCTH

Huwxke Mbr motyunm ypasuenne JInyBuiLIs i peSISTHBHCTCKA WHBAPUAHT-
HOI MUKPOCKOTHMYECKOi (pa3oBoil minoTaocTu. B cnemuanbHoit Teopuu OTHO-
CUTEJILHOCTH TaKas MpOoIeypa Brepsbie Oblia npoBeaera B paborax FO.JIL.
Kmmmonrosuaa [40], [42]. B coorBercreue ¢ onpenenenem (1.150), cBoiicTa-
mu caydvaiinoit dyaxunu (1.128) A(7) u coornomenusivu (1.135), ycranas-
JIMBAIOIIVMY CBsI3H 7](T), MUKPOCKOTHYecKast (pa3oBasi IIOTHOCTE aHCaMOJIst
gacrur (1.150) ects dynkimsa Buga:

N (m) =3 N (). (1.158)
A

IMponuddepentupyem (1.158) o Bpemenu nabirogareseii T, yauTbiBasi CBO-
CTBa MHBAPUAHTHOMN PeJiaTUBUCTCKOI ciydaitnoit dynkuuu (1.122), A, (7, Ta ):

+oo
d P 90[n;Ma(sa)] d"T] dsq
— A (7, Ta) = —= . 1.1
ar o) / ol ds, (u,pa) (1159)
Ucnonbays coorrnormennst (1.129), momaydnm:
d Nt
N [l 160)
dr 8776{ dS; (uapa) . .
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ITonb3ysich cBoiicrBaMu yerHocTH O - GyHKuMu dupaka, mepenumiem

(1.160) B BUzE:

dN (n) Nt d_

(U,P)T = —% Z:l / 01, Ma(8a)] 5=dsq - (1.161)

na
ds?,
s Beraucyienuit ynoouee nepeity OT mapbl KAHOHUIECKHU COMPSAYKEHHBIX
nepemennbix {z, P}, orsevatonieii Tamuibronosoit ¢popmynuposke ypashe-
ruit amKennsd, x mape {z¢, p*'}, orsewaromeit Jlarpamxkesoit hopMyIHpOB-
Ke ypaBHeHWU nBuKeHwus. IIpu 3TOM, €CTECTBEHHO, W MUKPOCKOMUYIECKUE
¢da30BbIe MIIOTHOCTH a TaKKe CAydaiiHble (PYHKIHH OYIyT ONPEAeTATbCS
Jlarpan:keBoii mapoii nepeMeHHbIX. Y DABHEHUs JBU2KEHUs B JlarpamkeBoii
dopmysuposke (1.22) npunumaror Bu:

dz? )

& =p 1.162
&, Pai ( )
dp! i i i
dsa = _ij(wa)paplocz + eOéEk(wa)pI(; ’ (1163)

rJie BCJIEJICTBUE TIPUHITAIIA, CYTIEPTIO3UINN TeH30p MaKcBesuia npecTaBiuM B
BHJIE:
N
0
Fir(v0) =Fir (za) + Z Fir(zaing) . (1.164)
B=1
0
mpudeM Fj - TeH3op MakcBessa BHEITHETO 3J€KTPOMATHUTHOTO TOJIS, a
Fir(za;ng) - Terzop MakcBenna MeKYIaCTHYHBIX IE€KTPOMATHATHBIX I10-
neit. ogcrasnas (1.162) - (1.164) 8 (1.161), moxyanm:

dN (n) s 0 kaN(n)
(U,P)T =-p'ViN (n) —eF 't(2)p oy
8 N N +OO
_pk 011, Mo (5o Fi(20:n3)dS .-
P o 2 RO LKA TN
B cooreercreue ¢ (1.155) u (1.156) BBemeM:
~. 0 . .
Fila) =k 'y(o)+ [ V' (w.p)dP' N () Fi(ai). (1166)
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Takum o6paszom, ¢ ygerom (1.165), (1.166), (1.155), (1.156) 3anumewm (1.157)

B sIBHOM BW/I€ ypaBHeHus JInyBuiiis:

dN () IN (n)

_ _ i, [ri k _
(u,p)—- p' ViN (n) + eF(z)p o 0. (1.167)

1.6 PengaruBucrckme KMHETUYECKUE
ypaBHEHUS

1.6.1 BpriBog KmHeTUYECKUX ypaBHEHUIl

JlBrKeHne 9acTuibl B TPABUTAIIMOHHOM TI0JI€ BCET A KBA3UKJIACCUIHO, €CITU
ee KOMITOHOBCKas JJTHHA rOpas3io MeHblne pagmyca kpususubl K 1 (1.10):

M=E'l< K1 (1.168)

Tem He MeHEE ¥ B TAKUX CHCTEMAaX YACTHUI] MOTYT ObITH CYIIECTBEHHBI KBAH-
TOBOCTATUCTUYECKUE SIBJICHUSI, CBSI3aHHBIE CO CBOWCTBAMHU CUMMETDPUHU BOJI-
HOBO# YHKITUN TOXKIECTBEHHBIX JacTull. I1lo3ToMy Takme cucrtemsl yaobHnee
ONUCKHIBATH He (DYHKIIHEH paCIpe/IeeHus, & cPeOHUMY NOKAADHBLMU YUCA-
MU 3ANOAHENUSA KEAHMOBUT cocmosnut, n(z,P), cBsa3b KOTOPBIX ¢ DYyHK-
el pacrpe/iesieHnst TaeTcsi COOTHOIIEHneM (CM., Hampumep, [59]):

f@.P) = P n(,P), (1.169)
(2m)?
IJIe p - KPATHOCTDb BBIPOXKICHHUSI.
PaccMoTpuM TIpoNece B3auMOIefiCTBUs YaCTHIL Q1 . . . , Ay, B PE3YJIbTATE
KOTOPOro 00pas3yloTcs 9acTULpl af, ..., ah
m ml
Z vaas —> Z vpay , (I.170)
A=1 B=1

TJle VA - 9UCTIA 9aCTHIl COPTA @4, YIACTBYONUX B peaknuu; A - HOMep 4da-
crutipl. Ecain cymmbl B 0obeunx gacrsax (1.170) cosnamaror, B3aumoieiicTBust
HA3bIBAIOTCS YNpyzumu, B TPOTUBHOM CJIyvuae — HEyNnpyruMu. Byaem noma-
rath B3anmozeiicTeus (1.170) TouedHBIMHI, TPOUCXOASIIMMY B TOUKe & € Xj4.
[MpumenuTEHHO K BHEITHEMY I'PABUTAIIMOHHOMY MOJII0 TOYEYHOCTH B3AUMO-
zeficreuii noapasymesaer kpome (1.168) manocrs 3¢ dexruBHOro pajuyca
B3aumozeiicrsus, rorp = /o, (L11):

refy < oK1, (L171)
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rge v - cKopoctb vacrulpl B cucreme nenrpa macce (1.170). Ilpu Bwinos-
nwenuu (1.171) cTONKHOBEHUSI TOYEUYHBI HE TOJIBKO B TPEXMEPHOM CMBICIIE,
HO M MT'HOBEHHBI, T.€., 4embipermoueyro,. BereacTBrne 9eThbIpexToueTHOCTH
B3aMMOJEHCTBHI Ha HUX PACITPOCTPAHIETCS NPUHYUN AOKAALHOZ0 COOMEEm-
CMBUs, NOITOMY B TOYKE CTOJKHOBEHHUsI {Z} BBINOJHIETCS 3aKOH COXPaHEe-
HES 00O0OIMEHHOTO 4 - UMITYIbCa:

Pk =Pk (1.172)

rie P - cymmapubiit 0606MmenHbIH UMITyThC HAMATBHOTO cocTosHusA, Pk, -
KOHEYHOTO:

m va m’ ”;3
T 3D DTIE I 3 917
A=1a=1 B=1 =1

- BEKTOPHBIE WHIEKCHI JIJisi KPATKOCTU omytneHbl. Cremayer 0cobo momaepK-
HYTbh, 9TO B aKT€ CTOJIKHOBEHNS BBITIOJIHAETCS 3aKOH COXPaHeHus 00001eH-
HOTO, & He KHHEMATHYECKOTO UMIYJIbCca. BTOPOIT 3aK0OH cjieayeT u3 IepBOro
3aKOHA JIUIIb TPU JOTIOJTHUTETHHOM YCJIOBUU - COXPAHEHWS BEKTOPHBIX W
CKaNAPHBIX 3apsan0B B peaknusax tuma (1.170). Beneacreue npunnumna Jjio-
KaJIbHOTO COOTBETCTBHUS, KOTOPBI MTPUMEHUM K B3aMMO/IEHCTBUSAM YACTHII
upu yesosuu (1.171), BEPOATHOCTD YHUYTOXKEHUsI YACTUIIBL «A» B COCTOSTHUU
1q = {x,P} € T, 3a eauuuIly cOGCTBEHHOTO BpeMeHn ds, €CTh:

dw, = Z Va / ﬁ ﬁ "na(z,Pq)drg x

A=1 a=1

14+ P dr'B5™ (Pr — Pr) Wipds,
x1£[1ﬁl_[1[ np(z B):| 10" (Pr—Pp) Wipds (1.173)

!
rae [[ o3Hauaer, 9TO B IPOM3BEIEHUN OTCYTCTBYET OJIMH MHOYKUTEIh, OTHO-
CAIUNCS K «G» - TON 9ACTUIIE B COCTOSTHUM 7),; «+» COOTBETCTBYET OO30HAM,
«—» - bepMuOHAM,
[e3
padPy L
dnf = ——= - | HG— =m . 1.174
A (271')3 A 9 A ( )
Besmmuuunt Wy (¢pa3oBble MIOTHOCTH BEPOSTHOCTH IIEPEXOIA) CBSA3AHBI C
UHBAPUGHMHBMY HOPMUPOBAHHOMU GMIAUMYIAMU paccearus M;r coOT-
HoOIIleHneM (CM., HanpuMep, [60]):

Wip = (2m)2| My |22~ (EvatSvn) (1.175)
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VrBapranTHBIe HODMIPOBAHHBIE aMITUTYABI M ¢ TPOTIOPIHOHATBHBI 00BIY-
HO HCIOJIb3yeMbIM aMiuTyaam Lp:
My
sz — )
[1v2pV
TJe TPOU3BEIEHNE BBIYUCIISIETCS 10 BCEM YACTHUIAM, YYACTBYIOIIUX B pe-
aknun. VIHBapmaHTHBIE aMIUINTYIBI paccesuus Ty CBA3aHBI € MaTpHIEil
paccesinusi S (cM., nanpumep, [60]):

Spi=0dp+i(2m) 0D (P — P)Ty; . (1.177)

(1.176)

Cymmuposanue B (1.173) mposogurces mo Becem kanamam peaximii (1.170)
¥ TIO BCEM COCTOSIHUSIM TOJISTPU3AINK YACTHUI; WHTEIPUPOBAHNE — TIO WM-
MYJIbCHBIM TIPOCTPAHCTBAM BCEX HAYATIHHBIX M KOHEYHBIX YACTUIL KPOME «a»
- To#t. MaTpwuiia paccesnus mepecTaHOBOYHA IO JI000# mape dactui Judo
B HAYAJBHOM JIMOO B KOHEYHOM COCTOsHUsX. ECIU MBI HE U3MepsieM COCTO-
sAHUs nosigpu3anuu yacruil, 10 B dhopmyse (1.175) Heobxoaumo npoussectu
3aMeny:

| Mig|* =< |Myg|* >, (1.178)

rIe CKOOKM 03HAYAIOT YCPEIHEHHUE M0 BCEM COCTOSTHUSM TIOJISTPA3AINA MAT-
pHILI paccesnusa. IMEHHO B TAKOM CMBICTIE U TIOHAMAIOTCSA OOBIYHO KJIACCH-
YeCKHe KMHETHIeCKHE yPABHEHUS.

Huddepennuanbhoe cedenne paccesHus BHIPAYKAETCA 9epe3 COOTBET-
CTBYIONIYI0 MATPHILy paccessHus. Tax, HATpUMep, TP CTOJIKHOBEHWIO IBYX
YACTHI] C TIPEBPAIIEHNEM WX B COBOKYITHOCTH TIPOU3BOJHLHOTO YUCJIA TACTHIL
orevaer auddepenimanbaoe cedenue paccesnus (cM., Hapumep,|[60]):

1 d3pfl
do = (2n)*6W (Pp — P,)|Mf,.|2H 1;[ (

—_— 1.179
27)32p), ( )

rJIe BBEJIEH WHBAPUAHT paccesnusd, I:

I'= \/(p1;p2)2 —mim3. (1.180)

VuauThiBas CB3b MEXK Iy COOCTBEHHBIM BPEMEHEM YaCTHIl S, U BPEeMEHEeM
nabuogareseii 7 (1.99), naiiieM CKOpPOCTh YHUYTOXKEHUsI YACTHUL] COPTA <A
M3 IPOMU3BOJILHON OMHOCBA3HOH (aszopoii obnactu G, C I', B pesynbrare
peaxunii (1.170):

<%> :/d—“na (#,Pa) dX dmad]sa — 5% ()] (L.181)
dr G. dr
Ga
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Nurerpupys (1.181) no cobcTBeHHOMY BpEMEHH S,, HANEM:

A=1 a=1

<dilvf_) 2K [dv//a T T mate. P

X B]':[ 1;[ [1 + gz Pﬁ)} 84 (Py —Pp) Wipdr's . L1s2)

AHajoruyHbIM 00PaA30M MOXKHO IOACUYATATH U CKOPOCTH POXKICHUS YACTHUIL
copra «a» B (a3oBoMm obbeme (G, B pe3ynbTare 0OPATHBIX PEAKITHIA:

I
m

Y vpay — Y vaaa; (1.183)
B=1 A=1

@ B=1 pg=1

dNF P Vs
<7>G :Zua/dV// II II rst@,Pg)drs x
“ 1A P

< [T T+ na@,P3)]16@ (Pr — Pp) Wyidn .

ittt (1.184)

rie Wy; - MaTpuna oO6paTHOTO PaCCesHus.
CyMmMapHasi CKOPOCTb MPUTOKA YACTHIL COPTa «a» B obsacte G, dazo-
BOT'O IIPOCTpaHCTBa paBHA pasHocrn Bennuaud (1.184) u (1.182):

(ﬂ) _ / v / draJu(2,Pa), (1.185)
dr G.
L

Va

rae BBEIEH uHmezpan CMONKHOBEHU:

I (z,P,) I/a/ 6™ x

!
X (Pr —P1)(ZigWip — ZyiWys) H dr, (1.186)
if '

rae:
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Ziy Y ﬁ ﬁnA(x,Pg) ﬁ [unB(x,P;_éj)] -
A=1 a=1

m  va m'  vp
def
25" 1 TL 1 £ natePo) I] T nate.P) =
A=1 a=1 B=1 p=

oy |

a H; 7 dm 03HAYAET TPOU3BEIECHNE UMITYIBCHBIX 00HEMOB BCEX YACTHUIL KPOME
«a» - TOi.

C apyroit cTOpoHBI, TPUTOK YacTHIl B 0bsacTh (G, ONUCBIBAETCS COOT-
nomienueMm (1.120), B koropom Heobxoxumo nosoxuth ¢ = 1. [Ipupasuubas
sto coornoienue (1.185), BeaencrBue npoussosbrocTu obsactu G, 10Jy-
UUM 00UWEPEAAMUBUCTNCKUE KuKemuveckue ypasrernus [49]:

[Hasna] = L(2,Po); (a=1,m+m'). (1.189)

Takum 06pa3oM 00IIEePeTITUBHCTCKIE KHHETHIECKNE YPABHEHHUsI ITPEICTAB-
JITIOT CUCTeMy m + m’ HeJIWHEHHBIX WHTErpo - auddepennnantbHbIX ypaB-
HEHUIL.

Knaccuueckue o0mEepeaTUBUCTCKIE KUHETHYECKUE ypaBHeHus (1, <
1) musg yopyrux napabix I - MHBAPHAHTHBIX CTOJKHOBEHHIH ChHOPMYIUpo-
BaHbl B paborax [1], [3], aua yupyrux napubix 1’ - HeMHBAPUAHTHBIX CTOJIK-
HoBenwit - B [61]. Just ynpyrux napubix T - HHBAPWAHTHBIX CTOJIKHOBEHMI
TPU TTPOU3BOJILHBIX HYMCIAX 3aTOJTHEHUsT OONIEPessITUBUCTCKUE KUHETHYe-
CKHe ypaBHEHHsI ObLIN HOJyUeHbl B [62] myTeM KOBApHAHTHOIO 00OOIIEHNS
KJIACCHMYECKOr0 KMHETUYECKOrO ypaBHeHus YiuHra - Yiaenbeka (cM., Hanpu-

mep, [63]).

1.6.2 Cummerpun S-MaTpUIbl 1 KUHETUYECKAS TE€OPUS
1.6.2.1 IlepecTaHOBOYHBIE CUMMETPUU

CorsacHO CMBICITY KJIACCHYIECKUX OOIIEPETATHBUCTCKUX KNHETUIECKUX YPaB-
Henmit (1.189) murerpan cronkuoBenuit (I1.186) ompemesneH OTHOCHTETHHO
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MaTpunpl paccesauss Wep, YCPEIHEHHOR IO CIIMHOBBIM COCTOSIHUSIM YACTHIL,
yuacrByomux B peakiusax (1.170), (1.183). ITosromy s1a marpuna cummer-
PUYHA TIO TIEPECTAHOBKE MMITYJIBCHBIX MEPEMEHHBIX JII060i maphl 9acTUI, B
KaXKJIOM U3 COCTOSTHUIA:

Wif(.Pao Py L Pl) = Wig (. Py Po. | P Pl . (1190)

Cc

1.6.2.2 CPT-cummerpus

Benencreue CPT - nHBADUAHTHOCTH MATPHIIHI PACCESHUS TOJXKHBI BBIIOJI-
HATHCs COOTHOIIeHHs (cM., Hampumep, [60]):

Wiei= Wiy, (L.191)

e BePXHAA YePTa O3HaYaeT, YTO BCE COCTOAHUA JaCTHUIl 3aME€HEHbI COCTOA-
HHUAMU aHTUYaCTHIL U HaO60pOT.

1.6.2.3 VYHUTApHOCTH U ONTUYECKas Teopema

W3 yHUTApHOCTH MATPUITHI PACCESTHUS:
SSt =8t =1 (1.192)

cJlelyeT Tak HasbIBaeMasi onmuueckas meopema (cM., Hanpumep, [18]), Ko-
TOPYIO € y9€TOM KOHCYHOCTH BEJIUUNHBI YUCET 3aMOJTHEHIA MOYKHO 3aTACATh
B BHJE:

> / [[ £ 0 )Wy = Wig)dny =0, (1.193)
TR

rjie CyMMUPOBAHUE ¥ WHTEMPUPOBAHUE MTPOBOJUTCS M0 BCEM KOHEYHBIM CO-
croguusaM gactuil. [Ipusenem 6osee moapobHyIo GOPMY 3aINUCH OIITHIECKOM
TEOPEMBI:

Z/H[unf(l)')]-[wﬁ( ey PLUIPY, . Py) —
f B=1

—Wi; (P, ... PP, . P. V]dr! =0,
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1.6.2.4 TIlpunnun JeTaJJbHOTO paBHOBECHUS

s T-unBapuaHTHBIX B3auMoaeicTBuil pyukiwmsa W yIoBIeTBOPSIET YCI0-
BUIO:

Wpi(Ph, . PPy, Pr) = Wip(Py, ..., Pp|PY, Pl (1.195)

DT0 COOTHOIIEHNE HA3BIBAETCS NPUHUUNOM 0EMAAbHO20 PA8HOSECUs. Takum
o6pasom, mia T-unsapuanTHbix B3aumomelicTeuii naterpas (1.186) npunu-
MaeT HanbOJIee MPOCTON «KJIACCUIECKUiTy BUI:

!
I(2,Py) = = > a6 (Pp —Py) (Zig — Zsi) Wis [[dr.  (1.196)
it

1.6.3 DBeccroakHOBUTEIbHbIE KHHETUYECKNE YPABHEHUS

B tex caydasx, Korga aimHA CBOOOTHOTO MPOGEra IaCTHUIL COPTA «a», Ly, TO-
pasmo Gosibilie XapakTepHOro Macinraba Lo cTaTHCTHYIECKOH CHCTEMbl MTH
BpeMs CBOOOIHOTO Mpobera 9acTHll T, TOpa3ao OOJbIe XapaKTEPHOTO Bpe-
MEHHOTO MacITaba Ty SBOMIONHUN CHCTEMBI * :

lo>Lo; 7> 7To, (1.197)

WHTErpajoM CTOJKHOBEHWI B MPABOI YACTH KUHETHIECKOTO yPABHEHUS
(1.189) muig wacruil copra «a» MOXKHO IpeHeOPeYb U ONUCHIBATH J(BUKEHUE
9THUX YACTHI] OECCTNONKHOBUMENLHOM KUHETUYECKUM Ypasreruem [7]:

[Ha,na] = 0. (1.198)

Takum 00pa3om, B 33JaHHBIX BHEIIHUX MOJIAX O€CCTOJKHOBUTEIbHbIE KHHE-
THYECKHUE YPaBHEHWs SBJIAIOTCS JIMHEHHBIMU OJNHOPOAHBIMU nudHepeHtiu-
AJILHBIMU YPABHEHUSIMY TIEPBOTO MOPSIIKA B YACTHBIX MPOU3BOIHBIX OTHO-
cuTeIbHO (DYHKIMK pACTpeesieHus (W YUces 3O THEHNS ).

Ypasnenusa rapaxmepucmur A ITUX yPABHEHUH COBMAJAOT C yPaB-
HEHWSIMU JIBUZKEHWS YaCTHII, OMUCBIBAEMBIX HOPMAJILHON cucTreMoii 8 - Mu
00bIKHOBEHHBIX JuddepeHInaIbHbIX YPABHEHUI I€PBOTO OPsAKa (CM., Ha-
npuMep, [64]), T.e., B HallleM ciydae — CUCTEMON KAHOHWYECKUX YDaBHEHWH
(1.12) Tpu HE3aBUCUMBIX KAHOHUYECKHU COTIPSKEHHbIX TlepeMenHbix {z¢, P;};
6o cucremoit uga: (1.23):

ds

"91u YCJ0BUSA MBI yTOYHUM B JlaJbHeHIIIEM

=D
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ik

d\ Dpt . .
<1 + %) d—i =eFipF 4+ qd <g’k - pmp; ) , (1.199)

NpU HE3aBUCUMBIX TlepeMenubix {xt, pi}.

Kak mbr ormevanu B pazuesne 1.5, cucrema ypasuenuii nuzxenus (1.12)
um (1.23) nonyckaer 7 nezaBucuMbix unterpanos ®,.(z, P) (1.134), assio-
MAXCS TAPAKMEPUCTNUKAMUY OECCTNOAKHOBUMENDHO20 KUHETUYECKO20 YPa6-
nenus (1.198). Ilpu dbukcupoBanHoil Maccy 1OKosi €ro TouHoe 6 - mapaMer-
PUYECKOE CEMEFCTBO PEIIEHNH TOJTHOCTHIO ONPEIEIAETCA ITUMU XaPAKTEPH-
CTUKAMU:

na(z,P) =@ (Y1,...,9) . (1.200)

rae ® - mpousBosbHAs DYHKIUS CBOUX APIyMEHTOB 1),. Exnncreentoe ycimo-
BH€, KOTOPOE HAJATAETCs HA 3Ty (DYHKIHIO, €CTh YCJOBHE CXOJUMOCTH €€
momenTos (1.88).

Jns konkpernsamun ®(1),) HEOOXOAUMO 3a1aTh €€ Ha HEKOTOPOi rumep-
nosepxuoctu X C I' pazoBoro mpocrpancTsa. 3aMeTuM, B 9aCTHOCTH, 9TO
upu Boinoanenun yeaosuii (1.29) — (1.31) dbyukuus pacupenesnenus umeer
CPE/IM CBOUX XapaKTEPUCTUK U JIMHEHHbIe nHTerpasnl apuxkenus (1.28).

1.6.4 H-teopema BoJabnMana

B coorBercrBue ¢ [59] onpenenum aumponuio Kaxkaoi KOMIOHEHTHI CTATH-
CTUYECKOU CHCTEMBI COOTHOIIEHUEM:

Su(r) = / AX drad[sa — 5% (P)][£(1 £ 1) In(1 % 1) — 10 In1a] (1.201)
r
Boruucass npoussouyto ot 310ii Besmuunbl 10 dhopmyse (1.119), naitnem:

dS, _
o = /dV/dﬂ'a [Ha,Sana] =
v P

1+n,
=/d dm, 1 s Nal
/V/7r n( T )Wn] (1.202)
1% P

rae S, - Bbpaxkenue B KBaaparHbix ckobkax (1.201), ecrb dasoBas 1wior-
HOCTBH SHTDOTIVH.
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HUcnosnb3ys reneps kunerndeckue ypapuenus (1.189), mosyunm:

S, 1+n,
e = /dV/dwa ln< - >Ia(m,Pa). (1.203)
Vv P

Paccmorpum urTerpadt:

i = e 1N lina a\l,q), .
La(a:)_P/d 1 ( >I( P.) (1.204)

Na

CMBICJI KOTOPOTO - CKOPOCTh W3MEHEHHsT TPEXMEPHOH IIJIOTHOCTH SHTPOIHUH.
BcesienicTBre nepecTaHOBOYHOCTH MATPHIIBI PACCESTHHS TI0 YACTHUIIAM BHYTPH
KaxKJ0ro u3 cocrosuuii, I wmu F, a Takxke cummerpun uaterpana (1.204)
TI0 BCEM TOKJIECTBEHHBIM YACTHIIAM COPTA «a» BeNMUNHY Vg In[(1+mn,)/n,]
01 3HAKOM MHTErpajia MOXKHO HPEICTaBUTh B CHMMETPUYHOIT (opme:

on(15) o [

1

U B pe3yjbTaTe IOJyYUTh:

L,=- Z/(sw (Pr—Pr)ln lH 1£7a(Pa) ::ﬁ’(ja)] x

a=1

!
X (ZigWip — ZiWyi) HdﬂdV.

i (1.205)

OHTpONUS €CTh BEJUYMHA aIUTUBHAS, TIO3TOMY IOJTHAS SHTPOIUS CTa-
TUCTUYECKOH cucrembl, S(T), paBHa:

S(r)=> 5.+ Ss. (1.206)
A=1 B=1

Bemonnsas cymmmpoBanue B (1.205) B coorBercreue ¢ (1.206), monyanm ¢
YUETOM TIePECTAHOBOYHOCTH MaTpullbl paccesuus (1.190):

s _
dr ~—
Z.
- SW(Pr —P))1 <—f> ZisWir — Z3We) T dredv .
Z/ (Pr =PI {72 ) ZiWis = Z; f)HW (1.207)
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I'maBa I. ®opmajm3M KHHETHIECKOH TeopHU
Hnsa T-usapuantasix B3aumozeiictsuii (1.206) nomyanm ms (1.207):
as _
dr
= Z/aw (Pr —Pp)In <§—ff> (Zig — Zi)Wis [ [ drav .

o (1.208)

3aMeTnM, 9TO JJIF JI0OBIX HEOTPWUIATENBHBIX Z;f W Zf; BBHITIONHAETCA aJl-
redpanvdeckoe HEPABEHCTBO:

de Z,
R(Zif, Zs)) € n <Zf‘> (Ziy — Zgi) >0, (1.209)
TpuYeM:
R(Zig, Zyi) =0 = Ziy = Zyi . (1.210)

IMosTomy BeeacTBue Heorpunareabaoctu Bxoaamux B (1.208) Buipakenuit
ansa T-uHBapMAHTHBIX B3aWMOJIEHCTBUM CIIpaBeIInBa Tak Hal3biBaemas H-
meopema Boavumana:

ﬁ >0, (I.211)
dr
COIJIACHO KOTOpOi#l BO Bcex T-MHBApUAHTHBLIX B3aUMOIEHCTBHUSX SHTPOIIMS
cuCTeMbI He YOBIBAET CO BPEMEHEM.
3ameTuM, 94TO B GECCTOJKHOBUTENBHBIX cucremax, Korma I,(x, P) ~ 0,
SHTPOTHS CUCTEMbI HE U3MEHSETCS CO BPEMEHEM:

S = Const, ifI, ~0. (I.212)

ITycth Temeph B3aMMOMIEHCTBUS YACTHI] He SBISOTCA T - WHBapWaHT-
ubiMu. ITponsBesieM TOXKIeCTBEHHOE TPe0OPA30BAHNE BEJINYNHBI B KPYTJIBIX
CKOOKaX MOABIHTErpaIbHOro Beipaxkenus B (1.207):

(ZigWip — ZpiWyi) = Wip(Zig — Zpi) + Wip — Wpi) Zgi

u npeobpasyem Boipazkenue (1.208) k Bumy:

ds Z;
& (4) _ Zif 7\
= S :/5 (Pr —P;)In (zf) (Zif — Z4))Wig |‘ f| drdV +
Z; :
2: (4) _ Zif (Wi — Wes H
" /6 (Pr=Fyln <Zfi> Z4ilWag — W) i et (1.213)
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ITepsbiii uaTerpas B npasoii yactu (1.213) coBuasaer ¢ unTerpajsoM B npa-
Boii uactu (1.208), mosromy oH Heorpunaresen. Bo BTopom unTerpasie Mox-
HO CHAYaJIa IPOBECTH WHTETPUPOBAHME 110 KOHETHBIM COCTOSTHUSAM, HO TOTIA
BesiesicTBre onTndeckoii Teopemst (1.193) mosyunm Hysib. VITak cripaBeyimeo
YTBepIK/IeHHE:

H-meopema Boavumana (1.211) cnpasedausa 0rs a100bix 63aumodedi-
cmeull do mex nop, NoKa CNPasediusa ONMUYECKAL MEOPEMA.

Taxum obpaszom H-teopema Boabimana n B 00MIEPeSITHBUCTCKON KUHETH-
Ke ocTaercst (pyHIaMEHTAIbHBIM 3aKOHOM TTPUPOILI. B 4acTHOCTH, TTOTHBIH
MMOTOK SHTPOIHUHU CTATUCTUYECKON CHCTEMbI B JIIOOOM CJIydae ONMCHIBAETCS
Boipazkenuem (1.208), 1103TOMYy PaBEHCTBO HYJIIO HOTOKA SHTPOIMU MOXKET
jocrurarbes gmmb npu yeaosun (1.210).
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I'maBa 11

CamMocorjiacopagHoe
onucaHue mnjaa3Mbl B
IpaBUTAIIMIOHHOM II10JI€e

II.1 VYpaBHeHus mepeHOca AMHAMUYECKUX Be-
JUYUH
[Tycts 4p(x, P)! - mekoropas ckanapras byHKIMA IMHAMIYECKAX TIePeMeH-

ubix. Corsacuo (1.118) cKOpOCTDH €6 MaKPOCKOIMYECKOTO CPEIHET0, ONpe/Ie-
serroro B ooweme V! C X, ecth:

ATy,
= [dV [ dP[H,yF]. (IL.1)

dr
P(V/

Ucnonb3ys suneiinocts ckobku Ilyaccona, nepenuriem (I11.1) B 6osee yuo6-
HOM BHJIE:

dj:’:/dv / dP{y[H ,F]+ F[H,¥]}.

Vi P(VY)

1M HmeKces COPTa 9aCTHI] MBI 3/eCh Ui KPATKOCTH OIYCKAeM
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II.1. YpaBHeHUs nepeHoca

Samenum corsacHo Kunerndeckum ypasHenusim (1.189) ckobky Ilyaccona
OTHOCUTETHLHO (DYHKIIUU pACTPEIEI€HUsS HHTErPATIOM CTOJTKHOBEHUIA:

AUy,
dTV = /dV dP{yI(z,P) + F[H,¥]}. (11.2)
Vi PV
C Apyroii CTOPOHBI CKOPOCTH M3MEHEHWS] MAKPOCKOIMUYECKOrO CPEIHE-
ro Uy (1) onpenensiercss dbopmysnoii (1.121). IIpupaBuuBasi npasbie yactu
ypasuenuit (1.121) u (I1.2), nosyuum mHTErpasbHOE PABEHCTBO:

/ {vi m&%m— / [Fa [Has ba] + L] dm}dv —0, (IL3)
)

v PV P(V)

KOTOpOE BCJIEICTBAE TPOM3BOJIBHOCTH TpeXMEpHOH obaactn V' nmpusognT K
AOKANDHOMY YPABHEHUIO NEPEHOCE JUHAMUYECKUTL BEAUNUH;

Vi / @baFa%dﬂ'a - / F, [Ha a¢a] dmg = / @Z}aladﬂ'a;
P(x) ey P(x)

(a=1,...,m+m'). (IL.4)

Vpasuenue neperoca (11.4) MOXKHO Oy YT U J1JIst IPOU3BOJIBHBIX TEH30D-
wbix byukumii ¥(x, P), eciu He CBA3BIBATH 3TU ypPaBHEHHs C COXPAHEHU-
eM MAaKPOCKOIMYECKUX CPEIHUX OT 3TuX hyHKumii. s momydenus takux
ypaBHEHUi TIOCTATOYHO TTPOMHTETPUPOBATH TIO MMITYJTHCHOMY TIPOCTPAHCTBY
ckobKy ITyaccona [H, ,¥,], nornmaemyto B cmbicie (1.50), 1 3aTemM BOCTIONb-
3oBaThCa KuHeTH4YeckuMu ypasHenusmu (1.189) u coornormenusivu (I1.89).
IMostomy B manbueiimem ¢ (x, P) B ypaBuenusx (I1.4) - npoussosbuas Ten-
30pHasg PYHKIHAA.

IMpocymmupyem (I1.4) mo Bcem YacTunam, y9acTBYIOIIUX B DPEAKIIUAX
(1.170) u (1.183):

Viz / %Fa%dwa—z / Fy [Ma 0] drg =

¢ P(Xx) ' P(X)

a

:Zajp/ VYol dry . (1L5)

(X)
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Cymmy B mpasoit gactu (I1.5) pasmoknm Ha aBe: mepBast MO COCTOSHHSAM,
yamaTO)RaeMbiM B peakusax (1.170)2:

Z Z/(S PF—P])I/a’(/)a( szzf ZfZWfZ Hdﬂ'
channels a
BTOpAasi 110 COCTOSIHUSAM, yHUUITOXKaeMbIM B peakuusax (1.183); nust nux:
ZifWif — Zfini — —(ZifWif — Zfini) .
B pesyabrare ypaBuenus neperoca (I1.5) npunumaer suz [65]:

viz / ¢aFa%—7;jd7ra—Z / Fy Mo the] drg =

a a

P(X) P(X)
Z Z/é (Pr—Py) ZVAi/)A—ZV}gi/)E X
channels a A=1 B=1
(ZigWig = Z5iWys) [ drr- (IL6)

i, f

I1.2 3akoubl coxpaHeHUdA B O0INEPEIATUBUCT-
CKOIl KMHETUYECKON Teopun

TMonoxkum B ypasHenusx nepernoca (I1.6):
Ya(z,P) =ey = Const, (I1.7)

Te €4 - HEKOTOPBIE IHCaa (JEKTPUYecKue, GAPUOHHBIE, 3JEKTPOCTalbie
3apsi/ibl ¥ T.IL.), npudeM s k-roit peakiuu (1.170):

Z viea — Z Vel = (IL.8)

Mogacrasngas (11.7) 8 (I1.6) u ucnons3ys (I1.8), mosyuum ypaBHenue:

P(X)

2CyMMupoBanEEe B 3THX (hOPMYJTAaX MPOBOAMUTCS [0 BCEM KAHAIAM PEAKITHH (1.170),
(1.183)
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I1.2. 3axoHBI COXpaHEHUs

I CyMMUPOBAHUE TIPOBOJMTCS MO BCEBO3MOXKHBIM PEAKIUSM, B KOTOPBIX
Y9acTBYIOT 3apszKeHHble 9acTHIbl; J!(2) - BEKTOP IJIOTHOCTH TOKA, COOT-
BETCTBYIOIIETO JAHHOMY THUITY 3apsoB.

Anrebpa B3anMoIeHCTBIIT 3JIEMEHTAPHBIX YACTHIL, T.€., (DAKTHIECKH, CXe-
Mol peaxmuit (1.170), (1.183), BO3MOXKHBIX B TOH MM MHOI TEOPETHKO - HO-
JIEBOM MOJIe/Id B3aMMOJENCTBUII 4YaCTUIl, TPUBOAAT K 3aKOHAM COXPAaHEHUA
HEKOTOPBIX 0DOOIEHHBIX TOKOB. JleficTBUTETbHO, anrebpa B3anMoaeicTBHii
3JIeMeHTapHBIX YacTHI] OTpe/Iesercs HaTypaTbHBIMI uncaamu vk, ompe-
IEIAIOIIAMYA 9UCJI0 YaCTHUIl copTa A, ydacTBylomunx B k-TO# peakumu, T.e.,
marpureit ||v5||. yers N - wucmo p Timos ¢byHIaAMEHTATBHBIX TaCTHII,
BKJIIOYAS M AHTUIACTHIBI, B KOHKPETHOH TEOPETUKO - MOJIEBOi Mozaenu. [le-
permmem peakruu (1.170) u (1.183) B eguHoit dopme:

Zu{;aAzo; (k=1,2,..), (IL.10)
A

u 1/1]2 MOTYT Tenepb NpUHUMATH JII0OBIE IEJIOYUNCIJIEHHBIEC 3HAYECHUA: TIOJIOZKHU-

TeJIbHbIE, OTPUIIATEIbHBIE U HyJIeBble. B 1000ii 3aMKHYTOI T€OpUHU dJ1eMEH-
TAPHBIX YACTHUIIL JOAKHO OBITD:

rang| k|| < N . (I1.11)

B nporuBHOM ciiyuae Hafiiercsi Takas 4acTHIA, KOTOpasi He CMOXKeT OBbITh
nosiydeHa Hu B oxHoii peakiuu (11.10)*.

*Bameuanue. B npunyune, KoHeuwHO, MONCHO DPACCMAMPUBIMH MEOPUU
INEMEHMAPHBLL HACTRUY, TNAKO20 TMUNG, 6 KOMOPHLIT CYULECEYIOMm Henepe-
CERANOULUECA KAACCHL INEMEHMAPHBLL HACTRUY, U COOMEEMCMEYIOWUL MU-
n06 63auUM0odeticmeuti, a eOUHCMEEHHBIM YHUCEPCAALHIM 63AUMOIETICMEU-
emM 0CTNAEMCA 2PAGUMAYUUOHHOE (6NPOUEM, U €20 YHUBEPCAALHOCTIVD TAKIHCE
MOAHCHO 0CcnoPpuUmsb). IIpu 5mom Mo NOAYUUAU Obl KAPTNUHY MHONCECTNEEH-
HOLL PUBUECKUT MUPOS, 0OHOBPEMEHHO CYULLCTNEYIOUUL 6 00HOM Pusuue-
CKOM MPOCMPAHCMEE U 630UMOICTICMEYIOWUT Auwb 2pasumayuorto. Ilo-
006HaA KAPMUHG MUPA, 6 NPUHUUNE, HE NPOMUBOPEUUM, COBPEMEHHDLM KOC-
MONORUNECKUM U acmpoPusuveckum Habarodenuam. B cayuae pearusayuu
MaKot KapmuHsl MUpPa HEJOCTAUWUE 6 HADA0IEHUAT MACCHL (10 HEeKOmo-
pom darnvim 00 95%) MookcHo GbLA0 BBl Cnucam® 3G CHEMm MACC OPY2UL
Mmupos (nopsadka 20-mu mupos). IIpu omcymemeun yHuepcasvHozo 63au-
MO0eTicmEUs Mol NOAYHUAY Obl NONHOCTIDIO HENEPECEKANOULUECA MUPDL, U3Y-
yeHUe KOMOPHLL MO2A0 Obl CMAMb AUWD NPedmemom Punocoduu.

73



I'masa II. CamocoriiacoBaHHOE OIMHUCAHIE ILIa3MBbI

Bceaneacrsue (I1.11) moxkuO BoiOpaTh N 4mces g4, OMHOBPEMEHHO HE DaB-
HBIX HYJIIO, TAKAX 9TO:

Svhga=0; (k=12..). (IL12)
A

ycts rang||vh|| = r < N. Toraa cymectsyior N —7 IuHEHHO HE3ABUCHMBIX
HeTpUBHAIbHBIX pertennii cuctemsr (11.12), koTopbie Mbl GymeM 0603HAYATH
cuvmBonaMu g% (s = 1,..., N — r) U Ha3BIBATL 0606UWEHHOMYU 3APAIAMU.
Hockonbky vk - memsie umcna, permenms (11.12) Taxske TpeCTaBUMBI B Tie-
JIBIX 9HCJIAX, T.€., 0000IIEHHBIM 3apsiIaM MOXKHO IPH/IATH [EJOYHCICHHbBIE
snavennd. [lonaras B (IL1.7), (I1.8) eq = g¢%, monyuum Bcrencrsue (11.12):
Agk = 0, wTo mpuBoMT K 3aK0oHAM coxpanenus N — r 0GOGIIEHHBIX TOKOB:

ViJi=0; (s=1,2,...,N—r), (I1.13)
rae B coorsercrsue ¢ (1.113):

: oM
Ji) =Yg 8—l;f‘dPA . (I1.14)
A p ¢

(X)

Torna cornacxo (11.13) u (1.114) coxpansiercs u HOTHBL 060OIIEHHbIH 3apsi T

Gy

G,

= II.1
dr 0, (IL.15)

rae:
Gy = / dViJi(z). (I1.16)
1%

IMonoxkuwm reneps B (I11.6) 1, = P!; Torja BblpaykeHue B KPYLJIbIX CKOOKaX

(I1.6) pasno:
> wPi = vpPE =Py — Pl =0. (I1.17)

Takum obpasom, npaBas 4dactb ypasHenus nepenoca (I1.6) okasbiBaercs
PaBHOI HYJIIO BCJIEJICTBHE COXPAHEHUs TPU CTOJKHOBEHUSX TOJHOTO WM-
Iyabca dacTuil. Beramenas cxoOky Ilyaccoma orocuTeabno P?, maiinem c
yUETOM ypaBHEeHUs MaccoBoil mosepxuoctu (1.17):
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i1 OHa = _; oPY ~ B
]—@Vk A aP?Vk/HA—

= _mAqAViQ) - eAprViAk . (H 18)

Vpasuenue nepenoca (I11.6) ornocurenbHo BeKTOpa 0606IIEHHOIO UMITYJILCA
P* nmpuanmaer Bum:

V; 2% —oVk® — J'VF4; =0, (IL.19)

p

rae Ji(x) - BeKTOp TJIOTHOCTH TOKa, CBA3aHHOTO C MEPEHOCOM 3apAIO0B €
(I1.14);

U(m):ZmAqA / dmaFs (I1.20)
P(X)

- CKaJIsgpHasi PyHKITAS;

= [1]

=% / dr ap', P5 F 4 (IL.21)
P(X)

- HECUMMETPUYHBIH TeH30p. VIcnosb3yst CBSA3b MeK Ly OOOOIIEHHBIM N KHHE-
maTndeckuM ummyibcamu (1.18), momayunm u3 (I1.21):

= (2) =T (2) — T () 44 (@), (IL.22)

rae T (x) - cuMMeTpuumBIi Ter3op Hepruw - nmmyabca dactut (TDI).
P
Moncrapasas (11.22) B (I1.19), mpuBeseM ypaBHeHue TiepeHoca K BUIy [65]:

Vi T —oVid — J F* + AV, JF = 0. (I1.23)
p

Hecummerpuunbiii renzop (I1.21) ca3an ¢ nosHoit sHeprueii ninasmor. Jeii-
CTBUTEIBHO, IPEIOIOKAM, YTO HPOCTPAHCTBO - BPEMS JOIyCKAET BpeMe-
HunoA06HeI BekTop Kuimunra £(x), npuaem sumomaaroTces yeaosus (1.29)
- (1.31) cymiecrBoBanus unterpasa suepruu E. Torma, monaras B (I11.6)

Yo = (&, Pg), momyunm:
Ucll_E =0, (I1.24)
T
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rae FE - nonnas SHEPrud IIJ1a3Mbl:

oM
E= / Aav; Z apj £,P)Fydry / avigy = Cha (I1.25)

A P(x)

B 3akuirouenue paszena 3anuineM ypasHenus nepenoca 3apsizia (11.9) B dop-
Me, SIBHO Pa3JIesIdronieil COCTOSHMsT YACTUIl U aHTHIACTHIL. [l 9TOro Bbi-
paxenue B npasoii yactu (I1.6) npexcraBum B Buje cyMMbl JABYX:

- 2/6(4) (Pr—P)) <Z vaa -y V33¢2;> (ZigWig = Z5iWyi) [ ] dn
i, f
—2/5 (Pr —Pr) <ZVA1/)A ZVB_B)

[ Z_Zi_i d_
X (ZifW iy fo)gW (11.26)

OueBUIHO, UTO [IJIsT AHTUYACTHUIL V4 = V4, €4 = —e4. [losaToMy BCaeacTBue
CPT - cummerpun ((I.191)) u paBeHcTBa Mace 9acTHI] ¥ AHTHYACTUL, 32KOH
nepenoca 3apszna (11.9) npunumaer su:

v,J Y v - ZAe /5 (Pr — Pj)

ZZ Zz z_Zz Zl 7 d
(2 + 23 Wiy = (Zyi+ fo]gw (1L.27)

11.3 CamocoriiacoBaHHOEe KMHETNYeCKOe OIncCa-
HHE CUCTEMBbl YaCTUIL

Hns Boisicnenus cmbicia ypasrenuit (11.23) u Bxoadmux B HUX BeIMYUH
PacCMOTPUM TIOJIEBBIE YPABHEHWS OTHOCHUTEJHLHOTO BEKTOPHOTO W CKAJISD-

HOTO TOTEHIMAJIOB. TOU 3TuxX ToJeill OMpemeNaioTes BRIPAKeHuAMHA (CM.,
nanpumep, [65], [66]):

. v o . 1 .
Tzk: _2_ leEzl + 'uzAzAk _ Zglk (Flm_Flm + 2N%AZAI) : (1128)
v ™
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i € (i Lo ik, 242
= — | =®"'P" — —¢"" D' P P
? 87T<3 39 T +
1 ) 1. . 2 ’ 2 . A
4= le - R ik q)Q _ _q)q),lk 4+ Z ’Lk@qu) 4+ Z 2k¢4’
3( 2 3 39 67 (11.29)
rae /,Lv,/.,ts - MaCCBbI BeKTOpHOI‘O nu CKa.T[HpHOI‘O HOHeﬁ; €s = +]. JJ1d CKa-
JISPHOTO TOJIsi C TIPUTSXKEHUEM OJHOMMEHHO 3apsi>KeHHBIX YaCTHIl, €5 = —1

- JIJIS CKAJIAPHOTO TOJIsI ¢ OTTaJKUBAHUEM. Bbranciss ampeprenimio TOU
sexroproro noss (11.29), naitnem:

. € . . .

T ) = =25 [FR(FY — p2ab) + platak] (I1.30)

v m ’ ’

Boibupas B KauecTBe ypaBHEHUH 71sT BEKTOPHOTO o ypaBuenus [Ipoka:
F% — p2 A" = 4me, J* (I1.31)

r1e BeKTOpHbI TOK J! ompenensercs soipazkenmem (I1.14), momyanm wu3

(I1.29):

i i € i
T = —FyJ" = g AAG (I1.32)

Boruuciss quBeprennuto or 06eux vyacreit (11.31), noayyum coorHorienue:
pi Ak = —dme, J% . (I1.33)

IMoncrasnsas reneps (11.33) B (11.32), 3anuniem (I11.32) B 6omnee ymxobuoit dbop-
Me:

T )= —FiJ"+ A Jh (I1.34)
v

Borancnsisi renepb KoBapuaHTHYIO auBeprenmnuio or TOUW ckaasgpHOro
nong (I1.29) ¢ ygeroM KOMMYTAMOHHBIX COOTHOIIEHWH JIJisi BTOPBIX KOBa-
PHAHTHBIX MPOU3BOAHBIX (CM., HanpuMep, [41]), Haiixem:

1
6

T = (D@ + 20 -

1
= d 4+ -\ . II.
= R® + 2 ) (11.35)

Bribupas B KadecTBe ypaBHEHHA /i CKAJSAPHOIO IOJsA yPABHEHHE THUIIA
Kaeitna - Topiona ¢ ucrounukom (cum., nanpumep, [65]):

1 1
O® + u2d — GRo+ §A<I>3 = —drez0, (11.36)
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I'masa II. CamocoriiacoBaHHOE OIMHUCAHIE ILIa3MBbI

ITpeo6pasyem (I1.35) k Gosiee mpocTomy Buiy:
T% = —0®". (11.37)

S
Yantssas reneps (11.34) u (I1.37) B ypaBuenun nepenoca (11.23), npuse-
zieM ero K Buay audbepeHnnantb,Horo 3aK0Ha COXPAHEHUS TTOTHOTO TEH30Da
SHEPTUU - UMIIYIbCA CUCTEMBI «PEISTHBUCTCKUE 3apPSKEHHDLIE IACTHIBI +
BEKTOPHOE TIOJIe + CKasIsipHOe Tostes [65]:

Ti¥ =0, (11.38)
rae

P v s

Crenyer ormeTuthb, 9To BU 3100 TOU ycranaBiuBaeTcs: OJHO3ZHAYHO TIPH
coorBercTByiomieM Bbibore TOU BekTOpHOrO M cKasisipHOro momedt. Toxie-
CTBEHHOE BBITIONIHEHNe 3aKoHa “‘coxpanenus” (I1.38) mo3BosisieT HEMPOTHBO-
PEYMBO OIMMCHIBATH MAKPOCKOIMYIECKNE TMOJIsT PEJIITUBUCTCKON CaMOTpaBH-
TUpyIomeil mia3sMbl cucTeMoi camocoriacoBanubix ypasuenuii (1.189) (ku-
nerudeckue ypasuenus ), (I1.31), (I1.36) (ypaBuenus Jjisi BEKTOPHOTO U CKa-
JIAPHOIO T10Ji€i1) U ypaBHeHuii DitHireiina:

. . 1 . .
G* = Rt — ERg’k = 81T, (11.40)

B KOTOPBIX HCTOYHHUKH Onpeensiorcs Boipazkenusmu (1.116), (1.113), (I1.28),
(11.20) u (I1.39)3.

Vpasuenue (I1.36) moxker GbITh 3amucano B 6osee yaooHoit dpopme, st
4ero CKaJIsipHyI0 KPUBHU3HY HEOOXOANMO BBIPA3UTh uyepe3 cyen TIU:

R=-8T=-8(T+T+T). (I1.41)
P v E

Borancnasis mmypst TOW BEKTOPHOTO U CKAJISIPHOTO TOJIedH, HaligeM:

__ & 2 .
T=—{Lp (4, 4); (IL42)

€
= —0® + 2282, 114
T oP + 471_,us (I1.43)

S

33amernm, uto B pabore Illoke - Bproa [67] JoKa3aHBI TOKATLHBIE TEOPEMBI CYyTIe-
CTBOBAHHS U yCTOHYUMBOCTH PEIIEHHH CHCTEMBI ypaBHeHmi Dinmredina - Makcsesia -
Bonbnmana, aHasoru4Hoil IpUBeIeHHON BBIIIE CHCTEMBI ypaBHEHHH, HO 6e3 CKaJIIPHOTO
I10JisA U C 60J'IBI_IMaHOBCKI/IM UHTETrpaJIOM CTOJIKHOBEHUIA.
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I1.4. Ob6mepensTusnucrckue ypapHerns Biacosa

Hasiee uz onpejiesienus CKaJagapHON MI0THOCTH 3apsaioB, o(x), (11.20) u TOU
gacrur (1.116) ciexyer coornomenue [65]:

(JATA
p
= . 11.44
7 XA: Mg + qa P ( )

Taxum obpasom, moayunm Bmecto (I1.36) ypasuenue:

1 1
O® + 2@ + §¢3(u§ +A)+ guf,cb(A, A)+

1 4
+4 1--%* |+ —T®=0,
“Sa< 3 ) 3 T (11.45)

KOTOPOE MOXKHO PACCMATPUBATH B KAYECTBE 3KBUBAJIEHTHOTO YPAaBHECHUA JIJId
CKaJIAPHOTO IIOJIA.

II.4 OO6mepeasaTuBucTcKne ypaBHeHus Biaco-
Ba

Kak mb1 ormedasu B paszese 1.6, B ciyuae, koraa yimHa cBOOOIHOTO mTpode-
ra YaCTHUI[ COPTA <G>, |y, TOPA3I0 OOJIBIIE XapaKTEPHOTO MaciiTada Lo cTa-
TUCTUYECKON CHCTEMBI MJIM BpeMsi CBOOOIHOTO Tpobera YacTHull 7, TOpa3Io
00JTbIIIEe XapaKTEPHOTO BPEMEHHOTO MacinTaba Ty IBOIIONNAN CUCTEMBI, HHTE-
IPaJioM CTOJIKHOBEHUil B IPaBoil yacTu KuHerudeckoro ypashenus (1.189)
JIJIsl 9aCTUI] COPTa «@» MOXKHO TPEHeOPeYh W ONHUCHIBATH JIBHXKEHUE ITUX
YaCTHIL HECCMOAKHOBUMENLHBILM KUuHemUuYeckum ypasreruem. COTIIACHO pe-
3ysabTaTaMm paszzena 1.4 3To MOKHO ciesaTh B CIydae BBITOTHEHUS YCIOBMIL:

To > Ly, (11.46)
rjie
L, = max|v'd;In|; (11.47)

=Y T (I1.48)
b
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I'masa II. CamocoriiacoBaHHOE OIMHUCAHIE ILIa3MBbI

puyeM:

w2 = ((000) [ o/~ i s ) (1L49)

ITpn semmonnennu ycnosuit (I11.46) - (I1.49) nemkenue mrasmsl ¢ GOIBIION
TOYHOCTHIO ONMCHIBAETCS] OECCTONKHOBUTENHHBIMY ypaBHeHnsMu (1.198):

[Ha,nq] =0. (I1.50)

Kak MbI orMedasin B TOM 2Ke pa3aesie, SHTPOIIuAd B 0eCCTOIKHOBUTEIbHBIX
CuCTeMaX HE U3MEHAECTCA CO BpDEMEHEM:

ds

= _0

dr
Hasee, Besencreue obmunx 3akoHoB coxpanenus: (I1.9), (I1.23) u ¢ yuerom

PaBEHCTBA HYJII0O MHTETPAJIA CTOJIKHOBEHUHN B OECCTOJIKHOBUTEIHHON JIA3Me
BBIIIOJIHAIOTCH CJIeIyIONe 3aKOHbI COXPAHEHUS:

Viny =0 (11.52)

(IL.51)

- COXpaHAETCAd YHUCJIO YaCTUIl KazKJI0T0 COPTa;
Ji =0 (IL53)

- coxpansiercs Jiio6oit 3apsa. B uacraoctu, u3 (11.33) mpu p, Z 0 cpasy
caeiyer:

Al = (I1.54)

- JIOPEHIIEBCKAs KaJIUOPOBKA JIJIs BEKTOPHOI'O IIOTEHIMAIA MACCUBHOI'O BEK-
TOPHOTO TIOJIA.

Buibupas Teneps g 3roro noss ypasuenus IIpoka (I1.31) ¢ BexTop-
ubiM TokoM (I1.14), a myst ckansiproro nosst ypasuenns (11.36) ¢ ncrounn-
koM (I1.44), ompenensist ¢ yaerom (I11.52) - (I1.54) cormacuo (11.28), (I1.29)
TOU BeKTOPHOTO ¥ CKATISAPHOTO TOJIEl U TPUCOETNHSAS K IOy I€HHBIM YDaB-
HenusM ypasaenus Jiinmreiina (11.40), MbI MOIyYUM 3aMKHYTYIO CHCTEMY
nHTerpoauddepeHnnaIbHbIX YPABHEHNH, KOTOPAsA OIMHUCHIBAET CAMOCOIJIA-
COBAHHOE JIBHKeHUe OeCCTOJKHOBUTE/ILHDLIX 3aPSAYKEHHBIX JACTHIL ¢ UX MaK-
POCKOIMYECKUMU CKAJISIPHBIMU, BEKTOPHBIMU HOJISIMU U IIOJISIMH TATOTEHUS.

annas cucmema camocozaco8aHHOE YPABHEHUT OAA CAYUAA INEKMPO-
MAZHUMHDE U 2DABUMAUUOHHBLIT Nosel enepevie Oblaa Npusedena 6 KHu-
ee A.A. Baacosa [7], nosmomy u 6 daarvuetiwem camocozaacosanmvie bec-
CMONKEHOBUMEALHBIE KUHEMUYECKUE MOJeAU Oad 2106020 MUNG MAKPOCKO-
nuveckur noset bydem nazvieamsv ypasnenuamu Baacosa.
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I'masa 111

PengrnBucrckasa Teopnd
CTAaTNCTNYECKOI'O
paBHOBECUA 11J1a3Mbl B
HHOJIAX TATOTCHUA

II1.1 JlokasibHOE TEPMOJMHAMUYECKOE PaBHO-
BecHue IJIa3Mbl B TPABUTAIIMOHHOM II0JIE

I1I1.1.1 JloxanpbHO paBHOBECHOE pacHpeaesieHue

Kak mbr mokazanm B paszesie 1.6 TepMoanmHAMUYECKOEe PABHOBECHE CTATH-
CTHYECKOU CUCTEMBI, KOT/Ia TTOTOK SHTPOTUU PABEH HYJTIO

as _

— = II1.1
dr ’ ( )

MOYKET OCYINECTBIATHCA JIUIIL Npu Bbinosnenuu yciaosuit (cm. (1.209) u

(1.210)):
Zpi— Zig =0 (I11.2)

B Kax oM Kanase peakuwii (I1.12). Ypasuenus (I111.2) siBasitorcss aHAIOTOM
dbyuxImoHanbHBIX ypaBHenwuit Bosnbivana [6]. st ux permieHus caesaeMm
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I'maa III. PaBHOBecue mia3Mbl B TDABHTAI[HOHHOM IOJIE
3aMeHy:
Fo=e % (e F1) = (1Fe%) ", (ITL.3)

B pe3yabTaTe KOTOPOH BeMN4nHBI Zif U Z f; TPAMYT BUI:

Heﬂpa He—¢a
i f

Zif = Lpj= . (I11.4)
GRS TTe
i.f if
Torma niocie norapudmuposanus ypasaenus (I11.2) npumyT Bum:
m  va m’ V;‘
YD i) =Y s(Ph), (ITL.5)
A=1a=1 B=18=1

NpPUYEM, 9TH COOTHOIIEHNUS JOJIKHBI BBINOTHATHCSA B KazK/I0M KAHAJIE PEAK-
mwit (11.12). Equacreenubiv permnennem (I11.5) mpu pOM3BOIBHBIX 3HAYEHN-
SAX UMITYJIECOB YaCTHII SIBJISIIOTCS JINHEHHBIE (DYHKIMH WMITYJIHCOB:

pa(PG) = —Aa(z) + (€a,P%), (I11.6)

rjie BCJIeJCTBHE MHBapUAHTHOCTU (YHKUMU Dacupezesenus: Aa(z) - cka-
JAPBI B KOH(PHUTYPAIMOHHOM TpocTpancTse, & () - Bekropsl. Iogcrapaas
(IT1.6) B ypasuenus (II1.5) u y4uThiBast 3aKOH COXpaHeHHUs OOOOIIEHHOrO
HMIIYJIbCA TIPU CTOJIKHOBEHUSIX , BCJIEICTBHE TPOM3BOIHBHOCTH UMITYIHCOB Ya-
CTHIIL TIOJTY IFM:

Eul(z) = &'(2); (IIL.7)
N
> vhia=0, (IIL.8)
A=1
rae ||vh|| - marpumna, BRenennas B rnase 1. Bemeacteme yemomua (IL11)

ypasuenus (I11.8) Bcerga umeroT HeTPUBHAJILHOE DEILIEHUE.

Veaosus (II1.7), (111.8) A6AA10MCA YCAOBUAMU NOKAALHOZO MEPMOOUHA-
mumneckozo pasrnosecus (JITP); crarapol AA(T) HAZBIEAIOMCA TUMUNECKUMY
NOMEHYUAAAMY CTRATUCTIUYECKOT CUCTIEMDL.
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II1.1. JITP myia3Mbl B TPABHTAITHOHHOM TOJIE

IMoncrasnas pemenus (I11.6) B (I111.3) ¢ yuerom (I11.7) nonyunm aokans-
HO - PasHOBecHble PYHKUUY Pacnpedesenus:

£, Pa) = {exp[-Aa + (&, Po)] F 117, (IT1.9)

r7le BepXHUI 3HAK, KAK U paHee, COOTBETCTBYET HO30HAM, HIKHUI - (hepmu-
OHAM.

Hast cxonumoctu momenToB ot pacupenesenus (111.9) neo6xonuma Bpe-
MeHUTIO06HOCTE BekTopa & (7):

€ =66 >0. (I11.10)

BaesieM ¢ momommpio () emHIYHOE BpeMeHnToNobHoe mome v (x):
i €

vt = z; (v,v) =1, (TI1.11)
JIOKaIbHyo TeMneparypy 6(z) [6]:

O(z) =&t (I11.12)
U XUMWYIECKHE TIOTEHIUAIBI, fiq(Z), B OOBIMHON HOPMUPOBKE:

o (z) = 6(x) Ao () . (TT1.13)
Toruna pacupezenenue (I111.9) moxer 6biTh 3anucano B Buje:

£z, P,) = {exp [%(”P)] + ‘}_1 . (ITL.14)

I1I1.1.2 MomMmeHTbI PABHOBECHOTO PaCHpEIeICHUS

Boraucium momentor pacupenenenuns (I111.9). Tlpu sTtom ymo6uo nepeiitu B
JIOKQJTHHO JIOPEHTIEBBIH PeTiep, BpEMEeHHas: KOMITIOHEHTA KOTOPOTO HAITPaBJIe-
Ha BJIOJIb BEKTOpa v’ u BBecTH HOBbIE epeMentble P; = P; —eA;, B KOTOpPBIX
ypasuenue MaccoBoit nopepxuocru (1.17) npunumaer Bui;

P} =P?+m?, (IT1.15)
rae:
ma(x) = |m + q®(z)] (I11.16)

saBysercs 3HGEeKTUBHON MacCoil gacTuil. 3aTeM HEOOXOIUMO TIepeiTn K cde-
PUYECKOii cuCTeMe KOOPAUHAT B MPOCTPaHCTBE MMITyibcoB P(X) u koBapu-
AHTHO OOOOIIUTH TIOJYUYEHHBIE PE3YJIbTATHI. B UTOTE TOJYYIUM BHIPAKEHUS
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I'maBa III. PaBrHOBecHe mia3Mbl B TPABHTAIHOHHOM MOJIE

JUIs KOMIIOHEHT BEKTOPA ILIOTHOCTH 4ucia vacrui, n'(z), m TIW a-roii
KOMITOHEeHTHI TiasMbl, 7K, [65], [68]:
a

ni () = na(z)v’; (II1.17)
T (2) = (Ea + Pa)v'v" — Pug™, (II1.18)
TIe
P T —pl, + y/m2 + P? .,
nel®) = 5.3 / {eXp[ 0 ¥ ar; (111.19)
7 L+ y/m2+ P T
p —p m?
Eulx) = ﬁ/{exp[ 4 7 F 1} }x
0
Vm2 + P2P%dP;
xvm Tt " (T11.20)
p T i+ JmEEPT 1T PP
R =i [{ew| c1| VPP
G 0 J/m2+ P2 (IL21
) m3+ P2 (1L.21)

B dopmynax (I111.19) - (II1.21) BBemensr o603HadeHus [65]:
11 () = pia(x) — €q(v, A) . (I11.22)

Creayer 3aMeTHTD, 9TO XUMHUYECKUE HOTEHIUAIBL ], B OTJHYHE OT IOTEH-
LMAJIOB L, He coxpaunsiorcd nonobuo (I11.8) B peakuusx, Hapymaromux 3a-
KOH COXPaHEHWsI BEKTOPHOTO 3apana. g stux norennuanos smecto (I111.8)
TTOJTY UWM:

Z vy = —Aef(v, A). (I11.23)

111.1.3 JITP upu mapymennu T-mHBapmaHTHOCTU

XuMmudeckuii TOTeHnmra 0e3MacCOBBIX YaCTHUII, 001 JAI0NNX HYIEBBIMU (DY H-
JaMeHTaIbHbIMU 3apsgavu, B cocrosuauu JITP pasen Hym0. 9TOT BBIBOI

cTleyeT U3 TOTO, 9TO YHCTA Vi Takmx dacTun, yHacTBYIOMIHX B PAKIHAX

(I11.8), moryT GbITh COBEPIIEHHO MPOU3BOIbHbIMU. Torma u3 daxra cyiie-

CTBOBAHUS PEAKITNH AHHUTUISIINN TACTUI] ¥ AHTHIACTHI] CJIeIyeT H3BECTHOE

coorHoenue [59]:

Ty = —Hla - (I11.24)
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II1.1. JITP myia3Mbl B TPABHTAITHOHHOM TOJIE

Bceaneacrsue onpenenenns (I11.22) aro coorHoleHue coxpansier CUly ¥ st
TIEPEHOPMHUPOBAHHBIX XUMUIECKUX TOTEHITUATIOR /i), AHATIOTHYIHbBIE BBIBOJIBI
MOXKHO CZI€JIaTh U B OTHOIIEHUU (DYHIAMEHTAIBHBIX 3aPS/IO0B §A:

G4=—ga. (IT1.25)

3aMeTuM, 9TO eIUHUYHBIN BEKTOP B HATPABJICHUYM BEKTOPA TIJIOTHOCTU MO-
TOKA 9MCJIA YACTHIL HA3BIBAETCS KUHEMAMUYECKOT CKOPOCTN®IO cpedol, & COO-
CTBEHHbIN BPEMEHUIIOA00HbIA e MHUYHbIA BeKTOp TOU yacTul, Ha3bIBaeTCs
QUHAMUNECKOT CKOPOCMBIO cpedol, cOOCTBEHHOE XKe 3Haderune TIOU, coorrer-
CTBYIOILIEE 3TOMY BEKTODY, HA3bIBAETCS NAOMHOCTMbIO IHEPeuu cpedv, (CM.,
HampuMmep, [41]).

Takum obpazom B cocrosinuu JITP kuHemarmdeckass CKOPOCTh YACTHUIL
COBIIAJIAET C UX JMHAMUYECKOH CKOpOCThIo u pasua V. IlnornocTs sHepruu
vacrur pasHa corsacto (I11.18)

E(@) =) &, (I11.26)
p a
a U30TPOITHOE JaBJIEHHE BCEX COPTOB YaCTHUIL:

P(x)=) P, (IT1.27)

rae &, u P, onuceiBaiorcs dopmynamu (111.20) u (I111.21).

Paccmorpum reneph T-HemHBapuUaHTHBIE B3aMMOIEHCTBUS, MPEIIIOJIA-
rast, OJJHAKO, 9TO PACIPEIETEHNE YACTHUL] OCTAETCS JIOKATBHO PABHOBECHBIM,
r.e., (I11.9). Ho Torna scneacrsue (I111.3) ToxK qecTBeHHO BhIMOTHSAIOTCH DYHK-
mmonasbable coorHomenus (I11.2). Ho rorga cormacuo (1.207) ckopocts u3-
MEHEeHWS YHTPOMUU PABHA HYJIO, T.€., MBI CHOBA ToaydaeMm yciaosue JITP
(I11.1). Mrak, SHTPONHS CHCTEMbI BCETJA COXPAHSIETCS, €CJU PACIIPEIese-
HUE YACTHIL ABJIAETCS JIOKATHHO PABHOBECHBIM.

O6patumcs Terneph K ypasHenusam nepenoca (11.6). B ycimosusax JITP
Beaencrsue (I11.3) stu ypaBueHus npuHEMAIOT GoJiee TPOCTyi0 HhOpMy:

vy [usviar -3 [ 1ot wan -
A p A p

= —Z/&<4>(PF —PN)Y vhpaZiy(Wip —Wp) [[dr. (111.28)
kb A if
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I'maBa III. PaBrHOBecHe mia3Mbl B TPABHTAIHOHHOM MOJIE

IMonaras, B wactHOCTH, 4 = 0%, nomy4uum u3 (II1.28):

Vinh = - vk /5<4> (Pr —P1)Zig(Wig — Wyi) [] dr- (I11.29)
k P i.f

ITposenem B npasoit yactu (I111.29) unTerpupoBanue 110 KOHEUHBIM COCTOSI-
HUSM YACTHIL:

ZVQ/H(lif)(Wif — Wyi)drmy .
f

Bcnencrsue yuurapuoctu S-matpuiibl u ontudeckoil Teopemb (1.194) sror
waTerpasn pasen uysio. Ilostomy B ycioBusx JITP umeer mecto 3akon co-
XPaHeHUsT KayKJIO0TO COPTA YACTHUIL:

Vini =0« N, = Const . (IT1.30)

I11.2 VYpaBHeHUs PeNATUBUCTCKON TUIPOINHA-
MUKU TJIa3Mbl B TPABUTAIIMOHHOM II0JIE

Coornomrennst (I11.28) - (I111.30) B ycaoBusix JITP BHINOJIHSIOTCS JWIIE TIPH-
6mkerHo. JlefcTBUTENbHO, /JIsT UX CTPOTOrO BBHITIOJHEHWS HEoOXOInMOo,
urobbl dbynkunn pacrnpenenenns (111.9) mnm (I11.14) seasauck pemeHus-
mu KuHerudeckux ypasuenuii (1.189), T.e., HeOGXOAUMO CyIIECTBOBAHUE 240~
barvHo20 mepmodunamunecrozo pasnosecus, I'TP, koropoe MOXKeT ObITh
Peasn30BaHO JIUIITh [JIsI y3KOTO Kaacca (DPU3NIECKUX U IPABUTANMOHHBIX 110~
qeit. Iia cymecrBoBanus ke JITP mocrarouno, uTobbr hbyHKIUM pacipeie-
senus (I11.9) aBisiuch Juis TPUOTUKEHHBIMU PEIIEHUSIMY KUHETHYECKUX
ypaBuenuii. ObpaTuMcs K 9TUM YPABHEHUSIM, JJIs HAYAJA TIOJATasi B3ANMO-
JeiicTBus 9acTull T-nHBAPUAHTHBIMU.

Bynem monarath wHTErpaJs CTOJKHOBEHWI TJIABHBIM “IJIEHOM B ypaBHe-
nusx (1.189). Dro noxpasymesaer Manoctb 3bHEKTUBHOIO BpEMEHH MEXK LY
CTOJTKHOBEHUSIMY YACTHUI] COPTA «@» CO BCEMH OCTAJIbHBIMHU GaCTUIAMHE, T,
IO CPABHEHHUIO € YeTBIPEXMEPHBIMHU pasMepaMu CucTeMbl, Ly . JleficTeuTens-
HO, TTOTpe0yeM, YTOOBI XapaKTEPHBIH UJeH B JIEBOH YACTH KHHETHIECKHUX
ypasuenuii (1.189) 6bL1 B cpeilHeM ropas3i0 MEHbIIE XapaKTEePHOrO 4iIEeHA B
IPaBoOil YaCTH KUHETUYECKNX YPABHEHUN,T.€.:
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II1.2. YpaBHeHUsT PEJIITHBHCTCKOH THIDOJAHAMUKIT

[(p'0ifa )| <

<< fa zk:Vf /Hf[d'/rl H(l F ff)dnpWit6(Pr — Pr) >> © s

VaurbiBasg CBsA3b MAaTPUIBI paccesHus ¢ AudepeHnaIbHbIM CeIeHIEM
paccesinus (1.179), onenum mops 0K uHTErpasa B npasoii yactu (111.31):

k 2 _ m2m2
a
fa Sk [ dudmonf o) = i o
k

TJIe Oyt - TIOTHOE CedeHne B3amMoeiicTeus a + b — Y. vikap. Beeaem ad-
deKTUBHOE BpeMs Tqp MEXKJYy CTOJKHOBEHUSAMH YaCTHUI, COPTOB a U b

Top = <<(Pa,v) / fb\/(pa,pb)2 — m2m} orordmy >> ,. (I11.32)

Torua coornomenue (111.31) mozxker GbiTh nepenucano B 6osiee cxkaToii Bhop-

Me:
Ta < Ly, (I11.33)
re
L, = max|v‘d;In|, (I11.34)
=Yt (IT1.35)
b

IMox 3uak aorapudma B (I11.34) creayer noacTraBuTb MAKCUMAJILHO HEOHO-
POHYI0 MAKPOCKOIIMYIECKYIO XapaKTepucTuky cucrembl. U3 (111.32) ciemyer
orerka 3P@PEKTUBHOTO BPEMEHN CTOJIKHOBEHUIA:

Toy ~ m0esf {van) . (I11.36)

TN Ocff = Otot - IPPEKTUBHOE CeUeHNEe B3ANMOJEHCTBHHN, Vqp - OTHOCH-
TeJbHAsS CKOPOCTDh YaCTHILl a U b.

Takum o6paszom, npu Boinoauerun (111.33) unrerpasn croskHoBeHMii siB-
JIAETCS TJIABHBIM YJI€HOM B KuHeTnueckux ypasuenusax (1.189), koropeie B
HYJIEBOM TIPUOJINZKEHUN TPUHUMAIOT BUI:

I,(z,P)=0. (I11.37)
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I'maBa III. PaprHOBecue mia3Mbl B TDABHTAIHOHHOM IOJIE

O1u ypaBHeHUs /st T-MHBAPUAHTHBIX B3AUMO/IEHCTBUI SKBUBAJIEHTHBI DY HK-
uonasbHbiM ypashenusiM (111.2), umeromumu cBOUME pelIeHUsIME JIOKAIIb-
1O paBHoBecubie (ynkuun pacnpenenenus (I111.9). Tlonoxum mo3TOMY:

fa(@,Pa) = {exp[—Aa + (&, Pa) + da] F1} 7, (IT1.38)

rae ¢ = ¢a(z,P,), npuuem < ¢, ><K 1. Umeer mecro ciemyioniee pasiio-
kenue Gyukuuu (I11.38) no masnocru ¢:

fa(@,Po) = fO(2,Pa) — [f2(x,Py)]" e At EP)g, 4.,

IMoacrasnssa (111.38) B kuneruveckue ypasuenus (1.189), ucnonb3ys yHk-
moHasbHble ypaprenus (111.12), coornomenwe (1.23), B iuHeRHOM 110 ¢ IpH-
OJINKEHUU TI0JIyYUM WHTETPAJIbHbIE YPABHEHUS:

df | (P? — eAY)(P* — eA* P — eA?
dﬁa ( < )(<I> < )Lgik—i( eq))(eLAi+)\,i)—qu<I>
“ 1+ 2 ¢ 1+« ¢
m m

0 i
__ Xk: vk /6(PF ~P1) Zit > (Wipdi — Writy) y T )

B pat6orax [6], [8], [9], [12] n Apyrux pa3BUTHI METOABI TPUOINIKEHHOTO
unterpupoBanus ypasuenuii Tuna (I11.39). IIpu sToM nosnyuatorcs: ypashe-
HUS PEIATUBUCTCKOM TUAPOINHAMUKY C YI€TOM JUCCUTIATUBHBIX ITPOIIECCOB.
MeToabl 3TH OCHOBAHBI HA PEISATHBUCTCKON MOIUGUKAINE MeToa0B 1'pasa,
Duckora - Yemnena u a1p. B 1anHOi riiaBe Mbl OrpaHUYUMCS BHIBOIOM yPaB-
HEHU# naeaJbHON TUIAPOINHAMUKH TLIA3MBbI.

Vuuoxas ypasuenus (I11.39) ma coorBercTBYIOMUil 0GOOMIEHHBIH WM-
MyJIbC U WHTETPUPYS [0 UMITYJILCHOMY ITPOCTPAHCTBY, [TOJIYy9UM BCJIEICTBUE
coxpanenus cymmapHoro 4-ummnysnbca ypasaenus (11.23), B koropbix, ogHa-
k0, TOU wgacrun umeer crpykrypy TOU wmpeansbuoii xxumkocru (I11.8). C
yuaerom 31oro dakra ypasaenus (11.23) npuauMaior Bu:

Vil + Plivk]— Pt — g FF — 08"t 4 AT JE =0, (I11.40)
p p p

rJ1e CyMMapHbIE TJIOTHOCTb SHEPTUN U JIABJIEHUS YACTHUI] OIIPEAeIAI0TCs (POp-

mynamu (I11.20), (II1.21), (I11.26), (II1.27);
Ji= Z eant = v' Z €ala; (I11.41)
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ckansp ng(x) onpenesien dbopmyaoii (I111.19).

Vpasuenusm (I111.40) moxkuO npugarh 6osiee ya00HbBI BUI, [Jisd 9€r0 UX
CJIeJIyeT CBEPHYTH ¢ BEKTOPOM MAaKPOCKOMMIECKOil ckopocTn uactur v'. To-
raa ¢ yaerom (I11.41) u KococumMMmeTpuaHOCTH TeH30pa Fyy, OMydum cireji-
CTBHE:

Vi [(5 + P)vk} —ov*® ) — (v,4)J5 =0, (I11.42)
p p

ucnosb3ya koropoe B (I111.40), npuBesieM ypaBHEHUS TUIPOJAUHAMUKE K BH-
Ay:

<g + P> vkl — <p +0® ), — Akal> (9*F —vio®)—J, F** = 0.(T11.43)
D P

Vpasuenus (I11.42), (I11.43) HeoOX0MMO PACCMATPUBATL COBMECTHO C yPaB-
Henusivn nons (I1.31), (I1.36), (I1.40) a rakske ¢ onpenenenusivu (11.44),
(IT1.19) - (I11.21) u (IIL.41).

B ciyuae, Kora BEKTOD IIOTHOCTH TOKA CBA3AH ¢ COXPAHAIONUMCS 3a-
PAZIOM g4, MBI TIOJIy9AEM eIIe OTHO yPABHEHWE - 3AKOH COXPAHEHWs BEKTOD-
moro Toka (I11.13) - u, TakuM 06pa30M, CaMOCOTJIACOBAHHASA CUCTEMA yPABHE-
HUI WIeaIhbHON MHIPOIMHAMUKH 3aMBIKA€TCsI C TOYHOCTHIO JI0 OTIPEIEJIeHNUST
YDABHEHUSA COCTNOAHUSA:

P P D

B cnydae ke, KOria BEKTOPHBIM TOK HE COXPAHSIETCS, CUCTEMa, YPABHEHM
UIeAJILHOM TUIPOINHAMUKH OCTAETCS HE3aMKHYTOM. [lelicTBUTETIHHO, 3aKO0-
Hbl coxpanenus uucia yacrun (111.30) spasrorcs jumb npubnKeHHbIMY,
BEPHBIMU B HYJI€BOM IMOPs/IKE TEOPUN BO3MYIIECHUIA. Y DABHEHUS K€ THIPO-
NIWHAMUKHA TIPEICTABIAIOT COOO ypaBHEHHUsI TIEPBOTO TOPSIKA, TEOPUN BO3-
MyIenuit. B 9ToM mpubankennn 3aKOH «COXPAHEHWS TOKA» OMPEIE/IsIeTCs
y7Ke TIOTPABKAMU (), K PABHOBECHOMY DACIIPEIE/IEHUIO:

) 0
Ji=— %:Aek/é(ljp —P)Wis Zif (Z or—>. ¢F) gd”’ (IIL.45)

JIJTsI OTIPEJIETIEHUs] KOTOPBIX HEOOXOAMMO PeliaTh WHTErPATbHbBIE yPABHEHUS
(II1.17). B cayuae T-HeuHBapMaHTHBIX B3aUMOJEHCTBUI LPU YCJIOBUH CO-
XpaHeHNsT BEKTOPHOTO TOKA OTMCAHHAS BBITIE CHCTEMA yPaBHEHU UIeasb-
HOW THAPOJNHAMWKHN OTSTH - TAKW CIPABEJJINBA BCJIEJICTBHE 3aKOHA «CO-
xpanenus» cymmapuoro TOU (11.38). Oxnako, ypasuenus (II1.17) B 3ToM
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ciydae HeOOXOAMMO U3MEHUTD [T00ABJIEHNEM B IPABYIO 9aCTh HECUMMETPHUY-
HOT'O 4JIeHa:

-y vk /5(PF —PO_ Wirer = Wrigr) [[ dr.

II11.3 TI'nobanpbHOE TepMOAMHAMMNYIECKOE
paBHOBeCHE

B cayuae, xorga dyukiun pacupenenenus (111.9) (umm (I11.14)) sasasiorcs
TOYHBIME permeHusaMu Kunerndeckux ypasaenuii (1.189), crarucruyeckas
CUCTEeMa HAXOJUTCS B CTPOTOM 2400GAbHOM MEPMOIUHAMULECKOM PAEHOGE-
cuu (I'TP). B ycnoBuax I'TP BBIIONHAIOTCS CTPOrHWE 3aKOHBI COXPAHEHUS
vactul, kaxaoro copra (II11.30), u suTponus cucreMbl CTPOro IOCTOSTHHA
S = Const. Jdua naxoxuenus ycaopuil ['TP noncrasum perienus (I11.9)
B kunernudeckue ypapuenus (1.189). TTockosbky unTerpas B3auMoieicrBuit
obparaercst B HyJib Ha JIOKAJIbHO PABHOBECHBIX PACTIPEIETICHUAX, TTPUBEIEM
(1.189) x Buy:

[(Ha,¢a] =0, (I11.46)
rie:

Ba(@,P) < (¢, P) = Aa(2).

Takum obpazom, mist obecnieuenus ['TP moskeH cyiecTBOBaThH JTUHENHBIH
UHTErpaJj JBIDKEHNs, IpudeM & - BpeMeHUIOI06HLIH BEeKTOP.

Paspemas (I111.46), moay9um cucTemMmy HeOOXOAUMBIX U JOCTATOYHBIX YCIO-
Buii cymecroBanus I'TP [65], [68]:

I{ Gik = OGik ; (I11.47)
Mg | (Mg + qa®)o + ¢ L &| =0; (I11.48)
§
ea L Ai =X\ ;. (I11.49)
13 a

Venosus (111.47), (111.48) cosnagaror ¢ ycnosuamu (1.30) cymecrsoBanus
sunedinoro unrerpana asuxkenus (1.27); ycmosua (I11.49) oramgaiorca ot
coorBercTByommx ycaowii (1.29).
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B ciyuae, xorna m, Z 0, noxyuum u3 (111.47):
% gik(Ma + ¢u®) = 0;
€q I{ A = X

a

(ma #20). (IT1.50)

s cucrembl 6€3MacCcOBBIX 9acTull M, = 0 3TU yCJIOBUsI 3aMEHSIOTCS CJre-
YIOIIAMMT:

Logix = 0;
3

LA (ma = 0). (I11.51)
£

I
>

Ecnu ke B paBHOBecuu naxomutcs 6osiee oamoro copra vactuil, (I11.50) 3a-
MEHSIOTCST 6OJIee KECTKUMHU yCIIOBUsMH [65]:

I{ Jik = 0;
Le = 0; (mq 2 0). (I11.52)
esLA; = )\,i

3 a

Bcesiencreue yenoBuit Ha BEKTOPHBIH TIOTEHIMA, KOTOPBIE CITPABEJINBHI BO
BCEX CJIyYasiX, BBITIOJIHSIETCS 3aKOH COXPAHEHWsi MOIM(UINPOBAHHOTO XM-
MHYECKOro nmoreHnuania [65]:

LN=0; (N=)—eu(&4)). (I11.53)
£a a a

ITocKONBKY BCe MOMEHTHI PABHOBECHOH (DYHKIMH PACIPEIEICHAS OIpe-
JIeTIAI0TCA ¢ MOMOTIbIO ckaxapos &2, X, ® u remsopos &, gk, gk .. To
a

BBITIOJTHAIOTCA W 3aKOHBI COXPAaHEHUA MOMEHTOB (byHKI_[I/II/I pacrpeaeaeHna

[65]:

Ln! =0; (I11.54)
3

LJ =0; (IT1.55)
3

LT"=0 (IT1.56)
§a

u 1.1. B [45], [69] noka3ano, 9T0 HEOOGXOMUMBIM U JOCTATOYTHBIM YCJIOBHEM
unterpupyemoctu ypasaenuii (I11.53) oTHOCHTEIBHO )\ SABJISAIOTCA:
a

LF;=0. (I11.57)
3
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s nokaszarenscrsa (I11.57) goctaTo9HO BBIYUCIUTD BTOPBIE CMEIIAHHBIE
IPOU3BOHBIE OT 06eNX YacTeil ypaBHEHUsI:

e L A; :)\,i
13 a

u pupaBHATh uX. Ilociae KoMMyTannm TpOu3BOAHBIX JIM 1 KOBapHAHTHBIX
nponsBoubIx noaydum (II11.57).

Beneacrsue nepsoii rpymnmsl ypasrennit (I111.52) Baosib nanpabsienns &
COXPaHSAIOTCS KOMIIOHEHTHI TeH30pa Pumana, Puaun u renzopa Ditnmmreiina:

L Rijkl =0; L Rij =0; L Gij =0. (11158)
1 1 13
ITosTomy BeaieacTBUe ypaBHeHUI DUHIITEHHA [TOJXKHBI BHIIOJHITHCA COOT-
HOTIEHUS:
LT =0, (I11.59)
1
rae T;; ompenensercst opmysoii (I1.39). Herpyamo yBumers, 9TO BCIIE-
creue BTOpOi rpynmsl yeaorwit (111.52) a takxe (II1.58):

LT*=0. (IIL.60)
s

Ho rorga seaencreue (111.59) u (I11.56) 103KHO GBITH:

LT*=0. (IT1.61)
Ev

Boruucnsas npoussomuyio Jlu ot (11.28) ¢ yuerom (I11.57) u (I111.61), mouy-
qHM:

2
Hy {A" LAF 4 Akb 1 AT gtk AT, Aj} =0. (111.62)
4 £ 3 13

TMonaras p, Z 0, nonyuum u3z (111.62) cucremy ypasHeHwuil s OnpeiesieHust

. d .
BEKTOPOB a' éfL A"
3

aj(Alghi 4 Akgii _ gk ATy = 0. (I11.63)
CeopauuBas (I11.63) ¢ mOMOLIBIO g;), HAKIEM CJIEICTBHUE:

(a,A) =0, (I11.64)
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¢ nomouipio Koroporo ypasuenus (I111.63) npusoagarcs k Gosee npocroii hop-
Me:

Alad + Ala’ = 0. (I11.65)

EmHCcTBEHHBIM pellieHneM 3TO# CHCTEMbI ypaBHEHUil SIBJISETCS TPUBUAIb-
noe: a' = 0.
ITostomy mpu p,, Z O:

LA =0. (I11.66)
13

Ecim xe p, = 0, T.e., BeKTOpHOE TIOJIE siBJIsieTCs OE€3MAaCCOBBIM, TO MO/I-
XOIAIIENH TPAANEHTHON NTEePEHOPMUPOBKON BEKTOPHOTO TOTEHIINAJIA BCETAA
MOXKHO J06uThCs BhIoiHeHNst yeorus (I111.66) (cm. [69]). Takum obpaszom,
B ycsoBuax I'TP craTtncrmdeckoii cucteMbl, B KOTOPOil UMEIOTCS MaCCUBHBIE
9aCTUIIbI, BHIIOJHIAETCS COOTHOIIEHNUE:

A= Const . (I11.67)

Taxum 06pasom, 8 cMAMUCNUYECKOT CUCTNEME 3APAHCEHHDLT YACTNUY, HA-
TOOAULETCA 8 2A00ANDHOM MEPMOOUHAMUYECKOM PABHOBECUY 6 2PABUMAUU-
OHHOM NOAE, NOAHBLT TUMUYECKUT NOMEHUUAAL KAHCA020 COPMA 4ACTUY, NO-
CTOAHEN.

[TepeunciieHHbIE BBIMIE YCIOBUS SABJISIOTCS HEOOXOIUMBIMU U JOCTATOY-
HBIMH YCJIOBUSIMU TJIOOAJIHHOTO TEPMOJAMHAMUYECKOTO PABHOBECHSI CTATHU-
CTUYECKON CHCTEMBI, COIEPIKAIIEH MACCUBHBIE YACTUIIBI. [IOCKOIBKY BEKTOD
&' gBIIsIeTCs BPEMEHHIIOMOOHBIM U B TO JK€ BPeMs - BeKTOpoM Kwumiuara,
CTATUCTUYIECKAS CUCTEMA, COAEPZKAIIAs MACCUBHBIE YACTHUIILI, MOYKET HAXO-
JUTHCS B COCTOSTHUW TJI00AJBHOTO TEPMOINHAMUYIECKOTO PABHOBECHUST JIUIIh
MPU YCJIOBUHU CTAIIMOHAPHOCTH BCEX TMOJIEH.

I11.4 T'nobanbHOE TepMOAMHAMMYIECKOE PaBHO-
BeCHE CaMOTPAaBUTUPYIOMIEN TIJIA3MBbl
3amaya 0 PABHOBECHBIX MAKPOCKOMUYECKUX JBUIKEHUAX (T.€., O JBUIKEHU-

AX, He BBIBOAAIIMX cucremy u3 cocrosaus I'TP) GbLia mocrasiena aBTopoM
[45] m momHOCTBIO pereHa B mocseayoomux padorax [69], [68]. CormacHo
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pe3y/bTaTaM IpeIbIyIIuX Pa3/esIoB, CAMOCOIJIaCOBAHHASA CUCTEMA ypaBHe-
HUI, ONUCHIBAIOIINX I'PABUTAIMOHHOE U 3JIEKTPOMArHUTHOE IO/ PaBHOBEC-
HOTO aHCAMOJIS PEJIATUBUCTCKUX YACTHI], UMEET BUJI:

) 1 ) ) ) )
R* LRyt = (wk ; ;);Zk) = 8aT* (ITL68)
p
Fih = —4rJ'; (I11.69)
b it 0, (I1.70)

rae T u J? onpenenstores seipazkernavu (I111.17), (I11.18), (I11.20), (IT1.21),
P
(I11.22), (I11.41), B KOTOPBIX:

n(z) = e / exp[— o ; (IT1.71)

A —eq(&A)+ 071 /m2 + p?]

£y =3 L/ P’ /mi + pdp S (1IL7)
- , exp[— —eq(&,A4) + 671 /m2 + p?]

< 4
P p“dp
P(z) = § —/ , (ITL.73
@ = 07 ) exp[— X —ea(é, A) + 67" /mZ +p?] £ 1 (L)
IIpuveM:

A=Const; LA;=0. (TT1.74)
a 3

CorziacHo pesymbTaTam Tpe/IbIIyIIero pasjiena BeKTop & apasgercs Bpe-
MeHUTIONOOHbIM BeKTopoM Kuammara, T.e., MIPOCTPAHCTBO - BPeMs JIOKHO
JOTyCKaTh TPYTIY JIBUYKeHUil, TOATPYOHi KOTOPOil ABIAETCS JBHKEHUE
BJIOML uHui Bpemenu. JlomycTum, uto X4 AOMyCKaeT TPYMITY JBHKEHHil
G" nopsnka r > 1 ¢ BexkTopamn & (z) (A =T,7):

X

Eirt&ri=0. (IT1.75)
x N
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Torna Bekrop Kusumnra £'(x), oupenensommii MaKpOCKOIMYECKYIO CKO-

pocts v¢ = /¢ m TeMIepaTypy CHCTeMbl 0 = &1, aBaserca nuHeHHOI
KoMOuHaueil BeKTopos £':
A
r .
&= Z ay &';  (an = Const). (IT1.76)
=1 A

Bozaukaer Bompoc, KAKOBBI TIOCTOSHHBIE (i), T.€., KGKO6b PAGHOBECHVLE MAK-
pockonuueckue dsuscenus naazmos?. Ecan nnasma ssisiercst mpo6GHOI, T.e.,
paccMaTpuBaercd Ha (OHE 33 JaHHOTO I'PABUTAIIMOHHOLO IIOJIA, TO 3HAYEHHUA
KOHCTAHT (v) IIPOM3BOJIBHBI U OIDAaHHYEHBI JHIIL TPeOOBAHWEM BpEeMEHH-
nonobuoctn BekTopa &'. Ecu ke rpaBUTANMOHHOE II0JI€ CAMO IOPOZKIEHO
I71a3MOH, CHUTyanus PaJuKaIbHO MeHsAeTcd. [lelicTBUTENbHO, B 3TOM CIy-
4yae BeaencTeue ypapaennit Ditumreiina (I111.68) n ypaprenwnii Knsinnra
(I11.75):

1, Tk ey ik = 0; A\=T,7). (IIL.77)
£ A
A

B [70] mokaszaHo, uTo B caydae, kKorga TV BermectBa WMeeT CTPYKTYPY
TOU upeanbHON KUAKOCTH, CAMMETPHS TPOCTPAHCTBA - BPEMEHU HACIEy-
€TCA OTAEJIbHO I/IﬂeaﬂbHOf/'I ZKUJKOCTBIO U 3JIEKTPOMArHUTHBIM IIOJIEM, T.€., B
stoMm caydae u3 (II1.77) creayer:

Lrf=0; (A=T1r), (II1.78)
AP
LT*=0; (A=Tr). (I11.79)
Nf

Venosusa (111.78), (I111.79) majaraior }KeCTKUE OTPAHUYEHNUS HA JTOIYCTUMbIE
PABHOBECHBIE [IBUKEHUS TJIa3Mbl U CTPYKTYPY €€ 3JeKTPOMarHUTHOIO T10-
asa. B cayuae r = 1 BekTop &' ¢ TOYHOCTBIO O HOCTOSHHOTO MHOZKHTE-
JIsl COBIIAJIAET ¢ KacaTeJbHBIM BEKTOPOM K TpaeKTopusaM rpynmnbl G; ycio-
pus (I111.78), (IT1.79) mpm 5TOM BBIMOJIHSAIOTCS ABTOMATHYECKH BCJIEJCTBHE
(I11.59), (I11.61) u (IIL.66).

Paccmorpum mosromy caydwait r > 1. ObparumMcst cHA4YaMa K YCJIOBUSAM
(IT1.78). Beruncasist npoussozauyto JIn or (II1.18), mosyuanm:
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1k
EELE+P)+E ENE+P) —2@,5)553 E+P) -g*LP=0
(A =1Lr), (I11.80)
rle BBeJeHO 0003HAUECHUE:
gipe. (IIL&1)

[Mpeamnomokum, 9To X0Ts1 ObI TPU OTHOM (ukcupoBanuoMm A = p I, P # 0;
D

tora cornacuo (I11.80) merpmdeckmit Temsop ¢** MoxeT 6bITH pas3IoKeH Mo

ayM BexTopaMm £ 1 € U Ho B 3TOM ciIydae MeTpHHaecKnii TeH30p BLIPOKICH
P
(g =0), "ero He JOIKHO OBITh.

CremoBaTesibHO, TTPH JIIOOBIX P = A\ UMEET MECTO COOTHOIIEHNE:

LP=0; A=1,r). (111.82)
X
Ho rorpa seaencreue (I111.80) 10KHBI BHIIOIHATHCS YCJIOBHUSL:

fé’“ E+P)|+eENE+P). (L83
A

IMockonbky (€ + P) > 0 (nmerorcst BBUJLY TJIOTHOCTh SHEPIUU W JABJIEHHE
«rostbix» wacrun), u3 (I11.83) ciexyer:

g8 L (E+P) - 2(¢)
A X

(£,€)
€180 =-¢¢" |ILIn(E€ +P) -2 5; . (A=T,r). (II1.84)
A

Cpopaunsas (I11.84) ¢ ¢! ¢ yaeToM BpeMeHHIOIO0OHOCTH 3TOTO BEKTOPa, Hafi-
JIeM:

i

A=T,7). (IT1.85)

>y

= ¢! %m(g +P)—

Ceopauusas (II1.85) eme pas, nosyunm:

A
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orkyza seseacrsue (I111.82) naiimem:

LE=0; (A=1,r). (IT1.86)
)

Ucnonsays (I11.86) u (I11.82) B (1.111), nomyuwnm:
GRE
£'=—-¢; (A=Lr). (I11.87)
2 3

VYpasuenus (II11.87) MoxKHO TakKe 3alMCATH B BUJIE:
€ (gn—vm) =05 (A =T7). (IIL.88)
A

O6parumcs teneps K ypasuennsm (I111.82) u (II1.86). Cornacuo (I11.72) u
(IT1.73) cranspst () u P(x) MOryT 3aBHCETH OT KOOPIMHAT JIAIIb ITOCPEI-
crBoM 1ByX ckaiapos: (€, A) = A¢ u & Ilostomy ypasmenms (II11.82) u
(I11.86) MoOryT GBITH 3AIUCAHBI B BUJIE:

— LA =0 111.89
o€ L&+ g, ke =0 ( )
o0& o0&

= L A = =1 I11.
8£I;§+8A£IX e=0; (A=1Lr) (I11.90)

Coornomtennst (I11.89) n (I11.90) MOXKHO paccMaTpwBaTh Kak CHCTEMY OJI-
HOPOJHBIX areGpanvyecKnX ypaBHEHWI OTHOCHTEJILHO MepeMeHHbIX [, & n
A

L A¢. Torna, ecu oupenenuresb STOR CHCTEMbIL:
P

8_P
_| 9¢
A=l e
o€

or
DA,
o€
DA;

oramuen or Hyss, To (I111.89), (I11.90) umeroT suib TPUBUAJILHBIE PEIIEHUS:

L&E=0;
by

A

L(E4)=LAc=0: (A=T7).

(IT1.91)

(I11.92)
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Ho rorpna BeaeacTsue ToXKa€CTBA:
LE=¢71(6¢) (IL.93)
A Dy

(IT1.87) maet:

=L =0; (\=Tn). (TT1.94)
A A

Ecam e A = 0, MBI TOJTy9aeM COOTHOTIIEHNE:

oP 9 0P O€
- =2 = I11.
0E DAy 0A¢ OE (I11.95)

Paccmarpusas (I11.95) kak muddepennmanbioe ypaBHeHHE OTHOCUTEIHLHO
dyukuuu, nanpumep, P(z), naiizem ero obiuee perieHue:

P=P(), (111.96)

KOTOpOoe o3HadaeT, 4ro GyHkmun {(z) u A (r) cBa3anbl anredpamdecKuM
COOTHOIIECHUEM:

Ae =¥(¢).

Ho Torma ckangper P(z) u £(x) qmbo 3aBUCAT OT KOODIMHAT JIWIIL TI0-
cpencTBOM MHBapuwaHTa &, auO0 BOOOIIE HE 3aBUCAT OT KOOPAWHAT, T.€.,
& = Const. I B mepBoM U BO BTOPOM CJIy4asix Mbl CHOBA MPUXOJUM K yCJIO-

susm (111.91), (I11.92), (I11.94).

Taxum obpasom, ycaosus (111.91), (111.92), (111.94) asasomes neob-
ZOOUMBLMU U DOCTNATNOYHBMY YCAOBUAMUY 6vinoarerus (II1.78).

Orvernm, uro (I11.94) mMokHO Tak:Ke 3amucarh B Buje [45]:

do(gtet) =0 (=T, (I11.97)

AI #)\ [A AI}

WJIM, BBOJISI TEHEPATOPHI Py [52]

Xy =¢"0;,
A
nepenmieM ycnaosus (111.97) B Gosiee kKoMmakTHOM BHE:

[X, XA} -0, (A\=T11). (I11.98)
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II1.4. I'TP camorpaBUTHpPYIOIIEIT MIa3MbI

ITocnemaune ycioBusi 03HAYAIOT, YTO OMEPATOP
X = ¢io; (I11.99)

SABJISAETCS UEHMPOM 2DYNNbL.

Takum 00pa3oM, PAGHOBECHDLE MAKPOCKONUYECKUE NOAA MALOMEHUA
AHCAMONA 3APANCEHHBLT HACTUY, Q0AXHCHDL donyckamsv 2pynny 0eu-
orcenuti, 0baadaruets 6PeMeHUNOO0OHBM UEHMPOM.

O6parumcst rerepb K yeiousiM (I11.78) wa TOU s1eKTpOMarHUTHOTO
nosis. B [70] mokazamo, aro mist semonnenus (II1.78) neobxoanMo u 1ocTa-
TOYHO BBIIIOJIHEHHE yCIOBUH :

% Fy, = by Fir, (I11.100)

rie by(xz) - mpousBosbHbE cKayspubie dyakinuu. CeproiBas (111.100) ¢
JUCKPUMUHAHTHBIM TE€H30POM, TIOJIYyIUM cJiesicTre [69]:

LF = —bxFiy - (I11.101)

Csepuem coorrorrenus (I111.100) u (IT1.101) ¢ BeKTOpOM MaKpPOCKOIHYECKOI
ckopoctu /€, yuuthisas npu stom (111.94):

A
L H; = —b)\E;, (111.103)
A

re BBeeHbI 0603Havenus [71]:

k

E; = %F,“ =" F (IT1.104)
k *

H; = % Fri - (111.105)

BekTopnor E; n H; ABAAIOTCA BEKTOPAMY HATPAKEHHOCTU JIEKTPUIECKOTO
¥ MarHATHOTO TOJIeH B COMYTCTBYIONIEH ¢ TIa3Moi cucteMe orcuera. Bak-
HO OTMETHTD, UTO BCJIE/ICTBHE BPEMEHHUTIOMOOHOCTH BEKTOPA &' KOMITOHEHTHI
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I'maBa III. PaprHOBecue mia3Mbl B TDABHTAIHOHHOM IOJIE

TeH3opa MakcBesia OIHO3HAYHO BBIPAXKAIOTCA depe3 Habmaomaemble F; n

1
Fir = ; &iBr — & Ei — Nipm & H™ | (ITL.106)
Ormernm rakzke, yro coraacHo (I111.104), (II1.105):
(E,§)=0; (H,§)=0. (I11.107)

Paccmorpum, mampumep, coorsomenue (I11.102). Boimosuss ToXKaecTBeH-
Hble TpeobpasoBanus ¢ yaerom (I111.91), (I11.92), momyunm:

LE =¢ ' LFu" =1L (Air — Ara)€".
) ) )
Ucnonbays yenosus (111.52) u (I11.66), 3anmummem:

(Aig — Api)&F = A " — €8 A — 0;A¢ EI{ —0iA¢ = —0;A¢ .

Takum obpazom:

LE; = - L Vide = -7y, L Ag =0, (I11.108)

u coorrommenus (I11.102) npuanmaior By

byH; =0. (I11.109)
Iycrs cuavana by # 0 u H; = 0. Ho Torna u3 (I111.103) cpa3sy cuenyer:

E; =0,
nim, cornacuo (IT1.106):

Fy, =0, (I11.110)

T.€., 9JIEKTPOMATHUTHOE T10Jie OTCyTCTBYeT. Ecau ke Ten3op Makcsesia oT-
JINY€H OT HYyJisi, TO OCTaeTCd BTOPOil Bapmuaunt: by = 0, T.e.:

LFEr=0; (A=1r). (I11.111)
A

OueBnno, uro (II1.111) Britodaer B cebs Kak dacTubiil cay4dait u (111.110).
Takum 06pa3oM, MBI JOKA3AJIH, ITO:

Heobzodumvimu u 00cmamouHomy ycrosuamu evinoarnernus (I11.77)
asasomesa (I111.94) w (111.111).
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II1.5. I'TP cucrem co CKaJsIpHBIM B3aHMOJEHCTBHEM

Yenosus (I111.92) u (I11.93) sBasioTcs cleCTBHAME YKA3aHHBIX JABYX. 3a-
merum, uro Beaegacrsue (I111.91) u (111.94) Buosib TpaekTopwuii rpyIibl co-
XPAHSAETCS N BEKTOP MaKPOCKOMMYECKON CKOPOCTH CHCTEMBI:

Lv'=0; (A=T1,r). (IT1.112)
A

B [45] nmpuBemeHbl NpHUMeEPbl PABHOBECHBIX TPABUTUPYIOMINX KOHMDUTYpaIwit
upu r =2 ur = 4. B [72], [73] ¢ momompio knaccudukamun Ilerposa [52]
moJieit TATOTEHUS TI0 TPYIIAM JIBUXKEHUI ObLT POM3Be1eH 0TO60p PABHOBEC-
HBIX n0J1ell Tarorenus corsiacHo ycosusm (111.98) u nokaszamno, 4ro nopsiiok
TPYTITILI JABVKEHHH He MoykeT Goblme 5, mpudem G° omycKaeTcs JUIMb B
cnermasibHOM ciay4dae: £ = —P = Const.

CreryeT OTMETUTD, ITO /IJIsT CTATUCTUYECKNX CUCTEM C MACCHBHBIM BeK-
TOPHBIM B3aUMOJIEHCTBHEM YACTHUI] AHAJIOTHIHBIE YTBEPXKIECHUS JI0 CUX TIOD
HE JIOKA3aHBbI.

II1.5 TI'nobanpbHOE TepMOAMHAMMYIECKOE PaBHO-
BeCcHie CAaMOTPAaBUTHPYIOINEl CUCTEMBI CO
CKAJIAPHBIM B3anMMOJAENCTBUEM YaCTHIL

Oror cayuail 6bL1 paccMoTpeH B [68]. Yeaorus riiobaibHOrO PABHOBECHS
OPUHUMAIOT BU:

A =Const; TL,L®=0; TLgigx=0. (I11.113)
13 13

ITnoTHOCTD SHEPTUY U JABJIEHUE TL1a3MbI onpeaensaioTcs dpopmynamu (111.20)
u (II1.21), B KOTOPBIX ClemyeT NOJIOKUTh: A; = 0, T.e., ONpPeIeaiOTCs IBY-
Mg ckajsgpamu £(z) u @(z). B messx oBIIHOCTH M3JI0KEHUS PACCMOTPUM
HeKOoH(GOPMHO HHBAPHAHTHOE CKaJIapHOe moje.! BBrMucias mpOM3BOIHYIO
JIu or cymmapuoro TOU, mosrydum:

&&L( ; )+ (5 &t € k£Z)E+P+4—(<§> Bt B P, i)~
—Yik [L P+ E((w — ;2 ‘I’)] = =50 )

1 Tns cayqas xoEdOPMHO HHBAPHAHTHOLO CKAJSPHOTO IIOJS PE3yNbTATH He HYKIa-
IOTCSI B UCHPABJIEHUH.
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I'maBa III. PaprHOBecue mia3Mbl B TDABHTAIHOHHOM IOJIE

rae:

d d
oYL, ¢ Yro,=09; (IIL.115)
XX Xi A X
€s = £1 (TUIIOC U MUHYC COOTBETCTBYIOT OTTAJIKUBAIOIIMMCS ¥ MPUTSTHBA-
0IuMcs GapuoHam).

B cayugae, ecnu:

(‘I”j‘f g ?) 20,

LP+-=
X 47
pY KaXKI0M (DUKCUPOBAHHOM A, TO METPUUECKUIN TEH30P MOMKET OBITH BbI-
pakeH, KaK HETPYIHO yOEIUTHCS, Yepe3 TPU BEKTOPA, HO B ITOM CJIyUae OH
Boipoxkzien (T.e., g = 0), yero He poszkuo 6birh. U3 (I11.77) caenyer Toraa,
YTO JOJXKHBI BBIMOJIHATHCA 117 yciioBuii:

€ .
P+ (e ;- 1203)=0; 1.1
LP+ 2 (278 ;- 20 0) =0; (I11.116)
E+ P — -
i — t i&k+ i)+
66 L =+ (Ti6t T ati)
€s
+—(<1> ,i<1>7k+<1>,k<1>7i):0; A=T7). (IT1.117)
4 \\ A

CeepteBas (I11.117) ¢ £1¢* n yunremas (111.113), momxyanu:

L(£+P) =0, (IIL.118)
)
a ceeproisas (IIL.117) ¢ £®F, yuntosas (I11.113) u odeBHIHOE COOTHOIIE-
HUeE:
_5 @ = Y Y
§o)=(c2)
TIOJTY YUM:

(€ 2) [5 +P - e—s@’,@)] =0. (111.119)
A 4r

Ceeprka (II1.117) ¢ ®'1®* npusomuT K pesynbraTy:
(®,9)(®,P) =0. (I11.120)
A
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II1.5. I'TP cucrem co CKaJsIpHBIM B3aHMOJEHCTBHEM

s pemenns (I11.119) npexanonoxum cHavasa:

(€, @) =0. (II1.121)

Torna ceepromsas (II1.117) ¢ €% u yunTsBasg 049eBHIHOE COOTHOIICHHE:
L& =2(¢,),
A A

Haligem:

£.-%Le, (111.122)
X )

OTKY/1a IIOJIYYUM:

Lvi=0 (I11.123)
A

u npuseznem ypasuenue (I11.117) x Bumy:

® P+ @ 1®;,=0. (I11.124)

A A
B cayuaae:

®,;#0 (I11.125)
ennHCcTBeHHBIM pernerneM (I11.124) srasiercs:

& ;=0. (I11.126)

A
Torza (I11.116) cBoAUTCS K COOTHOIICHUIO:

2
Esls x2
P——206°)=0. 11112
% ( 8w ) 0 ( 7

Paccmorpum npyroii Bapuant pemenus ypasaenus (111.119):

€s

E+P— 2(8,8)=0; (II1.128)
4n
rorma u3 (I11.117) momygwnm:
(9, @) =0. (111.129)
A

CeepreiBas (II1.117) ¢ &  u yunrsBas (111.128) u (I111.129), naitnem:
A

(g% — vioh) S = 0. (I11.130)

)
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I'maBa III. PaprHOBecue mia3Mbl B TDABHTAIHOHHOM IOJIE

Ucnonsays (111.113) naiimem uz (111.130) & ; = 0, r.e., CHOBA IPUXOIUM K
)

(I11.122), (I11.123), (IT1.126) u (ITL.127).

Cornacuo (I11.116), (II1.117) ckansapet € u P MOTyT 3aBHCETH OT KOOD-
JUHAT b nocpeactsoM Gyukimit £(z) u ®(x). I3 ypasuenwmit (111.118)
u (II1.127) nosy4mm cucreMy OIHOPOAHBIX ajnredpandecKux ypaBHeHU OT-
nocurenbuo ® n &:

OP — (0P ey o
aE §+(a<1>  4r q’) =05 R
dE+P) - 9E+P)

5 ST e O (111.132)

B cnyuae, ecnm onpenesnnTennb 3TOi CHCTEMBI OTIMYEH OT HYJIs, MOy IaeM:

d=LP=0; (111.133)
PUDY
E=LE=0. (111.134)
XA

Ho rorga w3 (IT1.118), (111.122), (111.124) u (I111.134) caenyer:
LE=0; LP=0; (111.135)
) A
LE=0; (A=1,r). (I11.136)
)

B cayuae ke pasencrsa Hymo onpeaenutens cucremsr (111.131) - (I11.132)
JIETKO TIOKA3aTh, 9TO:

S=9(); E+P=Const.

s (I11.20), (I11.21) BbiTekaer, 9410 310 BO3MOXKHO Jiniib npu £ = Const,
Ho Torma u ® = Const, T.e., BHOBb mosy4aem yciaosus (I111.133) - (I11.136).
JocTaTouHOCTh JKe 3TUX YCIOBHi It coXpaHeHusi cymMmmapHoro TOW npu
JIBUZKEHWH BJOJb TpaekTopuii G MpoBepsieTCst 371eMEHTAPHO.

Takum 06pasoM U 2400a4bHOE PAEHOBECUE CAMOZPABUMUPYIOWeET CMma-
MUCTUNECKOT CUCTEMbL CO CKAAAPHOLM 83AUMOOCTCMBUEM YACTIUY, 603~
MOJCHO AUWD 6 MOM CAYUGE, K020a NPOCMPAHCMBO - 8pema Jonyckaem
epynny d6udNCenUl ¢ 6PEMENUNO00OHBIM UEHMPOM, G00AL KOMOPO2O TPOUC-
ToOUM MAKPOCKONUNECKOE J8UINCEHUE CUCTIEMDL.
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I'maBa IV

Knnernka njaa3MonogoOHbIX
cpea B moJie
I'PABUTAIIMOHHOI BOJIHBI

IV.1 Kwunerndyeckasda Moejib IJIA3MOIIO00HOI
cpelbl B MOJIe 3aJaHHOTO I'PaBUTAIMOH-
HOTO U3JTy4eHUs

IV.1.1 Kuneruueckue ypaBHEHUH

ITra3monodobnvimu 6ydem Ha3bL8aMD CPEIDL € MANDLM MEHCHLACTNUNHDLM B30~
umodeticmeuem, k0204 CPeOHAS IHEP2US NAPHO20 83AUMOIETICTNEUA YACTNUY,
20pa300 MeHbWE UT KUHEMUYECKoU sHepeuu. KOPPEKTHOE OTMCAHNE TAKUX
Cpell Kak pa3 M BO3MOXKHO B paMKaX KMHETHYECKOH Teopuu. IIpmmepom
MIA3MOTIOIOOHBIX CPeJl SIBJISIIOTCS: BBICOKOTEMIIEpATYPHAS IJ1a3Ma, 3JIeK-
TPOHBI B METAJIJIAX, MATHUTOChEPHAS [J1a3Ma, PETUKTOBbIE (DOTOHBI U T.II.
JlBuzkeHue m1a3MOnoA00HO0M Cpejibl, COCTOSIIEH U3 SJEKTPUIECKH 3aPsizKeH-
HBIX YACTHII, B 3A40GHHOM 2DABUMAUUOHHOM TOAE OTTUCHIBAETCS CAMOCOTJIa-
COBAHHO# CcHCTEMOIl KOBApMAHTHLIX ypaBHeHMi Makcremna - Bombiivana:

[Ha, fa] =Y T(f); (IV.1)
b
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I'maBa IV. Kwunernka mia3Mbl B TPABHTAIIHOHHON BOJIHE

Fip = —4rnJ'; (IV.2)

Fik=o0, (IV.3)

3

rie Hq(z, P) - dyukuug TaMuibrona 3apsiyKeHHON JacTUIbL:

1. 1
Holz,P) = §g’k(PZ~ —eqA))(Pr — eqAp) = imi, (IV.4)

Jt= Zea / fap'dP = Zeni. (IV.5)
@ P

B sTom pazmerne mbl Oymem Tak:Ke pacCMaTPUBATH U IJIA3MOIIOI00HBIE CPEIbI
€ MACCHBHBIMHU CKAJISIPHBIME MOJisiMu. B Takux ciaydasx ypasHenusi Makc-
Besia (IV.2) - (IV.3) Heo6x0uM0o 3aMEHUTH COOTBETCTBYIOIIUMHE MOJIEBHIMU
ypasuenusmu pasaena 11.2. Ilpu paccMoTpenHnn maa3MONOI00HBIX Cpel C
3JIEKTPOMATHUTHBIM B3aMMOJEHCTBUEM MbI OTPAHMYNMCST YUY€TOM yIPYTHUX
KYJIOHOBCKHX U KOMIITOHOBCKUX B3aMMOJIEHCTBUIA:

eater=eate; ety=e+7, (IV.6)

mpeHedperasi OTEPsiIMU SHEPTUY HA, TOPMO3HOE M3JIyUeHUE, YTO OMPABIAHO
U DU PEJISTUBUCTCKUX, HO HE CJMIIKOM BBICOKUX Temieparypax [33]:

6 < V13TAm. (IV.7)

rae A > 1 - kynonosckuii jorapudm. KyaoHOBCKHUe B3auMOIEHCTBUS 3apsi-
JKEHHBIX YACTHI] OyJIeM OMUCHIBATH MOAMMDUIINPOBAHHBIM WHTErPAJIOM Be-
nsesa - Byakepa [33], [74]:

0

Jp) = =55 (IV.8)

rae

on on'
ab _ 2 2 . _ ! ! _ _ .
J = 27reaebAmamb/d7rW,k [(1 n')n ap, (1 n)n—aplk v.9)

(mTpux oTHOCUTCS K MHIEKCY «b» ). dapo unrerpana cronkuosenuit, Wiy (u, u'),
uMeeT BUJ:
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1V.1. Kunerudeckasi MojeJb maa3Mbl B riosie I'B

{0 = Tt

+ugug, + uiuy — (") (wu), + u;uk)};

Wik (u, u') = —

(IV.10)

u; = pi/Mgq ,u; = pj/my - 4-ckopocru dacTurl,. fapo mHTErpasa CTONIKHOBE-
HUil yIOBIETBOPSAET PALy aJredpamdeckux u JuddepeHnInaIbHbIX COOTHO-
menuit [75], [76]:

Wi (U, ul) = Wi (’LL, ul) =W; (ulv ’LL) ) (IV]-]-)

Wik (u, u')u* = Wig (u, u)u'® = 0; (IV.12)

det |[Wix|| = 0; (IV.13)
; 4 "2 . X

Wik _ (v, o) [u" (u,u') —u'] . (IV.14)

ouk [(u,u")? —1]3/2

BcenencrBue ynpyroctu KyJOHOBCKMX CTOJKHOBEHUWI mHTErpas bessesa -
Bynkepa obmamaer caeayomuMu CBONCTBAMME:

Z/J“bdﬂa =0; (IV.15)
b

§ / Jpidr, =0, (IV.16)
a,b
06eCHqu/IBaIOH_LI/IMI/I BBITIOJIHEHUE 3aKOHOB COXpaHeHI/IH 3apsma " I/IMHyﬂbca.

IV.1.2 Metpuka njaockoii TpaBUTAIIMOHHOI BOJIHBI

Merpuka 1iockoit rpasuranmonnoii Bosnbtl (IITB), pacupocrpansiomeiics
Baomb ocu O0z! = z, B cunxponnoit cucreme orcuera (CCO), onucwisaercs
perrernem Bounn - Iupanu - Pobuncona [77]:

ds® = 2dudv — A(u)(dz?)* — B(u)(dz®)? + 2C (u)dz?dz® =

= (dz")? — (dz')? — A(u)(d2?)* — B(u)(dz®)? + 20 (u)da*dz®, (IV.17)
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I'maBa IV. Kwunernka mia3Mbl B TPABHTAIIHOHHON BOJIHE
rae:

1
u=—=('—2'); v=-—2(@@'+2"

V2

- 3alla3abIBalOIlee U OIIePEKaIoIIee BpeMeHa;
A(u) = L?ch(27) exp(28) ;
B(u) = L*ch(2y) exp(—25);
C(u) = L?sh(2y). (IV.18)

IIpouseosvrvie Gyukuuu B(u) u y(u) ONUCHIBAIOT AMILIUTY/bLI JBYX BO3-
MOXKHBIX cocTosHuii nmonspusanuu [II'B: e, u ey u OOBIYHO HA3BIBAIOT-
ca eoanoevmu paxmopamu IIT'B; donoewti daxmop IITB L*(u) = /—g
VIOBJIETBOPSIET €INHCTBEHHOMY HETPUBHAJILHOMY BAKYyMHOMY YPABHEHHIO
QitHmreiina:

L" 4+ L[f?ch*(27) ++?] =0. (IV.19)

Muposbie uHUN Teoe3udecKoro Habmoaaressa B merpuke (IV.17) ectsb ju-
uum Bpement 2t = 7. Kak ussectno, (cm., nanpumep, [46]), 8 CCO permenust
ypaBHeHUil DUHIITEHHA UMEIOT KOOPAMHATHYIO CHHTYJISPHOCTH. B ciydae
merpuku (IV.17) koopauHaTHas CUHIYJISIPHOCTH CBf3aHA C OOPALIEHUEM B
HYJIb HA HEKOTOPOH M30TPOIHON TUIIEPIIOBEPXHOCTH % = U (POHOBOTO (PaK-

topa L(u). Onenxka (u) npuBesena B [47]:

1
e (B2 +42)r,’ (IV.20)
rae Tg - JJIATE€JIbHOCTDb I'DABHTAITMOHHOI'O UMIIYJIbCA.
[oxnpocrpancteo Ya{zt, 21} C X4 ecTh nceBn0eBKINI0BA MIOCKOCTH;
npeobpaszoBanus JIOpEHIA B TLIOCKOCTH Yo He MeHstoT Buaa Merpuku (IV.17)
¥ CBOIATCS JIMITH K 3aMeHe aprymenta u dyukuuit A, B, C Ha apryMeHT:

1 _ (1_V)
oz

Jlsymepnoe mommpocTpancTo Sof{x?, 2%} = {y,z} abngerca puMaHOBBIM
OPOCTPAHCTBOM C TOJIOKUTEIBHO ONMPEIEJEHHOH CUIHATYPOil, OJHAKO €ro
IByMepHast METpUKA He M3MEHSET CBOei (hOpMaIbHON CTPYKTYPHI TP HEBbI-

POZKJICHHBIX IIPEOOPA3OBAHUAX KOOPIUHAT T2, T2+

A(u); B(u); C(u) = A'(w); B'(u) ; C"(u).
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1V.1. Kunerudeckasi MojeJb maa3Mbl B riosie I'B

IIT'B ¢ dukcuposannoii nonspusanueit € orpedaer merpuka (C = 0):

ds® = 2dudv — L*(u) (ew(da:Q)2 + efzﬁ(d13)2) , (Iv.21)
a III'B ¢ ¢pukcupoBaHHOi TOIIpU3aINEil €y :

ds® = 2dudv—L?(u)ch2y((dz?)*+(dz*)?) +2L? (u)sh(2v)dz dz® .(IV.22)
IToBOPOTOM CHCTEMBI KOODIUHAT :

z? = L(ac’2 +2%); 2= i(ac'Q + z'3)

V2 V2

merpuka (IV.22) npusoaurcs x sumy (IV.21). Ilpu ' = 4" = 0 npocrpan-
CTBO - BpeMm4 aBigercs miaocknM; [II'B B srom caydae orcyTersyer. IlosTomy
merpuka (IV.17) no npuxona III'B 3amaercs coorHomenusimu:

B=v=0; L=1; (u<0). (Iv.23)
B cna6oit ITT'B:

f<1l; v<1; L(u)=1; (Iv.24)

A(u) ~1+28; Bu)~1-25; C(u)=~2y. (IV.25)

IV.1.3 TI'pasunsl npuMEeHHMOCTUA NPUOJIMKEHHUA BaKY-
ymuoii IIT'B

Bosuukaer ecrecrBeHHblit BONpPOC: B Kakoil Mepe BakyyMHoe pernenue (IV.17)
TIPUTO/IHO JIJIsI ONMCAHUsT IBWKeHUs (hm3ndeckoii cpeanl B mose I'B? dna
cnabbrx I'B oTBeT HA 3TOT BOMPOC MOYKHO JaTh HA OCHOBE PE3YJIHTATORB JIN-
HeitHOll Teopun pacmpocrpanenusi 'B B omHopomHoii cpene [43], [78], [75],
[79], [80], [81], [76], [74] u mp. CrekTp crabbix BbICOKOYACTOTHHIX I'B B KBa-
3UOHOPOTHON Cpejie IBOIIOIUOHUPYET 10 3aKOHY:

w =k + wﬁ , (IV.26)
rae k - BomoBoit BekTOp I'B:
wy ~ 8TE (IV.27)

(€ - mnornoCTD 3HEprUN cpeanl). KOHKpeTHOE 3HAUEHHE W, 3ABUCHUT OT YPaB-
HEHUA COCTOAHUA Cpeabl U CTPYKTYPHI €€ HEBO3MYIIEHHOTO T'PABUTAIIMOHHO-
ro mosis. Takum obpazom:

wg~ Lyt~ K (IV.28)
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rme K - kpuBu3HA MpOCTpPaHCTBA - Bpemenu. B oxmopoanoit Beenennoii Ta-
KHM MacIITabOM fABJIeTcd KOCMOJIorndeckoe speMs ¢ ~ Lg. Ammiuryna ke,
h, cnabwrx I'B sBosonmonnpyer 1o 3aKoHy:

h~h/L,. (IV.29)

JLj1st TOrO, 9TOOBI MOXKHO OBLIO MTPEeHEOPEYh OOPATHBIM BJIMSHUEM CPEIIbI HA
cnabyio I'B, t.e., ucnonbzoars merpuky (IV.17), neobxopumo odnoepemen-
HOe BBIIIOJIHEHNE JBYX yciaoBuit [82], [83], [84]:

1. BbIcOKO4acToTHOCTH I'B:
w® > w) ~ 8r&, (IV.30)

- mpu 3ToM ¢azoBasi cKopocTh I'B cTpeMuTcsi K CKOPOCTH CBETA;

2. OrpaHUYEHHOCTDb JIUHEMHBIX PA3MEPOB PACCMATPUBAEMOI CUCTEMBI:
(L Ly~ (87E)~Y2, (IV.31)

- mpu 3TOM aMILIHTya I'B mpakTrdeckn mOCTOSHHA B pacCMaTpHUBae-
MOIi 00JIaCTH.

Jlna nabopatopubix jerekTopos (p < 10r/cwm®) ykazamubie ycioBus
BCET/Ia BLIMOJHAIOTC ¢ OTPOMHBIM 3amacoM: w > 1073¢™!, ¢ <« 10"3cwm.
Jna xocMmmdeckoit cpefpl MacmTab Ly, KaK MBI OTMeYasd BBIIIE, COBIA-
JaeT ¢ KOCMOJOTHYeCKHM BpeMeHeM f, OTKyJa HmomydaeM: w > 107 138¢ 1,
£ < 10%8cu.

Kak mokasbBaer ananus, ycaosus (IV.30), (IV.31) gasisiorcs mocra-
TOYHBIMY ¥ JIJIS MCIOJIb30Banusa Bakyymuoi merpuku (IV.17) u B ciydae
cunbHOM I'B, ecnm mox gacrtoroit cunbuoil IIT'B mormMmaTh MakcumMaabHOE
3Ha"eHne MPOM3BOAHBIX OT sorapudmos bynkmmit L, 3,v: w ~ maxIn’(3)
u T.1. eiicTBUTENTHHO, C OJHONW CTOPOHBI, IJIOTHOCTH dHEprun I'B, BbIumc-
JIEHHAsI C MOMOINBIO TiceBnoTeH30pa Jlanmay - Jludmmia B npubanxkennn
BKB, nopsnka h?w? /8n. IlnorHOCTH SHeprum, mepenasaemasi or I'B mare-
puaabHoit cpene, opsaaka Eh? w mpn semomHerun (IV.30) HFUYTOXKHO Maa
10 CPABHEHWUIO C TJIOTHOCTHIO 3Hepruu I'B He3aBucHMO OT aMIUUTYABI 1MO-
caenneii. C apyroit cropounsl, yciaosus (IV.30), (IV.31) moxHO noay4yurs u
U3 MPSAMOr0 aHAJIN3a ypaBHeHui Jditninreitna, onucsiBaomux [1T'B coBmect-
HO C BemrecTBOM. lloiHas MeTpWKA, OMUCHIBAIOIIAS YKA3AHHYIO CATYAIWIO,
uMeer BUL:

ds® = gap(x, t)dzdz’ + gopdz®dz”
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rae a,b = 1,4, a,f = 2,3; KOMIOHEHTA (14 OMUCBHIBAET MPOJIOJIBHYIO BOJ-
Hy, reaepupyemyio I'B B BemectBe. IloncTaBisis 3Ty MeTpUKy B ypaBHEHHS
DifHmTeliHa B cpelie  nosaras BeinosHeHHbIME yeioBust (IV.30), (IV.31)
JI7IS TPON3BOIHBIX §o3, MBI CHOBA TIPHJEM B TIEPBOM MPUOJIMZKEHNN K MeT-

puke (IV.17).

IV.2 OpHOopoaHbIii 6€CCTOJIKHOBUTEJbHBIN Ta3
B II'B

IV.2.1 Permenne 6eCcCTOIKHOBUTEJIHPHOTO KUHETNYECKO-
ro ypaBHEHUd

JBuzkenne 6€CCTONKHOBUTEIHHOTO Ta3a OIMUCHIBACTCSA OECCTONKHOBUTETb-
HBIMH KHHeTH4YeckuMu ypasaenusmu (1.197):

[Ha 7fa] =0. (IV32)

Merpuka (IV.17) nonyckaer rpynmy asukenus G° ¢ TpeMmst JUHEHO He3a-
BUCHMBIMH B TOYKe BeKTOpamu Kusiumara:
€=0,; =063 =0 (IV.33)
1 2 3

C stumu Bekropamu KuawmHra COrJIaCHO pe3ysibTaTaM TJIaBbl T 7 CBI3aHbI
TPU HE3aBUCUMbBIE WHTEIPAIIBI IBUKEHUSI:

P, = Const; Py = Const; P3= Const . (IV.34)

Kpowme Toro mmeercss unTerpan Macchl H, = m?2 /2. JTux MHTErpasos 10-
CcTaTOYHO, 9TOObI ommcarh ABmKeHne B mose III'B 6eccTronmKHOBATEIEHOTO
[ePBOHAYAIBHO OJHOPOJHOIO ra3a C IPOM3BOIBHBIM PaCIpee/eHHeM da-
CTHIL ITO UMIyIbcaM. [efiCTBUTENILHO, U3 HE3ABUCUMBIX HHTETPAJIOB JIBUIKe-
mnst (IV.34) u H, MOXKHO CKOHCTPYHPOBATH €Ille JIBA:

1 1 mQ +HJ>2

; ]P - - 2 u 2]P2 ]P)2 =_ 2]P'u a7 L),
Ea(u, P) 23/zpv(H +2 4 ) = 5 (VIR + V2P, ) (IV.35)
P, = V2P, — & _1(\/5]}» _M)

1 v a=5 v Vap, /’ (IV.36)



I'maBa IV. Kwunernka mia3Mbl B TPABHTAIIHOHHON BOJIHE
(P2 = P3 +P%), koropsie B orcyrcrue III'B nepexoasaT B 06bIYHbIE KOMIIO-
HEHTBI 000OIIEHHOIO UMITYIHCA.:

Ea(u,P)ly<o =Pa;  Prpu<o =P1. (IV.37)

IIpeanonoxum, uro go mpuxona III'B pacnpenenenne raza aBasjioch OIHO-
POIHBIM, T.€.:

Fa (Z‘, ]P)‘USO = Fa (]Pla ]P)Qy ]PBa ]P4) ) (IVSS)

rae F, - mpon3BoabHas (DYHKIIASA CBOUX apryMeHTOB. TOT1a TOYHBIM perre-
nuem (IV.32), yaosierBopsomum nadaabuoMy yciaosuio (IV.38) asisercs
[82]:

Fa(U,P) = Fa(ﬁl,PQ,]Pg,ga) . (IV39)

Paccvorpum nepBoHAYAIBHO OTHOPOIHDBIH PABHOBECHBIN ra3, KOTOPBIH 10
npuxona III'B mokomnsicss OTHOCHTENHHO BHIOPAHHOM CHCTEMBI OTCYeTa. Ero
dynkuusa pacnpenenenus B nose IIIB cornacuo (IV.39) pasua:

Fy(u,P) = U+(m)5(m—%m3) {exp [M] + 1}1 (IV.40)

TIe fiq, T - TPOM3BOJIbHBIE KOHCTAHTHI, a Uy (2) - crymenvarast GyHKIms:
] 0, 2<0;
U+(z)—{ 1, 2>0
IV.2.2 MomeHTsl DYyHKIINN paCIpEaETCHUST

st BbruucsieHus MOMEHTOB OTHOCUTEJIbHO pacupesesenus (IV.40) 3ame-

UM, 4T0 (yHKIUA [AMHILTOHA B KOOPAUHATAX U, U, T2, T° IPUHAMAET BUJI:

SQ
Ho(u,P) =P, Py, — 7l ) (IV.41)
rie:
AP3 + BP} + 2CP,P
§3 = —g20p, B, = Arat B2+ 2CTRRs (IV.42)

AB - C?
Herpynno mokazaThb, 9To nipn

AB-C*=—-g>0—- 5% >0;
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TOT/Ia U3 ypaBHEeHHs MaccoBoil mosepxuoctu mpu P, > 0 u Py = (m? +
S%)/2P, > 0. BameTnm Taxke, 9TO P
Py, >0— &E(u,P) >m,. (IV.43)

Takum o6paszom, ycaosue (IV.43) oTOupaeT COCTOSTHUS YACTHUI] HA «BEPX-
neiiy nceBnocdepe. KoBapuantabie MOMEHTHI (DYHKITHH PACTIPEIETIEHIS TI0-
cJie MHTETPUPOBAHUS TI0 MACCOBOM MOBEPXHOCTUA NIPUHUMAIOT BUJL:

[e'e] +oo
1 [dP,
fiy i = ﬁ/ B, //dpzdmgfa(ga)ml---mn. (IV.44)
0 —00

Nurerpuposanue B (IV.44) serde Bcero nposectu, BBOzsd BMecTo P, HOBYIO
nepemennyio IPy:
1 d
P, = — (P} +vVm? + P?); P2 % (B1)2 4 P2 (IV .45)
V2
7 TIepexo/isi 3aTeM K cheprutecKoii crucrteMe KOOPJAMHAT B MTPOCTPAHCTBE MM-
mysbcoB. B 3Tmx KoopamHaTax:

Ea(u,P) = Eq(P) = /m3 + P2,
dP, P2dPdS)
—dPydP3 = ——,
]Pv A/ mg + P2
rae df) - 3ajleMeHT TeJIeCHOTO yria B TpocTpaHcTBe uMmiryiabcoB. Cienyer
IIOJYEPKHYTh, 4TO [P} He ABJIAeTCA KOMIOHEHTOH BEKTOPA HMITYJIbCA, PABHO
kaKk 1 P? He ABIAETCA KBAIPATOM OOOBIIEHHOTO MMITYIhCA.

Boruucnasa unrerpasnst (IV.44) oraocurensuo pacupenesnenus (I1V.40),
MOMYYUM TIOCTe HeCTOKHLIX, HO TPOMO3JKIX BBIKIAJ0K BBIPAKEHUS I

(IV.46)

OTJIMYHBIX OT HYJIAd KOMIIOHEHT BEKTOPA IIJIOTHOCTHU YHCJIA YaCTHUIl U ou

[82]:

N N 9 ]

v +
" (IV.47)

Touw = 1 [5 —3P —4K*(& —-3P —Ly)+23K* = L) (£ —2P - L7)|;

Y%
P P 1
P 28R L e apiopK?Y),

212 212 (IV.48)
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IpuYeM:
SpT = ¢* Ty = % (IV.49)
B dopmynax (IV.47) - (IV.49) BBenenbl 0603HAUEHNUS:
A+ B
20\ _ .

N, P, £ - COOTBETCTBEHHO MJIOTHOCTD YUCTIA YACTHUIL, JABJICHNUE U TJIOTHOCTD
SHEPrUM KaxKJ0i KOMIIOHEHTBI I'a3a B HEBO3MYILEHHOM COCTOSHUU (MHIEKC
COpPTa YaCTHIL JjIsi TIPOCTOTHI onyIieH). Yucna L, u L7 rUaApoAnHAMAYIECKO-
ro aHaJIOTAa He UMEIOT; OHU PABHBI:

o) In M d
; _(2S+1)m2/ m )PP

2 L+ FE ;
2mN 0 E[exp(%) + 1}

00 In w d
(25 + 1)m? / m )PP
Lr =

2 _ E ’
A RE

(IV.51)

kyzna BMecto E neobxomumo nogcrasuth E, (u, P) u3 (IV.46). OueBuamo, 94to
BCErJa CIpaBeJIiBO HepaBeHCTBO:

L, <1. (IV.52)

B yabTpapensaTuBUCTCKOM Tpeee:

Mg

€a—<pa>

—0

3TH YUCJIA CTPEMATC K HYM0 Kak &2 1n&,; i 6e3MacCOBbIX YaCTHI] OHU
CTPOrO PaBHBI HYJTIO. BhinuiiieM BbIpaykeHus 71 TUX YUCEIT B PSAJIE BAYKHBIX
CITy4aeB.

1. BoasumanoBcekwuii ras (f, = Const-exp(—FE,/T)):

_ Ko(z) Nm Ko(z)}

“ %6 T RE

[K1 (2) + (IV.53)
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rae z =m/T; K, (z) - dyukuusa Mak - Honanbaa (cM., manpumep, [85]):
K,(2)= /e*ZChzch(Va:)da:. (IV.54)
0

2. Beipoxxgennbiit @epmu - ras (u/T — oo):

r :(2S+1)m3 €r | EFTPF _DPF].
n 212N m m m |’
(2S5 + 1)m* 2p% EF +DF  DFEF
Lr =20 (1 + W) In EPE TR (IV.55)

TJe Pr U £F - UMIYJIbC u SHeprus Pepmu:

ep = p=/m?+p%. (IV.56)

3. Ta3 HepeJIATUBUCTCKUX PEJUKTOBBIX HEUTPUHO, OTOPBABIINXCH OT
BEIECTBA Ha, yIbTPAPEJATHBUCTCKON CTaun pacimupennsa Beenennoit. Ilpu
Bhrauciaernn naTerpanos (IV.51) B 9ToM ciyvae pacmpeieenne o NMITY Th-
cam CJIeIyeT B3ATh YJIbTPAPEIATHBACTCKAM C TEMIEPATYPOHl PEIMKTOBBIX
dboronos T, (1, = 0), a BeIpazkenue Jis duepruu E, (p) - HEPeNATHBUCT-
ckum (cM. [86] - [89]):

T2((5
NV — 3((3)1137 Py — Ny ’yC( ) 7
2wz 7 m,((3)
3
SV:NumV+§PV;
1 45¢(5)T2
ETU = N,,m,, — EPV ; Eny =1- W 5 (IV57)

rue ((z) ectb ¢ - dbyunkuusa Pumana (cum., Hanpumep, [90]).

IV.2.3 HeiicrBue III'B Ha omHopoaHbIii 6€CCTOIKHOBU-
TeJbHBIN Ta3

" 1 .4
IMepeiigem k ananusy nosydennbix ¢gopmyi. B koopaunarax {zt, x*} nosy-

qum n3 (IV.47):

N

= (- D(1—Lr): )= gy 4n).  (V59)

n' (u) 12
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Ho npuxona I'B K =1, n‘lu <o = 0, 1 norok rasa orcyrcrsyer. [Ipu noase-

mnn B K2 — 1 # 0, ¥ BO3HUKAET MOTOK BJOJb HAIIPABJIEHHS PACIPOCTPA-
merns III'B, 0z'. Jlerko BumeTs, 910 3TOT 3G QEKT ABAACTCH HEJTHHEHHBIM
o ammuryae IIT'B. dna mocrtaroumno cnaboix I'B:

K*(u) — 1~ %hQ + (L7t =1) ~h?,
rae h? = 4(B% +~?), Tak Kak B caaboit IIIB [47]:
L=1+0(h). (IV.59)

Kpome T0oro BO3HUKAOMIHU{T TIOTOK MMEET YUCTO PEJIATUBUCTCKYIO TPUPOJLY.
U3 (IV.51) creayer, uro mpu & — oc L, — 1 U MOTOK mCUE3ae€T, & TpH
& — 0 on makcumanen (L, — 0). ITockoIBKY IUIOTHOCTH HOTOKA YHCIIA
JaCTHUIL, 3aBUCUT JIMIIH OT 3ama3abiBaiomiero spemenu, 1II'B mepernocut Bo3-
MYIIECHHE IIOTHOCTH YHCJIa YACTHI CO CKOPOCTBIO CBeTa. KMHeMaTndecKas
Ke CKOpOCTh rasa vy = n®/n* [91] pasna:

1 (1—-Ly)(K?2-1)
1 n

VU, = = 5 (IVGO)

214 3(1— Ln)(K2-1)
nmpu h? < 1
h2
Tlocne mpoxoxkaenns nakera [1T'B:
A:B:LQ(u);C:O;Lzl—%, (IV.61)

nostomy mpu u < 2u Beerna K2 — 1 > 0. Benencrsue (IV.52) npu u <
2u IIT'B yBiekaeT 9acTUIbI Ta3a B HATPABJIEHUU CBOETO PACTPOCTPAHEHUS
(vj, > 0). Ha runepnoepxnoct u = u 3a ¢ponrom III'B BozHuKaeT cuH-
TYJISIPHOE COCTOsIHEE V), — 1; HA IMIIEPIOBEPXHOCTH U = 2U NPOMCXOJUT
OCTAaHOBKA I'a3a W BOCCTAHOBJIEHHUE €r0 MEPBOHAYAIBHBIX mapaMerpos. Ilpu
u > 2U Ta3 ABUKETCH B HAIPABJIEHWH, MPOTUBOIOJIOKHOM HAIPABJIEHUIO
pacnpoctpanenus [II'B, npudem npm © — 00 CKOPOCTH Ta3a CTPEMUTCS K
CKOPOCTH CBeTA.

Anamms xommonenT TOU raza (IV.48) takke oOHAPYKMBAET HAJIUUNE
CHHTYJISPHOCTH Ha W30TpomHoi runepriopepxroctn L2 () = 0. Herpyamo
BUJETH, HATPUMED, UTO U JUHAMUYECKAs CKOPOCTH Ta3a, OIpeiesiseMast Kak
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cobcrBennblii Bpemenunoqobubiit Bekrop TOU [91], Takzke crpeMuTcst K CKO-
pocTH cBETa HA JTO TUIEPIOBEPXHOCTH.

Hanwdue cuHTyISIPHOCTH B PACIpeIe/IeHUN BEIECTBA JIeIaeT HeoOX0 i~
MBIM aHAJU3 OCHOBHBIX JOITYIIEHUI MOe . TaKuX JOIMyIIEeHU ObLIO ABA:

1. 6eccTOIKHOBUTENILHOCTE Ta3a,
2. BaKyyMHBI xapakTep pacrnpocrpanenus [1I'B.

Buyrpu nakera I[ITB (h # 0) mepBoe U3 3TUX JOMYyIIEHNUI CIIPABEIJIUBO IPH
BBITIOJTHEHUH YCJIOBUS:

min[7,, w] <K Terr , (IV.62)

TIe Teff - 9P PEKTUBHOE BpeMsi CTOJTKHOBEHHUI TACTHII.

Bropoe ponymenue cupaseiuso npu Bbinojxenuu yciosuii (IV.30),
(IV.31). dnsi BO3MOXKHOCTU PACCMOTPEHKS CUHTYJISIPHOTO COCTOsIHU S 32 (DPOH-
Tom [II'B HEOOXOmMMO, 9TOOBI JIMHEHHBINH pa3Mep WMCCIeayeMoil cpemapbr, £,
6611 opsiaka u. cnonsays onenky (IV.20) anst @ B coornomennn (IV.31),
TOTyYnM ycjoBue Ha aMmmmTyay 11I'B:

w
h? > =L (IV.63)
w27,
Takum 0Opa3oM, JUITb 04YeHb cuibHBIE 'B coxpaHsioT B cpeme cBO Baky-
YMHBIH XapakTep Mpu BpeMeHax t ~ u. V3 ypaBHenwnii JiHITeliHA B Cpejie
MO2KHO TIOJIy9UTH OIEHKY [Jisi BeJWduHbl Ly, PU KOTOPO HAPYIIAeTCs
BakyyMmHbBII xapakTep ['B:

w2

9
Eunin ~ 2htwir?

B nuneitnom o ammmmtyne I'B npubnmkernn KoBapuaHTHBIE KOMITOHEH-

o1 TOU (IV.48) coBmaJaior co CBOMMH HEBO3MYIIEHHBIMA KOMIIOHEHTAMH.

910, ogHAKO, He 03HadaeT, uTo I1T'B He BhI3bIBAET B M30TPOITHOM Ta3e JTUHEH-

HBIX TI0 CBOEI aMILIUTY/Ie BO3MYIIEHuil. Borauciss coOCTBEeHHbIE 3HAYEHUS
TIU (IV.48), naiizem:

)‘(1),(4) =Tuww £ VT Tuu;

P
Nn@z—ﬂﬁp+3ivM+BP—4. (IV.64)
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Pasnaras seipaxkenus (IV.64) B pax Teitsopa no manocru 3,7, Haiizem B
HEePBOM HEHCUEe3AIOIEeM IPUOINKEHUH:

Takum obpaszom, [II'B B muHeiiHOM TpUOIMAKEHUN BO3MYIIAET JIUIND JABJIE-
HHe W30TPOITHOr0 HECCTOIKHOBUTEIHHOIO Ta3a B MIIOCKOCTH CBOETO (hpOHTA!

AP = +23P,

MPUYEM TIOJISIPU3AIINS €y He BHOCHT BKJIAJ, B 3TOT 3D deKT.

IV.2.4 Buaungune aBuU>keHud rasa

IIycrs mo mpuxona III'B ommOpOaHbI paBHOBECHDIH Ta3 ABUTAICST C MAKPO-
ckonmueckoii ckopocrbio V. Tounoe pemenue (IV.40), B orcyrcrue IIT'B
OIMCHIBAIOIIEE TAKON ra3, mMeeT Bus [82]:

Fo(u ) = U (P)a(H, — gm) {oxp| Lot Jol2)] 4 1}_1, v
re:
E (u,P) = (vt = v)&(u, P) + V2viP; + v2Py + v°Ps (IV.67)
1, T, v® - IPOM3BOJIBHBIE YNCIIA, TIPHYEM:
vi=V1+4v2; V= Z(VO‘)Q.
B orcyrcrBue I'B unrerpan (IV.67) coBnazaer ¢ BhIparKeHUueM:
' =Pivi=(P,v).

Cosepuias npeobpaszosanue (IV.45) uMily/IbCHBIX NEPEMEHHBIX B BbIpazKe-
HUU JIJTsl TUIOTHOCTHU TIOTOKA YHMCJIA YACTHUIL, TTOJIYIUM:

1 [ &P .

1 d*P* N
n3 = ﬁ/P—ZP&f[(VaP )] ;
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ne= s [ P 4P [P
V212 ] P
1 /d3P*m2+Si
Vva2r2 | P; Pr+P;
rne P = E(P),

TNy

[(v,P)], (IV.68)

(v,P") et Pivi + P3v? + Pivd + Pivi.

YuanTbIBast SBHYIO CIEIHATIBHO PEJISITUBUCTCKYIO0 (hOpMY TTEPBBIX TPEX KOM-
nonent (IV.65) u pesyabrarsr pasaena I11.1, cpasy MOXKHO 3amucaTh:
NVQ NV3 N
Ng = —5—; N3 = Tz 3Ny = —\/§L2 (V1 + V4), (IVGQ)

rae
Va = NapV’;  Nap = diag(—1,—1,—1,+1).

Nusapuanrrocrs merpuku (IV.17) orHocuTesnbho npeobpasosanuii JIopen-
ma B miockocTn Yo = {x', 2%} u Tor dakt, uro AByMepHAs MeTpHKa IOBEpX-
noctu dponra [ITB ¥y = {22, 2%} ne usmenser csoeit bopMaibHOil CTPYK-
TYpHI TIPH NPeoOpa30BAHUAX KOOPIUHAT T2, %>, MO3BOJIAET OpaHNUINTHCS
PACCMOTPEHUEM YACTHOTO CJIydasi, KOI/Ia MepBOHAYAIbHAsL 3-CKOPOCTD rasa,
V manpap/iena BIOb OCH T2:

i Vv 1
v = |0, ,0, .
V1-V2 V1-V2
JlJist yIpoIeHusi BBIYUCIEHUS] UHTETPAJIOB B BHIPDAYKEHUH JIJIS 71, COBEPIITUM
Jlopenues mosopor 6asuca {P}, P35, P35, Pi} rak, urobsr (v,P*) = P}, u uc-
HOJIB3YS TOPEHIEBY 0 HHBAPUAHTHOCTD 3JIEMEHTA O6beMa IIPOCTPAHCTBA M-
nysbeos, d°P* /P, B pesyabrare TabIMuHOrO HHTErpUpOBaHUs Haiigem [84]:

V?Z B

_NVI-VE B
- 1- V2 I

Ny
V212

Beipaxenus: (IV.69), (IV.70) MoxHO onmcarh OnHOW KoBapmaHTHOI dbop-
MYJIOW:

[KQ — (K2 = 1)L, + (IV.70)

ni =mvi + n2&;, (IV.71)
e & =& - m3orponusii Bexktop Knmura (em. (IV.33)), mpomopruonasis-
1

HbII BoTHOBOMY BekTOpY III'B; 714, - cransgpHbIe dyHKINNI:
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_V: B
1—V2ZIA|

SN NVIZVR[L, 1

p— p— 2 p—
P 2L2 1— V2 £n(K 1) +

Iepeiinem B cucremy orcuera (CO), B KOTOPOil reoie3nveckuii B MeTpUKe
(IV.32) no npuxona IIT'B nmokomacs oTHOCHTETBHO Ta3a, T.e.:
Ufu<o = V' (IV.72)

Ilepexon B sty CO sxkBuBajenTen BBejeHuto ckopoctu (—v') mcrounnka
IIT'B. Pemas ypaBuenus reogesudeckux B Merpuke (IV.32) ¢ nauanbubiMu
yeaosusamu (IV.72), nonyuuwm:

1 V2 B 9 1% B
2v/1-V2\ L4 ’ 1_Vv2ZIL*’
\%4 C 1
3 _ ) 4_ 1
u_\/T—Wﬁ’ U_UJF\/T—W' (IV.73)

ITocTponm opropernep, HATIPABJIASA €r0 BPEMEHUIIOIOOHBII BEKTOP BIOJID 4 -
ckopoctr Habmomarens (IV.73):

T— (IV.74)

. i
a IPOCTPAHCTBEHHONIOTOOHBIN BEKTOD )‘(1) BJIOJTb HAIIPABJICHUSA PACIPOCTPAa-
nennd III'B B 3toit CO:

Ny = % (IV.75)

B kauecTBe OCTAIBHBIX BEKTOPOB OPTOPENEPA MOYKHO, HATPUMED, BHIOPATD:
i sip—1/2. 1 _ 4 _ 1/271-2.
Ngy = 05B 25 Ny =Xy =VBY2L?;

Aoy =B'?L*; N}, =CB™'?L”. (IV.76)

B nose ncrounmka IIT'B, asurxkymerocs co ckopocthio (-V) Baoas ocu 2
OTHOCUTEHHO PABHOBECHOIO ra3a, Ieojle3udecKuil Hab Iro1aTe b, IepBoHa-
JaJIbHO MOKOSIIHANCI OTHOCUTEIHHO Ta3a, 3adUKCHPYEeT KOMIIOHEHTHI BEKTO-
pa MOTOKA, IMCIIa 9ACTHIL:

i

’I’L(a) = )\(a)ni,
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1V.2. Onguoponubiit 6eccroKkHOBHTEARHBIN a3 B III'B
r.e., cornacHo (IV.71) - (IV.76):

N
@ =pB =0, n®M=_—"A(K?2- - :
n n 0; n T (K- =11 —-Ly);

n@ _ % )
Oror pesyabrar cosnazaer ¢ pesyabrarom (IV.58) mpembiayinero pasze-
Jia, TIOJIyYEeHHBIM [JIs HEelOABUKHOTO OTHOCUTENbHO ra3a ucrtounuka [IT'B.
E/MHCTBEHHOE OTIMYHE COCTOUT B 3aMeHe apryMeHTa u B Gpynkiuax K2, L?
Ha HEKOTOPOE APYroe 3HAYeHHE u'; CBA3b MEXKIy U M %' MOXKHO IIOJIyYUTh,
unaTerpupysi coorrormenns (IV.73). CBsi3b 5Ta ABISETCS AHAJOIOM KBAJpa-
tuaHoro addekra Jonmiepa B yckopernoit CO [84].

IV.2.5 OpgHoponuas u n3oTponHas 6€CCTOIKHOBUTEIb-
Had ma3sma B moJgie [IT'B

Paccmorpum meiicteue I'B Ha GECCTONKHOBUTENBHYIO TLIA3MY, KOTOpPAs 10
npuxona ['B Obria m3oTpomHoit u 3meKTpoHedTpaibHoM. [Ipn momaganun
I'B B rakywo mmasmy cormacHo (IV.5) u (IV.47) BO3HWKaeT MPOMOIHHBIH
3JIEKTPUUECKUN TOK

1

7 = ) =~ 575

KOTODBIl ucYe3aeT B HEPeJATUBUCTCKOM (£, — 00) M yJIbTpPapeJsTUBUCT-
ckoil masme (Bce &, — () ¥ MaKCUMaJeH [Uls IUIA3Mbl C yJIbTPAPeJisiTh-
BHCTCKUMH 3JIEKTPOHAMH W HepeasTuBHCTCKEMEH woHamu [82], [83]. Ilpm
0 < u < 2u, I'B uagynupyer B 0G€CCTOIKHOBUTEIBLHON TIjIa3Me OTPHUIIA-
TEJIbHYIO TJIOTHOCTH 3apsi/ia U MEPEHOCHUT €€ CO CKOPOCTHIO cBeTa. I10CKOIIb-
Ky B IUIa3Me BO3HMKAET 3JIEKTPUUECKUII TOK U CBSA3aHHOE C HUM TIPOIOJIb-
HOE 3JIEKTPUIECKOE MOJIE, HEOOXOMMO PEIIATH CAMOCOTTACOBAHHY 0 CHCTEMY
ypasuenuit Baacosa (IV.1) - (IV.3) ¢ paBHbIM HyJ10 HHTEIPAJIOM CTOJIKHO-
Benuii. BysieM mckaTh cTanmuoHAPHBIE PEMIEHUsT STON CHCTEMBI, TI0Iaras

(K2 - 1) Z €aLnalNa, (IV.77)

U3 ypasuenuit Maxcsemna (IV.2) - (IV.3) caeayer, uto HEOOGXOIUMBIM U
JIOCTATOYHBIM ycsioBreM BoinosiHeHust (IV.78) siBisieTcst H30TPOMHOCTE BeK-
TOpa MJIOTHOCTH TOKA, T.€.

jo(u) = 0. (IV.79)
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VYpaBHeHue HENPEPHIBHOCTH B KOOPINHATAX U, U UMEET BUJ

1 d
— —(L?%j,) =
L2 du( .7 ) 07
OTKyJa HailjieMm
jv(u) = Const -L 2. (IV.80)

Ho rak kak g0 npuxona I'B j, = 0, ro Const = 0, u cienoBaresbho, (IV.79)
ABTOMATUYECKHU BBIIOJIHAETCs BCIeJACTBUE KuHeTudeckux ypasuenuii (IV.1).
IMonoxum E(u) = ddf;, rae A, (u) - HOTeHIMAaN 3JIeKTPUYECKOro Hojisd B
dyukmun FamuasTona

1
N, = (P, — cA,)P, — 55%. (IV.81)

DTOT NOTEHIUAT HE YJOBJIETBOPSIET YCIOBUIO KAJIUOPOBKY JIOpeHTia, OHAKO,
IPAIMEHTHBIM TTPEOOPA3OBAHIEM

1
A=A + 005 = —g <Av +7 /L’AvdU>

kambposka Jlopenna Moxker ObITH JOCTUTHYTA.

Tounbiv pemtenwem (IV.32) ¢ ramunsronnanom (IV.81) onsts Takn siB-
asiercst (IV.40). Bamernm, 4TO COCTOSHWS YACTHUIL OTOMPAIOTCS YCIOBUEM
R > 0. [eiicTBuTesHO, ecan 10 nosgsaeHnsd ['B u conyTcTByIomero e 3ex-
TPUYIECKOTO TIOJIS COCTOSTHUST YaCTUI] OTOMPAJIUCH ITUM YCJIOBUEM, TTOCIIETHEE
JIOJIZKHO OBITH COXPAHEHO TPH JTIOOBIX 3HATEHHUAX MEPEMEHHOM U, TaK Kak R,
SIBJIsIeTCST mHTErpasioM asuxkenus. [Ipu arom B ciydae eA, > 0 3axBarbiBa-
eTcsl 9acTh COCTOSTHUI ¢ HUKHeH nceBmocdepbl MaccoBoii nopepxuocTu [92].
Cornacuo pesyabraTam pasaena [V.9 3Tu cocTosiHAsST MOKHO HHTEPIIPETHPO-
BaTh KaK MOTOK YaCTHIL C TPOTUBOTIOIOKHBIM 3aPsI0M ¥ KOMITEHCHPY IOIIH
3apsi/, 3aXBAYEHHBIN MOTEHIINATBHBIM OAPHEPOM, IBUKYIIAMCI CO CKOPO-
cTbio cBeta. IIpaMbIM BhIYuCIEHHEM MOXKHO, HATIPUMED, TOKA3ATh, 9YTO BEK-
TOP IJIOTHOCTH MOTOKA YACTHIL, IOy YEHHbI WHTETPUPOBAHUEM DPACIIPE/Ie-
senus (IV.40) no cocrosiausm ¢ P, —e A, > 0 HE yIOBIETBOPAET yPABHEHUIO
HEMPEPHIBHOCTH. 3aMETNM, TaKKe, YTO 0aphepoM 3aXBaTHIBAETCS AHOMAJIh-
HO MAaJjioe 9UCJI0 YACTHUIL, UMITYJILC KOTOPBIX OOJIbIIEe BEJIUINHDI

m? — 2(eA,)?

P, =
23/2]e A, |

Ecmu ucnonbzosats ayis eA, onenky (cum. Huke) eA, ~ hT (h ~ 10719),
To B 06BbeMe Beelt BEAUMON Bceesennoii, pasorperoii 10 Temmeparypsl 108
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1V.2. Onguoponubiit 6eccroKkHOBHTEARHBIN a3 B III'B

M3B, 4MC/IO TAKMX YACTHUI[ MEHbIIE eIuHHNBI. Kak Mbl OTMEYaJd BBIIIE,
CTATHCTHYECKOE OIICAHKE OIPABIAHO JIUIIb IS TeX COCTOAHHUN, B KOTOPBIX
YUCJIO YACTHUI TOPA3I0 OOJIBITE eauHALbI. [103TOMY TP pacCMOTPEHUH JTIO-
Goit peanmcrudeckoii curyannu yder udactur ¢ P, ~ |eA,| HOocuT cyry6o
dopmanbabIil xapakTep. IIpousBensa HHTErpUPOBAHKE IIO MACCOBOI MOBEPX-
HOCTHU U yIJIOBOH IIepeMeHHOit, moyuum [82]:

2541 [
Nau = W/d]?%(mg + K2]P>%)><
0
T sign(P, — eA,)dP, —p+ Eq(u,P) -t
—| £ . .
X / (P, — A, )? exp T 1 (IV.82)

Kak cnemxyer m3 pesynbpraToB paszzena [V.1, mOTOK HEpeIATUBUCTCKUX Ha-
crun, 8 III'B nponoprmonanen &, 2, u M03TOMYy B BbIPAXKEHUH /sl HOJIHOI
wiornoctu Toka (IV.5) uM MOXKHO npenebpeds, yYUThIBas €10 KaK HOJIO0XK M-
TeTbHBIA (POH MOHOB

(i) _ eilNi.
“ V212
B neJrdax MeTOﬂH‘{eCKOﬁ HpOCTOTbI paCCMOTpI/IM H.HaBMy, COCTOHH_[yIO H3 I10JI-
HOCTBIO BprO}K,Z[eHHbIX SHeKTpOHOB " XOHO,HHLIX MOHOB. B yC.HOBI/IEIX T10JI-

HOro BhIpoXKIeHus (u/T — oo) Bee cocrosinus ¢ E(P) — p > 0 3amoHeHsI.
ITonaras

Er — \/56141,
Pr

(IV.83)

=¢>1 (IV.84)

(mpu sTOM B pacnpeaenennu Pepmu oTcyTCTBYIOT YacTunpl ¢ P, < eAd,) u
nposoas uarerpuposanue B (IV.82) BuyTpu nosepxuoctu PepMu, npusesem
eJIMHCTBEHHOE HeTPUBUAJILHOE ypasHenue Makcseuia Kk Bumy [82]:

d [ ,dp)
d (L@> =

_AnNee? [, m* . Kg w+1_>}
== {K 1+3[p% K2(¢% 1) 5 In 1 1V 85)
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I'maBa IV. Kwunernka mia3Mbl B TPABHTAIIHOHHON BOJIHE

Pemienue (IV.85), yuosierBopsioiiee Ha4aIbHbIM YCJIOBUIM

WO = Erfprs | =, (IV.56)
dul,_,
TOYHO ONUCBLIBAET JIEKTpUYECKoe Tojie uHaylmposannoe IIT'B (IV.17) B
HEOTPAHWYEHHOH 3JIEKTPOHEHTPAJIBHOI TIJIa3Me ¢ BBIPOZK/IEHHBIMU 3J1€KTPO-
HAMHU.

Paccmorpum HepenstusucTckuit @epvu-ras (pr/m < 1) n ciaboe siex-
rpudeckoe nose (|ed,| < m). Paznaras npasyio gacts (IV.85) B pan Teii-
nopa 1o crenensaM 1/1) u yaepzxusas 4ienst 10 1/13, a 3atem muneapusupys
ypaBaenue 1o A,, npuBesieM ero K BUILY

d dA 25/2x Nep?
— (2= 2ild, = - —FE(K? -1 IV.
du ( du > A 5m? ( ) (IV.87)

r1e 1)p - MIa3MEeHHAsl 9aCTOTa. Pelenne 9TOro ypaBHEHHsI, YIO0BJIETBOPSIIO-
mee HadaabHbIM ycsoBusiM (IV.86), BuyTpu nakera I'B (L = 1) umeer Buz

3/2 2 7
Ay (u) = % /[Kz(ﬂ') — 1] sinw,(u' — u)du'; (IV.88)
,
E(u) = _47;]\7# /[KQ(E') — 1] coswy,(a' — u)du’, (IV.89)
m

0

rne u = t — x. Iloncrasum 3uavenne A,(u) n3 (IV.89) B 3HaueHwe WHIY-
upoBaHHOro Toka (mpasas uactb (IV.85)), nalinem TOK, WH/YIMPOBAHHBI
IIT'B ¢ y4eroM IIa3MEHHOIO OTK/KMKA B Ipejese wy/w > 1:

Nep?

<) F 2 (= -

i = _W[K (@) — 1] cos wyT. (IV.90)
Herpyano nosyunrs u Tounoe pemienue ypasuenus (IV.85) mocse npoxo-
skaenus nakera I'B (f = v = 0):

A

1
E(u) :—ﬁ’f'm

<Fcosaln % + Csinaln %) , (Iv.91)

, B, C' - HEKOTOpBIE TTOCTOSTHHBIE.

M=

rie a = [(wpu)® — 7]

124



1V.2. Onguoponubiit 6eccroKkHOBHTEARHBIN a3 B III'B

3aMeTuM TakKe, 9T0 HETPYIAHO uccaenoBarh u Bausaue [II'B na auky-
MIYIOCs MJIA3MY aHAJOTUYIHO TOMY, KaK 3TO CJIEJAHO B MPEIBIIYIIEM Pas3/iese
[84]. Pe3ynbTaT 0Ka3bIBAETCS IPOCTHIM: T€O€3NIECKUil HAOTIOIATENDb He U3~
MepsieT KaKuX-Ju00 HOBBIX 3(D(HEKTOB TI0 CPABHEHUIO C PACCMOTPEHHBIMU B
9TOM pasjierie.

B saknrogenun 3Toro pasjesna BbinuieM GOPMYJIbL JJIs WHJIY TUPOBAaH-
HOTO 3JIEKTPUIECKOTO O U TOKA JJIs TLIA3MbBI ¢ TPOU3BOJIBHBIM U30TPOTI-
HBIM PaCIpe/IeJIeHneM YacTHuIl Mo uMmysiabcaM. IIpeanonaras, 9To 31O pac-
npejiesieHre 06pa3yeTcs Mpu OYeHb OONBITHX 3HAYEHUSAX UMITYIIbCA Doy ~
m?/|eA,|, paznaras suipaxkenne (IV.82) B paa Teitopa 1o MagoCTH WHITY-
[UPOBAHHOTO MOTEHIIAAIA, & 3aTEM MTEPEXOs K TPEJIETY Poo — 00, MOy IUM

[84]:

E(u) =47 eaNoLn, / [K2(@") — 1] cos|w, (u' — T)]dT';

(IV.92)
it (u) = Z €aNo L, wpX
X {KQ(E) -1-w, /U[K2(ﬂ') — 1] sinfw, (@' — H)]dﬂ'}, (IV.93)
0
e MIa3MeHHad YaCTOoTa Wp OIIUCHIBACTCA BBIPDAZKEHUEM
wp =2 %%; (IV.94)
Yo = “Tm /Oofa(p) : [ln jf]’j - i—’] pdp. (1V.95)
0

IIpuBenem 3HaveHUS 1), AT Psiia BaXKHBIX CIYIAEB: A7t OOTBIIMAHOBCKOTO
pacipeeeHust

Yo = K(2) [K1(2) + 2Ko(2) - 27 '];

Juts BeIpoKtennoro ®epmu-rasza:
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Juist ynbrpapensarusucrckoro Pepmu-pacupesenenus ¢ g = 0 (z — 0)

Yo =zl (%) 19¢(3);

JIs yabTpapenarusucrckoro Bose - pacnpenenenus ¢ p= 0 (z — 0)

Yo = 722 1n (%) 16¢(3),

T7Ie 7y - TOCTOsHHAs Jiiepa.

Wrak, III'B uaaynupyer B OMHOPOIHOI, H30TPOIHOM, 6ECCTOTKHOBUTETH-
HOM TIIa3Me SJIEKTPUUIECKHe KOJeDAHUs, PACITPOCTPAHSIONINECST CO CKOPO-
CTBHIO CBETa B0 HampaBieHus pacnpocrpanenns [II'B u mpencrasiasionine
coboit KoiebaHus C MITa3MEeHHON 9aCTOTOM, TPOMO/LYIHPOBAHHBIE KBAIPATOM
ammmatyapl [ITB — dynkmmeit (K2 (u) — 1).

IV.3 eiicTBue MJIOCKUX I'PaBUTAITMOHHBIX
BOJIH HA IMMePBOHAYAJILHO OJHOPOJIHYIO
aHU3O0TPOITHYIO MJIa3MOMOJ00HYI0 Cpeay C
3aTyXaHUEM

W3 pe3ysnbraToB MPEIbIAYIIIX PA3/ETIOB CIAELYeT, YTO MepeMeIieHne OTHO-
pOomHOM n30TpomHO# mra3mMbel B nose III'B aBaserca ancro HeTWHEHHBIM IO
ammuryae I'B apderrom. B ommopoanoit, a 3HAYNT, 1 HEOTPAHUIEHHON
mTa3Me KacCuIecKne TPUINBHBIE CUJIbI, JelicTByIomue co ctopousl I'B ma
MPOOHBIE YACTHIIHI, HE MOTYT MPUBECTH K HAOIIOIATETLHBIM JIMHEHHBIM (-
dexTaM BCIEACTBUE TOXKIECTBEHHOCTH YACTHIL U OTCYTCTBUS KOPPEIAIUN
Mexk Iy ux mosjoxenuem. CyInecTByer erne u peIaTUBUCTCKOE BO3/IeHCTBIE
I'B ma mra3my, KBaJIpaTHIHOE IO UMIIYIbCAM B ILIOCKOCTH (PPOHTA BOJIHBI.
OHAKO MPU W30TPOITHOM PACIPEIETTEHUN YACTHUIL IO UMIYIHCAM B ILIOCKO-
cru dponra ['B cpegumne «Cuiibly paBHBI HYJIIO B JIUHEHHOM MpPUOINKEHUN
U JIMHEHHO M0 h M3MEHSIIOTCS JIUITh KBAAPATHI MPOEKIWH UMITYIbCA HA, ITY
[JIOCKOCTh, 9TO OPUBOIUT K AHW30TPOIMHBIM HATSKEHUsIM. Fciin, oaHaKo,
B miockoctu ¢ppouta I'B pacmpenenernne qacTui aHE30TPOIIHO IO UMILYITb-
caM, CTAHOBSATCS BO3MOYKHBIMU U JIMHEHHbBIE IO h CMEIIEHUs U TOKH JAXKe B
OJTHOPOJHOM TLIa3Me.

Urax, paccmorpum neiictue [1I'B Ha mepBoHavIaIbHO OTHOPOIHYIO TIIA3-
Momozo6Hy10 cpeny [84], [93], [94],[95], [96]. CromkHOBHTENLHOE 3aTyXaHNEe
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KosiebaHmit OyaeM yIuThIBATh B paMKax Mozenn bxarnarapa-I'pocca-Kpyxka
(BT'K). BeseacrBue MUKPOCKOIIMYECKOTO BOJIHOBOI'O XapaKTepa B3auMOoIeii-
CTBHUIl 3JIEKTPOHOB C MOHAMHU B DS CIYyJIaeB MAKPOCKOMUYECKOE DPABHO-
BECHOE pacrpesiesieHne 3JIeKTPOHOB OT/INYAeTcss OT paBHOBecHoro Pepmu-
pacopenenenus. Takas curyanus, HAPUMED, PEATU3YETCs B PsiJie MOHOKPHU-
CTAJTTAYECKUX TIPOBOJIHUKOB, B KOTOPBIX MOBEPXHOCTH PepMu MOXKeT cyliie-
CTBEHHO OT/IHYATLCsI OT cpepbl. VIMes BBUAY Takue Ciy<an, OyaeM moIaraTh
paBHOBECHYI0 (DyHKIMIO pacipeaenenus fo(p;) Tpou3BosbHOH dyHKIMei 4-
UMITYJIBCA

fU(pl) = fo(plvp2vp3vp4)' (IV96)

Ota GYHKIUS TOJKHA OBITH OMpPeeeHa TakKuM 00pa30M, 9TOOBI B OTCYT-
creue ['B mna3ma Obiia B IETOM 3JIEKTPOHEHTPAJbHON n 6ecToOKOBOil. B
npucyrcreue 'B (v > 0) KoMmoHeHTbI uMiysibca B fo HEOOXOAMMO 3ame-
HUTb HA WX OPTOPENnepHbIe mpoekimn. Kpome Toro, fo MOXKHO yMHOXKHUTH HA
JI00YI0 (DYHKIHMIO 3aMa3bIBAIONIEr0 BPEMEHN, OOPAIIAONIYIOCST B IUHAILY
B orcyrcrBun I'B. TpeboBanus coXxpaHeHUS YHCIA YaCTHUIl, KAK ITO Oymer
BUHO W3 JAJIBHEHIIEro, MPUBOIUT K €INHCTBEHHOMY BUIY fo B IPUCYTCTBUE
I'B:

f—L-f( N6 TR (IV.97)

0 — L2(U) 0 pvap(Z)ap(S) 2m ) -

rze p(a) - opropenepHbIe IPOEKIUU KHHEMATHYECKOTrO uMIly/ibca. CornacHo
mozenu BT'K unrerpan cronkuosenuit B (IV.1) Beibepem B dhopme:

IJ(f)==(f = fo)m/T, (IV.98)
TIe T - PEJISTUBUCTCKU-WHBAPUAHTHOE BPEMS PEJIAKCAIUH.

Bynem uckars perenns (IV.1), 3aBucsriue Jib OT UMITYIbCA U 3aTIa3-
JBIBAIOIIET0 BPEMEHHU, TOTIA BEKTOPHBINA TOTEHIMAJ MOXKHO BBHIOPATH KaK
u panee B Buze A; = 67 A, (u) = 0Y¢(u) ¢ HyneBbIMH HAYATBHBIMHU YCIIO-
BUsiMU Ha, u3orpouHoii runepnosepxuoctu v = 0 (IV.86). B srom ciyuae
PENATUBUCTCKNA-NHBAPUAHTHOE BPEMsI PEJIAKCAIMK T CBSI3aHO € KJIacChde-
CKH TIOCTOSTHHBIM BPEMEHEM DEeJIaKCAIlNN Ty COOTHOIeHneM [44]:

T= ng/\/E(f,]P’) = mro/\/ﬁlF’v.
C yuerom unrerpanos apuxkenus (IV.34) smneiinoe HeOHHOPOIHOE ypaB-
senwe (IV.1) ¢ marerpanom cronkuosenuit B dbopme (IV.98) cBomurcs
00BIKHOBEHHOMY mubdepeHIInaIbHOMY YPABHEHHIO:

f V2, _ V2 b
% + ; - T0L2 fO(]P’U - e’(/)v A Q)Pb)a (IV99)
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rae a, b= 2,3, )\ba) - Bexkropbl OP (IV.76).
Pemenne ypasuenus (IV.99), ynosieTBopsioniee HAYaIbLHOMY yCIOBHIO
(IV.38), ects [93]:

f = fU (]P)Uy]PQ:PS) 67Z+

Z !

-z e’ / _ . b
te / Py % olFu = N B (o

0

e 2z = v/2u/ .

JI719 BLIMACIEHAA BEKTOPA INIOTHOCTH TOKA HEOOXOIUMO HECKOJBLKO KOH-
KpeTu3upoBaTh GyHKIMIO pacnpezenenus. Ilycrs folu<o MpUHUMaeET mocTo-
SHHDBIE 3HAYEHHS HA OBEPXHOCTSX 2-TO MOPANKA B MMITY/IbCHOM IPOCTPAH-
CTBe:

3 3
aip'p* + Z bipt +c=0.
ik=1 i=1

s Toro, 9TOOBI B HEBO3MYIIEHHOM COCTOSIHWM B IIJIA3M€ OTCYTCTBOBAJIH
TOKH, HEOOXOIUMO M JOCTATOUHO, 9To0bI b; = 0. IToce mpuBemeHns KBa,I-
paTU4HOMi (POPMBI K IJIABHBIM OCIM , IIOJIY4aeM:

apt + Bp; + yp; = p; = Const. (IV.101)

PaccmoTpum f1j1st IPOCTOTHI ¢ty vaii, Korma mosepxaocTsb (IV.101) asagercs
3JITUTICOUIOM BPAIIEHUS:

a'pi + a7 p;, = pi, (IV.102)

e pp = pan®;  pr. = papp(6®? — nnP) - mpononbras u nomepeunas
TTPOEKINA 3-BEKTOPa MMITYJIhCa HA OCH AHW3OTPONWHU 7. Takwum oOpasom
folu<o = fo (p?). Homaras B (IV.82) a — ia, moayanM rumepGOIOnT BpaTIe-
nusg. C nomompio unrerpasnos (IV.34) moxHO o6pa3oBarh JBa WHTErpaja
nBuxkenus, B orcyrcrsue ['B nepexonsiye B Besudunbl p; u Py, [84]:

P; = cos @ (m? + P2 — 2P?) /2°/?P, — sin 6Ps;
2
P2 = P2 4 [sina(m2 + P2 — 2P2)/23/2P, + cosOP,] (IV.103)
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rae 6 - yroa mexkay BOJIHOBBIM BekTOopoM I'B m ocwio ammsorponuu. Ta-
KM o6pasoM, B pemennn (IV.100) zeo6xommmo nocrasuts fo(P?), rae P2 =
a*P} 4+ 2P}, . Boraucsss BEKTOP IIOTHOCTA YMCJIA TACTUI] OTHOCUTEIBHO
pactpenenenus (IV.100), noxyduwm:

ng=ng=0; n, = (IV.104)

rae
2%+1 [, oy
N=27"2 dp.
52 / fo(pi)pidp
0

- TWIOTHOCTh YHCJIA YACTHIL B HEBO3MYIIEHHOM cocTosiHnn. Beseacreue (IV.104)
aBTOMATUYECKH O0ECIEIUBACTCA 3AKOH COXPAHEHMd YUCJIA dacTull. Eaun-
CTBEHHOH! OTJIMIHOI OT HYJIA ABIAETCA KOMIOHEHTA, MIJIOTHOCTH TOKA Jy,. Jiia
€e BBIYHACTICHUS UMeeM:

oo 2stDe / dP,dP;P;
Y @rPLr ) 2Py — ey (u)]
+/621L*2(z')f0 [P2[P, — ey(2') ?b)(z')IPa]]dz'}. (IV.105)

0

[ + 53 ()] {foaPz) n

Nwmest BBUAY caboCTh MHAYNHpPOBaHHOTO ToJs (|ey| <« m), pasmoxkum
MOABIHTErpaIbHOE BhIpazkenue B paj Teitnopa 1o 3ToMy napamerpy. B -
HelHOM MpUOJINyKeHnH, TpeHebperas TPON3BEIeHUAME 1) Ha, 9JIeHbI, yUUThI-
patorue Biausnne ['B, maiigem:

12

Ty = Ty + wp—P(z)@ZJ + P(z) 014, (IV.106)
2me

rye P(z) - nmuHEHHBI HHTErpaJbHBINA ONEepaTop,
z
P2)® =d(z) —e? /eZI<I>(z')dz’, (TV.107)
0

w, - MJIa3MeHHAs YacTOTA B HAIDABJICHHH T':

12 (2s+1)e? / d’p m?2 + p? — p
w, =
b 2m? Vm2 +p2 \/m2 +p? + py

fo®2); (IV.108)
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On, =

95 +1 [ dP,dP,dP; S? — P2
s | TR BT (R, (IV.109)

B c1a60pesiaTHBUCTCKOM TIa3Me 3TN BeJINUUHBI PABHBI [93]:

12 _ 4me’N

Wp

Eo [ 4 2 204 i
14 a4 (4cos?d — 1 Asin? 6 — 2)] b
{ gl (deos )+’ (4sin )]}’ (IV.110)

Ngg . 9 B 4 2 2 2}
g = — O o= -1 - 2AK? —1)a2 b,
n WoTZ {sm <L4 > (a a®) +2( Ja av.111)

rie gg - CpeIHsAs KAHETUIECKAS SHEPTUS YACTHIL, BHIYACICHHAS OTHOCHTE -
HO m30TpoTHO# dyHKINN pactpeenenns fo(p?):

o0
2541 p

T 92N | 2m
0

= 2

€o Jo(p™)dp.

B ciyuae mpom3BOIBHBIX CPEIHUX YHEPTHUIl YACTHUIl, HO CIAO0N aHHU30TPO-
man (o &~ 1) 911 BemymuHbL Bhranc/ieHsl B [84]. Pesynbrarsr sToro pasmena
CIpaBe/IMBbI /171t IMUPOKOrO KJacca HadaabHbIX pacrnpenenenuii fo(p. 2).

B kauectse npumepa fo(ps 2) MOXKHO BBIOPATh B B/ KBa3MPABHOBECHOTO
®epMu - pactpeieaeHns

-1
+ 2+ 2
fo(pi)z{e)qv S R +1} . (IV.112)

Ipn /T — oo moay4aeMm OTCIOA PACTPEESIEHHe BBIPOXKIEHHOTO aHW30-
TPOITHOTO PEJISATHBUCTCKOrO Ta3a; B 9TOM CJIydae MoBepXHOCcTh Pepmu sip-
JISTETCST SJUIUICOROM BPAIIEHUs (MIN MUIepOOIONIOM BpAIEHHs IPU & —
ia). [Tpu mamnbix gnciaax 3anonHenus (IV.112) nepexogur B aHH30TPOITHOE
MaKCBEJIIOBCKOe pacupesienienue ¢ asyms temneparypavu Ty u T, . B cna-
BOPeJISTHBUCTCKON TJIa3Me MapaMerp aHW30TPONHWH @ MOXKHO BBIPA3WTh C
MIOMOIIIBIO TUX TEMIIEPATYD

1) ’

rne 1) = ﬁ?/m; T = Pw/Qm. Cpennsisi KHHETUYECKAST SHEPTUS E) PABHA
%T IUisi pactpenenennst Bonbivana u 3/5(ep — m) A BBIPOXKIEHHOTO
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depmu-raza. C yuyerom (IV.83) u (IV.106) cymmaphasi [JI0THOCTb TOKA B
AHU30TPOIIOI IJ1a3Me paBHA

12

ju=P(2) ;—Wz/; +4° (IV.113)

b

rae j° = eén,. EqUHCTBEHHBIM HETPHBHANLHBEIM ypaBHEHIEM MakxcBesna
SABJISIETCST

L™(L*) = —Amjy. (IV.114)

DTo ypaBHEHE HEOOXOIMMO pernaTh ¢ Hadaababivu yeaosuamu (11.73). Tpe-
HeGperasi, COTJIACHO Hareil poreype, NPON3BeIeHNeM TIOTEHINAIA HA Be-
JIAYWHBL, YIATHIBAIONTAE BIUSHAE TPABATAIINN W UCTIOIb3Ys B MPABOH TaCTH
(IV.114) Beipazkenue ;s maotaoctn toka (IV.113), npusenem (IV.114)
BHY

b+ 15 P(2)p = —2m73 P(2)5°, (IV.115)

rme vy = w;,Tg, TOYKa O3Ha4YaeT InPepeHInpoOBaHre MO TePEMEHHOH 2.
Vpasuenue (IV.115) asaserca uarerpanbio-auddepeHuaibHbM ypaBHe-
HUEeM; JUlsl ero pelleHus HeoOXOAUMO HailiTu onepaTop, obparubiii k P(z).
ITycrs ®(0) = 0. Iomoxum

roraa u U(0) = 0. Juddepentupys 370 COOTHOIEHUE, HAIEM C y4eToM
oupenenenus P(z) (IV.107):

U+U=%.
Torma U(0) = &(0), u o6patwsii k P(z) omeparop P~ (z) ecTs:

Pld = a(z)+ /@(Z,)dz,_ (IV.116)
0

Henocpencreennbiv BorarcsienreM (MeHsisl OPsA0K MHTErPUPOBAHUS) MOXK-
HO yOenThCA B CIIPABEIIMBOCTH PABEHCTBA!

PL2)P(2)® = &(2)
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Juist 1100b1x P (2), yunosaersopstoux yciaosuio (0) = 0. [loxeiicrayem ome-
patopom P~!(z) na obe wactu ypasrennsa (IV.115), yaursBas, 9T0 BCIEI-
creue (IV.23) u (IV.86) dbyuxuuu ¢ (z) u j(2) ynoaeTBopsaioT ykazaHHbIM
HAYAIBHBIM yCIOBHUSIM:

O+ U+ i = —2n725%(2). (IV.117)

Pemmas 910 ypaBHEHHE METOIOM BAPUALMH MOCTOSHHBIX C HAYAIBHBIMHE yCJIO-
susamu (IV.86), nomyuanm [94]:

z

2n7d ,

P = 270 o—z/2 /ez 12502y sinv(z' — z)dz';

v
0

E— _23/27”_067,2/2 /ezl/QjO(Z’)X
0
x[eosv(z' — z) + (2v) "' sinv(z' - 2)]d?, (IV.118)

rae v = (v —1)Y/2. Hoacrasnsas ¢ us sroro pemenns 5 (IV.113) 1 npoos
HEOOXOIUMBIE BBIMHCIICHNUs, TIOTYYIHM BBIDAsKEeHHe /s TOJHOH TIA0THOCTH
WH Ty TPOBAHHOTO TOKA:

I/2
Ju=3(2) + e */?x
124
z

) 1
2'[2,00 1 : N1
x/e 72 (") [smy(z z)( +—21/

0

v

> + cosv(z' — Z)ﬂ

dz'
5 (

1v.119)

IMonyaennsie perrenns (IV.118) - (IV.119) onmceIBaioT reHepanuio JoCTa-
TOYHO €a00T0 3IEKTPUYIecKoro moms (|ey| <« m) maockoit rpaBUTAIMOH-
HOW BOJIHOU € TIPOM3BOJIbHBIMHA aAMILJIUTYA0N U NMOJdpUA3anueil B U3HA4YaIbHO
3JIEKTPOHEATPAIHLHOM OHOPOIHOM TIa3MONOI00HOMH cpeie ¢ TPON3BOJIbHbI-
MU aHU30TPOINEHl U MTPOBOIUMOCTHIO.

B kadecTBe KOHKPETHOTO NprMepa PACCMOTPUM T€HEPAIUIO 3JIEKTPH-
YeCKOTO TOJs CJIa0bIM KOT€DEHTHBIM TPABUTAIIMOHHBIM U3JIydYeHHeM [J =
Bosinwu (u=1t—z,By < 1) B c1abopesgaTuBUCTCKON aHU30TPOLHON 11J1a3-
Mme. 3ameTnm, uto coraacHo (IV.111) nureiinbie o ammuuryae I'B smekTpn-
YecKme TOKM B aHM30TPONHOH TJIa3Me TeHepupyeT JIUMIb TOJIAPU3AIN ey
[84], [95]. Boruncass nnrerpasst B (IV.118), naiimem [94]:
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27 tsiny'z — (v + V') cos 'z

!
E = \/iﬂTojoﬂo%

(v +v)* + 5
/2 27 sinvz — v 12 + v/ + 1) cosvz 27V sinv'z + (v — V') cos 'z
(v+v)2+ 1 (v—v)2+1
p— 27 sinvz + v (V2 + v + 1/4) cosvz
€ )
(v—v)2+1 (IV.120)
rae V' = wTy,
Jo = Ne?f_;:z sin® f(a™* — a?). (Iv.121)

U3 (IV.120) Bugno, uro Kosiebanus COAEPKAT JBE MOJbL: HE3ATYXAIONLYIO C
gactoroit I'B n skcnmoHeHIMaNbHO 3aTyXAIONMIYIO € MJIa3MeHHOH JacToToi. B
npenene v — oo, v\ — 00, z = 0 GopMysbl epexonsT B pe3yibraThl [82],
[84]. s mmskouacrornex B (w) > w) 1 v > 1 npu GobImmx BpeMeHax
u > 19 nosyuum u3 (IV.120)
3/2
E = —2w/1—7r2w60J0 COS WT. (IV.122)

p

AMnmTyna Takux KoaeGaHmi BechbMa MaJjia BCAeACTBHE MAJOCTH OTHOIIe-
anst w/wy. Mpn w) ? = w? + (270) 7% B NIa3Me BO3HMKAET PE3OHAHC U MPH

w > 75" momysanm u3 (IV.120):
E = —mroJofo2%/? sinwa (1 - e*%) . (IV.123)

B sTOM cyyae aMIIUTYa WH/IyIHPOBAHHOTO TIO/IA PACTET CO BpeMeHeM
npu U 3> 27 JOCTUTAET HACHITIEHUS, B V DPa3 MPEBOCXO/A HEPE3OHAHCHYTO
ammuryxy. OTMETHM, YTO B H30TPOIHOI I/Ia3Me PE3OHAHC TPOMCXOUT Ha
umcrore Wy /2.

IV.4 leiicTBue HU3KOYACTOTHBIX TJIOCKUX
IPaBUTAIMOHHBIX BOJIH HA 6€CCTOJIKHOBU-
TeJIbHYI0 HEOJIHOPOAHYI0O U M30TPOITHYIO
MJ1a3My

HeOﬂHOpOﬂHLIX CTATUCTUYIECKHUX peIJ_IeHI/II'/,I 0eCCTOIKHOBUTEIHLHOTO KUHETHU-
YECKOTO ypaBHEHUA B OTCYTCTBUE BHEIITHUX HOHeﬁ, KaK W3BECTHO, HE CYyIIIe-
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cTByeT. Bynem momarark mosTomy, 9TO GECCTONKHOBUTEIbHAS ILIa3Ma Ha-
XOJMTCS B IJIOCKOM 3JIEKTPOCTATHYECKOM TIOJIE U | - XapaKTepHBIH pasMep
HEOIHOPOHOCTH TIa3Mbl. Vccaemyem eficTBre HA TAKYIO TIA3My JIOCTa-
royHO JUMHHBIX I'B, takmx, uro £ = /A < 1, rme A - aymna Bosusl I'B
[84], [95], [96], [97]. MozKHO mOKA3aTh, YTO €CJIH MIa3MAa JIOKAJIBHO H30TPOTII-
HA W 3JEKTPHYECKOE TOJIE HAIPABJIEHO BIOJIb HANPABJIEHUS PACIIPOCTPAHE-
ous ['B, uaayiupoBaHHbBIN TOK ONATHL-TAKKA KBaApaTudeH 1mno ammauryae I'B.
[TosToMy HampaBUM BEKTOP HAMPS’KEHHOCTH HEBO3MYIIEHHOTO JICKTPHYE-
ckoro mosist B myockoctH dporta I'B Baoms ocn 22 = y, Torma B cooTBeT-
crue ¢ apeiidosbiv npudbmmkennem (£ < 1) y - ObicTpas nepeMeHnHasi, a
u= \/ii(t — x) — MemJienHas nepemenHad. s npocrorsl Gysem paccmar-
puBaTh miIockonoasgpu3oBannyo I'B. I3 cumMmerpun 3a1a4u 09€BUIHO, 9TO
OTJIMYHBI OT HyJisd JinIib KOMIOHeHTbl A, (u,y) u A, (u,y), KoTOpBIE yI0BIIE-
TBOPSAIOT HAYATBHBIM yCJIOBASM HA M30TPOMHON runeprnosepxaoctu v = 0:

1
Ay(y,u)u<o = Auy, u)|u<o = —= wo(y);

S

1
%

rze ¢o(y) u Eg(y) — norenimasn u Hapsi>KeHHOCTh HEBO3MYIIEHHOIO HJIEK-
TPUYECKOTO 1OJsd. Y paBHenus Makcsenna B nepBoM jpeiicdhoBoM mpubiiu-
JKEHUU NIPUHUMAIOT BUJL;:

(6u Av)|u§0 =0; (82 Av)|u§0 = Eo(y), (IV-124)

—4mj? = %aZung22Av; (IV.125)
i’ =0; (IV.126)
Amjy = g*2 D Ay (IV.127)
ATy = g% D2 Ay (IV.128)

Mozkno nokazars, yro (IV.125) asigerca auddepenuuanbubiM cieiCcTBIEM
(IV.127) u 3akoHa COXpaHEHUs 3apsaa, MOITOMY B KAUE€CTBE HE3ABUCUMDIX
MOXKHO paccMmarpuparh ypaprenus (IV.127) u (IV.128). @yukumsa Tamuis-
TOHA 33aJa9M UMeeT BU/I

1
H = (P, —ed,) (P, —eAd,) + 553. (IV.129)
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Bynewm uckars periennsi 6eCCTOJKHOBUTEILHOIO KHHETHYECKOTO Yy PABHEHUS,
3aBUCAIINE JIUIIH OT IEPEMEHHBIX U, Y, Pa, P3, P, P,. Torma 6eccromkno-
BUTE/IbHOE KuHeTudeckoe ypasuenue (IV.32) ¢ ramunbronnanom (IV.129)

OF OMOF | ., OF OHOF _

Bu BuoP, 7 2822 a2 0P,
Jomyckaer Tpu TouHbIX naterpana Py, Ps, H. B nysnesom no & mpubimxenun
(I1.117) cBoamTCS K ypaBHEHHIO:

o, OF _ O OF" _

O0x? 0Ox2 0P,

KOTOpOe uMeeT ObicTpbie (apeiidbosbie narerpast) u, Py u e A, Py +eA, Py, —
e? Ay A, + S% /2. Utak, B myaesom no & npubanzkennnu pemennem (I1V.130)
SIBJISIETCST M30TPOITHOE PACTPEIe/IeHE:

(P, —eAd,)

0 (IV.130)

0,

Fo = fo(e)U + (Py)6(H — %mQ), (IV.131)

rae € = %(]P’ﬂ + P,) — nosiHas SHEPrus YACTHIBI B JIEKTPOCTATHYECKOM

node (apeiicdosbiii uarerpasn). B nepsom apeiicbosom npubimzkenuu nonpas-
Ky K pacnpezaenenuio (IV.131) Gynem uckars B Buze f1 = fo(e)y. Iposens
unrerpuposanue B (IV.130), naiigem:

2
) = %% In fo / %{—e[A;(IP’u —eA,) + Al(P, —eA,)]+
2

1
LBy 935’P§)} + ®(u, Py, Pu, P3);

2 (IV.132)

MTPUXOM 0003HAYEHO audepeHnpoBanne M0 MeIJIeHHON IepeMeHHO .
Nurerpan B (IV.132) Bbruncisiercs npu noctosHubix u, Pz, P, P, u P,
OIpenensaeMoil u3 COOTHOIIEHUST HOPMUPOBKHU; ® — mpomssonbHas GyHK-
musa. B orcyrcreue I'B (IV.131) cranosurca rounbim perenuem (IV.130),
TIO3TOMY ¢|u§0 = 0, oTKyIa <I>|u§0 = 0. Kpowme toro dpynrnus ¢ moxHa
OBITH OTIpeiesieHa TaKuM 00pa30M, YTOOBI BBITIOIHSIOCH YPABHEHNE HEPA3-
poiBHOCTH, a Takxke (IV.126). Dtu ycnoBus, kak u navyanbubie (IV.124),
ABTOMATHUYIECKH BBIMIOJHSIOTCS, €CT HOJM0KATh P = 0 u

1
Ay = Ay = —(y, ). 1V.133
\/iso(y u) ( )
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Toraa cucrema ypaBHEHWI CBOAUTCSA K OTHOMY:

41%e, Nolp(y,u)] = —A~ (u)dazep, (IV.134)
rae
2%+1 [ o,
N(p) = 52 p F'(\/m? + p% + ep)dp (IV.135)

0

— IJIOTHOCTH YMCJIa YaCTUIl KaK pyukuusa norernuasia ¢(y, u). [Tockoabky
YDaBHEHUsI HEPA3PBIBHOCTH ABTOMATUYECKH YJOBJIETBOPSIOTCS TIPU TIO/ICTA~
HOBKE DEIlleHus KUHeTH4ecKoro ypasuenus F = Fy(1 + ), To (IV.125)
MOKHO PacCMAaTPHBATL KaK OINpejeieHre INIOTHOCTH TOKa j2. Briparkenme
(IV.135) ne ornmyaercs no popMe 0T COOTBETCTBYOIEro B orcyrcrue I'B,
eIMHCTBEeHHOE oramdne ypaBHennss Makcsemna (IV.134) or amamormaxoro
B orcyrcrBue I'B 3aK/i04aercss B MOSABIEHUM METPUIECKOTO KO3(DduImen-
ta A(u). OgHako, nepeMeHHas % BBICTYIIAET B 9TOM yPABHEHUU JIUIIH KAK
napamerp. [losromy, eciu @o(y) — pelllenue aHaJIOIMYHOIO yPABHEHUS B
orcyrctBue I'B, To

ey, u) = po(/A(u) y) (IV.136)

ectb pemenue ypasaenus (IV.134) B npucyrcrsue I'B. 9ror pesynbrar cra-
Het GoJiee HATJISIHBIM, €CJIM BCIIOMHHUTH, YTO PACCTOSTHUE BJIOJH HATPaBJIe-
mua 22 MexKIy AByMsa TouKamm, nm3MeperHoe B MeTpuke (IV.17) ¢ momomntbio
H30TPOIHOI Te0/Ie3maecKoil, Kak pas pasuo vV AAy, rae Ay — paccrosmue
MexKay 3TuMu Toukamu B orcyrcrsue I'B. Takum obpazom, mepBoe apeiico-
BO€ TPHUOJINIKEHNE YUIUTHIBAET TPUINBHOE BO3aelicTeue I'B Ha camocoriaco-
BaHHOE dJIeKTpuyeckoe nosie. Ha 370 yka3piBaeT u TO 06CTOSATEIHLCTBO, YTO
MepBOHAYAILHO OIHOPOAHOE BaKyyMHOe 3jekTpudeckoe noiae F = Const
ue nedpopmupyercs ['B; mocrnenmauit pe3ymbraT HEIOCPEACTBEHHO CAEIyeT n3
(IV.134). Tloacrasnss (IV.136) B (IV.125), monyunm BbIpazkeHue Jis II0T-
HOCTH TOKa, wHIyImpoBanuoro I'B:

1
472
X {B’ [Eo(y) + yexp B 4mpo(y)]

J(z) — — X

LI

e ——

(IV.137)

136
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rze po(y) = XeqaNy(po) — HEBO3MYIIEHHAS NUIOTHOCTH 3apsaa. C noMolbo
noTeHmala @o(y) HailzemM Takzke OpTOpelepHbIe MPOEKIMU HEHYJIEBbIX KOM-
noueHT Ten3opa Maxkcsemia B mpucyrcrsun I'B:

Ey = Eo(y); Eq) = Eo(y) (Lexp(B))". (IV.138)

1

V2L
Takum 06pa3oM ¥ B 3TOM CJIydae BOZHUKAET COCTABJISIONIAS SJIEKTPHIECKOTO
TIOJTS BJIOJTH HaTpaBsienus pacnpocrpanenusd I'B. B kauecTse mpumepa pac-
cmoTpuM feiictere I'B ma rpammmy Metasia ¢ BakyyMoM. Ilomaras 22 = 0
ypaBHeHueM 1ol rpanulpl u orépaceiBas B (IV.137) wienbl, KBagpaTudnbie
mo ammymmtyae ['B; momyynm BhIpaskenue st TJIOTHOCTH TOKA HA TIOBEPX-
HOCTH MeTaJIa:

1
472

DTOT TOK HKCIOHEHITNAIHHO OBICTPO 3aTyXaeT MpY yAAJEHUH OT MOBEPXHO-
CTH METAJLJIA ¥ CTAHOBUTCS UCYE3AI0IIE MAJIBIM HA TJIyOUHE TIOPSI KA HECKOJIb-
kux pajgunycoB Tomaca-@epmu. CocTaBisonas 3JIeKTPUIECKOTO MOJIsT UMEET
TIPOTUBOMOJIOKHBIE HATIPABJIEHUS BHE MeTaslsia u BHyTpu ero. Ha rpanume
3TW COCTABJIAIONINE PABHBI HYJIIO.

7P 0,u) = - B'E(0). (IV.139)

IV.5 leiicTBue HU3KOYACTOTHBIX TIJIOCKUX
TPaBUTAIIMOHHBIX BOJIH HA OJHOPOHYIO U
6€eCcCTOTKHOBUTEIbHYI0 MAaTHUTOAKTUBHY IO
MJa3my

Uccnenyem neiicteue III'B ¢ nonsipusanmeit eq (7 = 0) HA MarHUTOAKTHB-
HYIO TIIa3My, KoTopas a0 npuxona I'B amnamack oqHOPOIHON, M30TPOTHOM
W 3JeKTPOHEHTpasbHON. IIyCcTh BEKTOpP HANPAYKEHHOCTH MATHATHOTO TIOJIS
no npuxoga I'B nexxur B mnockoctu ', 22 : Hy = Hgcosf; Hy = Hysiné
(u < 0). ATOMY OO COOTBETCTBYET BEKTOPHDIH IOTEHIIUAIL:

Ay =A, =As=0; Az = Hy(z'sinf — 2°cosf), (u<0). (IV.140)

Pemmennem BakyymubIx ypasHeruwit Makcsesnaa B mose I'B ykazannoit noss-
PU3aIMH, yIO0BJIETBOPAIOIINM HadaabHbiM yeaosusM (IV.140) asiserca
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1
Ay, = A, =A,=0; A3 =H, {Esiné[vexp(—ﬂ) —u] —2? cosﬁ}

Fyy = Hycost; Fig = 3 Hosin {1+ exp(~5) + exp(~B)uf'}
Fy3 = %HO sinf {exp(—p) — 1 — exp(—B)vB'}. (IV.141)

B npucyrcreun I'B Bo3HMKaeT 371€eKTPOMATrHUTHAS BOJTHA U ITOTOK HEPTUN
B HAMpPaBJeHUN pacupocrpanenus ['B:

H [1 , 2B
T14:87TL2 §(exp2,8—1)+exp6v6 +? .

B sroMm pasmene Mbl pacCMOTPHM JIBHUKEHUE IJIa3MbI B IpeiidpoBoM mpubim-
xeuun 6e3 mpeanosoxkenus caaboctu ['B, T.e. B mepBOM TPUONIMAKEHUHU 11O
MaJIOMY TIapaMeTpy

¢ =wjwg < 1 (IV.142)

(wp — sapmopoBckast gacroTa) [84],[96], [98]. B cooTBeTCTBHE € STUM IpU-
Ommkennem, a takxke ¢ (IV.32) Boibepem dyuknuio Famuabrona B BUIE:

1 ]P% (]Pg — €A3)2
H_PGPU_E{I+T}’ (IV143)
e
Az = (u,v) — 2° Ho cos §; (IV.144)

¥(u,v) — npousBosibHas DYHKIUs CBOUX aprymeHToB. urerpanamu Gec-
CTOJIKHOBUTEIBHOTO KHHETH4YeCKoro ypasHenus (1.197) ¢ raMunbToHHAHOM
(IV.143) asnsiorca Py, P3, 7. BeeseM eIMHAUHBIN BPEMEHUTIONOOHBIN BEK-
Top V'

a
Vo = Vs = 0: Vu:_%/’; v, = + 29, (IV.145)

rae

H = \/—20,100,1, (IV.146)
u peoOpaszyemM kuHerndeckoe ypapaenne B CO, IBUKYIIYIOCS CO CKOPOCTHIO
Vi
D(P,,P,)

P, =Vu(Ps+P1) Py =V,(Py—P); D(Py,Py)

=1 (IV.147)
B pesynbrare mosydmMm ypaBHEHUE:
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of of

(Py — IP’l)Vu% + V(P + ]P’l)% + [P4(0y Vi, — O Vo) —
of of ePs (= Of of
P1(0, Vi + 0u V)] <IP’1 P, + Py 81["1) B (HaP1 H, COSG@IP’g) +
1. _ of of
- A 1 I]P2 B 1 I]P2 g —
+2[( VB +( JEIV: <3P4 3P1> 0 (TV.148)

Bynem pemars (IV.148) MeT010M TIOC/I€10BATEIBHBIX PUOINKEHUI TI0 T1a-
pamerpy &. B HyneBoM mpuOIMKEHUN NMEEM:

= 0o Jo
H— — H — =0. 1V.14
aP, 0C0808]P2 0 (Iv.149)

HpeiichoBbIM HHTETPATIOM 3TOTO YPABHEHUS SABJISIETCS
Hy
7 =Py + —1P; cosb, (IV.150)
H
a ero pelreHneM, IepPexosImM B H30TPOIHoe B orcyTcTBre I'B,

fo= fo(Ps,u,v) (IV.151)

(B orcyrersue TB cormacuo (IV.145)) V, = V,, = 1/v/2. B wactioctu, ecim
Jo mpuxona I'B mmazma Haxoamiach B paBHOBECHH, TO

Py — pg -
fo= [exp ( T > + 1} , (IV.152)

a

rae fg = fa(u,v), Ty = To(u,v) — npousBosibHbIe DYHKIIUY, YIOBJIETBODSI-
OIIUe HAYATbHBIM YCIOBHAM:

:ua(ua U)|USU = /"’2; Ta(ua U)|USU = Tt? (IV153)

TTocKONBKY CJIECTBUSIMH TIOJTHOTO KUHETHYecKoro ypapHenus (IV.148) sp-
JIAIOTCA 3aKOHBI COXPAHEHWA YHCJIA YaCTHI KayKJOTO COPTA M MMITYIbCOB
Beeit cucrembl (cm.pasmen 11.2):

ng =0 (T, F+Ti") =0, (IV.154)

byuruun p, u T, T0MKHBI OBITH ONpEIeseHbl 3 3TuX ypasHenwii. 1loj-
craBisga (IV.151) B (IV.148), nony4yaem ypaBHEHUE JJis HONPABKA MEPBOrO
nopsanka f! ~ f0€, KoTopoe JIerKO MHTErpupyeTcs ¢ ydeToM apeiihOBEIX
unTerpasos [98]:
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B P
1 = — P P Va&, Vvau - —1 Vuav - V’ua’u :|
1= e [ravio, + o - 2 )| +
2|1 _ 1 9
+P1 [2P4(8vVu 8UVU) 3]P1 (81)Vu + 8uV’U) 8P4+

1 _ _
+5P1 [(A*l)' (Pg + Hy cos 6P, P /T + H? cos® 0]P>§/3H2) +

0]
+(Bil)l]P§:| V. —} fU + QD(P%]PB';]P%U:U);

" oP, (IV.155)

TJe ¢ — MPOU3BOJIbHAS (DYHKIINS, KOTOPAs JOJIZKHA, ONPEIEISIThCA U3 3aKO0-
HOB COXpaHEHUs. YI0O0HO BHIOPATH 3Ty (DYHKIWIO B BUJIE

(3, P5, P, u,v) /P3.

Torga BeleAcTBHE YeTHBIX CBOHCTB GyHKIHE ¢, f! BKIAL OT Hee B HHTe-
IPAJIBL Ty, Ty, N2 PaBeH HyJio cornacuo (IV.151)

ni =NaVi; (i #3), (IV.156)

rae N, — IJI0THOCTh 9UCIa 9aCTHIL, ONpeIeIeHHAsT OTHOCUTETHLHO PACIIpeie-
aenus (IV.151). Takum 06pazom, 3aKOH COXPAHEHUS YUCJIA YACTHILL B IEDBOM
apeiidoBoM TpHOINKEHUT UMEET BHUT:

L728,(V,L*N,) + 8,(VuN,) = 0. (IV.157)

9T0 ypaBHEHWE MOXKHO PACCMATPUBATH KAK YPABHEHWE IJIs OIPEIEJICHUsT
XMMUYECKOrO MOTEHIMANA [i,. [lockonbKy koaddunuentst (IV.157) e 3a-
BUCAT OT CHENMUMUKU JACTHUII,

N, /N, = Const, (IV.158)
BCJIEJICTBHE Y€ro, & TaKrKe N3HAYAJIbHON 3JIeKTPOHEHTPATBHOCTH MJIAa3MBbI
j1=Jo=4s=0. (IV.159)

Beramcnss js ¢ nomornpio (IV.155), maitnem [84]:

[(VyOu — VauOy)P + (e + P)(0uVy — 0, Vo) +

T =

J3 =
o0
+4 ea/ 2dp® ., (pa,u, v),
meo | PdpPa(pav) (IV.160)
0
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rae P, € — cymMMapHble JaBjieHWe U IJIOTHOCTH SHepruu miasmbl, ¢, —
HOBBIE TIPOU3BOJIbHBIE (DYHKIIWH.

Ucnonb3ys ABHYIO THAPOJUHAMUIECKYTO CTPYKTYPY BeexX KommnornenT TOU
yacTull, Kpome Komionent T, u T3, a Takxke caegcrsue (IV.159)

Fan* =0,

BBIIIUIIEM BCE HETPUBHAJIbHBIE CJIEJICTBUS 3aKOHOB coxpanenus TOU (IV.154),
kuHernueckoro ypasuenns (IV.148) u ypasuennit Makcsesia (IV.2), (IV.3):

L720,(L°T) + 9,T, =0; (a=1,...,m); (IV.161)

(Ve — Vo) P + (3uVi — 8,Va) (e + P)] 4 (IV.162)

. _B
JS_F

L20,(L*Vye) 4+ 0y (Vue) + [L 20, (V, L?) + 3,V |JP =0;  (IV.163)

Ouvt) + B'0vt) = 23 (). (IV.164)

Cpasrus (IV.160) u (IV.162), nonyuumM yciaosue

o

> ea /p2<1>a(p4,u,v)dp =0,

0

OTKya caemyet, ato ®, ciaemyer BoiOpath B Bue P, = Z(u,v)fO(ps,u,v),
rae Z(u,v) — npousBosibHbie GyHKImU. Torma, BIYUCIAs, HalgeM:

Bv, ([
= ﬁ“ ViOy + 3V, 0y — 30,V — 70,V + 2(In L)+
e
A'H2 cos? 6] _
ﬁ] Za — 3m2N,(8,Vy — auvv)} + VyZeg;
BV, [ -
3= o =2 [=3Vady + 3V — 30,V — TOLV, + 2(n L)'+
A'H2 cos? 6
%";} S0 — 3Mm2N (0, Vi — OV b + ViZea;
2T (IV.165)

141



I'maBa IV. Kwunernka mia3Mbl B TPABHTAIIHOHHON BOJIHE

rue Z,(u,v) — momenT Tperbero nopsaaka dbyukuun (IV.151):

2%+l [
Eo= 53 /p4f0(p)dp. (IV.166)

0

Nrak, nns niasMbl COCTOAIIEH U3 9ACTHIL 7 COPTOB HMEEM 11 yDaBHEHHH
(IV.157), m ypaerenwnii (IV.161), ogro ypasuenue (IV.163) u oxHO ypaBHe-
uue (IV.164) — Bcero 2(m + 1) ypasHenuit orHocurenbro 2(m + 1) Hewms-
BectHbIX Gyukuuit Ty, fia, Z, . Benegersue (IV.155) dynkuusa Z nosxua
YZAOBJIETBOPSTH HAYATBHOMY yCJIOBHIO

Z(u,v)|u<o = 0. (Iv.167)

YkazanHasg cucteMa ypaBHEHWI COBMeCTHO ¢ ompenenenusamu N, P,, &4,
Z4 ¥ COOTBETCTBYIONIMMY HAYAJIBHBIMU YCJIOBUSAMHU MOJHOCTHIO OMUCHIBAET
JIBUZKEHHE OECCTOKHOBUTEIHHON MATHUTOAKTUBHON TIJIA3MBI B [I0JI€ HU3KO-
gactorabix ['B. Ilpu BbIBOSE 3THX ypaBHEHHH CYIECTBEHHO IIPEIIOIOKE-
HUe, 9TO sinf # 0, T.e. HATpaBJIEHNE TTEPBOHAYATHLHOIO MATHUTHOTO OIS
He COBNAJIAET ¢ HampaBjaeHneM pacrnpocrpanenuns ['B. B mocnegnem ciaydae
npefidoBerit Tok He Bo3uuKaer [100].

U3 (IV.141) caenyer, uro upu sinf # 0 BakyyMHOE DelIE€HHE yDaB-
weane Maxkcsemta B nosie [IT'B, ymosieTBOpsiioniee HAYATLHBIM YCIAOBUIM
(IV.140), siBAsieTcsi CYyIIECTBEHHO HeCTAIMOHAPHBIM: F3 = F3(u,v); Hy =
Hj(u,v). B [96] a Tak:ke B [98] mOKa3aHO, ITO B MPUCYTCTBHE IIA3MBI YKa-
3aHHAsl CHCTEMa yPABHEHWH MMEET JIUIh CTPOTO CTAIMOHAPHBIE DEIIeHUs.
IMonoxkum mosromy [95]:

Wi, v) = —= Ho sin (v — u + (u)),

V2
npraeM p(u)|y<o = 0; ¢'|u<o = 0. Torma! ¢ yuerom 6 € (0, 7), naiinem:

1 1 _
Vu:E\/l— PR VA H:Hosinéx/l—go'.(

NoNSE=T 1V.168)

Torma w3 (IV.161) BcaeacTBue HavaabHBIX yciaoBwilt Haiinem T, = 0, n
(IV.165) mpumeT BUJ ypaBHEHUS:

HIpusesennble HUXKe TOUHBIE PeINeHHs Ha OCHOBE MOJeTH paboTel [95] BIEpBHIE TO-
JydeHBl B auccepranuu Asropa [99].
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B
G6eH

(1]

a

172 2
{[3va — 7V 4 o(n 12y 4 LHocos™d 9}

A2H

—3m2NaVv’}+Za:0; =1,...,m).
@ © (a ™ (1v.169)

VYpasuenus (IV.162) - (IV.164) cymecrento ynporatorcs, npudem (IV.164)
Cpa3sy JaeT BbIpaxkeHue JJid I0THOCTU apeiidosoro Toka [95]:

B
(Lszs)' + P(V,L*)' =0, (IV.171)
= 23/2 ——Hysin6p'". (Iv.172)

Vpasuenus nenpepsisaocru (IV.157) unrerpupyrorcs TO9YHO:
NO
N, =
« = a2 L2 N
raen = 1—¢'. lloxcrasnsas HaiiieHHOE 3HAYECHHUE [/ ILTOTHOCTH ApeiidhoBo-
ro Toka (IV.172) B ypasnenne (IV.170) u ucnons3ys sBHbIE BbIPasKeHHs 1715t
Vy u H (IV.168) nonyuum 00bIKHOBEHHOE juddepenuanibuoe ypaBHeHne
JIIS1 OTIPEJICJICHNS] «TIOTEHIIUATIAY 7):
Hisin®6
w2

IpuYeM 7] yJI0BJIETBOpAeT HA4YaJIbHOMY yCJIOBHIO:

n(0) = 1. (IV.175)

(IV.173)

n'(e +p) — 2nP' + 282 =0, (IV.174)

B kagecrBe konkpernoro npumepa ¢byukiuu (IV.151) paccmorpum Hepe-
JIATUBUCTCKOE BOJILIIMAHOBCKOE pacipeenenue. [y 3Toro pacupeaeaeHus

3
5Pai o =0mgPa. (IV.176)

IMoncrapasas (IV.176) B (IV.171) u ucnonn3yst pemenne (IV.173), naiinem:

P =P, <ﬁ>5/3. (IV.177)

Py, = N Ty €a = pa +

L2
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ITpenebperast napienuem B (IV.174) u perasi 310 ypaBHEHUE € HAYAIHHBIM
ycaosuem (IV.175), nosyuum

1
— =1+’ - 1), (IV.178)

Vi
e
2 _ HZsin? 6

IV.179
tmpo ( )

po = Y. myN? — HepozmyImenHast MI0THOCTD TTa3Mbl. TakuM 06pa3om Haii-
JIeM TOYHOE BBIPAKEHHUE JJisi CKOPOCTH Jpeiidha mia3mMbl

VemVa L ey 2 4 a2(e2 — 1)

V’ = =
Vy +Va [1+a2(e?f —1)]2°

(IV.180)

Hns naxoxnenust remueparyp Ty, (u) nocrynum cienyormum obpazoM. Bee-
znem 3¢ dexTuyio Temneparypy miasmel 1(u) u 3¢ dexTusmyio Maccy da-
CTHIL:

= Y.NT, P _  >m,N, p
e L L == 2 _ = IV.181
SN, N "T YN, N (Iv.181)
Benencreue (IV.173) u (IV.177)
2/3
7 = Const; T =T, <g> . (IV.182)
Beenem eme ogH0 0003HaUEHNE
T,-T
“T = 5, (IV.183)

IMonenus o6e yactu ypasuenus (IV.169) ua m, u 0poCyMMUDPOBAB €ro IO
BCEM COPTaM YaCTHIL, UCIIOJIb3Y 4 B noJiydenHom ypasaenuu (IV.173), (IV.176),
(IV.179), maitnem Bbipaxkenue jug Z(u). IloxcraBigs 9to BhIpaxkeHHe B
(IV.169) n yunrsiBas oboznavenns (IV.181), (IV.183) nonyunm ypaBHeHWst
JUUTIst oTIpesiesiennst O (u):

5 23/2 A’ ctg? 6y/2
5! —4 71/21__1 L2’ £ 1L21 20 VAL s —
o+ v 2y = S+ T i 2y + SEER

My — M

IV.184
- (1V.184

= GV )
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Vpasuenus (IV.184), apnssce suneiinbiM aud depeHnuanbHbM yPaBHEH -
€M TIepBOro TOPsiJIKa, BCErJa WHTerpupyercsa B kBaaparypax. Takum obpa-
30M, MOCTaBJIEHHAs HAMU 3ajadva perreHa To4uHo. B ciyvae ciaboit rpaBu-
TAIMOHHOM BOJIHBI MOYKHO TIOJIYYUTh MPOCTOE BHIPAYKEHUE JJIST Oy :

a =80+ T 1 + @?(e% — 1)] ~ 60 + —B(“)(?Ta_ ) 2.

80 = 00 + mﬁi%m In[1+ a?(e*’ —1)] ~ 62 + aQﬂM. (IV.185)
Ckopocrs gpeiida (IV.180) B crnaboit III'B pasna [96]:

v = =226 (u). (IV.186)

Beraucinm, nakoner, HabJiio1aeMbie 3HAYEHNS TEH30PA 3JIEKTPOMATHATHOTO
oJIs

H1) =F(1)(4)= Ho cosb;

Hysind 147
Hpy = Fayw) = —3 eﬁ( 5 )?
Hysinf 1-—n
Eg =Faw=——7 6‘3( 5 ) (IV.187)

Taxkum obpaszom mox geiicteuem III'B Bo3HMKaeT monepedHast 3JeKTpoMar-
HUTHAsT BOJIHA, PACTTPOCTPAHAIONIASACS CO CKOPOCTHIO CBETA B HAIIPABJICHUN
pacapoctpanenus I'B. Ilepeiinem Teneps B cucteMy OTCYeTa, ABUXKYIILYIOCST
¢ 1wIa3Moii, B KoTopoit Vi = 6;. Habmonaembie 3nadenns moneit £ u H B
sroit CO onpenensitorcs dopmymnamu [71]:

Ef = Fayw V" Higy =F V.
BquHCHHH 9THU KOMIIOHEHTBHI, Haﬁ,ﬂ[eM:
Hqcos@ H, sin feP
A, ' . [
B, =0; H{= W(Pﬂ?), Hpy) = N

Takum obpazom, B8 CO, aBuxKyIeics COBMECTHO C TLIA3MOI, 3JIEKTPUIECKOE
OJIe OTCYTCTBYET; BMECTE C TEM OTCYTCTBYET U TIOTOK SHEPTUHU JJIEKTPOMAT-
HUTHOTO TIOJISI. DTO O3HAYAET, YTO MATHUTHBIE CUJIOBBIE JIMHUHA BMOPOYKEHBI
B IJIA3My, KaK U JIOJI?KHO OBITh B ApeiipOBOM TMPUOIMKEHUN.

(1+n%).(IV.188)
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IV.6 leiicTBue cj1abbIX TPaBUTAIITMOHHBIX BOJIH
C MPOU3BOJILHOIM YACTOTOM M MOJIApU3a-
el Ha OJJHOPOJHYI0 MArHUTOAKTUBHYIO
Jjaa3My

Uccnenyem Teneps meiicTBre CIabbIX IPABUTAIMOHHBIX BOJIH TPOU3BOJIHHOM
[OJIAPUBALAN

HA MEPBOHAYAIHLHO OJHOPOIHYI0 MATCHUTOAKTHUBHYIO TJIa3My, HE HaJaras
OrpaHUYeHMs HA 4YacTOTy rpaBurauuoHHbix BosiH [101]. Jdna cnabeix I'B
Bocnosibayemcs Merpukoii (IV.25), npudem GyaeM nosiarars:

Bu) = 3hs exp(~ikou)Us (u) = (IV.189)

() = gh exp(~ikou) U (u) = (IV.190)

T7e B OTANYHe OT MPUHATHIX obo3nadennii u = 24 — x; hy, hy — mocTosAH-

HbIE AMIIJIUTYObI, COOTBETCTBYIOIINUE ABYM DPAZJIUIHBIM COCTOAHUAM TIOJIA-
pusamun I'B.

JInneapmsupoBannas no ammanTynsam hy, hy cucrema ypasuenuit Makc-
Besa - BiacoBa ¢ y4eTroMm TpOIEIyphl MEPeHOPMUPOBKH 4-mMIyibca [75]
npuHuMaeT Buj (Wp, — JIADMOPOBCKas Y4aCcTOTA):

0 0
4 v 3 2
{p Oy + p"0y + MawB, cos@(p o D —8p3)+

) 0 3]
smt9<p’(,j—p3 —pga—pl>] 0fa=—

— = h 2 2 dfO
_aEP ! _JF 2 _ 3 h 2,3 _a;
{ Ca(EP) + 4 | = (07" = p™7) + hup™p?| 0 2 (1V.101)
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(au + av)Ez - 47Tj1;

(IV.192)
Ou(B: = Ey) = 0y(B: + Ey) = —Bosin6h,¢ — dmj?; (IV.193)
—0u(By + E.) + 9y(By — E:) = —Bosin 6h.. ' — 4mj; (IV.194)
Ou(By — B.) — 0,(Ey + B.) = 0; (IV.195)
Ou(E; + By) — 0u(E. — By) = 0; (IV.196)
OuFs3 =0;  0yF3 = 0; (IV.197)
it=ea / p'dfadP, (IV.198)

rie 0 f,(z,p) — Bo3mymenue dbynxkmun pactpenenenus; v = xt + zt. Uz
(IV.197) cpasy cnenyer Fps = By = Const, T.e. IepBO€ COOTHOIIEHHE
n3 (IV.187). Ilepsbie unens! B npasax dactax (IV.193), (IV.194) Bosuuka-
10T BCJIeACTBHE JepOPMAIii MATHUTHBIX CHJIOBBIX JIMHUI; U3 CDABHEHUS C
(IV.172) BUIHO, YTO 5TH TOKW CMEIEHNsI ¢ TOYHOCTBIO JI0 3HAKA COBIAIAIOT
¢ ApeitpOBBIM TOKOM:

. . Bgsin6 . . Bosin0
Jem =iy == —hWs Gdn =iy == —h!s (1V.199)

N3 (IV.191) - (IV.198) caexyer crporuii pesyabrara [98], cormacyrommii-
st ¢ BBIBOZIOM paboTsl ([100]): B yCIOBHSX MPOJOIBHOTO PACTIPOCTPAHEHHS
(sinf = 0) mnasmeHHble KojieOaHUs He BO30OyKIarorcs. MakcnMmaibHbIH
mna3MeHHbiit oTkMK Ha ['B ciemyer oKujaTh B yCJIOBUSX MOMEPETHOTO
pacrpocrpanenus (sin @ = +1). B arom pasnesie Mbl 101pOGHO OCTAHOBUMCs
MMEHHO Ha 3ToM cirydae. [lepeiinem B kunerndeckom ypasrenun (IV.192) k
IUIHHIPIHEECKIM KOOPANHATAM B TMPOCTPAHCTBE WMITYIbCOB: Pl = pp COS ¢;
p® = pisinp n mpuvenum kx (IV.192) - (IV.198) npeo6pazosanme Oyphe-
Jlannaca, KoTopoe coobpa3Ho 3aJaHUI0 HAYATHHBIX YCJIOBUI HA AaHU3OTPOTI-
HOM TUTIEPIOBEPXHOCTH % = () OMPeIeIAI0TCs CAeAYIONMMA (DOPMYTAMMU:

a(k) = 7 dv 7du a(u,v) expli(k, z)];
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1 “+o0 “+oo+io
a(u,v):W_ZO dk, / dkua(k) expl—i(k, 7)), (IV.200)

—o0o+1io
TIe
(k,z) = k12! + kgz* = kyu + kyv;
ko =w; k= —k; ks = §(ka — k),
ky = L(ks + ky).
CrnemyeT TaksKe y49eCThb, 9TO
"/}’(k) = _'Lkud)(k):

rae

b(k) = 6(ky) { Pi |y — wo)} . (IV.201)

ks —wo

Ucksmrowas By u B. B ypasrmernuax (IV.193) - (IV.196), nomyuum BMecTO
(IV.192) - (IV.198) cucremy:

dfo

_Z[(kvp) + mawBaa%?]éfa - _ea(Evp)d_;+
Jhy 5 22 2 . de_
H{ g WLt =p7) F hpapmsing p kbR 505 1y )

iByky = 45 (k);

(IV.203)
iBy(W* = k%) Jw = —4x[5?(k) — j5 (k)]; (IV.204)
B (W = k) Jw = —4x[5° (k) — jy (k)]; (1V.205)

TMonb3ysichk nuneiinocThio ypasuenuii (IV.202) - (IV.205), crpyKkTypoii TeH-
30pa mposoamMocTn 0P (k) B yCI0BUAX MOMEPETHOTO PACTIPOCTPAHEHIS BOJTH
[102], a Takxke cumMmerpueil GbyHKINK pacnpenenenus, cucremy (IV.202) -
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1V.6. eiicteue ciabpix III'B Ha MArHHTOAKTHBHYIO IJIA3MY

(IV.205) MOKHO pacilienuTh Ha JIBe HE3ABUCUMbBIE CUCTEMbI YDABHEHUH, KAXK-
Jlad W3 KOTOPBIX ONKMCHIBAET IJIA3MEHHbIE KOJIeOaHNs, WH/YTUPOBAHHDIE €.
M ey COCTABJISIONMH IPABUTAIIMOHHOTO M3JIydeHus [96]:

Ey(ky + 4mic'") + E.4mic® = —4mijl; (IV.206)
By Amic®! — E.[(w® — k) Jw + 4mic®] = —4mi(53 — j2);  (IV.207)
E,[(w? — k) Jw + 4mio*] = —4mi(j2 — ]g) (IV.208)

rae ji, jy — BBIHYXKJIEHHBIE IIJIOTHOCTU TOKa, renepupyembie I'B u Bbzsan-
HbIe COOTBETCTBYIOIIMMU BO3MYIIEHUSIMU (DYHKIIMU PACIIPE/Ie/IeHuUsI:

i
f +oo exp< = —zsga)

mMaWBa ’
J X — —Zh k n 2Va a '
fa = uPLP > pEEp— 2 IV 209)
§=—00
aprymentom ¢yukimn Beccenss Jg siBnsiercst kpy /mowp,. B wactHOCTH,
ecm fO GOTBIIMAHOBCKOE pacipe/ie/eHue:

. h 1/} +oo A”
1 +
= oNowpaZa
I+ (K Z Callatlb Z w— swpa’ (IV.210)
§=—00
ih oNowpaZ, ;
- X@/}Z@ wB Z w—sta (Iv.211)
, St XXz, A" 424" 424
3 + a‘lg s s
oNowpaZa ;
I+ Z CalNaWB s;m W — SWBa (IV.212)

rae
Za = (fa 'UTa)Qafa = w/wBaa

VT — TENJIOBast CKOPOCTh YacTuil; onpezesenne bynkuunii Ag(Z) em. B [102].
3 (IV.206) — (IV.208) cnexyer, uro nosspusanus I'B ey B0o30yX-
JaeT CMEeHmIaHHbIEC IIPOJOJbHO-TIONEPEYHBIC 3JIEKTPOMATrHUTHBLIC KOHe6aHI/Iﬂ
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I'maBa IV. Kwunernka mia3Mbl B TPABHTAIIHOHHON BOJIHE

C COCTABJIAIONIEH MATHATHOTO TOJIst, KOJUTMHEAPHON BEKTOPY HANPAZKEHHO-
CTH HEBO3MYIIEHHOTO MATHUTHOTO TIOJIst: IPOJoabHoe Fy u nonepeunoe Fyz,
H, = —kEz/w. llonapusaiys ey HHIYIUPYET IUCTO MOLIEPEUHbIE JIEKTPO-
MarauTuble Kojaebanus; Hy = kE, /w. Ecan mnasma orcyrersyer (N, = 0),
perrenne (IV.206) — (IV.208) cyImecTBeHHO HECTAIIMOHAPHO:

1
E,=0; Ez= ZHOth[‘/)(U) + vy, J;

By = —3 Hoha b(u) + v (u),

YTO BbI3BAHO HAJMYMEM BaKyyMHOro mositoca k, = 0 1ucrepcuoHHOro ypas-
nenusi. Herpy/iHo Bu1eTh, 4TO Oy Y€HHOE PElleHHe SIBJISIeTCs IIEPBbIM le-
HOM pasjioxkenus 1o ammiutyae I'B rounoro Bakyymuoro pemenus (IV.141).
[Ipn nanwyanm miIa3Mbl BaKyyMHBIH niostioc k, = 0 ncue3aer BeiaeacTue dak-
ropa §(k,) B @ypbe-o6pasze BuiHy XK IeHHOr0 Toka (IV.210)-(IV.212) u Toka
cvemenus (IV.199). Tlosromy npu wasuumu niasmsl k, = 0, T.e. w = k,
U pellleHne CTAHOBHUTCs CTPOro cramuoHapHbeiM. Torna u3 ypasuenunit Makc-
Besia (IV.203) — (IV.205) caexyer

= =y i =y (IV.213)

T.e. HAWJEHHON B TIPEIBIIYINEM Pa3Iesie B paMKax ApeidoBoro mpubmke-
HUS BBIPDAYKEHUE JIJIsl TJIOTHOCTHU TOTIEPEYHOTO TOKA OKA3aJI0Ch TOUHBIM. 13
(IV.213) wmaiigem:

Ey (k) = —@[ﬁa“ G+ ™)
Ez(k) = —m[—jio?’l + (a” + i) (3 + D

47
1,
E, (k) = —ﬁ(.ﬁ +32),

(IV.214)
rue
A(k) = 0™ (oM + 4im) — (™). (IV.215)
IIpeamonaras manee
2
wpi K w;, Z,= ( nd UTe) <1, (IV.Q]G)
Be
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perebperas BK/IAI0M HOHOB H Pa3jiarasi BbIpazKeHus 1 o (k) mjt B

;
pan Teitnopa mo mapamerpy Z., B IEPBOM PEIATUBUCTCKOM HMPUOINKEHNN
Haligem:

[N F9TE R
w2 - w%e 2(")2Be(k2 - w%e)(kQ - 4w2Be) ’

k2 1)2 AZ(CU)
E; (k) = —Hohy(k 1- » .
Z( ) 0 +1/}( )w%e(k'Q _ w%e) [ 2&)?36(]92 — w%e)(k;Q _ 4w12ge):| )
_ —hup(k) Hok? [1 A wiJ]

2 2 2
Wre k= — WBe

Ey(k) (IV.217)

rae

Ay = (k? — 4w%) (6K — 9K2w2 , + wi, + 4k wh,)—
—2k% (K — wh, ) (3k” — 4w.) — K*wl.(3k” + wi,);

AZ = (kQ - 4w236)[w%8(k2 - ("‘J%e)(k2 + w%e - w2Be)+
+k2(k2 - w%e - w2Be)(k2 - 20"%3 + 20‘)236)] - (kz - sze)[w%e(k4_
4 2(1.2 2 2 2 2 2 4 (1.2 2
_wLe) +k (k —Wre — wBe)(k - 2wLe)] + wBewLe(k - wLe)_
—2]62(4]%6&)]296(](72 - w2Be - w%e)'
U3 (IV.217) Bugno, uro nonspusanus I'B ejpe3oHupyer Ha JIGHIMIO-

POBCKO# (TJIa3MeHHO} 4YacToTe) W YABOEHHO JIADMOPOBCKOIl; MOJISApU3a-
s €, PEe3OHUPYET JIUIIh Ha JapMOpoBcKoii. IIpousseas obpaTtHoe @ypbe-

npeobpazosanue Gpopmya (IV.217), B HysnesoM npubiuKeHuu 1mo napaMerpy
V%, TIOJTyquM:

h HOWBe . .
EY = ';72((*10 Sin wott — Wre SINWret);
Wo — Wre
2/ 2 2 2 2 9
B _hH wo(Wy — W — Wh,) COSWoU — WR W], COSWL U
z — +410 2 2 2 )
wLe(O‘JO - wLe)
w2
Eg = —hXHOTO COS Woll. (IV.218)

Wre

JI/1s1 BeJIMYMH TIePBOTO TIOPSIIKA TIO TApaMeTpy U, PACCMOTPHM JBa pa3-
JIMIHBIX PE30OHAHCHBIX CITydas.
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1. Tpoiinoit pesonanc e; nonspusanuu I'B (wy = wre = 2wp.):

ElL = —6—4h+H0v%e(w0u)3 COS WoU;
1 1 2 3 .
E, = —ﬁthHovTe(wou) sin wou. (IV.219)

2. OnHOKpATHDI PE30HAHC €y — nosgpu3anuu (W = Wae):

1 hXHO’U%e 2 2 2 2
E, = ————[wBeu(wp, —wWr.) — 2wWE, + W] (IV.220)
Wre

Kak wussecrno [102], B yc/ioBUSIX CTPOrO IONEPEYHOIO PACIPOCTPAHE-
nus npogosbhbix (E L Hp) BoJIH B nu1a3Me BO3HUKAET PE3OHAHC HA MOJIAX
Bepnucraiina: w = \/w?_ +w}h, U w = swpe (s > 2); B ciydae IpoJoib-
Horo pacrnpocrpaneaus (E || Hp) BO3HHKaeT PE30HAHC TOJHKO Ha TEPBOIi
UKJIOTPOHHOI Yacrore. AHAIM3 CTPYKTYPbI BbiHy kK 1enHoro Toka (I1V.210)
BBISIBJISIET HAJMYME PE30HAHCOB HA YAaCTOTAX, KPATHBIX JIAPMOPOBCKOM. B
pe3ysbTare HU3IIEH PE30HUPYIONIell TApMOHUKON dABJIdeTCd ABOWHAdA Jap-
MOPOBCKasl 9acToTa s e4 - moaspusaiun I'B n nepBas mukIoTpOHHAS
TapMOHWKA JJIST €y - TIOJAPU3AINN, TPUUYEM B CIydae e TOJIPU3aIuy BO3-
HUKAET TPOUHOM PE30HAHC BCJIEACTBUE COBIAJIEHUS MOJIIOCOB B TEH30DPE -
9JIEKTPUYECKOil nponunaeMoctu u B uuaynuposanaom I'B roke (IV.210).
Crretyer OTMETUTD, 9TO BBIBOJ, O P00 IaHuy TIEPBOM U BTOPOIL JIapMO-
POBCKUX TAPMOHWK B CyMMAPHON MOIIHOCTH TPABUTAIMOHHOTO W3JTyYEHUS
MAarHUTOAKTHBHOI Mia3mbl caenal B pabore [103]. Cremyer Takske moqaepk-
HYTb, 4T0 B ApeiidhoBom npubimxkennn (wy <K WBe, wn;) POPMYJIBLI 3TOrO
pasjiena mepexodaT B COOTBETCTBYIONIHE (DOPMYJIBI MPEABIIYIIEro pa3iesa,
JIMHEAPU30BAHHBIE IO MaocTh amimuTyabl ['B. JIas aToro Heobxommmo B
dopmynax (IV.115) nosoxkutb wy K wre K Wpe: B 310M npubiukenuu Boi-
paxenne 11 EY u3 (IV.218) cosnazaer ¢ (IV.187), B < EY, jo/N.e = v!
u3 dbopmyast (IV.180).

IV.7 CroakHoBuTe bHad peJIaKCAINA IJIa3MbI
B IIOJI€ TPABUTAIINMOHHOTO N3J/JIy1Y€eHHUA
I'B maske B M30TPOMHOI Mila3Me BBI3BIBAIOT JIMHEITHBIE IO CBOEI aMIIUTY-

Jie BO3MYIIEHUsI, KOTOPbIE MPUBOAAT K OTKJIOHEHWIO (DYHKITHH PaCIpeIesie-
Hus OT paBHOBecusi. OOMEH UMITYJIbLCAMHU TIPU CTOJTKHOBEHUSAX 3aPSAKEHHBIX
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YACTHIL MJIA3MbI W30TPONU3UPYET U MAKCBEIUTH3UPYET BO3MYIIEHHOE DPac-
npeseeHne U TeM CAMBIM 3aMBIBAET PACCMOTpPeHHBbIE Bbime 3¢ dexTo. B
9TOM pazjiejie HA TpUMepe KYJIOHOBCKNX CTOJKHOBEHUH MBI OTIHINIEM PeJiaK-
CAI[MOHHBIE IIPOIECCHl B ILTa3Me, Haxozxsameiics B mose I'B [76], [74],[104].
C yuerom cronknoBenuii kunerudeckue ypapuenus (IV.1) B merpuke III'B
(IV.17) moxHO 3amucars B Buze|74]:

(P, — eaAv)% => T far fo}s (IV.221)

e fo = fo(Py,Po,P3, He,u). B HyseBoM mpubinzkeHuy TIpU MaJOCTH WH-
Terpasia cTonkHoBeHuit O f,/0u = 0, u MBI TIOJTy4aeM pereHns: GeCCTOIKHO-
BUTEJIBHOTO KHHETHYeCKoro ypasnenus (IV.221):

fg(Pva]P25P37Ha)'

B cnemyrormem npubaukeHun

i du’ "
fa= ;/mJ "{fa, F}- (IV.222)

DTOT UHTErpaJI BBIYUCIIAEM OPU TOCTOAHHBIX Py, Py, P, H, u Py (u’), ompe-
JleJIIeMbIM U3 COOTHOIIeHUsT HOpMUPOBKH. B Kauectse f2 paccMoTpum mep-
BOHAYAJIBHO PABHOBECHOE n3oTponuoe pacupeaenenue (I1V.40). Toacrasiss
(IV.40) B unrerpan Bensesa-Byakepa (IV.9), (IV.10) u nosp3yscs cooTHo-
menusamu (IV.11) — (IV.13), nupusesem ero K Buay:

2melep Amamy du’, duy "2
gov = V2meseihman | n)n/iu oty (1 — gy — ) 73X
(2m)°L°T Uy [(u,u")? —1]
"2 Uy Ua uh — s
X < [(u,u')* = 1(gia + ia) | =+ — — | + | ———+
i = 1t +00) (5 - 22 )+ =
’U‘Iiz - SIE 1o ’
+ 2u/2 + u ! [uiuv UiUy + (U, u )(Uzuv uiuv)] ) (IV 223)
v v P .
e

. 2 2 2
i1=v,2,3: a,f=2,3; u] =u;5+us;

§3 = —g*Puqup; Q= —(6%° + go‘ﬁ)uaufg.
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[TockosbKy perienne 6ecCTONKHOBUTEILHOTO KHHETHYECKOrO ypaBHeHus fo
HE 3aBUCHT $IBHO OT 3aMa3/bIBAIOIIET0 BPEMEHH!, OThICKAHNE CTOJTKHOBUTE b~
HOit nonpasku K dyukimu pacnpeaenenus (IV.40) cBOAUTCSA K BHIYUCIEHUIO
WHTErpaJia mo 3amna3/IbIBaloIeMy BpEMEHU OT SBHON (DYHKIMU METPUIECKUX
koaddunmentos, xoagmux B (IV.223). B stom pasmesne Mbl orpaHudum-
cs pacCMOTpeHueM JnHeHHbIX 1m0 ammumTyae ['B mpomeccos pesakcaruu B
HEPEJIATUBUCTCKON 11a3me. B caydae 601b1IMaHOBCKOTO PACIPe Ie/IeHusT da-

CTHUII, CTOIKHOBUTE/IbHAA HOIPABKA K (DYHKIUN PACIIPEIeIeHNAS IMeeT BILT
[74]:

u
332 f9(u = 0)m,
fo=——722 > () Fap(20) /(Si —u?)du,
32v/7TT, 1v.224
Vi 4 J (1v.224)
rIe
/T ®(2) u 6 9y, 21 e * 21 Q)
Fab(z)—W 67, —2+2—7—g +z—2 2+;+18’7b ;
2
MUl a_ Ma
2y = 2T 3 T = mb’
Ta — 3¢ dexTuBHOE Bpems pesiakcanuu 3apsizkeHHbix dacrul, [105]:
33/2p,1/273/2
=_——9* ____ 1V.225
T T8n 22N, A (IV.225)

®(z) — unrerpan BeposrHocru. Kak Bunno uz (IV.225), yciosuem cnpase-
JINBOCTU CHEJAHHOTO TIPUOJIVYKEHNsl, T.e. MAJOCTU CTOJKHOBHUTEIHHOMN TO-
NPAaBKW, ABJIAETCS

wr, > 1. (Iv.226)

Boraucaum Tenepb CTOJKHOBUTEIBHBIE TOTPABKYU K TEH30DPY SHEPTHUH - WM-
nyabca. OTMeTnM, 9TO HM3KOIHEPreTHYeCKNe YacTH CIEKTPA, B KOTOPHIX
ycsopue (IV.226) moxker 6bITh HAPYIIEHO, BHOCIT UCUYE3A0IIE MAJIbIA BKJIA
B TOU, nosromy BozmokHOCTH ycraHoBieHus JITP B aTux yuacrkax crek-
Tpa MOXKHO urnopuposathb. IIpoBous unrerpuposanue (IV.224), naiinem miis
OTJIMYHBIX OT HyJs KoMmmoneHT TOU:

u

Wmﬂﬁmwmﬂﬂm%WW,

0

ST — 332N, T
16T,
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o) = | 122° + 92 -1 122> + 17z + 1
V241 21> z(z+1)

VuurhiBas MaJIOCTh OTHOLIEHUS 1M, /M;, BHIIUIIEM OCHOBHbIE BKJI/Ibl B 110-
npaBku K TOU 371eKTPOHOB U MOHOB:

rae

U

332l 2N, T
0I5 = — —32m1/27—e / (—=9ap — dap)du’;
e e
0
. PPRPINT | ,
0Top = —W /(_gaﬁ — bap)du’. (IV.227)
e 2 0

OCHOBHOI#1 BKJIa/I B CTOTKHOBUTEIBHYTO MONPaBKy K TOU BHOCAT 371€KTPOH-

1/2
K3
HbIE CTOJIKHOBEHMSH, IPUYeM BKJaJ, MOHOB IPUMEPHO B <—> pas 60Jib-
Me
aie BKJIa/da 3JIEKTPOHOB. Ha 3aBHCHUMOCTDH OT TEMIIEPATYPBI CTOJIKHOBUTEIb-

noit monpasku 07,5 ~ T~1/? yxaswisamnocs B Gosee panneii paboTe aBTOPa
[75]. CronkuOBUTENbHAS TIOMPaBKa K TV Giarofaps HAINYUIO WHTETPH-
POBAHMS TIO 3aTMa3/IbIBAIOINIEMY BPEMEHN OMHMCHIBAET KOJIEOAHHUs JABJICHUS B
nporusodaze ¢ 6eccTOIKHOBUTEILHON nonpaBkoit 0Py = +2hP u teMm ca-
MbIM yMeHbInaer 3gdext Bo3aeiicteus I'B ma mmasmy. Paccmorpum st
npumepa caabdbyio I'B ¢ nonapuzanueii e, , npudem = g sin wa Torga Gec-
CTOJIKHOBUTEIbHAS MOMPABKA K JABJIEHUIO MJIA3MbI DABHA:

(5P(2’3) = :*Z2,80 sin w - PO,
rae Py = (N. + N;)T. CronknoBuTe bHas TIoMpaBKa K masiaernio 6P co-

riacuo (IV.227) npubnuzkeHHO paBHA:

) 52032 N T
6P2173 ~ 6P = 5 7my Ni - o cos wii.

T e

DTa MOMpaBKa OCTAETCS MaJIO TI0 CPABHEHUIO C OECCTOIKHOBUTEILHON TTpU
YCJIOBUU:

3/2
m;

wT; > <—> .
Me
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OHAKO, SJEKTPOHHYI0 KOMIIOHEHTY IJIa3Mbl MOYKHO CYUTATH OECCTOJKHO-
BUTEJIbHOI 1pu 60JIee MITKOM yCJIOBUU:

Me

m\ /2
me>><—’> . (IV.228)

Anamusupys (IV.227), MOXKHO TpUiiTH K OMMOOYHOMY BBIBOAY, YTO TIPH
T — 0 crosnkHoBuUTENbHBIE TIONPaBKu K TOU crpemMsiTcsa K GECKOHETHOCTH.
Dopwmyanr (IV.227) nonygenst B npeanonoxenun T >> ep. llpu T ~ ep na-
YUHAETCS BBIPOXK/ICHHUE JJIEKTPOHOB, B PE3YIHTATE KOTOPOTO MPEKPAIIAETC sl
0OMEH MMITYJIbCAMU HA, HUKHHUX YPOBHAX. DTOT 3 (PEKT OonmchiBaeT djeH
tuna (1 — ng)n, B wHTErpase croakuosenwii (IV.223). s niutoctparyn
5TOr0 (hbaKTa PACCMOTPHUM TTOYTH BHIPOXKIEHHBIH Ta3 3J1eKTPOHOB e /T > 1.
Torpa crarncrnaeckuii muoxknrens (1 —n)n B (IV.223) umeer §-o6paszubrii
XapakTep, OTANYasiCh OT HyJid Jullb 6m3u moBepxuoctu @epmu. Ipormexy-
pa BbIYKCIIeHKs TOJOOHBIX MHTErPaioB pazpaborana 3ommMepdenbiaom (cM.,
Harnprumep, [106]). B pesysbrare BHIYMCIEHU HafiIleM CTOJKHOBUTEIHHYIO
MOTIPABKY K (DYHKIIMU PACIPEIeSIeHNsT 3JIEKTPOHOB, 00S3aHHYIO 3JIEKTPOH-
9JIEKTPOHHBIM CTOJKHOBEHUSIM

91/2 4 A2 2\ §
5l =~z S~ ) (F - m;“) / (53 — ud )du' (IV.229)

re e = p3./2me, M COOTBETCTBYIONLYIO MONPaBKy K TOU 3/1eKTPOHOB:

w2 TN |
0Tog=——F—— / (—9as — dap)du. (IV.230)
0

I[Ipu T — 0 croikHOBUTEIHLHAS TOMPaBka K TOUW crpemurcs Kk Hy0. Bobl-
POXKIEHHYIO 3JIEKTPOHHY 0 KOMIIOHEHTY MOXKHO CIUTATH O€CCTOTKHOBUTE b~
HOH NIPY BBIIOJTHEHWH yCJIOBHSA:

4
v Mee AT (IV.231)
Er
C yMeHbBIIEHWEM TEMIEPATYDPBI JEKTPOHHBIA Ta3 CTAHOBHTCS Oosee Gec-
CTOJIKHOBUTEJIBHBIM. 3aMeTuM, 410 mpu ep /T — 0 CTOIKHOBUTENbHAS Pe-
JIAKCAIIMST OTCYTCTBYET U B CJIydae aHM30TPONHOM noBepxuocTn Pepmu, Ha-
npumep, ais (IV.101).
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IV.8 leiicTBue MJIOCKUX I'PABUTAITMOHHBIX
BOJTH HA CUJIbHOCTOJKHOBUTEJJIBHYIO T1J1a3-

MYy

IV.8.1 [eiictBue III'B Ha OTHOKOMIIOHEHTHYIO
JKUJTKOCTH

IIpu BeimOSTHEHUY YCI0BUi, OOPATHBIX PACCMOTPEHHBIM B IPEIBLIYIIEM Pa3-
Jejie

WTepp K 1, (IV.232)

CTOJIKHOBEHHUs dacTull, ycmeBaioT nomamepxkusaTth JITP B mnasme. B stom
CJIy4ae WHTerpaJj CTOJKHOBEHUI CTAHOBUTCS IJIABHBIM UJIE€HOM B KHHETHYe-
CKUX yPAaBHEHUSX, U [MOBeJIeHNE y1a3Mbl B nosie I'B onuceiBaercs ruapoau-
HaMudecKuMu ypaBHeHuamu paszena II1.1. Tloab3ysch 3TnMum ypaBHEHUS-
MH, HETPYIHO TOKa3aTh, 9TO ecau a0 npuxoqa I'B mmazma mokomnach, TO
KOMTIOHEHTHI MAKPOCKOTMYECKOH CKOPOCTH B mIockocTu ¢pponta I'B ocra-
I0TCsI PABHBIMU HYJII0. B 3TOM ciydae perenns: ypaBHEHU I THAPOINHAMUKH
rakzke crapoHapusl P = P(u); € = E(u):
_ 1y _ L v oy
Uy = —=€ ¥ uy = —=e¥; Y =y(u). (Iv.233)
V2 V2

Herpusunasnbubie ypasuenus rugpoauanavMuku B merpuke (IV.17) npunuma-
1ot Buzx [107]:

(E+ Py - P =0 (IV.234)

L72[L2(£ + P)e™¥] — Ple7¥ =0, (IV.235)
OTKYZIa Cpa3y CJeJyeT MepBbIi MHTerpaj:

(E+ P)L?e *¥ = (£ + P)o, = Const . (IV.236)

Ucnonzys stor unrerpan B (IV.234), nonryanm ypasuenue (z = In L?)

%(5 _P)=—(£4P). (IV.237)

ITpu 3amannom ypasaenuu cocrosuusa P = P(E) ypasuenue (IV.237) perma-
€TCsl B KBaJPATypax, TAKUM 00pa3oM, ypaBHEHUs TUIAPOJUHAMUKU B TIOJIE
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IIT'B unrerpupyrorcs rouno [107]. Pusnveckas KOMIOHEHTA CKOPOCTH I1J1a3-
MbI, U3MepsieMasi CHHXPOHHBIM HaOJI0JATe/IeM, BhIpAXKAETCs depe3 (DyHK-
o 1 (u):

o' =u' Ju' = the. (IV.238)

N3 (IV.233), (IV.236), (IV.237) caenyer, 94T0 B3aMMOMEHCTBHE XKUIKOCTH C
III'B cymrecTBeHHO HEMUHEHHO 110 amiinTyae I'B, — B iuHeHOM O aMILIn-
Tyne I'B xkuakocts He orknukaercs Ha geiicrsue III'B. 91o obcrosiTenbecrBO
HEOJHOKPATHO OTMEeYaJoch paHee (cM., Hanpumep, [109]).

Paccmorpum peiicteue 1II'B Ha HEpeIATHBHUCTCKYIO MIa3My, YPABHEHUE

cocTosiHusA KOTopoit mmeet Bug £ = Nm + —P. II10THOCTh 9HCIa YACTHUIL
OTIPEJIETTUM U3 YPABHEHUS HEPA3PHIBHOCTH:

N = Nge¥ /L2 (IV.239)

Nurerpupys ypasuenue (IV.236), (IV.237), naiigem [107]:

5T
No 1+ =
T3 TS °< +2m>
5T\. T A R
14— A1+ 222 L <1+—>
< + 2m> ( + 2m> 2m
[1+_5 (T+T)}
T-T, 0
123 - ). dm (IV.240)

5T\° 5T\ >
1+ — 1+ —
rne T = P/N — remueparypa mia3mbl. Jljisi HEPeJSTUBUCTCKON I11a3Mbl

T/m <« 1. Paznaras no sromy napamerpy Bbipazkenus (IV.240), naiinem
[107]:

T
o=
m

T=T, L% N=N,-L% (L™%3 —1).  (Iv.241)
TTocne mpoxoxkaenns: I'B HepenaTuBucTcKas mia3Ma pa3orpeBaeTcsa U IBU-
JKeTcs B Hanpasjernu pacipocrpanenus ['B. Ilpu L < 1 dopmynst (IV.240)
— (IV.241) craHOBATCSA HECUPABEIJUBBIME, MOCKOJIBKY MPHU 9TOM HAPYIIa-
eTcsl HepeJIsSITUBUCTCKOE YpaBHEHME COCTOsiHMsA. PaccMoTpum Tereps 6apo-
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Tponndeckoe ypasuenue cocrosinusg € = kP (|k| > 1). Ypasuernus (IV.236),
(IV.237) upu 3TOM UHTErPUPYIOTCS HJIEMEHTAPHO:

4
R, 1-Lk-1
k-1 1+Lk+1

IIpu L — 0 naBsienue mira3mbl CTPEMUTCS K OECKOHEYHOCTH, CKOPOCTH —
K CKOpocTH cBera. B gacTHOCTH, JIsi yIBTPAPETSATUBUCTCKOIO YPABHEHUS
cocrosiaust £ = 3P(k = 3) monyunm u3 (IV.242):

&)

' & , 1-17
:F’ = =

P =—; UV =———7.
L 1+ L2

£ (IV.243)

Jlns yasTpapesIaTHBUCTCKOMN TIa3Mel ¢ u — 0 P ~ T#, TakuM 06pa3oM s
Takoil miasmer [107]:

T =Ty/L. (IV.244)

Cpasnenue dopmyn (IV.243) - (IV.244) ¢ aHAJIOrUYHBIMU BBIPAKEHUSIMU
7151 OECCTOMKHOBUTETHHOIO ra3a 6e3MacCOBBIX JacTull u3 pasaena IV.2 mo-
KasbIBaeT, 9To moc/e mpoxoxaenns dponra B (A = B = L2, C = 0) s1u
bOpMyJIBI COBMAIAIOT. JTOT JIIOOOMBITHBINH (PAKT MOKHO YCMOTDPETh HEIMO-
CPEICTBEHHO M3 pelennsi OeCCTONKHOBUTEIHHOTO ypABHEHUS I Oe3Mac-
cosbix yacrun B noste I'B f = f[€,(u,P)]. HeiicrBuresnHo, BBeJEM BEKTOD
MaKPOCKOMIIecKoit ckopoctu cormacto (IV.243) (vl = ul /u?):
a_1=) (1)

2L 2L

Torna Beqmuuny &, (u,P) nocne npoxoxaenus ¢dpporra ['B moxuo 3anucarhb
B BHU/JIE

L (1 — L*)m?
o(u,P) = —(u,P) + 55—+
Ea(u, P) To(u )+ PP Ty

b

OTKY/Ia BUJHO, YTO pacipejesenne 6e3MacCOBbIX YaCTHIL TTOCTE IPOXOXK/Ie-
nus nakera I'B cranoBurca pasHosecubim ¢ remueparypoit (IV.244) u maxk-
pockonu4eckoit ckopoctsio (IV.243) [109].

N3 (IV.242), a makxke (IV.237) ciemyer, 9410 yKa3aHHbIe DeIleHUs He
TIPUTOJIHBI B CJIyYae MpeJesbHO JKECTKOTO ypaBHeHWsi cocrosinus & = P.
Pemtenne B 9TOM Cilytae CTaHOBUTCS CYINECTBEHHO HeCTANMOHAPHBIM [107].
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HerpuBuanpubie ypaBHeHusi THAPOIMHAMUKHA B 3TOM CJIy4ae MOYKHO 3aIlu-
caTb B BH/le:

P(In L*)' 4+ 8,(Pe*¥) = 0, (IV.245)

duln(L*>Pe=2¥) = 0. (IV.246)
3 (IV.246) cpa3sy cJiemyer WHTErpadr:

PL%e™ %Y = p*(v), (IV.247)

rae ¢(v) — nponssoabHas dyukums. Honcrapuss (IV.247) B (IV.245), no-
Jy4UM JUHeHHOe ypaBHeHne Ha BeauuauHy eV pemas KoTopoe, Haiiem 06-
mee perrenne [108]:
v
§(u) — (In L)' [ o(v")dv’
2 = (IV.248)
e .
¢ (v) ’
rae &(u) — mpomsBosbHas dyukuua. B orcyrcreue I'B ¢ = 0, mosromy
&(u)|u<o = (v). Ozcroma cremyer, ITO

§(u) =p(v) =1,
IIO3TOMY pellleHue YPaBHEHU I'i/IPO/IMHAMUKY, Y/I0BJIETBOPAIOIIEE Hy/I€BbIM
Ha4YaJIbHBIM YCJIOBUAM, IPUHUMAET BHUJI:

e? =|1—(InL)v); P=L?1-(InL)v; (IV.249)

IpUYeM HAJIOKEHUsl 3HAKA MOJYJIsl IPU U > U, obbscuenbl B [108].

IV.8.2 eiicreue III'B Ha pagmammoHHO - JOMUHUPO-
BaHHYIO MJa3My

U3 (IV.241), (IV.243) caenyer, uro ra3 GeamaccoBbix yactuil ¢ dexTusHee
yckopsiercs I'B, wem wepensatusucTckuii ra3z. Ecim njazma cocTouT m3 IByX
B3aUMO/IEHCTBYIOIINX MEXK Iy cO00i KOMITOHEHT, 0€3MaCCOBOM U MACCUBHOM,
moc/IeIHsAsT OyIeT YyCKOPSIThCS B HAITPABJIEHNH pacnpocTpanenus ['B 3a cuer
B3aUMOJIEHCTBHs ¢ MaccuBHOI kommonenToil. B [109] paccmorpeno ycko-
penne cunbuoi III'B paguiimoHHO-TOMUHIPOBAHHOM MIAa3MOM, COCTOSAIIEH
W3 XOJIOJHBIX IJIEKTPOHOB M MOHOB ¥ OOJIBITIONO KOJIWYECTBA CJIA00B3aMMO-
nedicrByromux dhotonoB. ITokazano, ato (HoToHbI 3hHEKTUBHO YCKOPSIOT
MJIA3MYy 33 BPEMsi, OMPEIEIEHHOE U3 COOTHOIIEHUS:

o7 Nyu. T, /m; «~ L*(u),

rae or - TOMIICOHOBCKOE CE€Y€HNEe paCCEeAHNA.
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IV.8.3 eiicrBue 1II'B Ha maa3my co ckaJgapHBIM B3a-
nMogeiicTBueM YaCTHIL

Paccmorpenne B paMkax uaeasbHON THAPOIMHAMUKY AHAJOTHIHOMN 3a1a9u
C YY€TOM 3JIEKTPOMATHUTHOTO TOJIS HE MMEET CMBIC/IA, MOCKOJIBKY MEPBO-
HavaJIbHO OHOPO/IHOE, W30TPOITHOE PABHOBECHOE PACIIPE/IEJICHNE BO3MOK-
HO JIUIID TIPW OTCYTCTBUHU 3deKTpudeckoro nomd. Ilox mneiicteuem I'B B Ta-
KO IMJIa3Me He BO3HUKHYT JIEKTPUYECKUE TOKU BCJIEICTBUE M3HAYATBHOM
9JEKTPOHEHTPATHLHOCTH TLIA3Mbl M PABEHCTBA MAaKPOCKOTHMYECKUX CKOPO-
creit Bcex ee kommoneHT. O THAKO, TaKas 3312498 UMEET CMBICJT JJIsT TIJIa3MBbI C
KOPOTKWM B3aUMOIEHCTBUEM YACTHUIl, TIOCKOJIBKY B 9TOM CJIydae BO3MOXKHO
HEBO3MYIIIEHHOE COCTOSTHUE OJIHOPOJIHOM M30TPOMHON IMJIa3Mbl OTHOUMEHHO
3apsKeHHbIX dactuil. Paccmorpum geiicteue III'B ma Takyro cucremy Ha
OpUMepe I1a3Mbl ¢ MACCUBHBIM CKAJISPHBIM B3auMoeiicreuem yacrui [110].
IMockonmbky merpuka IITB (IV.17) aBiagercs BaKyyMHON CaMOCOTJIACOBAH-
HBI€ YPABHEHUS JBUKEHUS TJIa3MbI B PAMKAX THIPOJIUHAMUYIECKON MOIe/In
(pazmen I11.1) npuHUMAOT BUI:

Tk, —o®’ =0; (IV.250)
As® + p?® = —4reso, (Iv.251)

IJIe TJIOTHOCTH CKAIAPHOTO 3apsana onucbiBaercs dopmynoit (11.44), eg =
—1 B caydae OTTAJKUBAHWUS OJHOUMEHHO 3apsi?KEHHBIX YaCTHIl, €5 = +1 B
ciayqae npurskenus. TOU ckansipHOro mosist Ha (hbOHE BAKyyMHOW METPUKH
WMeeT BUJI:

€s

T‘ék - 47

ik — Eg’k(qwlq»J - 2o, (IV.252)
Bynem uckarb crauuonapubie pemienusi ypasuenuii (IV.250), (IV.251), uo-
Jlaras Bce (PYHKIMN 3aBUCAIIMMY JIAIIb OT 3alla3JIbIBaiomero speMenu. To-
raa ypasaenns (IV.250), (IV.251) npunuMaioT BuI:

L2 [L2(P+&)] + 2P+ &)W =0, (IV.253)
L2 [P +&)] —2p — 209" = 0; (IV.254)
2 ® = —4reso. (IV.255)

N3 (IV.253) waxoaum naTerpas (IV.236). C y4eTom 3TOro mHTErpasa u aj-
reGpandeckoro ypasuenus (IV.255) cucremMa ypaBHEHUiT CBOIUTCS K OJHOMY
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venuHeHOMY Tud dbepeHImaIbHOMY YPABHEHUIO MEPBOTO TOPSIKA, KOTO-
pOe Bcerjia pemaercs B KBaIPaTypPax, €CJid U3BECTHO YPABHEHUE COCTOSTHUS
& = £(P) u 3aBucumocth 0 = ¢(P). PaccMoTpuM pelrieHre 3TOro ypaBHe-
HUS B 9aCTHOM CJIydae, KOr/la CyMMapHO€ YDaBHEHNE COCTOSHHUS TIIIA3MbI
siBJisieTcst baporporabiM € = kP, a cKaJsapHBbIM 3apsaJoM 00JIaaf0T NI
HEPEJIITUBUCTCKUE YACTHUIIBI, KOTOPBIE JJis KPATKOCTH OYIyT HA3LIBATHCS
bapuonamu. /Iy 3THX IACTHUIT U3 3aKOHA COXpAHEHUsT 6APUOHHOTO TOKA, Hal-
nem (cm.(IV.239)):

Nt - N~ =§Nge¥L2,

rae 0Ng = NS‘ — N, - magajibHas KOHIeHTpanus. /g HepeaaTuBUCTCKUX
JACTHI] TpjE = m,N*, mosromy

o = g6 Noe? L™ sgn(m + ¢q®). (IV.256)

Ipeanonoxum mnsa onpenenentoctu 6Ny > 0. Torma u3 (IV.255) caenyer,
4TO B CaIydae €5 = +1 (IpUTsKeHne) permenne MOKeT TPUHAIEKATH JIATTH
K 3aKPBITOMY HHTEPBAJY:

m>m+q®>0; (es=+1), (IV.257)
a B caydae €g = —1 (oTTankuBaHue) - JHIlb ABYM OTKPBITHIM:

+oo > m+q® > m;
(IV.258)
—oo<m+q®<0; (es=-1).

B ciayuae, xorma m + ¢® > 0, nonyuum uz (IV.253) - (IV.255) peruenue
[110]:

k
k—1

oV 12 E—14esv? ;
L2(k—1) + egy?
p_ P2 kE—1+esy? %_
T2 —1) +esn?|
k—-1+ es’yz
d=4 ON, 1V.259
TESGOLNg L2(k—1) + es)? ) ( )
rae
A7q?ONg
2 %. (IV.260)
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Herpynno Buzers, 910 3111 Bhipakerus npu Y = () mepexoaaT B BhIPAKEHUS
(IV.242) nns wefiTpanbHOR KugkocTu. B ciydae NpUTSKEHUsT OIHOUMEH-
HO 3apsKEHHBIX OAPWOHOB BOJIM3WM KOODAWHATHOW cuHTyasgpHOocTH L = 0
¥ — 0; P = 0; ® — Const. IIpu 3ToM cKOpocTs maa3Mel v = —1 - mwras-
Ma gsukercs wascrpedy I'B. Takum obpasom, mpu v # 0 moBejenue 3a-
PAXKEHHON KUJAKOCTH PA3UTENbHO OTJIMYAETCA OT NOBEJEHUA HENTPAJIbHOIA.

CoberBennbie uncia cymmapuoit TOU papwb:

s
8
1 €S 9.9
Ma=—(k—1)P+ —=pd+
14 = 5 )P+ o

(k+1)Py ., [e* €5 11
LT 002 |8 (k1) P+ 2
{ oz 2|kt )P+ 20

A=X3=—-P+ /‘2@2;

1/2

B orcyrcrue I'B:

€
M =—-Fy+ 5

€S 2z2 < 252
—u®5; M=E=kP+—p°d
87 0’ 8 0
- CyMMapHOE JABJIEHWE TJIa3Mbl U CKAJISPHOTO TOJIsS W30TPOMHO. BOsm3u

KOOPIMHATHOM cuHTYyAapHOCTH L = () BO3HWKAET aHWU3OTPONHUS JTABJICHUS
PL>Py=Py=—2,2¢2,
8w

B ciiyuae orrankuBanusi 0THOMMEHHO 3aPS2KEHHBIX OAPUOHOB BO3HUKAET
JIIO0OTIBITHAS CUTYAIUS - Peain3yercs: (pu3nIecKn CHHTYJISIPHOE COCTOSHUE
BJAIM OT KoopAmHaTHO# cunrynsproctn: mpu L2(k — 1) = 42 ¥ — +oc,
P — 400, ® - 400, CKOPOCTDH TJIA3MbI CTPEMUTCS K CKOPOCTH cBeTa. Bo3-
HUKHOBeHUE (DU3UIECKON CUHTYIAPHOCTH BAAJIU OT KOOPAMHATHON CIIeayeT
MMOHUMATH KAaK PA3BUTHE HEYCTOWYMBOCTH B OAPMOHHOM IJ1a3Me € OTTAJIKU-
BaHWEM OJHOMMEHHO 3aPsKEHHBIX YaCTHIl, CripoBonmpoBantoe I'B.

B ciyuae npemenbHO KECTKOTO ypABHEHUS COCTOSTHUS Ta3Mbl £ = P
u 72 # 0 B OTZIMYME OT HEWTPAIHHON YKUIKOCTH CYIIECTBYET CTAIIMOHAPHOE
pelenue, KOTopoe MOKHO moyunth u3 (IV.259) nepexomom k mpenerny k —
1 — +0:

es(1-L%)]
o8 ’

2e5(1 — L?)
'72

e? = L% exp [

b

P:%Bwﬂ

_r2
P® = —4mwegdNg exp [M] .
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[Ipu 2 # 0 3T BeMYNHBI KOHEYHDI TIPH JIFOOBIX KOHEYHBIX L.

IV.9 BuimsgHwue rpaHuIi Ha ABUXKEHUE I1JIa3MbI
B I10JI€ IIJIOCKOW I'PABUTAIMOHHOI BOJIHBI

B [94] perrtena 3aia4a 0 pe30HAHCHOI reHepanny MIA3MEHHBIX KOoJeGaHuii
IJIOCKOW I'PABUTALIMOHHOW BOJIHOI B HEOTPAHUYEHHON OJHOPOIHON aHU30-
TpoOmHO# MmTa3Me. B peanbHBIX TaOOPATOPHBIX CHTYANMAX ILIa3MOIOI00-
Has CPeJa OrPAHWYEHA CTEHKAME, HA KOTOPBIX MPOUCXOIAT OTPAXKEHUE G-
cTull Ia3Mbl. B ¢BsA3u ¢ 9TMM HEOOXOIWMO UCCJIEIOBATH BIIUSTHUE TDAHUIL
Ha ABWKeHne Maa3Mmbl non aeiicteueMm ['B. IIpm 3ToM MBI cTagkuBaeMmcs
npobsemoit 3amannsa rpanut B mosae III'B. [leiicTBuTenbHO, MOBEPXHOCTH
22 = Const, 23 = Const, ! = Const gBAAI0TCA HOBEPXHOCTAMH TeOIe3HTIe-
ckumu B Merpuke (IV.17) tpybru. O6beM Takoro reoJe3mueckoro «kKybas
BJIOJTH BOJHOBOTO BeKTOpa I'B Memserca mponoprmonaiabao L2. PeansHble
TPAHUIIBI MJIA3MBI HE MOTYT OOpPa30BBIBATHCS TEONE3NIECKUMHU, TAK KAK B
9TOM CJIydae OHUW HE CMOTYT yIep:KaTh maasmy. [ljis Toro, 4roObl 331aTh
peasibHbIe TPAHUIIBI IJIA3MbI, HEOOXOAUMO 3HATH JUHAMUKY STUX TI'DAHUIL
B nose IIT'B, B wacTtHOCTH, fUHAMUKY TBepaoro tena. IIpm 3ToM MBI puc-
KyeM OKa3aThCs B 00JIACTH, MMEOIell KpaiiHe HeHAIeKHBbINH (DyHIaMEHT.
Tem He MeHee, MOKHO KOPPEKTHO MOCTABUTH YACTHYIO KPAEBYIO 3314y,
KODJIA TJIa3Ma SBJISETCS OrPAHUYEHHOM WJIU TIOJIYOTDAHMIEHHON TI0 KOOP/IU-
mate z'. IeiicTBuTensHo, reomesudeckue auann ' = Const ompemensioT
napaJsiieJIbHbIE TIJIOCKOCTH, PACCTOsIHUE MEXKIy KOTODBIMHA HE HU3MEHSIETCS
O[T JIefICTBUEM TPABUTAIMOHHON BOJIHBI, TAKAM O0PA30M, TDAHUILI TLIa3-
Ml 2! = Const ABIAIOTCA JKECTKUMH TPAHHUIIAME. JTH YKECTKHE I'DAHHIILI
MOTYT OBITH CO3IAHBI M3 BEIIECTBA C HEPEJATHBUCTCKAM YPABHEHHEM CO-
crosinus P/E — 0. HeficrBuresibHO, U3 PE3yJIbTATOB MPEbLIYIIUX Da3/e-
JoB ciepyer, uyro upu P/E — 0 cpena ue ysiekaerca ['B B nanpasienun
pacmopocrpanenus nocienneit. CiegoBaTesbHO, PPAHAIA TAKOTO BEIECTBA
coxpangeT csouM ypasHerme ' = Const. Takme MmIOCKHE IPAHUILI MOTYT
OBITH OOPA30BAHBI, HATIPUMED, KPUCTAJIINIECKON PEIeTKO, B y3/1aX KOTO-
POil HAXOIATCS TSAYKEJIbIE NOHBI.

164



I1V.9. Biusuwe rpaHUIl Ha JABHXKeHUe 1aa3Mbl B riosie 11I'B
IV.9.1 3agadya c rpaHUYHBIMHU YCJIOBUAMU JJIs MJIA3MBbI
C npeaeJibHO 2KE€CTKUM ypPaBHEHUEM COCTOAHUA

PaccMoTpum cHavasa TOYHO PEIaeMyo 331a9y ¢ TPAHUIHBIMU YCJIOBUSIMHA
Ha TTPUMEpPEe TIOJTyOTPAHUYEHHON M/IeaIbHONW YKUIKOCTH C TIPEAETbHO KeCT-
KnM ypasHerue cocrostaust [108]. CooTBeTcTByIOIIME HE3ABUCHMBIE YDaBHE-
HUS THAPOJIVHAMHUKHA UMEIOT BUI:

Pou(In L?) + dv(Pe?¥) + f, = 0; (IV.261)
L720u(L?Pe=*¥) + f, = 0, (IV.262)

rae f; - BHOITHAS CHUa, yAep:KUBaiomad IaasMy Ha rpammie ' = Const.
1_ 1_

Ecau BemecTBO 3aka09eno Mexay miockoctsvu &+ = 0 u & = I, yaepxu-

BAIOILYIO CHIIy MOYXKHO 33JIaTh B BUJIE:

fi=PoilU+(v—u)+U_(v—u— \/ﬁl)]

Paccvorpum iagenwe I'B #a moayorparndennyio maasmy z! > 0. B otcyT-
creun I'B (u < 0) crarugeckoe pemenne (IV.261) — (IV.262) umeer Buz

Y =0; P=PRU;(v—u)=PUs(zh).
Perrenne (IV.261) — (IV.262) npu nammumu I'B 6yaem uckars B Buze
P(u,v) = w(u,v)Us (v — u), (IV.263)

rae 7(u,v) - dbyHKINA, He MMelomas pa3pbiBoB Ha mosepxHocTn ! = 0.
Havanbuble yCIOBUS UMEIOT BUI:

m(u,v)|lu<o = Po;  ¥(u,v)[n<o = 0. (IV.264)
IMoacrasnsaa (IV.263) B (IV.261), upuseeM 3Tu ypaBHEHUsI K BUJLY

Uy (v —u)duln(rL?e V) + 6, (v —u)) = ¥y (v — u); (IV.265)

Uy (v —u)[rduln L2 + dume?¥ ]+ e*¥méy (v —u) = 74 (v —u),(TV.266)

IIpupasuusas KosdpuimenTsl npu 0 - GYHKIULAX, HOJYYUM IPAHUIHOE
yCJIOBHE:

¥(v,v) = ¢(z =0,t) =0, (IV.267)

KOTOpPOE O3HAYAET, UTO YKHWJIKOCTh Ha TPAHMIIE MOKOUTCS BO BCE BPEMEHA.
Bcenencreue onpesienenns crynendaroit yuxmmn Uy (x) ypasuenns (IV.265),
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(IV.266) B obnacTu z* = % (v—u) < 0 obpamamTcs B TPHBHATILHBIE TOXK 1€~

ctBa 0 = 0 mpu 06X ) 1 7. B obmactu 2! > 0 3TH ypaBHEHNS COBIIAIAIOT
c (IV.245), (IV.246) u umeror ceonM pemennem (IV.247), (IV.248). 910 06-
1€ PEIIeHre OIZKHO YI0BIETBOPSTh HAYAIbHBIM M IPAHUYHBIM YCIOBUSM
(IV.264), (IV.267). YuursBas (IV.267), nonyunm &(u) = ¢(u), a ucnonp3ys
(IV.264): p?(v) = Py = Const. Takum 06pa3zom, HafieM TOYHOE PerieHue
3a/1a9M O JIBMKEHUH TOJIYOTPAHNUEHHOM nieabHoil kuakoctu B osie I'B:

_ POU+(1) - u)

P
L*(u)

[1—(InL) (v—u)l;
(IV.268)
L 1= (InL) (v—u)|—1

V= [1—(InL)(v—u)|+1

JlaBnenue Ha rpanuie Mensercs no saxony P(0,t) = Py L™2(t) - pacrer B
Te€YEHNEe BPEMEHH

t<t,= \/§u*, a 3aTeM MOHOTOHHO TazaeT 10 uysid. Ilpu v > u > 0 pe-
menue (IV.268) crpemurcs K pemenuro 3axa4uu Ko st HeorpaHueHHON
skugkocrn (IV.249).

AHAOTUYIHO MOXKHO PACCMOTPETHh U JIPYTYIO, OOJiee UHTEPECHYIO CUTY-
aIuro, KOIJa JKEAKOCTh PACIOJIOMKEHA B J€BOM IOIyIpocTpancTse 2t < 0,
T.e. BOJIHA HAOEraeT Ha CTE€HKY, B 9TOM CJIyYae B BHIPAYKEHUH [IJIsl BHEITHEH
cusbl HeoOxoamuMo yaepxKath wieH U_(v —u) = Uy (u — v). I'B gocruraer
crenku mipu t = 0. /[0 9TOr0 BpeMeHW HAJUYNE CTEHKH HE JOJXKHO CKA3bI-
BATbCA HA MOBEJEHUHW KUIKOCTH BHyTpm makera I'B, mosromy mpum ¢ < 0
pemtenue ypasaenuii (IV.261) - (IV.262), mosKkHO coBnasarh ¢ perieHuem
3agaan Komm. Ilpu u > 0 KuAKOCTH MOYYBCTBYET PEAKIMIO CTEHKH JIUIIID
B 00J1aCTAX, ONpeedeMbIX HepaBeHCTBOM —z' < t, T.e. v > 0. ITostomy
Ha u3orponuoii mosepxuoctu v = 0 perenue Komu (IV.249) nomxuo GbITH
cimTo ¢ obumm perrernem (1V.247), (IV.248). Takasi criuBKa MPUBOANT K
HHTErpasbHOMY ypaBHeHUIO Ha GyHKImIO y(u) = ¢(u)/p(0):

u

(w) + () [y’ =1,

JJId peleHnd KOTOPOIro IIOJIO2KHUM
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TOTJIA
Z'+Z(nL) =1; Z(0)=0.

Pemras 3To ypaBHenme, Haiimiem:

y(u) =1—[InL(u)]'Z(w).

TakuM 00OPa30M, HalIeM PEIleHre 3a/1a91 C TPAHUIHBIM YCJIOBHEM:

v
1— L~ ()[ln L(u)]' [ L
o2 — 0
1— L=1()[In L)} [ L(v’
0
PoUs (u — lL
P:JL%Z—kamwﬂl— 1 ./L o' . (1V.269)
L (u)

0

Jlammoe perenne MpUTOIHO BO BCEX OOJIACTSAX M3MEHEHUS TMEPEMEHHBIX U 1
v. Pemenue (IV.269) conepzkut JBe CUHIYJISPHOCTH, BO3HUKAOIIUE KAK IIPU
U = Uy, TAK U TIPH U = V4. BTOpasg CHHIYJASIPHOCTH COOTBETCTBYET BOJIHE
cxkaTus, orpakeHHoil or crenku. Ha rpanune (u = v) JaBieHue pacrer
1o 3akony P = POL_6(t). Hanwame nByX OTpazKalomiuxX CTEHOK MPUBOIUT
K TOSIBJIEHUIO CJIOYKHOW KAPTUHBI, COCTOSAIIEN W3 HAJIOKEHNS MHOTOKDPATHO
OTPAYKEHHBIX BOJIH.

IV.9.2 T'panmuynasa 3amada ajid 0€CCTOIKHOBUTEJIbHOI
AHU30TPOITHOM IJIa3MBbI

[Tepeiimem K pernerunio TakoH 3314491 /115 OECCTOTKHOBUTEILHON aHU30TPOTI-
HOI1 ma3mel B moJie caaboit I'B [111], npuyem anuzorponuio mia3mbl Oyiaem
TaK)Ke CYUTATH CJIabOi:

fo(p) = fo®® + Yasp®p?),
1

npudem dpy = 0. Hanpasum ogHy W3 TJIaBHLIX OCE# MaTPUIBI ¥, T, HOP-
MaJbHO K TPAHUTIAM, YPAaBHEHUSA KOTOPHIX 33JaJIUM B BU/JIE

x=0; z=I. (Iv.270)
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JInneapn3oBaHHOE KHHETHYIECKOE YPABHEHHE /1151 OECCTOTKHOBATETLHOM T171a3-
™Mbl B ioste I'B ¢ monsipusarueit e umeer Bu:

86F  ikhy 5 5. 0fo L 0o
1901 _ _pyde g, g 200
P os 2 (v p3)8171 “anP op®

(IV.271)

U3 (IV.271) caenyer, uto 6 f = 1) (x,t, p1,p3,p3), TOT/Ia U3 BCEX KOMIOHEHT
Tenzopa MaKcBesIa OTJMYHA OT HYJd JIMIIb IIPOJOJIBHAH COCTABJIAIONIAL
Fy = E(xz,t), xoTOpas onpejensercs U3 eJIMHCTBEHHOTO HETPUBHATHLHOTO
ypaBHenns Makcsesia:

9F _ —4mjt(z, ). (IV.272)
ot
Bcenencrsue 3epKajbHOrO OTPAYKEHWsT YACTHUIl HA TPAHUIAX (DYHKIHUSA PAC-
TIpeJIeJIeHns JOJIPKHA ObITh Ha 9THX TpaHMIAx udeTHoi dyHKuueit p; [123].
IMockoubKy fo(P) aBroMaTuyecKu yI0BJIETBOPSIET 3TOMY YCJIOBUIO, TIOJIY 4UM
rpaHUYHbIE YCJIOBUS Ha O f:

6f(p1) =6f(=p1), mpuz=0;z =1L (Iv.273)

Hasa pemenus (IV.271) ¢ rpanuynbivu yciosusivu (IV.273) npencraBum
BO3MYILIEHWS B BUIE:

Sf=6fO +6fM 4652, E=FE,+E, (IV.274)

e 6 f(©) u Ey - pemennst st 6e3rpammanoii miaszmsr (em.pazgen 77), § (1)
- PeIlenue OIHOPOJHOTO KHHETHUECKOTO YPABHEHH:

96 £V 96 (V)
P! aj;l +p! aft =0, (IV.275)

npirgem takoe, 90 d f(0) 46 f(1) ynosrersopsier rpanmansiv yerosuam (IV.273),
u, nakose,  f(2) - pemenne ypaBuenus

95 f2) a6
p’ I — eByp' {0

=0, IV.276
oz’ Jp ( )

rme E; onpenensiercs u3 pemenns (IV.272) ¢ cymmapubiv Tokom (1) 4
§'®). Menomn3yst cranmapTHyio TPOIeIy Py, 3aIAieM aCHMITTOTHHIECKOe TIPH
Goapiix Bpemenax pemienne(IV.275):
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818 = =20(p)|p1] expli(wt + 22)] lim {UL (1)U (t-2) -

- f: expl—iz(|v])2nl) U, <t - % - 2—”1) + ”

n=1 |’U|
2 1
+ 3 expl—iz(Jo]) (2n + 1)L + KU (t - % - %l - l)} =
n=0

ez'kl _ e—iz(h)\)l

= —2U(P)|p'| expli(wt + zz)] {U+(P1) + W} T (IV.277)

rue z(v) = _w;ze’

T(p) = ﬁw@ (8) — 67O (=p")] exp|—iwo(t — z)] =

= l—h+(p§ -p3)+ » —

0y 4
2ie Eo p p dfo
m?+p? de’ (IV.278)

Bbraucisis aCHMITOTHYECKOE 3HAYEHUE TJIOTHOCTH TOKA OTHOCHTEIBHO
(IV.277), mosyunM JJisi HEPEIATHBUCTCKON TJIA3MBI:

/ dz @) (2) + Z &, sin ¥ (IV.279)

rjie BBeJeHbI O003HAYECHUSI:

S (e}kl =D o) W|n|
®n = —% iy (22 = 7a0) FO02) + 2 o HEOT fo) | e - (_l)n]i%;
fo = Zfo(z’)da_:’; ) = 100(B) = fo@?);  pn = cjr_n:; (IV.280)
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Nurerpupys (IV.276) ¢ yuerom rpanuunsix ycaosuit (IV.273), nomyaum:
2T
5f® = 26/7%(2 _1211)()2’) %pl, (Iv.281)
rne Fy(z) - ®ypoe-06pas dbynxmun Ey(z), apisioneiics aHATHTHYECKIM
mpogosikenueM dbyukuu Fi(2) HA BCIO BEIIECTBEHHYIO OCh:
Ei(z) = Ei(z); Ei(z+nl) = —FE(—z +nl) mpu z € [0,1].
Boranciss j12) orrocuTensHo pacpeseaenns (IV.281) u noucrapisist @ypne-

obpa3 nosinoro Toka j1) 4+ j1(2) 5 ®yppe-obpas ypasuenuns Maxcsesia
(IV.272), nonyuwnm:

wé)|(w, 2)Ei(z) = 4mjl (2), (IV.282)
rje &| - NpoJoabHast U3IEKTPUIECKas TPOHATIACMOCTD I/IA3MBI, & Jl(z) -
Dypbe-06pa3 Toka (IV.279), koropwiil pasew:

= 1 — ™
(1)) L m_
3D () = () + o Z@n(s( ; |z|). (IV.283)
n=1
Tem campiM 337a4a 0 KOJEOAHUAX OTPAHUYEHHONW AHW3OTPOITHON IJIA3MBI

dopmaspao perena. B kadecTBe KOHKPETHOTO MPUMEPa PACCMOTPHUM BbI-
POKIAEHHYIO TIJIA3MY, A7l KOTOPOi

2 .9
8% =Y 0 - )
W) = 817U+(pzr —p).

W3 npenpiaymmux (Gopmya BUIHO, UTO NMPU PFp = P, B IIA3Me€ BO3HUKA-
€T PE30HAHC, U TOK jéol JIOTapUPMUIECKH PACXOIUTCA. BBOsT B mpaByio
9aCTh KUHETUYIECKOI'O YPaBHEHUA MaJIbIi MO,HeHbeIﬁ HHTErpaJi CTOJIKHOBE-
HHI1, TOJIyYUM B YCJIOBHAX DE3OHAHCA
w = PF (IV.284)
ml
ACUMIITOTHYECKOE BbIPaKEHUE JJId PE3OHUPYIOIEH TapMOHUKHN TOKA:

. 6N6p2 iwt s T
i (n) = ngmgF In(wress)hy (Y22 — ys3)e™’ sin (T) . (IV.285)

Dopmyna (IV.285) onucbiBaer HezarTyxarolnue crogdue KojaebaHUs. DTOro
3HaYeHNs TJIOTHOCThL TOKa JOCTHWTAeT 3a BpeMd t > T.r¢. B ormmame or
Oe3rpaHNIHON MIa3Mbl PE30HAHC B OPPAHUYEHHOM TIIa3Me BO3MOXKEH HA Y-
CTOTaX, TOPA3/0 MEHBIIE IIa3MEHHOM.
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I'maBa V

FpaBI/IMaI‘HI/ITHbIe YAapHbIE
BOJIHDBI

V.1 VYcaoBug BMOPOXKEHHOCTU B TLJIA3MY Mar-
HUTHOTO I10J14

B mpenpiayimeit riiaBe MeTogaMu peTATHBUCTCKOM KHHETHIECKON TEOPUH UC-
caemoBajioch geiicteue I1I'B Ha m1a3Momomo0Hbie Cpeabl B MPUOINKEHNH,
KOTa 0OpaTHbIM BjusHueM cpeabl Ha [I['B MoxxHO npeHnebpeub:

£ <K w?, (V.1)

rjge w - xapakrepuas dacrora III'B, ¢ - mioraocTs suepruu cpeast (G =
h = c¢ =1). B uurupoBanubix B 310l riase paborax OOHAPYKEH PsiJl UH-
TepecHbIX 3P PEKTOB, 3aKTI0UIAONIXCa B nHAynupoBanuu 1II'B B miazme
MPOJOJIBHBIX JEKTPpUIecKuX Komebanuit. HecMoTpst Ha cTpOrocTh moJTy YeH-
ubIX B [82], [83], [84], [94], [97] pe3yabTaToB, OGHAPYKEHHBIE B 9TUX PAGOTAX
3¢ dexTh nMeIT BechMa cjaaboe OTHOIIEeHNEe K peasbHOil mpobieMe JeTeK-
rupoBanus. Bosee TOro, ykazanHuble pacdersl MOKA3bIBAIOT OECIIEPCIEKTUB-
HOCTBH JeTeKTopoB I'B, OCHOBAHHBIX HA IUHAMUIECKOM BO30YXKIEHUU JJI€K-
TPUYIECKUX KOJIEOAHWH I'PABUTAIMOHHBIM U3JIyYEHHEM. DTO BBI3BAHO JIBY-
Msi OOCTOSATEILCTBAMHU: MAJIBIM OTHOIIIEHNEM KOHCTAHT IPDABHTAIMOHHOTO W
seKTpoMaruuTHOro B3aumoseiicteuil (m>G/e?) = 1073 u mampiM pensaTu-
BUCTCKAM (PAKTOPOM CTAHIAPTHBIX TIA3MONOAOOHBIX cucteM. Koaddmnmm-
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ent Tpancdopmarun sHeprun I'B B miasMenHbie KoaebaHus IPOIOPIHOHA-
JIEH TIPOU3BEJICHUIO ITUX (PAKTOPOB.

Curyalus, OHAKO, MOYKET PAIUKAILHO U3MEHUTHCS, €CJIN B TIJIa3Me TIPH-
CYTCTBYIOT CHJIbHBIE 3JIEKTPUYECKHe WM MarHuTHbIe mossi. B [97] uccre-
noano waaymuposanne III'B moBepxXHOCTHOrO TOKA HA TPAHUIE «METAJLI-
BAKyyM» ¥ MMOKA3aHO, 9TO BEJIMYWHA WHIYIHUPYEMBIX TOKOB MOXKET MpeJi-
CTaBJIATH YKCIEPUMEHTAJbHDI uHTepec. B [84] Ha ocHoBe pengTuBuCTCKUX
KUHETUYECKUX YPABHEHUI TOJIy9YeHa CHCTEMa, YPABHEHUN MATHUTHON THI-
POAVHAMHUKHU, OMUCHIBAOINASA B ApeiihOBOM TpUOIMKEHUN IBUYKEHNE Oec-
CTOJIKHOBUTEJIFHON MAarHUTOAKTUBHOM myia3dMbl B mosie 11T'B mpowsBobHOI
AMILTATY/IbI ¥ MOKA3aHO, 9TO TPU YCJIOBUU MOMEPEIHOTO PACIPOCTPAHEHU S
III'B B miasme BOo3HUKaET apeiid B Hampasiennu pacnpocrpanenus I1T'B.
IMonyuennas B [84] cucrema ypaBHEHHI JOCTATOYHO CJIOXKHA U IPOMO3J-
Ka: 3TO CHUCTEeMa HeJuHEHHbIX auddepeHnnaabHbIX YPABHEHNH B YaCTHBIX
npon3BoAHBIX. B [98], omHako, moKa3aHO, YTO MPHU YCJIOBHHM M3HAYAJILHOM
97EKTPOHEHTPATHLHOCTH TIJIA3MBI M €€ OJHOPOJHOCTU PeIleHre YKA3ZAHHON
CHCTEeMbl yPABHEHHUIl CTPOrO CTAIMOHAPHO, T.€., 3aBUCUT JIMIIb OT 3ara3-
JIBIBAOIIETO BPEMEHH. DTO OOCTOSATENBCTBO MO3BOJISIET CYIIECTBEHHO YIIPO-
CTUTD 33/1a4y U HAWTH ee TOUHOe perieHre, 006J1aIal0IIee PsIIoM 3aMevdaTesTb-
HBIX ocoberHocTel [112, 113]. VkasaHHast cucremMa ypaBHEHHMIT MOJIydaeTcst
B TaK HA3bIBAEMOM Opeliho60M NPUONUHCEHUU, T.€., B TIEDBOM TIPUOINKEHUN
o masomy napamempy & :

w
WB
rme wp = eH/mec - JJapMODPOBCKad YaCTOTa. O,ZLHaKO YpaBHeHuA, II0JIy-

JeHHbIe B [84], IPUMEHNMBI JIMIIb B CJIyYae cmpozo TOMEPEYHOrO Pac-
npoctpanenns [II'B, korga mepBoHava bHOE MATHUTHOE TIOJIE€ TIEPTIEHTUKY-
JISPHO HATPABJIEHUIO PACTIPOCTPAHEHNS TPABUTAIIMOHHOM BOIHBIL. HeTpymHo
MPOBEPUTH, YTO TPU HAPYIIEHUU YCJOBUs CTPOrOil MOMEPEYHOCTH PACIPO-
crpanenus III'B ypasuenus [84] napymaror 3aKOHbI COXPAHEHUs SHEPIUU -
uMnyabca. s HAMUX Ke Teseil HeoOXOIMMO PAacCMOTPeTh Oosee obImii
Caydail, MO3TOMY HHUZKE MbI TIOJIyYUM yPABHEHWS MATHUTHON THIPOINHAMU-
KW HA OCHOBE JIPYTuX, 0oJiee OOIINX, TIPUHIIUIIOB.

Herpyauo ybeauTbest, 910 CJeCTBHEM yPABHEHUIT MATHUTHON THIDPO-
JuHaMuKy [84] sBiisiercs BMOPOKEHHOCTH MAHUTHOIO 110Jid B ILJIA3MY, YTO
oTpakaeT OOIUi XapaKTep MOBEIeHU MATHUTOAKTUBHON TIJIA3MBI TIPU BbI-
nojuenun ycjosus (V.2). TlosroMy [jid ONUCAHUSA JBUKEHUS TJ1a3MbI B
IpeitboBOM TPUOINKEHUN TIPOIINE CPa3y MOTPeOOBATH BBIMOIHEHUS YCJIO-
BUIl BMOPOXKEHHOCTH B TLIA3MY MAarHUTHOTO TTOJIS.
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Maremarmdecku 310 TpebOBaHIe O3HAYAET COBIAIEHNE COOCTBEHHBIX BPe-

p
MEHUIIOJOOHBIX BEKTOPOB TeH30pa sHeprun-umnyibca (TOW) mnasmor, Ty,

U TEH30PA YHEPTUH-UMITYIHCA JTEKTPOMATHUTHOTO 1101, T, T.€., o Cunry
[41] - coBnaJieHne JUHAMUYECKUX CKOPOCTEll [J1a3Mbl U 3JIEKTPOMAIHUTHOTO
noJjd, -

P
Ti u* = epu’s

(V.3)
! . )
T, u" = egu’,
k H (V.4)
mpudem
(u,u) D:ef gikuiuk =1. (V5)

B kauectse TOU mnasmel cravana paccmorpuMm TOUW  udeaavroti usompon-
HOU orcudkocmu

P . .
T%= (e + pv'v* — pg'™, (V.6)
rie
(v,v) =1, (V.7)

a &,pP - IJIOTHOCTb SHEPIrUH U AdaBJI€HHE KNJIKOCTH, CBA3aHHBIE HEKOTOPbBIM
YpaBHEHUEM COCTOAHUA

p=p(e). (V.8)
Takum obpazom, v* sBAgeTCAS COOCTBEHHBIM BPEMEHHUIIOMOOHBIM BEKTO-

P
pom TAU mnaszmbr (vP = u?), a € - coberennbiv 3Havennem T (¢, = ¢), n
ocratorcs yenosust (V.4):

f .
Ti v* = ego'. (V.9)

Venosus (V.9) u aBisiorcs, TakuM 0Opa30oM, YCIOBUAME 6MOPOHCEHHOCTIU
MaA2HUMH020 NOAA 6 naadmy. Harreit 3amadeit ABaseTcs BBIACHEHUE BCEX
OTPAHWYEHUH, HAJATAEMBIX 3TUMU YCJIOBUAMU Ha TeH3op Maxkcremna Fj.
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C mOMOIIBIO BEKTOPa CKOPOCTH ILIA3MBbI U BBEJIEM BEKTODPBI HANPAHCEHHO-
cmu anekmpuyeckozo E; m maenummnozo H; nons, HaOTIOTAEMbIE B CHCTEME
orcuera (CO), comyrerByromeii mnaszme [55]:

*
E; = v* Fyy; H; =" F, (V.10)
*
rie Fy; - Ten3op, MyaJbHBI K KOCOCHMMETPHYECKOMY Ter30py Makxcpesama
Fkia -
iy 1 Im
Fri= EnkilmF ; (V.11)

& Mkilm - KOBAPUAHTHO TIOCTOSTHHBIN JUCKpuMuUHanmHbili mensop (CM., Ha-
mpumep, [41]), yroBieTBopsiouit TOXKIECTBY:

| oy |00 0o
Misimn " = =oipe H | 3F o op . (V.12)
on O O

Beneacrsue (V.10) Bektopbt E u H npocrpaHcTBEHHONOAOOHBL B OPTOTO-
HAJILHBI BEKTOPY CKOPOCTH:

(v, E) = 0; (v,H) =0. (V.13)

Cootromenus (V.10) MOXKHO pa3penuTh OTHOCUTEILHO TeH30pa Makcses-
aa [55]:

Fi, = viEy — v By — im0  H™;

Fi= viHy — v H; + Niggmv' E™. (V.14)
IMpencrasum TOU 351€KTPOMATHUTHOTO TIOJIsT

fi - Lo mim

Ti= o= (F\F'y + 0, Fi) (V.15)

4epes Tpoiiky BekTopos (v; E; H), onus u3 KOTOPbIX, (v), - BpeMeHuno o6eH,
a nBa apyrux, (E u H), npocTpaHCTBEHHONOIO00HBL:

f 1., .
Ti=—g- SL(E® + H?) — 200" (E® + H*)+
m
+2E'Ey + 2H'Hy, + 20" njpqs BP0 H* + 2vknquSEpqus] : (V.16)
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rJ1e BBEeJeHbI OOO3HAYECHUS:
B2 2 (B, B); oY _u,m). (V.17)

IMorpebyem, uTOObI BEKTOP v ABJIANCA COOCTBEHHBIM BeKTOpoM TN (V.16).
Cropaumsas (V.16) ¢ v* u yamresas Toxmecrsa (V.12),(V.13), momyumnm:

1 . . .
g[v’(E2 + H?) — 20" B, Hy] = egv'. (V.18)

N3 (V.18) naitnem He0GXOANMOE yCIOBHE TOTO, YTOObI ¥’ ABJIAICA COOCTBEH-
HbIM BeKTOpOM TOU 3/1eKTPOMATHUTHOTO TOJIS:

NP Eyu, Hy = M, VA €R. (V.19)

CeopaumBas 310 cooTHomrenue ¢ v?, moayumv A = 0. TaxuM o6pa3oM Heob-
xomuMmoe ycsioeue coBmectHoctn (V.3) u (V.4) ecrb:

0P Epv,Hs = 0. (V.20)

HeobxomumbiM 1 JOCTATOUHBIM yCaoBreM BbimojaHenus (V.20) saBisercs,
KaK M3BECTHO, KOMILTAHAPHOCTH BeKTOpoB F, H, v, T.€.,:

av; + BE; +vH; = 0.

CpopauuBasi 910 cooTHoueHue ¢ v', monyunm Beaegcrsue (V.7) u (V.13)
a = 0, oTKyJa oIy 4aeM HeOOXOIMMOE U JOCTATOYHOE YCIOBHE BbITOTHEHHUS

(V.20):
BE; +~vH; = 0.

[TockombKYy MBI PACCMATPUBAEM MAZHUMOGKIMUBHYI NAGIMY, B JTAITb-
Heiimem OyIeM moJaraTh:

Fy F'* = 2(H? — E?) > 0. (V.21)

Benencrene (V.21) HEOOXOAMMBIM M JOCTATOYHBIM YCIOBUEM BbIMOJIHEHWS
(V.20) sBnsercs:

ITpu srom cornacxo ((V.18)

E? + H?
ew =2 T (V.23)
8w
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OnHaKo, MBI U3BJIEKJIU €IlIe He BCIO areOpandecKyio nHGOPMAIHIO, CoAep-
skamytocd B (V.3) u (V.4). Yurem onpegenenne sekropos E u H (V.10), -
Torga cootHommenns (V.22) MoryT GbITh 3anmmcansl B (opme:

Fipo® = 0, (V.24)
T7Ie BBEJEH HOBBIIT KOCOCHMMETPUIECKUH TeH30p Fi:
*
Fir = Fi, — A Fiy (V.25)
Coornomenus (V.24) MOXKHO paccMaTpUBATL KAK CUCTEMY JIMHEHHBIX OJI-
HOPOJHBIX AITe0PandecKuX YPABHEHUN OTHOCUTEIHLHO BEKTOPA CKOPOCTH

v*. HeobxoauMbIM U JOCTATOYHBIM YCIOBUEM HETPUBHAIBHON COBMECTHOCTH
3TUX ypaBHEHUH ABIAETCA:

Det||Fixl| = 0. (V.26)
IMockomnbKy || Fix|| - anTHCMMMeTpHYECKas MATPUILIA YEMH020 NOPAIKA, -
1 —_—
Det||Fi|| = E(v —gF™* Fir)?. (V.27)

IMosTomy ycnosue (V.26) CBOAUTCS K CJIETYIOMIEMY:

M FijFru =0, — (V.28)
IpPH 3TOM
rank||Fir|| = 2, (V.29)

T.€., cucrema (V.24) momyckaer JBa JMHEHHO HE3ABUCUMbBIE PEIICHUs It
CODCTBEHHOTO BEKTOPA v'.

IMoacrasnssa B (V.28) Boipaxenus Fi u ﬁ’ik u3 (V.14), nonyuunm:
0K Fy i Fra = 41+ M) H? = 0,
OTKYZIa CJIIYeT €IMHCTBEHHO BO3MOXKHOE perrenue mpu ycaosuu (V.21):
A=0.
TaxuM 0O6pa3OM MPUXOAUM K CJAEAYIOIIEMY CTPOTOMY BBIBOIY:
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Jlnst toro, arob6pr TOU spexrpomarautaoro mojsa (V.15) npu ycio-
Buu (V.21) gomycka B Ka4eCTBe COOCTBEHHOTO BEKTOD JUHAMHUIECKOL
CKOPOCTH H30TPOMHOH HIEAJTBHOI KHIAKOCTH, HEOOXOJQUMO H JIOCTAa-
TOYHO, 9TOOBI BEKTOP HAIPSXKEHHOCTH 3JIEKTPHIECKOrO IOJIS B CO-
nyrcrByromeii CO 6blT paBeH HYJIIO:

E; = 0. (V.30)

ITpu srom ycnosus (V.23)-(V.29) mator:
F* Fy, = 0; (V.31)
Det||FZ-k|| =0= rank”FlkH =2, (V32)

a cobcrBerubiit BekTOp TOW KUIKOCTH JOKEH YAOBJIETBOPATH CHCTEME
OJTHOPOJTHBIX ANTeOpANYEeCKUX yPABHEHUIL:

Fik’l)k =0. (V33)

Ormernm, 9to npu BoinoaHeHnd (V.32) aBTOMATHYECKH BBIIOIHAIOTCS aHA-
JIOTUYHBIE YCJIOBUA W JJid IyaJbHOTO TeH3opa Makcsesna:

Det|| F, || =0= rank” F. || = 2. (V34)

C yuerom (V.30) 3anumiem renzop Maxkcsesna u TOU snekrpomMarauTHOro

nong (V.15):
Fip = —niggmv' H™;

ﬁik: viHy, — v Hy; (V.35)

! 1 ) ) .

le: 8—(2H21)Z’Uk — QHZHk — (S]ZQHQ) (V36)
Y3

Orvernm, uro Besencreue (V.35) BeimoaHsiercst 6osee kectkoe, gem (V.31),
YCJIOBHE:

*

Fy F'* = 0. (V.37)
Cymmapsbrit TOU MarHuTOAKTUBHOM TIA3MbI
p f
Tik =Tix + Tik
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IIPUHUMAET BUI:

Tir, = (€ + P)vjv, — Pgi — 2Ppmnny, (V.38)
e
H2
P = o E=c+en; P=p+ Py, (V.39)
Y3

P, £ - cymmapHbIe TaBJIEHUE W TJIOTHOCTH SHEPTANA MATHATOAKTUBHON TIa3-
MBI, &
H;
n; = —— V.40
i (V.40)
€IMHAYHBIA IPOCTPAHCTBEHHONOAO0HBINA BEKTOD HANPABJICHAS MATHATHOIO
I10JIAd:

(n,n) = -1, (V.41)
npuueMm
(n,v) = 0. (V.42)

V.2 VYpaBHeHUusd pejaaTUBUCTCKOI MarHUTHOM
TUJAPOANHAMUKN TJIA3MBI B TPABUTAIIMOH-
HOM MOJIe

VpaBHEHHS Peaamusucmeroti Maznummoti 2udpoounamury, naasmor momry-

qaroTcd w3 TpeOOBaHUs PABEHCTBA HYJIO JuBepreHnuu cymmapuoro TOU
MarHuTOAKTUBHON mia3mbl (V.38) u gobaBieHueM K 110JIyY€HHbIM yDaBHe-
HUSAM TIepBOi Tpynmbl ypaBHeHuit Maxkcpesa:

T, =0, (V.43)

Fik = 0. (V.44)

Ora cucrema ypapueHuii ¢ yuerom ypasuenus cocrosuus (V.8), onpemnese-
usg TOU mmasmer (V.38) u anrebpandeckux coornomenuit (V.7), (V.13),
(V.14), (V.30), (V.35), (V.38) moaHOCTHIO OLHCHIBAET CAMOCOIIACOBAHHOE

1B pamereitmem - PMT]
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JBUKEHUE MATHUTOAKTUBHON TLIa3Mbl U BMOPOYKEHHOTO B HE€ MATHHUTHOTO
[OJIA B 3aJlaHHOM rpaBurtannonHom nose. Jeiicreurensao (V.43), (V.44)
mpecTaBisger cucteMy 8-Mu audepeHaabHbIX ypaBHEHU OTHOCUTE -
10 10-Tu BesUumH €, p, H?, v!, 0IHAKO, YPABHEHNE COCTOSHIS (V.8), Hopmu-
poBka BekTopa ckopoctu (V.7), ycaosus oproronanshoctu (V.13) a Takzke
(V.30) moBougr umcsio ypasuenuii 10 12. Oxa3biBaeTcs, TeM HE MEHee, 4TO
HE BCE M3 HTUX COOTHOIIEHUI HE3aBUCUMbI, B 9€M MbI yOe uMcs HUKE.

Jlnst BBIBOJA ypaBHEHWMIT MATHUTHOW MUAPOIUHAMWKH YyUTEM W3BECTHOE
CoOTHOIIEHNe (cM., Harpumep, [46]):

1
T* k= —EFHF%. (V.45)

Taxkum o6pasom, ypasaerus (V.43) MOXKHO NPEICTABUTH B BHJIE:

Fd% =7, (V.46)
rae
ok 2f F*; (V.47)
Df pk
T = A T" . (V.48)

Vpasuenus (V.43) MOXKHO pacCMATPUBATHL KAK CUCTEMY JINHEHHBIX HEOTHO-
POJHBIX asrebpandecKux ypasHenuit ornocutenbro ®F . Ecim Det|| Fix|| # 0,
3TU ypaBHEHUsI JIEMEHTAPHO PEIIalTCs:

ot = AAFsl

4
Det||F]| ’ (V.49)

rae A¥||F; 7|| - anre6panteckoe IOMOIHEHNE PACITIHPEHHOH MATPHUITHI CHCTe-
mbl (V.46). B wactrocTn B mycTtoTe (7; = 0) moJy94aeM TpUBHAJIBHOE pere-
rne: ®F = 0, u cucrema (V.43), (V.44) ceoqures x ypasuennsy Makcsena
B IIyCTOTE.

IMocrasum 3a0a9y paspemenns cuctembl ypasaenuii (V.46) oTHOCHTE -
no ®*, r.e, 3amauy npusenennsa ypasnennii (V.43, (V.44) K BuIy ypaBHeHMIT
MakcBeta pu MUuHUMAALHOLE MPEGOGAHUAT HA UHEAPUAHTLL INECKINPO-
MAZHUTHOZO TIOA:

Fit po=0, (V.50)
Fy Fi* > 0. (V.51)
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Cy1iectBoBaHue NoAOHCUMENbH020 BHBapuaHTa (V.51) o3HaYaeT, 470 MOK-
HO BbIOparh J0KaIbHYI0 CO, B KOTOPOil OTCYTCTBYET JIEKTPUYECKOE TOJIe
[46].

ITpn Bumonrennn (V.50), kak Mbl Bugean B npeasiayiem n’ (V.32),-

Det||F|| =0 = (V.52)
rank||F|| = 2. (V.53)

Takum oO6pa3oM jis COBMECTHOCTH AJITeOpam<decKoi CHCTEMBI ypaBHEHUi
(V.46) mpu ycnosuu (V.50) neobrodumo u docmamouno, 9To0bl:

rank||F; 7|| = 2. (V.54)

Boruuciiss Bce MUHOPBI 3-T0 TIOPsIKA PACIIUPEHHON MaTpunsl || F; 7| ¢ yue-
tom (V.50), nonyaum ycaosue, sxBuBaenTHoe (V.54):

Fir 7 = 0 <= rank||F; 7] = 2. (V.55)

st pemenus cucremst (V.46) paccMoTpuM COOCTBEHHBIE BEKTOPHI MaT-
puret || Fj||:

Fikuk = )\ui. (V.56)

Bceneacrsue kococummerpuunoctu Fy, uz (V.56) caenyer, uro smubo A = 0,
6O U - W3OTPOMHBIA BEKTOP. MOMKHO MOKa3aTh, YTO TP BHITOJHEHUN
(V.50),(V.51) BeKTOp u HE MOMKeT OBbITH U30TPONHBIM BEKTOPOM, TaKUM 00-
pasom mensop Maxceesra donycraem Auwb HEUSOMPONHbIE COOCMEEHHbIE
BEKMOPVL C PABHOMU HYAIO COBCMBEHHBLMU SHAUEHUAMU;

Fyu* = 0. (V.57)

Benencreue (V.50),(V.52),(V.53) 310 coOGCTBEHHOE 3HAYEHME JBYXKPATHO
BBIPOK/JIEHO, HO TOTJIA MO W3BECTHOH TeopeMe anreOpbl eMy OTBEYAIOT JBa
JIMHEHHO HE3aBUCHMBIX COOCTBEHHBIX BEKTOPA U W1 (121).

ITpu ycnosuu (V.51) Beerma MoxKHO BRIOpaTh jJokanbayio CO, B KOTOpPOii
F;4 = 0; B aroit CO Beerpa cymecrByer cOGCTBEHHBI BEKTOP TeH30pa Makc-
Besma u® = 6¥, mosromy ommm m3 cobeTBeHHBIX BeKTOpOB MaTpmibl ||F||,

HAIpUMep, (u) - BpeMeHHUOA00eH, TOr1a BTOPOii, (u), - IPOCTPAHCTBEHHOIIO-
1 2

nober. CTaHJAPTHBIM TPOIECCOM OPTOrOHAIUBAINN HOPMHUPYEM UX CJIEJLy-
TOIIIM 00Pa30M:

u,u)=1; u, u)=—1; u,u)=0. V.58
((1) (1)) ((2) (2)) ((1) (2)) ( )
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Torna obuiee pemenue (V.57) MOKHO 3anucarb B BUE:

k k k
u =au" +pu", V.59
(1) 4 (2) ( )

rje a, 3- TPOU3BOJbHbIE CKAJAPDL.
Uccnenyem renepn coornorienus (V.55), KOTOpble MOXKHO paccMaTpU-
BaTh KaK aare0pamdeckue ypaBHEHUs OTHOCUTEIHHO T. I10CKOMbKY

_Fy P =g F< 0, (V.60)

*
a coornomenue (V.50) HHBAPUAHTHO OTHOCUTEJILHO 3aMeHbl F' <3 F', Kak u

*
seipaxkenue Jns Det||F|| (V.27), ayansnas marpuna || Fy || Takke gomyc-
KaeT JIBA U TOJILKO JBa JIMHEHHO HE3aBUCHMBIX IPOCTPAHCTBEHHOIOI00HBIX
COGCTBEHHBIX BEKTOPA ('w) , ('w) , OTBEYAIOIINX HYJIE€BOMY COOCTBEHHOMY 3HAde-
1’ (2

auio. Herpyano ybenurnhes (nepexons, nanpumep, B CO, B koTopoii Fiy = 0)
B TOM, 9TO PaHT O0beauHeHHoN Marpunsl ||F, F || npu yciaosuu (V.50) pasen

*
4. Tlosromy coberBeHHbIe BeKTOpBI Matpuil ||F|| u || F || auHeitno He3apwu-
CHMBI, 1 MOKHO BBIODATH UX CAEAYIONLYI0 HOPMHPOBKY:

w,w)=—1; (

) 3 w, U)) = _1;
(1) (1) (2) (2)

w,w) =0; w, u)=0, a,f=1,2). V.61
((1) (2)) ((a) (5)) (a, 8 ) ( )
Taxum o6pasom, obiee pemenne (V.55) ecTb:

T = A w; +pw;, (V.62)
(1) (2)

rze A, - IPOU3BOJIbHBIE CKAJIAPbl, npudeM Beaeacrsue (V.61):

(1, (g)) = 0. (V.63)

Bcenencreue (V.53),(V.55) rensop MakcBeiia u JyanbHblil eMy MOXKHO

NPEJICTABUTH C IOMOMIBIO COGCTBEHHBIX BEKTOPOB MaTpwIl ||F|| u || F IE

Fy, = —om; bum V.64
ik ONiklm (111) (12/‘) ) ( )

*

L . l m
sz: ONikim (1{)) (g)) 9 (V65)
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r7ie 0, 0 - HEKOTOpbIe cKangapbl. CBOpadnBas 3TH COOTHOIIEHUS C JIUCKPUMU-
HAHTHBIM TEH30POM, IOJIYYUM /1yajbHble COOTHOIIEHUS:

Fh=g(uiuk — uiuh, (V.66)
meE @O

F* = —p(wiwk — wiwt). V.67
((1) (2) (2) (1) ) ( )
N3 (V.64),(V.66), B uacTHOCTH, CJIEILYyeT COOTHOIIEHUE:

Fy F¥ =o. (V.68)
HUcnonn3yst npencrasienue rensopa Makcsesna (V.64) u coorHorienus
opronopmuposanuoctu (V.58), mosyuum mosesnyio Gpopmyay:

Fiy F'' = 0% (— ugpu! + upu' +6%). (V.69)
@) (2)2)

Csopauusas (V.69), nonydnm:
1

3 wF™* =0 > 0. (V.70)

Cropaunsas ypasuerus (V.46) ¢ momompio F u yaurssas cooTHOmEHUS
(V.69),(V.70), nonyanm ypasaenue, sxsusaientaoe (V.46):

2@ — v (u,®)+ u' (u,®)] =Filr. V.71
(= (u, @)+ (U, 2)] (V.71)
Yacrabiv pemtenunem (V.71) apisgercs:
. 1 .
o)) = ﬁF”Ti, (V.72)

nosromy obuiee perienue ypasuenuii (V.46) MoxHO npeacraButh B hopme:
b
ik
8rF" Ty

ik — i _ i i
Fy=9 FimE, +a8) +ﬂ(1é). (V.73)

DTuM uCYepIbIBALTCA 33,1a4a O IpuBeieHun cucrembl ypasaenuii (V.43),(V.44)
K BUJy CTaHJAPTHBIX ypasHeHHi Makcpesna.

Ecan orcyrcreytor BHemuue Toku (o = f = 0), (V.73) npuBoasrcs K
BHU/Iy BTOPO# I'pymmbl ypapuennit Makcsesia:

Fif = —ArnJg,, (V.74)
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rae:

P
2sz le:,l

Jar = = Fj Fim

(V.75)

dpetiosoiii mok, Koropbiii corsiacuo (V.68) yaoBIeTBOPAET COOTHOUICHUIO:

Fij 74, =0, (V.76)
nosromy Beeactsue (V.55),(V.63):

(s (u)) =0, (V.77)

(Jar, Jar) < 0— (V.78)

- dpetighosviii Mok NPocmMpPaHcmMeerHonodobeH.

Borunciiss KoBapuaHTHYIO AuBepreniuio V; ot coorHomenus (V.68) ¢
UCMOJIL30BAHNEM TIepBOil rpyniubl ypasuenuit Makcsesia (V.44), nonyanm
mnddepeHnraiIbHoe CIIeICTBAE:

FM Fi = FM Fr,=0. (V.79)

Brramcnss KopapuanTHYIo AuBeprentnio V¢ ot coorromenns (V.68) ¢ mc-
TIOJIb30BAHNEM BTODPO# rpynmbl ypasHernit Makcsenna (V.74) u coorHore-
nus (V.76), noxyuum eme oguo auddepeHnuaibHoe CleCTBIE:

F* Fpy=0. (V.80)
IMonaras mamee B8 dopmynax (V.57),(V.58), (V.61),(V.64)-(V.67) (111)":

V', (u)lz n' = (H'/H), Mbl HaiiJieM TIOJIHOE COBTIaIeHNe YKa3aHHBIX (hOpMyI
2

C COOTBETCTBYIOIIUMHU BBIPAXKEHUAMHU U3 ITPEbIIYIIEro 1. Torna:
1
o? = 5}«7mwm =—(H,H) = H*. (V.81)

Taxkum obpazoM, seseacTsue (V.63) MOKHBI BRINOIHATHC auddepentm-
AJIBHBIC COOTHOIICHNUS:

. P

0! TF; =0, (V.82)
P

H T* 1=0. (V.83)
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IMoncrasnss B (V.82),(V.83) Boipazkenne st jlz'ik (V.6), nomyunm c ygerom

(V.7),(V.13):

E’k’l)k

k
— : V.84
Vk= T o, (V.84)
vipHivh = B (V.85)
E+p

Beruncasisi ¢ yaerom (V.6),(V.33),(V.81) apeiidossiit Tok (V.75), Haii-
Jiem:

F*og 0" (e + p) — pa]

Tiy = —2 F . (V.86)
13 (V.35) nonyuum nosesnoe cooruomenue(npu H # 0):
. Fki H,
v = e (V.87)

BCJIEJICTBHE KOTOPOTO W Onpejieienns BekTopa H'! aBToMaTuueckn BLINOI-
HAIOTC cooTHOIIEHUs: opronopmuposannoctu (V.7), (V.13).

Orvernm, uro Besencreue (V.68) permennem ypaprenus (V.35) siBisier-
cst

v =Fk S, (V.88)

rae Sk- TPOM3BOJIHHBIN MTPOCTPAHCTBEHHOTIOAOOHBII BEKTOD, Y/IOBIETBOPSI-
0MU# €TUHCTBEHHOMY YCJIOBUIO!

FME!L S8 = 1. (V.89)

O6paTumcs K niepBoii rpymmne ypasuenuit Makcsesia (V.44). Vcnons3ys
npezcrapaenne (V.35) miast ayanbHOro TeHzopa Makcpesia, TOJyYuM st
(V.44):

v HY + o HY — oK HY =P HY = 0. (V.90)

[MocrenoBatenbao ceopaunbas ypasuenusa (V.90) ¢ v' u H' ¢ mcnombzosa-
aueM (V.7),(V.13), noxydnm:

—vipH'" = H; po'o* = HY; (V.91)
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H;v'H" = —v;  H'H* = H(Hv") . (V.92)

IMockonbky panr marpunst || Fyy, || pasen 2, cootnomenns (V.90) - (V.92)
SKBUBAJIEHTHBI 11€pBOil rpymie ypasHeHuil Maxcsemna (V.44). C ydgerom
(V.91) ypasuenue (V.85) Moxker GbITH MPUBEIEHO K (hOpMeE, aHAIOTHIHOMN
(V.84):

prH"

HE = — )
ok E+p

(V.93)

V.3 Penienue ypaBHeHUi peJITUBUCTCKOM Mar
HUTHOU TUAPOJINHAMUKNI JIJid M30TPOITHOM

mJjIa3Mbl Ha (pOoHEe MEeTPUKHM ILJIOCKOI Trpa-
BUTAIIMOHHOI BOJIHBI

V.3.1 HauanpHble yCJIOBUS U CUMMETPUA 33/1aYNU
Merpuka IIT'B ¢ nonsapusauueii e onucbiBaercsi Bbipazkenuem [47]:
ds® = 2dudv — L*[e*P (dz?)? 4+ e 2P (dz?)?), (V.94)

rae [(u)-nponssosnbhas dyukims (ammmryna IITB), dyukims L(u) (do-
uosbiii dakrop IIT'B) nomuunsiercs oObikHOBEHHOMY IubbepeHInaATBHO-
My YPABHEHHIO BTOPOTO IOPAIKA; U — %(t — z1) - zanazapBalomiee, v =

% (t+ ') - onepesxkatomee Bpems. AGComoTHOMY GyIyIeMy COOTBETCTBYET
00J1acTh

T : {u>0;v >0},
abCOTIOTHOMY IPOIILIOMY -
T :{u<0;v<0}.

Merpuka (V.94) monyckaer rpynmy aBuKenuit Gs, KOTOPO# COOTBETCTBYET
MPU AUHETHO HE3a6UCUMBT 6exmopa Kuasunea:

&= ay; &= 8y; ¢'=d;. (V.95)
(1) (2) (3)

IIycts mpu u < 0 I'B orcyrcryer, T.e.,-
3(“)\u§0 = 0; L(U)|u§0 = 17 (V96)
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IJTa3Ma OJHOPOJAHA WU IIOKOUTCA:

1
Vlu<o = Vju<o = 75 v* =0> =0;
Elugo = €0; Plu<o = Po; (V.97)

a 0JTHOPO/THOe MarHUTHOE TI0Jle HalpaB/eHo B maockocTu {xt, x2}:
Hyjy<o = Ho cos () Hsjy<o = Ho sin {;
H3jy<o = 0; Ejju<o =0, (V.98)

rae ) - yron mexay ocbto Oz!(manpasnenuem pacnpocrpanenus [IIB) u
HanpasyienneM MarautHoro moast H. Yenoeusm (V.98) coorBeTcTByer BeK-
TOPHBIN MOTEHIINAJ:

Av = Au = AZ = 0;
Az = Ho(x' sin Q — 2% cos Q); (u<

0). (V.99)

B [98] nokazano, 4To peiieHue ypaBHEHUN MAIHUTHON TI'MIPOJMHAMUKU B
merpuke (V.94) ¢ nagampubivu yeaosusmu (V.96) - (V.99) npu € Z 0 cmpo-
20 CMAYUOHAPHO, T.€., BCe HABIIOTAEMbIEC BEJINYNHBI SBJISIOTCS JIUITH (DYHK-
UMY 3aTa3/IbIBAIOIIETO BpeMenn u. [loaToMy cpa3y nmorpebyem, 9To0bI pe-
[MIEHUE 3JIa9U HACAC006a4.00 cummempuio mempuru (V.94):

L P=0; (a=1,2,3) (V.100)
§(a)

I Beex HabmomaeMbrx peanana P. Takum obpa3om:
p = p(u); e = e(u); vt = v'(w); (V.101)
Fik - Fik (u) (V.102)

YunreiBas ycaosus (V.102), u3 nepsoii rpymubl ypasHenuii Makcsesia
(V.44) mosyumm cyiencrBus:

L? Fro= Cla) (= Const); a={v,2,3}, (V.103)
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TakuM 06pa3oM, UCIOJb3ys HadaabHble yeaosus (V.98) - (V.99), naitnem:

L2 F*= —F23 = H(] COS Q,

* 1
L’ F¥?= Fy3 = —HysinQ;
V2 ’

L? F¥= —Fy = 0. (V.104)

Venosme (V.50) (Fix F* = 0) ¢ ygerom (V.104) cBommTCst K COOTHOTIIE-
HUIO:
L? FP= F,, = /2F,, cot Q, (V.105)

a yciosus BMopoxkerrocru (V.30) ¢ yuerom (V.104), (V.105) pator:

3 \/iFuv

v = s
HgsinQ "

(V.106)

1
— Hoyvy, sin Q + Fy3v, — Hov? cos Q = 0. (V.107)

V2

V.3.2 3akoHbI COXpaHEHUs U BEKTOPHBIN MOTEHITUA

CnencrBuem BTOpOil rpynnel ypasuenuit Makcsesia (V.74) aBigercs, Kak
U3BECTHO, 3aKOH COXPaHEHUs TOKa, KoTophlii ¢ yuerom (V.100) u HayaabHbIX
yenosuit (V.97) - (V.98) npunumaer Bu:

JU =0. (V.108)

Berancaas JY, ¢ nomompio (V.86), (V.104), (V.106), npusemem (V.108)
BULY:

vy (L2 ?PFy,) =0, (V.109)

roe F' o3magaer mpomssommyio dpymkimmu F mo aprymenty u. Takmm 006-
pasoM, BCACJCTBHE HAYATBHBIX yCaoBui (Fu,(u)u<o = 0) u TpeGopanus
BPEMEHUNIOIO0HOCTH BEKTOpaA CKopocTu (v, Z () IPUXOAUM K BBIBOLY, 9TO
3aKkoH coxpanennst Toka (V.108) sxBuBajeHTeH TpeGOBAHMIO:

Fp = 0. (V.110)
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Ho rorga senencrsue (V.105),(V.106):

Fv3: Fu2 =0; (Vlll)
v? = 0. (V.112)

Kak usBectno, nepsas rpynna ypasaenuii Makcsesna (V.44) skeuba-
JIEHTHA YCJIOBUIO CYIIECTBOBAHMS BEKTOPHOTO moTeHnmana A;:

Fiy, = 0i Ay — O As. (V.113)

Takum obpasoM, s HyleBbIX KOMIOHeHT Tenzopa Makcpesa (V.104),
(V.110), (V.111) moxHO 3anucars:

DAy =0, A, =0; ({0} = {u,0,2}). (V.114)

Kak m3BeCcTHO W3 BEKTOPHOrO AHAJINM3A, €MHCTBEHHBIM DEIICHUEM yDaBHE-
umit (V.114) na TpexmepHoit runepnosepxnoct X3 : {z® = Const} aBaser-
sl TpaZimeHTHas pyHKIWS:

A, = 0,9, (0 =u,v,2), (V.115)
rae ® = ®(u,v, 2%, 2°)- nponsponbHAsA cKamApHAA BYHKINA.
Henynesble kommonenTsbl Tenzopa Makcsesuia, Fy3, Beneacrsue (V.115)
MOYKHO MPEJCTABUTH B BHUJIE:

F,3 = 0,As, (0 ={v,u,2}) (V.116)
rie
A Y 4, - 0,0 (V.117)

- I'PaJIMEHTHO NePeHOPMHUPOBAHHbBIH BEKTOPHLIH noreniual. IlogcuurbiBas
HeHyJleBble KOMIIOHeHThl TeH3opa Makcsesa F,3 ¢ nomonipio (V.116) -
(V.117)m ¢ yuerom coorrorrennii (V.102), (V.104), HaiineM OKOHYATETHHO:

- 1
Az = —Hgx® cos Q + EHO[U — ¢ (u)]sin Q, (V.118)

rie (u) - npoussoibHaa auddepentupyeMas GyHKIMs, YIOBIETBOPIIO-
Iasl HAYaIbHOMY yCJIOBUIO:

Plu<o = u- (V.119)
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IIpu 3TOM enuHCTBEHHAS 3aBUCAIIAsI OT 1) OTJIUYHAS OT HYJisl KOMIOHEHTA
TeH30pa MakcBesia ecTh:

1
Fu3 = —ﬁHo’QZJ’ sin Q, (V120)

a ycsoeue BMopoxkennocru (V.107) nmpuanMaer BU:
1
V2

Beraucss ¢ nomormpio (V.104),(V.110),(V.111) ocranbHble KOMIOHEHTHI
JpeitdoBoro ToKa, HalgeM:

J'=J*=0, (V.122)

(vp0)" — vy) sin Q + v cos Q = 0. (V.121)

a IS eTWHCTBEHHO HeTPUBMAIBHON KOMTIOHEHTHI J° TomydnmM BhIpaske-
HEe, COBIIAIAIONIEe B CJIydae CTPOTO momepedHoro pacrnpocrpanenus [1I'B
(cos Q = 0)c naiinenubiv B [84]. Huia apyrux 3uadenuii yrios () BbipaxKeHue
Juist peiicpoBoro ToKa, nosyvyeHtHoe B [84], Kak u BbIpaXKeHue JJid CKOPOCTH
npeiida (cpasuu ¢ (V.121)), ommGouno. Mbl, onHako, He OyaeM 3/1eCh WH-
TerpupoBaTh ypasHenue Makcsesia ¢ apeiihOBBIM TOKOM, TIOCKOJIBKY OHO
SABJIAETCA CJI€JCTBUEM 3aKOHOB coxpanenus (V.43) u ycaoBuii BMOPOXKEHHO-
CTH, - TIPOIIE B HAIIEM CJIydae TPOMHTErPUPOBATH HEMOCPEICTBEHHO 3aKOHbI
COXPAHEHWS.

V.3.3 MUMHTerpananl ABUKE€HUSI

Bcenencreue 3akoHOB coxpanenusi noaxoro TOU masmer (V.43) u Hammn-
YUg TpexX JUHEHHO He3aBUCUMbIX BeKTopoB Kummnra (V.95) cymectsyer 3
nHTerpana ypapuenuii (V.43):

L* ¢k Ty :(c) ; (a=T1,3; (c) = Const), (V.123)
(oz) « «

rae T} onmcwiBaercs Bhipazkenusmu (V.36),(V.38):

H? H? H,H,
U __ - _ - U v
T = <5 +p+ 47r>vvvk <p+ 87r> b e (V.124)

Beraucisas cormacuo (V.10),(V.81) BeKTOp HAIPSIZKEHHOCTH MATHUTHOTO 1O~
nsg H' u ckanap H?, naiinem:

1
H, = —HoL™? (v, cos Q + —=vssin Q);

V2
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1
H, = HOL’Q(vu cos ) — —2¢’v2 sin Q);

v

1
Hy = ——Hye?P sin Q(vy + v,1)"); H; =0; (V.125)

V2

cos?2Q  sin®Q

2 Df 1
LA + L2

H2Z 2
2

Fy Fi* = H? < w'ew) ) (V.126)

Herpyano nposeputh, uro corsacuo (V.125) ToKIeCTBEHHO yJ0BJIETBODSI-
ercs coorHomieHune oproronanbrocra (V.13) ((v, H) = 0). CoorHomuieHuE Ke
HOpMUPOBKU BekTopa ckopoctu (V.7) ¢ yuerom (V.121), (V.125) moxHO
3aMMCATH B BUJIE:

1 > om? in® Q
<fuv cos Q) + ok sin Q) = ol - %L%m. (V.127)

Opun n3 nuaTerpanos (V.123), ¢, 0OKa3bIBAETCS TPUBAAIBHBIM, - JIBA OCTAB-
b) ) )
(3)

mmecs gaior ¢ ygerom (V.121), (V.126), (V.127):

Hsin*Q 4 1 HZsin? Q
—o-- = =C== — | ;(V.128
3r ¢ =3 €0 +po + i i ( )

H? costinQew _o— _H§ costinQ.

(e + p)L*v? +

€+ L2'Ufu'U — V.129

( p) 2 4\/§7r @) 4\/§7r ( )
Takum o6pazom:

2 €0+ Dpo i

Vo = 5730 o) ) A(u); (V.130)

2 V(A — 1) cot Q, (V.131)

Uy
rae:

Aw) 21— a2 - 1) (V.132)
¥ BBEIICH 0€3pasmepHuiii napamemp o:

H2sin? Q
a? =0 V.133
Tr(eo + 7o) (V139
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Obparumcst Teneps K ciefcTBuaM ypapuenuii Makcsesa. Marerpupys
(V.85), naiizem emie onuH MHTErpaJL:

[ d

9 e
V2L7|v,| = exp /5+p(6) : (V.134)

€0

Takum o6pa3oM, eciu 331aH0 ypasHenue cocrosaust p = p(e) (V.8), 1o ¢
nomortsio (V.130), (V.131), (V.134) onpenensaiorcs Gyukuma vy, (u), va(u),
e(u),p(u). Oarako nns onpeneneHus v,(u) HeOOXOAUMO HalTH (YHKIUIO
¥ (u), miig yero HeOOXOAUM €llle OJUMH MHTErpaj. DTUM UHTErPAJIOM KaK pas
U ABJISETCS COOTHOIIEHnEe HOpMUPOBKH B (popme (V.127). Ymuoxkas (V.128)
ma cos(, a (V.129) - na % sin 2 U CKJIabIBast TTOJIyUEHHDbIE BHIPAYKEHNS,

HalieM CiiecTBue 2:

1 €
L2'U'u(v'u cos ) + —ws sin Q) = M

V2 2(e +p)

Bossozg o6e actu (V.135) B KBagpaT, y4uThbiBasi COOTHOIIEHHE HOPMUPOB-
ku B dopume (V.127) a raxxke (V.130), naiigem:

H? [cos’Q)  e+p
H?=2=0 2Bgin2 0 ) . V.136
A <L4A +60+poe sin ( )

CpasruBas (V.136) u (V.126), HaiiileM OKOHYATETBHO:

cos . (V.135)

L?(s +p) 1 cot?
= 2T (1) e . 1
Y= Kot ) <A2 > C T (V-137)
Haxkomner ¢ momorpio (V.121),(V.131),(V.137) moy4um BbIparKeHHUE [T Uy,
ve L*(e+p) 1 2 gcot?Q
Gu 2P (g RSNy 1
vy A(gg + po) - <A > ¢ L2 (V.138)

Takum oOpa3oM, 0pu 3aJaHHOM ypaBHeHuu cocroguusa (V.8)
OTIPEJIENIAIOTCS  BCe HEW3BECTHble (DYHKINH, TIPUYEM DEIeHust
(V.130),(V.131),(V.134 )- (V.138) aBroMaTH4YeCKH YIOBIETBOPSIOT
HadanbHbIM ycnoBuaM (V.97), (V.98), (cm. Takxke (V.119)). Tem ca-
MBIM Halideno 6 K6adpamypar mowHoe pewenue camocozaAaco8aHHol

300U 0 J6UIHCEHUU MAZHUMOAKIMUBHOT USOMPONHOUT NAAZMbL HA
gpone III'B [113].

2I’IeprﬂHO IIOKa3aTh, YTO 3TOT HHTErpajl MOXKHO INIOJYYUTh HEINOCPEACTBEHHO U3
(V.93).
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V.4 UccaenoBaHue pelleHus
Bossozng B kBagpar o6e uactu ypasuenus (V.134) u ucmonbsysa B J1eBoil

YaCTH TIOJTy9eHHOTO ypaBHeHns Bhipazkenue s v2 u3 (V.130), noce HeKo-
TOPBIX OYEBHIHBIX NpeobpazoBanmii npeacrasum (V.134) B Bue:

A(u) = e~ 7(=%0), (V.139)
TIe
A 12w A), (V.140)
N e
J(g5€0) —/E+p(5)d{5. (V.141)

€0

ITpu 3anannom ypasaenuu cocrosinus (V.8) ypasuenue (V.139) nonnocrbio
onpegesser dbyuxiuu £(u) u p(u) U, TakuM 06pa30M, sIBHO OLPEIEIISET Pe-
TMeHne TOCTaBJIeHHoN 3amaun. Mccaemyem 3tn (DyHKIAM TIPH JOCTATOYHO
OBIIeM TIpeIIoOKEeHNH 00 YPABHEHNN COCTOSHIA TLIA3MbL:>

ple) < e. (V.142)
Torna
1-—19p
l<1;, —P= 59 V.143
Pe €+ ple) ( )

", TAKAM 00OPa3oM, -
sgn[J(g;€0)] = sgn(e — &g) (V.144)

N3 (V.139) BuamO, 9TO € 3aBUCUT OT 3aIA3IbIBAIOIIEIO BPEMEHHU JIUIIh T10-
cpeacreom dbyuximu A(u):

e =e(A(u)). (V.145)

SHamoMHmM, 9TO € 1 p(€) - IIOTHOCTH SHEPTUH U JABJIEHHS IIA3MBI 6€3 ydeTa 3JeK-
TPOMATrHUTHOTO IIOJIS.
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V.4.1 W ccaenoBaHme CHHTYJIIPHOCTHI

Uccnenyem 3aBucumvocts €(A). U3 (V.130) caenyer, uyro pemenue omnpeeie-
HO Ha maTepBatne: A € [0,+00). [Ipu A — 40 cornacuo (V.139) J(g;¢9) —
+00, uro corsacuo (V.144) Bo3MOXKHO uib npu € — +00. Takum o0pazom
MOYKHO CI€JIaTh OOIIMHIIl BBHIBOI, ITO

Pewenue ypasnenuti maznummoti 2udpodurnamuru wa gowne III'B ece-
2da codeporcum PuauMecKyro CUHLYAAPHOCTID HA 2UNEPNOBEPTHOCTNAL
U = Uy

Auy) = L (us)A(uy) = 0. (V.146)

Cornacuo onpegenenus byuxkiuit A(u) u A(u) Takux runeprnoBepxHocreil
MOZKET OBITh JBA THIA:

A). L?(u) =0;

(V.147)
B). 1-a?™ 1) =o0.

ITepBblii TUI CUHTYIAPHOCTH XOPOIIO M3BECTEH - OH CBA3AH C KOODIWUHAT-
HOI cuHrynsapHocTbio Merpuku (V.94) u Bcerja Bo3HuKaer B mia3me (CM.,
nanpumep, [82]). Bropoil Tun cUHrYIsSPHOCTH SBJISIETCS HOBBIM M HE CBs-
3aH € KOOpAMHATHOI cunrysisapaoctbio Merpuku IIT'B (V.94) - sro uucro
dusnUeckasa CHHIYISPHOCTD, HA €€ CYIIECTBOBAHUE BIEPBbIE ObLIO YKA3AHO
Agropowm B 1993 romy [112]*. Cornacno (V.147) ycioBAsIMU BO3HUKHOBEHUS
CUHTYJIIPHOCTU BTOPOTO TUTIA SIBJISIOTCA:

B(u) > 0; (V.148)
a® > 1. (V.149)

Ussectro (cm., nanpumep, [47]), yro 3navenusm ((u) > 0 coorBercTBYET
daza cxxaTus reogesudeckoit Tpyoxu aoab ocu 02, 3() < 0 -daza pacmu-
penus. Yeaosue ke (V.149) cormacuo (V.133) o3Hauaet, 9410 B HAYaILHOM
cocrosHn €5 sin” Q > (€0 + po), T.e., IUIA3MA CHIIBHO 3aMATHIYIEHA.

4B 310t ske paBoTe COTEPIKANOCH M TOUHOE YACTHOE permeHne ypasrernii PMII.
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YUpesBbraaiiHO BAXKHBIM SBJISIETCs TOT (PAKT, 9TO CHHTYJISIPHOE COCTO-
auue Tuna B Bo3moxkuo naxe B ciaboit IITB (|5] < 1) upu ycaoBuu
CHIBbHOH 3aMarHmdeHHOCTH maa3Mbl (o > 1), - B 9TOM caydae cHH-
ryjaspHoe cocrosuue cornacHo (V.147) BO3HUKAET HA TUIEPIOBEPX-
HOCTSIX U = Uy:

Bluy) = 5. (V.150)

Hamnee cornacuo (V.139), (V.141) upu A(u) = 1: & = €9, p = po 4, TAKUM
obpasom, cormacuo (V.130) - (V.138) na runepnosepxsocrax A(u) = 1 Boc-
CTaHABJIUBAIOTCS HavYajbHbIe yciaosus. Ilpu A(u) — +oo cormacuo (V.139)
J(e;e0) — —oc, uTo BO3MOXKHO coryacuo (V.144) jume mpu € — +0;
p(e) = +0:

Au) = o0, e —0; p(e) = 0. (V.151)

Wccnenyem obimee moBenenne perieHns BOJU3U CUHTYISIPHOCTH TUTIA B,
r.e., upu A(u) — 0, norpe6osas Gosiee xxecrkoro yem (V.142) orpanudenus
Ha yPaBHEHHE COCTOSHHUS:

1
pe) < 55, — (V.152)
TOTga CHpaBe,ﬂ;.HI/IBBI HepaBeHCTBa:

1 1-9p! 1

R (V.153)

2 ~e+ple) €
mpuYeM PaBeHCTBO B JieBoit yactu (V.153) mocTuraercs Juiib B CIydae yiib-
TPaPEJIATUBUCTCKOrO ypaBHenus cocrosuus (€ = 3p). Torma uz (V.141),
(V.153) cneayior orpanndenns Ha J(g;e9):

In /< < J(ese0) < In—, (V.154)

€0

BCseicTBIe Yero corsacHo (V.139): °

l<£< 1
3

T < (V.155)

5Ecnu BMecto (V.152) orpanmanthea Gonee cnabeim yemouem (V.142), To coxpanuTes
JIUIMHb OTPAaHUYEHNE CHU3Y Ha IJIOTHOCTH 3HEPTUH.
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Ho rorpa uz (V.130) cpa3y nosyunm:

2
3123 <v? < A% (V.156)
8 3
Ucnonssysa (V.155), (V.156) u Bblgenss TIaBHbIE 9aCTH BbIPAXKEHU
(V.131), (V.136) - (V.138) B6u3u CHHTYISPHOCTH THIA B, mony4nm acum-
TOTHYIECKHE OIEHKU:

€~ ggATY; v € (1,2]
vy ~ AY;
Ao H ~ HoA™H, pe (1,3 (V.157)
Vy [V ~ AT v €(2,3];
\ Vo /Uy ~ /2 cot QAL

Kowmnonenrs 3-Bekropa dusuueckoit ckopocrtu V* = dz® /dt moxuo npe-
CTABUTH B BHJIE:

1 Uu/vy— 1
V= Uy JUy + 17
2e 28

pro V2 v (V.158)

L2(1 4 vy /vy) vy

Ucnosnb3ys onenku dyukuuii Bosiuzu cunrynspuoctu (V.157) nosydnm s
KOMTIOHEHT BEKTOPA (PU3NIECKON CKOPOCTHU:

Vi1,
A0 s (V.159)
V2~ =20 cot QAL 0.

Takum 0Opa3oM HA THIEPIOBEPXHOCTH U = 1y BO3HHUKAET (puamdecKkas
CUHTYJISPHOCTD: TJIOTHOCTHU SHEPTUH MJIA3MbI U MATHUTHOTO TIOJIst CTPEMSATCS
K OECKOHEYHOCTH, IMHAMUYECKAS CKOPOCTD TIJIA3MbI KaK IIEJIOTO CTPEMUTCS
K CKOpOCTH cBeTa B Hampasiennu pacupoctpanenus IIT'B. Ilpu stom mo-
nepednoe japuzkenue maasMbl ucdesaer (V2 — 0), a oTHOIIEHHE TLIIOTHOCTH
SHEPrUU MACHUTHOTO MOJIs K IJIOTHOCTH SHEPIUH ILIa3Mbl CTPEMUTCS K Oec-
KOHEYHOCTH:

A —0; E?H ~a?e?P AT 5 . (V.160)
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V.4.1.1 IloBeaeHue penieHNd BOIN3U CUHTYJIIPHOCTH

B cBa3m ¢ manmmumeM CUHTYJIAPHOCTH TUTA B eCTeCTBEHHO BO3HUKAET BO-
MPOC O TTPUMEHUMOCTH MATHUTOTHIPOJUHAMUIECKON MOJIEJN TLIa3MbI BOJIU-
3u runeprosepxHocru (V.147), T.e., 0 BblnosHeHun ycjoBus apeiidoBoro
npubmxenus (V.2).

Ormerum, uro (V.2) aBiigercs JOKAJIbHBIM yCIOBUEM, T.€., JJisd IPUMEHU-
MOCTH MarHUTOTHIPOIMHAMWYECKON MOJIETH OTTUCAHUS TIJIA3MBbI 3TO YCIOBHE
JIOJIPKHO BBITIOJIHATHCS B comyTcrrytorieit CO Bo Bceit nccieayemoii obmactu.
IMpeanonoxum, aro (V.2) BbImoHAETCA B HAYAJIbHOM cOCTOsSHUA ¢ < 0:

o = % <1, (V.161)
wWB

riue wOB: WB|(H=Hy)- qac¢0Ta I'B B cucreme orcuera, ABUAKYIIEHCSI CO CKO-
poctbio v' ectb w' = k', e k - Bonmosoit Bektop I'B: k = (—w, 0,0, w).
Taxum obpazom w' = v2v,w. Cxanap H (V.17) apasercs Momgy/ieM Ha-
Ipsi2KeHHOCTH MaruuTHoro nosg B comyrcrsytomein CO. Takum ob6pazom
JIOKaJIbHOE 3HauYeHue npeitpoBoro napamerpa &, u3MepsaeMoro B COlyTCTBY-
tomeit CO, cBsizano ¢ HavanbHbIM 3HadeHueM (V.161) coorHomennem:

H
£= ﬁv”H 2. (V.162)
Ucnonbays acumnrornyueckne onenkn (V.157),(V.159) noBenenus pemenus
BO/IU3U CUHTYJAspHOCTH Tuna B, momyunm u3 (V.162):

A—=0: &~ AT 0.

Takum 06pa3oM MPUXOANM K BBIBOIY:

Ecau ycnoBue npuMmernMOCTH ApeiipOBOrO TPUOTHKEHUST H3HATATb-
HO BBIMOJIHSIJIOCh, TO TPHU NPUOJIMIKEHUHA K CHHLYIApHOCTH Tuna B
JBUKEHWE TJIa3Mbl BCe 00JIe€ TOYHO OMUCHIBAETCS MATHUTOTHIPO/IV-
HaMUYIECKOH Mozebio. [103ToMy B paMKax pacCMaTpUBaEMO 3aJa4n:
O JIBVXKEHUW TEPBOHAYAIBHO OJHOPOIHOW MATHUTOAKTHBHONW TIIa3-
MbL Ha ore mempuku III'B He CylIeCTByeT HUKAKMX MEXaHH3MOB
MPEeI0TBPAIIEHUs CHHTYJISTPHOCTH.

OrMeruM cyuecmeento Heasuretnyo npupody 6vasaenn020 sgdexma:
TIPU PA3JIOKEHUN UCXOTHBIX ypaBHEHUi B psan Teiijopa mo MajlocTi aMILIu-
tyaet [ITB, 3, momobmuoro addexTa He BO3HUKAET, YTO TOATBEPINUIIO, B 4ACT-
HOCTH, WcciesoBanue, poseaentoe B [101]. IlpuunHa TakOro pacxoxIeHust
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PE3yJIbTATOB 3aKMI0YAeTCd B TOM, 9TO yIpaBIAiomed (pyHKIUeHd JaHHOrO
nporecca spisercs, Kak suauo u3 pemennii (V.130) - (V.132), byuxuus
A~ xoropas B cnaboit III'B (]3| < 1) npunnmaer Bu;

1
—1 ~

A7~ T 90250 2307B(u)" (V.163)
Pasznoxenne sroii pynkmuu B pag Teisiopa mo majgoctu [ mnpeamosiara-
€T MaJIOCTh BeIH4YHHBI 202, HO HapaMerp @ B CUJIbHO 3aMArHUYEHHO
ILJIa3Me MOXKET OKa3aTbCs HACTOJILKO DOJIBIIMM, YTO BBLIIOJIHAETCS YCIOBHE
2a2|B] > 1. lpamoe paznoxkenue B psan Tefimopa no marocmu B byukiun
S(u), ynpaBsiomeil IporeccoM JABUKEHUS TLIa3MbI

S(u)=A"t(u) -1
JTAJI0 OBI:
S(u) ~ 202 B(u)—

9TO BBIpaKeHue JuHeiHo mo ammuTyae I'B u He comep:kut ocobeHHOCTEI.

Takum 0bpaszoM, JaHHbIA 3(DPEKT SABIILETCS NOPO206vLM IPPHeKrmom, BO3-
HUKAoMeM mpu goctmkennu aminTyasl III'B B dase cxkarus Baoan ocn
023 sesmuaunb (V.150), 1 MOKeT ObITH HHTEPIPETHPOBAH KAK HeAUHETHAA
NOP0206aA 2EHEPAUUA 2PABUMAYUUOHHOT 60A4HOT YdapHoU MazHnumo2udpodu-
HAMUYECKOT B0AHDL, PACTPOCMPAHANOUETUCA € 0KONOCBEMOBOT CKOPOCTNDIO
6doav Hanpasaenusa pacnpocmparenus [II'B. B magpueiiem Oymgem HA3b-
BATDH ITOT HOBBIN KIACC 3PMDEKTOB 2Pa8UMALHUMHBLMU YOAPHBLMU BONHAMU
nm kparko - GMSW [112], [113].

3aMeruM, 9TO, BO-TIEPBBIX, TPUCYTCTBUE TJIA3Mbl KAYECTBEHHO MEHSIET
XapakTrep sjaekTpoMarauTHoro nodst [98], [101]: mpu meficreun III'B Ha Ba-
KyyMHO€ MarHUTHOE TIOJI€ pellleHue ypaBHeHwit MaKCBesa CyIeCTBEHHO
HecTaluMoHapHo (To4yHOEe pelnenue npuseneHo B [84]) u, BO-BTOpBIX, HU B
JKHMJIKOCTHU TIPHU JII060M YPABHEHUM COCTOsiHMs (TOYHBIE DEIeHUs] IIPUBE/Ie-
uel B [107],[108]), HM B BaKyyMHOM MArHHUTHOM IOJI€ HE BO3HHKAET CHHIY-
JISPHOCTEH KpOMe KOODIUHATHOW CUHTYJISPHOCTH Tuta A. EquHCTBEeHHDbIM,
HO 9K30TUYECKUM MPUMEPOM SIBJISIETCS TIJIa3Ma, CO CKAJISIPHBIM B3anMOI€ii-
CTBHEM B CJly4ae OTTAJIKMBAHUS OJHOMMEHHO 3aPIKEHHBIX YaCTUIll (TOYHOEe
pemenue npuseneno B [110]). OrmeruM Takxke, 94TO B Ciydae npedesvHo
2HCECTNEKO20 YPaBHEHUA COCTNOAHUS (D = €) DellleHre yPaBHEHU TUAPOMHA-
MWKW HECTAIIMOHAPHO, T.€., 3aBHCHUT OT TepeMeHHbIX u, v [108]. Takoe e mo-
BeJieHNE OOHAPYKUBAET U MATHUTOAKTUBHAS TJ1a3Ma: Kak BuaHO u3 (V.139)
- (V.141), npu p = & CTAIUOHAPHOTO PEIICHUST HE CYIIECTBYET.
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Mexanusm 00pa3oBaHUsA YIAPHON BOJIHBI, HO-BHIUMOMY, 3aKJII0OYACTCH
B caenyomem. Cnabas I'B, kak u3BecTHO, HE B3aMMOAEHCTBYIOT C YKUJI-
KOCTBIO, HO BO3MYIIAET MATHUTHOE TIOJe. ITO B CBOK OYEPEIh BHI3BIBAET
npeiic mnazMel. YacTHIE! ¢ MEHBITHMHI 3HAMEHIAMA KOOPIUHATEHI ! MMEIOT
GoJbIIee 3HAYEHHE KOOPAUHATHI U, IIOITOMY Ha CTAJIUH CXKATHs Ie0e3nde-
ckoit Tpy6ku B Hanpasaennu 0z : (8 > 0; B’ > 0) Takue 4aCTUIIBI UMEIOT
CKOPOCTH GOJIBIIYI0, 9€M YaCTHIBI ¢ OOJBIIMMEA 3HAYCHAIMH KOOPIMHATHI
x!. TlosToMy 3ajHMe CIOW TIA3MbI JOTOHAIOT TIepeIHre W TeM CaMbIM CIIO-
COBCTBYIOT BOSHUKHOBEHWIO yAAPHOI BOJIHBL.

Boruucisasa gpeiidosbiii TOk ¢ moMorpio ypasaenuit Makcsea (V.74),
Haiizem (cM. takke [84],[101]):

e, HpsinQ)

[ToaTomy B cMHTYISpHOM cOCTOSTHUH B TJIOTHOCTH npeiipoBoro Toka ocra-
€TCA KOHEYTHO.

V.4.2 DBaporpomHoe ypaBHEHUE COCTOSHUS

B kauecTBe KOHKPETHOTO TPUMEPA PACCMOTPUM OAPOTPOITHOE yPABHEHUE
COCTOSTHWST:

p=ke,0<Fk<1. (V.165)
Torna
(I1—-k) e
: = In — 1
J(g;€0) 0Tk n - (V.166)

u, TakuM obpazom, corsacuo (V.141), (V.130) - (V.133) mony4um TodHOE
pemmenue [113], [114]:

€ =goAT1TH;

(V.167)
1 .
Y, = _LKA1+§§
w=— (V.168)
v
— =A[AT"+(A-1)2L e *Fcot? Q] ;
o (A" + (A= 1)L 7% P cot* Q] ; (V.169)
9 Hg 2 24—k ,20 :02
H =35 = (cos Q+ LA e sin” Q |, (V.170)
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V.4. HUccrenoBanne pereHms

B wactHOCTH 1151 HEpeasmueucmekoti naazmu b (p = 0,= k = 0) nonyuum

u3 (V.167) - (V.170):

1

E=¢ A_l; = —=4;

0 Uy NG (V.171)
Uy A _2 27r—=2_-243 2 .
— =AT?[14+(A-1)°L RUE
5 [1+ (A —1)2L%e% cot? Q)] (V.172)

5 H02 2 2 2 28

H? = ™ (cos® Q + L?sin? Qe*”) ; (V.173)

a s yabmpapeasmusucmcerot naasmv. (p = €/3 = k = 1) nosyuum u3s
(V.167)- (V.170):

1
=goA7Y; v = —=LA%?;
cTeR B (V.174)
v
L =LA 2[A T (A -1)2e P eot?Q] ;
o [A7+ (A -1 o0 (V.175)

H?
2 _ g 2 —1 28 ;.2
H =2 (cos O+ A 1e?Pgin Q) (V.176)

ITpusenennbie Tounble perennst (V.167) - (V.170) moaTBepKI1a10T acCHMITTO-
THYECKWE OIIEHKH O0IIIero MOBeIeH s Ta3Mbl BOm3n cuaryasproctu (V.157).

V.4.3 [peiid HEepeadaTuBUCTCKOI T1a3Mbl B cjaboii [1T'B

Paccvorpum mpakTrdecKu BaXKHBIN caydait caaboti I1IB:

1B(u)] <1 (V.177)

n nepeasmueucmcrot naasmo, (k = 0). N3Bectro (cM., Hanpumep, [47]),
gto L2 ~ O(B?). YunthiBas 3T0T HaKT, B IepBoM TpuOGIMKeHn# 110 3 (Ho
we 1o o3!) nomyuum uz (V.173):

1
e =¢eoA7L; vy = —=A;

Vo

6 JI1s1 HepeATHBHUCTCKOM MIa3Mbl TOYHOE DeIIeHre BIepBble OBLIO HAMTEHO rOpa3ao
pamnbie B [99]
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Z—“ = A72[1 4 (228 cot Q)]
o HO (] _ 1
H=—7 == V2(A™N — 1) cot 0, (V.178)

e ana A~ HeoOGXOIMMO HCIIOIB30BATH BLIPAKEHHE (V.163). Torga us
(V.158) maiimem B SIBHOM BH/Ie HEHYJEBble KOMIIOHEHTHI (DU3UUECKOH CKO-
pocTH:

1+ a§fcos2Q
1—2a28(1—a3B)’

1 1-2a%8
V2 = ——a2Bsin 20 ,
RO A2 co? O (V.179)

V=242

rae a2 = Hi /4w (g0 + po)-
U3 (V.179) caenyer, uyro B ciyuae gocrarodno ciaaboii I1T'B:

2028l < )V >0 mpuB>0 u V'<0 mpm B <0,

T.e., B ase KATHA reomesmdecKol TpyOKku B Hanpasiernu ocu Oz® mmas-
Ma apeitdyer Kak 1mesoe B Hampasiennu pacupoctpanenus [II'B, a B daze
PACHIUPEHHUs - B MPOTUBOMOJIOKHOM HATTPABJICHWH.

IIpeanosnoxum Tenepn, f(u) - KBazunepuogudeckas GyHKIM € IEPUOJOM
T, Takast 4TO:

(B(u) =0, (V.180)

rze (- -+ ) o3HaYaer ycpeaHenue mo uaTepBaay Au=u—ug > T ;

1 1

2BAT) _ 28(u)| o = . ‘ezmuw/z) LB 9| ¢ &
a?’ a?’

(V.181)

- T.e., ammautyaa III'B mano m3mensercs B Teuenmne «mepuomasy 1. Ilosa-
rag B (V.179) Q = 7/2 u ycpeaussa V! npu ycnosusax (V.180)-(V.181) no
JOCTATOYHO OOJBIIOMY IPOMEXKYTKY 3aIa3IbIBAIOIIETO BPEMEHH, HalIeM:

(V1) ~ 205(5% (), (V.182)
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- TaKuM 00paszoM cpednudl dpeligh naa3mb, IPOUCXOAUT B HAIPABJIEHUH PAC-
npocrpanenus IIT'B u naxe B cinaboit I'B ownuen or wyss. Ilpu Q = /2
cormacuo (V.178)

Vo Uy = 0V 0" = AT,

TIO3TOMY:

u

dv 1 1 N / du'
— = = VU — vy = s —
du ~ A2 (1—2a2B(u))? 0 (1—2028(u))2"  (V.183)
0
IMepexons B (V.183) k npemeny © — Uy OPU YCJIOBUU HEMPEPBIBHOCTH (DYHK-
muu B(u), mosydum:

U = Uy v(u) — vy =~ L L — 00
- O~ (2028 (us))? (us — ) ‘ (V.184)

Vpasnenne (V.183) B HesABHOM BHJIE ONUCHIBACT TPaeKTopuio T = x! =

f(t) 6eckoneuno masioro oobema iasmbt. Iycrs g0 npuxozna IIT'B sror 06b-
€M HAXOJIWJICS B TOUKE Xg, TOTJA tg = xg - MOMeHT Tipuxoia [IT'B B 3Ty TOU-
Ky. CHHIYJISIDHOCTH COOTBETCTBYET U = Uy = %(t — ). Torma n3 (V.184)
CJIEJTYEeT, YTO ITOMY COCTOSHHUIO COOTBETCTBYIOT X, — +00;t, — +00. Ta-
KM 00pa30M, TI0 JacaM BHEITHEro HAOI0IATe s TaCTHIA TIJIA3Mbl JOCTUTA-
eT CHHIYJISPHOI IMIEPIIOBEPXHOCTU U = Uy, (Ha KOTOPO CKOPOCTD ILJIa3Mbl
CTPEMHUTCsI K CKOPOCTH CBETa, a NJIOTHOCTh YHEPIUuu - K GECKOHEYHOCTH) 33,
OECKOHEYHO OOJIBINIOE BPEMS W CaMa IIPH ITOM OKA3BIBAETCS B OECKOHEU-
HO yrmaneHHoil Touke. Ecin B merpuke III'B (V.94) BO3MOXKHBI 3HAUEHWSs
|B(u)| > 1/2a2, pemmenue ypaBHeHUit MArHUTHOM THIPOJIMHAMUKH GECCMBIC-
JIEHHO TIPOJIOJIAKATH 32 THIIEPIIOBEPXHOCTD U = Uy, - HA 3TOM (DPOHTE yaap-

HOM BOJIHBI BCEe MHBAPUAHTHI IIPETEPIIEBAIOT PAa3PbIB BTOPOI'O PO/Ja.

V.5 Ilepenauya suepruu I'B B niia3zme: ypaBHe-
HUEe HeprobaJjiaHca

V.5.1 CoxpaHeHue MOJTHOTO MMMIYJIbCA

IMockonbKy Ha cunryagpuoi mosepxuoctu A(u) = 0 NJIOTHOCTH SHEPTUU
IJIA3MbI ¥ MATHUTHOTO TOJISE CTPEMSATCS K OECKOHEYHOCTH, & CKOPOCTD TLIA3-
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MBI KaK IEJI0r0 - K CKOPOCTH CBETA, - CyMMAapHAasi SHEPTHsT MATHUTOTHIPO-
JUHAMWYECKOH yIapHON BOJH U €e TIOTOK B HANPABJIEHUH PACIPOCTPAHEHUS
I'B crpemstcsa k 6eckonedrnocTr. CUHTYISPHOE COCTOSTHUE, BO3HUKAIOIIEE B
mia3me o aeicreuem [1I'B, Hapyiaer OCHOBHOE TIPEANIOIOKEHTE O CIA00-
cru B3aumopeiicrsug I'B ¢ nmnasmoii. B 6osiee monHoil camMmocoriacoBaHHOMR
U MO 2PABUMAUY 33]a49e yIeT 0OPATHOrO BO3IEHCTBUS YAAPHONW BOJIHBI HA
III'B momxen npuBectu K nmorepu sueprun I1I1I'B u 3aryxanumio ee aMImmnTy bt
10 3HaYEeHU

max(|3]) < 1/2a2. (V.185)

Taxkum obpazom, GMSW sBisiercst 3 HEKTUBHBIM MEXAHU3MOM MEPEKATKH
SHEPIUM IPABUTALMOHHON BoHbI K 11a3Me [113]. Crporoe pemnenue Borpo-
ca o Tpancdopmanuu sueprun I[II'B B snepruto yaapHoit BOJTHBI BO3MOXKHO
JIUIIb Ha OCHOBE WMCCJIEIOBAHAA CAMOCOTJIACOBAHHOW CHUCTEMBI yPAaBHEHHM
DitHmTelHa ¥ ypaBHEHUI MArHUTHON THIPOJINHAMUKH.

B [113] 66110 MPEIIOKEHO TIOJYKOJINUYECTBEHHOE PEIIEHNe ITOTO BOTIPO-
ca Ha OCHOBE TIPOCTOI MOJEIN dHeprodaianca. BeaeacTeue ype3BbIaaiHoi
Ba)KHOCTHU, HE OrpaHMYMBasgCh paccmorpenuem B [113], Bepuemcs kK Gosee
MMOJTHOMY PeINIeHnI0 BOIpoca O mepefadu dHepruu or ['B K MarHuToakTus-
Hoit masme [114]. TIpu 3TOM BMECTO pelleHus CHCTEMBI ypaBHeHUH DiiH-
MTENRHA MBI BOCIOJIB3YEMCA UX CJICACTBAEM - 3aKOHOM COXPAHEHUA MOJTHOTO
UMTYJIbCA «TJIa3Ma -+ TPABUTAIMOHHBIE BOJTHBI». ZICHO, UTO JaHHAS MOJIETH
SABJISAETCs MPUOJINKEHHON W HE MOYKET 3aMEHUTHh CTPOrOro PeIleHusi ypas-
uenuit Jitarreiina. CormacHo [46] B IPOM3BOIBHOM IDABUTAIMOHHOM IOJIE
uMeeT MeCTO 3aKOH COXPAaHEHHUd IIOJHOI'O UMITYJIbCA CUCTEMBbI:

Pi= % / (—g)(T™ + t*)aV, (V.186)

rae t** - TceBIOTEH30p HEPTUM-MMITY/ILCA TPABUTAIMOHHOTO TIONSA, W WH-
TErpUpOBAHNE TIPUBOIUTCS TI0 BCEMY TPEXMEPHOMY TPOCTPAHCTBY. YUTEM,
YTO NPHUBEJICHHOE BBIIIE PEIIEHUE ABJIACTCH IIOCKOCUMMETPHYHbBIM U 3aBH-
CHT JIAIIb OT 3ala3/IbIBAIONIEr0 «BPEMEHU» . BCIeICTBHE 3TOrO MHTErpH-
posanue no «tockoctn» {z2, 23} B (V.186) cBoamMTCA K NPOCTOMY yMHO-
JKEHUIO HA, «ILIOMIA by OECKOHEYHOU AByMepHOU miomaaku. [lomenus obe
gacrn (V.186) Ha 3Ty TUIOMAAs ¥ yIUTHIBast 910 Tpu ) = 7/2 u3 Tpex-
MepHBIX TIOTOKOB OTJIMHeH OT Hyss Jaumth Pl moayumv 3akoH coxpamenust
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COOTBETCTBYIOMIEll MOBEPXHOCTHOf MJIOTHOCTH UMITy/Ibca Pl

+o00
Ri= [ o+ i (= cons) (V.187)

[TycTs mpaBoe Moy mpocTpancTBo = > () 3aMOJIHEHO MATHUTOAKTHBHOM TI1a3-
Moit, a neBoe x < (0 - marepmeii, He B3auMozeicTByIOImIeH co ciaaboit ['B.
[Iycrs masee Bech rpaBUTAIMOHHBIA MMITYJIBC COCPEIOTOYEH B UHTEPBAJIE
u € [0,uy], te t; = v/2uy - JINTETLHOCTH TPABHTAIMOHHOTO HMIIYJIhCA.
IMockonbky unrerpan B (V.187) coxpansiercs BO BCe BpeMeHa, pacCMOTPUM
ero Bo Bpemena tg < 0, korga I'B erre #e monajia B MAaruTOAKTUBHYIO TIIa3MY,
u —ty >t >0), korga I'B yxe gocruriia maa3Mbl. Y IUTBIBAS, ITO BAKyyM-
HOE pEeIlleHUe 3aBUCUT JIUIIL OT 3AMA3/IbIBAIONIET0 BPEMEHU, MMOIYIUM JJis
unTerpana B (V.187):

uf /2 uf
/t54du = /(T14 + t'%)du + / tiddu, (V.188)
0 0 t/V?2

rae 15t = t1((Bu(w)); 4 = 14(B), Bu(u) - Bakyymmas ammaurymsa [IT'B,
B(u) - ammwmryna III'B, ¢ yuerom B3aumogueiictBus ¢ miazmoii. Ilepenocs
OJIVH U3 UHTErPAJIOB B jieByio yactb (V.188), mosyuum cooTHomIEHNE:

u u

/#m:/@MH%w, (V.189)

0 0

rjue nepeMeHHas u = t/ V2 > 0 - Temeps yxe MOXKET HPHHHMATH .4100bie
NOAOIHCUMENDHDLE SHATCHUS.

AHaZOrnYHPIH 3aKOH MOXKHO 3aITMCATh W JJIsT TIOJHON SHEPTHH TIA3MBI;
B 9TOM ciy4ae BMecto (V.189) momydmm:

u u

/tg‘*du = /(T44 — & + ') du,

0 0

rae, & - CYMMapHAas TJIOTHOCTh YHEPTUU HEBO3MYIIEHHON TLIA3MBI.
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V.5.2 JlokajipHbIl 3aKOH COXPaHEHUS

IMockombky coorrommenue (V.189) M0JKHO BBINOJHATHCSA TPU JIOObIX 3HA-
YEHUAX TEPEMEHHOH U, TO JIOJKHO BBITIOJHATHCA U COOTBETCTBYIOIIEE JIO-
KAJILHOE COOTHOIEHUE:

TH(B) +¢*1(8) = t"1 (), (V.190)

T.€. JOJI2KEH BBITIOJIHATHCS JIOKAJTHHBIN 3aKOH COXPAHEHUS IIJIOTHOCTH OTOKA
SHEPrUM, YTO U npeanosnaraiocsh B [113]. Ciemyer ormMeTuThb, 9T0 JOKAILHDILI
3akou coxpanenus (V.190) saBjgeTCa TpIMBIM CI€CTBUEM CTAIIMOHAPHOCTH
peIenns, T.e., 3aBUCUMOCTH DPEIIeHUs JIUTTH OT 3aNa3/IbIBAIONIETO BPEMEHN
u = (ct — x)/v/2. B cTporoii MoeNm CTAIMOHAPHOCTH PETTeHUs MpersT-
crBytor aBa akropa: 1). Baumoneiicreue III'B ¢ nnasmoit; 2). rpanudnbie
ycnoBust Ha noBepxuocTu = = (. lasee. 06paTHBIM BJIMSIHUEM BEIECTBA HA
METPUKY MOXKHO [IpeHeOpedb Y BbINOJHEHUU ycjioBus [43]:

87G 9

IMostomy B ¢ coorsercrBue ¢ npubamkenuem (V.191) BBemem Maubiii 6e3-
pa3mepHbIit Tapamerp x [113]:

o _ G0t po)(l+a?) wy
X = c2w? w?’

(V.192)

rie w - xapakrepHas gacrora I'B, wg = 81G&y/c*. Mipubmaxenue (V.191)
9KBUBAJICHTHO yCHOBI/HO:

Y’ <1 (V.193)

ITpn Bumonnennn yeaosust (V.193) ckopocts I'B crpemuTest K CKOPOCTH CBe-
Ta, 910 obecrieunBaer TpedyeMyo CTAIMOHAPHOCTD PENIeHUus JaKe B HEO-
HOpOZAHOIT maa3me [43].

IIycts mamee By = Const > 0 - MakcuMaabHOE 3HAYEHWE BAKYYMHON
ammmutyast [ITB, 8. Beemewm erne oann 6e3pa3MepHbIil TapaMeTp - nepevii
napamemp GMSW, £2:

2 ¢
&= ;—2 ~ o (V.194)
0
e
E B B(Q)wQCQ
W TG
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Taxkum obpazom, napamerp &2 NOpsAJKA OTHONIEHUS CyMMAPHOI SHEPrUn
MArHUTOAKTUBHOW TLIA3Mbl K 9HEPIHH BAKYYMHON IPABATAIIMOHHOM BOJIHBI.

Ucrnonb3ys perienne ypaBHEHWE MATHUTHON TUAPOAMHAMUKY B CJIydae
cmpozo nonepeunozo pactpocrpanenns III'B (Q = 7/2), a takske BbIparKe-
Hue Juis cymmapHoro TOU mna3mbr:

1
T = (0 +po)(1+0*)(A7" = 1) (V.195)
1 BBbIparkKeHue Jist OToKa sHepruu ciaboii IITB [47]:
3

o p=_¢
¢ P 167G

. 1. )
h3s + Z(hm — hs3)?|, (V.196)
npusegem (V.190) k Buay:

B2+ V() = B2, (V.197)
rae

V() =x[AT"(8) - 1], (v=1), (V.198)

- dyuknus J; ﬂ TEnepb y»Ke 03HAYAET MPOM3BOIHYIO MO 0E3pa3ZMEPHOMY
«Bpememnm> s = v/2wu/c.
Bsenem manee ornocurenpuyio ammautyxy 11T'B:

_ %; 0= % (V.199)
Torzna okonvarensuo (V.197) MOXKHO nepenucarh B BUJE:
@ +V(q) = d2, (V.200)
re:
V(g =1 =Ty " - 1], (V.201)
" BBEJIeH HOBBIIl Ge3pa3MepHbIil mapamerp:
T = 2a”fo (V.202)

- Bropoii napamerp GMSW. K takoMmy ke pe3yibTaTy IPUBOIUT U 3AKOH CO-
xpanenus nosauoi suepruu. Coornorrenue (V.200) MOXKHO paccMaTpuBaTh
KaK ypaBHEHHE OTHOCUTEIbHO mepemenoit . C apyroit cropomnnr (V.200)
TTOJTHOCTHIO COBIAIAET € 3AKOHOM COXPAHEHUST IHEPIUH OJTHOMEPHO MeXaHW-
YeCKOI CHCTEMBI, OMMCHIBAEMON KAHOHWYIECKUMH TrlepeMeHHbIME {q(s), ¢(s)}
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[117], mpuuem V (q) - norennman, ¢* - ee kunerndeckas, 2, = Eg - nonnas
SHEPIUs CUCTEMBI.

JIiobomy mos0KUTEBHOMY 3HAYEHUIO Fj COOTBETCTBYIOT /IBE TOYKH HA
MOTEHIAIbHON KpuBOii, (A u B). 9Tu TOYKHU ABJIMIOTCA TOIKAMHU MOBOPOTA
TpaekTopuii cucrembl. Ilon morennuanbuoil Kpusoit V(¢) He cymecTByer
PEATbHBIX COCTOSIHUI CUCTEMBI. B TOUKe

g=gq.=Y"" (B=1/2%) (V.203)
Vig.) = o (V.204)

g amaimn3a MOBEIEHUST CUCTEMBI TTPEMOJOKUM, IYTO MOMEHT $ = () COOT-
BercTByeT nepenueMy dbpouty I'B, mpuaem

B« = Posin s = g, ~ sin(s). (V.205)

TakuM 06pa30M, MPH BBIMOJIHEHNHW HAYAIBHBIX yCaoBuil [43] cucrema Bee-
rga crapryer ¢ rouku So no junuu (AB) B nanpasienun Kk Touke A (mpu
B > 0). Tak Kak 9Ta TOYKA ABJIAETCH TOBOPOTHOI, MAKCUMAJILHO JIOCTHKY-
MOe B cuCTeMe 3HadYeHue nepemMeHHoii ¢ ectb ¢(A). 910 3HaYeHUE ABJIAETCS
HauMmenbinuM Kopaem, g— = q(x, Y, Ep), aareGpandeckoro ypasHeHusi

V(q) — Eo = 0. (V.206)
MaxkcumarbHO JocTmkuMas B cucreme ammautyna 1L 5,4, , paBHA:
Bmaz = q—Bo- (V.207)

TakuM 06pa3oM, g_ TO CMBICIY COBIAJAET C BBEJEHHBIM B padore [113]
«koaddunmenTom 3atyxanns ammnTyast IIIBy, .
Pemag ypasuenue (V.206), HaiiieM UCKOMBbIH KOPEHb g :

q2 —1/n
1- <1 + 5—2> ] . (V.208)

N3 (V.206) cnexyer, 4ro BCerga:

_1
~=7x

o <YL, (V.209)

npuyaem pu Fy — 0

2

-~ Fea 0. (V.210)
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V.6. Ypasueruss PMII a1s1 aHH30TPOITHOMH MJIa3MBbI

C yBemudenueM Fy s1a ammmTyna pacrer u npu Eg — 00 JOCTHraer 3Ha-
gyenus (¢ = q.):

Bo
T
ITocne Touku moBopora ammuTyna I'B ymensinaercs, mepexons B 001aCTb
OTpHUIATeIbHBIX 3HaYeHni. [Ipn

s — 400 ' — B, = Const < 0;
B~ Bl — —00;

merpuka (?7?) Boipoxkupaercs (goo — 0, ¢33 — —00); €IMHCTBEHHbBIE OTJINY-
HBIE OT HyJIsl KOMIIOHEHTBI TEH30PA KPUBHU3HBI C yIETOM BAKYYMHBIX yPaB-
HeHUil DWHIITEHHA TPUHUMAIOT BUI;:

Rysue = (L2 B exp(26. u) — —0;
Ru3u3 - (L2)IB(I>Q exp(26(’>ou) — +00.

Taxum 06pa3oM, Ipu § — +00 B CHCTEMe BO3HHKAET MCTHHHAS CHHLY/ISAD-
HocTh. Herpyamo ybemuTbes, uro mpu atom H2 — 0, & — 0, VI — —c.
[11a3Ma B KOHEYHOM COCTOAHUH JIBUKETCS HABCTPEUy IIePBOHAYAILHOMY Ha-
npaBJenuio pactpoctpanenus ['B. DToT pesepe muaszvbl HyxKaaetcs B Gomee
TTOTHOM CaMOCOT/IACOBAHHOM aHajn3e.

V.6 VYpaBuenua PMI'/l njis aHU30TPOITHOM
IJ1a3Mbl

B npenpraymux pasmenax paccMaTpUBAIACH JTOKATHHO H30TPOIMHA TIIa3Ma
(pL = p| = p); aHM30TPONHA CO3JABAIACD JINIIH MCKTIOTATETHHO MArHUT-
HBIM TIOJIEM. B CUJIBHBIX MArHUTHBIX TIOJIAX B PE3yJIbTaTe MArHUTOTOPMO3-
HOTO W3JIy9eHHsT HAPYIIAETCS JIOKAJIHLHOE TEPMOIUHAMUICCKOE PABHOBECHE
(JITP) B nnasme, mosromy, BoobIie roBopsi:

pPL 75 pH . (V.212)

JlaHHbIi pa3Ies1 TOCBSIIEH BRISCHEHUIO BIIVMSHUS CTENIEHN aHU30TPOITHH 13-
MBI Ha (DOPMHUPOBAHUE JIEKTPOMArHUTHOTO OTKJIMKA Ta3Mbl Ha [II'B [119].
B ocHOBY TeopeTmtueckoit MOJETN ONMUCAHUS MArHUTOAKTHUBHOM TIJIa3MBI B
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noste I[II'B momoxkenbl ypaBHEHUS PEIATHBACTCKON MArHUTHON THAPOINHA-
muku [113], koTopble, Kak 310 caenyer u3 [118], MOryT 6bITh MOy YeHbL U U3
KUHETHYECKUX YPABHEHWUI 1719 6ECCTOIKHOBUTENIBHOMN TIIA3MBI B IpeiihoBoM
npubnnxennn (V.2):

w < WwR, (V.213)

rue w - yacrora I'B, wg = eH/m, - japMOpOBCKas 4acToTa.

V.6.1 VYpaBuenna PMI'/l naa npon3BOJIBHON CTPYKTY-
pbi TOU mmazmbr

V.6.1.1 OcHoBHbIe ypaBHEeHUS

IonBozast pestoMe NpeAbLIYIIAM pa3ienaM, MOKHO CKa3aTh, 9T0 B Haubosee
obmem Buae ypasuerus PMI/I momygaiorcss u3 3aKOHOB COXPAHEHUS st
[OJTHOTO TeH30pa dHepruu - umiynbca (TOU) mra3Mer u s1eKTpoMarauT-
Horo moaist (V.43) mpu TpebOBAHWM COBIAJIEHUS AMHAMUYECKUX CKOPOCTEH
T1a3mbl 1 3ekrpomarauTioro nods (V.3), (V.4) n Hanoxennn TpeGoBanmii
Ha mHBapuaHTHI TeHzopa Makcsena (V.50), (V.51). IIpu sTom okasbiBaer-
s, 9TO HAIPSKEHHOCTDH aiekTpudeckoro moas (V.10) B comyTcrByiomeit
cucreme orcyera pasha Hyio (V.30), a HANPAXKEHHOCTb MPOCTPAHCTBEH-
HOMOZIOOHOTO BeKTOpa MarHuTHOro noJisi (V.10), OpTOroHAJIBHOTO BEKTOPY
ckopocTr TiasMel (V.13), ornana ot Hyss. IIpu 9T0M U3 yKa3aHHBIX COOT-
HOLIEHNUI TakzKe caeayior [113]:

1. Bropasg rpynna ypassenuii Makcsesia (V.74) ¢ npocTpancTBEeHHOIIO-
no6ubIM dpetiosum morom (V.75);

2. muddepeHnuraIbHbBIE COOTHOIIEHUS] HA TEH30D YHEPTUU - UMITYJIbCA:
(V.82), (V.83),

3. a rakske nosesnble nuddepennmanbabie Toxaecrra: (V.90) - (V.92).

VKazaHHbIe COOTHOIIEHUS TPECTABISIOT TOTHYI0 CHCTEMY aIreOpandecKux
u nuddepenimansubix ciaeacrsuii (V.4), (V.3), (V.43), (V.44), (V.50), (V.51)
u ipu dukcarun TIU maasmbl, (pakTUIECKH, SIBJISIOTCA U CUCTEMOIT ypaB-
HEHU PEIATUBUCTCKON MATHUTHON TMIDOJWHAMUKY TIJIA3MbI B TDABUTAIH-
OHHOM TIOJIE.

208
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V.6.2 BeiBog ypasuenuiit PMI'/l njis aHN30TPOITHOI
TLJIa3Mbl

IMepeiinem k BoiBOAY 9TuX ypasuenuil. Beegem corsacuo [113] expunudnbiit

MPOCTPAHCTBEHHOMONO0HBI BEKTOP — OPT HANPSYKEHHOCTH MATHUTHOTO TIO-
i

aa n':

n' = —; (n,n) =-1. (V.214)

JIBa HE3aBUCHMBLIX BeKTOpa v!, n’ m MeTpmuecknmit Tenzop g% ommozHadMHO
OTIpeIEIAIOT CIIeIyIONIyTo anrebpantdeckyio cTpyKTypy TOW aHn3oTponHoif
IIA3MBI:

TY=(e+pL)v'v’ —pig” + (p) —pL)n'n’, (V.215)

r7ie v - eIUHNYHBIH BPeMEeHUIIONO0HbIH BEKTOP CKOPOCTH:

(v,v) =1. (V.216)
Crnen TOU (V.215) pasen:

T=e-— P —2pL, (V.217)

TI03TOMY BCJIEJICTBHE W3BECTHON TeopeMbl BUpHaja (CM., Hampumep, [46])
JIOJIZKHO BBITIOJHATHCS YCJIOBHE:

p+2pL <e. (V.218)
TOU snexkrpomarauTHOro noss pasex ([113]):

S 1 2 2

Tij)= g (2H ViV — 2HZH] - gin ) . (V219)

IMoncrasnsas 8 (V.82), (V.83) TOU mnazmsr B dhopme (V.215), nomyanm
¢ ucnosb3oBanneM Toxkaects (V.90) - (V.92) ypaBHeHwus:

e’ + (e+p)v’ + (p) —pL)v'(InH),; = 0; (V.220)
(E +p||)H7ZZ — (p” —pl)Hi(ln H)’i + (p”)JHZ =0. (V.221)

209



I'maBa V. I'paBuMarHuTHBIE YJapHBIEC BOJIHBI

V.7 Penienune ypaBHeHnuii PMI'/1
B meTpuke III'B niaa aam3orpomnHoit
TJIa3MbI

V.7.1 Merpuka III'B n HagaapHbIE yCJI0BUA

Paccmorpum merpuky IIT'B ¢ momspusanmeit e (V.94)
ds? = 2dudv — L*[e*" (dz?)? + e 2% (dz®)?], (V.222)

rae B(u) — ammnryna, a L(u) - donossiii dakrop IIT'B; u = \%(t —al)

- 3ama3pIBaIoIIee, U = %(t + 2!) - omepeskaromee Bpemsa. Kax n3secTHo,

merpuka (V.273) monyckaer rpyuiy asukenuii G5, KOTOPOl COOTBETCTBYET
TpU JINHENHO HE3ABUCHMbBIX B TOUYKe BekTOpa Knimara:

¢'=0,; =0 =0 (V.223)
M @) ®)

ITycrs B orcyrcreue III'B (u < 0):
Bu)ju<o =0;  L(u)ju<o =1, (V.224)

IJTa3Ma OAHOPOJHA W ITIOKOUTCA:

1 . 2 _,3_.
Uugo = Vuzo = 50 0 =00 =0 (V.225)
Elu = €0,
ugo = =0 (V.226)
Pluso =Pji (PL)juso =P
D )ju<go =F); P1l)ju<o =FL, (V.227)

a OJHOPOAHOE MAarHUTHOE I10JI€ HAalIPpaBJIEHO B IIJIOCKOCTHU {{El, .’E2}Z

Hyjy<o = HocosQ; Hsjy<o = Hosin Q2 (V.228)
H3jy<o = 0; Ejjy<o =0, (V.220)
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rae € - yron mexay ocvio Oz!(manpasienmem pacnpoctpanenus [IIB) u
HanpasierneM MaraurHoro mosst H. Yenosusm (V.228)-(V.229) coorser-
CTBYeT BEKTOPHBIN MOTEHIINAII:

A’u:Au:AQZO;

Az = Ho(z' sin Q — 2% cos Q); (u<0). (V.230)

B paszpene V.3 6b110 nokazano, uro B npucyrcrsuu III'B kommonenta
A3 BEKTOPHOTO MOTEHIINAJIA TPUHUMAET BUJ:

1
Az = —Hoa® cos Q + —= Hy[v — 9 (u)]sin Q, (V.231)
V2
rae ¥(u) - npousBosbHas auddepentupyeMas GyHKIMs, YIOBIETBOPIIO-
asi HA9aJIbHOMY YCJIOBHIO:

Pluco = U (V.232)

KoMIMOHEHTHI BEKTOPA HATIPSI)KEHHOCTH MArHUTHOTO TI0JIsi OTHOCUTENILHO BEK-
Toproro norennuana (V.224) paBHbr:

1
H, = —HoL™ (v, cosQ + —v,sin ) ;
0 ( \/§ 2 )

1
H, = HyL (v, cos Q) — —2¢’v2 sin Q) ;

%

1
Hy = ——Hye*P sin Q(vy + v,10');  Hs =0,
5 7 0e”” sin Q(vy, + v,0") 3 (V.233)

a ycsoeusi BMopoxkernoctn (V.30) cBozpsiTcst K ofHOMY ypasHeruio [113]:
1
V2

IIpu sTom nnBapuant H? pasen:

2 a2
H? = H? (COS {1 sin Q¢’e2ﬁ> . (V.235)

(V0" — vy)sin Q +v2cos N =0. (V.234)

L* L2
Hasnee, B [113] nokazano, 4T0 COOTHOIIEHHE HOPMUPOBKU BEKTOPA CKOPO-
cru (V.216) ¢ momommpio (V.233) - (V.235) MoxkeT GBITH TIPEJCTABIEHO B
9KBUBAJIEHTHOM (hopme:

1 N? sin” 2
(v, cos Q + —=v9sin Q)% = —w2L* — Z——L[2%* . (V.236)
V2 Ng 2
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V.7.2 UWaTerpaanl ABUKEHUS

Bcenencreue cymecrBoBanus apurkenuii (V.223) 3aKOHBI COXPAHEHWs TIOJI-
Horo TOU muasmer B mosie IIT'B nmeror ciemyromme nurerpasst [113]:

L* ¢ Ty =C,=Const; (a=T,3), (V.237)
(a)

U3 KOTOPBIX JIMIIb [IepBble jiBa HeTpuBHaJIbHbL. B [113] ykazauno, uro cie-

CTBHE 9THX 3aKOHOB 9KBHBAJICHTHO €ANHCTBEHHOMY HETPHBHAILHOMY ypaB-
Henuio Makcsesna. [Toxcrasnss B uarerpasst (V.239) Boipakenus jyisa TOU
TUIa3Mbl ¥ 3JekTpomarautHoro noss (V.215), (V.219), ucrnonb3ys cOOTHO-
menns (V.233) - (V.238) a makyke HauambHble ycnosus (V.224), (V.225),
[IpUBE/IeM HETPUBHAIbHBIE HHTEIDATIBI K BHLY:

0

21202(e + ) — I ) = @4 D)AG):
v m ’ (V.238)
2 L, H
L*(e + p)vyva + Ee A cosﬂsinﬂm(pu —pL) =
HZcosQsinQ 1 00
_ (.28 0 .
=(e” —-1)——————+ —=cos QAsin QP —P1),
( ) 427 V2 (P = P1) (V.239)
rie:
0 5 L 0 9.0
P=cos" QP +sin" QP ; (V.240)
0
(H1)? = Hysin” Q (V.241)
¥ BBEJIEHA TaK Ha3bIBAeMas ynpasasatowas gynkyus GMSW:
A(u) = |1 =a?(* - 1), (V.242)

OTJINYAOIIASICSA OT AHAJIOTMIHON (DYHKIMM [JIst W30TPONHON miasmbl [113],
[115] ompeenennem GespasmepHOro apaMeTpa o’

o 2
2 _ (H J_)
47(e + D)
Paspemas (V.238), (V.239) 0THOCUTEIBHO ¥y, Vg, HOJIYIUM BHIPAZKEHUS

IS KOODJIMHAT BEKTOPA CKOPOCTH 4epe3 CKAJSAPBL €, P, PL, Y U ABHbIE
bYHKIINY 3aMA3IBIBAOIIETO BPEMEHN:

(V.243)
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0 0 0
o EFP Au) + 628 p—pL (Hi)?*
Y 2L (e +py) 2% (e +p)) H? ’ (V.244)
(%]

1
— = —sinQcos ) x

Ve A2

2 o2 0 0
(€ = 1)zt - [emH—%(M —pL) = (P~ pi):|
X

[(g + g)A(u) + e2ﬁ(%l—l2)2(p” _ pi):| (V.245)

C momorpio (V.244), (V.245) u3 cOOTHOIIECHNS HOPMUPOBKH BEKTOPA CKO-
poctu (V.216) HaiizieM KOOPAMHATY U, ITOIO BEKTODA:

_ 2
e 28 <vz> N 1

2\ )
L Uy v,
a u3 yciaosus BMopoxkennoctu (V.234) Haiinem 3HadYeHue NPOU3BOIHOIN 110-
TeHImMAaIa '

Vy 1

v, 2

, (V.246)

’ e (]
= — Q— .24
(0 o + I ctg o (V.247)

C TIOMOINBI0 KOTOPOit m3 cooTHommenust (V.235) ompezensiercss WHBapHaHT
H2.

Ncnonbays narerpasst (V.238), (V.239), MOXKHO TOKa3aTh, 9TO U3 JABYX
nuddepennmanbabix ypasaenuii (V.220), (V.221) auiinb 0aH0 He3aBUCHMOE.
B kauecrBe Takoro Bozbmem ypasuenue (V.220), koropoe B merpuke IIT'B
MPUHUMAET BUI:

1
L*&'vy + (e + p)(LPv0) + §L2(p” —pL)v,(In H?)' = 0. (V.248)

Taxum o6pas3om, ocrasiieecs ypasaenue (V.248) B KOHEUHOM CYETE MPEI-
crasysier coboit nuddepennuaabHOe ypaBHEHNE HA 3 HEM3BECTHBIE CKAJISP-
uble GyHKIMY: €, p|| U P . Takasg HeJOONPEIETIEHHOCTD SBJIAETCA U3BECTHBIM
CIeACTBUEM HEIIOJTHOTBI THJAPOANHAMHUYIECCKOTO OIIMCAHUA IIIa3MBbI. ,Z[HH pe-
oIeHud 3TOro ypaBHEHHA HeO6XO,Z[I/IMO HaJIOZKUTDb JAB€ JOIIOJTHUTEJIbHbIE CBA-
31 MexKTy DYHKIUAMA €, P||, PL, T.€., YDABHEHUs COCTOSHUSA BHJIA:

py = fle); pL=gle). (V.249)
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V.7.3 DBaporponmHoe ypaBHEHUE COCTOSHUS aHU30TPOM-
HOI TJIa3MBbl

V.7.3.1 O6iue popmyJbl

Paccmorpum 6apoTpOIHOE COCTOSTHME AHU3OTPOITHOM TIIA3MBbI, KOTAQ CBSA3H
(V.249) sBastiorcs TuHEHHBIMHE:

p=kie; pL=kie, (V.250)

mpudeMm Beseactsue (V.218) mocrosnube Ko3dbdunuenTo: k”, k. ynosie-
TBOPSAIOT HEPABEHCTBY:

ky+2k <1, (V.251)

BCJIEZICTBUE KOTOPOTO BCEraga:

1
p <1 pL < 3 (V.252)

Vpasuenue (V.248) npu cazax (V.250) JIerko MHTErpUPYETCs, U MbI TIOJTY-
YUM elle OJUH MHTErpal:

e(V2L2v,) k) prlku—ko) =2 glki—ke) (V.253)

Taxkum obpazom, (popMasbHO 3a/1a49a perrena, Tak Kak CBeJach K PEIIeHUI0
CUCTEMBI AJITe0PANYIECKUX YPABHEHU, KOTOPAsi, OJHAKO, BCE €Ie CJIUIITKOM
CTIOXKHA, JIJIsl €e PEIlleHrs U aHain3a. Pelenne 33/1a9u CyIeCTBEHHO OIpe-
nengercs Tpems OespasmepubiMu napamerpamu: cos{), ki u k). Hike mbr
PACCMOTPUM YACTHBIE 3HAYEHUS ITUX APAMETPOB.

V.7.4 Ilonepeunoe pacmapocrpaunenue II1I'B

B srom cayuae cosQ = 0, u uz (V.245) cpasy nosyuum:
vy =0. (V.254)
Torma (V.216), (V.234), (V.250) natot:

1 ;1
u = 5 =5 9 2
b= g V=2 (V.255)
Hael
0¢ (V.256)

~ V2Lv,
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n nogcranoska (V.256) B (V.244) npuBoguT K pe3yabrary:

Vv, =

0
3

S
N | =

TMoncrasnsas (V.256), (V.257) B (V.253), nonydaeMm 3aMKHYTOE ypaBHEHHE
Ha TIEPEMEHHYIO €, Pelliasi KOTOPOe, Hail/leM OKOHYATeIbHO:

e —¢ I:A1+kJ_L2(1+k||)62B(k"_kl)]—gJ_ ; V258
1 k _ gL

= 1tk Bk —kL) .
=5 [AL e ] ; (V.259)
H = Hy [ALUHet0-k0] (V.260)

roe
1

= 1,2]. V.261

gL 1— kJ_ € [ ; ] ( )

B wacrrocTH, [T yABTPAPETIATUBUCTCKON IIJIA3MBI C HYJIEBBIM TPOI0JIb-
HBIM JTaBJIEHUEM:

1
k‘H —=0; kL — 3 (V.262)

nosyuanm u3 (V.258) - (V.261):

1
v, = —=LA% 7 V.263

% (V.263)
= L*A% ;. H = HyL A%, (V.264)

C ydeToMm MOIyueHHBIX PEIIeHuil ypaBHeHue SHeprodaanca:

(8.7 = (8')? + 47 (Tuu— Tua) - (V.265)
MOYKHO 3aInucaTh B (popMe B CTAaHIAPTHOI (popme:

@& =¢+&V(), (V.266)
rze norennuagbHas Gy V(q) Tenepb uMmeer BUI:

V(g) = [A(q)] It (V.267)
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a £2 - tax HasbIBaeMbIil nepeniti napamemp GMSW [113]:

H?
2 0
= — . V.268
¢ 483 w? ( )
N3 (V.266) nosyuaeM MWHMMAJbHO BO3MOYKHOE 3HAUEHHE YIIPABJSIOIIEH
dyHKITHIN:

1 —YL
Anin = <£—2 + 1) , (V.269)
re:
1 1-k, 1
== ——— < —. V.270
s ig, 1 >3 ( )
IIpu 3TOM MaKCUMAaJIFHO JOCTUKUMASA TIJIOTHOCTH SHEPTHU MATHUTHOTO TIOJIS
paBHa:
H? H g 1
— = —/14+—= V.271
< & > maw ST + &2 ( )

u BOOOIIE HE 3aBUCUT OT ypaBHeHwuii cocrosinus 1iasmbl (V.249). Ckopocrb
mia3Mbl B GMSW Takke OKa3bIBAETCs He 3aBUCAINEH OT ypaBHEHUsT COCTOSI-
Hus. MakcuMasibHas ¥Ke TJI0OTHOCTh SHEPTHUH TIa3Mbl 063 MATHUTHOTO TTOJIS
OKa3bIBAETCS 3ABUCAIIEH OT CTEMEHN aHU30TPOTUN TIJIA3MBI:

0 1 3 (1+k1)
Emaz =F (1 + £—2> (V.272)

¥ MAKCHUMAJIbHA, JJIs YIbTPAPEIATUBUCTCKOM TJIA3MbI C PABHBIM HYJIIO TTPO-
JOJBHBIM JTABJIEHUEM.

Takum 0Opazom, MaKCHMAaIbHOE 3HAYEHNE AMILIATYAbI JOKAJIHHOTO OT-
KJINKA CHJIbHO 3aMArHUYEHHON T1JIa3Mbl C JINHEHHBIMU YPABHEHUSIMA COCTO-
auus (V.249) He 3aBUCUT OT CTENEHU AHU3OTPOIIUY [LJIA3MbL U €€ yPABHEHUsI
cocrostamst. Lyobaapubil ke MarHuToTOpMO3HON GMSW-0TKINK Mm1a3mbr
3aBUCUT OT CTEIeHW €€ AHW3OTPOIMHU W YPABHEHUS COCTOSTHUS, MOCKOJIb-
Ky WHTE€HCHBHOCTH MAarHATOTOPMO3HOIO U3JIyYeHUsI OTIAEJIbHOTO JIEKTPOHA
[IPOTIOPIIMOHAIbHA TPOU3BEIEHUI0 KBAAPATA HAMPSKEHHOCTH MATHUTHOTO
10JIs Ha KBAJPaT HOIEPEYHOro UMITY/Ibca P? | CBA3aHHOTO ¢ COOTBETCTBYIO-
meit KOMTTOHEHTOH TaBIeHus, P | . [1/1g BLISBJIEHUS ITOM CBA3U U YyCTAHOBJIE-
HUS peaJIbHBIX ypaBHeHuil cocrosuusa BMecTo (V.249) HeoGXOIMMO MOCTPO-
enne knHeTn4ueckoit momenn GMSW B anm30TpOIHOI T1a3Me.
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V.8. lpeiichoBoe perrierne ajiss aHU30TPOMHOMH T11a3MBI

V.8 JIpeiidoBoe pereHne KNHETUYIECKOTO ypPaB-
HEHUS JJId aHU30TPOIMHOM IJIa3MBbI

Urak, npucrynum K mocTpoennto GoJiee oaHoM, kuHeTndeckoit mogenn GMSW.

V.8.1 bBecCcToIKHOBUTEIbHOE KHHETUYECKOE YPABHEHNE

Paccmorpum GeccronkuoBuTEIBHYIO T1a3My B Merpuke IIT'B ¢ monsapusa-
et eq (V.94)[47]:

ds®> = 2dudv — L*[*" (dz?)? 4+ e~ 2P (de?)?] = (V.273)
= 2dudv — A(dz?)* — B(dz?)?
udv — A(dz”) (de”)", (V.274)

- Bce 000O3HAYEHUST OMMUCAHBI B pazzese V.3.
IIycts mpm u < 0 I'B orcyrcrByer, T.e.,-

5(u)|u§0 =0; L(u)\uSO =1, (V.275)

U BBILOJHAIOTCS HadanbHble ycaosus (V.96)-(V.99) pazpena V.3.
BeccroskHOBUTEIbPHOE KUHETHYECKOE yDAaBHEHHE JJisi 8 - MH MepHO
dbyHKIMM pacnpeneseHus 3apAKEHbIX YaCTHL, COPTA a, Fy, (1, P;) nmeer Bug

[49]:
_O0F,0H, OF,0H., _

[Ha, Fu] = 55 P, TP, o = (V.276)
rie
Pi =pi + e 4 (V.277)
- 00OOIIEHHBIH UMITYJIHC YACTHUIIBI, &
. 1 ..
Hao(z', Pi) = 59” (Pi — eqAi) (P] - eaAj) (V.278)

- dysrmua ['aMunbTOHA 3apsSIKEHHON TaCTUIIBI.

IIponemaypa monydenus ypaBHennit apeitpoBOTO MPpUOIMKEHNSA HA OCHO-
Be GECCTOMKHOBUTENLHBIX KUHeTHYecKuX ypasuenuii (V.276) 6biia paspabo-
TaHa aBTOPOM B [84]. 3ech MBI JIWIIB HECKOJIBKO TPAHC(HOPMHUPYEM 3Ty TIPO-
HeAypy Ha CIydail epBOHaYaIbHO AHW30TPOITHOTO pactpeaenenus [118].
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Paccvorpum cayuaii, korma I'B pacnpocrpansiercss mepreH uKyIsipHO
HANPABJIEHUIO MATHUTHOTO noJis ) = 7/2 u GyueM UCKaTh PeIlleHus KuHe-
THYECKOTO YPABHEHHH, He 3aBUCAIINE OT MePeMEeHHLIX v, 22, z°. B cooTneT-

creue ¢ [118] BBeseM eMHUYHBIN BPEMEHUNTOMOOHBIH BEKTOD vl

vy =v3 =0;

by = \/g; Dy = 4 /2%/)' (V.279)

u npeobpasyem KuHeTH4YecKue ypasaenus B cucremy orcuera (CO), asuxy-
IIYIOCsI CO CKOPOCTHIO Apeiida mma3mbl v°:

Py = Uu(P4 + Pl) Py = Uv(P4 - Pl) . (V280)
Akobuan 3TOro Mpeodbpa3oBaHUs PABEH €IHHUIIE:

D (PU I Pu)

— vl q, V.281

D(Py, Pa) (V-281)

B pesysnbrare momyunM ypaBHEHHE:

aFa ' aFa aFa CH 8Fa
vy (Ps + P1) 90 v, (Ps + P1) <P1 aP, + P48,P1> \/§P3 aP, +
1 OF, JF,
- A—l 12 B—l 112 u Zra a =0
+3 [(A7)P; + (BT Ps] v <a7>4 + 87%) " (V.282)
rie:
B2 = — 20, 400,45 = H2Y
= —50udsduds = Hyd' 7 (V.283)

- UHBAPUAHT 3JIEKTPOMAIHUTHOTO 110Jist (KBAAPAT HANPIKEHHOCTH MarHUT-
woro nonst 8 CCO, apmymieficst co CKOpoCThIo v?).

Ha dponrte III'B pemenne (V.282) H0/IKHO yIOBIETBOPATH HAYATIHHO-
MY YCJOBHIO, COOTBETCTBYIOIMIEMY 00HOPOOHOU GHU3OMPONHOU Oecmokosot
naa3me:

1,

Fa(mivpi)lu:O = fa(piapﬁ)(s(ﬂa - Ema)a (V.284)

rae f, - npousBosibHAsS (DYHKIUS CBOMX APryMEHTOB U BBeJEHbI 0O603HaYe-
HUA:

PL=pi+ps; p=—p2 (V.285)

Kwunernueckoe ypasuenne (V.282) mMeeT 3 TOYHBIX WHTErpaa:
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V.8. lpeiichoBoe perrierne ajiss aHU30TPOMHOMH T11a3MBI

. 1
Heo(z',P;) = Emi = Const;

Py = Const; P3 = Const . (V.256)

J1g TOHOrO pemeHns 3aJady HeOOXOIUM €Ine ONWH He3aBUCHMBIA MHTE-
rpaji. 9TOT UHTErpaj Mbl OyJeM HCKaTh IPUOJINZKEHHO, UCIOJIb3Ysl TaK Ha-
3bIBaeMoe dpetighosoe NpubAuHCEHUE.

V.8.2 JIpeiidboBoe npubimkeHune

Urak, Gynem pemars ypasaenue (V.286) B mpeiioBoM mpubinKeHun, KO-
I71a JIAPMOPOBCKAs 9aCTOTA KAXK/IOTO COPTA 3apsi?>KEeHHbIX YaCTHUIL:

e.H

mq

We =

(V.287)
ropaz o 60bIe XapaKTEPHOH YaCTOThI, W, TPABUTAIIMOHHON BOJIHBIL:

w

A=—K1. (V.288)

Wa
B nynesom mopsake no napamerpy A (V.282) npunumaer Bu:
OF,
oP;

T.e., B apeiicdhoBom mpudbmmxkenun F, #e 3aBucut siao ot P;. Takum obpa-
30M, B ApeiipOBOM TPUOJIMKEHUN KPOME YKA3AHHBIX TOYHBIX WHTETDPAJIOB
KUHETHYECKOE ypaBHEHUE umeeT eie Apeiidosbie (MpubamuKeHnbie) uHTe-
rpaibr [118]:

H

0, (V.289)

Py ~ Const; wu =~ Const . (V.290)

CooreercrBytotee IpeiihoBoMy TPUOTUKEHUIO PEIIEHNe KHHETHIECKO-
IO ypaBHEHHUs, mepexoasiiee B orcyrcreue I'B B anm3oTponHoe n 6eCTOKO-
BOE, MOYKHO 3aINCATh B BUIE:
Fy = fo (P2 = P2, P3u) 6(H, — m2 V.291
a—fa(4_ 25 Zau)( a_§ma)a (V. )
rae f, - Tpou3BOJIbHAs (DYHKITMS CBOUX apryMEHTOB. B 9acTHOCTH, MOKHO
BBIOPATH:
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_0 —2/12 2 2 —2p2
fa=fo |n(Pi=P5 —mg) + u"P; | , (V.292)

rae g (u), po(u) - mponssombHBIe DyHKIMM cBONX apryMenToB. Takmm 06-
paszom, B CO (V.280), meusKymeiicsa co cKOpocThio v!, mpeiidoBoe perrenme
JIOKAJIbHO COBIAJAET C HEeBO3MYIIEeHHbIM pacupesenernuem(V.284).

IloacraBnssa HaiimenHyo (QYHKIHWIO paclipeneseHns HyaIeBoro apeitdo-
Boro npubmmkenns (V.291) B kunerndeckoe ypasuenne (V.282), jerko mo-
JIyUUTDH TIONPABKY TIePBOTO ApeiidoBoro mpubmmxkenns, §F, ~ A~!, k bynk-
WY PACIpPeIesIeHrs, OMPEIEJIEHHYI0 ¢ TOYHOCTHIO /10 A JUTUBHOTO YJIEHA,
SIBJISIOIIErOCsT MTPOW3BOJIHHON (DYHKIMEH YKA3aHHBIX APeiiOBbIX WHTErPa-
708 (cm. [118]). OnHAKO, TOYHBIM CJIEICTBASME OECCTOJIKHOBATEIHHOTO KU~
Heruveckoro ypasuenus (V.282) aBJIsIOTCH 3aKOHbI COXPAHEHUS YUCJIA KAXK-
JIOTO COpPTA YACTUI, U TOJHOTO TEH30pa Hepruu - ummyibca (TOU) mias-
MBI ¥ 9JIEKTPOMATHUTHOLO TOJIs [65]. DTH 3aKOHBI HAJIATAIOT OIPEIE/ICHHBIE
OTDAHUYEHNS HA YKA3AHHBIN aJIUTUBHbBIN WIeH W NpUBOAAT K auddepeH-
IUATbHBIM ypasHeHuaM Ha ynxmun fu (v) m p1 (u).

BeneacrBue cBOMCTE CUMMETPHE OKA3bIBAETCs, YTO TOMPABKA TEPBOro
nopsijika K (bYHKIUE PACIPE/IETeHUs JaeT BKIAJ JIUIh B KOMIOHEHTY 73
BEKTOPA MJIOTHOCTH ITOTOKA YHCJIA YACTUI] U KOMIOHeHTs 1% u T, TOU
gacrur,. OnHAKO, KOMIIOHEHTA N3 (U, v) He BIUAET HAa YyPABHEHUE HENPEPbIB-
HOCTH, B YPABHEHUE YK€ TePEHOCa TIOJTHOTO TOU /1j1s1 KOMITOHEHTHI § = 3 BXO-
JIAT JIWITH YKA3AHHBIE J1Be KOMIOHEHTHI TOV wacTuil; KoTopble He BXOIST B
ocrasbHble ypaBHenus neperoca. C apyroit croponsl apeiidoBblii TOK, ompe-
JeJITeMbIil TTePBOil TONMPAaBKOM K (DYHKIWYM DPACTPEIEeHNsT, MOXKHO MOJIY-
YUTh KAK CJIE/ICTBHE 3aKOHOB COXPAHEHUS SHEPTUU-UMITYIHCA U YPABHEHU
Makcseira, He puOerast K peneHnio KWHeTHYECKoro ypasHerns (cm. [113]).
B pesynbrare okazbiBaeTCs, 9TO CHCTEMa YPABHEHUH TIEPEHOCA U YPABHEHU
Makcpesura paciaaercs Ha JIBe MOJICUCTEMbI, 13 KOTOPOI OJHA, OTpe/Ieis-
eMas QYHKIHEH HYJIEBOTO APei(OBOro NpuOINKEHNS, ABISETCT aBTOHOM-
HOM W 3aMKHYyTO#H U TMOIHOCTBIO onpenenser dynkmmm ¥(u), py(u), pi (u).
ITompaska nepBoro apeiipoBoro nmpubnmkeHusi K GYHKINNA PACITPEICTICHIS
HE BJIMSIET HA YPABHEHUS MATHUTHOW TMIDOJIUHAMUKH.

220



V.9. Kunernueckoe 060CHOBaHUE IPDABHMATHUTHBIX YAPHBIX BOJIH

V.9 KuHernueckoe 000CHOBAHUE 'PABUMATHUT-
HBIX yJIapPHbBIX BOJIH

V.9.1 Ausarebpamyeckasi CTPYKTypa MOMEHTOB (DyHKIIUN
pacnpeaeeHns

Bosspamascs B ucxomuyio CO ¢ nomomnrsio (V.280), BBeeM MpOEKIUN BEK-
TOpa UMITYJIbCA:

p =(mn); p =@ —g")pips;
I R RPN ij i, g
pL =p* —pj = (Vv — g7 —n'nd)p;p;
I ( g )PiD; ; (V.293)
F,Z[e ’I’Li - e,Z[I/IHI/IquH‘;I HpOCTpaHCTBeHHOHOﬂO6HLII'/’I BeKTOp B HaHpaBJIeHI/II/I

BEKTOPA, HAIPSIKEHHOCTH MATHATHOTO monis H; = v/ Fji:

H;

M

H = —(H.H). (V.204)

Torna dyukuus pacupenesnenus uyesoro apeiicdosoro npubsmzkenus (V.292)
NPUHUMAET BUJI:

0
_ -2 2 -2 2
fo=fa ("0 + 1 °p1) . (V.295)

HeprﬂHO IOKa3aTh, YTO MOMEHTHI 3TOTO PACIIPEICTICHUA:

nWF/anW;M@z/mWWMa

P(z) P(z)

(V.296)

re

V—9(28 + 1)dp*dp?dp?

dP =
(2mh)3py

(S - ciMH YaCTHIL), NMEIOT CIEYIONYI0 aNrebpanveckyo CTPYKTypy:

né(u) = no'; (V.297)
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T (u) = (¢ + PL)v'v! — PLg¥ + (P — Py )n'n? (V.298)

rae n, €, P, PL - HeKOTOpbIE CKaIgpHbIe PYHKIUA TePEeMEeHHOH 1; NHIEKChI
COPTa YACTHUIL, G, Y ITUX CKAJIAPOB JJIs TPOCTOTHI 0003HadYennii cusaTol. Ciiesn
TOU uactur pasen:

T,(u) = —2P, — Pj. (V.299)

N3 (V.297) cnenyer, uro BBepennsiii Hamu B (V.279) BeKTOP CKOPOCTH
v’ COBIAJAET ¢ BEKTOPOM KHHEMATHYECKOH CKOPOCTH IIa3Mbl. JIerko mpo-
BEpPUTH BBINOJIHEHHE ycaoBus [113]:

(v,n) =0, (V.300)

BCJIEJICTBHE KOTOPOIO BEKTOp v’ sBjigeTca cobersennbiM BexkTopoM TOU ua-
CTHI, T.e., ¥ BEKTOpOM JuHamuueckoii no Cunry [41] ckopocru 1iasmbl.
Takum o6pasom, BBeeHHast coorHomenusivu (V.280), cucrema orcuera siB-
JIAeTCsA COIIYyTCTBYIOUIEN ¢ MIa3MOM.

3aMeTuM, 9T0 B IEPBOM JpeiipOBOM MPUOINKEHUN PABEHCTBO KHHEMA-
THYECKUX U JUHAMUYIECKAX CKOPOCTE YaCTHI] HAPYIIAeTCs, BCJIE/ICTBAE Ye-
IO ¥ BO3HUKAET ApeitpOBBIil TOK.

V.9.2 VYpaBHeHUd MArHUTHOI THAPOINHAMUKN IJis AHU-
30TponHOI mira3mbl B moJjie 1IT'B

B pazzene 3 pabors [119] nonyuenst ypasuernss PMTJT st i1a3Mbl B IPO-
M3BOJILHOM TPABUTAIIMOHHOM TIOJIe W I MPOM3BOILHON CTPYKTyphl TOU

P .
nIa3Mel, T'ij, ¢ COOCTBEHHBIM BEKTOPOM ¥’:

I’iij v = ev; (V.301)

rae wHBapuaHT € > () eCTh MIOTHOCTb HEPIUU IJIA3MbBI B COILYTCTBYIOIIEH
CO. IIpu 5TOM HA HHBAPUAHTHI FJIEKTPOMATHUTHOTO TIOJIST HAJIATAJIUCE YCJIO-
BUSI:

Fil = 0; (V.302)
Fi;F'9 =2H? > 0. (V.303)

B [113] nokazano, 4ro IpU BBIIOJHEHUH ITUX YCJOBUIl U3 3aKOHA COXPaHe-
HUS

iy _
T =0 (V.304)
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V.9. Kunernueckoe 060CHOBaHUE IPDABHMATHUTHBIX YAPHBIX BOJIH
motHoro TOU mna3mbl U 3I€EKTPOMATHUTHOTO TTOJIsT
p f
Tij :Tij + Tz’j
¥ TIePBO¥ TpyNbl ypaBHEeHW MakcBemna:
*. .
ij
Fi ;=0 (V.305)
CJIeIYIOT:

1. yC.T[OBI/IH BMOPOZ2KEHHOCTH MarHUTHOTI'O IIOJId B IIJIa3MY:
Fiyof =0 (V.306)

(Ipu 3TOM AaBTOMATHYECKHM BEKTOD CKOPOCTH ¥’ CTAHOBUTCH U COO-
crBeHHbIM BeKTOpoM TOU 3j1eKTpOMarHuTHOrO 1018t );

2. Bropasg rpynma ypasuennit Makcsesia:
FY = —4nJ), (V.307)

¢ IpeiiOBBIM TOKOM:

p
. 9 ik le .
Jy, = ——————; V.308
3. JInddepenimaabHble COOTHOEHNS:
P
v TF; =0, (V.309)
P
HIT* ,=0. (V.310)

Herpynuo ybemuthcst B ToM, 9To TerH3op Makcsesia, ompeaensieMblii BeK-
rTopHbiM norernuastoM (V.118 ) aBromMaruyecku yJ0BI€TBOPSAET COOTHOIIE-
M (V.303), a Bektop ckopoctu (V.279) — yCJIOBHSM BMODOXKEHHOCTH
(V.306). ITosromy BeeacTBue 3akoHOB coxpanenus T (V.305), koropbie
SIBJISIETCSI TOYHBIM CJIEACTBUEM KUHETUYIECKUX YPABHEHU, B HAIEM CJIydae
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TaKXKe JOJIKHBI BBINOMHATHCA coorHomenus (V.307) - (V.310). M3sorpon-
uelit BekTop Kunmmmara &' = ¢! maer ogwH TOYHBIN WHTErpas ypaBHEHUI

(V.305):
L*TY = Const . (V.311)

Takum o6pazom, ¢ yaerom (V.279) u (V.298) a TakKe HAYAIBHBIX YCIOBHI
(V.96)-(V.99) nomyunm n3 (V.311):

0
L*(e+Pu) =¥/ + P1)Aw). (V.312)
rIie BBEJEHA TaK Has3bIBaeMas ynpasasrouwan dynxyus GMSW (cm. [113]):
Au) =1-a*(*’ - 1) (V.313)
u 6e3pazMepusri napamerp GMSW:”
H2
ad=—2 (V.314)
0 0
4m(€ + P1)

Hanee moxHO nokasarb, uro ciencrsue (V.310) npespainaercs B TOXK-
JiectBo, a (V.309) maer:

!
1 !
5'+(lnH)’(P||—PL)—§ lnﬁ (e+P)=0. (V.315)
Jlpyrux He3aBUCUMBIX COOTHOIIEHWH ypaBHeHus coxpanenus TOU u ypas-
Henus Maxcsesia He JaioT.

Henocratonne ypaBHeHus moay4aTcs U3 3aKOHOB COXPAHEHUS YUCTA
9aCTUIl, KOTOPHIE TAKKE SABJISIETCS TOYHBIM CJI€ICTBHEM KHHETHIECKUX yYPAB-
HEHU:

H _ !
n'; =L~ (L’nv,) =0=

na(u)L? = /3 ny . (V.316)

Taxum o6pasom, noaydaem cucreMy ypasuenuii (V.312), (V.315), (V.316)
7151 ONIPEJIC/IeHUs TPeX HEM3BECTHBIX CKAMAPHBIX DYHKIHIL: 1, p, pr1 - Heob-
XO/IUMO JTUIIb HOJTYyYUTh ABHBIE BHIDAXKEHUd CKAIApPOB: n, €, P, P uepes
ykazauubie (1 + 2n) cKajugapos, rjie n - 9UcJI0 COPTOB YACTHUIL.

7B’TO“IHQHH]}II"/’I HaJIWYUEeM aHU30TPOIINA NJIa3MBI.
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3amMeTuM, 9TO B IJIA3Me UMeeTCs, 10 - KpaiiHeil Mepe, JABa copTa 3aps-
JKEHHbIX 4acTull (B HHTEPECYIOIIEM HAC CJIyYae ITO JI€KTPOHBI U IIPOTOHbI).
Taknm 0Opa3om, UMeeTcs JIBa COpPTa CKAJISAPOB [ U fi1 , KaXkKJIyIOo mapy Ko-
TOPBLIX CBA3BIBAET OJWH 3aKOH COXPAHEHUS YHCJIA YACTHI] JAHHOTO COPTA
(V.316). B ypasuenus xe (V.312), (V.315) BxoAsaT cyMMapHbIe KOMIOHEH-
THI JABJIEHUS U IJIOTHOCTH SHEPTHUH. BCiieIcTBIe M3HAYAIBHON 3JIeKTPOHET-
rpanbHocTu masmbl 1 (V.316) mosyuaem COOTHONIEHUE MEXKLY JIOKAIbHbI-
MW KOHIIEHTDAITMSIMI 3JIEKTPOHOB M MPOTOHOB (cM. paszen V.3) [118]:

ne(u) = np(u) . (V.317)

V.9.3 Bpeiuucienue MoMeHTOB (PYHKIIMH PpacIpeee-
HU4

JInst BEIYUMCIIEHNsT YKA3aHHBIX CKAJIAPHBIX (DYHKIWH HYyKHO BBIYUCIATH MO-
menTbl Gynkuuu pacupezesnenus (V.296). IIpoue Becero sro cuenars, Boc-
nosb3oBasiiuck dopmynamu (V.297), (V.298) B couyrcrsyromeit CO co-
rsacuo dopmynam (V.280), ucnonb3ys csoiictso (V.281) sroro npeobpaso-
BaHWsA W BBOASA ChEpPUUECKUE KOOPIUHATHI B MPOCTPAHCTEE WMITYIThCOB:

p1 = pipcosfcosg;
p3 = pipcosfsing; (V.318)
p2 = jypsing.

IMocTynast takum 0OpPA30M, MOy UM

n=nop’p, (V.319)
re
2541 [0
m=25 [ F o, (v.320)
0

1 BBEIECHA IIEPEMEHHAA MHTETPUPOBAHUA:
P = upf et (V.321)

Taxum obpasom, moayunm u3 (V.319), (V.316) u (V.317):

!

(20)e = i)y = L (o (v.322)
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Hanee mosyuum, mosiaras Jjisi OnpeaeeHHOCTH:

re < s

IIOJIYy9YUM BbIDazK€HHNA 1JId KOMIIOHEHT JaBJICHUA U IIJIOTHOCTH SHEPIUH ILJI1a3-
MBI

@S+ V)it T o
15 7/1‘ )pPdp |/ m? + pip?—
" 4772(,U” 1) J ®) [ I
2

2
_m2 + 12 p? I \/m +N||p +p\/,U” 1

(25 + 1)lfill|| 7 0 2\ 2
P = ————=~ [ f(®»)p dpx [—\/m2 + pip?+
872 (uit — 7)) / I
2 2 2
M ) VR iy Jut i

py/1j — 13 Vm? + i p? L(V.324)

oo

25 +1
= uiun/ ’)p dp m2 +u”p +
0

\/m2+up +p\/u2—ui
+m + 12 p? In Il I

BamernM, 4To Bee npuseeHuble Boipakenns (V.323) - (V.325) umeror Ko-
HewnbIe npeaesst npu i — p4 = 0. Us (V.323) - (V.325) mozxuO nomy s
CJIEICTBHE:

(28 + Dm?*pd y

T/ =e— P —2P, =
2m2, i — i

7 m? 4 pip? +py i =il o
I |~k )
x [ In f®)p dp
0

(V.326)

Vm? + pd p?
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V.10. ¥YnbrpapenasTuBUCTCKass aHT30TPOITHAS TLIa3Ma,

3aMeruM TakxKe, 4TO B CJydae < po norapudvmyeckue PyHKIUA B
HAIEHHBIX MOMEHTAX HEOOXOIUMO 3aMEHUTh Ha (DYHKIINHA arcsin.

V.10 VYapTpapeiadTUBUCTCKas aHU30TPOITHAs
mJa3Ma

V.10.1 IlmoTHOCTH HEPTUU U AABJIEHUE

UsBecrabie Monesu maraurocdep mnyiabcapos (cMm., nampumep, [120]) npu-
BOJAT K OYEHb BHLICOKMM 3HAYCHUAM KHHETHYECKONH 3HEPIHU 3JIEKTPOHOB U
npotonos (10 10'%ev). Taxum o6pazom, GMSW, 1o - BuaMMOMY, Bcerna
peanu3yerca B yIbTPapeIaTUBUCTCKOM IIa3Me.

B y/ibTapenaruBUCTCKOMN IIa3Me Macca MOKOS YaCTHIL He BJIUAET HA MaK-
POCKOIHMYECKHE MOMEHTHI B IPeiihOBOM MPHUOINKEHUH, TIO3TOMY MOXKHO TI0-
JIaraTh:

(e = (ps  (pi)e = (1i)p- (V.327)
st yIbTpapesiaTUBUCTCKON ILJIa3MBbl:
pip > m; o pp > m; (V.328)

IIPUBEACHHDBIE BbIPDAKEHUA CTAHOBATCA ABHBIMA (byHKIlI/IHMI/I M1 u /,L”

2 _ 2
Eo 14 1 8 Bt By — Y

2 _ 2
2 pj—my i — 2 pL

1 22 — 112 )+ /uf = pi
p, = Zo KLk [ 20—t In ” ] (V.330)

P = ; (V.329)

2 2 TH|
4 - [ w3 — 2 pL J
2 2

E, [ 2 YA il U -I
e = S M+ = o (V.331)

i Kl H |

rie
25 17
By=3 = - / 2)pdp = Const (V.332)
vy
0
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- IJIOTHOCTH YHEPIUU U30TPOIHOI oxHOpoaHOH tiasmbl. 113 (V.326) B pac-
CMaTPUBAEMOM NPHOJUKEHUH CJIETyeT:

e~ P —2P, =0. (V.333)

V.10.2 YacTuble pemnieHus

[Tonyyenmbie BRIpAYKEHUST BCE €II€ CJIUIITKOM CJIOYKHBI JIJIST TOTO, YTOOBI 13-
BJIEYD C MOMOIIBIO HUX KAKYI0 - 1u6o undopmanuio u3 ypasuenuii (V.312) u
(V.315). ITosroMy paccMOTPUM 3TU ypPaBHEHUs! IPU IPEEIbHbIX 3HAYEHUIX
mapamMeTrpa aHI30TPOINH TIa3Mbl:

§=HL (V.334)
1

V.10.2.1 W3zorpomuas miaazma: § — 1

Boruucass npenennt npu 6 — 1 B Boipaxkenusx (V.328) - (V.332), noyunm:

1

1

urE, (V.335)
rae p = po = p. Torma merpyano ybemmTobes, uro ypapnenus (V.312) u
(V.322) uMeroT onHaKOBBIE PEITeHNST:

3
P = % Vb (V.336)

OT10T haKT UMEET MPUHIUMUAILHYI0 BAYKHOCTh, TAK KaK OH 00ECIeYnBa-
eT MUKpOcKonnueckoe obocHoBanne ypasuennit PMII [113]. deiicTBurens-
HO, ecqin Obl ypasHernust (V.312) u (V.322) nmesnn He3aBUCHMBIE CJIEICTBS,
9TO 03HAYAJIO ObI, YTO U3HAYATHHAS H30TPOTHsT HECCTOTKHOBUTETHLHOMN TL1a3-
MbI HAPYIITAETCs TPABUTAIMOHHOI BOJIHOM, T.€., ypapHeHus PMI'I 6buim 661
HEIPUTOHBI JJIs OMUCAHUS OECCTONTKHOBUTEIHHON MIa3MBbl.

IMoacrasnssa (V.336) B ypasuenue (V.315), nosyuum u3BecTHbIE peliie-
Hus [113] 11 W30TPOMHOMN YABTPAPENATHBUCTCKOMN TIIIa3MBbI:

1
V= 1o (V.337)
€0
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V.10. ¥YnbrpapenasTuBUCTCKass aHT30TPOITHAS TLIa3Ma,

28
5 €

2 .

IIPHU 3TOM:
= Ho 1
TR

V.10.2.2 Iliazma ¢ BBIMOPOXX€EHBIM MONEePEYHBIM UMITYyJIbCOM: § —

(V.340)

0
B stom caygae u3 (V.328) - (V.332) nomyunm:
1
Pire= EEO,uﬁ,ui; P ~0. (V.341)
Torua ypasuenue (V.312) umeer unrerpad:
eHL*
7 = EOH(] . (V342)

Ucnonssys B (V.342) unrerpan (V.322) n Boipaxkenue qisa H (V.283), no-
JIyYUM BBIDAKEHHE JUIs [U ] :
e B
pL = (NL)OT- (V.343)
IMoncrasnss reneps (V.343) B (V.341), a nonydennstii pesynbrar - B (V.312),
HaiizieM ¢ yderom mHTerpasa (V.322):

! 6725
V= TaAe
(1o
_ : V.344
iy ( )
6—2,6 0 6—4[3
EZ.P”:E()m; PJ_ =P 7, (V345)
H2
2 0

U3 upusenennbix pemenuii BugHo, uro Ha dbpoure GMSW (A — 0) 3na-
YeHHUe NOIEePEYHON KOMIOHEHTBI JABICHUsA, OCTABASACH MAJBIM, (DAKTUICCKI

coxpansiercs - (P = 1% 1), B TO BpeMsl KaK 3HaYEeHUE MIPOJIOJIbHON KOMIIOHEH-
TBI JIABJICHHS CTPEMHUTCS K GECKOHEYHOCTH Mponopunonaibio A~ Takum
obpaszom, Ha gporme GMSW nepeonauasvHas aHU30MPONUA NAG3MDYL YCU-
AUBAEMNCA.
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I'maBa V. I'paBuMarHuTHBIE YJapHBIEC BOJIHBI
V.11 BuaugHue aHU30TPOINUU IMJa3Mbl HA Mar-

HNUTOTOPMO3HO€ MN3JIydeHue

Cpeanne 3HaYEHWS KBAIPATOB TIPOEKINI UMITY/THCA OTHOCUTENHLHO PACIIpe-
nenerus (V.295) B conyreryiomeit CO nopsiaka:

<p:>~pt; < pﬁ >~ ,uﬁ . (V.347)

Tornma cpemgnee 3HaYMEHNE YHEPTUN YIbPAPETATUBUCTCKON JACTHUITHI €CTh:

<E&>= \/pi+pﬁ~\/,ui+,uﬁ. (V.348)

Takum 06pazoM, B ciIydae CHJIBHO aHH30TPONHOM mnasMe (mpu 6 — 0) mo-
ayqanm u3 (V.348):

<E>~ - (V.349)
Honcrapaas B aTu BeIpaykenns 3wadenus g u gy u3 (V.343), (V.344),

Haligem:

e 28

L2

—~

pﬁ)o )
L2A

(€

~ Const ; 2y &
onst; {p) VA~ (V.350)

1) = P )o (&) ~

ITpu ManbIx 3HAYEHUAX § MAJIO U CpeIHee 3HAYEHUE YIJIA X MEXKIY BEK-
TOPOM MHUKPOCKOIIMYECKON CKOPOCTH YJILTPAPENATUBUCTCKON dacTunbl V u
BEKTOPOM HAIIPSZKEHHOCTU MArHUTHOrO moss H:
V)
siny = Vi ~ vSp > = x = yoe PVA, (V.351)
1% <E&E>
rae xo = 0.

Kak usBectno (cm., Hanpumep, [43]), MHTEHCUBHOCTH MArHUTOTOPMO3-
HOTO M3JIy9€HHsl YIbTPAPETATHBACTCKONR JACTHIIBI COCPEIOTOUEHO B Y3KOM
kouyce ¢ ocbio H u ystom 2x mpu Beprmae. Takum o6pasom, ecan 2xg €CThb
YTOJI BBIXOZA MArHUTOTOPMO3HOTO M3JIy9YeHNs] HEBO3MYIIEHHON MJIa3MbI, TO
2 ecTh yroJ BbIXO/Ia MAarHuToTOpMO3HOTO M3ydennss B GMSW. Ha dbporre
GMSW (A(u) — 0) yroa BbixoJa u3jydeHus crpeMuTcs K Hymo. I[Ipu arom
[OJIHAS WHTEHCUBHOCTb MAarHMTOTOPMO3HOIO U3JlydeHus 3JeKTpoHa, [43]:

I=_—"—p H? (V.352)
m

230



V.12. HUccaenoBaHne ypaBHEHUs SHEProDaIaHCca

cormacto (V.346 u (V.350) 8 GMSW pasna:

o—26(u)
= A

(V.353)
(rme Iy - HEBO3MYIIEHHAS MHTEHCUBHOCTH M3JIy4€HMsi) U CTPEMUTCH K Oec-
konevynocTu Ha ¢pporre GMSW.

EC.HI/I YTOJI BBIXOJJAa MATHUTOTOPMO3HOTO U3JTyYeHU A MaI’HI/ITOC(bepr nyJab-
capa CBA3bIBATH C AJIUTEJIBHOCTHIO UMITYJIbCA U3JIyYEeHUA, TO ITPU TPOXOZK IE-
HUW TDABUTAIIMOHHON BOJIHBI Yepe3 Maruutocdepy myabcapa Oyaer HAOIO-
JaTbCA CHUJIbHOE C2KaTHhue UMITYJIbCa U3JIydYeHudA C OJHOBPEMEHHBIM yBeIn4de-
HHEM €ro MHTEHCHBHOCTH. ITOT 3(h(PEKT OTKPHIBAET ATLTEPHATUBHYIO 110
cpaBHeHuio ¢ [97] BO3MOXKHOCTH O0bACHEHHs] TUTAHTCKUX UMILYJIHCOB IIYJib-
CapoB, CKOPEEe BCET0 COOTBETCTBYIOIIYIO KAPAHIANTHON JHarpaMMe HATPaB-
JIEHHOCTU W3JIYyYC€HUA.

V.12 MWHccraenoBaHue ypaBHEHUS
sHeprobaJaHca

V.12.1 MaremarundeckKkad MOOeJb

B stom paszmene MBI TIPOBEJIEM TIOJTHOE HCCJIEJIOBAHUE yDABHEHWS IHEPro-
basmanca (V.200), K KOTOPOMY CBOJIUTCSA TEOPUS B3AUMOJICHCTBUS IDABUTA-
I[MOHHBIX BOJIH B MArHMUTOAKTHBHOI Iutazmoit [113, 115]. Ilepemmmem sto
ypaBHeHHe B 60see yI00HBIX /I HAIINX Teeil 0003HAYEHUIX.

y? + TV (y) = T?g%(x), (V.354)

re Gyuknus y(z)® (cm. (V.132)):

y(z) =1- T% = A(u); (V.355)

Y/IOBJIETBOPSET HAYATLHOMY YCI0BHIO:

y(0)=1, (V.356)

8Tax maswiBaemas ympawnsomas dynkmus GMSW [113], Y - sropoit mapamerp
GMSW (V.202).
9®ynxuusa B(u) - avmaryaa TITB ¢ y4eToM TOTIONEHns B Ta3Me.
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I'maBa V. I'paBuMarHuTHBIE YJapHBIEC BOJIHBI

puyeM:

9(@) = f'(x), f(z) = Pu(x)/Bo (V.357)

- 6e3pa3mepHas ammuTyga Bakyymuoit I1I'B; mpoussogmabie 6epyTcs 1o me-
pemennoii = v/2uw, w - yactora Bakyymuoii IITB). B ypasnenun (V.357)
HOABJIAETCA eIl OUH 6e3pa3MepHEIi mapamMeTp, £2, Tak Ha3LIBAEMbIH mep-
BoIit mapamerp GMSW [113]:
2
&= # (V.358)
465w?

B [115] Ha ocHOBe KOMITbIOTEPHOTO perternst ypasuenus (V.354) Gbuin BbI-
9UCJIEHBI OCHOBHBIE TapaMeTpbl OTKanKa 1aa3mbr Ha [IT'B. Kak nokazan 60-
Jlee JIeTabHbI aHAJIN3, HEKOTOPBIE PE3Y/IbTATHI, TOJyYeHHbIE YUCIEHHBIM
MO/IETTAPOBAHUEM, B YACTHOCTHU, BHIBOJLI O CUJIBHOM 3aBUCUMOCTHU JIJTUTEh-
vocru ummyabca GMSW ot Broporo napamerpa GMSW, okasanuch oru-
6ouHbIME. OCHOBHBIE TPUIUHBI KOMIBIOTEPHBIX OMMOOK KPOIOTCS B HEKOTO-
PBIX MPUHIMIHAIBHBIX 0cobeHHOCTAX ypasHenus (V.354), KoTopble He OT-
CJIEKUBAIOTCS KOMITBIOTEPOM TIPU MPSMOM TMPUMEHEHUU CTAHIAPTHBIX MPO-
rpamu perrenns audepeHuanbHbIX ypapHeHuit. Buemnsas mpocrora ypas-
Henusi sneprodasanca (V.354) okazanacb 06MaHIUBOI, CKPHIBAIOIIEH HEOXKU-
JAHHO CJIOYKHOE TTOBe/ieHue ero perrenuit. [IpuHimnmraabHas BaxkKHOCTD JJIsT
TEOPUHU TPABUTAIINY U TPABUTAIINOHHO - BOJHOBBIX SKCIIEPUMEHTOB XapaKTe-
puctuk umnyiasca GMSW, oroxnectsisiemoro B [115], [116] ¢ Tak Ha3bBa-
€MBIMHU TUTaHTCKUMU UMITYIHCAMU IIYJIbCAPOB, TPUBOIUT K HEOOXOJAUMOCTH
0oJsiee 1eTATBHOTO WCCJAEIOBAHUS ypaBHEHHs HeproOaanca. BoiscHenne
nosezenus perienuil ypasuenus (V.354) u onpenesenus GhOpMbl OTKIMKA
MarHUTOAKTUBHOW MJIa3Mbl HA TPABUTAIMOHHYIO BOJIHY TOTPEOOBAJIO CIie-
[UATBHBIX AHAJUTUIECKUX KUCCISIOBAHUN U MOAMMDUIIMPOBAHNS TPOTPAMM
YUCJIEHHBIX pacderoB. Hurke mpuBeieHbl HEKOTOPBIE PE3YJIBTATHI ITUX HC-
crepoBanuii [121].

V.12.2 OO06iune cBoiicTBa perieHus

BcenencTue cBoero onpeneneHust:
|f(2) < 1. (V.359)

Orrocurenbuo 3aMauubix dyukimii f(z) u g(x) Oymem npezamosaraTh cje-
JIyrolree:
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V.12. HUccaenoBaHne ypaBHEHUs SHEProDaIaHCca

1. ¢yuknuu f(z) u g(x) ma npomexxyrtke (0,400) IPHHAMIEKAT KIACCY

C;

2. Ha 3TOM npoMexKyTKe pyuknus g(x), kKak u f(xr), orpaHHYeHHAS:

lg(z)| < go ~ 1;

(V.360)

3. dynknus f(x) umeer sxkcrpemymsr (1.e., pyukuus g(x) umeer Hysn):

@) = g@;) =05 wp=0;
mj <@l <m(+1):(G=12..),

npudem QyHKIus §(T) 3HAKOIEDEMEHHAS:

g(x) > 0’ WS (x;n:'r;n—i-l);

g(x) < 0’ WS (x;'rH»l:x;nJrZ); (n = Oala .- )a

4. ¢ynknusa g(x) aMeeT SKCTPEMyMbI:

g @) =0;n(k—1) <7 <7k, (k=1,2,..)),

(V.361)

(V.362)

(V.363)

npudem npu k = 2n - muaIMYyMBI, & 1ipa k = 2n + 1 - MAKCHMYMEBI, T.€:

g (Fan) = gl > 0;

_ Def
9" @ans1) = ghnyy <0;

5. Kpome Toro GyaeM MmoJaararh:

Tr<al, (k=1,2,..).
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I'maBa V. I'paBuMarHuTHBIE YJapHBIEC BOJIHBI

ITpumepamu Gyukuuu f(x), yaoBiaeTBOpsOLiell yKA3aHHBIM yCJIOBUAM, $B-
JISI0TCA:

f(z) =1 —cos(); (V.366)

f(z) = zsin(x)e™ . (V.367)

Janee, Bce BbIYUCIEHNS, OCHOBAHHBIE HA THIPOJMHAMAYIECKUX MOJIEJISAX [IPHU-
BOJAT K CJIEJYIOIIEMY BUJY <«IOTEHIMaIbHOIy dbyukmuu V (y):

V(y) =y " -1, (V.368)

rJie mapaMerp p MPUHWMAaeT 3HaYeHus: Ha orpeske [4, 8] B 3aBuCHMOCTH OT
YPABHEHHSA COCTOAHUA MJIA3MBI U CTENICHH €€ AHU30TPONNH, IPUYEM HUKHUI
peaes COOTBETCTBYET HEPEJIATUBUCTCKOI I11a3Me, BEPXHUI - aHU30TPONHOMI
yIbTpapenaTuBucTckoit (eum. [113], [118]):

4
S l—ky’

p (V.369)
k1 < 1/2 xo3dpdunmenT cBg3U MONEPEYHOrO JABJIEHUs U ILJIOTHOCTH SHED-
WM ITA3MBL P = k€.

Taxum o06paszom, dbyukims V (y) 06Ja0aeT CeIyoMuMI CBORCTBAMME:

y<1; V(y) > 0;
y==+1; V(y) =0; (V.370)
y>1; V(y) <0.

ITpu &2 = 0 pemennem ypasrenns (V.354), yI0BIETBOPSIONINM Hatah-
HoMmy yciioBuio (V.356), siBisiercs HEeBO3MYLIIEHHOE KBA3UIIEPUOAUIECKOE Pe-
[IeHue:

yo=1-—"f(z), (V.371)

KOTOpPOE TIPU JOCTATOYHO OOJIBINNX 3HAUYEHUSAX MapaMerpa Y MOXKET OBbITh
OTPHIIATETHHBIM.

Ipu &2 # 0 nosenenme pemenus (V.354) pagmkanbro mensiercs. [pu
y — +0 V(y) — +oo, npu 3roM B JieBoit yactu ypasuenus (V.354) okasbl-
BaeTcst 0ECKOHEYHO OOJIBITIAs MOJIOKUTEIbHAS BEJINYNHA, TOT/IA KaK MpaBas
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V.12. HUccaenoBaHne ypaBHEHUs SHEProDaIaHCca

9aCTh 9TOr0 yPABHEHHMsS OCTaercsa KoHedHoil. ClemoBaTeNbHO, B PEIEHnU
ypasrenns (V.354) mpu &2 # 0 Beeria J0I2KHO OBITH:

y>0. (V.372)

IMosToMy B manbHedmeM Mbl OyZeM PacCMATPHUBATL MOBEJCHHE DEIIeHUIT
y(z) na unrepsase (0, +00). Ha arom unrepsasie ypasuenue V(y) = 0 umeer
€IMHCTBEHHOE PEIICHHE:

Viy)=0ey=1; (y >0), (V.373)
a npousBogubie dbyHkmuu V (y) 06J1aJA10T CJeLyOIUMU CBOACTBAMY:

Vy' <0; Vy'; >0, (y >0). (V.374)

Tax xak y'2 > 0, u3 (V.354) cpasy caemyer:

&V(y) < ¢*(=) < g5, (V.375)

TaKUM 0OPa30M, BCEraa:
1\ "/
Y 2 Ymin ~ <1 + §_2> . (V.376)

[pu &2 — 0 mosyduM OTCIONA Y > Ymin — +0 BMECTO HepaBeHCTBA y >
1 — 27, KoTopoe Tosydasoch u3 pemenns ypasaerna (V.354) mpu £2 = 0.
Takum obpazom -

Pemenne ypasuenns (V.354) npu €2 — 0 He mepexoquT B perneHue
3TOTO 3Ke ypaBHEHH, oTydenHoro mpu 2 = 0.

Takoe nosexuenue pemnenuii ypasuenusi (V.354) ectb cieiacrBue cyiie-
CTBEHHO HEJIMHEHHOro xapakrepa mnocjemnero. JleificteuressbHo, eciiu Obl Mbl
cpa3y pasaoxuiu ypasaenue (V.354) B pay Teitnopa no masoctu aMmiuTy-
b1 I'B, T.e., B psiJi 10 MAJIOCTH OTKJIOHEHUST OT € AUHUIIBI (DYHKIWH y = 1+Jy,
MbI oJryunsiu 661 BMecTo (V.354) B uHelHOM TpuOIMKEHUN:

8y = 12epdy = T?¢* () ,
oTKya u3Baekan 661 BMecto (V.375) HepaBeHCTBO:
T2 2
y>1- 19 2(él?) _
28
Taxum obpaszom, mpu &2 — 0 momyunam 661 BMecto (V.376) HepaBeHCTBO:
Yy > —00, KOTOpPOE HE HAJIAraeT HUKAKUX orpanudeHuii Ha GyHkumio y(x).
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I'maBa V. I'paBuMarHuTHBIE YJapHBIEC BOJIHBI

V.12.3 SxkcrpemMmymbl

st GoJiee meTabHOTO UCCIeA0BaHus perenuii ypasaenus (V.354) paspe-
UM €ro OTHOCUTEJIbLHO HpOI/IBBOﬂHOI'/JIZ

y' = FLVg* (@) - V(). (V.377)

Tak Kak BBIPAZKEHHE IO/ PAJUKAJIOM JOJZKHO ObITh HEOTPUIATEHHBIM, TO
Besenctsue (V.361) u cpoiicrs dyuxkmuun V(y) (V.370) uz (V.377) cpasy
BBITEKAET CJIEJIYIOIee CBONCTBO PEIleHusI:

y(=p) >1; (=1,2,...). (V.378)

Bersb pernennit (V.377), coBnasaomas npu Maiabix 3Hadenuax r — +0 ¢
HeBO3MyIIeHHBIM perienneM (V.374), coorBercrByer 3HaKy «—» B (V.377):

y'=-TVg*(x) - &V(y). (V.379)

ITpu x = 0 cornacuo (V.356) y = 1, Torna u3 (V.379) cienyer: y'(0) = 0,
cienoBarenbio, ¢ = 0 - Touka Makcumyma. Ilpu x > 0 cornacuo (V.379)
y' < 0, caenoBarenbho, dynkuus y(z) ybbiBaer. YObIBAHHE 3TO HE MOXKET
ObITh HeorpaHUYeHHbIM BeieacrBue yciaosus (V.376), nosromy dbyHkims
y(z) nomxua smbo crpemurcs csepxy K acumnrore y = Const > ymin 1IpU
T — +00, mbo mocturath MuHuMyMma npu > 0. OgHaKo, MepBhIi ciyyaii
HEBO3MOYKEH, YTO HENOCPeACTBeHHO BuaHo u3 (V.379).

Urak, Gyukuus y(z) obs3ana umerb mMuHumyM Y, > 0 B HEKOTODOIl
Touke ¢ = x, > 0. Tak kak byunkuus y(x) yboiBaer, o 0 < y < 1, caeso-
Baresbho, coraacuo (V.370) V(y) > 0 u dyukuus V (y) pacrer ¢ pocrom x.
DTOT POCT He MOKET MPOJIOJIZKATHCS J0 TOUKH & = Iy < T, TaK KaK B 3TOM
cllydae BbIpazkeHue 1moj pajgukagoMm B (V.379) crano Obl OTpUIATEIHLHBIM,
Yero He MOKET ObITh. [I09TOMY TOUKa MUHUMYMA Xy (DyHKIMHA Y () JOIKHA
HaxoauTcs BHyTpu npomexkyTka (0, zj). B rouke Murnmyma yl, = 0, T.e:

g (2.) = EV(y.); (V.380)

MOCJIe TIPOXO2KIeHNs] MUHUMYMa HEOOXOAMMO BHIOPATD APYTYIO BETBb Pelire-

Huit (V.377):

y' = +Tg2(x) — EV(y); (x> ). (V.381)

o rex nop, noka y' we obparurcs B Hysb, byHukius y(z) Gyuer Bo3pac-
tarh. Takum obpasoM, mis Gojiee JeTaabHOTO MCCJEJI0BAHUS CBOWCTB pe-
menuii ypasuenus (V.354) HeoGXOIMMO UCCIEIOBATH BTOPbIE MPOU3BOIHDIE

dbynkuun y(x).
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V.12.4 BTopble mpoun3BOAHBbIE

Huddepennupys (V.354), nonyuum ciepcrsue:
1
y' (y" + §£2T2Vy'> =T?%gg . (V.382)

U3 (V.382) cpasy ciemyer, 4TO B TOYKAX MOJAO3PUTEIBHBIX HA IKCTPEMYM,
B kKoTopwixX y' = 0, momkuo 6biTh g¢9' = 0, mosromy corsacuo (V.361) u
(V.363) skcrpemy™m byHKINY y(z) BOSMOXKEH JIUINTH B TOYKAX:

9(x) =0z, =5,
g () =0—>z=m (V.383)

IMonaras mua rakux touek: y'(z,) = 0, paznoxum GyHKIuo y(x) B pasx
Teitmopa BOM3M TAKUX TOYEK:

y(@) =y« + %yi’(w —2.)? + O((z — 2.)°). (V.384)

Takum o6pazom, BOMM3HU ITUX TOUEK:
y'(z) =yl (x — x) . (V.385)

IMoncrasnsas npubnmxenusle Beipaxkennus n3 (V.383) - (V.385) B ypaBHenue
(V.382), pasnaras B psag Teiisopa ero npaByoo 4acTb U IPOU3BE/s HEOOXO-
JIMMbIE BBIYUCIICHUS, IOJTy9MM YPABHEHUE Jlsl OIPEIEIeHUs] BTOPOii Ipous3-
BOZIHOI Yl

1
o (4 3000 ) = TF ). (v 350
rie:
F(g) . 912 (:E;) ’ Ty = 1‘; 5 (V 387)
9(@1)g" (@k), T =Tk '

Paspemas ¢ ygerom ckazanuoro (V.386) ornocurenbHo yY , Haiigem:

1 1
Yy = —ZT2€2V;(2/*) - \/ET“f‘lVy’?(y*) + T2F(g). (V.388)
3HaK mepe KBaApaTHbIM KopHeM B perternu (V.388) BuiOpan Takum o0pa-

30M, 4TOOBI C y4E€TOM CBOICTB noTennuanbuoil dbyuxmun (V.374) 31o perre-
uue B orcyrcreue I'B gasasio 61 y'' = 0.
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Kak mbr ormeuasnu Boiie, nupu z > 0 Gysakuus y(x) ybsiBaer or 3Have-
nug y(0) = 1. Ha npomexyrke (0,7) ecTh ABe TOYKH, 110JI03PUTEJbLHBIE HA
skcrpemyMm: T u zi. Ho B Touke z = zf cormacwo (V.378) y(z3) > 1,
K ToMy e Beaencreue (V.365): Ty < 7, modtoMy MuHUMYM GYHKIAH
y(z) mocturaerca B Touke z = Tp. Cormacuo (V.362), (V.364): g(Z1) > 0;
g9"(T1) = ¢} < 0, nosromy B 31001 Touke gg"” < 0, u uz (V.386) nonyuaem
3HA4YEeHUEe BTOPOI MPOU3BOJHON B 3TOU TOYKE:

_ 1 1 _
y'(@) = -0V () - 16 L€V () = T2g(@)lgr], (V.389)

KOTOpOe, Kak 310 cieayer u3 (V.374) moj0KUTENbHO, T.€., JIefiCTBUTEIHLHO
coorsercrByer Munumymy Gynkuuu y(z). Boipaxkenue nox pajukanom B
(V.389) HeorpuniaTebHO NPU BBILIOJIHEHUH YCJIOBUSL:

(YEV!(y1))* > 16g(z1)|g} . (V.390)

Ecnn ycnosue (V.389) e Bbrnonnsercs, 1o BMecto (V.379) MbI JOJIKHBI
B34Th Apyryio Bersb (V.381) perienus ypasuenus (V.354). Ho B 3T0M caty-
vae GyHKIus y(x) HEOTPAHWYEHHO BO3DACTAET, TIIa3Ma COorJacHo [?] aBu-
JKeTCs B OOpaTHYIO CTOPOHY, W TPABUMATHUTHASA BOJIHA HE BO3HUWKaeT. 11o-
sromy (V.389) ecth Heobxomumoe ycaosue Bo30yxkaenus GMSW. Tlpu Bbi-
HOJTHEHHH 3TOTO YCJIOBUSA B TOYKE T = T1 JOCTHTAETCA MUHAMYM:

g2 -1/p
Ymin = (1 + £—§> : (V.391)
rae g, = 9(T1).

ITocse npoxoxuenuss munumyma pyukuuu y(z) B TOUKE T = Ty MbI
noskabl BMecTo (V.379) B3ars Bersb (V.381) perenus ypasuenus (V.354).
Takum 0Opa30M, TOCIE TPOXOXKIeHus MuHuMyMma (ynkuusa y(z) pacrer,
u B Touke £ = 7 < 7 cornacHo (V.378) M0/KHA JOCTHIHYTH 3HAYEHUS
y(z7) > 1. B cayuae y(z}) = 1 Benencrsue (V.373) nomyqaum: y'(z7) = 0.
Herpyano nposepurs ¢ nomouipio (V.388), uro npu 310M B JAaHHON TOYKE
y"(xF) < 0. Te., ToUKa x] sABISETCS TOUKOH Makcumyma GyHKImn y(z).
Torga mocsie TPOXOKIAEHUSA ITOTO MAKCHMyMa HAJ0 CHOBA TTOMEHATH BETBb
periennsi ypapuenns (V.354). Ilosromy ycaoewe y(z}) = 1 darrnueckn
ABJIAETCA yCJI0BUEM KBasunepuoauunocru pemenus. 13 (V.380) u csoiicTs
norenimanbaoil Gyukuuu (V.374) caemyer, 4o yKa3aHHOe yCJIOBUE KBA3H-
TIEPUOIUYHOCTH PENIEeHNs IKBUBAJIEHTHO YCIOBUIO:

y'(z7)=0. (V.392)
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Ecau xe y'(z7) # 0, pelnenre HeOrpaHUYEHHO BO3PACTAET TIOCIIE TIPOXOK /1€~
Hus 31oil Touku. 113 (V.382) cieayer, 4ro B 310M Cilydae JOJKHO ObITh:

* 1 *
y'(21) = —5ETV (1) > 0, (V.393)

T.e., BTOpas npou3BonHas MYHKIUHA B STON TOYKE OJIKHA COXPAHUTH CBOE
[MOJIOYKUTEIbHOE 3HadYenne. B 31oM cirydae, Kak Mbl OTMEYaJIH BbIle, (DyHK-
mus y(x) mOC/e MPOXOXKIEHUS MUHUMYMa HEOTPAHUYEHHO DACTET W TIPH
T — 00:

y=~T / lg(x)|dz ~ Yz . (V.394)

V.12.5 IloBenenue ynpaJidionieit (pyHKIIuM BOIN3N MU
HUMYyMa

Urak, B TOUKe T = T1 ynpasiasaiomas GyHKIus y(T) UMeeT MUHUMYM, J0-
cTUras 3HAYEHUd Ymin (V.391). Ucnonb3ys 9170 MUHUMAJIBHOE 3HAYEHUE U
By noreHnmanbHoit dyaknun V(y) (V.368), momyunm u3 (V.375) Beipaxe-
HUE JIJI BTOPOi IIPOU3BOIHOMN Y. B TOYKE MHHUMYMA:

yl/(jl) — §T2€2x

« <1 + ﬁ)lﬂ/” L]y 161l (1 N ﬁ) e
& i &2 T (V.395)

opuiemM rHaHHbII'/’I MUHUMYM BO3HUKAECT MPU BBHINOJIHEHUU yCJIOBUA:

PYEP(gf + €)1 P > 4y /g1t - (V.396)

IIpn MaJILIX 3HAYEHMAX TepBoro mapamerpa GMSW £2 « 1 mepaBeHCTBO
(V.396) mpunumMaer Buz:

PYG > e gt (€ < ). (V.397)
B ciydae BpinonHeHus cuabHOro Hepasencrsa (V.396):
pY (g3 + )12 > 48%/7, [ g1 g (V.398)
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Boipakerue (V.395) npuHuMaer BUI:
y"(T1) ~ 2gl|gi’|£2/p .
ba? + €
B wacTHOCTH, IPU MaJIBIX 3HAYEHUX mepsoro napamerpa GMSW (£2 < 1)
TIOCJIe/THEe BhIPAYKEHUE YIPOIIAeTCs:

2l q!"| 2/
' (F1) ~ % <1. (V.400)
pg, *

ITpu srom mocTuraercs MuHUMAasbHOE 3HaYeHUe DyHKIMU Y(T):

(V.399)

¢ 2/p
1

Takum o6pazom, cormacto (V.384) npu Boimosnnennn yciaosus (V.379) u
&% < 1 dynkmusa y(r) BOIN3W TOYKN MUHIMYMa WMeeT BUI:

B é 2/p [ M .
v <91> b pbg1 (:c ml) ' (V'402)

Kak u3BecTno, kpususna k ni0ckoii Kpusoit y = y(x), B TOUKe 3KCTpeMyMa,
T, €CTh:

k=1v"(z0), (V.403)
a PaJMyC KPUBU3HLI, p, PABEH:
1
= —. V.404
p=z ( )

Takum 00pa3oM, KpUBU3HA YIPABAAONEH (DYHKINN B TOYKE €€ MIHIMYMA,
T onuceiBaerca Bhipazkenuem (V.399), a pajuyc KpUBU3HbBI 3TOi DyHKIMM
npu BoinosHenuu ycaosus (V.398) pasen:

142
PYy /v

lgr1er
u pu 2 — 0 crpemurca K 6eckoneunoctn. TaxmM obpazom, mpu &2 — 0 B
00JTaCTH MUHUMYMa, YIPABJSIONEH GyHKIUU 00pa3yeTcs IJIaTo, XapaKTe-
pu3yIoIeecs MAJIBIMUA 3HAYCHUAME CaMO# (DYHKINN U ee MePBBIX IBYX MPO-
U3BOJHBIX. JTa 0COOEHHOCTD pelienus: ypasaenus (V.354) saBuiiach 1epsoii
NPUYHHON KOMIBbIOTEPHBIX omuboK B [115].10

p (V.405)

10ykazanmas 0ocoBGeHHOCTH MepBOHAYANBLHO GbLta obmapyzxena JI.H.[opoxoBeim mpu
KOMIIBIOTEPHOM aHasm3e ypasrernus (V.354).
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V.12.6 CymiecTBoBaHue perieHus

Bce Bbliieonucantbie CBOWCTBA PEIIEHUs] Y PABHEHHs IHEPrODAIAHCA UMEIOT
MECTO JIMIIb B TOM CJIy4ae, eCIH CYIIeCTBYEeT BEIIECTBEHHOE PEIlleHHEe yPaB-
uerns (V.379) ua orpeske [0, 7] u ypaBuenus (V.381) na orpeske [T, x7].
Pemenue ypasuenus (V.379) D0KHO 00€CTIEUNBATD JTOCTUKEHUE MUHUMY-
ma (V.391) byukunm y(z) B Touke Ty, a pemenne yparenus (V.381) obec-
HeYuBaTh AOCTUXKEeHUe 3Hadenuii y > 1 B rouke z}. Ha orpeske [0, T DyHK-
1w y(x) J0JKHA yCIeTh U3MEHUTb CBOE 3HAYEHHE OT 1 JI0 Ymin. POpMaIbHO
unterpupys (V.379) Ha 3moM oTpeske, MOJLyduM:

1~ i = T / V=@V (e, (V.406)
0

Tak kak na 31oMm orpeske y < 1u g = f' > 0, T0 cupaBeIMBO HEPABEHCTBO:

1= ymin < Y[f(@1) = F(O)] =T f(z1)- (V.407)

Takum 06pa3oM, [Ijist JOCTUMKEHUS MUHUMYMa, HEOOXOIUMO BBITIOJTHEHHUE YCJIO-
BUA:

1- Ymin
f(@1)

Ecnu ycnosue (V.408) ne GyneT BLINOJHEHO, TO MOJAKOPEHHOE BLIPAYKEHNE B
npasoit yactu ypapuenus (V.379) obparurcs B HyJIb 10 JOCTUKEHMUS MUHM-
MyMa, U Jjajiee pererue craner MHEMBIM. [lo3ToMy B 3TOM ciiydyae Takike
HAJI0 Cpa3y BbIOMPATH II0JIOKUTEIbHYTO BETBb pelnenuii ypasHenus (V.354).
Torna dyukuus y(x) Oyaer pactu cpasdy, HauuHas ¢ TOYKA = 0.

AHaJIOrMYHO ¥ ¢ TIOBeIeHUeM DellleHus Ha OTpe3Ke [T, 7 ]: 3uech dyHK-
st y(x), nogunHstomasicss ypapHenuno (V.381) moikHa ycrerh BBIPACTH
OT 3HAYEHUS Ymin A0 1. YUUTHIBASA, UTO W HA ITOM OTpe3ke (YHKIHUA ¢
HEOTPUIATEHHA, TIOJIYIUM AHAJOTUIHOE HEPABEHCTBO:

T > ~1. (V.408)

1- Ymin
TN =
f@y) = f(@1)
Ecnu 310 HEpABEHCTBO HE BBIMIOJHSIETCS, MJIs OOECTIEYEHNST BEIeCTBEHHO-

CTW PeIeHust Mbl TAKXKe C CAMOTO HAYAJIA JTOJKHBI BBIOPATH APYTYIO BETBD
pemenuii ypasuenus (V.354).

Y > (V.409)
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Takum obpazom, CyIecTBOBaHHE MUHHMYMA YIPaBIAIONEH QyHKIH
onpeenserca obnactbio napamerpos GMSW, yioBiaeTBopsiomuM HepaBeH-
cream (V.390), (V.408), (V.409). B uactaoctu, Bropoii napamerp GMSW,
T momskeH ObITh JOCTATOYHO OOJILITIM:

T>To>1. (V.410)

V.12.7 Ilepmoamyeckoe perneHue Kjgacca C™®

Paccmorpum cayuait, korga Gyukmus f(x) Ha mpoMexxyTke [0, +00) sBis-
€TCsI CTPOrO MEPHOINIECKON (DYHKIIHEH ¢ IePHoIOM 27:

flz+27m) = f(z), (V.411)
npuyeM:
1.
g9(m —z) = g(x); (V.412)
2.
FE) =g =05 @ =miz (=0,12,..), (V.413)
3. mpH HEYeTHPIX 3HAYeHHAX j = 2k + 1 TOUKH T} ABIAIOTCA TOUKAMH

MaKCHMyMa, OPH 9€THBIX 3HAYEHUsIX j = 2k - TOuKkaMu MHHHIMYMa;

4,
9(z) > 0; = € (2n,7(2n + 1));

(V.414)
g(x) <0;z€ (m(2n+1),7(2n+2)); (n=0,1,...);
5.
g'(@r) = 0; (V.415)
6.
Ty = g(% +1) (k=0,1,2,..). (V.416)

Taxum 06pa3oM, IEPBBI MUHUMYM yTpaBgiomedi dbyuxnun y(x) qocTu-
raercs B TOYKe & = Ty = 7/2, OTHOCUTEIBHO KOTOPO# BeeacTrre (V.413)
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cummerpuuna dynkuusa g(z) (g(w/2 — z) = g(w/2 + z)). Iosromy upwu
BBIIIOJIHEHUH YCJIOBUil cylnecTBoBanus aeiicrBuresbHoro pernenus (V.406),
(V.407) pemenmne y(z) Ha orpeske [0, 7 /2] TakiKe T0IKHO GBITH CHMMETDHY-
HO OTHOCHTEJIbHO TOYKN MUHUMYMA, T.€.:

y(r/2—z)=y(r/2+x). (V.417)

Ho nocnennee oznauaer, yro y(7) =1, y'(7) = 0, r.e., dynkuusa y(x) takxe
ABJIAETCS IIEPUOJUYIECKOll (Ho ¢ nepuodom m emecmo 2w !):

y(r+z) =y(x). (V.418)

IMockoMbKy B yKa3aHHOM TepuogmdeckoMm pemenuun Beerga y(z) < 1, To
Beaeacrsue (V.355) npu BBIIOJIHEHUY BBIIIEYKA3AHHBIX yCIOBUIA CYIIECTBO-
Bauusg GMSW ammnuryna IIT'B ¢ yyerom B3aumoeiicreus ¢ miazmoit GMSW
BCEr/Ia OCTAETCs HeoTpurarenshoii: £ > 0.

Ha Puc. 3 mokazamo COOTBETCTBYIOIIEE KOMITBLIOTEPHOE PEIeHNE ypaB-
wenus (V.354) ansa pasnuunbix 3nadenuil napamerpos GMSW. 910 pere-
HEe TIOJy9eHO CINUBKON YHCIEHHDBIX perneHuii aByx 3azad Komm: mepBoit ¢
HaYaJIbHON TOYKOM £ = ( m BTOPOil ¢ HAYaIbHOI TOYKOM = = 7. B mepBom
cJlydae WHTErPUPOBaHKE OCYIIECTBIAIOCH Ha nHTepBade [0, 7/2], Bo BTopoM
— [7/2,7].

y(z)

1y T T T A T T T '

0.9 _:- .: :- .:_
0.8 ‘.: :. -: :.‘
ol R .

T
—_
|

0.6F .- R
051 © T 2 T P

04f o

0.3 I T feeene” | | | R paeeee? |
0,571' m 1’571. o

r = 2wu

Puc. 3. Pe3yabrarhl 9uCJI€HHOrO HHTErpupoBanus ypasaenns (V.354) pjisa
nepuogmyeckoii IITB (V.366): y(x) 1 —p=8;2—p=6;3 —p= 4. Beroxy:
& =0,1,T =10.
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V.12.8 HeycroiiunBoCcTh

Hccnenyem onmcaHHOE BBINIE NMEPHOIUIECKOE PEIIEHNE HA yCTOWIMBOCTD.
IMyctsb yo(x) ecTb Takoe MEPUOIMYECKOE PEIIeHNe, COOTBETCTBYIOIIEE Iie-
puommueckoit IITB fo(x), go(x), a dy(x), dg(x) - Manble BO3MYyIIEHUS CO-
orBercTByIommUX dyukiwmii. Paznaras ypasuenue sneprodananca (V.354) B
pan Teiiopa o ManIOCTH 3THX BO3MYINEHWH, B JHHEHHOM MPUOINKEHUN
MOJIyYnM yPABHEHHUE:

1
Y00y’ + SE 7V (yo)dy = T?go()dg(x) (V.419)

Pernrast amneitnoe ypaprenne (V.419), Haiizem:

“ V(o)
e L

0 Yo

dy(z) = exp [—%5”2/

T

1 T !
+2T2/exp [—§§2T2/ %dm”} godgdzx' .
! 0

v

(V.420)

Zo

Bamernm, uro Beaencreue (V.374) V'(yg) < 0. Ilycrs Toukw xo u  Je-
JKaT JIeBee TOYKM T MuHUMyMa YHKIWMH Yo (), npudeMm x > xo. B 3roit
obsactn yy < 0, mosromy aprymenTsl skcrnoHeHT B (V.420) (BbIpaskeHust
B KBaJIPATHBIX CKOOKaX) OTpulaTeibHbl U npu & — T; — 0 crpeMsrcs K
—o0. CuienoBaresnbHo, perienue Yo (z) na orpeske [0, T | ycroituuso. Ilpu me-
pexojie Ke Yepe3 TOUYKY MUHHMYMa CATYallusl KA4eCTBEHHO MEHSeTCs: IIpu
x > Ty NPOU3BOJHAS MeHsieT 3HaK (y, > 0), I03TOMY apryMeHThl SKCITOHEHT
B (V.420) cTaHOBATCS MOJIOKUTENILHBIMEA U TIpU & — T1+0 cTpeMsaTcs K +oc.
CirenoBaTebHO, IPU TIEPEXOE Yepe3 TOUKY MUHUMYMA TJIAJKOE TIE€PHOIU-
4Yeckoe penieHue Yo(r) CTAaHOBUTCH CUIIbHO HeycroiuuBbiM. Kak BuiHO u3
(V.420) mamnHas 9KCIOHEHIMAIbHAS HEYCTONYUBOCTD MOYKET OBITH BbI3BAHA
Kak OTKJIOHeHnsIMU GYHKIWHN y(x) OT 3HAYeHNs Yo (), TAK ¥ HAPYIIEHUSAMI
cBOIiCTB cuMMeTpun BakyyMHOM ammuTyas! III'B. Jlannas HeycToianBOCTD
PEINeHNsT TBUJIACH BTOPOIl MPUYMHOM KOMITBIOTEPHBIX OIMHMOO0K B [115].
IIycts Tenepn, HAOOOPOT, TOUKH T U Tg JIEXKAT [IPABEE TOUKU T] MUHUMY-
ma dyHkuuu yo(x), upuuem & < Zg, T.€., MbI JABUKEMCH K TOUYKE MUHUMYMa
cupasa. B aroii obsactu yj > 0, HO apryMeHTbl IKCIOHEHT B 9TOM CJIydae
OTPHIIATEIHFHBI TEMEPh yiKe MpaBee MUHUMyMa U TIOJIOXKHUTEJbHBI - JIeBee.
Takum 06pa3oM, pernieHre CTAHOBUTCS YCTOMUMBBIM MpaBee MUHUMYMa U
— HeyCTONYMBBLIM JIeBee ero. ITO CBONCTBO perenuii ypapuenus (V.374) u
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Ja€T BO3MOXKHOCTH KOMITHIOTEPHOTO IIOCTPOEHUS €10 «TOYHOTO» IIEPUOIAYIe-
ckoro perienus Yo(z). ImenHo rakum 06pa3om u GbLIu OCTPOEHbI Tpad UKy,
mpeacTaBiieHHbie Ha, Puc. 3.

Cornacuo (V.419) 6y'(T14+0) — +oo npu dg(T1) = 0, Tak Kak dy(T1) > 0
BCJIEJICTBUE TOrO, 4TO T1 #ABJAETCH TOYKOi Munumyma yskuuu y(z). Ta-
KAM 00pa30M, TIpH TIEPEXOJie Yepe3 TOUKY MHHUMYyMa Cpa3y pa3BUBaET-
csl HEYCTOMUMBOCTD, U PyHKIUA (L) MEHSETCA CKAYKOOOPA3HO B CTOPOHY
GOIIBINNX 3HAYEHHUT IO TeX TOp, MOKa He BhIigeT Ha acuMnToTHKY (V.394).
SameTuM, 94TO MHTErpaJbl B KBaAparTHbix ckobkax (V.420) cywecrByoor B
CMBICJIE TJIABHOTO 3HAYEHUs pu T = T + Ax:

Az

To — 11

In

V.p./wdwf\* P (V.421)

y'(T1) T (@)Y (71)

Zo

Beckoneuno Gosblnoe 3HaYeHne NIPOU3BOAHOI 0y’ () B Touke T1 + 0 sB-
JIFETCSA, OJTHAKO, CIEJCTBUEM JWHEHHOrO NPUOINKEHWsI, WCIOIb3yEMOTO B
ypasuenuu (V.419). Cornacuo Tounomy Hesueiinomy ypashenuto (V.381)
3Hauenue npousBoauHoii y'(z) npu x =T + 0 u y < 1 orpanuvena Beaudn-
HOI:

y' <Yg. (V.422)

IMpu Gombmux 3nadenusx Broporo mapamerpa GMSW sra mpoussomnas
XOTS ¥ MOXKeT ObITh OOJIBINON, HO BCe Ke ocraercs konedHoit. CorsacHo
(V.422) nnuua orpeska Az, HA KOTOPOM YIPaBJAONAs (DYHKIUSA MOKET
JIOCTUTHYTh 3HaYeHWi nopsaka 1 u BeiiTu Ha acumnroTuky (V.394), no-
paKa:

Ar ~ Y1) (V.423)

Ha 3TOM WHTEPBAJIE W JOJKHA PA3BUTHCS HEYCTOWYMBOCTH B HEJMHEHHOM
BapuaHTe.

Ha Pwuc. 4 nmpoaeMoHCTpUpOBaHA peaau3anus YKa3aHHOW HEYCTONIH-
BOCTH, BCETa BO3HWKAIOIIAS B KOMIBIOTEPHOM PEIIEHUN TMPU TTPOXOXKIe-
Huy TouKK MuHuMyMa byukiyu y(z). IIpu Gosbmux 3HaYeHUAX napamerpa
T > 1 HeycTOWYUBOCTHL PA3BUBAETCS BECbMa OBICTPO, TIOITOMY B KPYITHOM
macmrabe nosejenue ynpasuasioiieil dbyukuun y(r) npu nepexoie depes
TOYKY MUHUMyMa & = T HMeeT Xapakrtep u3jaoma. OTHAKO, MpU MOBBI-
MEHUU TOYHOCTHU BHIYUC/IEHUN U YMEHBITEHUN MACIITA0a OKA3BIBAETCS, UTO
dynkuusa y(x) Bcroay ocraerca riaakoit (Puc. 5).
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y(z)
12 T T T T T T T T T

10

7r
= v2wu
Puc. 4. Pazsurue neycroitunpoctu pemmenus ypasaenus (V.354) mis nepn-
oamgeckori III'B (V.366).
Hurkasist MyHKTHPHAS JINHAS — <«TOYHOE» MEPHOJUIECKOE DEIeHuE, MOJIy-
YEeHHOE YKA3aHHBIM BBIIII€ CIIOCOOOM; BEPXHSIS IIyHKTHPHAS JINHAST — Da3BH-
Tast HEYCTOHIHBOCTD, TIOJIYYAIONAsICS MPU MPSIMOM UHCJI€HHOM DETITEeHIH.
Ipnuaaro: p=6, T =10, &2 =0, 1.

y(z)

2.5 T T T T T . T

1.5F . .

-

-

0.5k / -

O 1
1.5 1.55 1.6 1.65 1.7 1.75 1.8
T = V2wu

Puc. 5. Toukas crpykrypa <mzmomas Ha Puc. 4 npu 30 - kparaom yBesn-
JEHHH.

CrIoniHast rOpu30HTAIBHAS JINHUS - «TOYHO€ DEIICHHE», IYHKTHPHAS JIH-
HHS - PA3BHTasi HEYCTOHYHBOCTh. Ee yJacToK, KasKyIIuiicsi CIJIOITHBIM, CO-
JEPKAT 35 TOUIEK.
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V.12.9 Ilapamerpsi GMSW-orkanka

V.12.9.1 3Hauyenus HabJII0JaeMbIX BEJIUYUH B
MaKCUMyMe

Pertienns ypaBaenuii pesiTUBUCTCKON MATHUTHON THIPOJWHAMUKH TIJIA3MbI
B nosie III'B nmator ciemytorue 3aKOHBI M3MEHEHUsT HAOIIOTAeMbIX (pU3IIe-
CKHUX BEJINYMH B MArHATOAKTUBHOMN mazme [113], [119]:

1. IInorHOCTH HEPrUHM MATHHTHOIO IIOJISI B COIyTCTBYIOIEH CHCTEMEe OT-
cyera:

H> H}
=20 w2y 424
ol R (O (V.424)

2. IlnorHOCTH HEpPrUU IJ1a3MbI B COIYTCTBYIOIEH CHCTEMe OTCIETa:

14k

e=¢eoy Fi; (V425)

3. Duzngeckasi CKOPOCTD ILJIA3MBI:

R e e
T4 202 T 1420
Takum 06paszom, corsacuo (V.391) mosryunnM BbIpaykKeHUs [ MAKCAMAJIb-
HBIX 3HAYEHUIl ITUX BEJWYWH, JOCTUIA€MbIX B MHUHUMYME YIIPABJSAIOINIEH
dyHKIMK TIpU BhITIOJHEHWN ycaoBuii cyrmecrBoBanns GMSW:

<H2> _ Vi€ (V.427)

81 8w ¢ ’

Vi (V.426)

= 14 ﬁ ; (V.428)
Emax = €0 62 ) .
/2 2 _
(VYmaz = g;+7££. (V.429)
Vi +&+¢
V.12.9.2 KpuBusHa nuMnyJbca B MaKCUMyMe

Cornacuo (V.424), (V.425) nj0THOCTY SHEPTUY TLIA3MBI U MATHUTHOIO IO
JISl TTPOTIOPIMOHAILHBI OTPUIIATEIBHBIM CTETICHAM yTPABJIAIONeH (hyHKInm
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y(z). Beraucomm cormacuo (V.403) kpuBusHy KpuBoil ¥ *(x) B MAKCHMyMe
3TO0M PYHKITAN:

k= ay @y (z). (V.430)

TMoncrasnsas B (V.430) 3navenns Gynkmuit y(z), y"(x) B MuHEMYMe coryac-
uo (V.400), (V.401) u monaras cornacuo (V.424) mis njaoTHOCTH SHEPIUU
MarHUTHOTO MOJSA @ = p/2, MoJydnuM [ KpususHbl bynkmun H2(r) B
MAKCHMyMe 3TOH (pyHKITAN:

_ gy
2¢
n jid paguyCa KPUBU3HDI:
2
|97l

Takum 00pa3oM, B OTIMYUE OT ympasjsiomed dbyukimun y(r) JOKAIbHbBII
nmiyabe GMSW umeer ocrpbliit MakcumyM.

V.12.9.3 ®opma GMSW - mmnyiabca

Eciu 661 ipu BbmosiHennn ycaoswuii cynecrsoBanus GMSW peanmzosasioch
onucanHoe B pazzene V.12.7 nepuonuueckoe perienue ypasaenus (V.354),
TO TIa3Ma ¢ MAarHUTHBIM TIoJieM coryiacto (V.426) B nose IIT'B Becerna nBn-
TaJiich OBbI JIUITb B OJHOM HAMPABJIEHUU - B HANPABJIEHUN PACITPOCTPAHE-
aug [II'B. Ilpu 3ToM MUHUMATHHBIE 3HAYEHWS TIJIOTHOCTH SHEPTHU TLIA3MBbI
¥ MarHUTHOTO NOJIA Jocturanuck Ol cormacHo (V.424), (V.425) B Toukax
OCTAaHOBKHU IJ1a3Mbl, B KOTopbix y(z) = 1. Hamuuue neycroitumsoctu Ie-
PUOIMYECKOTO PEITIeHNsT KA9eCTBEHHO U3MEHSEeT MOBEIeHNE MArHUTOAKTHUB-
Hoit mma3mer B mosie [II'B. Tlocie mpoxoKIeHns MUHUMYMa YIIPaBJISIONIEi
byHKIIMM, COOTBETCTBYIOIIETO MAKCUMYMY HAOIOMAEMBIX BEJIMINH, OBICTPO
PA3BUBAETCS HEYCTOMYMBOCTD, B PE3yIbTATE KOTOPOH MIa3Ma Jej1aer HeoO-
pPATHMBIiT pEBEPC B HAIIPABJIEHUH,, IIPOTHBOIMOIOKHOM HAITPABIEHUIO PACITPO-
crpanenus [IT'B. Takum 0O6pa3om, MAarHITOAKTHBHAS ILIA3Ma PEArHPYEeT Ha
IIT'B oauHOuHBIM nMITysIbcoM [113], [116]. Kax BuaHO U3 mpeablIyIero, Jym-
TEJILHOCTH 3TOTO UMITYJIHCA C OOJIBINON TOYHOCTHIO MOXKHO TIOJIATATH PABHBIM
/2, Win B OObIYHBIX BEJIMYMHAX:
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rae T - nepuon IITB. B [116] npusenena onenka 67 < T'/4, B [115] xe
HA OCHOBE YMCJIEHHBIX PACYETOB MOJIy4YeH HeBepHbIA BbiBox: 07 <K T'/4 upu
T > 1. Hmenno passumue HeycmoUuyu60Cmy CHUNCAEM OAUMEALHOCTIID
GMSW posno 6 2 pasa! BricTpoe pa3BuTHe HEYCTOWYUBOCTH PEIIEHUS TIO-
cJle MPOXOXK/IEHUST MAKCUMyMa CUTHAJA Tpu OoibImux 3Haderusx L > 1
[OPUBOJIUT K PE3KOMY MAJIEHUIO JO HYJEBbIX 3HAYEHU IJIOTHOCTH SHEPIUU
[JIa3Mbl 1 MATHUTHOTO TIOJIs U U3MEHEHUIO HAPABJIEHUs] CKOPOCTHU TLJIA3MbI
HA TPOTUBOMOJIOKHOE. Takum obpas3om, 3amuuii pport nmmyabca GMSW
JOJIZKeH OBITh 00JIee KPYThIM, YeM MEPEeTHUMA.

Ha Puc. 6 - 8 mpezcTaBienbl pe3yIbTaThl 9UCIEHHOTO MOIETUPOBAHS
sokanpHOoro GMSW - OTKJIMKA MATHUTOAKTUBHOM ILTA3MbI HA TEPUOINYE-
ckywo IIT'B (V.366) B ycsioBusix passuroii Heycroituusoctu. Kak BugHO 13
9TUX PUCYHKOB, MaKCUMAJbHAS AMILUIUTYIA JIOKAJbHOTO OoTKanka GMSW
JIECTBATEIHHO JIOCTUTAETCSl B TOYKE & = Ty = 7/2, MPUYeM BEJUYNHA OT-
KJIIKA OTIpe/essaeTcs JINIL 3HaMeHneM nepsoro napamerpa GMSW6 &2, kax
Mbl 1 oTMedasu Bbiie. Bropoit napamerp GMSW, Y| Bisier nuiib (BHYTpU
obsiactu cyuiecrsoBanus GMSW) nuib Ha KpyTusHy dbpoHTa UMIYJIbCA: €
YBEJUYEHUEM JTOTO HapaMmerpa KpyTusHa (ppoHTa ummysiabca pacrer. [Ipu
9TOM HAJ0 UMETh BBUJLY, YTO MEPEMEHHAS &, UCIOIb3yeMas B TaHHOH pabo-
Te pasHa = w(ct — x). TlosTomy Habar0omaTEH CHAYANA BCTpedaeT (bpPOHT
GMSW, oTBedaronmii MEHBITUM 3HAYEHUSAM TepeMeHHo# . Takum oOpa-
30M, JIJTsl TIPABUJIBLHOM HHTEpIpeTanuy HaOII0AeHui He0OX0IUMO TOBEPHY Th
IIPE/ICTaB/ICHHbIC 3/1eCh rpaduru #Ha 180° Bokpyr ocu Oy.

H*(z)/Hg

120 T T T T T T T T T

100

80

60 K 4

T
—_
|

40

S

0,57 T
T = \/iwu
Puc. 6. Jpoonus 0THOCHTEILHOI! ILIOTHOCTH 3HEPTHH MATHHTHOTO TI0JIS
H?(x)/H{ B nepuommaeckoii IIIB (V.366).
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1—-Y=100,¢=0,01;2— 7Y =10,¢=0,01; 3 — Y =100, £ =0,1;
Bcooay p = 6.

e(x)/eg

25 T T T T T T T T T

20 ! T

15 o 4

b, ]

0 | | | | LT | | |
0,57 T
T =2wu

Puc. 7.9Bosmonus 0OTHOCHTEIBHON MIOTHOCTH SHEPIHH I1a3Mbl £(x) /o B
nepuomraeckoii IITB (V.366).
1—7T=100,¢=0,01;2—7Y=10,£=0,01;3— 7T =100, & =0,1;

Bcroay p = 6.
vl/e

1
0.8
0.6
0.4
02

ok
0.2+ :
-04 | .
-0.6 '
-0.8

-1 L 1 1 1 [P LY L | |

s
z = 2wu

Puc. 8.9pomonus ckopoctn apeiigpa miasmsr vt /e B mepnomraeckoit IITB
(V.366).
1—Y=100,¢=0,01;2—_Y=10,£=0,01;3— Y =100, {2 =0,1;
Bcroay p = 6.
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V.13. Ywuciennoe MomeJHpoOBaHuE 3JIeKTpoMarHuTHOro otkanka GMSW

V.13 YwucjaeHHOoe MOJeJINPOBaHUE 3JIEKTPOMAT-
HUTHOrO oTKJanmka GMSW B makere
Mathematica

V.13.1 MaremaTuuyeckas MOI€EJb

[osemenne B nagase 2000-X romoB XOPOIIO MPOPAOOTAHHBIX CHCTEM KOM-
MBIOTEPHOM MATEMATHKH, B 9aCTHOCTH, MaTeMaTndeckux nakeroB Mathema-
ticab — Mathematica7 mo3BosMI0 TPOBECTU MOJHOIEHHOE KOMITHIOTEPHOE
MozenupoBanme mporecca GMSW u Bcex ero xapakTepucTuk. Tak, BbOe-
peM B KadecTse Ge3pasmepnoii ammmuryast 1B, ¢(z) dbyuknuo 1 — cos(x)
(V.366). Torga ypasuenue sueprobananca (V.379) npumer Bu:

A= :FT\/sinQ(s) _e [A—p - 1], (V.434)

rJie apaMeTp p omuchiBaerca Bbipazkenuem (V.270). Ilpu unTerpupoBanun
CUCTEMBI COOTBETCTBEHHO HAYAJIBHBIM YCJIOBUSM CHAYAJIA, HEOOXOINMO BbI-
6uparTh OTpULATENbHYIO BeTBb ypaBHenus (V.434), npu JOCTUKEHUU MUHU-
Myma GyHKIE A HEOOX0IUMO 3aMEHUTD €€ Ha MOJOKUTENbHY0. OTMeTnM
HeOOXOMMbIe B [TAJIbHEHIEM BbIPpaXKeHus paszena V.7: i MUHHMAJIbHO-
ro 3Havenus ynpasjsiomeil dynkuun A(u), H0CTUraeMoe TpU 3HAYCHUN
s =7/2, (V.269), mapaMerpa 1 MAaKCUMAJIbHO JOCTHKUMBIX 3HAYEHMUIT TIIIOT-
HOCTH 3HEpruu MaruuTHoro mojsa (V.271) u IIOTHOCTH SHEPrUM ILIA3MbI
(V.272).

3amMeTuM, 4TO MPsSMOe NPUMEHEHNE BCTPOEHHBIX B MAKET KOMITBIOTEPHOM
MaremaTuku Mathematica MeTOIOB YHMCIEHHOTO MHTETPUPOBAHNUS HEJTUHET-
ubix quddepeHnuaabHbIX ypaBHeHni K ypaBHeHuto sueprobananca (V.354),
OTISATH-TAKW, HE MPUBOAUT K PE3YJIbTATY, MOCKOIBKY B TOYKE § = /2 Tpo-
W3BOJHAS YIPABJILAIONIEH (DYyHKIIMU MEHsieT 3HAK, B CBA3W C U€M HCUE3a-
€T BO3MOXKHOCTB YIIPABJIEHUs JIJIMHON 111ara B 3aBUCHMOCTH OT ITapaMeTpoB
yPaBHEHHUsI. IMIUPUIECKH ObLIO YyCTAHOBJIEHO YTO HESBHBIN MeToz Anamca
BTOPOIl CTEMEHN DEeIaeT ypaBHEHNEe MAKCUMAJBHO OBICTPO W MPABUIBHO B
CPaABHEHWH C JPYTUMU SBHBIMU U HEIBHBIMU MeTomamu. [Ijis mpoBeneHms
9HCJEHHOTO MOJennpoBannsa B nmakere Mathematica Ob11a co3mama co3mana
MpOrpaMMHAas MPOIEAyPa YUCIEHHOTO pernenns auddepennnaabHoro ypas-
HEHUsl, KOTOPas aBTOMATHIECKN PEryJIUPYET IAr HHTEIPUPOBAHUS B 3aBU-
CUMOCTH OT BesmuuHBI mapaMerpos &2, Y. Ilpu stom muddepennmansHOe
YPaBHEHHUE PEIIaeTcsi ¢ TMOMOIIBI0 HEIBHOTO MeToma Amamca BTOPOi cTe-
MIEHN JI0 TOYKM 7 /2 € OTPUIATEILHBIM 3HAYEHNEM TTPOM3BOIHON. SHAUEHNE
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GbyHKIHY B 3TON TOYKE UCIOJIB3YETCH B KAYeCTBE HAYAJIHHOTO [IPU IIEPEMEHE
BerBu ypasuenus (V.434) Ha NOJI0XKUTENBHYIO; IPU ITOM MEHSETCs 1Al UH-
TErPpUPOBAHNS W METOJ, MHTEIPUPOBAHUS - C HESABHOTO Meroma Amamca Ha
SABHBIN MeTo ] Ditepa, KOTOPHI JIydiie paboTaer B 00JaCTH HEYCTOWIUBO-
CTH PeIeHus.

Cozmannast Iporie/Iypa TO3BOJIMIA MPOBECTH MCCIEI0OBAHNE YHCICHHBIX
pemenwuii (V.434) B 3aBucuMocTu oT 11epBOro u Broporo napamerpos 'MB
¥ TIOCTPOUTH MOJE]h OTKJIMKA MAarHUTOAKTHUBHON IMJIA3Mbl HA T'DABUTAIIU-
OHHYIO BOJIHY, & TaK¥XKe€ PACCYUTATH (PU3UUIECKHE XAPAKTEPUCTUKU TIIa3-
MbI. UuCIeHHBIE pACYeThl, MPOBEIEHHBIE C UCTIOJIb30BAHNEM OMMCAHHOI MTPO-
IPAMMHO¥ TPOIIEIyPhI TOTHOCTHIO TOATBEP/IUIN AHAJIUTHICCKHE TIPEICKA-
3aHus O BuUIe ynpasJsiomnieit pyuknun. Permenne cnagana ObIcTpO yObIBa-
€T, 3aTeM, BBIXOJsl HA IUIATO MEJJIEHHO NMPUOIUKAETCS K TOYKE MUHUMY-
Ma /2 co 3HaueHweM ynpasisionieil dyukmn, 6anskuM k (V.269); nocie
TPOXOXKIEHUs] MUHUMYMA, B CHCTEMe OBICTPO PA3BUBAETCST HEYCTOWUNBOCTb.
[Tpu sTom ynpasisiomas GyHKIHsT OCTAETCA TIAIKON HA BCEM MHTEpPBAJIe.
Ha puc. 9 noka3zaHbl pe3yibTaTbl YUCJIEHHOTO WHTEIPUPOBAHUS YPABHEHUSI
sHEprodasiaHca B CJIydae O49eHb MAJIOro 3HAYEHUA napaMeTpa &2 u 60JIbIIoro
3Hadenusi Y, KOTJa, C OJHONW CTOPOHBI, HANOOJIEE CJIOXKHA TPOIEIYPa UNC-
JIEHHOTO WHTETPUPOBAHUS, & C APYTOii, - HANDOJIEE OTUYETIINBO MTPOSABIISIOTCS
yKa3aHHbIE CBOWCTBA TOBeIeHUs perenns. Kaxkyimuecs u3aombl rpaduka
dyHKIMY OpU MaJIbIX 3HAYEHUSX S U IpU S = 7/2 DUKTUBHBL, - HA CAMOM
JieJie OHM MCYe3aI0T TIPY yBEJIWIeHUH MaciTada.

Ananu3 pe3yabTaToB YMCIEHHOTO WHTETPUPOBAHUS YPABHEHUS YHEPTO-
Oajlanca MO3BOJIMJI YCTAHOBUTH, UTO YNPABAAROMAsS (DYHKIHS B 00JIACTH
miaro (MaJble 3HAUEHUsT TPOU3BOIHON) BechbMa Oym3ka K GyHKuu Ag, 00-
pallaoleil B HyJlb 3HaYeHUe paauKaia B npasoii yactu (V.434):

B rouke MmunuMyma s = 7/2 3T0 3HAYEHUE COBHAJAET CO 3HAYEHUEM MU-
numyma yupasasomeit Gynkuuu (V.269). Ilpu yBesnvyenuu 3navenuii na-
pamerpa Y cosnajenve ynpasistomeil byukimu A(s) ¢ dynkumei Ag(s)
YCTaHABJIMBAETCS TIPU MEHBINUX 3HAYCHUSIX BpEeMeHU $. [Ipu MasIbIxX 3HAUe-
HUSX BPEMEHHOW MEPEeMEHHON § yIpaBJsionas (PYHKIUs XOPOIIO amlpOK-
cumupyercs napabonumyeckum 3akonom (V.435):

A(s) ~ —Ysins ~ —Ts;
(s = +0), (V.435)
A(s)m1—"T(1—coss) = 1—-T%;
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a [pU 3HAYEHUSAX BHYTPHU IJIATO — (HOPMYIIOi:

Ao(s) = (1 + Si“éj)2>_u . (V.436)

Ha puc. 10 nokazanst rpadbuku dbyuxmmii A(s) u Ag(s):

A

V2 uw

Puc. 9. [I'padux ynpasastomeii ¢pynxmmm A(s) mpm €2 = 1075, T = 100,
YL = 1/6

Puc. 10. I'padux ¢ynxnuii A(s) (cunomnas aunnsi), Ao (s) (myHKTHpHAS
JINHUS), TOYeYHAs JUHUS - acumnrornka (V.436) npn MaJbrx 3HAYEHHSIX S:

1 —7Ys?/2. Beroay: €2 = 0.001, Y =10, v, = 1/6.
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0

DTOT pesyabTaT MO3BOJIAET AIPOKCHMUPOBATD OTKINK TaasMbl, H2 /H

, B 00J1aCTH TLIATO yIpaBjsioneil (pyHKIUH, T.e., B 00JaCTH MaKCHMyMa
OTKJIMKA, BHIPAYKEHUEM:

2

(V.437)

V.13.2 ®opmyasl ajid pacdeTa MAarHUTOTOPMO3HOTO OT-
kauka maa3mbl Ha [IT'B

Bermutrem ocHOBHBIE (hOPMYJIBI, OTIPEIEISIONTNE JIEKTPOMATHATHBIA OTKJITHK
AHW30TPOITHON MATHUTOAKTUBHOM TIJIA3MBI HA CJIA0YI0 TPABUTAIMOHHYIO BOJI-
my: 1l

1B(s)] <15 L(s) =1 (V.438)

1. Il1oTHOCTH 3HEPrHH MArHATHOTO TIOJIST B COIYTCTBYIOIIEH CHCTEME OTCUe-
Ta:
H?> H2
= ZOA/2e (V.439)
8w 8
2. II10THOCTH 3HEPTHH TJIA3MBI B COIYTCTBYIOIIEIH CHCTEME OTCIeTa:

14k

€=¢goA kL, (V.440)

3. Pusnyeckasi CKOPOCTD MIA3MBI:

L 1—202 1Al

=T = Tr AT (V.441)
4. II10THOCTH 3aps’KEHHBIX IaCTHIT:
n = noAT/4L (V.442)

5. Ionnast HabJIOaeMasi HHTEHCHBHOCTh MATHUTOTOPMO3HOIO H3JIY Y€HHS,
PErucTpuPYeMOro MOKOSIIIIMCS HAOII0AaTe1eM:

W = WoA~ Tort % (Al/‘m n A—1/4M) , (V.443)

1 Cwm. [113, 115, 118, 119]
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e Wy - mosiHass HHTEHCHBHOCTH MATHHTOTODMO3HOIO H3JLy9€HHs IIA3MbI
B OTCYTCTBHE I'DABHTAIHOHHOI BOJHBI [46]:

2¢* H2 £\?
Wo = —3m203 0<—mc2> , (V.444)

e £ - KHHEeTHYIEeCKasi SHEPTHsT 3aPSIXKeHHONH JaCTHIIDI.
6. CriekTpa/ibHOE pacrpejeieHue HHT€HCUBHOCTH H3JIy 9€HUsI B OOJIACTH J[O-
CTaTOYHO OOJIBIINX YACTOT, CPABHHMBIX C HEBO3MYIINEHHOH ITHKIOTPOHHOI

qactoToit w?,

2
W0 = 3eflo <ﬁ> , (V.445)

¢ 2me \ ' mc?

u GOJIPIIAX €€, MOXKHO BBIYHC/IHTH C HOMOINBIO CTAHAAPTHBIX GOPMYJI JI€K-
TpoauHaMuKH [46]. D10 naer:

J = JoA3F (%AW) : (V.446)
wC
rae
\/g 63H0n0
_V3 44
JO o m02 ) (V 7)
F(z) = w/Ks/g(y)dy, (V.448)

K, (z) - moaudunupoBaunas ¢pynkuusi Beccessi - dynkuus Maxqonasbga
(cm. [85]):
[ee]

/ e coshtginh2¥ ¢ dt.

0

K,
(2) = 2V1“ v+ 1/2

V.13.3 Pe3yabTaThl YUCJIE€HHOTO MOJAEJINPOBAHUA JJI€K-
TPOMArHUTHOTIO OTKJINKA MAarHNTOAKTUBHOI 11123~
mbl Ha IIT'B

Hwuxke ma pucynkax 11-15 mokazanbl pe3yJTbTAaThl YUCJIEHHOTO MOIETUPO-
BaHUSA OTKJWKA MArHUTOAKTUBHON TIIa3Mbl Ha TPABUTAIMOHHYIO BOJHY B
3aBucumocTu OT mapamerpos GMSW.
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H2

Ho?
14

12

10

V2 uw

Puc. 11. Bimsaue Broporo napamerpa GMSW, Y, na sBosonuio oTHO-

CHTEJILHON TIJIOTHOCTH 3HEPTHU MATHUTHOTO ITOJIS, %, npm €2 = 0.0045,
0

v1 =1/6:Y = 3 (cwrommnas muus), T = 10 (myakrupras anans), T = 100

(rogeunast JjiuHusI).

Puc. 12. Bumsane Broporo napamerpa GMSW, Y| Ha sBo/onuro mioTHo-
CTH 3Heprum maasMbl, € /g, npn £2 = 0.0045, v, = 1/6: T = 3 (cmromnas
guans), T = 10 (myakrupuas jmans), ¥ = 100 (toyevynas nnuans).
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V2 uw

Puc. 13. Buusuwne sroporo napamerpa GMSW, Y, Ha 3BoJIIOINI0 CKOPO-
cru gpeticha nnasmer v' /e mpm €2 = 0.0045, v, = 1/6: ¥ = 3 (cmrommnas
smans), T =10 (myskrupras smans), ¥ = 100 (toyevnas ninans).

200

150

100

50

V2 uw

Puc. 14. Bumsanane sroporo napamerpa GMSW, Y, Ha 3BOJIIOIHIO TOJIHOL
HabJII0[aeMOli HHTEHCHBHOCTH MArHHTOTOPMO3HOrO usJiydenus W/Wq npu
£ = 0.0045, v, = 1/6: ¥ = 3 (cwrommas qunus), Y = 10 (nyaxkrtupras
guans), T = 100 (toyeunas jnHms).

PesynpraThl YMCIEHHOTO MOIEIMPOBAHUSA MO3BOJAIOT ONPENEUTh 00-
ngacts mapamerpoB GSMW, €2 u Y, B KOTOpO# MeXaHW3M BO30YIKICHUS
TPABUMATHUTHON yIApPHON BOJHBI CTAHOBUTCS JOCTATOYHO 3 (HEKTUBHBIM.
ITpu 3tom 3 derT CYnUTaNCsA CYIIECTBEHHBIM, €CJIU TOJIHAsA HAOII0IaeMast
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HMHTEHCHUBHOCTD U3JIy4Y€HUA B MAaKCHUMYMeE IIPDEBLIINIAET CBOE IIEPBOHAYAJIBHOE
3HaYEHNe IPUMEPHO B 2 pa3a. BeyencTBre cyImecTBeHHON 3aBUCHMOCTH 101
HO¥ MHTEHCHBHOCTH M3JIyUeHHs OT mapaMeTpa &2 3Ta 0671aCTh OKa3bIBAeTCs
BechMa 6m3Koil K ssumuncy (puc. 15).

£

ocooo
N S OY 00

Puc. 15. Ob6aacts cymecrBoBarnns GMSW nHa ¢one derBepTn 3JIINICA C
mosyocsiva 4.2 m 1.

Puc. 16. Bpemennas 3BOJIONHS CIHEKTPAJIbHONH IJIOTHOCTH HHTEHCHBHO-
CTH MAarHOTOTOPMO3HOI'O H3/IyYeHHs B OTHOCHTEIbHBIX €HHHNAX IIPH £2 =
0.0045, Y = 10, m orrocureabubix BpeMeHnax: s=0; 0.15; 0.31; 0.47; 0.63;
0.78; 0.94; 1.10; 1.25; 1.41; 1.56~ 7 /2 (cHu3y — BBeEpX).

Ha Puc. 16 B1osb ocu abCIuCChI OTJIOXKEHBI 3HAYEHHUS JeCITHIHOrO JIOra-
pudMa IaCTOTHI MATHUTOTOPMO3HOTO M3JIyIEHUs B eIWHUIIAX HEBO3MYIIEH-
HOM MUKJIOTPOHHOMN YaCTOTHI wg (V.445). Baoan ocu opaunat Ha puc.16 or-
JIOXKEHBI 3HAUEHNST OTHOCUTEIHHON WHTEHCUBHOCTH W3iydenus, J/Jy. Mak-
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cuMyM crekTpasibHoro pacupegesenus (V.446) cmemaercs no 3akoHy:

Wimaz = 0, 29w AT5/2(5).

V2 uw

Puc. 17. Biansame mapaMeTpa aHH30TPOIHH TIJIA3MBI, 7| , HA 3BOJIOIIHIO
miaotHoctH 3ueprun Marautaoro noias H? /HE npu & = 0.01, T = 10:
v1 = 1/4 (cunommnas smuups), v, = 1/6 (uynkrupras jupus), v, = 1/8
(roueunast jiuHusI).

Y
5 10 15 20 25 30

Puc. 18. 3aBucuMoCTh HOJIYIIHPHHBI MTOJTHOH HAOTIOLAEMON HHTEHCHBHO-
cti MaruutoTopmosnoro mamydenns W/Wqy or T npu v, = 1/6, £ = 0.1,
&2 =0.01, €2 = 0.001, £2 = 0.0001 (cBepxy — BHHI3).
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Kaxk ormeuasnock Bbille, TOCTE TPOXOKIEHUST MUHUMYMa, YIIPABJISAIONIEH
PYHKITHNN, COOTBETCTBYIONIENO MAKCHMYMY HAOIIOIAEMBIX BEJTHINH, OBICTPO
PAa3BUBAETCST HEYCTONYIMBOCTD, B PE3yJIbTaTe KOTOPOIl Tjia3Ma JeiaeT Heoo-
paTUMBIi pEBEpC B HAMPABJIEHUH, MPOTHUBOIOJJOXKHOM HAPABJIEHUIO PAC-
npocrpanenus [IT'B. D1y curyanuio Xopormo WIocTpupyer pucyHok 13.
Taxum 0O6pa3oM, MAarHUTOAKTUBHAA Ia3Ma pearupyet Ha [II'B oquHOIHBIM
nmiynbcom [115], [116].

Ha pwuc.17 nmokasaubl pe3yabTaThbl YUCJIEHHOTO WCCJICI0BAHVS BJIMSHUS
nmapameTpa aHU30TPOINUH | Ha HAGIIOAAEMYIO IIIOTHOCTh SHEPIUH MATHUAT-
HOTO TOJIsA. BUHO, 9TO pe3yiabTupyoliee BausHue (PaKTOpa aHU30TPOINN
OKa3bIBAETCsl HE3HAYUTETbHBIM, HECMOTPSI HA CYIIECTBEHHYIO 3aBUCHMOCTD
rounoro permennsi (V.258)-(V.261) ot aroro dakropa.

UccnemoBanach 3aBUCHMOCTD TOJIYITUPUHDBI TOTHON HAOIIOJAEMON WH-
TEHCUBHOCTHA MATHUTOTOPMO3HOTO u3iydenus: ot mapamerpos GMSW. Kak
BUIHO u3 puc. 18, mmurenprHocth uMmmyabca GMSW, T.e., mogymmupuny 310-
TO UMITYJIBCA ¢ GOJIBITION TOYHOCTHI0O MOYKHO TIOJIATaTh paBHOi /4 & 0.79,
WA B OOBIYHBIX BEJIUINHAX:

0T = — 44
=g (V.449)

rae T - mepuogm IITI'B.

V.13.4 3akaroueHne

Yucaennoe MOIEIUPOBAHNUE 3JIEKTPOMATHUTHOTO OTKJIMKA MATrHUTOAKTUB-
HOW TJIa3My Ha TPABUTAIMOHHYIO BOJIHY HA OCHOBE Pa3pabOTAHHBIX MPO-
TPAMMHBIX TIPOTIETYD TIO3BOJIIIO OOHAPYKUTD CJIETYIOIIIE 3aKOHOMEPHOCTH
nmpornecca BO30yzKIeHUs] TPABUMATHATHOMN YIAPHON BOJIHBI:

1. Tpwu Bemonnenuu yciaosuit BosaukHoBenus GMSW

E<1;, T>1 (V.450)

MaTrHUTOAKTUBHAA TIJIa3Ma PEarupyeT Ha T'PABUTAITVOHHYIO BOJIHY OJWHOY-
HBIM UMITYJIbCOM, B KOTOPOM TIJIa3Ma JIBUXKETCS B HATIPABJIEHUN PACIIPOCTPa-
HEHUsl IPABUTAMOHHOI BOJIHBI - MOJIYIIMPUHA UMIYJIbCa HOpsiaKa 1/8 me-
pPYOa TPABUTAIIMOHHON BOJTHBI,

2. Nmnynbc 3aKaHINBAETCA OTKATOM ILIAa3Mbl B 0OpPATHOM HAIIPABJIEHUH;
TIPY 9TOM BO3HUKAET XapakTepHas ¢hOpMa UMITYJIbCA, TTOKa3aHHas HA puc.19,
cnabo 3asucsamas ot Broporo mapamerpa GMSW, Y, a ompenensiercsi, B
ocHOBHOM, dbyHKIHEH Ag(s).
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H2

Ho?

20

15

10

V2 uw

Puc. 19. Bimsinue nepsoro napamerpa GMSW Ha 3BOIIOLHIO IIOTHOCTH
sHeprun maranTHOro nojas H?/HE mpn T = 100, v, = 1/6: & = 0.5
(cunomuas qunns), £2 = 0.3 (myukrupras qunns), £ = 0.1 (Toueunas
JIMHUST).

V2 uw

Puc. 20. Bimsaane sroporo napamerpa GMSW, Y, nHa norjoimenmne 1ioT-
HOCTH SHEPrHH I'DABHUTAIHOHHON BOHBI Aey /e, = (88 — B?)/B8 npu &2 =
0.0045, v, =1/6: Y = 3 (cwrommnas quans), Y = 10 (myHKTHpHAS JHHHT),
YT =100 (roueunas jmansA).

Bropoit napamerp GMSW, Y, nipu Boinosinenun yciaosuii (V.450) jummb
HECKOJIbKO BjusieT Ha (GopMy mepeanero (Majible 3HAYEHUS BPEMEHU S) U
3a/iHero (3HaYeHWsi BpeMeHn S, 6am3Kne K m/2) bpOHTOB MMIIyJIbCA.
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3. CnekTp MarHUTOTOPMO3HOIO M3JIy4YeHUs BO BPEMS NMPOXOXKICHHS yIAD-
HOI BOJIHBI CTAHOBHTCA 0OJI€E XKECTKHM.

4. B makcmMyMme OTKJIWKA MATHWTOAKTHBHON TIA3MBI MPAKTUICCKH BCST
SHEPTHs TPABUTAIMOHHON BOJHBI MEPEIAETCS TIIA3MEe, MATHATHOMY TIOJIIO U
MarHUTOTOPMO3HOMY u3Jiydenuto (cum. puc.20).

V.14 GSMW u rpaBUTaIIIOHHO-BOJITHOBBIE 9KC-
IIePUMEHTHI

V.14.1 Bseaeume

B ucropun dpusuku XX-ro CTOIETHS HET, TOXKAJYH, TAKON CEPHE3HOI IKCITE-
PUMEHTAJILHOH TTPO6/IeMbl (KpoMe MpOBIeMbl yIIPABIAEMBIX T€PMOSIIEPHBIX
peakiwmii), Koropas Obl pemiajach Ha npoTsikenuu 6osiee 40-jeT B pas3iud-
HBIX HCCJIEI0BATEbCKUX TPYIIAX, MPU JOCTATOYHO OOJIBINX CPEICTBAX,
BJIOJKEHHBIX B €€ PEIlleHre, U 33 BCE 3TO BPEMs HE UMEJIA HU OJHOTO /I0CTa-
TOYHO YOEIUTETHHOTO TTOJOKUTEIHHOTO Pe3yIbTaTa, KaK 9TO UMEET MECTO B
npobyieme JeTeKTupoBanus rpasutaimonunix BosH (III0B). B yem npuyu-
HBI TAKOTO TIOJIOXKEHUS: B OIMMUOOYHOCTH TEOPUW TPABUTAINHU? B HEYMEHWUU
skcrnepuMenTaTopos? VMeorcs au BooOIe peasbHble BO3MOKHOCTU PEru-
CTPAIMK T'PABATANMOHHOTO W3JIyYeHHsS B CKOJIb-HHOYIbL 0003pHMOM OyIy-
mem? Ha 3Tu BOIPOCH! MBI ¥ TIOTIBITAEMCST OTBETUTH B 9TOM PA3JIeIe.

Kak u Bcsikas mpobsiema perucrparuu mdnydenus [IJIBI pacmagaer-
Csl HA JIBE€ CAMOCTOATENbHBIE Mpobsembr: 1) «VICTOUHUKN rpaBUTAIIHOHHOTO
ussydenusy u 2) «JIeTeKTopbl rpaBUTAIIMOHHOTO U3JIyUeHus». BaskHo 1pu
pelleHnr KOHKPETHOH SKCIIEPUMEHTAIbHOM 3a7a4u He 3a0bIBATh O CTHIKOBKE
ITUX TPOOTIEM.

V.14.2 HcToYHUKY rpaBUTANMOHHOTO WU3JIydYE€HUS
V.14.2.1 OrmneHKu MOIITHOCTH T'PAaBUTAIIMOHHOTO M3JIy4YeHUSd
CpenHsis MOLIHOCTD IPABATAIMOHHOIO BO3MYIIEHHS IIOACYATHIBAETCS 110 (POP-

myie [47]

G .. ..
Low = T <tirtir>, (V.451)
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rae (G - TpaBUTAIMOHHAS TIOCTOSAHHAS, ¢ - CKOPOCTH CBeTa,
Lo o
tie = | p(zizi — g&k?‘ )dv (V.452)

- OIPUBEJEHHBI! KBAJIPYHOJbHBIA MOMEHT MCTOYHUKA; TOYKA O3HAYAET Jud-
depennupoBanue BO BpeMenu. B 331a9ax 1eTeKTUPOBAHNUS IPDABUTAIIMOHHOM
Bosiubl (I'B) mac unTepecyor aBa ee mapamerpa: ammutyaa I'B (t.e., or-
KJIOHEHHE METPUKH OT ILIOCKOH h;; = g — M) U 9acrora B, w. IMorok
suepruu I'B Boipaxkaercs yepes sru Besmuunbl 0o Gpopmyae [47]:

3

t=—P=_—"_
¢ P 167G

h3s + Z(hm — hs3)?| . (V.453)
(Buech u B gasbHeiiem ucnosb3yercs curaarypa merpuku (—1, —1, —1, +1)).
U3 (V.451 - V.453) cneayior oreHodHbie (DOPMYJIbI JJisi MOITHOCTH I'DABH-
TAIMOHHOTO M3JIyUeHns U aMIanTyas! ['B:

GngQ
3 2R2
Low = %h{ (V.455)

rae E, - sHeprug KBaJIPYyNOJIBHBIX KOJieOaHWI MCTOYHUKA € XapaKTepHOI
qactoTolt w (Lo = wE, - MOIIHOCTG KBIPYIONBHLIX Komebanuit), R - pac-
CTOSTHHE OT UCTOYHUKA JI0 HAOIIONATEIS.

V.14.2.2 Orpasndenus Ha ammuntyay I'B
N3 (V.454) - (V.455), B 9acTHOCTH BBITEKAET MOJIe3Hast hopMyIra:

h  E,

— = 4
h() NCQ’ (V 56)

e hg - TPaBUTAIMOHHBIN MTOTEHIINA UCTOYHUKA TOJTHOR Macchl M:

GM
AR’
Cornacuo (V.456), (V.457) oraomenune amminTyasl I'B K HbIOTOHOBCKOMY

TPABUTAIMOHHOMY NOTEHIUAJY WCTOYHUKA MOPANKA OTHOIIEHUA KBAIAPY-
TIOJIBHOM 3HEPTuu KoJaeOaHNi MCTOYHUKA K TIOJHOW SHEPTHH ITOKOST TOTO

ho = (V.457)
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ncrounuka Ey = Mc2. dcuo, 4to BCeraa E, < Ey, a B TUIUYHBIX CUTyallH-
ax B,/ Ey < 1, nosromy (V.457) maer MakCHMATIbHBIN BEPXHUI IIpeJIesT 115
ammaTyabl I'B mcTounnka, KOTOPHBI y2Ke caM TI0 ce0e SABJIAETCS XOPOITAM
oTpesBasomuM (akTopoM. IIpuBeaeM st CTpaBKU HEKOTOPHIE 3HAMCHUS.
Jlns maccewr nopsyika macesl Comana (Mg = 2 - 10%3r) u paccrosnus 1 ne
(3,26 cB.roma = 3 - 10*¥cem)*? nonyunm uz (V.457):

ho - (nc/Mg) = 4,8 - 10714,
s maccel 1 K1, yoaaeHHol Ha paccrosane 1 Mm:
ho - (M kr~1) =7,4-10718.

[osTomy B3pbIB aTomuoit 60MOB1 (AM /M ~ 1073) npu ycnosun nepexosa
6cell SHEPIUY B3PHIBA B DHEPIHUI0 KBAAPYNIOJbHBIX KOJI€OAHWNA Ha PACCTOs-
muu 1 m(!) or snumentpa nonyuum pemmuuny amimTyab [B: h ~ 1072,
Ecnm 3acTaButh KOIEGATHCS 6¢€ ATOMBI KOMIAKTHOTO TPA3epa B ONTHYE-
ckoM jmanazone (v ~ 198, 1 ~ 1 M [124]), auis MakCuMaIbHON AMILIUTYIbL
I'B ma TopIe rpasepa TIOJIYUNM OIeHKY: h ~ 10728, McTounuKn TpaBuTa-
[MOHHOTO M3JIyYeHUs] MOYKHO DPa3Je/uTh Ha JBa Kjaacca: 1 - crabuiIbHbIE
(kBazUCTAOUIbHBIE), HE PA3PYIIAIONIUECS B MPOIECCe M3JIyUeHNs TPABUTA~
MOHHBIX BOJIH; 2 - KaracTpodruydeckue, pa3pymarIIuecs B MPOIECce 3y-
qenus ['B. I'pasep mpescrasiser HCTOYHUK MEPBOTO THUIIA, ATOMHasA OoMba
- BTOpOro. JIJisi HCTOUHUKOB TI€PBOTO THUIA SHEPIHUsA KBAJAPYMOILHBIX KOJIE-
GaHuil HEe MOXKET MPEBBINIATH IHEPIUU CBA3M UCTOUHUKA KaK 1eaoro. s
KaTacTPOPUIECKUX UCTOUYHUKOB IHEPIHsl KBAIPYIOJbHBIX KOJIEOAHUN MO-
JKeT TIPEBBIATH SHEPTUI0 CBSI3M MCTOYHMKA KAaK 1e0ro. VcTounukn 2-ro
THNA SABJISIOTCA MCTOYHUKAMHU OJHOPA30BOrO MCHOMb30BaHusA. K acrpodu-
3UYECKAM MCTOYHUKAM MEPBOTO THIA OTHOCATCS, HAIPUMEP, TECHBIE IBOi-
HBIE 3BE3/IHbIE CUCTEMBI, KBAIPYTIOJbHBIE KOJIeOAHN HEHTPOHHBIX 3BE3/I; K
UCTOYHUKAM BTOpPOro Tuta - CBEpXHOBBIE.

CrabubHbIE HCTOYHUKY M3JIy9€HMs], KAK OTMEYAJIOCH BBIIIE, TONYNHS-
FOTCSL YCJIOBHIO:

Exun < E, (V.458)

rae Fxpmp - BHYTpEeHHSS KHHETHYECKAs OT/IENbHBIX JaCTHIl HCTOYHNKA, F,
- 9HEPTHUA CBA3U ITUX JacTeit B ucrounuke. Ilockonbky Beerga F, < Fxyn,
ycaosue (V.458) npumer BU:

E, < E., (V.459)

12Paccrosane 10 Gamkaimux 38e37 mopsaka 1,3 mc
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Takum obpasom, BepxHUi mpeaes aMIIuTyAbl ' B 118 TakuX MCTOYHUKOB
HAXOINUTCA 0 (PpopMyJIe:

h < ho—Le_, (V.460)
Mc?

g acrpodu3udeckux UCTOYHUKOB POJIb SHEPIUU CBSA3U B KOHEYHOM HUTO-

r0 Wrpaer PoJb TPABUTAIMOHHOTO nputskenud. [lycrs AM - wacts mac-

CBbI ACTPOPU3NIECKOTO OO'BEKTA, COBEPIIAOINIAsT KBAIPYIOJIbHBIE KOTEOAHMS.

OHeprusi ee TPABUTAIIMOHHON CBsI3U PAaBHA!

AM -M

E.<G ]

, (V.461)
rae | - XapakTepHbIi pa3mep cucTeMbl. TakuMm 00pa3oM, 71 BEPXHETo mpe-
Jienia ammaTyapl I'B or Takoro ucrognuka cornacuo (V.460), (V.461) naii-
JieM:

(V.462)

e ry = 2GM/ ¢? - PPABUTAINOHHLIN PAUYC W3TYIAIONIEHl CHCTEMBL.

V.14.2.3 YacToTa m3jrydeHUsd

PaccmoTpum cHavasia MCTOYHUK C TIOJTHOM Maccoit M, cocTodmmit u3 IByX
qacrell, mpudyeM Bropas dyactb AM, coBepuiaer cBOOOJHOE ABUYKEHUE B I'Pa-
BUTALMOHHOM I10JI€ CHCTeMbI (Bpaillenue, cBoboaHoe nagenue). [lycrs w - xa-
paKTepHas UacTOTa, 3Toro mporecca'’. IIpupaBHIBAs EHTPOOEIKHOE YCKO-
peHne YCKOPEHUI0 CBOOOIHOTO MAIEHUs, TIOJYIUM U3BECTHYIO (hbopmyy:

GM = wP®, (V.463)

CBA3BIBAIOIILYIO XaPAKTEPHBII pa3Mep CUCTEMBI ¢ XapaKTEePHON 9aCTOTOI.

IIycTp Temeps rpaBUTANMOHHOE MPUTSKEHUE B CHCTEME YyIE€PKUBAECTCSH
cujiamu JiaBJienus (KBaapynoJibHble Kosebanus 3se3bl). [IpupaBausas sTu
CHJIBI, IOJIYYUM YCJIOBUE THAPOCTATHIECKOTO PABHOBECHUA:

GM

IVP| = P (V.464)

13O‘IQBI/I,Z[H0, YTO 3TAa BEJIMYUHA IO IIOPAAKY COBIIaJaeT U C JaCcTOTOH I'PABUTAIITMOHHOI'O
U3J1y9eHudA CUCTEMBbI.
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rae P - naBnenwe, p - ninorHocTh. Vcmonb3ys u3sectroe coornornenne dP =
v%dp, IIe vy - CKOPOCTH 3ByKa, momyaum u3 (V.464):

I ~ MG. (V.465)

Ho vy /l ~ w - gacTora cobcTBeHHBIX KOslebannil cucreMsl. IlosToMy u s
CHCTeM, IIO//IePKUBAEMBIX CUJIAMU JABIEHUs, Mbl CHOBA IPUXOIUM K OIEHKE

(V.463). Takum obpazomzK

Jlas cmabuavrnr acmpodusduveckuxr ucmovwnukos I'B dopmyaa
(V.463) umeem ynueepcarvuviili xapaxmep, ecau 6 wet nod w no-
HUMAMb TAPAKMEPHYI YACTNOMY KOACOAHUT CUCTEMDL.

ITo 3akony (V.463) MOXKHO OLEHMBATH XaPAKTEPUCTUKU W3JIy4YEeHUs KOJI-
JIAICUPYIONMX OOBEKTOB, CTAIKUBAIOIIMXCs 3B€3/ U T.1. VI3 310ro 3akoHa
CJIE/IyeT, 9TO MAKCUMAJbHASA YACTOTA M3JIy9IE€HUS MOYXKET JOCTUIATHCS JIJIs
00bEKTOB, OIM3KUX K COCTOSTHUIO MPABUTANIMOHHOIO KOJIjIanca. B aToM ke
cayuae cornacuo (V.462) 10CTUraeTcs 1 MaKCUMAIbHASA AMILTATY/Ia U3J1y9a-
empix I'B (cm. [82]).[dnsa o6bekToB mopsaka maccsl Conuna (r, = 2, 96xM)
MAaKCUMAJIbHAS YaCTOTA U3JlyYeHUs COCTABJISAET:

Wimaz ~ ¢[Tg = 10%cex 1.

V.14.2.4 TecHble ABOIHBbIE 3BE€3HbIE CUCTEMBI

JInst MOITHBIX acTpOMUINIECKUX NCTOTHUKOB TPABUTAIIMOHHOTO U3JIy IeHHS
OCHOBHBIM MEXaHW3MOM TIOTEPH SHEPTUN KBAIPYTOJbHBIX KOJICOAHWH B
eTCs TpaBUTAIMOHHOE M3mydenne. [ToaToMy Goslee CTpOro TaKne NCTOYHUKA
HAJI0 HA3BIBATH KBa3UCTAOUIbHBIMU. MOIIHOCTD IPABUTAIMOHHOIO U3JTyYe-
HUS CHCTEMBI JBYX BPAINAIOIIUXCH TATOTEIOMUX MACC 1M1 W M3 HOJCIATHI-
Baercs 1o usBecTHoi dopmyse [46]:

__dE _ 32G*mim3(my + my)

g dt - 505’[“5 9 (V466)

Tlie 7 - PACCTOSIHME MEeXK]Iy IeHTpaMu Macc. Bajanc sHeprum mpuBOIUT K
3aKOHY cOmKeHnus Mace [46]:

. 64G3myma(my + mo)
= L , (V.467)

266
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WHTErPpUpPys KOTOPbIiA, TOIydnM (DOPMYJLY [Jisi BpeMeHu cOmKeHus ¢ 1eH-
TPOB MaCC OT PACCTOAHUA T JI0 Tg:

5¢°

t=
192G3m1m2 (m1 + mz)

(r* — 7). (V.468)

B nmanbmeiimem st mpocTOTHI OyIeM PAaCcCMATPUBATHL MAPY OJWHAKOBBIX
3Be3, mojaras my = mo = M, rg = 2Ry, tne Ry - pagnyc 3Be3bl, T.€.,
OyJIeM BBIYUCIISATH BPEMsi 10 KATACTPO(MUIECKOTO CTOJKHOBEHUS 3BE3, T
(Bpems xu3un). Torma uz dopmyn (V.468) - (V.468) naiigem:

_ 505(14 - 16R3)
T 384G M3
u npu | > Ry

5 (1\°1
~— () L 4
T~ 334 (rg> c (V-469)

YacroTra rpaBUTAIMOHHOTO U3y Y€HUs IBORHOM CUCTEMBI yBEIUIUBAETCS CO
BpEMEHEeM; OTHOINIEHNE CIBUTA YacTOThl Aw 3a OJWH TEPUOI K 4acTOTE U3-
JIy9eHUS w TO-TIOPAIKY BEJTUYWHBI PABHO:

Aw T\ 3
= () (V.470)
w l

OnernM 8epoammuocms obHapysicenus mechoti deotinoti cucmemst B La-
JIAKTHKE C 33JaHHBIM TIEPUOIOM OOpAIeHHns, oaaras, 9To Bo3pact lamak-
THKE cocTasger mopaaka 11010 jer. Tanee 6ymem mojarars, 9To cpeHAS
MJIOTHOCTH YHC/a 3Be3 B rajakTuke nopsaka 0,120 3sesn/ncd [125] 06b-
em Tamaktukn 300 kmc® [126], Torna umciao 3e3n B anakTuke MOpsiaka
0,35-10'". Kpome Toro yurem, 9T0 IPIMEPHO IOJIOBHHA 383 HAXOIUTCS B
npoiinbix cucremax [127]. Torga BepositHOCTb cymiecTBoBanus B LajnakTuke
JBOMHOI CHCTEMBI C 33 IaHHBIM BPEMEHEM YKU3HHU, T, OyIeT MPOIOPITHOHATb-
Ha OTHOIEeHNO T /t, re t - Bo3pact Tanaktuku. B psine kiaerok Tabnuusr 2,
COOTBETCTBYIOIIUX BPEMEHU YKMU3HU CUCTEMBI MEHee OJHOTO TOa, yKa3aHa
BEPOSATHOCTD PETUCTPAIUN TAKUX CHCTEM TIPH IKCIIEPUMEHTAX, IPOI0IZKAIO-
UXC B T€4eHuu ogHoro rozga. O4ueBnuiHO, 9TO JJis TAKMX CUCTEM BEepOsAT-
HOCTb OOHAPYZKEHNS CUCTEMBI B TEIEHUH I'OJ0BOTO IKCIIEPHMEHTA COBIIA,IAET
C BEepOSTHOCTHIO OOHAPYKEHUs TBOWHOI cucTeMbl B [ajakTHKe ¢ BpeMeHeM
xku3an 1 rog. [lo onenkam B l'ajjakTuke CyImecTByeT MOPSIKA OJHOM TaKOi
CHUCTEMBI.
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[IpuBenennbie HaHHBIE MOKA3BIBAIOT, YTO B MOMEHT, IIPE/IIECTBYONINN
KaTacTpopu9ecKOMy CTOJIKHOBEHUIO, MOIITHOCTH TPABUTAIMOHHOTO U3JIy4e-
HUs JBOHHOM cucTeMbl mopsinka cBerumoctu CeepxHOBOM. Kax Mbr oTBe-
Yajii BBINIE, BEPOSTHOCTh OOHApyrKeHus B [ajakTuke ABOWHOW CHCTEMBI C
BpEMEHEM YKU3HU MOPsika 1 roja Ou3Ka K eIHHUTE. DTO O3HAYAET, 9TO Ka-
TacTpoduuecKne ABIEHUS ¢ BBIIEIeHIeM SHeprun nopsaaka 1-10°4 spr/cex
JOTKHBI ObLTH OBl TPOUCXOAUTH KaxK,1biit ro/1. OTHAKO, B I€HCTBUTEIbHOCTH
Takue coObITus npoucxonaT B [anakruke 1 pa3 B 40-80 et [128].

. KTEePHCTHKH T'DABHTAIIHOHHOIO H3JIy9YCHHSI TECHBIX
Tabiauma 2. Xapakrepuc ABUTAIIHOHHOI'O U3 e ec.
JIBOHHBIX cucreMm®

U5 28 [1(d) [73) 143 13 Js0 [0 [4 |2
T 182010) [2,109) [136) | 3.5(7) | 33(6) |13@) [129 | 130 [0031 |0
w [0046 |08 |052 088 |20 |64 |926 |58 | 2047 | 5190
T |16 |843 |11 |700 |307 038 0068 |0012 | 0008 | 0000
T, | L(38) | L1A0) | 3A{T) | 2,0042) | 3,3(43) | 34(46) | 1,1(49) | 34(51) | 3,3(53) | L1(5%)
b | 75(21) | 1,9(-20) | 3,7(-20) | 5,4(-20) | 9,4(20) | 3,7(19) | T2(18) | 3,718) | 9,4(-18) | LI(17)
P 07(10) [ 95(12) | 30(10) | T8(9) [3.0(8) |3.005) |98(3) |30 |29 | 9463
N385 60 (37 |1 I ] I I I I
R 050 | L1 432 |14 |14 | 144|144 | 144 | 144 | 144
b | 1,5(20) | 4A(20) | 1,7(20) | 3,7(-21) | 6,5(21) | 2,6(20) | 8:3(20) | 26(-19) | 6,5(19) | L3(18)
Py | 38(13) | 3:2(12) | 16(11) | 9,0012) | L5(10) | L5CT) | 47(5) | 15() |14 |46

)13 paborsr [115]. Llupppr B Kpyr/ibix CKOOKaX YKa3bIBAIOT MOPSAOK BEJIHIHHBI;
aMIIATYABI TPABHTAIHOHHBIX BOJIH h B IIJIOTHOCTH MOTOKA SHEPTHH I'PAaBUTAI[HOH-
HBIX BOJIH P BBIYHCJIEHBI A1 paccTosiHus 1 ke ot apoiinoii cucremer; T = 27 Jw
- nepuox I'B. N - oxumaeMoe 4YHCJI0 ABOHHBIX cucteM B lamgaktnke; < R > -
OXKHTAEMOE CPEJIHEE PACCTOSHHUE 10 JBOHHON CHCTEMBI B KIIC; hgy - OKmmaeMast Ha
3emse ammnryga I'B; Pg - oxngaemas aHa 3emyie MIOTHOCTH IIOTOKA SHEPIHH
rpaBuTanuoHHbIX BoH. Beamannpr T, T naHbl B CEKyHIax, w - B ceK *, | - B Ku,
Ly - B apr/cex, P,Pg B BT/cM’.

3aMeTuM, 9TO B CBSA3U C ITUM TPYIHO TOHSITH SKCIIEPUMEHTAIBHBIE TTPO-
rpaMMbl, PACCYUTAHHbIE HA PETUCTPAIIMIO I'PABUTAIIMOHHOTO U3JIy4YeHUsI OT
TECHBIX JBOMHBIX CUCTEM C IIEPHOJIOM TOPSIKA HECKOJIbKUX CEKYHJI U MEHee.
Bpewms »Xu3Hn TaKHUX CHCTEM He MPEBBIMIAET 5 JIET, & B 9TOM CAydae pasyM-
Hee ObLIO OBl TOMOXKIATH 3TH 5 JIET U 3aPETrHCTPUPOBATH TPABUTAIMOHHOE
W3JIyYeHne TIPU KaTaCTPOMPUIECKOM CTOJKHOBEHUH, MOIITHOCTH KOTOPOTO IO
KpaiiHeit mepe Ha 13 TOPAIKOB Bhime, a ammantyaa ['B 6onbie na 3 mopsi-
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ka (1), kak 3710 caenyer uz Tabuuupt 2 paborsr [115]. Oxnako, o Kpaiineit
Mepe, B mocsennue 10 jIeT HUKTO HE PEerncTpUpoOBa KATACTPODUUIECKUX
coOBITHI TakKOTO MaciTaba Ha paccTosHum 15 Krc. A 3T0 aBTOMaTHYECKU
03HAYAET, YTO B TEUYEHNE ITOTO BpeMeHU B cdepe paauyca 15 K¢ He ObLI0 HU
OJTHOM TECHOI JABOWHOW CHCTEMBbI ¢ MEPUOJIOM BPAIIEHUA NOPAIKA HECKOJIb-
KHX CEeKYH]I.

Tabumua 3. /lamabie 0 myabcapax, HAXOJSIIHXCS HA PACCTOSHHH MEHEE
i nopsika 1 ke or Connna. (U3 paborsr [115].)

Ne | Iymscap Paccr. | P P/P
(xmc) | (cek) | (vrer)
1 [ MP 0031 021 10,94 [7.1(7)
2 | MP 0450 0,33 0,55
3 | NP 0532 2,0 0,033 | 2,5(3)
4 | MP 0628-28 0,170 | 1,24 | 1,6(7)
5 | CP 0809 0,19 1,29 | 2,5(8)
6 | AP 0823+26 | 0,38 0,53 | 1,0(7)
7 | PSR 0833-45 | 0,5 0,089 | 2,3(4)
8 | CP 0834 043 | 1,27 |59(6)
9 | PP 0943 0,30 1,098
10 | CP 0950 0,10 0,253 | 3,5(7)
11 | CP 1133 0,16 1,188 | 1,0(7)

12 | AP 1237425 | 0,20 1,382 | 4,6(7)
13 | PSR 1451-68 | 0,40 0,263 | >2,8(6)

14 | HP 1508 0,26 0,740 | 4,7(6)
15 | CP 1919 0,42 1,337 | 3,2(7)
16 | PSR 1929+10 | 0,27 0,227 | 6,2(6)
17 [ JP 1933416 | 3 0,359 | 1,9(6)

18 | AP 2016428 | 0,47 0,558 | 1,2(8)
19 | PSR 2045 0,38 1,962 | 5,7(6)

ITockombKy mybcapbl OTOXKIECTBISIOTCS ¢ ocTaTkaMu CBEPXHOBBIX, CPEI-
HIOIO YacTory Bembimek CBepxXHOBLIX B Hammeil [asakTuke MOXKHO OIEHUTH
0 JAHHBIM O PacHpeeneHun myibcapoB B okpecranoctu Comama. Beero B
okpectroctu Conrna paauycom okosio 1 ke mabirogaercs: 0Koso 20 myibca-
poB. B Tabusmnie 2 npuBeneHbr JaHHBIE O OJIMKANININAX K COTHEIHON CHCTEME
nyabcapax. 4 Kax ciaemyer u3 310l TabIMILI, TPAKTHUECKH BCE TYIhCAPEI
mostozke 10% er. TI03TOMY MOMKHO yTBEpIKIATh, ITO HAGIIOTAEMbIE TIylh-
Capbl - 3TO OCTATKU CBEPXHOBBIX, B3OPBABIIUXCH B TE€YCHHE MOCJIEIHAX CTA

Mys kuur [120],[125]
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MUJIJIKOHOB JieT. DTO gaeT 1 BeublmKy B 50 JieT, 94TO COBIIAJAeT C OLEHKO
[128]. TTo-Bunumomy, 3Ta BesnuuHa 6iaU3Ka U K CpeJHeil 4acToTe KaTacTpo-
dbuueckux cronkHOBeHUH B TeCHBIX JABOIHBIX cucremax (Tabauna 3).

Takum 00pa3oM HAM B JIyUIIEM CJIy4Yae MPEJCTOUT WMETh JIeJI0 C JIW-
HeWHBIMU pa3Mepamu cucteMbl mopsiaka 10000 + 20000 kM. OT1o maer: T ~
10 + 40 cek, hg ~ (1 +5) - 1072, Py ~ 107 + 3-10712 pr.cm?. Bpaj-nm
I'B ¢ takumu mapaMerpamMu CMOTYT OBITH 3aPErHCTPUPOBAHBI B OymKaiime
Jecatunetus. B aTo#t cuTyanum ocTaeTrcsa HaIEAThCSI TOJIBKO Ha PEIKUl U
OTHOBPEMEHHO OMACHbIH [y 3emyn ciaydail (Benbimky CBepXHOBON win
KaTacTpodpUIecKuil KOHEIl TeCHON IBOINHOM 3BE3IHON CHCTEMBI B HEMTOCPE -
CTBEHHO}I 6im30cTH).

V.14.3 GMSW u gerekruposanue I'B

[Ipuunna meynoBaerBoputenbHoro coctogund B 111 - I'B 3axkmovaercs mo
MHEHHUIO aBTOPA B OIMMMOOYHOCTH MTEPBOHAYAIHLHO BHIODAHHOTO HATIPABJIEHUS
€e PEeIeHUs-TIPOrPAMMBI CO3/TaHUS €TEKTOPOB TPABUTAIMOHHOTO W3JIyYe-
wvus. [IpsiMmoe JeTeKTUpPOBAHUE I'PABUTAIMOHHBIX BOJH MOXKET OCYIIECTB-
JNATHCs TUOO MOCPEICTBOM IPUINBHOTO Bo3eiicteus I'B Ha HepensTuBuct-
ckuii jerekTop (TBEpIOe TENO0), JubO MOCPEICTBOM PEJIITUBUCTCKOTO BO3-
neficteusg I'B Ha 1eTEKTOp, MMEIOMHUH PEIATUBUCTCKYI0 KOMIOHEHTY (JIyd
nasepa). B oboux ciaygasax geiictsue I'B ma ngerexkrop (cmemenue mpoGHO-
IO TeJla WM OTKJIOHEHUE JIyda Jia3epa) IpoHopuuoHasbuo amiuiuryse I'B.
Ozkuaembie ke 0T acTPOPU3NIECKUX MCTOYHUKOB 3HAYEHUS] AMILTHTYIbI
IPABUTALMOHHBIX BOJH HAUYTOXKHO MaJjbl (CM., Harpumep, [47]).

CyiecTByoIIrne MporpaMMbl JETEKTUPOBAHUS MPABUTAIIMOHHOTO U3JIy-
YeHUsT PACCUUTAHBI, B OCHOBHOM, HA aCTPOGU3NIECKNE UCTOTHUKN JIBYX THU-
moB: 1. - CBepxHOBBIE; 2 - TECHBIE IBOHHBIE CHCTEMBI. B TiepBOM ciydae
MOXKHO OxKmaaTh amianTyay I'B mopsaxa 10717 - 1078 ¢ uznyuenuem B
IIIPOKOM JHANA30HE YaCTOT ¢ XapaKTepHOi JacToroii mopaaxa 10° cex !,
BO BTOPOM - ammuuTyry nopaaxa 10720 - 1072 ma, ¢puxcuposanHoit vacToTe
B maTepBate 0, 1—10 cex~!. BemencTeue BechMa MaJIoH OKMIAEMOIT aMILTH-
TYIbI TPABUTAIIMOHHOTO U3JIyUYE€HUs B YCAOBUAX 3EMJIH SKCIIEPUMEHTATHHBIE
MPOrPaMMBbI, OPUEHTHPYEMbIE HA, MPSIMOE JI€TEKTHPOBAHUE T'DABUTAIIMOHHO-
T0 W3/IydeHus, Hem30eKHO CTATKUBAIOTCA ¢ TPpobreMoit 60phObI ¢ MyMaMH,
KaK BHEITHErO, TaK U BHYTPEHHErO — TEIJIOBOTO W KBAHTOBOTO XapaKTepa.
Ota 60pnda mpogoKaercsa B Teuenue 40-yeT u TpedyeT CO3JaHNs BBICOKO-
TPEIU3UOHHBIX TJIYOOKO OXJIAYKIEHHBIX JETEKTOPOB.

C apyroii CTOPOHBI XOPOIIO W3BECTHO, YTO JAXKE TAKUE CJIA0BIE TI0 AMILIN-
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Ty/ie "PABUTAIIMOHHBIE BOJHBI HECYT HA c€H€ JOCTATOYHO BBHICOKYTIO IHEPTHIO
- /U1l yKA3aHHBIX IIPUMEPOB Ta SHEPIUsl MOPAIKA eUHUILL BT / e’ - B IepBoM
cayuaae u nopsagka 10713 - 10711 Br/em” - Bo Bropom. Perncrpamms snexrpo-
MArHUTHOTO CUTHAJIA TAKOH MOIIHOCTH He mpecTaniser mpobiaeM. [lostomy
mpobJIeMy IeTeKTHPOBAHNS TPABUTAIIMOHHOTO N3JIy YeHUsT HEOOXOIMMO TIepe-
HECTH B JIPYTYIO TIOCKOCTH - TIOWCKA, CTIEIM(UIECKUX JIEKTPOMATHUTHBIX
CUTHAJIOB B Pe3yJbTare BO3AEHCTBUS TPABUTAIIMOHHBIX BOJH HA BEIIECTBO B
Tex obstacTsax [alakTuku, Tie BeJTUKA MHTEHCHBHOCTD MPABUTAIIHOHHOTO U3-
snydenusi. B Takoit mocranoBke mpobiemMa ynupaercs mpekIie BCero B UCCie-
JIOBAHWE BO3/IEHCTBUs TPABUTAIMOHHBIX BOJH HA TIA3MOMOIOOHBIE CPEIBI.
CoOTBeTCTBYOIIE UCCIEIOBAHNS OBLTH BHITOJTHEHB! B 80-€ TOIbI, B OCHOB-
HOM, B Ka3aHCKOH IIKOJIe I'PABUTAIMN U ODHAPYKUIH Pl cHenupuIecKuX
SJEKTPOMATHUTHBIX OTKJIMKOB TLIA3Mbl HA TPDABUTAIMOHHBIE BOJIHBI.

B [113] nosnyueno Tounoe perienue ypasaenuii pessitusucrckoit MIT na
¢one III'B npon3BoibHON aMITATYALI, HAa OCHOBE KOTOPOTO OTKPBIT IIPHUH-
[UMHATBHO HOBBIN KJIACC CYIIECTBEHHO HEJTMHEHHBIX MOPOTrOBLIX 3D DEKTOB,
nazsanabix GMSW (Gravi-Magnetically Shock Waves) - rpaBumMarauTabiMu
VIAPHBIMA BOJTHAMHU.

B [115, 116] mokazano, uro GMSW B mMaruuTocdepax mysbcapoB MOTYT
SIBJIITHCS BBICOKO3(M(DEKTUBHBIM JIETEKTOPOM TPABUTAIMOHHOTO U3JIYyYEHUS
HEATPOHHBIX 3Be3]. B wacTHOCTH, HAOIIOJATEIHHBIM CJIEJICTBAEM MTEPeKat-
KU 9HEPIUE MPABUTAIMOHHON BoJHBI B 3Hepruto GMSW wmoryt, nanpumep,
SIBJISITHCS TAK HA3BIBAEMbIE TUTAHTCKHUE UMITYTbChI, CIIOPATTIECKU BO3HUKA-
OTIMe B W3JIyYeHUN Psifia myabcapoB. OIEHKH, CIeaHHbe B B 9TUX paboTax,
MO3BOJISTIOT WHTEPIPETUPOBATH MMTAHTCKUE UMITYILCHI B U3JIYYEHUN TIYJIb-
capa PSR B0531+421 ¢ rpaBUTaIMOHHBIM M3Jy9YeHHEM 3TOTO MyJIhcapa Ha
OCHOBHO# KBaIPYTOJIbHOI MOJe HEHTPOHHOM 3Be3/1bl. B meficTBUTETbHOCTH,
MOKA TPY/IHO TOBOPUTH O JIOCTOBEPHOCTU UACHTH(DUKAIMYA TUTAHTCKUX MM-
MyJIbCOB KaK 3JIEKTPOMATHUTHBIX MPOSIBJIEHUI PA3BUBIIENHCS B MATHUTOCDE-
pe Ty/Ibcapa rPABUMATHUTHOMN YIAPHON BOJIHBI, ¥ TEM CAMBIM - OTHO3HAYHO
CBSI3aTh 9T WUMIYJIbCHI ¢ TPABUTAIMOHHBIM M3JIy9YeHUEM MyIhcapoB. Tem
HE MeHee, caMa ujes 00 aHaiu3e 0CODEHHOCTEN FJIEKTPOMATHUTHOTO W3JTy-
YeHUsT KOMIIAKTHBIX acTPOPU3NIECKUX OOBEKTOB HA MPEIMET BbISBICHUS
BJIMSIHUS HA 9TO M3JIYyYEHUE TIPABUTAIMOHHBIX BOJH OT CAMHUX YK€ OOBEK-
TOB TIPEJICTABJISETCS HAM BEChMA TJIOJOTBOPHOMN JIJIsT PENieHust mpobIeMbl
JIeTeKTUPOBAHUS TPABUTAIIMOHHBIX BOJIH.

JleficTRUTEIbHO, OCHOBHBIMU TIPEMSITCTBUSIMU [JETEKTUDOBAHNUS TDABUTA-
IIHOHHBIX BOJTH aCTPOMDUBUIECKOTO TIPOUCXOKIEHNS B 36MHBIX YCJIOBUSIX SIB-
JISTFOTCST CJIE/TYOTIHE:
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1. upesBbIUAHAS MATOCTD AMILIUTY bl TPABUTAMOHHBIX BOJIH B 3€MHBIX
yenousax (h < 107'9) Bemay smaumTenbHON YIATEHHOCTH DeATH-
BUCTCKHUX aCTPOPUIMIECKUX 0OHEKTOB OT 3EMJIN;

2. cmopaawdeckuii XxapakTep KaracTpoduiecKux COObITHN B PEIATHBUACT-
CcKuX acTpodu3nIecKux O0bEKTaX, MPUBOIAIINX K U3JIy9eHUIO TDa-
BUTAIIMOHHBIX BOJIH JOCTATOYHOW MOIIHOCTH, HE TIO3BOJIAIONINN OJ-
HO3HAYHO WIEHTU(DUIIUPOBATH TOJyYEHHBIE CUTHAJIBI C (haKTOM pe-
TUCTPALUU I'PABUTAIMOHHON BOJIHBI;

3. HEBO3MOXKHOCTH B YCJOBUSX 3€MHBIX JIAOOPATOPHUil CO3IaTh PEIATH-
BUCTCKUE JETEKTOPHI C AHOMAJILHBIMY, Hanboee 3 HEeKTUBHBIMY A~
pamerpamu Jjisi PErMCTPALUK I'PABUTAIMOHHOIO U3JlydeHus (CBepX-
CUJTbHBbIE MATHUTHBIE TI0JIs, PEJIITUBACTCKOE YPABHEHHE COCTOSTHIE Pa-
60Yero Tejia JeTeKTOpa, BICOKAs AaHU30TPOIHsS pabodero Teaa 1eTek-
TOpAa, HU3KUHA YPOBEHD IIIYMOB U T.II.).

[Tpu nepenoce ke JeTeKTOpa B HEMIOCPEICTBEHHYTO OJIM30CTh K PEJISITUBUACT-
CKOMY acTpOPU3NIECKOMY OOBEKTY 3TH MPOOJEMbI AaBTOMATHIECKH CHUMA-
FOTCs, - TIPYA 3TOM BCETIa UMEETCSI TOTOBBIN 3JIEKTPOMATHUTHBIA CUTHAJ, KO-
TOPBII HET HEOOXOIUMOCTYH KOHBEPTHPOBATH B KAKUE-JIN00 Apyrre pOpMHI,
9TO JIAeT BO3MOXKHOCTH IIPOBEIEHNUST KOPPEISIMOHHOro ananu3a. B ciayuae,
KOr/Ia pabOYMM TEJIOM JETEKTOPA SIBJIIeTCs] MArHUTOCKhEPA PETATUBUCTCKO-
ro acTpoPU3NIECKOT0 0OHEKTA, ABTOMATHIECKH JIOCTUTAIOTCS U ONTUMAJIb-
HBIE C TOYKW 3PEHUS IeTEKTUPOBAHUS TPDABUTAIMOHHBIX BOJH MapaMeTphl
pabodvero Teja JeTEeKTOPA: CBEPXCUIHHBIE MATHUTHBIE TOJIs, YIBTPAPEIITH-
BUCTCKOE YPABHEHHUE COCTOSHUS JETEKTOPA, BHICOKAS AHM30TPOIHUS U T.II.

[MpunnunuanbHast BaxXHOCTH q7s Teopun rpasutaiun GMSW, kak nps-
Moro 3ddexkTa mpeodbpPaszoBaHUsa IHEPTHU TPABUTAIMOHHBIX BOJH B 3JI€K-
TPOMATHUTHYIO SHEPTHUIO, TPUBOIUT K HEOOXOAUMOCTH OOJiee JeTaTbHOTO U
BCECTOPOHHETO MCCIETOBAHUS STOTO SIBJIEHUS.

V.14.4 GMSW B marauTocdepax HeHTPOHHBIX 3BE3/

EcrectBenno Bo3Hukaer Bompoc: cymiectByior ju B npupoge GMSW, r.e.,
peasiuzyercs Jin yciaosue ux BosnukHosenus (V.150)? B naboparopHbix sKc-
HepuMeHTax yKazanuoe neobxomumoe yciosue (2a2|f] > 1) memoctuzxumo
BCJIEJICTBUE KaK CJ1a00CTH IPABUTAIIMOHHBIX BOJH B 3€MHBIX YCIOBUSIX, TaK
n ciabocTn CTabMIIBHBIX JA0OPATOPHBIX MATrHUTHBIX moJieil. i rajak-

Tudeckux MaruuTHbx moseit (H ~ 107° <+ 1075) u mex3sesanoit cpept

272



V.14. GSMW u rpaBHTaIIHOHHO-BOJIHOBBIE SKCIEPUMEHTHI

(p ~ 10 2r/cn®) = a? ~ 1078, - nosromy B Mezx3Be3nOl cpese GMSW
He BO3HUKAET.

EnuncrBennbiv Bo3MokHbIM uerouauKoM GMSW, mo-Buaumomy, MmoryT
SABIATHCA MAarHUTOCKEpPhl HEHTPOHHBIX 3BE3.T MO0 HA CTAIUN KBAIPYIIOTIhb-
HBIX KOJIeOaHmit HENTPOHHOMN 3Be31b1, u00 HA craauu Ceepxuosoii. B Tab-
nmtie 4 TpuBeieHbl pe3y bTaThl pacuera napamerpa 2a2(|8]), ((|8|) - cpen-
Hesl amIumMTyaa ussiaydaembix I'B) g maraurocdep HEHTPOHHBIX 3BE3,
COBEPIIAINKMX KBAAPYIHIOJbHbIE KOJeOaHUs HA OCHOBHOM KBAJIPYTOJIHHON
moze (n = 0). lanHble, TIOMEIIEHHBIE B MEPBbIE YeThipe KOJoHKu Tabu-
I, B3ATH (Wam mepecunTanbl) w3 kuurn [47]. Cpemusis ammumryna I'B
TMOICYUTHIBAIACH C TIOMOIIBIO CTAHIAPTHBIX (DOPMYJI TIO CPEIHEH MOIITHO-
CTH IPAaBUTALMOHHOrO usiydenus, N, (cMm.,Hanpumep, [46]) B npemmnonoxe-
HUHU, 9YTO CPEJHssl OTHOCUTEbHAS aAMIUTUTYIA KBAJAPYHOJbHBIX KOJIEOAHMI
nefiTponnoit 3sesmpr (mapamerp ((0R/R)?)'/? v wuure [47]) pasna 1076,
[Ipeamnonaranock, 9To MarEuTOCGEpa HERTPOHHON 3BE3bI COCTOUT U3 MOJI-
HOCTHIO MOHU3UPOBAHHOTO BOJOPOAA. Ilpu 3TOoM mapamerp ng (IJIOTHOCTD
YKCJIa MOHOB BOJOPO/IA HA [IOBEPXHOCTHU HEHTPOHHON 3BE3/1bl) HAXOIUIICS 13
tpebosanmsa 7 = 1, rae 7 = [ nodl - ontudeckas ToMIEHEA MATHETOCHEDDL.
IIpeamonaranock Takke, 9TO MACIITAO ITIOTHOCTH MArHATOCKEPHI TOPSIIKA
paJmyca HeUTPOHHOM 3Be36I K.

3aMerum, 9TO 3HAYEHUST KOHIIEHTPAIN MOHOB ¥ TIOBEPXHOCTH HEHTPOH-
HOU 3Be3/IbI, TIOJYUY€HHBIE HAMHU W3 YCJOBUS PABEHCTBA €IUHUIIBI OTITHYE-
CKO# TOJIIIIMHBI MArHUTOCHEPDI, TPUMEPHO HA 4 TOPSAIKA BBIIIE OIEHOK 7,
IpUBEJEHHbIX B [132] ¥ 110Jy4eHHBbIX HA OCHOBE PA3MEPHOCTHOIO AHAIM3A
ypasuenuii Makcsesiyia, ONuChIBAIONINX CTAIMOHAPHYIO MArHUTOChEpy HEii-
TPOHHO# 3Be31bl. IIpn MPUHATHN OIIEHOK Mg, MPeIIOKeHHbIX [Taunan [132],
penmanna dpakropa GMSW, npusenennas B Tabsmie 4, BhIpacTeT COOTBET-
CTBEHHO Ha 4 TIOPSAIKA.

s 3Be3nt ¢ maccoit 0,682 Mg B coorBercTBue ¢ Tabmuteit 4 mosryaum:
x = 1,33-1071; x/(|Bo|) = 0, 317. Torna naitnem ko3 duUIUEHT 3aTyXaHUA
I'B [113]: v = 0, 206, Takum obpazom, ammumryaa ['B B atom ciyuae nagaer
B 5 pa3, a MOIIHOCTH TPABUTAIIMOHHOTO U3JIyUeHus - B 25 pas. s 3Be31n1 ¢
maccoii 1,954 Mg x = 1,42-1071; x/{|Bo]) = 1,01-1073 — v = 0,032, Te.,
B 3TOM ciaydae ammautyna I'B moxker ymenbimuTbes B 30 pa3, a MOIIHOCTD
rpaBuTanoHHOro n3aydenus - B 900 pa3! Takum obpazom, B maraurocde-
pax HEHTPOHHBIX 3Be3]] UMEIOTCST HE0OTOJUuMbLe YCTOBUS IS CYIECTBOBA-

mua GMSW.
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Tabiuma 4.

Hapaverp GMSW: 2a%(|3|) B maranTOCepe HEHTPOHHBIX 3BE3T
M/Mg | R w N/(OR/R)?) | (18]) no 2a7(8])
0,405 | 5,00 | 5249 1,2(50) 2,93(—10) | 5,97(18) | 0,260
0,682 | 8,42 | 2,02(4) | 2,9(53) 1,20(—9) | 3,54(18) | 3,32
0,677 | 12,60 | 8987 7,0(52) 1,64(—9) | 2,36(18) | 3,670
1,950 | 9,99 | 1,66(4) | 1,6(55) 1,41(—8) | 2,99(18) | 30,0

Yucsia B ckobkax ykaspiBaroT creneHb 10. O6osznauenus: M/Mg - macca Heii-
TPOHHO 3BE3/1bI B €/1.COJIHEYHOW MaccChl; R - pajmyc 3Be31bl B KM.; W - 9aCTOTA
TPABUTAIMOHHOTO W3ayTerns 8 13 N/{(6R/R)?) - MOMHOCTL TPABUTAIIMOHHOTO
n3JIydenus 3Be34bl B 9pr/cek; (|B|) - cpeansis ammmmtyna I'B; ng - KOHLEeHTpanns

HOHOB BOJIOPO/JA Y TIOBEPXHOCTH 3BE3BI B CM ™S,

Januble, NoMelneHHbIe B KOJOHKY 1 — 7,9, 12, B3siThl U3 Kuurn [47]. 0M =
M /Mg - macca HeHTPOHHOIN 3Be31bl B €/.COJMHEYHON Macchl; R - pajauyc
3Be3/bI B KM; 1), - IEPHOI COOCTBEHHBIX KOIeOaHni HEHTPOHHON 3BE3/IbI HA
OCHOBHO}i KBaJIPOYIOJIbHOM Moze (B MUJIIMCEKYHIAX ); T, - BpeMs 3aTy-
xanus Konebanuii (B cekynmax); Agr = ((6R/R)?) - cpeamexsaapaTnyaHas
OTHOCHUTEIbHAS aMILIUTYIa KOaebaHuii HeWTpoHHO# 3Be31bl; Ky, - KUHETH-
4yecKad sHeprus Kosebanuii B 3pr; Ly - MOIHOCTb I'PABUTAIMOHHOIO U3JIy 9e-
HES 3Be3/bI B 3pT.ceK. IIpu 3Tom 3Hadenne ammautyasl I'B Ha moBepxHOCTH
HefiTponHoit 3e31b1, o (R), nonaranocsk pasabiv 1078, H(R) - nampszken-
HOCTH MarauTHOro mnoJs (B I'c). /lanuble, IOMEIEHHBIE B KOJOHKA 8 =+ 11,
nosydenst ¢ nomoinsio dhopmyan (V.453), (V.472), (V.477) no nabaogaembim
napamerpam nysabcapa B Kpade (NP 0532): P = 0,033 cexk, to = 2500 jer.
Janubie, noMenieHHble B M0CIeAHIOI cTPoKy Tabsmubl (kosonku 2 - 7,9),
HOJLy Y€HbI IKCTPAIIOJIsiIuell 3Hadenuil u3 kauru [47]. 3nadenus napaMeTpos
a? n Y TIpuBemeHB 118 MArHATOCHEPHI ¥ TOBEPXHOCTH HEHTPOHHOM 3BE3/IEL.

Ecnu onucbiBaTh MarauTHOE TOJI€ HEUTPOHHOM 3BE3IbI TIOJIEM JUTIOJIS, TO
reorpaduaeckuii yroa ©, OTCAUTHIBAEMBIH OT MATHUTHOTO 9KBATOPA CBA3AH
C BBEJIEHHBIM HaMU yrJioM §) cooTHommenneM 2 = /2 —@. IlosTomy ycioBue
BozaukHOBeHUss MGSW 3aBucur or yria ©:

1
)
sin“@ <1— ——.
203 |8

274



V.14. GSMW u rpaBHTaIIHOHHO-BOJIHOBBIE SKCIEPUMEHTHI

Puc. 21. GMSW B maraurocepe 3Be3/1b1

Takum ofpaszom, B Maraurocdepe HeiTponHOi# 3Be31b1 (1o CBepxHO-
BOIt) MokeT obpasoBarbcst GMSW B 061aCTH MArHUTHOTO 9KBATOPA OO0~
HO TyJbCapaM C HOXKEBOH JuarpaMMoil m3aydeHus. B 3To#t obmacTh, Kak
MOKA3bIBAIOT BHIIENPUBEICHHBIE TPUMEPDI, TPABUTAIIUOHHOE M3y YeHUE MO-
JKeT ObITh MPAKTHYECKHU TOJTHOCTHIO MOTJIONEHO Ha BO30YKIEHWE yIAPHOM
BosHbl. Takast HelTpoOHHAS 3Be3/a Oy/IeT N3/IyIaTh TPABUTAIIMOHHBIE BOJTHBI
JIATITH ¢ MATHUTHBIX TIOJTIOCOB TIO0OHO TyIhCapaM ¢ KapaHIanTHON uarpam-
MOit m3ydenusi. BeposaTHOCTh OOHADYKEHNS TPABUTAIMOHHBIX UCTOYHUKOB
pU 3TOM MOXKeT ObITh pe3ko camkerna. Omgunako, GMSW neokumgaHHO OT-
KPBIBAET JIPYroil KOCBEHHbBIN MyTh OOHAPYKEHUs] T'PABUTAIMOHHBIX BOJIH.
Ecnu takas ymapHas BOJIHA 00pa3yercss U OTOPBETCS OT MArHUTOChEDHI,
TO OHA yHECET C co0Oil (C OKOJIOCBETOBOI CKOPOCTHIO) B MEXK3BE3IHOE MPO-
CTPAHCTBO CBEPXCHJIbHBIE MATHUTHBIE TI0JIs1. B3anMoneiicTBre KocMudeckoit
MJIA3MbI ¢ TAKAMH TOJISMHU JOJPKHO TPUBECTH K AHOMAJIBHBIM 3JIEKTPOMAT-
HUTHBIM IBJIEHUSIM, B TOM YHCJIE U B onTHYeckoM gauanazone. Ciemxyer 0co6o
MOTYEPKHYTh, 9TO HE CYIIECTBYET APYIUX MEXaHU3MOB, CIOCOOHBIX Pa3o-
THATh yJIAPHYIO BOJHY JO OKOJIOCBETOBBLIX CKOPOCTEIi.

Takum ob6pazom, apdexkr GMSW MoxKeT CMECTUTD TEHTD TSKECTH TPa-
BUTAI[MOHHO - BOJHOBBIX SKCIIEPUMEHTOB € HEMOCPEJCTBEHHOTO JIeTEKTHPO-
BAHWs TPABUTAIMOHHBIX BOJIH HA ONTHYecKue HaO/onennss CBEepXHOBBIX U
WX OCTATKOB.

ITapamerpst GSMW B marantocdepax HEATPOHHBIX 3Be3[

B [116] mokazano, uTo B Marutocdepax HEHTPOHHBIX 3BE37], COBEPIAO-
UX KBAJIPYMOJIbHBIE KOJEOAHNS, PEATU3YIOTCS DOIbINNE 3HAYEHUS BTOPO-
ro nmapamerpa GMSW, u, takum 06pa3om, peannsyercss HeOOXOIUMOE YCJI0-
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Bue s Bo30yxaeaus GMSW. Paccmorpum sToT Bompoc 6osiee AeTaibHO.
ITnorHOCTD YKCIA 71€KTPOHOB B MaruuTocdepe 1yiibcapa, N (r), Heobxoau-
MYIO JI7IsT BHIYHCIEHHS TTapaMeTpa Y, MOXKHO HANTH HA OCHOBE pa3MepHOCTei
oleHKH u3 ypasHenuit Makcsenna [132]:

’I’Le(T) ~ H(T)

dmer’
Hasnee, kak uzsectno [125], ckopocTb 3aMe/jieHus IEPUOIA 11yJIbCapa to CBs-
3aHa C MAapaMeTPaMU IIyIbCapa CJIEIYIONIM 00pa30M:
3c2 M P?

= 8r2H2R*Y’

rae R - pagnyc HeiTpoHHO# 3Be361, M - ee Macca, H - HampsKeHHOCTD Mar-
HUTHOTO TIOJIsE HA, TIOBEPXHOCTH 3Be3/1bl, P - iepuos Bparienus. 91a hopmy-
J1a, 110 U3BECTHON CKOPOCTH 3aMeJIEHN s IEPUO/IA MyIbCAPA JAET JJIs MyJIbCa-
pa NP 0532 H =~ 5-10'2 T'c. (cm. Tabmumy 3). Ha camom zefie, Kak oTMeda-
ercst B [120], HAPSIYKEHHOCTh MATHUTHOTO TIOJIs HA TIOBEPXHOCTH MYJIbCapa
NP 0532 HEeCKOJIbKO HUKE 3HAYEHWS, TOJIyIeHHOTO HA OCHOBAHUU (HOPMY-
JIbI CKOPOCTH 3ame ijtennst eproga (V.472) n coctasister mopsaaka 1012Tc.
D10 3HAYEHWE W MPUHUMAETCS HAMU B Jajbreiiem. Ha npejcraBieHHBIX

(V.471)

0 (V.472)

HUZKe PUCYHKAX (KpoMe 0c0060 OrOBOPEHHbIX CJIy4aeB) IPUHATHI CIIEYIOLIHE
snavenna mapamerpos: R =1,2-10% cum., Bo(R) = 10~% u marmuTHOE TIO7TE
B MarauTocdepe noppasymesaercs aunonabubiv: H(r) ~ (R/7)3.

Eciun MaruuTHOE 10JIE€ HEATPOHHON 3BE3/IbI ONUCHIBAETCS MOJIEM TUTIO-
Jis1, TO reorpaduaeckuii yroa @, OTCYUTHLIBAEMBIH OT MATHUTHOTO KBATOPA
CBsI3aH C BBEJIEHHBbIM HaMu yriioM §) coornouienuem: ) = 7 /2 — 0. Ilosromy
yesosue Bo3uukHoBenus GMSW 3zasucur ot yroia O:

sin2@<1—%~1—r—1.
2a3| 8]
Takum obpazom, B maruurocdepe HeRTPOHHOHN 3Be3xbl (niau CBEepXHOBOI)
mozker obpazoBarbes GMSW B 06sacTé MArHUTHOTO 3KBATOPa MOI0OHO
MyJIbCapaM C HOXKEBOW nuarpaMmoil u3jmydenus. B 3roit obsacTu, Kak mo-
Ka3bIBAIOT MHOTOYHNCJIEHHBIE PACYETHI, TPABUTAIMOHHOE M3JIYIEHUE MOXKET
OBITH TPAKTUYECKHU TIOJTHOCTHIO MOMJIOMIEHO HA BO30YXKI€HUE YIAPHON BOJI-
ubl. Cornacuo Tabauie 4 takuM 3HauenusM napamerpos fBo(R) u R B cay-
qae NP (0532 coOTBETCTBYET MOITHOCTD TPABUTAIIMOHHOTO U3MydeHus Ly ~
4,5 102 spr/cex.
Pacuersr noka3sBaioT, 9T0 001aCTh, OJIATOTPUATHAS IJIs PA3BUTHS

GMSW, okasnIBaeTcs 3aKa0UeHHOM B Tipenenax 6R + 16 R, T.e. B obimacTn
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JIOKAJILHOM HANPSAXKEHHOCTH MarHuTHOrO noJs 3 - 108 +4-10° Tc [116]. Tpu
npoxoxaeanu uMnysibca GMSW aru jiokaibHbIe 3HAYEHUST YBETUIUBAIOTCS
B 10 + 30 pa3. Takum obpas3om, HEHTpPOHHASA 3BE3/1a, B MAarHUTOC(HEpPE KO-
Topoit obpasyercs 3ora GMSW, MoXkeT m3/1y4aTh IpaBUTAIINOHHBIE BOJTHBI
JIVIIITH ¢ MAaTHATHBIX TOTIOCOB TOIO0OHO MyIbCapaM € KapaHIAITHON THarpaM-
MOif HAIIPABJIEHHOCTH W3JIydeHHus. BepoaTHOCTh 0OHAPYIKEHHUsT TPaBUTAIIH-
OHHBIX MCTOYHMKOB IIyTEM IPSMOTO JeTeKTHpoBaHusA I'B mpu 3TOM MOKeT
OBITH PE3KO CHUKEHA.

Kak mbr ormMedasu Bbiie, OTKJINK OZHOPOJAHON MArHUTOAKTUBHON I1j1a3-
MBI JaKe HA CTPOrO IEePHOIUYECKOe TPABUTAIMOHHOE U3JIyY€HNEe NMEeT Xa-
pakTep OAWHOYHOTO mMIyabca. Ho maske, ecaum Obl 3TO W He OBLIO TaK,
OTKJIUK MarHuTochepsl HelTpOoHHON 3Be3abl HA ['B Bce paBHO Obl mMen
Takoi ke xapakrep. JlelictBurennuo, ynapuas somua (GMSW), BosHuk-
mas Ipyu BO30YKIEHUH KBAIPOYIOJIbHBIX KOJIeOaHui HEHTPOHHOM 3BE3IbI,
JOJI?KHA BBIOPOCHUTH IKBATOPUABHDBIN CEKTOD MAarHuTOCGhEpPhl B MEXK3Be3/I-
HOE TIPOCTPAHCTBO. JIIsT BOBHUKHOBEHUS CJIEIYIONIEr0 WMITYIHCA MATHUTO-
cdepa T0KHA BOCCTAHOBUTHCA. Bpemst, He0OXOanMOe Jjisd ee BOCCTAHOB-
senusi mopsinka At ~ /v, rue | - xapakTepHbIii pasmep MarHuTochepsl,
Ve - CKOPOCTb 3ByKa. /I TumndHO# MaraHuTochepbl HERTPOHHON 3BE3IbI
At ~ 1 cek. Tunmuanbie Ke 3HAYECHUS] BDEMEHU 3aTyXaHUs KBAPOYIOTHHBIX
Kosebannii cornacuo Tabsure 4 cOCTABAAIOT AECATHIE MOJTA CEKYHIbI.

V.14.4.1 IIpumenumocts WKB-npubamxenus

st koppekTtHoro npumenenusi reopun GMSW Kk HEOTHOPOIHON TMIazMe
HeoOX0MMO, BO-TIepBBIX, BbinonHerue yciaopuit WKB-npubnnxkenus, T.e.,
MAJIOCTH JJIMHBI TPABUTAIIMOHHON BOJHBI IO CPABHEHUIO € MACIITAOAMY HEOI-
HOPOIHOCTH CHCTEMbI. TaKOBBIM MACIITA0OM [Jisi aCTPOMU3UIECKUX 3314
SIBJISIETCST PACCTOSTHUE JI0 MEHTPA 3BE3bI, T.€.:

A= 5 < (V.473)

Hynesas (pagmaibHas) MOIa COOCTBEHHBIX KOJEOAHWH 3BE3IBI MMEET 4a-
CTOTY TIOPSAIKA, JKUHCOBCKOI:

(V.474)
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rae R - paguyc 3Be3apt. Takum o6pa3om, AuHA BOJIHBI HYJIEBON TAPMOHUKH
KOJIeOAHMI 3BE3/IbI MOPSIIKA:

c R?

AUZ—Z

— 4
wo 3ry’ (V.475)

rne rg = V.M G¢® -rpaBUTAIMOHHLIN PAJMYC 3Be3/Ibl. Y YUTLIBASA TOT (DAKT,
ITO OTHOIIEHHUE T'g /7 17151 GOJIBIINHCTBA PEJISTUBACTCKUX HEHTPOHHBIX 3BE3.T
gexknt B nuanazone 0.16 — 0.6 (cm., Hampumep, [?]), TpuxoaANM K BBIBOLY,
uro npubsamxkennn WKB (V.473) sksuBasienTHo ciemnyomemy:

r> R, (V.476)

1.e., 910061 GMSW paszBuBanach B yJaJ€HHBIX OT TIOBEPXHOCTH 3BE3/IbI 00-
sgactax. Cpa3y oTMeTuM, 9TO JJid HyJIeBOM rapMOHUKHU KOJIEOAHUH 3TO yCII0-
BUE SBJISIETCST HAamOOJIee TPYIHOBBITOJIHUMBIM, OTHAKO JJIsi 00Jie€ BBICOKUX
rapMOHUK KOJIEOAHUN 9TO yCJIOBUE BBITIOTHAETCS.

V.14.4.2 TIlapamerpbl MarauTocdep HENTPOHHBIX 3BE3]I

Hasiee, nI0THOCTL YuCsIa JIEKTPOHOB B Maruutocdepe mysibcapa, m.(r),
HEOOXOMMYTO /ISl BLIYUCICHHS Tapamerpa Y, MOXKHO HAWTH HA OCHOBE Pas-
MEPHOCTHOH OIeHKH U3 ypaBHEHWUI Maxcaena:'®

VxH= 47renez,
c

OTKyZIa [OJIy4uM, nosiarag v ~ ¢ [132]:

H(r)
4drer’

Ne(r) ~

IIpu TpUHATHU AUTIOJBHON MOIEIN MATHUTHOTO TIOJIsT €r0 HANPSKEHHOCTH
B OJIMXKHEH 30He BpaIAoeiics HeHTPOHHON 3BE3 IbI:

(V.477)

r < (V.478)

c
ﬁ ’
(Q - wacrora Bpatenus 3Be3/bl) HaxoaANUTCs 10 opmyne [132] (mpu MasbIx
yIJIaX MeXKJy OChIO BDAIIEHUsl 3BE3JIbl U €€ MAIHUTHO OChIO):

3 3
H, = Hysiné (?) . Hy= Hycosé <R> . (V.479)

r

5 Marepuas 3Toro pasjena B3at u3 paborst [133].
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a B JlaJIbHEll, BOJIHOBOI 30He 1 > ¢/{) HANPAKEHHOCTH MATHUTHOTO IIOJIst
naJaer IMPOHOPUUOHAIIBHO 1/7.

VauTbiBas HEONPEIEIEHHOCTD B PACIPEIEIEHIH MATHUTHOTO TTOJIs BHYT-
pP¥ HECTAIIMOHAPHON MArHUTOChEpPHbl HEHTPOHHONH 3BE3IbI, /s OIEHOK B
IanbHeinemM OyIeM MmoIaraTh:

It It
H, = Hy <E> sinf, Hy= Hy <E> cosf, (V.480)
r r

re @ - yroa Mexk 1y TIOCKOCThI0 MATHUTHOTO 9KBATOPA U PAIAYCOM-BEKTOPOM
Touku, pu < 3. C Apyroit CTOPOHBI, CTEMEHDb i NOJKHA ObITh MeHbIe 1, nHa-
ge o Teopeme l'aycca B marmurocdepe [A0JIKHBI CYIIECTBOBATH CHJIbHBIE
TOKU JJIsI TIO/I/IEPYKAHUST MATHUTHOTO TI0Jisi. Takum o6pas3om:

1<pu<3. (V.481)

Janee, aMIINTy1a TPABUTAIMOHHON BOJIHBI, W3JIyY€HHON Mpy KOJIe0aHM-
AX HEHTPOHHON 3BE€3/bl, U3MEHAECTCH [0 3aKOHY:

B(r) ~ B(R)—. (V.482)

Kak moka3piBaloT MHOTOYHUCJIEHHBIE OIEHKH, IJ1a3Ma MArHATOChED IMIyJib-
CapoB SABJISAETCA 3aBEJIOMO YIbTPAPEIATUBUCTCKON, TPUYEM CUIBHO aHU30-
TPOIHOW TIO OTHOIIEHWIO K HATIPABJEHUIO HANPAXKEHHOCTH MAarHUTHOTO TO-
. BeneacTBue CHIbHOTO MArHUTOTOPMO3HOTO M3JIYUYEHUS YJIBTPAPEIISITH-
BUCTCKUX 3JIEKTPOHOB OBICTPO BHICBEYUBAETCS MONEPEYHBIA K MATHUTHOMY
TIOJTIO UMITYJIbC 3JIEKTPOHOB, II03TOMY B CP€/THEM IIOII€PEYHbIH UMITYJIbC 3/I€K-
TPOHOB MarHuTOC(hephbl HEUTPOHHOI 3BE3IbI TOJIPKEH OBITH TOPA3I0 MEHbIIIE
nponoabHOro. C Apyroil CTOPOHBI TOMEPEYHBIN UMIYJIBC IJEKTPOHOB Ha-
KAQ4WBAETCS MOITHBIM HU3KOYACTOTHBIM H3JIy9YeHWEM Tyabcapa. Takum 00-
pa3oM, UMeeTcsd B HaJIu4due KOHKYPEHIUd JIByX IIPOIIECCOB - BbICBEYNBAHUA
MMOTIEPETHOT0 UMITYJIbCA ¥ €0 HaKadKu. [[03ToMy /uist TaKO# T171a3Mbl MOYKHO
TIOJIO?KUTh!

e=n.E, (V.483)

rae £ - cpeJHss CyMMapHasi SHEPTHsl JIEKTPOHOB U MPOTOHOB. asee, nas-
JIeHHe aHU30TPOIHON IIJIa3Mbl MOXKHO BBIPA3UTh B BUJI€ OTHOIIEHUN:

pl=kie, p|=EKE, (V.484)
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rjie p L, p| - IePIeHIuKY/IAPHAL i HaPaIebHas COCTAB/IAIONIIE TaBICHNA
IIa3MBl, K1, K| - COOTBeTCTBYyomue Koaddumuentsr 6aporpons (cum. [?]),
TaK 9To:

261 + k) <1 (V.485)

O1eHuM Tenepb CPeIHIOI KHHETHYECKY IO SHEPIHUIO 3JIEKTPOHOB ILJIA3MbI Mar-
HUTOCGhEPDI, TOJIAras, 9To OHA TO/ACPKUBACTCA U3JIyYeHUeM IyJabcapa. 13
PEJIATHBACTCKAX YPABHEHH JBUZKCHUA 3aPAJa B 3JIEKTPOMATHUTHOM IIOJIE
cremyer [46]

— =€Ev, (V.486)

dt

rae E - HaIpsaKeHHOCTh 3JIEKTPUYECKOTO IO, OTKYIA CIELyeT, 9TO IPU
PABHOBECUY MEXK]y TIPUTOKOM YHEPTUHU U BLICBEUMBAHUEM €€:

E~E. (V.487)
TMosToMy B ciydae M30TPOIHONO MCTOYHWKA n3iaydennust E ~ 1/r (tak uro
norok sueprun 4nr?cE? /87 = Const):

1
En~ . (V.488)
T

Boo0brtie ke TOBOPst, Tpy aHM30TPOITHOM PACIPEIEIEHUN TIOTOKA W3JTy YEHUS:

r

1 ol
£~ <—> , y<1. (V.489)

Takum 06pa3oM, I8 TJIOTHOCTH SHEPTUN U JABJIEHUS TLIA3MbI MATHUTOCDE-
PBI TIOJIyYUM OIEHKH:

e(r) =e(R) (%) u+v+1’ p(r) = p(R) (%)HVH . (V.490)

IMoxcrapnsis HaliZeHHbIE OIIEHKN B BBIPAYKEHUS IJIsT TIEPBOTO U BTOPOTO
napamerpoB GMSW, naiinem:

T(r) = Y(R) (?) N U<hin<a), (V.491)
) = €(R) (?) L 0<2u-2<4). (V.492)
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Kak yka3pIiBasioch B IPeabIAYINNX Pa3Iesiax, Bce HA0ogaeMble (PU3nIecKre
BEJINYUHBI B I'PABUMATHUTHON BOJIHE ONMPEIESIOTCS YIpaBIAoei (pyHK-
mueit A(x), KoTopas JOCTUTAET CBOErO MUHUMYMa B YeTBepTu nepuoza ['B:

1 7L

OrHOCHUTEbHDIE K& U3MEHEHUST ITUX BeJUYUH (DAKTUIECKH ONPEJeISIOTCS
dyHKITETH

() = —— — 1. (V.494)

rae v > (0 - HEKOTOPOe YHUCIIO0, OmpejiesisieMoe cuernudukoil HabI0aaeMOoit
Besmuunnbl. Takum obpaszom, corsacuo (V.493) moaydum st Makcumyma
OTHOCUTEILHOTO M3MEHEeHUsT (DU3MIECKON BEJTUIUHBL:

1 vyL
C(V)maz = (1 + 5—2> —1. (V.495)

s monydenns 3ameTHOro 3¢ derTa HeoOXOUMbI MAJIbIe 3HAUEHNS TIEPBO-
ro napaverpa & < 1, u, takum 06pa3oM, yCIOBUS, OIPEIeIAI0Nne 00IaCTD
3¢dPEKTUBHONO MEXaHU3MAa MPEOOPAZOBAHNSA SHEPTUN TPABUTAIIMOHHON BOJI-
HBI B SHEPTHUIO TJIa3MbI, UMEIOT BU/I;

E<1; YT>1, (V.496)

OTKyJa C WCTOJH30BAHAEM SIBHBIX 3AaBUCUMOCTEH OT PaJMyca MapaMeTpoB
GMSW (V.491) u (V.492), noay4yum jjisa obgactu passuToro addexra:

1 1
it < p< Tt (V.497)

rue p = r/R > 1 - 6e3pasmepnbiii paguyc. 13 mocieasero coorHomeHus
cresyer cpasy, 9To HeOOXOAUMbIM YCIOBHUEM JIJIst CyIIEeCTBOBAHUS JIOCTATOY-
HO 9 HEKTUBHOTO MEXAHW3MA TEPEKAYKY SHEPTUN TPABUTAIIMOHHON BOJIHBI
B SHEPTHWI0 MATHUTOAKTUBHOW TIJIA3MbI SBJISIETCS:

p—1

¢(R) < YiFr. (V.498)
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V.14.4.3 HWHTEHCUBHOCTh MAarHUTOTOPMO3HOTO MU3JIyUeHUS

Habmomarens, Haxomamuiics BHe MarHuTOChEpbl HEHTPOHHON 3Be3/1bI, Oy-
JIeT PErUCTPUPOBATH MATHUTOTOPMO3HOE U3JIy4YEHHE 3JEKTPOHOB MATHUTO-
cepsl B TeUeHUM BCETO BPEMEHU TPOXOKIACHUS JIOKAJTHHOTO UMITYJIHCA, de-
pe3 3oHy MarauTocdepsl 71— < r < ry, B KOTOPOW PEaTn3yioTcs yCJIOBHS
6naronpusatabe qus pazsutus GMSW. C u3BecTHON CTENEHBIO OCTOPOK-
HOCTH 3TH YCAOBHSA MOXKHO KOHKPETH3HPOBaTh: &2 < 0,5 - HUKHAS TPaHUIA
3oubt GMSW, r_; T > 5 - Bepxusa rpanuna 3oubi GMSW, r;. Takum
obpazom, pasmep 30Hb1 GMSW onpenensercs COOTHOIIEHUEM:

or =ry —r_.

ITockosibKy, KAK MbI BHJIEIH BBIIIE, CKOPOCTh PACIPOCTPAHEHUS UMILYJIHCA
GMSW Becbma 6im3Ka K CKOPOCTH CBETa, BCE MATHUTOTOPMO3HOE H3JTyde-
HHUe, PErUCTPUPYEMOe BHENTHUM HabJrojaresieM 6yIeT coCpe0TO9€H0 BHY T-
pHU BpPeMeHHOro “OKHa” IInTeabHOCThI0 AT':

AT =Arfe=1t; —t_, (V.499)

rae t4+ = r4 /¢ - MOMEHTHI BpeMeHH, Korja nepeanuit dpont I'B gocruraer
BepxHeil n HyKHEH rpanuisl 30861 GMSW. BOausu rpanui 30HBI 7_, 74
GMSW erme 110X0 pasBuT (B MEPBOM CJIydae CJIMIIKOM OGOJBINON TEPBBIil
napamerp GMSW, Bo Bropom - caumikom mast Bropoii). [Tosromy y rpamuig
OKHA WHTEHCUBHOCTH JIEKTPOMATHUTHOTO CHTHAJIA MaJja, B CPEJIHUX 00Ja-
CTAX OKHA JIOCTHTAETCHs MaKCuMyM uaiaydenus (Gombmme Y u manbie £2).
[Tpu 3ToM camy dopmy HADIIOIAEMOTO CUTHAJIA, €1I1e TTPEJICTOUT BITUCIUTD.

3aMeTuM, 9TO0 JIOKAJIbHAS IIJIOTHOCTh HHTEHCUBHOTO TOPMO3HOTO U3JIyde-
uus, W(r,t), onpenesnsiercs JOKaIbHbIMY 3HAYCHUSIMU KBAIPATA HAIIPSKEH-
HOCTH MarHETHOTO Tosis, H2(t,7) U JOKaIbHOM IIOTHOCTHIO 3/IEKTPOHOB B
marauTocdepe, n(t,r). JIasa yasTpapeaTUBUCTCKUX 3JIEKTPOHOB COTJIACHO
[46] 51O Gymet:

2e'H? [ E \?
w=22 (2 g,
3m2e3 \ mc?

rae E - sHeprus snekrpona. BygeMm mosarath B gasibHeifIneM, 4To pasmep
JIOKAJIbHOI'O MMIIYJIbCA TOPA3/10 MEHbIIIEe He TOJIbKO XapaKTepPHOro Maciuraba
HEOJHOPOIHOCTH MATHUTOCGEPDI, T, HO W IUPUHBI OKHA, 0. B 3TOM CiIy-
qae GMSW wmoxker onucbiBaThcsi (DOPMYJIAMHU IS OJHOPOTHON MIA3MBI,
B KOTOPBIX HEOOXOINMO WMCIOJIH30BATH JIOKAJIbHBIE 3HAYEHHUS TapaMeTpPOB
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GMSW, &2(r), Y(r). IIpu 3ToM B yKa3aHHbIX TOYHBIX CTAITMOHAPHBIX pe-
HICHUAX TOABUTCA 3aBUCHMOCTH OT PAJIUATBHON KOOPAUHATHI 7', HAIIPHMED,
A(u;r), vy(u;r). s ynpoinenus 0603HaYeHUH MbI, OJJHAKO, TIO-TIPEKHEMY
Oynem mucatb A(u), vy(u). Vtak, u3 3aK0OHA COXPAHEHUS YUCJIA YACTUIL U
CTaIMOHAPHOCTH PEIICHUS CIIeLYeT:

L2n, (r, t)ou (u) = Const &~ ——n0(r), (V.500)
V2
rze nS(r) - HeBO3MYIIEHHAs IJIOTHOCTh 3JIEKTPOHOB B Maruutocdepe. Ydu-
ThIBast, 9T0 Ene = 1/2¢ (mosoBrHA SHEPTUH PEJIATUBUCTCKON MarHuToche-
PBI IPUXOIUTCS HA 3JEKTPOHDI) U UCHOJIb3ysl permenus s caaboit I'B, mo-
JIy9WM:

ne(r,t) = no(r)A_3/2 (u); (V.501)

E(r,t) = Eo(r)A™Y2(u); (V.502)
rae EO(T) - HEBO3MYIIIEHHAs IHEPTHS JIEKTPOHOB MATHUTOC(EPHI:
H?(u) = H3(r)A 3 (u). (V.503)

Takum 00pa3oMm, It TIOTHOCTH MATHUTOTOPMO3HOTO W3JIyUEHUs YAbTPa-
b
PEeJIITUBUCTCKON MArHUTOCHEPHI TTOTYyIrM (DOPMYILY:

W (r,t) = Wo(r)A™"/? (u), (V.504)

rae WO (T) - TIJIOTHOCTHh MHTEHCUBHOCTU MAaTHUTOTOPMO3HOTO U3JTyI€HUA HEBO3-
Mmymiernoi Marautocdepnl. B dbopmyne (V.504) neobxomumo caenatsh pe-
JIATABUCTCKYIO TTOTIPABKY, YYUTHIBAIONUIYIO JABUZKEHUE TIJIa3MBbI. ,ILHEI 3TOTrO
ILJIOTHOCTD U3JIyYeHUsT HEOOXOIMMO YMHOXKHUTD HA PEIATUBUCTCKUN PHaKTOP
(1 —v?/c?)~ /2. OxonuarenbHO TOMyTHM:

1
W(r,t) = WO(T)A_”/2§(A3/2 + AT3/2), (V.505)

Taxum obpazom, W (r,t) ~ Wo(r)A=".
OrnennM OTHOCHUTESIBHOE M3MEHEHWEe TIOJTHON WHTEHCHBHOCTH MArHUTO-
TOPMO3HOTO M3JIydeHus T1a3Mbl BO BpeMs 3¢ddexta 'MB:

(W —Wo)dp
, (V.506)

K=1_
J Wdp
1
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rae Wy - HHTEHCHBHOCTh MArHUTOPMO3HOTO u3iaydenus B orcyrcreuu ['B.
[MpousBoss pasyiokeHre HHTErPAia MO 0BJACTIM, MOJTYIUM OKOHYATEHHO:

P1 P2 o] P2
f(WO — W(])d/) + f(W — W(])d(l? + f(WO — W(])dp f(W — W(])d.’E
K = 1 p1 p2 _n
| Wodp [ Wdp
1 1

T7ie p1 U po - HUXKHSS U BepXHss TpaHuiibl ooactu cymecrBoBanus GMSW.
B ciyaae p = 6 cornacso (V.505):

W — Wy = W [%A—“ﬂ (A—3/2 + A3/2) - 1]. (V.507)

MwuHUMaIHHO BO3MOYKHOE 3HAUEHUE YNPABISIOmeil (hyHKIMYN B CIydae p =
6:

1 ~1/6
Apmin = <£—2 + 1) : (V.508)
Torna:
1. —14/6 27+ 3p (274 u(3— 1) 4 14)
K~y o)), V.509
2% oG- Wy o (V.509)

Hns coygas p = 3, v = 1 370 1maer:

—7/315 _19/3

1
K=- V.51
250 19p1 (V.510)

V.14.4.4 MWcToYHUK KBaJIPOYMNOJbHBIX KOJebaHMit

EcrecTBeHHO BOZHUKAET BOMPOC O TPUPO/IE KBAIPYTIOJIbHBIX KOJIEOAHMIT TTYITh-
capoB. CTOYHUKOM SHEPruM Jjis TAKUX KOJIEOAHU MOTJIN ObI OBITh, siaep-
HbIE PEAKIIUU B3PHIBHOTO XAPAKTEPA C TAXKEJBIMU THIEPOHAME THUIA 1 +
n <— p+ X_, IpOTEKaoIIne B aApax HEHTPOHHBIX 3BE3[] MPHU ILIOTHOCTIX
soune 10'°r/cv® [129]. Hamuune ke CHIBHONO MATHHTHOIO IOJS JO2KHO
TIPUBECTU K ACCUMMETPUN B3PBIBOB, T.€., K BO30YKIEHUIO KBAIPOYITOIHHOTO
MoMeHTa. it TOTO, 9TOOBI TaKue TPOIECCHI eIle TPOUCXOIUIN B HEHTPOH-
HOI 3Be3/e, OHA JTOJIZKHA OBITH JTOCTATOYHO MOJIOAOH. HucienHoe Momemu-
POBaHUe IPOLECCa OXJIaXK/IeHUsl HeRTPOHHOI 3Be3/1bl nokasbiBaer [130], uro
nmocJie B3pbiBa CBEPXHOBOM TeMIIepaTypa HEATPOHHON 3BE3/IblI MAJAET TIPH-
MepHO Ha nopsaIok 3a 104 jer. Cnenosarenbio, GMSW Heo6XOIMMO MCKATH
B M3JIyYEHNH JOCTATOYHO MOJIOJBIX TYJIHCAPOB, 0OPA30BABIINXCS HE paHee
10000 net nazas.

284



V.14. GSMW u rpaBHTaIIHOHHO-BOJIHOBBIE SKCIEPUMEHTHI

V.14.4.5 Ilyabcap B KpaGe NP 0532 n3iaydaeT rpaBUTAIIMOHHBIE
BOJIHBI

[Tyascap ¢ TpebyemMbIMu TapaMETPAMU CYIIIECTBYET - 9TO 3HAMEHUTHIN MYJIb-
cap B Kpabosuzgnoii rymannoctu N P 0532, Bpems »KU3HE KOTOPOT'O MEHEe
1000 sner (CeepxuoBas 1054 rosa). DToT myibcap sBJILETCH CAMBIM MOJIO-
JIbIM U3 M3BECTHBIX (&, CJIeJ0BATE/ILHO, CAMbIM TOPAYUM) U MMEET CaMbIil
kopotkuii mepuoya: P = 0,033 cex. YIUBUTETIHHO TO, YTO B PaTUOUIIY-
YEHWW 3TOTO TYJIbCAapa JTaBHO HAOJIIOIAIOTCS aHOMAJNU, KOTOpbIE ¢ 6O/b-
0¥ CTEMEeHbI0 YBEPEHHOCTH MOXKHO OTOXkAecTBuTh ¢ GMSW. wmenuno: B
pamuounsnydernun NP 0532 nabsioqamoTcs OTAeIbHbIE HEPeryJisipHbIe, TaK
HA3bIBAEMbIE, THIAHTCKHE HUMILYJIbChI (B CpeJHeM 1 UMILYJIbC B KaxK/ble 5 -
10 mMunyT ) [120]. VIHTEHCHBHOCTH W3JIyYeHWs] B TMTAHTCKUX WMITYJIbCAX B
JecaTku pa3 Oosbine (mpumepHo B 60 pas), 4eM B OOBIYHBIX MMITYJIHCAX.
Ho cambiM mHTEpECHBIM SBJISETCS TO OOCTOSATEIHCTBO, UTO JJIUTEIHHOCTD
IHTaHTCKUX HMIYIbCOB He Gomee 9 - 1075 cex, T.e., B 56 pa3 Kopode 0OLIY-
ubix umiyabcos NP 0532 (1 ~ 51073 cex). uTenbHOCTb OOGBIYHBIX UM-
yJIbCOB, KAK HETPY/IHO BUJIEThH, HOpsiika 1/7 nepuoja spamenus NP 532.
Takum 00pa3oM, OOBIYHBIE UMITYJILCHI OOBSICHSIOTCS YUCTO T€OMETPUYECKH
BpaIleHueM myabcapa. JIuTeTbHOCTD Ke TUTAHTCKUX nMTyabcoB B 300 pas
Kopoue nepuoma Bpamenus NP 0532, BcieacTsue 3TOTO /10 CUX HOP HE Cy-
MIECTBYET CKOJIb-HUOYIb YAOBJIETBOPUTEIHLHON TEOPETHIECKON Mojesn 00-
pa30BaHUs TUTAHTCKAX MMITYIHCOB.

OHAaKO, TUTAHTCKUE WMITYJIbCHI JIETKO 00bsicHsitoTcs kKak GMSW, mpu
9TOM IJINTEJIbHOCTh TUTAHTCKUX HMITYJIBCOB CBS3BIBAETCS HE C TEPHUOIOM
BPAIllEHUs TyJIbCApa W YIJIOM HOXKEBOW IMAarpaMMbl HATPABJIEHHOCTH W3-
JIy9eHusi, & C MEPUOJIOM ero coOCTBEHHBIX Kosiebanwmii, Ty. CpaBHenue ju-
TEJIbHOCTH TUTAHTCKUX UMIyibcoB NP 0532 ¢ AuTeIbHOCTHIO MMITYIbCA
GMSW moka3bIiBaeT MOpasuTeIhbHOE COBNAJAEHNE dTHX BeJandnH. /leicTBu-
TenbHo, A myabcapa NP 0532 no caBUTY aHHUTHISITUOHHONW JIMHUU B
cektpe 7y - u3naydenus (400 kev Bmecto 511) M3BECTHO rpaBUTALUOHHOE
kpacuoe cMmernenne [131], [134]:

AE/E = MG/Rc* = 0,217.

Torna n3 Tabsunsr 4 maiimem maccy myabcapa NP 0532: M = 1,67Mg
¥ PAJUyC COOTBETCTBYIONIEH HelTponHoi 3Be3ap:: R = 12 km. Corsacho
npuBegeHnbiM dopmynam u Tabmune 4 mpurenbrocts umnyiabca GMSW
ang nynabcapa NP 0532 noKHa COCTaBAATH TPUMEPHO 87 MUKPOCEKYHI, B
TO BpeMs KaK HAOII0AaeMast JINTeTbHOCTh TUTAHTCKOrO nMmiyabca N P 0532
cocrapiisier puMepHo okosio 90 mukpocekyHz [120] (1).
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Jlns nynbcapa B Kpabe tg = 2,5 - 103 ser [125]; Torma maitnem, nomaras
oM = 1,67, R = 12 xm: H ~ 5,2 -10'2 Tc. Yron Oy noxesoil guarpam-
MBI U3JIy9€HUST TMyIbCapa CB3aH ¢ HAOMIOZAEMOl TN TETHHOCTHIO HMITYJIHCA
n3aydenus T cootHomenweM: O¢ = 277 /P. Iusa nyascapa NP 0532 stor
yroa coctapisier 0,48 ~ 28°. Ilomarasi, 9TO MOJHAsST CBETUMOCTD IIyIbCapa
NP 0532 B nHenpepbIBHOM crieKTpe nopsiika 5 - 1036 spr/cex u uro sueprus
KBaIPOYTOIbHBIX KOJIEOAHUN YHOCUTCS TPABUTAITMOHHBIMY BOJTHAMU PABHO-
MEPHO € TIOBEPXHOCTH TIYJILCapa, HaliIeM WHTEeHCHUBHOCThH TPABUTAIMOHHOTO
M3JIyYEHUsT, COOTBETCTBYIOIIYIO SHEPIUU B TUTAHTCKOM UMITYJIhCE:

Ly~ =Ly, ~4-10*3pr/cex, .
T

CornacHo pacueram [47] (cm. Tabamiry 4) Takoil MOIIHOCTH COOTBETCTBYET
SHEPrus KBaAPOYTOIbHbIX Konebanuit E,, ~ 1,7-1038 spru (3) = 1,9-101°
(upu 9TOM Cpe/iHss AMILIUTYAA KOJeOaHUIl IIOBEPXHOCTU HEHTPOHHON 3Be3-
abt cocrasiser Beero 0,02 cm). TTockobKy rUraHTCKUe UMILYJIbChbl BO3HU-
KaloT TipuMepro pas3 B 5 mumyT (T.e. 10° pas B r07), TO 3a BCe BpeMs
cymectBoBanus mysabcapa NP 0532 moKHO OBLIO BBIIEIUTHCS TOPSIIKA
2106 3pr. Beruncass ¢ moMomibio 31ux orenok dgaxrop GMSW, maiinem:
T = 6-10% > 1. Urak, nepsonadaibHOe IPEIIOI0KEHHE O CYIIeCTBOBAHIM
GMSW B marauTocdepe nyabcapa NP 0532 n0JHOCTHIO TIOATBEPKIAETCS .

Takum obpas3om, ¢ OOJBIIOH CTENMEHBIO JOCTOBEPHOCTH MOMK-
HO yTBEDXK/AaTh, ITO HAOJIOMAIONINECS B H3JIYIEHHH ILYIbCAPA
NP 0532 ruraaTCKHE HMITYJIbCHI SIBJISIOTCS OINTHIECKIM IPOsIBJIE-
HueM rpaBuMarHuTHbIX yaapabix BoaH (GMSW), Bos6yxnaembix
TPABHTAIHOHHBIM H3JIy Y€HHEM HEHTPOHHOI 3B€3.1bI, COOTBETCTBY-
forieit myabcapy NP 0532 [116].

V.15 CamocorsiacoBaHHbIe YPaBHEHUS JIBUXKe-
HUSA HEOOHOPOAHOW MAarHUTOAKTUBHO
nja3Mbl B moJie 11I'B

3ameTuM, 9TO PACCMOTPEHHbIE BbIlle pernenus ypasuenuit PMTI cyrme-
CTBEHHO CTAITMOHAPHBI, T.€., 3aBUCAT JIUIIb OT OJIHOI MepeMeHHO U - 3amna3-

JABIBAIOIIETO BPEMEHU, U COOTBETCTBYIOT TEPBOHAYAJJIHHO O,HHOPO,HHOI./,I Mar-
HUTOAKTUBHOI MJIa3Me. HOE)TOMy 9THU PEImeHnd He MOT'yT PAaCKPBITH TUHAMU-
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Ky MEXaHu3Ma BO30YzKIEeHUs yAapHO# BOMHBL. B 3TOM pasaene Mbl ucciery-
eMm 3ama4dy pacmpocrpanenus [II'B B u3oTponHoit MAarHUTOAKTHBHOM IL1a3Me
C TPAaHUYHBIME yeaoBusivMu [138, 139]. BameTnM, 9TO IPU STOM TIIIA3Ma CPas3y
CTAHOBUTCSI HEOTHOPOJIHOM, TIOITOMY JIJIs PEITEeHWs 3a7a9i C TPAHUIHBIMU
YCJIOBASIME HEOOXOIMMO PACCMATPUBATH HEOMHOPOAHYIO ILIA3MY, HO, KaK W3-
BecTHO (cM., HanpuMep, [135], [136], [137]), B Taxoii m1a3mMe Bcera BO3HAKA-
er (POHOBOE FIEKTPOCTATHIECKOE TI0JI€, KOTOPOE HEOOXOIMMO yIUTHIBATH B
CHUJIbHBIX TPABUTAIMOHHBIX TTOJISIX. DTOT (PAKTOP CUITHHO YCIOKHSIET 3a1a4y.
Urak, 6ymem mosaraTh B JaJbHERITIEM, 9TO W30TPOTTHAS THIEPITOBEPXHOCTE:

Yo:u=0 (V.511)
ectb noBepxuocTs ¢dponra I'B, t.e., I'B orcyrcryer npu u < 0, -
B(U)|u§0 =0; ,Bl(u)|u§0 =0; L(U)\ugo =1. (V'512)

B orcyrcTue I'B mirazma nmokoured, T.€. :
Y(u,v)ju<o = Yo(z'); (V.513)

Plu<o = Po(ﬂfl) ; Elu<o = Eo(ml) 5 (V.514)

rie Yo , Po , €0 - HEKOTOPBIE 3a/IaHHbIE (DYHKIMYU II€PEMEHHOI !}

1 &ﬂ/})
Uylu<o = Vplu<o = —F= = — =1. V.515
=0 =0 V2 <8v¢ lu<0 ( )

Taxum o6pasom, Beaeacreue (V.515):

_(3u1/))\u§0 = (8v¢)\u§0 . (V516)

B orcyrcrBue I'B miorHOCTD 3HEPTHH, JAaBICHUE U HAIIPSKEHHOCTH Mar-
HUTHOTO TOJISE BCIOIY OJWHAKOBBI:

Eluzo = €0 = Const; Plu<o = po = Const; (V.517)
1

H|u§o = Hy = Const:m/)luso — EHO(U_U), (V.518)

u<0;YVveR. (V.519)
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B [113] nokaszaHo, 4TO 1IpU 3TOM MAKPOCKOIMYECKHE [APAMETPHI MJ1a3MbI

pPaBHBI:
| OuZ [ OuZ
8 A Vy = _BuZ . (V.520)

400,70, 7 , (V.521)

e =L 2%e0\/—0,20,7Z (V.522)

e

(V.523)

- 6e3pa3mepHas QyHKIHS.

Dyuxuus Z(u,v) JOJKHA YIOBJIETBOPATH PAHUIHOMY YCJIOBUIO HA ITPO-
CTPAHCTBEHHONOA00HO runepnosepxuoct %, : 4 = v (z = 0). Tomoxum,
crenys [113], Ha 3TOM rUNEPIOBEPXHOCTH:

H,—, = Const. (V.524)
Torga, yunrsisast coornomenue (M. [?]):
1 1
Hy = Fi3 = —=(Fy3 — Fu3) = —= (0% — 9u¥) . (V.525)

V2 V2
npuezsem rpanuunoe ycaosue (V.524) x Bumy:
—(8,28,2),,_, = 1. (V.526)

C yuerom sTux ycioBumii cucrema ypasuenuit PMIJl cBoauTcs K ogHOMY
nuddepeHITnaIbHOMY YPaBHEHUIO:

|lu=v

2me—2% d 1)  rL?

OuZ + B0, Z = ”H2 Tle+ )%;—L—Qe (e + p)x
0nZ Ol ., dul
@27 0,27 20.20,7

dp | 0vuZ Ouwu”Z ) OuvZ
de [(0u2)?  (0uZ2)?  ~0uZ0yZ||  (V.527)

KOTOpO€E IJId HepeJ’[HTHBHCTCKOﬁ IIJIa3Mbl IIDUHUMAET BHI:

_|_

1
O Z + B0y Z = ———e28\/—0,28,Z x
402

OnZ Ol _, duZ
GuZ)? " 0u2)?  “0u20,2

(V.528)
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V.15.1 MW ccaenoBanue peilieHusi B cJjiaboii rpaBuTamnm-
OHHOI1 BOJTHE

IMockompky GMSW o6pa3syercs B CHIBHO 3aMAarHWYEHHON MJa3Me, TO B
JanbHeimeM Oyem nosiarath napamerp « 6osbiuM. [TosTomy mpu passo-
skeaun ypasaenus (V.528) 1o mMasomy Ge3pa3sMepHOMY HapaMeTpy 3a1a4u

a~!, 310 ypaBHeHHE B THHEHHOM IO (¢ TPHOINKEHHT TPUHAMAET B

OuZ + B'0,Z =0 (V.529)

Permas ero, moydaem nepBoe npubInKeHne, yI0BJIETBOPSIONIEe YKAZAHHBIM
YCTIOBUSM:

Zo = (v —u) e~ — Q/OU sinh(8(u)) du (V.530)

IMoBeneHre MarHUTHOTO MOJIA COOTBETCTBYIOmEe pemenuto (V.530) npes-
CTaBJIEHO HA pUC. 22:

II h | T

\’ ALl

Puc. 22. 3aBucuMOCTh HAIPSAXKEHHOCTH MATHATHOTO HOJIS OT 3aIIA3/IbIBA-
[oniero BpeMeHu, paccuuTanuas ornocutesbo pemenus (V.530).

JIjist TPOBEPKYU TPUMEHUMOCTH JIMHEHHOrO TPUOINKEHUS, TTOICTABIIAS
HaIEHHOE pellleHre B MPaByIo 4acTh ypasuenus (V.528), moyunm:

OunZ + B0, 2 = ®(u,v), (V.531)

rue P (u,v) npeacrasiser coboit oueHb rpoMo3Koe Bbipazkenue. Herpyno,
OJIHAKO, BUIETh, U4TO MOIKOPEHHOE BhIpAXKEHUEe —Oy Zo0Oy Lo MOYKET CTAHO-
BUTCsl OTPUIATELHBIM HA HEKOTOPOil mosepxuocTu X(u,v) (amanus BbIpa-
JKEHUs TIOKA3bIBAET, YTO UMEHHO Oy Zg MEHSIOT 3HAK). DTO 03HAYAET, UTO
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BOJIM3HU JIaHHOI IOBEPXHOCTH JiuHeliHoe pemenue ypasHenus (V.530) crano-
BUTCA HenpuroaubiM. ITosnaras, yro amminryga I'B 8 Bcroogy maga:

1B(u)] <1 (V.532)

U pasJjiaras II0JIKOPEHHOE BbIpazkeHune B paBoii yacru ypasuenus (V.531) B
PsI IO MAJIOCTH [3, TIOJIYIUM YPABHEHWE 3TOW TTOBEPXHOCTH:

S(u,v): (v—u)B +B+1=0, (V.533)

OTKY/Ia, BUIHO, 9TO 3TA MOBEPXHOCTH HAXOAWTCS MPHU JOCTATOTHO OOJIBIMTUX
3HAYEHUAX TEPEMEHHO (v — u) = V22, T. e. JaJ€KO OT IPAHMUIIBL:

1
v —ul ~— V.534
o=~ 5 (V.53
rae Bo - ammaryna I'B, a w - ee yacrora.
B6am3wn ke nosepxHOCTH (U, V) !
148 (v—u) =01 (V.535)

oTkyza, monoxkuB B(u) = Bo(l — coswu), TOTyIUM ypaBHEHUE TTOBEPXHO-
cu Y.(u,v), pa3perieHHoe B ABHOM BUJE OTHOCUTEIHHO 3ara3/IbIBAIONIErO
BPEMEHH:

—1+0

v Bow sin(wu) +u’

(V.536)

B pa6ore [140] npoBeen uuciaennsii ananu3 ypasuenus (V.528), a B pabore
[141] nana mocTaHOBKA TOYHOMN CAMOCOTJIACOBAHHOI 1 TIO TPABUTAINH 33/1a49H
O IBVKEHWW MATHWTOAKTWBHON TUIa3Me B TIOJI€ TPABUTAIMOHHONW BOJHBI U
NPUBEJIEHO TOYHOE CTATUYECKOE DEIEHUE ITOH 3aJa4u, COOTBETCTBYIOIIEE
($OHOBOMY PEIEHHUTO.
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I'maBa VI

Kunerundeckmne mpoiiecchol C
3JIEMEHTAPHLIMU YacTUIIaAMU
Ha PaHHUX CTAAUIX
KOCMOJIOTU9EeCKOTO
pacHiupeHnsd

VI.1 Acumnrormyeckasi KoH(POpMHasi MHBapU-
AQHTHOCTh KHWHETHUYECKON Teopuu B YJib-
TPapeJITUBUCTCKOM IIpejeJie

BosmoxkuOCTD TIOMIEPKAHUS TJI00AJBHOTO TEPMOINHAMUYIECKOTO PABHOBE-
cus B YJIbTPAPEIATUBUCTCKON PACHIUPSIOIIEHCS JIa3Me TECHO CBA3aHA C
ACHMIITOTHIECKOH KOH(MOPMHON HHBAPUAHTHOCTHIO KHHETUIECKOI TeOpUn B
yabrpapeisrusucrckoM npegese [51]. Boisicuum TpancdopMalmontbie cBoii-
ctBa ckobok Ilyaccona (1.14) mo oTHOMmEHHIO K KOH(MOPMHBIM TIPeodpa3oBa-
HUSIM METPUYECKOro mpocTtpancTBa Vy. Hapsany ¢ Pumanoseim Vy B 0011eit
koopmHarmm {z'} pacemoTpuM KOHMDOPMHO €My COOTBETCTBYIOTIEe PHMa-
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HOBO V4
ds* = a*ds*. (VIL.1)

IIpeamonoxum, 9T0 MPU TAKOM TPeOOPA3OBAHUH MTOTEHITHATBI (DU3UIECKUAX
noJieii mpeobpas3yIoTcs CAeayIoNuM 00pa3oM:

rue p(x) — ckansgpras GyHKIMs, BbIOpaHHAs TAKUM 00pPa30M, 4T00bI IIpU
KOH(pOPMHOM MPeoOPA30BAHNY HE N3MEHSI0Ch KATNOPOBOUHOE YCI0BUE, Ha-
JlaraeMoe Ha BEKTOPHBIH moTernuast. CBsA3b MEXKIYy KAHOHWYECKUMU Tiepe-
venabivu P; u P; BeiGepem B Bue [51]

@ynkiys Tamuabrona (1.20) nmocie npeobpasosanmii (VI.1) — (VI.3) npwu-
HUMAaeT BUJ

— 1 [gik(ﬂl’i —edi)(Pr —edr) mq@]

. P) = 2 a?(1+ q®/am) a

(V1.4)

a COOTBETCTBYMOIas ckobka [lyaccona pasma

] = (o q@/m) " g5 (B~ eA) o0 -

o m q®\ O
} + 20 <a + E) dP; " (V1.5)

1
—561 [glm (]Pl — eAl)(]P’m — eAm) —
U3 (VI.4) ciaenyer COOTHOIIEHIE HOPMUPOBKY

OP;

2
) i)
g (P; — eAy) (P, — eAy) = m? <a + q—) . (V1.6)
m
ITpu nanuuuu B cucreme ckassapuoro nosis ®(z) # 0 yabrpapesaTuBUCTCKOe
COCTOsTHHE HEOOXOIMMO MIOHUMATD CJIEIYIOMHUM 00Pa30M:

P>m ; |q®|> m;

P>am ; |q®]> am, (VLT)

— B 9TOM COCTOSIHUM COOTHOIIEHHE HOPMUPOBKH /17151 OGOOIIEHHOTO NMITYJTb-
ca He m3MeHsiercst mpn KoHdopMHOM orobpaxkennn (VI.1) — (VL.3):

g*(P; — eAi) (P, — eAr) = ¢*®%;  (VLT), (VL8)
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a dynkuus Famuibrona (VI4) npeobpasyerca no 3akony
H(z,P) = a ‘H(z,P), (V1.9)
rae H(x,P) — dyukuusa Tavunsrona B8 Vi npu m — 0

ik (P; — eA;)(Pr, — eA
’H(:U,IP’):% 9 eq(%( EeAr) g (VL.10)

IMepexons B (VI.5) kx npexeny am — 0, nosyaum
[H, ] = a '[H,] + O*(am); (|q®| > am). (VI.11)

Ecan ckansipHoe mosie orcyTeryer, cootHorenusi (VI.8) — (VI.10) B yiuab-
TPAPEIATHBICTCKOM IIpeiesie HeOOXOANMO 3aMEHHUTh Ha cyeayiomue [51]:

g (P; — eAy) (P — eAr) =0;  (|g®| < am), (V1.12)

H(z,P) = a2 H(z,P) = (2a>) " Lg* (P; — eAy) (P, — eAyp); (VI.13)
[H, ] = a %[H, ] + O*(am). (VI1.14)

Boisicuum Temeps TpamcgopMamoHHble CBOiicTBa ypaBHeHmii BiacoBa B
YIABTPAPETITUBUCTCKOM IIPEJIENe, s 9ero MOy IuM CHA9a1a ACHMITOTHIE-
CKHUe 3aKOHBI TIpeobpa3oBanus MOMeHTOB (hyHKnuu pactupenenenus (1.113)
— (1.116). Cornacuo (VI.11) u (VI.14) —

BeccToKHOBUTEIbHBIE KHHETHYECKHE YPABHEHNUSI B YJIbTPapeisi-
THBUCTCKOM TIpeJiesie NHBAPUAHTHBI OTHOCHTEIBHO TIpeo0pa3oBa-
mnit (VL.1) — (VI.3) kak B ciy4ae CHJIbHBIX, TaK M CJIa0bIX CKa-
JIApHBIX nosedi [51].

Takum obpaszom, eciu f(z,P) — pemenue 6eCCTOIKHOBUTEIHLHOIO KUHETH-
YECKOrO ypaBHEHHA B Vi, TO aCHMITOTHYECKHM PEIIECHHEM 3TOrO ypaBHE-
nus B Kondopmuo coorsercrsyiomiem V4 6yner f(z,P) = f(z,P) + O (am)
[51]. DaemenT o6beMa MPOCTPAHCTBA NMITYJIBLCOB B coorBercTBum ¢ (VI.11),
(VI.14) npeoGpa3syercs 10O 3aKOHY

(VI.15)

JF - 5(70) a=2dP-5(H); |q®|> am;
| a2dP-5(H);  |¢®| < am.
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3aKOHBI 2Ke PeoOPaA30BaHNs MOMEHTOB (DYHKIIMU PACIPEIEICHNs OKA3bIBA-

I0TCsl OJJMHAKOBBIME B 9THX JBYX Kpailnux ciaydasx [51]:
ik

ik _ 6k 2 )
T, =a T, + O (am);

n' =a"*n' + O*(am). (VI.16)
3aKoH MpeoOpa30BaHUS MIOTHOCTH CKAJISIPHOTO 3aps/1a WMEET BUI:

a3o;  |q®| > am;

g = ) (VL.17)
a”%0; |q®| < am.

[Ipeobpasys Temeps MOJIEBLIE ypaBHEHNs /s ToTeHImanos ®, A;, na done

3aJaHHOTO TPABUTANMOHHOTO IO Jif

ViF* = —4rjt, ﬁ.f“ =0; (VI.18)

Ao® — %é + 8% = —4n0, (VL.19)

B KOTOPBIX BEKTOD IJIOTHOCTH TOKa j M TIOTHOCTH CKAIAPHOTO 3apsia o
OIIPEJIEJIAIOTCs ¢ NOMOINbI0 GyHKuuu pacupeneienus f(z,P) dbopmynamu
(IV.139), (IV.144), naiinem u

ViF* = a4V Fik. v(i Fkl) = Vi Fiy;

Ay® — %@ + A0 = a3 (A — %@ + A®%). (V1.20)

Taxum 00pa3oMm, CpaBHUBAs 3aKOHBI MpeoOpazosanus ucrounukos (VI.16),
(VI.17) ¢ 3akoHamMu mpeoOpa3oBaHus COOTBETCTBYOIIUX MOJEBBIX ONEPATO-
pos (VI.20), copmynupyem ciezayroriee yreep:kaenne [51].

Teopema TVI.1. Cucrema ypapraenuii BaacoBa jiist 3apsi>KeHHBIX
gacTur ¢ 6e3MacCOBBIMH BEKTODHBIMH H CKAJISIPHBIMH B3aHMOJEL-
CTBHSIMH KOH(DOPMHO HHBADHAHTHA B YJIbTDAPEIATHBHCTCKOM TIPEE-
ae (VI.7) ¢ rounocrwio o O?(am). B ciydae xe ci1abbIx CKaIspHbIX
nouteii (|q®| € am) xkongopMmHAS HHBAPDUAHTHOCTH YDABHEHHS JJIs
CKAJISIPHOI'O IOJIST HAPYIIAETCS HCTOIHHKOM:

As® — %@ + A®? = —4resao. (VI.20)
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VI.1. KoH(popmHass HHBAPDHAHTHOCTh KHHETHIECKOI TEOPHH

ObpaTumcst Tenepb K KUHETHYECKAM YPABHEHUSM C HHTETPATIOM CTOJTKHOBE-
uuit. CorsacHo npunnuity KondbopMHOii nHBapuanTHocTH [143] 1pu BhICOKHUX
SHEPTUSX FJIEMEHTAPHBIX YACTHUIL JOJKHA BOCCTAHABINBATHCSA KOH(MOPMHAS
MHBAPUAHTHOCTH COOTBETCTBYIONINX TTOJIEBBIX YPABHEHUI, CJIEICTBUEM KOTO-
PoOIi ABJadgeTCA aCUMIITOTUYECKOE CKeHIMHIOBOE MMOBE/ICHUE TTOJIHbIX CeYeHUt
paccesuus. Paccmorpum, nanpumep, TpancdOpMaIMOHHbIE CBONCTBA WHTE-
rpaja CTOJKHOBEHUH B yIbTPAPEIATABUCTCKOM Mpejiesie s 4-JacTUIHbIX
B3amMoieiicTBuit B caydae ¢ = 0.

Jabe—sed = /dﬂ'b dre drgd ™ (Pp — PP {(1 % fo)(1 £ fo)fefa Wed—sab—
)

—(T£ f)(X £ fa) fafsWab—sca}- (V121)

DJIEMEHTHI UMITYIbCHBIX 00beMOB d7m pu KOHGOPMHOM OTOOPAXKEHUHU TIPe-
obpazyitores mo 3axony (VI.15): dr = a 2dr. B uernipexmepnyio d - hyHk-
U0 BCJIEJCTBHUE JIOKAJTHHOTO B3ANMOJIEHCTBUSA BXOJAT PENEPHBIE MPOEKIIAU
KOMIIOHEHT 0GOOIIEHHOrO UMITY/IbCa, 103roMy (4 (Pp —Pp) = até™® (Pp —
P;). Hakomen, BepOATHOCTH TEPEXOI0B Wiy scq OMPEIEIISIOTCS MHBADH-
AHTHBIMHM AMIUINTYIAaMU paccestHust |Mapescq|, KoTOpBIe 17151 4-X dacTwd-
HBIX B3aWMOIEHCTBUIN SABJISAIOTCA CKAJISPHBIMU (DYHKIUIMHU JIBYX KUHEMA-
TUYECKUX MHBAPUAHTOB [142]

5= (Py+Py)? =m? +mj? — 2(Py,Pp);
t=(o —Pc) — 2(Pq, Pe); (VI.22)
|Mab<—>cd| = |Mab<—>cd(sat)|- (VI23)

ITpn oro6paxkennn (VI.1) — (VI.3) B yabrpapensitusuctckom npenesie (VI.7)
KWHEMATHYECKAE MHBAPUAHTHI TIPEOOPA3YIOTCS TIO 3aKOHY

=a%s; T=a"t (VI.24)

®|

[Ipu yIbTpapessTHBUCTCKUX SHEPTUSX YACTHI] BCJIEACTBUE MACIITAOHON MH-
BapPUAHTHOCTHU aMIUIUTY PACCEAHUS:

|M(s,t)] = |M(t/s)] (VL.25)
IIOCJIETHUE ABJIAIOTCA U KOH(bOpMHO NHBAPUAHTHBIMHA —
|Hab<—>cd(gaﬂ| = |Mab<—>cd(5;t) . (VI-26)

Takum obpazom —
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B YIbTpapeJgaaTUBUCTCKOM IIpeaeJjIe, KOT/a 3HEPTUH BCEX YaCTHI] IIDe-
BBIIMIAIOT UX MacCChbl, HHTErpaJl 4-X 9aCTHYHBIX CTOJIKHOBEHIIT Hpeo6—
pasyercsi 1o 3akoHy [51]:

Jab<—>cd(Pa) = a_QJab<—>cd(]Pa)-- (VI26)

IMockoubKy 110 TaKOMY 2Ke 3aKOHY Ipeobpasyercs u ckobka [Tyaccona (VI.14),
TO CIOPABE/JIUBA TEOPEMA:

Teopema TVI1.2. [lpu ycjoBum BBIIOJHEHHS 3aKOHOB IpEOOpa-
3oBanns nosessix Benana (VI.1), (VI.2) pensaruBucrckasi KHHETH-
qyeckasl TeopHsi KOH()OPMHO HHBAPHAHTHA B YJIbTPAPETISITHBUCTCKOM
npezene.

Bompoc o nmpeobpazoBannu nHTErpasia CTOTKHOBEHUI TP HAJINIUU CKAJISP-
HOTO TIOJISE OCTAETCS OTKPBITHIM, TTOCKOJIBKY HE SICHO, KAaKUM 0Opa30M Tpe-
00pa3yTCsT MHBAPUAHTHBIE AMIIIUTY/IBI PACCETHNS TIPU KOH(OPMHBIX TTPe-
00pa3oBaHUSAX KIACCHIECKOTO CKAJISTPHOTO TTOJIS.

Qarktugyecku Teopema TVI.2 ycranaBnmuBaer dyHaaMeHTaIbHBINA 3aKOH
PeNATUBUCTCKON KHHETUIECKON TeOpUH, CBA3BIBAIOIINNA CUMMETPUIO MUKPO-
mupa (MacmTabHyI0 HHBAPUAHTHOCTh B3auMOIEHCTBUiT) ¢ 1J106aJIbHO cruM-
MeTrpueil MakpoMupa (KOH(OPMHOE COOTBETCTBIE MEOMETPUH BCEJIEHHOM reo-
merpuu EBkinga). B gambueiiniem 31or dyHmaMeHTAIbHBI 3aK0H Oyaem
Ha3bIBaTh, pa3BuBas repmunosioruto H.A. Yepnukosa [143], npunmumom
ACHMIITOTHIECKOH KOH(OPMHOI HHBADPHAHTHOCTH KHHETHIECKOH TEOPHH B
YABTPapeIATHBHCTCKOM IIPEJIEJIe.

V1.2 KocMmosorndeckasi 3BOJIIOINSA 0€CCTOJIKHO
BUTEJIbHBIX YaCTHIL

Uccnenyem pernenne 6€CCTONKHOBUTETFHOTO KHHETUYECKOTO YPABHEHS
[H,f]1=0 (VI1.27)
B METPUKE M30TPOMHON KOCMOJOTUIECKON MOAEIN

ds® = a®(n)[dn? — dx* — b*(x)(d6? + sin? 8dp?)), (VI.28)
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VI.2. KocmoJiorundeckast 3BOJIIOIHS OECCTOJIKHOBHTEIBHBIX JACTHIL

rme b = shxy — mms oTKpbITO#, b = siny — Ajd 3aKpbIToit u b = Y [
MPOCTPAHCTBEHHO-IIJIOCKO KOCMOJIOTMYECKOH Mozenu. B orcyTcTBue Bek-
TOPHBIX U CKaJIApHbIX noseit (VI.27) nonyckaer JuHelHbIe MHTETPAJIBI JBH-
JKEHWsd, TeHepUpyeMble I'PYNNoil BpalieHni

P, = Const; sing-Pg+ cosy-ctgdP, = Const;
cosp -Pg —sing - ctg P, = Const, (VI.29)

HE3aBUCHMBIMA U3 KOTOPBIX SABJSIOTCS JIMIIH JBA. DT WHTEIPATBI COXPa-
HAIOTCA W TPU HATUYIUK (DU3NYECKUX MOJIedl, He 3aBUCAIIAX OT YIJIOBBIX
nepemennbix: P(x,n); A;(x,n). Kpome toro (VI.27) momyckaer eme KBaj-
PATUYHBIA WHTErpaJl JIBUKEHUs, CBA3aHHBIA ¢ cymectsoBanueM B (VI.28)
menaopnoz0 noas Kuaunaa &;:

g(ik,l) =0, = a’P? = COI’lSt, (VI?)O)
rae
P? = —g*’P,Ps

— KBaZpaT (PpU3MIECKOrO UMITYyIbca dacTHuilbl. s 6e3MaccoBBIX TaCTHII
CYIIECTBYET eIlle OIVH JIMHEHHBINT NHTerpaJ JBUKEHUS

P, = Const; (m = 0), (VI1.31)
cBA3aHHBIN ¢ cymecrBoBanueM B (VI.28) BpeMeHUNomo6HOro BEKTOpa KOH-

(POPMHOTO IBUKECHWUST:

!

S a
£ =0y ggik = &k = hi = _Jik- (V1.32)

Nszorponueiv u ogHopoaubiM pemenueM (VI.27) B merpuke (VI.28) sBnser-
cst npoussosibhas yukuus f(aP) [144]. Oupeunenum 310 perieHune TaKum
00pa3oM, 4TOOBI B HEKOTODBINT MOMEHT BPEMEHW 7] = 7)g OHO COBIAIAJIO C
JIOKAJIbHO paBHOBecHBIM [145], [86], [88], [87]:

—pio + /m? + a2P2Ja2
To

@) = {exp + 1} : (VL33)

rie po, To — mocrosiHuble, ag = a(ng). ns Geamaccosbix wactui m — 0
u alP = P4, te. pacupenenenue (VI.33) coBnamaer ¢ paBHOBECHBIM BO BCE
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Bpemena. To ke camoe BEPHO W /ISl YIbTPAPEJIATUBUCTCKUAX FACTHUIL, JJIs
KOTOPBIX

L P> (VL34)
ao

B ynbrpapenarusucrckom npegese (VI.33) sBiasgercs paBHOBECHBIM paciipe-
JIeJIEHWEeM C MTOCTOSTHHBIM OTHOIeHneM /T u TeMrepaTypoii

T~ T, (VL.35)

B mepensTuBucTckom mpemeste
alP/ag < m, (VI1.36)

pasnaras Boipaxkenue B (VI.33) B psay Teiinopa, ongaTb-Taku MOJyYUM DaB-
HOBECHOE HEPEIATHBUCTCKOE PaCIpee/ieHue

"+e -t
fO(P,n) = [exp <—MT> + 1] , (VL.37)
rie € = P?/2m, p' = ai(po — m)/a® — HepeaATUBUCTCKON XUMUYECKHil
HOTEHIUA,
! ao\?

Takum o6pazom u B ynbrpapeiarusucrckoM (VI.34) u B HepessiTHBUCTCKOM
(VI.36) mpeneom perierne 6eCCTOJKHOBUTEIHHOIO KHHETHIECKOTO yPABHE-
nug (VI.33) coBmagaer ¢ paBHOBECHBIM PACIIPEIEICHUEM; 3aKOH IBOJIIOIUN
TEMIEPATyPhI, OJHAKO, PA3JIMYEH B 3TUX MpeIesaxX. 3aMEeTUM, 9TO BIEPBHIE
KOCMOJIOTHYECKOE PEIeHIe HEPEJIATUBUCTCKOTO GECCTOTKHOBUTETLHOTO KU~
HEeTUYecKoro ypasHenus 6puio nosydeno B.B. Marasunckum [146]. B o6na-
CTHU TIPOMEXKYTOUHBIX 3HAUCHUN UMITYIHCOB

P ~ mag/a(n) (VI.39)

JIOJKHBI HABJII0JaTHCs MAKCUMAJIbHbIE OTKJIOHeHus pacipeesenus (VI.33)
or paBHoBecHbIX 3uadenuii. [Tockosbky pacupenenenue (V1.33) npu a(n) —
0 acUMITOTHYECKH CTPEMHUTCS K PABHOBECHOMY, TO TIPU BBICOKUX TEMIIE-
paTypax, TPeBBIIIAIINX MACChl BCEX B3aUMOIEHCTBYIOMUX YACTHUIL, B PAC-
MAPSIONIEHcsa TIa3Me acCUMITOTHYeCKH jocTturaercss cocrosaue I'TP, Te.
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dyukuuu (V1.33) gaBngrorcs acCUMITOTUYECKU TOYHBIMU PELIEHUAMU U [0JI-
HBbIX KUHETHYECKMX ypaBHeHuii B npenesne T /m — oo. C apyroii cropo-
HBI, 3TOT (DAKT SIBJIETCS CJIEJICTBHEM ACHMITOTHIECKOW KOH(MOPMHOMN WH-
BAPUAHTHOCTH KHUHETHYIECKON TEOPUU B YJIBTPAPESTUBHCTCKOM MpEIese.
Heiicruresbro, merpuka (VI.28) apisiercs KOH(DOPMHO CTAIMOHAPHOIA, -
B KOH(MOPMHO COOTBeTCTBy0mEeM V4 Bo3Moxkuo cocrosune ' TP. Onaxo u
B obsiactu Hu3kux remueparyp T'/m — 0, korma Macchl BCex B3auMOeii-
CTBYOIIUX YACTHI] TOPA3I0 OOJIBINE TEMIIEPATYPHI TIa3Mbl, cocTosare I TP
ONATHL-TAKW JOCTHTAETCS JJIst 3TUX YACTHUIL, HO C ApYyTOoi Temmepatypoit T'
(VI1.38).

Orciona cemyer BBIBO/: B IIa3Me, cojepKaiieil 6e3MaccoBbie YaCTUIlbI,
I'TP me ycranoBUTCS 10 T€X IOP, MOKA O6€3MAacCOBbIE YACTHUIIBI HE TPEKpa-
TAT B3AMMOJIEHCTBOBATH C MacCUBHBIMEU. KOr1a yKe 9TO Mpon30iaeT, paciiu-
pAIOIIAsCS TIJIa3Ma PACMAIeTCs Ha JIBE€ HEB3AWMOIEHCTBYIONINE KOMIIOHEH-
TBI: CTOJKHOBUTEIbHYIO HEPEIATUBUCTCKYIO ¢ Temmeparypoii 7' (VI.38) u
6eCCTOJIKHOBUTENIbHYIO YIIbTPapeaTuBucTcKyto ¢ remueparypoit T (VI.35).
Tlocnennsis KOMIOHEHTA IpeACTaBjsieT COOOil PeNMKTOBbIE YACTHIbL. Ta-
KAM 00pa30M, ¢ TOYKH 3PEHUs KUHETHYIECKOH TEOPUU KOCMOJIOTHYECKAas
SBOJIIONHNS TIJIA3MBI MTPEJICTABJISIET OO0 Pas306bill neperod u3 pasHo6ecHozo
YABMPAPEAATNUGUCTNCKO20 cocTnosnus (€ = 3P), 6 peayavmame Komopozo
obpasyromcesa dee neszaumodeticmeyrowue mexcdy coboti Pasvl: HePeAATU-
sucmekas (P = 0) u yavmpapeasmusucmekas (€ = 3P ). ®akropam, BbIBO-
namuM mwiasdmy u3 ['TP ¢ yabrpapenaTuBUCTCKUM ypaBHEHHEM COCTOSTHUSA,
SBJISIIOTCST MACChI YACTHUI], KOTOPBIE COTJIACHO COBPEMEHHBIM TIPE/ICTABIEHH-
M MOTYT P€HEPUPOBATHCS XUTTCOBBIM MEXAQHU3MOM CIOHTAHHOTO HapyIIe-
HUSI CHMMETPHH.

ITycTs Tepf — addexTuBHOE BpeMs CTOTKHOBEHUI 718 JAHHON 9aCTHIIBT
(em. dopmynsr (111.32), (I11.35), (I11.36)). XapaxTepuslii maciurab BpeMeH-
HOM HEO[HOPOJHOCTH CHCTEMbBI COBIAIAET ¢ KOCMOJOIHYECKUM BPEMEHEM
t = [adr, nosromy ycioBHe NpeKpalieHus B3aUMOAEHCTBIs JAHHOIO COP-
Ta JACTHUI] «@» C YACTUIAMU COPTa «b» mMeeT BUI:

Tefs = [MpTap(ve)] > t. (V1.40)

Bpewmst g, aBasromnieecs peleHneM ypaBHEHUsT, COOTBETCTBY IOIIErO HEPABEH-
crBy (V1.40), 6yzem Ha3biBaTh BpeMEHEM OTKJIIOYEHUs B3aUMOecTBUil Ya-
ctur, copra «a» u «b». Ecim K 31oMy BpeMeHH BCe B3aMMOIEHCTBYIOIINE
YACTUIBI SIBJIAIOTCS €IIe YAbTPAPEIITUBUCTCKUMY, TO JAJbHEHIAs IBOIIO-
sl PEJIMKTOBBIX YACTUIL COPTa «a» onuchiBaerca pernenuem (VI.33), B ko-
TOPOM 7)9g — MOMEHT OTKJIIOYEHUS CTOJKHOBeHwit. Ecin ke K MOMEHTY tg
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HE BCE B3aUMOJIEHCTBYIOIIUE YACTUIBI OCTAIOTCA YIbTPAPEIATHBHCTCKUMH,
TO PABHOBECHOE pACIpeIe/eHHe JACTHUIL COPTa «a» MOXKET HCKA3HTHCA BO
BpPEMEHA, MPEIIECTBYOIINE OTKIIOYEHUI0 CTOJIKHOBEHU, U Jajiee, aBIsdach
usorponubiM pemenueM, f(aP) Moxker, TeM He MeHEe, OTINIATHCsS OT PaC-
upenenenus (VI.33).

HcenemyeM KOCMONOIHYECKYIO SBOTIONAI0 MOMEHTOB PACIPEICTCHIA
(VI.33) [87], [88], [89]. Oupenennm cormacuo [147], [148] makpockonnueckue
CKAJISAPBI

No(a) = [ (1) fali p)dna (VL)
P

Ealr) = / (1, D)[(1 p) — 0] o, p) b (VL42)
P

— TUIOTHOCTH YMCJIA YACTHUIL ¥ MJIOTHOCTL CPeTHell KHHETHYECKOH SHEpIuH,
PeTHCTpUpyeMbIX HabIoaTeseM, IBHKYAMcs co ckopocThio u'(z). C mo-
momrpio (VI.41) u (VI.42) onpeniesinM M CPEIHIOI KUHETHYECKYIO SHEPIHIO
YACTHUIBI

(Ea) = Ea(@)/Na(z). (VI1.43)

B cunxponnoit metpuke (VI.28) CO u! = ¢~'§i. Jna ckanapos N,(x) u
€4 () noc/Ie MHTErpUPOBAHUS 11O YTJIOBBIM IEPEMEHHBIM M EePeX0/IaM K KOH-
dopmuomy umnysbcy [145]

P =aP/ag (V1.44)

IIOJIYYIHUM BbIPDazK€HUA

2 3 i 2
_ 32+3 ao/ P2dpP (VI45)
272 a 17)0 —pto + /m?2 + P2
exp T
7 Vm?+ 2P ja® 2
£ = 252+31 ap / V/m? 4 a3P?/a? — m)P d73 (V1.46)
272 a3(n) ,ug—l—«/m2+732

0 exp
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VI.2. KocmoJiorudeckast 3BOJIIOIHS OECCTOJIKHOBHTEIBHBIX JACTHIL

Taxum 06pa30M IITOTHOCTD YUCIIA FACTHIL A TAET OOPATHO MPOIOPIHOHATb-
HO a®(n), MOKATbHOE JKe ee BhIPAYKEHHe HEYeM He OTJIHYAeTCs OT COOTBeT-
creytorero JITP (111.19). M3 (VI.45), (VI.46) BuIHO, 9TO €CJIN OTKIIIOUAIOT-
Cs TIPU YJIBTPAPEISITUBUCTCKUX Temreparypax Ty > m, TO pacrpeaeseHue
(V1.33) Bce Bpems 3 HEKTUBHO OCTAETCS YIILTPAPEIISAITUBUCTCKUM, T.€. [JIaB-
HBII BKJIQJI B MAKPOCKOTIMYECKONE MOMEHTBI BHOCAT 3HAYEHUS] KOH(MOPMHO-
ro umiryibca (KOTOpbIil gBJjisercs uHTerpajoM apuxenus) P~ Ty > m
[88]. PaccmoTpum sTOT caaydait, monaras po = 0 m paccMaTpuBasi BpeMeHa B
(VI.46), korya 9acTUIbl y¥Ke CTajau HepeaaTuBucTCKuMu: p < m. IIpoBoas
paznoxenne (VI.46) B psax Teitnopa no napamerpy aoP /am, mogayanm s
depmuonos [86], [88], [89]:

3
Nr(n) = 735(32); (77);
Er(n) = 7453(52)T5(")' (V1.47)
T mpg
_ 15¢(5)T%(n)

(Er)= ~ 6,47T%(n) /mp.

Qmpf(:‘;)

Anajioruynble BbIparkeHus J1Jisi GO30HOB ObLIM IIOJIy4YE€HbI 1I032Ke B pabore
[149]. PesukT0OBbIE HEATPUHO OTPBHIBAIOTCS OT IJIA3MBI IIPU TEMIIEPATYPE 110~
pszaka 2 Mss [150]; npu macce mokost my, ~ 30 3B [151] oHM B 5TOT MOMEHT
BPEMEHU SBJISIIOTCS YAbTPAPEIATUBUCTCKUMU KWHETHYECKYI0 IHEPTUIO pe-
JINKTOBBIX MACCUBHBIX HEUTPUHO MOYKHO CBA3ATH C TEMIIEPATYPOii PEJTUKTO-
BBIX GoTOHOB T, B coBpeMeHHOI Beemennoit;

2
13772
Vv llmF
OTa 3HEPrus Ha TATH MOPIIKOB MEHbBINE JHEPTUU PETUKTOBBIX (POTOHOB

[88], [89]. dasi GonbimanoBCKOro pacnpeenenns BMecto (VI.AT) momydnm
(E) = 6T?(n)/m [86], [88]. C apyroii cTOpOHBI, CpeHss SHEPIUs YACTHIL B

(E,)= (VI.48)

GOJILIIMAHOBCKOM pacipejiesieinn pasaa — 6, rae § — remmeparypa 60IbIl-

maHoBcKoro rasa. Cpasuusas ¢ (VI.38), naiinem ces3b § = 47Ty /m > T'.
B TOM 2Ke Cny‘{ae, KOrJJa CTOJIKHOBEHHA OTKJIIOYAIOTCA HA HEPEJTIATHUBUCT-
CKOH CTaJINM, 3TU TEMTEPATYPHI COBIAIAOT.
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VI.3 KuHeTrnka KOCMOJIOTMYECKOTO pacHIupe-
HUS MJIa3MBbI B YCJIOBUSIX JIOKAJIBHOTO TEP-
MOJMHAMMNYECKOTO PaBHOBECUSHA

TpeboBanusi ©30TPONKK W OFHOPOIHOCTU MTPOCTPAHCTBA MPUBOIUT K yCJIO-
BUAM Ha (DYHKIUIO PACIIPEIESIeHNsT M MAKPOCKONMIECKUE TTOJIS:

fa(:lf,]P) = fa(nv]P)a

&= d(n); A= A(y)d! (VL49)

TOU wactun u noseil Opu 9TOM HMEET THAPOAUHAMHUYECKYIO CTPYKTYDPY
suza (IIL18) ¢ u® = a~'§. Ipome Beero KNHETHYECKHE YDABHEHUS 3allH-
CHIBAIOTCS HE B KAHOHWYECKNX MEpPEeMeHHBIX 1), P4, & B MepeMeHHbIX 1), P,
rae P — koudopmuslii nmmynse (VI.44):

N %’;’7’) = L(1.P). (VL50)

Beruncssisi Mmakpockonmdeckne ckagspbl Ng(n), Eq(n), Pa(n) n o(n) (cMm.
(I11.19), (I11.20), (II1.21)), Haiigem

No(n) =a3Ni(n); Pa(n) =a*P:(n);
(VL51)
Ealn) =a™Ex(n);  o(n) =a 20" (n),

TJie BBEIECHBI HAJIEPKHYTHIC KOH(bOpMHbIe BEJINYUNHDBI:

Nz(n) = 23“/79% P)dP

2s+1
£:n) = % / P?\amE £ 2 fu(n, P)P

Ve (VL.52)
P _ 2 + 1 [P fa(n, P

g ) vazm? +P2

P* faln,
*(n) 222 q(2s + 1)(am + q®* / fa(n, P

anQ + P2
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VI.3. Kunernka KOCMOJIOTHIECKOTO PACIIHPEHMN 11a3MbI B ycaoBusax JITP

KOTOPBIE COBNAJAIOT € OOBIYHBIMY ONPE/IEJEHUSIMHE, ECJIU B TIOCJIEJHUX T1PO-
n3pectu 3ameny m — am u & = ®* /a. Ilonessie ypasuenus (11.31) u (I1.36)
B 9THX BEJIMYNHAX TIPHHUMAIOT BHI:

a’p2 A = —4re, Z eN*; (VL.53)
" + ®*(k + p2a®) + A\®*? = —drme 0", (V1.54)
rme k = +1 — ana 3akpeitoii, k = —1 — ansa orkpeiToit m k = 0 mna

MPOCTPAHCTBEHHO-ILTOCKOH Beemennoit, € = +1 — 1715 moseii ¢ IpUTaXKeHn-
€M OJIHOMMEHHO 3aps?KEHHbIX YacTHll, € = —1 — Jisd 1oJieil ¢ OTTaJIKuBa-
uuem. 13 (VI.53) B wacTHOCTH ClIEAyeT, YTO B OJHOPOIHON M M3OTPOIHOMN
Bcenennoit oTudHBIM OT HYJIS 3aPSA0M MOTYT 00JIaATh JINIIH MACCUBHBIE
BEKTOPHBIE TOJIA. 3aKOHBI COXPAHEHWS SHEPTUU U 3apsAa (€C/Iu TOCe Hui
COXPaHeTcs) MOXKHO 3ammcarh B (popme:

!

2

B — 0" d" = L(& =3P — 07 0") — Er a(a24), (VL.55)
a 47

> gN* = Const, (VL56)

rie &y = > Ex, Py =) Py. Korndopmmbie MI0THOCTH SHEPTHH BEKTOPHOTO
U CKaJIAPHOTO OJIEH PABHBI
2 2 42 *4
€oply @~ A €s 2 *2 2 2 AP
Er=—""——; &E=—|0""+0"(k+pa”)+—|. (VL57
v 47_[_ I s 4,” ( s ) 6 ( )
Takum 00pa3oMm, eIUHCTBEHHOE HETPUBHUAJIBLHOE PEIEHNE YPABHEHUS JifH-
MTEHHA UMEEeT BUJL

87E* = 3(ka® + a'?), (VI.58)
e
E =& +& +&;.

Iepeuncnennsie Boime ypapuennsi (VI.50), (VI.53), (VI.54), (VI.58) cor-
mectHO ¢ onpezenenusamu (VI.51), (VI.52) u (VI.57) cocraBnsior 3aMKHY-
TYI0 KHHETHIECKYIO MOJETb OTHOPOIHON 1 n30TponHo# Beenernnoii ¢ orimd-
HBIMH OT HyJif IJIOTHOCTSMH BEKTOPHOIO M CKAJISAPHOTO 3apsaoB. K srum
YDPABHEHUSIM HEOOXOIMMO JTI00ABUTH JIUIIB TY WJIN WHYIO MOJENb YACTHII, T.€.
TIEPEYNCIINTh BCE BO3MOXKHBIE YACTHIIHI, yKa3aTh ajreOpy WX B3anmMojei-
CTBHUIT M COOTBETCTBYIOIINE AMIIIIUTYIbI paccesiinsi. Kpome Toro Ha HyJeBoi
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MPOCTPAHCTBEHHONOA0OHOHN IUIIEPIIOBEPXHOCTU HEOOXOIMMO 33aTh HAYA b~
HbIE YCJIOBUHA:

fa(no,P) = fO(P);  ®*(1po) = B; & (o) = B}y - (VL59)

Ormernm mHambosee obIme cBoicTBa 910 Momenn npu a — 0. IIpeamoso-
KM, 9TO Ipu ¢ — () BCe YaCTUIBI ABJISIOTCA YIbTPAPEIATHBACTCKUMHA

(P)> am. = |(am + q®)|,
{p) > m.. (VL.60)

Torna BcieacTBre PyHKIMOHAJIBLHBIX ypaBHEHNH BosbIMaHa ¥ yHHTAPHO-
cru S — Marpuibl acumnroTuyecku TouHbiM pemnenueM (VI.50) upu a — 0
ABJIAIOTCA paBHOBecHble pacupenesenus (VI.33), B koropeix m — 0 u 1o-
CTOSIHHBIE [y Y/IOBJIETBOPSIOT COOTBETCTBYIOIINM YCJIOBUIM XHUMHIECKOTO
pasuosecus. U3 (VI.52) caemxyer, 94To mpu 3T0M

N} = Const; &F = Const; P = Const;
(VL61)
o* =} (am + q®")qBy,
re

Ba = 2;21 /Pfg(P)dP — Const.
Y
0

Bceneacrsue (VI.61) nipu HenyseBoil cyMMapHOii MJIOTHOCTH BEKTOPHOIO 3a-

paga (D eN* #0)
A~a? (VL.62)

Ho torga uz (VI.61) u (VI.55) caexyer, uro ®* ~ a 6o o* = 0. Bropoii uz
STUX CJIy9aeB, OMHAKO CBOJAUTCH, K nepsoMmy. Ilosromy momyuum u3 (VI.54)
¢ yaerom (VI.61) B npenene a — 0:

47requmB
_k+47r632q2B.

B sTom Cay4vae TJIaBHBIN BKJIaJl B IIJIOTHOCTH 9HEPIrUU BHOCUT BEKTOPHOE
T0JI€, KOTOPOMY OTBEYAET TpPEaeJIbHOE KECTKOE ypPaBHEHUE COCTOAHUA, U

d = (VL63)
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VI.3. Kunernka KOCMOJIOTHIECKOTO PACIIHPEHMN 11a3MbI B ycaoBusax JITP

a ~ \/f ~ t1/3. Eciu 3ke BeKTOPHDIi1 3apsjl CTPOTO PABEH HYJTI0, ACHMITOTH-
geckn TounbiM pemenueM (VI.58) apisgerca a ~ 7 ~ /1, ueMy cooTBeTCTBY-
eT yJIbTPapesTUBUCTCKOE ypaBHenue cocrosuus. B [?], rue uccaenosanacs
BBIPOXKJIEHHAS TLIa3Ma, COCTOAIIAsI U3 OJHOTO COpTa (PEPMHUOHOB, MOKA3A-
HO,uTo npu a — 0 perrerne (VI.63) aBigercss yCTORYMBBIM sl CIIydast
npuTsikenus (€5 = +1).

Kak MbI oTMedasu B TpeabLAyIeM pas3jiese, MACChl YaCTUIl, SBJISIOTCS
dakTopom, BeiBOAAEM 1ma3my u3 cocroguust I TP. Ilpeamonaras, ognako,
JITP cnabo HapyImeHHBIM, Y€MYy COOTBETCTBYET YCJIOBUE, TPOTUBOIIOIOKHOE
(VI1.40), 6ynem uckarh dyHkimio pacinpenesnenns B uge (1.121)

-1

—n* 202 2
Fa(Po) = dexp | ot am*TtP e gL vies

rae pu* = pa u T* = Ta — xoHMOPMHBIE XUMUIECKUN TOTEHIINAT U TEM-
neparypa COOTBETCTBEHHO, a ¢(P,n) — MaJias HEPABHOBECHAs HOIPABKA K
dynkuun pacnpenenenus. HecKoIbKO OTCTyIIasg OT METOIA, PA3BUTOIO B Pa-
6orax [86], [87], mosyunm ypaBHeHus Jis onpeenenust seandns ((n), T(n)
u (P, n). Honcrasnss (VI.64) B kunerudeckoe ypasuenue (VI.50) u pasna-
rasi mocjieiHee B Psiji 10 MasiocT ¢ /T moayanm ¢ y4eToM GyHKITMOHATIBHBIX
ypaBHeHnii Bosbimana u yHETapHOCTH S — MATPHILBI

0
a2z e =

1)
0 *2\ ! !
_ g1 Ye (m > N mT P 4 (L) p2| _ (VL65)

de* T*2 T
0
=S vk [W(Pr —Pr) Zir (X eiWir — Y 0rWrr) Idnr,

rie

m* = am.; fg = fa|<P:0; E* = / m*2 +’])2’

f% — pasHoBecHoe pactpesiesienme.

BeaneacTBre CBOMCTB MHTErPaIa CTONKHOBEHHH 3AKOHBI COXPAHEHHUST
0 0
(VI.45), (VL.56) momxmbl BoIMOTHATRCA A Bemmann € u Py, onpenenen-

0 _

HBIX OTHOCHTETBHO pasHOBecHOro pacupenenenns fq (P,n) = fa(P.n)|,—o-
OTH 1Ba ypaBHEHWS W CJIEIyeT PAacCMaTpuBaTh Kak auddepeHImanibHbie
yPaBHEHUS I OnpeaeieHus mepeMeHHbix A — a u 1. TlockonbKy Benyn-
HBI )\, Ompenenssiorcs Kpome Toro N — 1 JuHeiiHO HE3aBUCUMBIM YCJIOBUEM
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xumugeckoro pasuosecus (II1.8), To npucoennnss k (VI.55), (VI.56) ypas-
HeHme s onpejenenus norennmanos (VI.53), (VI.54) u ypasnenue Diin-
mreitna (VI.58), MbI MOJIyYMM 3aMKHYTYIO CHCTEMY YDPaBHEHHUil, KOTOpas
OTpeieNisieT YBOJIONUI0 cucTteMbl B HysleBoM JITP-npubnwmxkenuu. B cremy-
1omeM npubnukennd, noacrasisd B (VI.65) naitnennsie dyuxmmn m*, AL,
T*, NOMyYnuM MHTETPATbHBIE YPABHEHHS s ONPEIEIEHNsT HEPABHOBECHBIX
nonpaBok ©q(P,n).

Uccnenyem 3BOIONNIO MACCUBHBIX YACTHUIl B CTAHIAPTHON TOpsUIeil MO-
Jiesin BeesieHHO, KOra OTCyTCTBYIOT MAKPOCKOIIMYECKUE BEKTOPHBIE U CKa-
asipubie nionist [86], [144]. Torma Beneacteue CPT-TeopeMbl MACCHI YaCTHIL
¥ AHTUYACTHI, COBIAJAIOT, & WX CYMMAPHBIH XUMUYECKHN IOTEHIUAT Pa-
Ben nyso (I11.24). TTosTomy cymmapHas nioTHOCTH 0606IIEHHOrO 3apsiia g,
oTpe/leleHHast OTHOCUTETLHOTO PABHOBECHOTO pacrpeiesienus fO, apasgercs
HEYETHON (DYHKIHEH A, :

> g N (-N=->g N (). (VL.66)

Ecnu Bce dynmamentanbubie 3apsaasl paBubl mymo, To u3 (VI.66), (VI.56)
u (II1.8) caexyer, uto u Bce A\, = 0. Topsayasa monens Beemennoit xapak-
TEPU3YETCs MATbIMU (DyHIAMEHTATBHBIMY 3aPsIaMu, YeMY COOTBETCTBYIOT
U MaJble A\, Ha yIbTPAPETATUBUCTCKON cTaanu. Boipa3um yHIaMeHTATb-
Hbli 3apsz B npasoil yacru (VI.56) ¢ moMoribio paBHOBECHON KOHIIEHTPAIIUY

0
dboronos N*= 2£(3)T* /7%, nonpsysack TeM bakToM, 4T0 Ha yabTPapeis-
TUBHCTCKOM craaun ssomonun cornacHo (VI.52) u (VI.55)

Ao = Const; T = Const. (VI.67)

Taxum 06pa3oM, mpeacTaBuM KOHCTaHTy B npasoil yactu (VI.56) B Bume

0
Const = G N*=2GT**¢(3) /7,

rae G — Masiblii hyHIaMenTa bHbI 3apsa. Pasaras nesyio gactb (VI.56)
B psia Teittopa O MaIOCTH A4, 3AMUIIEM 3TO YPABHEHUE B BUIE

D (25 +1)gAd = 6GE(3) /77, (VL68)

rae 6 = +1 — nus 6030H0B u § = +1/2 — s dpepmuonos. Jluneiinoe ypas-
senue (VI.68) coBmecTHO ¢ inHEHHBIMI OfHOPOAHBIME ypaBHeHusiMu (I11.8)
MOJIHOCTHIO OTIPEIEIAECT XUMUUYECKUE MOTEHIMAJBI BCEX COPTOB YACTHI] HA
YABTPAPENATUBUCTCKOI cTaguu. B cymmuposanuu B (VI.68) antugactuript
HE YYaCTBYIOT.
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C NOHUKEHHEM TeMIIEPATYPBI BCJIEJICTBUE PACMAJIA CIOXKHBIX CHMMET-
pwuit HA 60JIee IPOCThIEe BOZHUKAET BCe OOJIBIIE COXPAHIIONNX BenanH. Pac-
CMOTPHUM, HATIPUMeED, TIJIa3My Ha 3Tare, KOT/ia B PABHOBECHH OCTAIOTCSI JINIITh
3JIEKTPOHbBI, TIO3UTPOHBI, NOHBI U (DOTOHBI, & HEUTPUHO yIKe SBISIOTCS Oec-
CTOJIKHOBUTEBHBIMUA U TOTOMY HE BHOCAT BKJIAJ B 3aKOHBI COXPAHEHWS
(VI.55), (VI.56), no yuacrByior B ypasaenuu Jiinmreitna (VI.58). Ha sroit
CTAJINU COXPAHSIOTCS ODAPUOHHBIN W JIENTOHHBIN 3apsijbl. [losaras Temie-
paTypy TJIa3Mbl TOpas3ao OOJbITEdl MOTEHIINAIa WOHW3AIWNA U CTATUCTHKY
MAaCCUBHBIX YaCTHI] OOJTHIIMAHOBCKO#, BBITIUIIIEM 3TN 3aKOHBI:

N; = Const;
2k 0
N*— N%, :ﬂ-shxe-m*?’:ZN;:AN;,

Tz

(VL69)

rae N} — mnoTHOCTH 9ncia noHoB, z = m, /T. 113 (VI.69) kak dbyHsKImIo a 1
T MOYKHO OTIPEJIeINTh TMPUBEAECHHBIH XUMUYECKUIl TTOTEHIHAT IJIEKTPOHOB.
TMoncrapnss 3arem pesyabrar B ypasuenne (VI.55), moxkuo uaittn T'(a).
Paccvorpum mipemenbHbIit caydaii 9TuX ypaBHEHHU , KOTIa 3JIEKTPOHBI CTAIH
HEPEeNATHBUCTCKUMH, T.e. 2 > 1. Ucnonb3ysa acumnroruky ¢ynximit Maxk-
Honanbna, naitnem u3 (VI.69):

3/2
Me 0 s
Ae = = +In | AN, V2 (—mT2> : (VL.70)
e ANS* = ZNZ.O* — OCTATOYHASA TOCJIEe AHHUTWJIAINN KOHIIEHTPAITAS

snekTponos. M3 (VI.52) mia Bcex HEPENATUBUCTCKAX KOMIOHEHT Haiizem
0 3 0 0
E =m* N* +§T* N*; P*=TN*.

Taxkum o6pa3om. u3 3akoHa coxpanenus 3uepruu (VI.55) mosyunm ypasHe-
HUE JJIs OTpeesieHust Temmneparypst 1*:
4 2T*3
InaT™* + ﬂio = Const. (VL.71)
135A N*e

IMockoubky B (VI.55) yuacTByIOT JIUIb CTOJKHOBUTEIbHBIE KOMIIOHEHTBI,

TO BTOpOIl uen B jeBoit wactu (VI.71) ciemyer MOMOKUTH PABHBIM HYJIIO,

korga (bOTOHBI CTAHYT OECCTOJIKHOBUTEIHHBIMU. Y UUTHIBAS (DOPMYIY IJIs

paBHOBecHOTO uncaa ¢horonos, nepenurirem (VI.71) B Gosee yao6HO BUIE
27t

11'1 aT + m = COI’lSt, (VI72)
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rae :J{]fe / J\(}v- Ho tex mop, nmoka (GOTOHBI ABIAIOTCS CTOTKHOBHTE b
ubivu, ypasuenue (VI.72) comepsur G6ombmoii mapamerp 8- ! u mostomy
nmeer cBonM acumnrorndeckuM perennem (VI.67): T* = Const. Korma
JK€ CTOJIKHOBeHMs ¢ (pOTOHAMM OTKI0UatoTCs, pemennem (VI.72) Gymer sp-
aarbes aT™* = Const, T.e. 3aKOH 3BOIIONNNA HEPEIITHBUCTCKONR KOMITOHEHTHI
(VI.38) [152]. IToacrasnss reneps HaitnerHoe u3 (VI.70) 3Hauenne A B ypas-
Henue (VI.65), mepexonst K HEPENATUBUCTCKOMY IIPEJEJIy W BO3BPAIIAsiCh K
OOBIYHBIM O0OO3HAYEHMSM, TIOJIYYNM YDABHEHWE JJIs TIOMPABKU K (QYHKIMN
pacrpee/ieHus 3JeKTPOHOB, We (1), P):

_medlna®T 5 P>\
2 dt mT )
!
Oe
== ZVf /6(4) (Pr—Pr) Z1r (Z <P1W1F—Z orpWr)I'dr,(V1.73)
k

0 0
rie ZeIF:ZIF /f0. na doronos ypasuenue (VI.65) mpuauMaeT BuI A =
m, =0):

d -
—ap” a(aT) L=

0y
==Y ot / SO ®r—Pr) Zir O oiWir—3_ oy We)dr (VLT4)
k

[Ipu HEPENATUBUCTCKUX IHEPTUSAX UACTHUI[ BKJIAJIOM HOHOB BO B3amWMOIEii-
cTBUSA ¢ (POTOHAMU MOXKHO TTPEHEOPEUDb, KAK U B3aUMOIEHCTBUIMHU (HDOTOHOB
apyr ¢ apyroum. Iostomy tipu Z > 1 ypasuenue (VI.74) npunumaer Gosee
OPOCTON BUJL:

d
aP?*—(aT)™ ' = JY) (VL.75)

2 —_
dt - Yye
1 . .
rae Jfge) — JIMHEAPU30BaHHLIM HWHTErpPpaJl KOMIITOHOBCKHX CTOJKHOBEHUU.
BXO,ZI;H]J_[I/Iﬁ B IPaBYIO0 9aCTh UHTETPAJI CTOJIKHOBEHHUH MMeEeT BU/:

IO = g0 4+ g0 + g

el

1 1 .
rae Jée) u Jéi) — JINHEAPM30BAHHBIE WHTErPAJIBI KYJIOHOBCKUX B3anMMOJEi-
CTBUH 3JIEKTPOHOB Me¥XKIy CO0OW ¥ 3JIEKTPOHOB € WOHAMU. AHAJOTHIHO
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(VI.73), MOXKHO 3anmuCaTh ¥ KHHETUYECKUE YPABHEHUSA JJIsI IOTPABOK K UOH-
HBIM QYHKIHAM PACTPEIEIEHHS.

o rex mop, noka cTonkaoBeHus (GOTOHOB C JTEKTPOHAMH HE OTKJIIOYH-
JIUCh, TeMreparypa mias3mbl npu < 1 ¢ 60bII0N TOYHOCTHIO OTMCHIBAETCS
3akoroM (VI.67). B arom cayuae ypapuenusi (VI.73) u (VI.74) npuanmaror
GoJtee mpocroit Buz [86], [87]:

! 2
—;—a <3me - %) =IO+ 70+ 50 0=J0, (VL76)

Bripazkenue B Jiesoii wacru (VI.73), (VI.76) nopsaka m. /t; rakum o6pazom,
npu BeinosHenun ycejaosuit JITP (IV.199)

t> Tepy (VL.77)

[ONpaBKa K PABHOBECHBIM (DYHKIUSM MACCHBHBIX TACTHI[ IOPSIKA Ty /1,
T.e. ocraercst masioit. YpasHenust (VI.73) — (VI.76) yka3blBAIOT MeXaHU3M
napytmenns ' TP B mna3me, cocTosimeii n3 AByX KOMIIOHEHT: HEPEIITHBUACT-
CKOM M yIbTPAPENATUBUCTCKON. JleficTBUTEIbHO, B W30TPOITHOM MHPE WH-
TErpajoM JBUXKEHHs SIBISETCS He SHeprus gactunbl F = y/m2 + p?, a
Besmunba ap = Const (VI.30). CiemoBareibHO, B TPOMEXKYTKAX MEXKIY
CTOJIKHOBEHUIMH 3Heprusi GOTOHA MeHsieTCs 1o 3aKkoHy 0 F, ~ a™'(n), B TO
BpeMsI, KaK SHEPIHsi HEPEJIATUBUCTCKON JACTHUIIBI MATAET CO BpEMEHEM 3Ha-
yuTebHo GbicTpee: 0B, ~ a~2(n). B MomenT cronkHOoBeHus GOTOHBI 061~
JAIOT B cpejiHeM OoJibineil SHeprueil, YeM HepessiTUBUCTCKUE YacTuilbl. Ile-
pepacripeieJieHne SHEPTHU TPU CTOJKHOBEHWSX TTPUBOJIUT K HATPEBY JJIEK-
TPOHHON KOMITOHEHTHI 33 CYeT OXJIaxKIeHusi (POTOHHON U SBJISIETCS TTPUIN-
HOM OTKJIOHEHWSI YACTHI[ OT PABHOBECHSs. B paInalimoHHO- TIOMUHUDOBAHHOM
asme, T.e. B mwiasme ¢ npeobiaganuem dhoronos (§ K 1) doronnas QyHk-
nus pacnpejenenus Majao MeHsgercsa. Ha ator dakr, B 9acTHOCTH, yKa3bl-
Baer Bropoe ypasuenue (VI.76). Ciemyer ormMerurb, 4T0 ypaBHEHUE BHIA
(VI.74) — (VL.76) mpuroaHo He TOJBKO JJIs TIA3MBI, cocTosimeil u3 ¢dporo-
HOB M HEPEJIATUBUCTCKUX IJIEKTPOHOB W HOHOB. DTH YPABHEHUS C OYEBUTHBI-
MU MOIUGPUKAIUAME TPUTO/IHBI JIJIsi ONUCAHUs 000 IBYXKOMIOHEHTHOMN
(yIbTpapess THBUCTCKO-HEPEJIATUBUCTCKOM ) T1a3Mbl ¢ NPeobJiaaHueM yilb-
TPAPETATUBACTCKUX YACTHIL [IPU YCJIOBUHM COXPAHEHWS COOTBETCTBYIOIIMX
3apsaaoB. OTMETHM Tak¥Ke, UTO «XBOCTBI» PACTpEIETeHN HePeTaTHBUCT-
CKUX YACTHIL B YIbTPAPETSATUBUCTCKON 00/IACTH BCETIA TIPU ITOM COXPAHSI-
10T paBHOBECHBIH xapakrep ¢ Temneparypoit (VI.35).
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V1.4 Kunernka m30TPOITHOIO PACHINPEHUA O/I-
HOPOJIHOM paanaIliMOHHO JOMUHUPOBAHHOMN
TJIa3MBbl

Uccnenyem 60o7ee oapoObHO OMMCAHHYIO BBIMIE CUTYAIINIO, KOT/IA TIJIa3Ma CO-
CTOUT JIUING U3 (POTOHOB, HEPEJIATUBUCTCKUX SJIEKTPOHOB U MOHOB, IIPUYEM
Be < 1. Ilpu Temneparypax BBIIIE TeMIEPATYPbl PEKOMOWHAIIMY JTOMUHU-
PYIOIUIUMU ABJIAIOTCA CJIeIyIoue yIpyTrue B3auMoaeiicTBUA:

ety=e+7y;, et+e=e+te;
e+i=e+1; 14+1i=1+1.

Bcenencteue m3oTponuu B3aWMOJIEHCTBUI YACTUIIBI TIPU STUX B3aWMOJIei-
CTBUSAX OOMEHMBAIOTCS B cpeaneM Jininb 3Heprueii. CoorBercrByiomme 3¢-
dekruBHbIE BpeMena nepegayu snepruu pasbt [150], [153]:

Z

Te(y) = SN;UT’ Ty(e) ~ Ty(e) ~ Te(y) N’Y/Ne§

3ml/2 T3/ 3m,/ 2T/
T 4r AN

T 4r' P ZANA
my\ %2
Tei ™~ Tee m_ 5

4
8me
e o7 = ——5 — TOMIICOHOBCKOE CE€YEHME DACCesTHUs, e2 =1 /137, A =

Tee Tii

€

1 ]ﬁ/?
In ———
9e® /TN,
HOBECHOU PAIMAIIMOHHO- TOMUHUPOBAHHON TIJIa3Me KYJIOHOBCKWMIA JJorapudM
OCTaeTcs TIOCTOAHHBIM B Tiporiecce pactmpenns: A = 17,3 + 1,151g10%/3,.
Paccmorpum cHauasia nieann3npoOBaHHYIO CUTYAIUIO, KOTIA IJ1a3Ma, CO-
CTOMT TOJIBKO H3 (POTOHOB M HEPEJIATUBUCTCKUX 3jekTponoB [87], [154],
[152], T.e. KOT1a CYIIECTBEHHBI JIUIIb KOMITOHOBCKHE CTOJIKHOBEHUS 1 CTOJIK-
HOBEHUSI JIEKTPOHOB MeXKIy c000ii. [lo yKa3aHHBIM BBINE TPUIUHAM JI€-
dopmanmeit paBHOBECHOTO CITEKTPa (POTOHOB MOYKHO TTpEeHEOpeYh, T.€. TMoJIa-

TaThb
-1
e fon(2) ]
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VI.4. Kuneruka pacriipeHus pagualHOHHO JOMHHHPOBAHHON MIa3MbI

rae T, ~ a~!. VlaTerpan KOMIOTOHOBCKUX CTOJIKHOBEHH{I Je, B NpuO/IMIKe-
HUM MaJIOH NepelaBaeMOil SHEPTUn

(T'y/me < 1) mozkno mpencrasuts B Buge Pokkepa-Ilnanka, mpudem B Ciy-
Jae HepeNTUBUCTCKUX 3JIEKTPOHOB 3TOT WHTErpas NMpHHUMaeT Bus [152]:

Y0 2 pfe afe
ey — 59 A T e 8 3 L
Jery anp[p (T7 +m ap (VL.78)
e
_ SWUTN,YT,$7T4
90£(3)

Torga pemeHMeM KMHETHYECKOTO yPABHEHWs JIsl 9JIEKTPOHOB SIBJISETC,
MakxcBesoBckoe npenenenne B T, (t) # T, (t) [154]:

P2
€

————exp|— . (VL.79)
(27rmeTe)3/2 < 2meTe>

JeficTBUTENBHO, 9TO pacipeesieHne 00HyISeT WHTErPA JJIEKTPOH - JIEeK-
TPOHHBIX CTOJIKHOBeHuit; nojacrasias ke (VI.79) B (VI.78), a 3arem pe-
3ynbrar B KuHerndeckoe ypasaenue (VI.50), moayduM BMECTO MOCJIEIHErO
CTOJIKHOBEHW ST OOBIKHOBEHHOE Tud(DepeHITnaIbHOe YPABHEHNE Ha, 3JIEKTPOH-
Hyto remneparypy [154]:

da®T.  »T. _ #TJag

da a a?

fe(t,p) =

, (VL.80)

t
rJie Mbl TIOJOKUIA @ = Gg 4 | 7 %= 8rar N, (to)T, (to)adn* /90£(3)m.. Pe-
0

menue ypasuenus (VI.80), yaosaersopsioriee Havaibaomy ycaosuio T (ag) =
TO, ecTn:

T. a0 |T° to to

e _ V) Ze 92 (1=

T, a {T3 P70 i)
o

t [t t2
20 21t L | @ U R 0 VI.81
+ 270 ¢ l ( 27’,?) 27’,?75 ’ ( )

rue ®(Z) — unrerpan BeposaTHOCTH, T, — 3DDEKTUBHOE BPEMsl IOTEPU JHED-
TUU 3JEKTPOHOM 3a CYeT KOMITOHOBCKUX CTOJIKHOBEHUIA:

_ 90£(3)Z.
N 87T4N7(7T'

(=]

ol

Tk

(V1.82)
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Paccmorpum gacTHBIM caydait, Korma mpu t = tg ¢ XOpPOIIe# TOYHOCTHIO
seiepzxannl yenosust JITP, re. to/7] — 0o m T? = TY. Pasnaraa (V1.81) B
P, B TIEPBOM TIPUOJIVIKEHUN TTOJIYINM

T agp t() to ﬂ'to t()
T, a exp[_ﬁ<1_7>]+ 20 |1\ 2 ) | fiviss)
k k k :

Ecnu JITP no-npexxueMy BBINOJHSIETC, T.€. IpH Ty, <K ¢, noxyunm u3 (VI.83)

0
T(t) = T, (1) [1 _ Tl +} ,
0
T.e. TEMIIEPATYPA JEKTPOHOB YMEHBINAETCSA JTUHEHHO 110 BPEMEHH [0 OTHO-
menuio K temneparype dhoronos. Eciu xe JITP mapymeno, t.e. 7 >> t, TO
dopmyna (VI.83) maer:

T.(t t2 213 t2
e(t) _ o0 1q e R (VL84)
T, (t) 27t TTRt 27t

— TeMIepaTypa 3JeKTPOHOB CTPEeMHUTCA K TeMllepaType PaclIMpaioerocs
nepenaTusuctckoro raza (VI.38) T, ~ a~2, 4To m yTBepKIaaoch B pasje-
naax VI.2, VI.3. Yuntssas, uto cormacto (VI.82) 14 « a* ~ 2, mpumagnm
dopmyne (VI.84) Gosee HarisiaHbINA BUIT:

;16/8 :\/g. [1+\/%+%+...] (VL85)

@opmynsr (VI.84) — (VI.85) B orimume or (VI.38) MmO3BOJISAIOT OTHO3HAY-
HO CBA3aTh B KayKIbli MOMEHT BPEMEHW TEeMTEpPATYypPhbl (POTOHOB W 3JIEK-
TpoHOB. Panee y:ke 0TMEUYAIOCh, YTO TPUCYTCTBUE CUJBHOTO W30TPOIHOTO
3JIEKTPOMATHATHOTO W3JIy9€HHUS MAKCBEJLIN3UPYET HEPEJIATHBUCTCKHE JIEK-
Tpoubl (cM., Hanpumep, [150] ). Pacmiupenue e 1miazmbl OPUBOJUT K TO-
My, 9TO XOTSI 3JIEKTPOHBI M OCTAIOTCS MaKCBEJJIOBCKUMHE, TO C HEPABHOBEC-
noit remneparypoit T, < T',. PaccMOTpeHHbIil BbINle TPUMED ABJIAETCA TOY-
HOiT peaym3aimeil Gha3zoBOro nepexoa, Korjaa nepBoHAYaIbHO PABHOBECHA
JIByXKOMIIOHEHTHAsl cuCTeMa, (PaJualioHHO - JOMUHUPOBAHHASA [J1a3Ma) B

[IPOIIeCCe PACIHIMPEHUs BBIXOJIUT U3 COCTOAHUA TE€PMOJIMHAMUYECKOI'O PaB-
HOBECHS U PACIATAETCS HA JiBe HEeB3amMo/ieiicTByomue ha3bl — yabrpape-
JISTUBUCTCKUE (DOTOHBI U HEPEJISITUBUCTCKUE JIEKTPOHBI, IPUYIEM TeMIIepa-
Typa TMOCJIeTHUX HUZKE TEMITEPATYPhl (DOTOHOB U onpenessieTcs (hopmyoi
(VIL.85).
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Peanpuas curyarusi, OqHAKO, HECKOJIBKO CJIOXKHEE PACCMOTPEHHON BbI-
I11e, TTOCKOJIBKY KPOME BCErO MPOYero B IJIa3Me UMEIOTCS €Ile M MOHbI, B3au-
MOJIEHCTBYIOIINE C 3JieKTpoHaMu. HectoxKHbI aHAIN3 KUHETHIECKUX YPaB-
HEHUH TIOKA3BIBAET. YTO TPU yYUETE IJEKTPOH-UOHHBIX CTOJKHOBEHUN MAKC-
BesuioBcKue pacupenesenus suaa (VI79) yxe He sABIAIOTCH CJIEICTBUEM
cueruduIeckoii 3aBUCUMOCTH OT CKOPOCTH YACTUI[ KYJIOHOBCKOTO CEYEHUS
paccesinusi. Tem HEe MeHEe U B 3TOM CJIy4ae MOXKHO CJIEJIATH OIPE/IeJIEHHBIE
BBIBOIBI. [IpeanookumM, 9TO BBHITIOTHEHO YCI0BUE Te; <K t, - TOTJIa MEXKTY
3JIEKTPOHAMYW W WOHAMU B TIpoIrecce pacmupenus mnoanepxkubaercsa JITP,
Besencreue dero 1; = T,. IlockonbKy B 9TOM ciydae sHeprus (DOTOHA Tpu
Ka2K/IOM aKTe CTOJIKHOBEHUS C SJIEKTPOHOM 3aTEM PACIPE/IEIISIETCH TIOPOBHY
MeKJ1y 3J1€KTPOHOM 1 MOHOM (1ipu Z = 1). DT0T npouecc MOKHO CHOBA OIK-
cars ypasuenueMm (VI.78), B xoropoM N., HeoOxoauMo 3ameHATH Ha N, /2
(Ny/(14+Z7') mpu Z # 1 ). Takuum 06pasom, B 3TOM CJIy49ae, TeMIepaTypa
HEPEJATUBUCTCKOI KOMIIOHEHTDI OyeT ormchiBarbes permenuem (VI.81), B
KOTOPOM T HEOOX0AMMO 3aMeHuTh Ha 275 . COOTBETCTBEHHO ITOMY s KO-
HEYHOli TeMIepaTypbl HEPeIATUBUCTCKON KoMmuonenTsl BMecto (VI.85) mo-
JIy9UM BBIPAKEHUE:

T.(t) _ [wt
T = /4Tk . (VL86)

Ecnu ke B x0me pacimupeHusi BBIMOIHSETCS OOpATHOE YCJIOBUE, Te; > t,
BIJIOTH 110 BpeMmeH, korna napymurcs JITP mexay snekrponavu u HoTo-
HaMHU, TO K MOMeHTy Bocctanossienusi JITP mexy ssmekrponavMu u nona-
MU TOocaeaHue OyayT UMETh TeMIIEPATyPy ropa3a0 MEHbIILYI0 TEMIEPATYPbI
3mekTpoHoB. IloaTromy mpu Boccranosnennu JITP smekTponnas TeMmmepary-
pa usmenntes B 2 pasza (B (1+ Z71) npu Z # 1) no cpasuenmnio ¢ (V1.85),
T.e. B /2 pa3 no cpasnenuio ¢ (VI.86).

UccnenoBamubie Boime 3(@EeKTh HECYIECTBEHHLI B CTAHIAPTHON TO-
psadeit Mogmenu BcesleHHOM, MMOCKOJIBKY B 9TON MOIEIN BILIOTH [0 CTAINN
pexkoMbunanyu nognepxkusaiorcsa JITP mexay snekrponavmu u dboroHaMu
1/t < 1075, XOT BO3MOXKHBI W TaKhe KOCMOJIOTHYECKHE CIeHApPUH, TIe
9t 3 dEKTHI TPUHITUTHAILHO BaXKHbI. [lepeuncienubie hOPMYIBI MOTYT
MPETEH/I0BATh HA KAYEeCTBEHHYIO [IOCTOBEPHOCTH MPU OIEHKE TEMIIEPATYPbI
($OTOHOB 1 3JEKTPOHOB BO B3PBIBHBIX acTpodm3mdecKknx obbekTax. Kpure-
preM NPUMEHUMOCTHU PE3YIbTATOB JAHHOTO PAa3/Iesa K B3PBIBHBIM 0ObEKTaM
SIBJISIETCST TOCTATOYHO BBICOKAs OJTHOPOTHOCTH TIOCTEIHUX, T.e. Al > vt, T1e
Al — xapakTepHBIil pazMep HEOIHOPOIHOCTH 00HEKTa, ¥ — CKOPOCTh pac-
MUpeHnst, t — BpeMs PACITUPEHNS.
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V1.5 PengruBucrckag KMHETNKA CTOJIKHOBU-
TEJIBHOT'O 3aTyXaHUd I'PABUTAIMOHHBIX
BOJIH B Topgadyeii BceseHnHOI

Bocnonbp3zyemcst pesynbraTom TaBwbl IV s ncciieoBaHus KOCMOJIOTHYE-

CKO}i 9BOJIIOIMA I'PABATANMOHHBIX BOJH [104], [157]. Bosmyiuenns merpu-

KU OpocTpaHcTBeHHO 1w1ockoro mupa Opuamvana (VI.28), coorBercrByioniue
_ .

I'B, npencrasum B Buzne (hik = gjj, — Gir):

hi, = ilik (ﬂ)eiin"za, (V187)

rae n, = Const - BoHOBO#H BekTOp ['B. Penepubie KOMMOHEHTHI 9TOTO BEK-
Topa, u3MepenHble cuuxponubiM B Merpuke (VI.28) nabionaresem, paBHbl

Ng n
K=", g="1 VI.88
()= " (VI88)
rae n = \/n? + n3 + n2. TpaBuranuonnbie BO3MYIIEHUs, COOTBETCTBYIOIIUE
I'B, yZI0OBIETBODSIIOT CIEAYIOMMAM yCaoBusaM [46]:
his=0; h=0; h™ =0=>hlng=0. (VL.89)

Kak 3710 Oyner Bunno u3 manbHeiiero, sosmyinerne TOU cpenpr, 0Osa3aH-
Hoe noseaenuio I'B, npeacrasumo B popme

(STik e hikT("?)- (VI.QO)

Torna ¢ yderom pesyabraros [43], [75], [81] cucremy auHeapuzoOBaHHBIX
ypaBHeHuit DitHInTeitHa, ONMUCHIBAIONINX pacipocTpanenue ciadbbix ['B B mpo-
CTPAHCTBEHHO TJIOCKOM Mupe PpuaMaHa, MOXKHO 3alMUCATh B BUIE

1
" + 02+ 8ma= ) |21 — 6(5* —2P*) +2P*| =0, (V1.91)

1€ MbI IIOJIOXKUJIN

hap(n) = Saparp(n), (V1.92)

npudeM S,3 = Const.
Hust Boraucsenus 7, (n) obparuMcs K PEISTUBUCTCKUM KUHETHYECKUM
YPaBHEHUIM

(M, f]=JIf]- (V1.93)

314



VL5. Croaknosurensuoe 3atyxanue I'B B ropsiieii Beenennort

ITosiBnenne I'B mpuBoanT K MCKAXKEHUIO MACCOBOI TIOBEPXHOCTH, BCIEICTBIE
4ero HeoOXOMMO [IPOU3BECTH [IEPEHOPMUPOBKY uMmityibca [43], [75]. IIpome
BCEro yKa3aHHylo0 MepEeHOPMHUPOBKY OCYIIECTBUTE TpeobpasoBanueM (VI.93)
OT MMITYJIbCHBIX TIEPEMEHHBIX P; K TiepeMeHHbIM P;

1 1
P, =P — §hka; P =7P; + §hf73k + O*(h). (V1.94)
Axobuan 3TOro Mpeodpa3oBaHusA B CJIydae OECC/IeIOBBIX BO3MYIIEHW MeT-
pukn (h = 0) paBen

8(P17P2,P37P4)
8(731,732,733,734)

B nepemennbix P; yuKImsa [aMuIbTOHA ¢ TOYHOCTHIO IO 9JI€HOB COBIIAIAET
CO CBOWIM HEBO3MYIIEHHBIM 3HAYEHUEM

=1+ O*(h). (V1.95)

_ 1 .
H(zx, P) = Eg’kPﬂDk =H(z,P.) (V1.96)

Mockombky ans I'B g' = g+0?(h), anemenT o6bemMa MpOCTPAHCTBA UMITYJTh-
COB WHBApMAHTEH 10 OTHOINEHNIO K Tpeobpasoannsim(VI.94)

25+1 1
254D ip apyipyapis (#H - tm?) = dn. (V1.97)
3

v=g(27) 2

VYaureBast TOT GAKT, 9TO B HHBAPHAHTHBIE AMILIATYAbI paccesuus M ¢ um-
TYJIbCHBIE TIEPEMEHHBIE MOT'YT BXOIUTH JIUIIIb IIyTEM BCEBO3MOYKHBIX CBEPTOK
tuna (P, P') MOXHO CTPOro TOKa3aTh, YTO WHTErPAJI CTOJKHOBEHWUH WHBA-
puanten ¢ Tounoctbio O?(h) 10 ornomenuio Kk npeobpazopanusm (VI.94).
Takum obpasom, npeacrasissa dbyukuio pacupenesnenus f(z, P) B Buge

rae fo(n, P) - musorponnoe perenue kunernueckux ypasuenuit (VI.50), u
JIMHEAPHU3UPY KMHETHIECKHE YPABHEHUS, HOMYIHM 1A DYHKIMH O f:

;00 f n 1 dfo

3:1?i 2 8734

dn' =

PsPh? = J [ fo, 6 f)- (VL.99)
3ech mrpux osznadaer auddepeHnupoBanue 1o nepeMentoii 7, J! - iune-

ApU3WPOBAHHBIN MHTETpaJ CTOJKHOBEHU, BBeAeHHbI# B pasaesne [11.1. Bri-
yncngs sosmyienune T nocne npeodbpasosanus (VI1.94), naiinem

0T, = —Phy, + Z /PiPkéfdw. (VI.IOO)
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U3 pumeiinbrx ypasmennit (VI1.99) sumno, uto §f « S,zPPP. Meiictsu-
TEJIbHO, MPeJInojaras Taky 3aBUCAMOCTD, TPUXOIUM K BBIBOJLY, 9TO WHTE-
Tpajl CTOJIKHOBEHUH BCJIEICTBUE €r0 WHBAPUAHTHOCTH MOXKET OBITh JIMHEIH-
HOM KOMOMHAIMEH CBePTOK THIIA SQBPO‘P’B, SagnaPﬁ, Sa,gnanﬁ, Sa,géaﬁ,
U3 KOTOPBIX JIMIIb TI€PBas OTJIMYHa oT HyJs. urerpassl xe suzga (VI.100)
OTIPE/IETIAIOTCS JIUIIH OJTHUM BBIJICJIEHHBIM HATIPABICHUEM, Ny. [l03TOMY 3TH
MHTErPAJIbl ABJISIIOTCA JTUHEHHOW KOMOMHAINE! CBEePTOK

Ssn n’nnf,  S,560%nPnd 8 56007659,

U3 KOTOPBIX JIMIIb TIOC/IEHAA OTIAMYHA OT Hy/ld W pasHa S,5. B casu ¢
srum ypastenue (VI.91) Moxer ObITh yIPOIIEHO:

-2
Q" +n*p + 16ma 1} — y((s* —3P*) =0, (VL.101)

rie
T =87° Z/SgﬁPQPﬁéfdﬂ*; 5% = SapShs- (VI1.102)

Ilepeiimem K BBIYHUCIEHHIO