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1. BBeaenue

VccnenoBanne HEUTPUHHDBIX ITPOTECCOB B CUJILHOM MAarHUTHOM IIOJIE U
IJIOTHOM TOpsiveil 1jasmMe B HaACTOSIIEe BPeMsi — OJHO U3 MHTEHCUBHO
pa3BuBaeMbIX paszjiesioB Kocmodusuku. He niperenjiyst Ha 110JHOTY, OTMe-
THM, 9TO WHTEepec K JaHHOH TeMaTHhKe B OIpPEJIeJIeHHONU CTEleHHM CBA3aH
C YMCJIEHHBIM PAcYeTOM aCMMMETPUUYHOI'O B3PbIBA CBEPXHOBOW C KOJLJIAll-
COM IEHTPAJIbHOW YaCTH, MPEXKJIe BCEro, B MarHUTOPOTAIIMOHHON MOJIe/In
B3pbIBa, npeaioxkennoit I.C. BucunoparsimM-Koranom B 1970 roay. B sroit
MOJIEJIM HAIIPsI>KEHHOCTh MArHUTHOI'O 110JIsd B 00J1aCTsAX 000J0UKH CBEPXHO-
BOW € CHMJIbHOWM MarHuTOPOTAIMOHHON HEYCTOWYUBOCTHIO MOXKET JOCTUYDL
B ~ 10 T¢ 3a runnunble BpeMeHa B HECKOJIBKO CeKyHjI. Bcjejcrue Ha-
pymieHns P-geTHOCTH B mporeccax B3aUMOJEHCTBUS HEUTPUHO CO CPEoif
000JI0UKHM, €if MO¥KeT ObITh TepejaH CYIIEeCTBEHHbIH MaKPOCKOTUYECKUit
UMITYJIbC BJIOJTh BEKTOPA HAIPSIPKEHHOCTH MArHUTHOI'O TI0JIsI. DTOT UMITYJIHC
OKa3bIBAETCS JIOCTATOYHO OOJILIITUM, YTOOBI BJUATH HA, JUHAMUKY CBEPXHO-
Boit. B wacrunoctu, apdekT B3anuMoieiicTBUsI HEUTPUHO CO CPEJIoi MOXKeT
IPUBOJINTH K BO3HUKHOBEHWIO aHOMAJILHO OOJIBITTUX JIMHEHHBIX CKOPOCTEI,
OOHapyKeHHbIX y dacTu 1y/bcapos [11, 2].

JpyruMu KOMIIaKTHBIMU aCTPOMU3NIECKUMEI 00 bEKTaMU, KOTOPBIE CBSI-
3BIBAIOT C CHJILHBIMU MArHUTHBIME IOJISIMH, ABJIAIOTCS JBE POJICTBEHHDLIE
110 HabJIFOAATEbHBIM JIAHHBIM I'PYIIIbl OJIMHOYHBIX HEATPOHHBIX 3BE3J] —
MCTOYHUKN MATKUX TOBTODPSIONTUXC TaMMa-BemaeckoB (Soft Gamma-ray
Repeaters, SGR) u anomasibHble peHTreHOBCKHE mysibcapbl (Anomalous
X-ray Pulsars, AXP). Ecau canrarh, 9T0 OCHOBHBIMU MOTEPSIMU BpAITla-
TEJILHOI'O MOMEHTA ITUX 3BE3Jl sIBJISIOTCSH MArHUTO-JIUIIOJIBHBIE, TO HAIIPsi-
YKEHHOCTb MATHUTHOTO IOJIS HA UX MOBEPXHOCTH COCTaBiser By ~ 10 —
10" I'c. Haburoparesnbable JaHHbIE [0 9TUM 00'bEeKTaM [IPUBEJIEHbI B 0630-
pe [3]. dust onucanust HabioaTesbHBIX JAHHBIX ObLIa IPEJJIOYKEeHa Mar-
uuraphas Mojesb |4 5], B ruranrckux senbiikax SGR B y-kBanTax 3a
runuaable Bpemena At ~ 100 cex msiydaercsa rpoMasaas sueprus AL ~
10* —10% spr. TIpeanonaraercs, 9To MCTOTHUKOM TAKOil SHEPTUN SABIIACT-
csl KJIyOOK T1J1a3Mbl, yJIEPyKUBAEMbIH CUJIbHBIM MAIHUTHBIM 110JIEM 3BE3/bI.
JleTanbHBII aHAJIN3 MMOTEPb SHEPTHUHU IJIa3Mbl Ha HEUTPUHHOE HM3JIyUEHUE
IPUBOJIUT K HOBOMY OTPAHMYEHUIO Ha, HAIPSKEHHOCTb MArHUTHOT'O TIOJIS
maraurapa [6].

B yciioBusix 000J109KH CBEPXHOBOM € KOJLJIAIICOM 1EHTPaJIbHON YacTu JI0-
MUHUPYIOMMUMHI TIPOIECCAMU TePEn3IyIeHUs SJIEKTPOHHBIX HEUTPUHO SB-



nsiiorcst URCA-mporeccnt:

Ve+n e +p,
Ue+p2 et +n,

n=p+e +r,,

MOCJEHUI W3 KOTOPBIX, (-paciaji HeliTpoHa, KWHEMaTHIeCKHU TTO/aBJICH.
OCHOBHBIME TIPOTIECCAMHU POXKJIEHUST HEUTPUHO TTPOU3BOILHBIX aPOMATOB U
ux nuddys3un B cpejie 000JI0UKU SIBJISIOTCS: IPOIECC aHHUTUISAIAN JIeK-
TPOH-TIO3UTPOHHON Mapbl B IMapy HEUTPUHO MIPOU3BOJIHLHOTO apoMaTa:

et te v+, (I=epT), (1.4)

KOMIITOHOIO/IOOHBII TPOIECC PAacCesiHus HeHTPUHO Ha 3JEKTPOHaX (103H-
TPOHAX) CPEJIbI:

Vz(ﬂz) +et — Vz(i)z) + 6:':, (15)

a TakXKe MPAaKTUYECKU YIPYTHUil POIece paccessHud HEHTPUHO Ha HYKJIO-
HaX:

vi(0)) + N = v(;) + N, (N =n,p) (1.6)

B npucyTcTBUM MarHuTHOrO TOJIST HEOOXOJMMO yUeCTh HE TOJHKO HM3Me-
HeHue (has30Boro 00beMa 3apsi?KeHHbIX YaCTHI], HO 1 MOJIUMDUKALNIO KBa/I-
paToB S-MaTPUUHLIX 3JEMEHTOB IIPOIECCOB — ¢ 3apsiyKeHHBIMI
YaCTUIAMU, KOTOpbIe, BCJIEJICTBHE HapylleHus P-ueTHocTH B c1abbIX B3a-
UMOJICHCTBHSX, COJAEPXKAT ACUMMETPHIO 110 OTHOIIEHWIO K HAIPaBJICHUIO
MarHATHOTO 10Jis1. KpoMe Toro, B MArHUTHOM TI0JIE CTAHOBATCS KUHEMATH-
YeCKU BO3MOYKHBIMKM HOBbI€ HEHTPHHHBIE IIPOIECCHI, HanboJiee CyInecTBeH-
HBIMU M3 KOTOPBIX B YCJIOBUSIX 0DOJIOUKN CBEPXHOBOW SIBJISIIOTCS: MIPOIECE
CHHXPOTPOHHOI'O M3JIyUEHUS apbl HEATPUHO

e¥ 25 eF + 1, (1=e,u, 1), (1.7)

a TaKzkKe OOPATHBIN K HEMY IIPOIECC POXKJIeHUs OJUHOYHBIM HERTPUHO SJIEK-
TPOH-TIO3UTPOHHON Maphl

Vz(ﬁz) i) Vz(ﬂl) + €+ + 6_, (18)

31ech cuMBoJl B HaJl CTpesIKO MOMIePKUBAET, UTO JAHHBIE [IPOIECCHl BO3-
MOXKHbI JIMIIb B IPUCYTCTBUU MAIHUTHOI'O I1OJIS.



OrMeTHnM, 9TO 3JIeKTPOH-IIO3UTPOHHA I1J1a3Ma, KOTOpasi [IOPOXK,IaeT I'i-
raaTckyfo BCblnky SGR B MarauTaproit Mosesnn, npo3padHa, A/t HeHTpu-
Ho. [To 9T0#t ipuyunHe OCHOBHBIMU 1TPOIECCAMU €€ HERTPUHHOT'O U3JIy YEeHU s
B CUJIbHOM MATHUTHOM IIOJI€ MAarHUTaApa ABAAIOTCA PEAKIIAU 151 .

BakHO OTMETHTDb, ITO HauOOJIBbIINI UHTEpec JJjisd acTPOMU3UKK IIPE/I-
CTABJIAIOT HE BEPOATHOCTH U CEYCHUS MPOIECCOB, & UHTErPaJbHbIC XapakK-
TEPUCTUKH, TAKUE KAK CKOPOCTH 1POIEcca (UUCI0 HEPeX00B B €JIMHUTHOM
obbeMe 3a eJIMHUILY BPEMEHH ):

F:%XﬂimmEHIMNeﬁﬁ%‘ (19)
i f

a TaKxKe 4-UMIIYJIbC, YHOCUMbII B peaKIui HEHTPUHO U3 eJIMHUIHOIO 00b-
eMa CpeJibl B eJNHNIy BPEMEHN:

%%—_anmZHmem Sl )

3/1ecb CyMMUPOBaHUE BEJIETCA MO TOJHOMY (Pa3soBOMYy OOBEMY BCeX Ha-

qaJIbHBIX (1) ¥ BCex KOHeUHbIX (f) gacTull, yqacTBYOIUX B peakiwu, f;,
f¢ — ux byuknun pacupejesnenus, |S;f|?/T — Kajapar S-MaTpuuHOro 3Je-
MEHTa IPOIECCa B eMHUAILY BpeMEHH, kq, — 4-MMITYJIbC, YHOCHMBINA HEATPHHO
B peakiwu, V — HOpMEpOoBoUHBI 06bem. CkopocThb mporecca ((1.9) mo3so-
JISIET BBIYMCJINTH CPEJHKME BpeMeHa rnpobera HedTPpUHO B Cpeje B HedTpu-
HOLOIJIOWAIOIMX PEAKIIMAX:

(1.11)

rje N, — JOKaJbHas KOHIICHTPAIMsS HEeHTPUHO, HOJIL-KOMIIOHEHTa 4-BeK-
topa ([1.10) ompejesnser HEeRTpUHHYIO CBETHMOCTH, a KommonenTa ((1.10)
BJIOJIb HAIPABJIEHUsI MATHUTHOIO MOJISE — AaCUMMETPHIO B IIPOIECCAX Mepe-
u3Jydenust HedrpuHo. OTMETUM Tak»Ke, YTO B HU3KOIHEPreTUIeCKOM IIPe-
nene (¢ < miy, e ¢° — KBaJpaT NepeJlaHHoro B DEAKIUU 4-UMITyJIbCa,
my — macca W - 6030Ha), KOTOPBIH XOPOIIO BBITOJHACTCHA TPAKTUICCKH
BO BCEX aCTPOMUINUYCCKUX MPUIIOKEHUIX, YKa3aHHbIC BbIIIEe HEATPUHHBIC
LPOLECCHI SIBJIAIOTCHA OJIHOBEPIIMHHBIMK, IOCKOJILKY OLUCLIBAIOTCS B 9TOM
npejesie a¢dexrusnoit (V' — A) reopueii.

B JlaHHBIX YKa3aHUSX M0IPOOHO U3JIAraeTCsl SBHO KOBAPUAHTHAS TEXHM-
ka sbruncienust ([1.9), JUIsI OJJHOBEPIIUHHBIX HEATPUHHDBIX IIPOILECCOB



[IPU UCIIOJIL30BAHNN MATPUIIbl IJIOTHOCTHU 3apPAXKEHHON YaCTHUILI B IIOCTO-
SIHHOM MAarHUTHOM II0JIe. 3JIeCh KOBAPUAHTHOCTDH IMOPA3YMEBAET PABHO-
[paBre MHEPLHMAJIbLHBIX CUCTEM OTcdeTa npu 1peobpasoBanusix Jlopenna
BJIOJIb IO HaIpaBJICHUIO HAIpPsSXKEHHOCTH moJjs. IIpuBiekaresbHOCTD Ta-
KOl TeXHUKHU 3aKJI0UACTCS B TOM, UTO OHA IIOJIHOCTBIO [1000Ha U3BECTHOMI
TexHuKe Bbhluucjennss QeitHMaHOBCKUX JUarpaMM B BaKyyMe, 9TO [103BO-
JisieT ObICTPO €€ OCBOUTD U CAMOCTOSTE/IbHO BbIUUCIUTh , B 110-
CTOSIHHOM MAI'HHUTHOM II0JIe, II0 KpaiiHeil Mepe, B OJHOBEPIIHHHBIX CJ1a0bIX
poieccax € 3apAaKeHHbIMU YaCTUAILAMU.

MaTpuiia 1JI0THOCTH 3aPsi)KEHHON PEJISITUBUCTCKON YaCTHUIbl B IIOCTO-
SIHHOM MAaTHMTHOM II0JIe JIABHO IpUBJIEKaJIa MHTEpeC UccaegoBaresiei. 3a-
METHM, YTO B MMIIYJILCHOM IIPOCTPAHCTBE OHA JIOJI?)KHA ObITH OlpejiesieHa
TakK, 9TOObI B OECIIOJIEBOM IIpejie/ie NPU CYMMHUPOBAHUU 110 TOJISTPU3AII-
AM 3aPAKEHHOU YACTUIBI C MTOJIOXKUATEJIbHON SHEPruei 1MoJyIUTh XOPOIIO
N3BECTHOE BbIpaKeHue

pt) = p+ml, (1.12)

riae p = p,y*, v — marpunp JIupaka.

Brrpaxkenue Jiid Takoil KOBapUaHTHOM (B cMbICTIe TpeobpazoBanuii Jlo-
PEHI[A BJIOJIb 110 TIOJI0) MATPUIILI IJIOTHOCTH 3aPsAKEHHOJ YaCTHUIBI B T10-
CTOSTHHOM MarHUTHOM TI0JIe OTCYTCTBYET B JINTEPATYyPE.

B 1ocobun ucioib3yercst ecrecTBeHHas CUCTeMa €JIMHUIL, B KOTOPO# ¢ =

h=Fk=1.

2. Agarebpa y-marpui, JInpaka
BO BHEIITHEM MATrHUTHOM IIOJI€

Mz 110000t 4acTUIbl ¢ UMITYJILCOM Dy, HAXOJSIIEHCs B 9JIeKTPOMAIHUT-
HOM [10JI€, MOYKHO BBECTH YJIOOHBIN JIJIsi aHAJM3a KBAaHTOBDBIX ITPOIECCOB
c ee yJyacTueM Oas3uc. 3aMeTHM, UTO KOHQUIypalds YUCTO MATHUTHOI'O
noJist, HauboJiee BaXKHasl B MPUJOXKEHUN K acTPOPU3NIECKUM 00bhEeKTaM,
obJiajiaeT HAbOpoM crelnuuIecKuX CBOMCTB, UCIOJIb30BaAHNE KOTOPHIX CY-
IIIECTBEHHO YIIPOIIAET PacueThl KOHKPETHBIX PEAKITHUIl.

3 371eKTpoJuHAMUKNA U3BECTHO, YTO JIEKTPOMAIHUTHOE II0JI€ MOXKET
OBITH 3aJ1aHO TEH30POM Hanpsizkennocreit F,,. B nononnenne Kk nemy Tak-
K€ BBOJIUTCS JIYAJbHO CONPSYKEHHBINT TEH30D FW = €po F77 /2. Boibe-
peM CUCTEeMY KOOPJMHAT TaKuM 0Opas3oMm, 4Tobbl och Oz ObLia HalpaBJie-
Ha BJI0JIb BEKTOPA HAIPSIXKEHHOCTH IIOCTOSHHOT'O OJIHOPOIHOT'O MArHUTHOI'O
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nosst B = (0,0, B). B rakoii cucreme orcuera teusops! Fy, u F),, uMeor
CJHCJIY IO BUJT:

0O 0 00 000 +1
0 0 —-1020 ~ 000 O

Fw =5 0 +1 00 |’ Fw =5 000 O (21)
0O 0 00 -1 00 O

B naabreiiem yao0HO 110JIb30BATHCS HE CAMUM TEH30POM 3JIEKTpOMar-
HUTHOTO TIOJIsT U JIyaJIbHBIM K HEMY TEH30pOM, a UX Oe3pasMepHbIMU aHa-
JIOTaMM:

Fu . _Fa
Py — é) Puv = g;

(2.2)

SIBHBI BUJI KOTOPBLIX B BBIOPAHHOI HAMK CHCTEME OTCUYEeTa IIPEJCTaBJICH
YUCJIOBBIMU MaTpUIAMU B (opMmyJie . Tak>ke yji00HO MCIIOJIL30BATH
KOBapUaHThl, COCTABJIEHHbIE U3 ITUX TEH30POB U 4-BEeKTOPa MMILYJIbCA 3a-
psKEHHOI JacTutipl, B napajuieasaoM (0,3) u nepresgukysspaom (1, 2)
IIO/IIIPOCTPAHCTBAX.

[TpejicraBiisier nHTEpPEC TPOAHAJIUIUPOBATH aJTreOpPy BBEJICHHBIX Oe3pa3-
MEPHBIX TEH30POB . Haunem ¢ OuHapHBIX TPOUBBEJICHUI:

Auu = (SOSO)MV = Pup ©°y, ]\/w = (@@),uv = @up o'y (2'3)

B oryinume or aHTUCUMMETPUYIHBIX TEH30POB Py U Py, TEH30PbL AW u ]\W
CUMMETPHUUHBI B COOTBETCTBUM C OOIUMH CBOWCTBAMH CBEPTOK TEH30DOB.
B BoIOpaHHOI HAMH CHCTEME KOOPIUHAT 3TH TEH30Pbl UMEIOT CJIe Iy Ol
ABHBIA BUJL:

12272 ny (24)

o OO =
o O OO
o OO O O
_ o O O
-
|
o O O O
o O = O
o = O O
o O O O

13 gBHOTO Ipe IcTaB/ICHIS TeH30POB BUJIHO, YTO OHU HE ABJIAIOTCA JIUHEIHO

HE3aBUCUMBbIMU, & CBS3aHbI JIPYT' C JIDYIOM IOCPEJICTBOM METPUUECKOIO
TEH30DA (-

N — Ay = g (2.5)

HpOBe,ZLeHHbH'/’I aHaJINn3 HOKaSBIBaeT, YTO HaJIM4YMEe BHEIIHET'O ITOCTOAH-

HOI'O OJIHOPOJIHOI'O MarHUTHOI'O 110Jis eCTeCTBEeHHbIM 00pa3oM pas0uBaer

JeThIpeXMEepHOe TPOCTPaHCTBO MMHKOBCKOTO Ha JIBa HEMEPECEKAIONINXCS



IIOJIIIPOCTPAHCTBA: JIBYMEpHOE €BKJIUJOBO IOJAIIPOCTPAHCTBO C MeTpuve-
CKUM TE€H30pOM Auw OPTOTOHAJIBLHOE BEKTOPY HAMNPSAKEHHOCTU MarHuTHO-
ro I10J15 g, 1 JIBYyMEpHOE TICEeBJIOEBKJINIOBO TOANPOCTPAHCTBO C METPH-
YECKMM TEH30POM /N\W. BespasmepHbie TEH30pbI JIEKTPOMAIHUTHOIO 110-
Jd Yy 4 géW UIpaloT poJib TeH30poB Jlepu-Hupura (HOJIHOCTI)IO AHTUCUM-
METPUIHDBIX TeH30pOB) 9TUX TOJIITPOCTPAHCTB U 00JIAJAI0T CJIEAYIONINMI
CBOMCTBAMMU:

@uu@po - ]\ua]\vp - [\,up]\z/a,
PurPpo = AupAua - A,uaAyp- (26)

[lst BBeIeHHOIO HADOPa TEH30POB CIIPABEJIINBBI CJeIyIole OnHAPHbBIE
COOTHOIIICHUST

(9590)#1/ - ((ﬁA)MV = (]\SO)W = (]\A>uv =0,

(‘/:\]\),Lw - Am/a (AA)W/ — _AHW (27)
(ASZ)MV v (ASD)/W = —Puv-

[Tpu npoBejieHnn BblUKC/IEHUI OKa3bIBAETCS YJIOOHBIM BBECTU CIIEIU-

aJbHbIe 0003HAUEHUS JIJIs KayKJIOM0 U3 IOANPOCTPAHCTB: | — ISt eBKJIN-
JI0Ba TIOIIPOCTPAHCTBA C METPUKO# Ay, 1 || — JIst 11CEB/I0EBKIIN/I0BA HO/I-
IPOCTPAHCTBA, ¢ METPHUKO /NXW. [Ipr TakoM COrJIalIeHUM MPOU3BOJILHLI
4-pexrop AF = (A, A1, Az, A3) MOXKHO pa3OUTh Ha JIBE OPTOIOHAJBHbIE
COCTABJIAIOIINE:

Ay =N A — Ny A = Ay, — Al (2.8)

e Afr = (A9,0,0,A43) u A = (0,4, A2,0) B coorBeTcTBIN CO CBOIi-
creoMm ([2.5]). Takoe pasbuenune 1103B0JIIeT BBECTU CKAJISIPHOE IPOU3BEICHUE
BEKTOPOB B KasKJIOM IIOJIIPOCTPAHCTBE MO OTJCJbLHOCTH:

(AB) = (AB)| — (AB).,
(AB); = (AAB) = A"A,, B, (2.9)
(AB), = (AAB) = A"A,,B",

rue A, u B, — npousBoJibHble 4-BEKTOPBI.

[enenme veThIpeXMepHOTO MPOCTPAHCTBA Ha JIBAa HETEPeCceKaloNnXCs
MOJIIPOCTPAHCTBA TPUBOJAT K MOJUMUKAIUN CBOWCTB 7Y-MaTpull. Byjem
0003HaYaATh Y-MATPUILbI MTPOJIOJILHOTO MOJIPOCTPAHCTBA KaK N = A Yu,

a [OIEPEevHOrO NO/IIPOCTPAHCTBA Kak /| = AF7,.
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Bsejiem mpoekimonnbie onepaTopsl ¢pepmuona I, :

L= 1= 2 ()| = 5 [ +oimm], (2.10)
2 2 2
rjie yITeH sABHBIA BUJ| TE€H30DA Q4 B BBIOPAHHOI crcTemMe oTcuera.
CoorBercrBerto, 0 = +1 orBedaer GEPMUOHHOMY COCTOSTHUIO CO CITMHOM,
HAITPABJIEHHBIM 110 MAIHATHOMY TOJIO, & 0 = —1 — COCTOSHUIO CO CTTUHOM
IPOTHB MArHUTHOTO MoJig. OTMETUM CJeAyolue MYyJIbTUIINKATUBHBIE W
aJIJINTUBHBIC CBOWCTBA IMPOEKIIMOHHBIX OIEPATOPOR:

MmO, =1,  I,00,=0  I,+I,=1, (2.11)
a TaK»Ke MX KOMMYTAIMOHHbBIC CBOMCTBA MO OTHOIIEHNIO K Y-MaTPUIAM:
Hg'yrr = ’yﬁ‘Hg, I, =~\T_,. (2.12)

[Tocenmee ¢cBORCTBO MHTEPECHO TEM, UTO €CJIU BCTPEIAETCST KOHCTPYKITHSI
caenytoriero Bujia I, y*11,, 1o 3dppekTuBHO OT Y-MaTPUIIBI OCTACTCS TOJb-
KO ee IIPOJIOIbLHAS COCTABJIAIONIAS ”yﬁ” , a B cay4dae Koncrpykmuu 11,11, —
ee HouepeuHas 1acrb v\ .
OrMeTrM TakK»Ke KOMMYTaTHBHOCTL IIPOEKIMOHHBIX oneparopoB I, ¢
MaTpuien vs:
HU’)/5 = ’751—[0. <213)

[IIupoko uCHoabL3yeMoit onepalueii sBsSeTCs B3ATHE IIIIypa IPOU3Be-
JIEHUsI HEKOTOPOT'O YKCJIa y-MaTpuil. B ciydae cHJILHONO MArHUTHOIO I10-
JIsl BBIYUCIEHHE TIyPOB 3(MMEKTUBHO Peasmu3yercss TOJbKO B ||-mompo-
crparcree. Kak U B 0ObIYHOM YeTHIPEXMEPHOM I[POCTPAHCTBE, B ||-110/1-
IIPOCTPAHCTBE YD HEUETHOTO YUCJIa Y-MaTPUI] PABEH HYJIIO, & HECKOJILKO
IEPBLIX LIIIYPOB Y€THOIO YKCJIa — CJIeJLyTolpe:

Sp{Il} =2, Sp{y[4{Tl,} = 20",

Sp{af 1AL} = 2[A™ A7 4 R0m R — R A7), (2.14)
Sp{v| V1ot = 200",

Sp{v iV slle}y = 20 (A" @7 + G A7),

OxaspIBaOTC MOJIE3HBIMI 1 APpyTrue 9aCTO BCTpedaromuecsa COOTHOIIIEHUA
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HJIAd y-MaTpUIl B IIPOJOJIbHOM IIOAIIPOCTPAHCTBE!

7||ﬂ|’f = 2,
NV =0,
NV = 290 (2.15)

JIerko mokasarb, 9TO CBEpPTKa JIBYX 7Y||-MATPUIl, MEXKJIy KOTOPbIMU HAXO-
JUTCA JII0DOE HETETHOE YMCJIO 7Y|-MaTpPHIl, 00paIiaeTcst B HyJIb.
OrMeTuM TakKe CJIejIyIoNnee COOTHOIIEHUE JIJIsl Y-MaTPHIl B L -110/111po-

CTPAHCTBE:
Y1y = = (A — o) 11, (2.16)

DTO CBOMCTBO, TaK K€ KaK M CBOWCTBa (, 1103BoJisieT IPPEeKTUBHO
CHU3UTH KOJUIECTBO Y-MATPUI] TTPU BBHIUUCJIEHUAX IITYPOB.
OrymunTesibHasg OCOOEHHOCTH INPUBEJIEHHON TEXHUKU COCTOUT B TOM,
YTO OHA HE TOJILKO MO3BOJISIET YIPOCTUTH BBIYUC/EHUE TIITYPOB, HO U CO-
XpaHsieT KOBAPUAHTHOCTH 110JIYUYEHHbBIX TAKUM CIIOCOOOM BbIparKeHUil.

3. BouanoBasg pyHKIUA

B panHOM pasjese HaitjieHo npocTeiiiiee perieHue ypasaenust JIupaka
Juist bepmuoHa ¢ 3apsiyiom ge (€ > 0 — sjieMeHTapHbI 3apsijl, 0 — BEJUIU-
Ha 3aps/a B IUHUINAX JEMEHTAPHOTO BMECTE CO 3HAKOM) B MOCTOSTHHOM
OJIHOPOJIHOM BHEIIIHEM MarHUTHOM IIOJIE,

YpapHenue [upaka jjsi (pepMUOHA BO BHEIIHEM 3JIEKTPOMAIHUTHOM
nosie ¢ 4-norennuanom A, = A,(r,t) umeer Bux;

{23 — peA — m} U(r,t) =0, (3.1)

re O = o A= At

Perrenust aToro ypaBHeHus Jjisl CJIydasi IIOCTOSIHHOI'O OJIHOPOJIHOIO Mar-
HUTHOTO 110J1si B mostyumniin ¢cBoe nHambouibiiiee nNpuaoKenue B acTpodu3n-
Ke. B uacTHOCTH, HA MOBEPXHOCTH IIYJIbCAPOB OOHAPYKEHBI JTOCTATOTHO
CHJIbHBIe MarHuTHBIe mosig B ~ 103 — 10 I'c, a cormacuo Teopermue-
CKUM MOJIEJIsIM, B siIpaX TaKWUX IYJbCAPOB HAIPSKEHHOCTH MOJIeH MOryT
ObITh Ha JIBa-TPU HOPsijiKa OoJibilie. B ¢Bs3u ¢ 9TUM, HEIOCpeICTBEHHbII
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MHTEPEC MPEJICTABISIOT He MPOCTO TOYHBIE pellenns: ypasnenus: Jupaka
B MarHUTHOM I10JI€, & X aCUMIITOTHUKA B CJIydae 3KCTPEMabHO OOJIbLINTNX
HaIIPAXKEHHOCTEH.

st periennst ypaBHeHUSI BLIDEPEM CHCTEMY KOOPINHAT TAKUM 00-
pas3oM, 9TOOLI BEKTOP HAIMPSXKEHHOCTH MArHUTHOrO mojs B ObL1 Hampas-
qer 1o ocu Oz, a BekTOpHBINH norernual A — no ocu Oy. B Takoit ka-
JUOPOBKE 4-10TeHIMAJ BHELIHEIO MAIHUTHOI'O 10Ji MOXKHO HPEJICTABUTD
B BHJIE:

AR = (0,0,2B,0). (3.2)

Jisi periienust ocrapjieHHoi 3aja4u yj100H0 BBectr Gynkinuio P (r,t),
KOTOpast ABJSIETCA pelenreM KBaJIpUPOBAHHOTO ypaBHenns Jwpaka:

~ A\ 2
(z'a - Q@A) —m2| B(r, 1) =0, (3.3)

pu 3TOM TOUYHOEe pererne ypasaenus (3.1) cesizano ¢ dyukimeit O(r, 1)
COOTHOILIEHUEM

U(r,t) = [z'é — oeA+ m] O(r, 1). (3.4)

Haiiem siBubiit Bus dbyuximn $(r, t). Ucnonb3ys u3secTHOE CBOHCTBO MPO-
M3BEJICHUSA JBYX Y-MATPULL — V.Y = Guv + Opy, TI€ Gy — METPHUECKU
TEH30D U 0, = [Yu, Vv]/2, a Takzke ycsosue Jlopenna jyist 4-norenmnaa —
0, A" = 0, kBajpuposantoe ypastenue ((3.3|) npUBOAUTCA K BUJLY:

—0? — 2ipe(AD) + 0*e* A + %QG(O'F) —m?| ®(r,t) =0, (3.5)

rjie Fy,, — rensop BHemHero Marauroro nosst, u (0 F) = o, FY*. Moxuo
nokasarth, 4ro (0F) = —2iBY3, rae Y3 — MPOEKIU PEISITUBUCTCKOTO
orreparopa crnmHa ¢gepmnona Ha och Oz. Bymem caurarh, aT0o QyHKIHS
O (r,t) sBasiercs coberBeHHoi (yHKIMel onepaTopa s

Y3Py(r,t) = sPy(r, 1), (3.6)

r7ie cOOCTBEHHOE 3HAUEHNE S UMEET CMBICJI YABOCHHOTO CPEIHEro 3HAUCHHUST
IIPOeKIK cinHa (pepMmuona. Torja omneparop B KBaJpUpPOBAHHOM ypaBHE-
HUU CTaAHOBUTCS MTPOTIOPIMOHAJIBHBIM €JIMHUYHON MaTpUIle NpoCcTpaH-
crBa upaka, 4o 1103BOJIsIeT (PAKTUIECKHU [IEPERTH OT MATPUUHOIO K CKa-
JIpHOMY ypaBHeHnwio. I[IpuHmMas Bo BHUMaHHWE SBHBLIN BUJ 4-TIOTEHIIHA-
na (3.2), pacnuiiem sIBHO KBaJIpUPOBAHHOE ypaBHEHHE B BbIOpaHHOI
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HAMHU CHCTEME KOOPJIUHAT:
o : 0 2 22 2 2
—— + A — 2ipeBr— — g°e“ B x” + peBs — m~| ®4(r,t) =0, (3.7)
ot2 dy
rie A — oneparop Jlamtaca. Onepatop ypaBHeHust HE 3aBUCUT SIBHO
oT BpeMmenu, mosToMy dbyHkimst P(r, t) ABAETCS CTAIMOHAPHBIM DEIICHH-
€M 3TOr0 YPABHEHUSI ¥ ONKUCHIBAET KBAHTOBYIO YaCTUILY C COXPAHSIONMMCSI
snadenuem sueprun F,. Ilockosnbky npusejennoe ypasuenue (3.7)) nmeer
SIBHYIO 3aBUCHMOCTH TOJILKO OT IEPEMEHHON T, TO OIEpPaTOp 3TOr0 YPAaB-
HeHusi OyJIeT KOMMYTHPOBaTh ¢ oneparopaMu 0/Jy u 0/0z. Dru nudde-
PEeHIMAIbLHBIE OLEPATOPLI OIPEJEICHbl B JIOPEHIIEBCKOM 4-IIPOCTPAHCTBE-
BPEMEHH, 1109TOMY OHU TAKXKe OyJlyT KOMMYTUPOBATH U C OLEPATOPOM 23,
SIBJISIIOIIAMCSI ITOCTOSIHHOM BEeJIMUMHON B 9TOM IpocTpaHcTBe. Vexos us
BBIIIECKA3AHHOI0, OYIeM UCKATh MOJIOKUTEILHO YaCTOTHOE PEIICHIE YPaB-

nernnst (3.7) B Bue:

<I>g+)(r,t) = f(x) e U Ent=p2y=psz) o (3.8)
KaK COOCTBEHHYIO (DYHKIIMIO TPEX OIEPATOPOB:
0 0
— =, X 3.9
dy 9z 7 (3.9

¢ COOCTBEHHBIMU 3HAYEHUSIMU Do, P3 U § COOTBETCTBEHHO. ByjaeMm Takxke
CUUTATH, YTO OUCITUHOD Ug SABJISIETCs perieHreM ypasrenust ((3.6]).
[Toncrasmss pemienue (3.8)) B ypaBaenue ((3.9)) u BBOJisi BMECTO & HOBYIO
Oe3pa3MepHyto mepeMenuyto 1 = /|oleB(x — pa/peB), nogyaum cieyio-
mee ypapuenne st byukiwn f(z):
2 2 _ .2 2
gﬁ—nﬁ+ﬂllﬂmZ;+WBsfmy:0 (3.10)

[Tostyuennoe ypasHenue 110 Bujy coBunajaer ¢ ypapuenuem Illpejunrepa

JIUIT OJTHOMEPHOI'0 MapMOHMYECKOT'O OCHMJLIATOPA. VI3 HepelaTUuBUCTCKOM
KBAHTOBOI MEXaHMKN M3BECTHO, UTO COOCTBEHHBIE (DYHKIMNA TAKOTO ypaB-
HeHUsi O0pallalTcsd B HYJb [PU 1) — 00, KOIJia COOCTBEHHbIE 3HAUYEHUSI
IIPOTIOPIMOHAILHBI MOJOKUTEILHBIM 1eJIBIM HEUeTHBIM UHNCJIaM:
E? — p2 — m?* + 0eBs
|oleB

e v = 0,1, ... — nesoe Heorpunaresabaoe qncyio. Cobcrrerubie OyHKINN,

— 2w+ 1, (3.11)

COOTBETCTBYIOIIIUE 3TUM CcOOCTBEHHDBIM SHa4YCHUAM, UMEIOT BUJI:

fu(n) = N e /> H,(n), (3.12)
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rie H,(n) — nomunombr pmuta, a N — HOPMUPOBOUHBIH MHOXKHUTEN L. B
UTOI'e TOUHbBIC PEIICHUs KBaJPUPOBAHHOIO ypaBHeHus Jlupaka u cooTBeT-
CTBYIOIIMIT UM CIEKTDP HEPIMU MOXKHO 3allucaTh B BUJIE:

+ _ —i(E t—poy—psz) —n?/2
oLt (r,t) = N e {Edmrwmps) o TR () ay, (3.13)
1
Er=pi+m®+2eleBn, n=v+o(1-ps),  (3.14)

rJe BBEJEHBI IVIABHOE KBAHTOBOE YHCJIO 7, HyMEPYIOIIEe SHEPreTHIeCKue
YPOBHU 3apsi?KeHHOTO (DepMUOHA B MarHuTHOM ToJie (yposhu Jlawmay) u
IPUHUMAIOIIEE eJIble HeOTPUIATEIbLHbIC 3HAUeHN, U 3HaK 3apsja dep-
muoHa p = o/ |o|. VI3 Beipaxkenus pst suepruu (3.14)) cieayer, 9ro crekTp
sueprun (pepMroHa NMeeT JIBYKPATHOE BBIPOXKCHUE 110 KBAHTOBOMY YMUC-
ay s upu n > 1 n 6ECKOHEUHOKPATHOE BHIPOXKICHUE 110 YUCILY Do, €CJIU OHO

HeIpPePbIBHO.
(ﬂ;)

Bocrnosssyemest ypasuennem ([3.4)), 4106wt 10 pyHKImnu Py gp,n, (T, 1) BOC-

\IJ(+) .
cTaHOBUTH (DYHKIHIO Wy ep.n, (T, t) — TOUHOE pemienue ypaBaenus upaka

B MarauTHoM noJie. Pacrmienm sisno oneparop [i0 — pe A + m| B Boibpan-

. . +
HO}l HAMU CHCTeMe KOODJUHAT U 110jieficTByeM UM Ha (DyHKIIUIO @%31)92],3(1', t)

u3 (3.13)), uTo maer cjaesmyroliee BhIpaxKeHue Jjisi (PyHKINHI \Il,(;r])?ng(r, t):

—i(Enpt—poy—p32z
it (r,t) = Ne i(Fnlpups) (3.15)
) _ d —n?
X [p +m +iv/|oleB (’Yld—n - lﬂ%ﬁ)] e "/ Hy(n) us.

Ciietyer HAIOMHUTD, ITO ypaBHeHue 110 nepementoii 1 (3.10) dpopmasbro
cosnajiaer ¢ ypasuenuem Illpeaunrepa Jjsl rapMOHUYIECKOTO OCIIMJLISTO-
pa. IToaromy, 110 aHaJIOrNK ¢ KBAHTOBLIM OCIUJLIATOPOM, YJOOHO BBECTH

+

MOBBITITAIOININA ¢ W MOHUZKAIONINIA @~ ONepaToOpPhI:

at = % <77 T d%) : (3.16)

+

Hanomuum JieiicTBue ornepaTopoB ™ Ha BOJHOBYIO (DYHKIIMIO OCIUJIJISATO-

pa:
+ [o-m/2 L 1 e
a {e Hy(n)} =\vts + 5 € H,11(n). (3.17)

Ecau TakkKe BBECTHU CJIeIyIONINE JIMHEHHBIE KOMOWHAIIUN Y-MaTPHIIL;

1

1
=yt =( 0 G) e—jatin), (1
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rne 0;, 1 = 1,2, 3 — marpuisl [layau, To pyHKIms \P%j;ngS(r, t) TPUBOAUTCS

K BUJLY:
+ _ —i(Ept—poy—p3z
\pglsl)hm(r’t) o Ne ( pay=ps?) X <319)
A~ . _ _n2
X [p| +m +i\/2|gleB (a Y—p — a*yp)] e /2 H,(n) us.

IIpn TakoMm momaxoje OCTaeTCs MPOM3BOJ B BLIOOPE MOCTOSIHHOTO OM-
CIIMHODA Ug. Ja]pUKCHPYEM STOT IIPOU3BOJI, IOTPEOOBaB, YTOOLI ClaraeMoe
~ a™ B dopmye (3.19) obparunocsh B Hysb. Beibepem Gucnimnop Buja:

a7 _1 1+s
we(2), w=1(07) e

KOTOPbIN siBJisieTcst coOCTBEHHOW (DyHKIMEN orepaTopa HpPOeKIUU CIIUHA,
Y3, & TaKKe YIOBJETBOPSIET yPABHEHUIO:
Yols = 0p s Y5U_s. (3.21)

3 sToro ypaBHEHHUS CJEIyeT, YTO CJaraeMoe, IIPOIMOPIUOHAJIHLHOE TTOBBI-
MIaloIeMy olnepaTopy, obpariaercs B Hylb, eciu s = p. Ilosromy npwm
TaKOM BBIOOpE OMCIIMHOpaA TOYHOE peleHne ypaBHenusi upaka B 1oCTO-
SIHHOM OJIHOPOJIHOM MaIHUTHOM I10JI€ MOXKET ObITh IPUBEJIECHO K BUJLY:

\Ijg—ﬂ)@zma (I‘, t) - [ﬁll + m] (I)n,P,Pz,Ps (I‘, t) +
+ i/ 2|0le Brys ©p1,— ppo ps (T, ). (3.22)

[Tocite ojicTaHOBKY sIBHOTO BUJA (DYHKIMN \IJ%T[,{pQ,pg(r, t) (3.13) nHopmupo-

BOYHBIIT MHOXKUTEJIb N opeaeIdeTrcsa nu3 yCjaoBuUAg:

v ¥,

i€ MHTErPUPOBAHKE TIPOBOUTC 110 00beMy beckoHeuaHoro (Bosib ocu O)

2
‘ —1, (3.23)

IUJINHJIPA ¢ TOIEPEUYHBIM CeYeHHEeM B BHUJIE IMPSIMOYTOJbHUKA CO CTOPOHA-
mu L, u L,. IlpuseseM cpa3y pesysbTaT 3TOrO JIOCTATOYHO I'POMO3JIKOTO
BBIYUCICHUS
(eB)Y/* 1
V2E,(E, +m)L,L, \/2"n\\/7

OTpI/IL[aTeJIbHO 9aCTOTHOE pemeHnEe MOXKHO IMOJIYIUTH U3 ITOJIO2KUTEJIb-

(3.24)

HO udacToTHOrO 3amenamu: E, — —FE, p; — —p; (i = 2,3), a rakxke
uw ) (p3) — u7)(ps). B 3akmouenue BLIIHIIEM OKOHUATEIBHBIH DE3yilh-
TAT JIUIS MOJIOKUTETHHO U OTPUIATEHHO YACTOTHBIX PEIIeHUH ypaBHEeHNs
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Jupaka 3apsi2KeHHOro (pepMHOHA BO BHEIIHEM IIOCTOSHHOM OJIHOPOJIHOM
MarauTHOM TIOJIE:

+) e~ (Ent—p2y—p3z) +)
¢nap2ap378 (X) - 2E L L Un7p27p37s (77)7
nluyliy

Ui porsmo(1) = W xn(n) = Vg Xa1 (), (3.25)

Ué:?)zﬂ?s,s:—g(n) = V. Xn(n) + Wi Xn—l(n)y

rie B, = \/p§ + m? + 2e Bn — sueprusi yacTulipl, unjekc n=v-+(1—ogs)/2
(v=10,1,2...) aymepyer yposuu Jlamnnay qactumpl, x'=(t,2,y, ), a L,
L. — nopMupoBounble JUIMHLL BA0JbL oceil Oy u Oz. 31ech TakKe BBEJCHDI
DYHKIMY OJJHOMEPHOTO rapMOHUYECKOTO OCIUIJLIATODA:

B (63)1/46_772/2 B k_n? dk 2

rie n=veB(x — gpa/eB), a H(n) — nosuroMbl DpMuTa, U OUCIUHOPLI B
CJIC/IYIONIEM BUJIE:

E,+m 0
1 0 1 E,+m
W, = ———— W= (3.27
* E,+m D3 VE, +m 0 (327)
0 —DP3
0 0
1 1
Y , Vo= ——— 0 .(3.28)

Vi=——— | .
Y VE,+m | iv2eBn T tm 0
0 1v2eBn

Kaxk1plit 13 olnpeiesIeHHbIX OMCIIMHOPOB HEIIOCPEICTBEHHO He NMEeT CTaH-
JIAPTHOI HOPMHPOBKH, OJHAKO TaKOil HOPMHUPOBKOI 00J1ajaeT UX KOMOM-
HalWUA:

WW, + V,Vy = 2m, (3.29)

rie Wy, V, — conpsixkennbie 1o Jupaxy 6ucrmaopst. Ormernm, uro 6uctn-
Hopbt W, Vs He opTOroHaJibHbI JIPYT' K JIPYTY.

Pemenne ypaBuennsi Iupaka ¢ oTpunaTe/JbHON SHEpTHel MOXKeT OBITh
[I0JIyY€HO U3 BbIpaKeHUdd dopMasIbHOI 3aMEHOI:

E, — —E,, p2— —p2, p3— —ps3,
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6 U(+)
aro B buctimrope Uy py pg.s(7) SKBUBATEHTHO 3aMeHAM
m— —m, Vy— =V

Takum 00pasoM, OTPUIATELHO YaCTOTHOE PEIIeHre MOXKET ObITh IPe/-
CTaBJICHO B BUJIE:

ei(Ent—pzy—p3Z)

w7(17_27)27p375(x) - 2E L L U?’(l;))g,pg,s(ﬁ)7

nduyLsy
UT(l;)l,pzz,Szg(ﬁ) = Wi Xn(ﬁ) + V., Xn—l(ﬁ), (330)
Uspmmisee(1) = = V- X () + Wy X1 (7),

e WS:WS(m — —m), ‘N/s:Vs(m — —m), n=+veB(x + gop2/eB), n

[IOJIpa3yMeBaeTCs, YTO 3HAK 3apsd/ia JJid PelleHrus ¢ OTPUIATEbHON SHeP-

rueil TOT Ke, YTO U JJId PerIeHust ¢ MOJOKUTEJILHOMA.

s onmmcaHms CIMHOBBIX CBOMCTB 3apsi>KEHHOI YaCTHIIbI, KaK OyIeT mo-
Ka3aHO HIUXKe, YJI00HO BOCIIOJIb30BATHCS IPOEKIHil oneparopa MarHUTHOR
MOJIAPU3aliu CIIMHA B BUJIE:

3

— —

rje Y — OIepaTop JUPAKOBCKOro ciuHa, P = p — peA, p — omneparop
KUHEMATHIECKOIO UMITYJILCA,

P = (ZOI _0” ) . (3.32)

[TONOKUTENLHO YACTOTHOE pellieHne, ABIAIoNeecs coOCTBeRNoi (byHKImei
oreparopa fi3 MoxeT ObITh TpejcTaBjieno B Bue (3.25)), riae mo bucnuno-
pamu Wy u Vy caeiyer nonuvars ciejytonue [7]:

0 E,+p.
Wo—w| PP = X . (3.33)
0 p3
—DP3 0
0 D3
—D3 _ 0
Vo=w 0 , Vi=w B+ | (3.34)
En+pL 0

w\/ pLtm v\/ pL—™M P = V2eBn + m?2.

20, (B, +p1)’ 2p, (B, +p1)’
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4. Matpuiia IJIOTHOCTHA 3aPAXKEHHOI 4aCTUILbI
B IIOCTOAHHOM OJ/THOPO/THOM MAarHUTHOM I10JIe

B nanHOM pasnesie Mbl MMOJYUUM KMMIIYJILCHOE MpeJICTaBJICHNE MaTpH-
bl IIJIOTHOCTU YACTHUIIBI 3apsjia P€, MACChl 1M B IIOCTOSHHOM OJ[HOPOJIHOM
MarauTHOM ToJie. TTokaxkem, 9T0, MPpOCYyMMUPOBAHHOE IO MOJISTPUBAIISIM
u yposusim Jlanjay, OHO B IIpejiesie ciaaboro nosisi B — 0 nepexojur B
n3BecTHOE BhIpaxkenue P +ml, coorBeTcTByOIKE TOJOXKUTEIHHO U OTPHU-
[AaTeJILHO YaCTOTHOMY peIieHnio ypasnenns: /Jupaka B BakyyMme.

Hro0bI MOIYIUTH MATPHUILY IJIOTHOCTH 3aPSIPKEHHON YaCTUIBI B OJIHO-
POJIHOM MATrHUTHOM I10JI€, PACCMOTPUM CJIEIYIONINY UHTEerpaJl:

oo

—(+)
LEZL)?,,S(X, X) = / w,(;}g)Q,pg,s(X) Uy pa.s (X ) dD2 = (4.1)

e—i[En(t—t/)—p?)(Z—Z/)] . o _(+)
- ZEnL Lz /GZPQ(:U y) {UT(L:’]_))Q,pg,S(n) U’n,pg,pg,s(n/) dp27
Y —0o0
rie n=veB(x—opy/eB) un' =veB(x'—ops/eB). llepeiiém or unrerpu-
POBaHMUsI 110 TIEPEMEHHOM Po K MHTErPUPOBAHUIO 110 7). BbijesuB rpanciis-
MUOHHO HemHBapuaHTHYIO bady P(x,x' )= eB(z +2')(y —v')/2, momxyanm:

70 veB

L i0®(xx) —ilE,(t—t)—ps3(z—2")] 0
n,pg,s(XaX/) _ B el @(xx") =il En(i=t")—ps( )]F(§1,§2), (4.2)

o

o 10£182 —10&2 77t
F(€17£2) =€ 06k/2 / € 0% |:UT(l:’]_))2,p3,S(/]7) Uiz,p)g,pg,s(n - gl)} dnu (43)

—00

rie & =vVeB(z — ') u &=veB(y — /). Haiee, npeacrasus QyHKIHIO
F(&1,&) B Buge asymeproro unrerpana Oyphe, Mbl MOKeM 00pasoBaTh
B MHTErpaJe Ié;l’s(x, x') azosbiii MuOKHTEML P X X) | phe pemmanma
p*=(Ey, p1, P2, P3) MOXKET UHTEPIPETUPOBATHCS KAK 4-UMILYJIbC YACTHUIIbL.
[Ipsimoe n obparaOoe Pypbe MpeodpazoBaHust (DYHKIIAN F (&1, &) ymobuo
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BBIOpATH B BHUJIE:

1 I —i eB 17
F(pl,p2> = (27r)2 /e (&p1+&ap2)/VeB F(Sl;fQ) dfldSQ, (44)

: dpd
el(p1§1+p2§2)/\/£ F(p1,p2) P1ap2 (45)

F(61.&) = B

g~

B urore unrerpas (4.2) sanumercs depes Oypne-06pas dynkiuu F (&1,&9)
CJIeIYIOITUM 00Pa30M:

10 ®(x,x") 3 ' , d dp
7 n_¢ 7 / —ip (x—x') P1aP2 4.6
n,pg,S(X7X) QEHLyLZ € (p17p2) @ ( )

Tak kak wHTepec npejcraisier ne cam unrerpad (4.1), a ero nojpiare-
rpasbHasg PYHKIUS, TO JJId Hee IOy IIM:

oo

. 10 P(x,x) _ d
(+) < (+) <) = e’ /e—zp(X—X’)F PL oy
¢n7p27p378< ) ¢n»P2»P3,S( ) 2EnLyLz_ (pljpz) @’ ( )
Fpy.pa) = / oi0(61/2-1-gpa/ VeB)6a y—iupi VB
—(+) d&od&dn
X |:U7g’:|1_))27p37$(77) Un7p21p318(77 o gl)i| (27-[->2 : (48)

(+)

Takum 00pa3zOM, MOXKHO ONPEJIEJUTh MATPHILY MJIOTHOCTH py, (p) Jupa-
KOBCKOH 4aCTHIIbl B UMILYJILCHOM HPEJICTABJICHUN B CJIEAYIOIEM BUJIE:

P p) = \/QS—BF (p1,p2)- (4.9)

3aMeTrM, UYTO HHTerpaJl 1o IepeMeHHO# & Jierko Oepercss u JlaeT cJie-
JIYTOIIN pe3yJIbTar: 4%5(51 —2n — 2@p2/\/e_B), riae 6(x) — d-pynkuus
Jlupaka, 9TO MO3BOJISIET JIETKO BBLIYHCIUTL WHTErpaJl 10 MepeMeHHoi &.
Takum obpasom, juist byukimn F(py, py) monyanm:

oo

F(plapz) = e—i29p1p2/eB / e—i2p177/\/eiB %
77(+) an
’ [UT(;’_’)Q”’?”S(U) U pas.s(—11 = 202/ \/e_B)} — (410)
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BeinumeM ABHO MaTpPHIIDL {Urgl})%p&s Uf;;)g,p?,,s} JUIA KazKJI0#l U3 MOJIdpu3a-
A S 110 OTJAECJILHOCTH:
e—iab/2 _
Peprip) = Flowpa)| = (1" [ dner (4.11)
5= —o0

X | [Wo W] xa(n) xn (1 +5) = [Voo Vo] Xa—1(n) Xuu—1(n + ) +

+ [Wo V_g] Xu(0) X1 (0 +b) = [V W] xue1(0) Xa(n + b) |,

e—iab/2 .
F o (piips) = Flpups)| = (=1)" Q/@eww (4.12)

5=—p —00

X | [Vo Vo] Xn(m) Xn(n +0) = [W_g W_,| Xn—1(1) Xn—1(n + b) +

+ [W_o Vo] Xne1(m) Xu(n 4+ 5) = [VoW_g] Xa(n) Xu—1(n + b) |,

rie a=2p1/veB, b=2ppy/VeB, u 6bUI0 UCIONB30BAHO CJIEIYTOIIee CBOi-
crBo dynknuit dpmuta: x,(—n) = (—1)" xn(n). B obmem ciyaae unre-
rpaJibl TAKOTO THUIIA CBOAATCA K 0O0OMIEHHBIM TTosimHOMaM Jlareppa:

x ket qn

n!  dz"

LF(z) = [2"Fe ], (4.13)

a UMEHHO,

/ e\ (n) Xm(n + D) dny =

= (—1)"™ feB2mrm!/n! (b4 ia) "™ (P72 [rmm((2) (4.14)

riae n>m u ¢?=(a® 4+ b*)/2. Mockonbky B (4.11)) u (4.12)) dbyukmum x,(n)
BXOJIAT ¢ MHJIEKCAMU, DA3JIMIAIONMMUCA He Gojiee 1eM Ha eJ[uHuILy, TO 6O-

Jiee y,Z[O6HbIM OKa3bIBa€TCsA MCITIOJIb30BaHUE CJICAYIOIMNX COOTHOIIICHUIA:

/ e~ (n) Yn(n + b) dn = VeB =)/ Ly(c?), (4.15)
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/ e ' Xn(n) Xn—l(n + b) dn =

= \/eBn/2 =12 (b +iq) /¢ [Li(¢?) = Lu-a(c?)] , (4.16)

/ e X (n +b) Xao1(n) dn =

= /eBn/2 =2 (bt ia)/? [L() — Lo ()] (417)

rie Lyx) = LY x) — nonmmnomnr Jlareppa, u yureno croiicrso Ll (z)=
(n/z) {Ln_l(x) — L,(x) } Takum 06pazoM, Mocje HHTErPUPOBAHUS 110 T1e-

PEMEHHOIi 7) TOJYYaloTCd CJAeyIoNne BKAAJAbl B MATPUILY MJOTHOCTHA OT
Pa3HbBIX MOJISIPU3AIAIA:

\ eB —u/2
— €

F+Q(p1,p2) = (=1)" {Ln(u) [WQWQ} — Lyp—1(u) [V—QV—Q]}

n e U2
+(—1)"—\/72T_ " {Ln(u) _Ln—l(u)] X (4.18)

X {(sz +ip1) [Wo V_p| + (0p2 —ip1) [Vo, W) }

Pt = (Y2 L) (07— Lot (0,7}
e

e—u/2

D) —

X [Ln(u) —Ln_l(u)] x (4.19)

X {(—sz +ip1) [W_o Vo] — (op2 + ip1) [Vo W] }7
e u = 2(p} + p3)/eB. Boruucienne 6uimneiinbx KoMOuHamii GucnuHo-
poB Wi, u Vi, ¢ ucronpsoBanuem ux ssHoro suaa (3.27) u (3.28) npuso-
JIUT K pe3yJIbTaTy:

— 1
WiQWiQ = — [(1 +

m 2eBn
2 e

p|+m)+
v2eBn + m2> (p” ) V2eBn + m?

Vi,V —1[(1— = )(A+m)— 2eBn ]H
et g v2eBn + m? Pl vV 2eBn + m? o

21



(ip1 — op2) [V—Q W@] — (ip1 + op2) [WQ V—Q] -
2¢Bn [ﬁ Iy P (pe) ]
* V2eBn +m?]’

(ip1 + op2) [Ve W —o] = (ip1 — ep2) [W-, V] =
V2eBn [A P (pey) }
¢ V2eBn 2]

[Toncranoska stux Beipazkenuit B popmyJisi (4.18)), (4.19)) npusogut k cie-
JIYIOIIEMY BbIPAYKEHUIO JIJIsi MATPUIIbI IJIOTHOCTH (DEPMUOHA B UMITYJILCHOM

1IPEe/ICTaBJICHUN:

P, (p) = (1)”6“/2{ [(Hp >p +p¢+m] IT, Ly (u) —
- [(1 = )pi—pu m] I, Lo (u) +

+ 2 [ pL— wﬁl (pw)] Lil(U)}, (4.20)

Pl (p) = (—1) e { [(1 - %)ﬁu —pL+ m] I, Ly (u) —
— {(1 + %)ﬁn +pL+ m] I, Lyi(u) +
+ 2 [m + wp—” (psm)] L}zl(u)}' (4.21)

Braech p| = (PAY) = Envo — b33, DL = (PAY) = pim + pave, (py) =
P21 — P12, P = Fuw /B @ = Fl /B — GespasMepHble TEH30D U J1y-
AJILHBIN TEH30DP 3JieKTpoMaruuTHoro noist, Ay, = (9©)uw, A = (PP) w,
II, — omeparop MPOEKIUK CIUHA YACTUIIBl HA HAIPABJICHHE MArHUTHOIO
nosst (em. dopmyay (2.10)). Ormernm, urto Bxogsume B u
CTPYKTYPBL D, DL, (P¥7Y), D1, II,, a Takxke apryment nonunomos Jlarep-
pa u = 2p% /eB = 2(p? + p3)/eB ABisioTcs MHBapUAHTAMU OTHOCHTEIIb-
HO 1peoOpazoBanuii JlopeHia Bi0Jib BEKTOPaA HAIIPS2KEHHOCTH MArHUTHOI'O
noJisg. ddgdekTuBHoe paszdbueHre 4-MepHOro MPOCTPAHCTBA B IOCTOSHHOM
OJIHOPOJIHOM MArHUTHOM II0JI€ Ha, JBA OPTOrOHAJLHDIX HOAIIPOCTPAHCTBA, —
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napaJtesbioe (||) n nepmenaukyasaproe (L), a Takxke anredpa MaTpHil
Jvpaka B 3TUX IMOJITPOCTPAHCTBAX 1OJIpOOHO M3JI0XKeHbl B Pazjesre .

[Tocsie cyMMUpOBaHUY 110 HOJISIPU3AIUAM, MATPHUIIA JIOTHOCTU TIPUBO-
JIATCST K BUTY:

p(p) = > ) =(-1)"2e " x (4.22)

s==xp

x [(ﬁ + m> (Hg Lo(u) — 11, Ln_l(u)> Y opL L}H(u)] |

_|_
OTrMeTuM, 9YTO BbIpaxKeHue JIJisd pﬁl )(p) MOXKEeT OBbITh IOJIyYEHO IIPU HUC-

MOJIb30BAHUU JIIOOOI0 U3 MPOEKTUPYIOIIUX ONEPATOPOB, TOCKOJILKY HE CO-
JIEP2KUT MHMOPMALMK O CIIMHOBBIX CBOMCTBAX 3aPs>KEHHON JIMPAKOBCKOM
JacTHUIbl. YTOOBI yOEIUTHCS B 9TOM, IIOCTPOUM MATPHUILY ILJIOTHOCTH, IIPO-
CYMMUPOBAHHYIO 110 MOJIAPU3AIAAM YaCTUIILI, HA OCHOBE PEIeHUs CO CIN-
Hopamu (|3.28)), (, OTBEYAIONIMMK ITPOEKIIMOHHOMY orieparopy 3. st
9TOr0 YI00HO BOCIIOJIB30BATHCS CJAEAYIOITUMU CBOMCTBAMHU OMCIIMHOPOB, KO-
TOpbIE MOT'YT OBITH IIOJIyY€HbI HEIIOCPE/ICTBEHHBIM BBIUNC/ICHUEM:

WSWS + VSVS = (]/9\” + m]I) I, <4.23)
D (spr+ipy) VW, = WV _,] = V2eBn py, (4.24)
s=+1

o= (I +isyiy2) /2, D= Ewyo —p3y3, D= P17+ p2e.

3uech I — ejunnunas MarTpuna B npocrpancrse [lupaka, a 7, — MaTpu-
bl [upaka. Vcnonb3yst 9Tu cBoiicTBa M CyMMUPYsl BKJIaJbl B MaTPUILY
IJIOTHOCTHU OT PA3JIMYHbIX HOJIAPUBALMUIA, TTOJIYYUM:

—(+) 61’9(1)(}(’}(/) —ip (x—x' dpl
Z 77&7(:;9)27]9378(}() wﬂ»P%p:s»S(X/) - m € p( )p(TL+)(p) ﬁv
s==+1 n Z—oo
—u ~ 2n
p(n+)(p) =(—1)"2e /2 { {(pll + m]l) II, — ij_] Ly(u) — (4.25)

- {(@ +ml) I, — %n@] Lna{) }

rie ¢ — 3Hak 3apsiga dacruinl, P(x,x') =eB(x + 2')(y — v')/2, u noj-
pasymesaercs, 4ro L_1(u) = 0. Tlpunumasi BO BHUMaHUE PEKyPPEHTHbBIE
COOTHOIIIEHHSI Ha, 0000IeHHbIe TOJNHOMBI Jlareppa:

nIEu) — (n+ k) Ly () = u e Lh ) = —u 5 (), (426)
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MaTpuily miIoTHOCTH (4.25]) MOXKHO TaK»Ke MPEeJICTABUTH B CISAYIONHUX (hop-

P(71+)(p) = (—1)"2 e /2 [(ﬁ” + mﬂ) (HQ Ly(u) =11y L1 (u) ) -
25, L) ], (427

pp) = (=1 272 (B 4+ ml) (T, Lo(w) = Ty Ly 1 (u) ) +
425 L (u) } . (4.28)

Kaxk u ciieoBasio 0XKUIaTh, 9TO BbIpayKeHue COBIAJIAeT ¢ paHee TMOJTydeH-
HbIM BhiparkenneM ({4.22)), rje OblI KCMOIB30BaH MPOEKIMOHHBII OTlepaTop
3 (3.31)).

[Tpn «HAWBHOM» CYMMHWPOBAHWHU STONH MATPHUIHI IJIOTHOCTH TO 7, TO
eCTh B MPEJNOJIOKEHUN, ITO B mpejese ciaaboro noss (B — 0) muckper-
HBI CHEKTP IHEPruil 3apsizKeHHOUW YaCTHUIbI MTEPEXO/IUT B HEIPEPbIBHBIN
(E, — E = +/p?>+ m?), nojiydaem craHjiapTHoe BaKyyMHOE BbIDaKeHMUe:

> o (p) =27 (p) +m)
n=0

NE

(—1)" [Hg Lo(u) — 10, Lnl(u)] v

I
o

n

+ 4e" Z =p+m—pL=p+m, (429

rJie OBLIO UCIIOJIB30BAHO IIPABUJIO CYMMHUPOBAHMS ODODIIEHHBIX TOJUHOMOB
Jlareppa:

S R e o) = ) (4.30

npu 3navenusx k =0u m =0, 1.
B ciydae HEpPesITUBUCTCKON YaCTHIlbl, IpeHedperasi BCeMU IOIeped-

HBIMH K II0JII0 KOMIIOHEHTaMH UMITYJIbCa U HoJarad p| = mi|, IoJydnum
n3 (4.20) n (4.21)):

Pri=o(p) = (=1)" 27" Ly(u)m (1 +7)) IL,,
P;;):_Q(p) = (_1)n+1 2 e_u/QLnfl(U) m (1 + ﬁ”) I, (4.31)

rae v = (1,0,0,v)/v/1 — v? — 4-CKOPOCTH JIBUXKEHUs CPEJIbI BIIOJIH Ha-
npaBjenns 1oy, Herpymaao ybeaurbes, aro marpuna miaornocta (4.31)
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OIIACBHIBACT COCTOSIHUE C OIPEJICJICHHON IMpOoeKIueil oneparopa JUPaKOB-
CKOT'O CITWHA X3 Ha HalpaBJIeHWe MarHUTHOTO TTOJIS.

[TockosibKy BoJiHOBasI (DYHKITUST HEPEJISITUBUCTCKON 3aPSI2KEHHOM 1acTy-
IIbI C aHOMAJIbHBIM MAarHUTHBIM MOMEHTOM, HaIlpuMep TIPOTOHA, HE 3aBUCUT
OT aHOMAaJILHOTO MOMEHTA, IIPUBEJICHHBIC BHIPAXKEHUS OIKUCHIBAIOT MATPHU-
Iy TWIOTHOCTH C ONPEJECJICHHON TNoJigpu3aleil TakxKe U B 9TOM CJiydae.
OrmernM, 9TO y4eT B3auMOJEHCTBUST AaHOMAJbHOIO MArHUTHOI'O MOMEHTa,
C MArHUTHBIM II0JIEM CHEMaeT BLIPOXK IEHHE SHEPTHH 10 YpoBHAM Jlanmay:

En,s:m+_+—_§g—a <432)
m m

r7Ie YUCJI0 M HyMepyeT ypoBHU JIaHaay, § — aHOMaJILHBIMH MArHUTHBIA MO-
MEHT B sJIEPHBIX MarHeTOHaX JJIsl HyKJIOHOB M MarHeTOHaX bopa mis s71ek-
TPOHOB.

[IpocymmupoBatHasi 110 § MaTPHIA IJIOTHOCTH, COOTBETCTBYIOMIAS Pe-
mennio ypasuenus Iupaka ¢ orpurarenbaoii sueprueii (3.30)), monrygaercs
u3 dopMmasibHOI 3aMeHOoit P! — —pH, YTO IPUBOJUT K BbIPaXKCHHIO:

B () e—zQCI)(x,X) e dpl
Z ¢7(%p)27p373(x) wnmmps,s(x/) - m ep( )pgz )( ) o’

P (p) = (1) 22 (]3” —m) [Hg Ln(w) —H_QLn_l(u)} +(4.33)
+ 2P Ly, (u)

B npusejennoii bopmyiie yuareno, 4To 3HaK 3apsijia 0 Jisi OTPULATEBHO
TACTOTHOTO PEIIEHNsT TAaKOH Ke, KaK U JIst TIOJOKUTENBLHO TaCTOTHOTO.

JLJist IOJTHOTHI M3JIOXKEHWST, TIPUBEJIEM M3BECTHBIE MATPHUILbI MIOTHOCTH
JUIs1 GE3MACCOBOTO HEHTPUHO ¢ 4-nmmmyiabeoM k= (w, k):

e—ik(x—x’)

W)V E) = e pW(R), P (k) =

v E(1—ns), (4.34)

er—\

U IS JIEKTPOHETpaibHON YacTuibl ¢ 4-umiysnscom P = (E, P) u mac-
COA My

e ~
>R () By () = S AN(P), PP = Py,
s==1

(4.35)
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rae vs = —iyo1y2ys u V = L, L, L, — nopmuposounblii oobeM. B nepeJis-
TUBUCTCKOM IIpejesie MaTpulia MJIOTHOCTU MOJISIPU30BAHHON dJI€KTPOHEH-
TPAJIbHOW YaCTUIIbI UMEET BUJL:

pM(P) =my (1+7)) I, (4.36)

S

HE MEHAIOIUINCA U IIpU y4yeTe MarHUTHOIO MOMEHTA YaCTUIbl, HAIIpUMeD
reiirpora. OJIHAKO B 9TOM CJIydae SHEPTUsi 9aCTHUIbI SIBHO 3aBUCHT OT €e
HOJIAPUBAIMUA U OLIPEJICACTCA BbIPAZKEHUEM:

22 eBs

2mN gsz’

E, =my + (4.37)

rJle ¢ — MArHUTHBI MOMEHT HEHTPOHA B AJIEPHBIX MAarHeTOHAX.

5. Cuaabple 0JHOBEPHINHHBIE ITPOIECCHI

B stom pazjiesie OyjieT 1mokasaHo, Kak paboTaer (pOpMaju3M MaTpPHIIbI
MJIOTHOCTH Ha CJIEAYIONINX TPUMEPaX: MPOIECChl PACCesTHUST HEHTPUHO Ha
JIEKTPOHAX u nyksonax ([L.6), a raxoke upsimoit URCA-npouece (L.1]).
S-MaTpuUUHbIE JIEMEHTbI U WX KBaJPaThl /I KPOCCHHT-CHMMETPUIHBIX
TPOIIECCOB MOTYT OBIThH TMOJYYEHBI COOTBETCTBYIOIIMMEU 3aMEHAMU 4-1M-
MyJIbCOB TACTHIIL.

B HmskosHEpreTHIecKOM mpejiene, KOraa mepeaHuble B peakiini SHep-
TS W UMITYJIbC MHOTO Memblie Maccel W-6o3oma (my ~ 80 I'sB), so-
KaJIbHbIH 3P HEKTUBHBII JIarpaH>KKUaH MTPOIECCOB u MOKeT ObIThH
3allicaH e MHO00Pa3HO:

Gp

W) = = 099 (e + €15) O (x)| x

< [0 0 (14 35) ¥ ()] (5.1

rie Gp — xoncranta ®epmu, (@) (x) — omeparop snekTpona (HyKIoHA),
™) (x) — omeparop HEATPUHHOIO MO, ¢, U C, — BEKTOPHBIE U AKCHAJb-
HbIe KOHCTAHTHI 3(P(HEKTUBHBIX HEATPaIbHBIX CIabbIX TOKOB. OTMeTnM,
4TO B PACCMATPUBACMOM IIPEJE/Ie 3HAYCHUST TUX KOHCTAHT JJIs IIPOIEC-
ca (1.5 zaBucsaT or apomara:

cq(]e) = +1/2 + 2sin? Oy, cée) =+1/2, v =1,

5.2
ch) = —1/2 4 2sin® Oy, C((zx) = —1/2, s v, =, v, o
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rie Oy — yroa Baiinbepra (sin2 Ow ~ 0.23), Torga Kak JiJisi MPOIECCOB
Buia (|1.6) KOHCTAHTBI CJAOBIX TOKOB 3ABUCIT OT THUIA HYKJIOHA:

A =0.07/2, ) =1.09/2,  aus Q = p (uporon),

(V) _ (V) _

5.3
o =—1/2, ¢ ' =-091/2, nua Q = N (ueiirpon). (5:3)

B HuszkosHEpreTHUeCKOM MNpejiesie JIOKaJIbHbI 3 deKTuBHbII Jarpan-
xkuan URCA-nporecca ((1.1)) moxker 6bITh 1pejicTaBieH B BUje:

G cosf,

2) () —
Eeﬂ (X) - \/é

967 (90 + 919) ¥ (0]
< [0 607 (14+95) 0 )| (5.4)

rie 6. — yroa Ka6u66o (sinf, ~ 0.22), vV (x), P (x), ) (x), ) (x) —
orepaTopbl HEHTPOHHOTO, MPOTOHHOI'O, JJEKTPOHHOTO, HEATPUHHOIO IO-
JIeit, COOTBETCTBEHHO, g, ~ 1 1 g, >~ 1.26 — BekTOpHAas M aKcuaJbHas KOH-
CTAHTBI 3aPAKEHHOI'0 HYKJOHHOI'O TOKA. S-MATPUUHbBIE 3JIEMEHThI IIPOIEC-
co (|1.5)) u , COCTaBJICHHBIE TI0 JIOKAJbHOMY 3(D(MEKTUBHOMY JarpaH-
KUAHY , MOTYT ObITh 3allMCaHbI B BU/IE:

y G [ [~ 5
Sy = V2 Dt (9 0a(0) U135, ()]

< [0 () 0u 0 ()| (5.5)
Ou(€) =7 (1+¢7),  Oa=7 (1+7),

tae Gi = Gr ey, ¢ = /o, Vo), Uty o (0 437 (), () —
BOJIHOBbIE (DYHKIIMKM HYKJIOHA M HEATPUHO B HAYAJHLHOM M KOHEUYHOM COCTO-
SIHUSIX, U UHTEIPUPOBAHKUE BEJIETCs 110 4-MEPHOMY HOPMUPOBOYHOMY OOb-
emy Q="TL,L,L..

S-MaTPpUIHBIA 3JIEMEHT IIPOIECCa , COOTBETCTBYIOIINI JIOKAJIbHOMY
3 heKTUBHOMY JarpaHKuaHy , 3aIUIIeTCA B BUJIC:

(2) _ 1Go 5 »)
5 =2 | P9 0ul) i 9] >
—(v) e
X |:wq’ (X) OO& ,wfn’),qz,qg,,s” (X)} d4X7 (56)
rie Go = Gpgycosb., g = g4/g, ~ 1.26, @/}7(,”)]32 p,s(X) 1 ¢§?7q27q3’8,,(x) —

BOTHOBDIE (OYHKIHI IPOTOHA 1 3JIEKTPOHA, 1)y Pr (X) — HelTpoHa, ¢c(ll//) (x) —
HEUTPUHO.
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ITpu ucnonb3oBanuu popMmain3Ma MaTPHUILI IJIOTHOCTH, KBaJIpaThl S-
MaTPUYIHBIX 3JIEMEHTOB, TTPOCYMMWPOBAHHBIE IO TOJAPUIAINAM HYaCTHUII,
PEJICTABASIOTCS B BUJIE:

2.

s,8'==41

+00
2 GY [ dpdp} @ ND (D (D
=3 | T80 [0 (0)0u(@p? (1) 0s()] x

—0Q

x Sp [p(y)(k')Oap(”)(k)Og} / d*x d*x/

)
s

e~ i(ptk—p' =k)(x—x')

T 222
16 eqwel W' Ly LV

(5.7)

rae pUt = (62(),),]5(’)), kOB = (W), E(’)) — 4-UMILYJIbCBI 3aPSAKEHHbBIX Ya-

CTHUI] 1 HETPUHO B HAYATIBHOM (KOHETHOM) COCTOSHUM.

+00
2 2 P, ~ A
3 ’ S<2>‘ _ G2 [dadh g {p“v)(P’)Oa(g)p%)(P)Oﬂ(g) X

i 2 e
s,8',8"==41 S
—i(P+g—P'~q')(x—X)
S |: (V) lOa (62 O i| /d4 d4 / € 7 58
X p|p (Q) pm (q) B X X 16 Emgm/Elq(/) L%L%VQ ( )

tie PP = (B, P), ¢" = (e, @), P" = (E',P) u ¢" = (¢}, ) — 4
MMTITYJILCHI IPOTOHA, JIEKTPOHA, HEUTPOHA N HEUTPUHO.

NurerpupoBanne KBaapaToB S-MaTPUUYHBIX 3JEMEHTOB 110 X U X TpU-
BHUAJILHO U IPUBOJUT K CJIECAYIOIUM PEe3yJbTaTaM:

2.

400
n+n', 2,2
Sm‘2 (=) T GiT {L@) L“’)} ()2

ce—t] if |~ anw‘g;l'W/LiLgV aB “ap
x 3 (p+ k —1f = k) dpidp, 59
/ , 1 g B
L((XQ) = (—1)"t elut)/2 1 Sp [Pfl?)(p/)()a(c)p%@)(p)OB(C)} ’
(

(
L) =8 [ o (K)0up (k)05

/ +OO
‘2 () R2GET
T 2E,en E'qyL2L2V

[NozﬁLaﬁ} e—(v+v’)/2 %
x W(P+q—P —¢)dgdP, (5.10)
1 ~ _
Nog = (=1)"e"2 = 8p | p(P)0ul9)pf) (P)Os(9)|
/ / 1 e
Lag = (=1)"e" /= Sp [p(”)(Q’)Oapfﬂ?(Q)Oﬁ] ,
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rie u = 2p? JeB, u' = 2p'*/eB, v = 2P?/eB, v' = 2¢% /eB.
ITpu noxcranoske (5.9)) 8 P, (1.10) nosyunm siBHO KOBAPHAHTHOE BbI-
paskeHue:

oo

Pl 882 ”*“

/

/@M{ﬂw[ﬁuu—m/§mmen

W’ n

d3p' st y
< SR 1= fole )00+ b= — K) e (191

! )
rae f,(w") u fole, ) — dynxmmn pacnpesesenus HavaTbHBIX (KOHEH-
HBIX) HEHTPUHO U 3apsyKeHHOH 4acTuibl. AHajorudueiM obpasoMm, P, B
peaximu (|1.1)) npuanmaer Bu:

s
2_ E m+m
8 8

m,m’'=0

/d;'u—fx D, /dg—pr< [

BP o
y / (1= I8P 4 g = P = ) [Ny L]

(em) X (5.12)

[TockonbKy MIyp OT HEYETHOTO YHUCA 7y-MaTPUI paBeH HYJIO, TO TMO-
cJjie peobpa30BaHmil ¢ UCIIOJIH30BAHINEM KOMMYTaIllMOHHBIX CBOMCTB MaTPHU-
16l Y5 ¢ npoeknnorubM orneparopoM (11,75 = 7511,) HeTpysHO NOMyUnTH
CJIeIYIONINE BhIPayKeHU:

19 = Sp[ {5 (T L) = Ty L s () + 28, L1 () } %
% Y {71 (T Lu(w) = Ty Lus () + 250 Ly () b
x 75(1 r g 2(;75)} + (5.13)
+ m(1—c)Sp KHQ Ly() — 10, Lnfl(u')) x
% (T L) = Ty L 1(0) ) 5.

L(ayg =2 Sp [/k\'%@% (1+ 75)} (5.14)
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JIJISI TIITYPOB, BXOJSIINX B , u
N.s = Sp [13’% {13” <H+ Lon(v) — L Lm_l(v)> 1 2P, L}n_l(v)} x
X w(l +9° +2g%)} + (5.15)
+ mym, (1 — g2) Sp {fya <H+ Ly(v) =11 Lm_l(v))vﬂ] ,
Lo =289 [d7 {1 (T Lov(v) = Ty L1 (o)) + 261 Ly 1 (0)} %
X 9 (1+15) | (5.16)

JYIst Ty poB, BXodAmux B ((5.12)).
[Ipu ucnonbzosanun ceoiicrs (2.11)—(2.14)), (2.16) npuseentbie BhIIe

I'POMO3JIKHE IIIYPhl BHIYUCISIOTCA 0€3 0cOObIX TpyHOCTEH. TexHuka Bbl-
1 2

YUCJICHUsT HHTErPAJIOB, BXOJSIIUX B 77,8) (.11) u 73;8) (5.12)), moxpobmo

U3JI0YKEHA B CJIEJIYIONIEM pasjielie.

6. UHTerpaJibl 110 KOMIIOHEHTAM HUMILYJIbCOB, MEPIEH-
JUKYJSIPHBIX HANPAXKEHHOCTA MAarHUTHOTO TOJIs

15t IpoTIeccoB ¢ BYMST 3apsi?KEHHBIMIA YACTUIAMU BaXKHBIMU SABJISIIOT-
CA CJIeJIYIONIAE UHTErPAJIbl 110 UMITYJIbCaM 3aPAKCHHBIX YaCTHIL B ITOIIepeY-
HOM TTPOCTPAHCTRE:

(0.¢]

10vm)(z) = / Ly(2%) Ly(y?) e~ (/2 (6.1)
h x 8 (x+y—z) d*x d%y,

1m)(z) = / To Ly 1(2%) Lin(y?) e~ (/2 (6.2)
h x 6 (x+y—2z) d*x d%y,

1700 = [ aan L) L () 92 % (63)

x 0 (x+y—z) d®x d%y,

rJjie X, y ¥ Z — BEKTOpa B 2-MepHOM ([OHepedHoM) TPOCTPAHCTBE, HHICKCHI
o, B=1,2; a0 x+y—2)=0(x; +y1 — 21) 6(x2+ Y2 — 22) — IpoUsBeICHEE
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O-byuknuit Jupaka. Boraucienne 3Tux MHTErpaJjioB yI00HO MPOBOIHTH,
BOCTIOJIL30BaBICH Dyphe-00pazom 0-pyHKIIN:

1 )
5(2)(X +y— Z) _ /d2S ezs(x—i-y—z)7

e SX = S1T1 + SoT2 — CKaJIIPHOE 1IPOU3BEJIEHUE BEKTOPOB B 2-MEpPHOM
eBKJIMJIOBOM IPOCTPAHCTBE. B 3TOM ciiydae mHTErpupoBaHue 10 X Uy CTa-
HOBUTCH HE3aBUCUMbIM U CBOJUTCA K MHTErpajaM CJIeJIYIONero Bua;

oo

Fs) :/d2x L(2?) e!()=/2 (6.4)

|
g 8

Fis) =/d2x T Ly _4(27) e!()-2°/2, (6.5)

—00

BekTopHblit uHTErpaJi yJI00HO BHIYUC/ISATD, [IPEJICTABUB €I'0 B BUJIE:

f(")(s) = AMg,,,

«

a kKoaddurment pasinoxenuss A" maxomuTs U3 CBEpTKH S, fc(yn)(s). [Tomy-
JaloIecss TaKuM 00Pa3oM CKaJIipHbIe MHTErpaJibl YI0OHO BBHIUUCIATH B
HOJISTPHBIX KOOpAMHATaX. Kcim MoJsipHbIi yroJl OTCYuThIBATH OT BEKTOPA
8, To (8x) = sz cosp, d*x = xdzdyp. Bocnonb30BaBIuch U3BECTHBHIMA COOT-
HOIICHUSIMU:

2

/eiitcow cos(ny) dp = (£4)"2m J, (1), (6.6)
0

/ 22T (0VE) L)1) dt = (—1)"200 e e LB e), (6.7)
0

rie J,(t) — dyukius Beccesst mepBoro pojia, JIist WCCIeyeMbIX HHTErpa-
JIOB TIOJIyYaeM CJIC/LyIOIHUE BbIPArKCHUS:

F(s) = (—1)"2m e 2L, (s%) (6.8)
Fs) =i (=1)" 2ms, e PLL_(s?). (6.9)

«
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B repmunax dynkuuii f)(s) u fén)(s) VCXOJTHBIE NHTErPAJIBI MPEeICTABIIS-

e KaK
1M (z) = (2;)2_ 7 d’s e f)s) F0)(s), (6.10)
1{""(z) = (2;)2_ /OO ds ¢ fNs) £s), (6.11)
105" (2) = (2;)2_ 7 ds ¢ fs) £5s). (6.12)

[TockosbKy MHTErpaJbl Io(én’m)(z), I é%’m)(z) MMEIOT BEKTOPHYIO U TEH30D-

HYIO CTPYKTYPY, & TEH30pHAaA CTPYKTYypPa ABJIACTCA CAMMETPUYIHON|, TO OHN
MOT'YT OBbITh IIPEJICTABJIEHbI B CJIEJYIOIIEM BUJIE:

](n,m)(z) _ B(n,m) Zer,

(07

]a%’m)(z) = C(n’m)éag + D(”’m)zaZB.

Kosdpduumenrsr BM™ Oy DM yaxonsres cBEpTKOil HHTErpAIoB
C Za, OaB U ZoZg. BbIMUCICHUE MOTYyYIeHHBIX TaKUM 0OPa30M CKaJIAPHBIX
UHTErpaJioB Tak»e yJO0OHO MPOBOJUTH B IUJNHJIPUIECKUX KOOPJIUHATAX,
rJie MOJISIPHBIA yroJI OTCUUTHIBAETCs OT BeKTopa z. IIpm umcnosibzoBaHumn

COOTHOIIEHU n

/ {0 et g (bE) L (1) LA(E) df =
0

+A
e A e (AT Y (Y 6.13
= CU (N e g (2 ae) . (63
nrrerpaibt 1™ (z) u Ién’m)(z) JIEIKO BBIYUCISIOTCA. I TOObBI IPUBECTH 110~
CJIEJIHIOI0 CBEPTKY zaz/glé%’m)(z) K Buy uaTerpaja (6.6)), HeobxouumMo Boc-
MOJIL30BATLCS COOTHOIEHHeM 2 cosip = 1+ cos2yp. TanbHeiilee nHTErpu-

POBAHKE CBOJUTCS K HCIOJB30BaHUiO coorHorrenus (6.13)) coBmectHO cO
CJIEJTYTOTIMM CBOWCTBOM TOJMHOMOB Jlareppa:

kUL () = N (—2)" L (2). (6.14)
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OKOH‘{aTeJIbeIfI pe3yJyibTaT BbIYUCJICHUA MHTEI'PaJIOB ﬂ;aéTI
1M () = e AL (2Y4) LIm(2%/4) (6.15)
210 (7)) = e 2 L " (2%4) L (2%4) (6.16)
81(”’m)(z) _ e {(2 20z — ZZAQB) L= n+1( 2/4) L= m+1( 2/4) _
— An A L (24) L) |, (6.17)

rae JiiA 0000IeHns Ha ciiydail 4-BeKTOPOB MBI OT 0,43 Hepenun K A,g.

(n,m

Ormerum, 9TO HHTErpaJI Iaﬂ )(Z) CUMMETPUYECH HE TOJIBKO OTHOCUTEJIHHO

IIePECTAHOBKK (v U (3, HO U OTHOCHUTEJILHO IIEPECTAHOBKHU N U M.

7. CBeTmMOCTH B mpoliecce HETPUHHOTO
CUHXPOTPOHHOTO N3JIyY€HUS

B sannoMm pazjiesie B popMasiu3dMe MaTpUIlbl [JIOTHOCTH BbIUYKUCIISIET-
csl HEHTPUHHAS CBETUMOCTD B IIPOIECCE CUHXPOTPOHHOTO W3JTYUEHUsT Hefi-
TPUHHON TTAPbI 3JIEKTPOHOM (TT03UTPOHOM ). VcTopust u3ydeHus 3TOro mpo-
1ecca HaCUUThIBaET OoJjiee COpOKa JieT. BripaskeHue jijist HeWTPUHHOI CBeTH-
MOCTH IIPOIECCa ¥ MHTEPIOJISAIIMOHHBIE (DOPMYJIbI JIJIsi TUCJEHHOI'O pacdera
MOXKHO HailTu B 0630pe [§], re mpeanonarasocs, 9To mia3ma mpo3padHa
JIUTsT POJIUBIINXCST HEUTPHUHO.

Borauciimm 73;(,}) (1.10) juist HEATPUHO ONpPEJIEJEHHOIO apoMaTa B TOM
XKe TPenooKeHuU. Pe3ysbraT BBIYUCTCHUH HEOOXOUMO MPOCYMMUPO-
BaTh [0 BCEM apoMaTaM HEHTPUHO ¢ = e, [, T, YINThIBas 3HAUCHUS BEK-
TOPHBIX M aKCHaJIbHBIX KoHCTAHT (5.2]) ciabbix Tokos. [lpu mepexoje or
KaHaJia PaCcCesiHns K HEHTPUHHOMY CHHXPOTPOHHOMY H3JIyYEHUIO HEOOXO-
JUMO CMEHHTb 3HaK y 4-ummyibca nefitpuno (k, — —k,), nocie dero

Beipazkenue ((5.11) mpuBogmUTCS K BUIY:
[ d
et / L fe,) %

Bk [ B
P, = / / (k+ &) aﬂz -

n,n'=0

£y

d3 ' —(u+u’ e
x/' 1= f(l)] e IR L O —p' — k= K).  (7.1)
() —»(/))

Hamommnm, 1o 3aech pl# = (€0, P"")) — 4-BeKTOPBI MMITYJIbCA HAYAIIHHO-

()

ro (KOHEYHOT0) SJEKTPOHA, SJIEKTPOHHBIH TTyp L o3 COOTBETCTBYET BhIPa-

(v)

xennio (5.13) npu ¢ = —1, nefirpunnptit mnyp L, 4 — Boipakennto ([5.14)),
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" JIJIg 9JIEKTPOHOB MCIIOJIb3YIOTCA PAaBHOBECHDLIC (byHKHI/H/I paciipejJgesJaeHns:d:

f(en) = !

e€n/T—77 —+ 17
rie 1) = p/T. Boipaxenue ((7.1]) MmoxkeT GbITH KOBAPUAHTHO IPOMHTErPUPO-

(7.2)

BaHO 110 UMITyJIbcaM HeilTpuno. Beegem Tenzopubiit unrerpadt I,5, KOTOpbIi
JIOBOJILHO JIET'KO BBIYUCJIACTCH:

3k d3k’
aﬁ_/ / k+k/_Q)Lg¢ﬁ)

167r

~ 3 (405 — 4°gas) 0(¢°). (7.3)

st jaibHeRIMX BhIYUCIEHNH YJI00HO BBECTH MHTErPaJbHOE MPEJICTaBIe-

HUE €JIMHUIbI:

/d4q Mp—p —q =1, (7.4)

Torja Boipaxkenue ([7.1) MoxkeT ObITh IPUBEJEHO K BUJLY:

G% 4 2 - n+n’ d*p
P g [ a0 3 07 [ L e > (75)

n
n,n'=0

&3y o . .
></ o (1= flep)] e 260 (p — p' = q) (%%Léﬁ)}_fgaﬁ[f&g)-

n/

Paccmorpum HyseByio KoMnoueHTy (g 9Toro 4-Bektopa (HEHTPUHHYIO

(e)

cBeTuMOCTh). [Ipu Bbrunciennu cBeprku L o C BEKTODAMH ¢ U (3 B CBE-
TUMOCTU HE CJIeJyeT YUYUTbIBATh 4JICHbl, JIMHEHHDbIC 110 €, IIOCKOJIbKY OHU
JHEHHBL 160 10 p3, MO0 1O P, ¥ 3aHYJIAIOTCH P UHTEIPUPOBAHUE 110
9TUM llepeMeHHbIM. B pesysibrare 10J1ydnm:

dats L = 2(1+ A){ = (PAD) 4% (L) L1 () + Lyt (w) Lo ()] +

+ (2(pM)( 'Ag) - qf (p ’Ap))[ n(u )Ln’(ul) + L () L1 (W) +

+ 4(pAg) (F'Aq) Ly (u) [L () — L1 ()] +
+4(p'Aq) (PAg) Ly (u') [Ln(u) — n—l( )] + (7.6)

+ 8 (2(pAq) (1'Ag) + ¢* (0'Ap)) Ly, (w) Liw(ﬂ')} +
+om?(1— (;2){qﬁ (L () L () 4 L1 () Ly ()] +
02 (L () L1 () + Loy () L ()]
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rne u = 2p° JeB, v = 2p'*/eB, n") — yposmn Jlamnay nauanbmoii (Ko-
HEYHOM ) YaCTHILbI.

(e)

Caeprka g, 5Laﬁ UMeeT IIPOCTOM KOMIIAKTHDLIN BUJT:

gap L) = —4m? (1 = ) [Lo(u) — Lyt ()] (L (1) — L1 ()] +
+ 41+ A) {0 Ap) (L (W) Ly 1 () + Lo 1 () Lo(w)] + - (7.7)
+ 8(Ap) Ly (1) Ly () }.

JaJiee ipuBejieM pe3yJibTaThl BbIUUCIeHUsT cojepxkaiiuxcs B ([7.5]) nu-
TErpaJioB 110 MOIEPEeYHBIM K II0JII0 KOMIIOHEHTaM MMILYJIbCOB 3JIEKTPOHOB B
TepMKUHAX HOpMUpPoBaHHbIX dyHkiuit Jlareppa [8]:

/| / li
B )2 gmvf2 pronl 5y — 1 I (0). (7.8)

Fn’,n(U> B n!

CkaJisipHbIil, BEKTOPHBIE ¥ TEH30PHBII HHTErpaJibl B TEPMUHAX ITUX (DYHK-
Uil MOTYT OBIThH TTPEJICTABIECHBI B BUJIE:

/ s [, 6P L) Ly e =

e %F (), (79)

/dQ /d2pL i pJ_a (u)Ln/(u’) 6—(u—|—u’)/2 _
meB
= 1)“ —n—1 T \/;QJ_& Fn’,n(“) Fn/,n_l(v), <710)

/ d’p, / W o Ln(u) Ly () e (/2 =
e
= (=1t ,/U QLo Fn(V) Fu10(v), (7.11)

Ty () = / p. / a8 papl s Ly (w) Dy () ™2 =

i, meB vnn/
16

= (—1)" [ (2¢10 915 — 47 Nag) Frrn1(0) Fy_1,(0) +
+ Qi Aaﬁ Fn’,n(v) Fn’—l,n—l(v)} ) (712)
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rae v = q2 /(2eB), 5&2): 6@ (P —p! —qL) — mpomspesenue S-pynKImii B
IIONIEPEIHOM IIPOCTPAHCTEE.

[Tocsie BBIYMCICHUST MHTETPAIOB 110 MONEPEYHBIM K MOJI0 UMITYJIhLCAM
9JIEKTPOHOB, HEATPUHHAS CBETUMOCTD HPOIECCa MOXKET ObITh IIPUBEJICHA, K

BUJLY:

G2eB dpy [ d
Qs = 6(;) /d4qu /p?’/ p3f L= f(en)] 6"

><{ (1+c) ¢’ [QeB(n + ) <\I/(U) . (ID(U)) . \I/(U)} —(7.13)
— om? [q2 (D(v) — 22U(v)) + ¢ (D(v) — U(v)) } }

(W)+F2 ., ,(0) o =
d(en —el —qo) 0(ps — P — g3) — npousBesenne d-DYHKIHI B TPOJIOJILHOM

me@(v):Fg,, (v )+F2 1n— (), ¥(v) = Fr%'n 1
IIPOCTPAHCTEE.

[Tonyuennoe Buipaxkenue ([7.13) coBmajaer ¢ pe3yJbTaTOM, [PUBEJICH-
HBIM B 0030pe [§].

Heiirpunnasi ceerumoctsb B niponecce annuruisiiuu ((1.4) moxer ObiTh
nerko mosydena u3 (7.13) mpu 3aMeHax B TOJBIHTErPATHLHOM BBIPAYKEHUH
e, — —el Py — —ph, 1—f(el,) — f(e,), c 3amenoii 3HaKa XUMHIIECKOTO
norennuaga (4 B GyHknun pacnpenenenus f(e),) ny anena B GurypHbix
CKODKax, IIPOIOPIMOHAJIBHOIO KBAJPATy MaCChl djeKTpona. [locseansis 3a-
MeHa OOYCJIOBJIEHA HMCIOJB30BAHUEM MATPHILI ILJIOTHOCTH pilf)(p’ ) (4.33)
/Uit nosurpona (@ = —1), Koropasi orTJMYaeTcst or pf:,r)(p/) JLJIsT
9JIeKTPOHA (0 = —1) 3HAKOM TIepeji MacCoil YacTUIIb.

B ciydae cuibHOrO MarHUTHOIO I0Jisl, KOHIEHTPAIUS 3JEKTPOHOB U
MO3UTPOHOB Ha ypoBHAX Jlanmay ¢ n > 1 3KCIOHEHIMAJILHO MOJABJICHA,
noaromy B nporecce ([1.4) orpaHnunMMCst pacCMOTPEHUEM BKJIAJI0B JIMOO ¢
n =0, 6o ¢ n' = 0, a B nmpomnecce ([1.7) — Briaga ¢ n’ = 0. Torga BuIpa-
KeHne JJist HeMTPUHHON CBEeTUMOCTHU CYILIECTBEHHO YIIPOIIAETCsI:

Yoy = GleB Z/d 40 0(q”) In(qo, g3, 1, T') %
n=0
x{ (1+ 02) ¢ (ZeBn — q2> Fopi(v) — (7.14)
— 2m? [<qﬁ —(1—- 02) qi> F&n(v) — 2 <2q|2 — qi) F&n_l(v)} },
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r7ie OBLIO UCIOJIB30BAHO U3BECTHOE COOTHOIIEHUE Jjis (pynknuii Jlareppa:

5, (v) = vF§, 1(v)/n. B (T.14) nox I,(qo, g3,n, T) nonnmaercs: unre-
rpaJ:

(0. ¢] (0.9]

L(ao. g, T / s / dfié e = fE) 6P (715)

Huzke Mbl IPUBOJMM PE3YJIBTAT BBIYUCICHUS ITOTO MHTErPAJIA JIJIsT CJLy dast
VIALTPAPENATUBUCTCKOM TIasMbl (€2, e > m?):

2
2 0(2eBn — qj)

®,(q0,93,m,T), 7.16
2eBn—qﬁ (90, 43,1, T) (7.16)

I.(qo,q3,m,T) =

-1

(I)n(QOa as, 1, T) = |eXp T q2 T q2 +1 X
[ [
9 —1
Qo+ qs 4 — 2eBn
X |exp +n]+1 + (g3 = —q3). 7.17

Takum oOpas3oM, HeHTpUHHAS CBETUMOCTDH YJILTPAPESSITUBUCTCKON I11a3-
Mbl B cunxporpone ((1.7) mpu nepexojie 3jieKTpoHA HA OCHOBHOH YPOBEHb
Jlanjay onmchIBaeTCsl BhIpaXKeHueM:

/ dgs x (7.18)

n,0
Jlerko yBuaeTh, 94TO Qg’ ) obparaercs B HOJb pu n = 0.
[IpuBejiem Jjlajiee BbIpaxkeHue JiJisd HeUTPUHHON CBETUMOCTHU B KPOCCUHI-
nporecce anuruismn ((1.4):

= G eB — r r
ZQ(A’O) 1 Z/d% qo / dgs X (7.19)
O —00

i
o
3

X /dq 0 QH - ZGBTL) fn(QﬁaQi) (I)n(QOacBanaT)v

37



2

—_ 7.20
ﬁ — 2eBn X ( )

X [(qﬁ - (1-¢) Cﬁ) Fg,(v) = ¢ <2q2 - qi) F&n_l(v)] :

B }—n(qﬁ,qi) HAMEDPEHHO YJIEPXKaH HJIEH, NPONOPIMOHAJILHBIA KBajpaTy

2m
Fulgl,d?) = (1+ ) @ F, 1 (v) + -

MaCChl 3JIEKTPOHA M2, IOCKOJIbKY, B OTJIMYKME OT CHHXPOTPOHA, CBETHUMOCTh
B MpOIlecce aHHUTUJIAIIA He 3aHYJISAeTCs JlaxKe B caydae, KOTJia 3JeKTPOH
1 TIO3UTPOH HaXOJATCA Ha OCHOBHOM ypoBHe Jlanay.

(0,0)

[Ipn n = 0 nnrerpuposanue (), 1O qi TPUBUAJIBHO:

o0 00
0,0) GleBm
@y = 6(277) /dQOQO/dC]SC]” q||)q)0(CI0,Q3,77,T). (7.21)
0 —00
B acumiroruke cBepxcuiibHOrO MarautHoro nosst (n = n' = 0) uouy-

YeHHas HeATpUHHAsI CBETUMOCTD B IIPOIECCe aHHUTMJIAINE YJIbTPAPEsIsSITH-
BUCTCKOW TTapbl JIMHEHHA TIO TTOJII0 W TTPOMOPIIMOHAIRHA KBAJAPATY MaCChI
JIEKTPOHA.

[Ipu n = 0 dbyuxius Po(qo, g3,n,T") yupormaercs u JIByXKpATHbBII HH-
terpaJt ([7.21]) BoraucisieTcs: aHATUTHIECKH:

3
Q;B) iégw)?’ (1+¢*) GieBm*T". (7.22)

DTOT pe3ysbTaT COBIAJIAET C BhIPAXKEHWEM JIJIs HEATPUHHOW CBETUMOCTH
YABTPAPEIATUBUCTCKON HEBLIPOXKJICHHON 1JIa3Mbl B ACUMIITOTUKE CBEPX-
CHJIBHOTO MATHUTHOTO TOJIsT, MOy deHHbIM B [§].

Jl1s cpaBHeHust OLIEHNM BKJIAJ, B CBETUMOCTD EPBOrO ypoBHst Jlanmay
(n = 1), ucnosnb3yst caepyorire 6e3pazmMepHble OTHOIECHWS:

(1,0)
(1) S
Q4
e Qg,o) — cyMMapHas 10 3JIEKTPpOHAM U TO3UTPOHAM CBETUMOCTDH MPH

CHUHXPOTPOHHOM IIepexojie ¢ yposHst n = 1 na yposenb n' =0, u

QY + Q1 +Qf:
QY

DT OTHOIIEHWs MOKA3BIBAIOT, HACKOJbKO HEHATPUHHBIE CBETUMOCTH Yilb-
TPApENATUBUCTCKON HEBBIPDOXKICHHON I1a3Mbl B mporneccax ((1.7) u (1.4)

RW(T,B) = (7.24)
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OTJINYAIOTCS OT aCUMITOTHYeCKOro Bbipazkenus ([7.22). HerpyjHo npuse-
cru opmyser (7.23) u (7.24) k Buy:

2
0 64 (T [eB
s m2((3) (m) \Varz | (7.25)

2
(1) 64 T eB
— 1 () L2 2
1 +7T2C(3) (m) A 272 |’ (7.26)

IJle BBEJICHBI CJjiejlytoiiue (PyHKIMN:

0 1

=a /dv /du T tu— 1] P (u, v; @), (7.27)
—00 0

=a' /dv /du U tu— 1] 4 (u, v; @), (7.28)
—00 1

1

Oy (u, v; ) = {exp {% ((1+u) vVu+v:—(u— 1>U>} —|—1}_ X
x{exp[% (u—l)( u+v2+v>}—|—1}_1

OTmeTuM, 9TO B Ipejiesie CUILHOIO MArHUTHOIO 10 Bhipakenust ([7.25))
1 ([7.26]) XOpOIIO COrMAaCyoTCs ¢ MHTEPIOIAITUOHHBIME (DOPMYTIaMU, IIPU-
BEeJICHHBLIMU JIJISl TTPOIIECCOB u B 0630pe [§].

[Tosyuennbiit pesybrar MOKer ObiTh MCHOJb30BAH st OLEHKUA Hedi-
TPUHHBIX [TOTEPDb U3 MPHUIIOBEPXHOCTHOM 001aCTH MarHUTapa, 3aII0THEHHOI
39JIEKTPOH-TIO3UTPOHHOI 1J1a3MOit, B iepuoyt ruranTckoit Berbiku SGR, [4].
JList xapakrepHbix 3Hadernii remreparypbl 1T 2> 1 MsB u nanpsikennoctu
marauraoro noa 10 < B < 10 Tc aroit mrasmnr ornomenus ([7.25)
u (7.26) cocraisitor mecarku [6]. Orcioma ciemyer, 9To B Mepuoj| BCIb-
MEeYHOH AKTUBHOCTH MarHUTapa MOTEPU SHEPIUH TIa3Mbl 33 CUYeT Heil-
TPUHO BEJIMKK U HE OCTABJISIOT HEOOXOIMMOI'O SHEPIeTHIeCKOro 3aaca Ha
paanonnoe n3aydenne. TakuM oOpa3oM, B paMKax MarHUTapHOR Mojie-
JIM TPYJHO OOBACHUTE HEPTETUKY IaMMa-U3JIyUYeHrst THIAHTCKON BCIIbIITI-

ku SGR.
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8. URCA-nporiecchbl B IpOn3BOJBHOM II0 HAITPSA2KEH-
HOCTU MOCTOSHHOM MATrHUTHOM IIOJIe

B manHOM pasnene pacCMaTpPUBAIOTCS BayKHBIE B PEJIATUBUCTCKONR acT-
podmsuke URCA-mpomnecchl Ha mpuMepe peakiiuu pOXKJIeHHs HeATPUHO
pU AHHUATHIAIAW TPOTOHA W IJIEKTPOHA B TTPOU3BOJIHHOM TI0 HATTPSIKEeH-
HOCTHU MMOCTOSIHHOM MarHUTHOM I10JI€ ( MarpudHblii jIeMEHT JIAHHOI'O

mporecca u ero KBaJpar npuBoauiuch patree (cm. (9.6) u (5.10)), xors u B
ApyTux obosHadeHnsx. B arom pasjese jajee GyjiyT HCIOIb30BAHbI CJIEJLY-

omme obosnauenust: {E' P’ 'y | {Eu, Py, P, s}, {en, 02,03, e}, {w, k} —
SHEPTUY, UMITYJILCEI U TIOJIIPU3AIAN HeITPOHA, TPOTOHA, 3JICKTPOHA 1 Heli-
TpuHO. I manbHEAINIX BLIYUCICHHI JISITOHHDL IITyp YA00HO IIpecTa-
BUTH B BUJIE:

Lop =2(=1)"e "2 [L{) Lo(u) = L{}) Lo oa(w) + L) LY (w)),  (8.1)

rje u = 2])2L /eB, a orjie/ibHbIe BKJIaJIbl B HEI'O OIPEJIEJISTIOTCs Kak

ES’,? = Sp {k Yo D Mo v5(1 + 75)} , (8.2)

= (2 s
L((xﬂ) = Sp [l{:”yapL v5(1 —I—'y5)] (8.3)
HyKJIOHHBIH 1IIIyp MOXKeT ObITh 3alucal B BU/IE:

N(i‘;’s) = (=1)" e mym, x

x { 1+ ¢%) {Nl(i’;l)l}n/(u') — Nfi;g”Ln/_l(u’)] +
(s, +1) / r(s',—1) /
+ 29 [NW Ly (') = NS5 Lo (u )} + (8.4)
+(1-¢%) [Ngf;g%n,(u') _ Ngig%n,l(u')} }

re u = QPE /eB, u oTjiesbHbIe BKJIAJbI JA0TCA CJICAYIONMMA BbIPAYKe-

HUAMMNU:
N = Sp|olTerady o) (8.5)
NQ(ZE) = Sp :@Hs’7a6||H87575}7 (8.6)
N?EZ’;) = Sp -quaﬂsyﬁ] (8.7)
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[IpuBeiennbIe JENTOHHBIE U HYKJOHHBIE IIITYPHI MOTYT OBITH BBITHCJICHDI
C TTOMOIIHIO MOJIE3HBIX COOTHOIIEHWIi, CBEPTOK W TIITYPOB, MPUBEJICHHBIX B
Pagziesie 2.| Pesysibrar Bblunc/iennsi HyKJIOHHBIX IHIIYPOB JIaeT:

N =2 Kz(u[\)a(v]\) 5 [\aﬁ) 5oy + (Aaﬂ + isgoag) 53,,_3} . (8.8)

Nioy = 25 | (R)a(v8)s + (WP)a(vR)s] oy (8.9)
NE =2 {]\aﬁésl,s - (Aaﬁ + z‘sgpaﬁ) 53/,_8} . (8.10)

AHaJIoruIHbIe BLIYACACHUS JIJIsI JIENTOHHDIX IIIIYPOB IPUBOIAT K CJIEIYIO-
EeMYy Pe3yJIbTaTy:

1) =2 {(kma(pA)ﬁ - (kR)5(0A)e — (kAp)Aus +

+ o ((kR)a(p2)s + (k2)a(ph)s) +

+ (s + i0as) ((kAp) — o (kep) ) - (8.11)
— (k)0 = io(kg)a) ((0R)5 + o(p$)s) —

= ()5 + ioth)) ((h)a + 0(021) |,

L) =8 (pA)a(kA)s + (PA)a(kA), -

— (PAR)Aas — (KA)a(pA)s + (k@)a(pp)s + (8.12)
+ i ((@)alpp)s — (k3)5(pe)a — (kip) ) Bas]

Tt acTpohU3MIECKIX MPUIOKEHUH KHTEPEC TPEICTABIAECT pacder 4-nv-
IyJIbCa, YHOCUMOTO HEATPUHO U3 €JMHUILI 00bEMA CPEJIbl B €JIMHHUILY Bpe-
venn (5.12)). IIpu upeanonoxenun eB/m, <K &, @, r1e &, W — CpeHue
SHEPTUM JIEKTPOHA M HEHTPUHO, KOTOPOE XOPOIIO BINOJHSACTCA B OCHOB-
Hpix npunokennsx URCA-poneccos K pacderTy HEHTPUHHOTO OCTHIBAHEST
000JIOUKH CBEPXHOBOH, B BLIPDAXKEHUAX JIJIsl SHEPTUU HYKJIOHOB MOYKHO ITpe-
Hebpeunb dnenamu eB/my,, g,eBs/2m,, gyeBs'/2my. 1o 9KBUBAIEHTHO
IPEHEOPEXKEHUIO SHEPIUE B3aMMOAEHCTBUS AHOMAJIBHOIO MAHUTHOI'O MO-
MEHTa HYKJOHOB ¢ MArHUTHBIM TIOJIEM U (DOPMAIBLHON 3aMeHe:

oo

S (D) Ly (u) =Y (1) Ly (u). (8.13)

n'=0
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B pesysbraTe 3aMeHbl 110J] 3HAKOM CyMMBI 110 1/ BbIpasKeHue JJist HyKJIOH-
woro timypa (8.4]) cyrmecrsenno ynporaercs:

NONG =Y (1) e Ly ()
n'=0 n'=0
x4 {(1 + %) | (208)a(0A)s = Aap) by + (Nas + ispas)v, | +
+ 295 (VA)a(W)s + (V@)a(wA)s ) by + (8.14)

+ (1 - 92) (Aaﬁ(ss’,s - (Aaﬁ + is@aﬁ)de’,—s) }

CBepTKa 9TOr0 BBIDAXKEHUsT C JIENTOHHBIM TiirypoM (8.1) mpuBouT K cJie-
JIYIOIEMY BbIPaKEHUIO JJid 4-UMILYJIbCA, YHOCUMOI'O HEHTPUHO U3 €JIUHUY-
HOrO 00'beMa, CPeJibl B €JIMHUILY BPEMEHM:

dP 2G> d3k; B3P
dv%::@mS/ ﬁ’E:E:/‘ L = ) x

TLTL SS

/ ﬁfe( n) / o my fo( Bu) (1) e O Ly (1) 61 x

E,
{00 (14 ) a0 = La) + 205(Lafa) + Loa(w)]
x (Q(U[\k;) (vAp) — (kAp) ) + (8.15)
+ 4y [ ) (Ln(w) + L1 () + 295 (L (u) — Ln_l(u))} x
% ((vAk) (vgp) + (vAp)(wk))
+ 2005 8% | ((Ealt) = Luoa(w)) + 5 (La(w) + Lo-1(w) ) (0AK) -

(Ln(u + Lo (u) +3(Ln(u)—Ln_l(u))>](pg5k)—
~ 480 (1= L) (02D}

rae 6W=0W(p + P — P' — k) — npoussesenne d-byHKIMA 10 SHEPIUM 1
KOMIIOHEHTaM UMIyJbca, a v, = 1/v/1 —v2{1,0,0,v} — 4-ckopocrb 1Bu-
YKEHUST CPEJIbI BJIOJIb BEKTOPA HANPAXKEHHOCTH MarHUTHOrO 1oJs. Jannoe
BLIPAKEHHUE COJIEPAKUT MHTEIPAJIbl 110 HOHEPEYHbIM K HAlPABJICHUIO 11015l
KOMIIOHEHTAM UMIIYJILCOB 3JICKTPOHA U IPOTOHA. TeXHUKa BLIYUCICHUI 0~
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JIOOHBIX MHTErPaJIOB n3J0xKeHa B Paziesne Huke MbI TPUBOIUM pE3YJTh-
TAT BBIYUCJIEHUs CKAJISPHOTO M BEKTOPHOIO WHTETPAJIOB MO MONEPETHHIM
KOMIIOHEHTaM, KOTOPbIE BXOJIAT B Bbipaxkenue (8.15):

/f /*ﬂ (B, + 1 — qu) e 2 Ly (u) () =
_, meB q
= (=1 = 2 2L 8.16
( ) 2 m,n <2€B>7 < )

/fm/fﬁﬁmﬁ+@f@ﬁﬁwW%M@QMWﬂMW:

) B [2eBn ¢ T
e R kA D Vg, (L) (817
(=1) 4 qL (kAq) F 2eB "1\ 2B )

rJie BBEJICHBI (DYHKIINN:

!
ﬁx(”_m)/26_9”/2LZ;’”(w) (8.18)

me(x) = (—1)m_nFn,m($) - n!

B cucreme nokost cpegpt v = (1,0,0,0), u B npeanosoKeHun, ITO HYK-
JIOHBI SIBJISIIOTCST HEPeATUBUCTCKUME &~ m,, E' ~ my ueiirpnnnas
CBETUMOCTD U3 €JUHHUIbI 00'beMa, IIPUBOJIUTC K BUJLY:

_dBy G%cos HeB 37
=i - Zz/d (1= k) w

nn SS

x /_ " dps L(6) / APy £ (B / &P (1~ fy(E) 5

o0 —0Q

{5 L) T 2 (1 29 pes (122 (1= B0y ]
+ 65,,Sgas{<1+§—i) (1+ i )F2 (1 — f—i) (1 — %)F’Q} —

+ 0y _sg] [(1 +5) (1 1 8—) (1 _ %)F2 +

n

+ (1—3)(1——7) (1 i )F’Q} +

W
/2 B (k
+ g5 (1 - gz) - j)LFF/}
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3nech BBesieHbl 0bo3nauenus F' = F, (qi/2eB), F'=Fy 1, (qi/QeB),
5|(|2) =0(en + By — E' —w) d(ps + Ps — P; — ks). Hamomnnm uro B jan-
HOM TIporiecce €, = \/p2 + 2eBn +m2, B,y = m, + P?/2m, + eBn'/m,,
E' = my + P?/2my, w — aHeprun 3jeKTpoHa, TPOTOHa, HeHTPOHA, Heil-

TPUHO, §| = (ﬁ’—l—k)L — UMILYJIbC, TIepejiaBaeMblil B peakiuu (|1.1)) monepek

MaruuTHOTO TOJd, g, =~ 1, g, =~ 1,26 — BekTOpHasa 1 aKcuaJIbHasg KOHCTAHTa
3apsi?>KEHHOT'0 HYKJIOHHOI'O CJIaDOr0 TOKa B HU3KOSHEPIeTHIECKOM IIPUOJIH-
keaun. OTMETHM, 9TO MOJIYyYEeHHOE BbIpaXKeHne HEeHTPUHHOW CBETUMOCTH
coBlajiaeT ¢ npusejeHubiM B 063ope [8] upu ymHokeHun ero Ha jiBa u
zamene 1 — f, — 1. Paznauune oObscHseTcss TeM, UTO B IUTUPYEMOii pabo-
Te cpejla HeMTPOHHO! 3BEe3/Ibl IIPe/IIIoaarajgach Ipo3padnoi JJisi HeUTPUHO
U, B JIOTIOJIHEHUE K TTPOTIECCY , YUIUTBIBAJICS [3-paciiaj] HelTpoHa, 9To
IPUBEJIO, B KOHEYHOM CUeTe, K YABOCHUIO HEHTPUHHON CBETUMOCTH.

9. PaccesHune HeMTpUHO HA MPOTOHE

Peakius ([L.6) paccesinus nefitpuno Bcex copros Ha nporone (N = p)
UTPAET BayKHYIO POJTb TIPU B3PBIBE CBEPXHOBOM. 3a CUeT MPOIECCOB pac-
cesdHUsl HEHTPUHO Ha HYKJIOHAX BHYTpEHHssI, HamOoJjiee IMJIOTHAs YacThb
000JIOUKN CBEPXHOBOI CTAHOBUTCS YACTUYIHO HEITPO3PATHON JIjIst HEHTPUHO
COPTOB 4 U T. B MaruuTopoTanuoHHONl MOJie/In B3PbIBa CBEPXHOBOM, Kak
BriepBbie moka3ano B [1) 2], He MeHee BaXKHO BBLIYUCIUTH KOMIOHEHTY HM-
MyJIbCa, MePeIaBaeMOTO OT HEHTPUHO 3JIEMEHTY 00beMa, CpeJibl B €TUHUILY
BPEMEHU B JIaHHbBIX Ipolieccax. JloKaabHbIH JlarpaHKUaH MMPOIEcca paccesi-
HUS HEHTPUHO Ha TTPOTOHE UMeeT B C KOHCTaAHTaMHU JIEKTPOCTAO0TO
nporonnoro toka (5.3)), S — MaTpuuHbIl SMeMeHT Hporecca MOXKeT ObITh
sarmucan B Bujie ((5.5)), a ero kBajpar B Buje . OcHOBHBIM 00HEKTOM
BBIUUC/ICHUSI SIBJISIETCSI [IEPEJIAHHBI 0T HeliTpuno cpejie 4-umiysibe ((9.9)).

[t MaTPUITHI IJIOTHOCTH HEPEJIATUBUCTCKOTO MTPOTOHA UCTIOTH3YEeM BhI-
paxkenue (4.31)) ¢ yaeToM OTCyTCTBHsI BBIPOXKJICHUST €10 SHEPIHUH 110 YPOB-
Hsam Jlanjgay , MAaTPHUIA [JIOTHOCTU HEWTPUHO COOTBETCTBYET CTAH-
JlapTHOMY Bbipaxkenuio (4.34)).

B rakowm ciiyuae HeHTpuHHBIH 1yp B Bhipaykeruu ((5.9)) onpepessercs
CTaH/IAPTHHIM 00Pa30M:

L) =8 [kgkg bkl — (K'K) gos +z‘5um5kﬂk’y] (9.1)
HpOTOHHbH'/JI mmyp € OANHAKOBbIMU HaYaJIbHBIMU U KOHEYHbBIMU T1OJISAPU3a-
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nusiMu (6e3 mepeBopoTa CIIUHA) MOXKET OBbITh MPEJICTABICH B BUJIE:
No(zﬁ ) _ ( 1)n+n Oy e —(utu')/2 m127 Ln/(u/)Ln(u) {(1 . 92)]\@5 +
+ (1+ 6% (WA)a(vR)s + (WA)s(0R)q — Ras(vhAv)) +
+ 295 (A (v3)s + (vP)alvA)s) |, (9.2

TOJIA KAK C PA3JIMYHBIMU HAYAJIBHBIME M KOHEUHBIMU MOJsIpU3aIisiMu (¢
LIEPEBOPOTOM CLIMHA) UMEET BUJL:

N(isﬁ/a_s) = (—]_)n+n/2 6_(U+u/)/2 m?) Ln/(u’)Ln(U) (Aaﬁ + isgpaﬂ) X
X [(1 -9 — (14 ¢°)(vAv) + ng(vgév)] : (9.3)

[Ipu mepexosie B cucremy mokost cpensl v = (1,0,0,0), a cBepTKa MpOTOH-
HOTO ¥ HEHTPUHHOIO IIIIYPOB JIAeT:

Naﬁ Laﬁ =32 Ln/(u/)Ln(u) X
X {68/78((1 — ) (kK L+ (1 + ¢)(Ww + kskh) + 2gs(w'ks + wky)) +
+ 6y—s 2% (ww' — kskl — s(wkj + w'kg))] (9.4)

[Tocsie mogicranosku 1mypos B (5.9) M MHTErpUPOBAHUST MO TONEPETHbBIM

KOMIIOHEHTaM UMITYJIbCOB 1poroHa (cMm. narerpasbt ([7.9) — (7.11))) mooy-
IUM:

ary 1 G2 eB Bk K ,
Wi =V 2 (§7T6)7 m2/7f”(k)/ o L B E)) >

/. /
n,n’;s,s

X / dE—pj fo(Ens) da / Cg:”’ (1= fo(Bns)) F2,.(0) 67 x (9.5)
X {55/,5 (1= g*)(kK) L + (1 + ¢°)(w'w + ksk) + 2gs(w'ks + wkf)] +

G,y 207w = hk — s(wh} + wks)] |,

rjie Beejiena F, (V) = 4/n!/n’| 19(”/_”)/26_’9/2[/2/_”(19) — dyukuus Jlarep-
pa, ¥ = (k — k)2 /2eB 6 = 6(ps — ph + ks — k) 0(Ey — By +w — o).
[Tonyuennoe Bolpazkenue Jiuist 4-nMIyJIbca CIPABEIMBO B HOCTOSIHHOM, OJ1-
HOPOJHOM MATHUTHOM II0JI€ IIPH IPEANOJIOKEHUU O HePEJATUBA3ME IIPO-
TOHOB. JIOTOJHAUTENLHBIC YIPOINICHNs CBA3AHBLI C YCJIOBAAMU B 000JIOYKE
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CBEPXHOBOW C KOJIJIAIICOM IMEHTPAJbHON YacTH TPHU MPOXOXKJICHUH Uepes
Hee OCHOBHOT'O HEATPUHHOIO MOTOKA.

[Tpejiiionarast, 4ro QpyHKIMs pacupejie/ieHusi TPOTOHOB 0O0JIbIMaHOB-
cKasl, peHeOperaeM (pyHKIMEHl pacrpesiesieHnsi B KOHEYHOM COCTOsHUU.
[TockosibKy TpoIiece paccesuus HeHTPUHO Ha MPOTOHE TOUTH YIIPYTU, OC-
HOBHO¥ MHTEPEC TPEJICTABIISIET KOMIIOHETA dPH(V) /dV dt nepejantoro cpejie
MMILYJIbCA BJIOJIb HAIIPABJICHUST MATHUTHOTO 110Jisi. HenysieBoit BkJia B 9Ty
BEJIMIUHY JIAIOT MOJUHTETrPAaJbHbIE YJIEHBl ~ kll’kl\ ITpn paHHBIX yCI0-
BUSAX JIJIsT KOMIIOHEHT MMITYJIbca O€3 1epeBopoTa U C MepeBOPOTOM CIIMHA,
POTOHA, TIOJIY YU M:

dl ) G2 eB Pk d3/<:’
|| F6 / E :

s'=s

n,n'=0
X / dps fp(Eys) (W' k” k” ) §(eB(n' —n)/m, — q), (9.6)

(v) ~
dP, GQ B d?,k d3k/ 00

I _ 2. UF€ B . )
dvat|,_ s 2r) / o fu(k)/ " (1= fu(K)) ZF

—$ n,n'=0
X / dps fp(Eps) (W' /{:H — wk:” ) §(eB(n' —n)/m, + g,Bs — qp). (9.7)

[Tonyuennble BhIPaXKeHUsT MOTYT PaCCMaTPUBATHLCS JIMIIL KaK IIPE/Ba-
PUTEJLHLII Pe3yJIbTaT, OCKOJLKY OHU BCE ellle MPEJICTABIISIOT MATHKPAT-
HBII MHTErpaJ [0 UMIYJIbLCAM U ABYXKPATHOE CyMMUPOBAHUE 110 YPOBHSIM
Jlanjay HauaabHOrO (KOHEYHOIO) MPOTOHA. BaykHO MpOAHAJIM3MPOBATH WX
IPU YCJIOBUM, YTO HEPEJATUBUCTCKHUE IIPOTOHBI 3aHUMAIOT MHOI'O YPOBHEIl
Jlangay (n,n’ >> 1), 970 XOPOIIO BBITOJHAETCS TIPH MATHUTOPOTAIIMOHHOM
B3PbIBE CBEPXHOBOIA.
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