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AHMN30TPOIINA BTEOCTPOONYECKUX TEUEHUAX

M.IO. PemieTHsik

BBEJEHHE.

[pubnmwxenne OXHOPOAHOW W HM30TPONHOM TYpOYJIEHTHOCTH SBJS€TCS BechbMa IPyObIM IpPH ONHMCAHUU
KOHBEKIIMH BO MHOTHX Te0()M3NUECKUX MPUIIOKeHUsAX. s ciryyas 6e3 BpallleHns OTKJIIOHEHHE OT M30TPOIMU BBI3BAHO
HQJIMYUEM BBIICIICHHOTO HAIIPaBJICHUs, CBSI3aHHOTO C CHJIOH TsbKecTH. IIpu OIleHKe CIEKTpOB IOJIeH OTKIOHEHHE
CIEKTpa OT KOJIMOTropoBcoro 3akoHa ~k ™ MoxeT 6bITh U He GosbuM (K - BONHOBOE YMCII0), TOCKOIBKY ISl 337124 B
cioe GopMa KOHBEKTUBHOU SYEHKU Ha MOPOre reHepanuu Onn3ka K KyOu4eckoii, a BO3MOXHBIC OTKIIOHEHHs OT Ky0a
YMEHBIIAIOTCS TPH Tepexoe K ManbiM MaciuTabaM. OfHaKo, CIIeKTpabHbIE OLIEHKH HE SBIISIOTCS MCUYEPIIBIBAIOIIMMU
xapakrepuctukamu. ComnacHo Mozpenu KommoropoBa Mbl Obutn OBl BIpaBe OXKAATh H30TPONMHM M B IOTOKAX
KMHETUYECKOM SHEPIUU B CIIEKTPaJbHOM IPOCTpaHCTBe. [locaennee He BBINOIHUMO Ul 33/lad C NOAOTPEBOM CHU3Y,
xoTsi OBl yXe TOTOMY, 4TO pabora cuibl ApxuMmena 1o BceMy oObeMy He paBHa Hymo. OfgHako, K euie Oosbluei
AQHM30TPONUH B 33j1a4ax reo()U3NUECKOW KOHBEKLMHU NPHUBOJUT CyTouHOe BpaieHue. Ecnu BmustHue cun Kopuonuca
JUI KOHBEKLIMM B MAaHTHU €Ile NMPeHeOpeXMMO Maio, TO IS 3a/ad METeopoJoruH, (U3MKM OKeaHa WX BIHMSHHE
OKa3bIBaeTCs NpUHIMIHUAIBLHEIM [1]. Bosee Toro, At KOHBEKIMH B )UIAKOM siape 3emin cuna Kopronica npeBocxomur
HEJIMHENHBIN YJIeH Ha TPH MOpsJiKa, B KOpHE MeHsAs OanaHc cuil B ypaBHeHHH Habbe-CTokca 1 crieKTpalibHbIe CBOICTBA
ero peuieHus npu Ooibux unciax PeitHonpaca Re.

BBenenne BpanieHus IPUBOAUT K CYIECTBEHHOM NepecTpoiike TeUeHNH Kak B PM3UYECKOM IIPOCTPAHCTBE, TaK
u B BojHOBOM. HecmoTps Ha ToT dakT, uto cama cuia Kopuonuca He coBepiaeT paboThl, 3a CUET HOSBICHUS YCIOBUI
JUisi 00paTHOTO Kacka/a SHEprH, HAOIIOIaeMOro B HPSAMBIX BBIYUCICHHSAX [2] M MpEACKa3aHHOTO TEOPHEH PEeHOPM-
rpynn [3], ammiaMTyga KpyHHOMAaclITaOHBIX TEYEHHH MOXET YBenMuMBaThes. Kak cliencTBue, HaKJIOH CIIEKTpa
KMHETHYECKOW DHEPruu Takxke yBenuuuBaercs oT -5/3 mo -2 [4,5]. JlaHHOe M3MeHeHHe CBA3aHO C OJIOKHpPOBaHHEM
nepenayy SHepruu no crekTpy. Ilpu mepexozxe k 3amade ¢ TEIUIOBOW KOHBEKIMEH, rie 100aBiseTcsl ypaBHEHHUE Ul
TeMIIepaTypbl ¥ CHJIa IUIaByYEeCTH, BOSHUKAIOT YCIOBHSA JUIS MOSBICHHUS IIMKIOHWYECKOH KOHBEKIUH C MHTEHCUBHBIMU
BEPTHKAIBHBIMH CKOPOCTAMHU. B (hu3mueckoM mpocTpaHcTBe 3ajaya yKe JOCTaTOYHO M3ydeHa B paboTax reoJHHaMo.
BoicTpoe BpamneHue NpUBOAUT K TOSBICHUIO paBHOBecHs Mexay cuioit Kopuonmca u rpagueHTta JaBieHHS
(reoctpoduueckuii 6ananc). Bo3HUKAIOT IUKJIOHBI (aHTUIMKIIOHBI), BHITSIHYTHIE BIOJIb OCH BpalleHHus. Tak, eciu B3sATh
KHUIKOE AAPO 3eMIM M YMEHBUIMTh aMIUIMTYLy MCTOYHHMKOB TEIUIA IO YPOBHS Hadaja BOSHUKHOBEHUS KOHBEKIIHH, TO
araMeTp d. TakuX IMKIOHOB OyleT Ha 5 IOPSIKOB MEHBIIE €ro BHICOTHL. B AEHCTBUTENBHOCTH, 3a CYET TOTO, YTO
KOHBEKIWSA B sinpe 3emin TypOynenTtHa, Re~10°, B BONHOBOM IPOCTPAHCTBE CYNIECTBYET LENbIH MAKET TAKMX IIUKIOHOB,
HO OLEHKHM II0 MOPSAKY BEIMYMHBI JalOT, YTO KAaK MHHHMYM JUId HEpBBIX TpeX-yeThlpex mnopsakoB mo k
reoctpoduyeckuii GajlaHC BBINONHAETCSA. DTO CYIIECTBEHHO NPEBOCXOAMT IPOTSKEHHOCTH CIIEKTPAa T€OMarHUTHOTO
TI0JIS ¥ IOJKHO YYUTBIBATHCS P MOCTPOESHUH MOJENICH AUHAMO.

Kax yxe oTMedanoch Bbllle, JUld AMHAMUKH MEpeJady 3HEPTUH B BOJIHOBOM IPOCTPAHCTBE IOSIBICHUE CHIIBI
Kopuonuca taxke BaxHo. Ecnu mms crmyuast Oe3 BpalleHWs, HEJIMHEHHBIN 4ieH, OBIBIIMI OJHOTrO MOpsAAKa C
IpaJlieHTOM JaBJeHUs, OECIpensITCTBEHHO IepelnaBal 3HEPIruI0 MO CHEKTpy (HampuMmep, 3a CYeT BUXPEBOH YacTH
HEJIMHEIHOTO YJIeHa), TO IPH MOABICHUH cHibl Kopromnrca BO3MOXKHA CIEIYIOIasi CUTYalHsl: JaBJIeHHe KOMIIEHCHPYET
MOTEHIMAIBHYI0 COCTaBIIsAIONLY0 cuibl Kopuonuca. Buxpesas sxe komrnoneHTa cuiibl Kopronuca Onokupyer nepeHoc
SHEPruy HEJIMHEWHBIM 4iieHOM. Kak ciefcTBue, CIEeKTp CTaHOBHUTCS Kpyde. Tak oOCTOMT Neno Ha MajibIX MaciTadax
1<« d.. Ha Gompmmx sxe macmrabax 1>>>d. cucrema MOXKeT HaXOAHMTCS B COCTOSIHUH CTATHCTUYECKOTO PABHOBECHS:
JHUCCHITIANNUS MPAKTHYECKH OTCYTCTBYET, @ OOMEH 3HEPIUAMH MEX]ly MaciuTabaMu npeHeOpexuMo MaJl.

Hwxe, Ha mpuMepe TpexMepHOH MOAeIM TEIUIOBOM KOHBEKIMM B INIOCKOM CJIO€, MBI PAaCCMOTPUM CBOMCTBa
AQHU30TPOINUY, BBI3BAaHHBIC BpallCHHEM, KaKk B (DU3HMYECKOM IPOCTPAHCTBE, TaK W B BOJIHOBOM ISl PEKHMOB,
XapaKTEePHBIX U1 MoZieIell KOHBEKIIMH B XKUIKOM A1pe 3eMIIn, U CPaBHUM KX C PeKUMaMH 0e3 BpallleHus.

MOJEJIb.

Jlns  omucaHWs CTaTUCTHYECKUX CBOWCTB TEIUIOBOW TYpOYJICHTHOCTH OOBIYHO WCIONB3YIOT MOJEINb
Byccunecka B cioe ¢ momorpeBoM cHH3Y B JleKapTOBOM cHCTeMe KOOpAWHarT, cM. moapoOHee [6]. Crol Bparmaercs
BOKPYT' BEPTHKAJIBHOH ocH z. I10 ropu3oHTaIM UCIOJb3YIOTCS MEPUOIMYECKHE TPAHHMYHbIE YCIIOBUS, HA IPAaHUIAX XKe
10 BEPTUKAIH U TEMIIepaTypbl HCIOIB3YIOTCS (UKCHPOBAHHBIE 3HAUCHUS, UII TOPHU3OHTANBHBIX CKOPOCTEH —
HEBSI3KHE YCIIOBHS, a U1l HOPMAaJIbHON KOMIIOHEHTBI CKOPOCTH — YCIIOBHE HEIPOHUKHOBEHHS. YUUTBIBasi TOT (AKT, YTO
Hac Oy/ieT MHTepecoBarh MOBEJCHUE CUCTEMbI Kak B (DH3MYECKOM IIPOCTPAHCTBE, TaK U B pocTpancTBe Dypre, ynooHo
HCIONB30BaTh IceBAOCHEKTpanbHbli Meron [7]. CyTh MeToma COCTOMT B TOM, YTO HUHTETPUPOBAHHUE IO BPEMEHU
YpaBHEHMH B YaCTHBIX IIPOM3BOIHBIX IPOMU3BOIMTCS B BOJHOBOM IIPOCTPAHCTBE, YyAOOHOM JyIsi OIepanui
maddepeniupoBanus. [y BEIMUCIEHN e HEMMHEHHBIX YWIEHOB JieJaeTcs nepexos] B (GU3MUecKoe MPOCTPAHCTBO, IIe
MIPOMU3BOJMTCS TIEPEMHOKEHHUS COOTBETCTBYIOIIMX IMOJIEH, TIOCIIE Yero JiefaeTcst 00paTHbIi mepexon B K-mpocTpaHCTBo.
WuTerpupoBanue MO BPEMEHU OCYyIIECTBIseTCs mo cxeme Amamca-bamidopa (AB2) mns Bcex 4WieHOB, Kpome
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mabdysnonnoro. g nuddy3HOHHBIX WICHOB HCIOIB3yeTCs AHAIUTHYECKHH mpueM [7], cBomsmumiics K 3aMeHe
nepeMeHHbIX. [Ipy anmpoKcUManuy HUCHOJib3YIOTCS (HU3MYECKHE IEePEMEHHbIe, aBIEHHE HCKIIOYaeTcs 3a CYeT
HCIIONIb30BAaHUS B3ATH MBEpreHInu oT ypaBHeHust Hapbe-Crokca, 3anucanHOro B poTopHOH Qopme.

CrieyIomyM Ba)KHBIM MOMEHTOM SIBJISIETCS aJalTalys KOAa ULl MHOTOIIPOLIECCOPHOI TeXHHKH. B pabote
UCIIONB30BaH  Hambosee THOKMH B Hacrosmee Bpemss Meron MPI, mo3Bosstiomuii NpOBOAMTH BBHIYMCICHUS Ha
KOMIIBIOTEPAX C Pa3IUYHOM apXUTEKTYpOH: Kak Ha KJIAcTepaX, TaK U Ha MHOTOIPOLECCOPHBIX CYNEPKOMIBIOTEPaX C
oOreit muHOM (B yacTHOCTH, cynepkommbilotepax IBM Regatta p690+). CyTb pacnapasienuBaHis COCTOUT B TOM, YTO
BOJIHOBOE M (H3MYECKOE IIPOCTPAHCTBA pPa3OMBAIOTCA MEXAy IIpOIlecCOpaMH B HaNpaBlIeHHAX (X-y) M Janee
BBIYMCIICHHUA MPOU3BOAATCS Ha Ka)XKIOM IPOLIECCOPE HE3aBHCUMO C MOCIEAYIOUMM OOMEHOM JAaHHBIMH MEXIY
nporieccopamu. OTAENbHO CTOUT YHNOMSHYTh HapajuleldbHylo Bepcuto TpexmepHoro FFT. Jlns mamumHHOMN
HE3aBUCUMOCTH OBUIM HCHONBb30BaHBl Oubmuoreunsle oxHoMepHble FFT ¢ OTKpHITBIM KOZOM, KOTOpBIE U
ucnonb3oBanocs At Dyppe-npeodpazoBaHus B BEPTHUKAIBHOM z-HarpaBiieHHd. [ nmpeobpa3oBaHuUil 110 BepTHUKAIH
HCTIONIb30BAJIOCh TPeo0pa3oBaHKe 110 KOCHHYCAaM HIIM CHHYCaM B 3aBUCHMOCTH OT MCIOJIb3YeMbIX IPAaHUYHBIX YCIOBHH.
Jns B3sTHA IpeoOpa3oBaHMH B TOPH3OHTANBHBIX HANPaBICHMSAX, INPEABAPUTEIBHO, AENAIOCh MEXIPOIECCOPHOE
TpaHCIOHUpPOBaHUE MaccuBOB ¢ ucnonb3oBanueM MPI_ALLTOALLV mnponenyp MPI. Hcnons3oBaHue AByMepHOM
CTpareruu pacnapasuleMBanus o3BoseT 3(QPEKTUBHO UCIONIB30BaTh ~N* MPOLECCOPOB, e N (=2") — uuciIo Todek
na cetke N°. Kox nanucan na ®@oprpane-95. OOuMii MOAXOM B TIPOBOMMBIX TECTAX COCTOSIT B CIIEAYIOIIEM: 3alUIIEM
IIPOU3BOJIbHOE Mapadonndeckoe MupdepeHIranbHoe YpaBHeHHE TaK, YTO CJIeBa CTOMT HMPOU3BOIHAS IO BPEMEHH, a
CmpaBa IPOCTPAHCTBEHHBIH omeparop. 3agaauMcs IPOWU3BOJBHBEIM AHAIUTHYCCKHM HAdalbHBIM  YCIOBHEM,
YIOBJIETBOPSIONIMM YCIOBUSM Ha TpaHULE U TpeOyeMbIM CBOHCTBaM [JII PAacCMAaTPUBAEMOro MOJA (HAIpHMED,
0e31uBEPreHTHOCTH U1 most ckopocTH). IlogcTaBuM €ro B Oeparop U BHIYMCIUM B aHAIUTHYECKOM BHJE, HAIIPUMED,
B makere MAPLE. KouBeprupyem BripaxkeHue B ¢opTpaHoBckuii (C) KoI M IMOACTaBUM B KadeCTBE MCTOYHHKA C
00paTHBIM 3HAKOM B TECTHUpPYeMyo Iporpammy. Eciu nporpamMma paboTaeT npaBWIBHO, TO Ha BBIXOZE MBI OyJieM UMETb
CTaI[MOHApHOE pemeHue. Ecau ke ecTh OmMOKHM, TO aHaAu3 HPOCTPAHCTBEHHOW CTPYKTYPHl BO3HHKAIOLIHX
BO3MYILICHHI BO MHOTHX CIy4asX MO3BOJsieT ObICTpO HaWTH ommOKy. HekoTopble 0COOCHHOCTH, CBS3aHHBIC C
apxuTeKTypoil MammH Regatta p690+ nns manHOTO Kilacca 3aj1ad pacCMOTPEHHI B [8].
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Puc.1. Ceyenust BepTHKaIBbHON KOMIIOHEHTBI CKOpOCTH VZ pexxuMm 0e3 Bpamenus NR(1,2) nns x=4.3, u z=0.8.
Juanazonsl noneit: (-257,506) u (-254, 572). Ha HrwxHUX ABYX pUCyHKax (3,4) npencraBieHbl cedeHus: Vz ¢ yueToM
Bpamenus (pexxum R1) mis x=4.3 u z=0.8. duanazonsr noneit: (-88,127) u (-55, 86).
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PE3VJIBTATBI MOJAEJINPOBAHMUSI.
B03HHKHOBEHHE KOHBEKIMH B OECKOHEYHOM IUIOCKOM CJIO€ SIBJISIETCSI TIOPOTOBBIM SIBJIEHHEM, IPOHCXOAAIIEe
IIpY yBeIMYeHUH uucia Pases 1o xpurnueckoro 3HaueHus Ra”. PaccMoTpuM Tpu pexuma KOHBEKIHMH:
1. NR: Pexum 6e3 Bparmenus (cuna Kopronuca pasra Hymo), Ra=9 10°, Pr=1, E=1, Re~70.
2. Rl: Pexum c ppamenuem, Ra=4 10%, Pr=1, E=2 10, Re~200.
3. R2: Pexum c Bpamenuem, Ra=10°, Pr=1, E=2 107, Re~10°.
3neck Pr, E — Ge3pasmepnble uncna [panarnsa u Oxmana [1]. TlepBblid pexum, peAcTaBiIeHHbIH Ha puc.l,
COOTBETCTBYET KBAa3UIEPHOAUYECKOMY pEXHUMY TEIUIOBOH KOHBEKIMM Oe3 BpamieHHs. TemsoBas KOHBEKLIHS C
BpAIIEHHEM XapaKTepu3yeTcs IOsABICHHEM OOJbBLIOr0 YKCiIa BEPTHKAIBHBIX BPAIIAIOMINXCS KOJOHOK (IIMKIJIOHOB-
AQHTULUKIOHOB). X 4ynciio 3aBucuT ot uncia Dxkmana kc~E-1/3, paBHoro oTHoIeHHIO cuil B3kocTH K cuiie Kopuonuca
[9,10]. Hns sxuakoro syapa 3emnn E~10-15, uTo oueBuAHO HE MO3BOMISIET MPOBOJUTH BBIYMCICHUS NPH PEATTMCTUYHBIX
3HaueHMsX napamerpa. OObYHO, ymaercss HoOuThes pexumoB ¢ E=10-5-10-6. Llenpto 4nCIEHHBIX KCIIEPUMEHTOB
SIBISIETCSL  TIOJYYUTh ACHUMITOTHYECKMH pPEXHM M IIPOBECTH COOTBETCTBYIOIIYIO SKCTPANONALMIO K 3EMHBIM
nmapamerpam. Taxke, U3 JMHEHHOTO aHaln3a W3BECTHO, YTO KPUTHUYECKOE YHCIO Panes, mpu KOTOpOM HAYHMHAETCS
KOHBEKI[US, 3aBHCHUT OT unciaa DkmaHa Kak Racr~E-1/3 . VBenmuenue Racr cBsi3aHO ¢ MOSABICHHEM IUKIOHHYECKOM
KOHBEKILIMH, MPUBOAAIICH K MOBbINIEHHOH auccunamuu. Pexxum R1 coorBercTByeT reoctpoduueckoMy COCTOSHHIO
KOHBEKIIMM BOJNM3M IOpOra reHepalnuy, XapaKTepU3yeMOro PeryspHOH HMpOCTPAaHCTBEHHOH CTPYKTYPOW IHMKIOHOB
(puc.1).  VYBenuuenume Ra (pexxum R2) mpuBoaUT K HapyLUIEHHIO YIOPSAAOYEHHOCTH IUKIOHOB, IIOSBIICHHUIO
MEJTKOMACIITA0HBIX TEYCHUH B HATIPABJICHUH Z, OTKJIIOHEHHIO OT reocTpoduu.
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Puc.2. Cnexrpsr kunetnyeckoit sHeprun EK, EK L, EK|| kax ¢pynxuums k (1), kL (2) u k|| (3) mns pexxumo NR
(crmomrHas smHES), R1 (kpectuxm) n R2 (kpyxoukn). [Ipsimast miuHMS cooTBeTCTBYET criekTpy Kommoroposa ~k-5/3 .

Jnst pexxuma NR criekTpaibHble CBOMCTBA KOHBEKIMM OJM3KU K KOJIMOTOPOBCKOH 3aBrcuMoctu ~k>? (puc.2).
Pexxum R1 Omusok k moporoBomy. Ha uHTerpaibHOM crekTpe (BEpXHHH PHCYHOK) XOPOIIO BHJCH NHK  Kk~8,
COOTBETCTBYIOIIMH IHUKIOHMYeCKUM TedeHHsM. Ilpu ysenmmuenun Ra (pexxum R2) mpoBan B crekTpe HauMHAeT
3aIOJIHATHCS U MHTETPAJIbHbINA CIIEKTP CTAHOBUTCS NOXOKUM Ha CIIEKTp 03 BpaleHusl.

Jns pexxuma R1 crextps! nonepedssiit Ex' u npogonsusii Ex! ciextpr! cunbao pasmugarorces: criektp Ex! He
qyBCTBYeT TpaHHIIBI k=k., B TO Bpems kak mns k<k.mosenernne Ex" 6:mi3Ko k 6eoMy CriekTpy, a [T 60IbImuX K criekTp
Ex* pesko mamaer (k. =k, +k,’, k=k,). IIpu nepexone k 6onpmum Ra Ex! npubmmkaercs Kk KOIMOTOpOBCKOMY CIIEKTDY,
a TPaHCBEPCAIbHBII CHEKTP MO-NPEKHEMY oOcTaeTcss OesibIM Ul MajbIX K 1M OJM3KUM IO HAKJIOHY K CIIEKTpy 0e3
BparueHus st k>K. .

HaGmonaemoe cxozncTBo B noBereHuu criekTpoB R2 u NR elie He CBUIETENBCTBYET O CXOACTBE (HH3MUECKUX
IIPOLIECCOB: M3BECTHO, YTO B IBYMEPHOM TypOyneHTHOCTH [11] Taroke HaOmo#aeTcsi CieKTp KMHETHYeCKoi sHepruu ~k™
? Ho mepenaya SHEPTMM MPOUCXOTUT He OT GOJBIIMX MAcIITaboB K MEHBLIMM, a Ha060pOT. IIpHBEIeHHbIC OLECHKH
4jieHoB 1J1s1 ypaBHeHHs1 HaBbe-CTokca uid R2 cBuaeTenbCTBYIOT O BBINOMHEHHH TreocTpoduueckoro Gananca. B aroit
CBSI3M MHTEPECHO PAaCCMOTPETh IOTOKM SHEPrHH B BOJHOBOM IMPOCTPAHCTBE OT OJHUX MAcCUITa0OB K JPYTHM, CM.
noxpo6uee [12]. Ha puc.3 mpencraBieHs! HOTOKK KMHETHYECKOH sHepruu Tk, kak (yHKIMU BoaHOBOrO uncia k. Pexum
NR 1eMOHCTpHpYET XOpOLIO H3BECTHYIO KAPTHHY KOJIMOTOPOBCKOIO MPSMOro Kacka/la KWHETHYecKoW sHepruu. Jlms
6onbix MacmTaboB Tx<O - 3TH MaciiTaObl ABISAIOTCA MCTOUYHMKAMK >Hepruu. [To Mepe nmepexona B MH(PpPAKpacHYIO
YacTh CIEKTpPa 3HAK MOTOKA MEHSETCS Ha MOJIOKHUTENBHBIN: 3Heprus nmorpednsercs. s nBymepHOl TypOyJIeHTHOCTH
HabromaeTcs 3epKaIbHO-CHMMETPHUYHAsT KapTHHA Uit ToToka [11]. B aToM cirygae BMecTo mpsiMOro Kackazia SHEpTHH
HaOoaercst oOpaTHbIH Kackaj. BpailieHue CyIecTBEHHO MEHSET IMOBEICHHE MOTOKOB 3HEPruu. DHEPrOHECYIUM
BOJTHOBBIM 4HCIIOM siBisiercs Ke. st k>k. MbI Taxoke HabmromaeM npsiMoii kackan sueprun Tx>0. MakcumyMm Tk cMelieH
OTHOCHTENFHO MaKCHMyMa CIeKTpa BIpaBo TeMOounbine, yeM Gonbine Re. [l k<k. kapTHHa CyIIeCTBEHHO CIIOKHEe:
JUls HEOOJIBIIMX BOJIHOBBIX YMces HalOmrozmaercst oOparHbli kackaj sHepruu Tx>0. B Toxe Bpems, B Gonblueil yacti
obmacti BoiHOBHIX umcen 0<k<k. xackanm mo npexHemy mnpsmoi, Tx<0. lns oueHku sddexToB aHM30TpONUU
npeacTaBuM MoTok Tk B BHJE CyMMBbI TpaHcBepcaibHoro Tk u npogonsnoro Tx! morokos (puc.3). Jns pexuma NR
Ka4eCTBEHHO moBeseHne motokoB Tx' u Tx! He oTnuaercs. Anamus HEHOPMUPOBAHHBIX BEIUYUH Tk CBUAECTEILCTBYET,
YTO INPU SPKOBBIPAKEHHOM cocTossHMM reoctpoduu (R1) moToku sHepruu Baoidb OCH z OJOKHpYIOTCsa. Takxke u3
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rpauKa BUIHO, 4TO NpHU yBenuueHnn Ra ncuesaer munumym i Tx': mocennee ceazano ¢ ApoGneHUeM UKIOHOB MO
HalpaBJIEHHIO Z. B Toxe BpeMsi, FOpH30HTaIbHBIN MacTad 1/K. mo-npexHeMy 0CTaeTcsl S3HEPrOHECYILIM.

06 2
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04 44 g0
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& 02 038 0.5
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06 1 10 -1 4
08 ki 1 10
1 Fy

Puc.3. TToroku kunernyeckoi sHeprun TK kak ¢pynkuus k (1), kL (2) u k|| (3) s pexxrmoB NR (crisiomHas JInHAS),
R1 (xpectuku) u R2 (kpyxo4kn).
INepeiinem Kk Bompocy 0 CTPYKType TpHaJHbIX B3aUMOJCHCTBUI, ONMMCHIBAIOUIMX MEXaHU3M I'eHepaluy 4acToT
B HENMHEHHBIX wieHaX. [lycTh cymiecTByet aBe rapMoHuKd P=|p| u Q=|q|. Torna pesysiprupyomas rapmonunka K=[K|
OIpeAeNseTCsS NPaBWIOM TpeyroyibHUKa: K=p+q. 3amuceiBasi SHEPreTHUECKUE YPABHEHUS Ul OTJEIBHBIX MOJ MOXKHO
BBECTH IIOTOKM 3Heprum unymme rapmonuke K or rapmonuk P u Q [13]: T3(K,P,Q) (T3(K,P,Q)=-T3(K,Q,P)).
Wnterpupys T; mo P umeem T»(K,Q) — xomuuectBo sneprun nepeaanHoe K ot Q (T2(K,Q)=-T»(Q,K)).
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Puc.4. TToroku kunernueckoit sneprun T2(k) ms pexxumon NR (1), R1 (2 u 3), R2 (4).

Ha puc.4 npencrasneHa nuarpaMmMa aHTHCHUMMETPUYHBIX OTHOCHTENbHO auaroHamun K=Q mnorokoB T, s
PacCMOTPEHHBIX BBIIIE PEKUMOB. B 11eJ10M, KapTHHA HAallOMHUHAET PE3YJIbTaThl C BBIHYXKIEHHOW cuiloil B pabdore [14]:
rapmonuku ¢ K>Q orbupatot sHepruro y rapmonuk ¢ K<Q (mpsimoii kackaz 3Heprun). MakCUMyM ITOTOKa MPUXOAUTCS
Ha ONM3KHE K IUaroHaiau rapMoHUKH ¢ K~Q, T.e. IpUCYTCTBYeT JOKaNbHBIH MepeHoc sHepruu. OOparuM BHUMAaHUE Ha
cymiecTBoBanue obnacreid (Hampumep, Q=5, K=20), mig KoTopbIX HaOiromaeTcs M HENOKAIbHBIA OOpaTHBIN KacKa[
SHEPrux, MHTErPaJIbHO Ke, KapTHHA OJIM3Ka K HIeaTu3UPOBAHHOMY KOJIMOTOPOBCKOMY CLIEHApHIO. YIOOHO IIPEICTaBUTh
JMarpaMmy, MpuBeJeHHYIO Ha prc.4, B Buje nurerpana no Q u K, kak ¢ynkimro K-Q, cm., puc.5.

PucyHOK OTUETIMBO AEMOHCTPHUPYET HAJIM4YME HPAMOTo Kackaja, a TaKKe JIOKAIBHOTO B3aUMOJCHCTBHSA U
JIOKAJILHOTO NepeHoca sHepruu. Bpamienue menser noseaenue To 1 k<k., ocTapisis ee NpaKTH4eCKH 0e3 W3MEHEHUs
JUISL  BBICOKOYAacTOTHOH obOmactu k>k.. Paccmorpum mnosiBuBIIMEecs u3MeHeHUs Oonee moapoOHo. [lonoxenue
a0COITIOTHBIX MaKCHMYMOB (MHHAMYMOB) TIPUXOANUTCS Ha 00JIacTh, ONMM3KYIO K K, T.e. SHEprus mnepemaercss B 001acTh
6onbmx k or mumupyromei moapl. C npyroi croponsl, i k<k. HaOmaromaercs pe3koe yMEHbIIEHHE IT0TOKA PHEPTHH,
YTO COOTBETCTBYET MPUOIIKEHUIO CHCTEMbI K CTATHCTUYECKOMY PaBHOBeCHIO. B yBenudeHHoM Bapuante (cM. puc.4(3))
HabmofaeTcs 6olee TOHKas CTPYKTypa A MajbIxX k: 001acTh A ¢ IPSAMBIM KaCKaJoOM SHEPTHH, HO C PABHOBEPOSATHBIM
TEPEHOCOM 3HEepruH, Kak oT Manbix Q~K, Tak u oT cpaBHHTENbHO Gonmbimx Q~4K. O6nacte B ¢ o6paTHBIM KackagoM
SHepruu (M Takxke, Kak W y obmactu A, HeOONbIIOW aMIUTUTYHOH MOTOoKa 3Hepruu mopsiaka 1/10 or abcomoTHOrO
MaKCUMyMa) HMEET MpPOTSHKEHHYK molocoodpasnyo ¢opmy ot Q~ K mo Q~10K. Ha puc.5 3to coorBercrByer
HOSIBIIEHHIO HEOOJIBIIIOTO OTPUIIATENFHOT0 MUHIMYMa Jutst K>Q.

VBenuuenue Ra (pexxum R2) npuBoauT K CMEIIEHHIO 001acTH ¢ 0OpaTHBIM KAaCKaJoM SHEPrHy B HAIIPABICHUU
manbix Q u K>Q. Kak u npexje, MO)KHO TOBOPUTH O CYIIECTBOBAHUM COCTOSIHUS, OJM3KOr0 K PaBHOPACIPEAEICHHIO
st k<k.. JlaHHBIH pEKUM TaKKe XapakTepusyercs Oojiee UIMHHBIM HMHTEpBalioM B obmactu k>k. ¢ JOKanbHBIM
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MEPEHOCOM JHEPTUM U TNPAMBIM KackagoM. OTHOCHUTENBHBIH BKJIa[ OONAcTH ¢ OOpaTHBIM KacKaJOM CTaHOBHUTCS
MeHbIle, cM. puc.5(3). B Toxxe Bpems, 3TOT BKJaJ MEPEeHOCUTCS] Ha KpymHoMacmTabHyto obmacts k <k., uto Moxer
OBITh HHTEPECHO JUIS 3324 TEOIMHAMO, B KOTOPBIX k~10° M 061IacTh reHepalus MarHUTHOTO TIOMs (TP COBPEMEHHBIX
OIlEHKaX MarHUTHOTO 4ucia Peiinonsaca Rm~107-10° o6macTh reHepaniy MarHUTHOTO TIOJIS JIEKHT B Auanasone k~1-
10° pasHeceHbl Kak MUHUMYM Ha HECKOJIBKO MOPSIIKOB.

1 2 410"
10°
10’
K0
&' 0 )
107 Ll
10° 10 -410
30 -20 -10 0 10 20 30
30 20 -0 0 10 20 30 30 20 -0 0 10 20 30
K-Q K0 k0

Puc.5. Toroku kunetuueckoit sneprun To(K-Q) mist pexxumor NR (1), R1 (2), R2 (3).

OcraHoBUMCS NOpoOHee Ha cBoWcTBax (yHKUMM T3 AT paccMOTpeHHBIX Bblme pexumoB. Ciydait 6e3
Bpamenus puc.4(1,2) meMoHCTpUpyeT KpaiiHe WHTEPECHBI pe3ynbTar: HauOONBIIMH BKJIAJ B IOTOK DHEPTHUH,
npuxonsAmuiics Ha rapmMoHuky K mpuxoautcst oT aByx ucrounHukoB: BoiH ¢ P<K, Q<P u Q=<K, P« Q. Hpyrumun
CJIOBAaMH, BOJIHOBOH TPEYTOJBHUK SBISAETCS paBHOOSIPEHHBIM ¢ HEOOJNBIINM YIJIOM MeXIy paBHbIMH cTopoHamH (K,P)
mwm (K,Q). YuntsiBas ToT (akT, 4TO COIacCHO puc.5 3Heprus nepenaercad K or O6iaM3iexalnero MEHbIIEro BOJIHOBOTO
YHClla, MOKHO HNPUATH K BBIBOJY, YTO TPETHH, Majbli 10 aMIUIUTYAE BEKTOp SBIAETCA KaTalu3aTopoM. Y4acTBys B
0OMEHHOM IIpoIlecce, 9Ta BHICOKOUACTOTHAsI TapMOHHKa cama sHepruio BoiaHe K He naer. IlomydeHHBIH pe3yabTar He
YKJIQJIBIBAETCSl B KIIACCHMYECKOE IpeJCTaBIeHne Teopun KoiaMmoroposa, cOIIaCHO KOTOPOI BOJHOBOI TPEYyrojbHUK
JOJDKEH OBITh PAaBHOCTOPOHHMH, T.€. HE TOJIBKO IEPEHOC SHEPrHM SBIAETCS JIOKAIBHBIM, HO W CaMO TPHAIHOE
B3aUMOJCHCTBHE OTBEUAECT STOMY CBOMCTBY. OJTO BBI3BAaHO JBYMs NPHYMHAMU. BO-NEpBBIX, YUUTBHIBas PE3yJbTaThl
pabotel [14], MBI CBf3BIBAEM OTO C HENOCTATOYHOM JUIMHOW paccMaTpHUBaeMOro CIEKTpa. IIOCKONBKY Uit
HCIONb3yeMOro pa3penieHus A pexxuma NR Mbl ©MeeM JIUIIb HECKOJIBKO BEPTUKAIBHBIX ITIOMOB. C Ipyroi CTOpOHBI,
C CYILECTBOBAaHMEM CaMHUX IUIIOMOB, M KaK CIIEJCTBUE aHHU30TPOIHEH CHUCTEMBL. B 3TOi CBA3M U3BECTHO, YTO Jaxe Mpu
CyIIeCTBEHHO Oonplmx umcnax PeifHonbiaca B 3amadax ¢ BBIHYXJICHHON CHJIOH, aHM30TPOINMSA TEUSHHUS HAa MallbIX
Macmrabax okasbiBaeTcs cymiecTBeHHOW [15]. Hamie monenupoBaHuE CBHIETENBCTBYET, YTO CYIIECTBYET BBICOKAs
KOppEeJsLUs TIOTOKOB SHEPrHMM Ha MalblX MaclTadax C MaciTaboM CHJIBI IUIaBy4eCTH Ha OOJIBIIOM MaciuTale.
OOparumes Kk ciy4aro ¢ BpamieHueM. CTpykTypa Tpuaja [uii HeOoipmMX Ra CHIBHO OTIHMYaeTrcs OT pexuma 0Oe3
BpameHusd. OnHa W Ta JKe TapMOHMKA B3aMMOJAEHCTBYET C II€JbIM BOJHOBBIM IIaKETOM: JMarpamMma HMeeT
KpecrooOpasHoe crpoeHue. [locnenHee BO3MOXKHO 3a CYET YBEIMYEHHsS yIIa MEXIY BEKTOpaMH P U (. XOpOLIo
IIPOCNIEKUBACTCS OOPATHBIM Kackal sHepruu s HeObompmmx K, cMm. puc.4: rapmonuka ¢ K=7 momyuaer sHEpruio ot
BOJIHOBBIX YHCEJI C OONBIIMMH HOMEpPaMHU, OTJaBas €€ B KOPOTKOBOJIHOBYIO 4acTh ciekTpa. ITo mepe yBenuuernus K Mul
CHOBa pHOIIKaeMcs B cocrosHue, koraa P~Q. Ho B ornmuume ot cityyas 6e3 BpallleHHs, SHEPrHs NPUXOAIascs Ha
BorHy K, mepenaercs ot BonH ¢ P~Q~0.7 K. YBenndyenue Ra npuBoAWT cHCTEMY B PEXUM IPOMEKYTOUHBIH MEKIY
PacCMOTPEHHBIMH BBIILIE.
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