PJIIYKTYALMNOHHBIE 90PEKTHI B MAKPOPUNU3NKE
B. B. Jlebenes

HAnemumym Teopemuseckot Pusuru umenu J. JI. Jlanday,
Poccutickan Axademus Hayx

B monorpadun TeoperndeckKun u3ydaiorcd (BpJAYKTyaluu MapamMeTpoB KOH-
JIEHCUPOBAHHOW CcpeJibl, KOTOPBIe ONpeJie/ieHbl Ha MAaCIITabaX, MPeBBIIIAONTIX
aTOMHBIHN pasMep. B psje cirydaes Takue hIyKTyalnun UTPAIOT CYyIMIECTBEHHYIO
poJib B (bopMuUpOBAHUY (PU3NUECKUX CBONCTB BelecTBa. Pa3BuBaeTcs: TeopeTn-
JecKasi CXeMa Jijisl OMUCAHUs TOJ00HOTO PO ABIEHU, OCHOBAHHASI HA PA3JI0-
xennu Jlangay m penopMm-rpynmnosoMm dopmanausme. Kak uszsectno, Qaykry-
aluy MapaMeTpa MOPsIKA OTPeIe/IAI0T CHHTYISIPHbIE BKJIaIbl B (pu3ndeckne
XapaKTEePUCTUKH BeIlecTBA B OKPECTHOCTH (ha30BBIX MEPEXOI0B BTOPOTO POIA.
MpeI ipeicTaBIsieM TEOPUI0 KPUTHIECKHAX (DIYKTYaInid, CTAPTYIONIYIO ¢ PA3JI0-
kenud Jlamay mo mapaMerpy MOpPs/iKa, W TO3BOJILIONYI YIUTHIBATH DIYK-
TyalnuoHHbIe 3(D@PEKTH B BUJE psifia TEOPUU BO3MYIIEHUI O B3aUMOIEHCTBHIO
duykryarnuit. CHagaa Mbl paccMaTpUBaeM Mpob1eMy B TPOCTPAHCTBE Pa3Mep-
Hoctu d = 4, rje OHa JIOIYCKAeT MOC/IeI0BaTe/IbHOe pemeHne. Kpurnieckue
WH/IEKChI B Pa3MepHOCTH d = 3 MOTYT OBITH OIEHEHBI B PAMKAX €-PA3JIOKEHUS.
Jlasee Mbl paccMaTpUBaEM TEOPUIO CJIA00NH KPUCTAJLIU3AINH, 1€ (DJIYKTyallnn
KPUCTAJTU3AIMOHHOTO TTapaMeTpa MOPAIKa MeHTIOT TPUPOLy (Ha3oBOTO mepe-
X072 TI0 CPaBHEHHUIO C Teopueil cpeHero MmoJs, IPUBo/Id K (ha3oBOMY Mepexomy
IepBOro poja. TemnoBble IITMHHOBOJHOBBIE (DIYKTYAIIMN UTPAIOT CYIIECTBEH-
HYIO POJIb B psje ¢a3, BHE 3aBHCHMOCTH OT OJM30CTH K (PA30BOMY IEPEXO/Ly.
B cMmekTuKax 3T QAyKTyauy TpUBOJAT K Pa3pyNIeHNIO TAJIbHETO MOPSIKa 1
K JorapupMudeckoit peHopMUpOBKe Mopyeit ympyroctu. B aBymepubIx hep-
poMarneTukax (PAyKTyalnun HaMarHH9eHHOCTU HPUBOISAT K MOSBICHUIO CIIOH-
TAHHOW IMe/JIM B MAarHOHHOM CIEKTPe, CYIIeCTBEHHO MeHsIsl JJTHHHOBOJTHOBBIE
cBoOiicTBa cucTeMbl. B MeMOpaHax, KOTOPbIE ABIAIOTCS JIBYMEPHBIMH O0bEKTa-
MH, TOTPYZKEHHBIMH B TPEXMEPHYIO KUJIKOCTh, CYIIECTBEHHYIO POJIb UTPAIOT
JUTHHHOBOJIHOBBIE M3THOHBIE (DIYKTyallld, KOTOPble MPUBOAAT K JorapudMu-
YECKOM PEHOPMHPOBKE YIPYTUX Mojy/eit meMmOpamnbl. CrernuaibHblii HHTEpec
npeJcTaBasgeT (pu3nKa cBEPXTEKYInX IJIEHOK, IJle Pa3pyIleHnue CBePXTeKyIero
COCTOSTHUS MTPOUCXOUT 3a cUeT (hIYKTyallnii, CBA3aHHBIX C JJOKAJM30BAHHBIMA
00beKTAMU — KBAHTOBBIMU BUXPSIMU. AHAJOTHYIHOE SIBJIEHUE TOJKHO HAOJIO-
JIAThCS B KPUCTAJLUIMYECKUX U IeKCATHIECKHUX ILJIeHKaX. Mbl n3ydaem Takzke
Ps, IMHAMUYECKUX SABJIEHUH, CBSI3aHHBIX C JJIMHHOBOJHOBBIMHU (DJIyKTyalln-
dMH, Ha OCHOBe TeXHUWKHN Yailnaa. Mpl paccmaTpuBaeM KPUTHYECKYIO THHA-
MHKY, COCPEIOTOYMBINUCH HA MPOCTENIIIEM CIyIae YHCTO PETAKCATTMOHHON TH-
HaMUKHU. [ ABYyMepHO# THAPOIMHAMUKHA TeNJI0Bble (DIYKTYAIlUH TPUBOIST
K JiorapupMuaeckoit peHOpMHPOBKE KOIMDPUIIUEHTOB BA3KOCTH. DIIyKTyaIun
B HEPABHOBECHOU CHTYaIlMU PACCMATPUBAIOTCS Ha MPUMepe POCTa KPUCTAJIA
WM PACIPOCTPAHEHUS TJIaMeHU, rae (PJIYKTYaIuu NpUBOIAT K ‘OrpyO/IeHuIo’
moBepxHOCTH. Hime ofHO#l HepaBHOBECHOH IMHAMHWYECKON 3aadeil, paccMoOT-
PEHHOIl B Kypce, SIBJISIETCS 3a/1a9a O CTATUCTUYECKUX CBOMCTBAX MACCHBHOTO
CKaJISAPA, MePEHOCUMOTO CJAYYailHBIM KPYITHOMACIITAOHBIM IT0/IEM CKOpocTH. B
9TOM CJIy4ae yIaeTcs MOIYIUTh JAeTaTbHY0 NH(MOPMAIUID O KOPPETIITUOHHBIX
PYHKIUAX CKAJIAPA.
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BBEJAEHUE

Kak u3Becrro, Beskas duszndeckas BeTHINHA 00/Ia2€T KAK PErYIaPHBIM MOBEIEHUEM, KOTOPOE ONMUCHIBAETCS TJI1a]1-
KOl (hyHKIHEll BpeMeHH, YI0BIeTBOPSIONIE ONpe/IesieHHbIM eTepMuHucTHYecKuM (IuddepeHImanibHbiM) YpaBHEHN-
SIM, TAK U HEPEIYJISPHBIM (Xa0TUYECKKUM ) IIOBEIEHUEM, KOTOPOE MpecTaBisieT coboil hJIyKTyaiuu OKOJI0 STOH rIaaKoi
dyukiun. OcobeHHO CHIbHBI (DAYKTYAIMN HA MEKPOCKOITHYIECKOM YPOBHE, TJIE CEIYeT PA3INIaTh KBAHTOBBIE U TEll-
soeble daykryanun. Hampumep, KBaHTOBbIe (DJIYKTYAIUU HPUBOMAIAT K TOMY, 9TO IOJIOXKEHHE JIEKTPOHA B ATOME
SBJISIETCS TIJIOXO OMpPEeIeIeHHOM BEJIMINHON, MOITOMY €r0 COCTOSTHHAE CJIEIYeT OMUCHIBATH B TEPMUHAX BOJHOBOM (DyHK-
1AW, ONPEESAIONEl BEPOITHOCTh TOMO WM WHOTO MpoIecca. UTo ke KacaeTcs TEIIOBBIX (MIyKTYalldii, TO MOMXKHO
YIOMAHYTh (DIYKTyanuu CKOPOCTH MOJIEKYJ Ta3a, KOTOPhIE MPUBOAAT K HEOOXOAMMOCTH CTATUCTUYECKOrO OMUCAHWS
B paMKax pacmpenenenus Makcsesia.

Hac 6ymer vaTepecoBaTh posib QUIYKTyaIlnil TAKUX MAPAMETPOB, KAK TEMIEPATYPa, MJIOTHOCTh, HAMATHUIEHHOCTD,
KOTOPBIE OTHOCATCS K (PU3MIECKOI CHUCTEME B IEJIOM UJIM K €€ OTAEIbHBIM, HO MAKPOCKOIMYECKUM YacTaM (COJepKa-
mmM GOJIBIIOE YUCIO0 MUKDPOYACTHIL, TO €CTh ATOMOB MJIM MOJeKys). Posb kBanToBbix 3(hdexros B 9T0i curyaiuu,
KaK MPaBUJIO, TpeHeOpe:knMo Maja. UTo ke Kacaercs: TeroBbIX (hIyKTyaruil, TO g MaKPOCKOMUIECKUX BETUINH
OHU TaKXKe 00BYHO cabee, ueM /I OTAENBHBIX MUKPOYACTHIl. TeM He MeHee, UMeeTCs P CIy9aeB, KOTa TeIIOBhIe
dayKTyanun urparT 3HAYUTENHHYIO POJIb U B MaKpockonuke. [Toxkamyit, Hanbosiee m3BECTHBIM MPUMEPOM TAKOTO PO/,
ABIAIOTCH KpUTHIeCKue (PIyKTyaIu, KOTOPbIE IPUBO/IAT K MOsIBJIEHUIO CHHTYIISPHBIX BKJI3I0B B TEPMOINHAMUIECKUE
BEJIMYUHBI CCTeMbl BOIU3U )a30BOro mepexoia BTOPOro pojia Uiin BOIM3N Kputuieckoit Touku. Kpome Toro, na Mak-
POCKOIIMIECKOM YPOBHE BO3HUKAET HOBOE SIBJIEHUE, CBI3aHHOE C BO3MOXKHOI HEDABHOBECHOCTBIO CUCTEMBI, BHI3BAHHOM
BHEITHUM BO3IEHCTBHEM WU CBI3AHHOI C €e MCXOMHON HEPABHOBECHOCTHIO. B KadecTBe mpumepa MOXKHO MPUBECTH
POCT KPHUCTAJLIA U3 PACILIABA, KOTOPBIN SIBJIAETCs MIPOIECCOM PEJIAKCAIMY K PABHOBECHIO, KOT/IA MAKPOCKOIMYECKHE
dbaykTyanuu SBISIOTCSA CYIIECTBEHHO HEPABHOBECHBIMU. JIpyruM mpuMepoM TaKoro pojia ABJgeTcs TypPOyJIeHTHOCTD,
TO eCThb COCTOSTHUE KUAKOCTH UJIU TA3d, XAPAKTEPU3yeMOe CHIbHBIMU (DIYKTYAIIUAMU CKOPOCTH.

B m0boMm ciiygae uccienosanue GIyKTyaluii, B CUIy UX HEPErYJASPHOCTH, TPeOyeT CTATUCTUYECKOrO MOIX0IA, TO
€CTh OHM JOJKHBI XaPAKTEPU30BATHCA HEKOTOPBbIMU cpeannMu. Kak npaBuiio, pedb uieT O BeJUYIMHAX, HANIEHHBIX
yCpenHEeHNeM II0 3HAYNTEeNbHBIM BPEMEHHBIM HHTepBasiaM. B TO Ke BpeMs, 3a4acTIyiO CpegHue MOHUMAIOTCSI, KaK
CpefHue TI0 MPOCTPAHCTBY. 3/€Ch BO3ZHUKAET HEIPOCTOM BOIPOC O COOTHOIIEHHH TUX JIBYX CPEIHUX, KOTODBIH, BO-
obitie TOBOPs, TpebyeT CHeNMuaJbHOIO WCCIETOBAHUS Ui KAaXKA0W KOHKDPETHON cucreMbl. MOXKHO yTBEpKIaTh, 9TO
9TH CPEJIHUE COBHAAIOT LISl IPLOJUYECKUX CUCTEM, TO €CTh CHCTEM, KOTOPBIE JOCTATOYHO OBICTPO ‘3aMeTaiT’ BCe
dbazoBoe mpocTpaHCTBO (MJIH TY €ro 9acTh, rae HOPMHUDYIOTCS CpeTHNE) B X076 CBOeil Boonnu. B majpHedemM Mbl
OyJeM Tpemrno/iaraTb CBONCTBO 3PTOAUIHOCTH BBITIOJHEHHBIM, U HE DyIeM MO3TOMY Pa3IHYaTh PE3YIbTATHI PA3HBIX
criocobOB yCpeaHeHNs, TOBOPs MPOCTO O CPeIHUX BemmdnHax. Mbl 0003HATAEM ITH CpeIHne yIIoBbIMU cKOOKamu. Ha-
IpHUMED, CpelaHee OT IapaMerpa ¢ obosHadaerca (). 37ech ¥ MOXKeT OBITh TAKOH MaKpPOCKOMMYECKOH BEJINYMHOM,
KaK JABJIEHUE, TJIOTHOCTh, CKOPOCTh, WJIH ITapaMeTPOM MOPSIKa, PA3HBIE TUIBI KOTOPOr0 HEOOXOMUMBI JJIsi OITHCAHWS
MHOro0o0Opas3ubix (a3, peaan3yeMblX B KOHIEHCHPOBAHHOM cocTosiHny. Hampumep, mapaMerpom mopsiaKa CBEPXTEKY et
KUIKOCTH SBJISIETCS BOJIHOBas QpyHKnusa Bose-koHmencara.

Mpui 6ynemM UMeTh JIeJI0 ¢ MapaMeTpaMu, KOTOPbIE H3MEHSTIOTCs BO BpEMEHHU U ITPOCTPaHCTBe (Ha MaciTabax, HAMHOTO
[PEBBIMIAIINIAX ATOMHbIE padMepbl). Jleranbayio nHdOPMAIMIO O CUCTEME HECYT KOPPEIAIMOHHbIe (DYHKIUU PAZHOTO
TOPSAIKA, XapaKTepu3yonmx ee napamerpos. Hanpumep, mapHas KOppeasanunoHHas QYHKIUs MapaMeTpa) omnpeesisa-
ercd, Kak caenyomee cpegnee: (1 (t1, r1)Y(ta, r2)). s OqHOPOMHO CHCTEMBI 3Ta KOppeanuonaas DyHKIAS 3aBUCAT
TOJIBKO OT PA3HOCTEeH BpeMeH t] — to M KOOpAWHAT 71 — T2. IloaTOMYy cpenHee 31ech MOXKHO TTIOHUMATh, KaK CPeJIHEE 110
BpeMeHu t1 npu (DUKCUPOBAHHON PA3HOCTH t1 — Lo WM KaK CPeHee 1O 71 TPy (PUKCUPOBAHHOM PA3HOCTH 71 — To. Kenm
CHCTEMa TPOCTPAHCTBEHHO HEOTHOPO/IHA, TO B MAPHON KOPPEJIAITMOHHON (DYHKITNN MOSABIAETCS 3aBUCUMOCTD U OT TIO-
mycyMumbr (11 +732) /2. Torma ycpemHeHne HAZO MOHUMATE, KAK CPETHEE IO BPEMEHU. 11pOCTPAHCTBEHHBIM YCPETHEHNEM
MOZKHO TIOJIb30BAThCS, €CJIU Pedb UJET O 3aBUCUMOCTH KOPPEISIUOHHON (BYHKIIUU OT PA3HOCTUT] — T2 1O CBOEMY
3HAYEHUIO MHOTO MEHBIIIEM, 9eM XapaKTEePHbIA pa3Mep HeOTHOPOJIHOCTH CHCTEeMBI. TOT/Ia MPOCTPAHCTBEHHOE CPeIHee
CeayeT MOHNMATh, KAK YCPEIHEHHE [0 MACIITA0aAM MEHBIITNM, Y€M 3TOT XapaKTEePHbIH Pa3Mep HEeOIHOPOIHOCTH.

Ycpensenue NPUBOJMT K HEKOTOPOH (DYHKIMU PACHPEJEIEHUs BEPOSTHOCTH, KOTOPAs ONPEJESer BEPOSITHOCTH
TOW WM WHOHU peasm3anuu GpJYKTYUPYIOMNUX BeIUUrH. Ijiss pAaBHOBECHOTO CJIydasi OMHOBPEMEHHEIE KOPPE/SAIINOHHBIE
dyukumu (B34ThIE IPU COBIANAIONIMX BPEMEHAX ) MOXKHO BBIYMCIATH, UCXO/s U3 pacupeaenenus ['mb6ca, Tounee, uc-
MOJIB3Y S €0 MAKPOCKOIMYECKHUIT AHAJIOT, MOCTPOEHHBIIN HA OCHOBE pasioxkenus Jlanmgay. OHAKO yrKe /71 BEITUCTCHUS
PA3HOBPEMEHHBIX KOPPEIANMOHHBIX DYHKIMI (IpU HECOBIAIAIONINX BPEMEHAX ) pacupenenenns ['mo6ca OKa3bIBAETCS
HEJIOCTATOTHO, JIJIS 3TOT0 HEOOXOMMO 3HATH TaKyKe MaKPOCKOIHYECKHWe TUHAMWIECKHe (THAPOAVHAMUIECKHE) YDaB-
HEHUsI CUCTEMBbI. [Ipu 3TOM, B 3aBUCUMOCTH OT THUIA IWHAMUKN, PA3HOBPEMEHHBIE KOPPEIIIIUOHHBIE (DYHKITUU MOTYT
OKa3aThCH PA3JIUYHBIMH JJId PA3HBIX CUCTEM, JTazKe eCJIH WX OJHOBPEMEHHbIE KOPPEIAIMOHHbIe (DYHKIINA COBIAIAIOT.
B nepaBHoBecHOM Ke cayuae gayke OJHOBPEMEHHBIE KOPPEIIITHOHHbIE (PYHKITUN HEBO3MOXKHO BBHIYUCIUTDL 0€3 3HAHUS
JIVHAMWKY CUCTEeMBL. [Ipu 3TOM OKa3bIBAGTCS CYNIECTBEHHBIM TaKKe CIIOco0 BO30YKIeHUS HEPABHOBECHOCTH, KOTOPAs



MOXKET BBI3BIBATHCS HENPEPHLIBHBIM BHEITHUM BO3IEHCTBUEM WM ‘YAAPHBIM BO3JAEHCTBUEM, B PE3YIHTATE KOTOPOTO
dopMupyeTCs HEPABHOBECHOE COCTOSHHUE, MOCTEIIEHHO PEJIAKCUPYIONIEE K PABHOBECHIO.

Mpu1 HaunHaeM ¢ Teopun Ha30BBIX MTEPEXOIOB BTOPOTo pofa. Eie B Tpuanarsie rogst 20 Beka JlaHgay BBes KIT04eBoe
Jutst PA30BBIX MTEPEXO/IOB MOHATHE TapaMeTpa HOPSIKa U TOCTPOUT TO, YTO ceiivac Ha3bIBAIOT TEOPHEe CPEJIHEro MoJIs,
OCHOBBIBASICH HA PA3JIOKEHWN YHEPTUU CHUCTEMbI [0 MapaMeTpy mopsiaka BOm3n Touku ¢a3oBoro nepexoma. OmaHako
y2Ke B COPOKOBBIE-IIATUIECATBIE I'OJbl CTAJIO sICHO, 4TO BO/IM3KU (PA3OBOI0 LEPEX0/1a BTOPOIO POAA BarKHbBL (DJIyKTYALUM
mapaMerpa MopsaKka. JTo ObIIO MOATBEPIKIEHO YKCIEPUMEHTAIBHO B IIECTHIECAThIE-CeMUICCIThIE TOAbI, KOrIa ObLIH
M3MEPEHbI PA3JINYIHbIe TePMOINHAMUYIECKHE XAPAKTEPUCTUKN BEIecTBa BOMM3M (DA3OBBLIX MEPEXOI0B BTOPOTO POIA.
B wacTHOCTH, 9KCIEPUMEHT MOKA3aJ, UYTO TEIIOEMKOCTh HEOPAHUYEHHO BO3PACTAET MPHU NPHOIMKEHUN K TEMIIEpPa-
Type Tepexosia, B TO BpeMs KaK TeOpUsl CPeJHero IMoJisd MPefCcKa3bIBAeT CKAYUOK TEIJIOEMKOCTH B TOYKE MEPEXO/a.
DKCIEpUMeHT MPUBEJ K KOHIEMINN CKEHJINHTA, KOTOPBIHA 3aKII09YaeTcs B CTEIMEeHHOM XapaKTepe 3aBUCHMOCTH Pa3-
JIMIHBIX BEJIUYIWH JIPDYT OT JIPpYyTa B6.TH/IBI/I TOYKHU (baBOBOFO nmepexoaa BTOPOro poaa. BbI.HI/I BBE€ICHBI TaK Ha3bIBaCMBbIC
KPUTUYIECKNE WHIEKCHI, KOTOPbIE XapaKTEPU3YIOT TAKYI0 3aBUCUMOCTD.

YiKe B IECTUIECATHIE TO/BI ObLIa TOCTPoeHa (PEHOMEHOJIOTHS, TIO3BOJIAIONIAs CBSI3bIBATD PA3INIHbIE KPUTUUIECKHE
MHACKCHI MEXKITY CO6OI>'I. O,HH&KO DOHUMAHWE SIBJIEHUS CKeNJIMHTA 6bIJIO JOCTUTHYTO TOJIBKO B CeMUIeCAThIC TOObI, OHO
ObLTO CBsI3aHO ¢ paboramu BuibcoHa MO Tak HA3BIBAEMOMY €-PA3JIOKEHUI0. DTa TEXHUKA, HAPSATY C €€ TPEIBAPUTEI b=
HBIMHU dTAllaMU, pa3dbupaercs B HacTodmeM Kypce. Hemb3st ckazarh, 9TO HA CErOOHMANIHHUIA AeHb MBI OOJIaIaeM IO-
CJe0BaTeIbHOM Teopueil (pa3oBbix Hepexonos. Ho, mo Kpaiineii Mepe, €CTb YBEPEHHOCTh B TOM, UTO CYIIECTBYIOIIAS
TEeOpHud IIPAaBUJIBHO OTPaXKaeT KaldeCTBEHHLIC ACIICKThI ITIOBEICHMA d)I/I3I/I‘IeCKI/IX CUCTEM B6JII/13H (ba3OBbIX nepexoaoB
BTOPOro poga. HOHHTHa TaK2Ke€ TpUYINHa YHUBEPCAJIBHOCTHU, KOTOPpAd IPOABJIACTCA B TOM, 9TO KPDUTUYICCKNE NHIACKCHI
OKA3BIBAIOTCS MASHTUIHBIMY JIJTT CUCTEM CAMOI PA3HON (PDU3MIecKoi mpupoasl (MMEeTCs HECKOIBKO TAK HA3BIBAEMBIX
KJIACCOB YHWBEPCAIBHOCTH, KaXKBIH 13 KOTOPHIX XapaKTEePU3yeTcst CBOMM HAGOPOM KPUTHIECKUX HUHJEKCOB).

ITpobiema dhazoBbix TepexonoB BO30YauIa OOIBINON WHTEPEC K POIU (DIYKTYAIMH B MaKpPOCKOMUYIECKOH (hu3u-
ke. B cemumecsToie-BOChMuIECATHIE TOMBI ObLT HANIEH W HCCIAEIOBAH NEbIH DAl CAy4daeB, KOraa Takue GIyKTya-
LMK UIPAIOT CYyLIECTBEHHYIO POJib B (DOpMUPOBaHUM (PU3MUYECKMX XAPAKTEPUCTUK cucrembl. Paborbl Bepesunckoro u
Kocrepnumna-Taynecca npupenn K CO3IaHNIO Teopun (Ga30BOTO Mepexo/a B MJIEHKAX CBEPXTEKyJeil KUAKOCTH (Tesnsi-
4), rze rIaBHYIO POJIb B PA3PYIIEHUN CBEPXTEKYYECTH UIPAET PACIAPUBAHUE CBI3AHHBIX 11aD BUXPb-aHTUBUXPb HOJIb-
IUX Pa3MepoB. AHAJIOMMYHBIA MEXAHU3M IIPUBOAUT K PA3PYUIEHUI) KPUCTALIUYECKOIO U PEKCATUYECKOrO IOPSIKA
B JIBYMEpPHBLIX cucTeMaX. bpazoBckuii ocoznan OOMBIIYIO0 posb (DIYKTyamnuii KPUCTALINIECKOTO TTapaMeTpa MopsaIKa,
BOJIM3Y CIA0OKPUCTAIIN3AIMOHHBIX (DA30BBIX TIEPEX0I0B, 3TU (DIYKTYAIIUH ONPEIEIsIOT Xapakrep (ha30Boro mnepe-
XOJa M3 XKUJKOCTH B KPUCTAJLI (4, TOUHEe, HEIYIO Cepuio (pasOBbIX MEPEXOI0B), KOTOPIH 00s3aTeIbHO OKA3BIBACTCS
nepexojioM 1epBoro poja. B cmexkruueckoii daze (koropas sisgercda a3oii ¢ 0JHOMEPHON MOMYJISAIUEH ILIOTHOCTH )
n3rubHbIe (DIYKTyaIuy cJI0eB NPUBOAAT K JIOTapuMUIECKOil PEHOPMUPOBKE MOy el yIpyrocT CMeKTUKOB. 3ru6-
Hble (QIYKTYaAIlNY OKA3bIBAIOTCS CYIIECTBEHHBIMY U B (hu3nKe MeMOpaH, KOTOPBIE MPEICTABASIOT OO0 TBONHHBIE CIIOU
JINTITHBIX MOJIEKYJI, KOTOPhIE MOXKHO PAaCCMATPUBATH, KAK JIByMEPHBIE 00bEKTHI, IIOMPYKEHHBIE B TPEXMEPHYIO YKUJI-
KOCThb. DTH H3ruOHbIE (DIYKTYAlMd MPUBOLAT K JIOTapU(DPMUYIECKON PEHOPMHUPOBKE MOMAYJIEH yIPYyroCcTH MeMOpPaHBI.
B nBymepubix heppomaruernkax GIyKTyaluyu HATPABIEHUsT HAMATHUIEHHOCTH MPUBOISAT K TOSBICHUIO CIIOHTAHHO
menn B crekTpe duaykryanuit. Takum obpazom, 3a cuer duykryaruil Hapymaercs Teopema [oJicToyHa, yTBepKIa-
I0MTas, YTO CIOHTAHHOE HAPYIIEHNE CHUMMETPHUU COMPOBOKIACTCH MOABIEHUEM OECIIENEeBhIX MO/ B IJIMHHOBOJTHOBOM
CIIeKTPe BO30Y:KIEHUIT CUCTEMBI.

Bce nepeunciennbie ciydan pa3bUpaioTcss B HACTOSIIEM Kypce. DTO BO3MOXKHO CIIEJATh € €IUHON TOYKW 3peHus,
Ha, OCHOBE PEHOPM-TPYNIOBOro (hopmaim3ma. [Ipu 3ToM, KaK U B KBAHTOBOI TEOPHUU MOJIst, BO3MOXKHBI IBE PA3JIMIHBIE
CUTyalTnn. O,ZLHa U3 HUX 3aK/II0Y9a€TCAd B TOM, ITO SCbeeKTI/IBHaH KOHCTaHTa CBA3U MAaJAa€T C YBEITUYICHUEM MaCH_ITa6a
(3TOT Catyuail peamm3yercsa B CMEKTHKAX). TAKON TUII MOBENEHAS AHAJIOTUYEH HYJIb-3aPATHOMY CIYYAI0, KOTOPBIH pe-
aJM3yercss B KBAHTOBON 3JeKTponHaMuKe. B npyroii curyainy (KoTopast peainsyercss B MeMOpaHax W JABYMEPHBIX
deppomaraerukax) 3¢ dekTUBHAST KOHCTAHTA, CBI3K PACTET C yBejandeHueM macmraba. B sToMm ciyuae Teopust Bo3My-
IeHu# mepectaeT paboTaTh Ha OOIBIIMX MACIITAbAX, UTO AEIAET UX TEOPETUIECKOe HUCCACTOBAHNE BECHMA CJIOKHBIM.
Takoit THTI TOBEIEHUST AHAJOTUYEH CJIYYIAI0 ACUMITOTHIECKON CBOOOIBI, KOTOPBIA peasn3yeTcss B KBAHTOBON XpOMO-
JUHAMUAKE (TeOPUM CHJILHBIX B3AUMOACHCTBUIL).

Ocoboit 3amaueil aBIseTCs BRIYUCICHIE PA3ZHOBPEMEHHBIX KOPPEJISIMOHHBIX (DYHKIHI, KOTOphIe HECYT B cebe WH-
dopmaruo 0 TUHAMAKE CUCTEMBL. [l 9T0ro HeoObxonuMO UCHOIb30BATh TEXHUKY Yailyi1a, PA3BUTYIO0 IEPBOHAYMAIBHO
B paMKaX Teopuu TypOyIeHTHOCTH. MbI IpecTaBisgeM UCCIeJ0BaHNe KPUTHIECKON TUHAMUKN, COCPEIOTOUNBINNUCH HA,
CIIydae JuC/I0 PeIaKCAIMOHHON nuHaMuKu. Ha 3ToM mpocreiinieM mpuMepe BUIHBI BCe OCOOEHHOCTH TEOPUH KPUTH-
9eCKOM AuHAMUKU. MbI PACCMATPUBAEM TAKXKE IBYMEPHYIO THAPOINHAMUKY, T TEII0Bbie MIYKTYaIluu TPUBOIAAT K
sgorapudmuyeckoil peHopMuposke K03dduimenTos Ba3koctu. Ta ke TexHuka Yailaga NpuMeHnMa ¥ il HEPABHO-
BECHBIX CHCTeM. B KauecTBe mpuMepa Mbl paccMaTpuBaeM Tak HasbiBaeMyto npobiemy KPZ (Kardar-Parisi-Zhang),
KOTOpAasi BO3HUKAET U3 TAKUX 3a/a4, KAK POCT KPUCTAJIJIA U3 PacIiaBa Win pacupocrpanenue dponTa miamMenu. Orve-
TUM, YTO JBYyMEPHAs THAPOINHAMUKA OTHOCUTCS K HY/Ib-3aPAIHOMY THUITY, B TO BpeMs Kak B mpobaeme KPZ nmeercsa



ACHMIITOTHYECKasT CBOBOIA.

Hacrosmumit TekcT HATMCAH HA OCHOBE JIEKIIH, KOTOPBIE aBTOP B TEYEHUN MHOTHX JIET YUTAJ JJId CTYAeHTOB Kade -
pet MOTU ‘IIpobaembr Teopernueckoit uzukn’ npu Uncruryre Teopernaeckoit Gusnku nvenn J1. . Jlangay PAH.
Mbr HasieeMcst, UTO HAIl Kypc OyieT crocobcTBOBATH PACHIMPEHUIO KPYTo30pa CTYIEHTOB 001edn3nYecKnx Crenualb-
HOCTEl, & CTY/IEHTBI, CIIENUATU3UPYIOIIEc B 001aCTH TEOPETUYECKOH (DU3NKU, MOTYT HUCIOIB30BATH €0 B KAYECTBE
y4eOHMKA.

1. TEOPUA JIAHIOAY

OcHoBbl Teopuu Ha30BbIX MEPEXOJOB BTOPOrO pojia ObLIN 3aJI02KEHbI B TPUAIATHIE TOMLI ABaaaroro Beka JI. JI.
Jlaunay [1]. Dr1a Teopust B 3HAYMTEIBHON Mepe NPHMEHHMA TAK¥Ke K OKDECTHOCTAM KPUTHYECKUX TOUYEK (TAKWX, Kak
KPUTHYECKAs TOYKA HA JIUArPaMMe ra3-KUIKocTh). LleHTpaabHbIM NOHATHEM B T€OPUM JIaHIay ABJIIETCA TaK HA3bIBA-
eMblii HapaMerp IOPsiIKa, KOTOpbIA Mbl OygeMm 0003Hadarsw. [lapamerp nopsiaka CBs3aH ¢ CAMMETPUIHON npuposoit
$a30BBIX MEPEXOIOB BTOPOTO POA. A MMEHHO, IpH MOHMXKEHWH TEMIIEPATYpPhl B TOYKe (a30BOTO IMEPeXoa MPOUC-
XOIUT CIOHTAHHOE (CAMONPOM3BOJIbHOE) HApyIUIeHUE ([IOHMKEHUE) CHMMETPUU CUCTEMbI, CBA3aHHOE C MHOSBJICHUEM
HEHYJIEBOTO CPEIHETO 3HAYEHUS TTapaMeTpa MOPSIKa.

[Tapamerp HopsiKa MOXKET UMETh PA3INIHY 0 (PU3UUECKYIO TPUPOLY. Y IOMSHEM, KAK [IPUMEPDI TAPAMETPOB TOPSIJI-
Ka, HAMarHWIeHHOCTh (7711 (beppoMarHuTHOTO (ha3oBOro Mepexosa), BOIHOBYIO (MYHKIMI Bo3e-KOHIeHcaTa ATOMOB
(1151 CBEPXTEKYUEro Mepexo/ia) UK JIeKTPOHHBIX Nap (JJis CBEPXIIPOBOSIIErO IePex0ia), B3aUMHOE CMEeIeHUE 01~
pelerok KpucTasiia, ([ CerHeTo3IeKTPUYecKoro nepexoia). Posb, anamorudnyio napamerpy mopsika, B OKPeCTHO-
CTH KPUTUUECKON TOUKHM CHUCTEMBI a3-KUJKOCTh UTDAET OTKJIOHEHUE IJIOTHOCTUA MACChl OT KPUTUUECKOTO 3HAYEHU.
B npuBeneHHBIX MpuUMeEpax YUCIO KOMIIOHEHT MapaMeTpa MOpSIKan BAPbUPYETCs OT OJHOTO JI0 TpeX. A nMeHHo,
n = 1 A9 OMHOOCHOTO CErHETO3JIEKTPUIECKOTO IEPEXOA, . = 2 JJIA CBEPXTEKYUero MM CBEPXIIPOBOIAIIETO Iepexo-
na (B 9TOM cilydae mapaMerp [OpsAKa sBJSeTCHd KOMILUIEKCHBIM, YTO 9KBUBAJIEHTHO JIBYM KOMIOHEHTaM),n = 3 Jjisd
dbeppoMarHuTHOTO TMepexoa. BhIBaoT caydan, KOraa mapaMeTp MopsaIKka uMeeT ere 60sbine KommonenT. Tak, nanpu-
Mep, JJIs JKUJKOKPUCTAJJIMIECKOTO (pa30BOr0 Mepexoia mapaMerp MOPsIKa sBJISETCs HEMTPUBOINMBIM CUMMETDUIHBIM
TEH30POM, TO €CTh UMEET MATH HE3aBUCUMBIX KOMIIOHEHT,n = J.

Ilo camomy cBOEMy CMBICJTY MapaMeTp MOP:IKA ABJSETCH MAKPOCKOIWYEeCKOW BEJTUYMHON, CBA3AHHON C KOJIJIEK-
TUBHBIME CBOMCTBAMU ATOMOB, COCTaBIAIONMUX cpefy. C Apyroit CTOPOHDI, MapaMeTp MOPs KA MOXKET U3MEHATbCS Ha
MacmTabax, HAMHOTO ITPEBbIIAIOINIUIX ATOMHBIH (MOJIeKyIapHbIi) pazmep. [losromy (hopManbHO HapamMerp HOPsIKa
MOXKHO 3aIKUCaTh B Buie pazjoxkenus Pypbe

o(r) =Y pqexpligr), (1.1)

rIe T — paIuyc-BEKTOD, a BOJIHOBBIE BEKTODA ¢ UMEIOT BEJUYMHY MEHbIe, YeM OOpaTHBIN aToMHbIM pasmep. s
CHCTEMBI JAHHOI'O Pa3Mepa 4ucjIo ciaaraembix B cymme (1.1) Besuko, HO KoneuHo. Boobiie roBopsi, napaMerp mopsika
ABJAETCA TaKKe (PYHKINEH BpeMeHu ¢.

Kak wmbI yxke ynomsauyau Bo Bmenenun, Bce HaOMIOZaeMble BEJIHUYUHBI MOTYT OBITH BBIPAsKeHBI Uepe3 KOPPeJis-
nuonHble GyHKIME (baykryupyomux BeauurH. [losTOoMy OCHOBHOI 3amadeil, koTopas Oymer CTOATH MEpel HAMW B
Gumkaiiimux naparpadax, Gymer uccjaenoBanue KOppeasiuoHHbix GyHKiuil napamerpa nopankap(t, r).

st BBIMHCIIEHNS KOPPEIAUOHHBIX (DYHKIMI MapaMeTpa IMOPIKAa MOMXKHO CTApPTOBATH C (DYHKIIUU PAaCIpPenesie-
HUS BEPOATHOCTHU TEX WJIM WHBIX PEATH3ANUN MapaMeTrpa MopsaaKa. XOPOIIO M3BECTHO, YTO B PABHOBECHBIX CUCTEMAX
BEPOSITHOCTH OIPEIEISIOTCH pacnpenenenreM ['mb0ca, KOTOpoe Ha MUKPOCKOMMYECKOM YPOBHE UMEET BHT

F-H

exp | —— | . (1.2)

rje H — Tamuibronuan (KBaHTOBBIN orepaTop) cucreMmsl, F' — ee cBoGonas sneprust, u T — remneparypa. Cymmupys
dyukiuo pacupenesenus (1.2) 10 MUKPOCKONUYIECKAM CTEIEHSM CBOOOJIbI IPY JAHHOM 3HAYEHUM ITApaMeTPa MOPSIKA
©(T), MBI IPUXOAUM K MAKPOCKOTHIECKOH (DYHKIMU PACIPETETCHNT BEPOSTHOCTH

P(p) = exp <F_Tf> , (1.3)

rae F sSBJsieTCs HEeKOTOPBIM (DYHKITMOHAJIOM OT (0, KOTOPbIH Mbl OyaeM Ha3biBaTh dyHKImouamoMm Jlanmgay. Oyuxims
pactpenenenns (1.3) onpemensier omHOBpeMeHHBIE Koppensanuonable (hyHkmun. Hanpumep, cpenree 3Ha9eHTE ()



nmapamMeTpa TOPSIKa 33/1aeTCsd CAETYIONNM HHTErPATIOM
F-F
W= [Poexn (F15 ). (14

Bnecy [ Dy obo3nagaeT ByHKIHOHANBHBIN MHTErPAT, KOTOPBI MOKET MHTEPIPETHPOBATHCS, KAK MHOTOKDATHBI
HHTErpaJl Hq [ dpq 1o xkoadbdunuenram ¢, pasnoxenns (1.1). Ipasuna obparennst ¢ GyHKIMOHAIBHBIM HHTErPA-
JIOM MOryT ObITH HaiigeHbl B MOHOTpadusx [6, 9]. YesoBrue HOpMUPOBKK (CyMMapHOl €MHUIHON BEPOSTHOCTH) JIJIs
dbyukuuu pacupempesnenus (1.3) ruacur

exp(—F/T) = /D(p exp(—F/T). (1.5)

DTO COOTHOIIEHHE JaeT IPUHIUIAAILHBIA MeTO, BEIYUCACHU CBOOOAHOM sHeprunl’.

Oynaxmuonan Jlangay F sanmuceiBaerca B BHAE CYMMBI Freg + Fadd, T Freg — HEKOTOpPAA perynapHasd GyHKIua
TeMreparypel T, He3aBUCUMast OT @, U Fuqq sABisercs: (aHATUTHUECKON) (yHKIWMEH ¢. MBI HHTEpecyeMcst ciydaeM
(peanuzyiomemcst BO6IM3U TOUKY (DA30BOI0 [IEPEX0A) KOIIA IIAPAMETP HOPIIKAY MAJ, U Mbl MOYKEM PA3JIOKUTh Fyqq B
pan 1o . [IpeanosokumM, 9To HeYeTHBIE YIEHBI 9TOr0 PA3JIOKEHU OTCY TCTBYIOT B CHJLY TON WM MHON cuMMeTpuu (49To
XapakTepHO i (a30BbIX IEPEX0I0B BTOporo poaa). Torga nepsblil mepBbie jBa 4ieHa PA3JI0KEHHs (DYHKIUOHAIA
Jlarjay A CKaJasSpHOTO MapaMeTpa MOpsSaKa UMEIOT BUI,

a
fa:/d3T§sD27 (16)
3 A
— 3,. 4
fA*/d724S07 (1.7)

e a u A — HEKOTOphie KO3dduimeHTsl. JIOKAIbHOCTh IPUBEIEHHBIX BBIPAKEHUIN CBA3aHA C TEM, 9TO [TAPAMETP IO-
psaaKa ‘2KuBer’ Ha ODONBIIUX MacITabax, B TO BpeMs Kak dyuknunonan Jlanmay dpopMmupyercs 3a cieT MHTErpupOBaHUS
[0 MUKDPOCKOIIMYIECKUM (MEIKOMACIITAOHBIM) CTEIIEHAM CBOOOIBL.

Ecau a > 0 v a He cOAep:KUT HUKAKON CIEIUAIbHON MajocTh, TO (DIyKTyaruu napamerpa MOPAIKa CBI3aHBI €
GOIBINON YHEPTHUEH U TIOTOMY CHJIBHO TOHABJIEHBL. B 9TOM cjiydae, KOTOPBIH COOTBETCTBYET TEMIIEPATyPe CYIIECTBEHHO
BhIIlIe TOUYKH (HAa30BOro Mepexo/ia, YersepHoil uieH (1.7) okasbiBaeTcs HeCyIecTBeHHbIM. OTMETHM, YTO UMEHHO TaKast
CUTYyaITHsi UMeET MeCTO JJist TEPMOIMHAMHYECKHUX (DIIYKTYyaIWil JaBIeHns], TJIOTHOCTH Macchl U Tak masee [2]. Tlpn
TeMIeparypax CyMmeCTBEHHO HUXKE TOYKHU TEPEX0/Ia MapaMeTp MOPSAIKa He sIBJISIETCA MAJIbIM, U TOTOMY HEJIb3d Orpa-
HUYMBATHCA TEPBBIMU WIEHAMH pasnoxkenus dbynkmmonana Jlannay (1.6,1.7). Paccmorpenme B Tepummuax (1.6,1.7)
aJIeKBATHO TIPU MAJIBIX |G|, TO €CTh KaK pa3 B OKPECTHOCTH TO4YKM (ha3osoro nepexomnal,, Tae a oOpamaercs B HOMb.
Bo6suszu Temmeparyphbl Mepexoia BeTUINHA a MOXKeT ObITh pasjioxkeHa 1mo 1 — Ty, TIaBHBI YJieH 3TOro pas/ioKeHus
WMEET BU

a=a(T-T,). (1.8)

Ormerum, 910 @ > 0 B COOTBETCTBUE € TeM, YTO KOIDDUIHMEHT @ TONOKUTENEH BHIIIE TeMIIepaTypbl nepexoaa T, u
OTPHIIATENIEH HUXKE 3TOi Temmeparypol. (Brpouem, m3penka Berpewarores cayvan, xorga dhasoseii mepexon ¢ obpa-
30BaHNEM HEHYJIEBOTO CPETHErO TTapamerpa MopsiaKa TPONCXOANT NPU MOBBIIEHHN TeMIeparypsl, Torgac < 0.)

JIo cux 1op Mbl PACCMATPUBAJIN OJHOPOHBIHN CIydail, TO €CTh CIUTAJIN, YTO NapaMeTp HOPSIKA He 3aBUCUT OT KOOP-
auHaT. Tenepb MbI y4TEM HEOIHOPOIHOCTD MaPAMETPA MOPAIKA. TaKOTO COPTA HEOTHOPOIHOCThL HEM36EKHO BOSHUKAET
bAYKTYaIMOHHO, U MOTOMY CBS3AHHBLIN ¢ Heil BKIaM B dyHKInonan Jlanmay obg3aTesbHO JOMXKEH OBITH TPUHAT BO
BHUMaHUE. KBapaTnyHbIM MO TapaMeTPy MOPsIKA BKJAAIOM, KOTOPBIM YYBCTBHTEJEH K HEOTHOPOJHOCTH TTApAMETPA
HOPAIKA, ABJIAeTCA PaAUeHTHBIA 4IeH

b
fgrad = /d37"§(v90)2 s (19)

KOTODBIH CIIeyeT BKJIYATE B pasnoxkenne Jlannay Foqq. Ormernm, 9o (1.9) ABAAETCS NEPBBIM TIEHOM DA3IOXKEHWsT
dyurunonana Jlaumay Mo OTHONIEHHIO AaTOMHOTO (MOJIEKYJISIPHOTO) Pa3Mepa K XapaKTepHOMY MacIuTaly HEeOTHOPO-
HOCTH TIapaMeTpa IMOPAIKa. DTO OTHOIICHHE II0 CAMOMY CMBICIY HapaMeTpa MOPAIKa ABIAETCA MaJbIM, TaK KAk
napaMerp HOPAZKa ONpeleseH Ha MacmTabax, HAMHOTO MPEBLIIAIOIIAX ATOMHLINA. PopManbHas IPAYUHA, 110 KOTO-
poit mMamyto monpaeky (1.9) cieayer mpuHEMATH BO BHUMaHHe Hapsay ¢ (1.6), 3aKIFOYAETCA B MAJIOCTHA, TO €CTh

OIIPABIAHO B OKPECTHOCTH (Pa30BOr0 IEPEXOa.

Brhlmme MBI CY4UTANH, 9TO IapaMeTp MOPSIKA ABIAETCS CKAIAPHON BEJIUIHHON, TO ecThbn = 1. Eciu »Ke 9uciIo KoM-
TOHEHT MapaMeTpa HOpsAIKa N GOJIbITe eIWHAIBI, TO p° B Bhipaskennu (1.6) caemyeT moHMMaTh Kak @7 + @3 + ...
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a ¢* B (1.7) cnemyer mommMath, Kak (@3 + ¢3 + ...)% Coorsercrsenno, (Vy)? B (1.9) creayer moHMMATh, Kak
(Vp1)2 4+ (V)2 +. .. . Booblie ropops, Takue BbIPazKeHus H0APA3yMEBAIOT, YTO CHCTEMa, 00J1a1aeT HEKOTOPOH CruM-
MeTpueil, B CUJIy KOTOPOH BCe KOMITOHEHTHI TApaMeTPa MOPSIIKa OKA3hIBAIOTCS PABHONPABHBIME. Kak mpasujio, MMeHHO
Tak u ObrBaer. Hampumep, mjis BomHOBOH dyHKIM Bo3e-KoHIeHCATa, KOTOpAasS SBASETCS MapaMeTpoM TOPSIIKA IS
CBEPXTEKYUEro (DA30BOr0O MEPEXoa, NHBAPUAHTHOCTH YHEPTHH OTHOCUTETBHO CABUTA (a3bl 3TOH BOMHOBON (DYHKIINA
OPUBOJUT K TOMY, 9TO AEHCTBUTEIbHAS M MHUMAs 9aCTU BOJHOBOH (byHKIMU (KOTOPBIE SBJASIOTCA ABYMS KOMITOHEH-
TaMW TTapameTpa MOpsIKa) PABHONPABHO BXOJSAT B OTBETHI. Jlajee, ec/in CIENMATIBHO HE OrOBOPEHO OOpATHOE, MBI
MOIPA3yMEBAEM PABHOIPABHOCTH KOMIIOHEHT TTapaMeTpa, MOPsIIKa.

Ecan 9ucio KOMIOHEHT n mapaMeTpa MOpaiKa PABHO 2, TO yA0OHO MEPernucarh mapaMeTp MOpsiIKa B BUIE KOM-
TJIEKCHOTO TTOJIS

= %«ol + i) =| 9 | explig) (1.10)

rie ¢ — dasa . ImeHHo Takoe mpe/icraBieHne HanboIee eCTeCTBEHHO /Ui CBEXIIPOBOASIIErO [§] U 711 CBEPXTEKYIero
dazopbix mepexonos [4]. B atnx cayuasx dysximonan Jlangay 1omkeH ObITh WHBAPWAHTEH OTHOCHTENBHO C/IBHTA
dazwl napaMerpa mopsaaKa ¢ — ¢+ const, 9To u OHBLACHIET OTCYTCTBHE B 3TOM (PYHKIMOHATIE HEYETHBIX 0 9IEHOB
pazsoxenus. Ilocne noacranosku (1.10) B (1.6,1.7,1.9) Mbl n0oay9Iaem

faddz/d%(ww LBV [ 1)+
Ml /640w P <w>>2) . (1.11)

Wmenno Takoe BeIpazkeHne XapaKTEPHO JJIs CBEPXTEKYYero mepexoia, B TO BpeMs KaK JJIsi CBEPIIPOBO/ISIIETO TIEPEXO0IA,
dbyurmmonan Jlanmay sieisiercst 60Jee CJI0KHBIM TPYA HAJWUYIUN BHEITHETO MATHUTHOTO MOJIS.

OKpecTHOCTh KPUTHIECKONW TOUKU Ta3-KUIKOCTH MOKET ObITh M3y4YeHa AHAJOIMYHO OKPECTHOCTH (ha30BOTO Iepe-
X0/1a BTOpPOro poza. s KpuTudeckoi TOYKH POJb MapaMeTrpa MOPAAKay UIPAET OTKJIOHEHHE IJIOTHOCTH MACCHI OT
ee 3HAYEHUs B KPUTHYECKOI Touke. B 3TOM ciydae MOABIAIOTCA HeUeTHBIE UJIeHBI PA3MoKeHUdF 444 1m0 . llepBbie

(rnaBHbIE) TAKKE YJI€HBI MMEIOT BUJL
/d% (—hcp—% 3) : (1.12)

rae h u p — koadpdunpenTor paznoxkenus. Bruas (1.12) nosken 6biTh qobasier K (1.6,1.7), 9To naer HoBoe (paciiupeH-
HOE) BbIpaxKkeHue s Faqq. UNeH TPeThero nopaaka MOXKeT ObITh yeTpaHeH u3 Foqq NPOCTHIM CABUTOM @ — @ + /.
Torma Mbl npuxoauM K caeayoomeMmy dbyHKIuOHATY Jlanmay

Foadd = /d% [—h(p + 20+ é(vap)Q L2 4} s (1.13)
2 2 24

C Tepeonpe/ielIeHHbIMA (HECKOJIBKO CABHHYTHIMMN) 3HadeHuaMua n h. Pasnoxkenne (1.13) cnpaBemuBo, ecan xapak-

TEPHOE 3HAYEHHE (© MAJO, JJsI ITOTO KaK &, Tak u h B (1.13) momkabl ObITh Manbl. Takum 06pazoM, pedus uaer 06

OKpecTHOCTH TOUYKK Ha P — T nmarpaMme CHCTEMBI, KOTOpas ompeaensercsa yeaopusMua = 0 u h = 0, u sBisiercs

HE YeM MHBbIM, KaK KPUTHUYECKOH TouKoi. /lyist cpaBHeHust 3amMernM, uro HaP — T nuarpamme uMeercs 1iesiast JUHUA

$baz0BbIX EPEX0I0B BTOPOro poja (KoTopad onpejeigercs yciaosuema = 0).

Ananoruanoil KpuTnyeckoil Touke ABAsIETCA CHUTyanus ¢ (PEPPOMArHETMKOM BO BHemrHeM MarauTHom nosaeH. B
9TOM CJIyUae MapaMeTpoM TOPsIIIKa STBISIETCs, KaK MbI y¥Ke oTMedasin, HamarandennocteM . Bo BHenHeM MarHuTHOM
110JIe UMEEeTCsI JOTOJTHUTENIBHBIN BKJIaL B 9Hepruio hpeppoMarueTuka ¢ mioTHocTbio—H M, KOTOpbIit HAa/I0 BKJIIOYUTH
B dyukmuonan Jlangay. Takum obpazom, Kak u Bbilie, B GyHKIHOHATE JIaH1ay BOSHHKAET JUHEHHBIN IO TAPAMETPY
MOPSIKA, BKJIA/IL.

Teopusa cpeanero moJss

B atowm pazmesnie Mbl paccMaTpuBaeM TaK HA3BIBAEMYIO TEOPHUIO cpennero moss. JHa COOTBETCTBYET CUTYAIUU, KOTIa
dbuaykTyanuu napamMmerpa mopsjika @ OKOJIO CBOEr0 CpeaHero 3uaueHus () ciaabbl. DopMaabHO 9TO 03HAYAET, YTO UHTE-
rpax (1.5) onpemensiercs y3K0i OKPECTHOCTBIO CPEIHETO 3HavMeHus (p). B CBOI OUepenp 9TO 3HAYEHUE OMPEICIACTCS
abcomoTabIM MuHEUMYMOM (yHKIMoraMa Jlaraay. T1oaToMy, B 9aCTHOCTH, () SBISETCA OJTHOPOIHBIM, MOCKOJABKY B



first order a
transition

Puc. 1: ®azosag guarpamMma Ha II0CKOCTH & — h.

HEOTHOPO/THOM CJIyUae TOSBJISAETCS JOMOJTHUTENHHBIN OJTOKUTEIbHBIN BKIAJ B 9HEPTHUIO, CBA3AHHBIN ¢ IPaIHEHTHBIM
wiaenom (1.9). B reopuu cpenmero mossi cBoboaHas sHeprug F' BecbMa npocro cBasaHa ¢ dyHKuuoHasoMm JlaHzay,
F = F((g)).

TMoncrapnsst oqpoponHoe 3Hauenue () B (1.6,1.7), MbI HaxoqUM cireayoiiee Bhipazkerne [1-3]

F=F{p)) =Freg +V <;<4p>2 + 2/\4@)4) , (1.14)

rae V — obbem cucrembr. UToOBI HARTH (), MBI TOTZKHBI HARTH MUHUMYM Bhipaxkenus (1.14). DToT MuUHMMYM T0CTH-
raercs nipu (p) =0 ecai @ > 0, u iput () = £4/6 | a | /A eciim a < 0. Mbl Buaum, uro () x /| a | u, crexoBaresnnb-
HO,3Ha4enne () Mamo BOmm3u Toukn nepexona (koropas coorsercreyera = 0). [TogcTanoBka HAJEHHOTO 3HAYEHWS
() B (1.14) noKa3bIBALT, YTO B MPUOIUKEHUN CpeAHero noisal = Fr ey, ecnua > 0, u

3a? 3a?

F:fre_ivzfre_iT_Tc2V7 1.15
ecau a < 0. Boraucsss sarponuio S = —0F /0T u, nanee, reroemkocts Cy = T'9S/0T, Mbl 3aK/II09a€M, 9TO B TOYKE
MEPEX0/IA TEIMJIOEMKOCTD UCIBITHIBAET CKATOK

ACy = 3Va*T./\. (1.16)

Terepb MBI IEPEXOAUM K PACCMOTPEHUIO OKPECTHOCTH KPUTHUYECKON TOUKM, KOTOPAsi MOXKET OBITH M3yUYeHa B PaM-
kax Boipakenus (1.13). 3uauenue () onpenensercs abCOMOTHbIM MUHUMYMOM Foqq({p)). Toacrasassa oxHopomsHoe
snauenue (@) B (1.13) u BapbUPyst 1O (@), MBI TMOJYIAEM CIEAYIONIAE YCAOBAT IKCTPEMYMA,

alp) + Mp)*/6 = h. (1.17)

Hecnoxno HaiiTu pemenue ypaphenus (1.17) B pasmudHBIX MpeelbHBIX ciydasx. Ecama® > Ah2, 10 (¢) ~ h/a,

ectn Ah? >| a |2, to (p) ~ (6h/A\)'/3. Eciu a orpunmaremsio u | a [33> A2 10 (p) ~ +1/6|a] /), rme 3mak

(p) onpenengerca 3HakoM h. Mbl IpUXOAUM K BBIBOAY, 4To Ipu h = 0 3HadeHne (p) UCHOBITHIBAET CKAYOK, PABHBIA
] =24/6 | a| /A. Hanmuane Takoro ckavka COOTBETCTBYeT (DA30BOMY TIEPEXOAY MEPBOrO poma. Takmm 06pasoM Mbl
npuxoauM K $hasoBoil guarpaMme n3obpakeHHoi Ha pucynke 1. ®asoBas auarpaMma Ha miaockocruP —T 6yaer uMeTh

TaKyH K€ TOIMOJOTHIO, XOTS JTUHAS (PA3OBBIX TEPEXOI0B yKe He Oyaer nmpaMoi. Mbl 3aKI09aeM, 9TO KPATHICCKAS
Toka (rae a = h = 0) 3aBepiaer JuHuU0 (HA30BLIX MEPEXOIOB MEPBOrO POIA (MEXKY apoOM U KUIKOCTHIO).

AHnajornynblii Bu uMeer (pa3oBast auarpaMma GeppoMarHeTuka BO BHEITHEM MArHUTHOM I0Je Ha, riockoctuH — 7.
Tosbko Tenepsb dhazoBble MepPexobl MEPBOro Poja (COOTBETCTBYIONINE CKAUKY HaMaruwdenHoctu) npul’ < T, mpouc-
XOIAT MPH HYJICBOM 3HAYEHUM peajbHoro marauTHoro nons H — T. Bo usbexxanne HeaOpasyMeHW OTMETHM 31€Ch
caenyromee. Bo-mepBhIxX, Kak W JJIsi BCAKUX MEPEXON0B MEPBOrO POIA, MPU W3MEHEHWH MATHUTHOTO TOJA BO3MOXKHO
SIBJIEHWE THUCTEPE3HCA, TO eCTh (pa3oBbiii nepexon npul < T. MOXKeT PeaybHO NPOUCXOJUTH NPH HEHYJIEBOM IIOJIE.
Bo-BTOpBIX, CKA3aHHOE OTHOCUTCS K MOHOJOMEHHOMY (heppOMArHETHKY, TO €CThb K CIIyYalo, KOIJa ero COOCTBEHHBIM
MArHATHBIM TTOJIEM MOKHO MPeHeOpedh. DTO CHPABEIJINBO B HEKOTOPOHW OKpecTHOCTH TOukn KropuT,, HO yciaoBus
MIPUMEHUMOCTH 3TOTO MPUOIHKEHUsT TPEOYIOT JOMOJHATENBHOTO UCCIETOBAHNS.

B npunnune suaverne (p) MOXKET OBITH U HEOMHOPOIHBIM. 3aBUCHMOCTH () OT KOODAMHAT MOXKET OBITH BHI3BAHA
BHELIHMM BO3/EHCTBHEM, HAIIPUMED HEOJHOPOIHLIM BHEIIHUM IIOJIEM WIH Ae(EeKTOM KPHCTAJJINIECKON DEIIeTKH, &
TaKKe BJUAHUEM IpaHuipl (creHoK). HeomHopoaHOCTh mapaMeTpa MopsaaKa MOKET BO3BHUKHYTH M CIIOHTAHHO (HUKE
MbI 06CY2KIaeM TaKyio BO3MOXKHOCTS). [Ipu Hajmuuu HEOJHOPOJHOCTU BCTYIIAET B UIPY rpasueHTHas dHeprus (1.9).
Cpaerubas mMexy coboit Bknaaer (1.9) u (1.6), MBI 3aKII0OYaEM, 9TO HMEETCA XapPAKTEPHAS JIJTMHA

re=+/b/al, (1.18)
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KOTOpPasd BXOIUT B IMPOCTPAHCTBEHHYIO 3aBUCUMOCTH APAMETPA MOPAIKA B Teopum cpemuero moss. Ha macmrrabax
60JIbIlIE, YEM T'¢, PPAAUEHTHAS IHEPIUsl CTAHOBUTCs MAaJION ILIONPABKOM 110 CPABHEHMIO C OJHOPOAHOM Heprueil. Beju-
YUHY 7' HA3BIBAIOT KOPPEISAIMOHHON JIHHON WM KOPPETSAIMOHHBIM pajanycoM. Orvernm 9ro B coorBercTun ¢ (1.18)
T¢ HEOTPAHUYIEHHO PACTET MPU TPUOIMIKEHUH K TOYKE MEPEX0Ia.

Heckomnpko c10B 00 yCa0BUAX MPUMEHUMOCTH MPUOINKEHNS CPEIHETO 1osid. [lapaMerp mopsaka CTAaHOBUTCS “M4T-
4ye” IIPU yMEHBINEHUM | ¢ |, TAK KAK yMEHBIIAETCA SHEPrus, CBA3aHHAA ¢ (DIyKTyauusaMu @. I103ToMy B HEKOTOPOIi
OKPECTHOCTH TOYKHM (PAZ0BOTO MEPEXOIA BTOPOTO POa, e (hAYKTYAIlnN MapaMeTpa MOPsiIKa, CTAHOBATCS CUJIBHBIMH,
Teopus CPeJHEro moJis mepectaer paborars. KomndecTBeHHBIN KPUTEPHil /i TPUMEHUMOCTH TEOPUU CPETHErO MOJIs
OyZeT BBIBEIEH B CieayioieM naparpade, rie Mbl HAYMHAEM U3Y4aTh POJib MIAYKTyalnil mapaMerpa MoOpPIIKa.

HuskoremneparypHuaa ¢asa

Cdopmysupyem Tenepb, Kakne 0COOEHHOCTH IPOCTOR KAPTUHBI CPEIHErO IO/ COXPAHAIOTCH U ¢ yaeroM (hJIyKTya-
Ui mapaMerpa nopaaka.

IIpex e Bcero, ocraercsa B cuyie TO (hbyHIAMEHTATHLHOE CBOWCTBO, YTO BBIINIE TOYKU MEPEXO BTOPOIO POMA CPeIl-
Hee 3HAYEHWE MApaMeTpa MOpAaKa (@) PABHO HYJIO, 4 HUXKE TOYKH NMEPexO/a BOSHUKAET HEHYJIEBOE CPemHee. JTo
YTBEpKAeHUE TPEOYeT, OMHAKO, AOTMOJHATENBHBIX KOMMeHTapues. Ecau Berancauth wHTErpas B npasoil wactu (1.4)
¢ dyuruponasoM JlaHaay, HHBADHAHTHBIM OTHOCHTENBHO Y — —¢ (& HMEHHO Takoi (byHKIMOHAT 6paJics BbIle s
$a30BbIX MEPEXOIOB BTOPOro Pojia), TO Pe3yJbrar, 04eBuIHO, Oyuer pasen uyao. Orciona ciemyer, 4ro(y) paBeH
HYJII0 U HUXKe TOYKHU nepexona. [TompoGyem pa3obparhbca B CHTyalMy Ha TIPUMEPE CKATISAPHOTO TapaMerpa TOPSIIKa.
Huxe Touku nepexona B dpyuKImoHame Jlannay nMeeTcs ABa CUMMETPUIHBIX MUHUMYMA, COOTBETCTBYIONTUX PA3HBIM
3HaKaM . U mpuuWHa 3aHyJIeHWs WHTEerpasa B mpapoil actw (1.4) 3aKIH0YAETCS B TOYHOM COKDAIIEHHH BKJIAJIOB,
COOTBETCTBYIONIUX ITUM MUHUMyMaMm. Fcaum ke HAOIIOAATH CHCTEMY B T€UYEHUM HEKOTOPOrO0 BPEMEHHW, TO B KAXKJIbIH
JIAHHBIN MOMEHT OHa OyIeT HAXOJUTHCS B COCTOSHUMN, OMPEIEIAEMBIM OKPECTHOCTHIO OTHOTO U3 MUHUMYMOB, U TOJTHKO
U3peIKa [IEPEXOIUTD B COCTOAHHUE, COOTBETCTBYOIIee ApyroMy MuHuMyMy. HymeBoe ke 3HaueHne(p) Ha 3TOM A3BIKE
O03HAYAET YCPEIHEHNE MO TAKUM OOJIBIITUM BPEMEHAM, 9TO YHUCJIO TepebpOCOB TyIa-CIa BEJIUKO WP C PABHOM BEpO-
SATHOCTHIO IPUHUMAET MOJIOXKUATENLHBIE U OTPUIATE/bHbIe 3HadeHrsA. OTHAKO TePEX0/] CUCTEMBI MEXK Ty COCTOAHUSIMU,
COOTBETCTBYIONIUM OKPECTHOCTSIM MHUHHUMYMOB, MPOUCXOIUT C MAJION BEPOSTHOCTBIO M3-33 XAPAKTEPHOTO JJId JTOM
BepositHocTH (bakTopa exp(—U/T), rae U — BbICOTA MOTEHIUATILHOTO 6apbepa, KOTOPLIA pa3aeiser MUHIMYMbl. Kak
clelyeT W3 MpPUBEIeHHBIX Bbimte Gopmysi, U MpomopIruoHaabHO 00beMy CUCTEMBL. DTOT 3aKOH HAJI0 HECKOJIBKO yTOU-
HUTH (CMOTPH HUKE), HO B JiI000M ciayuae U OKa3bIBAETCS HAMHOrO OOJibiie Temieparypbl T’y Tak 9TO MHOXKUTEJb
exp(—U/T) ouens man. TloaTomy BpeMms MEKIY MEPEXOMAME CUCTEMBI U3 COCTOSHHUS B COCTOSHHE UPE3BBITANHO Be-
JINKO, OHO JIJIsl peAJIbHBIX CUCTEM OKa3bIBAETCs ropasno Gosblie, yeMm BpeMms Hadmonenus. TakuM ob6pa3oM, peasbHbIe
BpeMeHa HAOJIOIeHUs TPOCTO HEJIOCTATOYHBI JIJIsi TOr0, YTOObI HAOIIOAATH TOJHOE ycpeauenue. JIpyrumu ciaoBaMu
CUCTEMA, BCETIA HAOMIOMAETCA B COCTOSHUN, COOTBETCTBYIOMEMY ONHOMY W3 MUHUMYMOB. VI Torma(y) He paBHO HYJIHO.
Ha dopmanbpHOM S3BIKE 9TO 03HAYAET, 9TO MHTErpas B npasoil gacrtu (1.4) Hamo GpaTh TOMBKO MO OKPECTHOCTH O
HOTO M3 MUHUMYMOB. AHAJOMAYHA CUTYALIUS JIJIsi MHOTOKOMIIOHEHTHBIX TapaMeTpOB MOpsiIka. Pazymeercs, ¢ y4eTom
dbaykryanuii (p) OKa3bIBAETCS OTJMYHON OT CPEIHENOJEBOr0 3HAYCHUSI.

Hanee, u ¢ yueroMm ayKTyanuii cOXpaHgeT CBOe 3HAYEHHE MOHSITHE KOPPEIAIHOHHON IJIUHBIT ., KOTOPAs OMPEeIe-
JISIETCS, KAK MACIITab, HAYMHAS ¢ KOTOPOrO IPAJIMEHTHAS SHEPIUs, CBA3aHHAs ¢ (DIIYKTYAIUIMEU APAMETPA MOPAJIKA,
CTAHOBUTCS MEHBIIIE, YeM OTHOpPOAHAasi 3Heprusi. Ha macmrabax 0osibie, deMr., QIAYKTYaIllud MapaMeTpa, MOpsaKa
TO/TABJIEHBL, IOCKO/IBKY OTCYTCTBYIOT IPUYNHBI, MEITAIOITIe ObICTPON PEIAKCAIIMY TAPaMEeTPa MOPSAIKA K JOKAJTHLHOMY
paBHOBECHOMY 3HadeHnio. MOXKHO cKa3aTh, 9YTO MapaMeTp Mopsaaka 3amep3aer’ Ha MaciTabax 6obIne, YeMr.. IT0
yTBepIKJeHrne, OTHAKO, TpebyeT yTOUHEeHUs, TOCKOJbKY HA 3THUX MAacITabax OCTAIOTCA CTEleHU CBOOOILI MapaMerpa
OPsIKa, KOTOPhIe He ‘3amMep3aroT’. Vx xapakTep pas3jindeH [jis PA3HOTO YHCJIA KOMIIOHEHT MTapaMeTpa MOPsIKa.

Mpbr HauHeM co caydast n = 1. B arom caydae (@) MoxKer UMeTh [Ba PA3JUYHBIX 3HAUYEHNs (C PA3HBIMU 3HAKAMH).
TTosTOMy BOZMOXKHA TAKAS CHTYAITHs], KOT/IA B PA3HBIX OOIACTAX MPOCTPAHCTBA(Y) MMEET PA3HBIE 3HAKU. ITH OOIACTH
Pa3IEIIIOTCS TOBEPXHOCTIIMHU, KOTOPBIE (IO aHaioruu ¢ peppoMarHeTHKaMK) MOXKHO HA3BaTh JTIOMEHHBIMU CTEHKAM.
Cpennee (@) namensiercss BOIU3U JOMEHHON CTEHKU Ha PACCTOSHUU MOPAIKAT.. MOXKHO CKa3aTh, 4TO 7. ONPEAEIIET
TOJIIMHY JIOMEHHO CTEHKU. 3aMETUM, YTO 3HAK () BO BCeM 0ObeMe MOKeT ObITh M3MEHEH 33 CUeT M0sABJIeHud Ha (hoHe
JMAHHOTO OJHOPOITHOTO () 3aPOMBIIIA ¢ APYTUM 3HAKOM U TIOCIENYIOMIErO ABHKEHAS TOMEHHON CTEHKH, B PE3yJbTATE
KOTOPOTO 3apOJIbIII PACIPOCTPAHIETCS HA Bech o0beM. Takoil mpoiecc ropasno 6osiee BEPOSTEH, YeM OIHOPOIHOE
U3MEHEHMEe 3HAKA (), TOCKOJIBKY TpeOyeT IpeomIo/IieHus rOpa3a0 MEHBINUX TOTEHIMAIbBHBIX HAPHEPOB.

Paccmorpum teneps mapamerp nopsiaka cn = 2. Ham ynobree Oyaer nMeTs /16710 ¢ KOMILIEKCHBIM TTPE/ICTABICHUEM,
BeenernbiM (1.10). Ha macmrabax Gombine, 9em ., ‘3amepsaer’ aGCOMOTHAS BETWYMHA TAPAMETDPA MOPSIKA, HO HE
ero ¢daza ¢. I[lpuanna 3TOro 3aKIHOYAETCS B MHBAPUAHTHOCTH SHEPTUH CUCTEMBI OTHOCUTEIHLHO OIHOPOIHOTO CIIBUTA,
¢ — ¢+ const. [TosroMy uMeeTcst TOJIBKO BKJIaJL B JHEPIHUIO, CBA3AHHBIN C IPAAUEHTOM®. DTy sHepruio (Ha Macmrabax



11

GoJIbIIIe, YEM T ), MOXKHO 3alUCATh B CJAELYIONIMM BUJIE

s B
I 2
Fiony = [ (Vo). (1.19)
e MoxyJsib B onpeensiercs 6u30CThIO K TeMieparype nepexoaa. OTMeTuM, 4To MOLyJIbB XOPOIIO OlpeIesieH JIazxKe
JTAIeKO OT TeMIepaTyphl Tiepexoa (TpH HU3KUX Temmeparypax). [l ceepxrexydero® He BMecTo MOyt B 0ObIIHO
2 "

HCTIONMb3yeTcs BemymnHa ps = Bm?/h°, KoTopas Ha3BIBaeTCa CBEPXTEKydell TIOTHOCTBIO (37eCh M — Macca aToma
‘He) [4]. Torna (1.19) sanucbiBaercs B BHe

Flong = /dgr %’Ugv

rae vs = hV¢/m — cBepXTeKydas CKOpPOCTbD.

JIid ABYXKOMITOHEHTHOIO MapaMeTpa MOpPsIKa B HU3ZKOTEMIEPaTypHO (dasze UMeoTcs: cBOU JedEKTh, KOTOPhIE
HA3bIBAIOTCS KBAHTOBBIMHU BUXPSMU. DTO JinHEHHbIE OOHEKTHI, Ha JIUHUU BUXpell abCOIOTHAST BEJUYNHA TapaMeTpa
TIOPsIIKa o0paImaerca B HOJIb, M TIOTOMY (a3a ¢ Ha ITO JUHHHN He ompeaesneHa. IIpm 06xoae ke BOKPYT 9TOH JTUHUH
daza ¢ moxker nprodpeTaTh MPUPAIIEHAE, KPATHOE 277

%dr Vo = 2k, (1.20)

rae k — uenoe yucno. Bokpyr npamosuueiinoro suxps |V¢| = k/r rme r — paccrosinue Jjig BUXPEBOH juauu. AG-
COIOTHOE 3HaYEHHE MapaMeTpa MOPAIKa, KOTOPOe PaBHO Hyao npur = 0, BBIXOAUT Ha CBOE OZHOPOISHOE 3HAYCHHE
opu 7 ~ 7.. Takum 06pazoMm, y BUXDs UMeeTCs siipo pasMmepa r.. lloacrasmusisa |V¢| = k/r B (1.19), MbI npuxomuM
K J0rapupMUYIECKOMY MHTErpally, KOTOPhI CHH3Y 00pe3aeTcss Ha, KPHTHYECKOM PAIUYCeT., & CBEpXy — Ha HEKOTO-
POM XapaKTEePHOM MacmTade L., KOTOPBIl ABISCTCA PA3MEPOM CHCTEMbI IJis OJWHOYHOTO BUXPA MM MEXKBHXPEBBIM
PACCTOAHNEM IJIsA CHCTEMBI BUXpeil. B SBHOM BHIE SHEPrus BHXpPH 3aIHCLIBACTCA B BUIE

L,
TBLE*In () , (1.21)

Te

rae L — nmmna Buxps. Peanpro mabmopatorcea suxpu ¢ k = +1, nockonbky, kak sumHO w3 (1.21), Buxpro ¢ |k| > 1
SHEPreTUIECKHU BBITOJHO PA3BAIUTHCS Ha euHW4Hbe Buxpu ¢k = +1. To ke Beipaxkenue (1.21) copasemyiueo mjst
SHEPTHUH ITPOU3BOJILHOTO BUXPs, €CJIH €r0 PaJNyCc KPUBU3HBI MHOTO GoJibier.. Hampumep, sHeprusi BAXPEBOTO KOJIbIA
onpenensierca (1.21) ¢ L = L, = 2rR (R — paauyc Koblia).

Ananormanas cxema Moxker ObITH CHOPMYIMPOBAHA /I MHOMOKOMIIOHEHTHOrO napamerpa nopsaaka. OH Moxker
ObITh 3aMKUCaH B CJIEAYIONIEM BUE

ou=le|nu, (1.22)

rle N, — €AUHUYHBIH BEKTOp (YHCJIO KOMIIOHEHT KOTOPOIO OLpENessHeTcs YUCIOM KOMIOHEHT apaMeTpa [MOpSKa).
s deppoMaraernka n,, ABIAeTCA eTUHIYHBIM BEKTOPOM B HAIIpaBJIeHIH HaMarHudeHHOocTH. Ha MacmTrabax Gosbie,
9eM T, pyHKIHOHAN JlaH1ay CBOAUTCA K

s B
ﬁong = /d37’ 5(vnu)2 . (123)

PaceMoTpuM TpeXKOMIIOHEHTHBIH IapaMerp mopsiaka. B arom ciaydae smeMeHTapHBIM JedeKToM siBiasgerca ‘ex’. s
OJIVHOYHOTO €3Ka M = T/T, [JIe T — PAAUYC-BeKTOD ¢ HAYAJIOM B TOYKe PACTIOJIOKEHHUsS eXKa. B oTudme o1 JOMeHHOI
CTEHKN W BUXPH, €XK ABJIACTCS TOUEUHBIM jedeKToM. B meHTpe BUXps HANpaBIeHWEN He ONPEIEseHO0, TO eCTh abco-

JIFOTHAs BEJIMYMHA IAPAMETDPA, MOPAJKS B ITON TOUKe 00pAIaeTca B HOb. AGCOMOTHAS BEIMIMHA TAPAMETDA MOPSIIKA
BBIXOJIUT Ha CBOE OJHOPOJIHOE 3HAUEHHE Ha PACCTOSTHUH TIOPSIIKAT ., TO €CTh €K (KakK M BUXPh) NMeeT sIpo pasMepa
rc. Hoacrapnsis n = r/r B (1.23), MBI 3aKJII09aeM, YTO SHEPIUA exKa ‘CHIUT’ Ha OOJIBIIUX 7', TO €CTh ONPEIesSeTCs

pasmepamu cucteMpl. I109TOMy OIMHOYHBIE €2KM B CUCTEME OOBIMHO HE BO3HUKAIOT, & BOSHUKAIOT MAPbI €2K-aTHEX (/171
OJIMHOYHOIO AHTHEXKA T = —T/T), SHEPrusl TAKOH Napbl JMHEHHO 3ABUCHT OT PACCTOSHMA MEXK/Y €2KOM U AHTHEZKOM.

Samaun

3amayva 1.1
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Huxke Toukm mepexoma BTOPOrO PoOIa, XapaKTEPU3yeMOro OJHOKOMIOHEHTHBIM MAPAMETPOM IOPSIKA, BO3MOXKHO
06pa30BaHne TaK HA3BIBAEMBIX JOMEHHBIX CTEHOK. B MIIOCKOH reoMeTpun(y) 3aBUCHT TOIBKO OT KOOPAMHATHL Z (B0
OCH, TIePIeHINKYJISPHON K CTeHKe), TpudeM ¢ — Lo TpH 2 — £00, TIe @g — PABHOBECHOE 3HAYEHWE B OIHOPOIHOM
cnyuae. Haijitu (p(z)) B paMKax TeOpUU CPEIHETO TI0JIs.

Peirtenne zamaun 1.1

B pamkax Teopum CpesHero Mo CpeHee () COBHAMAET MPOCTO C (0, TOITOMY HUXKE MBI OMYCKAeM 3HAK CPETHErO
y HapaMerpa nopsiaka. B Tex ke pamkax ¢p = /6 | a | /A. ®yuximusa p(z) J071KHA COOTBETCTBOBATDL IKCTPEMYMY
dyukimonana F, KOTOpbIil onpejgesngercs, Kak cymma wienos (1.6,1.7,1.9). Bapbupysa 9Ty cyMMy 10w, MbI TIOJIy 4aeM
ypaBHEHHE

ap 4+ Ap® /6 — b0?p = 0. (1.24)
OcCHOBBIBAsICh HA AHAJIOTHE CO BTOPBIM 3aKOHOM HBIOTOHA, MOKHO HANTH 1EPBBIH MHTErPAJ yPABHEHU (1.24)

b a A
e 82992** 277904

2( ) 2 247 7
KOTOPBIH COOTBETCTBYET YHEPTHuu Ha HBIOTOHOBCKOM #3bIKe. BeJM4unHy 3TOro mepBoro HHTErpaJa MOKHO HAWTH, €CIn
IIOACTAaBUTH B HaﬁﬂeHHoe Bpra}KeHI/Ie ACUMIITOTUYECKOE 3Ha}{€HI/Ie(p = $0- TOF,H& MBbI HpI/IXO,[LI/IM K ypaBHeHI/IIO HepBOFO
TTOPSITIKA,

o= — (o5
: \/53007’(: 0

rje KpuTudeckuil paauyc r. onpezaenen B (1.18). Pemenue 3T0ro ypaBHeHUs IePBOro HOPSIIKA UMEET BUL

zZ— 20
=potanh | —— | ,
o ( V2r, )

TJIe 29 — IPOU3BOJIbHAS KOHCTAHTA, OMPEIEIAIONAs MOJ0KEHHE JOMEHHON CTEeHKH.
3agadga 1.2
Haiitn suavenus momyneii B B Boipaxkenusx (1.19,1.23) B Teopuu cpemnero mosisi.

0 _(pZ)a

Peirtenne zamaun 1.2

Monynes B omupenensiercs PaBHOBECHBIM 3HAYMEHHEM aOCOJIIOTHON BEIWYMHBI TapaMerpa mopsaka. s aByXKOM-
HOHEHTHOTO TapaMeTpa Tmopsaaka B = 2b | ¢ |>= 6 | a | b/\. 18 MHOTOKOMIOHEHTHOTO TIapaMeTpa MOPAIKA MbI
nostyuaem ToT ke oteer B =6 | a | b/

2. ®JIYKTYAIIMU, TEOPUSI BO3SMVYIIEHUN

Mpbr HaunHaeM u3ydeHue poau QIyKTyaluii mapaMerpa mopsiika. Kak Mbl yyke oTrmeuasun Bo Beenenuu, Bce Ha-
O/IF0aeMbIe BEJTMYUHBL BHIPAYKAIOTCSA UePe3 KOppeadIuonubie GpyHKImu QAYKTyUpyommx seandnd. [loaTomy Harmed
OCHOBHOW 3a/aqell OyIer UCCIeIOBAHNE KOPPEIAIUOHHBIX (DYHKIMHM mapaMerpa TOopsaKa. 31ech Mbl U3y9aeM OTHO-
BpEMEHHDIE KOPPEJsIUOHHbIE (DYHKIMH, KOTOPBIE ABJSIOTCA MHOMOTOYEUHBIMU cpemauMue(t,r1)e(t,re) . ... Ecan
CHCTEeMa HAXOAUTCS B TEIJIOBOM DABHOBECHU, TO TEOPETHYECKH ITU KOPPEJSANUOHHBIE (DYHKITUU JO/KHBI BBIUACISAThH-
cs 1pu nomonu (yukimu pacupeaenenns sepograoctu (1.3). Tlockonbky 3ra (DyHKIMs pacnpeneneHus He 3aBUCUT
OT BPEMEHU, HE 3aBUCAT OT BPEMEHU U OJHOBPEMEHHBIE KOPPEIAIMOHHbIE (PYHKIINK TapaMerpa mopsaaka. Mbpr Takxke
npeHebperaeM rpaHuIHBIME dbdEeKTaMu, BCIEICTBIE Yero BCe MPOCTPAHCTBEHHbIE TOYKH MOXKHO CIATATH SKBUBAJIEHT-
HBIMU, 3TO CBOMCTBO HA3BIBAETCA NIPOCTPAHCTBEHHON OTHOPOILHOCTBIO.

B cmsy mpocTpaHCTBEHHOH OMHOPOIHOCTH CPEIHEE 3HAYEHWE MApaMeTPa TMOPSAIKA (@) HE 3aBHCHT OT KOOPIWHAT
(ecim medexTBr B cECTEME OTCYTCTBYIOT). MBI MCIIOMB3yeM CHENUANBHOE O0OO3HAMEHME JJIsi HEMPUBOAUMON TTAPHON
KOPPeSIUOHHON (DYHKIIUY TTapaMeTpa MopsiIKa:

G(r) = (p(r +r1)p(r1)) = (o(r +ri)e(r)) (). (2.1)

B cuity mpoCTpaHCTBEHHON OJNHOPONHOCTH HNapHasd KOPPEISnuoHHAsA (PYHKIUS 3aBUCAT TOJBLKO OT PA3HOCTH CBOUX
aprymenTos. [Ipu r — 0o paspymiaercs Koppessius @(r+11) u o(r1), Tak uro cpeauee (p(r+r1)p(r1)) pacuamaercs
Ha npoussejenue cpeanux. [Tosromy Bbrunranue kBaapara cpeanero B (2.1) Beger x romy, yroG(r) — 0 upu 7 — 0.
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D70 MO3BOIAET BBECTH XOpOMIo omnpeaeneaHoe Pypbe-npeobpa3oBanne MapHON KOPpeainoHuoil GpyHKImum, KOTopoe
Mbl OygeMm 0603HadaTh TOH Ke OykBoi G:

G(q) = /d3r exp(—igr)G(r) . (2.2)

B nanbreiiniem OykBa ¢ OyIeT UCIOMB30BATHCA /st 0003HAUEHUST BOJTHOBBIX BEKTODOB.
HamomuuMm, 4T0 mapHyO KOPPETAIMOHHYI0 (DYHKITHI0 MOXKHO 3aMUCATh B BUAEe (DYHKITMOHAILHOIO WHTErPAJIa

(olrptra = [ e (75 ) ptraetra). (23

Buech [ Dy 0603HAUAET MHTErPUPOBAHKE 110 BCEM CTEIeHsM CBOOO/bL IapamMerpa nops/ka. Ero MoxKHO HOHUMATH, KAK
MHOTOKDATHBIH HHTErpas no koadduinentam paszioxkenusi p(r) B pag @ypbe (1.1). TTocKoIbKy mapaMeTp MopsiIKa
ompezeseH HA MaciTabax OONBITNX, YeM ATOMHBIN Pa3Mep, TO UMEeeTCsl OrPAHWYEHNE Ha BOJHOBBIE BEKTODA B P
(1.1). Met 6ynem camrath, 9T0 | ¢ |< A, rme A — BOTHOBO¥ BEKTOP, HECKOJILKO MEHBINHUI, 9eM OOPATHBIN ATOMHBIN
pasMep. DTOT BOJHOBOH BEKTOp A HA3BIBAIOT OOBIYHO 0Gpe3Kol wim yiabTpaduoaeToBoit 06pesKkoii (mocieauuii Tep-
MHH [03aiMCTBOBAaH M3 KBaHTOBOM 3sekrpomuHamukn [10, 11]). Tiasube Braagbt B dyskiwonan JlangayF Obuin

ompezenensl B maparpade 1. 9Ty BeIUIHHy MOXKHO 3alHCaTh, KaK CyMMYFreg + F(2) + Fint, TO€

. a b

Fo) = /d37' <2<P2+ 2(ch)2> : (2.4)
3 A 4

Fint = /d Tﬂ@ . (25)

Ecnu reneps paznoxutb exp(—Fo) /T — Fint/T) B (2.3) 10 Fin¢, TO MBI IOTY UM HAPHYIO KOPPEIAIMOHHYIO (DyHKIIHIO
G(r) B BUJIE PA/IA 110 KOHCTAHTE B3aUMOIEHCTBHsI . DTOT Psif] HA3BIBAETCS PAIOM Teopur Bo3MytneHuit. O6bI4HO B 9TOT
PAJL BKJIIOYAIOT TAKZKE 9IIEHBI, KOTOPBIE MPOUCXOIAT U3 PA3IOKEHUA CBOGOHOH sHepranl’ 10 A, KOTOpOe MOXKHO HAKTH
u3 coorHomenusi (1.5). ZIcHO, YTO Psifi TEOPUU BO3MYINEHUI MOXKHO BBECTH Jisi JTIOOON KOPPENSIIIMOHHON DyHKIMN
napamerpa mopsiKa.

W3yunm nmpezkie BCEro BBIPAsKEHHUsS JJIs KOPPETANNOHHBIX (DYHKIMHA TIapamMerpa MopsaKa, KOTOPBIE MOJydar0TCs
B npenebpexenne Fin: (TO ecth mpu A = 0), 3TH KOppenanuoHHbIe (DYHKINEA HASBIBAIOTCA OOBIMHO 3aTPABOTHBIMHE.
BhIpaskeHnst 17151 3aTPABOUYHBIX KOPPEISAIMOHHBIX DYHKINHA MOTyT 66T HaliIeHbl W3 WHTerpaios thma (2.3), rue Bec
3amenen Ha exp|(Fo — F(2))/T]. 3necs B coorsercrBuu ¢ (1.5):

oo (50) = [ oo () T [ (52, »

Beipaxkenne ke 17151 33TPABOYHON MAPHON KOPPEIANMOHHON (DYHKITNH 3aITNCHIBAETCS B BUIE
Go(r1 — 12) = {(p(r)p(r2))o = / Dy
Fy — Fo
exp (0 ) gl (2.7

Bamernnm, 410 F(2) ABIAETCA CyMMON 9IEHOB BTOPOI'O HOPSIKA IIO 0g, TO €CTh (DYyHKIMOHAIbHBIA HHTerpai B (2.7)
Kak u B (2.6), cBOAUTCsH K NPOU3BEJECHUIO €IUHUYHBIX [ayCCOBBIX MHTErPAJIOB, KaxKIAbIA U3 KOTOPBIX JIEIKO MOXKET
ObITH BBIUKCIIEH SIBHO. B pe3ysibTare Mbl HAXOMUM SIBHOE BhIpaxkeHue B Dypre-nipencrapiennn (MOoApoGHOCTH MOXKHO
HalfiTh B npuioxkenuu B)

T

Go(q) = pER

(2.8)

Henas Oypbe-mpeocdpa3zoBanue, Mbl HAXOIUM B T-IIPEICTABIECHUN

exp (—\/(%r) . (2.9)

flcHO, 9TO MPUBEIEHHBIE BHIPAYKEHUS UMEIOT CMBICH TOMBKO jjisia > 0. Monudukanysi ¢XeMbl TEOPUH BO3MYIIEHHA
ast a < 0 06Cy)IaeTcs HuKe.

Go(r) = 47br
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O+ ©

Puc. 2: /IBe mepBble AuarpaMMbl, IpeACTaBIAONME (DIYyKTYaIMOHHBINA BKIad BG.

IIpasuia Jist BOIYUCIEHNS CHHTYISIPHOTO BKJIAIA B CBOOOTHYIO dHEPTHIO Fyipg = F — Fycy (cBsI3aHHOTO ¢ DIIyKTY-
AlUsMU [1aPAMETPa MOPSIKA) MOIYT ObITh CHOPMYIMPOBAHBI, UCXO/As U3 (POPMAIBHO TOYHOTO COOTHOIIEHUS

3 JT fin
exp (—%) = /Dap exp <—(2);t> , (2.10)

TPUBOJAIIETO K

rae (...)o OBO3HAYAET CpEmHME, ONPENEeNaeMble MHTErPATAME THIA BHIMACAHHBIX B (2.7). [lapras xoppensmmoHHAs
dynkuus (2.3) MoxKer ObITh 3aIMCAHA B CAEIYIOIEM BHE

G(ry —r2) = exp <W> X
> BTl )otra . .11
n=0 '

Scuo, uro KOppessuoHHasa (DYHKIUs JH000r0 MOpsIKa MOXKET ObITh [peCTaB/eHa B Buie, aHanorngaom (2.11).
B psimax reopuu BO3MYILEHHMIH JJisi CBOOOAHON 3HEPIUM U KOPPEISIUOHHBIX (PYHKINI BOSHUKAIOT MHTEIPAJIBL BHIA,

(plra)-ptrao = [ Do exp (D) gt

Tax Kak F () ABAACTCSA BRIPAZKEHNEM BTOPOTO MOPSA/IKA MO, TO BCE TaKWe WHTETPAIBI ABIAIOTCA [ayccoBBIMM I MOTYT
ObITh BBIYUC/IEHBI aBHO. JIjig HUX CIIpaBeiuBa Tak Has3biBaeMasd Teopema Buka. A umenno,(o(r1)...¢(r,))o paBHO
CYMME TIPOU3BEIEHA T 3aTPABOIHBIX DYHKIWH G, TPEICTABIAIONIX CPETHAE (PP)( I BCEX BOSMOKHBIX TTOMAPHBIX
cnapuBaHuii. Beimuimem B KAI€CTBE MPEMEPA YETHIPEXTOUETHOE CPETHES

{p(r1)e(r2)e(rs)e(ra))o = Go(ry — r2)Go(rs — r4) +
Go(’l"l - T3)G0(T2 — 7"4) + GQ(’I"l — 1"4)G0(’I"2 — 7“3) .

AHATOTHYHO MOTYT OBITH BBIIMCAHBI M CPEIHHUE JJi KOPPEIAIUOHHBIX (DYHKIMI Gosiee BBICOKOTO MOPSAIKA.

YjieHbl psiga TEOpUM BO3MYINEHWI st Koppensnuonuoi ¢yukumu (o(r1) ... @(r,)) MOryT OBITb IPEICTABICHBL
DeHMAHOBCKMMHA THATPAMMAMH, HA KOTOPBIX W300PasKeHbI JJUHNAHN, COSJIUHSIONINE TI0 ONPEIEIEHHBIM TPABUIAM TOU-
ku. JacTh TOYEK COOTBETCTBYET APTyMEHTAM KOPDPEISAIMOHHON (DYHKIUWUT] ... Ty ), & 94CTh TOYeK (BEpPIIUHBI) TPE-
CTaBJIAET COBOI apryMEHTDI IapaMeTpa MOPAIKA B PA3JI0KEHUH 1I0F ¢, 110 X KoopAuHaTtaM Ry ... R,,) IpOU3BOAUTCA
unTerpuposanue. Kpome Toro, kaxkmoit sepiiune R; ... R,,) conocrasusercs muokuTe b —A/T. K Kaxmol Touke
T1...T,) NIPUKPEILIEHA OJ[HA JIMHUS, & B TOYKax Ry ... R,,) cxogurcs o verbipe jubun. (Todnee roBopsi, K BEPIIUHE
NPUKPETIETCA IeThIPe KOHIA auanii.) Kax a0 muann conocraBasercs 3arpapoanas napaas dyuakmuaGo, 3aBucs-
asl OT COOTBETCTBYIOMIEH pa3sHocTn KoopauHatr. Takum obpasoM, Jobast AuarpaMma COIEPKUTN ‘BHEIIHHX TOYEK U
m ‘BHyTpeHHUX TOYeK (BEPINUH), IIOCAEIHEE YUCIO ONPEAEAET MOPSAIOK PA3JIOKEHHs] TEOPUN BO3MYIICHUIA.

Psan reopun Bosmymenunii qa dbysxiuu G onpegensiercs soipazxkenuem (2.11). Paccmorpum Bkiag B8 G iepsoro
nopstika o A. OH CONEPIKUT ABa CJIATAEMBIX, OJHO U3 KOTOPBIX JAETCA PA3JIOKEHUEM KCIOHEHTHI B (2.11) moF;,+:

(p(r1)(=Fint/T)p(r2))0 - (2.12)

Ha muarpamMvHOM si3bike wieH (2.12) MoxkeT GbITH NpEJCTABIEH B BHIE CYMMBI JBYX IHATPAMM, IPHBEJEHHBIX HA,
pucyrke 2. 3jech nepBasd AMarpamMMma sBJseTCs HeIPUBOAMMONA (TO €CTh He PaClHalaeTcs Ha OTIAeJbHbIe OJIOKH), a
BTOpasd AUArPAMMAa ABJeTCs IPUBOAUMOI (TO €CTh paciafaercs Ha oraenbhbie 6sioku), [IpuBonumaga aquarpamma 1aer
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Puc. 3: Jnarpammvuoe ypasuenue s G.

() + = + ..

Puc. 4: CyMmMa 0ZHOYACTUMHO HEIIPUBOIUMBIX OJIOKOB.

npomssenerne Go u ((—Fint/T))o. DTOT BrIam B G COKPAMAETCA CJIATAEMBIM, KOTOPOE TIPOUCXOAUT U3 PA3IOKEHWS
exp[(Fsing — Fu)/T) B (2.11) mo A. Takum 06pa3om TOIBKO nepsBas (HEIPHBOAMMAL) AUArPAMMa JAaeT BKaaa BG. D10
HabJ TR0 IeHTEe 0000IIASTCS U HA, BKJIAIbI 00JI€e BHICOKOTO MTOPSIIKA, IIOA: TOJIHKO HETTPUBOANMBIE TUATPAMMBIL JAIOT BKJIA
B G, a IPUBOAUMbIE AUAIPAMMBIL, IPOUCXOAsAIME U3 pasaokerus exp(—Fin:/T), COKPAIIAIOTCA 33 CUET PA3JIOKEHUS
exp((FSing - FO)/T)

Paznocrs G — G npejicraBigercs CyMMON HEIPUBOJAMMBIX JIMATPAMM, KAXKJasd U3 KOTOPBIX MMeeT jBe ‘BHEII-
nue’ Go-TWHUM U HEKOTODHIH OJI0K MexXKay HUMU. Bbiaesanm OJI0KH, KOTOPhbIe HeJIb3si pa3pe3arh 1Mo eIuHuIHON G-
simavu. Takue GJI0KU HA3BIBAIOT OJHOYACTUYHO HEIIPUBOAUMBIMU (MM, Ha S3bIKE KBAHTOBOM TEOPUY 1018, COOCTBEHHO-
SHepreTuvecKuMu ). BeeneM cyMMy OIHOYACTHYHO HEIPUBOAUMbIX BGJIOKOB, KOTOPYIO Mbl OyieM 0603HAYATEY. U IIPe-
CTaBJISATH TPSIMOYTOJLHUKOM Ha guarpaMmax. Torna MoxkHO chopMyIupoBaTh CaeAyolee THarpaMMHOe ypaBHEHNUE,
NPUBEJEHHOE Ha PUCYHKE 3. 311€ech ToJcTas unus obosnadaerG (a TOHKUE JIMHUU, KaK U Bbile, 00o3Hadaor Go). B
AHAJTUTHIECKON (POPME ITO YPABHEHUE HUMEET BT

G(r) = Go(r) + /dgrl d3raGo(r — r1)S(r1 — 72)G(r2) . (2.13)

Tlepexong B @ypbe-pecrapienue u IpuHuMas Bo BuuManue (2.8); Mbl 101y 4aem

T
alq) - — 2.14
(@) a+bg? —TX(q) (2.14)
N3 Bepakenns (2.14) crenyer, uyro G(g = 0) obparmaercst B 66CKOHEIHOCTD, €CJIH
a—T%(0)=0. (2.15)

VIMeHHO 3TO COOTHOIIEHUE W OIpPee/sieT UCTUHHYI0 TeMmepaTtypy ¢a3oBoro mepexona. B manbreiieM Mbl Oymem
cuuTaTh, yro BKAaL X (0) yiKe BKJIIOYEH B MEPEONPEIEJICHUE TeMIeparyphl nepexoial,, To ecTh TPOU3BEAEHO IPeos-

pasosarmne a — a — TY%(T.,q = 0), Tak 9aro a x T — T, nng UCTHHHON TeMmmepaTypbl nepexoma. Torma Bmecto X B

Boipaxkenun A G(q) Gyner dburypupobaTh pasHOCTDb

¥(q) —2(Tt,q=0), (2.16)

KOTOpad TOJbKO U UMEeT (I)I/I3I/I‘I€CKI/II>'I cmbica. CaMo e 3HadeHue TeMIepaTypbl Hepexo,uaTc HE MOYKeT OBITH BHIYUKC-
JIEHO B paMKaX HCIIOJIB3YEMOTO HaMH CI)EHOMGHO.HOI‘I/ILIGCKOI‘O II0aX0J4.

JunarpaMMHOe TIpefcTaBIeHue A4 2 1aHO Ha pucyHke 4. [IpuBengem gBHOe BhIpazKeHHUe JJIsT BKJIaJa B, COOTBET-
CTBYIOIIEe TTEPBOIl JUarpaMMe, IpeCTABIEHHON HA ITOM PUCYHKE:

A
W () = = ZGo(r = 0)8(r), (2.17)
2T
B ®ypoe-upencrasnennu (2.17) nepenucbiBaercsd B BUJE

A d3q 1
1 _
=0(k) = -3 / @ at b (2.18)

Peanpro YV (k) e 3aBucur or BomHoBoro Bexropa k. Murerparn mo ¢  (2.18) bopMalbHO PACXOIUTCA IPH GOTBIIIX
g, TO €CTH BEJIMYMHA HTOr0 UHTerpaja Habupaercs B6ausug ~ A (Hanomuum, uro A — 06pe3Ka, TO eCTh MAKCUMAJILHBII
BOJIHOBOI BeKTOpP 10Jig ). Tak Kak IJIaBHBINA BKJIAJ B Y1) onpenensercss GOMBITIMI BOTHOBBIMEA BEKTOPAMHI ¢ ~ A,
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strong
—Gi| fluctuptions |Gi T

Puc. 5: Obsacts, rae cyiecTBeHHBl (DIIyKTyaIyu.

ero 3HaMEHne He MOKeT ObITh HAlIeHO B paMKax Hawmell ayuaHoBoHOBOM Teopun. K cuacrpio, a1o u me tpebyercs, Tak
KaK yIOMSIHYTHIH BKJIAJ, JOJIPKEH OBITh BKJIIOYEH B MEPEOTpe/IesieHre TeMmieparyphl epexonaly, Kak Mbl O0bsICHUIN

poimre. Uto e kacaercs pasnoctu (2.16) s (Y| 1o ona cuauT Ha MATBIX BOJHOBBIX BEKTOpax (M3-3a MaIOCTH a)

U MOXKET GbITh BBIYUCIEHA SBHO

A [ dq 1 1 Aal/?
2 (a) — sN(T,,q=0) = _5/ @ne (a—i—bq2 — qu> = (2.19)

Kak u cnenyer, 310 Boipazkenue o0pamaercs B HOJIb B TOUYKe Nepexona, o ectb npua = 0. Boipaxenue (2.19) caenyer
CPaBHUTDL € 3aTpaBOuHOil BenmumHoil a. Ilompaska (2.19) mpeHeGpe:kuMa MO CpaBHEHUIO ¢ a, ecn | 7[> AT, /ab®.
D70 HEpaBEHCTBO TPeACTaBsieT coboil He YTO WHOe, Kak kpurepnit I'mrzbypra| 7 |> Gi (cmorpw naparpad 1).
PaccMoTpum Tenepb BKJaJ, COOTBETCTBYIONIMI BTOPOH AuarpaMMe Ha PUCYHKE 4:
2@ (r) = LQGB(T) (2.20)
672 0 '

Toncrasnss ciona soipaxkenue (2.9) u npoussong ®ypbe-npeodpaszoBaHue, Mbl HAXOIUM OIEHKY

20(q) ~ AL m(a/g). (221

cupasemyiuByio ipu T' = T.. B cuy sorapudMudeckoro xapakrepa 3aBUCHMOCTH OT 0Dpe3Ku A 3TOT 4jieH He jJaer
BKJI3JIa B PEHOPMHUPOBKY TEMIIEPaTypbl nepexoaa. Boipaxkenue (2.21) npenefperkuMo M0 CPABHEHUIO C 3aTPABOYHBIM
snadenueM bg® B (2.14), ecu q > q,, T7e

G =TV (2.22)

Mur 3axmogaeM, 9T0 (BIYKTYaIHOHHLIH BKJIAJ Y B HAPHYI0 KOPPEIAIHOHHYIO (DYHKIHIO ABJIAETCH CYIIeCTBEHHBIM,
ecn ¢ S gy 1 | 7| S Gi rae Gi — rak HaszbiBaeMoe 4uciio ['uuzOypra

T2

Gi e

(2.23)
OTH [Ba yCJIOBUS OMPEAETISIOT 006acTh BOJU3N HAYa 18 KOOPAWHAT HA IJIOCKOCTUT — ¢, IPUBEJICHHYIO HA PUCYHKE 5,
re QIYKTyaIruu CyIeCTBEHHO MEHSIOT IOBEJICHHE KOPPEIATMOHHBIX (DYHKIINI MapaMeTpa MopsiIKa.

Taxkum 06pa3zoM, MbI yCTAHOBUJIU KPUTEPUil TPUMEHUMOCTH TEOPUU CPEITHEro IoJis, KOTopas paboraer BHEe 00JacTh
CHUIBHBIX (payKTyanmii. 3aMerM, 910 06/1aCTh TPUMEHUMOCTH TEOPUH CPEIHErO TOJIs CYIIECTBYET, TOIBKO ecnGi <
1. B nmporuBHOM ciiydae 06IaCTh MPUMEHUMOCTH TEOPUH CPEIHErO MOJisi OTCYTCTBYET. TaKas CUTyallnsi Peain3yercs,
HanpuMmep, [yl nepexoia xkuaxoro *He B cBepxTekyuee cocrosnue, i 3roro nepexoaa Gi ~ 1.

CTporo roBopsi, BCe CKa3aHHOE BBIIIE OTHOCUIOCH K CIydaa > 0, TaK KaK B MIPOTUBHOM ciiydae, mpua < 0, mapras
Koppessiiuontas Gyukims (2.8) mepecraer ObITH MOJOKUTEIHHO ONPEIENECHHON BETUYUHOM, XOTs OHa, JOJKHA ObIThH
MTOJIOXKUTENBHON B CHITy CBOETO OMPEIETIEHNsI. DTO HECOOTBETCTBUE CBUAETENHLCTBYET O TOM, YTO CHCTEMa, HEYCTONINBA
[0 OTHOLICHMIO K CIOHTAHHOMY OOPa30BAHUIO HEHYJIEBOrO 3HAYEHMs I1apaMerpa nopaakalp). ObcyzkaeHue CMbICIa
9TO BEIWINHBI (CBSI3aHHOTO ¢ KOHEUHOCTHIO BpeMeHn HabiiofeHns ) mpubeaeHo B maparpade 1. [Tpy vamwmanm cpe-
HEro 3HaYeHus () CHEIYeT UMETh JEJI0 C HEIPUBOAMMBIMU KOPPEIANMOHHBIMU (DYHKIUAMIY, KOTOPBIE MOYYal0TCs
BBIMUTAHUEM W3 MOJHBIX KOPPEIATHOHHBIX (DYHKIWI BKIAAA, KOTOPBIA cooTBeTcTBYET()). Hampumep, HempuBoanMAas
mapHast KOppesinuoHuas PYHKINI PaBHA

G(r) = (p(r + r1)p(r1)) — (9)*. (2.24)

Henpusonumas naprasi Koppensiuuonnas Gyaknus (2.24) crpemurcd K Hyaw0 npur — oo. [losTomy sta dyHKims
obJtagaeT XOPOIIIo onpeeaeHHbIM Tpeobpasosannem Pypobe.
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Puc. 6: IlepBas nonpaBka K HapHON KOPPEJAMOHHON DYHKITUU Y 10 100 h.

IMpu wanuauu cpeguero 3uadenus (@) (BozHukaromero npu a < 0) mpaBusia TEOPUU BO3MYIIEHUN JNOJIKHBL OBITH
HeCKObKO Mopmdumuposansr. [Ipexkme Beero, dyukimonan Jlannay F MOKEH PaCKIaIbIBATHCA BOMW3H (@), IO OT-
kjoHeHUAM © — (). IIpu 3TOM, IOMUMO YJIEHOB YETBEPTOTO MOPSIIKA, B 9TOM DA3JIOKEHUH BOZHUKAET TAKIKE TJIEH
TPETHEro MOPsIIKa, IPOHOPIUOHATLHBIN A(p). 3aTpaBOUHO B Ka4ecTBe CPEIHErO (@) CAeyeT B3ATh 3HAYEHUE, BO3HU-
Kalollee B paMKax cpejHero noss (cMmorpu naparpad 1). Yaepxkusas B hyHkuuonasie Jlanaay 4ieH BTOPOro mopsiaka
PA3IOKEHHS TIO0 PASHOCTH @ — (), MBI HAXOmuM [ayccoBy DyHKIMIO PACTIPEEeHns BEPOSTHOCTH, KOTOPAA BEMET K
CIENYIOMIEMY 3aTPABOYHOMY BBIPAYKEHUIO [IJIsl HEITPUBOIMMOl TApHOH KOppensainonnoil dyHkimu (2.24)

3
Go(r) = /(di()]gexp(iqr) r T exp (—\/2|a\/b7') , (2.25)

27 2|a| + bg? = drbr

CIIpaBeIJINBOE AJId OJHOKOMIIOHEHTHOI'O IIapaMeTpPa IIOPpAIKA. M])I BUAWM, 9YTO €IMHCTBEHHAA PAa3HHUILA II0 CPABHEHNIO
¢ BhIpazkeHusiME (2.8,2.9) 3aKIHOUAETCSA B TOM, UTO ¢ 3aMeHsiercs Ha 2 | a |.

Heckonpko crnoxmuee 00CTORT JEI0 ¢ MHOTOKOMITOHCHTHBIM TIAPDAMETPOM MOpAAKa. B 3TOM ciiydae mapHyo Koppe-
JIATTMORHY0 (DYHKITHIO HAO OMPENENATh CIEAYIOMAM 00pa3oM:

Guu(r) = {ou(r +r1)eu(r1)) = (u) (po) - (2.26)

TIpu a > 0 gys 3aTpaBOYHOI HAPHON KOPPENAIMOHHON YHKIMKM Mbl uMeeM psmoe obobenue (2.8,2.9):

" d3q T T
Gouw(r) =94 —— exp(iqr)——— =0, —— exp (—\/a br) . 2.27

/W( ) 224 (271’)3 ( )a T bq2 “V47Tb7° / ( )
Onnako nipu ¢ < 0 BO3HUKAET BBIIEIEHHOE HATIPABIECHNE B ‘H30TOMAYIECKOM’ TPOCTPAHCTBE (IIPOCTPAHCTBE KOMIIOHEHT
napaMeTpa Mopsiika), CBSI3aHHOE CO CPETHNM 3HAUEHHEM MapaMeTpa Mmopsiika. BylaeM CIuTarh, 9To OTINIHA OT HYJIst
TOJIBKO IepBas KOMIIOHEHTa, apaMerpa nopsaaka (¢1) # 0. Torma Mbl Haxomum

3
Go11(r) :/(;lwq)gexp(iqr)2 T T e p(—\/2|a\/br> ,

al + bg? = dmbr

dq T T
GOHV(T) = (5#1, / W eXp(Zq’r)@ = 5ﬂym s (228)

B MOCJIEHEM BBIPAYXKEHUH (1, v 7% 1. OOpaTuM BHUMAHUE Ha OTCYTCTBHUE KCIOHEHITHATHLHOTO 3ATYXAHUs B 9TOM BbIPA-
KeHur. IToT HaKT cBaA3aH ¢ o0Ccyxaasinelics B maparpade 1 ‘MArKoCThIO® cTeneHel cBODOOABI TapaMeTpa, CBI3aHHBIX
C €ro BpallleHneM B ‘U30TOMMYECKOM’ TPOCTPAHCTBE, KOTOPAs COXPAHIETCSI W B JIUHHOBOJIHOBOM IIpeese.

Kak koppessiiuontbie GyHKIUE MapaMeTpa NOPsiIKa, Tak U €ro CpeiHee 3HAYeHUE () CUJILHO PEHOPMUDPYIOTCS
B 00JIACTH CUJIbHBIX (DIIYKTYAIWii, IPeJCTaBAeHHON Ha pucyHKe 5. IIpuHIMOMANILHO cpeHee 3HAYEHUE () MIOJIK-
HO ONpemenaThca caenyomum obpaszom. HeofxomuMo 3a1aThCa HEKOTOPBIM 3HAMEHUEM (), BBIYUCIUTE CBOOOIHYTO
SHEPTHUIo cucreMbl F' pu 9ToM (), a 3aTeM HadTH MUHMMYM F', KOTOPBIH M COOTBETCTBYET 3HAYECHUIO (), KOTOPBIi
peayn3yercs B CUCTEMe.

Temepb MBI TPUCTYTIAEM K PACCMOTPEHUIO TEOPUU BO3MYINEHWN NP HAJUIUN JTUHEHHOTO MO MapaMeTpy MOPsIKa
WIEHA B PA3jokKeHWH JIaH#ay, TOTIA TIABHBIE WieHBl pasaoxkenus mmeror Buz (1.13). Hamomamm, aro Takoro tu-
na GyHKIuoHaa JIaHaay OTHOCUTCH K OKPECTHOCTH KPUTHUUIECKOW TOUKU Map-’KUIKOCTb Wil K (heppoMarHeTuky BO
BHEITHEM MATHUTHOM moJie. [TonpaBku K KOpPEeIsIUOHHBIM (DYHKIUSIM, CBA3AHHbIE ¢ KOAMMUIHEHTOM! B BHIPAYKEHUH
(1.13), MOTYT OBITH YYTEHBI IO TEOPWH BO3MYIIEHHUH, B pesynbrare pasnoxenusexp(—F /T mo h. B pesynprare Ha
AMarpaMMmax [MOgBJIseTCs HOBbI 00beKT —h, KOTopblil Mbl OyaeM 0603HaYaTh KpecTukoM. IlepBas nonpaska K napHoOi
KOPPEJSIIHOHHON (DYHKITHH COOTBETCTBYET IHarpaMMe, MPeICTABIEHHON Ha pUCYHKe 6.

Ha pucynke 6 nmeercst 00bLeKT, KOTOPBIH ABISETCS TUHUEH ¢ KPECTOM Ha KOHTE. EMy cOOTBETCTBYeT aHANTHIECKOS
BBIPAYKEHNE

/d37“1 Go(’l“ — ’I“l)h,
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Puc. 7: Inarpamvuoe ypaBHEHWE T8 CPEIHETO 3HAYEHUS MAPAMETPa MOPSAIKA B ‘IPEBECHOM MIPHUOJIMAKEHIH .

KOTOpOE, KAK Mbl y»K€ yCTAHOBMIM B naparpade 1, aBisgerca CpegHMM 3HAaYeHHEeM apaMeTpa HOPaIKa, KOTOPOe
BO3BHWKAET, KAK OTKJIMK Ha BHEITHEE TT0JI¢. JTO BBHIPAYKEHNE TIOIYYeHO B TIEPBOM MOPSIIKE TIoh U B HYJIEBOM MOPSIIIKE.

Jlasee MOXKHO IPEHHUMATD BO BHUMAHHUE KaK 60J1ee BHICOKHE TTOPSIIKH TI0 TOJTIOh, TaK 1 60JI€e BBICOKHE TIOPSIIKA TEOPUH

Bo3mymennii. OHU CyMMUPYIOTCs B TIOMHOE 3HaveHne (p). Takum 06pa3oM, MbI IPUXOIUM K TEOPUH BO3MYIIEHU, TIIe
MOMUMO JIMHUH, KOTOPBIM COOTBETCTBYIOT (DYHKIMA G M BEPILUH, KOTOPBIM COOTBETCTBYIOT A, BOSHUKAIOT TAKIKE W

JINHUW, KOTOPBIM COOTBETCTBYET CPEIHEE 3HAYCHUE MAPAMETPa MOpsAIKa. Taknue IMHUY OMHUM KOHIIOM MTPUKPETLISTIOTCS
K BEpPIIMHAM, a APYroii KoHer (¢ KPeCTOM) COOTBETCTBYET MOJIIO h.

B Takom Bume mumarpammuas texauka paboraer npua > 0. IIpu a < 0 dopmanbro paboraer Ta ke nuarpaMMHasd
TexHuKa. UTo6bl N30€KaTh OTPUIATENbHBIX 3HadeHnH G(g) B 9TOM Caydae, TpeOyercs IIPOU3BECTH MePEHOPMUPOBKY
G, KoTOpas CBOOUTCA K CyMMHUPOBAHWIO JIECTHUYIHOTO PAJA JUATPAMM THIIA TIPUBEICHHBIX Ha pucyHKe 6. OTmernm,
YTO TaKas MPOLELYyPa JAeT HEHYJIEBYI0 PEHOPMUPOBKY Jjaxe B npeneneh — 0. Torna cpennee 3nadenue @ cuempyer
HMHTEPIPETUPOBATH, KaK CAMOCTOATEIbHBIN OOBEKT, He3aBUCHMBIHA OT h. Ero 3arpaBodnoe 3HAYEHHE ONpPENENIACTCS
JUATPAMMHBIM COOTHOIIIEHUEM, TIPUBEIEHHBIM Ha PUCYHKE (7), KOTOPOe COBMAJIAET C ypABHEHNEM Ha, CPeJHee SHAUCHUE
MapaMeTpa MopsIKa, KOTOPOE TOJMYyYaeTcsa B TEOpHH cpennero mojasd. OOBYHO 0 JuarpaMmax THIa TPUBEISHHOTO
Ha pucyHke (7), rje OTCyTCTBYIOT HET/JH, MOBOPAT, KAK O IAPEBECHBIX JMarpaMMax. B pe3ysbrare CyMMUPOBAHUS
YTIOMSIHYTOH JIECTHUTIBI MBI HAXOmUM BhIpazkerue (2.25) mmm (2.28). Moxuo u paborars npua < 0 u ¢ HeHyIeBbIM h.
OTmernM, 9TO 3HAUEHM (), BOSHUKAIOIME B Ipeaenax h — +0 u h — —0, 0T/In4aioTcs 3HaKaMHU.

CkeitiauHr

st TOro, 4T00bI UCCIIENOBATD [IOBEIECHNE IAPHON KOPPEIAnuOHHOM GyHKIMU (8 TAKKE BCEX APYTUX KOPPEIAIUOH-
Hbix GyHKUU) B 061acTu cuiibHbIX uryKryanuil (IpUBeIeHHON Ha PUCYHKe 5, He0OXO0MMO [IPOCY MMUPOBATH BKJIAIbL
B G(¢) BCeX MOPAIKOB IO A. DTO HCKIIOUUTENBHO CIOKHAS 3a1a49a, KOTOpas JajeKa OT CBOEro perneHus. Mbl 3HaeM
TOJIBKO TJIABHBIE OCODEHHOCTH TTOBEIEHNsT KOPPEJISIITUOHHBIX (DYHKITHY B 00/1ACTH CHIBHBIX (DIYKTyaInii, 3Ta wHGOP-
Malrsi TPOUCXOIUT B OCHOBHOM M3 YKCIIEPUMEHTAIBHBIX JAHHBIX U JI0 HEKOTOPO# CTereHn 00bACHACTCSH TEOPETHIECKH
B PAMKaX TaK Ha3bIBAEMOI'O €-Pa3JIOXKEHHUsI, KOTOPOoe 0DCYKIAeTCd B CJIEAYIOINX Haparpadax.

Kak MbI 00bsICHIIIN, OKPECTHOCTD HAYAJI1a, KOOPAUHAT HA IJIOCKOCTHT —( SIBJII€TCS 00IACTHIO CHIIBHBIX (DIYKTYaIInii,
T7Ie MOYKHO OXKWIATh CHHTYJISPHOTO MMOBEIEHNS KOPPEISIHOHHBIX (DYHKIUI mTapaMeTpa mopsaka. PeaspHo Habro1aeT-
Csl HEKOTOPOE CKefTMHTOBOe moBeeane. Hampumep, cpemree 3HaUeHne mapamMerpa nopaakaly) (BOSHUKAOIIEE HIKE
ToukH (a30BOTO MEPEXO/a) CTEMEHHBIM 00PA30M 3aBUCHT OT OJIM30CTH K TOYKE TEPEXOMIA:

| o) Il 717,

rze f — Hekoropoe dncao. Takoro copra mokasaren HA3bIBAIOT KPUTUYECKUMHA WHIAEKCaMu. VX 3HaYeHue 3aBUCHT OT
YUCTIa KOMIIOHEHT TapaMeTpa MOps/IKa.

CkellvHr 03HAYAET, YTO J106ast KOPPEIAHOHHAs (DYHKIMs apMeTpa nopsaka (B Pypbe-npeacrasienun) sBasgercs
MMPOW3BEIEHNEM HEKOTOPOTrO pa3MepHoro (akropa, crenenn T u GyHKIMN 6e3pa3MepHbIx KoMOuHAIMi ¢;7. 3mech ¢;
— BOJIHOBBIE BEKTOPA, a T'e — KPUTUYECKUIN PATUYC, KOTOPBIN Bemer ceds, KAK HEKOTOPAs CTEEeHbT:

reo| |7V . (2.29)

3aech v — ee oaun Kpurndeckuil ungekc. Hanpumep, napuas koppessunonaas dysakuug (2.2) Moxker ObITh 3a0UCAHA
B CIEAYIOMIEeM BHJE:

G(q) | 7|77 g(gre) (2.30)

rie vy — JOIOJHATEIbHBIM KPUTHIECK HHAEKC. Ellle OquH KPUTUIECKUN HHIEKC XapaKTepU3yeT IOBEIeHHE CIeIy0-
el KOPPEeAAIMOHHON (hyHKITNN

/ dr exp(—igr) () 2O | 7|7 gu(are) (2.31)
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rJie TBONHBIE YTIOBBbIE CKOOKHW O3HAYAIOT HEMPUBOAMMOEe cpexnee (kymynsat). Ilo onpenenernuto,(AB)) = (AB) —
(A) (B). Umeercs pan COOTHOMEHWH MEXKTY KPUTHYIECKUMHU WHJEKCaMu, Hanpumepa = 2 — dv (rme d = 3 — pasmep-
HOCTB TTPOCTPAHCTBA), TOJBKO BA KPUTHIECKNX MHIEKCA SBISIOTCS HE3aBUCHMBIMH.

IIponemoHcTpUpyeM, KakuM 06pa30oM MOYKHO YCTAHOBHTH CKEMJIMHTOBOE TIOBEJEHNe DsA/1a HAOI0IaeMbIX BeJHYIHH.
U3 coornomenwuit (2.4,2.10) MoXKHO HafiTh

Cing =~ ¢ (ST) [, (232

rae V — obbem cucrembl. Cpapuusas (2.31) u (2.32), Mbl HaxoxuMm, 910 npuT < G CUHIYJISIPHBIA BKJIJ B TEILIOEM-
KOCTh BezeT cebsi, Kak

Csing O(‘ T |7a . (233)

DTO O3HAYAET, UTO CHHTYJAAPHBIA BKIA B CBODOIHYIO SHEPIHIO Ompeensercs coornomennemFy,, | 7 [2~%. Tlpea-
MIOJIOZKUM, ITO HA CUCTEMY HAJIOKEHO ‘BHemIHee moJie’ b, ¢ KOTOPBIM CBA3aH JOMOJHUTEIbHBIN 4IeH

Fn = —/dsr he (2.34)

B dynknuonase Jlangay F. Cpentee (@), uHAyIUpoBaHHOe Ipu 7 > 0 ‘BHEIIHHUM IojeM’ b, OIpenesseTcsa B COOTBET-
crBUM ¢ cooTHomenueM Tuna (2.3). PacknaipiBast 3KCIOHEHIUAILHBIA (hakTop noF},, Mbl HAXOAUM, 9TO B JIMHEHHOM
NPUOINKEHUT

<§0(T1)>h, = Til /d3T2 G(’I’l — Tg)h(’l“g) . (235)
CpasauBas 370 coorHomenue ¢ (2.30), Mbl 3aKJII09AEM, YTO JIJIsl OJHOPOIHOIO MOJIst

(p(r))n =xh, xo|7[77. (2.36)

Takum obpaszom, B coorBercruu ¢ (2.33,2.36) KpUTHIECKUE UHIEKCHIQ U U MOTYT 6bITh HENOCPEICTBEHHO U3BJIEYEHbI
U3 DKCIIEPUMEHTA.

Samaun

3agaua 2.1
Oyukimonan Jlanmay s raitzeHbeproeckoro heppoMarHeTuka Ha Macmradax MHOrO OOJBIMTHXT, MOXKeET ObITh
3AMUCAH B CJIEIYIOMIEM BUIE:

F = /d3T§(Vm)2,

rJe M — eIWHUYHBIA BEKTOD BJOJIb HAIIPABJIEHHS HaMaramvdeHHoCcTH. Bo BHemnem marauraoM moneH B deppomar-
HETUKE MMEeETCsl JOMOJHUTENbHBIN BKIaA B (byHKmronas Jlanmay

fﬁz—/&%MHm

rae M — abcooTHOR 3HAYeHWe HaMarandeHHocTr. Haiitu GayKTyaIrmoHHbIH BKJIAI B MPOIOJBHY0 MATHUTHYIO BOC-
MPUUMYUBOCTH (PEPPOMATHETHKA.

Pemrtenne zamaun 2.1

ITycre H manpasnen no Z ocu. Torna cpemass mamaramdeHrocTsh (M) HampasieHa BHOJIB TOH ke ocu. Takum
00paszoM, Mbl JOJKHBL Haiitu M, = M (n,). ®ayKTyanud e JMHAIHOIO BEKTOPa 1 B 3d CIabbl, U IIOTOMY MBI MOKEM
HCTIOML30BATh pas3IoikKenne n, ~ 1 —n2/2 — ni /2. TlosTroMy IPOJO/IbHAS MAIHHTHAS BOCIPHAMYUBOCTE X| MOXKET
OBIThH 3alMCaHa, KaK

am@>z—Mflm%.

XI= "o OH
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Jlaee, BCHOMB3YS TO ¥Ke pazaokennen, ~ 1 —n2 /2 — nz /2 mer Haxogum u3 GyHKIME pacupenenenus exp(—F /T —
Fr/T) B xBanparmnanom npubmkernu gms F + Fyp:

(ngng) = _r
T B2+ MH
3areM MbI HAXOIMM
_ / d3q T o TMB/?
Xl = (27)® (B2 + MH)? ~ 8xB3/2H/2"

3. IMAPKETHBIE JVNATPAMMBI

MpbI yeTaHOBMIIH, 9TO TOBEJEHUE KOPPEJISIIHOHHBIX (DYHKIUH MapaMeTpa TOopsiIKay BOJU3N TeMIepaTyphl Tepexo-
ga T. B pazmepHocTr d = 3 9BIAETCA BECHMA CIOXKHBIM. B TO ke BpeMms mpobaeMa, UCCIeTOBAHNA KOPPEIATHOHHBIX
dyHKIM napaMerpa HOPsIKa ¢ MOXKET ObITh IOCAEJ0BATEIBLHO PElleHa B npocrpaHcTee pasmeprocrud = 4. OcHoBs-
Hasl UIesl, UCTIOIh3yeMasi B COBPEMEHHOM Teopur (PAa30BbIX MEPEXO0B, 3aKJII0UaeTCsl B TOM, YTO Pa3MepHOCThd = 3
HE CIWITKOM majeka oT pasdmeproctn d = 4. Torma mMeeT CMBICT MCCIEIOBATH MPOOIEMY B ITPOCTPAHCTBE Pa3Mep-
voctu 4 — € (rae € — NPOM3BOJIbHBIN MaJlblii TapaMerp), ¥ IKCTPAIIOIUPOBATH [OJIYUYEHHBIE PE3yJIbTaThl HA CIydail
e = 1 [Wilson, 1972]. Takoro copra mpolienypa, JArolnas KPUTHIECKUe WHIEKCHI (BBeIeHHBIE B aparpade 2) B BUIE
(acHMOTOTHYECKOTO) Dsifia, 110 €, HA3BIBAETCS €-pasiokeHneM. Helb3st cKa3aTh, 9TO €-pas3sioKeHne SIBISETCS XOPOIIO
OTIpEIEJIEHHON MPOIE Ty POil, MOCKOJBKY HAC HHTEPECYIOT 3HAYEHUST MHIEKCOB Mpue = 1, KOTOpast HA B KAKOM CMBICJIE
He gBigercs Masioil Beawaunnoit. Tem ne menee, ecu npu Bozpactanune oT 0 70 1 HE TPOUCXOAUT HUKAKUX OUdyp-
Kaluif, TO MOKHO HANEATbCs, YTO TOJyUeHHAs SKCTPATOJAIHNS JaeT KAUeCTBEHHO MPABUIbHYIO KapTUHY (Hha30BBIX
nepexooB. Kak ToKa3biBaeT CpaBHEHUE PE3YJILTATOB €-PA3JIOXKEHNS ¢ IKCIEPUMEHTOM, MEPBbIe UJIEHBI PA3JIOXKEHUST
KPUTHYECKUX WHIEKCOB IO € JAIOT JayKe HEIJIOX0e COTJIACHe ¢ HADJIIOIAEMbIMU WHIEKCAMHU.

ITompobyem peanmm3oBaTh HaMEUeHHYIO mporpaMmmy. IIpex e Bcero, HeOOXOANMO PEIIUTH IPOBIEeMy B PA3MEPHOCTH
d = 4. Ona MozKeT ObITh C(hOPMYTUPOBaHA B TEPMUHAX TOTO Ke pasnokeHud PpyHkuuonana JlanaayF, ey +F(2) + Fint
(cmorpu naparpadmt 1,2), rae

a b
F2) :/d47‘ (2<P2+2(V<P)2> ; (3.1)
4 A 4
Fui= [ dir 0t (32)

Enuncreennas pasHuna 1o CpaBHEHHIO ¢ TPEXMEPHBIM CIIyYaeM 3aK/I04YaeTcd B TOM, 94TO uHTerpuposanue B (3.1,3.2)
NPOU3BOJATCA O 9YeThIpeXMepHOMy npocrpancrBy. Kak m pambme (cmorpm maparpad 2), mMoxkuO cHOpMyampo-
BaTh TEOPUIO BO3MYIEHN, KOTOpAast MO3BOJISIET MPEICTABATEH KOPPEISIIHOHHBIE (DYHKIINYA TTAPaAMETPa, TOPSIIKA, B BUIE
(acumMnTOTIYECKOr0) paaa 1o A. 3aTpaBovHas NapHas Koppenainuontas dyuknus Gy uveer B Pypbe-npencrasienun
(upu a > 0) caepyromuii By

T

Go(q) = Pyl

(3.3)

¢dopmanbHO coBmagaoNInii ¢ BeipaxkenueM npud = 3. OJHAKO B OOBIYHOM T-TIPEACTABIEHUN it d = 4 MBI TTOJIy9aeM
WHOE BBIPAXKEHUE

T
T An2br2’

Go(r) (3.4)

cupaseyuBoe mpu 1 K +/(b/a). Tpu r > /(b/a) dyuxnusa Go(r) nasaer SKCIOHEHIUAIBLHO TPU YBEJIUICHUM T
Paccmorpum onars ‘coOCTBEHHO-9HEPTETUUECKYTO' (PYHKIIHIO Y, ONPEIeIeHHYI0, KAK CYyMMY OIHOYACTUIHO HEIPHU-
BoauMbIX jmarpamMm. Ona ciaenyromum obpasom cazana ¢G (cmorpu naparpad 1)

T

0= e TS

(3.5)
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() + — + ..

Puc. 8: Opso- 1 nByxmeTsieBoil BKIAIBI B 2.

o=+ {3+ +...

Puc. 9: InarpaMMHsIil psg Iy BePIIMHHON (DYHKITIN.

Bocnpousseiem cHOBA EPBBIE 1BA BKJIA/A B Y, KOTOPBIE HA3BIBAIOTCs OOBIYHO OIHOIETIEBbIM U JABYXIETJIEBBIM {CMOT-
pu pucynok 8). OunonersieBoii Bkias Bd = 4 umeer GopMaIbHO TAKON Ke BUJ, Kak u Bd = 3:

W (p) = —%Go(r =0)4(r). (3.6)

Tlepexong B @ypbe-ripejicTaBieHle U BbIUUTasg B cOoTBeTCTBUM C (2.16) KOHCTAHTY, KOTOPAs BKJIOYAETCs B EPEOpe-
JeJlIeHue TeMIIEpaTyphl 11epexo/ia, Mbl 110J1yaeM

W (k) = 2T,k =0) =

_é/ d*q 1 _L N Aa In A (3.7)
2 ) @2m)* \a+bg® bg?)  167%b? a/b )’ '

rie, Kak u panblie, A gpiserca ‘yasrpaduoseroBoii’ o6peskoil. CpasuuBag Bbipaxkenue (3.7) ¢ (3.5), Mbl 3ak/09aeM,
uT0 BKIas (3.7) paer morapudMuIecky peHopMupoBky koadbdunuentaa B coorromennu ¢ = a(T — T,).
JIByxmeTsieBoil BKJIaJ, IPEICTABICHHbIA HA PUCYHKE 8, BT-IIPEICTABICHAN HMEET BUJT

A2 \2T
=0 = G i) = 5y

-5 (3.8)

NOCIIeTHEE BBIPAXKEHNE CIpaBemaneo npur < +/b/a. Tlepexona B @yphe-TpeCTABIEHNE U BBIYATAS B COOTBETCTBAN
¢ (2.16) KoHCTAHTY, KOTOpasi BKJIIOYAETCS B MEPEOIPEIeTIeHIe TEMIIEPATYPBI MIEPEXO/A, MbI MOJIYYIAEM BbIDAYKEHHE

2@ (q) - 2P (g=0,a=0) ~

T d*r : T, (A
3. 97763 /77) (exp(igr) — 1) ~ —mq In (q) ) (3.9)

cupasejuBoe npu g > /a/b. Cpasausas (3.9) ¢ (3.5), Mbl 3aki09yaeM, 9o KA (3.9) BY maer a0rapudMuIecKyo
PeHOPMUPOBKY KOddduirmenTa b.

[TpuBeseHHBIE BBIIIE PE3YIbTATHI 0000IIAIOTCA M HA BKIAIABL BY. G0Jiee BHICOKOIO IOPSIIKA: BCE OHHU JAl0T Jorapud-
MWYeCKHe MOTPABKU K Ko duimenTam v, b. DT MOMPABKU CTAHOBSITCS CYIIECTBEHHBIMU TTPU YCIOBUU

£>02/(TN),, (3.10)

rae £ = In(A/q). Pasymeercsa, HEBO3SMOXKHO TOYHO OTCYMMMPOBATH BCE 3TH BKJIAIAbL. TeM He MeHee, MOXKHO IIPOCYM-
MWPOBATH WX TVIABHYIO MOCTIEI0BATEIHLHOCTE, KOTOPAs TaeT TPABUJIBHYI0 ACUMOTOTUKYY mpu & > 1.

Ha mmarpamMmax BbICOKOrO mopsiaka Jjis G (M Apyrux KOPPEsIMOHHBIX (DYHKIMH) uMeoTcs OJIOKH, KOTOPbIe
MOXKHO PaCCMATPUBATH, KAK YCIOXKHEHWE BEPIIUH YeTBEPTOrO MOPSIIKA, KOTOPBIM COMOCTABIAETCH MHOMKUTEIDA.
Beenem cooTBercTByOMIN 00HEKT, KOTOPBIH MBI Oy/IeM HA3BIBATDH BePIUHHON dyHKIHeH. Bepmunnas dyakmus mpes-
CTaBJISIETCA CyMMOM HEIMPUBOIUMBIX NUATPAMM, KOTODPhIE HEJIb3s Pa3pe3arh Ha, JBe YACTH BIOJb OIHON JUHUM, U K
KaxKJI0H U3 KOTOPBIX MOXKHO NPUCOeAUHUTH 4 ‘Horu’ (BHeIIHWE JUHWUU, HpeicTaBisionme G-QyHkimu). DTOT Jaua-
rpamMMHBIH pan npencrasieH Ha pucyHke 9. Mer Oynem m3ydars @ypbe-tipeoOpazoBaHue BEPITUHHON (DYHKIUU TIO
Pa3HOCTSIM KOOPJMHAT, CUUTAsI, YTO BCE BOJTHOBBIE BEKTOPA B 3TOM MPe0OPA30BAHUE OTHOTO TIOPSIKA,~ ¢. ITOT 0OD-
eKT Mbl OyzseM 0603Hauarh A, Hysuesoil BRI B A\, COBIIAAAET POCTO ¢ A (M HE COMEPKUT 3aBUCUMOCTH OT BOJHOBBIX
BEKTOPOB), a BKJIAIBI 60oJiee BLICOKOTO TIOPSAAKa (n-TIleTeBbie) TIPOTOPIAOHATBHEI A L,
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Puc. 10: YpaBHenre 1y peHOPMUPOBAHHON KOHCTAHTHI B3aUMOJIEHCTBUL.

ITeperiit (omHOMETIEBO) BRIIA, B BEPIIMHAYO DYHKINIO aHAJHTUIECKH 3aTUCHIBAETCS, KaK
322
2T

TJIe 7 — PACCTOAHNE MEXKIY TOUYKAMU, K KOTOPBIM Mmpucoequisorcs ‘Horu'. emnaa ®ypoe-mpeobpa3oBanne BbIPAXKEHHUST
(3.11), MBI HAXOZMM BKJIAJ[ [IEPBOTO TOPSITKA B A

G2(r), (3.11)

3NT

(1) - 24
M= ot

In(A/q), (3.12)

[JIe TOAPA3YMEBAETCA YCIOBHE ¢ > \/a/b, n MBI ncnonb3osanm Beipaxkernue (3.4). Orser (3.12) npusenen ¢ porapud-
MHUYECKOH TOYHOCTBIO, TO €CTh B [JIABHOM IOpsAIKe 110 GombinoMy morapudmyé = In(A/q). Mbl cHOBa yOexkgaeMcsa B
TOM, 9TO IONPABKA K UCXOIHBIM (3aTPABOYHBLIM) BEJIMYMHAM HOCAT JOrapupMUYECKHUl XapaKkTep, U Y4TO OHU CTAHO-
BATCH CyIIECTBEHHBIMU 1ipu ycyoBuu (3.10).

Paccmorpum renepb coeiyromuii (AByXIeTJeBOi) BKJIAJ B BEPIIMHHYK (DYHKIMIO, COOTBETCTBYIOUIUIA BTODOI
muarpamme Ha pucyHke 9. CooTBeTcTByONMH BKIA (BTOPOTO TOPSIKA) B A, MOJyYaercs B pesyibrare Pypbe-
npeobpa3oBanys, Ha ITOT Pa3 1O JBYM TIepeMeHHBIM. PesyabTupyiomas Bemrmauaa uMmeeT mopanok (A2TE/b?)? u
SIBJISIETCs, CJIEIOBATEbHO, CYIIECTBEHHOM, eciu BbinosHserca yciaosue (3.10). Herpyauo coobpasurh, 4ro BTOpas
crenens jorapudma & mpoucxoqut u3 obmactu mHTEerpEpoBaHms Al < r < R < ¢!, rme R u r — paccrosHus
MeXK/Iy BepIIHHAMH, H300paskeHHbIe HA pUCYHKe 9. DT0 HAbIIOAeHHe TOMyCKAeT IHPOKoe 0bobIenne. A HMeHHO, s
JUarpaMMbl JAHHOTO MOPSIIKA TJIABHBIN 10 £ BKJIAI B A, TPOUCXOIUT U3 OOJACTH WHTErPUPOBAHUS, KOTOPAs Xapak-
TEePU3yeTCA CJACOYIOmeNd nepapxueil pacCTOAHAN MeXKJy BepPIINHAMUA A Tgr €< ...q_l. OrHiONs HE BCAKAs
JrarpamMmma JIOIyCKaeT Takyo MOJHy0 nepapxuto. s 91oro B quarpaMme He JI0/KHO ObITh CaMOIepecedeH i JInHUi.
Takue quarpaMMbl HA3HIBAIOTCS MAPKETHBIMI, TaK KaK COCTABJSIONINE €e TIeTJIM ‘MOCTST’, KaK TMapKeT, YaCTh MI0CKO-
cru. JluarpaMMbl, He SBJISIONMECT TTAPKETHBIMU, IPOU3BOST MEHBIIYIO CTeleHb jJorapudmal, yeM mapKeTHbIe ¢ TeM
Ke 9ucaoM BepiuH. [10aToMy cHadama Mbl COCPEIOTOYMMCS HA TMAPKETHOH TOCIeI0BATETHHOCTH.

Paccmorpum napkeTHyo HOCIe10BaTeIbHOCTD JuarpaMm s\, B cuity copmynupoBannoit uepapxuu B riiaBHOM
006JIaCTH UHTErPUPOBAHUS HA KayKJIOH TAKON JuarpaMMe MOKHO BBIIEIUTH MTETIII0 ¢ HAUOOIBINEH TJIMHON COCTABIISIO-
mux ee guanii. Torna 6/10Ku C1eBa U CIpaBa, OT ITOH MEeT/IU TaKkKe OyayT MPeacTaBisiTh cO00# BKJIAIbI B BEPITUHHYIO
GDYHKIHIO, HO XapPAKTEPU3yeMble MEHBITUMHU pa3MepamMu. [Ipu cyMMHUPOBAHHYM MAPKETHON MOCIEI0BATETHLHOCTA 9TH
610KM coBepyTCs B TOJHBIE BepIMUHHBE (DYHKIMH (TOUHee, B, ), KOTOpbIe OyayT 3aBucuTh ot In(AR), rme R — pac-
crosinne Mexy 6iokamu. U, Hakoner, HeoOX0MMO poussecTu uHrerpuposanue noln(Rq). B pesynbrare Mbl mpu-
XOJUM K YPaBHEHWIO, KOTOPOE B JUATPAMMHOM BUJE TIPEJICTABICHO Ha pucyHke 10, rae peHOpMUPOBAHHAS KOHCTAHTA,
B3aumozeiictBus A\, 0003HadYeHa OOJIBIIMM KPYIOM, & 3aTpaBoYHasd — MaJjblM. B aHamurudeckoMm Buze (B IJIaBHOM
sorapubMUYeCKOM MPUOIHIKEHNH) 3TO YPABHEHNE 3allMChIBACTCS B CJIEIYIOMIEM BUIE

&
3T
M) = A= g [ dEE), (31
0
rae, Kak u Bbime, £ = In(A/q). Uarerpanproe ypasuenue (3.13) sxBupaieHTHO MubdEpeHITNaNTbHOMY yPABHEHIO
3T,
d)\r/dg = 72471_2[)2 T (314)
KOTOpOe MMeeT CJeylolee pelieHue
3arx N\ 7!
)\T(g) = )\ <1 + 24Tl'2b2 5) ) (315)

rae £ = In(A/q). B mpenene € > b?/(T\) MbI HAXOAUM CIEIYIONIYI0 aCUMITOTHKY
A(€) s e (3.16)
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Puc. 11: ‘Kousept’ — mpuMep HeHapKeTHON JUArpaMMBL.

Mpsr 3aksmogaeM, 910 3¢bdekTuBHAS KOHCTAHTA CBA3U A\, CTPEMUTCHA K HYJIO B [JIMHHOBOJHOBOM IIPeIese, TO €CTh
npu £ — 00. DTO CBOHCTBO HABBIBAETCS OOBIYHO HYJIb-3aPsIHBIM, IOCKOJIBKY TAKOE siBJIeHUE ObLIO ODHAPYZKEHO Tep-
BOHAYAJIBHO B PAMKAaX KBAHTOBOH 3JIEKTPOJAVMHAMWKY, € POJIb KOHCTAHTHI CBSA3U UT'PAET 3aAPSL IJEKTPOHA.

Temeps MBI JTOTKHBI 0OPATUTHCS K OTOPOIIEHHBIM HAMU HEMapPKeTHBIM JuarpamMMam. llpuMep Tako# auarpamMMbi
(koTOpyI0 Ha3bIBAIOT 00BIYHO ‘KOHBEPT’) npuBedeH Ha pucynke 11. Takag nuarpamma maer BKIaJ BA,, IPOLIOPIHO-
HanbHBI A*E2, KOTOPBIH COMEPKUT Ha OAUH JorapidM MeHbIIe, YeM IapKeTHBIE THarpaMMbI TOrO ke Iopaaka. Tem
HE MeHee, B Tipejiesie £ — 00 BKJIA, COOTBETCTBYIOIINI ‘KOHBEPTY’, HEOTPAHUYEHHO PACTET, B TO BPEMS KaK B COOTBET-
creuu ¢ (3.15) A, crpemurca K mymo. [Tosromy Tpebyercs JonoHuTEIbHOE 060CHOBAHUE 0TOPACHIBAHUS HEITAPKETHBIX
JrarpamMmm, KOTOpoe 3aKI09aeTcs B caeayomnemM. [IpocyMMupyem Bee auarpaMMbl, COMEPAKAIINE TAHHBIN HEMAPKeTHBIN
‘ckester’. Torza mapKeTHbIe GIOKH cOGEPYTCsl B PEHOPMUPOBAHHBIE KOHCTAHTHI B3auMmoseiicreus (3.15). B pesysbra-
Te Takoi mpoueaypbl (‘oeBanus’), HAIPUMED, Ha ‘KOHBEPTE’, IPUBEIEHHOM Ha PUCYHKe 11, 3aTpaBOYHbIE BEPITHHBI
3aMEHATCS Ha ‘O/leThle’, KOTOPBIE MAIyT MHOXKUTEIN \,. Takum 00pa3om, ‘0mersiii’ KOHBEPT Oy/Aer IPOrnOpIInOHAIEH
A2 910 maer x €72 B IIMHHOBOHOBOM Hpefesie, IT0 MHOTO MeHbIe, deM A, & £~ 1. TakuM 06pa3oM, Iporesypa
‘omeBaHus’ [EJIAET HEINAPKETHBIE BKJIAIBL B A\, MAJBIMH.

OcCHOBBIBasICh Ha, BBEJIEHHON BBINE TEXHUKE, Mbl MOXKEM MPUCTYIUTH K HCCJIEIOBAHUID 3HAYEHUH MMapaMeTpoB
a, = a,.(T —T,) u b,, KOTOpble BXOAAT B PEHOPMUPOBAHHOE 3HAYEHHUE MAPHON KOppPeNAiuoHHol ¢yukimu G u
JorapuMHUYECKH 3aBUCAT OT XapaKTePHOro macmraba. HYTobbl HANTH ypaBHEHHS A4, HEOOXOAMMO IIPOaETaTh
Ty Ke TPOIeAypy, YTO U JIJIs Ap, TO €CTh BBIJEJUTH HA AUArPAMMAax JJid 2 IeTJII0 ¢ CAMBIMU JIJIMHHBIMU JIUHUSMHA,
ITOCJIe 9€ero MpaBblil W JieBbIil OJ0KM cOOEpyTCs MpU CYMMHUDPOBAHUH B PEHOPMWPOBAHHBIE BEJIUYUHBI. B pe3yibrare
[OJIYYAETCd AUArPAMMHOE yPaBHEHHUE JJIsd (.. 1TOObI BBIIMCATH €r0 aHAJUTUYIECKH, MOXKHO BOCIO/Ib30BaThCsd (3.7),
I/Ie 32TPABOYHBIE BEJIMYUHBI CJIEYET 3aMEHUTh HA PEHOPMUPOBaHHBIE. B pe3ysibraTe HaXomImMm

1
T
O‘T(f) =a— 94 2p2 /dg//\rar» (317)
0

rae £ = In(A/q). Mbr Mmoxkem cHOBa niepeiitu K quddepeHnuaibHoMy ypasHeduio. Ero peierune, KOTOpoe moJydaercs
nocre noactanosku (3.15), mpu & > b%/(T\) Beder cebs caemLyiommAM 06pa3oM:

an(§) oc &3 (3.18)

AnasornyHbIM 00pa30M, YTOOBI HANTH ypaBHEHUE s b,, Mbl TOJKHBI 3aMEHUTD B (3.9) 3aTPaBOUYHbIE 3HAUECHUS A U
b Ha WX PEHOPMUPOBAHHBIE 3HAUEHUs. B pe3yabrare Mbl HAXOIUM YDABHEHUE

5/ T2 A2
0

VYpasuenue (3.19) umeer peruenue b, — const npu £ — co. PopMasibHad NPUYUHA TAKOrO HOBEJIEHH 3aKJIIOYAETCH
B TOM, 4ro B cuay (3.15) uaterpan mo & B (3.19) cxomurcs, ecnu b, = const. ITO CBOKCTBO ONPABIBIBAET BCE
MIPUBEIEHHBIE BHIIE BLIYUCICHUS, TAK KaK OHU MOJApasyMeBayu yciaosueb = const. Mbl 3aKk/09aeM, 9TO, CTPOro
rOBOps, ABHBIE BhIparKeHna TuHa (3.15) crpaBeaMBLI TOMLKO B aCAMITOTHICCKOH obnactué > b?/(TA) (rae mox b
HAJIO TIOHUMATH JJTMHHOBOJIHOBBIN nipenen b, ). B To ke Bpems acummrornieckue 3akOHBL THna (3.16,3.18) spmsrorces
YHUBEPCAJIbHBIMU.

Bce, uTo 6bLI0 CKa3aHO BBINIE, CIPABEIIUBO IPU YCIOBUU, YTO B BHIPDAYKEHUY JIJIsi PEHOPMUPOBAHHON MapHON KOp-
perannoHHoN byHKIHT

G(q) =T/(ar +b,q°), (3.20)

BEJMYUHOM @, MOYKHO TTpeHebpedh 1o cpaBHeHuIo ¢ b.q?. DTo crpaBeInBo, ecii ¢ > \/a, /b, WM, IpyruMI cIoBaMu,
€CJIM XapaKTePHbIH MacmTad 3a7a4un MeHbme /b, /a,. Ha macmrabe R. = \/b,/a, PEHOPMUPOBKA 3aKAHIMBAETCS,
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Puc. 12: /lmarpaMmHOe IIpeACcTaBIeHNe CHHTYJISIPHOTO BKJIAZA B TEIJIOEMKOCTb.

Tak Kak QyKTyanuu Ha G0JbIIMX MacinTabax moJaB/ieHbl U3-3a Hanu4aus 4ienaa, B (3.20). Ha macmrabax Gosbliie,
geMm R., Bce KOHCTAHTDI, PUTYPUPYIOITHE B PEHOPMUPOBAHHOM Pa3iIokeHuu JIaHaay, OCTAI0TCH HEN3MEHHBIMH.

Haiinem cuHrysisipubiii BKJIaJ|, B TEIIOEMKOCTH BOIIM3H TOYKE (a30BOrO nepexoia. Kak u3BecTHo U3 TepMOUHAMUKH,
TEMIOEMKOCTh (TIPH TIOCTOSTHHOM 00'heMe) OTIpeJesIsieTcsi Yepe3 BTOPYIO MPOU3BOAHYI0 OT CBOGOIHOM steprunCy =
~Td*F/dT?. Muddepenrupys apaxkapl coorHomenne (1.5) n TpHHEMaA BO BHEMAHIE, 9TO TTaBHASA 3aBHCAMOCTD OT
TemIiepaTypbl BOJIU3M TOUKY nepexoia cBa3ana ¢ wienoM (1.6) B passioxkenuu Jlanaay, Mbl HAXOIUM JJisl CHHTYJIAPHOTO
BKJIAJ[A B TEIIOEMKOCTD CJIEIYIONIEe BhIPAYKEHNE

Cung = [ d'r (0% (1)) (3.21)

Kak u BbIllle, IpH BBIYUCIEHWH cpeaHero (3.21) Mbl MOXKEM IMPUMEHWTHh MEeTON ‘OfeBaHus’, KOTOPBIH O3HAYAET, UTO
MBI BBIIEISEM TET/TII0 C CAMBIMHU JIJTUHHBIMU JIMHUSIMU B KAXK/I0H TuarpaMMe, TOC/Ie 9ero CyMMUPOBanue HJI0KOB CJIEBA
¥ CIpaBa OT ITOH METJIN JaCT PEHOPMUPOBAHHBIE OOBEKTHI, B JAHHOM CJIy4ae PEHOPMHUPOBAHHBIE 3HAYEHUsIX,. DB
pe3yabTaTe MbI IOJAYYaeM JUArPAMMHOE IIpe/iCTaBIeHne, IPUBEJIeHHOe Ha PUCYHKE 12, T/ie TONYKPYTU COOTBETCTBYIOT
Q., a uauK — (peHopMupoBanibiM) dyaknuaM G. B anajurudeckoil ¢opMe 3T0 COOTHOIEHUE UMEET BH/L

Csing = %/d“r 2G(r). (3.22)

Tocne mepexona k @ypbe-nipecraBieHuio u noAcTaHoBKu (3.18,3.20) Mbl IPUXOAMM K JOTapH(MUIECKOMY HHTEIDHU-
POBaHUIO, KOTOPOE IIPOU3BOJIUTCA B IPEAC/IaAX Rgl <g<A.B pe3yabTaTe MBI IIOJIYy 9aeM

Cling < EY/3 (3.23)
rje & = In(AR,).

o cux mop MBI UMENW B BHAY CIAy9ail, KOTJA 9HUCJIO KOMIIOHEHT MapaMerpa MOpAaKan PaBHO eawHHIE. Jlerko
000BIIUTH TPUBEIEHHbBIH AHAJIN3 HA CAyYail TPOU3BOIBLHOTO YUC/IA KOMIIOHEHTN TTapaMeTpa MopsIKa. ITO HECKOIBKO
u3MeHUT KO3bOUIHEHTH! B PACCMOTPEHHBIX COOTHOIIEHHSX, HO ACHMIITOTHYecKHe 3akoHbl (3.16,3.18,3.23) nb —
const OCTAIOTCsT B HEITPUKOCHOBEHHOCTH. Takmm 00pa3oM, yHUBEPCATbHBIMY OKA3bIBAIOTCS CTEIEHN JOrapudmMa B ITUX
ACUMIITOTHYIECKNX 3aKOHAX.

TpukpuTudeckasa TodKa

Jlo cux mop MBI PACCMATPHUBAIEA CIydaii, Korma kosddunuent ¢ B pasnoxennn Jlasnay (3.1,3.2) apagerca ano-
MaJbHO MajbiM. Eciaum uMmeercss cumMerpus, KoTtopas JenaerT (yHKIUOHAT Jlanmay MHBAPHAHTHBIM OTHOCHUTEIBHO
M3MEHEHUS 3HAKA MMapaMeTpa MOPIIKa ¢ — —@, TO G SBJSETCS MAJbIM B OKPECTHOCTHU JIMHUY (PA30BBIX MEPEXOI0B
BTOPOro pona ua P — T nuarpaMmme cucrembl, KOTOpas onpenesnsercd ycaosuem a = (0. Bo3moxxna curyarnus, Korma,
u koadbdunuent A B (3.2) TakKe ABIAETCA AHOMAJIBHO MAJBIM. DTO MPOUCXOIUT B OKPECTHOCTH HEKOTOPBIX H30JIH-
POBaHHBIX TOUYeK Ha P — T nuarpamMme CHCTEMBI, B KOTOpbIX 00a KoadgduipenTaa u A obparmaioTcs B HOIb. Takne
TOYKY HA3BIBAIOTCS TPUKPUTUIECKUMH, OKPECTHOCTb TPUKPUTUUIECKON TOUKM Tpebyer ocodoro paccMmorpenus. Ipe-
JKJIE BCETO, HEOOXOAMMO BKIIIOUYHUTH B PACCMOTPEHUE TOMOJTHUTEIBHBIN WIeH B PAa3aoKenun JIaHaay, ecToro mopsaaKa
110 HapaMeTpy HMOpsi/Ka:

A
Fo = /d3r6—?<,96, (3.24)

KOTOPBIA Hano nobasuth K (3.1,3.2). Ilpu arom caenyer nomararb Ag > 0.
Hecnoxuo npoaHaJu3npoBaTh (pa3oByio AuarpaMMy CHUCTEMbI B paMKaxX TEOPHU cpedHero mojid. OyHxkuuonan Jlan-
nay Fo + F4 + Fg IPUBOIUT K CJAEAYIOMIEMY YCJIOBHIO HKCTPEMYMA, JIJI TIAPAMETPA TOPSIIKA

(a+ Ap?/6 + Ao /51 = 0.
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Puc. 13: IlepBble monpaBKu K MapHOM KOPPEISIHOHHON (DYHKINY U YeTBEPHON BEPIINHHON (b yHKITUN.

Puc. 14: IlepBbiii HeTPUBHAIHHEII BKJIAT B COOCTBEHHO-9HEPTeTUIECKYIO (DYHKIIHIO.

Perast aro ypasuenue u onpejienss 3arem abcostorabiii MunumyMmFa + Fy + Fg, Mbl IPUXOIUM K cieayiomiei ¢ha3oBoit
auarpamme. [pu GOIBITUX TTOJOKUTEIBLHBIX @ 3TOT MUHUMYM COOTBEeTCTBYeT ¢ = 0, TO ecTh B 3T0i 061acTH peatnsy-
ercs cummerpuanas dasza. Eciu A > 0, To mpu ymenbiieann a B Touke a = 0 mpoucxoauT (pa30BbIi mepexos BTOPOro
poma (To ecTh pU W3MeHeHUw ¢ cpenHee (@) MenseTcs HenpepbiBHO). Ecmm A < 0, To das3oBbIil mepexom mponcxomauT
B Touke a = HA?/(8)\g) U compoBOKIAETCA CKAIKOM (), TO €CTh OH ABJAfeTCs (ha30BBIM MEPexXoJ0M MIepBOro poja.
Takum obpazom Touka a = 0, A = 0 ABJISETCS TOUKOU OKOHYAHUS JIMHUY TIEPEXOI0B BTOPOTO POJA, ¢ KOTOPOH HAYMHA~
ercs auHusS HA30BBIX MEPEX0I0B MepBOro poja. U mpu yuere duiykryamnuii coxpangercs Ta xke Tonojiorus: naP — T
JrarpaMme CHCTEMbI TPUKPUTHYECKHUE TOYKN Pa3fensdioT JIMHUK (Pa30BBIX MEPEXOJ0B HA YaCTH, COOTBETCTBYIONINE
¢azoBBIM MepexomaM MepBOrO U BTOPOT'O POIOB.

[TocTpouM Terneph TEOPUIO BOZMYIIEHUH JIJIsT OKPECTHOCTH TPUKPUTHUIECKON TOUKM. Mbl HAYHHAEM C CAMOM TpH-
KpuTuydeckoit Toukm, Korma a = A = 0. Torga 3arpaBodnast mapHasi KOPPEISIUOHHAST (DYHKIIAST UMEET CJICLYIONTri
BUJT

" d3q T T
Go(r) = / ﬁ@ expliqr) = - (3.25)
Pazsnoxkenne Teopun BO3MYIIEHMH Waer 1o ujeHy B3auMmopeficTeust (3.24), 4ro maer psig moAs. UneHam pasioxke-
HUS B PsJl TEOPUM BO3MYIIEHUIl COOTBETCTBYIOT JMAIPAMMBI C JIKHUSIMH, KOTOPBIM COOTBETCTBYIOT (hyHKImuu (3.25)
1 C BEPIINHAMH IT€CTOrO TOPSIIKA, KaXKI0H M3 KOTOPBIX COMMOCTABIAETCS MHOXKHUTENIbAg. IlepBas mompaska K Imap-
HOII KOppesaiuontoil dyHkinn n3obpaxkena na pucynke 13. Ha ToMm ke pucyHKe mpuBeeH (hparMeHT AuarpamMmmbl
JJIS TIAPHOH KOPPEeJISIUOHHON (DYHKIIMKA, KOTOPBI MOXKHO WHTEPIPETUPOBATH, KAK MEPBYIO0 MONPABKY K YEeTBEPHOMN
BEPITUHHON (DYHKIUU. DTa MOMPABKA COAEPIKUT TETII0, KOTOPas aHAJTUTHYECKH 3AUCHIBACTCS, KaK

Go(0) = / g T

(27)% bg?

TO €CTb SBJIAETCH YAbTPAGPHUOJETOBO PACXOAAIIUMCI HHTEIPAJIOM. Mbl y2Ke 3HaeM, 4TO TAKOI'O POJa UHTErPaJsibl HAJI0
BKJIIOYATD B IEPEOIpe/IeIeHIe COOTBETCTBYOMIei BeINIHHEL, B JaHHOM cydae KoaddumenTa) mpu ¢* B pasioxennn
Jlarmay. To ke oTHOCHTCH W K COOCTBEHHO-IHEPTETHUIECKOMY OJIOKY, MPEACTABJIEHHOMY Ha, MEPBOH auarpaMme Ha
pucytke 13: oH comepKuUT ynbTpadrOIETOBBIE PACXOIUMOCTH, KOTOPBIE CIEAYeT BKIOUYNTDH B MEPEONPEIETICHIEN, TO
€CTh TEMIIEPATYPBI IEPEXOA.

Taknum 0obpazom, MepBbIil HETPUBHUAIBHBLIN BKJIAJ B COOCTBEHHO-IHEPIeTHYECKYIO (DYyHKIIHIO MMeeT BTOpOH Topsi-
JOK TI0 Ag. EAuHCTBeHHAs HETPUBUAJIBHAS TUATPAMMA, JJIs COOCTBEHHO-IHEPTETUIECKON (DYHKIIMK B 3TOM TOPSIKe
npuBeieHa Ha pucyHke 14. COOTBETCTBYIOIEE AHATUTUIECKOE BBIPAYKEHNE UMEET BU/T

A
() = 1072

e onpenenenne X coorsercTeyer (2.13). Jdemas ®ypbe-npeobpasopanue u noacTapiss (3.25), Mbl HAXOAUM

AT? &r
v@(q) = =6 / — exp(—igr) .
(@) = 155045 | 75 P(—iar)

Gy, (3.26)
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Puc. 15: IlepBasg nompaska K 1IecTepHON BEPINIMHHON YHKITIH.

Puc. 16: IToupaska K mecrepHoii BepIIMHHON (DYHKIMU, COAepKaIasé>.

DT0 BbIPAXKEHUE COAEPKUT YAbTPADUOIETOBYIO PACXOAUMOCTD (IIPH MAJIBIXT ), KOTOPYIO HA/I0 BKJIIOYUTH B II€pPeoIpe-
JesieHre a. BerunTasg 9Ty pacxoauMOCTb, TO €CTh Jejias 3aMeHy exp(—igr) — exp(—iqr) — 1 B IPUBEJEHHOM BBIIIE

HHTErpaje, Mbl HAXOIUM
\2T3q? A
Y@(g)= 26~ 7 ().
(a) 720(47)4b5 . q

B coorsercrBuu ¢ (3.5) 3T0T BKJIa/ MOXKHO PACCMATPUBATH, KAK CJEAYIONLYIO MOIPABKY K mnapaMerpyb:

AT A
Ab= 200 (2 2
720(47)4b n(q> (3:27)

Chenyst TOl »Ke JIOTMKE, 9TO ¥ PaHEee, Mbl IEPEXOAUM K PACCMOTPEHHUIO IIECTEPHON BEPIIMHHOM (PYHKLMH, KO-
TOpas MPEACTABIAETCS CYMMON HEIPHBOIMMBIX IHAIPAMM, KOTOPbIE HEIb3s Pa3pe3aTrb Ha JBE YACTH BIOJb OTHON
JIMHUU, U K KaXKJIOH U3 KOTOPbIX MOXKHO MPUCOEIMHUTE 6 ‘HOr (BHEIIHUX JuHUM, npeacrasisomux G-byukiuu). B
T-IIPEJICTABJIEHUU IECTEPHAs BEPINUHHAS (PYHKIM 3aBUCUT OT KOOPAUHATT; IIECTU TOYEK (M3 KOTOPBIX ‘UCXOAAT’
G-mmanm), Touree (B OMHOPOIHOM CJIy9ae) OT MATH BEKTOPOB, KOTODBIE SIBISIOTCS PA3HOCTSAMH THUIAT] — 9. Mer
6ynem m3yuarh @ypre-nipeobpaszoBaHme BEepIMIMHHON (DYHKIUH IO PA3HOCTSM KOODAWHAT, CIUTAS, 9TO BCE BOJHOBBIE
BEKTOPA B 3TOM MPEOOPA3OBAHUY OJHOIO TOPSIKA, ~ ¢. DTOT 0ObEKT MBI OylAeM 0Do3HAYATH Ag,-. HysmeBolt BKIam B
A6y COBIAZAET IPOCTO € Ag (M HE COAEPAKUT 3aBUCUMOCTHU OT BOJHOBBIX BEKTOPOB), & BKJIAIbI H0J1€e BLICOKOTO HOPSIKA
[POLOPLMOHAJIBLHBL CTELEHSIM Ag.

PaccMoTpum mepByIo MOMPaBKY K Ag-, KOTOPAst IPEACTABISETCS nuarpaMMoii, n3obpaskeHHol Ha pucyHke 15. Ana-
JIMTHYIECKOE BbIPAXKEHME, COOTBETCTBYIOIIEE ITOM AuarpaMme, UMeeT CJIeAYONni BU,

h 5AZ o
AL = —37161 /dgr exp(—iqr)Ga(r) .
Toncrasassa ciona (3.25), Mbl HAXOIUM
5A2T2
Ay =2 (3.28)

T 48723

rue £ = In(A/q). Takum 06pazoM, nepBasi MONPABKA K A, COUEPKUT B cebe jiorapudm, KOTOPBIH sBIAETCs GOMbITHM
B JJTMHHOBOJTHOBOM mpenesie. Ilepeiigem Temeph K mOMpaBKaMm 00Jiee BHICOKOTO TMOPSIKA KAgr. [[pUMEPDI MOMPABOK
TPETHErO MOPAMKA IO A\g IPUBEAeHb! HA pucyrkax 16 u 17. Ilpu sTom nuarpamma, mpuseeHHas HA PUCYHKe 16, maer
[OMPABKY, IPOIOPIMOHAILHYIO KBaapary jorapudmaln(A/q), B To BpeMs Kak JuarpaMma, IPUBEJICHHAd Ha PUCYHKE
17, comepuT JIUIIb MEPBYIO CTENEHB ITOrO JIOTapudMa.

Takum 00pa3oM, MBI CTAJKHUBAEMCH C CATyarueil, momobHON TOoil, KOTOpas BO3HWKIIA MDY AHAJIN3E PIJa TEOpUu
BO3MYIIEHU J7ig BepiuHbl A. [1oaToMy Jasibiie MOXKHO JBUTATHCIA B TOM YK€ HAIPABJIECHUH, OTOMpAs IJIABHYIO IMO-
CNeI0BATEIbHOCTD JUATPAMM LIS Agr, JAIONIUX cTapinue crernenn Jjorapudmos. HecnoxkHo coobpa3uTh, 9T0, KAK U
paHbIle, JJisi TAATPAMMbBI TAHHOTO TOPSIIKA TJIABHBIA 1O £ BKJIAI B A, MPOUCXOIUAT W3 ODJIACTH MHTETPUPOBAHUS,
KOTOpad XapaKTepu3yeTcd CIenyIolleidl nepapxmueil pacCTOAHUN MExKIy BeleI/IHaMI/IA_1 < <K rg K ...q_l. IIpu
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Puc. 17: IlonpasKa K IIecTepHON BepIIMHHOM (DYHKIWNH, He COmepKamams-.

® — - +
Puc. 18: YpaBuenue st PeHOPMUPOBAHHON KOHCTAHTHI B3AUMOAECHCTBUING.

9TOM KasKJIOMY PACCTOSIHUIO B TOI MEPAPXUU JOJIKHBI COOTBETCTBOBATH TpUG-uHUN (MHAYE DU WHTETPUPOBAHUN
10 COOTBETCTBYIONIEMY PACCTOsAHUIO JjorapudM He Oyaer npousseie). OTHIONL HE BCAKAs AUArPAMMA JONYCKAET YI0-
BJIETBOPsIET 3TUM ycjoBusiM. Hanpumep, auarpamva, npuBeIeHHAs HA PUCYHKE 16, 3TuM yCJioBusAM yaoBjieTBopseT (1
naer £2), a mmarpamMma, NPHBEJIeHHAsA Ha pUCYHKe 17, He yIOBICTBOpSET, HECMOTPSA Ha OTCYTCTBHE CaMOIepecedeHmit
(4 1aeT TOJIBKO TIEPBYIO CTENEeHb &).

BeiaenuM mocsemoBaTeIbHOCTh AWATPAMM, MAIONMX TJIABHBIE CTemeHu jorapudma. B cuiay chopmyampoBanHOi
MepapXu¥ B TJIABHOH O0JACTYH WHTErPUPOBAHUS HA KAXKIOW TaKOH AuarpaMMe MOXKHO BBIIETHTH TPOMKYG-nuHWM ¢
nauboabmeil aiuHoi. Torpa G0KK ciieBa U ClpaBa OT TOH HeTn Tak:kKe OyAyT HpeacTaBisTh cODON BKJIAALI B BEP-
MUHHYO (PYHKIINIO, HO XapaKTEePU3yeMble MEHbITUMU pasMepaMu. [Ipu cyMMUpOBaHUY TJIABHON MOC/IEI0BATEIHHOCTH
JuarpaMm 5Tu 6JI0KU cOOEpYTCs B TIOJHBIE BEPIIMHHBIE (DYHKIMU (TOYHEE, BA,.), KOTOpbIE OyayT 3aBucers oT In(AR),
rae R — paccrosame mexmy 6mokamu. U, Hakorer, Heo6xomumo ponssectn uHTerpuposanne noln(Rq). B pesymsrare
MBI TIPUXOJUM K YPABHEHUIO, KOTOPOE B AWATPDAMMHOM BHIE TPEJCTABIEHO HA PUCYHKE 18, T/1e peHOpMUpOBaHHAS
KOHCTaHTa, B3aNMOJIEHCTBHs \g, 0003HAUEHA YePHBIM KpyroM. B aHanmTuueckoM Brze (B TJIABHOM JIOTApUPMHUIECKOM
OPUOJINKEHNHU) 9TO YPABHEHUE 3ANUCHIBAETCS B CJICAYIOIIEM BUJIE

€
572
)\6r(f) = X6 — m /dfl)\gr(fl) ’ (3-29)
0

Wurerpansroe ypasuenue (3.29) sxBupasenTHO AuddepeHInajibHOMY Y PABHEHUIO

5T?
d)\ﬁr/df - 7@)\67 3 (330)
KOTOpPOE MMEET CIIeAYIOIIEe PEeleHne
572X \ "
A6r(§) = A6 (1 + 487T2bg£> ) (3.31)

rae & = In(A/q). B mpenene £ > b®/(T?\g) MBI HAXOIUM CJIEYIONIYIO0 ACHMITOTHKY

Aer(€) ox €71, (3.32)

aHaJorH9HO (3.16).

Jlajiee MOXHO IPOBEPUTH, 9TO OTOPOIIEHHBIE AUArPAMMBI (TOUHEe, 6JI0KM B KOTOPBIX [IABHBIE [OC/AEI0BATEIbHOCTH
cobpaHbl B PEHOPMHMPOBAHHYIO BEDIIMHY) AAIOT MAJblE IONPABKU K IIECTEPHON BepliuHe. JTO jaerT 0DOCHOBAHHUE
npuBeIeHHOro orBeTa. TakuM 06pa3oM, MbI OTYUUIA CXEeMY, KOTOpas BecbMa OJM3Ka K CyMMUPOBAHUIO MAPKETHBIX
JMArpaMM, U JAeT JOrapudMUYeCcKy0 PEHOPMUPOBKY 3 MEKTUBHON KOHCTAHTHI B3aUMOIEHCTBIS HETIOCPEICTBEHHO B
TPEXMEPHOM MPOCTPAHCTBE.

Teriepb MbI MOXKEM PACCMOTPETH PEHOPMHUPOBKY KoM DUIHUEHTOB a, b u A, Bxomamux B dhyrrumonan Jlangay
Fa + Fy + Fe. Ux uccnenobanue MPOU3BOIUTCS TAK¥Ke, KAK TO JEJATIOCH [Jisl CaMOil BepIUHHON hyHKImMuNg (1
B IOJIHON AHAJIOTMM C TEM, KaK 3TO JEaJ0Ch s MAPKETHBIX JuarpaMm). A MMEHHO, JJis KaxKJ0ro O0beKTa Mbl
JOJIZKHBI BBIJEIUTH TJIABHYIO MOCJIEI0BATENHHOCTD AMATPAMM U IIPOCYMMHUPOBATH e€e. BhliesieHne uaer mo CTeleHsaM
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O ° 4+ ®

Puc. 19: YpaBuenue misi peHOpMUPOBAHHON KOHCTAHTHI B3ANMMOIAECHCTBUS .

JorapudmMa, KOTOpbIe MpOu3BOAAT ‘Nyuku’ u3 Tpex G-juauit. Ouarb-Taku, CTapIine CTeNeHu JorapudMa Mponu3BO-
OAT OUArPaMMBbI, B KOTOPBIX MMEETCS uepapxus pasMepoB G-nunuii. Boigenss cedenre ¢ MAaKCHMAJIbHBIM Pa3MePOM
G-nunuit © cyMMHPys OJIOKM CJIEBA W CIPaBa OT 3TOIO CEYeHMs, Mbl IIOJIYyYaeM JJis PEHOPMHPOBAHHOH deTBEepHOI
BepINNHHON (DYHKIUU A\, YpaBHEHHE, B JUATPAMMHOM BHI€ MIPEICTABIEHHOE HA PUCYHKe 19, rie, KaK U BbIIIE, MAJIBIH
KPYZKOK TPEICTAB/ISIET 3aTPABOYHOE 3HAYEHUWe \, & OOJBINO — PEHOPMUPOBAHHOE 3HAYEHWE \,.. DTO AUATPAMMHOE
ypaBHEHNE TEPEIMUCHIBACTCA B BUIE WHTErPAIHLHOIO yPAaBHEHNUs, KOTOPOE CBOIUTCA K cieayiomemMy auddepeHimaib-
HOMY
LA 7%/\ (3.33)
d¢ 9672b3 """’
peleHne KOTOPOro NMeeT B,

T2)\ —2/5
T 5) , (3.34)

AM=A14+——=

" 4872h3
TO €CTh B JJIMHHOBOJHOBOM mpesene A, o< £ 2/5. Takyke MOMKHO MOJIYYIATh W ypaBHenue st b. Boimenss cedenme
¢ MaKCUMAJIBHBIM pa3zMepoM G-JTuHHI W CyMMUDPYsl OJOKH CJI€BA W COPaBa OT ITOrO CEUYEHWd, MBI MOJIYIAEeM [LTs
MOMPAaBKU K b BhIparkeHue, KOTOpoe OMpeesiseTcs TuarpaMMoil, TpeIcTaBIeHHoi Ha pucynke 14, rme 3aTpaBovHbIe
BepIIMHHBIE (DYHKIIUUA \g CJIEIyeT 3aMEHUTh HA PEHOPMUPOBAHHBIE \g.. B pe3yabrare MbI MOJIy9aeM WHTETDAJHLHOE

ypaBHEHHE, KOTOPOE CBOAUTCH K cienyomeMmy auddepeHmaibHOMY

db,  T*N?
d¢  5-32.2874p5

(3.35)

Orcronia cieyer, 9T0 B IJIMHHOBOJHOBOM TIpefiere (TO ecTh mpué — 00) b, BBIXOIUT HA KOHCTAHTY. DTO ONPABIBIBAET
Halll BBIMUCJICHN S, B KOTOPBIX MbI CUUTAJIN b KOHCTQHTOIA.

WNarepecHo, aTo sorapudMuuecKux TOMPABOK K MaPaMeTpya HET, KK HeT WX U KOI(MPUIMEHTY TPOOPIHOHATHHO-
CTH (v. DTO O3HAYAET, YTO MOMPABKHU K ITOM BEJIMIMHAM MaJibl. Jlaee; aHOMATbHBIN BKIIAJ B TEIJIOEMKOCTD OIIPEIesd-
ercs TOM Ke JuarpaMmMmoil, mpencraBieHHoON Ha pucynke 12. CooTBeTCTBYOIIEE AaHATUTUIECKOE BBIPAYKEHUE TPOIIOp-
nnoransHo [ d°r G?(r) < R., tme R, — KpuTudeckuii paamyc. Takmv o6pa3oM, CHHIYIAPHBI BKIAT B TETIOEMKOCTD
BemeT cebst X |a|_1/2 opu A > 0. DToT 3aK0H (IPK JAHHOM \) CIPABEIJIUB /10 TEX MOP, [IOKA HE CTAHET CYIIECTBEHHBIM
BKJIJ[ 9€TBEPTOrO MOPsiAKa. UTOGB HANTH COOTBETCTBYMOmUIA MacmTab, HAmO CpaBHUTHAg-G(r) ¢ A, OTKyma MbI
HaxoaumM Maciutad T Ag,-/(bA,.). Eciu R, HpeBBIMIAET 3TOT MACIITa0, TO CHCTEMA, BLIXOAUT Ha IIOBEJEHUE, XapaKTEPHOe
JL1s1 O6BIMHOrO (PA30BOr0 MEpexoa BTOPOro poja (OHO ucciaepyercs B ciaenyonmx naparpadax). puh < 0 nanuyue
IIePEeX0/1a, IEPBOrO POJIA HE MO3BOJIACT PeAIH30BATHCH 3aKOHy X |a| = /27777,

4. PEHOPM-TPVIIIIA, -PASJIOZKEHUNE

Mpbr HauMHAEM 3TOT maparpad C MepeBbIBOAA PEe3y/IbTATOB, MOJYYEHHBIX B maparpade 3, ucrnoiab3ys HECKOJIbKO
WHOHN A3bIK, KOTOPBII OKa3biBaeTCs OoJsiee yaIoOHBIM U JOMyCKaeT mupokoe obobmmenne. Peub umer 0 Tak Ha3bIBAEMOM
METO/IE PEHOPM-TPYIIIBI, KOTOPBIA ObLT MEPBOHAYATHHO COPMYIUPOBAH B KBAHTOBON TEOPUH TI0JIs, HO HAIIET BECHMA,
[IAPOKOE MIPUMEHEHHE B 331a49aX, BOSHUKAIOIINX B TEOPUM KOHJAEHCHPOBAHHOIO COCTOSTHHUS.

HamomuuMm, uro mpobiema, KOTOPYH MbI paccMaTpuBaau B maparpade 3, 3amaercsa dyHrmuonagoM Jlannay

rjie ¢ — N-KOMIIOHEHTHDIH ITapaMeTp HopAiKa 1

<102

> e
1
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Pa3meprocts mpocrparcTBa d Oyaer mpeanoiararbCa IMTPOU3BOJIBHON, B TOM YHCIE OHA MOXKeT ObITh npobnoi. B
TOM CJIy4dae KOPPEJAIUOHHbIE (PYHKIUHU ¢ MOIYT ObIThb B MPHHIIMIE OMNPEIETIEHBl B PE3YJIbTATE AHAJIUTUYECKOrO
MPOMOJIKEHUsT C IeJbix 3HadeHni d. HamoMuuM Takyke, 9TO 3a7a4a MOAPA3yMEBAET HAJIUYHUE ‘yIbTpaduoIeTOBON’
00pesku (MpenebHOrO BOJHOBOIO BEKTOpa) A.

Kak MbI Bumenu mpu ananamnse JuarpaMMHOTO pa3siokenus B naparpade 3, B pazmeprHocTud = 4 KOPPEISIIIHOHHBIE
dbyHKIUU napaMerpa Mmops/Ka Ha HEKOTOPOM MACIITabe I ePEeHOPMUPYIOTCs 33 CHET B3AaUMOJEHCTBUSA (0 HA ITOM
MacimTabe ¢ GAYKTYaIHAMHE @, IMEIOITHME BOJHOBEIE BEKTODA ¢ B WHTepBaje r+ < q¢ < A. Boobmie roBops, peHOp-
MWPOBKA, KOPPEIAIMOHHBIX (DYHKIIWI MOXKET OKAa3aTbCsl 3HAYUTETbHONH. TemM He MeHee, KOHCTAHTA, B3aUMOIAEHCTBUS
ocraercsa magoit. [TosTroMy MBI OXXKHIAEM, ITO B3aUMOAEHCTBHE ¢ (PIYKTYAIIMIMH U3 OrPAHUIEHHON obmacTtr Ha3oBo-
r'0 MPOCTPAHCTBA MPOU3BOIUT TOJHKO HEDOJBIIYI0 PEHOPMUPOBKY KOPPEJISIIUOHHBIX (DYHKINI HA JAHHOM MaciiTabe
7. DTO COOOpaKEHUe MOTUBUPYET CJACAYIONLYI0 MHOTIOMIAIOBYIO MPOLEAYPY, UMEIOILYIO IEIbI0 IOCTeNeHHoe (Inar 3a
[IarOM ) BBIYKMCJIEHHUE TIONPABOK K KOPPEIAIMOHHBIM (DYHKIIUSIM.

Pazobbem mapaMerp HOpsIKa Ha ABa ClaraeMbIX, ‘MejJIeHHYI0  4acTby’ U ‘OblcTpyI0’ HacTh @

A =
p=p +0. (4.2)
3aechb @ apisiercs cyMMoilt @yphe-rapMOHUK € CAMBIMU OOJIBITUMU BOJTHOBBIMU BEKTOPAMU, &’ COIEPIKUT BCE OCTAIIb-

uwbie Oypre-rapmonuku. Jlanee, Mbl cOOMpPaEMCs UCKJIIOUUTD W3 PACCMOTPEHUs OBICTPBIE CTEeHN CBODOIBI, TPOMHTE-
rpupoBas GyHKIWIO pacnpenenerns exp(—F / T) o @:

exp[ } / Do exp[ f(‘p; 2 ] . (4.3)

3aecy F' umeer cMmbica GyHKIUOHANA JlaHaay i ‘MeJIeHHOR dacTh mapaMerpa Hopaiakae’ . DTor dyHKIHOHA

COMIEPKUT B ceDe TONHYI0 WH(MOPMAITUIO O KOPPEJANMOHHBIX (DYHKIMAX MAPAMETPA, TOPSIKA HA JOCTATOTHO OOJIBITHX
macmrrabax (MM Ha JTOCTATOYHO MAJBIX BOJHOBBIX BEKTOPAX ), comepkammxcs By'. Ckaxkem, B TepMuHAX F' MOKHO
3AMUCATH MAPHYIO KOPPEIANUOHHYIO (DyHKIUIO

! /
0= [0# e |- e, (44
npu yenosum Ar 3> 1, Tak kak Braag B G(r) oT OBICTPBIX cTeNeHell CBOGOIBI IBISETCS TPeHe0pEKUMbIM. 11pomepBas
IPONEMYPy MCKIIFOUEHUs OBICTPHIX cTeneHeil cBoGoapl (4.3) CHOBA M CHOBA, MBI MOYKEM HCKJIOYATH U3 PACCMOTPEHHST
Bce Oyphe-rTapMOHUKH ¢ ¢ BOJTHOBBLIMU BeKTOpaMu B wHTepBasier 1 < ¢ < A. Ilocie 3Toro yyKe MO¥KHO ByIeT BhIUuC-
JISITh KOPPEJAIMOHHY0 QyHKIuMIO (4.4) B paMKax 0ObIYHON TEOpUYU BO3MYILIEHU, IPUYEM B CHIY MAJOCTH KOHCTAHTHL
B3aUMOJIelicTBUS [VIaBHBIM Oyner Hysiesoe npubsukenue (OnpenengeMoe KBaIpaTUdHON YacTbio dyHKIuOHA A Jlan-
aay).

Pazymeercsi, ', BpranciienHoe B cooTBercThun ¢ (4.3), otsmyaercst or uexonHoro dgyuknnonanafF. Ho ecan da-
30BbIH 00BEM (¢ MOCTATOIHO Mas, TO u nmonpaska F'(¢') — F(¢') Gymer mana m ee MOXKHO BBIMUCJIATH 110 TEOPUH
BO3MYIIIEHUIT. ITO MPUBEJET K TOMY, 9YTO MAPAMETPHI, BXOAdAIme B GyHKIHOHAT JlaHaay, Gy/ayT MOCTETeHHO MEHATH
pU TPUMEHEHUU BBEJIEHHONW MHOTOIIArOBO# Mporenyphl. Takoe n3mMeHeHne MOXKeT ObITh OMUCAHO B paMKaX COOT-
BETCTBYIOIUX nudDepeHiuaibHblX ypaBHEeHUH, KOTOPbIe Ha3bIBa0TCst peHopM-rpyinosbiMu (PT) ypasrnenuamvu. Mbr
HadnHaeM ¢ BoiBoja PT-ypasuenus nis dyakuuonasa Jlauaay (4.1) B npocrpancrse pasmeproctud = 4.

Cuavasia Mbl JI0JKHBI G0JIee aKKyPATHO ONpee/inTh pa3jeienue creneneii ceobopt (4.2), HIPOU3BOAUMOIO HA €11~
HUYHOM IIIare BBeJIEHHO# mporeaypbl. MbI Oy1eM mosiaraTh, 9T0 OLICTPBIN BKIAIP ABISETCs CyMMOit @yphe-rapMOHUK
¢ BosiHOBbIME BekTOpamu A’ < ¢ < A, Torga mejentas KoMnonenTa @’ Gynaer cymMmmoil @ ypbe-rapMOHUK ¢ BOJTHOBBIME
BekTopamu ¢ < A’. Mbr mpeamonaraem Tak:Ke, 9TO BBITOJHSIIOTCS CIEIYIOMUE YCIAOBHS

A> AN, (4.5)
gln(A/AN) <« 1, (4.6)
rae g — 6e3pasMepHas KOHCTAHTa CBfA3M, BBeJeHHad B naparpade 2 (cmorpu takxke Huxke). Koneuno, ycinosuga (4.5)
u (4.6) COBMECTHBI, TOJIBKO €CJIU KOHCTAHTA CBS3W MaJya, ¢ < 1, UTO ABISETCA YCAOBHEM TPUMEHUMOCTH TEXHUKU
PT. VYcnosue (4.6) no3so/ger UCIOML30BATH CTAHJAAPTHOE DA3JIOKEHUE B Dsiji TEOPUM BO3MYIEHUi, a yciaosue (4.5)

MO3BOJIAET MPOU3BOIATH OTOOP PA3IMIHBIX BKJIIOB 1O Gosbmomy sorapudmyln(A/A’).
IMoncrapnss cymmy (4.2) B (4.1) MbI HAXOTAM

F=F)+F2 +FO(g

int

)+ (4.7)
@ _ [ a. A 20 A a_,
fim—/dr{12<ps0+6(<ﬁso) +2so}, (4.8)

FAG) = [ 392, (49
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rae ... 0H603HAYAET P OMYIEHHBIX WIeHOB. Mbl OnycTuan 4ien

A
/d4 (@)
TaK KaK OH He MOXKET IPOM3BOAMTD MOMPABKH K J, IPONOPIHOHAIbHBIE Gosbiiomy jorapudmyIn(A/A’) B cumy Toro,
YTO STOT YJICH OTJIMYEH OT HYJs TOJBKO Ay Oyphe-TapMOHWK ¢ ¢ BOJHOBBIMEA BEKTOpaMu ¢, Omuskumu K A'. Mer
nperebpernu B (4.7) TaKKe YICHAMH TPETHETO U IETBEPTOTO MOPSAIKA, 0P, TAK KAK OHU TPOU3BOIAT MAJTBIE MOTPABKY
K dyuxuuonasny Jlannay npu unrerpupoanuu (4.3) B cuity yciosus (4.6).

IMoncrapnss (4.8) B (4.3) MBI IPUXOIUM K COOTHOIIECHUIO

exp FW) ] /:D<p exp{ Fe ); f‘“} . (4.10)

B cuny ycnosus (4.6) passocts F' (') —F (¢') Maaa u MbI MOKEM PA3JI0KUTh IKCIIOHEHTY B JIEBOH YaCTH COOTHOIIEHUS

(4.10) mo 3roit pasunocru. Ilo TeM yKe TPUYMHAM MOXKHO PA3JI0KHUTh TpaByio Jactb (4.10) no.7:1(nt) B pesynbrare mbr
HOJTy9aeM

7)== (7)) - 55 (7)) (@.11)

3/ech yIyIoBbIe CKOOKM O3HAYAIOT YCPETHEHUE 0 CTATUCTUKE 6bICprIX cremneneit cBoboibI. Mbl y/iepKaiu B IpaBoii

gactu (4.11) g1Ba NEPBBIX YIEHA PA3JIOKEHMS IKCIOHEHTHI o £

mt Boobrirte roBopst, Haa0 OBITH AKKYPATHBIM C TIOPSIII-

KOM pa3zjoxenus. Hampumep, mpuBoanMBIi BRI (]-"l(m)> BO3HUKAIOMNH U3 YIeHa BTOPOTO MOPAIKA B PA3IOKEHUN

npasoit actu (4.10), coorHocuTca (KaK 9TO BHIHO M3 IEPBOIl IOMPABKH (.7:1(33» CO BTOPBIM YJIEHOM Da3JIOKeHUsd
9KCHOHEHTH! B JieBoii dactu (4.10). ITosromy mbl uckmoumnn B (4.11) 9TOT NPpUBOAMMBIA BKJAJ, OCTABHB TOJBKO
HEIPUBOANMBII YJIeH BTOPOro TOPsiIKa (0003HATEHHBIH TBOHHBIMY YTJIOBBIMHA CKOOKaMH).

B rimaBHOM mpubaMKeHNUN MO KOHCTAHTE B3AUMOIACHCTBUA CTATHCTHKA OBICTPBIX CTEMEeHeidl CBOOOMBI OMPEeaesaeT s
dynkumel pacupeenenns BEPOATHOCTH

(4.12)

P($) ox exp [—

onpejiesiieMoil KBaJApaTudHoii yacTbio dyuxknuonana Jaugay. Tak kak dyukuus pacupenenenuns (4.12) apiusiercs
layccoBoii, Bce KoppeanuoHHble (DYHKIUU ¢ CBOAATCA K NapHON KOppeadanuoHHoi ¢yHkuuu G:

(Ba(r1)@p(r2)) = G(r1 — r2)dap -

@yuxius G MOZKeT GbITh BHIYMCIEHA, HCXOS U3 (4.12):

A

. Cdbq T T

G(r) = / ( )4 bq eXp('LqT') W y (413)
A/

TMocnenmee BhIpazkenue (B P-IpeacTaBieHnn) cipaseamuso mpa A/~ > r > A~L
B cuay roii xe TayccoBoctu bynkimu pacupenesnenus BeposaTHOCTH (4.12) MOXKHO JIEFKO SIBHO BBIITUCATH BCE CPEJIHUE
B (4.11). Hampumep

A
GE /d4rﬁ(n+2)g0'2 @ +..., (4.14)

[JIe MBI OPUHAIN BO BHUMAHUE, 9TO (PaPp) X Oqp. Cpemmee <<ﬁ%> dburypupyromee B (4.14), Moxker ObITh HaAEHO C
HCIOIB30BaHNeM Bbipazkenust (4.13):

A
d¢ T
<2\ __
<901> _A/ (2m) bg?

Do ‘yabrpaduonerosblii’ BKaas (cuagmmil Ha BEPXHEM MPEee WHTErPUPOBAHNUS ), KOTOPBIHA CIEIyeT BKJIOYUTH B
repeoTpeieieHre TeEMIEPATypbhl mepexona l,.
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Tenepb MBI IEpex0UM KO BTOpoMY Wieny B coorrorrennu (4.11). Iloacrasmss B Hero Beipaxkenue (4.8) Mbl oy daem
1 N
.7:/(90/) - f((pl) — _T /d4’l“1 d7’2 GQ(T‘l - 1"2)

(O gy + CED 2 4 7 (419

Oyukmust G(r) saryxaer, Haunnas ¢ macmTaba A'~!, B To Bpems Kak mofe ¢’ W3MeHseTcs Ha GOIBITNX MacITabax.

2 2
TosToMy B TiaBHOM NPUOIMKEHUN Mbl MOYKEM MOACTABUTH @'~ (r3) — ¢©'“(71) B mepBom wrene B (4.15), B pe3ynabrare
MBI HAXOJIUM CJIEAYIOIMUNA BKJIAT

A2 ~
F —Fe—— d4r<p’4(r)/d4R G*(R). (4.16)
36T
Wurerpan 31€ch JIETKO BBIYUCISIETCA HOCTE MOACTaHOBKH (4.13):
~ T%8,
d'rG*(R) ~ ——=A 41
[dreEm ~ s ac, (417

rae AE =In(A/A'), a Sy = 27 — HOBEPXHOCTD eTUHNYHON cephbl B YeThIpeXMepHOM HpocTpaHcTse. Takmm o6pazom,
Bkaaz (4.16) comepxkut 6oabinoii jorapudm. Crpykrypa Braaaa (4.16) MOKa3BIBAET, YTO 33 €r0 CYET PEHOPMUPYETCs
YJIeH 9E€TBEPTOro NOpAIKa B (GyHKIMOHAIE JIaHIay, 3Ty PEHOPMHEPOBKY MOXKHO 3aBHCATH B BHJE MOIPABKA K (PaKTOPY
A

n+8 Sy T 5

A== i

NG (4.18)

Hanee, ucronp3ys (4.17), MbI MOXKEM HAUTH TOMOJHATENBHBIE BKIAILl BF — F npoucxomsmue w3 (4.15). Omun n3
HUX JaeT PeHOPMUPOBKY @, HONPAaBKa K 3TOMY LapaMeTpy PaBHa,

n 4+ 2 54 T
Aa= -T2 21 2 \uAe. 41
“ 6 (2m)ie 98 (4.19)
11, HaxoHeIl, MOCJAeIHUN BKIAI JACT PEHOPMHUPOBKY CBOOOMHON SHEPIUU
na® Sy T
AF =" Z A€, 4.2
I nirtt (420)

Mpsbr paccMoTpesin euHUYHbBIN mar. Ecim Teneph TOBTOPUTH €r0 MHOTOKPATHO, TO (DYyHKIMOHA JIaHIay COXpaHUT
cBor0 opmy (Kak CIeayer u3 mpoJIeTaHHOTO BBIME aHAIN3a), HO KOO OUIMEHTHIa 1 A OyIyT MOCTENEHHO H3MEHSITHCST
[OPU TTOCJIEIOBATEIBHOM HUCKJIFOUEHUH OBICTPBIX MepeMeHHbIX. Tak kak nonpasku (4.18,4.19) Mabl Ha KaxKIOM IHare
HaIlel mpOoIeaypPhl, MbI MOXKEM OIKUCHIBATH BAPUAIIUN A, A U CBODOIHON sHeprun F' B Tepmunax auddepeHinaabHbX
ypaBHEHIH

A\ n+8 Sy T,

da n+2 Sy T
€6 emier” (4.22)
dF na®? Sy T
& TA R 2

cnenyrormux w3 (4.19,4.18,4.20). 3nmecs &€ = In(A/A’), tae A’ — Tekymmas obpeska (To ecTh MAKCHMAJBHBIA BOJTHOBOW
BeKTOp ). Imenno ypasuenus tuna (4.21-4.23) masemarorcs ob6brano peropM-rpynmnosbivu (PT). TTosesno neperm-
carb PT-ypaBuenus (4.21,4.22) B Tepmunax 6€3pasMepHOil KOHCTAHTDI CBA3UG

dg 2

A 4.24

3 9, (4.24)

d\

A 4.2

T gA, (4.25)

da n-+ 2

e~ n+s?" (4.26)
T

6 (2m)ip2”
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YucneHnblii MHEOXKUTENb B Boipazkenun (4.27) nonobpau Tak, urodbl Ko3hdunuenr B PT-ypapuenuu (4.24) 6bu1 pasen
eauaAne. Tak onpeenennas 6e3pa3MepHasi KOHCTAHTA, CBA3M HA3bIBAETCHA OOBIYHO NMHBAPUAHTHBIM 3apsaoM. [lomuepk-
HEeM, 9TO PAcCMOTPeHHBIC PT-ypaBHEHNST OTHIOND HE MOAPA3YMEBAIOT YCJIOBUE MATIOCTHGE, STOT TAPAMETD MOKET OBIThH
IPOU3BOJLHBLIM, YTO W JAET BO3MOXKHOCTH CHJIbHOH PEHOPMUPOBKHU BCEX TApaMeTPOB TEOPUH.

B npubnuxkenun, KoTopoe OGbLIO UCIOIB30BAHO Bbillle (M KOTOPOE HA3BIBAETCH OOBIYHO OJHONETIEBBIM), KO du-
umeHT b, koTopeiii durypupyer B rpaguentHom unexe B (4.1), me m3mensiercs. YTobbl HAWTH €r0 PEHOPMUDPOBKY,
HEOOXOIMMO YYECTh 9JICHBI 00JIee BBICOKOTO MOPAIKA 0P B Fing. A WMEHHO, HAJIO MTPUHATH BO BHUMAHWE WJICH TPE-
THEro TOPAIKA

A s
Fi = 5 / d'r (¢')@*. (4.28)

3 . .
TTockonbKy <fi(nt)) = 0, cJIeyeT y9ecTh TONIBKO TOT BKJIa BF — F, KOTODPBII ONpele/IfeTcs BTOPhIM YICHOM B IIPaBoil

gactu (4.11). DTOT UieH maer Ciaepyromuil BRI

2 n
5o e SR [t iy ) ()G
36T

rae r = ro — r1. OnarTs-Taky, XapakTepHoe 3Hadenue r onpegenserca A"l B To Bpemsa Kak ¢’ ABIAETCA MeIeHHBIM
[OJIeM, KOTOPOE MEHAETCs Ha 6obinuX Macmrabax. II03ToMy B IJIaBHOM NpUOIMKEHHN MBI MOKEM 3aMEHHUTHY' (7'2)
va ¢’ (r1). Torma (B ®ypbe-IpeaCcTaBJ€HUN) Mbl MOAYYUM (DAKTODP, KOTOPBIA OHpeIensiercsd ‘yabTpaduoieToBbM’
UHTErpaJjioM 1o ¢ (Cufgmuii Ha BEpXHEM npejiese), 3roT (hakTop CJEIyeT BKIIOYUTh B IEPEOIIPEIC/IEHHE TEMIIEPATYPbI
nepexona T,. UTo0bl HAiTH PEHOPMUPOBKY b, MBI JOJDKHBI PA3IOKHATD ¢’ (1) WO 7+

1
/ / / /
¢l(r2) = ¢'(r1) +1aVa@'(r) + 5rarsVaVee'(ry) + ...
TepBeiit wren 3TOr0 pasioKeHus HE BHOCHT BKaan BJF — F (COOTBETCTBYWOMHUII WHTETPAN DABEH HYJHO M3-33 WH-
TErpupOBaHUs HedeTHON (yHKImU 10 yriam). TakuM ofpasoM HaJI0 yYeCTh WIEH BTOPOTO HOPSIKA, KOTODPBIA 1aeT
BKJIAJ],

(n+2)A\?

T —
i 9.32T

4 .
/d rydir [V (r)]2G3 (r)r?
Mpbr nmpousBesn 37eCh YCPETHEHNE 0 YIIaM W OWH Pa3 B3sIM WHTErPAJ 110 9acTaM. [IofcTaBisas Cloa BhIparkKeHne
(4.13), Mbr HAXOAUM

(n+ 2)A\2T?

Ab= =g 55,1

A¢. (4.29)

Cooreercryiomiee PI'-ypaBuenne nmeer By

db n+2 o

&~ 2t st (430

Mebl BuauM, 4o npasag dactb (4.30) nponopruoHaibHa BTOPO CTEIEHN HHBAPUAHTHOrO 3apaiag, YTO ABJIAeTCS Bbl-
paxeHneM TOro (HaKTa, UTO PEHOPMHUPOBKA D BO3HUKAET TOJIBLKO BO BTOPOM MOPSiAKe (B IBYXIIETIEBOM MPUOIMIKEHNH ).

€-pa3sJjiozKeHue

Paccmorpum Tenepb upocrpaHcrBo pasmepHocrd d = 4 — e. Torna MOxKHO chOpMyJIMpOBaTh Ty 2KE€ PEHOPM-
IPYNIOBYIO TTPOIIEIYPY, HO TOJHKO Terepb POJib MHBAPUAHTHOTO 3apsija OyJIeT urpaTh KOMOWHAIIAA
n—+38 Sd T
= ——=A(N)7C. 4.31

Torna PT-ypaBuenus (4.25,4.26,4.30) coxpansiior cBoio GopMy, B TO BpeMd Kak BMecTO (4.24) U3 yIOMSHYTbIX ypaB-
nennit u onpeznenenua (4.31) nomyaaem

d
by (4.32)
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910 ypaBHenue umeeT (GHKCHPOBAHHYIO TOUKY § = €, U MO3TOMY ¢ — € npn & — oo. Iomcrasngs 3To 3Ha4YeHHe
B (4.25,4.26,4.30), MBI OIy9YaeM penieHus s G, A, b, KoTopbIe BeayT cebsi, Kak creneHn Tekymeil o6peskn A'. B
YaCTHOCTH

a o (T — T,)(A)+2)/ (n+8)e (4.33)

TTockonbKy MBI HAILIA § & €, TO HAINA CXeMa PabOTAET TOMBKO TPHU yCIOBHH € < 1, TO eCTh A Pa3sMEPHOCTH
npocrpadcTsa, d, 0Ju3Koi K d = 4.

Hatinem BBesenuble HaMu B naparpadge 2 KpUTHIECKUE WHIEKChI B MIABHOM NMpUOJIMyKeHun moe. HamoMuumM onpe-
JIeJIeHUe UHIEKCOB (o U V-

Cy x|T—-T.7%, R.x|T—-T.|7", (4.34)

rae Cy — TemnoeMKocTh u R, — KpuTtudecknuii paanyc. Bemuunny R, MOYKHO HAWTH, €CJIN CPABHUTH J[BA UJIEHA BTOPOTO
nopsaka B (4.1), To ectb norpedoBarh bR, ? ~ a, rae kKoadpuIuenTH 10MKHB 6bITh B3aThl npu A’ ~ R 1. B neprom
npubInKeHUU 10 € (HakTop b MOXKET CUUTATHCSI KOHCTAHTON, U MbI nojiydaeM u3 (4.33) B nepBoM e npubiuKeHun

1 en—+2
—-_f ) 4.
YT T8 (4.35)
Urobbl HAMITH KPUTUYIECKUN UHAEKC &/, MBI JOJI2KHBI UCIIOJIB30BATH MO,D;I/ICIDI/IKaLH/IIO COOTHOIIIEHU A (4.23):
dF
Frike a’(N)c. (4.36)

[oxcrapnsas ciona (4.33) u unrerpupys noé 1o A’ ~ R, Mbl HAXOAUM CHHTYIAPHbIN BKJIaJ B CBOOOIHYIO SHEPIHUIO
Fsing x (T _ TC)2R£4—TL)/(n+8)E .
Beps renepsb Bropyio npou3sosuyto 1o 1 u ucnonbdys (4.35), Mbl HaxoIUM

4—n
—€.
2(n+38)

(4.37)

Hanee, MbI MOXKEM HANTH KPUTHYIECKUH WHIEKC Y, BBEACHHBIEH cooTromennem (2.36). Iloacrasnss ogHoponHoeh B
dopumymy (2.35) u yInTBIBAs, YTO WHTETPAJ 1O T B MOy IABIIEMCS BBIPAYKCHUN CAIATCA HA T ~ R., MBI momydaew,
yuurbiBas (4.34,4.35)

n+2
=1
v +2(

RN (4.38)

Beenmem Takke Tak Ha3HIBAEMbIN aHOMAJIBHBIN WHIEKC MaPHOM KOPPETANMOHHON (DYHKITUNT), KOTOPBIA OMPEIesIsieTCs
CIIeIYIONTNM 0Opa30oM:

G Hg) x ¢*~¢, (4.39)

riue G(q) — @ypbe-npeobpasoBanue mapHoil KoppensuonHoil pyuakuuu. Oupenenenue (4.39) MOXKHO mepenucars cie-
nyomum obpazoM: b o« ¢~ Muaekc n Moxkuo Halitu u3 ypasuenus (4.30), ecinu noacrasuTh Tynag = €. Peras 310
ypaBHeHue U mojacTapisa Tyaa A’ = ¢, Mbl HaxoUM

n+2
= ————¢". 4.40
" 2(71—&—8)26 ( )

DTOT UHIEKC BOZHUKAET TOJHKO BO BTOPOM MOPSIIKE TIOE.

Takum 06pa30M MBI MPUXOAMM K KA9ECTBEHHOMY YTBEPXKIEHHUIO O CKEHJIMHTE, KOTOPBIN MMEeT MECTO MPU JII00OM
HEHYJIEBOM €. B IpUHIMIIE MOXKHO PACHIUPUTDH MPUBEJECHHYIO CXEMY, BBIYUCJIMB WICHBI 00JIee BBICOKOTO MOPSJIKA 10
€ B BBIpAXKEHUSAX IJIsT KPUTHUIECKUX WHIAEKCOB. Hamexkma 3aKII0UAaETCI B TOM, UTO TOJYIEHHBIE BHIPAYKEHUS MOMKHO
OyJeT 9KCTparnompoBaTh Ha cay4aiie = 1. Koneuno, pa3soxenue mo € SBisiercsi aCUMIITOTUYIECKAM, & CaMO 3HAYEHNe
€ = 1 me gBasercss masnbiM. [losToMy, BOODITE TOBOPsI, OKUIATH YCIIEXA HA ITOM IIyTH HE IPUXOIUTCH. 1eM He MeHee,
CpaBHEHUE C YKCIIEPUMEHTOM MOKA3BIBAET, YTO KPUTHUIECKHNE WHIEKCHI, BEIYUCIEHHBIE BO BTOPOM MPUOIMKEHUH TICE,
HEILJTOXO COOTBETCTBYIOT HADJIIOIAEMBIM.
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3agaun

3amaua 4.1
Haiitu nivnaoBonnoBoe mosejieane GhakTopoB A u A1, ¢purypupyioiux B ¢hyHkinuoname Jlanmay

b b A A1
F= [atr {507+ 5T + 21+ D2 + 51— D2} (a.a1)
B IIPOCTPAHCTBE pasmMepHocTH d = 4.

3agaua 4.2
Haiitu ppvnaoBonHOBOE TIOBEIeHHE (haKTOPOB, bUrypupyoimux B dpyHkuonae Jlanmgay

1 n
fhigh = /d47‘ Z (Tn)‘)\n(pz s (442)
n>2 :
B NPOCTPAHCTBE pa3mepHocTu d = 4.
Pemmenne zamaun 4.2
d\, 1
=——n(2n —1)g\, .
Tz 3720 — 1)ghn

Samaua 4.3

Paccmorpum (bazoBbiil epexo/] B POCTPAHCTBE pa3MepHOCTHd = 4, KOTODBIH OmuchiBaeTcs HyHKIMOHATOM (4.1),
re YUCJI0 KOMIIOHEHT MapaMeTpa MOPsiIKA PABHON = 2, U MMEETCs JOTOJHUTEIbHBIM MAJbIil BKIAI B (DYHKITHMOHAJ
Jlanmay

A
Fi= [ar it e - )’

Haiitu peropM-TpytmmnoBoe ypaBaernue st mapamerpal;. OTBeT BhIpa3uTh Yepe3 WHBAPUAHTHBIN 3apsi (.

3amaua 4.4

Paccmorpum dazosblil nepexon B npocrpancTse pazMepuoctud = 4, KOTOpbiil onucbiaerca dyHnkuuonanom (4.1),
T7le YUCTI0 KOMITOHEHT MTapaMeTpa MopsaKan MPOU3BOIbLHO, U UMEETCs MOTOTHUTETbHBIN MAIbIN BKIAA B (DYHKIIHOHAT
Jlarngay

Haiitu penopm-rpynmnosoe ypashenue st napamerpad;. OTBET BHIPA3UTh Yepe3 WHBAPUAHTHBIN 3apsijg.

3amgada 4.5

Paccmorpuu bazoserit mepexon B mpocTpancTBe pazmeprocTHd = 4, KOTODHIH onuckiBaeTca (yHKImoHATOM (4.1),
rJe 9HCJI0 KOMIIOHEHT IIapaMeTpa IOPSIKa PABHON = 3, I MMEETCs IOIOJHUTEIbHBIM MAJbIil BKJIaI B (DYHKIIHOHAJ
Jlarmay

fl = /d47’%g01§02@3.

Hajitn peHopM-rpynioBoe ypaBHenue s napamerpa . OTBeT BbIpa3suTh Yepes3 NHBAPUAHTHbBIN 3apsil g.

3amaqga 4.6

Paccmorpum asosblil nepexos B npocTpancTse paszMepuoctud = 4, KOTOpblil onucbiaercsa (ynkimonanom (4.1),
I7Ie 9UCI0 KOMIIOHEHT MapaMeTpa MOPIIKa PaBHON = 4, © UMEETCs JOTOJTHUTENbHBIN MAJbli BKIAT B (DyHKITHOHAI
Jlanmay

Fi= /d47ﬂﬁ@1@2993§04~
24
HaﬁTI/I peHOpM-prHHOBoe ypaBHeHI/Ie JJIA HapaMeTpa)\l. OTBeT BpraSI/ITb qepeB HHBapHaHTHbIﬁ Sapﬂﬂg.
Samaua 4.7
Paccmorpum (bazoBblil epexo/] B IPOCTPAHCTBE pa3MepHOcTHd = 4, KOTODBI omuchiBaeTcs ByHKIMoHATOM (4.1),
Te 9MCJI0 KOMIIOHEHT TapaMerpa TMOPSIKAa PABHO N = 4, W MMeeTCs JIOMOJHUTEIbHOE yCaoBue Vv, = 0. Haiitu
PEHOPM-TPYIIIOBOE YPABHEHUE JJId TapaMerpa .
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5. TEOPUS CJIABOM KPUCTAJLJIN3AIINN

Kaxk m3BecTHO, Kpucramnmmsanus (Iepexos] u3 XKUAKOTO B TBEPIOE COCTOAHNE) ABJISeTCs 00BIIHO (Da30BBIM MEPexo-
JIOM TIepBoro pojia. Tem He MeHee, MBICIMMA CUTYAIWs, KOI/Ia KPUCTAJIH3AIMs OJIM3Ka K HEIPEPBIBHOMY (Da3zoBOMYy
nepexony (nepexojy Broporo poaa). Mbr 6yaeM Ha3bBaTh TOT ciayuail ciaaboil kpucramuszarueit. Caabas Kpucral-
JIN3aIWsT BEChMA PEIKO HAOIIOMAETCA B TPOCTHIX KUIKOCTIX, TTOCKOJIBKY JIJIsT €6 PeaTn3aluu TpeOyeTcs BhITOTHEHNE
psga yeaosmii (KOTOpBIE MBI 00CYy2KaaeM HmKe). B To ke Bpems ciabas KpuCTammmsanus — OOBIMHOE SIBJIEHUE B YKH/I-
KOKPHCTAJIINIECKOM COCTOSTHUW, KOTJA PEYh MAET O KPUCTAJIN3AINE aHW30TPOMHON JKUIKOCTH (HEMaTHKa) MW O
KPUCTALIN3AIMA (a3bl ¢ OAHOMEDHON MOIY/ISNUeH MIOTHOCTH (CMEKTHKA,).

B okpecrrOCTH C1a60O-KPHUCTANIM3AMKOHHOTNO (PA30BOT0 MEPEXOIa BEIECTBO 00IaJaeT PSIAOM OCOOEHHOCTEH, HAIO-
MUHAIOIAX MOBEJEHNE BEIecTBa BOIN3M TOUKH (a30BOTO MEPEXOa BTOPOro pora. B To ke Bpems dayKTyaruoH-
Hble 3(pEKThl B 3TUX ABYX CAyYasX UMEIT BECbMa Pa3HbIe CBOHCTBa. 1loaTOMy clemyer OTIENBHO U3YYHUTH CIADYIO
Kpuctajun3anuio. Mbl cocpeoTounMcs Ha TeOpuH CIaboil KPUCTAJIM3AINN W30TPOITHON KuAKoCcTH. Kak MBI yxke
OObSICHUIN, HTa 334298 ABJIFETCd B OCHOBHOM MeTOAMYecKOi. B T0 ke BpeMms BCs pa3BuTad [JIsi 9TOTO Caydas Teope-
TUYeckas cxema 6e3 0coObIX M3MEHEHUH MePEeHOCUTCs W Ha ciaydail caaboit KpucTaain3anun B KUJIKUX KPUCTAIaX,
T7e OHA BCTPEYAeTCsI CILIONIb U paaoM. UMEHHO 3TUM B OCHOBHOM MOTHUBHUDYETCS BKJIIOUEHUE TEOPUH CJAab0 KpuCTali-
JU3ALKUU B HACTOSIIEE IT0CODHe.

Teopus cnaboit KpucTayIM3auu MOXKeET OBITH MOCTPOEHA B jyxe Teopuu (a3oBbix nepexonos Jlanmay. Ilostomy B
MIEPBYIO OYepes b CAeIyeT BBECTH MapaMerp MOpsIKa, CBA3aHHLIN ¢ 3TUM mepexonoM. B mamHoM ciaydae posb mapa-
MEeTPa MOPSIKA UT'PAET CAEIYIONAS BEJIUINHA!

Y= psh()’r‘t/p- (51)

31ech p — JAJIMHHOBOJIHOBASA KOMIIOHEHTA, ILJIOTHOCTH, & Pshort — €€ KOPOTKOBOJIHOBAsI KOMIIOHeHTa. I1o onpenesenuto,
nosie ¢ conepKuT Pypbe-KOMIOHEHTHL ¢ BOJHOBLIME BEKTOPAMHE II0 IIOPAAKY BEJINYMHBI PABHBIMEI OOpPATHOMY MOJIE-
KyJasipHOMY pasmepy. B skujkoit dase cpejnee (@) paBHO HYJIO, B TO BpeMsi Kak B KPUCTALIMYIECKOI (hase BOZHUKAET
HEHyJ1IeBOe cpenHee (), COOTBETCTBYIOIIEE NEPUOANIECKON MOIY/IAIMH IIOTHOCTH C IIEPUOIOM KPUCTAJIMYECKOH pe-
merku. Takum 00pas3oM, HoJe @ AeficTBUTENbHO Bejger cebs, KaK [apaMerTp HOPsIKA.

Kaxk caenyer w3 onpegenennsi (5.1), cpentee () onpenensieT OTHOCHTENIBHYIO TIIYOUHY MOIYJISIIIAA KOPOTKOBOJIHO-
BO# IJIOTHOCTH B KpucTasie. [loaTomy cpemHee, KOTOpOe BO3HMKAET BOMM3U C1aO0-KPUCTANIH3AIMOHHOTO (ha30BOr0
IEPEX0a, JOKHO OBITH MATBIM:

(p) <1. (5.2)

OrmveTnM, 9T0 0OBIYHON (CHIIBHOM) KPUCTAJLUIH3AIMN COOTBETCTBYET BO3HWKHOBeHWE (p) ~ 1. Boobie rosopst, (p)
cosiepRUT HeckoneuHslit Habop Pypre-rapmonunk. Oanako npu ycmoenu (5.1) cpemn 3THX TApMOHHK MOYKHO BbIZE-
JIATH KOHEYHBIH HAOOP OCHOBHBIX rapMOHHK. OQcTasbHble TADMOHUKH Oy1yT HMETh AMILIHTY/IbI, MHOTO MEHBIIE, YeM
AMILIUTY/IbI OCHOBHBIX [APMOHUK.

Kaxk u nipn uccsenoannn Ga3oBbIX MEPEX0I0B BTOPOrO POJIA, PH TEOPETHIECKOM HCCII0BAHNN CIaboi KpUCTaIIIH-
3aruu caepyer craprosarh ¢ dbyuxnuonana Jaugay Fr, (). Kak u paubiie, Mbl OyieM yaepKUBaTh TOJHKO HECKOJbKO
[EPBBIX WICHOB PA3/IOKEHHd, YTO ONpPaBAbIBacTCA HepaBeHCTBOM (5.2). IlepBbie wieHbI pa3nokeHUAF 10 ¢ UMEIOT
BHJT

Fv =" ogpq) - Y D)) (g,

6
q1+92+g3=0

ola1)e(az)e(as)e(qs) , (5.3)

)\ b ) b)
+ Z (‘h q2,4qs3 Q4)

24
q1+92+93+q4=0

rae V — obbem cucrembl. JIuHeHHBIH M0 ¢ 4ieH B pasnoxenun (5.3) OTCYTCTBYET, Tak KakK ¢ SBJSETCS KOPOTKO-
BOJIHOBBIM TIOJIEM, KOTOPOE HE COAEP:KUT HyJeBoi Dypbe-rapMOHUKH.

D@a30BBI MEPEXOM, CBSI3AHHBIN C MOABIEHWEM (), UMEET MECTO TPHW yMeHbIeHWHn mapamerpa 7 B (5.3). M3-3a
HAJIMYMsT KYOUIECKOTO WieHa B paszjioxkeHuu (5.3) 9TOT Iepexoj sBJsieTcs mepexonoM mnepsoro poga [Landau, 1937].
Taxum obpazom, it CIA00CTH KPUCTALINIAMUOHHOTO MTEPEX0IA HEOOX0IUMO, ITOOBI KOIMDOUITHEHT) B PA3IOKEHUT
(5.3) 6bLI GBI AOCTATOUHO MaJl. DTO U JAET JONOJTHUTEIBHOE YCJIOBUE, IPU KOTOPOM cjiabast KPUCTAIN3AIN MOKET
OBITH peaIN30BaHA.

Tak Kak moJe @ SBJISeTCcss KOPOTKO-BOJTHOBLIM, TO KO3 HUIMEHTHI pazioxkenus ¢yukiuonana Jlangay F mo ¢
CYIIECTBEHHO 3aBUCAT OT BOJIHOBBIX BEKTOPOB mojigd ¢. Koadbdunmenr 7 B (5.3) apnsercs dyurnueii abCoOMOTHOTO
3HAYEHUd ¢ BOJTHOBOIO BeKTOPa q. Mbl Byiem paccmarpuBaTh ciaydail, koraaT(q) J0CTUraeT MEHUMYMa Ha, HEKOTOPO
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cdepe pammyca qo B obpaTHoM mpocTpancTBe. Ilpu uccremoBanuu BAyKTyarmii ¢ ¢ BOJTHOBBIMU BEKTOPaMu BOIU3U
cepnl ¢ = ¢o B 0OOPATHOM HPOCTPAHCTBE MOXKHO PA3JI0KUTH GyHKUMIOT(¢) B pas BOIN3M MHHUMYMA, YTO JAET

7(q) =a+b(g— q)* (5.4)

3neck k03D dUIMERTHI @ w b y2Ke He COMEPIKAT KAKOH-TM00 3aBUCHMOCTH OT ¢. 3aMeThM, 9T0 a@ = T(qp).
Paznoxenwe (5.4) onpaBaaHo, ecau st XapaKTEPHOTO BOJIHOBOTO BEKTOPA (DIyKTyaruiiy BBITOIHEHO yCIOBHE

lg—qol < q - (5.5)

B nmanbredimmem Mbr OyieM npeanoararh yeaosue (5.5) BRIMOIHEHHBIM (COOTBETCTBYIOMMN KPUTEPHii GyIeT IPUBEIeH
amke). [Ipu yemosun (5.5) xoadbdunuent p B (5.3) MOXKET CIATATHCSA KOHCTAHTON, TAK KAK €IWHCTBEHHOH BO3MOK-
HOCTBIO /ISl TPEX BOJHOBBIX BEKTOPOB B apryMEHTE (4 B CHIy g1 + g2 + g3 = 0 u |q1| = |g2| = |g3| = qo aBngercsa

UX PACIIOJIOKEHHE BIOIHL pedep MPaBUIbHOIO TPEyrOJbHUKA. TaKoe paclioNorKeHne He UMEET CTerneHeil ¢BoOOIbI, OT
KOTOPBIX MOYKET 3aBUCETH (. IIPEIIIOIOKIM TaK2Ke, U9TO BBIIOJIHAECTCA yCIOBHEA = const. DTO MO3BOIHT JAJIEKO IIPO-

JBUHYTHCSA HAJTMTHYECKH B HCCJICJIOBAHMY CJIA00H KPUCTAIM3ALUE, & TAKXKE YCTAHOBUTD €€ OCHOBHBIE KAYCCTBEHHBIE
OCODEHHOCTH, UMEIOIINAE MECTO W IPHU ITPOM3BOJILHON 3aBUCHMOCTH A OT BOJHOBBLIX BEKTOPOB. 1IpM 3TUX yCIOBUSAX
(A = const u p = const) WiIEHBl TPETHLETO U YETBEPTOro Mmopsijaka B dyukinuonaie Jlannay (5.3) npuobperaior ciemry-

IOIIYIO JIOKATBHYO dopmy
oo = By A
mt—/dr{ 7t o } (5.6)

IMapamerp a, BBenenusiit (5.4), MeHger CBOH 3HAK B OKPECTHOCTH TOYKH nepexosa. CieoBaTesibHO B TOM CIy4ae,
Kora (Paz’oBBIl MEpexol UMeeT MEeCTO TPHU U3MEHEHWHM TEeMIIePATYPBI, JJid TOr0 MapaMeTpa MOYKHO HCIOTb30BATD
CIeyIoIIee BhIpayKeHne

a=a(T-T7). (5.7)

31ech a — HekoTopas KOHCTaHTa, a 1 — TeMmepaTypa, IpH KOTOpOil mapaMeTp a obpammaeTca B HOJMb. Tak Kak
PaCCMaTPUBAEMBbIH Mepexos ABJIAeTCS MepexogoM IepBoro poJa, ToT™* He COBNAJAET ¢ TeMIEpaTypOil KpUCTALIA3A-
K, XOTd 1 6;u3Ka K Hell (jyist cinabo-kpucraam3anuontoro nepexona). C yyerom uepasencrsa (5.5) 4ieH BTOPOro
nopsijaKa B passoxkenuu dbyuxiuonana Jlanmay (5.3) Moxker GbITh Lepernucat B CJAEAYIOMEM JOKAJIbLHOM BUE

F = [dr (ag/2 0 [T + )]’ f5a3) (5.8)

Wsyuum cHagasa caabyr KPUCTAJIM3AINI B TPUOJIVKEHUN CPEIHEro mojist. 1orma Mbl JOIXKHBI HAUTH MUHUMYM
dyukimonana Jlanaay 1o varphi, KOTOpBIA U ONpeseNuT CpeHee 3HaUeHne napamMerpa nopsaaka (p). dcuo, 4ro npu
ycaoBuax (4 = const mw A = const munuMmywm dyukimonana JlaHgay OTHOCHTENHHO BAPHWAIUH BOJHOBBIX BEKTODPOB
JIOCTUTAETCsI TIPH BOJHOBBIX BEKTOPAX ¢ = (g, TO €CTh TOJBKO TAKHME TAPMOHHKH COmep:KaTca B cpemueM (). Takum
00pa30oM, MBI MOXKEM 3AIMKUCATH ITO CPEIHEE B BUJE CyMMbBI OCHOBHBIX TAPMOHUK:

(p) = 2Rez ¢; exp(ig;r) . (5.9)

3aeck ¢; — (koMIuIekcHbIe) K03 UIUeHTH, aq; — HabOP BOIHOBBIX BEKTOPOB (110 a0COTIOTHON BETMYHHE PABHBIX()),
KOTOPBIA ONpeesgeT CHMMETPUIO HE3KOTEMIIEPATY PHON (has3bl, KOTOPYIO Mbl H3Y4Ya€M.

IIpusenem npuMeps dhas, KOTOPbIE MOI'YT BO3HUKATH B pe3yJIbTare (ha3oBoro nepexosa (nepexosos). B mpocreiiem
ciydae B HabOpe g; UMeEeTCs TOILKO OLUH BEKTOD, M, COOTBETCTBEHHO, IMEETCS TOILKO ONHO ciaraemoe B (5.9). Do
03HAYAET, YTO BO3HUKAET OJHOMEDHAs (B OJHOM HAIPABJICHUN) MOYJIAIUS [LJIOTHOCTHU:

(¢) = 2V/A cos (¢ + qo2) - (5.10)

31eco och Z BLIOpaHa BIOJIb HAIIPABJICHUS MOIYJIAINN ILIOTHOCTH, 8A U ¢ OLpenensaioT aMILINTYAY U (hbas3y MOLYIIINA
mpoTHOCTH. Paza ¢ Takol MOMYIANMEH HA3BIBAETCS CMEKTUUECKOM, TOUHEee, 9Ta MOIYJISINS COOTBETCTBYET CMEKTHKY-
A (M1 Gyuem oboznadars Takyio dasy SA). Cmekrudeckue (asbl 4aCTO BCTPEUYAIOTCS B YKUIKO-KPUCTAJLIAIECKOM
cocrosiunu. Crenyrommeil o ciaokHOCTH sBisiercss das3a, Korna Habop g; COCTOUT M3 TPEX BEKTOPOB, COCTABIISIOINX
IpaBIILHLIA TPEyroJbHMK. B 3TOM ciIydae BO3HHKAeT ABYyMepHAas MOIYJSAIHUS ILUIOTHOCTH, TOYEYHAS CUMMETPHS KO-
TOPOIt OIpeesercst OCbI0 IIECTOr0 HOpAAKa (IepHeHIUKYISIPHON K IJIOCKOCTH, B KOTOPOH jaexarg;). Mul Oymem
oboznauars 31y daszy Djp. Pasbl TAKOH CUMMETPUH 4YaCTO BO3HUKAKT B YKUIKO-KPUCTAJTHIECKOM COCTOSTHUH, TIE
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OHU HAa3BIBAIOTCH KOJOHYATHIMHU, TAK KAK COCTOST M3 KOJIOHOK AuCKOOOpasubix mosmekys. IIpocroit kybudeckoit da-
3e COOTBETCTBYET HAOOP TPEX BOJIHOBBIX BEKTODPOB g;, HAIIPABJIEHHBIX BJOJb pebep kKyba. OObeMo-LeHTPUPOBAHHON
kyOmaeckoit dpaze (BCC) coorsercTByer HAGOD IIECTH g, SBJISIOIIAXCA JHATOHAISME HEKOTOPOTO KyOa. Bo3MOKHBI
u 6ojiee CIOXKHBIE KPUCTAJLIMIECKHE CTPYKTYPhl. KpoMe TOro, mpy MOHUKEHWHM TEeMIIEPATYPBI MOTYT BO3HUKATH U
KBa3MKpuCTALInIecKre (has3bl, He UMEIOIUE CTPOroil MePpUOINYIecKoil crpykTypbl. Hampumep, takoi daze coorBert-
crByer HABODP g;, COCTABAAOIMX pebpa MKOCasapa (Takoro copra CuMMeTpus HAOJIOAAETC y HEKOTOPBIX BEIIECTB
9KCIEPUMEHTAIbHO). MOXKHO HpencTaBuTh cebe u 6osiee MPOCTYIO HEMEPUOTMTIECKYIO CTPYKTYPY, CKaxKeM, Habopg;,

COCTABJIAIONINX TPABUIBHBIN MATUYTOJbHUK.

B npuniune, nago nepebparh BCe BOZMOMKHBIE CHMMETPHH, BEIYUCIATH COOTBETCTBYIOIINE UM 3HAYEHUS (DYHKITHO-
Hasa Jlanjay (sHeprun) u HallTH ero abcooTHBIN MUHUMYM. Takast 3a7a49a HUKEM He PeIlleHa, TOCKOIbKY OHa TpebyeT
mepebopa GECKOHETHOTO KOJMIECTBA BAPUAHTOB. TeM He MeHee, MOXKHO JTOCTATOYHO YBEPEHHO MPEICKA3ATH XapaKTep
¢ba30BOM AUArPAMMBI CUCTEMbBI, UCXOHA U3 CJASAYIONUX COOOPasKeHMIA.

Paccmorpum chavasia wiensl Broporo u yerseproro nopsaakos B (5.3). IloncraBum tyna seipaxenue (5.9), caurasi,
YTO BCE Cj UMEIOT OJUHAKOBYIO aOCO/IOTHYIO BEJIMYUHY VA. 310 TpeboBanme (PABEHCTBO AGCOMIOTHBIX BETHUHH ¢j)
€CTEeCTBEHHO BO3HUKAET, €CJIN IoTpeboBaTh, YTOOB HH3KOTEMIIEpaTypHas pa3a obaamana TOH AN MHOH TOYEIHON
CHMMETPHEH, [OCKOJILKY 3IeMEHTh! TOUEUHOH IPYLILI IIEPEMEIIUBAIOTC; MexXay coboit. Mbl HaxonuM

FJV =aNA+ %(NQ — N/2)A?%, (5.11)

rae N — aucio caaraemsix B (5.9). Ilpu soiBoge (5.11) MBI IpeanoIarann, 9TO Cpeay BOTHOBBIX BEKTOPOBY; HET UeT-

BEPOK, U3 KOTOPHIX MOXKHO COCTaBUTh Y€THIPEXYTOJbHUK (MHA4Ye BF IMOsABUIKUCH Obl fonoaHuTenbube wienbl). Cpean
[EepednCIeHHbIX (a3 HU OTHA He 061a1aeT TAKMMHU Y€TBEPKAMHE, IOSTOMY HHKE Mbl HTHOPHPYEM TAKyI0 BO3MOKHOCTD.
Munnvusupys (5.11) mo A, mbr nonygaem (ipu yeiosun, uto a < 0) F/V = —a?N/[N\)(2N — 1)]. Ouesnnno, uto

nist nesibix N MUHUMYM 9TOr0 Bbipaxkenus pocruraercd npu N = 1. TloaroMy npu 10cTarodso GoJIbIIUX 10 aDCOII0T-
HOH BEJIMYHUHE OTPUIATEIBHBIX 3HAYEHNSIX ¢ BCETAA peanm3yercd cMekTHdeckas (SA) dasa, rie B Habopeq; nMeeTcs

€IMHCTBEHHBII BEKTOD.

ITpu yMepeHHbIX a BCTyIaer B Urpy KyOudeckuii wien B (5.3), KOTODBIH CTPEMUTCs ILJIOAUTH TPONKU BEKTOPOB,
COCTABJIAIONINX IPABUIBHBIE TPEYTOJbHUKK (TakK KaK TOJBKO HA TaKUX KOH(MUIYDAIMIX ITOT YIEH TPETHErO MOPSIKA,
OTIIMYeH OT HyJs). B pesymprare KOMIPOMECCA MEXKIY ABYMs 3TUMF TEHJEHIHSIMA TIPH MOBBIIEHUN TEMIIEPATY PhI
BO3HHUKAET KacKaJ, (DAa30BBIX [EPEX0/I0B

SA— D, —BCC -1, (5.12)

rae | ozmadaer m30TponHyo (Kunkyio) dasy. Jis obenx npomexyrounsix dha3 On u BCC) nabopsl q; comepxar
TPOITKH, COCTABIAIOMINE 3aMKHYTBIC TPEYTOIbHAKH. JJOBOMTBHO MHOTO TaKWX TPOEK W B Habopeq;, HaIpaBICHHBIX
BIOIL pebep mkocasnpa. Ho B caydae A = const sHepPrus COOTBETCTBYIONIEH KBa3MKPUCTAJLINYECKON (hbasbl Beerma
OKAa3bIBAETCs BBIE, YeM 3Heprnu (a3, mepedncieHHbix B (5.12). He HWCKIIOUEHO, BIPOYEM, 9TO HKOCA3APHIECKAS
daza peammsyercsa Ha (HazoBoOM AuarpaMme B Ciiydae 00Jiee CJI0XKHON 3aBUCUMOCTHA OT BOJTHOBBIX BEKTOPOB.

Temnepsb MbI IEPEXOANM K HUCCIEIOBAHUIO (DAYKTyaHil MapaMerpa mopsaaka, (yHKINA PacipeaeIeHnsT BEPOITHOCTH
KOTODOT'O OIPEJIETIAETCs, KAaK U paHblie, BoipaxkenueM (1.3). OTMmernM, 4ro, CKaxkeM, HETPUBOAUMAS TIAPHAS KOPpe-
JIAAOHHAS (QYHKIUS TApaMeTpa MOPSIKa

G(ry,m2) = (p(r1)e(r2)) — (0(r1))(p(r2)) (5.13)

B Hu3KoTemneparypuoii dasze (daszax) sasucut, Boobie TOBOPs, HE TOJLKO OT PA3HOCTH KOODAUHATT] — T3, HO OT
obonx aprymenToB. eno B ToM, uTo Takas dasza B CUIy 3aBUCHMOCTH (@) OT KOODAUHAT SIBJISIETCS HEOIHOPOTHOMN.
Tlosromy u B @ypbe-TipeacTaBieHnn MapHas KOPPeJIAnuoHHas (DYHKIUS 3aBUCUT OT NIBYX BOJHOBBIX BEKTOpPOB. To
2Ke CIIPABeIJINBO U /I KOPPEISIUOHHBIX (DYHKIWI TPOU3BOIBHOTO TTOPSIKA: B CHIY HEOTHOPOIHOCTH CHCTEMbI OHU
3aBHCAT OT BCEX CBOUX APTyMEHTOB.

Kak u B maparpade 2, misd KOppeasnuoHHBIX (YHKIUA TapaMerpa MOpsSaKa MOXKHO chOPMYIHPOBATHL TEOPHUIO
BO3MyIlieHuil. B psiny Teopuu Bo3myInenuii OyayT Temnepb (GUTyPUPOBATH UJIEH TPETHErO U Y€TBEPTOrO TMOPSIIKA, TPHU-
Bezernbie B (5.3) wu (5.6). CoOTBETCTBEHHO, B MarpaMMHOM Dsijty OVyT (DUTYPUPOBATH BEPIIMHBI TPETHErO MOPS KA,
(koTopbIM conocrapiigercd (GakTop fi) U BEPUIMHBI Y€TBEPTOrO MOPsiAKa (KOTOPBIM comocrasigercd dakrop ). 3a-
TPABOYHBIE 3HAYEHWS] KOPPEJSIHOHHBIX (DYHKIHUHA ONpenessiroTcst 4ieHoM Broporo mnopsaka (5.8). Kak u panbire,
B MArPAMMHOM Dy JJjid KOppeasuuoHHoi (hyakuun (5.13) MOXKHO BBLAEIUTHL ‘COBCTBEHHO-IHEpreTudeckue’ 6,10-
Ku (KOTOpbIE HeJIb3d Pa3pe3aTh 110 OJHON JIMHUK), KOTOPbIE COOUPAIOTCS B ‘COOCTBEHHO-IHEPreTHIECKYI0  (DYHKIIUIO
Y. Iockonbky ¢dyskiusa G 3aBucuT Terepb 0T 0DOMX APryMEHTOB, TO CBiA3b MexkAy G u % yao0Hee BBIINCATH B
T-TIPE/ICTABICHUN:

TG(r,r) — /drgZ(’r,rg)G(rg,rl) =T6(r —ry). (5.14)
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L+ Y+

Puc. 20: OgronereBoii BKAaI B 2.

Bnece 7 — muddepennnanbHbIil onepaTop, AeiiCTBYIONmil Ha ApIYMEHTT, SBHBII BUJ KOTOPOTO MOYKET ObITh H3BJIETEH
u3 (5.8):

F=a+b(V2+ )24 . (5.15)

Barpasounoe 3nauenue G koppessiiuonnoit dyuxiuu (5.13) nonyvaercs, ecau nonoxuth B (5.14)3 = 0. fcuo,
410 (Gg 3aBUCAT TOJBKO OT Pa3sHOCTH r — r1. B ®ypbe-IpeacTaBieHni BbIpasKeHne I 3aTpaBodnoi ¢ynkimu Gy
AMeeT BU,

T

GO(q) = a+b(q_q0)2 .

(5.16)

3/ech MBI OIIATH UCIIOJIb30Ba M HepaBeHcTBo (5.5). OTrmerum, uTo Br-npeacrasienun Gyukiwa Go aBiagercs 6b1cTpo
ocuM/Iupyoneil QyHKimei r:

Go(r) sin(qor) exp (—MT) . (5.17)

_ d0

2/ ab
Mpw erancaennn (5.17) MbI CIUTAIHN, YTO WHTErPAJI 110 ¢ ONMPEAETISETCA Y3KOH OKPECTHOCThIO chephl ¢ = go.

OxasbiBaercd, B TeOpUU CJa0OH KPUCTAJUIN3AIUY TJIABHBIM IPUOIMIKEHUEM JJid Y. fBJIeTCd OJHONeTIeBoe (Ha
quarpaMMHOM a3bike) [Brazovskii, 1975]. B sTom npnbiankeHnuY onpeaenseTcsa cyMMOi TuarpaMM, IPe/ICTaBIeHHBIX
Ha pucyHke 20. Ha sToM pucyHKe mycroil Kpyr (TpoiiHas BEPIIHUHA) COOTBETCTBYET (DAKTOPYL, & 3AIOTHEHHBIR KPYT
(uerBepuas Bepumna) — (akropy A. Ileriga Ha ITOM PUCYHKE COOTBETCTBYIOT MAPHON KOPPEJIIUOHHON (hyHKIMU
(5.13), a yiuHKMU cO CBOBOAHBIMU KOHIIAMHU COOTBETCTBYIOT cpeanemy (). [IpuBenentoe auarpaMMHOE [IPEICTABICHIE
JIETKO MOKeT OBITh IEPENUCAHO AHATNTUYIECKHN A caydag\ = const. Ilpuanmas BoO BHUMaHMe, 9TO TaKXKe (4 = const,
MBI HAXOJIUM

S(r.m) = <u<<,o<r>> ()22~ AG(r, r>/2>5<r ) (5.18)

Beemem cienyroree obo3nadenne

A =a+ Xe(r)2/2+ A G(r,r)/2, (5.19)

rae uHuA a7 GyHKIMeH KOOPAMHAT O3HAIAET NPOCTPAHCTBEHHOE Cpeanee. JIpyrumu caoBaMu, Tuans Ha GyHKIAER
O3HAYAET, UTO B HEll HAJO OCTABUTDH TOJBKO HyneByl0 Oypbe-TapMOHUKY, & OCTAJIbHBIE OnycTHTD. Iloncrasas (5.19)
B cooTHomIenue (5.14), MBI HAXOANM

(A+b(V*+q3)* /45 — O(r)) G(r, 1) = T(r — 71). (5.20)
3aech © 03HAUAET COBOKYIHOCTH UJ/IEHOB, JAIOIIMX HOJIb MPU MPOCTpaHcTBeHHOM yepenuenuun:O(r) = 0. Ouycrum
cHagasia 3ToT dieH. B srom npubmmzkenun QyHkims G 3aBUCAT TOJBKO OT PA3HOCTH KOOpAMHAT ' — T1. Torna B
Dypbe-IpeacTaBIeHul Mbl HAXOMUM

T

9= Z 75—

(5.21)

D10 BBEIpazkeHue oramgaercs or (5.16) 3amenoiia — A. Mbr OymeM HA3BIBATH BesTAIUHY A METHIO, 9TO ONPABABIBAETCS
dopmoit dyukuun (5.21).
Boruucium renepb OMHOTOYEUHYIO KOppeadauonnyo ¢byakuuio G(r, ) Bxoasimyo B ypapuerue (5.18):

G(r,r) = /qu(q)/(27r)3 = Tq2/2m(bA)Y/2. (5.22)
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37ech MBI, UCIONB30BAB HEPABEHCTBO (5.5), OrPAHWYWINCH WHTETPHPOBAHUEM TIO OKpecTHOCTH Cdepsr|q| = qo B
obparaoM mpocrpanctse. Iloncrasnss seipaxenune (5.22) B (5.19), MbI IOMyUaeM CIEAYIONEE YPABHEHUE JIJIS TIEJIH

A=a+MNp(r)2/2+ A2, (5.23)
rae
B = \T'q3/4nbt/? . (5.24)

Tlepsble aBa wiena B npaBoil yactu (5.23) ABAAIOTCH CPEIHENOJEBbIMA BKJIAIAME, B TO BpeMs KaK MOCIETHUI HjIeH
BO3HUKaET Oaaronapst PJyKTyalumdsiM.
Ncnomnb3yst (5.21), MBI MOXKEM OIEHWTH XapaKTepHOe OTKJIOHEHNEeq OT ¢o B WHTerpate (5.22):

lg—qol ~ (A/0)'2 . (5.25)
CreroBaTesbHO MJIsT TOTO, ITOOBI YCJIOBUE (5.5) BBITTOTHAJIOCH, HEOOXOUMO BBITIOJHEHE HEPABEHCTBA
A < bgg. (5.26)

DT0 XK€ HEPABEHCTBO O0ECIEYMBAECT BO3MOXKHOCTHL npenebpexkenusi wiena © B (5.20): oleHuBas CBA3aHHBIE C HUM
TOTMPaBKHI, MBI YOeXKIaeTcs 9TO OHE Masbl 1o napamerpy A/ (bgd).

Bamernm, 4To JJIst KUIKON (m30TporHoi) dassl, rae (¢) = 0, coorHomenue (5.23) sBIseTCs] 3aMKHYTHIM yPaBHe-
mueM jyist e A: A = a + BA~Y2. B oruuue or Toro, 9o uMeer Mecto mjsi (pa30BBIX IEPEXOI0B BTOPOTO POLA,
opu a — 0 pemeHune 3Toro ypaBHeHHH OCTaeTCA KOHCYHBIM, JaBad 3HAYCHHUE IIOPAIKA

A~ (N2T2q8 /)3, (5.27)

Bonee toro, ypasHeHne Ha mieib A MMeET peIleHue JIJisi IPOU3BOJBLHOTO OTPHUIIATETBHOTO 3HAYEHUAA. JIpyrumMu cio-

BaMu, GaykTyarmonnbie 3(h(MeKTh OKA3bIBAIOTCs CTO/b CUIBHBIME, 4TO OHU CTAabUIN3UPYIOT KUAKy0 dasy (TouHee,
nealr ee MeractabuinbHoM) naxke npu a < 0. Cronb cymecrBenHas posib (QUIyKTyanuil CBa3aHa ¢ UX OOJBIIUM
$a3oBbIM 00HEMOM, KOTOPBIM BKIIOYAET B €05 OKPECTHOCTH Iesoil cdepbiq = ¢o B oOpaTHOM mpocrpancTee. s

cpaBHenus, (a3oBbiit 06beM GAyKTyanuil mapamMerpa mopsaKa BOJU3U MEePexoia BTOPOro POJa ONpeessaercs Y3KOoi
OKPECTHOCTBIO HAdaJa KOODAMHAT B 0OOPATHOM IIPOCTPAHCTBE.

[TapamokcanbpabiM 00pa30M, B paMKax Teopuu Ciaboil Kpucraaau3anuu OobIinas cuiia, GIyKTyamuiit coueTaeTcs C
IPOCTBIM OJHOMETIEBBIM TPUOIMKEHNEM (ITO 3HAYUTETHHO O0Merdaer anaims). [Ipuanaa 9TOr0 3aKIYAETC B TOM,
YTO B MHOTOIETJIEBBIX JHATDAMMAX HEBO3MOXKHO 00ecrevduTh OJN30CTh BCeX BOJTHOBBIX BEKTOPOB Kqo. Iloaromy mme-
eTcd TOIBKO Majasd 00JacThb, KOTJa BCe g; IO abCOMOTHOMN BennInHe OIU3KA K (o, ¥ TOTOMY TTPH WHTETPHPOBAHUN IO
g; MHOIOIICT/IEBAA AUAIPAMMA IPUODPETAET 110 CPABHEHHUIO C COOTBETCTBYIOIIEH OJHOETIEBON AUArPAMMON MaJIOCTD,
KOTOpas OIpeeNsaerca HeKOTOPOil cTenenbio Manoro mapamerpaA/(bg?). IlopaepkaeM, 94T0 3TO CBOHCTBO CBA3aHO
UMEHHO C KOPOTKOBOJTHOBBIM XapakTepoM (IIYKTYAIWH ¢, BOIHOBBIE BEKTOPA KOTODBIX OJM3KW K ¢o (715 OOBITHBIX
G az0BbIX IEPEX0/I0B BTOPOTO POJIA HUKAKOI'O aHAJIOra 3TOr0 CBOWCTBA HET.

Kaxk ™Mbl yke 00bACHUIH, TPU MOHUKEHUN TEMIIEPATYPHI MOI'YT BO3HUKATH PA3InudHbie 0 cuMMerpun ¢asbl. UTo-
OBl OTpeiesinTh, Kakas u3 (a3 peaausyercd Npu MAHHBIX 3HAYEHUAX ¢ U [, HEOOXOMUMO BBIUUCIUTH UX CBOOOTHBIE
SHEPTUU U HAUTH HAMMEHBIIYIO U3 HuX. OKa3bIBAETCA, B PAMKAX T€OPUU CIa00i KPUCTALIU3AUK (C YIETOM (DIyKTY-
alyii) ynoOHee UMETh JIeI0 He C CAMHUMU 3HAYEHUSMU CBOOOIHOM SHEPTUM, a ¢ PA3HOCTIMU 3HAYEHUN CBOOOMHON s
paszimunbix da3. I[Tockonbky uzorponnas (Kujkas) ¢asza CyLIeCTByer DU [POU3BOJILHBIX 3HAYEHUIXG H (L, TO €€
MOXKHO HCIOJIb30BaTh, KAK PEIEPHYIO, TO eCTh OTCYUTLIBATH OT €e SHEPruu 3HAUEHUs IHEPTUH BCEX OCTAJIbHBIX (as.

Yr0o0b! cpaBHUBATH MEXKIAy cODOM 3HEPruu pasjnyHbIX (a3, MbI JOJKHBI CTAPTOBATH C ONPE/IeJIeHNs CBOOOTHON

SHEpPTUH
F _ F
exp (_T) = /Dgpexp (_T) . (5.28)

DT0 COOTHOIIEHUE CIIPABEIIUBO ist 1060l (asbl. Bosiee Toro, MoxkHO 3a(UKCHPOBATH IPOU3BOJILHOE CpeHes(p) 1
HAWTH COOTBETCTBYIOINILYIO STOMY CPEIHEMY CBODOTHYIO SHEPTHIO. A 3aTEM MOYKHO HAHTH PA3HOCTH IHEPTUH PAZTUIHBIX
das, nocrenenno rparcopMupys (p). DTO COOTBETCTBYET IBOJIONUA COCTOSHUST CHCTEMBI, BBI3BAHHON M3MEHEHUEM
‘sremnero nosist’ h (B dyskimonan Jlannay ciegyer nobasuth dineH — [ dr hy), npudem h = 0 B HaYaje U B KOHIE
nporecca (Tak Kak HAYa bHOE U KOHEYHOE COCTOSHUS COOTBETCTBYIOT JIOKAJIbHBIM MUHUMYMaM CBOGOJHOI SHEprun).
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YTo6BI BBIOMHUTE Ty TPOTPAMMY, MBI MOACTABIIEM JEKOMNIOZUIHIOY = (@) + ¢ (Tae ¢ onuceiBaeT (ayKTyamum
napaMeTpa TOPSIKa OKOJIO CpenHero 3uadenus) B (5.6,5.8) m HAXOMUM, yAEPKUBASA TOIBKO CYNIECTBEHHBIE YJICHBI
(BTOpOTO TOPsIIKA TT0 D)

F= o0+ [ ar {502+ om (74 @19+ 5Vad + 0t} (5.29)
2 8¢2 2 24
COOTBETCTBYIOIIUE OIHONETJIEBOMY IPUOIUKEHUIO. 3JeCh Mbl CUMTAEM, YTO CpeaHee 3amaercs cymmoit (5.9), B Ko-
Topoit umeiorca N craraeMbIx U TJe Bee ¢ COBNAAAIOT 1o abcomornoit Bemmunne: c;|? = A. Torma sxaax F({y)),
KOTODBIN OTIpeJiesisieTcss CPEIHUM 3HAUYeHneM @, sieasiercst dbyrkumei A. Ora dyukims onpegensiercss (5.11) (mpn
TeX JKe IPEIOIOXKEHNSIX, TO eCTh €CIN CPEIH BOJIHOBBIX BEKTOPOB(Q; HET YeTBEPOK, U3 KOTOPLIX MOMKHO COCTABHTD
YETHIPEXYIOJIbHUK ).

Tenepb MBI MOXKeM NOTYIUTE U3 (5.29) BRIparKeHWE JJIst TAPHOH KOppersanuorHoi GyHKun GiryKTyanuiip, Koropast
B TJaBHOM TpuOsmkenun copnagaer ¢ (5.21), rae menp A yaoemersopser ypaphenuio (5.23). Tlogcrasisis B 310
ypaBuenve (5.9) u Ipou3BOIs yCPEIHEHUE [0 IPOCTPAHCTBY, Mbl HAXOIUM

A=a+ANA+ A2, (5.30)
Hanee, Mmoxkuo HaiiTu Boipazkenue nis dF/dA, 6eps npoussoanyo or coorHorierus (5.28):

T AT+ TRV, (5.31)

IJie MBI TIOJICTABUIH BhIpaxkenue s ((p)?) caenytomee n3 (5.21).

Pasymeercs, mis crabunbuoii (uiu, 6onee T09H0, MeTacTabuabHOM (daswl npoussoanaadF /dA nonxua GbiTh paBHA
HyJII0 B CHJIy TOIO, YTO TaKas (pa3a COOTBETCTBYET JIOKaAbHOMY MuHEMyMY F. IloaTomy misa mMeracTabuiabHBIX (a3
MBI HaxonuM u3 (5.31) ciemyromiee yciosue

BN

aN + A(N? — N/2)A + JA " 0, (5.32)

cBa3bIBamomiee aMuTyny A co 3uadenunem memn A. Ypasaenue (5.32) Bmecte ¢ (5.30) onpeaensior BenuauHbl A U
A st 1aHHOM (basbl.

Hapsiny ¢ atum, Beipaskenve (5.31) dopmanbHo onpeensier nponssonnyodE/dA nns npowussonbHoro A u, cie-
JIOBATEJIbLHO, Mbl MOXKEM HAlTH pasHOCTh Hepruil sannoil dasbl u xunkoil dasbl (raeA = 0) B BUAE CIAELYIONIErO
UHTerpaa

A
BN
F - Fig=F((p) + [ dA°~. (5.33)
0 \/K

Ipw 3Trom mompasymesaercs, uto menb A cazaHa ¢ A coorromennem (5.30). Beipaxkas u3 mero dA gepes dA m
HOJCTABJsAST Pe3yAbTaT B (5.33), MBI OTyYIaeM

F—ﬂiq:f(<w>)+¥(@—@o>f§—; (A7 =401, (5:34)

rae uagaeke 0 OTHOCUTCS K BeIMIHHE Ienu B xKuakoii dase. 3arem, ncnonb3ys (5.34), MOKHO HANTH PA3HOCTD 3HEPrUil
JUTST IBYX TIPOU3BOJILHBIX (has.

ITockosbky cTrabunabaas ¢Ga3a COOTBETCTBYET MUHUMYMY CBOOOMHOIN dHEPruu, (DA30OBBIN MEPEX0O] MPOUCXOIUT TOTIA,
KOTIa, SHEPTHA HEKOTOPOH (Pa3bl CPABHUBAETCS C IHEpTHElt asbl, KOTOpas ObLIa 10 cux mop cTadbmibHoit. TakuM obpa-
30M, TOUKY (haz0BOro mMepexona MOKHO HAWTH, TPUPABHUBAS HYJIIO PA3HOCTDb dHepruil a3, HAlTeHHYIO B pe3yibraTe
onucaHHoO BhIIe TporeAyphl. Bee dasosbie miepexopl, HalijleHHble TakKuM 00pa3oM, OyayT (ha3oBBIMU TMEPEXOIAMHI
mepBoro poja. IlpuBemeM pe3ysbraThl aHAJN3A, OCHOBAHHOTO HA MPUBEJIEHHBIX cOOOparKenusix. DIyKTyaluu mpuBo-
aatT K momubukanun kackazaa (5.12), naiiaentoro B npubmkenun cperero noas. Ipu mameixy (u S (AT2gd /b)1/6)
UMeeT MecTo IpsaMoi mepexon I — SA w3 KUAKOH B CMeKTHYECKYIO (pa3y. OTMeruM, uTo 3a cueT (payKTyauuii SToT
MEePEXOJT, ABJISIETCST TEPEXOI0M TIEPBOT0O POJIA, XOTs Tpu i = 0 3TOT MepPexo/l SABJISIETCT HEMPEPBIBHBIM B TEOPUH CPEJIHE-
ro nojg. [Ipu yBesuuenuu p (KOrja KapTUHA, MOCTENEHHO NPUOIMIKAETCA K CPEIHEN0/IeBoi) Ha (Da30Boil quarpamme
cuauasna nogsisderca Dp-daza, a 3arem u BCC-daza, u rem cambiM BoccraHaBiaupaercs kackas (5.12).
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3agaun

3ama4da 5.1

Cuuras 1 = 0 HAWTH TOYKY OKOHUAHUS Umax CYIIECTBOBAHUS (METACTAOMILHON) CMEKTUIECKOH (Dasbl.

3agaga 5.2

Cuurag p = 0, HaliTH 3HAYEHHE A, TP KOTOPOM MPOUCXOAUT (DABOBBIN TEPEXO KUJKOCThb-CMEKTHK. DIyKTyamnun
(0 HOJI2KHbBI ObITH IIPUHATHL BO BHUMAHUE,

Pemenne zamaun 5.2
Oynukinonal Jlangay mjis paccMaTpHBAEeMOTO CIydast HMeeT BHUJ

_ a 4 b 2 o 12, Ay
]-'f/dr {2g0 +8q3 (V2 +a3)e] + 4% } (5.35)

() = 2V/A cos(go2) - (5.36)

Vpaguenus [jig mean B Kuakoil dpase Ag u B cMeKTHYeCKOl (ase A uMmeroT Bum,

p
Ag = , 5.37
0=t A, (5:37)
p
A=a+ M+ —. 5.38
VA (5.38)
Yenosue dF/dA = 0 naer
AA 16
+—+-==0, 5.39
at ~ (5.39)
p
A=—a— —, 5.40
VA (5.40)
rae yureno coorHomenune (5.38). Venosue, caeayromiee u3 paBeHcrsa suepruii das
28 x Ay B a1 At

MOXKET OBbITh NEPENnnucano, Kak
VA 4+ /Ay = 32 (5.42)
a

Bamerum, uro B cuny F({p)) < 0 mbr Haxomum u3 (5.41) uro A > Ay. Beenem 0603HaueHUs

VAg VA

T = 5173 yzm. (5.43)
Torma mbl monydaem u3 (5.42)
a=— iﬂj_/; . (5.44)
Ioncrapnasa (5.44) B (5.37,5.40), MBI HAXOTUM
z2:7miy+é, (5.45)
y‘z:xiyfi (5.46)

13 cucremst (5.45,5.46) MOXKHO IIOJIY9IUTH COOTHOIIEHNE

zt =23y — 222 + 4y =0.
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Omno cBomuTCA K KBaapaTHOMy ypasrernto quaé +£ ! rae € = y/z. Beps momokuTebHbIi KOPEHb 3TOTO KBAJAPATHOTO
YPaABHEHUsI, Mbl HAXOIUM

E-(V3+1)E+1=0.

Benomunas, aro £ > 1 (Tak kak A > Ag) MbI HOIy9aeM

§:§:¥+ ? (5.47)
Hasee, Mbl noydaem u3 (5.45)
(z+y)° =1+ —2) =2"231.
U, nakonern, Mbl HaxonuM u3 (5.44)
a— —33/19-1/632/3 (5.48)

6. ®IJIIYVKTYAIIVMN B CMEKTUKAX

CumerTrdeckne (pas3bl MTUPOKO TTPEICTABICHBI B XKUJIKOKPUCTAJLIMUYECKOM COCTOSTHUH BEIIIECTRA, COCTOSIIIET0 U3 MOJIe-
KYJ1 BRITSHYTOH (hOpMBI (KaK MPABUIIO, 3TO OPraHUIECKHUE MOJIEKYJIbI, TOCTPOSHHBIE U3 HECKOJbKUX OJIOKOB, [OCIEI0BA-
TEJIHHO COEIUHEHHBIX MEXKy c0o00ii). CMEKTHKY XapaKTepU3yITCd OJAHOMEPHON MOYIANUel IIOTHOCTH, YTO JeaeT
UX CBOUCTBa IIPOME2KYTOYHBIMU MEXKJAY KHUAKOCTAMHN WM KPUCTAJJIaMK (B nocjegHneM Ciyvdae MOAYJIANNA IIJIOTHOCTH
stBJIsieTcst TpexMepHOii). CMEKTHKH MOYKHO TPECTABIATh cebe, KaK CUCTEMY CJIOEB, KayKblil W3 KOTOPHIX SIBISETCS
rHByMepHOI‘/JI KUIKOCTBIO. HO3TOMy CJION MOTyT ITPOCKAJBL3bIBATH APYTr OTHOCUTEJIBHO APYyTa, TakK 9TO C,ELBI/IFOBBIﬁ MO-
Jy7b YIPYTOCTH B CMEKTHKE OTCYTCTBYET. B TO 2Ke BpeMsa cucTeMa 00/1aaeT YIPYTOCThIO IO OTHOIIEHUIO K CXKATHIO
B HAIMIPABJIEHNW, MEPIEHANKYISIPHOM K CJI0sM (HMEHHO B 3TOM HAMPABIEHUM W MMEET MECTO MOIYJISAINS TIIIOTHOCTH).
I/IMGIOTCH Pa3JINYHbIE CMEKTHUYECKHEe d)&BbI, KOTOPbBIC OTJINYAIOTCA APYT OT APYyra CI/IMMeTpI/IeIU/I CMEKTUYECKUX CJIOEB.
Mbl GyemM paccMaTpuBaTh IMPOCTERING CiIydail, KOraa CMEKTUIECKUE CJIOU ABJISIOTCA U30TPOIHBIMY (TAKHE CMEKTUKY
HA3BIBAIOT CMEKTUKAMU-A).

B cuny oTcyTCTBHS CABUTOBOIO MOLYJ/SI CMEKTHK JOBOJIBHO JIETKO AehOpPMUPYETCs IIPH IPUIOXKEHNN BHEITHE CIIIB.
HO TOHN 2Ke OpuYrHe B CMEKTHUKE OKa3bIBAaIOTCA BECbMa ‘MHFKI/IMI/I’ (bﬂyKTyaL[I/H/I CMEKTUYIECKUX CJIOEB. Tquee, ABJIA-
IOTCA MATKUMU UX I/I3I‘I/I6HBI€ Cb.)'[yKTyaL[I/H/I, TOCKOJIBKY OHU HE CBA3aHBI CO CXKAaTUEM CJIOECB. STa MATKOCTDb IIPUBOOUT
K TOMY, 9TO JaXKe€ OTHOCUTETHHO HEOObINE N3rnOHbIe (DAYKTYaIlnn, BO30YKIaeMbIe 38 CIET TEIJIOBOTO JIBUKEHMUI,
CYIIECTBEHHO BJIUSOT HA MaKPOCKOIHYECKHE XAPAKTEPUCTHKH CMEKTHKA. DTHM CMEKTHKH CHJIBHO OTJIHYAIOTCS OT
KPUCTAJLIOB, [Ie JIMHHOBOTHOBBIE yIpyrue (hayKTyalyu (3ByKOBbIE BOJIHBI), BO30YZK/IAEMbIe 33 CUET TEIJIOBOrO JIBU-
JKEHUsl, HE BJAUAIOT CYIIECTBEHHO HA MAKPOCKOIIMYECKNE CBONCTBA BEIECTBA. B HacTosdmem maparpade Mbl pasdepem
PO/b AJIMHHOBOJIHOBBIX TEIIOBLIX (PIYKTYalUil, CBI3aHHBIX C AedopManueil CMEKTHYECKUX CJI0€B, B (PU3UKE CMEKTHU-
gecknx ¢as. [logugepkHeMm, 4T0, B OTINYME OT TMPEABIIYIINX MaparpadoB, Mbl He OyIdeM NMpeanonaraTh, YTo CHCTEMA
HAXOIUTCSA BOJM3N KAKOM-AMO0 TOUKK (Pa30BOr0 MEPEXOa: HAIMe PACCMOTPEHNe OTHOCUTCS K JIIODOH CMEKTHIEeCKOIt
daze BHE 3aBUCUMOCTH OT €€ TEMIIEPATYPHI.

Kak mbl yke ormedasin B naparpade 5, napamMerpom opsifika JiJisi MePexoia U3 KUJAKOM B CMEKTHYECKYIo (azy
styIsiercst ToryOrHa Momyasiin rutoTHocTH (5.1). B cMekTrdeckoit daze GayKTyannsMu MOLYIIS apaMerpa TopsiIKa
MOXKHO TIpeHeOpedb TaKKe, KaK MOXKHO TpeHebpedb (IYKTyaIlusiMu MOIYIS MAapaMerpa MOPSIKa B HU3KOTEMITEDa-
TypHO# (ba3e, KOTOpasi BOSHUKAET B pe3yibrare (pasoBOro Mepexoia BTOporo posa. Ho Mbl yxke 3HaeM, 9TO y MHO-
TOKOMIIOHEHTHOTO MapaMeTpa MOpsiika B HU3KOTEMIIEpaTyPHOH (hase 0CTATCs MATKUEe CTENeHN CBOGOIBI (HATIpUMED,
yroJI MOBOPOTA JBYXKOMIIOHEHTHOIO IapaMeTpa nopsijaka). TouHo Tak:Ke B CMEKTHIeCKOil dhaze y napamerpa mnopsij-
Ka OCTAaITCd MATKHUE CTelleHnu CBO60,HBI, KOTOpPbIE KaK pa3 U CBA3aHbI C AJIMHHOBOJJIHOBBIMH ,He(bOpMaLLI/IHMI/I CUCTEMBI
CMEKTHYIECKHUX CJ0eB. DTu aedOpMalni, Kak U B KPUCTAJIE, CJIeyeT OMUCHIBATH B TEPMHUHAX CMEITEHUsIY OT PaB-
HOBECHOTO MOJIoXKeHNsi. Ho B oTiimume OT KpHCTAAa, IIe CMeIIeHNe sIBISETCA BEKTOPOM, B CMEKTHKEU SIBJISIETCS
CKaJIAPOM, TaK KaK CMeIeHrne CMEKTUYICCKOTO CJI0d MOXKHO BBECTH TOJBKO B HaIPABJCHUN, IEPIICHAUKYITAPHOM 3TOMY
CJI010.

B ocroBHOM cocTosiiuu (KOTOPOE COOTBETCTBYET MUHUMYMY CBODOIHON SHEPIUM) CMEKTUYECKHUE CJIOU 1aPAIIICbHBL
¥ 9KBHIUCTAHTHBI. HampaBum ochb Z NEpIEeHAMKYISPHO PABHOBECHBIM CMEKTHYECKHM CJIOSM, TOLAA U OyIeT cMmele-
HUEM CJIOEB BIOJIb TOH OCH. DHEpPrusi CMEKTHKA HE MOXKET MEHSThCd IpU npeobpasoBanuuu — u + const (4ro
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COOTBETCTBYET CMEIIEHHUI0 CMEKTUKA, Kak 11ea0ro). [osromy (Kak u B Kpucrasse) SHEPrud 3aBUCUT OT I'DAJUEHTAL.
B kBagparudHOM npubIAMKEHUHN TJIABHBIH BKJA B YIPYTYIO YHEPIUIO CMEKTUKA UMEET BHJL

B
Fen = /d37“ 7 (Vau)?. (6.1)

DTa 3Heprus CBA3aHA ¢ CKaTHeM (PACTSIKEHNEM) CMEKTHYIECKUX CJIOEB, TO ecTbB — Moaysb cxkarusa. Moayias capura,
KaK MBI yKE€ OTMEYa/u, B CMEKTHKAX OTCYTCTBYeT. Tem HE MeHee, DM DEIeHnH 33134, CBA3AHHBIX C yIPYTOCTHIO
CMEKTHKOB, HEOOXOMMMO MPUHATH BO BHUMAHWE BKJIAJ B 9HEPIUIO, CONEPKAINMI TPOU3BOIHLIE OTU TIO T, Y, TAK KaK
WHaYe Takue 33Ja9u OyIyT IJIOXO OmpeneseHbl. TakuM BKJIAJIOM SIBJASETCS 9ieH, COmeprKalinii BOIbITYI CTerneHb
rpajuenTa, dem (6.1):

Frx = /d3r %(VZu)Q. (6.2)

Baecs K — emie onuu Moayab ynpyrocru. Bruaasr Broporo nopsjka (6.1,6.2) BMecre y»ke KOPPEKTHO ONPENessioT
JUHEHHYI0 TEOPUI0 YIPYTOCTH CMEKTHKA.

CasizkeM Ternepb CMEIIEHNE U ¢ TTAPAMETPOM MOPAIKa ¢ (MOLY/IsIAei ILIOTHOCTH ), TOUHEE, C €r0 CPEIHUM [0 KOPOT-
KOBOJIHOBBIM (OJIYVKTyaIusiM. BbIparkenue jisi CPeIHEr0 3HAYEHU TapaMeTPa MOPAIKa B CMEKTUIECKOH dhaze 06Cy K-
manock B naparpade 5: (¢) o« cos(¢do + qoz), TAE Pp — HEKOTOPAsA KOHCTAHTA. [IpUBENEHHOE BBIPAYKEHAE OTHOCHTCS K
OCHOBHOMY COCTOSIHUIO (MUHUMYMY 3Heprun ). s 1edopMUPOBAHHOTO YK€ COCTOSTHUS CMEKTHKA MBI MOXKEM 3aITHCATH

p(r) = ccos(9) . (6.3)

Hanomawnm, aro aGcoMOTHAS BEMUYINHA NApAMETPa TOPAIKA HAa OoIpmmx Macmrabax ‘3amepsaer’, tak uroc B (6.3)
MOXKHO CYUTATH KOHCTAHTOMU, & (DIYKTYAIIMYA CMEKTHIECKUX CJIOEB OMUCHIBAIOTCS TIEPEMEHHONp. 3aMeTUM, ITO YCJIOBUE
¢ = 27n (rae n — 1eJioe YUCI0) 3a4aeT MAKCUMYMbI IIJIOTHOCTH, TO €CTh ONPEIEISeT MOJ0KEHUE CMEKTHIECKUX CJIOEB.
B ocuoBHOM cocTosiHmu ¢ = oz + (g, ITO COOTBETCTBYET SKBHUIUCTAHTHBIM CJIOAM, MEPIEHIUKYIAPHBIM OCH Z, C
TOJMMHONR cjtod 27 /qo. B nedopMUpOBaHHOM K€ COCTOSHUM

¢ = qolz — u(r)], (6.4)

I7le ¥ — BBEJEHHOE HAMHU BBIIIE TIOJIE CMEIIEHNsT CMEKTHIEeCKUX CJIOEB.

Crporo roeopsi, npecrasienue (6.3) copaBeyIUBO TOJBKO JJIsl CIAydas a0l KPUCTAIIIM3ANNY, KOTJIA MOIYJIsi-
IIKsT TIJIOTHOCTH MaJia [0 CPABHEHMIO CO CPeJiHel IMIIOTHOCTHI0. B obIieM ciiydae MOmysisiiiust IJIOTHOCTH B OCHOBHOM
COCTOSIHUU $IBJII€TCH NEePUOAMYecKol (yHkimeil (KOTopyio MOxKHO paziaoxkuTh B psaig Pypoe). B nedopmuposannom
Ke COCTOAHUN

p(r) =Y cncos(n), , (6.5)

n=0

TJIE Cp, — HEKOTOPBIE KOHCTAHTHI U ¢1 = ¢. ECIn Mbl mHTEpECyeMCs JIMHHOBOTHOBBIMH A(POPMAIHAMHE, TO 34 CIET TOTO,
YTO pa3Hble TAPMOHUKHN 3aBI3aHBI MEXKAY 000, MBI IMeeM ¢,, = n¢ + 0, rae 0, — HOBbII HAOOP KOHCTAHT. Taxmm
obpasom, u B 00mmeM ciaydae GhakTOp ¢ MOJTHOCTHIO omnpenesser nedOpPMUPOBAHHOE COCTOsiHKE cMeKTHKa. llosromy
JaJbHeHIee PacCCMOTPEHNE HEe 3aBUCUT OT TUIYOWMHBI MOIYJISIIIAN TIJIOTHOCTH CMEKTHKA.

BameTnM, 9TO COCTOSTHRE CMEKTHUKA, 33/JAHHOE B TEPMUHAX TIEPEMEHHON(, HE TIPEANONaraeT (B OTINIHe OT CMEIeH st
u) BBENEHUsT KaKOU-mubo BblieseHHON ocu. [103TOMYy MMeeT CMBICI TIEPenucaTh YIPYryl 3HEPIHUI0 CMEKTHKA Yepe3
¢, UMesi B BHJY, UTO 3Ta IHEPrus JOJKHA ObITh SBHO BpaIlaTeIbHO WHBApWaHTHON. [Ipexe Bcero, B paBHOBeCHU
rpagueHT V¢ OTJIMY€eH OT HYyJst, OH 110 aGCOMIOTHON BeJIMYnHEe PABEH go. 3ATEM, SHEPTHUA JOJKHA ObITH MHBAPUAHTHA
OTHOCUTENBLHO TIPeoOpasoBanus ¢ — ¢ + const, rak kak casur ¢asel B (6.3) HE MOKET U3MEHUTH MAKPOCKOITHIECKOTO
cocrostausi. VI, HAKOHEI, TIPH MaJIbIX U IHEPTHsT CMEKTHKA IOIKHA TepexoanTh B (6.1,6.2). B pesysnbrare Mbl HAXOIAM

Fp= /d3r g <q02(V¢)2 — 1)2 , (6.6)

K
Fk = /d?’r qu—?(v%)? . (6.7)

Broipazkenne (6.7) aBageTcs npocThIM mepenuckiBanueM (6.2), B To BpeMs Kak (6.6) comepxutr B cebe HEITO HOBOE MO
cpasrenuio ¢ (6.1). A umenno, noacrasissa seipazkenue (6.4) B (6.6), Mbl nonyuaem

Fp = /d3r 5 (vzu - 2(vu)2)2 . (6.8)
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3/ech Hapsly € 4WIEHOM BTOPOro nopsizka (6.1) comepzkarcd TakzKe WIEHBI TPETHErO W YETBEPTOrO 10U IOPSJIKA,
KOTODBIE ONPENENsIoTes TeMm ke Momynem ynpyroctu B. Ilomaepkrem eme pas, 9To TOJIBKO TOaHAs cyMma (6.8)
obaiaeT BpalaTeILHOW HHBAPHAHTHOCTHIO, KOTOPOH He 00J1a71aeT KayKJ0e W3 CJIaraeMblX M0 OT/IeJIbHOCTH.

Temeps MBI TPUCTYIIAEM K U3YUYEHWIO POJIM (DIYKTYAIMI CMEKTUYECKUX CI0eB. Kak OOBIYHO, MBI CTAPTYEM C OIIH-
caHusd B PAMKAaX KBaJIPATUYIHOrO BKJIAAA B DyHKIMOHAI JlaH ay, KOTOPBIH 1jid cCMeKTUKOB onpeaessierca (6.1,6.2), a
3areM [PUMEM BO BHUMAaHMe B3auMmojieiictBue diiykTyaruii, KOTOPOe OIMUCHIBAETCS BKJIAJIAMEU TPETHErO U YETBEPTOrO
nopsinka B (6.8). O6beKkTOM HAIIEro W3yveHust OyIyT KOPPENSIHOHHBIe GYHKIUN CMelneHusiu. [IapHyo KOppessiim-
ounyI0 (pyHKIMIO MbI OyaeMm obo3Hadarh G:

G(r) = (u(r)u(0)). (6.9)

31ech yTI0BBIE CKOOKH O3HATAKT yepeaaenne ¢ dbyHKnueil pacupenenenus sepoataoctux exp(—Fp/T —Fi /T). Mot
Gy/ZieM HHTEPECcOBAThCS TaKyKe KOPPEIAMOHHBIMU (DYHKIMIMA MOIYJIAIMA IOTHOCTH (6.3), KOTOpBIE MOTYT HabJI0-
JaThCsd B 9KCIIEPUMEHTAX 10 HEHTPOHHOMY WJIH PEHTIEHOBCKOMY PACCESTHUIO HA, BEIIeCTBE.

BarpaBodHoe 3HadeHWe NAPHON Koppesaiuonnoil dyukmuu (6.9), nonygaiomeecs uz (6.1,6.2), B Pypbe-
MPEJCTABICEHUN UMEEeT BHU/I

T
G =—. 1
o(q) Bt Ky (6.10)
Herpyano nposeputsb, 9T0 MHTErpPaJ
d3q T
- qr) —————— A1
GO(T) / (277)3 eXp(Zq'r) qu ¥ Kq4 (6 )

pacxomures  (norapudMUYecKn) TPH MaJbIX ¢ W 3aBUCHT, CJIEI0BATEbHO, OT pa3Mmepa cucrembl L: Gy =
(47v/BK)~tIn(L/r). BeraucanuM cleayromnryio pasHocTh (0T pa3Mepa He 3aBUCATILYTO)

3
Go(0) = Go(r) = / (5733 Bqg? qu‘* X
[1 — exp(igr)] ~ Lf, (6.12)

4V BK

rue

1/4
¢ = Inmax Am_,A(IBf) Vizll, ri=va2+y?, (6.13)

u A — obpeska. B cuy aHU3OTPOIHYM CMEKTHKA CJIEAYET YTOUYHUTH ONpEaeIeHre 0DPEe3KU: 9TO MPEebHbIN BOJTHOBOM
BekTOp B miockocT X — Y. Ormerum rakxke, 4To npu BbraucsaeHud (6.12) Mbl y4id, 4TO XapakTepHOe 3HAYEeHUe

q. ~ K1/2B_1/2qf_ B MHTETDAJIE MHOTO MEHBIIE, 9eM ¢ = 4/¢2 + qg. IlosromMy B HOABIHTErPAJIBHOM BBIPAXKEHHUH

MOYKHO 3aMEHWUTD Ha ¢ . DTO Cpa3y MO3BOJISET PA3JIeIuTh WHTEIPUPOBAHNE TIOq, U (] .

Paccmorpum posib AJIMHHOBOHOBBIX yIPYTUX (hIYKTYaIuii CMEKTUKA B (GOPMUPOBAHUYN KOPPEIAIIMOHHBIX (DYHKITHH
MOJYJIANWHA TWIOTHOCTH . Ecam nperebpeds caMonecTBreM U, TO €CTh IIPUHATH BO BHUMAHUE TOJIBKO wieHb (6.1,6.2)
B pa3jiokeHun JIaHaay, TO BBIYUCIEHNE KOPPEJISINOHHBIX DyHKIm (6.3) cBoguTcst K [ayccoBBIM HHTErpaIaM 1 MOKET
ObITh npoaenano sisro. CpejiHee 3HAYEHIE MOLY/ISAIUE B COOTBETCTBUY ¢ (6.3) ONpee/sercs CAeAyIOIUM BbIPAKEHUEM

(cos ¢)o = cos(goz) exp <—;qg<u2)0> . (6.14)
Tak kak pemmunna (u?)y = Go(r = 0) TorapudMUYecKH 3aBHCAT OT pa3Mepa CHCTeMBI, TO cpelHee 3HAUCHHE
NPH YBGTAYCHUN PA3MEPA CUCTEMBI L CTPEMUTCH K HYI0 (MTPAaBIa, TOBOMLHO MEIJICHHO, KAK HEKOTOPAS CTeTeHb L).
MOXKHO CKa3aTh, 9T0 (DIYKTYALMH U PA3MBIBAIOT MOILYJIAIMIO INIOTHOCTH B CMEKTHKAX.

Berancimu Teneps (B TEX Ke MPEANOIMKEHUX) MAPHY0 KOPPEIANMOHAYH0 DYHKIIHIQ, KOTOPYI OOBIMHO HA3BI-
BaloT cTpyKTypHBIM (pakTopoM: S(r) = (p(r)¢(0)). CTpyKTypHBIi (pakTOp NPOHOPIUOHATIEH

S(r) o {cos () cos p(0))o = 1/2 - cos(goz) exp (—q5 (Go(0) — Go(r)) o ¢ cos(qoz) (6.15)
rie

Tq}

T IVBE

(6.16)
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)

Puc. 21: OgaomersieBoit BKIaT B COOCTBEHHO-9HEPTeTUIECKYIO (DYHKIIHIO.

O A

Puc. 22: OnnonerieBble BKJIA/IbI B TPOMHYIO BEPIIUHHYIO (DYHKIHIO.

3aKOH NPONOPIHUOHAIBHOCTH X TIC apngerca caeacrsuem (6.12), on cnpaseayus npu ycaosuurl | z | \/K/B.
Takum obpazom, (iIyKTyaruu paccTpawBalOT YUCTO TIEPUOINYECKNIT XapaKTep KOPPeJsIyii, KOTOPBIH HabII0maIcst
Obl B TEOPUU CPEJTHETO IOJIS.

Tenepb MbI ipucTynaeM K anaausy (GIyKTyaluoHHbIX HOHpaBoK K (6.10), 06a3aHHbIX BKIAAAM TPETbEro U 4eTBep-
Toro nopanka B (6.8). Crapryst ¢ 3Tux BhIpaxkeHuit, MOXKHO CHOPMYIUPOBATH TEOPUI) BO3MYIIEHUH /7151 BBITUCIEHWST
KOPPENSIUOHHBIX (DYHKINH cMerenns u. [[onpaBKku K 3aTPaBOYHBIM BBIPAKEHUSM OyAYyT ONpeessaThCsl TUArPaM-
MaMHU C TPOMHBIMU M YETBEPHBIMYU BEPIIMHAMU, KOTOPbIM B coorBercrBuu ¢ (6.8) comocrasnsiorcs: (haxTopblB u
olIpe/iesieHHble KOMOMHAIMU BOJHOBBIX BEKTOPOB. IlepBbie (O[HOIETIEBbIE) BKJIAJbl B COOCTBEHHO-IHEPIETUIECKYIO
dbyHKIHO, a TaKkXKe B TPONHYI0 U YeTBEPHYIO BepIINHHBIE (DYHKIMA W300paykeHbl Ha pucyHkax (21,22,23), rie Tormast
TOYKa U300parkaeT TPOMHYIO BEpIINHY, a KUPHAs TOUYKa M300parkaeT deTBEpHYIO BepIUHY. MOXKHO paccMOTpeTh U
BKJIaJIbl B COOCTBEHHO-9HEPTETUYECKYIO U BepIIMHHbIE (DYHKIMHU G0Jiee BbICOKOIO MOPs KA, (MHOTOIET/IEBBIE).

Anasus BeipakeHuil, COOTBETCTBYIOIIMX [MAIPAMMAM, IIPUBEJIEHHBIM HA pucyHkax (21,22,23), nokassbiBaer, 4To OHU
BOCIIPOM3BOAAT CTPYKTYPY 3aTpaBounoil dbynknun G(q)~! n 3aTpaBouHLIX BepIIMHHLIX (YHKIHU, JaBas gorapud-
MUYECKUE MONPABKKU K MCXOAHBIM MOay/iaM yupyroctu (ro ectb B u K). To ke cupaBeijiuBo u Jjisd BKJIQJI0B Dosee
BBICOKOTO TIOPS/TIKA, KOTOPBIM COOTBETCTBYIOT MHOTOMET/IEBbe quarpaMMbl. CiemoBaTeIbHO, MBI CHOBA, CTATKABAEMCS
¢ IpobIeMOo CyMMHPOBAHNS TJIABHBIX JIOTAPUPMUIECKHX TTONPaBok. Ilogobmnas mpobaema Ast (pa30BBIX MEPEXoI0B B
4d paccmarpuBasiach B naparpade 3, rie pelreHue JOCTUTAeTCS CyMMUPOBAHHEM MApPKeTHBIX AuarpaMmm. Jas cMek-
THKOB TTOJ0OHBII OTOOP AMarpaMM BO3MOXKEH, HO OH IPUBOJUT K 60Jee IPOMO3JIKOM MPOIeAype U3-3a HAJUIHS JIBYX
TunoB BepiuH. [losroMy Mbl cpady nepexoauM K penopM-rpynnosoii (PT') npoueaype (koropas nja ¢dha3oBbix re-
pexonoe B 4d Geuia copmynmposana B naparpade 4). PeropM-rpynmosas nmponeaypa 3dhdekTuBHO paGoTaer, ecan
[JIABHBIE TIOMPABKN K 00beKTaM (KOPPEeSIIIMOHHBIM (DYHKIHMSIM, BEPIIMHHEBIM (DYHKIIHAM) Ha MacmTabeR ompeess-
forcs QIyKTyarmusaMu Ha MacmTabax 1 < R. 9T0 Kak pa3 TUMUYHAS CATYAIHs TPU JOTAPHMDMIIECKOM XapaKkTepe
MOMPABOK.

B coorsercrBuum ¢ obmumu npasuiaamu PIL-npoueaypol cHadasia Mbl HPOAEIbIBAEM €€ 3J1eMeHTapHblii war. s 3roro
MbI pa3buBaeM MoJjie ¢ Ha MeJJIeHHYI0 v’ u ObicTpylo 4 yactu: u = u’ + 4. Ham yao6uo Gymer npoussectu pasbuenue
TakuM 00pa3oM, 4TO

i(r) =Y ugexpligr),

rne A < ¢ < A. Bmecs A — oBpeska, a A’ pasgenser GLICTphIC W MEIJICHHBIC BOJIHOBBIC BEKTOPA. UTO K€ KacaeTcs
KOMIIOHEHTHI ¢, TO MBI He OyIeM HAK/I3IbIBATH HA Hee HUKAKUX orpanndennii. Oyukimonan Jlanmay s MeIJIeHHBIX
nepemenubix F' (u') onpenenserca corlaCHO COOTHOITEHIIO

exp(=F'/T) = /D@exp(—}"/T). (6.17)

O A

Puc. 23: OgnHomerieBble BKJIAI6I B 9€TBEPHYIO BEPITUHHYIO ()YHKIIIO.
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Hanomawnu, uro daxrop B meBoit wactu (6.17) ompemensier pacupefeneHne BepOATHOCTER Myis cTeneHell CBOBOIBI ¢
BOJIHOBBIMH BekTopamu ¢ < A’; 1o ectb F'(u') comepxut B cebe moHyo nHGOPMALINIO O KOPPEIAIUOHHBIX (DYHKIUAX
MeJIJIEHHBIX MePEeMEHHBIX.

Yrober maiiTn F', MOKHO UCTIONB30BATEL TEOPUIO BOZMYIIEHWH (TaK KAK THCIO CTEMeHeH cBOGOIBI OBICTPBIX TIEPEMEH-
HBIX OrpamveHo). Tem He meree, Mbr GymeM momaratb A’ < A, 9TO 1aeT BO3ZMOKHOCTD MPOA3BOAATE OTOOD BKIAIOB
no Gosnbmomy gorapudmy In(A/A’). Dtu apa ycaosus (6oabmoit aorapudwm In(A/A’) u npumennvocTs Teopun BO3-
MYIIEHWI) COBMECTHMBI TIPH MAJIOM 3HAYEHHM GE3pa3MEpHON KOHCTAHTRI CBa3u (CcpasHu maparpad 4), 11 CMEKTHKOB
9TOoT Kpurepuii Oymer chOpMyIHPOBAH HUWKE.

WcxoaubiM MyHKTOM TEOpWM BO3MYIIEHWH ABJIAETCS pasyiokenne QyHKIMOHAIA JlaHAay Mo OBICTPOMY MOIIOU.
YJieH mEpBOro IOPSIKa 3TOrO PA3IOKEHHA OTJIHYEH OT HyJs TOJNbKO 17 Pypbe-rapMOHUK € BOJHOBBIMU BEKTOPAMHE
q BOmmzu A’ (B cuy yenoeust, 9To B 060M wiene F, mepenucanaoM B Dyphe-MpeACTABICHAN, CYyMMa BOJHOBBIX
BEKTOPOB JOJIZKHA OBITH paBHA HyJ0). [I09TOMY OH HE MOXKET MPOM3BOMUTH BKJIAJOB, COMEPIKAMX OOJBITON JIOTa-
pudwm In(A/A’), n3-3a 9ero Mbr GymeM UTHOPUPOBATEH ITOT HWIEH TEPEOTO MOPsiAKA. IlepBBIM HETPUBUAIBHBIM UIEHOM
pazsiozKerus F 110 U ABJISIeTCA 4WIEH BTOPOro MopAaKa. Eeiu OrpaHiduThCa UM, TO MBI [OJIY YUM TaK HA3BIBAEMOE OIHO-
nerjiepoe IpHOINKEHNe, KOTOPOe, KaK PABUIO, ABIACTCA TIaBHLIM B PI-ypapHerusax. VIMEHHO B 3TOM IPUOIUKEHUH
POJIEIAHDI BCE NAJBHEHINIE BHIYACICHN.

PacknaneBas (6.8,6.2) mo 4 10 BTOPOTO NMOPSAIKA, MBI HAXOTAM

f(u) - f(u/) + f(2) + Fint » (618)
Fint = Fin + Fiz + Fis (6.19)
e

~ B K

F2) =/d37” [Q(Vzﬂ)2+2(v2ﬂ)2 : (6.20)
B 3 / ~\2

Fi = —3 d°r V. u'(Va)©, (6.21)

Fia = —B/d3r Vu'VaV i, (6.22)

B [ .
Fa=5 [ @r {07y + 2vuva?) (6.9

Ternepb Mbl JOJKHBL HOACTABUTE passoxkenue (6.18) B (6.17) u npoussectu uHTErpupoBanue 1o ObicTpoMy noswl. B
CHJY CHEJIAHHBIX IIPEANONoKeHui nonpasku K F (') Masbl, 1 HO3TOMY MOXKHO IPOM3BECTH PA3JIOXKKEHHUE JIEBOI 4acTh
(6.17) mo F'(u') — F(u'), a mpapoii vactn mo Fi,;. B pesyiaprare Mbl MoIydaem

1 1 1
F'(W) = Fu') = (Fint)o — ﬁ«ffm»o + @«ff’m»o - ﬁ«ffm»o ; (6.24)
rZe MHAEKC HOJNb O3HAYAeT yCpegHeHwe 10 (PYHKUUHU PACIPEICTICHAS BEPOATHOCTH X exp[—]:'@)]. MbI coxpanuim B
(6.24) mepBbIe WieHbl pasaokeHus M0 Fiyy, KOTOpBIE Har0T jgorapudmudeckne Briaabl B F (u'). JIBoitHble cKOOKH B
(6.24) 03HAUAIOT, YTO B CPEIHEM CJIeLyeT 6paTh TOIHKO BKJIAJIbl, COOTBETCTBYIONIUE CBA3HBIM JIAAIPAMMAM, TIOCKOJIBKY
HENPUBOAUMbBIE 9aCTU (COOTBETCTBYIOINE HECBI3HBIM [UAIPAMMAM) COKPAIIAIOTCA C BHICIIUMY YIEHAMH Da3JI0KEeHUs
neBoii uactu (6.17) mo F'(u') — F(u).

Yepemnenne o GYHKIMNA PACTIPEACIICHUST BEPOSTHOCTH X exp[f]:"@)] apasiercss [ayCcoBbIM, Tak 9TO BCE KOppe-
JIAMOHHBIE (DYHKIUN U, HAHJEHHDBIE TI0 STOMY PaCIPEIETEeHII0 BEPOATHOCTH, CBOIATCA K MAPHOH KOPPETAITHOHHON
dbynknmm (6.10) (3ammcannoii B Dypbe-NPeACTABICHAN ), KOTOPasA OTaAIHA OT Hyms npul’ < ¢ < A.

ITepBoe cmaraemoe B (6.24) ceoauTcs K

(Fintho = / & (BJ2)(Vu')2((V)?)o (6.25)
rue
oy d3q Tq?
e e (6.26)

Mpsl yuim 37ech y:ke 0OCyKIaBIIeecss HEPABEHCTBO ¢, < ¢ /I XapaKTepHOro 3HA4YEeHHs BOJHOBOro BekTopa. Ha-
noMEEM, 910 A’ < ¢ < A, a Ha ¢, He HAJOXKEHO HUKAKMX OTPAHUYEHH, TO €CTh MHTErpaJl 0, HIET OT —00 J0 +00.
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Wurerpan (6.26) apigercs ‘yabrpaduoieToBbIM’, TO €CTh ONPEIEIAeTcs OKPeCTHOCTHIO BepxHero npeesnal. Kak mbr
y7Ke YCTAHOBUJIM, TAKOTO POJIA BEJMYUHBI JOJKHBI BKJIKOYATHCSI B PEHOPMUPOBKM KOHCTAHT TEOPUHU (HAIPUMED, TeM-
nepaTypbl (a3oBOro Mepexo/ia), KOTOpble He MOTYT ObITh BBIYMCIEHBI B IJIMHHOBOJHOBOM TpubIvKeHun. st Toro,
4TOObI IOHATH, PEHOPMUPOBKY KaKOH KOHCTAHTbI IPOU3BOAUT diieH (6.25), BepHeMcs K Bbipazkenuio (6.6) u casuneM B
HeM qo. [lomcTapnas 3arem (6.4) u yawurbiBas, ato |V | & o, MBI HAXOIMM KaK Pa3 WIEH, AMEIOMui cTpyKTypy (6.25).
Taxum 006pa3oM, IIEPBOE CaaraeMoe B npasoil dactu (6.24) maeT TONBKO PEHOPMUPOBKY(o (WM, APYTHME CJIOBAMH,
PEHOPMUPOBKY TIEPHOJA OJHOMEDHON MOJIYJIAINH [UIOTHOCTH ), ¥ HE TPUBOJNT TOITOMY K KAKUM-JINOO KPYITHOMACTITA0-
HbIM 3 dexTam.

Yren (F2,,)o B mpasoit wactu (6.24) maeT HeCKOMBKO pasHbIX jorapudumaecknx Braagos BF . Pacemorpum mx
TIOCJIeTOBATEITBHO.

[epBoiii 13 JoraprdMUYECKUX BKIAJAOB BF' 3alMCBIBACTCSA CIASIYIOMUM 06pa3oM

B2

87T d37’1 d37“2 8Zu18Zu2 <<(V’l~141)2(v7:l,2)2>>0 . (627)

1
AF = = {(Fiido =

rae ui 2 = u'(r1,2). Cpeamee B (6.27) nmeer xapakTepHsrit Macitab 1/A’ 1 MOTOMY MBI MOXKEM IIOACTABATH Uy — Uj
Tak Kak v — Menmennoe mose. [locme 3Tol MoJCTaAHOBKH MBI TIOIyYaeM BKJIAM B (PyHKIMOHAN Jlangay, o CcTpyKType
cosragaromuii ¢ (6.1). Koadbdunuenr B Hem onpenessierca MHTErpajioM

[ @@ -2 [ 456

dq, d?q1 , T? T2
~2 3 917p 2 2 Tageaz B
(27) (Bg?2 + Kq7) 47 BY2K A

Yrobbl HOAYYUTH 31€Ch KOHEUHBIH OTBET, HAJIO CHAYAJIA BBHIYUCAUTH MHTErPad N0¢, (KOTOPHIA, HAIIOMHUM, HIET B
GECKOHETHBIX MPEJIEIax), & 3aTeM Yy Ke B3ATh WHTErPAT Nmoq, , KOToperi uaetr ot A’ 1o A. B pesynprare Mbr HAXOMAM

TB3/2

AF =——2
! 327 K3/2

m%/d% (0,u)?. (6.28)

2

Bropoit norapudmmaecknit Bkaazn B F'; nponssoanmbii ((F7,; )0 3aNMCHIBACTCA B CJAEAYIOMEM BUJE

2

S B[, . o
Ay F' = 7ﬁ<<f122>>0 = o7 d37”1 d37‘2 Viu1 Viug <<vzulviulvzu2vku2>>07 (629)

rae up = u'(r1), us = v/(r2). Mer IpoaHaTM3UpyEM STOT BKJIA HECKOIBKO TO3kKe. NMeercs eme aga morapudymade-
ckux BKaaja B F', npoussomumbix (F2,,)o:

A3F = _%«-7:2’1-7:1’3»07 AyF' = —%«-7'?3»0 (6.30)

JeiicrBys Tak e, KaK U npu BbIBOAE (6.28), MBI HAXOIUM

TB*? A
o ABTT L A [ 3 2
A3 F = TS In X /d rdu(Vu)*, (6.31)
, 9TB3% A [ . A
ALF = ~5re K32 In N /d r(Vu)®. (6.32)

Kax u Bbiine, Mbl mperneGperaem BesJIe ¢, 10 CPABHEHHIO C ¢ U, COOTBETCTBeHHO, 3amenseM (0,u)? + (Oyu)? na (Vu)?.
Tenepsb MBI IPUCTYTAECM K PACCMOTPEHUIO JIorapudbMutueckux BKajios BF', npoussomumeix (Fo ,)o. Umeercs nBa
TAKUX BKJIAJA!

/ 1 y 1
AsF' = ﬁ«filﬂzg»o, AgF' = ﬁ«ﬂ:sffz»m (6.33)

W, makoHen, nMeeTcs TorapupMITecKuti BKIa, TpOu3BoInMbIx (Fi o

1 4

ArF = =5 (Fbo. (6.3
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HeiicrBys Tak ke, Kak U npu BbiBoze (6.28), Mbl HAXOIUM

TB32 A
BoF' = g [ drou(vay, (6.35)
5T B3/? A 3 4
AgF' = Wlnﬁ/d r(Vu)?, (6.36)
3TB32 A [ . 4
MiF = g [ o), (050

Cymmupys tenepnb nonpasku A1 F', AsF — A7 F', MBI HAXOIOMM, 9TO OHH COOUPAIOTCS B KOMOMHAITUIO, BHITUCAHHY IO
B Boipaskenuu (6.8). Takum obpasowm, snementapubiil mar PT' BocuponssoauT Bbipaxkenue (6.8). 910 aBiagercs Ciaes-
CTBHEM BPAIIATEIHHON MHBAPUAHTHOCTH, ‘3amuToii’ B komOunaimu (6.8). Kak cienyer u3 HailJleHHBIX BbIparKeHuii,
sseMenTapHbiil mwar PI' gaer nonpasky K Moay/ir0 B, KOTOpas 3allUChIBAETCS B CJAELYIONIEM BHJE

TB3/2 | A
T16nK32 AT

ObpaTuM BHUMaHME HA TO, YTO MPOAeNaHHbIH mar PI-mpoieaypbl cOOTBETCTBYET Ha s3bIKe OOBITHON TEOopUu BO3-
MYIIEHU yIerTy OIHOIETIEBbIX AuarpaMM, n300paKeHHBIX Ha pucyHKax 21,2223 u ompeme/sionmX PeHOPMUPOBKY
G’l(q), TPONHON M YeTBEPHOI BEPIIMHHBIX (DYHKIWIA, COOTBETCTBEHHO. B0oo0IIe roBopsi, 9TH BeJUYUHBI (3aTPABOY-
HOE 3HaYeHUe KAXKJOH U3 KOTOPbIX Olpejessiercd MoiaysieM B) moryr penopmupoBarbes mo-pasnomy. OnHAKO, Kak
MTOKA3aJI0 MpsiMOe BBIYUCIEeHNE, JorapudMuIecKue MonpaBku KB 1 Bcex Tpex BennduH uaeHTuIHbl. Kak Mbr yixe
OTMETHUJIN, 3TO CBOMCTBO SABJSETCS CAEACTBHEM BPAIATEIbHON CUMMETPUH, KOTOPAas BeIeT K WHBAPUAHTHOCTH (DyHK-
nuoHasa JIaHaay OTHOCHTETHHO TPEOOPa30BAHMS

ou =0z + 020, u — 0z0,u, (6.39)

B'—B= (6.38)

rae 0 — vHQWHATE3eMANTBHBIA TapAMETD, UMEIONTHH CMBICA yTiia oBopora. O6paTaM BHUMAaHWE HA TO, 9TO MPeobpa-
30Banue (6.39) sBIsIETCS HENMMHEHHBIM TI0 U, TO €CTh CBI3BIBACT MEXKIY CODON UIE€HBI PA3IUIHOTO TOPAIKA B DyHK-
mvonase Jlanmay. MasapwanTHOCTh (6.8) oTHOCHTENBHO (6.39) MOYKHO JIETKO TTPOBEPUTH, HCITOJIB3Ysl COOTHOIEHHE

S[V.ou — (Vu)? /2] = 02V, [V.u — (Vu)? /2] — 02V, [V.u — (Vu)?/2]], (6.40)

KOTOPOE SIBJISI€TCsl CTAHAAPTHLIM 3aKOHOM MPE0OPA30BAHMs CKAJIAPA NPU BPAIICHUH, U KOTOPOE MOYTH OYEBUIHO,
ecrm BCOMHUTS Tipoucxoxaenne V u — (Vu)? /2 uz (V)2 Tloacrasass (6.40) B (6.8), MBI HAXOAMM, ITO TIOTPABKA K
HOABIHTErPATBHOMY BBIPAsKEHHUIO HMEET BHJL IIOJIHOM IPOU3BOIHOM, KOTOPasA NCYe3aET P HHTETPAPOBAHUH IO YACTAM.

Boseparumcs Terneps K anamu3y BKaaga (6.29). Mbl omarh JOMKHBL HCIOIb30BATH MEJJIEHHOCTh U3MEHEHUs TOJIsT
v’ ma macmTabe A1) koToprit ABIAETCS XapakTepHBbIM 1A cpearero B (6.29). Ecam mpocTo ToncTaBuThus — U,
TO MBI IOJyYuM 4jieH Buga (6.25), KoTopblii J0/KeH ObITh BKJIIOYEH B NEPEONPEIEICHUE]y. DTO O3HAYAET, YTO MbL
JIOJKHBI PA3JIOKUTD U O PA3HOCTH T = 7o — T1. HyneBo# 9ieH pasIoiKeHHsA JAeT yKe 00CYXKIABIIYIOCA 3aMEHY
Uz — 7. [IepBblil WieH pa3JIOXKeHUs JaeT BKJAJ, KOTOPBIA (B CHJIy HEUETHOCTH) MCUE3AET TOCJIE WHTErPUPOBAHMUSI
o yryiam. Bropoii ke djieH pasjiokeHus o r = ro — 11 Jaer ([ocjie ONHOKPATHOrO MHTErPUPOBAHUS [0 YACTIM B
UHTErpajie 1o 71 U UHTErPUPOBAHUA 110 YACTAM B MHTErPAJIE 110 Z B OJHOM U3 CJIAraeMbIX)

B2
Ay F' = T / d*r1VaVyu1 Vg Vsuy
/dgr TATSs [3ZV(XG0(T)3ZV5G0(T) - azGO("")azvavBGO(r)] :

3aeck uHiekcol o, 3, v u § upoberaior 3nadenud x,y, a Go oupenenserca (6.11). Mbl npunsdiu BO BHUMAHHE TOJIBKO
YJIEHBI PA3JIOXKEHHUs 110 T, Y, HO He 10 Z, W OMYCTUIH Be3Je, I/ie 3TO BO3MOMKHO, IIPOU3BOIHBIE II0 Z, TAK KAK TOJBKO
OCTAaBIHECS UJEeHBbI TAIOT JOTApU(PMIIECKre HHTErpasbl. Ternepb MbI MOXKEM BBIYUCIUTH WHTETPATT TIOT, BOCTIOIB30-
BaBUIUCH cienyomuM u3 ¢gopmysbl (6.11) Beipakeruem

T 1 /B r?
8.Go= ———exp |~/ = L
0T TsavBE: P\ TaVE |

B pesyabprare MbI Haxomum

T B
B! = G\ i mA/A) / d*ry (Vi) . (6.41)
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C mameit TounocTbio V2 = 02 + (“)5 MOYKeT GBITH 3aMeHeHo Ha V2 (MOCKOMBKY 7T XapaKTePHBIX BOJTHOBBIX BEKTOPOB
¢. < q1). B pesynprare Mbl IPUXOIUM K WIEHY TAKON K€ CTPYKTYDPBI, 9TO (6.2), TO €CTh MBI HAXOAUM CJIEYIONLYHO
TTOMPaBKy K Momymnio K:
TB1/2
32 K1/2

Bce ckazamnoe BBIIE cripaBeumeo, eciu B — B’ < Bu K/ — K < K. 9T0 Be#eT K COOTHOIEHNIO

K — In(A/A'). (6.42)

TBY? « K3/?, (6.43)

IpH KOTOpOoM Hepasencrsa B — B’ <« B u K' — K <« K coBmectuMmbl ¢ ycrnosueM A >> A/, KoTopoe mo3Bosser
YAEPKUBATH TOJBKO TJIABHBIE JIOTapUMMUIECKUE BKIAIbI BO BCE BEJTUIUHBI.

Teniepb MbI 11€pexXoAuM OT daemeHTapHoro mara PI' kK MHOromaroBoii npome/ype, 6arogaps KOTOpoi MOXHO 0-
CTEMEHHO MCKJIIYUTh W3 PACCMOTPEHNsT ObICTPhIE epeMenHbe. Tak Kak Ha KayKIOM IIMare mapaMerpsl (DyHKITHOHAIA
Jlannay MEHAITCS MaJIo, TO BMECTO MaJjblx npupainenuii (6.38,6.42) mbr Moxkem copmynupoBarh auddepeHmaib-
HBIE YDABHEHUS

dB TB3/2 dK TBY/?2

D == . 44
d¢ 167 K3/2° d¢  32nK1/2 (6:44)

Baecs € = In(A/A), a A’ — Tekymag obpeska, KOTOpas ABJIAETCH MAKCHMAJIbHBIM BOJIHOBBIM BEKTOPOM OCTABUIMXCH
crenenedi ¢BoGoapl. Hamomanm, 910 umenno ypasHenns tuna (6.44) HABBIBAIOTCS yPABHEHUSIMH DEHOPM-TPYIITBT AR
ypasuenusmu lenn-Manna-Jloy.

Yrobbl pemurh ypaphuerus (6.44), yn1o0HO BBECTH CIIEAYIONIYI0 KOMOUHAIIMIO

5T BL/2

_ 4
64mK3/2”° (6.45)

g

KOTOpad, KaK cjaenyeT u3 (6.44), YAOBJIETBOPAET yPABHEHUIO
dg/dé = —g°. (6.46)

MpI yKe CTAJKHBAJIMCH C TAKUM YPABHEHWEM IIpPH aHAIN3€e (PA3OBBIX MEPEXOI0B B UETHIPEXMEPHOM IIPOCTPAHCTBE
(cmotpu maparpad 1). Tam Mbl (10 aHAJIOTHY ¢ KBAHTOBOH JIEKTPOMHAMUKON) HA3BIBAJING WHBAPUAHTHBIM 3aPsIIOM.
Touno Tak:Ke Mbl OyIEM TIOCTYIIATh U 3/1eCh. 3aMeTuM, u4To yeaosue (6.43) oznadaerg < 1, TO €CTh MAJIYIO BEJIMYUHY
UHBAPUAHTHOrO 3apsiaa. Perienue ypasuenus (6.46) umeer Bu

9o
= 6.47
I717 goé (6.47)

31ech gp — 3aTpaBOUHOE 3HAUEHUE TAPAMETPA g, TO eCTh €ro 3HatMeHne Ha mkajgax 1/A. Mul BugnM, 910 ecau € >> g L
o g ~ &1 — 0. D10 CBOICTBO, HazbIBaEMOE ‘HYTb-3apsAIOM’, ONPABIbIBACT TPUBEICHHYIO BbIIIE MPOIELYPY MO
Kkpaiineii mepe auisi Gosbuux €. Ecau xe go < 1, o g mMan na Bcex macirabax. [logcrapnas (6.47) B (6.44) Mbl
naxonum ypasaenns [Nelson and Pelkovits, 1982]

dB/dé = —4/5gB,  dK/d¢ = 2/5gK,
KOTOPbIE UMEIOT PELIeHUs
B = By(1+ go&) %", K = Ko(1+ go&)*". (6.48)

3aech By u Ky — 3arpaBodnble 3HaYeHUs MOJYJell (KOTOpbie HABIIOIAIOTC HA MAJIBIX MACIITabax ).

Terepb MBI MOYKEM OTIPEIETUTH (DOPMY KOPPETIIIUOHHBIX PYHKIHIT Mossu. Eeau Mbl HHTEpEcyeMcs ero KOppessiiy-
OHHBIMHU (PYHKIMAMHI HA MACIITA0E 1", TO MbI JTOJI?KHBI IIPOMHTErPUPOBATH 110 BceM P ypbe-rapMOHUKAMU € BOJTHOBBIMU
BeKTOpaMu GoJibine, Yem ' B coorsercTBum ¢ (6.17). TO CBOIUTCA K 3aMeHe MCXOJHOTO pasjoxkeHus Jlampay Ha
HOBOE, C PEHOPMMPOBAHHBIMU 3HAa4YeHUAMU MoAayseil B u K, koropblie sBisiorcsa pemenusyu (6.44), B3garbivMu npu
& = In(rA). Tocne 3TOTO NCKMIOYEHAST MBI MOYKEM TIPEHEOPETD CAMOMEHCTBHEM Y HA IKAJAX MEHbBIIE WA TOPATKA T B
CIJTy MAaJIOCTH MHBAPHAHTHOIO 3apdAnaa ¢g. Torma Ijsi mapHOl KOppesiuOHHOM (DYHKIIMH MBI BO3BPAIIAEMCa K BbIpa-
xkeunto (6.11), HO ¢ PEHOPMUPOBAHHBIMU 3HAYEHUsIME MOy/eil B, K. 3aMerum, 94T0 B T-IIPEJICTABICHAN BbIPAYKEHUE
s pasuocru (6.12) npuobperaer Bu

8Ky

G(0) = G(r) = 3B, (1+90§)%° —1] . (6.49)
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Ormerum, uro & = In(rA), ecrm 12 >| 2 | \/K/B, 9T0 SBAgeTCA TUMHYHLIM CTydaeM. B obmem cayuaaeé B (6.49)
caesyer onpeaenaTs B coorsercrsun ¢ (6.13). @opmyna ke (6.12) apagercs nepsbiM wieHoM pasaokenus (6.49) no
.

Heobxomumo ObITH aKKypaTHBIM TPU OOPAIEHNM C TAKUMH OOBEKTaAMH, KAaK KOPPEISIMOHHBIE (DYHKIIUH MOIY-
naupn wiotaocTr (6.3). Jeno B TOM, 9TO B JJIMHHOBOJHOBOE TOBEJEHUE TAKMX CJIOKHBIX (DYHKIHIU MOTYT BHO-
CHTb BKJIAJ KOPOTKOBOJHOBBIE (buiykryanuu u. Vccaenyem B Ka1ecrBe npumepa HOBEACHUE CTPYKTYPHOro (hakropa
S(r) = (p(r)p(0,0)) c yuerom daykryanuii. [Ipeskie Bcero 3amMeTnM, ToCTaBsAs B.S BeIpaxkenue (6.3), 910

S(r) o (cos {goz — qolu(r) — u(0)]}) ,

IIOCKOJIBKY CPEJIHee OT KOCHHYCa CYMMBbI YIJIOB CTPEMUTCS K HYJIIO B IIpejiesie OeCKOHEMHO OOJIBIITNX PA3MepPOB CUCTEMBI.
Janee, IpOM3BEIEM CTAHIAPTHOE PA3JIEIeHNe 0N U Ha OBICTPYIO M MEIJICHHYIO YaCTH ¢ — U’ + U U IPOUHTErPUPYEM
110 ObICTPO#t cocrapistoieil. Torma Mbl IOy 9UM

S = Z(€){cos {qoz — qo[u’(r1,0) —u'(0,0)]}) .

Jlnsa daxTopa Z Mbl MozKeMm HaiiTh ypasHenue PI', koTopoe 3anuchiBaercs B cieaytomeM sunedZ = —Zqi[dG(0) —
dG(r)]. Ero pemenue umeer sun Z = Zg exp{—q¢2[G(0)—G(7)]}, rae Zy — KOPOTKOBOIHOBOE 3HAMeHHE Z , TPAKTHIECKH
He 3aBucsdiee or r. Takum 06pa30M, MBI IOy 9aeM

S o exp{—¢2[G(0) — G(r)]} cos(qoz). (6.50)

3aecw pasnocts G(0) — G(r) onpenenserca (6.49).

dunciokauusa B CMeKTHKe

PaccMOTprM KpaeBylo JWCIOKAIWIO B CMEKTHKe. IIyCTh IUCITOKAINS SBJIACTCS MPSMON, COBITAIAIONEH ¢ ochoY .
Bynem cumrarh, uTo mmcaokanmsa oOpa3oBAACh B PE3yIbTATE ‘BIABHTAHHS' B CMEKTHUK JIOTOJHATEIHLHOTO CMEKTHYE-
CKOTO CJIOA B IIOCKOCTH z = () €O CTOPOHBI HOJOXKHUTEIbHBIX x. TOrma 3ToT ¢oil OyJer 3aHuMaTh HOIYILIOCKOCTD,
onpeaensieMmyto ycaosusamu z = 0, £ > 0. B sToM ciydae ¢ MAKpOCKONMYECKONW TOYKM 3DEHMA HA AMCIOKAIMOHHOM
squaun (TO ecTh Ha npsivoit = 0, z = 0) BesmuuHa ¢, BXoAAMmAs B (6.3), uMeer cHHrYIsIpHOCTH. [Ipn 06Xome BOKpYT
3TOU CHUHTYJIAPHOCTH IPOTUB YACOBOHU CTPENIKN

fdr Vo = 2r, (6.51)

9TO KaK pa3 n COOTBeTCTByeT JII/IH_IHeMy CMeKTH‘-IeCKOMy CJIOO opu TTOJIO?KUTEJIBHBIX X . Ha A3bIKE CMENICHU A u, CBdA-
3aHHOTrO ¢ ¢ nocpenacreoM (6.4), coornomenue (6.51) nepenucbiBaeTcs B BUIE

2w

j{dr Vu=——, (6.52)
q0

BropeiM yciaoBmeM, KOTOpOe HAKJIAILIBAETCA HA II0JIEe CMEIEHNs U BOKDPYT AUCIOKAIINH, sIBJISETCA ypaBHEHHE YIIPY-

TOCTH

(BV? - KVYHu =0. (6.53)

B npunaToit HaMu reoMeTpuU CMEIeHre U He 3aBUCHAT OT KOODJIWHATHL Y. ByneM Tak»Ke CIUTATh, 9TO IS XapaK-
TEPHOI'O BOJHOBOIO BEKTOpa ¢ 1> ¢, (310 HepasencTBo Gyner obocHoBano muxke). Toryua noseu MOXKHO 3alucarTh B
BUJIe HHTETPAIa

sign(z) [ dg, 9 )
u(z,z) = ——— [ —=exp (=Ag2|z| + igzz) | (6.54)
2“]0 qx
rae A = /K/B. Uarerpan nmeer ocobeHHOCTH IpH ¢, = 0, cnocob paspemenns KOTOpoii HepaxkeH. Hampuwmep,
MHTErPAJ MOKHO TOHUMATH B CMBICJIE TJIABHOIO 3HAYEHUS (IEPEXOH OT ITOTO CroCO0A BBIYUCJEHUS WHTErPATA K
JIPYTOMY, CKaskeM, K 00Xomy OCOBEHHOCTH CHH3Y, MPWBOIWUT TOJHKO K HECYIIECTBEHHOMY CABHTYU — U + const).
Beruncsisas waTErpast M0 g, MBI HAXOIUM

. ™ I’Q
ku = Slgn(Z)W exp |:_4Az|:| , (655)

T 5132
e el 02
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ITposepum tenepnb Bbinonauenue ycaosuii (6.52,6.53) s Beipaxkenus (6.54). CupasemyiuBocts ypasHenus (6.53)
nposepserca npaMbiM auddepenmuposanuem (¢ ygerom Toro, uroV* — ¢t). Ina nposepku (6.52) BbInuiem cHauaia
MPOU3BOIHYTO

sign(z)
2qo

Veu(z, z) = /dqz exp (f)\qi|z| + z‘qu) .

Ucnonssys coornomenne [ d exp(igr) = 2m6(g), MbI HaXOMMM

+oo :
/ dx Vau(z, z) = msign(z) .
—0o0 q0

Beibupaem Temepb 3aMKHYTBHINH KOHTYD, OOXOISAIINI HAYAI0 KOOPAUHAT, B BUJIE IBYX NpaMbixz = +zq. UuTerpan mo
9TOMY KOHTYDPY CBOJMTCS K WHTETPAJIAM, BBITUCAHHBIM BBIIIE, N B PE3Y/IBTATE JJIA ITOTO KOHTYPA MBI NPHXOIMM K
coorrorennto (6.52). Ilockonbky mpousBogaabieu (6.55,6.56) siBisiroTCsa aHATUTHYECKON DyHKIME! 2 U 2, TO BRIGpaH-
HbI HAMY KOHTYD MOXKHO IIPOU3BOJILHO AeDOPMUPOBATH (HE IIepeceKkas Hadaa0 KOOpAMHAT) 663 n3MEeHEeHUs 3HAUEHUsI
KOHTYPHOIO MHTErpajia. TeM caMbiM BBIBOAUTCH COOTHOIIeHUE (6.52) mjis NPOU3BOJBLHOIO KOHTYPA, OXBATHIBAIOIIETO
HAYAJI0 KOO IMHAT.

XapaKkTepHOe 3HaYEHHE BOJHOBOTO BEKTOPA ¢, B IPUBEJCHHBLIX BbINIe HHTErpasaX OUEHUBAETCA Kak ¢, ~ 1/x, u,
nanee q, ~ Aq> ~ \/x?. Takum o6pa3oM, yerosre g, < ¢ , HeoBXoamMoe 171 cipaseamusocTy (6.54), mepenucrpaeres
B BHJE \ac| > )\, 9TO BCETrJA BBIMOJIHIETCA B JIJINHHOBOJHOBOM IIPEIESIE.

Ecan mer yarem daykryanum, To mogynu B u K B (6.53) cramyT norapudmudeckamu GyHKIAsME MacmTaba.
Takum 06pazom, 1 Goapmux gorapudmos & Mbl HaxomuM u3 (6.48) A o< £3/5. Baecs & = In(Alz|).

3agaun

3agada 6.1
IMonyants BhIpaskenue (6.42) mist mormpapkn K Monymmio K B @ypbe-peicTaBieHn.

Pemtenne 3ajaunm 6.1
IMepenumem Braay (6.29) yepe3s @ypbe-rapMOHUKU

1
DoF' =Y ol yug. (6.57)
q
Torna
B? &k
o(a) = 0, [ 5eGalk +a/2Golk — a/2

{(kz + q:/2)% (ki — qi/2)(k; — q;/2) + (k2 — ¢ /4) (kik; — qiq;/4) }

re Go(k) onpenenserca (6.10). Hac unrepecyer norapudmmdeckuit BKaaax ¢ . B 9ToM ciryvae B BBITHCAHHOM BbITITE
WHTErpajie MOXKHO MOJOXKUTD ¢, — 0, U MBI HAXOIUM

(q) = —2B2 /dgk 2 21 p 1.2 -1 p.2 -~ 41-1
o(q) = —2B°T K2 (kata) 2[BE? + K (ko + 4a/2)") 7 [BE? + K (ko — 4a/2)] 7" (6.58)

(2m)?

rae mu! nogcrasuan Kk* — K kjl_. 'naBHbIit BKJIA B 0, TPONOPIIMOHAJILHBIH qf_, cJieyeT BKJIIOYHUTH B ITIepeolpeiesieHne
do- OCHOBHOI e YJieH, UHTEPECYIOIIMIl HAC, OJIYYaeTCs [IPU PA3JIOKEeHUH BhipazkeHus (6.58) /10 C/Ie1yionero mopsaiKa
110 g, OH paBeH

-3 2 2 2 27.4 2
o(q) HZBQT/ d k3kf( aqa)z{K[kLQL+2(kaQa) ] AKPE] (kaga) }

(2m) (BRZ + Kk1)? (BRZ + Kk1)*
1 d*k 5Bk? — Kki
= -B’KTq] K2k : = :
2 9L / (2m)3 =" (Bk2 + KK1)* (6.59)

Boruncnsis 3mecs unrerpan 1o k (¢ yaerom nepasencts A’ < ki < A), mbr naxomum 0 — (K’ — K)g4, e K/ — K
omnpegensierca soipazkenuem (6.42). Takum 06pa3oM, Mbl BOCIIPOU3BEJINA ITOT PE3YJILTAT.
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3agaua 6.2
[110THOCTE MACCHI CMEKTUKA MOXKET ObITh 3AIIMCAHA B CJAEAYIOLIEM BUJIE

p=po+ Z pn cos {¢n +nqo(z —u)} ,

n=1

rae ¢, — Hekoropsle das3bl. Halitu saBucumocts (p) or pasMepa obpasua, CIuTas g = (o, [A€ § — 3HAYCHUE WHBAPHU-
AHTHOTO 3apsi/ia HA pazMepe 00pasra.

7. ABYMEPHBIE ®EPPOMATHETUKN

IIpobema, KOTOPYIO MBI PACCMATPUBAEM B HacToOsAIeM maparpade, cazana ¢ Gu3ukoil AByMEPHBIX (DeppoMarte-
TUKOB. Peub U7eT 0 MArHUTHBIX KPUCTAIAX, B KOTOPBIX MATHATHBIE ATOMBI (ATOMBI C HEHYJIEBBIM CIIMHOM) COOPAHBI
B cion. B custy Toro, uro o6MeHHOe B3aMMOJEHCTBIE MEXKLY CIIUHAMU OBICTPO (IKCIOHEHIIMAIBHO) CIAIAET C POCTOM
PACCTOSIHUST MEXKJIy aTOMAaMW, B TJIABHOM MPUOJIMKEHUN MOXKHO NpeHedpedh B3aWMOAEHCTBAEM MEXKIy CIHHAMU B
Pa3IUYHBIX CI0AX. B 3TOM mpuOAMKEHUH MATHUTHBIE CBOHCTBA KPUCTAIIA OMPENENAIOTCs HE3aBUCHMBIMU NPYT OT
napyra ciaosmu. O cBOMCTBAX OJHOTO TAKOTO MATHUTHOTO CJIOS U TIOHIET pedb.

HaMarnu4eHHOCTh gBJISIETCA TPEXMEPHbIM BEKTOpOM. Kak Mbl yiKe 3HaeM, B HU3KOTEMIepaTypHoii ((deppoMaraur-
HOI1) ase abcomoTHasA BeMYUHA TapaMeTpa nopsaiaka (HamaraundensocTulM ) ‘samepsaer’ (TO €CTh NPAKTUYECKU He
dbaykryupyer), B TO BpeMs KaK €ro HAIPABJIEHUE OCTALTC ‘MAIKOW MnepeMeHHON. Jra crenenb cBOOOIbI XapaKTepu-
3yercsd eUHUYHBIM BEKTOPOM T, HAPaBIEHHBIM BAOIL M. [l e IMHUYHOTO CJI0sT BEKTOP M sABJsieTcs (byHKITHe
JBYMEPHOTO PaIuyC-BeKTOpa r. B 0OMeHHOM TpuOIMKEHNN BEKTOD 1 HUKAK HE CBI3aH C MPOCTPAHCTBEHHBIMU II€-
PEMEHHBIMY, MMOITOMY ONHUCHIBAEMAs UM MATHWTHAS SHEPTUS HE MOXKET 3aBHUCETH OT CAMOrO BEKTOPAM, a 3aBUCHT
OT CTereHu ero HeoAHOpoaHOCTH. Mbl paccmarpuBaeM (DIYKTYalluun HA MaciiTabax, OOJbIIAX ATOMHOIO pa3Mepa.
IloaToMy cooTBeTCTBYIOINIAS SHEPTHA TOTXKHA OBITH JIOKATbHOU DyHKIMER oT rpasuenTan. B rinaBuoM npubimxennn
OHa, 3aIMCHIBAETCH CJIEIYIONNM 00pa3oM

b
Fn = /dzr §Vn#VnM. (7.1)

3nech b — k03D GUIUEHT MATHUTHON yIPYTOCTH.

Boob6ire roBopst, k suepruu (7.1) umMeercst NONPaBKa, CBA3aHHAS CO CIIHH-OPOUTAIHHBIM B3aUMOJIEHCTBIEM, KOTODOE
3aBSA3bIBACT MEXKIY OO0 CIMHOBBIE W MPOCTPAHCTBEHHBIE TEPEMEHHBbIE. JTa MOMPABKA MOXKET ObITh 3alMCaHa B
CIIeIYIOMIEM BU/IE

Foo = /d2r§(nl)27 (7.2)

rae | — enMHUYHBIA BEKTOD, NEPIEHIUKYJIApHBIH K ciaoo. KpoMme Toro, Bo BHeiHeM MmaruuTHOM mosie H umeercs
CITeAYTIONTUY BKJAJ B SHEPTHUIO MArHETHUKA,

Fy = —/dzr MHn, (7.3)

rae M — abcomoTHast BesqnanHa HamarauderrocTn. CpaBHuBas BRAaabl (7.2,7.3) ¢ (7.1), MBI HAXOANM XapaKTepHBIE
JTUHBI, Ha, KOTOPBIX 9TH BKJIAJ(bl HAYUHAIOT UTPATh CYIIECTBEHHYIO POJIb:

Ry =/b/lc|, Ry =+/b/(MH). (7.4)

Mer npeanosiaraeMm, 9o obe gjuubl (7.4) HAMHOIO TIPEBLIIIAIOT ATOMHBIH pa3Mep (s R, 9TO rapaHTUPYETC CJla-
6OCTBIO CIIMH-OPOUTAILHOIO B3aUMOIelcTBuA, ijid Ry — 970 00bluHag curyanud). B sToM ciay4yae uMeercs MIUPOKHi
uHTEepBaJ MaciTaboB, rie rpagueHTHbI YieH (7.1) urpaer rIaBHYO POib.

OueBuHo, uTo MuHUMYM 3Hepruu (7.1) mOCTUTAETCS HA ONHOPOIHOM COCTOSHWM, Korman = const. Eciu orpa-
HUYUTHBCA 3TOU HEPruer, TO HAIIPpaBJeHHUE 7T OCTaeTCd HeOIIpEeOeJICHHBIM, YTO CBA3aHO C U30TPOIIHEN B CIIMHOBOM
npocrpancrse. Onuako Bkaaapl (7.2,7.3) HAPYIIAOT 3Ty OZHOPOIHOCTb U 33/JIaI0T BbIIEJIEHHOE HAPABJIEHUE, BIOJIb
KOTOPOTO JOJI2KEeH OBbITH HAIIPABJICH 1, 9TOOBI MUHUMU3HUPOBATD YHEPTrui0. Bo BHEITHEM MATHUTHOM IIOJIEN, CTPEMHUTCS
opueHTupoBaThcs Bioab H. Uro ke Kacaercs uiena (7.2), To ero poJib 3aBUCUT OT 3HaKa (axropac. Ecau ¢ < 0, To
MUHUMYM 9HEPTHUH JTOCTUTAaeTCs Tpun = | umu n = —l, T0 €cTh 0CTaeTCsl ABYKPATHOE BLIPOXKICHUE. DTOT CIyUai Ha-
3BIBAIOT OOBIYHO JIerKOi 0chbio. Ecnm ke c > 0, TO MUHUMYM SHEPTUHU JTOCTUTAETCS MPY YCAOBUU MEPIIEHANKYILPHOCTH
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(O

Puc. 24: IlepBaga nomnpaska K G.

n u l. 9ror caydail HA3LIBAIOT JIETKOH ILIOCKOCTBIO, TAK KAK BEKTOPY BBIFOAHO JI€XKATH B IJIOCKOCTH, HEpPIEHIUKY-
aspuoit 1. Torma ocraercs OfHONAPAMETPUYECKOE BLIPOXKIECHUE OCHOBHOIO COCTOSIHMS, CBA3AHHOE C MPOM3BOJIbHBIM
HAIIPABJIEHUEM 70 B 3TOH MJIOCKOCTH.

Hamee Mbl 06cy K 1aeM podib haykTyanuii B pusuke 1BymMepHbix hbeppoMaraeTukoB. OObeKThI, KOTOPBIE OyaeM u3y-
YaTh — KOppenauuonnble (GpyHKuuu mog n. HanpuMep, napHas xoppendunonnas ¢yuknusa (n(r 4+ r1)n(r,)) pasia
equaAne npu r = 0 U CTpeMUTCA K HYJIIO pu r — oo. Hac Oyner naTepecoBaTh 3aKOH, IO KOTOPOMY MPONCXOINAT 3TO
cnaganme. BoobIme ropopsi, IMEeTCsl TOYHOE BBIPAZKEHUE JJIs 3TOH KOPPEJISIMOHHON (DYHKIIUK, €CJIH TOMBKO IHEPTHUS
(7.1) upunumaercs o Baumanue. O HAKO, /i BHICIIUX KOPPEJAIMOHHBIX (DYHKIUI HE MMEeTCsd TOYHBIX BbIPAKEHHUI.
ITosToMy masiee MBI PA3BUBAEM TEOPHUIO BOZMYIICHMI, KOTOPas IIO3BOJISIET PErYJIAPHBIM 06pa3oM MCCIeI0BATh KOPPe-
JIATAOHHDIE (DYHKIMHA N B HEKOTOPOM MHTEpBasie MacmTabos. KpoMe Toro, B 3Ty cxeMy MOTYT OBITH JIErKO BKIHOUYCHBI
u BKyae! (7.2,7.3).

HanpasuM ocb Z BIOJIb PABHOBECHOTO 3HAYEHMSA 10, M BBEIEM €r0 MPOCTEHIIYIO0 TaPAMETPH3AIIIO

ny, = (@1,302,\/1—99?—@3) 7 (7.5)

Koppensanuonubie by n onpegensorcs (QyHKIMOHAIBLHBIMA) WHTEIPAIAMU 110 (1, P2, B3ATBIMH C BECOM
x exp(—F/T. B mpeanonoxenun, 9ro 1 caabo (GIYKTYUPYET OKOJIO CBOErO PABHOBECHOIO 3HAYEHUSI, €CTECTBEHHO
Pa3BUTH TEOPUIO BO3MYINEHUHN TI0 1, 2. IlepBbie wieHbl pazioxkenus Fp, MO 1, (P2 UMEIOT BH/I

Fo) = /dQTW [(Ve1)? + (Ve2)?] (7.6)

Fay = /d27“b/2 (P11 V1 + paVipa)?. (7.7)

Hecmoxuo TakxKe HalTH 1 pasiaoxkenune (7.2,7.3).
BarpaBouHas mapHas KOPPEJSIMOHHAA (DYHKIMS BEJIUYUH ©1, P2 ONPEIEJIercs WICHOM BTOPOro nopsjka (7.6).
fBHOE BBIpaXKEHWE [1JTsi 3aTPABOYHON MaPHOM KOPPEJIANUOHHON (DYHKIMU UMEET BU/T

Go(r) = (p1(r)91(0))o = (p2(r)p2(0))o =

2
/ (ZT; exp(iqr)% . (7.8)

9T0 BhIpazKeHHE JOrapu(pMUIECKH PACXOIUTC Ha MaJbIXg. B paMKax IpsMoii TeOpUH BO3MYIIEHU 3Ta PACXOIUMOCTD
no/KHA 0bpe3arbed Ha (06paTHOM) pa3Mepe cucrembl. Eciau npudars Bo BHuManue Bkaaz (7.3), 7o BMecTo (7.8) MbI
HAXOIUM

2
Go(r) = / (;ZT(; exp(iqr)m%. (7.9)

Temepsb norapudpMudeckas pacxoauMOCTh 00pPE3aeTCst HaR;, rae Ry onpenesnen B (7.4). AHATIOrHYHYIO POJIb UTPAET
u wen (7.2), 38 cyeT KOTOPOTO B 3HAMEHATENE BhIpaxkeHns (7.9) BOZHUKAET DONONHUTENHHOE caaraeMoe~ |c|.

IMTonpasky K KOPPeIAUMOHHBIM (DYHKIHUAM (1, P2 MPOMCXOZAT U3 WICHOB B3aMMOJCHCTBHUA, KOTOPBIE IIOPOXK IAIOTCSA
pasioxeHneM Fp, TO @1, p2. HieH YeTBepToro mopsifka Beimucan B (7.7), UMEIOTCST TAK¥Ke UJIEHBI BCEX YeTHBIX TOPS/I-
koB. IlepBast dykryamnuontas nonpaska K G ONpenensercs AuarpamMMoil, IPUBEJIEHHON Ha PUCYHKE 24, Tie JTUHUY
coorBercrByioT (7.8), a dakropbl B Bepinuuax A, onpeaensaiorcd (7.7). Ilerna Ha 9TOM puCyHKe IPeCTaBIber epBblii
BKJ3J B ‘COOCTBEHHO-9HEPTETUUIECKYIO (DYHKIINIO, KOTOPBIH ONpPEneIsieTcsl CPeTHIMI

o, (p1Ve1)o, {((Ve1)Ho.
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OLES,

Puc. 25: [TuarpaMmbl, Jaromue peHOPMUAPOBKY Ap.

Unen (o1 V1 )o paBed Hymo B cuty cumMerpud, wien {(Vr1)?)o onpenenserca ‘yrbTpadbuoneToBBIM’ HHTETPATIOM 0
BOJTHOBBIM BEKTOPAM ¢, TO €CTh HHTETPAJIOM, CUISIINM Ha OOJIBINX¢. ITOT HHTErpaJ, Oyaydu BKIAI0OM B ‘COOCTBEHHO-
sHepreTndecKkyo’ MYHKIHIO, TAeT BKJIAJ B 3HaMeHaTe b PYyHKIMuG TUIa BKJIa1a, KOTOPBIHA 1aeT BHEITHee MAarHUTHOE
none, cmorpu (7.9). Hanuuune BHeriHero nosist 03Ha4aer HAPYIIEHUE BPAILATEIbHON HHBAPDUAHTHOCTH B [IPOCTPAHCTBE
HAMATHUYEHHOCTH (OHO 33/Ia€T B HEM BBIJEJIEHHOE HAITPABJIEHHE), Yer0 B OTCYTCTBUY BHEIIHErO TIOJisl OBITH HE MOYKET.
[TosToMy Ha MaIbIX MacmTabax TEOpHs IOJXKHA OBITH ycTpoeHa Tak, aTobbl cpemnee((Ver)?)o Kommencupopamoch
B HOMb. MBI 3aK/T09aeM, 9TO TOJBKO WieH (p3)o OydeT JaBaTh pPeaabHBIH BKIaT B ‘COOCTBEHHO-SHEPTeTHICCKYIO’
dbynknuro, koropeiii nponoprmonanes In(AL, ), rne L, — pasmep cucremsr wim omHa u3 amH (7.4).

AnanorndupiM 06pa3oM, HMEeT MECTO JorapupMUIecKas peHOPMUPOBKa KO3 MUIEHTa\, B BEPIINHE YeTBEPTOrO
nopsi/iKa, KOTOPbIi 3aTpaBodHo onpenensercsa F(4). OHa Bo3HUKaeT, HaIpuMep, 3a CHeT HJeHa MecToro nopaaxaf (e).
CoorBercTByOIas MOINPABKA IPEICTABIEHA NEPBON auarpaMMoii Ha pucyHke (25), rae ‘rosicras’ TOYKa 03HAYAET
cakrop, npouncxoagamuit u3 Fg). Kpome Toro, nvmeercsa BKIaJ, KBaAPATHIHbIN 110 Ay, OH NPEJCTaBICH BTOPOH 1ua-
rpaMmoii Ha pucyuke (25). s HakTopoB, CTOAMAX B BEPIIHHAX 00JIee BBICOKOTO TOPSIKA, KOIUIECTBO TUATDAMM,
JAIOIINX WX JOrapudMUUIecKyI0 PEHOPMHUPOBKY, ITOC/IE/I0BATEIHLHO BO3PACTAET.

TakuMm 06pa3oM MBI CTAIKHBAEMCA ¢ TPOOJIEMO PEeHOPMHUPOBKHU OeckoHewHoro Habopa dpaxrTopos. Ilpuuem, ecin
UX 3aTPABOYHBIE BEJUYUHBI OIPEIETISIIOTCH TOIBKO MOJYJIEM b, TO ¢ y4eTOM PEHOPMHUPOBKU HX 3HAYEHHS ‘PA3bes-
xkatoresi’. C Apyroif CTOPOHBI SICHO, YTO BO3HUKHOBEHNE DECKOHETHO OOJIBIITOr0 HADOPa BEPIITUH HEe OTBeYAeT (pu3mke
Jesia, TaK KaK eIWHCTBEHHOW 3HAYMMOM BeIUYMHON saBjisiercss MOMy/abb. [lpwaunHoil TpymHOCTElH, ¢ KOTOPBIMEA MBI
CTOJIKHYJIUCD, ABJIAETCS BHIOOP OO0BEKTOB — KOPPEIANMOHHBIX (DYHKIHI (1, P2, KOTOPBIE HE ABISIOTCS BPAIIATETHHO
nHBapuanTHbiMu. Ha camoMm ke Jiesie Hac MHTepecyoT BPAIATeIbHO HHBAPUAHTHBIE KOPPEIAUOHHbIE (DYHKIIUN THIIA,
(n(r+r1)n(ry1)). 3 ckazaHHOTO BBIINE SICHO, 9TO U K 3T0H (byHKIMH nMeroTcs sorapudmudeckue nonpaskn. Ho mist
VX BBIYUCJIEHUS HAI0 WCIOJIb30BATH MPOIEAYPY, MHBAPUAHTHYIO OTHOCUTENIHHO Bparneanii. Takywo mporneaypy MOKHO
cdopMynupoBaTh Cpa3y B TEPMUHAX PEHOPM-IPYIIbL, Kak Oblao mnpeioxeno [lomsakosbim [16] (cmorpu Takxke [17]).

Ocnosnasg unesa IlonskoBa 3aK0vaeTcss B TOM, YTOOBI PA3AENATh ObICTPhIE U MeJIJIEHHbIE CTeNeHn CBODOIbI HEJTH-
HEWHBIM (HO BPAIATeIbHO MHBAPDUAHTHBIM) CIIOCO00M. A UMEHHO Ha djeMeHTapHOM mare PT-nporeypor

n, = R;U/ﬁu ) (710)
riae N — eIMHUYHBIA BEKTOP U R — OpTOroHa/IbHAA MaTPUILA;
R/_WR)\V = 5;1,/\ . (711)

IIpencrapnenue (7.10) aBToMaTmdeckn BefeT K ycaosmion? = 1. MeeTca B BHIY, 9TO 7 TIpeJICTaBIAeT ‘ObICTpHIE’

crenenu cBOOObL, B TO BpeMs Kak R apisgerca ‘menjennoit” marpuneii. @opma (7.10) rapanrupyer, 4To BCe COOTHOIIE-
Hue 11 R OyayT MHBAPHAHTHBI OTHOCUTENbHO npeobpasosanud R, — O,,R, , rae O — 1pou3BosibHAs MOCTOAHHAL

(e 3aBUCAIIAS OT KOOPIUHAT) OPTOrOHAJBHAS MATPUIA. DTO O3HAYAET, UYTO BCE COOTHOIIEHHUSI, IOy IeHHbIE IPU WH-
TErpupOBAHUN TIO OBICTPHIM MMEPEMEHHBIM, OCTAHYTCS BPAIIATEHFHO WHBAPUAHTHBIMU. DTO CBOHCTBO HE 3aBUCHT OT
crrocoba mapaverpusanun 72. 1103ToOMy MOXKHO B34Th MPOU3BOJIBHYIO TapamMerpusaimio. Mbr 6ymeM UCIoNb30BaTh JJId
7 mapamerpusanmio (7.5). [Ipu 3ToM MBI Gy1eM CIUTATH, 9TO TONEY ABAACTCS CyMMOH Oyphe-rapMOHVK € BOMTHOBBIME
BekTopaMu A’ < ¢ < A, roe A — ncxonnas obpeska, a A’ — Hopasg oOpesKa.

Tocse moacranoeku (7.10) B (7.1) MBI HAXOTUM

b
Fo= / d2r <vmwz,,, +
QVRH,\RMVﬁ)\VﬁV + VRM,\VRlLUﬁ,\ﬁZ,> . (7.12)

Hanee, noncrasigs ciona B KadecTse 2 Bbipaxkenue (7.5) U pacK/abiBas PE3YJbTAT JI0 BTOPOrO MOPAAKA 110, Mbl
oJIy 4aem

Fn — F) + Fr + Frint + Faint
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rae F(2) onpenengerca (7.6) n
Frn=7 / @ (VR,s)? (7.13)
Frint = 2b / d’r VR Ru2o1Va + ..., (7.14)
Foint = g/dzr [(VR/A)Q‘P% +
(VR = (TR +63)] (7.15)

37ech ... 03HAYAIOT OTOPOIIEHHBIE HecylnecTBeHHble wieHbl. CpapHusas (7.13) ¢ (7.1), MBI 3aKkjI09aeM, 9TO POJb
‘MEIJIEHHOTO  BEKTOPA T UTPAET CAEAYIOMAs BeTUINHA

nl, = Rys. (7.16)

Ormerum, 9T0 2 SIBASETCH €IMHAYHBIM BEKTOPOM, KaK 3T0 caexyer u3 (7.11).
Kak u pambire, Mbl BBOIUM ‘MejieHHbIN (DyHKIIMOHAI JIaHIay B COOTBETCTBUY C OIPEIETEHUEM

exp(—Fp/T) = /Dg@ exp(—FL/T).
B onHOIeT/ICBOM IMPUOJIMKEHIH, KOTOPOE Mbl HCIIOJIb3YEM, MbI IOJIyYaeM U3 STOIO ONPE/IeIeHIA
Fry =Fr + (Foint)o — (FrintFrint)o/2T , (7.17)

rze (...)o 0003HAUaeT yCpeIHEeHNHe, OIPeIeseMoe BKIQI0M BTOPOro mopsankaf (), semucannniv B (7.6). Cpenmne B
(7.17) MOryT GBITH MPEACTABIEHBI CYMMOR IHATPAMM, IPUBEJACHHBIX HA pucyHKe 25. COOTBETCTBYIONME AHATINTHYIE-
CcKme BeIpazkeHnst nponopriuonanbHeiG(r = 0) u [ d?r (VG(r))?, nae G — napHast KoppensinuoHHast pyHKIms OBICTPOI
MEePeMenHoi @1 (mm ¢3). O6e 3Tu Bemumabl nponopruoHatbibl AE = In(A/A’). Berucnsas see koadduments B
(7.17) u rpancdopmupys pesyiabrar ¢ nomompio (7.11) Mbl HaxOIUM

= / d*r¥' /2Vn/, Vn/, . (7.18)

Baecs V' = b — bgA&, tne g = T/(27nb). Ilpusenennoe Buipaxkenune nisa b’ copasennuso, ecau gAEL < 1. C apyroit
CTOPOHBI, MbI JOJKHBI cuntarh AL > 1. [loaroMy ycaoBueM MPUMEHUMOCTH PACCMATPHUBAEMON TEOPUH SABJAETCS
g <1

[Ipennosaras, 900 Mbl IPOU3BOAUM MHOIOLIAIOBYIO IPOLELYPY MCK/UYEHUs] ObICTPBIX CTeleHeil cBOOOIbL U Iepe-
XOIf OT PA3HOCTell K HeIPepBIBHOMY yPABHCHHIO. MBI IOIYyIaeM, UTO IIPH YMEHBIICHAN TeKylneil oopesknl’ 6espas-
mepHas Bequuuna g = 1'/(27b) nomuunsiercsa caenyromemy 1uddepeHMaJibHOMY YPABHEHUTO

dg/dé = g° (7.19)

rae & = In(A/A’). PT-ypasuenue (7.19) nokasbiBaer, 4To g SBJSIETCS MHBAPUAHTHBIN 3apsiaoM. ONHAKO, B OTIHYNE
OT TeX CIy4YaeB, KOTOPbIE Mbl paccMarpuBaiu paublie ((ha3oBbie mepexoabl BTOPOro poia U CMEKTHKH),§ PACTET C

pocrom macmraba (To ectb ¢ pocrom £). Briepsrie Takoe moBeIeHNE 171 MHBAPUAHTHOTO 3apsifa ObLIO yCTAHOBJIEHO B
KBAHTOBOU TEOPWU TOJISI (;1,)151 CUJIbHBIX B3aMMo;Le1‘}ICTBHI‘}I), IIe OHO HA3BIBACTCS ACUMIITOTIHYIECKON ¢BOOOIOI (TaK KaK
UHBAPUAHTHBIN 3aps yObIBAET ¢ yMeHbllenneM maciiraba). Pemenune ypasuenus (7.19) MOKHO 3aMCATH CJIEAYIOIIUAM
obpazom

__ 9
1 —go&’

e go — 3aTpaBOYHOE 3HAYCHWE MHBAPMAHTHOTO 3apsaa (ero 3HAYeHHe Ha MAJBIX MacmTabax, mopamskad ~1).

NuBapuaHTHBIH 3apsia g UTPAET POab 6e3pa3MepHOl KOHCTAHTHI CBI3HM, K TOTBKO IMPH MAJIBIX] OMPABIAHO Pa3/IOKe-
HUE 10 , IPou3BeJIeHHOe Bhie. [IosToMy B J1I060M caydae HeOOXOIUMBIM yCIOBHEM IIPUMEHUMOCTH TEOPUU SIBJISIETCS
ycaosue go < 1. U3-3a pocra ¢ ¢ yBenumuenunem maciiraba 3TO YCIOBHE HAPYIIAETCS HA HEKOTOPOM MaciiTade R,
KOTODBIH, Kak ciemyer u3 (7.20), MoxkeT GbITh ONEHEHO CJIELYIOIUM 00pa3oM

g (7.20)

Re~A"Yexp(1/go). (7.21)
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Taxkum 06pazoM, R, 3KCIOHeHIMAILHO BenK 110 1/go. Ha Macmrabax r 2, R. peHOPM-IPyIIIa, OCHOBAHHAA HA PA3JIO-
2KEHMHU 110 g, 1epecraer paborarb.

Paccmorpum Ternepnh mapHyto Koppessimuporuyoo dyakimo (n(r)n(0)). (MMeHHO Takoro copra KOPPEeTsIHOHHBIE
dbyukiuu asigiorces zabmogaembivu. Odesuno, P(0) = 1. Hac 6yner unrepecoBars nonpaska K 3Toil egunuie. Iro-
Obl ee HalTH, craeyeT cHOBa 3amyctuth PT-tiporieaypy. Coenaem siaeMenTapHbiil mar 3Toil nporeaypsl. [logcrasiss
B KauecTse N Beipaxkenue (7.10) n packaagpiBas pesysbTarT 1o @ A0 BTOPOTO NOPSIIKA, Mbl HAXOIUM

(n(r)n(0)) — (n/(r)n/ (0)[1 — ¢7/2(r) — £3(r)¢7/2(0) — £3(0)]),

A
rae n,, = R,3. 31ech Mbl yunn, 9T0 ObICTPBIE IIEPEMEHHbIE ¥ IPAKTUYECKN HE KOPPEIUPYIOT Ha MAcLITabe r. Ycpe-
HEHVE MOYXXHO HE3ABUCUMO ITPOU3BOIUTH 1O OBICTPHIM U IO ME/JIEHHBIM IEPEMEHHBIM. YCPETHEHHNE M0 DBICTPHIM ITepe-
MEeHHBIM CBOIHUTCA K 3aMene (¢?) — gln(A/A’). Takum o6pa3oM, MBI TOTydaeM

(n(r)n(0)) — [1 = 2gIn(A/A")(n/(r)n/(0)).
TIpu MHOTOMIATOBOM TIPOTEAYPE MBI TPUXOIUM K
(n(r)n(0)) — Z(n/(r)n/(0)),

rae Z momumHAerca ypapHenmio dZ/d¢ = —2gZ. Ero pemenne mmeer Bun Z = (1 — gof)?, rae Mbl HCIIOTL30BAIMT
Boipazkenue (7.20). Yrodwt naiitu (n(r)n(0)), nago peropmuposats Z 10 A’ ~ r~1, nocne dero ¢ mauuHaloT KOppe-
quposarh Ha macmrade r. Ho torma yxke (n/(r)n/(0)) MmoxHO 3ameHuTh Ha enmamIyy. Takum 06pa3oM, MBI HAXOIAM
OKOHYATEIHHO

(n(r)n(0)) = [1 — go In(Ar)]* . (7.22)

Koueuno, 370 BhIpAyKEHHE CIPABEJINBO TOJILKO IPU yCaosuung < 1.

Kak mokaseiBaeT TOYHOE BhIparKeHUe JJisi TTAPHOH KoppessiuonHoit Gyakuuu(n(r + r1)n(ry)) [Burman, 1985], Ha
macirrabe R. B Hell CIOHTAHHO (CAMONPOU3BOJIBHO) BO3HUKAET ILEJb, TO €CTh KOPPEIAIUOHHAs (DYHKIMA HAYHHALT
CIIAJATH YKCIOHEHIUATIBHO, O 3aKOHY exp(—7/R.). T0 Ha MepBbIil B3MJIAI IPOTHBOPeUnT TeopeMe [omncroyna, Ko-
TOpas yTBEPKIAET B YACTHOCTH, YTO [IPU CIIOHTAHHOM HAPYIIEHUH BPAIIATE/TLHON CUMMETPUH JOJKHA COXPAHATHCS
MsrKas CTereHb cBOOOABI (HAIle 1), KOTopasd uMeer creneHHbie Koppeasnuu. OaHako Teopema [ojicroyna JOKa3bi-
BaeTCsd B PAMKaX TEOPHU CPEIHEro 1oJis u upejinosaraer ciaabocrs duykryanuil. B nainem xe cayvae daykryanuu
HH B KAKOM CMBIC/IEC HE ABJIAIOTCA CAabbiMu npur 2, R.. U mosBienre ynoMsiHy Ol e KaK pa3 U ABIFETC OTHAM
U3 MPOABJIEHUNA TON CHUJIBI.

Boabmme N

YrobbI pencTaBuTh cebe OBEIEHNE KOPPENANMOHHBIX (DYHKIUHT2, MOKHO PACCMOTPETH CIy4dail OOIBINOr0 9ucCia,
N KOMIIOHEHT eIMHUYHOTO BEKTOPa M. DTOT CIAydail JOMyCKaeT MCCIEI0BAHUE, KOTOPOE HE TIPE/NOJIaraeT MajJOCTH
WHBAPUAHTHOTO 3apsana. Huke MbI MIPUBOIUM €TI0 OCHOBHBIE IIIATH.

[Ipesk e BCero, BMECTO SBHOTO yueTa yciaoBuan? = 1 yno6Ho cuntars Bce N KOMIIOHEHT BEKTODPA 1 HE3ABUCHUMBIMH
(1 METErpUpPOBAThH 1O BCEM ITHM KOMIIOHEHTAM IMPH BBIYUCICHIH KOPPEAATHOHHBIX (YyHKIH), a ycaosuen? = 1
BBECTH IIPHU MTOMOIIM COOTBETCTBYIONIEH (DyHKITMOHANBHON I-byHKINU. DTa d-DpyHKIHS MOXKET ObITh TPeodpaszoBaHa
B MHTETPAJI IO BCIIOMOTATEIbHOMY TIOJIIO 4 OT COOTBETCTBYIONIEH KCIIOHEeHTHI. B pe3ysibraTe mpousBoaaiiuit GpyHKIu-
OHAJT KOPPEJISITUOHHBIX (DYHKITUH 1L 3aITUCHIBAETCS B CAEIYIOIIEM BUJIE

Z(y) = /Dnm exp (—H+/d2ryn> : (7.23)
H= Flgo /d% [(Vn)? 4+ pm® — p] . (7.24)

Crporo roBopsi, MoJIe (& ABASETCSE YUCTO MHUMBIM, TO €CTh MHTEerpupoBanue mo i B (7.23) uaer BAOJIb MHUMON OCH.

IIpounTerpupyem cHadasa mon, u TOJAbKO moToM 110 1. [lepBoe naTerpupoBanue sBisgercd 'ayccoBbiM, u IOTOMY OT-
BET BBIPAXKAETCS UePe3 MAPHYI0 KOPPEJSIUOHHYI0 DYHKIMION (IPU JAHHOM (). Y DABHEHHE HA 3Ty KOPPEJSIIIUOHHYIO
DYHKIIIO UMeeT CAeAYIOmuil BUu

[1(r1) = Vil(na(ri)ny(r2)) = 2mgod(r1 — 72)0as - (7.25)
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Kak mbl yBugum #Huxke, mose p cjiabo (B mepy Benukoctu N) duiyKryupyer BOJIM3H CBOENO CPEIHErO 3HAYCHU ().
CrenoBaTenbHO, B TIIABHOM MPUOIVIKEHAN MOXKHO 3aMeHUTH /4 B (7.25) Ha po. Torma Mbl JIerko HAXOAMM PEIeHne

d*q g
ng(r)np(0)) = | — —=—0dqp exp(iqT) = godap K r). 7.26
(na(r)ns(0)) o Pt g p(iqr) = godapKo(v/1oT) (7.26)
Mbl BUAMM, YTO KOPPEJISANUM IKCIOHEHIIMAJILHO 3aTyXaloT Ha Macirrabaxr > 1/, /mg, To ecth 1/./fio Urpaer posb
Koppensnuonuoit nauabl R.. MHOrHa | /1) HA3BIBAIOT CIIOHTAHHOW MACCOH, UMesi B BUIy KBAHTOBO-IIQJIEBYIO AHAIOTHIO.

Ternepsb MBI JOMKHBI 00ECTIEINTh yeaopue n? = 1, KOTOpoe ¥ ONPEIenT HaM BeIWdnHy /. Mcnoms3ys (7.26), Mbr
nonydaem u3 n’ = 1 ciemyomee COOTHOMEHHE

A
Nln—=1. 7.27
9o N ( )

Taxum 06pa3oM, MBI HAXOAUM, 9TO B MAPHYIO Koppensumonayo dbyakuuio (7.26) BxomuT BenmanHa

Mbt Bujtum, uro yenosue \/f, < A, KOTOpoe rapaHTUpyer, YTO KOppeJldlMoHHas jyiuHa R, sBiigercs MHOro 6oiiblieit,
yem AL, coBmectno ¢ N > 1, ecimn go N < 1. Ilpu BbIIOIHEHNN 3TUX YCIOBUIT HAIE PACCMOTPEHHE HEJINKOM OCTASTCS
B obOJstacTi OOJIBIINX MACIITAOOB, YTO HEOOXOMMMO JIsT MAKPOCKOIINIECKOM TEOPHH.

IMockosbky orBer (7.26) GbUI MOMYUYEH B NpUbIMIKeHUN ‘cpeaHero noja’ (Koraa (pIyKTYaluni He YIUThIBAIUCH ),
MBI JOJKHBI TEIEPh OMPaBAaTh 3T0 npubsukenne. s aroit menn ynobHO BBecTH QYHKITHOHALS:

exp(—S) = /Dn exp(—H), (7.28)

OIIPEIENAIONIH CTATUCTUKY 11015 (. DyHKIHOHAT S BhIPAXKaeTCs J4epe3 NapHylo KOpPeasiuoHHyio hbyHukuuon (mpu
nauuoM p). Ckaxkem, 4ieH Broporo nopsaiaka 1o duykryanuam i 8 Gyukimonase (7.28) paBen

1
5@ e / Pr1 21y () () (na(ry)no(r2))? (7.29)

Kak cnenyer u3 (7.26), xapakTepHoe 3madenne |r; — ro| B (7.29) ompenenserca, Kak pg ‘. Iosromy Brmasm (7.29)
MOXKeT OBITH OIleHeH, Kak [V f d*r 142 /g Mut summm cbaktop N B 3ToM mHTerpare. Takoit ske dbakTop MogBaseTcs W
B uieHax 6oyee BBICOKOTO TOpsiaKa B dbyukmmonaneS. Bemeacreue sroro mpu N > 1 aykTyanun (4 OKa3bIBAIOTCS
JeHCTBUTENHHO TOIABIEHHBIMH.

3agauu

3agaua 7.1
[Mpw wanuanu BHentHero nojst H umMeercs ciaeayonumii BRI B SHEPTUIO MATHETHUKA,

Fy=— / d*r MHn, (7.30)

rne M — abcosmoTHoe 3Hauenue Hamarauwvdennoctu. Haittu PI-ypaesmenue mis dbaxrtopa M, orHOCsmerocs K dep-
POMArHuTHOMY CJIOIO, CBOicTBa KOTOpOro onucbiBaiorcs (7.1). OrBer no/KeH ObITh BbIPAXKEH Y€pe3 MHBAPUAHTHDIH
3apd.

3agadga 7.2

Nmeercs sHeprus B3anMOIEHCTBUS HAMATHUIEHHOCTH C aHU30TPOIHEH CIOUCTON KPUCTAINIECKON PEIeTKH

E 1
an — d2 I 2_ - .
F. / 3 (nz 3>

Haiitn PI'-ypasuenne nnsa daxropa F, orHOCAIErocs K (peppOMarHATHOMY CJIOK, CBOHCTBA KOTOPOT'O OMHCHIBAIOTCS
(7.1). OTBer nosKeH ObITh BLIPAYKEH YepPe3 WHBAPHUAHTHBLHA 3apsil.
3amayva 7.3
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Paccmorpum aBa peppoOMArHUTHBIX CJI0si, SHEPTUSA KOTOPbIX onpejesnsercs (7.1):
.7:172 = /d2r§(van1,2)2
OHeprusa B3auMOAEHCTBUSL MEXK/LY CJIOSAMH MOXKeT ObITh 3allUCAHA B CJEAYIOLIEM BHJE
F3 = —/dQT Uniny.

Haiitu PT-ypaBuenune s daxkropa U B 001aCTH TPUMEHMMOCTH TEOPUHU BO3MYINEHWM cuuTas, 4To F3 SBIsieTCS
Masoil norpaskoit K Fi 2. OTBeT no/keH ObITh BBIPAXKEH Uepe3 HWHBAPUAHTHBIN 3aps.

8. MEMBPAHDBI

B macrosimiem naparpade Mbl pacCMOTPUM CBO#CTBa MeMOpaH, KOTOPbIE CIOHTAHHO BO3HWKAIOT BO MHOTUX OpPra-
HUYECKUX pacTBOpax. MeMOpaHbl ABISIOTCS IEHKAMHU, TPEICTABIAIONTAMEA COOOH JBOMHON €0 TUMHUIHBIX MOJIEKYJT
¥ MMEIOT, CJI6JIOBATEbHO, TOJIIIUHY TOPSIKA MOJEKYISIPHOTro padmepa. Takne MeMOpaHbl IMHUPOKO PACIIPOCTPAHEHBL
B Omosiormueckux opranu3max. Hampumep, MeMOPaHbI ABJIAIOTCS OCHOBHBIM CTPOUTEIBHBIM MATEPUATIOM KJIETOUHBIX
000J1049€K, & TAKKE TAKUX O0bEKTOB, KAK KPACHBIE KPOBAHBIE TEJIbIA. Y MOMSHEM TAKXKe, YTO HEKOTOPHIE YKUIKOKPHU-
cramnudeckue dhaszbl, KOTOPbIE HA3BIBAITCS JIHOTPOIMHBIMU, TPEJICTABISIOT COO0M KUIKOCTE (PACTBOP), COMEPIKAIILY IO
yropsiiodeHHy0 (B Toil WM WHOM Mepe) cucremy MemGpas [60, 61].

Bo un3bexxanve He0pa3yMeHUil [TOTYEPKHEM, YTO MbI OYJIEM CUNUTATH Pa3Hble MeMOpaHbl HEB3AUMOIENCTBYIOIIUMH,
YTO MO3BOJISIET PACCMATPUBATD UX OTJAEIBHO, HE3ABUCUMO JAPYT OT JAPYra. DTO ONPABIAHO, HAIIPUMED, B JIMOTPOITHBIX
KUJIKUX KPUCTAJIAX, T/IE PACCTOSTHUE MeKIy MeMOpaHaMu MHOTO 0oJibilie uX TOJIMMHBI. Takum obpazom, Teopus
JIMOTPOIHBIX XKHUJIKUX KPUCTAJJIOB JIOJIZKHA CTPOUTHCS B JIBA TAIA: CHAYAJA HAJ0 U3YUNUTH CBOHWCTBA OT/IEIHLHO B3ATON
MeMOpanbl, & 3aTeM y2Ke MPUHATH BO BHUMAaHNE WX B3amMmojelicTsue. BlanmoselicrBue Mek 1y MeMOpanaMu He Oy/er
paccMaTpUBATHCH 3/E€Ch, TAK KAK OHO MPEJCTABIISIET COOOH OTACIBHYIO IPODIEMY, BBIXOISILYIO 38 PAMKH HACTOSMIIErO
Kypca.

Kak mbr y2xe oTmernm, MeMOPaHbI IMEIOT MAJIYIO TOMIIHY. B TO yKe BpeMsi pofobHbIe pa3Mepbl MeMOPaH MOTYT
ObITH BECHbMa 3HAYUTEIHHBIME. [109TOMY TIpHU M3YYEHUN SBJIEHUH, TPOUCXOAAIIAX HA MAKPOCKOIMHIECKUX MaciiTadax,
MeMDOpaHbl MOTYT CUUTATHCH JABYMEPHBIME O0bekTaMu. Takum 06pa3oM, ¢ MAKPOCKOITHIECKONH TOYKHU 3PEHU TTOT0XKe-
Hue MeMOpaHbl B MMPOCTPAHCTBE ONPEIEISIeTCsl HEKOTOPOI TTOBEPXHOCTHIO, KOTOPasi MOKeT ObITh KaK Or'DaHUYeHHOIH,
Tak u 3aMKHYTON. B nocsennem ciyuae membpana Ha3biBaeTCd Be3uKysiol (vesicle). Besukyna Moxker uMeTh pasHble
TOMOJIOTUYECKHe CBOWCTBa. B mpocrteitmiem cirydae oHa umeer 1omooruto chepbl. OTHAKO BO3MOXKHBIMU SABIIAIOTCA U
MOBEPXHOCTH, KOTOPBIE MOIYUAITCs T00aBIeHHeM ‘Dydek’ K MOBEPXHOCTH TOMOJOruU chepbl (Top U Tak ganee) [49].
DHeprust MeMOpaHbI MOXKeT OBITh 3AIUCAHA, KAaK JBYMEPHbBIH HHTErpasl, HAYIIUHd 110 onpesesioniel ee ¢popMy noBepx-
noctu. Ilociennee yrBep:K/ieHNE CIPABEIJINBO IPU OTCYTCTBUU MEXaHMW3MOB, IIPUBOISINIINX K HEJOKAJIbHBIM BKJIA/1aM
B 9HEPIWI. DTO 3aBEIOMO CIPABEIJIABO [T W30TPOMHBIX MeMOpaH (B KOTOPBIX OTCYTCTBYET BHYTDEHHHH MOPSATIOK,
KaK B YKHUJKOCTSX ), KOTOPBIE TOJBKO U OYAYT 3/ECH 00CY K AATHCS.

XapaxkTepHoii 0CODCHHOCTBIO MEMOpaH ABJISCTCS aHOMAJbLHO MAaJjasd BEJMYUHA TOBEPXHOCTHOrO HATSKCHHS. DTO
CBOMCTBO JIETKO MOHATDH, €CJIM MPEICTABUTEL cebe MembOpany B dopme sucta. [Ipu u3MeHeHnn PACCTOSHUN MEXKITY CO-
CTABJISIONTUMHU MeMOPaHy MOJIEKYIaMU ILIOMA/b JTUCTA u3MeHsdeTcsd. Takum 06pa3oM, mwioma b MeMOpaHbiS gaBagercsd
CBODOHBIM TTAPAMETPOM, M B PABHOBECHH BbINOJHsETCs yenouedF/dS = 0, rne F — cBobomnas sHeprusi MemOpa-
ubl. Ho 310 ycioBre Kak pa3 v 03HA4YaeT HYJIEBYIO BEJIUUUHY MTOBEPXHOCTHOTO HaTsKeHusi. KoneuHo, ¢puyKTyarmon-
HO MOYKET BO3HUKATH HEHYJIEBOE MOBEPXHOCTHOE HATSIKEHHUE, IJIs ITOr0 JOJKHO MOSIBUTHCS OTKJIOHEHHE TLIOTHOCTH
MeMOpaHbI (YUCaa MONEKYI Ha €JAMHUILY MOBEPXHOCTH) OT PABHOBECHOTO 3HAYEHUs! (COOTBETCTBYIOMIETO HYJIEBOMY IO~
BEPXHOCTHOMY HATSIKeHWI0). Bo n3berkaHue HeIopasyMeHnH OTIepKHEM, YTO MOBEPXHOCTHOE HATSIXKEHWE BE3HKYJIbI
B CHJIy M3BECTHBIX OrpaHudeHuii (Hanpumep, u3-3a GUKCUPOBAHHON BEJIMYUHbBI O6bEMa, KUJIKOCTU BHYTPH BE3UKYJIbI C
ronosiorueii cdepbl) MOXKET OKa3aTbCs 1 HeHyJsieBbIM. Ho B yi060M ci1ydae BeJIMYMHA ITOrO [IOBEPXHOCTHOIO HATSI2KEHU S
SBJIAETCS IPE3BBIYANHO MAJION.

W3-3a aHOMAIBHO MAJIOTO 3HAYEHHUST TOBEPXHOCTHOTO HATSKEHN ST MEMOPAHBI BECHMA, ‘MSITKUMU OKA3BIBAIOTCS (DIIyK-
Tyaluu, CBA3aHHbIE ¢ u3MeHenueM opMmbl MeMOpanbl. s ux onucamus ciegyer BBectu sHepruto (byHKIMOHAJ
Jlannay), koropslii ‘3uaer’ 0 Kpusushe membpanbl. Mbl 6y/ieM paccMaTpuBaTh TOJIBKO cuMMeTpuyiHbie MeMOpanbl (06e
CTOPOHBI TAKOW MeMOpaHbl SKBUBAJIEHTHBI). TOrma B pasioXkeHUH MOBEPXHOCTHOMN ILIOTHOCTH 3HEPTUH MO KPUBU3HE
MOTYT MPUCYTCTBOBATH TOJIBKO YeTHBbIE WIeHbl. |JIABHBIMU BKJIAJAME B SHEPTUI0 MEMODPAHBI SBJISIIOTCS CJELYIOIINe
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IBa ciaaraemsix [50, 51]

/dS <+Rz>2, (8.1)

Fo—r / ds 31 T (8.2)

/e THTerpHPOBAHNE TTPON3BOINTCS TI0 MMOBEPXHOCTH, onpeensioleil ¢popmy mMembpanbl. 3necbR1 n Ry — loKaabHbIe
PaIuyChl KPUBU3HBI MEMOPaHbL, & (PAKTOPBLK U K HA3BIBAIOTCS U3rMOHBIMYU MOLYIAMEU (UM MOLYIaMU Xeabdpuxa).
Mpoussenenne Ry 'Ry apiserca TayccoBoit KpEBU3HOM MOBEPXHOCTH, a KoMOuHarusa Ry ' + Ry ' 06b4mHo HasbiBaeTcs
ee cpenHeit KpUBU3HOM.

BameruM, 9TO BKJIQJ B 3HEPrHUio (8.2) ABJISETCA TOMNOJOIMYECKUM UHBAPUAHTOM. JIeHCTBUTE/NbHO, 11 3aMKHYTOR
OBepXHOCTU uHTErpas 1o Heil or ee Fayccosoit kpususubl pasen4mw(l — g.), e g — TAK HA3BIBAEMBIH T'€HYC, TO
€CTh YNCJI0 ‘PydeK’, KOTOPOe HOIKHO ObITH IMPUCOEINHEHO K cpepe [t TOro, 9T00BI MOJYINTh MOBEPXHOCTD JTAHHOM
TOMOJIOTHYECKON CTPYKTYDHI (HATIPUMED, JJIst TOPA ge = 1). DTO uncyio (reHyc) 3aBHCUT OT TOMOJOTUH, HO He 3aBUCHUT
oT KOHKpeTHOI ¢dhopMbl ToBepxHOCTH. [ToaTOMy TpH HeNpephIBHBIX nedOpMAaliaX BE3UKYJIbl, HE 3aTPArHBAIOIIIX €€
TOMOJIOIMH, BKJIaJL B 9Hepruio (8.2) He urpaer Hukakoii poju. C Apyroii CTOPOHBI, MOXKHO IIOCTABUTDH BOIIPOC O Aedop-
MAaligX BE3UKYJI, IPUBOJASIINX K M3MEHEHUIO uxX Tonosoruu (remyca). js Takoro poga OpoieccoB BKJIAJL B DHEPIHUIO
(8.2) Byger urparhb CyIiecTBEHHYIO POJIb.

Kak ™Mbl yKe yrnoMsiHyiu, B JonoiHeHne K 3Heprun (8.1,8.2), cBA3aHHON ¢ KPUBU3HON MeMODAHbBI, CJIEILYET BBECTU
SHEPTUIO, CBA3AHHYIO C (DIYKTYALHIMU TOBEPXHOCTHOM IJIOTHOCTH MOJIEKYJIN s, COCTABJIAIONINX MeMOpany. Mbr 6yaem
OTCYUTBHIBATH Mg OT PABHOBECHOI'O 3HAYEHUS 7, COOTBETCTBYIOIIETO HYJIEBOMY MOBEPXHOCTHOMY HaTszKeHHio. Torma
TJIABHBIN BKJIAJ B SHEPIUIO, CBA3AHHBIN ¢ DIYKTYAIUAMUAN g, UMEET CJEeAYIONTHil BUI,

1
- / AS B . (8.3)

3aech v = (ns—ng)/ng ABAKETCH OTHOCUTEIBHBIM OTKJIOHEHUEM MTOBEPXHOCTHOMN MJIOTHOCTH MOJIEKYJI OT PABHOBECHOTO
sHauenud, a Ghakrop B umeer cMbIcy 00parHOi cokuMaemocTu MeMmGpanbl. [loscaum cBsi3b sHepruu (8.3) ¢ moBepx-
HOCTHBIM HATsKeHueM. [Jisi 9T0ro npejpnosokuMm, 910 MeMOpaHa SBISEeTCsl [JIOCKUM JINCTOM, & TAKXKE SBJISETCH
onnopoauoii. Torna F,, = (SB/ 2)1/2, rae S — miomanb MeMmbpanbl, IlycTh BemuunHa 9TOH ILIOMAIH H3MEHAETCSI HA
dS. Torna uaMeneHue ng MOKHO HaiiTh u3 cooruomenusns = N/S, rne N — qucio Mmosieky MemGpanbl (KoTopoe huk-
CUPOBAHO). BRIYuUC/Iss 3aTeM N3MEHEHNE SHEPTUH, MbI HAXOUM JIJI TIOBEPXHOCTHOTO HaTs)eauso = dF, /dS = —Buv.

DTa BeJUYUUHA AEHCTBUTEIBHO ODPAIAETCs B HOJb IPUN s = Mg, & 3HAK MUHYC B 9TOM BBIDAXKEHUU CBA3aH C T€M, YTO
TOBEPXHOCTHOE HATSIXKEHHE MeMODAaHBbI PACTET TIPY YBEJWYEHUN €€ TJIOTHOCTH.

Jlna memOpanuoro jmcra sueprusg (8.1) gocruraer MUHUMYMa, B CIYYae IJIOCKO reomerpun. [losroMy no kpaiineii
Mepe HeDOJIbINe YaCTH MEMOPAHBI MOXKHO CYUTATH IJIOCKAMH. 1Ipy HY/J€eBOM MOBEPXHOCTHOM HATAKEHWUU TEILJIOBBIE
durykTyanuu TpUBOJILT K TOMY, YTO PA3PYIIAIOTCS KOPPEJISIUN OPUEHTAIINN MeMOPAHBI HA PACCTOSHUAX DOJIbIIE, YeM
HEKOTODBIH MacITal, KOTODBI HA3BIBAETCS TEPCUCTEHTHOMN IIHHOM [53]. Huzke MBI OIIEHHM NEPCHCTEHTHYIO THHYR,.
371ech e TOJIBKO OTMETHUM, UTO Ha MIKAJIAX OOIBINNX, YeM NePCUCTEHTHAS JTHHA, MeMOpaHa HUA B KAKOM MTPUOJIVIKEHITH
HE MOXKET CYUTATHCH [IIOCKON: OHa 06J1aaeT CI0xKHOM (xaorryueckoiil) HhopMoii.

[Ipucrynum K KogumdecTBeHHOMY aHaan3y daykryaiuit (popMbl MeMOpaHbl. [y 3TOro HeobXoamMo mpex e Bce-
0 BBECTH HEKOTOPYIO MapaMETPHU3AIUI0 TIOBEPXHOCTH, KOTOpas 3a1aeT (opmy membpanbl. MMes B BuIy onucanue
BE3UKYJI, KOTOPBIE MOTYT UMETH TOBOJIHHO CJIOXKHYIO (POPMY, MbI CTAPTYEM C MAKCHUMAJBHO ODIEN MapaMerpu3anuu
nosepxaoctu P(r) = 0, roe ® — HekoTOpasg GyHKIUA Tpex KoopauHaT. Torna 1y e JMHAIHOTO BEKTOPA, NEPIEHIUKY-
JIAPHOTO K TIOBEPXHOCTHU, MMEET MECTO BBIDAXKEHIE

V;®

= ——
|V |

(8.4)

Benuuuna [, dopmanpHO onpemeseHHas HA BCEM MPOCTPAHCTBE, MMEET CMbBICJI, KOHEYHO, TOJBKO HA IIOBEPXHOCTH
® = 0. C nomMoIpio BBeJeHHbIX BesinduH Heprus (8.1,8.2) nepenucbiBaercs caepyonmuM o6pa3oM

Fu+ Fe = /d3ra(q>)|vq>| {g(vizz) g [(Vil:)? vilkvkzi)}} : (8.5)

Ormernm, a0 BRIpakenus (8.4,8.5) HHBAPHAHTHBI OTHOCHTENHHO 3aMeHbI® — f(P), rae f — npomseonbHAA QyHK-
s, yaosaersopsiomias yeaosuto f(0) = 0. Jyst Beipaxkenus (8.4) 370 mpoBepsieTcsl HEMOCPeACTBEeHHO. JIyist BBIpa-
keuus (8.5) 9710 caeayer U3z AByX CBOMCTB. Bo-nepshix, orHOCUTENBHO 3aMeHbIP — f(P) uHBApUAHTEH MHOKUTEIH
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d(P)|V®|. Bo-Bropsix, B (8.5) BXOAAT MPOU3BOAHBIE OT | TOIBKO BJOJIb MOBEPXHOCTH, KOTOPbIE HE 3aBHCAT OT CIIOCODA
npooszKerust I B HAIIpABJIEHUH, EPIEHIMKYJIsIpHOM oBepxuoctu. [locieanee cBoiicTBo caemyer u3z Toro, 9roV,; B
(8.5) Moer 6BITH 3aMeneno Ha Vit = V; — [;1;V ;. Hanpumep, Vi-l; = V,;l; B cuy ycopust 12 = 1.

Jlanee Mbl m3ydaeMm (ayKTyaluu, CIUTas, 9TO B HYJEBOM TPHUOIHKEHNN MeMOpPaHy MOXKHO CUYHTATH TLIOCKOH, TO
ecTh MbI Oy/eM m3ydaTh MeMODAHHBIH JUCT WM BE3WKYJIY HA MAacITadax, ropa3zio MeHbIIe ee pa3MepoB. Boibepem
CUCTEMY KOODJMHAT TAKUM 0OpPa30M, 4TOObI PABHOBECHOE IOJIOXKEHUWE MEeMOPAaHbI COBIIAJAJIO0 C IJIOCKOCThIOX — Y.
Torma ecTecTBEHHO TTAPAMETPH3OBATH OTKJIOHEHNST MEMOPAHBI OT PABHOBECHOH (hOPMBI ee cMeleHneMy BIOIb OCH Z
9TO cMmernenue apiasercs gpyukiuei x,y. CoorBercreyiomas GyHKIMg P 3aMUCHIBAETCS CASAYOMIM 00pa3oM

D =z—ulz,y). (8.6)

OrmveTrM aHAJIOTHIO ¢ OMMCAHWEM CMEKTHKOB (cMoTpu maparpad 6): Mbl mapaMerpnsyem MeMOpaHy, KaK e JHHHIHbII
cMekTrYeckuii cioil. Takoro copra napaMerpusaius MOXKeT ObITh HCIIOJIb30BAHA JIJIs TPOU3BOALHOM II€HKHU (TOMIIMHA
KOTODO#i gBJigercsd npeHebpeskuMo MaJoil).

B repMunax mapamerpusaiuu (8.6) enuHUUHBIH BEKTOD (8.4), MePHEeHIUKYIAPHBINA K MOBEPXHOCTH, UMEET CJIEIY0-
e KOMIIOHEHTHI

o 1
___ Nau L= ——— (8.7)

31ech Tpedeckuil HHIEKC o TpoberaeT fpa 3HaueHus ¢ u y. Ilomcrapiss Beipaxkenue (8.7) B (8.5), MbI HAXOMUM

2
F = g/dxdy\/1+(Vu)2 Voot | (8.8)

14+ (Vu)?

3amerum, 9To Bbipaykenue (8.8) He mpeanosaraeT MajgocTH (GIyKTyalmiiu, TO eCTh ABAeTCsd (POPMAILHO TOUHBIM.
OmHAKO 3TO BBIPAKEHUE TPEATIONATAET OTCYTCTBUE ‘TEPErunboB’, TO €CTh ONHO3HAYHOCTD (QyHKInuY (T, y), KOTOPYO
FAPAHTUPYET TOJBKO MAJIOCTh (DIIyKTyaIuit u.

[IpemmomoxuM Tenepsb, YTO TOBEPXHOCTHOE HATSKEHNEe MeMOPAHbIO HE PABHO HYJO. Hampumep, MOXKHO TpeacTa-
BUTH cebe, 9To MeMbpaHa HATAHYTa, (KAK MbLIbHAL [IJIEHKA) Ha HEKOTOPYIO PAMKY, KOTOPasi UMEET ILJIOIA b HECKOIBKO
6osibIle, ¥eM PABHOBECHAd ILJIOMA b MeMOpanbl. Torma MmemOpana OyaeT pacTAHYTa U €€ MOBEPXHOCTHOE HATIKEHUE
o = —Bv 6yzer nonoxureabHbIM. [I0CKOIBKY (DIyKTyaluy MPONCXOAAT P IOCTOSHHOM 1ncyie MonekyaN = [ dSn,
JLIsT UX OIMCAHUS HAJO0 UCIOIb30BaTh 3HEPruio (8.3), B KOTOPYIO HAJ0 BKIOIUTHN ¢ JIarpaHkeBbiM MHOKUTEIEM A:

Fo= /dS (;B(”‘;‘O)Q _ /\n> . (8.9)

L)

q)ﬂyKTyaLH/H/I (bOprI MeM6paHbI ABJAIOTCA OTHOCUTEJbHO MEIJEHHBIMU, U TTOTOMYT! yCIIE€BACT MOACTPANBATHCA IO
TeKyILyo HhopMy MeMOpaHbl, OCTaBasiCh IPU ITOM OAHOPOAHBIM. [TosToMy cienyer B3garh MunumyMm 3Hepruu (8.9) 1o
n, aro gaetr A = B(n —ng)/nd = —o/ng. lloacrapnsas 31o Beipazkenue B (8.9) U yUUTHIBas OPEANOTAraeMyio MaJoCTh
v, MBI TOy49aeM 3¢ ekTuBHy0 3uepruto F, = 0S5. B repmunax cmerrenuns u

Fo za/dacdy V14 (Vu)?. (8.10)

Craprys c Bbipaxkenus (8.8), MOKHO CHOPMYJIUPOBATH TEOPUIO BO3MYINEHUI O JJisl BHIYMCJIEHUS Da3JIAIHBIX
KoppensainuoHHbx dyukimit. Ilpu atom BriIan Fg, KaK TONOJOTUYECKHI WHBAPUAHT, HE BJIUAET HA 3TY TEOPUIO BO3-
myiienuii. Packiaabisas suepruio (8.8), Mbl HAXOAUM YJIE€H BTOPOTO MOPSIIKA

F@ = g/dxdy(v2u)2, (8.11)

KOTOPBI ONPeIesIeT 3aTPABOYHOE 3HAUYECHUE KOPPEIIIHOHHBIX (hyHKIui. OHU CBOAATCS K MAPHON KOPPETAIINOHHOM
dyHKIIT
d?q T

u(z,y)u(0,0))o = [ —5— exp(igex + 17 . 8.12

(e (0.0 = [ 55 exlia,a + ia,) (312
O6paruM BHUMaHUe HA TO, 4TO MHTerpas (8.12) pacxoanuTcs HA MaJbIXg. DTO O3HAUAET, YTO OCHOBHOM BKJIAI B KOD-
pensinponnyio dhyuruuio (u(x,y)u(0,0)) BHOCAT caMble KPYITHOMACIITAOHbIE (DIYKTYAIMH, C BOJHOBBIMU BEKTOPAMU
mopsAaKa 00PATHOTO TIPOIOIBHOTO Pa3zMepa MeMOPaHDI.
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(O

Puc. 26: IlepBas mompaBka K MapHONH KOPPEJSIMOHHON (YHKIUAU.

Ouennm, ocHOBBIBasICh Ha (8.11), mepcucTeHTHYO MHHY R,.. JI715 9TOr0O MBI JIOJZKHBI PACCMOTPETH KOPPETSIUOHHY IO
dyuxmuo (I(r1)l(ry)), Koropas onpenender KOPPEIAIUA OPUEHTAIMK PA3JIMYHbIX YY4aCTKOB MEMODAHbI, U HaHTH
XapaKTEPHYIO JJIMHY, HA KOTOPOi 9Ta Koppessuus ncaesaer. [loncrasum Boipaxkenus (8.7) B(L(r1)l(r2)) n pasmoxum
pesyabrar 1o U (canTas dbaykTyanmuu ¢ Magbivu). [lepebe qBa weHa PaslIOKEHAS UMEIOT BUJI

(U(r)l(re)) = 1 = % <[VQU(1‘1,y1) - Vau(wz7yz)]2> : (8.13)

Ucnomnb3yst Teneps Bbipazkerue (8.12) mJist mapHO# KOPPEJSITUHOHHON (DYHKITUU, MBI HAXOIUM

1
2

<[Vau(a:,y) — Vau(070)]2>0 = / g T [1 — exp(igzx + igyy)] ~ % In (A\/ZEQ + y2) . (8.14)

(2m)? kg?

Baeck A — ynbrpaduoinerosas obpeska (obparaas Tonamuaa MeMopanbl). OBpaTumM BHUMAHKE HA TO, 9TO B JAHHOM BbI-
ParKEHMU HET HUKAKUX PACXOANMOCTel Ha Masibixq. Teopus Bo3aMymienuii ajs Koppensanuontoit dbyuxmuu(l(r)l(rs))
pa3pyIIaeTcst TOrIA, KOrAa Monpaska (8.14) cranoBuTcs nopsaaka eauauibl. OTCiona Mbl T0IydaeM JJis IePCUCTEHTHOM
JUHBL R, crenyrornyio oreHKy [53]

In(AR.) ~ k/T. (8.15)

Ouenxka (8.15) umeer cmbica npu MasoMm T/k (MHAYE OTCYTCTBYET 00J1aCTh MPUMEHUMOCTH TEOPUU BO3MYIIEHUIT ). DTO
YCJIOBME BBIIOJIHSETCS Jjisl peasibHbix MeMmOpan. B nasnbreiiinem mbl npeanosaraeM majaocrbl'/k.

Eciin noBepxHOCTHOE HaTsizKeHHe MeMOpaHbl OTJIUYHO OT HyJisl, TO HeOOXOAMMO BKJIIOYUTH B paccMmorpenue 3¢ dek-
TuBHy0 Hepruio (8.10). Bo BTOpoM mopsiiKe 10w OHA J1aeT

F@ = % / dx dy (Vu)?. (8.16)

Jobasnsisa skaaz (8.16) k sueprum (8.11) MbI HAXOIUM SHEPTUIO BTOPOrO MOPSIKA, KOTOPAs AAeT

d?q T . .
(u(z,y)u(0,0))o = /WW exp(iqzx + zqyy) ) (8~17)

BMecTO (8.12). B 9TOM BBIpasKeHHH COXPAHSETCS PACKOTHMOCTb HA MAJIbIX ¢, OMHAKO OHA Telephb sBJAETCS TOJIBKO
sorapudMudeckoii. JIpyruMu coBaMu, HaIudue MOBEPXHOCTHOIO HATSIKEHUS MOJABIsIeT (DIYKTYAIHN MeMODAHLI Ha
BOMBIIAX MaCTITabaX.

YUT00BI MOCTPOUTE PETYNAPHYIO TEOPHIO BO3MYIIEHNUH, HEOOXOANMO IPUHSITH BO BHUMAHHE BBICIINE UIEHBI PA3JIO-
skeHust sueprun (8.8) wo u. Crexyromum 3a (8.11) sBJsIETCS WIEH YeTBEPTOrO MOPSAKA

FO = g / dz dy {;(w)?(v?u)? + vau(Vu)QvaVQu} : (8.18)

[Jie BO BTOPOM UJIeHe MbI TPOWHTErPUPOBAIM MO YacTsM. Briasa (8.18) mopoxkaeT MOMPAaBKH K KOPPEJSIITHOHHBIM
GYHKIMSAM U, KOTOPBIE 33Jaf0TCA TUATPAMMAMU C YETBEPHBIMU BepmmHaMu. KaX10ii BepIuHEe COTOCTABIISETCS MHO-
YKUTENb, ONPeIeTAeMbIi (8.18), a KaK/IOf JIMHUY COMTOCTABJISAETCS 3aTPABOYHASA MAPHAS KOPPEIAIMOHHad OYHKITUSRL
(8.12) nmm (8.17).

[IepBas mompaBKa K IAapHOH KOPPENANMOHHON (YHKINNU OIpeIessieTCs OIHOIETIeBOM TUarpaMMOii, IpUBeIeHHON
Ha puUCyHKe 26, /e JIMHUY TPEeCTABI[IT COOOH 3aTpaBOYHOE 3HAYEHNE MAPHON KOPPeasaIimonnoil dynkimny. Kak
OOBIYHO, TTETIIIO HA, ITON AMarpaMme MOXKHO HWHTEPIPETUPOBATH, KAK BKJAI B CODCTBEHHO-IHEPTETUIECKYIO (DYHKITUIO
3, KOTOpasi OIPEIEIsAeTCA B COOTBETCTBUHU C BBIPAXKEHUEM

d?q T
(2m)2 kgt +0¢%2 — X

(u(z, y)u(0,0)) = / exp(igz T + iqyy) , (8.19)
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BMmecto (8.17). Boipaxkenue jjis cobcTBEHHO-IHEPreTUIecKOl (bYHKIUM, COOTBETCTBYOIIEe TPUBEIEHHOM OHONETIEBO

JarpaMMe, MMeeT BUJ,
3 d2k Tk? 3 d2k Tk*
(q) = 5rq" o toRd / —— . 8.20
(9) q / (27)2 kKk* + ok? * 94 J (2m)? kk* + ok? ( )

CpasuauBas (8.20) ¢ (8.19), MblI 3akj049aeM, 4To nepsoe caaraemoe B (8.20) jaer peHOPMHUPOBKY MOIYJIsiK, KOTOPast
HOCUT JorapuMUIECKUil XapaKkTep:

3T

Ak =—"=1
K 47TH

(AR,), R,=+/k/o. (8.21)
Bropoe ke cnaraemoe B (8.20) saer BKJAJ B MOBEPXHOCTHOe HaTsiykeHHe. COOTBETCTBYIONIMI BKJIAJ, SIBJISETCS Yilb-
TpPaUOJIETOBBIM, TO €CTh OIPeIesteTcs OOJBITUMY BOJHOBBIMU BEKTOPAMHU, a IMOTOMY HE MOYKET ObITh BBIYHCJIEH B
paMKax JJTHHHOBOJHOBOM Teopuu. 3/IeCh CUTYAIMs OKA3BIBAETCA TAKOW YKe, KaK U 1j1d (ha30BbIX TEPEXOI0B, TIe TOY-
Ka [epexoia He MOXKeT ObITh BBIYUCJIEHA B PAMKAX JJIUHHOBOJIHOBOM Teopuu. To49HO TakKe, KaK yabTpaduoaeToBbe
BKJIQJ[bl BKJIOYAJNCH B I[EPEONpPEIeTeHNe TOUYKU MEPEXONa, YIbTPpahUOIeTOBbIe BKIAALl (THUIIA HANJIEHHOIO BBIIIE)
JOJIZKHBI BKJIFOYATHCS B [I€PEOTPEIeIeHNe TOBEPXHOCTHOTO HATSKEHUST MEMODAHBI.

AnasornanbiM 06pa3oM MOryT OBITH IPOAHATU3UPOBAHBL U MHOIOIETIIEBbIE BKJIaAbl BY, o0g3anuble wieny (8.18).
Bce onu copepxkar sorapudmMuUiecKkue caaraeMbie, KOTOpble MOXXHO MHTEPIPETHPOBATH, KAK PEHOPMUPOBKYK. dasee,
MBI JIOJIFKHBI TPUHATH BO BHUMaHHWe BBICIINE WIEHbI pasioykeHns (8.8) mow (WieHbl 1MecToro, BOCBMOTO W TaK JaJiee
nopsaakoB). OHU MPUBELYT K JIONOJHUTEILHBIM MOMPABKAM K MAPHON KOPPEJSIMOHHON (DYHKIMUU, KOTOPbIE TaK¥Ke
conepxkar jgorapudmudeckue caaraembie. Takum 06pa3oM, BO3HUKAET TpobaeMa CyMMUPOBAHNA [IABHOM JiorapudMu-
YeCKOil TOCIeI0BaATEIFHOCTY BKIAIOB B KOPPEIIITHOHHbIE QYHKITHNY. ECTeCTBEHHBIM MyTeM peIeHus MoI00HOTO Pojia
33724 SIBJISETCS PEHOPM-TPYIIa. B HaHHOM caydae CUTYaIus OCIOXKHSIETCA HAIUIreM OECKOHETHOTO HAOOPa BEPIIWH.
Dra curyanus HaoMUHAET TPOBIeMy ¢ ABYyMEpHBbIM (reppomaruerukomM (cmorpu naparpad 7). Tam creruanbHo HAIO0
OBLITO 3a00TUTHC O BPAIATETFHO WHBAPUAHTHOM CIIOCO0E pa3ieaeHnsa ObICTPHIX W MEIIEeHHBIX mepeMeHHbIX. K cga-
CTbIO, /1J1sT MeMOpaH Tako# mpobIeMbl He BOBHUKAET. TO CBS3AHO C TEM, UTO MPU MPOU3BOIBLHOM CIIOCODE Pa3IeIeHus
TEPEMEHHBIX Ha, OBICTPBIE U MEJJIEHHBIE TTOC/Ie WHTEIPUPOBAHNS TI0 OBICTPHIM MTEPEMEHHBIM COXPAHSETCS CUMMETDUS
dyukumonana Jlangay orHocurenbuo nepenapamerpusanuu® — f(P), koropas onHoznauno aukryer dhopmy GyHK-
nuoHasa (8.5).

[Tosicuum sTO yTBep:kIeHue. IIpex e Bcero, mpousseeM ayieMeHTapHbIil mar PI-mporeaypsl, pa3nenus mepemen-
Hble Ha OBICTPYIO W MEJIEHHYI) KOMITIOHEHTHI W ITPOMHTErPUPOBAB IO MOCHETHEH. ITO MOXKHO CIAEJaTh MPIMO Ha
s3bike hyHrnun O, onHUM U3 BO3MOXKHBIX peajin3anuil Koropoii ssisercs (8.6). A umenno, dbyuxiuuonas Jlannay mjis
MeJICHHOH 9acTu ®’ 3aIHCHIBACTCA B BUE HHTErPAJIA 110 BBICTPOMY 10O D:

exp [—Pfl)} :/Dé exp —w . (8.22)

Hanee, dynkumonan Jlanmay F (P + <i>) MHBAPUAHTEH OTHOCHTEJIBHO 3aMeHbl & + & — f (P + (i>) IIpomssoas sty
3aMeHy ¥ IIepexojisi OT HHTErPHPOBAHNS 110 P K MHTErPUPOBAHUIO 10 f = f (®' 4 @) — f(P'), MBI MOTYUAEM B IPABOIL
gactu (8.22) uarerpas, Kotopeiit ceoputca Kexp{ —F'[f(®")]/T}. Takum obpasom, mennernsiii dbynkuponasn Jlantay
F'(®') Takke OKA3BIBAETCS WHBAPHAHTHBIM OTHOCHUTENHHO 3ameHbl & — f(P'). VuwrbBasg Takxke, 9TO NMpHU HHTE-
PUPOBAHUHY 110 OBICTPBIM MOJISIM IIOIY9aeTCA JIOKATbHOE BbIPAXKEHHNE, MbI IIPUXOANM K BBIBOAY, 4TOF’ (D) apngercs
MHTErpasoM 1o nosepxuoctH ® = 0 or mpom3BogHBIX OT | BIONb MOBEPXHOCTH, TAK KAK TOJBKO TAKHAE OOHEKTHI
WHBAPUAHTHBI OTHOCATEIBHO 3amensr & — f(P'). Bo Bropom mopsimke mo o6parHoil kpususHe (KOraa BJF MMETCS
YIEHBI, COAEPIKAIME JBE MPOCTPAHCTBEHHBIE TPOU3BOMHBIE OT]) BO3MOXKHBIE BKIAAbI B DyHKIMOHAT Jlanmay ncuep-
OBIBAKOTCS JBYMs, lepedncieHHbiMu B (8.5). Takum o6pazom, Beipazkenue (8.5) aBTOMATHIECKH BOCIIPOU3BOIUTCS IPU
MCKJIIOYEHAN OBICTPHIX TePEMEHHBIX.

D10 cBOWCTBO cUIBHO oberdaer nonyuenue PT-ypasueruit. Bo-miepBbix, mMeeTcst TOMBKO ABA MOIYIs,K U R, I
KOTOPBIX 3Tu PI-ypaBHeHUs JOMKHBI OBbITH HafZeHBL. A BO-BTOPBIX, JOCTATOYHO OIPAHMYMTHCHA HUSIIUMH YICHAME
pasnoxenust GyHkimonana Jlangay (8.8) mou. 9710 o3HAUAET, YTO B cOOTHOIMEHUN (8.22) BF' HOCTATOUHO yAepKaTh
YJIEHBI BTOPOTO MOPSAIKa 1o u', a B F JZOCTATOYHO yIep:;KaTh YeHLI BTOPOrO IOpANKa Kak Mo u', Tak W mo 4. B
pesymbrare F — F3) (u) + FO (u') + Fipny, vie

1
Fint = g / dx dy {2(Vﬂ)2(v2u/)2 + Vo' (V)2 Vo V2 + QVQQ(V'MV'&)V&V%’} +.., (8.23)

IJIe MHOTOTOIHEM 0003HAYEHBI HECYTIECTBEHHbBIC WIeHbL. 110mpaeKa K byHKImoHany JIanaay ais MeIJIeHHBIX TTePeMEH-
uerx pasHa F'(u') — F(u') = (Fint)o, T Cpeanee GepeTcs M0 OBICTPHIM TIEPEMEHHBIM C BECOM, ompenensembim (8.11),
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TO eCTh TapHasd KOppeaanunonHas GyHKIHMsA ObICTporo nosad papha B ®ypoe-npeacrasaennn T/ kqt. Cregosaremso,

T A
WiV i) = In(=)d.3, .24
(VauVgii)o Tn n<A/) 8 (8.24)
rae A’ — HamMeHbInmMit BOJHOBOHM BEKTOp ObIcTporo monsd 4. B coorsercrsum ¢ (8.21,8.24) mbl HaxomuMm Ak =

—3T/(4m) In(A/A"). Takum obpazom Mbl osyuaem PI-ypasnenue [54]

dr 3T

E- i (8.25)

rae & = In(A/A). Kak caenyer u3 (8.25), ponb ‘MHBApUAHTHOTO 3apsga’ (6e3pasMepHOll KOHCTAHTBI CBSA3M) UTPAET
BEJIMYHHA (.

3T
=——. 8.26
I~ 4rn ( )
J71st IPUMEHNMOCTH TEOPHU BO3MYIIEHHIH KOHCTAHTA, CBA3M g JOMKHA ObITH Masoi, g < 1.
U3 coornomenuit (8.25,8.26) ciaemyer ypasHeHue
d
%= g, (8.27)

dg
Takum 0O6pa3oM, KaK U Ajis N-0Jsl, MbI CTAJKUBAEMCS C CHTyallel, KOTopas B KBAHTOBOH TEOPWUM MO/ HA3BIBAGTCS
‘acHMITOTHYECKON CcBOOOIOI’, Korma Oe3pa3dMepHas KOHCTAHTA CBdA3W PACTET HPHU yBeamdennn macmrada. Moxuo

CKa3aTh, 4TO B3aMMOJEHCTBME C MaJbiMM Maciirabamu jenaer MeMOpaHy OoJiee MAKOM HA OOJIbIIMX MACIITAOAX.
Permiennem ypaprenus (8.27) sisasiercs

_ g0
9= T god) (8:28)

31eCh gy — KOPOTKOBOJIHOBOE 3HAYEHHWE KOHCTAHTHI CBsi3M. HeoOXoauMbIM yCJIOBHEM NMPUMEHMMOCTH HAIIEH Teopwnu,
OCHOBAHHOI HA TEOPUH BO3MYIIEHU, ABIsIeTCA go << 1. Yemopue g < 1 03Havaer, 4To HaIlla Teopusi paboTaeT BILIOTH
no macmrabos L, onpenensiembix go In(AL) ~ 1. Benomunas coornommenue (8.15) (rae Hano 6parb KOPOTKOBOJIHO-
BOE 3HAYEHWE K), MbI IPUXOIUM K BBIBOZY, 4TO TEOpHsd BO3MYIIEHUil paboraeT B MPOMeKyTKe MaciuTaboB MexKiy
MOJIEKYJISAPHOMN JUTMHON M MEPCUCTEHTHON JJIMHOM.

Omnpenennm Teneps PT-ypaBHeHWe [JIst TOBEPXHOCTHOTO HATSIYKEHUS 0, KOTOpoe BXOAWT B 3Hepruio (8.10). s
TOro, YTO6LI HARTH PEHOPMUPOBKY O, JOCTATOYHO PA3IoKuUTh 3Hepruio (8.10) 10 BTOPOro mnopdiaka 1mod, B Pe3yiib-
tare gero nonydaerca (8.16) ¢ u — . Temeps mbr B coorBercTBru ¢ (8.22) Haxomum nonpasky F, — F,, PABHYIO

(.7-'(9) (@))o, THe CKOOKM O3HAMAIOT yCpeAHEeHWe To ObicTpomy momwoo. Mcmombsys (8.24), Mbr HAXOMAM (.7-',9) (@)o =
To/4mIn(A/A) [ dxdy. CpaBHuBas 910 BbIparkKeHHe C 3aTpPaBOYHBIM 3HadeHweM o [ dady, Mbl Haxomum Ao =
To/4mIn(A/A"), aro naer cnenyromee PT-ypagHenne

o _9, (8.29)

1/
CpaBHuBbast 3170 ypaBHeHue ¢ (8.27), MBI IPUXOJUM K BBIBOZY, UTO MOBEPXHOCTHOE HATSYKEHNE PACTET ¢ MACIITabOM B
COOTBETCTBHI C 3aKOHOM 0 X ¢'/3.

OrMerumM, 4TO MPYU KOHEYHOM 3HAYEHWH TMOBEPXHOCTHOTO HATSI)KEHUS PEHOPMUPOBKAK, 0 3aKAHIMBAETCS HA, MAC-
mrabe Ry, BBenennoM B (8.21). Takum obpaszom, ecu R, > R, 10 ¢ < 1 Ha Beex MacmTabax, U MBI BCETI4 OCTAEMCS
B PAMKaX TEOPUU BO3MYIIEHUI.

Hapsay ¢ peHOpMUPOBKO# Kk U 0 PEHOPMUPYETCST TAKIKE MOIYJIb K. [IOCKOIbKY COOTBETCTBYIOIIUI BKJIA B SHEPTHIO
(8.2) aBngerca Tonosiormueckum uHBapuanToMm, PI-ypaBHenue [jig £ TPYAHO MOJIYyYUTh JJisi MEMOPAHHOIO JIMCTA,
TaK KAaK 9TO HEBO3MOXKHO CJleIaTh 0e3 BKIOUYCHHS B CXEMY OIPEIEJCHHBIX I'PAHUYHBIX ycjoBuil. Bosjee npocrbiM
MIPEICTABJISIETCST BEIYUCIEHNE PEHOPMUPOBKY K JJIsI BE3UKYJI, /ISt KOTOPBIX B CUJIYy OTCYTCTBUS 'PAHWUIL HET MPODIEMbI
rpaHugHbIX 4ieHoB. CaM K€ 3aKOH PEHOPMUPOBKY K (MAYIIMH ¢ MaJjblX MacmTabOB) HE 3aBHCUT, PA3YMEETCs, OT
TOMOMOTUIECKUX CBOHCTB MEMOPAHBI.
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BeiBog PI'-ypaBHeHMit OJid CABUTOBBIX MOAYJIEl

Mpsr npucrynaem K BoiBogay PI-ypaBneHus jist ¢IBUTOBONO MOAYJIsiR. JJist 9TONO MbI PACCMOTPUM BE3UKYIIY C TO-
nosiorueli cdepbl. ITO HECKOIBKO YCJIOXKHIET CXeMY BBIUUCIEHU 0 CPABHEHUIO C PACCMOTPEHHBLIM BBIIIE CIyYaeM
meMmOpanHoro Jucra. Ho 3aTo cHuMaeTcss mpobieMa TPAHUIHBIX YCIOBHIA, 9TO SBJISETCS KIIOYEBBIM MOMEHTOM st
paccmorpenus wiena (8.2). dns Be3ukysbl ¢ Tonosorueil cdepsl Bkaas (8.2) paBeHd R, U HE 3aBUCUT, KAK U CIE/LYeT,
OT KOHKPeTHO# (popMbl Be3uKyabl. I1pn nCKIO9eHnn GBICTPBIX MEPEMEHHBIX 13 YHEPrUH (8.1) BO3HUKAET TONOIHUTEh-
HBIH BRI/ B CBOOOIHYIO SHEPTHIO, KOTOPBIH W 1a€T PEHOPMHUPOBKY K. 110 XOmy mea MBI BOCITPOU3BEIEM U ypABHEHHE
(8.25) nnsi k (yGeauBIIUCH, YTO OHO, KAK M CJIEAYET, He 3aBUCHUT OT TOIOJIOIHH).

Bynem cumrars, dro Besmkyna duaykryupyer BOm3u cdepsr pamuyca R. Torga ecrecTBeHHO mapaMerpu3OBaTh
dbopMy BE3UKYJIBI, BBEIA 3aBUCUMOCTb PACCTOSHUSIT OT TIEHTPa ¢hephl 10 MEMOPAHBI OT a3UMYTAJIBHOTO U MOJISPHOTO
yIJI0B 0 1 ¢, 331a101IKUX COOTBETCTBYIOIEee Hanpasaenue:r = R+u(6, ¢). MoxkHO cka3arh, 9TO U ABJISETCA CMEIIEHUEM
MeMmbpanbl B paananbaoMm namnpasmennn. Oyaxkmusa ® nna rtakoit mapamerpuszanuu pasaa ¢ = r — R — u. [Toaromy
€IMHUYHBIH BEKTOD, NEPIEeHUKYIAPHbIA K MeMOpane, B coorBercTBun ¢ (8.4) 3amMChIBaeTCd CIAEAyOMEUM 06pa3oM

2
1=V (:—‘i“> VO =4/1+ (a;;) . (8.30)

31ech MbI BBeJIM 0003HaUYeHVEe 8 J1JTs1 TIPOU3BOIHON ‘BIOJL YTJIOR :

ou\ > 1 ou\?
2: R [ PR
00*=(%) *+ s (3) -

BQUZ—I 2 sinﬁ@ + ! @
" sind 99 09 sin® 0 Op?

Torna Briaj B sHepruto (8.1) 3amnucbBaeTcs B BUIE

=t / dor?| V| (V1)? (8.31)

roe r = R+ u.

Teriepb Mbl cobupaeMcst TPOU3BECTH meMeHTapHbIil mar PL-niporieaypol, pasaesisis mojieu Ha MeIJICHHYIO0 U ObICT-
pyio gactu u = u' 4@ ¢ TeM, YTOObI HIPOMHTErPUPOBATEH 3aTeM (DYHKIIUIO PACIPEIEICHUsT BEPOATHOCTH (DIIyKTYaLii 110
OBICTPOMY TIOJO U. KaK MBI y2Ke OTMEeYaJIH, B CUJIY HHBAPUAHTHOCTH (DyHKIIMOHAJIA, JIaHIay OTHOCUTEIBHO Mepenapa-
merpusanuu ¢ — f(®) unrerpupoBanue 1o GICTPOMY OO U ABTOMATHYECKH BOCIPOU3BOAUT Bbipazkenue (8.31) mis
MeIJIeHHOro 1o w' . IIoaToMy, 9To6BI HaliTh 3aKOHBI PEHOPMHUPOBKY MOAYJIEHK U K, JOCTATOYHO COXPAHUTD MJIAIIIIAE
aieHbl pasnoxkenns (8.31) mo v’ u 4. PeaJbHO MOCTATOYHO 3HATH YJIEHBI BIJIOTh [0 YETBEPTOTO MOPsiIKa (CyMMapHO
no u' u ). TlosToMy CHa9ama MBI HAXOAUM 9JICHBI passioxkenus (8.31) mou BIIOTH JI0 9ETBEPTOTO MOPSIKA.

PackaanpiBas nogpiaTerpaibioe Boipaxkenue B (8.31) 10 yerBeproro nopsjka 1nou (npu AaHHOM 1) Mbl HAXOAUM

- K 2 2 1 2 2 2 2092
Fu ~ 87k + 2/do{—rQ((‘?u) +72(8 u) —ﬁ(au) %u

5

* 2rd

(Bu)t + Q—L(au)%a%)? + 7}4832u8u(8u)2} 7

TAe MBI IPOMHTETPUPOBAJIN 110 YaCTAM B HEKOTOPLIX YJICHAX. PaCKJ’Ia,HBIBaH 3areMr = R+ u 1mo U, MBI HaXOOUM YJICHDbI
BTOPOro, TpEThero U 9eTBEpPTOro IMopsaaKa

(2) k
Fy = ﬁ/do [(8%u)® —2(0u)?] , (8.32)
. r
.7-—](? = do [—u(8u)? — (8u)*8%u] , (8.33)
4 _ Kk
Fy' = omA /do {3u2(82u)2 + 6u(du)?9*u
+g(8u)4 + %(3u)2(82u)2 + 382u8u(3u)2} , (8.34)

rae COXPaHCHBI TOJBKO IVIABHBIC YJICHBI 11O HpOHBBO,HHOfI 0.
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Tenepb MBI JOTKHBI TIOJCTABATH 4 = 4 + U W yJIepKATh WIEHBI BTOPOTO MOPSIKa 1Mo U (1ero GyJer J0CTATOTHO
N5 Bbraucaenus ogaoneraesbx PI-ypasrenntt). Packnaapeas (8.33) 1o BTOpOro mopska mol, Mbl HAXOTAM

) = 5 [ do {000 - /(@0 - 200010%1} (8.35)

4 .
Amnasornvnoe BbIparkeHne MOXKeT ObITh oy 4eHo u3 (8.34) ﬂ,ﬂ;{]:i(nt). Jlanee, MbI BBITUCIAEM MIOMPABKY K MEIJIECHHON
vactu dyukinonata Jlamnmay

AF) - ()~ o (PR

e cpejiHee BBIMHC/IAETCs B cooTBeTcTBur C (8.32). Ilomcrasiiss crona BeIpaskeHust ;mﬂ]:i(ft) u ]—"i(ft), MBI TIOJTy4aeM
3 3
AF? = % /do {2<(aa)2>(32u')2 - 5<(62a)2>(5m’)2 + (10 — 8)(8u’)2<(8ﬂ)2)} . (8.36)

Tepeble aBa diena u wien ¢ Koadgdurnuenrom 10 B npasoit yacru (8.36) npoucxondar us <}"-(4)

int >, a wien ¢ ko3 duru-
enToM —8 B paBoii dacTu (8.36) mpoucxoauT u3 — <<.7-'-(3).7:(3)>> /(2T).

int ¥ int

Hepexo,zgﬂ K TIpeJCTaBJICHUIO B BUAE CYMMBI YIVIOBBIX TapMOHUK, MOXKHO HalTH

B R2T . A
T 27k nA"

((9a)?)

(8.37)

TMoncrasnss soipazkenue (8.37) B (8.36) u cpaBHuBas pe3yabTar ¢ (8.32), Mbl HAXOAMM, YTO NEPBbLIA YJ€H B MOIbIH-
TerpanbHOM BbIpaxkenwn B (8.36) maer Ax = —3T/(47) In(A/A’), uaro maxomarca B coorsercTemm ¢ (8.25). Oxnako
BeIpazkenue (8.36) 06s13aHO BOCTIPOU3BOANTD (8.32) BO Beex merassX. UToObI BOCIPOU3BECTH BTOPOH WIEH B TOBIHTE-
IPAITLHOM BBIDAsKeHWH B (8.32), HeOGXOANMO TOTPEBOBATH

(0% = -

v In e (8.38)
9T0 HEOOBIUHOE MPABUIIO CBA3AHO ¢ TeM (hbakTOM, 4To pazbueHueu = u’ + 4 MPOU3BOIUTCS NJIsl YTIIOBBIX FADMOHUK C
YTIOBBIMU YHCIAMU [, M, U, caenoBaTenbHo, orpanndenne RA' < [ < RA dopmymmpyercs Ay QUCKpeTHOro Habopa
rapmonnk. ITostomy B cpearem ((8%4)?) Hapaay ¢ riaBHBIM ynbTpadrONeTOBLIM BKIAIOM (KOTODBIH BKIOUAETCS B
PEHOPMUPOBKY TIOBEPXHOCTHOTO HATSYKEHNSA) MMEETCST TAKIKE W JTOTAPpUMDMUIECKUH BRI, 3aQUKCHPOBaHHBIA B (8.38).

Temeps MBI MOXKeM HANTH MONMPABKY K CBOBOIHON SHEPTHH, KOTOPAasi BOSHUKAET [IPH WHTETPUPOBAHUH 110 OBICTPOMY
oo 4. B cooreercreum ¢ (8.32) 31a mompapKa pasHa

21K ~ -
AF = 5 [((8%a)%) — 2((81)?)] .

Toncrasassa ciona (8.37) u (8.38) mbr noayuaem AF = —(8/3)T In(A/A’). D1o ecTb nompaska K cBOGOAHON 3HEDP-
MM BE3UKYJIbl, KOTOPas B HyJeBoM npubinxkenun 10 (uykryanuam pasHal’ = 4w (2k 4+ k). losTomy HaiineHHyIO
nonpasky AF caemyer npupapaath K 47(2Ak + AR). Ioncrasnas cioga Ak = —3T/(47)In(A/A’) MBI HAXOAMM
AR =5T/(6m)In(A/A). 910 Bemer x caenyromemy PI-ypasuenuto [54]

dr 5T

— = —. 8.39

d¢  6m ( )

MoskHO cKa3aTh, YTO MIPU MCKJIIOYEHUH OBICTPBIX MEPEeMEHHBIX K pacTer, abcopbupyst B cebsi UX SHTPOIHUIO.

Bamaun

3agaua 8.1
Bo Baemnem maraurHoM noJie H umeercd cieayiomuil BKJiaj, B SHEPIUK MeMOPAHDL:

Fu = —/dS% (H1)? (8.40)
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rae | — eqWHUYHBIN BEeKTOp, nepreHaukynapublii K memOpane. Hafitu PI'-ypasuenne nna dpaxkropac. Paccmorpers
nIBa (CymEeCTBEHHO pasHbiX) caydad a > 0 u o < 0. OTBeT BBIPA3UTDH YePEe3 MHBAPUAHTHBINA 3aPsij g.

3agada 8.2

Vrpyras sHeprus MeMOpaHbl UMEeT BUJ

2 b
g

B (ng, — ng)?
Fe = /dS gg (8.41)
rae B — MOmynb yIOpyrocTru, ng — IMOBEPXHOCTHAs ILJIOTHOCTH MOJIEKYJ, & Ny — PABHOBECHOE 3HaUeHHe ng. Haiitu
PT-ypasuenue qis ng u Mmoaysis B. OTBer BbIpa3uTh Yepe3 WHBAPUAHTHBIN 3apsiflg.

Pemmenne 3agaunm 8.2
Cpennee 3Ha9eHWE WIOTHOCTH MeMOpaHbr pasHO ng = N/S, tne N — ofmee quciao Monekyn memOpanbl u S — ee
mwiomaak. Oua penopmupyercsi B coorsercrun ¢ PT-ypaBaennem

ds 1

2 =4S,

ac ~ 37
TlosTomy

dno _ 1 .

dé = 39 0-

IInoTHOCTH N ONpenessieT paBHOBECHOE 3HAUYEHNE JIOKAJIBLHOMU MIJIOTHOCTH
AN AN

AS T /it (VuPAzAy’

Taxum 06paszom, hakTop (ns — ng)?/ng ocTaeTcs HEM3MEHHBIM TTPH PEHOPMHUPOBKE, W MBI HAXOAUM Tt B

ng =

dB 1

— = —-¢gB.

e~ 37

3amaua 8.3

Ecnn memGpana siBsieTcsl cIerka aCUMMETPHYHOM, TO Hapsmy ¢ sHeprueit (8.1,8.2) umeercs Tak:Ke CJIeAyHONIALL

BK.H&,[L B QHQPFHIO MeM6paHbI
1 1
Fas= [dSp( =+,
/ # (R1 * R2>

Haiitu penopM-rpynmoBoe ypasHeHue Ajs KOIMDUIIMEHT] (1, TPeAnoarasi, 9To Fag SBASETCS MAJION MOMPABKON K
(8.1,8.2). Boipasuth oTBeT 4epe3 MHBAPUAHTHBIN 3aps.

Samaua 8.4

Ecin memfpaHa nMeeT KOHEUHOe MOBEPXHOCTHOE HATSIKEHHWe 0, TO Hapsny ¢ sHeprueit (8.1,8.2) mmeercs Takke
CJIEYIONINI BKJIAJ B JHEPTUI0 MeMOpaHbI

ﬁf:/dso. (8.42)

Haiitu peHopM-rpymnoBoe ypasaenue s KO3 duimenta o, npeamnoaaras, 4ro J, dBasgercs Majoi MOIPaBKOH K
(8.1,8.2). BeipasuTh OTBET Ye€pe3 WHBAPUAHTHBIN 3aps/l.

3agaua 8.5

Bo sremuem marautHom noje H napsiay c sneprueii (8.1,8.2) nMeerca TakKe CIeIyIONUI BKIa/ B SHEPTUIO MEM-
OpaHbI

&:/M%Pmﬁ—w,

rae | — equHUYHBI BEKTOD, MEPIEHIUKYIAPHBIH K MeMOpane. HaiiTu peHOpM-TpYIIIOBOE ypaBHEHUE i BOCIPUUM-
YUBOCTH (v, TIPEANOJIaras, 4ro Fy sBJIsSeTcs MaJjoi nonpaskoii k (8.1,8.2). Beipazurh oTBeT Uepe3 WHBAPUAHTHBI
3apds,.
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9. ®A30BBbII IIEPEXO/ BKT

Taxue nedeKTh, KAK KBAHTOBBIE BUXPH, JUCIOKAIINEA U AUCKJIMHAIIMA B TOHKUX TLUIEHKAX (KOTOPBIE MOTYT CIUTATH-
sl IByMEPHBIMU CHCTEMAMHU) SIBJISIOTCS TOUEUHBIME OOBEKTAMU U MOTYT MO3TOMY IPOU3BOJUTHCS 38 CIET TEIIOBOrO
JNBUKEHUs (B TO BpeMsl, KAK B TPEXMEPHBIX CUCTEMAaX [OPOAUTD, CKAYKEM, JUCAOKAIIUIO 32 CYET TEIJIOBOIO JBUKEHUST
PAKTUYECKH HEBO3ZMOXKHO). DHEPIHsi TAKOIO eMHUIHOrO AedeKTa IPOIOPIHOHaIbHa Jorapudmy pazmepa obpasia.
[Tosromy 1pu HUBKUX TEMIIEPATYPAX MPOU3BOISITCS TOJIBKO CBA3AHHBIE MApbl AedeKT-aHTHIeMDEKT, TaK KAK SHEPIHUs
9TOi Mapbl KOHeYHa (He 3aBHCHT OT pasMepa ofpasia). IIpi BO3pacTaHWM TEMIEpATYPhl MIOTHOCTh 3THX Map Pac-
tet. Hapsiny ¢ 9TuM pacTeTr 3HTpONus eIUHUIHOrO AedekTa, KOTOpas TaKKe MPOIOPINOHAIBHA JJorapudmy pa3mepa,
obpasia. [Tosromy npu nekoropoii remneparypel,. npoussenenune T'S (rne S — surponug gedekra) CTaHOBUTCS 6Ob-
e, dem sHeprug gedexrta. Boire T, B MIeHKe CIOHTAHHO BO3HUKAIOT OJMHOYHDLIE Me(EKThI, KOTOPhIE Pa3pyliamoT
JaJbHIE KOPPEeJSIIHU mapaMerpa nopsaka B mienke. [loaromy npul’ = T, mpoucxomut (ha30BbIi mepexos, HalrpuMep,
MEePEX0J] CBEPXTEKYdas-HOPMAIbHASA JKUIKOCTh B TJIEHKE refius-4. DToT rmepexo ObLT BIepBbie U3yUueH Bepe3snHCKuM
[18], a 3arem uccmenosan Kocrepmuiem u Tayneccom [19]. ITo mepsbiv GykBam dbaMuinii ymoMsSHYTHIX aBTOPOB MbI
6ynem HazbBaTh ero nepexonom BKT. Temu ke xapakTepuctukamu obsagaet (a3oBblil mepexosn B IBYMEPHBIX T1Ia-
HAPHBIX MarHeTwkax. YnoMmsiHeM 0630pbl [20-24], nocesmiensbie nepexoay BKT. Orvernm, uro daszopbe mepexoapt
TOrO K€ THUMa JOJYKHBI HAOTIONATHCA TPU HATPEBE JIBYMEPHBIX KPUCTAJJIOB. A MMEHHO, CHAYA/Ia KPUCTAJI JTOJIKEH
[IPEBPAATHLCS B TAK HA3BIBAEMYIO MeKcaTuyecKylo dba3y, KoTopagd 3aTeM IJIABUTCH B X KUIKOCTD [25, 26]. D1u nepexoibt
CBSI3aHBI C TIOSIBJIEHNEM DACHAPEHHBIX JUCIOKAIWH W JIUCKINHAINN, COOTBETCTBEHHO.

Jlnst onpemeneHHOCTH MBI OyieM TOBODPUTH O TEPEeXO/e CBEPTEeKydas-HOpMajbHAs KUAKOCTb. CBEpXTeKydas CKO-
poctb resnug-4 pasua vs = hVo/m, rue ¢ — dbasa napamerpa nopsjka, a m — Macca aroma rejus-4. Bokpyr Buxps,
PACIHOJIOKEHHOTO B TOYKE T, CBePXTEeKydasgd CKOPOCTb CJIeIyIOMHUM 00pa30M 3aBUCHT OT KOODAUHAT

€Ega\T3 —T5 13
Vgor = njhw (9.1)
J

Bneck n; — neoe aucao (‘3apsyy BUXPHA), 9TO 00ECIEYMBACT KPATHOCTD 27 nHTerpata § dr Vé, B3aToro no KOHTypy,
0bxodIIeMy BUXPb. B Touke pacuosioxkenusi BUXpst abCOIIOTHAS BEAMYUHA [IapaMeTpa LHops/IKa obpaliaercs B HOJIb,
a moToMy ero dasa ¢ B 370l ToUKe He onpejeneHa. CBepxTeKydasi CKOPOCTh TIEHKW SIBJISIETCsT CyMMOit BKIaaoB (9.1)
OT BCEX BUXpeli ¢ nobaBjieHueM Kol (6e3BUXPEBOii) COCTABISIONIEN:

njhega(rg —rjp) R
s = E —_ 2’ 4+ V.. 2
Us, (’I") - m |’I" — ,r,jlg + m Po (9 )

3aBUXPEHHOCTDH CBEPXTEKYUell CKOPOCTH W PABHA

h
W= €yaVyUsa = Z 27ij5('r —-r;). (9.3)
J

Takum 006pa3oM, 3aBUXPEHHOCTL UMeeT 0-00pa3Hble OCODEHHOCTH B TOYKAX PACIOJIOKCHHMS BUXPEH.
DHeprus, CBA3aHHAA CO CBEPXTEKYYeil CKOPOCTHIO, 3aIIUCHLIBAETCS B CIAEIYIOIIEM BUIE

Fo= [artee, (9.4)

e ps — OByMEpHas CBepxTeKydas miaoTHOCTh. OHa sapasercs dyukiumeit temneparypsl: mpul = 0 3Ha4YeHUE pg
COBIIAIAET C TOJHON JABYMEPHON TJIOTHOCTHIO MACCHI TLIEHKW, W MPY YBEJIUYEHUH TEMIEPATYPHIPs YMEHDBIIAETCH 34
cuer pocra yucaa Bo30yxkuenuil Tuna ¢ouonos. Crporo rosopsi, Beipazkenue (9.4), npeanonaramoiiee 0JHOPOIHOCTD
aBCOIOTHON BEJIMYUHDI IapaMeTpa MOpaiKa 1|, mepecraer paborarh BOMM3U TOYKM PACIONIOKEHUS BHUXDs, TIe ||
CYIIIECTBEHHO 3AaBUCUT OT PACCTOSHUS 10 TOUYKHU PACTOjokeHus Buxpsi. 006 3T0it 061acTH OOBITHO TOBOPAT, KAK O S/IPE
Buxps. SApo BUXps ClienyeT pacCMaTpUBaTh OTIE/NbHO, BHE paMok npubjuxkenus (9.4). Ormerum, aro obparHbLi
pasmep simpa A urpaer posib yiabrTpaduoseToBoll 0OPE3KH, ONPEIesad MPeIeIbHOEe 3HAYCHHE BOJTHOBBIX BEKTOPOB B
Oypbe-pa3yIokKeHNN V.

Bepnemcs Temeps kK Ghu3ndeckoit KapTUHE TIEPEX0/Ia, CBI3aHHOM ¢ BO3MOKHOCTHIO CIOHTAHHOTO MTOSBJIEHUST OIMHOY-
ubix Buxpeii. Kak ciaenyer uz (9.1,9.4), sHeprus eAMHUYHOrO BUXPs PaBHA

mpsh?

E= 5

- In(AL),
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rpe L — pa3mep o6pa3ua, U Mbl MCIIO/Ib30BAJIU BbIPazKeHUE [Jid CBEPXTEKyd4eil CKOPOCTH BOKDPYT Buxps cnj = £1,
YTO COOTBETCTBYET MUHMMAJIBHOM SHEPruy BUXPsl. DHTPOIHMIO YKEe BUXPS S MOXKHO ONEHUTH CJELYIOMHAM 00Pa3oM.
Buxph MoxkeT 3aHuMaTh M00yIo u3 (AL)? ‘kierodex’, a ero sHTPONWs paBHa JorapudMy HUHCIa KJIeTodeK, TO eCThb
S = 2In(AL). IlpupasuuBasg Tenepb TS K sHeprum Buxps F, BLITUCAHHON BbIIIE, MbI [IOJYYAEM COOTHOIIEHUE

2m?2T
Ps = TRE (9.5)

Ipu ps > 2m2T)/ (whz) cBoboHas dHeprusi Buxps F — T'S momoKuTeIbHa, U TOTOMY OJWHOYHBIE BUXPH HE MO-
I'YT BOZHHKATD 3a CYET TEILIOBOrO IBHXKEHWA. IIpHM MEHBIIUX K€ 3HAYCHUAX Vs OJUHOYHBIE BUXPH MOTYT CHOHTAHHO
POKIATHCA, YTO O3HAYAET HEYCTONIMBOCTD COCTOAHMSA KUJKOCTH C JAHHBIM 3HAYEHHEM Ps. 1[03TOMY CTaluOHAPHOE
cocrosinme ¢ ps < 2m*T/(wh?) okasbiBaercs HeBO3MOKHBIM. TaKiM 0GPa30M, IIPH YBEIMYCHIN TEMIEPATYPbp, CHa-
Yajia yMEHbBINAETCs, OCTaBAACh KOHEYHOH (YTO COOTBETCTBYET CBepXTeKydueil ¢aze), a 3aTeM, JOCTUTHYB BEJIUIMHDI
(9.5), ckaukoM obpalaercd B HOMb (YTO COOTBETCTBYET MEPEXOY B HOPMAIbHOE COCTOAHME) [27].

O6patumcst Tenephb K MpOM3BONbHON cucreme Buxpeil. [lomcrapnss (9.2) B (9.4) u OTmeNbHO yUUTBIBAsA OGIACTH
BOIU3K BUXDEil (UX fapa), MbI 101y 4aeM

h
F = / Pr 2 (Vo) + Fuon (9.6)
psh2
Feort = =Ty g ning n(Ari;) + > ung). (9.7)
i#j i

Teproe caaraemoe B (9.6) — aHeprust TIaAKOH (6E3BUXPEBOIT) COCTABISIONIEH CKOPOCTH, aFyort — IHEPTHUS, CBA3AHHAS
¢ Buxpamu. Paxropsl p(n;) B (9.7) IPEACTABIIAIOT SHEPIUIO AAep BUXpEi, KOTOpas 3aBHCHUT, KOHETHO, OT ‘3apsiga’
Buxpsi. OTmernm, 9To B (9.6) OTCYTCTBYeT MEPEKPECTHBIH WIIeH, TAK KAK BUXPEBOH BKJIAJ B CBEPXTEKYIYI0 CKOPOCTH
SIBISIETCsT GE3TMBEPTEHTHBIM, YTO JIETKO MPOBEPHUTH, BHIMUCAUE auBeprennmio ckopoctu (9.1). Ilockonbky sHEprus,
CBSI3aHHAS C BUXDSIMU, U SHEPTUsl, CBA3AHHAS C TJIAJKONH COCTABJSIONICH CBEPXTEKYUeH CKOPOCTH, PA3IENISIOTC, ITH
JIBE COCTABJISIIONIME MOYXKHO PACCMATPUBATL OTAEIBHO, HE3ABUCUMO APYT OT Apyra. B masnbhedimemM Mol Gyiem nHTEpE-
COBATHCSA TOJBKO BUXPEBOH COCTABJIAIONIEH Vs, ONPEAETEHHON MePBBIM WIEHOM B BhIpaxkeHun (9.2).
Koppenanuonnble (GpyHKINA BUXPEBO COCTABIMIONEH CBEPXTEKyUell CKOPOCTH MOI'YT ObITh BHIPAyKeHbI 4epe3 KOp-
pensiipontbie Gpyuximn 3apuxpeanoctu (9.3). [omuyio uadopManuio o mocjaeaHux Hecer B cebe npousBomgaumii ¢hyHk-

HuoHAT
Z(0) = <exp {22:% / d2raw}> , (9.8)

rue o — NpousBosbHas (GyHKIMs KoopauHar. Koppensuuonubie dyHkimu 3asuxpennoctu (9.3) mosydarorcs, Kak
k03 duImenTs passoxkenus Z mo momio o. Ycpenmenue B (9.8) osmauaer, uto ¢ BecoM expl(F — Fyort)/T] HAMO
IPOCYMMHPOBATH IO ‘3apsamaM’ BHXpell (IesbIM THCIaM)n; IPH 33JaHHOM ducie Buxpeil N, a Takzxe mo N OT HyIsI
J10 6ECKOHEYHOCTH, ¥ MIPOUHTErPUPOBATDH [0 KOOPIUHATAM BCEX BUXPEIl:

20) =Y % I1 / A% @r; exp {in [0(r;)]} expl(F = Foort) /T (9.9)

N,n; J

Cobosiaast ke sHeprus F onpeensercs u3 yCaoBus HOPMUPOBKE (DYHKIIUU PACIPEICTICHUSI:

exp(—F/T) = 3 % 11 / A2 @, exp(—Foont/T). (9.10)

N,n; J

Muoxkurens A2 Beenen B coornomenus (9.9,9.10) ¢ Tem, 4T06BI 06e3pa3MEPUTh HHTEIPUPOBAHHE O KOOPAHHATAM.
CdopMyMpoOBaHHOE BBIMIE TMPEICTABJIEHNE [IJIS CPEIHUX, OMUPAOIIEECS HA MPEICTABICHNE O JUCKPETHBIX ‘YaCTH-
1ax’, He CAMIIKOM yI0OHO JJist aHaau3a. L opasno yaobHee MeTh 1610 ¢ ‘TIOJIEBBIM’ TTPEICTABIEHUEM, KOTOPOE UCITO b~
30BaJIOCh HAMH paHee, B npeAbiaymux naparpadax. [losromy nmke mbr mpon3sBoauM GhopMaabHbie TPE0OPA30OBAHNS,
UMEIIME CBOEH LIEJIbI0 CBECTU 33134y K ‘II0JIEBOIT’.
Buxpemas cocrapismonias cBepXTeKydell CKOPOCTH MOXKeT OBITH 3amncana KakeagVa®. B Tepmunax ‘morenmmnana’
® coornomenue (9.3) NEPENUCHIBACTCI B CJASAYIOIIEM BUIE

h
Vi = — ija&(r —7;), (9.11)
J
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HAMOMUHAIOIIEM YPaBHEHUE JJIS FJMEKTPOCTATHYECKOrO MTOTEHINATIA TOYEIHbBIX 3aPSII0B. JTO COOTHOIIEHUE SIBJIAETCS
OCHOBaHUEM /JIj1d TaK Ha3bIBAEMOH 3JIEKTPOCTATUYEeCKON aHaJI0I'M1, KOIIa BUXPU PACCMATPUBAIOTCA, KAK TOYEeYHbIE 3a-
psiapl. Torna Beipaskenne (9.7) SBISETCS €CTECTBEHHBIM CJIEACTBHEM JOTApU(MMUIECKOTO XapaKkTepa B3auMoAeiicTBIs
TOYEYHBIX 3apAI0B B AByMepun. Bo3Bpamasch K MCXOTHOMY BBIPAKEHUIO JJis SHEPTUM, CBI3aHHON CO CBEPXTEKYdei
CKOPOCTBHIO, MBI MOKEM 3alINCaTh

Feort = /dQT %(VCI))Q + Z,U/(nz) y (912)

r7e B MHTErpaJie UCKIIYEHbI S1pa BUXPEN, a CBI3aHHAS C HUMU YHEPTHUS YIUTHIBAETCH OTIEIBHO.
IMepenumiem reneps ['mb6coBckuil daxrop, onpenengembiii sueprueii (9.12), B Buje uarerpasa no ‘noreanuany’d
U BCTIOMOTATEJILHOMY TOJTIO 19J:

exp (—Fyort/T) = /DﬂD@
exp —l/dQT&(V@f—l—i/erﬂﬁVQ(I)—i-iZn-ﬁ(r-)—T_IZu(n-)
T 2 2rh — —

3/1ech HHTErpaJI 110 HOJI0 ¥ Npou3BoAUT (YHKIIMOHAIbHY 0 0-(DYHKIIUIO, TAPDAHTUPYIOILYIO BbinoHeHue yceaosusd (9.11),
a unrerpan 1o ¢ ‘caummaer’ sty I-dyHKUU0O. Bepst B npuBeseHHOM Bbllle Bbipaxkenuu [ayccoB uaTErpas mo P, Mbl
HAXOTUM

exp (—Fyort/T) = /Dﬂ exp —/dzr %(Vﬁ)z +1 Z‘n‘jﬁ(rj) —7! Z,u(m) . (9.13)

31ech MBI BBEJIH ODO3HAUEHHE

o= (%)2 pz (9.14)

Moacragnss seipazxkenue (9.13) nyua Fub6cosekoro dhaxropa B (9.9), MbL mogyUaeM

Z(0) = / DI exp [(F — H,)/T] | (9.15)

rue
exp(—H,) = exp {—/d% g(vm?}
> % H / Ad*r; exp {mj [0(r;) +o(rj)] - M(;j) } : (9.16)

HamoManM, 9TO cyMMWpOBaHHWe 37eCh BelleTcd MO ‘3apamaM’ BUXpeifn; TpW 3aJaHHOM YHcIe BUXpeit N, a Takke
no N or myns g0 6eckoneunocru. Ormerum, 4To u3 Boipaxkenus (9.16) ciaenyer, uro dpyHkimonan uHBapUaHTEH
OTHOCUTEJILHO 1IpeobpasoBanud ¥ — ¥ + 27, TaK KaK Nj ABJIAIOTCH LEJbIMH YUCJIAMH.

B nampHelimem MBI Oy/eM CIUTATH, ITO BO3OYXKIAIOTCA TOIBKO BUXPHU €n; = 1. DTO O3HAYAET, ITO BBLINOJHAETCI
HEPABEHCTBO 1 > T', KOTOPOE IPUBOIUT K BLIBOZY, ITO BEPOSTHOCTL BO30YKICHHS BUXpel ¢|[n;| > 1 ropa3mo Membiie,
geM ¢ |[nj| = 1 (mocKoMbKy sHeprus sapa BUXpst pu [nj| = 1 Mensine, dem mpu |nj;| > 1). Coxpanssa B (9.16) Tonbko
4JIeHbl ¢ N = £1, MBI TOTyYaeM

exp(—H) = exp { / d*r ;‘(W)?}

< szjo o {/A2d2r2exp(—p/T) cos w(r)]}N ,

rae 1= p(1l) u H paser H, npu o = 0. Cymmupys gajiee no N, Mbl IOy 9aeM

H = /d% {%(Vﬂ)Q - ﬁcosw)} : (9.17)
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rae 3 = 2A% exp(—u/T). Takum 06pa3oM, MBI TPUXOINM K BBIPAsKEHHIO, KOTOPOE, KaK W CICIyeT, ABAATCA TIePHO/IH-
YECKUM 110 V.

Toncrapnsisi Beipaskernne (9.17), B KoTopoe cyenyer A00apuTh [ieH ¢ mojgeM o, B (9.15), MBI MOJIy9YaeM HCKOMOE
‘mosieBoe’ TIpe/iCTaBICHNE JJIs TPOU3BOAAINEr0 (PDYHKIIMOHAJIA KOPPEJISAITMOHHBIX (DYHKIMA 3aBUXPEHHOCTH:

Z(o) = /Dﬁexp{—/dQT [%(Vﬂ)Q —ﬁcos(z?—!—a)}} . (9.18)

PacknanpiBasi mpasyto gactb (9.18) 710 BTOPOro MOPSIKA 10 0, MbI MOJYYaeM CJEIYIOIIEe BbIPAXKEHUEe JJisl TapHOi
KOPPEeNAIHOHHON DyHKITHN

2
(%) (w(r)w(rs)) = Bleos9)d(r — rs) — F2 (sin[9(r)] sin[d(r2)]) . (9.19)
31eck yepennenne npoucxonut ¢ BecoMm exp(F /T —H), rae H onpenensiercs (9.17). AHasOrMyHbIe BBIPAYKEHUST MOKHO
TOJIY9UTh U JIJIsi BBICIITUX KOPPEJSAIMOHHBIX (DYHKINH 3aBUXPEHHOCTHW.

CxeMa, U3I0KeHHAsT BBIME, OB OCHOBAHA HA ‘KAHOHWIECKOM DACIIPEIeSICHUH BUXPEH, KOTIa OTHOCHTEIHHOE THC-
JIO BUXDPEHl € [OJIOXKUTEJIBHBIM U OTPULIATEJIbHBIM 3apsjaMu (BUXpeil U aHTUBUXPER) MOKeT ObiTh HPOU3BOJIBLHBIM.
[Toy4YrTeNLHO TOMYYATh TOT K€ CAMBIH OTBET [ ‘MHKPOKAHOHMYECKOrO' PACIHPEICTICHHs, IPHHIMAA BO BHIMAHHE
TOT dDaKT, 49TO B SaMKHyTOﬁ cucTeMe BO3MOXKHO pOXKIOeHNe TOJbKO IIap BUXPb-aHTUBUXPb, TO €CTh YHUCJIO BI/IXpeIL/'I PaBHO
quciay aaruuxpeit. Torna mbr mosyuaem smecro (9.16)

exp(—Hme) = exp {— / d*r ‘;‘(wf}
- N

<30+ Nl!)2 { / A2@2r exp [i9(r) — u/T]}N { / A2@2r exp [—id(r) — u/T]} ,

N=0

IJle OIIATH YUUTHIBAIOTCA TOIBKO BUXpH ¢n; = £1. [IpuBenerHOe BRIparkeHNe MOYKHO II€PENNCATh CIeAYIOIIIM 00pa3oM

27
ds 2 Qo = 1 ‘ .
exp(—Hme) = /%exp{/d r E(Vﬂ) } Z WGXP(ZSNl —isN3)
A Ni,N2=0
N1 N2
A [warmentior} { [xeremes-om}
[JI€ MBI HCHIOJIB30BAIH COOTHOLICHHE
2 d
S . .
/% exp(isNy —isN2) = dny N, -
0

IIpousBoas cymmupoBanue o N1 u No, MBI TOJTyYIaeM

exp(—Hme) = 7;; exp {/d2r [—%(Vﬁ)Q + [ cos(s + 19)} } )
0

Honcrapnsia Huye BMecro H B (9.15), MeHsis TIOPSIIOK MHTErPUPOBAHUS 110 § U 1), U mpou3Boas capur ¥ — 9 — S, MbI
yOeKIaeMCsl, YTO 3aBUCUMOCTH OT S HCUE3AET, M MHTErPaJl 110 S JaeT eauHuiy. Takum oO0pa3zomM, Mbl BO3BpANIAEMCS K
ToMy 2Ke Bbipaxkenuto (9.18) g npousBomgiiero GyHKIMOHAIA, YTO U B ‘KAHOHUYECKOM' CIIy4ae.
CHJIy TOTO, 9TO TAPAMET CoepKUT MaJsbi hakTop exp(— €CTECTBEHHO BBIYUCIATH KOPPETAINOHHBIE
B cuny ) T),
dyukuun tama (9.19) B pamMkax Teopun Bo3MyiieHuil 10 3. B HysepoM npubanzkennu mo [ MBI MOKEM BOOOIIe
npenebpeds yieHoM ¢ 3 B Boipaxkenuu (9.17), u MbI HOAY9YaeM KBaJAPATUIHOE BHIPAKEHUE

Ho = /d%%(wﬂ (9.20)

B pesyabrare Bce cpennme cBoaaTcs K 'ayccoBbIM MHTErpajgaM U BEIYHCIAIOTCA 9BHO. Hampumep, BXodiee B TapHYIO
koppessiuonnyio dbyukimio (9.19) cpeanee B 3T0M NPUGIMIKEHUY DABHO

b

—In(AL)| | (9.21)

2 (sin[(r1)] sin[d(r2)]), = exp {—2;_0( 1n(A7'12):| —exp [2;0( In(Ari2)
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rae ri2 = |ry — ra| m L — pasmep obpasna. ng Gombmoro obpasna, korma L >> 113, Bropoe cinaraemoe B (9.21) npene-
6 (sin ¥y sinva)o o 1y’ A T (cos ¥ cos ¥a)g o 1o/ BT
PEKMUMO MaJIO, ¥ MBI MPUXOIUM K BBIBOY, 91O (sin 1 sin ¥a2)g o 715 . Touno Takxke (cos vy cos¥a)g X 115 .
IloaToMy B psiy Teopuu BO3MYIEHUN, KOTOpasi MOPOXK/IaeTcsi pa3iokenueM 1o cos ¥, MOABIAIOTCH UHTEIPATIBI IO
MIPOCTPAHCTBY OT CTEIeHHBIX (DYHKINi, KOTOPBIE PACXOISATCS JUOO HA MAJBIX DACCTOSHUSXT, JUOO HA OOJBIINAX.
Takum 06pazoM, mpsiMasi TEOPUSA BO3MYIIEHWUH HE SBJISETCS OCMBICTEHHOM.
BbIxonoM 13 3TOro TYHNHKA HABJIAETCH PEHOPM-IDYIINA, KOTOpas Jjid JAHHOIO CIydad HMEeT sl OCOOeHHOCTEi.

IIponenaem smemenrapubii mar PI-nponenypser. Pazmemuv nmoned ma mennennyo 9 u 6picTpyto ¥ gacrn:

=19 +49, ¥ = Z Y, exp(iqr) , 9= Z Vg exp(iqr). (9.22)

q<AN’ AN <g<A

BareM MBI JO/DKHBI BBECTH ‘MeeHnblii’ Gynkmunonan H':
exp [— /Dﬁ exp —H( + 5)] . (9.23)

Msr 6ymem caurarh AA/A < 1 (e AA = A — A’), gro nmosposuT HaM packiafpBaThest 1m0 ¥. CoxpaHsis HIeHb!
[EPBOTO ¥ BTOPOTO MOPSIKA, MBI TTOJYYaeM

HW +10) = /d27° {;(Vﬁ’f + %(Vﬁ)Q — Beos(v) + Bsin(0)0 + gcos(ﬁ’)1§2} . (9.24)

Ysen mepBOTo TMOPSAIKa HEe WIPaeT pPOJIM IO TON K€ NMPUYWHE, 9TO W PAHBINE: OH OTJIWYEH OT HyJs TOJBKO JJIst
Dypre-KOMIOHEHT MEJJICHHOTO MOJIs C BOJTHOBBIME BEKTOPaMu Mmopsaakal, m He 3aTparnsaer, cienosarenbno, Oypobe-
KOMIIOHEHTBI C BOJIHOBBIMH BeKTOpamu MuOro Messite A. ITostoMmy B nanbreiinem Mbl omyckaeM stor wien. asee,
MBI MOJKEM Pa3/IoKUTh IKCIIOHEHTy B MpaBoii gacTu (9.23) mo 9%, DT0 pasjioxkKeHue ompaBIbIBaeTCs MAJOCTBIO Ma-
pamerpa v = (/A?. Hanmomunm, 9to Ha Manbix mMacmrabax v = 2exp(—u/T), TO ecTh 3aTPaBOYHO Y JIeHCTBUTETHLHO
ABJageTcda MaJoi BeamunHoi. CoXpaHgs IepBhle OBA YICHA PA3JIOKEHUS SKCIIOHCHTHI, MBI HAXOIIM

H(0) = H') = Hay + Mz, (9.25)

Hay = g/dQT cos(9') (%) , (9.26)
A / 1N 1092:92

Hez) = A d®ry d®rg cos(V]) cos(95) (¥193)) . (9.27)

VroBbie ckOOKHU 371€Ch 03HAYAI0T yepeaunenue ¢ l'ayccoBoit hyukimeii pacnpeaenenus

3))o = /Dﬁ exp [—/d%;‘ (véﬂ Y (), (9.28)

KOTOpas XapaKTepHU3yeTca CACAYIOEH TapHOi KOppenaarmnoHuoil dyHkiueit

A A
TR d?q 1 ¢, 1 AA
Glr) = (IO = [ 525 exliar) 2z = 5 / U Jolar) = o oA (9.29)
A/
Ucnonp3sys 3naverne (9.29) npur = 0, MBI HAXOAUM
B AA/ o o
Hay = p— d*r cos(V'). (9.30)

Taxum 00pa3oM, HajJIpd@e 3TOrO BKJIaJa MOXKHO pPacCMaTpHBaTb, KaK MHOgBIeHHe IompaBku k (3: Af =
—[B(dma)]AA/A. Opyrumu cnosamu, Mbl npuxoauM K PI-ypasuenuto mis 3:

as _ B
dig - _m, (9-31)

KOTOPO€, KaK U PAHBIIe, OLPeIesdeT H3MEeHeHNe S DI MHOTOIIATOBOH HPOIEAyPe HCKITIOUEHUST OBICTPHIX IePEMEHHBIX.
Tor ke cMmbIca, 9TO U paHbine, umeer & = In(A/A’), rme A’ — MarcuMabHBIA BOJHOBOW BEKTOD OCTABIIMXCS (He
HCKJIIOYEHHBIX ) CTEHeHedl CBOOOIBI.
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Ternepb MbI IEPEXOAUM K UCCHAEAOBAHUIO UieHa (9.27), KOTOPbIi 3alUCHIBAETC B CJAELYIOIIEM BUIE
H __Z d*ri d’ro G? ¥’ cos V. 9.32
@="7 r1d°r2 G*(r12) cos ¥y cos ¥ . (9.32)

XapakTrepnbiM Macmrabom G (r) apagerca A~1, B To Bpems Kak mosie ¥ SBIAeTCA MEITCHHBIM, TO €CTh MAJIO MEHACTCS
Ha macmtabe A1, [Tostomy, nepeiias x nepementbiM R = 71/2 +13/2, 7 = 11 — 7o, MOKHO pasiaoxuts ¥ (R +1/2)
(a 3aTem u cos ] 5, sind] 5) B pag o r. [nasHble WieHbl paznoxenns (9.32) 3aMICHIBAIOTCA CIEIYIOMEAM 00paszoM

2
Hea = _% / Prd®R G2(r) {008(219') + iﬁ(w')? cos(29') — iﬁ(wq?} , (9.33)

rae ¥ = ¥ (R). KoaddurmenTsr B Boipazkenun (9.33) OmpenensioTca NHTErpaIaMu

OTcroma MBI HAXOTUM

B2AA

M@ = ~Tgrazas

/ PR {A? cos(20') + cos(20') (V)2 — (V') . (9.34)

CyuiecrBereH ToJbKO nocsenauuit wied B (9.34), KOTOPBIH 03HAYAET HAMMYUE TIOTNPABKU K

_ BAA

Aa = 8maZAd

(9.35)

Ocranbubie aBa wieHa B (9.34) mbr o6cyauM B KoHIe naparpada.

Kak 0661410, onpasky (9.35) MoxKHO KonBepTHpoBaTh B PT-ypaBnenne, Koropoe nmeet uda/dé = 32/(8ma?A'?).
MBI cTaIKHBaeMCsl ¢ HeOOXOIMMOCTBIO BBECTH TeKyIiee (/171 JTaHHOTO MaciiTaba) 3HaueHue mapaMerpay: v = 3/(A')2.
Torga PT-ypasuenus (9.31,9.35) 1epenuchBalOTCs B CJASLYIONIEM BUIE

dry 1 da ~2

Rl I S — =1 9.36

d¢ ( 47ra) i d¢  8ma? (9.36)
rue, Kak u Bbiue, £ = In(A/A’). HanoMuuM, 4T0 yCcaoBHEeM IPUMEHUMOCTH 3THX ypaBHEHWH sajsercsay < 1. Y
cucrembl ypasHenuii (9.36) umeercs (ukcupoBaHHag TOYKA @ = ¢, 7 = 0, tme a. = 1/(8w). Tpoananusupyem

noseenne pemtenns (9.36) BOmm3M 3T0H GUKCHPOBAHHO| TOYKH, ITO COOTBETCTBYET OKPECTHOCTH (PA30BOTO TEPEXOTA.
PacknaneiBas ypasuerust (9.36) Mo a — e, MBI HAXOIUM

al

Tz = 167(a — )y, (9.37)
da 9
i 8my”. (9.38)

VY cucremsr ypasaenwuii (9.37,9.38) umeercs nepeblil uHTErpaJl
C=7%/2—(a—a.)?. (9.39)

Boipaxkast u3 coornomienus (9.39) v u nozcrasiss peyabrar B ypasaerue (9.38), Mbl HAXOAUM 3AMKHYTOE yPABHEHWUE
JJIS PA3HOCTH (¢ — Qi

dla — ac)
dg

Ormerum, 9ro B cuity ypasuenus (9.38) npasas yactb ypapuenus (9.40) Bcerma 1mosioKuTeIbHa.

=167 [C + (o — a)?] - (9.40)
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Q

e

Puc. 27: ®azossrit moprper cucremsr PI'-ypasrenmii.

IMosenenue perrenus cucrembl ypasuenuit (9.37,9.40) 3aBUCHT OT 3HAKOB EPBOro uHTErpataC U Pa3HOCTH (gl — (e,
T7Ie (s, — KOPOTKOBOJTHOBOE 3HaUeHue mapamerpac. Eciau agy, < a. u C' < 0, Torga npu £ — 00 mapaMeTp & CTPEeMUTCA
K KOHEYHOU BEJINYNHE Qoo = (Ve — \/@, a y crpemutcs K nyso. Eenn agy < a. u C = 0, Torga nipu £ — 00 napamerp
@ CTPEMUTCS K CBOEMY KPUTHYECKOMY 3HAYMEHWIO (¢, & 7y cTpeMuTcs K Hyio. Ecau ke C > 0 uiam ecnn agphory > Qe
TOIJIA (v ¥ 7y HEOIPAHUYEHHO pacTyT npu & — co. Pa30BbIil moprper s cucreMbl ypasuenuit (9.37,9.40) upusenen
Ha pUCYHKe 27, THe TPsMbIe, Pa3Aesioiie Pa3IndHble ceKTopa, coorBercrByioT yeiaoBuioC = 0. HavampHas Touka
Ha [IPUBEJCHHBIX Ha PUCYHKE 27 (Das0BbIX TPACKTOPUSIX ONPEAEIACTCd, KaK (Qsh,Vsh), TAE Ysh — KOPOTKOBOJIHOBOE
(3aTpaBOYHOR) 3HAYEHWE MTApAMETPA Y.

Bossparmasch Terephb K ompeetenmio (9.39), MBI HAXOINM, 4TO IPHQs, < (e — Ysh/V/2 Ha GOTBIIEX MACIITAbAX (v
CTPEMHTCH K HOCTOSHHOMY 3HAYEHHIO, 4 TIPH (g, > (e — Ysh/V/2 TAPAMETD (¢ HEOTPAHHYECHHO PACTET IIPH yBeJIHHe-
uun maciiraba. Benomunas renepns coornoinenue (9.14), Mbl 3aKJI09aeM, 9T0 NPUQsh < Qe — Ysh / V2 CBEPXTEKYy4ad
IUIOTHOCTD pPs OCTAETCd KOHCTAHTON HA OOIBIIMX Macuirabax, 94To cooTBeTcTByer cBepxrTekyqeil dasze. [lpu ycenoBun
IKe (g, > Qe — Ysh/V/2 CBEPXTEKyHUast IIIOTHOCT p, OOPAIAETCS B HOJb HA BOJBINX MACIITAbaX, YTO COOTBETCTBYET
HOpMasIbHOH daze. TakuM o6pazoM, IPH (g, = e — Ysh/V/2 TPOUCXOAUT ha30BBIH MEPEXO], IIIEHKH 13 CBEPXTEKYIero
cocTosiHUA B HOpMaJtbHOe. Ha prucyHke 27 TOUKM, COOTBETCTBYIOIIHE ITOMY HEPEXOTY, JIeJKAT Ha JEBOM JIyde U COOTBET-
crByior C' = 0. Huzke TOUKM miepexoa KpymHOMACIITAOHOE 3HAYEHUE P YMEHBIITAETCA ¢ YBEJIMISHUEM TEMIIepaTyPhl,
CTPEMSACH TIPU NPUOIMIKEHNHM K TOYKE MEPEX0/a K MPENESbHOMY 3HAYEHHUIO, KOTOPOE OIMPENEIAeTCs COOTHOIIEHUEM
Q= Q, U COBIIAJAET O 3HaueHueM (9.5), KOTOpoe MbI yiKe 00CYKIATH BBIIIE, KAK TPAHUIHOE.

Crporo rosopsi, yreepxieHue o $ha30BOM ITepexXo/ie IJIEHKH U3 CBEPXTEKYYero COCTOsTHUS B HOpMaJlbHOe, OCHOBAHHOE
Ha, ObpaIneHn o B OECKOHETHOCTh MPY HEOTPAHUIEHHOM POCTE MaCIiTaba, He SBJIAeTCsS OOOCHOBAHHBIM, TAK KaK ITPU
pOCTE (v ¥ Y Mbl BBIXOJUM 33 IIpeJiesibl HpuMeHumMocTy ypasrenuit (9.37,9.38), a 3arem u 3a 1pejesbl IPUMEHUMOCTH
TEOpUH BO3MYIIEHUH, B pAMKAX KOTOpOil mosiydensbl ypapHenus (9.36). Tem e menee, GU3NIECKH 9TO yTBEPKIEHUE
npeacTaBsieTcss 00ocHoBaHHBIM. CooOpaskeHusT B €ro TOJIb3y ObLIM TPUBEIEHBI B Hadaje naparpada.

Bozsparumcs Temepp K mapHOH KOPPEIANMOHHONW (YHKIWYM 3aBUXpeHHOCTH. lIpomssenaem mpeoOpa3oBaHme
sin®y sin; = [cos(¥y — ¥2) — cos(Py + ¥2)]/2 Cpemane (cosd) m {cos(¥y + ¥2)) ayBcTBUTENBHBI K DIyKTyAIASIM
¥ Ha GOJIBIINX MACIITA0AX M TIOTOMY SABJISIOTCS TIPEHEOPEKMUMO MAJBIMU (CPABHU C/IEJIAHHBIN BbINIE aHAJIU3 B TEPMU-
HAX 3aTPABOYHBLIX BeuuuH). [losromy uz (9.19) ciemyer

m \2 32
(—) (w(r))w(re)) &= —— (cos[¥(r1) — H(ra)]) . (9.41)
27h 2
Kak n ciemyer, Beipaskenue (9.41) MOKHO BBIYHCIATE, HCHOIB3ysiH/ ¢ TPOM3BOILHON Tekymeii obpeskoit A/ > 5.
DTO JIErKO MPOBEPUTH HENOCPEJICTBEHHO, TPOU3BEIsl MHTETPUPOBAHNE 10 IACTH CTENeHeidl cBoGOIBI B momet): Torma
MHOKHUTENb, Tprobperaembrii cos[d(r1) — #(rs)], B TOIHOCTH BOCIPOU3BOMUT PEHOPMUPOBKY 3, omuckiBaemyto (9.31).
ITosTomy MBI MOZKeM BBIGpaTh 06peaky A’ ~ 71, . Torma (cos[d(r1) — 9(rs)]) ~ 1 (Tak Kak 5TO cpemHee OIpeIeseTcs
CTETMEHsIMU CBODOIBI ¢ BOJTHOBBIME BEKTODAMU ~ T 5 ). B pesymbrare Mbl HAXOMAM

(555) (wtrmtra) ~ 2. (9.42)

rae v 6eperca Ha MaciITabe rio.
Kak wmbr yxxe mosicauym, C < 0 mig TeMmeparypbl HUXKe TOUKH mepexona, a C' > 0 cooTBeTCTByeT TeMieparype
Bblilie ToUKYU nepexona. [osromy B6sm3u remueparypsl nepexogaC o« T'—T,.. Kak caenyer uz ypasaenus (9.40), npu
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C > 0 perrienue Jjist @« UMeeT CJAEAYIONTHA BU/T
a—a, = VCtan[16mVC(€ — &)], 7= V2C cos 167V C (€ — &)]. (9.43)

Orcrofa cieayer, 9To @ W 7y CTPEMSATCS K GECKOHETHOCTH, KOTa apryMeHT TanreHca B (9.43) npubankaercs Km/2.
Pasymeercsi, pemenue (9.43) paboraer TONBKO 10 HEKOTOPOrO INPEJENa, MOCKOJbKY IIDU €r0 BbIBOJAE BEJIUIUHAY
npejnosaraiack Manoil. IIpu mansix C (1o ecrb BOJIM3M TOYKM 1I€PEX0JA) Y CTAHOBUTCH [OPAIKA EAMHUIBL [IPU
€ =¢e,mme & — & o (T —T,)" /2. C Benmuumoit €. cBA3aH HEKOTOPBI MAcITab re, Tak 410 & = In(Ar.), sTOT
MAacTab r. eCTECTBEHHO HA3BIBATH KOPPENAIHOHHBIM PanycoM. JIefCTBHTENBHO, TTIPH MAJBIXY (TO €CTh TpH 1 <K T'¢
KOppessiiuontbe pyHkimu tuma (9.42) COXpaHAIOT CTENEHHON XapaKTep, a4 Ha PACCTOSHUSXT > T CJIELYET OXKUIATH
OBICTPOTO CIIATAHNA KOPPEIIN 33 CIeT UX PA3PYIIEeHNA PACIAPEHHBIMA BUXPAMH. MBI MOKEM 3aIINCATH ITOBEIEHIE

KPUTHUYIECKOTO PAJINYCa B BUIE
T
Te X €X —_—
e X exp (g |

rae T, — HekoTopast KOHCTaHTa. BecnomuHas Tenepb (QU3NIECKYI0 KAPTHUHY, COTJIACHO KOTOPO# IyKTyaluu obaacrei
pa3mepa r. He3ABUCUMBI M MMEIOT XaPAKTEPHYI) SHEPIUI0 MOPIIKA TEMIEPATYPhI, Mbl HAXOIUM IS CHHTY/ISIPHOTO
BKJIaJa B CBOOOMHYIO SHEPTUIO

L? Ty
Fsing ~ T? X exp —2 ﬁ s

QN

rae L — pasmep cucreMbl. Takoro copra CUHTYJISPHOCTD HEIPOCTO 3apUKCHPOBATH IKCIIEPUMEHTATIBLHO.

Kak mbI yxe ybeauauch, mpu peHOPMHUPOBKe B 3¢ pekTuBHoM (yHKInoHAME JlangayH BO3HUKAIOT JOMOJTHUTE h-
HbIE YJIEHBI Pa3HOo0Opa3Hoil crpykrypsl. Hanpumep, MoxHo B3aTh Bhipaxkenue (9.34). Heckosibko 0600mias mosrydaro-
IIYIOCS TIPU 9TOM KOHCTPYKIIUIO, MBI MOXKEM PACCMOTPETD CJIEAYIOIIHE TOMPABOYHbIE UJICHbBI

Heup = — / d*r Z By, cos(ng) , (9.44)
n=2

nJjan

Heub = — / d?r Z An cos(ng) (V¢)2 . (9.45)

n=1

Benuuuna 3TUX WI€HOB, KOTOPbIE T€HEPUPYIOTCS B MPOIECCE UCKIIOUEHUsT OBICTPHIX MEPEMEHHDLIX, Majia B Mepy Ma-
noctu . Bompoc 3akiiodaercss B TOM, He MOTYT JIM 3TH YJIE€HBI 3aT€M BbIpacTh (Ipu pocre MaciuTaba) u paspyluiuTh
BCIO KOHCTPYKIHIO. JIjist anaim3a Takoil BO3MOXKHOCTH Ham0 cdopmyaupoBars PI-ypasuenus a3, u A,. Mox#Ho
MIPOBEPUTH, YTO ITU YPABHEHUS] UMEIOT BUJ

dyn dAn, ~ =
e T *An n n e T *An n no A4
i Yn + S i@ Tn + S, (9.46)

rae v, = 3,/(N)?. B ypapuenun (9.46) A, u A, — IONOKATEIbHBIE YUC/IA TOPSIKA e1HHALB, &Sy, U S, — HCTOTHHKH,
MOPOK IaeMble TIAaBHBIM wieHoM (9.17). VlcTouHuKy MOryT BBITH OlIEHEHBI Kak.S, ~ Y™, S, ~ ™. Ilon0KATENBHOCTD
A, n len O3HAYTALT, ITO Yy, ~ Sy, Ap ~ S'n, TO €CTh PACCMOTPEHHBIE MTONPABKHU BCET/IA OCTAIOTCA HECYIIECTBEHHBIMU.

WNuTepecubiM mpeacTaBasgeTcs BOMPOC O TOM, KAKOB OyIeT XapakTep Mepexoa B TOM CJIydae, €CJd 3aTPABOYHOE
3HAYEHNE TIAPAMETPA Y, Ysh, HE ABASIETCS MaIbIiM. OU3NIECKH 9TO O3HAYAET, UTO IJIOTHOCTH BUXPEH HE sIBISIETCS HU3-
KO, TO €CTb PACCTOSTHUE MKy BUXPSIMU OKa3bIBAETCs TMOPSIKA pazMepa Kopa Buxps. OaHako 60JbINas MIOTHOCTh
BUXpEl HEe UMeeT MPsSMOro OTHOIIEHUS K XapakTepy nepexona. O onpenensiercs: 6aJaHcoM SHEPIUU U SHTPOIUN €11~
HUYHOTO BUXPS. DHEPTUSA YK€ €r0 OCTALTCA JOrapU(MMUUIECKON U B TPUCYTCTBUH OOJBINON MJIOTHOCTHA BUXPEH, €Cu
Takasi Cpeja COCTOMT U3 CBA3AHHBIX BUXPEBBLIX I1ap, TO €CTh SIBJISETCA ‘IUIJIEKTUPUYECKON , 9TO MOXKHO y4eCThb LU
TIOMOIIH ‘ TU3JIEKTUPUIECKOU mpoHutiaeMoct’. TakKe ecTeCTBEHHO OXKHUIATH, YTOY MaIAeT C POCTOM PACCTOSIHUS, UTO
COOTBETCTBYET MAJIOH IJIOTHOCTH CBS3aHHBIX TAp OONBINIONO pa3mMepa. B atom caydae xapakTep (a30BOrO mMepexona
6yﬂeT TaKHUM 2K€, KaK U IJId MaJIOTO 3aTPaBOYHOIO 3HAYECHMNA “Ygh .



75

3agaun

3ama4da 9.1
Hapsiny ¢ rmaBubiM BKIaa0M (9.17) B addexTuBHOM paszioxkenun JIaHIay UMEIOTCS TaKKe CIEIYIONHe TOmpaBoy-
HBIC HYJICHBI

Heup, = — / d*r " By cos(ng). (9.47)
n=2

Haiitu PT-ypaBuenus s (3, (6e3 ucrounuka).
3agada 9.2
Hapsany ¢ rnasabiv BkaagoM (9.17) B adbdexTuBroM pazioxkennn Jlauaay UMEIOTCS TAKKE CJASAYIONME MONPABOY-

HbIE€ YJICHBbL
Hsub = - / d27'

Haittu PT-ypasuenus ngis A, (6€3 nCTOIHUKA).
3amaga 9.3
DHEPrus HEMATUYECKOH TIJIEHKU MOXKET ObITh 3aIMCAHA B CJAEIYIONIEM BUIE

A cos(nd)(Vo)? . (9.48)

n=

K K
F = /d%n {QVQnﬂ,VQnW + %(Qnang — (5alg)VO¢n7V5n7} ,

rue m — AupekTop (AByMepHbIl enuHuYHbIA BekTop). HaiiTu peHopM-IpyIinoBoe ypapuenue s kosddunuenralk’y
cuntas K1 < K.

Samaua 9.4

DHepruss HEMATUIECKON IJIEHKM MOXKET OBbITH 3allMCAHA B CJAEIYIOIIEM BHIE

K
F = /d2r ?Vanvvany,

rje n — JUPeKTOp (JABYMEPHbBIH eMHUYHBINA BEKTOP). Bo BHENTHEM MArHUTHOM T10J1€ (JIEXKAIIUM B TIJIOCKOCTH IIJIEHKH)
BO3HUKAET CJIeAYIOMNii BKJIa/l B SHEPTHIO IJIEHKHU

fH = /d27' %(QTLQTLQ — 5a5)HQH[3.

Haiitu peHOpM-TPYIIIOBOE YPABHEHUE JJIs BOCIIPUMMYUBOCTH (V.
3amaua 9.5
DHepruss HEMATUIECKON [JIEHKM MOXKET OBbITH 3aIllMCAHA B CAEIYIOIIEM BHIE

K
F = /d2r ?Vanvvanv,
rje 1 — JUPeKTop (JABYMEpHBI euHUYHbIH BekTop). HaliTu NapHyio KOppesaIiuoHHy0 dyHKIUO

(na(r1)na(ra)) .

10. KPUTUYECKAAd JUHAMHUKA

B nacrosimuem naparpade Mbl pacCMOTPUM OCODEHHOCTH AMHAMMKH KOHJIEHCUPOBAHHOM cpeibl BOIu3u To4KH (haso-
BOT'0O MEPEXO0/Ia, BTOPOrO POJIA, KOTOPYIO OOBIYHO UMEHYIOT KPUTHIECKOM JTUHAMUKON. KpuTnyeckast TUHAMUKA, STBJISIETCS
HE CTOJIh YHUBEPCAILHOM, KAK CTATUYECKUE CBOWCTBA cpeabl. HamoMHuM, 9TO XapakTep 0CODEHHOCTEH B CTATUIECKUX
BEIMYMHAX 3aBUCHT TOJBKO OT IHCJa KOMIIOHEHT IapaMeTrpa MOpaaka. B TO ke Bpems, MPU JAHHOM YUCJIE KOMIIO-
HEHT TapaMeTpa MopsaKa KPUTHIeCKasd TUHAMUKA MOXKeT ObITh caMOil pa3Hoil. 31ech Mbl Oy/IeM u3y4daTh MPOCTeHnnit
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cay4aii: TaK HA3BIBAEMYIO YUCTO PETAKCAITNOHHYIO NUHAMUKY TapPaMETPa MOPAAKA. ITOT CAyUail ABIIETCI OTHUM U3
CaMbIX BaKHbIX, TaK KaK OH 4aCTO BCTPe4aeTrcsd SKCIEePUMEHTAJIbHO.
JrmHaMIUYecKoe ypaBHEHHE JJIsT YUCTO PETaKCAIIMOHHON JMHAMUKN TTapaMeTpa MOPSIKa UMeeT BUT

dp=f, f=I" ((;(]; +C) : (10.1)

rae I' — kunetnyeckuit Koadduiment, F — dyuximnonan Jlannay u ¢ — JIaHKeBeHOBCKUe CUIIbl (GebIi MIyM), KOTO-

pbI€ MIPECTABJIAIOT BO3AEHCTBIE KOPOTKOBOJHOBBIX (MUKPOCKONIUYIECKUX ) CTENeHei CBODOBI Ha JUHAMUKY MAPAMETPa,
nopsiaKa (KOTOPBIN gBJdercs MaKpPOCKOIMYEcKo# nepemennoit). Koppensiuonubie MyHKIUU( UMEIOT XapaKTePHbIE

ATOMHBIE Pa3MepPbl U BpeMeHa. TaK KaK Mbl PACCMATPHUBAEM IIPOIECCHI, KOTOPDHIE ITPOUCXOIIT HA MAKPOCKOMMIECKNX
MacITabax U BpeMeHaX, KOPPEeJsIUOHHbIe (hYyHKINKN ( MOT'YT CIUTATHCI J-KOPPETUPOBAHHBIMYU BO BPEMEHU U IMPO-

CTPAHCTBE. JTO TAKIKE O3HAUAET, YTO CTATUCTUKA ( MOMXKeT cuuTarbest Layccosoit. /lemo B ToM, 910 B HAbIIOdAEMbIE
BEJIMYUHbBI BXOJST MHTErPAJbl ([0 BPEMEHM W IO IPOCTPAHCTBY) OT ¢, KOTOPbIE MOIYT MHTEPIPETHPOBATHCH, KAK

CyMMbI OO/IBIIOrO KOJIMYECTBA, CIyYalHbIX 9ucesl. B cuily LmeHTpasbHOM LpeaebHON TeopeMbl Takas cyMMa, 0bJiagaer
layccoBoit craructukoii. Takas cTaTHCTHKA OJHO3HAYHO OIIPeIe/IseTcs MapPHOU KOPPeJanuoHHON (pyHKIHell crydaii-
HOHM BeIMYWHBL. B HameMm ciaydae mapHasi KOpPeasiiuoHHasi (pyHKIIHsS PABHA

<<(t1, Tl)C(tQ, 7"2)> = 2TF71 5(t1 — tQ) 5(1"1 — 1”2) s (102)

rae T — temmeparypa. Beipaxkenue (10.2) maa xoppenanuonHO# GyHKIunA JIaHKEBEHOBCKUX CHJI TAPAHTHPYET, UTO
cTannoHapHasi GYHKINSA pacrpe/iesenust BepossTHocTr pasHaexp[(F — F)/T] (emorpu mpuaokenve A).
Hamomuuwm, uro dbyukimonasn Jlannay F mis napaMerpa mOpPsIKa © PaBeH

a b A
F= /dd"" {2992 + §(V<P)2 + 24@4} . (10.3)

[Jie Mbl COXDAHWJIHM TOJBKO YETHBIE WIEHBI, CUYUTasd, 9TO B F HEUYETHBIE HYJEeHBI OTCYTCTBYIOT 3a CYeT KaKOH-Imbo
cummerpun. [oncrasnsas (10.3) B ypasrenne (10.1), MbI HAXOTUM

Top = —ap +bV3p — %@3 +1I¢. (10.4)
OTmerum, 4TO YieH BTOPOro MOpsA/IKa 110y B GpyHKIMoHAIE JIaHjay Npou3BOAKT JuHEHHbL YieH B ypasuenuu (10.4),
a WIEH YeTBEPTOro TMOPSAIKa 10 ¢ B (hyHKuuoHAME JIaHmay MpOM3BOIUT HENWHEHHBIH 91eH (TPETBEro MOpSAAKa) B
ypasuenun (10.4).

Panee Mbl u3ydaju 0JHOBPEMEHHBIE KOPPEIIUOHHBIE (DYHKIMHU ITapaMeTpa NOpsIIKa, KOTOPbIe MOTYT ObITh Haiine-
HBI U3 CTAMOHAPHON (hyHKIMM pacnpenenenns sepoataoctuexp|(F — F)/T. Teneps MBI HHTEPECYEMCSl BPEMEHHBIMHA
KOPPEJISiIUAMY [IaPAMETPA MOPSJIKA, KOTOPBIE ONPEJAEIAITCA PASHOBPEMEHHBIMU KOPPEIAIMOHHBIMU (DYHKUIUAMUP.
Jljist MX aHAJUTUYECKOrO ONPEIEJICHNS HEJOCTATOUHO 3HATH CTAIIMOHAPHYIO (DYHKIMIO PACIIPEIEICHNS, & HAI0 CTapTO-
Barh ¢ ypasuerus (10.1). OmHUM U3 BOZMOXKHBIX IIyTEll BbIYUC/IEHUS KOPPEJISAIMOHHBIX (DYHKIWI SB/ISETCA PEIIEHUE
ypaBuenus (10.1), B pe3yibrare KOTOPOIO ¢ BbipaxKkaeTcsd 4epes myM (. 3arem, YToObl BBIYUCIUTD, CKAXKEM, [APHYIO
Koppenauonnyo Gbyakumio (o(t1,r1)p(ta, r2)) HEOOXOOUMO IOACTABUTH CIOIA BBHIPAXKEHNE IIapaMeTPa IIOpAIKa, de-
pe3 ¢ U yCpeaHUuThb pe3ysabrar 1o craructuke . K coKaleHuIo, HeBO3MOKHO SIBHO BBIDA3UTD © Yepes3 (, CKaxKeM, 13
ypasueraus (10.4). 9T0 MOKHO CIeNATh TOJbLKO B BUJE Dsijia [0 HeauHeiinoMy 4neny B ypasaenun (10.4), To ectb B
Buge pana mo A. CooTBETCTBEHHO, HAMEYEHHBIH BBINIE IPAMON IIyTh MMO3BOIAET CHOPMYINPOBATH TEOPUIO BO3MYIIIE-
HUll 0 A JJIs KOPPESIUOHHBIX (DYHKITH#H . Briepsbie TAaKOTO poja Mpoleaypa MOCTPOEHHsT TEOPUU BO3MYIIEHUHA MO
HEJIMHEHHOMY YJIeHY B TMHAMHYECKOM YDaBHEHUN OblIa pa3suTa (B paMKax Teopun TypOyreHTHOCTH) Yaiiamsom [1961].

Jlajiee Mbl uIEM MHBIM [yT€M, KOTOPBIA HO3BOJISIET BbIPA3UTh PA3HOBPEMEHHBIE KOPPEJAIMOHHbIE (DYHKINUY B
Buje dynkumonasbroro unrerpasa [Martin, Siggia, Rose, 1973; Dominicis, 1976; Janssen, 1976] nono6uo tomy, kak
9TO OBLIO CETAHO JJIsT OJHOBPEMEHHBIX KOPPEeIANNOHHbIX (byHKIui. [Ipencrasnenne B Buge GyHKIMOHATLHOTO WH-
TerpaJia MO3BOJIIET TPOU3BOIUThH HEKOTOPbIE BasKHbBIE MPeo0pa30BaHusl EPEMEHHBIX (CMOTPH, HAIpUMeEp, naparpad
9), crangapTHBIM 06pa30M (POPMYJIUPOBATH PEHOPM-I'PYIINOBOE IPe00PA30OBAHNUE, & TAKKE, B IPUHIIUIIE, BBIYUCIATD U
HeneprypbaruBable 3 EKTHI, KOTOPBIE HEBO3MOXKHO TI0JIyYUTh B PAMKaxX Teopuu Bo3mymennii. Texauka xe Yaitnma
(Teopus BO3MYIIEHU#) MOIYIAETCS U3 MIPEICTABICHNUS] KOPPEJSIIIUOHHBIX DYHKIUN B Bue (YHKIHOHAIBLHOTO HHTE-
rpaJia moJo0HO TOMY, KAK CTPOMJIACH T€OPHs BO3MYIIEHUH B CTATUIECKOM CJIydae.

BeiBenem npeacrapnerne B BuAe (PyHKIIMOHATBLHOTO MHTEIPATIA, I PASHOBPEMEHHBIX KOPPEISAMOHHBIX (DyHKINN
napaMerpa nopsaka. Kak yke ObLI0 CKA3aHO, TP BBIYUCIEHUA KOPPEIATUOHHBIX (DYHKIUNY CJIeyeT NCIoIb30BaTh
periennst ypasuenusi (10.1) mist ¢ B TepMuHax 1myMa (. BMecTo 3moro MOXKHO WHTErPHPOBATH TI0 MPOU3BOJLHBIM



7

dyukiuam @, yaurbiBag ypasueane (10.1), kak ynkimonanbuyo 6-gyukuuio. Hanpuvep, npoussejienue perenuii
ypasrenusi (10.1) MOXKHO 3amUCATH B CJEIYIOIIEM BUIE

Nt /Dapé (Orp — f)otr,r1) ... @(tn, ) - (10.5)

WNurerpuposatue 3mech TPOU3BOANTCA M0 BeeM ¢yHKImsaMt and . [naBHoe cBOWCTBO GyHKITMOHATBHON I-DyHKIIN
3aKJIIOYAETCS B TOM, 9TO

/ Dipd(p — 1)) = DY),

rae ®(p) — npoussosbubiil Gyukumonan. Paxrop xe N B (10.5) gapjsgerca HOPMUPOBOTHON KOHCTAHTOI:

N = / Dpd (O — f) - (10.6)

Borancaum koucranty N st caydast, KOTJa (DYHKIHS alpPOKCUMHUDPYETCs CBOMMY 3HAYEHUSIMU B JIUCKPETHOM
Habope To4eK (110 BpEMEHU UM MPOCTPAHCTBY), & (DYHKIMOHAILHBIA UHTErPAJ ABJSETCS MHOIOKDATHBIM HHTErPajiOM
o 3HadeHusM GYHKIMU B 9TUX Toukax. Toraa smecro ypasuenusi (10.1) HeoOXOmMMO HCHOIB30BATH PA3HOCTHOE
ypaBHeHue

(pn-l-l(r])G (PH(T]) N fn(rj) =0, (107>
rjie T; — TOYKH IPOCTPAHCTBEHHON DEINeTKU, a WHIEKC N HyMepyeT BDEMEHHbIE TOYKH, U € — mar no Bpemenu. lloa-
YepKHeM, 9T0 Mbl TpuHsN B (10.7) 3ama3abBaolLy0 PEryaspU3aInio: ‘cuia’ f, Onpenensiomas pasHOCTh Qn 11 — Pn,
Gepercst B MEHbBIIIUI MOMEHT BpeMmeHWU i,. VIMeHHO Takasi peryssipusaiius OyJIeT HOJApa3yMeBaThCs B JAJIbHEHINeM.
DyHKIMOHATHHBIN WHTErPAJ SABISETCS MHOTOKPATHBIM HHTEIPAJIOM TI0 3HAYEHUAM IOJIAp Ha permrerke u3 N1 X Na
TOYeK, rae N1 — 9MCI0 TOYEK HPOCTPAHCTBEHHON pemerku u No — 9uC/I0 aroB 1o Bpemenu. A dyHKIMOHAIBHAS
0-(byHKIWS SABJISIETCS TENephb MPOU3BEJIeHNEM OOBITHBIX 0-bYHKINH, B3ATHIX BO BeeX N1 X Ny TOUKAX, C apryMeHTaMMU,
onpenensembivu ypasaenuem (10.7). Torna

N = H/d@n('r])(s |:(Pn+1(7'j)6_ (pn(T'j) o fn(""j) _ 6N1N2’ (108)

Tak Kak uHTerpas B (10.8) MOMXKET BBIYHCIATHCS [TOCJIEIOBATEIBHO, AT 33 IIArOM, BCJIEJCTBHE 3alla3IbIBAIOIIEH pe-
TYJIAPHU3AIIH.

ITpeobpazyem dbyuruuonanpuyo o-byukimio B (10.5) B sxcronenty. g 370ro Mbl HCIIOJIB3yEM XOPOIIO U3BECTHOE
COOTHOLIEHHUE 1A OOBIYHOM 0-PyHKLINK:

“+oo
d .
d(x) = / % exp(ipx) .

IlepernucoiBasi §-byHKIMN, KaK TaKHe MHTErPajbl, BO BCex TOYKAX Haieid N1 X Nz npocTpaHCTBEHHO-BPEMEHHOMN
PEeIeTKN, Mbl HAXOIUM

1 Al A d
N 5(87&99 - f) = H/%dpn(rj)e}(p {ZA pn(’f'j) [9971+1(Tj) - ‘Pn(rj) - efn(rj)}} )

rae A — mar mpoCcTpaHCTBEHHON PermeTku ud — pa3MepHOCTh TPOCTPAHCTRA. TakuM 06pa3zoM, BO3HUKJIIO HOBOE TOJIED,
KOTOPOE B HENPEPBIBHOM IIPEIeJIe TIITABHO 3aBUCAT OT BPEMEHH W KOODJHMHAT, a npoussejaenne] | [ dp,; moxer GbITh
3anucano, kak GpyHKIOHANBHBI HETerpan [ Dp. B pesyabraTe Mbl HAXOMUM

N7 (0p—f)=N"! /Dp exp {i/dtddr [patap—pf]} , (10.9)

e HopMupoBodHas KonctanTa pasaaN = (A4 /27)N1N2 | Mt puamm, uTo HOpMupoBoYHas KoHcTanTa N He3aBHCIMA
0T BCEX IAPaMeTPOB, ONPEAEIIONNX IMHAMUKY ¢ (BKJtodas nos h u ().
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Bossparasice reneps K Bbipakeruto (10.5), Mbl 3aKJII09aeM, YTO KOPPEIAIUOHHbIE (DYHKIIMUY MOTYT ObITH 3aIu-
CaHbl B CJIe1YIOLIEM BH/Ie

(o(t1,r1) ... p(tn,mp)) = N1 /D(p Dp <exp {z / dt dr [pOpp — pf}}> o(t1,71) - p(tn, Tn),

IJIe YCPEIHEHNe B MPABOM 9aCcTU ITOr0 COOTHOIIEHWSA MPOU3BOIUTCS MO0 CTATUCTUKE(. DTO yCPETHEHUE MOXKET ObITh
NPOU3BEIEHO ABHO, TAK KAK CTATHCTHKA ( siBasercsa Layccosoit. B pesymprare mbr momygaem u3 (10.1)

1 46F T

— + inz} } o(t1,71) - .. p(tn, 71(10.10)

(p(t1,r1) .. p(tn, ) =N‘1/D¢>Dp exp {i/dtddr [p0t<p+ "5,

Vno6Ho nepeiitu K HOBOMY mout0 p — I'p. Brmouas daxrop I'V'V2 B nepeompeerenie HOpMEPOBOYHON KOHCTAHTBI
N, MBI TOSTy9aeM OKOHYIATETHLHO

(p(t1,71) . o(tn, Tn) = N /Dgon exp (i) p(t1,71) ... (tn,Tn) , (10.11)
d OF o
Z= [ dtd*r |I'pOyp +p% + T T'p*| . (10.12)

Tlo amanoruu ¢ KBaHTOBOII Teopweil MOJsi MBI OyaeM Ha3bIBaTh BenduHyZ 3¢OeKTUBHbIM AefiCTBUEM WJIA TPOCTO
neiicrBueM. /s HaImeil KOHKPETHOM mpobIeMbl

A
7= /dt dr [Fp@tap + app + bVpVe + gpws — ph+iTTp?| . (10.13)

[Tone3no BKIIOYNTHL B PACCMOTPEHWE He TOJIHKO KOPPEJsIITHOHHbIe (DYHKIIMU MapaMerpa Mopsiakay, HO TakKe H
KOpPeJIAHOHHbIe (DYHKITNY, BKIIOYAIONINe BCIOMOraTelbHoe monep. Jaree Mbl OyneM HCIOIb30BaTh MAPHYIO KOppe-
JANMUOHHYO (PYHKITAIO

G(t1,t2,71,72) = (@(t1,m1)p(t2, m2)) = N1 /Dchp exp (i) p(t1,71)p(ta, r2), (10.14)

KOTOPYIO MbI Oy/1eM Ha3biBaTh | puHOBCKOM (hyHKIMe. ITa (DYHKIH ONPEIesder OTKIUK CUCTEMBI HA BHEITHee ‘Mar-
HUTHOE 1071’ h. A IMEHHO, IIpU BapHALUMH 1I0Jd O/ U3MEHIeTCA TakKe U cpeaHee (p), IpUIeM 3TH BAPUAIMU CBA3AHDI
CIIETYIOIIM 00Pa3oM

5<g0(t1, 7’1)> = —1 / dtg dd7'2 G(tl, tg, T, T‘Q) 5}L(t2, 7’2) 5 (1015)

Kak caenyer u3 ypasHenuii (10.13,10.14). Ilpuununocts mukryer yeaosueG = 0 npu t < to. Koneuno, mpu h = 0

(uau Ipu OJIHOPOIHOM BO BpeMernu u npocrpancTseh) I'punosckas dyukius G 3aBUCUT TOJIBKO OT Pa3HOCTEH th —tg 1

71 —72. 3aMeTUM, YTO KOPPEJIAIUOHHbIE PYHKIMU BCroMorareabHoro noa(p(ti, r1) . . . p(te, 2)) pasabl Hyar0. IT066BI

JIOKA3aTh 3TO CBOWCTBO, YIOOHO BEPHYTHCA K HMPEICTABICHHIO KOPPEIAIMOHHBIX (DYHKIUHA JO ABHOIO yCPEIHEHHUS II0
mymy ¢:

(p(t1,r1)...p(tn, 1)) = N1 /Dchp <exp {i/dt ddr [T'pdyp —pf]}>p(t1,r1) ety Tn) . (10.16)

WuTerpupoBanue 9KCIOHEHTHI 10 ¢ naeT (YHKIMOHAIbHYIO0 J-DyHKIMO §(p), U, CHAEI0BATEIBHO, HHTErPAJI B IPa-
Boit wactu (10.16) pasen mymoo. B 4WacTHOCTH, PaBHBI HYJTHO CpemHee (p) W TAPHAS KOPPENANUOHHAA (OYHKITHS
(p(t1,m1)p(t2, 72))-

IMosicauM, KakuM 00pa3oM Moay4Yaercd GyHKIHOHANbHAS I-DyHKIMs 0(p) NPU MHTErPUPOBAHUY IO ¢ B IIPABOI
gactu (10.16). Tyig 9T0ro Haz0 CHOBA UCIIO/IL30BATH JIUCKPETHOE MPEACTABIEHHE 110 BPEMEHU

/dt dr (I'pdyp —pf) — Z/ddr [I'pn(Pn+1 — ©n) — €Pnfn] - (10.17)

WuTerpupoBanme e 10 ¢ cIeayeT IPOU3BOANTD B ‘aHTUXPOHOJOTHIECKOM MOPSAAKE: CHAYAJA IO 3HAYEHUIO (DYHKIIAN
B IIOCJIEIHUIT MOMEHT BPEMEHHU (j4s¢, & 3aTEM B TOPsIKEe yMeHbITeHust Homepa n. [Ipu 3ToM 3a cUeT «wieHa p,@n+1
B (10.17) kaxapil pa3 Gyuer BO3HUKATH O-DYHKIMs OT Dy,. IlopcraBigs 3arem p, = 0, Mbl ybexaemMcs, 910 U3
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MONBIHTErPANTBHOTO BHIPAYKEHUS NCIE3AET 3aBUCUMOCTD 0T, BE3MIE, KPOME WIeHA Py —1(Pn — Pr—1), KOTOPBIH obecte-
YMBAET HA CJEIYIONIEM [IATe NOABIeHNE ouepenHoid-dyrkuun (0T p,—1). Takum 00pa3oM, yKazaHHOE CBORCTBO TECHO
CBsI3aHO C BBIODAHHOW HAMW 3aMa3/IBIBAIOIIEN peryasipusaiueil (OHO SBUIOCH OIHON W3 MOTHBHPOBOK 3TOTO BHIGODA).

Jlokazkem Tenepb GuykTyarnonHo-auccunaruonnyio reopemy (®AT), caurash = 0. s 910# nenu HeobXoauMo
CIABUHYTH BCIIOMOTIaTEeIbHOE IOJIE P:

1

p=0p— Osp . 10.1
P=p= 550 (10.18)
Boipaxkast sddexkrusnoe geiicrsue (10.12) yepe3 HOBOE MOJE P, Mbl HAXOIUM
il 0OF
I=[dtd' | (0wp)* +p— +iTIp> 10.1
/ TLT( 7o) +pg, HITIE (10.19)

I71e MBI OIYCTHJIA PPAHUYHBIA “IeH, Ipoucxoasmuii u3 [ dt dir §F /60 Orp. Kax caenyer us (10.19), sadbdekrusroro
JTefiCTBIE, BBIPAYKEHHOE Uepe3 ¢, P, NHBAPUAHTHO OTHOCUTETHHO U3MEHEHUs 3HaKa BpeMenut — —t. OTcooaa caemyer,
B YACTHOCTH, YTO IapHas Koppensiuonnas Gpyaruuda (p(t, r)p(0,0)) nuuBapuanTHa oTHOCUTENbHO t — —T. BhInucobiBas
9TO yCJIOBUE Y4epe3 HAYaJbHOE I0JIE P, Mbl HAXOIUM

O F(t,7) =T [G(t,r) — G(-t,7)], (10.20)
riae F' — mapHas KOppessanuoHHas QYHKITHS ©:
F(tl — t27 T — 7‘2) = <<,0(t1, T’l)QD(tz, 7’2)> . (1021)
Ilepexong Kk ®ypbe-KOMIIOHEHTAM, MBI HAXOAUM
T
Fw)= - [Gw) —G(—w)] . (10.22)

DTO COOTHOIEHUE SIBSETCS HEe YeM WHbIM, Kak kiaaccuieckum BapuanTom PJIT, rak kakF siBjsgercs mapHO KOp-
penranuronHoM GyHKIHE! HAOII0IAeMON BEIMYUHBI ¢, 8 PA3HOCTH B €r0 MPABOM YaCTH JAET MHUMYIO 9aCTh COOTBET-
CTBYIOLIEH JMHEHAHON BOCIPUUMYHUBOCTH, KaK 910 Buino u3 (10.15).

Kak MbI y2Ke yIoMUHAIH, BCaeacTue npuannHocrr dbyaxnua ['punaG(t) pasHa HyJIO I8 OTpUIaTeabibx t. [To-
sTomy ee npeobpasosanue Pypbe G(w) saBistercs HyHKIUEH, aHAIUTUYECKON B BEPXHEH OIYILIOCKOCTH. DTO CBOHCTBO
MTO3BOJISIET MOJIYYUTh SBHOE BHIPAYKEHUE [IJTsT OMTHOBPEMEHHON MapHO# KOPPeIsInonHoi QyHKInry depe3 I puHOBCKYIO
dbyukmuio. eficTBuTenbHO, OJHOBPEMEHHAA APHAA KOPPENANUOHHAS (DYHKIHSA 3AMUCHIBAETCH B BUJIE CJIEIYIOIIErO
HUHTEerpasa

Pt =0) :/dﬁF(w) . —T/d—” G(w) — G(-w)] . (10.23)
21 2w

CasuHeM KOHTYp MHTEIPUPOBAHUA B HUXKHIOI MOJYILIOCKOCTh. Tak Kak GyHKIuAG(—w) sABIAETCI TaM AHAJIATHYE-

CKOIl, MHTErpaJl OT BTOPOro 4ieHa B npasoil yactu (10.23) pasen wysio, 7o ecTb nocye casuraGG(—w) MOKeT ObITh

onymena. Jlanee, CBUHEM Tenepb KOHTYD MHTEIPUPOBAHKA B BEPXHIOK MOIYILIOCKOCTh. Tak KakG(w) aHaIuTuYHa B

BepxHell II0JIYILIOCKOCTH, BKJIaJ B MHTerpaJs OyaeT Ipou3BOAUTHLCA TOJIbKO II0IH0COM B Toukew = (. BunuchiBas sToT

IIOJTIOCHOM BKJIAJ, MBI HAXOIAM

F(t =0) = —iTG(w =0). (10.24)

DTO COOTHOIIEHUE TIO3BOJIAET BECHMa, MPOCTO BOCCTAHABIUBATH OMHOBpeMenHbe pyHKImmp 1o ['puHOBCKON DyHKIMN.
DddexTusnoe neiicreue (10.13) sBageTca cyMMOil 9IEHOB MEPBOTO MOPSIKA MO TOJIOP, & TAKIKE BTOPOTO U H9€T-

BEPTOro MOPSAJIKA MO MOJsAM ¢ u p. Takum oOpa3om, o cBoeit (popMaIbHOl CTPYKTYpa JeficTBrue GJIM3KO K CTPYKType
cooTBercTRyIONero pyukinuonaia Jlanaay. 91o AeicTere To3BOIgeT CPOPMYIUPOBATH TEOPUIO BO3MYIIEHUH JIJTsT BbI-
YUCJEHUST KOPPEJIMOHHBIX (DYHKIUHA @ 1 P, eciu pazaokuTh exp(iZ B coorHorienusx Tuna (10.11) B psg no dieny

gerBepToro nopsaaka B aeficrenn. (Kak u B craTuke, 3o Oymer pasnoxenuem nol.) Kaxkaerit wien sToro pasnoxkenus

cBOIUTCA K ['ayCccoBy MHTErpaly ¥, CIeI0BATEHHO, MOKET OBITh BhIDAYKEH UEPE3 3aTPABOYHBIE 3HAYEHUS KOPPEISIU-
ounbix (Gynknumit (10.14,10.21). fIBHble BhIpaKkeHUs Jisi STUX 33TPABOYHBIX (DYHKIMI UMEIOT CJSILYIONMHA BU/L

dlqdw exp(—iwt + iqr)
Go(t,r)=— 10.2
olt,7) / (2m)a*t TI'w + ia + ibg? (10.25)
d%q dw . . 2T
Fo(t,r) = /W exp(—iwt + qu)FQwQ o vE (10.26)
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Puc. 29: 3amkuyras netisa u3 G-iuHHiA.

rae Mol cauraeM a > 0. OrMerum ciemayinee COOTHOIIEHE
Fo(w, 4) = —Gol(w, 0)(2TT)Go(~w,q) (10.27)
Pazymeercst, maTerpas

T

/ddr exp(—igr)F(0,r) =

BOCIIPOM3BOIUAT BBIPDAXKEHWE IJis 3aTPABOYHON OIHOBPEMEHHON MapHOi Koppensiuonuoi dyrkiuu. Hamomuanm, 910
KoppensanuonHas dbyHKIua (pp) PABHA HYIO.

PaccMOTpUM CHAMATA, Pl TEOPUHM BO3MYIICHHN I HOPMHUPOBOYHON KOHCTAHTLIN . DTOT pal MOXKeT GBITH IIpe-
CTaBJICH Ha JUATPAMMHOM sI3bIKE. 11epBBId nonpakka KA COOTBETCTBYET AMATpAMME, TPUBEICHHON Ha PUCYHKE 28.
3/ech CIUIONIHAS JIMHKUS COOTBETCTBYeT Koppessuuonuoi dyukiuu (10.26), cMemannas jaunua npejacrapiser [pu-
HOBCKY10 dyukimio (10.25) (nyHKTUPHAs [IOJIOBUHA COOTBETCTBYET [OJIOP), & Y€PHAs TOYKA [IPEJCTABIIIET IapaMeTD
A. AHanuTHdeckoe BbIpaykeHue, COOTBETCTBYIOINEe 9TOH Auarpamme, copep:kut ¢GakrtopG(t = 0,7 = 0), KoTopbIit
OIIPEJIE/ICH HE OUeHDb XOPOIIO, MOCKOJIbKY ['punosckas GyukiusaG(t) ucnbirbiBaer ckadok npu t = 0. YToObl NOHATH,
yeMy ke pasaa Beauuuna G(t = 0,7 = 0), Mbl JIOJDKHBI BEPHYThHCs K AMCKPETHOM Bepcuu Haieil reopun. Torpa us-
3a MPUHATON HAMH 3ala3 IbIBAIONIEH Toasgpu3anun 'puHOBKasg (DYHKIMS [IPU COBIAJAIOININX BPEMEHAX OKA3bIBAETCS
PaBHOH HyJI0. DTO CJIe/lyeT, HAIPUMep, U3 TOro, YTo B aqucKperHoM axasore (10.15)5(p) MOxKeT 3HATH [P0 3HAUEHUS
o5 b B IPOILIOM, HO HE B TOM ke caMoil BpeMeHHO# Touke. TakumM ofpas3oM, Mbl 10JKHbL nojararbG(t = 0) = 0.
ITosTomy nepsas nonpaska K N paBHa HYyJIIO.

ITonpasku 6Gonee BbicOKOro nopsaika K N Tak:ke paBHbI HyJIIO, IIOCKOJLKY BCe oM JubO cozepzkar axTop
G(t = 0) = 0, mubo 3aMKHYTYIO TeTA0 U3 G-JIMHUE THIIA TPeICTaBIeHHol Ha pucynke 29. B anajiurudyeckoMm Buje
aTOl meTse cooTBercTByeT npoussenenue G(ty —t2)G(ta —t3) ... G(t, — t1), THe BpeMeHa t; ‘IPUNHCAHLI BEPIIHHAM.
Cpemu aprymenToB ['puHOBCKUX (DYHKINN B 9TOM MIPOU3BEIECHUHN MO KpaiiHeil Mepe OfMH OTPUIIATEIEH, U, TOCKOIbKY
coorBercrByoias ['pruHOBCKas DYHKIMs PABHA HYJI0, PABHO HYJIIO U BCE npou3BejeHue. Takoro copra neram Hems-
6e>KHO BO3HUKAIOT, TIOCKOJIBKY B KayKJOH BEepIINHE ‘YKUBET’ OJ[HO MOJep, TO eCTh K KayKJ0W BepHInHe MTPUCOeTMHSIeTCS
CBOWUM D-KOHTIOM HekoTopas G-juaus. YToOBI TOCTPOUTEH 3aMKHYTYIO meT/ii0 u3 G-TuHAN, MOXKHO CTapTOBATDH C JIFO-
60it BepmuHbI, OT™MeTHB G-IMHUIO, KOTOPas MPUCOSNNHIETCA K HEM CBOMM P-KOHIIOM. 3aTeM HaJ0 B3AThb BEPIIUHY, K
KOTOPO# 31a G-TUHUS TIPUCOEIUHIETCS CBOUM (0-KOHIIOM, U TIPOIEIATh € Hell TO YKe caMoe, OTMEeTHB HOBYIO G-THHUIO.
IloBTOpsisi 3Ty NpONENYyPY, Mbl PAHO WJIM MO3/HO BEPHEMCS K OTHON M3 yrKe MPOHIEHHBIX BEPIINH, 00pa30BaB HETIIIO
THTIA TIPECTABIEHHON Ha, pucyHKe 29. 3aMKHYTYIO Ha ceOs G-TUHUI0 MOXKHO PACCMATPUBATDH, KAK JaCTHBIN CJIyUail
obcyxpaemoii mernu. Takum o6pasom, monpasok kKN Her, m N ocraeTcsa He3aBUCHMBIM OT IHapaMeTpos 3(pdeKTHBHOIo
JeHCTBUL.

Hasee, uccnenyem psin Teopun Bo3Mmytnenuit 1as ['punosckoit dyrkimu G. Kak 00BIMHO, HECBA3HBIE NUATPAMMBI
HE BHOCST HUKAKOI'O BKJ1aJa B ['puHOBCKYyIO yHKIMIO. B naHHOM cilydae NpryYnHA 3TOr0 TPpUBHAJIBHA: BCe 6s10KK 6e3
BHENIHUX KOHIIOB PABHBI HYJIIO II0 TeM 2Ke IPHHUHaM, 10 KOTOPBIM OTCyTCTBYyIoT nonpasku KN . JuarpaMMbl, COOTBET-
CTBYIOIIUE TIEPBOI 0 A TonpaBKe K (G, ABJSIOTCS OJHOMETIEBLIME TUATPDAMMAMU, HA KOTOPBIX TN COOTBETCTBYIOT
G(t =0) u F(t = 0). Iockoarky G(t = 0) = 0, peaJbHO WMeeTCs TOJIBKO OJMH ONHONETIIEBOH BKJIAJ B [ PHHOBCKYIO
GbyHKIHMIO, IpeICcTaBIeHHbIN auarpaMmoil Ha pucyrke 30. Ha Tom ke pucyHKe 11pejcTaBiieHa JIByXIIeT/IeBasi OIPaBKa



81

Puc. 31: IlepBbie monpaBKy K MapHON KOPPEJIAIMOHHOMN bYyHKIIAN.

Kk I'punosckoit yuknuu. OT™MeTHM, ITO UMEETCS eUHCTBEHHAS IBYXIIETIEBAsd JUArPAMMa, TAIOIIasl HEHYJIEBOM BKIaJ
B ['pUHOBCKYIO (DYHKIHIO.

Paccmorpum Braaabr Gosee Bbicokoro mopsaka B G. Ilpexkse Bcero, Ha COOTBETCTBYIOIMIUX JHATPAMMAX MOXKHO
BBLIESATH ‘nepeknaauabl’ (G-muann v F-muaun) coemuusiomue ‘coberBerRO-3HEpreTRYecKne’ 6moku. MOKHO mpo-
BEPUTh, YTO JUATPAMMBI, TIe UMeeTCst XOTs Obl onHa F-iepeknaanna, gaior nyaesoil Bkiaasd B G. Jleno B ToM, 4To
TOTIA HaIeTcs XOTs Obl OAWH ‘COOCTBEHHO-IHEpPreTWYecKuit’ OJIOK, comeps:KaIiuii meTyiio n3 [ PUHOBCKUX (DYHKIIHMA
THTIA TIPEJICTABIEHHON HA puCcyHKe 29, KoTopasa cooTBeTcTByeT nmponssenenntoG (t; —t2)G(ta — t3) ... G(t, —t1), pas-
HOMY, KaK Mbl YK€ 00bsCHWIN, Hy/10. Takum 00pa30M, Mbl MOXKEM MPUHUMATH BO BHUMAHHUE TOJBKO JIMATPAMMEBI C
G-nepexmaauaamu. OCyIECTBIsAsS CyMMUDOBAHUE ‘JIECTHUIILI, COCTOSAIIEH 13 COOCTBEHHO-IHEPTETUYIECKUX OJIOKOB U
G-TIepeKJIaJIvH, MBI OJIYIAeM CTAHIAPTHOE COOTHOIEHNE

1
Tw+ia+ibg? + 3%

G(w,q) = (10.28)

rae X — ‘cobcTBeHHO-3HEprerndeckas’ (PyHKIMS.
JlBa mepBBIX BKIAJA B X, COOTBETCTBYIOIINE AUATPAMMAM, TTPUBEIEHHBIM HA pucyHKe 30, B AHATUTHIECKOM BHUJIE
3AMUCHIBAIOTCS CIEIYIONTHM 00Pa30M

)
2D (w, ) = %Fo(t = 0,7 =0), (10.29)
A2 [ dwq dws diqq d¢
2(2)(w,q) = —5 / ! (2;)2:]21(1 q2F0(w1,q1)F0(w2,q2)Go(werl +wa,q+q1+q2). (10.30)

Ouesuno, uro upuw = 0 Beipazkenue (10.29) cBoguTcs K craTuyeckoli cobcTBeHHO-IHEPreTnIecKol (OYyHKIUM, KAK 9TO
U JIOJIZKHO ObITh B cooTBercTBuu ¢ (10.24). MOXKHO TaksKe IPOBEPHUTH, UuTO U Bhipazkenue (10.30) mpuw = 0 cBoauTCs
K JIBYXIETJIEBOMY BKJIAJy B CTATHYECKYIO CODBCTBEHHO-3HepreTHydeckyio dyuknmo. s sToro Hamo Bupa3uThbF'-
dynkumo n3 (10.22) u moacrasurs B (10.30). KoMmOuuupys 3arem anamuTuyueckue cpoiicrBaG-byHKIMH 1 CBOICTBA
CAMMETPHU MOABIHTErPATBHOTO BBIPAXKEHHUS, MOYKHO CBECTH WHTErPajbl 10 YacTOTaM K Bbrderam. llocie sToro u
TIOJIYIUTCST CTATHIECKOE BBhIPAYKEHUE.

Wccnenyem Temepb AuarpaMMHBINA Psif [jis TAPHON KOppeasiuoHHoi dbyHkmwu. KOHEYHO, B CHJIY COOTHOIIEHWS
(10.22) dyukuua F cogurcs k ['punosckoit dyukiuu G. Tem He Menee, noy4uTesbHO OTAEIBHO U3YYUTh TEOPHIO
Bo3myirennit aiga F. Ilepsore mompasku K F' COOTBETCTBYIOT ArarpaMMaM, MPeacTaBAeHHbIM Ha pucyHke 31. Ilepsore
JMarpaMMBbl UMEIOT TAKYIO YK€ CTPYKTYPY, KaK U JJjis MONpaBOK K ['puHOBCKUM QYHKITHSAM, a MOCTETHSIS TUATPAMMA,
npeacTassieT coboit Heuro HoBoe. OHa COMEPKUT BJIOK, KOTOPHIN MOYXKHO HA3BATDH ‘MOJISPUBAITHOHHBIM, OT KOTOPOTO B
JIBYX HAMPABJIEHUSIX pacxoasarcs ['puHOBCKue (DYyHKIMK. 3aTPABOYHBIM 3HAYCHUEM MOJIAPU3AIUOHHOTO DJI0Ka, MOYXKHO
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Puc. 32: Jatomas norapudpm F' — G neris.

cunrark daxrop 271" B coorromernun (10.27). Torga Ha Kaxkmoil AuarpaMme, mpejcTapisionmedl Briaas BF, nmeercs
TOJTBKO OJUH TAKOH ‘TOJSPU3AMNOHHDIH OJ0K, OT KOTOPOrO B IBE€ CTOPOHBI PACXOAATCS ‘JECTHHIBI, COOMPAIONINEcs B
I'punosckue dbyukiuu. [loaTomy mapHas KopperdnnoHHas (PYHKINA 3AMUCHIBAETCI B CAEAYIOMIEM BUIE

rae ‘nonsipuzanuonnast pyuknus’ [1 onpemensiercss CyMMOi JuarpaMm, MPEICTABIISIONIAX MOJIAPU3AIIMOHHBIE HIOKH.

CpasauBasg (10.28) u (10.31), mb1 3akstouaem, 9ro (10.22) BeseT K COOTHOMIEHUTO

(w,q) = X(-w,q) = 2%Uﬂ(uuq). (10.32)

Bkran, coorBeTcTRyIOmMMIT AuarpamMMe, MpeICcTaBAEHHON Ha PUCYHKe 31, B aHAJIMTHYECKOM BUJe 3aIMCHIBAETCS Cile-
ayomuM 06pa3oM

)\2 / dwl dCUQ ddql ddQQ

H(z)(% q) = — (2r)2+2d Fo(w, q1)Fo(w2, @2) Fo(w + w1 + w2, +q1 +g2) . (10.33)

12

Mozkro, ncnonssys (10.22), HermocpeacTBeHHO TpoBepuTh cB:a3b (10.32) mmaX(?) u 1), onpenenseMbIx BHIPAKeHHAME
(10.30) u (10.33).

Berme mMpr mpuBenn GOpMySIUPOBKY B BAAE (DYHKIIMOHAIBLHOTO MHTErPANIA, JJ1s BEIYUCIEHAS] PA3HOBPEMEHHBIX KO-
pengauoHHbix MyHKINH 1 cHOPMYIUPOBATIN HEKOTOPBIE CBOMCTBA JAMarpaMMHON TexHuku Yaitinga. B cBoem obinem
BUJE 3Ta CXeMa paboTaer i MPOU3BOJBHON JUHAMUYECKOH 3aia4un. Temepb :Ke Mbl IPUCTYIAEM K HCCIIEIOBAHUIO
COOCTBEHHO KPUTUIECKONH TMHAMHKH, TO €CTh OCOOCHHOCTEH pa3HOBPEMEHHBIX KOPPENAIMOHHBIX (DYHKIWI TapaMerpa
nopsAgKa BOIM3M TOYeK (PA30BBIX IIEPEXOI0B BTOPOTO POJa M KPUTHICCKHAX TOYEK.

EcrecTBenno oxkuparb, 4ro BOMM3M TOYeK (a30BBIX HEPEXOJ0B BTOPOrO POIA TAKHE KOPPEIAUMOHHbIE (DyHKIWH,
kak (10.28) wm (10.31), 06nagal0T CKEHITHHTOBBIM TIOBEJEHWEM, TO €CTh YTO 3aBUCHMOCThL OT BDEMEHH He Pas3pyIiaeT
CTEIeHHOT0 XapakTepa MOBeJeHns Koppeasnuonnbix ¢dyrkmuit. Hanpumep, npuT = T, cnenyer oKumarh

1
F(t,Q)Zqzﬁ

1
4 4
o1(tg®), Gw,q) = prmr p2(w/q%), (10.34)
rje 7 — aHOMAJIbHAA HKCIIOHEHTA CTATUYECKON NMapHO KOPPENuOHHON (DYHKIMM, a2 — HOBbIA (JAMHAMUYECKUIT)
kpuTnaeckuii uanekc. B serpaxkenun (10.34) ¢, ¢2 — HEROTOPBIE DyHKIIMM CBOero aprymenta. Oyukimn ¢ (x), Pa(z)
CTPEMSATCS K KOHCTAHTaM Ipu & — 0 U CTPeMATCs K HyJIIO [IPH & — 00. B OKpeCTHOCTH 2Ke TOYKK (Pa30BOr0O Mepexoia

1 - 1 -
Ft,q) = sm01aRetq), Glw,q) = G 0a(aRe,w/T), (10.35)

e R, — KpuTndecKuii pajnyc.

Kak u B craruke, 1jisi peJAKCAIMOHHON JUHAMUKM PA3MEPHOCTHd = 4 4BJISETCd MAPIUHAILHON (IOrpaHuYHOM).
B srom caydae monmpaBky K 3aTPABOYHBIM 3HAYEHUSM KOPPEISAITMOHHBIX (MYHKINH CBOIATCI K JIOTAPU(PMUIECKON pe-
HOPMHPOBKE I1aPAMETPOB, BXOMANNX B 3Tu (hyHKInu. Hanpumep, mepsas momnpaBka K BEPITUHHON MYHKIUU Ope,1e-
JigeTcs metsieit, cocraBiennoit u3 F-nuuaun u G-TuHuN, TOKa3aHHON Ha pucyHKe 32. MOXKHO MOMBITATHCS UCCIIEIOBATH
rakue Koppesiuonnbie (yakuun, Kak (10.28) wau (10.31), Bbiaensis B pALy TEOPUU BO3MYMICHWH Jijid 3TUX 00b-
€KTOB TJIABHBIE MOCJEI0BATEIHFHOCTH. KaK M B CTATWKE, TJIABHBIM WIEHAM COOTBETCTBYIOT HAPKETHBIE TUATPAMMBI.
Ilosromy moxkHO chOpMyIMPOBATH YPABHEHUSA HA PEHOPMHUPOBAHHBIE BEJIUYWHBI, IOJYyIEHHBIE B PE3Y/IHTATE CYyMMHU-
pOBaHUs MAPKETHOI mocsenopareibHocTy (cpasHu maparpad 3). B 9acTHOCTH, TaKUM CIIOCOOOM MOJIyUAETCs TO K
ypaBHEHNE HA BEPITUHHYO QDYHKIIUIO, 9YTO U B CTaTHKe. K IMHCTBEHHON HOBOCTHIO IO CPABHEHUIO CO CTATUKON ABISIETCS
PEHOPMUPOBKA, KHHETHYIECKOTO KO3 durmenTa I .
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Kak u B craruke, Haubosiee yi06HbIM IIyTEM BbIYUACJIEHU DEHOPMUPOBOK $BJIAETCS PEHOPM-IDYIIIOBasi POLE/LyDa
(cmorpu maparpad 4). Mel mpucTynaeM K pacCMOTDEHHIO peHOpMupOBKHU 3dderrusnoro neiicteus (10.13) B mpo-
crpancTse pazmepHocTu 4. Jlanee Mbl MeeM B BUJLY IIOCTPOEHHUE €-PA3JIOKEHUS ¢ TEM, YTOObI OIEHUTH JMHAMUYECKUIT
UHAEKC z npu d = 3.

ITpouszsenem ssieMeHTApHBIH WIAI PEHOPM-I'PYIIIOBOI 1poneaypbl. Pasnenum 06a nosusy u p Ha ObICTPYIO U Me-
JIEHHYI0 KOMIIOHEHTBI: ¢ = @' + @ u p =p' + P, rue @ u p — ObICTPbIE KOMIIOHEHTBI, COAEPKAIIME BOJHOBBIE BEKTOPA,
AN < ¢ < A. Tlo wacroram e MBI HUKAKHX OTpaHUIcHHi BBOAUTEL He Oymem. (IToxokast cxema MpUMEHSAIACH IS
CMEKTHKOB, CMOTpU naparpad 6, Korja OrpaHMYMBAIKMCH BOJHOBBIE BEKTOPA TOJBKO B ILIOCKOCTH, MaPAJIEIbHOM
CMEKTUIeCKUM cJioaM.) DYHKIMS pacmpe/iesieHnsi BEpOATHOCTH B HaleM caydae pasHaexp(iZ). [losTomy smemenTap-
HBII [Iar PEHOPM-TPYIIIOBON MPOIEyphl 3aK/ouaercs B npeotpasosanunl (¢, p) — Z'(¢',p'), rae

exp iZ'( 1)) = [ DEDP expiZ(e! + 5.0/ +5)] (10.36)

Kak MbI yCTaHOBWJIM BBINE, HOPMUPOBOYHAA KOHCTAHTA HE 3aBUCHUT OT MApaMeTpOB HeicTBud. [103TOMY HUKAKHUX
YWIEHOB, 10J00OHBIX CBOOOJHOM IHEPIUU, B JUHAMUYIECKOM (POPMaIU3Me HET.

ITo ananorum ¢ dpyrkumnonamom Jlanmgay acddexkrnproe neficTBre MOXKeT ObITH 3AIMMCAHO CIEAYIONUM 06pa3oM

I + 0,0 +p) =Z(¢",0) + Z(, D) + Lint »

A o

I2) = §/dtd4r 0’3 +pa(¢')?] (10.37)
A

) = 5 / dtd'r [p'd* + 3p%¢'] . (10.38)

Takke, KaK U B CTATUKE, MBI JIOJI’KHBI CTAPTOBATH C KBAJIPATUIHOTO PUOJMKEHUS I TeHCTBUST OT OBICTPHIX MEpe-
MEHHBIX (TaK KaK Pa3JjioiKeHue N0 GhICTPHIM [IEPEMEHHBIM €CTh PA3JIOKEHUE 110 MAJIOMY napamerpy). B namiem ciyuae
KBaIpaTUYHOE JeficTBre /i1 ObICTPHIX NepeMeHHbIX nojay4aercd u3 (10.13)

To= / dt dr [['50y@ + +OVPVG +iTIp?] . (10.39)

Kak u B craruke, Ham ymo0HO OyJIeT MHTEPIPEeTupoBaTh uieH ¢ kKoadduimentoma B (10.13), Kak momnpasky, 3aK0H
PEHOPMUPOBKU KOTOPOIl u3ydaerca oraesbho. eiicreue (10.39) naer

~ 1 ~ 21T
Golw,q) = ———, Fow,q) = ————. 10.40
0((4} Q) Tw+ bq2 O(w q) 2+ b2q4 ( )
3arem Brmagp B AZ =T'(¢',p') — Z(¢',p’) MOTYT BBMUCTATHCA IO TEOPUU BO3MYIICHUI.
Opnonernesbie BKIaAbI B AZ MOryT ObITH 3aIIMCAHBI CJIEAYIOMUM 00pa3oM

1 2 ~
MT= <[Z§j§} > L AT =i(I0)) (10.41)
0
i’a = a/dtd‘lrﬁ@,

TJIe yCpeaHeHne MPOU3BOIUTCS C BECOM €XP (ifo). g 06omx BKIAI0B 9TO CpeHee CBOIUTCA K (PAKTOPY, COOTBETCTBY-

omemy F'— G nerse, mokasanHoO# Ha pucyHKE 32. AHamuTmaeckn 3TOT (PAKTOP 3aIMCHLIBAETCA CAEAYIOImUM 06pa3om

/ %@O(w, q)Fo(w, q) -

Ucnonb3ys coornomtenue (10.22), ananuruveckue cBoicTBa G U CUMMETPHUIO NOABIHTEIPAJBHOIO BHIPAKEHUSI, MbL
MOXKEM CBECTH MHTEIPAJI TI0 YACTOTE K BbIYeTy B TOUKew = (. B pe3ynbrare Mbl moTyyaeM TOYHO TAKOE XK€ BHIPAXKEHNUE,
KA4K ¥ OTHOTIETJIEBOE BAPAXKEHWE B cTaTuke. Jlanee, Mbl MoxkeM HaliTh nonpasku KA (n3 A7) n k a (u3 AyT), koTopeIe
OKAa3bIBAIOTCSI COBIAIAMONIUMU C COOTBETCTBYIONIUMHU CTATUYECKUMU BbIpazkKeHusMu. Takum obpa3oM, JJIg\ U a MbI

MoJIyuaeM Te ke onHorersieBbie PI-ypaBHenus, Kak U B CTaTHKE. JTO YTBEPIKICHHE OCTACTCA CIPABEJIUBBIM U JJIs
MHOTOITETJIEBBIX BKIaMOB B PI'-ypaBnenus.
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B onmnonerneBoMm npubivkeHuu momnpaBku K mapamerpam b u [T orcyrerByior. Onarb-Taku, g b TO XKe camoe
CBOHMCTBO OBLIO YCTAHOBJIEHO B craruke. dro0bl HANTH PEHOPMUPOBKY b u I’ Mbl JOJIKHBI IIPUHSATH BO BHUMAHUE
JBYXTIETJIEBbIE BKJIAIbI, KOTOPHIE OMPEIEISIIOTCS CAELYIOMMMEI TOMPABOYHBIMEI YaeHaMu B 3 heKTUBHOM meiicTBUn

A2
A=t <{I§’i} > _ 212 /dhd r /dth T2 < 1p2@2>p1992

iN2

+ﬁ dty d*rq /dtgd ro {BP3) Piph . (10.42)

Iepsoe ciaraemoe B Bbipazkenuu (10.42) mpoussogutr monpasku K wieHam I'pdip u bVpVe B addexkTuBrOM Jeii-
CTBHH, B TO BpeMs KaK BTOPOE cIaraeMoe IPOU3BOIUT MonpaBKy K wienyl I'p? B adbdextusnom meifctin. Uspaekas
nonpasky K b uz nepsoro caaraemoro B (10.42), MOXKHO Ha#TH, YTO OHA COBLAAET CO CTATUIECKOH nonpaskoii. Takum
obpazom, PI'-ypaBrenue 15t b cOBIaJaeT €O CTATUYECKUM, KAK 9TO UMEeT MeCTO U A U a. Jajee, MOXKHO U3BJI€Yb
u3 (10.42) nonpaeku k QaxTopam npu pdyp u p?. OKasblBaeTCs, OHU JAIOT UJIEHTHYHBIE BHIDAYKEHUS [/ DEHOPMU-
posku I'. TIpocreiimum cnocoboM MPOBEPUTH 3TO YTBEPKICHUE ABJETC UCHOIb30Banue coornoinenus (10.22) (6e3
SIBHOTO BBIYMCJIeHUs] WHTErpaioB). Takum o6pazom, 310 cBoiicrBo okasbiBaercs cBs3anubiM ¢ DT, Mbr Buaum, 4ro
sdderrusHoe mefictere (10.13) BOCIPOM3BOAUTCS TIPU MCKITFOUEHUM OBICTPHIX MEPEMEHHBIX, TO €CTh, KAK TOBOPSIT,
SABJISIETCS PEHOPMUPYEMBIM.

Mpb1 uHTEpEecyeMcst B OCHOBHOM 3aKOHOM DPEHOPMHUPOBKHU I, U TOTOMY MBI COCPEIOTOYMMCSI Ha BTOPOM HJIEHE B
(10.42). Mbr MOKEM TIOACTABUTH B HEM Py BMECTO Dh. (APryMeHTaUMs ABIAETCA CTAHAAPTHON: moep’ ABIAETCA MEJT-
JIEHHBIM, & TIOTOMY MAaJIO MEHSIETCS Ha MAacuITabax, rie ‘yKuser’ ObicTpoe mose.) B pesyibraTe MBI HAXOAUM CIIEIYOIIEe
BBIDAYKEHUE I OMPABKU K I :

)\2

4
AT = 5T dtd*r E3(t,r). (10.43)

Oyuxius Fo(t,r) Moxker GbiTh Haifizena, kak Oypbe-peobpasopanue poipazkenms (10.40):

~ T F’r’2

Koneuno, serpaskenne (10.44) cnipaseymeo Tobko ecimA’ < r~t < A. Honcrasass (10.44) B (10.43), Mbl omygaem

A2T2r dr ds
Al = 3. 287r4b4/ / [1 — exp(—s)]®

Murerparn no s 3xeck pasen 31n(4/3). Tanee, nnrerpan [ dr/r naer In(A/A’). Takum 06pasoM, MBI HOTY9IAEM OKOH-
YATEIHHO

1
Al = 5 In(4/3)g*I"'In(A/N). (10.45)
3/1ech g — MHBAPUAHTHBIN 3apsi/I
3T\
97 Tor2p2°

BBEJIEHHBIH HaMu B craruke (cmorpu maparpad 4).

Kaxk 061910, BEIpasKeHUE J1Jis TIOMPABKU K TOMY UJIM UHOMY TIAPAMETDY MIPH 3JIEMEHTAPHOM IlIare PeHOPM-TPYIIIOBO
POIEYPhl MOKET ObITH HAIPIMYIO UCIOJIL30BAaHO i dhopMmyauposku PT-ypaBHenus jijig 3T0r0 napaMerpa. Boipa-
xkenue (10.45) npusomutr K cienyromemy PT-ypasuenuio pjsl

ar
3

Brimie MBI IpuBEM BBIYNCICHUS [JIA OJHOKOMIIOHEHTHOTO IapaMerpa mopsiaka. Bea cxema jierko obobimaerca u Ha
cayuail n-KOMIIOHEHTHOTO mapameTrpa nopanka. Torma mbr Haxoanm Bmecto (10.46)

Sl)ln(4/3) r, &=In(A/N). (10.46)

ar  3(n+2)

E = ni8)e In(4/3)¢°T", (10.47)
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a MHBAPUAHTHbIA 3apsiji onpenessercd Tenepb Boipaxkenuem (4.31). Dro ypasHenue anasorudso ypasaenuto (4.30)
aga b.
Iepeiimem Termepns K pazmepHocTd d = 4 — €. B ruiaBHOM TIOPSIKE TO € MBI MOXKEM TIOACTABUTHL B BBIPAsKCHHUE

2 2
(10.47) g = e. Torma mer maxomum pemrerne I’ oc (A/)~3(+2)/(n48)7In(4/3)e” HanomuumM, 4T0 B TOM 7Ke TPHOIIKEHIH
2 2
boc (A)~(n+2)e7/2(n48)" Toncrapnas ciona A’ = q u cpasuuBas wiens: ['w u bg? (Bxomsmme, ckazxeM, B [ PHHOBCKYIO
GbyHKIHIO), MBI MOTy9IaEM W X ¢%, TI€ TMHAMUYIECKUH KPUTHIECKAT MHACKC DABEH

(n+2)e?

=92 D ——
‘ +2(n—|—8)2

[61n(4/3) — 1] . (10.48)

D10 cooTHOITEHNE MOXKeT OBITh Mepernucano B caenytomem suae [Halperin, Hohenberg, 1972]
z=2+1[61n(4/3) — 1] 7, (10.49)

L€ 1) — AHOMAJTBHBIA WH/EKC TAPHON KOPPENANMOHHON (DYHKIIMA B CTATHKE, KOTOPBIA B TOM K€ JIBYXIETJIEBOM TIPU-
Gamkenun onpejensercs Boipaxennem (4.40).

3agauu
3agaua 10.1
IIpemmomoxuM, 9TO JUHAMUKA IBYXKOMIIOHEHTHOTO ITapaMeTpa MOPsIKa 330aeTCs yPaBHEHUeM
0F
FOipa + DNeapdyop = “don + I'Ca s (10.50)
«

KoTopoe orsnaaercsd or (10.1) Hanwawem monosHUTENBHOrO WwieHa (¢ Koaddunmentoml ). Cunras 5TOT WieH MaJOi
nobaskoit, naiitu PI'-ypasuenune mis [ .

11. ITPOBJIEMA KPZ

ITpo6nema KPZ (Kardar-Parisi-Zhang) cea3ana ¢ rakuMu mporieccamu, Kak pacupocrpatnenue GpoHTa IaMeHu Uiin
POCT KPUCTAJJIA U3 TIEPECHINEHHOr0 pacTBopa. B oboux ciaydasx pedb uaeT o JABUXKYIENcs TpaHulle pasiena, KOTo-
PYIO B HYJIEBOM NMPUOJIMKEHUN MOXKHO CIATATH MIOCKOH. [Ipenmerom paccMoTpennst SBASIOTCs (DIYKTYAITnN TPAHUITHI
pazzena, MPOU3BOISAIINE OTKJIOHEHUS ee (POPMBI OT TI0CKOM. OTMeTHM, 9T0 B 000UX CAYUIasIX MBI HMEEM IIeJIO C CUITh-
HOI HEPABHOBECHOCTHIO, U [TOTOMY, B OTJIMYHAE OT PABHOBECHOTO CJIYYas, 3aMKHYTOE PACCMOTPEHUE OJHOBPEMEHHBIX
KOPPeIIUOHHBIX GyHKIUI HeBo3MOXKHO. [loaTomy mpu uzydenunn baykTyaiuil TpaHuIlbl pa3iesaa HaJl0 CTAPTOBATH
C IMHAMWYECKOTIO ypaBHEHUs, KOTOpOe u siByisiercsi ypapHenuemM KPZ. YaueurenbHbiM 006pa30M, TO K€ ypaBHEHHE
BO3HUMKAET B (PU3MKE BHICOKOTEMIIEPATYPHBIX CBEPXIIPOBOIHUKOB, ONUCHIBAs PACIIPE/Ie/IeHne KBAHTOBBIX BUXPeli (BO3-
HUKAIOMNX TPH HATAYUY BHEITHErO MATHUTHOTO TIOJs) B CJAYYaflHOM moTeHnuase. B 5TOM Ciiydae posb BpeMEHH
WT'paeT KOOPJWHATA BIIOJIh HAPABJIEHUsI MarHUTHOTO TIOJsI, KOTOPOE OMpPeNesIsieT MPenMyIIeCTBEHHYI0 OPHEHTAIHIO
puxpeii. Takum obpasom, ypaBuenne KPZ BechMa yHUBEDPCAJIBHO, UTO CBS33aHO C €r0 CHMMETPUHHBIMU CBOHCTBAMH,
KOTOPbIE 00CYKIAIOTCS HUXKE.

[Ipoaemoncrpupyem dpusnyeckoe Hpoucxoxk aenue ypasaenns KPZ Ha npuMepe pocra KpUCTaJ/LIa U3 HePEChILEHHOrO
pactBopa. Bynem cunrarh, 9TO KpHUCTaJI pacTeT BoJb ocu Z. Torma dhopmMa ero moBepxHOCTH MOKET ObITH 3a/aHa
CJIEYIONIUM COOTHOIIEHUEM

z=20+Vt+h(t,z,y), (11.1)

rae V — cpefHsisi CKOPOCTH POCTA MOBEPXHOCTH, & TepeMeHHas I (BBICOTA IMOBEPXHOCTH) ONUCHIBAET (DIIyKTyarmun
dopmbr moBepxHOCTH BOIM3M TLI0CKOI. Y pasaenne KPZ umMeer cinemyromuit By

d¢h = A(Vh)? + DV?h + (. (11.2)

Tepseriit unen B mpasoii gactu (11.2) ¢BsA3aH ¢ TEM, 9TO MOBEPXHOCTh KPUCTAIIIA PACTET CO CKOPOCTHIOV B HANPAB-
JIEHWH, TIEPIEHIUKYISIPHOM 3TO# mopepxHocT. HeHynepoe 3uauenre VA 03HAYAET HANNYNE HAKJIOHA TOBEPXHOCTH,
YTO MPUBOIUT K M3MEHCHWIO 3HAYCHUS CKOPOCTH B MPOCKIAHA Ha OChZ. DTOT 3(PMEKT W ONMUCHIBACT TIEPBLIA YJIeH B
npasoit yactu (11.2), npuuem A = V/2. Bropoii unen B npasoii yactu (11.2) onucsBaer auddy3uio aroMoB BIOJb
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[IOBEPXHOCTH, KOTOPas CTPEMUTCS Ce1aTh ee miockoit. VI nociaenuuii wien B npasoit yactu (11.2) npeacrasaser coboit
IIyM, CBA3AHHBIA ¢ DIAYKTYAIUsIMU TIOTOKA, ATOMOB M3 PACTBOPA HA MOBEPXHOCTb.

Mpsr cumraeMm, 9To myM ( KOPOTKO KOPPEIUPOBAH KAK BO BPEMEHU, TaK W B mpocTpaHcTse. [loaromy saddexkTunHo
nmosie ¢ obamaer ['ayccoBoil CTaTUCTUKOM, KOTOPAas MOJTHOCTHIO ONPEIEISeTcs TTAPHON KOPPEISIInOHHON (yHKIHMeH

<<(t1, Tl)C(tQ, ’1“2)> = 2T5(t1 - t2)5(7‘1 - 7‘2) . (113)

3necwk dakrop T’ onpenensger cuiy GIYKTyauil myMa, u moToMy MOXKeT ObITh HazBaH 3 GEeKTUBHON TeMepaTypoii.
Oanaxo BO m3berxkanue HeTOPA3YMEHUH CIIeIyeT MOTIepKHYTh, YTO Mbl UMEeM MESI0 ¢ HEPABHOBECHON CUTyalnei, Tak
9TO 715l OJHOBPEMEHHOM CTATUCTUKY h HeJIb3si BBeCTH pacupesesenue ['ubbca. Boobire roBops, 1iiyM KOppeaupoBaH Ha,
aTOMHBIM MaciiTadax, Tak 4ro J-gyukimu B (11.3) apisitorca peanbHo ‘manoykamu’ ¢ KoHedHOH mupunoil. CkaxeM,
§(r) caemyer TOHUMATD, Kak 0 (T), TO €CTh KaK IMAMOYKY € XapaKTePHBIM pa3MepoMA ! (KOTODbIi ABIAETCS ATOMHABIM
pa3MepoM ), HOpMUPOBAHHYIO YCIOBUEM

/ddmj\(r) =1.

Hac unTepecyoT mporeccsl, TpORCXOIsIIIe Ha pasMepax ropasmo OOJbIle aTOMHBIX, TO €CTh BOJHOBOH BEKTOPA
WUTPaeT POJib ‘yabTpaduoaeToBoit’ 00pe3Ku.

Bossparumcs renepb K yuusepcaabHocru npobsiembl KPZ. 9ra yausepcanbHOCTb cBsizaHa ¢ tem, 9to (11.2) onu-
ChIBAET JIMHHOBOJIHOBBIN TIPEIes AUHAMUKH MTPOU3BOJIBLHOTO CKAJSPHOTO TOJSh MPU YCIOBUM, YTO 9TA JTUHAMUKA
MHBAPHUAHTHA OTHOCUTENBHO c¢ABurah — h + const, HO He MHBAPMAHTHA OTHOCHTEJIHHO 3aMEHBI 3HAKa moyigh — —h.
Wwmenno nosromy ypaeuenne KPZ BosHuKaeT, Kak AJIWHHOBOJHOBBIN IPEEN, B CAMBIX PA3HBIX (PU3NIECKUX CUTYAIlU-
ax. Koneuno, narepuperaius koadgduimentoB A, D u T, ckaxeM, Jjisi CBEPXIPOBOIHUKOB, COBEPIIIEHHO OTIUIALTCS
OT Cilydad POCTa LOBEPXHOCTH (9TO SHEPrusi BUXDs HA €IUHUILY JJIUHBL, €0 yIPYroCTh, ¥ MOIIHOCTH CJy4aifHOro
norennuaina). Tem we meHee, HOpPMa ypaBHEHUs OCTAETCS TOMH ¥Ke CaMOii.

Ypasuenue (11.2) MoKHO U3yUaTD JJisi TPOU3BOJIbHOIN pasmepHocTy npocrpancTsad. Haubonee unrepecroii ¢ ¢pusu-
9eCKOH TOYKM 3PEHUS SIBJIAETCH PA3MEPHOCTbd = 2, OHA COOTBETCTBYET KAK POCTY KPUCTAJJIA MU PACIIPOCTPAHEHUIO
[JIAMEHU, TAK U KBAHTOBBIM BUXPSIM B CJIy9afiHOM TIOTEHITHAJE. DTa PA3ZMEPHOCThd = 2 TaKXKe BEChbMa, HHTEPECHA U €
YUCTO TEOPETHUECKON TOUKU 3PEeHHs, TaK KAK MMEHHO 3Ta Pa3MepPHOCTH SIBJSETCd MAapPrUHAIbHOMN: (bIyKTYyaIlnOHHbBIE
TOMPABKU K KOPPEJISIIUOHHBIM (DYHKITHSIM i B TPOCTPAHCTBE PA3MEPHOCTH d = 2 HOCAT JIOrapudMUIECKUN XapaKTep.
Saberast Briepe 1, Mbl MOYKEM CKa3aTh, 9To B mpodbseme KPZ peanusyerca ciaydail ‘acHMOTOTHYIECKOM ¢BOGOIBI’, TO €CTh
3¢ pekTuBHA" KOHCTAHTA, CBS3M PacTeT ¢ PocToM Maciuraba. Mbl HpUBeIeM TaKzKe HEKOTOPBIE CBEJEeHHMA O HpobiiemMe
KPZ B pazmepnoctun d = 1.

Uccrenyem xoppendiuonnbie pyHKIMNA 105 h

(h(t1, 1) .. h(tn, ™)), (11.4)

KOTOPBIE SBJISIOTCSA CPETHAMH TI0 CTATHCTHUKE myMa. JIpyruvu ciosaMu,h HAJO HAWTH, KAk pernenne ypasHerws (11.2)
¢ JaHHBIM (, 3aTeM BBIYMCIUTD npoussegenue h(ty,r1) ... h(t,, r,), nocae yero Haiitn cpegmee 10 ¢ B COOTBETCTBUM C
(11.3). MBI uHTEpECYEMCST CTAIMOHAPHBIM CJIy9aeM, KOTa COCTOSHUE CHCTEMbI OTHOPOIHO BO BDEMEHH W TPOCTPAHCTBE,
rorua Koppeasauuonubie dbyuximu (11.4) 3aBucar or pasHocrell Bpemen u koopauuar. Mbr 6yaem cuurars(h) = 0.
B To e BpeM# BBICHIHE KOPPEIANUOHHBIE (DYHKIUU I HEIETHOIO MOPAIKA HE PABHBI HYJIO M3-33 KBaJIPATHIHOIO
XapakTepa HeluHedHocTH B ypashenun (11.2).

K coxkaienuio, HeBO3MOXKHO sIBHO penuTh ypapuerue (11.2) saBHO, 1 OTOMY HAOPOCAHHASI HAMU BBIIIE TIPSMasi CXeMa
BbIYHCJIEHUsT KOPPeaauoHHbix (dyukimii (11.4) MoxkeT ObITh peaiu30BaHa TOJLKO B PAMKAX TEOPUU BO3MYMIEHUIA.
Kak wmbr 00bscannu B maparpade 10, ymobHO mepedopMyIupoBaTh 33,1849y, BbIPA3UB KOPPEIANUOHHBIE (DYHKIAN
(11.4) B BUAE DYHKIMOHAIBLHOTO MHTETPAJA. JTO MO3BOJSIET 3aT€M CTAHJAPTHBIM MyTeM CHOPMYIUPOBATH TEOPHUIO
BO3BMYIICHWH, & 3aTeM M PEHOPM-TPYIIOBYO POLEIYPY, HO, KPOME TOTO, TAKOE MTPEICTABICHUE TOMTYCKACT HEKOTOPHIE
BaxKHbIE TPEOGPA30BAHNS IEPEMEHHBIX, 8 TAKXKE, B IPUHIIAIIE, IO3BOISAET BHIYUCIATH U HENEpTY pbaTuBHbIE 3 PEKTHI,
KOTOPBIE HEBO3MOZKHO IIOJIy9IUTh B PAMKAX TEOPHH BO3MYIICHHUIA.

IMoeropsis maru, caenannbie B naparpadge 10 (B 4aCTHOCTH, BBOJS BCIIOMOTATEILHOE MOJIEP), MBI IOJIydaeM KOppe-
snsinponnbie Gyukiuu (11.4) B Buge GyHKIMOHAIBHOrO MHTErpaJIa 1o nojsamh u p ¢ Becom exp(iZ), rae adhderruBroe
neiicrsue Z crpoutcs 1o ypasuenuto (11.2) ¢ ygerom (11.3)

I= /dt d*r [pdih — DpV?h — Ap(Vh)? +iTp?] . (11.5)
Torna, Hampumep, mapHasa KOPPEIIITHOHHAI beHKHI/IHh 3allUChIBAETCs B CJAEAYIOIIEM BHJE

F(t1 — tg,’l"l — ?“2) = (h(tl, Tl)h(ﬁg, T2)> = /Dh Dp exp(iZ)h(tl, Tl)h(tg, 7"2) . (116)
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AnanorudapiM 00pa30M 3aMUCHIBAIOTCA W BBICIITHE KOPPEIAIUOHHBIE (hyHKImMIh.
Kak wmbr o0bsicauam B Tom ke naparpade 10, mose3Ho BKJIOYUTH B PACCMOTPEHHE KOPPEISAIUOHHBbIE (DYyHKIUH,
cojieprKaliife BeroMorareabaoe nosie p. CkaskeM, mapHasi KoppedsiinorHas dbyrkuus (I'puHoBcKas GyHKIHNS)

Gty — ta,m1 — r2) = (h(t1,71)p(t2, 72)) = /DhDP exp(iZ)h(t1,m1)p(t2, r2), (11.7)

UMEET CMBICJI BOCIPUMMYUBOCTH CUCTEMbL. A MMEHHO, ecjiu 100aBUTh ‘BHEMHIOW cuiy’f(t,7) B npaByio 4acTb ypas-
uenms (11.2), To, KAK OTKIIMK HA 3Ty CHIY, BOSHUKHET cpemuee(h), KOTOpoe B TUHEHHOM NPUOINKEHAN OMPEIEIAETCS
Ipunosckoit dyukimeit (11.7)

<h(t1, 7’1)> = —1 / dtQ ddr2 G(tl — tQ, T — Tg)f(tg, 7’2) . (118)

Takum o6pazom, B custy npuauaaoctu G (t,r) = 0 npu ¢t < 0. OrMeTuM TakKe, 9T0 NapHas KOPPEIAIUOHHAs (DyHKITHs
(p1p2) pasra mymr0. Bomee mompoGHOe 00CyXKaeHne 3THX CBOMCTB MOXKHO Hafitn B maparpade 10.

Beipaxkenne s sddexkruroro meiicreus (11.5) MOXKeT CIIyKUTh MCXOAHON TOYKOH JJI TEOPUHM BO3MYIIEHHI.
Iepermmenm 510 BhIpaykenne B uge L = Z(2) + I(3):

73 = /dt d%r [path — DpVQh + iTpﬂ , (11.9)
70) = —)\/dtddrp(Vh)2. (11.10)

Boipaxkenusd aia koppessiinonabix Gynkiumii runa (11.6,11.7) conepxkar dakropexp(iZ), KOTOPBIA MOXKHO PAa3I0KUTh
B paag 110 T, Kazk1piil 4/IeH B 9TOM PA3/IOKEHNH BBIYHCIATCH SBHO, IIOCKOJIBKY CBOJUTCH K LAyCCOBOMY HHTEIDAJLY.
B pesyabrare koppensanmonabe pyHKIAN MPEICTABIAIOTCA B BUAE PAIA TTON.

BaTpaBouHbIe 3HAYECHUS KOPPEIAMMOHHBIX (DYHKIFHA ONMPEenendaioTcs KBaAPATUIHON JacThio 3(hdeKTUBHOrO Aei-
crBus (11.9), uyro coorBercrByer suHeiinoMy ucxonaoMmy ypasaenuto (11.2) (npul = 0). Torga uarerpans: (11.6,11.7)
ABNA0TCA [ayccoBBIMH M MOTYT OBITH BBIYKCIEHBI ABHO. Bee Koppenanmuonnsie GyHKImuh u p upu A = 0 cBOAAT-
¢ K 9TUM 3aTPABOYHBIM TTAPHBIM KOPPENAIMOHHBIM (DYyHKIUAM. SIBHOE BBIpaskenme [ NapHON KOPPeTsIiuOHHON
dyukuuu (11.6) umeer cemyronmii B

dw dq _ . 2T d%q , T )
Fo(t,r) = / W exp(—iwt + qu)m = / o) exp(zqr)D—q2 exp(—Dg*|t]), (11.11)

[JIe W — 9aCTOTA U ¢ — BOJIHOBON BEKTOD. AHAJOIMYHOE BHIDAKEHUE CIPABEIIUBO s 1 puHOBCKOH dbyukmmu (11.7)

d
Golt,r) = f/Mexp(fiwt+iqr) (11.12)
w

0(t)— -

——— =) ———5exp | ——

(2m)d+T +iD¢? (4xDt)a2 P\ "upt )

rae 0(t) — crynerpka. B cooTBercTBAM ¢ npuHIATOM TpuauHHOCTH | prHOBCKas dyukmuaG(t) pasra Hymo npm t < 0.
Yepenasia ypaprenune (11.2) mo craTucTuke myma, MBI HAXOAUM COOTHOIIEHUE

(0 — DV?)(h) = (\(Vh)?). (11.13)

IIpeanonaras OAHOPOIHOCTh B IPOCTPAHCTBE, MbI IPUXO/UMM K BbIBOAY, 4T0 npaBagd yacrb (11.13) oupeaensier Besiu-
quny napeiida (Oih). B HymeBoMm npubnuxkenun mo A Mbl Haxoaum u3 (11.11)

d
(= [ 5

DToT MHTErpas ABjsercd yabTPaduoJeTOBLIM (pPACXOAUTCs NpU GOJBINNX ¢), U HE MOXKET ObITh, CJIEI0BATEILHO,
BBIYKCJIEH B PAMKaX MaKpPOCKOIKUYEeCKoii Teopun. Iloaromy coorsercreyroniuii Bkia B npasoit yacru (11.13) ciuenyer
BKJIIOUUTH B IEPEOTIPE/IeSIeHe CpeTHeH CKOPOCTH V JBUKEHUS TIOBEPXHOCTH (POCTa KPUCTAJIIA U PACTIPOCTPAHEHHST
[JIaMeHr ), KoTopasi BBedena coornoinennem (11.1). To ke oTHOCUTCS M K BKJIaIaM 00Jiee BBICOKOTO mOpsiaka B(Oph):
BCE OHU SABJLIOTCsS YIbTPAMUOSETOBBIMU U JOJXKHBI OBITH BKJIIOYEHBI B mepeonpeaenenue V. Takum obpasom, u ¢
yIeTOM (DIIYKTYAIIMOHHBIX MONPABOK (J:h) CIEAyeT CINTATH HYJIEBBIM.

PaccMorpuM psify Teopuy BO3MYIIEHUH [71s1 KOppeasauonHbIx Gyuknuith u p. Kak ciaenyer us poipaxkenus (11.10)
JIJTST 9JIeHa B3aMMOEHCTBUS B 3(DMEKTUBHOM JeHCTBUN, PSAJT TEOPUH BO3MYIIEHUN OMPEesieTcs JUarpaMMaMi ¢ JIv-
HUSMU, KOTOPBIE MPEJCTABIAIOT NapHylo Koppessanuonnyo dyukuuio (11.11) u Ipunosckyio dbysxiumio (11.12), u
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Puc. 33: Bkiang B cpennee 3Hadenne O¢h.

BEPIIMHAMU TPETHErO MOPAIKA, KaXKJA0H U3 KOTOPBIX CONOCTaBJsiorcd MHOxkuTeabA. Kak u panbiie (cMorpu napa-
rpad 10), mbr Oyzem n306paxkaTh NTAPHYH KOPPETAMUOHHY 0 DYHKIMIO CILTOMHON auaunel, a I'pruHOBCKYH0 dyHKIMIO —
KOMOHHHUPOBAHHO (CTIJIONTHONW-TTYHKTHPHON ) JTHHKEH (TOTIa CTIJIOTHBIE IMHHY COOTBETCTBYIOT MOJTOh, a MyHKTHPHAS
JINHUS COOTBETCTBYKT 100 p). Kak BuHO u3 Boipaxkenus (11.10), pasnoxenue B psiJi T€OPUY BO3MYIIEHUI COAEPIKUT
IPaJUEHTHI 0JIs hi, TO eCTh CIJIONTHON JTUHUHN, BXOJSIIEH B HEKOTOPYIO BEPIIUHY, CIEIYeT COMOCTABIAThH MpaaueHTF|
wi Gy (B 3aBUCUMOCTH OT THIIA JIUHUH). B KauecTBe mpuMepa Ha PHCYHKe 33 MpUBEIEHA JIUATDAMMA, KOTOPAs NAET
nonpasky K (O¢h). Ona npeicrasisier HyJeBoil o A 4ieH pasjoxenus coornomenus (11.13), koropoe 06CyKaa10CH
BBIIIIE.

CpasuuBag 4sen B3aumogeiicreus (11.10) co BropbiM wieHoM B KBajparudHom geficteuu (11.9), Mbl npuxoaumM K
BBLIBOJY, YTO TE€OPHsA BO3MYILEHHI cTpouTcsd 1o mapamerpy Ao, /D, tie he, — XapakrepHoe 3Hadenue noss h. Ecaun
d > 2, To cpenekBaaparnyHas (IyKTyanus nois h Ha Macmrabe r MoxKer GbITh OLUEHEHO ¢ ToMoIbo (11.11)

T ,_

h% ~ Fy(t =0,7) ~ 57"2 <. (11.14)
Kak BugHO W3 9TOTrO BhIpakeHmsi, GIyKTyamun h MakcuMaJbHbl Ha Macmtabe r ~ A™! to ects hZ, ~ TA2/D.
TosToMy Ge3pazMepHbIM TapAMeTPOM, KOTOPHIH onpesesser cuty daykryammii, apnaercar?h?, /D? ~ TA2A1=2 /D3,
Ecaum sror napamerp man, 1o dbuayKryanuu saBisaioTcd ciabbivu, u nonpasku K (11.11,11.12) He3HauMTEIbHBL HA BCEX
Mmacitabax. Eciam e 3TOT mapaMerp BeIWK, TO CHCTeMa HAXOAUTCHA B PeXKWMe CHIbHON CBI3W, U OYEHb TPYIHO
cKa3aThb 0 Hell uyTo-;mbo ompenenennoe. [lepeiinem Temeps K pasmeproctud < 2. B srom caydae mpu t = 0 uaTerpas
(11.11) mo ¢ pacxoauTcs TPU MaJIbIX ¢, TO €CTh OH ONPEJEJIeTCs IIKAJaMU MOPAIKa PA3MEPOB CUCTeMbl. B sToM
cllydae CpeJHeKBaIpaTuuHyto daykryanuoh? Ha MacmTabe r MOKeT GbITh OLEHEeHa Yepe3 HAPHYI0 KOPPEIsSIUOHHY 0
dyHKIHIO, rIe UCKIUeHbI (DIYKTYyaIuy mosis b Ha Gosbiiux MaciiTabax (HOpsiika pa3Mepa CUCTEeMBI):

T 5y

h? ~ Fy(t =0,0) — Fy(t =0,7) ~ 577 (11.15)
kak cyreayer u3 (11.11). Met Bumaum, uro npud < 2 dbaykryamnuu nois h pactyT ¢ poctom Macirraba r. Ilosromy mpu
JIOCTATOTHO OOJIBITOM pa3Mepe CHCTEMBI Mbl 00S3aTETHHO TMOMAIAEM B PEXKNUM CHIHHON cBs3u. Tem He MeHee, ecyu
TA?/(D3A%~%) < 1, To cymecTByer o6aacTh MacmTaboB, rae dayKTyarmun nomsh crabbl. JTa ob6macTh MaciTabos
onpenenserca zHepasercTBoM A, /D < 1, 10 ects [D?/(TA?)]V 2= > > A~'. 3uecy nonpasku x (11.11,11.12)
MOTYT BBIYHCJISATHCS IO TEOPUN BO3MYIIEHUH. s OOIBIIX ¥Ke MaciraboB Teopusl BO3MYIIeHNH He paboraer, Tam
KOPPESIMOHHbIe (DYHKIMY b CHIIBHO PEHOPMUPYIOTCA.

MpbI yeraHOBHIIH, ITO PA3MEPHOCTD d = 2 SIBJISIETCA MAPTUHAJBHON. VIMEHHO 3TOT CIydail Mbl aHAJIU3UPYEM JIajee.
B pasmepnoctr d = 2 ycnosue caabocTu bIyKTyarmuii Ha Madblx MacmTabax mmeer suaTA?/D? < 1. Ono 6yzer
npejnoaraThcs B ganbHedimem. B pazmeproctu d = 2 Boipazkenue (11.15) nepexoqut B hZ ~ (T//D)In(Ar). Tlapa-
MeTp Ah,./D, xapakTepusyiomuii cuay (GIyKTyammil, ocTaeTcsa MadbiM B obnacTd MacmTabopA ™! < r < R, Tae
In(R.A) ~ TD—;. B repmunax kBaHTOBOII xpomozmHamuku R. coorBercrByer jjuHe KOH(palHMeHTa (HEBbLICTAHUS
kBapkoB). Ha macmrabax r 2 R, Bbipaxkennsa (11.11,11.12) maa xoppenanuonubix dbynxnuii (11.6,11.7) cymectseHHO
Momudurupytorcs. K cokaneHnto, 09eHb TPYJIHO CKA3aTh 9TO-THOO OMpeeeHHoe 00 3Toi 001acTH CUABHON CBs3H.
[MosToMmy B maibHeilneM MbI 6y1eM PacCMaTPUBATh B OCHOBHOM 00JIacTh C1aboil ceazuA ™! < r < R..

Ilepeoie nonpasku Kk punosckoil dyskimuu (11.7) u naproii koppesstmonnoit dbyuxkuuun (11.6) onpenesnsawor-
cs auarpaMMaMu, TPUBEIEHHBIMU Ha, pucyHkax 34 u 35, coorBercTBeHHO. Ha 3THX amarpamMmax HMeeTCs NeTJIs
G — F, koTopoii (¢ T04HOCTBIO 10 K03 dUIEeHTa) COOTBETCTBYET CIASLYIOIIee aHATUTUIECKOe Bhipaxkenue (B ®ypbe-
PEeICTABICHIH)

dvd®k , ,
W(k +gk)(k + q@)Fo(v, k)Go(v + w, k + q),
Ie w M q — 9aCTOTa U BOJHOBOU BeKTOpP I'pMHOBCKO# (DYHKIHH MM MApHONH KOPPEISIUOHHON (YHKINKM, K KOTOPOl
BBIYHCJISETCS TIONPaBKa. BoimucanHoe BhIpaskeHue HponopuHOHaanoqln(A/ q), rae Jorapu@M MPOUCXOIUT U3 00a-
cru maTerpupoBanug ¢ < k < A. Cymmupys 3areMm cOOCTBEHHO-IHEPTeTHYECKUH psijfi, ¢ meTyieit G — F' B BbhIpaskeHWH
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()

Puc. 34: IlepBag nompaska K ['pumoBckoit dbyHKImm.

Puc. 35: IlepBbie monmpaBKy K MapHOU KOPPEIAIUOHHON bYHKITAN.

qyist T'puroBcko#t dbyHKIUN (G, MBI TPUXOINM K BBIBOAY, 9T0 neTias G — F gaer sorapudMUYecKyo TOIPaBKy K ‘Koad-
dbunmenty muddysun’ D. F — F netne Ha pucyHKe 35 COOTBETCTBYeT (¢ TOYHOCTBIO N0 KO3 dummenTa) ciemnyromee
aHAJUTUYECKOE BbIpaxkeHue (B Oypbe-npeicTaBieHu )

dv d*k
/ ) (k* + qk)*Fy (v, k) Fo(v +w, k + q) ,

e W W ¢ — 9aCTOTa W BOJHOBOW BEKTOD MAPHON KOPPEJANUOHHON (DYHKIMU, K KOTOPOU BBIMUC/ISETCS MOIPABKA.
Brinmcannoe BhIpazKEeHHE MPOIOPIUOHAIBHO In(A/q), KOTOPBI NpOrCXOauT U3 00IaCTH HHTErpupoBanndq < k < A.
CpaBHuBast BhIparkeHue JJist TOnpaBKh K F', obyciaosiennoi quarpamMmoit ¢ nerneit F' — F', mbr HaxonnMm, aro F' — F
et JaeT JorapudMUIecKyto MonpaBky K ‘Temmeparype’ .

MbI TpuX0IuM K BBIBOJLY, 9TO MpH d = 2 BO3HUKAIOT JIOTapu(PMUIECKHE MOMPABKU K MapaMeTPaM KOPPETSIIHOHHBIX
dyukuuii. B 310i curyanuu Haunbosee yuoOHBIM CIIOCOOOM AHAIM33 ABJSIETCS PEHOPM-IPynna. Huxke Mbl BHIBOAUM
PEHOPM-TPYTIOBbIE ypaBHeHWs Jisi mapaMeTpos 3ddekTrrHoro neficreus (11.5).

CrenaeM 3JIeMEHTAPHBIM Al PEHOPM-TPYIIOBOI mporeaypsl. s atoro pasmenum mojsh u p Ha ObICTPYIO U
MEJIJIEHHY0 YaCTH:

h=h +h, p=p +7p, (11.16)

rjie ObICTPBIE KOMIIOHEHTHL b U P cosiepxaTr Oyphe-rapMoHuky ¢ BOSHOBBIME BekTopamu oTA’ 1o A. (Kak m B maparpa-
de 10), MbI He BBOIMM OIDAHUYEHUH 110 9acTOTaM IJist OBICTPLIX TOJIEi. ) 3aTeM HeoOX0AUMO TPOUHTErPUPOBATE T10h 1
P dyukuumio pacupesenerus BeposaTHOCTH eXp(iZ) ¢ Tem, 9T06bI MOJYduTh QYHKIMIO PACIPEIEICHIs JJid MEJIEHHBIX
noJIeii:

exp(iZ') = /Dimﬁ exp(iZ) . (11.17)

TMoacrapaaa aekomnosunmio (11.16) B (11.5), MbI moxyaaem
=2 ,p") +Z(h,p) + Tint (11.18)
Time = —)\/dt d2r {p’(vﬁ)2 + QﬁVh’Vﬁ} . (11.19)

Kak 06bruH0, Mbl onycruau B (11.19) suneiinbiii 110 OBICTPBIM [OJAM YIEH, [IOCKOJIbKY OH HE IIPOU3BOJIUT UHTEPECY-
forux Hac jorapudmos. Jaee, packiaapBas npaByo dactb coorHomtenust (11.17) 10Z;,¢+, MBI IOTy9IaeM

1

7
T, p) = T 1) = (Tine) + 5 (T} — 5 (To) + (11.20)

TJIe YIJIOBBbIe CKOOKHU O3HAYAIOT yCPEIHEHNE 0 OBICTPBIM MOJISM, W, KAK 00BIYHO, HAIO MPUHUMATH BO BHUMAHUE TOJIBKO
CBA3HbBIE AUArPaAMMBbI.
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B rnaBuom npubavkenuun cpegmee B npapoii gactu (11.20) MOXKHO BBIYHMCIATH 10 (DYHKIUU DacHpeIeseHus
expliZ®], rae 7 — wien Broporo nopska B geficTsun s GbICTPHIX nepeMeHHbx, cmorpu (11.9). 1o upubiu-
JKEHNE HA3BBIBAETCA OOBIMHO OMHOMETIEBBIM. TONIBKO HIEHBI BTOPOTO M TPETHhEro mopsiaka B coorHomennn (11.20) co-
JIepKAT JIOTAPU(PMBI, U, CICIOBATEIBHO, TOJBLKO 3TH WIEHBI CICAyeT yaepxkarh npu serauciaerunl’ (b, p') — Z (', p').
TMoacrapnaa serpazxerne (11.19) B coornomenne (11.20), Mbr Haxoaum cremyomue Braaast 82 (R, p') — Z(R,p'):

/dtdQTA)\p’(Vh’)Q - —2)\3/dt1 dry /dtg dr /dt3 d2rs <p'1(Vhl)2ﬁ2thvﬁ253thvB3> . (11.21)
2 /2 )‘2 2 2 / 7 \2 1/ 7 \2

dtd°r ATp” = 5 dtyd®ry | dtad®re (p1(Vhi)“py(Vh)®) , (11.22)

/ dt d*r ADVY/'VI = 2i)2 / dt, d*ry / dts d®r <p’1(vﬁ1)2152w’2vﬁ2> . (11.23)

OTMeTnM, 9TO OTCYTCTBYIOT MONPABKHU K wieHy pdi:h B abdextusaom neiicreuu (11.5), OCKOMBKY Z;pt, OMPEIETS-
emoe (11.19), comepxkur TOABKO rpaguedThl h. CpenHue or GLICTPBIX MEPEMEHHBIX B MPABLIX YACTAX COOTHOMIEHUH
(11.21,11.22,11.23) MoxkHO Tipu moMoIM TeopeMbl Buka BbIpa3uTh 4Yepe3 cpeiHue 0T GbICTPLIX HEPEeMEHHBIX, KOTO-
pore mpu A < ¢ < A (mmm A~! < r < A7) onpemensrorca Boipaskenmamu (11.11,11.12). B MeaIeHHBIX TOTAX B
Bbipaxkenusx (11.21,11.22,11.23) apryMeHTBI MOXKHO CIEJNATh UIEHTUIHBIMHA (CKAYKEM, BCe TPH MOJIOKUTH PABHBIMU
t1,71), MOCKOILKY MeJIJIeHHOE ToJie ¢1abo MeHseTcst Ha MacimTabeA’ ™! xapakTepHOM 171 KOPPeaAIMOHHbIX (DYHKITHIT
ObicTpbix nojei. [locsie aToro unTerpaibl nots, ts 1 T2, T3 MOIYT ObITH BBIYUCJIEHDBI SIBHO (7J1s 9TOrO JIydIle [epeiTu
B Oypre-TpeacTaBIeHne n MO KOOPAMHATAM, U TIO BpeMeHH). B pe3ymbrare Mbl mosxydaem

22
AN=0, AD=0, AT=2TL ma/n). (11.24)
2w D3
Pasymeercsi, orcyrcrBue nonpaBok K A u D He sBisiercs ciydaiinbiM. OHO CBA3AHO € HEKOTOPBIMU CUMMETPUAHBIMU
CBOHCTBAMH PACCMATPHBAEMOR MPOBIEMBI, KOTOPBIE PACCMATPUBAIOTCA JATIEE.

O6paTuM BHEMaHKe Ha TO, 9T0 B cuaty (11.24) AT/T nponopumonasibao napamerpy T'A%/ D3 koTopbiit MbI cauTaem
Masoil Bemaunnoi. [loaromy BO3MOKeH Takoi BeiOop A’, npu koropom In(A/A’) sBnsiercs 60bIION BeIMIUHON, B TO
BpeMs KaK OTHOCHTE hHAs monpaBka K 1 masa. ImenHno Takoi#t BbIOOP MbI mMeeM B BuIy. VICKJIIOYMB MEPEMEHHBIE C
BOJIHOBBIMH BEKTOPAMH BILIOTH 10 A’ MBI MOXKEM 3aTeM IOBTOPHTH MPOLEAYPY HCKIIOYEHUS OBICTPHIX IMePEMEHHBIX,
C/IBUTAsI TEM CAMBIM TEKYIIyI0 00pe3Ky A’ B CTOPOHY MAaJbIX BOJHOBBIX BEKTOPOB (B O0OJACTH GOJBIINX MACIITA0OB).
Tem caMbIM Mbl IPUXOIUM K MHOTONIArOBOH MPOIENYPe UCKII0YEHUsT OBICTPHIX epeMeHHbIX. EC/u mpy KaxK oM Imare
OTHOCUTEJIbHOE U3MeHeHue 1’ MaJio, TO 9TOT NapaMerp U3MEHIeTCs [IPH ITOH MHOIOIIANOBOH MIPOIEAYPE B COOTBETCTBUY

co crenyiomuM auddepeHInaaIbHbIM yPABHEHHEM
dT  N\2T?
—_— = — =In(A/A). 11.2
= aepe €= (/) (11.25)

Tapamerpsl ke A u D B coorserctium ¢ (11.24) ocrarorcst HeH3MEHHBIMH.
U3 (11.25) caenyer caeayoliee ypaBHEHUE

dg
e g> (11.26)
IJ1d IapaMeTpa
22T
9=5 13" (11.27)

KOTOPBIit UTpaer posb 6e3pa3sMepHOil KOHCTAHTBI B3anMOIeHCTBIA. Mbl HAa3bIBAEM BEJINYUHHY, MOTIUHAIONIYIOCS YDaB-
Henvo (11.26), WHBapWAHTHBIM 3apsAoM. ITOCKOIRKY WHBAPWAHTHBIN 3apsiJi PACTET ¢ PDOCTOM MAaciiTaba, Mbl CTal-
KUBAEMCsl C CATYAIMeH ‘aCUMITOTHYIECKON cBO0OAbI” (TEPMUH M3 KBAHTOBOH XPOMOIMHAMUKHU, B PAMKAX KOTODOI 3T0
sBJeHre ObLIO BIIEPBbIE UCCIEI0BaHO). ¥ pasaenue (11.26) umeer XOpOoLIO U3BECTHOE DEIICHUE

90

971 goln(A/A))

[Ie go — 3HAYEHHe KOHCTAHTHI B3aMMOIESHCTBHS HA MAJIbIX MacmTadbax~ A~'. MbI Kak pa3 MIPeANOIOKIIIT, ITO KOM-
6unamus TA? /D? mana Ha MabIx MacmTabax, To ecTh go < 1. Torma, HecMoTps Ha POCT KOHCTAHTLI B3aHMOEHiCTBHA
g ¢ MacmTaboM, OHA OCTaeTcsi MaJIoOH BIIOTH A0 Macimraba R., rae In(AR,) = gg L aro maer

D3

III(RCA) = m s

(11.28)
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rae purypupyior 3arpaBodnble KOHCTAHTHI. Ha mkanax Gosbine, gem R, Mbl He MoxkeMm npumenats PT-meron, mo-
CKOJIbKY KOHCTAHTA B3aUMOJICHCTBUSI CTAHOBUTCS y2KE HE MAJIOHN, 970 00JIaCTh CUIBHOMN CBS3H.

Hexoropbie cBoOiicTBA KOPPEISIMOHHBIX (DYHKINA A MOKHO YCTAHOBUTH, UCIOIB3YsT CBOUCTBA CHMMETPUN yPABHE-
uug (11.2). Tpexze, yem chopMyaupoBaTh 3TH CBOKCTBA, YI0OHO HECKOABKO M3MEHUTH (popmMy ypasuenus (11.2),
nepeMaciiTabuposas mose h u Bpemsa t. B pe3ynbrare aToro npeobpasoBanus maMeHAOTCH Ko3bduimenTsi A u D.
Ham 6ymer ymoGuO BBIOpaTh caemytomue 3uadenus: A = 1/2 u D = 1. Torna ypasuenne (11.2) nepenmceisaercs B
CHIeYIONIEM BHJIE:

1
Oth = 5(Vh)2 +V2h +¢. (11.29)

Ecmu d # 2, o mapamerp T TakzKe MOKeT OBITb IEpeoNpesiesieH, eCIi BKIIOYATh B UIPY IIEePEeMacHITabupOBaHNEe

koopruHaT. Torma eMMHCTBEHHBIM TAPAMETPOM TEOPHUH OCTaHeTCs yabTpaduomerosas obpeskal. Omqnako mamee HaM

ymobuee 6yner coxpandars mapamerp 1. B pasmepuoctu d = 2 obnacts cimaboit cs3u cyrmecTsyer mpul < 1.
VYpasrenne (11.29) nHBAPUAHTHO OTHOCHTENBHO TPEOOPAOBAHMST

h(t,7) = h(t,r —vt) —vr, ((t,r)— ((t,r—vt), (11.30)

e ¥ — MPOM3BOJBHBIN nHUHATE3eMANBHBIH napamerp. Coorromenue (11.3) TakKe HHBAPUAHTHO OTHOCHTEIBLHO TIPE-
obpasopanmst (11.30). Takum obpasom mpobseva KPZ nmeer cHMMETPHIO, KOTOPYIO MOXKHO Ha3BaTh [asniieeBcKoil
UHBAPUAHTHOCTBIO, TaK Kak npeobpasosanue (11.30) nanomunaer npeobpasosanue Lamunes. Ha camom neste unsapu-
anTHoCTh pobiembl KPZ ornocurenbho npeobpazosanus (11.30) cBa3ana ¢ ucxomHol BpamaTebHON HHBAPUAHTHO-
crbto mpobaembr. [Ipeobpazosanme (11.30) BOSHUKAET, ECIM TPOM3BECTH IIOBOPOT CUCTEMbBI KOODIUHAT, 33T PATUBAIOIIH
ock Z, kak caenayer w3 (11.1). MHBapuanTHOCTH TTPOBIEMBI OTHOCHTEIBHO Tpeobpaszoranns (11.30) mokaswiBaeT, 9TO
gnenst ¢ Oph u ¢ (Vh)? B ypasaennn KPZ nomKHBI IMETH OMH U TOT 7K€ 3aKOH TPeoOPa30BAHMS PH PEHOPMHIPOBKE.
970 OOBSCHIET OTCYTCTBHE JIOTAPUPMUIECKUX TOMPABOK KA, KOTOPOE MbI yCTAHOBUIIN B paMKax PT-mporieaypsr, Tak
KaK He MOKeT BOZHHKATDH JOrapuMUIeCKUX HONPaBOK K uieHy Osh B 3¢pdeKTUBHOM HeiicTBHH.

[Tpobema KPZ obnamaer waTepecHbIMEu CcBOMcTBaMU B pasmepHocTud = 1. [J1aBHAs 0CODEHHOCTH ITOTO Caydast
3AKJII0YAETCA B TOM, UTO HeJuHEHHbI died B ypasaenun (11.29) coxpaunger ‘suepruio’

U= %/dw (0:h)?. (11.31)
HeficTBUTETHHO,
ou 2 _ _ 2 21 3
dx 5h (0zh)* = dx 9;h(0.h)° = 3 dx 9, (0;h)° — 0. (11.32)

CrienoBaresibHO, CTAITMOHAPHBIM PACIPEIEIEHNEM BEPOATHOCTH B JAHHOM CIIydae siBjsercs ‘pacupernenenve ['mbbca’
P(h) xexp(-U/T) , (11.33)

rae P — dyHknus pacnpeie/icHust BEPOATHOCTH JIJIs OHOBPeMeHHbIX hynKimit nosisth. OG0CHOBaHUE STOTO yTBEPK e~
HUIS MOJKHO HaiiTu B npunoxkennn A. IIpesk e Beero, ypasnenne (11.29) mmeer sug (A20,A23) = = 1u g = (9,h)?/2.
Bropoe u3 ycnosnit (A24) skBuBasenTHO cooTHOIeHnIo (11.32). Y10 ke KacaeTcs mepBoro COOTHOIIEHUS, TO MBI J0JI2K-
HBI CHAYAJIA, 3anucaTh 0g(x) /0h(x1) = O h(x)d (z — x1). danee 30ech HAZO TOMOKHATD & = X1, YTO JAET HEOIPEIEIICH-
HOCTh. TT03TOMY HAI0 BCIIOMHNTE, UTO DEANBHO § () MPeACTaBJIsieT CUMMETPUIHYIO ‘Manovky’ oy (x), 1as KoTopoit
05(0) = 0. Takum obpasoM, 0g(z)/0h(x) = 0, uro maer nepsoe ycaosue B (A24). Urak, Bce ycuoBus, Beaylue K
(11.33), coboneHbl.

Pacopenenenne (11.33) siasiercs TayccoBbiM, U OTOMY Bce OJHOBpeMeHHbIe (bYHKIMUA CBOIATCS K TTAPHOH KOp-
PeTAIOHHOM DYHKITHHT

F(l’l — 1'2) = <h(t, Il)h(t, 12)> . (1134)

B coorsercreun ¢ (11.34) dyukims F(x) onpenesnsiercss HHTErPAIOM

T dq T
q .
F(z) = / o exp(qu)q—2 . (11.35)

Kak u panee (B pazmeproct d < 2), Mbl CTaJKUBAEMCH ¢ MHGPAKPACHON PACXOAUMOCTBIO, TO €CTh OCHOBHON BKJIA/T
B MAPHYIO KOPPEIAIUOHHYIO (MDYHKIHUIO h CBaA3aH ¢ QIyKTyamuaMu ¢ MaCIITadOM MOPSAIKa, Pa3Mepa CUCTeMbl. UTOObI
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OTIeHNTDH BeHIUHY (BIYKTyaInii 1oy h Ha JaHHOM MaciTabe o, HaJo HCIoTb30BaTh Bemmauny ((hy —he)?), B KoTopoit
BBIYTEH BKJIAJ JIMHHOBOJHOBBLIX (puaykryamuii. 3uech by = h(t, x1), he = h(t,x2) u x = x1 — 2. Mbl HaxonUM U3
(11.35)

((h1 = h2)?) = T|my — 2a], (11.36)

Taxum 06pa30OM, MbI yCTAHOBHITH CKeHIHATOBOE (CcTerennoe) noseenne semnaunbl (b —he)?). 3amernu, 9T0 BRIpaske-
uue (11.36) coorBeTCTBYET PEXKUMY CHIIbHOMN CBA3M, IIOCKOJIbKY OHO IIOJIy9€HO B IpejiesieA — 00, 4TO B Pa3MEPHOCTH
d < 2 COOTBETCTBYET UMEHHO CHIILHOMY B3aUMOAEHCTBUs PIyKTyaruith. DTo MO3BOIAET BHICKA3ATH MPEIIOIOKEHIE,
aro u iput d > 1 B pesknve cumbaoit cesazu ((hy — ha)?) o |1 — 22]¢. B wacTHOCTH, Takoe MOBEIEHNe OKUAETCS TIPH
d = 2 na macmrabax 6osbine R.. 9T0 TPeAnoIoKeHne MOATBEPK AAIOT JAHHbIE, TOJIYYeHHBIE B PE3YIbTATe TUCICHHOTO
mMozenupoBanus ypasrenus (11.29) na koMbroTepe.

Hecmorpst Ha Haamume HOJHON mHMOPMAIIMH 00 ONHOBPEMEHHBIX KOPPENANMOHHBIX (pyHKIusaxh npu d = 1, mpak-
TUYECKHM HUYEro HE M3BECTHO O PA3HOBPEMEHHBIX KOPPEISIHOHHBIX (BYHKIUAX nojah npu d = 1. Yror asasercs
orpazkeHueM Toro hakTa, UTO CUCTEMA PEATHLHO HAXOAUTCA B PEXKUME CUJIBHON CBA3U, U IOTOMY HUKAKHE COODpaKe-
HUsI, OCHOBAHHBIE HA TEOPWUHU BO3MYyIeHHil, He paboraror. OHOBPEMEHHBIE YK€ KOPPETATNOHHBIE (DYHKITHMHA YAATIOCH
HAMTH TOJBKO Braromapsi crenuaibHoMy cBoiicTBy (11.32).

IIpeo6paszoBanue Koysia-Xomndga

Ypasuenue (11.29) MoxKHO peobpa30oBaTh K JUHEHHOMY, €CJIM NepeiTy K IepeMeHHOl
U =exp(h/2). (11.37)

D10 npeobpazoBanue U3BECTHO, Kak npeobpaszosanue Koyna-Xonda. B repmunax dbyukuuuV ypasuenue (11.29)
HeperuchiBaeTcs CIeyIoIuM 00pa3oM

oV = V2 + (¢/2)V. (11.38)

Taxum o6pasom BMecTo HeuHeitHoro ypassenus (11.29) Mbl npuxonum K auHedHOMY. OJHAKO BMECTO aJ[JIUTHBHOTO
IyMa B 3TOM yPABHEHUH MMEETCs IyM MYIbTUIIUKATUBHBIA. [loaTomy mpeobpazosanwe Koyna-Xonda me Bemer K
aBToMarndeckomy pemrennio mpobaembr KPZ. Bonee Toro, koppessimonnbie GyukimuV ne 06/1a7a10T HUKAKUM TPO-
CTBIM CKEAITMHTOBBIM MOBEIEHAEM, (KOTOPOE OKHUIAETCS It Koppensanuonabix dbyrkuuith). Tem He Meree, mpencras-
sierre (11.37) mo3BoJisieT TONYYUTH PsiJi MHTEPECHBIX COOTHOIIEHUH, KACAIOIIMUXCST PEXKUMA CUITBHON CBSI3U, KOTOPHIE
paccMaTpHUBAIOTCS Tajee.

Ncxonst w3z (11.38), moxkuO mosyunthb 3¢ dexruBroe aeiicrsue st 10ja W, KOTOpOe UMEET BH/L

T
Ton = /dtddr {P@t\ll — PV?U + Z4P2\112} , (11.39)

rae P Bcniomoraresbaoe nosie, ‘conpsizkennoe’ U. Koppensuuonnbie yHKIUN BeJIUnIHHBI Y MOTYT ObITh ITPEICTABIEHDI,
010610 (11.6), Kak (GyHKIMOHAJIBHBIE UHTEPAJIBL:

<\I/1\I/N> = /D\I/DP exp(iICH) \Ifl...\I/N. (11.40)

AnanoruanpiM 006pa30M 3aMUCHIBAIOTCSA U KOPPEJISITUOHHBIE (DYHKIINH, BKJIIOYAIONINE BCoMorareabaoe moyeP. Or-
MeTHM, 4TO cpenHee ¥ HYJIIO HE PABHO, KaK 9TO 04eBUIAHO u3 npeicrasienus (11.37). Ilosromy, nanpumep, Teoputo
BO3MYIIEHU CIeAyeT CTPOUTDH 1O OTKJIOHEHHIO U OT ero cpeHero.

MOoKHO CTaHIZAPTHBIM 00PAa30M IOCTPOUTH PEHOPM-IPYIIIOBYIO TPOLEAypy s 3ddexrusnoro neiicreus (11.39).
IIpomenaem snementapusiii mar PI-nponeaypnl, pa3aenus moJid Ha 6bICprIO\i/, Pu memgennyo W', P/ gacru. Toraa
meticreue (11.39) pazbusaercs va cymmy Zo g (V' P)+Zop (¥, P)+Z;pnt. Jasg nomydeHus ypaBHEHANH PEHOPM-TPYTIITBL
B OJ[HOIET/ICBOM HIPUOIHKEHHH JOCTATOYHO COXPAHHTD 4JICHBI BTOPOrO Mopsiuka oW, P:

Tims = % /dt ddr {(P’)?\if2 + PAV)? 4P’\If’15\if} . (11.41)

TTocsie MHTErPUPOBAHKS TI0 GBICTPBIM IEPEMEHHBIM BO3HUKAET MOMPABKA K YeTBEPHOMY HJICHY B AEHCTBUM JJIs1 MEIJICH-
HBIX TIEPEMEHHbIX, KOTOPasA TPOUCXOUT W3 CPETHEro 1o ObicTpoiM mepementbiv suaa([(P)2W2]-[P2(¥)?2]). Ormerum,
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aro cpeguee ([P'U/PU] - [P'W PU]) paBHO HY/IO B CHIy IPUYMHHOCTH. B pe3y/braTe BOCIPOH3BOLUTCS BHIPAZKEHHE
(11.24) nna monpasku xk T u ganee PT-ypasuenwe (11.26) Bd = 2.

Takum obpazom, meiicrere (11.39) oKa3bIBaeTCs PEHOPMUPYEMBIM, TO €CTh B MapTHHAJILHON pasmepHocTnd = 2
BOCIIPOM3BOIUTCS € TOYHOCTBIO 70 JIOrapuMUIECKUX MONPABOK IPU MCKJIIOUEHUU OBbICTPHIX MEPEeMEeHHBbIX. Takum
obpazom wren PV2W peropMupyercs (TOdHee, OCTaeTcsa HeM3MEHHBIM ), Kak eauHoe nenoe. Ho wrernV2W mopoxzaer
ob6a Bkmana, ¢ koddbunmenrtamu A u D B ucxognom ypashenun (11.2). TlosTomy 3akOHBI peHOpMUDPOBKU A u D
JOJIZKHBI ObITh MIEHTUYHbIMU. MBI y¥ke J0Ka3aJd, 4T0 K A JIOrapudMHUYECKUX TONPABOK HET. Beiencrsue 3roro
JIOJIZKHBI OTCYTCTBOBATD U JIOrapu(pMUIECKUE MOMPABKY KD, 4T0 HAXOAUTCS B COOTBETCTBUM C PE3Y/IbTATAMHU IIPIMbBIX
PI'-Bbruucsenuit (cMoTpu BbIlle).

Oxa3pIBaeTCH, UCIONb3yd 0-KOPPETNPOBAHHOCTH BO BPEMEHH IIIYMAa, MOKHO HOJIYIUTh 3aMKHYTHIE YDABHEHHS s
OJJHOBPEMEHHBIX KOPPEJSIUOHHBIX (DYyHKIM

Sn(t,r1,...,rN) = (¥(t,r1)... U(t,rN)) exp {—ZN(?A(O)] . (11.42)

3/ech TOCTIeAHUI MHOXKHUTETb B 9KCIIOHEHTE COOTBETCTBYET YIbTPADUOIETOBON KOHCTAHTE, KOTOPYIO HATO BKJIIOYUTD
B mepeonpeenenue ckopocru apeiida. Ilosromy B ganbrelieM 3ToT MHOXKHUTETL UrHOpUpyercsd. IlponessiBas mpo-
[eIyPy, aHAJIOTHYHYIO BbIBOAY ypasHenust ®okkepa-Ilnanka (cMoTpu mpuioxkenue A), Mbl HaxomuMm u3 (11.38)

N
T
Sy :ZvisN+§Z(sA (ri —7;) Sy . (11.43)

k=1 k>j

B wacraocTH st N = 2 MbI TOTy9aeM

8155 (t, 1) = 2V2 S, + gaA (r) Sz, (11.44)

Tner =7ry —7ro.

Ypasuenust (11.43) umetor Buy ypasuenuit [IIpenunrepa (B MurMom Bpemenu):0;Sy = —Hy Sy, npuaeM ramMuib-
toruan Hy COOTBETCTBYeT HPUTATHBAIOMMMCS Bo3e-9acTHIAM ¢ KOPOTKOLEHACTBYIOINM OTEHIHAIOM. PaccMoTpuy
acuMnTOTHYIeCKOe (Ha GOSBIINX BPEMEHAX) MOBeJeHHe Koppenanuonabrx dyrkmuii (11.40). IIpon3sombHbIE HAYATE-
Hble ycsopus (ckaxkeM, h = 0 npu t = 0, to ectb ¥ = 1 u Sy = 1 nipu ¢t = 0) MOXKHO PA3JIOKUTH TIO0 COOCTBEHHBIM
byrxuusam Dy, ravmibronnana Hy:

N
T
Enm+ Y Vi) ®nm = -3 > 5(r = 1) ®Nm . (11.45)

i=1 i<j

rae En., — cobecrBennble 3Hadennsa [avunpronnana Hy. Torma 3aBucuMocTh Sy OT BpeMeHH 3alMChIBACTCS B CJAEIY-
FOIIIEM BUJIE

SN - Z Am €xp (*ENrnt) (I)Nm. 5

e K03bPUIUEHTH! Ay, OIPeIeTIAIoTCA PA3IOKEeHIeM Ha9aabHOTO COCTOAHUA 10 SNy,. IlocKombKy ocHOBHOE cocTo-
sHre 00/137aeT HANMEHbINeH IHEPTUueil, TO Mbl MPUXOIUM K BBIBOIY O BBIXKMBAHWM TOJHKO OCHOBHOTO COCTOsHUSH N
Ha, OOJIBITNX BPEMEHAX.

XOpoLo U3BECTHO, YTO JJid IPUTAIHBAIOIIMXCS Bo3e-yacTul ¢ KOpOTKOOEHCTBYIOMMM IIOTEHIMa oM npud < 2
VMEIOTCSI CBSI3AHHBIE COCTOSTHUST [IJTsT JIIOOOTO KOJIMYECTBA JACTHI, B TO BpeMsi Kak npud > 2 cuTyalus caoxkuee. Keau
B3aUMO/IEHCTBIE YACTUI] CJIa00, TO MMEETCS TOJBbKO HEIPEePBIBHBIN CIIEKTD, B TO BPEMS KaK NpPU CHUJIBHOM B3aHMO-
JIeiCTBUY BO3BHUKAIOT CBI3AHHBIE COCTOsIHU (KPUTEPUl, PA3INYAONIMH ITH JABA Clydad, 00CYKIAICA BbIIIE, OH SIBHO
BKIO9aeT 00pe3ky A). Ecam nmeercs TOIBKO HENPEPBIBHBIN CIEKTD, TO OCHOBHOE COCTOSTHHE COOTBETCTBYET €T0 JIHY,
1o ectb F = 0. [loaToMy acuMnOTOTHYECKH TIO BpeMeHu Sy Bbiiiger Ha cramuoHap: Sy X Pyp. ITO cooTBeTCTByET
ciydaro cjaboii cBa3u, Koraa koppesainuontbie Gyakimy (11.40) MOryT BBIUUCAATHCS [0 TEOPUM BO3MYIIEHUN, B KO-
TOPO# HyneBbIM npubaukenunem gpiugerca U = 1. Ecau ke nmeercs cazannoe N-49acTUYHOE COCTOSHUE, TO UMEHHO
OHO OyIeT OIpeaessiTh ACHMIITOTHYECKOE MOBeAeHNe Sy, IPUIeM COXPAHUTCA 3aBUCHMOCTb OT BPEMEHH:

SN X exp (_ENOt) @No. (1146)

9TO COOTBETCTBYET CIIY<al0 CHJIBHOMN CBSI3H.
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Bossparasice Tenepb kK Bbipaxkenuto (11.37), Mbl 3aKii04aeM, 9T0O B CJy4Yae CHIbHOIN CBA3U JOJKHA ObITH sBHAs
3aBUCHMOCTH OT BPEMEHHU B OIHOBPEMEHHBIX KOPPEJAlnOHHbIX (yHKmuax h. CrupammBaercs, oTKyna Oepercs 3ra
3aBUCUMOCTH? JIeJI0 B TOM, 4TO TIpH HAJIMYUM CUJIBHOU CBA3U BOSHHUKAIOT HEHyJEBble cpeauue(h™), pacryiiue co Bpe-
MEHEM. DTO 03HAYAET, YTO CO BPEMEHEM HAKAILIMBAKTCS OTHOPOIHBIE (DIYKTYAIIUN TOJIsR, 9TO ABJISETCS CAeJICTBHEM
cuibHOTO B3ammoeticTeud. [logcaum nponcxoxienne cpeanx Ha HGoOPMaATbHOM d3bIKe. [I1d 9TOro HaI0 BEPHYTHCA K
coornomenuto (11.13). Kak Mbl o6bsacaum pauee, B cpeanem ((Vh)?) umeercs yabrpadbuoerosblii BK/Ia/1, KOTOPbIi
HaJ0 BKJIIOYUTH B MepeornpeaeaeHne ckopoctu mapeiida nmosepxuoctu V. OaHAKO B 3TOM CpeIHEM MMeeTcs u wHbpa-
KPACHBIH BKJIaJ, KOTOPLIH [7if d = 2 MOYKHO OIEHHTDL, KaK R, 2 (HamoMHEM, 9TO ceifdac MBI paboTaeM B CHCTeMe
exmantn, tae D = 1, A = 1/2). Pasymeercs, 3TOT BKJIAJ TAKXKE MOKHO BKJIIOYHTH B IepeonpenencHue V, OaHaKo
HEBO3MOKHO HCKIIOUATH MH(pPaKpACHbIE BKIAIBI BO BCeX cpenuux (h™). DTu cpegHne U KOHBEPTUPYIOTCH B 3aBUCHU-
MOCTBH OT BpPEMeHU KOppeasanuoHubix Gyukimii (11.42). 3ameruM, 9T0 HAJIUYME OJAHOPOAHBIX CPEIHUX HE BJIMIET HA
pasuoctb h(t,r1) — h(t,72), TaKk 9TO paCIpeNeIEHIe BEPOATHOCTH ITOM BEJUYMHBI OCTAETCS CTAIMOHAPHBIM.

Ucxo/s w3 TPUBEIEHHBIX BBIIIE KadeCTBEHHBIX coobpaskernii caemyer oxuaars|Eyo| ~ R22 npu d = 2. IIposepum
9TO OXKUJIAHUE, HAliAsI B d = 2 9HEPIUI0 OCHOBHOIO cocrosaus ausa N = 2. Jlas storo ciydas coOCTBeHHasT QyHKINA
® OCHOBHOIO COCTOSIHUSI 3ABUCHUT TOJILKO OT PA3HOCTH KOODAWHAT I = 71 — To, ypasHenue (11.45) npuobperaer
CAeRyIOmni BUT,

(E+2V?) @ = —géA(r)tb , (11.47)

r7e MbI BBEIU 3HAYOK A y d-pyHKIMM, 9TOOBI HANIOMHUTHL O TOM, YTO PEAJBHO 3TO - ‘IIANOYKa’, PazMa3aHHas Ha
macmTabe A~1. Ypapuerue (11.47) moxer 6b1Th pemteno npu yeaosun T < 1 (ato mpu d = 2 ABAAETCA YCIOBHEM
CYIIECTBOBAHWS MHTEPBAJIA MACIITA0O0B, TIe CBA3b aBasgeTcs caaboit). Ero pemenne mveer By

o(r) = Ky |£2|7' , (11.48)
8 A

Tl . (11.49)
T VIE|

Beipaxenne (11.48) cupasenymuso mpuAr > 1. IIpu D = 1, A = 1/2 coornomenue (11.28) npuoGperaer sualn(R.A) =
87 /T. TakuMm 06pa3oM, KaK U OXKHIAIOCH, |E| ~ R 2.

B cooreercreun ¢ (11.48) koppemnsiponHast byHkipst ¥ obranaer gorapudMUIeckum moBeneHneM mpu R, > r >
A~ 1 3KCTIOHEHIMATIBHO criagaeT Ha GOJbITNX MacTadaxr > R.. TAKOro ke THIA MOBeIeHIe OKIIACTCS 1 IS ‘MHO-
rOYaCTUYHBIX' CBA3aHHBIX COCTOSHUN P o, KOTOPBIE ONPENENAIOT OBEJAEHHE KOPPeIAMOHHbIX hyHKiuit Sy (11.42).
OrMeruM TakKe, 4TO sl TOTO, 9TODBl BOCCTAHOBUTH OJHOBPEMEHHBIE KOPPEANUOHHBIE QyHKIUMA, HEODXOMUMO
SIBHO 3HATH Bech HabOp Sy, TO €CTh BCe CBsI3aHHBIE cOCTOsTHUS P ng.

Samaun

3amadga 11.1
Haiitu Eng B pasmeproctu d = 1.

Pemtenne zamaun 11.1

Kaxk mb1 yzke ycranosumm, h(t, 1)—h(t, z2) o6namaer TayccoBoii cTaTucTuKOM, He 3aBucameii 0T Bpemenn. Bemmanabr
ke (h™) oIpenensoTcsa OJHOPOAHBIMY II0 IPOCTPAHCTBY (huryKTyanuaMuh. Baanmuoii koppensuuu mexay h(t, z1) —
h(t, x2) u onHOPOIHBIMEU (DAYKTYAUIMU I HET, TIOCKOJIbKY B IIPOTUBHOM CJIy4ae 3aBUCUMOCTD OTZ B KOPPEIAIUOHHBIX
dynkuuax (11.42) we oraenanack Obl, KaK 9TO JAOIKHO ObITH B coorBeTcTBAN ¢ (11.46). B pesyabprare Mbr HaXomanm

T
Sx = (exp(Nh/2))exp | =7 > a =l (11.50)
i<j

rae Mbl ucnoab3oBaau (11.36) u TayccoBocrs crarmcruku pasaocreit. Jlerko nposeputhb, uTo Bohipakenue (11.50)
aBigercs peinenuem ypasaenus (11.45), To ecTh Ha GOJBIINX BPEMEHAX

(exp(Nh/2)) = exp (—Enot) , (11.51)
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B coorBercTBuu ¢ (11.46) (Mbl cBUHYIM BpeMs TaK, YTOObI 0OPATUTD B euHUILy KOIGDMUIMEHT IPOIOPIUOHAIBHOCTH ).
Yrobbl Halitn Fng, IpOLIe BCEro PACCMOTPETh CJLy4dai, KOrua r; yUOPsAA0dYeHbl: T1 > Lo > -+ > . Toraa

X
SN o exp ~1 Z(N—i— 1—2k)xy
k=1

Ternepsb MBI HAXOANM B cooTBeTCTBHHA ¢ (11.45)

T2

—_— 2 J—
SN - 1Sy

N g2
EnoSy ==Y 559y =—
= Ou;

3agaua 11.2
JIuHAMUKa TPEXKOMIIOHEHTHOTO TMOJIS (0 B PA3ZMEPHOCTH 1 + 2 OMUCHIBAETCS CJICAYIOIIUM CTOXACTHIECKUM YpaBHE-
HHAEM

Oepi = Neag€innVaprVaon + DV +

TIE €03 W €ikp ABIAAIOTCT 2d 1 3d AaHTUCUMMETPUIHBIMHI TEH30PaMM, a{ — ClIyJaiiHas cnja, KOTopas ABIAeTcs OesbM
HIYMOM:

(Gi(t1, 1) (ta, m2)) = 2T6;50(t1 — t2)6(r1 — 72) .

HaiiTy peHOpM-TpYTIIIOBLIE YpaBHEHUS I mapamMerpos A, D u T. BoIpazuThs OTBET Yepe3 NHBAPWAHTHBIA 3apsi.
3amgava 11.3
Paccmorpum ypasuenue KPZ (11.2) B pasmepuocru 1 + 2. IIpeanosnoxkum, uro T' B coornomenuun (11.3) pasuo
To + 0T'(t,r) rme

2
0T (t,r) = / cg;l)dq exp(—iwt + igr)0(w, q) .

saBjsieTcs Majoit monpaskoii K Tp. Find the main contribution to
S(w,q) = /dt d?r exp(iwt — iqr)(h%(t,r)),

rae (w, q) mexaT B OOIACTH TPAMEHUMOCTH TEOPUH BO3MYTIEHNH. JI0MKHBI OBITH MPUHATH BO BHUMAaHHUE JIOTapudMu-
ugeckue norpasku. OTBET BbIPA3UTH Yepe3 MHBAPUAHTHBIN 3apsij.

12. IBYMEPHAMA TTAPOIMHAMUKA

B macrosimem maparpade Mbl u3ydaeM pOJb TEIMIOBbIX (DIYKTyalluit B ABYMEPHON THAPOIMHAMHUKE, TO €CTb MbI
CYUTAeM, IYTO CUCTEMa HAXOUTCS B TEIJIOBOM PABHOBECUM U WHTEPeCyeMcs BKIIaA0M (DIYKTYaluii B 3aKOHBI TUCTIEPCUT
CODCTBEHHBIX MOJ CUCTeMBI. Mbl pacCMAaTPUBAEM 1B PASIWIHBIX KJIACCA 00BEKTOB. BO-TIEpBBIX, 3TO TOHKWE TJIEHKU
KUIKOCTH HA, TBEP/IOH MOJTOXKKE, KOTOPBIE MOXKHO CIUTATDH IBYMEPHBIMU HA IOCTATOYHO 60IbInX Macimtabax. Takue
IJIEHKH B CHJIY X B3AUMOAEHCTBUS ¢ IOIJIOKKOI HE SIBIISIIOTCH 3aMKHYTHIMU CHCTeMaMu. TeM He MeHee, Mbl OITUChIBAEM
UX B PAMKAaX JIBYMEpHOI TUAPOIUHAMUKN. XOTsI TAKOH CIyUail Ipe3BbIMaiiHO TPY/IHO PEATN30BATh IKCIEPUMEHTAIBHO,
3a/a9a MPEICTABIsIeT HECOMHEHHBIN MeTomnyecKuii maTepec. Bruepsbie ee paccmorpesnu Forster, Nelson u Stephen
[1978]. BzaumoseiicTBre ¢ MOJJIOKKON OTCYTCTBYET JJist CBOOOTHO TO/BEIIEHHBIX II€HOK. OHU SIBJISIFOTCH BTOPBIM
KJIACCOM OOBEKTOB, KOTOpPbIe MbI paccMarpuBaeM. CBOGOTHO MOIBEIEHHBIE TIJIEHKH TAaKyKe He MOLYT ObITHh OMUCAHBI
B paMKax COOCTBEHHO JBYMEDHOH T'MIPOAMHAMHUKY, HOCKOJIBKY OHU OOJIAJAI0T M3rNOHOM CTeNneHbI0 CBODO/IbI, HAJIUYNE
KOTOPO# CYIIECTBEHHO U3MEHSET CHUTYAIIMIO MO CPABHEHUIO C YUCTO ABYMEPHON TuapommHaMukoil. [losromy croywait
CBODOHO TOIBEIIEHHBIX TIJICHOK TPeOyeT 0coO0ro paccMOTpeHUs, KOTOPOE MPUBEIEHO B KOHIE maparpada.

Mpb1 HaunHaeM ¢ Hec:KuMaeMoi 2d TUIPOIUHAMUKHY, KOTOpast onuckiBaercs ypapaennem Hasbe-Crokca

o + (vV)v =vV3v —~VP/p+ €. (12.1)

3/ech v — CKOPOCTh, ¥ — KO3 DUIIMEHT KUHEMATHYECKOH Ba3kocTH, P — nasnenue, p — 2d mioTHOCTH Macchl (KOTOpad
cunraercsa oaHoponuoit), n € — Jlamxesenosckue cuibt (Ternopoii wym). Ypasuenune Hasbe-Crokca (12.1) a0sKHO
OBITH [JOTIOJHEHO YCJIOBHEM HECXKHMAEGMOCTH (COTEHOUNATIBHOCTH )

Vo=0. (12.2)
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JIaH>KEeBEHOBCKME CUJIbI XaPAKTEPUIYIOTC CIEAYIONeH KOPPeTAnoHHoM (byHKIme

(Calti,m1)Ep(t2, 2)) = %5@1 —t2) / (;lT()IQ (¢*0a — 4aqp) exp(igr), (12.3)

rae r = ry — ro, a T — TemnepaTypa. 3aMeTuM, 9TO B HECKUMAEMOM Cliydae JaBineHne P He SBIseTcs He3aBUCHMOI
nuHaMu4eckoii nepemennoii. Ouo onpenensierca ypasuenuem (12.1) u yciaoBuem necxkumaemoctu (12.2), koTopble
BEAYT K COOTHOLICHHIO

oV [(vV)v] = —V?P, (12.4)

CBAZBIBAIONIEMY JaBIeHUE P €O CKOPOCTHIO U, Ye€pe3 KOTOPYIO JABJIEHUE BHIPAXKAETCH HEJOKATHHBIM U HEJTUHEHHBIM
obpaszoM.

Torropsist mponeaypy, onvcanHyo B naparpade 10, MBI MOXKeM CBeCTH MPOBJIEMY BBIYUCIEHUs (PA3HOBPEMEHHBIX )
KOPPEJISIIUOHHBIX (DyHKIM BDIYKTYUPYOMUX BeJudnH K (DYHKIMOHAJBHBIM MHTErpaiaM ¢ BecoMmexp(iZ) rue 7 —
s¢pdekTuBHOE eiicTBre, NOCTPOeHHOE 10 ypasHenuto (12.1):

T = /dt d*r {pa&gva + Pava0sve + v0apalavs + i(Tl//p)((?apg)Q} . (12.5)

3/ech p — BCIOMOTATENbHOE 0T, YAOBIETBOPAIONEe YCIoBhi0, VP = 0, aHATIOTUYHOMY YCJIOBHIO HECKAMAEMOCTH
Vv = 0 (ycnosue Vp = 0 MOTUBUDYETCS TEM, TO 1I0JIE P JOJKHO COAEPIKATH CTOIBKO 2Ke CTerneHel cBOBOAbI, CKOIbKO
u v). Baarogapst yeaornio Vp = 0 wien ¢ napgenneM B ypapaennu Haebe-Crokcea (12.1) seimamaer u3 ad ek THBHOrO
neiicreust (12.5). Tlocnenuuit wien B addekrrHOM meiicTeun (12.5) mogByseTcst MOCTe YCpeTHEHHs 110 CTATHCTHKE
JIaHKeBEHOBCKMX CHIT B cOOTBETCTBHE € (12.3).

Hanpumep, napaas KoppesiunoHHas DyHKIHMA CKOPOCTH 3ALMCHIBAETCS, KaK Cyleayomuil by HKINOHAIbHBIN HHTe-
rpas

Fop(ts — to, 1 — 1r2) = (v (t1, m1)va(t2, 72)) = /Dv Dp exp(i)vg(t1, m1)va(t2, T2) . (12.6)

Tlosie3Ho BBECTH TakzKe ‘CMelnaHHble’ Koppesdiuonabie GyHKIuU (KyJa BXOAUT TOJIEDP), CKAXKEM, IIAPHYI0 KOppeJisd-
[IMOHHYO (DYHKITHIO

Gop(ts —ta,r1 — 12) = (Vo (t1, 71)pp(ta, 72)) = /Dv Dp exp(il)va (t1, m1)ps(t2, r2), (12.7)

KOTOPYIO MBI Oyaem uvenoBarh pyuknueit ['puna. @yuknua I'puta onpeaesnser BOCHIPUNMYNBOCTD CUCTEMBI. JleficTBr-
TeNbHO, TMPEJITONOKNAM, UYTO K CHUCTeMe PUIOXKEHA BHEIHAs pacupeieieHnas cuia. Torga ee miIoTHOCThf, JOMKHA
ObITH TODABJIEHA B TIPABYIO YacTh ypapHeHus (12.1):

o+ (vV)v =vViv ~VP/p+E&+ f/p, (12.8)

rje mpenmnonaraercss takxke yemosue VF = 0. [log Bo3jelicTBreM BHEIIHEH CHIBI B CHCTEME BO3SHMKAET CPeITHsIS
CKOPOCTH (V), KOTOpas B JIMHEHHOM PUOIUKEHUN BBIPAYKAETCS CAEYIONUM 00pa3oM

<’Ua(t1, T‘l)> = —1 /dtQ d27"2 Gaﬂ(tl - tQ, T — Tg)fﬁ(tg, TQ)/p . (129)

Yrobbl nosyuurs coorHomenue (12.9) neobxoauMo BKOUMTH wieH ¢ cunoil f B adgdexrusnoe zaeiticreue (12.5),
WCIOB30BATH BhIpazkenne Thmna (12.6,12.7) mus cpemaeit ckopoctu (v, ) n pa3noxuTs exp(iZ) 10 nmepsoro mopsaka. mo
f. Bamerum, uto u3 (12.9) B cuity npuuuHHOCTH cireayeT, YT0G () TOMKHO paBHATbCs Hyio iput < 0. @yukuuu F u G
HCYEPIBIBAIOT HAOOD MAPHBIX KOPPESIIHOHHLIX (DYHKINH, IOCKOIbKY KOPPeTAnHOHHas GYHKIA Do (t1, 71)ps(t2, 2))
paBHa HYJI0 (JI0Ka3aTeNbCTBO ITOr0 (hbakTa MOXKHO HaiiTu B nmaparpade 10).

Teneps MBI IPHUCTYIIAET K PACCMOTPEHNIO (PIYKTYAIHOHHBIX (O GMEKTOB B ABYMEpHON ruapomnHamuke. IIpexme
BCEro, MBI 3aKJI0YaeM, U9TO B3anuMozeicTBue (DIyKTyaluii CKOPOCTH, KOTOPOE OMPEeIesIeTcsl HeJTHHeHBIM TJIEHOM B
ypasuernnn Hapbe-CTOKCA, OMMCHIBACTCS 9IICHOM TpeThero mopsiaral ®) B adderTuBHOM neficTBrm (12.5). MoxkHO 110~
CTPOHTDH TEOPHIO BO3MYIIEHHIT, KOTOPAS MOy IaeTCs pas/IokKenneM byHKIHOHATbHBIX HHTerpasnos nal (?) . Pazmmawsre
“WIEHBI 3TOIO B3aMMOJIEHCTBU MIPEACTABIAAIOTCH UATPAMMAMU, HA KOTOPBIX (PUTYPUPYIOT BEPIIUHBI TPETHETO OPAI-
Ka. JIMHUSAM HA ITUX IUATPAMMAX COOTBETCTBYIOT 3aTPABOUHBIE KOppessinonnble Gyukinuu (12.6,12.7), a BepumHHbIe
MYHKIUYU OMPEIEIsIIOTCS CTPYKTYPOLt 7). [MepBble ToNpaBKU K KOppeasuuoHHbiM (Gyukimsam (12.6,12.7) onpenesns-
I0TCHA AUarpaMMaMu, TPUBeAeHHbIME Ha prucyHKax 11.7,11.48. HamoMuanM, 9TO CIJIONIHBIE JJUHUN HA ITUX IUATPAMMAX
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COOTBETCTBYIOT KOppenammonuoii dbynkimnu (12.6), & KOMOMHEPOBAHHBIE IMHUK COOTBETCTBYIOT I pPUHOBCKOH (DyHKIHM
(12.7) (upr4em ee IyHKTUPHAS YaCTh COOTBETCTBYET MOJOP).

Ananms nepBhIx (OIHOTIETIEBBIX) BKIAIOB TEOPUU BO3MYIIEHWH BF n G MOKA3BIBAET, 9TO UX MOKHO WHTEPIPETH-
pOBaTh, KaK JOrapudMUIeCKHe OMPABKY K KUHEMATHIECKOH BaskocTuy. To ke CIpaBemjiuBo W s PAIA BBICIIIAX
BKJIAZIOB TeOpuH Bo3MymmeHui. Takum 06pa3oM, MBI OKA3BIBAEMCs B CUTYAITMH, KOTOPYIO HAMOOJIEE eCTECTBEHHO AHA-
au3upoBarh B pamkax penopm-rpynnosoit (PT) npoueayper. Ilosromy nanee mbl aHaM3upyeM 3/71€MEHTAPHBIN war
PT-nponeaypbl, KOTOPBIE 3aKIIOMAECTCA B BBIIEJCHUN ‘OBICTPBIX’ 9acTeil MOeil ¢ MOCTETyIONM HHTErPUPOBAHHEM
no HuM QYHKIMU PacTpesenenns BepoaTHOCTH exp(iZ), B PE3y/lbTare 9ero moayvaerca (MyHKIUS DACTPENEeHIsT
BEPOSITHOCTH [JIA ‘MEJTEHHBIX TIOJIeH.

Paznenum mosng v u p Ha OBICTPYIO U MEJJICHHYIO YaCTH, 0003HAYAS UX THJIBION ¥ IITPIXOM, COOTBETCTBEHHO:

v=v +70, p=p +p. (12.10)

3aech o © u p comepxkar Oypbe-rapMOHUKHI ¢ BOJHOBBIMH BEKTOPAMH ¢, JeKallUMU B uHTepBase A’ < ¢ < A, rae
A — ynbrpaduonerosas ofpeska. B ganbueiinmem mbl cunraem jorapudmln(A/A’) 60b10i BeIUnIUHON U TPOU3BOIUM
0TOOD 110 ITOMY TTAPAMETPY.

Moncrasnsa (12.10) B sddextusnoe aeiicraue (12.5), MbI HAXOTUM

I=1(v"p)+Z(0,P) + Lint , (12.11)

Tint = /dt d?r {—08P, 0500 + Pav3050a + Patpdaul, } - (12.12)
Hasee, mbl BBOguM 3 deKTrBHOE aeiicreue T’ g MeJIeHHBIX 110J1eil:
exp(il’) = /m Dp exp(iT). (12.13)

MorkHO HAHTH BBIPAXKEHUE [1JIsl MOMPABKHU K 3TOMY JeHCTBUIO, KOTOPOE BOZHUKAET IIPU MHTEIPUPOBAHUU 110 OBICTPHIM
TTepeMeHHBIM:

NT(! ) = T/, )~ T 0) = (Do) + 5 (To) — (T + - (12.14)
3/ech yriioBble CKOOKH O3HAYAIOT YCPEIHEHNE TI0 ‘ObICTPBIM’ (DIYKTYAIIHIM, KOTOPOE SKBUBAJIEHTHO (YHKITHOHAIHHO-
My WHTErpUPOBAHUIO O U U P ¢ BecoM exp[iZ (D, p)|, a MBOHHBIE yTIOBBIE CKOOKH O3HAYMAIOT HEMPUBOJHUMBIE CPETHHE
(KYMYJISTHTBI ).

MpbI uccaeayeM MOMPaBKU B OTHOMET/IEBOM Mpub/vKeHun. Torma HyKHO yIePKATh TOJBKO YJIEHBI BTOPOTO MTOPSIKA
B ‘ObicTpoM’ addexruroM aeiicrBuu Z(0, p), nocuae dero ycpeanenue B (12.14) cBogurcs x [ayccoBbiv uHTErpanam,
KOTOPBIE BBIYUCISAIOTCS SBHO. DTH WHTEIPAJIBI CBOAATCI K CPEIHUM

- dw d®q 4adp !

aB = — —iwt +1 dag — - , 12.1
Gap / (27)3 exp(—iw "‘“1"')( 8 2 ) wrtivg (12.15)
. dw d?q _— Gagp)  2Tvg’
F.p = / np exp(—iwt + igr) <5a5 TR ) s (12.16)

Tepsblit wnen B npasoii yacru (12.14) pasen Hy/I0, 8 BrOpO#l U TpeTuii 4jieHbl cojepxkar jorapudmudeckue (ak-
TOpbl (MMEHHO 9TH 4JIEHbI MHTEPECHBL JIJId HAC), & 60jee BBICOKHE WIEHbI PA3JIOKEHHUS MOLYT ObITh OIYIIEHBI, KAK
HeCyIeCTBEHHBIE.

Cuavana Mbl PAaCCMOTPHUM CJIEAYIONIYIO MONPABKY

1 - - - -
Alz(vlvpl) = §<</ dtl d27ﬂ1 dt2 d27'2 plmvlﬁ8ﬁ’01aplguv2:/5uv2u>> ) (1217)

MPOUCXOJISIIYIO U3 BTOPOTO WwieHa B mpaBoil yactu (12.14). OHa MOXKeT ObITh Tepenucana CIeayoNmM 00pa3oM:

/dt1 d?ry dto d®ry P10 00D, [Faﬂ(t., ) Ey (t,7) + Fou (t,7) F, (2, r)} , (12.18)

7

AT =

ret =t; —ty T = 1] — ry. Tak Kax I GLICTPO yOBIBaET IpH pocTe r B obmacTH r > A'~! a p’ apigerca memaen-
HBIM TI0JTeM (cmabo MersommMes Ha amaae A'~1)| B coorromenmn (12.18) MoxkHO (¢ HEOOXOIHMOH HaM TOTHOCTHIO)
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3aMeHuTh Py Ha p). Torma ormensiercs cremyrommii GaxTop

/ At e [Fop(0.7) By (7) + P (0.7) B (1.7)]

F,
dwd?q  AT?v qaqu 43qy dady 489
_/(27T)3p(uf“+v2 ( )(%_ q2)+(6a"_ q2><§ﬁ“_ qQ)}’

rjie MblI TIofcTaBusM Bhipaskenue (12.16). Ilocaenuuit uHTErpas paseH

T? A
Sptn ™ (G + Goudp + Gaudy) -

Toncrapnsia 310 Bbipakenue B (12.18), Mbl mostydaem

N A/dtd s, 0 (12.19)
1+ = 167'('/727/ A, 10°T1 ﬂpla Bp2a7 .

rJe NPUHATHI BO BHUMaHue ycyaosus Vv = Vp = 0.

Tenepsb Mbl 06CYTAM IpyTHe TONPaBKU, Tpou3BoauMble wienom (Z2,,)) B coorromenun (12.14). Ilpexe Bcero, oH
He MTPOU3BO/UT YJI€HOB, KBA/IPATHIHBIX 10V’ . POpMasibHaAs IPHUINHA 3TONO 3aKJIF0YAETCH B TOM, YTO TAKHe IIOIPABKH
IPONOPIMOHAJIbHBL Tpon3Benennio ['punosckux dyukumii G(t; — to)G(t2 — t1), KOTOPOE PABHO HYJIO, TaK KAK OIMH
n3 BPpEMEHHBIX aprymenToB ['pmHOBCKuX (yHKIUil 371€Cch orpunarenen, a I'punobckas GyaknuaG(t) pasHa HyJIIO
[IPH OTPUIATEIBHOM ¢ B CUJIy HpUYUHHOCTH. TOT akT, 4To B AefCTBUN He BOSHUKAIOT WIEHDBI, KBAJAPATHIHbIE OV
MOXKHO OBLIO NPEIBUAETH 3apaHee, MOCKOJAbKY TaKhe WIeHbl HApYImau Obl (pyHAaMeHTa bHOe cBOicTBO(pp) = 0.

CiietoBaTe/IbHO, TOJBKO CEIYIONAs MOTPABKA

AsT = —i << / dty d*ry dts d®ro Op) o 015010 (Pouvh, Oybay + ;52#«52,,5””;,#)» , (12.20)

JIOJIZKHA OBbITh JOMOJHUTEIBHO IIPUHATA BO BHUMAHKE. [IpsAMble BBIYMCAEHUS, OCHOBAHHBIC HA PA3JIOKEHUH MEJIJICHHOIO
OIS vh,, 710 TIepBOTO TIOPSA/IKa TI0 Pa3HOCTH T — To (KOTOpas mMeeT XapakTepHoe 3Hagerne A'~1), naror

T

A
AQI = ml A/ /dtl d T1 aﬁplaaﬁvla . (1221)

3ameTum, 9TO MOMpaBKa K wieHy p'0;v’ HE MOXKET BO3HMKHYTH M3 AsZ, TIOCKOJBKY BBIPAKEHWE B NIPABOH 4aCTH
(12.20) comepruT IPOU3BOAHYIO D3PL,.

Jlanee, HeOGXOIMMO HCCIEIOBATH TOMPABKY K MeJJIeHHOMY JefiCTBUIO, KOTopas MpoussoauTcs uienom (23 ) B
coorrormennu (12.14). Dra monpaeka Moria Obl PEHOPMHPOBATH WJIEH TPETHErO MOpsAIKa B 3(DEKTUBHOM NeiicTBIN
(12.5). Omako, TIpAMBbIE BRIYHCTICHHSA TOKA3BIBAIOT, uTo cpemnee (I3 ) He TPOM3BOIUT JOTapupMUTIECKIX TICHOB.
IIpuauna 9TOro ABIEHU 3aKII0UAETC B [aMmieeBCKO nHBAPMAHTHOCTH MCXOAHOIO yPABHEHU T, KOTOPAs IIPUBOAUT K
BBIBOJLY, 9TO TOJIbKO ‘TIOJIHASA TTPOM3BOAHAS Op + V40, MOKET BXOAWUTH B abderTneHOe meiicrere. [IocKONbKY OTCyT-
CTBYIOT TIONIPABKH K 1jieHy ¢ pOyv B adderruBHOM neficTeun (12.5), TO TOJKHBI OTCYTCTBOBATH W MONPABKY K UJIEHY
TpeThero mopsaaka B (12.5).

Cpasnubas monpasku (12.19,12.21) ¢ ucxoqubiM BbipazkerueM (12.5), MBI 3aKJII09aeM, 9TO OHU CBOJSITCS K BO3HHUK-
HOBEHUIO MOMPABKU K KOIMDPUIMEHTY BA3ZKOCTH

T A

CoBraieHne MOMPaBOK K BI3KOCTH B PA3HBIX WieHaX 3(D@MEKTUBHOTO NEHCTBUS ABISETCS CISICTBUEM (DIIyKTyAIMOHHO-
nuccunanuonnoii reopembl (®IT), koTopas A0/2KHA BOCIPOU3BOAUTHCS IIPU UCK/IIOUEHUN OBICTPBIX E€PEMEHHbBIX.

Tenepbp MBI MOXKEM pPaCCMATPUBATH IIPOAEJIAHHOE BbIIIE HUCKIKYEHHE OBICTPBIX IEPEMEHHBIX, KaK 3JIeMEHTAPHbIN
IIar MHOTOCTYIIEHYATON IPONeayphl, IPH KaxKJI0M IIare KOTOpoil mapamMeTpsl 3¢p(PEeKTUBHOTO AefCTBUA N3MEHAOTCS
JIUIL He3HaduTebHo. Torma Mbl MOXKEM MepefiTu OT pPasHoCTHOro coorHoriexus (12.22) k muddepeHmagibHOMy
YPABHEHHIO, KOTOPOE ONHCHIBAET W3MEHEHHEe TMAPAMETPOB JeicTBrs mpu yBeamdennn jorapudmal = In(A/A’). Jro
ypasuenue dv/d{ = T /(167pr) NpUBOAMTCS K CIEAYIOMEMY BUIY

dg 9 T

r i A A (12.23)

8mpv2
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Benuuuna g uMeer cmbicy 6e3pa3MepHONl KOHCTAHTHI B3auMopueicTBus (MHBapuaHTHOrO 3apsiaa). st 3aKOHHOCTH
MIPOJIETIAHHOM TTPOIE/YPbl HHBAPUAHTHBIN 3apsji, JOJKEH ObiTh Ma:g < 1.

JList Toro, 9TOOBI HANTY 3HAYEHNE V HA TAHHOM MACIITA0e 1", MOYKHO TPOMHTErPUPOBATH TI0 BeceM Pypbe-rapMOHUKAM
vV U P ¢ BOJHOBLIME BeKTOpamu 1+ < ¢ < A. Iocse roro nosyuntcs 3¢dbdeKTuBHOe MeilcTBHe, B KOTOPOM B3aMMO-
nefictBue ayKTyanuil yxKe HECYIECTBEHHO B cuiy ycaoBud g < 1. JIpyrumu ciaoBamu, 9ToObI HANTH V' HA JAHHOM
macmrabe r, Beo0xoaumMo pemuTh ypasrenue (12.23) u B3arsb ero pemenne npué = In(Ar).

W13 ypaprenust (12.23) cienayer, 9To WHBAPUAHTHBINA 3apsi/ yMEHbIIaeTCs ¢ poctoM Macimraba (¢ pocromé). Takum
obpa3oM, MBI UMEEM JeJI0 C ‘HyNb-3apsaHoi’ cuTyanueii. Ba3kocTsb kev pacrer ¢ yBenndenuneMm MacinTada. Pernenne
ypasrenns (12.23) mveer Bug g = go(l + go€) ™1, e go — KOPOTKO-BOTHOBOE 3HAYEHHE MHBAPHAHTHOTO 3apAja.
TakuM 06pazoM, Ha 60abIuX MacmTabaxg — £~ 1. DTo 3HAYAT, 9TO KHHEMATHUECKAsA BA3KOCTD BLIXOAUT Ha GOIBITHIX
Macmrrabax Ha yHUBEPCATILHOE TTOBEJIeHIe

A
8mp

vV —

(12.24)

SaMeruM, 4TO KpylnHOMacmTabHoe 3HadeHne KO3 uiueHTa BA3KOCTH V' OKA3bIBAETCS HE3ABUCUMBIM OT CBOEIO 3a-
TPABOYHOIO (KOPOTKO-BOJHOBOI'O) 3HAYEHUSI.

Boime Mbt uyuniu 3¢ghdekThl, CBsI3aHHbIE ¢ BUXPEBOI (CojeHOUuAa bHOI) Moaoil. Paccmorpenue Mmoxker 6bITh pac-
IIIUPEHO U HA CIydail TOMHOM ABYMEpPHOW MHIPOINHAMUKHY, KOTIA B PACCMOTPEHUE BKIIOYAIOTCS BCE CTEEHN CBOOOIHI,
CBSI3aHHBIE CO CKOPOCTHIO, INIOTHOCTHIO MACCHI U YAEJIbHON suTpomueii. Ha a3bike cOBCTBEHHBIX MOJI CHCTEMbBI ITO O3HA~
YAeT, 9TO B PACCMOTPEHWE BKIIOYAIOTCS TaKyKe 3BYKOBast M TepMomuddy3nonHas Moapl. OTBET MOIydaeTcss TaKUM
Ke, KaK U JJIg9 PACCMOTPEHHOTO CIydas HeC)KHMAeMOM THAPOSUHAMUKH. A MMEHHO, BCe KMHeTHYeCKue Koahduim-
entsl cucrembl (06a koadunuenra Bazkocru u kodbdunuent repmoguddysun) sorapudMUUECKU PEHOPMUPYIOTCA
U B JJINHHOBOJHOBOM TpeJieie BBIXOAST Ha yHUBEPCATbHOE (HE 3aBUCHIee OT 3aTPABOUHBIX 3HAUEHWI) MOBEIEHHeE,
KOTOpOe XapaKTepusyercs 3akoHoM x /€. BoJiee Toro, NpuBeIeHHOE PACCMOTPEHHE MOYKeT ObITh 060BINEHO Ha ITUPO-
Kuii KJIaCC JBYMEPHDBIX CUCTEM PA3JUIHON cuMMerpuu (KPUCTAJLIA, CBEPXTEKYUell KUIKOCTH, TEKCATUKA, HEMATUKA,
u TaK masee). Peaynbrar okas3biBaeTcd TEM 2Ke, TO eCTh KMHETHYeCKue KOI(DMUIMEHTh CUCTEMBL B JJIMHHOBOJIHOBOM
npejele BLIXOAAT Ha YHUBepcabHOe MoBeJeHne X v/&.

CB0o60gHO IoABeEIIeHHbIE IIJIEHKN

Temepp MBI pacCMOTPHM JAMHAMHYECKHE CBOMCTBA CBOOOIHO IIOJBEINEHHBIX TOHKHX IIJIEHOK. JKCIEPHMEHTAJIBHO
Takue TJIEHKW MOTYT OBITh BBITAHYTHI M3 CMeKTH4ecKoil ¢a3nl. [lo cymecTBy OHU MPEACTABISIOT CODON HECKOIHKO
CMEKTHUYECKHX CJI0EB. DTO UUCIO MOXKET ObITh HEOOJBIINM, TO €CTh TOJIIUHA, TAKON MJIEHKU COCTABJIAET HECKOJIBKO
MOJIEKYJISPHBIX JJinH. Ha macmrabax, 601bIIKMX, YeM TOJIIIMHA [JIEHKH, OHA MOXKET CUYUTATbCs JBYMEPHBIM O0bEKTOM.
OOBITHO TaKWe IJIEHKU MOIBEINBAIOTCS HA PAMKE B BO3IyXe WA B BakyyMme. [[0aToMy cMekThdYecKkas MIeHKA, KaK U
membOpana (cmorpu naparpad 8), obnamaer usrubHOI crenenbio cBOGOAbL. Takum 06pa3oM, CBOGOIHO TIOIBENICHHAS
CMEKTUYECKas [LIEHKA sIBJISIETCS, KAK U MeMOpaHa, IByMEPHBIM OObEKTOM, BIOKEHHBIM B TPEXMEPHOE MPOCTPAHCTBO.
B 10 ke Bpemsi, k03 pULUMEHT LHOBEPXHOCTHOIO HATHXKEHUS CMEKTHUYECKON ILJIEHKW OTIMYEH OT HyJsl, TaK KaK ee
IOMAIb (PUKCUPOBaHA paMKoil. [loaToMy Takas maeHKa MMeeT CBOUM OTJIMYUTEIbHBbIE 0COOEHHOCTH, KOTOPhIE MBI U
U3y UUM.

Mpbr 6yaeM MMETH B BHAY CHUTYALMIO, KOIZJA ILIEHKA CBODOIHO IOJABEIIEHA B BAaKyyMe, W IIOTOMY OTCYTCTBYET ee
B3aHMOJEHCTBIE C OKPYZKaroIleil cpenoii. B HekoTopoi obmacTu MacmTaboB 9TO CIPABEIINBO U JJIs IIJIEHOK, IOIBE-
IIEHHBIX B BO3yXe, B CUJY MAJION IJIOTHOCTH TOCTEIHErO IO CPABHEHWIO ¢ IJIOTHOCTHIO CMEKTHKA. B 3TOM ciiyuae
IJIEHKY MOYKHO OINMCHIBATH B TEPMHUHAX 3aMKHYTO! cucrembl. Hac Oymer mHTEPECOBATH MAKPOCKOIINYIECKAs TUHAMUKA,
ILUIEHKH, KOTOPAasl OLUCHIBAETCS B TEPMHUHAX THAPOAUHAMUYECKUX [I€PEMEHHBIX. JlJIs IJIEHKY TAKOBBIMY SBJISIIOTCS ABY-
MepHas IJIOTHOCTb MACChI, CMEIIeHIe IIJIEHKH, €€ TPEXMEPHAs CKOPOCTh U YAeJbHas IJIOTHOCTH SHTPOIUN. Y PABHEHHE
JIJIsE TTOCJIeTHEH OTIeISeTCs, TO3TOMY Mbl He Oy/IeM pacCMaTPUBATH Ty CTEMEHb CBOOOJIBI.

Mpsi 6yzneM cunTaTh, 9TO B PABHOBECHHU IJIEHKA HATAHYTA BAOJb miockocTuX — Y. Bee BeIMYuHbI, OMMUCHIBAONTHE
COCTOsSIHME IIJIEHKHU, KOIJA OHA HE CJIMIIKOM CHJIBHO OTKJIOHSIETCS OT PABHOBECHs, MOI'YT ObITh OIIMCAHBL B PAMKAaX
[IEpEMEHHBIX, 3aBHCAIIUX OT KOOPAWHAT T U Y. B cOOTBETCTBMM CO CKA3aHHBIM BBIIIE, Mbl BBOJUM IJIOTHOCTD ILJIEHKH
p B TIPOEKITHY Ha TIOCKOCTh X — Y, CMeIleHne IIEHKH U BIOJIb OCH Z, ¥ TPEXMEPHYI0 CKOpOCTH TieHku v. OOparuM
BHUMAaHHME HA TO, YTO ‘UCTUHHAA JBYMEPHAs IJIOTHOCTH [JIEHKKU) (TO €CTh IJIOTHOCTh MACChl Ha, €IMHUILY TOBEPXHOCTHU
mienku) pasia p = p/+/1 + (Vu)? (cpasau naparpad 8), nockoibky MuoKuTEIeM /1 + (Vu)? ormudaercs mwiomnaib
9JIEMEHTQ, IIJIEHKHU U TJIOMIAAb IIPOEKIINK ITOTO IJEMEHTa, Ha, IIOCKOCTEX — Y . IMEHHO OT 3T0# ‘MCTHHHOR MJIOTHOCTH
[ 3aBHCUT, HAIIPUMED, [IOBEPXHOCTHOE HATS?KEHUE [LIIEHKHM .
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,ZLI/IH&MI/ILIGCKI/IG YpaBHEHUA 714 BBEJACHHBIX HaMW BEIUYIWNH UMEIOT cnegyromnﬁ BU

Ou = v, —vaVau, (12.25)
Op = —Valpva), (12.26)
O(pv.) = —=Va(pvav,) + Va [Uvau/\/l + (Vu)Q} , (12.27)
Or(pva) = =V s(pravs) + Vo {o [VI+ (Vu)? duy = VauVsu/ 1+ (Vup? ]} . (12:28)

rje rpedeckuil MHIEKC npoberaer 3HadeHus x,y. ¥pasuenue (12.25) o3Havyaer mMpoCTO, YTO IJIEHKA JBUKETCHA B 3d
[IPOCTPAHCTBE CO CKOPOCTHIO U. ¥ pasuenue (12.26) siBisiercsi 3aKOHOM COXpaHEHHs MacChl, a ypaBHenus (12.27,12.28)
B COBOKYIIHOCTH COCTABJSIOT 3aKOH COXPAHEHWs MMITYJIbCA. B mpaBoil 4acTu TUX yPABHEHWH CTOUT TEH30D HAaIlpsi-
JKEHUH, COCTOSAIINI, KAK 00BITHO, U3 KUHETUYECKON U TMOTEHITHAJIBHOM JacTeil. 3aBUCHMOCTD 0TV U B TIPABOM 9acTu
ypaBuenuit (12.27,12.28) Bo3HMKaeT NpU MPOEKTHPOBAHUYM TEH30DPA HANPSKEHWH, ‘TPUBA3aHHOIO K ILJIEHKE, HA OCH
X,Y, Z, oTHOCHTEIHPHO KOTOPBIX IIJIEHKA MOBEPHYTA HA YTOJI, OMPEIeseMblii Kak pa3V,u.

VYpasuenus (12.25,12.26) sisastorcs TouHbIME, & B ypasHeHusx (12.27,12.28) omymieHbl quccunaTuBHbIe (BA3KHE)
unensl. B ypapnenun (12.27) Takofi 4jien, nponopiuoHaibhbiii V2, (Ipu Masibx u), Boobie orcytcereyer. [Ipudnna
9TOr0 3aKJI0YAeTCd B caeayomem. Eciu 6bl Takol 9jieH NpucyTcTBOBaJ B npaBoil yactu (12.27), To on npuBoaui 6ol
K JMCCHIIAIAE SHePTuHn, mponopunonanbaoil (Vv,)?. IpeacrapuM Temephb cebe, 9TO MIeHKa, KaK MeJI0e, BPAAeTCsa
BOKPYT ocu Y ¢ yrioBoii ckopoctsio (2. Torma v, = Qx u (Vv,)? = Q2, To ecTh Npu HATWYNE BA3KOTO 4eHa B ypaBHe-
uuu (12.27) onHOpOAHOE BpAaIleHUe TLICHKH TIPUBOAMIIO Obl K JIUCCUIIAIIUY IHEPIUH, 9ero ObITh He MoxKeT. [loayyenHoe
[IPOTUBOPEYME U JIOKA3BIBAET OTCYTCTBUE BA3KOrO 4jieHa B ypasuenuu (12.27). [yiaBHbIM JUCCUNIATUBHBIN YJI€H B 9TOM
ypasHeHnu nponopuuonanen Viv,. B ypaprennn ke (12.28) mmeercss oObIMHBIN BASKHH 9JIeH, TPOMOPIHOHATLHDIIT
(mpu Mambix u) V2v,. OHako Ha 60BIKIX MaciTabax JUCCHTAINA, 00yCI0BICHAAsA (DIyKTyallHOHHBIM MEXaHH3MOM,
OKa3bIBAETCS TOpa3ao cuiabHee. IMeHHO 3TOT 3DhEKT MBI U U3ydaeM Jajee.

Jluneapusys ypasuenus (12.25-12.28) nowu, v,, Vo U OTKJIOHEHUSAM HJIOTHOCTU 0p OT PABHOBECHOI ILJIOTHOCTH po, U
HaxO0/1s1 COOCTBEHHbBIE MOJIbI [OJIY YUBIIEHCS CHCTEMBI YPABHEHU, Mbl HAXO/UM, YTO B IJIEHKE PACIIPOCTPAHSIOTC 1Ba
pasHbIX 3ByKa. OUH U3 HUX, KOTOPBIf MOKHO HA3BATH MIPOJOILHBIM, CBSA3aH ¢ (DIYKTYAIUIME IJIOTHOCTH MACCHD o
U JIMBEPTEHTHOM (IIPOAOJILHON BOIHOBOMY BEKTOPY B Dyphe-IpeicTaBieHnt) KOMIIOHEHTOH CKOPOCTUY,. CKOPOCTh
IPOJIOILHOTO 3BYKa ¢ ONpeJiesiaercss u3 cootHomenus ¢; = —do/dpy. Bropoit 38yK, KOTOPHI MOKHO Ha3BaTh W3-
rUOHBIM, CBsI3aH € (DIIyKTYAIIMsIMA CMEIIEHUS U U CKOPOCTBIO U, (TO ecTh ¢ u3rubHbiMu QIyKTyanusmu mienkn). Ero
CKOPOCTh C¢ OTIpeJIeNIfieTCsa W3 COOTHOMeHNs ¢ = o /pg, Tae 0 = o(pg). Kpome Toro, nveercsi cTenenh cBOOOIHI, CBs-
3aHHAs C BUXPEBOIl (COJEHOUIANBHON) KOMIIOHEHTONH CKOPOCTH. 3aTPABOYHO OHA OINUCHIBAETCS B PAMKAX YDABHEHUS
Hagbe-Crokca (12.1). Oanako BA3Kuil 4jieH B 3T0M yPABHEHUH CHILHO PEHOPMUPYETCH 3a cuer (DIIyKTyaruii.

o Toro, 4robbl uccaenoBarb (JIYKTYALMOHHBIE OMPABKH K 3aKOHAM JIUCIEPCUU CODCTBEHHBIX MO/ CBODOIHO
MOMBEIeHHON TIJIEHKH, HAJI0 CHOBA MCMOIh30BaTh (GopMain3Mm, pa3suTeiii B naparpade (10) (Ha mpuMmepe KpuTH-
4ecKol auHamMuku). 1ot (opmanuzM ocHoBaH Ha IhdeKTUBHOM neiicTBUuZ, KOTOPOE CTPOUTCS 110 JTUHAMUIECKUM
ypaBuenusm (12.25-12.28). Hac 6yayT unTepecoBarh TOJIBKO II€PBbIE MONPABKH (BBICIIKE MONPABKH OKA3BIBAIOTCH IIpe-
HeGpeskUMBbIME). [103TOMY JOCTATOYHO COXPAHUTL KBAJAPATHUUHBIA ueH wieH B 3()GdEKTUBHOM NefCTBUN U TJIABHBIH
(ky6uueckuil) wieH B3auMOIEHCTBUISA. ITH BKJI/Ibl UMEIOT CJIEIYIOMMi BUL

Lo = /dt dx dy [pu(atu — Jz/po) + pp(9:9p + Vaja)

+p2 (0= — poci V) + pa(Drja — C?Vaép)} 7 (12.29)
L) = / dt dx dy {pu (7:0p/ P8 — §aVau/po) + p:Va (Jajz/po + cFVaudp)

00 V5 [Jads/ po + poc2Vati¥ gu+ Sagpo(c? — ) (Vu)?/2] }, (12.30)

rae j = pv gBjagercs 2d IJI0THOCTHIO UMIIYJIbCA M BBEIEHBI BCIOMOTATENbHbIE MO P, ‘CONpPsIzKEeHHbIE’ BCEM THIPOIN-
HaMUYIeCKUM TiepeMeHHbIM. [lomuepkaeM, 910 BCIOMOTATEILHOE TTOIEP ‘CONMPSKEHO' WMEHHO MJIOTHOCTH UMITYJIBCA ],
JIJIsT KOTOPOrO MMEET MECTO 3aKOH COXpaHeHUs. DTOT (PaKT MO3BOJSET JOBOJHLHO MPOCTO BBIAECIATH YIBTPADHUOIETO-
BBIE PACXOAMMOCTH ¥ aBTOMATHYIECKN TOJIYIaTh MIPABAIBHYIO 3aBUCUMOCTD (DIYKTYAIIMOHHBIX TIOMTPABOK OT BOJHOBOTO
BEKTOpA.

ITpenebperasi KAHETUYECKUME (BSI3KUMM) UJIEHAMHU, Mbl MOXKEM OrPaHUYUThCs BRAaIOM (12.29) B KBajgparudHoe
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IeicTBre, KOTOPOE MPUBOIUT K CJIELYIOMINM BBIPAXKEHUSIM /151 32TPABOYHBIX 3HAYeHui [ prHOBCKUX DyHKINM

dwd?q w exp(—iwt +iqr)
2 (2, 2(0,0))0 = — —— ) 12.31
(9x(6,7)pe(0, 0o / (27m)3 w? — c2¢? + i0sign(w) (12.31)
dw d*q daqs] 1
(L r)ps(0,0)) = — | L) s L~ o
Ut pa(0.000 = — [ G0t s, - 2] L
dadp w . .
e Eoag +7zosign(w)}BXP(_WH‘]’")' (12.32)

3ech BBEEHbI DECKOHEYHO MAJIbIE 3aTyXaHHsd, KOTOPble 0DECIeUnBAIOT IIPABUILHBIE AHAIUTUYECKHUE ([IPUYUHHbIE)
cpoiicrea ['punosckux dbyukuumit. Beipaxkenne (12.31) cooTBeTcTBYyeT H3rMOHOMY 3BYKY, a Bhiparkenue (12.32) comep-
JKUT B ce0e IBa BKIAIA, IEPBBIH 13 KOTOPHIX COOTBETCTBYET BUXPEBOH KOMITOHEHTE CKOPOCTH, & BTOPOil COOTBETCTBYET
IPOJOIBLHOMY 3BYKY.

IMockosbky B geficreuu (12.29) OTCyTCTBYIOT KMHETHYECKIE YJI€HbI M YJIEHBI, [IPOUCXOJAIINE U3 JIaHKEBEHOBCKUX
CHJI, TIPH €r0 TIOMOIIY HEBO3MOXKHO HAATH 3aTPaBOYHOE 3HAYEHHE MAPHBIX KOPPEMAMOHHBIX (hyHKIri tunauu). O-
HAKO BMECTO yUeTa 3TUX WICHOB MBI MOKEM BOCIOJNb30BATHCA COOTHONEHUSIMU MEXKY MAPHBIMHA KOPPEIAIMOHHBIMH
dyukuuavmu u I'pusoBckumu GyHKIMAMEI, KOTOPBIE CAEAYIOT U3 (DJIyKTYaIMOHHO-Iuccunaimonnoi reopembr (OT)
tuna coorHoriernsd (10.22). B pesynbrare Mbl HAX0AUM B TOM 2Ke npubJvKenuu, Koropoe Beger K (12.31,12.32)

. . dw d?q 5 9.9 . .
(J2(t,7)7.(0,0)) = Wcqupo § (w? — ciq?) exp(—iwt + iqr), (12.33)

(Ja(t,7)j3(0,0))0 = /Ci“;f;f{ [&m - ng"] Tpo 8(w)

+ngﬁ aqTpo 6 (w? — cfq?) } exp(—iwt + igr) , (12.34)

rae T — Temmeparypa.

Beipaxenust (12.31-12.34) ve ucuepnbiBaior Bee I'puHOBCKEE (DYHKIMA U TAPHBIE KOPPEIAIUOHHbIE (DYHKIUI, KOTO-
pble BO3HUKAIOT B Hamell 3agade. OHAKO BCe OCTAIBHBIE (DYyHKITUY JIETKO MOTYT OBITH BOCCTAHOBJIEHBI € HCITIOIH30BAHN-
eM JIMHEJHbIX yPaBHEHHH, KOTOPbIE 3aJ10KeHbI B KBagparudnoM geiicreun (12.29). Hanpumep, ucnosnb3ys ypaBHenue
O¢u = j./po, MBI HAXOAMM U3 BhIpazkerns (12.31)

dw d?q i exp(—iwt +igr)
(27)3 po w? — 2¢® + i0sign(w) -

mwﬂmwmmz—/ (12.35)

Kpowme Toro, Hajo ucnomab30BaTh ypaBHEHUS HA (DYHKINU P, KOTOPBIE MOJIYYAIOTCH MPU BAPHUPOBAHUH JIE€HCTBUU
(12.29). Hanpumep, Bapbupys 1O u, Mbl noaydaeM O + poc2V?p, = 0. KoMOMHUDYsl ypaBHEHUs /s HepeMeHHbIX
u, 0p, v ¥ noteit p, MbI MoxkeM HaiiTy u3 (12.31-12.34) Bee I'puHoBCcKHe DYHKIMT 1 TAPHBIE KOPPETISAIMOHHbBIE (DYHKIIHH.

Temepb MBI IPUCTYITAEM K BBIYUCIEHUIO (DIYKTYAIMOHHBIX MONMPABOK K ['puHOBCKUM (DYHKIMSM M ITAPHBIM KOppe-
JguoHHbIM QyHKIHaM. [aBHbe nonpasku obyciaoBiensb geficreueM rperbero nopgaaka (12.30). Ouu onpenensitorcs
TeMU Ke JrarpaMMaMu, KOTOpbIe TPEeICTaBIeHbl Ha pucyHKax 34 m 35. HamoMHMM, 9TO CIJIOIIHBIE JTUHUU HA STHUX
JUArPAMMax COOTBETCTBYIOT APHBIM KOPPEIAMOHHBIM (hyHKIMAM, B HarreMm ciaydae (12.33,12.34) u romy nomobHoe,
a KOMOMHUPOBAHHBIE JIMHUK COOTBETCTBYIOT ['prHOBCKUM (DyHKIMsAM, B HanieM ciayuae (12.31,12.32) u romy nomobHoe.
Bepinunnbie xe HyHKIUU HA 9TUX AUAIPAMMAX OLPEIEIIOTCd CTPpYyKTypoii geiicreus (12.30).

PaccmorpuM BKIan B [puHOBCKY0 (BYHKINIO (V. P, ), COOTBETCTBYOMIMI JuarpaMme, IPUBEIEHHON Ha pUCYHKE 34.
Hac 6yer naTepecoBarh BhIpazkeHue, cooTBeTcrByioiee nerieG — F' Ha 3TOH JuarpaMMe, KOTOpasi IMeeT CMbICT O/l
HOIET/JIEBOrO BKJIaa B cOOCTBEHHO-9HEpreTrueckylo (byukuuiod. Kak ciemyer u3 crpykrypsr geiicrsus (12.30), onua,
U3 JIMHUEA HA 9TON JMarpaMMe COOTBETCTBYET U3rMOHOMY 3BYKY (TO €CThb KOPPEJSIUOHHBIM (DYHKIUAMU, J,y Dy, Dz), &
JIpyTast INHAST COOTBETCTBYET MPOJOIbHOMY 3BYKY MM BUXPEBON CKOPOCTH (TO €CTh KOPPENSIUOHHBIM (DY HKITHSIM P,
Jas Ppy Pa). DTO CBOKCTIBO SBIAETCH CJIEICTBHEM HHBAPHAHTHOCTH UCXOAHBIX ypaBHeHuit (12.25-12.28) oTHOCHTEILHO
npeobpa3oBanus 4 — —u,v, — —v,. Hac unTepecyer 3nauenue Y BOIU3U ‘MaCCOBOI MOBEPXHOCTH w = £Cgq, TAK
KaK MMEHHO OHO OIIPEJIesideT TaKue HAOII0MaeMble BEJIMYUHDI, KAK 3aTyXaHUe H3THOHOTO 3BYKA WU HAapHYIO KOppeJis-
MUOHHYO0 GYHKIUIO cMetenus u. Vcnonb3ys Boipazkerus (12.31-12.34), mbl 3aki049aeM, 9ToX (w = ¢4q, q) COTEPKUT
MHOXKUTEJb ¢°, CTOAIIAN PU WHTErpaJje, KOTOPhIA PACXOIUTCSA Ha OOJBITUX BOJHOBBIX BEKTOPAX. DTY PACXOIUMOCTH
HaJ10 6610 GBI BKIIIOYNTH B PEHOPMHUPOBKY COOTBETCTBYIONTHIO KO duImenTa Ba3KocTu. OIHAKO MBI YK€ YCTaHOBH-
JI, 9TO B CUJIy CUMMETPHUHU BA3KOCTD JIJIsi U3TUOHOrO jBuKeHus orcyrcrByer. [loaromy ynoMsanyras yiabrpaduonaero-
Basi PACXOIUMOCTD JOJIXKHA, OBITH TTOJIOKEHA PABHOI HYJI0. BhranTast 3Ty pacxoauMOCTh, MbI TPUXOINAM K BBIPAYKEHUTO
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a5 Y/q%, KoTopoe ompeenseTcs HATerpaioM, ‘CHaameM’ Ha BOMHOBLIX BeKTopax~ ¢. HecToXKHBIA aHATH3 TTOKa3hI-
BAET, YTO STOT MHTErPaJl IPOIOPLMOHAJICH 1epBoil crenenn q. Takum o6pasoM, Mbl II0JIy4aeM OKOHYATEIbHO X o< ¢°.
910 o3HataeT, IT0 BMecTO (12.31) MBI HMeeM

dw d?q
(2m)3

exp( iwt +igr)G(w, q) ,

<L@ﬂm@ﬁb=@@ﬂm®ﬁ»=/
2 —2¢? +iwfe?

Gw,q) =— (12.36)

rae 5 — KOHCTaHTa, KOTOPYI MOXKHO OneHuThb, Kak 3 ~ T/(pocr).

I'punosckas dyukims (12.36) onpemesisieT OTKJIUK Ha BHEIIHIOW CANY f, IPUJIOKEHHYIO K CHCTEME BIOJIb OCH Z, 9Ta
CHJIA MOXKET OBITh J100aBJIEHA B IIPABYIO YacTh ypashenus (12.27). TlosroMy 10s102KeHue M0/110Ca B IipaBoii gactu (12.36)
omnpejensier (B JUHEHHOM NPUOIMKEHUN) 3aTyXaHe COBCTBEHHON MOIbI (M3ruGHOrO 3ByKa) C BOJIHOBBIM BEKTOPOMY.
Taknum 06pa3oM, MBI IPUXOIUM K 33aKOHY JHUCIEPCHN

w = *coq —iBq3/2 (12.37)

Jutst u3rnbuoro 3syka. IloguepkHem, 4To 3aTyxanue U3rnOHOIO 3BYKa B (12.37) umeer uucro GIIyKTyanuoOHHYIO PH-
poay. CpaBHuBad 3aBUCUMOCTD 3aTyXaHUs OT BOJHOBOIO BEKTOPAX ¢° ¢ OBLIYHBIM 3AKOHOM OC ¢2, Mbl HPUXOIUM K
BBIBO/LY, 9TO U3TUOHBIN 3BYK 3aTyXaeT caadee, 4eM 3ByK B OOBIYHOI THAPOAWHAMEIKe. B TO JKe BpeMs 3aTyXaHHeX ¢
ropasio CHIbHee, 9eM 3aTPABOYHOE 3aTyXaHHe X ¢*, KOTOpOe BO3HHKAET M3-33 OTCYTCTBHS OOBITHON BA3KOCTH IS
u3rubHOM MOABL. JTO OUPABIBIBAET [IPEHEOPEKEHNE 3aTPABOYHBIM 3aTyxanueM (1, BOoDIe, KHHETUIECKUM YJIEHOM B
YPABHEHUH HA j), KOTOPOE OKA3BIBAETCS MAJIO MO CPABHEHUIO ¢ (DIYKTYAIMOHHBIM B JJIHHHOBOJIHOBOM IIPEJIEe.

Ternepb MbI MOXKEM IEPEHTH K BLIYUCACHUIO TAPHON KOppessinonuoil dbyukimu (j,7,). Ha quarpamme, npeacras-
JIeHHOU Ha pucyHke 35, mmeerca neris F' — F| koropad omnperesnser ‘nonspusamuonnyio’ dyukmuio II. Kak u mra
nerau G — F', onHa u3 juuuii Ha 9TOH AuarpaMMe COOTBETCTBYeT U3ruOHOMY 3BYKY (TO €CTb KOPPEeJsUuOHHbIM (DYHK-
[USIM U, J,), & IPYTas JIUHUST COOTBETCTBYET MPOMOIBHOMY 3BYKY HJIM BUXPEBOI CKOPOCTH (TO €CTh KOPPEJSITHOHHBIM
byHKIMAM §p, jo). Onarb-Taku, HAC HHTEpecyeT 3Hadenue nerau F — F Ha MaccoBoii noBepxHocTu w = *cgq. Toraa
B pe3y/IbTare aHaJIN3a, aHAJOIMYHOrO aHAIM3y 11 X, Mbl HaxoauM 11 o< ¢3. Bosee Toro, kosddunuent mpu ¢° B 11
COBIIAJAET ¢ TOTHOCTHIO 10 Temneparypsi 1 ¢ B (uto ects orpaxenne O/IT). CyMMupyst JeCTHUIHBIE PABI C IETIei
G — F, xoropble BenyT K Bbipaxkenuto (12.36) nyst I'puHoBCKOil dyHKIMEU, MBI MOJIy9IaeM JJisi(j.j,) BBIpaKeHHe,
KOTOPOE MOYKeT ObITh 3aITMCAHO CIEAYIONUM 00pa30M

) 2
(u(t.yu(0.0)) = [ G expl—iwt+ iar) ).

" dw d?q

2(1,7)7=(0,0)) = [ ———=5
G0 = [ 55
276p, ' ¢

(W2 — 2¢%)% + w2 32g5

exp(—iwt + igr)ppw’ F(w, q) ,

F(w,q) = (12.38)

BMecTo (12.33). OTMeTHM COOTHOIIIEHHE

w?po
G(w,q) = L2 F(w,q), (12.39)
2T
KOTOpOe siBjsieTcs BeIpazkeHnem OJIT.

Jlo cux mop MbI paccMaTpUBAJIU TEPBbIE (OIHOIETIEBbIE) BKIAIBL B COOCTBEHHO-9HEPreTUYECKYI0 (DYHKIMIO U 110-
JIAPU3AMUOHHYI0 (PYHKIINIO, CBI3AHHBIE C M3THOHBIM 3BYKOM. BO3HHMKaeT BOIPOC O POJM MOIPABOK 00OJIee BBICOKOTO
nopsinka. OKa3bIBAETCS, 3TU TIOMPABKH SIBJSIOTCS MAJIBIMU TI0 CPABHEHUIO C MepBOoii (pacCMOTpeHHO# Bhiie). MabivMu
OKA3BIBAIOTCS TAKIKE TOMPABKY K BEPITUHHBIM (DYHKIUAM. [TapaMeTpoM, KOTOPBIH OnpeesieT 3Ty MAJIOCTh, IBJISIETCS
oTHOMIeHTe (BIYKTYAIMORHOTO 3aTyXaHua W3IHOHOTO 3ByKa K €r0 JacToTe, TO ecTh3¢?/cs, B coorBercTBmu ¢ (12.37).
IMapamerp 3¢*/cs cTpeMmUTCA K HYMO B JJIHHHOBOTHOBOM IPEIENe, 9TO W OOBACHACT MAJOCTh BBICIIHX MOMPABOK.
IlepBblii ke BKJIAJ B COOCTBEHHO-IHEPTETUIECKYIO (DYHKINIO 00513aTeIHbHO HAJI0 MPUHUMATH BO BHUMAHHUE, TTOCKOIbKY
OH OmpeJesisdeT 3aTyXaHne U3rMOHOTO 3ByKa. TOYHO TakKe Ceayer NMPWHUMATH BO BHUMAHWE TEPBBLIH BK/IAJ B MO-
JIAPU3AIUOHHYIO (DYHKIINIO, TTOCKOJBKY WMEHHO OH ONPENefeT BbIPAXKEHUE Ui MAPHON KOPPEIIIUOHHON DYHKITUN
(12.38).

CupammuBaercs, TOYeMy MPUBEIECHHbBIE BBIIE apIyMEHThI HE TPUMEHUMbI K JIBYMEPHOU TUAPOJUHAMUKE, PACCMOT-
PEeHHOIt B MepBOoil oI0BKHE HAacTOosTIero naparpada? Beasr tam, ckakeM, GOIyKTyallMmOHHBINA BKIA B 3aTyXaHHE 3BYKA
IPOIOPIHOHATEH ¢° (C TOYHOCTBIO 10 JorapudMa), H HOTOMY OTHOMeHne (BIyKTYaHOHHOTO 3aTyXaHHd K JacTOTe
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3BYKa €g MaJio (3/1eCh ¢ — CKOPOCTH 3BYKa). Jesio 3akiodaercsa B ToM, 9T0 B 2d rUAPOJMHAMUKE OCHOBHBIE BKJIAJIbI B
COBCTBEHHO-9HEPTETHIECKY 0 (DYHKIIUIO ONPENENAIOTC NeTaaMu (TUIIa TPUBEACHHON Ha pucynke 34), rae obe auHun
COOTBETCTBYIOT OJHON ¥ TOi Ke Moje. B 3ToM ciydae BO3HUKAET ‘DE30HAHC’, KOTOPBIA MPUBOIUT K 3HAYUTEIHHOMY
‘YCUJIEHHIO', TO €CTh COOTBETCTBYIONINH BKJIAT B COOCTBEHHO-IHEPIETUYECKYIO (DYHKIIHIO OKA3BIBAETCS 3HAYUTE/THHO
6osbiire cBOEH HaWBHON OreHKHU. [Ipu 3TOoM 06CyXKIaeMblil BKJIAI, OKA3BIBAETCA IYBCTBUTEIBHBIM K 3aTYXAHUIO MOIBI
(Bs3kocrn). Hugero momobHOro mist m3arubHOrO 3ByKa B CBODOJHO MOJBEIIEHHON MJIEHKE HE MPOMCXOIUT, NOCKOIbKY
‘PE3OHAHCHBIX JAWACPAMM JIJIE €r0 COOCTBEHHO-IHEPTeTUYECKON (DYHKIMU HET B CHJIY YK€ YIOMWHABIIEHCS WHBAPU-
aaTHOCTY 3(OHEKTUBHOTO AEHCTBUS OTHOCUTENBHO Mpeobpa3oBaHusiy — —u,V, — —U,. MbI yke yOeauancs B 3TOM
Ha, TIpUMEpPe TMEPBBIX IeTeNb, KOTIa OIHA JUHUS COOTBETCTBOBAJIA M3THOHOMY 3BYKY, & BTOPAs — MPOIOILHOMY 3BYKY
N BUXpPEBO# Mome. B wacTHOCTH, [/1s M3ruOHOrO 3BYKa BKJIAILI B COOCBEHHO-HEPIreTHUYECKYIO U IOJAPU3AIHOHHY O
QMYHKIMU HE YyBCTBUTEJBHBI K 3ATYXAHWIO MO/, 9TO W JOMYCKAET HCIOJb30BAHWE 0e33aTyXaTe/IbHBIX BBIPAXKEHUM
(12.31-12.34). Bce 310 onpaBiblBaeT HAUBHBIE ONEHKY JIJisi U3MMOHOTO 3BYKA, IPUBEIEHHBIE BBIIIIE.

OaHaKo yzKe i MPOJIOJIBHOIO 3By Ka (MM BUXPEBOi MOIbl) BOBHUKAIOT ‘DE3OHAHCHBIE’ TUArPAMMBI /15l COOCBEHHO-
SHEPreTUIECKON U MOJISIPU3ANNOHHON (YHKIMI, CBA3AHHBIE C METISIMK, COAEPKAIIUMI IBE JIMHUK, COOTBETCTBY IOIIIE
u3rubHOMy 3BYKY. VIMEHHO 3Ty neryiu (9yBCTBUTENbHBIE K 3aTyXaHWUIO W3rMOHONO 3BYKA) M ONPEENIOT 3aTyXaHue
MPOJOJBLHOTO 3BYKA M BUXPEBOH MOAbL. K CYACTHIO, HUKAKUX BBICIINX MOMPABOK B JAHHOM CJIy4Yae YUYUTHLIBATL HE
HAI0, TaK KAK Mbl MCIOJB3YEM YK€ PEHOPMHPOBAHHBIE BEIMIHUHBI, OTHOCAIINAECI K M3THOHOMY 3BYKY, a MOIPABKH K
BEePIINHHBIM (DYHKITUIM SIBJISIOTCS IpeHeOpe:KUMbIMH. 10 eCTh B HEKOTOPOM CMBICTIE CHTYAIldsi OKA3bIBAETCS TarKe
MIPOIIE, 9eM IIJisi ‘9uCcTOi’ NBYMEPHOM IUADOIMHAMUKHY.

Onpenenny cOBCBEHHO-9HEPTETHIECKYTO X0 3(w, ¢) n nosapu3anuonnyo 11, 5(w, ¢) dyHKIMEA A1 TPOAOIBHOTO 3BY-
K& U BUXPEBOU MOJBI:

U000 = [ L exp(—it +ir)Goslera).
Gas(w,q) = ~w [W?0ap — Fats — wSas(w, )] . (12.40)
Ua(tr)33(0,0) = [ Y exp(ivt +iar) Faslira).
Fap(w, @) = —2Gay(w, @)Ilys(w, @) Gsp(—w, q) (12.41)

BMeCTO 6e33aTyxaTeNbHbIX Bhiparkenuii (12.32,12.34). BeipakeHnsi, COOTBETCTBYIOMIME TIETISAM HA PUCYHKaX 34 m 35,
AT

diw d*k
Lop(w, q) = —c / W (kyak—p + kypk—o — dapkik-) k_qG(wi ki) F(w-, k), (12.42)

1 do d?k
Hap(w, q) = §C§P(2) / 2nF [(’f+ak,@ +kipk-o = dapkik-)

Xy qs (kpnk-s — Oyskik—/2) F(wi ki) F(w_, k_), (12.43)

rae we = wtw/2, ky =k =+ q/2. B (12.43) Mbl COXpAHUIM TOJBKO ‘DE3OHAHCHBIE’ BKJIAJIbI, 00CYKIABIIUECS BbIIIE,
rak uro G u F' oTHOCATCs K M3rubHOMY 3BYKY, OHU OIPe/Ie/ieHbl Bbhipaxkenusmu (12.36,12.38).

Ucnonb3yst cBoiicrBa cuMMETPUU TOJABIHTErPAJLHOrO Bbipaxkenus B (12.43) u coornomenue (12.39), mMbl MoxkeMm
HaiiTn u3 (12.42,12.43) cremyiomiee COOTHOIICHUE

Hanee, mbl nosyaaem u3 dopmyn (12.40,12.41) caenyromee coorHoienue MexKay ['puHOBCKO# (byHKIMEN U napHoOii
KOPPEeNAINOHHON (byHKITHei

Fop(w,q) = Tpolm Gop(w, q) , (12.45)

KOTOpOe siBisierca Buipaxkeranem OJIT.

IMocae moncranosku Beipaxkenuii (12.36,12.38) B dbopmyny (12.42) B MOMyIMBIIEMCST MHTEDAJIE IBHO BBITOJIHSIETCST
WHTErPpUPOBaHUe Mo YacTore . HecaoKHO yOeauThest, 9TO B OCTABINEMCsT HHTerpajie mok oCHOBHON BKJIal Habupaercs
Ha BOJIHOBBIX BeKTOpax k >> ¢. [TosToMy B HEM MOKHO OMyCTHTH 3aBUCAMOCTH OT BHENIHHX YACTOTHIW W BOJHOBOTO
BEKTODA q Be3e, KpoMe CHHIYIAPHOTO 3HaMenaTens Bk® — i(w — csqcosf), rae 6 — yron mexkay q u k. ITocae storo
SIBHO MOXKHO IIPOM3BECTH MHTErPUPOBAHUE TIO AOCONIOTHON BEJIMYNHE BOJHOBOIO BEKTOpak, B PE3Y/IBTATE YEr0 MbI

MOJTy YaeM
iT " [qags . (w a3 w
Sos(w, q) = — . o, (= Sop — (=), 12.4
sl ) 1200023 (L3 | 2 ' \eaq BN R (12.46)
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r7e BBEIEHBI CJIEALYIONNe 0003HATICHU

_[?™df (cos®f —1/2)? . e
<I>z(€)—/0 27 i€ — cos O]/ < + ﬁ) : (12.47)

™ df  cos? 0 sin® 6 . 1
P4(&) = /0 27 [i(6 — cos 0)]1/3 (Z + \/§) . (12.48)

Ecmu & > 1 unu £ < 1, 1o dopmyny (12.47) MOXKHO HEPENUCATh B CACAYIOMEM BUJIE

(7T dO (cos?0—1/2)? [ i
D;(8) —/0 2 € = cos1/F (\BSIgn(ﬁ) + 1) . (12.49)

Hecnoxxio nalitu sHadvenue

2 T i sin?0 cotg — LLGATEB) o
'1%(0) = ;/0 df sin” 6 cos” 0 = ;1—‘(177/6) ~ 10 s (1250)

rae I' — ramma-dyuknua Ditnepa. Boipaxenus (12.47,12.48) onpeneisiorT TakxKe aHAJIUTUYECKOE MPOIOJZKEHUIE
Yop(w, @) HA KOMIIEKCHBIE W.

Temeps MBI MOYKEM HCCIIEIOBATH PEHOPMUPOBAHHBIE 3AKOHBI TUCIIEPCHHY POOILHOTO 3BYKaA 1 BUXPEBOii MO, KOTO-
pbie onpeensitores ocoberHocTsMu (osrrocamu) I'purosckoit byakimnGog(w, ). Hoacrasnss (12.46) B (12.40), Mbt
HaXOIWUM BbIpakenmue jis ['puHOBCKON (DyHKINH, KOTOPOE PACIAAeTCs Ha MPOJOJBHYIO U TOMEPEIHYI0 BOJTHOBOMY
BEKTOPY ¢ YaCTH, KaK Pa3 U COOTBETCTBYIOIIWE IIPOIOJBHOMY 3BYKY M BUXPEBOH MoJe. B 1pOsoJibHYIO0 KOMIIOHEH-
1y I'punosckoii dyuximu sxoaut dbyakuus (12.47), apryMeHT KOTOpOi MOxKeT OBITH B3AT paBHBIME = *¢;/cs. B
PE3yJIbTATe MBI HAXOIMM 3aKOH JAUCIIEPCHU MTPOIOTHLHOTO 3BYKA

iT s

T SR

(I)l (:I:CZ/CS) . (12.51)

Tockosbky ®; uMeer Kax AefCTBATEIbHYIO, TAK M MHUMYIO 9acTH, TO COOTBeTcTByIOmmi wien B (12.51) maer Kak
3aTyxXaHue 3ByKa X ¢5/3, TaK U NONPABKY K €ro CKOPOCTH (HECYIIeCTBEHHYIO B JIJIMHHOBOJHOBOM mpezene). B mome-
peunyio kommonenTy I'punosckoil dyukuuu Bxoaur dyukuus (12.48), apryment KOTopoii MOXKeT GbITh B35T PABHBIM
& = 0. B pesyabrare MbI HAXOIUM 3aKOH JTUCIIEPCUU BUXPEBON MOIBI

w=—iC¢®3, C= L@(o). (12.52)
12poﬂ2/3ci/3

Totr dakr, uTo B pagoit vactu (12.52) crouT i, 03HAIAET, YTO BUXPEBAst MOJIa COXPAHSET CBON YHCTO 3aTyXaTeIbHBIH
xapakTep. OmHako BMecTo a1 Y3NOHHOTO 3aKOHA PACIIIBIBAHNST BUXPEBBIX BO3MYINEHWH BO BPEMEHN MMEET MECTO
amomambHas auddy3is, Koria XapaKTepHblii pa3Mep Bo3MyInenns pacrero ¢/,

[Tony4ennsle GbopMysnbl TO3BOIAIOT TaKKe JETAJbHO IPOAHATU3UPOBATH MAPHYIO KOPPEJAIMOHHYIO (DYHKITHIO
Fos(w, q), ucxonsg us coornomenus (12.45). Hanpumep, /s HOMEpevYHON KOMITOHEHTHI, COOTBETCTBYIOIIEH BUXPEBOi
MOJIe, MBI TIOJTY9aeM

2TpoCq°/?
F=— 2,10/3 ° (12.53)
w2 + C2qt0/
Taxum 06pa3oM, MBI ITOJyYaeM o 9acTore JIOpeHInAaH, KaK 1 B OOLIMHOHA THAPOIUHAMUAKE, HO MIXPHHA 3TOro JIopeH-
[UAHa, AHOMAJBLHO 3ABUCHT OT BOJHOBOTO BEKTODA.

TMoneenem mror Hamero pacemorperus. OKazanoch, 9TO Jyisi CBOGOIHO MOABENIEHHON TIEHKY TEILIOBBIE (DJIyKTY-
AUy UIPAIT YPE3BBIYANHO BAXKHYIO POJIb B JUHAMHUKE, [IOJHOCTHIO ONPEdesds AUCCUIALMIO SHEPrUK Ha, OOJIbIIMX
Macmrabax. JTo IPUBOIAT K AHOMAJILHLIM CTCICHHLIM 3aKOHAM 3aBHCHMOCTH 3aTYXAHHUA BCEX THAPOIHHAMUTCCKHX
MOZ OT BOJIHOBOT'O BEKTOPA, a TaKXKe K aHOMaJIbHBIM 3aBHCHUMOCTAM OT BOJIHOBOI'O BEKTOPaA XaPaKTEPHBIX YaCTOTHBIX
IIAPYH W AMILIATY/T TAPHBIX KOPPETAIHOHHBIX QYHKINN MIYKTYUPYIOIINX BEIUYnH. B TO ke BpeMs B3anuMOIEHCTBHUE
THAPOINMHAMUYIECKHNX BEJIMYINH OCTACTCA Cﬂa6bIM, " IIOTOMY B IVIaBHOM HpI/I6J'H/I)KeHI/H/I X CTaTHCTHUKY MOXKHO CYHTATb
layccoroi.



105

3agaun

3amauga 12.1
PaccmoTpuM AByMEPHYIO THAPOAMHAMHUKY. [IpenmosoKumM, 910 cKalsapHoe moJied OMMCHIBACTCS CASAYIONIM CTOXa-
CTUYECKUM yPABHEHUEM

(0y +vV)0 = DV?0 + 1y,

rje v — MoJjie CKOPOCTH, KOTOpoe yiaoBjersopgaer ypasuenuio Hapne-Crokca (12.1), an — JlanxkeseHoBckas cuiia,
KOTOpad obmamaer I'ayccoBoil CcTATHCTHUKON € MapHOH KOPPETANUOHHON (PyHKIIHei

<’I7(t1,7‘1)77(t1,’l"2)> = —QDT(S(tl — tQ)VQ(S(Tl — 1“2).

Haijitn ypaBHeHne peHOpM-IpyIbl 151 Ko3ddunmenTa auddysuunD.
3agadga 12.2
Brisecru Boipakenua (12.33,12.34) nyia 6e33aTyXaTe/IbHBIX NAPHBIX KOPPEJSIUOHHBIX (DYHKIMIA.
Samaua 12.3
IMonyuuTs sIBHOE BhIpayKeHUe Jjis mapamerpa (3, burypupyoImero B Beipaxkenusax (12.36,12.38).

13. ITACCHUBHBIN CKAJIAP B XAOTUYECKOM ITIOTOKE

[Tpobiema mepeMeniuBaHusa B MKHUJIKOCTH PA3JIMYHBIX J00ABOK BBI3BIBAET OOJIBIION WHTEPEC H3-33 HECOMHEHHOIO
dbyHIaMEHTATHLHOrO 3HAYEHUS TPOOJIEMBL U PAa3HOOOPA3HBIX MpuiiokeHuit. CKOPOCTh MepeMennBaHus IPe3BbIUaiiHo
YYBCTBUTEIHHA K XapaKTEPy THIPOINHAMUYECKOTO JIBUYKEHHUsT, BO30Y¥KIaeMOr0o B KUJAKOCTH. Mbl OyIeM HCCIeI0BATh
[OBEJIEHNUE TAK HA3bIBAEMOI'O NACCUBHOIO CKaJgpa (KOTOPbI MOXKeT GbITh TeMIepaTypoil Wiiu KOHIEHTPAIMei puMe-
CH) B XAOTHYECKOM WU TypOyseHTHOM TOTOKE. [IpmiararenbHoe ‘macCuBHBIN OPU CJIOBE CKAJAD O3HAYAET, YTO €r0
obpaTHoil peakineil Ha JKUIKOCTH MOYKHO TPEHEOPEUh. DTO CNpaBEIJIUBO s Pa3baBIeHHBIX PACTBOPOB W JJIsl OTHO-
CUTEIBHO CJTa0bIX (DAyKTyarmii Temeparypbl. Mbl OyeM WHTEPECOBATHCS CTATUCTUICCKUME CBOMCTBAME MACCUBHOTO
CKaJIAPa B XA0TUYECKUX KPYITHOMACIITAOHBIX ([JIaIKUX) HOTOKAaX. Takoro copra ABUXKEHUE MOXKET ObITh BO30YXK/IEHO
B KUJIKOCTU UCKYCCTBEHHO WJIM BO3HUKATH B PE3YJIbTATE PA3BUTHHA KPYIHOMACIITAOHBIX HEYCTONYMBOCTE, HAIDU-
Mep, B pa30aBJIeHHBIX TOJIMMEPHBIX pacTBopax [32]. Teopusi Takoro copra nepeMenmBaHusi, BOCXOASAMAs K paboram
Baraenopa [33, 36] n Kpaiiunana [34], Obuta cyiecTBeHHO pa3BuTa B mocsenHue rogasl [35, 37).

Hapany ¢ nepenocom ckaigpa KUAKOCTbIO umeer Mecro ero auddysua (repmopuddysug). ITu aBa MeXaHU3MAa
OTIPEIETISIOT IBOJIONUIO PACTIPEIETEHNST CKAJIAPa B MPOCTPAHCTBE-BPEMEHH, KOTOPAast OMUCHIBACTCS YPABHEHUEM.

010 + vV = kV?0, (13.1)

TJle ¥ — CKOPOCTh MOTOKA, U Kk — Ko3dduinenTt mquddy3un. Mbl cautaeM KHUIKOCTh HECXKUMAaEMOH, TO eCTh MoJjiaraeM
Vv = 0. ®opmasbroe pemenue npobaembl Konmu s ypapuenus (13.1) Moxer 6bITh 3aMCAHO B CASAYIONIEM BUIE

O(t2) = Texp {/t2 dt [—v(t)V + kV?] } 0(t1), (13.2)

t1

e T exp o3HaYaET XPOHOJIOTHIECKH YIOPSAIOIEHHYIO SKCIOHEHTY.

MBI paccMaTpuBaeM CIy9aiHbIl MOTOK, KOTOPBIH JTOJIYKEH XapaKTepU30BAThCsT CTATHCTHYECKN (dYepe3 KOppeJsiiy-
ounble (GyHkImu ckopoctr). Mbl npeanogaraem, 9To CTATUCTUKA TTOTOKA OJHOPOJAHA 110 BPEMEHU, HO MOXKET ObITb,
BOOOIIE TOBOPsA, HE OJHOPOJHA B IPOCTPAHCTBE. MBI cuuTaeM, 9TO CpedHAd CKOPOCTh paBHa Hymo. Torma mepBoit
HEHYJIeBOH KOPPEeTANNOHHON DYHKIMEH CKOPOCTH SABJISIeTCA MapHasd KOppeasiuonHast GyHRIms(vq (t1, 71)vg(te, r2)).
3mech yraoBble CKOOKH O3HAYAIOT YCPEIHEHUE TI0 BPEMEHH, KOTOPOE MOKeT OBITh 3aMEHEHO Ha YCPEIHEHHE TI0 PeasIn-
3amusaM CKOPOCTH. B CHIy OIHOPOIHOCTH CTATUCTUKHU CKOPOCTH TI0 BPEMEHU BBEJEHHAS KOPPEJANMOHHAS (DYHKIMS
3aBUCUT TOJBKO OT PA3HOCTHW BpeMeH i1 — fo.

B o6imemM ciydae uccaeaoBaline CTATUCTUKA CKOPOCTH B CJIyYaiiHOM IIOTOKE 3aTpyaHuTensho. Mccienopanue cyiie-
CTBEHHO YIIPOINACTCA, €CJIN BpeMA KOPPeJAUU CKOPOCTUT MHOI'O MEHBITIE XapaKTEePHOTO BPpEMEHU 3BOJIIOIUN TTaCCUB-
HOIO CKaJigpa (Bpemenu nepemernuBanus). IMEHHO TaKyIO CUTYAIMIO Mbl UMEEM B BUY B majbheiimem. Kax BusjHo
u3 (13.2), ckopocth BxOmuT B HOPMANBHOE DENIeHNe JJisi TACCHBHOTO CKAJNAPA B WHTETDAJIBLHOM IO BDEMEHH BUIE.
B stom cayyae B cuny Ilenrpanbaoit Ilpenenbuoii TeopeMbl Ha BpeMeHAX, MHOIO OOJBLIIMX BPEMEHH KOPPEIAlUH
CKOPOCTH T, OHA, MOKET CUMTATHCA [aycCOBOH MEpeMeHHOMH, CTATHCTUKA KOTOPOH MOMHOCTBLIO ONMPEeNensercs MapHO
KOPPENANHOHHON DyHKINEN CKOPOCTH.
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B ciyuae KOpOTKO-KOpPPeIHPOBAHHON BO BpeMEHH CKOPOCTH MOKHO IIOJYYHTh 3aMKHYTbLIC YPaBHEHHUS IJisd KOppe-
JIAIMOHHBIX (DYHKIUH maccuBHOro ckassipa. O0baCHUM, KAK 9TO MOXKHO CIAEIATh.

BosbMeM pasHOCTh BpeMeH to — t; MHOTO OOJBIEH, 9eM BpeMs KOPPENAMHA CKOPOCTH T HO MHOTO MEHBINE, YeM
XapaKTEePHOE BPEMs IBOJIONWA CKAJAPA (TaKO# 3a30p CYIECTBYET B CJyYae KOPOTKO-KOPPEIUPOBAHHON BO BPEMEHH
CKODPOCTH), U UCCIEAyeM W3MEHEHHME MACCHMBHOIO CKaJdpa Ha BpeMeHHOM uHTepsane(t1,ts), KOTOPOE ONpejeIseTcs
ypasrenueum (13.2). B arux ycaopusax aprymenrt T-akcnorenTsr B (13.2) siBiasiercsa Masbiv napaMerpoM u'l-3KCIOHEeHTY
MOYKHO PA3JIOKHUTEL B PAl. JOCTATOYHO yIEP:KATh IBa MEePBBIX WICHA 3TOTO PA3JIOKCHHS:

O(t2) ~ O(t1) + (t2 — t1)KV?0(t1) — /tz dtv(t)VO(t1)

+ / " / "t (t)Y () VO] . (13.3)

Crieiy1omum maroM siBiIsieTcsa yCpeIHeHne 0 CTATHCTUKE CKOPOCTH B UHTEPBaJiet], to. DTO yCpe HEHNE HE3ABUCHMO
OT TIOBeJIeHUsI CKOPOCTH Tipu t < t1 U t > to W3-3a yCaoBus tg —t1 > 7. YepeHsis, cKazkeM, Boipazkenue (13.3), MOKHO
[OJIYYUTH BbIPAYXKEHUE JJisi CPEIHEro 3Hadenus (f) NacCUBHOrO CKaIsapa

(O(t2,7)) = (0(t1,7)) = (t2 = 11) 6V (O(t1, 7))
+(tz — 1)V [Dap(r,7)V5(0(t1,7))] , (13.4)

Dos(r1,7r2) = /000 dt (v (t, m1)va(0,72)) . (13.5)

IIpu BBIBOMIE MBI HCTIOB30BAH yeaIoBHe HecxkumaemMoctu Vo = 0. Besmuuna D, g(r, 1), BXOnsmas B ypassenue (13.4),
0OBIYHO HA3bIBaETCA TeH30pOM TypOysienTHOM muddysun. [lockombkyts —t1 MHOTO MEHbIIE, YeM BPeMs IepeMernnBa-
HUsI, TO TIPABast 9acTh ypasaernd (13.4) aemsterca manoit monpaskoit k(#). CrnemosarensHo, ypasaerue (13.4) moxer
ObITh LIEepenucana B guddepeHiuanbHoil popme:

01(0) = Vo [Dap(r, )V (0)] + kV(6) . (13.6)

AwnanornanbiM 06pasom, craprysi ¢ ypasaerusd (13.2), MOXKHO IOJyYUTh 3aMKHYTbIE YPABHEHUS JJisi BHICIIUX KOP-
pensunoHHbIX GyHKIui 0. Hanpumep, ypaBueHue Ajs MapHOM KoppeadanuoHHoil pyukiuu F' umeer B,

OiF (t,r1,7m9) = K(V3 + V3)F (13.7)
+Via [Dag(r1,71)VigF] + Voo [Dag(re, 72) Vo F]

+Via [Dag(r1,72)VogF] + Voo [Dag(re, 71)VigEF] ,

F(t,r1,r2) = (0(t,71)0(t,12)) . (13.8)

B obmmem Bume, ypaBHeHHE A1 KOPPEIAINOHHON PYHKIUNN-TO MOPSAKA TACCUBHOTO CKaIapa F),, nMmeer BHI

O Fy =k zn: Vi Fn
m=1

+ Z vma [Daﬂ(rm>""k)vkﬁFn] 5 (139)

m,k=1

E,(t,r1,...,7m) = (0(t,r1)...0(t, ). (13.10)

Crpykrypa ypasuenus (13.9) BojiHe IOHATHA: SBOJIIONUS KOPPEJAIUOHHBIX (DYHKIMI TACCUBHOIO CKAJIsAPa, ONPeie-
JIETCs COBMECTHBIM JefcTBreM OObIMHON (KakK 4acTo roBopsT, MOJIeKyssapHoil) nuddy3un (epsblii YieH B IPaBOii
9acTH ypasHeHus1) U TypOymeHTHON muddy3un (BTOpoii WieH B MpaBoil 4acTH ypPaBHEHMUS).

B manbHeiinem MBI cOOMpAEMCsST M3JI0XKUTH CJAETYIONUE OCOOEHHOCTH CTATUCTUKU TMACCUBHOTO CKAJISAPA B KPYITHO-
MaCIITA0HOU TI0JI€ CKOPOCTH:

o Tlaprast kKoppensanuoHHas DYHKIUS CKAJIAPA MPUA HAJUIUU TOCTOSHHOTO BOPOCA, ee TOTapudMUIeCcKuil Xapak-
Tep.

e Bricine kKoppensnuoHabe (DYHKIMY CKAJISIPA TPH HAJUYIUN TOCTOSHHOTO BOPOCA, X JorapuMMUIecKuil Xapak-
Tep.
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e DKCIOHEHIIMATLHBIE XBOCTHI OJHOTOUYEYHOM (DYHKIIMU PACTpPEIETEHUT BEPOITHOCTA TTACCHBHOTO CKATIAPA, CHIs-
IIe HA PEJKUX COOBITUSIX.

e CB0GOIHAS HBOSIONMSA MTACCHBHOTO CKAJISIPA, €r0 SKCIIOHEHITHAJILHBIH XapakTep. CTeneHHON XapakTep MOBEIeHsT
KOPPENANUOHHBIX (DYHKITHI TACCUBHOTO CKAJISIPA, B ITOM CJIydae.

MO2KHO BIIICATH XBOCT PDF AJid ITOJIMMEPOB.

SAKJ/JITFOYEHNE

Mpbr paccMoTpesn psaf Caydaen, Korga MyKTyanun KPyITHOMACIIAOHBIX BEJUYUH B KOHICHCUPOBAHHON Cpele ur-
pPalT BarXKHYIO POJb B (GOPMUPOBAHUE MAKPOCKOMMYECKUX CBOMCTB CHCTEMbl. B OCHOBHOM MBI H3y4asii PABHOBECHOE
COCTOSTHUE CPEIIbI, KOT/IA (DIYKTYAIlMY BBI3BIBAIOTCS TEMJIOBBIM JIBUKEeHWEeM. TerioBbie (DIyKTyalun IJisi KPymTHOMAC-
ma0HBIX BeJIMYWH OOBIYHO OBIBAIOT MPEHEOPEKMMBIMU, HO B OMPEIEJEHHBIX YCAOBUIX MOTYT OKA3aThCS CYIIECTBEH-
veiMu. B 10O ke Bpems posb QuiyKTyanuit KPyMHOMACIIAOHBIX BEJIMYNH PE3KO BO3PACTAET, €CJIN CUCTEMA, HAXOAUTCS B
HEPABHOBECHOM cocTosinuu. Kitaccuueckum npuMepoM Takoro pojia ABJISeTCs THAPOJAMHAMUYECKAS TyPOYJIEHTHOCTD,
KOTOpAas XapaKTEPU3YeTCs XA0TUIECKUM XaPAKTEPOM IBUXKEHUs YKUIKOCTHU, PEATUIYIOIIUMCS TTPU OOJIBITAX IUCIax
Peiinonaca. B atom cnyuae ammauryna GaykTyanuwii CKOPOCTH OKA3bIBAETCS HAMHOTO 0OJIbINIEe TEITOBBIX (DIYKTYa-
mmit. K coxanennio, TypOy/IeHTHOCTh HAXOOUTCSI BHE PAMOK HACTOSIIETO TTOCOOH, TOCKOIbKY OHA SIBJISAETCS OOIbIION
00JTaCThIO HAYKH, KOTOPOI1 MOCBSINEHBI COTHU CTATEl M OeCITKH MOHorpaduii. B To ke Bpems obmmii moaxomd K pe-
MIEHUI0 TUAPOJAMHAMUYECKAX 33349 MO JIyXy OJM30K K TOMY, KOTOPBIH u3jaraercs B HacToseMm mocobun. Tor ke
TOIXO/T MO2KeT OBITH MCIIOJb30BAH JJis APYTUX HEPABHOBECHBIX cuTyarmii. HekoTopoe mpecTaBierHne 0 TaKOTO POIa
3amadax gaet pazodbpannas namu npobaema KII3. Takum 06pa3oM Mbl HAJEEMCsI, 9TO HACTOLAINEE MOCOOUE COMEPIKUT
HE TONHKO HHQOPMAIUIO O 3asBJIEHHDIX B OTJIABJEHUN SBJIEHUAX, HO U TaKyKe W ODIIUil TIOJXO0/T, KOTOPBIH TO3BOJIUAT
YUTATEJ0 CAMOCTOATENBHO BBIMTH 34 KPYT 3THX ABJICHUIL.

IIpunoxkenne A: YPABHEHUE ®POKKEPA-IIJIAHKA

B nmacrodmeM mpuioKeHWH MBI PACCMOTPHM TaK Ha3bIBaeMmoe ypasHeHme Pokkepa-llnanka, KoTopoe OTHOCHTCA
K CHCTeMaM, JTWHAMWKA KOTOPBIX IOJBEPraeTCs BO3/EHCTBUIO BEJIWYMH, XaOTHUYECKU M3MEHSOIIHECS CO BPEMEHEM.
Takue cucTeMbl OIUCHIBAIOTCS YPABHEHUAMHU, B KOTOPBIX IIPUCYTCTBYIOT JlaHKeBeHOBCKUE (CaydaiiHbIe) CUJIbI, TAKUE
yPaBHEHUsI HA3BIBAIOT OOBIYHO CTOXACTHIECKUMU. B 3TOM Cilydyae HE MMEeT CMBICIIA N3yYaTh PEIleHne TUHAMUIECKUX
YyPaBHEHUH MpU JTAHHOM 3HAYEHUW CJAYYAfHON Cuibl (KaK OOBIYHO TOBODST, NPHU JAHHON €€ Deasu3alluu), & UMeeT
CMBICJT PACCMATPUBATH BEJUIHHBI, YCPETHEHHBIE TT0 MHOTUM peasiu3aiiusiM. OObITHO MTOBEICHNE PEIIEHUsT TPH JTAHHON
peasiu3anuu Cay4daiiHol cuibl Ha GOIbIIUX BpeMeHaX (Ha BPEMEHAX, HAMHOIO MPEBBINIAIOIINX BPeMs KOPDPEe/sIuu
Cy9aifHON CHITBT) GIM3KO K yCpemTHeHHOMY. MOXKHO OIEHHUTh W THIMYIHOE OTKJIOHEHWE OT CPETHETO.

Mpr HauHEM C TIPOCTEHTIIEro OJHOMEPHOTO CAydasi, KOTJa WMEETCS BCEerOo OJHAa KOOPJAWHATA T, TTOMTUHSIONASCS
CJIeIYIOIIEMY CTOXaCTHYECKOMY YDPaBHEHUIO

Ore = g(x) + (1), (A1)

rae g(z) — mexoropas dyHKIMs & (Kak 0OBIMHO rOBOPAT, nerepmuaucTKag GyHxmms), a((t) — cuyqaitnas dbyHknns
BpeMenn. Takoro copta ypaBHEeHHE BOSHUKAET, HAIIPEMED, MTPU BI3KOM JIBUKEHUM YACTHIIHI BO BHEITHEM nosie (Toraa
Z — KoOpAMHATa 3T0H yacTuilbl). Mbl Oymem cuurars, uro((t) — 6emblil myMm, 7o ectb 4To ((t) KOPOTKO KOPPEJIUPOBAHO
1o BpeMenn. Torma cpefmee IO peaJu3alusaM IIyMa MOXKeT ObITh 3allHCAHO B CIEIYIOMEM BHIE

(¢) =0, (C(t1)C(t2)) = 2C 8(t1 —ta) (A2)

rae C' — HEKOTOpas KOHCTAHTA, XapaKTePU3yOIIas MOIHOCTD IIyMa.

O6bexT, KoTOphIil HAC Oymer uHTEpecoBaTh — PyHKIUdA pacupeneenus seposgraoctuP (¢, x). Bymem cumrarb, 4To
npu t = 0 3naqenwe x bukcnposano: © = zg. Toraa nmpu t = 0 P(z) = 6(z — xp). 3aTeM T HAIMHAECT U3MEHATHCA
co BpeMeHeM B coorsercTBuu ¢ ypasHerueM (Al). Ilpm paccMorpenuu MHOrMX peanmsanuil mymad(t) BOSHUKAET
MHOI'0 PA3HBIX TPAGKTOPUIl, TO €CTh BO3BHUKAET HEONPEIEJEHHOCTh B TOJIOKEHUH YaCTUIIBL. DTa HEONPEIEJIeHHOCTD 1
[IPUBOJUT K ONKMCAHMIO B TepMHMHAX (DYHKIUM pacupenenenus sepoaruoctu P (¢, x). Ee cMbica 3aka09aercs B TOM,
YTO, HAIIPUMED, cpejiHee ([0 Peanu3alugaM IyMa) 3HAYEHHE T PABHO

(@ (t)) = / de Pt o). (A3)



108

AnanornaabiM o6pa30M OIIpeaenAr0TCA BBICIINE MOMEHTDI:

(z"(t)) = /dx P(t,x)x™. (A4)
OTKIOHEHUST T OT CPETHErO 3HAUCHUS XapAKTEPU3YeTCsT KBAAPATHIHBIM OTKJIOHCHHEM

(@) = (& — (2))*) = (2?) — (2)*. (A3)

I senmaunsl P (¢, £) MOXKHO HOLYYUTh AUHAMAYECKOE ypaBHeHHe. g 3TOro pacCMOTPUM H3MEHEHHex Ha HEKO-
TOPOM HeBOJIBINOM, HO KOHeYHOM WHTepBajie Bpemenu At. W3 ypapuenns (A1) HaxomuM s JaHHON pean3ariiu
yMa

t+At
Ar= [ arlgle) + c(t)). (46)

Benuuuna P(x) dx onpenesier BEPOATHOCTL TOTO, YTO [IPU YCPEJAHEHUH 110 PEATUIAIUAM [IIYMa, TPAEKTOPUS TIONAAET
B mHTepBaa dr. IIOCKOMBKY IMIyM MPEaIoaraeTcsa KOPOTKO-KOPPEIMPOBAHHBIM II0 BPEMEHM, YCPEIHEHWEe, BEIyIIee
K P(t + At,z), MOXKXHO NPOU3BOAUTL HE3aBUCHMO Ha BpeMeHHbIX muTepBasax (0,t) m (¢,¢t + At). Ilepoe u3 3Tux
ycpenuenuit gaet P(t, x), a Bropoe mo3sossier mepefitu or P(t, x) x P(t+ At, x). [IosToMy EMeeT MECTO COOTHOIICHHE

P(t+ At,z)de = (P(t,z — Ax)d(x — Ax)), (AT)

rJie B IIPaBOil Y4aCTU MPOUCXOAUT YCPEIHEHHe 110 CTATUCTUKE IyMa Ha uarepsaie(t, t + At). Packiagpisas 3T0 COOT-
mormernne o Az n At v COXpaHss TJIABHBIE WIEHBI 3TOTO PA3IOKEHHS, MbI TIOJIYIaeM

OP(t, x) At = =0, P(t,x)g(x) At — P(t,x)0.g(x) At
t+At 1 t+At
- <am7><t,x> / dt'<<t'>> +3 <a§7><t,x> [ dnan <(t1><<t2>> .

YunreiBast Terepsb coorHomeHust (A2) u cokpamas HaAt, MbI HAXOIUM OKOHYATEIHHO
0P = —0,(gP) + CO*P. (A8)

D70 u ectb ypasuenue Poxkepa-Ilianka. OrmernM, 910 NpaBas 4acTh ypasuenus (A8) umeeT BUJL MOJTHOM TPOU3BOI-
HOI. DTO rapaHTUPYET COXPAHEHUE WHTErPAJIa f dx P(z), KOTOPBI ABJISETCH TOJHON BEPOSITHOCTHIO, TO €CTh JOIXKEH
OBITH paBeH eINHUIIE.

AnbrepHaTUBHBIM CIIOCOOOM BBIBOJIA ypabHeHUs (A8) siBisieTcsl mepexol] K ITUCKPETHOMY BPEMEHH, KOT/Ia BMECTO
ypaBuerus (A1) MbI UCIIOIB3YEM PA3HOCTHYIO CXEMY

Ar = Tpp1 — Ty = [g(20) + Cale, (A9)

rJie € - mmar no BpeMeHn. AHaJoroM ke cooTHormennii (A2) spasercs

<<n<m> = 95nm7 <Cn> =0. (AIO)

€

Bripaxkerns (A10) MOKA3BIBAIOT, YTO PEANTU3AIMHA IITyMa HA PA3HBIX IIATAX HE KOPPETUPYIOT, TO €CTh yCPETHEHNE HA
KaXKJJOM IIare MOYKHO MPOU3BOJAUTH HE3ABUCUMO. JTO BEIET K COOTHOIIEHUIO

Prii(x)dx = (Py(t,x — Az)d(x — Az)), (A11)

KOTOpOe siByistercsi anasorom (AT). PackiaspiBas npasyio yactb ypasHerus (All) u IpoM3BoOjs yCpeIHEHHe ¢ TOMO-
mpio (A10), MBI HAXOIUM JUCKPeTHBIH anamor (A8):

Prt1 — Pn = [—0:(gPn) + C@iPn] €. (A12)

Paccmorpum B KagecTBe NpOCTERIEro npuMepa Ciaydail guHeitHoil ‘cuner’g: ¢ = —Gx, toe G > 0. Torna ypaBaenne
dokkepa-Tlnanka (A8) umeer cieayroliee pereHue

G Gz?
P= \/2770[1 ~exp(—2G1)] 7P {_ 201 — exp(—2Gt)] } ) (A13)
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KOTOpOe cooTBeTcrByer HadanbHoMy ycsoBuio P(0,z) = 0(x). Mbl BuguM, 4To cHauasa QyHKIUS DPACIPEIETEeHNs
‘pacIIbIBAETCs’, 8 3aTeM BBIXOAUT HA CTALMOHAPHOE PELleHue

/| G Ga?

KOTODOE ONPEENseTcs: DATAHCOM JBYX WieHOB B pasoil wactu (A8). Cupammusaercs, HACKOJIBKO THITMYHO TAKOE MO-
Benenne? IlepBoHadanbHOe ‘paciiibiBaHne’ BIOJIHE YHUBEPCAJIBLHO, TaK KaK OHO 00si3aHO jeiicTuIo ‘nddy3noHHoro’
gnena B (A8). Janbueilmas xe cyapba P 3aBucut or Buia 3asucumoctd ¢(x). Moxuo (hOpMasbHO BIIUCATL CTa-
uponapuoe perrerre ypasuenus Pokkepa-Ilnanka, koropoe aBiagercs peinennem ypapuenus (A8) ¢ HyseBoii JieBoii
YaCTBIO:

P — exp [ [ ggﬂ . (A15)

Koneuno, iyisi g = —Gx 310 pemnenne cosnagaer ¢ (A14). Ecan naTerpas nox or npasoit vactu (A15) cxoauresi, TO 3T0
CTAIMOHAPHOE PEIIEHNE Pean3yeTcs Ha OOMbIMX BpeMeHax. [Ipn 9ToM MOCTOAHHAS MHTErPUPOBAHUS ONPENEIeT s
ycaoprnem Hopmupoekn [dzP = 1. Ecim e maTerpan no x or mpapoii dactu (Al5) pacxoaurcs, TO HUKAKOTO
cTanmoHapa P He JOCTUTAET, ‘paCILIBIBAsSICh’ HEOrpaHUIeHHO. IMeHHO Takoe moBe/ieHre HAabITI0IaeTCs, HATIPUMED, JIJIsT
g = —Gz, tne G < 0. CoorBercrayioiee pemienne ypashenus (A8) onpenensierca Toil xe dopmynoii (A13), rae
renepb G < 0.

IIpuBeenHy0 cxemMy Jierko 00ODIUTh HA, MHOIOMEPHBIHM Caydail, KOraa mepeMeHHasd, (PUTyPHUPYIOmasa B CTOXaCTH-
YeCKOM ypABHEHWH, HMeeT HEeCKOJIbKO KoMmoHeHT. Torma ucxonnoe ypasuenue (A1), coorHomenne (A2) u ypaBHeHue
®oxkepa-Tlnanka (A8) npuobperaioT cjemayronuii By,

Orr; = gi(w) + Gi(t) (Al6)

(¢i) =0, (Gi(t1)¢j(t2)) =2C55 6(t1 — t2), (A17)
0 H?

0P = *87%(91'7’) + Cy; MP (A18)

Cramonaphoe perenue ypasaenusd (A18) HaiiTu Jajneko He Tak IMPOCTO, KAK B OJHOMEPHOM CIIydae. DTO BO3MOXKHO B
BazKHOM CJIy4ae, KOTJIa ¢; ABJIIETCs IPAJUEHTOM HEKOTOPOTO MOTEHITHANA, a MaTpunaC IpOIOpPIAOHAILHA € IUHAIHON
marpuue: C;; « §;;. Ilycers g; = —0U/0x;, C;j = T'6,;. Torma cranmonapnoe pemtenne (A18) umeer Buf

P x exp(=U/T). (A19)

Takum obpasom T’ urpaer pojb TeMIEPATYDPbl, BXOAsIIeH B pacrnpenenenne ['u66ca ¢ mapabiM moreHmuaaomlU. OT-
METHM, 9TO TO Ke camoe pacrnpezenenune ['mb6ca (A19) Gyner pemtenueMm craimonapHoro ypasHenus (A18), eciu
gi = —0U/0z; + g;, rne g; ynosnersopsier aBym ycjaopusm: 0g;/0x; = 0 u g;0U/dx; = 0.

IIpuBenennas cxema 0000IIAETCA U JAJIBIIE, €6 MOXKHO PACIPOCTPAHUTD HA HEIIPEPBIBHBIHN IIPeIesT, TOCKOIbKY J11060e
[oJIe ¢ MOXKHO PACCMATPHBATh, KAaK HABGOp GOJIBIION0, HO KOHEYHOrO 4MCjia crernened cobonel (Hanpumep, Oyphe-
rapmonuk). Torpa B r-upegcrasiaenny Mbl HaxoauM BmecTo (A16-A18)

Opp(t,r) = g(t,m) +((t,7), (A20)

<C> :07 <C(t1,’l"1)€(t2,’l"2)> :2Té(5(t1 —t2)5(r1 —7'2)7 (A21)
=— e 0 r dp 752

0P = /d So(r) lg(r)P] —|—T/d 6<p(r)5<p(r)P’ (A22)

(1>

rje g cauTaercs (GYHKIMOHAIOM @, a = — HEKOTODPBI MPOCTPAHCTBEHHBIH MOJI0KUTEIBHO OMPEIETEHHBIH OIepaTop
(mpumengemsrii K 71). Pactipeaenenne I'n66ca (A19) apngerca pemennem ypasHenus (A22), ecu BBIIOTHAIOTCS CIIe-
JIYIOIIHE YCIIOBUS

. dalr) _ o U
./d " S (r) =0 ./d 5@(?")9( )=0. (A24)

Kak nmpaBuyio, MAaKpOCKONMYICCKUE TUHAMAICCKAC YDABHEHNS (TUAPOTUHAMUTCCKAC ypaBHeHus) umeroT sy (A23) n
yaoBaerBopstior yeaouam (A24), uro u Bemer kK pacupezesenuto I'nbbea (A19).
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IIpunoxkenne B: HEKOTOPBIE COOTHOIITEHWM 1
1. TayccoBbl MHTErpaJbl

MpbI Ha9HEM € MPOCTEHIIEro ciydasi, KOria UMeeTcsl 6JIMHCTBEHHAs CKaJspHas (JIYKTYUPYIOMas epeMeHHass, u
MbI UHTEPECYEMCsl ee MOMeHTaMu (z™), onpejesnsdeMbiMu [ayccoBoii pyHKIueH pacupeaeaeHus BepOSTHOCTH:

+oo
(™) = / dz N~ ' exp (—az®/2) 2" . (B1)

— o0

3aece N — HOpMHUPOBOUHAs KOHCTAHTa, oupeeasdeMas yeaosueM (1) = 1, To ecThb

+oo
N :[ dz exp (—az’®/2) = \/27/a. (B2)

Koneuno, momenTo (B1) (KOTOpbIE OTJIMYHBI OT HYJISE TOJbKO JJisi 9€THBIX71) MOXKHO BBIYUCJIUTH HEOCPEICTBEHHO.
OnHako MBI cuWTaeM, 9TO OOJIee MOYYUTENHHO BBIYHCINTD STH BEJIMYUHBI, BBEJA TAK HA3BIBAEMYIO ITPOU3BOIAIIAN
dyHKIMIO Z 17151 MOMEHTOB I:

1
n'

NE

Z() = (expia)) = 3 —A(a"). (B3)

n=0

Takum 06pa30M, MOMEHTBL X ABJSIOTCs KO3 dUIMeHTAMY PA3JIoKeHus TpousBoasiiero dbyukimonanaZ () B psa 1o
A. Hna Tayccosoit dyrKiuu pacnpeaeenus Tpon3BOadias (DyHKIHA MOXKET ObITh HAWIEHa, ABHO:

+oo
Z(\) = / dz N~ exp (—az®/2 4+ Az) = exp [A?/(2a)] . (B4)

o0

CpaBrupas Mex1y coboit koabdurmentsl pasnoxkenns B (B3) u (B4), Mmbr Haxomum

2n> _ (2’11)'

(™) = ALE Y

a”". (B5)

[Ipenmonokum Tenephb, 9To & — KOMIUIEKCHas nepemennas. Toraa [ayccoBy pyHKIWIO pacnpeeneHus ¢ TMOI0KI-
TEeTHLHO OPEeIeNeHHOH BEPOATHOCTHLI0O MOJKHO 3amucarh B ciaemyiomeM suge N 1 exp(—alz|?), rae mopMmuposounas
KOHCTaHTa paBHa

N = /dRex dImz exp(—alz|?) = g. (B6)

Jasee, MbI HAXOMM 7151 TTPOUBBOJIAIEH DYHKITIH
Z(A) = (exp (Az™ + \*x)) =
=N"! /dReas dlmz exp (—alz|* + Az* + X*z) = exp(A\*/a), (B7)

e 3BE3709KA O3HAYAET KOMIUIEKCHOe compsizkenne. [anee, packnaapias cootaomerne (B7) mo\ m A*, Mbr Haxoamm
2 —
(Jo2) = nla=", (BS)

BMmecto (B5).

O06061MM Tenepb TpuBeAeHHbe (DOPMYJIbI s CJIydasi, Koriaa uMmeercsd K neficTBUTEIbHBIX TIePEMEHHBIX Z;. Toraa
obmuit Bux Layccosoit GyHKIME pacapenesenus uMeer BuaN ! exp(—a; Aijx; /2), Tne A — CHMMMETPUIHASA TOJIOKH-
TeJILHO ONpeIesIeHHast MATPUIA, (TO €CTh MATPHUIIA, UMEIOIIAs BCe TIOJIOKUTEbHbIE COOCTBEHHBIE 3HAYeHNs ). VIHTerpa-
JIBL ¢ 9TOi (DyHKIMEN pacupeeerHns MOryT ObITh CBEIEHBI K MPOU3BEIEHUIO OJHOMEPHBIX | ayCCOBBIX MHTErDAJIOB,
€CJIM TPOU3BECTH OPTOTOHAJbHOE TpeobpazoBaHue, quaroHasu3yiomiee marpuily A. B pesyabrare, mampumep, mjist
HOPMHUPOBOYHOM KOHCTAHTBI Mbl HAXOAUM

(27T)K/2

VdetA ' (B9)

N = /de exp (—x;A;jx;/2)
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rae gerepmuHadT det A BO3HMKAaeT, KakK IIpou3BedeHne cOOCTBEHHBIX 3HadeHnit marpunpl A. Jajee, TeM ke cocoboM
BBIYUCISETCs POU3BOISIIASA (DyHKIS

Z(Xi) = (exp (Aiwi)) =
=Nt /de exp (—xi Az /2 + Nx;) = exp()\iAi_jl)\j) ) (B10)

rae A~! ozmauaer marpumy, obpaTayo K A. OTCIOma ClemyeT B 9ACTHOCTH, UTO KOPPEIAHOHHAS (BYHKIH TPETHETO
nopsiaka (KaK M BCEX HEYETHBIX MOPSAJIKOB) paBHA Hym0. PackianpiBas coornoirernne (B10) mo);, Mbl HaxomuM,
HallpuMep, /g NapHO KOPPeNaluoHHON (PYHKIUY U KOPPEeISLIUOHHON (PYHKIMK YeTBePTOro HOPsIKa,

Fij = (miz;) = A", (B11)
<l'i5L'j:L'kl'm,> = Fiijm + Fiijm + Fiijk . (B12)

ITockonbky npoussogauuit dyukiponan (B10) umeer Bun Z(\) = exp(A;Fj;)\;), Bce Koppensauuonnsle dOyHKINH T;,
nomo6uo (B12), cBogsTes k naproit koppensunonno#t dyukimun (B11). B ofmem Buge (mis mpon3BoJBHONO 9€THOTO
MOPSIIKA) MBI HMeeM

r7le CyMMHPOBAHUE BEJIETCsI IO BCEM ITPOU3BEIEHUSM TTAPHBIX KOPPEISIUOHHBIX (DYHKITH, KOTOPBIE TIOTYYaIOTCs B pe-
3Y/IbTATE PA3HBIX CHOCOOOB ‘CHAPUBAHUA’ B IPOU3BEACHUULL; . . . LT, H0H00H0 (B12). IIpasuno (B13) nasbiBaercs
06b19HO Teopemoit Buka.

Temnepsb MbI IEPEXOONM K CIYYalo, KOTIA nMeeTcsa K KOMIIEKCHBIX TIepeMeHHbIX ;. Torma ['ayccoBy dyHKIuIO pac-
IPeIe/ICHHs ¢ MOJOKUTEIBHO OIPEIETEHHON BEPOATHOCTBIO MOKHO 3aIUCATh B cieayiomem sugeN ~!exp(—x) A;;x;),
rie A — 3pMUTOBA MOJOKUTENBHO OIPEIEIEHHAS MATPUNA (TO €CTh MATPUIIA, UMEIONIAsT BCE TOJIOKUTENLHBIE COOCTBEH-
Hbie 3uavenus). Uarerpasbl ¢ 3roii dyHKImed pacnpenenenns MOryT ObITh CBEIEHBI K [IPOU3BEIEHUIO OJHOMEDHBIX
TayccoBBIX HHTErPAJIOB (€ KOMILIEKCHOH MEPEMEHHOM ), €CJIM MPOM3BECTH YHATAPHOE MPeoOpPA30BAHNE, TUATOHATHZY -
mee matpuiy A. B pesynabprare, HampuMep, /11T HOpPMAPOBOYHONU KOHCTAHTBI MBI HAXOIUM

N = /dKRex d¥Imz exp(—a} Ayjz;) = (dej;Z)K' (B14)
Hastee, neficTByst TAKUM K€ CIOCOOOM, Mbl HAXOIUM
Fyj = (mx}) = A, (B15)
Z(A) = (exp(Ajz; + Niz))) = exp(AFijA) . (B16)
PacknanpiBast o A coorHomenue (B16), Mbl Haxomum
(zizjaray,) = FikFjm + Fim Fji (B17)

BMecTo (B12). Ob1ee e paBuUiio 3aKI0YAETCSI B TOM, YTO OTJIIUYHBI OT HyJisk TOJIBKO T€ KOPPEJIAIMOHHbIE (DYHKIIUH,
KOTODBIE TIOJIYIAIOTCS YCPEIHEHNEM TPOU3BEIeHUs OIMHAKOBBIX KOJMYECTB TIEPEMEHHBIXT U £, TPUIeM

<£lej$,t$:n> :Fiijm"'+--~ . (B].S)

3aeck cymmuposanve, kak 1 B (B13), naer 1o BceM NPON3BeIEHNUAM TAPHBIX KOPPEJIAIHOHHBIX DYHKIH{, KOTOphIe
HOJIy9IaIOTCsl B Pe3yJIbTaTe PAa3HLIX CIOCODOB ‘CHAPUBAHNSA’ B IPOU3BEICHUUL;T; . .. Lhi,,, Toqobuno (B17), ecau mox
CTIAPWBAHUEM MOHWMATH OOPA30BaHWe MAPHOH Koppensmnonnoil Gynkmnm u3(za*). Takum ob6pa3om, Teopema Buka
paboraer u A1 KOMIUIEKCHBIX TTepPeMEeHHbIX.

Bce ckazanHOE BBIIIE MOXKET OBITH HEMOCPEICTBEHHO 00O0OIIEHO W HA CJIyYail ToJIel, TOCKOIbKY JII000e T0JIe MOKET
OBITH IIPEJICTABIEHO, KAK COBOKYITHOCTDH DOJIBIIIOr0, HO KOHEYHOI'O Yrcsa KOMIIOHeHT. Hanprmep, posib 3TUX KOMIIOHEHT
MOTYT UTPATh KOIPPUITNEHTHI pa3IoKeHnsd mosd B psag Oypbe, re CyMMHPOBAHKAE OTPAHMYEHO ‘yabTPadrOIeToBOH’
ob6peskoit A (TpesesbHBIM BOTHOBBIM BEKTOPOM). AHasior mpousBofsiieli HYHKIMU JJis MoJeil Ha3bIBAETCsl TIPOU3BO-
AA1M QYHKIIMOHATIOM, 715 JIeHCTBUTEILHOIO MOJIsI ¢ OH PaBeH

Z() = <eXp [/ ddrx(r)gp(r)b

= exp B /ddrl ddrg)\(rl)F(rl — 7"2))\(?"2):| , (B19)

F(ry —r2) = (p(r1)p(r2)) (B20)
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T7e MbI TIPEMOJIOKUIN TPOCTPAHCTBEHHYO OTHOPOIHOCTD. JI/is KOMILIEKCHOTO TOJIsIY) HAI0 BHECTH HEKOTOPBIE MO-
[IPaBKU:

Z(\) = <eXp [ / dr N (r)p(r) + A(r)go*(r)D

= exp {/ ddry dro\* (1)) F(r1 — 7'2))\("'2):| , (B21)
F(ri —ra2) = (p(r1)e*(r2)) - (B22)

Kax u pamnee, BBICIIIE KOPPENAMOHHBIE DYHKITUHN OJEHQ 1 1 BHIPAXKAIOTCS Yepe3 MapHbIe KOPPeJSAIOHHbIE (hyHK-
mn (B20) n (B22) B cooTBercTBUM ¢ Teopemoil Buka. A WMeHHO, NJIsT NeHCTBUTEIBHOTO TOJIsp

(p(r1)e(r2) ... o(ren—1)p(ren)) = F(r1 —ra) ... F(rap—1 —ran) + ..., (B23)

rJIe CyMMHUPOBAHHUE BEJETCS 110 BCEM IMPOU3BEICHUAM IAPHBIX KOPPEIAINOHHLIX (DYHKIMIH, KOTOPBIE MOJyYar0Tca B
pes3ysIbTaTe PasHBIX CMOCOGOB ‘criapuBanus’ B mpoussegeHun o(r1)o(ra) . .. o(rap_1)@(rey,). Hanpamep

<g0(7‘1)g0(7'2)30(7‘3)g0(7‘4)> = F(’I"l — T'Q)F(’I’g — T4) + F(T’l — T’3)F(’I’2 — T4) + F(T‘l — T’4)F(’I’2 — Tg) . (B24)
,Z[.TIH KOMIILJIEKCHOT'O ZK€ II0JIA
<’¢(’I’1)’¢J(’I‘2) . ¢*(T27L,1)1Z)*(T2n)> = F('I’l - ’I‘n+1)F(T2 - ’I"n+2) ERICIE SR (B25)

rjie CyMMUPOBaHME UIET M0 BCEM MPOU3BEICHUSAM MAPHBIX KOPPEISIUOHHBIX (BYHKIMHA, KOTOPbIE MOJIYIAIOTCS B pe-
3YyJIbTATE PA3HBIX CHOCOGOB ‘cnapuBanus’ B npousBedeHun (1) (ry) ... " (rop—1)Y* (ra,), €ciu noj cnapuBaHuem
[OHUMATh 00Pa30BaHKUe NAPHOI KOppeasuonHoil dyukuuu u3{(Yy*). Hanpumep

(W(r)(r2) ™ (r3)™(ra)) = F(ry — m3)F(ry — ra) + F(ry — r4) F(ra — 73) . (B26)

Takum 0b6pa3oM, 3a1a9a CBOAUTCS K OTBICKAHUIO TIAPHOH KOPPEISIITUOOHON (DYHKINHU JeHCTBATEIHHOTO MOJAp WIH
KOMILIEKCHOI'O 10JIf 1. Mbl HauHEM € KOMILIEKCHOIO 1osid. @ypbe-1ipeobpasoBaHue

b(r) = gexp(igr), (B27)

IPEBPAIIAET ero B Habop HE3aBUCHMBIX KOMILTIEKCHBIX KO3 bunmenTosyq. Paccmorpum k kauectse npumepa Layccosy
dbynxmmo pacnpenenenus N~ exp(—H) ¢

M= [t (@lul? +HVOR) =V S0t bl (B25)
q

rae V — obbem cucrembr. HopmupoBounas ke xkoucranta N paBHa

s
N =[] dRepqdimepg exp(—H) = [ | PR (B29)
q q

Tamee, vbr maxomum u3 (B28) (Jpq|?) = V=1 (a + bg?) L. TlosTomy

exp(igr dg exp(igr
F(r) = (b(r +m)er () = 3 220a7) a/(dq pliar) (B30)

V(a+ bg?) 2m)4 (a + bg?)’

1€ MBI UCIIOJIB30BaJJIN O6bI‘IHbII71 CHOCO6 HpeO6pa30BaHI/IH CYMMBI TTO BOJTHOBBIM BEKTOpaM B UHTErpaJi, ClipaBeaInBoe,
€CJIM XapaKTEPHbIH BOJIHOBOW BEKTODP MHOrO GoJibilie 06paTHOrO pa3mepa cucrembl. Boipaxkenue (B30) onpeaenser
[IAPHYI0 KOPPEJISIIUOHHYI0 (PYHKIMIO KOMILIEKCHOIO 1I0JIs.

Hns peticrsurensroro noist ¢(r) Pypbe-KOMIOHEHTEL Qg SIBISIOTCS KOMILIEKCHBIMH BETHIHHAMIL:

p(r) = pqexp(igr). (B31)

o %
Orako HaKO OLITL AKKYPATHBLIM, IIOCKOIBKY IJIs JeHCTBUTENBHOIO MOy (T) IMEeT MECTO COOTHOIICHHE p_q = ©g-
ITosroMy Besu4UHBL 94 He ABAAIOTCA He3aBUCHMbIMU. [Ipu MHTErpupoBaHUU 1O MOKHO OIDAHHYUTHCS IOIOBUHON
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00paTHOro IPOCTPAHCTBA, TorgaRep, u Imp, MOXKHO cYUTATh HE3ABUCUMBIME BeIXYHHAMHU. PaccMOTpUM B KadecTse
npumepa Layccosy dbynxuuio pacupenenenus N 1 exp(—H) ¢

1

d
Hzg/dr[ago +b(Ve)?] VZ a+b¢?) |egl®, (B32)

r7e MTPUX IPU 3HAKE CYMMBI O3HAYAET, YTO CYyMMUPOBAHUE WAET 1O MOJOBUHE 00pATHOro npocrpanctsa. Hopmupo-
BogHasA KOHcTaHTa N paBHA

/

N = H dRepqdImpq exp(— H @ bq (B33)
q q

rJe IMTPUX IpH 3HaKe NPOM3BEICHMs O3HAYAET, KaK ¥ BBINIE, YTO MPOU3BEIeHHe OepeTcd IO MOJOBHHE 00paTHOrO
npocrpancTsa. Jdanee, mbl Haxoaum uz (B32)

1

<(R‘34Pq)2> = <(Im<pq)2> = W;

TO ecThb (Pqp—q) = (a+bg®)~V 1. Orciona MbI momygaem

exp(igr) / d’q exp(igr)
V(a+ bg?) (2m)? (a + bg?)’

(p(r +r1)p(r)) = (B34)

TJe MbI UCITOJIB30BAJIM TOT K€ CIIOCO0 Mpeodpa30BaHUs CYMMBI 110 BOJTHOBBIM BEKTOPAM B MHTETPAJI.

Beriirte Mbr chopmyiupoBasiu IpaBuia, Mo KOTOPBIM BEIYHUCASIOTCS MAPHbIE KOPPEISITHOHHBIE (DYHKIITNA KOMIIJIEKCHO-
10 Y U IefiCTBUTEIHLHOTO ¢ ToJiel. ZICHO, 9TO 3Tu npaBuIa MOryT ObITH JIErkKo 00OOIIEeHbI HA TPOU3BOJIBHYIO LayccoBy
dbynkmmo pacnpenenenus. [Ipa 3ToM MHOXKUTENDb a + bg? 3aMeHseTcs Ha KaKyIO-TO APYTyio (byHKIHIO ¢, KOTOpAst
JUKTYETCs KOHKPETHBIM BIJIOM (DYHKIIMH DACTIPE/IesieHus. B pa3BUTYIO CXeMy JIErKO BKJIIOYAeTCsi BpeMsi (TIPOCTo, Kak
JIONIOJTHUTEIbHASA KOOpAuHATa). KpoMe TOro sicHo, 9To ¢XeMa TPUBUAJbHO 0000MIAeTCs HA CJIydail MHONOKOMIIOHEHT-
HBIX TIOJIEH.

IIpunoxkenue C: UCIIOJIb30BAHHBIE OBO3HAYEHN A

© — mapaMeTp MOpPsiIKa;

N — YUCJIO KOMITOHEHT apaMeTpa, MOPSIKa;

1) — KOMIIJIEKCHBIH MApaMeTp TMOPSIKA;

¢ — ha3a KOMILTEKCHOTO ITapaMerpa MOPsIaKa,;

q, k — BOJIHOBBIE BEKTOPA;

T — eTHHUYHBIN BeKTOp (B HANPABIEHUN HAMATHWIEHHOCTH );
M — maMarHuYeHHOCTb €IMHUIIBI 00bheMa;

F — dyuxunonan Jlanaay;
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