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AHHOTAILINS

B pPaMKax METOJa BTOPUYHOI'O KBAHTOBAHUA IMIPUBOAUTCA CXEMa ITOCTPOE-
HU AJIBTEPHATUBHOIO HAOOPA COCTOSAHUIA, y/IOBIETBOPAIONINX (PYHKITMOHAIb-
HBIM yPaBHEHUsIM HA COOCTBEHHbBIE 3HAYEHUS JIjIs KBAHTOBOIO oreparopa ['a-
MUJIBTOHA CBODOJHOIO MOMEPEYHOr0 MOJisi. B OCHOBE CXeMbl HCIIOJIB3YIOTCS
pacuimpenusi KBaJparudHoOil (DOPMbBI HOMEPEIHOrO oneparopa Jlamiaca Kak
HCTOYHHK 0a3MCHOro Habopa MyHKIINI HAa TPEXMEPHOM IIPOCTPAHCTBE C CHH-
CyJISIPDHOCTBIO B BbIJIe/ieHHON TouKe. Takoii 6a3uc 3amensieT 6a3uC U3 IMI0CKUX
nin chepUIecKnx BOJIH, KOTOPBIH UCIOJIB3YIOTCA JJid pa3/ie/ieHus IepeMeH-
HBIX C ITOMOIIIBIO0 rpeobpazoBanusd Pypbe win mepexosa K chepudecKuM Ko-
OPJITHATAM.

KiroueBbie cjioBa: MeTo 1 BTOPUYHOIO KBaHTOBaHUs, oneparop lamuib-
TOHA, CAMOMOIIPSI?)KEHHBIE PACIIUPEHUST CUMMETPUYECKUX OIEePATOPOB, pPac-
[IUPEHUsT KBaJAparudHbix (opm, oneparop Jlamraca, momepedHoe mompo-
CTPAHCTBO, 3JIEKTPOMArHUTHOE 10Jie, 1ojie Aura-Muica.

lPaBora BeIOMHEHA TP MO IepiKKe rpanTos POOU 14-01-00341, 15-01-03148 u mpo-
rpammbl “Maremarudeckue mpobJsieMbl HesmHeHoM quaavmukn” PAH.
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BBEJIEHUE

Meroy Bropuunoro ksanrosanust 1], [2] sBisiercs 6a3ucHbIM MeXaHU3MOM
MOCTPOEHNsT KBAHTOBOI TEOpUM HOJI ¢ MOMEHTA €€ 3apOXKIEHUS B IEePBOit
nosioBune XX Beka. [loziHee, B peajibHbIX BBIYHUC/IEHUSX IJIEMEHTOB MaT-
pUIl paccesHus, MUPOKOE MPUMEHEHUE NOJIydu/a TexHuka auarpamm Deii-
HMaHa, OCHOBaHHAsl Ha, JIArDAHKEBOM (hopMaIU3Me KJIACCUYECKO Teopuu.
B ormimume or 3T0# TEXHUKM, OJHO U3 NPEMMYINECTB METO/a BTOPUIHOTO
(KAaHOHMYECKOT0) KBAHTOBAHUS 3AKJ/IOYAETCA B TOM, YTO OH JaeT ONUCAHUEe
KBaHTOBOrO oreparopa l'amuabroHa. /Ijis KOpPEKTHO ONpeeieHHON KBaH-
TOBOIl CHCTEMBI 3TOT OIEPATOP JOJZKEH OBITH CAMOCOIPSIKEHHBIM B HEKO-
TOPOM T'HJILOEPTOBOM IIPOCTPAHCTBE. VI3BeCTHBIE MPUMEDPDBI CUCTEM C KOHEd-
HBIM 9IHCI0M u3Mepenuii |3|, 4| moka3eiBaoT, 9T0 mOC/IE IEPEHOPMUPOBKA 1
yCTpaHeHUs CUHTY/ISIPHOCTEl, KAHU/IAT B FaMIJIBTOHUAH MOXKET OKa3aThCs
CUMMETPHYECKUM, HO He CaMOCOIPSKEHHBIM OIEPATOPOM CBODOIHON YacTu-
bl Ha CYXKEHHOM IIPOCTPAHCTBe cocTogHuii. Takoii omepaTop MOKeT ObIThb
pacimpen (00mpee/ieH) /10 CaMOCOIPSIZKeHHOTO OIIepaTopa, OHAKO, 9Ta
[POIe/Iypa y2Ke HEeOJHO3HAUHA, TaK KaK TpedyeT BBEJEHHUS MapaMeTpa pac-
mupenns (sgBjaenne pasmepHoii tpancmytanun 4], [5]). [loxoxuit mpmmvep,
[O-BHJIMMOMY, MOYKHO HabJIIOJIaTh ¥ Jjisi CHCTeM, COCTOSIIUX U3 GeCKOHed-
HOIO YHCJIa FAaPpMOHUYECKUX OCIUJLIATOPOB. MBI IPUBEEM apryMeHThI, 9TO
KBa/I[pATUYIHAS YACTh KBAHTOBOIO MaMUJILTOHHAHA CBOOOJHOIO MOMEPEIHOrO
BEKTOPHOI'O 0JIst

_ 6 5 o
T = /Rs(_éAk(aE’) Prj 54, (@) T AA;(D)A;(T))d*z,

wAr =0, OxPy =0, P*=P, Py= Py,

KOTOPasd BO3ZHUKACT B IJICKTPOJAUMHAMUKE MJIX KaK PE3yJ/ibTaT NMEePEHOPMUPOB-
K1 KajiubOPOBOYHON TEOpUM, SIBJISETCS IPEIEIbHBIM CIy9aeM CAMOCOIIPSsIZKEH-
HOT'O PACIIUPEHNs HEKOTOPOTO CHMMETPHIECKOTO OMEPATOPa, OMPEeIeeHHO-
IO Ha CYy?KEHHOM MPOCTPAHCTBE coCTOAHUN. CaMOCOMPAKEHHbIE PACIITDEHUST
001Ier0 BUTa MPU ITOM OKA3BIBAIOTCS 3ABHUCSIIAMA OT TApPAMEeTPa PACIIUpe-
HUs ¥ HE 00/1a/Iaf0T MACIITaOHON MHBAPUAHTHOCTHIO.

Beumy orcyTcTBHS yIOBAETBOPUTEIHLHON TEXHUKN OMPEIETCHUS CKAJIAD-
HOT'O MPOU3BEIEHNS Ha MPOCTPAHCTBE (DYHKITMOHAIOB, KOTOPBIE OMUCHIBAIOT
COCTOSTHWST CTAITMOHAPHOMW KAPTUHBI KBAHTOBOW TEOPHUH TOJIS, MBI HE OymeMm
JIeJIATh CTPOTHE YTBEPKICHUST O CAMOCOIPSI?KEHHOCTH OIepaTopoB. Bmecto
9TOTO MBI MOMBITAEMCS MPEIbIBATH BAKYYMHOE COCTOSHHE TAKUX OIEPATO-
poB u ero Bo30y:kaeHus (mpocrpancTBo Poka [6]), Kak cocrosHuUs, yI0BIIe-
TBOPSIOIINE YPaBHEHUAM [T “coOCTBEHHBIX (DYHKIIMOHAJIOB U 00pa3yoIue
MePapXUio POKJICHNS W YHUITOXKEHHS JIACTUI. EcTecTBeHHO TMOTpeHOBATH,
9TO0BI TAKWE YPABHEHUS COBIATAIN C (PYHKITMOHATHLHBIME YPABHEHUSIMM

:}Coégn (A) = AUTL @0-,” (A)7



JlJIs COOCTBEHHBIX COCTOsiHMI raMuibToHuana JHg, HO npu STOM ypaBHEHUS
MOI'YT OBITH OIIPE/IEIEHbI HA MHOXKECTBE (DYHKIIMOHAJIOB, YA0BIETBOPSIONIEM
JIPYTUM YCJIOBUSIM B OKPECTHOCTH “TPAHUYHBIX 3HAdYeHuil. B kadecrBe Takux
[IPEIeJIbHBIX TOYEK B KOH(MDUI'YPAIMOHHOM ITPOCTPAHCTBE, B OKPECTHOCTH KO-
TOPBIX 33AI0TCA IPAHUYHbBIE YCIOBUsI HOBOT'O IPOCTPAHCTBA (PYHKIIMOHAJIOB,
Oy/yT BBICTYIATH [IOJIE€BbIE KOH(MUIYPAIUU C CUHIYJIIPHOCTIMU BUA

—

Alz) ~ 20,

2]
Tem camMbIM, CaMOCOIpPSI)KEHHBIE PACIIHPEHHs TeOpUH OyIyT 3aBUCETH OT
HEKOTOPOU BBIJIEJIEHHON TOYKU TpexMepHOoro npocrpancrtsa. llpu “Bkjirode-
HI/H/I” BBaHMOﬂeﬁCTBHH njaim CaMO,Z[efICTBI/Iﬂ TaKue paCH_H/IpeHI/Iﬂ raMUuJILTOHU-
aHa U CBA3aHHbBIE C HUMUMU COCTOAHUA CKOpee BCEero OKa3bIBaIlOTCA HeyCTOﬁ—
YUBbBIMU. O,Z[HaKO, X HaJIxgme MoOoxKeT ,Z[aBaTB BKJ_[a,ZI; B ManI/IHy paCCQﬂHI/IH
KaK IIPOMEYKYTOYHbIE COCTOSIHUS JIjIs YACTUIL, B3ANMOIENCTBYIOIIUX [TOCDPE/I-
CTBOM HOHepeqHOFO IIOJIHA.

|z| — 0. (1)

1. KOHEYHOMEPHBIE ITPUMEPLI C CUHTVJISIPHBLIM BBAHMO,ZLEPICTBI/IEM

B sroit wacTu Mbl omuIileM KOHEYHOMEpPHbBIE IPUMEPBI U3 KBAHTOBOI Me-
XaHUKHU, C TEM, 9TOOBI J1ajiee MOIbITATHCS 0000IUTh HEKOTOPhIE UX CBOMCTA
Ha 6eckoHeuHOMepHbIN ciay4daii. [lycTs

H.=A+¢ed(z 232“5()

— orepaTop l'aMuIbTOHA YACTUIIBI B JBYX- WJIM TPEX-MEPHOM IIPOCTPAHCTBE,
KOTOpas B3AUMOJEHCTBYET C J-MOTEHITHATIOM, COCPEIOTOYEHHBIM B HAUAJE
koopauuat. lamuiabronnan H, He J0mycKaeT KOPPEKTHOI'O OIpEJeeHUs B
BHJIe 3aMKHYTOT'O oriepaTopa B I'uyibbeproBom mpocrpancTse. O1HaKO, MOXK-
HO PacCMOTPETH JjelicTBue H, Ha MHOXKECTBe IVIaJIKuX (DYHKIUi, yObIBAIOIUX
B HaYa/le KOOPJIWHAT BMECTE C IIPOM3BOJHBIMU. TaKoMy JefiCTBUIO COOTBET-
CTBYeT CUMMETPHUIECKUIT OTIepaToOp

H: Hf(Z) =A Z fo

KOTOPbIii, OUEBUIHO, HE yUUThIBAET Hamuue norernuana £0(Z). B cdepuye-
CKHX KOODJMHATAX B JABYMEPHOM

7= #(r,p) = T COS 0<r,
B )= rsing )’ 0<¢<27m
WM TPEXMEPHOM IIPOCTPAHCTBE

r cos 6 cos ¢ 0<r,
Z=2(r,0,p) = | rcosfsinp |, 0<6<m, (2)
rsin 6 0<p<2m

neticrue oneparopa Hy Beiryisigur cirepyrommm obpaszom. Ecim ckassipaas
dbynkuusa f(Z) npeacrasasiercs B Buje CyMmmbl CHEePUIECKUX FADMOHUK el
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wm Yy, (0, ¢) ¢ koapdunmenramu, 3aBucsaimumMu 0T pajMaibHON 1epemMeH-
HOM

etle
f( ) f2 Z )
o<z V2
1
f3(@) = f3(@(r.0.0) = D —wim(r)Yim(0, 9),
0<|m|<
TO COOTBETCTBYIOLIAs onepalus A IPpUMEHAeTcs K Heil cJie/lyIomuM obpa3oM
eilgo
Af2 _1 T
OZ<; VT T )\/27r
o 1
Afs(@) = ) T (r)Yim (6, 0),
0<|m|<I
e
> 1(l+1)
1T = e + 2 (3)
1 Sl+1 7"l+1
_1 Y A _ o _
T (r,s) = 2l+1( - O(r —s)+ 3 O(s—1)).

[Ipu sTOM CKaIpHOE MPOU3BEIEHNE

(Fo)w = [ T@o@ do. (o) = [ Fo(@) s

BBH/IY OPTOHOPMUPOBAHHOCTU HADOPOB C(HepUIECKUX TAPMOHUK, TIEPEHOCUT-
ca Ha koaddunuentabie QyHKImU u(r) Kak CKajJspHOe HPOU3BEJEHUE Ha
[oJjIyocu

(u,v) = /000 w(r)o(r) dr. (4)

Omneparopsr 1) _ 1u T}, oupejiesieHHbIE HA MHOYKECTBE IVIQJAKUX (PYHKIUIT, 1C-
Ye3a0IIUX B HYJIE BMECTE C [IPOU3BOIHBIMU, CAMOCOIPSI?)KEHbI B CYIIECTBEH-
HOM B CKaJstpHoM npoussezenun (4) npu [ > 1. B 10 ke Bpems, oneparopbl
T 1 Ty Ha TAKOM MHOXKECTBE HBJISIOTCA CUMMETPUYECKUMU OllepaTOpamu

¢ ungexcamu Jjedexra (1,1). Ux camocoupsikennsie pacumpenust 1%, T
2

“MeIOT COOCTBEHHBbIE (PYHKIMU HEIPEPHIBHOIO CIIEKTPA, BU/IA,
0a(r) = VAr(anJo(Ar) + BuaYo(Ar)),  T%1ox = Ay
un (1) = ap SIn AT 4 Byy cos A, Tguy = Ay

Uupr = Uuwy (N K)y  Bruwir = Bruwy (A K),

ILTIOC, BO3MOXKHO, cObCTBeHHbIe (DYHKIMU JUCKPETHOrO crekrpa. 1Ipu arom
Jeiicreue pacmmpenuit T, T coBnajaer ¢ coorsercrBytomieit auddepen-
-3

nuaJbHOU omeparueit T 1 wnm .

N



Takum 00pa3oM, mepexogst 00pPaTHO K JeKapTOBBIM KOODIMHATAM, CHM-
MeTpUIecKue oneparopbl H MOryT ObITh PACIIMPEHBI J0 CAMOCOIPSKEHHBIX
oneparopos HY, H5, onpejienennblX Ha MHOXkKeCTBe (DYHKIMI, y0BIeTBOPH-
IOIIMX ACUMIITOTHYECKOMY YCJIOBHUIO B Ha9aJie KOOPAUHAT

iy 20 = wim(saon - b ST w0
AIn ) ) B il 0 . 6
lim 7 f(#(r)) = = lim( +T5)f(l’(7‘))y (6)

(cm. (3.43), (3.44) B [4]). deitcrBue HE, HY, no-upekueMy COBHAIAET C CyM-
MO KBaJ[PaTOB BTOPBIX IPOU3BOIHBIX A B COOTBETCTBYOLIEM IPOCTPAHCTBE
R? wmm R3.

Pacumpennsa H§, H% 3aBucar or mapamerpa K, Pa3MepHOCTb KOTOPOI'O
obyciiaBiuBaercs HajananeM pasmepnocru y oneparopa H: [H| = [x]72. C
pusnyeckoit ToUKN 3peHnd MOXKHO CKazaTh, uro Hy, HY apiaercsa pesyibra-
TOM [IEPEHOPMUPOBKH COOTBETCTBYIOIIMX oneparopos H, npu e — 0. A waju-
que CHMHIYJpHBIX DyHKuit ¢ acumnrorukoii (5), (6) B Hauase KoOpjuHAT B
06J1aCTH OLPEJIEJIEHHS SIBJISIETCS CJIE/IOM OT IIEPEHOPMUPOBAHHOIO CHHIYJIsD-
HOro B3aumoehcTeus £0(F). B ciyvae gacrunpl B iByMEPHOM MPOCTPAHCTBE
UMeeT MECTO sIBJIEHUE Pa3MEPHO TPaHCMy Talun — 0e3pa3sMepHbIl mapaMerp
€ LPU LIEPEHOPMUPOBKE 3aMEHsIeTCsi Ha Pa3MepHblil napamverp & [5].

B kauecrBe JApyroro npuMepa MOXKHO PACCMOTPETH OLEPATOPbI BUJIA

2
€ 15, €
A o=y = 7
2P~ o TP @)
e € — 3T0 Ge3pa3MepHbIil mapamerp. Takme omepaTopbl SBISIOTCI 3a-

MKHYTBIMUA CUMMETPUYIECKUMU OIEPATOPAMU IPU KOHEYHBIX € B HEKOTOPOIA
OKPECTHOCTH HyJist (IIPU 9TOM € JI0JIZKEH ObITh II0JIOKUTEIEH B JIBY MEPHOM
ciyuae). [Ipu nonbirke nocrpouts GyHKIMIO, YIOBAETBOPSIONIMM Y PABHEHNU-
sIM HA COOCTBEHHOE 3HAYEHWE, BUIHO, YTO YBEJIUYEHUE PACXOAUMOCTHU “COD-
crennoit” dbyukiun Ha, |2|~2 o1 eficTBua HOTeHIMAIA COKPAIIACTCH C Pac-
XOAMMOCTBIO OT gseficrBus Jlamracuana. U, takum obpazom, omneparop (7)
MMeeT aJIbTEPHATUBHBIN HA3UC JIOKAJIHHO KBAIPATUIHO HHTEIPUPYEMBIX “CO0-
crBennbix byHkmi”, Beaymmx cebs kak || ™" B Hauane koopauHar (n = /€
B JIByMEDHOM Cjlydae u 1) = %(1 + V14 4e) B TpexmepHOM), TO €CTh CaMO-
COIIPSI?KEHHBIE PACIIUPEHHsE (ITO OYeHb MATEMATUYECKH HECTPOroe 0ObsCHE-
Hue). MOKHO yBUIET, UTO 9TH pacumpenus B npejesne € — 0 HenpepbIBHO
HEePexoJAT B COOTBETCTBYIONMe oneparopbl Hy nmm Hf .

2. TPEXMEPHAM TIONIEPEYHAA TEOPUMA ITOJISA

C To4YKM 3peHUsi TEOPUH OIIEPATOPOB B I'MILOEPTOBOM [IPOCTPAHCTBE, IIPU-
Mep MPeJbIAyIneil 9aCcTh IMOKA3bIBAET, 9TO CyKeHHe 00/IaCTH OIPEeIe/IeHusT
oneparopa A 10 MHOKECTBa IIaJAKnX (PyHKIMi, yOBIBAIOIINX B HyJIe BMECTE



C IPOU3BOIHBIMU, MMPUBOAUT K CHMMETPUIECKOMY OIEPATOPYy U BOBHUKHO-
BEHUIO HEOHO3HAYHOCTU B OINPEJIEJEHUN TaMUJIbTOHMAHA CUCTEeMbl. A B3a-
UMOJIEfiCTBIE, KOTOPOE HMCYE3AeT B PE3YJIbTare MePEeHOPMUPOBKU, CJIYKHUT
JIMIIb KATAJIA33TOPOM TOM HEOHO3HAYHOCTHU, TAK KAK OHO BBIJIE/ISIET TOUKY
B mpocrpancrse. B sroit pabore Mbl monbITaemMcs 0000MUTh YPOKHA U3 KO-
HEYHOMEPHOI'0 IIPUMePa Ha CJIydail Teopuu 1moJist. Mbl HE MOXKEM rOBOPUTH O
CaAMOCOIPSKEHHOCTH KBAHTOBO-MEXaHUIECKUX OIEPATOPOB B Ciiy4dae KoHu-
yPAIMOHHOIO POCTPAHCTBA C OECKOHEYHBIM 9HMC/IOM M3MEPEHUil, TaK KaK B
TOM CJlydae Yy HAC HEeT BO3MOYKHOCTH OLPEJEJIUTh CKAISIPHOE [IPOU3BE/EHIE
Ha JIOCTATOYHO MIKMPOKOM KJjacce (pyHKITMOHAIOB. [losToMy MBI orpanuyduMcs
paccMOTpeHnEM HEOJHO3HAYHOCTH B MOCTPOEHUN COOCTBEHHBIX BEKTOPOB Ta-
KHAX CHCTEM IIOCJIe IEPEHOPMUPOBKU U IPHUBENEM COMIepPyKATETbHBIN IpUMeD
aJIbTePHATUBHOrO HAOOpa U3 BaKyyMHOIO U BO30Y2K/IEHHBIX COCTOSHUIA.

st coKkpallieHus 3amucu jiajaee Mbl OyeM HCIIO0Ib30BATh CJIeyoIie 000-
3HAYEHNs A CKaJISPHOTO M BEKTOPHOTO MIPOU3BEIeHUIT

A.B= A;Bj, (Ax B), = €15k A4; By,

a 0 MOBTOPSIONINMCS MHIEKCaM IMOoApa3yMeBaTh cyMMumpoBanme. Paccmot-
puMm caexayroinyio ¢yukiuo aMmuibrona

H. = /R3 (Ej Py PEj + (00A5)° + (A% +..))dx, j,k=1,2,3, (8)

rae Af(x), Ef(x) — nosis KOODAMHAT ¥ COUPSIKEHHBIX K HUM MMILY/JIbCOB B
TPEXMEPHOM [IPOCTPAHCTBE, Y/I0BJIETBOPSIOLINE YCJIOBUAM HOIEPEYHOCTH

OpAL =0, 9B = 0. 9)

Yepes (A3 + ...) 0603Ha4EHBI O[HOPOAHbIC CIArAEMBIE CTAPIINX MOPSIKOB
1o koopaunaram A% pasmepuocru [z] 74, )j — UPOEKTOP C LOLEPEYHON Ha
KOBaPUAHTHO-TIONEPEIHYIO ITPOEKIUIO OIS
e _ 5 -1 _ ) —(H: — N

P =0y — M~ (05 —€Aj), M = (0; —cA;)d;,
a € — MaJjblii be3pasmepnelii mapamerp reopun. Iloms Af(x), Ei(x) mme-
0T TaKXKe WHJEKC BHYTPEHHEl CUMMETPHH @, IO KOTOPOMY Be3Je IOjpa-
3yMeBaercs cymvupoBanue. /leificTBue KOBapHAaHTHON TPOU3BOIHOI (1 BCex
00BEKTOB, KOTOPBIE €€ BKJIFOYAIOT) MOXKET ObITh HETPUBUABHBIME 110 STOMY
UHJIEKCY

(O — Ap)® B = 9, B® — c AGteBP.

Jasiee MbI HyzemMm paccMaTpuBaTh TOJIBKO KBAAPATUYHbBIE CJIArAEMbIE, B KOTO-
PbIX HETPUBUAJIBHOCTH JIEHCTBUS 110 9TOMY HUHJEKCY HU3BOIUTCS JIO CyMMU-
posanust. IIpu ycsioBun oproronasibaocTn Marpur, t%° npu pasHbIx ¢, KOM-
[MOHEHTHI, COOTBETCTBYIOIIME PA3HBIM 3HAYEHUSIM BEPXHEr0 WMHIEKCA Y OISt
Af(x), pasaensiorcs.



Peasibubiit buznveckuit npumep raMuibToHraHa THIA, (8) IPUBEJIEH B TPE-
Theil riase Kauru 7). B camom gese, B dopmyie (2.5) npusopurcs ciepyio-
mas WIOTHOCTh MaMU/ILTOHUAHA,

1

h
2

1
(Bf)? + 1 (OpA] — 05 A — el 4, A2, (10)
e A(Z) — nonepeunoe 1nose, a Ha CONPSKEHHDI UMILYJIbC E} nanoxeno
ycsiosue cBszu (2.41)

(O —eAg)Er = 0. (11)

[Tocsie pasaenenuss umiyabca E(Z) Ha IPOJOIbHYIO U HOIEPEIHYIO KOMIIO-
HEHTbI

E,=El+El, 8EF =0, EF =0
u3 yesosug (11) mosydaem, 9To
§) = M0 —cA)E], M= (9;—eA))0;
Ey, = (6 — O,M (0, — eA)) B[,

U I0THOCTH ramusibronnana (10), ¢ y4eroM MHTErpupoBaHUs 110 YACTSIM,
npeobpasyercs Kk Buiy (8)

1 1
b= (On = M0 — A E]) + 5 (96A7) "+
1
+ e0RAG[A}, AR)® + 562([Aj, A2,

[Tpu nposesennn neperopmuposku € — 0 B ramusibronunane (8) ciaraembie
crapimx nopsikos (A% 4 ...) npomajaor, a HpoeKTop P,fj IIEPEXOINAT B
OPTOrOHAIBHBIN IIPOEKTOP Ha MONEPEYHYIO COCTAB/ISIONLY IO

Plfj 62)0 ij = 5kj — 8k8_28j, ij; = ij, PenPrj = ij' (12)

Onuako 3aMeHa P,ij Ha Py B I€peHOPMUPOBAHHOM KBaHTOBOM IaMH/ILTOHHU-
ane He npoxoaut Geccaenno. Knaccuueckuit ramunibronuan (8) yepes mpo-
exrop Pg; no-suaumomy umeer ocobennocru xorpa Ag(z) seper cebs Jio-
KaabHO Kak |2~ !, Takyro e 0COGeHHOCTL HMEIOT i OJHOPOIHBIE CTaraeMble
crapmux mopsaakoB. 1lo anamorun ¢ mpumepom (7), 9Tu 1Ba TUIIA 0COOEHHO-
cTeil MOTYT COKPAITATHCS ¥, TEM CAMBIM, JaBATh JJId MTEPEHOPMUPOBAHHOTO
KBAHTOBOTO TaMUJIbTOHUAHA ODJIACTH OMPEIeIeHNs ¢ HOBBIMU TPAHUIHBIMU
yciioBudmu v, COOTBETCTBEHHO, C APYI'UMU CHEKTPAJJIbHBIMA CBOMCTBaMU.

st Toro, 9T00bI 9TO yBUAETH, PACCMOTPUM JI€fCTBAE KBAHTOBOI'O OIEPA-
ropa [amMuiabrona, KOTOPHI nOyvYaercs u3 kaaccuueckoit dbynknuu (8) npu
e =0, na dyuxnmonansr P(A)

H00() = - [ Pt oA Qe (13




3aeck Pp; — s1o npoexkrop (12) na monepednoe nogmpocrpanctso, a Q(A) —
9TO KBaJapaTudHadg GpopMa oneparopa Jlammaca A
82

Q) = [ @A) e = = [ Ay 5 Ay =

_ /R Ay(@)Aa; (@) (14)

Bakyywmnoe cocrosinue u n-dacrudnbie Bo30yxK enus omeparopa Hy masee
CTPOSATCS HA OCHOBE I'ayCcCoBa (PyHKIIMOHAIA

Bo(A) = exp{—%(A,PA%PA)}, (15)

B, (A) = // G (F) L B (F1) - by, (50) A . dPan®o(A), (16)

rje 0y — CUMMeTpUYHble (DYyHKIUH, a

5 1 §

b;(Z) = Pjp(——= — AZA(D)), a;i(@) =Pip(—=+A

— COOTBETCTBYIOHIHE OIIepaTOPhI POXKICHUA M YHUITOZKCHUA. HpI/I 9TOM Cy-

IECTBEHHYIO POJIb UI'PaeT TOT d)aKT, 9TO IIPOEKTOP P KOMMYTHDPYET C OIIe-
1

el NI

A(1)),

paropom A, a 3nauut u C a060# ero pyuxknumei, nanpumep, ¢ Az.

Heiicreue oneparopa Hy Ha dynxuuonaust P, HejuaroHajabHO, OJHA-
KO, KQK HECJI02KHO yBHETb, OHO OCTABJ/ISIET WHBAPUAHTHLIMU N-9ACTUIHBIE
rnoAanpocTpancTBa. s qagpHedmeit auaroHaan3anun HeoOX0MuMO TTepeiTn
K CIEKTPaJbHOMY HPEJICTABJIEHUIO Ormeparopa A, 4TO Mbl CHEJAEM IT037KE
B paMKax 0000meHHOro 1no/xoma. OCHOBHAst ero ujiesi 3aKJII09aeTcs B I0-
CTPOEHUU AJIbTEPHATUBHON nepapxuu “COOCTBEHHBIX COCTOSHUIN C TIOMOIIBIO
MeTO/Ia, KOTOPbI, 110 aHAJIOIUK C METOA0M BTOPUYHOIO KBAHTOBAHUS, MOXKET
ObITH HA3BAH METOJAOM BTOPUYHBIX CAMOCOIIPSIKEHHBIX PACIIAPEHMUIA.

2.1. MeTon BTOPUYHBIX CAMOCOIIPS2KEHHBIX pacinupeHuii. B ciydae,
KOIVIa KBAHTOBBIN raMI/IbTOHIAH mMeeT Buj (13), a mosIoKuTebHasT 3aMKHY-
Tag KBajgparnaHas (opma QQ(A) umeer HeTPUBHAIBHBIE PACIIMPEHUST, BO3-
HUKAET EeCTECTBEHHBIN CII0COD MOCTPOeHMs aJIbTepPHATUBHOrO Habopa “cob-
CTBEHHBIX COCTOsIHMII omeparopa Hy.

BaMKHyTas moJyorpaHuuenHas Kpajparudnas dpopma Q(A) moxer ObITH
3a/iaHa C IOMOIIBIO0 3AMKHYTOr0 CUMMETPUYECKOTO UJIU CAMOCOIPIAKEHHOT0
omeparopa S ecTecTBeHHOHN (HhOpMyJIOit

Q(A) = (A4, 54) = (54, A).

[Ipu srom obaacrs oupeneinenuss Dg ouneparopa S COUEpKUTCH B 0DaaCTU
oupegenenus Dg dbopmbl @, a nociejHsid, BooOIe IoBopd, CyIIECTBEHHO
owm4arbest o1 Dg. Ecin dopma @ nosiyorpaHndeHa, TO0 CUMMETPUIECKU
orepaTop S UMEET CaAMOCOIPSKEHHBIE PACIIUPEHUsi Sy, OJHO U3 KOTOPBIX,
pacimpenne 110 Ppujpuxcy [9], rakzke 3agaer dopmy @, a ocrasibhbie (110-
JIlyOIDQHUYEHHBIE DACIIMPEHUs) 3a/110T JApyrue Kpajaparudnbie Ghopmbl @y
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(oBrime cBeenus 0 KBagparndnbix popmax cm. B pazeie VIIL6 kuuru [10]).
Dru kBagpaTHUHbIe (DOPMBI B HEKOTOPbIX CJyuasiX (B GOJIBIIMHCTBE IPOCTHIX
IPUMEDOB) SABJSIIOTCA PACHIMPEHUAMYU UCXOAHON (HOPMBI

Q C Ok,

TO eCThb 00JIaCTh OoIpeeeHus () CONEepKUTCA B 3aMbIKAHIU O0JIaCTH OIpe-
nesienns Q.

DQ C DQH’
1 71 BceX BeKTOpoB A m3 D@ BBINOIHAETCA PABEHTCBO

Q(A) =Qx(4), AeDg.
B gacrHocru, B pabore [12] nupusejensl cepudecku CHMMETPUYHBIE PACIIN-
penus kBajgparuanoii dhopmbr (14)

dA 5 44 B
Qx(A) = lim (/Rg\B ((ﬁ)%%— (3 + 57%) /OB IA(:z‘)Pd?s), (17)

JUIS TIONEPETHBIX BEKTOPOB A(F) B CKAISAPHOM IIPOM3BE/ICHAN
(A, B)ga = / (@) B, (&) d*a.
R?)

3nech B, — 310 map pajuyca r ¢ IeHTPOM B KaKOii-/inb0 BbIJEJIEHHO! TOYKe.
Jl1s1 Bcex BEKTOPHBIX 1OJIEH, PEry/IsipPHBIX B 3TOH TOUKe (j1aee 310 Oyer Ha-
4aJ10 KOOpAUHAT), 3HaueHue hopmbl (Q,, O4EBUIHO, COBIAIAET CO 3HAUCHUEM
dbopmbr (14)
Q) = [ (G
R3 833]

Ho B objtacts onpeneierust popmbr (Q, TAKXKe MOMATAIOT HOJIsE ¢ CUHIYJISIP-
HOCTAMM BHUIA (1) Yy Tpex monepedHbIX KOMIIOHET CO 3Ha4dYeHueM MOMEHTa
Bpaieaus [ = 1. D10 OPOUCXOAUT MOTOMY, UTO JIJIsi TAKUX IOJIEH CUHIY-
JISPHOCTH 1OPsijiKa T o6bemuoro nnrerpasa B (17) COKpamaorcs ¢ CuH-
ryJigpHOCTsIME OT mHTerpasia 1mo cdepe. Ilpu sTom obaacrs omnpejenerus
BCEX HETPUBMAJIBHBIX PACHIUPEHUNl (), OJIMHAKOBA U HE 3aBUCUT OT K. Takxke
ormerum, uro B ¢opmyne (17) koadbdunuenr npu pasmeproMm napamerpe
K MOYKeT OBITH TPOU3BOJILHBIM, 3HAUEHIE % BBIOPAHO IS COTIACOBAHUS C
rpaHnaHbIME yeaoBuaMu (30), KoTopeie OY/IyT BBEIEHBI MO3KeE.

Hamee 3ameTnM, 9T0 MBI MOXKeM TpPebOBATEH BBHITIOTHEHNST OCHOBHBIX COOT-
Homenuit st “cobersennpix” dyukuuonanos P, (A) oneparopa H

j{oq)o'n (A) = Ao'n @O'n (A)

TOJILKO Ha 00stacTu onpejesnenust kKBaaparuanoit hopmbr Q(A). Tak kak cun-
ryssipabie 11011 Buga (1) gBJISIOTCH HEJOIYCTUMBIMU JIJIst CIAraeMbIX CTap-
HIMX HOPS/IKOB HENEePEeHOPMUPOBAHHOTO ramuiabronuana (8). Ho ma rakoit
006J1aCTH 9TU COOTHOMIEHMsI OY/1yT BBIIOJHEHBI U JJI KBAHTOBOI'O OLEPATOpa
¢ dbopmoit Q(A) na mecre dopmbr Q(A). Popma Q,(A) upu ussievenun
KBa/IPATHOIO KODHs U MOJCTAHOBKE B rayccoB (ynkumonan suga (15) naer



11

NPUHIUIINAIBHO JAPyroe BaKyyMHOE COCTOSHUE U JIPYroit Habop BO3OYyKie-
HUlT, KOTOPbIE COOTBETCTBYIOT Jpyromy omeparopy JH,. I3 sroro moxHO cie-
JIATH BBIBO/, 4TO oneparop Iy sB/sgeTcs CaMOCOIPIKEHHBIM PACIIUPEHUEM
HEKOTOPOI'0 CHMMETPUYECKOr0 OIeparopa, 3aaHHOI0 HA MHOXKECTBE (DyHK-
IUOHAJIOB OBICTPO yObIBalOmMX BOJIM3M I'PDAHUYHBIX BEKTOPOB C CUHIYJISIP-
Hocrsamu Buga (1). DTor cummerpuueckuii OnepaTop UMeeT TAKXKe JAPyTue
pacmmpenust H,,, “cobCTBeHHBIE” COCTOAHUST KOTOPBIX CTPOSITCS C MOMOIIBIO
kBagparnauoii popmbl Qx(A). g 6osee noapobHOro onucaHusi ITUX CO-
CTOsIHUIT TIepeiijieM K ChEepUIecKUM KOOPAUHATAM U BBIJEJUM U3 [TOJIEBBIX
[IepeMEeHHbBIX MO/IIIPOCTPAHCTBO C MOMEHTOM Bpariennsd [ = 1.

2.2. BekrTopubie cpepuyeckne rapMOHUKU U PA3AEJIEHUE [I€PEeMEeH-
ubix. C nomonpio craaapubix cdepudeckux Gyukiumin Y, (0, ¢) BBegEM
Tpu BeKTOpHBIE chepuaeckue rapmorukn VSH [13]:

Y1 (Q) :fylm, 0<1l, |m| <1, (18)
Ui (Q) =l 70y, 1<1, |m| <1, (19)
By () = HEX DYy, 1<1, |m|<I (20)

— pyukiun yroosbix nepemennbix Q= (0, @), rae [ = \/I(1 + 1). Dru dynk-
LUK OPTOrOHAJIBHBI JIPYT JPYTY HPH MHTErPUPOBaHAU 110 cdepe 1 HOPMHUPO-
BaHbl Ha €JIMHUILY:

/ Ty () Wy (2)dQ = 0, / Tt () Ty (2)dQ = 6116t

S2 S2

/ T 1 () By (2)d2 = 0, / T 1 () Ty ()dQ = G116
S2 S2

/ By ()T ()2 = 0, / B () By ()AL = 811/ By -
S2 S2

BekTopubie cdeprutieckne rapMOHUKH TO3BOJIAIOT HAIUCATH OJJHOZHAYHOE IIPEJI-
crajieHne BeKTOpHOI dyukiuuu A(Z) B BuJe Tpex CyMm

A(F) = Z Yim (1) Lo + Z i (1) U, + Z Wi (1) D (21)

0<|m|<I I,m I,m

Jlist cokpalnenusi 0bo3Hadenuit gajiee Mbl OyZeM 0pa3yMeBaTh 9TO CYM-
MUpOBaHUe 0 WHIeKcaM [,m Bejercd B npegenax 1 < I, |m| < [, eciu ue
yKa3aHbl Apyrue ycaoBus. s KaxK 10l KOMIIOHEHTBI pa3/ioxkenus (21) mpu
meficTBum omeparopa A MMeeT MeCcTO pa3/eseHne TepeMeHHbIX

- 19 5,0 = z(r - -
A(Z(T)Zlm) = —T—2ET2EZ(T)ZZm + %AQZlm, Z = T,\I’,q).
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Heiicreue cdepuueckoro mamnacuana Aq na VSH wepamaronansno (npu | >
1), Ho upu nHopmuposke (18)—(20) okasbiBaeTcsi CUMMETPUYHbBIM:

AT = 2+ )Ty — 200y,
AQ\I_’;lm = _Qi’flm + lNz\Ijlma
AQ(Elm = P(ﬁlm

Ecin na Bekropuyio dynkumio A(F) nanoxurs ycaosus nonepeanoctu (9),
TO oHa Oy/IeT napaMeTpu30BaATLCA y2Ke He Tpems, kKak B (21), a aBymst Habo-

pavn by K Ui (1), Wi ()
/
N 7UIm 2 Uy 2 Wim z
) = 3 (g T+ B ) )
m

HepBBIe ABa CJjlara€MbI€ IIOJ 3HAKOM CYMMBI II0 OTAE/JIbHOCTH HE IIOIIEPEYHDI,
OAHaKO, IIpU 06’]:6,Z[I/IH€HI/II/I OHH CTaHOBATCA TaKOBBIMM:

/
— ~ul — u g
/ — — —
s U U T T Umz T =1, § & _
= NS5 = =300 L+ 20 D)+ 0 Y im = 0.

HeiicrBue kBagparu4anoit popmbl oneparopa Jlamiaca Ha momepedHoe mo-
ne A(Z) B repMUHAX HOBBIX IEPEMEHHBIX Upp (), Wiy, (T) BBIISLUT CJle/Ly10-
M obpazom (cm. opmyist B [8]):

Q(A) = (—) d*z = Z(ulmaﬁulmh + Z(wlm,lelm)’
I,m I,m
rie (+,-); — 9TO CKAIAPHOE MPOU3BEICHIE, IEPEHECEHHOE 13 IPOCTPancTBa, R3

(u,v); = /000 (u’(r)v’(r) + l(l%l)mv(r))dr, u(0) =v(0) =0, (24)

a paJauajbHas 4acTh oneparopa Jlammaca 1) u ckanaproe npoussejenue (-, -)
ObLin onpezenennt B (3) u (4). 31ech Mbl nOKa npeanosaraem, 9ro GyHKIUn
U (1), Wi (1) MOCTATOYHO r1AKKE U OBICTPO yOBIBAIOT B HAYAJIE KOOD/MHAT.
ViuBureabubiit HaKT, CyHIeCTBEHHO 00/Iervaioniuil BbIYUC/IEHNs, COCTOUT B
TOM, 9TO mpou3Bejenne (24) mpu TaKuX yCJIOBUSX MOXKET OBITH 3a7aHO KaK
nojtyTopasuHeiinas ¢gopma omneparwn 1] B CKaJIsIpHOM TIpou3BeeHun (-, -)

d? 1(1+1)

(u,v); = /OOOW(—WU(T) + 5 v(r))dr = (u, Tyv). (25)

r
Jitst Toro, arobbl He nyTaTh AuddepernajibHyIo onepanuo 17, uaynryio or
CKAJISIPHOIO [IPOU3BEIEHNS, U PAJMAJIBHYIO YaCcTh oreparopa Jlamiaca, 31ech
u jlajiee Mbl Oyem 0603HAYATh OCJIEIHIO KAk 1.



13

Kunernueckoe csaraemoe B ramusibroHuade (13) MOKHO uepenucarb B
ClIe/lyIOIEM BuUJie

5 5
- Py (%, 7 Brddy =
//R s @ D

N 1) (5wl/m/(r’) ) 5ul/m/(r’) RN
- / / <5wl,m,(w) 5An@) | Swrme () 8A4(T) )P ki (7, ) %

dwp(r) 6 Supn (1) 6 4
X < SA,(7) Swm(r) + 5A, () 5ulm(r))dT dr' d°z d’y. (26)

Jist Toro, urober npoekTop Py (Z, )

PE.5) =3 (CFun() — By (@)1 (5.1) (LT () + 2

S T

\f’lm(Q,)) +

I,m

=

+ Z 3_151771(9)5(3 - T)(I)lm(Q/)r_lv = (s,Q), y=(n Q/)
l,m

JleficTBOBAJI Ha, MOIEpevYHble (DYHKIMU KAK €JIMHUYHBIN OIeparop, BbiOepem
CJIEJLYTONLY IO TaPAMETPU3ALMIO HOBBIX IIEPEMEHHBIX (Ujpm, Wiy, ) depe3 A:

Wi () = 7 inﬁlm(Q)-ff(r,Q):% / B d(r — B (Q) - AE), (27)

U (1) = /ds Tl_l(r, 8)/dQ ([’flm(Q) — %s\f!lm(ﬁ)) CA(s,Q) =

= [ (G170 T + £ (1) B () - A0

’ (28)

rje ondarh T = Z(s,)). Hec/io:KHO yBUIETH, UTO 9TH BbIPAYKEHUS BOCCTAHAB-

JIMBAIOT TOJIS Ul (1), Wi (1) u3 A(ZF), npeacrasaennoro B Buge (22), u, B 10
JK€ BpeMsi, OHU ODHYJIAIOTCS HA JII00OM MPOJ0/IbHOM COCTABIIAIONIEH

F@ = Y (W) Tin(Q) i (1) Fy ().
0<|m|<l
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asee moacraBuM Bapuanuu 51;2717 6;54’", Beramcsrennele u3 (27), (28), B (26)

U IIOJIyIUM

S - 5(r'=s) d(s—r)z— 0
i ! 33 P Lo ! . St (1)

/dr dr’' d x(éwl/m’ (T,)‘I)l m (§2) ” r @lm(Q)éwlm(T)+
b (T e ) + L1, ) B ()

(5Ul/m/(7"/) 32 14 ) I'm s 88 ’ ) I'm
LI (5, B () + (1 5,1 B () —— ) =
(T ) T @) + L (G T ) Fim (@) 55 ) =

) 0
- /d?” 5wlm(7’) 8wlm(r) -

- , /L 1, _8_2 [_2 -1 L
/dr ds dr 5ulm(7‘/)Tl (", 5)( 0s? * 82)Tl (S’T)Csulm(r)’

371eCh MBI CPa3y OIYCTUJIN TEPEKPECTHBIE CIAraeMble MEXK/TY U U W, KOTOPbIE
BAHYJIAIOTCH BBUy oproroHasbHocTr VSH. B mociemnem ciaraemom jieii-
cTBUE Tl_1 Ha T} maer §-PYHKIMIO, B PE3yJIbTaTe 4ero OJHO HHTErPUPOBAHIE
caumaercd. TyT cTouT oTrMeTuTh, 4TO ModABjeHue KoddduimenTa Tl_l(r, s)
IpU KBaJPAaTe CONPSYKEHHBIX “MMIYIbCOB’ (TO €CTh B KHHETHIECKON IacTH
raMuJIbTOHHAHA) SABJISETCS €CTeCTBEHHBIM, eC/id “KOOpAWHATHAsS IMepEeMeH-
Has w(r) U3MepsieTCsl CKaJIApHBIM Ipou3segenneM (25) ¢ onepanueii 1;.

Cymmupys npeobpa3oBaHHble KUHETUYECKYIO U IOTEHITUAJIBHYO0 YaCTH 110~
JIyIUM CJIeTyIOIee BhIpAayKeHue I raMuabToHnaHa (13) B HOBBIX mepeMeH-
HBIX

& é ) .
Ho = - d m» Tiwim
’ ;n:( /0 Téwlm(r) 5wlm(r) " (wl . ))+

o ) ) .
§ — T ) ——— T, .
! Im ( //O drdr 5ulm(r/) ! (T ’T) 5ulm(r) * <Ulm’ lulm>l)

Kak u ciegoBaio 0:XKugaTh, IEPEMEHHBIE Wiy, , Ul PA3AESIOTC I BCeX | 1
M, a BAaKyyMHBIE COCTOSHIA W BO3OYKIEHHS TAKOIO TaMUJIBTOHUAHA MOYKHO
WCKATH B BUJIe TPOU3BE/IEHNN COCTOSHUN TaMUJIHTOHNAHOB

0 1) 1) .
Hip = — drdr' ————T7 (¢ ) ———— mo> L1Wim, 2
: //o e Stpn (r') r 7r)5uzm(7”)  um Tivm (29)

, o 0 1) .
j{lm = - d7’5 5 + (wlma T’lwlm)
0 Wiy (1) SWin (1)
lamubTOHMAHBI ﬂ-f;m [IPEJICTABIAIOT U3 Ccebsi OIepPaTopbl, KOTOPHIE IIOJIyYa-
IOTCH 1IpU 1epexosie K chepudecKuM KOOPAMHATAM U PAa3/Ie/JeHUN [IEPEMEH-
HBIX JIjIst CBODOIHOTO CKAJIAPHOIO moJist ripu [ > 1. VIx cobcTBEHHBIE BEKTOPHI,
[IO-BUIMMOMY OIIPEIEIEHBI OJHOZHATHO, IT09TOMY MbI HE Oy/IeM HA HUX OCTa-
HABJIMBATHCS U Jlajiee COCPEAOTOUYNMCH TOJIBKO Ha, orneparopax JHy,,.
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2.3. Pacmmpenus: kBagparuanoii ¢popmel omeparopa 1;. B pabore
[12] mokasbiBaercs, uro omeparopbi 1) B CKAISAPHOM HPOH3BEACHHH (- -)1
SIBJISIOTCS CUMMETPUYeCKuMu oneparopamu ¢ unjexkcamu jgedekra (1,1). Ta-
KHe OIepaTOPbl UMEIOT HETPUBUAIBHBIE CAMOCOIPSKEHHBIE PACITUPEHHS, KO-
TOpbIE JEHCTBYIOT KaK CMEIIaHHbIE BbIPAKEHH

2u(r
Tu(r) = Tu(r) — %u/(O) = _ddr(Q ) + 3u(r) - %u'(O)

Ha 00/1aCTAX OIpe/IeIeHIs

={u(r): (u,u) < oo, (Twu,Tyu); < oo, 3u”(0) = 4u'(0)}.  (30)

s yruporirenusi 0003HaYEHU B 9TOW U B CJIEYIONIEH YacTU Mbl OYeM OIryc-
Karh uHgexc | = 1y omeparopa T}, u muddepennuanbaoii oneparun 1) .
Omneparopsbl T, % UMEIOT OJHOKPATHBLIA HeNpEepBLIBHBLIA CIEKTD, 3aHUMAaIOIIUQ
HETPUIATEIBHYIO [I0JIyOCh, KOTOPOMY COOTBETCTBYIOT “‘cobcTBeHHBbIE” (PYHK-
d (PO CIEeKTPATBHOTO TIPeobpa30BaHus)

2r

d
Pa(r) = ialr) = st

rie Gaz3oBbIil cABUT ( ONpE/IEeH Kak

! —(cos(¢ + Ar) — cos (),

A+ ik

IIpu k < 0 omeparop T, uMeer OJHOKpATHOE COODCTBEHHOE 3HAYEHUE —K
(TUCKpPETHBI CIEKTP) U COOCTBEHHYIO (DYHKITHIO

) = a(r) =\~ (e + 2,

s nabopa {py, ¢} BBIIOIHEHBI YCIOBUSI OPTOrOHAIBLHOCTI

(o)1 =0A—p), Pr@)1=0, (.¢1=1

1 IIOJIHOTBI

/me YTupa(s) dA + a(r) Taa(s)] g = 6 — 9),

34echb unzeKc s y auddepennuanbuoii oneparun T MOAIEPKUBALT, ITO OHA
neficTByeT Ha mepeMeHnyio s. Oneparopsl 1) HOPOZKIAIOT PACIIADPEHIS (u, T, KU1
KBaJPATUIHBIX (HhOPM U3 MOTEHIMAIBHON dacTu raMuibronnanos (29). Uc-
xoanas dopma {(u, Tu>1 3a/@eTCs Ha MHOXKECTBE /1Ba pasa gauddepenuupy-
eMbIxX (PyHKIHU, UCYE3AI0MINX B HYJIE BMECTE C [IEPBOI IIPOU3BOIHOM

W2 = {u(r):  (u,u); < oo, (u,Tu); < co, u(0) = u'(0) = 0},

KOTOPO€E COOTBETCTBYET OJUH Pa3 JudepeHiupyeMbiM [MOJIIM

A(@) = \/5“1’7’}( )%, (0.0) + “1";( ) G160, ), (31)



16

peryJIsipHbIM B HavaJsie KoopuHar. Pacumpennsie dopmbl (u, Tiu); onpese-
JIEHBI Ha, MHO2KeCTBe (DYHKIIMI C IPOU3BOJILHBIM OI'DAHUYEHHBIM 3HAYEHUEM
LIPOU3BOLHONA B HYJIE

W2 = {u(r) : <U,U>1 < 00, <U,THU>1 < 00, U(O) = 0}
OueBuIHO, YTO HA MHOXKECTBE Wg BBITTOJIHSIETCST PABECTBO
(u, Tou)y = (u, Tu)y, u€ W2

Mpsr He Oy/ileM HPUBOAUTH CUMMETPUYHOE IIPEJIEIbHOE BhIPAXKEHUE JIJIs PaC-
HMIUPEHHBIX (POPM, U CPa3y 3aIUIIEM CIEKTPAIbHOE Pa3/I02KEHNe

(u, Tru) = //000 Qx(r, 8)Tru(r)Tsu(s) drds,
re
Qx(r,s) = /0 pA(r)A(s)A2 dX — EQTrq(T)TSq(s)|H<O,

a BTOpOE CaaraeMoe MpUCyTCTBYeT TOMBKO mpu k < 0.

B zak/oueHun 49acru CTOMT OTMETHTh, 4To dopma (u,Tu); sBjsiercs
qacTHBIM crydaeM GopMbl (U, Ty )1, KOTOPBI COOTBETCTBYET 3HAYEHUIO K =
oo (1o ecrb hopmoii pacimpenust 10 PpugPUXCy CUMMETPUIECKOIO OIIEPATO-
pa T'). C rouku 3peHusi ClieKTPAIbHbBIX CBOHCTB 9TuX (hOPM, MOKHO YBU/IETD,
aro chepudeckas pyakius Beccesist

(r) 2r d1 A\
PiA(r) = ————sin Ar
’ V22 drr ’
KOTOPasi BXOJIUT B IAPAMETPU3AINIO HECHHTYISIPHOTO [TOepedHoro moJis (31),
K
SABJIFCTCA IPEEIBHBIM ClydaeM (YHKIUL Py \

. 2r d1 T
pia(r) = lim m%;(COS(C +Ar) —cos(), (k) = 3.

2.4. CobcrBeHHbie coCcTOsiHud ramujbroHuaHa npu [ = 1. Tlosyuen-
HOE B IPEJbIIYINE YaCTh CIEKTPAJILHOE PA3/I0KEHUE TI03BOJISIET TEHEPDh 3a-
mucarh rayccoB yHKuuoHa1 ¢f (1) Jyis PaCIIMPEHHOI0 KBAHTOBOIO Ollepa-
TOpa

1) 1)
K v 1 - .
Tm = //0 drds(s (3)11 (s,r)5 o + (u, Tu)q

KaK 9KCIIOHEHTY OT MHTErPAJBLHOI'O OIEPpATOPa

o5 (u) = exp{—% // Qé (ry ) Tru(r)Tsu(s) drds},
e

Qi (r,s) = / PA(rIPA()NAA — irg(r)a(s)] .
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B sTom BBIpakeHmn MbI CIIEMUAJIBHO BhIHECTN aud depeHinaibHbie omnepa-
1

mun T, Ty 1 Toro, 9To0BI MOJyIUTh Oostee Taakoe aapo Q7. Hecmoxmo
YBHJIETD, ITO (DYHKITHOHAT ¢fj YAOBIETBOPAECT yPABHEHUIO

o0 1
’fm(ﬁg(u) = S¢g(u)7 S = /0 TT’QI% (T7 T,)‘r:r’dr

C HEKOTODPBLIM OeCKOHe4YHBIM cOOCTBeHHBIM 3HadeHueM Af. OmepaTopsl POK-
1

ACHUA U YHUYITO2KEHUA C IIOMOUIBIO dJpa Qg 3alIMCbhIBAIOTCAd B BU/IE

b(r) = /OOO (Qé (7‘, S)Tsu(s) - Tl_l(r’ S) 5u(7‘)

a(r) = %() T /0 T QR (i 8)Teu(s),

a WHBAPUAHTHBIE N-IACTUYHbIE COCTOAHUS CTPOSTCA C HOMOIIBIO (hOPMYII,
aHaIornIHeIx (16

)
b, (u) = // on (1, mp)b(r1) .. b(rp)dry .. dry, do(uw).

Mg nmaromanmsanun omeparopa HY,, mepeiizeM K CHEKTPaJbHOMY IPe-
CTABJ/IEHUIO KBAJIPATUYIHON (DOPMBI, TO €CTH CAETAEM 3aMEHY

a0\ = /0 T oA Tu(r) dr, g = /0 " ) Tu)],

(3amerum, 4T0 BCe (DYHKIMU 3/1€Ch BEIECTBEHHBIE), TOT/A

. ) J N N
= /(——— + N2 (N))dA — k205 e

tm oa(N) 6a(N)

Takomy KBaAaHTOBOMY I'aMUJIBTOHUAHY COOTBETCTBYIOT OIIEPATOPHI POXKICHUST
1 YHUYTOKEHUS

b(Y) = M} — s

U BaKyyMHO€ COCTOSHUE

bul) = do(u(@) =expl— [~ OND+ T, )

CobcrBeHHbIE N-YACTUIHBIE COCTOSTHUS CTPOATCH KaK MHTErPaJibl C KO3pdu-
nuenTamu Boze-Ditnmrreiina o(A,...0y,)

q%(,n(a)://an(Al,...An)B(Al)...B(An)dAl...dAnéo(a), (32)

u, Kpome Toro, ripu £ < 0 eCTb ere COCTOsHUsI, CBA3aHHbIE C BO30Y 2K IEHUSIMU
TOYEYHOrO CIIEKTPA.
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2.5. CobcTBEeHHbIE COCTOSAHHNS KBAaHTOBOI'O raMuUJIbBTOHMAaHa CBOOO/I-
HOro HOHepeqHOPO I10JI4d. CO6CTBeHHbIe COCTOAHUYA KBAHTOBOI'O I'aMWJIb-
ronunana (13), B koropom BMecTo KBaaparuunoii dhopmbr Q(A) yuacrsyer
ee pacumpenue (17), cTposiTcs Kak 1pPOU3BeeHus: COOCTBEHHBIX COCTOSHUM
oneparopos Hj, 1 <1, |m| <1 Hppp,, 2 <1, \m| <1 u HY, . Jnsa guaronasiu-
3allMy EepBbIX JIBYX HaDOPOB OIIEPATOPOB MOKHO UCIOJIb30BATH CTaHIapTHOE
CIIeKTPaIbHOEe NPeodpa30BaHne

[o¢] (o]
Ty (A) = / P () T (r) dr, i (A) = / AL (1) Wiy (1) dir
0 0
rae pya(r) — 910 pasHoBumHOCTS cepudeckux dyuxnuii Beccers
(r) 2! ( d1
r)=————(—-
P SN \dr

CooTrBeTcTByIOIIIIE OIEPATOPHl POXK/EHUS W YHUUYTOXKEHUS, 8 TaKXKe BaKy-
YMHBIE COCTOSHUS BBITVISAIAT CJAEAYIOMUM 00pa3oM

)l sin Ar.

- . 1) . . 1)
blm()\) = )\Ulm()\) - ma alm()\) = )\ulm()\) + m
0 . 5

B (A) = Mg () — @] (N) = Ml (N) +

g (N)’ by ()’

~

Po(tim) = eXP{—% /000 U (AA AN},
i) = expl= [ dE, (AN,

Jnaronanusanusa ramMuiabrornana HY,, ¢ moMombio Ipeodpa3oBaHns

tam(A) = / D5 A (F)Tytasn () dr,
0

Obl/1a OIMCAHA B IIPEJIbIYINell YacT. 3/1eCh CTOUT OTMETUTD, 9TO B cpepute-
CKU HECUMMETPUYHOM cJiydae KOI(MMUIUEHTHI K MOTYT ObITH PA3HBIMU JIJId
KOMITOHEHT, COOTBETCTBYIOIINM PA3HBIM 3HATYEHUSIM 1M MPOEKINA MOMEHTa,
BpAIIEHUS HA TPETHIO OCh KOOPJWHAT.

B pesynbrare, B epeMeHHBIX Ujy,, Wiy, MTOAYYaeM TaMUJIbTOHUAH

To= D0 it Y FHmt Do
—1<m<1 2<l,|m|<lI 1<l,|m|<I
BaKyyMHO€ COCTOSHUE
H ¢1m(a1m) X H ¢lm ulm X Hélm
—1<m<1 2<1,Im|<lI

a M-9IaCTUIHBIE COCTOSTHUS TIOTyqatoTcs u3 (hopMyJibl (32) ¢ HOMOIIBIO 3aMe-
HbI OLEepaTopa pO}K,ZI;eHI/ISI b(A) Ha ¢(A), KOTOpBIH MOXKET MPUHUMATH JH060e
w3 3madenuit by, (\), b (\)

//an Mo An) e(A1) - e(An) dAy .. dAdo(@).



19

3. BAKJIIOUYEHUE U OBCYXKJIEHUS

M1 nocTpouniin cucreMy HabOPOB COCTOSIHUI, YJIOBIETBOPSIOMINX COOCTBEH-
HBIM yPaBHEHUsIM /[jIsi KBAHTOBOI'O oreparopa l'amuibrona cBOOOIHOIO I10-
nepednoro noss. [losydernnbie HAOOPHI B OOIIEM C/Iydae 3aBUCHAT OT BbIJie-
JIEHHOI TOYKHU MPOCTPAHCTBA U HE 00/1a/1aI0T MACIITAOHO! MHBAPUAHTHOCTHIO
(3aBucaT or pazmepHoro napamerpa). [locTpoenue cymecTBeHHbIM 06pa3oM
HCIIOJTB30BAJIO CBOMCTBA PACIINPEHNi KBAIPATUIHOM POPMBI orrieparopa Jla-
raca, BXOJSIIEl B MOTEHIMAIbHOE CIAaraeMoe I'aMUJIBTOHUAHA. JTH Pac-
[IApeHsl MOIYT OBITH 3amucanbl B “mHBapmanTHOil” dopme (17), KoTopasd,
TaK>Ke KaK M YC/JOBHe IOMEPEeYHOCTH, He MO/pa3yMeBaeT Iepexoj K cdepu-
YeCKUM KOODJMHATAM U KCIOJIH30BaHUE KAKOH-n0O0 BblJIeIEHHON (DYyHKIIN-
OHAJIBHON mapamMerpu3arnuu tuma (22). 37ech BOBHUKAET €CTECTBEHHBIH BO-
IpoC 0 BO3MOKHOCTH 06061meHust (hopmbl (17) Ha caydail IByX I HECKOJIb-
KUX BBIJIEJIEHHBIX TOYEK [IPOCTPAHCTBA

o OAy2ps N~ (5 [ idwpe
Qi =tmy([ (G- vw) [ 1A@PES),

— yuoBJersopsier i Takast ¢popma ycsosusim reopembl VIIIL15 uz [10], co-
OTBETCTBYET JIA e CaMOCOHpH)KeHHbeI Oo1repaTop, MO2KHO Ji BBIYUC/IUTH €r0
cuekTpasibHoe npejcrapienne? CyIecrBeHHasl TPYAHOCTD TPU 9TOM MOXKET
BAKJIFOYATHCST B 3AMbBIKQHUU YCI0BUSs HonepedrocTu. st caydast 0JHOi 0co-
60t TOYKM MBI TIPOCTO MPEbSIBIISIEM CIHEKTPAJIBHOE MPEJCTABIEHUE JIJIsl 110~
[epevyHbIX (PYHKIING U J1ajiee MOXKEM PACCMATPUBATDH CBA3AHHYIO C HUM (PpU3U-
Ky, & JJjId C/lydasi HECKO/IbKUX TOYEK TAKOI'O IPEJICTABIEHUS MOXKET BOODIIe
HE CyTIIeCTBOBATD.

JpyruM BaxKHBIM 3aMeYaHUEM SBJISETCHA TO, YTO [O-BHIUMOMY IIPEICTaB-
nenne (HU3TIECKOro 0O6beKTa (IO B3aMMOAEHCTBUSI) B BUJE BEKTOPHOI
pyHKIINE HA TPEXMEPHOM I[POCTPAHCTBE HE SBJISIETCS MPABUJIHHBIM CIIOCO-
6om onmcanus 3a7a4u. /IBe PyHKINN C CHHTYAIPHOCTIMU B PA3HBIX TOYKAX,
KOTODBIE MOT'YT SIBJIATHCS IIPEJICTABIEHUSIMHU OJIHOTO U TOT'O YKe (PU3UIECKOr0
00beKTa B pa3Hble MOMEHTHI BPEMEHH, He BBIPAKAIOTCA depe3 obruit 6a3muc,
TO €CTb HE UMEIOT ODIIEro MpeJ/ICTBAJIEHUs Yepe3 OJIUH OPTOTOHAJILHBIN Ha-
Gop. U, Takum 0OpazoM, mMeeTcs CyIIeCTBEHHOE MPEMSITCTBAe B OMUCAHUN
BO3MOXKHOW TUHAMUKHU CHCTEMBI.
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