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1. PaccMoTpHM raMHJJhToHnaa rrapaoro BGaHMoaefi:::TBHSI B S=O, T =l-

COCTOSIHHH: 
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( 2.2) 

S l <a+ a .-a a+) • 
n1' n n.J, n.J, k 

ITOnyqaeM 38MKHyT:·!O CHCTeMy KOMMyT8UHOHHblX COOTHOIIJeHllil. BhipCl:>I\eHl!~ 

( 2) ~Bn~JOTC~ HHtPJIHHTe3HManhHbiMH reHepaTopaMI! rpyrrnbi R , Ill 

2. I1CXOLIHbiH raMI!nhTOHH8H p8306beM Ha .QBe 'IClCTH 

H II +11
1

• (3) 

nepBhlH 'IneH OITIIC dBSeT PP- ll 11 11 - B381!MOLI€JlcTBI!~, 11 1 - 11 p 

rrapHoe B3al!Moaei1cTBne. OrrepaTophl S 0 s 0 
11 n ~Bn~JOTC~ TpeTbi!MH 

121 
rrpoeKUH~MH HeHTpC HHOro II rrpoTOHHOrO BeKTOpOB KB83HCIIHH8 • CooT-

BeTCTByJOIUlle KBa.Q l8Tbl 9TH X BeKTOpOB paBHbl: 
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n KOMMYTHPYJOT C 

To My co6cTBeHHbie BeKTOpbi II 0 MoryT 6biTb KnaccntjlnunpoBaHbi co6cTBeH-

HbiMH 3H8'IeHH~MH 9THX orrepaTopoB: 
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Co6cTBeHHbie 3Ha'I?HHH 'IaCTH orrepaTopa rroTeHunanhHOH 9Heprun, KOTopa~ 

BXO.QHT B H l 8BHbi: 
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Ha/lllllO 3/lbT8[lHGTI!BB 0 CBH33HHaH C OTCyTCTBI!eM !!lUI Ha/lll'll18M B CHCTeMe 

rlallbHeiiniero BbipO£KUeHHH ypoBHeil 3Heprnn II n • 

3. PaccMoTpi!M cnaqana nepBhiH cnyqaii. KoMMy 'HpyH 11 1 c orrepa-

TOp!lMI! KB33HCITIIHOBb!X ITOLir[lYITIT 0 y6efl<UB8MCH 0 ·~TO I 
1 

HBnweTCH rrpHBo-
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npo6eraJOT 3!18'-!eHIHI (l,lJ,-1). noucTaBmHI (7) B (6,1), MOiKHO 

B rrpocTeRWHX cnyqa~x rronyqHTb MaCCOBYIO ~OpMyny,npHB8U8HHhl8 M8TpHqHhl8 

3IT8M8HTh! 1 BXOU51WHE B ( 7) 1 orrpeuenHJOTCH CTpyKTypoR C06CTBeHHbiX 

BeKTopoB II n 

/3/ 
4, CnenyH pa6 >Te , rrpenrronOJKIIM, qTo II 1 MOJK0T 6b!Tb a<jl~eK-

TIIBHO annpOKCIIMHpCB8HO ITIIH8RHOA II KB8Up8THLjHOR KOM6HH8UIIHMH 1 COCTaB-

IT8HHb!MII 1!3 orrepaT(>pOB 1!.'30CITI!HOBblX ITOUrpyrrrr I! I!M8JOUII!MII Te iK8 

TpaHccjlopMaU!lOHHbie ceoRcTBa, qTo 11 H 1 

noaTOMy: 

0 

+ c s 
( 

+ d s n 

(8) 

( 9) 

> 

5, PaccMoTp!!:~ Terrepb cnyqaA, Korna cpenH co6cTBeHHbiX 3HaqeHI!R 

H 0 IIM88TCH BblpO iK)l8HI!e, npn 3TOM cywecTB8HHbiM HBnHeTCH 0Tb!CK8HI!e 

anre6pbi orrepaTopo:1, co6cTBeHHbie 3HaqeHI!H KDTOpbiX pa3nnqaJOT co6cTBeH

HbJe eeKTOpbi 1 np!!H llliTeJKaiUI!e onpeneneHHOMY ypoBHJO aHepr!!ll H 0 

qepe3 ~C o603H8111M f10JliTpOCTpaHCTB0 1 H8THHYT08 Ha 3TI! B8KTOphl, 

npuMepoM TaKoA aJ re6pbr MOJKeT cnyJKHTb anre6pa orrepaTopoB 

L(a+ a ) 
T t T.j, k ' 

( 10) 
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TaKI!M o6pa3oM, rrpl! Hanl!'-11!1! norronHHTeJibHoro BbipO:>K,teHI!H co6CTB8HHbiH 

B8KTOp MapK!!pyeTCH (KpOMe KBBHTOBWX '-II!C8JI KB831!Cfi!Ha, 0!1p8Jl8JIHIDWHX 
2 2 2 2 

9Heprnw ypoBHH) co6cTBeHHbiMH 3Ha'-!eHHHMH orrepaTop~>B Lr = Xr + Yr + Z, , X r-

Yao6Hee, onHaKo, pa3JIH'-18Tb BeKTOpbi rroarrpocTpaHCTBa 5, 0 co6cTBeH-
.2 2 2 2 

HLIMI! 3Ha'-!eHI!SIMH orrepaTopoB LP , Ln , L = ( L P + L ,) X= X P +X n. 

nocTyrraH rroao6Ho rrpe!lbiPYWeMy, T,e, KOMMyTnpyH H 1 c orrepaTopaMH 

( J0), H8XO):(HM 0 '-ITO ITO OTHOW8HHID K rpyrrrre, reHepHpy.,MOH 9THMH onepa-

TOpaMH ( H830B8M ee r o ) 1 IJl HBJIH8TCH ( 0, 0) - KOl\ IIOH8HTOH rrpHMOH CyM-

Mbl ):(ElYX HerrpHBO):(I!MblX T8H30pHblX orrepaTOpOB 

H =[ T(20) + T(OO) 

I j I 0 0) ( ll) 

nonHWH raMHJibTOHHBH H HHB8p1!8HT8H OTHOCHTeJibHO Sonee y3KOH rpyrrrrw 

rrpeo6pa30B8HHH J' , SIBJIHIDW8HCH ITOJli'pyrrrrotl: I' 
0 

1 reHepnpyeMotl: one-

paTopaMH X =X P + X z = z p + z n . CnencTBHeM 

9TOI'O HBJIH8TCSI '-!8CTH'-IH08 CHSITHe BbipO:>KJl8HHSI: ypOBH I C OLlHHBKOBbiMH 
2 

3H8'-!8HHHMH £ ( L I ¢ > = f (r + 1) I¢> ) HMeiDT oaHy H ry :>Ke 9Heprnw. 

YlcrroJib3YH TpaHc¢opMaUHOHHbie cBotl:CTBa H 1 , naBaeMIIe cooTHoweHHeM 

( l l), MO:>KHQ rrony'-IHTb BeJIH'-IHHy paciuerrneHHSI Jut'~ Ka)! noro ypOBHSI H 0 

6, 06cy):(HM orpaHH'-18HHSI 0 H8KJI8LlbiB88Mbi8 H8 C )6CTB8HHbi8 B8KTOpbi 

COCTOHHHH ycJIOBHSIMH CI!MMeTpHH OTHOCHT8JibHO rpyrrm I I' 
0 

I! ee rronrpyiTIIbi r ( G 0,;, 0) . JierKo BHLI8Tb, '-ITO Bbi6o) B K8'-18CTBe 

rrpo6HbiX ¢yHKUHH: rrpoH3BeneHHH 6apLIHHOBCKHX ¢YHKUHH ( rrpH G 0 = 0 

H ljlyHKUHH 

<I> = [ l a+ a+ a+ a + 
+ v + v + ( 12) k p p t p ,I n n t nJ, 

+ v (a +t a+ +a+ a+ )+ w a+ + + a a a 
0 p n j, n t p. p t Pj, nt r j, k 
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yaoBneTBOpHeT 3THM Tpe6osaHHHM CHMMeTpHH. Bbi~lCHHM, rrpH KaKHX ycnoBHHX 

cymeCTBY!OT orrepaTC pb! a , J1HH8HHO CBH38HHbl8 C a+, a 

I<Pk>=<I\IO>snynb. a nmeMBBHne 

a P (k ) 
T(J 

<praiAk~rts>a ( k) . 
t s 

r t s 

H o6paiUa!OIUHe 

( 13) 

!1 HA8KCbl p, r pa3J H'-laiOT orrepaTopbi po:>KneJIHH 11 yHH'-!To:>KeHHH. Onno-

qacTH'-!Hbie nnaeKCbi k B nanbHeilweM, pann yno6cTBa, orrycKa!OTCH. Tpe-

60B8HH5l KBHOHH'-IHOCrH orpaHH'-IHB8!0T B03MO:>KHN8 J1HH8HHN8 rrpeo6pa30B8HHH 

( 1 3 ) yHHTapHbiMH. Y CJJOBHe llpHBOAHT K OJlHOpOJlHOH Cl!CT8M8 

ypaBneunii JlJJH gnc~eHTOB MnTpHUN A • 3Ta cncTeMa nMeeT aeTpHBHanb-

Hbie pemeHll'il TonbKil rrpn fUlllH'-IHH cneuyJOl!Iero cooTuoweH!HI Me:>Kny nnpa',leT-

paMH rrpo6HOH ~YHKll!H (12) 

2 
\\coV \' -vc ( 14) 

npoanamf3HpyeM 31') ycnoBHe rronpo6uee. llOJJO)!{HM \' p I v ,, I exp (i ¢ " ) ' 

v = l v" I exp ( ¢" l , v o = i v o ! cxp ( i ¢ o l, ¢ = ~ ( ¢ ,. + <b)- ¢ ,. 

Toraa ycnoBne ( 14 3KBHBaneHTHO cnenyJOIUeMy: 

I v v 
p 

2 
lw I 

( 15) 

21v 
0 

v v 
n 

p 

TaKHM o6pa3oM I w I ynoBneTBOpHeT nepaBeHCTBy 
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II v v 
p 

I- I v 
0 

2 
I l<lwl<lv v 

- - p n ( 16) 

HepaBeHCTBO (16) HBnHeTcH ycnoBueM cymecTBOBaHH~ nuHeliHoro KaHo

HnqecKoro rrpeo6paaoBaHHH. Mo*HO naT& HecKon&Ko ·~uauqecKHX o6~HcHe-

Hllll" 9TOrO HepaBeHCTBa. 0nHO ll3 HllX COCTOHT B CnlAYIDill8M. npu AO-

cTaToqHo 6on&woM no a6conmTHOii BenuquHe napa MeT pe w rrpo6Hoii 

~YHKUllll CTHOBHTCH cymecTB8HHhlMll qeTBepHhle KOppeiiHUllll. KaHOHHqeCKOe 

rrpeo6paaoBaHue rrepecTaeT 6hlTh B aToM cnyqae nHHEHHhlM. C apyroli 

CTOpOHbl 0 W He MO*eT 6btTh CnllWKOM ManbiM 0 TBK KBK IIpll V O = 0 

B8KTOp COCTOHHllH AOn*eH ~8KTOpll30B8ThC5! ( W = V P V n ) • 

7. nycTh Terrepb HepaBeHCTBO (14) BhliiOnHeHO. 3aaaqy OThlCK8Hll5! 

orrepaTOpOB KB83HqaCTHU 6yneM pewaTb B 2 9Tarra. ralineM CHaqana 

yHHTapHoe rrpeo6pa3oBaHue, rrpHBOAHwee (12) K rrpoH3BeneHHID BCS -~YHK-

Ullll 

(1 + v 11 ) . ( 17) 

K ( 17) rrpuMeHHM cTaHnapTHoe UV - rrpeo6pa3oB 1Hne. A Hann3 ycnoBHSI 

~8KTOpH3yeMOCTll rrpHBOAllT K COOTHOW8HHID ( 14). na JaMeTpbl V 11 , V V , 

BXOAHJIIlle B ( 17) 0 OK83b!BBIDTCH paBHbiMll 

v 11, v = I v 11, v I exp ( i ¢ rr, v ) , 

lv 11 ,v 1
2 

=v 2 ::vv 4 -lwl
2

, 

I v v I 
2 P n 

tg ¢ 
11

, v = sm ¢ -------------
1 v p v I ros 2 P- I v o I 2 

+ I v17, J 12 

9 
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CaMo rrpeo6pa3oBaHrr! nMeeT BH~ 
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a 

TO 
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+ + 
= COS II {3 T <J + T sin {) CX(l ( i T tiJ ) {i _ 

T ,O 

1 ' ' sin ( 
p 
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- I v \ ,.~-lwl
2 v 
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2 p 

+ 
HaKOHBU, CMBWHB85! {3 H {3 

1 
HBXOIU1M orrepaTOpbl KBB3H'IBCTHU, 

( 19) 

8, 3aMBTHM, 410 HCXOilHbll''J raMHilbTOHrraH ( 1) MO/KBT 6b!Tb llHBrOHBi1H-

30B8H rrpeo6p830BBHPBM 6onee rrpOCThlM 1 <JBM KOM6HH8UH5! (19) H CT8Hil8pT

HOrO uv -rrpeo6pa3C BBHHS!, Bo3HrrKBBT BOITpoc: MOryT ilH pB3i1H'lHblB CITO-

C06bi llH8rOHBi1H3BUHll OllHOrO H TOrO }!(8 raMHilbTOHHBH8 BBCTH K <jJH3H'lBCKH 

He9KBHBaneHTHbiM pe 3Yi1bTaTaM? CnTyaUHH rrpoHCHSieTcH, ecnn 3BMBTHTh, 

<JTO rrpeo6pa30BaHne Eoronro6oaa-BanaTnHa ecTh TpaHc<jlopMaUHH <JaCTH He

nnaroHanhHhlX 9neMe1TOB 9HepreTn<JecKoA MaTpHUhl B nnaroHanhHwe. DonH 

38XBHTbiB8BMbiX ripH 9TOM HBilHBrOH8ilbHb!X 9i1BMBHTOB CyWBCTBBHHO 38BHCHT 

oT yna<JHoro Bbi6opa KaHoHH<JecKoro rrpeo6pa3oBaHnH. Bnn TaKoro rrpeo6-

pa30BaHnH OflpB/lBi15!ETC5! 0 B CBOID 04BpBilb 0 CTpyKTypoA rrpo6HOH <jlyHKUHH, 

9, 8 CB5!3H C : THM B03HHKBBT BOITpoc: BCerna ilH rrpOMB}!(yTO'lHbiB 

MBTBMBTH<JBCKHB Bena<JHHhl, B03HHKBIDWHB B ITpOUBCCB ITpH6J1H}!(BHHOH )lHaro-

HBi1H38UHH raMHilbTO IOBOA MaTpHUhi, HMBIDT SICHb!A ~lH3H<JBCKHH CMbiCil? 

K TBKHM BBilH'lHHBM Mhl OTHOCHM 1 Ha!lpHMep, KOppB115!UHOHHbiB rpyHKUHH, 

XHMH<JeCKHB flOTeHUH lilhl, rrapaMeTpbl rrpo6HOA rpyHKUHH, ilnH OllHOrO COpTa 

qaCTHUo B38HMOAeAc'·ByiDWHX nocpeacTBOM napHhlX Clli1 1 rpH311'1BCKHH CMbiCil 

KOppei15!UHOHHOA rpyHIUHH O<JeBHileH: OHB B 3TOM cnyqae S!Bi15!BTC5! MBpOH 

10 



qncna KOHileHcHpoBaHHI>IX nap. B 6onee CJTO/KH•-'X cny'l<tAX B03MO/KHOCTb 

ilOil06HoA HHTepnpeTHUHH CTaHOBHTCA COMHHTeJTbHOA. 8 CaMOM nene, B 

/4/ 
B pa6oTe llJTA 3apA/lOBO-CHMMeTpH'IHOrO napHOrO rEMllJlbTOHHaHa 

( npH N - Z ) 6I>rna noKa3aHa 3KBH BaneHTHOCTb! a) p( !lleHHA, r:ooTBeTcTByiO-

mero paBHbiM no a6COJTIOTHOH BeJTH'lHHe pp- 0 1111- 11p - KOppeJTA-

Ul!OHHbiM cpyHKUHAM ( p p- H 1111 - KOppeJTAUHOHHbie cpyHKUUH npU 3TOM 

'IHCTO BeUJ8CTBeHHhl 0 11 p - 'IHCTO MHUMaA) j 6) pe!llE HilA C paBHOH HYJTIO 

11p - KOppenAUIIOHHOd cpyHKUHeli. Ha A3hlKe npo6Hwx cpyHKUHH 

TT 

3TO 03118-

qaeT 3KBHBaJTeHTHOCTb pe!lleHHH cpo. T 
Ba/KHOCTb y'leTa cpa3 KOppeJTAUHOHHb!X cpyHKUHH O'leBHilfa! BCAK851 HHTep

npeTBUHA KOppeJTAUHOHHhlX cjJyHKUHH llOJT/KHa /lBTb pa3y.IHYIO HHTepnpeTaUHIO 

HX cpa3. 

/4/ 
10. B pa6oTe 6biJTO noKa3aHo, 'ITO aHepreTH'lE CKH BhirO/lHhiMH 

ABJTAIOTCA peUieHHA C paBHOH HyniO HeATpOH-ilpOTOH-KO~peJTAUHOHHOM cpyHKUHeli. 

/5,6/ 
YKa/KeM aa cjJH3H'lecKyiO npH'lHHy 3Toro ABneHHA. l13Be<'THO , 'ITO /lilA 

Cl!CTeMbl cjJepMHOHOB CBepxTeKy'leCTb MO/KeT HMeTb MECTO TOJlbKO B TOM 

CJlyqae, eCJTH HMeeTCA He 6onee OllHOrO ypoBH51 1 Ha KO ropOM MO/KeT npo-

f!30HTH KOHileHcaUR51 nap. B HameM IKe cnyqae, KpOMe ypOBHeli KOHileH-

CaUHH pp- H 1111- nap, pacnono/KeHHhlX a6nH3H rpaHHI ¢epMH HeliTpoH-

HOM H npOTOHHOH CHCTeM 0 B npoMe/KyTKe Me/KLlY HHMH HM ~eTC51 KOHKypHpyiO!llHH 

/4/ 
ypoBeHb KOHileHCaUHH 11p - nap no3TOMY npH KC HCT8HTe HeATpoH-

npoTOHHOrO B38HMO.Qe!1CTBH51 0 MeHbllleA HeKOTOpOH KpHT !'leCKOH 0 HMeeT Me-

CTO KOHileHCaUH51 pp- H 11 n - nap. Ponb 11p - B3 'iHMO/leHCTBIHI 

CBO/lHTC51 rrpH 3TOM Jll!Illb K nepeHopMRpOBKe ypOBHeA 3~eprRH. npa 6onb-

lllHX 3Ha'leHH51X G 0 B CHcTeMe npowcxoaHT cpa3oBbiH n~pexoa: p fl - H 

11 11 - napb! pa3py!llaiOTC511 C03/laiOTC51 11 p - napble Y Hb!MH CJTOBaMH 0 

flOHBJTeHHe ypOBHH KOH.QeHCaUHH 11p - nap npHBO/lHT K {MeHb!lleHHIO 3cp$eK

THBHOM KOppenAUHOHHOH cpyHKUHH 0 T.e. K 8cpcpeKTHBHOMY paCTaJTKHBaHHIO nap. 

npw N=Z' G p = G n= G 0 3TO npHBeno 6b! ( ecnH 6 B CHC reMe HMeJTCA 3anpeT, 

11 



HCKJ1IO'l810U1HH peweJ:HSl C paBHOH HYJlJO np - KOppenHUHOH!IOH <j:JyHKUIWH) 

K llOJlHOH KOM!leHC8UJH rrpHTH)!(eHHH 1 T.e. K HC'le3HOBeHHIO menU. 

11. Dpenrrono)!(C~M, 'ITO rrpH t=-"" Mbl HMeeM TOnhKO pp- 11 nn-

rrapHbie B38HMO!lelrC1 BHH, T.e. HeB38H:v!O!leHCTBYJOU1He Me)!(!lY co6oi1 CHCTe

M~ KBaaHqacTHU. BtnJO'laH M8)!(1lY KBB3H'l8CTHUBMH paaH~x copToB 

np -rrapHoe B38HMO!leHCTBHe 11 orpBHH'lHBBHCb B MBCCOBOM orrepaTOpe 

" " j7/ 
BKJ181lOM llHBrpaMM c O!lHOH TO'l8'lHOH sepWHHOH , l10J1Y'lfl8M CJ181lYJOU1ee 

ypaBHeHHe llJlH KOpp~JlHUHOHHOH <j:JyHKUHH 

\I ~=M 
I G i 

0 ' 

E E 7 2 1 L[( p+ n) +\1 1-12 

2 0 k 

2 2 2 

E =f
2 +G,C,. 

l 

( 20.1) 

( 20.2) 

3aMeTHM, '-ITO 3TO ypasHeHHe norrycKaeT pemeHHe M 0 = 0. Bbi'lHCnS!H 

rronHyJO 3HeprHJO rrpH M 
0 

= 0 11 M 
0 

of 0, y6e)!(naeMCH B 3HepreTH'leCKoi1 Bbi

rooHoCTH rrocnenHero cnyqaH. Ka)j(ymHecH rrpoTnsope'lHH c peaynhTaTaMH 

/4/ 
pa60Tbl ycTpBHSl! lTCH, ecnH rrpHHHTb BO BHHM8HHe p83Jlll'lHe 'lBCT8H 1 

OTBeTCTBeHHbiX 38 np- B38l!MOileHCTBHe. B CBMOM nene, rrocne!lHIIH 

qneH B ( 1) OllHCb!Bt eT np - B3811MO!leHCTBHe Me)K!ly rrpOTOHBMII ll HeHTpO-

HBMII, TOr!la KBK CCOTHOWeHHH ( 20) OTBe'laJOT BllH86BTI!'-!eCKOMy BKJ1JO'l8Hll!O 

B38l!MOileHCTBllH Me KilY rrpOTOHHb!Ml! H HeHTpOHHbiMl! KBB3l!<JBCTl!UBMII. 

He3KBHBaneHTHOCTh paccMoTpeHl!H p p- l! nn - B38l!MOil8HCTFIIIH, C Oil-

HOH CTOpOHblt 11 nr - C !lpyroi1, O'l8BHilHB. 

12. Bb!We Mbl OTMeTHJ1l! 1 'ITO ycnoBHe coxpaHeHHH BHTHKOMMyTaUH-

OHH~X COOTHOWeHl!H orpaHl!'ll!BB8T B03M0)!(H~e Jll!H8HH~e rrpeo6pa30B8HllH 

12 



a' (k)=<rtsiA ':prn>up (k) 
t s k ra ( 21) 

(rrpenrronaraeTc~ cyMMHpoBaHHe no rrpoMe•yToqHwM HHneKcaM). Ycnoane 

KBHOHHqHOCTH rrpeo6pa30BBHH~ HMSST BHll: 

<r t s lA !pra 
1 I k I 

· < -r t s ! A - p r a 
2 " " k 2 

0 
12 

( 22) 

s 
J 2 

nocKonbKY orwpaTop a+ 9pMuToBo corrp~•eH one paT )PY b , To: 

<rts iAk I prr1>= <-rts A I -pra 
k 

( 23) 

M3 (22) H (23) cnenyeT yTaep•neHHe o6 yHHTapHOC1H rrpeo6paaoaaHH~: 

<r t s lA \pra><r t s lA lpra>~o 
111 k 222 k ?. 

I 2 
( 24) 

T.e. 
+ 

ByneM cqnTaTb1 qTo orrepaTopbl b = a H a, H? ~Bn~~cb apMuToBo 

COITp~•eHHblMH 1 ynoBneTBOp~K)T COOTHOWSHH~M 

( 25) 

13 



0TKB3 OT COOTHOWeHH5 (24) llpHBOllHT K CHgTHID YHHTapHoro orpaHHqeaHg: 

( 26) 

0TCyTCTBHe YHHT8pHOCTH 1 B CBOID oqepellb, llpHBOllHT K TOMy 1 qTQ 

MO~eT 6hlTb llpHBeneHl K KBHOHHqecKOMY BHllY (T.e. ~aKTOpH30B8HO) 

rrpH rrpOH3BOJ1bHhlX 3HfqQHHHX rrapaMeTpOB v 
p 

v v n • w. 

B caMoM nene, rrycTb 

b (k) 
t s 

( 27) 

nono~nM<p!Bk J11>,a, <nJBJ~~>=b,<pJBJ~~~c , <n!Bi17 >=d. 

a, b ,c, d YllOBJieTBOpAIDT COOTHOWeHHHM 

v a c + v b d + v
0
(ab+cd) [) 

' p n 

2 d ? +2v
0

ad v a + " v 
17 

( 28) 

v c -j v b?. + 2 v 0 be v 

" 1/ 

' 7 7 2 v 
f' 

= V 17 + V I/ + V 17 V I' 

3TH COOTHOIJJeHHH Ollp 2lleJIHIDT K09<j)(fJHUHeHTbl rrpeo6pa30B8HHg a, b, C, d 

H gljlcpeKTHB!!ble rrapaMeTpb! rrpo6HOH ljlyHKUHH V 17 , V I/ TaKHM o6pa-

30M, qeTBepHbie KOpp·~JIHUHif MO~HO y'leCTb ITyTeM rrocnenoBaTenbHOrO 

rrpHMeJWHHH aeyHI1Tap mro rrpeo6pa3oBaHHg ( 27) H cTaHnapTHoro UV -rrpe-

o6pa30B8HHH llJIH qac 'HU 17, I' 

14 



13. Pe3!0MIIPYR CO)lep:>K8HIIe ITYHKTOB 6-121 YK8)! eM H8 B03MO:>KHbie 

rrpiiqiiHhl HeiTpiiMeHIIMOCTII o6o6weHHOrO UV - rrpeo6pa30B8HIISI K raMIIJlhTO-

HIIaHy (J): 

a) HeynaqeH Bw6op ITp06HOH ~yHKUIIII B BII)le (12); 

6) rrpo6HaR ~yHKUIISI xopowa 1 HO C8MO UV - rrpeo6pa3JBaHIIe HenocTaTo'-!Ho 

o6wee: BCe rrpe)lbil1YWIIe pacCMOTpeHIISI 6binii orpaHII'-!eHI I YHIIT8pHbiMII 

rrpeo6pa30B8HIISIMII. KaK Mbl BII)leJIII 1 9TO ITpHBOilllT K TC My, '-ITO rrapaMeT

pbl rrpo6HoA ~yHKUIIII rrepeCT8!0T 6b!Tb He38BIICIIMbiMII 1 IT! OIICXOiliiT H3MeHe

HIIe CIIMMeTpiiii BOJIHOBOH ~yHKUHII 1 ITOSIBJISieTCSI peWeHIIe C Hyneaoil: WeJih!O 

( rrpu N = Z , G p = G n = G 0 ) ; 

B) npo6HaH ~YHKUHSI Bbi6paHa Yll8'-!H0 1 rrpeo6p830B8HIIe YIHTapH0 1 HO He Y'-III

ThlBaeTCSI HecoxpaHeHIIe npn UV -rrpeo6pa3oBaHIIII nocraTo'-!Horo '-!IICna 

IIHB8pii8HTHbiX ( T.e. KOMMyTnpy!OWIIX C raMHJlhTOHHaHOM) onepaTOpOBo 

CooTaeTCTBeHHO 9TOMy B rrpaBy!O qacTh (I) cnenyeT no )aBIITh qneHbi, 

o6ecne'-!IIB8!0WIIe COXpaHeHIIe cpeJlHIIX 3H8'-!eHIIH rrpoeKUHi KB83H- II H30C!TH

Ha, KB8Jlp8T8 ll30CITIIH8 ( eCJill B38HMO)leHCTBIIe 38pS!JlDBO CIIMMeTpii'-IHOe) 1 

IIHBapiiaHTHbiX orrepaTopoa BTopoA n qeTaepToA cTeneHei1 rpyrrrrbi R 5 

/8-15/ 
14. Bo MHoriix pa6oTRX o6cy:>Kna~cSI Borrpoc o B03MO:>KHOCTII 

~H3H'-!eCKoA KnacciiqlllKaunii cocTORHIIA rpyrrrrbi R 5 (a, cnenoBaTenhHO, 

II co6cTBeHHbiX aeKTopoB 38pRJlOBO-ciiMMeTp1I'-1Horo raMIIIIhTOHIIaHa). KpaTKO 

cyTh nena COCTOHT B CJielly!Ol!leM, Mo:>KHO H8HTH 6a3HC R 5, B KOTopoM 

JliiaroHaJihHbi S 0 II T 
2 

( 6a3HC 

feJib~8HJla-ileATJIHH8). ¢H3ll'-!eCKIIM :>Ke SIBJISieTCSI 6a3HC 1 1, KOTOpOM Jlii8I"'OH8Jlh-

Hbl s 0 T 0 T 2 
• nocKOJihKY B yrroMRHyTbiX 6c 31ICax K8:>K)lOe 

cocTORHIIe MapKIIpyeTcR '-!eTbiphMR KBBHTOBbiMH '-!IICJiaMII S 0 T 0 , T 

HenocTaTO'-!HO llJIH rronHoro rrocTpoeHIIH 6a3nca. TaKIIM c6pa3oM B03HHKaeT 

II3BeCTH8SI npo6neMa OTbiCK8HllSI '-!eTBepTOrO KB8HTOBOrO '-lllCJia. nepeH)leM 

K nocTpoeHII!O ~H31I'-!ecKoro 6a3nca R 5 • Ha'-!HeM c II30<:ITIIHOBoA rpyrrrrbi, 

/16/ 
Ea3nc nnR Hee onpenenReTcR cTaHnapTHbiM o6pa30M 

15 



1'+ I f m :-. = \ 1 + (f- m) ( r + m + 1) I P. m + 1 :-. , 

( 29) 

OnepaTop S 0 KC M!vlyTHpyeT co aceMH onepaTopaMH ( 21) H SIBJISieTCSI 

(30) 

+ 
LlononHSISI ( 21), ( 2: •) onepaTopoM A J , rronyqaeM ceMHMepHyJO ( Henony-

rrpocTyJO anre6py ) : 

( 31) 

HllleM B BHJ:te: 

+ + 
A0 lnfm>, n

1
f

1
m 1 ><n

1
C

1
m

1
IA 0 Infm> ( 32) 

COOTHOll!eHHH KOMM {T8llliH ( CM. Ta6n.) 4JiiKCHpyJOT CTpyKTypy MaTpll'IHblX 

3./leMeHTOB OTHOCHT~JlbHO HHJ:teKCOB n fm: 

( 33) 

16 



¢yHKUIHI A' B' c yrroBneTBOpRIDT ypaBHeHHRM: 

f A(n-I, VJ B(n,fl o(f +2)A(n,f+l)B(n-1 f), 

U+1)A(n-1,f)CI n,f)=(f-1)A(n,P-l)C(n--I,f), 
(34) 

A(n f l A(n-1, f' l + (2 f -1) B(n, f-1) C(n-1, f l = (2f+3)l;(n,f+ l)B(n-1, e l. 

l1a HHX cnenyeT1 qTo ¢ (f)= 
B( 11 -1. f- 1 ) c ( II ' P) 

A ( n -1 , f -1) A( n , P ) 
He 38BHCHT OT 

n 11 ynoBneTBopReT cnenymmeMy ypaBHe Hill<,; 

f + 1 2 
1 + ( 2P- I )( ---- ) ¢ (f) = ( 2 P + 3 ) ¢ ( P + 1 ) . 

P -I . 
f 2(f-1) 2 

¢ (f ) - ---,----~- ( c - f -z ) • 
4f 2-1 I 

y<nOBHe KOHeqHoMep-CnenoBaTenbHD, 

-2 
HOCTII !Ipe!lCT8BJ1eHIIR naeT C ~ A 1 rne A - Bepx HRR rpaHHU8 f 

CooTHOUJeHHR ( 34) noaBonRIDT BbipaaHTh B, C qepea A; yno6Hee 
1 

onHaK~ 8To cnenaTb rroa*e• l1TaK, 6aa11c anre6phl (31: MapKIIpyeTCH 

KBaHTOBbiMH q11cnaM11 n f m .. Ecnn ,\ 1 ,\ 2 aaJlaiOT Hr,rrpl!BO!ll!Moe rrpen-

cTaBnemre Rs , TO 

,\ < ,\ < ,\ , Q < f < ,\ , - f < II < min ( f ,\ ) . z- - 1 - - - - • 

A 0 I!UieM B Bl!lle: 

nocTyiTaR 1 K8K II paHee, liOJ1yqaeM: 

A 0 !t.nfm>~[t. 1 n-lfm>mA,\ ,\(nf) + 
1 

+1>- ,n-1,£+ 1 ,m>v(r+l) 2 -m 2 Bt.t.(nf)+[>- 1 ,n-l,f-1,m 
1 ) 

17 



A, 8, C yaosneTBOpRJOT cHcTeMe ypaBHeHHii, HMeJOwelt peweHHR TonbKO 

II pH ,\ I = ,\ , ,\ ::_ 1 : 

1-(~)2 21 
8,(n-1,e-l)C"(nf)~--,-L..-- [c

0
-,\ --

2 
(f+n)(e-l+n )l. 

/\ IV\ 4£ 2 -1 

1 
c

0 
~-[A ( ,\ +1)+ ,\ (,\ -1)], 2 I I 2 2 

AA+IA(n,f+l) f-;+1 (f+A+2)ez A,\(n,£+1) AA+l(n-1, f) 
~--- -----

AA+J,\(nr) ,\(,\+l) (2£+1)(2£+3) 8,\(n,e) CA+
1
(n-l,ed) 

A A+ • " ( n + l, e ) 
A,\+ 1,\ ( n E ) 

,\ 

18 

AA+ 1 (n-l,e) 

A,\(ne) 



BA-t A ( n f ) = 

A~ 1A(n, f+1) 

A A-t A ( n f ) 

AA- tA(n+1,£) 

A A-t A (n f) 

r -A+ 2 r 2 

-----
..\ - 1 (2£ + 1)( 2 E + 3) 

AAjn-1f) 
-----A (nf ), 

C (n-1 f+l) A-t A 
A-t ' 

2 
f+A-1 (£+1) A~1 (n-1,£ ) 

----A lnf ), 
A-1 4£ 2-1 B (n-1 f -1) A-t A 

A-t ' 

A(A-1)(2£ +1)(2£ +3) 

A A A-t( n-1, f) 

A-1 A A (n, E) 

AA(n-1,e) ~~t(n-2,£+1) 

B A ( n-1,£ ) ~A-t (n-2, E +1) 

Me)KilY Koa¢$nuneHTaMn A cymecTByeT eme O/lHO cooTHomeHne: 

AA (n-1,£ )AA.A+t (n£ )AA+t (n-1,£ )AA+tA (n£ )= 

(£-A)( E +A+ 1)..\(A +1)( A-..\ 1 )(A-..\ 2 )(A +A 1 +l)(A+A~[ -1) 

2£4 (£ +1)4 

CooTHomeHHSI ( 35) II03BOnSIJOT Bbtpa3HTb A (n f ) qepe.:: A A (n E ) ; 
-At X 

He H8Kn81lbiB8eTC il HHK8KHX orpaHnqe-

Hnfi, KpoMe ( 34). KoHKpeTHbifi 6a3nc rrpencTaBneHHSI rro1 yqaeTcSI rrpn 

qacTHOM Bbt6ope A A • nonO)KHM HX paBHbiMH TeM 3HaqE HHHM, KOTOpb!e 

OHII HMenH 6bl , II pH OTCYTCTBHH HellH8rOH8nbHOCTH IIO ..\ ( T,e, !IpH 

1 v "'2"" ( f +n)( e +1- n) 

19 



B 
A 2 

u(n£),-y'(--) -1 
£ + 

y'(2 £ +1)(2£ +3) y' -}<n-£ -1Xn-f -2) 

v' 4£ 2 -1 v' t (r +n )( f -1 + n) 

r 
A (-1) (A+£+1)(A-£) t/2 

A+tA (n £ ) = --- [ ] A 
P(E + 1) ( £ + n) (P + 1-n ) A+t . A ' 

(-r e A ( ( A + £ X A - f - 1) ~ 
,~...-1 ' n E) = --- [ l A 

1\ n (" 1) A-t A' r ' + (£ +n) ( £ + 1 -n ) 

]~ 
' 

A 2 
CA (n £ ) = y' ( T) -1 

[(n-f)(n-£+1) ]~ 
2(4£ 2 -1) ' 

A A+ 1 , A A A,A+t "'- A (A+ 1) [ c 0 - ; A (A + 1)] + ~ A 2 (A 2 - 1) A 1( A 1 + 1). 

20 



Dpll HeKoTopbiX n, 3HaMeHaTeJJH B COOTHOilleH!lgX (36) o6parnaroTcg 

B HYJlb. Llng T8KilX 3HaqeH!ll1 n, f en en yeT o6paT!lTbCg K COOTHOilleHHgM 

(55). <l>opMy.TJbi ( 35), ( 36) naroT peanll38UH10 cpH31lqecK< •ro rrpencTaBne

Hil51 R 5 • 

I 5. HallneHHbiil HaMH 6a3HC rrpencTaBneH!lg rpyrrrr ,J 

HeyHilT8pHbiM. MO)KHO BOCI10Jlb30B8TbCg CB060AOH Bbi60[ a K03cpcp!iUHeHTOB 

AA (n r ), qTo6b! cnenaTb rrpencTaBneH!le yHHTapHbiM, i HMeHHo: cneayeT 

B3gTb 3a ocHoBy orrepaTopbi A0 0 A8BaeMbie COOTHOill ~Hii51Mil (35), H 

rroTpe6oBaTb, qTo6bi orrepaTopbi, 3pMilTOBO corrpg)KeHHhi ~ A 01 yaoBneTBopg-

JJll TeM )Ke KOMMYT8UllOHHbiM COOTHOilleHHgM, qTQ .H A (ac CHX !lOp 

Mbl ne ncrroJib30Banrr cjJaKTa apMHTOBoil corrpH)KeHHOCTII orreprlTopoB A o 

ll A ; ) • Oponre, O/Uiar<o, rrocTpoHTb cjJyHKUHOHaJJbHhiM )a3HC HerrprrBonrr-

Mora rrpeacTaBneHHH R5 • BBeneM KooparrHaTw: 

x
1 
=cosO cos <l>, x2 =cosOsin<l>, x:

1 
=SinO cosO 

1 
, x 

4 
=sinOsinO 

1 
o•sp, x

5 
= sin0sin8

1 
sin¢. 

2 2 
KBanpanrqHb!H orrepaTop J1armaca v =~ xlj Bbii'I1garrT 3THX KOOpDHHaTaX 

cnoayroillHM o6pa3oM: 

- 2 ., 1 2 v = p" (e) + ( 2 ctg e - tg e) p (e) + -. -2 - r p ( o 
1 

) + :tg e, PU\ ) J 
sm e 

2 
p ( ¢) 

+ ,, 
0 sin" 01 

+ 
sin 

3necb X 1/= xi p(xi )-x 
5

p (xi), 
a 

p(z)= ---;;:;:-· 

Ea3HCHwe BeKTOpN HerrpHADAIIMoro rrpeacTaBneHrrg rp~ rrw R~ 

V2 
C06CTBeHHNMll cpyHKUil51Mll orrepaTopa 

21 
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0pTOHOpMHpOB8HHhl9 peweHHH STOrO ypaBH9HHH HM9IOT BHJl: 

f+!...n f n 
" 2 2 r:f m ==C :e mp;.:r-n-f~x)(l-x) (l+x) X 

(39) 

af3 
3necb P Q . - non:IHOM .H 6 

/17/ 
KO H 1 - npHC09JlHH9HH8H c4JepHqecK8H 

/18/ 
4JyHKUHH 1 

x ==cos20 

HopMHpoaaHHBH KOHC18HTa paBHa: 

r-n-f+2 f+n + r + 3 
1 ( 2 ) 1 ( --:2o:---- I 

------------------------- ]~ 

YcneBHe opoToHopMHf oaaHHOCTH: 

(0,0
1

,¢,<1>)dS .. 8
12

• 

3necb DS - sneMeHT nnomanH noBepxHoCTH nHTHMepHoii enHHHqHoii c4Jepbt: 

J.1H4JHHHT93HM8nhHbl9 'eHepaTOpbl rpynnbi: 

22 



(40) 

+ 
E "'(E ) . 

-11 11 

llenCTByeM orrepaTopaMH (40) Ha ~yHKUHH f 
n £ m 

f r 
n£ m+ 1 

r r 
So f n p m = n f n £ m 

( 41) 

£2-m2 ~~ r 
A+ f'o -[ (r-n+£ +lXr+n-£ +2)]

12 

0 nr.m - 2(4f2-1) 
f 
,+t,£-t,m 

(f +lf -m
2 

- [ ____; _____ _ 
2( 2 e + 1 )( 2 r + 3) 

(r -n- £ · )(r+n+ £ +3)]~ f r 
I+l,f+l.m 

23 



Bwpa~eHHH nnH MaToH4HhlX aneMeHTOB ocTan&HhlX orrepaTopoB rronyqamTCH 

KOMMyTHpOBBHHBM orepaTOpOB (41) MB~DY co6oA H apMHTOBNM COITpH-

16. TIODBODH H1 orH, MO~HO CKa3aTb 0 4TO CBOHCTBa CHMMBTpHH 4HBH8 

fl 1 , OTBBTCTBBHHOrc 3a np - B3aHMODBHCTBH8 0 rrpHBODHT K 

a) cnsary ypoi He A aHeprHH H o (eM. rryHKThr 3,4); 

6) pacruerrneHH ::J Tex aHepreTH4BCKHX ypoBHefr H 0 0 KOTOpb!M OT-

B84aiDT HBHynBBhlB KBBHTOBhlB 4HCna HBITpHBOUHMOro rrpeDCTaBnBHHH rpyrr-

ITbi 10 

B 3aKmocreHne 'iBTop rrpHHOCHT rny6oKyiD 6naronapHoCTb rrpo<P. B.f.Co-

nOBbeBy 3a HHTepec K pa6oT8 0 yqaCTHHKSM CBMHHapa HDBpHOH tPH3UKH fla-

6opaTOpHH TeopeTH4E cKoi1 tPH3HKH OlHH1 3a rronc?3HhiB o6cy~neHHH. 

fl H T 8 p a T y fl a 

1. Flowers B.H., ~;zpikowski S. Proc. Phys. Soc.,~. 193,, 1961. 

2. Kerman A.K., .f\.nn. Phys., (N.Y.) 12, 300, 196:.._. 

3. Maiani L., G. de Franceshi, Fortschr. d. Physik, 1l., 2?9 1965. 
I 

4. r.H.A<PaHaCbBB. r perrpHHT Ol1.Hl1 P4-3441, 1967. 

5 • Blatt I.M., Thecry of Superconductivity, A.P. N.Y. 1964. 

6. Schrieffer I.R., I'heory of Superconductivity, Benjamin, N.Y., 

1964. 

7. 1-.Jorieces P. Le probleme a N corps, Dunod Pads, 1963. 
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