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1, BaenenHe 

/1 2 3 4 5/ 
B pa5oTax ' ' ' ' obmo o6uapy>Keuo, 'ITO npH KBaHTOB8HHH TeopHA 

Hea6eneBbiX Kanu6pOBO'IHblX nonelt B KOBapHaHTHbJX KanHopOBKaX "H8HBHbie" 

qleiiiii\IaHoncKHe rrpaaHna He na:oT aepHbiX peaynbTaToa. XapaKTepHbie nnSI 

/9 10 17/ 
T8KIIX KanH6pOBOK He!jJH3H'IeCKHe KB8HTbl 1 1 

1 B OTnH'IHe OT cny'laSI 

KBlliiTOBOH 3neKTpOllHH8MHKH, BHOCSIT BO BHyTpeHHHe nHHHH CyWeCTBeHHblit 

BKnllJJ., He YCTpaHHMbiH OJJ.HHM nHWb Han()>KeHHeM ycnOBHit Ha BeKTOpa COCTOSI

Hni'I. nocTpOeHne H3MeHeHHbiX !jleitHM8HOBCKHX rrpaBHn CBOllHTCSI K HaXO>KAe-

/234511,18/ 
Hli!O YJJ.06HOf'O peuerrTa AnSI Bbi'IHT811HSI YK838HHOf'O BKnana 1 1 1 1 

• 

11HTepeCHO H8HTH T8KOH peuerrT, 11pHMeHHMbiH K niOObiM KanHopOBO'IHbiM 110-

nSII\1, ocTaBaHCb B paMKax TpanHuHonuoro !jlopMannaMa. B uacToS!WeA pa6oTe 

1\l 1>1 orpaHn'iHI\lC H paCCMOTpeuneM JJ.peaeCHbiX rpa!jloa TeopHH .Rura H MHn-
/6/ 

nca 

Bo nTopoii rnane o6cy>Klla!OTC.SI KanH6poao'I:Hbie caoiicTaa S tree -

('01\0KyiiHOCTii npeneCJibiX JJ.JI8f'p8MM MOJJ.H!jJHUHpoeaHHOH B gyxe 4!epMH-fyrr
;- I</ 

Tl>l '· ~ TeOpi111 (nanee - TeopHSI .R.M. II ). iloKa3aHa cnaoaSI HHBapHaHT 

I 

1 
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HOCTb S treo 
npH aaMeHe noneft H cnapuaaHHA no aaKOHaM (2,5) H 

(2,6), C ucnonbaoaaHueM sToro B TpeTbeA rnaae noKaaaHo, "'TO Ha 

npocTpaliCTBe COCTOSIHHft, yJlOBneTBOpSI!OlllHX ycnOBHSIM (2,4) 0 S tree 

CBOAHTCSI K ApeaeCHOH "18CTH S - MaTpHUbl B K8nH6poaKe H3ny"leHHSI 0 

.. /12 13 14/ 
paCCMOTpeHHOil pSIIlOM 8BTOpOB 0 0 

, fl onyTHO npOAeMOHCTpHpOB8H 
/3 4 18/ 

MexanuaM nosmneHHSJ onpeAenurenSI 4>aaAeeaa ' ' . AnSI cny"laSI sroft 

KanH6poBKH, B 'leTBepTOH rna Be AOK838H00 "'TO H3 BHyTpeHH HX nHHHil: 

ApenecHbiX AHnrpaMM MaccueHoii reopHH HHra H Munnca BhmaaaJOT CHHry

nSipHt.Ie no Macce qneHhi, 06cyJKAaeTCSJ nepeXOA K Hyneeoil: Macce B TaKHX 
/15/ 

JlHarpaMM8X, DpH STOM B H8CTOSI!lleH pa6oTe B oTnH'IHe OT pa60Tbl He 

ucnonbaytoTCSJ TO'Ie'lllt.Ie npeo6paaoeaHHSI noneii. 

2. Kanu6pOBO'IHbie CBOHCTBa ApeaeCHbiX AHarpaMM 

B reopHH Hura H Munnca II 

S - Marpuuy Teopmi H.M. II 

T * - sKcnoneHTbi 

MOlKHO npeJlCT8BHTb B BHJle 

rAe 

Lt 
83 

s = T * t'Xp [ i ( L I 
B3 

+ L 2 
83 

)]. 

x/ 

=-gJd 4 x af.Lb~(x)b;(x)b~(x)£amn 

L2 2 

83 =--f J 
d 4 x b~(x)b:(x)b;(x)b~(x)tlkt ltfm • 

(2.1) 

(2,2) 

T * - cnapH88HHSJ onpeAeneHhi o6bi'IHbiM o6paaoM qepea nponaraTophi 8 

4JeftHM8H08CKOA KanH6pOBKe. 

4>H3H'19CKH9 aCHMnTOTH'IeCKHe COCTOSIHHSI, 8 KOTOpbiX OTCyTCT8YIOT 

BpeMeHHbie KB8HTbl
1 

BbiAenSJIOTCSI ycnoBHSIMH 1 noA06HblMH ycnOBHSIM 4>epMH-

x/ _JlaTHHCKHe HHJleKCbl npHHHM810T 3Ha'leHHSI 1,2,3, fpe'leCKHe - 1,2,3,4, 

MeTpHKa - eaKnHJlOBa, b4 =ib 0 • 4 

\ ' 

fynTbl B sneKTpoAHH8MHKe 

a b 1(-) til a 0 

f.L f.L <IJH3 
=0, tllao+ a. 

<IJH3 /1 

ITepexoASI K H3y"leHHJO KanH6poBo"'HhiX CB• 

paCCMoTpHM onepaTop s' , no~y"laJO!llHAc 

b ; (X) _. b ~, (X ) , b ~ ( X) b ~ ( y : 

rAe 

b ~, (x) = bap<x> +a; w• (x) 

* 
--- * 

b~(x)b~ (y) = b;(x)b:(y)+8a kl 

f (x-y)=ax£ 1 (x-y)+axr
1
(x-y)+c 

f.L IJ f.L IJ .IJ f.L 

cu 1 - TPH npoua8onbHhte c - WHKUHJI• -UHH, C08MeCTHbl9 no CBOHM C8oftCT88M C b; ( x) 

npoHaaonbHbie, BonHa HaA S o3Ha'laeT, 

H9Hbl no 38KoHy (2,6), a WTpHX, - 'ITO BCe nol 

H389A9HHSI 38M9H9Hbl no 38KoHy (2,5), 

"' 06o3H8'1HM '18CTb s , 
1 CooT89TCT8Y~ 

= 
qepea S ;ree • B npsnolKeHHH AoKa3aHo, 

K) IToApo6HbiA auan&a pa6oThl ycno8HR (2.4) B 

Kan&6p080'1HblX noneft MOlKHO .aaftTH 8 CTaTbSD 

5 



npH 38MeHe noneA H cnapHB8HHH 110 38KOH8M (2,5) H 

onhaosaaueM sToro B TpeTbeA rnase noKaaaao, ~To Ha 

COCTOSIHHA, YLIOBneTBOpS!IOWHX ycnoBHSIM (2,4) 0 S t 
ree 

peseCHOH '18CTH S - MaTpHUbl B Kanu6pOBKe H3ny~eHHSI, 
/12,13,14/ 

ii PS!LIOM 8BTOpOB • n onyTHO npoaeMOHCTpHposaH 

.... /3,4,18/ 
smneHHSJ orrpcaenurenSJ ... aaaeesa . ang cny~ag sToft 

8 'leTsepTOA rnase LIOK83aHO, ~TO H3 BHyTpeHH HX nHHHH 

arpaMM MaCCHBHOA TeOpHH ~Hra H Munnca Sbin8LI810T CHHry

qneHbl, 06cy>KaaeTCSJ nepeXOJl K HynesoA Macce s TaKHX 

/15/ 
llpH 9TOM B H8CTOSIWeA pa6oTe B OTnH~He 01' pa60Tbl He 

TO'Ie'IH!.re rrpeo6paaosaHH SJ none A, 

2. Kanu6poso'IHbie ceo.iicrsa AoeseCHbiX AHarpaMM 

s reopuu ~Hra H Munnca II 

MaTpuuy Tcopmr ~.M. II MO>KHO npeJlCT8BHTb B BHLie 

TIOHeHTbl 

I 
S = T * l'Xf' [ i ( L 

B3 
+ L 2 

B3 
)], 

x/ 

83 =-gfd
4

x a/Lb~(x)b;(x)b~(x)famn 
2 2 

B3 =-+ f d
4

x b~(x)b:(x)b;(x)b:(x)flkt Etfm · 

(2.1) 

(2.2) 

onpeJleneHbi o6bl'fHbiM o6pa30M 'fepea nponararopbi s 

Kanu6posKe, 

He 8CHMI1TOTR'feCKRe COCTOSIHHS10 S KOTOpblX OTCYTCTSYIOT 

HTbi, BbiLienSJJOTCSI ycnOBHSIMH, 110Lt06HblMH ycnOBHSIM cJiepMH-

HLteKCbl 11pRHHM810T 3Ha~eHHSI 1,2 ,3, fpe~eCKHe - 1,2 ,3,4, 
BKnuaosa, b .j =i b

0 
• 

4 

...... 

fynTbl B sneKTP0JlHH8MHKe 

a b 1{-) Ill a 0 

IL P. lj>Ha 
x/ fll ao+ a I{+) 

lj>Ha p. b p = 0 
.. o, 

(2,4) 

llepeXOJlSI K H3y'feHH10 Kanu6poso~HbiX CSOACTS 
S - M8TPHUb1 0 

paCCMOTpHM onepaTop S ' 

b;(x)-+ b~, (x), 

, nony~aiOWHACSI H3 ~ C nOMOWbiO 3aMeH .. ...--.. 
r lk .--.,k 
b~ (x)b 11 (y)-+b;(x)b

11
(y), 

rJle 

b ~, (x) = b a p.( X) + a; W a (X) , 
(2,5) 

* ....-.. * 
'a ':"'1k •a 1 k &k 
b p. (X) b II ( y ) = b /L (X) b II ( y) + 8 f IJ.II( X- y ) , 

(2,6) 

f p) x-y ) .. a; f ~ ( x- y >+ ~:r ;c x- y >+a; a~ f 2 ( x- y) 
(2,7) 

w 1 - TPH npoaasonbHhie I 
c - lj>yHKUHJfo f 11 f2 H - 4JYHK-

UHR, COSM9CTHbl9 no CSOHM CSOACTSaM C b;(x)b~(y) , aS OCTanbHOM-

npOH3SOnbHhie, Bonua Hall S oaaa'laeT, 'ITo see cnapHaaHHsr aaMe-

HeRb! 110 3aKOHy (2,6), a WTpHX, - 'ITO see nonsr TIOJl 3HaKOM 

H3S9Jl9HH Sl 3aM9H9Hbl no 3aKOHy ( 2,5), 
N - npo-

0603Ha'IHM 'laCTb "' s , 
, C00TS9TCTSYIOWYIO Jlpe&eCHhiM rpalj>aM, 

'lepea 
= 
S ;ree , B npHno>KeHHH JlOKaaauo, 'ITO 

fl) llOJlp06HbiA aHanH3 pa60Tbl ycnosH.ii (2,4) S TeOpHSIX 6e3MaCCOSbiX 

KanH6pOSO'IHbiX noneA MO>KHO . .!faATH S CTaTbSIX /9,10/, 
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..... 

8 S' 
a C .T (f) a X tr,ee 

<I> tPH3 P 8 b a (x ) 
p 

<I> ac 
tPH3 ( j) = 0. (2.8) 

= 
8To 03H8'!89T He38BHCHMOCTb MaTpH'IHbiX SJieMeHTOB s, 

tree 
MelKJlY 

4JH3H'IeCKHMH COCTOHHHHMH OT tPYHKUH:i!. W a ( x ) 

ao.+ ::::::, a c • ac+ ; ao . 
<I> ,1, ( f) S t e e <I>,!, (J) = <I> ,1, (f) u tree <I> ,1, ( J) • 

'I'H3 .r 'I'H3 'I'H3 · 'I'H3 
(2.9) 

~3 nocneaae~o paBeHCTBa HeMeaneHHo cneayeT "cna6aH" KaJIH6poBO'!HaH 

HHB8pHaHTHOCTb apeBeCHo:i!. '18CTH S - M8TpHUbl (2.1) 

<I> a o + (f) S , <I> ao ( i ) =-<I> ao + (f) S 
tPH3 tree tPH3 tPH3 tree 

<I> ac (i) • 
tPH3 

(2.10) 

lloJIH8H S - M8TpHU8 (2.1) HeHHB8pH8HTH8 OTHOCHTeJibHO npeo6pa30B8-

HHH (2 ,5) Jl8lKe B 11 CJI86oM., CMbiCJie, H JlJIH BoCCT8HOBJieHHH HHB8pH8HTHOCTH 

He06XoJlHMO K COBOKynHOCTH JlH8~p8MM C 38MhiK8HHSIMH Jl068BHTb BbipalKe

HHe, COBn8Jl810IUee no Kpai!:HeH Mepe BO BTopoM nopHJlKe no KOHCT8HTe 

/2-5/ 
CBSI3H C onpeaeJIHTeJieM <l>aJlJl99B8 • llpH STOM BOCCT8H8BJIHB89TCSI 

H ¢!H3H'!ecxaH yHHTapaocTb. 

.iloK8lK9M COOTHoWeHHe 

(2.11) 
ac+ :::::: ac ao+ ao 

<I> tPH3 (f) S 'tree <I> tPH3 (i) = ell tPH3 (f) S ,tree <I> tPH3 (i ) • 

03H8'1810Wee HeH3M9HHOCTb S' 
tree B o6KJI8JlK8X tPH3H'I9CKHX COCTOSIHHH 

npH aaMeHe cnapHBBHHH no aaKoHy (2.6). 3anHweM 

/19 16/ 
npoueaypy XopH ' • 

~ :::::: t' 
S ' = N I exp [ ~ '+ ~ ] exp [ i L ] I , 

B3 

6 

S' 0 npHMeHHB 

(2.12) 

.. 

,.. 

I
:"'< 

. . 
. 
',~ 

\, 

• 4 0 ( )[ 8 ax __ ~'=--T fd4xd Y~o_x-y 8b"' (x)- ,\ 8iJ.~ 
p. 

8 
X ( , 

8 b ~ (y) 

-a y 8 y ] • 
8ayba'( +-~ fd4 y p. y) 4 x-. l 

: 1 f 4 4 u=""""2" dxdy 
8 X ( )[ -- - ay --x f p.v '!'-Y ~ ( x ) 8 a y 

p. 

- a y 
fJ 

8 ] • 

aa~b 1v(y) 

/aJ/ 
MeToJloM HaM6y MolK.IiO noxaaaTb, 'ITo 

... ... 
S ' = N { exp [- i H '] I 

.. 
H H' C To'IHOCTbiO JlO COBll8Jl8eT CO CBH38H .. 
BBeJleM onepaTopbi .S ~ .H H' fJ 

H, 
fJ 

ll:::J =s =s 1' 

S {r= N I exp [- i H ~]I = N I exp [ ~ '+ fJ ~ ] exp [ i L B.:: 

yaoBJieTBopHeT ypaBHeHHIO 

.. 
ana 
a{J 

-iN(~H~) .. O 

c " Ha"'aJibHhiM" ycnoBHeM 

.. 
H~ .. H'. ,.. .. o 

7 



«<> ae-t(f)ax 8 s;ree «<> ac (i)= o. 
¢H3 p 8 b a ' (x ) ¢H3 

p 

He38BHCHMOCTb MaTpH'IHbiX aneMeHTOB 

COCTOHHHHMH OT qJyHKUHH W a (X) 

"' s' tree 

c + "", a c (•) ac+ ( ) "' a.c (.) · ( f) S t e ¢ .~, I = ¢ .~, f S tree ¢ .~, 1 • 
11:3 re '1'11:3 '1'113 · '1'11:3 

(2.8) 

. MelKJlY 

(2.9) 

paBeHCTBa HeMeaneHHO cneayeT "cna6aH" KanH6poBO'IHaH 

b apeBeCHOA '18CTH S - M8Tpii:Uhl (2.1) 

a.c+(f) S' ¢ ac (i)=¢ ac+ (f)S 
H3 tree <lJH3 <lJH3 tree 

¢ a.c (i) • 
<lJH3 

(2.10) 

- M8TpHU8 (2.1) HeHHBapll:aHTHa OTHOCII:Te.JJbHO npeo6p830B8-

e B 11 cna60M 11 CMbiCne, II: JlliH BOCCT8HOB.JJeHHH II:HBap11:8HTHOCTH 

COBOKynHOCTH JlRarpaMM C 38MbiK8HHSIMH Jl068BHTb BbipalKe

wee no KpaAHeil: Mepe BO BTOpOM nopHJlKe no KOHCTaHTe 

/2-5/ 
enRTeneM ¢aJl)leeBa • npR 9TOM BOCCT8H8BliRB8eTCH 

YHRTapHOCTb. 

COOTHOIIJeHRe 

+ =:: ac ac + ao 
3 (f)S'tree «1>¢R3 (i) = ¢4JR3 (f) S'tree ¢4JR3 (i)' (2.11) 

eR3MeHHOCTb S' 
tree 

B o6K.JJ81lK8X <lJR3R'IeCKRX COCTOSIHHH 

apHB8Hl!A no 38KOHY (2.6) • 3anHilleM 

/19,16/ 
H • 

~ ~ 1 , 

S ' = N l exp [A '+ A ] exp [ i L ] l , 
B3 

6 

..... 

S' 1 npHMeHHB 

(2.12) 

·~··,1! 

'',, 

' .. 1/\<:' 
<'/ 

· .. );'~.: 

·.~. . ~ 
.;~· t!/ 
.~~-:·';i 

,,;l·····,i ,., .. ~. 

•(. >1·; ,,;;.:'t 

'I·.·L.: / .: 
:·.' ·; 

·:· 1 
;,. '.; 

·!~ ... . : it 
:~-~· 

• 4 0 8 ax 8 lx 
A ' = - + I d 4 X d y A 0 (x -y )[ 8 b "' (x) - ,\ 8 a~ b ; (x ) 

p. 

8 
X ( ' 

8 
a y , > 

8 8 i 4 --, 

] + 4 I d X 8 a; b av (x) 8 a; b y (x) 8 b ~ (y) - Y 8a),bit (y 

: 1 I 4 • u=-y dxdy 8 X 8 lx 
fp.v<:c-yH ~W-ay 8 a;b ~ (x > 

p. 

x[ ~ -af3y 8 ]. 
I y I 

8 b v (y > 8 a f3 b v < y > 

/'JJ/ 
MeTOilOM HaM6y MOlKliO noKa3aTb 1 'ITO 

S ' • N I exp [ -Iii '] I 

.. 
H H, C TC>'IHOCTbiO .llO COBna.llaeT CO CBS138HHOil: '18CTbiO 

... 
BaeaeM onepaTophi .S p .H H' f3 

H, 
f3 

== = =s l' 
S {3= N I exp [-iH~]I = N I exp [A '+f3 A] exp [i L

53 
] I. 

yaoaneTBopReT ypaBHeHHIO 

au a 
a{3 

-iN(AH~)=O 

C ' H8'18.JJbHhiM' yc.JJOBHeM 

Hf3' = H , . 
=0 

7 
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(2.13) 

(2.14) 

(2.15) 

"' S' 

(2.16) 

(2.17) 

(2.18) 



I 
! 

,. 
l.J:ro6bJ AOK838Tb (2.11 ), AOCTSTO'IHO ITOK838Tb, 'ITO Sf3' 

tree 
He 3a-

BHCHT OT {3 B 06KnaAK8X !llH3H'I9CKHX COCTOSIHHi!:, T.e., 'ITO 

ell ac + (f) 
!llH3 

,. 
au l3 tree 

a{3 

ell ac 
!llH3 (i) = 0. (2.19) 

Hcnonb3YSI AnSI r Jll' (x-y) onpeAeneHHe (2.7) H OT6paCbiB8SI B (2.17) 

'W9Hhl, BOCITpOH3BOASIIIlH9 AHarpaMMbl C 38MbiK8HHSIMH, nony'laeM ypaaH9HH9 

JlnSl H ~ tre .. 

au~tree 
l ·I 14 N I ax I 

anfttrr" = -i Id '" y fl8 b~ (x) 
ilfl 

"' 

8H ~tree 
f~(x-y )[ 8 b iv f;> 

Y 8H ~tree 1+ 
-oy sa yh 1v (y) 

y(2.20) 

1 X 

+ 2 afl 
8H{Jtre~ 
8 b I I (x) 

fl 

•• _J:jLJ.u..l!.-- I . f2 (x-y )a { (2.20) 

CooTHOllleHHSl (2.8) ocTaHyTcSI cnpaaeAnHabiMH, ecnH 3aMeHHTb f p.v (x-y) 

Ha ({ ffU'(x-y), T,e. 

"' 
8 s~ tr<>r - «<lar (i) = 0. 

I !llH3 8 b 1 (x) 
p 

cll"c +(f) ax 
!llH3 p 

(2 .21 ) 

B rrpHnO>K9HHH OTMe'leHa BLIITOnHHMOCTb (2.8) AnSI CSSI38HHOli H IIOCBS138HHOli 

"' 'lacreii s~ a OTAenhHOCTH. To i!\e llE:)pHo H JlnH S I {i tr>r: 
tfPI~ I f 

,. 
ac + x 

«<l!llH3 <r> a P 
a Hj3 tree 
---.--
8 b; (x) 

(2.22) 
,.. ac 
"'!llH3 (i) = 0. 

83SIB MaTpH'IHbl9 aneMeHTbl ypaBH9HHSI (2.20) M9lKJlY !llH311'19CKHMII COCTOSI

HHSIMH, c y'leTOM (2.22) rrony'IHM (2.19). CooTHOllleHHe (2.11) JlOKa3aHo. 

nono>KHB a (2.11) w 1 (x) = 0 Ha6niDJlaeM "cna6y10" HHaapHaHT-

HOCTb JlpeaeCHOi!: '18CTH S - MaTpHUbl (2.1) OTHOCHTenbHO 38M9Hbl 

(2.6): 

8 

~ 

' 

. %1, 
··:i~ 
~i.·~: . '?~' v. 

;~ 
.0·~, 

1
";;: 
' I 

I'J • 

' 
' 

' .. ,•' 

'ell ao + 
!llH3 

(f) S tree ell :o (i) = ell :c+ (f) S tree 
..,H3 ..,H3 

J13 (2.11) H (2.10) HnH H3 (2.9) H (2.23) cneAyeT Ta 

,. 
ao + ( ) , ac (• ) l'c + ( ) ao 

«<l!llH3 f S tree «<l!llH3 I = «<l~pH3 f S tree «<l!llH: 

J1TaK, cyMMa ApeaeCHbiX rpa4loa B TeOpHH ~Hra i 

aapH8HTH8 B "'cna6oM"' CMbiCne npH OAHOBpeMeHHOit Hni 

nonei!: H cnapHBSHHA ITO 38KOH8M (2.5), (2.6), (2.7). 

3. CpaaHeHHe c TeOpHeA a Kanu6pc 

S - M8TpHU8 S r reopHH ~Hra H MH. 

KanH6poaKe MO>KeT 6hiTb 3arrHcaHa a TepMHHax N 
/18 14/ 

T * - cnapHaaHHSIMH cneAyiDIIlHM o6pa30M ' : 

s r = N I exp [ ll r + fj.TTTT 1 exp [ i ( L I r + + I d 
4 

X a n 

* 
ll r = _1 I a 4 X d 4 b • a (x ) b r .. ( ) [ 8 - a~ -

2 Y m n Y 1i b r a (x) 
m 

8 y 8 i 4 
x[ -a 1+- Id x-

8b',t(y) r8ayb~'"(y) 4 8a 

.. i I 4 4 ( X X -1 4 8 
'-'1111 =2 d xd y _8mn- OmOn fl ) 8 (x-y)-

8o:br~ 

9 



"' 
K838Tb (2,11), AOCTBTO'IHO IIOK838Tb, 'ITO S~ 

fJ tree 
ae 3a-

~~ B o6KnBAK8X cjlH3H'I9CKHX COCTOSIHHH, T,e,, 'ITO 

"' 
<(lac+ (f) a H j3 tree 

ciJH3 a{3 
<(l ac 

cjlH3 (i) = 0. (2.19) 

S1 An Sl f Jll' (X- y ) orrpeAeneHHe (2,7) H OT6paCbiB8SI B (2,17) 

OCIIpOH3BOASIIIIHe AHBf'paMMbl C 38MbiK8HHSIMH, rronyqaeM ypaBH9HHe 

ref> 

au~ tree 

= __ t_ f ,,·t._ ''4 Y N I a; 8 b~, < x > 

"' 

8H !J tree 

r:(x-y )[ 8 b ill f;"> 

"' 

Y 8H,Btree_]+ 

-ay 8a yh 1v (y) 

y(2.20) 

l X 

+ 2 all 
8 H {3 tre~ 
8bl' (x) 

Jl 

8 H three I. 
f2 (x-y)o,\ 8 b r (y) (2,20) 

HHSI (2,8) OCTBHYTCSI CIIpaBeAnHBbiMH, eCnH 38M9HHTb f Jlll (x-y) 

x-y), T.e. 

"' 
8 s,e tr~~ -<(lac (i) = 0. 

I cjJH3 8 b 1 (x) 
p 

<(lac+ (f) ax 
cjlH3 p (2 .21) 

9HHH OTMe'leHa BLIIIOnHHMOCTb (2,8) AnSI CBSI38HHOil H IIOCBSJ38HHOH 

tr1~P 
B OTAenbHocru. To iKe uepHo 11 AnSl s 1 

{~ trP p : 

"' 
.... ac + (f) a X a II ,B tree .... e.c 
"'cjJH3 p ----r--- "'cjJH3 

8 b; (x) 
(i ) = o. (2,22) 

pH'IHble aneMeHTbl ypaBH9HHSI (2,20) M9lKAY cjJH311'19CKIIMII COCTOSI

y'leTOM (2,22) rrony'IHM (2,19), CooTHoweHHe (2,11) AOKa3aHo, 

OlKHB B (2,11) w 1 (x) = 0 Ha6niOA89M "cna6y10" HHB8pHaHT-

B9CHOH '18CTH S - M8TpHUbl (2,1) OTHOCHTenbHO 38M9Hbl 

8 

.-40 

•<(l e.o + 

cjJH3 
(f ) S tree <(l e.o (i) = <(l ac + (f ) S tree <(l ao (i) • 

cjJH3 cjlH3 cjJH3 
(2.23) 

H3 (2,11) H (2,10) HnH H3 (2,9) H (2,23) cneAyer TaKlKe, 'ITO 

"' e.o + ( ) , ac (•) ...,.~o + ( ) ...,. ao (•) <(l~H3 f S <(l~H3 I =..., H3 f Stree "'ciJH3 I • 
't' tree '*' ( 2.24) 

Y!TaK, cyMMa ApeaeCHbiX rpacjloB B TeOpHH .Rara H MHnnca n HH

sapHaHTHa B "'cna6oM" CMbJCne IIpH OAHOBpeMeHHOH HnH pa3JJenbHOA 3aMeHe 

rroneA H cnapHB8HHA IIO 38KOH8M (2,5), (2,6), (2,7), 

3. CpasHeHHe c TeopHeA e KanH6poBKe H3ny,eHHH 

S - M8TpHU8 S r TeopHH .RHra H MHnnca ·B paAHaUHOHHOH 

KanH6posKe MOlKeT 6hiTb 3aiiHCaHa B TepMHHax N - rrpoH3BeAeHHA c 

/18 14/ 
T * - crrapasaHHSIMH cneAyiOIIIHM o6pa30M ' • 

s' =Niexp[~' +~rTTT 1exp[i(L
1

r ++I d
4

x ancp 1
ancp

1 )11. (8.1) 

* 
-, l> X 8 ] r;-- ... [, u a>..------ x ~· =-+ fd

4
xd\ bma (x) bn (y) 1: b'm• (x)- 8a~b'-:,- (x) 

(8.2) 

x[ 8 -aY 8 1+-i-Id•x 8 8 
8 b I M (y) y 8 a y b r I! ( Y) 4 8 a X b [a (x) 8 a X b [a (x) 

n yn pm pm 

j 4 4 X X -1 4 8 8 ( ~1111 =-
2 

I d xd y (8mn- am an~ > 8 <x-y> , 8.8) 
. 8 a X b r a (x) 8 a y bra ( ) 

4 m 4 n Y 

9 
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' I 

i, 
I 
i 

1\ 

~ 

lr 4 r1 ( ) r ) r L
53 

=-g fd xa,bn xb,:"(x b,!<£ 1ak (3.4) 

am hr.!, (x) = 0, (3.5) 

0 b r! (x) = 0 , (3.6) 

* 1 r ----, r ab x x - 1 o 
b.,:" (x)bnb(y)=-iB (Bmn-am anfi )f1 0 (x-y). (3. 7) 

OnepaTop exp f1177T 5 (3.1) noH5nHeTcH npH nepexone oT T K T*-

rrpOH35eneHHID 5CnenCT5H9 H9C05ITaneHHH COOT59TCT5yiDmHX crrapH58HH~ Me*-
/18/ 1 I I 

ny 5peMeHHbiMH ITpOH350nHbiMH rrorrepe'lHbiX ITOffi~ , z a n cp an cp 

- aHanor KynoH05CKoro 53aHMone~cT5HH 5 aneKTponHHaMHKe, OnHaKo, 5 oT

nH'lHe OT cny'laH K5aHT050~ aneKTponHH8MHKH, -i- a:: cp I (x) a:: cp I (X) 

/12,13,14/ 
rrpencTa5nHeTCH 6eCKOH9'1HbiM pHnOM ITO KOHCT8HT9 C5H3H , J1MeH-

HO, 'lHCTO "KynOH05CKyiD" npe59CHYID 'l8CTb S r MO*HO 3aiTHCaTb 5 

TepMHH8X b ~ (X ) t a: b r~ (X ) TaK: 

N I exp [ + f d 4 
X a ~ ¢ I ( X ) a ~ ¢ I ( X ) ] I = 

(3.8) 

i 4 x r ''r ab ''r -1 
Nlexp[--rfd xa4bka (x)(bk) (x)(fi+ghe af)bc X 

10 

' 

~· 

X~ (f).+ bra )-I (b r )dm a b •m ] I 
g P p od s 4 s 

(br )ab :;£aobbr0 

m m 

BepHeMCH K S - MaTpHue (2.1 ), B Ma1 

S tree Me*nY $H3H'l9CKHMH COCTOHHHHMH MO~ 

K9 H3ny'leHHH, paccy*naH TO'lHO TaK *9• K8K H ITpH 
/9/ 

Te rrepexona oT $epMH-rynTo5CKoA $opMynHp05K 

nHH8MHKH K nHpaK05CKO~, 3TO IT0350nHIDT cnenaTb y 

6ag• HH58pHaHTHOCTb S tree • 3ana5aH aanpa 

noMombiD 5peMeHH-nono6aoro opTa niL , 5bJ6paJ 

HM99M 

"' 

ci> a 
0 

+ (£) S tree 
$H$ . 

n,=(OOOi) 
r: ' ' ' t 

ci> ao (i) = ci> ao+ (f) S ';ree ci> a 
$H3 $H3 $E 

H S" tree OTnH'l89TCH OT S tree T9M 0 'ITO I 

3H8KOM 
-K) 

N - rrpoH35e~HH~ saMeHeHbJ aa b ~ 
aynb , a cnapH5aHHH ~k b p. (x ) b 11 (y ) - Ha 

:x.) 
TipH 5bJ6ope n p. 5 5Hne (3.10) 

b :1 (x) = 0. 

11 



I r 4 r1 ( ) r r 
L B3 =-g J d X ambn X bma(x)b,!'£1ak (3.4) 

am b r! (x ) = 0' (3.5) 

0 b r.:: (x) = 0 , (3.6) 

* 
r ab x x -1 c 

a (x)bnb(y)=-ill (8mn-am an~ >~o<x-y). (3. 7) 

exp ~ mr B (3.1) noHBnHeTCH npu nepexoae oT T K T*-

~ BCne)lCTBHe H9COBn8Jl9HHSI COOTB9TCTBy~mHX cnapHB8HHH Me)K-

/18/ l i I 
MH npOH3BOJlHbiMH nonepe'IHbiX nOffiH , 2 a n cp an cp 

noHOBCKO~O B38HM0Jl9HCTBHSI B aneKTp0JlHH8MHKe, 0JlH8KO, B OT-

1 x !()ax 1() yqag KB8HTOBOH aneKTp0JlHH8MHKH, ""2'" a n cp X n ,cp X 

/12,13,14/ 
TCSI 6eCKOH9'1HbiM pSIJlOM no KOHCT8HTe CBSI3H , J1MeH-

!KynOHOBCKy~" Jlp9B9CHy~ '18CTb sr MO)KHO 38nHC8Tb B 

b ~ (X ) 1 a 4x b r~ (X ) TBK: 

N I exp [ + J d 
4 

X a ~ ¢ I ( X ) a : ¢ i ( X ) ] I = 

(3.8) 
i 4 r '' r a b '' r - 1 

{exp(-,-Jd xa~bka (x)(bk) (x)(~+gbf af)bc X 

10 

.A 

X~(~ +gbr a )-dl (br )dm a4 b:m ] I' 
p p 0 s 

( b r ) ab = ( acb br0 
m m 

(3.9) 

BepaeMCH K S - MaTpHue (2.1 ), B MaTpH'IHbiX aneMeHTax 

S tree M9)1{Jly $H3H'I9CKHMH COCTOSIHHSIMH MO)KHO nepeftTH K KanH6poB-

Ke H3ny'I9HHSI, paccy)KJl8SI TO'IHO TaK lli9 1 KaK H npH 06Cy)I{Jl9HHH B pa6o
/9/ 

Te nepeXOJla OT !J!epMH-~ynTOBCKOA $OpMynHp0BKH KB8HTOBOH aneKTpo-

JlHH8MHKH K JlHP8KOBCKOH, 3To n03BOnSI~T CJlenaTb yCnOBHSI (2.4) H "cna-
6aSI' HHB8pH8HTHOCTb s 

tree • 3aaaBaH aanpasneaue ason~uHH c 

noMomb~ speMeau-noao6ao~o opTa 
nil 1 Bhl6paHHO~O B BHJle 

n, =<ooo,·) 
r: ' ' ' ' 

HM99M 

H 
"' S" tree 

ell a 
0 

+ (f) S tre e 
$H3 . 

ac ac+ ::::::: ac 
ell"' (i) =ell"' (f) ~';ree ell"' (i), 
~H3 ~H3 ~H3 

OTnH'I89TCSI OT S tree TeM 1 'ITo nonH 

b rl 
m 

3HBKOM N - npousse~HHH saMeaeabi aa 
~> ~ 

aynb 1 a cnapHBaHHSI b ~(x) bkv(y)- Ha 

,., 
npH Bbi6ope D /l B BHJle (3.10) 

b :1 (x) = 0. 

11 

I 
b m 

b I 
4 

(3.10) 

( 3.11 ' 

no a 

- aa 

( 3.12) 



..... 

lk ( ( X X) X X -1] C ( ) 
-i8 I 8JlV-8Jl48V4- aJl-8Jl4 a, <av-8v4a4)~ ~0 x-y + 

(3.13) 
-1 4 

+ i 8 Jl4 8 v 4 ~ 8 (x- y ) I . 

3aecb -) ~ -+ 

-1 4 r -3 3 l lp(x-y) 

A 8 (x- y ) = - D (x- y ) = - (2 rr ) I d p ---=>"2- e 
p 

(3.14) 

BBeaeM onepaTop F cneayJOillHM o6paaoM: 

( 3.15) ,, 1 ,, 2 

F = T * t>Xp [ i ( L + L ) 1\ I ' 
B3 B3 h 4 =0 

b r I 
m " " Lz onpeaeneHhl ciJopMynaMH {2,2) H (2.3) c 

If L' 
D3 

BMeCTO b I 
- cnapHBBHIHI Me>Kay nonepe'IHb!MH nonSIMH -

B3 

T* 
m 

b i4 nono>KeHbi paBHbiMH Hymo B 
(~Opr<ty nofi ( 3, 7) 0 HB BHelllHHX nHHH SIX 

COOTB9TCTBHH C (3,12) 0 H 

* ,------ ··-. def lk -1 4 
i8 ~ 8 (x-y). 

( 3.16) 
b 1

4 
( X ) b : ( y ) 

nerKO BHaeTb, 'ITO 

S" = F tree tree ' • 

0 OK8)K9M TO)I<Jl9CTBeHHOCTb S" tree 
8 

Hcnonb3YSI caolicTaa 
8 G:m 

( 3.17) 

H t:tpeaeCHOfi 'IBCTH MBTpHUbl (3,1 ), 
8 8 a 
-a= ---a-, rae G4 

8 a 4 b m 8 am b 4 m 

=a 4 b ·: - a m b : 

ciJopMe 

, H. npHMeHSISI npoueaypy XopH, npeacTaBHM F B 

r · 1 
F = N I exp [ ~ + ~ rrrr ] exp [ i L • B3 

] exp ~ 
44 

exp [ i L 
4 

] 1.\ 1 0 B3 b 4 = 
(3.18) 

12 

I 
I 

I 
I 

#•i IIi I 
:~~. 
; ' ' ~, 

' \1 

! ,, 
i( 

l, 

r ;)! 
~' 

I 
I 

' 
! II ,z 

L 4 = g I d 4 x G 
4
1 (x )(I;. ) 11 

B3 m m 

A i I d4 4 -1..41 
a44 = T X d y f'i. 0 \X-

-i Id 4xd 4 y~- 18 4 (x-y)-

Ha cpaaHeHHSI clJopMyn (3,18) H {3,1) c y'le' 

'ITO anSI aocTH>KeHHSI >KenaeMoro peaynbTaTa 

mee: 

N I exp [ + I d 4 X an cp I an cp I ]I= N tree 

Bbtpa>KeHHe 

P = N I exp[~ I d 4x d 4 y ~- 1 8 4 (x-y)-~ 
I 8b 

MO>KHO Bbi'IHCnHTb TO'IHO B CHny 6HnHHeftHOi 

I 
G m

4 
( x ) cTpyKTYPhi narpaH>KHaHa 

/21 I 
npHae.o.eHHble a KHHre Eepe3HHB H paf 

TOabl npHM9HHM bl aaecb ITOTOMY 0 'ITO nonS! 

npOH3B9Jl9HHSI H C HHMH MO>KHO onepHpOBBT 

ne COOTB9TCTBY!OlllHX BblKna.O.OK HM99M 

13 



1o 1k ![op.v-op.
4
ov 4 -<a;-op. 4 a:)(a:-ov4 a:)~-

1 1~~ (x-y)+ 

-1 4 
i o p. 4 o v 4 ~ o (x- y ) I . 

-) ~ -Jo 

-I 4 ( ) r ( ) ( -3 3 1 lp(x-y) o x-y =-D x-y =- 217) f d p ---=>"2 e 
p 

rrepaTop F cneAytoiUHM o6pa3oM: 

J''\ 1 ,, 2 

T * I'Xp [ i ( L + L )ll I 
B3 B3 b 

4 
= 0 

" 
H L2 

B3 
orrpe,CleneHhl <jlopMynaMH (2.2) H (2.3) c 

(3.13) 

(3.14) 

( 3.15) 

b r I 
m 

b I T* - crrapHB8HHSI Me>K.CIY rrorrepe'IHbiMH rronSIMH -
m 

( 3, 7), H8 BHeWHHX nHHHSIX 

'TBHH C (3,12) , H 

* 

b ;4 rrono>KeHhl paBHhiMH uynto B 

.----- ----. 
b 1

4 
( X ) b : ( y ) 

del lk -1 4 jo L\ o (x-y). ( 3,16) 

,CleTb, 'ITO 

"' S" = F 
tree tree 

( 3.17) 

KmKeM TO)I<JleCTBeuuocTb S" 
tree 

H .ClpeBeCHOll: '18CTH MaTpHUbl (3,1 ), 
0 0 a 0 ___ =- -----, rAe G4 

0 a 4 b: 0 am b : m 
onb3YSI CBOHCTB8 

0 G:m 

am b ~ , H rrpHMeHSISI rrpoue.Clypy XopH, rrpeACTaBHM F B 

. I 
xp[~r +~ 1717 Jexp[iL r 

B3 

...... 

] exp ~ 44 exp [ i L 
4 1 I I b I _ 0 B3 4-

( 3,18) 

12 

I 
~ 
·'' 

1 qf) 
:.j .~. 

r• 

;1\ 

I 

J 
~·, 
·N. 
,,.\ 

i 

L4 
B3 

" ik k 
=g fd 4 xG1m(x)(b:) (x)b 4 (x), ( 3.19) 

0 ~ i f d4 4 -loA! 0 
44 = T x d y 11 o \x-y) --- ----

8 b 14 (x ) 0 b i4 ( y) 

0 y 0 
-i fd 4xd 4 y~- 1o 4 (x-y) 1 am8GT()' (3,20) 

ob 4 (x) m
4

Y 

l13 CpaBHeHHSI <jlopMyn (3,18) H (3,1) C y'leTOM CBOHCTB8 (3,17) BH.CIHO, 

'ITO ,ClnSI ,CIOCTH>KeHHSI >KenaeMoro pe3ynbT8T8 ,CIOCT8TO'IHO IIOK838Tb cne.Clyto-

mee: 

N I exp[+ fd 4 xan¢ 1 an¢ 1 1l=Ntree I exp~ 44 exp[iL~3 lllb 1 j3.21) 
4 

Bhipa>KeHHe 

1 0 y 0 ][ 4 

P=NI expl-. fd 4xd 4y~- 1o 4 (x-y) am--
1
--exp iL 11(3.22) 

1 o b : (x) 8 G m 
4 

(y ) 
63 

I 
MO>KHO Bbi'IHCnHTb TO'IHO B CHny 6HnHuell:uoll: rro rronSIM b 4 (X) H 

I 
G m 4 (X ) CTpyKTyphl narpaH>KH8H8 

/21/ 
rrpHseaeHHhle B KHHre Eepe3HHa 

4 
L 63 , Hcrronb3YSI peuerrThi, 

/25/ 
H pa6oTe ( <jlyHKUHOHanbHbie Me-

TO.Clbl rrpHMeHHM hi 3,CleCb IIOTOMY, 'ITO IIOnSI CTOSIT IIO.Cl 3H8KOM N 

rrpOH3Be,CleHHSI H C HHMH MO>KHO OIIepHpOB8Tb, K8K C KnaCCH'IeCKHMH), noc-

ne COOTBeTCTBytoiUHX BbiKn8,CIOK HMeeM 

13 



I 

l ' 

,. 

A 

-1 ( .. -1 r a ) P = N I Det 1 + g L1 b m m X 

4 i " r - 1 '' r kp 
X exp ( i g f d X b 4 (x) /1( (1 + g b f af) 1 k (b m ) 

p 

G m4 

-t"r -t''r 
In Det (l + g 11 b m am>= SpIn (1 + g 11 b m am) . 

]I. ( 3.23) 

( 3.24) 

lleACTBYR non 3H8KOM N - npOH3BeneHHR Ha p OCT8BllleACR 

'laCThiO onepaTopa exp 11 u H nonaraR 3aTeM b I 
4 

(x) paBHbiMH 

ayn10, BHnHM: npaaaR 'laCTh a (3.21) coananaeT c npaaoA 'laCThiO paaeHCTBa 

(3.8), J1TaK, S tree H sr 
tree paBHbl aa ~H3H'IeCKOM nonnpocT-

paHCTBe. 0TM9THM 3neCh 1 'ITO B CHny K8nH6pOBO'IHbiX CBOACTB 

H ycnoaHA (2.4) MaTpH'IHhie aneMeHTbi npeaecaoA 'laCTH S 

S tree 

- MaTpH-

Ubi (2,1) Me)Kny COCTORHHRMH, B KOTOpb!X Hapgny C nonepe'IHbiMH KB8HT8MH 

npHCyTCTByeT XOTR 6bi onHH CKangpHbiA ( T8KHe COCTORHHR pa3pellleHbl ycno

BHRMH (2.4)), paBHbl HyniO, Pa3yMeeTCR0 B'I8CTH COOTHOllleHHR yHHT8pHOC

TH1 COOTBeTCTBYIOllleA TOnhKO npeBeCHbiM' rpa~aM 1 He B03HHKaeT HHK8KHX 

TpynaocTeA c nepexonoM K cyMMe no nonepe'IHbiM npoMe)KyTO'IHbiM cocToR-

HHRM. 

HeTpynao 3aMeTHTh, 'ITO 

4 
N I exp 11 44 exp [ i L ] II 1 

B3 b ,=o 

N I Det- 1 [l+gf1-
1 b~am)exp[y fd 4

x a:¢ 1 (x)a;¢ 1 (x)]l. 

Cpaaauaag onepaTOpbi F H sr , non yqaeM Torna 

14 

• 

(3.26) 

4o:J 

S r = T * I F Det (l + g 11- 1 h ~am) I 

T* - npoH3aeneaHe noHHMaeTCR a CMbiCne, < 

anR F ) • ( 3,27) H8XOnHTCR B nOnHOM COOT BeT< 

/4/ /18/ 
~anneeaa H Tionoaa H ~panKHHa • ~panKHH 

HHRX OT Sr. Mbi nony<~HnH TOT )Ke pe3yncTaT, cy~ 

rpa~hl a MaTpHue F 

4. Tipegen ayneaoA MaCCbi a gpeaec1 

MaccuaaoA Teopuu Har~ 

B TeopHH .Hara H MHnnca c m ,f. 0 S 
I 

6biTh npencTaaneHa B anne T:* - aKcnoaeHTbi 

(2.1) TeOpHH .H.M. II • narpaH)KH8Hbl L I B3 

no cTpyKType c onpeneneHHbiMH ~opMynaMH (2.2) 

CR cao6onHbiM ypaaaeHHRM TipoKa. T* - cnap 

o6bi'IHbiM o6pa3oM: 

* I ( ) k( 1 lk 1 X X 
b ,... x b 0 y ) = -i- 8 < 8,... v - -;:a a,... a v ) . 

S MO)KHO 38llHC8Tb 'lepe3 COOTBeTCTBYIOIIIHA 
ms 

I 

S m· s = N I exp 11 exp [ i L ]I . ms B3 

TioKa)KeM, 'ITO 
S tree 

ms 
He MeHReTCR npH 3aMe 

* * ,----., ~ k lk X X 

b I (x) b k (y ) ... b I (x) b (y ) + 8 all a II I 
ll v ll v 

15 



" -1 ( A-1 r a ) P = N I Det 1 + g L1 b m m X 

4 i " r - l '' r kp 
X exp [ i g I d X b 4 (x) .-1 ( .-1 + g be ae) I k (b m ) 

p 

G m4 

-l"r 1'' 
In Det(1 + g .-1 b m am)= SpIn (l + g .-1- b ~ am ) . 

CTBYSI noa 3H8KOM N - npouaaeaeHHH Ha p 

biO onepaTopa exp .-1 44 H nonarasr aaTeM b I 
4 

] l ' ( 3.23) 

(3.24) 

OCT8BllleftCSI 

(x) paBHbiMH 

1 BHaHM: npaB8SI '18CTb B ( 3,21 ) coanaaaeT c npaaoft 'laCTbiO paaeHCTBa 

I1TaK, S tree H sr 
tree paBHbl Ha ~H3H'IeCKOM noanpocT-

TBe, 0TMeTHM aaecb, 'ITO B CHny KanH6pOBO'IHbiX CBOi!:CTB S tree 

noauft ( 2.4) Ma TPH'IHhie aneMeHTbi apeaecaoA 'laCTH S - MaTpH-

COCTOSIHHSIMH, B KOTOpbiX Hapsray C nonepe'IHbiMH KB8HT8MH 

YTCTByeT XOTSI 6bi oaHH CKansrpHblft ( T8KHe COCTOSIHHSI paapellleHbi ycno

H (2 ,4)), paBHbi HyniO, PaayMeeTCSI, B '18CTH COOTHOllleHHSI yHHTapHoc

COOTBeTCTBYIOIUei!: TOnbKO apeBeCHbiM' I"p8~8M 1 He B03HHKaeT HHK8KHX 

HOCTeit C nepexoaoM K CyMMe no nonepe'IHbiM npoMe:>KyTO'IHbiM COCTOSI-

HeTpyaHo aaMeTHTb, 'ITO 

4 
N I exp .-1 44 exp [ i L ] II 

1 B3 b 
4

=0 

N I Det- I [ 1 + g .-1- I b : am ) exp [ i- I d 4 
X a:¢ I (x) a: ¢ I (x)] l. 

HHBag oneparopbi F H sr , non y'laeM Toraa 

14 

...... 

( 3.26) 

~~ 

' 

S r = T * I F Det (1 + g 11- 1 b ~am) l ( 3,27) 

T* - npouaaeaeaue noHHMaercsr a CMbJCne, onpeaeneHHOM Bbillle 

anH F ), (3,27) H8XOaHTCH B nonHOM COOTBeTCTBHH C peaynbT8T8MH 

/4/ /18/ 
<Paaaeeaa H ll onoBa H <PpaaKHH8 , <PpaaKHH lllen B CBOHX Bbi'IHCne• 

HHSIX OT Sr. Mbi nony'lunu TOT :>Ke peaynbTaT, cyMMHPYH "KynoHOBCKHe" 

rpa~bi a MaTpuue F 

4. Dpepen avneaoit Macchi B gpeaecHhiX guarpaMMax 

Maccuaaoil reopHH Bara H Munnca 

B TeOpHH Bara H Munnca c m -# 0 s - M8TPHU8 s m s MO)Ke1 

6biTb npeacTaaneaa B auae 
/22,23/ 

T:* - 9KCnOHeHTbl noao6HO M8TpHUi 
I 

(2.1) reopHH B.M. II • flarpaH)KH8Hhi ·L · B3 
H L2 

B3 
coarraaaiOT 

no CTpyKType c onpeaeneHHbiMH ~opMynaMH (2.2) H (2,3), rronH rroa'IHHSIIO 

csr cao6oaHhiM ypaaHeHHHM DpoKa. 

o6bi'IHbiM o6paaoM: 

T* - cnapuaaaue orrpeaeneHo 

* I ( ) k 1 lk 1 X X c ( ) 
b /l X b ~y) = -j- 8 ( 8 /l V - --;2 a /l a V ) .-1 m (x-y) , 4,1 

S MO)KHO aanHC8Tb qepea COOTBeTCTBYIOIUHi!: OIIepaTOp Xopu: 
ms 

DoKa)KeM, 'ITO 

I 
S . = N I exp .-1 exp [ i L ] l . 

ms ms B3 

S tree 
ms 

He MeHSieTCSI IIpH 38MeHe 

* * 
(""----, ~ k Jk X X ( ) 
b I (x) b k (y ) -> b I (x) b (y ) + 8 a 11 a V f X- y • 

ll V ll V r 
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( 4.3) 



t 
I 

l i 

I I 

I 
I 

.-.. 

YMHO)KHM f (X -y ) Ha napaMerp {3 H BBeaeM, KBK H BO BTOpoa 

uf3 
ms 

sf3 
ms H rnase, oneparopbi 

s~ .. = N I exp [ + II ~ .. ] I = N I exp !'!.. ~ .. exp [ i L ~3 ] I , 
(4.4) 

1\{3 = /'!..m,.+ ms 

X X [ 8 
+ _L f d 4x d 4y {3 a p. a v f (x-y) --1 

2 8 b p. (x) 
X 8 --1 4.5) - - a A ~ ~ X • I (x ) 

8 
x[------ay 

8 blv(y) y 
8 1. 

8 a; b
1
v(Y ) 

.00K838TellbCTBO CBeaeTCH K aoKa3aTenbCTBy COOTIIOllleHHH 

rJ If {l tree 
__ .... m..,.s.__ = O • 

a{J 

p. 

( 4.6) 

11 {3tr<><' 
ms YpasHeHHe Ha nonyqurb nerKo, oao aaanoruqao ypasHeHH~ 

(2.20) anH H ;ree 
I 

BhlllHChiBBTb ero He 6yaeM. 

Myny 

C nOMOIUb~· He7fO*HbiX BhiKnaaOK 
X 8 Sms 

anH ap ------ : 
Bb~(x) 

MO)KHO BbiBeCTH peKyppeHTHy~ $op-

{3 
8 S ms ax 

P 8 b P (x) 
p 

" 8 s ] 
=ig{l m2 f d4ya;r(x-y)Tb [b~k (x)a;Sb~(y) .(4.7) 

Meroa HHayKUHH, noao6HhiH Meroay, npHMeHoHHOMy B npHno*eHHH, noaso-

nHeT TOrna AOK838Tb BhiDOnHHMOCTb COOTHOIUeHHH 

16 

~~ .. 

ax 
'P 

fj S f3 tree 
ms 

8 b 1 (x) 
p 

= 0 

B n~60M nopHAKe no KOHCTBHTe CBH3H, noaTOMy 

fj {3 tree 

ax ___ !!._~~- = o, 
'P fib~ (x) 

OTKyAa, C yqeTOM ypaBHeHHH Ha 
H f3 tree 

ms , non: 

Ha HHsapHaHTHOCTH 

cnenyer: 

sf3 tree 
ms OTHOCHTellbf 

1) CHHrynHpHaH no Macce qaCTb nponararop~ 

npeBeCHbiX AHarpaMM, H B 
tree 

S ms MO)KeT 6b!' 

npenenhHhiH nepexon K m = 0 

2) OCT8Bll!HeCH cnapHB8HHH - i 8 p.v 8
1
k /'!..: (x-

lk I X X c 
HeHhl Ha nonepeqHbie - i fj ( fj p.v - 0- a p. a v ) /'!,. n 

Hcao, qro npenen HynesoA MaCChi nnH roA 'l 

COOTBeTCTByeT ucnyCK8HH~ H nornoiUeHH~ KB8HTOI 

± l , cymecrsyer H cosnanaer c apeaecaoA 

/2 3 4, ") 11/ 
pa6orax ' ' ' S - MarpHUhi reopHH H 

posKe flopeHua H npesecHoA qacTb~ S - Mal 

npOCTpaHCTBe nonepeqHblX COCTOHHHH, KaK nOK8381 

Hhie aneMeHThl 
S tree 

ms , B3HTbie Me)KAY COCTO 

CyTCTByeT XOTH 6b! OAHH KB8HT C HyneBOH cnupal 

B :3TOM npenene, B OTnHqHe OT TeOpHH M8CCHBH01"' 1 

ro nonH, saauMoneAcrsyJOwero c coxpaHH~IUHMCH 

5. 3aKn~qeaue 

Ha npoBeJJeHHOrO paCCMOTpeHHH HBCTByeT, q 

Hara H MHnnca npu nocrpoeHHH npesecaoA qacTH 

17 



f(x-y) 

TOphi S {3 
If 

Ha napaMeTp 

uf3 
f3 H BBe~eM, KaK H BO BTopoii 

ms ms 

I f3 f3 1 
N I exp [ -i- If m s J I ~ N I exp ~ m s exp f i · L 

83 
J l , 

(4.4) 

~ms+ 

X X 8 X 8 ....L f d
4

xd
4
y{3a"a"'r(x-y)[ --a, -J 4.5) 

2 ,.. 8 b ~ <x> " 8 a.\ b ~ <x > 

CTso 

8 [ 8 y 

x ---_a ------ 1 
8b 1"'(y) Y "'··· OCI'bl() y 1/ y 

CBe~eTCH K ilOK83aTenbCTsy COOTUOWeHHH 

a ff f3 tree 
__ _..m._.s'- ~ 0 . 

af3 
(4.6) 

f1 {3tre•• 
ms 

nony'llfTb nerxo, OHO aHanorlf'IHO YPBBHeHH~ 

BhiiTHChiBaTb ero He 6yaeM. 

~ He'jfO)I(Hh!X Bb!Kna~OK 
8 sms ---8b~(x) 

MO)I(HO BbiBeCTif pexyppeHTHy~ !Pop-

4 X )Tt-, fbPk (x)aY ___ • ,, 8 s J 
• ;gfl •' f d ,a,r<•-r P ' rsL~(yJ (4.7) 

MeTo~y, npHMeHoHHOMy B HpHnO)I(eHHH, IT03Bo-
8Tb BhiiTOnHHMOCTb COOTHOllieHHH 

I6 

.,... 

a X 8 S f3 tree 
•p ms 

8 b 1 (x) 
p 

~ 0 

B n~60M ITOPHllKe no KOHCTaHTe CBSI3H, D0:3TOMy 

a X 8 H {3tree 

·p--~1!1 
8b ~-

p (X) 
~ 0, 

oTxyaa, c Y'leToM ypasHeHHsr Ha fi. tree 

H.;... , nonyqaeTcH (4.6), 

( 4.8) 

(4.9) 

J13 HHBapHaHTHOC Tlf sf3 tree 
ms OTHOCHTenbHO 38MeHhl ( 4,3) Cpaay 

cneayeT: 

I) cnarynsrpaasr no Macce 'laCTb nponaraTopa (4.5) BhinaaaeT H3 scex 
llpeseCHblX llHarpaMM, H B S tree 

ms 
npeaenbHhiA nepexoa K m = 0 

MO)I(eT 6biTb nposeaea KoppeKTHbiii 

2) OCT8Billlfecsr cnapHB8HHH - i 8 jLI/ 8 1k ~: (x-y) MOryT 6hiTb 3aMe-

lk 1 X X C ( ) HeHhl Ha nonepe'IHhie - i 8 (8 jLI/ -0- a jL a 1/ )~ m x- y , 

Hcao, 'ITO npeaen Hynesoit MaCChi anH Toii 'lacTa S tree 
me , 'ITO 

cooTseTcTsyeT ncnycxaHa~ H nornomean~ xsaaTos co cnnpanbHOCTHMB 

± I , cymecTsyeT H cosnaaaeT c apesecaoii 'laCTb~ nonyqeaaoii s /2 3 4, I) II I 
pa6oTax ' ' ' S - MaTpHUhi Teopnn Hara H Mnnnca s xann6-

posxe Jlopeaua H apesecaoii '18CTb~ S - MaTpHUbi (2.1), B3HToii aa 

/24/ npocTpaHcTse nonepe'IHhiX cocTosranit, Kax noxaaaHo s pa6oTe , Mal'pHq-
Hhie aneMeHI'hi S tree 

ms 
, B3HThie Me)l(lly COCI'OHHHHMH, B KOI'OphiX npH-

CYTCTByeT XOTH 6bi OllHH KB8Hl' C Hynesoii cnnpanbHOCl'b~, He paBHbl Hyn~ 
B :3TOM npeaene, B Ol'nH'IHe Ol' l'eOpHH M8CCHBHOro HeiiTpanbHOro BeKI'OpHo

ro nonH, saanMoaelicl'sy~mero c coxpaHH~lliHMcsr l'OKOM • 

5, 3axn~qeane 

I1a nposeaeaaoro paccMoTpeansr srscl'syel', 'ITO a 6eaMaccosoii TeopHH 

Hara H Mnnnca npn nocl'poeann apesecaol! 'laCTH 
S - M8l'PHUbl H 

I7 

• 



'i 
I ' 

I 
! 

pa6oTe C Hell: npHMeHHMbl Tpa.QHUHOHHbi8 MeTOllb1 1 HCflOnbayeMbie B ciJepMH-

/7 8 9/ 
rynTOBCKoll: ciJopMynHpOBKe KBaHTOBoll: aneKTPOllRHaMHKH ' ' • KanH6poBo'I-

Ho-RHBapRaHTHoe BKniD'IeHHe B38RMO.Qell:CTBIIH C llPYI'HMII nonHMII OCT8BIIT 

B CHne H8llill paCCY*lleHHH, ecn11 paCCMaTpRB8Tb TOnbKO COBOKynHOCTb llHBI'

paMM 6ea ciJopMHpyeMbiX OllHHMH HHI'-&!HnnCOHBMH 38MKHYTbiX neTenb. 

ABTopy npHHTHo BbipaaHTb npH3HaTenbHOCTb l1.B. nony6apHHOBY aa 

noCTOHHHOe BHHMBHHe H MHOI'O'IHCneHHbie none3Hbie 38Me'laHHH
1 

B.H. llep

BYlliHI!y 38 none3Hbie H CTHMynHpYIDIUHe o6cy*ll8HHH, 

llpHn0*8HHe 

noxa*eM M8TOllOM HHllYKUHH COOTHOllieHHe (2.8) .H eKOTOpbie Bbi'IRCneHHH 
X 8 S' 

n03BOnHIDT npe.QCTaBHTb a,p , B pexyppeHTHOJl: ciJopMe: 

~ 

8 Mp (x) .. 
x 8 S' p < > e < > 1 a P , = i g 1 N 1 a bP x A x ( 

1 
e -

8 b 1 (x) p P 
p 

_ N 1 a ~a P b PP < x > T * 1 b : < x > s ' I I ( 
1 
pf + 

"' 4 X k, y 
+fd y[aY P(x-y)+Ky(x-y)]T*lby (x)qp 

8 S' 

8bf'(y) 
p 

1£ lkf + 

"' 
+I 

, 8 s, 
"' k < > ay ------d 4 y p (x-y) T * { a Jl b Jl X p 8 b r (y) I ( lkf + 

18 

1 

2 

s 

4 

8 z , 8 ay ]a -f d4y d4z 0 fp(x-y)P(x-zH P'( ) - ,\ 8aylf,(y) y 8 
+ . 8bp y ,\ p 

"' 
+ f d 4 y 0 cu k (x) P(x-y) a~ 

8S' 

8 b~ (y) 
£ tk I 

flei'KO yxaaaTb KOHKpeTHbiJl: BHll c - ciJyHKUHl 

II q - ciJYHKUHll: Af (x) , O.QHaKo Mbi 9TOI'O llE 

H OTMeTRM nHllib, 'ITO HyneBaH no KOHCT8HTe g 

Ocuf (x HOCHT c - 'IHCnOBOJl: xapaKTep H paBHa 

l1cnonb3YH ciJopMyny ( ll. 1) 1 1 HeTpy.QHO npOE 

(2.8) B nepBOM nopHAKe no KOHCT8HTe CBH3H, llpeano 

(n) 

cllao+ (f)ax 8S~ree cllao (i) 
ciJH3 p 8 b I , (X ) ciJH3 

p 

0, 

Mbl .QOKa*eM cnpaBe.QnHBOCTb (2,8) )lnH ( D + } ) -

COBOKynHOCTII }lHBI'p8MM k -I'O nopHllKB RMeeTCSl 

HeCBH38HHaH, o6pa30B8HHBH nepeMHO*eHHeM noll 3H8K 

AeHHH CBH38HHbiX '18CTell: 6onee HH3KHX, 'leM k , nOp! 

ciJaKTa BbiTeKaeT, 'ITO ecnH ( ll • 2) BbJnOnHHeTCH, TC 
"' (n) 

AenbHO AnH CBH38HHOA H HeCBH38HHOA qacTeA S ,tree 

TenbHO, C yqeTOM onpeAeneHRH HeCBH38HHOJl: 'IBCTII 

ell ao + (f) a X 

ciJH3 p 

8 s, (k) 
trne <J> ac 

8 b I , (X) ciJH3 (i ) = 0 , k < 
p 

19 



c Hetl: IIpHMeHHMbi Tpa.llHUHOHHbie MeTO.llbi, HCIIOllb3yeMb!e B cf>epMH-

, 17 8 8/ 
cf>opMynupoaxe KBaHToaoa snexTpoanHaMHKH ' ' • Kanu6poBo'I-

Hoe BKniD'IeHHe B38HMO.lleACTBHH C .llpyrHMH DOnHMH OCT8BHT 

H8lliH paccy~.QeHHH, ecnH paCCMaTpHB8Tb TOllbKO COBOKYDHOCTb .llHar-

3 cf>opMHpyeMbiX O.QHHMH HHr-MHnnCOH8MH 38MKHyThiX DeTenb, 

Bbip83HTb IIpH3H8TenbHOCTb J1,8, nony6apHHOBy 38 

H MHOrO'IHcneHHhie none3Hhie 3aMe'laHHH, B.H. nep-

38 rrone3Hhie H CTHMynupyiDIUHe o6cy~aeHHH, 

npuno~eHHe 

MeTO.llOM 
HH.llYKUHH COOTHOllieHHe (2,8) .H 9KOTOpbie Bbi'IHCneHHH 

X 8 S' 
a,p , B pexyppeHTHOA cf>opMe: 

8 b!p (x) 
IIpe.QCT8BHTb 

"' 

i g 1 N I aP b; ( x) A e (x) I ( tp e 
8 S' a x , 

P 8 b 1 (x) 
p 

- N I a ~ a xp b pp ( X ) T * I b ~ ( X) s, I I ( I pf + 2 

"' 4 X .. k' y 8S' 
J d y [ av P(x-y)+Kv(x-y)]T*Ibv (x)qp f' -1£ tkf + 

8 b (y) 
p 

8 

J 
.. 

, y 8 S' ) T"' * I a b k < x) a f , d • y p (>-y " " p 8 b p (y) 4 I ( tkf + 

18 

..... 

"' z 8S' ' 8 ay 8 Ja ---( e-j 
+fd\d4z0fp(x-y)P(x-z)["bP'( )-A 8ayl:l',(y) y 8b€' (z) tp 

u p y A p y 5 

"' 
+ f d 4 y 0 w k (x) P(x-y ) a~ 

8S' 

8 il(y) 
p 

6 (11.1) I. ( lk e 

nerxo YK838Tb KOHKpeTHhiA BH.ll c - cf>yHKUHH K(x) • P( X) 

H q - cf>yHKUHA Ae (x) , oaHaxo Mhi sToro aenaTb He 6yaeM 

H OTMeTHM nHllib 1 'ITO HyneaaH IIO KOHCTaHTe g 'laCTb A e ( X ) 

HOCHT c - 'lncnoaoa xapaxTep H paBHa 0 wf (x) 

J1crronb3YH cf>opMyny ( n. 1) •• HeTpy.QHO IIpOBepHTb BbiiiOnHHMOCTb 

(2,8) B rrepBOM IIOpR.QKe DO KOHCT8HTe CBH3H, npe.QIIOnO~HB 3aTeM 

(n) 

ellac+ (f)ax 8S;ree ella;3(i) 
cf>H3 p 8 b I ' (X ) cf> 

p 

0, ( n. 2) 

Mhi aoxa~eM crrpaaeanuaocTb (2.8) ang n + 1) - ro IIOpH.QKa, Y BCeH 

COBOKYIIHOCTH .QHarpaMM k -ro ~OpR.QKa HMeeTCH CBH38HH8H '18CTb H 

HeCBH38HH8H1 o6pa30B8HHaH nepeMHO~eHHeM IIO.ll 3H8KOM N - rrpoH3Be-

.lleHHH CBH38HHhiX 'laCTeA 6onee HH3KHX, 'leM k , IIOpR.QKOB, !13 3TOro 

cf>aKTa BbiTeKaeT, 'ITO ecnu ( n , 2) BhiiiOnHHeTCH, TO BhiiiOnHHeTCH pa3-

"' (n) 
.QenbHO ang CBH38HHOA H HeCBH38HHOA 'laCTeA S~ree , a cne.QOBa-

TenbHO, C y'leTOM onpeaeneHHH HeCBH38HHOA '18CTH 

ell ao + (f) ax 
cf>H3 p 

8 s, (k) 
tPAA 

8b 1 (x) 
p 

ell ac (i ) = 0 ' k < n 
cf>H3 
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' VI T8K 1 Mbl BHJlHM: JlnSI JlOK838TenbCTB8 BbinOnHHMOCTH COOTHOWeHHA (2.8) 

B n + 1 -OM nOpSIJlKe Jl0CT8TO'IHO Jl0K838Tb 1 'ITO 

$ ac + 
4JH3 

8 [S , (n+O] CBSI3, 
(f) a X tree 

p , 
8 b 1 (x) 

p 

ci> ao (I) = 0 • 
tt>ua < n .4) 

8Kn8Jlbl B neByJO '18CTb ( n • 4) OT 'lneHOB 1 H 2 npasoA '18CTH 

n. 1) p8BHhl HynJO He38BHCHMO OT npeJlnOnO>KeHHSI ( n • 2) B cuny 

OJlHHX ycnoBHH (2,4), BKnBJlbi OT 'lneHOB 3,4,5,6 paBHbl HynJO B cuny CJle -

naHHOJ:'O npeJlnOnO>KeHHSI H eJ:'O cneJlCTBHA - COOTHOWeHHA ( n • 3), TaKUM 

o6pa30M, BblnOnHHMOCTb ypaBHeHHA (2,8) Jl0K838f!"8 B nJ060M nopSIJlKe no 

KOHCT8HTe CBSI3H, 

nuTepaTypa 

R.P. Feynman. Acta Physica Polonica, XXIV, 697 (1963). 

B.S. De Witt. Phys.Rev., 162, 1195, 1239 (1967). 

L.D. DF'addeev and V.N. Popov. Phys,Lett., 25B, 29 (1967). 

B.H. nonoB, n.n. <l>aJlJlees. npenpHHT VIT<I> 67- 36, KHeB, 1967. 

s. Mandelstam. Phys,Rev,, 175, 1580 (1968). 

C,N. Yang, ~t. Mills. Phys.Rev., _2§, 191 (1954). 

E. Fermi. Rev,Mod.Phys., _1, 131 ( 1932). 

8. s. Gupta. Proc.Phys.Soc., ~- 682 (1950) 
I 

9. VI.B. nony6apHHOB, npenpHHT OVIHH' P-2421' lly6Ha, 1965. 

10. H.B. nony6apHHOB, Coo6weHHe OHHVI, P2-4564, lly6Ha, 1969. 

11. E.S. Fradkin, LV. 'l'yutin. Phys.Lett., 30B, 562 (1969). 

12,J. Schwinger. Phys.Rev., 125 , 1043 (1962). 

13.J. Schwing~r. Phys.Rev., 127, 324 (1962). 

14, H.B. XpunnoBH'I. H<l>, 1.Q.... 409 (1969), 

15. A.A. Slavnov. Preprint I'l'P-69-20. Kiev, 1969. 

16. A.H. Axueaep, B.B. BepecTeUKHA, KsaHTOBaSI aneKTpOJlHHaMHKa, 

HayKa, MocKBa, 1969. 
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17, B. Lautrup. Mat.Fys.Medd.Dan.Vid.Selsk., ~ 

18. E.G. cllpaJlKUH. npo6neMbl TeopeTH'IeCKOA 4>H3HI 

1969, CTp. 386. 

19. s. Hori. Progr.'l'heor,Phys., L 578 (1952), 

20. Y. Nambu. Phys.Lett., 26B, 626 (1968). 

21. <t>.A. BepeanH ,Me TOll BTOpH'IHOI:'O KBaHTOBBHHSI 

CTp. 225, 

22. X. YMaJlaasa. KsaHTOBaSI TeopHSI nonR, VIn, M 

23. B.VI. 0J:'HeBeUKHA, VI.B. nony6apHHOB. )1(3T<I>, 

24. A.A. CnaBHOB, n.n. <l>aJlJlees. TM<I>, ii, 18 ( 1! 

25. B.H. nepByWHHo ABTOpe4JepaT JlHCCepTaUUH H8 

K8HJlHJl8T8 4JH3HKo-MaTeMaTH'IeCKHX HayK, 01-!HJ 

1970. 

PyKonHCb nocTynn 

9 4>el 
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Mbl BHJ:lHM: t:tnH t:lOK83aTenbCTB8 BbinOnHHMOCTH COOT.IIOWeHHA (2,8) 

+ 1 -OM ITOpSit:tKe t:lOCT8TO~HO ):lOK838Tb 1 ~TO 

<f> ac + 
!IJH3 

8 [!5 , (n+ I)] CBSI3, 
(f) a X tree ~ 80 (j) = 0 • 

P 1 ' ( ) !IJua 8 b X 
p 

< n .4) 

KnB.Ubl B neByJO ~8CTb ( TI • 4) OT ~neHOB 1 H 2 rrpaBOA ~8CTH 

) paBHbl HynJO He38BHCHMO OT npe.arronmKeHHSI ( ~ • 2) B CHny 

(2,4). BKnB.Ubl OT ~neHOB 3,4,5,6 paBHbl Hyn10 B CHny Clle -

npe.arron0*9HHSI H 9PO cneaCTBHA - COOTHOWeHHA ( TI • 3), TaKHM 

Bb!ITOnHH MOCTb ypaBH9HHA ( 2,8) ll0K838Fa B n1060M ITOPSillKe ITO 

CBSI3H, 

fluTepaTypa 

• Feynman. Acta Physica Polonica, XXIV, 697 (1963). 

De Witt. Phys.Rev,, 162, 1195, 1239 (1967), 

DFaddeev and V,N, Popov, Phys,Lett., 258, 29 (1967), 
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elsta.m. Phys,Rev,, 175, 1580 (1968). 
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