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",..: .. ~· ::,'i, --..: .,., 3a ·rroc.ne,n;irne Bpel.!SI. 60JII,ID11e ycneXM 6IJJU1 ~OCT11rHyTH B pemeinrn 

3a,,n;att cTaT1tcT:nt1ec1wti cp1131rn:11 i,reT.o,n;61:r · cy1n.mponamt.H BaEHef1mnx 
', ,' 

rpa(l)OBo 

B HaCTORirtei1 CTaTI,e Ubl TIOKa~m.1, tITO B Teopirn CBepxnpOBO,D;v!= 

MOCTH 3TMU M8TO~OM TaKEe MOXHO TIOJIYtJHTI, Te pe3yJI&TaTu, KOTOpHe 

dbIJill uarr,n;eH1I B npe)(H,D;Yl!ll1X paC>oTa.X (I' 2) C n01.rnm1,10 KaHOHMlieCIWro 

npeoc5pasoB~miR VI nptiH1\11ria Koimcnicait1111 ·. rpaJI10B c "omicHhIM" :n1epre-

. TI1tiec1n1il' 3HaI,.reIIaTeJieMo 

KaK (JbIJIO IlOKa3aHO Bl)BoTOJIUatJeBI)IU -~/-~o.BoTHOJIUKOBI:U,I(2), 

BMeCT0 ra1,mJII>T0IUiaHa Ppeirnxa U0~II0 paccuaTpI1BaT!J rar.mJII>T0HI1aH 

Bap,n;11rna, TaK KaK ooa oHn no cymecTBY conepmemro aKBirnaJieHTHH 

)(JUI yqera BJU'I.HHIUI 3JI8KTp0Hlrt)..Cl)OHOHHOro B3aUMO,n;ei1CTBI1:.fI He. ,n;IIHaM:t1:Ky 

3JI8KTPOHOB BdJII!3M nonepXHOC Tl! ,Jlep1.m ~- ITpu 3TOH m.reTI> ,neJIO C 

na1.m1r:0Tom1anou Eap,n;I!Ha suairnreJIMIO npor~e o 

TI03TOMY ,D;JI.fI ,D;OCTH~eHMR,dOJII,lli8H HarJIR,D;HOCTH H ycTaHOBJI8HH.H 

CBJI3H c 11,n;eRMH pa do TH Eap,n;1rna, I{yrrepa 11 llipl-irpcpepa (3) MI:I 6y,n;eM 

:&iCXO,D;I11'I, U3 raMMJI!,TOHMaHa Eap,n;mra~ 

r.n;e 

1 ) 

k::: 0 

K f O 
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n r,n;e ( ( k) - pa,n;na.n:&IIO cm.n.teTpl!l!H8JI _ 1pyHRt~Irn:, npe,n;cTaBJISIIOI:tasr 
' .. , " ' . : .· ' -~ ' ' : " .. 

oueprmo 3.TieKTpona. c m.myJI1>coM K, 

:J !>t W - rrapaMeTpH J3ap,n;HEao 

B },!O,n;e?Itr <!ipe1mxa 1.IH ,Il;OJii.CHliI. nqJio;iHT:O ( 2): 

2.. 
:J=~-) w :: G) . .. 

2 
i. 

BeJrntnrny N. IlOJIHoro tmCJia 3JI8I<TPR?OB 6y,n;~14 yttUTLIBaTI> C noMOiltM0, 
' • ,, • ·,, .' :•' • I , ;· • -,t · ·', . i, • · , ' . ', · 

,x11MrFrncKor9 rroTem(HaJI~. ·_ ~ ~ · ~mr ~ero ,n;o6anm£,K. H. ~, ttJie1~ _--~N 

Tar,i:1n{ 0 Cipa30M rroJiytJHM raMllJII>TOHliaH 

H =-Ho+ Hi.nt 

Ho -== L {t 00 - x} akSakS 
K)~ . 

Hi,nt = 

·~1 q \.. 

- = ;r '[~aK -t ak, LOk, .!. oK;·_.!.·eci/)8(k2)0_ (~,1)0(
1

k~)ii(K,· +·k~ -I<' - 11:) 
\. 11 .?.ii! . c 12 11 2 . '- 1 ,_ 

'_ ; 1 : • : _ ~ : :· ·,,_ • ; l , 
1 ~ ;' ;:,1 -.~ ., ~ ;_ _ _ ' i 

·::i·. 

(I) 

,n;JIR KOToporo M 6y,n;eu paccuaTp1rnaT1> norrpoc o cyi,n.mpoBamni Bm:men

mnx rpa<poB o TaK RaK B3am-.ro,n;et1cTmte 3cixpeRTUBHO mmr:& n uaJiott 

OKpe CTHOCTU crpepu c";?epi.m H .. TOJI:&RO H0j!,T(Y ttacnn~aua ( 3JieitTpOHaMH 

rum ,T(HpKaMn) C 11POTI-!DOI10JIOi:tIIO Hanpa13JI0HHLII.m cmrnar.m DI!,ltRM, 't!TO 

oco6o Baimyr:> pOJII, 6y)T.yT nrpaTI> rpa1Im Tiina, l130dpai.telUIOro Ha 

rp:nr .,I. rpa(I>1r 3TH nocTpoeHH 11!3 "Hepa3JIOJ:.nu,roro KOMTIJie1wa" 

( CM.,Cl)l1:r .,2) o 

= ,,,,----~-- - ·•.,. 
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,cp:itroI tl>vtr .2 
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co c:roJinero H3 napu tmcTuu; c m.my .rr:bcmm ±: k I1 cmn~1m ;: 2 o 

]TJIJI cyriJ'.mpo~~IfHR iI~ -~OCTIOJII,3yeMcri imT'oA011r rtpH6Jit!i'temroro BTOpHtI= 

noro 1rnaHTOBaHIUI' T 0 e O nocTpOHM ynpovteHHLI11 }b:u1iJ1iih1marr ~· 'y '. ItOiTO
poro 6y;r,yT rpacJbI TOJr:&Ko Toro IiJiacca, :rwTopHii uu ItenaeM npocyu-

1mpom1,T1, H rIPIIT0M C Tel.I J:CC BKJI8.).l;0H, l!TO H y HaCT0Jiq&ro raUHJI:bTO= 

Ta!\ KaI< B paccuaTpvrna~U~IX Ha.1.!U_ ~:Qa'Iiax KOI.mJieIWU .~·!3 napH 

qac!HIJ... ,( ~ kl ~ j_ ) He ;pa3pbIBaIOTC!I -. ~-c-~ec.TB8HIIO conocTaBI1T'.b 
. ·., 2 .. : ' . . .. : . . . - r; ., +- ·, ._ . . ... - . ! ' . ·. : .. 

HU 1rnaHT0B1Ie mmirnTy,n;u &I< t ~k C rrepecTaIIqBoqHI:II.rl1 COOTHOI!Ie-
• •; <.,' ; I • , ,. ) ~ .:. • ~, -., C 

Ht1.f!MH: . 
. . ':; ,·, . 

. (bl() ;~,k•l=,s,) r~+k, g:J~ol ri:)·f:,./1= 0 ) .. ,,.,J<t K' 
~~ ... -,~·••' , •. •, .. ,_ • ;;,-~,.·,_;;'.~~.'."., ,.:_\' -~i.1.}\,-~ ,:. ·, 

-3IUJ,qem1e1.{ , .· \{. ·, Mh!_ -J;t0JpIH~L;TIPI1?RTin 

2. -t 2. 
o =O P -o 
bk ) 0 k - > 

3aMeTHM ene, tIT0 CO()CTB8HIIaJI mteprHn K0MTIJieKca 6y.n;eT 

I-I tITO MaTplitJHbii1 aJieMeHT ramun,TomtaHa (I) .n;1m nepexo.n;a 6y.n;eT 

nponoim:vrouaneH - t o 

(2) 

(3) 

Hs aTnx coo6paxem1i-1 no.nytraeu ynponteHimtl ra1.mJI1>ToHnan nn;r,a 

(4) 

Hcnt = -~ E t: ~K' 8(k) e ( k') 
(Kt,K') · 



. .,.. 4 c:, 

I)., ,. 

co.n;epilCarrre.11 oneparopiiI hk gh: , c nepecia_HOBOttH:bIMU cooTHomem1m.m: 
, ) - • "':: , , ~: ; • ' (., " • r } , , ,.,. 

. (2), (3), K0l'0piiie MliI ycJIOBHMCSI ,Ra~7:11B~Tr, ,onepa,TOP6;¥~.)1aym;L> B31IB 
' ' ~. ', • • .., - ·.; ,• - ·~ • ·~, • '·- ~ '- l. ',• - ; • :. .. > • ' 

B1Ipa1.eemte ,m6oro .. rropH,n;Ka . . , .. 
: ' • : ' ' ~ - ! 

' .,,.. ',f'. ' • ' 

. H Lnt ( H o '.l_ t )- H mt·.\. ~1 . ' '.: ' 
( H ~ -· E') . H Lnt 

·- .. , " 
HeTpy,n;Ho Tenep:& rrponepIITlJ Henocpe,n;cTBeHHO, tITO cyMJJa BKJia,n;_oB .. 

OT rpacpoB paccuaTp1rnae1.rnro THrra ,n;.rm ra1.mJI:F>TOHHaHa (I) dy,n;eT 
~->,-·. c :;_?;:·;-,· .- "."' ¥\:I::,:~:._.·;.~ ·-f'': ;:-r-1t.~,·1 .. J:_/;·,-: ~,-7(S~;:. -:·~<! 

paBua cyuMe mJia,n;oB Bcex rpaqJOD ,ttJIH yrrpomenHoro :ramrnI>TOHMaHa 
~. ,~~;. - i ·. : : ..... · · ~i ·-: - . . , , -~ \' Ci ;:r-; r-: ~ < , ··.-. : 1 

. I:.,., • · · 
( 4) o }!Tar<, 3a,n;atta CJl.n,mpoBaRHSL cne11MaJIJ;;Horo ·KJiacca rpacpo:s ,11,mi 

~ :J -~-i··---~ \./·"--,•;:: :·.,::.J-: ~·~· d . ,~-, ... v,···:-.: 2::;;: 1i ·i:.~; ·;.:.r .. :- .. ~:--
raMli~I>TOHnana (I) OKa3ti'IBaeTCSI 3KBlfBaJieHTHOfi sa,n;atre O MO,D;0JII,HOi1 

,n;irnai~nqecrwi1 CHO Tel.re' xapaKTepM3yeMOfi raMHJI:OTOHliaHOM (4) ~ . 

IIpncrynmJ K nocTpoeHnro acnMnTOTIPteCKH TottHoro pememrn 3Toi1 

rIOCJie,n;Hett sa,n;atJM, npene6peraSI JIJUllI, B8JIJflIHHa1.rn, HCtle3aIDntl'IMH B 

npor~ecce npe.IteJII,liOrO nepexo.n;a ~v ~ oo · ~' ·Eyjeu 'l)8.3JII1tJaTI, napiiI 

3JieKTpOIIOB H napliI .n;apor<, ,D;JI.R 'qerBBfHrntfe ·\orreparopbI ITay:nri, . 

IlOJIOlIJIB 
p K ~ fsk E(K) 7, 'A 

+ 
J\ 7' gk } ,E ( K ); ,< A .. ' 

IToJiytIHM 
+ 

H ::= U + 2 L \ t ( 1-< } - A J _,aK fa k -
k 

l i?-

.._ ··•1: 

.,. -,.,. 
'· • -,I~,. 

-~Jrk, 0(k)El( k'){ tlG(k) p'. + er (k) pk l ( eG (k')Jlk' + ei(i{) ;;., } ' ~?) 
, - - • ~ • . . 'i~ 1I~, '1:~~ .,.,_", .. ::.·. -~..::·\-:1 ~ 

r,n;e 

8F (f-<;) t· 0G ( K)-::: J 

{i l E(k)(A 

8r ( K ) ·;:; \ 0 J [ .c k) 1 A 

U ~ 2. T~ { ~ ~ ~ \~: ~ .\ f 8 F ( K) , · . · ) 
K ' 
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' 1, ". •• 

paBim IIY JIIO "To~ ,na 

J\ C = 0. 

· ITorca,rceu, tITO 3Ta BOJIHonan rIJYHRn1rn srBJisrer.csr acm.mToT11tieCRH 
~ 

TOtIHOi1 co6CTD8HJIOi1 rI>YHI~nueit ralU{JU,TOIIliaHa H - , ,na10mei1 euy 

3Hattemrn U o 1'h~eeM: B ca.MOM ,nene: 
.: ; 

I II 
H=-H :+H +U 

-~ I , 8(k)8(k'){eer<k)p:+eF(K)_J\.JB6 (K')}K' -
. .. . K J K: . :: . . . .. ' . : .. 

- ~ L 8(k)El(K')0F{~<>8i:-'(k') J(J\ 
K :j: K' 

Ho otteBM,!tHO 

e ,npyron CTOpOHH 
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Ho B rrpor~e-cce rrpe.n;em,noro rrepexo,n;a_ V --- oc .. , 1-1 ~omtH6 6h!TJ, 

riporiopllll~~al~IIO V/ 0 \ H.1;-l 2 t KaK Ml:! 3aM~·TH~M, o_cTaeTCH KOH8tJHOHo 

ITOBTOUY ,n;eMcTBHT8JII,HO C HBJIR8TCH aCMMriTOTHqecKH ToqHon C06CTBeH-

HOi1 cpynx14v.ten \-1 , ,n;a10met1 euy 3Haqemre · · U o HMee1.r )'(anee · 

- * L ·•· . .,_ ; '· · . : .. ··· ·. ·. N = < C N c, > ~ · 2, 
E(K)s!.11 

.. ', t. 

ITpupaBHSIB BTO Bb!paxemte IIOJIHOMY qucJiy 31I8H:TpOHOB B ccpepe 'PepMM 

.L 2 
E(K)< EF 

BH,D;HJJ, tJTO 

A-=_Ef=-E(k,:-) 

_ITpoaHaJIM3!1pyeM rerrep:& nonpoc 06 YCTOHtJI1BOCTH COCTOSIHMSI Co 

PaccMoTpm,r cnaqaJia cnyqai1, KOr.zta 

"j ( 0 (6) 

l[onoJIHMM )'(BOMHYJO CYJJ.MY B (5) tJJienai.m, )tJISI KOTOpHX K =- k 1 

' 
fIOCIWJI&Ky BTMM MbI He BHOCMM BeJI1rqr,rn, .ztaIOI!!MX BKJia)t IlpH rrepexo,n;e 

K npe,1:teJiy v-- 00 0 3aMeTMM Tor.n;a, tJTO H - u 
cymecTB8HHO TIOJIOJZ:I1T8JI1:,HOTT rpopMe O 3Ha'lJeHIIe u 

paBHSieTCF! 

c5y.n;er cJie,n;oBaTen1:,-

HO Mv.tmn.raJII,HhIM JI" COCTasrmrn C T8M· cam,U.[ ,ll;OJil\HO 6hIT:& ycToi1ttI1B1IM .. 

IInoe noJioJ1Ce1rn:e CSy,n;eT B cnyqae 

J > 0 
(7) 

+ 
3a.MeTHM, tJTO TaK B COCTO.fIHMU C Bee 'lJJl!CJia sanoJIHemrn hK = .PK j K 
paBHl:I HyJiro, Mhl MOJ:Ce:M rrpM BLitWrcJiemni BHeprm-1 BJieMeHTapHhIX B036y~

.n;emti1 CtJHTaTI, orrepaTophI ITay;rn: j3 > J + CS038BCKI1'.MI1 e Hau OCTaeTCSI 

Tor.zta TOJI:&Ko .n;Jt7aroHamr3oBaT:& RBa,n;paurtrnyro tj}op1Ay H3 onepaTopon 
/ .. ~ 

+ J 
1 

J , npe,n;cTaBJISIIOillYID H - U (5) .. 3Ta ,n;IIaroHaJIH3ailI1'.SI 

• 

_,.,,.,,. 

""'--
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MO,I8T 6htT!, npoBe.n;ena, Hanpm,tep~ C TIOMOmI,IO MeTo.n;a, H3.TlOiteIIHOro 
D H~mevl MOHorpaipM~(4)~ ·'· • · ',,.::.· , -. ··, •· · · · 

IToJiytrnM .n;Jist onpe.n;ene1rn:n aueprmt E 

.n;e1uu1 cne.n;yromee ce1~yJmpHoe ypaBne,1nre 

J:: 1 [ G(1<)/eFck> + eG (k)} 
V K Ek-E Ek+ E 

' ' ~ . :- ' ··, .~~ . ,: : ,.,.., , / ~ 

UJilI 

I{aK BlI,D;HO, 3TO ypaBI{8HlI8 B pacm.raTpHnaeMOM cJiyqae (7), ~ 
~ e. 

ncer.n:a. u1.mer 0Tpm.~aTeJI1:>HhIH :rtopeH!> .n;Jist E e IToJiyt1ae11, cne.n;o-

BaTeJI!>Ho, 'ClltCTO MHHMOe 3HatJeime ~JISI 3Heprmr E 

(8) 

(9) 



UTaK, -C0CT0mrne C Oiro.3bIBaeT_CSI ,HeycT0tttIUB1IUo l!T06H HattTH .YCTQlf .... 
<\.,; ... :.;- , .;,: :x,,\;:.:,, .. 1ft:)1 ,\: .,_ i~.::,. ~: .•. '.: .. ·.; .~/). ;.,· ~ ~ 

llliBOe OCIIOBHOe COC_TOSIHHe C MHIU!UaJIJ,IIOtt 3Heprnen, BBe,neu HOBLie 
+ ·. ' ; ,, . .-: ; ' 

·rray1m-a1.mmtTy,1.t1i1 p K ) J K He TpirnnaJILHliIM o6pa3ciM~ :rcaK paur,me, 

.a C 'rio1fo1;1:&10 COOTHOmeHnti " 

• + l .'t .. L:e·.+ ... 
J1< s:;<Jk\/K(i~KgK-f)-t-lll< hi< -vk ii< 

+ + . 

JK = ukvK(2.bK&t< - 1)-v: gK + u~ fJ; (IO) 

r,1.te : 'U. k } V K - Benie CTBe HHLie tJHCJia' CBSIS<:1-HHble paBe~Cl'BOM 

<.. 2 
1J.K +VK: 1 ·, 

(II) 

HeTpy,nHO 3aUeTI1Tl,, l!TO aMTIJIHTy,n1ir (IO), ,n;encTBHT8JII,HO, y,noBJI0TBO

pSI9T BC8M nepecTaHOBOtJHm,r COOTHOnieHV!HU onepaTOpOD IIayJU-Io 

06pantaJI npeodpas~namtn (IO), nan,n;eM 

+ 2 2 T 

tK =uKvK( 1-?.J\_A)+llKJK -vk JK 
+ + a·· 2 + 

bk : 'Uk VI{( 1- 2 jK JK)-Vk }I{ T 'UK J3K 

+ l ' ' t- + 
gKgk=vk +(uk-VK)J't<jK+1JKVK(JK+ JI<). 

(I2) 

IIo,n;cTaBJIR.fI 3TH i:3.blpa,icemtR B raMvtJIT>TOH~au~ (4), nau,n;eM 

"{ . ':I e (. 2 , } + H == u + 71 i( E (k> -:_;\)u~ vi<-. v _ (K)(Uk•-VK) f B<K)VK,uf<, (JK + J .J 
+ 

-t L 2.E@ (K)JK JI< : ;, :':.': 
K 

:(I3) 

:J ~ l a + 2 + l{ l. c + + l -v L UK, J\,-Vf{,Jk,-zuKyKI,,.~ UK2YK2~vk2 pl<a-~ul<~VKaA\~Ai!10<1<,)8(k2) 
(K,lKe) · · . 

" 

'-· 



r.n;e 

u = I i { EO<> - A } VKi! - ~ [ a ( k1) 8(,kaH.11<,v~. UK~ ¼a 
K . K11k'~ 

(I4) 

(I5) 

06paTMM B· uyJn, K03fP<iJIU~HeHTbI np~ yK .f ,:'.; · _B Bbipaifcemur (I3)o 

IToJiy'lUU! Tor.n;a ypaBHeHHe 

(!6) 

Haf1){8HH0e B. padoTe (2) c Il0M0ttLID npnm~wna KOMI18HCal{Irn onacm:i1x 

rpacpoB o 3auetJan, tJTO c Tpe 6yeuott s,n;ec:& -rottnocT1>10 A = E ( Ki::-) 

m.reeM :. RaK n n. J2) • . ,. " ' .. ' . ,., 

(I7) 

ramrJI:bT0HMaH (I?) !,!O_Jlt~_T· T8R8P!> 6bl;_b ~p~~?,7-~!3118.¥ B __ :£3.v~~ : ..... ·• ~, 
·:. {~ .~ ./~->:~? l'"_.'·. , ~;'.'J\ ~.:~. "< .~ ,,,, ..... ,. ·.,.. _,,. " .. ,., .. • . ,,~. . . 

'/ 



r.ne 
~ 

+ 
H ~. L 2.Ee (I~) fl< pk o K 

.,: .. 

I ~ • l ( + 2 11 2 i t· ) 
\"1 :: ·'."""' :;-;:. L 8(k1)80<d UK 8 .... -vK PK ul<,,PK -¼ 111 

V( + ) • I )n1 I . I <- c. 2 l k
1
r K

2 
.· . · .· · .. 

. + + (I8) 

H
11 

= ·~vj '[, 0(k,)6l(k'z.){11!c.PI< ,...\~}~.-iuk'cvka,:aJtJul<,\<}1<,PK, + .. 
) c '- i? 

(K,i:l<i . . . . . · 

+ . j + ~ "j ,:. 2. a _ . t U V. 
+ V - 'L e ( k', l 8 (I<',) ju.,13., -V .,J!., 2 uK,v K.Pw.J KI ka .J., A' 

·. l \{ I f I{,) . . 

B03I>MeM BOJIHOByIO 4)YHKI.U1ID C' ){JI.fl IWTOpon Bee t.IlfoJia:; sanb1rnem-1SI 

+ 
VK = Jk' JK 

paBIIhI HYJIIO e IIoica~eu, Kalt l'I paH:&I!le' tIT0 C T0tIH0CT :&IO ,n;o BeJiittnrn~ 

1Ict.1esa10rt11x B npo~ecce npe,n;eJII,Horo nepexo,n;a V -- 00 , C SIBJISI= 

eTCSI C06CTB8IUI011 rpyHKUMeTI raMHJII,TOIUtaHa H , ,n;aromeii eMy 

snatte1rne u o Ib1teeu,,n;ei1cTBnTe1n,1:Io, 

(Ho+ H
11

)C =O 

.. 
M 

< ex-I H' 12. C ) :::: v-y~ L 8 ( K,) e ( k2.) ju YK v.~ + u~ Va u (. Vk
2 

} < canst 
I "2. ..... k I l<z_ c! 

. :. . :. , ... :' .. ·' .. ·· .. • v:~-~ .O<J . . .· 
Tiepeti,n;eu Tenep:o K paccM0Tpem110 3Jie11teHTapHhix· nos6y1meuuu o 

TaK !{alt B COCTO!Imrn C nee 'lU,ICJia 3aTIOJIHem,ur vk' paBHH nyJuo, · 

TO npll Bblt.IUCJiernrn 3Heprim 3JieMeHTapHHX B036yx,n;emti1 Ubt }.1:Q);CeM 
;-

C lJl1Ta TI, onepaTopu Tiaymt J3K 1 }tt 6oseBcrtm.m H B Bh!par:cemm 
. . .. . I 

ral.U:IJI:bTOiimiHa (IS) orpamri-mT:bCSI RDa,n;paTI1lJHOti cpopMOH H-0 + H 0 



-·. 
IIpoBo,n;a ,n;uaroHamrnanmo ee pa nee ynomrnaBllillMCSI ueTo.1toir ( 4), 

npnxo,n;0:M K cncTeMe mrnemrnx ypam1e1mi1: ·· ; 

c. ( ~ 1 ,......., { i'. · c le ') 
- a k)VK V )i, ~1<' XK~ ~Vk, lfl<, J ,~k . 

l \' ' . 

- ( E + 2. E e ( K)) ;(~ :: 0 ( k) 11: · ~ [, \ U > X K, - Vt lf k, } 8 ( K ~) -~ · 
. . ..... . K. . . ·.· · .. •.·. , 

- 8(.K)v; ~- I: [ lJ;, lfK, -·v:, XK,} •; 
. k' 

C ycJIOBHeM HOpMlipODKH 

• -: ... ~ f - ;. "" _; :·: 

0Tcro,n;a nonyqaeM cety11SipHoe ypaBHen11e 
, ·. ,'1, ,; ' ., ':' 11,P?.:--XJ~:: , <~/~::,: -~-
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